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ABSTRACT 

The anodic behavior  of l i th ium in 3-5M LiOH was investigated at am- 
bient  temperatures  under  well-defined hydrodynamic conditions using a flow 
channel. The electrode showed a l inear  polarization behavior up to a mass-  
t ransfer  l imited anodic current  density. The rate of the paral lel  chemical 
corrosion of l i th ium was determined over a range of current  densities, flow 
rates, and concentrat ions using a gas coulometer to measure the total  rate of 
hydrogen evolution. The corrosion rate approaches zero l inear ly  as the cur-  
rent  density approaches the diffusion-limited level. On the basis of elec- 
trode resistance and efficiency, the p lane-para l le l  electrode configuration was 
judged suitable for bat ter ies  of the l i th ium-wate r  type. 

It is remarkable  that  the most reducing of the alkali  
metals, l i thium, has been utilized in practical aqueous 
electrolyte batteries (1-3). In the l i th ium-wate r  bat -  
tery, l i th ium and water  react to form l i th ium hydrox-  
ide and hydrogen gas.  The hydrogen is evolved at an 
i ron-screen cathode. The l i th ium-wate r  cell is the pro- 
totype of a family of galvanic cells employing l i th ium 
anodes, aqueous electrolytes, and iner t  cathodes in 
combinat ion with dissolved oxidizing agents. Analog- 
ous ceils have been demonstrated using as oxidizing 
agents: oxygen (4), hydrogen peroxide (5), ni t r i te  
(6, 7), sulfite, hypochlorite, bromate, and iodate (7), 
and aqueous complexes of bromine or iodine (8). 

The relat ive stabil i ty of l i th ium in the presence of 
water  (compared to that of, e.g., sodium) is the con- 
sequence of the properties of an adherent  surface film 
which develops under  certain conditions of polariza- 
t ion and electrolyte composition. In  a manne r  which is 
not yet  ful ly understood, the layer  impedes the elec- 
t ron t ransport  necessary for the reduct ion of water  
(and of other dissolved oxidizing agents) ,  thereby 
prevent ing  the catastrophic corrosion of the metal. 
The layer  allows for the unusua l  cell configuration 
adopted for l i th ium-wate r  batteries in  which the anode 
and i ron-mesh cathode are pressed together without  
the use of separator. In te rna l  IR losses are thereby 
minimized while the layer  prevents  in ternal  shorting 
of the electrodes. 

The aqueous electrochemistry of l i th ium has been 
studied by Lit tauer  and Tsai using exper imental  ceils 
with in terna l  anode-cathode contact, and both a t ran-  
sient and pe rmanen t  passivation phenomena have been 
reported (3). Bennion and Li t tauer  developed a math-  
ematical model to describe bat tery  discharge voltage, 
efficiency, and rate (9). The model, based on the as- 
sumption that the diffusion of water  through the sur-  
face layer to the metal  substrate is ra te-determining,  
shows quali tat ive agreement  with experiment.  Egorov 
et al. have studied the dissolution of rotat ing-disk 
l i th ium electrodes in KOH solutions and have found 
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the self-discharge of l i th ium to be proport ional  to the 
square root of rotat ion rate, suggesting that l i th ium 
dissolution is controlled by the solution-side mass 
t ransport  (10). To date, no complete set of data has 
been reported for the rates of l i th ium dissolution and 
hydrogen evolution at the L i /L iOH(aq)  electrode 
under  well-defined conditions of hydrodynamics  and 
current  distribution. 

The pr imary  purpose of this study is to determine 
the effect of solution-side mass t ransport  on the dis- 
solution of l i th ium and on the reduct ion of water  at 
the l i th ium electrode. For this we have used systems 
of simple geometry and well-defined hydrodynamics.  
Li th ium polarization and coulombic efficiency of l i th-  
ium dissolution at ambient  temperatures  have been 
measured as functions of flow rate, electrolyte concen- 
tration, and current  density. A secondary purpose of 
this study is to evaluate the sui tabi l i ty  of the closely 
spaced, p lane-para l le l  electrode configuration, which 
has not been previously used in batteries of the l i th-  
ium-wate r  type. 

Apparatus and Materials 
The influence of electrolyte flow rate on the polari-  

zation of the l i th ium electrode was investigated using 
the flow channel  shown schematically in Fig. 1. Elec- 
trodes of l i th ium and plat inum, 9.8 m m  square, were 
placed opposite each other, flush with the horizontal 
walls of a rectangular  duct. The electrode separation 
was 3.2 mm, while the width of the channel  (10.3 mm) 
just  exceeded the electrode width. The channel  en-  
t rance length, 650 mm, was chosen to assure fully de- 
veloped laminar  flow profiles in the vicini ty of the 
electrodes. Electrolyte was forced through the channel  
at a steady rate with the use of a single stroke piston 
pump of 2.3 l i ter capacity. Pump and channel  were 
constructed of Lucite; in terconnect ing tubes were of 
reinforced polyvinyl  chloride. No metal  or glass parts 
were allowed to come into contact with the electrolyte. 

In  the experiments  with the flow channel,  current  
was either held constant  or programmed as a l inear  
ramp, using a commercial programmable  power supply 
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Fig. I. Flow channel apparatus (schematic). A, piston pump; 
B, fresh electrolyte reservoir; C, valve; D, flow channel; E, 
platinum cathode; F, lithium anode; G, Hg/HgO, 1M LiOH refer- 
ence electrode; H, used electrolyte reservoir; I, current-measuring 
resistor. 

Fig. 2. Removable section of flow channel floor containing lith- 
ium electrode. A, epoxy holder; B, capillary opening for reference 
electrode; C, lithium anode. Arrow indicates direction of electro- 
lyte flow. 

(Princeton Applied Research, Princeton, New Jersey,  
Models 173, 175, and 176). Electrode potent ial  was 
measured re la t ive  to the reference electrode, Hg/HgO,  
1M LiOH. Current  and potential  were  recorded on a 
1 M a  X - Y  recorder  (Mosely, Pasadena, California, 
Model 2D2). 

Shown in Fig. 2 is a r emovab le  section of the flow 
channel floor which contains both the l i th ium elec- 
trode and a reference electrode capi l lary opening. The 
0.3 mm diam hole, dri l led into this epoxy plug just  0.5 
mm ups t ream of the l i th ium electrode, was connected 
by means of flexible tubing to a vessel containing the 
reference  electrode. The l i th ium electrodes were  pre-  
pared by ext ruding the metal  into a rec tangular  cavi ty  

Fig. 3. Hydrogen gas coulometer (schematic). A, reference elec- 
trode; B, lithium electrode lead; C, lithium electrode holder; D, 
lithium anode; E, platinum counterelectrode; F, counterelectrode 
lead; G, thermometer; H, magnetic feed-through; I, variable speed 
motor; J, valve; K, hydrogen gas bottle; I., exhaust port; M, flex- 
ible tubing; N, pipette; O, lucite vessel; P, flow channel; Q, 
electrolyte. 

in the plug. The surfaces were  then gent ly  ground fiat 
against emery  paper  wet ted  wi th  a me thano l -wa te r  
mixture.  

Coulombic efficiency was de termined  f rom the 
total  rate  of evolut ion of hydrogen f rom anode and 
cathode, using the apparatus shown schematical ly in 
Fig. 3. The electrodes were  contained in a closed Lu-  
cite vessel. Electrolyte  was in ternal ly  circulated by 
means of an impel ler  and al lowed to impinge v e r t i -  
cally onto the 100 mm 2 l i th ium disk imbedded in a 
removable  plug. Electrode potent ial  was measured as 
in the flow channel. The s teady-sta te  hydrogen gas 
evolut ion rate was de termined  from the rate at which 
the electrolyte was displaced into the pipette. The 
vert ical  position of the pipette was continually ad- 
jus ted to maintain  zero head and a constant (a tmo-  
spheric) pressure wi thin  the vessel. Pr ior  to exper i -  
ments, the electrolyte was purged with hydrogen. In 
the gas coulometer,  no metal  or glass parts came in 
contact wi th  the electrolyte.  

Reagent  grade l i th ium hydroxide  was used in all 
exper iments  (G. Freder ick  Smith Chemical  Company, 
Columbus, Ohio).  The l i thium was supplied by D. S. 
Goldsmith Chemical  and Metal, Incorporated (Evans-  
ton, I l l inois);  it was analyzed in our laboratory  and 
found to have the impuri t ies  listed in Table I. 

Experimental Results 
Current-voltage curves.--Typical polarization curves 

obtained with the flow channel are shown in Fig. 4. 

Table I. Analysis of lithium electrodes 

Impurities were detected by spectrochemical analysis and are 
given as ppm by weight. 

Si 35 
Ca 14 
Cu 14 
Ag 10 
Be 10 
A1 3 
Mg 3 
Na < 100 
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Fig. 4. Voltammetry of the Li/LiOH(aq) electrode. T ~ 22~ 
galvanodynamic technique (triangular current wave applied Io the 
electrode); b~gin anodic scan at zero current. 

The applied current  was cycled as a t r iangular  wave-  
form. The curves show a low potential,  l inear  polar i -  
zation behavior,  and a high potential  region occurring 
above a critical anodic cur ren t  density. The resistance 
in the high potent ial  region general ly  decreases wi th  
time. Consequently,  the voltage for scans in the anodic 
direction may exceed those for the cathodic direction. 
This phenomenon probably indicates changes in the 
surface layer 's  microscopic s t ructure  or electronic 
propert ies  ra ther  than simple changes in electrode 
area. No gross changes in surface topography or area 
were  observed for the dura t ion of an exper iment ,  the 
surface remaining smooth and flat. 

A different behavior  was noted for solutions close 
to the saturat ion concentrat ion of 5.3M (see Fig. 5). 
Once passivated, the electrode would mainta in  its 
high resistance state for a t ime following current  re-  
versal. In saturated electrolytes, the passivation was 
permanent  and not destroyed by cathodic polarizat ion 
and the accompanying vigorous hydrogen evolution. 
The cathodic behavior  was not fur ther  investigated. 

Electrode resistance (i.e., the differential  of polar i -  
zation wi th  respect  to current  density in the l inear  
polarizat ion region) is repor ted  in Table  II. The range, 
(0.5-1.8) X 10 -4 ~ -m~, is comparable  to that  reported 
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Fig. 5. Voltammetry of the Li/LiOH(aq) electrode near satura- 
tion concentrations. T ~ 22~ galvanodynamic technique; begin 
anodic scan at zero current. The high voltages reflect high elec- 
trode resistances under passive conditions. 

Table II. Electrical characteristics of the lithium anode 

E x p e r i m e n t a l  condit ions:  f low channel ;  A = 92 mm~; ff = 3.16 ram; 
L = 9.8 ram; channe l  w i d t h  = 10.3 ram; dl/dt = O.01O A / s e c :  

T = 21 ~ • I~ 

Critical Limiting 
Concen-  Resist-  c u r r e n t  c u r r e n t  
tration F l o w  rate* ance** dens i ty  dens i ty  

Cb ( m o l e /  < v >  a x 10 ~ ik < i f>  
liter) (m/sec) (V-m2/A) (kA/m ~) (kA/m ~) 

2.94 0.092 6.8 2.88 4.0 
0.136 6.4 3.12 4.5 
0.240 6,3 3.55 6.4 
0,375 6.4 4.06 6.8 
0.568 5.9 4.54 7.2 
0,906 ----- 0.03 6.7 4.79 8.6 

3.91 0,092 8.9 1.29 1.9 
0,135 7.9 1.47 2.2 
0.240 7.4 1.76 2.7 
0.375 6.4 2.08 3.1 
0,906 • 0.03 5.5 2.69 4.1 

4.25 0,092 12,4 0.71 1.4 
0.369 9.6 1.21 2.2 
0.553 11.0 1.47 2.5 
0.922 • 0.03 18.3 1.61 3.0 

4.44 0.135 9.8 0.35 1.2 
0.240 9.2 0,39 1.5 
0.375 8.5/9.7 0.45/0.95 1.7 
0.568 11.7 1.16 2.0 
0.906 ----- 0.03 9.0 1.36 2,3 
1.22 • 0.03 8.5 1.49 2.5 

4.70 0,092 13.0 0.31 0.7 
0.369 10.0 0.31 1.1 
0.553 16.0 0,31 1.3 
0,922 • 0.03 17.0 0.33 1.5 

4.90 0.374 8.9 0.27 0.7 
0.568 II .0  0.30 0.8 
0.906 ~ 0.03 12.0 0.28 1.0 
1.22 -+- 0.03 16.0 0.30 1.1 

5.10 0.568 6.3 0.33 0.4 

* Precision • m / s e c  un less  o t h e r w i s e  noted .  
** Precision -----5%; "resistance" is defined as the  d i f ferent ia l  os 

electrode polarization with respect to the current density, and ap- 
phes  to the linear polarization region. 

by Li t tauer  and Tsai for cells wi th  di rect  anode-ca th-  
ode contact (3). In our work, no correction was made 
for /R drop be tween  anode and capi l lary (an IR error  
of at most 0.2 • 10 -4 ~-m2),  or fbr the enhanced cur-  
rent  density near  to the anode's leading edge. The 
values repor ted  in Table I1 represen t  the average  of 
three or more separate experiments.  In all cases 
studied, the open-circui t  potential ,  E (O) ,  was wi th in  
10 mV of --2.86V vs. Hg/HgO,  1M LiOH. 

The critical anodic c u r r e R t  dens i ty .wThe  critical 
anodic current  density, ik, which separates low and 
high potential  regions of the current  voltage curve, 
was determined for concentrations f rom 2.9M to satu-  
rat ion and for flow rates in the laminar  flow regime.  
Typical  scans are shown  in Fig. 6. The scan rate,  1 0 0  

Re = 220 
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Fig. 6. Typical polarization curves for lithium dissolution at 
various flow rates. Critical current density, ik, determined from 
extrapolation of the linear polarization region, a-b. 
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A/m2-sec, was sufficiently slow to assure a steady- 
state concentration profile in the diffusion layer and 
yielded values of ik which were indistinguishable f rom 
those obtained f rom discrete galvanostatic experi- o~ 
ments. For purposes of analysis, we have adopted a 
consistent, though somewhat  arbi t rary  definition of ik: ~.~ 
at the critical current  density, the electrode polariza- 
tion (E(ik) -- (E (O) )  exceeds that  extrapolated f rom .~ 
the linear region by 30% 

E(ik) -- E(O) "~ 
ik =-- [1]  

13 dE/di -~ 
4 ~  

Thus, ik corresponds to a 30% increase in electrode 
polarization. ~_~- 

In Fig. 7, ik is plotted against l inear flow rate for 
various electrolyte concentrations. Two distinct group- 
ings are evident in the plot. In one, ik increases with 
flow rate and with dilution of the electrolyte. In the :~ 
other, which is found at low flow rates or high con- "~- 

o 

centrations, ik does not vary  with concentration or flow 
rate. Near the boundary  of the two regions (e.g., at 
[LiOH] = 4.44M, < v >  = 0.38 m/sec)  a quasidiscon- 
tinuous change between the two kinds of behavior was 
observed. 

Plots of ik against flow rate to the one-third power 
are linear (Fig. 8). The relation between ik and con- 
centration is also approximately linear (Fig. 9). This 
behavior suggests that  the critical current density cor- 
responds to the mass-transfer  limited flux of dissolved 
lithium hydroxide away from the anode surface. Proof 
of this concept requires knowledge of the rate of dis- 
solution of li thium which, in general, exceeds that  ex- 
pected on the basis of the current  applied to the cell <_~ 
because of the ongoing chemical corrosion of lithium. 

Cou~ombic e~ciency.--For the cell, L i /LiOH (aq) /P t ,  .~ 
electrode reactions and their rates expressed as cur-  
rents may be wri t ten as follows 

f Li-+ Li + ~- e -  Ia [2] 
Lithium 

H~O + e -  -* ~/2 H2 + OH- lid [3]  g 

Plat inum H20 + e -  -> IA H2 + O H -  Ie [4] 

(By convention, I~ and I~ are positive quantities; I~ is % 
negative.) Only le, the current  in the external circuit, .~ 
is directly measurable[Equat ing  the rates of oxidation "Z 
and reduction in the cell, we have 

I a  = Ie  + I/el [5] 
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Fig. 7. Dependence of critical current density on flow rate (flow 
channel). 
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Fig. 9. Critical current density is proportionM to electrolyte 
concentration. Saturation concentration of I.iOH at ambient tem- 
perature is indicated. 

We may define the coulombic efficiency of reaction 
[2] as 

e ~ I e / I a  [6] 

Finally, we may calculate the coulombic efficiency 
from the total rate of hydrogen gas production using 
Eq. [5] and [6], Faraday's  law, and the ideal gas law. 
Coulombic efficiency may then be expressed 

Ie/2F 
, = [7]  

PH2 AV/RT it 
Here, PH2 is the partial pressure of hydrogen gas above 
the lithium hydroxide soluticn, 5V is the volume of 
gas evolved in the time interval, ~t, and T is the ab- 
solute temperature.  

Experimental ly determined coulombic efficiencies 
are plotted in Fig. 10 and 11. Typically, efficiency in- 
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Fig. 11. Dependence of coulombic efficiency on current density at 
various concentrations. 

creases l inear ly  wi th  cur ren t  and approaches  un i ty  
near  the  cri t ical  cur ren t  density.  The effects of in-  
creased mass t r anspor t  ra te  (i.e., increased flow ra te)  
are  shown in Fig. 10. As solut ion flow ra te  could not be 
easi ly  measured  in fhis appara tus ,  the  expe r imen ta l ly  
de te rmined  cri t ical  cur ren t  densi ty  was t rea ted  as an 
exper imen ta l  pa ramete r .  Efficiencies were  de te rmined  
for flow conditions producing  cri t ical  cur ren t  densit ies 
up to five t imes the  m a x i m u m  obta ined  wi th  the flow 
channel  in the  l amina r  regime. 

Discuss ion  of  Resul ts  
The coulombic efficiencies of less than  one indicate  

that  the  l i th ium is pa r t i a l l y  consumed in a corrosion 
react ion which contr ibutes  no net  cur ren t  to the ex-  
t e rna l  circuit.  Consequently,  the  ra te  of dissolut ion of 
l i th ium wil l  genera l ly  exceed the ex te rna l  current .  
In Fig. 12, the anodic current  (Ia) and the corrosion 
cur ren t  (Ic) are  p lot ted  against  the  cur ren t  in the  
ex te rna l  circuit  (Ie). These quant i t ies  are  expressed 
as fract ions of the ex te rna l  cur rent  at which e = 1. 
In general ,  the  ra te  of dissolution of l i th ium is inde-  
penden t  of the ex te rna l  cur ren t  in the region of 
l inear  polarizat ion,  except  at  the lowest  mass t r anspor t  
rates. Correspondingly,  t h e  corrosion current  falls  to 
zero as the ex te rna l  cur ren t  is increased f rom zero 
to the  cr i t ical  level.  At  low flow rates,  the  corrosion 
cur ren t  genera l ly  exceeds the cri t ical  current .  This is 
most l ike ly  the  resul t  of enhanced mass t r anspor t  re -  
sul t ing f rom the local s t i r r ing  of the  e lec t ro ly te  du r -  
ing hydrogen  gas evolut ion and f rom the local hea t ing  
of the  e lec t ro ly te  caused by  the corrosion reaction.  

0 0.2 0.4 0.6 0.8 1.0 1.2 .4 
Reduced external current, le/ l  k 

Fig. 12. Dependence of corrosion and anodic currents on ex- 
ternal circuit current for various flow rotes. T = 21 ~ ~ 1~ 
ik (kA/m 2) = ( O )  1.3; (I-I) 2.0; ( ~ )  4.2 _ 0.2. Open symbols, 
corrosion current; closed symbols, lithium dissolution current. 

As ment ioned above, the  dependences  of {k on flow 
ra te  and concentrat ion suggest  tha t  the  cri t ical  current  
dens i ty  is de te rmined  by  the ra te  of mass t ransfe r  of 
dissolved l i th ium hydrox ide  away  f rom the l i t h i u m /  
e lec t ro ly te  interface.  When  dissolut ion is forced to 
occur above this rate,  by  the use of an ex te rna l  power  
supply  or by coupling the  l i t h ium wi th  a ca thode more  
oxidizing than  water ,  a continuous accumula t ion  of 
solid l i th ium hydrox ide  at  the e lect rode wil l  occur. 
The surface wil l  be b locked and the e lect rode res i s t -  
ance wil l  r ise dramat ica l ly .  

We may  predic t  the l imi t ing cur ren t  dens i ty  using 
the mass t ransfer  equat ion for the region be tween  two 
flat p la tes  (11) 

< N u >  = 1.848 (Re Sc 2h/L)1/~ [8] 

Evalua t ing  this equat ion for the  l i t h ium hydrox ide  
solution, the l imi t ing  cur ren t  dens i ty  m a y  be ex-  
pressed (see the  Append ix )  

1.467F (Csat --  Cb) D ~/z 
<ii> -- <v>W ~ [9] 

(1 - t+ )  (hL)  i/z 

Here, the l imi t ing concentra t ion at  the  anode /e l ec t ro -  
ly te  interface,  Csa~, is t aken  as the  sa tura t ion  concen- 
t ra t ion  of l i th ium hydroxide ,  5.3M. Diffusion coeffi- 
cient and t ransference  n u m b e r  are  eva lua ted  at  bu lk  
e lec t ro ly te  concentrat ions Cb. Calcula ted  l imi t ing cur -  
rent  densit ies are  shown in Table  II. 

In Fig. 13, expe r imen ta l  values of ik are  p lo t ted  
against  < i i >  calcula ted using Eq. [9]. The ca lcula ted  
values  exceed the expe r imen ta l  by  a factor  of about  
1.6. The quant i ta t ive  agreement  is qui te  sa t is factory  
considering the approx imat ions  involved  in the  app l i -  
cat ion of Eq. [9] to our expe r imen ta l  system. In this 
analysis  we have neglec ted  the  var ia t ion  of t r anspor t  
proper t ies  wi th in  the diffusion bounda ry  layer .  (A 
closer agreement  was obtained by  eva lua t ing  [9] at 
an average concentrat ion,  (cb + Csat)/2.) In  addit ion,  
we have  not considered "edge effects" caused by  the 
res t r ic t ion  of e lec t ro ly te  flow near  the  corners  of the  
flow channel.  While  ref inements  of Eq. [9] a re  pos-  
sible, they  were  judged  unnecessary  to suppor t  the  
conclusion tha t  the cr i t ical  cur ren t  dens i ty  is the  
mass - t r anspor t  l imi ted  dissolut ion ra te  of solid l i th ium 
hydroxide.  

Electrode polar izat ions obtained wi th  the  flow chan-  
nel were  as low or lower  than those repor ted  for  cell  
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Fig. 13. Comparison of experimental critical current density 
with calculated diffusion-limited current density. Perfect agree- 
ment would be indicated by dashed line. 

configurations with direct anode-to-cathode contact 
(3). More precise measurements  of the complex im-  
pedance of the l i th ium electrode are planned.  Never-  
theless, it is evident  that  the low electrode polariza- 
tions and the high coulombic efficiencies obtained near  
to the l imit ing current  density make the p lane-para l le l  
electrode configuration suitable for batteries of this 
type. 

Conclusions 
The l i th ium electrode sustains two electrochemical 

reactions: the anodic dissolution of l i t h i u m  and the re-  
duction of water (Eq. [3]). The rate of anodic dissolu- 
t ion appears to be controlled by the solution-side mass 
t ransport  of dissolved l i th ium hydroxide. The rate of 
water reduct ion is controlled by the current  flowing 
through the external  circuit and is equal to the differ- 
ence between dissolution and external currents. Con- 
sequently, the coulombic efficiency of lithium dissolu- 
tion increases from 0 to 100% as the external current 
increases from zero to the mass-transport limited 
level. YVhen the rate of dissolution is forced to occur 
above the mass-transport limited level, a net accumu- 
lation of solid lithium hydroxide occurs at the anode 
surface, rapidly blocking the electrode surface and 
causing the resistance to rise. 

With the plane-parallel electrode configuration, the 
anode shows both a low polarization and a coulombic 
efficiency approaching 100% within the linear po- 
larization region. Electrode polarizations are at least 
as low as those obtained with direct anode-cathode 
contact. The plane-parallel configuration therefore 
seems suitable for batteries of this type. 

The modelpresented is consistent with experimental 
data reported here and elsewhere in the literature, 
but it is not necessarily a unique interpretation. A pre- 
cise measurement of the electrode's complex im- 
pedance would help elucidate the nature of the anode 
surface film and its role in dissolution kinetics. 
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APPENDIX 
To in terpre t  the l imit ing current  densities obtained 

with the flow channel,  we will use the theory of m a s s  
t ransport  of a b inary  electrolyte between two plane-  
parallel  electrodes. The average diffusion-limited cur-  
rent  density is given by the equation (11) 

1.467nFD 2/8 ( Cs -- Cb) 
<i1> = <v> I/8 [A-l] 

(i -- t+) (hL) 1/3 

Here, D is the diffusion coefficient of the electrolyte, 
Cs and Cb are surface and bulk concentrations, t+ is 
the cation transference number, and h and L are elec- 
trode separation and length in the direction of flow. 
We make the assumption that lithium hydroxide pre- 
cipitates at the anode surface when the concentra- 
tion reaches the sa turat ion level, i.e., Cs -- Csat. 

The coefficient of <v> 1/a in Eq. [A-l] 

1.467nFD s/3 (Csat -- Cb) 
F(c )  = [A-2] 

(1 -- t+)  (hL) 1/3 

is given at the bulk  electrolyte concentrations in  
Table IlL Values of D and t+ have been computed 
elsewhere (12) and are listed here along with re-  
ported values of specific viscosity (13). Specific vis- 
cosity and the diffusion coefficient show strong de- 
Icendences on concentration, and the concentrat ion of 
the electrolyte varies across the diffusion layer. T h i s  
fact is neglected in the derivat ion of Eq. [A-1]. 

LIST OF SYMBOLS 

D 
E(i)  
F 
F(c)  

h 
i 
ic 
ie 

ik 
il 
1, ik, Ie, etc. 

L 
n 

IV 
Nu 
PH2 
R 
Re 
Sc 
t 
T 
t+ 
V 
aV 

~, #o 

G 

A projected anode area, mms 
Cb, gs, Csat bulk  electrolyte concentration, s u r f a c e  

concentration, saturat ion concentration, 
mole/ l i ter  
diffusion coefficient of LiOH(aq) ,  m2/sec 
electrode potential  at current  density i, V 
Faraday constant, C/equiv.  
coefficient of < v >  1/~ (Eq. [9], [A-3]) 
A-secl/3/m7/3 
anode-cathode separation distance, mm 
current  density, A / m  2 
corrosion current  density, A / m  s 
external circuit current divided by anode 
area, A; Amperes 
critical current  density, A / m  s 
l imit ing current  density, A / m  s 
current,  critical current,  external  current ,  
etc.; A / m  s 
eleztrode length in direction of flow., m m  
number  of electrons t ransferred per uni t  
reaction 
flux of dissolved L/OH, mole/m2-sec 
Nusselt number ,  N 2h/D~c 
partial  pressure of hydrogen gas, Pa 
gas constant, J / ~  
Reynolds number ,  2h < v > / ~  
Schmidt number ,  r/D 
time, sec 
temperature,  ~ 
transference number  of Li + 
l inear flow velocity, m/sec 
volume of gas evolved, m s 
coulombic efficiency 
vis~oAty, solvent viscosity; Pa-sec 
kinematic viscosity, m2/sec 
electrode resistance, ~ - m  s 
spatial average 

Table II1. Data used in the calculation of limiting 
current density 

T = 21~ h = 3.16 mm; L = 9.8 m m ;  c .  = 5.29 m o l e / l i t e r  

c F(c) 
(mole/ D • 10 lo (kA sect/8/ 
liter) (m~/sec) t+* mV~) ~/~o 

2.94 6.4 0.101 8.7(5) 2.1(6) 
3.91 4.9 0.096 4.2(7) 2.8(6) 
4.25 4.5 0.096 3.0(4) 3.1(3) 
4.44 4.2 0.095 2.3 (7) 3.3 (0) 
4.70 4.0 0.095 1.5 (9) 3.5 (4) 
4,90 3.8 0.094 1.0 (2) 3.7(2) 
5.10 3,7 0.094 0.4(9) 3.9 {1) 

* Values estimated at T = 18~ 
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Thermodynamic Properties of the Intermetallic 
Systems Lithium-Antimony and Lithium-Bismuth 

W. Weppner and R. A. Huggins* 
Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

Galvanic cells of the type "LiAI," A1]LiC1-KCI(e), l lLi -X (X ---- Sb, Bi) 
were employed to determine the Gibbs free energy of formation (~Gf~ and 
the corresponding enthalpies (~Hf~ and entropies (~Sf ~ for the systems 
Li-Sb and Li-Bi as a function of composition from pure X to the Li-r ich s ide  
of the Li3X phases. The L i /X  ratio was changed systematically by use of th e  
coulometric t i t rat ion technique. ~Gf ~ values were obtained by integrat ion of 
the coutometric t i t rat ion curve from pure X to the composition of interest. 
Thermodynamic  data have been determined for the t r i l i th ium compounds as 
a funct ion of the stoichiometry. :Sf  ~ and ~Hf ~ were calculated from the 
temperature  dependence of -%Gf ~ Data were obtained over the tempera ture  
range 355~ At 400~ the following values were found for the s tandard 
Gibbs free energy of formation: -- 176.0 kJ mo l e -  t (Li2Sb), -- 260.1 kJ  mo l e -  1 
(Li3Sb), --76.0 kJ mole - I  (LiBi), and --215.3 kJ mole -1 (Li3Bi), all • kJ  
mole -1. The standard enthalpies of formation are: --220.4 kJ mole -1 (Li2Sb), 
--325.2 kJ mole -1 (Li3Sb), --108.9 kJ mole -1 (LiBi),  --293.5 kJ mole -1 
(Li3Bi), all +--0.7 kJ mole -1. The standard entropies of formation are: --66 J 
m o l e - l K  -1 (Li2Sb), --97 J m o l e - l K - 1  (Li3Sb), --49 J m o l e - l K  -1 (LiBi), an d  
--116 J m o l e - l K  -1 (Li3Bi), all ~1  J m o l e - l K  -1. The experimental  results 

were also used to examine the [chase diagrams for Li-Sb and Li-Bi. The 
range of stoichiometry of Li~+~Sb is very nar row (55 ---- 7 X 10-~), whereas 
Li3+~Bi exhibits a large deviation from the ideal stoichiometry (h5 ---- 0.22), 
predominant ly  on the l i thium-deficit  side. Li2Sb and LiBi have been found 
to be the only intermediate  phases existing beside the t r i l i th ium phases in  
the temperature  range investigated. 

The voltage E of galvanic cells is a measure of the 
change of the Gibbs free energy ~G due to the reaction 
which occurs upon a vir tual  current  flux, E ~ --aG/nq, 
where n is the number  of e lementary  charges q neces- 
sary for one formula reaction. ~G is the corresponding 
Gibbs free energy change at constant pressure and 
temperature.  From the tempera ture  dependence of E 
the changes of the enthalpy, ~H, and the entropy, ~S, 
may also be determined.  Therefore, the application of 
electrochemical cells has become one of the s tandard 
techniques for the measurement  of thermodynamic  
data with high accuracy (1). 

Although the coulometric t i t ra t ion technique was 
introduced more than two decades ago (2) for syste- 
mat ical ly  changing the composition of phases which 
are employed as electrodes in galvanic cells, this 

* Electrochemical Society Act ive  Member .  
K ey  words :  Gibbs f r e e  e n e r g y  of fo rma t ion ,  en tha lpy  of fo rma-  

tion, entropy of s cou lomet r i c  t i t ra t ion ,  ga lvanic  cell 
method. 

method has been used in only a small  number  of cases  
for the determinat ion of thermodynamic  properties as 
a function of the stoichiometry wi thin  individual  phases 
[e.g., (3, 4)].  Use of this technique can be espe- 
cially valuable, however, in the case of phases with 
nar row composition ranges, as it can be employed to 
quant i ta t ively  produce very small, and reversible, com- 
positional changes. By making measurements  as a func-  
t ion of composition on a single sample, one can avoid 
errors which often occur in the preparat ion of a series 
of individual  samples with different compositions. 

Since the equi l ibr ium potentials of galvanic cells 
with electrodes consisting of two adjacent  phases of 
a b inary  system are independent  of the over-al l  com- 
position (according to Gibbs' phase rule) it is also 
possible to determine phase boundaries  from m e a -  
s u r e m e n t s  of the galvanic cell voltage as a function of 
the over-al l  composition in a b inary  system. Measure-  
ments  at various temperatures  can be used in this way 
to construct phase diagrams. 
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Experiments  are reported here involving electro- 
chemical measurements  of the thermodynamic proper-  
ties of the systems Li-Sb and Li-Bi in the tempera ture  
range between 355 ~ and 600~ The composition ranges 
investigated extended from the pure Va metals to the 
l i th ium-r ich compositions within the phases "Li3Sb" 
and "Li~Bi" which coexist with li thium. Emphasis was 
given to the measurement  of the thermodynamic  prop- 
erties of the phases "Li3Sb" and "Li3Bi" as a function 
of their stoichiometry. 

Some f ragmentary  calorimetric measurements  have 
been reported in these systems, both at room tem- 
pera ture  and at high temperatures  (5-11). Electro- 
chemical methods have also been used at tempera-  
tures above 500~ over a l imited range of concentra-  
tion of Li in l iquid Bi (11, 12). 

The phase diagram of the system Li-Bi  has been 
investigated by several authors, pr imar i ly  by the use 
of nonelectrochemical  techniques (13-16) Little is 
known, however, about the phases existing between 
Li and Sb; there have been some speculations about 
the existence of a phase Li3Sb2 (17-19) in addition to 
"Li3Sb", and recent ly the phase Li~.Sb has been re-  
ported (20). This lat ter  is a stoichion-/etry which has 
not been observed in other alkali  meta l -Va systems. 

Aside from the considerable scientific interest  in 
I-Va compounds related to their par t ia l ly  ionic and 
par t ia l ly  metallic character, the systems Li-Sb and 
Li-Bi  are of special interest  as potential  electrodes 
in  l i th ium batteries (21, 22) and also as photo- 
cathodes (23-25). It  has been shown in previous in-  
vestigations (26, 27) that "Li~Sb" and "Li3Bi" have 
quite different chemical diffusion coefficients, in spite 
of the s imilari ty in the chemical properties of the Va 
constituents and the fact that they have the same 
crystal s t ructure (15). 

Basic Considerations 
Galvanic cells have been used to determine ther-  

modynamic data related to the formation of a n u m -  
ber of compounds. One of the s tandard methods in-  
volves the use of polyphase electrodes selected to fix 
the activities of all the re levant  species, according 
to the Gibbs phase rule (1, 28). The difference in the 
activity of the electroactive species in the two elec- 
trodes is determined from the cell voltage, using a 
suitable solid or l iquid electrolyte. This voltage is 
then used to calculate the free energy change ac- 
companying the cell reaction. Upon assuming simple 
stoichiometric relationships, this leads to the Gibbs 
free energy of formation of one phase from prior 
data on the others. In general, this technique is only 
precise if the solubilities of the components, in each 
other and the compositional ranges of intermediate  
phases can be assumed to be negligible. In many  
cases, this implicit assumption of nar row intermediate  
phases has not been sufficiently recognized. 

On the other hand, the method typically used to ob- 
tain integral  molar  properties, such as the Gibbs free 
energy, of terminaI  b inary  phases which exist over 
ranges of composition from exper imental ly  determined 
partial  molar  data relat ing to one component is to use 
the Gibbs-Duhem relat ion to calculate the partial  mo- 
lar  values of the second component as a function of the 
composition. This involves an integration,  which is 
typically performed by fitting an empirical algebraic 
relat ion between the activity (or activity coefficient) 
of the first component and its concentrat ion to the ex- 
per imenta l  data (11, 12, 29, 30). This procedure be- 
comes quite messy when dealing with intermediate  
phases, in which, as i l lustrated in this work, the com- 
positional dependence of the chemical potentials can 
be quite complex. 

An al ternat ive and more direct approach to the 
determinat ion of the Gibbs free energy of formation 
that  may be used if precise data relat ing the activity 
of the electroactive species and the composition are 
available, e.g., from the use of a galvanic cell and the 
coulometric t i t ra t ion technique, is derived below. 
This method, which does not involve any assumptions 

about the part ial  molar quant i ty-composi t ion relat ion-  
ship, is especially useful when dealing with in te rme-  
diate phases with wide ranges of concentration. It  does 
not require the commonly used assumption when deal-  
ing with one intermediate  phase that the other phases 
are l ine compounds. 

The following general  galvanic cell is considered 

A I Electrolyte ] Ay+~B [I] 
for A z+ ions , 

The le f t -hand side is assumed to be both a reservoir 
and a reference system for the component A, but  may, 
of course, have a fixed activity different from unity. 
In  such a case, this difference must  be taken into ac- 
count by an addit ional voltage term. The general  
formula Ay+~B is used to denote a b inary  sample 
whose composition can be varied all the way from 
pure B to that which is in equi l ibr ium with the activ- 
i ty aA = 1 by charge t ransport  through the galvanic 
cell. 

Upon v i r tua l ly  passing d8 A z+ ions through the 
electrolyte (from the lef t -hand to the r igh t -hand  
side), the stoichiometry of the electrode phase on the 
r igh t -hand  side is altered. The cell reaction is 

Ay+~ B q- d~ A = Ay+~+d5 B [~G] [1] 

In  general, adding d5 A atoms to the sample can cause 
either a change in the stoichiometry of the existing 
phase or the nucleat ion and part ial  growth of a new 
phase. At constant  pressure and temperature,  the 
Gibbs free energy change 5G accompanying reaction 
[i]  corresponds to the electrical energy z d5 q E which 
is necessary to t ransport  d6 A ~+ ions from one side 
of the electrolyte to the other 

~ G = - - z d 5  q E  [2] 

where E is the emf of the galvanic cell [I]. 
For a more informat ive thermodynamic  in terpre ta-  

t ion of the cell voltage, reaction [1] may be separated 
into a pair  of successive part ial  reactions for the de- 
composition of A~+~B, and the formation of Ay+~+a~B 

A y + s B =  ( y q - 6 )  A - ~ B  [--~Gf~ [3] 
and 

(y -~ 6 q- dS)A ~- B = Ay+~+~aB [AGf ~ (Ay+~+asB)] 
[4] 

Then, because of the addit ivi ty of the Gibbs free en-  
ergies 

AG = ~Gf ~ (A~+~+d~B) -- AGf ~ (A~+~B) [5] 

and by combining Eq. [5] with Eq. [2], we have 

1 d[5Gf ~ 
E = [6] 

zq d5 

The integrat ion of this equation yields 

hG~ ~ (Au+~B) = -- zq E 48 -~- A G f  ~ (Au+~oB) [7] 
O 

The resul tant  Gibbs free energy of formation may, 
therefore, be determined for any stoichiometry (y q- 6) 
from the area under  the coulometric t i t rat ion curve. 
Under  the special circumstance of line phases being 
present, and negligible solubili ty of A in B, the 
integral  may be replaced by the sum of the two-phase 
voltages times the respective changes of the stoichi- 
ometry. 

If the integrat ion is started when  only the pure 
component  B is present  (y + 5 = 0), the integrat ion 
constant hGf~ B) is zero. By variat ion of the 
upper  integrat ion limit, ~Gf ~ may be obtained as a 
funct ion of the comlcosition within any given phase, 
regardless of the composition ranges of the other 
phases present. 
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From the tempera ture  and compositional depen-  
dences of the voltage of the galvanic cell [I] the en-  
t ropy z~Sf ~ and enthalpy AHf ~ of formation of the 
composition Ay+~B can be obtained with the help of 
the following equations 

ASf ~ (A~+~B) = 

OT = zq E(8, T)d8 [8] 

AH~ ~ (Ay+~B) -- AGf ~ (A~+~B) ~ T ASf ~ (Ay+~B) 

While the activity aA of the species A is directly 
obtained as a funct ion of the composition from the cell 
voltage E according to 

zq E(5) 
In aA(5) -- - [10] 

kT 

the activity of the second component,  aB, may be 
readi ly calculated as a function of composition from 
the data on the Gibbs free energy of formation of 
Ay+~B, ra ther  than integrat ing the Gibbs-Duhem equa- 
tion. Since AGf~ is given by the sum of 
kT (y -? 8) in  aA and kT In aB, we have from Eq. [10] 

In aB(5) = [ (y  -~- 8) zqE(5)  + AGf~ 
[11] 

f ] ___ - ~  (y + 8)E(8)  -- E d8 [121 

: kT ( y + ~ ) E ( 8 ) - -  oF~d~ 

-t- AGf ~ (Au+~oB) 1 [13] 

Experimental Considerations 
Pure  an t imony  ( ~  99.99%), b ismuth ( ~  99.999%), 

and l i th ium ( ~  99.9%) were used as the s tar t ing mate-  
rials for the b inary  systems to be investigated. The 
an t imony samples were machined into the form of 
dense polycrystal l ine pellets of about 1 mm thickness, 
with init ial  surface areas of 1-2 cm 2 ,whereas the bis- 
muth  was placed in a small  molybdenum bucket, be-  
cause it is molten (at  low l i thium contents) at the 
exper imenta l  temperatures.  In  this case, the surface 
area was 0.6 cm 2. 

Both electrochemicaI t i t rat ion and potential  differ- 
ence measurements  were performed by use of a gal- 
vanic cell which can be represented as 

"LiAI,"A1 l LiC1-KCI (e), 1 i Li-Sb or LiBi [II] 

The electrolyte was a spectrographically pure LiC1- 
KC1 solution in the eutectic ratio, purchased from An-  
derson Physics Laboratories, Urbana,  Illinois, which 
was carefully dried and pre-electrolyzed to assure the 
removal of any relevant  impurities.  By use of this 
mol ten  sMt excellent contact is provided between the 
electrolyte and the sample. The operating tempera-  
ture  was between the mel t ing ~oint of the salt at 
352~ and ,-,600~ Separate reference and (large) 
counterelectrodes were used, both being two-phase 
mixtures of Al and "LiAl." They were prepared pre- 
viously by electrochemically titrating lithium into a 
high purity (~ 99.9999%) aluminum wire, which was 
wound into a spiral, using molten lithium as the anode. 
The process of electrochemically introducing the lith- 
ium into the "LiAl" phase, which occurs by a highly 
selective solid-state diffusion process, serves to in- 
crease the effective purity of the lithium in the later 
experimental steps, in which this phase serves as the 
source of lithium. This same type of lithium purification 
mechanism also occurs again subsequently when the 
lithium is selectively diffused into the Li-Sb and Li-Bi 
phases. Thus, 'any metallic impurities b~ought in with 

the original  l i th ium are of no consequence in the ex- 
per imenta l  results. For the same reasons, minor  
amounts  of H20, N2, 02, or other gases present  in  the 
glove box are not important.  

For the calculation of thermodynamic  data the mea-  
sured cell voltages were corrected for the voltage be-  
tween the "LiAI," A1 electrode, and pure l i thium, which 
is about 300 mV at 400~ (26, 27, 31). The two-phase 
electrode is advantageous for this purpose, as it is 
solid, and has a lower l i th ium activity, thus avoiding 
problems with the thermodynamic  stabil i ty of the 
LiC1-KCI(e) melt  (32) in equi l ibr ium with pure l i th-  
ium, and considerably reducing the electronic leakage 
of the electrolyte (33). A similar  exper imental  ar -  
rangement  was used in a recent ly reported s tudy of 
the Li-Si  system (29). 

The electronic leads for the galvanic cell were made 
from molybdenum wire, which proved to have excel- 
lent  compatibil i ty at all l i th ium activities. Alumina  
crucibles were used as containers for the mol ten  salt, 
which was heated in  a resistance furnace inside a re-  
cycling hel ium dry box. Temperatures  were measured 
by means of Chromel-Alumel  thermocouples, which 
were submerged in  the melt  inside closed stainless steel 
tubes. Addit ional  checking thermocouples were also 
present  immediate ly  outside the crucible. Potentials,  
currents, and charge values were controlled and mea-  
sured by use of a PAR Model 173 potent ios ta t /ga lvano-  
star and Model 179 digital coulometer. 

The coulometric t i t rat ion was performed by apply-  
ing constant currents  through the cell, typical ly 10- 
100 mA / c m 2 in the two-phase regions, and a factor 
of 10-2-10 -1 lower in  the single phase regions. These 
relat ively high current  densities were possible be-  
cause of the large values of the chemical diffusion 
coefficients in  these systems (26, 27). 

The thermodynamic  data were calculated from 
values of the cell voltage that  were observed to re-  
main  constant wi thin  +_1 mV over periods of several  
hours. In  all cases, t i t rat ions were carried out in both 
the forward and backward directions. In addit ion to 
the t ime independence of the cell voltage, the pres- 
ence of equilibrium was indicated by the attainment 
of the same voltage value (• mV) at any given 
composition after both adding and deleting lithium 
from the sample. 

Because of the use of the "LiAI," Al electrode, a 
small voltage drift with time was only found at high 
lithium activities in the sample, corresponding to volt- 
ages less than about 150 mV vs. lithium. The reason 
for this is probably either an instability of LiCl-KC1 (e) 
melts at high lithium activities (32), increased el.ec- 
ironic partial conductivity of the electrolyte (33), 
which results in internal ion transport that is not mea- 
sured by the current meter in the external circuit and 
a slight loss of lithium from the sample into the melt 
with corresponding evaporation of potassium (32), or 
a combination of these effects. At lower lithium activ- 
ities the influence of these factors may be neglected. 

Only a small number of other errors may limit the 
use of this general technique, and their presence would 
be easily detectable. One possibility might be solubil- 
ity of lithium in the melt, the crucible, or the molyb- 
denum leads, which could add to the current used to 
change the stoichiometry of the sample. Blind experi- 
ments without the sample in place were carried out, 
and the charge transport involved in going from essen- 
tially no initial lithium activity in the molybdenum 
electrode, to within i00 mV of pure Li (--200 mV vs. 

"LiAI," Al) was found to be negligible compared to the 
amount of lithium that was electrochemically titrated 
into the antimony and bismuth samples. 

Results 
In Fig. 1 and 2, the steady-state open-circui t  cell 

voltages are plotted as a funct ion of the composition, 
which was electrochemically changed in situ from pure 
Sb (or Bi) to a Li /Va metal  ratio of more than  3, cor- 
responding to the composition wi thin  the t r i l i th ium 
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Fig. 2. The coulometric titration curve for the system Li-Bi at 
380~ A large range of solubility of lithium in bismuth is fol- 
lowed by the two-phase region of Bi in equilibrium with LiBi. 
The second plateau indicates the coexistence of LiBi with "LiaBi." 
The trilithium phase shows a large range of existence. 

compounds in equi l ibr ium with l i thium. Though both 
systems are closely related chemically, the curves 
show significant differences. Ant imony  is solid in the 
exper imental  tempera ture  range, whereas pure bis- 
muth  is a liquid. While the solubil i ty of l i th ium in 
solid an t imony is negligibly small, l iquid bismuth dis- 
solves approximately 30 atomic percent  (a/o) l i th ium 
at 380~ The extent  of solubil i ty and the activity of 
l i th ium in  l iquid bismuth may be determined from the 
coulometric t i t ra t ion curves, as shown in  Fig. 3 for 
various temperatures.  In  that figure the voltage of the 
te rminal  b i smuth- r ich  l iquid solution vs. pure l i th ium 
is plotted as a function of composition, which was 
changed by current  flux through the galvanic cell. The 
horizontal straight lines correspond to the coexistence 
of Bi ( +  dissolved Li) with the adjacent b inary  phase. 

The main  voltage drops in  Fig. 1 and 2, i.e., changes 
of the activities of the components with composition, 
appear over the existence regions of the phas.es "Li3Sb" 
and "Li3Bi." As can be seen from Fig. 4 and 5, which 
show the coulometric t i t ra t ion curves in these phases 
in  detail, the range of s tabil i ty of "Li3Sb" is very small  
(AS ~ 7 • 10-~), whereas "LiaBi" exists over a much 

wider range of stoichiometry (AS ~ 0.22). The com- 
position values for the nar row "LisSb" phase in  Fig. 4 
were shifted by a factor of about 10 -4 in order to make 
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ent symbols indicate data points taken from different experimental 
sequences, i.e., Li pumped in or out. Their consistency indicates 
the extremely high resolution of this technique. 

the inflection point occur at the ideal 3:1 stoichiometric 
composition, as that is what is expected from theoret i-  
cal considerations (34). The results of several forward 
and backward t i t rat ion runs are indicated by the use 
of different symbols. The precision of this technique 
is shown by their coincidence. 

In  both cases, only one in termediate  phase of lower 
l i th ium content  has been found. At 360~ nei ther  LiSb 
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nor Li3Sb2, as supposed earlier, exists; only the com- 
pound LieSb was observed. Extended anneals over 
periods of several  days and repeated forward and 
backward t i trat ions failed to produce any measurable  
voltage difference between that of Li-sa turated Sb 
and Li2Sb. In the system Li-Bi the existence of the 
phase LiBi was confirmed. Both of these in termediate  
phases have comparat ively nar row ranges of stoichi- 
ometry and have very sluggish kinetics. The voltage 
drops over these phases are also very small, indicat ing 
only small changes of the lithium activity within their 
existence ranges. 

Figures 6 and 7 present the composition-independent 
plateau voltages of the galvanic cell for the two-phase 
regions of the systems Li-Sb and Li-Bi, respectively, 
as a function of the temperature. The data were de- 
termined by using "LiAI," Al reference electrodes, but 
are plotted with reference to pure lithium, using the 
potentials between Li and "LiAl," Al, as also shown 
in the figures. The latter were determined in separate 
experiments. For comparison, extrapolated data from 
the literature (31) are also shown. From Fig. 7, it is 
seen that the formation of the in termediate  phase LiBi 
can be easily detected below about 420 ~ Also, a small 
change of the slopes of the voltages of "Li~Bi" in equi-  
l ib r ium with the low tempera ture  and the high tem- 
pera ture  phase of LiBi is visible. By comparing Fig. 
6 and 7 it is seen that l i th ium has an activity about one 
order of magni tude  higher in the Li-Bi than in the 
Li-Sb system. 

The phase diagram for the system Li-Bi can be de- 
duced from data on the composition ranges of one and 
two phase regions determined from the shape of the 
coulometric t i t rat ion curves at different temperatures.  
The general  features agree well with those reported in 
the l i tera ture  (13, 14, 16). However, they are different 
in detail, pr imar i ly  with regard to the stoichiometric 
ranges of the single phases involved. The phase dia- 
gram of the system Li-Sb is relat ively simple in the 
tempera ture  range investigated, because the solubil i ty 
of l i th ium in ant imony and the stoichiometric ranges 
of Li2Sb and Li3Sb are very small. Therefore, this 
diagram contains vertical  lines at the appropriate ideal 
compositions. 

A special advantage of the use of galvanic cell cou- 
lometric t i t rat ion techniques for the de terminat ion  of 
thermodynamic  values is the possibility of observing 
the influence of very small  variat ions in composition 
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within  single phases. The precision obtainable in this 
way is much greater than that  which can be ach}eved 
with conventional  methods. In Yig. 8, the Gibbs free 
energy of formation of Li~+~Sb is shown as a function 
of the stoichiometry within the single phase region 
from Lie.99s~Sb to Li~.006Sb. The value of ~G~ ~ of stoi- 

�9 chiometric Li~Sb is used for reference. It is seen that  
the resolution }s bet ter  than  1 J /mole  for these relat ive 
values. Their  absolute magnitudes,  however, are only 
correct to _+ 100 J/mole.  Fur ther  comments relat ing to 
the precision of this technique are included in the next  
section. 

The corresponding curve for the Li~ + ~Bi phase, which 
exhibits a much larger range of stoichiometry, is shown 
in  Fig. 9. These data are also given with reference to 
stoichiometric Li~Bi. The lowest Gibbs formation en-  
ergy per particle is observed for the composition hav-  
ing a l i th ium deficit of about 3%. 

The variations of the molar Gibbs free energy of for- 
mat ion and the activities of both components as func-  
tions of the mole fraction Li within the phases "Li~Sb" 
and "LiaBi" are presented in  Tables I and lI. Since this 
technique provides greater precision in the relat ive 
free energy values wi thin  the "Li~Sb" and "Li~Bi" 
phases than  in their  absolute values, due to the neces- 
sity for t i t rat ion and integrat ion over a wide composi- 
t ion range in  the lat ter  case, the values are indexed to 
those of the respective stoichiometric compositions. 

Table I. Gibbs free energy of formation and activities of both 
components as a function of composition in the phase 

"LisSb" at 360~ 

X,., AG~ ~ ( Lh+~Sb ) 
(mole +2.622 X 10 ~ 

fraction) (J/mole) a~ a~b 

0.74990 124.2 1.04 x 10 -7 0.207 
0.749s 56.3 1.71 x 10 -7 4.69 x 10 "~ 
0.75000 0 6.62 • 10 -~ 8.14 x 10 -~o 
0.75005 - 2 3 . 5  1.48 x 10 -~ 7.34 • 10 -x~ 
0.75010 - 7 4 . 2  5.13 • 10 -~ 1.74 • 10 -~s 
0.75015 - 8 4 . 2  0.113 1.64 x 10 - ~  
0.75020 - -90.3  0.192 3.31 x 10 -co 
0.75025 --94.5 0.304 8.37 x I0 -~ 
0,75030 - - 9 6 . 8  0.438 2,78 x 10 -~  

Table II. Gibbs free energy of formation and activities of 
both components as a function of composition in the phase 

"Li3Bi" at 380~ 

XLt AG~ ~ (Lh+~Bi) 
(mole +2.170 x 10~ 

f r a c t i o n )  (J/male ) all aBt 

0.738 8.850 x 108 1.63 x 10 -~ 0.461 
0.740 6.749 x 10 ~ 4.25 x 10 -e 3.01 x 10 -~ 
0.742 4.895 • 10 s 1.42 • 10 -~ 9.58 x 10 -~ 
0 .744 3.193 x 108 6.12 x 10 -5 1.42 x 10 -5 
0.746 1.707 x 10 ~ 3.88 x 10-~ 6.40 x 10 -s 
0 .748 5.73 x 10~ 4 .84 x 10 ~ 3,71 x 10 - ~  
0.750 0 3.13 x 10 -~ 1.47 x 10 - ~  
0 .752 --1.93 x 10 "~ 0.641 1.66 x 104-~ 

Figure  10 shows the tempera ture  dependence of t h e  

Gibbs free energy of formation of the phases existing 
in the Li-Sb and Li-Bi  systems. In  the la t ter  case, the 
large range of solubil i ty of l i th ium in  bismuth had to 
be taken into consideration according to Eq. [7]. The 
data are related to the reaction of one l i th ium atom 
with the corresponding formula amount  of the Va 
metal, and are compared with those previously calcu- 
lated for the formation of "LisBi" by Fos te r  et al .  (11)o 
However, those authors did not take into consideration 
the large range of stoichiometry on the l i th ium-  
deficient side of that  phase. 

Entropy changes, ~Sf ~ were calculated from the 
slopes of the straight lines. With ~Gf ~ and ~Sf ~ being 
known, values of the enthalpy of formation, AHf ~ were 
also calculated using Eq. [9]. The results are presented 
in Table LII. 

Discussion 
From the results presented here it is seen that  the 

galvanic cell technique, combined with coulometric 
ti tration, can be used to obtain a large amount  of ther -  
modynamic informat ion with very high precision. The 
cell voltage is a direct measure of the activity of the 
electroactive species, which is directly related to sev- 
eral thermodynamic  quantities, and the composition 
can be reproducibly varied over a wide range. 

It has been shown that one can utilize results ob- 
tained in this m a n n e r  to directly calculate integral  
Gibbs free energy, enthalpy, and entropy data ra ther  
than using the common Gibbs-Duhem integration. This 
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Fig. 10. The Gibbs formation energies of the compounds ex- 
isting in the systems Li-Sb and Li-Bi as a function of the tem- 
perature. The negative stopes are the formation entropies of the 
compounds. Earlier data from Foster et. al. (11), which did not 
take into account the stoichiometric range of "Li3Bi," are indi- 
cated by solid circles. 

new method readily allows one to explicitly take into 
account the actual shape of the activity-composit ion 
relat ionship and finite composition ranges of other 
phases when calculating data for a given phase. As a 
result, greater precision can be obtained than by the 
use of . t radi t ional  approaches, e.g., the work of Foster 
et al. (11), who reported measurements  on the liquid 
terminal  solution of Li in Bi, and who calculated data 
on "Li3Bi" on the assumption that this phase can be 
treated as a l ine compound. However, this work has 
shown that  "LisBi" has an appreciable range  of com- 
position on the l i th ium deficit side of the assumed 
stoichiometric value. As a result  of their assumption 
of a 3/1 atomic ratio, their calculated values for the 
Gibbs free energy of formation have too great a mag-  
nitude. 

The precision of the results reported here is unusu-  
ally high for thermodynamic  data, since electrical 
measurements  can be made with high accuracy and the 
Li-Sb and Li-Bi systems reach equi l ibr ium rapidly. 
There is negligible drift in the LiCI-KCI molten salt 
system if the purity is sufficiently high and the lithium 
activity is kept low enough. 

The accuracy of the Gibbs free energy of formation 
data is due primarily to the good reproducibility of 
the cell voltages within the two-phase regions, which 
dominate the ranges of integration. The mean standard 
deviation was found to be less than --+0.5 mV in these 

Table III. Thermodynamic data for Li-Sb and Li-Ei Systems 

R e a c t i o n  

T e m p e r -  A H r  ~ AS~ ~ 
a t u r e  ~G~ ~ ( k J  ( J  m o l e  -~ 
r a n g e  ( k J  m o l e  -1 ) m o l e  -1 ) K -~) 
(~ (-4-0.1) (• (___1) 

2Li + Sb = LieSb 355-500 
3Li + Sb = LisSb 355-600 
Li + Bi = LiBi 355-420 

3Li + Bi = LisBi 355-600 

0 . 0 3 l e T  - 197.3  - 1 9 7 . 3  - 3 1 . 9  
0 . 0 4 9 2 T  - 293 .3  - - 2 9 3 . 3  - - 4 9 . 2  
0 . 0 2 4 5 T  - ~2 6 - 9 2 . 6  - 2 4 5  
0 . 0 5 8 9 T  - -  2 5 5 . 4  - 2 5 5 . 4  - 58 .9  

T = a b s o l u t e  t e m p e r a t u r e  ( ~  

composi t ion- independent  regimes. This results in  a 
precision of _+100 J /mole  in the free energy values. 

The coulometric t i t ra t ion technique allows much 
greater compositional resolution than  can be expected 
in  cases in which one must  prepare and analyze a 
series of separate samples. This is especially advan-  
tageous when one wishes to examine the compositional 
var iat ion of properties wi thin  ra ther  nar row phases. 
In  cases such as these, with rapid equi l ibrat ion and 
negligible drift, the compositional precision is only 
l imited by the accuracy with which one can measure 
and control the cur ren t - t ime  product. For example, a 
compositional change from Li2.9~sfSb to Lif.9990Sb cor- 
responds to a charge t ransfer  of 1 A sec (e.g., a current  
of 10 mA for 100 sec) per gram of sample. This is easy 
to both measure and control. 

As a result  of this high degree of compositional con- 
trol, the var ia t ion in  the relat ive values of thermody-  
namic parameters  with composition wi thin  in termedi-  
ate phases can be obtained with great accuracy. For 
example, the data in Fig. 4 show that  a change in the 
stoichiometry of 1 X 10 -4 corresponds to a change in  
cell voltage of about 100 mV. If we assume an  error 
of 1 mV in the voltage, the corresponding error in the 
relat ive value of the Gibbs free energy of formation is 
only  4.8 • 10-3 J/mole.  

Composition changes and phase transit ions take place 
in  both the Li-Sb and Li-Bi  systems by insert ion reac- 
tions with very high values of chemical diffusion coeffi- 
cient (26, 27). This occurs by changes in the concen- 
t rat ion and dis tr ibut ion of l i th ium atoms upon in ter -  
stitial sites wi thin  the static Sb or Bi lattices, and thus 
produces only very minor  changes in  lattice pa rame-  
ter and sample shape. 

In  addition to the thermodynamic  data already re-  
ported in this paper, other quanti t ies may also be 
evaluated from these results. However, they may be 
dependent  upon addit ional assumptions or information.  
For  example, one may determine the intr insic disorder 
concentrat ;on from the slope of the coulometric t i t ra-  
t ion curve (34), if a specific disorder model can be 
assumed. Under  the assumption of prevai l ing l i thium 
vacancies in  "Li3Sb" at negative deviations from the 
ideal stoichiometry (8 < 0), and eiither l i th ium in te r -  
stitials or l i th ium atoms on an t imony sites at l i th ium 
excess (5 > 0) the mole fraction of intr insic l i th ium 
vacancies at ideal stoichiometry was calculated from 
the slope at the inflection point to be XVL~ ---- 2 X 10 -5. 
For  other disorder models different results would be 
obtained, but  they will vary  only slightly for most rea-  
sonable assumptions. The shape of the coulometric 
t i t ra t ion curve that is exper imenta l ly  observed is very 
similar to that  which is theoretically calculated (34) 
if one assumes l i th ium atoms on an t imony sites at 
8 > 0 and l i thium vacancies at ~ < 0. 

In  addit ion to their fast kinetic behavior  (26, 27) ), it 
has been shown that the systems Li-Sb and Li-Bi ex- 
hibit thermodynamic  properties which may make them 
of interest  for possible use as cathodes in high energy-  
and power-densi ty  batteries. The ma x i mum theoretical 
specific energies are 500 W - h r / kg  for Li-Sb and 290 
W- h r / kg  for Li-Bi, respectively. 
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Behavior of as a Cathode for Lithium Cells 
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Centro di Studio sulla EIettrochimica e la Chimica Fisica delle Interfasi del C.N.R., 
Istituto di Chimica della Facolt~ di Ingegneria, Universit& di Roma, Rome, Italy 

ABSTRACT 

The per formances  of l i th ium cells based on Bi203 as a cathode have been 
evaluated.  Because of the very  high specific capaci ty  of this compound, i n t e r -  
est ing values of energy densit ies were  obta ined at low discharge rates.  A 
12-electron discharge process is supposed to occur leading to the format ion  
of Li~Bi. Two steps were  noticed, the first one giving rise to metal l ic  Bi 
through a 6-e lect ron reduction.  Comparison is made  of the per formance  of 
these cells wi th  severa l  l i th ium cells. In  principle,  Bi203 seems to be a ve ry  
a t t rac t ive  ma te r i a l  for cells of this type,  encouraging fur ther  research  on its 
prac t ica l  uti l ization. 

In  the  last  few years  l i th ium bat te r ies  wi th  both 
solid and l iquid e lect rolytes  have come out of the 
stage of l abo ra to ry  pro to types  and thei r  commercia l  
deve lopment  has s tar ted.  In general ,  l i th ium cells 
seem to be pa r t i cu l a r ly  sui table  in the field of micro-  
electronics, where  high values of specific energies 
and capacit ies (especial ly  on a volume basis) are  
requ i red  at low cur ren t  densit ies (a few ~A/cm2). Also 
in high ra te  appl icat ions  nonaqueous cells are  now 
emerging,  especial ly  wi th  the Li/SO2 (1) and the 
Li/SOC12 (2) systems. 

A class of po ten t ia l ly  useful  cathode mater ia l s  for 
organic e lec t ro ly te  cells is a set of meta l  oxides, which 
seem to assure s imultaneously,  a l though to var ious  
extents,  the character is t ics  of safety,  economy, high 
energy  density,  and long life. Among others, CuO (3), 
MoO3 (4), MosO23 (5), and V205 (6) have  proved  
to be sui table  in this sense. 

Key words: l i thium batteries, BI~O~, nonaqueous solvents, button 
organic cells. 

During  the search for o ther  cathode materials ,  we 
observed that  Bi203 has a surpr i s ing ly  high specific 
capaci ty  (ca. 0.7 A - h r / g )  which could compensate  
for the r e l a t ive ly  low cell vol tage on load (1.5V at 
0.5 mA/cm2) .  Fur the rmore ,  the high densi ty  of this 
oxide (8.9 g / cm 3) can produce  high values'  of volu-  
met r ic  capacit ies and energies.  

In the open l i t e ra tu re  no repor t  is given on the 
per formance  of cells (e i ther  aqueous or nonaqueous)  
based on Bi203; only  the discharge character is t ics  in 
a lkal ine  solutions of cathodes based on Bi208, Sb203, 
and As20~ have been examined  (7). In an Amer ican  
pa tent  (8) the possibi l i ty  of using Bi203 in l i t h ium 
cells containing LiPF6 or LiBF4 in methy l  acetate  is 
mentioned,  but  no detai ls  on the e lectrochemical  be -  
havior  of this oxide are  given. 

In  the  presen t  paper  the feas ibi l i ty  of Bi203 as a 
cathode for  p r i m a r y  l i th ium cells is discussed and 
pa r t i cu la r  emphasis  is g iven to the discharge process. 
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Exper imental  Aspects 
Materials.--Bi203 was a reagent  grade product  used 

without  any fur ther  t reatment .  The purification of the 
solvents [butyrolactone (BL), propylene carbonate 
(PC), t e t rahydrofuran  (THF),  and methyl  formate 
(MF)]  and the preparat ion of the organic solutions 
have been described elsewhere (9). BiPO4, Bi2S3, and 
Bi(IO~)8, which were also tested as cathodes, were 
prepared in this laboratory by metathetic reactions. 

Apparatus and procedure.--Bi203 was usual ly mixed 
with 10% graphite in order to ensure electronic con- 
ductivity. This oxide is indeed a semiconductor (10) 
and a resistance of 1.4 • 10 ~ a was measured for a 
pellet having a thickness of 0.12 cm. In  spite of this 
value, cathodes not containing graphite can work at 
the current  densities ( a r o u n d  0.5 mA/cm 2) used for 
these cells. A similar  pa t te rn  was found with silver 
salts (9, 11) of high resistance. This effect is still 
obscure and worth a specific investigation. Of course, 
the use of graphi te-free  cathodes is welcomed in that 
higher specific energies may be obtained; furthermore,  
decomposition phenomena of the solutions were less 
probable in  the absence of graphite (12). 

The dry  cathode mater ia l  was pressed at 1600 kg/cm" 
onto a support  of silver powder pressed at 550 kg/cm 2. 
Lower and higher  pressures on BieQ resulted in a 
less satisfactory performance. The cathode pellet was 
then put  in  a Teflon container  having an in terna l  
diameter  of 1.26 cm. The organic solutions were sup- 
ported on a triple layer  of glass fiber filter paper 
(Whatman  934 AH) ;  the use of a higher or of a 

lower n u m b e r  of separators was not profitable. Both 
l i th ium and Bi20~ on Ag were in contact with stain-  
less steel terminals.  The bu t ton- type  cells had an 
in terna l  volume of ca. 0.2 cm ~ (referred to the active 
components) and were main ta ined  in a dry box under  
argon atmosphere dur ing the constant current  dis- 
charges obtained with ordinary  galvanostats. 

Polarizat ion measurements  for Bi203 cathodes in 
three solutions were made on fresh cells similar to 
those submit ted to discharge. At each current  value, 
the voltage was observed for 5 sec. 

The x - r ay  diffraction pa t te rn  was obtained on 
cathodes discharged at a low rate in  LiAsF6-THF 
and LiC104-PC. The samples were analyzed under  
vacuum for 10 hr  with the Debye-Scherrer  method, 
using Cr-K~ radiat ion filtered by V. 

The solubil i ty of Bi203 in 1.5M LiAsF6-THF was 
checked by polarographic analysis of the Bi +3 ion, 
after leaving Bi2Oa in contact with the above solution 
for 10 days. Blank exper iments  with a LiAsF6-THF 
solution containing known amounts  of BiCI3 (which 
is fair ly soluble in this solution) were also made. 

Visual observations of LiAsF6-THF and LiAsF~-BL 
solutions containing Bi203 did not give evidence of 
unwelcomed reactions, because nei ther  discoloration 
nor gassing were noticed. 

Exper imental  Results 
T h e  OCV of cells of the type Li/organic electrolyte/  

Bi2Oa (with or without C at the cathode) exceeded 
3V. However,  even at low rates of discharge the po- 
tent ial  dropped well below 2V, thus indicat ing that 
the observed OCV is not the thermodynamic  value 
of the Li/Bi2Oa couple. Graphite  could, in principle, 
be responsible for the high OCV through the forma- 
tion of intercalat ion compounds, but  even Ag pellets 
give the same OCV although the formation of l i th ium-  
silver compounds should give rise to potentials lower 
than  200 mV in these solutions (13). Also the pres- 
ence of 02 in the system cannot explain the OCV, 
since the emf of the Li/O2 couple is equal to 2.9V. 
On the other hand, we observed that  the OCV varied 
with the electrolyte used. The averages of several  
c e l l s  give values for LiC104-PC, LiAsF6-BL, and 
L i A s F 6 - T H F  of 3.0, 3.1, and 3.4V, respectively. There-  
fore, t h e  i n i t i a l  OCV has to be related to the presence 
of electroactive impurities,  main ly  due to the sol- 

Table I. Performances of Li/Bi203 ceils containing various 
electrolytes. 1.0V cutoff, 0.5 mA/cm 2 

Electrolyte 

Mean 
Specific capacity dis- 

�9 10 -8 charge 
(~-z A-hr/  vol tage  

cm -1) A-hr /g  cm 8 (V)  

Utili- 
zation 

(% 
based 

on 12e) 

LiAsF6-THF 16 0.380 3.38 1.49 55 
LiAsF6-BL 9.2 0.300 2.67 1.49 43 
LiC10~-BL 13 0.155 1.38 1.34 23 
LiCIO4-PC 5.6 0.224 1.99 1.36 32 
LiA1Ch-BL 10 0.184 1.63 1.43 27 
LiC10~-MF/BL 27 0.100 0.89 1.39 10 

vents, incompletely el iminated by purification. For 
instance, THF contains peroxides (14) which can 
form a couple of high voltage with Li. 

Polarization curves for Bi203 in  different solutions 
were measured. The rapid increase of the voltage 
drop with current  indicates that this mater ial  can be 
useful only at low rate applications. In the range 
0-3 m A / c m  2, the poIarization decreases in the order 
LiAsF6-THF, LiAsF6-BL, and LiCIO4-PC. The same 
order has been found for the discharge behavior  at 
0.5 mA / c m 2, as shown in Table I where the results 
in three more solutions are also reported (the specific 
capacity is referred to Bi203 only).  It can be seen 
that  the performance of Bi20~ cannot be connected 
to the specific conductivity of the solutions (values 
in the 2rid column),  i.e., mass t ranspor t  phenomena 
have a minor  effect on the electrode polarization. 
Gabano (12) has proposed a reaction scheme for 
cathodes not conducting and unable  to form in ter -  
calation compounds, in which the locus of reduction 
is in the solution layers immedia te ly  near  the cathodic 
surface. Obviously, the s tructure of these layers would 
be differently influenced by the various electrolytes 
through adsorption and solvation/dissolut ion phe- 
nomena. 

In  Fig. 1 the discharge curves in  LiAsF6-THF at 
different current  densities are reported. An ini t ial  
voltage delay is shown which was also present  in 
all the other solutions. On the other hand, cathode 
materials  such as Ag2CrO4 and AgsPO4 do not ex- 
hibit  such behavior  in the same solutions (9), thus in -  
dicating that it may be connected with the low 
solubili ty of the cathode, i.e., with its low concen- 
trat ion in the solution layers near  the electrode (12). 

The low solubil i ty of Bi2Oa in LiAsF6-THF was as- 
certained polarographically. A reduction wave of Bi +3 
was not found with this material ,  whereas b l ank  
experiments  with BiC13 revealed a well-defined re-  
duction wave even at a concentrat ion of 1 • 10-4M. 
Obviously, a low solubil i ty is desired in that it can 
give rise to a long service life. However, no data were 
obtained in this work on the storage capabili ty of 
cells based on Bi203. 

Ut i l i za t ion ( ~o ) 
25 50 75 100 

2 

0.~ 0.2 0.3 0.4 a5 O.S 0.7 
Specific capacity (Ah/g ) 

Fig. 1. Discharge curves of Li/Bi203 cells in LiAsF6-THF at differ- 
ent rates. Curve 1, 0.25 mA/cm2; curve 2, 0.50 mA/cm2; curve 3, 
1.00 mA/cm 2. 
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Table II. Influence of the temperature on the performances 
of Li/LiAsFe-BL/Bi203 cells. 1.0V cutoff, 0.5 mA/cm 2 

M e a n  
Specific capacity dis- Util i-  

T e m p e r -  c h a r g e  za t i on  
ature A - h r /  vo l t age  ( % based 
(~ A * h r / g  c m  a (V) on  12e) 

24 0.300 2.67 1.49 43 
40 0.331 2.94 1.55 48 
60 0,350 3.11 1.57 55 

In Table  II  the influence of the  t empe ra tu r e  on 
L i /L iAsF6-BL/Bi2Q,  C cells is repor ted.  BL was 
used as a solvent  ins tead of THF, because of the 
difficulties that  may  be encountered  wi th  the la t te r  
at 60~ since its boi l ing point  is 64.5~ Evident ly ,  
the posi t ive  effect of the  t empera tu re  on solut ion 
conduct iv i ty  and cathode polar iza t ion  is not  counter -  
balanced by  an increase in cathode solubil i ty,  which 
would resul t  in capaci ty  losses. In par t icular ,  the re-  
sult  obta ined at 40~ can be of some in teres t  if 
these cells were  to be used in cardiac pacemakers .  

BiPO4, Bi2S3, and Bi(IO~)3 were  also tested. The 
first sal t  has a specific energy of 0.29 W - h r / g  (which 
does not compare  wel l  wi th  0.57 W - h r / g  obtained 
for Bi20~), whereas  the last  two salts  show l~oor 
d ischarge  behaviors .  

The per fo rmance  of Bi203 (a two-s tep  reduct ion 
process which corresponds to a high exper imen ta l  
capaci ty)  was confirmed by  the analogous Sb203. 
Also wi th  this oxide good values of specific capaci ty  
and energy  have been obta ined (0.39 A - h r / g  and 0.51 
W - h r / g  at 0.5 m A / c m  2 to 1.0V cutoff, respec t ive ly) .  

Discussion 
The specific capacit ies  to zero volt  cutoff in LiAsF6- 

THF (0.60 A - h r / g )  and in LiAsF6-BL (0.53 A - h r / g )  
are  higher  than the m a x i m u m  calcula ted on the 
basis of the  s imple reduct ion of Bi2Q to Bi (0.345 
A - h r / g ) .  These high capacit ies were  ra t ional ized  
through coulometr ic  analysis  at low rate, f rom which 
i t  was calcula ted that  12 electrons are  involved in 
the discharge of each molecule of Bi2Os. The discharge 
has two steps (Fig. I). The first one, ending a little 
below 1.0V, is calculated to involve 6 electrons to 
give the observed specific capacity (0.34 A-hr/g). 
A 12-electron process implies the formation of com- 
pounds in which Bi is in a negative oxidation state. 

Indeed, As, Sb, and Bi are known to form with Li 
compounds of the Li~Me type both chemically (I0, 
15) and electrochemically (16). On the basis of these 
observations and of the coulometric analysis, the 
discharge process may be written as follows 

6Li + Bi203--> 2Bi + 3Li20 [I] 

2Bi + 6Li--> 2Li3Bi [2] 

The net  react ion is 

12Li + Bi2Oa--> 2Li~Bi + 3Li20 [3] 

The x - r a y  diffraction da ta  (Table I I I )  confirm the 
format ion  of Bi (especia l ly  wi th  the lines having dA 
2.38 and 2.27), whereas  the presence of Li20 is made  
uncer ta in  by  the coincidence of its p r inc ipa l  l ines 
wi th  those of a-Bi20~. 

The poss ibi l i ty  that  the  second step (occurr ing be-  
Iow 1V) could be connected wi th  e lec t ro ly te  decom- 
posi t ion (12) was g rea t ly  reduced by the fact that  
g raph i t e : f r ee  cathodes were  f requent ly  used. Anyway ,  
L i /B i  cells wi th  or wi thout  graphite,  when discharged 
in LiAsF6-THF, showed very  s imi lar  values of ex-  
pe r imen ta l  specific capacity,  which resul ted  near  to 
the theoret ica l  value for the format ion  of Li~Bi (0.385 
A - h r / g ) .  

React ion [1] has a ~G of --283 kca l /mole  and a 
theoret ica l  Eo of 2.05V. This value is in agreement  
wi th  the  2.0V OCV observed dur ing  the ini t ia l  pa r t  
of the first discharge plateau.  

Table I[I. X-ray diffraction data for Bi203 discharged in LiAsF6-THF 

Exper i -  
m e n t a l  

(dA)  

Literature v a l u e s  (dA)  

a-Bi208 Bi  Li20 

3,25 (VS) 3.23 (VS) 
2,65 (S) 2.75 (W) 
2,36 (S) 2,68 (S) 
2.23 (S) 2 26 (W)  
2.03 (MW) 1.95 (S) 
1.96 (W) 1.91 (MW) 
1.86 (M) 1.87 (MW) 
1.64 (MS) 1.74 (MS) 
1,55 (W) 1.72 (M) 
1.40 (MW) 1.67 (S) 
1,44 (MS) 1.64 (S) 
1.38 (W)  1.56 (M) 
1.33 (M) 1.48 (MW) 
1,31 (M) 1.46 (MW) 
1,28 (W) 1.34 (M) 
1.18 (W) 1.32 (M) 
1.94 (W) 1.27 (MW) 
0,94 (W)  1.17 (MS) 

3.28 (VS) 266  (VS) 
2.38 (M) 2.30 (W) 
2.27 (M) 1.63 (M) 
1.97 (W) 1.39 (W)  
1.87 (MW) 1.15 (W) 
1.49 (W) 1.06 (W) 
1.44 (W)  0.96 (W) 
1.33 (W) 

VS, v e r y  s t r o n g ;  S, s t r o n g ;  MS, medium strong; M, medium; 
MW, m e d m m  w e a k ;  W,  w e a k .  

No da ta  for the free energy of format ion  are  re -  
por ted  for Li3Bi at  room tempera ture .  Ex t rapo la t ion  
to 25~C of hG values  obta ined  at high t empera tu re s  
(17) gives ~G : --56 kcal /mole .  Therefore,  react ion 
[2] has a theore t ica l  Eo ~ 0.81V. This potent ia l  is in 
agreement with an OCV of 0.8V experimentally found 
by us and by Eichinger (16) for Li/Bi cells. 

With reaction [3] a theoretical energy density of 
835 W-hr/kg was calculated. From a cell Li/LiAsF6- 
THF/Bi20~, having a capaci ty  of 50 m A - h r  and dis-  
charged at  0.5 m A / c m  e, an over -a l l  energy  densi ty  
of 250 W - h r / k g  was achieved on the basis of the 
weight  of anode, cathode, solution, and separators .  
This figure is expected to be increased by  work ing  
at lower  rates  and by opt imizing the cell s t ructure.  
Also the  volumet r ic  energy is expected to be quite 
high in view of the dens i ty  of Bi203. In  Table IV, the 
per formance  of severa l  cathode mater ia l s  tested in 
this l abo ra to ry  are  compared.  The compar ison is es-  
pecia l ly  impor tan t  wi th  respect  to MOO3, Ag2CrO4, 
and Ag~PO4 which have  been ex tens ive ly  s tudied also 
in other  labora tor ies  (11, 18) due to the i r  prac t ica l  
interest .  Pa rame te r s  such as cell l ife and volume 
var ia t ions  dur ing discharge have to be careful ly  
evaluated.  The low solubi l i ty  of BizO3 in organic so- 
lutions and the resul ts  of p r e l im ina ry  compat ib i l i ty  
tests suggest a sa t isfactory cell life. The per fo rmance  
of Bi203 repor ted  in the present  paper  is sufficiently 
promis ing that  it  calls for fur ther  research to ascer-  
tain the feas ibi l i ty  of prac t ica l  cells. 
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Table IV. Performances of various cathode materials tested 
in this laboratory for lithium cells. 1.0V cutoff, 0,5 mA/cm 2 

C a t h o d e  So lu t ion  

M e a n  
Specif ic  c a p a c i t y  dis- 

charge Utili- 
A - h r /  v o l t a g e  za t ion  

A - h r / g  c m  8 (V) (%)  

MoO3 
MosOzs 
WlsO~9 
AgzCrO4 
AgIO3 
Ag3PO~ 
PbF2 
PbCrO4 
PbO2 
Bi~O~ 

LiA1Ch-BL 0.24 1.13 2.17 66 (2e) 
LiA1C14-BL 0.38 - -  2.00 t00 (2e) 
LiA1CI~-BL 0.23 - -  1.30 98 (2e) 
LiC104-PC 0.33 1.86 2.34 82 (5e) 
LiAsF6.BL 0.27 1.49 1.90 47 (6e) 
LiC10~-PC 0.15 0.98 2.30 80 (3e) 
LiAsF6-BL 0.22 1.81 1.82 07 (3e) 
LiAsF~-THF 0.21 1.28 1.28 50 (6e)  
LiAsFo-THF 0.41 3.84 1.38 73 (5e) 
LiAsF6-THF 0.38 3.38 1.49 55 (12e) 
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JOURNAL. All  discussions for the December 1978 Discus- 
sion Section should be submit ted by Aug. 1, 1978. 

Publication costs o5 this article were assisted by the 
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The Effect of Noble Metal Additions upon the Corrosion 
of Copper: An Auger-Spectroscopic Study 

J. Gniewek, ~ J. Pezy, B. G. Baker, and J. O'M. Bockris* 
School of Physical Sciences, Flinders University oJ South Australia, Adelaide, Australia 

ABSTRACT 

Dissolution rates as a function of potential  and the corrosion potentials for 
Cu and five Cu-Pd alloys with varying compositions in  the range of (0-30%) 
Pd were measured. The Auger  spectra of the alloy surface and fresh surfaces 
obtained by argon ion bombardment  to a depth up to 30 nm were obtained. 
Cu dissolves from the alloy and the rate of dissolution of Pd is negligible. The 
Cu dissolution follows the same laws as from pure Cu. Below a certain critical 
potential, the ini t ia l ly  observed dissolution current  decayed towards zero. 
The electrode potential  at zero current  follows the surface composition. At 
zero current  the bulk  alloy composition was found to have been modified to a 
depth of about 20 nm. An approximate calculation of io for Cu dissolution of 
the alloy as a function of composition showed that value is reduced by some 
ten orders of magni tude  compared with that of pure Cu. Corrosion is reduced 
in  a m a n n e r  consistent with these io reductions when the cathodic 02 re-  
action is not rate controlling. 

Knowledge of the theory of corrosion in electrode 
kinetic terms is now widespread (1). However, alloying 
elements can give rise to commercial ly interest ing re- 
ductions in corrosion rate, often more marked than  one 
would have expected according to simple theory. The 
influence of noble metal  al loying upon corrosion pro- 
tection has not hitherto received studies which con- 
tained informat ion sufficient for the evaluat ion of the 
mechanism of this effect. 

Auger  electron spectroscopy (AES) provides infor-  
mat ion about the composition of alloy surfaces and the 
relat ive composition changes in the first few nanome-  
ters from the surface. Several earlier studies on AgAu 
(3) and CuAu (4-6) have established that, as the gold 
content  of the alloy increases, the electrode potentials 
shift in the positive direction. However, in these studies 
physical analysis of changes occurring within the alloy 
has been l imited to those corresponding to a high rate 
of dissolution under  external  anodic potential  control, 
ra ther  than  under  corrosion control. The copper-pal-  
lad ium alloy system was chosen for AES study of the 
corrosion region for the following reasons: 

(i) Similar ly to the AgAu and CuAu systems, there 
is a significant difference in the s tandard electrode po- 

* Electrochemical Society Active Member. 
1 Present  address: IBM Corporation, Systems Products Divisions, 

East Fishkill, New York. 
Key words: palladium, passivity, composition depth profile, dis- 

solution rate. 

tentials of the two elements, thereby favoring prefer-  
ential dissolution of copper. 

(it) Copper and pal ladium form a complete solid so- 
lut ion series (although at low temperatures  the 
equi l ibr ium phase forms at ,--40 atomic percent  (a/o), 
Pd) permit t ing study of corrosion behavior of the alloy 
over a wide composition range. 

(iii) Cu and Pd provide favorable nonin ter fer ing  
Auger spectra. 

(iv) The ion sput ter ing yields of Cu and Pd are 
near ly  equal (7), s implifying in terpre ta t ion of the com- 
posi t ion-depth profile measurements  obtained by AES 
studies combined with argon ion bombardment  of sur-  
faces arising from corrosion. 

Experimental 
Alloys were prepared from 9.9.999% Cu and 99.99% 

Pd by induct ion heating melt ing in boron ni t r ide cruci-  
bles under  pure argon. The mater ia l  was held for 15 
min at ~100~ above the mel t ing point, solidified, and 
upon inver t ing  the ingot, remelted for another  15 min. 
Weight change before and after mel t ing was <0.01%, 
indicating negligible reaction with the crucible mate-  
rial. The ingots were then cold rolled to strips approx-  
imately 0.3 mm thick by 27 mm wide. After  cutt ing into 
specimens for electrochemical and AES measurements  
the specimens were cleaned and vacuum annealed for 
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16 hr at 920~ followed by rapid cooling to room tem- 
perature.  In addition to alloys of 5, 10, 15, 20, 30 a/o 
P.d 2 pure Cu and alloys of 80/20 CuAu and 80./10/10 
CuPdAu were also prepared. 

Two types of specimens were used. Type A, which 
was used to establish the ini t ia l  log i -V relationships, 
was circular with 14 mm diam. Prior to electrochemical 
measurements,  the specimen surface was prepared by 
grinding with 600 grit paper and r insing with distilled 
water  and alcohol. To obtain meaningfu l  composition 
depth-profiles, it was found necessary to polish the 
specimen to a mirror  finish. Type B specimens (23 • 
9 m m  rectangular)  which were used for subsequent  
electrochemical t reatments  and all AES measurements,  
were therefore fur ther  polished with diamond polish- 
ing paste prior to ultrasonic cleaning in  distilled 
water  and an  alcohol rinse. 

Electrochemical apparatus.--All investigations were 
conducted at room temperature  in 0.5,55 Na2SO4- 
0.005M HaSO4 electrolyte. A calomel electrode was 
used as the reference cell. The potentials reported here 
are given on the s tandard hydrogen electrode (SHE) 
scale. Except where stated, the solution was deoxy-  
genated by bubbl ing  N2 for several hours. 

Ini t ia l  log i-V measurements  were obtained using 
Type A specimens in a s tandard electrochemical cell 
(8). Subsequent  electrochemical measurements  were 
performed on Type B specimens in an electrolyte flow 
system cell of similar design to that used by Damjano-  
vic, Setty, and Bockris (9). The Teflon cell was ma-  
chined with a thin Teflon per imeter  ridge so that when  
held in compression against the specimen a l iquid- t ight  
seal was effected with the alloy specimen forming one 
wall of the cell. With the cell assembled, the volume 
between the specimen and the Pt  counterelectrode was 
0.3 cm 3. Electrolyte flow rates in the range of 0.01-0.1 
ml/sec were used dur ing electrochemical t reatment .  A 
valving a r rangement  permit ted rapid electrolyte re-  
moval under  N2 gas followed by r insing with distilled 
H20 and drying in Nz gas flow. The specimens were 
held in the N2 ambient  unt i l  ready for t ransfer  to the 
vacuum system for AES measurements.  Transfer  be-  
tween the electrochemical apparatus and the vacuum 
for the AES required exposure to the air ambient  of 
less than 5 min. 

Auger apparatus.--The AES equipment  was con- 
structed in this laboratory. A re tarding grid electron 
energy analyzer  with a post-monochromator  after the 
design of Huchital and Rigden (t0) was mounted in a 
Pyrex tube. A bakeable s t ra ight- through high vacuum 
valve connected the Auger analysis vacuum chamber  
to an auxi l iary l iquid n i t rogen- t rapped oil diffusion 
pumped vacuum chamber. Following removal  from the 
electrochemical cell the sample was mounted on a 
stainless steel .specimen holder which could be raised 
and lowered through a feed-through mounted on the 
auxi l iary chamber. After evacuation of the auxi l iary  
chamber to approximately 2 • 10 -4 Torr, the sample 
was t ransferred to the Auger chamber via a s traight-  
through valve, the t ransfer  rod was withdrawn,  and 
the high vacuum valve closed. AES analysis was begun 
when the vacuum reached the 10 .-s Tor t  range. The 
auxi l iary vacuum chamber  and the electrochemical cell 
were designed so that  the la t ter  could be operated in 
the chamber  with the sample being t ransferred to the 
Auger vacuum chamber  without exposure to the air 
ambient.  However this feature was not utilized in these 
experiments.  

The axis of the energy analyzer was along a line 
normal  to the sample. The axes of the energy analyzer, 
pr imary  electron beam, and ion gun all lay in the same 
plane. A 2.4 kV pr imary  electron beam was incident  at 
an angle of ~25 ~ (65 ~ off normal)  while the 1 kV 
argon ion beam was incident  at an angle of 25 ~ from 
the opposite direction. The pr imary  electron beam of 
~1.5 mm diam was operated in the center of the ion 
beam which was defocused to a diameter  of 10 ram. 

e All alloy compositions are reported as atomic percent. 

The argon pressure dur ing  bombardment  was kept 
between 2 • 10.-5 and 5 • 10 -5 Torr. The ion-beam 
current  monitored at the specimen was used as a mea-  
sure of the sputter  removal  rate. Ion bombardment  and 
AES were performed sequentially,  the ion beam being 
turned off dur ing .each AES measurement .  The cal ibra-  
tion of the sputter  removal  rate was made by measur-  
ing the t ime required to remove a 90 nm Cu film, which 
had been vacuum deposited over an evaporated film of 
Cr. The distance axis of the concentrat ion profile 
graphs are labeled in angstroms util izing this cal ibra-  
t ion result. 

Auger anaIysis.wThe dN/dE spectra were recorded 
util izing a 7.5V p .p  modula t ion  voltage for the 330 eV 
Pd peak and an 18V p.p  modulat ion voltage for the 
Cu 918 eV peak. The composition, reported as atomic 
fractiQn of palladium, Xpd, was calculated from the 
measured peak- to-peak  heights of the Pd and Cu 
peaks, by the formula (11) 

Apd 
Xpd - -  [1 ]  

Aed -~- ~Acu 

While in  principle the value of a can be obtained by 
direct comparison of spectra from the alloy and from 
pure copper, this method was found to be rel iable only 
when very l ightly sputtered samples are compared. 
Sputter ing caused an increase in the copper peak from 
both alloy and pure copper, presumably  due to the ef- 
fect of surface roughening. Instead, taking the init ial  
surface composition to be that of the bulk, the value of 
a was determined from Cu and Pd peak height. Mea- 
surements  were made on 10, 20, and 30 a /o  Pd alloys 
which were mechanical ly polished and very l ightly ion 
bombarded to remove C contamination.  Calculations 
made from the Cu and Pd peak heights before ion 
bombardment  and correcting for the intensi ty  absorp- 
tion due to the contaminant  overlay film support the 
assumption that l i t t le (i.e., ( 3 a/o Pd) surface com- 
position change is caused by the ion bombardment .  
Measurements on the various alloy samples are 
reproducible wi thin  •  a/o Pd. Samples pretreated 
electrochemically had a lower surface contaminant  
level than those not so treated and representat ive 
surface composition measurements  could be made 
prior to any ion bombardment  without  the need for 
intensi ty correction. 

Surface composition determination with concentra- 
tion gradient. In cases where the composition changes 
significantly wi thin  distances comparable to the Auger  
electron mean free path (as found for electrochemically 
treated specimens),  it is necessary to apply a correc- 
tion factor to de termine  the true surface composition. 
For conditions where the concentrat ion gradient  can 
be approximated by an exponent ial  function with 
characteristic length d, it can be shown that the true 
surface composition is given by (see Appendix)  

ZPd,sur f -- ZPd,bul k 

f XpM -- • t 
1 1 1 

d XPM d -~- ~P4 

[2]  

where ~cu and )~ed are the Auger electron mean  free 
paths for copper (1.1 nm) and pa l lad ium (0.75 nm) .  
ZPd,bulk ~- bulk  concentration, XpM ~-- measured sur-  
face composition calculated from Eq. [1], and Xpd,surf 
---- actual surface composition. Results obtained in  this 
manner  indicate that the actual surface compositions 
could be as much as 5-10 a/o Pd higher than the mea-  
sured uncorrected determinations,  depending upon the 
concentrat ion gradient. 

Results 
Electrochemical resuLts.--Steady-state rate potential 

relations.--The so-called steady-state  log i-V curves 
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Fig. lo. Log i-V relationship for Cu, Cu-5% Pd, Cu-10% Pd, 

Cu-15% Pd, Cu-20% Pd, Cu-30% Pd alloys. 

for various alloy compositions are shown in  Fig. la. 
The potential  intercept  where the current  rises rapidly 
above 10 -.6 A /cm 2 can be termed the critical potential, 
Ec (5). These results were obtained on Type A speci- 
mens under  potentiostatic control with the current  read 
at 15 rain intervals.  In  the potential  range shown, 
below Ee, where there was no steady-state  current,  it 
was necessary to wait  1-2 hr before increasing the 
electrode potential,  in 50 mV increments,  to obtain 
well-defined values of Ec. For each alloy composition 
wi th in  the potential  range shown, the results do not 
differ significantly from those obtained on Type B 
specimens in the flow cell. There were, however, ap- 
preciable differences between the two specimens in the 
cur ren t - t ime  dependence at potentials, E < Ec; as dis- 
cussed in  the next  section. In  the higher current  region 
(~10 -4 A/cm~) the current  on both specimens in-  
creased with t ime after an in terval  of less than 1 sec. 

In  Fig. la  is shown the introduct ion of passivity at a 
potential  of ~ 760 mV SHE for the 20% alloy. The 
result  obtained for the 30% Pd alloy differs from the 
others with respect to the slope of the log i -potent ia l  
relation. Oxygen was evolved under  some conditions 
from this electrode. The results in the first five curves 
(Fig. la)  represent  the dissolution of copper (charac- 
teristic Tafel slope, 2RT/3F), while the result  for the 
30% alloy corresponds to oxygen evolution. For sam- 
ples held at ~2  • 10 -4 A /cm 2 dissolution current  for 
1 hr, significant grain boundary  attack was observed 
for the 15 and 20% samples. 

In  Fig. lb, a comparison of the log / -po ten t i a l  results 
obtained for 80/20 CuPd, 80/20 CuAu, and 80/10/10 
CuPdAu is shown. The passivation which sets in for 
the 20 % PdCu alloy is not seen for the gold-containing 
alloys. 

Constant potential current-time relations.--Some 
initial work was done on log i -V curves on pure 
Cu, thus int roducing some Cu + + into solution. Sub-  
sequent  work with alloys was done at lower currents  
and shorter times than was the init ial  work with pure  
Cu. Such measurements  lie at the basis of Fig. 1. This 
same electrolyte was used in all the flow cell measure-  
merits and so provides a constant reference for all 
potentials. In the flow cell, almost all of our work was 
done at or below the "critical potential," i.e., the final 
resting current  before the electrolyte was blown out 
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Fig. lb. Log i-V relationship for G--Cu-20% Pd, e--Cu-20% 
Au, ~--Cu-10% Au-10% Pd. 

and the sample submit ted for Auger  analysis was very 
low, and, therefore, did not affect the Cu + + level of the 
solution flowing by. 

In  the potential  region less positive than  Ec, following 
a potential  step increase, the current  showed a step- 
like increase and subsequent  decay. The current  decay 
period was longer for Type A specimens, with current  
densities of a few microamp/cm 2 persisting after 2 hr. 
Except for potentials close to Ec, the current  decreased 
to zero for Type B specimens. The total charge passed 
for a given potential  jump increase could be as much as 
5-10 times greater for Type A samples compared to 
Type B. The Auger data discussed apply to Type B 
(mechanically polished) samples. 

The effect of applying successive 50 mV potent ial  
increases is shown in Fig. 2 for the alloy. Following a 

590 

490 I" g~ 
340 I-" 
290 I... 
240~..~ 

g 6O 

-E_ 
4 

I 

, , J  
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Fig. 2. Current-time behavior for successive 50 mV potentiostatic 

step increases for Cu-15% Pd alloy. Q maximum current 15% 
Pd. Electrode potential shown in upper portion of diagram. 
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potential  increase, the current  was allowed to decrease 
to zero whereupon a second 50 mV potential  increase 
was applied, the process being repeated unt i l  the 
critical potential  was reached. As the electrode 
potential  increases, there is a decrease in the ma x i mum 
current  at tained for the same potential  step increase. 
As the potential  approaches Ec, the decay time in-  
creases. 

Corrosion.--When the alloy was exposed to the 
electrolyte without being dr iven Rotentiostatically, the 
electrode potential  changed to Ec in  a t ime dependent  
upon the oxygen content of the electrolyte. The condi- 
tion of holding the alloy potentiostatically and allowing 
the current  to decay to zero corresponds to a corrosion 
si tuation near  to the na tu ra l  one. For set potentials at 
times when  the net current  falls to zero, the alloy was 
removed from the electrolyte and the surface composi- 
tion measured by AES. The relationship between the 
corrosion ~otential  and surface composition obtained is 
shown in  Fig. 3 Figure 3 also contains points for the 
free corrosion situation and for the ini t ial  electrode 
potential  measured when the aIloy first contacts the 
electrolyte and before appreciable electrode potent ial  
drift  has occurred. 

AES results.--The Auger spectra from a 70/30 CuPd 
alloy are shown in Fig. 4. Pal ladium compositions were 
calculated uti l izing the Pd(330 eV) and Cu(918 eV) 
peaks and Eq. [1]. The composition depth-profile 
results for different conditions of potentiostatic control 
are shown in Fig. 5-7. Surface enr ichment  by Pd is 
noted. Figure  5 demonstrates the results of potentio- 
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Fig. 4. Auger electron spectra for 70/30 CuPd alloy 
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statically controll ing the potential  of a 10% l~ alloy 
at -5341 mV SHE for various times. In curve (a) the 
sample was removed after 480 sac when the current  
decreased to zero. In curve (b) the alloy was removed 
after 12 sac when the current  had decreased to 4 X 
10 -5 A/cm 2. The lat ter  case corresponds to 1/z the total 
charge passed at this potential.  

Figure  6 i l lustrates the concentrat ion profiles ob- 
tained after potentiostatic control of a 15% alloy to 441 
and 541 mV. In both instances the alloy was removed 
when the net current  decreased to zero, i.e., when cor- 
rosion conditions pertain. Figure 7 i l lustrates the dif- 
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ference obtained in potentiostaticaliy controll ing a 20 
and 30% alloy to 541 inV. The alloys were removed 
from the .electrolyte when the current  decreased to 
zero. A key factor to note is that the surface composi- 
tion is near ly  the same for a given set potent ial  
independent  of the bu lk  alloy composition and that  the 
concentrat ion gradient  is correspondingly steeper for 
the lower concentrat ion alloy. 

Discussion 
Exchange current density: An order of magnitude 

estimate.--The positive shift in electrode potential  
required for the anodic dissolution of copper from 
copper-pal ladium alloys is similar to that  observed for 
CuAu alloys (4-6). This potential  shift is greater  than 
that  which can be a t t r ibuted to changes in the revers-  
ible po ten t i a l ' o f  Cu in  the alloy due to the reduced 
activity of copper compared with that of pure Cu. The 
change in the reversible electrode potential,  compared 
to pure copper, as a function of pal ladium content  can 
be estimated from the thermodynamic  data given by 
Hul tgren  et al. (12). With AGcu values calculated at 
278~ from the tabulated values of AHcu and AScu, the 
change in the reversible potential  2F ( E r e v  all~ - -  E rev  TM) 
---- -- AGcu, is calculated as a function of alloy content  
with the results tabulated in  Table I. As a result  of 
the formation of ordered phases at lower tempera-  
tures, these values could be slightly underest imated,  
but  it is improbable  that the al terat ion compared 
with the calculated values of Table I would exceed 
10 mV. 

The fact that  the measured electrode potent ial  at 
zero current  is near ly  500 mV more positive than Erev  c u  
for an alloy with a 50% Cu surface composition (Fig. 3) 
suggests that  the electrode potential  is a mixed 
potential  arising from an anodic copper dissolution 
current  and a cathodic oxygen reduction current.  The 
positive shift in electrode potential  compared with the 
reversible potent ial  of Cu in  the alloy (Table I) is 
consistent with a decrease in the exchange current  
density, io, for copper dissolution as the pal ladium 
content is increased. An estimate of io as a function of 
alloy composition can be obtained from the data in 
Fig. la  and the estimated values of the alloy reversible 
potential.  The Tar.el slope for the 5-20% Pd alloys is 
the same as for pure copper. Extrapolat ion of the log 
i-V plot back to the reversible potential  corresponding 
to the estimated surface composition allows an est ima- 
t ion of io for that composition. The surface composition 
is taken from Fig. 3 and corresponds to that at the 
critical potential  for each par t icular  value of bu lk  
composition. The per t inent  values are given in  Table 
II. 

These ex t remely  low values of the exchange current  
densi ty for the dissolution of Cu from the alloy are to 

Table I. The calculated potential of Cu in the Cu-Pd 
alloys, compared with that of pure Cu 

( E r e v a l l o y  - -  ~revOU) 
% Cu ( m Y )  

90 +4 
80 + 13 
70 + 32 
60 +56  
SO + 72 

Table II. Exchange current densities of Cu dissolution 
from the alloys from Tafel line 

Cs at Erev a t  
C b ( P d )  Er Ee(Pd) Cs* io ( A  c m  -~) 

be compared with the measured value of {o : 4 X 10 -6 
A/cm 2 for pure copper for this Cu + + concentration. 
The lat ter  value compares not unreasonably  with a 
value of 0.9 X 10 -6 A/cm 2 calculated from the data of 
Mattson and Bockris (13) by using the relationship, 
io(1)/io (2) = ( C c u § 2 4 7  3/2, where Ccu++ 
equals 0.15 M/1 in the work of Mattson and Bockris and 
is 1.7 X 10 -8 M/1 in the present work. The interpreta- 
tion of such low values of io and their implications for 
corrosion are discussed in a later section. 

The critical potential, Ec.--As the .electrode potential  
becomes more positive, the pal ladium concentrat ion at 
the surface dur ing  dissolution increases. This occurs 
both for potentiostatic control and under  freely 
corroding conditions. Potent ial  drift  experiments  
conducted at different oxygen part ial  pressures show 
that oxygen reduction (O2 ,5 4 H+ -F 4e -  --> 2H20) i s  
the cathodic reaction. Thus, the quicker rise of the elec- 
trode potential  for the oxygen-sa tura ted  solution 
compared to a N2 bubbled solution is shown in Fig. 8. 
The stable corrosion potential  obtained under  freely 
corroding conditions corresponds almost to the critical 
potential. If the alloy is potentiostatically controlled at 
potentials more posit ive than this, the current  voltage 
relationship follows the Tafel l ine shown in Fig. la. 
Thus, for a given bu lk  alloy composition, there is an 
upp6r l imit  to the amount  of the pal ladium enrich-  
ment  which may be at tained before copper is anodi-  
cally dissolved from the alloy with the characteristic 
copper dissolution Tafel slope. 

Gerischer and Rickert (4) proposed that the surface 
mobi l i ty  of Au increases with potential, thereby 
permi t t ing  nucleat ion of Au- r i ch  areas and leaving ac- 
cess to anodic dissolution of the under ly ing  copper. 
Pickering and Wagner  (5) and Pickering and Byrne  
(6) proposed that copper is supplied to the surface via 
a divacancy diffusion process (cf. Bockris et al.). The 
vacancy concentrat ion is assumed to be potential  
dependent,  and E~ corresponds to conditions where 
surface roughening commences. 

The composition depth profile changes with t ime 
dur ing dissolution and this is shown for a 10 % Pd alloy 
potentiostated at ,5341 mV in Fig. 5. The curve obtained 
after 12 sec corresponds to 50% of the total charge 
passed before the current  drops to 0 at 480 sec. The 
surface composition attains its final value when the 
current  drops to zero. As the potential  is increased for a 
given composition of bulk alloy the surface composi- 
t ion is fur ther  enriched with pal ladium (Fig. 6). For a 
given electrode potential,  the surface composition is 
approximately the same, independent  of the bu lk  con- 
centration, and evidence for this interest ing result  is 
given in Fig. 7. Here the 15% alloy has been held at 
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Fig. 8. Electrode potentlal-time behavior under free corrosion 
(not potentiostated) conditions for 15% Pd alloy. X = 02 satu- 
rated solution; G = deoxygenated by bubbling N2 for several 
hours. 
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,~ 30 mV more negative than its critical potential.  It  is 
noted that  the concentrat ion gradient  is steeper than 
that existing for the 30 % alloy which is at a potent ial  
well below its critical potential. Thus ,  at this condi- 
t ion both alloys have the same surface composition and 
show zero net  currents  at this potential. Yet, if the 
electrode potential  is raised another  50 mV, the 15% 
sample will experience anodic dissolution of copper 
while the 30% alloy remains stable. The difference in 
the two alloys a few tens of millivolts below the critical 
potential  of the 15% alloy is the magni tude  of the con- 
centrat ion gradient. 

Corrosion.--The degree to which pal ladium addi- 
tions reduce the corrosion rate of copper depends upon 
the corrosion environment .  Although the effective ex- 
change current  density decreases by several orders of 
magni tude  for as little as 5 or 10 a/o Pd, the corrosion 
rate will not necessarily be reduced by the same 
factor. When the cathodic process is diffusion limited, 
there will  not be a reduction in the alloy corrosion 
rate compared to pure copper unt i l  the alloy io for 
copper dissolution is reduced sufficiently so that the 
anodic and cathodic currents intersect in the act ivat ion-  
controlled region of the cathodic process. This is 
i l lustrated in Fig. 9. Here, the cathodic curve (oxygen 
dissolution) has been obtained in an O2 saturated solu- 
t ion for a 30% Pd alloy which was first allowed to 
corrode freely to a stable corrosion potential.  The 
anodic curves for the various composition alloys are 
obtained in  an N2 bubbled solution from the data of 
Fig. la. Thus, in  spite of the considerable d iminut ion  in 
io, the 5% Pd alloy corrodes at the same rate as pure 
copper, and it is not unt i l  the alloy composition 
reaches 15 a/o Pd that  significant reductions in  cor- 
rosion rate are obtained. The corrosion rate data for 
this condition are summarized in Table III. These 
values will change as the value of the cathodic l imit ing 
current  is changed. The l imit ing current  will be af- 
fected by 02 pressure, stirring, and introduction of 
impurit ies which allow al ternat ive cathodic processes, 
respectively. 

Conclusions 
Significant findings of this study are summarized 

below. 
1. Passivity of CuPd alloys sets in at 20 a/o of Pd. 
2. Composit ion-depth studies show enr ichment  of 

Pd by up to 30%. 
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Fig. 9. Log i-V plot. Anodic curves for Cu, 5%, 10%, 15%, 
20% Pd alloys obtained in N2 bubbled solution. Oxygen reduc- 
tion: �9 cathodic curve obtained in oxygen-saturated solution for 
30% Pd alloy. 

Table III. Corrosion rate data for oxygen-saturated solution 

igu 
~corr 

Cb(Pd) (~A/cm:) i~oy Vr 

0 100 1.0 215 
0.05 100 1.0 380 
0.10 72 1.4 475 
0.15 5.4 18.5 595 
0.20 1.15 87.0 042 
0.30 0.3 333.0 680 

3. The surface composition is the same under  steady- 
state conditions, for a given potential  and is indepen-  
dent of bulk composition. 

4. Composition depth profiles are hence steeper for 
lower Pd concentrations. 

5. Addit ion of Pd to Cu reduces the io for Cu dis- 
solution by up to 1010 times for Pd concentrations of 
20 a/o. 
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APPENDIX 

Correction to Measured Composition 
Depth Profile tar High Concentration Gradients 

An expression is derived for the corrected surface 
composiuon assuming that  the ini t ial  part  of the con- 
cen~ra~ion-aepth profile can be approximated by an 
exponential  function. For a homogeneous b inary  
aUoy, me ~uge r  signal for component p is given by 

s Ip  "- K p X p  exp-Z/X~ d Z  "- KpXpkp [A- l ]  

where Kp is a constant  incorporat ing ionization cross 
section, p r imary  beam current,  etc., z is distance into 
alloy measured from the surface, Xp = atom fraction 
of component P, and Lp ~- Auger electron mean  free 
path for component P. 

Similar ly Ic = Kc(1 -- Xp)ke for component C of a 
b inary  alloy. If Xp is calculated f rom 

Ip 
[A-2] 

Ip+ ~/c 
then 

Kp~ 
a = - -  [A-3] Ke~.e 

Consider a composition gradient  which can be ap- 
proximated by an exponential  function, Xp _-- (Xps -- 
XpB) exp -~/a + Xpm where XpB and Xps equal the 
bulk  and surface compositions of component P, and d 
equals the exponential  decay constant. 

Then under  this condition 

Ip -~-- P J o  [XPB "2 L ( X p s  X p B )  e x p  - z / d ]  exp-z/~pdz 

dkp ) 
= KpXpBkp + Kp(Xps -- XpB) d + Xp [A-4] 
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S i m i l a r l y  

Ie --  Kc(1 - -  XpB)  kc 2c Kc (XpB - -  X p s )  ( \ 
) 

d +  ~ 
[A-5] 

Then the measured  composition, XPM, calcula ted  f rom 
Eq. [A-2] is g iven by  

2. K. Watanabe,  M. Hashiba,  and T. Yamashina,  Surf. 
Sci., 61, 483 (1976). 

3. R. P. Tlscher and H. Gerischer,  Z. Elektrochem., 
62, 50 (1962). 

4. H. Ger ischer  and H. Rickert ,  Z. Metallkd., 76, 681 
(1955). 

5. H. W. P icker ing  and C. Wagner ,  This Journal, 114, 
698 (1967). 

XpM + 

d )] -~- [ (I--XpB) ~- (XpB--Xps) (~ 
[A-6] 

Afte r  r ea r rang ing  a n d  solving for  Xps, we obta in  the  
surface composition, Xps, in te rms of the  measured  
composit ion XpM, the Auger  e lect ron mean  free paths,  
kp and ~c, and the compos i t ion-depth  exponent ia l  de-  
cay constant  d, which is obta ined f rom the measured ,  
uncorrec ted  compos i t ion-depth  profile 

Xps = XpB 

XpM - -  XpB 
+ [A-7] 

1 XpM(  1 1 . ) ]  
d[ d+ p d+Xp -- d +  X------/ 

If d is > >  kp and ko the correct ion becomes negl ig ib ly  
small .  
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Reversible Optical Changes Within Anodic Oxide 
Films on Titanium and Niobium 

C. K. Dyer I and J. S. L. Leach 
Department of Metallurgy and Materials Science, University of Nottingham, 

University Park, Nottingham NG7 2RD, United Kingdom 

ABSTRACT 

Dur ing  passage of cathodic current ,  large  and revers ib le  changes in el l ipso-  
metr ic  pa rame te r s  are  in te rp re ted  in terms of changes in absorpt ion a n d / o r  
re f rac t ive  index of surface anodic oxide films on Nb and Ti wi thout  sig- 
nificant change in thickness.  A model  based on dissolution and ionizat ion of 
deposi ted hydrogen  sa t is fac tor i ly  accounts for the  slow revers ib le  change in 
the  optical  absorpt ion  of films on Nb and for the impedance  changes p re -  
viously reported.  More r ap id ly  revers ib le  changes in both absorpt ion  and 
ref rac t ive  index occur in films on Ti. The decrease in re f rac t ive  index is con- 
s is tent  wi th  the  revers ib le  fo rmat ion  of TiOOH at negat ive  potent ials .  

Decreases in e lect rode impedance  of filmed Ti and 
Nb electrodes occur dur ing  cathodic polarizat ion.  On 
rais ing the electrode potent ia l  changes are  l a rge ly  
revers ib le  wi th  only a small  hysteresis  in para l le l  
resis tance (Rp) and capaci tance (CI~). A bulk  mecha-  
nism was thought  to be involved in which va lency 
changes in the surface oxide films occurred (1). How- 
ever, the size of the  capaci tance m a x i m u m  in both 
cases was too small  to confirm that  a bulk  faradaic  re -  
action was occurring. 

That  hydrogen  enters  the anodic oxide films on 
Ti and Nb electrodes at low potent ia ls  has been 
demons t ra ted  by  measurement  of coulombic capacit ies 
dur ing  po ten t iodynamic  cycling (2). In the case of 
Nb electrodes the ve ry  low impedance  at low poten-  

1Present  address: United Chemi-Con, Incorporated, West 
Springfield, Massachusetts 01089. 

Key words: electrochromism, hydrogen, ellipsometry, impe- 
dance, electronic polarizability. 

t ia l  was expla ined  in terms of hydrogen  doping of 
the surface oxide film (3) r a the r  than  as a resul t  of 
a valency change (1). A s imi lar  mechanism was p ro-  
posed to expla in  the impedance  changes of anodic 
oxide  films on Zr (4), and electrolyt ic  rectif ication 
can also be expla ined  in this way  assuming a bulk  
oxide effect (2, 5). 

Impedance  measurements  a lone cannot  jus t i fy  a 
model  based on bu lk  changes in the  oxide films on 
Ti and Nb. Coulometr ic  exper iments  are  he lpfu l  (2) 
but  the in situ optical  changes p resen t ly  repor ted  con- 
firm the bu lk  na ture  of the effects at low potent ia ls  
on filmed Ti and Nb electrodes and suppor t  the p ro -  
posed mechanisms.  

Experimental 
Specimens.--Spectroscopically pure  Ti and Nb 

rod (Johnson Mat they  Chemicals  Limited,  Londo n) 
(Table  I) was cut, mil led,  and  ab raded  to revea l  
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Table I. Spectrographic analysis of materials 
(impurity element in ppm) 

Impur i ty  
e l e m e n t  T i t a n i u m  N i o b i u m  

Cu 40 --  
Fe 20 40 
Sn 20 
AI 10 5 
Ni 8 
Si 5 
Mn 4 
Mg < 1  ~'~ 

a 0.33 cm2 (Ti) or ~ 1 cm 2 (Nb) flat surface par -  
allel to the rod axis. A Ti wire  was permanent ly  
attached to the reverse  surface and the specimen was 
anodized to ~200V in 3 weight  percent  (w/o)  am-  
monium hydrogen te t raborate  (99.99% pure)  at 50 
m A / c m  ~ af ter  degreasing in acetone. 

Af te r  drying, the specimen and contact wire  were  
coated with  epoxy resin and hot -cured to give a leak-  
proof hard seal (6). Several  coatings were  applied 
and cured. To reduce the risk of surface bevel ing 
during subsequent  polishing operations the specimen 
was mounted,  flat surface downward,  in thermoset t ing 
plastic in a s tandard metal lurgical  mount ing press. 
The mounted specimen was abraded in a fixed posi- 
t ion on a wheel  unti l  the meta l  surface emerged, which 
was finally polished also in a fixed position using 
alumina powder  (5-30 nm part icle d iameter) .  Pol-  
ished surfaces obtained in this way were  satisfactori ly 
flat. Surfaces were  repolished before each anodic  
film growth. 

Cell.--A cylinder, closed at one end, was machined 
f rom a block of clear Perspex to 6.3 cm (ID) • 7.6 
cm (OD) • 6.5 cm (height) .  Holes were  dri l led in the 
sides to ~2.5 cm diam so that  their  axes intersected 
at the center  of the cylinder at an included angle of 
140 ~ These holes were  par t ly  threaded to allow ~2.5 
cm diam annealed glass windows (F. Wiggins & Son, 
Sydenham) to be mounted against a PTFE washer, 
on an internal  ledge, applying l ight pressure by turn-  
ing a threaded pressure ring. In position, these 
windows were  found to be almost free f rom strain 
bi refr ingence and the resul t ing e r ror  was less than 
that  of the el l ipsometer  itself (~0.015~ 

The polished specimen surface was mounted  ve r -  
t ically wi th  a rigid clamping system having adjust-  
ments for rotation, tilt, and central  positioning in the 
cell. 

Ellipsometer.---An automatic  el l ipsometer  wi th  a 
m a x i m u m  discriminat ion of O.001 ~ was used to fol low 
optical changes dur ing cathodic polarization of anod-  
ically filmed Ti and Nb electrodes. The instrument,  
designed and built  by Matheson e ta l .  (7), uti l ized a 
photoelectric detection system with faraday effect mod-  
ulation. The l ight source was a water -cooled  compact 
arc mercury  lamp (Wotan HBO 100 W/2 Osram, 
West Germany) .  The coll imated beam had a d iam-  
eter of 2 mm and divergence of 0.2 ~ at the specimen 
surface after  passing through a modified Glan-Thomp-  
son polarizing pr ism and a modulator  core (of dense 
SF 57 glass). Af te r  reflection f rom a test surface, 
the beam then passed through a second modulator  
core and analyzing pr ism before reaching the photo- 
detection system. The azimuthal  positions of the polar-  
izing (P) and analyzing (A) prisms were  measured 
by Moir~ fr inge counters to 0.001 ~ and recorded dig- 
itally. 

The re tardat ion e lement  was a three-ref lect ion Fres-  
nel rhomb (8) which al lowed close to 90 ~ re tardat ion  
over  the wavelength  range avai lable (from ~390 to 
~610 nm).  For  operation at a single wave leng th  a 
qua r t e r -wave  mica re tardat ion plate was used in 
conjunction with  a nar row bandpass filter. The quar -  
t e r - w a v e  plate constants were  then determined by 
four quadrant  measurements .  

The modulated signal ar r iv ing at the photomult ip l ier  
tube was electronical ly  decoded and the error  signals 
arising f rom the out -of -ba lance  position of the polar -  
izing and analyzing prisms were  separated by two 
digital filters. The prisms were  then automatical ly 
dr iven to balance positions at l~  by servo motors 
in response to signals f rom the electronic decoding 
system. 

The a l ignment  procedure was to set the el l ipsometer  
in the s t ra ight - through position and move the speci- 
men  surface to bisect the beam. The angle of ti l t  of 
the specimen surface was adjusted until, on reflection, 
there was no movemen t  of the l ight  beam image at 
the photomul t ip l ier  position at all angles of incidence 
(80~176 The sample position dur ing this procedure 
was not al tered since both arms of the el l ipsometer 
were  moved simultaneously.  Using a dielectric mirror,  
the system was set so that  the positions of the polar-  
izer and analyzer  were  0 ~ and 90 ~ ~- 0.005 ~ by the 
method of Forgacs (9). A full  description and assess- 
ment  of the system is published elsewhere (7). 

Procedure.--Anodic films on polished Ti or Nb elec-  
trodes were  grown galvanostat ical ly  at 1 m A / c m  2 in 
3 w / o  ammonium hydrogen te t raborate  (99.99%) 
or 0.1M Na~CO3 -b 0.1M NaHCO8 buffer solution 
(AnalaR) both made up wi th  doubly distilled water.  
F rom the automat ical ly  recorded P and A values tan 

and A values (where  tan ~ is the ratio of the resul t -  
ant reflected ampli tude in the plane of incidence and 
normal  to this plane and A is the change in phase 
on reflection) were  calculated (10) for a wide range 
of film thicknesses on each substrate. Polar  plots 
(11) of the vector  

Z ~- tan ~ exp (iA) 

were  compared with  polar  plots der ived f rom hypo- 
thetical  values of the film thickness, d, and constant 
complex refract ive  indexes of the metal  substrate 

and surface film Ins ---- ns(1 -- iks) and ~f ---- 
nf(1 -- ikD, respect ively]  together  wi th  the ref rac-  
t ive index of the electrolyte  nm (determined to 3 
decimal places by Abbe re f rac tometer ) .  Exper imenta l  
substrate constants ns and ks were  determined by 
comparison of the exper imenta l  data with these theo-  
ret ical  polar  plots and the assumption of a constant 
film ref rac t ive  index (nr var ia t ion ~ 3 % )  and a zero 
absorption coefficient, kf in the exper imenta l  data 
for different thicknesses (6). This is a more reason-  
able assumption than using "as polished" P and A 
values which led to calculated re f rac t ive  indexes 
which increased wi th  film thickness (6). Using these 
ns and ks values, film thickness, nf and kf were  cal- 
culated using a standard computer  p rogram ( l l a ) .  

During cathodic polarization a constant current  was 
passed and P and A values were  recorded together  
wi th  the electrode potential.  The cell was then open- 
circuited and the recovery  of these parameters  was 
fol lowed as a function of time. 

Impedance measurements.--Using a squa re -wave  
bridge technique described elsewhere (1), the para l le l  
resistance (Rp) and capacitance (Cp) of the elec- 
trodes at 300 Hz were  measured after  the cell was 
open-circui ted fol lowing cathodic polarization. 

Results 
Ti electrodes.--Application of a constant cathodic 

current  density of 0.5 m A / c m  2 to anodically filmed 
electrodes resulted in rapid and large changes in 
P and A or A and ~ (Fig. 1). The cell was open- 
circuited at an electrode potential  of --~ --1.15V (NHE)2 
which is the potential  of the impedance min imum 
(1, 12) in the carbonate buffer solution (pH 9.7). P 
and A then re turned  rapidly to recover  ,~90% of 
the change in ,-~100 sec wi th  complete recovery  after  
2 hr  or on application of an anodic charge ~3 m C / c m  2. 
The electrode potent ial  and impedance also recovered 

All potent ia l s  are  r e f e r r e d  to the normal hydrogen scale. 
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Fig. 2. Effect of a cathodic current (0.5 mA/cm ~) with time on 
optical parameters of anodic films on Ti before and after open- 
circuiting at E ~ - -1 .15V (NHE):  nf ( O ) ,  kf ( |  of 34.7 nm 
film (open circuit after 80 sec), and nf (r-i), kf (m)  of 42.2 nm 
film (from Fig. 1 data) (open circuit after 140 sec) for ns = 
2:0, ks -~- 2.7. ~ ---- 546.1 nm, angle of incidence ~ 70 ~ , nm 
= 1.335. 

rapidly  on open circuit. If the change in ell ipsometer 
readings was influenced wholly or par t ly  by the 
formation of metall ic hydride at the substrate, P and 
A readings would be irrecoverable on the observed 
t ime scale on open circuit because of the i rreversibi l i ty  
of hydride formation (6, 12). The suhstrate was thus 
considered unaffected by this cathodic polarization. 

To determine the effect of cathodic polarization on 
the thickness and optical properties of the surface 
film, a range of possible combinations of film thick- 
ness, d, refractive index, nf, and absorption coeffi- 
cient, kf, were computed to fit the measured P and A 
combinations. Since there are only two measured pa-  
rameters  an assumption has to be made about one 
of the fiIm parameters  to determine uniquely  the 
other two. The exper imental  ~ vs. @ data (Fig. 1) 
show that  the cathodic current  does not simply cause 
film thinning,  there is a movement ,  with time, of 
the data across lines of constant  nf and kv A constant  
film thickness dur ing cathodic polarization was as- 
sumed because with the a l ternat ive  assumptions that 
either nr or k~ were constant ,  the measured P and A 
values could arise if the film underwen t  a large 
reversible change in thickness, e.g., from 34.7 to 
25.4 nm in the present  case. It  is unl ikely  that  any 
significant amount  of TiO2 could be reduced to 
metallic Ti and then reoxidized reversibly and rapidly 
on open circuit to the original  thickness even at the 
metal /oxide  interface under  the present  conditions. 
Also reduct ion then oxidation of the substrate would 
change the optical constants significantly and i r re-  
versibly and thence the P and A readings, which was 
not the case. 

Figure  2 shows that both nf and kr change with 
t ime dur ing  the passage of 0.5 mA/cm 2 cathodic cur-  
ren t  and on open-circui t ing the cell. A constant  film 
thickness is assumed throughout  these experiments.  
For the thicker of the two surface films (42.2 nm)  
the changes were slower at the same current  density. 

nf and kf together with the electrode capacitance 
(Cp) and conductance (Rp -1) are all related to time 
on open circuit, t, ini t ia l ly in  a t ~ manner  over the 
same period of t ime (Fig. 3 and 4). Recovery of 
Cp, Rp -~, nf, and kf is not quite c o m p l e t e a f t e r  300 
sec where there is a small  net  change (ACp ~ 19 
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Table IL Refractive indexes and derived polarizabilities at 
(i) - -1.15V (NHE), ( i i )  the maximum change in nf in 
carbonate buffer solution, for films (thickness, d) on 

Ti electrodes 

(i) (ii) 

d ( n m )  34.7 42.2 34.7 42.2 
n~ (EXPTL)  1.8442 1,8678 1.7488 1.7577 
a ~ X e ~ L  + 10 -~  c m  s 0.451 0.447 0.413 0.405 
T iOOH (%)  50.8 54.0 80.9 87.3 

A more rapid change in  n~ and k~ was found to 
accompany higher cathodic current  densities on the 
same electrodes. After ,~30 sec at 2.5 mA/c m 2, n~ 
and k~ became constant  at values which were lower 
and higher, respectively, (Fig. 5, Table II) than at 
--1.15V (NHE) (Fig. 2). Increase in  cathodic current  
density produced no fur ther  change. Recovery on 
open circuit was complete but  slower (Fig. 5) than 
after less severe cathodic polarization (Fig. 3). 

Nb electrodes.--The effect of cathodic current  on 
and ~ after anodic oxide growth on a Nb electrode 

is shown in  Fig. 6. The data do not indicate simply 

I I I I I I I I i I I I 

2 . 0 -  

% 
I , � 9 1 4 9  % 

% %  
_ �9 % 

- ~ � 9  kf 
-- I1%% [] 

: . ' - . .  
1.8 ~ , , ~  ~ "= 

I I I I I I I I I I I I 
2 6, 6 8 10 12 

~J~z, S~ 

Fig. 5. Recovery of optical parameters of anodic films on Ti with 
(time on open circuit) ~/~ after 2.5 mA/cm s cathodic current for 
4.5 sec (34.7 nm film; C), e )  and 60 sec (42.2 nm film; El, III). 
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Fig. 6. Effect of cathodic current (10 mA/cm 2) with time on 
and ~ of a filmed Nb electrode. X - - - X  open circuit after 

film growth, �9 �9 cathodic current, O - - - O  open circuit, 
. ~  anodic current (0.14 mA/cm 2) (time in seconds indi- 

cated for each of these stages). ~ ~ 546.1 nm, angle of inci- 
dence = 70% nm ~ 1.335. 

film thinning.  Recovery occurred on open-circui t ing 
and was complete after long times or on passage of 
an anodic current  [at fields too low for oxide film 
growth by ionic t ransport  (2, 3)] (Fig. 6). It was thus 
considered unl ikely  that any significant film th inn ing  
occurred during passage of cathodic current  since 
the observed reversibi l i ty  of the phenomenon would 
require substant ial  film thickening under  open-circui t  
conditions. The film thickness on Nb electrodes was 
assumed to be constant dur ing cathodic polarization. 
Alterat ion of substrate optical constants by hydride 
formation in this case was again considered unl ikely  
since the electrode showed complete recovery of P 
and A values on open circuit and the films had a 
low capacity for hydrogen (2). Surface hydride forms 
at very much higher cathodic current  densities *-0.5 
A/cm~ (3) and its formation would be effectively 
irreversible dur ing the t ime on open circuit. 

Changes in nf and kf on passage of cathodic cur-  
rent  were computed for films grown to 12.6, 28.7, and 
51.9 nm on Nb electrodes. Changes in kr comparable 
in magni tude  a n d r a t e  to those of the films on the Ti 
electrodes required much higher cathodic current  den-  
sities (~,-10 mA / c m 2) or th inner  films (Fig. 7, 8, and 
9). Recovery of kf on open circuit was comparat ively 
slow (Fig. 10) but  faster following <10 m A / c m  2 
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Fig. 7. Effect of cathodic current (10 mA/cm 2) with time on 
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cathodic current  density and was complete after ~10 
hr or on passage of a small  anodic charge. Changes 
in nf were small  and slowly reversible in contrast  
to the behavior  of the oxide films on Ti electrodes. 

Discussion 
The optical properties of oxide films on Ti and 

on Nb change reversibly dur ing  cathodic polarization 
and the results indicate that: (i) There is a significant 
difference between the optical behavior of the surface 
films on the two metals;  (ii) the large changes in  
the optical parameters  suggest that cathodic current  
flow modifies the bulk  properties of the surface oxide 
films on both metals; and (iii) the speed of the de- 
crease in nf and /or  increase in kf is dependent  on 
oxide thickness, cathodic current  density, and the 
substrate metal. There is a difference in the rates 
of these changes be tween films on Ti and Nb electrodes. 

Changes in k~.--The impedance data for Ti elec- 
trodes show the same t ime dependence as nf and kf 
and have been shown previously to be characteristic 
of an effect in  the bulk  oxide ra ther  than  at the 
interfaces (meta l /oxide  or oxide/electrolyte)  (12). 

The recovery of ks and of impedance for films on 
Nb electrodes on open circuit after cathodic polar-  
ization were at s imilar  rates taking several hours (3). 

Examined with variable  wavelength (before cath- 
odic polarization) absorption by anodic Ti oxide does 
not have a sharp "edge" but  in common with other 
amorphous materials  absorption was found to in -  
crease steeply (13) at ~ ,~ 430 nm corresponding to 
a bandgap of ,~2.88 eV. This value compares with 
that  for the crystal l ine forms of TiO2:anatase (3.04 
eV) (14) and rut i le  (3.05 eV) (15). After  cathodic 
polarization the absorption increase had moved to 

,~ 415 nm, i.e., the bandgap increased to ~2.99 eV 
but  the absorption at longer wavelengths was still 
significant. Similar  observations were reported on re-  
duction of fut i le  or anatase which also showed an  
increase in  bandgap of the same order of magni tude  
(14). This was interpreted in terms of donor sites 
(singly or doubly ionizable oxygen vacancies) in the 
oxide which, with increasing concentration, produce 
a "blurr ing" of the absorption "edge" effectively 
broadening the bandgap. The donor species in the 
present  case would be hydrogen dissolved in the 
oxide films on Ti. The bandgap of anodic oxide film 
on Nb electrodes was ~--3.18 eV and the increase, after 
passage of cathodic current,  was to energies corres- 
ponding to wavelengths below those available with 
the ellipsometer. 

The proposed in terpre ta t ion  of the recovery in  Rp 
and Cp of filmed Ti and Nb electrodes after cathodic 
polarization was in terms of the effects of the pres-  
ence of hydrogen within  the surface oxide films (3, 
12). At negative potentials hydrogen was considered 
to act as a donor impur i ty  in  raising the conductivi ty 
of the surface oxide films [in addition to acting as 
a faradaic reactant  in  films on Ti electrodes (12)]. 

The ionization energy of hydrogen (=13.62 eV) is 
dependent  on the dielectric constant, e, of the medium. 
Assuming the electron can be considered to move in 
a coulombic field 

rtlef l 
ED -- EH . . . .  [I] 

m ~2 

where ED iS the least energy required to promote an 
electron from the donor hydrogen to the lowest level 
of the conduction band, EH is the ionization energy 
for hydrogen, met is the effective mass and, assum- 
ing this is approximately equal to m (electronic mass),  
ED ,~ 1.7 X 10 -2 eV for the surface films on Ti using 
e ~ 20 (6) and ED ~ 6.3 • 10 -5 eV in anodic films 
on Nb [e ~-~ 60 (3)].  The value of e for TiO2 is sig- 
nificantly different from that  for crystal l ine rut i le  
but  is not unexpected for "glassy" oxides as is the 
case for low voltage anodic TiO2 (6). A significant 
proport ion of electrons will be donated at room tem- 
pera ture  ( k T  ~ 2.5 X 10 -2 eV) giving rise to the 
observed conductivi ty in addition to optical absorp- 
tion at low phoion energies (h~ < Ebandgap). 

The near ly  complete recovery of kf, Rp -1, and C, 
occur with the same time dependence dur ing  the same 
t ime in terval  (Fig. 3 and 4). Previously (3, 12), the 
frequency dependence of Rp and Cp at low frequencies 
(e.g. < 10 kHz) which are characteristic of the surface 
of the highly conducting film, was evidence for a 
reversible surface reaction (the hydrogen deposition 
reaction) dependent  on diffusion in  the oxide. The 
electrode potential, E, under  these conditions is ex- 
pected to be related to the diffusion of hydrogen to 
the oxide surface since E depends on surface con- 
centration. The change in potential  with hydrogen 
coverage ell, is 0 In 6H/aE ~- - -K ,  where K is a con- 
stant. In the present  case assuming that  the change 
in surface coverage of hydrogen depends on diffusion 
in  the bu lk  oxide and is proport ional  to (Dr) -I /2 
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Fig. 11. Electrode potential, E, of a Ti electrode filmed to 34.7 
nm as a function of time on open circuit after polarizing to E 
---- - -1.15V (NHE) at 0.5 mA/cm ~. 

then E cc 1/2 log t. Figure 11 shows that this rela-  
t ionship is approximately followed on open-circui t ing 
at E = --1.15V (NHE) over the same t ime in terval  
as the (bulk) optical changes, verifying the depen-  
dence of the surface reaction on diffusion in the oxide. 

The larger cathodic current  requi rement  for sig- 
nificant kf changes and the slower reversibi l i ty  in 
films on Nb electrodes is consistent with the poten-  
t iodynamic behavior  (2) which showed a lower sus- 
ceptibility to hydrogen uptake and slower kinetics. 

Changes in nf.--The most remarkable  effect of cath- 
odic polarization is the influence on the real part  of 
the refractive index, nf, of films on Ti electrodes. 
The change in nf is large and rapidly reversible with 
the same time dependence as kf (Fig. 2, 3, and 5) 
and indicates an addit ional effect of the presence of 
hydrogen  in the oxide film. 

At negative potentials, coincident capacitance and 
conductance maxima appear. This is characteristic of 
a reversible electrochemical reaction (16). The capac- 
i tance maxima increased with increasing film thick- 
ness and there was no significant change in the surface 
area at different thicknesses. This indicated (12) that 
not only reaction at the surface was involved, but  
that a reaction such as 

TiO.2 + H + + e -  ~ TiOOH [2] 

was occurring in the bu lk  of the oxide film. The low 
magni tude  of the capacitance maxima, however, was 
considered to be a result  of the low reversibi l i ty  of 
reaction on a t ime scale ~1 msec or less (12), as 
indicated by the broadness of the capacitance peak 
(16). 

The observed nf changes in TiO2 could possibly be 
explained in terms of a very large reversible change 
in film density. However, at low fields (associated 
with the cathodic current)  the electrostrictive effect 
is vanishingly small  and a reversible and major  change 
in the number  of molecules in the oxide film at con- 
stant  thickness is not likely. The reversible changes 
in  nf on a t ime scale of tens of seconds imply a re- 
versible change in  the electronic polarizabil i ty of 
the film molecules (am). The formation of TiOOH, 
as in Eq. [2] would be accompanied by a decrease in 
nf since electronic polarizabilities of ions (~i) are 
approximately additive (17) to give am, and a02- 
aOH--. Departures from simple addit ivi ty arise from 
a nonideal  crystal state and overlapping of wave 
functions. To test for addit ivi ty in the case of TiO2 
the refractive indexes of the different crystal l ine 
forms will be considered using the Lorentz-Lorenz 
equation 

n 2- 1 4~ 
- -  -- Z N i a i  [ 3 ]  
n 2 + 2 3 

where  Ni is the number ,  per uni t  volume, of ions of 
polarizabil i ty ~i. Thus 

3 M (n s -  1) 
C~TIO2 = [4] 

4x Np ( n 2 + 2 )  

where M ---- molecular  weight of TiO2, p = density, and 
N = Avogadro number .  For  comparison with the 
anodic film, each of the crystal l ine forms (anatase, 
brookite, and ruti le)  will  be considered as randomly  
oriented microcrystals of single crystal density so 
that the average refractive indexes (at wavelength, 
k ---- 588.9 rim) are: 2.5246, 2.6226, and 2.7545, respec- 
tively, with densities of 3.9, 4.13, and 4.23 g /cm 3, 
respectively (18). Using these data in Eq. [4] the 
molecular  polarizabil i ty of TiO2 is remarkably  similar 
for the widely different crystal forms, viz.~ 0.522, 0.508, 
and 0.515 X 10-23 cm 3, respectively, for anatase, brook~ 
ite, and futile. It is reasonable then to suppose that 
aTiO2 for the anodic oxide is not dissimilar from an 
averaged value between the three crystal forms, which 
is 0.515 • 10-23 cm 3. At the wavelength k ---- 546.1 
nm (Fig. 2, 3, and 5) the correction for optical dis- 
persion is ~0.001 X 10 -23 em 3 (6). This correction 
is smaller than the difference between the calculated 
aTiO2 values of the different crystal structures and 
will be ignored. 

Using ~Ti02 = 0.515 X 10 -.23 cm 3 in Eq. [4], the 
density of the 34.7 nm anodic film is 3.1214 g/cmS. 
This value of p together with M -- 80 can be used 
at negative potentials where a change in the number 
of molecules or Ti ions is unlikely (Eq. [3]) for a 
constant film thickness (as already discussed). The 
amount of water in the film is not expected to change 
significantly and may contribute < 0.01 X 10 -23 cm 3 
to the derived electronic polarizability. 

Using Pauling's value (20) for ~Ti4+ __ 0.019 X 
i0 -2~ cm 3, the additivity relationship for =TiO2 yields 
~o2- = 0.248 • 10 -'23 cm 3. With aOH- = 0.122 • 
10 -.23 em 3 (17) in Eq. [2] and assuming x is the 
fraction of molecules of TiO2 converted to TiOOH, the 
average polarizability per molecule is then 

~Ti4+ + ~O2- + (1 -- X)~O2- + X~OH-- = ~XeTL 

SO that 
0.515 -- aEXPT L 

x = [ 5 ]  
0.126 

In  deriving Eq. [5] we have assumed that awi3+ _~ 
aTe4+. We can find no published data for the electronic 
polarizabil i ty of Ti 3+ but  do not expect it to sig- 
nificantly alter calculated values of x. 

At E ---- --1.15V (NHE), which is the potential  of 
m i n i mum electrode impedance [a phenomenon asso- 
ciated with a reversible or equi l ibr ium potential  (16) ] 
the values of O:EXPTL derived from the measured nf 
correspond to x _~ 0.5 in Eq. [5] (Table II) .  (If ~ri3+ 
were 50% higher than aTi4+, then values of x would 
be only ~8% higher.) 

At the equi l ibr ium potential  of reaction [2] the 
effective concentrations of TiO2 and TiOOH would 
be equal from thermodynamic  considerations. The de- 
rived molecular  composition of the anodic oxide films 
(Table II) at the reversible potential  of the equi l ib-  
r ium reaction [2] (12) supports the concept of changes 
occurring in the bulk  of the oxide film on Ti and 
the use of this equation to describe them. Below E 
---- --1.15 (NHE) (at higher cathodic currents or after 
a longer t ime),  the lowest refractive indexes found 
correspond with near ly  complete conversion of TiO2 
to TiOOH. 

Such large optical changes cannot readi ly be in te r -  
preted by models in which the changes in valency 
of the oxide occur only at surfaces of the oxide films. 

There was more than sufficient cathodic charge 
passed to account for both nf and kf changes. ~35 
mC of charge was passed by the 34.7 nm filmed Ti 
electrode before open-circuit ing;  this was ~5  times 
more than required to convert half  of the TiO2 
molecules to TiOOH. Most of the hydrogen produced 
by this charge was released as gas in the hydrogen 
evolution reaction. 

There is a small change in nf with the passage of 
cathodic charge by filmed Nb electrodes and it de- 
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creases with increase in film thickness (Fig. 7-9). 
Using C~Nb205 : 1.292 • 10 -23 cm 3 [from ~o2- = 0.248 
• 10 -23 cm 3 and ~ND~ + ~- 0.026 (19)] and arguments  
similar  to those for films on Ti, the derived decreases 
in average polarizabil i ty per molecule (Aam) on cath- 
odic polarization are: 0.026, 0.020, and 0.009 • 10 -23 
cm 3 for the 12.6, 28.7, and 51.9 nm films, respectively. 
Assuming t he  formation of O H -  from 0 2 .  ions in 
a reaction such as 

Nb205 -}- 2H + ~ 2e -  ~ Nb203(OH)2(=2NbO2.H20) 
[6] 

the change in nf corresponds to ,-,10% conversion of 
the 12.6 film. The decreasing change in nf and ~,,l 
with increase in film thickness is characteristic of a 
surface effect, which, from the present  figures, extends 
only to a few (3 to 5) (20) molecular  layers of 
oxide. 

Impedance measurements  over a wide frequency 
range (3, 12) have also indicated a difference in the 
behavior  of anodic oxide films on Ti and Nb at 
negative potentials. That the change in nf on Nb 
electrodes is not characteristic of a reversible faradaic 
bulk  reaction and is only slowly reversible is con- 
sistent with the absence of a distinct impedance min i -  
m u m  (3) at negative potentials. This model implies 
that  the low impedance cathodic behavior of oxide 
covered Nb electrodes (3) arises main ly  from con- 
duct ivi ty  changes in the bulk  of the film and not 
from a reversible reaction in the bu lk  oxide. In  this 
respect Nb differs from Ti where impedance changes 
(12) involve changes in conductivi ty and a reversible 

faradaic reaction in the bu lk  oxide film. 

Rates of change o] optical parameters.--Changes in 
the films during cathodic t rea tment  and /or  on open 
circuit are nonhomogeneous since the 5/.~ data follow 
a different path dur ing recovery of the electrodes on 
open circuit. Since hydrogen, deposited at the oxide/  
electrolyte interface, dissolves in the oxide films, the 
change in  optical properties proceeds from this in ter -  
face toward the metal /oxide  interface. The films may 
approach homogeneity just  after the open-circuit  con- 
dition or dur ing cathodic t rea tment  to where there 
is no fur ther  change in the ellipsometric parameters  at 
low potentials (Table II) .  At other conditions, where 
the parameters  are rapidly changing, unambiguous  
analysis for regions of different optical properties 
within the oxide films cannot be done since the 
oxide must  be considered multiphase, and two mea-  
sured optical parameters  are insufficient for a com- 
plete in terpreta t ion;  under  these conditions our cal- 
culated nf and kf values are approximations.  

For both electrodes, rates of change of the calcu- 
lated n~ and kf on cathodic polarization were faster 
in th inne r  films (Fig. 2, 7, 8, and 9) as implied by 
the proposed model of hydrogen diffusion. Similar ly 
on open-circuit ing,  ini t ial  changes were faster for 
the th inner  films. 

Calculation of the exact diffusion coefficient is, of 
course, complicated by the absence of data on the 
concentrat ion gradient  of hydrogen in the oxide, even 
though at --1.15V (NHE) films on Ti electrodes com- 
prise ~50% TiOOH and TiO2. Assuming a constant 
concentrat ion of hydrogen at the surface and bulk  
concentrat ions similar for the two oxides, the relative 
diffusion coefficients for hydrogen in the films on 
Ti and Nb are ,~10 - lz  and ~10 -14 cm2/sec, respec- 
tively. The assumption of a higher bulk concentra-  
tion, which is more l ikely but  unknown,  would yield 
significantly faster rates of diffusion. 

Summary 
Cathodic polarization of filmed Nb electrodes in -  

volves large and reversible changes in the optical 
absorption due to solution and ionization of deposited 
hydrogen in the surface films. Only small  changes in 
the refractive index occur. 

Cathodic t rea tment  of filmed Ti electrodes pro- 
duces large and more rapidly reversible changes in 
both absorption and refractive index of the surface 
film. The change in electronic polarizabil i ty at the 
reversible potential  of reaction [2] corresponds with 
the formation of ,-,50% TiOOH and the m a x i m u m  
change in refractive index corresponds with ,--85% 
conversion of TiO2 which occurs at more negative 
potentials where reaction [2] would  go near ly  to 
completion. 
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Examination of Aluminum Copper Films during 
Anodic Oxidation 

I. Corrosion Studies 

H.-H.  Strehblow 1 and C. J. Doherty 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A l u m i n u m  copper films in the range of 1-70 atom percent  (a/o) Cu pre-  
pared by vapor deposition were examined in buffer solutions of pH 5.0, 6.0, 
and 9.2. Films with a low copper content ( ~ i 0  a/o)  show similar  corrosion 
properties as pure  a luminum in weakly acid solutions. The formation of a 
layer  of nonporous a luminum oxide leads to anodization up to a max imum 
potential  of some 10V at which point the film is destroyed locally. For 
higher copper contents (~40 a/o)  the oxygen evolution cannot be prevented 
and only bri t t le  noncont inuous oxide films are formed. These metal  films 
have similar  corrosion properties to those of pure copper. At pH = 9.2 the 
polarization curves obtained are closely related to those of pure copper. 

A luminum films with additions of 1-5 weight percent  
(w/o)  copper are widely used in integrated circuits. 
The copper alloying is used to reduce electromigration 
and thermal  hillock formation and to facilitate chem- 
ical .etching. However, the addition of copper is also 
known to accelerate a luminum corrosion in the 
presence of ionic contaminat ion (1, 2) due to galvanic 
corrosion between the precipitated A12Cu 0 phase and 
the ' pure a luminum matrix. To investigate the 
implications of this fact to the use of a luminum/copper  
metall izations for s i l icon-integrated circuits, the 
anodization conditions of evaporated alloy films have 
been investigated. Besides electrochemical examina-  
tions, t ransmission and scanning electron microscopy 
and ion backscattering were used to obtain informa-  
t ion about the metal  films and the anodic oxides. 

Experimental  
The films were deposited by electron gun evapora-  

t ion from copper-a luminum melts. The films were 
deposited on sapphire, quartz, or oxidized silicon 
substrates. Prior to metal  deposition the substrates 
were degreased with t r ichlorethylene and acetone fol- 
lowed by cleaning in a mixture  of 1 part  ammonium 
hydroxide, 1 part  H202, and 4 parts of water  at 80~ 
and were carefully rinsed with deionized water. 
F ina l ly  they were baked for 30 rain at 50,0~ in air. 
After  metal  deposition, the specimens, which were 
about 1.5 cm 2 in surface area, were contacted electri- 
cally by a u -ben t  copper wire and conducting carbon 
paste. The whole contact area was covered by epoxy 
resin and the specimens were mounted to a glass tube. 

Three different buffer solutions are u~ed: phthalate  
buffer pH : 5.0, 0.023M KHPhth  + 0.027M K2Phth; ci- 
trate buffer pH = 6.0, 0.1M citric acid + 0.27M KOH; 
borax buffer pH ---- 9.2, 0.1M. All solutions were pre-  
pared from reagent grade chemical and tr iply distilled 
water. 

The following reference electrodes were used: 
Hg]Hg2SO411N H2SO4 Eh = 0.68V; HglHgO]0.1M KOH 
E~ ----- 0.18V. All potential  values are referred to the 
standard hydrogen electrode and are corrected for 
l iquid junct ion potentials. 

Results 
Potentiodynamic examinations.--Aluminum copper 

films were examined under  potent iodynamic condi- 
tions. Films of low copper content (~10 a/o) show, in  
weakly acid solutions and other metals forming non-  
behavior  similar to pure a luminum with no apparent  

1 Permanent address: Free University Berlin Institute of Physi- 
cal Chemistry, 1 Berlin 33. Thielallee 63-67, Germany. 

Key words: A1-Cu corrosion, metallization, integrated circuits, 
anodie oxides, metal films. 

metal  dissolution when passivation is achieved and no 
appreciable removal  of the passive film within a few 
minutes  at negative potentials (Ea = --0.8V) well  be- 
low the potential  of the hydrogen electrode in the same 
solution. In  alkaline solutions like 0.1M borax (pH 9.2), 
however, the films showed a similar  corrosion behavior 
to tha t  of copper during subsequent  potent iodynamic 
polarization. Apparent ly  there is copper present  on the 
film surface and as copper oxides and hydroxide show 
very low solubil i ty at pH -~ 9.2, this metal  is oxidized 
and reduced during subsequent  runs. Figure 1 shows 
typical scans in  borax buffer for 1.9 and 71.4 a/o copper 
films using scan rates of 0.1 V/sec and 0.1 V/min ,  
respectively. The faster scan rate was required for the 
low copper sample, because the copper peak, corre- 
sponding to the surface concentrat ion of this alloy 
addition, was very small  and could not be detected at 
slower scan speeds. The same peaks are found for 
copper in the same buffer, as shown in Fig. 2, al though 
with greater current  density indicating that  the sur-  
faces of the alloy films are only par t ia l ly  covered by 
copper. The first peak is a t t r ibuted to the formation of 
copper (I) oxide and the second to copper (II) oxide or 
hydroxide (3-5). Cathodic reduction peaks are found 
when the potential  is changed in the negative direction, 
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Fig. 1. Potentlodynamic polarization curves for an A1-1.9 a/o 
and 71 a/o Cu film in 0.1M borax pH ~ 9.2, dE/dt = 100 mV/ 
sec or 100 mV/m,in, respectively. 
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Fig. 2. Potentiodynamlc polarization curves for pure copper 
in 0.|M borax pH ---- 9.2, dE/dt -~ 100 mV/min. 

OA 

E'- 

5 0 .2  

E 

~ e 

u 

- 0 . 2  

-0. 

A1-7t4 at % Cu 
01 M Borax pH=92 
dE/dt =20m V/s 

Em~, = ~i.?.V 04V ' 

12V 

-05 0 05 t.O 5 
potenliul E, ( V ) 

Fig. 3. Potentiodynamic polarization curves for an AI-71 a/o 
Cu film in 0.1M borax pH ~ 9.2, dE~dr ---- 20 mV/sec. 

correspond to the results for pure copper, and are 
.related to the reduction of the surface compounds 
which are formed dur ing the anodic scan (Fig. 3). 

Passivated specimens with a low copper content  
can be polarized in  acid solutions to potentials several 
volts more positive than the s tandard hydrogen elec- 
trode without  an appreciable increase in the current  
density. For subsequent  potent iodynamic scans a cur-  
rent  increase is observed only when the potential  gets 
more positive than the run  before resul t ing in a 
thickening of the anodic oxide (Fig. 4). This cor- 
responds to the behavior  of passive a]umknum in 
weakly acid solutions and other metals forming non-  
electron-conduct ing poreless passive films (6-8). 
During repeated potent iodynamic examinat ions in 
0.1M borax, however, a current  peak at Eh ---- 1.6V ap- 
pears which is a t t r ibuted to oxygen evolution (Fig. 5). 
The reversible oxygen potent ial  at a pH 9.2 is some- 
what  lower, the difference being presumably  due to the 
overpotential  typical  for oxide-covered metals. The 
subsequent  decrease in current  density with increasing 
potential  occurs because the surface becomes in-  
creasingly passivated by a luminum oxide and the 
local enr ichment  of copper or copper oxide is removed 
from the surface by dissolution or is covered by the 
a luminum oxide. In  acid solutions (phthalate buffer or 
citrate buffer) ,  this current  peak is not observed for 
films with low copper content  because copper cannot 
accumulate  due to the solubil i ty of its oxides in these 
solutions. Citrate solutions are especially effective in 
removing copper from the surface because of its 
complexing property. In  consequence these solutions 
show higher corrosion current  densities for copper and 
better  passivating properties for low copper films. 

:3. 

>, 

E 
"D 

E 

60 

40 

20- 

2 

At - 1.9 at  ~ Cu 
Phtho.tate pH = 5.0 
d E / d t = l  V /m in  

3 

J o / / 
- 1.0 1.0 3.0 5.0 

potent ial  E h ( V )  
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Fig. 5. Potentiodynamic polorizaHon curve for A1-1.9 a/o Cu 
film in O.]M borax pH ~- 9.2 up to some volts. 

12 a/o copper films behave similar ly to the 1.9 a/o 
films described above, but  41 and 71 a/o Cu-films, 
however, show heavy oxygen evolution at potentials 
more positive than  1.2V and the gas evolut ion does not 
decrease at high potentials. The copper content is ap- 
parent ly  too high for the formation of a continuous 
a luminum oxide film over the surface. 

The potent iodynamic polarization curves show that 
the films with a copper content of less than 10 a/o are 
similar to pure a luminum.  In weakly acid solutions 
passivity is observed and oxygen evolution is pre-  
vented up to Eh : 10V and more. These solutions are 
therefore the most suitable for the anodization of the 
metal  films to high electrode potentials. Greater  dif- 
ficulty would be expected in 0.1M borax, main ly  caused 
by the accumulated copper at the surface resul t ing in 
oxygen evolution. This would prevent  the galvanostatic 
formation of thick films at high potentials especially at 
small current  densities and copper concentrat ions of 
more than 2 a/o. In  these cases, no continuous 
a luminum oxide film can cover the surface and oxygen 
evolution consumes a great part  of the applied current  
density at the surface sites containing copper and the 
semiconducting copper oxide. 

Galvanostatic examinations.--The citrate buffer 
(pI-I =_ 6.0) solution proved the most effective for film 
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anodization. In  phthalate  buffer (pH ---- 5.0), localized 
destruction of the metal  film is observed at lower 
potentials than for the citrate solution; for example, 
the 1.9 a/o Cu film could be anodized to only 50V in 
phthalate but  to 100V in  citrate solution under  equiv-  
alent  conditions (i ~- 1 mA/cm2).  In  borax buffer 
galvanostatic experiments  with current  densities of 
i < 50,0 #A/cm 2 failed to reach high l:otentials. Charac- 
teristic corrosion structures appeared on the metal 
surface. These small  stained areas are also found after 
potent iodynamic experiments  in the borax buffer as 
mentioned above. 

In  0.1M citrate solution galvanostatic anodization of 
the films with different copper content results in a 
near ly  l inear  increase of the electrode potent ial  with 
t ime (Fig. 6). This potential  increase stops at a 
max imum value, potential  oscillations and drops are 
observed, and characteristic local corrosion structures 
can be detected on the specimen surface (Fig. 7). Im-  
mediately before the max imum potential  is reached the 
potential  increase grows steeper; the exact potential  at 
which it occurs is dependent  on the composition of the 
film (Fig. 8). 

Microscopic examination.--The maximum potential  
which can be applied to the films is l imited by local 
breakdown. Figure 7 represents a part  of the film 
which has lifted off the substrate forming a bubble. At 
the center of each bubble  is a small  area (1-5 #m 
diam) where the metal  film is clearly corroded and 
appears to be perforated. Electron microprobe 
analysis of the corrosion product does not show a 
significantly increased copper concentrat ion in this 
area. It is postulated that once local film corrosion and 
perforation have occurred, the electrolyte penetrates to 
the f i lm/substrate  interface and continued gas evolu- 
tion causes the film to lose adhesion. 

Figure 9 shows an A1-11.7 a/o Cu film which could be 
anodized to only t8 VH. Cont inuing anodization at this 
potential  results in the formation of a bri t t le  surface 
film due to continuous passivation breakdown. 

The grain s tructure of an A1 1.9 a/o Cu film was 
displayed using transmission electron microscopy. 
Sample preparat ion involved dissolving the silicon 
substrate, followed by ion mil l ing the metal  film. 
Figure 10a and 10b show the grain s tructure of the 
metallic and anodized portions of the film, respectively. 
A cross section of the film is shown in Fig. 10c which 
clearly shows the anodic oxide on top of the metal 
film. 

Conclusion and Discussion 
The following main  results are obtained for the cor- 

rosion behavior of vapor-deposited a luminum copper 
films of various compositions. 

80 

Cu = 2.8% CITRATE BUFFER pH '6 .0  

60 i " ImAlcmZ 

40 - A . /  
Cu-@.7 

50 I00 150 200  

it InlC/r z) 

Fig. G. Galvanostatlc oxidation of aluminum-copper Films of 
different composition up to film damage with i = I mA/cm 2 in 
0.1M citrate pH : 6.0. 

Fig. 7. Damage of an AI-4.3 a/o Cu film on a sapphire slide 
after oxidation to 70VH in 0.1M citrate buffer pH ~- 6.0, with 
i : 1 mA/cm 2 for 5 min. 
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Fig. 8. Potential for film damage as a function of the copper 
content. 

1. Passive behavior  is observed in solutions in the 
range pH ~ 5-9.2. Films with a copper concentrat ion 
up to about 10 a/o are protected by an anodic film to 
potentials of at least 10V. For high copper concentra-  
tion (40 a/o, 70 a/o) oxygen evolution cannot be 
prevented as these films do not form a continuous film 
of the nonelect ron-conduct ing a luminum oxide. 

2. In 0.1M borax, which has a low solubili ty for cop- 
per oxides and hydroxide, copper is accumulated at the 
surface of the specimen dur ing potent iodynamic exam- 
inations. The anodic and cathodic polarization curves 
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Fig. 9. Formation of noncontinuous brittle oxide on an A1-11.7 
a/o Cu film on sapphire under galvanostatic conditions for 120 
sec, i ~. 3 mA/cm 2, reached maximum potential Eh - -  18.6V. 

show a peak  s t ruc ture  ve ry  s imi lar  to pure  copper.  The 
cur ren t  densi t ies  decrease  wi th  the  copper content  of 
the  film as the  pass iva ted  a luminum- r i ch  par t s  do not  
con t r ibu te  to the  e lec t rochemical  current .  In  acid solu-  
tions (pH ----i 5 or 6) only the copper - r i ch  films (40 a/o,  
70 a /o)  show the peak  s t ruc ture  of copper due to the  
g rea te r  so lubi l i ty  of the  copper oxides and hydrox ides  
at  these pH values.  

3. Opt imum galvanosta t ic  anodizat ion is achieved in 
the  c i t ra te  buffer. The m a x i m u m  anodic potent ia l  and 
film thickness  which  can be obta ined  is control led  by  
film per fora t ion  and adhesion loss. This m a x i m u m  
potent ia l  decreases wi th  increasing copper  concentra-  
t ion of the  film. F i lms  of high copper  content  form 
only br i t t l e  discontinuous th ick  oxide films. Anodiza-  
t ion in borax  buffer, especia l ly  for high copper  con- 
centra t ions  and smal l  cur ren t  densit ies,  is not  possible 
to high potent ia ls  as oxygen  evolut ion cannot  be 
prevented .  

4. The meta l  phase  consists of crysta ls  of %1000A 
diam. It  wi l l  be shown e lsewhere  (9) that  the  oxide 
film does not contain  any copper.  Its fa i lure  dur ing  
galvanosta t ic  anodizat ion at  high potent ia ls  is closely 
re la ted : to  an enr ichment  of copper  at the me ta l -ox ide  
interface.  

5. Vapor -depos i t ed  a luminum films containing only  
a few a tom percent  of copper  a re  pro tec ted  agains t  
corrosion by  the  format ion  of an oxide  film in a manner  
s imi lar  to films of pu re  a luminum.  Care should be 
t a k e n  to avoid acid or a lka l ine  envi ronments  to p reven t  
the dissolution of the pro tec t ive  film. Anions wi th  
complexing proper t ies  for copper  ions resul t ing  in an 
increased  solubi l i ty  for copper  oxide  or hyd rox ide  help  
to form a copper - f ree  surface. 
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Fig. 10. TEM display of (a) metal phase; (b) anodic oxide; (c) 
cross section of an Al-1.9 a/'o Cu film, anodized with i ~ 1.4 mA/ 
cm 2 to Eh ~- 100V in 0.1M citrate pH ~-- 6.0 
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ABSTRACT 

We have used MSssbauer spectroscopy of Sn t19 to determine the state of 
the tin in anodized aluminum surfaces which are colored brown by anodiza- 
tion in acidic stannous sulfate solutions. We conclude that the tin is present 
predominantly in the form of tin metal. 

Aluminum alloys used for archi tectural  and ap- 
pearance applications are f requent ly  dyed gold, bronze, 
or dark brown. One way  to achieve these brown 
anodized surfaces is by a-c t r ea tment  of anodized 
a luminum in an electrolyte  containing meta l  salts 
(1-3). By vary ing  the electrolysis conditions various 
shades of color can be obtained. Some of the most 
widely  used metal  salts in electrolytes for generat ing 
bronze to brown colors are those of divalent  tin, the 
effects of which were  already wel l  known in the 1930's 
(4). At that  t ime it was speculated that  the coloring 
might  be caused by reduction products of the tin salt, 
e.g., metal l ic  tin. In the last years mcre  work  has been 
done to establish coloring mechanism. Lfiser (5) came 
to the conclusion that  the coloring particles consist of 
metal l ic  tin. A similar  result  was published in Ref. (6) 
and (7). This informat ion was obtained by x - ray  
diffraction. Sheasby and Cooke (2) and Sandera (6) 
suggest that  tin oxides are present  in these layers too. 
Therefore  some confusion exists on the nature  of the 
tin compounds responsible for the coloring effect. This 
is p r imar i ly  due to the small quant i ty  and fine part icle 
size of the t in-conta ining phase, and the difficulty of 
isolating it. 

We have used the technique of MSssbauer spectros- 
copy (8) on Sn 119 to study these layers, and the results 
of this work are presented here. MSssbauer spectros- 
copy is ideal ly suited for this s tudy- - i t  works wel l  
wi th  thin layers of material ,  is sensitive only to the 
tin atoms in the layer, and is completely unaffected by 
the a luminum backing or a luminum oxide matrix.  The 
identification of the tin phase in these exper iments  is 
by a "fingerprint" technique, in which the M6ssbauer 
spect rum of the unknown (tin anodized) sample is 
compared with the spectra of known compounds. In 
general, the parameters  determining the MSssbauer 
spectrum are insensit ive to part icle size or crystallinity. 
Par t icular ly  re levant  to the problem we consider here, 
Akselrod et al. (9) have recent ly  shown that  for SnO 
wi th  a grain size of -~20A, the IVlSssbauer spectrum was 
indist inguishable f rom that  of bulk SnO. 

Experimental Details 
Samples were  prepared by anodizing both sides of 

the 0.2 m m  thick a luminum sheets in 10 % H2SO4 at a 
current  of 1 A /d in  ~ for the t imes shown in Table I. 
These sheets were  then colored in a second electrolyte 
consisting of 20 g / l i t e r  SnSO4 dissolved in 5% H2SO4, 4 
rain, at room temperature ,  9V, 50 Hz a.c., using Pt as a 
second electrode. The samples were  rinsed in water  
and al lowed to dry in air at room temperature .  Four  
pieces of sheet were  stacked, making an absorber 
composed of 8 anodized layers for the measurements .  
All of the samples were  dark bronze in color. 

The MSssbauer spectra were  taken with  the samples 
at 78~ using a source of BaSnO3 at room tempera-  
ture  and a silicon detector for the gamma rays. A Pd 
critical absorber was used to filter out the Sn K x-rays.  

Key words; Mossbauer, anodizing, tin, aluminum, 

Data were  taken using a mul t ichannel  analyzer  in the 
up-down mult iscaling mode (8). Spectra of the t in-  
anodized samples are shown in Fig. 1, along wi th  
spectra of stannic hydroxide (i0) and tin metal. 

The dominant line in the spectrum of the tin- 
anodized samples clearly corresponds to that of tin 
metal. Other obvious possible compounds can be con- 
clusively excluded: Both SnO and hydrated SnO have 
well-resolved symmetric doublets for their MSssbauer 
spectra (11, 12), as indicated in Fig. I. Stannie oxide 
has a broad line similar to that  of stannic hydroxide,  
Stannous sulfate yields a bare ly  resolved doublet  
centered at 4 mm/sec,  while  SnS yields a bare ly  re-  
solved doublet centered at 3.5 mm/sec  (11). Thus, not 
only does the pr imary  observed l ine correspond 
exact ly to that  of t in metal,  but  all  of the other  simple 
compounds containing tin, sulfur, oxygen, and 
hydrogen have obviously different spectra. 

There  is additional intensi ty in the spectra near  zero 
velocity, and we at t r ibute this to a small  fraction of the 
t in being combined in the form of stannic oxide or 
hydroxide  (MSssbauer spectra of these materials  are 
almost indist inguishable) .  

The spectra of the t in-anodized layers have been 
least squares fitted to establish the re la t ive  quanti t ies 
of the ox ide /hydrox ide  and tin metal. This was ac- 
complished using a constrained least squares fitting 
routine, which was given the shape, width, and position 
of lines for stannic hydroxide and for tin metal, and 
al lowed only the intensities of the two lines (and the 
baseline) as degrees of freedom. The fine line running 
through the data points in Fig. 1 is the result  of this 
least squares fitting procedure;  it is obviously an excel-  
lent  description of the exper imenta l  spectra. F rom the 
line intensities, the amount  of tin meta l  present can be 
determined by comparison with  spectra of tin samples 
of known thickness. For  thin samples, the resonance 
intensity is proport ional  to the sample thickness. These 
results are shown in Table  I. F rom the M5ssbauer data, 
there  is no way to determine  if the ox ide /hydrox ide  

Table I 
Sample preparation and tin concentrations determined in these 

experiments. The relative accuracies of the tin metal determi- 
nations are --+5%, of the hydroxide phase, +--25%. The absolute ac- 
curacies are --+20% for the metal phase, and -+40% for the hydrox- 
ide phase, being limited by the complete line shapes and poorly 
established recoil.free fractious, $. In determining tin in the hy- 
droxide phase, the value L..,-</fmet~l = 1.25 at 78~ was used, fol- 
lowing results of Ref. (13). 

Anodized Sn (in 
Anodizing layer Sn (metal hydroxide 

Sam- time thickness  phase) phase ) 
ple (min) (/z) * (~g/cm -~) (#g/cm ~) 

A 5 <I 35 4 
B 15 5 40 4 
C 30 10 35 4 

�9 Determined by "Lichtschnittmikroskop" (light-section micro- 
scope).  

3 4  
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Fig. I. MSssbauer spectra of the tin-anodized samples A and 
B along with spectra of stannic hydroxide and tin metal for com- 
parison. The spectra are taken in transmission, so that the ab- 
sorption lines are downward pointing "peaks." The energy scan- 
ning in M~ssbauer spectroscopy is normally done by doppler shift- 
ing the gam~ma ray energy by moving the source, so the "source 
velocity" scale is effectively an energy scale. The spectra of SnO 
and hydrated SnO ore doublets, with the line positions shown at 
the bottom of the figure. The least squares fit to the data (as- 
suming the layer is composed only of tin metal and slannic hy- 
droxide) is shown by the thin line. 

phase is associated wi th  the  t in meta l  phase (i.e., as a 
surface  l aye r  on tin par t ic les)  or  is en t i re ly  in-  
dependent .  The most obvious source for the format ion  
of a s tannic hydrox ide  phase  would be hydrolys is  of 
Sn 4+ ions as the surface pH is ra ised dur ing  the wash 
process (10). The high surface area  of the  anodized 
l aye r  would  serve as an ideal  nucleat ion site for 
prec ip i ta t ion  of. the  insoluble  stannic hydrox ide  ions. 

I t  is in teres t ing to note that  the amount  os metal l ic  
t in  does not  depend on the thickness of the oxide  

layer ,  and even at  r a the r  smal l  thicknesses ( sample  A)  
the  same amount  of t in is deposi ted under  the condi-  
tions used. The quant i t ies  of t in shown in Table  I a re  
s l ight ly  smal le r  than  those de te rmined  by  Sau t t e r  
et aL (6) for t i n - d y e d  layers  p roduced  under  s l ight ly  
different  conditions. 

In  the  spec t ra  of the  t in -anodized  samples  shown in 
Fig. 1, the re  is a ve ry  weak  absorpt ion  near  4 mm/sec ,  
visible only by  the minor  depa r tu re  of the da ta  points  
f rom the least  squares fit line. This p r e sumab ly  arises 
f rom traces of SnSO~ (12) remain ing  m the  porous 
anodized layer .  

In  conclusion, studies of the  composit ion of anodized 
layers  dyed by  t in  have shown tha t  the  t in is p resen t  
p r i m a r i l y  in the  form of t in metal .  The brown colora-  
t ion of the  layers  p r e sumab ly  reflects the  color of 
finely d iv ided  t in  meta l  part icles ,  d ispersed in the  
a luminum oxide surface layer .  
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ABSTRACT 

The effect of e lec t ro ly te  agi ta t ion in p l a t ed - th rough  holes (PTH's)  of 
mu l t i l aye r  boards  (MLB's)  is inves t iga ted  for high conduct ivi ty  CuSO4/H2SO4 
electrolytes  wi th  and wi thout  b r igh tener  addit ives.  The e x p e r i m e n t s  were  
carr ied out in an 80 l i ter  forced-f low pla t ing system capable  of agi ta t ion  by  
ai r  sparging also. PTH qual i ty  is assessed in te rms of the PTH elect r ica l  r e -  
sistance, the PTH deposit  uniformity,  and the deposi t  morphology.  Corre la -  
tions are  made wi th  pla t ing current  density,  e l e c t r o l y t e v e l o c i t y  in the  PTH's,  
and two dimensionless  p la t ing parameters ,  ~T~ and j/j~ir~. The resul ts  show 
that  for add i t ive - f ree  plat ing,  the agi ta t ion requi rements  to p reven t  m a s s  
t r anspor t - l imi t ed  pla t ing conditions increase r ap id ly  wi th  increas ing cur ren t  
densi t ies  and decreasing cupric ion concentrations.  At  the current  densit ies 
common in MLB production,  the low levels  of agi ta t ion produced  by  ai r  
sparging alone provide  only for marg ina l  p la t ing  conditions pa r t i cu l a r ly  at  
the board edges where  the test coupons are  located. The p la t ing  cr i ter ia  for  
good PTH deposits,  ~TK ~ 1 and J-/Jlim ~ 0.25 are  confirmed by  the exper i -  
menta l  results.  P la t ing  with  Cubath|  addit ives is shown to be cons iderably  
less sensi t ive to var ia t ions  in the  p la t ing  pa rame te r s  which are  lil~ely to 
occur in production.  The cr i ter ia  for  good PTH qua l i ty  can be ex tended  to 
~T~ ~ 2 and j/jlim ~ 0.25, which al lows for  more  la t i tude  for p la t ing  cur ren t  
dens i ty  variat ions.  

Among  the many  cri t ical  process steps that  a mul t i -  
l aye r  p r in ted  wir ing  board  (MLB) undergoes  dur ing 
its production,  the  e lec t ropla t ing  of copper  is one of 
the  most impor tant .  MLB's contain p l a t ed - th rough  
holes (PTH's)  which provide  electr ical  connections be-  
tween the various circuit  layers  of the MLB (see Fig. 
1). Dur ing the e lec t ropla t ing  step, copper  is deposi ted 
in the dr i l led  PTH's  as wel l  as on the outer  MLB sur-  
faces. Since the p la t ing  of PTH's  in MLB's places much 
more  complex demands  on the p la t ing process as com- 
pared  to s tandard  e lec t ropla ted  product ,  a be t te r  un-  
ders tanding  of the  p la t ing  process and its control l ing 
pa ramete r s  is necessary (1-3).  Efforts have been re-  
por ted  which were  designed to gain unders tanding  
e i ther  th rough  analysis  of the exis t ing p la t ing  phe-  
nomenology (I,  5-12) or through ana ly t ica l  model ing  
(2-4, 13). Pa rame te r s  were  defined which provide  a 
gauge for the  re la t ive  impor tance  of the three  mech-  
anisms (electr ical  character is t ics  of the p la t ing solu- 
tion, e lect rochemical  kinetics of the p la t ing reaction, 
and fluid dynamic  condit ions at the cathode)  whose 
in terac t ion  de te rmines  the  per formance  of an e lect ro-  
p la t ing process. Different  mechanisms become domi-  
nant  for the  copper  d is t r ibut ion  at the different  scales 
impor t an t  in the  p la t ing  of MLB's:  macroscale,  min i -  
scale, and microscale  (3). 

T h e  macroscale  is character is t ic  of p la t ing of com- 
ple te  panels.  P la t ing  at this scale is dominated  by  the 
p r i m a r y  cur ren t  d is t r ibut ion  as long as sufficient elec-  
t ro ly te  agi ta t ion at  the cathode surface prevents  the 
fo rmat ion  of significant gradients  in the  cupric  ion 
concentrat ion.  

Fo r  the miniscale,  character is t ic  of the region wi thin  
and close to a PTH, current  dis tr ibut ion,  and thus the 
p la t ing  thickness dis t r ibut ion,  is de te rmined  by the 
in terac t ion  of ohmic conduction, charge t ransfe r  k ine t -  
ics, and mass t rans fe r  conditions. Cri teria ,  involving 
dimensionless  p la t ing  pa rame te r s  ~T~ and J/Jl~, deveI-  

* Electrochemical  Soc ie ty  Act ive  Member .  
1 Present  address: Xerox Corpora t ion ,  Webs te r ,  New York 14580. 
Key  words :  morpho logy ,  t h r o w i n g  power ,  e lec t ro ly te  b r igh ten-  

ers ,  printed  wiring,  solut ion agitat ion.  

oped by  Kess ler  and Alk i r e  (3) indicate  which of the 
mechanisms dominates.  

On the microscale,  which encompasses effects on the 
scale of surface roughness,  deposit  thickness,  and gra in  
size, addi t ives  p l ay  a ma jo r  role. Addi t ives  affect the 
microlevel ing capabi l i ty  of the p la t ing  solut ion and de-  
t e rmine  the  deposi t  morphology.  Thus, addi t ives  have a 
ma jo r  effect on the proper t ies  of the p la ted  copper.  

Sufficient agi ta t ion  is a common requ i rement  to all  
three  scales. The consequence of insufficient agi ta t ion 
is inadequate  mass t ranspor t  which in tu rn  results  in 
large  ion concentra t ion gradients  at  the cathodic sur -  
faces. Mass t r anspor t  l imi ted  pla t ing results  in poor 
qual i ty  deposits  and the conditions at which the  de-  

Fig. 1. Sketch of plated-through hole cross section defining 
throwing power. 
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posits occur at  the cathode do n o t  reflect the condit ion 
in the  bu lk  of the p la t ing  solution. 

For  these reasons, agi ta t ion  has a lways  been an im-  
por t an t  aspect  in the e lec t rop la t ing  of copper. Most 
commonly,  ag i t a t i on  is achieved by  the discharging of 
air  f rom sparging  pipes located benea th  the cathodic 
work  pieces near  the  bo t tom of the p la t ing  tank.  The 
most  obvious effect of a i r  sparg ing  is a s t i r r ing  of the  
e lectrolyte .  The r is ing air  bubbles  impar t  veloci ty  to 
the  e lec t ro ly te  close to the cathodic surfaces. Thus, the 
surface bounda ry  l aye r  is reduced  and p la t ing  condi-  
t ions are  less l ike ly  to be mass t r anspor t  l imited.  For  
the  p la t ing  of p lanar  ver t ica l  surfaces, the  agi ta t ion 
p rov ided  by  ai r  sparging genera l ly  is sufficient for 
good qua l i ty  plat ing.  

However ,  for MLB's  a i r  sparg ing  does not  provide  
sufficient agi ta t ion  in the PTH's  in  many  instances. 
Therefore  agi ta t ion  by  air  sparg ing  is sometimes sup-  
p lemented  by  mechanica l  agitat ion.  However,  the  level  
of agi ta t ion  in PTH's  resul t ing  f rom these modes of 
agi ta t ion  is exceed ing ly  difficult to p r e d i c t .  The only 
prac t ica l  method  for the pa ramet r i c  eva lua t ion  of the 
effects of agi ta t ion  on the e lec t ropla ted  deposi t  and of 
wha t  ag i ta t ion  levels  const i tute  sufficient mix ing  to 
p reven t  mass t r anspor t  l imi ted  p la t ing  conditions ap-  
pears  to be  a phenomenologica l  s tudy of PTH's  p la ted  
at  va ry ing  p la t ing  conditions. The resul ts  of such a 
s tudy  wi th  pa ramet r i c  var ia t ions  of cur ren t  densi t ies  
and forced-f low PTH elec t ro ly te  velocit ies a re  re -  
ported.  Some exper iments  using only a i r  agi ta t ion 
were  pe r fo rmed  also. The exper iments  were  car r ied  
out using a high conduct iv i ty  ac id-copper  sulfate  p la t -  
ing solut ion wi th  and wi thout  Cubatn| p~oPrietary 
organic  addi t ives  (14). 

Analysis 
Plating parameters.--Since this s tudy  is p r i m a r i l y  

concerned wi th  the  p la t ing inside of PTH's, miniscale  
considerat ions  are  the  most  impor tant .  For  the  min i -  
scale, two-dimens ionless  cr i ter ia  for good pla t ing qua l -  
i ty  have  been ana ly t i ca l ly  de te rmined  (2) 

~r~ < i [i] 

is necessary for sufficient uniformity of plated copper 
thickness within PTH's, since it indicates that charge- 
transfer resistance rather than soluhon ohmic resist- 
ance predominates. 

j / jum < 0.25 [2] 

indicates  sufficient e lec t ro ly te  agitat ion,  the  absence of 
mass  t r anspor t  l imitat ions,  and smooth copper  deposits 
wi th  acceptable  gra in  s tructure.  F r o m  Re~. (2) 

acFtB 2 -:. 

2KRgTro 
and 

2sir(4~3) ( 9DirotB ) 1/8 
~"~m ~ "  3nFDic| 4~" j [4] 

For  the condit ions in this s tudy (c| : 0.34 --> K : 
0.52 I1-1 cm -1, Di : 0.55 X 10-~ cm2/sec) (2) 

~T~ = 4.77  • 10-5 tB~ ~- [5] 
~'o 

and 
"~ ( To]~B /1/3 
.__ -- 7.10 • I0 -4 j [6] 
3rim \ - ~ - -  

F r o m  Eq. [5] and [6] and the  sample  dimensions (tB 
_-- 123 mil,  ro = 23 miD,  the  p la t ing  cr i te r ia  can be re -  
duced to 

- j<  32 mA/cm 2 [7] 
and 

v > [8] 
15,500 

F r o m  the Eq. [4] and the second cr i te r ion  min imum 
mean  e lec t ro ly te  veloci t ies  in  the  PTH's  can be calcu-  

Table I. Minimum mean PTH electrolyte velocities for 
electrolytes with different cupric ion concentrations 

e~ 
(M/ 

liter) 100 40 32 25 15 10 5 ~m A/ c m~)  

0.27 129 8 4 2 0.44 0.13 0.016 ~(cm//sec) 
0.34 65 4 2 1 0.22 0.065 0.008 v(cm//sec) 
0.375 48 3 1.6 0.75 0.16 0.05 0.006 ~(cm//sec) 

la ted and are  p resen ted  in Table  I. This e lec t ro ly te  
veloci ty  is in the  di rect ion of the long axis of the  PTH's  
and thus pe rpend icu la r  to the  MLB's (see Fig. 1 and 
2). Min imum velocit ies are  given for the  cupric ion 
concentrat ions used in this s tudy and the p r e l im ina ry  
work  discussed in Ref. (1). 

The min imum mean  e lec t ro ly te  convection requ i re -  
ment  of 4 cm/sec  in PTH's  de te rmined  in Ref. (2) is 
correct  only  for average  p la t ing  cur ren t  densit ies up 
to 32 m A / c m  2 at  the cupric ion concentra t ion of 0.27 
M / l i t e r  used in Ref. (2). The level  of m in imum agi ta -  
t ion requ i red  for good pla t ing changes d rama t i ca l l y  
for different  cur ren t  densi t ies  and cupric  ion concen- 
trat ions.  

Agitation levels.--With forced-f low agi ta t ion  of t h e  
electrolyte ,  the  mean  e lec t ro ly te  veloci ty  in a PTH is 
easi ly  de te rmined .  However ,  in prac t ica l  product ion 
p la t ing  e lec t ro ly te  agi ta t ion by  ai r  sparg ing  a n d / o r  
s ide- to -s ide  MLB mot ion  are  the  means  employed  to 
achieve e lec t ro ly te  mixing.  The flow fields genera ted  
by  ai r  sparg ing  cannot  be sufficiently descr ibed to de-  
t e rmine  the  equiva lent  PTH e lec t ro ly te  velocities.  
Clearly,  the mass t ransfer  in PTH's  is enhanced by  
ai r  sparging resul t ing f rom the random short  dura t ion  
pressure  field var ia t ions  creat ing localized pressure  
differences f rom one side of the MLB to the other  as 
wel l  as f rom mixing  cu r r en t s  created by  the bubb le -  
wake  eddies, however ,  the  equiva len t  PTH velocities 
a re  obviously small  as compared  to e i ther  MLB mo-  
tion or forced flow. 

A s imple model  of the flow in a PTH resul t ing  f rom 
the s ide- to -s ide  MLB motion gives for a typical  MLB 
(ro : 23 mils, tB ---- 123 mils)  at a veloci ty of VB = 10 
cm/sec  a mean  PTH elec t ro ly te  veloci ty  o f v  ---- 3.4 cm/  
sec. Decreasing MLB veloci t i tes  resul ts  in r ap id ly  in-  
creasing the VB/V rat ios ,  thus, VB ---- 1 cm/sec  resul ts  
in v---- 0.075 cm/sec.  

The level  of agi ta t ion achievable  by  t ransverse  mo-  
tion of the  MLB's has prac t ica l  l imitat ions.  The m a x i -  
m u m  prac t ica l  veloci ty  in s ide - to - s ide  agi ta t ion is 
about  10 cm/sec.  This would mean  that  about  3.4 c m /  
sec is the m a x i m u m  mean veloci ty  of a near - s inuso ida l  
veloci ty  d is t r ibut ion  and that  dur ing a considerable  
por t ion of the mot ion cycle the mean  veloci ty  falls  
below the m i n i m u m  mean  e lec t ro ly te  convection es- 
tabl ished in Table  I. However ,  these m i n i m u m  agi ta -  
t ion levels are  es tabl ished for s t eady-s t a t e  ful ly  de -  
veloped l amina r  flow conditions (2, 3). There  are  a 

ME = 
I POWER soP~L~ I 

t MULTILAYER m = 
BOARD WITH 
PLATED- 

Old/-AIR S~ABGE~ 

Fig. 2. 80 liter forced-flow electroplating system. 
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number  of considerations, which indicate that  ful ly 
developed laminar  flow constitutes the conservative 
bound for the mixing in the mass diffusion layer  at 
the PTH surface. Some of these considerations are: 

1. The downstream distance from the mouth  of the 
PTH, Le, to establish fully developed laminar  flow is 
a significant fraction of the total length  of the PTH (Le 
---- 116 mils for v ~ 5 cm/sec and a 46 mil  PTH diam).  

2. The oscillating flow field generates a phase shift 
between the flow in the PTH's and the MLB motion. 

3. The sharp-edged PTH entrance and exit result  in 
avena contracta at the entrance and eddies at the exit. 

The theoretical prediction of the electrolyte agitation 
at the PTH surface and the species concentrat ion 
gradients is exceedingly difficult under  these circum- 
stances. 

The results from forced-flow experiments,  for which 
the electrolyte agitation is clearly defined, can estab- 
lish the effects of varying levels of agitation on the 
quali ty of the electrodeposited copper. It also can serve 
as a s tandard from which effective agitation levels in 
PTH's resul t ing from air sparging and /o r  side-to-side 
MLB motion may be estimated. 

In  the determinat ion of the level of agitation, an 
addit ional factor can play a significant role. The den-  
sity of the electrolyte decreases as the cupric ion con- 
centrat ion decreases. Thus, the large ion concentrat ion 
gradients generated under  t ranspor t - l imi ted  plat ing 
conditions result  in na tura l  convection flow into and 
from PTH's. 

Mirarefi and Alkire (15-17) have shown that at low 
flow velocities na tura l  convection effects cause a devia-  
t ion from the L6v~que equat ion flow. From the data in 
Ref. (15-17) and our data, which confirm this devia- 
tion, the level of agitat ion provided by na tura l  con- 
vection is estimated to be equivalent  to v ---- 1.7 cm/sec. 
This result  would indicate that agitation levels much 
below v : 1.7 cm/sec cannot meaningful ly  be invest i-  
gated and that plat ing at cur rent  densities below mini -  
mum values that can be estimated from Table I will be 
independent  of additional external  agitation provided. 
Natural  convection appears to explain why air sparging 
produces good qual i ty  PTH's under  plat ing conditions 
wherej air sparging alone provides insufficient agitation. 
Air sparging however is clearly desirable because it 
provides the bulk  st i rr ing necessary to provide ~t each 
PTH the bulk  concentrat ion of cupric ion. 

Experiment 
Plating apparatus.--The 80 li ter forced-flow plat ing 

system, shown in Fig. 2, consists of four discrete cham- 
bers separated from each other by impermeable  weirs. 
Suction and discharge chambers separate the spaces 
for solution pumping  and discharge from the plat ing 
cells to e l iminate  spurious flow currents  at the cathodic 
MLB samples. The electrolyte is pumped from the suc- 
t ion chamber by two Sethco Model ZDX-50A pumps, 
filtered through a 5 ~m polypropylene filter, flows 
through a flow meter ing valve and a flow meter, and 
is discharged in the discharge chamber. The electro- 
lyte flows over a weir from the discharge chamber 
into the ups t ream plat ing cell, f rom there through 
the PTH's in the MLB cathode into the downstream 
plat ing cell, and over a weir into the suction chamber. 
Each plat ing cell contained an anode 11 cm from the 
cathode and an air sparging pipe at the cathode weir 
close to the t ank  bottom. The air spargers were sup- 
plied with air from a Cyclonair Blower Model 
VFC201P-IT through a meter ing valve and a flow 
meter. 

A Nova Tran  Model 1221 Digi-Plate Pulse Plater  
with Model 6001 Ampere  Time Controller  served as the 
power supply. The MLB samples were connected to the 
power supply via an insulated wire and the anodes 
hung  from standard t i t an ium anode hooks. During 
plat ing with electrolyte containing br ightener  addi- 
tives, a Rapid Electric Precision Solution Metering 
System Model MPAT-P-SMS in conjunct ion with a 
Fisher Volustat meter ing pump provided for the auto- 

matic main tenance  of the additive balance. Additives 
were replenished at the rate of 1 ml every 120 A-rain.  

Electrolyte.--For the experiments  a high conductiv-  
i ty acid-copper sulfate electrolyte containing 0.34M 
CuSO4, 1.76M H2SO4, and 40 ppm C1- was used. Ex-  
per iments  were carried out with an addit ive-free pla t -  
ing bath and with the electrolyte containing the s tan-  
dard levels of Cubath| proprietary organic additives 
(14). 

MLB samples.--The MLB samples used are 9 • 9 cm 
in  size, have a thickness of 123 mils, and have 46 mil  
diam PTH's on 125 rail centers. The samples contain 
812 PTH's, except for the samples used for the high 
velocity experiments  (v : 87 cm/sec) where half the 
PTH's, and thus half  the sample area, were masked 
with plat ing tape to make the high electrolyte veloci- 
ties possible. The samples were electroless copper 
plated with a th in  (~0.05 mil)  conducting film. 

Plating procedure.--To make eIectrical connection 
to the plat ing power supply 18 gauge bare copper wire 
was threaded through two PTH's on the top edge of 
the samples and crimped into place. The wire was then 
insulated with plat ing tape for its remain ing  length 
submerged in the plat ing solution. The following 
cleaning procedure was carried out for all samples: 
(i) Neutra-Clean soak of 30 sec at 50~ (if) DI water  
rinse for 2 rain, (iii) etch in 10% sulfuric acid f o r 3  
min, and (iv) DI water  rinse for 2 min. 

After  the cleaning procedure, the samples were 
placed in the opening cut into the cathode weir  (see 
Fig. 2) for this purpose and held in place by a holding 
frame. To prevent  leakage flow of electrolyte from the 
upst ream to the downstream plat ing cell all seams were 
sealed with plating tape. 

Electrolyte velocities in the PTH's ranging from 0.17 
to 87 cm/sec were obtained by varying the solution 
flow, the number  of PTH's in the sample, and by per-  
mit t ing some known bypass flow. During the experi-  
ments with forced electrolyte flow, air sparging was 
not employed. No forced solution flow took place dur-  
ing the air sparging experiments.  Experiments  were 
carried out for two sparging rates: 0.2'5 and 1.0 l i te r /  
min -cm sparger length. These rates prevailed per uni t  
length of the air spargers and were identical for the 
upstream and the downstream cell spargers. The lower 
sparging rate results in slight agitat ion of the electro- 
lyte in the vicinity of the MLB samples, whereas the 
higher rate gives a very vigorous st i rr ing and agitation 
of the electrolyte throughout  the plat ing cells. 

Experiments  were carried out for plat ing current  
densities ranging from 5 to 100 mA/cm2. The plat ing 
times for the experiments at different current  densi- 
ties were adjusted to plate every sample with the same 
number  of coulombs and thus to yield identical aver-  
age plat ing rates per uni t  total sample area. An auto- 
matic shutoff terminated each exper iment  when  the 
predetermined number  of ampere-minutes  was at-  
tained. At the conclusion of the plating, the samples 
were removed from the plat ing tank, thoroughly rinsed 
with DI water, and dried in a forced air flow. 

Sample preparation ]or analysis.--The MLB sam- 
ples were visually inspected after the plat ing pro- 
cedure and the qual i ty of the deposit "read." A 0.5 • 
0.75 in. coupon was cut from the center of each sam- 
ple. The land areas surrounding each of the 15 PTH's 
on these coupons were electrically isolated from each 
other by cutt ing through the p lanar  surface deposits 
between the PTH's on both sides of the MLB's. PTH 
electrical resistance measurements  were made using 
a 4-point probe technique (18). After the resistance 
measurements,  these coupons were cut in half, en-  
capsulated, and the cross sections polished for metal -  
lographic examination.  

Results and Discussion 
Additive-free plat~ng.--The results of the experi-  

ments employing addit ive-free electrolyte are illus- 
trated in  Fig. 3-8. I n  Fig. 3 the PTH resistance is cor- 
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Fig. 4. Metallographic cross sections of plated-through holes 
plated at an electrolyte velocity v ---- 0.17 cm/sec and various 
current densities for additive-free plating. 

related with the average current  density for three solu- 
t ion velocities in the PTH's. In all cases an increase in 
the p l a t i ng  current  density results in a higher PTH 
resistance because of the deteriorat ing throwing power 
and changes in the macrocurrent  distribution. The re-  
sult ing PTH resistances at low current  densities are 
the same for all agitation velocities; however, as the 
current  density increases, the onset of mass t ranspor t -  
l imited plat ing is clearly reflected in a more rapid]y 
increasing PTH resistance for the lower agitation level 
conditions. These deviations, s ignaling the onset of 
mass t ranspor t - l imi ted  plat ing condition, are in good 
agreement  with the calculated min imum mean PTH 
electrolyte velocities given in Table I. 

Figure 4.i l lustrates the results shown in Fig. 3 with 
metal lographic cross sections showing the changes in 

Fig. 6. Metallographic cross sections of plated-through holes 
plated at a current density of / - - - -  100 rnA/cm 2 and various agita- 
tion velocities for additive-free plating. 

the copper deposit with increasing current  density at 
a constant electrolyte velocity of 0.17 cm/sec. The de-  
posit qual i ty for 5 mA / c m 2 is very good. At 25 mA/cm 2 
the deposit is ra ther  rough and at 40 mA / c m 2 it is very 
rough and discontinuous. 

In  Fig. 5 the PTH resistance is plotted as a function 
of the mean  PTH electrolyte velocity for current  
densities ranging from 5 to 100 mA / c m 2. It  clearly 
shows that an increase in agitat ion beyond the level 
required to prevent  mass t ranspor t - l imi ted  plat ing 
conditions does not improve the quali ty of the copper 
deposit in the PTH's. PTH resistances will decrease 
with increasing levels of agitation unt i l  mass t rans-  
por t - l imi ted conditions no longer prevail  and then will 
remain  at a constant  plateau. This also shows that  even 
under  opt imum plat ing conditions, a m i n i mum PTH 
resistance exists for each plat ing current  density. These 
m i n i m u m  resistances increase rapidly with increasing 
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cur ren t  densi t ies  due to the th rowing  power  cha rac te r -  
istic for each current  density.  

F igu re  6 exemplifies the resul ts  in Fig. 5. The photo-  
micrographs  show the PTH deposits  for increasing 

e lec t ro ly te  velocit ies a t  constant  cur ren t  densi t ies  of 
100 m A / c m  2. The to ta l ly  discontinuous deposi t  r e su l t -  
ing f rom the low level  of ag i ta t ion  p rov ided  by  v ---- 
0.17 cm/sec  improves  at  v = 25 cm/sec  to a st i l l  ex -  
t r eme ly  rough deposi t  and changes to a good smooth 
deposi t  at a veloci ty  of 87 cm/sec. 

In Fig. 7 the  PTH resis tance is p lo t ted  as a function 
of the p la t ing  p a r a m e t e r  j/Jlim. Since it is shown in 
Fig. 5 that  increases in agi ta t ion  beyond the min imum 
level  requ i red  to p reven t  mass t r anspor t - l imi t ed  p l a t -  
ing conditions have no effect on RPTH, corre la t ion is 
expected only  for resul ts  obta ined  with  insufficient 
agitat ion.  This corre la t ion  represents  a lower  bound 
for PTH resistances.  The resul ts  for 25 and 87 cm/sec  
corre la te  r a the r  well ,  bu t  the PTH resistances for the 
samples  p la ted  at  v = 0.17 cm/sec  are  much be t t e r  
than  would be  expected  f rom the  corresponding values  
of j/jlim and indicate  a h igher  level  of agitat ion.  When  
the na tu ra l  convect ion agi ta t ion  effects are  t aken  into 
considera t ion in the calcula t ion of J/into, the low ve-  
loci ty  da ta  corre la te  wel l  wi th  the high veloci ty  r e -  
sults. The da ta  p lo t ted  in Fig. 7 indicate that  if  both 
p la t ing  cr i ter ia  Eq. [1] and [2] a re  met,  PTH res is t -  
ances of less than  450 ~2 result .  Dendri t ic  deposi ts  
form at  values  of j/Jtim ~-- 0.3 for the  0.34M CuSO4 so-  
lu t ion used. 

In  Fig. 8 the th rowing  power  is cor re la ted  wi th  the  
p la t ing  p a r a m e t e r  ~T~ and the resul ts  f rom two p la t ing  
models  (2, 4) a re  superimposed.  The da ta  show that  
the  resul ts  f rom samples  p la ted  under  condit ions tha t  
meet  the p la t ing  cr i te r ion  Eq. [2] follow the Blue-  
Kess ler  (4) model  predic t ion  closely. This conf i rms  
the findings from a p r e l im ina ry  s tudy (1), which con- 
c luded tha t  the  Kess l e r -A lk i r e  model  (2, 3) es tab-  
lishes a bound for l imi t ing case behavior  and that  the  
Blue-Kess le r  model  would give be t t e r  predic t ions  for 
we l l -con t ro l l ed  nomina l  conditions. The th rowing  
power  obta ined  under  mass t r anspor t - l imi t ed  p la t ing  
condit ions is s ignif icantly worse  than  the  pred ic ted  
opt imum. F rom this plot  it  can be concluded tha t  va l -  
ues of be t te r  than  1.5 for the  PTH throwing  power  re -  
sult  f rom pla t ing  conditions meet ing  both p la t ing  cr i -  
teria,  Eq. [1] and [2]. 

Plating with Cubath| additives.--The resul ts  of 
the exper iments  employing  e lec t ro ly te  wi th  Cubath|  
addi t ives  are  i l lus t ra ted  in Fig. 9 th rough  13. In  Fig. 9 
the  PTH resis tance is shown as a function of the ave r -  
age pla t ing cur ren t  dens i ty  for six solut ion velocit ies 
and two levels  of a i r  sparging.  In  cont ras t  to the re -  
sults for add i t ive - f r ee  p la t ing  in Fig. 3, the PTH re -  
sistance is a much weake r  function of the  p la t ing  cur -  
rent  density.  Except  for  resul ts  f rom p la t ing  condi-  
tions wi th  c lear ly  inadequa te  agi ta t ion (v --  0.17 cm/  
sec and ai r  sparg ing) ,  the PTH resis tance shows an 
increase  wi th  increas ing cur ren t  dens i ty  only at  values  
in excess of 40 m A / c m  2. In  addit ion,  the  resul ts  for v 
= 25 and 43 cm/sec  at j - -  100 mA/cm~ indicate  a 
g rea te r  to lerance  for agi ta t ion  levels  below the min i -  
m u m  elec t ro ly te  veloci t ies  es tabl ished ana ly t i ca l ly  (see 
Table I ) .  On the other  hand,  at the  low agi ta t ion levels  
p rovided  by  e i ther  forced flow at v = 0.17 cm/sec  or 
by  any level  of a i r  agitat ion,  the  rap id  increase of the 
PTH resis tance wi th  increas ing current  dens i ty  is in-  
d is t inguishable  f rom the results  for add i t ive - f r ee  p la t -  
ing. F r o m  these resul ts  it appears  tha t  the  agi ta t ion 
provided  by  a i r  sparging in the  PTH's  is roughly  at  
the same level  as the  agi ta t ion provided  by  forced flow 
a t e - -  0.17 cm/sec.  

In  Fig. 10 the  PTH resis tance is cor re la ted  wi th  the 
mean  solut ion veloci ty  in the  PTH's. The resul ts  show 
even more  v iv id ly  than  the resul ts  for add i t ive - f r ee  
p la t ing (Fig. 5) that  an  increase in agi ta t ion beyond 
the level  necessary  to p reven t  mass t r anspo r t - l im i t ed  
pla t ing does not  fu r the r  improve  the PTH deposi t  
quality�9 Compared  to the resul ts  f rom add i t ive - f r ee  
p la t ing the "band  width"  of possible  PTH resis tances 
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for p la t ing  cur ren t  densi t ies  rang ing  f rom 5 to 109 m A /  
cm 2 is much na r rower  for p la t ing at  adequa te  agitat ion.  
However ,  as for add i t ive - f ree  plat ing,  bu t  less p ro -  
nounced, p la t ing  at  h igher  cur ren t  densit ies yields  
PTH's  wi th  h igher  resistances.  

In  Fig. 11 the  PTH resis tance is shown as a funct ion 
of the  p la t ing p a r a m e t e r  j/jlim. As in Fig. 7, the lower  
bound for PTH resistances is indicated.  Unlike the re-  
sults for add i t ive - f r ee  p la t ing  (see Fig. 7), the  PTH 
resis tance is v i r tua l ly  independent  of j/Jlim for va l -  
ues below the p la t ing  cr i ter ion j/Jlim ---- 0.25. Fo r  
h igher  values  of j/jlim however ,  the  PTH resis tance in-  
creases ve ry  rapidly .  The resul ts  for ve ry  low ag i ta -  
t ion pla t ing (v ---- 0.17 cm/sec)  show, as was the case 
for add i t ive - f r ee  plat ing,  improved  corre la t ion wi th  
the  other  resul ts  when the na tu ra l  convection agi ta t ion  
effects a re  t aken  into consideration.  However ,  for the 
ve ry  rough samples  wi th  R P T H  ~ 300 /~f'~, the  na tu ra l  
convection is appa ren t ly  impeded  by  the surface 
roughness in the  PTH and thus a na tu ra l  convection 
correc t ion  o f � 9  = 1.7 cm/sec  is too large.  

A n  equiva lent  agi ta t ion veloci ty  for both  l ight  and 
vigorous a i r  sparging of v : 0.25 cm/sec  was es t imated  
by  fitting the  PTH resis tances for the  a i r  sparged MLB 
samples  onto the  lower  bound curve in Fig. 11. The 
resul ts  from air  sparging are  p lot ted  accordingly  in 
Fig. 11. I t  also appears  that  na tu ra l  convection may  
p lay  a much less significant role in a i r  sparg ing  than  
for low level  forced flow. It can be speculated tha t  a i r  
sparging could disrupt  na tu ra l  convection sufficiently 
to p reven t  the resul t ing  beneficial  agi ta t ion effect. 

The independence  of the  PTH deposit  f rom var ia t ions  
in-j/j-zim for values of-j/:lim < 0.25 is fu r the r  i l lus t ra ted  
in Fig. 12a and 12b. In  these figures photomicrographs  
of PTH's  p la ted  at  consecut ively l a rge r  values of j/jlim 
are  shown. Samples  ( a ) - ( d ) ,  p la ted  at  J/Jl~m values  
ranging from 0.02 to 0.14 all  show good, almost  indis t in-  
guishable  deposits  wi th  good level ing characterist ics.  
However  sample  (e) p la ted  at J/JlJm ~- 0.41 shows a 
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ve ry  rough, nonl.eveling deposi t  and for sample  (f) 
p la ted  at  j/jlim -~ 0.66 no copper has been deposi ted 
onto the  electroless  copper  film and the e lec t rodepos-  
i ted  copper  formed isolated dendr i t ic  globules. The 
gra in  s t ruc ture  f rom deposits  at ve ry  low current  den-  
sities was co lumnar  r a the r  than  fine as observed for 
deposi ts  f rom higher  cur ren t  densit ies.  Examina t ion  of 
samples  (a) and (c) ,  both  p la ted  at 5 m A / c m  2, show 
a much more  pronounced gra in  s t ruc ture  than the 
o ther  samples. In teres t ingly ,  sample  (a) p la ted  at a 
high level  of agi ta t ion  shows a columnar  s t ructure,  
whereas  sample  (c) p la ted  at a ve ry  low level of agi-  
ta t ion shows a large  gra ined s tructure.  

In  Fig. 13 the  th rowing  power  is cor re la ted  with  
the  p la t ing  pa rame te r  ~TK and the curve from the Blue-  
Kess ler  model  (4) is superimposed.  A curve is also fit- 
ted  to the  exper imen ta l  data. Genera l ly ,  the th row-  
ing power  worsens as ~TK increases;  however ,  this in-  

Fig. 12b. MetMIographic cross sections of plated-through holes 
plated with Cubath| at consecutively increasing values of 

i/ilim. 

crease is less than pred ic ted  by  the Blue-Kess le r  model  
which cor re la ted  very  wel l  wi th  the  resul ts  from ad-  
d i t ive - f ree  plat ing.  This would  indicate  that  Cubath|  
addi t ives  make  the p la t ing  qual i ty  less sensi t ive to 
changes in the  p la t ing  parameters .  

S u m m a r y  and Conclus ions 
Additive-free acid-copper sulfate electrolyte.--The 

pla t ing  pa rame te r s  developed in Ref. (2) corre la te  ve ry  
wel l  wi th  the qual i ty  of the copper  deposi t  in the  
PTH. The p la t ing  cr i ter ia  es tabl ished in Ref. (2) as-  
sure  good qua l i ty  PTH's  wi th  a th rowing  power  tS/tH 
of be t te r  than  1.5. P la t ing  for  a given number  of am-  
peres -minute ,  lower  p la t ing cur ren t  densit ies give 
lower  PTH resis tances and be t te r  th rowing  power.  In-  
creased levels  of agi ta t ion improve  the deposit  qual i ty  
d r ama t i ca l l y  up to the  poin t  of e l imina t ing  ion con- 
cent ra t ion  gradients  causing mass t r anspor t - l imi t ed  
p la t ing  conditions;  fu r ther  increases  in the level  of 
agitation, however ,  p rovide  no fu r the r  improvemen t  
in the  PTH copper deposit .  To p reven t  mass t r anspor t -  
l imi ted  pla t ing conditions, agi ta t ion  requi rements  in-  
crease rap id ly  wi th  increasing cur ren t  dens i ty  and de-  
creasing cupric ion concentrat ion.  Fo r  p la t ing condi-  
tions meet ing  the p la t ing  cr i ter ia  f rom Ref. (2), the 
Blue-Kess le r  model  (4) predic ts  the throwing power  
into PTH's  ve ry  well.  The Kess l e r -A lk i r e  model  (2, 3), 
on the  other  hand, establishes l imi t ing  case behavior .  
Elec t ro ly te  agi ta t ion provided  by  na tu ra l  convection 
has to be considered when only low levels  of e lec t ro-  
ly te  agi ta t ion are  provided  by  other  means;  an equiv-  
a lent  agi ta t ion veloci ty  for na tu ra l  convection of v 
1.7 cm/sec  has been de te rmined  f rom deviat ions from 
the L~v~que flow (15-17) and provides  for excel lent  
corre la t ion  of the low agi ta t ion results.  

Acid-copper sulfate electrolyte with Cubath| addi- 
tives.--The findings for add i t ive - f ree  p la t ing  genera l ly  
hold for pla t ing wi th  Cubath| However ,  Cubath'| 
p la t ing is cons iderably  less sensi t ive to changes in p la t -  
ing pa rame te r s  such as cur ren t  dens i ty  and level  of 
agitat ion.  The dimensionless  cr i ter ia  for good pla t ing 
( throwing  power  tS/tH ~ 1.5) Of the  miniscale  can be 
re laxed  to 

~TK ~ 2 
and 

fl;i, , ,  < 0.25 
The exper imenta l  results  show a be t te r  deposit  qual i ty  
for h igher  values of ~T~ than is p red ic ted  by  the Blue-  
Kess ler  model  (4). The assumpt ion of negl igible  ef- 
fects of addi t ives  on the miniscale  p la t ing  (2, 3) used 
in the  deve lopment  of the  Blue-Kess le r  model  (4) 
cannot be maintained.  This is indica ted  by the de-  
creased sensi t iv i ty  to pla t ing pa rame te r  var ia t ions  as 
well  as the  h igher  deposi t  qual i ty  (RpTH, tS/tH) of 
PTH's p la ted  in Cubath|  when compared  to PTH's  
p la ted  under  the  same condit ions but  in an addi t ive-  
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free solution. From a comparison of the plated deposit, 
assuming no interaction between the sparging air and 
the brightener additives, it is estimated that air sparg- 
ing provides electrolyte agitation in PTH's equivalent 
to v = 0.25 cm/sec. It also appears that natural  convec- 
tion agitation effects benefiting low level forced flow 
agitation are impeded by air sparging. It is expected 
that this estimate is valid for addit ive-free plating also. 
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LIST OF SYMBOLS 
cupric ion concentration in bulk region, gmole/  
am 3 
diffusion coefficient of species i, cm2/sec 
Faraday's  constant, 96,494 C/g-equivalent  
average current density; mA/cm 2 
average limiting current density, mA/cm 2 
entrance length of undeveloped PTH flow, cm 
molecular weight, g/gmole 
number of electrons taking part  in electrode 
reaction 
gas constant, 8.21 J /gmole-~  
PTH electrical resistance, 
PTH radius, cm 
stoichiometric coefficient of species i, dimen- 
sionless 
temperature,  ~ 
MLB thickness, PTH length, cm 
plated copper thickness in PTH center, mils 
plated copper thickness on planar  MLB sur- 
face, mils 
plated copper thickness at PTH entrance or 
exit, mils 
throwing power 
mean electrolyte velocity in PTH, cm/sec 

VB 
Re 

r (4 /3)  

~Tr 

MLB velocity in direction of PTH axis, cm/sec 
cathodic transfer coefficient, dimensionless 
0.5 
Gamma function, dimensionless 
electrolyte conductivity, a - l c m - 1  
ratio of ohmic resistance to Tafel charge trans- 
fer resistance, dimensionless (see E. [3] ) 
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Auger Spectroscopic Evidence That Plasma Anodization 
Involves Mass Transfer from the Cathode to the Anode 
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ABSTRACT 

Auger spectroscopic evidence is presented that cathode mater ial  is t rans-  
ported to the anode dur ing plasma anodization, even when the anode is facing 
away from the cathode and is located on the back of a shield. In  the prepa-  
ration of the plasma oxide samples, anodes of Ta, Nb, and Cu and cathodes 
of Ta, Nb, A1, and C have been used in various combinations. The Auger  
spectroscopic results indicate that cathode mater ial  does not deposit on the 
anode unless the anode is passing a current  and that  the oxide on the anode 
formed by plasma anodization general ly has two layers, with the outer layer  
consisting of oxide of the cathode mater ial  and the inner  layer consisting of 
oxide of the anode material.  Evidence is presented which suggests that  the 
t ransfer  of cathode mater ial  to the anode is an integral  part  of plasma anod- 
ization. 

In  this paper we would like to report on an Auger 
spectroscopic study of metal  oxide films produced 
by plasma anodization. Auger spectroscopy (1) is 
a technique for ident i fying atomic elements and de- 
termining their  percentage concentrat ion on the surface 
of a sample. When combined with in situ ion etching, 
it allows one to determine the depth profile of the 
percentage concentrat ions of the atomic constituents 
of the sample (2). 

In  1963, Miles and Smith (3) introduced a method 
of forming an oxide layer  on a metal  surface which 
they called plasma anodization. They utilized a d-c 
oxygen gas at a pressure of 0.05 Torr. The surface 
r ing cathode held at --1000V in  a bell jar  filled with 
oxygen gas at a pressure of 0.05 Torr. The surface 
of the metal  sample to be anodized was mounted so 
that it would not see the cathode directly, supposedly 
to el iminate direct sput ter ing of cathode mater ial  onto 
the metal  sample surface. If a thin oxide layer was 
desired, the glow discharge was main ta ined  for a 
short period of time: a few seconds to some tens of 
minutes.  If a thicker oxide layer was desired, the 
metal  sample was made positive with respect to the 
system ground by means of an exlerna] rosi t ive volt-  
age applied to the samPle by a direct electrical con- 
nection, thus making the sample the anode. They found 
that the oxide thickness increased l inear ly  with the 
anode voltage applied and that for a fixed anode 
voltage the anode current  decreased to zero as the 
l imit ing thickness associated with that voltage was 
reached. By comparing this behavior  with the sim- 
i lar behavior  of anodization in an aqueous electrolyte, 
they called their  process plasma anodization and sug- 
gested that the oxygen plasma was playing the role 
of an electrolyte that supplies negative oxygen ions 
to the surface of the metal  anode where the oxide 
growth occurs. 

Since the pioneering work of Miles and Smith, 
there have been a number  of investigations of the 
phenomenon of plasma anodization. [See the article 
by Dell'Oca, Pulfrey,  and Young (4) for a review 
of the work up to 1971.] While many  of these investiga- 
tors have questioned the role of negative oxygen ions 
assumed by Miles and Smith, there have been only 
a few indirect  tests of the effect of negative oxygen 
ions on plasma anodization. O'Hanlon and Pennebaker  
(5) by applying a combinat ion of d-c and rf voltages 
to  the anode claimed to have shown that anodization 

1Present address: Department of Physics, Queen's University, 
Kingston, Ontario, Canada. 

would not occur under  conditions where the negative 
oxygen ion component of the anodizing current  was 
zero. Olive et aI. (6) questioned the conclusion of 
O'Hanlon and Pennebaker ,  in that they pointed out 
that the bias conditions employed would have pre-  
vented oxide growth whether  or not negative oxygen 
ions from the plasma were needed for growth. Olive 
et al. repeated this d-c and rf biasing experiment,  
but utilized a constant d-c current,  and claimed from 
the result  of their exper iment  that negative oxygen 
ions in the plasma were not utilized in plasma ano- 
dization. However, this test is a very indirect  one 
and, as Olive et al. pointed out, it depended on the 
validity of some of the theoretical equations assumed. 

The role of the cathode in plasma anodization, apart  
from that of being the source of the oxygen plasma, has 
always been assumed to be that of a source of con- 
taminat ion via reactively sputtered cathode mater ial  
(7, 8). It  is for this reason that in the l i terature  it 
is always advocated that the sample should face away 
from the cathode and be sui tably shielded, so that 
the surface being anodized cannot see the cathode 
directly. However, Leslie and Knorr  (9), in an earlier 
ellipsometric study of the plasma anodization of t an-  
talum, showed that under  certain conditions, even 
if the sample was facing the cathode, there was no 
direct sputter ing contaminat ion of the sample, in 
that the sample was not being coated with sputtered 
mater ia l  independent ly  of the growth of the oxide 
layer. However, as Knorr  and Leslie (10) showed 
in this earlier work on the plasma anodization of 
n iobium and tantalum, it is necessary to assume a 
model, i.e., one layer or two, values of refractive in-  
dexes, to in terpret  the ellipsometric data. For this 
reason, it was decided that only a more direct tech- 
nique such as Auger spectroscopy would be useful 
in the present study. 

Experimental Procedures 
The vacuum system and exper imental  a r rangements  

for producing the plasma anodized samples were the 
same, in general, as those used in the earlier ellipso- 
metric studies (9, 10). However, one significant dif- 
ference was that the samples were mounted facing 
away from the cathode. An a luminum shield that 
was 5 cm wide by 10 cm high was positioned parallel  
to the cathode and 8 cm away and was isolated elec- 
tr ically from the rest of the vacuum chamber. The 
samples were 0.1 mm foil and were mounted between 
mica sheets on the side of the shield away from the 
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cathode. The top mica sheet had a hole 0.5 X 1.0 cm 
that defined the active area of the sample. The sam- 
ples had a wire spotwelded to them, so that the 
anodization current  could be supplied, and the wire 
was insulated over its entire length in the vacuum 
space to prevent  leakage current.  

Because of the location of the sample facing away 
from the cathode, it was not possible to make ellip- 
sometric measurements  dur ing the growth of the 
oxide. The thickness of the oxide layer was estimated 
during growth from the change in the sample voltage 
at fixed anode current, which was compared to sim- 
ilar plots that had been calibrated in earlier ellip- 
sometric studies. 

Before mounting the samples, we had cleaned them 
by heating the foils to a red heat in a pressure of 
I0 -s Torr for a few minutes. The samples were all 
polycrystalline foil, and the material was Marz grade 
Ta and Nb foil purchased from Materials Research 
Corporation. After the cleaned sample was mounted 
in the vacuum chamber where the plasma anodiza- 
tion would take place, the system was pumped down 
to less than I0 -7 Torr. Then research grade oxygen 
gas was admitted to the vacuum chamber through 
a leak valve while a mechanical pump connected to 
the chamber through a sorption trap kept the pres- 
sure in the vacuum chamber at 0.05-0.07 Torr under 
flow conditions. Once the pressure was stable, the 
glow discharge was initiated by applying --800V to 
the cathode. The anodizing current applied to the 
sample was typically 2 mA, and the samples were 
anodized for periods of 2-6 hr. A number of different 
cathode and anode material combinations were used. 
We used cathodes of Ta, Al, and C, which all mea- 
sured 4 X I0 cm and a Nb cathode which measured 
2.5 • 8 cm. 

The Auger  spectrometer used in this study was 
manufac tured  by Physical Electronics Industr ies  and 
consisted of a stainless steel vacuum system (Model 
12-100) with ion pumps and t i tan ium subl imat ion 
pump, a cylindrical  mirror  analyzer  (Model 10-150) 
with an integral  5 keV electron gun, a 2 keV sputter  
ion gun (Model 04-161), a carousel specimen man ipu-  
lator (Model 10-502), and associated electronics. The 
plasma anodized samples were mounted on the carousel 
specimen ~ manipulator ,  which could accommodate 12 
samples at one time. After the vacuum system had 
been pumped down to 10 -9 Torr, the ion pumps were 
tu rned  off and the system was backfilled to a pres- 
sure of 5 • 10 -5 Torr  of krypton so that the ion 
etching could take place. Althbugh the sputter  ion 
gun had a m a x i m u m  ion voltage of 2 keV, the 
normal  conditions used in these experiments  were 
a 1 keV etching voltage and a constant  etching cur-  
rent.  Auger  spectra were obtained in two ways: First, 
complete Auger spectra (Auger signal vs. electron 
energy) were taken after different amounts  of etch- 
ing. In  this way it was possible to examine the sur-  
face of the sample after a specified thickness of 
the sample had been removed. In particular,  this was 
useful for de termining  all the elements of par t icular  
interest  in  a plasma oxide associated with a par -  
t icular  combinat ion of cathode and anode materials.  
Second, through the use of a mult iplexer,  it was 
possible to scan the Auger  signal occurring wi th in  
up to eight separate electron voltage ranges. In this 
way it was possible to pick a voltage range for each 
mul t ip lexer  channel  associated with a par t icular  Auger 
peak ident i fying a par t icular  element.  By scanning 
cyclically through these voltage ranges and displaying 
the Auger  signal vs. ion etching time, it was possible 
to see directly the var iat ion of the concentrat ion of 
the different elements ~ as we etched through the 
sample. Thus we could arr ive at an Auger depth 
profile of the atomic element  concentrat ions through- 
out the thickness of the plasma oxide layer. The 
"depths" in these depth profiles are ini t ia l ly  in terms 
of etching time, but  by performing subsidiary ion 
etching experiments,  it is possible to find the appro- 

priate factors for convert ing etching times into thick- 
nesses in angstroms. 

These subsidiary experiments  consisted of the fol- 
lowing: A fairly thick (approximately 2000A) layer  
of the plasma oxide, whose etch rate was to be deter-  
mined, was formed on the anode sample in the s tan-  
dard way, but  a cathode of the same metal  was 
used. Then a stainless steel mask with a 2 mm hole 
in it was placed over the anode sample, which was 
then mounted  in  the Auger system. The anodic oxide 
layer  was etched away using the constant current  beam 
of krypton ions of specified voltage, unt i l  the oxygen 
Auger signal had dropped to half  its ini t ial  con- 
s tant  value. The total etching time for this was noted 
and the etch was discontinued. The sample was re -  
moved from the Auger  system and the depth of the 
result ing circular hole in the plasma oxide layer  was 
measured using a Talysurf  4 depth profile measurer  
and /or  a Gaer tner  interference microscope. By divid-  
ing the measured depth in angstroms by the mea-  
sured etching time in seconds, one can arr ive at the 
etching rate in  angstroms per second for that p l a s m a  
oxide for the constant current  of Kr  ions of the 
specified voltage. This procedure was checked by 
growing a known thickness of anodic oxide on Ta 
or Nb in an electrolyte. The thickness was determined 
from the anode voltage used and the known anodiza- 
tion constant. The resul t ing anodic oxide layer  was 
then masked, ion etched, and the thickness measured 
in the same way as for the plasma oxide samples. 
The thickness measurements  so found were wi thin  
5% of those given by the anodization constants and 
the anode voltages, and so we estimate that the 
thicknesses of the plasma oxide layers were deter-  
mined within  5%. 

Exper imenta l  Results 
Ta anode and Nb cathode.--The first system that we 

studied was the plasma anodization of Ta using a Nb 
cathode. Figure 1 shows the complete Auger spectrum 
for the surface "as is" of a Ta sample, which we es- 
t imated to have a plasma oxide of approximately 
1750~k on its surface. The largest peak at 510 eV is 
associated with oxygen, as are the smaller  peaks be-  
tween 460 and 510 eV. The low energy peaks be-  
tween 150 and 200 eV are associated with Nb, except 
for the one peak at 180 eV which is associated with 
C1. All the peaks between 1600 and 2003 eV are also 
associated with Nb. The peaks at 260, 380, and 660 eV 
are associated with C, N, and F, respectively. The most 
interest ing thing about this spectrum is that there is 
absolutely no indicat ion of Ta o n  the surface of the 
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Fig. 1. Complete Auger spectrum of the surface of a plasma 
anodized Ta foil. Experimental conditions of the anodization: Nb 
cathode, cathode voltage --800V, oxygen pressure 0.06 Torr, sam- 
ple area 50 mm 2, anode current 2 mA for 2 hr. 
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sample. The arrow in Fig. 1 at 1680 eV indicates the 
position of the main  line for Ta which is at least 
as strong as the main  l ine for Nb at 1944 eV. In  Fig. 
1, there is an increase of signal sensit ivity of a factor 
of 10 for the region with electron energy greater than 
550 eV. By using the multiplexer,  and establishing 
appropriate channels, e.g., 250-300 eV for C, 490-520 
eV for O, 1650-1710 eV for Ta, 1920-1960 eV for Nb, 
etc., it was possible to monitor  the Auger depth pro- 
file of the atomic consti tuents of the plasma oxide 
layer. We chose to observe the higher energy peaks 
of Ta (1680) and Nb (1944) rather  than the stronger 
low energy peaks, because the Ta and Nb peaks 
overlap at low energy. 

Figure 2 shows the plot of the Auger signals for 
Nb, Ta, and O vs. etching t ime in seconds. The Auger 
signals are plotted in a rb i t ra ry  units, although it 
would be possible to process the data to give surface 
percentages. The Auger peaks associated with C1, C, N, 
and F disappeared wi thin  100 sec of etching, so they 
are associated just  with surface contaminat ion of the 
plasma oxide sample from the laboratory environ-  
ment  dur ing the t ransfer  to the Auger system. The 
etching was performed with a beam of 1 keV krypton 
ions. In  separate etching experiments,  the etching 
rate of such a beam was established to be 1 A/sec for 
Ta oxide and 0.8 A/sec for Nb oxide. 

Figure 2 shows that  there is no indication of Ta 
for at least 1000 sec of etching. The Auger signals 
for Nb and O are large and constant for the first 
1000 sec (apart  from the ini t ia l  100 sec of surface 
contaminat ion) .  Although Auger spectroscopy cannot 
establish the chemical state that the atomic con- 
st i tuents are in, the constant Nb and O Auger signals 
and the known reactivity of Nb indicates that the Nb 
is present  as an oxide. We can estimate the thickness 
of the Nb oxide layer in the following way. If we 
take the time at which the Nb Auger signal falls 
to half  its ini t ial  constant  value as an indication of 
the thickness of the Nb oxide, we see that this is 
1520 sec. If we take the half-height  of the O Auger 
signal as a measure of the total oxide thickness, we 
see that this is 1850 sec. We see that over the time 
between 1520 and 1850 sec the Ta signal is rising 
sharply, so we can at t r ibute  1520 sec of etch time to 
Nb oxide and 330 sec, i.e., 1850 -- 1520, to Ta oxide. Us- 
ing the etch rates of 0.8 A/sec for Nb oxide and 
1 A/sec for Ta oxide, we find that the plasma oxide 
consists of a top layer  of 1220A of Nb oxide and a 
bottom layer of 330A of Ta oxide. These thickness 
estimates may be in error from two sources. First, 
we are neglecting the mixing effect of the Ta and 
Nb, in that we are using the etching rate for Nb 
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Fig. 2. Auger depth profile of the atomic constituents of the 
plasma oxide on the Ta anode of Fig. 1. Etching time is a mea- 
sure of the thickness of the oxide layer that has been etched 
away, and the Auger signal gives the relative concentration of the 
atomic constituents on the surface of the layer remaining. 

oxide to convert  the etching t ime into a thickness, 
even though the last few hundred  seconds involve 
an increasing component  of Ta oxide. Second, the 
Ta oxide layer actually produced dur ing the plasma 
oxidation process will  certainly be less than our 
estimate here, because as soon as the clean Ta surface 
is exposed to oxygen, a surface layer of oxide will  
form immediately,  even without  a plasma. 

The interface between Nb oxide and Ta oxide is 
quite thick, in that the Nb Auger signal drops from 
90 to 10% of its ini t ial  value over 420 sec of etching 
time, which corresponds to a thickness of 336A. The 
corresponding 10-90% of the final value for the Ta 
Auger signal yields a width of 640 sec, which would 
t ranslate  into 640A, if we use the Ta oxide etching 
rate. However this figure is not as meaningful  as that  
for Nb, since, if there is a 330A layer of Ta oxide, 
We would expect the Auger  Ta signal to increase 
to a plateau through the oxide region and then 
increase again as we reach pure Ta. There is a 
suggestion in Fig. 2 that this is occurring, so we 
should real ly  take 90% of this plateau value, which 
appears to be 130, and 90% yields 117. Therefore the 
appropriate Ta oxide interface thickness is 320A; i.e., 
(1660 -- 1340) sec • 1 A/sec. Thus this simple anal -  
ysis suggests that there is a cross-over or t ransi t ion 
region of Nb oxide to Ta oxide of approximately 
320-340A. The mean escape depth of the Auger elec- 
trons in this energy range is 20A, so this cannot 
account for such a broad transi t ion region. It may 
be a real effect of the oxide formation or it may be 
caused by the polycrystal l ine foils that we are using, 
which have very  small grain  size. The resul t ing grain 
boundaries  might affect the results in  two ways. First, 
diffusion along grain boundaries  is known to occur 
much faster than through the bulk, and this may be 
producing a greater mixing distance of the species 
dur ing the oxidation process. Second, it is possible 
that the ion etching rate may be greater  at the grain 
boundaries than through the bulk, and thus the 
etching would expose mater ial  far ther  into the sample 
along the grain boundaries.  This would cause an 
apparent  broadening of the t ransi t ion region. The 
magni tude  of both of these effects is unknown.  Ob- 
viously, repeating these experiments  on single crystal 
anodes would el iminate these possible problems and 
show whether the large t ransi t ion regions that we 
obtain in  these experiments  are intrinsic to the 
plasma oxidation process. It is for this same experi -  
menta l  reason that we have adopted a rather  simple 
approach to analyzing the plasma oxide into two 
layers, and we have not worried about the details 
of what  is occurring in the interface region between 
the layers. 

Figure 3 shows the Auger depth profile of the 
atomic consti tuents of another  plasma oxide layer 
produced on a Ta anode using a Nb cathode. The 
exper imental  conditions of cathode voltage, anode 
current,  and oxygen pressure were similar  to those 
for the sample of Fig. 2, the only major  difference 
between the two being that the plasma oxide in Fig. 3 
was grown for a longer time. The most s tr iking fea- 
ture of Fig. 3 is that once again, as in F~ig. 2, there 
is no indication of any Ta unt i l  the sample has been 
etched for 1500 sec. Let us use the ha]f-heights of 
the Auger signals for Nb and O to indicate the thick- 
ness of the Nb oxide and the total oxide thickness, 
respectively, i.e., the same procedure as in Fig. 2. 
We find that the Nb oxide has an etching t ime of 
2220 sec which corresponds to a thickness of 1780A. 
The total etching time for the oxide is 2500 sec. There-  
fore the Ta oxide thickness is 280A, i.e., (2500 -- 2220) 
sec • 1 A/sec. The main  point  to note is that the 
Nb oxide in Fig. 3 is 560A thicker than in Fig. 2, 
whereas the Ta oxide layer is almost the same thick- 
ness for the two samples. The other str iking feature 
of Fig. 3 is that there is no indicat ion of a shoulder 
associated with a plateau in the Ta Auger signal. The 
thickness of the t ransi t ion region is hard to establish 
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Fig. 3. Auger depth profile of the atomic constituents of the 
plasma oxide on a Ta anode. Experimental conditions of the 
anodization: Nb cathode, cathode voltage --800V, oxygen pres- 
sure 0.05 Torr, sample area 50 mm 2, anode current 2 mA for 3 hr. 

because of this fact and also the fact that  the Nb 
Auger  signal starts to fall  s lowly for 503 sec, be tween 
1500 and 2000 sec before descending sharply. If we 
take the sharp descent as the indication of the in ter -  
face, then the 90-10% Nb Auger  t ransi t ion region 
occurs over  400 sec of etching t ime between 2060 
and 2460 sec. This translates into a 320A Nb oxide 
t ransi t ion width  which is almost identical  to what  
was found for Fig. 2. However ,  there  is some indica- 
tion of a s l ightly longer  tail in the Ta distr ibution 
into the Nb oxide. The total sample thickness is 
1780A Nb oxide + 320A Ta oxide for a total  th ick-  
ness of 2103A 

Now, f rom the results of Fig. 2 and 3, one might  
suspect that  all that  is happening is that  cathode 
mater ia l  is being sput tered onto the anode sample 
and contaminat ing it. However ,  we must point out, 
most emphatical ly,  that  if  no voltage is applied to 
the anode sample then less than 100A of cathode 
oxide is formed on the sample regardless of the 
length of t ime that  the sample is left  in the glow 
discharge. Ta samples were  processed in exact ly  the 
same way as those of Fig. 2 and 3 and were  exposed 
to the plasma for the same times as those samples, 
with the exception that  no anode current  was sup- 
plied. The samples were  analyzed in the Auger  sys- 
tem, and the Nb oxide on the surface etched away 
in less than 109 sec. This init ial  buildup of less than 
80A of Nb oxide can be understood in terms of an 
effective vol tage on the sample due to a difference 
in potential  be tween the plasma and the sample. 

Nb anode and Ta cathode.--Next  we studied the 
growth  of a plasma oxide on a Nb anode using a Ta 
cathode. The exper imenta l  conditions of cathode vol t -  
age, anode current,  and oxygen pressure were  similar  
to the ear l ier  samples. Figure  4 shows the Auger  
depth profile of the atomic constituents of a plasma 
oxide layer  produced on a Nb anode with a Ta 
cathode. The most s tr iking feature  of Fig. 4 is that  
a Nb oxide layer  has been formed under  the Ta 
oxide layer  on the surface. Using the hal f -heights  
of the Ta and O Auger  signals to de termine  the etching 
t ime through the Ta oxide and the total oxide thick-  
ness, we arr ive  at etching times of 820 sec for the 
Ta oxide and 2980 -- 820 = 2t60 sec for the Nb 
oxide. Using the etching rates of 1 A/sec  for Ta 
oxide and 0.8 A/sec  for Nb oxide, we ar r ive  at 820A 
of Ta oxide as the outer  layer  and 1730i  of Nb oxide 
as the inner  layer  for a total thickness of 2550A. 
Other  in teres t ing things to note about Fig. 4 are 
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Fig. 4. Auger depth profile of the atomic constituents of the 
plasma oxide on a Nb anode. Experimental condition of the ano- 
dization: Ta cathode, cathode voltage --800V, oxygen pressure 
0.06 Torr, sample area 50 mm 2, anode current 2 mA for 4 hr. 

that  a low concentrat ion of Nb penetra tes  through 
the Ta oxide layer  almost to the surface of the 
sample and the Ta concentrat ion drops throughout  
the outer  oxide layer.  So we probably have some 
mixing  going on in this outer  layer,  wi th  the outer  
surface being ent i re ly  Ta oxide and the concentra-  
tion of Nb oxide increasing throughout  this layer. 
Using the 90-10% drop in Auger  signal for Ta to 
define the thickness of the Ta o~:ide interface region, 
and using the value of the Auger  signal at 600 sec, 
i.e., 136, we find that  the interface thickness of the 
Ta oxide is 320 sec, which translates into 320A, which 
is exact ly  the same as what  was found for the samples 
of Fig. 2 and 3. Since there  is this large penetra t ion 
of Nb oxide into the Ta oxide, it is a l i t t le  harder  
to define an interface thickness for the Nb oxide, but 
if we take 10-90% of the jump be tween  the pla teau 
at 20 and the final value of 100, we find an etching 
thickness of 310 sec, which is very  close to the t ime 
for Ta oxide, but  using a conversion of. 0.8 i / s e c  
this translates into a thickness of 248A. The O peak 
drops off more slowly as we approach the end of 
the oxide, and the interface region is 640 sec thick, 
which corresponds to 512A. 

Nb a~ode and A1 cathode.--Many studies of plasma 
oxidation have used a luminum as the cathode material ,  
consequently,  we thought  that  we should see wha t  
effect this would have on the growth of the plasma 
oxide on Nb and Ta anodes. The exper imenta l  condi- 
tions of cathode voltage, anode current,  and oxygen 
pressure were  similar  to the ear l ier  samples. F igure  5 
shows the Auger  depth profile of the atomic consti tu- 
ents of the plasma oxide obtained for a Nb sample 
plasma oxidized using an A1 cathode. Once again, the 
most str iking feature  of Fig. 5 is that  the plasma 
oxide consists of an outer  layer  of A1 8xide and an 
inner  layer  of Nb oxide. Using the hal f -heights  of 
the AI and O Auger  signals to de termine  the etching 
t ime through the A1 oxide and Nb oxide, we ar r ive  
at etching t imes of 590 sec for the A1 oxide and 
1820 -- 590 = 1230 sec for the Nb oxide. The etching 
rate for Nb oxide is 0.8 A/sec  and the etching rate  
for A1 oxide is also 0.8 A/sec,  thus, the A1 oxide outer  
layer  is 470A thick and the Nb oxide inner  layer  
is 980A thick. The 10-90% thickness of the A1 oxide 
interface is 360 sec which corresponds to 290A. Quite 
a pronounced dip in the O Auger  signal is seen at 
the interface of the A1 oxide and Nb oxide in Fig. 5. 
It can also be seen to a lesser extent  in Fig. 4 at 
the interface be tween  the Ta oxide and the Nb oxide. 

Ta anode and Al  cathode.--Figure 6 shows the Auger  
depth profile of the atomic constituents of the plasma 
oxide obtained with  a Ta anode and an A1 cathode. 
The exper imenta l  conditions of cathode voltage, anode 
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Fig. 6. Auger depth profile of the atomic constituents of the 
plasma oxide on a Ta anode. Experimental conditions of the 
anodization: AI cathode, cathode voltage --800V, oxygen pressure 
0.07 Torr, sample area 50 mm 2, anode current 2 mA for 3 hr. 

current,  and oxygen pressure were similar  to those 
for the other samples. Although Fig. 6 shows a much 
th inne r  plasma oxide layer  than some of the other 
samples, the general  feature of an outer oxide of 
cathode mater ia l  and an inner  oxide of the anode 
mater ial  can be clearly seen. Using the half-height  
Auger  signals for A1 and O to denote the thicknesses 
of the outer layer  and of the outer plus inner  layers, 
respectively, we find that the etching time for the 
A1 oxide layer  is 240 sec and for the Ta oxide layer  
is 930 -- 240 _~ 690 sec. Using the etching rates of 
0.8 A/sec for A1 oxide and 1 A/sec for Ta oxide, the 
A1 oxide has a thickness of 190A and the Ta oxide 

has a thickness of 690A. The t ransi t ion width (de- 
fined as the etching t ime to go from l0 to 90% of 
the Auger peak) is 280 sec for both the A1 peak 
and the Ta peak and 590 sec for the O peak. 

Cu anode and Ta cathode.--Since all the anode 
materials that  we had tried up to this point  were 
substances that  oxidized reasonably well, i.e., Ta and 
Nb, we thought that it might  be interest ing to t ry 
as an anode mater ia l  a substance that did not oxidize 
as readily. We therefore decided to try an anode of 
Cu foil. We thought that this might  give some infor-  
mat ion on the importance of the oxidation abil i ty of 
the anode in  this plasma anodizat ion process. Figure 
7 shows the depth profile of the atomic constituents 
of the resul t ing plasma oxide on a Cu anode due to 
a Ta cathode. Figure 7 shows that a layer  of Ta oxide 
was formed on the surface of the Cu dur ing  the 
plasma anodization process, but  there is no evidence 
of oxidation of the Cu. This can be seen from the 
fact that  the O and Ta Auger  signals drop to zero 
together, and there is no appreciable shift as is 
evident in  the earlier samples (see Fig. 2-6). Using 
the half-height  of the Ta Auger signal, we find that 
the etching time for the Ta oxide layer  is 730 sec 
which corresponds to a Ta oxide thickness of 730A. 
A very small  Cu Auger signal was discernible through-  
out most of the Ta oxide layer, but  it only started 
to increase appreciably at a depth of 700A into the 
Ta oxide layer. One other feature that is notable in 
Fig. 7 is the presence of a sizable C Auger signal 
throughout  the Ta oxide layer. In  all the other sys- 
tems studied, the C Auger  signal dropped quickly 
to zero after the etching commenced, indicat ing that 
the C was present  just  as surface contamination.  
Whether  the presence of this C is impor tant  to the 
formation of the Ta oxide layer  is unknow n  at this 
time, but  the C was present  in all samples of this type. 

Cu anode and Al cathode.--Having succeeded in 
forming a Ta oxide layer on the surface of a copper 
anode using plasma anodization, we thought that it 
might be interest ing to repeat this exper iment  with 
an A1 cathode. Figure 8 shows the depth profile of 
the atomic consti tuents of the resul t ing oxide. The 
exper imental  conditions of cathode vo]tage, anode 
current,  and oxygen pressure were similar to those 
for all other samples. While growing this oxide, we 
noted that the anode voltage was not changing with 
time as occurred with all the other samples. We cozl- 
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Fig. 8. Auger depth profile of the atomic constituents of the 
plasma oxide on a Cu anode. Experimental conditions of the 
anodization: AI cathode, cathode voltage --800V, oxygen pres- 
sure 0.06 Torr, sample area 50 mm ~, anode current 2 mA for 6 hr. 

t inued the exper imental  run  for 6 hr, whereas all 
other runs took between 2 and 4 hr. Figure  8 shows 
that there is at most 100 sec of A1 oxide on the 
surface of the copper and that there is no appreciable 
indicat ion of oxidation of the Cu. The Cu Auger 
signal is observable at the surface of the sample and 
starts to increase as soon a s  the ion etching com- 
mences. The C Auger  signal quickly drops to zero 
wi th in  50 sec of etching, unl ike  the si tuation with 
the Ta cathode, and indicates that C is present  only 
as a surface layer. 

C c a t h o d e . - - A l l  the data that has been presented in 
Fig. 1-8 involved the use of cathodes such as Nb, 
Ta, and A1 which form stable oxides. If the only 
thing that is impor tant  about the cathode is that  it 
should have a low sput ter ing rate, then it should 
be possible to do plasma anodization using a carbon 
cathode. Carbon has as low a sput ter ing rate as Ta 
and Nb and lower than A1. We tried using a graphite 
cathode and successively anodes of Nb, Ta, and Cu. 
The exper imental  conditions of cathode voltage, anode 
current,  and oxygen pressure were simi]ar to those 
for the other systems. In each case we observed the 
following two things. First, the anode voltage did 
not increase with time, although some of the experi-  
menta l  runs lasted for several hours. Second, the 
plasma was a different color, i.e., a deep blue ra ther  
than the greenish white that  occurred with the other 
metall ic cathodes. When we observed the anode sam- 
ples with the Auger system after several hours of 
t ry ing to form a plasma oxide, we found that there 
was no evidence of oxidation of the anode metals, 
apart  from the approximately 100A surface layer  of 
anode oxide that resulted from exposure of the clean 
anode surfaces to oxygen. 

Discussion of  Results 
Let us commence by enumera t ing  the facts that 

have been established by this Auger spectroscopic 
s tudy of plasma anodization: 

1. There is clear evidence of t ransport  of cathode 
mater ia l  to the anode dur ing plasma anodization, even 

when the anode is facing away from the cathode 
and is located on the back of a shield. 

2. Deposition of cathode mater ia l  on the anode 
does not occur unless a current  is passing through 
the anode. 

3. Cathode mater ia l  is present  in the form of an 
oxide on the anode. 

4. The oxide on the anode formed by  plasma oxida- 
t ion is general ly composed of two layers, with the 
outer  layer  being composed of oxide of the cathode 
mater ial  and the inner  layer  being composed of oxide 
of the anode material .  The point to note is that  the 
cathode oxide is always found as an outer layer. 

5. The cathode oxide thickness can be a significant 
fraction of the total oxide thickness, but  the fraction 
depends on what  materials  were used for the anode 
and cathode. 

6. In  certain cases, it  appears to be impossible to 
form substant ia l  amounts  of cathode oxide on the 
anode. For example, it  appears to be impossible to 
grow more than 100A of A1 oxide on Cu, but  it is 
possible to form 730A of Ta oxide on Cu in  a com- 
parable  amount  of time. 

7. It is impossible to plasma oxidize Ta, Nb, or Cu 
using a C cathode. 

With the informat ion that  is avai lable from these 
Auger  spectroscopy experiments,  we cannot arr ive 
at a complete theory of what  is occurring in  plasma 
anodization. But we can take the first step toward a 
theory by considering different possible models that  
are consistent with the facts revealed in these Auger  
experiments.  In arr iving at such models, the best that  
we can do at this stage is to ask questions and give 
the most plausible answers consistent with the facts. 

The Auger  results show that  cathode mater ia l  
reaches the anode and is present  there as an oxide. 
Is this cathode mater ia l  reaching the anode in ele- 
menta l  form or as an oxide molecule? Is the cathode 
mater ia l  charged or neutra l  as it reaches the anode? 
We feel that it is most l ikely that the cathode mater ial  
is reaching the anode in the form of a negat ively 
charged oxide molecule of the cathode material .  We 
feel that  the cathode mater ia l  has to be oxidized, be- 
cause what  is taking place is reactive sput ter ing of 
the cathode. We feel that the cathode mater ia l  has 
to be charged, because, if it were neutral ,  what  would 
cause it to reach the anode only when the anode is 
passing a current? The charging of the cathode oxide 
molecules could occur dur ing the sputtering, i.e., a 
certain percentage of the molecules sputtered off the 
cathode would be charged, or wi th in  the plasma by 
electron attachment.  

Is the cathode oxide formed on the anode just  a 
"dirt" effect or is it an integral  part  of the plasma 
oxidation process? The usual  approach in the l i tera-  
ture  is to assume that sput ter ing from the cathode 
is just  a dirt  effect that can cause contaminat ion of 
the growing oxide. The proposed solution is to tu rn  
the anode away from the cathode so that  the anode 
sample cannot see the cathode directly. However, the 
assumption in this approach is that any mater ia l  
sputtered from the cathode will t ravel  in a straight 
l ine of sight and stick to the first thing that it hits. 
At the pressures of 0.05-0.07 Tor t  used in  these 
studies, rthe mean free path is so short that  any 
sputtered mater ia l  is going to make many  collisions 
with gas molecules while t ravel ing from the cathode 
to the anode, and thus be scattered throughout  the 
volume of the gas. This sputtered cathode mater ia l  
is not sticking to the first surface that  it hits, as is 
assumed, because substant ial  amounts  of cathode ma-  
terial, i.e., more than 100A, are not found on the 
anode surface unless the anode is passing a current.  
Final ly,  if the cathode oxide is just  a dirt  effect and 
the oxide growth is by some other means, e.g., negative 
oxygen ions, why is not the cathode oxide incorporated 
into the anode oxide in a uniform m a n n e r  through-  
out the whole thickness of the oxide layer  on the 
anode? Instead, we always find that  the cathode oxide 
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occurs as a well-defined layer  on the outside of 
any  oxide of the anode material.  

Can we suggest a model to explain the observed 
two- layer  s tructure of the oxides produced by plasma 
anodization? One possible model is the following: The 
outer oxide layer is formed by absorption of charged 
cathode oxide molecules, which have been attracted 
to the anode surface by the electric field at the sur-  
face of the outer oxide. The oxygen for the growth 
of the inner  oxide layer, i.e., the anode oxide layer, 
comes from the oxygen in the outer oxide layer. Thus 
the relative reactivi ty of the anode and cathode ma-  
terials would be impor tant  in de termining the rela-  
tive thicknesses of the inner  and outer oxide layers. 
In  this way, one could explain why little Ta oxide 
forms under  the Nb oxide in the Ta anode and Nb 
cathode situation, whereas lots of Nb oxide forms 
under  the Ta oxide in the Nb anode and Ta cathode 
situation, if the Nb is more reactive than the Ta and 
the Nb oxide has a much larger b inding energy than 
the Ta oxide. In  this model, no oxygen would have 
to come directly from the plasma in the form of 
negative oxygen ions. The absence of oxide growth 
observed when a carbon cathode is used in the plasma 
anodization exper iment  supports this model. The car- 
bon sputtered off the cathode is probably in the 
form of CO or CO2 molecules. The binding energies 
of these molecules are large and it is not possible to 
form a layer of CO or CO2 on the surface of the 
anode. Therefore, we get no layer  of cathode oxide 
which can be a source of oxygen for the growth of 
the under ly ing  layer  of anode oxide. 

The only other model that we could have to ex- 
pla in  the two-layer  na ture  of the oxides produced 
in the plasma anodization process is the following: 
The outer oxide is formed by deposition of the cathode 
oxide mater ial  on the anode surface or by reaction 
of cathode mater ia l  and oxygen ions on the anode 
surface. However, as soon as this outer  cathode oxide 
is formed on the anode surface it is then inactive, and 
the growth of the under ly ing  anode oxide is due to 
oxygen ions moving through the outer layer to reach 
the anode metal  underneath.  This might  be called 
the cathode dirt  model, in that the sputter ing of 
cathode mater ial  is given the role of just  producing 
a layer of cathode oxide dirt on the surface of the 
anode and another mechanism has to be invoked for 
the growth of the under ly ing  anode oxide. However, 
such a model has a number  of problems. How can 
it explain the fact that Ta oxide does not grow 
appreciably under  the Nb oxide layer whereas Nb 
oxide does grow appreciably under  a Ta oxide layer? 
How can it explain the fact that anode materials  
do not oxidize when a carbon cathode is used? Since 
C has as low a sput ter ing rate as Ta and Nb, if we 
invoke the presence of oxygen ions as the oxidizing 
agent in the case of Ta or Nb cathodes, it is difficult to 
see why there would not be oxygen ions present  also 
in the case of a C cathode and we would, consequently, 
expect some oxidation of the anode materials  in con- 
trast to what  is observed. 

It must  be emphasized that the results of the 
ellipsometric studies (9, 10) mentioned earlier are 
consistent with the present  Auger spectroscopic stud- 
ies. For example, the ellipsometric study of the plasma 
oxidation of t an ta lum (9) showed that there was 
no direct sput ter ing contaminat ion of the sample, in 
that the sample was not being coated with sputtered 
mater ial  independent  of the ~rowth of the film. 
Exactly the same result  is observed in this Auger 
spectroscopic study, in that no appreciable, i.e., more 
than 100A, deposition of cathode oxide occurred re-  
gardless of the length of time that the sample was 
exposed to the plasma as long as no anodizing current  
was supplied to the sample. Of course we can even 
unders tand  this init ial  bui ldup of 100A of cathode 
oxide in terms of an effective voltage on the sample 
due to a difference in potential  between the plasma 
and the sample. The fact that the ellipsometric results 

for the plasma anodization of Ta could be fitted with 
a single Ta oxide layer model with a refractive index 
of 2.21 is not at variance with the general  behavior  
revealed by these Auger spectroscopic studies of a 
two- layer  model, consisting of an outer layer  of 
cathode oxide and an inner  layer of anode oxide. In  
those ellipsometric studies of plasma anodization of 
Ta and Nb (9, 10), the cathode mater ial  used was 
Ta. Thus in the plasma anodization of Ta, the cathode 
oxide and the anode oxide would both be Ta oxide 
and a single layer model could be expected to be an 
excellent fit. Even in the case of the plasma anodiza- 
tion of Nb, the ellipsometric results could be fitted 
with a single Nb oxide layer  model with a refractive 
index of 2.30. The Auger spectroscopic results of Fig. 
4 for the Nb anode and Ta cathode case suggest that  
the plasma oxide consisted of an outer layer of Ta 
oxide comprising 32% of the total thickness of the 
film and an inner  layer  of Nb oxide comprising 68% 
of the total thickness of the film. If the true index of 
refraction of the Nb oxide layer  were slightly higher 
than 2.30, e.g., 2.37 (4), it is not surpris ing that  a 
single layer model with an index of refraction of 
2.30 might fit quite well  to an actual si tuation con- 
sisting of two layers with indexes of refraction of 
2.21 and 2.37 with the lower index for 32% of the 
film thickness and the higher index for 68% of the 
film thickness. 

These Auger  spectroscopic results also help us to 
unders tand  the earlier ellipsometric studies of plasma 
anodization of Ta and Nb by Lee et  al. (11). They 
found that they could fit their ellipsometric results 
only with a two-layer  model for the plasma oxide 
on Ta or Nb, although Knor r  and Leslie (10) showed 
later  that this two- layer  fit was not unique since the 
ell ipsometry data could be fitted equally well by a 
single oxide layer  possessing some absorption. How- 
ever, apart  from the problems of interpretat ion,  there 
are definite differences between the ell ipsometry data 
of Lee et al. and that of Knorr  and Leslie on the 
plasma anodization of Nb and Ta. The present  Auger 
spectroscopic study suggests the reason for these 
differences. In the case of Knor r  and Leslie, a Ta 
cathode was used, while in the case of Lee et  al., 
an A1 cathode was used in the plasma anodization 
process. Figure 5 suggests that their plasma oxide 
layer on Nb might have consisted of an outer layer  
of A1 oxide forming 32% of the total film thickness 
and an inner  layer of Nb oxide forming 68% of the 
total film thickness. Figure 6 suggests that their plasma 
oxide layer on Ta might have consisted of an outer 
layer  of A1 oxide forming 22% of the total film 
thickness and an inner  layer of Ta oxide forming 
78% of the total film thickness. The index of refrac- 
tion of A1 oxide is 1.62 (12) and is thus very different 
from the index of refraction of Ta oxide or Nb 
oxide, wbich are 2.21 and 2.37, respectively. Thus it is 
not surprising that Lee et  al. could not fit their  ellip- 
sometry data with a single layer model with a real 
index of refraction. 

Conclusion 
These Auger spectroscopic studies of plasma oxides 

indicate clearly that mass t ransfer  from a cathode 
to the anode is occurring in the plasma anodization 
procedure. They show that in general  the plasma 
oxide consists of two layers, with an outer layer  
consisting of oxide of cathode mater ial  and an inner  
layer  consisting of oxide of the anode material.  Evi-  
dence is presented which suggests that the t ransfer  
of cathode mater ial  to the anode may be an integral  
part  of the plasma anodization procedure, in that 
the oxygen for the oxidation of the anode material  
may come from the outer layer of cathode oxide 
rather  than directly from oxygen ions in the plasma. 
Obviously, such a suggestion needs fur ther  experi-  
menta l  testing before one can conclude that this is 
the dominant  mechanism in plasma anodization. Work 
is cont inuing on this aspect of the problem, but  
perhaps the results so far will focus more at tent ion 
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on the exact role of the cathode in the plasma ano-  
dization process, ra ther  than the current  assumption 
in the l i tera ture  that  the cathode is needed just  to 
produce the oxygen plasma and that  any sput ter ing 
of cathode mater ia l  is an unwanted  side effect. 
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On the Influence of Sensitization of the Electron Transfer 
Through the Interface Zinc Oxide/Electrolyte by Salt Additions 
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ABSTRACT 

To study the mechanism of the spectral sensitization with the electro- 
chemical cell 

~- In /ZnO-s ing le  crysta l /dye ~- e lectrolyte/Pt  -- 

measurements  of the photocurrent  influenced by salt additions to the elec- 
trolyte were performed. The ZnO-semiconductor-anode operates as a probe 
for excited states of dyes acting as sensitizer for the charge transfer  through 
the interface zinc oxide/electrolyte.  By addition of B r - ,  J - ,  SCN- ,  and 
SeCN-  ions to the dye-conta in ing electrolyte a significant increase of the 
sensitized photocurrent  was generated. This enhancement  can either be at-  
t r ibuted to  a change of the dye adsorption on zinc oxide or be explained by 
the fluorescence quenching of the adsorbed sensitizer in the presence of halide 
ions. With this quenching, radical anions F'-- or excited tr iplet  states ~F* of 
the dyes are produced which are responsible for the increase of the phot O - 
current.  The possible single steps of this reaction are discussed. 

The electrochemical photosensitization of the elec- 
t ron t ransfer  through semiconductor interfaces has 
been studied extensively because of its importance for 
photographic and electrophotographic processes (1-4). 
Recently, it has also gained interest  with regard to 
possible application to direct solar energy conversion 
into electrical energy (5). Proposals for such solar cells 
have been made ~6), however their  technical usabil i ty 
must  be tested critically for every system. One of the 
main  difficulties of photozonductor-electrolyte cells is 
the insufficient photochemical stabil i ty of the semicon- 
ductor electrode, as well  as of the electrolyte at con- 
t inuous operation, a problem which still has to be 
cleared, al though attempts have been made in this field 
(7). 

The first experiments  with zinc oxide single crystals 
as the electrode in an electrochemical cell were car- 
ried out by Dewald (8). This technique permits  the 
investigation in more detail of the sensitized charge 
t ransfer  caused by dyes and dye mixtures  which are 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key words: dye sens i t i za t ion ,  p h o t o s e n s i t i z a t i o n ,  Z n O / e l e c t r o -  

l y t e  i n t e r f a c e ,  e l e c t r o c h e m i c a l  cell ,  r e d u c i n g  f l u o r e s c e n c e  q u e n c h -  
ing ,  dye adsorption. 

dissolved in the electrolyte. Zinc oxide belongs to the 
group of n - type  semiconductors because of the presence 
of an excess of zinc existing as zinc ions in interst i t ial  
positions accompanied by an equivalent  n u m b e r  of 
free electrons. With anodic polarization ah exhaust ion 
boundary  layer is generated owing to a decrease of 
the concentrat ion of free electrons in zinc oxide near  
the ZnO/electrolyte  interface which results in a bend-  
ing up of the bandedges. Consequently, by this for- 
mat ion of a blocking barr ier  layer the inhibi ted anodic 
current  amounts  only to 10-n-10  -10 A / c m  2 (V ---- 1- 
3V vs. Ag/AgC1/O.1N KC1) compared to 10-6-10 -5 A /  
cm 2 with cathodic polarization (V : --1 to --2V vs. 
Ag/AgC1/O.1N KC1) of the zinc oxide crystal. 

I l luminat ion  with a wavelength  of k : 385 rim, cor- 
responding to the distance of the bandedges of EG 
3.2 eV (9), causes a photoconductivity.  A photocur- 
rent  can also be produced if dye molecules adsorbed 
at the surface are i l luminated and inject electrons into 
the conduct(on band of zinc oxide. Generally,  such a 
process occurs by electronically excited molecules, 
generated either by a chemical reaction (10) or by 
optical excitation. The charge carriers increase the 
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anodic current  by several orders of magni tude  a~tain- 
ing values of iphoto --~ 10-s-10 -7 A/cmk The electronic 
t ransfer  reaction by means of a dye D can proceed in  
the following way 

h~, + 
D (solv) ~- D (ads) ~- D* (ads) -* D �9 (ads) -F e' (ZnO) 

[1] 

In  previous investigations (11), it was demonstrated 
that  an enhancement  of the sensitized photocurrent  ap- 
pears if halides are added to the dye-conta in ing elec- 
trolyte. This process was explained by the fluorescence 
quenching of the excited dye, par t icular ly  rhodamine 
B, giving rise to the tentat ive assumption that  the 
halides react  by an electron exchange with the dye. 
Therefore, the yield of fluorescence and thus the cor- 
responding yield of the photocurrent  should depend 
on the redox potential  of the added halides as dis- 
cussed by Baur  (12) as well as by Weiss and Fischgold 
(13). This reducing fluorescence quenching described 
by FSrster (14) effects a pe rmanen t  regenerat ion of 
the inject ing sensitizer. In  the absence of the quench-  
ing anions, the oxidized dye radicals which are formed 
according to Eq. [1] can bleach photochemically much 
more easily and are no longer available for a repeated 
sensitizing reaction. Under  this aspect, it was of in ter -  
est to study the correlat ion between the decrease in  
the fluorescence of the sensitizer and the observed 
increase in the quan tum yield of the sensitized photo- 
current.  These measurements  were performed with 
the following electrochemical cell 

-]- In] ZnO ] dye + electrolyte I Pt -- 

The anodically polarized ZnO electrode is a probe 
for the detection of excited states of the adsorbed dye 
molecules. In contrast to a metal electrode an electron 
transfer to the semiconductor anode is only possible 
via energetically high dye levels which can be occupied 
by optical excitation. In the following experiments, 
rhodamine B (RHB) was used as sensitizer because 
of its good sensitizing efficiency. In order to clarify the 
adsorption of RHB, zinc oxide powder was employed 
since the amounts of the dye adsorbed on a ZnO single 
crystal are too small By these experiments, particu- 
larly the question had to be clarified to what extent 
an increase of the photocurrent is related to an en- 
hanced dye adsorption by addition of salts. Neces- 
sarily, a current flowing through the electrochemical 
cell requires a charge exchange through the interface 
ZnO/electrolyte. Furthermore, an increase of the 
anodic photocurrent under constant potentiostatic con- 
ditions corresponds to a larger electron injection into 
the conduction band of ZnO. By means of anodic polar- 
ization experiments, the discharge kinetics of the 
space-charge layer was measured after switching off 
the external voltage source. The capacity of the space- 
charge layer will be discharged owing to an uptake 
of electrons by the positively polarized ZnO crystal 
which are released due to an oxidation of the adsorbed 
sensitizer molecules. 

Iks is demonstrated in this paper, under certain con- 
ditions measurements in the electrochemical cell rep- 
resent model experiments for the discharge of electro- 
photographic layers. 

Experimental  
Photocurrent measurements.--The experimental  set- 

up including the circuit with the electrochemical cell 
is schematically represented in Fig. 1. An extensive 
description was published earlier (1). The undoped 
ZnO single crystal was with its (0001) face ( =  Zn 2+ 
face) in contact with the electrolyte. It was polar-  
ized potentiostatically with a voltage of -F1.5V vs. a 
Ag/AgC1/O.1N KC1 reference electrode. The cathode 
consisted of a platinized platinum net with a suffi- 
ciently large area. The illumination was carried out 
with a xenon high pressure lamp XBO 75W/2 of 
Osram and a Farrand grating monochromator through 
the rear of the crystal. The used light was irradiated 

XBO 75 

A A h 

Z 
Fig. 1. Electrical circuit and optical arrangement of the ex- 

perimental setup. P, potentiostat; Z, electrochemical cell; $1, $2, 
recorder; M, monochromator; V, electrometer; E, ZnO-single crys- 
tal; A, picoammeter; R, reference electrode. 

in  the optical absorption ma x i mum of the dye (---- 
RHB) amount ing  to ~ = 555 nm. The density of the 
photon flux had a value of 3 X 1014 photons/cm 2 sec at 
550 nm and was measured by means of a RCA photo- 
diode SD 100. The action spectra of the photocurrents  
have been corrected to this photon flux. 

The current  and the voltage were recorded with a 
Keithley picoammeter 417 and a Keithley electrometer 
610 R, respectively. The aqueous electrolyte with a 
volume of 15 ml  consisted of an acetic acid-sodium 
acetate buffer of 0.1 mole/ l i ter  yielding a pH of 4.6. 
An addition of a conducting salt was not necessary. 
For the removal of oxygen in the electrolyte, the cell 
was flushed with purified ni t rogen 15 min  before 
every measurement .  

Polarization measurements.--In addit ion to photo- 
current  measurements  discharge experiments  were 
carried out in the electrochemical cell at the ZnO 
single crystal polarized anodically with 4V. After 
switching off the external  voltage source, the t ime 
slope of the discharge of the space-charge layer in the 
crystal and the electric double layer  at the interface 
ZnO/electrolyte  was recorded by potential  measure-  
ments. These experiments  were performed in  the 
presence of various salts in  the electrolyte at an open 
external  circuit both in the dark and under  i l lumina-  
tion. 

Discharge experiments with ZnO-resin layers.--In 
order to study the influence of salt additions to a ZnO- 
resin layer on the speed of the sensitized discharge 
under  i l lumination,  suitable ZnO-res in  layers were 
charged up under  a corona operating at about 12,000V. 
Then they were exposed to light of a defined photon 
flux and wavelength in a closed chamber  with a re-  
volving plate and a t ranslucent  probe for potential  
measurements.  The exact experimental  details have 
been published (15). 

For this purpose a dispersion consisting of a RHB 1 
doped zinc oxide powder 2 in a to luene-res in  solution 8 
With and without  a salt admix tu re  was coated on an 
a luminum foil as conductive support. Subsequently,  
the layer which had general ly a thickness of 20;,, was 
dried at 8,0~ for 60 min. To obta in  constant and re- 
producible conditions, the preparat ion of the disper- 
sion and the technique for coating remained un-  
changed. Finally,  the sample was mounted on the 
revolving plate in  the measur ing chamber  and charged 
up with a corona. The change of the voltage with t ime 
was measured by a probe in connection with a Kei th-  
ley electrometer and a recorder for the graphs. By 
this technique we were able to determine the value of 
the charge of the electrophotographic layer and its 
charge decay. For a good qual i ty  of an electrophoto- 
graphic copy, this charge decay should proceed slowly 
in the dark and fast under  i l luminat ion.  

0.05 m g  R H B / g  ZnO. 
-" " 'Fotos~egei  K I "  of t h e  Z i n k w e i s s - F o r s c h u n g s g e s e R ~ c h a f t ,  D-4200 

O b e r h a u s e n .  
8 Sinolac 602 S. 
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Optical measurements.--The photocurrent  measure-  
ments  of the respective dye solution were compared 
with its optical spectrum. These two spectra often are 
identical, in  some cases, however, a significant shift 
of the absorption m a x i m u m  was detected. The ext inc-  
t ion spectra were recorded by a spectral photometer 
DMR 21 of Zeiss. Complementari ly,  emission spectra 
were measured by means of a fluorescence equipment  
ZFM 4. It  is then when the apparatus operates as a 
one-single beam spectral photometer. The yield of 
fluorescence was converted into a relat ive intensity.  As 
an excitat ion i r radiat ion was emitted, l ight of a wave-  
length  of 436 n m  separated from the l ine spectrum 
of a mercury  lamp by a monochromatic filter. In  order 
to prevent  a reabsorption of the fluorescence light, the 
cuvette of 1 cm thickness was brought  into a sloping 
position. In  combinat ion with the spectral photometer  
and its remission equipment,  remission spectra of the 
dye adsorbed on zinc oxide were determined. By means 
of this technique, the scattered remission of a dull  sur-  
face could be analyzed. For these experiments,  zinc 
oxide powder was mixed with a dye solution and 
filtered after 30 min  stirring. Afterward,  the dyed 
zinc oxide was washed with small  amounts  of dis- 
t i l led water  and finally dried in air at 50~ for 1 hr 
in  a dry ing  chamber. As a white s tandard  a pressed 
tablet  of undyed  ZnO "Fotosiegel KI"  was used. The 
relat ive remission compared to this white s tandard 
was measured.  

Adsorption measurements.--Furthermore, adsorp- 
t ion measurements  on zinc oxide powder were per-  
formed. For these experiments  lg ZnO powder was 
added to a 20 ml dye solution of a defined concentra-  
tion. The s lurry  was st irred as long as the adsorption 
equi l ib r ium was adjusted (about 30-60 min) .  After  
centr i fuging the dispersion, the concentrat ion of the 
dye remain ing  in  the solution was determined photo- 
metrically.  To prevent  a bleaching of the adsorbed dye, 
all adsorption experiments  were carried out under  
red light or in  the dark. For the in terpre ta t ion  of the 
photocurrent  measurements  it was impor tant  to study 
the influence of salt additions on the extent  of the 
dye adsorption. 

Experimental Results and Discussion 
In previous experiments  it was observed that addi-  

tions of suitable salts to the electrolyte of the elec- 
trochemical cell influence considerably the sensitizing 
abi l i ty  of RHB concerning the anodic photocurrent  
(11). While several ions decrease the sensitized photo- 
current  (e.g., JO3-,  JO4-)  and other ones have no in-  
fluence (e.g., NO~-, SO42-), the photocurrent  is sig- 
nif icantly increased in the presence of halide ions in  
the sequence CI- ,  B r - ,  and J - .  Part icularly,  high 
photocurrent  yields have also been obtained in the 
presence of S C N -  and SeCN-  ions while NO2- and 
$2032- ions exhibit  only a poor action. The depen-  
dence of the RHB sensitized photocurrents  on the salt 
concentrat ion are represented in Fig. 2. As can be 
seen, the enhancement  of the current  is elevated in the 
sequence C1- < B r -  < J - .  The rise of the photocur-  
rent  with an addit ion of thiocyanate can be detected 
at low ccncentrat ions and near ly  at tains the max imum 
value at 0.1 mole/l i ter .  Selenium cyanate ions cause 
an ext raordinar ly  strong increase. At a concentrat ion 
of 0.05 mole / l i te r  the photocurrent  will be enlarged 
to a factor of about 20 of its ini t ial  value. Due to a 
precipitat ion of se lenium at higher pH values and 
higher salt concentrations the current  decreases at c > 
0.05 mole/ l i ter .  In  a similar  way with thiosulfate a 
decomposition occurs accompanied by a precipitat ion 
of sulfur, the current  a t ta ining again its init ial  value. 
According to the t ime slope of the currents  in Fig. 3, a 
slow exponential  decay occurs after a steep ini t ial  
rise. Depending on the salt concentration, the photo- 
current  can fall back again to the half and only then 
remain  constant. 

An  ent i re ly  different course of the photocurrent  can 
be obtained with thiocyanate and selenium cyanate 
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Fig. 2. Sensitized photocurrents of rhodamine B ( =  RHB) as a 
function of salt additions: CRHB = 10 -4  mole/liter, pH = 4.6 
(sodium acetate buffer), 1 - -  555 nm. 
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Fig. 3. Time slope of the photocurrent with RHB and NoSCN 
( t  = 575 nm) and NaJ (1 = 555 nm) additions; respectively, 
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ions. With SCN-  ions the photocurrent  mounts  con- 
t inuously  and attains a plateau with an insignificant 
decay dur ing a long time period. A conspicuous ba th-  
ochromic shift of 15-2fl nm, depending on the salt 
concentration, has been found in the action spectrum 
of the photocurrent  in the presence of S C N -  and 
SeCN-  ions. This shift can be gathered from Fig. 4. 
The photocurrent  is plotted vs. the wavelength using 
electrolytes containing RHB and NaSCN of various 
concentrations, represented by curves 1 and 2. Cor- 
responding curves are plotted with electrolytes satu-  
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Fig. 6. Change of the RHB adsorption on zinc oxide by addi- 
tion of various salts, T ---- 23~ 

rated with RHB (curve 3) and with a RHB concentra-  
t ion of 2 • 10 -4 mole / l i te r  (curve 4). The band of 
the spectrum of curve 4 at 555 nm does agree with 
the optical absorption of a dye solution of the same 
concentration. The max imum of the photocurrent  of 
curve 1, however, is shifted at larger wavelengths to 
575 rim. Since a saturated RHB solution without 
NaSCN addition exhibits the same shift, we may as- 
sume a sal t-out  effect. Obviously, the adsorption of 
the dye on the ZnO anode is intensified by the salt 
addit ion detectable by the large increase of the pho- 
tocurrent  and by its kinetic (Fig. 3). We may assume 
an aggregation of the dye which seems also to be re-  
sponsible for an increased dimer formation. A term 
scheme for the dimer formation of RHB has been 
described by Krfiger and Memming (16). The $1 term 
of the dye is split up into two levels which correspond 
to the dimer bands. For the longer wavelength main  
band, an energetic shift of 0.06 eV is outlined. This 
value corresponds ra ther  well to the exper imental ly  
observed shift of 15-20 n m  found in the max imum of 
the action spectrum of the photocurrent  with sensi- 
tization using the system R H B / S C N -  as well  as 
highly concentrated or saturated RHB solutions. 

Fur ther  informat ion is obtained from the remission 
spectra represented in Fig. 5. Because of the increase 
of adsorption of RHB in the presence of SCN-  ions 
the remission at ~. = 555 nm is decreased. However, the 
adsorption of the dye is not so high that the max imum 
of the remission spectrum is shifted. Therefore an 
aggregation of the dye does not occur. If the sample 
tablets are exposed to the daylight, then the dye is 
bleached. Compared to curve 1, which represents the 
spectrum of a new sample, both the intensi ty  of re- 
mission and on a lower scale the position of the band 
max imum are changed. Due to the increased dye ad- 
sorption by the sal t-out  effect of NaSCN, a bleaching 
of the sample, curve 2a, cannot be detected. The ex- 
tent  of the influence of the adsorption of RHB on zinc 
oxide by anions which influence the photocurrent  in 

400 
100 

r-~ 

t-~ 

z 80 
U3 

W ,"," 60 

5OO % 
2a ~ 

600 ~ bin] 

lcL , " / /  

Fig. 5. Remission spectra of RHB with NaSCN addition ad- 
sorbed on zinc oxide. RHB, just after the preparation, curve 1; 
RHB, bleached, curve la; RHB + NaSCN, just after the prepara- 
tion, curve 2; RHB -t- NaSCN, bleached, curve 2a. 

the electrochemical cell was measured on ZnO powder. 
In  Fig. 6, the adsorbed amount  of the dye is plotted 
vs. the salt concentration. While NO2-, CH3COO-, 
$2082-, and C1- ions decrease the adsorption of the 
dye, B r -  ions have no influence on it and J -  ions 
cause an insignificant increase. The measurements  
demonstrate  undoubtedly  that  the rise of the sensi- 
t ization by the halide ions as well as S2Os 2- and NO~- 
ions cannot be a t t r ibuted to adsorption effects. A 
sa l t - in  effect by halides intensifies the solubil i ty of an 
organic compound according to the sequence C1- < 
B r -  < J -  (17) and consequently lowers the sensitiza- 
tion because of the decreasing adsorption. Then es- 
pecially, the we l l -known sal t-out  by the sulfate ions 
should increase the sensitized photocurrent,  but  no 
influence is observed. An addition of NaSCN to the 
electrolyte results in a remarkable  enhancement  of 
the adsorption of RHB. With a salt concentrat ion of 
0.2 mole/ l i ter  the amount  of the adsorbed dye is in -  
creased about one order of magnitude.  As can be seen 
from the change with t ime of the photocurrent,  the 
remission spectra and the band shift in the sensitiza- 
t ion spectrum in accordance with the adsorption mea-  
surements  with ZnO powder; the considerable rise of 
the sensitization with the system R H B / S C N -  is the 
consequence of an increase of the dye adsorption. A 
similar  mechanism can be assumed with the SeCN-  
ions. Adsorption measurements  could not be per-  
formed because in the presence of the dye selenium 
is precipitated at low concentrat ion of SeCN-  

As may be concluded, the anions in the electrolyte 
may react electronically with the adsorbed dye mole- 
cules whose redox potential  is changed during i l lu-  
minat ion  favoring the reaction and, therefore, in-  
creasing the speed of electron injection into the con- 
duction band of zinc oxide. The electron injected from 
the dye molecule into ZnO cannot r e tu rn  to the ground 
state because it has already been filled up by an elec- 
t ron of the anion. This mechanism has been discussed 
earlier by other authors (2, 3) assuming a mere redox 
process. During these redox steps a short- l ived in ter -  
mediate dye radical appears, for example, as a semi- 
reduced sensitizer. Allyl thiourea (ATU) and hydro-  
quinone (H2Q) were often employed in these experi-  
ments as effective reducing agents. 

Recently, it has been demonstrated with an oxazine 
dye (oxonine) that ATU not only operated as a mere 
redox species but also tcok part  in  a bimolecular  
quenching reaction with the excited singlet state of 
the dye (28). This singlet quenching process involves 
a rise of the intersystem crossing rate and hence leads 
to an increase of the tr iplet  yield. In  a consecutive 
step via the tr iplet  state a semireduced dye radical 

+ 
and an oxia~zed ATU radical, ATU ' ,  are formed. Pre-  
l iminary  experiments carried out by these authors 
show that  w~th this dye the halides B r -  and J -  cause 
in a similar way an enhanced triplet  formation. In  the 
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same m a n n e r  as ATU, H2Q also increases the  photo-  
cur ren t  spec t ra l ly  sensi t ized b y  RHB at  an n -CdS  
single c rys ta l  opera t ing  as anode in an e lec t rochemical  
cell  (27). Here,  also, the corre la t ion  be tween  cosen- 
s i t izat ion and fluorescence quenching was discussed. 
This re la t ion  has been s ta ted  in a previous  paper  
(11) in which the influence of the viscosi ty of the 
e lec t ro ly te  on the cosensitized cur ren t  was presented.  
Wi th  increas ing viscosi ty of the solvent  the s inglet  
quenching decreases (14). Since the  r ise of the  photo-  
cur ren t  can be t raced  back  to this reaction,  conse- 
quent ly  the  cur ren t  too should be reduced wi th  grow-  
ing viscosity. This expecta t ion  was confirmed by  ex-  
per iments .  In Fig. 7 the  resul ts  showing the influence 
of hal ides  on the fluorescence yie ld  of RHB were  p lo t -  
ted in a S t e rn -Vo lmer  relat ionship.  The dependence  
on the  fluorescence efficiency on the sal t  concentra t ion 
is descr ibed by  the fol lowing expression.  

r ~- 1 -5 kq~c[Q - ] [2] 

In this equat ion r denotes the  in tens i ty  of the  fluores- 
cence in the  presence and r in the absence of the 
quenching anion, [ Q - ]  the  concentra t ion of the  
quencher,  and �9 the  s ing le t - s ta te  l i fet ime.  The ex-  
pe r imen t a l l y  obta ined  slope kq~ of the  S t e rn -Vo lmer  
plot  is in the  case of J -  in approx imate  agreement  
wi th  the  da ta  publ i shed  by  Wawi low (29). The values  
wi th  S C N - ,  B r - ,  and C1- are  a l i t t le  l a rge r  than  
those quoted by  M a j u m d a r  (20). The fluorescence 
quenching grows in the  same sequence NO2- < C1- 
B r -  < S C N -  < J -  < S e C N -  as the  sensi t ized photo-  
cur ren t  in the  e lec t rochemical  cell  except  for  S C N -  
ions. This series of the (pseudo)ha l ide  ions has been 
found by  o ther  authors  by  quenching exper iments  
wi th  hydrocarbons  (1,9) and wi th  dyes belonging to 
the  group of acr id ine  and xan thene  compounds (20). 
FSrs te r  (14) has discussed redox react ions for the  
mechanism of the fluorescence quenching assuming an 
intensive electronic in terac t ion  be tween  exci ted dye 
molecule  and quencher.  

McKay  and Hil lson (21) have found from photomet -  
ric invest igat ions  wi th  rhodamine  6 G and other  dyes 
that,  depending  on the concentra t ion and the tyi~e of 
the  solvent,  the dye ions and the i r  counterions are not 
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Fig. 7. Stern-Yolmer plot of the fluorescence quenching of an 

aqueous RHB solution depending on the salt concentration, ~.ex 
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separa ted  by  solvent  molecules.  The  counter ion is in-  
corpora ted  pa r t i cu l a r ly  at  h igher  concentra t ions  in the  
solvat ing envelope of the  dye resul t ing  in cor respond-  
ing ion pairs.  Fur the rmore ,  since the  act ion spec t rum 
of the  sensit ized photocur ren t  agrees  wi th  the  opt ical  
spec t rum of the  dye solut ion except  for the systems 
R H B / S C N -  and R H B / S e C N - ,  we may  assume that  
the solvat ing envelope of the dye  ion wil l  surv ive  du r -  
ing the  adsorpt ion  and the sensi t izat ion steps. In the 
case of the  pseudo halides, an increase of the dye ad-  
sorpt ion has been found which p re sumab ly  causes a 
s imul taneous  format ion  of aggregates  and, therefore,  
a ba thochromic  change in the spec t rum of the  photo-  
current .  4 The pa r t i cu l a r ly  s t rong rise of the  measured  
photocur ren t  could be a t t r ibu ted  to a stat ic quenching 
which appears  at an associate fo rmat ion  of two or 
more  molecules  according to  FSrs ter  (14) besides an  
increased adsorpt ion  and a reducing  quenching of the  
fluorescence. 

Fo r  the  hal ide  ions it is obvious to assume a dy-  
namic quenching mechanism which occurs in the  t r an -  
si t ion state via a complex format ion  of the dye cat ion 
and the halide. This ve ry  shor t - l ived  cha rge - t r ans fe r  
s ta te  and its react ion have of ten been discussed (19, 
23, 24). This react ion is charac ter ized  by  the fact tha t  
only  af ter  the  fo rmat ion  of the encounter  complex  wi th  
the  exci ted singlet  s ta te  the specific ac t iva ted  quench-  
ing step occurs according to 

1D* + Q -  ~ (1D*-Q-)  --> quenching [3] 

Leonhard t  and  Wel le r  (24) were  the first to supp ly  
proofs  by  spectroscopic methods  for  a charge  t rans fe r  
dur ing  the fluorescence quenching of aromat ic  hyd ro -  
carbons, for example ,  perylene,  etc. It results  in a re -  
duct ion of the  exci ted  s inglet  s ta te  under  format ion  
of a radical  anion at s imul taneous  oxida t ion  of the  
quenching molecule. The effectiveness of the quench-  
ing anion occurs para l l e l  to the change of the  redox 
potent ia l  of Q ' / Q -  

(1D*-Q-)  --> D '  + Q' [4] 

These results,  found pa r t i cu l a r ly  at  a romat ic  hydro -  
carbons wi th  amines as quenchers,  canr~ot be t r ans -  
fe r red  a rb i t r a r i l y  to o ther  systems. 

F u r t h e r  exper iments  of the  fluorescence quenching 
wi th  the  s t rongly  effective hal ides  demons t ra ted  tha t  
besides the  radica l  anion genera ted  according to step 
[3] also exci ted t r ip le t  molecules  a re  observed whose 
format ion  in some cases is ma in ly  responsible  for the 
quenching process (25, 28) 

(1D*-Q-)  --> (SD*-Q-)  "-> ZD* -5 Q -  [5] 

Here, the  singlet  quenching does not occur by  an elec-  
t ron  t ransfer  but  by  an in te rsys tem crossing react ion 
of the singlet  to the  t r ip le t  s ta te  dur ing  the l i fe t ime 
of the encounter  complex.  I t  depends  p r imar i l y  on the 
type  of the quenching molecule  whe the r  radical  ions 
or  t r ip le t  states are  formed predominant ly .  

The mechanisms of the fluorescence quenching admit  
an in te rp re ta t ion  of the  spect ra l  sensi t izat ion react ion 
and its modula t ion  by  anionic quenchers.  If  rad ica l  
anions are  formed by  reduct ion  of the dye then the 
probab i l i ty  of the  e lec t ron inject ion from these species 
is significantly increased because the deact iva t ion  gen-  
e ra l ly  occurr ing as compet i t ion  reac t ion  is no longer  
possible. The ground s tate  of the dye molecules is 
a l r eady  filled up and a regenera t ion  can occur only by  
de l ive ry  of an electron. Dur ing the total  reaction, the 
dye  will  not be changed and is ava i lab le  for repea ted  
sensi t izat ion steps. This, however ,  is not  the  case if  
the electronic in terac t ion  with  the quencher  del ivers  
a l a rge r  y ie ld  of t r ip le t  states. Under  these c i rcum- 
stances, the increase of the sensit ized pho tocur ren t  in 
the e lect rochemical  cell can be a t t r ibu ted  also to the 
longer  l i fe t ime of the  t r ip le t  states. Af te r  the  electron 

4 S i m i l a r  r e s u l t s  h a v e  been  obtained b y  K i l l e s r e i t e r  (22) w h o  
was  ab l e  to  d e m o n s t r a t e  t h a t  w i t h  RHB a solvate chromic shift  in  
the optical absorption spectrum also occurs  in the sensit izat ion 
spectrum, 
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injection,  the  dye is present  as a radical  cation so that  
a regenera t ion  cannot occur in a p r i m a r y  step. The se- 
quence of the single steps can be s ta ted as follows 

D (solv) r D (ads)  K (ads) [6] 

D(ads )  4- hv-> 1D*(ads) klI [7] 

where  I = l ight  intensi ty.  The adsorpt ion  equi l ib r ium 
is given in Eq. [6]. Fur the rmore ,  it  m a y  be assumed 
that  with s t eady-s ta te  condit ions the  dye  diffusion 
toward  the e lect rode f rom the solution occurs r ap id ly  
enough and thus despi te  consecutive react ions the con- 
cent ra t ion  of the adsorbed  sensi t izer  D(ads )  can be 
considered constant. Especially,  the desorpt ion of p rod-  
ucts being formed by  photochemical  b leaching should 
proceed quickly.  This condit ion is be t t e r  fulfilled the 
lower  the  pH value  of the electrolyte,  and in an acid 
envi ronment  a constant  dissolution of the zinc oxide 
takes place. The surface of the  single crysta l  wil l  
then be etched and therefore  renewed  continuously.  
Besides the e lec t rochemical  step, the  anodic oxidat ion  
of the  exci ted and adsorbed dye  molecules, the  singlet  
and  t r ip le t  states, too, are  deact ivated.  In  the absence 
of a quencher  the  equations can be specified as below 

4- 
1D* ---> D " 4- e ' (ZnO)  k21 [8a] 

1D* , ~ D  k~2 [8b] 

1D* --> ZD* kisc [8c] 

4- 
SD* --> D �9 4- e'  (ZnO) k~l [9a] 

3D* . ,~  D ks2 [9b] 

k2 "--  k 2 1  "~ k22 4- kisc 

k: '  : k2~ +..kisr 

To s impl i fy  the  above and fol lowing equations the 
adsorbed s tate  of RHB was not marked .  I t  resul ts  
f rom the  fluorescence l i fe t ime of �9 : 4.3 nsec (in 
ae thanol)  (30) for k2' a value  of 2.3 • l0 s s e c - L  
That  means for an effective e lect ron inject ion via  $1 
according to Eq. [8a] k21 must  be grea ter  or at least  
comparable  to k2'. Wi th  optical  exci ta t ion an in te rsys-  
tern crossing process popula tes  the  t r ip le t  s tate T~ 
[8c]. The ra te  constant  k32 amounts  to ks2 ~ 2.5 X 
108 sec -1 given by  the t r ip le t  l i fe t ime of �9 --- 0.4 msec 
thus being h igher  by  severa l  orders  of magni tude  com- 
pared  to the  s inglet  l i fet ime. This suggests a consider-  
ab le  share  of the electron inject ion via T~ according 
to Eq. [ga]. Here,  too, the  deac t iva t ion  in Eq. [8b] and 
[8c] is found as a compet i t ive  step. Fu r the r  considera-  
t ion shall  demons t ra te  the influence of a quenching 
anion on the fluorescence and on the  cosensit ized 
photocurrent .  Given the exci ted  singlet  s tate $I the 
quenching is descr ibed as below 

ID* 4- Q-'-> (1D*'Q-)  k4 [10] 

(1D*-Q- )  --> D -  4- Q k51 [ l l a ]  

(1D*-Q- )  ---> ~D* + Q -  ks~ [ l l b ]  

(1D*-Q- )  --> D 4- Q -  kss [ l l c ]  

( 1D*-Q- )  = DQ 

ks = k51 4- ks~ 4- k58 

ks' - -  k51 4- ks2 

First ,  according to Eq. [10] an encounter  complex DQ 
is formed by  collision wi th  a high ra te  of formation.  
Dur ing the short  l i fe t ime of the complex the electronic 
interact ions  be tween  the singlet  RHB cat ion and the 
added  anion take  place. The  subsequent  dissociation 
leads  to a dye  radical  [ l l a ] ,  to a dye t r ip le t  [11b], and 
to a molecule  in the  ground  s tate  [ l l c ] .  In  pr inciple ,  
the rate constants  of the  above single steps are  to be 
accessible by  photoflash exper iments  car r ied  out with 
dye  solutions. The results  ava i lab le  at present  r ega rd -  

ing cer ta in  dye -quenche r  systems (28) show that  the  
in te rsys tem crossing is main ly  responsible  for the  
singlet  quenching. So, the electron inject ion in Eq. 
[12a] and [12b] can occur as the  consecutive process 
of Eq. [ l l a ]  and [ l l b ] ,  these leading  to an increased 
photocur ren t  wi th  par t ic ipa t ion  of the  added hal ides 

D -  -->D 4- e ' (ZnO)  [12a] 

4- 
SD* --> D �9 4- e ' (ZnO)  [12b] 

One should notice that  even the exci ted t r ip le t  can be 
quenched by  anions, e i ther  the  quencher  being oxi-  
dized or only  the  T1 ---> So t rans i t ion  being promoted.  

Since, under  continuous i l luminat ion,  the cosensi-  
t ized cur ren t  remains  roughly  constant  the  re la t ion be-  
tween cur ren t  and quencher  concentra t ion is given by 
a s t eady-s ta te  t rea tment .  The kinet ics  of the fo rma-  
tion and the decay of the  encounter  complex DQ, as 
wel l  as of the exci ted singlet,  r ead  

d[DQ]/dt : k l I [ D ( a d s ) ]  --  (k2 4- k4[Q-]) [1D'*]  
[13] 

d[ID*]/dt : k4[~D *] [ Q - ]  - -  k~[DQ] [14] 

According to Eq. [12a] and [12b] and tak ing  [ l l a ]  and 
[ l l b ] ,  respect ively,  into considerat ion,  the  cosensi- 
t ized current /cos  can be s ta ted  as 

/cos : ks ' [DQ] [15] 

Subs t i tu t ing  and rea r rang ing  Eq. [13], [14], and  [15] 

Icos : ks' k4 [Q- ]  X klI[D(ads)]/k~(k2 4- k 4 [ Q - ] )  
[16] 

A : ksk~/ks'k4klI[D (ads) ]  : constant  [17] 

B = kJks"klI[D(ads)]  -- constant  [18] 

1//cos : A + B / [ Q - ]  [19] 

A l inear  function should be obta ined  if  the reciprocal  
cosensit ized photocur ren t  1//cos wi l l  be p lo t ted  vs. the 
reciprocal  value  of the quencher  concentra t ion 1 / [ Q - ]  
---- 1/CNaX. This corre la t ion  is r epresen ted  in Fig. 8 
and is indeed rea l ized for CI - ,  B r - ,  and J -  addit ions.  
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However ,  i t  mus t  be noted tha t  the  ac tua l  concent ra-  
t ion of the  quenching anion at  the e lec t rode  surface is 
h igher  b y  specific adsorpt ion  at  zinc oxide  than  the 
bu lk  concentra t ion in the  e lec t ro ly te  (31). Therefore,  
the re la t ion  be tween  the fluorescence quenching (Fig. 
7) and the change of the  pho tocur ren t  (Fig. 8) can be 
g iven  only  qua l i t a t ive ly  at present .  Using the hal ides  
as quenchers  the  k inet ic  model  is confirmed but  dev ia -  
tions have been found wi th  S C N -  and S e C N -  ions. 
This resul t  is not surpr i s ing  since the S C N -  ions influ- 
ence the  adsorp t ion  equ i l ib r ium of the dye  before  the  
sensi t izat ion step, so that  the  increase  of sensi t izat ion 
is m a i n l y  de t e rmined  by  the enhancement  of the  dye  
concentra t ion on the surface. A s imi lar  behav ior  may  
be assumed for the  S e C N -  ions. 

In  o rder  to demons t ra te  the  effectiveness of sal t  ad -  
di t ions on the  sensi t izat ion of e lec t rophotographic  l a y -  
ers we pe r fo rmed  the fol lowing model  exper iments  in 
the  e lec t rochemical  cell by  a 4V anodic polar iza t ion  of 
the  ZnO crystal .  This p rev ious ly  used technique (26) 
can be compared  wi th  charging and discharging ex-  
per iments  wi th  ZnO-res in  layers .  In  Fig. 9 the  course 
of the  d a r k  and photodecay  af ter  the ex te rna l  vol tage 
is swi tched off is represented.  One can recognize 
c lea r ly  tha t  the  sensit ized vol tage  decay  is accelera ted  
by  the var ious  salts, if  the  i l lumina t ion  takes  place  
in the  opt ical  absorpt ion  m a x i m u m  of the  dye  causing 
an e lec t ron inject ion into the  ZnO crys ta l  responsible  
for  the  avoidance  of the  ba r r i e r  effect. The sequence 
of the  effectiveness of the  cosensit izing ab i l i ty  of the  
salts  in these exper iments  is ident ical  to that  in the  
sensit ized photoconduct ivi ty .  The same resul ts  have 
been ob ta ined  wi th  d ischarging exper iments  employ-  
ing ZnO-res in  layers  charged up to about  --30OV. As 
can be seen f rom Fig. 10, whe re  the  photodischarge  
is recorded,  a salt  addi t ion  to the  e lec t rophotographic  
l aye r  accelerates  the vol tage  decay in the same se-  
quence of the  salts  as was found for  the  polar izat ion 
exper iments  wi th  the  ZnO crys ta l  in the e lec t rochem-  
ical cell. Wi th  too large  sal t  addit ions,  however ,  the 
conduct iv i ty  of the  e lec t rophotographic  l ayer  becomes 
too high, so tha t  the  charge acceptance becomes too 
small .  Therefore,  the  op t imum concentra t ion of sal t  
and dye  mus t  be e labora ted  for prac t ica l  purposes.  
The resin employed  for the  p repa ra t ion  of the  l aye r  
under t akes  the  role of the  e lec t ro ly te  since it acts as 
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solvent  for the  dye and the salts. I t  is well  known tha t  
the  type  of the used resin de te rmines  also the qual i ty  
of the  e lec t rophotographic  layer ,  p r e sumed ly  due to 
the  different  influence on the so]ubi l i ty  and the adsorp-  
t ion of the sensit izer  on zinc oxide. 

Unfor tunate ly ,  the  resul ts  obta ined  wi th  the  e lec t ro-  
chemical  cell technique based  on aqueous e lect rolytes  
cannot be t r ans fe r red  for the  evalua t ion  of e lec t ropho-  
tographic  discharging exper iments  in any  case. There-  
fore, it is des i rab le  to ca r ry  out invest igat ions  on the 
sensi t izat ion with  dyes dissolved in nonpolar  solvents, 
e.g., toluene. Such exper iments ,  which  also al low the 
s tudy of the influence of the resin on the sensit izat ion,  
are  planned.  
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Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1978 
JOURNAL. Al l  discussions for the December  1978 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1978. 
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ABSTRACT 

A one-d imens ional  model  for f low-through porous electrodes is used to 
predic t  the effluent concentra t ion as a function of ma t r i x  conduct iv i ty  and 
e lec t rode  length  for ups t ream and downs t ream placement  of the countere lec-  
t rode  and cur ren t  collector re la t ive  to the fluid inlet  to the work ing  elec-  
trode. Two chemical  systems are  considered:  (i) the removal  of copper  f rom 
sulfa te  solutions, and (ii) the  remova l  of s i lver  f rom th iosul fa te  solutions. 
For  an infinite ma t r ix  conductivi ty,  the  lowest  effluent concentra t ion is 
achieved when the countere lec t rode is placed ups t ream to the fluid inlet  of 
the work ing  electrode. When the ma t r ix  conduct ivi ty  is small ,  the  lowest  
effluent concentra t ion is stil l  achieved for ups t ream placement  of the 
counterelect rode;  however,  the op t imum placement  of the current  col lector  
depends  on the chemical  system and the value  of the  ma t r ix  conduct ivi ty  
that  can be achieved in practice.  Calculat ions show that  for downs t ream 
p lacement  of the countere lec t rode a l imi t ing current  d is t r ibut ion  cannot be 
ach ieved( for  e lect rode lengths  of in teres t  here) .  The most undes i rab le  con- 
f igurat ion for achieving a ]ow effluent concentra t ion when the m a t r i x  con- 
duc t iv i ty  is low is when both the countere lec t rode  and cur ren t  collector are 
placed downs t ream of the fluid inlet. Dis t r ibut ion  of potential ,  react ion rate,  
and electr ic  d r iv ing  force are  presented  for four  different  configurations:  (i) 
ups t ream counteretectrode,  downs t ream current  collector, (ii) downs t ream 
counterelectrode,  ups t ream current  collector, (iii) ups t ream counterelectrode,  
ups t ream current  collector, and (iv) downs t ream counterelectrode,  down-  
s t r eam cur ren t  coliector. 

The model  used in calculat ing the effects of counter -  
e lectrode p lacement  and current  collector p lacement  
(when the m a t r i x  conduct iv i ty  is modera te )  on the 
per formance  of f low-through porous electrodes was 
developed in a previous  paper  by  the authors  (1);  
however ,  resul ts  were  presented  only for the effective 
ma t r ix  conduct ivi ty  ~ much grea te r  than the effective 
solut ion conduct ivi ty  K. To date, previous  models  for 
f low-through porous electrodes (2-6) have considered 

* Electrochemical  Society Act ive  Member .  
Present  a d d r e s s :  Col lege  of  E n g i n e e r i n g ,  T h e  U n i v e r s i t y  of  

S o u t h  Caro l ina ,  Co lumbia ,  S o u t h  Ca ro l ina  29208. 
K e y  w o r d s :  c u r r e n t  d i s t r i b u t i o n ,  p o t e n t i a l  d i s t r i bu t i on ,  m a s s  

transfer,  axia l  d i spe r s ion ,  side reaction, copper depos i t i on ,  s i lve r  
deposition. 

only an infinite ma t r i x  conduct iv i ty  , and no compar i -  
sons have been made on the pe r fo rmance  of these elec-  
t rochemicaI  reactors  as a funct ion of countere lec-  
t rode  placement.  

The purpose  of this paper  is to suggest  the opt i -  
mum electrode configuration for two cases: (i) when 

> ~  K we are  concerned only with  the ups t ream and 
downs t ream placement  of the countere lec t rode  and 
(ii) when ~ ~ K, p lacement  of not  only  the counter -  
e lectrode is impor tan t  but  also the  cur ren t  collector  
p lacement  must  be considered. At  least  four  geometr ic  
configurations are  possible:  (i) ups t r eam countere lec-  
trode, downs t ream cur ren t  collector (UD);  (ii) down-  
s t ream counterelectrode,  ups t r eam cur ren t  collector 
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i-Seporotor or gap 
Counterelectrode-~_] I F _ _ ~  Porous electrode 

UD v v 

- -  ~ --"-Current collector 
Direct/on of flow 

Direction of flow 
.-~. Current 

~ 1 7 6  , v  

Direction d flow 

~ r r e n t  

DD v~~ v 
Direction of flow 

Fig. 1. Various configurations of counterelectrode placement 
and current collector placement relative to the direction of the 
fluid flow. 

(DU);  (iii) ups t r eam countere lect rode,  ups t ream cur-  
rent  col lector  (UU);  and (iv) downs t r eam counter -  
electrode,  downs t r eam cur ren t  collector  (DO);  and  
are  shown schemat ica l ly  in Fig. 1. I t  should be noted 
tha t  the d i rec t ion  of fluid flow th rough  the counter -  
e lect rode is un impor t an t  to the analysis  to be con- 
s idered  as long as the products  do not en te r  the elec-  
t rode  of interest .  

Analysis 
As ment ioned  ear l ier ,  calculat ions presented  here  

are  a direct  appl ica t ion  of a model  for f low- through 
porous e lec t roaes  developed by  the authors  in a p r e -  
vious paper  (1), and, therefore,  de ta i led  der iva t ion  of 
the governing  equations are  not presented  here.  

For  the  r emova l  of meta l  ions f rom di lu te  s treams,  
the behav io r  of a f low-through porous e lec t rode  wi th  
pa ra l l e l  cur ren t  and fluid flow as shown in Fig. 1 can 
be descr ibed by  two o rd ina ry  different ia l  equations:  
one equat ion which describes the  conservat ion of the  
me ta l - i on  reac tan t  

d~ d2~ ~ --  P1 exp [ (~aR/~ca ~ 1)~'] 
- -  : D' - -  [1] 
dy dy 2 1 + exp 01') 

and one Charge balance  equa t ion  

d~'  _ P2 ~ P3 exp (--~r 
dy 2 L 

[1--P4exp< ~aS'~-~cS ~ ' ) ]  
GcR 

# -  P1 exp [(=aa/acR + 1)~]'] ] 

+ 1 + exp Ol') ~ [2] 

where  0 is the  reac tan t  concentra t ion  d iv ided  b y  its 
va lue  ups t r eam in the feed, 0' is the  dimensionless  
local overpoten t ia l  defined by  

?~YkmCRf 
exp (0') - -  exp (=cRF~I/RT) [3] 

8RioR,ref 

and the reac tor  coordinate  x was made  dimensionless  
by  

y -- xakm/v = xa [4] 

Equat ion  [1] descr ibes  the  conservat ion of the  
meta l - ion  reac tan t  and states  tha t  convect ion is ba l -  
anced by  axia l  diffusion and dispers ion and b y  the  
ra te  of d i sappearance  of the  meta l  ions due to elec-  
t rochemical  react ion at  the  ma t r i x - so lu t i on  interface.  
Mass t ransfe r  l imi ta t ions  are  inc luded by  in t roducing 
an average  mass - t r ans fe r  coefficient km (see d imen-  
sionless p a r a m e t e r  defined below) and e l iminat ing  the 
wal l  concentra t ion  of the  me ta l - i on  reactant .  

The charge balance equat ion uti l izes Ohm's  l aw  in 
both the  ma t r i x  and solut ion phases and states tha t  a 
change in the  to ta l  cu r ren t  at  any  point  wi th in  the  
e lect rode (dZ~'/dy 2) is due to ~he ra tes  of the  side 
react ion and the main  reaction.  The t e rm for the  ra te  
of the  main  react ion is the same in Eq. [1] and  [2]. 
The side react ion is character ized by  its ra te  a t  the  
ha l f -wave  potent ia l  of the  ma in  reaction.  

The dimensionless  pa rame te r s  in Eq. [1] and [2] a re  
defined as follows (1) 

D'  : (DR + Da)akm/v  2 

Pz=( SR$~ ) 1 +aaR/u'a 

~RnF2veC~u ( 1  1 )  
P2 -- SRakmRT "-~ -~- ~" 

SRioS,ref ( nFkmClU ) ~cs/~ca 
e a c s F A U / R T  _ , 

r~FkmCRf SR?,oR,ref 
P s - -  

~ a S  + ~cS 
~cR 

P4 = I ~ f  )$Ri~ 

exp [ - -  (~as -t- acs) hUF/RT] C5J 
Boundary conditions.--Before Eq. [1] and [2] can 

be solved s imul taneous ly  for 0 and ~1', four  boundary  
condit ions are  requ i red  for each e lect rode configura-  
t ion shown in ~ig. 1. For  0 the  fol lowing conditions 
were  used 

do 
6--D' =1 aty=0 

dy 
and 

de 
- - = 0  at y = a L  [6] 
dy 

which are  the  Danckwer t s  (7), W e h n e r - W i l h e l m  (8) 
condit ions when axia l  diffusion and dispers ion are  in-  
cluded, l ihe condit ions on 0' depend  on e lec t rode  con- 
f iguration and may  be de te rmined  f rom Ohm's l aw 

- = ~ [7]  
do: dx ~ 

and are  t abu la ted  in Table  I. The dimensionless  pa -  
r amete r s  P5 and P6 which ar ise  in  the  analysis  a re  
re la ted  to P2 

cP2 
P5 --- 

and 
gP2 

P6 = - - -  [8] 

so that  
--P2 -" P5 "~- P8 [9] 

The total  cur rent  dens i ty  i to the  reac tor  was made 
dimensionless  wi th  the  l imi t ing cur ren t  dens i ty  that  
would  exist  if al l  the  r eac tan t  in the  feed were  com- 
p le te ly  reac ted  

SR~ 
I* : - ~  [103 

nFvcRf 

Now that  all  the bounda ry  condit ions for  each elec-  
t rode  configuration have been specified, Eq. [1] and [2] 
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Table I. Current and potential boundary conditions for various electrode configurations 

E l e c t r o d e  
configu- 
ration i l  ( 0 ) i~_ ( L ) i2 ( 0 ) i2 ( L ) t in /dx  I ,--o d~ / dxI,=L tin' / dy  1 ~==o d~' / / dy  [ ,=at, 

UD 0 --i - i  0 --ilk il~ Pd* - P d *  
DU i 0 0 ~ - i/~ i/K Pal* - Pal* 

UU ~ 0 --~ 0 --i + O - P d *  O 

DD 0 -~ 0 i 0 i + 0 Pd* 

can be solved s imul taneously  for e and ~' using New- 
man's  method (9). 

The potential  dis t r ibut ion in  each phase o l (x )  and 
r can then be obtained by solving Eq. [3] for ~1 
using the known dis t r ibut ion for ~1', along with the 
conservation of charge condition 

diz di2 
- -  - -  [ i i ]  
d z  d x  

and subst i tut ing this condition into the derivative of 
Eq. [7] 

d2n ( ~ - 5 ~ )  die 

d x  { = - - T /  d x  [12] 

then finally subst i tut ing the derivat ive of Ohm's law 
for the matr ix  phase into Eq. [12] to yield 

d211 ~: -5 ~r d2@1 
[13]  - ~ x ~ '  - ~ a z  2 

Equation [13] may be integrated twice to yield an ex- 
pression for r 

K 
r = ' . (~ + Clx-5 C2) [14] 

K-5~ 

The value of Ci for the various configurations is ob- 
tained from the derivative of Eq. [14] using the values 
of il and d~]/dx at the boundaries found in Table I. The 
value of C2 is then obtained by specifying r ---- 0 at 
the current collector and using a known value of ~l at 
the appropriate boundary. Table II summarizes the re- 
sults for r for the various configuration; r is 
simply obtained by subtracting ~l(x) from @,(x). 

Chemical systems.--For the calculations to be pre- 
sented, two different chemical systems [copper re- 
moval from sulfate solutions (Ii) and silver removal 
from thiosulfate solutions (i0)] are used to illustrate 
the effects of counterelectrode placement and current 
collector placement (when the matrix conductivity is 
finite) on electrode performance. The purpose of pre- 
senting results for two different chemical systems is 
to obtain reasonable values for the model parameters 
so that a valid comparison of electrode performance 
can be made when the side reaction is substantial [as 
for silver removal from thiosulfate solutions (i0)] and 
when it is small [as for the copper recovery process 
( I i ) ] .  

Figure 2 compares model calculations to the data of 
Van Zee and Newman (10) for silver removal  from 

Table II. Matrix potential distribution for various 
electrode configurations 

Matrix potential 
distribution 

E l e c t r o d e  r ( - ~ )  
c o n f i g u r a t i o n  

i 
UD v(x) - v(L) + --L(x/L -- 1) 

DU ~(x) - ~(0) - - -x  
K 

UU ~(x) - ~(0) 
DD W(x) - v(L) 

thiosulfate solutions using a porous carbon electrode. 
The quanti t ies I and VOP are the total current  to the 
reactor and the potential  of the cathode current  col- 
lector relative to a saturated calomel reference elec- 
trode placed in the effluent stream, respectively. The 
experimental  effluent silver concentrat ion (in mi l l i -  
grams per liter) are shown as the numbers  below each 
curve corresponding to the open circles 0. The n u m -  
bers above each curve correspond to the solid dots �9 
and are the calculated values of the effluent silver con- 
centrat ion (in mil l igrams per l i ter) .  

A similar model fit to the data of Bennion and New- 
man  (11) for copper removal  can be found in Ref. (1). 
Values of the parameters  used to fit the data in  Eel. 
(1) and in Fig. 2 are given in  Table III. 

Four  parameters  were adjusted to obtain agreement  
between calculated and exper imental  values in  Fig. 2: 
one value of the exchange current  density for the 
main  reaction (silver deposition from thiosulfate so- 
lut ions) ,  assumed to be the electrode reaction (12) 

Ag (S2Oa)2 ~- + e---> Ag -5 2S2032- [15] 

and has a s tandard electrode potential  (12) 
UOAg/Ag(S203)23- : 0.0164V; one value of the exchange 
current  density for the side reaction (the reduct ion of 
thiosulfate),  which was assumed to be the following 
reaction (10) 

800 I I I I I 
9.5 

,o 80~ _ 
_ 

600 - -  i _ 

3O 

- -  I - -  

I, mA 

4 0 0 4 . , . 2 3 3  233~8 3 -- 

_ ~ 2 2 " 5  _ 

2JO~ 99 

30y 0 191  

200 -- 442/0 ~ 
/ "u 355 

5s l  #0 465 
?21J 0587 

84J 0700 

o I [ I [ J 
- 3 0 0  -400  - 5 0 0  - 6 0 0  

VOP, mV 

Fig. 2. Current-potential curve for an electrode 5.5 cm deep 
and superficial electrode area of 61 cm 2, pocked with carbon 
flakes and chips. Flow rate ---- 22 cm3/min and the feed con- 
centrotion ~ 1000 mg Ag/liter. Numbers below curve correspond- 
ing to the open circles 0 are experimental effluent concentrations 
(in milligrams per liter). The small numbers above the curve car- 
responding to the solid dots �9 ore calculated effluent concentra- 
tions (in milligrams/liter). VOP is the potential of the current 
collector with respect to o saturated calomel reference electrode 
placed in the dilute product stream. 
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Table Ill. Values of the parameters used in fitting the data in Fig. 2 and in generating 
Fig. 3 through 17 

6 1  

a = 2 5 c m  -1 e = 0 .3  
n = 2 T = 2 9 8 . 1 5 ~  
a ~ s  = 0 .5  U s  - -  U ~  : 0 . 2 8 1 V  
~oR,ref  = 7 .009  x 10 -e A / c m  ~ 
cs~ = 10 -3 m o l e / c m  8 

Copper  depos i t ion  w i t h  s i m u l t a n e o u s  g e n e r a t i o n  of  d i s so lved  h y d r o g e n  
D o  = 6 • 10-~ c m - ~ / s e c  ~o = 0 . 1 7  m h o / c m  sR = - - 1  
~ R  = 1.5 a c R  = 0 .5  a ~ s  = 0 .5  
L = 6 c m  k r .  = 0 . 1 9 2 2  x 10 -8 c m / s e c  v = 3 . 3 2 8  • 10 -~ c m / s e c  

i o s , r e f  = 3 . 7 1 7  • 10 -~a A / c m  e cR~ = 1 .05  • 10  ~ m o l e / c m  a 

a = 2 5 c m  -1 e = 0 .3  
n = 1 T = 2 3 8 . 1 5 ~  
acs = 1 .25  U s  - -  U a  = 0 . 4 8 9 V  
i o R , . ~  = 9 . 1 3 4  x 10 -~ A / c m  2 
cs~ = 0 . 9 5 1  x 10 -3 m o l e / c m  8 

S i l v e r  reduct ion  w i t h  s i m u l t a n e o u s  reduct ion  of  th iosu l fa te  
D o  = 1 • 10 -5 c m / s e c  Ko = 0 . 1 2 3  m h o / c m  s ~  = - 1  
c~.~ = 0 .5  ceeR = 0 . 5  ~ s  = 2 . 7 5  
L = 5 .5  c m  k m  = 3 , 3 3 0  x 10 -3 c m / s e e  v =  6 .011  x 10 ~ c m / s e c  

i o S , r ~  = 1.20 X 10 " ~  A / c m  e c R t  = 9 , 2 7  x 10 -6 m o l e / c m ~  

D i m e n s i o n l e s s  p a r a m e t e r s  
Copper  S i lver  

P1 1.050 x 10 -7 9.404 • 1 0 4  
P~ -3.254 to -6.508 -3.738 to -7.476 
P8 1.247 • 10-~ 5.364 x 10 ~ 
P~ 5.863 • i0 -s 6.341 X lO re  
P~ 3.254 3.738 
P6 9.089 x 10 -n  to  3.254 3.777 x 10 - ~  to  3.738 
D' 0.1217 0.1168 

S20~ 2- ~- 8e-  ~- 8H + -> 2HS-  -~ 3H20 [16] 

where the s tandard electrode potential  can be calcu- 
lated (13, 14) to be U~}HS--/S2032-- : 0.221V; one value 
each for the t ransfer  coefficients for the side reaction 
~as and ~cs, which were assumed to sum to four. The 
freedom to assign a rb i t ra ry  values to aaS and ~cs is al-  
lowed in the model since the composition dependence 
of the polarization equat ion for the side reaction is 
neglected. 

The value of the mass t ransfer  coefficient km used in 
fitting the data was that obtained in  fitting the data of 
Bennion and Newman (11), which was correlated to 
be (1) 

ekm 0.07054 [17] 
( v ~  0"~454 

aD---~ = \ a--~o / 

In  obtaining the fit to the silver removal  data in Fig. 
2, it should not be interpreted that  there is anyth ing  
fundamenta l  about the values of the fitted dimensional  
parameters  found in  Table IIl, because not only are 
the data insufficient, but  also the electrode is operating 
with a highly nonuni fo rm current  density and mass- 
t ransport  l imitat ions dominate in certain regions. 

The model predictions of the current -potent ia l  be-  
havior in  ]~ ig. 2 are in  satisfactory agreement  with ex- 
per imenta l  data between 50 and 500 mA total current.  
However, at higher currents  (above 500 mA),  the data 
indicate the beginning of an addit ional l imi t ing-cur -  
rent  plateau, and agreement  of the model calculations 
c a n n o t b e  expected for the following reasons: (i) The 
postulated side reaction (10) (Eq. [16]) for the reduc-  
tion of thiosulfate could be incorrect and there appears 
to be no fundamenta l  kinetic informat ion on this re-  
action, and (it) if the l imit ing reactant  species for the 
higher plateau were known, the model used here would 
not be sufficient since the concentrat ion dependence 
for the side reaction was neglected and a more general  
model such as the one proposed by Alkire  and Gould 
(4) would be more appropriate. 

Agreement  between model predictions for the silver 
effluent concentrat ion and the exper imental  values 
shown in  ]~ ig. 2 are satisfactory near  the l imit ing cur-  
rent.  This is because the model parameters  were 
chosen so as to fit the data in  this region. However, 
agreement  should not be expected over the entire cur-  
rent -potent ia l  range because the data exhibit  unex-  
plained anomalies (10): (i) current  efficiencies above 
100%, and (it) a m i n i m u m  in the silver effluent con- 
centrat ion with increasing values of VOP. 

A comparison of the dimensionless parameters  in 
Table III be tween the two chemical systems suggests 
that the parameters  PI and' P3 account pr imar i ly  for 
the difference in behavior  of these systems. The param-  
eters P1 and P3 represent  the relat ive importance of 
the backward rate of the ma in  reaction and the for- 

ward rate of the side reaction and are 104 and 4.3 t i m e s  
greater, respectively, for the silver system than for 
the copper system. As is observed later  a low effluent 
concentrat ion cannot be achieved for the silver system 
and this is due to the combined effect of the pa ram-  
eters P1 and P~. 

The magni tude  of the side reaction is substant ial  for 
the silver system and this shields the back of the elec- 
trode (in the case of an ups t ream counterelectrode) 
from having a large electric dr iving force which re-  
sults in a very small  rate for the deposition of silver 
in this region. This is accentuated by the fact that  P1 
is large, which causes the backward rate of the depo- 
sition reaction to be of the same order on the forward 
rate and the reactor can become thermodynamica l ly  
limited. 

Results and Discussion 
As a uni fying concept here, let us consider how we 

can achieve a very high conversion or, equivalently,  a 
very low effluent concentrat ion of the l imit ing reac- 
tant  while, at the same time, operating the reactor at 
as high a flow rate as possible. Toward these ends, we 
can consider variations of electrode current  density 
and length, flow rate, configuration, and matr ix  con- 
ductivity. By means of the computer program, we have 
the means to investigate in  detail how the presence of 
a side reaction places l imitat ions on the a t ta inment  of 
these goals. 

Ef]ect o] electrode length.---For the case of a very  
high matr ix  conductivity, ]Hg. 3 shows the effect of 
electrode length and current  density on the effluent 
concentrat ion for the copper system. We see, first of 
all, that we must  operate at or above the l imit ing cur-  
rent  in order to reach a real ly  low effluent concentra-  
tion. If we operate at I* ---- 0.9501, we cannot expect to 
remove more than 95% of the copper even if we have 
very  high current  efficiencies and substant ial  electrode 
lengths. 

The curve on Fig. 3 for an upst ream counterelectrode 
and I* -~ 1.038 shows essentially a l imi t ing-cur ren t  
condition, the effluent concentrat ion decreases almost 
exponent ial ly  with electrode length. [See, for example, 
the analysis of Bennion and Newman (11) and that  of 
Newman and Tiedemann (15) when axial diffusion and 
dispersion are included.] However, for downst ream 
placement  of the counterelectrode, a l imi t ing-cur ren t  
dis t r ibut ion cannot be main ta ined  except for electrode 
lengths less than 2 cm, and a t ru ly  low effluent con- 
centrat ion cannot be at ta ined at all with this electrode 
configuration (at this flow rate) .  The current  efficiency 
must  necessarily be somewhat lower, and the extent  
of the side reaction somewhat higher, with the down-  
stream counterelectrode. 

Figures 4 and 5 introduce the effect of a finite mat r ix  
conductivity ~. Now, according to Fig. 1, four different 
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Fig. 4. Effluent copper concentration as a function of electrode 
length. 

configurations are relevant since the placement of the 
current collector must  also be considered. Figure 4 
shows that the UU configuration retains the exponen-  
tial decrease of eL with L, although performance is 
s l ightly  degraded by the additional ohmic potential  
drop compared to the case of the infinite matrix con- 
ductivity.  (The curve for ~ : 10~ is discussed later in 
connection with the opt imum matrix conductivity.)  
Figure 5 shows the relat ively poor performance 
achievable with the other configurations. In these 
cases, the ohmic potential drop in the matrix and so- 
lution phases prevents the entire reactor from being 
operated at a l imit ing-current  condition, as is discussed 
in more detail later. 

Figure 6 displays the si lver effluent concentration as 
a function of electrode length for the various electrode 
configurations for cases where ~ >> K and r ---- K. The 
results show that none of the electrode configurations 
yields an exponental decrease in 0L with electrode 
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Fig. 7. Dependence of the copper effluent concentration on the 
matrix resistivity. 

length; thus a l imit ing-current  distribution cannot be 
achieved in any of the geometries due to extensive  
interference by the side reaction. 

E/lect of matrix conductivity.--Figures 7 and 8 show 
the dependence of the effluent copper concentration 
on the matrix resist ivity (1/r  Figure 9 shows similar 
results for the si lver system. Calculations for a DD 
placement are not presented here since this configura- 
tion does not al low a low effluent concentration, in 
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comparison to the other configurations when  the 
mat r ix  conductivi ty is small. 

In Fig. 7 and 9, we observe that  the UD configura- 
t ion exhibits a m i n i m u m  with mat r ix  resist ivity and, 
therefore, has an opt imum value for ~ (about equal to 
0.1~ for the copper system). On the other hand, ~or the 
UU configuration, 6L increases monotonical ly with in -  
creasing matr ix  resistivity. The DU configuration on 
Fig. 8 would also show a m i n i m u m  at values of K/~r 
substant ia l ly  greater  than unity.  This is of less interest  
than the min ima  for the UD configuration because 
matr ix  resistivities are usual ly  much  less than solu- 
t ion-phase resistivities and because the effluent con- 
centrations are inheren t ly  large with the DU configu- 
ration. For example, the DU and UD configurations 
give the same effluent concentrat ion when ~ ---- K (see 
Fig. 5) but  at this point, the value of eL has r isen to 
0.0125 from a m i n i m u m  of 4.14 X 10 -4 on Fig. 7. At 

= ~, the UU configuration is s t i l l  able to a t ta in  a 
value of 6L of 6.08 • 10 -4 (see Fig. 4). (Note, however, 
that the DU configuration performs better  than the 
UU configuration for r -- K in  the si lver system, as dis- 
played on Fig. 6.) 

Re turn  for a moment  to the dashed curve on Fig. 4. 
For this curve, ~ = 10~, which corresponds to the 
m i n i m u m  for the UD configuration shown in Fig. 7, 
and an exponent ial  dependence of eL on L can evi- 
dent ly  be maintained.  The performance is superior to 
the high matr ix-conduct iv i ty  case for L less than about 
10 cm, after which it becomes somewhat inferior. The 
opt imum ratio of ~/~ depends on electrode length,  for 
example, for an electrode 4 cm in length the opt imum 
ratio is approximately 0.17, for an electrode 8 cm long 

the opt imum ratio is approximately  0.07. Note that w e  

get a markedly  different view of the effect of configu- 
rat ion and matr ix  resist ivity if we confine our a t ten-  
t ion to the cases r > >  K and r = ~ on Fig. 3, 4, and 5 
from what we get if we include the var iat ion of r and 
the opt imum value of r The UD configuration is totally 
unsatisfactory at r ---- K but  excellent  at ~ ---- 10~. 

For the silver system, other calculations show that, 
even at the opt imum ratio of K/r ---- 0.2 shown on Fig. 9 
for the UD configuration, a l imi t ing-cur ren t  d is t r ibu-  
tion and an exponent ial  dependence of eL on L cannot  
be achieved. Similar  results for the copper system c a n  

be obtained by increasing the flow rate to somewhat  
less than three times the value used in  calculating Fig. 
3, 4, and 5. 

Bennion and Newman (11) and more recent ly Wen-  
ger and Bennion (16) have formulated design con- 
siderations for achieving a low effluent concentrat ion 
while operating at as high a flow rate as possible. First, 
the electric dr iving force wi th in  the electrode must  
be main ta ined  high enough to at ta in  a l imi t ing-cur ren t  
condition throughout  the reacZor. The electric dr iving 
force must  also be main ta ined  low enough to avoid 
excessive side reactions. These two conditions thus de-  
fine a l imited range of potentials allowable wi th in  the 
reactor. Since the electrode must  be of substant ial  
length  in  order to achieve a given effluent concentra-  
tion, there is an upper  l imit  on the flow rate above 
which these constraints cannot be satisfied s imul tane-  
ously. 

The effect of the side reaction is not one which c a n  

be compensated for by using a longer electrode or a 
higher current,  even if one is wil l ing to pay the price 
of a lower current  efficiency and a higher cell poten-  
tial. It  is a characteristic of porous electrodes, leading 
to their inheren t ly  nonuni form reaction rate dis t r ibu-  
tions, that substant ia l  cur rent  densities flowing over 
substant ial  distances in either the matr ix  or solution 
phases make it impossible to main ta in  a uni form elec- 
tric dr iving force (for the reactions) throughout  the 
electrode. 

On the basis of these considerations, an impor tan t  
quant i ty  is the difference between the m i n i m u m  elec- 
tric dr iving force ~]min and the ma x i mum electric dr iv-  
ing l'orce hmax that prevail  wi thin  the reactor. Figure 
10 displays this quant i ty  as a funct ion of the conduc- 
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Fig. 10. Variation in the difference between the maximum and 
minimum driving force for copper deposition with the matrix re- 
sistivity. 



64 J. Electrochem. Sac.: ELECTROCHEMI C A L SCIENCE AND T E C H N O L O G Y  January 1978 

t ivi ty ratio for the copper system and corresponds di-  
rectly with the conditions of Fig. 7. The ordinate, made 
dimensionless with nFv2cR~/sR~akm, will have a mag- 
n i tude  on the order of un i ty  if the current  density is 
distr ibuted like that  for the l imi t ing current  for the 
main  reaction (11, 15). A graph similar to Fig. 10 is 
given by Newman and Tiedemann (15) for the case 
Where the current  densities are calculated according 
to the l imi t ing-cur ren t  dis t r ibut ion for the main  reac- 
tion. The computer program used here permits  analysis 
above and below t h e  l imit ing current  and in  the pres-  
ence of a side reaction. 

The fact that  the ordinate values on Fig. 10 are of 
order un i ty  i l lustrates how the constraints on the flow- 
through porous electrode can better  be satisfied by 
operation at lower flow rates. 

There is a correspondence between the shapes of the 
curves on Fig. 7 and 10. Conditions which lead to an 
inheren t ly  smaller  value of I11max - -  ~minl  make it  pos- 
sible to achieve a l imi t ing-cur ren t  condition through 
a larger portion of the reactor, wi thout  extensive side 
reaction. For the UD configuration, the max imum elec- 
tric dr iving force occurs at the fluid inlet  for ~/r < 
0.175. The position of the max imum electric dr iving 
force then shifts to the fluid outlet for K/~ > 0.175. This 
toads to the sharp m i n i m u m  for the UD configuration 
in  Fig. 10. 

Detailed distributions.--The behavior  of these sys- 
tems can be understood better  by consideration of the 
calculated current,  potential, and electric dr iving force 
distr ibutions within the electrode. These are i l lustrated 
for the copper system with an electrode 6 cm long and 
by a 5.5 cm electrode for the silver system. 

For the copper system with an infinite matr ix  con- 
ductivity, Fig. 11 shows the relat ive rates of reaction 
for both the main  and side reactions for both upstream 
and downstream placement  of the counterelectrode. 
Figure 12 shows the corresponding distr ibutions of po- 
tential  in the matr ix  and pore solution. The total cur-  
rent  density to the electrode was chosen close to the 
l imit ing current  (I* = 1.038) for the deposition of cop- 
per. For  upstream placement  of the counterelectrode, 
the main  reaction rate decreases almost exponent ia l ly  
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Fig. 11. Current distributions for deposition of copper and gen- 
eration of dissolved hydrogen within a porous electrode. Calcu- 
lated for cRf ~- 0.0105M. 
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formation of dissolved hydrogen. 

with distance through the electrode [as predicted by 
the l imi t ing-cur ren t  analyses in  Ref. (11) and (15)]. 
At the same time, the side reaction follows the electric 
dr iving force (see ]~ig. 12), which is high at the fluid 
inlet  and decreases toward a uni form value near  the 
fluid outlet. 

On the other hand, for the downstream place- 
ment  of the counterelectrode, the main  reaction rate 
does not show an exponential  dependence on distance. 
Figure 12 shows that the electric dr iving force is very 
large at the outlet but  too low at the inlet. Conse- 
quently,  a l imi t ing-cur ren t  condition is not main ta ined  
near  the front. At about 65% oI the distance through 
the electrode, the electric dr iving force has become 
Iarge enough to assure a l imi t ing-cur ren t  condition, 
and subsequent ly  an exponential  dependence on dis- 
tance is exhibited. However, failure to utilize effec- 
t ively the front part  of the electrode makes it im-  
possible to achieve a t ru ly  low effluent concentration, 
and increasing the electrode length would not help 
(see Fig. 3). The resul t ing react ion-rate  distr ibution 
now has a max imum;  as the electric dr iv ing force in -  
creases toward the back of the electrode, the reac- 
t ion rate goes up, and copper is depleted from the 
solution to the extent  that the mass- t ransfer  dr iving 
force becomes small. The reaction rate exhibits a 
ma x i mum and then decreases with distance. [Similar 
react ion-rate  distr ibutions have been reported by A1- 
kire and Gould (4). These are examples of a general  
phenomenon (17-20) resul t ing from the competit ion 
of electric and mass- t ransfer  dr iving forces.] The side 
reaction has a dis t r ibut ion in Fig. 11 that  again follows 
that of the electric dr iving force in Fig. 12. Because of 
the somewhat lower rate of the main  reaction, in  
comparison to the upstream placement  of the counter-  
electrode, the side reaction now occurs at a somewhat  
higher rate on the average. For these comparisons at a 
constant total current  (I* _-- 1.038), an increase in the 
effluent concentrat ion from one electrode to another  
is accompanied by a corresponding decrease in the 
current  efficiency. 

As in  porous electrodes in general,  the reaction rate 
distr ibutions and ohmic potential  drop shield the more 
remote parts  of the reactor from having an adequate 
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electric dr iving force. In  this par t icular  situation, 
the contrast  between the cases of ups t ream and 
downstream placement  of the counterelectrode arises 
in the following way. In  order for there to be a high 
conversion, there must  be a high reaction rate (gen- 
erat ing high current  densities in  the solution) near  the 
fluid inlet. Sinc e the solut ion-phase conductivi ty ~ is 
not high, potential  variat ions in  the solution phase can 
be minimized if the current  flows out of the elec- 
trode at the nearest  possible point, namely,  to a coun- 
terelectrode placed upstream. If the counterelectrode 
is placed downstream, the large currents  which should 
be generated near  the fluid inle t  must  flow in  tl~e solu- 
tion through most of the thickness of the electrode, and 
this necessarily leads to large variations of potential. 
A similar  explanat ion applies in  the more complex 
cases to follow, where the mat r ix  conductivi ty is also 
finite. 

Figure 13 shows the react ion-ra te  distr ibutions for 
the ma in  and side reactions for the copper system 
where r ---- ~. The corresponding potential  distr ibutions 
are shown in Fig. 14. Because of the complexity of 
Fig. 14, the dis tr ibut ions of electric dr iving force are 
also shown in  Fig. 15. 

The react ion-rate  and electric dr iving force dis- 
t r ibutions for the UD and DU configurations happen to 
be identical when  r -- ~ since the boundary  conditions 
given in  Table III  are then identical. However, the po- 
tential  dis tr ibut ions in each phase will  be different, as 
seen in  Fig. 14. In  these configurations, the counter-  
electrode and the current  collector are not  at the same 
end of the reactor. Consequently,  the current  flows in  
the same direction in the matr ix  as in the solution, 
and to a certain extent  the potential  drop in  the 
matr ix  can match in the solution (see Fig. 14). This 
makes it possible, in  some cases, to reduce the var ia-  
tion of the electric dr iving force wi thin  the reactor 
(see Fig. 10). It  also means that  the extreme values 
of the electric dr iving force occur at the ends of the 
reactor, with the m i n i m u m  value occurring somewhere 
between (see Fig. 15), and the side react ion follows 
this d is t r ibut ion (see Fig. 13). 
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Fig. 15. Electrical driving force distributions for the potential 
distributions shown in Fig. 14. 

For the UU configuration, the m a x i m u m  electric 
dr iving force occurs at the inlet, and the mi n i mum at 
the outlet, and conversely for the DD configuration. 
For the ma in  reaction, only the UU configuration 
shows an exponential  dependence of rate on dis- 
tance (see Fig. 13). For the other configurations, the 
main  reaction is below the l imit ing current  for a sub-  
stantial  (DD) or moderate (UD or DU) region near  
the inlet, and consequently the effluent concentrat ion 
cannot be reduced to a t ru ly  low value. Only in  the 
UU configuration are the current  densities in  both 
the solution and mat r ix  phases small near  the back 
of the electrode. In this region the electric driving 
force varies little (as is the ease also for the upstream 
counterelectrode case in Fig. 12, where ~ >> K), and 
measurement  of ~ -- 4>2 at x ---- L can lead to a lower 
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Fig. 16. Current distributions for silver deposiffon and reduction 
of thiosulfate within a porous electrode. Calculated for cRf ~- 
0.00927M and L ~- 5.5 cm. 
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Fig. 17. Electrical driving force distributions for the deposition 
of silver from thiosulfate solutions. 

bound thermodynamic  estimate of the m i n i m u m  at-  
ta inable  concentrat ion in  a f low-through porous elec- 
trode (12). 

Figures 16 and 17 show the react ion-rate  and elec- 
tric dr iving force distr ibutions for the silver system. 
A l imi t ing-cur ren t  dis t r ibut ion is not achieved for any 
electrode configuration, due to extensive interference 
by the side reaction, as indeed, it is not, even for an 
infinite matr ix  conductivi ty (see Fig. 6). As for the 
copper system, the electric dr iving force for the DD 
configuration is small at the front of the electrode and, 

for the UD and DU configurations it is small in  the 
middle and only moderately large at the front. Under  
these conditions, the front and middle  regions of the 
reactor are not effectively utilized, and a low effluent 
concentrat ion cannot be achieved even though a l imi t -  
ing-cur ren t  condition is main ta ined  near  the rear. 
However, for the UU configuration, the lowest electric 
dr iving force occurs at the rear  of the reactor, and 
the rate of the ma in  reaction does not decrease ex-  
ponent ia l ly  with distance. In  fact, with the higher 
value of P1 for the silver system, the effluent con- 
centrat ion is very  close to the thermodynamic  l imit  
determined by the electric dr iving force prevai l ing 
at the fluid outlet (12). 

Effect of configuration.--The preceding discussion 
has permit ted a comparison of several configurations 
under  a variety of operating conditions. It  is im-  
portant  to recognize that the lowest effluent concen- 
t rat ion is achieved for upstream placement  of the 
counterelectrode (see Fig. 3 through 6). For down-  
stream placement  of the counterelectrode, a l imi t ing-  
current  distr ibution cannot be obtained (see Fig. 11 
and 13), pr incipal ly  because the current  in  the solu- 
t ion must  flow through most of the length of the elec- 
trode, and this leads to a large ohmic potential  drop. 

For the DU configuration shown in  Fig. 8. eL de- 
creases with increasing values of matr ix  resistivity. 
For a downstream counterelectrode, a s i tuat ion is 
created where the ohmic potent ial  drop in  the solu- 
tion is working against the favorable mass- t ransfer  
condition near  the fluid inlet. Increasing the matr ix  
resistivity increases the electric dr iving iorce near  the 
fluid inlet  because the matr ix  current  must  leave 
through the current  collector placed there. This causes 
the rate of the main  reaction at the front of the elec- 
trode to increase from about 0.05 when 1/~ --> 0 (in Fig. 
11) to 0.67 when ~ = K (in Fig. 13). 

As ment ioned earlier, the DD configuration is the 
least efficient of the configurations shown in Fig. 1. 
If the matr ix  resistivity is increased from zero, 
the electric dr iving force is fur ther  reduced near  the 
fluid inlet, while it increases somewhat  near  the fluid 
outlet (compare Fig. 14 and 15 with Fig. 12). This 
causes the rate of the main  reaction near  the front  to 
decrease from about 0.05 when 1/~ --> 0 to 0.012 when  

= r (see Fig. 11 and 13). Since the rear  of the elec- 
trode was already at a l imit ing current ,  the increase 
in  the electric dr iving force in  this region is of l i t t le 
benefit; the rate of the main  reaction is higher than 
with 1/6 ~ 0 because the flowing stream was not de- 
pleted as much in  the upstream region, not because 
the electric dr iving force is larger. The integrated re-  
action rate  is 6.3% lower when ~ _-- K, and the rest of 
the current  goes into the side reaction, dr iven by the 
higher electric dr iving force near  the rear. 

For upstream placement  of the counterelectrode, 
conditions are already more favorable when  the ma-  
tr ix resist ivi ty is small. For  the UU configuration, in -  
crease of 1/~ decreases the electric dr iving force in the 
rear  region and causes the current  locally to drop be-  
low the l imit ing value. Consequently,  ~L increases, as 
shown in Fig. 7 and 9. For the UD configuration, the 
electric dr iving force decreases near  the inlet  and in -  
creases near  the outlet as 1/6 increases. This is favor-  
able unt i l  the reaction rate drops below the l imit ing 
value near  the inlet, and this leads to the m i n i m u m  
in the curve of eL VS. ~/~. The choice between the UD 
and UU configurations is dependent  on the chemical 
system and the matr ix  conductivity. However, the UD 
configuration will display a m i n i m u m  in the effluent 
concentrat ion as a funct ion of K/~ and is therefore 
the best configuration if this electrode could be bui l t  
in practice. 

Conclusions and Summary 
A theoretical model for f low-through porous elec- 

trodes (1) has been used to evaluate  the effects of 
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electrode placement  relat ive to the fluid inlet  and 
finite matr ix  conductivi ty on the performance of flow- 
through porous electrodes. If a low effluent concen- 
t ra t ion is desired, the electrode must  be operated at a 
superficial current  density sufficiently high so that  
the main  reaction may achieve a l imi t ing-cur ren t  
distribution. Calculations show that a l imi t ing-cur -  
rent  dis t r ibut ion can only be achieved for upstream 
placement  of the counterelectrode and not for a down-  
stream counterelectrode. However, if in terference by 
the side reaction is substantial ,  as is the case for silver 
removal  from thiosulfate solutions or for the copper 
system if the superficial velocity is too high, a l imi t ing-  
current  dis t r ibut ion cannot be achieved for any elec- 
trode configuration at any matr ix  conductivity. 

For  an upst ream counterelectrode when  the matr ix  
conductivity is not large, the choice between upstream 
or downstream placement  of the current  collector de- 
pends on the chemical system and what  matr ix  con- 
duct ivi ty can be achieved in p~ a~tice. 

Below the l imit ing current,  the performance is only 
slightly bet ter  for an upstream counterelectrode than 
for downstream placement  of the counterelectrode. 

Calculations for a small  mat r ix  conductivity show 
that the DD configuration should probably never  be 
built.  

It  is evident  from the results that simple l imi t ing-  
current  calculations are inadequate  for describing the 
behavior of f low-through porous electrodes. Thus, the 
abil i ty to calculate distr ibutions of current,  potential,  
and concentrat ion in  the presence of side reaction 
above and below the l imit ing current  makes it possible 
to choose the opt imum electrode configuration so as to 
design and optimize an electrode system for the most 
economical removal  of metal  ions. 
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LIST OF SYMBOLS 
a specific interfacial  area, cm -1 
CRf upst ream feed concentrat ion of meta l - ion  re-  

actant, mole /cm 3 
DD downstream counterelectrode, downstream 

current  collector 
DU downst ream counterelectrode, ups t ream current  

collector 
cs hydrogen ion or thiosulfate ion concentration, 

mole /cm 8 
Da axial dispersion coefficient of meta l - ion re-  

actant, cm2/sec 
Do molecular  diffusion coefficient of meta l - ion  re-  

actant, cm2/sec 
DR effective diffusion coefficient of metal  ion re- 

actant, cm2/sec 
D' dimensionless parameter  describing the relat ive 

importance of axial diffusion and dispersion 
F Faraday 's  constant, 96,487 C/equiv. 
i superficial current  density to an electrode, 

A/cm ~ 
ioj,ref exchange current  density for reaction j at a 

reference composition Ci.ref, A /cm 2 
il superficial current  density in the matrix,  A /cm 2 
~ superficial cur rent  density in  pore-solut ion 

phase, A /cm 2 
I* dimensionless superficial cur rent  density to an 

electrode, see Eq. [10] 
i2" = sRi2/nFVCRf dimensionless current  density in  

pore-solut ion phase 
I total current  to an electrode, A 
km average mass- t ransfer  coefficient between flow- 

ing solution and electrode surface, cm/sec 

L thickness of porous electrode, cm 
n number  of electrons t ransferred in metal  dep- 

osition reaction 
P1 dimensionless parameter  describing the relative 

importance of the backward term in  the metal  
deposition react ion 

P2 dimensionless parameter  describing the re la-  
tive importance of the ohmic potential  drop 

P3 dimensionless parameter  describing the rela-  
tive importance of the forward term in  the side 
reaction. 

P4 dimensionless parameter  describing the relat ive 
rate of the backward term in  the side reaction 

P5 dimensionless parameter  which characterizes 
the ohmic potential  drop in  the pore-solut ion 
phase 

P6 dimensionless parameter  which characterizes 
the ohmic potential  drop in the matr ix  phase 

R universal  gas constant, 8.3143 J / m o l e - ~  
sR stoichiometric coefficient of meta l - ion  reactant  
T absolute temperature,  ~ 
UD upstream counterelectrode, downstream cur-  

rent  collector 
UU upstream counterelectrode, ups t ream current  

collector 
Uj o standard electrode potential  for reaction j, V 
~U : Us -- UR difference in open-circui t  cell po- 

tentials of the side reaction and pr imary  reac- 
tion at the reference composition, V 

v superficial fluid velocity, cm/sec 
VOP potential  of the cathode current  collector r e l a -  

tive to a saturated calomel reference electrode 
placed in the dilute product stream, V 

x distance through porous electrode, cm 
y xakm/v  dimensionless distance through porous 

electrode 
zi valance or charge number  of species i 

Greek  let ters 
a = akin~v, reciprocal of penetra t ion depth at the 

l imit ing current,  cm -1 
c~aj anodic t ransfer  coefficient for reaction j 
acj cathodic t ransfer  coefficient for reaction j 
e porosity or void volume 
n ~ ~1 -- ~>2 local overpotential,  V 
n' dimensionless local overpotential  

effective conductivi ty of solution, mho/cm 
~- effective conductivi ty of solid matrix,  m ho/cm 
�9 1 electrostatic potential  in matr ix  phase, V 
~'2 quasi-electrostatic potential  in  the pore solu- 

tion phase, V 
: CR/CRf, dimensionless concentrat ion of meta l -  
ion reactant  

Subscripts 
R meta l - ion  reactant  or p r imary  reaction 
ref reference composition 
S side reactant  or side reaction 
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Extension of Spectral Response of p-Type Gallium Phosphide 
Electrodes by Metal Adatoms 
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ABSTRACT 

The spectral response of p-type GaP electrodes was successfully extended 
to longer wavelengths by depositing a monolayer of any of several kinds of 
metal such as gold, silver, palladium, or copper onto the electrode surface and 
then cathodically polarizing the electrode under illumination. The shape, but 
not the magnitude, of the developed photocurrent spectra, which covered 
wavelengths between 600 and 1400 nm, were independent of the kind of metal 
chosen. Impregnated hydrogen seemed to be responsible for the enhanced 
photocurrent spectra. 

p- type  GaP is useful  as a photocathode of a water  
photolysis cell (1, 2). Although it dissolves anodically, 
no appreciable cathodic decomposition has been found 
(3, 4). It  is found that the quan tum yield of the hydro-  
gen evolution reaction (HER) on p- type  GaP electrodes 
exceeded un i ty  i f  the electrode had an appropriate car- 
r ier  concentrat ion (5). Although no definite mechanism 
for this phenomenon has been prol=osed, we have spec- 
ulated that  surface states are responsible for it. A re-  
cent report  on cathodic polarization characteristics of 
p- type  GaP covered with a small  amount  of metal  also 
suggested with more clari ty the contr ibut ion of surface 
states to the HER (6). 

It was first proposed by Memming et al. that  surface 
states played an impor tant  role in the cathodic reduc-  
t ion of several oxydizing agents such as hexacyanofer-  
rate and persulfate (3, 4). However, ra ther  ambiguous 
results were presented by them for the role of the sur-  
face states in  the HER. Therefore, clear evidence for 
the contr ibut ion of the surface states to the HER seems 
to be required now. 

For that  purpose, we have investigated the spectral 
response of the electrode with and without metal  ad- 
atoms as a funct ion of the cathodic polarization t ime 
and have discovered that  the photoresponse of the elec- 
trode is extended to wavelengths longer than the thres- 
hold of the intr insic  absorption of GaP by cathodically 
polarizing the electrode at potentials to cause hydrogen 
evolution. In  this paper, several results on this subject  
are presented. 

Experimental 
p-type GaP wafers having the acceptor concentrat ion 

of 4 X 10n/cm 3, supplied by Sanyo Electric Company 
Limited, were used as the electrode. The (111) face was 
chosen as the electrode surface. The wafer was etched 
with hot aqua regia to give a shiny surface before being 
mounted in a glass tube with epoxy resin. Just  before 
the electrodeposition, the electrode was dipped in aqua 
regia at room temperature,  followed by washing with 
deionized water. The electrodeposition of several kinds 
of metal  was made potentiostatically onto the i l lumin-  
ated electrode in  the conditions given in Table I. The 
deposition potential  was selected in such a manne r  that  
at that potential  not the hydrogen evolution but  the 
metal  deposition preferent ia l ly  proceeded under  a fixed 
band  bending of the electrode in all the electrolytes 
chosen; i.e., the deposition potential  was shifted cath- 

Key words: photoelectrochemistry,  semiconductor electrode, 
gal l ium phosphide, meta l  adatoms, surface ~tates. 

odically by 60 mV with an increase in uni t  pH of the 
electrolyte. Thermodynamical ly ,  copper cannot  be d e -  
p o s i t e d  at the potential  selected. However, the deposi- 
tion was possible at the i l luminated  electrode, since the 
deposition reaction proceeded as a photosensitized re-  
action. 

The number  of surface sites equivalent  to the mono-  
layer  coverage was assumed to be 2.4 • 1015/cm 2 of 
apparent  surface area by taking the roughness factor 
into consideration. The assumption of the number  of 
surface sites is not critical to this study, as is shown in  
a later  section. The deposition was made by employing 
an electronic coulometer (Nichia Keiki, Model N-CR 
404). The current  for deposition was automatical ly in -  
terrupted by an action of an electronic relay of the 
coulometer when the charge amounted to the set value. 
The deposition was usual ly  completed within several 
seconds at the longest when the monolayer  was depos- 
ited. If the metal  deposition was made with the charge 
equivalent  to the monolayer  coverage, the prepared 
electrode is represented in  this paper as M(0 = 1) /  
p-GaP. After  the metal  deposition, the electrode was 
washed in  a s t ream of deionized water  for over 1 hr. 

When it was necessary to use the wasted electrodes 
again, the metal-deposi ted electrodes were usual ly  
dipped in  aqua regia at room tempera ture  for 5 rain 
before use with the objectives of both removal  of the 
deposited metal  and surface pretreatment ,  if they still 
re tained the shiny surface. The removal  proceeded 
very rapidly, judging from the fact that metals 
del~osited so much as to show their  characteristic color 
completely lost the color within several seconds after 
immersion in the aqua regia. On the other hand, no 
appreciable etching of GaP seemed to proceed in a 
comparable time. Therefore, we believe that the 
etching proceeded fair ly homogeneously throughout  
the entire surface by the 5 min  dipping even when the 
deposited metal  was distr ibuted in patches on the 
surface. 

Table I. Conditions for metal deposition 

Poten- 
tial 
(VS. 

Metal SCE) Composition of e lectrolyte  (g / l i ter)  pH 

Pd 
Ag 
Au 
Cu 
Pb 

-0 .27  PdC12 �9 2H20 16, NI-I4C1 30, NH~OH 30 10.36 
-0 .40  KAg(CN)2 100, I~CO~ 45 12.51 
-0 .23  KAu(CN)2 170, Na2HPC~ 5 9.60 

0.29 CuSO4 200, H~SO~ 50 0.90 
-0 .05  Pb(BF~)~ 200, HBF~ 20, HaBO~ 20 1.5 
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The techniques of ion microprobe mass analysis 
were employed to obtain informat ion on the dis t r ibu-  
t ion profiles of the deposited metal  on the surface. A 
focused Ar+ beam of 1 X 10-TA with a 4 ~m diameter  
was scanned on the sample surface with a suitable 
choice of energy selection of the mass spectrometer of 
an ion microanalyzer  (Hitachi, Model IMA-2).  The 
surface dis tr ibut ion pa t te rn  of the deposited metal  was 
obtained as a specific ion image by observing the 
objective metal  ions produced only when the Ar + beam 
struck the deposited metal.  This technique has been 
used by other investigators (7, 8). The in-depth  
analysis of the surface composition was made in  a 
manne r  s imilar  to that reported by Evans et al. (9) 
by bombard ing  an Ar + beam of 0.5 #A with a 0.47 rnm 
diameter  onto a fixed position of the sample surface, 
and the signal in tens i ty  of the objective e lement  was 
measured as a funct ion of the sput ter ing time. 

The monochromatic l ight of various wavelengths 
was obtained by a prism monochrometer.  A 500W 
xenon lamp was used as a light source. A ra ther  large 
slit width of 2 m m  or more was used in order to obtain 
high i l luminat ion  in tensi ty  of the monochromatic 
light. The pur i ty  of the monochromatic light was, 
therefore, not high especially in long wavelengths.  The 
number  of incident  photons at 450 nm, determined by 
ferrioxalate actinometry,  was usual ly  around 2 X 1014/ 
cm2sec for the monochromatic light obtained in this 
manner .  Owing to poor pur i ty  of the monochromatic 
light, a photocurrent  spectrum obtained is thought to 
contain undefined errors. As far as discussion in this 
paper  is concerned, however, the pur i ty  of light does 
not cause a serious problem, because we do not discuss 
fine s t ructure  of the spectrum. A sequence of mea-  
surements  was done with the same exper imental  
setup, so that  the i r radiat ion in tensi ty  is believed to 
have been kept constant dur ing the measurements .  

In  order to develop photoresponse to light of wave-  
lengths longer than that corresponding to the bandgap 
energy, the electrode was polarized for a fixed period of 
t ime usual ly  in 0.5M Na2SO4 at --2.0V under  i l lumina-  
tion with a focused light from the 500W xenon lamp. 
The light in tensi ty  was around 1.2 W/cm 2, as deter-  
mined by a laser power meter  (Coherent Radiation, 
Model 201). Then, the electrode was set in an electro- 
lytic cell for measurements  of photoresponse. After be-  
ing set in  the celt, the electrode was repeatedly sub-  
jected to potential  sweep polarization at 1 V / mi n  in 
the dark in a potential  range between --1.0 and the 
potential  at which the cathodic current  commenced, 
unt i l  stable cur ren t -po ten t ia l  curves were obtained. 

The polarization curves were measured by using a 
potentiostat  having high input  resistance of 1011a 
(Hokuto Denko, Model HA 104). The electrode 
potentials cited in this paper are referred to SCE. The 
differential capacitances of electrodes were measured 
by means of a Wheatstone bridge assembly (1). 

Results and Discussion 
Appearance and disappearance of response to mono-  

chromatic  light of  1000 n m . - - W h e n  an Au (~ ---- 1 ) /p -  
GaP electrode was cathodically polarized in 0.5M 
Na2SO4 at --2.0V under  i l luminat ion,  a noticeable re-  
sponse to monochromatic light of 1000 nm gradual ly  
developed with polarization time; when the electrode 
was not in tent ia l ly  subjected to the cathodic polariza- 
tion, it was insensit ive to this wavelength.  Figure 1 
shows typical results. The measurements  of cur ren t -po-  
tential  curves were made not in 0.5M Na2SO4 but  in 
0.5M H2S'O4, because a higher response was observed in  
the la t ter  electrolyte than in the former (see Fig. 3). 
The electrode having no adatoms also showed response 
to 1000 nm light, although very weak, when it was sub-  
jected to the same cathodic polarization t rea tment  as 
stated above. Trials to characterize the deposited metal  
layers are presented in a later section. 

The ini t ial  surface etching with hot aqua regia to 
give a shiny surface seemed to be essential for the elec- 
trode to develop the response to 1000 nm light. The in i -  
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Fig. 1. Increase in photocurrent at 1000 nm with polarization 
time for an Au(e - -  1)/p-GaP electrode polarized at --2.0V in 
0.SM H2SO4 while under illumination with a 500W xenon lamp. 
Measuring solution ~ 0.5M H2SO4 and sweep rate ~ 1 Vr/mln. 
The cathodic polarization was successively conducted in the order: 
Curve 1, before the polarization; curve 2, 10 min; curve 3, 20 
min; and curve 4, 30 min. 

tial etching with HC1, for example, brought  about 
quite different electrode behavior. In  this case, the de- 
velopment  of photoresponse to 1000 n m  light was usu-  
ally negligible, and a relat ively high anodic current  
was observed at potentials  anodic to a round --0.5V, 
even after the electrode was cathodically prepolarized 
in the above-ment ioned manner .  The instabi l i ty  of 
p- type GaP as a photocathode, which was reported 
previously (1) and drew a contradict ion from Bockris 
and Uosaki (10), was also improved by the pre t rea t -  
ment  of the electrode with hot aqua regia. 

The developed response became weak and finally 
disappeared if the electrode showing the response was 
left to stand in the solution under  the open-circui t  con- 
dition or taken out from the solution. Typical examples 
are given in Fig. 2. 

Considering that  the m i n i m u m  bandgap of GaP is 
2.38 eV (11), one should recognize that the response to 
1000 nm light is caused not by the ba nd - ba nd  t ransi-  
tions of electrons but  by band-surface  state transitions.  
Then, it seems reasonable to assume that  these surface 
states must  have been formed dur ing the 1 hr cathodic 
polarization and that they disappear after in te r rup t ion  
of the cathodic polarization. The cathodic t rea tment  to 
create the surface states is, therefore, termed here 
"the activation treatment,"  and the electrode showing 
the developed response, "the activated electrode." 

The developed response of  the activated Au (e = 1) /  
p -GaP was higher when measurements  were made i n  
an acid solution such as 0.5M H2SO4 than in a neut ra l  
or in an alkal ine solution, as Fig. 3 shows. Therefore, 
measurements  of the developed response were usual ly  
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Fig. 2. Decrease in photocurrent at 1000 nm for an activated 
Au(e = 1)/p-GaP electrode. Measuring solution ~ 0.5M H2SO4 
and sweep rate ~- 1 V/rain. Curve 1, immediately after the 
cathodic polarization for 1 hr under the same condition as given 
in Fig. I; curve 2, subsequent to drying for 10 min; and curve 3, 
subsequent to standing in 0.SM H2SO4 for 2 days. 
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Fig. 3. Current-potential curves for an activated Au(~ = 1) /  
p-GaP electrode in: Curve 1, 0.5M H2SO4; curve 2, 0.5M Na2SO4; 
and curve 3, 0.5M NaOH. ( - - )  In darkness, ( - - - )  k ---- 1000 nm, 
(.  - -  .)  X = 440 nm. 

made in 0.SM H2SO4. On the other hand, the response 
due to the band -band  transi t ion of electrons was not 
influenced by the na ture  of the electrolyte used in the 
measurements .  

Activation treatment.--The photocurrent  spectra 
given in Fig. 4 show how the response of an Au@ = 
1 ) / p - G a P  electrode changed with the t ime of the acti-  
vation treatment.  Notice that in this case in  contrast to 
the conditions of Fig. 1 and 3, the activation t rea tment  
was conducted in 0.5M H2SO4 at --0.35V. Nevertheless, 
response appeared at wavelengths longer than 550 nm. 
This fact, together with a result  obtained in  1M NaOH 
at --2.0V, indicates that the na ture  of the electrolyte 
used in  the activation t rea tment  is not critical for de- 

veloping the photoresponse. Also noticeable is the fact 
that no rigid condition seemed to be required for the 
polarization potential  in  the activation treatment.  By 
comparing the potential  chosen in  the activation t reat -  
ment  of Fig. 4 wi th ' tha t  of Fig. 1 and 3, it is recognized 
that any potential  seems to be sufficient to develop the 
response, providing it is in such a potential  region as to 
give saturated photocurrent  under  i l luminat ion  with 
focused light from the xenon lamp. It follows from 
these results that there are a var ie ty  of activation 
t rea tment  conditions. However, we usual ly  performed 
the t rea tment  in 0.5M Na2SO4 at --2.0V for 1 hr. The 
results presented below are for electrodes subjected to 
this t rea tment  unless otherwise noted. 

Figure 4 indicates that the development  of response 
was accompanied with a decrease in the photocurrent  
owing to the band -band  transi t ion of electrons. How- 
ever, the rate of decrease was quite low compared with 
the rate of increase in photocurrent  in the developed 
spectrum. The spectral response of p - type  GaP could 
be extended by the activation t rea tment  even when the 
electrode had no adatoms on it, al though the effect was 
very small. 

EfIects of the amount of deposited metal on the de- 
velopment of response.--The results given in  Fig. 5 
show that deposition of one or two monolayers of gold 
was sufficient to improve the response of p- type  GaP. 
One-half  a monolayer  was too little and three layers 
were too much. A similar  relat ion between the amount  
of deposited metal  and the magni tude  of photocurrent  
was also found in the cases of silver and copper deposi- 
tion. The results on Ag /p -GaP  are given in  Fig. 6. 

These results suggest that the degree of coverage 
may have a critical role in  the improvement  of re-  
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Fig. 4. Development of photoresponse at Au(# =- 1)/p-GaP by 
the activation treatment in 0.5M H2S04 at --0.35V. Measure- 
ments were made with the same condition as in the activation 
treatment which was successively conducted in the order: Curve 
I ,  20 min and curve 2, 20 min, both in the dark, and curve 3, 
20 min and curve 4, 10 min, both under illumination with a 500W 
xenon lamp. ( - - O - - )  For p-type GaP having no adatom after the 
activation treatment under illumination for 1 hr, ( - - O - - )  for 
"as chemically pretreated" .o-type GaP. 
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Fig. 5. Effects of the amount-of deposited gold on the devel- 
opment of photoresponse of p-type GaP. ( - - O - - )  e ~ 0, none; 
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0 = 3. e is given in monoluyers. ( - - I - - )  nonactivated for ~ : 
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sponse. Specific ion image pat terns of gold obtained for 
A u / p - G a P  showed, however, that the deposited gold 
did not cover the entire surface even when the amount  
corresponding to twenty  monolayers was deposited. 
Therefore, no definite conclusion can be drawn on 
whether  or not the most favorable coverage was at-  
tained at the opt imum amount  of deposition observed 
and what  the opt imum coverage is, if any. Figures 4-6 
show that the photocurrent  spectra of the activated 
electrodes covered a wide spectral region ranging from 
600 to 1400 nm. 

Nature oy the developed photocurrent.--In order to 
get informat ion  on the na ture  of the developed spectra, 
a constant potential  electrolysis was conducted in 0.5M 
H2SO4 by using the activated Au(o ---- 1 ) / p - G a P  elec- 
trode. The polarization potential  was set at --0.35V, and 
the electrode was i l luminated with a focused light hav-  
ing longer wavelengths than 600 nm which was ob- 
tained by setting a colored glass filter (Toshiba, Vr-60) 
between the xenon lamp and the electrolytic cell. The 
cathodic current  flow of 300 ~A/cm 2 was caused by 
light i r radiat ion of 0.5 W/cm 2, and gas bubbles were 
observed to stick to the electrode surface. After the 
electrolysis for 2.5 hr, the evolved gas was a n a l y z e d b y  
a gas chromatograph using a molecular  sieve 5A col- 
u m n  and was identified to be hydrogen. After the elec- 
trolysis no appreciable change was noticed in the elec- 
trode surface condition. 

Deposited metals as shallow surface states of the 
electrode.--The monolayer  amount  of metal  deposition 
did not cover the entire surface of the electrode, but  
was restricted to areas dis tr ibuted in patches, as stated 
above. The activation t rea tment  did not make any 
change in the ion image pa t te rn  obtained. The in-depth  
analysis of gold, however, showed that  the t ime re-  
quired for the deposited gold to be sputtered out was 
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Fig. 7. In-depth distribution profiles for Au(0 = 1)/p-GaP be- 
fore ( - - - )  and after(--) the activation treatment. 

changed and prolonged by the activation t rea tment  
(Fig. 7). A simple in terpre ta t ion  may be made that  the 
deposited metal  was forced into the electrode surface 
by the activation t reatment .  However, this in te rpre ta-  
t ion may draw criticism, since the secondary ion yield 
for Au will be affected by a change in the bond strength 
between the adatoms and GaP (12). If the prolongat ion 
of sputter ing t ime observed is ascribable to an increase 
in the bond strength, then one may be able to conclude 
that the deposited layers became dense by the activa- 
t ion treatment .  Any discussion on coarseness of the de- 
posited layers as was done on n - type  GaP coated with 
metal  films (6), however, will not be so effective since 
the deposited layers were distr ibuted in patches. In any 
case, the deposited gold seems to have no direct rela-  
tion with the appearance of response at wavelengths 
longer than 550 nm, because the activated electrode, as 
mounted in the sample chamber  of the ion micro- 
analyzer, had already lost its developed response by 
the t ime the ion microprobe mass analysis was made. 

The results obtained on CdS and ZnO having metal  
adatoms also el iminate  the possibility for direct par-  
t icipation of deposited metals in the development  of 
photoresponse. According to the results obtained by 
Gerischer et al. (13, 14), the direct optical electron 
transfer  from the adatoms to the conduction band, ob- 
served in the anode process, takes place with a very 
low probabil i ty  because an electron is required to move 
in position from the energetic level i n ' t h e  metal  ad-  
atoms to a place inside the electrode dur ing the course 
of the optical excitation. A quite analogous si tuat ion 
will be met in the cathode process at p- type GaP hav-  
ing metal  adatoms. The optical electron t ransfer  from 
the valence band to the energetic levels in the metal  
adatoms, which may lead to the hydrogen evolution, 
must  also proceed with a very low probabi l i ty  even if 
it would occur. 

Formation of deep surface states by the activation 
treatment.--The above discussion indicates that we 
have to seek another origin for the development  of 
photoresponse. The results shown in Fig. 1 and 4 sug- 
gest that the formation of surface states is a slow proc- 
ess. This is impor tant  informat ion for evaluat ing the 
origin of surface states. Another  important  finding is 
that the shapes of the photocurrent  spectra of 
M(0----1)/p-GaP are independent  of the kind of metal  
M (Fig. 8). This result  suggests that  the surface states 
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Fig. 8. Photocurrent spectra of activated GaP having the mono- 
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formed have the same origin. Then, hydrogen impreg-  
nat ion evolves as the most probable cause for the for-  
mat ion of surface states, al though we have no definite 
knowledge of the impregnated  condition. 

It is well  known that the cathodic evolution of hy-  
drogen causes hydride formation for Ge (15) and leads 
to its decomposition. In the case of compound semicon- 
ductors, such as GaAs (16) and InP  (17), the nonmeta l -  
lic elements are removed from the semiconductor sur-  
face as hydrides dur ing the course of hydrogen evolu- 
tion. Compared with these semiconductors, GaP seems 
to be suitable for the hydrogen evolution, so that it can 
accommodate the impregnated hydrogen in the elec- 
trode surface region. 

It  was noticed that the activation t rea tment  for i hr  
was enough to develop photoresponse at wavelengths 
longer than 550 nm and that fur ther  activation t rea t -  
ment  brought  about no appreciable effect. This finding 
also supports the premise that  hydrogen impregnat ion 
is closely related to the formation of surface states. The 
impregnat ion proceeds toward the interior  of the elec- 
trode dur ing the course of the activation treatment ,  and 
the formed surface states can trap photoexcited elec- 
trons with energies smaller  than the bandgap energy. 
If the assumption is made that photoexcited electrons 
from the valence band to levels of the formed surface 
states are responsible for the developed cathodic pho- 
tocurrent,  then the magni tude  of the developed photo- 
current  must  depend on the t rapping probabi l i ty  of 
photoexcited electrons as well as on i rradiat ion in ten-  
sity. The dependence of the developed photocurrent  on 
i l lumina t ion  intensi ty  is given in Fig. 9. The t rapping 
probabi l i ty  will become saturated if the formation of 
surface states extends into the interior  for a distance 
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Fig. 9. Photocurrent via the formed surface states as a function 
of illumination intensity, k - -  1000 nm, solution - -  0.5M H~O4,  
electrode - -  ,ctivated Au(# ~-- 1)/p-GaP. 

comparable to the penetra t ion depth of the i l luminated 
light. The exper imental  results show that such a con- 
dit ion was almost realized by the activation t rea tment  
for 1 hr. 

As shown in photocurrent  spectra of M ( 0 : . I ) / p -  
GaP, growth of the developed spectrum was usual ly 
accompanied by depression in the photocurrent  at- 
wavelengths of the intr insic  absorption of GaP. This 
phenomenon possibly reflects that some of the electrons 
photoexcited into the conduction band were trapped by 
the formed surface states. 

Energy Levels 05 surface states.--It is possible to de- 
termine the energy levels of the surface states f rom 
the photocurrent  spectra obtained. In the case of 
Au (0 ---- 1 ) /p-GaP,  they are dis tr ibuted from about 0.9 
to 2.3 eV above the upper  edge of the valence band with 
a high density between 1.4 and 1.8 eV, al though no 
rigid determinat ion was possible in the present  study 
owing to poor resolving power of the monochrometer  
as used. It is evident  that almost the same distr ibution 
profile holds for electrodes having other kinds of de- 
posited metals. From a knowledge of the flatband po- 
tent ial  of the electrode, which is given below, relative 
positions of the energy levels of the surface states to 
that of the hydrogen electrode can be pictured as 
shown in Fig. 10. This figure is given for the case when 
the electrode was polarized at --0.35V in 0.5M H2SO4. 
If one takes into consideration the dis tr ibut ion function 
of unoccupied electron states in the hydrogen electrode 
(18, 19), hydronium ions must  find a dis t r ibut ion prob- 
abil i ty in the energies equal to or higher than the low- 
est level of the surface states. Therefore, the electron 
transfer  from the surface states to hydron ium ions in 
the electrolyte must  occur in the energy region cover- 
ing the entire surface state. Furthermore,  this t rans-  
fer seems to be more feasible than that via the 
conduction band since the energy levels of the surface 
states, ra ther  than those of the conduction band, are 
closer to the energy of the hydrogen electrode. 

Memming et al. found part icipation of surface states 
in the reduct ion of several oxidizing agents at p- type  
GaP electrodes (3, 4). It  is noteworthy that  the energy 
region covered by the surface states discovered by 
them is in good agreement  with that found in the pres-  
ent study, although their  results showed negligible par -  
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Fig. 11. Schottky-Mott plots of differential capacitances of 
a p-type GaP electrode before and after the activation treatment. 
Open symbol, after the treatment; closed symbol, before the 
treatment. ([], I )  10 kHz, (A,  A )  5 kHz, and ( Q ,  @) 1 kHz. 

t icipation of the surface states in the hydrogen evolu- 
tion reaction. 

FLatband potentials .---Figures 11 and 12 show 
Schottky-Mott  plots of differential capacitance of 
p- type GaP and Au(0 ----- 1 ) / p -GaP  electrodes, respec- 
tively, before and after the activation treatment .  As the 
figures show, the potentials obtained by extrapolat ion 
of the plots to 1/C 2 --- 0 were independent  of the mea-  
sured frequency. It  is then possible to determine the 
flatband potential  in a s traightforward manne r  (20). 
The fiatband potentials of IVs electrodes 
determined in this manner  are presented in Table II. 
It will  be noticed that the flatband potential  of the elec- 
trode was shifted negat ively by the activation t reat -  
ment  regardless of whether  or not the electrode had 
metal  adatoms. 

2O 

v 

0 

In  the case of Ge electrodes, the cathodic polarization 
brings about a change in the surface condition from a 
hydroxyl  to a hydride nature,  so that the flatband po- 
tent ial  is shifted in a negative direction. This phenom-  
enon could successfully be elucidated only when a 
rapid measurement  technique was employed (21, 22). A 
quite analogous si tuat ion is expected on GaP elec- 
trodes. 

The surface Ga sites of GaP are believed to be re- 
sponsible for formation of hydroxide and hydride, ac- 
cording to the following equations 

O H -  H20 
Ga-OH + ~ G a O -  § [1] 

H~O HaO + 

OH - Hz0 
Ga-H + ~-- Ga- + [2] 

HzO HsO + 

The surface Ga-H will be too unstable  to be detected 
by a slow measurement  technique of differential ca- 
pacitance such as by employing a Wheatstone bridge 
assembly, because gal l ium is an sp metal  'and cannot  
re tain adsorbed hydrogen (23). In  the case when  hy-  
drogen is impregnated,  however, a different si tuation 
may hold, and surface gal l ium may behave as if it re-  
tains adsorbed hydrogen. This is a plausible explana-  
tion for the negative shift of the flatband potential  of 
the electrode by the activation t reatment .  

The values of the fiatband potentials were affected by 
the kind of metals chosen, as Table II shows. An argu-  
ment  similar  to that  made for CdS electrodes having 
various kind of metal  adatoms (13) would hold here 
also. Unfortunately,  however, a l inear  relat ion has not 
yet been established between the flatband potential  of 
M (e----1)/p-GaP and the work function of the deposited 
metals, possibly because of scarcity of exper imental  re-  
sults. 

It is shown in Fig. 3 that the photocurrent  caused by 
i l lumina t ion  with monochromatic light of 1000 nm was 
affected by the na ture  of the electrolyte. A plausible 
explanat ion for this is as follows. By changing pH val-  
ues of the electrolyte, the number  of the surface hy-  
dride sites will be changed according to Eq. [2]. The 
cont inui ty  of the surface-state energy levels from the 
surface into the inter ior  is then affected, and there will 

Table II. Flatband potentials of M(0 ---- 1)/p-GaP electrodes 
measured in 0.5M H2SO4 

Flatband potential (V vs.SCE) 

M Nonactivated Activated 

A u  1.20 1.02 
A g  1.0 0.9 
Cu 0.90 0.86 
P b  0.94 0.80 
None  0.95 0.73 
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be a large  tendency  in a high pH solut ion for the con- 
t inu i ty  to be b roken  down and thus for the  photocur -  
rent  to be suppressed.  

Conclusion 
Extension to longer  wavelengths  of the photocur ren t  

response of p - t y p e  G a P  electrodes for the hydrogen  
evolut ion react ion was successful ly achieved by  depos-  
i t ing a monolayer  of any of severa l  kinds of meta ls  onto 
the  e lect rode surface and then cathodical ly  polar iz ing 
the resul t ing electrode under  i l luminat ion.  The ca th-  
odic polar iza t ion  must  be re la ted  to sur face-s ta te  for-  
mation,  and the impregna ted  hydrogen  seems to be the  
most p robab le  cause for this. The developed response 
was high enough to have pract ica l  significance for solar  
energy ut i l izat ion at least  in the  fol lowing two points:  
First ,  the ac t iva ted  electrode responds in a wide wave -  
length  region be low 1400 nm, so tha t  a large  par t  of the 
solar  spec t rum can be util ized. Second, whi le  the  ac-  
t iva ted  e lect rode is being used as a photocathode,  there  
seems to be no p rob lem in the  s tab i l i ty  of the meta l  
adatoms;  thus a long life dura t ion  of the ac t iva ted  elec-  
t rode  is to be expected.  F rom a scientific point  of view, 
however ,  some questions remain  on the deve lopment  of 
the response to be elucidated,  especial ly on the mech-  
anism of the appearance  of the  deve loped  response, 
and on the role of the deposi ted metals.  On the l a t t e r  
point, the  ca ta ly t ic  ac t iv i ty  of the metals  for the hydro -  
gen evolut ion may  have some re la t ion  to the develop-  
ment  of the response, since deposi t ion of Pb did not  
give any apprc iab le  effect. 

Manuscr ip t  submi t ted  Ju ly  7, 1977; rev ised  manu-  
script  received Aug. 80, 1977. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the  December  1978 
JOURNAL. Al l  discussions for the December  1978 Discus-  
sion Section should be submi t t ed  by Aug. 1, 1978. 
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Homomolecular Oxygen Exchange and the Electrochemical 
Reduction of Oxygen on Semiconducting Oxides 

D. B. Hibbert* and A. C. C. Tseung* 
Department of Chemistry, The City University, London EC1V 4PB, United Kingdom 

ABSTRACT 

The activation energies of the reversible electrochemical reduction of oxy- 
gen on Lao.sSr0.sCoO3 and lithiated nickel oxide were shown to correlate 
with those of the gas phase exchange reaction between 1602 and 1802 on these 
catalysts.  This resul t  suggests that  the  r a t e -de t e rmin ing  step of the revers ib le  
oxygen  reduct ion is the  dissociative chemisorpt ion  of an oxygen molecule,  
in agreement  wi th  the  " joint  pseudospl i t t ing /d issoc ia t ive  chemisorpt ion"  
mechanism. The electrochemical  reduct ion and isotopic exchange react ion 
on high and low surface area  l i th ia ted  nickel  oxide showed that  only above 
the h e e l  t empera tu re  could oxygen be chemisorbed as 2 O - .  The effect of 
par t ic le  size dis t r ibut ion,  leading to a mixed  potent ial ,  may  account for the  
fact  tha t  h igh surface area  l i th ia ted  nickel  oxide is revers ib le  only above 
150~ 

Research into the  mechanism of the e lect rochemical  
reduct ion  of oxygen has s temmed f rom the quest  for a 
revers ib le  oxygen electrode. Work  by  Tseung, Hobbs, 
and Tan t r am (1) and Bevan and Tseung (2,3) has 
shown the impor tance  of the  magnet ic  p roper t ies  of 
semiconduct ing oxide electrocatalysts .  

In  this paper ,  the  concepts developed in the  ear l ie r  
work  are  discussed and fu r the r  evidence f rom isotopic 
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exchange exper iments  is repor ted  which  clarifies the  
na ture  of the r a t e -de t e rmin ing  step of the  reaction. 

The Theory of Electrochemical Oxygen Reduction 
The reduct ion at an oxygen cathode in a lka l ine  solu-  

tion may  take  two pa ths  

02 + 2H~O + 4e ---- 4 OH- [i] 

O~ + H20 + 2e = HO~- + -OH [2] 
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(a) 

A possible  scheme for the four -e lec t ron  process (Eq. 
[1]) involves the  so-cal led  " joint  pseudosp l i t t ing /d i s -  
sociat ive adsorpt ion" mechanism (2, 4). "Side-on"  ad-  
sorpt ion of an oxygen molecule  fol lowed by  par t i a l  
e lec t ron t ransfer  at  the ca ta lys t  surface and hydrogen  
bonding to ad jacent  adsorbed  h y d r o x y l  ions leads  to 
a low energy  pa thway  for the c leavage of the  oxygen 
molecu la r  bond. The scheme is depic ted  in Fig. l ( a ) -  
(d) .  The ini t ia l  adsorpt ion  is seen as an in terac t ion  
be tween  the ~* electrons of 02 and pa r t i a l l y  filled d 
orbi ta ls  of two ad jacent  t rans i t ion  meta l  ions of the  
semiconduct ing oxide electrode.  This is essent ia l ly  the  
"br idge  model"  discussed by  Yeager  (5). 

If  the condit ions for  s ide-on  adsorpt ion  are  not  f a -  
vorable  bonding may  occur th rough  jus t  one oxygen 
a tom leading  to "end-on"  adsorpt ion  and the p a thw a y  
of Eq. [2] (6). The par t ic ipa t ion  of both  react ions at 
the  cathode leads to a mixed  potent ia l  and i r revers ib le  
behavior.  

By this theory,  therefore,  an efficient ma te r i a l  for  a 
revers ib le  oxygen elect rode should be able to chemi-  
sorb oxygen in the  s ide-on position. Tseung and Bevan 
have argued tha t  s ide-on  adsorpt ion  of oxygen (a 
paramagnet ic  molecule)  wi l l  be fac i l i ta ted  by  the 
presence of para l l e l  e lect ron spins in the  surface of 
the e lectrocatalyst .  Thus the  r equ i r emen t  for  the 
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Fig. 1. Stages in pseudosplitting. (a) Partial electron transfer, 

(b) hydrogen bonding, (c) completion of electron transfer, (d) 
reorientation. Over-all reaction: 03 + 2H~O -f- 4e --> 4 OH-.  
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cata lys t  is tha t  it, too, should be pa ramagne t i c  at  the  
t empera tu re  of opera t ion  of the  electrode.  

Yeager  (5), in a recent  review, dis t inguishes two 
modes of s ide-on adsorpt ion  involving one, or two 
catalyst  sites. A one-s i te  adsorpt ion,  the  Griffiths 
model  (7), a l though leading to a weakening  of the  
oxygen molecular  bond, does not r equ i re  a pa r t i cu l a r  
magnet ic  state,  in contras t  to the  two-s i t e  (b r idge)  
model  discussed above. 

In  addit ion,  correct  spacing of the  meta l  ions is a 
prerequis i te  of the br idge  model. 

Two classes of oxides have  been shown to reduce 
oxygen in a lkal ine  solut ion via  the  four -e lec t ron  pa th  
of Eq. [1]; perovsk i te  oxides based on LaCoO8 (3) 
and l i th ia ted  nickel  oxide (2). La0.sSr0.sCoO~ is fe r ro-  
magnet ic  at room tempera ture .  Nickel  oxide is an t i -  
fe r romagnet ic  wi th  a Neel t empe ra tu r e  (for  massive 
nickel  oxide) of 247~ The appa ren t  Neel  poin t  is 
ex t r eme ly  sensi t ive to par t ic le  size and is reduced to 
room t empera tu re  for  nickel  oxide of mean  par t i c le  
size d iamete r  of 130A (8).  

Experimental 
Preparatio~ of oxide catalyst.--Low surface a rea  

l i th ia ted  nickel  oxide [5 a tom percent  (a /o )  Li + ] was 
prepa red  by  the freeze dry ing  technique (9) wi th  a 
reduced  volume of nickel  aceta te  and l i th ium acetate  
(200 ml for  5g ca ta lys t ) .  La0.sSr0.sCoO~ was p r e p a r e d  
using the same method  from a solut ion of mixed  
ni t ra tes  fol lowing the p rocedure  of Tseung and Bevan 
(3). 

High surface a rea  l i th ia ted  nickel  oxide was p r e -  
pa red  by  the method  given by  Teichner  (10) in which  
nickel  hydroxide ,  p rec ip i t a ted  by  ammonium h y d r o x -  
ide f rom a solut ion of nickel  ni t ra te ,  was we t ted  wi th  
a sa tu ra ted  solut ion of l i th ium hydroxide .  Af te r  ag i ta -  
t ion for 1 hr  in an ul t rasonic  bath,  the  resul t ing  s lu r ry  
was dr ied  and decomposed under  vacuum (10-3 Tor t )  
at  200~ High  surface a rea  n ickel  oxide  was p r e p a r e d  
by  the same method.  

Catalyst characterization.--The surface area  of each 
cata lys t  was measured  by  the BET method from the 
adsorpt ion  of n i t rogen at 77~ The conduct iv i ty  of 
the cata lys t  was measured  in a specia l ly  designed steel  
die containing a fixed amount  of ca ta lys t  powder  
compressed at  a fixed pressure  by  a W a y n e - K e r r  a-c 
br idge  (1592 Hz).  

The composit ion of the  catalysts  was checked by  
atomic absorpt ion  of a solut ion produced by  dissolving 
a known weight  of the  cata lys t  in n i t r ic  acid. Fo r  the  
samples  of high surface area  l i th ia ted  nickel  oxide, a 
leach wi th  wa te r  was pe r fo rmed  to de te rmine  the 
amount  of l i th ium oxide which had  remained  un-  
reac ted  on the surface of the n ickel  oxide. 

X - r a y  powder  photographs  of La0.sSr0.sCoO8 (a 
Phi l l ips  machine  wi th  mo lybde num targe ts  and z i r -  
conium filter to select I ~  radia t ion)  revea led  the  cor-  
rect  perovski te  s t ructure .  Table  I gives detai ls  of the 
physical  p roper t ies  of the  cata lys ts  used. 

Al l  the  powders  used for the  isotopic exchange ex-  
per iments  were  examined  by  t ransmiss ion e lec t ron 
microscopy (by a JEOL, JEM 100B microscope, ac-  
ce lera t ing vol tage 100 kV) .  Samples  were  sp rayed  onto 
a gr id  f rom a dispers ion in water .  Max imum magnif i -  
cat ion avai lab le  was 50,000 >< which a l lowed the reso-  
lut ion of par t ic les  of 40A diameter .  F r o m  this i t  was 
possible to obtain a par t i c le  size d is t r ibut ion  of the  
powders.  

Electrode preparation.--Teflon bonded (1) porous 
electrodes were  fabr ica ted  to test  the  e lec t roca ta lys t  
powders.  A s lu r ry  of 10 mg cata lys t  and 3 mg 60% 
PTFE dispers ion in wa te r  was u l t rasonica l ly  d ispersed 
for 10 min, then  pa in ted  onto a preweighed,  degreased,  
and etched 100 mesh Ni grid. The e lect rode was cured 
at 300~ for 1 hr, then  spot we lded  onto a gold s t r ip  
a t tached to a gold wire.  
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Table I. Physical characteristics of the electrocatalysts 

Catalyst 

Prepa- Su~  Conduct- 
ration face ance** 
tech- area (f l~ X-ray 

nique* (m~/g) cm -~) analysis  
Experimental  
investigations 

Lao.sSro.sCoO8 f.d. 30_ n.d. Perovskite  
Lao.~Sro.~Co03 f.d. 38 >0.1 Perovskite  
Lb.~Nio.9~Oo.e~ h.p. 150 n.d. n.d. 

Lio.lNi0.9Oo.~ h.p. 180 >0.1 n.d. 
Lio.ssNio.9~Oo,9~ f.d. 2.5 n.d. n.d. 
Lio.osNio.95Oo,~5 f.d. 10 >0.1 n.d. 
NiO f.d. 38 n.d. n.d. 
NiO h.p. 135 n.d. n.d. 

z6Oe/lsO2 exchange  
Electrochemical  
~sO~/~60= exchange  
OCV determined 
Electrochemical  
�9 sO.2/~O~ exchange  
Electrochemical  
OCV determined 
~60~/~s02 exchange  

* f.d. = freeze  drying, h.p. = hydroxide  precipitation. 
** n.d. = not  determined.  

Electrochemical testing.--The cell used was a modi-  
fication of the floating electrode cell of Giner  a n d  
Parry  (11). Electrodes of 1 cm 2 area were used in  an 
electrolyte of 45 weight percent  (w/o)  KOH up to 
140~ and 75 w/o KOH between 140 ~ and 230~ A 
Witton Model EC108L transistorized 1A potentiostat  
was used. A platinized p la t inum electrode was used 
as a dynamic hydrogen reference electrode (DHE), 
which was periodically standardized against a re-  
versible hydrogen electrode (RHE). The i-R drop be-  
tween Luggin and electrode surface was determined 
by the in ter ruptor  technique. A 20 cm 2 p la t inum gauze 
was used as the counterelectrode. 

Isotopic oxygen exchange experiments.--The ap- 
paratus Used to follow the equi l ibrat ion of an  1602/1802 
mixture  is essentially similar  to that  used by Winter  
(12) and is depicted in Fig. 2. The capil lary leak jo in-  
ing mass spectrometer to reaction vessel was such as 
to allow a pressure of 10 -5 Torr  in the spectrometer 
for a pressure of 100 Torr  in the reaction vessel. The 
volume of the reactor was 200 cm ~ and for a total 
pressure of gases of 100 Torr  the leak rate to the mass 
spectrometer caused less than  a 2% change in  this 
pressure dur ing the course of an experiment.  

The mass spectrometer, an AEI MS10, scanned m/ e  
(mass:e lectron ratio) 36, 34, and 32 with a sensit ivi ty 
of 28 ~A Torr -1  allowing the detection of about 0.1% 
of any isotope in 10 Torr  oxygen in the reaction vessel. 
"White spot" ni t rogen was dried over silica gel. Oxy- 
gen containing 63.6% 1sO was supplied by British Oxy- 
gen Company, Special Gases Division. 

In order to observe homomolecular  exchange, the 
catalyst ( ~ l g )  was preequi l ibrated overnight  at the 
temperature  of the exper iment  with the 1602/1802 
mixture.  The system was then evacuated to 10 -8 Tor t  
and filled with ni t rogen to 100 Tort. To start  the ex- 
per iment  5 ml of labeled oxygen mixture  was in t ro-  
duced into the reactor (giving a pressure of about  10 
Torr) .  The ion currents  of m /e  32, 34, and 36 were re-  
corded at intervals  for 400-600 min. 

The accuracy of this method is l imited by the rate 
of change of the m/e  36:34 ratio. The results were not 
considered if this ratio changed by less than  1% in 300 
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i Mao  e r 
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Fig. 2. Apparatus to measure the rate of oxygen exchange on a 
catalyst surface. 

min. Practically, the lowest tempera ture  which could 
give this rate for the catalysts investigated was be-  
tween 100 ~ and 150~ 

Results 
Electrochemical testing.--Current-voltage relations 

for Lao.sSr0.sCoO3 and l i thiated nickel oxide have 
been published by Tseung and Bevan (2,3),  and 
Bevan (13). 

Low surface area (12 meg -1) l i thiated nickel oxide 
electrodes showed reversible behavior (correct OCV, 
i cc po~1/2, no change in  slope of i /V curves through 
OCV) above 240~ but  below 220~ the reduction of 
oxygen was irreversible.  For a high area sample (180 
m2g -1) reversibi l i ty  was shown above 150~ In the 
case of Lao.~Sr0.sCoO~ the electrodes were reversible 
at room temperature.  

To express the electrochemical rate of oxygen re-  
duction in terms of the number  of oxygen molecules 
reacting per second per square cent imeter  of t rue  
catalyst surface (-Z-), the value of io was calculated 
from the i-V data. For all reversible electrodes the i-V 
curves were l inear  wi thin  50 mV of the OCV. io was 
therefore calculated from the l inear  approximation to 
the But ler -Volmer  equation given by Bockris and 
Reddy (14) 

hi ~RT 
io -- - -  [3] 

A~ n F  

(~i/A~]) is the slope of current  densi ty-overpotent ia l  
line; v is the stoichiometric number  ( taken as 2 for 
reaction [2]);  n is the number  of electrons associated 
with the reaction (here 4) ; and R, T, and F have their 
usual meanings. From io the rate of reaction, corrected 
for an atmosphere of 10 Torr oxygen (/~Po20.5) may be 
calculated 

--Z--: (Nio/4AF) (1.32/p~ 2) 1/2 

where N is Avogadro's number ,  A is the true surface 
of the catalyst per square centimeter  of electrode, and 
Poe is the partial  pressure of oxygen used in  the ex- 
per iment  expressed as a percentage (10 Tor t  is 
1.32% of 760 Torr) .  

Figure 3 shows an Arrhenius  plot of the results of 
La0.sSr0.~CoO8 and 10 a/o Li+/NiO (ssa 180 me/g).  
These lines give: La0.sSr0.sCoO~ Z ----. l017.56 exp 
(--13.0/RT kcal /mole)  ; l i thiated nickel oxide Z -- 
1012.26 exp (--4.3/RT kcal /mole) .  

The open-circui t  voltage (OCV) of nickel oxide elec- 
trodes made from both high and low surface area 
oxide were measured at room temperature.  At 25~ 
hydrophobic nickel oxide electrodes (ssa 135 me/g) 
gave more than 1.063V vs. DHE (in 100% oxygen).  
Attempts to purify the KOH solution by electrolysis 
(15) resulted in no significant change. Increasing t h e  
temperature  to 70~ gave the expected decrease in  
OCV. Low surface area nickel oxide (ssa 38 me/g) 
had an OCV of 1.053V vs. DHE in air. 

No at tempt to measure current  voltage curves was 
made due to the high resistivity of nickel oxide [106~2 
cm (1)] .  
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Fig. 3. TEe rate of tee e/ectrochemical reduction of oxygen 
calculated from io measurements, as a function of temperature. 
�9 Lao.sSro.sCoO3, ssa 38 m2/g; �9 10 a/o Li/NIO, ssa 180 mg/g. 

Isotopic exchange studies.--According to Boreskov 
(16) the rate  of exchange of oxygen on a catalyst  
which has been equi l ibra ted wi th  an isotopic gas m i x -  
ture  is g iven by 

C~ - - C o  
In - -  kt  [4] 

C =  - -  C t 

where  C t is the fract ion of 160180 molecules at t ime t, 
and k is the rate  constant for the homomolecular  ex-  
change react ion 

1 6 0  + 1 8 0  ~ 1 6 0 1 8 0  [ 5 ]  

Values of the rate  constant k, were  de te rmined  f rom 
Eq. [4] at tempera tures  be tween  150 ~ and 300~ for 
Lao.~Sro.~CoOs, 5 a /o  L i + / N i O  (ssa 150 m2/g and 2.5 
m2/g) and for NiO (ssa 135 m'2/g) at 160~ k is re la ted 
to the number  of molecules react ing per second per 
unit  surface area (Z) by 

lVAk 
Z = ~ [61 

A 

where  NA is the total  number  of oxygen molecules in 
the reactor  and A is the surface area of the catalyst. 

F igure  4 is an Arrhenius  plot of log10 Z vs. 1/T for 
the different catalysts. The rates for La0.5Sr0.sCoOa 
and high ssa l i thiated NiO are described by 

Z = 1017.2 . exp ( -- 15.8/RT kca l /mole)  

Z : 1010-3 exp ( - -4 .7 /RT kca l /mole )  

respectively.  
It is noted that  the single determinat ion  of Z for 

NiO (ssa 135 m2/g) at 160 ~ also falls on the 
l i thiated nickel oxide curve. 

The l ine for the low surface area 5 a /o  L i + / N i O  
shows a distinct change in shape be tween  220 ~ and 
240~ which encompasses the Neel t empera ture  for 
this oxide. 
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Fig. 4. The rate of homomotecular exchange of oxygen as a func- 
tion of temperature. �9 Lao.5Sro.~CoO~, ssa 30 m2/g; �9 5 n/a 
Li/NiO, ssa 150 m2/g; �9 5 a/o Li/NiO, ssa 2.5 m~/g; (~ NiO, 
ssa 135 m2/g. 

Fig. 5. Electron micrograph of 5 a/o Li/NiO ssa 150 m2/g, 
showing crystallite size distribution. Original magnification 50,000X. 

Particle size distribution.--Figure 5 gives a t rans-  
mission electron micrograph of a l i thiated nickel  oxide 
sample of ssa 135 m2/g. A count of the distr ibut ion 
of part icle sizes leads to a mean part ic le  size d iameter  
(PSD) of approximate ly  100A. That  this is l a rger  
than is predicted from the BET measurement  (67A) 
indicates the presence of particles smaller  than were  
resolved by the microscope (40A). Of interest  is that  
about 5% of the particles counted were  of d iameter  
greater  than 200A and particles grea te r  than 600A 
diameter  were observed. 

It  is also of interest  to note that  low surface area 
l i thiated nickel oxide powders  showed a much smal ler  
distr ibution of diameters.  
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Discussion 
The comparison of chemical and electrochemical 

rates.--In compar ing chemical  and electrochemical  
rates of react ion i t  must  be noted tha t  the  e lec t ro-  
chemical  ra te  de te rmined  f rom io wil l  contain not only 
an e lement  due to the  Chemical step (here  the  
Chemisorption of oxygen) ,  but  also to the  added effect 
of potential .  However  if the r a t e -de t e rmin ing  step is 
essent ial ly  a chemical  adsorpt ion  of oxygen i t  would 
be expected that  the  slopes of the Ar rhen ius  plots 
would be a measure  of the  act ivat ion energy of the  
process for both chemical  and e lect rochemical  reac-  
tions. I t  is seen immedia t e ly  f rom a comparison of Fig. 
3 and 4 tha t  ~he act ivat ion energies  for  gas phase oxy-  
gen exchange and revers ib le  e lecrochemical  reduct ion 
of oxygen on La0.sSr0.sCoO3 and high ssa l i th ia ted  
nickel  oxide have s imi lar  values  (La0.sSr0.sCoO3:15.8 
kcal  mole -1 and 13.0 kcal  m o l e - l ;  l i th ia ted  l~iO: 4.7 
kcal  mole -1 and 4.3 kcal  mole  -1, respec t ive ly) .  These 
resul ts  suppor t  the  theory  tha t  the  r a t e -de t e rmin ing  
step in each react ion is the  dissociat ive adsorpt ion  of 
oxygen, which, in the case of e lectrochemical  reduc-  
tion of oxygen, is the first s tep in the jo int  pseudo-  
sp l i t t ing /d issoc ia t ive  adsorpt ion  mechanism. 

The efIect o~ particle size on the reversibility o~ 
lithiated nickel oxide electrodes.--In accord wi th  the i r  
theory  that  semiconduct ing oxide electrodes should 
be revers ib le  above the Neel t empera ture ,  Tseung and 
Bevan (3) found that  La0.sSro.sCoO3 [LaCoO8 shows 
ant i fe r ro  magnet ic  behavior  below 100~ (17)] was 
revers ib le  at room tempera tu re ,  and tha t  l i th ia ted  
nickel  oxide of ssa 12 m2g -1 was revers ib le  above 
220~ However ,  when  high surface  a rea  (ssa 180 
m2g -1) l i th ia ted  nickel  oxide was tested, revers ib i l i ty  
was shown only at 150~ a l though the apparen t  Neel 
point  of nickel  oxide of ssa 180 m2g -1 is, according to 
Richardson and Mil l igan (8), less than  120~ The 
predominance  of perox ide  product ion  from massive 
l i th ia ted  nickel  oxide cathodes at  room tempera tu re  
has  also been noted by  Yeager ' s  group (18). 

There  is some dispute  concerning the effect of pa r -  
t icle size on the Neel t empera tu re  of nickel  oxide. 
Richardson and Mil l igan (8), whi le  finding tha t  the 
posi t ion of the m a x i m u m  in the suscept ib i l i ty  vs. t em-  
pe ra tu re  curve moved to lower  t empera tu res  wi th  de-  
creasing average  par t ic le  size, concluded f rom neut ron  
diffract ion stucties that  the  t rue  Neel point  of NiO was 
not changed and tha t  the  da ta  could be expla ined  by 
a change in magnet ic  env i ronment  for small  c rys ta l -  
lites. La te r  work  by  Cohen et al. (19) and Kawada  
and Kawa i  (20) agreed wi th  the  exper imenta l  resul ts  
but  a t t r ibu ted  these to a shif t ing Neel point. Neel 
himself  (21) expla ined  the magnet ic  behavior  of small  
par t ic les  of nickel  oxide in te rms of " supe rpa ramag-  
net ism" and "superan t i fe r romagnet i sm."  

Of significance to the present  work  is tha t  small  
par t ic les  (<100A) of nickel  oxide wil l  show p a r a -  
magnet i sm at room tempera ture .  The average  par t ic le  
size d iamete r  (PSD) of nickel  oxide of ssa 180 m2g -z  
is 60A and so i t  is necessary to expla in  why  revers i -  
b i l i ty  was not  shown at room tempera tu re  in our ex-  
per iments .  

On examina t ion  of the d is t r ibut ion  of par t ic le  sizes 
of the  180 m2g -z  sample  (Fig. 5) approx imate ly  5% of 
the  par t ic les  were  of d iamete r  g rea te r  than  200A. A 
crysta l l i te  of this size wil l  show the normal  an t i f e r ro -  
magnet ic  behavior  of massive nickel  oxide and would 
not be expected to faci l i ta te  s ide-on  adsorpt ion  of oxy-  
gen at room tempera ture .  Gross magnet ic  de t e rmina -  
tions and the isotopic exchange react ions wil l  be r e l a -  
t ive ly  unaffected by  these part icles.  In  the e lec t ro-  
chemical  environment ,  however ,  the  presence of pa r -  
t icles which m a y  only al low oxygen reduct ion to the  
peroxide  via end-on  [Paul ing (22)] adsorpt ion given 
by  Eq. [2], wi l l  give r ise to a mixed  potent ia l  which 
wil l  be less than  a t ru ly  revers ib le  potent ia l  f rom the 
four -e lec t ron  reaction. 

Isotopic exchange on low ssa lithiated nickel ox- 
ide.--The break  in the  Ar rhen ius  plot  for low sur-  
face area  l i th ia ted  nickel  oxide is expla ined  by  the 
an t i f e r romagne t i c -pa ramagne t i c  t rans i t ion  at the  Neel 
tempera ture .  Below 240~ the isotopic exchange ra te  
falls  and soon becomes unmeasurable .  These findings 
agree wi th  Winter  (12) who suggested that  adsorpt ion 
on nickel  oxide occurred as 2 O -  above the Neel point  
but  0 2 -  below this t empera ture .  That  the  ra te  does not  
fal l  immedia t e ly  to zero be low the Neel point, but  
Shows an exponent ia l  decl ine (Fig. 4), may  again  be 
re la ted  to the par t ic le  size d is t r ibu t ion  (see previous 
sect ion) .  As crys ta l l i te  d iamete r  wi l l  be d is t r ibu ted  
normal ly  about  the  mean par t ic le  size, the number  of 
pa ramagne t ic  par t ic les  wil l  exponent ia l ly  decrease 
below the Neel point.  

Conclusion 
Gas phase and electrochemical  da ta  suppor t  the  

conclusion that  the r a t e -de t e rmin ing  step in the elec-  
t rochemical  reduct ion of oxygen in a lkal ine  med ium 
via  react ion [2] is the dissociat ive adsorpt ion of an 
oxygen molecule. This is in agreement  wi th  the jo in t  
pseudospl i t t ing/dissocia t ive  adsorpt ion  theory  of Gold-  
stein and Tseung (6). 

The effects of par t ic le  size on the Neel t empe ra tu r e  
and the revers ib i l i ty  of an e lec t rode  suggest  ~hat the 
e lectrochemical  reduct ion of oxygen is more  sensi t ive 
to the presence of large  crys ta l l i tes  which wil l  lead to 
a mixed  potent ia l  and over -a l l  i r revers ib i l i ty .  
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ABSTRACT 

The pr imary  and secondary current  distr ibutions and the p r imary  re-  
sistance for r ing electrodes are presented. Current  distributions, including 
mass t ransfer  e~ects, for various potential  dependent  heterogeneous kinetics 
are computed for a representat ive set of ro ta t ing-r ing  electrode geometries. 

Rota t ing-r ing  electrodes are a common and useful 
device for the s tudy of electrochemical systems. They 
have appeared individual ly  and in  conjunct ion with 
disks, spheres, and other rings. Ring electrodes have 
very th in  concentrat ion boundary  layers at the inner  
or upstream edge of the electrode, so the l imit ing 
current  densities are high in that  region and infinite 
at the edge. The p r imary  and secondary current  distri-  
butions have large densities close to both the inner  
and outer edges; the p r imary  dis tr ibut ion has infinite 
values at both edges. The r ing electrode thus behaves 
very much like a short p lane electrode in  the wall  
of a wide flow channel,  and in  the l imit  of zero r ing 
thickness becomes exactly such a plane electrode. 
Very thick rings demonstrate  characteristics of disk 
electrodes, and in the l imit  of zero inner  radius are 
exactly disk electrodes. 

A ro ta t ing-r ing  electrode can simulate two of the 
classic tools used by electrochemical experimenters.  
A r ing electrode can be fitted to practically any ro- 
tator used for disks, thus enabl ing an exper imental  
investigation of processes that were previously studied 
in flow channels, which are more expensive and spe- 
cialized pieces of equipment.  The problems associated 
with end effects at the walls of the flow channel  do 
not occur with the r ing electrode. The current  distri-  
butions on rings used as collectors in r ing-disk,  r ing-  
sphere, and r ing- r ing  systems are not radical ly dif- 
ferent  from that on solitary rings, so a detailed s tudy 
of r ing electrodes yields basic informat ion  which can 
be applied qual i ta t ively to all the systems involving 
r ing electrodes. 

The asymptotic behavior of thick r ing electrodes 
was exper imenta l ly  investigated by Gregory and 
Riddiford (1,2) when they reported the effects of 
blocking off the center of a disk. Levich (3) pro- 
vided an expression for the l imit ing current  density 
dis t r ibut ion on r ing electrodes, which was extended 
to show the average l imit ing current  in a discussion of 
Gregory and Riddiford's work by Ibl  (4). Dagunet  
(5) first and then Kornienko and Kishinevskii  (6) 
used r ing electrodes to study the effect of turbulence 
on the l imit ing current.  Deslouis and Keddam (7) 
also measured l imit ing currents on rings in laminar,  
transit ional,  and tu rbu len t  flows, and compared their 
results favorably to the Levich equation for rings. 
The effect of adding a drag-reducing agent, Polyox, 
was examined by Deslouis et al. (8) with ro ta t ing-r ing  
electrodes by the change in l imit ing current.  Shabrang 
and Bruckenste in  (9) exper imenta l ly  determined the 
resistance of several r ing electrodes by applying alter-  
nat ing current  modulat ion techniques, and they also 
computed pr imary  resistances by finite differences. 
Several theoretical studies on r ing electrodes have 
been made of highly reversible heterogeneous reac- 
tions possessing potential  independent  kinetics. Rosner 
(10) presented calculations for kinetics which in-  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
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s i s t ance ,  c u r r e n t  d i s t r i b u t i o n ,  m a s s  t r a n s f e r .  

cluded the effect of the reactant  concentrat ion only, 
and he considered ring electrodes as par t ia l ly  blocked 
disks. Redox kinetics, which included both product 
and reactant, were analyzed by Albery  and Brucken-  
stein (11) for the case of very th in  rings. Matsuda 
(12) showed a method to compute current  d is t r ibu-  
tions for redox reactions on rings of any thickness. 
Similar  work (13,14) can be found in  the l i terature  
on r ing- r ing  electrodes for rapid heterogeneous reac- 
tions where the inne r  r ing is decoupled from the 
outer r ing since the kinetics are not considered to be 
potential dependent.  

Primary Current and Potential Distribution 
The pr imary  current  dis t r ibut ion for a r ing elec- 

trode can be easily computed following the method 
outlined by Miksis and Newman (15) for r ing-d isk  
electrodes. The technique involves the solution of 
Laplace's equation which Newman  (16) reduced to an  
extremely useful (17) integral  equat ion 

�9 o(r) = - i ( r ' ) K  
~K~ (r  + r')  2 r + r' [1]  

where ~o is the ohmic potential  drop between the sur-  
face of the r ing electrode and a large counterelec- 
trode which is far enough away from the working 
electrode so that  it does not influence the current  
distribution, i is the normal  component  of the cur-  
rent  density, K is an elliptic integral  of the first k ind 
(18). The use of Eq. [1] implies that the electric con- 
ductivi ty K~ is constant  and there are no concentrat ion 
gradients in the region. The pr imary  current  dis- 
t r ibut ion assumes r to be constant  and allows no 
kinetic effects. Figure 1 shows the pr imary  current  dis- 
t r ibutions for several values of the geometric pa ram-  
eter ro/rl. As ro/h approaches unity,  the current  dis- 
t r ibut ion begins to look like the pr imary  current  on a 
plane electrode which was given by Wagner  (19) and 
displayed in Fig. 3 of Parr ish  and Newman (20) 

[2] 
Z -  J 

where x is the distance along the plane electrode and 
L is the length of the electrode. When the geometric 
parameter  tends to zero, the r ing assumes essentially 
the same pr imary  distr ibution as a disk (21) with the 
exception of an infinite current  density at the inner  
edge of the ring. The pr imary  resistance of the r ing 
electrode Rr is given in  Fig. 2. The solid curve is the  
result  of our calculations. The dashed curve and the 
bracketed data points are from Shabrang and Bruck-  
enstein (9). The ordinate of Fig. 2 was chosen by 
applying the criteria used in report ing thermodynamic  
data such as activity coefficients which have large 
changes in  value with relat ively small  changes in 
concentration (22). This allows the r ing resistance to 
be interpolated from the plot for th in  rings easily. The 
abscissa was chosen to show the asymptotic behavior  
o5 a ring resistance as it approaches a disk. The r e l a -  
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Fig. 1. The primary current distribution on ring electrodes 
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f rom that  of a disk electrode to la rge  values  for ve ry  
thin rings, which is given by  (15) 

~ , r l R r + ~ l n  1 - -  = =0.2312 [3] 
\ rz / 2~  2 

Equat ion [3] is the  asymptot ic  va lue  of the  r ing res is t -  
ance as the  r ing wid th  goes to zero, and is the va lue  of 
the ord ina te  var iab le  of the  solid curve at  the r igh t -  
hand  side of Fig. 2 (See Append ix  I for the analy t ica l  
deve lopment  of Eq. [3] .) Equat ion [1] is also used to 
compute  the  var ia t ion  in the ohmic drop ex t rapo la t ed  
to the  surface of the r ing for  nonuni form potent ia l  dis-  
t r ibut ions,  in the same manner  as for  r ing disks (17). 

The Concentration Boundary Layer 
A high S c h m i d t - n u m b e r  formula t ion  of the convec- 

t ive  diffusion equat ion appropr i a t e  for b ina ry  elec-  
t ro lytes  and minor  react ing components  in a solut ion 
wi th  an excess of suppor t ing electrolyte ,  where  mi -  
gra t ion  effects can be safely ignored,  has been used 
in most  of the  previous  studies involving potent ia l  
independent  heterogeneous kinet ics  (10,12-14). An  
in tegra l  equat ion has p roven  useful  for  comput ing 
analyt ic  and numer ica l  results.  The same equations 
and approach for the concentra t ion bounda ry  layers  
which were  recent ly  appl ied  by  Pier in i  and Newman  
(17) to r ing -d i sk  electrodes are  used here  for com- 
put ing the surface concentra t ion when ohmic effects 
and potent ia l  dependent  kinetics a re  included.  The re -  
sults of Levich (3) are easi ly  reproduced  wi th  the  in-  
tegra l  equat ion to yie ld  

Oy y--0- r(4/3) 3---~R / ~. ( r 3 -  ro~)U3 
[4] 

Figure  3 shows l imi t ing cur ren t  d is t r ibut ions  for r ings 
of various thicknesses computed wi th  Eq. [4]. The 
thin  r ings are  s imi lar  to the  l imi t ing  current  for  p lane  
electrodes shown in Fig. 3 of Pa r r i sh  and Newman  
(20) while  the th ick r ings have fa i r ly  un i fo rm dis-  
t r ibut ions  except  in the centra l  regions. 
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l imi t ing currents  for thin r ings was encountered by  
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Kinet ics  
A single electrode react ion 

J 

is chosen as the basis for the potential  dependent  
heterogeneous kinetics to demonstrate the manne r  in  
which the current  d is t r ibut ion varies between the 
ohmically l imited (Fig. 1) and the mass t ransfer-  
controlled (Fig. 3) distributions. The applied voltage V 
can be decomposed (23) as follows 

V = ~o+ U + ns + ~c [6] 

where r is the local ohmic potential drop extrapo- 
lated to the ring surface and U is the open-circuit po- 
tential calculated with the bulk concentrations, The 
surface overpotential ~Is is given implicitly by the 
kinetic expression 

i - - i o , |  cJ'~ ~ . ~ .  [ exp 
(~ZF 

-ETa, ) 
f - ZF 

[73 

and the concentrat ion overpotential  takes the form 
(24) 

C j,| ~ CR.O 
__--RT [ j~. in ( c~,o. - - t  ( 1 - - ]  >] [8] 

nc -- Z F  - CR.z 

This basic equation covers a var ie ty  of situations, such 
as deposition from a b inary  electrolyte and redox and 
deposl~lon reactions with support ing electrolyte. 

Results 
The problem as stated can be solved numerica l ly  

(17, 20, 21) with the basic pai 'ameters to~T1, a, ~, ki, t, 
Z, Di/ DR 

io,| i ZF 
J _ [9] 

RT~| 

( ri2" )i/2 ( a~ ~ 1/~ nZF2DacR'| [10] 

N = - -  . - - - - ~  \ " ~ - R R /  saRT(I - -  t) 

riZF 
_-Ii~,,gl ~ [Ii] 

RT 

where the l imit ing reactant  has been subscripted as 
R. J can be thought of as a dimensionless exchange 
current  density, and N is the dimensionless s t i rr ing 
rate. The concentrat ion boundary  layer  grows th inner  
as N gets larger;  when N is infinite the boundary  
layer has zero thickness and the concentrations at the 
surface of the electrode are uniform and equal to the 
bulk concentrations. 

For examples, three r ing geometries are chosen. The 
cases in which ro/rl is respectively 0.5 and 0.7 repre-  
sent situations that characteristically behave like 
rings, that is, they do not  tend to s imulate either a 
disk or a plane electrode. The case of ro/rl equal to 
0.9 can be easily compared to plane electrodes. 

Secondary current distribution.--When N is infinite 
and the concentrat ion effects may be ignored, the sec- 
ondary current  dis t r ibut ion is achieved. For small  sur-  
face overpotentials Eq. [7] is l inearized to read 

i - -  (~ + P ) J - - ~ b  [12] 
T1 

The average current  density is much smaller than the 
characteristic exchange current  density in this case. 
Figure 4 shows how a r ing with ro/rl equal to 0.5 be- 
haves over a range of kinetic parameters.  The dis t r ibu-  
t ion varies from a basically un i form current  when  k i -  
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Fig. 4. Secondary current distribution on a ring electrode for 
linear kinetics. Iiavg]io is equal to zero. 

netics control, to the pr imary  dis tr ibut ion when  ohmic 
effects dominate. 

Tafel polarization occurs when one of the exponen-  
tial terms in Eq. [4] is small  enough to be dropped. 
Then for a cathodic process the polarization equation 
may be wr i t ten  

RT 
~1,s -- - -  [In (--i) -- In (io.~)] [13] 

~ZF 

and the characteristic parameter  is 

,~Z'F nii,,,,~l 
~6 = -- - -  [14] 

RT K| 

The cur ren t  dis t r ibut ion now depends only on the 
magni tude  of the average current  density, and the ex-  
change current  density has no effect. Figure 5 for Tafel 
kinetics is similar to Fig. 4. The change in the shape of 
the curves is pr incipal ly  due to the difference in the 
geometric ratio ro/rl. Both cases go to a p r imary  dis- 
t r ibut ion as the kinetic parameter  goes to infinity, and 
the effect of the radii ratio can be clearly seen in Fig. 
1 for the pr imary  distributions. 

Concentration and kinetic efJects.--Mass t ransfer  
effects must  be taken into account for finite values of 
the dimensionless s t i rr ing rate N. Again the si tuat ion in  
which the average current  densi ty is much greater 
than the exchange current  density is examined in  
Fig. 6, where one of the exponential  terms in  Eq. [7] 
may be neglected. The reaction is very slow as char- 
acterized by the zero value of J, and is considered to 
have Tafel kinetics bu t  with concentrat ion depen-  
dence in contrast to the Tafel kinetics described by 
Eq. [13] and shown in  Fig. 5. The effect of the con- 
centrat ion boundary  layer  begins to dominate as the 
controll ing factor as the fraction of the l imit ing cur-  
rent  is increased. The behavior  of the current  distr i-  
but ion at the outer edge of the r ing is very similar to 
that of both disk electrodes (23) and plane electrodes 
(20) in exhibit ing a maximum. 

Curves for deposition kinetics in which both terms 
of Eq. [7] make a contr ibut ion but  where there is no 
back-react ion are shown in Fig. 7. This part icular  re-  
action, with J : 1, would still be considered slow, bu t  
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Fig. 5. Secondary current distribution on a ring electrode for 
Tafel kinetics. 
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Fig. 6. Current distribution on a ring electrode for Tafel kinetics 
where Iiav~l > ] >  io,~ but N is finite and mass transfer effects 
must be taken into account. 

it is more  reversib]e than the previous example  as 
indicated by a la rger  value of J. The distributions 
appear to be more disk-like,  pr imar i ly  due to the 
smaller  to/r1, while  the differences be tween the 
max ima  and min imum in the distr ibution are  en-  
hanced by the kinetics. 

As a final example,  a very  fast redox reaction was 
chosen in conjunction with  a ve ry  thin ring. The in- 
terest ing feature  of Fig. 8 is the comparison to the 
l imit ing current  curve (dashed l ine).  The mass 
t ransfer  is dominant  over  a wide range of currents in-  
fluencing the shape of the curves. Also the local cur-  
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Fig. 7. Current distribution on a ring electrode for product-inde- 
pendent or deposition kinetics with an excess of supporting elec- 
trolyte and with mass transfer effects. 

1.50 

1.2! 

1.0( 

L 
i-avg, LIM 

0.75 

0.50 

~l I I [ I 

\ D I/D 2 = [ 2 (REDOX) 
\ ro \ ,  J=200, t=O, Z-i =0.9 

\ k  

\ \  FL IMITING 
% ~ x  "~',,,, CURRENT 

\ \ \ \  ^ ^ N 

~ ~ [ a v g ,  LIM" U.~,~, ~ 50 

N-" 50/~1 

O /  q I 
0 0.2 0.4 0.6 0.8 1.0 

r - r  o 
rl - r 0 

Fig. 8. Current distribution on a ring electrode for product- 
dependent or redox-type kinetics with an excess of supporting 
electrolyte with mass transfer effects. Dashed line is the limiting 
current. 

rent  densities near  the trai l ing edge of the r ing are 
dr iven above the local l imit ing current  densities, a 
situation which is similar  to disks (23) and planes 
(20). Since the ring is very  thin, the distributions can 
be compared to those of Fig. 4 of Parr ish  and Newman  
(20), which is a plane electrode with  Tafel  kinetics. 

Landolt, Mueller,  and Tobias (25) assessed the de-  
sign considerations for a cell to study electrochemical  
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machining processes. The rotat ing disk electrode a n d  
concentric rotat ing cylinders were deemed unfeasible 
due to the difficulty in  main ta in ing  reasonable cell 
voltages and because of the radial  dependence of re- 
sistance and characteristic length. A flow channel  was 
shown to have a pr imary  voltage drop of 50V with a 
100 A/cm 2 cur ren t  for a solution with a specific con- 
ductance of 0.1 a / c m  and an interelectrode gap of 0.5 
mm. An equivalent  p r imary  voltage with the same 
solution and operating conditions can be obtained with 
a r ing electrode having an inner  radius of 0.2480 cm 
and a width of 0.0275 cm, dimensions well wi th in  
practical machining considerations. This part icular  
design required to~r1 to be 0.9, which is the geometric 
ratio used for the redox reaction shown in Fig, 4. 
Al terna t ive ly  the resistance and one length could be 
specified; Fig. 2 would then provide the remaining  
length, thus enabing the characteristic length to be 
varied and the resistance to be fixed. Turbu len t  flow 
can be main ta ined  with most commercially available 
rotators by keeping the inner  r ing radius greater than 
1 cm for common electrochemical machining solu- 
tions. Ring electrodes seem ieasible to s tudy high 
current  density processes with a smaller  capital in -  
vestment  than a thin gap flow channel. 
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APPENDIX 

The Asymptotic Value of the Primary Resistance ot 
Thin Ring Electrodes 

The asymptotic value of the pr imary  resistance of 
r ing elec~roaes as the geometric parameter  to~r1 goes 
to uni ty  can be determined analytically.  An orcter of 
magni tude  analysis of Laptaces" equation sl~ows that  
the terms associated with the e~ect o~ curvature  in the 
radial ctirection are small. This means that the physi-  
cal s i tuatmn to be analyzed is an analog of the finite 
width plane electrode embedded in an insulator  
treated ~)y ~ a g n e r  (19). Therefore the detailed var i -  
at ion of the current  aensity can be expres~ea as 

TI -- To 
i (r)  = [A- l ]  

2~/( r l  -- r) (r -- to) 

where the total current  to the r ing is 

yf~ 2~ 
Ir = 2~ i ( r ) rdr  = ~ (rl -- ro) (rl  + ro) [A-2] 

o 2 

The potential  drop for the current  Ir to the r ing is then 
computed by in tegrat ing Eq. [A- l ]  with Eq. [1] mak-  
ing use of the property of the complete elliptic in-  
tegral of the first kind that  

�9 - > - - - - I n  16 [ A - 3 ]  K (r + r ')~ 2 

-as 
4rr '  

(r + r ')2 

This yields after manipula t ion  

IT -- r' )2 

r + r  - - - - - 7  / 

+ 1  [A-4] 

T 2 - - r  1 
Co(r) - 

4 ~  

yJ_ [ ( z -  z')~ ( r, -- ro ) ~ ] dz' 
l ln  64 rl  + r--------~ 

z~ 1 r + r' r--"-+~ / 

+ - ~ - l n  ~ r l / - r o  ~ [A-5] 

where the variables r and y a r e  r e l a t e d  by 

2r -- r l  -- ro 
z = [ A - 6 ]  

r2 - -  T1 

Because this is the pr imary  distr ibution,  this potential  
must  actually be constant across the ring, and evalua-  
tion gives 

r l  -- ro 16 (rl  + to) 
Co(r) ~- - -  In [A-7] 

2K rl - -  ro 

and the resistance of thin rings is then given by 

1 r l  - -  ro  I n  32 
KrlRr + I n - -  = [A-8] 

2:~ s r l  2~ 2 

This equation shows explicit ly the manne r  in  which 
the value of Rr increases to infinity as the r ing width 
goes to zero. After t ransformat ion to the variable 
plotted in ~-ig. 2 is made, the r ight  side of Eq. [A-8] 
yields the ordinate value of the solid curve at the 
r ight  side of Fig. 2. 

LIST OF SYMBOLS 

English Characters 
a 0.51023 
CR,~ concentrat ion of l imit ing reactant  in the bulk  

solution, mole /cm 3 
CR.0 concentrat ion of l imit ing reactant  at the e l e c -  

t r o d e  surface, mole /cm 3 
Dj dilIusion coenicient of the j th  species, c m 2 / s e c  
e -  symbol for an electron 
F Faraday s constant, 96,487 C/equiv. 
Ir total r ing current,  A 
i normal  current  density at the electrode sur-  

face, A/cm 2 
i avg  average current  density on the r ing electrode, 

A /cm 2 
i avg ,b IM average l imit ing current  density on the r ing 

electrode, A/cm2 
io ,~  characteristic exchange cur ren t  density, A /  

cm 2 
J dimensionless exchange current  density 
j subscript variable 
K complete elliptic integral  of the first kind 
L length of p lanar  electrode, cm 
M i chemical symbol of the j th  species 
N dimensionless st irr ing rate 
n number  of electrons in  reaction 
R universal  gas constant, 8.3143 J / m o l e - ~  
Rr effective pr imary  resistance of a r ing e l e c -  

t r o d e ,  
r radial coordinate, cm 
ro inner  r ing radius, cm 
rl outer r ing radius, cm 
s~ stoichiometric coefficient of the j th  species 
T absolute temperature,  ~ 
t t ransference number  of reactant  
U open-circuit  potential,  V 
V potential applied between the ring and a dis- 

tant  counter electrode, V 
x position i rom leading edge of plane electrode, 

am 
y normal  distance from surface of ring, cm 
Z - - n  or --z  + z - / ( z +  -- z - )  
z (2r -- ro -- r l ) / ( r l  -- to) 
zj charge number  of j the species 

Greek Characters 
a, 8, 7J kinetic parameters  in Eq. [7] 
b dimensionless average current  density 
tie concentrat ion overpotential,  V 
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surface overpotent ia l ,  V 
~ electr ical  conduct iv i ty  of the  bu lk  solution, 

~ - l _ c m - 1  
v kinemat ic  viscosity, cm2/sec 
�9 o ohmic potent ia l  ex t rapo la ted  to the e lect rode 

surface, V 
Q rotat ion speed, r ad / sec  
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Variational Approximations to Current 
Distribution Problems 

II. Rectilinear Electrodes and Baffles 

S. H. Glarum 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Curren t  d is t r ibut ion  problems for the f la t -s t r ip  e lectrode and the rec-  
t angula r  e lectrolyt ic  cell wi th  an a r b i t r a r y  d is t r ibut ion  of cathodic ele-  
ments  in a p lane  are analyzed using a prev ious ly  formula ted  var ia t iona l  
integral .  High impedance  baffles pe rmi t t ing  the control  of macrocur ren t  d is-  
t r ibut ions  are  described,  equations for thei r  design derived,  and severa l  e le -  
men t a ry  examples  analyzed.  

In a preceding paper  we discussed the use of va r i -  
at ional  approximat ions  for the  analysis  of cur ren t  d is-  
t r ibut ion  problems  at the ro ta t ing-d i sk  electrode (1). 
The present  discussion focuses upon the appl icat ion of 
the var ia t iona l  function prev ious ly  der ived  to rec t i -  
l inear  geometries,  more closely akin  to prac t ica l  elec- 
t ropla t ing  configurations. We t rea t  first the case of an 
isolated f iat-s t r ip  electrode,  and find a solut ion for 
the cur ren t  densi ty  d is t r ibut ion  in terms of a super -  
posi t ion of or thogonal  polynomials .  Next  we consider 
the more  genera l  p rob lem of a rec tangular  e lec t ro-  
lyt ic  cell wi th  an a r b i t r a r y  electrode d is t r ibut ion  in a 
cathodic p lane  and insula t ing  s idewal ls  or per iodic  
boundary  conditions. Final ly ,  we address  the ve ry  
prac t ica l  p rob lem of control l ing current  dis t r ibut ions 
on a macroscopic scale. High impedance  baffles appear  
to be a t t rac t ive  s t ructures  for achieving this objective.  
Genera l  design equations are  der ived,  and severa l  
low order  baffle designs are  analyzed.  

The Flat-Strip Electrode 
The problem to be solved is depicted in Fig. 1. A 

f lat-s t r ip  e lect rode wi th  width  2a is flushly embedded  
in an infinite insula t ing plane. The s t r ip  is e i ther  
sufficiently long o r .boundary  conditions in the y d i rec-  
t ion are  such that  the potent ia l  is independent  of y. 
A surface s (x , z )  to be defined, in the ha l f -space  

Key words: cur rent  distribution, high impedance baffles, vari- 
ational analysis, 

containing e lect rolyte  lies at zero potential ,  whi le  t h e  
electrode is at a potent ia l  r This p rob lem has b e e n  
previous ly  analyzed by  Wagner,  using a d i f f e r e n t  
approach (2). 

We begin, as in our t r ea tment  of the ro ta t ing-d i sk  
electrode,  wi th  the coordinate  t rans format ion  

z = a~l 

x 2 = a2(1 + ~2) (1 --  ~12) [1] 

2 a -  
I 

/'P ~o 
/ 

/ 
I 

I 
/ \ 

I I I I I ~ 
-2a -a 0 a 2a 

X 

Fig. 1. The flat-strip electrode 
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Within  the  e lec t ro ly te  V2~ ---- 0, and Laplace ' s  equa-  
t ion becomes 

( t  - - 

[ 0 , ]  + (1 + + 
Let t ing  

= 0 [2] 

[3] : F(n)G(D 

a separa t ion  of var iables  gives 

O2F OF 
(1 -- ~12) ~ ~ - - 5  n2F = 0 

,02G OG 
(1 -5 ~2) _ ~ - 5  ~ O~ --  n~G : 0 [4] 

where  n2 is the  constant  of separat ion.  The fu r the r  
subst i tu t ions  

Vl -= COS a 

4 : sinh ;3 [5] 

reduce  these equat ions  to 

02F 
-5 n2F : 0 

Oa 2 

02G 
- -  n2G : 0 [6] 

0;~ 2 

The bounda ry  condi t ion at  the  insula t ing surface 

0=~ 
requi res  that  n be an even integer.  At  the surface de-  
fined by  ~ = ~o we shall  assume ~ vanishes (Fig. 1). 
The resul t ing solut ion for ~ is therefore  

s inh [n (s inh  -1 4o --  sinh -1 ~) ] 
~b(n) = CnTn(n ) [ 8 ]  

sinh [n s inh -1 ~o] 
where  

T~(~) : cos [ncos -~  n] [9] 

is a Chebyshev po lynomia l  of even order  and cn is a 
constant. The genera l  solut ion for the  s t r ip  e lectrode 
is thus 

~-~ sinh [n ( s inh  -1 ~o --  s inh O]  
cnTn (~l) [103 x.q 

n=0,~4.., sinh [n sinh -1 ~o] 

This funct ion satisfies Laplace ' s  equat ion in the  bulk,  
and meets  al l  bounda ry  conditions except  those at  the 
e lectrode surface, which  r ema in  to be specified. 

The l inear  coefficients may  be evalua ted  by  va r i -  
a t ional  analysis.  Our  genera l  var ia t iona l  funct ion is 
(1) 

where  Ko is the  bu lk  e lec t ro ly te  conduct ivi ty,  F(O) is 
an overpoten t ia l  function, the  first in tegra l  is over  
the  e lec t ro ly te  volume, and the second is over  i ts 
bounding surface. The funct ion f ( s )  vanishes on in-  
sulat ing surfaces, and m a y  be set equal  to un i ty  when  
the overpotent ia l  depends  only upon local cur ren t  den -  
sity. If bulk  concentra t ion gradients  a re  significant, 
5(s) mus t  be found f rom the s imul taneous  solut ion of 
hydrodynamic  and electr ical  expressions.  

Fo r  the  pa r t i cu la r  case of l inea r  polar iza t ion  

F(o) : 0/z [12] 

z being the surface impedance  of the  e lect rode in 
units  ~-cm~. Because V2~ = 0 and the normal  de r iva -  
t ive O~/~n vanishes on the insula t ing  boundary ,  the  

var ia t iona l  funct ion reduces to an in tegra l  over  the  
electrode surface 

W : 2 a y :  (1 --~]d~l~]2) 1/z [ 0@ 1 0 n  ] ~o@---  + - -  (~o - -  ~)~' [13] 
Z 

The coefficients cn are  found by  set t ing 

OW/Ocn : 0 [14] 

This resul ts  in the set of l inear  equat ions  

r g . c .  + ~ K . . , c . ,  : Ko.~o [15] 
~w 

where  
r -- ~oz/4a 

gn - -  n(1 -5 5n, o) coth In sech -1 40] 

K , , ,  = ~]~(1 --  n ~ ) - I / ~ T , ( ~ ) T , , ( ~ )  [16] 

F ina l ly ,  the  cur ren t  densi ty  d i s t r ibu t ion  over  the  strip 
is g iven by  

9(~1) ---- ( l / z )  [r --  ~cnTn(~)] [17] 

E q u a t i o n s  [15]-[17] a re  equiva lent  to those p r e -  
viously der ived  for the  ro t a t ing -d i sk  electrode.  The 
dimensionless  p a r a m e t e r  r is again  the  ra t io  of the  
character is t ic  th rowing  dis tance of the e lec t ro ly te -  
e lect rode combination,  KoZ, to the  e lect rode 's  d i -  
mension. When r is la rge  the  cur ren t  d is t r ibut ion  be -  
comes uniform, and when smal l  i t  approaches  the  p r i -  
ma ry  dis t r ibut ion.  The ma t r ix  Knn,, which couples the  
basis functions, also involves in tegra ls  of a set of 
or thogonal  basis functions. In  this instance, however ,  
they are  Chebyshev ins tead  of Legendre  polynomials .  

The expressions for the  f la t -s t r ip  and ro ta t ing -d i sk  
electrodes are  sufficiently s imi lar  to make  fu r the r  de-  
ta i led discussion repet i t ious .  By analogy wi th  d isk  
calculations, a low order  po lynomia l  accura te ly  de-  
scribes the cur ren t  d is t r ibut ion  when  cur ren t  va r i a -  
t ions are  small  (<10% ) .  W a g n e r  has  der ived  a loga-  
r i thmic  expression also accurate  in  this reg ime (2). 
If la rger  var ia t ions  are  encountered,  both the  p ro -  
cedure descr ibed by  Wagner  and that  p resented  here  
requi re  more  extens ive  numer ica l  computat ions.  New-  
man's  disk resul ts  indicate  that  10 or more  po lynomia l  
terms are  needed to app rox ima te  a p r i m a r y  d i s t r ibu-  
t ion (3), while  Wagner ' s  approach  requi res  the  solu-  
t ion of a l ike  number  of s imul taneous  l inear  equations.  

The Rectangular Electrolytic Cell 
We shall  next  examine  ,the rec tangula r  e lectrolyt ic  

cell (Fig. 2). Bounding planes  at  x = +_a and y : m b  
are insulat ing,  and plane z ---- lo is t aken  to be an 
equipotent ia l  surface of zero potent ial .  An  a rb i t r a ry  
cathodic surface dis t r ibut ion,  ] ( x , y ) ,  is assumed for 
the plane z = 0. The insula t ing planes  may  represen t  
e i ther  real  surfaces or p lanes  par t i t ion ing  a la rge  

2a ~ 

Fig. 2. The rectangular electrolytic cell 
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assembly of parallel  cells. We shall, for convenience 
only, assume ](x,y) to be symmetric  in x and y. 

A part icular  solution for ~ satisfying all require-  
ments  except those at the cathodic plane is 

( ~ x )  ( ?z~ty ) sinh[k(lo--Z)] 
- - i -  cos -%-  7 nh7 7o  

[18] 
where 

and m and n are integers. A general  solution is given 
by a l inear  combination of these solutions with coeffi- 
cients cm~. Since r satisfies Laplace's equation in  the 
bulk and all boundary  conditions except those at the 
cathodic plane, the var iat ional  function reduces to an 
integral  over this plane. The coefficients Cmn corre- 
spond to the Fourier  components of the current  den- 
sity dis t r ibut ion function. If $(x,y) = f (x)  only 
(n = 0), and a l inear  polarization function is assumed 
(Eq. [12]), use of the variat ional  integral  yields the 
set of l inear  equations 

rg~cm + X Kmm,Cm, : KomCo [20] 
71~P 

with 
r = ~oz /2a  

gnt -~- (1 + 6m,o)m coth(rr~lo/a) 

1 a n ~ x  

[21] 

The similari ty of these equations with the rotat ing-  
disk and flat-strip expressions reveals how certain ob- 
vious l imit ing cases follow. Thus, if S(x) = 1, the 
matr ix  Kmm, is diagonal and Cm = 0 for m ~ 0, giving 
a uniform current  distribution. A uniform distr ibut ion 
is also achieved, by making the diagonal elements 
large, i.e., by increasing the throwing distance of the 
bath, ~oZ, or decreasing the anode-cathode separation, 
lo. 

The Baffled Rectangular Cell 
The control of current  distributions, either to obtain 

more uniform electrodeposits or to plate selectively 
upon cathodic surfaces, is a high priori ty technological 
problem. One approach is through the use of baffles 
composed of chemically inert,  insulat ing material  to 
direct current  flow. An impor tant  class of baffling 
problems can be treated by compounding two rec- 
tangular  electrolytic cells (Fig. 3). The geometry and 
boundary  conditions are those of the previous prob-  
lem except that at a distance l from the cathodic plane 
a,baffle with a spatially varying conductance funct ion 
is interposed. A perforated panel, immersed in elec- 
trolyte, with holes of varying density and /o r  radii 
would be one realization of such a baffle. 

For convenience we shall again neglect variations in  
the y direction. The potential  in the anodic compart-  
ment  may be expressed as 

sinh ~ (lo -- z) 
~ 

CA = am COS [22] 

s inh ( l o -  l) 
a 

while in  the cathodic compar tment  

~bC = bm cos - - - ~  s ina  (m~la) 

s i n h -  (l -- z) 
a 

sinh (m~I/a) 

The coefficients have been chosen so that  

CA(Z=lo) = 0  

9A(Z = l) = X a m c o s ( m a x / a )  

[23] 

C c ( z =  l) = ~ br~cos(max/a) 

r = 0) = ~ cmcos(max/a) [24] 

Implici t ly the baffle is of zero thickness, but  mathe-  
matical ly we require only that  the normal  current  dis- 
t r ibut ions on each baffle face be identical. 

Let us first construct  the variat ional  function for the 
anodic compar tment  

faf t WA ---- -~dx ~oCA ~ + ~(X) [CA -- r [25] 
Z=l  

where ~o is the electrolyte conductivi ty and K(x) is the 
baffle conductance function. This expression is to be 
minimized with respect to variations of CA only, that  is 
the coefficients am. The required conditions are 

$,,a,~ + ~ Bm,~, (a~, -- bnt,) = 0 [26] 
where 

f , ~ =  ( l + 6 m , o )  coth - - ( l o - - l )  
a 

Bmr~, = ~a dx K (x) cos (n~x/a) cos (m'~x/a) 
a KO 

For the cathodic compartment  
[27] 

Wc = _ d x  ~oCc-n ,+  ~(x) [CA-- CC] ~ 

+ adx KoCc ~ + (1 /z ) ] (x )  [Co -- ~c] 2 
- 0~, z=O 

[283 

Fig. 3. The baffled rectangular cell 

A l inear  overpotential  funct ion has been assumed and 
f (x)  is again a dis t r ibut ion funct ion for cathodic ele- 
ments. Sett ing the variations of Wc with respect to 
b~ and cm equal to zero yields 

gn~br~ -- hr~cn~ -- X Bmrn, (am, --  bin,) = 0 

--'~hrnbm + 7gmcn~ + X Km,,~,c,n, = KomC~ [29] 
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wi th  
~, - -  Ko z 

g~ = (1 + 8re,o) coth(r r~Ua)  

h~ = (1 + 8re,o) "~a cseh(mM/a)  

1s 
Km~, = -~a , dxS(x)eos(m~nx/a)cos(m'~xx/a)  

[30] 

In mat r ix  notat ion the equations when solved for 
Cr~ give 

( ~g+K--~ 

(J:+B) (.-~-))c----KKr - --~ [31] 

where  f, g, and h are diagonal, B and K are symmetr ic  

matrices, and c and ~o are column vectors, i.e. 

0 r 

e - -  ~ o =  

L:/ 
In the l imit  B --> oo, it may  be verified that  Eq. [20] 

and [21] are recovered. Given B and K, numerica l  

solution for c is s t ra ight forward  using standard com- 

puter  routines. 
For  many  practical  problems high impedance baffles 

are an impor tant  consideration, and in this l imit  

( sg 

_( 5+g I - 7  / + " "  [33] 

where the expansion has been carried to linear terms 
in the baffling matrix. This approximation then gives 

( ) 7g 1 - -  + K - k T ( h / g ) B ( h / g )  c = K r  [34] 

or equiva len t ly  

~(l+8rn, o) (~-a)tanhlk~--Jcm+ ~ [K,lm ' 

-l-'vsech ( -~- )sech(m'= l  ~Bmm'] a / 
[35] 

It may be seen by examining the appropriate deter- 
minants that when (~r~ ~ Ko~ 

Bo,~/BoO ---- eosh - - ~  ] K~oo' m = 1, 2 . . . . .  n [36] 

the coefficients el, c~ . . . . .  c~ vanish in an nth order cal- 
culation, yielding a uni form cur ren t  density. For  a 
zero-order  baffle wi th  K(x) cc f ( x )  the current  distri-  
bution is uni form when l = 0. This configuration is, 
of course, not real izable in practice. More general ly  
we shall define the order of a baffle as the order of the 
calculat ion giving a uni form distribution. Thus for a 
f i rs t -order  baffle m -~ 1, for a second-order  baffle m _-- 
1, 2, etc. 

To conclude, it may  be observed that  

K(x) cc R e S ( x  -k iI) [37] 

is an analyt ical  solution for the baffle distr ibut ion giv-  
ing a uniform current  distribution. For  passive baffles 
~(x) is necessarily positive, and for all but the most 
t r ivial  examples  no physical solution exists when / ~ 0. 

Baffle Designs 
The preceding discussion has been somewhat  ab-  

stract, and it is appropr ia te  to pause and offer a brief  
explanat ion of the operat ion of a high impedance 
baffle. It is a we l l -known  proposition that  the th row-  
ing power  of a bath is proport ional  to the electrode 
surface impedance. This impedance is set by the 
cathodic cur ren t -vo l tage  curve  and is fixed within  
practical l imits by the chemical  nature  of the elec-  
trode reaction. Placing a high impedance baffle near 
the electrode artificially increases the surface imped-  
ance seen by the bath to a level  where  the bath has 
sufficient throwing power  to give a control led current  
distribution. 

Implementa t ion  of the baffle design equations is 
best i l lustrated working through several  e lementary  
examples. We shall assume for a sample problem 

a = 20 cm 

/ (x) = 1,1xl < 10 cm 

= 0,1x] > 10 cm 

- / =  1.0cm 

Boo = 0.I Koo cm -I  [38] 

Thus we are dealing with a 20 cm wide panel in a 
40 cm wide cell. The value chosen for 7 is typical for 
commercial plating baths. 

We shall calculate current distributions to second- 
order using the high impedance approximation, and 
the K matrix in (Eq. [30]) 

1/2 

K= I /~  

0 

For a zero-order  baffle 

i/~ 0 

1/4 I/3~ 

1/3~ 1/4 [39] 

B ---- 0.1K cm -I  [40] 

All parameters in Eq. [35] are given, and the three 
simultaneous equations may be solved for co, ci, and 
c2. Normalized current distributions are plotted in 
]~ig. 4 ~or several baffie-cathode distances. As ~ -> oo, 
the current distribution approaches a primary distri- 
bution, except near the edge where the current density 
must remain finite. For L = 0 the distribution is 
necessarily uniform, and for separations less than 3 
cm it remains adequately uniform for most applica- 
tions. 

Next let us design a first-order baffle. A variety of 
baffle distribution ~unctions can be tried. The simplest 
is given by adjusting the width of the zero-order 
baffle to compensate for a finite baffle-cathode sepa- 
ration. If the total width of the baffle is 2w, Eq. [36] 
indicates 

sin ~ = - - c o s h  [41] 

The max imum value of the le f t -hand  te rm of Eq. [41] 
is unity (w ~ 0), corresponding to I = 6.5 cm. A first- 
order baffle solution exists only for separations less 
than this distance. Curren t  density distributions are 
shown in Fig. 5. Limit ing slit baffle functions have 
been used for separations greater  than 6.5 cm. The 
distributions in the matched region show a max imum 
direct ly beneath  the baffle opening and a slight rise 
at the electrode edge. Within this region current  den-  
sity distributions are uni form to ~20%. 
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Fig. 4. Normalized current distributions using a zero-order baffle 
at various baffle-cathode distances. 
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Fig. 5. Normalized current dlstribut;ons using a first-order baffle 
at various baffle-cathode separations. 

Design of a second-order  baffle requires Bo2 = O. 
This condition is satisfied when  the baffle impedance 
funct ion is symmetric  about Ix[ _-- 5 cm. The simplest 
design consists of a pair  of variable width slits cen- 

tered at these positions. Then (Eq. [ 3 0 ] )  

= cosh [42] 

Physical solutions exist for t < 2.97 cm. Results are 
given in Fig. 6. Over the matched region the dis t r ibu-  
t ion is necessarily uniform, for we are using a second- 
order calculation of current  density, Higher order 
computations are required to evaluate the residual 
s t ructure which Should reveal maxima beneath  the 
baffle openings. 

There are obviously more sophisticated baffle func-  
tions to be tried. Smoothing the step functions used 
should help suppress residual  wiggles. More detailed 
calculations are best reserved for specific design ap- 
plications. In  the final design stages one should solve 
Eq. [31] using a sufficiently large basis to insure 
that all approximations made are in  fact valid. 

D i s c u s s i o n  
High impedance baffles have both advantages and 

disadvantages. The lat ter  include problems of energy 
loss and mass transport.  The baffle impedance should 
be sufficiently large to spread the current  dis t r ibut ion 
over the baffie's surface. Control over a distance of 
100 cm in  an electrolyte with ~o :-  0.5 ~ - 1  cm-1 re-  
quires a nominal  surface impedance of 200 ~ cm 2. At a 
plating current  density of 25 m A / c m  2, a 5.0V potential  
drop across the baffle follows. This is perhaps an ex- 
treme case, and proport ionately smaller  drops are 
needed to exercise control over smaller  distances. 

To function properly the baffle must  lie wi thin  sev- 
eral centimeters  of the cathode and will  hinder  the 
t ransfer  of fresh electrolyte to the surface. Ideally 
the baffle should span the entire bath, but  it is es- 
sential that  it extend sufficiently far beyond the 
cathode to minimize leakage currents. 

The pr imary  advantage of high impedance baffles 
is their abil i ty to control macrocurrent  distr ibutions 
in plating large panels or arrays of smaller compo- 

2.2 I-- I 1 : ~  

1.8 

tOcm 

J / ,~  t ,4 

t .0  

5cm 

4cm 

t , 2 , 5  cm 

0.6  

I I I I 1 I 
0 2 4 6 8 10 

x (cm) 

Fig. 6. Normalized current distributions using a second-order 
baffle at various baffle-cathode separations. 



Vol. 125, No~. I CURRENT D I S T R I B U T I O N  PROBLEMS 89 

nents. "Burned" edges can be avoided, mater ial  sav- 
ings effected, and, mass t ransfer  permit t ing,  higher  
plat ing rates can be main ta ined  without  exceeding a 
max imum current  density. In certain applications op- 
t imum designs could require  higher plat ing current  
densities in  certain regions, for example where higher 
local densities of p la ted- through holes exist, or lower 
densities in regions serving no useful function. Tai -  
lored baffles may accommodate both situations. Fu r -  
ther, the baffle effectively isolates the anodic and cath- 
odic compartments ,  and the current  dis t r ibut ion is in -  
sensitive to the anodic configuration. Fai lures due to 
faul ty  anode connections or contaminat ion by anodic 
chemical products can be minimized. 

An addit ional  advantage is that baffle design is a 
s traightforward proposition and need not require ex- 
tensive t r i a l -and-e r ro r  testing. For a uni form deposit 
the baffle attempts to construct a uniform potential  
over the cathode surface. Design is independent  of the 
explicit overpotential  funct ion and the operating point  
of the bath. The design conditions (Eq. [36]) are 

independent  of mater ial  properties and involve only 
geometric parameters.  

In summary,  high impedance baffles can provide a 
useful addition to electroplating technology when 
macroscopic current  dis t r ibut ion problems are en-  
countered. The present  analysis furnishes a format 
through which designs can be tested and optimized 
prior to physical construction. 

Manuscript  submit ted June  3, 1977; revised m a n u -  
script received Sept. 9, 1977. 

Any  discussion of this paper  will appear in a Discus- 
sion Section to be published in the December 1978 
JOURNAL. All  discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1978. 
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Mass Transfer of Dissolved Chlorine to a 
Rotating-Zinc Hemisphere in ZnCI  Solution 

Jung Taek Kim* and Jacob Jorn6** 
Department of Chemical Engineering, Wayne State University, Detroit, Michigan 48202 

ABSTRACT 

The chemical reaction of a rotating-zinc hemisphere with dissolved C12 
is mass transfer limited. The diffusion coefficients of dissolved C12 in various 
ZnCI2 aqueous solutions at 25~ were calculated from the weight loss of the 
rotating Zn hemisphere at various rotational speeds. The Stokes-Einstein 
equation was confirmed, (D~/T) = 4.42 X 10 -l~ g cm/sec 2 ~ and can be used 
to estimate diffusion coefficients of total dissolved C12 in various ZnCl2 solu- 
tions. The average C12 Stokes radius in ZnCI2 solution is calculated to be 
1.64A. The dissolution rate follows the Levich equation for convection dif- 
fusion. Surface roughness is of major importance, and the dissolution rate of 
Zn increases rapidly at moderate Reynolds number. Spiral markings can be 
observed on the corroding Zn hemisphere due to instability of the three- 
dimensional boundary layer, as a result of the increasing surface roughness. 

The zinc-chlorine ba t te ry  is a secondary bat tery  
which incorporates zinc and chlorine electrodes and 
a flowing aqueous ZnC12 electrolyte (1). The ba t te ry  
is cur rent ly  being developed for load-level ing and 
electric car applications. 

The chemical reaction which occurs in the bat tery 
is s t raightforward 

Zn + C12 ~ ZnC12 (aq.) 

During charge zinc is deposited at the cathode and 
chlorine gas is evolved at the anode. The flowing 
ZnC12 electrolyte replenishes ZnC12 and removes the 
evolving chlorine. On discharge, the flowing electrolyte 
removes the electrode reaction products, aqueous 
ZnC12, and supplies chlorine to the chlorine electrode. 
The chlorine storage system is cold water, which forms 
a clathrate compound with chlorine. 

One of the main  problems facing the use of Zn-C12 
bat tery  as a load-level ing device is that of achieving 
a high coulombic efficiency while main ta in ing  a high 
voltaic efficiency. The main  reason for the coulombic 
inefficiency in the Zn-C12 bat tery  is the spontaneous 
reaction between dissolved chlorine and the zinc elec- 
trode upon  charging. It  is expected that  the l imit ing 

* E l ec t rochem i ca l  Socie ty  S tude n t  Member .  
** E l ec t rochem i ca l  Socie ty  Ac t ive  Member .  
Key  words :  zinc, ch lor ine ,  b a t t e r y ,  r o t a t i ng  h e m i s p h e r e ,  diffu- 

sion coefficient, 

step for this chemical reaction is the mass t ransfer  
of dissolved chlorine to the zinc surface. If this is 
the case, then hydrodynamic conditions and convec- 
tive effects might be the dominant  factors in  the 
design to reduce the coulombic inefficiency dur ing 
charging. 

The effect of hydrodynamic condit ions on the mass 
t ransfer  and consequent reaction of dissolved chlo- 
r ine with the zinc electrode can be investigated using 
a ro ta t ing-Zn hemisphere is a ZnC12 solution par-  
t ial ly saturated with CI2. The rate of the reaction 
is followed from the weight loss of the rotat ing Zn 
hemisphere, and if the rate of weight loss is pro- 
portional to the square root of the angular  velocity, 
according to the Levich equations (2), then the proc- 
ess is mass t ransfer  l imited and the diffusion coeffi- 
cient of dissolved chlorine in  ZnC12 solution can be 
calculated from the slope. 

According to Levich (2) the diffusion layer thick- 
ness for the l amina r  flow on a disk electrode is 
given by 

= aDll3vll6w-l/$ [1] 

where D is the diffusion coefficient of dissolved C12, v 
is the kinematic  viscosity, ~ is the rotat ional  velocity, 
and ~ is a constant  which is equal to 1.62 for a disk 
and 2.10,9 for a hemisphere (3). Hemispherical elec- 
trode is preferred in the present case because the 
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system's geometry remains  unchanged. The hemis-  
phere's l imit ing current,  controlled by diffusion, has 
been corrected by Newman (4) 

I1 : n F D C b A / ~  : 0.451 nFCDD2/Sv-1/%1/~A [2] 

nF  is the n u m b e r  of coulombs per mole, Cb is the 
bulk concentration, and A is the electrode's area. 

The dissolution of Zn is controlled by the diffusion 
of dissolved chlorine, therefore, the l imit ing current  
can be expressed by the weight loss 

A W n F  
/1 : [3] 

M t  

where AW is the weight loss of the Zn hemispherical 
electrode, t is the t ime of the experiment,  and M 
is the molecular  weight of Zn. The mass t ransfer  co- 
efficient, kc, is given by 

~W 
kc -- - -  --  0.451~-1/6D2/3~ 1/2 [4] 

M A C b t  

From the plot of A W / M A C D t  vs. ~1/2, the diffusion 
coefficient of dissolved C12 can be calculated. 

At very high rotat ional  s!ceed, the flow becomes 
turbulent ,  and the Levich equation for convective 
diffusion does not hold; however, it is expected that 
earl ier  t ransi t ion to turbulence  is ini t iated due to 
surface roughness and secondary flow patterns. 

The dissolution of C12 in chloride aqueous solution 
is accompanied by the formation of dissolved molecu- 
lar  C12, hypochlorous acid HOC1, and trichloride ion 
Cls- .  The reaction of dissolved C12 with Zn is gov- 
erned by the mass t ransfer  of these three species and 
therefore the diffusion coefficients in  the present  
invest igat ion have an average meaning.  The concentra-  
tions of the various species are estimated in the dis- 
cussion section, and the Stokes-Einstein products 
D ~ / T  are interpreted as a function of the chloride 
concentrat ion and the pH. 

Experimental 
The rotat ing-zinc hemisphere consists of a Teflon 

support rod and a replaceable Zn hemispherical  head 
(Fig. 1). The Teflon support  was 1.9 cm diam rod. 

A zinc hemisphere (99.999% New Jersey Zinc) was 
embedded in the Teflon rod. The diameter of the 
Zn hemispheres varied from 0.700 to 0.872 cm. At 
the center of the support  there was a 0.396 cm hole 
in the central  stainless steel shaft. The stainless steel 
shaft contained a 6-32 female thread to accommodate 

TEFLON CONDUCTOR 

W ROTATING 
HEM IS PHERE 

I 

Fig. 1. Rotating Zn hemisphere 

the Zn hemisphere.  The other end of the Teflon support  
rod was attached to a stainless steel collet which was 
machined to fit a high speed rotator. The rotator was a 
Pine Ins t rument  ASR rotator with a range of 0-10,000 
rpm. 

A 6-32 Zn screw having a hemispherical ly shaped 
head was used as the replaceable hemisphere. The 
surface of the electrode was polished with waterproof 
A120~ paper  (grid number  600) and degreased with 
spectroscopic grade pentane.  The Zn hemisphere was 
weighed on a Mettler Balance and t ransferred into 
the cell. After the experiment,  the Cl2-etched Zn hemi-  
sphere was r insed with double distilled water, washed 
with pentane, and weighed. 

A 1000 ml Pyrex vessel fitted with Teflon cover 
was used as the cell container.  It  was equipped with 
C12 gas expenser. The ZnC12 37% wt solution was 
obtained from EDA, Incorporated where the solution 
was prepared by direct recombinat ion of pure  Zn 
rods with dissolved C12 gas. The ZnC12 concentrations 
were measured by hydrometer  following the specific 
gravi ty  data of ZnCI2 (5). Viscosity data was ob- 
tained from (6) and the pH of the solution was 
recorded with Beckman pH meter. 

The dissolved CI~ concentrat ion was measured by 
s tandard t i t rat ion method using 1/100 normal  Na2S2Os 
�9 5H20. The solution was deaerated by bubbl ing  n i t ro-  
gen gas over a 30 min  period. C12-N2 gas mixture  was 
then bubbled for addit ional 30 min, and cont inuously 
bubbled throughout  the experiment.  Various C12 con- 
centrations were obtained by varying the composition 
of the C12-N2 m~xture. The flow rates of Ct2 and N2 
were controlled by needle valves and measured by 
calibrated rotameters.  

Results and Discussion 
Chlor inated  ZnCI~ so tu t ions . - -Tab le  I summarizes 

the exper imental  data of the weight losses of Zn 
hemispheres in  chlorinated 37, 22, and 17% wt ZnC12 
solutions and in acidified 26% ZnC12 solution (pH = 
1.0). Figure 2 shows the mass t ransfer  coefficient of 
chlorine to the Zn hemisphere in chlorinated ZnC12 
solutions vs. the square root of the rotat ional  speed. 
The lines were obtained by a least square method not 
including the origin. The Levich equat ion for con- 
vective diffusion (2) is satisfied and the diffusion 
coefficients of dissolved C12 can be determined, using 
Eq. [4J, f rom the slope of the plot of A W / M t A ( C b ) c 1 2  
vs. ~1/2. The obtained diffusion coefficients of dis- 
solved chlorine are shown in Table II. The corrosion 
of Zn due to H a evolution was measured by conduct- 
ing weight loss measurements  without  C12 at the 
same pH range. The weight loss due to Hu evolution 
was negligible (<1%) .  

The value Dc12 ---- 0.633 X 10 .-5 cm2/sec for 37% 
ZnC12 solution is in agreement  with the value ob- 
tained from l imit ing current  measurements  of C12 
on a rotat ing nonporous graphi te-disk electrode (D 
= 0.6.64 • 10-~ cm2/sec) (7). 

Table II also shows the calculated Stokes-Einstein 
product D ~ / T  for dissolved C12 in  the four ZnC12 solu- 
tions. The Stokes-Einstein product was found to be 
constant and the average value, (D~/T)av$ = 4.42 
X 10 - l ~  g cm/sec 2 ~ can be used to estimate the 
diffusion coefficients of dissolved CI~ at various ZnC12 
solutions. This value is in general  agreement  with 
the chronopotent iometry data of Chao (16). The cal- 
culated Stokes radii  for dissolved CI2 are shown in 
Table II and the average value is (rc]2)avg = 1.64A. 

The present  diffusion coefficient data are in  good 
agreement  with a value Dcl2 ---- 1.22 X 10 '-5 cm~/sec 
in H20 at 20~ (8). The viscosity of pure water  at 
20~ is 1.00.50 • 10-2 poise, and the Stokes-Einstein 
product is 4.185 X 10 - l ~  g cm/sec ~ ~ in  agree-  
ment  with the present  data. 

The dissolution of C12 in ZnCl2 solution is governed 
by the formation of molecular  C]2, HOC1, and  CI~-. 
The corrosion of Zn is therefore the result  of the 
mass t ransfer  and equil ibria  of the three species and 
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Table I. Summary of weight loss of Zn hemisphere in chlorinated ZnCl2 solutions 

ZnCb Running Radius C1.. (mole/ Re 
% wt r (rain) ~ (rpm) HS (cm) cm 3) ( x 1O ~) pit ( x 10 -z) ~W (rag) 

37% 60.0 1,OOO 0.381 1.90 3.20 0.874 11.94 
(3.74M) 60.0 2,000 0.381 1.58 3.27 1.75 12.63 

PH = 3.37 60.0 3,500 0.381 1.61 3.27 3.06 20.43 
60.0 4,390 0.406 0.35 3.35 4.37 6.01 
60.0 4,620 0.406 0.45 3.33 4.59 6.49 
30.0 5,000 0.436 2.78 3.05 5.75 26.70 
10.0 6,000 0.406 2.85 3.04 5.96 9.50 
60.0 7,000 0.406 2.05 318 6.96 71.09" 
75.0 8~000 0.436 1.27 3.29 9.20 41.69 
31.0 8,000 0.436 1.96 3,20 9.20 50.54 ~ 

120.0 8,000 0.436 1.90 3.20 9,20 247.05" 
22% 60.0 1,000 0.356 2.82 2.35 0.977 18.93 

(1.95M) 60.0 2,000 0.381 2.40 2.55 2.24 28.44 
pH = 3.74 60.0 3,000 0.381 2.36 2.60 3.36 32.14 

60.9 4,000 0.406 2.75 2,47 5.08 49.71 
60.0 5,000 0.406 2.65 2.50 6.35 64.14" 
60.0 6,000 0.406 2.31 2.62 7.62 58.37" 

17% 60,0 l,O00 0.354 2.26 2.35 1.12 17.00 
(1.44M) 60.0 2.000 0.381 2.85 2.26 2.59 39.71 

pH = 4.02 60.0 3,000 0.401 2,13 2.36 4.30 36.03 
60.0 4.000 0.386 1.76 2.40 5.32 34,87 
60.0 5,000 0.352 2.17 2.36 5.53 39.74 
60.0 6,000 0.427 1.97 2.37 9.76 72.50" 

26% 60.0 1,500 0.395 1.20 1.0 1.76 11.06 
(2.38M) 60.0 3,000 0.397 1.21 1.0 3.54 17.09 

pH = 1.0 30.0 4,000 0.350 1.34 1.0 3.67 8.19 
30.0 4,500 0.340 1.20 1.0 3.88 7.69 
30.0 6,000 0.397 1.27 1.0 7.07 12.96 

�9 Denotes spiral markings observed on Zn hemisphere, 

t he  m e a s u r e d  diffusion coefficients  h a v e  an a v e r a g e  
mean ing .  I n  t he  f o l l o w i n g  sec t ion  the  hydro lys i s  and 
equ i l i b r i a  of  C12 so lu t ion  a re  ana lyzed .  The  t r u e  
diffusion coefficient  and the  S t o k e s - E i n s t e i n  p roduc t  
of  d i s so lved  m o l e c u l a r  C12 a re  m e a s u r e d  in HC104 
+ HC1 so lu t ion  and in  acidif ied ZnSO4 solut ion,  and  
c o m p a r e d  to the  a v e r a g e  va lues  in the  ZnC12 solut ions.  

The hydrolysis and equilibria o] dissolved ch lo r ine . -  
The  d isso lved  ch lo r ine  exis ts  in ch lo r ide  aqueous  so lu-  

Table II. Diffusion coefficients, Stokes-Einstein products 
and Stokes radii of dissolved CI2 in various ZnCI2 solutions 

D (cm2/ Di~/T 
ZnC12 see) (g cm/sec -~ r~o~ 2 
M pH T, ~ • 1O ~ ~ •176 A 

1.44 2.3 21.3 0.969 4.46 1.64 
1.95 2.5 22.0 0.806 4.49 1.63 
3.74 3.2 25.0 0.633 4.46 1.64 
2.38 1.0 25.0 0.718 4.28 1.70 
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Fig. 2. Zn weight loss vs. the square root of the rotational ve- 

|ociW. �9 37%; A 22%; !1 17%; Z,CI~ solution. Empty points, 
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(D~/T)avg = 4.42 • 10 -lo g cm/sec ~ ~ 
(rcl~)avg = 1.64A 

t ion  p a r t l y  in t he  f o r m  of f r ee  m o l e c u l a r  ch lo r ine  
C12, p a r t l y  in its hyd ro l i z ed  f o r m  hypoch lo rous  acid  
HUCt,  and  the  r e m a i n d e r  in t he  f o r m  of the  com-  
p l e x  t r i ch lo r ide  ion C13-. 

The  hydro lys i s  of  ch lo r ine  is g o v e r n e d  by  the  
fo l lowing  two  equ i l i b r i a  w i t h  K ' s  at 25~ (14-16) 

'C12 + H~O ~-- HOCI + H + + CI- KI = 3.94 • 10-4 
[5] 

C12 + C1-  ~ C13- K2 = 0.191 [6] 

T h e  hydro lys i s  of d i sso lved  C12 depends  s t rong ly  on 
the  pH. 

The  dissocia t ion  cons tan t  of  h y p o c h l o r o u s  ac id  to 
h y p o c h l o r i t e  (15) 

HOCI~ H +-FOCI- K=3+4 X I0 -s 

is very small and in the present acidic solution hypo- 
chlorite is not present. 

Although the ZnCI2 solutions in the present work 
are acidic and the dissolved C12 is the predominant 
species, the concentrations of HOCI and CIa- can be 
estimated from the equilibrium constants 

(zCI2) -- (HOCI) -- (CIs-) 
(IIOCI) 2 = KI [7] 

( C 1 - )  7HC* 

(C13-)  = K2[(ZCl2)  --  (HOC1) --  ( C l s - ) ]  ( e l - )  [8] 

w h e r e  ZC12 is the  to ta l  d i s so lved  C12. 
In  the  f o l l o w i n g  ca lcu la t ions  it was  a s sumed  tha t  

7C127H2O cance l l ed  7 n o q  to a good a p p r o x i m a t i o n  (14), 
and  tha t  7ci~- ~ 7c1- (15). The  in i t ia l  H + concen -  
t r a t i on  can  be  n e g l e c t e d  in compa r i son  to the  final  
H + concen t ra t ion .  The  ac t iv i ty  coefficient  of  HC1, 
7~q. in  ZnC12 so lu t ion  was  a p p r o x i m a t e d  f r o m  the  
a v a i l a b l e  ac t i v i t y  coefficient  da ta  of  HC1 in BaCI2 (17). 
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Table I[I. Estimated concentration of CI2, HOCI, and CI3-  
in chlorinated ZnCI2, ZnSO4, and HCIO4 -5 HCI solutions 

ZCI~ Cle HOC1 CI3- 
Electrolyte Initial Final 10 ~ 10 '~ 10 ~ 10 ,2 

(M) pH pH (M) (M) (M) (M) 

ZnC12 1.44 4.02 2.36 2.0 1.20 0.14 0.66 
1.95 3.74 2.50 2.0 1.0~ 0.10 0.81 
3.74 3.37 3.20 2.0 0.80 0.06 1.14 
2.38 1.0 1.0 2.0 1.05 0.0004 0.95 

ZnSO4 8.74 • 10 -a 1.0 1.0 2.0 1.29 0.71 --  
8.74 • 10 -a 2.5 2.5 2.0 0.25 1.75 -- 

HCIO4 + 0.975M 0.02 0.02 2.0 2.0 ~ - -  
HC1 0 .025M 

Table III presents the calculated concentrations of 
the various species C~2, t-lOCI, and C13- in typical  
2 • 10-')M total-dissolved C12 solutions. It appears that  
for a typical  ZnC12 solution 50 ~_ 10% of the dissolved 
chlorine remains as molecular  C12, while  50 ~ 10% and 
5 _+ 5% are conver ted  to C13- and HOC1, respectively.  
The decrease in the pH upon chlorination is due 
to the par t ia l  h~rdrolysis of dissolved C12 to HOC1 
and HC1, according to the first equi l ibr ium (Eq. [5]). 
The obtained diffusion coefficients of dissolved C12, 
the calculated Stokes-Einste in  product, and the Stokes 
radius represent  an average of the three diffusing 
species C12, HOC1, and CI~-. 

Figure. 3 shows the mass t ransfer  coefficient as a 
function of the square root of the rotat ional  speed in 
chlorinated acidified 8.74 X 10-~M ZnSO4 (pH :_ 1.0), 
acidified 26% wt  ZnC12 solution (pH -~ 1.0), and in 
0.975M HC104 -5 0.025M HC1 chlorinated solution. 

In H2SO4-acidified ZnSO4 solution (pH :-  2.5), most 
of the dissolved C12, 87.5%, is hydrolyzed to HOC1 and 
therefore,  the diffusion coefficient which was calculated 
f rom the slope D ---- 1.451 X 10 -5 cm2/sec is the ap- 
proximate  value for HOC1. In the 26% weight  ZnC12 

14~- / �9 
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Fig. 3. Zn weight loss vs. the square root of the rotational ve- 
locity. 8.74 • 10-3M ZnSO4; �9 pH ~ 1.0; �9 pH ~ 2.5; �9 
0.975M HCIO4 -5 0.025M HCI; V 26% (pH ~ 1) ZnCI2. 

solution (pH ---- 1.0), HOC1 is not present  and about 
47.5% of the total dissolved C12 is conver ted to C13-. 
The obtained diffusion coefficient D -~ 0.718 • 10 -5 
cm2/sec represents an average value  for CI2 and C13-. 

Similar  weight- loss  exper iments  were  per formed 
in chlorinated 0.975M HC104 -5 0.025M HC1 solution. 
In this solution all the dissolved Cle remains as 
molecular  Cle and therefore  the diffusion coefficient 
Dc1.~ ---- 2.14 • 10-5 cm2/sec is the t rue value for 
C12. In this exper iment  the weight  loss due to Ha 
evolut ion was est imated f rom a weight  loss exper i -  
ment  in the absence of C12 and f rom the intercept  
at ~ ---- 0 in Fig. 3. The viscosity of the HC104 -5 HC1 
solution was measured at 28 ~ in our laboratory,  ~ ---- 
8.23 • 10 -~ g / c m  sec, using an Ostwald viscometer.  

The Stokes-Einste in  products and the Stokes radii  
of dissolved C12 in acidified ZnSO4 solutions and HC104 
-5 HC1 solution are shown in Table IV. The ZnSO4 
pH _-- 2.5 values can be regarded as an approximat ion 
for HOC1 

(D~/T) HOCl ~-- 4.45 X 10 - l ~  g cm/sec  2 ~ 

rHOC1 ~ 1.67A 

The HOC1 concentrat ion was quite low in all the 
experiments,  except  in the ZnSO4 soIutions. The dif- 
fusion coefficient of Cla-  is expected to be the low- 
est, fol lowed by HOC1 and C12. In ZnSO4 solution at 
low pH, the diffusion coefficient is higher  (Table IV) 
due to the higher  concentrat ion of molecular  C12, 
in agreement  with Chao (16). 

In the HC104 -5 HC1 solution, the Stokes-Einstein 
product  is the highest because of the expected high 
diffusion coefficient of dissolved molecular  CI~, which 
is the predominant  species. The data from the HC104 
-5 HC1 solution can be regarded as the t rue values 
for C12 

(D~/T)c12 -- 5.85 X 10 - l ~  g cm/sec 2 ~ 

rci2 = 1.25A 

A C12 bond length of 1.98A is given by Paul ing (13). 

Hydrodynamic effects.--Above a rotat ional  speed of 
about 100 rps, the Levich equat ion is not satisfied 
(see Fig. 2), and the weight  loss is much higher  than 
expected for laminar  flow. The empty data points 
in Fig. 2 represent  exper iments  where  spiral vor tex  
shape markings were  observed on the Zn hemisphere  
at the end of the experiment .  The higher  weight  
losses of the Zn hemisphere  under  these conditions 
can be explained by an ear l ier  t ransi t ion to turbulent  
flow and the appearance of secondary flow pat tern  
near  the surface which enhances the mass t ransfer  
of dissolved Cle to the Zn surface. 

During the Zn dissolution the Zn surface becomes 
rough. This surface roughness changes the nature  
of the flow, and transi t ion to turbulence appears 
earl ier  than expected for a smooth surface. Levich (2) 
discusses convective diffusion to a rough surface and 
relates the size of the protrusions to the thickness 
of the hydrodynamic  boundary layer. If  the size of 
the protrusion is larger  than the hydrodynamic  bound- 
ary layer, then transi t ion occurs earlier. The thickness 
of the hydrodynamic  boundary layer  depends on 

Table IV. Diffusion coefficients, Stokes-Einstein products and 
Stokes radii for dissolved CI2 in ZnSO4 solution and HCIO4 

-5 HCI solution 

D#/T 
E l e c t r o l y t e  D (cm~/ (g cm/sec ~ 

(M) pH T, ~ sec) • ~ ~ • lo r,A 

ZnSO4 8.74 • 10 -~ 12 25 1.517 4.57 1.60 
ZnSO4 8.74 • 10 -~ 2.5 25 1.451 4.38 1.67 
HC104 0.975 t 0.02 28 2.14 5.85 1.25 HC1 0.025 

vcl~ = 1.25), rHocl ~- 1.67A 
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the  ro ta t ional  speed th rough  the Reynolds  number  
(Re --  ~r2/v). As the ro ta t ional  speed increases (6,000- 
800.0 rpm)  the thickness of the  bounda ry  l aye r  de-  
creases and reaches  the same order  of magni tude  of 
the  rough surfaces. Secondary  flow of smal l  vor texes  
is ini t iated,  which enhances the mass t ransfe r  of 
dissolved CI., to the  surface. 

In  a l l  the  electrodes which exhib i ted  higher  weight  
loss than  expected,  the corroded surface showed 
spi ra l  shape pa t te rns  of dissolution. Typical  spi ra l  
mark ings  a re  shown in Fig. 4 where  the ro ta t ional  
speed is high (8000 rpm) .  The formation of spi ra l  
mark ings  on a ro ta t ing -d i sk  e lect rode has been shown 
(9, 10) to be caused by  the format ion  of wakes  be-  
hind smal l  prot rus ions  and the format ion  of second- 
a ry  flow is due to ins tabi l i ty  of the th ree -d imens iona l  
b o u n d a r y  l aye r  on the ro ta t ing  disk or  hemisphere .  
F igure  5 shows the surface of Zn hemisphere  af ter  C12 

Fig. 4. Zn hemisphere after reaction with dissolved CI2. w = 
8000 rpm; radius - -  0.436 cm; [CI2] : 1.96 X 10-2M; time 
= 3! min; Re = 9.2 X I0~; 37% ZnCI~.. 

Fig. 5. Zn hemisphere after reaction with dissolved CI2. ~ ---- 
4390 rpm; radius ~ 0.406 cm; [CI2] ~ 0.35 X 10-2M; time 
= 60 min; Re ~ 4.37 X 10~; 37% ZnCI2. 

corrosion at  lower  ro ta t ional  speed (Re = 4.37 • 
103). Spira l  mark ings  are absent  and the gra in  bound-  
aries can be observed clearly.  Ibl  (18) expla ins  the 
format ion of the spirals  dur ing meta l  deposi t ion on 
a ro ta t ing -d i sk  e lec t rode  by  the re la t ive  size of the  
surface protrus ions  and the mass t ransfe r  bounda ry  
l aye r  thickness.  

The t rans i t ion  flow appears  at  a Reynolds  number  of 
about  

wr 2 2~ (121) (0.4) 2 
Re = : : 7 X 10 3 

v 1.72 X 10-~ 

which is be low the t rans i t ion  Reynolds  number  of 
1.5 X 10 a obtained expe r imen ta l l y  for a smooth ro-  
ta t ing hemisphere  (12). The flow near  a hemisphere  
is less s table  than near  a ro ta t ing  disk, and the pres -  
ent value  for a hemisphere  is lower  than  105, as p r e -  
dicted from l inear  s tab i l i ty  analysis  of a flow near  
a ro ta t ing  disk (10, 11). The ea r l i e r  t rans i t ion  in the 
present  case is due to the  surface roughness dur ing  
the corrosion of the  zinc surface by  the dissolved C12. 

In conclusion, it  has been shown tha t  the  chemical  
react ion of dissolved chlor ine wi th  zinc in ZnC12 
aqueous solution is mass t ransfe r  l imited.  T h e  Zn 
surface roughness ini t ia tes  a secondary  flow and in-  
creases the  mass t ransfe r  of dissolved C]2 to the  
surface. At  low pH the dissolved C12 is in the  form 
of dissolved molecular  C12 and t r ich lor ide  ion, CI~-. 
At  h igher  pH, the  presence of hypochlorous  acid, 
HOC1, is significant. 
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LIST OF SYMBOLS 
A hemisphere ' s  surface area, cm 2 
Cb bulk  concentrat ion,  g - m o l e / c m  3 
D diffusion coefficient, cm2/sec 
F Fa raday ' s  constant,  96,487 C/g-equiv .  
[1 l imi t ing current ,  A 
k~ mass t ransfe r  coefficient, cm/sec  
M molecu la r  weight  of Zn 
n number  of electrons t r ans fe r red  in the  e lect rode 

react ion 
r radius  of hemispher ica l  electrode, cm 
r Stokes radius  A 
Re R e y n o l d s  number  
T tempera ture ,  ~ 
t t ime, sec 
W electrode weight,  g 

ro ta t ing  electrode constant,  dimensionless  
5 diffusion l aye r  thickness,  cm 

viscosity, g / cm see 
v k inemat ic  viscosity, cm2/sec 

angular  velocity,  r ad / sec  
:~C12 total  dissolved C12 
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Technical Notes 

Dynamic-Foamed Electrolyte Hydrogen Electrode 
Jacob Jorn4* 

Department of Chemica~ and Metallurgical Engineering, Wayne State University, Detroit, Michigan 48202 

The potent ial ly advantageous use of foamed elec- 
trolyte in fuel cell has been suggested by Nanis and 
McLarnon (1). They suspended a Pt electrode just  
above H2SO4 or NaOH solution which contained a 
small amount  of surfactant  and bubbled the fuel 
gas (H2 or 02) through the solution creating a foam 
which rose and covered the electrode. The foam con- 
tained the fuel gas (H2) and the bubble  walls acted 
as a thin film when in contact with the electrode's 
surface. The most significant finding of Nanis and 
McLarnon's  work was that when using a flat p la t inum 
electrode the anodic l imit ing current  in the foamed 
electrolyte was an order of magni tude  larger than 
the l imit ing current  when the electrode was completely 
immersed in the liquid electrolyte. From the l imit-  
ing currents  they were able to estimate the apparent  
diffusion boundary  layer  thickness, using the fol- 
lowing equation 

6D ---- nFDCb/I1 [1] 

Where Cb is the bulk concentrat ion of dissolved H2, D 
its diffusion coefficient, and It is the anodic l imit ing 
current.  The obtained diffusion boundary  layer  thick- 
ness was on the order of 3-4~, and Nanis and McLar-  
non (1) explained it in terms of a thin film of elec- 
trolyte covering the electrode when it is in the 
foam. However, no at tempt was made to compare 
quant i ta t ive ly  the calculated apparent  diffusion bound-  
ary layer thickness with the average thickness of 
the foam's wall. 

In  the present  work l imit ing currents  were mea-  
sured for the anodic reaction 

H2 ~ 2H + + 2e-  

using a dynamic foamed electrolyte where the foam 
flowed continuously over a p la t inum electrode. The 
apparent  diffusion boundary  layer thickness was cal- 
culated using Eq. [1]. The average thickness of the 
foam's wall 8F was calculated from the measured 
average bubble  diameter  d and y, the foam wetness 
(7, 8) 

~F = yff/6 [2] 

The two values are in general  agreement  which 
substantiates quant i ta t ively  the assumption that the 

* Electrochemical Society Active Member. 
Key words: foam, hydrogen, fuel cell, bubbles, mass transfer, 

limiting current, 

thin walls of foam present  the major  resistance to 
mass transfer  of the dissolved gaseous fuel to the 
electrode surface. 

The importance of thin films in gas electrodes have 
been noticed by several researchers (2-6). When a 
gas electrode is part ial ly wi thdrawn from liquid 
electrolyte into the gas atmosphere the cur ren t  in -  
creases  and the local current  density is higher at 
the thin film covering the electrode surface. 

Experimental 
The apparatus consisted of a circulatory foam col- 

umn;  the working anode and the countercathode were 
located at the middle  section of the foam column (see 
Fig. 1). The foam column is similar  to the one used 
in foam separation technique by" Rubin  and Jorn~ (7). 
Hydrogen gas was passed through a rotameter  and  
prehumidifier  and bubbled through a glass frit  dis- 
persion tube located in the bottom of a 4 l i ter flask 
where the electrolyte was ini t ia l ly placed. The column 
consisted of a 36 cm long 2.8 cm ID Pyrex  tube. The 
upper  part  of the column was bent  to form an angle 
of about 45 ~ to direct the foam into the rotat ing foam 
breaker  (7). Near the midpoint  of the column the 
two p la t inum electrodes were located. The working 
electrode was a Fisher Scientific Company electrode 
(Cat. No. 13-63.9-102) located in a Pyrex cylinder, 
and the active area of the circular electrode was 
0.785 cm 2. The counterelectrode was a 1 cm 2 bright 
p la t inum foil attached to a p la t inum wire. The Luggin 
capil lary tip was introduced below the working elec- 
trode and the capil lary was connected to the refer-  
ence electrode container  where a s tandard calomel 
electrode was placed. 

The constant current  was main ta ined  by a p o w e r  
supply (Electronic Measurements  Model C-613) and 
the potential  between the anode and the reference 
electrode was measured with a Keithley 60'0A elec- 
trometer. A flat glass w i n d o w  (1 cm diam) was 
located below the electrode where close-up pictures 
of the flowing foam were taken in order to mea-  
sure the average bubble  diameter  (7, 8) 

~ nidi 8 
d = [3] 

~ i d l  ~ 
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Fig. 1. Circulatory foam column and electrodes arrangement. W, 
C, R--working, counter, and reference electrode, respectively. P, 
power supply; E, electrometer; M, motor; G, flat window; H, pre- 
humidifier. 

The electrolyte consisted of 4N sulfuric acid con- 
ta ining 0.1% wt carboxane TW-100, Text i lana Cor- 
poration, Hawthorne,  California. This surfactant  was 
found to be iner t  in  the potential  range (1). 

The exper iment  began by filling the lower flask 
with 4 li ters of the electrolyte. Hydrogen gas was 
bubbled  into the electrolyte-surfactant  solution 
through a fri t ted glass dispersion tube. The hydrogen 
bubbles,  as they emerged from the electrolyte solu- 
tion, formed the t'oamed electrolyte. The foam flowed 
up the column past the electrodes and was circulated 
back into the flask after being broken by the rotat ing 
foam breaker.  The foam wetness f was calculated 
by measur ing the flow rate of the foamate (the 
broken foam) and the flow rate of the foam in the 
column. The foamate flow rate was measured by 
accumulat ing it over a period of 90 sec. The foam 
flow rate was measured from the upward  velocity 
of the foam's plug-flow in the 2.8 cm. ID column. The 
foam wetness ] is calculated from 

foamate flow rate 
# = [4] 

foam flow rate 

and represents the l iquid fraction in the foam. 
Limit ing current  data were obtained by increasing 

galvanostatically the current  between the two Pt 
electrodes and recording s imultaneously the overpo- 
tent ia l  between the working and reference electrode. 
The l imit ing currents  were measured for various foam 
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Fig. 2. Current density vs. anode overpotentlal for H2 electrode 
at various foam's upward velocities. 4N H2SO4, 0.1 w/o earboxane 
TW-100; P - -  I atm; T ~, 25~ 

velocities. The foam remained stable in all the ex- 
per iments  and the room tempera ture  was around 25~ 

Results and Discussion 
Anodic polarization curves for H2 oxidation in the 

foamed 4N H2SO4 electrolyte are shown in Fig. 2. 
The l imit ing currents  correspond to various foam 
upward  velocities, and can be compared to the lower 
polarization curve which was measured in the liquid 
solution where the hydrogen electrode was totally 
submerged. Table I presents the data for the l imit ing 
currents  as well  as the foam's physical properties: 
average bubble  diameter, foam velocity, and foam 
wetness. The bias potential  between the anode and 
the calomel reference electrode was about  260 mV, 
in  excellent agreement  with the Nernst  equation. The 
missing data in  Table I and consequently in  Table II 
are due to the failure of the camera in one case, and 
the lack of foamate flow rate data in the other. 

A comparison between the effective diffusion bound-  
ary layer  thickness and the average wall  thickness 
of the foam is shown in Table II. The diffusion bound-  

TaMe I. Foam properties and H2 anodie limiting currents 
Electrolyte: 4N H2SO4, 0.1% earboxane TW-100 

Foam A v e r a g e  L imi t ing  
u p w a r d  bubble  F o a m  current  
veloc i ty  d i a m e t e r  we tness  density 
(cm/sec) d'(cm) 10~# i~ (mA/cm -~) 

0.25 0.12 -- 9.17 
0.30 0.12 0.86 9.55 
0.35 1.00 2.78 15.90 
0.71 0.087 3.66 15.50 
0.84 0.079 4.44 8.10 
1.07 0,070 5.76 5.73 
1.28 0.072 5.20 6.31 
1.41 0.070 5.30 5.88 
2.05 0,052 4,72 6,57 
2.12 - -  4.67 5.41 
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Table II. Comparison between the foam average wall thickness 
and effective mass transfer boundary layer 

20 

F o a m  E f f e c t i v e  m a s s  
u p w a r d  Foam a v e r a g e  t r a n s f e r  b o u n d a r y  
ve loc i ty  wal l  t h i cknes s  l aye r  t h i cknes s  15 

( c m / s e c )  a~ (a,) 5D (,~) 

0.25 ~ 4.52 
0.30 1.72 4.34 ~ -  
0.35 4.62 2.60 L0 o.71 5.31 2.s7 
0.84 5.84 5.11 
1.07 6.72 7.23 <C 
1.28 6.24 6.56 
1.41 6.17 7.07 
2.05 4.08 6.30 - -  
2.12 - -  7.65 5 

ary layer  thickness 5D and the average wall  thick- 
ness 5F were calculated from Eq. [1] and [2], re-  
spectively. Hydrogen diffusion coefficient and solubili ty 
data were obtained i rom Ruetschi (9). DtI2  : 3.7 • 
10 -5 cm2/sec, C ~  = 0.58 • 10-~M (uncorrected from 
30~ 

A general  agreement  can be found between 8D 
and 5F as can be seen from Fig. 3, indicat ing that  
the thin walls of the foam bubble  represent  the diffu- 
sion path for the diffusion os H2 from the bubbles 
to the electrode's surface. The deviations of 5D from 
5F, especially at small  5F, can be a t t r ibuted to the 
error in determining the average bubble  diameter  d 
(Eq. [3]). The error in  determining the average 
bubble diameter  is quite large and can reach 100% 
for a dry foam where the bubbles are not spherical 
and 5F should be larger than estimated from Eq. [2]. 
This explains that the deviation of 5D from 5F in 
Fig. 3 is largest for small 5F and general ly positive 
for small 5F. The obtained l imit ing currents  and 
effective boundary  layer thicknesses are in agreement  
with Nanis and McLarnon's  results (1), where the 
foam was accumulated above the solution. Figure 4 
shows the behavior of the l imit ing current  vs. the 
upward loam velocity. The max imum occurs at about 
0.5 cm/sec. The foam velocity determines the foam 
wetness. At very slow upward velocities the foam 
drainage is complete and the foam is very dry. How- 
ever the gas flow rate also determines the average 
bubble  diameter;  at low flow rate the average bubble  
diameter  is high. Thus as the gas flow rate increases, 
the two effects, the foam wetness and average bubble 
diameter, compete in determining the t rend of the 
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Fig. 3. Comparison between effective diffusion boundary layer 
and foam's average wall thickness. 
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Fig. 4. The anodic limiting current vs. the foam's upward ve- 
locity. A, in liquid. 

average wall thickness (according to Eq. [2]) and 
the optimal upward velocity of the foam corresponds 
to the formation of a thin film. 

Summary 
The hydrogen electrode was investigated in a flow- 

ing foamed electrolyte. The improved mass t ransfer  
effect reported previously by Nanis and McLarnon 
has been confirmed. A correlation was established 
between the anodic l imit ing current  and the dynamic 
properties of the foam. A general  agreement  was found 
between the calculated efiective mass t ransfer  bound-  
ary layer and the measured foam's average wall  thick- 
ness. These results confirm that  the thin walls of 
the foam represent  the resistive path for the diffusion 
of hydrogen from the bubbles to the surface of the 
electrode. 

Acknowledgments  
This work was par tmlly  supported by an unre -  

stricted grant  from BASF Wyandotte  Corporation, 
Wyandotte, Michigan. The support  of BASF Wyan-  
dotte Corporation is grateful ly acknowledged. 

The author is thankful  to Mr. Michael Platzke for 
carrying out the exper imental  work as part ial  ful-  
fillment of his senior thesis, Depar tment  of Chemical 
Engineering,  Wayne State University.  

Manuscript  submitted May 11, 1977; revised m a n u -  
script received July 25, 1977. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1978 
JOURNAL. All discussions for the December 1978 Discus- 
sion Section should be submit ted by Aug. 1, 1978. 

Publication costs of this article were assisted by 
Wayne State University. 

LIST OF SYMBOLS 
Cb bulk  concentration, moles/cm 8 
D diffusion coefficient, cm2/sec 
dl  bubble  diameter,  cm 
d average bubble diameter, cm 
F Faraday constant, 96.4 C/equiv. 
y foam wetness, dimensionless 
[ current  density, A/cm 2 
I1 l imit ing current  density, A /cm 2 
n number  of electrons t ransferred in electrochem- 

ical reaction 
number  of bubbles of diameter  d i  
foam velocity, cm/sec 
apparent  diffusion boundary  layer  thickness, cm 
foam's average wall thickness, cm 
overpotential, V 
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The Reactivity of Metals with Mixtures of 
Carbon Tetrachloride and Alcohols 

James R. Kuppers 
Chemistry Department, The University oJ North Carolina at Charlotte, Charlotte, North Carolina 28223 

A1 reacts d i rec t ly  wi th  the lower  a l iphat ic  alcohols 
only under  anhydrous  conditions at  e levated t empera -  
tures  or when  ama lgama ted  (1), or when highly  
s t ressed surfaces are  f reshly exposed (2). The reac t ion  
of  Mg meta l  wi th  moist  e thanol  at reflux is accelera ted 
wi th  the  addi t ion  of smal l  amounts  of iodine or an a l i -  
phat ic  halogen compound such as chloroform or CC14. 
A1 and its alloys, brasses, bronzes, and i ron  alloys are  
subject  to corrosion under  some s t r ingent  condit ions 
such as mechanical  stress, high tempera tures ,  or amal -  
gamat ion  (5-9).  Some A1 alloys undergo a rapid,  au to-  
cata lyt ic  react ion with  CCl4-methanol  mixtures ,  in i -  
t ia ted  at room t empera tu re  and leading to complete  
dissolut ion of the meta l  (10). The corrosion of metals  
in ha logenated  hydrocarbons  is cu r ren t ly  under  in ten-  
sive s tudy by  Heitz and Kyr iaz i s  (11). 

My in teres t  in this subject  s tems f rom repor ts  of cor- 
rosion prob lems  encountered  in a brass  the rmal  diffu- 
sion cell  containing CC14-alcohol mix tures  (12, 13). I 
repor t  some novel  l ea tu res  of this class of reactions. 

Experimental 
Reactions in sealed tubes.--Separate 125 mg samples 

of Cu, Zn, Ag, Pt, and Au (each at least  99% pure)  
were  sealed in NMR tubes wi th  500 mg of CCt4-meth- 
anol mix tu re  (40% CC14, air  not  exc luded)  and held  at 
25~ Zn meta l  was decomposed overnight  leaving a 
whi te  solid and a colorless solution. Cu meta l  was con- 
sumed af ter  two weeks  leaving a y e l l o w - b r o w n  solu- 
t ion and no solid residue.  Ag meta l  was fa in t ly  discol-  
ored  af ter  two weeks but  o therwise  unaffected. 

P t  and Au  r ema ined  b r igh t  wi th  no vis ible  indicat ion 
of reaction. The course of the  react ion with  Zn and Cu 
was moni tored  wi th  proton magnet ic  resonance spec-  
tra.  A l though  the methy l  and h y d r o x y  proton signals 
were  progress ive ly  shif ted downfield ( app rox ima te ly  
0.3 ppm in al l)  no new pro ton  signal  developed.  

In  par t icular ,  nothing was seen which would  indicate  
the fo rmat ion  of ha lohydrocarbons ,  a ldehydes,  or com- 
pounds containing methy lene  protons. The methy l  and 
the hyd roxy  pro ton  signals in the Cu tube were  signifi- 
cant ly  b roadened  at the  end of the reaction. When 
ethanol,  2-propanol ,  or 1-butanol  were  subs t i tu ted  for 
methanol ,  the reac t ion  wi th  Zn in sealed tubes was 
progress ive ly  more  sluggish in order  of increasing mo-  
lecular  weight  of the  alcohol and NMR spect ra  revealed  
no new proton  signals which were  not p resen t  at the 
beginning of the reaction. 

The induction period.--The t ime requ i red  for the in i -  
t ia t ion of a vigorous, autocata ly t ic  react ion of Zn with  
CC14-methanol mix tures  in open containers  was sensi-  
t ive to the  composi t ion of the mix tu re  as well  as to the 
presence of cer ta in  chemical  ini t iators .  This react ion 
was se l f - in i t i a ted  at 25~ over  a range  of concent ra-  
tions f rom 0.60 to 0.98 mole  f rac t ion of methanol .  The 
min imum induct ion period,  2 hr, corresponded to a 
methanol  concentra t ion of app rox ima te ly  0.90 mole 

Key words: corrosion, organic solvents, water. 

f ract ion when used with  30 mesh Fisher  Reagent  Grade  
Zn powder.  The induct ion per iod  was comple te ly  e l im-  
ina ted  by  adding traces of soluble salts  of some less ac-  
t ive  metals ,  e.g., CuClm HgC12, and CrBrs. At and Mg, 
unl ike  Zn, requi red  no induct ion per iod  under  any cir-  
cumstances.  Nevertheless ,  react ions proceeded  more  
vigorously  in the presence of the prev ious ly  ment ioned 
salts. 

Reactivity of various metals.--Mg, A1, Si, Ti. Cr, Mn, 
Fe, Co, Ni, Cu, Zn, Ga, Ag, Cd, Sn, Pt, Au, and Hg were  
immersed  for two weeks  at  25~ in CC14-methanol 
mix tures  containing 0.90 mole  f ract ion of methanol .  
Rapid,  autocata ly t ic  dissolution of Mg, A1, and Zn oc- 
curred.  The react ion of Cu and Cr was slow but  even tu-  
a l ly  resul ted  in complete  dissolut ion of the metals .  Al l  
the other  meta ls  were  nonreac t ive  in the sense tha t  
wha teve r  react ion occurred was ha l ted  by  the immed i -  
ate format ion  of passive coatings. 

Water as a quenching agent.--Reactions of Mg, A1, 
and Zn wi th  CC14-methanol mix tures  were  quenched 
with  smal l  addi t ions of water .  Since there  was no in-  
duction per iod  for Mg and A1 and since Mg reacts  wi th  
anhydrous  methanol  at 25~ even in the  absence of 
CCI4, these two meta ls  were  convenient  for a quan t i t a -  
t ive s tudy of the wa te r -quenched  reactions.  To the 
metals  immersed  in anhydrous  methanol ,  smal l  succes- 
sive addi t ions of CC14 and wa te r  were  made. The 
amount  of CC14 needed to re in i t ia te  the r ap id  reac t ion  
at specified wa te r  concentrat ions were  recorded (Fig. 
1). Mg did not react  wi th  e thanol  containing 5.0% wate r  
in the presence of CC14 at 25~ but  the react ion p ro -  

H~O 

( 
/acj 

2o 2s % C CI  4 

Fig. 1. The concentration of water needed to quench the reac- 
tion of AI and Mg and CCl~-methanol mixtures and its depend- 
ence upon the CCI4 concentration. Concentraations are expressed 
in weight percentages in the liquid mixture. 



98 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  January I978 

ceeded vigorously  wi th  mix tu res  of CC14 and ethanol  
containing 0.1% water .  

Products o] the reaction.--The gaseous products  of 
the  Zn react ions were  swept,  in sequence, th rough  a 0 ~ 
t rap  and a l iquid N2 trap.  In f r a red  spect ra l  compar i -  
sons showed the gas frozen out in the second t rap  con- 
ta ined methane.  The l iquid N2 t rap  permi ts  the passage 
of H2 gas which, of course, is a possible product  of the 
reaction. However ,  gas densi ty  measurements  on the 
gas passing the 0 ~ t rap  suggested tha t  it  was p redomi -  
nan t ly  methane.  This conclusion was confirmed by a 
chromatographic  separa t ion  on Molecular  Sieve "5A" 
which achieved a good separa t ion  of H2, 02, N~, and 
CH4 at a column t empera tu r e  of 80 ~ Moreover,  i t  was 
demons t ra ted  tha t  CH4 was the dominant  gaseous 
product  of the  react ion of Zn with  CC14-acetic acid, 
CHC13-acetic acid, CHeC12-acetic acid, and CF~CC18- 
acetic acid mix tures  ( the la t te r  three  react ions were  
in i t ia ted  by adding a t race  of CC14). I t  was shown, on 
the other  hand, tha t  H2 gas was dominant  in the Mg 
and A1 react ions  wi th  CC14-methanol mixtures .  The 
larges t  y ie ld  of gas from any of these react ions was 
0.25 mole of gas pe r  mole  of metal .  

I recovered  1.5g of C2C16 from a react ion mix tu re  
containing 3g Zn, 40g methanol ,  and 16g CC14 which 
represents  0".15 moles of C2C16 per  mole of metal .  The 
recovery  of C~C16 was pe r fo rmed  by  dist i l l ing away  
about  half  of the  excess liquid, adding wa te r  to p re -  
c ipi ta te  the  C2C16, then subl iming the res idue at 
187~ ~acuum dry ing  of the res idue at  110 ~ left  a 
solid which, on the basis of weight  re la t ions  and chlo- 
r ide  content,  was p redominan t ly  the  oxychlor ide  of Zn 
wi th  a smal l  amount  of waxy  mater ia l ,  p robab ly  chlo- 
rocarbon  polymers.  The mole rat io  of chlor ide to Zn 
was 1.03. A mole rat io of CC14 to Zn of at least  one was 
requ i red  for the  complete  dissolution of Zn. 

Much less C2C16 was formed with  Mg and the mole 
rat io  of chlor ide to  Mg was 0.57. Vacuum dry ing  of re -  
act ion products  from A1 and Cr produced vi t reous sol-  
ids which were  very  hygroscopic and otherwise  were  
not examined  in  detail .  

Discussion 
The react ion of severa l  metals  wi th  CC14-alcohol 

mix tures  at  room t empera tu r e  occurs in the absence of 
any e lect rochemical  process. If these ox ida t ion- reduc-  
tion react ions a re  coupled with  e lectrochemical  reac-  
tions, such as those to be expected with  alloys, the 
range of complexi ty  of the react ion m a y  be far  more  
complex.  

No aldehydes,  acetals,  or chloroform were  detected in 
m y  exper iments .  I propose that  such products ,  repor ted  

prev ious ly  but  not observed in these exper iments ,  ap -  
pea r  only wi th  secondary  react ions which may  occur in 
the presence of alloys. Proposed mechanisms for this  
class of react ions (7, 8, 10) m a y  need revision. 

The most s t r ik ing resul t  of this p re l imina ry  s tudy 
was the observat ion  of CH4 ra the r  than  H2 gas in the 
Zn react ion and the potent ia l  violence of this and re -  
la ted reactions.  Such autocata ly t ic  processes could 
create  previous ly  unsuspected hazards  in the l abora -  
tory  and in indus t r ia l  operat ions.  The resul ts  also sug- 
gest that  CH4 is formed f rom the halocarbon com- 
pounds, in which case the s to ichiometry  corresponds to 
1/4 mole  of CH4 per  mole of Zn when CC14 is the ha lo-  
carbon. 

S tory  and Turner  (13) suggested that  the ye l low 
color which developed in a the rmal  diffusion cell con- 
ta ining CC14-alcohol mix tures  resul ted  f rom the reac-  
t ion wi th  Hg. i t  is more  l ike ly  that  this color was asso- 
ciated wi th  brass corrosion products  in solution. Their  
experience,  along with  that  of Beyer le in  (12), should 
stress the impor tance  of tak ing  into account the reac-  
t iv i ty  of CC14-alcohol mix tu res  when designing enclo-  
sures for such systems. 

Manuscr ip t  submi t ted  June  24, 1977; revised m a n u -  
script  received Aug. 8, 1977. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the  December  1978 
JOURNAL. Al l  discussions for the December  1978 Discus- 
sion Section should be submi t ted  by Aug. 1, 1978. 

Publication costs o] this article were assisted by The 
Unive~'sity o$ North Carolina at Charlotte. 
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Optical Absorption as a Control Test for 
Plasma Silicon Nitride Deposition 

Myron J. Rand* and David R. Wonsidler 

Bell Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

The composition (St/N) and properties of glow discharge-deposited sili- 
con ni tr ide films are sensitive to variat ions in  many  apparatus parameters.  
A rapid and simple test for film composition is needed to monitor  and control 
production equipment.  The position of a defined optical absorption edge in the 
near  ul traviolet  and visible ranges serves this purpose over a Si /N atomic 
ratio range of 0.8-1.5. Fi lm thickness is determined at the same time. The 
procedure and a typical calibration curve are given; computat ion is simple. 
The existence of relat ively low energy optical absorption is considered evi- 
dence for a highly distorted and i r regular  s t ructure compared wi th  that  of 
pyrolytic SiaN4.. 

Plasma-deposi ted silicon ni tr ide has been gaining 
popular i ty  as a final encapsulat ion film for integrated 
circuit chips. This hard, adherent  dielectric provides 
scratch and particle protection during mount ing  and 
bonding operations; it also helps to protect the meta l -  
lization from corrosion and provides some measure of 
resistance to sodium ion penetration.  This ni t r ide is 
usual ly  deposited with the substrate  at 250~176 a 
tempera ture  which is well  tolerated by a l u m i n u m  met-  
allization. 

Plasma ni tr ide deposition is actual ly a low pressure 
chemical vapor deposition reaction aided by a radio 
frequency glow discharge. The mechanism of the reac- 
t ion is unques t ionably  complex. The film contains sub- 
s tant ial  residual bonded hydrogen from the silane and 
ammonia  reactants,  and it would be best described as 
a polysilazane, Si~HyNz. Unl ike  1 atm pyrolytic silicon 
nitride, it has no fixed stoichiometry. We have ana-  
lyzed films with Si/N atomic ratios ranging from 0.7 to 
1.5. 

As with most plasma reactions, experience has 
shown that the course of the polymerizat ion and the 
properties of the result ing film are sensitive to many  
deposition parameters.  Plasma power and pressure, 
electrode separation, wafer temperature,  total flow 
rate, reactant  concentrations, the carrier  gas used: 
these are only some of the variables we have found to 
be important .  Fur thermore,  interactions among these 
are common, so that it may be impossible to generalize 
on the influence of an individual  variable. Close control 
of the deposition machine is required to produce a film 
with good properties, and control wafers should be in-  
cluded along with device wafers in every run. 

For th in  film insulators,  common control tests include 
thickness (usual ly by some optical method),  fluoride 
etch rate, refractive index, flaw density, and film stress. 
Unfor tunate ly  we have not found any of these to be re-  
l iable indicators of reproducibil i ty of ni t r ide film com- 
position, and it is composition which largely determines 
film properties and which responds sensit ively to many  
deposition variables. 

* Electrochemical  Society Act ive  Member. 
Key words: plasma polymerization,  thin films. 

We believe the best cri teria for plasma ni tr ide con- 
trol are the Si /N ratio of the film (oxygen being ab-  
sent) and the uni formi ty  of thickness over the batch of 
wafers. For the lat ter  there are conventional  methods. 
For composition, however, the most unequivocal  deter-  
minat ion  is electron microprobe analysis, which is far 
too complex for a rout ine control test. Refractive index, 
as measured by ellipsometer, was found to correlate 
only roughly with composition, and furthermore the 
correlation seems to be somewhat different for differ- 
ent reactors. The films are probably too thick and too 
nonuniform for ellipsometric work; in addition, there is 
significant absorption at the measuring wavelength 
(546 nm), especially for the higher Si/N films. Nomo- 
graphs or computer programs for refractive index 
which assume a transparent film give too high a result 
under this condition, and the error is increasingly seri- 
ous the thicker the film and the more the absorption. 

The presence of optical absorption in the visible 
range is a clue to another possibility for composition 
monitoring. Stoichiometric (pyrolytic) Si3N4 films 
have an absorption edge near 225 nm (I), whereas 
plasma silicon nitride films can have absorption edges 
well into the visible range and vary in appearance from 
colorless to deep amber. The latter are silicon-rich, by 
analysis. The extra absorption could be due to struc- 
tural disorder, causing band broadening and "tailing" 
at the edges, or, alternatively, some bonding which is 
not present in Si3N4. Since neither Sill4 nor NH3 ab- 
sorbs strongly in the 200-400 nm range, the absorption 
is unlikely to be caused by Si-H or N-H bonds, leaving 
only St-St as a reasonable possibility. If excess silicon 
were present in units as large as two or three bond 
lengths, the film would begin to show some of the opti- 
cal properties of pure Si (2), including strong absorp- 
tion in the near ultraviolet. 

Either explanation, disorder or Si-Si bonding, sug- 
gests a correlation between composition and absorption 
or absorption edge. We report here an investigation of 
this correlation and show that a simple spectrophotom- 
eter scan can contain information on both thickness and 
chemical composition of plasma nitride films. Only an 
approximate refractive index is required. The answers 
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are easy  to extract, and the method is therefore suitable 
for control l ing deposition machine operation. 

Experimental 
Plasma ni tr ide films 0.5-1.5 ~m thick were deposited 

from Sill4 and NI-I~ in  three different radial-flow reac- 
tors of the type first described by Reinberg (3). A 13.6 
MHz glow discharge was main ta ined  between two hori-  
zontal plates in a capacitor configuration, with sub- 
strate wafers resting on the lower (heated) electrode. 
Reactants entered the discharge around the per iphery 
of the wafer table and were exhausted at the center. 
By varying plasma power, pressure, and reactant  ratios 
the gamut of plasma ni tr ide compositions could be pro-  
duced. 

For the purposes of this study the films were depos- 
ited on 22 mm square Corning microscope cover 
glasses. These are t ransparen t  down to 300 nm, so the 
more costly vitreous fused silica or sapphire is not 
real ly  necessary. A 1/4 in. square in  the center was 
defined by a cardboard mask and transmission mea-  
sured with a Pe rk in -E lmer  Model 202 ul t raviolet-  
visible spectrophotometer. It is an advantage to have a 
readout directly in absorbance (log Io / I )  units. Either 
an uncoated glass or an at tenuator  may be used in the 
reference beam. 

The transmission level fluctuates with wavelength 
even in the absence of absorption because of in terfer-  
ence effects. With a t ransparent  film on a t ransparent  
substrate of lower index, max imum transmission is the 
same as that  for the substrate alone. Consequently, for 
comparabil i ty  of spectra the max imum transmission in 
the min imal ly  absorbing 603-750 nm range was set at 
100% using the ins t rument  adjustment  for this purpose. 

After absorbance measurement,  the same area of the 
sample was analyzed with the MAC 400 electron probe 
microanalyzer  (4). CVD pyrolytic Si3N4 about 8000A 
thick was used as the standard for both Si and N. To 
minimize surface charging, a 500A film of carbon was 
evaporated onto the samples and standard. A new stan-  
dard specimen was coated along with each group of 
samples to assure uniform carbon thickness. Some 
analyses were performed after evaporation of ,-,300A 
of a luminum, with equally satisfactory results. 

The microprobe uses wavelength-dispersive Johan-  
son- type spectrometers with fiow-~roFortional x - ray  
detectors. A Tousimis Research Corporation universal  
x - ray  detector with a Nitrolucid~ window was used for 
nitrogen. The accelerating potential  was usual ly  5.5 
keV with an effective penetra t ion depth of ,.~0.37 /~m 
in plasma SiN if a density of 2.3 is assumed and ,-~0.27 
~m in the Si3N~ standard (d = 3.1). The analyses on 
Al-coated films were performed at 7.0 keV with essen- 
t ial ly identical results and with standard deviation 
halved. 

Si-Ka and N-Ka x- ray  intensities were measured for 
20 sec counting periods on samples and standards, tak-  
ing at least 12 locations at random on each. Averaged 
background intensities above and below characteristic 
wavelength positions were subtracted from peak in-  
tensities. Intensit ies were converted to weight percent-  
ages uti l izing MAGIC IV (5). 

In  ten of the first eleven samples analyzed, the sum 
of Si and N weight percentages was 100 ___ 2%. The Si 
data were more reproducible, had smaller 2r limits, and 
were less subject to noise than the N counts. Thereafter  
it was decided to analyze only for Si and calculate N 
by difference; all the St: N atomic ratios reported here 
were obtained this way. In all samples oxygen was at 
or below the detection limit of ,--0.2%. 

Before a film may be characterized by its absorbance, 
variations in thickness among films must  be taken into 
account. According to the Beer -Lamber t  law, absorb-  
ance is directly proportional to absorption path. Thus, 
readings may be normalized by dividing the absorb- 
ance by the film thickness. To make this more conveni-  
ent for the operator, we have arbi t rar i ly  defined the 
absorption edge as the wavelength ~a at which this ra-  
tio is uni ty  when thickness is in micrometers. In other 
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Fig. I. Typical transmission curve for plasma nitricle film on 
glass, illustrating the method for locating ha. 

words, ha is the wavelength at which the absorption 
coefficient is 104/e cm -1. For example, for a 1.25 ~,m 
thick film ha is where A : log Io/1 : 1.25, or the t rans-  
mission is down to about 5%. For a film of the same op- 
tical properties but  only 0.8 ~m thick, an absorbance of 
0.8 should be found at the same ha. 

Figure 1 shows a typical spectrophotometer scan and 
the method for determining ha. 

The advantage of this procedure lies in the fact that  
the transmission curve yields thickness as well as ab-  
sorbance. There is enough difference in index of re-  
fraction between plasma SiN, n > 1.9, and the glass 
substrate, n : 1.51, to produce interference fringes in  
the transmission spectrum. A satisfactory approxima-  
tion for film thickness d in this normal  incidence case is 

d - -  
2n (h2 -- hz) 

where t2 and hi are wavelengths of t ransmission min-  
ima (he > hi), N the order difference, i.e., the number  
of complete cycles between hi and h2, and n the refrac- 
tive index. The ellipsometer result  may be used for the 
index; Fig. 1 shows that the absorption edge is so sharp 
that ~a is not very sensitive to thickness. A 10% error 
in thickness results in ~3% error in Si/N ratio, 

Results and Discussion 
In Fig. 2 the results for composition are plotted v~. 

ha. Error bars shown are for 2r limits. It is evident  that 
the wavelength of the absorption edge, as defined here, 
is indeed a good index of plasma nitr ide film Si /N ratio, 
at least in the range of deposition conditions which we 
used. 

Because of the variety of deposition parameters  
which can influence film composition, we would caution 
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Fig. 2. Correlation of electron microprobe analyses and optical 
absorption edge. 2o- error bars are shown. 
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against accepting Fig. 2 as a calibration curve unt i l  it 
is confirmed that it is valid for the par t icular  equip- 
ment. Figure 2 covers a wide range of compositions 
made with some variat ions in power as well, but  there 
can be no guarantee that it is perfectly general. We be-  
lieve, however, that for any mode of operation one can 
establish a Si /N vs. ka curve as we describe. Note that  
the one point depart ing considerably from the Fig. 2 
curve represents a sample made under  conditions quite 
different from the normal  ones, i.e., five times the Sill4 
concentration, 1/4 the pressure, and twice the deposi- 
t ion rate. Inf rared spectra have established that this 
film contained roughly 50% more hydrogen than usual. 
Since nei ther  Si-H nor N-H bonding is expected to ab-  
sorb at >250 nm, the result  of having less excess ele- 
mental  Si, i.e., fewer Si-Si bonds, than usual  for a film 
of given Si /N should be less absorption. This reasoning 
is evident ly  naive, since the sample clearly has greater 
absorption than would be expected for Si /N = 1.1. 

The point  is emphasized by Fig. 3. Here we show ab- 
sorption curves for amorphous silicon (6), pyrolytic 
SisN4 (1), and four typical in termediate  plasma ni tr ide 
compositions. The calculated curve for Si /N ---- 1.25 
[H. R. Philipp, (1)] is based on the statistical probabi l -  
ity of each of the allowable types of Si te t rahedral  
bonding for that  composition. The assumption is made 
that there are no N-N bonds and that  all absorption at 
<5 eV is due to Si-Si bonding. Since t h e  absorption 
curve for amorphous 100% Si is known, this "bond- 
counting" approach provides a prediction for the ab- 
sorption of any composition between the two extremes 
of Si and stoichiometric SigN4. Any success of such a 
model, e.g., for SiOx (2, 6), is evidence that  in te rmedi -  
ate compounds are not simple mixtures  of the extremes 
of the range but  ra ther  an atomic-scale b lending or 
polymer. The absorption curves for plasma nitrides do 
indeed occupy a position in termediate  between those of 
Si and Si3N4; however, agreement  with the random 
bonding model is not very good. In  all cases, the Plasma 

t 0 6  , 

,.,4 

I- 
z 10 5 
t l J  
(D 

LL 
h 
UJ  
o u 

Z 
o l O  4 
I -  
n 
n~ 
c) 

m 

1 0 3 1  2_ 3 4. 5 6 7 

h v  ( e V )  

Fig. 3. Optical absorption of various compositions in the range 
between amorphous Si and stoichiometric Si3N4. A, B, C, and D 
are curves for plasma SiN films from this work. 

nitr ides have too much absorption for their Si /N ratios. 
Curve D (Si /N ---- 0.82) is ra ther  far removed from the 
curve for Si/N = 0.75, and obviously pyrolytic  Si3N4 
would never  fit on the curve of Fig. 2. The calculated 
curve for Si/N ---- 1.25 actual ly fits a plasma ni t r ide 
curve for Si /N ---- 0.8. 

It is beyond the scope of this report  to investigate 
the optical properties of plasma ni tr ide films in any 
fundamenta l  or systematic fashion. It seems certain 
that something more than excess silicon is responsible 
for absorption in the near  ul t raviolet  region. The most 
l ikely cause is severe distort ion of the structure,  in 
terms of bond distances and angles. This would shift 
the edges of the absorption band markedly.  A 20% en-  
ergy difference is not excessive for changing from rings 
of te trahedra (Si3N4) to the random three-dimensional  
atomic network which might very well represent  this 
plasma polymer. Fur thermore,  the presence of hydro-  
gen as a major  component  (7) can only serve to in-  
crease the extent  of dislocation and s t rain the struc-  
ture even further.  Our results support  what  has been 
amply demonstrated by now: that p lasma-polym-  
erized "silicon ni tr ide" bears l i t t le resemblance in 
s tructure and properties to pyrolyt ical ly deposited 
SizN4 and should, therefore, be evaluated as a unique  
material.  

S u m m a r y  
The composition and properties of plasma silicon 

ni tr ide are sensitive to variat ions in many  deposition 
parameters.  A rapid and simple control test to measure 
or infer film composition is needed. The position of a 
defined optical absorption edge in the near  ul t raviolet  
and visible meets this requi rement  over a quite broad 
Si/N ratio range. A typical cal ibrat ion curve and the 
procedure are given; film thickness is determined at the 
same time. With a rough refractive index available, a 
commercial spectrophotometer is the only ins t rument  
required, and computations are simple. The existence 
of relat ively low energy optical absorption is consid- 
ered evidence for a highly distorted and i r regular  
s t ructure  compared with that of pyrolytic SiaN4. 

Manuscript  submit ted Ju ly  19, 1977; revised manu-  
script received Aug. 17, 1977. This was Paper  153 pre-  
sented at the Atlanta,  Georgia, Meeting of the Society, 
Oct. 9-14, 1977. 

Any discussion of this paper  will appear in a Discus- 
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JOURNAL. All discussions for the December 1978 Discus- 
sion Section should be submit ted by Aug. 1, 1978. 
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The Preparation and Low Energy Electron 
(LEE) Excitation of SnO :Eu Powder Phosphor 
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ABSTRACT 

We carried out an investigation on preparat ion and low energy electron 
(LEE) luminescence of SnO2:Eu powder phosphors. Solid powder mixing, 
hydroxide coprecipitation, and oxalate coprecipitation methods were ex-  
amined for preparation.  The oxalate method was found to give best results. 
SnO2:Eu powder phosphors made with 0.5 atomic percent  (a/o)  and more Eu 
contained Eu2Sn207 as separate phase. N o  change of the lattice parameters  
could be observed up to 8 a/o of added Eu. The amount  of Eu actual ly dis- 
solved in the SnO2 lattice is estimated to be between 0.05 and 0.5 a/o of Eu/Sn.  
Cathodoluminescence of SnO2:Eu phosphors was examined at high and at 
low excitation voltage. Measured emission spectra did not show green and 
blue emission lines due to transit ions from 5DI and higher states, in  contrast 
to observations on single crystals by Crabtree. SnO2:]~U phosphors show 
orange-red emission without  any charge-up effect when  excited by elec- 
trons as low as 10V. The luminous efficiency was about 0.2-1 l umens /W for 
various excitation voltages and pulse duties. 

Stannic oxide, SnO2, is widely used as a metal oxide 
resistor in electronic applications, for t ransparent  elec- 
tr ically conducting coatings on glass, and as u.v. sensor 
uti l izing its photoconducting properties. However, 
studies of SnO2 as a phosphor host mater ial  are 
comparat ively rare. 

Hall et al. (1) observed cathodoluminescent  emis- 
sion bands due to Ti and W at ,~5,65 and 440 nm, 
respectively, in zoned cassiterites of hydrothermal  
origin. The cathodoluminescence of SnO2 single crys- 
tals doped with Eu and Tb was studied in detail by 
Crabtree (2, 3). He used crystals grown by vapor 
phase t ransport  and then doped with Eu or Tb. The 
emission spectrum contained a broad band of the 
host material,  and lines due to the presence of Eu 3+ 
and Tb 3+ ions. He also studied photo-, cathodo-, and 
thermoluminescence of Tb-doped SnO2 crystals con- 
ta in ing Li, H, or P as charge compensation and of 
SnO2 crystals doped with various amounts  of Eu 
without  or with interst i t ial  Li + as charge coml~ensa- 
t ion (4-6). Although there are several other reports 
on SnO2 phosphors more or less similar to the ones 
above, we are not aware of studies on low energy 
electron excitation of these materials. 

ZnO phosphors are known for LEE excitation (7-9) 
and have recently been studied as display tube phos- 
phors excited by LEE from a gas plasma (10, 11). In 
fact, ZnO is widely used for a -numer ic  display devices 
(pocket calculators, etc.) because of its low dead 
voltage and high efficiency under  LEE excitation. How- 
ever, the emission color of ZnO is restricted to bluish-  
green. A search for phosphors emit t ing in other colors 
with reasonably high efficiencies under  LEE excita- 
tion had been fruitless (12). 

A phosphor suitable for LEE excitation must  have 
low dead voltage and either low electrical dark re- 
sistivity or some photoconduction. Most common phos- 
phors do not meet these requirements.  Even if they 
have low dead voltage, they are highly electrically 
insulat ing and charge up very rapidly under  LEE 
excitation because of a secondary-electron emission 
coefficient below uni ty  at low voltage. The resist ivity 
of a phosphor for LEE application must  be low to 
prevent  the phosphor screen from charging up nega-  
tively. 

The present  s tudy was done to work out the prep-  
arat ion conditions of SnO2:Eu powder phosphors and 
to study their  cathodoluminescence. The emission un-  
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coprecipitation methods. 

der LEE excitation is affected by the semi- and 
photoconductive properties of the SnO2. We have 
established that SnO2:Eu phosphors emit a steady 
reddish-orange emission under  excitation by LEE 
as  l o w  as  10V. 

Experimental Procedures 
Preparation ol powder phosphors.--A representa-  

tive exper imental  procedure is as follows. 1/5 mole 
of SnC12.2H20 and europium chloride in the con- 
centrations of 0, 0.05, 0.5, 1, 3, and 8 a/o were dis- 
solved in 40.0 cmZ ethyl alcohol. 35g of (NH4)2C204 
�9 H20 were dissolved in 750 cm 8 water  at 60~ The 
chloride solution was then added to the oxalate solu- 
tion while vigorously stirring. The suspension was 
kept at 60~ for about 5 rain after which the precipi-  
tate was filtered, washed, and dried. The dry powders 
were fired in vitreous quartz boats in oxygen for 
2 hr at 1000~176 

Two other methods of oxalate precipitat ion were 
tested. One of them is to use 0.1N HC1 in water  as 
a solvent of SnC12.2H20 and europium chloride, 
and a solution of H2C204"2H20 in water. The 
precipitat ion was carried out at room tempera ture  
in this case. Another  method used a solution of 
CH3COOH in water  as solvent for the SnC12-2H20 
and the europium chloride, and (NH4)2C~O4'H20 dis- 
solved in water. The precipitate in this case was held 
at 80~ for 30 rain while stirring. The pH of this 
mixed solution was kept at about 3-4 by  the buffer 
action of the CH~COONH4-CH3COOH system. Both 
methods were found to give the same final phosphors 
as the alcohol method. The lat ter  is preferred never-  
theless because of the low solubili ty of the oxalate. 

Two different preparat ion methods of solid powder 
mixing and hydroxide coprecipitation were also ex- 
amined. The solid powder mixing method was found 
to be poorly reproducible and the result ing phosphors 
were not bright. The oxalate methods were found 
to give better  precipitates of larger particle sizes, 
bet ter  stabil i ty at drying, higher activity dur ing 
subsequent  firing, and general ly  easier preparat ion and 
handl ing than the hydroxide method. 

Measurements.--DTA and TGA measurements,  elec- 
t ron microscope, and x - ray  powder diffraction were 
carried out to examine the properties of the powders 
at various stages of preparation.  

The cathodoluminescence of the completed phos- 
phors was tested at 10 kV excitation voltage. Dry 
phosphor layers in a copper t ray were bombarded 
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Fig. 1. Schematic of the device used to measure LEE cathodo- 

luminescence. 

probably  is involved because of the small  rapid in -  
crease in  weight just  after 345~ The la t ter  reaction 
apparent ly  is still incomplete and is completed only 
at increasingly higher tempera ture  because of a 
broad exothermic peak around 500~ and the slow 
increase in weight above 360~ The over-a l l  weight 
decrease up to 655~ is 10.3 rag, coinciding with the 
theoretical weight  loss in the reaction SNC204 ~ SnO2. 

Also an oxalate precipitate containing 8 a/o of Eu 
in a sample weight of 20 mg was examined by DTA 
and TGA. A new small  endothermic peak was ob- 
served at about 210~ and the s tar t ing and comple- 
tion temperatures  of the decomposition and oxidation 
reaction were 311 ~ and 331~ respectively, both lower 
than  those in  case of pure SnC~O4. No other difference 
was observed. 

These oxalate precipitat ions showed a uni form 
reddish-orange luminescence under  u.v. and under  
electron excitat ion after firing at 100.0~ for 2 hr  
in oxygen. The actual phosphors were fired at 1300~ 
however. When an a lumina  boat was used for the 
firing, the boat was destroyed by the thermal  shock 
of the vigorous exothermal reaction. Therefore these 
samples were fired in quartz boats. 

Particles of an oxalate precipitate containing 1 
a/o Eu are shown in Fig. 2(a) .  Each particle has 
leaf-l ike shape approximately 60 ~m long, 30 ~,m wide, 
and 7-8 ~m thick. Generally,  increasing Eu concentra-  

with d-c electrons from a modified TV-gun at room 
temperature with a current density of 2.8 ~A/cm 2. A 
grating spectrometer with 0.i mm slits and a S-10 
photomultiplier were used for emission spectrum 
measurements. 

A schematic diagram of the device to study LEE 
excitat ion is shown in Fig. 1. The phosphor was 
coated at a density of 3 mg/cm 2 on a glass plate 
coated with a conducting SnO2 electrode using a cen-  
t r i fugal  sett l ing method (3000 rpm) with pure water  
as dispersing agent. No b inder  was used. The region 
actual ly bombarded with electrons is an aper ture  
area of 5 • 5 mm size. The grid in front of the 
phosphor layer  is made of stainless steel 60 ~m thick 
and has a honeycomb-l ike  s t ructure  as shown in 
Fig. 1. 

The glass substrate coated with the phosphor, the 
mica aperture,  and the grid were annealed at 350~ 
for 80 rain in an atmosphere of 10% H2 + 90% N2 
at 1 atm pressure. This s t ructure  and the heater  were 
then mounted  to the electrodes in a glass stem of 
a TV cathode ray  tube. The stem was covered with 
a glass cap and fused together. The tube was ex- 
hausted to below 10 -6 Torr  while heating to 200~ 
then the heater  coated with BaCOs, SrCOs, and 
MgCOs was activated by heating, causing decomposi- 
t ion of the carbonates to the oxides. The tube finally 
w a s  sealed and the getter operated. 

Results and Discussion 
Preparational characteristics.--DTA and TGA of 

thermal  decomposition of 36.8 mg of pure SNC204 i n  
air at a heat ing rate of 60'0~ were examined to 
establish the lowest permissible firing temperature.  
A decomposition starts gradual ly  at about 245~ 
accompanied by a broad endothermic peak. More 
rapid decomposition between 322 ~ and 860~ is in -  
dicated by  two large exothermic peaks and a strong 
reduction in  weight. The la t ter  is complete already 
at 345~ and is only 10.8 mg which is smaller  than 
the theoretical decrease of 12.8 mg of a reaction 
SNC204 --> SnO H- C-O2 ~ CO probably because of 
an oxidation reaction SnO + 1/2 02 --> SnO2 taking 
place simultaneously.  The two large exothermic peaks 
are believed to be the result  of a superposition of 
the endo~hermic reaction of the decomposition of 
the oxalate and the exothermic reaction of the com- 
bust ion of CO produced by the oxalate. Also the exo- 
thermic reaction of the oxidation of SnO to SnO2 

Fig. 2. Particles of precipitated SnC20~:Eu(1%), (a) and par- 
ticles after firing in oxygen for 2 hr at 1300~ 
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t ion caused smaller  particles of more i r regular  shapes. 
Particles of the same material,  containing 1 a/o Eu 
after firing for 2 hr at 1300 ~ in oxygen are shown in 
Fig. 2(b) .  The particle size from 0.5 to 1.5 ~m of this 
phosphor is smaller  than that  of the oxalate before 
firing. 

X- r ay  powder diffraction spectra were taken of 
all precipitates. The weak diffraction peaks of pure 
SNC204 become still weaker  with increasing Eu con- 
centrat ion but  no change of the d value could be ob- 
served up to 8 a/o Eu. However, a new peak at d = 
6.06A was observed at 8 a/o Eu. We believe that Eu 
is incorporated up to about 3 a/o in the SNC204 but  
cannot explain the absence of any shift of the d 
value with increasing Eu concentrat ion in the dif- 
fraction patterns. 

Results of similar  x - r ay  powder diffraction measure-  
ments of completed phosphors are summarized in 
Table I. All  samples containing 0.5 a/o and more 
Eu show pyrochlore- type Eu2Sn207 as minor  phase. 
No change of the lattice parameters  with increasing 
Eu was observed. We conclude that  Eu is soluble in 
SnO2 to a concentrat ion between 0.05 and 0.5 a/o. 

High energy electron excitation.--Studies of catho- 
doluminescence were restricted to phosphors prepared 
by the oxalate method. All these phosphors were fired 
for 2 hr at 1300~ in  oxygen. 

Figure 3 shows an emission spectrum of pure SnO2. 
It  extends from about 350 nm in the ul t raviolet  to 
about 750 nm in the inf rared with a max im um at 
about 500-520 nm. Its whi t ish-blue  color agrees with 
that  reported by Crabtree on single crystals (2) al-  
though Crabtree mentions an intensi ty  max imum at 
about 600 nm. 

An emission spectrum of SNO2:0.05% Eu is shown 
in Fig. 4. The emission of pure SnO2 is completely 
suppressed now in agreement  with Crabtree 's  obser- 
vat ion on single crystals. The most intense emission 
corresponds to 5D0-TF1 transitions. Emission contr ibu-  
tions due to ~Do-TF0, ~D0-TF2, and 5D1-TF4 transi t ions 
are much weaker. No appreciable emission was ob- 
served at shorter wavelengths below 580 nm. 

The emission spectrum does not appreciably change 
with increase of the added Eu concentrat ion up to 
8 a/o. Only the emission due to 5D0-7F0 transi t ion 
increases somewhat relat ive to the others. For in-  
stance, the intensi ty  ratio of 5D0-TF0 compared to 
5Do-VF1 emission was about doubled at 8% Eu com- 
pared to 0.05% Eu. No shorter wavelength emission 
from 5D1 or higher energy states was observed, in 
contrast to Crabtree 's  observations on single crystals. 
The second phase, Eu2Sn207 of pyrochlore structure, 
observed at higher Eu concentrations did not con- 
t r ibute  to any visible emission. 

Figure 5 shows the voltage dependence of the 
brightness of cathodoluminescence. This character-  
istic is different for different Eu additions. The phos- 
phor containing 0.05 a/o Eu increases l inear ly  in 
brightness up to about 15 kV and saturates above this 
voltage. The highest brightness was observed on a 
phosphor containing 1 a/o of added Eu; still higher 
Eu concentrations cause lower brightnesses. The satu-  
rat ion voltage decreases with increasing Eu concen- 
tration. Since the phosphors containing 0.5% and 
more Eu contain Eu~_Sn207 as separate phase (Table 

Table I. Results of x-ray powder diffraction analysis of 
SnO2:Eu phosphors prepared by firing oxolate precipitates 

in oxygen for 2 hr at 1300~ 

A m o u n t  
o f  E u  P h a s e s  L a t t i c e  c o n s t a n t  

NO. ( a / o )  o b s e r v e d  a (A)  c (A)  

1 0 SnO~ 4.737 3.187 
2 0.05 SnO2 4.737 3.186 
8 0,5 SnO.  o + Eu.oSrmO7 4.737 3.186 
4 1 4.738 3.187 
5 3 4.737 3.187 
6 8 4.737 3.187 
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Fig. 3. Emission spectrum of cathodoluminescence of pure Sn02 
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Fig. 4. Emission spectrum of cathodoluminescence of Sn02: 
Eu(0.05%). 

I), some influence of this phase on brightness and 
saturat ion voltage can cer ta inly  be expected. The 
decrease of saturat ion voltage with increase of Eu 
is considered to be due to lowering of second uni ty  
intercept  (second crossover voltage) of the secondary- 
emission ratio vs. voltage curves by the coexistence 
of Eu2Sn207 where phosphors normal ly  saturate be- 
cause of negative charge-up in still higher voltage. 
It is difficult to consider the dead core in  each phos- 
phor particle since the saturat ion voltage rather  de- 
creases with increasing of Eu. It is hard to explain 
all details. 

The l inear portions of all br ightness-vol tage curves 
extrapolate to finite brightnesses. This follows to 
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the surface-sensit ive particles of the phosphors cor- 
responding to the nonuni fo rm structure  par t icular ly  
at shallow surface region (<0.09 ~m from Terri l l 's  
equation) as expected from voltage less than 5 kV, 
bu t  we have no rel iable proof support ing this assump- 
tion. 

The visible brightness of SnO2:Eu containing 1 
a/o of added Eu was compared to that  of a com- 
mercial  Y202S:5% Eu phosphor and found to be 
about 20% of the la t ter  at 2.5 kV and 16% at 5 kV. 
The energy efficiency is somewhat lower, about 10% 
of that  of Y202S:Eu, because of the different emis- 
sion spectra. 

Low energy electron excitation.--This study was 
l imited to an SNO2:0.05% Eu phosphor containing no 
Eu2Sn207 as separate phase. Its luminescence charac- 
teristics under  LEE excitation are shown in Fig. 6 
as funct ion of VA (anode voltage) or VG (grid volt-  
age). Anode and grid were connected so that VA ---- 
VG. The three different duty cycles are excitation by 
16.7 ~sec pulses repeated every 267 ~sec; (duty 1/16, 
l e f t -hand  curves),  every 16.7 msec; (duty 1/1000, 
center curves) ,  and every 167 msec; (duty 1/10,000, 
r igh t -hand  curves).  Anode current ,  IA, and grid cur-  
rent,  IG, are the currents  dur ing  the 16.7 ~sec pulses, 
B is the brightness, and ,] is the luminous  efficiency 
in lumens/W.  A heater  voltage of 0.9 to 1.0V was used. 

The phosphor showed a brightness of 7.5 f-L and 
an efficiency of 0.3 lumens /W at VA ---- VG ---- 50V, 
IA -- 2 mA, and the duty 1/16. A commercial ZnO:Zn  
phosphor famil iar  for LEE excitation applications 
gave 45 f-L and 2 l umens /W under  the same condi- 
tions of excitation. When the exciting voltage was 
raised to 100V and the duty decreased to 1/1000, the 
SnO2:Eu phosphor gave B ---- 1.8 f-L, IA ---- 5 mA, 
and ~ ---- 0.97 lumens/W.  For comparison again the 
ZnO:Zn  phosphor excited under  these same conditions 
gave B ---- 4.2 f-L, IA ---- 5 mA, and ~ _-- 2 lumens/W.  
The efficiency of the SnOe:Eu phosphor became about 
half  of that of the ZnO:Zn  phosphor. D.c. excitation 
of the SnO2:Eu phosphor gave 60 f -L brightness and 
0.18 l u m e n s / W  efficiency at VA ---- VG = 75V and 
IA = 1.2 mA. 

The decay t ime (to 10%) of the luminescence fol- 
lowing excitation by 16.7 ~sec pulses depends on the 
excitation voltage (Fig. 7). It is fairly long, about 
10 msec, at low voltage but  decreases rapidly with 
increasing voltage above about 300V. The reason for 
this unexpected long afterglow is not clear. ZnO:Zn  
does not  show a similar  dependence of its afterglow 
on the excitat ion voltage. However, we be]ieve the 
long decay of the SnO~:Eu phosphor to be involved 

in the increase of the efficiency at 100V when going 
from duty  1/16 to du ty  1/10O0 (Fig. 6). Details are 
not understood. 
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Summary and Conclusions 
The most useful preparation technique of SnO2:Eu 

phosphor is by coprecipitation as the oxalate fol- 
lowed by firing at high temperature. The higher the 
firing temperature, the longer the firing time, and the 
slower the cooling rate after firing, the more efficient 
is the final phosphor. In practice, firing for 2 hr at 
1300~ in oxygen is sufficient. The maximum Eu con- 
ceritration under these conditions incorporated in 
the SnO2 lattice is between 0.05 and 0.5 a/o. 

Cathodoluminescence of pure SnO2 shows bluish- 
white emission of a very broad band extending from 
about 350 to 750 rim. SnO2: Eu shows only the europium 
emission, most of it occurring in lines corresponding 
to 5Do-~FI transitions. This implies centrosymmetrical 
site symmetry such as D2h or C2h. Emission at shorter 
wavelengths corresponding to transitions from 5D1 or 
other levels were not observed. The brightness of 
cathodoluminescence appears to saturate with in- 
creasingly high excitation voltage above about 15 kV, 
depending somewhat on the added europium amount. 
The energy efficiency of the SnO2:Eu phosphor per-  
forming best under high energy excitation, a mate- 
rial  containing 1% of Eu, is estimated to be about 
1/10 of that of a commercial Y202S: Eu phosphor. 

SnO2:Eu phosphors can be excited to steady lu-  
minescence by LEE as low as 10V without any charge- 
up phenomenon. Its luminous efficiency so far is 
roughly 15-50% of that of ZnO:Zn, the only other 
phosphor known before suitable for LEE excitation. 
An SnO2: Eu phosphor containing 0.05 a/o Eu/Sn shows 
long afterglow, about 1O msec to 10%, after excita- 
tion by electron pulses of 100V; this afterglow shortens 
considerably with increasingly higher voltage. 

SnO2:Eu phosphors appear to be useful for various 
applications where excitation by LEE is required as 
in a He-gas plasma described by Kazan, for instance 

(9). We provide an additional color, reddish-orange, 
besides the blue-green of ZnO:Zn. Some improve- 
ments can still be expected with further develop- 
ments. Points under investigation are the optimiza- 
tion of the Eu-concentration, selection of a flux for 
better particle growth up to 6 ,~ 7 #m, addition of 
sensitizers and charge compensators, and other re-  
finements. 

Manuscript submitted Dec. 15, 1976; revised manu- 
script received Aug. 29, 1977. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1978 
JOUaNAL. All discussions for the December 1978 Discus- 
sion Section should be submitted by Aug. 1, 1978. 
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Thermodynamic Considerations in the Use of Polysilicon 
Oxidation Tubes for Clean SiO  Film Preparation 
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ABSTRACT 

The thermodynamic equilibria established in oxidation atmospheres in 
polycrystalline silicon tubes operated at 1000oC are analyzed. Silicon oxida- 
tion tubes made by chemical vapor deposition through hydrogen reduction 
of pure trichlorosilane have very low sodium content (about 10 ppb or 1000 
times less sodium than in transparent fused silica oxidation tubes). Due to 
the low sodium content in new oxidation tubes, clean (low alkali content) 
thermal oxide films can be grown on silicon wafers. However, tube contami- 
nation developed during semiconductor processing operations imposes the 
need for appropriate periodic tube cleaning to maintain sodium contamination 
in the oxidation atmosphere within acceptable levels. Tube cleaning reactions 
taking place at oxidation temperature are discussed Showing that the quality 
of thermal oxide films is influenced by tube cleaning efficiency. 

Preparation of thermally grown clean oxide films on 
silicon wafers has great technological impact on suc- 
cessful microelectronic device fabrication. Although 

�9 Electrochemical Society Active Member. 
Key words: alkali contamination, clean SiOa film, mlcroelec- 

tronlc device preparation. MOS structures, 

the understanding of the role played by alkali i o n s  
in such films is not complete, especially concerning 
the behavior of electrically "active" and "inactive" 
contamination (1), the presence of alkali  species i n  

thermally grown silicon dioxide films h a s  b e e n  ex- 
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per imenta l ly  demonstrated to cause ionic conductivi ty 
and consequently instabili t ies in  metal-oxide semi- 
conductor (MOS) devices (2-5). The presence of so- 
dium and other alkali species in  thermal ly  grown 
oxide films used for semiconductor device prepara-  
t ion has been extensively investigated (6-8). Sources 
of alkali  contaminat ion have also been investigated in 
processing mater ia ls  (9-13), in  oxidation furnace re-  
fractories (14), and in evaporated gate metal  films 
(15). Addit ion of about 5% chlorine or hydrogen-  
chloride to the oxidation atmosphere has been re-  
ported to enhance the electrical stabil i ty of Si-SiO2 
structures, both through cleaning and passivating 
effects (16-22). HC1 diluted in an iner t  gas carrier  
(concentrat ion up to 10%) is used for periods of 
several hours immedia te ly  before oxidations to pro- 
duce low mobi le- ion  content  thermal  oxide films for 
MOS device fabrication. 

In  a recent paper  (23) the development  of sodium 
contaminat ion in  oxidation atmospheres contained in 
t ransparent  fused silica tubes operated at 1000~ was 
analyzed thermodynamical ly  in  terms of the impur i ty  
content  pr imar i ly  included in  fused silica bulk  re-  
sult ing from the tube manufac tur ing  process. Trans-  
paren t  fused silica tubes cur rent ly  used in most semi-  
conductor processing furnaces contain about 10 ppm 
sodium (24-25). In situ cleaning of fused silica tubes 
at 1300~ results in removal  of mater ia l  from the 
inner  tube wall  surface creating a sodium-depleted 
layer. This in t u rn  reduces the sodium content in the 
oxidation ambient,  allowing the thermal  growth of 
cleaner oxide films on silicon wafers. However, due to 
its high diffusivity in SiO2 [D --_ 2 X 10 -6 cmf/sec at 
1000~ (26)] sodium from furnace refractories or 
from the room atmosphere around the oxidation tube 
may be incorporated into the fused silica wall  con- 
t r ibut ing to the main tenance  of its contaminat ion 
level. When fused silica oxidation tubes are replaced 
by silicon tubes, the conditions established in the oxi- 
dation a m b i e n t  are expected to be more favorable 
for growing clean thermal  oxide films on silicon wa- 
fers. This is caused by the low sodium content  in sili- 
con tubes fabricated by chemical vapor deposition 
through hydrogen reduction of trichlorosilane. This 
process produces high pur i ty  polysilicon with only 10 
ppb sodium contamination, 1000 times less sodium 
content  than  in fused silica tubes (28). However, due 
to external  contaminat ion sources (i.e., sodium from 
refractories and room ambient ) ,  periodic in situ clean- 
ing of the tube is necessary to main ta in  appropriate 
conditions in  the oxidation atmosphere. The cleaning 
in terval  for both fused silica or silicon tubes is deter-  
mined by the boundary  conditions at the tube wall  
outer surface and the diffusion of sodium in the tube 

wall. The diffusion coefficient of sodium in polycrys- 

talline silicon is higher than in single crystal silicon 

due to grain boundary effects. At 1000~ the latter is 

D _~ 3 • 10-~ cm2/sec (26). Similar effects were re- 

ported on the diffusion of boron in silicon at 1050~ 

(27). 
The work presented here is an extension of the pre-  

vious analysis on the behavior  of fused silica oxidation 
tubes at 1000~ (23).1 Silicon oxidation tube behavior  
resembles the fused silica tube behavior except for 
the ini t ial  low sodium content when  the tube  i s  n e w .  

The effects of HC1 cleaning on these tubes a r e  a l s o  

analyzed. 

O x i d a t i o n  of  S i l i con  W a f e r s  in S i l i con  
O x i d a t i o n  T u b e s  

The kinetics of silicon oxidation have been  ex-  
tensively studied by different authors for a number  of 
temperatures  in  the range of 800~176 and for 
several oxidation atmosphere compositions contained 
in fused silica tubes [most early work on this subject  
is listed in bibliographic compilations on MOS tech- 
nology (9,30)].  It  was shown that  the addit ion of 
trace amounts  of water  to the oxidation ambient  
causes a significant increase of silicon oxidation r a t e  

for all silicon orientations (31). It  has also been shown 
that the equi l ibr ium sodium density in  oxidation at-  
mospheres at 1300~ significantly increases when  a 
few ppm water are added to the oxidation atmo- 
sphere (23). From these results it  can be stated t h a t  

the preparat ion of clean, low mobile ion content  oxide 
films on silicon wafers is controlled pr imar i ly  by 
four parameters:  the oxidation temperature,  t h e  

amount  of sodium (in general, alkali)  contaminat ion 
in the tube wall bulk, the amount  of water  content in  
the oxidation atmosphere, and the furnace envi ron-  
ment. The use of strictly controlled hydrocarbon-free  
dry oxygen in  addition to alkal i-free oxidation tubes 
operated at high temperatures  (above 1000~ may 
result  in  clean thermal  oxide preparat ions if appro- 
priate care is taken concerning clean room envi ron-  
ments around oxidation facilities. For high tempera-  
ture  (close to 1200~ processes where devitrification 
of fused silica may produce serious problems, silicon 
tubes are preferred due to their bet ter  mechanical  be-  
havior and low sodium contaminat ion level. 

In  the present  work, the equi l ibr ium atmosphere 
established at 1300~ in  a silicon oxidation tube  w a s  

studied theoretically for a n u m b e r  of cases of prac-  
tical interest. 2 Table I shows the equi l ibr ium a t m o -  

For these thermodynamic calculations data at 1300"K are used. 
The scheme for these calculations is outlined in the appendix 

of Ref, 23. Because of errors and approximations involved in ther- 
modynamic data used to evaluate the equilibrium results, an ab- 
solute error of -----50% could be expected in these calculations. The 
relative error is much smaller. 

Table I. Equilibrium atmosphere in silicon wet oxidation tube at 1300~ 

Sodium content in silicon bulk: 10 ppb, oxygen at 1 atm, water at 10-* atm 

Reaction K Product P (atm) Na(cm "4) 

Si(c) + Os(g) + H~O(g) ~ SiOs(c) + 1AHa(g) + OH(g) 
2Hs(g) + O2(g) ~ 2H20(g) 
Si(c) + Of(g)  ") SiOf(e) 
SiO(g) + 1/, Of(g) ~ SiO~(c) 
NasO . SiO~(c) --~ SiOf(c) + NafO(g) 
NasO �9 SiOs(c) + I-IsO -~ SiOs(c) + 2Na(g) + 2 OH(g) 
Na~O .SiOs(c) + HsO~ SiO(OH)(g) :~ NasO(g) + OH(g) 
NasO. Si0s(c) + Hs0 ,-> Si(0H)~(g) + '/:2 0s(g) + NasO(g) 
Nas0 �9 SiOs(c) + HsO ..~ SiO(OH)s(g) + Na20(g) 
NasO �9 Si~O~(c) + 2H20 ~ Si(OH)~(g) + NaeO(g) 
2Na20 �9 SiOs(c) + 31-~O ~ SifO(Oll)u(g) + 2NafO(g) 
Si(c) + 2HsO(g) -~ SiOs(c) + 2Hs(g) 
Si(c) + H.~O(g) -* Sill(g) + OH(g) 
Si(c) + 21-I~O(g) -~ SiH~(g) + Oetg) 
Si(e) + 3/20e(g) § 2Na(g) -~ Na~O �9 SiOs(c) 
Si(c) + 5/20s(g) + 2Na(g) -* NasO �9 2SiOa(c) 
N ~ O  �9 S i O ~ ( c )  + SiO.~(c)  ~ Na~0 �9 2SiOs(c) 
N a 2 0 ( g )  + V~ O ~ ( g )  ~ 2 N a O ( g )  �9 
N a O ( g )  + H ~ O ( g )  ~ N a O H ( g )  + O H ( g )  
2 N a O H ( g )  ~ N a e ( O H ) e ( g )  

2.54 x 101~ OI 1.0 
1.35 • 10 z4 H f ( g )  8.61 • 10 - ~  
1.8 • 10 ~*  OH 4.82 • 10-': 
5.59 x 10 TM H~O 10 "~ 
7.83 x 1O -'~ Na~O 7.9 x 10 "-~ 
5.85 x 10 -2s N a  ,5.02 x 10 -1~" 
1.19 • 10 "~ SiO(OH)  3.13 X 10 -~  
1.68 x 10 -~2 S i ( O H ) 2  2.13 • 10 -~7 
2.72 x 10 -'~ S i O ( O H ) ~  3.44 x 10 - n  
1.57 x I0 -27 Si(OH)~ 2.00 X 1O -~ 
1.38 • 10 "~1 S ~ O ( O H ) e  2.21 X 10 "~ 
1.33 • 10 la 
5.19 • l0 -is SIH 1.08 x 10 -~  
8.00 • 10 -'~1 Si l l ,  8.00 • 10 -2~ 
7.14 • IU ~ 
1.21 x i0 TM 

0.944 
0.42 NaO 1.82 x I0 -u 
4.69 NaOH 1.77 x I0 -~ 
4.78 Nas(OH)~ 1,60 x i0 "~ 

9.99 • 107 =108 

* R a p i d  s  o f  a s i l i c a  f i l m  o n  t h e  s i l i c o n  t u b e .  
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s p h e r e  r e s u l t i n g  in  a typ ica l  s i l icon o x i d a t i o n  t u b e  
o p e r a t e d  a t  13O0~ us ing  p u r e  o x y g e n  at  1 a t m  p lus  
100 p p m  wa te r .  S o d i u m  in t h e  t u b e  wa l l  m i g h t  be  as-  
s u m e d  to be  s o d i u m  m e t a s i l i c a t e  [Na20 �9 S iO2(c ) ]  a n d  
s o d i u m  s i l ica te  [Na20 �9 2S iO2(c ) ] .  M e a s u r e m e n t s  of 
s o d i u m  v a p o r i z a t i o n  f r o m  sil ica g lasses  (32) i nd i ca t e  
t h a t  s o d i u m  m e t a s i l i c a t e  m i g h t  be  d o m i n a n t ;  d e v i a -  
t ions  of  t h e  va lue  ~H~ ---- --376.8 k c a l / m o l e  ca l cu -  
l a t ed  for  Na20  �9 SiO2(c)  f r o m  t h e  J A N A F  va lue  (33) 
is a sc r ibed  to so lu t ion  ef fec ts  of Na20  �9 xSiO2 species .  
S i l icon  and  w a t e r  r e a c t  to f o r m  SiO2 (c) ( e q u i l i b r i u m  
r eac t i on  c o n s t a n t  K : 1.33 >< 10~) .  S o d i u m  m e t a -  
s i l ica te  is i n c o r p o r a t e d  in  t he  ox ide  fi lm d e v e l o p e d  on 
the  t u b e  wa l l  and  e v a p o r a t e s  to bu i ld  up in  t he  o x i d a -  
t ion  c h a m b e r  an  a t m o s p h e r e  c o n t a i n i n g  a b o u t  l0 s so-  
d i u m  a t o m s / c m  ~, i n c l u d i n g  b o t h  a tomic  and  m o l e c u l a r  
species ;  N a O H  is t he  m o s t  a b u n d a n t  c o m p o u n d .  If  no 
w a t e r  is p r e s e n t  in  t he  o x i d a t i o n  a m b i e n t ,  t h e  s o d i u m  
c o n t e n t  is neg l ig ib l e  [ P ( N a 2 0 )  : 7.9 X 10 -2s  a t m ] .  
This  cond i t i on  p r e v a i l s  as long  ~s the  sod ium leve l  in  
s i l icon b u l k  is on ly  10 ppb.  

Oxidation Tube Cleaning 
P e r iod i c  in situ c lean ing  at  o x i d a t i o n  t e m p e r a t u r e  is 

r e q u i r e d  to k e e p  s i l icon o x i d a t i o n  t u b e s  c l ean  u n d e r  
o p e r a t i v e  condi t ions .  Di lu te  h y d r o g e n  ch lo r ide  is g e n -  
e r a l ly  u sed  fo r  r a t h e r  long  pe r i ods  in  t he  ox ida t i on  
c h a m b e r  to a s su re  p r o p e r  c l ean ing  of t h e  wall .  A s -  
s u m i n g  100 p p m  w a t e r  (10 -~ a t m )  in  add i t i on  to 10% 
HC1 in a s i l icon t u b e  o p e r a t e d  at  1300~ the  r e l e v a n t  
r eac t i ons  o c c u r r i n g  a re  s h o w n  in  Tab le  II. S o d i u m  
ch lo r i de  is f o r m e d  f r o m  the  i n t e r a c t i o n  w i t h  s o d i u m  
glasses  c o n t a i n e d  in  t he  si l ica film f o r m e d  on the  si l i -  
con  t u b e  wall .  A t  equ i l i b r i um,  t he  s o d i u m  n u m b e r  
dens i t y  in  t h e  a t m o s p h e r e  is 3.66 X 10 ~ a toms/cmZ.  
This  is 107 t imes  l a r g e r  t h a n  the  e q u i l i b r i u m  s o d i u m  
d e n s i t y  n o r m a l l y  p r e s e n t  in t h e  o x i d a t i o n  amb i en t .  I t  
shou ld  be e m p h a s i z e d  t h a t  t h e s e  r e su l t s  r e f e r  to e q u i -  
l i b r i u m  condi t ions .  A l t h o u g h  m o s t  r eac t ions  p r o c e e d  
r ap id ly  a t  t he  i n n e r  t u b e  wal l  sur face ,  d i f fus ion  effects  
in  t he  bu lk  m a y  l imi t  to some  e x t e n t  t he  app l i cab i l i t y  
of th is  analys is .  H o w e v e r ,  the  e n h a n c e d  sod ium d i f fu-  

s ion  in  po lys i l i con  wi l l  r e d u c e  th is  l imi t a t ion .  The  
d e n s i t y  of t he  r e s u l t i n g  spec ies  at  the  s u r f a c e  cou ld  be  
lower ,  t hus  r e d u c i n g  t h e  a m o u n t  of s o d i u m  (or  o the r  
spec ies )  ac tua l ly  r e m o v e d .  No a t t e m p t s  a r e  m a d e  
h e r e  to e x p l o r e  t he  k ine t i c s  of t h e s e  r eac t ions  a l -  
t h o u g h  it can  be seen  t h a t  h y d r o g e n  ch lo r ide  c l ean ing  
i~ p r e d i c t e d  to be  v e r y  ef fec t ive  in  a g r e e m e n t  w i t h  
c u r r e n t  e m p i r i c a l  obse rva t i on .  

The  use  of d r y  ch l o r i n e  as a c l e an i n g  a g e n t  of  s i l i -  
con tubes  s h o u l d  be  a v o i d e d  b ecau s e  of t h e  r i sk  i n -  
v o l v ed  due  to i ts  h i g h  r e a c t i v i t y  w i t h  si l icon. Tab le  
III  s h o w s  t h a t  t he  t u b e  could  be  s e v e r e l y  d a m a g e d  
by  ch lo r ine  i f  t he  p r o t e c t i v e  si l ica fi lm d e p o s i t e d  on  
the  i n n e r  t u b e  wa l l  h a s  p i n h o l e s  t h r o u g h  w h i c h  ch lo -  
r ine  m a y  come in  con tac t  w i t h  s i l icon to p r o d u c e  
q u a n t i t i e s  of S iCl~(g) ,  S iCl~(g) ,  a n d  SiC12(g).  H o w -  
ever ,  if w a t e r  is p r e s e n t  in  t he  sys t em,  h y d r o g e n  ch lo -  
r ide  is g e n e r a t e d ,  m o d e r a t i n g  t h e  a g g r e s s i v e  b e h a v i o r  
of d r y  ch lor ine .  

Oxidation Tube Conditioning 
The  si l ica film f o r m e d  on t h e  t u b e  wa l l  can  be  r e -  

m o v e d  by  h y d r o g e n  at  o x i d a t i o n  t e m p e r a t u r e .  The  
f o r m a t i o n  of w a t e r  g e n e r a t e d  t h r o u g h  the  h y d r o g e n  
si l ica i n t e r a c t i o n  c o n t r i b u t e s  to t h e  l each ing  of so -  
d i u m  f r o m  the  t u b e  bulk.  Tab le  IV s h o w s  the  r e l e v a n t  
r eac t ions  t ak ing  p lace  in t he  t u b e  w h e n  100 p p m  w a t e r  
(10 -4  a t m )  is p r e s e n t  in  the  h y d r o g e n  a t m o s p h e r e .  So-  
d i u m  c o m p o u n d s  such  as NaO, Na20,  NaOH,  a n d  
Na2(OH)2  are  f o r m e d  in  ad d i t i o n  to a tomic  sodium.  
The  to ta l  s o d i u m  e q u i l i b r i u m  p r e s s u r e  in  t he  t u b e  
a t m o s p h e r e  is 1.82 >< 10 - s  a rm r e s u l t i n g  in  a n u m b e r  
d e n s i t y  of 1.03 X 10 ~ a t o m s / c m  ~ w h e r e  t h e  a tomic  
species  is the  m o s t  a b u n d a n t  one  due  to t he  r e d u c i n g  
ac t ion  of h y d r o g e n .  A l t h o u g h  t h e  use  of h y d r o g e n  
a r o u n d  an  o x i d a t i o n  fac i l i ty  i nvo lves  r i sks  and  diffi- 
cul t ies  w h i c h  m a y  m a k e  i t  imprac t i ca l ,  i t  is of v a l u e  to  
o b s e r v e  tha t  the  use of d i l u t ed  ( less  t h a n  4%)  h y d r o -  
gen  in  an i n e r t  gas  c a r r i e r  could  m a k e  th is  p r o c e d u r e  
feas ib le  by  e l i m i n a t i n g  the  r i sk  of f o r m i n g  an  e x -  
p los ive  a i r - h y d r o g e n  m i x t u r e .  If  such  an  a t m o s p h e r e  
is m a i n t a i n e d  in s i l icon o x i d a t i o n  tubes  w h e n  t h e y  are  

Table II. Equilibrium atmosphere in silicon oxidation tube cleaned with hydrogen chloride at 1300~ 

Sodium content in s i l i c o n  b u l k :  1O ppb, hydrogen chloride at 0.1 atm, w a t e r  a t  10 -4 a t m  

R e a c t i o n  K P r o d u c t  P ( a t m )  N a  (cm -~) 

Na~O �9 SiO2(c) + 2HCl(g) --> SiOe(c) + 2NaCl(g) + HeO(g) �9 0.42 NaC1 6.48 x 10-4 3.66 • l0 w 
Na20 �9 SiOe(c) + 2HCI(g) --* Si(OH)2(g) + 2NaCl(g) + V20e(g) 9.03 x 10 -~ Si(OH)e 1.66 x 10 -is 
Na~O �9 SiO2(c) + 2HCI(g) -e SiO(OH)(g) + 2NaCl(g) + OH(g) 6.39 x l0 -~s SiO(OH) 8.45 x 10-xl 
Na~O . SlOe(c) + 2HCI(g) + H20(g) -~ Si(OH)~(gJ + 2NaCl(g) 1 8.45 • 10 -9 Si(OH)4 2.01 x 10-~ 
2Na20 . SlOe(c) + 4HCI(g) + 1HeO(g) ~ SieO . (OH)6(g) + 4NaC (g) 3.98 x 10 -1~ Si20(OH)6 2.26 x 10 -~ 
N a e O  . S i O 2 ( c )  + 3HCl(g) --> SiC1H3(g) + 3/2 O 2 ( g )  + 2NaCl(g) 4.98 x 10 - ~  SiC1H3 5.50 • 10 -14 
Na~O SiO~(c) + 4HCI(g) -+ SiC12H.~{g) + 10.~(g) + 2NaCl(g) + H~O(g) 7.38 • 10 ~ SiCI~H~ 1.05 x l0 -~ 
NaeO . SiOe(c) + 5HCI(g) ~ SiC13H(g) + z/20_o(g) + 2NaCl(g) + 2I-I~O(g) 3.53 x 10 -19 SiC13H 6.51 x 10 -~ 
NaeO �9 SlOe(c) + 5HCI(g) ~ SiCh(g) + OH(g) + 2NaCl(g) + 2H20(g) 4.14 • 10 -2o SIC18 5.48 x 10 -s 
NaeO SlOe(c) + 4HCI(g) --> SiCle(g) + '/~ O2(g) + 2NaCl(g) + 2HeO(g) 5.38 x 10 ~1 SiCl~ 9.91 x 10 -lo 
NasO �9 SiO2(c) + 6HCI(g) ~ SiCI~(g) + 2NaCl(g) + 3H.oO(g) 3.80 • 10 -~1 SiCh 9.04 x 10 -7 
2NaCl(g) ~ Na~Cle(g) 27.1 Na~Cle 1.14 x 10-~ 
Si(c) + HCl(g) --> SiCh(g) + 2He(g) 1.20 • 10 ~ Si(OH)2 1.67 x 10 -~s 
S i O ~ ( c )  + t ~ O ( g )  ~ S i ( O H ) e  + '/~ O ~ ( g )  2.15 x 10 ~ O2 1.67 • 10 -:s 
H ~ O ( g )  + C l ~ ( g )  --> 2HC1 + ~/~ Oe 1.29 • 10 ~ I-ICI 0.1 
HCI(g) --~ '/~H~(g) + VzCl~.(g) 7.5 x 1O -~ Cl2 9.19 x I0-~ 
HCl(g)  -* H(g )  + Cl(g)  1.0 • 10 -= C1 1.17 x 10 -~ 
Ha(g) -~ 2H(g)  1.2 x 10 -a~ H 8.57 x 10 -s 
H~O(g) ~ H ( g )  + OH(g)  1.54 x 10 -14 H~ 6.12 • 10-~ 
2HeOtg) --> He(g) + 2 OH(g)  2.0 x I0 -I~ OH 1.80 x 10 -n 
H20(g) + Vz O~(g) -> 2 OH(g)  2.5 x I0 -~ HzO 10 -~ 

6.43 x l01~ 

Table III. Reaction constants resulting in silicon oxidation tubes cleaned with chlorine at 1300~ 

Sodium content in silicon bulk: 10 ppb, chlorine at 0.1 atm 

Reaction K Product P ( a t m )  

Si(c) § 2Cl~(g) ~ SiCh(g) 
2Si(c) + 3C12(g) --* 2SiCh(g) 
Si(c) + Cl~(g) -+ SiCl-~(g) 
SiOe(c) + 2C12(g) --* S1Ch(g) + O2(g) 
2SiO2(c) + 3C1,(g) -~ 2SiC13(g) + 2Oe(g) 
SiO2(c) + C12(g) -~ SiCh + O.~(g) 
Na~O �9 SiOeCc) + Ch(g) ~ SiO2(c) + 2NaCl(g) + 1/20e(g) 

3.77 x 10 ~ S iCl~  3.77 x i017.  
4.74 x 10 ~s SiCIa 6.91 x I0  w* 
3.50 x 10 ~ SIC12 3,50 x lO T 
2.11 • 10 -8 
1.48 x 1 0 - ~  
1.96 x 10 -19 
6.43 

* Rapid formation of t h e s e  c o m p o u n d s ,  
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Table IV. Equilibrium atmosphere in silicon oxidation tube cleaned with wet hydrogen at 1300~ 

Sodium content in silicon bulk: i0 ppb, hydrogen at 1 atm, water at 10 -4 atm 

R e a c t i o n  K P r o d u c t  P ( a t m )  N a  ( c m  "~) 

S iO~(c)  + H e ( g )  + H-~O(g) --> S i H ( g )  + 3 O H ( g )  
S tO~(c)  + 2H-~tg) -~ S i H ~ ( g )  + O ~ ( g )  
Na~O �9 S lOe (c )  + H e ( g )  ~ S i l l ( g )  + O H ( g )  ~ O e ( g )  + 2 N a ( g )  
Na~O SiO.~(c) + S i l l ( g )  H.~(g) --> ~ O H ( g )  . 2 N a O ( g )  
Na~O �9 S iO~(c)  + 5 / 2 H e ( g )  ~ S i l l ( g )  + H ~ O ( g )  + 2 N a O H ( g )  
S i ( c )  + H ~ O ( g )  ~ S iO2(c )  + 2 H ~ ( g )  
2 N a O H ( g )  --* N a ~ ( O H ) e ( g )  
N a ~ O ( g )  ~ N a O ( g )  + N a ( g )  

2I-I~O-~ H ~ ( g )  + 2 O H ( g )  
H ~ O ( g )  + ~/~ O ~ ( g )  -* 2 O H ( g )  

Table V. JANAF thermodynamic data used to calculate 
equilibrium conditions at 1300~ for reactions listed 

in Tables I-IV 

AH~ - (G~ -- H0298)/T2 
C o m p o u n d  ( k e a l / m o l e )  ( c a l / ~  m o l e )  

I-~O ( g )  - 57.798 51.136 
H ( g )  52.1 30.879 
O H  ( g )  9.432 43.877 
O ( g )  59.559 42.044 
O 2 ( g )  0.0 54.283 
H ~ ( g )  0.0 36.130 
N a  ( g ) 25.755 40.201 
N a O H ( g )  - 50.4 6~.786 
N a G  ( g ) 20.0 60.896 
Na~ ( O H  ) ~ ( g ) -- 154.8 89.141 
N a 2 0  �9 S i O ~ ( g l s )  s - 3 7 6 . 8  50.565 
N a 2 0  �9 2SiO2 ( c ) - 590.36 73.554 
SiO~ (e )  ( q u a r t z )  - 2 1 7 . 7  19.918 
N a s O  ( g ) ~  8.7 72.30 
HC1 ( g )  - 22.063 49.624 
C h ( g )  0.0 59.318 
C1 ( g ) 28.922 43.226 
NaC1 ( g ) - 43.36 61.099 
NaC1 ( l iq  ) - 92.237 32.199 
NaC1 (c )  - 98.26 26.479 
Na~CI~ ( g )  - 135.3 91.387 
S i  ( g ) 107.7 43.715 
S i  (1) 11.585 15.180 
S i ( e )  0.0 8.399 
Si l l  (g) 90.0 52.515 
SiH~ ( g ) 7.3 58.969 
S iO ( g ) - 24.0 55.994 
SiOs ( g )  - 73.0 63.266 
S iOs(1)  - 2 1 5 . 7 4  21.134 
SiC1 ( g )  45.7 62,985 
SiCIH~ (g) - 48.0 71.412 
SiCh( g ) -- 157.1 95.763 
SiCIcH: ( g ) -- 75.0 81.596 
S i C h r l  ( g ) -- 119.6 89.722 
SiCl2(g)5 -39.3 76.581 
S i C h  ( g ) 5 - 96.0 89.134 
SLO" ( O H )  6 -- 118.0 73.63 
S i "  ( O H ) P  --101.0 74.42 
S i O '  ( O H ) s  5 --222.0 82.65 
S i '  ( O H ) 4  --322.3 95.43 
S i 0 2 "  ( O H ) e  5 --612.1 132.83 

h H ~  = s t a n d a r d  e n t h a l p y  of  f o r m a t i o n .  
2 (GOw'=  H o ~ s ) / T  = G i b b s  e n e r g y  f u n c t i o n  i n  t h e  s t a n d a r d  s t a t e  

a t  1300~ 
a T h e  v a l u e  of  hH~ f o r  N a 2 0 .  SiO2 ( i n  SiO~) w a s  c a l c u l a t e d  

u s i n g  t h e  e q u i l i b r i u m  c o n s t a n t  f r o m  r e a c t i o n  N a 2 0  �9 SiO~ ( i n  SiO~) 
2 N a ( g )  + V20.o(g)  + S i O 2 ( c ) ,  K = 2.5 x 10 -19 [ s e e  R e f .  ( 32 ) ] .  

T h e  f r e e  e n e r g y  f u n c t i o n  w a s  a s s u m e d  to  b e  t h a t  o f  N a : O  �9 SiO~ 
( g l s )  g i v e n  b y  t h e  J A N A F  t a b l e s .  

T h e  N a 2 0  d a t a  w e r e  e s t i m a t e d  f r o m  v a r i o u s  l i t h i u m ,  s o d i u m ,  
a n d  p o t a s s m m  o x i d e s  d a t a  g i v e n  i n  t h e  J A N A F  t a b l e s .  

T h e  h e a t s  o f  f o r m a t i o n  w e r e  c a l c u l a t e d  f r o m  b o n d  e n e r g i e s  a s  
o u t l i n e d  i n  R e f .  (36) .  T h e  t h e r m o d y n a m i c  f u n c t i o n s  w e r e  o b -  
t a i n e d  b y  i n t e r p o l a t i o n  of  t h e  v a l u e s  g i v e n  t h e r e .  

not being used for semiconductor  processing, the  
sodium impur i t y  f rom the tube wal l  bu lk  and the 
sil ica film on the tube  are  constant ly  removed  f rom 
the hot  zone. The enhanced sodium diffusion in po ly -  
sil icon increases the  sodium migra t ion  into the silica 
film which is being removed  by  the  hydrogen  reducing 
action. This tube  condit ioning would reduce the  need 
for per iodic  HC1 cleaning and consequent ly  minimize  
the  incidence of o ther  species (such as chlor ine)  in  
the oxidat ion  chamber.  Expe r imen ta l  evidence shows 
tha t  chlor ine  is incorpora ted  into oxide films t he rma l ly  
grown on silicon wafers  processed in oxida t ion  tubes 
p rev ious ly  cleaned wi th  HC1 (34). This has proved  to 
be de t r imen ta l  for r a d i a t i o n - h a r d  devices resu l t ing  in  
e lectr ical  ins tabi l i t ies  (35). 

7.86 • i0 -~7 Si l l  2.80 • i0 -~5 
6.00 x 10 -a~ SiH~ 9.38 x 10 -2 
8.43 x 10 -57 Na 1.82 • 10 -s 
1.10 • 10 -57 NaO 5.28 x I0 -r176 
8.49 x 10 --~a NaOH 1.74 x 10 -n 
1.33 x 10 TM 
4.78 Naa(OHb 1.45 x 10 -~ 
1.16 Na~O 8.28 x i0  -~s 

H2 1.0 
H~O 10 -4 

2.0 x 10 -~ OH 1.41 x 10 -2 
2.5 x 10-g 0s 6.40 x I0 - ~  

1.03 x 10 u 

Conclusions 
The above resul ts  show tha t  the  dominan t  fac tor  in 

the p repa ra t ion  of c lean the rma l  oxides is the  pu r i ty  
of the oxidat ion  tube  wal l  if o ther  process steps are 
kept  under  str ict  control.  Such processes involve  the  
wafer  c leaning and handl ing  pr io r  to oxida t ion  and 
meta l l iza t ion  immed ia t e ly  af te r  oxidat ion.  When  re- 
cently instal led,  new sil icon tubes  have  a low sodium 
content and thus const i tute  an excel lent  ma te r i a l  to 
enclose the oxida t ion  atmosphere .  This is due to the 
tube fabr ica t ion  process (chemical  vapor  deposi t ion)  
employing  h ighly  purif ied ( low a lka l i )  ma te r i a l s  (28). 
P repa ra t ion  of clean low mobile  ion content  the rmal  
oxide films by  wet  oxidat ion  of sil icon wafers  is in 
pr inciple  possible if silicon oxidat ion  tubes are  used, 
provided  that  the tube  env i ronment  is clean enough to 
avoid inclusion of ambien t  contaminat ion  in the  tube.  
However ,  a si l icon oxida t ion  tube  wi l l  t end  to de -  
velop a lka l i  contaminat ion  dur ing  normal  opera t ion  
unless special  care is t aken  to isolate i t  f rom ex te rna l  
contaminat ion.  These condit ions are  ha rd  to ma in ta in  
even in clean p roduc t ion-o r i en ted  facili t ies,  so per iodic  
in situ tube  cleaning is required .  At  oxida t ion  t em-  
pera tu res  sodium deposi ted on the  ex te r ior  of the 
tube  diffuses th rough  the wal l  into the  oxida t ion  a t -  
mosphere  contaminat ing  the t he rma l  oxide films 
grown on sil icon wafers.  The  contaminat ion  process 
may  be or ig ina ted  by  the  furnace  ref rac tor ies  im-  
pur i ty ,  the  room ambient ,  and o ther  factors ex te rna l  
to the  tube. The main  advan tage  of employing  silicon 
oxidat ion  tubes lies in the  poss ib i l i ty  of using t em-  
pera tures  h igher  than  to le ra ted  b y  fused si l ica tubes.  
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Mechanism of CVD Thin Film SnO  Formation 

R. N. Ghoshtagore* 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

The kinetic mechanism of CVD SnO2 deposi t ion has been s tudied for  (i) 
SnC14 + O2 react ion at 675~176 for psnc14 : 1.67 X 10 -5 to 5.3 X 10 -4 a tm 
and po2 --~ 1.04 • 10 .3  atm, (ii) SnC14 + H20 react ion at 400~176 for 
Psnc14 : 2.63 • 10 -5 to 4.2 X 10 -4 arm and PH2O ----- 5.2 X 10 .5  to 4.17 X 10 .3  
arm, and (iii) Sn(CI-I~)4 (TMT) + O2 react ion at  425~176 for  PTMT : 3.5 
X 10-~ to 1.17 X 10-~ atm and Po2 ~ 1 X 10 -3 atm. In combinat ion wi th  the  

avai lab le  l i t e ra tu re  data, the results  of the present  invest igat ion have been 
in te rp re ted  to show atomic oxygen  as the adsorbed species and t in -conta in ing  
gas as the gaseous reac tant  in both the direct  oxidat ion react ions (Ridea l -  
Eley mechanism) .  The hydrolys is  react ion is the  only t he rma l ly  unact iva ted  
one in the group and proceeds by  the collision of SnC14 molecules on four ad-  
sorbed ( symmet r ica l ly )  wate r  molecules on the surface. The open tube cold 
wal l  hor izonta l  reac tor  has been es tabl ished as an ideal  equipment  for the 
kinet ic  mechanism del ineat ion of all  CVD reactions.  

The vast  influence of solid surfaces on react ion k i -  
netics has been the subject  of catalysis  for more  than  
a century.  But a deta i led  unders tanding  of the  mo-  
lecular  mechanism of such interact ions  requires  a 
knowledge  of chemical  react ion equi l ibr ia  and kinetics,  
vapor  pressures  of al l  the par t ic ipa t ing  species, fluid 
dynamics  of the system, and the adsorpt ion and de-  
sorpt ion character is t ics  ( including surface diffusion) 
of all  the chemical  entities. So few of these quanti t ies  
are  known for most systems that  a complete  theore t i -  
cal and /o r  exper imenta l  analysis  of most chemical  
vapor  deposi t ion react ions becomes almost  impossible.  
However,  severa l  guidel ines are  avai lable  in this di -  
rect ion (1). 

Chemical  vapor  deposi t ion under  large  supersa tu ra -  
tions or chemical  dr iv ing force is control led by  growth,  
producing a f ine-grained,  roughly  random deposit  wi th  
growth  rates  tending  to approach  a m a x i m u m  as fixed 
by  the slowest  ( r a t e -de t e rmin ing )  process. Under  low 

* Electrochemical Society Active Member. 

supersa tura t ions  (fixed by  vapor -phase  mass t rans-  
por t )  nucleat ion can be ra te  controll ing,  p r e f e r r e d -  
or ienta t ion deposits can form (ep i taxy  or or iented 
growth) ,  and g rowth  rates can be less than  the max i -  
mum, 

Stannic oxide thin films are  cur ren t ly  act ively  in-  
ves t igated since thei r  high t r anspa rency  (in the 0.4- 
1.2# range)  and e lect r ica l  conduct ivi ty  would be of 
unique value in numerous  optoelectronic appl icat ions  
(solar cells, MOS sensors, etc.).  Al though a ma jo r i ty  
of these films are  being formed by  CVD, l i t t le  or no 
informat ion exists on thei r  heterogeneous  deposi t ion 
kinetics. The kinet ics  of po lycrys ta l l ine  SnO2 CVD film 
deposi t ion explored  in this s tudy include O2 or H20 
vapor  react ion of two basic t in sources: (i) SnC14 and 
(ii) t e t r ame thy l  tin. The exper iments  ut i l ize these 
chemical  reactions on a hea ted  amorphous  SiO2 sub-  
s t ra te  in a convent ional  horizontal  "cold wall"  quar tz  
tube reactor  at a tmospher ic  pressure.  The methodology 
of the present  s tudy has been repor ted  ea r l i e r  (2). 
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Experimental Technique 
Ult rah igh  pu r i t y  stannic chlor ide or t e t r a m e t h y l  t in  

(TMT) (Vent ron  Corpora t ion)  in the rmos ta t -he ld  
quar tz  bott les  was used as a t in  source bubble r  through 
which  a car r ie r  gas of u l t r apu re  oxygen  or n i t rogen 
was passed at a contro l led  rate.  This gas ( sa tu ra ted  
wi th  t in source vapor )  was then  mixed  wi th  addi t ional  
u l t r apu re  oxygen or wa te r  vapor  ( f rom a quar tz  bub-  
b ler  he ld  at 25 ~ • 0.5~ a n d / o r  n i t rogen th rough  a 
set of ca l ibra ted  flowmeters,  l iquid traps,  and filters, 
and the mix tu r e  was reacted on a quar tz  encapsula ted  
high pur i ty  g raph i te  susceps hea ted  by  rf  induction.  
The sa tura t ion  t r anspor t  of al l  l iquid reactants  in this 
s tudy was carefu l ly  checked for the  m a x i m u m  carr ie r  
gas flow used by  observing growth  ra te  changes as a 
funct ion of bubb le r  ba th  length  change (in a mul t ip le  
bubb le r  sys tem) .  The quar tz  tube reac tor  used in this 
s tudy was of 92 m m  1D, wi th  the  susceptor  being 20 • 
65 • 320 m m  externa l ly .  The over -a l l  react ions em-  
p loyed in this work  can be descr ibed by  

SnC14(g) + O2(g) ~ S n O 2 ( s )  + 2C12(g) [1] 

SnC14 + 2H20 (g) ~ SnO2 (s) -}- 4HC1 (g) [2] 

Sn(CH3)4(g)  + 8 O2(g) ~ SnO2(s) + 

6H20(g)  + 4CO2(g) [3] 

The f ree  energy  changes at different  t empera tu re s  
for react ions [1l and [2] have been calculated (3), 
whereas  tha t  for react ion [3] cannot  be calcula ted due 
to the  unava i l ab i l i ty  of the  the rmodynamic  da ta  for 
TMT. The vapor  pressure  of TMT was obta ined f rom 
the  compi la t ion  by  Dub (4).  

Of the th ree  react ions  l is ted above, the d i rec t  ox ida-  
t ion of s tannic chlor ide (Eq. [1]) is the  highest  t em-  
pe ra tu re  react ion examined  in the presen t  work. I t  has 
also been used here  for the  CVD SnO2 film growth  for  
the  first t ime. On the other  hand,  the  high t e m p e r a t u r e  
hydrolys is  of s tannic chlor ide  spray  (Eq. [2]) is the 
classic technique of "Nesa" glass coating. A control led  
version of this  react ion was repor ted  by  Aboaf  et al. 
(5) for CVD thin  film SnO2 format ion  on oxidized si l i -  
con. Their  films were  bas ica l ly  reproduced  in this  s tudy  
wi th  added  emphasis  on the  surface reac t ion  kinetics.  
The direct  oxidat ion  of TMT (Eq. [3]) on glass slides 
and deposi ted SiO~ (in a hot wal l  reactor)  was recen t ly  
s tudied (6) as a means of producing  ch lor ine- f ree  SnO2 
films. The kinet ic  da ta  in tha t  work  was not  opt imized 
for mechanism delineat ion,  however.  

The subs t ra tes  used in  this work  were  un i formly  
(111), 20-30 ~cm, 9 +_ 1 mi l  single crysta l  silicon 
wafers  pyrogen ica l ly  oxidized at  l l00~ to 900 +_ hA. 
In  most  exper iments  the  deposi ted  SnO2 thickness  was 

1000A. ]~ilm thicknesses  were  de te rmined  by  re fe r -  
ence to an e l l ipsomet r ica l ly  ca l ibra ted  SiO2 color 
chart,  assuming an effective deposi ted film ref rac t ive  
index of 2.0 (see la te r ) .  Al l  the l iquid  bubblers  were  
ma in ta ined  at  25 ~ "*- 0:5~ and tha t  of the  subs t ra tes  to 
~_ 5~ (wi th  a ca l ibra ted  IR py rome te r ) .  Al l  exper i -  
ments  were  conducted at  the  a tmospher ic  pressure.  Al l  
the  films grown were  r a n d o m l y  or iented po lyc rys ta l -  
l ine (by  e lec t ron diffraction) wi th  an  average  gra in  
size of 0.1-0.3 #m. 

Results 
Flow rate reIationships.--In any  kinetic inves t iga-  

t ion of heterogeneous  react ions  in  a flow system, the  
examina t ion  of the dependence  of the  ra te  of fo rma-  
t ion of the  solid react ion produc t  on the flow ra tes  of 
each of the  reac tan ts  (whi le  the  others  are  kep t  con- 
s tant)  is the  p r i m a r y  order  of business. This i n fo rma-  
t ion provides  the fluid dynamic  re la t ionships  of the  
pa r t i cu la r  expe r imen ta l  sys tem and helps  to de l inea te  
the  surface reac t ion-con t ro l l ed  region f rom the mass -  
t r ans fe r  control led  region (2, 7). In the absence of a 
nucleat ion barr ier ,  at  low flow ra tes  the  react ion ra te  
is control led  by  the gas-phase  mass - t r ans fe r  rate.  In  

this region, the CVD deposi t ion ra te  is p ropor t iona l  to 
the ha l f -power  of the gas flow rate  or  the average  gas 
veloci ty  (2, 8) and the reac t ion  is not  s t rongly  ac t i -  
vated. With increas ing flow rates  (at  constant  r eac tan t  
par t ia l  p ressure) ,  the bounda ry  l aye r  thickness  a t ta ins  
a l imi t ing value,  and the Reynolds  number  and the 
gas-phase  mass - t r ans fe r  coefficient increase to a v a l u e  
where  the  react ion is contro l led  by  the chemical  su r -  
face react ion ra te  constant.  Growth  ra tes  a re  no longer  
dependent  on the flow ra tes  and the reac t ion  b e c o m e s  
highly  act ivated.  

The dependence  of the t in oxide  growth  rates  on the 
gas velocit ies were  examined  and the surface reac t ion-  
control led ac t iva ted  region de te rmined  for al l  the  r e -  
actions s tudied in this work.  However ,  no a t t empt  w a s  
made to de l inea te  the  mass - t r ans fe r  control led  region 
in detail .  As expected (2), at al l  t empera tu res  and 
r a t e -de t e rmin ing  species pa r t i a l  pressures  the  m e a -  
sured  SnO2 film growth  ra tes  a t ta ined  a constant  value  
at  high flow rates. Boundary  l aye r  theory  predicts  that  
under  such c i rcumstances  the  gas-phase  mass - t r ans fe r  
coefficient is much h igher  than  the sur face- reac t ion  
ra te  constant  and the reac t ion  kinet ics  is contro l led  by  
an ac t iva ted  process (adsorpt ion,  desorption,  surface 
reaction, or nuclea t ion) .  Wi th in  the  range  of react ion 
t empera tu res  and s tannic chlor ide  pa r t i a l  pressures  
used, the  direct  oxida t ion  reac t ion  (Eq. [1]) was es-  
tab l i shed  to be flow ra te  independen t  at  average  gas 
velocit ies (calcula ted f rom volume flow ra tes)  over  10 
cm/sec. To be safely beyond the mass - t r ans fe r - con -  
t ro l led  region, al l  the  k inet ic  mechanism del ineat ion  
exper iments  were  conducted at  11.3 cm/sec.  The s tan-  
nic chlor ide hydro lys i s  reac t ion  (Eq. [2] ) was es tab-  
l ished to be total  flow ra te  independent  at gas veloci-  
ties over  6 cm/sec  in the ent i re  range  of react ion tem-  
pera tu res  and SnC14 pa r t i a l  pressures  used in this 
study. Al l  the kinet ic  da ta  for this  react ion were  ac-  
cumula ted  at  an average  veloci ty  of 7.2 cm/sec. F ina l ly ,  
the direct  oxidat ion of TMT (Eq. [3]) was flow ra te  
independent  at  gas velocit ies above 2 cm/sec,  and all  
the kinet ic  da ta  were  obta ined at 2.4 cm/sec.  

Reactant partial pressure relationships.--SnCl4 + 02 
reaction.-~n the  surface reac t ion-con t ro l led  region  
under  873~ the deposi t ion ra te  of SnO2 was an in-  
creasing function of oxygen concentra t ion for any  fixed 
SnC14 concentrat ion.  As shown in ]~ig. 1, at  low oxygen  
concentrat ions the  react ion is of one-ha l f  order,  but  
becomes zero order  above a m i n i m u m  Po2 whose va lue  
increases wi th  increasing PSnCl4, but  is independen t  of 
tempera ture .  This behavior  is ident ical  to that  of the 
direct  oxidat ion  of TIC14 (2). Since the sa tu ra ted  
growth  rates  (Fig. 1) at  any two t empera tu res  are  
d ispropor t iona l  to the  corresponding enhancement  of 
t in chlor ide  diffusion rates  through the bounda ry  l aye r  
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Fig. !. Oxygen partial pressure dependence of Sn02 deposition 
at different temperatures for the SnCI4 -F 0 2  reaction. 
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Fig. 2. SnO~ deposition rate as a function of stannic chloride 
partial pressure in the Po2 independent range. 

(9) and the onset of saturat ion is not a function of  
Po2, it can be concluded that the complete consumption 
of t in  chloride species at the substrate surface is not 
involved in these experiments.  

Figure 2 shows the l inear  dependence of the SnO~ 
deposition rate on the part ial  pressure of t in chloride 
a t t w o  temperatures  and fixed oxygen gas phase con- 
centrations. Since the oxygen part ial  pressure was 
fixed high enough in these experiments for the reac- 
tion to be of zero order (with respect to oxygen) for 
the highest Psnc14 used, no depletion of oxygen is ex- 
pected in each of these series of experiments.  Both at 
740 ~ and 873~ the reaction order is seen to be 0.26 __+ 
0.01 with respect to SnC14. 

SnCI~ + HzO reaction.--Figure 3 shows the behavior 
of the surface deposition rate as a function of water  
vapor concentrat ion at different PsncI4. In  the entire 
range of tempera ture  studied (400~176 the depo- 
sition rate increases monotonical ly with P~2o to a satu-  
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Fig. 3. Deposition rates of Sn02 films as a function of water 
vapor and SnCI4 concentration for the SnCI4 + H20 reaction (at 
different temperatures). 
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Fig. 4. Stannic chloride concentration dependence on the deposi- 
tion rote of Sn02 at PH2o = 4.17 • 10 . 8  atm. 

rated value at each Psnel4. Figure 4 shows the first- 
order relationship of the surface reaction rate on the 
stannic chloride concentration. The fixed water  vapor 
concentrat ion (4.17 • 10 -3 arm) in these experiments  
was high enough for reaction [2] to be independent  of 
PH2O (Fig. 3). The data of both Fig. 3 and 4 show no 
effect of the deposition rate on the substrate tempera-  
ture. This is fur ther  pointed out in Fig. 5, where the 
min imum water  vapor part ial  pressure required for 
zero-order SnO2 deposition (with respect to H20) is 
plotted against the corresponding Psncl4 at all tempera-  
tures studied. In the f low-independent  range, the ratio 
of PH2o to Psnc]4 is always found to be four. 

Sn(CHs)4 + 02 reaction.--As has already been demon-  
strated (6), the direct oxidation of TMT (Eq. [3]) is 
a very favorable route of SnO2 CVD film formation. 
However, the part ial  pressure relationships of the re-  
actants are not known so far. F igure  6 shows a typical 
SnO2 film deposition rate dependence on Po2 at a f i xed  
PTMT at low temperatures.  As in the direct o x i d a t i o n  
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Fig. 5. Minimum water vapor partial pressure required far zeta 
order (with respect to H20) SnO2 deposition at different stannic 
chloride concentrations. 
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Fig. 6. Growth rate data as a function of oxygen concentration 
at a temperature where volume reaction is negligible. Open sym- 
bols indicate data from the first N 1000A of the film and closed 
symbols are those from the second ,~ {000.~. of the film. 

of SnC14 (Fig. 1) the  g rowth  ra te  is one-ha l f  o rde r  
wi th  respect  to oxygen at low Po2 and sa tura tes  a t  
h igher  Po2. The open symbols  indicate  macroscopic 
g rowth  ra te  da ta  f rom the first ~ 1000A of the  film 
and the closed symbols  are  those f rom the second 

1000/k of the  film. The significance of the  l a t t e r  is 
i l lus t ra ted  in Fig. 7, whe re  these two types  of g rowth  
ra te  da ta  differ s ignif icant ly at  h igher  tempera tures .  
I t  should also be noted tha t  at  low par t i a l  pressures  
the  reac t ion  order  is no longer  one-ha l f  wi th  respect  
to oxygen  and goes h igher  at h igher  tempera tures .  
Moreover,  the  g rowth  ra te  c lear ly  l~eaks out at  h igher  
oxygen pressures  for the  second k A  film at  both the 
high t empera tu re s  and for the  first kA of the film at  
the  highest  (578~ t e m p e r a t u r e  shown. As wil l  be 
seen later ,  this t e m p e r a t u r e  dependence  of Po2 re la -  
t ionship of the g rowth  ra te  in the surface reac t ion-  
contro l led  region  of Eq. [3] is d i rec t ly  re la ted  to the 
high t empera tu re  non-Ar rhen ius  behavior  of the  ap-  
pa ren t  surface react ion rate.  ]~igure 8 shows the TMT 
concentrat ion dependence  of the growth  ra te  at a so-  
cal led "low" and "high" tempera ture .  The fixed oxy-  
gen pressure  at  both  these t empera tu re s  was ma in -  
ta ined high enough for the  react ion e i ther  to be sa tu-  
r a t ed  wi th  respect  to oxygen (Fig. 6) or to be beyond 
the apparen t  peak  (Fig. 7). The deposi t ion ra te  da ta  
of Fig. 8 was obtained macroscopical ly  f rom the first 
k A  of the film. It  is c lear  that  the react ion is appa ren t ly  
of first o rder  wi th  respect  to TMT at both these t em-  
pera tures .  

Temperature coe~cients o] CVD SnO~ formation.-: 
The t empera tu re  dependence  of a chemical  react ion in 
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Fig. 7. Growth rate of SnO2 film from TMT as a function of 
oxygen concentration. Closed and open symbols have the same 
significance as in Fig, 6. 
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the ac t iva ted  region provides  insight  into both the mo-  
lecular  mechanism of the  react ion and the sens i t iv i ty  
of the process to t empe ra tu r e  var ia t ion  in the  system. 
l~igure 9 shows the Ar rhen ius  behavior  of the  SnO2 
film format ion  ra te  on SiO2 (by Eq. [1]) at two SnC14 
concentrat ions up to a m a x i m u m  t e m p e r a t u r e  of 873~ 
Above that  t e m p e r a t u r e  the behavior  is nonideal .  Both 
sets of da ta  in Fig. 9 were  obta ined wi th  a fixed Po2 of 
0.9975 a tm (~-- 1 a tm) ,  well  in  the region  of ze ro -o rde r  
dependence  of the  surface react ion ra te  wi th  respect  
to oxygen.  Between 675 ~ and 873~ the surface reac-  
t ion ra te  constants can b e c a l c u l a t e d  f rom the da ta  of 
Fig. 9 using a re la t ion  of the  type  
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Fig. 9. Temperature dependence of SnO~ deposition rate by the 
SnCI4 + 02 reaction. 
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CG 
G ---- - -  ks [4] 

N 

where G is the growth rate, CG is the gas phase SnC14 
concentration, N is the number  of SnO2 molecules per 
uni t  volume of the film, and ks is the surface reaction 
rate constant. The activation energy of the surface re-  
action rate is seen to be ~ 1.5 eV from Fig. 9. It should 
be noted that the normalizat ion of the observed par-  
tial pressure relationships of the deposition rate for 
both the reactants of Eq. [1] (shown in ~ig. 1, 2, and 
9) at all temperatures  below 8';3~C would result  in  a 
single Arrhenius  plot for ei ther  the specific growth 
rate or the surface reaction rate constant (2). How- 
ever, this is not the case in  the higher tempera ture  
non-Arrhen ius  region and both these fundamenta l  pa- 
rameters  are directly proport ional  to the concentrat ion 
of the ra te -de te rmin ing  species (i.e., SnC14). 

In  contrast to the direct oxidation of SnC14 (Eq. [1] ), 
the high tempera ture  hydrolysis of SnC14 (Eq. [2]) is 
seen to be thermal ly  nonactivated (Fig. 3-5) even in 
the so-called f low-independent  activated region of the 
surface reaction. An at tempt to explain this phenome-  
non is made in the Discussion section. 

The tempera ture  dependence of the direct oxidation 
of TMT (Eq. [3]) shown in ~ig. 10 is seen to be very 
similar  to that  of SnCI~. Below ,-~ 490~C, the re la t ion-  
ship is Arrhenius  with an indicated activation energy 
of ~ 1.8 eV. The growth rate data, shown in Fig. 10, 
are macroscopic values obtained from the first --~ 1000A 
of the film. As has been described before, below 490~ 
a single Arrhenius  plot can be obtained for ei ther the 
specitic growth rate or the surface reaction rate con- 
stant  of Eq. [3] from Fig. 6, 8, and 10. The n on - A r -  
rhenius regions of Fig. 9 and 10 are seen to be very 
similar. 

Microscopic growth characteristics.--For an accurate 
assertion of the molecular mechanism of a CVD film 
growth, it is imperat ive to establish that the macro- 
scopic kinetic data are valid from the microscopic point  
of view. In the Arrhenius  region, deposition rates were 
determined as a funct ion of film thickness or time for 
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Fig. lo. Temperature coefficient of TMT-produced Sn02 film 
growth rate. 

both the reactions involving SnC14 (Eq. [1] and [2]) 
at some selected temperature  and part ial  pressure con- 
ditions. Within the range of experimental  error, film 
thicknesses (in the range --~ 200 to ,-- 2000A) were 
found to be l inear ly  proport ional  to the deposition 
time with no detectable incubat ion period. The si tua- 
tion has not been found to be so with Eq. [3]. Figure 
11 ghows the microscopic growth data for a set of SnO2 
films grown by the direct oxidation of TMT at  the 
highest temperature  of the Arrhenius  region (Fig. 10). 
The oxygen pressure was main ta ined  at the onset of 
the growth rate sa turat ion (Fig. 6) that is independent  
of temperature  (Fig. 1) for s imilar  surface react ion- 
controlled oxidation reactions (2). The films were el- 
l ipsometrically analyzed for individual  thickness and 
refractive index. Both the growth rates and the re-  
fractive index at ta in a constant  value after about 400A 
of the film have been grown. Since the th in  samples 
did appear to be of low refractive index, one of the 
thicker samples (1428A) was argon ion-mil led  to re-  
move the outer portion of the film to test if the film 
first deposited was of low refractive index. 4, ~ values 
obtained after mil l ing for 1 min  and again after a fur -  
ther 35 sec mil l ing fitted the 2.053 refractive index 
curve well with no indication of lower refractive in -  
dex for the remaining  films of 775 and 183A, respec- 
tively. (Apparently,  the first 60 sec mil l ing removed 
750A for a 750A/min rate; the second 35 sec removed 
592A for a 1015 A / m i n  rate. Whether  this increase in  
mil l ing rate under  identical  conditions is significant is 
unclear.) No evidence of any significant optical ad- 
sorption at 546 nM wavelength was discovered. Al-  
though the data of Fig. 11 indicate an incubat ion period 
oi about a minute,  no at tempt  was made either 
to incorporate it into the macroscopic growth data 
shown in Fig. 6, 7, 8, and 10 or to delineate its tem- 
perature  and reactant  concentrat ion dependence. Its 
effect on the kinetic data of TMT oxidation is con- 
sidered to be small. 

Figure 12 shows the resist ivity of the same films as 
a function of the film thickness. Films under  400A must  
be defective enough to produce both very low resist iv- 
ity and refractive index (Fig. 11). However, unl ike  
the refractive index, the resistivity of the thicker films 
does not saturate  above 400A. That  could originate 
either in mobil i ty or in carrier  concentrat ion variat ion 
across its thickness. 

Discussion 
In general, a heterogeneous reaction involving one 

or more gaseous species on a solid surface involves 
the following steps: (i) diffusion of reactants  to the 
surface, (ii) adsorption of at least one reactant  on the 
surface, (iii) formation of critical nuclei  by surface 
reaction preceded by surface diffusion and formation 
of activated complex, (iv) desorption of gaseous prod- 
ucts with or without  some surface migration, and (v) 
diffusion of products away from the surface. When the 
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heterogeneous  CYD react ion is conducted in the flow- 
independen t  ac t iva ted  region (as has  been  done in  
this s tudy) ,  steps (i) and (v) are  not  ra te  controlling. 
Each of the  CVD react ions s tudied  in this work  (Eq. 
[1 ] - [3 ] )  wi l l  now be examined  in  l ight  of step ( i i ) ,  
(iii), or (iv) ra te  control.  I t  should, however ,  be 
noted tha t  there  a re  two basic mechanisms of reac tan t  
adsorp t ion-cont ro l led  CVD react ions:  

(a) In  the  Langmui r -H inshe lwood  mechanism the 
react ion occurs be tween  both the species adsorbed 
on ad jacent  sites. This m a y  lead  to considerable  com- 
pet i t ion for the  adsorpt ion  sites as a funct ion of t em-  
pe ra tu re  and reac tan t  concentra t ion ratios. 

(b) In  the  R idea l -E ley  mechanism ~he CVD reac-  
t ion is be tween  an adsorbed species and a gaseous 
species wi thout  any compet i t ion  be tween  them. 

The majo r  dis t inguishing fea ture  of these two mech-  
anisms is tha t  in the  former  the  ra te  (R) wi l l  pass 
th rough  a m a x i m u m  as the  pa r t i a l  pressure  of e i ther  
reac tan t  is varied,  whereas  in the  l a t t e r  the ra te  wil l  
reach a l imi t ing va lue  when  the pa r t i a l  pressure  of 
one of the reactants  is var ied  (which is the  one tha t  is 
adsorbed) .  

The di rec t  oxidat ion  of SnC14 shows 

R oc (Po~) 1/2 (Psnc14) 0.~6• [5] 

at low Po2 and all  Psnc14, whereas  

R cr (PSnC14) 0.26• [6]  

at h igh Po2 (depending  on Psacl4) and al l  Psncl4. Since 
the surface react ion ra te  is p ropor t iona l  to the  adsorp-  
t ion dens i ty  of the  species involved,  i t  appears  tha t  
R idea l -E ley  mechanism is opera t ing  for Eq. [1] wi th  
atomic oxygen as the most p robab le  chemisorbed spe-  
cies and some molecular  form of t in chlor ide  coll iding 
on the surface f rom the gas phase. S imi l a r  to the d i -  
rect  oxidat ion of TIC14 to produce  TiO2 (2), the sa tu ra -  
t ion of surface adsorpt ion  of atomic oxygen  occurs at  
the  same Po2 at  a l l  tempera tures .  An  a l t e rna t ive  in te r -  
p re ta t ion  of the  Eq. [5] Poe dependence  is the  pa r t i a l  
surface coverage by  adsorbed  oxygen  (10). The va lue  
of the exponent  of Po2 should then  increase wi th  t em-  
pera ture .  This is in contradic t ion  to the  expe r imen ta l  
findings (Fig. 1). 

The absence of a m a x i m u m  in the deposi t ion ra te  
as a funct ion of both Po~ and Psnc~ (Fig. 1 and 2) in-  
dicates the  s t rong poss ib i l i ty  tha t  the t in -con ta in ing  
species is not involved  in adsorpt ion  on the substrate ,  
i.e., it  is a gas phase diffusing species. The Psncl4 ~176176 

dependence  of the  surface deposi t ion ra te  (Eq. [5] and 
[6]) is also indicat ive  of the  fact that  the  r a t e - d e t e r -  
mining  t in  species is not  the  input  s tannic  chloride.  
The rmodynamic  calculat ions of the  ma jo r  equ i l ib r ium 
tin species in the  SnC14-N2 sys tem were  pe r fo rmed  at  
1000~176 to check the poss ib i l i ty  of a c lear  con- 
nection of the  observed Psncl4 dependence  of the  dep-  
osition ra te  wi th  the  in te rmedia te  SnCI2 species. This 
is Shown in Fig. 13(a) and  (b) .  For  any input  PSnCl4, 
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Fig. 13. Calculated equilibrium distributions of SnCI2 and SnCI4 
as a function input Psnc]4 at atmospheric pressure. Courtesy of 
P. Rai-Choudhury. 
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the  equi l ib r ium par t i a l  pressure  of SnC14 (pesncl4) de-  
creases and tha t  of SnC12 (pesncl2) increases wi th  
increasing t empe ra tu r e  [Fig. 13(a)] .  Al te rna t ive ly ,  
the  rat io  of pesnc12 to pesnc14 a lways  decreases wi th  in-  
creasing PSnCl4 in the  exper imen ta l  t empera tu re  and 
input  PSnCl4 range [Fig. 13 (b) ] .  Since this is con t ra ry  
to the exper imenta l  findings (Fig. 2), SnCI2 is not the  
r a t e -de t e rmin ing  species. The majo r  effect of r ising 
Psnc14 on the surface react ion ra te  must  therefore  be 
of pesncl4 wi th  possibly some poisoning effect f rom the 
l ibera ted  chlorine a n d / o r  gas phase oxygen.  In  Eq. [1] 
the reverse  react ion is fa i r ly  act ive at ~--10O0~ As a 
result ,  the  net  react ion ra te  (obta ined f rom the deposi -  
t ion ra te)  is the difference be tween the fo rward  and 
reverse  react ions wi th  reverse  being propor t iona l  to 
PCl22 or u Psnc122. Wi thout  an independen t  de t e rmina -  
t ion of the etch ra te  of SnO2 films by  chlorine, i t  is, 
therefore,  not  possible to ident i fy  the Psnc14 ~177176 
dependence  of the deposi t ion ra te  to any single species 
in the SnC14-SnC12-C12-C1-O2-O system. 

The act ivat ion energy of the surface react ion process 
(~1.5 eV),  shown in Fig. 9, in the oxygen- sa tu ra t ed  
region, is too high for the desorpt ion of p roduc t  chlo-  
r ine [step ( iv ) ]  to be ra te  controll ing.  At  the same 
t ime since no incubat ion per iod has been detected in 
the microscopic growth  ra te  studies, the  react ion is 
p robab ly  not nucleat ion controlled. The surface reac-  
tion control  of this react ion above ~873~ becomes 
appa ren t ly  non-Ar rhen ius  due to the significant onset  
of volume reac t ion-produced  deple t ion  of t~he r a t e -  
de te rmin ing  t in species. It is in teres t ing to compare  
the fortui tous agreement  of this t rans i t ion  t empera -  
ture  of 873~C wi th  tha t  of ~875~ calcula ted  by  
Tabata  (3) where  the free energy of react ion [1] be -  
comes posi t ive and thus no longer  favored he te rogene-  
ously. 

As shown in Fig. 6-8, the direct  oxidat ion  of TMT 
below ~-490~C is a close analog to tha t  of SnC14 wi th  
the surface deposi t ion ra te  (R) being expressed by 

R cc (Po2)l/2(PwMw) [7] 

at low Po2 and all  PTMT, whereas  

n cc PTMT [8] 

at high Po2 (depending on PTMT) and all  PTMT. Over 
and above, there  is de tec table  nuc lea t ion - induced(? )  
incubat ion per iod of g rowth  (Fig. 11). Consequently,  
fol lowing the previous  logic, it  can be in fe r red  that  
atomic oxygen is also the adsorbed species here  wi th  
TMT as the v i r tua l ly  undissociated gaseous (unad-  
sorbed)  react ion species. The ini t ia l  nuc lea t ion- in -  
duced ra te  l imi ta t ion  p re sumab ly  has no impact  on the 
equi l ib r ium growth  kinet ics  l imi ted  by the surface re -  
action (under  oxygen sa tura t ion  condit ions) .  The 
higher  act ivat ion energy of ~he surface react ion ra te  
constant, shown in ~ig. 10 (~1.8 eV),  compared  to 
that  of the s imi lar  mechanism SnO2 format ion  f rom 
SnC14 (~1.5 eV),  may  or iginate  from the l a rge r  ac-  
t ivat ion energy of the surface diffusion of a bigger  
ac t iva ted  complex ( involving methyl  groups)  in this 
case. The non-Ar rhen ius  behavior  of this surface re -  
action above ~490~ (Fig. 10) also has the same 
origin, i.e., volume- reac t ion  induced deple t ion  of the 
TMT in the gas phase. This fact is fu r the r  i l lus t ra ted  
by  the growth  ra te  da ta  above 490~ in Fig. 7. Com- 
pared  to that  in ]~ig. 6, the Po2 dependence  in this 
region is more  than one-ha l f  order  and the apparen t  
react ion order  increases wi th  the t empera tu re  (par -  
t i cu la r ly  for the second kA) .  This growth  enhance-  
ment  p resumably  originates  from the increasing in-  
corporat ion of the  vo lume- reac ted  mate r i a l  in the 
growing film (at low Po2). The volume react ion rate,  
being propor t ional  to Po2, increases fas ter  than  the 
surface react ion ra te  at h igher  Po2. But at fixed flow 
rates the  fract ion of the vo lume- reac ted  mate r ia l  
collected by  the growing film is the same. Conse- 

quently,  at  h igher  Po2 the gas phase would  be homo-  
geneously deple ted  of TMT and the growth  ra te  would  
ac tual ly  drop ( instead of sa tura t ion)  as seen in Fig. 7. 
This s i tuat ion appa ren t ly  gets more  severe  at  longer  
t imes of g rowth  (i.e., second k A  of the  fi lm).  The 
apparen t  enhancement  of reac t ion  order  at  t empera -  
tures  where  significant volume react ion occurs has 
also been observed in CVD TiO2 film growth  rates  (2). 

The high t empe ra tu r e  hydrolys is  reac t ion  (Eq. [2]) 
is the  most in teres t ing process studied. As shown in 
Fig. 3 and 4, in the ent i re  range  of t empe ra tu r e  s tudied 
(400~176 the surface deposi ton ra te  can be ex-  
pressed by  

R cr (PH2o) (Psnca) [9] 

at low PH20 and all  PSnCl4, whereas  

R cc PSnCl4 [10] 

at  high PH20 (depending on PSnC14) and al l  Psnc14. These 
ra te  dependences  immed ia t e ly  ident i fy  H20 as the 
undissociated adsorbed species and SnC14 as the  gas-  
eous reactant .  Since no g rowth  ra te  sa tura t ion  or 
m a x i m u m  is achieved wi th  increas ing s tannic chlor ide 
concentrat ion,  Langmui r -Hinshe lwood  mechanism of 
surface react ion by  two ad jacen t ly  adsorbed species 
is ru led  out. This react ion then  appears  to be another  
classic case of R idea l -E ley  mechanism where  gaseous 
SnC14 reacts  at  the  surface wi th  adsorbed H20 mole-  
cules (wi thout  any  compet i t ion  for the  adsorpt ion  
si tes) .  The da ta  in Fig. 5 (obta ined f rom Fig. 3) ind i -  
cate the r equ i rement  of four  ( symmetr ic? )  H20 mole-  
cule adsorpt ions on oxygen sites (a round a t in  site) 
o~ the ru t i le  la t t ice for the SnC14 collision react ion at  
the surface to be successful in SnO2 format ion  at  all  
temperatures .  ~ i s  fact is in te res t ing ly  in violat ion of 
the s toichiometr ic  re la t ion shown in Eq. [2]. F r o m  the 
facts that  the ca lcula ted  free energy  change of reac-  
t ion [2] is less than  --10 kca l /molecu le  (3) and that  
the net  energy change of a ca ta lyzed  heterogeneous 
react ion is the difference be tween  tha t  of homogene-  
ous react ion and adsorpt ion  or desorpt ion of the  r a t e -  
de te rmining  species (2) (which is zero for  this un-  
ac t iva ted  react ion in the ac t iva ted  region) ,  i t  can be 
concluded tha t  the adsorpt ion  energy of H20 on SnO2 
closely compensates  for the  energy of react ion [2] in 
the ent i re  t empera tu re  range studied.  

Summary and Conclusions 
The kinetics of th ree  heterogeneous CVD react ions 

for SnO2 thin  film format ions  were  s tudied in this 
work. Using a horizontal  co ld-wal l  reactor ,  i t  was 
demons t ra ted  again (2) tha t  i t  is possible to reason-  
ably  de l inea te  the kinet ic  mechanism of al l  such sur -  
face reactions. The kinetics of both stannic chlor ide  
and t e t r ame thy l  t in  surface oxidat ions were  found 
to proceed by  the collision of the gas-phase  t in species 
wi th  the adsorbed atomic oxygen.  In  the case of high 
t empera tu re  hydrolys is  of s tannic chloride, four  ad-  
jacent  symmet r i ca l ly  adsorbed  wate r  molecules are  
requi red  for every  coll iding gaseous t in chloride 
species to be successful ly reac ted  at the surface. The 
requ i rement  of no act ivat ion energy in this case is 
due to the close balance of the free energies of wa te r  
adsorpt ion (on SnO2) and homogeneous volume re -  
action. Fur the rmore ,  in the ent i re  range  of t empera -  
tures (400~176 and stannic chlor ide par t ia l  pres-  
sures (0.26-4.17 • 10 -4 arm) examined  in this work, 
no evidence of the  homogeneous gas-phase  volume 
react ion has been found. In contrast,  this homogeneous 
react ion becomes very  impor tan t  for s tannic chloride 
oxidat ion above ,~875~C and for  TMT oxidat ion  above 
~490~ It  should be noted that  volume reac t ion  is 
h ighly  undes i rable  in all  CVD processes. The f rac-  
t ional  order  kinetics of s tannic chlor ide  surface oxi-  
dat ion on its concentra t ion could not be quant i ta t ive ly  
expla ined on any single species. 
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The Role of Energy Levels in 
Semiconductor-Electrolyte Solar Cells 
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ABSTRACT 

The t ransfer  of minor i ty  carr iers  across the  semiconduc tor -e lec t ro ly te  
in terface  dur ing  i l lumina t ion  has been studied. In  pa r t i cu la r  the pa rame te r s  
which de te rmine  the compet i t ion be tween  pure  redox  processes and hydrogen  
evolut ion at p - t y p e  or anodic dissolut ion at n - t y p e  mate r i a l  have been in-  
vest igated.  In  the first case the e lect ron t ransfe r  be tween  p - t y p e  electrodes 
and the  redox  sys tem can s imply  be in te rp re ted  on the basis of an energy  
scheme. In the  case of hole t ransfer  'from n - t y p e  electrodes across the  in t e r -  
face the compet i t ion of a pure  redox process and anodic dissolut ion is more  
complex.  I t  is ma in ly  de te rmined  by  kinet ic  parameters .  The resul ts  obta ined  
wi th  CdS and var ious  I I I -V  compounds are  discussed in v iew of appl ica-  
t ion of n-  and p - t y p e  semiconductors  in solar  energy  conversion systems.  

Dur ing  the last  few years  photoelec t rochemical  
processes at  semiconduc tor -e lec t ro ly te  interfaces  
found new interes t  because of thei r  possible appl ica-  
t ion in  solar  energy  conversion systems. Or ig ina l ly  the  
research  was ma in ly  devoted to the d i rec t  e lec t ro-  
ly t ic  decomposi t ion of wa te r  which is p r inc ipa l ly  
possible wi th  semiconductor  electrodes.  Corresponding 
systems have been rea l ized wi th  TiO2 (1-5),  t i tanates  
(6), and tan ta la tes  (7). In  these cases, however ,  the 
efficiency of solar  energy is ve ry  low because of the 
la rge  bandgaps  (>3  eV) of these mater ia ls .  There  are  
severa l  o ther  semiconductor  e lectrodes of low band-  
gaps which  show la rge  photoeffects. These elec-  
trodes, however ,  are  not  stable,  i.e., ins tead of oxy-  
gen fo rmat ion  e lec t rochemical  dissolut ion occurs. 

I t  has also been suggested to construct  se l f - r egen-  
e ra t ing  photocel ls  containing at least  one semicon-  
ductor  e lec t rode  for conversion of solar  energy  di-  
rec t ly  into e lectr ical  energy.  Corresponding cells have  
been real ized consist ing of an n - t y p e  CdS and a P t  
countere lec t rode  and [Fe (CN) s ] 4 - / [ F e ( C N )  6] 3-  (8) 
or  S / S  = (9) as redox systems. Severa l  aspects make  
these e lec t rochemical  photocel ls  qui te  a t t rac t ive  in 
comparison to o rd ina ry  so l id-s ta te  devices such as pn 
junct ions and meta l / semiconduc to r  interface.  There  
are  three  main  advantages :  (i) no complicated tech-  
nology is requ i red  for  making  e lec t ro ly te / semicon-  
ductor  contacts;  (ii) the l ight  can easi ly pass the  
e lec t ro ly te  and reach the space charge region wi thout  
essential  losses; (iii) severa l  semiconductor  e lectrodes 
of different  bandgap  can be combined in one cell. 

K e y  w o r d s :  c h a r g e  t r a n s f e r ,  r e d o x  s y s t e m s ,  anod ie  d i s so lu t ion ,  
semiconductor pho~oelectrolysis. 

On the o ther  hand prob lems  arise wi th  semicon-  
ductors  in e lect rolyt ic  cells as far  as the  s tab i l i ty  of 
these compounds are  concerned (10), a l though in the 
two CdS cells ment ioned above the corrosion could be 
reduced to ve ry  low levels.  However,~the bandgap  of 
CdS is st i l l  r e la t ive ly  la rge  (2.5 eV) and other  semi-  
conduct ing electrodes of lower  bandgaps  are  requ i red  
for a high solar  energy conversion efficiency. The 
s tab i l i ty  p rob lem arises insofar  as holes produced by  
l ight  exci tat ion in n - t y p e  ma te r i a l  m a y  not  only  be 
t rans fe r red  to the occupied energy  levels  of a redox  
system such as [Fe(CN)6]  4-  or S =, but  could also be 
consumed for the  anodic dissolut ion of the semi-  
conductor.  

The conversion efficiency cannot  only  be increased 
by  semiconductors  of a smal le r  bandgap  but  also by  
choosing a combinat ion of an n - t y p e  e l ec t rode / r edox  
sys tem in which the difference of f la tband and redox  
potent ia ls  is l a rger  than  in the  case of C d S /  
[Fe(CN)6]  ~ - j4 - .  P r inc ipa l ly  this can be real ized by  
combining n-CdS with  a redox sys tem of a more  posi-  
t ive normal  potent ia l  or by using a semiconductor  
such as n - G a P  wi th  energy  bands at  r a the r  negat ive  
energy values  (Fig. 1) [negat ive  f la tband potent ia l  
(11)].  

For  all  combinations,  however ,  the s tab i l i ty  p rob -  
lem arises (30). I t  is the purpose  of this paper  to in-  
vest igate  the pa rame te r s  which de te rmine  the compet i -  
t ion be tween redox process and anodic dissolution 
dur ing  i l luminat ion.  Moreover,  the poss ibi l i ty  of com- 
bining p - t y p e  electrodes wi th  redox systems is inves t i -  
ga ted  in order  to avoid the  p rob lem of anodic dissolu-  
tion. 
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Fig. 1. Energy band at semiconductor-electrolyte interface at pH 1 

Exper imental  
Most experiments were performed with single crys- 

tals of CdS, GaP, GaAs, and GaAsP. Their  surfaces 
were carefully polished. In  some cases epitaxial layers 
of GaP and GaAsP on GaP-subst ra tes  were invest i-  
gated too. In  order to dist inguish between anodic dis- 
solution and pure redox process rotat ing r ing-disk 
electrodes were used consisting of a semiconductor 
disk and p la t inum ring. The semiconductor was i l lumi-  
nated by chopped light. If any charge transfer  be-  
tween semiconductor and redox system occurs dur ing 
i l luminat ion  then the oxidized species passed the P t -  
r ing dur ing rotat ion where it was reduced back to its 
original state. The method has been described in de- 
tail elsewhere (12). The collection factor was deter-  
mined by. a pure p la t inum r ing-disk electrode of the 
same dimensions, we obtained ~ =- (iRing/idisk) = 0.14. 

The current -potent ia l  curves were measured under  
potentiostatic conditions. The potentials refer to the 
standard calomel electrode if not otherwise indicated. 
The photo- and ring currents  were measured by a 
lock-in amplifier or displayed on an oscilloscope (sig- 
nal  averager) .  

Results 
Current-potential behavior.--Typical cur ren t -po ten-  

tial curves have been obtained with n- type  electrodes. 
The surface preparat ion or the use of epitaxially grown 
layers did not have any  influence on the value of the 
anodic l imit ing current.  In  the case of cathodic proc- 
esses at n- type  materials it has been observed that the 
H2 evolution at epitaxial layers occurs at somewhat 
more cathodic potentials. As far as p- type  electrodes 
are concerned the t rea tment  of the electrode surface 
plays an impor tant  role. Only for well-polished sur-  
faces or epitaxial  layers could the cathodic l imit ing 
current  be kept at a very low level over a large poten-  
tial range (>3V) .  

The doping of the semiconducting mater ial  seems 
only to be impor tant  for GaAs as demonstrated at first 
by Hollan and Tranchar t  (13). In this case the anodic 
and cathodic l imit ing currents remain  at a low value 
only for donor or acceptor densities below 1015 cm -s. 
For higher doping levels the anodic current  for n - type  
and the cathodic current  for p- type GaAs increase at 
certain potentials. The authors (13) in terpre ted this 
result  as avalanche processes. 

As far as the spectral dis t r ibut ion of the photo- 
sensitivity is concerned it should be emphasized that  

'E- 

.d 

8 
0 

2 

" - - ' "  \ 'i ~ GaAsP GclAs 

 aoAM \ , c,oo, l \ 

400 500 600 700 800 nm 
wavelength 

Fig. 2. Spectral distribution of photocurrent at pH 7 
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the corresponding photoeurrent  obtained with GaP 
sets in  below 500 n m  (2.5 eV) (Fig. 2). i.e., at an 
energy being much larger than the bandgap of 2.25 
eV and comparable with that  of CdS. This result  is 
due to the fact that the bandgap of 2.25 eV corre- 
sponds to an indirect  t ransi t ion (14), which general ly  
has a lower absorption coefficient (~ --~ 10 ~ cm-1) .  
Since the diffusion length is much smaller  (L -- 10 -4 
cm) greater photocurrents  can only be obtained in  the 
range of direct transitions. The absorption of GaP can 
be shifted towards longer wavelengths in crystals 
of GaAsP containing only 10-30% As (90-70% P).  In  
the case of 30% As the direct t ransi t ion of GaAsP oc- 
curs at the energy of the indirect  t ransi t ion of pure 
GaP. 

Redox processes during illumination.--The r i n g ( P t ) -  
disk (semiconductor) electrode a r rangement  has been 
used for s tudying charge- t ransfer  processes between 
redox systems and semiconductor dur ing i l luminat ion 
(12). A typical example obtained with the r ing-disk 
electrode using a CdS disk and [Fe(CN)6] 4-  as a re-  
dox system is shown in  Fig. 3. The anodic photocur-  
rent  immediate ly  follows the l ight pulses. The r ing 
current,  corresponding to the reduct ion of Fe ( I l I )  
formed at CdS dur ing light excitat ion back into 
Fe ( I I ) ,  rises and decays rather  slowly depending on 
the speed of the angular  rotation. Using the collection 
factor ~ ---- 0.14 one obtains for the current /~x equiva-  

i t j ~ . ~  light intensity 
[ I _ _ I - -  

,ph t 
photocurrent a-~ semiconductor disc 

current at Pt-ring 
0 rpm 

i R ~ 4 3 0  rpm 

~ 1 - 1 6 0 0  

Fig. 3. Photo- and ring current ot rotating electrode 

rpm 
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Table I. Relative values of oxidation (iox) and reduction currents (/red) for redox 
systems (iph - -  photocurrent) 

1 1 9  

Semicon- 
ductor 

Redox syst. CdS 

~ox ireel 
n-type semiconductor  .... p-type semiconductor  

iph ~h 

GaP GaAsP GaAs GaP GaAs 

[Fe (CN) o] ~-/~- 1.0 
U~ = 0.42V (pH 6-13} 
Fe~+/8+ 0.73 0.13 
Ce3+/4+ 1.6 0.08 
Ru (bipy) s ~+ 1.2 0 
Quinone 1.0 
(Q/QH2) 0.5 

Fe(I I )  ox  0.1 
EU~/s+ -- 0.42 

Fe  ( II ) EDTA 

1.0 0.35 0.35 0.04 0.25 
(pH 1) (pH 1) 

0.35 0.1 0.1 ~ -- 

0.1 0 0 - -  -- 

% 0.-2 0.-~ i~ 1.o 
duroqu,  duroqu.  
(pH 1-5) (pH 1-0) 

0.1 . . . .  
-- -- -- 1.0 1.0 

(pH 1-6) (pH 1-6) 
-- -- -- 0.9 1.0 

lent  to the oxidation of Fe( I I )  in  the anodic process at 
the semiconductor electrode 

~ox iR 
- -  = 1 1 ]  

~ph ~oh 
For instance in the case of [Fe(CN)6] 4- we obtained 
({ox/iph) ---- 1 at pH ---- 6.5. Various other semicon- 
ductors and redox systems have been investigated; the 
results are given in Table I. In some cases also the 
pH dependence has been determined as given in  Fig. 4. 
It is in teres t ing to note that  not only in the case 
of CdS but  also for GaP the oxidation of [Fe(CN)6] 4- 
is faster than the anodic dissolution. In the lat ter  case, 
however, the redox process can only sufficiently com- 
pete with the dissolution in  a pH range between 6.5 
and 10. With GaAs and also with GaAsP (30% As) 
the iox/iph ratio was always much lower even in 
neut ra l  solutions (Fig. 4, Table I).  The ratio did not 
depend on the electrode potential  of the semicon- 
ductor. 

It  should be emphasized that  large iox/i~h values 
have only been obtained with very well-polished sur-  
faces or epitaxial  layers. Especially in the case of 
GaP, GaAsP, and GaAs any deteriorat ion of the sur-  
face led to a decrease of the iox/iph ratio. 

Similar  investigations have also been performed 
with p- type  GaP and GaAs. Here the correspond- 
ing redox process (reduction) has to compete with the 
hydrogen evolution. The best results have been ob- 
tained with quinone, Eu 3+ and Fe( I I I )EDTA.  In all 
cases the ratio ired//ph was  equal to 1, i.e., the redox 
process competes well  with the hydrogen formation. 
No pH dependence has been found in  the range of 
6 ~ pH --~ 0. It  should be emphasized that r ing cur-  

Iox 

Iph 

1.0 

0.8 

0.6 

0.4 

0.2 

n-CdS 

~n / ~ -G~P 

2 4 6 8 10 12 pH 14 

Fig. 4./ox/iphoto vs. pH for [Fe(CN)6] 4 -  

rents could only be detected if oxygen was excluded 
from the electrolyte. Obviously oxygen easily reoxi-  
dized the reduct ion products. The surface pre t rea t -  
ment  did not seem to be as impor tant  for cathodic 
processes as for n - type  electrodes in  the anodic range. 
The surface roughness should only be sufficiently low 
in  order to keep the dark  current  at a low value. 

It should be ment ioned that in some cases informa-  
tion about the cathodic reduction of a redox system 
such as Eu 3 +/2+ can also be obtained directly from a 
cur ren t -poten t ia l  curve as determined with an n - type  
electrode. For instance with an n - type  GaAsP elec- 
trode the reduct ion of Eu 3§ yields higher cathodic 
currents than that of H+/H2 (Fig. 5). This result, 
however, has only been obtained with epitaxial  layers 
and not with ordinary crystals. 

Discussion 
The results presented in the previous section show 

that some redox processes at semiconductor electrodes 
can occur dur ing i l lumina t ion  without  having any  
anodic dissolution or hydrogen evolution. The question 
arises, however, which factors are of importance in  
determining whether  a redox process can real ly com- 
pete with the anodic dissolution at n - type  and with 
hydrogen evolution at p- type electrodes. The two cases 
will be treated separately. 

Hole transfer at n- type electrodes.--In the case of 
n - type  electrodes the anodic current  is l imited to a 
very low value since no holes are avai lable at the sur-  
face. Light excitation leads to the creation of electron- 
hole pairs. The holes are pushed towards the surface 
by the electrical field across the space-charge region 
and consumed for an anodic charge t ransfer  process. 
In some cases such as SnO2 (15), TiO2 (2, 7, 15), and 
W Q  (16) the corresponding anodic reaction is oxygen 
evolution. The semiconductor electrodes such as CdS 
(17), GaP (18), GaAsP, and GaAs (19, 20) discussed 
here only show anodic dissolution. Taking GaP as an 

-0.1 

10 -1 M Eu 
5 

+0.1- 

mA 
c m  2 

-0.1- 

-0.2- 

I I I 
+0.5 +1.0 +1.5 V 

electrode potential 

-t--" 
C &l 
t.. 
i_  

u 

t 
Fig. 5. I-U dependence for n-GaAsP (epitaxi~l layer on GaP) 

in 0 . iN  H2504. 
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example this reaction can be described as (18) 

GaP + 6H~O 4- 6P + --> Ga(OH)3 + HsPOs + 6H + [2] 

In  the case of an oxidation of a redox system which 
also consumes holes the competing process is given by 

Red 4- P+ --> Ox [3] 

It seems to be useful to consider these two competing 
processes in  view of thermodynamic  data from which 
a theoretical value of the potential  at which anodic 
dissolution is expected can be calculated. In  order to 
relate such a value to the normal  hydrogen potential  
we also used the equation 

3H2 + 6p+ --> 6H + [4] 

Subtract ing Eq. [2] and [4] one obtains 

GaP 4- 5H~O ~ Ga (OH)3 4- HsPO3 + 8H2 [5] 

Free energy values of Ga(OH)3 and HsPO3 are tabled 
in Ref. (21). Some uncer ta in ty  exists about the value 
for GaP (22). We used A G G a P  : --23 kcal. The free 
energy of the total reaction (5) is AG = 4-40.6 kcal /  
mole. The corresponding potential  calculated from this 
~G value is given in Fig. 6 for pH _-- 7. In  the same 
way also the potential  for the dissolution of GaAs has 
been determined (Fig. 6). The lat ter  value differs from 
that already calculated by Harvey (20) who used only 
an estimated A G G a A s  value. 

According to the thermodynamic  data dissolution 
should be the process preferred over charge- t ransfer  
processes with redox systems such as [Fe (CN) ~ ] 4 - / s -  
Fe 2+/a+, etc. The situation is quite similar for various 
other semiconductors such as CdS (23), CdSe, and ZnO 
(Table II) .  It must  be emphasized, however, that  ther-  
modynamic data only describe the general  tendency of 
the material  and do not take into account the existence 
of energy bands in the semiconductor, shown in Fig. 6. 

An electron transfer  across the interface only occurs 
if energy levels exist at the same energy on both sides 
of the interface assuming weak interact ion between 
electrode and reactant. Consequently,  the most effec- 
tive hole t ransfer  is expected if the occupied levels 
D r e d  Of a redox couple overlap with the valence band. 
In  order to futfilt this condition one should select a 
redox system of a sufficiently large normal  potential.  
Taking [Fe (CN)614-;3- as an example the correspond- 
ing energy levels of this redox system are given in Fig. 
7 assuming a value of the reorientat ion energy of X :-  
0.5 eV (24, 25). The position of the energy bands at the 
surface of a few semiconductors are also plotted in this 
figure for pH = 7. Comparing the three semiconduc- 
tors GaAs, GaP, and CdS the largest density of states 
of the redox system occurs at the upper  edge of the 
GaP valence band whereas it is much lower at the 
valence band of CdS. According to this energy scheme 
one should also expect that a hole t ransfer  across a 
CdS electrode surface would preferably work (with 
respect to the dissolution) with a redox system of a 
higher normal  potential  such as, e.g., Fe 2+/s+. 

The exper imental  results indicate, however, that 
this model is not sufficient. The investigations with the 
rotat ing r ing-disk electrodes have definitely shown 
that the oxidation of [Fe (CN)6] 4- at CdS can compete 
well with the anodic dissolution. In the 'case of GaP it 

E{eV) 
-1 5- 

s///~ 
Ec -1.0 

-05 

0- 

GaAs 
.1.0- 

GaAs*3H%3a~-Ga*AsH3 

GaAs+5H~0+6p* 
~Ga(0H)3 + HAs0z +SH* 
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-0"i 1 2 ~ H 2 §  20H" 

[Fe (C N)5]z'-+ p+ ~.,~ [Fe(GN]6 ]3" 
+0.5 4- 

E~I FeZ*§ ~=Fe3§ 

GaP l Ru(b~py)~+~Ru(bipy]33* 

Fig. 6. Thermodynamic data for GaAs and GaP 

GaAs Ecsz  

E [vs. NHE], 

GoP 

CdS 
Ec s Y//~ -1.0- 

eV 

-0 .5 -  

0 -  

+0.5- 
- - -  +EEe i 

Es 7-/-/~ +1.5- 

semiconductor redox system [Fe(CN) b] 

Fig. 7. Energy scheme of semiconductor/[Fe(CN)6] 4 - / 3 -  at 
pH 7. 

is already critical. The strong pH dependence found 
with this electrode (Fig. 4) cannot be explained only 
by a corresponding shift (18) of the energy bands with 
pH. Moreover, it is not clear from this picture why 
GaAs and GaAsP dissolve (Table I) .  

A pure thermodynamic  picture is also insufficient 
because it would never  explain any effective hole 
transfer from one of these semiconductor electrodes to 
a redox system such as [Fe(CN)6] 4- /~- .  

Another  possibility to in terpre t  the efficient hole 
t ransfer  from CdS or GaP to [Fe(CN)~] 4-  is the as- 
sumption that this complex is bet ter  adsorbed at the 
surface than, for instance, Fe 2+ ions surrounded by a 
strong solvation shell. Adsorption, however, cannot  be 
the dominant  factor in  this process because no hole 

Table II. Thermodynamic dissolution data (pH ~ 7) 

S e m i c o n .  
d u c t o r  

( e V )  A n o d i c  r e a c t i o n  

AG 

~ F  
( V )  

G a A s  1,4 
G a P  2.25 
C d S  2.5 
TiO2 3.0 
Z n O  3.25 
SnO= 3.8 

G a A s  + 5 H : O  + 6p + ~ - G a ( O H ) ~  + H A s O 2  + 6H + 
G a P  + 6H~O + 6p+ ~ G a ( O H ) s  + HaPOs + 6H + 
CdS  + 2HC1 + 2p + ~ C d  ~* + 2C1- + 2H* + S 
TiOz + 4HC1 + 4 p + ~ T i C h  + O~ + 4rt* 
2 Z n O  + 4H20 + 4 p + ~ 2 Z n ( O H ) 2  + 02 + 4H + 
S n O ,  + 4HC1 + 4p* ~ S n C h  + O= + 4I{+ 

- -  0.38 
--0.71 
- -  0.09 
+ 1.4 
+0.81 
+ 1 . 0 5  



Vol. 125, No. 1 SOLAR CELLS 121 

transfer  from GaP or CdS to Ru(bipy)82+ has been 
detected between pH 1 and 8 al though this complex is 
par t ly  adsorbed at the surface and its redox potential  
(URedox = 1.2V) is much larger. 

It is in teres t ing to note that  besides [Fe(CN)6] 4-,  
hydroquinone (Table I) and polysulfide (9) can effec- 
t ively compete with the anodic dissolution process too. 
Both la t ter  systems have ra ther  low normal  potentials. 
In  all three cases the density of the corresponding en-  
ergy levels (Drea) is cer tainly not very large at the 
upper  edge of the CdS valence band. These results lead 
to the assumption that  the essential charge t ransfer  
occurs main ly  via surface states as shown in Fig. 9. 
Such a process seems to be reasonable because anodic 
dissolution occurs also par t ly  via surface states. In 
most cases several reaction steps are involved in  the 
dissolution process and surface states are formed as 
in termediate  states [see e.g., (10)] The complete dis- 
solution of a surface group can obviously be avoided 
by a fast electron transfer  from a redox system into 
surface states. This model is supported by  recent re-  
sults obtained by Chang et al. (26) who studied the 
charge t ransfer  between n-GaAs electrodes and a sele- 
hide redox system. In  this case the s tandard potential  
of the redox system is ra ther  negative and the occupied 
levels of the redox system can only reasonably over- 
lap with surface states wi thin  the bandgap of GaAs. 
The authors found that at high ( ~ I M )  selenide con- 
centrat ions the GaAs surface remains completely 
stable dur ing i l luminat ion.  

The pH dependence in  Fig. 4 is not yet ful ly under -  
stood. It may be par t ly  due to a relat ive shift of energy 
levels but  it seems to be main ly  determined by the 
change of surface groups (dissociation) which influ- 
ence strongly the rate of anodic dissolution. 

Electron transfer at p- type electrodes.--Transfer of 
excited electrons from the conduction band to a redox 
system seems to be much easier, since most redox sys- 
tems selected on the basis of the normal  energy scheme 
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GaAs I/ 
s~////. -0 5 

_ _ .  E C --. �9 . . . .  EF, el 

+0.5 

+1.0 
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4.5- 

semiconductor Eu2+/Eu  3§ pH= l  
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_ . _ C e  3+/4+ 
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Fig. 9. Energy scheme of CdS/[Fe(CN)6] 4 - / 3 -  

work even with GaAs (ired/iph ~- 1, Table I).  Taking 
Eu2+/Eu 3+ as an example the corresponding energy 
diagram of the interface is presented in Fig. 8. The re-  
or ientat ion energy was estimated to be ~. ~ 1 eV, a 
value being similar  to that  of Fe2+/Fe 3+ (24). The un -  
occupied levels of Eu~+/Eu 3+ overlap well with the 
conduction band of several semiconductors. We did not 
plot any levels of the H2/H~O + system because it is 
not known whether  it can be treated as a simple redox 
system or whether  other surface reactions are involved 
(strong interact ion) .  According to the exper imenta l  
results, however, the reduction of some systems can 
efficiently compete with the hydrogen evolution. The 
density of occupied states of Eu 2 +/8 + must  be very low 
at the lower edge of the conduction band because the 
electron t ransfer  from Eu 2e into the conduction band 
of, e.g., n-GaAs is hard to detect. The corresponding 
anodic current  must  be less than  2 �9 10 -7 Acm -2 (Fig. 
10). 

It is interest ing to note that  the photoinduced elec- 
t ron t ransfer  to quinone can also compete with the hy-  
drogen evolution al though the normal  potential  of 
Q/QH2 is +0.7V [NHE]. This is due to the fact that  
two electrons are involved in  the redox process of 
quinones and the normal  potential  of Q/QH occurs at 
much more negative values as derived from cur ren t -  
doubling effects observed with p -GaP electrodes (27). 

Solar celIs.--According to the results obtained with 
p- type electrodes it would be quite interest ing to con- 
struct  photocells with p-GaAs as a semiconductor and 
Eu 2+/~+ as a redox system because p-GaAs should 
show strong band bending under  equi l ibr ium condi- 
tions as shown in Fig. 11. In this case a large photo- 
potential  of more than 1V is expected. We performed 
some pre l iminary  experiments  with a corresponding 
cell. As a counterelectrode we used an amalgamated 
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Acm-2 / 

+1.0 t 
I0 -I m Eu 2+ ....--- - I-- 5' f . . ~  . 
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Fig. 10. I-U characteristic for n-GaAs in 1N H~S04 
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Fig. 1]. Energy scheme of p-GaAs/Eu 2 + / 3 +  at pH ] 
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Eu~+/2 �9 1 0 - 2 M  Eu 3+ a t p H  l.  

Au electrode since its la rge  H2 overpotent ia l  defines 
the potent ia l  well.  We obtained re l a t ive ly  large  photo-  
currents  and a photopotent ia l  of 0.7V; the  iph-Upa 
characterist ic ,  however ,  was ra~her poor. This has to 
be s tudied in more detail .  A be t te r  cell  pe r formance  
has been obtained wi th  a cell containing a p - G a P  elec-  
t rode  (Fig. 12). The open-c i rcu i t  photovol tage  was 
1.07V. The in tens i ty  of the incident  whi te  l ight  (Xe 
lamp)  was ,,~6 mW. 

In genera l  it  seems to be ra the r  easy to find sui table  
redox systems to be combined wi th  p - t y p e  electrodes.  
The selection is l imited,  however,  by  the fact  that  the 
energy bands of most semiconductors  which can be 
made  p - t y p e  are  located at r e l a t ive ly  high energies  
(Fig. 1). On the o ther  hand  i t  has  been shown by  sev-  
eral  authors  that  the l igh t - induced  anodic dissolution 
at n - t y p e  electrodes can be avoided by  select ing a 
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redox system of which the occupied levels  over lap  
wi th  surface states of the  semiconductor .  In  this  case, 
however,  the  Fe rmi  level  is located at  the  in te r face  
near  the  middle  of the fo rb idden  zone. The ma x imum 
value of the  photovol tage  is given by  the difference of 
the redox  potent ia l  URedox and the f latband potent ia l  
Ufb according to 

Uph ~ URedox --  Vfb 

Consequently,  the photopotent ia l  Uph is a lways  much 
lower  than tha t  of the  bandgap  Eg/e .  In  most cases 
one should expect  a value  of Uph ~ 0.5 Eg/e.  Accord-  
ingly,  the m a x i m u m  quan tum efficiency for  solar  en-  
e rgy  conversion in systems containing n - t y p e  semi-  
conductors wi l l  not  be more  than  ha l f  of the theore t i -  
cal value.  

In  connection wi th  this  p rob lem the quest ion ar ises  
whe ther  the sensi t iv i ty  in the red can be increased b y  
strong doping of the  ma te r i a l  so tha t  exci ta t ion of 
electrons from acceptor  levels  into the  conduct ion band 
also contr ibutes  to the  photocurrent .  Such effects a re  
well  known in CdS photoconductors  doped wi th  Cu, 
wi th  which sensi t ivi t ies  up to 700 nm have been found 
(28). We have  tes ted corresponding CdS(Cu)  layers  
in e lect rochemical  cells but  d id  not  find any extr ins ic  
photocurrent .  WO3 is the  only ma te r i a l  known  so far  
where  exci ta t ion via  in ters ta tes  causes an anodic 
pho tocur ren t  (16). 

I t  would be quite t empt ing  to combine n -  and p -  
electrodes of different  bandgaps  in one cell, as it  has  
been  suggested by  Nozik (28) for the  d i rec t  decompo-  
si t ion of I-I20. According to the  resul ts  p resen ted  above 
cer ta in ly  a se l f -genera t ing  cell can be constructed.  
One would expect  on the  first sight tha t  the  combina-  
t ion of n-  and p - t y p e  electrodes which also have dif -  
ferent  bandgaps  would  lead to a considerable  increase  
of the efficiency. Such a cell, however ,  would  only 
show a reasonable  character is t ic  if  the  anodic and 
cathodic photocur ren ts  at  the  n - a n d  p - t y p e  electrodes,  
respect ively,  are  equal.  The two currents  can be ba l -  
anced by  using electrodes of different  surface areas. 
This is a r a the r  t r i cky  method and we did not  test  
such a system. 
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Phase Diagram of the In-Ga-As-P Quaternary System and 
LPE Growth Conditions for Lattice Matching 

on InP Substrates 
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Fujitsu Laboratories Limited, 1015 Kamikodanaka, Nakahara-ku, Kawasaki, Japan 

ABSTRACT 

The phase d iag ram of the I n - G a - A s - P  qua t e rna ry  sys tem has been de te r -  
mined expe r imen ta l ly  for severa l  As isoconcentrat ion sections at 600 ~ an d  
650~ The l iquidus  da ta  were  obta ined by  the seed dissolution technique,  
and the solidus da ta  were de te rmined  f rom l iquid phase ep i tax ia l  layers  
grown on I n P ( l l l ) B  subs t ra tes  by  using EPMA. Lat t ice  constants  of the  
qua t e rna ry  solid solutions were  measured  by  an x - r a y  ctiffraction technique.  
The LPE growth  conditions of exact ly  l a t t i ce -matched  In l -xGaxAs l -~P~  
(0 ~ x ~ 0.35, 0.3 ~ y ~ 1.0) layers  on InP subst ra tes  were  found from the  
resul ts  of the phase d iagram and la t t ice  constant  measurements .  The phase 
d iag ram was also calcula ted by  using a s imple solut ion model  a n d  w a s  
compared  wi th  exper imen ta l  results.  

I t  has been repor ted  tha t  lasers or  LED's emit t ing 
in the 1.1-1.3 #m region would provide  op t imum per -  
formance in communicat ion systems using fused silica 
fibers (1, 2). The InGaAsP  qua t e rna ry  sys tem has 
received considerable  a t tent ion because of the ad-  
van tage  that  exac t ly  l a t t i ce -ma tched  layers  can be 
grown by l iquid phase ep i t axy  (LPE) on InP sub-  
strafes (3, 4) for such devices giving emission in the 
wave leng th  range  f rom 0.9 to 1.6 ~m. Recently,  Hsieh 
et aI. (5) r epor ted  that  s t r i pe -geomet ry  I n G a A s P / I n P  
DH diode lasers  opera te  cont inuously  at  room tem-  
pe ra tu re  wi th  emission at 1.15 ~m. 

For  producing  these I n G a A s P / I n P  qua te rna ry  diodes 
by  LPE growth,  the accura te  I n - G a - A s - P  equi l ib-  
r ium phase d iag ram is desired.  Antypas  etal.  (6, 7) 
repor ted  this phase  d i ag ram first, however,  it  did 
not  supp ly  sufficient in format ion  requ i red  for the  
g rowth  of l a t t i ce -ma tched  qua t e rna ry  layers  giving 
var ious  emission wavelengths .  Sanka ran  et al. (8) 
measured  the Ga and As content  in the solid for 
layers  l a t t i ce -ma tched  to InP as a function of the 
Ga and As in the l iquid  at 650~ 

In  this paper ,  the expe r imen ta l  equi l ib r ium phase 
d i ag ram of I n - G a - A s - P  system to faci l i ta te  the  p rep -  
a ra t ion  of closely l a t t i ce -ma tched  I n G a A s P / I n P  he t -  
e ros t ruc ture  diodes is described.  We repor t  600 ~ and 
650~ phase d i ag ram data. These t empera tu res  were  
selected to pe rmi t  the  LPE growth  of the qua te rna ry  

Key words: III-V semiconductors, light emitting materials, phase 
equilibrmm, heterojunctions. 

layers  under  reasonable  conditions. The LPE growth  
conditions of exac t ly  l a t t i ce -ma tched  In l -xG a ~As l -yPy  
(0 ~ x ~ 0.35, 0.3 ~ y ~ 1.0) layers  a re  also described.  
The phase  d i ag ram ca lcula ted  by  using a s imple  solu-  
t ion model  is compared  wi th  expe r imen ta l  results .  

Experimental Procedure and Results 
Liquidus.--The seed dissolution technique (9-11) 

was used to de te rmine  the 600 ~ and 650~ l iquidus 
isotherms. A t e rna ry  unde r sa tu ra t ed  I n - G a - A s  solu-  
t ion (the As concentra t ion in the  solut ion was a lways  
below the solubi l i ty  l imi t )  was sa tu ra ted  wi th  P at 
the  fixed t e m p e r a t u r e  by  br inging  the mel t  into con- 
tact wi th  an InP seed. The mel t  and the seed were  
kept  in contact  at  t empera tu re  for an hour. The 
l iquidus composi t ion was de t e rmined  f rom the weight  
loss of the seed a f te r  r emova l  f rom the melt .  In  this  
work, the  mate r ia l s  used were  semiconductor  grade  
In, InP, InAs, and GaAs. The exper imen ta l  appara tus  
consisted of a horizontal  furnace  sys tem and a con- 
vent ional  s l iding graph i te  boat. 

The expe r imen ta l  600 ~ and 650~ l iquidus resul ts  
a re  l is ted in Table I and II, respect ively .  F igure  1 
shows the 600~ l iquidus i so therms at  XAs 1 --  0.0 
and 0.030, where  Xi 1 represents  the  atomic f ract ion of 
the e lement  i in the liquid. F igure  2 shows the 650~ 
l iquidus isotherms at  XAs 1 ----- 0.030 and 0.050. These 
figures indicate  that  the main  effect of the addi t ion 
of Ga to the  mel t  is to apprec iab ly  decrease the  solu-  
b i l i ty  os P in the  l iquid, whi le  the  presence of As 
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Table I. Liquidus and solidus compositions at 600~ 
determined by the seed dissolution technique and EPMA 

in the In-Ga-As-P quaternary system, respectively 

Liquidus  c o m p o s i t i o n  ( a t o m i c  f rac t ion)  
Solidus 

c o m p o s i t i o n  

XOa 1 X I n  1 X A s  ~" X P  1 X y 

0.0 0.9964 0.0 0.0036 O.0 1.00 
0.0010 0.9957 O.0 0.0033 - -  - -  
0.0020 0.9948 0.0 0.0032 - -  - -  
0.0030 0.9939 0.0 0.0027 
O.0 0.9914 0.0050 0.0036 ~.0 ~.915 
0.0005 0:9911 0.0050 0.0034 0.045 0.916 
0.0010 0.9905 0.0050 0.0035 0.070 0.918 
0.0012 0.9903 0.0050 0.0035 0.087 0.911 
0.0016 0~9905 0.0050 0.0029 0.130 0.914 
0.0020 0.9900 0.0050 0.0030 0.162 0.924 
0.0025 0.9897 0.0050 0.0028 0.195 0.925 
0.0 0.9866 0.0100 0.0034 0.0 0.780 
0.0005 0.9863 0.0100 0.0032 0.044 0.780 
0.0010 0.9858 0.0100 0.0032 0.070 0.798 
0.0017 0.9850 0.0100 0.0033 0.112 0.755 
0.0020 0.9850 0.0100 0.0030 0.125 0.770 
0.0025 0.9849 0.0100 0.0026 0.168 0.772 
0.0030 0.9845 0.0100 0.0025 0.195 0.770 
0.0 0.9614 0.0150 0.0036 0.0 0.656 
0.0010 0.9808 0.0150 0.0032 0.067 0.640 
0.0020 0.9799 0.0150 0.0031 0.106 0.620 
0.0025 0.9797 0.0150 0.0028 0.157 0.625 
0.0030 0.9792 0.0150 0.0028 0.170 0.610 
0.0035 0.9792 0.0150 0.0023 0.188 0.640 
0,0036 0.9789 0.0150 0.0025 0.188 0.640 
0.0040 0,9788 0,0150 0.0022 0.223 0,695 
0.0050 0.9775 0.0150 0 0025 0.292 0.672 
0.0 0.9765 0.0200 0.0035 0.0 0.531 
0.0010 0.9756 0.0200 0.0034 0.060 0.530 
0.0020 0.9750 0.0200 0.0030 0.102 0.525 
0.0030 0.9744 0.0200 0.0026 0.141 0.547 
0.0040 0.9736 0.0200 0.0024 0.190 0.545 
0.0043 0.9737 0.0200 0.0020 0.192 0.554 
0.0045 0.9737 0.0200 0.0018 0.200 0.552 
0.0050 0.9732 0.0200 0.0018 0.210 0.500 
O.0 0.9666 0.0300 0.0034 - -  
0.0020 0.9652 0.0300 0.0028 0.060 0.250 
0.0040 0.9641 0.0300 0.0019 0.115 0.249 
0.0060 0.9627 0.0300 0.0013 0.190 0.280 
0.0080 0.9608 0.0300 0.0012 0.290 0.295 
0.0100 0.9589 0.0300 0.0011 - -  - -  
0.0150 0.9545 0.0300 0.0005 ~ - -  
0.0200 0.9491 0.0300 0.0009 - -  - -  
0.0250 0.9441 0.0300 0.0009 - -  
0.0390 0.9308 0.0300 03002 - -  - -  

Table II. Liguidus and solidus compositions at 650~ 
determined by the seed dissolution technique and EPMA 

in the In-Ga-As-P quaternary system, respectively 

Liquidus  composi t ion  (a tomic  f rac t ion)  
Solidus 

composi t ion  

XGa 1 XIn :L XA ~x XP ~ x y 

0.0 0.9638 0.0300 0.0062 0.0 
O.O010 0.9636 0.0300 0.0054 0.060 
0.0020 0.9634 0.0300 0.0046 0.100 
0.0030 0.9624 0.0300 0.0046 0.125 
0.0040 0.9620 0.0300 0.0040 0.160 
0.0050 0.9614 0.0300 0.0036 0.185 
0.0060 0.9605 0.0300 0.0035 0.235 
0.0 0.9536 0.0400 0.0064 0.0 
0.0020 0.9535 0.0400 0.0045 0.065 
0.0030 0.~534 0.0400 0.0036 0.110 
0.0040 0.9520 0.0400 0.0040 0.140 
0.0050 0.9515 0.0400 0.0035 0.165 
0.0055 0.9511 0.0400 0.0034 0.170 
0.0065 0.9503 0.0400 0.0032 0.215 
0.0070 0.9501 0.0400 0.0029 0.220 
0,0077 0.9497 0,0400 0.0026 0.230 
0.0080 0.9494 0,0400 0.0026 0.240 
0.0 0.9441 0.0500 0.0059 0.0 
0.0020 0,9434 0.0500 0.0046 - -  
00.040 0.9427 0.0500 0.0033 
0.0060 0.9412 0.0500 0.0028 ~-.135 
0.0080 0.9400 0.0500 0.0020 0.185 
0.0100 0.9382 0.0500 0.0018 0.275 
0.0120 0.9363 0.0500 0.0017 0.275 
0.0140 0.9346 0.0500 0.0014 0.325 
0.0150 0.9336 0.0500 0.0014 0.330 
0.0160 0.9325 0.0500 0.0015 0.375 
0,0200 0,9291 0.0500 0.0009 - -  
0.0250 0.9238 0,0500 0.0012 - -  
0.0300 0.9195 0.0500 0.0005 - -  
0.0350 0.9143 0.0500 0.0007 - -  

has a less pronounced effect in this range. The 650~ 
l iquidus data at Xas 1 = 0.0145 by Antypas and Moon 
(6) shown in Fig. 2 are found to be consistent with 

this work. Broken lines in these figures are drawn 
through our exper imenta l  points. 

Solidus.--The 600 ~ and 650~ solidus isotherms were  
de te rmined  by electron microprobe analysis pe r -  
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~ ' .  /1" XAs=OOx~s=O. 
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Fig. 1. 600~ liquidus isotherms in the In-Ga-As-P system at 
XAs I ~ 0.0 and 0.030 determined by the seed dissolution tech- 
nique, e ,  XAs z = 0.0; � 9  XAs I ---- 0.030. - - - -  drawn 
through experimental points at XAs 1 = 0.030. Represents 
the calculated liquidus at XAs I = 0.030. 
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Fig. 2. 650~ liquidus isotherms in the In-Ga-A~-P system at 
XAs I = 0.030 and 0.050 determined by the seed dissolution 
technique. @, XAs z = 0.030; Q ,  XAs I = 0.050, I--], XAs I = 
0.0]45 by Antypas and Moon (6). - - - -  Is drown through ex- 
perimental points at XAs I ---- 0.050. Represents the calcu- 
lated liquidus at XAs z - -  0.050. 

0.670 
0.675 
0.665 
0.685 
0.655 
0.625 
0655 
0.560 formed on surfaces of In l -xGaxAsl -yPy epi taxial  layers 
0.548 
o.52o grown on Sn-doped InP(111)B substrates f rom qua-  
0.540 te rnary  solutions. The apparatus used was the same 
0.540 
0.543 as that  used for the saturat ion experiments .  Pr ior  to 
0.520 growth the undersa tura ted  In -Ga-As  solutions were  
0.525 held on InP sources for an hour  to achieve saturat ion 0520 
0.530 and then were  moved over  the substrates while  s imul-  
"- taneously the cooling cycle was started. A constant 

cooling rate  of 0.5~ was used start ing f rom an 
~315 initial t empera tu re  of 600 ~ § 0.5~ or 650 ~ § 0.5~ 0.320 - -  - -  
0.325 Cooling intervals  adopted were  25~ at 600~ and 
0.315 16~ at 650~ Thicknesses of the layers were  in a 0.285 
0.2~o range of ~2.5 to ~4.0/~m. 
0.26o Electron microprobe analysis, employing wave leng th  
--  dispersive x - r a y  detection, was used to de termine  
"- the intensities of the Ga-Ks,  As-Ks,  and P - K s  lines 

f rom the sample and f rom GaP and InAs standards. 
An electron beam energy of 25 keV was used. The 
measured intensities were  conver ted to concentra-  
tions by performing the atomic number,  absorption, 
and fluorescence corrections. 

The exper imenta l  600 ~ and 650~ solidus results 
are also listed in Tables I and II, respectively.  The 
solidus isotherms in equi l ibr ium with the qua te rnary  
l iquids containing Z G a  1 < 0.0I'6 and XAs I = 0.005, 
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0.010, 0.015, 0.020, 0.030, 0.040, and 0.050 were deter- 
mined. These As compositions and temperatures were 
selected to permit the LPE growth of Inl-=GaxAs~-uP~ 
(0 -~ x --~ 0.35, 0.3 "~ y ~ 1.0) latt ice-matched layers 
on InP substrates under reasonable conditions. Fig- 
ures 3 and 4 show the solid solubi l i ty  isotherms for 
Ga into the quaternary solid solutions at 600 ~ and 
650~  respectively.  These solidus isotherms indicate 
that the distribution coefficient for Ga increases with 
decreasing growth temperature and/or  XAsL Figures 
5 and 6 show the solid solubil i ty isotherms for P 
into the quaternary solids at 600 ~ and 650~ respec- 
t ively.  These isotherms indicate that the distribution 
coefficient for P increases with decreasing X~sL The 
650~ solidus data at XA~ t ---- 0..00565 by Antypas and 
Moon (6) are also included in Fig. 4 and 6. Present 
results of the  solid solubi l i ty  for Ga are a l itt le higher 
than the data reported by them, as shown in Fig. 4. 

Lattice constant.--Lattice constants of the quater- 
nary solid solutions were measured by an x -ray  dif-  
fraction technique. A double crystal x -ray  diffraction 
technique was used for nearly latt ice-matched samples. 
Samples used were 1.5-3 #m thick epitaxial  layers 
on InP (111) B substrates. 

The results at 600 ~ and 650~ are shown in ~Jg. 7 
and 8, respectively.  The lattice constant is displayed 
as a function of XGa ~ at  s e v e r a l  XA~L The  d a s h e d  
l ine represents the lattice constant of InP. The exact ly  
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Fig. 3. 600~ solid solubility isotherms for Ga into the 
I n l - z G a x A s l - y P y  quaternary solid solutions at XAs 1 ---- 0.005, 
0.010, 0.015, 0.020, and 0.030. G ,  XAs z ~- 0.005; O,  XAs 1 ---- 
0.010; A ,  XAs z = 0.015; i ,  XAs 1 -~ 0.020; I-l, XAs ~ --~ 0.030. 
. . . .  Is drawn through experimental points. Represents 
the calculated solidus isotherms at ) (As 1 - -  0.010, 0.020, and 
0.030. 
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Fig. 5. 600~ solid solubility isotherms for P into the 
In l -xGa~Ast -#Pu  quaternary solid solutions at XAs ~ ---- 0.005, 
0.010, 0.015, 0.020, and 0.030. O ,  XAs 1 = 0.005; O,  XAs 1 ---- 
0.010; A ,  X ~  1 -~ 0.015; i ,  XAs 1 = 0.020; D ,  XAs 1 = 0.030. 
. . . .  Is drawn through experimental points. . Represents 
the calculated solidus isotherms at XAs 1 ---- 0.010, 0.020, and 
0.030. 
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Fig. 6. 650~ isotherms for P into the 
I n ~ i - z G a z A s i - y P y  quaternary solid solutions at XAs 1 = 0.030, 
0.040, and 0.050. |  XAs 1 = 0.030; A ,  XAs ~ ---- 0.040; Q ,  
XAs 1 = 0.050; F-I, XAs 1 ---- 0.00565 by Antypas and Moon (6). 
. . . .  Is drawn through experimental points�9 - -  Represents the 
calculated solidus isotherms at XAs 1 ---- 0.030, 0.040, and 0.050. 
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Fig. 4. 650~  solid solubility isotherms for Ga into the 
In j . -~GazAsl -yPu quaternary solid solutions at XAs !- ~ 0.030, 
0.040, and 0.050. O,  XAs I ~ 0.030; A ,  XAs 1 = 0.040; G ,  XAs z 
---- 0.050; I--I, XAs I - -  0.00565 by Antypas and Moon (6). - - - -  
Is drawn through experimental points. - -  Represents the calcu- 
lated solidus isotherms at XAs 1 = 0.030, 0.040, and 0.050. 
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Fig. 7. Lattice constants of the l n l - x G a x A s l - y P ~  quaternary 
solid solutions grown from 600~ liquids at XAs 1 ---- 0.005, 0.010, 
0.015, and 0.020. 0 ,  XAs 1 -~-- 0.005; e ,  XAs 1 ~ 0.010; A ,  
XAs 1 ---- 0.015; A ,  XAs 1 _.-- 0.020. - - - - - -  Represents the lattice 
constant of InP. . Is drawn through experimental points. 
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Fig. 8. Lattice constants of the Inl-xGaxAsl-~Py quaternary 
solid solutions grown from 650~C liquids at XAs 1 = 0.030, 0.040, 
and 0.050. e ,  XAs 1 = 0.030; /% )(As t = 0.040; G ,  XAs 1 ---- 
0.050. - - - -  Represents the lattice constant of InP. Is 
drawn through experimental points. 
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quaternary solids. O ,  Present work; I-1, Sankaran et al. (12). 

Is the calculated result on the basis of Vegard's law. - - - -  
Represents the calculated room temperature bandgap energy of 
the lattice-matched solid by Moon et al.'s expression (13). 

la t t ice-matched layer  can be easily grown by using 
these results. Figure 9 shows the compositions of 
the la t t ice-matched qua te rnary  solids. The solid l ine 
is the calculated result  on the basis of Vegard's law. 
The exper imental  points are in good agreement  with 
the calculated line. The broken l ine is the calculated 
room tempera ture  bandgap energy of the lat t ice- 
matched solid using Moon et al.'s expression (13). 

Solidus isoconcentration curve.--Figures 10 and 11 
show solidus isoconcentration curves of Ga and P at 
600 ~ and 650~ respectively. These curves were 
obtained by interpolat ion of the results os solidus 
isotherms shown in Fig. 3, 4, 5, and 6. The broken 
l ine shows the composition of the quaternary  liquid 
(Xca t and XAs 1) required for the LPE growth of 
the lat t ice-matched layer at each temperature.  They 
were derived from the results of lattice constant 
measurements  shown in Fig. 7 and 8. The Ga and As 
content  in the solid for layers lat t ice-matched to InP 
measured by Sankaran  et al. (8) at 650~ are in 
exact agreement  with the results shown in Fig. 11. 

D i s c u s s i o n  

The exper imental  phase diagram shows that, in 
the InP- r i ch  end at constant XAs 1, the solubili ty of 
Ga in the qua te rnary  solid is almost l inearly depen-  
dent  on Xca ~, and the atomic ratio of P to As in  
the solid is near ly  independent  of XGa 1. Antypas and 
Moon (6) reported the same results, i.e., changing 
Ga in the l iquid changed only the Ga in the solid 
and did not affect the P or As in the solid. Such 
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Fig. 10. Solidus isocencentration curves of Ga and P at 600~ 
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phenomena were also observed in other qua te rnary  
systems, such as A1-Ga-As-Sb (16), I n - G a - As -Sb  
(17), and A1-Ga-In-As (18). Therefore, in the In -Ga-  
As-P system, the lattice constant of the quater-  
nary  solid in the InP-r ich  end is l inearly dependent  
on Xca 1 at constant XAs 1 as shown in Fig. 7 and 8. 
By using the information contained in the phase 
diagram and the lattice constant measurements,  the 
LPE growth conditions for lattice matching on InP 
substrates can be easily known. 

The I n - G a - A s - P  phase diagram was calculated by 
treat ing the qua te rnary  liquid and solid as simple 
solutions (14, 15), s imilar  to our previous work (18). 
Calculation methods to predict the IIIA-IIIB-Vc-VD 
type phase diagram have been derived by Huber  (19), 
Ilegems and Panish (20), and Stringfellow (26). Jor-  
dan and Ilegems (27) presented the most rigorous 
thermodynamic t rea tment  of solid-liquid equil ibria in 
this type of qua te rnary  system. Therefore, we adopted 
Jordan and Ilegems's model for calculation of 
the I n - G a - A s - P  phase diagram. The reasonable values 
found in the l i terature were used as the interact ion 
parameters  necessary for the calculation. These values 
are listed in Table III. The calculated results repre-  
sented by solid lines in Fig. 1-6, however, did not 
agree well with the experimental  ones. 

Exact reasons for the disagreement are not known, 
but  it seems that one of the reasons may be the 
unsui tabi l i ty  of the interact ion parameters  used for 
calculation. These parameters  have been derived from 
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Table Ill. Thermodynamic input data for the In-Ga-As-P 
phase diagram calculation 

TAB F and 5SAB v are the t e m p e r a t u r e  a n d  entropy of fusion of t h e  
AB compound, respectively. ~ and ll~ are the interaction 

p a r a m e t e r s  in  t h e  liquid and s o l i d ,  r e s p e c t i v e l y .  

I n p u t  d a t a  

TGaP F = 1738~ (21) TGaAs F = 1511~ (21) 
TlnP F = 1343~ (22) TInAs F = 1215~ (23) 
5,qGaP F ---- 16.8 cal/mole ~ (15) ASGa.~F = 16.64 cal/mole ~ (24) 
AS~nP F = 14.Ocal/mole ~ (15) ASh~A~ F = 14.52 cal/mole ~ (24) 
P.oaP 1 = 2800-4.8T cal/mole (15) ~o~A~ 1 = 5160-9,16T cal/mole (25) 
9~,~P ~ = 4500-4.0T cal/mole (15) l]InAs 1 = 3860--10.0T cal/mole (15) 
~ a Z n  1 = 1060 c a l / m o l e  (15) DAmp 1 = 1500 c a l / m o l e  (15)  
~qGap-OaA~S ~ 400 e a l / m o l e  (15 )  ~I,~p-l,,As s = 400 c a l / m o l e  (15)  
~GaP-InP s ~ 3500 c a l / m o l e  (15)  ~0aA~-n~A~ ~ = 3000 c a l / m o l e  (15) 

curve-fi t t ing with the b inary  or t e rnary  exper imental  
phase diagrams, but  most of them have not been 
determined at such low tempera ture  as 60'0 ~ or 650~ 
Therefore, it is difficult to ent i rely fit the calculated 
results with the exper imental  data presented in this 
paper. For obta ining reasonable agreement,  values 
of several parameters  need to be changed. This seems 
to suggest that  the departure  from regular i ty  in the 
thermodynamic  property of the I n - G a - A s - P  system 
cannot be neglected. That is, the interact ion parameters  
may  be functions of tempera ture  and composition in 
the strict sense. For example, Osamura and Murakami  
(28) reported that  the par t ia l ly  associated solution 
model successfully explains the asymmetric  I I I -V 
b inary  phase diagrams of the A1Sb, InP, GaP, and 
InAs systems whose compounds have relat ively large 
ionicity (29). Such an idea gives us a hint  for the 
development  of a thermodynamic  model which can 
explain every I I I -V phase diagram data quite sat- 
isfactorily. 

Summary 
The I n - G a - A s - P  qua te rnary  equi l ibr ium phase dia- 

gram was exper imenta l ly  determined at 600 ~ and 
650~ From this invest igat ion of the phase diagram 
and lattice constant measurements ,  we have found 

.the LPE growth conditions of exactly la t t ice-matched 
In l -xGaxAsl -yPu (0 --~ x ~ 0.35, 0.3 ~ y ~ 1.0) layers 
on InP  substrates and also found that the 
In l -xGaxAsl -yPy qua te rnary  solid solutions obey Ve- 
gard's law. 
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High Temperature Annealing Behavior of Oxygen in Silicon 
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ABSTRACT 

It is well known that the Czochralski-grown silicon commonly used in 
manufac ture  of electronic devices contains, as a major  impuri ty,  oxygen in  
excess of 1 • 10 ~s a toms/cm ,3. At typical device-processing temperatures  
(900~176 this oxygen is quite mobile and has been shown to interact  
in a complex manne r  both with the silicon lattice and the dopant  species used 
to form active regions in the device (1, 2). In  this report, the effect of high 
tempera ture  anneal ing on the state of oxygen near  the surface of silicon 
wa~ers is examined. It is shown that, after high temperature  annealing,  a con- 
siderable number  of oxygen donors can still be generated at 450-C except 
in  the region near  the surface where the oxygen donor concentrat ion is re-  
duced in  a manner  which suggests out-diffusion of oxygen from the silicon 
lattice. 

Experimental 
The substrates used in this study were 2 in. diam 

<111> silicon wafers, sliced from adjacent  sites in the 
top port ion of a Czochralski-grown crystal and me- 
chanically polished on one side to a thickness of 15 
rail. The crystal was phosphorus doped with an aver-  
age resistivity of 5 ~ -cm ~_10% in the region selected. 
The interst i t ial  oxygen concentration, as measured by 
the 9 ~m absorption band in silicon, was 1.4 • 10 TM 

a t o m s / c m  ~ (3). In addition, several s imilar ly prepared 
slices were obtained from the top portion of a phos- 
phorus-doped 4 ~ - c m  <111> crystal grown by the 
float-zone method. The oxygen concentrat ion in this 
crystal was found to be less than  5 • 1015 a toms/cm ~. 

The wafers were subjected to various high tempera-  
ture diffusion, oxidation, and anneal ing cycles which 
were designed to simulate the type of envi ronment  
typically encountered durir/g device processing. The 
wafers then received a 100 hr 450~ ni t rogen anneal  
in an at tempt to form electrically active oxygen donors 
from those with oxygen still present  in its original 
interst i t ial  state. Spreading resistance measurements  
were then made on angle-polished samples taken from 
the center of each wafer. The spreading resistance ap- 
paratus consisted of an in-house buil t  spreading resist- 
ance probe interfaced to a computer-control led data 
acquisition system. This allowed the spreading resist- 
ance data to be automatical ly t ranslated and plotted 
as resist ivity vs. depth for each of the samples. 

Results and Discussion 
As an ini t ial  exper iment  a float-zone and a Czochral- 

ski grown-wafer  were given a 1 hr deposition from a 
boron ni tr ide source at 1050~ followed by a 1150~ 
diffusion cycle consisting of 15 rain in 02 and 2 hr in 
N2. The spreading resistance profile obtained on a 
sample taken from the float-zone wafer is shown in 
Fig. 1. In  this case, no change in the bu lk  resistivity 
was observed after the 450 ~ hea t - t rea tment  which in-  
dicates that  no electrically active oxygen was present  
in the sample. The spreading resistance profile ob- 
tained before and after the 450~ hea t - t rea tment  on 
samples taken from the Czochralski-grown wafer are 
shown in Fig. 2. Note that, even after considerable 
high tempera ture  processing, a significant number  of 
oxygen donors were generated by the 450~ heat-  
t rea tment  as evidenced by the decrease in the bulk  re-  
sistivity from 5 ~ - c m  to approximately 0.55 ~ -cm after 
heat - t rea tment .  Of par t icular  interest, however, is the 
increase in the bulk  resistivity that  is observed in the 
heat- t reated sample in the region near the boron-dif -  
fused junction. This surface resistivity gradient  has 

�9 Electrochemical Society Active Member. 
Key words: oxygen donors, oxygen diffusion, silicon wafer proc- 

essing, spreading resistance. 

also been observed in the nondiffused surface regions 
of oxide-pat terned Czochralski-grown wafers after 
450~ heat- t reatment .  Thus, this apparent  decrease in 
oxygen donor activity near  the surface of Czochralski- 
grown wafers is not associated with the presence of 
the boron-diffused junction.  

The results suggest that oxygen has outdiffused from 
the wafer surface during the high tempera ture  proc- 
essing, thus reducing the amount  of oxygen available 
for donor formation in the region near  the surface. The 
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Fig. 1. Resistivity vs. depth for a boron-diffused float-zone wafer 
after annealing at 450~ for 100 hr. 
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Fig. 2. Resistivity vs .  depth for a boron-diffused Czochralski- 
grown wafer before and after annealing at 450~ for 100 hr. 
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dr iving force for this outdiffusion is assumed to be the 
lower oxygen solubil i ty at these processing tempera-  
tures. In  order to test this hypothesis, a numoer  of 
Czochralski-grown wafers were annealed in ni t rogen 
at ll00~C for times ranging from 1-100 hr. At 1100-C 
the solid solubil i ty of oxygen in  silicon is almost an 
order of magni tude  below the measured value of 1.4 X 
10 ~8 atoms/era o in  ti~ese sampms (4). The spreading 
resistance profiles obtained after the 450"C anneal  for 
samples annealed for 1, 9, and 25 hr at 1100~ are 
shown in  Fig. 3. Note that, as the anneal ing times are 
increased, the bulk  resist ivity value is reached asymp- 
totically at increasing depth below the surface. For 
anneal ing  times greater  than  approximately 36 hr, the 
bulk  resist ivity was found to slowly increase from its 
m i n i m u m  range of 0.6-0.7 ~2-cm to 5 ~-cm,  unt i l  after 
100 hr  at 1100~C no change in the bulk  resist ivi ty was 
observed after the 450~C anneal. 

These results suggest that, ~or anneal ing times less 
than 36 hr, the center region of the 15 rail thick wafer 
can be treated as a semi-infini te source of oxygen. A 
solution of the diffusion equation subject to this bound-  
ary conai t ion yields the zotlowing expression for the 
dis t r ibut ion oI oxygen in  the water  

C = C F +  (Co -- CF) erfc ( 2 - - ~ )  [1] 

where  CF is the solid solubil i ty of oxygen in  silicon at 
110ffC, and Co is the ini t ia l  oxygen concentrat ion in 
the wafer. The relationship between the oxygen donor 
concentrat ion is believed to follow a power law de- 
pendence (1). Since there is some question as to the 
exact form of this dependence, it  will  be assumed, for 
simplicity, that  Eq. [1] also reasonably approximates 
the oxygen donor dis t r ibut ion in  the samples. The re -  
sistivity dis t r ibut ion in  the wafer is then given by the 
relat ion 

= ~ + ~ err [2] 

p P s  PB 

where ps is the resist ivi ty at the wafer surface, i.e., x = 
0, and PB is the net  decrease in resist ivity produced by 
the oxygen donor formation. The surface resist ivity ps 
can be expressed as 

1 
- -  - "  e#a (ND - -  N A  -~ NF) [ 3 ]  
Ps 

where ND -- NA is the net  impur i ty  density other than 
oxygen donors, NF iS the oxygen donor density at the 
surface, e is the electronic charge, and ~n is the elec- 
t ron mobility. The decrease in  resist ivity produced by 
oxygen donors, pB, can be expressed as 
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Fig. ~. Resistivity vs .  depth for three Czochralski-grown wafers 
annealed at 1100~ for (a) 1, (b) 9, and (c) 25 hr, and then at 
450~ for 100 hr. 

1 
- -  : e#n(No -- NF) [4] 
pB 

where No is the oxygen donor density in  the semi- in -  
finite bu lk  region of the wafer. 

A curve fit of Eq. [2] to the results shown in  Fig. 3, 
while not exact, has been found to be reasonably good. 
Average values for ps and PB obtained from the results 
shown in  ]~ig. 3 are ps : 4.5 ~ - c m  and pB : 0.65 ~-cm.  
If, for convenience, x / 2 x / D t  is assigned a value of 0.6, 
Eq. [2] can be solved and yields a value of p : 0.91 
~2-cm. Values of x obtained from the spreading resist-  
ance plots at p : 0.91 ~ - c m  are shown in  Fig. 4 plotted 
as a function of the square root of the anneal ing time. 
As predicted by Eq. [2], a l inear  dependence between 
x and X/t ' is observed. A fit of the expression 

z : 1.2 x /D t  [5] 

to the results shown in  Fig. 4 yields a value of D : 
1.3 • 10 -10 cme/sec for the diffusion coefficient of oxy- 
gen in silicon at 1100C. This is in good agreement  with 
the most recently published value for the diffusion co- 
efficient of oxygen in silicon of D : 1.4 • 10 -10 cm2/ 
sec o0tained by Takano and Maki (4). 

As a final result, it was found that  diode test s t ruc-  
tures fabricated in  this mater ial  exhibited no measur-  
able degradation in the form of enhanced reverse leak-  
age after hea t - t rea tment  at 450~ The only measur-  
able change exhibited by these structures was a de- 
crease in  both breakdown voltage and reverse leakage 
as a result  of the decreased resistivity in  the region of 
the junction.  This low leakage is presumably  due to 
the shallow nature  of the oxygen donor levels in  sili- 
con, ~0.13 eV, which prevent  the oxygen donor from 
acting as an efficient genera t ion-recombinat ion  center. 

In  summary,  it has been shown that even after con- 
siderable high tempera ture  processing, a large number  
of oxygen donors can still be generated in Czochralski- 
grown silicon wafers after hea t - t rea tment  at 450~ 
However, in  the region near  the wafer  surface, this 
oxygen donor activity is considerably reduced due to 
the effect of oxygen outdittusion. No change in  junc -  
t ion properties is produced by this anneal ing other 
than those effects resul t ing from an increase in  donor 
density. 
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Properties of Liquid Phase Epitaxial In _ Ga As (x 0.5) 
on InP Substrate 
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Department of Electronics, Kyoto  University, Kyoto, Japan 

ABSTRACT 

Undoped I n l - z G a x A s ( x  ~ 0.5) crys ta l  films wi th  very  homogeneous com- 
posi t ion were  grown on InP subst ra tes  by  l iquid phase epi taxy.  S tudy  was 
made  on physical ,  electrical ,  and optical  p roper t ies  of this mixed  crystal .  The 
growth  t empe ra tu r e  was va r ied  be tween  550 ~ and 750~ Al l  the crystals  
were  n- type.  The electron mobi l i ty  was found to va ry  f rom 5240 to 8500 
cm 2 V -~ sec -1 and the e lect ron concentra t ion f rom 6.3 • 10 TM to 1.3 
• 10 TM cm -3 at 300~ Etch pi t  dens i ty  and ha l f -w id th  of photoluminescence 
spect ra  decreased wi th  increasing g rowth  tempera ture .  High qua l i ty  crysta ls  
were  grown at  a round  700~ 

Much in teres t  has been recen t ly  focused on 
In l -~GaxAs mixed  crys ta l  because of its appl icat ions  
to opt ical  sources (1-3) and detectors  (4) in the  
1.06 ~m low loss region of opt ical  fibers (5). Efficient 
l igh t -emi t t ing  diodes and room t empera tu r e  laser  
diodes were  fabr ica ted  wi th  this mater ia l .  Ano the r  
potent ia l  appl ica t ion  of this mixed  crys ta l  is for 
high f requency  devices (6). 

The mixed  crys ta l  can be designed to  have l a rge r  
bandgaps  than  InAs and higher  mobil i t ies  than  GaAs. 
Near  middle  composi t ion the  bandgap,  E~, is about  
0.75 eV at which the extr ins ic  car r ie r  concentrat ion 
(>1015 cm -a)  is not  affected by  the t empe ra tu r e  
var ia t ions  of the  intr insic  ca r r i e r  concentra t ion (~,10 ~1 
cm -3) a round  room tempera ture .  Fur ther ,  the energy 
separat ion,  hE, be tween  the cent ra l  and the sa te l l i te  
val leys  in the conduct ion band becomes wider  wi th  
the  increase  of the  InAs m01e fraction. Near  x ~-- 0.5, 
Eg is expected  to equal  ~E. This does not make  the 
e lec t ron veloci ty  decreased by  the t r ans fe r red  e lect ron 
effect. Thus, In l -xGaxAs  (x - -  0.5) can be considered 
be t t e r  sui ted  for high f requency  field-effect t rans is -  
tors and high speed switching devices than  GaAs or 
InP (6). 

The In l - zGaxAs  ep i tax ia l  films of a round  middle  
composit ion (x ~ 0.5) have been grown by vapor  
phase ep i t axy  on GaAs (7-8) and A1203 (9) sub-  
strates.  F a i r l y  high e lect ron mobil i t ies  and the elec-  
t ron  scat ter ing analysis  were  r epor ted  by  GIicksman 
et al. (10) for In l -~GaxAs (0.75 -- x ~ 1). However ,  
the mobil i t ies  a round  6000 cm 2 V -~ sec -1 are  not 
h igher  than  those of GaAs. Bulk In l -~GaxAs crystals  
have  shown ve ry  high mobil i t ies  (11-12) as  compared  
with  ep i tax ia l  mixed  crystals  of a round middle  com- 
position, but  it  is difficult to grow single crystals  
uni form in composition. The difficulty is a t t r ibu ted  
to la rge  difference be tween  the l iquidus and solidus. 
Single crys ta ls  wi th  nonuni form composit ion are  not 
sui table  for most device applications.  

A uni form and good crys ta l l ine  In l - zGaxAs  can be 
grown on GaAs by  using s tepwise (2) or continuous 
(14-15) composi t ional  grading to t ake  up the la t t ice  
mismatch  be tween  the subs t ra te  and the desired com- 
posi t ion layers.  However ,  wi th  the grading  process 

Key words: InGaAs, LPE, heteroepitaxy, InP substrate. 

i t  is not  easy to reach In l -xGaxAs  (x ~ 0.5) f rom 
GaAs subs t ra te  nor is i t  sui table  for mass production.  
The la t t ice  constant  of InP lies in the  middle  of the 
la t t ice  constants  of InAs and GaAs, match ing  wi th  
that  of In0.~Ga0.47As, when Vegard 's  law is appl ied  
to In l -xGaxAs.  Moreover,  semi- insu la t ing  InP sub-  
strates,  a l though not  ye t  deve loped  enough, a re  ava i l -  
able which faci l i ta te  e lect r ica l  eva lua t ion  of the grown 
layers  and device applications.  It has been repor ted  
by  Sasaki  et al. (16) tha t  In l -~GaxAs (x ~ 0.5) can 
be grown d i rec t ly  on InP by  l iquid phase epi taxy.  
Recently,  the condit ions for LPE growth  of 
In0.53Ga0ATAS have been discussed by  Sanka ran  et al. 
(17). Electron mobi l i ty  and energy  gap of LPE 
In0.5~Ga0.47As on InP have been repor ted  by Takeda  
et aI. (18). 

In  this paper ,  we descr ibe a s tudy on the proper t ies  
of In l -xGaxAs  (x ~ 0.5) grown on InP from a 
mel t  wi th  a theore t ica l  solidus composit ion of x : 
0.5 at  each g rowth  t empera tu re .  Single  crysta ls  of 
x --~ 0.5 are  grown on semi- insu la t ing  InP subst ra tes  
by  l iquid phase epi taxy.  The growth  t empera tu re  
( the in i t ia l  t empe ra tu r e  at which the mel t  is brought  
over  the subs t ra te  is cal led the g rowth  t empe ra tu r e  
in this paper ,  since the t empe ra tu r e  is lowered  in 
this g rowth  process) is var ied  from 500 ~ to 800~ 
keeping  the o ther  conditions, such as the  me l t -bak ing  
t empe ra tu r e  and interval ,  the cooling ra te  and interval ,  
and the subs t ra te  orientat ion,  the  same. Thickness,  
surface morphology,  etch pi t  density, composition, 
photoluminescence,  e lec t ron mobil i ty,  and e lect ron 
concentra t ion of the grown layers  a re  examined.  

Experimental Procedures 
Crystal growth.--Liquid phase ep i tax ia l  g rowth  is 

carr ied  out in a horizontal  g raphi te  boat  and sl ider  
assembly  in a Pd-di f fused flowing hydrogen  ambient .  
Al l  the mixed  crystals  are grown on the Cr -doped  
(p > 108 x2cm), (111)B-or iented InP substrates.  Growth  
t empera tu res  are chosen at 50~ in terva ls  from 500 ~ 
to 800~ The cooling ra te  is O.15~ and the 
cooling in terva l  is about  10~ at each growth  tem-  
perature .  

S tar t ing  mater ia l s  are  six 9's pure  In, seven 9's 
pure  Ga (Mitsubishi  Metal  Mining Company,  Limi ted) ,  
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and undoped polycrystal l ine InAs (n ---- 1 -- 3 X 1026 
cm-3  and ~ -- 20,000 ~ 23,000 cm 2 V -1 sec -1) (Sumi-  
tomo Electric Industries,  Limited) .  The Ga is not 
etched, but  the In  is etched with a 5% HCl:HeO2 
solution, and the InAs with a 1% Br :methano l  solu- 
t ion just  prior to loading. Polished InP  substrates 
are etched with a 1% Br :methano l  solution for 2 
min. The melts are about 2g, and a slight excess of 
InAs is added to ensure As saturat ion in the melt. 
The substrate  dimensions are 10 X 5 >< 0.4 mm 8. 

Prior  to growth, In  and Ga are baked in a flowing 
hydrogen ambient  at 800~ for 3 hr to mix the In  
atoms and Ga atoms. In order to minimize the thermal  
etching of the substrate surface and to avoid the 
deviat ion of the melt  composition due to the loss of 
As dur ing  the baking t rea tment  at a high temperature,  
the substrate and the InAs are introduced to the 
furnace after cooling the melt  to room temperature.  
The substrate is placed in a recess of the boat and 
is covered with the slider to minimize thermal  etching 
dur ing the sa turat ion t ime of the melt. 

The phase diagram was calculated according to 
Wu and Pearson's  model (19), and the te rnary  melt  
having  a solidus composition of In0.50Ga0.~0As is used 
at each growth temperature.  The melt  compositions 
are given in Table I. 

Composition.--The composition is determined by 
x - ray  diffraction of the Cu-K~I radiat ion using Ve- 
gard's law which can be applied to this mixed crystal 
(20). At high diffraction angles such as for (333) or 
(444) reflections, both reflections from the epitaxial 
layer  and the substrate are detected. Since the dif- 
fraction angle of the InP substrate is known, the pre-  
cise diffraction angle of the mixed crystal is deter-  
mined from (333) or (444) reflection using the sub- 
strate reflection as an in terna l  standard. 

Photoluminescence (PL).--The photoluminescence 
excited by a He-Ne laser (6328A) is detected by a 
PbS photoconductive diode cooled with a Dry Ice: 
ethanol solution. A conventional  lock-in technique 
is used. The spectral response of the total system is 
in  the range from 1.4 to 2.3 ~m (at half-responses) .  
After  being l ightly etched with a 1% Br :methanol  
solution, the sample is attached to a copper jig and 
immersed in liquid nitrogen contained in a double 
wall Dewar. All the samples are angle-lapped at 3 ~ 
to examine the spectral variations along the thickness 
of the grown layers. The sample is moved parallel 
to the angle-lapped surface by a manipulator to which 
the copper jig is attached. 

Resistivity and Hall coefficient measurement - -The  
method of van  der Pauw (21) is used to determine 
the resist ivity and the Hall coefficient. Typical sample 
dimensions for the measurements  are 4 • 4 mm 2 and 
the thickness of the epitaxial  layers varied from 3 to 
24 ~m. Pure  ind ium dots (usually about 300 ~m in  
diameter)  are alloyed for contact electrodes at the 
corners of the grown layers in a flowing hydrogen 
ambient  at 450~ for 1 min. Pr ior  to the alloying, 
the surface is l ight ly etched with a 1% Br :methano l  
solution. 

The sample tempera ture  is varied from 77~ (im- 
mersed in l iquid ni trogen) to 300~ and controlled to 
be stable wi th in  -+-0.5~ The source current  is 20 
or 100 ~A, and the magnetic field for the Hall coeffi- 
cient measurement  is 5 kG. 

Results and Discussion 
Thermal etching of InP substrate surlace.--Examples 

of the substrate ( I l l ) B - s u r f a c e  baked at 50'0 ~ and 
750~ for 1 hr  in a flowing hydrogen ambient  are 
shown in  Fig. 1, (a) and (b),  respectively. The sub-  
strates are placed in a recess of the boat and covered 
with the slider dur ing the heat - t rea tment .  The sub-  
strate surface shows evidence of thermal  etching. Small  
droplets remain  on the surface at a lower temperature,  
and larger droplets at a higher temperature.  A large 
droplet is seen to be due the coalescence of small  
droplets. The droplets are identified to be In by  the 
electron probe microanalyzer (EPMA), and this ther-  
mal  etching is due to the thermal  decomposition 
of InP  at a high temperature.  Similar  observations 
have been reported by Pak et al. (22). This etching 
effect influences the thickness and the surface mor-  
phology of the grown layer  as is shown next. 

Thickness and surface morphology.--As-grown sur-  
faces and cleaved cross sections of the epitaxial layers 
grown at 500 ~ and 700~ are shown in Fig. 2 (a) 
and (b), respectively. The as-grown surface at 700~ 
is the smoothest among those grown in the range from 
500 ~ to 800~ At temperatures  below 650~C, the sur-  
face becomes rough. Melt droplets are left on the 
as-grown surface dur ing wiping due to the surface 
roughness. The thickness of epitaxial  layer  decreases 
exponential ly with decreasing growth temperature.  At 
500~ no layer  is grown, and this can be at t r ibuted 
to the low solubil i ty of As at 500~ At temperatures  
above 750~ the as-grown surface is also rough. This 
is confirmed to be caused by the roughness of the 
substrate surface as a result  of the thermal  etching. 
At 800~ the melt  remains almost over the entire 
surface after wiping. However, a uniform layer would 
be grown if the problem of the thermal  etching is 
overcome by keeping the phosphorus over-pressure 

Table I. Calculated weight of Ga and InAs per gram of In of melt 
for solidus Ino.5oGao.5oAs 

To In Ga InAs 
(~ (g) (rag) (rag) 

500 1.00O 10.27 13,80 
550 1.000 13.84 29.94 
600 1.000 18.08 58.55 
650 1.000 23.14 104.67 
700 1.000 29.27 174.12 
750 1.00O 36.82 275.32 
800 1.000 46.58 423.96 

Fig. 1. Examples of the thermal etching of InP substrate surface 
after 1 hr baking at 550~ (a, top) and 750~ (b, bottom) in a 
flowing hydrogen ambient. 
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Fig. 2. As-grown surfaces and 
as-cleaved cross sections of the 
epitaxial layers grown at 5S0~ 
(a) and 700~ (b). Small spots 
are droplets of melts remaining 
on rough surface. No inclusions 
are found in cleaved sections. 

or by  etching back the InP  surface. In  the experiments  
all  the mixed crystals grown at 800~ are excluded 
from the measurements.  

In  Fig. 3 the temperature  dependence of the layer 
thickness normalized with the In weight in the melt  
(Win) and the cooling interval  (Tr is shown. Be- 
tween 550 ~ and 700~ the curve follows qual i tat ively 
the temperature  dependence of the As fraction in 
the melt. The abrupt  decrease at 750~ could be ex- 
plained as follows. A fair amount  of In  remains 
on the substrate surface due to the thermal  
etching, as shown in Fig. 2. The melt  when contacted 
with the substrate is diluted by this In  and under -  
saturated at the interface. Therefore, the ini t ia l  cool- 
ing period is spent in re-equi l ibra t ion and resatura-  
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Fig. 3. Layer thickness as a function of growth temperature. 
The thickness is normalized to In weight (Win) and cooling interval 
(Te). The bar length corresponds to variation from sample to sample. 

t ion and the layer  thickness is sma l l  No In  inc lu-  
sions are found at the interface of the layers, indicat-  
ing that all the In  droplets are taken into the con- 
tacted melt  before the growth begins. 

Etch pit density (EPD).--Etch pits in the grown 
layers are revealed by etching with an A-B solution 
(23) for 10-3.0 sec at room temperature.  The average 
density at each growth tempera ture  is listed in Table 
II. in  the sample grown at 550~ the EPD is too high 
to count, far beyond 108 cm -2. This high EPD may 
be in part  due to the relat ively large lattice mismatch 
between the" substrate and the layer  as is shown in 
Fig. 4. Better  crystals could be grown even at t em-  
peratures below 650~ by precisely matching the 
lattice constant. About  1 • 105 cm -2 may be the 
lower l imit  of the EPD, because the Cr-doped InP  
substrate has approximately the same density of etch 
pits as revealed by etching with an  R-C solution (24) 
for 10 min  at 60~ 

Composition.--The composition vs. growth tempera-  
ture is shown in Fig. 4. Although the In -Ga-As  
solution with the solidus composition of In0.50Ga0.soAs 
at each growth temperature  is used, the composition 
of the mixed crystals grown at temperatures  be-  
tween 650 ~ and 750~ is In0.~Ga0A~As at which the 
lattice constant  of the grown layer  matches with that 
of InP. Below 650~ the mismatch becomes greater 
with decreasing temperature.  

As pointed out by Wu and Pearson (19) the accu- 
racy of the solidus data in their exper iment  is ___3 
mole percent. In our experiments  at 600 ~ and 550~ 
the deviation is over this range. It is possible that 
the lower Ga composition obtained at these tem- 
peratures is due to the inaccuracy of the Wu and 
Pearson phase diagram. Only a few exper imental  

Table II. Average EPD of mixed crystals at each growth temperature 

G r o w t h  t e r n -  A v e r a g e  E P D  
perature (*C) (cm -~) 

550  > > 1  • 10 ~ 
600  > 1  x 10  e 
650  > 5  • 10  s 
700  ~ 5  • 10 ~ 
750  ~ 1  • l 0  s 
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Fig. 4. Composition vs. growth temperature. The In-Ga-As solu- 
tion of solidus composition x - -  0.5 is used at each growth tem- 
perature, 

da ta  were  examined  in the i r  phase d iag ram calcula-  
t ion at  these lower  tempera tures .  

Be tween  650 ~ and 750~ the composit ions of the  
g rown layers  are  wi th in  the  accuracy of the  phase  
d i ag ram and almost  l a t t i ce -ma tched  (x ~, 0.47) to 
the  InP  substrate .  I t  could be considered tha t  at 
these  t empera tu re s  l a t t i ce -ma tched  layers  a re  ob-  
ta ined  at  the  lower  l imi t  0.47 (_--0.5.0-0.03) of the  
accuracy of the  phase diagram,  but  there  may  be 
ano ther  poss ib i l i ty  tha t  the  l a t t i ce -ma tched  l aye r  is 
forc ib ly  grown by  the composit ion la tching in the 
g rowth  of InGaAs on InP in a cer ta in  range  of com- 
posi t ion as was observed by  S t r ingfe l low (25) in  the  
LPE growth  of InGaP  on GaAs. F u r t h e r  invest igat ions  
a re  being car r ied  out  on these phenomena  and on 
the de te rmina t ion  of the op t imum mel t  composit ion 
for  la t t ice  match ing  at  each growth  t empera tu re .  

Continuous layers  a re  obta ined f rom melts  of s l ight ly  
dev ia ted  composit ion f rom 0.50, but  f rom melts  of 
0.40 and 0.70 at  700~ only  is land growth,  shown in 
Fig. 5, is observed as repor ted  by  Sanka ran  et al. (17). 

A n  example  of the  (444) reflections is shown in 
Fig. 6. The reflections f rom the ep i tax ia l  l aye r  and 
the subs t ra te  a re  de tec ted  at  this  high angle,  and 
f rom these peaks  a mismatch  of 6.6 • 10 -4 is 
calculated.  The Kaz and Ka2 peaks  are  c lea r ly  re -  
solved, indica t ing  good homogenei ty  of this mixed  
crys ta l  which  is grown at 750~ The ha l f -w id th  of 
the  peak  f rom the epi tax ia l  l aye r  increases wi th  de-  
creasing g rowth  t empera tu re .  

Photoluminescence.--Emission spect ra  of two epi-  
t ax ia l  l aye r  surfaces grown at different  t empera tu res  

Fig. 5. Island growth of InGaAs on InP substrate grown at 700~ 
from the melt of a solidus composition x ---- 0,4. 

Fig. 6. An example of (444) x-ray reflections from the Inl-xGaxAs 
layer and the InP substrate. Kal and Ka 2 peaks from both crystals 
are clearly resolved. 
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Fig. 7. Photoluminescence spectra (77~ of two epitaxial layers 
grown at 550~ (a) and 700~ (b). 

are  compared  in Fig. 7. There  are  two dist inctions in 
the spectra:  the photon energy at peak  in tens i ty  and 
the ha l f -wid th .  The composit ions de t e rmined  by  the 
photon energies at peak  intensi t ies  are  close to 
those in Fig. 4 obta ined by  x - r a y  diffraction. A good fit 
to the  photon energy  (h~) vs. composit ion (x) ,  in 
the  region 0.43 < x < 0.48 and at  x = 0, InAs, and 
x = 1, GaAs, at 77~ is given by  

hv(eV) --  0.404 + 0.649x + 0.457x "~ 

The curve gives quite the  same values  as those by  
Wu and Pearson  at 77~ (19). 

The full  width  at h a l f - m a x i m u m  (FWHM) of the 
spect ra  decreases l inea r ly  wi th  the increase  of the  
growth  t e m p e r a t u r e  i.e., f rom ,,,20 meV at 550~ 
to ,-,14 meV at 750~ This dependence  is not  based 
on the composit ion var ia t ion  across the  grown l aye r  
wi th in  the pene t ra t ion  depth  of the He-Ne laser  
beam. Such a composit ion var ia t ion  can be expected 
f rom the phase d iagram (19); however,  the  lower  
the  growth  tempera ture ,  the  smal le r  the composi t ion 
var ia t ion  for a cooling in te rva l  of 10~ at  x ~ 0.5. 
Fur the rmore ,  in the exper iments ,  the  composit ion va r i -  
a t ion f rom near  the in terface  to the surface is mea-  
sured  to be wi th in  ~1% by  the  EPMA and the photo-  
luminescence.  Moreover,  the pene t ra t ion  depth  of the 
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laser beam is less than 1 ~m. Along with the growth 
tempera ture  dependence of the half -width  of x - r ay  
reflection peak, it is understood that mixed crystals 
of bet ter  composition homogeneity are grown at higher 
temperature.  

The variat ion of the photon energy at peak in ten-  
sity, the intensity,  and .the FWHM along the angle-  
lapped grown layer  are shown in Fig. 8 for sample 
153 as an example. Constant photon energy indicates 
the uni formi ty  in the composition, and very  small  
variat ions of the intensi ty  and the FWHM show a 
homogeneous crystal qual i ty  across the grown layer. 
Similar  results are obtained in every sample at dif-  
ferent  growth temperatures.  A relat ively low intensi ty  
near  the interface is due to the finite diameter  of thd 
laser beam (--5{~ ~m), i.e., at distance 0 ;~m, most of 
the laser spot irradiates the substrate and at about 
3 ~m (corresponding to about 50 ;~m in a layer angle-  
lapped by 3 ~ the whole spot is on the grown layer. 

Electrical proper t ies . - -The  highest electron mobil-  
ities at different growth temperatures  are listed in 
Table III  along with electron concentrations and 
compositions. In  the table, the data of GaAs grown 
in the same growth system at 800~ are shown for 
comparison. All  the grown mixed crystals are n - type  
with excess carrier  concentrations of the order of 
10 TM cm -8. Our experiments  indicate the general  ten-  
dency that the' mobil i ty  increases while the concen- 
t ra t ion decreases with increasing growth temperature.  
An observation similar  to this has been made in the 
c a s e  of InP grown at temperatures  between 540 ~ 
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Fig. 8. Variations of the photon energy at peak intensity, the 
intensity, and the FWHM along the angle-lapped cross section 
in sample 153, showing good composition homogeneity and uni- 
form crystal quality. 

Table III. Composition and electrical properties of mixed crystals 
and GaAs 

S a m .  300~ 
TG p l e  C o m p o -  

(~  No .  s i t i o n  x /~* n 

77~  

550 183 0.44 5240 6.3 x 10 le 7,400 5.3 x 10 ~B 
600 180 0.46 6590 3.2 • 1016  11,700 2.7 x 10 le 
650 177 0.47 8240 2.3 • 10 le 15,400 2.0 x 10 TM 

700 153 0.47 7600 5.0 • I0 I~ 20,200 4.3 x 10 ~ 
750 173 0.47 8500 1.3 x I0 I" 22,100 1.1 x 10 TM 
800 204 1.00 6920 2.0 x 10 l~ 46,400 1.9 • 1{) z* 
800 211 1.00 6870 2.8 x 101~ 43,300 2.5 X 101~ 

* /~ (cm 2 V "-J- sec-~), n (cm-~). 

and 780~ by LPE on InP  (26). It seems from Table 
III  that bet ter  mixed crystals (with higher mobil i ty 
and lower concentrat ion) can be grown at higher 
temperatures.  But the epitaxial  layer is nonuni form 
at high temperatures  due to the thermal  etching of 
the substrate surface. Invariably,  the mobil i ty of the 
mixed crystals increases with decreasing lattice tem- 
perature  in contrast to Conrad's (7) and Baliga's (8) 
data. Both 8500 cm 2 V -1 sec -1 at 300~ and 22,100 
cm 2 V -1 sec -1 at 77~ of sample 173 are significantly 
high in the epitaxial Inl-xGaxAs (x _--__ 0.5) (7-8, 14) 
and comparable to those of  bulk  grown mixed crys- 
tals (11-13). 

Recently, Sankaran  et al. (17) have reported mo- 
bi l i ty  values of 10,030 cm 2 V -1 sec -1 at 300~ and 
34,620 cm 2 V -1 sea -1 at 77~ in In0.53Ga0A~As grown 
at 650~ by LPE on InP  substrate, using the In, Ga, 
and As for the melt  which was baked at 725~ for 
22 hr. With the In, Ga, and InAs as melt  consti tuents 
they have obtained 5540 cm 2 V -1 sec -1 at 300~ and 
8430 cm 2 V -1 sec -1 at 77~ Using almost the same 
pur i ty  In, Ga, and InAs, we have obtained mobil i ty  
values of about 8000 cm 2 V -1 sec -1 at 300~ in 
the In0.s3Ga0.47As grown between 650 ~ and 750~ by 
baking the In  and Ga at 800~ for only 3 hr. 

Ther~ has been a distinct difference in the value 
of the mobi l i ty  between an epitaxial  and a bulk  
Inl-xGa~As (x ~ 0.5), Le., the former has been lower 
and the lat ter  similar to or higher than that of GaAs. 
Although Conrad et al. (7) suspected that  the mixed 
crystal formation per se might be responsible in part  
for the low mobil i ty and its tempera ture  dependence, 
our results contradict this conclusion. The low mobili ty 
of the epitaxial layer grown previously can be con- 
sidered to be due to a large in te rna l  s train and a 
large number  of defects in the layer caused by the 
lattice mismatch with the substrate. 

The electron concentrat ion is calculated from the 
Hall  coefficient using the relat ion 

n -- lleRH 

where e is the electron charge and RH is the Hall 
coefficient. The Hall factor is assumed to be 1 for 
simplicity as is usual ly done. Figure 9 shows the 
electron concentrat ion vs. inverse absolute temperature  
for three samples. The curve of a low concentrat ion 
sample 173 shows two distinct regions suggesting two 
impur i ty  levels at least; a shallow level for T < 
200~ and a deeper level for T > 200~ The  dis- 
t inction is not clear in the higher concentrat ion sam- 
ples. To find the donor and acceptor concentrations, 
a wider range of the temperature  dependence of the 
electron concentrat ion has to be measured and ana-  
lyzed. However, it is evident  from the temperature  
dependence of the mobilities that the impur i ty  con- 
centrations are not very high and the impur i ty  scat- 
tering cannot be dominant  at room temperature.  

Conclusions 
Undoped Inl-xGaxAs (x ----~ 0.5) films were grown 

on the InP  substrates by l iquid phase epitaxy at 
temperatures  between 550 ~ and 750~ by the present 
growth process. Etch pit density, hal f -width  of the 
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Fig..9. The electron concentration as a function of inverse ab- 
solute temperature. In sample 173, there are at least two im- 
purity levels. 

P L  spectra,  and  e lect ron concentra t ion  decrease,  whi le  
the  e lec t ron mobil i t ies  at room t empera tu r e  and at 
77~ increase  wi th  increas ing growth  tempera ture .  
Composi t ion and crys ta l  qual i ty  are  very  uni form 
across the  grown layer .  The e lect ron mobi l i ty  is as 
high as 8500 cm 2 V -1 sec -1 at 300~ and increases 
on cooling f rom 300~ to 77~ in all  samples.  Al though 
the crys ta l  qual i ty  and the e lect r ica l  p roper t ies  seem 
to be be t te r  at  high growth  tempera tures ,  the  the rmal  
decomposi t ion of the InP subs t ra te  makes  i t  dirt]cult 
to obtain a un i form growth  of the mixed  crys ta l  on 
the  substrate.  High qual i ty  crystals  are  grown at 
a round 700~ 
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Polishing of Sapphire with Colloidal Silica 
Henry W. Gutsche and Jerry W. Moody 

Monsanto Company, E~ec~ronie Products Division, St. Peters, Missouri 63376 

ABSTRACT 

The polishing of sapphire with colloidal silica has been studied. Stock r e -  
m o v a l  rates have been found to vary with the solids content in the polishing 
fluid and the temperature  on the polishing pad. The pH of the polishing fluid 
has also been found to be a factor influencing removal  rate. Because concen- 
trated silica solutions are unstable  at high temperatures,  a compromise be tween 
tempera ture  and concentrat ion must  be made. Still, practical removal  rates 
over 25 ~/hr  have been achieved. Work damage, an impor tant  factor in  
polishing operations, has been found to extend about 1.0-1.5 mils into the 
surface of commercially available sawn or ground sapphire blanks. When all 
embedded diamond from the slicing and grinding operations is removed prior 
to polishing, a scratch-free, featureless surface is produced on which high 
quality,  epitaxial  silicon films can be deposited. C-MOS devices bui l t  into the 
films without  the use of any specific processing technique to minimize the 
effect of the AlzO3-Si interface showed n-channe l  leakage of I • 10 -10 A / mi l  
with negligible wafer - to-wafer  variations (1). The polishing of sapphire by 
colloidal silica is believed to follow a chemical reaction leading to a luminum 
silicate dihydrate  as described in previous l i terature.  For the reaction 

A1203 + 2SIO2 + 2H20-> A12Si20~ �9 2H20 [1] 

an activation energy of 14.6 kcal /mole has been calculated from the tempera-  
ture  dependency oK the removal  rate. 

Sapphire, i .e.,  aA12Oz, is used to advantage as a 
dielectric substrate under  th in  silicon films for inte-  
grated circuits and microwave devices with highly 
desirable features which are difficult or impossible 
to achieve on bulk silicon. Nonetheless, high mate-  
rial cost and difficulties with leakage currents  have 
l imited s i l icon-on-sapphire  electronics to special ap- 
plications only. The high material  cost is related par t ly  
to the present  low level of production and need not 
concern us here. The leakage currents, however, are 
our concern. One source of leakage currents  is the 
Si/A12Os interface where lattice mismatch is often 
aggravated by the use of substrate mater ial  with me- 
chanically polished surfaces. 

Mechanical polishing produces mir ror  surfaces on 
the macroscopic scale only. "Semiconductor" polishing, 
i.e., preparing mater ial  for electronic device work, 
must  produce a surface which is whole, flat, and clean 
on the microscopic scale, better  yet, on the atomic scale. 
Ideally, semiconductor surface preparat ion should 
produce a substrate that is enveloped by a natural ,  low 
energy, low index crystal plane that  contains no rem-  
nan t  work damage and is covered by a well-defined 
usable or easily removable protective film. 

In  the case of silicon, polishing with colloidal SiO2 
has gained a reputat ion for producing a near ly  per-  
fect substrate surface for even the most critical in te-  
grated circuit application. Polishing with colloidal 
SiO2 was patented in 1963 by Walsh and Herzog (2) 
as a mechanical  process, and in 1966 as mechanical-  
chemical by Lachapelle (3), who found that the alka- 
l in i ty  of the polishing fluid drastically affected the re-  
moval rate. 

Silicon surfaces polished with colloidal SiO2 have 
been investigated by several authors (4-7). Techniques 
ranging from Sirtl  etching before or after oxidation 
and epitaxial film growth to x - ray  diffraction and ion 
backscattering have been applied. In  all cases SiO2 
polished surfaces have been found to be free of dam-  
age, free of contour, and free of contamination. As a 
consequence semiconductor polishing with colloidal 
SiO2 is now the worldwide accepted s tandard method 
for silicon substrate preparation.  Colloidal SiO2 also 
works on many  other substances: metals and glasses, 
for example. It is par t icular ly  useful for polishing 
garnets (8). 

Because of the success with garnets  and silicon, it  
was therefore tempting to investigate whether  col- 
loidal SiO2 could produce a similar  surface on sapphire 
substrate. At first look such an endeavor seems ob- 
viously futile. When polishing silicon, with colloidal 
SiO2 the particles may crystallize and reach a hardness 
sufficient to provide some degree of gentle molecular  
abrasion (9). Also, the a lkal ini ty  of the solution may 
be sufficient to chemically dissolve the substrate 
where friction generates enough heat on the surface 
of silicon. Surfaces of s - a l u m i n u m  oxide, on the 
other hand, are extremely hard (Mohs' > 9) and 
allow even reactive melts at temperatures  over 1000~ 
to dissolve only a few microns per hour (10). It was 
therefore rather  surpris ing to find that  colloidal SiO2, 
in the complete absence of diamond particles, does 
indeed ~oiish sapphire and produce a damage-free 
surface which is suitable for the growth of th in  sili- 
con epitaxial films for device work. 

Before SiO2 polishing of silicon, one physical im-  
perfection in part icular  has been blamed for many  de- 
vice failures: r emnan t  surface damage, that  is to say, 
work damage left in  mechanical ly shaped slices after 
inadequate polishing or etching. Especially in  epitaxial  
wafers, surface damage in the substrate has been re- 
lated to severe crystal disorder in the deposited film, 
often render ing the material  useless for device work. 
Similar ly r emnan t  surface damage in sapphire substrate 
under  thin epitaxial silicon films must  make it next  
to impossible to prepare a good si l icon-on-sapphire 
device. To date little has been published on processes 
for the preparat ion of a damage-free,  flat, and clean 
sapphire-polished slices. Authors usual ly  acknowledge 
the existence of "work" damage in the diamond-pol-  
ished substrate surfaces they work with but  rely then 
on "healing by anneal ing" for a remedy. 

In si l icon-on-si l icon epitaxy only a slight lattice 
mismatch exists between the usual ly heavily doped 
substrate and the usual ly  l ightly doped film. It  still 
leads to measurable  tensile s train in n -on -p  wafers 
however. In s i icon-on-sapphire  epitaxy, in addition to 
a considerable lattice mismatch [6% for {100) Si on 
(1]-02) sapphire] (11), the large difference in their 
respective coefficients of thermal  expansion cause the 
silicon film to sustain 8 • 109 dyne /cm 2 strain when 
grown at 1000~ and cooled to room temperature.  

136 



Vol. 125, No. I P O L I S H I N G  OF S A P P H I R E  137  

Therefore, for the preparat ion of usable epitaxial  sili- 
con films on sapphire, absence of damage in  the sub-  
strate surface becomes an extremely impor tan t  factor. 

Experimental Results 
Crystals.--The slices used were sawed from 2 in. 

diam sapphire crystals purchased from Union Carbide, 
San Diego, California, and from Crystal Systems, 
Salem, Massachusetts. The slice surfaces were oriented 
to wi th in  +_2 ~ of the (1• plane by Laue back- 
reflection. Sawing was done on a Silicon Technology 
saw, Silicon Technology Corporation, Oakland, New 
Jersey, equipped with a rotat ing ingot holder. 

Slice preparation.--After sawing, the slices are 20 
mils thick. They were fine ground to 14 mils on a 
Mueller  grinder,  Kugel-Mueller ,  Nurenberg,  Germany,  
equipped with a 230 grit diamond wheel. To achieve 
complete absence of diamond which is necessary for 
scratch-free polish and to minimize bow after pol- 
ishing, the ground slices are annealed in 02 at l l00~ 
for 2-4 hr. 

Polishing.--The polishing step was carried out on an 
Elgin 1-20 machine, Elgin Tool Company, Whitehall ,  
Michigan, equipped with an oscillating pressure arm. 
A PR-30 polishing cloth, Process Research Products, 
Pennington,  New Jersey, was found suitable, but  non-  
perforated Pel lon and Buehler  Microcloth was also 
useful, albeit  quick to wear out. Stock removal  rate 
was calculated by measur ing the thickness with a dial 
micrometer  at 5 points on the wafer periodically dur ing 
polishing. The fluid Was Syton HT-40, Monsanto Com- 
pany, St. Louis, Missouri. 

It was found that the thin, heavily damaged layer 
of a freshly ground wafer  was removed at stock re-  
moval rates of well over 50 #/hr.  The removal  rates 
listed in the following tables and figures were mea-  
sured after this heavily damaged layer  was removed 
and when the rate became independent  of total stock 
removal. Therefore, the removal rates given are be-  
lieved to be characteristic of the undamaged (1~02) 
sapphire plane under  the conditions described. 

The influence of various process variables on the 
speed of polishing expressed as rate of stock removal  
is shown in Tables I-IIL Table I indicates that in-  
creasing the solids content of the colloidal SiO2 solu- 
tion from about 4 to 25% almost triples the removal  
rate from 6 to 17 ~/hr. Fur the r  increase in solids con- 
tent  does not seem to help matters  much, probably  
because SiO2 solutions with solid contents over 16% 
become ra ther  unstable  under  polishing conditions. 
The SiO2 particles agglomerate, precipitate, and finally 
crystallize thereby reducing the effective concentra-  
tion of the solution. Therefore, practical removal  
rates do not exceed 12 ~/hr  in strongly basic solutions. 

Fortunately ,  as Table II shows, the speed of polish- 
ing is also influenced by the pH of the fluid which can 
be adjusted by carefully adding 0.hN HC1. Maximal 
removal rates occur at pH values between 7 and 8. In 
this manne r  10% solid solutions which remove 11-12 
~/hr  at pH 10.5 will "cut" at 19-20 ~/hr  at pH 8. 

When polishing sapphire with colloidal SiO2, abra-  
sion can be ruled out as cause for stock removal  be-  
cause sapphire is harder  than the SiO2. Stock removal  
must  occur because of chemical reaction, and it comes 

Table 11. Removal rate vs. pH of fluid 
(Temperature 78~ solids 10%) 

Removal rate 
pH (Mhr) 

10.5 11.4 
IO 14.0 
9 15.2 
8 19.2 
7 17.8 
6 11.4 
5 10.2 
2 3.6 

as no surprise that  the removal rate is also dependent  
on the tempera ture  at the surface of the polishing 
pad as shown in  Table III. This temperature,  as moni-  
tored using a Fenwa l -Spa r t an  2040 LTF infrared 
thermometer,  is adjustable  by varying  the pressure 
of the polishing arm and the flow and tempera ture  
of the polishing fluid onto the turntable .  We found that 
82~C is about the highest  operating tempera ture  com- 
patible with the stabil i ty of both the polishing fluid 
and the pad adhesive. Table I l I  shows that  the removal  
rate increased with tempera ture  up to the max imum 
tempera ture  employed. For practical, rout ine work a 
16% solids, pH 8 fluid is recommended at 82~ pad 
temperature.  This will "cut" the (1102) plane sapphire 
at rates --~25 #/hr.  

Reaction Mechanism 
The surprising fact that  SiO2 reacts at all with t h e  

extremely hard and near ly  iner t  sapphire can be ex-  
plained in part  by the thermodynamics  of the t r i -  
part i te  system A12OJSiO2/HeO. In  the simplest case 
A1203 ~- SiO2 --> A12SiO5 such common, na tura l ly  oc- 
curring a luminum silicates as kyanite,  andalusite,  or 
mull i te  may form. All  three reactions are thermody-  
namical ly  possible, the mull i te  formation being the 
most l ikely of the three at 400~ which is about the 
temperature  on the surface of the sapphire dur ing the 
polishing process. The free energies of these reactions 
are (T _-- 400~ AF (kyani te)  = --18 cal /mole;  MF 
(andalusite)  ---- --55 cal/mole;  and hF (mull i te)  ---- 
--377 cal /mole calculated from enthalpy and entropy 
data published by the Bureau of Mines (12). The re-  
action A1203 (a lpha-a lumina)  + SiO2 -~ A12SiO5 
(mulli te)  is endothermic as might  be expected and 
requires an enthalpy change of -~5100 cal /mole at 
400~ 

Natura l ly  these data merely indicate that  AluO3 and 
SiO2 may react at temperatures  only slightly above 
the boiling point of water. However, what  actual ly 
happens dur ing polishing probably has been described 
by Schwartz and Brenner  (13) who found that "in a 
neutra l  A12Os/SiOJH20 system the stable compound 
A12Si.20~" 2H20 with a s t ructure  identical  or very 
~imilar to na tura l  kaolin is capable of forming," and, 
' i t  is uninfluenced by the presence of an excess of 
silica. It is formed with par t icular  readiness when  at 
least 6 moles of SiO2 are present  for each mole of 
A12Q." Since we are observing in  our polishing sys- 
tem maximal  stock removal  rates at pH values be-  
tween 7 and 8, we suggest that  the formation of 
A12Si207 �9 2H20 as described by Schwartz and Brenner  
can indeed explain the chemistry of polishing s a p -  

Table I. Removal rate vs. percent solids 
(Temperature 78~ pH 10.5) 

Table III. Removal rate vs. temperature 
(Solids 10%, pH 10.5) 

SiO2 solids Removal rate Temper- Removal rate 
(% weight) (~/hr) ature (~ ( ~ h r )  

4 6.1 64 5.3 
8 10.7 74 9.1 

12 11.4 78 11.2 
16 11.7 80 13.2 
20 14.7 81 15.7 
26 17.3 82 16.5 
40 17.8 83 26.0 (16% solids) 
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phi re  wi th  colloidal  silica at  or near  the  boil ing point  
of water .  Indeed,  a s l ight  loss of weight  can be mea -  
sured when rough sapphi re  b lanks  are  s imply  im-  
mersed  in a boil ing sil ica solut ion of pH 7-8. 

To proceed wi th  measurab le  speed the reac t ion  must  
have  avai lab le  th ree  condit ions:  (i) Heat  must  be sup-  
pl ied to suppor t  the reaction;  (ii) the  react ion produc t  
must  be cont inual ly  removed  from the sapphi re  sur -  
face; and (iii) the  reactants  must  be forced into in t i -  
mate  contact  at  all  times. Al l  three  conditions are  met  
dur ing the pol ishing process. The sapphi re  surface is 
pressed agains t  a fas t - ro ta t ing  high fr ic t ion polishing 
cloth. The polishing cloth serves as vehicle  and hea te r  
for the pol ishing fluid and by  moving the Syton pa r -  
ticles over  the  surface of the sapphi re  under  pressure,  
cont inuously "shaves off" the  react ion produc t  the reby  
constant ly  exposing f resh sapphi re  surface to the  SiO2 
in the  polishing fluid. The react ion product  can some-  
t imes be observed under  the e lec t ron microscope in 
the form of t r iangular ,  appa ren t ly  oriented,  p rec ip i -  
tates ,.,IO00A in d iamete r  which  wipe off wi th  a 
moist  cotton swab (Fig. 1). 

Stock remova l  in Syton  polishing of r is 
therefore  en t i re ly  chemical.  No abrasive,  f ractur ing,  
or  o therwise  mechanica l  act ion removes  la t t ice  con- 
s t i tuents  in the  sys tem described.  Therefore,  this  sys-  
tem will  not produce  a flat, featureless  surface as long 
as damage  exists in tha t  surface, s imply  because a 
damaged  surface e lement  wil l  a lways  polish fas ter  
than  any damage- f r ee  surface e lement  next  to it. Since 
good phase -con t ras t  optics make  vis ible  ad jacen t  
height  differences as shal low as 30-50A, microscopic 
examina t ion  of c lean Sy ton-po l i shed  surfaces consti-  
tutes a sensi t ive test  for absence of r emnan t  surface 
damage.  In  fact, x - r a y  rocking curves showed absence 
of damage,  indica t ing  s t ra in  in all  samples  tha t  were  
polished unt i l  thei r  surface appeared  featureless  at  
100• and m a x i m u m  phase contras t  posi t ion of the 
Nomarsk i  a t t achment  to a Reicher t  microscope. 

C-MOS devices bui l t  into the films wi thout  the  use 
of any  specific processing technique to minimize  the 
effect of the  A1203-Si in ter face  showed n-channe l  
leakage  of 1 • 10 -10 A / m i l  wi th  negl igible  w a f e r - t o -  
wafer  var ia t ions  (11). 

The act ivat ion energy  for the  polishing react ion was 
de te rmined  f rom the t empe ra tu r e  dependency  of the 
react ion ra te  as shown in Fig. 2. F rom the slope of the  
l ine the  act ivat ion energy  was calcula ted as 14.5 k c a l /  
mole. 

Conclusions 
Silica solut ions have been found to be an effective 

agent  for pol ishing sapphi re  wafers  for S - O - S  device 
work. Under  p roper  condit ions of pH and tempera ture ,  

Fig. I. Reaction products on sapphire surface; electronic micro- 
scope 10,000 X,  
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Fig. 2. Removal rate vs. temperature. 

stock removal  rates ~-25 ~ /hr  can be realized. I t  is be-  
l ieved that  the polishing resul ts  f rom a chemical  re -  
action be tween  the sapphi re  and the sil ica par t ic les  
in which a lumina  sil icates are  formed.  Since abras ion  
can be ru led  out comple te ly  and a chemical  react ion 
is involved,  this pol ishing procedure  produces  a sur-  
face which must  be free of al l  r emnan t  work  damage.  
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Physicochemical Properties of Chemical Vapor-Deposited 
Silicon Oxynitride from a SiH,-CO -NH -H  System 

A. K. Gaind* and E. W. Hearn 
IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

The physicochemical properties of amorphous silicon oxynitr ide (SilOmND) 
films deposited from a SiH4-CO.2-NH~-H2 system have been investigated. The 
properties of CVD Si3N4 and SiO2 deposited from SiH4-NH3-H2 and SiH4- 
CO2-H2, respectively, were also investigated, wherever  appropriate, to deter-  
mine the end points of the SilO~No series. The film stress is a continuous, 
approximately parabolic function of silicon oxynitr ide composition. The 
SilOmN D composition also determines its resistance to oxidation in  steam 
(950~ It is shown that a ,-~500k thick film with the composition of 
Si2ON2 is an adequate barr ier  to steam oxidation for 6 hr at 1000~ The etch 
rate of SilOmN, films is a funct ion of composition in 7:1 BHF. In  refluxing 
I4_~PO4, a peak in etch rate exists at a film composition of ~64% equivalent  
Si3N4. SilOmNo films deposited between 900 ~ and 1000~C densify 2-3% a f t e r  
"heat - t rea tment"  at 1000~ for 2 hr  and their etch rates decrease by ~50%; 
whereas the stress increases (more tensile) as a result  of heat - t rea tment .  

Silicon oxyni t r ide (SilOmNp) films have been chemi- 
cal vapor deposited from various chemical systems 
(1-6), and the resul t ing properties have been reported 
(1-8). It was shown earl ier  by Gaind et al. (9) that  
the SiH4-CO2-NHs-H2 chemical system results in bet-  
ter process control, especially in forming Si3N4-rich 
oxynitr ide films; e.g., SilOmNp films with refractive 
index ~1.73 can be formed with NH3:CO2 ratio of 
~6  at 900~C, whereas for other chemical systems, the 
NH3:oxidant ratio must  be at least 50, usual ly  ~5000 
depending upon the oxidant (1-5). 

It is our purpose to show the s imilar i ty  between the 
silicon oxynitrides produced by the above system and 
those reported in the l i terature.  This is done by com- 
paring physicochemical properties wherever  possible 
with the existing data in the l i terature,  we will at the 
same time be filling in gaps in the knowledge of physi-  
cochemical properties of silicon oxynitride, especially 
those which are impor tant  in the processing of devices 
(bipolar, I~'ET, etc.) which require wet etching, e.g., 
the oxidation barr ier  of oxynitrides to steam and the 
etch rate in  refluxing phosphoric acid. There are no 
available data in the l i terature  regarding these physi-  
cochemical properties. 

From a device-processing point of view, the im-  
portance of the effect of postdeposition "heat - t rea t -  
ment"  (which simulates processes like diffusion or 
oxidation) on physicochemical properties of these di- 
electric films cannot  be overemphasized. Thus we have 
investigated the effect of hea t - t rea tment  on SilOmNp 
film stress, etch rate, and changes in density (thick- 
ness). We have also investigated the effect of the 
deposition tempera ture  on SitOmNp physicochemical 
properties by invest igat ing these at two deposition 
temperatures,  900 ~ and 1000~ 

Experimental 
The details of the reactor used (10), the sample 

preparation,  thickness measurement  procedures, and 
typical deposition conditions have been described else- 
where (9). During this study, 1000-1500A films were 
used for the de terminat ion  of most properties, except 
for stress measurements  for which film thicknesses 
ranged between ~600-8000/k. The details of experi-  
mental  techniques used to measure stress, etch rates, 
and other properties are given in the results section of 
this paper. 

* Electrochemical Society Active Member. 
Key words: silicon nitride, silicon dioxide, barrier to oxidation, 

film stress. 
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Results 
The dependence of refractive index of SilOml~p films 

on NH3:CO2 ratio and the relationship of infrared 
absorption maxima with the refractive index have 
been previously established (9). Throughout  t h i s  
paper we have reported the physicochemical p r o p -  
er~ ies  in terms of the composition of SilOmNp films 
ra ther  than their refractive indexes. The composition 
was calculated from the SilOmNp refractive index, 
either (i) weight fraction averaging, i.e., Lorentz-  
Lorenz theory (11-13) or (if) mole fraction averaging 
techniques. The values used here are the mean  of the 
results o•tained by either method. If silicon oxy- 
mtr ide  were to be represented as x .  SiO2y. Si3N4, 
then "eqmvalent"  SiO2 (or Si3N4) can be calculated 
by Lorentz-Lorenz theory using Eq. [1]-[3],  i.e. 

aoxnox2Wox annn2WN 
+ 

pox pN 
non ~ = [1] 

aoxWox anWn 

pox pN 
where 

aox= (nox 2 - t - 2 ) - 1  and a n =  ( n ~ + 2 ) - 1  

and wox and WN are weight fractions of equivalent  
SiO2 and Si3N4. Using nox (refractive index of SIO2) 
= 1.451 and na (refractive index of Si3N4) = 2.0251, 
pox = 2.151, and pn = 3.091 are SiO2 and SizN4 densities, 
respectively. Rearranging Eq. [1] and subst i tut ing WN 
: 1 -- Wox, we have 

0.217 -- 0.053 �9 non 2 
Wox = [2] 

O.OoOonon z -- U.0zl 

where non is the refractive index of SilOmNp. The m o l e  
fraction of equivalent  SiO2 in silicon oxynitr ide is t h e n  
given by 

140 Wox 
x - [3] 

60 -t- 80 Wox 

Alternately,  using the mole fraction averaging tech- 
nique we have 

non = Xnox -b ynn [4] 

and subst i tut ing y ---- 1 -- x and the values of nox a n d  
nn we have 

2.025 -- non 
x _ [5] 

0.575 

1 Experimentally determined. 
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2.0 ~ �9 Rand and Robert's Data (2) 

1.9 
x 

I. 8 l ~ "~ f Lorentz-Lorenz 
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EQUIVALENT SiO 2 MOLE FRACTION 

Fig. I. Silicon oxynitride refractive index vs. equivalent Si02 
mole fraction in SilOmNp (composition) showing applicability o~ 
Lorentz-Lorenz theory and mole fraction averaging. 

Equivalent  SiO2 mole fractions in  silicon oxynitr ide 
films are plotted against these refractive indexes in  
Fig. 1. The exper imental  data of Rand and Roberts (2) 
is provided as a comparison. 

Stress measurement . - -The  stresses in the films were 
calculated from measurements  of elastic bending of the 
substrate film combination. In this technique, the sub-  
strate of thickness, ts, is bent  to a radius of curvature  
R by the forces at one surface. If the film thickness 
tf < <  ts, the average stress in the film is given by Eq. 
[6] (7, 14, 15) 

1 Es ts2(1 1 )  ~f - - "  - [6] 
6 1 -  "ts t f  Rf Ro 

where E~ and 7s are Young's modulus and the Poisson 
ratio of the substrate, respectively, and Rf and Ro are 
the radii of curvature  of substrate with and without 
the film. For (100) oriented substrates Es/(1 -- 7s) -- 
1.8 • 1012 dynes /cm 2 (16, 17). 

The radius of curvature  was measured by the use of 
Fe K~ radiat ion in a double .crystal diffractometer. The 
x - ray  beam is Bragg diffracted from (440) planes of 
[100] silicon monochromator.  The diffracted beam is 
directed onto the sample whose radius of curvature  is 
to be measured. Note that the sample is also (100) Si 
crystal with or without  dielectric films (CVD SIO2, 
SiaN4, or SiiOmNp). If the sample is bent, the result ing 
topograph of the twice diffracted beam is a nar row 
vertical line. The sample is then rotated a small  
amount  and another  l ine is diffracted parallel  and dis- 
placed from the first l ine on the topograph. (This pro- 
cedure is schematically shown in t~ig. 2.) Such a com- 
posite topograph is called a "zebra topograph" (18). In 
the case where the sample curvature  is too small  to 
yield a "zebra" pa t te rn  (thus producing overlapping 
intensi t ies) ,  a pair  of pinhole slits is introduced be- 
tween the monochromator  and the sample crystal. The 
sample crystal is rotated to maximize the in tensi ty  of 
the diffracted beam from the two different diffracting 
positions and the x - r ay  films are replaced by an elec- 
tronic detector which allows separation of overlapping 
intensities. Thus the radius of curvature  is given by 
l/~e, where l is the distance between the pinholes or 
the distance along the film in the zebra topographs, 
and ~ is the measured angular  distance result ing in  
separation I. With the above described techniques, the 
curvatures from a few seconds of arc up to a few de- 
grees of arc can be measured. Several  samples were 
measured with the film and then the film was stripped 
by etching in 49% HF and the radius of curvature  
measured again. In all cases Ro ~ Rf and therefore 
1/Ro was neglected in  Eq. [6] for all stress calcula- 
tions. 

Stress in SisN4 (as-deposi ted) . - -The radius of curva-  
ture of samples with an Si3N4 film thickness of ~800- 

FeKcz 
X-Ray 
Source 

440 reflection 

~ Crystal 1 

liit 

, . / Z#  ~ ,  l ~ " "  ~ "~ ' -  . . . . . . . . . .  . - . . . - . - . - . .  . . .  . . .  . ._. . . . , 

"4",1 1] 
2nd C r y s t a l  ~ F i l m  

Fig. 2. Schematic of double crystal stress measurement technique 

6000A was measured. The stress in  the SigN4 is tensile 
and independent  of film thickness and deposition rate. 
However, stress is a funct ion of deposition tempera-  
ture, i.e., stress increases with decreasing deposition 
temperature.  Shown in Table I are the Si3N4 refractive 
index, density, and stress of SisN4 as a funct ion of 
deposition temperature.  The SigN4 stress values re-  
ported here are in good agreement  with l i tera ture  
values (2, 15). 

Stress in SiOz (as-deposi ted) . - -The SiO2 films de- 
posited from SiH4-CO2-H2 are under  compression. Once 
again, the stress in CVD SiO2 is not a function of thick- 
ness (~600-6000A) or deposition rate. However, the 
stress decreases (i.e., becomes less compressive) as the 
deposition temperature  is decreased; i.e., stress in 
1000~C films is ~ 1.3 • 109 dynes /cm 2, where at 900~ 
it is only N 0.8 • 109 dynes /cm 2. These trends are con- 
sistent with the trends reported for thermal ly  grown 
oxides [e.g., (19, 20)]. The magni tude  of stress in Si02 
films deposited at 900~ are in good agreement  with 
the value reported by Rand and Roberts (2). 

Stress in silicon oxyni tr ide (as-deposi ted) . - -The 
stress in silicon oxynitr ide films as a function of the 
equivalent  SigN4 mole fraction is shown in Fig. 3 at 
two deposition temperatures.  The film thicknesses were 
varied from ~600 to ~8000A. Consistent with CYD SiO2 
and Si3N4, the stress in oxynitr ide films was independ-  
ent of film thickness and deposition rate. The strong 
influence of deposition tempera ture  can be seen in Fig. 
3. A 100~C drop in deposition tempera ture  causes the 
film stress to become more tensile by ~ 2 • 109 dynes /  
cm z in the entire range of composition from near  SiO2 
to near  Si3N4. The stress in silicon oxynitr ide films 
does not increase as a l inear  funct ion of equivalent  
Si3N4 mole fraction. However, stress does appear to be 

Table I. Some properties of Si3N4 as a function of deposition 
temperature 

Depos i t ion  De ns i t y  b S t ress  x 109c 
t emp.  (~ RI~ ( g / c m  ~) ( d y n e s / c m  ~) 

1000 2.025 3.09 8.5 (~1)  
950 2.025 10.5 ('4-1) 
900 2.023 3 . ~  11.1 (+1.5) 
850 1.981 - -  10.7 ('+'2.0) 

'~ Median  v a l u e s  shown in table.  D i s t r i bu t i on  is skewed ,  m i n i -  
m u m  and  m a x i m u m  va lue  of RI  f o r  900~176 r a n g e  f r o m  2.005 
to 2.03 and fo r  t~50~ f r o m  1.97 to 1.99. 

b De ns i t y  by  w e i g h t  loss  me thod .  The  v a l u e s  g iven  a re  m e a n  
values .  S a m p l e 4 o - s t a m p l e  v a r i a t i o n  • 

e Va lues  in p a r e n t h e s e s  a re  twice  the  s t a n d a r d  dev ia t ion .  T h e  
stress in Si~N~ is tensile. 
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Fig. 3. Film stress as a function of composition and two deposi- 
tion temperatures. 

a continuous funct ion of composition as shown by the 
broken curves. Unlike Rand and Roberts (2) we did 
not observe the discontinui ty in stress vs. composition 
curve. This discrepancy is due to the fact that Rand 
and Roberts produced low refractive index silicon oxy- 
nitrides (for which they reported stress values) by 
SiH4-NO processes and not by SiH4-NO-Ntt3 proc- 
esses. These authors also a t t r ibute  this discontinuity to 
the use of two different chemical systems for the depo- 
sition of silicon oxynitr ide films (2). 

Relative oxidation barrier.--Si3N4 is known to be a 
barr ier  t0 oxidation in steam. The question then arises 
as to how this property varies as a funct ion of silicon 
oxynitr ide composition. SisN4 and SilOmNp films 
(~1000A on Si) were subjected to steam at 950~ (9.5 
hr) ,  1000~ (6 hr) ,  and 1100 C (2.5 hr) .  At these tem- 
peratures and respective times, ~ 1.15# of SiO2 grows 
on bare (100) Si wafers. The refractive index of SigN4 
or SilOmNp films was measured before and after oxi- 
dation�9 The films were subsequent ly  etched in 7:1 
buffered HF and the refractive index measured at 5 
sec intervals  of etching. This process of etching and 
ellipsometric measurement  was continued unt i l  the re-  
fractive index stabilized (i.e., reached a constant  value 
very near ly  equal to the ini t ial  value)�9 Thickness cor- 
responding to stabilized refractive index was thus the 
thickness of unoxidized SilOmNp (or Si3N4). A typical 
example of this process is graphically shown in Fig. 4 
(init ial  RI = 1�9 The ratio of the thickness of oxi- 
dized SisN4 to the thickness of oxidized SilOmNp is 
called the relat ive oxidation bar r ie r  and is a funct ion 
of SilOmNp composition at the three temperatures  as 
shown in  Fig. 5. The effect of deposition temperature  

1.8 

i. 75 x 

.~ 1.7 

r ~  

~Oxidation / I = Initial 

i*; /~" O = After Oxidation, 6 hrs. 
\ / - in Steam @ 1000~149 

~ / F = Final 
1�9 65 

V ~5 See Etch Steps in 7:1 BHF 
1�9 , , ~ �9 I I I I' 

I I 
I O 1 2 3 4 5 6 7 

Event Sequence 
Fig. 4. Change of refractive Index as a function of oxidation in 

steam and subsequent recovery of refractive index after short etch 
steps in 7:1 BHF. 

1.0 

0.5 
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II0~-~ 
. / / / A  9500C, 9.5 hrs. Steam, 1000~ Deposition 

I / /  �9 lO00~ 6 hrs. Steam, 1000% Deposition 
/ ~ ;  ~ lO00~ 6 hrs. Steam, 900~ Deposition 

S ~ / ,  a 1100Oc, ,2. 5 hrs. Steam, 1000~ Deposition 
0 I _ _  _ 

0.2 0.4 0.6 0.8 1.0 
Equivalent Si3N 4 Mole Fraction 

Fig. 5. Relative oxidation barrier of silicon oxynitride as a 
function of composition at three oxidation temperatures. 

was investigated and no significant differences were 
found between 900 ~ and 1000~ (Fig. 5). Zero oxida- 
tion barr ier  compositions were those which allowed 

8000A SiO2 to grow on the film side of the silicon 
substrate. In other words, when none of the original 
silicon oxynitr ide remained on silicon after exposure 
to steam, the film was completely converted to SiO2 
and addit ional SiO2 grew in the usual  manner .  Thus 
the m i n i m u m  equivalent  Si3N4 required for the film 
to act as a barr ier  to oxidation increases from 0.38 (at 
950-C) to 0.5 (at l l00~ when ~ 1.15# of SiO~ is 
grown on silicon. The effect of t ime on percentage oxi- 
dation of the film is shown in  Fig. 6. Note that up to 

0.6 mole fraction of SigN4, the percentage oxidation 
is near ly  l inear  with a subsequent  steep rise to 100% 
oxidation at 0.3-0.4 mole fraction of equivalent  Si3N4. 
Thus the oxidation barr ier  s tudy indicates that  silicon 
oxynitr ide films with composition of ~ 0.6 equivalent  
Si3N4 behave more like SisN4, whereas films with equi-  
valent  SigN4 ~ 0.3 mole fractions behave like SiO2. The 
region from 0.3 to 0.6 mole fraction can be considered 
a t ransi t ion region, where the films can be completely 
oxidized in reasonably short t ime at 1000~ 

Etch rates . - -The etch rates were measured on films 
of ~ 1000A thickness. The film thickness was measured 
by ell ipsometry and the sample then etched for fixed 
amount  of t ime in a given etchant. The thickness was 
then measured again. This procedure was usual ly re-  
peated a few times and the etch rate values reported 
here are an average of these measurements.  

Etch rate of SisN4 (as-deposi ted) . - -The etch rate of 
SigN4 was determined in three etchants; viz, 49% HF 
(23 ~ _ 2~ refluxing H3PO~ acid at 180~ and 7:1 
buffered HF at 23 ~ + 2~ The values obtained are 
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1 hou lours 
6 hours 

20 
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Fig. 6. Oxidation resistance to steam at 1000~ as a function 
of silicon oxynitride composition. 
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Table II. Si3N4 etch rates 

Ref. 12 Ref. 22 Refluxing~ Ref. 23 -0 
Deposition R e f r a c t i v e  ~ 49% HF' ,  8 (49% HF} 7:1 BHF z 7:1 BHF H3PO4 Refiuxing 
temp. (~ Dens i ty  index  ( A / m i n )  ~A/min)  ( A / m i n )  ( A / m i n )  ( A / m i n )  HaPO~ ( A / m i n )  

1000 3.09 2.025 10O (--+10) 140 (2.03) 6.6 - -  60 - -  
950 ~ 2.025 110 (-----15) 330 ( - - )  7.0 ~ 
900 3.09 2,023 150 (-----,~5) 750 ( - - )  7.8 - -  ~ 105 (1.97) ~ 
850 ~ 1.981 250 ( + 4 5 )  - -  12-16 9-13 ( 1 . 9 8 )  ~ 
8 0 0  ~ ~ - -  lOOO ( - - )  . . . .  

P r e s e n t  work .  
2 N u m b e r  m p a r e n t h e s e s  is the  r e p o r t e d  r e f r a c t i v e  index.  

N u m b e r  in parentheses  is twice the standard deviatmn. 
Deposi t ion Vempera ture  of 88o~ 

shown in Table II. Available data from the l i terature 
are also shown (1, 2, 21). Note that our Si3N4 etch 
rates in 49% HF are considerably lower than the data 
reported by Brown et el. (1). The etch rates in 7:1 
BHF are comparable with the data reported by Rand 
and Roberts and our Si3N4 appears to etch more slowly 
in refluxing phosphoric acid than  that of Van Gelder 
and Hauser (21). 

From Table II it can be seen that the increase in 
etch rate due to decreasing temperature  in as-deposited 
films is not exclusively due to decrease in density as 
suggested by Chu et al. (22), especially in the tem- 
perature range of 900~176 At these two tempera-  
tures, the measured densities, refractive indexes, and 
infrared absorption spectra are very near ly  identical  
wi thin  the error of measurement.  The reason for the 
significantly higher etch rate for 850~ deposited SisN4 
appears to be the decrease in refractive index between 
900 ~ and 850 C, which may be due to a change in either 
the density or composition, or both. 

Etch rates of silicon oxunitride (as-deposited).--The 
etch rates of silicon oxynitr ide as a function o~ compo- 
sition in 7:1 buffered HF are shown in Fig. 7 (Rand 

102 

101 

e -  

100 

As Deposited 

lOOO~ 

//r 
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/ / /  
/ /  
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Fig. 7. Etch rate of silicon oxynitride in 7:1 BHF as a function 
of composition at two deposition temperatures, as-deposited, and 
after annealing in N2 at IO00~C for 2 hr. 

and Roberts'  data are included for comparison).  Fig- 
ure 7 also includes data for oxynitr ide etch rates after 
anneal ing ~or 2 hr in • at 1000 C. ']These data are dis- 
cussed later under  annealing. From Fig. 7, the etch 
rate of as-deposited nlms is a funct ion of deposition 
temperature  at a fixed composition, i.e., higher etch 
rates are obtained for 900vC ~han for 1000~C deposited 
films. This is consistent with what  we found for Si3N4 
films. Films o2 identical refractive index and composi- 
tion (i.e., inzrared spectra),  deposited at 900 ~ and 
10D0~C must  also have identical  density. This can be 
seen from Lorentz-Lorenz theory (11), which relates 
density of any mater ial  with its refractive index as 
shown in Eq. [7] 

M n 2 - - 1  
p - [ 7 ]  

A n 2 + 2  

where M is the molecular  weight, n the refractive in -  
dex, and A the molar refractivity. Since molar  re-  
fractivity and molecular weight are a constant for a 
given material  (11) the density is a function of the 
re/ractive index only (9). Therefore the difference in  
silicon oxynitr ide etch rates at two deposition tem- 
peratures (i.e., 900 ~ and 1000~C) for films with ident i -  
cal refractive indexes and composition (i.e., infrared 
spectra) cannot be due to the difference in density. 

The etch rates of silicon oxynitr ide films in refluxing 
H~PO4 (180~ are presented in Fig. 8. Data are pre-  
sented for 900 ~ and 1000~ deposited films. Limited 
data are also shown for samples which were annealed 
in N2 for 2 hr  at 1000~C (this is discussed under  An-  
neal ing) .  From the l i terature (2) we expected to find 
a l inear  relationship between etch rate and composi- 
tion. This is not the case (~ig. 8). However, these data 
are consistent with earlier observations that  films de- 
posited at 1000~ etch at a slower rate than those de- 
posited at 900~C. 

The increase in etch rate with decreasing ni t rogen 
content from 1 to 0.64 mole fraction of equivalent  SigN4 
suggests that  the presence oi oxygen aids the dissolu- 
t ion of silicon nitride. This is consistent with the pro- 
posed mechanism of attack by hot H3PO4 acid on Si3N4 
in  the presence of H20 (21). That is, if H20 hydrolyzes 
(oxidizes) the SigN4 to some form of hydrous silica 
and ammonia,  the ammonia  remain ing  in solution as 
ammonium phosphate, then the presence of oxygen 
in  ni t r ide films would increase the etch rate in  hot 
phosphoric acid because it has part ial ly accomplished 
what  HzO is supposed to achieve in  the first place. 
However, as silicon oxynitr ide approaches pure SiO2, 
the etch rate drops to approximately  the etch rate of  
SiO2 in refluxing I-~PO4. Therefore the nonl inear i ty  
of etch rates as a function of composition can be ex- 
plained by the mechanism proposed by Van Gelder 
and Hauser (21). 

Etch rates of SiO~ (as-deposited).--The etch rates  of 
SiO2 deposited from SiH4-CO2-H2 in 7:1 BHF (23 ~ _.+ 
2~ are shown in  Fig. 7. The etch rate of these films 
was between 36 and 43 A/sec independent  of the depo- 
sition tempera ture  in 900~176 range. The measured 
density of these films was 2.15 ~ 0.15 for 1000~ depo- 
sition and 2.15 ~- 0.2 for 900~C deposition. The infrared 
spectra of these films was also identical wi thin  the 
error of measurement .  
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Fig. 8. Silicon oxynitride etch rate in hot refluxlng phosphoric 
acid (180~ as a function of composition at two deposition tem- 
peratures. Also shown is the etch rate after 2 hr annealing at 
1000~ for 2 hr in N2. 

E ~ e c t  of annea I ing . - -The  reason for under tak ing  the 
invest igat ion of anneal ing  on properties of Si~OmNp 
films was the exper imental  observation that  the final 
refractive index (Fig. 4), dur ing the oxidation bar-  
r ier  study, was always somewhat higher (i.e., ~ 0.006 
for most SilOmNp films and ~-- 0.008 for Si3N4) than the 
ini t ial  value. To determine whether  the change in re-  
fractive index (and other properties) results from the 
oxidation or annealing,  we carried out the invest iga-  
tion described below. 

A single anneal  t empera ture- t ime combinat ion was  
first arr ived at via pre l iminary  experiments.  SiO2 and 
Si3N4 films (,-~ 1000A) deposited both at 900 ~ and 
1000~ were annealed in  N2 for t ime- tempera ture  
combinations identical with those used for the bar r ie r  
to oxidation study. The test samples were wi thdrawn 
at 15 rain intervals  and their  refractive indexes and 
etch rates determined. It was found that  these two 
properties showed no addit ional change (i.e., "satu- 
rated") after a given amount  of t ime at any tempera-  
ture  wi th in  the exper imental  range. The anneal  t em-  
pera ture  did not influence the saturat ion values; how- 
ever, longer times were required to reach the satura-  
tion value for lower temperatures.  Thus, based on the 
above experiments,  2 hr at 1000~ appeared to be a 
reasonable compromise for a t empera ture- t ime com- 
binat ion for the anneal ing  experiment.  Several  sam- 
ples of SiOf, SisN4, and SilO~Np films deposited at both 
900 ~ and 1000~ were annealed for 2 hr at 10O0~ 
Along with invest igat ing the effect of anneal ing  on re-  
fractive index and etch rate, we have investigated the 
effect of anneal ing on film stress and for a l imited 
number  of samples on infrared spectra. 

Annea l ing  reduced the films thickness by ~4% and, 
correspondingly, the refractive index increased by 
0.002-0.015 de!oending on the composition of the film. 
The least change in thickness and refractive index 

occurred at equivalent  SiO2 mole fraction of 0.82 (RI 
-.- 1.57), i.e., ~1% and 0.002, respectively, for 1000~ 
deposited films. Other SiiOmNp films deposited at 
1000~ showed a decrease in  thickness of 1.5-2.0% and 
refractive index increase of ~0.005. For 900~ de- 
posited films, similar results were obtained except that  
the magni tude  of the changes was somewhat larger;  
Le., for most SilOmNp films, the thickness decreased by 
1.5-2.3% and the refractive index increased by ~0.007. 
The SigN4 films deposited at either temperature  
showed ~3% decrease in thickness and increase in  re-  
fractive index of 0.008 ~-0.002. The largest increase 
in refractive index occurred for SiOf, i.e., 0.012 _+ 0.003 
for either deposition temperature  coupled with de- 
crease in  thickness of 3.7 • 0.3%. 

Silicon oxynitr ide film of thickness ~4000A and 
with a composition of ~25% equivalent  SigN4 showed 
microcracks similar to the ones reported in the l i tera-  
ture for pure Si3N~ (14), after anneal ing at 1000~ 
for 2 h r .  These cracks were not present  in  as-de- 
posited films and they appeared in films after an-  
nealing irrespective of the deposition temperature.  
The stress values after anneal ing are for those films 
which did not crack. 

For uncracked films, anneal ing increased the tensile 
stress in SilOmNp and Si3N4 films and made the stress 
more compressive for SiO2 films as shown in Fig. 9 
and 10. Again, the least change is seen at equivalent  
Si3N4 mole fraction of ~0.18. However, after annea l -  
ing, stress remains  more tensile in 9000C deposited 
films than in 1000~ deposited films as shown in  Fig. 
11. The CVD SiO~ films are an exception to this rule  
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Fig. 9. Film stress as a function of composition and annealing, 
1000~ deposited film. 
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Fig. 11. Film stress as a function of composition after annealing 
for 900 ~ and lO00~ deposited film. 

as can be seen from Fig. 11. The stress in CVD SiO2 
appears to saturate at ~2.5 • 109 dynes /cm 2 irrespec- 
tive of the deposition temperature.  This strongly sug- 
gests that the measured stress in CVD SiO2 is almost 
ent irely due to the thermal  mismatch of the expansion 
coefficient of SiO2 and St. The same conclusion was 
reached by Jaccodine and Schlegel (19) about the 
nature  of stresses in thermal  SiO2. The stress value 
for annealed CVD SiO2 agrees very closely with the 
one reported for thermal  SiO2 (19). 

The etch rates decreased as a result  of anneal ing as 
shown in  Fig. 7 and 8. The SigN4 etch rates for 900 ~ 
and 1000~ deposited films were near ly  identical, 
wi thin  the error of measurement ,  after anneal ing in  
7:1 buffered HF at 6.3 A/min ,  whereas the etch rates 
of SiO2 saturated at ~1320 A/min.  However, the silicon 
oxynitr ide etch rates were not identical. The 900~ de- 
posited films etched faster in  7:1 buffered HF (Fig. 
7). In refluxing H3PO4, the SigN4 etch rate of 9000 
and 1000~ deposited films were not identical either, 
as shown in Fig. 8. Again, 900~ deposited films 
etched faster. The infrared spectra of films which had 
been annealed showed small changes in the location of 
the major  absorption maxima (i.e., between 1100 and 
800 c m - 1 ) ,  usual ly  wi thin  5 cm -~ of the preannealed 
absorption maxima. The most str iking feature of the 
postannealed infrared spectra for SigN4 and SilOmNp 
films was a near  absence of the absorption band at 
~-,3380 cm -1, indicat ing a marked decrease in the N-H 
species responsible for this absorption band. This is 
consistent with the observations of Rand and Roberts 
(2). 

In a final experiment,  several wafers of SilOmNp 
(RI 1.7-1.9) and Si3N4 were broken in  half. One half 
of these wafers was subjected to the anneal ing treat-  
ment  (i.e., 2 hr at 1000~C in N2), and the other half  
to steam oxidation at 1000~ for 2 hr. The wafers sub-  
jected to oxidation were subsequent ly  etched in 7:1 
BHF in  a sequence shown graphically in Fig. 4. The 
refractive indexes and etch rates of the unoxidized 
films were then compared with those of annealed sam- 
ples. Both refractive indexes and etch rates were 
found to be identical  (within the error  of measure-  
meat)  in the two cases. This last experiment  showed 
to our satisfaction that densification and changes in 
o t h e r  properties also occur dur ing the process of 
steam oxidation. 

Discussion 
Using Rand and Roberts '  (2) composition data, we 

have demonstrated the validity of two calculation 
procedures for determinat ion of SilOmNp composi- 
tion. The novelty of these procedures lies in the fact 
that they are both wr i t ten  with the under ly ing  as- 
sumption that SilOmNp films are homogenous mixtures  
of Si3N4 and SiO2. Silicon oxynitr ide films are clearly 

not mixtures for two reasons: (i) the infrared spectra 
do not show the separation of SiO2 and SigN4 absorp- 
tion peaks, and (it) the kinetic invest igat ion by Gaind 
et al. (9) clearly shows that the deposition rate con- 
stants of Si1OmNp cannot be determined by assuming 
codeposition of SiO2 and SigN4. Thus nei ther  the 
Lorentz-Lorenz theory nor the procedure of molar 
averaging based solely on the properties of SiO2 a n d  
Si3N4 (i.e., refractive index and density) should h a v e  
yielded any meaningful  results. However, the fact 
remains that by the use of these procedures, the com- 
position of SilOmNp is determined quite accurately. 
In view of this, we suggest that these procedures may 
also be applicable, despite their simplistic approach 
and assumptions, to other complex films such as a lu-  
m i num oxynitrides. 

The work in this paper was under taken  with an im-  
portant  application in mind, i.e., the use of SilOmNp 
films during the formation of recessed oxide isolation 
(REX).  The details of the R e x  process have been 
published recent ly by Bassous et al. (23). The SilOmNp 
can easily replace Si3N4 in  the combinat ion of thermal  
SiO2 and SisN4 during the formation of R e x  isolation. 
For this application, one needs to know the barr ier  to 
oxidation for selected SilOmNp composition. The 
knowledge of film stress is of significance since it 
probably determines the dislocation density in  the sili- 
con mesa covered by the selected film dur ing the R e x  
formation (23). The etch rates of SiiOmNp in both 
BHF and hot phosphoric acid are needed for device 
application. The changes in these properties after an-  
nealing or R e x  process are also impor tant  since sub-  
sequent device processing may require  either selective 
or b lanket  etching of these films. All the above ex- 
per imental  data are available in this paper. 

Besides the pragmatic aspects of this paper, some 
issues of fundamenta l  importance need to be reviewed. 
For example, why is the etch rate of th in  dielectric 
films a funct ion of deposition temperature,  especially 
when the infrared absorption spectra (structure)  and 
the refractive indexes are identical? The concept of 
density difference alone, as an explanat ion of this etch 
rate difference as proposed by Chu et al. (22), and 
fur thered by Brown et al. (1), is not consistent with 
~he ekl~erimental data presented here, especially in 
the case of as-deposited SigN4 films. Also, upon an-  
nealing, the change in  density is ~3% in most cases. 
Such a small  change in density cannot explain the 
~--50% change in  etch rate. Therefore, there is no satis- 
factory explanat ion of changes in the etch rate of di- 
electric films like SigN4 and SilOmNp as a function 
of deposition temperature.  It is suggested here that 
the change in  film stress or the amount  of H incorpo- 
rated dur ing film growth, when  the deposition tem- 
perature  is altered, may be some of the causes of ob- 
served differences in etch rate as a function of deposi- 
t ion temperature.  

Some pre l iminary  experiments  (not reported in  de- 
tail here) also suggest that in the case of Si3N4 the 
etch rate is a funct ion of the NH-8 concentrat ion used 
in the reactor dur ing deposition, i.e., etch rates in -  
creasing with increasing NI4_~ concentration. Similar  
observations have been reported by others (24). The 
difference in SisN4 etch rates observed in our studies 
and by Brown et al. (see Table II) may be due to the 
fact that Brown et at. used only Sill4 and NH3 (i.e., 
no carrier gas) to deposit SigN4. Therefore the NH~ 
concentrat ion in  their  case would be considerably 
higher than in our study, and hence the difference in  
observed etch rates. We have shown that  the stresses 
in SilO~Np and Si~N~ are tensile and that  the stress 
measured at room tempera ture  increases (becomes 
more tensile) with decreasing deposition temperature.  
Since the stress measured at room temperature  is a 
sum of intr insic and thermal  stress, an increase in  
measured stress at room temperature  implies that  the 
thermal  stress for SizN4 and SilOmNp is compressive 
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and that  the  in t r ins ic  stress is tensile.  Same con- 
clusions were  d rawn  by Tamura  et al. (17) concern-  
ing the na ture  of stresses in Si3N4. The non l inear i ty  
of Si]OmNp stress as a funct ion of composit ion is not  
surpr is ing  since a l inear  stress vs. composit ion curve 
would have impl ied  that  SiiOmNp are  codeposited SiO2 
and Si3N4. As a l r eady  pointed out, SilOmN, films are  
not codeposited SiO2 and Si3N4 but  are  "polymers"  
of silicon, oxygen, and  n i t rogen (2, 9). 

Summary and Conclusions 
We have s tudied severa l  impor tan t  proper t ies  of 

silicon oxyn i t r ide  (SilOmNp) films. The knowledge  
of these proper t ies  is especia l ly  useful  if the SilOmNp 
films are to be used in LSI  processing for the forma-  
tion of recessed oxide isolat ion (ROX).  We have also 
inves t iga ted  s imi lar  proper t ies  of Si3N4 and SiO2 
main ly  to provide  the end points of SilOmNp series. In 
general ,  the physicochemical  proper t ies  of Si~OmN~ do 
not va ry  l i nea r ly  as the composit ion is a l te red  f rom 
SiO2 to Si3N4. For  example ,  the film stress is approx i -  
ma te ly  a parabol ic  function of composition. The ba r -  
l iers to oxidat ion  in steam, etch ra te  in 7:1 BHF, and 
hot ref luxing H3PO4 all  are nonl inear  functions of 
composition. We have also inves t iga ted  the effect of 
anneal ing  on the above proper t ies  and find that  the 
film stress increases and etch ra te  decreases for all  
SilOmNp films. We have s imul taneous ly  s tudied  the 
proper t ies  of SilOmNp deposi ted  at  two deposi t ion t em-  
pera tu res  (i.e., 900 ~ and 1000~ and find that  both 
the stress and etch rates  increase as the deposi t ion 
t empe ra tu r e  is reduced from 1000 ~ to 900~ The effect 
of deposi t ion t empera tu res  on SilOmNp proper t ies  has 
not been prev ious ly  repor ted.  We have also shown tha t  
the composit ion of silicon oxyn i t r ide  can be calculated 
most sa t i s fac tor i ly  by  ei ther  weight  f ract ion averaging  
(Loren tz -Lorenz  theory)  or by  mole  f ract ion ave r -  
aging knowing only the  dens i ty  and re f rac t ive  index  
of Si3N4 and SiO2. The nove l ty  of the  above calcu-  
la t ion procedures  is in the  fact  tha t  both assume tha t  
Si1OmNp films are  homogeneous mix tures  of SiO2 and 
SisN4. It  is c lear  tha t  Si1OmN, are  not mix tu res  but  
compounds (or po lymers )  of silicon, ni trogen,  and 
oxygen. Thus the above procedures  should not have  
y ie lded  meaningfu l  results.  However ,  the  fact remains  
that  the resul ts  of these procedures  are  most  sat is-  
fac tory  in a r r iv ing  at the composit ion of SilOmNp 
Final ly ,  we have shown tha t  the  oxyn i t r ide  films de-  
posi ted f rom SiH4-CO~-NI-I3-H2 are  in genera l  iden t i -  
cal in composit ion and proper t ies  wi th  oxyn i t r ide  
films deposi ted f rom other  chemical  systems. 
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ABSTRACT 

The kinetics of lateral autodoping in silicon epitaxy over silicon sub-  
strates containing localized ar,cenic diffusions was studied as a function of 
deposition temperature,  growth rate, and preepitaxial  heat cycling. The lateral  
autodoping increases either with the decrease of deposition tempera ture  or 
with the increase in growth rate. The autodoping vs. tempera ture  plot yields 
an enthalpy of ,-~ --64 kcal /mole for the process in the temperature  range 950 ~ 
1100r and at 0.08 ~m/min  growth rate. Thermodynamic  calculations showed 
that  the arsenic redis t r ibut ion dur ing lateral  autodoping cannot be com- 
pletely described by equil ibria considerations and that an incorporation model 
based on dopant t rapping during epitaxy is capable of explaining quant i ta -  
t ively the growth rate and tempera ture  effects observed here. The effect of 
preepitaxial  baking is such that  the lateral  autodoping decreases with the 
increase in either the bake temperature  for constant bake t ime or the bake 
t ime for constant bake temperature.  These results were analyzed in terms of 
the evaporation of arsenic during prebake and consequent surface depletion 
in  the diffused regions. Arsenic evaporation velocity was calculated for 
several temperatures,  which yields an activation energy of 5.16 eV for arsenic 
evaporat ion from (100) silicon surface in an H2 flow ambient.  This high ac- 
t ivat ion barr ier  pertains to the evaporat ion of arsenic from the silicon surface 
through a near ly  s tagnant  boundary  layer in  a typical CVD epitaxial  system. 

Autodoping refers to that part  of the epitaxial dop- 
ing which originates from the substrates dur ing the 
deposition process. Lateral  autodoping involves lateral  
t ransport  of gaseous dopants which are released to the 
gas stream from the substrates during the preepitaxial  
and ini t ial  stages of the deposition. There have been 
several studies of autodoping [see Ref. (1) for a brief 
review] and yet  very  few of them (2-4) relate to the 
kinetics of lateral  autodoping. We present  here the de- 
tails of such a study using silicon substrates which have 
localized arsenic diffusions of high surface concentra- 
tion. Since the dopant  diffusions are only at the top 
surface, contr ibutions to autodoping from the bottom 
surface of the substrate are negligible. The use of sub u 
strates with localized diffusions allows a convenient  
way of separating the outdiffusion and lateral  t rans-  
port kinetics. Also, these cases are more typical of the 
processes involved in the fabrication of high perform- 
ance bipolar integrated circuits. 

Thermodynamics of Autodoping 
Let us consiaer an intrinsic epitaxial  process (i.e., no 

external  dopants added) dur ing which a redis t r ibut ion 
of the arsenic present in  the substrate occurs. Just  
pr ior  to the deposition, a certain concentrat ion of 
arsenic exists in  the vapor phase, and if a thermody-  
namic equi l ibr ium were to exist between this vapor 
and the arsenic incorporated into the first few layers 
of the epitaxy, we can wri te  

As (vapor) ~ A s  (epitaxy) [1] 

Assuming monatomic species and ideal gas behavior 
for the arsenic vapor, we obtain an expression for the 
equi l ibr ium constant for this reaction as given by 

aAs 
keq "- - -  [2] 

PAs 

where aAs is the activity of arsenic in the silicon epi- 
taxial solid solution and PAs is the part ial  pressure of 
t h e  arsenic vapor. If we now invoke Henry 's  law for 
the low arsenic concentrations incorporated into the 
epitaxy we can write for the dissolution process, as- 
suming no kinetic l imi ta t ion  

aAs ---- k'NAs [3] 

where NAs is the concentrat ion of arsenic in the epi- 
taxial solid solution and k' is the proport ionali ty con- 

stant. The assumption of Henry 's  law is valid up to 
arsenic concentrations of 10 is cm-3 at typical epitaxial 
temperatures  as pointed out by Rai -Choudhury  and 
Salkovitz (5). The equi l ibr ium constant is, thus 

k'NAs 
keq = [4] 

PAs 

The enthalpy change for the above process is given by 

- - A H  d I n  keq  
- -  = - -  [ 5 ]  

R d (1 /T )  

where R is the gas constant and T is the growth tem- 
perature. If we define the s tandard state of arsenic in  
the epitaxial  solid solution as an infinitely dilute solu- 
tion of arsenic in silicon (i.e., k' : 1), we have from 
Eq. [4] and [5] 

- -  hH d In NAs d In PAs 

R - -  d(1/T----~ d ( 1 / T )  [6] 

One can also write the enthalpy change for the equi-  
l ibr ium reaction of Eq. [1] as 

AH ---- HAs(epi) -- HAs(yap) 

- -  HAs(yap)} 
---- AHs ~ hHc 

where ~Hc is the heat of condensation and ~Hs is the 
heat of solution. 

Rearranging Eq. [6], we obtain the following expres- 
sion for the enthalpy change associated with the for- 
mat ion of the epitaxial solid solution of arsenic in sili- 
con 

Rd in  P~s Rd In NAs 
~ H s  = - - ~ H c  [ 7 ]  

d(1 /T )  d ( 1 / T )  

Equation [7] can be used to evaluate ~H~ from auto- 
doping experiments in which NAs is determined for 
various epitaxial growth temperatures  and from a 
knowledge of the tempera ture  variat ion of the arsenic 
vapor pressure in equi l ibr ium with the solid solution 
and from the heat of condensation of arsenic. 

In the above derivation, we have assumed monatomic 
arsenic in the vapor, and an equivalent  expression m a y  

146 
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be obta ined for any  o ther  polya tomic  species. The 
va l id i ty  of Eq. [7] assumes, of course, an equi l ib ra t ion  
be tween  the vapor ized arsenic and the arsenic incor-  
pora ted  into the ini t ia l  layers  of the epi taxy.  

Arsenic Evaporation Kinetics 
In a typical  CVD epi tax ia l  deposi t ion process, the  

subs t ra tes  a re  subjected to a p reep i t ax ia l  bake  cycle 
in order  to es tabl ish s tabi l ized the rmal  and gas flow 
conditions pr ior  to the deposition. Dur ing  this prebake,  
some of the  dopant  impur i t ies  evapora te  f rom the sub-  
strafes;  and since autodoping main ly  arises f rom these 
subs t ra te  sources, changes in the  p rebake  cycle are  
expected to cause changes in autodoping.  In o rder  to 
in t e rp re t  these p rebake  effects, we developed a theory  
based on the  ra te  l imi ta t ion  for the evapora t ion  of 
arsenic f rom the sil icon subs t ra te  surface. An  expres -  
sion is der ived  here which re la tes  the l a te ra l  au to-  
doping concentra t ion to the arsenic evapora t ion  veloc-  
ity, arsenic  diffusivi ty in silicon, and p rebake  time. 

Theory of surface-limited evaporation.--One-dimen- 
sional Fick 's  law solution for  the case of dopant  evapo-  
ra t ion f rom homogeneous ly  doped crys ta l  into vacuum 
yields,  in the absence of any  surface ra te  l imita t ion,  an 
er ror  funct ion d is t r ibut ion  of the dopant  in the crys ta l  
wi th  zero surface concentra t ion at al l  times. If  a k i -  
netic ba r r i e r  at  the surface were  to exist  for the evap-  
ora t ion process, however,  the solut ion to the  diffusion 
equat ion becomes analogous to that  for the  heat  flow 
wi th  the rad ia t ion  boundary  condit ion and yields  a 
finite bui ldup of the dopant  at the surface. Mil ler  and 
Smits  (6) have demons t ra ted  this to be the  case for 
the evapora t ion  of dopants  f rom Ge. More recent  
studies (7, 8) show s imi lar  resul ts  for the case of 
dopant  evapora t ion  f rom silicon. The solut ion for these 
cases-takes the  form 

= err  + exp ---5- + 
Co 

�9 er ic  ( ~ + K [8] 

where  C(x , t )  is the dopant  concentra t ion at  t ime t 
f rom the s ta r t  of evapora t ion  and depth  x from the 
surface of the  crystal ,  Co is the  uni form ini t ia l  concen- 
trat ion,  D is the dopant  diffusivi ty in the  crystal ,  and 
K is a mass t ransfe r  coefficient which has the  d imen-  
sion of veloci ty  and is re fe r red  to as evapora t ion  ve-  
locity. As K --> oo the  r a t e - l im i t a t i on  case reduces  to 
one of err  dis t r ibut ion.  

For  the case of inhomogeneously  doped crystal ,  such 
as in the case of subs t ra tes  wi th  dopant  diffusions, the  
one-d imens ional  solut ion is given by  (9) 

C(x, t) = 2~/xDT f ( x ' )  [exp{--  ( z  --  x')2/4Dt} 

+ exp{--  (x + x')2/4Dt}]dx ' -- (K/D) ;f(x') exp 

{(K2t/D) + K ( x  + x ') /D} �9  {(x  + x ' ) /2x/Dt  

+Kx/ t /D}dx '  [9] 

where  f ( x ' )  represents  the  ini t ia l  dopant  d i s t r ibu t ion  
pr ior  to evaporat ion.  Equat ion [8] is a pa r t i cu la r  case 
of the  above solution for  which the ini t ia l  d is t r ibut ion  
)~(x') is a constant.  

For  the  case of arsenie diffusion used in this  study,  
the  ini t ia l  d is t r ibut ion  f ( x ' )  of arsenic diffusion in the 
p - t y p e  subs t ra te  may  be approx ima ted  by  

I 
Co for O<x'<xj 

i(x') = [10] 
0 for x' > xj 

where  xj is the  junc t ion  dep th  and Co is the  arsenic 
surface concentra t ion p r io r  to evaporat ion.  

Subst i tu t ing  Eq. [10] in E q. [9] one obtains for the 
surface concentra t ion (x  = 0) 

C (0, t)  
---- 11 - -  12 [ 1 0 a ]  

Co 

where  I1 : erf  xj/2k/Dt 

and 

I 2 = ~  exp ---~-- + g ~ -  

- F  

With proper  change of var iables  and in tegra t ing  by  
parts,  we obta in  K~t < Kxl ( 

Xj - -  ~ Xj 
12 = err  2k/Dt -p e e er ic  2k/_D~ 

- t -K ~ / D ! ) -  er ic  K ~ V / ~  } 

Subs t i tu t ing  this in Eq. [10a], we get 

C (0, t)/Co = exp (K2t/D) {eric K~/t/D 

-- exp(Kxj /D)  [er ic  (xj/2k/Dt Jr Kk/ t /D)  ]} [11] 

Equat ion [11] describes the  var ia t ion  of arsenic sur -  
face concentrat ion as a funct ion of evapora t ion  t ime 
for subs t ra tes  wi th  ini t ia l  arsenic diffusion given by  
Eq. [10]. For  the  case of evapora t ion  f rom homogene-  
ously doped subst ra tes  for which xj --> oo, the  second 
te rm in Eq. [11] approaches  zero, so tha t  Eq. [11] re -  
duces to Eq. [8] wi th  x ---- 0. Further ,__since 
erfc(xj/2k/D--t) converges to zero for xj ~> 4k/Dt, the  
evapora t ion  f rom subst ra tes  wi th  arsenic diffusions 
from the top surface becomes equiva lent  to tha t  from" 
homogeneously  doped wafers,  p rovided  the evapora -  
t ion conditions are  chosen such that  4k/D-t < ~ xj. This 
condit ion is satisfied for the exper iments  r epor ted  
here, and thus, the var ia t ion  of arsenic concentra t ion 
at the subs t ra te  surface wi th  evapora t ion  t ime (bake  
t ime)  as given by  the first t e rm in Eq. [11] is 

C(0, t) = Co {exp (fist)} �9 er ic  (~t 1/2) [12] 

where  ~(T)  = K ( T ) / ~ / D ( T ) .  

If we assume (6, 7) an Ar rhen ius  behavior  for both 
K and D, such tha t  

D(T) = Do exp (--ED/kT) 
and 

K(T)  = K o e x p  (--EK/kT) 

where  ED and EK are  the  act ivat ion energy for  arsenic  
diffusion in and evapora t ion  f rom the silicon substrate ,  
respect ively ,  and k is the Bol tzmann constant  and T is 
the evapora t ion  tempera ture ,  we can wr i t e  

fl(T) = 8o exp ( - -hE/kT)  

where  hE _~ EK -- ED/2. Thus, by  measur ing  the sur -  
face concentra t ion as a funct ion of evapora t ion  t ime 
for  constant  t empe ra tu r e  or as a funct ion of evapora -  
t ion t empe ra tu r e  for constant  t ime, one can de te rmine  

and hE. Evapora t ion  veloci ty  K and act ivat ion ba r -  
r i e r  to evapora t ion  EK can then  be eva lua ted  f rom a 
knowledge  of D (T).  

Preepitaxial bake cycle and lateral autodoping.--As 
ment ioned earl ier ,  some of the dopant  impur i t ies  in the  
subs t ra te  wafers  evapora te  dur ing  the p rebake  cycle 
in an epi tax ia l  run. P a r t  of this i m p u r i t y  is ca r r ied  
away  in the  flow stream, and a pa r t  gets redepos i ted  on 
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the substrate, thereby causing lateral  autodoping. 
Skelly and Adams (10) and Shachnev (11) have shown 
that the level of autodoping in  the epitaxy is directly 
proportional to the substrate dopant concentration. 
Thus, changes in the lateral  autodoping due to changes 
in  the prebake cycle should reflect the changes in the 
surface concentrat ion prior to epitaxial deposition. 
Equat ion [12] can now be rewri t ten  in terms of lateral  
autodoping peak concentration, Cmax, as 

Cmax (T, t) : Ae  ~'~t �9 erfc (fit 1/2) [13] 

where A is a constant of proport ional i ty which is con- 
stant for identical postbake epitaxial deposition condi- 
tions. T and t are bake temperature  and time, respec- 
tively. Since Cmax is expected to vary with distance 
from the diffused area, applicabili ty of Eq. [13] re-  
quires that lateral  autodoping peak concentrat ion be 
measured at the same distance from the arsenic dif- 
fusion and in the same direction relative to the gas 
flow in all the experiments.  

Experimental 
The substrates used in this study were p- -Mlicon 

wafers (10-20 acm)  of (100) orientation. Arsenic dif- 
fusions were made on these substrates to cover 20% 
area in five square regions for the growth temperature  
studies and 2.5% area in four square regions for the 
prebake studies. The surface concentrat ion Co of 
arsenic over the diffusion was ~1.5 • 1021 cm -8 and 
xj ,~ 1 gm. (The concentrat ion profile was made using 
Rutherfqrd backscattering technique.) 

All epitaxial  depositions were made in an rf heated 
horizontal reactor with a 3~ sil icon-carbide 
coated graphite susceptor. The depositions were ,-~2 gm 
thick and were intr insic;  i.e., no external  doping was 
used. An H2 carrier gas with a l inear  flow velocity of 
~10.5 cm/sec (20.6 l i t e r s /min  flow rate) was used. 
SIC14 flow rates were adjusted to yield different growth 
rates used in this study; and the growth rates varied 
l inear ly  with SIC14 flow rates at all the deposition 
temperatures  used here. A log growth rate vs. recipro- 
cal deposition tempera ture  gave a near ly  l inear  region 
between 950~176 with a slope corresponding to 
~30 kcal/mole, and a flattening beyond that  tempera-  
ture. Substrate temperatures  were read optically with 
appropriate emissivity corrections including those due 
to quartz wall absorption. 

In  the prebake experiments,  the deposition condi- 
tions were held identical, varying only the preepi- 
taxial bake cycle. In  the bake t ime experiments,  the 
bake temperature  and the deposition temperature  were 
chosen to be the same (i.e., 1150~ and the baket ime 
was varied from 2 min  to 2 hr. The growth rate was 
0.25 ~m/min.  In  the bake temperature  experiments,  all 
depositions were made at 1000~ which is lower 
than or equal to the bake temperatures  used (1000 ~ 
1200~ Thus, any contr ibut ion to evaporation during 
reequil ibrat ion to the deposition temperature  was 
considered to be small. Further ,  a bake t ime of 1 hr  
used in these experiments  was believed to be long 
enough to ignore the t ransient  effects dur ing heat up 
and cool down cycles. The depositions were made at 
0.25 ~m/min.  

Lateral  autodoping was measured by the spreading 
resistance technique, in  which the vertical depth pro- 
files of arsenic in  the epitaxy were determined on a 
beveled surface. The vertical profiles were made at 0.1 
mm away from the diffusion square, and the profiles 
were corrected using a power taw interpolat ion tech- 
nique (12). 

It should be pointed out that  the spreading resist- 
ance measurements  give the donor concentrat ion at 
room tempera ture  through Irvin 's  curve. This con- 
centrat ion will  be different from the neut ra l  arsenic 
present  at the epitaxial temperatures,  and the deter-  
mina t ion  of one from the other involves a model-de-  
pendent  calculation. In  this present  s tudy we ignore 
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Fig. I. Vertical depth profiles of arsenic obtained by the spread- 
ing resistance technique (a) over diffused region, (b) 0.1 mm 
away from diffused region. Deposition temperature 1100~ Growth 
rate 0.08 ~m/min. 

this difference and in tend to present  a refinement of 
the calculation at a later time. 

Results 
Figure 1 shows typical arsenic vertical depth pro- 

files obtained from the corrected spreading resistance 
data. The vertical profile over the diffused region is 
shown in ~-ig. l ( a )  and the vertical profile over the 
nondiffused region (0.1 mm away from the diffused 
area) is shown in  Fig. 1 (b).  These results are f rom an 
1100~ SIC14 deposition run  for a growth rate of 0.08 
~m/min.  From Fig. l ( a ) ,  it can be seen that the ar -  
senic concentrat ion falls off very rapidly (~108/cm 4) 
within the ini t ial  layers of the epitaxy and approaches 
a level of ~10~4/cm 8 toward the end of the epitaxial  
run, which is typical of the background dopant level 
in the system. The ini t ial  decrease in  concentrat ion 
can be explained by the solid diffusion of arsenic in  
silicon (13). 

Figure l ( b )  shows the lateral  autodoping effects 
caused by the t ransport  of vacorized arsenic to regions 
far removed from the diffused area. A detailed anal-  
ysis of this lateral  dis t r ibut ion as a funct ion of dis- 
tance from the diffused area will be reported else- 
where (14). Examinat ion  of Fig. l ( b )  shows that  the 
lateral  autodoping reaches a ma x i mum at the ini t ia l  
stages of the epitaxial growth and falls off rapidly in  
a manner  similar to that  over the diffused area. In  
fact, both the on-  and off-diffusion profiles' super im-  
pose well, once a thickness of a few hundred  ang-  
stroms of the epitaxy is reached. We summarize  these 
findings in  Fig. 2, which shows that out-diffusion 
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effects predominate  in  the ini t ia l  portions of the 
dopant profiles. Thus, in  order to s tudy lateral  (i.e., 
gas phase) autodoping, it is desirable to separate out 
the out-diffusion effects by obtaining autodoping pro.- 
files from nondoped areas such as typified in  Fig. 1 (b). 

Lateral  autodoping can be characterized by the 
max imum concentration, Cmax, in  the vertical  profiles 
over the nondiffused region. We also find that  the in -  
tegrated area under  the autodoping profile is an 
equal ly valid feature of autodoping, since both this 
area and the peak concentrat ion vary s imilar ly with 
the process parameters.  

Figure  3 shows the effect of deposition temperature  
and epitaxial  growth rate on the arsenic peak concen- 
tration, Cmax, in  the lateral  autodoping profiles for 
the SiCI~ depositions. These results show that (i) la t -  
eral autodoping increases with decrease in  deposition 
temperature  for the same growth rate, (ii) lateral  
autodoping increases with increase in  growth rate for 
the same deposition temperature,  and (iii) the effect 
of growth rate is more pronounced at lower deposi- 
t ion temperatures.  The 0.25 ~m/min  growth rate data 
shows a max imum lateral  autodoping at 1000~ dep- 
osition temperature.  It was also found that, when  
depositions were made using silane, the autodoping vs. 
temperature  curve had near ly  identical slope for the 
0.08 ~m/min  growth rate to that  of SiCI~ deposition 
between 9500 and ll00~ 

The effect of preepitaxial  bake time and bake tem- 
perature  variat ions are shown in  Fig. 4 and 5. The 
lateral  autodoping decreases by about a factor of 5 
when the bake t ime is increased from 2 min  to 2 hr at 
1150~ The solid l ine is the least squares fit of the data 
to Eq. [13] which gave the following parameters:  A _-- 
5.03 • 10 TM cm -3 and fl : 0.02 sec -1/2. 

The effect of bake temperature  variat ion is shown 
in  Fig. 5 as a log Cmax vs. 1/T plot for 1 hr  bake t ime 
and 0.25 ~m/min  growth rate depositions. The auto-  
doping increases by a b o u t a  factor of 4 when the bake 
temperature  is decreased from 1200 ~ to 1000~ The 
solid l ine represents the fit of the data to Eq. [13] 
using # _-- 0.02 at 1150~ as obtained from the bake 
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t ime experiments.  The results of this fit are: A : 8.834 
X i0 IB cm -3 and # ,- 1.291 X 109 exp (--3.06/kT) 
see- i12, 

Discussion 
Temperature  dependence of lateral autodoping.--In 

an earl ier  section we developed an expression (see Eq. 
[7]) for the enthalpy associated with the formation of 
She arsenic solid solution in epitaxial  silicon, assuming 
an equi l ibr ium reaction for arsenic incorporation. To 
evaluate this enthalpy,  ~Hs, we plot the 0.08 ~m/min  
growth rate data in an enthalpy plot as shown in  Fig. 
6. We chose this growth rate data for the evaluat ion 
of ~Hs for the following reasons: (i) The growth rate 
was considered to be low enough to approach thermo-  
dynamic conditions, should they exist in  autodoping, 
(ii) silane depositions also exhibited the same l in-  
eari ty and slope as in  Fig. 6 under  identical growth 
conditions, so that any complicating halide etching 
effects in SIC14 deposition can be neglected, and (iii) 
l inear i ty  in  the enthalpy plot suggests a single operat-  
ing mechanism for the incorporat ion process. The 
slope of the enthalpy plot yields 

d In NA~ 
R ,~ 64 kca l /mole  

d (1/T)  

In order to evaluate ~Hs using Eq. [7], it is n e c e s -  
sary  to know the tempera ture  dependence of the ar -  
senic part ial  pressure in  equi l ibr ium with arsenic solid 
solution in silicon. Sandhu and Lyons (15) have ob- 
tained such data, and their  results show that  the en-  

d In PAs 
thalpy of the process, --R ., is 53.52 kcal/mole 

d (1/T)  
in  the tempera ture  range 800~176 Using this value 
and aHr : --72.3 kcal /mole obtained from Honig and  
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Kramer 's  compilation (16) for the heat of condensa- 
t ion of monatomic arsenic, we obtain hHs =- --45.2 
kcal /mole from Eq. [7]. 

Rai -Choudhury  and Salkovitz (5) have obtained 
from their doping experiments  ~Hs --~ 22.6 kcal/mole.  
Their analysis was, however, based on diatomic ar-  
senic in  the vapor. If we use a similar a rgument  and 
assume that  arsenic dissolves atomically in  epitaxial  
silicon, we can wri te  

As2 (vapor) ~ 2As (epitaxy) [14] 

for the incorporat ion reaction. 
The heat of solution for the above reaction is now 
given by 

R d In  PAs2 d i n  NA, 
a l l . =  R a H j  [15] 

2 d(1/T)  d(1 /T)  

where 5H~' is the heat of condensation for diatomic 
arsenic. Taking aHc' -- --53.1 kcal /mole again from 
l i terature  (16), we obtain ~Hs" = --37.7 kcal /mole 
from Eq. [15]. (Note that we use 53.52 kcal /mole  for 
the enthalpy of the arsenic equil ibrat ion for the di- 
atomic species as well, since the measurement  of total 
arsenic vapor pressure made in  these experiments  
(15) refers to whichever predominant  species that is 
present.) Thus, the heat of solution obtained from 
autodoping experiments  for either the monatomic or 
the diatomic arsenic species turns  out to be a nega-  
tive value, in contrast with Rai -Choudhury  and Salko- 
vitz's value of +22.6 kcal/mole.  Further ,  a calculation 
(5) based on Weiser's model (17) also yields a posi- 
tive value for arts of ,~7 kcaI/mole. The small positive 
value of AHs is also consistent with the calculations of 
arsenic activity coefficients in silicon as a funct ion of 
temperature  (18). 

In  view of the above disagreements with the heat of 
solution evaluations, we conclude that the arsenic 
autodoping cannot be described adequately by equi-  
l ibria considerations alone. It  seems l ikely that  other 
kinetic limitations, such as impur i ty  t rapping dur ing 
the epitaxial  growth, play a significant role in  the 
autodoping phenomena.  

Growth rate dependence o] lateral autodoping.-- 
Since our experiments  are in  a kinetic region of in te r -  
face controlled epitaxial  growth, we expect the mass 
t ransfer  l imitat ions to play no impor tant  role in the 
autodoping kinetics. Yet, we see from Fig. 3 that the 
growth rate has a significant effect on autodoping, 
especially at lower deposition temperatures.  

The theory of Hall (19), which was later  extended 
by Holmes (20), takes into account the effect of 
growth rate on the solute distr ibution kinetics in  
mel t -g rown crystals. They show that the excess solute 
concentrat ion in  the bulk  when  solute t rapping has 
occurred is a funct ion of growth rate  as given by 

Cxs* = Cxs exp ( - -Vi /V)  [16J 

where Cx~ = C~ -- Ch is the equi l ibr ium excess concen- 
t rat ion at the surface, Cs and Cb being the equi l ibr ium 
solute concentrat ion at the surface and in the bulk, 
respectively. Cxs* ~- CD* -- Cb is the excess solute con- 
centrat ion in  the bulk  due to trapping, where Cb* is 
the nonequi l ib r ium bulk  concentrat ion due to t rap-  
ping. V is the growth rate of the crystal, and Vi is the 
growth velocity for which the relaxat ion t ime for 
diffusion in the interface and the t ime for the growth 
of one monolayer  are about the same. Thus, Hall 's 
theory predicts that the bulk  concentrat ion due to 
t rapping varies from bulk equi l ibr ium concentration 
at very low growth rates to surface equi l ibr ium con- 
centrat ion at very high growth rates. It should be 
p o i n t e d - o u t  here that  the deposition tempera ture  
should be high enough to permit  a diffusionaI ex- 
change between the buried layer and the growing sur-  
face, otherwise the ini t ia l ly adsorbed layer  would re-  
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main  at the surface concentrat ion level for all growth 
rates. 

In view of above considerations, we replot in  Fig. 
7 the l l00~ autodoping data as log Cmax VSo growth 
rate. (The 1150~C data has not been used in  this anal -  
ysis since it represents a dirIerent slope in the en-  
thalpy plot, which may imply a change in  the in -  
corporation mechanism. We take Cb* ---- Cmax to rep-  
resent the nonequi l ib r ium arsenic concentration.) The 
data indicate a l inear  port ion for low growth rates 
up to ~0.25 ~ /min  with a slope which changes to a 
higher value at higher growth rates. 

Extrapolat ing our data in  ~ig. 7 to zero growth rate 
yields Cb ~ 4 X 10 TM cm -3, and if we apply the data 
to Eq. [16], we obtain Vi = 1.97 ~m/min  and Cs ~ 2.6 
X 1019 cm -3. The solid l ine in Fig. 7 represents the 
equation: Cr~x = 4 X 10 i6 + 2.6 • 10 i9 exp (--1.97/V). 
Thus, Hall~s theory indicates that the equi l ibr ium sur-  
face concentrat ion of arsenic would be ~700 times 
that in  the bulk. This high surface concentrat ion is 
not untypical  of the equi l ibr ium surface segregation 
observed in  many  systems (21). Further ,  taking the 
relaxation time for di~usion or arsenic at 1100~C to be 
~0.07 sec (t ~ x~/D, where x -~ 4A for one monolayer  
of silicon), we estimate the effective thickness through 
which the trapped arsenic atoms have to diffuse to ex- 
change with the surface to be ___0.07Vi; i.e., ,-~5 atom 
layers. The range of this dynamic exchange is about 
the same as that found by Bloem for phosphorus in -  
corporation in epitaxial  silicon (22). 

Preepitaxial bake eI~ects on lateral autodoping.--The 
bake time data yield # _-- K/~ /D  = 0.02 sec-i/2. Tak-  
ing D _-- 8 X 1U -14 cm2/sec zor bake temperature  of 
1150~ from Masters and Fairfield data (23), we ob- 
tain the evaporation velocity, K, of arsenic from (100) 
silicon surface at 1150~ in an H2 flow ambient  to be 
5.8 • 10 -9 cm/sec. The rate of arsenic evaporation, 
r, varies with bake t ime as given by 

r = KC (o,t) [17] 

where C(o,t) is the surface concentrat ion of arsenic 
in  the diffused region. From Eq. [12], [13], and [17] 
we obtain 

r = (  K C ~  
\ T  / Cmax(T,t) [18] 

Subst i tut ing the values for K and A obtained in the 
bake experiments,  and taking Co _~ 1.5 • 102i cm-3,  
we obtain the rate of arsenic evaporat ion from the 
silicon substrates dur ing prebake to be 

rnho ---- 1.73 X 10 -4 Cmax(t) cm -2 sec -1 [19] 

where Cm,x(t) is shown in Fig. 4. Since r cc Cmax, Fig. 4 
describes also the var iat ion of arsenic evaporat ion rate 
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with bake t ime at 1150~ The arsenic evaporat ion 
rate varies in present  autodoping experiments  from 
8.75 X 10 z2 cm -2 sec -1 at the beginning  of the pre-  
bake to 1.47 • 10 ~2 cm -2 sec -1 at the end of 2 hr pre-  
bake cycle. This evaporat ion of arsenic prior to the 
beginning  of the deposition cycle could amount  to a 
substant ial  depletion of the diffusions in a typical 
integrated circuit fabricat ion process. 

Arsenic evaporation velocity.--The bake tempera-  
ture  data shown in Fig. 5 gave # ---- K/k /D  : 1.291 >< 
109 exp (--3.06/kT). Using D __- 60 exp (--4.2/kT) for 
arsenic diffusivity (23), we obtain the following ex- 
pression for the arsenic evaporat ion velocity from 
(100) silicon surface in an  H2 flow ambient  

K = 1.0 X 101~ exp (--5.157/kT) cm sec -1 

The evaporat ion velocity varies from 2.3 >< 10 - s  cm 
sec -1 at 1200~ to 3.8 • 10 -11 cm sec -~ at 1000~ 
Table I shows this data together with the evaporation 
velocity values determined by Arai and Te runuma  (8) 
in their  vacuum evaporat ion experiments.  Their  values 
are 40-80% lower than our present  values, and they 
obtained an activation energy of 2.92 eV as compared 
to our value of 5.16 eV. This difference may be re-  
lated to a possible existence of a s tagnant  boundary  
layer  (24) in the epitaxial  prebake experiments,  
which would not be the case for the dynamic vacuum 
evaporat ion experiments  used by Arai and Terunuma.  
However, in  a separate exper iment  (25), we deter-  
mined the evaporat ion velocity of arsenic from (111) 
surface of a silicon substrate under  static vacuum, and 
this exper iment  also indicated a higher velocity than  
that  obtained by Arai and Terunuma.  It is also possi- 
ble that at the high Co used here nonl inear  elfects in  
the diffusivity need to be considered when solving the 
diffusion equation. 

In  order to fur ther  verify the proport ional i ty as- 
sumed in  deriving Eq. [13] between the lateral  auto-  
doping and the arsenic concentrat ion over the diffu- 
sion, we have plotted the sheet (spreading) resistance 
values, both on and off diffused regions, as a funct ion 
of bake tempera ture  in  Fig. 8. The figure clearly 
demonstrates a similar variat ion for these quantities,  
thus just i fying the above assumption. 

Conclusions 
Kinetics of la teral  autodoping is determined,  among 

other factors, by (i) preepitaxial  bake t reatments  
which determine,  in turn,  the dopant evaporation 
kinetics in  the epitaxial  process, and (ii) deposition 
parameters,  such as growth rate and temperature,  
which imply the existence of nonequi l ib r ium situations 
in  the dopant incorporat ion process. 
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Table I. Temperature variation of arsenic evaporation velocity 

Evaporation velocity (cm/sec) 

Present  results Arai  and Terunuma's 
Temp of prebake results (vacuum 
( ~  experiments evaporation) 

i000 4.12 x i0  -n  
1050 2.42 x 10 -1o 
1100 1.26 • i0  -9 6.0 • i0  -~o 
1150 5.80 x 10 -9 1.42 x I0 -9 
1200 2.41 x I0 -s 3,19 x I0 -~ 
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Fig. 8. Bake temperature dependence of sheet resistance 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1978 
JOURNAL. All discussions for the December 1978 Discus- 
sion Section should be submit ted by Aug. 1, 1978. 

P~ublication costs of this article were assisted by IBM 
Corporation. 

REFERENCES 
1. P. H. Langer  and J. I. Goldstein, This Journal, 121, 

563 (1974). 
2. H. B. Pogge, D. W. Boss, and E. Ebert, in  "Fifth In-  

ternat ional  Conference on Chemical Vapor Depo- 
sition," J. M. Blocher, H. E. Hintermann,  and L. H. 
Hall, Editors, p. 767, The Electrochemical Society 
Softbound Symposium Series, Princeton,  N.J. 
(1970). 

3. G. Mitsuhashi, NEC Res. Dev., 36, 68 (1975). 
4. L. D. Dyer and F. Padovani,  "Semiconductor Sili- 

con 1973," H. R. Huff and R. R. Burgess, Editors, 
p. 201, The Electrochemical Society Softbound 
Symposium Series, Princeton, N.J. (1973). 

5. P. Rai -Choudhury  and E. I. Salkovitz, J. Cryst. 
Growth, 7, 353 (1970). 

6. R. C. Milier and F. M. Smits. Phys. Rev., 107, 65 
(1957). 

7. R. N. Ghoshtagore, Solid State Electron., 15, 1113 
(1972). 

8. E. Arai  and Y. Terunuma,  Jpn. J. Appl. Phys., 9, 
410 (1970). 

9. H. S. Carslaw and J .  C. Jaeger, "Conduction of 
Heat in Solids," p. 359, Clarendon Press, Oxford 
(1948). 

10. G. Skelly and H. C. Adams, This Journal, 120, 116 
(1973). 

11. V. I. Shachnev, Inorg. Mater., 10, 176 (1974). 
12. S. M. Hu, Solid State Electron., 15, 809 (1972); 

ibid., 16, 432 (1973). 
13. A. S. Grove, A. Roder, and C..T.  Sah, J. Appl. 

Phys., 36, 802 (1965). 
14. G. R. Srinivasan, To be submit ted to J. Cryst. 

Growth. 
15. J. S. Sandhu and V. J. Lyons, Unpubl ished work. 
16. R. E. Honig and D. A. Kramer,  RCA Rev., 30, 285 

(1969). 
17. K. Weiser, J. Phys. Chem. Solids, 7, 118 (1958). 
18. S. M. Hu, Phys. Rev., 180, 773 (1969). 
19. R. N. Hall, ibid., 88, 139 (1952); J. Phys. Chem., 57,  

836 (1953). 
20. P. J. Holmes, J. Phys. Chem. Solids, 24, 1239 

(1963). 
21. S. H. Overbury,  P. A. Bertrand, and G. A. Somor- 

jai, Chem. Rev., 75, 547 (1975). 
22. J. Bloem, J. Crust. Growth, 13/14, 302 (1972). 
23. B. J. Masters and J. M. Fairfield, J. Appl. Phys., 

40, 2390 (1969). 
24. F. C. Eversteyn, P. J. W. Severin, C. H. T. Vanden 

Brekel, and H. J. Peek, This Journal, U7, 925 
(1970). 

25. G.R.  Srinivasan,  To be published. 



An Examination of the Chemical Staining of Silicon 
D. G. Schimmel and M. J. Elkind 

Bell Laboratories, Reading, Pennsylvania 19604 

ABSTRACT 

Large-scale chemical lapping of d iamond-sawed silicon wafers to remove 
residual mechanical  damage results in the formation of wafer stains. Highly 
doped p- type substrates are par t icular ly  susceptible and have been a pr imary  
cause of low wafer yields during production. This paper describes an in -  
vestigation into the cause of silicon staining and a practical solution to the 
problem. On the premise that the stain is a suboxide of silicon, various 
nitr ic-hydrofluoric acid mixtures, as well as mixtures  of hydrofluoric acid with 
oxidizing agents such as Cr +6, Fe +~, Cu+2; and I ~ were used to synthesize 
silicon stains. Ion-scat ter ing spectroscopy (ISS) and secondary ion mass 
spectrometry (SIMS) analyses established that all of the stains were sub-  
oxides of silicon (SiO<2). Their origin is the incomplete oxidation of silicon, 

Which is determined by the na ture  of the oxidant and its concentration. Al-  
though it is not practical to prevent  silicon stains from forming, they can 
readily be removed by a 15 sec immersion in a 2:1 volume ratio of hydrofluoric 
acid: 0.038M potassium permanganate  solution. 

Diamond-sawed silicon wafers are chemically 
thinned, i.e., chemically lapped with solutions of nitr ic 
(HNO3), hydrofluoric (HF),  and acetic (HAc) acids to 
remove residual  saw damage. The wafers are then 
either Syton polished on one side, or, in some instances 
of discrete devices, subjected directly to production 
processing without  fur ther  preparation.  A visible stain 
is generall~ a reason for rejection of chemically lapped 
wafers. Staining became more prevalent  with the in-  
creased usage of boron-doped <100> silicon having 
resistivities less than 1 a - c m  (1). 

The staining of silicon is not a new phenomenon.  
Over the years it has been observed to occur under  a 
variety of silicon etching conditions, including anodic 
dissolution (2, 3), as well as with a variety of etching 
solutions (4-10). Amorphous silicon (11, 12), silicon hy-  
dride (13), mixtures  of silicon oxides (14), and silicon 
monoxide or suboxide (15, 16) have been proposed as 
compositions to account for the discolorations. Based 
on these works and fur ther  production experience, two 
characteristics are notable:  (i) the stain occurs most 
readi ly on highly doped p- type  silicon; arid (it) the 
stain occurs as a result  of t rea tment  with any number  
of HNOa-HF-HAc etching compositions. 

Chemical lapping consists of immersing the silicon 
wafers in  a temperature-control led  acid etch solution 
of HNO3:HF:HAc. A volume ratio of 4:1:2 is a typical 
example (17). The stains form during removal  of the 
wafers from the acid bath and subsequent  immersion 
in  water  dur ing the rinse. Because production applica- 
tions f requent ly  deal with very large etchant volumes, 
e.g., 35 gallons, it is not feasible to quench the reaction 
by water  dilution. 

Silicon staining most readily occurs on highly boron-  
doped wafers, the degree of s taining varying directly 
with the boron concentration. Staining also occurs on 
n - type  silicon but  to a lesser degree. Here again, the 
staining of n - type  silicon varies directly with dopant 
concentration. 

In  very general  terms the chemical reaction for the 
dissolution of silicon is as follows 

Si ~- oxidizing agent--> SiO2 [1] 

SiO2 -~- 4HF--> SiF4 -5 2H20 [2] 

In  the presence of water  and hydrofluoric acid, SiF4 is 
converted to H2SiFs. 

The stain films formed on silicon by HNO3:HF:HAc 
etching solutions are insoluble in HF and in HNO~. 
They are par t ia l ly  dissolved, however, in ammonium 
hydroxide (NH4OH) solutions with some at tendant  
attack on the silicon substrate. The stains can also be 
dissolved by reimmersion in the 4-1-2 etch solution, 

Key words: silicon etching, stain films, chemical lapping. 

or, indeed, in any of the other usual  H N Q - H F  etch 
solutions, such as the 5-3-3. However, during the in ter -  
val  in which the wafer is wi thdrawn from the etchant 
and water  rinsed, the stain will  reform. 

This suggests that HNO3-HF etchant compositions 
may favor the formation of some intermediate  reaction 
product, perhaps a silicon oxide other than SiO2. As an 
init ial  approach, the specificity of HNO3 as the stain 
ini t iator  can be rejected. Anodic oxidation of silicon in 
aqueous HF, for example, forms a stain similar to those 
chemically induced by HNO~-HF mixtures.  Fur the r -  
more, highly boron-doped silicon (~0.01 ~-cm)  has 
also been observed to stain dur ing defect evaluat ion 
(18, 19). Here the defect etchant contains only HF and 
chromic acid ( C r Q )  or potassium dichromate (K2- 
Cr207) as the oxidizing agent. In  fact, highly doped 
p- type silicon will even stain when . immersed  in only 
hydrofluoric acid. The reaction is slow, requir ing an 
hour or two to develop, and incident  light is essential. 
In this instance, the oxidant for silicon is the water  
present in  the concentrated hydrofluoric acid (20). 
The critical factor involved in stain formation on sili- 
con appears to be the na ture  of the oxidant  and prob- 
ably its concentration. 

If it is assumed that  the s tain is SiOx, where x < 2, 
then a fast depletion of the oxidizing agent at the sili- 
con-solution interface could be responsible for its for- 
mation. This depletion occurs because of the very high 
oxidation rate of the highly doped silicon surface. Since 
the stain film varies in thickness with time, the rate of 
the silicon suboxide formation is greater than the rate 
of its dissolution or oxidation to Si +4. Once formed, the 
stain cannot be attacked by HF. 

Experimental 
In view of the above considerations, it should be pos- 

sible to select oxidants having the necessary oxidation 
potential  and concentrat ion for the full conversion of 
silicon to the solubilized Si +4 state. Exper iments  were 
first performed to determine the r a n g e  of HNO~-HF 
ratios which cause silicon staining. The use of HAc in 
all of the formulat ions employed did not influence the 
formation of the stain. Since its p r imary  funct ion is 
that of a diluent, its fur ther  use was omitted (6, 21). 
Except where noted all samples were 0.01 ~ - c m  p- type  
silicon. 

Vertically oriented silicon test samples, par t ia l ly  
submerged in  the etchants main ta ined  at 20~176 
showed that  staining could occur in any of three ways: 
(i) solution staining of the entire immersed silicon; 
(it) a th in- l ine  stain at the a i r - l iquid  interface; or 
(iii) staining above the etch solution (vapor-phase 
stain) .  Format ion at each of these locations depended 
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upon the HNOs-HF volume ratios used. Nevertheless,  
staining of one type or the other  occurred over  a very  
wide range of ratios. 

In general, HNOs-r ich solutions of ~12:1  to ~ 4 : 1  
(HNO3:HF by volume)  caused a i r - l iquid  interface 
staining. Faster  etches of ~ 3 : 1  to ~ 1 : 3  (HNO~:HF) 
caused var iable  staining. For example,  if the etch solu- 
tion was vigorous enough to generate  fumes or mist, a 
vapor-phase  stain occurred on the silicon above the 
etch solution level. Staining was also found to be de- 
pendent  upon the in terva l  be tween wi thdrawal  of the 
silicon f rom the etch solution and water  rinsing. The 
more active etchant  concentrations appeared to enhance 
s t a i n  formation after  wi thdrawal  of the substrate f rom 
the solution. For  etch solutions of 1: 4 to as high as 1: 250 
( H N Q :  HF ratios),  the silicon stain formed only in so- 
lution. Obviously, the problem of silicon staining would 
n o t  be solved mere ly  by simple changes in the HNO3- 
H F - H A c  etchant composition. 

Consequently,  to learn more  of stain format ion and 
chemical  composition of the discoloration, a number  of 
typical oxidizing species were  selected as substitutes 
for HNO3 in combinat ion with  HF. As shown in Table 
I, these oxidants react by generat ing changes in oxida-  
tion state (valence) involving 1-5 electrons (possibly 
even 7-8). If part ial  oxidat ion of silicdn is responsible 
for the stain, then those oxidants w~ith one-, two-,  and 
even th ree-e lec t ron  changes should be candidates 
l ikely  to produce stains. As ment ioned above, CrO8 
and K2Cr207 which undergo a th ree-e lec t ron  change 
when reduced, do indeed stain silicon. 

It was not surprising, then, that solutions of ferr i -  
cyanide (ranging from 0.5-2 parts of 1M K3Fe(CN)6 
to 1 part  HF) with a one-e lec t ron change in oxidation 
state (Fe +~ to Fe +2) provided very  intense examples  of 
staining on silicon. Frolonged immersion of silicon in 
such solutions merely intensified the discoloration from 
a brown to bluish-black color. Another single electron 
change is associated with the reaction of cupric chlo- 
ride with silicon (0.5 parts of 1.5M CuCl2 to 1 part HF). 
Again staining was very intense. Copper is not depos- 
ited in this case because insoluble CuCl is formed. -With 
CuSO4, however, the two-electron transfer would cause 
copper to plate out upon the silicon. Still another 
example is the reaction of KI-I2 solutions with silicon 
(5 parts of KI-I2 solution, containing 2 moles I2 and 6 
moles KI, to 1 part HF). This single electron type 
oxidation likewise produced very intense staining. 
Hydrofluoric acid solutions of hydrogen peroxide and 
ammonium persulfate, respectively, were inactive; 
and thus, these two-electron transfer reactions could 
not be effected. One other oxidant which probably 
involves a two-electron change is aqua regia. A two- 
part aqua regia: 1 part HF mixture did show some ac- 
tivity by forming a stain. 

These observations show that one and probably two- 
electron type oxidants, regardless of concentration, 
are incapable of completely oxidizing silicon. Those 
with a three-electron transfer, chromates and prob- 
ably HNO3, likewise tend toward staining. However, 
increasing their concentration in respect to HF in the 
etchant solution does enhance their oxidizing capabil- 

Table I. Oxidizing agents 

Single e lec -  
t r o d e  p o t e n t i a l  

Redox r e a c t i o n  V a l e n c e  c h a n g e  (V) 

1. sn +~ --> s n  o + 2e  - 0.14 
2. H C O O H  ~ C H O -  + l e  + 0.00 
3. SOt = ---> SO8 = + 2e ~- 0.17 
4. H C H O  * CHaOH + 2 e  +0 .19  
5 Cu +~ ~ Cu o + 2e  ~- 0.34 
6. Fe(CN)6 -a ~ Fe(CN)6 -4 +le +0.36 
7. CU +2 ~ CU +1 + le ~ 0.54 
6a. Is- ~ 31- + l e  +0 .53  
b. IOs-~ V212o +5e +1.19 
e. HIO ---) Y2I.~ o + l e  + 1.45 
d. HsIOo ~ IOa- + 2e  + 1.6 

9. NOs- .-~ NOt +3e +0.96 
10. Cr20~= -. 2Cr+ a + 3e  + 1.33 
1l .  MnO4-  --> M n  +~ + 5e  + 1.51 
12. H20~ ---> H 2 0  + 2e  + 1.77 
13. S2Os = ~ 2SO~ = + 2e  + 2.01 

ity. For example,  by increasing the HNO3:HF from 
1:4 by volume [0.135 mequiv.  (22) HNO~:I mequiv.  
I-IF] to 1:3 by volume (0.180 mequiv.  HNO3:1 mequiv.  
HF) ,  solution staining can be eliminated. 

For chromium, which has an oxidation state change 
of three, no solution staining of silicon occurs in a 
1 part  9.4M CRQ:2.54 HF by volume solution (0.391 
mequiv.  Cr+6:1 mequiv.  HF) .  However ,  When the vol -  
ume ratio is changed to 1 part  9.4M CRO8:3 HF (0.325 
mequiv.  Cr+6:1 mequiv.  I-IF) then staining does occur. 
On a molar  basis, therefore,  the min imum concentra-  
tion of each oxidant  requi red  to prevent  solution stain-  
ing is a HF solution 2.64M in Cr +6 and a HF solution 
3.90M in HNO3, respectively.  

Though solution staining can be completely  e l imi-  
nated for the Cr +6 and the HNO~ acid systems, non- 
uniform staining will  occur upon wi thdrawal  of t h e  

wafer,  par t icular ly  f rom the H N Q - H F  etchants. This 
is a t ime-dependen t  reaction, since any residual  acid 
( thin films, droplets, or vapor)  wilI continue to react  
with the silicon. In addition, the instabil i ty of t h e  

HNO3 in air accelerates the decrease in its effective 
concentration. That  is to say, there  is a rapid change 
in the HNO3: HF ratio from a nonstaining region to one 
which stains by the incomplete  oxidation of the silicon. 
In the case of the Cr +6 system, a longer  t ime will  
elapse before staining occurs, s imply because the Cr +6 
is not degraded in air as is the HNO3; and, hence, i t s  

effective concentrat ion remains higher. 
For a powerful  oxidizing agent, such as KMnO4 w i t h  

a f ive-electron change occurring in acid solutions, no 
silicon staining of any type was encountered through-  
out a fou r -o rde r -o f -magn i tude  range of oxidant  con- 
centration. In fact, stains were  not even apparent  in 
solutions of 6.67 • 10 -~ mequiv.  Mn+V: 1 mequiv.  HF. 
This remarkab le  per formance  is violated only when  
p-n  junctions are present.  Then the high boron-doped 
areas become stained when the Mn +7 concentrat ion i s  

only 3.27 X 10 -3 mequiv.  Mn+7:1 mequiv.  HF. 
With this as a basis, it follows that  this powerfu l  ox-  

idant might  well  be able to interact  with residual stains 
formed on silicon by other etchants. In fact, a solution 
of 2 parts hydrofluoric acid to 1 part  0.038M potassium 
permanganate  by volume readi ly  dissolves stains 
formed by HNO3-HF etchants on silicon within  10-15 
sec at room temperature .  The silicon etch rate  for this 
solution is ~0.4 ~m/min  for <100> silicon ranging 
f rom 0.002 a - c m  n- type  to 0.01 a - c m  p-type.  The actual 
etch rates de termined for two resistivit ies each of n-  
and p- type  <100> silicon are listed in Table II. 

In v iew of the results obtained with KMnO4, iodic 
acid (HIO3) and periodic acid (HIO4) with  oxidizing 
capabilities involving at least f ive-electron changes, 
respectively,  were  also evaluated.  Both oxidants ex-  
hibited strong etch activity. However ,  they apparent ly  
formed some in termedia te  metastable  iodine com- 
pounds during their  reduction, which in ter fered  with 
the completeness of the oxidat ion process. Silicon 
wafers t reated in HF solutions containing each of these 
iodic acids turned dark and upon exposure to air con- 
t inuously l iberated iodine vapor. 

Since the concentrat ion of the oxidant  has been 
shown to be one of the controll ing factors in minimiz-  
ing or el iminat ing stain format ion on silicon, the u s e  

of solid fluoride salts in conjunction with HNO, a n d  

Cr08, or K2Cr2OT, was explored to avoid the dilution 

Table II. KMnO~-HF etch rate for p- and n-type silicon 

< 1 0 0 >  Si  

R e s i s t i v i t y  E t c h  r a t e *  
( a - c m )  T y p e  ( ~ m / m i n )  E t c h  s o l u t i o n  

0.002 n 0.42 
3 n 0.42 2 p a r t s  H F  

1 p a r t  0.038M KMnO~ 
4 p 0 .34  
0.01 P 0.32 

* E t c h  s t e p  m e a s u r e d  w i t h  a T a y l o r - H o b s o n  T a l y s t e p .  
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effect inherent  with the water  present in concentrated 
HF. The results showed clearly that undissociated HF 
rather  than fluoride ions was essential for removing 
silicon dioxide (23). For example, the Secco etch (2 
parts HF: 1 part  0.15M KuCreOT) readily generated a 
stain on 0.01 ~ -cm p- type <100> silicon. Replacing 
the HF with the equivalent  concentrat ion of potassium 
fluoride (KF) solution gave no reaction with silicon, 
even with the KF concentrat ion increased to satura-  
tion. However, additions of hydrochloric (HC1) or 
sulfuric (H2SO4) acids to the nonreact ive solution re- 
sulted in silicon staining. Hydrofluoric acid was evi- 
dent ly  formed by the hydrochloric acid addition: 
H + + CI- + K + + F- ~ HF + K + + CI-. 

Potassium fluoride added to HNOs-HF solutions 
(i: 1 by volume) reduced the normally violent silicon 
etch reaction to nil. Partial regeneration of the solution 
reactivity to silicon was achieved with HNO3 additions. 
However, additions of water, hydrofluoric acid, or ace- 
tic acid were ineffectual. It is presumed that the po- 
tassium fluoride in this instance had initially caused 
massive nitric acid ionization to form undissociated HF 
and to simultaneously lower the oxidizing capability 
of the nitric acid. 

Ammonium fluoride and potassium fluoride were 
also used as replacements for HF in HNOs-HF (i: 1 by 
volume) solutions. Silicon staining resulted in each 
case, but not the expected violent etch reaction. Nitric 
acid additions increased the solution etch activity, 
whereas sulfuric acid additions were not as effective. 
Violent silicon etching occurred, however, when hydro- 
fluoric acid yeas added. Thus, it appears that the sulfuric 
acid did not completely convert all the fluoride ions 
from the fluoride salts into undissociated hydrofluoric 
acid. 

Silicon stain composition.--Silicon samples with 
stains generated from hydrofluoric acid solutions 
containing oxidizing agents of items 6, 7, 8, 9, and 
10 of Table I were analyzed for oxygen:si l icon ratios 
and residual metallic contaminat ion (24) with ion-scat-  
ter ing spectroscopy (ISS) and secondary ion mass 
spectrometry (S1MS). Two oxidized silicon wafers 
were used to establish the calibration for the oxy- 
gen:s i l icon ratio determination.  The oxides of these 
cal ibrat ion samples were approximately 50 and 2000A 
thick. Figures 1A and 1B show the data obtained from 
the ISS for each of these oxide thicknesses. As ex- 
pected, the ratio is essentially 2:1, oxygen:sil icon. 
Figure 1C shows the oxygen:si l icon ratio of the 
HNOs:HF (1:110) generated stain film. This ratio is 
constant at about 1.4-1 over a thickness of 100A. Simi- 
lar  ratios were obtained from the stain samples pre-  
pared in the HF solutions of K3Fe (CN)6, CuC12, CrO3, 
and KI-If,  respectively. 

Figure 1D represents a product ion- type stain sample. 
The stain is very thin, probably 20A or less. Accord- 
ingly, there is no extended flat portion above the base 
l ine to the oxygen: silicon ratio curve. Nevertheless, the 
stain is a silicon suboxide with a ratio of <2: 1. Figure 
1E shows the ISS oxygen:si l icon ratio curve for the 
surface of a clean epi control wafer. As expected, there 
is only a very small  quant i ty  of oxygen present on the 
surface. 

Both ISS and SIMS analyses showed that the ele z 
ments  Fe, Cu, Cr, and I2 were not significant consti tu- 
ents in any of the stain samples. Though fluoride ions 
were also present, they were in such low concentra-  
tions as to preclude any S i -O-F combinations. It is 
clear, then, that  all of the stain films formed by the 1, 
2, and 3 electron change oxidants used in these ex- 
periments  have a similar  composition involving only 
oxygen and silicon in a ratio of <2: 1. 

Stain removal.--It is obvious from the results ob- 
tained that  it is impractical  to achieve a s tain-free 
chemically lapped silicon wafer by using the convert- 
t ional etchants, such as HNOs-HF, on a large scale. 
The ease with which the 1 part  0.038M KMnO4:2 parts 
HF solution completely removes such stains without 
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Fig. 1. Oxygen:silicon ratio vs. depth of stain films determined 
by ion-scattering spectroscopy. 1A, O2:Si ratio of 2000A thick 
1050~ steam oxide; 1B,* O2:Si ratio of 50A thick 900~ dry 
oxide; 1C, O~:Si ratio of stain film from 1:110 by volume HNO3:HF 
solution; 1D,* O2:Si ratio of very thin stain film from 4:1:2 by 
volume HNOs:HF:HAc production etching; 1E,* O2:Si ratio of 
a clean n-epi control wafer surface. * indicates the base line 
is not zero, since a discriminator was not used to eliminate the 
crater edge effects. 

significant attack on the substrate itself (0.1 ~m per 
side in 10-15 sec) makes it very attractive for post- 
chemical lapping stain removal. 

The possibility of residual  manganese  and potassium 
contaminat ion exists for stained wafers treated in the 
KMnO4-HF s ta in-removal  etch solution. Accordingly, 
after t rea tment  of a product ion-s ta ined wafer in the 
KMnO4-HF solution to remove the stain, water  r ins-  
ing, and drying, it was analyzed for residual surface 
contaminat ion by SIMS and ISS. Manganese was not 
detected, and the residual potassium level was consist- 
ent with that normal ly  detected on clean silicon sur-  
faces (<0.1 ppm).  A large variety of devices were also 
fabricated from wafers that had been treated for stain 
removal on a limited production quant i ty  basis. These 
device yields were consistent with the regular  produc- 
t ion yields. Added assurance against residual manga-  
nese and/or  potassium contaminat ion is that the stain 
removal  t rea tment  is performed prior to the preoxida- 
t ion and prediffusion cleaning which all wafers receive. 

Characteristics of the KMnO4-HF etchant.--A1- 
though the silicon etch rate for 2 parts hydrofluoric 
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acid: 1 pa r t  0.038M potass ium pe rmangana te  is about  
0.4 ~m/min,  it  is not surpr is ing  that  increas ing the pe r -  
mangana te  concentra t ion also increases the etch rate.  
Accordingly ,  KMnO4-HF solutions were  surveyed  as 
possible chemica l - l app ing  etches. 

The s t rongest  formula t ion  examined  was a solution 
of 7g KMnO4 in 100 ml HF, which upon mix ing  p ro -  
duced a very  vigorous exothermic  reaction. This solu-  
t ion exhib i ted  l imi ted  stabi l i ty,  however ,  and produced 
inconsis tent  etching results.  A p re fe r red  combinat ion 
for etching silicon was formula ted  with  3.5g KMnO4, 
100 ml HF, arid 10 ml H20. This e tchant  p roduced  
h ighly  pol ished surfaces and exhib i ted  an etch ra te  of 
4.4 ~m/min.  Typical ly ,  4:1:2 (HNOz:HF:HAc)  etches 
about  three  t imes fas ter  and leaves the surface wi th  
a mat te  finish. A mat te  surface is p r e fe r r ed  to provide  
f r ic t ion for holding wafers  in posi t ion dur ing  the Syton 
polishing operat ion.  

Even though a KMnO4-HF formula t ion  contains 
cons iderably  less oxidant  than  does a HNO3-HF solu-  
t ion to s to ichiometr ica l ly  solublize silicon, r e juvena t ion  
by  simple addi t ion would eventua l ly  lead to solut ion 
bui ldup of manganese  and potass ium salts. The 
HNO3-HF etchant,  on the other  hand, can be read i ly  
main ta ined  by  rout ine  acid additions.  Thus, consider-  
ing the low etch rate,  the pol ished ra the r  than mat te  
surface finish, and solut ion by -p roduc t  buildup,  
KMnO4-HF is not a sui table  direct  r ep lacement  for 
HNOs-HF in a product ion chemica l - l app ing  operat ion.  

The low surface etch rate,  ~-0.4 ~m/min,  of the 2 
par ts  HF: 1 par t  0.038M KMnO4 s t a in - remova l  solut ion 
suggests that  this type  of etch solut ion might  be adap t -  
able  to defect  etching (25-27). An advantage  of pe r -  
mangana te  solutions would be that  no special  disposal  
is required ,  as is the case wi th  the ch romium-con ta in -  
ing defect  etches, such as those of S i r t l  and Secco. 
Solutions containing one pa r t  of KMnO4 in concentra-  
tions ranging  f rom approx ima te ly  0.1-0.004M with  
2 par t s  HF were  surveyed  for potent ia l  defect  etchants,  
both  wi th  and wi thout  ul t rasonic agitation. 

The KMnO4-HF defect  etch solutions were  eva lua ted  
on <100>  wafer  samples  wi th  p -n  junctions.  Stacking 
faul ts  and some dislocations were  n ice ly  de l inea ted  by  
etch pits  in the junct ion areas. However ,  in the n -ep i  
areas  dis locat ion etch pits did not develop where  dis-  
locations were  known to exist.  This is not too su rp r i s -  
ing, since Landgren  (28) found that  KMnO4-HF etch-  
ants were  almost  comple te ly  p re fe ren t ia l  to p - t y p e  ma-  
te r ia l  when p - n  junct ions are  present.  

Conclusions 
The causes of the chemical  s ta ining of silicon, such 

as tha t  which  occurs dur ing  product ion  quan t i ty  chem- 
ical  lapping,  have been shown to arise f rom the incom- 
ple te  oxida t ion  of silicon in the usual  HNO3-HF etch-  
ant  compositions. Sta in ing may  occur in solut ion or in 
the vapor  phase pr ior  to r ins ing as a resul t  of oxidant  
deplet ion.  Highly  boron-doped  <100~  sil icon is pa r t i c -  
u l a r ly  suscept ible  to stain formation.  It has been 
shown that  these stains can occur over  a ve ry  wide 
range  of HNO~-HF compositions. Consequently,  for-  
mula t ion  var ia t ions  to p reven t  silicon stain format ion  
in a product ion process are  impract icable .  

Sil icon stains were  also genera ted  with  Cr +6, Fe +3, 
Cu +2, and I 0 as oxidants  in hydrofluoric  acid solutions. 

These stains as well  as those formed in var ious  
HNO3-HF mix tures  have been shown to be a suboxide  
of silicon, SiO~, where  x < 2. 

KMnO4-HF solutions do not  form any k ind  of sil icon 
s tain over a wide range  of pe rmangana t e  concent ra-  
tions. Though re l a t ive ly  act ive as a genera l  silicon 
etch, the a t tack  ra te  of the KMnO4-HF solutions is only  
about  1/3 of that  of a typical  4-1-2 HNO3-HF-HAc so- 
lution. Fur the rmore ,  the resu l tan t  pol ished r a the r  
than mat te  surface finish and solut ion by -p roduc t  
bui ldup prec lude  its direct  subst i tu t ion for  the usual  
HNO~-HF-HAc etchants  used in large  scale chemical  
lapping  operations.  

Composit ions of KMnO4-HF in di lute  form, howeve r, 
are  ex t r eme ly  effective for r ap id  postchemical  l app ing  
HNO3-HF stain removal .  A 2 par t  HF: 1 par t  0.038M 
KMnO4 solut ion at  20~176 comp:letely dissolves 
stains in 10-15 sec wi thout  any significant silicon disso- 
lution. 
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Investigation of the Ti-Pt Diffusion Barrier 
for Gold Beam Leads on Aluminum 
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ABSTRACT 

In  order to avoid Ai -Au interactions and to ensure the electrical and me-  
chanical stabili ty of the Au beam leaded structures using Al metallization, a 
T i -P t  diffusion barr ier  between Al and Au has been investigated. Ti and Pt 
films of different thicknesses were employed as diffusion barriers. The re- 
sult ing AI -T i -P t -Au  thin film sandwich structures were aged at temperatures  
in the range of 300~176 to evaluate the effectiveness of the barr ier  in pre-  
venting Ai-Au interaction. The interact ion was followed by use of optical and 
electron microscopy, x - ray  diffraction, and sheet resistance measurements.  
It  was found that  metal lurgical  interactions in  these structures occurred at 
preferent ial  sites which were shown to be hillocks in A1. On continued aging, 
reaction spread around these sites and finally covered the entire surface. 
The number  of such reaction sites increased with decreasing barr ier  metal  
thickness and with increasing time and temperature  of anneal.  The reaction 
was considerably inhibi ted (i) by anneal ing A1 at 450~ for 1/z hr prior to 
barr ier  metall ization and (if) by using at least 2000A each of Ti and Pt in 
the barrier.  An unders tanding of the effectiveness and need of a 2000A Ti- 
2000A Pt diffusion barr ier  between A1 and Au was obtained by addit ional 
studies of the metal lurgical  interactions induced in A1-Pt, A1-Ti, and A1-Ti-Au 
thin film sandwich structures by aging at teml~eratures in the range of 200 ~ 
500~ Ti is required to cover A1 well so as to prevent  A1-Pt interactions and 
Pt is required to prevent  T i -Au interactions caused by diffusion of Au through 
Pt  to Ti. 

A l u m i n u m  is most widely used as a practical metal -  
l ization mater ial  in the IC technology. In order to 
extend the use of a luminum metal l izat ion to mul t i -  
chip assemblies it is advantageous to form gold beam 
leaded sealed structures using such metallization. To 
avoid go ld -a luminum (1) interactions, a suitable dif- 
fusion barr ier  between A1 and Au has to be provided. 
This barr ier  metal l izat ion must  prevent  A1-Au in ter -  
actions and must  not lead to a loss of electrical con- 
duction between the outside world and the circuit 
dur ing its operation. 

Several  barr ier  metall ization schemes--such as 
Ti-Pd,  Ti-Pt,  Ti-Rh, T i - N i p h a v e  been considered in 
t he  past (2-9) in one form or the other. Such two 
metal  schemes have been chosen to satisfy both the 
adherence and barr ier  criteria and to provide sufficient 
corrosion resistance. The results of both Mel l iar -Smith  
and Polito (7) and DeBonte et al: (8) indicate that  
a T i -P t  diffusion barr ier  between A1 and Au would 
be a good choice. Speight and Bill (2), who studied 
t he  effects of aging in dry air at 150 ~ and 250~ and in 
wet and dry air with 10 ppm HC1 at 150~ on the con- 
tact resistance of T i - P t - A u  conductor film metal l iza-  
t ion on Ta2N, reported such metall ization to exhibit  
by far the  g r e a t e s t  stability. 

We have investigated the feasibility of using a Ti -P t  
diffusion bar r ie r  between A1 metal l izat ion and the 
Au beams. In order to unders tand  the barr ier  charac- 
terestics and its effectiveness, one must  learn about 
the metal lurgical  interactions in two (e.g., A1-Pt, 
A1-Ti, etc.), three (e.g., A1-Ti-Au, A1-Pt-Au, etc.), 
and four metal  (the A1-Ti-Pt -Au)  systems. In the 
temperature  range of 200~176 there is considerable 
interdiffusion in T i -Au  (8-9) and P t -Au  (10-11) 
films al though no intermetal l ics  are reported for the 
latter. AI-Au films are known (1) to react catastroph- 
ically. A1-Ti films have been reported (12) to react 
at bigher temperatures,  leading to the formation of 
AlaTi  which retarded fur ther  interact ion between A1 
and Ti. On the other hand, there is very li t t le in ter -  
diffusion reported in T i -P t  (8) films. In a recen t  
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rier. 

paper (13) we have reported the results of our in-  
vestigations of the metal lurgical  interactions in thin 
films of A1 and Pt. A1 and Pt films were found to 
interact  very rapidly, leading to the formation of 
several intermetallics.  In  this paper we report  and 
discuss the results of our studies of the A1-Ti-Pt -Au 
metall izat ion scheme together with the results of 
the re levant  studies of the metal lurgical  interactions 
in A1-Pt, A1-Ti, and A1-Ti-Au thin film structures. 
It will  be shown that T i -P t  diffusion barr ier  provides 
excellent barr ier  characteristics between A1 and Au. 

Experimental 
The metal  films were always deposited on oxidized 

silicon substrates. Throughout  this paper the metal  
deposited first is wri t ten  first. For example, A1-Ti-Au 
would mean that A1 was deposited on the substrate, 
followed by Ti deposition on this A1, and Au (the 
outermost layer) deposition on Ti. 

A~-Ti-Pt-Au structures.--Three different test s truc-  
tures were used in this investigation as shown in 
Fig. 1. The first [Fig. l ( a ) ]  was the simple p lanar  
s tructure formed by depositing various films one after 
another. 1.5 ~m thick A1 was evaporated onto hot 
substrates at 320~ Ti (or Ti /TiN)  and Pt were 
sputter deposited on chemically cleaned (in 30:1 am- 
monium fluoride:HF for 30 sec) A1 in the" desired 
thicknesses. 5000A thick Au was then electroplated 
on top of Pt. (In a typical beam lead about 10-15 
~m of Au is electroplated on Pt. Such a thick layer 
of Au is, however, not suitable for the metal lurgical  
interact ion studies.) Most of the init ial  studies were 
made by measur ing the sheet resistance of the com- 
posite film and by following the reaction visual ly 
under  an optical microscope. A few x- ray  diffraction 
pat terns were obtained for the reacted specimens to 
learn  about the possible intermetal l ics  formed. 

Based on the results of the studies on the above- 
ment ioned test structures, new test structures of the 
type shown in Fig. lb  were made using a meta]liza- 
tion scheme 2000A Ti-2000A Pt-5000A Au on hot- 
deposited (320~ A1. The A1 was annealed at 450~ 
for 0.5 hr in hydrogen to simulate the actual device- 
fabricating conditions, and to reduce the hillock growth 
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Fig. 1. Schematic drawings of the various Ti/Pt barrier layers 
between AI and Au. 

in subsequent  350~ agings. Also, in some cases half 
of each wafer was coated with 1 ~m of plasma silicon 
nitr ide prior to Ti -Pt  deposition so that a comparison 
could be made between the A1-Ti-Pt -Au and T i - P t - A u  
interactions. It may be noted that in the rest of the 
investigation we have used only hot-deposited (320~ 
A1 films which were annealed to 450~ for ~/2 hr 
in hydrogen prior to any subsequent  metallizations. 

Al -P t  structures.--In a recent publ icat ion (13) we 
have already reported the results of thin film inter-  
actions of A1 and Pt. A1 and Pt react very rapidly 
at higher temperatures  and Ti is needed to avoid 
this interaction. In  this paper we report  the results 
of our invest igat ion of the hillocks in a luminum as 
the preferent ial  reaction sites. Since A1-Pt interact  
very rapidly, a very  th in  (200A of Ti) bar r ie r  was 
used between A1 and 2000A of Pt  to retard the reac- 
t ion so it could be followed dur ing heating on a hot 
stage in the scanning electron microscope in a reason- 
able length of time. One of these samples was heated 
on the hot stage of a SEM. A Chromel-Alumel  thermo- 
couple connected to the hot stage measured the tem- 
perature  of the hot stage. The reaction, as it occurred, 
was recorded as snapshots. The max imum temperature  
at tained dur ing  these interactions was 510~ 

A1-Ti-Au structures.--In order to establish the use- 
fulness of Pt in the A1-Ti-Pt -Au metall izat ion scheme, 
we studied a few A1-Ti-Au thin film sandwich struc-  
tures. Ti and Au films were deposited on 1.5 ~m 
thick (hot-deposited and preannealed)  A1 films in 
two different manners :  (i) On some wafers Ti and 
Au films were sequent ia l ly  sputtered in the same 
sput ter ing chamber  without breaking vacuum. Samples 
with 1000, 2000, and 3000A thick Ti films were pre-  
pared. Each had 5000A Au film on top; (ii) In  another  
case, 2000A of Ti was sputtered on A1 and the wafer 
was taken out in air prior to Au evaporation. In many  
of these samples Au did not adhere very well to the 
Ti surface, which could be a serious drawback in 
using gold directly on Ti if the Ti gets exposed to 
air before the Au deposition. 

A1-Ti-Au samples thus prepared were then an-  
nealed at 350~ in forming gas ambient.  The interac-  
t ion between the metall ic films was followed by 
optical examinat ion of the top surface of the struc-  
ture, four-point  probe sheet resistivity measurements ,  
and x - r ay  diffraction studies. 

Results and Discussion 
A l - T i - P t - A u  structures.--Ti film thicknesses of 1000 

and 2000A with or without 100-200A of TiN and Pt  
films of 1000, 2000, and 4000A thicknesses were used. 
These thicknesses are indicated on the figures. All 

Fig. 2. Top view of the surface of AI/Ti/Pt/Au samples as-prepared 

the high tempera ture  agings were carried out in  
forming gas. Most of the samples were annealed at 
350~ and some were annealed at 300 ~ and 400~C. 

All sample surfaces were identical in  the as-prepared 
state. The optical photomicrographs in Fig. 2 show 
the top view of one as-prepared 1.5 ~m A1-Ti -P t -Au 
sample. Figure 3 shows the surfaces of various sam- 
ples annealed at 350~ for 5 hr. As a result  of the 
aging, the metal lurgical  interact ion in these films 
has become visible. As can be seen in Fig. 3, the 
reaction appears as black spots (in fact, they were 
slightly purple hillocks) indicating preferent ial  reac- 
tion sites. Very similar  spot formation has been re-  
ported by Kolesnick et at. (14). The number  of such 
sites increased with the increase in  aging time. It  
can be seen that both thicker Ti (~2000A) and Pt 
(~2000A) films help to reduce the extent  of the 
interaction. The intermediate  layer  of TiN would 
also seem to help in reducing this interaction. 

Composite film sheet resistances were monitored 
as a function of the anneal ing t ime and temperature.  
Figure 4 shows the sheet resistance before and after 
the anneal ing for 22 hr at 350~ for various samples. 
One finds a good quali tat ive correlation between the 
results of Fig. 4 and those of Fig. 3. A 2000A Ti-2000A 
Pt barr ier  between A1 and Au films seems to be very 
effective in controll ing the metal lurgical  interactions 
which lead to high sheet resistances. Figure 5 shows 
the sheet resistance of A1-2000A Ti-2000A P t -Au  
structures as a function of t ime at several tempera-  
tures of anneal.  

The number  of interact ion sites (so-called black 
spots) increased with increasing time of anneal.  Fig-  
ure 6 shows the number  of these sites per square 
centimeter  as a function of t ime of anneal  at 400 ~ 
350 ~ and 300~ This result  is very similar  to one 
shown in Fig. 5. It may be pointed out that even 
after 45 hr of aging at 350~ the n u m b e r  of reaction 
sites on specimen No. 11 (with 2000A Ti-2000A Pt) 

Fig. 3. Top view of the surface of AI/Ti/Pt/Au samples after 
5 hr anneal at 350~ 
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Fig. 6. The number of observed defects in the sample with the 
2000J~ Ti/2000/~ Pt barrier as a function of time and tem- 
perature of anneal. 

was only 0.08 per 200 ~m X 100 #m area, a typical 
metal l izat ion area. 

A comparison of the sheet resistances and the num-  
ber of the black spots appearing af ter  the 400 ~ , 350 ~ , 
and 300~ anneals (Fig. 5 and 6) shows that  the 
over -a l l  metal lurgical  interact ion in the 1.5 ~m A1- 
2000A Ti-2000A Pt-5000A Au system is a thermal ly  
act ivated process. Al though it is not possible to charac- 
terize this process, which could be a composite of 
several  thermal ly  act ivated reactions, one can extract  
a ve ry  useful number  in terms of the over -a l l  act iva-  
tion energy as reflected in sheet resistance and num-  
ber  of defect measurements  (Fig. 5 and 6). The act iva-  
tion energy in the present  case was found to be 
~1.5-1.7 eV. Knowledge  of this number  and of the 
useful l ife at the accelerated aging tempera ture  can 
be utilized to approximate  the life of the composite 
film s t ructure  at the operat ing tempera ture  of the 
devices. 

Results of x - r a y  diffraction studies of the reacted 
films are given in Table I. The only reaction product 
detected was A12Au which confirms the observation 
of purplish color of the reacted spots. Phases other 
than the purple A12Au were  optically visible but 
were  undetected by x-rays.  

As stated earlier,  in all these specimens the A1 
films were  deposited on substrates heated to 320~ 
and no postanneal ing was carried out prior  to 
T i - P t - A u  depositions. A1 is known (15) to form 
hillocks during annealing. These hillocks may punch 
through Ti -P t  films during the 350~ anneals, leading 
to direct contact between A1 and Au. Also, the hi l -  
locks present  at the interface may  be high enough 
that  T i -P t  coverage is poor, leading to thinning of 
the barr ie r  metal  and permi t t ing  react ion to occur 
at these sites in subsequent hea t - t rea tment .  To test 
this hypothesis and to minimize hil lock growth during 
annealing, a few samples were  prepared according 
to the schematic shown in Fig. I ( b ) .  Here, A1 was 
annealed at 450~ for 30 min in hydrogen prior to 
silicon ni tr ide deposition. Such a hea t - t r ea tmen t  of 
A1 pr ior  to fur ther  metal l izat ion is a common prac-  
tice during device fabrication. 

Figures 7(a) and 7(b) show optical photographs 
of the surface of two samples (with 200A Ti-2000A 
Pt and 2000A Ti-100A TiN-2000A Pt be tween A1 and 
Au) annealed for 42 hr at 350~ The reaction, as 
represented by black spots, has taken place only 
in the half  where  A1 was in contact wi th  Ti -Pt -Au.  
There  is ve ry  lit t le change in the sheet resistance on 
this half of these samples. In the other  half, where  
Silicon nitr ide formed a thick bar r ie r  be tween A1 
and the T i - P t - A u  metall ization, no reaction seemed 
to have occurred. There is no change in the mea-  
sured sheet resis t ivi ty of T i - P t - A u  on this half  of 
the wafer.  The number  of defects on the reacted side 
(on A1) is considerably less in these samples (even 
af ter  42 hr  of anneal)  compared to those shown in 
Fig. 3. This difference in reaction rate  (compared to 
that discussed earl ier  wi th  as-deposited A1, e.g., 
Fig. 4) could be a t t r ibuted to the 450~ anneal of 

Table I. X-ray diffraction studies of the reacted films 

Heat treat- I n t e r m e t a l l l c s  
Metallization ment(~ identified 

Al-1000A Ti-1500A Pt- 1 hr at 350 None 
5000A Au 3 hr at 350 None 

20 hr at 350 Strong spotty lines due to 
Al~&u only 

A1-2000A Ti.2000A P~- 5 hr at 350 None 
5000A Au 22 hr at 350 Definite AhAu but not as 

strong as in other sam- 
ple (above) 

115 hr at 300 A few spots only indicating 
2-10% AI~Au 

AI-1000A Ti-5000A Au 8 hr at 350 AI~Au and Au~Ti 

A1-2000A Ti-5000A Au 8 hr at 350 

A1-3000A Ti-5000A Au 8 hr at 350 
Au~Ti only 

Au~Ti only 
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Fig. 7. Top view of heat-treated samples made at 450~ 
for 1/2 hr prior to barrier metallization. (a) With 2000A Ti /2000A 
Pt/S000A Au on AI and on Si nitride; (b) with 2000A Ti /100A 
T iN/2000A Pt/5000A Au on AI and on Si nitride; (c) one reacted 
spot as visible in optical microscope and; (d) several reacted 
spots as visible in SEM. 

A1 prior to T i -P t -Au  depositions. Due to this t reat-  
ment  hillock formation in A1 is considerably retarded 
at lower temperatures.  Figure 7(c) shows an isolated 
black spot in high magnification. The per iphery of the 
spot was purple  and the central  area was protruding 
out of the surroundings.  These spots appear as hil- 
locks in the SEM, as can be seen in Fig. 7 (d). 

Hillocks as the reaction sites: A l -P t  reaction.--In 
the absence of Ti, A1 and Pt react very rapidly and 
reaction occurs preferent ia l ly  at sites which appear 
as black spots dur ing optical examination.  Figure 8 

shows a series of SEM snapshots as the AI-Pt interac- 
tion (slightly slowed down by a 200A Ti barrier in 
between) occurred on the heated stage of the SEM. 
Figure 8(a) shows a window in the as-prepared 
Sample. The description under each photograph de- 
scribes the total time since heat-treatment began, 
as well as temperature and the magnification. Going 
through the sequence of these photographs it is very 
clear that there is a one-to-one correspondence be- 
tween the hillocks present in AI and the reaction 
site (black dot as it appears in the optical micro- 
scope). Some hillocks start to grow early and they 
are the first to react. Others follow in time. Figure 
8(d) shows a cross section of one of these hillocks. 
In Fig. 8 (d) the hillock has the typical conical shape. 
Such hillocks were subsequently found to have folded 
on themselves on prolonged heating. From these it 
is clear that as the hillocks grow in size, a void in- 
creasing in volume is created under the top surface 
of the hillock. The formation of the void is caused 
by the separation of the intermetallics from the under- 
lying aluminum. It may be noted that the hillock 
underneath the silicon nitride layer separating AI 
from Ti-Pt did not grow during this treatment (as 
shown by the arrows in Fig. 8). These observations 
dearly establish that the black dot formation in 
AI-Ti-Pt-Au structures (due to accelerated aging 
at elevated temperatures) was due to the presence 
of hillocks in the AI and subsequent growth due 
to reaction at these hillocks. 

The absence of any AI-Ti, AI-Pt, or Ti-Au inter- 
metallics and the presence of only A12Au in the 
reacted AI-Ti-Pt-Au films can now be explained. 
Interaction was initiated at the localized Al-hillocks 
between A1 and Ti-Pt. The interaction led to void 
formation and collapse of the reacted volume leading 
to metallurgical contact between AI and Au. The 
rapid delocalization of AI-Au interaction follows 
leading to the formation of detectable amounts of 
AI2Au over the entire surface. Other intermetallics, 
formed at localized sites, were not present in large 
enough amounts to be detected by x-ray diffraction 
in a decisive manner. 

A l - T i - A u  structures.--Samples wi th  in situ-depos- 
ited Ti and Au. - -F igure  9 shows the surface of A1- 
T i -Au  films after a 4 hr anneal.  Intermetal l ic  reac- 
tion products are visible in samples with 1000 and 
2000A Ti but  not in the sample with 3000A Ti. In 
the sample with only a 1000A Ti barr ier  between 
A1 and Au, reaction seems to start at preferential  
sites, which according to Fig. 8 could be the hillocks 
in AI. The surface away from these black spots has 
also turned grayish in  all samples, indicating some 
metal lurgical  interaction. In samples with a 2000A 
Ti as barrier,  such reaction sites (black spots) are 
very l imited in number  and there appears to be i n t e r - '  
action occurring everywhere as denuded (or reflecting) 
regions. 

Figure 10 shows the surface of the same samples 
after 8 hr of anneal. Interact ion is now visible even 

Fig. 8. SEM snapshot photographs of the sample with 200A 
Ti /2000A Pt on 1.5 #m thick annealed AI film (in window). 
Sample was annealed on the hot stage of the microscope. (a) 
As-prepared, X500; (b) after 109 min of heating, hot-stage tem- 
perature 510~ XS00; (c) after 135 min of heating, hot-stage 
temperature 510~ X500; (d) heater shut off after 135 min 
(510~ cooled, and cleaved, XS000. 

Fig. 9. Photomicrographs showing interaction in samples with 
in situ-deposited Ti /5000•  Au on 1.5 ~m thick and annealed 
AI--after 4 hr/3S0~ gas anneal. (a) IO00A Ti; (b) 
2000A Ti; (c) 3000A Ti. 
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Fig. 10. Photomicrograph showing interaction in samples with 
in situ-deposited Ti /5000A Au on 1.5 #m thick and annealed 
AI--after 8 hr/350~ gas anneal. (a) 1000A TJ; (b) 
2000A Ti; (c) 3000A Ti. 

on the sample with 3000A Ti. The surface of the 
sample with 1000A Ti is now purplish in color, whereas 
the other two surfaces are increasingly grayish black. 
Absence of black spots on samples with 2000A and 
3000A Ti, in as large a number  as is visible on 
sample with 1000A Ti, would indicate a bet ter  cover- 
age of A1 hillocks with thicker Ti films. 

The sheet resistance of the samples was measured 
on the top surface -(Au layer) at room temperature.  
Figure 11 shows a plot of the sheet resistance of 
various A1-Ti-Au samples as a function of time. 
These results confirm the microscopic observations 
of Fig. 9 and 10. As seen in the case of A1-Pt samples 
(13) there is an instantaneous decrease in the sheet 
resistance of all the samples that  could be associated 
with the anneal ing of the films. For the sample with 
1000A Ti, there is a gradual  increase in the resistivity 
with time and at the end of 8 hr anneal  there has 
been approximately 100% increase in ps indicating 
considerable consumption of A1 (13). There has been 
no change in the sheet resistivity of the sample with 
3000A Ti besides the ini t ial  decrease. After the initial  
decrease, there has been only slight (~6%)  increase 
in the resistivity of sample with 2000A t i tanium. There 
has been thus a negligible interact ion involving A1 
since the total sheet resistivity of the A1-Ti-Au 
samples is largely contr ibuted by A1 only. 

X- ray  diffraction studies of the films after 8 hr 
of a n n e a l  show the intermetal]ics listed in Table I. 
In  samples with 2000 and 3000A Ti films the only 
identified intermeta]l ic is Au~Ti. On the other hand, 
in the sample with 1000A Ti, AuA12 is predominant ly  
present together with Au~Ti. 

Samples with Au deposited on air-exposed Ti.m 
Figure 12 shows the optical micrographs of the sample 
after 350~ anneal  in forming gas. Note that in half 
of this sample A1 was covered with plasma silicon 
nitride. T i -Au  was on top of a luminum in the other 
half. This enabled us to compare the Ti -Au interact ion 
occurring on one half with A1-Ti-Au interact ion on 
the other. Since ni t r ide as well as Ti and Au replicate 
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Fig. 11. Sheet resistance of various AI /T i /Au samples as a 
function of time of anneal at 350~ in forming gas. 

Fig. 12. Photomicrographs showing an absence of interaction 
on the sample with titanium exposed to air prior to gold evapora- 
tion. 

the halves, they look identical and any differences in 
the mode of interact ion could be easily detected. As 
can be seen in Fig. 12, there is no reaction visible 
even after 19.5 hr of anneal.  Surface discoloration 
only has become visible after 86.5 hr of anneal. A few 
small black spots are also visible. There was no 
significant change in the sheet resistance of the sample 
of AI -Ti -Au or Ti -Au halves. X- ray  diffraction study 
of the two halves does not show anything intermetall ic.  
Only metall ic Ti, Au, and A1 are detected. 

Al-Ti interaction.--We have also investigated sam- 
ples with 20O0A Ti on A1 annealed at 350~C up to 
86.5 hr in  forming gas. No interact ion has been visible 
at the surface. There has been no significant change 
in the sheet resistance, indicat ing absence of any 
significant reaction. X- ray  diffraction study of this 
sample does not show any intermetall ics.  

Absence of any A1-Ti intermetal l ic  in all the sam- 
ples has been unique  and surprising. It would appear 
that  under  the present  circumstances A1 and Ti do 
not interact  at any appreciable rate at 350~ Bower 
(12) has described an A1-Ti metal l izat ion scheme 
and has reported the formation of TiA13 at the Ti-A1 
interface. The amount  X of the Ti consumed to pro- 
duce TiA13 was given by 

X 2 
= 0.15 exp(--1.85 eV/kT)  cm~/sec 

t 

where t is the t ime of anneal  in seconds at the tem- 
perature  T~ This expression may be used to cal- 
culate the approximate amount  of Ti consumed during 
86.5 hr anneal  at 350~ Thus if the A1-Ti interact ion 
occurred in our samples, 600A of Ti should have been 
consumed to form TiAI~. Such an amount  of TiA18 
should have been large enough to be detected by 
x - r ay  diffraction studies. 

Absence of the formation of any detectable amount  
of A1-Ti intermetal l ics  could be a t t r ibuted to either 
or both of the following. (i) In  the present  case, A1 
films were preannealed  in hydrogen at 450~ prior 
to Ti deposition, leading to considerable grain growth 
and hillock formation in A1. Such a hea t - t rea tment  
of A1 will re tard the migrat ion of A1 in subsequent  
aging at lower temperatures.  (ii) The interact ion may 
be considered to be inhibi ted by the presence of the 
interfacial  oxide layer  on A1. The latter, however, 
would seem unl ikely  because unl ike  Pt, Ti is an 
excellent oxygen getter with the abil i ty to absorb 
almost half its weight in reaction products in ter -  
stitially. Ti will thus bond easily with A1 and the 
presence of any oxide l ayer  should not inhibi t  A1-Ti 
interaction. It may b e  noted here that  Bower (12) 
deposited both Ti and A1 at 100~ in a single evapora- 
tion during one pumpdown of the evaporator. He had 
thus el iminated the interfacial  oxide layer formation 
and had low tempera ture  A1 which could react at a 
much faster rate than our annealed A1. 
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Ti-Au and Au-Al  interactions.--In samples with 
in situ-deposited Ti -Au  on A1, the reaction between 
Ti and Au seems to occur fairly rapidly in all the 
samples as indicated by discoloration of Au and pres- 
ence of TiAu4 in all the samples. Thus given enough 
time to interact  with Ti, Au eventual ly  could get 
to the A1-Ti interface, and the A1-Au interaction, 
which is catastrophically fast at these temperatures,  
would be initiated. That  is What happened in the 
case os the sample with only 1000A Ti between A1 
and Au. This amount  of Ti may not be enough to 
cover the hillocks in A1 and may have a larger density 
of pinholes, both of which lead to A1-Au interact ion 
at an early stage of hea t - t rea tment  This was the case 
leading to the formation of AuAle in this sample. 

In  samples where Au was evaporated on Ti exposed 

which have been annealed prior to T i - P t - A u  metal -  
l ization and (ii) 2000A Ti-2000A Pt (at least) bar r ie r  
between A1 and Au. The first of these two reduces 
flow in  A1 and growth of hillocks dur ing  subsequent  
anneals. Thicker Ti -P t  provides a good coverage on 
the A1 hillocks and prevents  A1-Pt, A1-Au, interac-  
tions any one of which could be catastrophic. The high 
tempera ture  aging studies of the A1-Ti-Pt -Au com- 
posite films have thus clearly established that 2000A 
Ti-2000L Pt barr ier  between A1 (which is annealed 
at 450~ and Au beam leads forms metal lurgical ly  
stable structures. 

We now unders tand  the need of a Ti -P t  (with at 
least ~2600A of each) diffusion barr ier  between A1 
and Au. This unders tanding  can be summarized in 
the schematic given below. 

A1 + Au,  react  catastrophical ly  at 350~ Diffusion barrier  needed for  gold beam leaded devices  which  use  A1 metallization. 
I 

I I 
AI + Ti + A u  A1 + Pt + Au 

a) Do not interact  significant- a) Interdiffuse very rapidly to a) Interdiffuse very rapidly lead. a) Interdiffuse rather  rapidly  
ly, especial ly  w h e n  A1 is form intermetal l ics .  Thick ing to intermetal l ics  and - - n o  intermetal l ics .  Thick 
preannealed,  enough Ti required to vo lume changes  highly  de- enough Pt needed to 

cover hillocks in A1. to re- tr imental  for  mechanical  keep  Au away from the 
b) Bond well .  duce pinholes  in Ti, and to stability, metal underneath Pt. 

prevent  Au + A1 reaction.  
b) Reaction sensit ive to the 

b) Interact ion is inhibited bY in- presence of interracial ox- 
terfacial oxide  layer,  which  ide layer and to the anneal .  
leads to bonding problem,  ing ambient.  

c) Thus  diffusion barrier  and c) Diffusion barrier  needed.  
bonding  materia l  needed.  

b) Bond weI1. 

[ 
A1 + Ti  + Pt + Au 

J 

a) Do not interdiffuse significantly. 

b) Bond well. 

c) Ti in thickness >2000A covers  

A1 well and keeps  Pt  away  
f rom A1. 

d) Pt in th ickness  >2000A covers  

we l l  and keeps  ~ u  away  from 
Ti. 

a) Preannea l ing  of A1 at 450~ for  
1/2 hr in hydrogen  helps  re- 
duce f low and hi l lock growth  
in A1 during subsequent  low 
temperature  anneals.  

in air (Fig. 12), there was no new phase detected 
even after 80.5 hr of anneal,  indicat ing absence of 
any  significant A1-Ti, Ti-Au, or A1-Au interactions. 
Thus the oxidized Ti surface very effectively inhibi ted 
the T i -Au  interact ion which was otherwise visible 
in in situ-deposited samples. Similar  results were 
reported by Poate et al. (9) who found considerable 
T i -Au  interdiffusion leading to the formation of TiAu4 
and TiAu2 in samples annealed in vacuum. For air-  
annealed samples, the interact ion was retarded and 
Ti was found in  oxidized form on top of the gold layer. 

Dur ing  preparat ion of the samples by evaporat ion 
of Au on air-exposed Ti, it was realized that occasion- 
ally Au film would not adhere to Ti. Since Au has 
very  poor affinity for oxygen, such a behavior  is ex- 
pected. This would thus provide an addit ional reason 
to use Pt  not Only as the diffusion barr ier  between 
Ti and Au, but  als o as a bonding layer  between them. 

Conclusion 
Results of this invest igat ion show that the high 

tempera ture  metal lurgical  interact ion in the A1-Ti- 
P t -Au  composite film structures leads to the forma- 
tion of several  intermetall ics,  ~but only A12Au was 
detected in the x - r ay  diffraction studies. The reaction 
preferent ia l ly  occurred at the hillocks in A1 leading 
to black spot formation. The number  of such spots 
increases with t ime and tempera ture  of anneal  and 
decreases by increasing the thickness of the Ti -P t  
barrier.  The reaction spreads around such reacted 
sites and given enough time it covers the whole sur-  
face area and entire thickness of both A1 and Au. 
The interact ion in A1-Ti-Pt -Au composite s t ructure  
is drast ically slowed down by use of (i) A1 films 
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Interaction of Fluorine and Fluorides with Tantalum, Tungsten, 
and Rhenium at Low Pressures and High Temperatures 

J. L. Philippart, J. Y. Caradec, B. Weber, and A. Cassuto 
CNRS, Laboratoire de Recherches sur les Interactions Gaz-So~ides, 
Laborato~re Maurice Letort, B.P. 104-54600 Villers-Nancy, France 

ABSTRACT 

Reactions of fluorine and t an ta lum fluoride at low pressures with t a n t a l u m ,  
tungsten, and rhen ium at high temperatures  have been investigated using 
l ine-of-sight  mass spectrometry. Results are in terpreted using a model which 
assumes: dissociative adsorption of incident  molecules; surface reactions of 
adsorbed species; and desorption of products. Dissociative adsorption occurs 
upon each collision of the gaseous reactant  with the surface. The adsorption 
is followed by the rapid establ ishment  of a thermodynamic  surface equi l ib-  
rium. The model shows that the valency of the products decreases as the 
substrate tempera ture  is increased in agreement  with exper imental  results. 
The model has been  used to predict the possibility of chemical vapor dep- 
osition at low temperatures  by means of disproport ionation reactions. The 
prediction has been verified. 

In previous studies of reactions on a high tempera-  
ture tan ta lum surface involving chlorine (1) and tan-  
ta lum pentachloride (2) at low pressures, a reaction 
mechanism was proposed and shown to be consistent 
with the exper imental  results. This mechanism assumed 
dissociative adsorption followed by surface reactions in  
which the desorption products are formed. Quant i ta-  
tively, the model is an extension of one proposed for 
oxidation reactions of t ransi t ion metals by molecules 
other than oxygen (3-5). Using this model we were 
able to explain some chemical vapor deposition reac- 
tions involving chlorine and chlorides (2, 6). This 
study presents similar results for fluorine and tanta-  
lum pentafluoride reactions with tantalum, tungsten, 
and rhenium. The same model has been applied and 
has been found to be valid. 

Experimental 
The main  apparatus has been described previously 

(4). Basically it consists of a ribbon, heated by direct 
current,  enclosed in a cooled reactor which is in tu rn  
enclosed in the main  vacuum chamber. The reactor has 
a slit directly in front of the r ibbon through which it 
is pumped. This slit defines a molecular beam for un -  
stable and condensible products which then can pass 
directly into the ionization chamber of the mass spec- 
t rometer  (Veeco GA5). A second slit, positioned in  
front of the ionization chamber, prevents  any collisions 
with the walls of the mass spectrometer. A shu t t e r  al- 
lows in ter rupt ion  of the beam. After  bakeout, the sys- 
tem regular ly  attains vacua of the order of 5 X 10 - l ~  
Torr. 

The samples ( tantalum, tungsten,  and rhenium r ib-  
bons of dimensions 20 mm >< 2 mm • 30 ~m supplied 
by Heraeus, init ial  pur i ty  99.95%) are recrystallized 
at high tempera ture  (2200~ and carbon is removed 
by heating in oxygen at 10 -8 Torr for 24 hr. After  
flashing off the oxygen in vacuum, AES shows less than 
1% impurit ies on the surface. X- ray  back-reflection 
analysis shows {110} orientat ion parallel  to the surface 
for t an ta lum with large grains, several centimeters 
long; {0001} orientat ion for rhen ium with small grains 

Key words: fluorine, tantalum fluoride, line-of-sight mass spec- 
trometry.  

of ' the order of 0.1 mm with a possible 10 ~ misorienta-  
tion; and {111}, {100}, {110} orientations for tungsten. 

Gaseous reactants (fluorine and pentafluoride, Com- 
urhex)  are distilled in a stainless steel inlet  system 
and transferred i n to  a gas reservoir  confined between 
two valves. One of the valves is a leak valve connected 
directly to the reactor. Because of reactions at the walls 
of the vacuum system, HF and 02 levels cannot be 
decreased below a few percent. Various fluorides are 
also observed, result ing from parasitic reactions, a s  
well as fluorine atoms, even when the sample is cold. 
This phenomenon,  which was described in a previous 
study (7), may be interpreted in terms of reactions 
with the walls and the filament of the mass spectrom- 
eter. It restricts the precision of the measurements  and 
the detection limit of the reaction products, par t icu-  
lar ly fluorine atoms. 

Calibration Procedures 
From the pumping speed of the main  vacuum sys- 

tem, the mass spectrometer is calibrated by a dynamic 
flow technique. From the dimensions of the slit con- 
necting the reactor to the ma in  system the pressure 
around the sample is deduced. 

"When a simple product can be identified in a re-  
stricted temperature  range its flux is determined from 
a material  balance, and the over-al l  yield of the reac- 
tion B can be wr i t ten  

P 
B -- 1 -- ~ [1] 

Po 

where P is the pressure of reactant  dur ing the reaction 
and Po the reactant  pressure without reaction, with 
the r ibbon cold. For a perfect isotropic reactor B can 
be expressed as ~b/1 + ~b (8) where b is the reactive 
sticking probabi l i ty  and ~ the mean number  of colli- 
sions of the reactant  molecules with the surface before 
being pumped away from the reactor. The net flux per 
square centimeter  and per second is therefore, if fluo- 
r ine is the reactant  

2 
ZMxF~ = - -  PF2 b/k/2~Mf2kTg [2] 

Y 
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[Corrections to b due to pressure anisotropy are ob- 
tained by comparison with  oxidat ion reactions (9)].  
Assuming complete equi l ibr ium be tween  desorbed 
products and surface temperatures ,  flux values are de- 
r ived f rom measured ionic currents  using the relat ion 
Z~ : IzT 1/2. 

For the production of fluorine atoms occurring at 
high substrate tempera tures  because of the background 
at m / e  ---- 19, intensit ies at m / e  ~- 9.5 have been used 
with the shut ter  close to the mass spect rometer  open. 
When only fluorine atoms are produced, the atomic 
flux is str ict ly proport ional  to liE+ + -- (1 -- B)/~ +I" 
IF+ + and I~ + represent  the ion intensit ies when  the 
r ibbon is hot and cold. B is obtained from the fluorine 
pressure variat ions be tween  react ing and nonreact ing 
conditions. When monofluoride is also formed at high 
tempera tures  (on tan ta lum) ,  its flux is obtained f rom 
the total yield of the react ion and the fluorine atom 
flux (neglect ing the contr ibution of TaF to m / e  -- 9.5). 
TaF desorpt ion corresponds to only 6% of the over -a l l  
fluorine react ion yield. Final ly  this TaF5 pressure is 
est imated by comparison with  fluorine, using the two 
observed reactions 

F24- Surface--> 2F. 

TaF5 4- Surface--> 5F. + Ta 

Reactions with Fluorine 
Reports that  high valency fluorides and chlorides do 

not yield parent  peaks in the mass spect rum (10, 11) 
have been confirmed in this labora tory  using TaCI~ 
and TaFs, and so TaF~ + and WF5 + peaks have been 
used to measure  TaF5 and WF6 part ia l  pressures. All  
analyses have been per formed  using 150 eV electron 
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beam energies to overcome the problem of sensi t ivi ty 
of the mass spect rometer  at lower ionization energies. 

Fortunately,  by varying the temperature ,  constant 
mass spectra are obtained for t an ta lum and rhenium in 
restr ic ted t empera tu re  ranges. Results, g iven in Fig. 1 
and 2, include fluorine atom production. Tables I and 
II analyze the mass spectra of the observed fluorides; 
their  na ture  is identified using the quant i ta t ive  analy-  
sis of the data and are presented in the next  section. 

With tungsten, the separat ion of WF6 and WF5 for-  
mation is almost impossible (11); except  at very  high 
tempera tures  where  only fluorine atoms are formed, 
no constant spectrum is observed. However ,  progres-  
sive t ransfer  from production of the high valency fluo- 
ride, WF6, to the lower  valency WF5 is clear as the 
tempera ture  increases f rom 1200 ~ to 1500~ 

Fluor ine  atoms are produced on all three  metal  sur-  
faces. Figures 3-5 are representa t ive  of the results. At 
high tempera tures  and low pressures, atomic fluorine 

Table I. Mass spectra of tantalum fluorides 

(Relative intensities) 
(Ionization energy: 150 eV) 

Neutral 
species TaF5 + TaF t+  TaF3+ TaF2+ TaF+ Ta + 

TaF5 -- 100 8 9 10 13 
TaF4 -- 100 34 18 10 -- 
TaF3 --  -- 87 100 30 -- 
TaF . . . .  100 --20 

Table II. Mass spectra of rhenium fluorides 

( Relative intensities) 
(Ionization energy: 150 eV} 

Neutral 
species ReF6+ ReF~+ ReF~+ ReFs ~ ReF~+ ReF* Re+ 

ReF~ I 40 i00 I0 15 I0 8 
ReF~ - -  ~ 63 100 66 35 67 

Fig. 1. Desorption of products in the tantalum-fluorine system 
and values of the ratio (ZTaFy)~'/ZTaFy,)V (see text). 

Z 4 (ZF.) 

~x  F': 

\ %  

(z  R,,&) 6 

(Z ReF6) 4 

( Z ReFy) y' 
L~ (Z Re Fy,)Y 
(arbitrary units T 

lo16 

11~ 

1J 4 

-5 
~ o 7 1 0  

~. ReF 4 / x10-4 

5 6 7 8 9 

Fig. 2. Desorption of products in the rhenium-fluorine system 
and values of the ratio (ZF.)4/(ZReF4) and (ZReF4)6/(ZReF6)4 
(see text). 
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Fig. 3. Desorption isotherms of atomic fluorine d!uring reaction 
of molecular fluorine with tantalum, 

production is first order  wi th  pressure and is charac-  
terized by unit  sticking coefficient. 

Quantitative interpretation.--The same model  which 
was applied to oxygen- t rans i t ion  meta l  interactions 
(5, 12) and more recent ly  to tan ta lum-chlor ine  (1) 
and tanta lum-chlor ides  (2) interactions is developed 
here. The e lementary  steps are: a nonact ivated dis- 
soeiative adsorption 

F2 + 2 M  --> 2 M  - -  Fads 

followed by desorption of products 

y(MF)ads-> MxF~ + (y -- x ) M  

Table III defines x and y values for the various reac-  
tions. 

Quali tat ively,  it is clear that  as the substrate t em-  
pera ture  increases, the valency of the product  fluorides 
must decrease. Taking ~ as the fluorine atom coverage, 
defined as the ratio of the number  of fluorine atoms 
adsorbed to the m a x i m u m  possible number  of fluorine 

Table III. Halides formation 

Metal x y Product 

Ta 0 1 F 
1 1 TaF 
1 3 TaF8 
I 4 TaF4 
1 5 TaF5 

Re 0 1 F 
1 4 ReF~ 
1 6 ReF.  

W 0 1 F 
1 5 WF5 
i 6 WFe 

Z(F,) W 

1J' + 2375 K 

o 2020 K 

�9 1790 K 

', 1675 K 

�9 1565 K o/ 
/./ 

+ 

I0 7 S /  ,,7 

ld6 
I 1 I I I I I I I I t I I I i ~  

215 .5 1(~ 4 P.F2 

Fig. 4, Desorptlon isotherms of atomic fluorine during reaction 
of molecular fluorine with tungten. 
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Fig. 5. Desorption isotherms of atomic fluorine during reaction 
of molecular fluorine with rhenium. 
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atoms adsorbed, the desorption flux can be wr i t ten  

I YX(8) -5 X L M  - -  eMxFy [ 3 ]  
ZMxF u rMxFy (ns0) Y exp 

J RT 

where ~,MxFy represents a preexponent ial  factor, ns the 
n u m b e r  o~ adsorption sites, x(0) the heat of chemi- 
sorption of fluorine atoms, LM the heat of subl imat ion 
of the metal  M, and eMxFy the heat of formation of the 
gaseous product MxF~, from gaseous metal  and fluorine 
atoms. 

Since the eMxFy values are unknown  for most of the 
fluorides (y ~ 4), direct comparison is difficult. How- 
ever, using two values of the flux, 0 and x can be el imi-  
nated and we obtain expressions of the general  form 

(ZMxFy) ~' (~M~F~) ~' 

('ZMz'FY ")~ = (~'Mx'Fy ")~ "exp 

Y'eMxFu- Y'Mx,Fy,- ( x y ' - -  x 'y)LM [4] 

RT 

The main  advantage of these expressions for testing 
the model is that they are dependent  only on tempera-  
ture  and not pressure. A set of such ratios is given in 
Fig. 1 and 2. 

Knowing ,TaF5 (13) we calculate, eTaF4 ~--- 580 kcal /  
mole, eWaf3 ---- 430 kcal/mole,  and eTaf = 180 kcal /mole  
using relation. [4] and compare them with the corre- 
sponding values estimated by Zmbov and Margrave 
(10), (assuming that Ta -F  bonds are identical in  all 
fluorides), 576, 432, and 144 kcal/mole,  respectively. 

There is a discrepancy only for TaF. Experimental ly,  
at high temperatures  the ratio ZTaF/ZF.  is .constant. 
Our model predicts such a constancy if eWaF ----- LTa ~-- 
189 kcal/mole.  Two independent  determinat ions 
(ZTaF/ZF. and [ZTaF3/(ZTaF) 3] confirm that  eWaY i s  
of the order of 180 kcal/mole. The agreement  between 
our d values for TaF4, TaF3, and Ref. (10) plus the 
pure TaF5 mass spectrum confirm the na ture  of the 
t an ta lum fluorides. 

In  the case of the high temperature  fluoride, an al- 
ternat ive  could be TaF2 production instead of TaF. 
Using TaF+ ions as a measure of Zwaf2, a straight l ine 
is indeed obtained when Z T aF2 / ( Z F . )  2 VS. 1/T is 
plotted. But eTaF2 then appears to be 380 kcal/mole,  an 
unrealis t ic  value when compared to 430 for eWaF3 and 
290 calculated with an average 144 kcal /a tom derived 
from eWaF5 ~- 7 2 0  kcal/mole.  

In the case of rhenium, eReF4 is again determined, by 
comparison with the ReF6 or F.  flux. The two values 
are respectively 370 and 350 kcal/mole.  The difference 
between these two values gives an idea of the uncer-  
tainties in  the measurements.  The data have also been 
analyzed assuming ReF4 production at high tempera-  
tures. To choose be tween ReF4 and ReF5 production, a 
plot of Z R e f 5 / ( Z F .  )5 VS. 1/T has been made, using the 
ReF4 + ion in tensi ty  as a measure of ZReF5. The eReF5 
value determined in this way leads to an average value 
of 60 kcal for the Re-F bond. This value is inconsistent 
with the 95 kcal per bond, determined from heat of 
format ion of ReF8 (14). A similar  a rgument  holds in  
the low tempera ture  range. ReF7 formation instead of 
ReF6 formation is excluded because no straight l ine 
is obtained when (ZReF4)7/(ZReF7) 4 VS. 1/T is plotted. 

In  a recent invest igat ion of the f luor ine- tanta lum 
system, using a modulated molecular  beam, Ollander 
(15) proposed an al ternat ive mechanism for TaF 5 de- 
sorption in  a lower tempera ture  range. The main  step 
is the diffusion of fluorine atoms through a subhalide 
surface layer. In  our tempera ture  and pressure range, 
we are in the submonolayer  coverage range and that 
kind of mechanism may not apply. Agreement  of the 
exper imental  results with our model when volatile 
products are formed is therefore again satisfactory as 
in  the case of the formation of oxides and chlorides. 
Even at higher pressures (10-2-10 Torr)  s imilar  prod- 

ucts are observed, using infrared spectroscopy (6). The 
only change is a shift towards higher temperatures  at 
the higher pressures. 

Reaction Products Using Fluorides--Application to 
Chemical Vapor Deposition 

Tantalum pentafluoride.--The reaction of TaF5 and 
tan ta lum gives the same products as those observed 
when fluorine reacts with this metal. As the tempera-  
ture is increased, TaF4, TaFs, and finally fluorine atoms 
are observed. However, because the incident  molecule 
contains a t an ta lum atom, the over-al t  reaction can be 
either one of attack or of deposition, depending on the 
temperature  range. The reaction can be followed by 
resistivity measurements.  

At low temperatures  (,-~ 1200~ TaF5 is produced 
by reaction of F2 and tantalum, and therefore no de- 
composition of TaF~ occurs. At higher temperatures  
(above 1300~K) TaF4 and TaF~ appear resul t ing from 
the attack reactions 

Ta -~ 4TaF5--> 5TaF4 

2Ta -5 3TaF5--> 5TaF8 

Finally, at temperatures  above 2000~ fluorine atoms 
are the major  product and t an ta lum deposition is ob- 
served. 

This result  confirms the low value observed for TaF 
desorption when using fluorine molecules at high tem- 
peratures. The reaction of TaF~ with t an ta lum leads 
to deposition only if the TaF flux represents less than 
20% of the over-al l  reaction flux. The exper imental  
value of 6% is consistent with this argument .  It also 
explains, due to the high f ragment  peak coming from 
TaFs, why no measurement  of TaF production has 
been possible when TaF5 decomposition occurs. 

X- ray  back-reflection analysis indicates complete 
epitaxy of the deposited tan ta lum on recrystallized 
(110} tantalum, even up to thicknesses of 90 ~m (three 
times the original r ibbon thickness).  Microscopic ex- 
aminat ion  shows that  t an ta lum crystMs develop s imply 
perpendicular ly  to the surface, keeping the same grain 
boundaries and crystalli te cross sections. 

The model proposed for fluorine reactions,is  there-  
fore still valid if one assumes that after dissociative 
adsorption and incorporation of t an ta lum atoms into 
the lattice, forgetting their origin, reaction products 
are determined only by the tempera ture  and coverage 
of fluorine atoms. Such an in terpre ta t ion has already 
been proposed in the case of TaCI~ reactions on tan-  
ta lum (2). 

This in terpre ta t ion is confirmed by observing TaF5 
reactions on tungsten. At low temperatures  (,,- 900~ 
WF6 is the only product formed. Its production rate 
decreases with time, s imul taneously  with the growth 
of a t an ta lum layer. If the t an ta lum is removed from 
the surface by dissolution into the bu lk  at high tem- 
peratures, the same exper iment  may be repeated on 
the now clean surface. In the high temperature  range, 
where tan ta lum is dissolved in  tungsten  ( ~  2000~ 
fluorine atoms become the only product. Using this 
technique, t an ta lum- tungs ten  homogeneous alloys have 
been prepared with a variable  t an ta lum atom concen- 
trat ion between 10 and 40%. 

Despite difficulties in in terpre t ing the data due to 
the complexity of the phase diagrams, TaF5 reactions 
with rhenium lead to the same result:  it is possible to 
prepare t an t a lum- rhen ium alloys or compounds with 
a variable but  controlled composition. 

Reactions of low valency fluorides.--The model pre-  
dicts that disproportionation reactions such as 

5TaF4--> 4TaF5 -5 Ta 
o r  

5TaFa--> 3TaF5/-  Ta 

are possible in a tempera ture  gradient  and may lead 
to t an ta lum deposition at low temperatures,  as in the 
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case of chlorides (6). The principle of the experiment  
is simple. It consists of the attack by TaFj, of a tan ta-  
lum r ibbon at a tempera ture  above 1300~ (where 
TaF4 or TaF3 are formed),  and consecutive reaction of 
the low valency fluoride products with a second tanta- 
l u m  sample, main ta ined  at a lower tempera ture  (600 ~ 
1000~ where TaF5 is the stable product. A double 
r ibbon ar rangement  has been used to confirm this hy-  
pothesis. Resistivity measurements  were used as a con- 
t inuous control of the high tempera ture  r ibbon attack 
and the low temperature  r ibbon growth. Using such 
an ar rangement  t an ta lum deposits have been formed 
on substrates in the (600~176 tempera ture  range. 
Confirmation of the process was obtained in a higher 
pressure range (10-2-1 Torr)  using gravimetr ic  mea-  
surements.  

Conclusion 
As in the case of reactions with chlorine molecules 

and chlorides, fluorine and fluoride reactions can be de- 
scribed by a mechanism involving, as a first step, dis- 
sociative adsorption and product formation controlled 
by the halogen atoms surface coverage. This depends 
on the tempera ture  and the pressure, but  is indepen-  
dent  of the means to br ing halogen atoms to the sur-  
face. This mechanism is an extension of the model 
previously used to describe oxidation reactions of 
t ransi t ion metals (3-5, 12). 

The model leads to a general  method for chemical 
vapor deposition at low temperatures,  without the 
help of hydrogen for most of the t ransi t ion metals, 
which form halides of more than one valency. An ar-  
rangement  of two samples at different temperatures  
was used to demonstrate the deposition of t an ta lum 
and other metals, using chloride or fluoride reactions 
on different substrates at low temperatures.  The re-  
sult ing deposits have good adhesion. 

Acknowledgments 
We should like to thank M. Housley for his help in 

the t ranslat ion of this paper. 

Manuscript  submit ted May 19, 1977; revised m a n u -  
script received Aug. 29, 1977. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1978 
JOURNAL. All discussions for the December 1978 Discus- 
sion Section should be submit ted by Aug. 1, 1978. 

REFERENCES 

1. B. Weber, J. L. Philippart ,  and A. Cassuto, Surf. 
Sci., 52, 311 (1975). 

2. J. Y. Caradec, J. L. Philippart ,  B. Weber, and 
A. Cassuto, ibid., 54, 593 (1976). 

3. J. C. Batty and R. E. Stickney, J. Chem. Phys., 51, 
4475 (1969). 

4. B. Weber and A. Cassuto, Surf. Sci., 36. 8I (1973). 
5. B. Weber and A. Cassuto, ibid., 39, 83 (1973). 
6. J. Y. Caradec, J. L. Philippart ,  G. Piquard, 

M. Bargues, and G. Metay, Le Vide, 182, 69 
(1976). 

7. J. D. McKinley. J. Chem. Phys., 45, 1690 (1966). 
8. P. Le Goff, ibid., 53, 359 (1956). 
9. N. Pacia, J. A. Dumesic, B. Weber, and A. Cassuto, 

J. Chem. Soc., Faraday Trans. 1, 72, 1919 (1976). 
10. M. Zmbov and J. L. Margrave, J. Phys. Chem., 72, 

1099 (1968). 
11. W. E. Falconer, G. R. Jones, W. A. Sunder,  and 

M. S. Vasile, J. Fluorine Chem., 4, 213 (1974). 
12. B. Weber and A. Cassuto, in "Reaction Kinetics ~in 

Heterogeneous Chemical Systems," P. Barret, 
Editor, p. 353, Elsevier Scientific Publ ishing Co., 
Amsterdam (1975). 

13. Ya I. Gerassimov, V. I. Lavrentiev,  O. Van Gold- 
beck, D. T. Livey, R. Ferro, and A. L. Dragoo, in  
"Tanta lum:  Physico-Chemical  Properties of its 
Compounds and Alloys," O. Kubachewski,  Editor, 
Atomic Energy Review, Special Issue No. 3, In -  
ternat ional  Atomic Energy Agency, Vienna 
(1972). 

14. C. E. Wicks and F. E. Block, in "Thermodynamic  
Properties of 65 Elements, their  Oxides, Halides, 
Carbides. and Nitrides," Bureau of Mines, Bulle-  
t in 605 (1963). 

15. A. Machiels and D. R. Ollander, Submit ted to Surf. 
Sci. 

Technical Notes 

Irregular Growths of B(OH)3 on the Surface of Oxidized Silicon 

M. Crooke, S. Wittstock, and E. K~ck 
National Electrical Engineering Research Institute, Solid State Electronics Division, 

Council for Scientific and Industrial Research, Pretoria 0001, South Africa 

During process exper imentat ion for new bipolar logic 
circuits, growths emanat ing from the oxidized sili- 
con surface were observed. These growths are tenta-  
t ively identified as crystal l ine orthoboric acid, B (OH) 3. 

To accommodate the requirements  of the design 
engineer  for new exper imental  logic circuits, it was 
necessary to perform an extra p+ (boron) deposition 
(and simultaneous shallow diffusion) at the te rmina-  
tion of the normal  high temperature  processing se- 
quence of the s tandard npn  bipolar process. 

About three days later growths were observed on 
the oxidized silicon wafer surface. Available l i tera-  
ture  was consulted and a l imited n u m b e r  of tests 
were performed on the sample in the time available, 

Key words: crystalline orthoboric acid, orthoboric acid growths, 
boron deposition, storage conditions, 

which gave rise to the belief that  these growths are 
composed of orthoboric acid, B(OH)3. Optical photo- 
graphs and scanning electron micrographs as well as 
the results of energy dispersive x - ray  (EDX) analysis 
of the growths are provided in support of this tenta-  
tive supposition. 

Experimental 
When the additional p+-window photomask was 

applied ~18 hr after the diffusion of the n + (phos- 
phorus) emitter, no surface irregulari t ies  were visible. 
After a fur ther  18 hr had elapsed, the addit ional 
p+(boron)  deposition was performed but  not de- 
glazed. The wafer was stored and submit ted for fur-  
ther  photoprocessing (contact windows) about 66 hr 
later. It was at this stage that the growths on the 
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Fig. 1. Optical micrograph showing appearance of the surface 
irregularities on and around a photoengraved device. 

wafer surface were observed through an optical micro- 
scope with cQaxial i l lumina t ion  in white light. 

Figure 1 i l lustrates the appearance of these growths 
so observed, which in our laboratories were labeled 
"butterflies" and "fans". These terms describe in  
some measure the region of i r regular i ty  emanat ing  
from a "nucleus" which is not necessarily visible or 
central  to the effect. The fan appears to be re la t ively 
thin and largely t ransparent ,  par t icular ly  where it 
extends over an opened window in the SiO2 layer, 
as the window edge can be seen through it. 

With the assistance of a scanning electron micro- 
scope (SEM), Fig. 2 and 3 show that  the nucleus ob- 
served optically now appears to be a surface mound 
from which the fan emanates. However, only two 
of these were observed. When observed at high angles 
of tilt  (from the vertical)  Fig. 4 indicates fans which 
have probably  collapsed as a result  of "rough" hand-  
ling, or grown so large that they could no longer 
be supported by  the mound.  Figure  5 shows a mound  
without  the fan. On this basis, the fans appear to 
be surface ra ther  than bulk  and do not appear to 
have caused any damage to the surface. 

The EDX at tachment  coupled to the SEM is a 
rapid qual i tat ive method for de termining the presence 
of elements  of atomic n u m b e r  Z --~ 11 (Na). (Na repre-  
sents the lower l imit  of e lement  detection in  this 
case, due to the low detection efficiency for elements 
of Z --~ 11 caused by detector window absorption of 
these characteristic x - rays) .  EDX analysis showed 
the absence of any element  with Z ~ 11 in an amount  
greater  than the detection l imit  [about 0.1-1.0 weight 
percent  (w/o) ]  which therefore excludes the pos- 
sibil i ty of phosphorus (Z ---- 15) from the deposition 
and diffusion for the n + (phosphorus) emitter,  being 
a component  in either the fan or mound. 

Project  demands at this stage prevented fur ther  
sophisticated analyses. It was observed, prior to fur ther  
photoprocessing, that  all the fans had been removed 
from the surface and only a few mounds of very 
much reduced size remained after cleaning the wafers 
in  boil ing tr ichloroethylene,  cold acetone, and r insing 

Fig: 2. SEM micrograph of the fan and mound seen edge-on 
(width of channel is 110 #m). 

Fig. 3. SEM micrograph of the fan and mound when taken at a 
low angle of tilt. 

them in cold water. As a large percentage of  the fans 
were only resting on the surface (see Fig. 4) these 
could easily be removed, but  the continued existence 
of a few mounds on the surface (see, for example, 
Fig. 5) after this cleaning process indicates their  
more permanent  character. Attempts to "regrow the 
fan were unsuccessful. 

Discussion 
As EDX has excluded phosphorus and its com- 

pounds as a const i tuent  of the f an - -ce r t a in ly  in an 
amount  greater than the detection l imi t - - i t s  c o r n -  
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similarly not detected by EDX, viz. oxygen and/or  
hydrogen. Due to the great difficulty in  crystallizing 
(5) glassy B203 (i.e., t ransforming a randomly ordered 
three-dimensional  ne twork  into an ordered one at 
room temperature)  the possibility that  they contain 
boron and oxygen only, as B203, was excluded. It was 
thus inferred that the mound and the fan consist 
largely of boron and hydroxyl  groups from the reac- 
t ion of the oxide of boron with the water  vapor of 
the room air. Although rela t ively slow compared to 
the pure B20~ films, water  absorption in the mixed 
( yB2Q.zHBO2)xS iOe  (borosilicate) glass film, which 
forms on the surface of the passivating SiO2 dur ing 
the high tempera ture  boron deposition, is rapid in 
envi ronments  of high relat ive humidi ty  and is largely 
dependent  on the B208 content of the film (6-8). 

Thermodynamic  data and hydrat ion reactions of 
interest  concerning the change from the glassy B203 
to the whitish, powdery substance that occurs par-  
t icular ly  when the boron ni tr ide deposition system 
is removed from the furnace and permit ted to cool 
to room tempera ture  in the moist atmosphere of the 
clean work station before storage, include (9-11) 

B~O3 + H20-> B20~'H20 . . . . .  2HBO2 

HBO2 + H20--> HBOa.H20 . . . . .  B (OH)8 

Fig. 4. SEM micrograph showing collapsed fans over a photo- 
engraved device, (76 ~ tilt). 

Fig. 5. SEM micrograph of a single mound, (65 ~ tilt) 

position is dependent  on the major  compounds in-  
volved at the last high tempera ture  (1323~ boron 
deposition stage ( involving oxidized boron nitr ide 
disks) and the subsequent  reaction of these com- 
pounds with water  vapor of the room air. These 
include B~O~ (1) (boric oxide) and HBO2 (2, 3) 
(metaboric acid. 1 Thus the mound and the fan prob- 
ably contain the element  boron (Z _-- 5) in some 
combination with appropriate elements that were 

Particularly in the presence of water vapor, a small percentage 
w h i c h  occurs in the ultrahigh purity argon (9~.995% rain.) em- 
ployed, the following reaction takes place preferentially (2, 4) 

B~Os(s or 1) + H~-O(g) ~ 2HBO~(g) AH ~ = 47.6 kcal/mole 

i.e. (orthoboric acid) 

B20~ (glass) + 3H20 (1) --> 2B (OH) 3 (s) 

(hH ~ --- --9.1 kcal /mole)  

B(OH)~(s)  -]- nH20(1) --> B(OH)8(aq)  

( A H  ~ -- --5.2 kcal /mole)  

The heat of hydrat ion of amorphous B208 -> crystal-  
l ine B (OH) 8 is -- 18.3 kcal/mole.  

During storage in a sealed container  that traps a 
port ion of the atmosphere of the same relat ive humid-  
i ty as the working area, the hydrat ion reaction pro- 
ceeds over a period of many  hours at a rate that is 
determined by the diffusion coefficient of water  in 
the borosilicate glass film at room temperature.  The 
reaction continues unt i l  the water  vapor present  in 
the container is depleted. According to Arai (7) the 
B(OH)3 migrates out of the boron-r ich surface, leav- 
ing water  behind. 

On the basis of this l imited information,  it is in-  
ferred that the fan observed is composed of crystal-  
l ine orthoboric acid, B(OH)~, and the mound of con- 
centrated aqueous B(OH)3 in  which an impur i ty  has 
provided the seed for crystall ine growth of the fan. 

Because the logic circuits were exper imental  in 
nature,  they were exposed to the ambient  and stored 
for periods longer than normal  dur ing  the p+ deposi- 
t ion evaluation. Under  the proper processing condi- 
tions of m i n i m u m  storage t ime in a dry ambient,  these 
growths would not normal ly  be observed. The growths 
of orthoboric acid can be removed by r insing in pure 
methanol  (8). 
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The Reduction of Poly-Si Dissolution and Contact 
Resistance at AI/n-Poly-Si Interfaces in Integrated Circuits 

H. M. Naguib* and L. H. Hobbs 
Bel l -Northern Research, Ottawa, Ontario, Canada K 1 Y  4H7 

In  a previous investigation (1), we reported a rapid 
increase in A1/n-poly-Si  contact resistance following 5 
min  isochronal s inter ing at temperatures  in excess of 
450~ This increase in contact resistance, Rc, was at-  
t r ibuted to the precipitat ion of a p- type  (Al-doped) 
layer on n-po ly-S i  with the consequent formation of a 
"quasi-Schottky diode." To minimize this effect, the 
thickness of this precipitated layer  should be kept to a 
minimum.  Practically, this can be achieved by: (i) de- 
creasing the amount  of A1 available for reaction by re-  
ducing the thickness of the A1 metall ization; (ii) plac- 
ing a Ti barr ier  film between the A1 layer and the Si 
substrate;  or (iii) using A1-2% Si alloy. The aim of the 
present  investigation is to evaluate the validity of these 
various metal l izat ion techniques for application in the 
fabrication of Si integrated circuit using s tandard proc- 
essing techniques. 

E x p e r i m e n t s  

The phosphorus-doped poly-Si  (CVD layer, 0.3 /~m 
thick, sheet resistivity of ,--17 l l / [ ] )  resistors used in 
the present  invest igat ion were prepared using the same 
resistor s t ructure  and the same process sequences as 
described in the previous paper (1). The metal l izat ion 
systems used were the following: (i) A1 deposited by 
electron beam evaporation to thicknesses of 0.25 and 
1.0 #m; (ii) a 0.25 ~m layer  of Ti deposited by electron 
beam evaporat ion followed by 0.7 ~m of A1 deposited 
in the same pumping  cycle; and (iii) an A1-2 weight 
percent  (w/o) Si layer  deposited by magnet ron  sput-  
ter ing t o  a thickness of 1 ~m. 

The electrical measurements  and SEM analysis were 
carried out after 5 min  isochronal s inter ing at various 
temperatures  in a N2 ambient.  After  sintering, all 
specimens were pulled out of the furnace rapidly 
(~15 sec) and then left (~5  rain) to cool down to room 
tempera ture  in a N2 ambient.  For SEM analysis, the 
A1 metal l izat ion was removed from the contact win-  
dows by chemical etching. 

Resul ts  a n d  Discussion 
The effect of A1 thickness . - - In  our previous work (1) 

we observed that the increase in contact resistance, 
Re, is correlated with the increase in barr ier  heights 
of A1/Si junctions,  r dur ing sinter ing as reported by 
Chino (2). The increase arises from the precipitat ion 
at the interface of Si dissolved in the A1 during'  s inter-  
ing. Card (3) reported that the increase in ~bB is more 
pronounced for thicker A1 contacts. Accordingly, we 

* Electrochemical Society Active Member. 
Key words: aluminum metaltization, contact characterization. 

ohmic contacts, silicon technology. 

anticipated a similar effect of the A1 thickness on the 
contact resistance of A1/n-poly-Si  contacts. 

The effect of s inter ing tempera ture  on contact resist- 
ance of poly-Si  resistors with 1 and 0.25 ~m A1 meta l -  
lization is shown in Fig. 1. The average value of the 
contact resistance before s inter ing was 5 +_. 0.3~1. The 
results show that  Re is slightly lower for 0.25 ~m A1 
contacts than for 1 ~,m A1. The effect is more pro-  
nounced at high sinter ing temperatures  in excess of 
50O~ However, contacts with 0.25 ~m A1 layers still 
exhibit  a significant increase in Rc following the high 
tempera ture  s inter ing (e.g., a 40'0% increase in Rc after 
s inter ing at 560~ for 5 min) .  

102 

40 

4.0 

== 

1.0 
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Al/n-Poly Si Contacts T 
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�9 AI, 0.25 pm l 
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Fig. 1. Al/n-poly-$i contact resistance as o function of sintering 
temperature for various meta]llzation systems. The sintering was 
corrled out for 5 rain in N2. The electrical measurements were 
performed on poly-Si resistors having contact windows of 12 X 10 
/~m 2, 
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SEM examinat ion showed no significant difference in 
the amount  of poly-Si  dissolved for A1 thicknesses of 
0.25 and 1 ~m, as shown in  Fig. 2 and 3. In both cases, 
poly-Si  pi t t ing can be observed at contact windows 
after 5 rain s inter ing at temperatures  as low as 350~ 
Fur ther  reduction in the A1 thickness might reduce 
poly-Si  pit t ing and Rc values, but  would also result  in 
poor step coverage over the substrate, creating poten-  
tial rel iabil i ty problems (4). 

The effect of Al-Ti contacts.--Ti has been used as an 
intermediate  layer  between A1 and single crystal Si 
(5) and between A1 and poly-Si  (6) to prevent  the dis- 
solution of Si into A1 dur ing sintering. In  both cases, 
this layer  effectively acts as a barr ier  as long as the Ti 
is not completely consumed in  the reaction with A1 to 

Fig. 2. Poly-Si contacts sintered for 5 min at various tempera- 
tures and then etched to remove 1.0 #m AI metallization (X3K). 

form the intermetal l ic  compound TiA18. If all the Ti 
is consumed, a Si-r ich te rnary  phase TiTSi12A15 is 
formed (5) which is v i r tua l ly  t ransparent  to both A1 
and Si. 

Before sintering, the contact resistance of A1-Ti con- 
tacts on n-po ly-S i  was ~0.52 +_ 0.050.. The average 
value of Re remained unchanged after 5 min sinter ing 
at temperatures  ~450~ However, the s tandard de- 
viation increased significantly after the 560~ sinter-  
ing, as shown in Fig. 1. In  addition, poly-Si  dissolution 
was found in contacts sintered at 560~ Typical SEM 
results are shown in  Fig. 4. To reveal the poly-Si  for 
SEM observations, the samples were first etched in 
H~PO4 to remove the top A1 layer, then, in dilute t-IF 
solution to etch the Ti layers. Since HF also etches the 
SiO2 layer  between the contact windows this layer is 
th inner  than the oxide or iginal ly covered by the metal -  
l ization layer  as shown in Fig. 4. Energy dispersion 
x - r ay  was used irr the SEM to confirm the complete re- 
moval of Ti from the contact sites. 

The t ime required to consume a 0.25 ~m layer  of Ti 
during sinter ing at 560~ is approximately 11 min  (5). 
Accordingly, the appearance of poly-Si  pits at contact 
windows following sinter ing at 560~ for a period of 
5 min  was ra ther  unexpected. However, this may be 
at t r ibuted to local var iat ion of Ti thickness over the 
wafer result ing in rapid dissolution of Si from contact 
sites. Also, the A1-Ti reaction may be influenced by the 
microstructure and the in ternal  stresses of the depos- 
ited films, par t icular ly  at high sintering temperatures.  
These parameters  were not considered dur ing the 
course of this investigation. 

The use of a Ti barr ier  layer  be tween A1 metal l iza-  
l ion and poly-Si  substrates produces low contact re- 
sistance at n-poly  Si contacts. However, in agreement  
with previous work (5, 6), careful consideration must  
be given to s inter ing temperature,  s inter ing time, and 
Ti thickness to avoid the consumption of the barr ier  
layer dur ing sintering. In  addition, fur ther  studies are 
needed to evaluate the long term performance and re-  
l iabil i ty of Si devices with A1-Ti contacts. 

The efIect of AI-2% Si alloy metallization.--Finally, 
we have examined the effect of AI-2 w/o Si alloy met-  
allization on Si dissolution and contact resistance of 
A1/n-poly-Si  contacts. This metal l izat ion system has 
been used successfully to reduce the formation of Si 
pits in single crystal Si substrates (7, 8). In this case, 
sufficient Si is present  in the A1 metall izat ion to satisfy 
the solid solubil i ty limits dur ing  high temperature  
hea t - t rea tment  processes. 

Figure 1 shows the effect of s inter ing tempera ture  on 
contact resistance ~of poly-Si  resistors with 1 ~m A1-2% 
Si alloy metallization. The average values of contact re- 
sistance before s inter ing was 16 __. 711. After 5 min 
sinter ing at temperatures  --~450~ Rc was 1.5 __. 
0.2511 and was vi r tual ly  independent  of the sintering 
temperature.  

SEM micrographs of poly-Si  contacts after removing 
the A1-Si alloy metall izat ion are shown in Fig. 5. No 
sign of poly-Si  pi t t ing can be observed even after s in-  
ter ing at 560~ However, a large number  of Si pre-  
cipitates are evident  on the surface of the wafer. These 

Fig. 3. Poly-Si contacts sintered for 5 min at various tempera- Fig. 4. Poly-Si contacts with a barrier layer of Ti under the 
tures and then etched to remove 0.25 ~m AI metallization (X3K). AI after sintering and etching of the AI-Ti layers (X3K). 
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contact  sites are  par t ic les  of Si doped wi th  A1, the  s in-  
t e r ing  process caused a significant reduct ion  in the  
a rea  covered by  these p - t y p e  precipi ta tes ,  as seen in 
Fig. 5, which m a y  resul t  in the  observed decrease  in 
the  contact  resistance.  I t  would  be in teres t ing  to ex-  
amine  the effect of A1-Si a l loy meta l l iza t ion  on the 
ba r r i e r  heights, CB, at A1-Si junct ions to es tabl ish 
the i r  corre la t ion wi th  the  contact  resistance.  

Fig. 5. The effect of AI-2% Si alloy on poly-Si dissolution. The 
central strip is sintered at 510 ~ and 560~ for 5 min and then 
etched to remove 1.0 ~m AI-2% Si layer. All specimens were 
subjected to the same standard cooling cycles as described in 
the text. The metallization film outside the central strip was 
photoengraved and etched before sintering. 

precipi ta tes  are  formed dur ing  the al loy deposi t ion be-  
cause of the  negl ig ible  solubi l i ty  of Si in A1 at  room 
t e m p e r a t u r e  (~0.001%).  Most of the  Si prec ip i ta tes  in 
as -depos i ted  A1-Si a l loy were  found p redominan t ly  at 
the sur face / f i lm in ter face  and also near  the  free sur -  
face (9). The precip i ta tes  at the  A1/poly-Si  in terface  
m a y  have  cont r ibu ted  to the high contact  resis tance at 
this  in ter face  before  sintering.  

S i  prec ip i ta tes  on A1/SiO2 in ter face  remained  on the 
oxide  surface af ter  the  pho toengrav ing  and etching of 
the A1 metal l izat ion.  The Si prec ip i ta tes  p resen t  in the  
meta l l iza t ion  are  p a r t i a l l y  redissolved in the A1 dur ing  
sintering.  However ,  since the  m a x i m u m  solubi l i ty  of 
Si in A1 at  560~ is 1.3 w/o  even at this s inter ing t em-  
pera ture ,  there  is st i l l  excess Si present  as a second 
phase  in the  a l loy and these serve  as nucleat ion sites 
for the reprec ip i ta t ion  of Si dur ing  cooling. The size 
and densi ty  of the reprec ip i ta ted  Si par t ic les  a re  de-  
penden t  on the s in ter ing  tempera ture ,  assuming ident i -  
cal cooling cycles a f te r  each sinter.  Af te r  510~ s in te r -  
ing, the  dens i ty  of Si par t ic les  was about  1.8 • 10S/cm 2 
wi th  an average  d iamete r  of 0.25 ~m. A much coarser  
s t ruc ture  wi th  lower  densi ty  of 1.0 • 10S/cm 2 and 
an average  d iamete r  of 0.8 ~m was observed af ter  
560~ sintering.  

These observat ions  of Si prec ip i ta tes  f rom A1-2% Si 
al loys are  s imi lar  to those repor ted  by  van Gurp  (9) 
for Si p rec ip i ta tes  from A1/Si al loys deposi ted on single 
c rys ta l  substrates .  Al though  the prec ip i ta tes  a t  the  

Conclusion 
The present  resul ts  indicate  tha t  the  use of AI-2% 

Si meta l l iza t ion  is the  most prac t ica l  technique to 
minimize  po ly -S i  dissolut ion and reduce  the  res is tance 
at  the  A1 /n -po ly -S i  contacts  in in tegra ted  circuits. A 
s imi lar  conclusion has been reached for the meta l l i za -  
t ion of contacts  to single c rys ta l  subs t ra tes  (7, 8). How-  
ever, Si process technologists  have been re luc tan t  to 
use A1-Si meta l l iza t ion  because of the  lack of a p roper  
technique for the deposi t ion of a l loy  films. This p r o b -  
lem was g rea t ly  minimized  recen t ly  wi th  the deve lop-  
ment  of the  magne t ron  sput te r ing  technique for the 
deposi t ion of al loys (10). For  A1 alloys,  this  new 
technique provides  high deposi t ion rates,  consistent 
s toichiometry,  and min imum radia t ion  damage to di-  
electr ic  films which  can be easi ly  annea led  out  a t  
t empera tu res  compat ib le  wi th  s t andard  device 
processing (11). 
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A Computer Study of pH Effect in Electroless Copper Deposition 
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It was found by Schoenberg (I) 
that the rate of electroless deposi- 
tion of copper first increases, passes 
through a maximum and then decreases 
when the concentration of formalde- 
hyde, copper ions and copper complexing 
agent are held constant and that of 
sodium hydroxide varied. The maximum 
rate and the falling off of the rate 
at high pH values was explained (i) 
on the basis of dissociation of methy- 
lene glycol and the change of the 
relative concentration of the methylene 
glycolate and the hydroxide ions with 
pH. In order to contribute to the 
interpretation of this pH effect we 
have derived series of mathematical 
models of electroless copper deposition 
and obtained computer solutions for the 
change of the rate of deposition and 
the mixed potential with pH. The 
starting point of our derivations was 
the current (i) potential relationship 
for the high overvoltage (n) range 

i=i~ F/RT) [I] 

where i ~ ~, F and T are the exchange 
current density, the transfer coeffi- 
cient, faraday constant and temperature, 
respectively. On the basis of this 
equation, using the basic principles of 
the mixed potential theory (2), we have 
derived the following equations, for 
the mixed potential EMp 

EMp=(bMbRed/bM+bRe d) In(Q/R) [2] 

where 
o 

Q=i M exp (ERM/bRM) [3] 
o 

R=~Re d exp (-ERRed/bRe d ) [4] 

*Electrochemical Society Active Member 
Key words: copper, electroless 
plating, formaldehyde, mixed potential 

bM=RT/~ M n M F, bRed=RT/aRednRed F 

and the rate of deposition ide p 

idep = (i~) p .o q (iRe d) exp (V) 

where V=[(ERM-ERRed)/(bM+bRed)] 

P=bM/(bM+bRed), q=bRed/(bM+bRe d) 

[5] 

[6] 

and the meaning of other symbols are 
�9 .o 

as follows: l~, iRed, ERM, and ERRed 
are the exchange current densities and 
the rest (equilibrium) potentials for 
the cathodic and anodic partial react- 
ions, respectively. 

This communication discusses only 
two mathematical models. In both 
models the dissociation of methylene 
g!ycolate (formaldehyde) is taken into 
account using for the dissociation 
constant K=l.62x10-13 (i). In Model I 
it is assumed that the electrochemical 
kinetic parameter ~ Red (the transfer 
coefficient) is independent of pH. 
The variation of the exchange current 

�9 O 

density ZRed, with pH, was calculated 
on the basis of the theoretical equa- 
tion (3) 

o o 

i~ ~ (Cox)l-~(CRed)a [7] 

as applied to this case (introduction 
of OH-factor). 

Previous interpretation did not 
,O 

consider that ~Red and iRe d could vary 
with pH. However, Paunovic and Pearson 
(4) have determined experimentally that 
these parameters are pH dependent. 
Analytical expressions derived from 
these data, with the use of Newton's 
interpolation formula (5) are given as 
follows 

~Red---10.59+i. 784pH-7.40xi0-2 (pH) 2 [8] 

173 
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.o 
ZRed=Const+9.26x10-3pH-3.85x10-4(pH) 2 

const=-5.52x10 -2 [9] 

for the 0.2M CH20 at 25~ 

In both models it was assumed that 
i~ and ~M are independent of pH. 
R~sults obtained from equations [2-9] 
are shown in Fig. I and 2. For Model I 
a value of 0.15 was taken for ~Red. 
It is seen that only Model II gives the 
same pH effect as the experimentally 
observed relationship: the initial 
increase, a maximum and fall off of the 
rate with increasing pH. Model I gives 
continuously increasing rate of deposi- 
tion when plotted vs. pH. 

From these results we can conclude 
that the maximum and the falling off 
of the rate at high pH values are 
caused by the pH dependence of the 

�9 O 

kinetic parameters ~Red and mRe d for 
formaldehyde. Dissociation of methy- 
lene glycol is an important factor in 
electroless deposition of copper but 
it is not sufficient to explain the 
pH effect. 
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Fig. I - Variation of the rate of 
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A B S T R A C T  

The act iv i ty  of Cr20~ in Cr20~-A12Oa solid solut ion has been de te rmined  
in the  t empe ra tu r e  range  800~176 from elec t romot ive  force measu re -  
ments  on the solid oxide  galvanic  cell  

Pt ,Cr  + Cr2OJY~O~-ThO2/Cr + Cr~A12-xO~,Pt 

The act ivi t ies  of Cr203 and A120~ in the solid solut ion show both posi t ive and 
negat ive  dev ia t ions  f rom Raoul t ' s  law. The hea t  and ent ropy of mix ing  of the  
solid Solution obta ined f rom the t empe ra tu r e  dependence  of the  emf can be 
expressed as 

AH = XCr203XA1203 [31,700Xcrzo3 -}- 37,470XA1203] J mole  - I  

hS = --  1.8R [Xcr2o3 In Xcr2o3 + XA12o3 In XAaos] 

The en t ropy  of mix ing  is 10% lower  than  that  predic ted  by  the Temkin  model.  
The la rge  posi t ive hea t  of mixing  in the Cr2Os-A12Oa solid solution, however ,  
suggests that  this apparent :  en t ropy  discrepancy originates  wi th  the  clustering 
of posi t ive ions on the cation sublat t ice.  The asymmetr ic  misc ib i l i ty  gap ex-  
hibi ted in the CrzOa-A12Oa sys tem below 900~ is consistent  wi th  the  t he rmo-  
dynamic  da ta  t rends  recorded at  the  more  e levated tempera tures .  

Base meta l  cata lys ts  such as copper  chromite  
(CuCr2OD suppor ted  on a lumina  have recent ly  been 
considered for the  oxidat ion  of carbon monoxide  and 
hydrocarbons  to carbon dioxide  and wa te r  vapor  (1). A 
knowledge  of phase re la t ions  in t e r n a r y  systems of the 
type  MOZA1203-Cr203, where  MO is a d iva len t  oxide 
l ike  FeO, CoO, NiO, or CuO, would  be useful  for 
eva lua t ing  the in terac t ion  be tween  chromium ion con- 
ta ining catalysts  and a lumina  supports.  Such systems 
often contain two series of solid solut ions at  high t em-  
peratures ,  one wi th  the  spinel  s t ruc ture  (MCr~A12-xO4) 
and the other  wi th  the  corundum s t ruc ture  
(CrxA12-zO3). The conjugate  l ines which  connect 
these two solid solut ion regions on the t e rna ry  dia-  
g ram have thei r  direct ions de te rmined  by  the ion ex-  
change react ion 

MCr204 (sp. ss) + Al~O3 (cor. ss) --> MA120~ (sp. ss) 

+ Cr~O~(cor. ss) [1] 

The composit ion of the conjugate  phases can be cal-  
cula ted  f rom a knowledge  of the  re la t ive  s tabi l i ty  of 
the  two pure  spinel  phases (MA1204 and IVICr204) and 
act ivi t ies  in the two solid solutions. Some progress  has 
recen t ly  been  made in re la t ing  activi t ies in spinel  solid 
solutions to the d is t r ibu t ion  of cations be tween  the 
t e t r ahedra l  and oc tahedra l  sites of the spinel  latt ice,  
and to the  site preference  energies of the cations (2). 
This paper  repor ts  measurements  of the  t h e r m o d y -  
namic proper t ies  of CreOs-A1208 solid solutions using 
a solid oxide galvanic  cell. 

Key words: alumina-chromium sesquioxide solid solution, ther- 
modynamics, solid electrolyte, galvanic cell, entropy of mixing, 
enthalpy of mixing, activities, miscibility gap. 

In fo rmat ion  on act ivi t ies  in Cr203-A1208 solid and 
l iquid solutions are  of in teres t  in the physical  chem- 
i s t ry  of the a luminothermic  reduct ion of Cr203. The 
high t empera tu re  phase d iag ram of the Cr203-A1203 
sys tem (3) is of the  isomorphous type,  in which the 
two oxides are mu tua l ly  soluble in al l  propor t ions  in 
the solid and l iquid state. Knapp  (4) has shown that  
the calcula ted separa t ion  be tween  the solidus and the 
l iquidus curves based on the assumpt ion that  act ivi t ies 
are  equal  to mole  fract ions in both solid and l iquid 
solutions, and using es t imated heats  of fusion of oxides, 
is smal le r  than  expe r imen ta l ly  observed:  A misc ib i l i ty  
gap has been repor ted  (5, 6) in this system at t em-  
pera tures  below 900~ and under  high pressures  or 
hyd ro the rma l  conditions. The la t t ice  pa rame te r s  a and 
c show slight  posi t ive depa r tu re  f rom the l inea r i ty  p re -  
d ic ted  by  Vegard ' s  rule  (6). 

Experimental Methods 
Mater~als.--Fine powders  of Cr,Cr203 and a-A120~, 

each 99.99% pure,  were  obta ined f rom Alfa  Inorganics.  
The Cr~A12-xO3 solid solut ions were  p repa red  by  mix -  
ing fine powders  of component  oxides in the  requ i red  
ratio,  compact ing the mix tu re  into pel le ts  and s in te r -  
ing at  1450~ under  a flowing s t ream of argon gas  for 
65 hr. One composit ion of the  spinel  solid solut ion 
(x = 0.74) was also synthesized at  1600~ The fo rma-  
tion of homogeneous solid solutions was confirmed by  
x - r a y  diffract ion analysis  and microscopic examina -  
tion. Thoria  pel le ts  doped wi th  15 mole percen t (m/o)  
YOI.~ were  suppl ied  by Cerac Incorporated.  This com- 
posit ion is close to that  of m a x i m u m  ionic conductivi ty.  
The Y20~-ThO2 mate r i a l  was chosen as the e lec t ro ly te  
because its ionic t ranspor t  number  is g rea te r  than  

175 
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0.995 at the low oxygen potentials encountered in  this 
study. 

Apparatus and Procedure 
The apparatus was identical to that  used for the 

measurements  of the free energy of formation of 
MgCr2Od, and has been described earl ier  (7). 

The Cr + CrfO~ and Cr + Cr~A12-xO.3 electrodes 
were prepared by compacting a mix ture  of their  pow- 
ders in  the molar  ratio 1.5:1. P re l iminary  experiments  
indicated a slight tendency for the oxidation of chro- 
mium in the pellet despite the use of t i t an ium in terna l  
getters. Electron microprobe examinat ion  of the sur-  
face of a pellet in contact with the electrolyte showed 
a slightly lower metal  concentrat ion at the end of the 
exper iment  than at the start. To compensate for this 
effect, excess chromium was used in  the pellets. The 
pellets were sintered at 1300~ in  prepurified argon 
stream for 35 hr. T i tan ium in terna l  getters were placed 
2.5 cm above and below the pellets to remove any re-  
sidual oxygen in  the argon or oxygen bear ing species 
desorbing from the refractory tubes. The reversible 
electromotive force (emf) of the cell 

Pt,Cr + CrfOJYfO~-ThO2/Cr-5 CrxA12-xOa, Pt  [1] 

was measured in the tempera ture  range 800~176 
with a "Solatron" digital voltmeter,  which had an in -  
put  impedance of 10~23. The reversibi l i ty  of the cell 
was checked by passing a small  cur rent  ( ~  50 ;~A) 
through the cell for 1-2 min  in  ei ther  direction, and it 
was found that the emf re turned to its in i t ia l  value in  
approximately 30 min, after which it remained con- 
stant  for up to 5 hr. The emf's were also found to be 
independent  of the flow rate of iner t  gas through the 
cell. 

Some contaminat ion of p la t inum wires in  contact 
with the electrodes was observed. The extent  of con- 
taminat ion  was similar  at both electrodes. To check for 
possible errors caused by the thermal  emf of the con- 
taminated p la t inum leads, the emf of a junct ion  made 
from two contaminated wires, used as leads in  one ex- 
periment,  was measured as a funct ion of temperature.  
The highest emf obtained was 0.15 mV. 

Results and Discussion 
The emf of the cell is shown as a function of tem- 

perature in  Fig. 1, for different compositions of the 
solid solution. Reproducible emf's could not be mea-  
sured below 800~C in experiments  in which the com- 
positions of the solid solution were given by x ---- 0.2, 
0.48, 1.54, and 1.8. This is probably  related to the slug- 
gish reaction between Cr and Cr20~ to establish the 
equi l ibr ium oxygen potential. In  experiments  with 
solid solutions characterized by values of x = 0.74, 1.0, 
and 1.28, steady e m f s  could not be obtained below 
900~ The slow exsolution of the solid solution below 
900~ probably contr ibuted to this drift  in the emf. 
It was also 'observed that in order to yield reproducible 
emf's the cell had to be heated ini t ia l ly to 1100~ After 
this ini t ial  heat - t rea tment ,  steady emf's were ob- 
tained in 20-60 min after the cell had at tained a con- 
tant  temperature.  The reproducibil i ty of the emf's 
varied from 0.5 to 1.5 mV depending on the composi- 
tion of the solid solution; the reproducibil i ty was bet-  
ter when the solid solution contained more Cr~O3. Al-  
most identical emf's were obtained for x ---- 0.74 using 
samples synthesized at 1450 ~ and 1600~ This observa- 
tion and the reproducibil i ty of emf's after repeated 
temperature  cycling confirm the homogeneity of the 
solid solutions. The equations representing the var ia-  
tion of the emf with temperature  for each composition 
of the solid solution, obtained by the least mean  
squares regression analysis, are summarized in Table I. 

The activity or the partial  free energy of mixing  of 
Cr203 in the solid solut ion is simply related to the 
emf of the cell 

A G c r 2 o 3  ~ -  R T  I n  a C r 2 O 3  ~-- - -  6 F E  [ 2 ]  

4,4 , , "" i i / /  

. /  58 

52 / ~  0-1 

2 0  

14 ' 

I2  > 0 .57  [3 o 

tc ~ 

& 

4 �9 �9 

2 

T~ 
0 I i , [ , r 

g00 900 i000 It00 1200 I Y,00 

Fig. 1. Variation of the emf of ceil [1] with temperature for 
different compositions of the corundum solid solution. Xcr2o3 is 
the mole fraction of Cr203 in the solid solution. 

where F is the Faraday constant (96,500 J V -1 real -~) 
and E is the emf in  volts. The activity of Cr208 at 
1000 ~ and 1300~ is plotted against the composition of 
the solution in Fig. 2. The activity coefficient of A1203 
is calculated using the Gibbs-Duhem relat ion 

f ; : : ; : :  Xcrfo3 d In 7crfos [3] In ~YA1203 - -  - -  
= 1 XAI208 

where 7( = a/X) is the activity coefficient. The activi- 
ties of both components of the solid solution show posi- 
tive deviations from Raoult's law at low concentrations 
and negative deviations at high concentrations. The 
integral free energy of mixing of the solid solution at 
1000~ given by 

5G ---- RT [Xcrfo8 In acrfo8 + X A 1 2 0 3  In aA1203] [4] 

is shown in Table I. 
The part ial  heat of mixing of CrzO3 in  the solid solu- 

t ion is calculated directly from the tempera ture  de- 

TaMe I. The temperature dependence of the emf of ceil [I] and 
the integral free energy of mixing of the CrxAI2-xO~ solid solution 

~G 
E = a + bT (~ (1000~ 

x Xors% mV J mol -I 

0.2 0.1 
0.48 0.24 
0.74 0.37 
1.00 0.50 
1,28 0.64 
1.54 0.77 
1.80 0.90 

--50.8 + 5.95 x 10-:T (• --2870 
--34.6 + 3.69 x 10-fT (20.6) --3920 
--22.8 + 2.57 x 10-~r (• -4320 
-13.7 + 1.79 • 10-fT (• --4560 
--6.73 + 115 • 10~T (• --4670 
-2,61 + 6.76 • 10-~T (+---0.4) -4430 
-0.47 + 2.72 x 10--~T (-----0.5) --3290 
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Fig. 2, Activities of Cr2Oa and AI203 in the Cr203-AI203 solid 
solution at 1000 ~ and 1300~ 

pendence  of the  emf  

aHcr2o~ = -- 6F [E -- T(aE/OT)p] [ 5 ]  

The pa r t i a l  hea t  of mix ing  of AI20~ is ca lcula ted f rom 
the composit ion dependence  of the  pa r t i a l  hea t  of Cr~O3 
using the G ibbs -Duhem relat ion.  The in tegra l  hea t  of 
mixing  is g iven b y  

aH --  Xcr2o3aHcr203 -~ XAI2OsaHAI2Os [6] 

The var ia t ion  of the  pa r t i a l  and in tegra l  heats  of m i x -  
ing wi th  the  composit ion of the  solid solut ion is shown 
in Fig. 3. 

The in tegra l  heat  of mix ing  is not  a symmetr ic  
funct ion of composition. However ,  the  plot  of 
aH/Xcr2o3XA]2o3 vs. composition, shown in Fig. 4, 
yie lds  a s t ra ight  line. The in tegra l  and  pa r t i a l  heats  
of mix ing  can therefore  be expressed ana ly t i ca l ly  

A H  - -  XCr20~XAI208 [31,700 Xcr2o3 

+ 37,470XA~os]Jmol - I  [7] 

aHcr2o3 "- 25,910 X'~A1203 -~ 11,560 XaAz2o.~ J mol  -z  [8] 

aHA1208 --  43,250 X2cr2o8 --  11,560 Xacr2os J tool -1 [9] 

These equat ions  are  s imi lar  to the "subregular"  model  
suggested by  H a r d y  (8). The posi t ive  heat  of mix ing  
p r o b a b l y  ar ises  f rom the difference in  ionic rad i i  of 
AI 3+ and Cr a+ ions. On the Shannon  and P r e w i t t  (9) 
scale the  ionic radi i  of A13+ and Cr s+ ions are  0.67 and 
0.755A, respect ively ,  for s ixfold coordination.  I t  is con- 
ceivable  tha t  the in t roduct ion  of a l a rge r  ion in a l a t -  
t ice of smal le r  ions would  cause a l a rge r  posi t ive hea t  
effect than  the incorpora t ion  of a smal le r  ion in  a host  
la t t ice  of l a rge r  ions. 

The en t ropy  of mix ing  of the  solid solut ion is cal-  
cula ted  f rom the v a l u e s  of free energy  and hea t  of 
mix ing  discussed above  

AS : - -  (aG -- aH)/T [I0] 
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Fig. 3. Partial and integral molar heat of mixing of the Cr2Oa- 
AI~03 solid solution. 
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Fig. 4. Variation of the function, AH/Xcr203XA1203, with com- 
position in the Cr20~-AI~03 system. 

The en t ropy  of mix ing  is compared  wi th  tha t  calcu-  
la,ted using Temkin ' s  model  in Fig. 5. The corundum 
s t ruc ture  is bas ica l ly  a hexagonal  c lose-packed  oxygen 
la t t ice  wi th  the two t r iva len t  cations occupying two-  
thirds  of the avai lab le  oc tahedra l  sites. Since two ca t -  
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ions are involved in the mixing process on the octa- 
hedral sublattice per mole of oxide solid solution, the 
Temkin entropy of mixing is given by 

ASWemkin = --2R [Xcr2o3 In Xcr2os ~- XAi2OB in XA12Os] 
[ 11 ]  

The experimental entropy of mixing of the solid solu- 
tion is 10% lower than the Temkin entropy of mixing, 
although both are symmetric functions of composition. 
The experimental entropy of mixing can be expressed 
as 

AS = --1.8R [Xcr2osln Xcr2o8 + XA12OZ In XA12Os] [12] 

Similarly the partial molar entropy of Cr20~ and A12Oa 
can be expressed as 

AScr2o3 = --1.8R In Xcr2os [13] 

ASA]203 = --  1.8R In XAl203 [14] 

The partial molar entropy of Cr203 obtained directly 
from the temperature dependence of the emf 

ASCr203 = 6F(OE/OT)p [15] 

is in almost exact agreement with Eq. [13]. 
The excess entropy of mixing on the Temkin model 

is negative 

ASETemkin = AS -- ASTemkin --~ 0.2R [Xcr203 In Xcr2o3 

+ XA*2oslnXA12Os] [16] 

The large positive heat of mixing suggests that the 
origin of the negative excess entropy on the Temkin 

model lies in the clustering of positive ions on the 
octahedral cation sublattice. It is obvious from Eq. 
[12] that the Raoultian excess entropy of mixing is 
positive. However, for ionic solids the concept of 
Raoult's law has little physical significance. 

At the critical point corresponding to the appearance 
of a miscibility gap 

0AGCr203 0AGAI203 
= = 0 [17] 

[gXcr208 (9XA1203 

BAGcr2o3 0hGAl203 
- -  , : 0 [18] 

0X2cr~o8 OX2Al~Os 

Expressing the partial free energies in terms of partial 
heats (Eq. [8] and [9]) and partial entropies (Eq. [13] 
and [14]) and solving Eq. [17] and [18] gives the fol- 
lowing relations between the temperature (To) and 
composition (Xcr2o~(c) and XAl2oscc)) of the critical 
point 

190,140 X2cr203(c)X2Al203(c) 
Tc = [19] 

1.8R (--9X2cr~os(c) + 1OXcr2os(c) -- 2) 

224,820 X2cr2os(c)X2A12Os(o) 
Tc = [20] 

1.8R (--9X2A1203(c) -{- IOXA1203(r --2) 

Remembering that 

Xcr2o3(c) dC XAI203(c) --" 1 [21] 

numerical values characterizing the critical point, 
where the miscibility gap is imminent, can be evalu- 
ated 

Tc = 1173~176 Xcr2os(c) = 0.44, XA12OaCc) = 0.56 

The solubility limits at temperatures below 900~ 
can be determined by drawing common tangents to 
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Fig. 6. Comparison of the miscibility gap derived from thermo- 
dynamic data obtained in this study with direct measurements at 
high pressures, ~ This study; �9 Neuhaus et al. (5); . . . .  
Roy and Barks (6). 
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the  free energy  composit ion curves. The  resul ts  so ob-  
ta ined are  compared  wi th  direct  measurements  of 
Neuhaus  etal .  (5) at  2000 arm pressure  and Roy and 
Barks  (6) at  988 arm (hydro the rma l ) .  The cr i t ical  
t e m p e r a t u r e  ca lcula ted  f rom the presen t  resul ts  l ies 
be tween  the values 800 ~ (5) and 945~ (6) repor ted  
at h igher  pressures.  There  is also qua l i ta t ive  agree -  
ment  be tween  the th ree  sets of da ta  r ega rd ing  the 
a s y m m e t r y  of the misc ib i l i ty  gap. The so lubi l i ty  l imi ts  
at lower  t empera tu re s  differ significantly. Since the  
format ion  of the  solid solut ion is accompanied by  an 
increase  in  mola r  volume, the  misc ib i l i ty  gap may  be 
expected to be n a r r o w e r  at  h igh pressures.  

Manuscr ip t  submi t t ed  May  6, 1977; rev ised  m a n u -  
scr ip t  rece ived  Aug  30, 1977. 

Any  discussion of  this paper  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  December  1978 

JOURNAL. Al l  discussions for the  December  1978 Discus-  
sion Section should be submi t ted  by  Aug. 1, 1978. 
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Effects of Composition Changes, Substitutions, and 
Hydrostatic Pressure on the Ionic Conductivity in 

Lithium Aluminosilicate and Related Beta-Eucryptite Materials 
R. M. Biefeld,* R. T. Johnson, Jr., and R. J. Baughman 
Sandia Laboratories, Albuquerque, New Mexico 87115 

ABSTRACT 

The effects of selected composi t ional  changes, substi tut ions,  and hydrostatic 
pressure  on the l i th ium ion conduct iv i ty  in l i th ium aluminosi l ica te  solid elec-  
t ro lytes  which exhibi t  the :~-eucrypti te (LiA1SiO4) s t ruc ture  when in c rys ta l l ine  
form have been determined.  Subst i tu t ions  of Ga20~ for A120~ and GeO2 for SiO~ 
in glass and g lass-ceramic  mater ia l s  have no significant effect on the  ionic con- 
duct iv i ty ;  however ,  the addi t ion of Li20 and subst i tut ion of B203 for  A1203 
increases  the  conductivi ty.  The highest  conductivi t ies  [2 X 10 -2 ( a - c m ) - ~  at  
500~ were  obta ined for glasses wi th  enhanced Li20 concentrat ions (e.g., 
3.1Li20.  A1203" 3.8SIO2), and for g lass-ceramics  wi th  both enhanced Li20 
concentrat ions  and B2Q subst i tut ions (e.g., 3.1Li20.  B203" 3.8SIO2). Gen-  
eral ly,  the g lass-ceramics  have a lower  conduct iv i ty  than the glass except  for 
cer ta in  B20~ subs t i tu ted  g lass-ceramics  where  this t r end  is reversed.  H y -  
drostat ic  pressure  exper iments  (to 2.0 GPa)  on var ious  glasses and glass-  
ceramics showed only s l ight  v a r i a t i o n s  in the ionic conduct iv i ty  char -  
acteristics.  Al l  of the results  can be consis tent ly in te rp re ted  in te rms of the 
exis tence of g lass -c rys ta l l ine  in ter fac ia l  layers  in the glass-ceramics .  Ionic 
conduct ivi ty  da ta  are  also presented  on LiA1SiO4 single crystals .  

L i th ium aluminosi l ica te  glasses and glass-ceramics  
wi th  the s toichiometr ic  ~ -eucryp t i t e  (1, 2) composit ion 
L i 2 0 .  A1203.2SiO2 (LiA1SiO4) have been shown to 
have  high Li ion conduct ivi t ies  [~ > 10 -3 (12-cm)- l ]  
at t empera tu re s  above 400~ (3). Thus these mate r ia l s  
a re  of in teres t  as possible high t empe ra tu r e  solid elec-  
t rolytes.  We have prev ious ly  examined  the effects of 
the degree  of c rys ta l l in i ty  on the ionic conduct iv i ty  in 
the s toichiometr ic  ~-eucrypt i t e  composi t ion (4). The 
studies r epor ted  here  examine  the effects of composi-  
t ional  changes f rom stoichiometr ic  LiAISiO4 and the 
effects of pressure  on the ionic conduct iv i ty  in glasses 
and glass-ceramics  wi th  emphasis  on de te rmin ing  the 
ex ten t  to which the ionic conduct iv i ty  can be increased.  
Since g lass-ceramics  consist of crysta l l i tes  grown 
wi th in  a glass ma t r i x  the conduct iv i ty  of LiAISiO4 (p- 
eucrypt i te )  single crysta ls  is also repor ted.  

In  ~-eucrypt i t e  the Li  ions reside in one-d imens ional  
channels para l l e l  to the c-axis  and are  most easi ly  
t r anspor ted  along these channels  (2, 5, 6). In  this 

* Electrochemical  Society Act ive  Member .  
Key words: so l id  e l ec t ro ly t e s ,  l i t h i u m  ion c o n d u c t o r s ,  ion ic  con- 

duc t i v i t y ,  l i th ium aluminosi l icate  based g l a s se s  a n d  g l a s s - c e r a m -  
ics,  fl-eucryptite s i n ~ e  crystals. 

ordered  c rys ta l l ine  phase as wel l  as in the d i sordered  
glassy phase the  size of the conduct ive  pa thways  (or 
channels)  through which the ions move p robab ly  in-  
fluences the ionic conductivi ty.  The channel  size can 
be var ied  both by changing the composit ion of the  ma-  
ter ia l  by  replac ing some of the ions in LiA1SiO4 wi th  
ions of different  sizes and by  apply ing  high pressure.  
In this invest igat ion,  a la rge  number  of glasses and 
glass-ceramics  wi th  composi t ion changes and subs t i tu-  
tions were  p repa red  and the i r  electrical ,  thermal ,  and 
s t ruc tura l  character is t ics  were  examined.  The ionic 
conduct ivi ty  of severa l  of these mater ia l s  was also de-  
t e rmined  under  hydros ta t ic  pressure  to 2.0 GPa. Com- 
posi t ional  subst i tut ions into Li20 �9 A1203 �9 2SiO~, in -  
c luded B20~ and Ga2Os for A1203, and GeO2 for SiCk. 
The effect of changing the Li20 concentra t ion (and 
thus the number  of ionic carr iers)  on the  ionic con- 
duct iv i ty  was also examined.  

Materials Preparation and Characterization 
The glasses used in this  invest igat ion are  l is ted in 

Table I and were  p repa red  f rom reagen t  g rade  Li2COs 
and the requi red  oxides fol lowing procedures  p rev i -  
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Table I. Compositions, glass transition (annealing) temperatures, 
Tg, crystallization temperatures, To, and structural types observed 

for materials based an the Iithium a[um{nosilicate 
(Li20-AI203"2Si02) system 

C o m p o s i t i o n  T s  ( ~  To ( ~  C r y s t a l l i n e  p h a s e ( s )  

S t o i c h i o m e t r i e  
Li~O �9 A1203 �9 2SiO~* 650 760-960 

G e  s u b s t i t u t e d  
Li20  �9 AI~O8 �9 GeO~ �9 SiO3* 600 760-950 
2Li~O �9 2A12Os �9 GeO2 �9 3Slant  400 750-800 

Ga s u b s t i t u t e d  
2Li~O �9 A120~ �9 G a l a s  �9 4SiO~* 600 745-900 
4Li~O �9 3A12Os �9 G ~ O  �9 8 S l a n t  620 760-770 

Ge  a n d  G a  s u b s t i t u t e d  
2Li~O �9 A h O 8  �9 Ga~O~ �9 2GeO= �9 2SiOs 450 

B s u b s t i t u t e d  
Li~O �9 3B.2Os 500 
L h O  �9 B2Oa �9 2SiOst  450 
2 L h O  �9 A h O ~  �9 B~Os �9 4SiO=t 500 550 
4LL~O �9 3 A h O 3  �9 B208 �9 8SiO~t  560 630-71fi 

L i  e n h a n c e d  
Li~O �9 A b O ~  �9 1.3SiO~ 630 
1 .3Li20 �9 Al~Os �9 2SiO$ 570 
3.1Li~O " AI~O~ �9 3 . 8 S i O ~  490 620-650 
4~3Li~O �9 AI~O~ �9 7SiO~ 480 630-650 
2Li~O �9 3SiO~ 500 

Li  e n h a n c e d  a n d  Ge  s u b s t i t u t e d  
3.1Li~O �9 A120~ �9 1.9GeO2 �9 1.9SiO~t 510 580-610 

L i  e n h a n c e d  a n d  Ga s u b s t i t u t e d  
6.2LJ~O �9 AleOa Ga3Os �9 7 . 6 S i 0 ~  460 530 

Li  e n h a n c e d  a n d  Ge  a n d  Ga s u b s t i t u t e d  
6.2Li20 �9 A lgae  " Ga~O~ �9 3.8GeO2 �9 3.8SiO~ 450 

L i  e n h a n c e d  a n d  B s u b s t i t u t e d  
3 .1Li20  �9 B~0~ �9 3 .SSi0e~ 460 580-770 

6.2Li~O �9 B20s  �9 AI~O~ " 7.6SiO~t 4 ~  640 

~ - e u e r y p f l t e  

~ - e u e r y p t i t e  
#6-eucryptite  

a-  a n d  ~ - e u c r y p t i t e  
B - e u c r y p t i t e  

B - e u c r y p t i t o  
~ - euerYpt i t e  

~ - euerYpt i t e  a n d  l i t h i u m  o r t h o s l l i e a t e  
~ - e u c r y p t i t e  

~ - e u c r y p t i t e  a n d  l i t h i u m  m e t a s i l i c a t e  

a- a n d  ~ - e u c r y p t i t o  

L i t h i u m  m e t a s i l i c a t e  a n d  l i t h i u m  m e t a -  
d i s i l i c a t e  

B - e u e r y p t i t e  a n d  l i t h i u m  m e t a s i l i c a t e  

* Contains 3 w/o TiO2 a s  a n u c l e a t i n g  agent. 
t Contains 3 w / o  TiO2 + 1 w/o ZrO2 a s  n u c l e a t i n g  a g e n t s .  
$ P a r t i a l l y  c r y s t a l h z e d  d u r i n g  t h e  in i t i a l  p r e p a r a t i o n .  

ouslY described (3). After  melt ing at ,-~ 1600~ the 
glasses were quenched and then annealed in  the tem- 
perature  range of 400~176 for 5-10 rain t o  remove 
strain. X- ray  powder diffraction photographs of the 
glasses revealed no crystal l ine structure.  The annea l -  
ing temperatures,  which were the glass t ransi t ion tem-  
peratures (Tg), are listed in  Table I and were deter-  
mined from differential thermal  analysis (DTA) per-  
formed on unannea led  glass samples. The results show 
that  the Tg values decrease as the composition deviates 
from Li20 �9 A1203 �9 2SIO2. 

The glass-ceramics were prepared by controlled de- 
vitrification of the glasses. The heat-treatments used 
to devitrify the glasses (Table I) were also determined 
from DTA. These heat-treatments involved annealing 
the glasses from slightly below to slightly above the 
crystallization exotherms over a period of 1-4 hr. 
TiO2 and /or  ZrO2 [concentrations to ~ 4 weight per-  
cent (w/o) ]  were added to the glasses as nucleat ing 
agents to aid in the formation of the glass-ceramics. 
Attempts  to crystallize the glass without  any nucleat-  
ing agent (s) resulted in  preferent ial  surface crystal l i-  
zation and cracking of the samples. X- ray  powder dif- 
fraction photographs were taken of the glass-ceramics 
to determine the phase or phases present. In most of 
the glass-ceramics examined, ~-eucrypti te  was the only 
crystal l ine phase present  or the most p redominant  
crystal l ine phase. Other phases such as ~-eucryptite, 
l i th ium metadisilicate, Li2Si20~, l i th ium orthosilicate, 
Li4SiO4, and l i th ium metasilicate, Li2SiO3, were also 
found in some samples. The phase(s)  observed for 
each composition are given in  Table I. 

Single c rys ta l s  of p-eucrypti te  were grown by the 
flux technique (7). The s tar t ing materials  were Li2CO~, 
A1203, and SiO2 powders mixed in the appropriate 
proportions. This mater ial  (46.4 w/o)  was mixed with 
LiF (29.2 w/o) ,  A1F3 (10.3 w/o) ,  and V205 (14.1 w/o)  
powder as fluxing agents. The mix ture  was ball  milled 
in ethyl alcohol for 12 hr and dried in a convection 
oven. The bal l -mi l led  mater ial  was then charged in  a 
7.6 cm diam X 7.6 cm high p la t inum crucible with a 
tight fitting lid. The loaded crucible was placed in a 
furnace and the temperature  raised to 1200~ This 
temperature  was held for 4 hr. The temperature  was 

then immediate ly  lowered to 1130~ From this p o i n t ,  

the temperature  was dr iven  down to 900~ at a con- 
stant  rate of 1.25~ The crucible was then removed 
from the furnace, opened, and the mol ten flux d e -  

c a n t e d  from the crucible and the solid LiA1SiO4 (8). 
The crucible, which contained the LiA1SiO4, was then 
re turned to the furnace and allowed to slowly cool. 
The resul t ing single crystals had dimensions of the 
order of several millimeters.  

Electrical Measurement Techniques 
The glass and glass-ceramic samples used for t h e  

ionic conductivi ty measurements  had dimensions of 
about 1 X 1 X 0.1 cm 3. Evaporated Cr electrodes were 
applied to the 1 >< 1 cm 2 faces. The methods for sample 
preparat ion and contacting have been described (3). 
The single crystal samples were cut so that  electrical 
measurements  could be made normal  to the (00.1) 
plane (i.e., parallel  to the c-axis and the Li ion con- 
ta ining channels) .  The single crystal specimens were 

1 mm thick and were ( n e a r l y )  visual ly free of im-  
perfections (e.g., flux inclusions).  No measurements  
were made in directions parallel  to the (00.1) plane 
(i.e., perpendicular  to the c-axis) because of difficul- 
ties encountered in  obtaining a large sample with this 
or ientat ion that was free of imperfections. Evaporated 
Cr electrodes were also used on these samples. 

The high pressure experiments  were under  hydro-  
static pressure conditions and util ized a 3.0 GPa Har-  
wood pressure system with a heater  coil (9). The sam- 
ple was emersed in pentane  which was the pressure 
t ransmit t ing medium. The pressure was determined 
from a calibrated mangan in  coil. The tempera ture  was 
determined by using thermocouples. 

The ionic conductivi ty measurements  were made by 
using 2- terminal  and 3- terminal  a-c techniques over 
the frequency range from 5 to 5 X 105 Hz (3). Pre-  
vious work showed that  the measured conductance a n d  

thus the conductivi ty is that  associated v~ith Li ions 
in  the bulk  mater ial  (3). A least squares method was 
used for analyzing the tempera ture  dependent  data. 

Results 
Stoichiometr ic  L iA1SiO4. - -The  ionic conductivity r e -  

s u l t s  for stoichiometric LiA1SiO4 glass, glass-ceramic 
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Fig. |. Ionic conductivity temperature dependence for LiAISiO4 
single crystals (c-axis), glass, and glass-ceramic (88% crystallin- 
ity). The single crystals (#-eucryptite) are one-dimensional con- 
ductors parallel to the c-axis, whereas the glass is a three-dimen- 
sional conductor. The glass-ceramic is polycrystolline material in 
a glass matrix prepared by devitrification of the glass. 

[88 volume percent  (v/o) crystall ine] and single crys- 
tals (parallel  to the c-axis) are shown in  Fig. 1. The 
ionic conductivity, ~, for these materials is thermal ly  
activated (o- = Co e-E/kr) over the tempera ture  range 
examined.  The activation energies, E, and the preex-  
ponent ial  factors, r are given in  Table II. 

The results obtained from two different single crys- 
tal samples are given in  Fig. 1. The activation energy 
for the Li ion conductivi ty along the one-dimensional  
(c-axis) channels is near ly  the same for both of these 
crystals but  the r values are somewhat  different. The 
crystal with the higher eo value appeared by visual ex- 
aminat ion to be a near ly  perfect crystal, whereas the 
crystal with the lower ~o value appeared to contain 
some flux inclusions which probably blocked ionic 
t ransport  in  some of the channels. This would account 
for the different r values observed for these two crys- 
tals. Our results are in  reasonable agreement  with 
those of van Alpen et aL (6) and suggest that the ionic 
conductivi ty for Li ion t ransport  along the one-d imen-  

Table II. Ionic conductivity activation energies, E, and 
preexponentiul factors, ~o, for stoichiometric LiAISiO4 determined 

from .~ ---- ~oe -E /kT 

Material E (eV) #o (~-cm)-Z 

Single Crystal* 

Sample 1 0.81 ----- 0.01 1.70 x 104 --0.22 z x 10 ' 

Sample 2 0.84 • 0.01 7.84 x 10g \ -- 1.55 j • I0~ 

Glass 0 . 6 8 •  1.83 x I0 ~ \ -0 .11  ~ x 102 

Glass-ceramic# 1.23 • 0.05 2,60 x 10~ -1.51 / x 10 ~ 

�9 to c-axis. 
# 88 v /o  crystallinity. 

sional channels in  single crystal #-eucrypt i te  is d e -  

s c r i b e d  by E ~ 0.83 eV and ao > 8 >< 104 (~2-cm) '-1. 

The ionic conductivi ty for LiA1SiO4 glass is charac- 
terized by  E = 0.68 eV and r -- 1.8 X 102 ( ~ - c m ) - l :  
Previous studies have shown that  the nucleat ing 
agent(s)  do not significantly affect these results, at  
least for the concentrat ions used here (i.e., --~ 4 w/o)  
(3). The conductivity of the glass is somewhat  less 
than  that  for the single crystal (c-axis) over the tem-  
perature  range examined. The interest ing feature of 
these results, however,  is that  the glass is a good con- 
ductor for Li ions in  three dimensions (with no long- 
range s t ructural  order) when  c o m p a r e d  to  the single 
crystal where  the Li ions reside in  the o n e - d i m e n s i o n a l  
c-axis channels and are t ransported a l o n g  t h e s e  c h a n -  
n e l s .  

The results in Fig. 1 (and Table II)  for the LiA1SiO4 
glass-ceramic show that the conductivi ty decreased o n  
conversion of the glass to the glass-ceramic. Fu r the r -  
more, E for the glass-ceramic (E ---- 1.23 eV for 88% 
crystal l ini ty)  does not  approach the value found for 
single crystal #-eucrypt i te  (E ,~ 0.83 eV). Several  ex-  
planat ions for this discrepancy have been presented in -  
cluding the probable existence of an interracial  layer  
between the glass and the crystallites in the glass- 
ceramic which retards ionic t ranspor t  through the 
crystall ine regions (4). Such an interface would make 
the crystall ine regions appear as insula t ing regions. 
This explanat ion has been advanced in  conjunct ion 
with a cont inuum percolat ion model for describing t h e  
dependence of the ionic conductivity on the degree o f  
crystal l ini ty in  these materials  (4). 

Composition variations and substitutions.--The ef- 
fects of compositional variations and substi tut ions on 
the ionic conauct ivi ty  were examined in  the glass and 
glass-ceramic materials.  In  the glass-ceramics wi th  
compositions which differ from that  of stoichiometric 
LiAISiO4, the composition of the glass and crystall ine 
phases a r e  general ly not the same. In  these mate-  
rials, the volume fraction of crystal l ine mater ia l  was 
not determined. The presence of subst i tuents  or other 
crystall ine phases would change the x - r ay  results from 
those expected for stoichiometric mixtures  of LiA1SiO4 
(#-eucrypti te)  crystall i tes in  a LiAlSiO4 glass mat r ix  
(4). Although a detailed dependence of conductivity 
on degree of crystal l ini ty was not obtained for each 
composition, the results of the electrical measurements  
do give the general  t rend in ionic conductivi ty changes 
associated with compositional variat ions and substi-  
tutions. 

Ionic conductivi ty results on a variety of glasses and 
glass-ceramics which contain GeO2 and Ga203 are 
shown in  Fig. 2. A complete listing of the materials  ex- 
amined and the corresponding values for E and ~o are 
presented in Table IIL Subst i tu t ion of GeO2 for SiO2 or 
Ga203 for A1208 causes a slight decrease in  the conduc- 
t ivi ty of the glasses. This effect is not  very large and 
the conductivities of these substi tuted glasses and 
glass-ceramics are very similar to those of stoichio- 
metric LiA1SiO4 glass and glass-ceramic (Fig. 1). This 
suggests that if there is a resistive glass-crystal l ine 
interracial  layer  in these subst i tuted glass-ceramics as 
in the LiAISiO4 glass-ceramics, the composition sub-  
stitutions do not significantly influence the interracial  
resistance. The results of the x - r ay  diffraction experi-  
ments indicated that  the #-eucrypti te  lattice constants 
increased in  the GaBO3 or GeO2 subst i tuted glass- 
ceramics. For example, the lattice constants for 
Li20" AIzO3" GeO2. SiO2 are a = 10.61(3) and c = 
11.44(6)A while for LiAlSiO4, they are a _-- 10.49(1) 
and c ---- II.18(I)A (i, 2). This increase of the lattice 
constants in the crystalline phase did not appear to 
affect the ionic conductivity for the GeOz and Ga203 
substituted glass-ceramics. It should be noted, how- 
ever, that any conductivity changes within the crys- 
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Table III. Ionic conductivity activation energies, E, and 
preexponentiol factors, era, obtained from ~ = % exp(--E/kT) 

for glasses and glass-ceramics with compositions based on 
Li20"AI20.2SiO2. For an indication of the magnitude of the 

errors, see Tables II and IV. 

G l a s s  Glass-ceramic * 
C o m p o s i t i o n  E ( e V )  ~o ( ~ - c m )  "~ E ( e V )  r ( ~ - c m )  -~ 

S t o i e h i o m e t r i c  
L i20  �9 A12Oa �9 2SiO~ 0.68 1.8 x 102 1.23 2.6 x 10st 

Ge  s u b s t i t u t e d  
L i 2 0  �9 A120~ �9 GeO2 �9 SiO~ 0.69 1.1 x 102 1.13 1.1 • 1O~ 
2Li20  �9 2A1~03 �9 GeOa �9 3SiO~ 0.70 1.B x 102 0.90 9.0 x 10 ~ 

G a  s u b s t i t u t e d  
2 L i 2 0  �9 Al20a  �9 Ga2Oa �9 4Si0~  0.72 1.7 x 102 1.18 1.3 X 10 a 
4Li~O �9 3AleOa - Ga~Oa �9 8SiO2 0.69 1.3 x 10 ~ 0.82 2.4 x 10 a 

Ge  + G a  s u b s t i t u t e d  
2 L i 2 0  �9 A l t O s .  G a 2 0 ~  ' 2 G e O s  ' 2 S i O ~  0 . 7 6  2 .6  x 10  ~ - -  - -  

B s u b s t i t u t e d  
L i 2 0  �9 3B-~Os 0 .84 2.8 X 10 ~ ~ 
Li fO �9 B 2 0 a  - 2 S i O e $  - -  0 . 6 5  6 .7  x l 0  t 
2 L i f o  �9 AI~O~ �9 B2Oa �9 4SiOB 0"~7 2.8 X 10 ~ 0.77 3.0 X 10 ~ 
4 L i f o  �9 3AhO~ �9 B2OB �9 BSiO~ 0~72 1.9 X 10 ~ 0.72 5.2 X 10~ 

L i  e n h a n c e d  
Li fO �9 Al tOs  �9 1.3SiO~ 0.68 2.7 x 10~ ~ 
1 .3LifO �9 AltOs  �9 2SiO~ 0.68 2.5 x 10 ~ ~ 
3.1L120 �9 A h O a  - 3 . 8 S i O ~  0 . 6 3  1 .9  x 10 ~ 0 . 8 5  1 .8  x 1 0  ~ 
4.3Li~O �9 Al tOs  �9 7SiO~ 0,63 1.0 x 102 0.81 2.1 x 10 ~ 
2 L i f o  - 3SiO~ 0.69 1.6 x 102 - -  

L i  e n h a n c e d  a n d  Ge  s u b s t i t u t e d  
3 .1LifO . AI~O~ �9 19GeO~  �9 1.9SiO~ 0.66 1.3 x 10 ~ 0.85 4.2 x 10 ~ 

L i  e n h a n c e d  a n d  G a  s u b s t i t u t e d  
6.2Li~O - AI.~O~ �9 Ga.~Os �9 7.6SiO~ 0.64 2.1 X 10 ~ 0.95 2.1 x 10 ~ 

L i  e n h a n c e d  a n d  Ge a n d  Ga  s u b s t i t u t e d  
6 .2Li20  �9 ALtOn �9 GabOn �9 3 . 8 G e 0 2  �9 3.8SiO~ 0.69 3.8 x 10 ~ - -  

L i  e n h a n c e d  a n d  B s u b s t i t u t e d  
3 .1Li20  . B ~ O ~ .  3.8S~.Oz 0 . 6 0  1 .4  • 10  ~ 0 . 6 0  1.0 • 10  ~ 
6.2Li~O �9 B~O~ �9 A h O s  �9 7.6~iO2 0.70 1.:1 • 20  ~ 0.95 1.1 • 10 ~ 

* V a l u e s  d e p e n d  on  t h e  v o l u m e  f r a c t i o n  of  c r y s t a l l i n i t y .  
86 v / o  e r y s t a l l i n i t y .  

$ P a r t i a l l y  c r y s t a l l i z e d  d u r i n g  t h e  i n i t i a l  p r e p a r a t i o n .  

tal l i tes  may  have been masked  by  a res is t ive in t e r -  
facial  layer.  

The ionic conduct ivi ty  results  for the B203 subst i -  
tu ted  glasses and glass-ceramics  are  given in Fig. 3 
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Fig. 2. Ionic conductivity temperature dependence for sub- 
stitutions of GeO2 for SiO2 and Go203 for AI203 in lithium 
alumlnosilicate glasses nnd gloss-ceramics. Results are compared 
with stoichlometr ic L ieO.AI20~.2SiO2 glass (dashed line) and 
show that  these substitutions do not s igni f icant ly  a f fec t  the 
conductivi ty when compared wih L i20.AI20.~.2SiO2 glass and 
glass-ceramic (see Fig. 1). 

and 4 and Table III. Comparison of the  resul ts  for 
Li20 �9 A1203 �9 2SIO2 glass wi th  the  resul ts  of the  B203 
subst i tu ted glasses (Fig. 3) indicates  that  6203 subst i -  
tut ion causes a net  decrease in the  ionic conduct iv i ty  
of the glass. However ,  the resul ts  in Fig. 4 show" tha t  
the ionic conductivi t ies  of some B203 subs t i tu ted  
glass-ceramics  are  s imi lar  to or in some instances, even 
greater  than, the conduct ivi t ies  for  the corresponding 
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Fig. 3. Ionic conductivity temperature dependence for 6203 
substitutions for AI203 in L i20"A I203 '2S iO2  (i.e., LiAISiO4) glass. 
Results show that substitution of B203 causes a net decrease in 
the ionic conductivity of the glass. 
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Fig. 4. Ionic conductivity temperature dependence for B203 
substituted lithium aluminosilicate glasses and glass-ceramics. The 
conductivities of the glass-ceramics are similar to (or greater 
than) the conductivities for the corresponding glass. This is in 
contrast to the trends observed for stoichiometric Li20" hl2Oa'2SiO2 
and for the GeO2 and Ga203 substituted materials (see Fig. 1 
and 2). 

the  g lass -c rys ta l l ine  in te r rac ia l  l a y e r  in  the glass-  
ceramic.  

X - r a y  diffract ion resul ts  on these boron containing 
g lass-ceramics  showed tha t  t hey  contained f l -eucryp-  
tire crys ta l l i tes  (see Table  I ) ;  however ,  the  la t t ice  
constants  [a - -  10.45(1) and c --  11.13(4)A] are  
smal le r  than  those for LiA1SiO4. Since the  crys ta l l i te  
la t t ice  constants  a re  smaller ,  the  size of the  channels  
th rough  which the Li ions move  should be reduced.  
Whether  this ac tua l ly  causes an increase  or decrease  in  
conduct iv i ty  is not  known. There  does appear  to be an  
op t imum channe l - to - ion  size ra t io  for maximiz ing  the 
conduct ivi ty  in c rys ta l lographic  tunnels  in solid e lec-  
t ro lytes  (14, 15). 

Studies  were  also pursued  on composit ions for  which  
the Li20 content  of the ma te r i a l  i s  g rea te r  than  tha t  
in s toichiometr ic  LiA1SiO4. The resul ts  of the ionic 
conduct iv i ty  measurement s  on these l i t h ium enr iched 
glasses and glass-ceramics  are  p resen ted  in Fig. 5, 6, 
and 7 and in Table III. Increas ing the Li20 content  of 
the  A1, Ga, or Ge containing glasses, Fig. 5 and 6, 
causes an  increase  in the  ionic conduct iv i ty  of the 
glasses. [This has also been  observed for Li20-SiO2 
glasses (11, 13).] However ,  the  corresponding glass-  
ceramics have ionic conduct iv i t ies  tha t  a re  s imi lar  to 
or even lower  than  the ionic conduct ivi t ies  for LiA1SiO4 
glass-ceramics .  The resul t s  for B203 subst i tu ted  glasses 
and glass-ceramics  wi th  an enhanced Li20 content  a re  
given in Fig. 7. The  ionic conduct ivi t ies  of the glasses 
a re  g rea te r  than  tha t  of LiA1SiO4 glass, which is con- 
sistent wi th  the  resul ts  for the  o ther  Li20 enhanced 
glasses. The conduct iv i ty  of these Li20 enr iched glasses 
does not appear  to be s ignif icant ly affected by  B2Oa 

i0-I I = I I I 1 

LJ20 ADDITIONS 

glasses. This is exac t ly  opposi te  to the  behavior  ob-  
served for the  s toichiometr ic  LiA1SiO4 glass-ceramics ,  
for  the  GeO2 and Ga2Oa subs t i tu ted  g lass -ce ramics ,  
and for severa l  o ther  g lass-ceramic  systems (10-13). 
To our  knowledge,  this is the  first r epor ted  observa-  
t ion of an increase  in ionic conduct iv i ty  in a Li20 con- 
ta ining sys tem upon conversion f rom a glass to a 
glass-ceramic.  

In  in te rp re t ing  these results ,  the  degree  of c rys ta l -  
l in i ty  mus t  be considered.  Fo r  the  composit ion 
2Li20 .  A12Os-B203" 4SIO2 in Fig. 4 the glass and 
g lass-ceramic  are  observed to h a v e  the same conduc-  
t ivity.  T h e  x - r a y  da ta  on this pa r t i cu la r  g lass -ceramic  
indica ted  tha t  i t  is only s l ight ly  c rys ta l l ine  as ev i -  
denced by  both the  long exposure  t ime needed to ob-  
ta in  the  x - r a y  diffraction pho tograph  and the presence 
of a la rge  amount  of low angle scat tered x - r a y s  as-  
sociated wi th  the glass phase. F r o m  the previous  re -  
sults for the dependence  of the ionic conduct iv i ty  on 
the percent  c rys ta l l in i ty  in  the (LiA1SiO4) glass-  
ceramics (4), i t  is reasonable  to expect  tha t  a low crys-  
ta l l in i ty  g lass-ceramic  would  have a conduct iv i ty  s imi-  
la r  to tha t  for the corresponding glass. Thus for the 
2Li20 �9 A120~ �9 B 2 0 3  �9 4SIO2 mater ia l ,  i t  is not  possible, 
wi th  the presen t  data, to de te rmine  whe the r  the  ob- 
se rved  conduct iv i ty  effects are  due to the  B203  sub-  
s t i tut ion or the  low degree  of crys ta l l in i ty .  The s i tua-  
t ion is a l i t t le  clearer ,  however ,  for 4Li20 �9 3A12Oa �9 
B203" 8SIO2 (Fig. 4). The g lass -ceramic  of this com- 
posi t ion had a r e l a t ive ly  high degree  of crysta l l in i ty .  
The conduct iv i ty  da ta  indicate  an increase in conduc-  
t iv i ty  above tha t  for the  corresponding glass. We in-  
t e rp re t  this behavior  as due to a composi t ional  change 
(i.e., subst i tu t ion of B 2 0 3 ) .  The magni tude  of the con- 
duct iv i ty  increase observed  in Fig. 4 is of the o rde r  of 
wha t  might  be expected if the  # -eucryp t i t e  crys ta l l ine  
regions began to cont r ibute  to the conductivi ty.  I t  is 
possible tha t  boron may  be lower ing  the resistance of 
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Fig. 5. Ionic conductivity temperature dependence for lithium 
silicate and lithium aluminosilicate glass and glass-ceramic with 
enhanced Li20 concentrations. Results are compared with stoi- 
chiometric Li20"Al~zO~'2SiO2 glass (dashed line) and show that 
the addition of Li20 increases the conductivity of the glass. The 
decrease in conductivity upon forming a glass-ceramic is similar 
to that observed in Li20"AI20~'2SiO2 glass-ceramics (Fig. 1). 
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Fig. 6. Ionic conductivity temperature dependence for Li20 
additions to lithium aluminosilicate glasses and glass-ceramics 
with GeO2 and Ga203 substitutions for Si02 and At20~, respec- 
tively. Results are compared with stoichiometric Li20"AI20~'2SiO2 
glass (dashed line) and show that the conductivity of the glasses 
is increased by Li20 additions. The conductivity decrease upon 
forming a glass-ceramic is similar to that observed for Li20"AI203 
�9 2SIO2 glass-ceramics (Fig. 1). 

substitutions, at least for the compositions examined in 
Fig. 5 and 7. The most s tr iking effects of B203 substi-  
tutions, however, are seen for the glass-ceramic mate-  
rials. Some of the B containing Li20 enriched glass- 
ceramics (3.1 Li20 �9 B203 �9 3.8 SiO2) have conductivi-  
ties very similar to those of the glass. These results 
fur ther  emphasize the anomalous behavior of some 
boron containing glass-ceramics. Both of the glass- 
ceramics examined in Fig. 7 have a high degree of 
crystallinity. As seen in this figure, the 6.2 Li20 �9 B203 �9 
A12Q.  7.6 SiO~ glass-ceramic has a much lower con- 
ductivity than  the glass. It is not clear why some of 
the boron containing glass-ceramics do not show the 
anomalous behavior. A good comparison between the 
conductivities of glasses and glass-ceramics with and 
without B203 subst i tut ion is seen by comparing the re-  
sults for 3.1 LizO �9 A1203 �9 3.8 SiO2 in Fig. 5 with those 
for the corresponding B203 substi tuted material,  
3 .1Li20.  B203.3.8 SIO2, in Fig. 7. In contrast to the 
A12Q containing materials  the 13203 subst i tuted glass- 
ceramic has a conductivi ty which is near ly  the same 
as that of the glass. This glass-ceramic 3.1 Li20 �9 B203 �9 
3.8 SiO2, (Fig. 7) contains largely l i th ium metasilicate 
(Li2SiQ) crystallites instead of #-eucrypti te  crystal-  
lites. The sample is mostly crystal l ine as evidenced by 
its opaqueness, absence of low angle scattering, and 
the short exposure t ime needed to obtain the x - ray  
diffraction photograph. The anomalously high conduc- 
t ivity can be explained by assuming that glass- 
ceramics with only l i th ium metasilicate crystallites 
have higher conductivities than glass-ceramics which 
also have #-eucrypt i te  crystallites. However, this ap- 
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Fig. 7. Ionic conductivity temperature dependence for lithium 
aluminosilicate glasses and glass-ceramics with Li20 additions 
and B203 substitutions for AI203. Results are compared with 
those for Li20"AI203"2SiO2 glass (dashed line) and show that 
Li20 additions enhance the conductivity and that some B203 
containing glass-ceramics (3.1Li20"B203"3.8SiO2) exhibit a con- 
ductivity which is greater than that for the corresponding glass. 

pears to be unl ikely  since results reported by Kinser  
and Hench (13) indicate that  Li20-SiO2 glass-ceramics 
which contain l i th ium metasilicate crystallites also 
have conductivities that are lower than those of the 
start ing glass. Another  possible way to explain the 
high conductivity in some of the boron containing 
glass-ceramics is to assume that  the boron reduces the 
glass-crystall ine interracial  resistance. 

It appears from all of these exper imental  results that  
the glass-crystall ine interfaces play a very impor tant  
role in influencing the ionic conductivi ty character-  
istics of glass-ceramics based on the l i th ium a lumino-  
silicate (#-eucrypti te)  system. 

Pressure dependence.--The effect of hydrostatic 
pressure on the ionic conductivity was examined in  a 
glass and glass-ceramic (81% crystal l ini ty)  of the 
basic #-eucrypti te  composition (LiA1SiOO, in  a glass 
which exhibits one of the highest conductivities resul t -  
ing from an enhanced Li20 content  (3 .1Li20 .  AlsOs �9 
3.8SIO2), and in a B203 subst i tuted glass-ceramic 
which has a conductivity greater  than that  of the cor- 
responding glass (4 LiO2 �9 3 A1~O3 �9 B~Os �9 8 SIO2). The 
ionic conductivi ty was first measured at 250~ as a 
function of pressure to 2.0 GPa and the results showed 
only slight (20-50%) variations with pressure. The 
tempera ture  dependence of the conductivi ty was then 
measured at 2.0 GPa. The E and ~o values determined 
from these experiments are given in Table IV and are 
compared to s imilar  data obtained at atmospheric pres-  
sure on "sister" samples. The results show that  E and 
r were not significantly affected by pressure. There 
does appear to be a slight lowering of ao at 2.0 GPa, 
but  these differences are near ly  wi th in  exper imental  
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Table IV. Ionic conductivity activation energies, E, and preexponentia{ factors, ~o, at pressures of N 0  and 2.0 GPa as determined 
from ~ - -  ~o - E / ~ T  for lithium aluminosilicate and related glass and glass-ceramic materials.* 

1 8 5  

N0 GPa 2.0 GPa 
Material  E (eV)  6o (~-cm) -~ g ( eV)  r (f~-cm) -3 

LifO - AhOs �9 2S~O2 glass 

LifO �9 A1203 �9 2SiO: glass-ceramic? 

3.1LifO �9 Al~O3 �9 3.8SiOz glass 

4Li20 �9 3AhOa - B203 �9 8SiO3 glass- 
ceramic 

x - 0 . I i  102 1.19 • I0 ~ \ - 0 . 2 7  

1.14 - -  0.04 8.50 x 104 - 3 . 9  x I0 ~ 1.14 -4- 0.01 2.05 • I0 ~ \ - 0 . 1 5  / x 

0.64-----0.01 3.02 x 10 ~ x I0 ~ 0.61 ~- 0.01 1.17 x i 0  ~ x 
- 0 . 2 9  - 0 . 2 5  

0.72 ~- 0.01 5.18 x i0 ~ x i02 0.69 ----- 0.02 2.66 • i0 ~ 
- 0 . 6 8  - 0 . 8 2  ] x 

I0~ 

104 

I0 ~ 

i0 ~ 

* The  ~ 0 and the  2.0 GPa pressure  data were  obtained on di f ferent  ("sister") samples .  
t 81 v/o crystallinity. 

error. This is consistent with results on sodium alu-  
minosilicate glasses where only a small  pressure effect 
on ionic concluctivity was observed (16). 

Although there is no significant pressure effect on 
the glasses examined here, it is reasonable to expect 
more of an eiiect i n  the crystall ine mater ia l  since the 
~-eucrypti te  lattice does change with pressure (17). 
However, the conductivi ty of the crystall ine grains in 
the glass-ceramics may be masked by a resistive in-  
terracial layer. The lack of a significant pressure ef- 
fect on the glass-ceramics examined here could be e x -  
p l a i n e d  by assuming that an increase in pressure has 
no effect on the conductivity of the glass-crystall ine 
interface. 

S u m m a r y  
The ionic conductivities of stoichiometric LiA1SiO4 

glass, glass-ceramic, and single crystal show that  the 
glass is a good three-dimensional  conductor when com- 
pared to the single crystal (along the one-dimensional  
conducting channels) and is a considerably better  con- 
ductor than the glass-ceramics (for high degrees of 
crystal l ini ty and at low temperatures) .  Subst i tut ion of 
Ga203 or GeO2 for A12Oa or SIO2, respectively, in 
Li fO-A120~-  2SIO2 glass and glass-ceramic has little 
effect on the ionic conductivity. However, subst i tut ion 
of B203 for A1203 increases the ionic conductivity in 
some of the glass-ceramics when compared to that  of 
the start ing glass. This erlect is opposite to the t rend 
observed for the A1, Ga, or Ge containing glass- 
ceramics. When the Li20 content  of a glass is increased 
over that  for LiA1SiO4, an  increase in  the ionic conduc- 
t ivity results. When B203 is subst i tuted into the en-  
hanced l i th ium materials  an anomalous effect on the 
conductivi ty is again observed for some of the glass- 
ceramics. The anomalous enhancement  of the ionic 
conductivi ty in  some boron containing glass-ceramics 
is explained by its effect on the glass-crystal l ine in te r -  
face. The existence of glass-crystal l ine interracial  
layers which significantly affect the conductivity of the 
glass-ceramics provides a consistent in terpre ta t ion  f o r  
all of the results. 

The effect of hydrostatic pressure (to 2.0 GPa) on 
the ionic conductivi ty in  glass and glass-ceramic ma-  
terials was determined for a number  of samples wi th  
different compositions and conductivities. No signifi- 
cant pressure effect was observed. This is consistent 
with the results for other glasses (16) and with the 
impor tant  role thought to be played by the interfacial  
layers in  the glass-ceramics. 

At the present  t ime the highest ionic conductivities 
[ ~  2 X 10 -2 (12-cm)-i  at 500~ have been obtained 
in  the glasses wi th  enhanced l i th ium concentrations 
and in the glass-ceramics with both enhanced l i th ium 
concentrations and B203 subst i tut ions for A120~. It is 
possible that  the ionic conductivi ty of a glass-ceramic 

may be increased fur ther  by orient ing the crystallites 
within the glass-ceramic. Atkinson and McMillan (18) 
have reported an increase of up to a factor of 38 in  the 
conductivity of aligned Li20-SiO2 glass-ceramics when  
compared to the conductivi ty of the unal igned  glass: 
ceramics. By aligning the crystallites in the boron con- 
ta ining l i th ium aluminosil icate glass-ceramics, higher 
ionic conductivities than those reported here may be 
obtainable at high temperatures.  
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Efficiencies of Cycling Lithium on a Lithium Substrate 
in Propylene Carbonate 

R. D. Rauh,* T. F. Reise, and S. B. Brummer* 
EIC Corporation, Newton,  Massachusetts 02158 

ABSTRACT 

To assess the cycling efficiency of the Li electrode in  a posi t ive-l imited 
secondary battery,  Li has been plated and stripped from a Li substrate. This 
has been carried out in a specially designed cell containing a Li electrode of 
known volume: Li is plated and stripped from this electrode unt i l  the sub-  
strate is depleted. Individual  efficiencies can also be determined from in -  
flections in the stripping curves. Average efficiencies were best for PC, 1M 
LiAsF6 which had been preelectrolyzed and treated with activated neutra l  
alumina.  Here, for 10 C/cm 2 cycles about 85% cycling efficiency was obtained, 
essentially without  Change unti l  the substrate  was depleted. In  general,  LiC104 
showed inferior behavior to LiAsF6. 

Secondary Li batteries have generated renewed in-  
terest over the last several years (1-6). One type of 
system under  investigation is the ambient  temperature  
cell with an aprotic solvent-based electrolyte. A pr in-  
cipal difficulty in  the development  of such a bat tery  is 
the inefficiency of the Li electrode (7-10). Studies to 
date of the Li electrode have concentrated on a nega-  
t ive- l imited system in  which the Li is plated from solu- 
t ion onto an inert  or alloying substrate (11-13) and 
then either removed immediate ly  or following a wai t -  
ing period. By such experiments,  the cycling efficiency 
and rate of activity loss could be measured. 

The over-al l  efficiency of the cycling process in such 
experiments  appears to be a mul t ide termined variable. 
Variations in efficiency have been noted for plat ing and 
str ipping current  density, charge density, support ing 
electrolyte, electrolyte additive, substrate (12), and 
cycle number  (7-9, 14). In the propy]ene carbonate 
(PC), LiC104 system, and probably in many  other sys- 
tems, the efficiency of the plat ing step i s  near ly  100% 
(10). All of the inefficiencies are realized in the strip- 

ping process. Following such inefficient stripping, most 
of the unaccounted Li remains  on the electrode, and is 
electrically insulated from it. On stand, the rate of ca- 
pacity loss has been observed to exceed by roughly a 
factor of 10 the rate of Li oxidation (10). For both types 
of activity loss, insulat ion of Li granules through en-  
capsulation by resistive Li-electrolyte reaction prod- 
ucts has been suggested (7, 8). F ina l ly  the efficiency of 
the pla t ing-s t r ipping process decreases markedly  with 
cycle, apparent ly  due to blockage of portions of the 
substrate with reaction products, and accumulations of 
insulated Li (7, 8, 14). 

In  practice, then, the efficiency of the Li electrode is 
diminished by encapsulat ion of active mater ial  and by 
associated deteriorat ion of the substrate. Approaches 
to the encapsulat ion problem are to e l iminate  all re-  
activity of the electrolyte with Li, to alter the mor-  
phology of the Li so it is less susceptible to attack, and 
to add a mater ia l  to the electrolyte which will form a 
protective L i+-permeable  film on the electrodeposit. 
The lat ter  idea is in analogy to the Li/SOC12 (15- 
17) and Li/SO2 (18, 19) p r imary  batteries, in which 
the Li is obviously protected from the highly oxidizing 
l iquid cathode by a passivating film, yet can be dis- 
charged. 

Most of the secondary Li bat tery  systems which have 
been studied have been positive electrode-l imited de- 
vices. However, the relat ive merits  of positive and 
negat ive l imitat ion have not been discussed in the open 
l i terature.  A posi t ive-l imited system would be the bet-  
ter  a r rangement  to achieve highest energy density, and 

* Electrochemical Society Active Member. 
Key words: lithium batteries, lithium electrodeposition, propyl- 

erie carbonate. 

this is why all p r imary  systems are positive-limited. 
Indeed, if a bat tery contains an insoluble positive with 
100% cycling efficiency and there is zero self-discharge 
rate, a negat ive- l imited system with a less efficient Li 
electrode would not be feasible. With a soluble-posit ive 
system, in which much or all of the Li capacity loss can 
be at t r ibuted to self-discharge, such as the L i / B ~  bat -  
tery described by Weininger  (20), a negat ive- l imi ted 
system is feasible and perhaps even desirable. 

It is the purpose of this s tudy to investigate the 
cycling behavior in  PC of Li on a dense Li substrate. 
This is the si tuation which would be present  in a 
posit ive-l imited Li secondary battery.  Better  deposit 
morphology might  be expected in plat ing a metal  onto 
itself than  onto a foreign substrate. Correspondingly, 
the effect of cycle number  on the efficiency should be 
improved, al though this is not easily predictable. 

Experimental 
Propylene carbonate (PC) obtained from Burdick 

and Jackson Laboratories was used as-received. The 
lat ter  mater ia l  was characterized by lot analysis to 
contain 0.005% H20, and to be of otherwise high pur i ty  
("distilled in glass"). 

Li th ium perchlorate (LiC104, Foote Mineral  Com- 
pany, anhydrous)  was dried for 24 hours in vacuo 
(<  0.1 ram) at its fusion point (230~ Li thium 
hexafluoroarsenate (LiAsFG, electrochemical grade) 
was obtained from United States Steel, Agri-Chemicals  
Division, Decatur, Georgia, and was used as-received. 
It was indicated by the manufac turer  to contain from 50 
to 100 ppm H20 (Karl  Fischer method).  Details con- 
cerning the preparat ion and analysis of high pur i ty  
anhydrous LiAsF6 have been discussed by Lawless 
et al. (21). 

Neutral  a lumina  (Fisher) was activated at 350~ in 
an argon stream overnight.  The desiccant was immedi-" 
ately t ransferred to the dry box antechamber  and al-  
lowed to cool under  vacuum. Linde 5A molecular  sieves 
were used as-received. All desiccants were used only 
in the dry box. In  the appropriate experiments,  50 ml 
of electrolyte were slowly percolated through a chro- 
matograph column containing 10g of desiccant. The 
first 10% through the column was discarded; the re- 
mainder  was collected and stored in a t ightly capped 
flask in the glove box. 

All cycling studies were conducted at room tempera-  
ture in a Vacuum/Atmospheres  Company dry box. 
The argon atmosphere was continuously recirculated 
through a column containing molecular  sieves and an 
activated Cu gettering mater ial  (BASF catalyst R3-11), 
for removing moisture and O~. 

Plat ing and stripping of Li were carried out galvano- 
statically using either a specially constructed constant 
current  power supply or a Wenking  Model LT 73 po- 
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tentiostat  operat ing in the constant  cur ren t  mode. Cy- 
cles were performed continuously,  without  wait ing 
periods be tween half  c y c l e s .  

Results  
Using a Li substrate  for Li cycling studies is not as 

s traightforward as using an iner t  substrate, chiefly due 
to the difficulty of de termining  the electrochemical 
s t r ipping end point. An exper iment  for de termining  
the average Li cycling efficiency over 10 or more cycles 
was therefore designed. The substrate consisted of a 
well-defined area of commercial ly available 0.13 mm 
(5 mil)  thick Li foil. Exact ly 10 C/cm2 of Li were first 
deposited, then stripped from this substrate. If the 
process were not 100% efficient, some of the substrata 
would be oxidized dur ing  the s tr ipping process. From 
the number  of cycles required to deplete the substrate, 
the average efficiency per cycle could be calculated. 

The cell used for these studies is i l lustrated in  Fig. 1. 
The working and counterelectrodes were 0.13 m m  and 
0.39 mm (15 mil)  thick Li disks, respectively. The ref-  
erence electrode consisted of Li in 1M L i + / P C  in  a 
Luggin capil lary with fiberglass filter paper  plugging 
the tip. Counter  and working electrodes were pressed 
against Ni backings. The cell body was made of Teflon 
and was held together using a C clamp. 

The reproducibi l i ty  of the capacity of the 0.13 mm Li 
was determined by total ly s tr ipping several electrodes 
taken from various parts of the Li r ibbon. The elec- 
trolyte was PC/1M LiCIO4; s tr ipping was carried out 
at 5 mA/cm~. Theoretically, 0.13 m m  Li contains 91.6 
C/cm~. The exper imenta l ly  determined value was 82.9 
_ 7.0 C/cm 2 for 10 samples taken at random from this 
par t icular  roll of foil. This exper imenta l  value was 
used in  calculating average cycling efficiencies. 

Li cycling experiments  were carried out using a pla t -  
ing and str ipping current  density of 2.5 mA/cm~. The 
average efficiency per cycle, E, was calculated from the 
equat ion 

N 
E = 1 - - -  [1]  

nQ 

Here, N is the number  of coulombs/square  centimeter  
of Li present  ini t ia l ly on the substrate, Q is the n u m -  
ber of coulombs/square  cent imeter  plated and stripped 
in  each cycle (10 in these exper iments) ,  and n is the 
number  of cycles unt i l  Li substrate depletion. 

Before the initial  pla t ing cycle, 1 C/cm 2 was stripped 
from the substrate to remove any surface films. The 
chronopotent iogram for this ini t ial  s tr ipping step 
showed an anodic overshoot, then a leveling off of po- 
tent ial  at a less anodic value. This la t ter  potential  was 
taken to be the str ipping potential  of substrate Li, un-  
corrected for IR, but  constant wi thin  a given cell. Li 
surface films could also be removed by abrading the Li 
substrate  with a paper  towel before introduct ion into 
the cell. The initial stripping chronopotentiograms for 
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Fig. 1. Cell for cycling Li on a Li substrate drawn approximately 
to scale. A, Teflon end pieces; B, cylindrical Teflon center piece; 
C, Ni disk contact; D, contact tab; E, 5 mil Li disk (working 
electrode); E', 15 mil Li disk (counterclectrode); F, reference 
electrode and filling holes. The entire apparatus is held together 
with a C clamp. 
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Fig. 2. Cbranopetentiograms showing the initial stripping of a 
Li substrate, comparing abraded and nonabraded surfaces, is 
2.5 mA/cm 2, Qs ~ 1 C/cm 2. Electrolyte is 1M LiCIO4 in PC. 

nonabraded and abraded Li are reproduced in  Fig. 2. 
The curves are uncorrected for IR, explaining the dif- 
ferences in the l imit ing Li s tr ipping potentials in the 
two cells. 

The cycling efficiency of Li on a Li substrate was 
studied as a function of electrolyte purification and of 
electrolyte salt (LiC104 or LiAsF6). 

PC/LiCIO4.---The results of cycling Li on Li in 
PC/1M LiC104 solutions are summarized in Table I. In  

Table I. Effect of electrolyte preparation and purification 
procedures on the efficiency of cycling Li on a Li substrate. 

Electrolyte is 1M in Li salt. Op ~ Qs - 10 C/cm2; ip ~ is 
2.5 mA/cm 2. 

Purification Average cycling 
Solution procedure efficiency 

PC, IM LiCIO~ / 44.2, 34.0 
A /  44.2 
A / A  44.2 
s/ 40.0 
sis 40.0 

S / S  500 ppm H~O 44.0 
/ P  44.0 
/ P A  65.0 

PC, 1M LiAsF~ I 79.0 
A /  82.0 
A / A  83.0 
S / S  68.0 
S/  81.0 

/P 77.3 
/ P A  84.2 

A / -  Pass through column of activated neutral  A1203. 
S/  - -  Pass through column of activated molecular sieves.  

/ --  Add fuse-dried LiC10~ or anhydrous LiAsF6. 
P / - -  Preelectro~yze between Li electrodes. 
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Fig. 3. Chronopotentiograms for plating and stripp]ng Li on a 
Li substrate: ip ~ is = 2.5 mA/cm2; Qp = Qs ~ 10 C/cm 2. 
Electrolyte is I M  LiCI04 in PC. 

general ,  inspection of the indiv idual  s t r ipping chrono-  
po ten t iograms a l lowed an es t imate  of the single cycle 
efficiencies. As shown in Fig. 3, the  s t r ipping  curve fol-  
lowing e lect rodeposi t ion has two components,  sepa-  
r a t ed  by  about  100 mV. The more  cathodic component,  
which is recorded ini t ia l ly ,  is ascr ibed to removal  of the 
e lec t rochemical ly  accessible por t ion  of the  deposit,  wi th  
its high surface area. The low surface area  subs t ra te  is 
removed at  the  more  posi t ive potential ,  because of the 
h igher  effective cur ren t  density.  This l a t t e r  potent ia l  
corresponds to t h e  s t r ipping potent ia l  of the substrate ,  
as de te rmined  at  the  beginning of each run. 

The average  efficiencies over 10-20 cycles showed 
some sens i t iv i ty  to e lec t ro ly te  purification. Elec t ro ly te  
p repa red  by  adding the LiC104 to as - rece ived  solvent  
gave an average  efficiency of only 40%. Trea tment  of 
the  e lec t ro ly te  or solvent  wi th  molecu la r  s ieve led to 
no improvement .  Addi t ion  of 500 ppm I~20 to s ieve-  
t rea ted  e lec t ro ly te  even y ie lded  s l ight ly  h igher  efficien- 
cies, in accordance wi th  ear l ie r  resul ts  ut i l izing a Ni 
subs t ra te  (7). A lumina  t r ea tmen t  of the e lec t ro ly te  or 
Solvent y ie lded  a s l ight ly  improved  44%. The  only sig- 
nificant enhancement  of cycling efficiency was observed 
for e lec t ro ly te  which had been pree lec t ro lyzed  be tween  
Li electrodes,  then passed th rough  alumina.  This proce-  
dure  resul ted  in a 65% average  cycling efficiency. S imi-  

l a r  effects of purif icat ion have been observed on a Ni 
subs t ra te  (14). 

F igure  4 shows the single cycle efficiency profile for 
t h e  PC/LiC104 system. The cell  containing the un -  
t r ea ted  e lec t ro ly te  showed an ini t ia l  efficiency of 74%. 
This d ropped  rap id ly  over  the nex t  five cycles, y ie ld ing  
a round  30% unti l  e lec t rode  fai lure.  The s i eve- t rea ted  
mate r i a l  gave only  44% on the first cycle, and cycled 
be tween  24 and 38% thereaf ter .  S imi lar ly ,  the  p ree lec -  
t ro lyzed  e lec t ro ly te  main ta ined  a single cycle efficiency 
of ~40% over  the  13 cycles needed to exhaus t  the  sub-  
strate.  When this same solut ion was passed over  ac-  
t iva ted  neu t ra l  a lumina,  the  first cycle was 78%, d rop-  
ping g radua l ly  to about  40% over 10 cycles, and s taying 
at this level  unt i l  the final cycle. 

PC/LiAsF6.uIt  has been r epor t ed  tha t  Li  in contact  
wi th  solutions of esters and LiAsF6 is quite s table ~ven 
at  e leva ted  t empera tu res  (22). Higgins has also dem-  
ons t ra ted  a h igher  s tab i l i ty  of Li to severa l  aprot ic  
solvent  e lectrolytes  if LiAsF6 is used as the suppor t ing  
e lect rolyte  compared  to LiA1C14 (23). In  addit ion,  s tud-  
ies of the Li  e lec t rode  in MA, ut i l iz ing an iner t  sub-  
s t rate ,  indicate  h igher  efficiencies for LiAsF6 solutions 
than  for  those conta ining LiC10~ (24). Galvanosta t ic  
cycling exper iments  were  therefore  unde r t aken  using 
PC, 1M LiAsF6. 

Results  of the  cycling studies, r epor ted  in Table  I, 
show genera l ly  h igher  efficiencies than obta ined for  
PC, IM LiC104. Thus, the un t rea ted  solut ion gave an 
average  efficiency of 79%, going 34 cycles before  the 
subs t ra te  was exhausted.  As wi th  PC, LiC104, a lumina  
t r ea tmen t  enhanced this efficiency. T rea tmen t  of jus t  
the  solvent  wi th  molecu la r  sieves also improved  the 
average  cycl ing efficiency, while  t r ea tmen t  wi th  sieves 
af ter  the addi t ion of the salt  gave poorer  results.  Again,  
the best  cycling efficiency, 84.2%, was obta ined using 
e lec t ro ly te  which had been preelect rolyzed,  then  passed 
through a column of a lumina.  

The single cycle efficiencies, p lo t ted  vs. cycle in Fig. 
5, confirm the high average  efficiencies. Compared  to 
the  LiClO4 solutions, the s t r ipping p la teaus  were  usu-  
al ly separa ted  by  a smal le r  potent ial ,  indica t ing  a more  
compact,  lower  surface area  deposit.  Wi th  the  pree lec-  
t ro lyzed solvent,  p la teaus  were  not  even d iscernable  
unt i l  the 9th cycle. The average  of the single cycle effi- 
ciencies was genera l ly  a few percent  lower  than  the 
average  efficiency computed  f rom Eq. [1]. Probably ,  
some s t r ipping of e lec t rodeposi ted  Li cont inued into 
the second plateau.  I t  is pa r t i c u l a r l y  no tewor thy  that  
the de te r iora t ion  in efficiency wi th  cycle, so evident  
when a Ni subs t ra te  is used wi th  s imi lar  p repara t ions  
(14), is much reduced  on Li. 

Discussion 
Compared  to LiClO4, LiAsF6 enhances the cycling 

efficiency of Li  on a Li subs t ra te  in PC. This has also 
been observed  on a Ni subs t ra te  in PC (14) and in MA 

Fig. 4. Efficiencles of cycling 
Li on a Li substrate , as a func- 
tion of cycle and electrolyte 
purification, in PC, 1M LiCI04. 
ip = is = 2.5 mA/cm~; Qp 
= Qs = 10 C/cm 2. O No 
purification. O, So/vent and 
electrolyte solution passed 
through a column of L.inde 5A 
molecular sieves. [ ] ,  Electrolyte 
solution electrolyzed between Li 
electrodes. I ,  Electrolyte solu- 
tion electrolyzed between Li 
electrodes, then filtered through 
AltOs. 
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(24). The main  cause of inefficiency appears  to be en-  
capsula t ion of e lec t rodeposi ted  Li, l ead ing  to its in-  
sulat ion f rom the substrate .  

Studies  of 1 C /cm 2 pla tes  on Ni show in genera l  a 
more  catas t rophic  drop of efficiency wi th  cycle (14) 
than  the 10 C/cm2 pla tes  in the present  paper .  This may  
reflect the  more  efficient reduct ion  of solvent  or  im-  
pur i t ies  on Ni (at  the  Li potent ia l )  than on Li. As a l -  
r eady  mentioned,  such react ion products  and /o r  insu-  
la ted Li r emain ing  f rom previous  cycles could lead  to 
a lower  effective subs t ra te  surface area  and a poorer  
morphology.  Pe rhaps  as impor tant ,  s t r ipping  away  pa r t  
of the  Li subs t ra te  on each cycle p robab ly  provides  new 
nucleat ion centers  for each succeeding cycle, which is 
not  possible on an iner t  substrate .  

Examina t ion  of Li p la ted  on a Li subs t ra te  reveals  a 
dendr i t ic  hab i t  s imi lar  to tha t  found on Ni. However ,  
e lectrodeposi ts  a re  cons iderab ly  more  adheren t  wi th  
LiAsF6 than  wi th  LiC104. In cycled half-cel ls ,  more  Li 
was found floating in the e lec t ro ly te  in the  presence 
of the  l a t t e r  salt,  and the ind iv idua l  granules  appea red  
smaller .  A mechanism presented  by  us for dendr i t e  
g rowth  involved the fi lming of as -depos i ted  Li wi th  in-  
sulat ing react ion products ,  p revent ing  the growth  of 
l a rge  granules  and, ra ther ,  enhancing the format ion  of 
t rees and dendr i tes  (7, 8). However ,  as descr ibed in the 
introduct ion,  films se lect ively  pe rmeab le  to s m a l l  ions, 
name ly  Li +, m a y  ac tua l ly  help gra in  growth,  by a l low-  
ing Li p la t ing  while  p revent ing  the in t rus ion of insu-  
l a t ing- f i lm- forming  reactants .  I t  is possible  tha t  Li -  
AsF6 contains, as an impur i ty ,  a substance which reacts  
wi th  the  Li to form such a semipermeab le  film, or tha t  
adsorpt ion  of A s F 6 -  has the  same function. It is also 
possible that  we have  been unable  to r id  LiC104 of 
certain oxidizing impurities not found in LiAsF6. 

The implications of these results for the construction 
of a practical battery based on this electrolyte are 
readily apparent. We estimate that a typical charge for 
a Li D cell (25) would be al~proximately 50 C/cm 2. 
Even if 85% cycling efficiency could be achieved, our 
best results for only i0 C/cm 2, a Li loss of 7.5 C/cm 2 
per cycle would result. An extravagant tenfold excess 
of Li would allow only 67 complete cycles before anode 
failure. Correspondingly, I00 full capacity cycles would 
require a 90% cycling efficiency and i000 cycles a 99% 
cycling efficiency. Losses can also be incurred due to 
isolation of electrodeposited IA on open-circuit stand. 
Since the phenomena of efficiency loss and Li isolation 
appear to result from the intrinsic reactivity of Li with 
the solution, improvements would surely be noted if a 
more inert electrolyte were found. However, since a 
certain amount of Li encapsulation may be inevitable, 
methods should be sought of recontacting the isolated 
dendrites or resolubilizing them via a controlled self- 
discharge reaction to avoid using large excesses of Li in 

Fig. 5. Efficiencies of cycling 
Li on a Li substrate, as a func- 
tion of cycle and electrolyte 
purification in PC, 1M LiAsF6. 
ip = is = 2.5 mA/cm2; Qp 
- -  Qs ~ 10 C/cm 2. O ,  No 
purification. O,  Solvent only 
passed through a column of 
Linde 5A molecular sieves. I-I, 
Solvent and electrolyte solution 
passed through a celumn of ac- 
tivated neutral AI203. III, Elec- 
trolyte solution electrolyzed be- 
tween Li electrodes, then fil- 
tered through AI203. 

cell construction.  Such approaches  are  cu r r en t ly  under  
invest igat ion in our  labora tory .  
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Behavior of Maleic Acid during the Anodization of Aluminum 
Mich iko  Shimura 

Faculty of Engineering, Tokyo Metropolitan University, Tokyo, Japan 

ABSTRACT 

Anodization of a luminum in aqueous maleic acid at constant  current  den- 
sities showed that  the formation of the anodic film took place competit ively 
with the oxidation of maleic acid. In dilute electrolyte, except for the ini t ial  
short period where the colorless Chin film was formed, the over-al l  current  
served to oxidize the double bond of maleic acid into glyoxal or carbon mon-  
oxide. In  concentrated electrolyte, the brownish anodic film was readi ly formed 
and became black as it thickened. The colored film was shown to favor 
the passage of ionic current  and was made up of a luminum oxide complexed 
with maleate. The coloration of the film was considered to be induced from 
carboxylate anion radicals, which were coordinated to the a luminum ion as a 
ligand, as in the case of oxalic acid film reported previously. 

The properties of a luminum anodic films differ ac- 
cording to the electrolytes employed. For instance, the 
change of the activity of hydron ium ions near  the 
anodic film is considered to affect the properties of the 
film because the hydron ium ions react with the a lumi-  
n u m  oxide to give an unstable  soluble substance re-  
sult ing in the formation of a porous film (1). However, 
the effect of the anion species of the acids has been 
scarcely explained in spite of the impor tant  fact that 
anodic film cannot be iormed in  electrolytes contain-  
ing acetate or other specific anions. 

Recently, the author  studied the behavior of oxalic 
acid dur ing the anodization of a luminum and found 
that oxalate ions coordinate to a luminum ions com- 
peti t ively with water  to form a luminum complexes 
such as [Al(C204)n(H20)6-2n] m- which changes to 
[A1 "Ox'(C204)jz polymer by deprotonat ion and 
olation, and that the a luminum anodization process 
scarcely involves Kolbe's reaction for the oxalic acid 
(2, 3). The coloration of the oxalic acid anodic film was 
suggested to have come from C20r 2~ radical which 
should be produced by t ransferr ing charges from cen- 
tral  low-valency a luminum ion to the oxalato ligand. 

As the cont inuat ion of these studies, this paper deals 
with the behavior of maleic acid in the a luminum 
anodization process. 

Experimental 
Anodization.--Aqueous maleic acid electrolyte of 

0.1-1.0 moles/ l i ter  was prepared from analyt ical  grade 
reagent  and distilled water. Cleaned 99.99% a luminum 
sheets and wires were anodized at 15~176 in vessels 
filled with stirred electrolytes with current  supplied 
from a galvanostat  or selenium rectifier. 

Measurement o~ ESR spectra.--For the anodized 
a luminum wire, ESR spectra were measured in  air 
using a JEOL, JES-PE 3X inst rument .  

Analysis of gases generated at the anode.--In order to 
prevent  mixing of gases generated at the anode and 
cathode, a closed vessel with two compartments,  each 
of which was fitted with a silicone rubber  stopper, 
was used as the anodizing cell (4). Prior  to anodiza- 
tion, the electrolyte was flushed with argon for several 
minutes.  During galvanostatic anodization at 20 m A /  

Key words: anodic oxidation, aluminum, carbon monoxide. 

cm% gaseous products at the anode (1 X 1 cm) were 
collected in a 0.1 ml  syringe through the silicone rub-  
ber stopper and successively were injected to a gas 
chromatograph (Shimazau GC-4 AIT) equipped with 
molecular sieve 5A columns (Nishio Indus t ry) .  Refer-  
ence and sample columns were main ta ined  at 65~ 
and the hel ium flow was adjusted to ,-~8.14 ml /min .  

Detection of aldehyde.--A small ceramic beaker was 
inserted in a glass beaker. Into the space between the 
two beakers was poured 200 ml of the anolyte. The 
catholyte of 100 ml  was poured into the ceramic 
beaker. A cleaned a luminum sheet of 3.5 X 8 cm was 
dipped in the anolyte, and 5 m A / c m  2 current  was sup- 
plied from a selenium rectifier. The total amount  of 
charge was measured with a copper-coulometer which 
was connected in  series to the anodizing circuit. Every 
2 hr  the anodization was in te r rup ted  for a minute,  the 
sample was replaced with another  new one, and water  
was added to the anolyte and catholyte so as to at tain 
init ial  levels. The anodization was stopped when the 
total amount  of charge reached 10,000C. Small  parts 
of the used anolyte and catholyte were tested with 
Schiff's reagent. Aldehyde was found in the anolyte 
but  not in  the catholyte. The whole anolyte was re- 
acted with dini t rophenylhydrazine  to separate the al- 
dehyde as insoluble d in i t rophenylhydrazone-der iva-  
tive, which was identified by infrared absorption spec- 
tra, melt ing point, and so on. The yield of the aldehyde 

[A~~ =~ AI + = ~  A# 

§ C20 ~- 
* H20 
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_~, Ai3. : C2Ct.  

~H ~H 
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H H 

~H c~-H H H 
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intramolecular 
charge transfer 

Fig. 1. Formation of aluminum complexes during anodization 
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was calculated on the basis of charge passed as elec- 
t ron transfer  at the interface of the anode/electrolyte. 

Gravimetric measurement o] oxidized a l u m i n u m . -  
The amount  of a luminum oxidized dur ing  the anodiza- 
tion at a given number  of Faradays was measured in 
the following way: A1 samples were weighed, to an 
accuracy of 10-4g, before anodization and after dis- 
solving anodized layers wi th  HaPO4-CrO8 solution. The 
difference of the two values, i.e., the amount  of a lumi-  
num anodized by a certain n u m b e r  of Faradays,  is 
taken as the measure of the anodic oxidation. 

Detection of succinic acid.--To investigate the be- 
havior of maleic acid at the cathode, the catholyte after 
prolonged anodization was separated with paper-  
chromatograph using butanol- formic  acid solution as 
developer. The separated substance was confirmed to 
be succinic acid from its Rf value and infrared absorp- 
tion spectrum. 

Results and  Discussion 
Profiles of the anodiz~tion.--Anodization in maleic 

acid electrolyte shows some unique  phenomena such 
as vigorous evolution of gases, sharp increase of volt-  
age accompanying the browning of the anodic film, 
and unusua l  V-t  behaviors. 

Figure 2 shows the V-t curves for 0.2, 0.5, and 1.0 
mole / l i te r  of maleic acid at 20 mA/cm2, 20 ~ • loC. In  
the beginning of the anodization, all V-t curves in-  
creased rapidly up to about  80V, l ikely due to barr ier  
layer  formation. Then, they either main ta ined  constant 
values, decreased, or increased depending on the con- 
centrat ion of maleic acid. In  0.2 mole / l i te r  maleic 
acid, the voltage decreased to a steady value where 
bubbles were constantly produced throughout  the 
course of anodization. Colored film was not formed 
even at 60 rain anodization. In 1.0 mole / l i te r  maleic 
acid, the voltage increased progressively in accordance 
with the growth of brownish anodic film. It saturated 
at about 160~ due to the occurrence of breakdown of 
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Fig. 2. Voltage-time curves in onodization. 20 mA/cm 2, aqueous 

maleic acid electrolyte. Curve A, 0.2; curve B, 0.5; curve C, 
1.0 mole/liter. 

BEHAVIOR OF MALEIC ACID 1 9 1  

the film. At this voltage the anodic film started to be-  
come black and finally became completely black. In  
0.5 mole/ l i ter  maleic acid, the voltage decreased to 
reach amost steady state as in the case of 0.2 mole /  
l i ter  maleic acid but, after  10 rain, it again increased 
suddenly up to 170V with the appearance of brownish 
anodic film. At the end of the anodization (60 min) ,  
the color of the film was as black as in the case of 1.0 
mole/ l i ter  maleic acid. 

The black anodic film was lusterless, rough, and 
loosely adhered on the a luminum substratet  unl ike  t h e  
brown anodic films formed in oxalic and malonic acids. 
Occasionally, it  adsorbed slightly yellowish deposits a t  
the surface of the maleic electrolyte. 

The a luminum substrate after str ipping off the black 
anodic film with H3PO4-CrO~ solution was r emark-  
ably rugged, indicating that  the a luminum substrate 
did not dissociate uni formly  dur ing  the anodization. It  
is assumed that  the uneven  dissociation is caused by 
the heterogeneous incorporat ion of maleate  in  the 
anodic film and the different ionic conductances wi th  
sites. 

Anodic dissociation o] aluminum.--The a luminum 
consumption dur ing the anodic oxidation (or a n o d i c  
dissociation) was remarkab ly  smaller  than the esti- 
mated value from Faraday 's  law. This means that  the 
efficiency of the ionic current  was extremely small  and 
dependent  upon the concentrat ion of the electrolyte 
(Table I). tn  0.2 mole / l i te r  maleic acid, the efficiency 
was no more than 0.01 and violent gas evolution oc- 
curred as ment ioned above. In  case of 0.5 mole/ l i ter ,  
the efficiency was 0.30; however, it  can be corrected to 
0.39, the same value as in  1.0 mole/ l i ter ,  if the charge 
passed at the init ial  gas evolution period was sub- 
stracted. Thus, the same efficiencies for the colored 
films suggest that  the efficiency was determined main ly  
by the ionic conductivity of the anodic film, into which 
maleate was incorporated, and not by the electrolyte 
concentration. 

Infrared spectra of the anodic films.--Figure 3 shows 
infrared absorption spectra by KBr disk method for 
the slightly yellowed deposits adsorbed at the black 
anodic film during prolonged anodization (curve A) 
and for a sample of maleic acid (curve B). It is found 
that the deposit is identical with maleic acid except 
for addit ional absorption peaks at 3650, 1570, 1450, 
1010, 830, 680, 580, and 500 cm -1. Since the a luminum 
ion has been detected from HC1 solution of the deposit 
by the a luminon colorimetry method, and the foreign 
absorptions at 3850, 1010, 830, 680, 580, and 500 cm -1 
can be assigned to the vibrat ions of M-OH or M-H20 
(5), it is considered that  the deposit par t ly  contains 
hydroxides of a luminum. The other foreign absorp- 
tions (at 1570 and 1450 cm -1) can be assigned t o  
C O 0 -  stretching vibrat ion of maleate because the 
same absorption has been found for H2SO4 anodic film 
after prolonged immersion in  aqueous maleic acid, 
and assigned to COO- of maIeate chemisorbed at 
acidic sites of the H2SO4 anodic film (curve C). From 
these results, the deposit is considered as a mixture  of 
maleic acid in  a free state and a luminum hydroxide 
complexed with maleate. The deposition of maleic acid 
on the anode is explained in  the following way: most 
of the maleate ions, which are migrated to the anode 

1 The black anodic film was  discolored gray w h e n  it was  scraped 
off from the a luminum substrate.  The  blackness  was  not com- 
plete ly  inherent  to chemical  compos i t ion  but  changed with phys- 
ical states.  

Table !. Ionic current efficiency of the anodization 
20 m A / c m  ~, 20~C, 60 rain, 4 cm ~ 

Anodica l ly  Ionic  
Mole /  dissociated current  Color of the 
l i ter a luminum (rag) efficiency anodic film 

0.2 0.3 0.01 Colorless  
0.5 8.2 0.30 Black 
1.0 10.5 0.39 Black 
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Fig. 3. Infrared absorption spectra. Curve A, yellowish deposit; 
curve B, maleic acid; curve C, H~S04 anodic film after immer- 
sion in aqueous maleic acid; curve D, black anodic film. 

in the electric field, combine wi th  the protons which 
are released from the a luminum hydroxides on the 
anode, and become neutra l  acid molecules. When the 
concentrat ion of the neutra l  molecules becomes high, 
they deposit on the anode. A small part  of the maleate 
ions would be brought into the a luminum oxide and 
coordinate to A1 n+ ions as can be seen in the follow- 
ing description. 

At curve D of Fig. 3 another  infrared spectrum for the 
black anodic film by KBr  disk method is shown. The 
spectrum is characterized by intense and broad ab-  
sorption in  the region 1570-1450 cm -1 and below 900 
cm -1 but  has no absorption in the region 3500-3000 
cm -1 which is commonly observed as water for usual  
a luminum anodic film (5). The broad absorption in  
1570-1450 cm -1 probably indicates various states of 
carboxylate incorporated in the anodic film, i.e., the 
carboxylate adsorbed on the surface of the film, co- 
ordinated to A13 + ion as ligand, or combined with A1 ~ + 
ion electrostatically during the anodization. It  is de- 
duced that the black anodic film is composed of well-  
dehydrated a luminum oxide with maleate incorporated 
in complicated ways. It can be considered that there is 
a relationship between the development  of the dehy- 
drat ion and the incorporat ion of maleate in the anodic 
film. When the anodic film grows, the electrochemical 
circuit has to be closed so as to allow the flow of anod- 
izing current.  At the interface of the barr ier  l ayer /  
electrolyte, ionic species should migrate  instead of the 
A13+ ion, as the A18+ ion stays on the anode as the 
anodic film. The ionic migrat ion is known to be in -  
duced by protons which are released from the anodic 
film (a luminum hydroxide) in  the electric field. In  
the a luminum complexes intr icately incorporated with 
maleate, l igand water should be deprotonated com- 
pletely with the progress of the anodization. 

ESR spectra of the anodic f i lm.--The black anodic 
film showed a singlet ESR signal at g ~- 2.004 with 
AHmsi ~ 8G. The signal in tensi ty  was saturated at 
small  microwave output  (0.8 mW),  indicating that the 
relaxat ion t ime T1 was long and therefore the signal 
was from organic radicals. 2 It  was found that  the sig- 

T1 is spin-latt ice re laxa t ion  t ime.  I t  is ind ica ted  by  Bloch 's  
e q u a t i o n  as fol lows 

dMz Mz - -  Mo 

- -  -- 7 ( M z H y  -- M~H~) + - -  0 
dt  TI 

w h e r e  Mz, M~, and M~ a r e  c o m p o n e n t s  of m a g n e t i c  monent, ~/ is 
g y r o m a g n e t i c  f a c t o r ,  a n d  H~, H~, a nd  H,  a re  c o m p o n e n t s  of mag-  
ne t ic  f i e ld  
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Fig. 4. Temperature dependence of ESR signals for anodic films 
and aluminum complex. Curve A, black anodie film formed in 
aqueous maleic acid; curve B, anodic film formed in aqueous 
oxalic acid; curve C, aluminum complex separated from oxalic 
acid anodic film. 

nal  intensi ty  decreased uniformly with the increase of 
tempera ture  up to 298~ (Fig. 4), but  at room tem-  
perature  it remained unchanged for several months. 
These facts agree precisely with the observations for 
the anodic film prepared in oxalic acid (2, 3), for which 
the ESR signal was considered a t t r ibutable  to C2042~ 
radical coordinated to a luminum ions. The results ob- 
tained for the black anodic film seem indicative of 
carboxylate radicals coordinated to A1 a+ ion. Genera-  
tion of hydrogen at the anode supports this considera- 
t ion and is explained in the following section. 

Gaseous products at the anode.--Generation of gases 
at the anode during anodization was much more brisk 
in aqueous maleic acid than in common electrolytes 
(i.e., sulfuric, oxalic, or malonic acid). This was a side 
reaction (6) because electronic current  was about 60- 
99% of the Charge passed across the anodic film (Table 
I). 

Analysis of the gases in  three exper imental  runs 
gave average volume ratios as shown in  Table II. 3 An  
important  observation was that  the major  par t  of the 
anode gases was carbon monoxide, whereas the gases 
were hydrogen (98%) and oxygen (2%) and scarcely 
contained carbon monoxide or carbon dioxide in the 
case of aqueous oxalic and malonic acids. The per-  
centage of carbon monoxide became larger with the 
decrease of the concentrat ion of maleic acid in the 
electrolyte. The increase of the side reaction is re-  
sponsible for it, since the electronic current  became 
predominant  over the ionic current  with the decrease 
of the concentrat ion (see Table I) coincident with a 
trifling growth of the anodic film. 

Another  important  observat ion was the generat ion 
of hydrogen t ruly  collected in the anodic compartment  
and not leaked from the cathodic compartment.  The 
volume ratio of the hydrogen increased remarkably  
with the concentrat ion of maleic acid in the electrolyte, 
coincidently with the increase of ionic current.  The 
generat ion of hydrogen is induced to accompany the 

a N i t rogen  is cons ide red  f r o m  the  air  l eaked  in w h e n  sampl ing .  
Th e  va lue  fo r  oxygen  also conta in  the  one for  l eaked  air. 

Table II. Composition of anode gases 

Mole/ C.D. H2 CO O~ N~ 
l i t er  (mA/cm ~) (%) (%) (%) (%) 

0.2 20 1.5 74.7 11.1 12.7 
0,5 20 37.0 41.2 10,0 13.0 
1.0 20 45,0 35.0 8.7 11.3 
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format ion  of the anodic film. In previous  papers  (2, 3), 
the  genera t ion  of hydrogen  has been  in fe r red  as due 
to "anodic reduct ion"  in  the  fol lowing way:  provid ing  
that  a luminum oxidat ion  proceeds  by  three  steps as 

- - e  - - e  - - g  

A1 ~ . > A1 + . �9 > A12+ > A1 ~+ and wate r  c a n c o -  
ord ina te  to the  low valency a luminum ions to make  
a luminum aquo-complexes ,  in t ramolecu la r  charge 
t ransfe r  wil l  t ake  place f rom the a luminum ions to the 
l igand water ,  resul t ing in the product ion of hydrogen  
atoms (see Fig. 1). 

The anodic gases, carbon monoxide,  hydrogen,  and 
oxygen, 8 a re  thought  to have ar isen f rom different  
processes. Carbon monoxide  and oxygen  3 are  produced 
by  the e lect rochemical  oxidat ion  of male ic  acid and 
water ,  respect ively .  Hydrogen  is p robab ly  produced  
f rom "anodic reduct ion"  of l igand wa te r  w i th  the  low 
valency a luminum ions. 

Formation o~ aldehyde at the anode.--A wate r  in-  
soluble substance was isolated f rom the reac t ion  p rod -  
uct of used anoly te  and 2 ,4-dini t rophenylhydrazine .  
The substance was identif ied as 2 ,4-d in i t rophenylhy-  
drazone of g lyoxa l  f rom its in f ra red  absorpt ion  spec-  
t r um and mel t ing point.  F rom the whole  p rec ip i ta te  of 
78.9 rag, the amount  of g lyoxa l  was es t imated  10.9 mg 
for the anodizat ion of the passed charge of 10,000C. 
Whi le  a ldehyde  format ion  at an a luminum anode in the 
case of sa tu ra ted  carboxyl ic  acid has been expla ined  by  
the "anodic reduct ion"  of the carboxyl ic  acid (2, 3) (Eq. 
[1]),  the g lyoxa l  product ion is considered due to the 
oxida t ion  of eas i ly  oxidizable  --C-----C-- double  bond of 
malea te  (Eq. [2]) .  Reduct ion of carboxyl  groups to 
a ldehyde  does not  seem l ike ly  in maleic  acid e lec t ro-  
ly te  since the reac t ion  of maleic  acid wi th  hydrogen  
was found favorable  to the  format ion  of succinic acid 
th rough  the analysis  of the in f ra red  absorpt ion  spec-  
t rum of the  substance isolated from the used maleic  
acid ca tholyte  by  p a p e r - c h r o m a t o g r a p h y  (Eq. [3]) 

+H 
R - - C O O H  , > R - - C H O  [I] 

o o ] 
AI 3 +... o~/C--CH= CH--C / e... AI 8 + 

O \0 

oxid. CliO [ 0 1 
I + 2  A13+ . .  O ~ C  
CHO "0 / 

$ oxid. 
2CO 

[2] 
HOOC--CH = CH--COOH 

+ H 2 ~  HOOC---CH2--CH2--COOH [3] 

Assuming that the electronic current is one-half of the 
total current, yield of the glyoxal is only 1.4% for the 
passed charge of 10,000C. Most of the oxidation prod- 
uct of maleate should be carbon monoxide. The forma- 
tion of carbon monoxide  can not be exp la ined  by  the 
react ion of carbon dioxide wi th  hydrogen  (Eq. [4]) 
because the format ion  of carbon dioxide  or  Kolbe 's  re -  
act ion (Eq: [5]) did not take place at  the a luminum 
oxide anode 

CO~ + H2-> CO + H20 [4] 
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2 R - - C O O -  --> R---R + 2CO~ [5] 

Vi jh  has suggested tha t  the  grea te r  the  bandgap  of 
oxides, the smal le r  the  electronic conduct iv i ty  and the 
l a rge r  the  re la t ive  ionic conduct iv i ty  due to the  lack  
of electronic car r ie r  (7). A l u m i n u m  oxides are  indeed 
high bandgap  oxides and show re la t ive ly  h igher  ionic 
conduct ivi ty  than  electronic conduct ivi ty.  In  order  to 
t ransfer  electrons f rom C O O -  of malea te  to the  in-  
te r ior  (or conduct ion band)  of the a luminum oxide 
film across the  ba r r i e r  of the conduction band of the  
oxide/H.O.M.O, levels  of the  C O 0 - ,  the  anodic field 
should be in tensely  suppl ied wi th  ex te rna l  voltage. In  
such high field, however ,  Al  n+ ions can eas i ly  migra te  
f rom the a luminum subs t ra te  towards  the  surface of 
the  oxide  film, resul t ing  in the  fo rmat ion  of the  anodie 
film. The --C----C--  double  bond of male ie  acid, of 
which energy  levels  a re  located at the  h igher  state,  is 
considered easi ly  oxidizable  at  low anodie field. 

Conclusions 
At the anodizat ion of a luminum in aqueous maleic  

acid, various V-t curves were  observed in accordance 
with  the  concentra t ion of maleic  acid. In  case of 1.0 
mole / l i t e r ,  the V- t  curve increased rap id ly  up to about  
170V resul t ing  in a b r eakdown  of the  anodic film. In 
case of 0.2 mole / l i t e r ,  the V-t curve s tayed  at  about  
80V with  a violent  gas evolution.  

Ratios of ionic current  against  the  total  cur ren t  were  
0.39 and 0.01 for 1.0 mo le / l i t e r  and 0.2 mole / l i t e r ,  r e -  
spectively.  

When  the ionic cu r ren t  ra t io  was 0.39, b lack  anodic 
film wi th  rough and rugged surface was formed.  The 
anodic film was diss imilar  to the  ones formed in aque-  
ous oxalic and malonic  acids. I t  was found wi th  in f ra red  
absorPtion spect ra  tha t  the b lack  anodic film was in-  
corpora ted  wi th  malea te  ion in compl ica ted  ways, 
coordinated to A13+, combined e lec t ros ta t ica l ly  wi th  
Ai 3+, and adsorbed on the surface of the  anodic film. 
The blackness of the  film was assumed to have  come 
from carboxyla te  radicals .  I t  should be not iced tha t  
hydrogen  evolut ion at  the  anode accompanied the 
anodic film formation.  The "anodic reduct ion"  is p re -  
sumably  re la ted  to the format ion  of the  ca rboxyla te  
radical .  

The oxida t ion  p roduc t  of male ic  acid on the  a lumi -  
num anodic film was ma in ly  carbon monoxide.  

Ionic conduct ivi ty  of the  anodic film is assumed to 
va ry  with  the amount  of malea te  incorporated.  

Manuscr ip t  submi t t ed  May 11, 1977; rev ised  m a n u -  
scr ipt  received Sept. 12, 1977. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the December  1978 Discus- 
sion Section should be submi t ted  by  Aug. 1, 1978. 
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ABSTRACT 

A new voltammetr ic  str ipping method for determining the concentrat ion 
of br ightening or level ing additives in plat ing baths is described. The method 
is based on the effect that  such additives exert  on the rate of metal  electro- 
deposition. To determine the latter, the potential  of an iner t  rotat ing electrode 
is cycled in  the bath, so that a small amount  of metal  is a l ternate ly  deposited 
on the surface and then stripped off, i.e., anodically dissolved. The charge re-  
quired to strip the copper is related to the deposition rate and, thus, to the 
concentrat ion of additive in the plat ing bath. Errors caused by changes in the 
electrode surface or bath  composition are mitigated by using the in terna l  
s tandard provided by the static electrode. Results are reported for the deter-  
minat ion  of both 2,5-dimercapto-l,3,4-thiadiazole and proprie tary br ightener  
PY61-H in copper pyrophosphate baths, for which a precision of about 0.1 ppm 
(0.1 ml / l i t e r  of PY61-H) was at tained in the concentrat ion range from 0.0 
to 2.5 ppm (0.0-2.0 ml / l i t e r ) .  The effect of bath contaminat ion is also con- 
sidered and a model is proposed to explain the effectiveness of dimercapto- 
thiadiazoles as leveling agents. 

A key process in the manufac ture  of mul t i layer  
pr inted circuit boards is the plat ing of through-hole in -  
terconnections, which involves both electroless and 
electrodeposition methods. When high rel iabi l i ty  is re-  
quired, as in mil i tary  and space applications, through- 
holes are usual ly  electroplated from copper pyrophos- 
phate baths (1). An organic additive general ly used is 
proprietary br ightener  PY61-H (2, 3), whose active 
ingredient  is a dimercaptothiadiazole. 

A major  difficulty with the plated through-hole  proc- 
ess is main ta in ing  constancy of tSe br ightener  concen- 
trat ion in the low ppm range necessary to obtain ac- 
ceptable deposits. Its concentrat ion fluctuates because 
of oxidation at the anode, reduction and inclusion at 
the cathode, and chemical reactions. When the br ight-  
ener level is insufficient, deposits are bu rn t  and pow- 
dery, whereas, excess br ightener  induces brit t leness 
and nonuni form deposition (4). Hull  cell and ductil i ty 
tests, combined with periodic additions of fresh addi- 
tive, have been the only methods available to main ta in  
a controlled br ightener  concentration. Since these 
methods are unreliable,  circuit board quali ty has suf- 
fered and rejection rates have been object ionably high. 
The voltammetric  str ipping method described here is 
a new means of monitor ing the br ightener  concentra-  
tion in copper pyrophosphate baths and the technique 
should be applicable to other plat ing systems. 

Y o l t a m m e t r i c  Str ipping M e t h o d  
In performing their functions, br ightening and level-  

ing additives affect the rate of metal  electrodeposition 
at a given electrode potential  (5) and this effect can be 
used to determine the concentrations of such additives 
in  plating baths. In  the simplest case, the deposition 
current  would simply be followed at a par t icular  cath- 
odic potential, with sufficient solution agitation to 
main ta in  an adequate concentrat ion of additive at the 
electrode. Obtaining and main ta in ing  a reproducible 
electrode surface, however, are formidable problems, 
and the la t ter  is comp]icated at longer deposition times 
by changes in the surface area of the electrode. In addi- 
tion, the current  measured may include contributions 
from competing processes like hydrogen evolution and 
reduction of oxygen and impurities.  

* E l ec t r o ch emi ca l  Soc ie ty  Ac t ive  Member .  
Key w o r d s :  e l ec t rop la t ing ,  coppe r  p y r o p h o s p h a t e ,  brightener 

determination, voltammetric stripping analysis. 

In the vol tammetr ic  str ipping method, the potential  
of an inert  electrode (e.g., Pt) is cycled as a function 
of time, so that  a small  amount  of metal  is a l ternate ly  
deposited on the electrode and stripped off by anodic 
dissolution. This is i l lustrated in Fig. 1 by the steady- 
state vol tammetry  curve for a Pt  disk electrode rotated 
at 25.00 rpm and swept .cont inuously at 50 mV/sec be-  
tween --0.709 and 1.000V vs. SCE (saturated calomel 
electrode) in copper pyrophosphate baths with 1.0 and 
2.0 ml / l i t e r  of br ightener  P Y61-H added. The electrode 
rotat ion mainta ins  an adequate, reproducible concen- 
t ra t ion of br ightener  at the electrode surface (6). Dep- 
osition of copper occurs between --0.3 and --0.7V for 
both sweep directions and the copper deposit is re-  
moved by oxidation, i.e., stripped, on the anodic sweep 
between --0.3 and --0.05V vs. SCE. The area under  the 
str ipping peak corresponds to the charge required to 
oxidize the Copper deposit and is proportional to the 
average deposition rate for that cycle. Comparison of 
the peak areas for baths containing 1.0 and 2.0 ml / l i t e r  
of P•61-H shows that the br ightener  in this concentra-  
tion range exerts a strong decelerating effect on the 
rate of copper deposition. The area of the str ipping 
peak can therefore be related to the concentrat ion of 
PY61-H in the bath. 

COPPER S T R I P P E D ~ ' - ~  
[ i I I I 

- -  1.0 mill PYE1-H 

- - -  2.0 mlt[ PYE1-H 

A 
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-0.6 -(12 0.2 0.6 l.O 
ELECTRODE POTENIIAL (V vs SCE) 

Fig. 1. Steady-state linear sweep cyclic voltammograms at 50 
mV/sec for a Pt disk electrode rotating at 2500 rpm in argon- 
saturated copper pyrophosphate plating baths (22~ containing 
1.0 and 2.0 ml/liter of PY61-H. 
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Although copper s t r ipping is essentially completed 
by --0.050V (see Fig. 1), the sweep is extended to 
1.000V since this procedure was found to give more 
reproducible results. This probably  relates to the state 
of oxidation of the Pt  electrode surface. The small  oxi- 
dation peak at 0.2V and the corresponding reduction 
peak at --0.3V (hardly discernible on the current  scale 
of Fig. 1) presumably  indicate a somewhat  i r reversible  
oxidation of the Pt  surface since they are dependent  on 
the sweep rate, b u t  not the electrode rotat ion (in the 
absence of br ightener) .  If the anodic sweep is not ex- 
tended past the oxidation peak at 0.2V, the surface is 
slowly reduced on each subsequent  sweep and a steady 
state for the str ipping peak is not at tained even after 
20-30 cycles. The extended anodic sweep probably 
main ta ins  the state of oxidation of the Pt  surface at a 
s teady-state  level. In  addition, the small cur rent  pla-  
teau beginning  at 0.8V presumably  results from br ight-  
ener oxidation since it is only observed in solutions 
containing PY61-H. Thus, another  beneficial effect of 
the more anodic sweeps may be removal  of accumu- 
lated br ightener  on the electrode surface. Since this 
plateau depends only slightly on electrode rotat ion rate 
or br ightener  concentrat ion in the range of interest,  
the oxidation of br ightener  is kinetical ly controlled and 
cannot itself be used as an indicat ion of PY61-H level. 

When br ightener  breakdown products are present  in 
the bath, they oxidize in  the same potential  region as 
the brightener,  producing a well-defined current  pla-  
teau. A plot of the current  on this plateau v s .  the 
square roo t  of the rotat ion rate is l inear  but  does not 
pass through the origin. This indicates some kinetic 
l imitation.  Thus, the current  in  this potent ial  region 
can be used as an indication of the bath purity,  but  the 
proport ional i ty to the concentrat ion of breakdown 
products will not be unity.  As will be shown later, bath 
impurit ies and b reakdown products of the br ightener  
also seem to interfere  somewhat with its functioning, 
but  the vol tammetr ic  method yields an effective con- 
centration, which can be used directly to adjust  the 
additive level of the bath. 

Exper imenta l  Deta i ls  
Unless otherwise noted, measurements  were made at 

room tempera ture  in electrolytes prepared from plat ing 
bath concentrates C10XB, Cl lXB,  and PY61-H ob- 
tained from M&T Chemicals Inc. Baths typical ly 
had a pH of 8.3 and contained 22.5 g/ l i ter  Cu ++, 
173 g / l i te r  (P207)-4, and 2.25 g / l i te r  NH~. Argon gas 
was always bubbled through the solution via a glass 
fri t  for at least 15 min  before making  measurements.  
The control led-atmosphere cell was Pyrex  glass with 
a Teflon top and had a volume of 100 ml. The Pt-  
40% Rh counterelectrode and commercial SCE were 
dipped directly in  the cell. Although no Luggin capil-  
lary was used, ohmic losses should be negligible consid- 
ering the concentrated electrolyte and current  levels 
involved. 

The indicator  electrode was a 99.95% Pt  disk (The 
Wilkinson Company) of 0.13 cm 2, which was mounted  
concentric and flush with the end of a 12 mm diam 
Ke~-F cylinder by  compression molding at elevated 
temperature.  After  mounting,  the electrode was pol- 
ished on successively finer aqueous a lumina  powder 
slurries to 0.05 ~m particle size and then was cycled at 
50 mV/sec from --0.700 to 1.000V v s .  SCE in  the argon-  
saturated plat ing bath  without  br ightener  unt i l  a 
s teady-state  vo l tammogram was obtained. Subse- 
quently,  the electrode was always stored in  the copper 
pyrophosphate solution without  brightener.  

The indicator electrode potential  was controlled, rel-  
ative to the SCE reference, with a PAR (Pr inceton Ap,  
plied Research Corporation) Model 173 potent iostat /  
galvanostat  in conjunct ion with a PAR Model 175 Uni-  
versal programmer.  Anodic current  peaks were in-  
tegrated electronically to --0.05V v s .  SCE using a PAR 
Model 179 digital coulometer. For the data reported, the 
sweep rate was always 50 mV/sec and the sweep limits 
were --0.700 and 1.000V v s .  SCE. At faster sweep rates 

the str ipping peaks were broader  and less reproducible,  
whereas slower sweeps were unnecessar i ly  t ime con- 
suming. Sweeps to a more cathodic l imit  than  --0.TV 
resulted in broader  str ipping peaks and a loss in 
br ightener  sensitivity, possibly because of mass t rans-  
port l imitat ions at the higher current  densities. 

To achieve m a x i m u m  sensitivity, the electrode rota-  
t ion must  be sufficiently fast to ma in ta in  an adequate 
supply of br ightener  at the electrode surface. The ef- 
fect of rotat ion rate (~) on the integrated peak area 
(Ar) is shown in Fig. 2 for a previously heat - t rea ted 
bath (16 hr at 50~ containing 2.0 ml / l i t e r  of PY61-H 
concentrate. A t  lower rotat ion rates, the br ightener  be-  
comes depleted at the surface and exerts an accelerat- 
ing effect on the deposition rate. With faster electrode 
rotation, the br ightener  surface concentrat ion ap- 
proaches the butk solution value and decelerates the 
deposition rate, producing the observed peak. At the 
PY61-H concentrat ion used here (2.0 ml / l i t e r ) ,  fur ther  
deceleration above 2500 rpm is small. For convenience, 
this value for the electrode rotat ion rate was used for 
all data reported here, but  a faster rotat ion rate might  
prove advantageous, especially at lower br ightener  
concentrations. 

Care must  be exercised in prepar ing br ightener  s tan-  
dard solutions from PY61-H concentrate. For freshly 
prepared baths, the br ightener  activity at room tem- 
perature  is very low, but  increases over a period of 
several hours upon heating at 50~ This is i l lustrated 
in  Fig. 3, which shows the s tr ipping peak area at 2500 
rpm and room tempera ture  as a funct ion of heat ing 
t ime at 50 ~ _ 2~ before quenching of a copper py-  
rophosphate bath  containing 2.0 ml / l i t e r  of PY61-H 
concentrate. The heating may be necessary to depolym- 
erize the br ightener  to an active form or promote for- 
mat ion of a complex species. In any  case, other bath 
consti tuents are involved in the activation process since 
heating PY61-H alone, or solutions of 2,5-dimercapto- 
1,3,4-thiadiazole, does not produce active brightener.  
At room temperature,  activated solutions slowly lose 
activity, possibly because of repolymerizat ion or chemi- 
cal degradation. To minimize errors, s tandards were 
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Fig. 2. Effect of rotation rate (~) on the steady-state Cu strip- 
ping peak area (Ar) for a Pt disk electrode cycled at 5 mV/sec 
between --0.700 and 1.000V vs.  SCE in an argon-saturated copper 
pyrophosphate bath (22~ containing 2.0 ml/liter of PY61-H. 
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Fig. 3. Effect of bath heating time at 50 ~ • 2~ on the steady- 
state Cu stripping peak area (Ar) for a rotating Pt disk: electrode 
(2500 rpm) cycled at 50 mV/sec between - -0 .700 and 1.000V vs. 

SCE in argon-saturated copper pyrophosphate baths (22~ con- 
taining 2.0 ml/ l i ter PY61-H. 

always heat - t rea ted  at 50 ~ • 2~ for 16 hr and r u n  
at room tempera ture  (22~ within  a few hours of 
preparation.  

To generate s tandard curves, s teady-state  str ipping 
peak areas were determined with electrode rotat ion at 
both 2500 rpm (At) and 0 rpm (As) for a series of 
baths containing (i) no brightener,  (it) a s tandard 
amount,  and (iii) 1.0 ml / l i t e r  of PY61-H. After im-  
mersing the rotat ing electrode in the bath  or after stop- 
ping rotation, s teady-state  vol tammograms were usu-  
ally obtained after 3-5 cycles. 

Results and Discussion 
A plot of the Cu str ipping peak area at 2500 rpm 

(A~) vs. the br ightener  concentrat ion is shown in  
Fig. 4. There is considerable scatter in the data which 
seems to result  from changes in the electrode surface 
from exper iment  to experiment.  Such variations can be 
mit igated by measuring a fixed s tandard immediate ly  
before or after each data point  and plott ing the ratio. 
This is shown in Fig. 5 for a rotat ion rate of 2500 rpm 
and a fixed s tandard of 1.0 ml/ l i ter .  From 0.6 to 2.0 m] /  
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Fig. 4, Dependence of the Cu stripping peak area (,~r) on 
PY61-H concentration (other conditions always the same as for 
Fig. 1). 
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Fig. ,5. Brightener concentration dependence of the ratio of 
the Cu stripping peak area for a given PY61-H concentration 
tAr(x)]  to that for a 1.0 ml/ l i ter standard tar(1 .0  ml/ l i ter 
PY61-H)] determined immediately after each At(x) measurement 
(other conditions always the same as for Fig. 1). 

liter of PY61-H, which covers the actual  operating 
range, the curve is practically linear. Reproducibil i ty 
is i l lustrated by the dual data points which show that 
a precision of about 0.1 ml / t i t e r  can be at tained at 
PY61-H concentrations between about 1.0 and 2.0 m l /  
liter. Some error in the PY61-H determinat ion results 
from the dependence of At (x )  on the bath  composition. 
Variations in the NH3 concentrat ion over the range 
1.12-2.81 g/ l i ter  were found to introduce a ma x imum 
error in the measured br ightener  concentrat ion of 20% 
for a bath containing 1.0 ml / l i t e r  of PY61-H. The cor- 
responding ma x i mum error for (P2C)?) -4 variat ions 
over the concentrat ion range 164-190 g / l i te r  was 
also 20%. Since these bath  fluctuations would represent  
extremes, these errors are not too serious. 

Variations in Ar caused by changes in the electrode 
surface can more convenient ly  be mit igated by using 
the in terna l  s tandard provided by the static electrode 
in  the same bath. When the electrode rotat ion is 
stopped, the concentrat ion of br ightener  at the surface 
decreases with continued potent ial  cycling unt i l  a small  
s teady-state  level, determined by diffusion, is estab- 
lished. Steady-state  curves with and without  electrode 
rotat ion are shown in Fig. 6. The larger static peak 
area (As), corresponding to near ly  zero br ightener  
concentrat ion at the electrode, can be used as an in ter -  
nal  standard. A plot of A~/As vs. br ightener  concentra-  
t ion is shown in Fig. 7. The reproducibi l i ty  is somewhat 
better  than that  obtained using the 1.0 ml / l i t e r  fixed 
external  standard, so that  a precision of 0.1 ml / l i t e r  is 
at tained even at the lower PY61-H concentrations. 

As would be expected, the use of the static electrode 
as an in terna l  s tandard also tends to lessen the effects 
of changes in bath composition. Percent  variat ions in 
the measured AriAs values and the corresponding per-  
cent error in the br ightener  determinat ion are shown in 
Table I for the max imum variations in both parameters  
expected for copper pyrophosphate baths. The percent 
errors are seen to be usual ly  small  (<10%).  It should 
also be ment ioned that  errors introduced by pH fluc- 
tuations from 8.0 to 8.5 are small  (<10%),  but  become 
appreciable at significantly higher pH values. This is 
not a serious problem since pH can be easily adjusted. 
These effects produced by variations in the bath corn- 
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Fig. 6. Steady-state linear sweep cyclic voltammograms at 
50 mV/sec for a Pt disk electrode rotating at 0 and 2500 rpm 
in an argon-saturated copper pyrophosphate plating bath (22~ 
containing 2.0 ml/ l i ter of PY61-H. 
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Fig. 7. Dependence of the ratio of the Cu stripping peak area 
with (Ar) and without (As) electrode rotation on the concentra- 
tion of PY61-H (other conditions always the same as for Fig. 6). 

position may to some extent  reflect changes in the ef- 
fective br ightener  concentration. 

As was indicated by the var iat ion in Ar with rotation 
rate, the br ightener  is seen to accelerate deposition at 
lower concentrations while decelerating it at higher 
levels. This results in a peak in the standard curves, so 
that two concentrations correspond to the same Ar or 
ratio value. The correct concentration can be deter- 
mined, however, since the voltammetry peak is shifted 
cathodically by as much as 50 mV for brightener con- 
centrations less than about 0,5 ml/liter. 

Table I. Changes in Ar/As and the corresponding error in PY61-H 
concentration at 1.0 ml/ l i ter resulting from variations in the 

copper pyrophosphate bath composition 

Change  Cor re spond ing  
in A~/A~ e r r o r  in PY61-H 

Ba th  va r i a t i on  (%)  c onc e n t r a t i o n  (%) 

Lo w  N'H~ ( 1.13 g / l i t e r )  - 19.5 20.0 
Low NH3 (1.69 g / l i t e r )  9.2 -10 .0  
High  NH3 (2.81 g / l i t e r )  0.4 0.0 
Low (P207) ~ (164 g / l i t e r )  --3.1 3.0 
H igh  (P207) -4 (181g / l i t e r )  --1.7 2.0 
H igh  (P20~) -4 (190 g / l i t e r )  --4.5 5.6 

All of the results reported here were obtained using 
standards prepared from the same batch of PY61-H, 
bu t  for four other batches tested the effective concen- 
trat ions of br ightener  measured by the vol tammetr ic  
s tr ipping method were 30-70% smaller. These var ia-  
tions could reflect aging effects or actual differences in 
the concentrations or properties of the br ightener  con- 
centrates obtained from the supplier. 

To provide a bet ter  defined reference, s tandard 
br ightener  solutions were prepared using 2,5-dimer- 
capto-l,3,4-thiadiazole (Aldrich Chemical Company, 
Incorporated).  The solid was first dissolved in  6N KOH 
which was then diluted 3:1 with water  before addition 
to freshly prepared copper pyrophosphate plat ing so- 
lution. Before use, samples were heat - t rea ted  as de- 
scribed earlier (50 ~ • 2~ for 16 hr) .  S tandard  
curves of At~As vs. concentrat ion of solid br ightener  
are shown in Fig. 8 for both freshly prepared and con- 
taminated baths. For the freshly prepared bath, the 
pure  2,5-dimercapto-l ,3,4-thiadiazole is seen to accel- 
erate the Cu electrodeposition rate at the lower concen- 
trat ions to a greater  extent  than  PY61-H, bu t  above 
1.3 ppm a constant relationship obtains such that  the 
incremental  effect on the electrodeposition rate of 
0.12-0.14 ppm of the pure compound is equivalent  to 
0.1 ml / l i t e r  of the propr ie tary additive. Based on a few 
data points, the pure br ightener  seems also to reach its 
ma x i mum effective concentrat ion more quickly, after 
only about 4 hr at 50~ 

To investigate the effect of bath contaminants  on the 
vol tammetr ic  s tr ipping analysis, s tandards were pre-  
pared by addition of 2,5-dimercapto-l ,3,4-thiadiazole 
to samples of a production bath which had been used 
to plate circuit board through-holes for several  years 
and had then stood at room tempera ture  for several 
weeks to allow residual  br ightener  to decompose. The 
procedure used was the same as that described in the 
preceding paragraph. A relat ively large level of bath 
contaminat ion was apparent  f r o m  t he  vol tammetr ic  
curves which, for electrode rotat ion of 2500 rpm, ex-  
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Fig. 8. Dependence of the ratio of the Cu stripping peak ~rea 
with (Ar )and  without (As) electrode rotation on the concentration 
of 2,5-dimercapto-1, 3, 4-thiadiazole in freshly prepared and con- 
taminated copper pyrophosphate baths (other conditions always 
the same as for Fig. 6). 
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hibi ted  anodic cur ren t  p la teaus  of 26 m A / c m  2 in the  
potent ia l  range  f rom 0.8 to I.OV vs. SCE. Contaminants  
are  expected to include b r igh tener  b r eakdown  prod-  
ucts, res idues f rom pho to res i s t  and solvents  used in 
circuit  development ,  oils f rom pumps and dr i l l ing  
equipment ,  epoxy  l aminan t  residues, substances 
leached f rom pla t ing  tanks  and o ther  cell compo-  
nents, and a i rborne  impuri t ies .  

A plot  of the  Ar/As  ra t io  vs. concentra t ion of pure  
solid b r igh tener  added to the  contamina ted  ba th  is also 
shown in Fig. 8. By comparison with  the  curve for the 
f reshly  p repa red  bath,  i t  is evident  tha t  the contami-  
nants  in te r fe re  somewhat  wi th  the  funct ioning of the 
br ightener ,  d iminish ing  the dece lera t ing  effect which 
the la t te r  exer ts  on the e lect rodeposi t ion rate.  For  ad-  
di t ive levels of more  than  1.5 ppm, the effective con- 
cent ra t ion  of the  b r igh tene r  is reduced by  a constant  
amount  of 0.6 ppm for this degree  of contamination,  
which represents  an extreme.  It  should be ment ioned 
tha t  p roper  condit ioning of the  Pt  e lect rode is even 
more  impor t an t  when ba th  impur i t ies  are  present .  To 
obtain reproduc ib le  vo l t ammet r i c  s t r ipping results ,  the  
e lect rode must  be condit ioned af ter  pol ishing by  poten-  
t ia l  cycling in a clean ba th  wi th  no b r igh tene r  before  
being in t roduced into contamina ted  baths. 

The vo l tammet r ic  s t r ipping da ta  repor ted  here  are  
for  a rgon-sa tu ra t ed  baths  at 22~ but  s imi lar  resul ts  
are obta ined at 55~ in a i r - s a tu ra t ed  solutions, which 
represen t  normal  product ion  conditions. Thus, the  tech-  
nique should be appl icable  to on- l ine  monitoring.  At  
55~ the cross-over  point  be tween the accelerat ing 
and decelera t ing  effect of PY61-H occurs at lower  con- 
centrat ions compared  to that  a t  22~ Thus, at  some 
concentrat ions  the b r igh tener  wil l  exer t  an accelera t ing 
effect on the  e lect rodeposi t ion ra te  at  room t e m p e r a -  
ture, but  a dece lera t ing  effect under  opera t ing  condi-  
tions. The opposite of the  las t  two s ta tements  is ob-  
served for 2 ,5-dimercapto- l ,3 ,4- th iadiazole .  

As a side issue, the  present  results,  es tabl ishing the 
dual  acce le ra t ing-dece le ra t ing  effects of the br ightener ,  
provide  the basis for unders tand ing  why  the d imercap-  
tothiadiazoles  are  so effective in inducing uni form dep-  
osition of copper ( level ing) .  In  actual  circuit  board  
plat ing,  f reshly  p repa red  ba ths  genera l ly  contain 2.0 
m l / l i t e r  of PY61-H, so that  the bulk  b r igh tener  con- 
centra t ion p re sumab ly  exer ts  a dece lera t ing  effect on 
the  e lect rodeposi t ion rate.  Thus, as b r igh tener  is de-  
p le ted  at  the  e lect rode by  inclusion in the deposit, i ts  
concentrat ion at micro and macro peaks on the elec-  
t rode  remains  sufficient to inhibi t  deposition, as long as 
solut ion agi ta t ion and bu lk  b r igh tener  level  a re  ade~ 
quate. At  the same time, because of reduced solution 
agi ta t ion in recesses, the b r igh tener  concentrat ion be-  
comes sufficiently dep le ted  that  accelerat ion of deposi-  
t ion occurs. Hence, peaks  are  p la ted  more  s lowly than  

wi thout  b r igh tene r  and recesses a re  p la ted  more  r ap -  
idly, so that  ve ry  efficient level ing results.  Of course, 
e i ther  accelerat ion or decelera t ion alone w o u l d  also 
level  the deposit,  bu t  the two opera t ing  together  should 
be most effective. 

Conclusions 
The vo l tammetr ic  s t r ipping method  descr ibed in this 

paper  is a sensi t ive means  for de te rmin ing  the concen- 
t ra t ion  of b r igh tener  addi t ive  in copper  pyrophospha te  
p la t ing baths. For  the greates t  precision, measurements  
of the  s t eady-s ta te  Cu s t r ipp ing  peak  areas  for a P t  
disk e lect rode should be made  wi th  and wi thout  e lec-  
t rode rotat ion.  This permi ts  the effects of changes in 
the  e lect rode surface and ba th  composi t ion to be min i -  
mized by  using the ra t io  of the two measurements  to 
de te rmine  the b r igh tener  concentrat ion.  With  this rat io 
technique,  a precis ion of about  0.1 ppm can be a t ta ined 
in the  concentrat ion range  f rom 0.0 to 2.5 ppm of 2,5- 
d imercapto- l ,3 ,4- th iadiazole .  The vo l t ammet r i c  s t r ip -  
ping method should also be appl icable  to the  de t e rmi -  
nat ion of br ightening  and level ing addi t ives  in other  
p la t ing systems. 

This vo l tammet r ic  technique has the  advan tage  over  
convent ional  ana ly t ica l  methods of y ie ld ing  a p a r a m -  
eter  (At  or At~As) which reflects the effectiveness of 
the addi t ive  in pe r fo rming  its function, r a the r  than  
s imply  an absolute  concentra t ion.  Thus, the  effects of 
b reakdown  products  or impur i t ies  which in ter fere  wi th  
the  funct ioning of the  addi t ion agent  can au tomat ica l ly  
be t a k e n  into account. Also, inact ive forms of the add i -  
t ive which are  chemical ly  similar ,  such as po lymers  
and b reakdown products ,  are  not measured  wi th  the 
vo l tammetr ic  s t r ipping method.  

Manuscr ip t  s u b m i t t e d  Aug. 15, 1977; revised m a n u -  
script  rece ived  Sept. 29, 1977. 

Any  discussion of this paper  will  appear  in a Discus- 
sion Section to be publ i shed  in the December  1978 
JOURNAL. Al l  discussions for the December  1978 Discus-  
sion Section should be submi t ted  by Aug. 1, 1978. 

Publication costs o] this article were  assisted by 
Rockwel l  International. 
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ABSTRACT 

Potential differences which develop across growing oxide films and effects 
of applied electric fields on oxide growth have been measured on specimens 
of Zircaloy-4 corroding in high temperature, high pressure steam. From these 
results it is concluded that the accelerated corrosion process observed in this 
environment is associated with the development of metal-negative potential 
differences across the oxide (analogous to potential  differences associated with  
cathodic polarization in aqueous corrosion).  Ini t iat ion of this form of at tack 
is inhibited on suitably hea t - t rea ted  mater ia l  because the re la t ive ly  high 
effective electronic conductivi ty of the oxide film growing on this mater ia l  
shifts these potent ial  differences toward the meta l -pos i t ive  direction. The 
effect of alloy hea t - t r ea tmen t  on the oxide conduction characteristics is ex-  
plained in terms of the microst ructure  of the metal,  and it is suggested that  hy-  
drogen absorption into the oxide under  me ta l -nega t ive  potent ial  differences 
leads  to ini t iat ion of the accelerated attack. 

In a previous publicat ion (1) it was noted that  the 
accelerated corrosion of Zircaloy 1 in high temperature ,  
high pressure s team may correlate  wi th  an accelerated 
corrosion process found dur ing exposure  in a neutron 
flux in oxygenated water.  While this correlat ion is not  
established on the s t rength of existing in- reac tor  data, 
it was suggested (1) that  studies of the mechanism of 
accelerated corrosion in 500~ 1500 psi s team may be 
useful. This paper  reports  some of the results of such 
a study. 

The accelerated corrosion process that  occurs in high 
temperature ,  high pressure steam (e.g., 500~ 1500 
psi) has been described previously  (1-4). The phenom-  
enon involves the nucleat ion of a re la t ive ly  nonprotec-  
t ive oxide which grows at a much faster  rate than 
would be expected for the normal  l inear  (post- t ransi-  
tion) oxidat ion kinetics of Zircaloy at 500~ as mea-  
sured in other  envi ronments  such as low pressure 
s team or oxygen. It has also been observed that  the re-  
sistance of Zircaloy to this accelerated corrosion phe-  
nomenon is ve ry  dependent  on the hea t - t r ea tmen t  of 
the alloy. Specifically, hea t - t rea tments  in the ~-phase 
field fol lowed by reasonably rapid cooling to room tem-  
pera ture  provide  great ly  improved  resistance to ac- 
celerated steam corrosion. In fact, data f rom Ref. (3), 
when plotted to reveal  the corrosion kinetics, indicate 
that  ~ hea t - t r ea ted  Zircaloy in 500~ 1500 psi s team 
follows approximate ly  the normal  oxidation processes 
expected f rom other 500~ tests. The purpose of this 
research is to gain some insight into the mechanisms 
which result  in the nucleat ion of a fast-growing,  non- 
pro tec t ive  oxide film in high temperature ,  high pres-  
sure s team tests and to clarify the reasons for the bene-  
ficial effects of ~ hea t - t rea tments  on corrosion resist- 
ance. 

This paper  presents evidence that  init iat ion of the 
accelerated corrosion process is associated with the 
development  of potent ial  differences across the ini t ia l ly  
protect ive oxide bar r ie r  film in the meta l  (zirconium) 
negat ive  direction, as measured with  an electronical ly 
conducting electrode on the oxide surface. These poten-  

* Electrochemical  Society  Active Member. 
* Key words:  electric  field effects, hydrogen  effects. 
1 Two Zircaloy composi t ions  are of practical  interest.  The expe- 

rimental work in this paper was performed with Zircaloy-4 which 
contains nominally 1.5% tin, 0.2% iron, and 0.1% chromium (by 
weight)  in addit ion to zirconium. Zircaloy-2 is a similar zirconium 
alloy, containing 1.5% tin, 0.t5% iron, 0.1% chromium, and 0.05% 
nickel. The latter alloy is somewhat more resistant to accelerated 
corros ion  in steam, but  it responds  to heat-treatment similarly to 
Zircaloy-4. 
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tim differences are assumed to be associated wi th  anion 
diffusion potentials  which arise na tura l ly  when the ef-  
fect ive ionic conduct ivi ty  of the oxide is comparable  to 
or grea ter  than the electronic conductivity. The possi- 
ble effect of proton currents  on these diffusion poten-  
tials is ignored as a first approximation.  

Metal negat ive potent ial  differences across the oxide 
do not lead to accelerated corrosion by direct  enhance-  
ment  of anion t ransport  in a ba r r i e r - type  oxide, since 
the result ing electric fields actual ly  oppose this process. 
Rather, the accelerated corrosion phenomenon is asso- 
ciated with some sort of disruption of the bar r ie r  film 
giving a loss of protect iveness due to porosity or other  
damage to the oxide. It  wil l  be argued that  this results 
f rom proton migrat ion into the oxide when the electric 
fields are favorable  to this process. 

Thus, the present  exper imenta l  work  is p r imar i ly  
concerned with  measurements  of the open-ci rcui t  po-  
tential  differences across growing oxide films, correla-  
tion of the results with susceptibil i ty of the mater ia l  to 
accelerated corrosion, and observation of the effects of 
applied potential  differences on corrosion rates. 

Experimental Procedure 
The test env i ronment  of 500~ 1500 psi s team was 

produced in a one liter stainless steel autoclave con- 
nected to a flowing water  loop. The replenishment  rate  
was 5-10 cm3/min of degassed, deionized water.  Corro-  
sion test samples for weight  gain measurements  were  
supported on stainless steel hooks; separate exper i -  
ments have shown that  insulat ing the specimens f rom 
the autoclave s t ructure  does not affect the results, as 
might  be expected f rom the low conduct ivi ty  of the 
steam envi ronment  and the tendency of the samples to 
become isolated f rom the support  hooks by the growing 
oxide films. During s ta r t -up  the samples were  ini t ial ly 
covered with wate r  which was boiled away at atmos- 
pheric pressure to degas the autoclave. The desired test 
pressure was established at N350~176 during the 
heat-up process. For comparison purposes, some testing 
was also done in the same apparatus using pure  oxygen 
gas at 500~ and 1500 psi. 

Because the steam phase is a poor conductor under  
the specified test conditions, it is necessary to make  
contact direct ly  with the surface of the oxide film for 
electrical  measurements .  Sput tered p la t inum electrode 
spots were  used for this purpose. One contact was made 
by spot -welding a Pt  lead direct ly  to the specimen 
while mechanical  contact was made to the electrode 
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Fig. 1. Electrode arrangement for open-circuit potential mea- 

surements and experiments on the effects of applied potential 
differences. 

spots with contact forces main ta ined  by weights of 
5-9g. This a r rangement  is i l lustrated in Fig. 1. Each 
specimen contained two independent  Pt  spots which 
were ~-,6 mm in diameter  and ~ l h 0 A  thick. At this 
thickness the p la t inum is both electrically continuous 
and permeable,  such that  oxidation of the under ly ing  
metal  is not prevented by lack of access of the oxidant. 

It should be noted that  electronically conducting po- 
tential  probes measure only the difference in the elec- 
trochemical potential  for electrons across the oxide. 
The actual electric fields in the oxide are related to 
these observed potential  differences through contact 
potentials which are in general  unknown  but  are as- 
sumed to be constant. Thus, the exper imental  observa-  
tions are l imited to relat ive changes in the potential  
differences in one direction or the other for different 
cases, without  a t tempting to specify the actual field in 
the oxide. A review of these techniques with references 
to the original  l i tera ture  has been given by Krhger (5). 

An impor tant  concern is the possibility that the Pt 
electrodes may not be reversible with respect to the 
charge transfer  reactions occurring on the surface of 
the oxide. If reversibi l i ty is not achieved, then reaction 
overpotentials will tend to reduce both the observed 
open-circui t  potential  differences and the extent  to 
which applied potential  differences actually appear 
across the oxide. Li terature  data (5) suggest that  the 
test tempera ture  of 500~ may be marginal  for plat i-  
n u m  electrode reversibil i ty,  al though in the present  ex- 
per iments  it was found that observed open-circui t  po- 
tent ial  differences were rapidly regained following a 
deliberate perturbat ion.  In  the absence of definitive in-  
formation on this point, it will be assumed o n l y  that  
comparisons between observations from different spec- 
imens provide indications of differences in the relat ive 
balance between effective ionic and electronic conduc- 
tivities; no quant i ta t ive  in terpre ta t ion will be at-  
tempted. Some other possible effects of the electrodes 
which might  influence the in terpre ta t ion of the test re-  
sults are discussed in later  sections. 

All specimens were pickled in the usual  H20- 
HNO3-HF pickling solution prior to application of elec- 
trodes or autoclave testing. In  one case the specimen 
was preoxidized prior to electrode sputtering. 

The potentials developed across the growing oxide 
were monitored using Kei thley 602 electrometers with 
a high input  impedance. The specimen resistance w a s  
measured in an approximate way by periodically add- 
ing in shunt  resistors across the electrometer input  and 
observing the resistance at which the specimen poten-  
tial was reduced appreciably. It  was sometimes found 
that  the parallel  resistance of the electrode feed- 
through insulat ion in  the autoclave head (~50,000~) 
was limiting, and it will  be noted below when the data 
may have been affected. In  some experiments  a d-c 
power supply was used to impose potentials from t h e  
electrode spots to the zirconium metal  to determine the 
influence of applied electric fields. 

All of the experiments  were carried out with speci- 
mens cut from the  same piece of Zircaloy-4 strip. 
The metal lurgical  condition of the start ing mater ial  is 
the result  of a conventional  process involving 
~-quenching at the large forging stage with subse- 
quent  hot working in the a-phase field and final cold- 
working with in termediate  and final anneals  at 732~ 
(1350~ also in the a-field. This metal lurgical  con- 
dition is referred to below as the start ing mater ial  or 
ini t ia l  material.  Pieces of this mater ia l  were also given 
fur ther  hea t - t rea tments  at several temperatures  as 
listed in Table I. These t reatments  involved 15 min  ex- 
posures at tempera ture  under  vacuum with cooling in 
hel ium to produce an estimated cooling rate of 
--10~ 

The heat- t reated mater ial  used in evaluat ing the ef- 
fects of a p p l i e d  electric fields was given a ~-phase 
t rea tment  at 1020~ followed by relat ively slow cool- 
ing. This was accomplished by heating the specimens in 
evacuated capsules which were immersed intact  in  cold 
water  after the heat - t rea tment .  The resul t ing rela-  
t ively coarse s tructure provided reasonably good pro- 
tection (weight gain of 69 m g / d m  2) in a 24 hr test in 
500~ 1500 psi steam. However, some small nodules 
of thicker oxide were found on the wider lamellae of 
the Widmanst~t ten structure. This mater ial  condition 
of in termediate  corrosion resistance was selected in 
order to allow observation of either favorable or un -  
favorable response to applied electric fields. 

Results 
Corrosion weight gains.--Table I i l lustrates the in-  

fluence of various hea t - t rea tment  temperatures  on the 
weight gains of Zircaloy-4 specimens after 24 'hr in 
500~ 1500 psi steam. These results are ent i rely con- 
sistent with earlier work in which it was noted that 
hea t - t rea tments  in the fl-phase field followed by rea-  
sonably rapid cooling produce a substant ial  improve-  
ment  in the resistance of the mater ial  to accelerated 
corrosion in steam (2-4). In  fact, these hea t - t rea tments  
reduced the weight gains from ~3000 to <50 mg /dm 2. 
As discussed above, the large weight gains found on the 
start ing mater ial  (or after a-phase anneal ing)  corres- 
pond to a much more rapid corrosion process than 
would be expected for the normal  oxidation of Zir-  
caloy at 500~ based on  m e a s u r e m e n t s  in other en-  
vi ronments  such as low pressure steam or oxygen. 
Other tests have shown that all of the mater ia l  condi- 
tions listed in Table I show good corrosion resistance 
at lower temperatures,  such as 400 ~ C, 1500 psi steam. 

Table I. Effect of heat-treatment on corrosion weight gains 

(24 hr in 500~ 1500 psi steam) 

Heat-treatment Weight gain 
temperature  (~ ( m g / d m  2) 

Starting material  2930 
600 2830 
700 2550 

1000 47 
1050 49 
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Fig. 2. Potential differences observed across oxide films growing 
in steam at 500~ 1500 psi. Potentials for which the Zircaloy be- 
comes negative relative to the oxide surface are plotted as posi- 
tive along the potential difference axis. 

Potential diJ~erence measurements.--Figure 2 shows 
typical results obtained by monitor ing the potential  
differences which develop across the growing oxide 
films. On the start ing mater ia l  one ini t ia l ly finds low 
potential  differences which, after several  hours, in-  
crease quite rapidly to about 600-700 mV (Zr negative).  
During this time the resistance of the oxide is also in- 
creasing, and at the final potential the results may be 
limited by the insulation resistance of the electrode 
feed throughs. Thus, it can be concluded that significant 
potentials develop across the oxide on the starting ma- 
terial, but that the final measured potential values may 
be lower than the actual values by some unknown 
amount. 

For the heat-treated materials the observed poten- 
tials never exceed a few millivolts, and in this case the 
oxide resistance was always very much less than the 
feed-through resistance. These potential values are 
therefore considered to be reasonably accurate. 

The experiments reported in Fig. 2 have been re- 
peated several times with very reproducible results. 
Varying the probe contact force from 5 to 9g did not 
affect the results, and exposure of a specimen of the 
starting material with electrode spots for 6 hr prior to 
establishing the mechanical contact produced the same 
values of potential difference vs. total oxidation time as 
given in Fig. 2. In addition, potential measurements on 
a heat-treated specimen which had been preoxidized in 
the test env i ronment  for 24 hr prior  to application of 
the sputtered electrodes resulted in low measured po- 
tent ial  differences comparable to those found on similar  
specimens oxidized with the Pt  electrode spots present  
from the outset. These observations tend to suggest 
that  the results given in Fig. 2 do not depend on me-  
chanical damage to the oxide by the contact probe or 
on the continuous presence of the Pt  layer  possibly 
inhibi t ing  some step in the ini t ia l  oxidation process. 

However, it is clear that  the presence of the elec- 
trodes does influence the oxidation process under  open- 
circuit conditions. Thus, by metal lography it  has been 
found that  the thick oxide (~250 #m) which normal ly  
forms on the s tar t ing mater ial  dur ing a one-day test 
has been suppressed under  the open-circui t  electrodes; 
here one finds only a re la t ively un i form oxide ~3  ~m 
thick. For the ~ heat - t rea ted mater ia l  there is little 
difference between the oxide thicknesses (also ~3  ~m) 
found with and without  electrodes on the surface, al- 
though even in this case the oxidation process may be 
more uni form under  the electrode mater ial  as previ-  
ously suggested by Cox (6). These observations are in-  

terpreted in a later section. For the present  it is noted 
that all of the potential  difference measurements  Were 
obtained across thin, ba r r ie r - type  oxide films, and it is 
suggested below that  these values are indicative of dif- 
ferences in  the relat ive ionic and electronic conduction 
characteristics of the th in  oxides which form ini t ia l ly  
and which control the ini t ia t ion of the accelerated cor- 
rosion process. 

Ef]ect o] applied potential dif]erences.--Since the ac- 
celerated corrosion process is being correlated with the 
occurrence of meta l -nega t ive  potential  differences 
across the oxide film, it should be possible to apply an 
external  potential  source to induce the accelerated at-  
tack process where  it otherwise would not occur. This 
has in  fact been accomplished in the experiments  sum- 
marized in Fig. 3, where it is found that  applied poten-  
tial differences in  the  Zr-negat ive  direction are h a r m -  
ful, while smaller  Zr-negat ive  or Zr-posit ive potentials 
are beneficial. The oxide thickness data given in  Fig. 3 
were obtained by metal lographic examinat ion  of the 
oxide formed directly under  the electrode spot. 

Similar  experiments  were also done in  pure oxygen 
gas at 500~ and 1500 ps L In  this case no accelerated 
corrosion was observed even under  large applied po- 
tential  differences; the resul t ing oxide films were es- 
t imated at about 3 /~m in thickness. Trowse et al. (7) 
have also reported that  accelerated corrosion does not 
occur in  high temperature,  high pressure oxygen. 

The currents  associated with the applied voltages 
were monitored dur ing each of these tests. The ini t ial  
currents  were found to be quite high (as much as 350 
mA/cm2),  and it was ini t ia l ly thought that  high local 
currents  might be causing disruption of the oxide and 
ini t ia t ing an enhanced corrosion process. However, this 
seems rather  unlikely,  since comparable currents  were 
passed dur ing  the application of potential  differences 
in both directions and in  oxygen as well as steam, while 
accelerated corrosion was found only in steam under  
Zr-negat ive  potentials. In addition, i n  one exper iment  
the potential  difference was not  applied for several 
hours after test init iation, In  this case accelerated cor- 
rosion was still observed, despite the passage of very 
much smaller  currents  (max imum of ,.-15 m A / c m  2) 
due to the growth of a more resistive oxide prior to ap- 
plying the voltage. 

Discussion 
The open-circui t  potential  difference measurements  

(Fig. 2) indicate that the s tar t ing mater ia l  tends to de- 
velop a large meta l -negat ive  potential  drop across the 
oxide; this mater ia l  is highly susceptible to accelerated 
corrosion. The heat - t rea ted mater ia l  shows very small  
potential  differences and is resistant  to accelerated a t -  
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Fig. 3. Effect of applied potential differences an the maximum 
oxide thickness measured under the electrodes. For comparison, 
it is noted that away from the electrodes, the maximum oxide 
thicknesses observed were 220 #m on the starting material and 
~ 1 0  /~m on heat-treated specimens. Further details on the metal- 
lurgical condition of these specimens are given in the text. 
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tack. Fur thermore,  the accelerated corrosion process 
can be induced or inhibi ted by  artificially imposing ex-  
ternal  potentials, with large Zr-negat ive  potentials 
leading to accelerated attack and smaller  negative or 
positive potential  differences inhibi t ing it. Taken to- 
gether, these results provide good-support for a model 
in which accelerated corrosion is prevented on sui tably 
heat- t reated Zircaloy by a shift in the potential  differ- 
ence across the oxide toward the metal-posi t ive direc- 
tion. This results from the relat ively good electronic 
conductivity of oxides growing on the heat- t reated 
material.  

The oxide conductivity characteristics observed with 
different hea t - t rea tments  can be rationalized in terms 
of the effect of hea t - t rea tment  on the microstructure of 
the alloy. Since there is evidence (8) that intermetal l ic  
precipitates in the Zircaloy provide sites for electron 
transport  through ~he zirconium oxide, it is suggested 
that the distr ibution of these particles is the critical pa-  
rameter.  As shown in Fig. 4a, the start ing mater ial  con- 
tains a random array  of intermetal l ic  particles distr ib-  
uted throughout  the a-z i rconium matrix. In the heat-  
treated condition, Fig. 4b, the particles tend to form 
two-dimensional  networks along grain boundaries or 
subgrain  boundaries,  again in an s-z i rconium matrix. 

A possible model for the effect of these particle dis- 
t r ibutions on electron conduction through the oxide is 
shown schematically in Fig. 5. On the start ing material,  
intermetal l ic  particles ini t ia l ly provide adequate sites 
for electron t ransport  through the oxide (Fig. 5a). One 
would therefore expect to observe dur ing  ini t ial  film 
growth the relat ively low film resistance and small  po- 
tential  drops that are displayed in Fig. 2. At a later 
stage (Fig. 5b), after growing an oxide which is thicker 
by some amount  than the larger  intermetal l ic  precipi-  
tates, the particles tend to become isolated by the 
growing oxide and insulated from the under ly ing 

metal. Under  these conditions the oxide resistance 
should increase and the potential  drop across the oxide 
should drift  in the metal  negative direction, as is indeed 
observed after about 15 hr. At this t ime the average ox- 
ide thickness is about 2 ~m, which compares reason- 
ably well with the size of the intermetal l ic  particles 
(as much as about 1 ~m in diameter) .  

On heat- t reated mater ial  the intermetal l ic  particles 
tend to be quite closely spaced along grain boundaries,  
and Fig. 5c is in tended to suggest that  in this case the 
particles never  become insulated from either the metal  
or the oxide surface. In this case, both the oxide resist- 
ance and the observed potent ial  differences should re-  
main  low indefinitely as was found exper imental ly  
(Fig. 2). This a rgument  assumes that  the precipitates, 
identified as Zr(Fe,  Cr)2 in Zircaloy-4 (9, 10), r emain  
reasonably conductive even when oxidized (8), a point  
requir ing fur ther  confirmation. In  addition, observa-  
tions at higher resolution by transmission electron mi-  
croscopy (11) show that the precipitates are not actu- 
ally in contact, and it must  therefore be argued that 
the few hundred  angstroms of ZrO2 w h i c h  may form 
between the particles is also a relat ively good electron 
conductor due to doping effects from the nearby par t i -  
cles. Nevertheless, it is suggested that  the microstruc-  
rural  changes produced by the hea t - t rea tment  process 
may provide a quite na tu ra l  explanat ion for the effect 
of hea t - t rea tment  on the observed potentials and on 
the improved resistance of heat- t reated Zircaloy to ac- 
celerated corrosion in steam. 

It was noted above that the Pt  electrode spots are 
permeable, and this point  is confirmed by the occur- 
rence of accelerated corrosion under  the electrodes 
when suitable potential  differences are applied. Never-  
theless, in the absence of applied voltages the elec- 
trodes do tend to inhibi t  the accelerated corrosion proc- 
ess. This is believed to result  from the imposition of an 

Fig. 4. Effect of heat-treat- 
ment on the distribution of in- 
termetallic precipitates in Zir- 
caloy-4: (a) material typical of 
the starting condition described 
in the text, and (b) material 
heated at 1025~ (fl-phase 
field) and cooled at ,~10~ 
sec, 

Fig. 5. Schematic of model for effect of intermetallic precipi- 
tate distribution on electronic conductivity of oxide film: (a) 
starting material after short exposure, good electronic conductivity 
because precipitates span the oxide; (b) starting material after 
longer exposure, poor electronic conductivity because precipitates 
are isolated by the oxide; and (e) heat-treated material, good 
electronic conductivity because precipitates arrayed along grain 
boundaries do nat become isolated. 

equipotential  on the oxide surface due to the high con- 
ductivi ty of the sputtered plat inum. In the absence of 
an electrode, it is suggested that  surface iR potential  
drops can result  in increased meta l -negat ive  potential  
differences as one moves along the surface away from 
localized sites for electron conduction through the ox- 
ide. With no electrode these high local potentials prob-  
ably control ini t iat ion of the accelerated corrosion 
process. Under  the electrodes the ma x i mum potential  
differences are reduced because the electrodes average 
the oxide t ransport  characteristics over macroscopic 
areas of the surface. It is suggested that  these average 
potentials are not negative enough ~o initiate the ac- 
celerated oxidation, For the same reason, one cannot 
expect a direct correlation between the measured po- 
tential differences on the starting material (which is 
susceptible to accelerated attack away from the elec- 
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trodes) and the applied potentials necessary to ini t iate  
the process under  the electrodes for ei ther of the mate-  
rial  conditions tested. 

This a rgument  leads na tura l ly  to an explanat ion for 
the necessity (2) of relat ively rapid cooling rates after 

hea t - t rea tments  to main ta in  good corrosion resist-  
ance. As shown in Fig. 4b, the intermetal l ic  particles 
after p hea t - t r ea tment  reside at the boundaries  be-  
tween lamellae in a Widmanst~t ten  or platelike struc-  
ture. These lamel lae  become progressively coarser as 
the cooling rate is reduced, so that  the sites for electron 
t ransport  become more widely separated across the 
surface. It  is suggested that  this results in local poten-  
tials near  the center  of the ]amellae (at a m a x i m u m  
distance from the intermetal l ic  particles) which, when 
the s t ructure  is sufficiently coarse, can become large 
enough to ini t ia te  the accelerated attack. In  fact, ex- 
aminat ion of the /~ heat- t reated specimens in these 
tests indicates that  accelerated corrosion often init iates 
on the larger lamellae and tends to be confined ini t ia l ly  
to individual  lamellae unt i l  spreading occurs in the 
more extreme cases. 

The nodular  oxide morphology commonly observed 
on the s tar t ing mater ia l  dur ing accelerated corrosion 
in steam is also consistent with the occurrence of local- 
ized conditions favorable to the ini t iat ion of the proc- 
ess. It is suggested that  these may be sites of lower in-  
termetall ic particle concentration,  such that the nec- 
essary local control of the potent ia l  difference across 
the oxide is not maintained.  

An al ternat ive  explanat ion (6) for . the effect of the 
electrodes involves the production of a more uni form 
oxide (due to the imposit ion of equipotential  surfaces 
on both sides of t h e  film) which is more resistant to 
breakdown simply because of its uniformity�9 However, 
the above explanat ion in terms of the reduct ion of local 
potential  differences seems to fit more na tura l ly  with 
the observed effects of applied voltages. 

There is at present  no firm evidence to indicate why 
the development  of meta l -negat ive  potential  differ- 
ences across the film results in ini t iat ion of accelerated 
corrosion. The electric fields associated with these po- 
tent ial  differences are in  fact opposite to the direction 
which tends to promote anion t ransport  through a bar -  
r ie r - type  oxide as in normal  oxide growth processes. 
Thus, the phenomena being observed in these experi-  
ments  are not the same as the much smaller  effects re- 
ported (12) from experiments  on pure zirconium in 
oxygen gas, where short-circui t ing the growing oxide 
produced an increase in the oxidation rate. Small ef- 
fects in the opposite direction were reported (13) on 
short-circui t ing Zircaloy-2 specimens oxidizing in mol-  
ten salt baths. While similar, re lat ively minor  effects 
may be occurring in  the present  exper iments  wi thin  
the uncer ta in ty  of the oxide thickness measurements ,  
these processes seem unrela ted to the much more dra-  
matical ly accelerated corrosion phenomenon of present  
interest. 

What is required is a process leading to the break-  
down of the normal ly  protective oxide scale and the 
nucleat ion of a rapidly growing, nonprotect ive oxide. 
Since the phenomenon of interest  is observed in steam 
but  not in oxygen, it is suggested that  hydrogen l iber-  
ated by the corrosion reaction may play a role. In  fact, 
the migrat ion of protons into the oxide under  the fa- 
vorable electric fields associated with meta l -negat ive  
potential  differences fits na tura l ly  with all of the re-  
ported observations. This could lead to disruption of 
the oxide film and loss o f  protectiveness perhaps 
through an  effect of hydrogen on the phase t ransforma-  
tion or recrystal l izat ion processes that occur in the ox- 
ide. Measurements  made with a capillary condensation 
technique described previously (14) have shown that  
the oxide grown under  accelerated conditions in steam 
contains more fine porosity (per uni t  weight) than a 
normal  post- t ransi t ion film, and this may be related to 
its less protective character�9 In any case, it is clear that 
fur ther  work is necessary to establish the mechanism 

by  which hydrogen in the oxide might  reduce its pro-  
tectiveness and  accelerate the oxidation process. 

In  arguing that hydrogen migrat ion into the oxide 
leads to accelerated corrosion, the present  model re-  
sembles some aspects of previously suggested (15, 16) 
mechanisms for various accelerated corrosion processes 
in  zirconium and other alloys. However, these earl ier  
studies were not focused on hea t - t r ea tment  effects or 
on the par t icular  accelerated corrosion phenomenon 
which occurs with Zircaloy in  high temperature,  high 
pressure steam�9 A more recently proposed (17) model 
for nodular  corrosion based on cathodic depolarization 
at intermetal l ic  particles is in  some respects opposite 
to the mechanism suggested here. 

Conclusions 
1. Large potential  differences in  the Zr-negat ive  di-  

rection are observed across oxide films growing on Zir-  
caloy which is susceptible to accelerated attack in 
50O~ 15(}0 psi steam�9 When the mater ia l  has been 
heat- t reated for resistance to such attack, the observed 
potential  differences are much smaller. 

2. On Zircaloy with different metal lurgical  t reat -  
ments, accelerated attack maY be ini t iated by applied 
external  potential  differences (Zr-negat ive)  and in-  
hibited by imposing smaller  or oppositely directed 
electric fields. 

3. The data support  a model in which accelerated 
corrosion is prevented on sui tably heat - t rea ted Zir-  
caloy by the reduction of unfavorable  (meta l -negat ive)  
potential  differences due to the relat ively good elec- 
tronic conductivity of oxides growing on heat- t reated 
materials.  

4. The electronic conduction characteristics of the 
oxide can be explained by differences in the dis t r ibu-  
t ion of intermetal l ic  precipitates for different heat-  
treatments.  These differences determine how long dur -  
ing the oxidation process the precipitates can serve as 
paths for electron conduction through the oxide. 

5. Because of the lack of similar  effects in pure  oxy- 
gen gas, it is suggested that proton migrat ion into the 
oxide film under  favorable electric fields causes a loss 
of protectiveness, al though the details of this process 
cannot be specified at this time. 
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Electrolytic Purification of Nickel Plating Solutions 
Luther E. Vaaler 

Battelle Columbus Laboratories, Columbus, Ohio 43201 

ABSTRACT 

Data from published and unpubl ished sources on electrolytic removal of 
small quanti t ies of copper, zinc, and iron from nickel-pla t ing baths have 
been compared. As expected the more noble copper plates out preferent ia l ly  
at a rate l imited only by diffusion to the cathode. Zinc ions increase the 
cathodic potential  for nickel deposition to the point  that zinc plates out with 
nickel at a diffusion-limited rate. Removal of i ron may also be diffusion 
l imited but  results are less clear than for copper and zinc. 

Nickel plat ing solutions become contaminated with 
metal  ions, such as copper, zinc, and iron which are 
brought  into a bath by solution clinging to the work or 
by dissolution of the surface of the work. A convenient  
and efficient way of removing these impuri t ies  is by 
low current  density electrolysis (dummying) ,  either 
directly in  the plat ing bath during nonproduct ion 
periods or in a separate electrolysis uni t  to which the 
plat ing solution is pumped and from which it  is re-  
turned to the cell. 

The objective of the present  study was to reduce the 
data available (obtained under  widely varying con- 
ditions) to a common basis for comparison. Some pre-  
viously unreported experimental  data were considered 
along with published information.  Then the effect of 
such independent  variables as the current  density and 
degree of agitat ion on the rate of impur i ty  removal 
could be more accurately ascertained. 

Sources of Data 
Max and Whitehurst  (1) studied the removal of 

copper and iron from nickel plat ing solutions using a 
channel  cell with vertical  anodes and cathodes 5.08 cm 
high and 38 cm long spaced 2.54 cm apart. Flow rate 
was varied from 3.15 to 25.4 cm/sec and the current  
density from 5.38 • 10 -4 to 1.72 • 10-~ A/cm% The 
concentrat ion of impur i ty  was followed as a function 
o1 time. Plots of log copper concentrat ion vs. t ime 
were l inear  indicat ing that removal  of the copper 
follows first-order kinetics. The authors measured the 
time for removal  of half  of the 100 rag/l i ter  of copper 
originally present  and used this value as an index of 
performance for a given set of conditions. 

Schaer and Layer (2) used a ro ta t ing-rod cath- 
ode 10 cm in  diameter  to remove copper, iron, 
and zinc from a nickel plat ing solution at constant 
current  density. They plotted the impur i ty  concentra- 
t ion in mil l igrams per l i ter  vs. the ampere -minu tes /  
liter and obtained a curve whose negative slope be- 
came smaller  as electrolysis proceeded. 

Other investigators were less precise in  defining the 
conditions of agitation used dur ing electrolysis. Case 
(3) and Ewing et al. (4) used impellers to stir small 
volumes of nickel plat ing solution past flat-panel 
cathodes, and made rough estimates of the l inear  flow 
rate. They removed copper, iron, zinc, and nickel 
at constant current  density. Curves of concentrations 
vs. ampere-minutes  or ampere-hours /ga l lon  also 
showed smaller  negative slopes as electrolysis pro- 

ceeded. Raub (5) electrolyzed nickel plat ing solutions 
containing small  but  approximately constant concen- 
trations of zinc. The solution was st irred but  no de- 
tails were reported. A range of current  densities was 
used with each bath. The composition of the deposits 
was determined. Plots of zinc content of the deposit vs. 
current  density for each bath showed negative slopes 
that became smaller with continued electrolysis. 

Treatment of Data 
Following Max and Whitehurst 's  plots of log con- 

centrat ion vs. time, other data (3-5) were replotted 
in  terms of log concentrat ion vs. ampere-seconds/  
cubic centimeter.  Since amperes and volume for any 
experiment  are fixed the abscissa is proport ional  to 
time. Least squares plots are shown in Fig. 1-9. Most 
of the data are approximated by the straight lines with 
some exceptions, e.g., ]~ig. 2. Data were avMlable only 
as plots ra ther  than as tabulations.  Therefore, an error  
in estimating these points was added to any error in 
the original experiments.  

Raub's (5) data were replotted in a different manne r  
since the bulk concentrat ion of the zinc was main-  
tained constant during the exper iment  and the deposit 
ra ther  than the bath was analyzed. The curves of 
zinc content vs. current  density had a hyperbolic shape 
suggesting that a plot of the reciprocal of the zinc con- 
tent  vs. current  density would be linear. Such plots 
are shown Fig. 10. The larger reciprocal values were 
par t icular ly  hard to estimate from the original plot 
so that these points are more scattered. 

Discussion 
Basis for comparing results.--Comparing the curves 

from the various sources obtained under  a variety 
of conditions is difficult. To make comparison easier 
a simple model was assumed that would give a di- 
rectly comparable rate constant for each curve in-  
dependent  of the impur i ty  concentration, CD, in the 
bulk solution. The model assumes that the impur i ty  
ions diffuse through a uniform layer  to the cathode 
and that migrat ion is negligible by comparison. It also 
assumes that the current  for depositing the impur i ty  
is proportional to its concentrat ion at the electrode. 
Current  in excess of that for impur i ty  deposition 
plates out nickel. 

id ~- nFkc(Cb -- Ci) = nFkiCi [1] 

Where id : current  density for impur i ty  deposition, 
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Using ki as a constant  strongly implies that  the cath- 
ode potential  is constant as Ci changes. If the current  
density for nickel deposition is much larger than that 
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nickel deposited great ly  exceeded that  of the im-  
purity. Equat ion [1] can be rear ranged  to give 

id ~ n F ( k i k c / k i  + kc)Cb ---- nFKCb  [2] 
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If the current  density for deposition of an impur i ty  
is diffusion l imited (Ci ~ 0) 

id = nFkcCb [3] 

However, a l inear  relat ion between id and Cb does 
not imply a diffusion l imitat ion and fur ther  evidence 
is needed to establish such a l imitation. 

Experiments  were run  at a constant total current  
density iT so that id was not actually measured. 
Therefore, the value of K cannot be determined from 
Eq. [2] or [3]. The following derivat ion makes feasible 
the evaluat ion of K from the available data. 

A balance between the rate at which  the impur i ty  
is deposited and removed from solution can be wr i t ten  
as follows 

dc~ 
ida = - -nFv [4] 

dt  

A is the cathode area, cm 2 and v is the solution volume, 
cm 3. Combining Eq. [2] and [4] 

des 
= - -KACb/v  [5] 

dt 
and integrat ing 

- - In  (Cbt/Cbo) = K A t / v  [6] 

C b t  is the bulk  concentrat ion at t, moles /ml  and Cbo 
is the bulk concentrat ion at t : 0, moles/ml.  

The ampere - t ime/vo lume units  CT, i.e., coulombs/  
cubic centimeter, in which the exper imental  data of 
Fig. 1-8 are reported are equivalent  to 

CT : iTAt /v  [7] 

combining Eq. [6] and [7] 

- - In  (Cbt/Cbo) = KCT/iT 

Therefore K can be determined from the slope 
--K/iT of the plots in  ~ig. 1-8 since iT is known. 

The same rate constant can be derived from Max 
and Whitehurst 's  values for the t ime required to re- 
move one-half  of the copper original ly present. Sub-  
st i tuting in  Eq. [7] 

CT = iTAtl/2/V [9] 
and Eq. [8] 

- - l n  0.5 = KAtl /2 /v  [10] 

K = 0.693v/Atl/2 [11] 

Where tlz2 is the half - t ime in  seconds. 
A rate constant can also be o0tained from the plot 

of Fig. 9, o~ reciprocal zinc content  of the deposit vs. 
current  density. 

The mole fraction of zinc in  the deposit Mb is 

1 iT iT 

~/~b id nFKCbl 

The l inear i ty  of the i /Mb vs. iT plots indicates a con- 
stant  value for id, or that  zinc is being deposited at a 
l imit ing current  density. 

From Eq. [2] a value of i d  can be determined know-  
.ing K and Cb and the composition of the deposit cal- 
culated from the ratio id/iT. The max imum mole frac- 
tion, ~V/b, Of the impur i ty  deposited during an experi-  
ment  was calculated and included in the results. MD is 
highest at the beginning of electrolysis and decreases 
as Cb is lowered during the electrolysis. 

Results 
The composition of the nickel bath for which the 

rate constants for removal of copper, zinc, and iron 
have been determined are shown in Table I. Case and 
Ewing e ta l .  and Raub used essentially the same bath. 
Max and Whitehurst  used a more concentrated bath. 
Exper iments  of Schaer and Layer were with the most 
concentrated bath but  without chloride. 

Table I. Concentration of nickel baths and temperature 

S o u r c e  

N i c k e l  SO~ = C1- HsBO8 T e m p e r -  
( m o l e s /  ( m o l e s /  ( m o l e s /  ( m o l e s /  a t u r e  

m l )  m l )  m l )  m l )  ( ~  

Max (1) 1.27 • 10 -3 1.14 • 10-3 2.52 • 10-4 6.7 x 10-~ 60 
Schaer  (2) 1.75 x i0 -3 1.75 • 10 4 0.0 1.6 • 10 -4 60 
Case (3) ~ 1.10 • i0 -~ 9.1 • 10-~ 3.8 • 10-~ 4.9 • 10-4 70 
Ewing  (4) 1.10 • 10 -3 9.1 • I0 4 3.8 • 10-4 4.9 • 10-4  50-55 
Raub (5) b 1.10 • 10 -a 9.1 • 10-4 2.7 • 10-4 4.9 • 10-~ 50 

A s s u m e  c o m p o s i t i o n  of  W e i s b e r g  ( 8 ) ,  Co 9.7 • 10-~ m o l e s / m l ,  
s o d i u m  f o r m a t e  5.14 x 10 -~ m o m s / m l .  

b 10-~ g / m l  of  t o l u o l s u l f o n a m i d e .  
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Table II. Removal of copper 

C u r r e n t  A g i t a t i o n  S l o p e  
M e t a l  c o n e  d e n s i t y  (flow) (cma/ K S t d  e r r o r  M a x  Mb 

Data origin ( moles/ml ) (A/cm ~) (cm/see) A - s e e )  (cm/sec) of K ( % ) ( m/o ) 

Case (3) 1.20 x I0 -0 5.38 x i0 -a 4.0 -0.369 1.93 x i0 -~ 3.2 16 
Case (3) 1.20 x 10 -o 5.38 x 10 -a 2.0 -0.220 1.18 x 10 -a 7.6 5 
Max (1) 7.87 x 10 -7 5.36 x 10 -a 3.15 6.81 x 10 -~ 9.4 19 
Max (1) 7.87 x 10 -7 tQ 6.35 8.12 x 10 -~ 8.6 23 
Max (1) 7.87 x 10-' 1.72 x 10 -~ 12.7 1.32 x 10 -~ 10.2 37 
Max (1) 7.87 • 10 -v 25.4 2.52 x 10 -a 20.4 71 
Ewing (4) 4.07 x 10 -7 2.15 x 10 -3 2.0 -0.0141 3.03 x 10 -~ 10.4 0.11 
S c h a e r  (2) 2.71 x 10 -7 5.38 x 10 -~ 243 (7.6 rps) -4.69 2.53 x l0 -~ 14.6 24.5 
S c h a e r  (2)  7.86 x 10 -7 3.88 • 10-: 243 (7.6 r p s )  - 0 . 3 9 4  1.52 x 10 -~ 7.9 6.0 
Schaer (2) 7.81 x i0 -~ 6.46 x iO -2 243 (7.6 rps) -0.279 1.80 x IO -~ 14.6 0.9 
Schaer (2) 7.81 x 10 -~ 1.08 x 10 -2 366 (11.5 rps) --7.39 7.95 x 1O-" 8.5 111 
S c h a e r  (2) 7.81 x 10 -7 2.15 x l0 -r 36~ (il.5 rps) --2.89 6.21 x 10 -2 6.4 44 
S c h a e r  (2) 7.81 x 10 -7 3.88 x 10 -2 366 (11.5 rps) -2.13 8.26 x 10 -4 12.8 32 

C o p p e r . - - V a l u e s  of  K w e r e  ca l cu l a t ed  f r o m  t h e  t~12 
va lues  of  M a x  and  W h i t e h u r s t  as a f u n c t i o n  of  f low 
ra te  and  c u r r e n t  dens i ty .  A n  ana lys i s  of  v a r i a n c e  
s h o w e d  t h a t  f low r a t e  w a s  s igni f icant  b u t  c u r r e n t  
d e n s i t y  w a s  not .  Resu l t s  o b t a i n e d  f r o m  t h e  p lo t s  of  t he  
o t h e r  i nves t i ga to r s  and  f r o m  t l /2 va lues  fo r  copp e r  a re  
s u m m a r i z e d  in  Tab le  II. Accurac i e s  of K ' s  in  t e r m  of  
s t a n d a r d  e r r o r  w e r e  d e t e r m i n e d  f r o m  the  v a r i a n c e  of  
l ine  s lopes  or, in  t he  case  of M a x  and  W h i t e h u r s t ' s  
data ,  f r o m  the  va lues  of K for  t h e  s ix c u r r e n t  dens i t i e s  
at each  flow rate .  The  i n d e p e n d e n c e  of K and  c u r r e n t  
d e n s i t y  in  da t a  of  M a x  and  W h i t e h u r s t  a n d  in  t h a t  of  
S c h a e r  and  L a y e r  w i t h  t he  r o t a t i n g  ca thode  s t r o n g l y  
sugges t  t h a t  coppe r  is be ing  p l a t e d  out  a t  its l im i t ing  
c u r r e n t  dens i ty .  

This result is expected for the more noble copper 
present in low concentrations. However, in the experi- 
ment with the rotating cathode the mass transport rate 
was high enough to allow essentially 100% deposition 
of copper (the calculated value of 111% is probably 
due to the inherent error of the slope from which K 
was calculated). Ettel, Tilak, and Gendron (6) added 
small amounts of silver ion to a copper electrowin- 
ning bath and measured the limiting current density 
of silver deposition by analysis of the silver content of 
the copper deposit: From the measurement they were 
able to define the mass transfer rate for copper deposi- 
tion. Limiting deposition rates for copper in a nickel 
plating bath provide a similar measurement of mass 
transfer conditions and are a function of the degree of 
agitation as found experimentally by Max and w~nite - 
hurst (i) and Schaer and Layer (2). 

Agitation conditions for experiments of Case (3) 
and Ewing et al. (4) are poorly defined. Case's results, 
by comparison with Max and Whitehurst's, indicate a 

f a i r l y  h i g h  d e g r e e  of  m a s s  t r ans f e r ,  w h i l e  E w i n g ' s  

r e su l t s  i nd i ca t e  v e r y  poor  mass  t r a n s f e r  condi t ions .  
The  resu l t s  as a w h o l e  s h o w  the  i m p o r t a n c e  of ag i t a -  
t ion  in  ob t a in ing  r a p i d  r e m o v a l  of i m p u r i t i e s  a t  a h i g h  
c u r r e n t  efficiency. 

Z i n c . - - T h e  ca lcu la t ed  K va lues  fo r  zinc r e m o v a l  a r e  
s h o w n  in Tab le  IIi. Va lues  fo r  Case (3),  E w i n g  (4) ,  
and  R a u b  (5) a re  w i t h i n  t he  s a m e  o r d e r  of m a g n i t u d e .  
The  r ec ip roca l  r e l a t i o n  b e t w e e n  zinc c o n t e n t  of t he  
depos i t  and  t h e  to ta l  c u r r e n t  d e n s i t y  s t r o n g l y  sugges t s  
t ha t  zinc is p l a t e d  out  a t  i ts  l i m i t i n g  c u r r e n t  dens i ty .  
The  K va lues  w i t h  t he  r o t a t i n g  c y l i n d e r  u sed  by  
S c h a e r  and  L a y e r  (2) a r e  s ign i f i can t ly  h igher ,  s h o w -  
ing  the  i m p r o v e m e n t  poss ib le  by  i n c r e a s i n g  the  mass  
t r a n s f e r  ra te .  T h e  zinc c o n t e n t  of  t h e  n i cke l  d epos i t s  
is r e l a t i v e l y  h i g h  for  such  an  ac t ive  me ta l ,  a n d  K n o d l e r  
(7) has s u g g e s t e d  t h a t  th is  is due  to t h e  p r o n o u n c e d  
effect  t ha t  zinc e x e r t s  u p o n  the  p o t e n t i a l  fo r  n icke l  
depos i t ion .  Nickel  is p l a t e d  ou t  a t  a c a t h o d e  p o t e n t i a l  
of --500 to --600 vs.  SHE in  the  ab s en ce  of zinc. In  t he  
absence  of n icke l  zinc depos i t s  a t  --800 to --900 m V  vs.  
SHE. S m a l l  add i t i ons  of zinc to a n icke l  b a t h  sh i f t  t he  
depos i t i on  p o t e n t i a l  fo r  n icke l  to t h a t  fo r  zinc. K n o d l e r  
sugges t s  t h a t  t he  sh i f t  is due  to a d s o r p t i o n  of  a z inc  
h y d r o x i d e  l aye r  on  the  ca t h o d e  sur face .  

I r o n . - - R e s u l t s  fo r  i r o n  a re  s h o w n  in  Tab le  IV. T h e  

r e m o v a l  of i ron  f r o m  n icke l  b a t h s  w o u l d  a p p e a r  to i n -  
vo lve  a m o r e  c o m p l e x  m e c h a n i s m  t h a n  fo r  co p pe r  a n d  

even than for zinc. K values are generally lower than 
for copper and zinc and are not increased to the same 
extent as for copper by enhancing mass transfer by 
using a rotating cathode. Max (i) found that no iron 
was removed at less than 4.3 >< 10 -3 A/cm 2 and that 
results at 8.6 X 10 -3 A/cm 2 were uncertain. Only at 

Table III. Removal of zinc 

Data Metal e o n c  C u r r e n t  density Agitation ( f l o w )  S l o p e  K S t d  e r r o r  Max Mbl 
o r i g i n  Metal (moles/ml) (A/cmD (cm/sec) (em~/A-see) ( c m / s e e )  o f  K (%) (m/o) 

Case  (3)  Z n  1.14 • 10 -0 5.38 x 10 -a 4 - 0 . 6 9  3.71 x 10 -~ 11 15.2 
C a s e  (3)  Z n  1.14 x 10 -0 5.38 x 10 4 2 - 0 . 1 7  9.03 x 10-4 4 3.7 
E w i n g  (4)  Z n  4.59 • 10 -6 2.2 x 10 -~ 2 - 0 . 2 6  5.77 • 10-4 4 23.0 
E w i n g  (4 )  Z n  4.53 • 10 -0 4.3 x 10 -a 2 - -0 .26  1.13 x 10 -a 4 23.0 
Raub (5) Zn 10 -3 to 10 -~ 2.7 x 10 ~ 12 
S c h a e r  (2)  Z n  1.39 x 10 -0 3.87 x 10 -~ 362 (183 rps)* --0.52 2.01 • 10 -~ 12 14.0 

* 0.63 c m  d i a m  c y l i n d e r ,  

Table IV. Removal of iron 

D a t a  M e t a l  c o n e  C u r r e n t  d e n s i t y  A g i t a t i o n  S l o p e  K S t d  e r r o r  M a x  Mbz 
o r i g i n  M e t a l  (moles/ml) (A/cm ~) (cm/sec) (cm~/A-sec) ( c m / s e c )  o f  K (%) (m/o)) 

C a s e  (3)  F e  2.63 x 10 -0 5.38 • 10 -~ 4 - 0 . 0 3 3  1.77 x 10 -~ 3 1.66 
Case  (3)  F e  2.63 x 10 -o 5.38 x 10 ~ 2 - -0 .033 1.75 x 10-4 6 1.65 
C a s e  (3)  F e  2.63 x 10 -0 7.54 x 10 4 4 - -0 .051 3.85 x 10 -~ 4 2.59 
M a x  (1 )  F e  6.95 x 10 -~ 1.72 x 10 -~ 3.05 - -  2.~4 x l0  -4 
M a x  (1 )  F e  8.95 • 10 -7 1.72 x 10 4 6.35 - -  4.37 x 10-~ 
M a x  (1 )  F e  8.95 x 10 -7 1.72 x 10 -~ 25.4 - -  9.58 • 10 -4 
S c h a e r  (2)  
E w i n g  (4 )  F e  3.58 • 10 -0 5.38 x 10 -~ 2 - -0 .035 1.62 x 10-4 9.0 2.08 

F e  3.58 x 10 -0 7.53 x 10 -3 2 - -0 .040 3.01 x 10-4 6.6 2.76 
F e  3.58 x 10 -~ 4.31 x 10 4 2 - -0 .175 7.56 x 10 -a 4.2 12.1 
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1.72 X 10 -2 A/cm 2 was consistent removal  obtained. 
Ewing et al. (4) show a drastic increase in  K when 
current  densi ty is raised to 4.3 X 10 -2 A / c m  2. I ron 
offers the possible complication of forming Fe( I I I )  at 
the anode and Fe( I I )  at the cathode ra ther  than ele- 
menta l  iron, so that  the current  efficiency of i ron re-  
moval can be very low. 

Removal of Impurities in Electroplating 
and Electrowinning 

Electrolytic purification has b e e n  successfully used 
but  considerably more nickel than impur i ty  is re-  
moved. It  is evident  that more agitat ion and lower 
current  densities, at least for copper and zinc removal, 
would be beneficial and possibly a separate divided 
cell to prevent  anodic oxidation of the i ron would aid 
its removal.  A certain amount  of nickel deposition is 
probably beneficial in main ta in ing  a deposit that is 
coherent so that  it will  not fall back into the bath. 
While removal  of the three impur i ty  elements have 
been considered separately, in  actual practice they 
are removed together and how zinc hydroxide adsorp- 
tion, for example, affects deposition of copper and iron 
in this system has not been well  defined. Codeposition 
of small  concentrations of copper, zinc, and i ron in the 
presence of much higher concentrations of nickel re-  
quires some addit ional careful exper imental  work to 
elucidate mechanisms, and would be of considerable 
interest  not only for impur i ty  removal  but  also for 
the plat ing of alloys. 

Much development  work is now going on to increase 
current  density and mass t ransfer  in  the electrowin- 
ning of metals. Increasing agitation and mass t ransfer  
increases the deposition of impuri t ies  that  are mass 
t ransfer  limited. Thus, the total current  density must  
be increased proport ionately to keep impur i ty  levels 
low. On the other hand, if it is desirable to recover 
one of two metals in solutions without contaminat ion 

from the other, increased mass t ransfer  can increase 
the l imit ing current  density to a point  that  a single 
metal  can be selectively removed to a low concen- 
t ra t ion at practical current  densities provided one 
metal  does n o t  affect the deposition kinetics of the 
other. Thus, it is possible to separate copper from 
nickel to a concentrat ion of 10 rag/1 of copper without  
significant deposition of nickel. While considerable 
effort has been devoted to electrowinning dilute solu- 
tions of copper under  high mass t ransfer-high surface 
area conditions, i.e., forced flow, ro ta t ing-cyl inder  
cathodes, packed and fluidized beds, less a t tent ion has 
been devoted to these techniques for selective recovery 
of metals from solutions containing more than one 
metal  ion. 

Manuscript  submit ted  Dec. 16, 1976; revised m a n u -  
script received Aug. 8, 1977. 

Any  discussion of this paper will appear in  a Discus- 
sion Section to be published in the December 1978 
JOURNAL. Alt discussions for the December 1978 Discus- 
sion Section should be submit ted by Aug. 1, 1978. 

Publication costs of this article were assisted by Bat- 
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ABSTRACT 

The effect of auxi l iary electrodes on cathodic current  dis t r ibut ion is 
determined both in terms of visual  characteristics of plated copper and direct 
measurements .  Exre r imen t s  are carried out using a Hull  cell with high con- 
ductivi ty CuSO4/H2SO4 electrolyte. The results indicate that  level ing of the 
dis t r ibut ion takes place when certain types of conductive auxi l iary  electrodes 
are placed wi th in  an electrolysis cell even though the auxi l iary electrodes 
are not connected to an external  source of current.  Exper iments  are described 
which compare the leveling power of several geometric ar rangements  of 
auxi l iary electrodes wi thin  a cell, as well as the effect of chemical composi- 
t ion of the auxi l iary electrodes. The study clarifies the fundamenta l  na ture  of 
the process by which leveling is obtained. 

The desirabil i ty of uni form cathodic current  dis t r ibu-  
tions during copper electroplating of mul t i layer  pr inted 
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14580. 
Key  words :  e lec t rop la t ing ,  e lec t rodepos i t ion ,  c u r r e n t  densi ty ,  

copper plating, printed wiring boards. 

wiring boards (MLB's) has been discussed (1-3). MLB's 
contain plated through-holes (PTH's) which provide 
electrical connections between the various circuit  lay-  
ers of the MLB. During the electroplating step, copper 
is deposited in the dri l led PTI-I's as welI as on the outer 
MLB surfaces. Uniform deposit th~ickness in the PTH's  
over the whole MLB is critical for connector pin inser-  
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t ion on the one hand, and funct ional  in tegr i ty  on the 
other (1-4). Methods for achieving uni form dis t r ibu-  
tions include: (i) modification of electrode and cell 
configuration, (ii) variat ion of electrolyte composition, 
and (iii) use of auxi l iary  aids such as dielectric shields 
and conductive thieves to redistr ibute the current  
wi thin  the cell. Configuration changes to improve cur-  
rent  d is t r ibut ion uni formi ty  have recently been dis- 
cussed (5). Only a slight increase in the electrolyte 
conductivi ty can be achieved by increasing the H2SO4 
con.centration in the 0.27 molar  CUSO4/1.76 molar  
H2SO4 baths. This beneficial increase would not lead 
to a major  improvement  in plat ing uni formi ty  on the 
MLB's. Since methods (i) and ( i i ) o f f e r  on ly  l imited 
possibilities, method (iii) is the most l ikely method for 
achieving more uniform copper. References (6) and (7) 
contain examples of the extensive use of auxi l iary aids 
to improve the un i formi ty  of cathodic current  dis t r ibu-  
tions. 

The following studies describe a new type of auxil i -  
ary aid, a bipolar screen auxi l iary  double electrode, 
which consists of two metal  pieces immersed in the cell 
and connected to each other but  not to any external  
source of current.  With proper choice of mater ial  and 
position within the cell, such double auxi l iary elec- 
trodes can provide highly uniform current  distr ibutions 
under  highly adverse operating conditions. 

The purpose of this invest igat ion is to conduct ex- 
periments  to demonstrate  the effect of auxi l iary metal  
aids and to assess which materials and geometries are 
most effective in leveling the current  distribution. The 
cell geometry chosen for study is the Hull  cell; it is de- 
signed to give a highIy nonun i fo rm current  dis t r ibut ion 
at the cathode and is the t radi t ional  test cell configura- 
t ion used to i l lustrate  current  dis t r ibut ion effects. 

4 4 c m ~  

[~. 12.1 cm 

a. GEOMETRY I 

/ / / / / / / / /  / / /O=6 cm  �9 . . 
0.6 cm > 

/ /  / / / / / / / /  

b. G E O M E T R Y  rr 

Apparatus 
The geometry and dimensions of the Hull  cell used 

in this s tudy are shown in Fig. 1 (a). A copper anode 
was positioned perpendicular  to the insula t ing side 
walls of the cell; the cathode was placed at a 40 ~ angle 
with respect to the anode. The following tests were 
conducted: (i) conventional  Hull  cell tests with visual 
inspection of the plat ing on a 6.9 • 10.0 cm brass cath- 
ode and (ii) measurements  of cathodic current  distri-  
butions with segmented cathodes. 

The segmented cathode was divided into ten sections 
as shown schematically in Fig. 2. Note that the width of 
segment 10 is 0.5 cm whereas the other segments are 
0.9 cm wide. The segmented cathode was fabricated 
from 2-oz copper-plated epoxy board which was pat-  
tern-etched to remove strips between segments. 

Within the Hull  cell were placed metal  pieces of sev- 
eral types acting as auxi l iary  electrodes: copper screen 
(Cu), copper-plated platinized t i t an ium expanded 
mesh (Cu /P t -T i ) ,  platinized t i t an ium expanded mesh 
(Pt -Ti) ,  and t i t an ium screen (Ti).  These auxi l iary 
electrodes were placed, two by two, in three geometri-  
cal a r rangements  wi thin  the Hull  cell as indicated in 
Fig. l (b ) ,  (c), and (d). For  geometry III the dimension 
L was 1.25 cm with the solid cathodes and 0.6 cm with 
the segmented cathodes. Parametr ic  calculations for 
the dimensional  requi rements  are given in the Appen-  
dix. 

The electrolytic solution used in the study was cop- 
per sulfate in sulfuric acid and distilled water  without 
plat ing additives. As discussed below, measurements  
by Baker (8) show that  the cathode current  dis t r ibu-  
t ion is independent  of additives present ly in use. The 
approximate concentrat ion of the solution was 0.3M 
CuSO4, 1.5M H2SO4; the na ture  of the experiments  
was such that  de terminat ion  of the precise composition 
was unnecessary.  

The electrical circuit used for supplying power and 
making measurements  is given in  Fig. 3. The power 
supply (Hewlet t-Packard,  6281A) was deployed in  
constant current  mode. Measurement  o f  the applied 
current  and the current  passing between auxi l iary 
electrodes was made with a mul t imeter  (Keithley, 160). 

/ / / / / / / / / / / ,  L , 0 . 6 c m  
- 

I I I / ~ i / i / l ~ ~ / / / / / / I / / V  1 I I I  I I 

c. GEOMETRY Trr  I I 

/ / / / / / / / / / / / /  /0 .6cm 

. . .  
/ / / /  / /  

d. GEOMETRY TV" 

Fig. 1. Hull cell and auxiliary electrode geometries and dimensions 

S E C T I O N  N U M B E R S  

I 2 5 4 5 6 7 8 9 10 

7.8  cm 

0 . g e m  . , , ~ I  ~.,~,-- o.! cm -~ 9.6era 
Fig. 2. Segmented cathode for current distribution measurements 
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--[ MULTIMETER 

2 1 1  

IO_IHINNEL AMMETER CIRCUIT 

l MULTiMETER } [ M:~Ti~:E[ ~T I 

Fig. 3. Circuitry for plating current supply and current distribu- 
tion measurements. 

For  the tests wi th  segmented  cathodes the section cur -  
rents  were  measured  wi th  a 10-channel  opera t iona l  
amplif ier  ze ro- res i s tance  ammete r  circuit  which sup-  
pl ied  a vol tage  signal  to a potent ios ta t ic  mul t ipo in t  
recorder  (Ester l ine Angus) .  The zero- res is tance  am-  
meter  circui t  ma in ta ined  the potent ia ls  of the  ten elec-  
t rode  sections to wi th in  ___20 ~V. 

Procedure  
The Hul l  cell was filled wi th  solut ion to an app rox -  

imate  depth  of 5 cm for the  convent ional  cathodes and 
to a depth  of 2.5 cm for the  segmented  cathode studies. 
Fo r  the  solid cathode exper iments  the p la t ing  t imes 
ranged  f rom 1-30 rain, wi th  the length  of p la t ing t ime 
inverse ly  dependent  on the appl ied  current .  Expe r i -  
ments  were  car r ied  out at the  appl ied  currents  given 
in Table  I. 

The procedure  for making  measurements  consisted 
of tu rn ing  on the current ,  measur ing  the section cur -  
rents,  the cur ren t  flowing be tween  aux i l i a ry  electrodes,  
and the total  appl ied  current .  Because the  solid cathode 
exper iments  indica ted  that  mass t ransfer  effects were  
impor t an t  at the h igher  appl ied  currents,  measu re -  
ments  of the current distribution was initiated within 
1 sec of switching on the current. The section currents 
were measured in order of section number (see Fig. 2), 
beginning with No. I; that is, the current to the most 
reactive section was measured within about 2 sec of 
circuit activation. Measurements were conducted for a 
period of about 40 sec after which the current was 
switched off. Between experiments, at least 30 sec was 
allowed before reinitiating current in order to allow 
for the relaxation of concentration gradients within 
the cell, should they exist. Measurements were made at 
the applied currents indicated in Table I. 

Results and Discussion 
A compila t ion of exper imen t s  pe r fo rmed  is given in 

Table  I, in which the geometries,  mater ia ls ,  and cur-  
rents  are  indicated.  F r o m  the geomet ry  of the  cell, the  
appl ied  cur ren t  is re la ted  to the average cathodic cur-  
ren t  dens i ty  by 

Fig. 4. Visual appearance of Hull cell copper deposit at I ---- 
1000 mA without (geometry I) and with (geometry III) bipolar 
auxiliary electrodes. 

Tcath(mA/cm 2) _ 0.0200I(mA) 

for the solid cathodes and for the  segmented cathodes 
by 

Tcath ( m A / c m  2) "- 0.0465t (mA)  

Conventional Hu~l cell cathodes.JThe effect of the  
aux i l i a ry  electrodes was inves t iga ted  by  observing the 
visual  character is t ics  of the p la ted  copper  for severa l  
of the geometr ies  of Fig. 1 by  pla t ing on convent ional  
brass Hul l  cell  cathodes. F r o m  the exper iments  l is ted 
in Table  I i t  was found tha t  cur ren t  densi t ies  grea ter  
than 25 m A / c m  2 resul t  in a b rownish  powdery  deposi t  
for geomet ry  I; such deposits  a re  character is t ic  of p la t -  
ing at or near  the  l imi t ing cur ren t  density.  

F igure  4 shows the difference in visual  appearance  of 
the  deposi t  for p la t ing  at 1000 mA wi th  two different  

Auxiliary 
s 

Cu screen  

I 
III X 
IV X 

I 
II X 
HI X 
IV X 

Table I. Summary of experimental cathodes 

Cu/Pt-Ti 
mesh Pt-Ti mesh Ti screen 

Solid brass cathodes 

X X 
X 

Segmented cathodes 

X 

Appl ied  current, I (mA) 

500, 1000, 1500 
500, 1000. 1500 
500. 1000, 1500 

100, 200, 300,400, 500, 2100 
100, 200, 300, 400, 500 
100, 200, 300, 400, 500 
100, 200, 300, 400, 500 
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geometries. A sample plated using geometry I is shown 
in Fig. 4 (a) with the s tandard Hull  cell current  density 
scale to indicate the current  density gradient  present. 
Figure 4(b)  shows a sample plated using geometry III  
with copper screens; the current  density scale shown 
for geometry III  is estimated from the segmented cath- 
ode data (see F~g. 11). As can be seen, for geometry III, 
the plat ing is quite uniform;  the auxi l iary  electrodes 
average out the current  densities and all  plat ing takes 
place at the average current  density which for the ap- 
plied current  of 1000 mA is below s l imit ing current  
density. 

Table II lists the test results for the various electrode 
mater ia l /geometry  combinations. From the materials  
tested it  is clear that only auxi l iary  electrodes that 
have copper surfaces, and thus facilitate bipolar an-  
odic and cathodic electrochemical processes to take 
place at  the auxi l iary  electrodes, will  be useful in lev-  
eling the current  distribution. The placement  of auxil i -  
ary  electrodes made of platinized t i tan ium or t i t an ium 
had no discernible effect on producing more uni form 
plating. 

Segmented cathodes.--Segmented cathode experi-  
ments  were carried out to place the quali tat ive results 
found with the conventional  Hull  cell cathodes on a 
quant i ta t ive basis. The current  flowing between the 
auxi l iary  electrodes was measured and is shown in 
Table III. It is seen that the current  flowing between 
the auxi l iary electrodes depends on the applied current,  
the mater ia l  of the electrodes, and the geometric posi- 
tions of the electrodes wi th in  the cell. The significance 
of these variations is discussed below. 

The following paragraphs discuss results of experi-  
ments  on four different geometric configurations shown 
in Fig. 1. 

Geometry I: no auxiliary aids.--Figure 5 provides cur-  
rent  dis t r ibut ion data measured at five different applied 
currents  in  the absence of aids. Recall that the width of 
segment 10 is 5/9 of the width of the other segments; 
none of the data have been adjusted to compensate for 
this difference in area. The dashed line corresponds to 
the theoretical p r imary  current  dis t r ibut ion (for a total 
applied current,  I : 350 mA) which would be observed 
if electrolyte conduction processes alone controlled the 
current  distribution. It is seen that the measured cur-  
rent  distr ibutions are more uniform than the p r imary  
distribution, indicat ing a small  resistive contr ibut ion 
from perhaps charge t ransfer  or mass t ransfer  proc- 
esses. However, the most impor tant  resistance is the 
ohmic resistance of the electrolytic solution. All  mea-  
sured distr ibutions a~e highly nonuniform, indicat ing 
that  deposition under  these geometric conditions repre-  
sents a s t r ingent  configuration for testing the effective- 
ness of auxi l iary aids for leveling the distribution. 

Previously unpubl ished measurements  in an identical 
Hull  cell by Baker (8), presented in  Fig. 6, show simi- 

Table II. Leveling effect of electrode material/geometry 
combinations using solid brass cathodes 

- Auxi l iary  

~d~s Cu Cu/Pt-Ti Pt-Ti Ti 
Geometry ~ screen mesh mesh screen 

I None 
IH Leveled Levelled None 
IV Leveled None 

Table III. Current flowing between auxiliary electrodes 

None  

(in mA) 

Appl ied  current, I (mA) 
Geometry ( elec- 
trode  material )  100 200 300 400 500 

II  (Cu) 30 112 205 286 372 
I I  (Cu/Pt-Ti)  67 140 215 288 366 
II  (Ti)  0.0 0.0 0.3 0.5 0.5 

I I I  (Cu) 35 76 121 165 200 
IV (Cu) 2.2 19 46 79 108 

150 

I00 

50 

I 2 3 4 5 6 7 8 
SECTION NUMBER 

IO 

Fig. 5. Hui[ ceil current distributions without leveilng aids. The 
theoretical primary current distribution for / ---- 350 mA is super- 
imposed. 
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Fig. 6. Hull cell current distribution without leveling aids for 
electrolyte with and without brightening additives. 
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Fig. 7. Current distributions in Hull cell with copper screen 
auxiliary electrodes arranged in geometry II. 

la r  distributions. Baker 's  exper iments  were  conducted 
wi th  a 2100 m A  total  cell current,  a solution depth of 
approx imate ly  5 cm, and a cathode divided into seven 
equal  segments. Note the  negl igible  effect of addit ives 
on the current  distribution. 

Geometry II: two screens, each parallel to the adjacent 
electrodes.--Figure 7 shows exper imenta l  current  dis- 
t r ibut ion data for two auxi l iary  copper screens. The 
magni tude  of current  flowing between auxi l iary  
screens is g iven in Table III. It is seen f rom these data 
that  the function of the two screens is to remove  the 
current  f rom the anolyte  region and redis t r ibute  it in 
the catholyte  region. If 100% of the applied current  
were  to pass be tween the auxi l ia ry  electrodes, then the 
electr ical  path  would be equiva len t  to the two-com-  
pa r tmen t  cell depicted in Fig. 8; if the distance denoted 
d is small, then the p r imary  cur ren t  distr ibut ion at the 
cathode would  be highly uniform. 

F igure  9 gives current  distr ibution data for the Cu/  
P t -Ti  mesh near  the cathode and the Cu screen near  
the anode. It is seen that  the electrochemical  propert ies  
of the copper-pla ted  t i tanium mesh are such that  v i r tu -  
al ly the same current  distr ibution is obtained as wi th  
the copper screen. 

Figure  10 gives current  distr ibution data for a Ti 
screen near  the cathode and a Cu screen near  the an- 
ode. No level ing is obtained and the current  d is t r ibu-  
tions are essentially identical  to those measured in the 
absence of auxi l ia ry  aids (Fig. 5). Fur ther ,  it is seen 
f rom Table III that  no electr ical  current  is induced to 
flow between the Ti and Cu screens. The reason that  
the screens do not support  react ion is that  there  is no 
anodic e lectrochemical  react ion prossible, under  these 
conditions, at the Ti screen so that  current  is thereby 
blocked f rom flowing through it. All  of the current  is 

Fig. 9. Current distributions in Hull cell with copper-plated 
platinized titanium mesh and copper screen auxiliary electrodes 
arranged in geometry II. 
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Fig. 8. Double cell geometry nominally equivalent to auxiliary 
electrode geometry II. 

Fig. 10. Current distributions in Hull cell with titanium screen 
and copper screen auxiliary electrodes arranged in geometry II. 

forced to remain  in the electrolyte  phase, as is the case 
in geometry  I. 

Geometry III: two screens, each parallel to the cath- 
ode.--Figure 11 gives current  distr ibution data for two 
auxi l iary  copper screens. Genera l ly  speaking, the cath-  
odic distr ibutions are near ly  identical  to those pro-  
vided in Fig. 7, where  one screen was para l le l  to the 
anode. These observations indicate tha.t the screen near  
the cathode is impor tan t  in controll ing the cathodic 
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Fig. 11. Current distributions in Hull cell with copper auxiliary 
electrodes arranged in geometry Ill. 

current  distribution. The screen near  the anode must  
merely  be positioned sufficiently far from the other 
screen that  an appreciable fraction of  the applied cur-  
rent  flows between the two screens (see Appendix) .  
Otherwise, redis t r ibut ion of current  will not occur. 

Geometry IV: two screens parallel to and equidistant 
from the cathode.--Current distr ibution data for the 
geometry of Fig. 1 (d) are given in Fig. 12. It should be 
recognized that  geometry IV corresponds to the con- 
ducting shield device reported by Rousselot (6). Figure 
12 shows that the conducting shield geometry improves 

1 5 0  
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Fig. 12. Current distributions in Hull cell with auxiliary elec- 
trodes arranged in geometry IV. 

the current  dis t r ibut ion with respect to the nonaided 
c.ase (Fig. 5), but  that  the improvement  is not as good 
as with either geometry II or III. The screen used in  
geometry IV was segmented into two adjacent  sections, 
and the current  flowing between sections is indicated 
in Table III. 

Comparison of segmented cathode results.--The re-  
sults of the current  dis t r ibut ion measurements  for ge- 
ometries I through IV can best be compared by a cross 
plot of the data. Such a plot is shown in Fig. 13 for two 
currents:  I = 100 mA and I = 500 mA. For this plot, 
the measured I for section 10 has been mult ipl ied by 
1.8 so that  all I's are for the same surface area. 

The results quant i ta t ive ly  substant iate  the findings 
from the conventional  Hull  cell experiments.  A single 
auxi l iary  electrode (geometry IV) offers some im-  
provement  in the dis t r ibut ion from geometry I. How- 
ever, the improvement  in uni formi ty  with two auxil i -  
ary electrodes (geometries II and III)  is seen to be sub-  
stantial.  

The foregoing data clarify events which occur when 
auxi l iary  metal  electrodes are placed in electrolysis 
cells. When electrical current  passes through the elec- 
trolyte, a potential  field arises owing to the ohmic re-  
sistance of the electrolyte. If auxi l iary electrodes are 
placed such that they cut across equipotential  surfaces 
in the electrolyte, the possibility of induced cocurrent 
electronic conduction arises. In order that cocurrent  
conduction can occur in the auxi l iary electrodes, both 
anodic and cathodic electrochemical reactions must  oc- 
cur on the auxil iary electrodes in a bipolar mode to 
provide a source and sink for electrons. 

C o n c l u s i o n s  
1. The current  dis t r ibut ion at the cathode of a Hull  

cell can be made substant ia l ly  more uniform by placing 
sui tably reactive metal  electrodes between the anode 
and the cathode. 
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Fig. 13. Comparison of current distributions resulting from 
geometry I through IV plating arrangements. 
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2. Wi th  appropr ia t e  choice of geometries,  two elec-  
t r i ca l ly  connected aux i l i a ry  electrodes can be made  
more  effective in level ing the cathodic current  d i s t r ibu-  
t ion than a single screen placed nea r  the cathode. 

3. Mater ia l  o ther  than  screen could be used such as 
mesh, wires,  rods, meta l  brushes,  porous meta l  sheets,  
etc. 

4. A u x i l i a r y  electrodes must  be of such mater ia l ,  i.e., 
for  copper  p la t ing  the  e lec t rode  surface has to be cop- 
per,  and of sufficient surface area  that  both  anodic and 
cathodic e lec t rochemical  processes occur in a b ipo la r  
mode wi th in  the poten t ia l  difference resul t ing  at  the  
screens. 

5. The poten t ia l  difference induced be tween  the  
screens is de te rmined  by the dis tance along the pa th  of 
cur ren t  flow (in the  e lec t ro ly t ic  phase)  which separa tes  
the  aux i l i a ry  electrodes.  

6. For  level ing to occur, the cur ren t  flowing be tween  
the two aux i l i a ry  electrodes must  be an apprec iab le  
f rac t ion of the  total  appl ied  current .  

7. A Hul l  cel l  is a convenient  test  configurat ion to as-  
sess the effectiveness of c u r r e n t  level ing aids and wi th  
a sect ioned cathode for d i rec t  measuremen t  of the cur-  
ren t  dis t r ibut ion.  
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A P P E N D I X  
To produce  the des i red  level ing effect for the 

cathodic cur ren t  dis t r ibut ion,  it  is necessary for an ap -  
preciaOle f rac t ion of the  appl ied  cur ren t  to flow be-  
tween the two aux i l i a ry  electrodes.  To obta in  this 
b ipolar  operat ion,  i t  is necessary Tot the fol lowing 
cr i ter ia  to be met  

Ra < <  RCT < <  Ras [ A - l ]  

These cr i ter ia  es tabl ish dimensional  r equ i rements  for 
the aux i l i a ry  e lec t rode  system. 

The charge t ransfe r  resistance (3) 

RgT 
RCT ~- - -  [A-2] 

~FTA 

the  ohmic solut ion resis tance 

L 
Ras -- - -  [A-3] 

~As 

using the most conservat ive model,  and the ohmic 
e lect rode resis tance 

Ra -- [A-4] 
~A~ 

2ri 

Fig. 14. Geometry of screen used for auxiliary electrodes 

ta 

r i 

Fig. 15. Geometry of mesh used for auxiliary electrodes 

Using the screen geomet ry  indica ted  in Fig. 14, the 
cr i ter ia  of Eq. [ A - l ]  become the fol lowing dimensional  
cr i ter ia  

2t2 ( ~  -~w ) ~ c F T  [A-5] 
ri > >  1 -5 RgT 

and 
I RgT 

L >> [A-6] 
( 1  1 )  a c F Y  

20rri - -  -5 T 
W 

Similarly, from the geometry of the expanded mesh 
shown in Fig. 15 follows 

~.t2 [ ri 2 t a - s t s  ] C~cF _ 
ri >> 1 -5 - - ~  [A-7] 

wi ta -5 t s  
and 

RgT 

RgT W L >>  [A-82 
[ ri 2 t a + t , ]  ~oF ~ 

2Wi 1 -5 Wt ta -5 Ss 

Using Eq. [ A - 5 ] - [ A - 8 ] ,  Table  IV gives the  d imen-  
sional cr i ter ia  for the three  aux i l i a ry  dual  e lectrode 
geometr ies  used in the  exper iments .  

Table IV. Dimensional criteria status for Hull cell experiments 

Auxil iary electrode 

Criteria A c t u a l  

ri >> (~m) L >> (cm) ri (~m) L (cm) Criter ia  s ta tus  

C o p p e r  s c r e e n  0.8 108 
0.42 L ( I I )  = 3.0 

L ( I I I ) =  1.3 
L ( I I I )  = O.6 

T i t a n i u m  s c r e e n  1.6 140 
1.08 L ( I I )  = 3.0 

L ( I I I )  = 1.3 
T i t a n i u m  e x p a n d e d  3.3 7870 

mesh  0.24 L ( I I )  = 3.0 
L ( I I I )  = 1.3 

o.k. 
o.k. 
o.k. ? 
o.k. 
o.k. ? 
o.k. 
o.k. 
o.k. 
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LIST OF SYMBOLS 
A active surface area of the auxi l iary e l e c t r o d e s ,  

c m  2 

As w .  t, projected area between auxi l iary  e l e c -  
t r o d e s ,  c m  2 

A~ horizontal cross-sectional area of auxi l iary e l e c -  
t r o d e s ,  cm 2 

d distance between electrodes in  double cell (Fig. 
8) 

F Faraday 's  constant, 96,494 C/g-equiv.  
I total applied cell current,  m A  
i" average plat ing current  density, mA/cm~ 
L distance between auxi l iary electrodes, c m  
ri  screen wire diameter  (Fig. 14) or expanded mesh 

thickness (Fig. 15), c m  
Rcw charge transfer  resistance from the solution to 

the auxi l iary  electrodes, 
Rg gas constant, 8.21 J / g m o l e , ~  
Ra ohmic resistance in  the auxi l iary  electrodes, ~1 
Ras ohmic resistance of the solution between the 

auxi l iary  electrodes, 
T temperature,  ~ 
t vertical screen dimension (Fig. 14), cm 
t" immersion depth of auxi l iary electrodes, cm 
ta vertical expanded mesh dimension (Fig. 15), cm 
ts vertical expanded mesh dimension (Fig. 15), cm 

w horizontal screen (Fig. 14) or expanded mesh 
(Fig. 15) dimension, c m  

w width of auxi l iary e l e c t r o d e s ,  c m  
wi horizontal expanded mesh dimension (Fig. 15), 

cm 
~c cathodic t ransfer  coefficient, 0.5 dimensionless 

electrolyte conductivity, Q.55 12 - i  cm -1 
electrode conductivity, 0.58 • 10 -6 ~ - 1  cm-1 for 
copper, 0.31 X 10 -6 ~ - 1  cm-1 for t i t an ium 
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Electrochemical Studies of -Carotene, all-trans-Retinal 
and all-trans-Retinol in Tetrahydrofuran 

Su-Moon Park* 
Department of Chemistry, The University of New Mexico, Albuquerque, NewMexico  87131 

ABSTRACT 

Detailed electrode mechanisms involved in oxidations and reductions of 
all-trans-~-carotene, all-trans-retinal, and all-trans-retinol have been i n -  
vestigated employing cyclic vol tammetry,  chronoamperometry,  chronopoten- 
tiometry, and controlled potential  coulometry at the p la t inum electrode in 
rigorously dried te t rahydrofuran  (THF) solutions with tetra-n-butylammo- 
n ium perchlorate (TBAP) as a supporting electrolyte, and the results are de- 
scribed. Pseudo first-order decay rate constants of intermediate  species of 
~-carotene and ret inal  reductions are obtained and reported. ~-Carotene was 
oxidized to ~-apo-12-carotenal  in the presence of water and was reduced 
main ly  to 15,15'-dihydro-~-carotene in dry THF. Retinal  was reduced at 
various double bonds, result ing in many  products including retinol, both in 
dry and wet THF. 

Carotenoid compounds, especially ~-carotene, play 
a very impor tant  role in  plants for the t ransfer  of 
the energy absorbed from solar radiat ion to chloro- 
phyls for the photosynthetic processes. ~-Carotene is 
also impor tant  as a source of v i tamin  A, since it is 
absorbed in  the animal  systems and undergoes an 
oxidative cleavage at the 15,15'-double bond ii~ the 
l iver to all-trans-retinal, which eventual ly  is reduced 
to v i tamin  A alcohol (1). There has been a large 
amount  of effort (2-6) to elucidate the reaction 
mechanisms involved in this sequence of reactions and 
to reproduce this reaction in vitro. Chemical oxidation 
of ~-carotene, however, did not  general ly  show the 
same specificity as in  the in vivo reaction. Since this 
sequence of the reaction is a redox one, we thought 
it would be very interest ing to carry out an electro- 
chemical invest igat ion on this system and compare 
the result  with those occurring in vivo systems and 
those obtained by the oxidation of /~-carotene with 
chemical oxidants. 

Electrochemistry of ~-carotene and ret inal  was first 
reported by Takahashi et al. (7, 8), in which reduction 

* Electrochemical Society Active Member. 
Key words: fl-carotene, all-trans-retinal, all.trans-retinol (vita- 

min A) .  

potentials, the number  of electrons transferred,  and 
diffusion coefficients were measured with polaro- 
graphic methods in  the benzene-acetoni t r i le  mixed 
solvent. Some of these results were shown to be er-  
roneous later  by Mairanovsky et al. (9) from their 
more refined studies. There have also been reports on 
controlled electrolysis of carotenoid compounds (10, 
i i ) .  

In our present report, we have carried out a detailed 
study on electrode mechanisms of ~-carotene, retinal,  
and retinol employing chronoamperometry,  chrono- 
potentiometry,  cyclic vol tammetry,  and controlled po- 
tential  coulometry in r igorously dried te t rahydrofuran  
solutions, and the results obtained are presented. 

Experimental 
Mallinckrodt A. R. te t rahydrofuran  (THF) was dried 

over sodium metal under  the vacuum for at least half 
a week and was distilled directly into the electro- 
chemical cell in vacuo by the vapor t ransfer  method 
without being exposed to the air to make up the solu- 
tion. Eastman Organic's (E.O.) polarographic grade 
tetra-n-butylammonium perchlorate (TBAP) was 
dried at approximately 100vC under  vacuum for at lea~t 
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Table I. Electrode potentials*,t 

S u b s t a n c e s  R e d u c t i o n  (V) Oxidation, (V) 

B-Carotene -1.63 (1.0), -1.78, -2.46, -2.70 0.74 (2.0), 1.01 
R e t i n a l  - 1.42 ( 1.0 ), - 1.89 1.20 ( 4.0 ) 
R e t i n o l  - 2.10 ( 1.0 ) 0.95 (1.0) 

Cyclic voltammetric p e a k  p o t e n t i a l s  vs. the aqueous saturated 
calomel electrode (SCE) in  THF at the platinum disk e l e c t r o d e  
.(A ~ 0.017 cm ~) with TBAP as a supporting electrolyte. The s c a n  
rate was 100 mV/sec in all m e a s u r e m e n t s .  

t Numbers in parentheses are n~,p determined voltammetrically 
using 9,10-diphenylanthracene as a reference compound under t h e  
s a m e  e x p e r i m e n t a l  c o n d i t i o n s .  

24 h r  a n d  was  u s e d  as a s u p p o r t i n g  e l e c t r o l y t e  t h r o u g h -  
ou t  t h e  s tudy .  E - C a r o t e n e  (E.O.)  w a s  r e c r y s t a l l i z e d  
f r o m  d i e t h y l  e t h e r  t h r e e  t i m e s  a n d  s t o r e d  i n  t h e  
f r eeze r .  All-trans-retinal (E.O.)  a n d  all-trans-retinol 
(E.O.)  w e r e  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n  b u t  
w e r e  s t o r e d  i n  t h e  f r eeze r .  

S o l u t i o n s  w e r e  p r e p a r e d  b y  d i s t i l l i n g  t h e  s o l v e n t  
( T H F )  in to  t h e  cel l  d i r e c t l y  u n d e r  v a c u u m ,  w h i c h  

o.o 11o 2:o 
-V ,  vs. Ag 

b .  

V, vs. Ag 
LO 0.0 
i "1 

c I 

~o /o ~o ' 
- V ,  vs. Ag 

Fig. 1. (a) Cyclic voltammogram of ~-carotene reduction at Pt 
disk electrode in THF solution with TBAP (0.1M) as a supporting 
electrolyte. The solution was 0.94 mV in /~-carotene. (b) Cyclic 
voltammogram of fl-carotene oxidation (1.0 mM in ~-carotene). 
(c) Cyclic voltammogram of retinal reduction (1.1 mM is retinal). 
Scan rates were 100 mM/sec in all cases. 

c o n t a i n e d  t h e  p r e w e i g h e d  s a m p l e  a n d  t h e  s u p p o r t i n g  
e l e c t r o l y t e  ( T B A P )  c o r r e s p o n d i n g  to 0.1M so lu t ion .  
T h i s  s o l u t i o n  was  d e g a s s e d  b y  3 ~ 5  f r e e z e - p u m p - t h a w  
cycles  b y  p u m p i n g  d o w n  to a v a c u u m  of 10 -6  T o r t .  

A t h r e e - e l e c t r o d e  cell,  w h e r e  t h e  p l a t i n u m  d i sk  
( a r e a  ~ 0.017 c m  2) a n d  a p l a t i n u m  w i r e  w e r e  u s e d  as  
w o r k i n g  a n d  a u x i l i a r y  e l ec t rodes ,  r e s p e c t i v e l y ,  w a s  

used  fo r  t h e  v o l t a m m e t r i c  a n d  p o t e n t i o s t a t i c  m e a s u r e -  
m e n t s .  F o r  m o s t  of t h e  e l e c t r o c h e m i c a l  m e a s u r e m e n t s ,  
a s h i e l d e d  Si lver  w i r e  p s e u d o - r e f e r e n c e  e l e c t r o d e  w a s  
used,  v~hile a n  S C E  e l e c t r o d e  w a s  u s e d  as a r e f e r e n c e  
fo r  t h e  m e a s u r e m e n t s  of t h e  e l e c t r o d e  p o t e n t i a l s  r e -  
p o r t e d  i n  T a b l e  I. I n  c o u l o m e t r y  e x p e r i m e n t s ,  a t h r e e  
c o m p a r t m e n t  cel l  d e s c r i b e d  b y  C h i l d s  e t  aL (12) w i t h  a 
l a r g e  p l a t i n u m  g a u z e  e l e c t r o d e  w a s  used.  Al l  e x p e r i -  
m e n t s  w e r e  c a r r i e d  o u t  a t  r o o m  t e m p e r a t u r e s .  I n  a l l  
cycl ic  v o l t a m m e t r i c  m e a s u r e m e n t s ,  t h e  iR d r o p  was ,  
c o m p e n s a t e d  b y  t h e  p o s i t i v e  f e e d b a c k  b u i l t  i n  t h e  p o -  
t e n t i o s t a t  used.  

A P r i n c e t o n  A p p l i e d  R e s e a r c h  ( P A R )  173 ( p o t e n t i o -  
s t a t - g a l v a n o s t a t )  w i t h  a P A R  175 ( U n i v e r s a l  p r o g r a m -  
m e r )  was  u s e d  fo r  c h r o n o a m p e r o m e t r i c ,  c h r o n o p o -  
t e n t i o m e t r i c ,  a n d  cycl ic  v o l t a m m e t r i c  m e a s u r e m e n t s .  
F o r  c o u l o m e t r i c  e x p e r i m e n t s ,  a P A R  179 (d ig i t a l  cou -  
l o m e t e r )  a t t a c h e d  to t h e  P A R  173 was  used.  A C a r y -  
14 U-v--VIS s p e c t r o p h o t o m e t e r  w a s  u s e d  fo r  r e c o r d i n g  
e l e c t r o n i c  a b s o r p t i o n  s p e c t r a  of  t h e  e l e c t ro ly s i s  p r o d -  
ucts .  

Results and Discussion 
E l e c t r o d e  p o t e n t i a l s  of  t h e s e  c o m p o u n d s ,  cycl ic  v o l -  

t a m m e t r i c  d a t a  of /B-carotene a n d  r e t i n a l  r e d u c t i o n s ,  
a n d  c o u l o m e t r i c  d a t a  a r e  s u m m a r i z e d  i n  T a b l e s  I - IV .  
P a r t  of  t h e  cycl ic  v o l t a m m e t r i c  r e s u l t s  a r e  r e p r o d u c e d  
in  Fig. 1 ( a ) - ( c ) .  E l e c t r o d e  p o t e n t i a l s  l i s t e d  i n  T a b l e  I 
a r e  i n  good  a g r e e m e n t  w i t h  t h e  l i t e r a t u r e  v a l u e s  (8, 
9) w i t h i n  e x p e r i m e n t a l  e r ro r .  M o r e  d e t a i l e d  o b s e r v a -  
t ions  a n d  d i s cus s ion  fol low.  

Cyclic vol tammetric  results.--Cyclic v o l t a m m o g r a m s  
(CV) of s e l e c t e d  r e d o x  s y s t e m s  a r e  s h o w n  in  Fig. 1. 

As  is e v i d e n t  f r o m  Fig.  l ( a )  a n d  (c ) ,  r e d u c t i o n s  of 
~ - c a r o t e n e  a n d  r e t i n a l  a r e  r e v e r s i b l e ,  o n e - e l e c t r o n  
t r a n s f e r  processes ,  w h i l e  o x i d a t i o n s  of  ~ - c a r o t e n e  a n d  
r e t i n a l  ( n o t  s h o w n )  a r e  i r r e v e r s i b l e .  O x i d a t i o n  a n d  
r e d u c t i o n  of r e t i no l ,  h o w e v e r ,  w e r e  t o t a l l y  i r r e v e r s i b l e ,  
a n d  t h e  r e d o x  p o t e n t i a l s  w e r e  f u r t h e r  b e y o n d  t h o s e  of  
F~-carotene a n d  r e t i n a l  ( T a b l e  I ) .  I n  t h e  cases  of p-  
c a r o t e n e  a n d  r e t i n a l  r e d u c t i o n s ,  t h e  e l e c t r o g e n e r a t e d  
spec ies  ( r a d i c a l  a n i o n s )  d e c a y  to some  o t h e r  p r o d u c t  
s lowly ,  as c a n  b e  s e e n  f r o m  T a b l e s  I I  a n d  I I I  (ipa/ipc) 
a n d  f r o m  CV's i n  Fig.  1. T h e  n u m b e r  of  e l e c t r o n s  t r a n s -  
f e r r e d ,  l i s t ed  i n  T a b l e  I, w a s  o b t a i n e d  b y  c o m p a r i s o n  
of t h e  c u r r e n t  f u n c t i o n s  of t h e s e  c o m p o u n d s  w i t h  t h a t  
of a k n o w n  one,  i:e., 9 , 1 0 - d i p h e n y l a n t h r a c e n e  u n d e r  t h e  
s a m e  e x p e r i m e n t a l  cond i t ions ,  a s s u m i n g  t h a t  d i f fus ion  
coeff icients  a r e  n o t  v e r y  d i f fe ren t .  

Table II. Cyclic voltammetric data for E-carotene in THF* 

R e d u c t i o n *  * 

F i r s t  w a v e  

S c a n  ip e 
rate 

(V/sec) Vl /2C AEpe,mV~; 

Second wave Oxida- 
tiont 

ip t ip e ip ,  

iv e Vl/2C AEpc, mv$ V~/2C 

0.01 17.5 69 0.90 8.5 32 33.3 
0.02 16.3 72 0.84 6.5 32 32.3 
0.05 15.8 79 0.88 6.5 32 32.2 
0.10 15.4 83 1.01 5.6 48 31.1 
0.20 15.2 85 0,97 5.4 51 31.4 
0 . 5 0  14.7 87 - -  6.3 53 - -  
1.O0 - -  - -  - -  4.8 63 - -  

* Measured at the platinum disk electrode with the a r e a  o f  
~0.017 cm ~. The solution was 1.04 mM in fl-carotene with O.IM 
TBAP present. 

** In addition to these two reduction waves listed, t h e r e  w e r e  
3rd and 4th reduction waves within the background. 

Second oxidation wave was observed and the height w a s  ap-  
p r o x i m a t e l y  twice of the first wave. 

T ~Ep~ = Epc -- Ep, for ~he first or second cyclic v o l t a m m e t r i c  
waves. 
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Table Ill. Cyclic voltammetric data for al l - tra.s-ret inal  in THF* 

R e d u c t i o n t  

First wave 
S e c o n d  Oxida- 

w a v e  t ion  
~Pc tPa iPo iPa 

R a t e  -- -, 
( V / s e c )  V~ /~C  AEPe,mV iP e Vl/~C VI/2C 

0.01 13.0 65 0.87 8.1 - -  
0.02 12.3 07 0.93 8.0 - -  
0.05 11.7 70 0.99 8.1 - -  
9.10 !1.4 71 1.01 8.1 48.2 
0.20 11.2 73 0.99 8.2 
0.50 11.0 72 1.00 8.2 -- 
1.00 11.5 185 1.02 8.8 -- 

* M e a s u r e d  at  t h e  p l a t i n u m  d i s k  e l e c t r o d e  (A ~ 0.017 era2). T h e  
s o l u t i o n  w a s  1.14 raM in  all- trans-ret inal  w i t h  0.1M T B A P  p re sen t .  

t I n  ace ton i t r i l e ,  t he  ox ida t ion  w a v e  h e i g h t s  w e r e  a l m o s t  t he  
s a m e  as  t hose  of  r e d u c t i o n  w a v e s ,  i n d i c a t i n g  l e - t r a n s f e r  p r o c e s s .  

Cyclic vol tammetr ic  data listed in Tables II and III 
indicate that  reductions of ~-carotene and ret inal  are 
characteristic of EC or ECE. It is not clear from these 
tables, however, whether  the electrode reaction has the 
EC or ECE character. 

Peak separations between the cathodic and anodic 
waves of E-carotene and ret inal  reductions are ap- 
proximately 60 mV, consistent with the one-electron 
transfer  process. Employing the diffusion coefficients 
reported by Takahashi et al. (8), the heterogeneous 
electron t ransfer  rate constant  (ks) at the p la t inum 
electrode is est imated to be (3.3 ~_ 2.7) X 10 -3 and 
(2.4 +_ 1.3) X 10 -~ cm/sec for ~-carotene and retinal,  
respectively, from the formula  given by Nicholson 
(13). The aldehyde group on ret inal  seems to affect the 
ks value by approximately one order of magnitude,  
even though the length of the carbon chain is only a 
half  of ;~-carotene. 

It is apparent  from the cyclic vol tammogram shown 
in Fig. 1 (b) and the CV data that  the oxidation of ~- 
carotene is a two-electron t ransfer  process, followed 
by rapid chemical reaction. Retinal,  however, under -  
goes four-electron,  i rreversible oxidation. 

Retinol, as already pointed out, undergoes one-elec-  
t ron reduction and oxidation at the p la t inum electrode 
in THF. The electrode reaction product, however, 
rapidly blocks the electrode surface, making fur ther  
measurements  difficult. We therefore did not  pursue a 
detailed study on this system. 

Chronoamperometric results.--Chronoamperometric 
data on ~-carotene and ret inal  reduction are shown in  
Fig. 2, where i.t  1/2 is plotted for the different t ime 
durations. In  both cases, the potential  was controlled 
such that the current  at the first reduction waves was 
monitored. For the reduct ion of E-carotene, the plot is 
characteristic of a reversible, diffusion-controlled re-  
action, with a possible slow following reaction. The 
plot shown for the ret inal  reduction is more charac- 
teristic of an ECE reaction, since i.t 1/2 increases with 
time. This result, along with CV data, may establish 
an EC na ture  for the ;~-carotene reduction and an  ECE 
nature  for the re t inal  reduction, al though it is not so 
c l ea r -cu t  

Chronopotentiometric results.--Since it is certain 
from CV and chronoamperometric data that  the reduc-  
t ion of both ~-carotene and ret inal  has either EC or 
ECE character, it would be interest ing to see how fast 
the electrogenerated species, i.e., the radical anion, de- 
cays to the products or other in termediate  species. To 
determine this pseudo-first-order decay rate constant, 
reversal (or cyclic) chronopotentiometric experiments  
were r~rformed and the results are presented in Fig. 
3(a) and (b). Here ktl, obtained from the table pre-  
pared according to Testa and Re inmuth  (14) was 
plotted against  t~, where  k is the pseudo first-order 
decay rate constant  and tl is the current  reversal time. 
For a reversible electron transfer  reaction, in  which 

O.4 
-j 

o~ 
i 1  

0.2 

~0.0/0 / 0 b ~ / / ~  

oq5 ~0 

a 
" 0 0  ~ 0 - " - - -  O ~ 0  0 0 - - - - - - - ~  

I I I 
0.5 1.0 1.5 

t ,  sec 
Fig. 2. Chronoamperometric data. Plot of i . t  1/2 vs. t for the 

potential step at the first reduction potential for (a) fl-carotene 
and (b) retinal. 
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Fig. 3. Chronopoten t iomet r ic  de te rmina t ion  of pseudo- f i rs t -order  
decay rate constant. Plot of ktz vs. t l  for (a) ~-carotene and (b) 
retinal reduction. 
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the e lec t rogenera ted  species is ve ry  stable (or k is 
pract ical ly 0), the ratio of ~2/tl, where  ~2 is the chrono- 
potent iometr ic  t ransi t ion t ime af ter  the current  re -  
versal, should be 1/3 i r respect ive of the reversa l  t ime 
(14, 15). When there  is a kinetic complication, this 
ratio is a function of the reversa l  time, and f rom the 
ratio of T2/tl, one can read kt l  f rom the tabulated 
values or the working curve. If one plots k t l  thus ob- 
tained against tl, a s traight  line should result  with the 
slope equal  to the pseudo f i rs t -order  decay ra te  con- 
stant. The slopes thus obtained f rom Fig. 3(a)  and (b) 
are 0.21 and 0.74 sec -1 for radical  anions of/~-carotene 
and retinal,  respectively.  Mairanovsky et al. (9) re-  
por ted that  the rate  constant of the anion radical of 
~-carotene was 0.21 and 0.76 sec -1 in a T H F  solution 
with  0.3% H20 present. 

A suggested route  of the decay process could be the 
abstract ion of and combination with  the hydrogen ion, 
H +, ei ther  f rom the solvent  or a trace amount  of wa te r  
present  in the  solvent,  i.e. 

R"  + H  + ~ R H "  [I] 

This react ion path  is fur ther  rat ional ized by coulo- 
metr ic  experiments .  The fate of RH'  thus produced is 
discussed in the next  section. 

Coulomet r i c  r e s u l t s . - - T h e  number  of electrons t rans-  
fer red  for reductions or oxidations of these compounds 
was de te rmined  f rom the CV data and shown in Table 
I. To fu r ther  study the electrode mechanisms, coulo- 
metr ic  measu remen t s  were  made and the results are 
listed in Table  IV. Apparen t ly  the coulometric  results 
shown in Table  IV are not in agreement  w i t h  napp ob- 
tained vol tammetr ica l ly .  This indicates that  the re-  
ductions and oxidations of these compounds at the 
electrode are ve ry  complicated. The coulometric  result  
obtained here can be explained by the reduct ion 
mechanism proposed by Mairanovsky et aI. (9) as 
follows 

R +  e - > R "  

or 
Over -a l l  

R '  -}- H+ -> RH �9 

RH'  @ e--> R H -  

R -}- H + Jr 2e--> R H -  

[ I I ]  

R - F e a R '  

R �9 ~- H + --> RH'  [III] 

RH" ~- R " --> R H -  ~- R 

Over -a l l  R % H + ~- 2e--> R H -  

The coulometric  result  does not  distinguish whe ther  
the react ion sequence [II] or [IH] is real ly  occurr ing 
in the reduction. The chronoamperometr ic  results pre-  
sented above seem to indicate that  E-carotene reduc-  
t ion  may  have an EC character  and ret inal  ECE. One 
may therefore  conclude that  E-carotene may  follow 
route [III],  whi le  ret inal  follows route  [II]. This is not 
clear, for even route [III], it is a catalytic process. 

Table IV. Coulometric data, napp* 

R e d u c t i o n  O x i d a t i o n  

F i r s t  S e c o n d  w / o  
S u b s t a n c e s  w a v e  w a v e  I-I~O w / H 2 0 $  

~ - C a r o t e n e  2.2 2.7* 4 .7t  10.1 
e t i n a l  2.Of 2 .7t  - -  - -  

* s e e  p o t e n t i a l s  l i s t e d  in  T a b l e  I. 
t Average values of  m o r e  t h a n  t w o  measurements. 
$ Water was about 20% of the solution. 

These two reactions are too close to be distinguished, 
a l though the above a rgument  is reasonable. 

These results indicate that  an in termedia te  R H -  is 

produced regardless of whe the r  one has R = or R"  as 
a product of the reduction. Inspection of CV's  in Fig. 
l ( a )  and (c) suggests that  the anodic wave  observed 
at about --1.2V ( ~  --0.65V for ret inal)  on potential  
reversal  results only f rom the scan to the second re-  
duction wave. Since the dianion (R =) is formed on 
scanning to the second wave, we a t t r ibute  this wave  
to the react ion 

R = _t_ H+ -> RH - 
[IV] 

R -  -- e ~ R H "  

after the second electron t ransfer  

R "  -~ e--> R = 

at the second reduct ion wave. According to react ion 
path [II] or [III] above, one should have the same re-  

sult, even if one generates R '  at the first reduct ion 
potential.  Indeed, this was found to be t rue  for reduc-  
tions of E-carotene and retinal,  as is demonstra ted in 
Fig. 4. When the potential  is reversed after  the first 
reduct ion wave, there  is no discernable R H -  oxidation 
wave  observed [ (a) in Fig. 4]. If, however ,  one holds 
for a while  at the first reduct ion potent ial  before the 
reversal,  the R H -  oxidation peak is observed. This 
peak height is also found to be a function of the elec-  
trolysis t ime [see (b) and (c) in Fig. 4]. This was t rue 
even when the scan was reversed at the peak potential  
of the first reduct ion wave. The Same behavior  was 
observed for the reduct ion of retinal,  where  the first 
and second waves are separated by about 400 mV. This 
result  confirms that  e i ther  react ion [II] or [III] is oc- 
curring at the electrode. This also indicates that  the 
ra te  of combination wi th  H + is faster  for  R = than  for 

R ' .  One can therefore  readi ly  see that, in the long-  
te rm electrolysis as in the coulometric  exper iment ,  the 
product is R H - .  This is clearly shown in Fig. 5, where  
CV's  are recorded during the exhaust ive  electrolysis. 
As the electrolysis proceeds, the third and four th  re-  
duction waves as well  as the one a t t r ibutable  to R H -  
oxidation at about --1.2V increase at the expense of 
the first and the second reduct ion waves, even  the po- 
tent ial  is controlled so that  only the first e lectron is 
transferred.  The C V  recorded after the electrolysis has 
been completed is shown in Fig. 5(b) ,  where  the 
anodic wave  at --1.2V as wel l  as the third and four th  
cathodic waves remained with  improved shapes. We 
also found that  the anodic wave  appearing at --1.2V 
decayed slowly as a function of time. The decay curve 

I l u A  / 

] I I I 

0.0 1.0 2.0 
-E, V vs. Ag 

Fi 9. 4. Time dependence of RH- generation. (a) Scan reversed 
without delay. (b) Scan reversed after 15 sec delay at the reversal 
potential. (c) Scan reversed after 30 sec delay. This was the reduc- 
tion ef ~-carotene. Scan rates were 100 mV/sec. 
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Fig. 5. (a) Voltammogram of p-carotene after about 40% 
exhaustive electrolysis at the first reduction potential with a scan 
rate of 100 mV/sec. (b) Cyclic voltammogram of F-carotene after 
complete electrolysis. Scan rate was 100 mV/sec. 
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Fig. 6. Log i vs. t plot for the oxidation of RH- (i in #A). 
Species RH" derived fr0m (a) F-carotene and (b) from retinal. 

(log i vs. t plot) is shown in Fig. 6. The excellent 
l inear i ty  of this plot clearly demonstrates that  the de- 
cay is a first-order process. The slope of these lines 
gives the pseudo first-order decay rate constants of 
0.0052 rain -1 for R H -  species derived from F-carotene 
and 0.0060 min  -1 for retinal.  Even after these R H -  
peaks disappeared, the third and fourth waves re-  
mained. This leads us to conclude that these reduction 
waves, which resemble the first and the second waves 
of the parent  compound,  respectively, can be a t t r ib-  
uted to the reduct ion of the other carotenoid compound 
produced by the reduction of ~-carotene, i.e. 

R H -  + H + -> RH2 

RHz + e --> RH2" IV] 

RH2'  + e ~ R H z  -~, etc. 

We a l sono t i ce  that t h e  CV current  corresponding to 
RH2 reduction recorded after electrolysis at the first 

reduction potential  is approximately 1.5 times higher 
than  the reduction current  observed for the parent  
molecule before electrolysis. The higher current  of the 
product reduction wave can be explained by assuming 
that two identical molecules are produced by exhaus-  
tive electrolysis and reduced. This observation along 
with those to be described below may answer the 
question as to the ident i ty  of the reduced product. The 
most reasonable conclusion could be that  the reduct ion 
occurred at 15,15'-positions, resul t ing in  two isolated 
identical  olefinic hydrocarbons, i.e., two axerophtenes 
l inked with an ethylene bridge among others. Theo- 
retically, one should have exactly two times the cur- 
rent  by having this 15,15:-dihydro-F-carotene, since 
one generates two identical molecules by reduction. 
The fact that  we have only 1.5 times the current  in -  
dicates that there should be another  product(s) .  In  
order to confirm this, an absorption spectrum was re-  
corded for the product  in  the THF solution. The ~max'S 
were 336 and 399 n m  with fine vibrat ion structures at 
321 nm (shoulder) and 356 rim, and 369 and  424 nm, 
respectively. According to an empirical formula de- 
vised by }i irayama (17) for the calculation of ~max of 
this type of compounds 

~,max 2 = (37.56 -- 39.68 • 0.920 N) X 104 nm 2 (in THF) 

where N is a constant de te rmined  by the number  of 
effective double bonds a n d  the na ture  and number  of 
substi tuents the prospective product, i.e., two axer-  
ophtenes, should have the ~,max OJ: 332 n m  in THF. If, 
instead, some port ion of F-carotene is reduced at either 
the 11,12- or the l l ' ,12'-posit ion, the product has one 
more double bond than  axerophtene,  and is expected 
to have the ~.max of 393 rim. Both ~max'S observed are in 
good agreement  with those calculated and one may 
therefore conclude that the major  reduct ion product is 
15,15'-dihydro-~-carotene and the by-product  may be 
l l ,12-dihydro-~-carotene.  Further ,  the reduction po- 
tential  of this product  is --2.46V vs. SCE (Table I) and 
the reduction potential  of axerophtene (9) is reported 
to be --2.32V vs. SCE. There was always some current  
observed between the second and the thi rd  reduct ion 
peaks, al though the wave was not well defined. This 
may be due to the reduction of l l ,12-dihydro-product ,  
since this compound is expected to reduce at lower 
potential  than  t5,15~-dihydro-product. 

When the exhaustive electrolysis was carried out at 
the second reduct ion potential,  where only R = is pro- 

duced instead of R ' ,  the result  was exactly the same. 
The number  of faradays per  mole of the paren t  mole-  
cule at the first reduct ion potential  is also the same 
as the one obtained by the electrolysis at the second 
reduction potential  wi thin  exper imental  error (Table 
IV). These results are justified by the electrode 
mechanisms already described. 

In  the case of ret inal  reduction,  the resul t  was the 
same except that  the reduction current  corresponding 
to the product w a s  much lower. The reduct ion wave 
corresponding to that of the product  appeared at ap- 
proximately the same potential  as those of retinol, b u t  
the yield was quite low, j udg i ng  from the current  ob- 
served after reduction, when the :absorption spectrum 
was obtained f rom the electrolyzed product, there ap- 
parent ly  was a component corresponding to the ab-  
sorption of an alcohol ( ~  325 nm ret inol) ,  but  this was 
not the major  band. The major  absorption bands were 
at 245 and 292 nm. This indicates that the reduction 
occurred mostly at the double bond .of the hydrocarbon 
rather  than  at the carbonyl group. From the same cal- 
culations as above, one can deduce that the most re-  
duction occurred at 11,12- and 13,14-positions, whose 
calculated kmax are 243 and 290 rim, respectively. The 
alcohol, apparent ly  a by-prodcut  of the reduction of 
retinal,  could be simply ret inol  or a glycol, as already 
reported (10,11). Addit ion of H20 to the solution 
(~20%) did not c h a n g e t h e  reduction p roduc t  dras- 
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tically. The same result  was obtained by electrolysis at 
the second reduction potential.  

In  summary,  the f01Iowing electrode mechanisms 
are consistent with results presented 

k s  - 

R + e - - - - > R "  

R -  + e - > R  = 

- k l  

R" + H  + -  ~RH" [VI] 

o r  

RH" + e -> R H -  

RH" +R" --> R H -  + R 

R H -  -b H + ---> RH2 

where kl is 0.21 and 0.74 sec -1 and k2 is 5.2 • 10 -3 
and 6.0 • 10 -~ min  -1 for ~-carotene and retinal,  re-  
spectively. 

Oxidation of p-carotene.--Since the oxidation of ~- 
carotene is of a major  interest  in terms of the in vivo 
reaction, our s tudy is l imited to that  of ~-carotene 
only. No at tempts were made to s tudy oxidation proc- 
esses of re t inal  and ret inol  in detail. 

Two electrons were found to be involved in oxida- 
t ion of ~-carotene at the electrode by both our result  
and the one reported by Mairanovsky et al. These 
authors proposed an oxidation mechanism, where  RH2 
is a paren t  molecule 

RH~ - -  2e -> RH~ + + 

RHs+ + --> RH + q- I-I + [VIII 

RH + + e -> RH" -> products 

i.e., ~-carotene. The most probable product could be a 
dimer, and/or  polymers, if the above mechanism de- 
scribes the electro-oxidation, since the free radical 
would ini t iate  dimerization. This reaction, however, 
was found to be more complex than the one postulated 
above. The controlled potential  coulometry result  
Shows that  4 Or 5 electrons may  actual ly be involved 
in the over-al l  oxidation reaction. With water: present,  
approximately 10 electrons are involved as shown in 
Table IV. 

Inspect ion of CV shown in  Fig. 1 (b) indicates that  
there are two reductions o f  either a product  or a n ' i n -  
termediate  species at N 0.20 and ~ --0.10V on reversal  
scan. The reduct ion wave at about --0.10V is not ap-  
parent  from the figure shown, bu t  this was t rue in all 
of our observations. This vol tammetr ic  behavior  is dif- 
ferent  from the one reported by Mairanovsky et al., 
where they had only one reduc t ion  wave on reversal, 
which they a t t r ibuted to H + reduction. We have  car- 
r ied out the exhaust ive electrolysis and the CV'S were 
recorded, while the electro-oxidation was  be ing  car- 
ried out (not shown).  On electrolysis at:the large plat i -  
n u m  electrode, t h e  two reduct ion waves behaved dif- 
ferently:  The cathodic current  at 0.20V was decreased 
as the concentrat ion of ~-carotene was depleted, while 
the one at --0.10V increased as the electrolysis pro- 
ceeds. The increase in  the cathodic current  at --0.10V 
was much faster than  the decrease in  fl-carotene con- 
centration. This result  indicates that  the former must  
be a reduct ion of an intermediate,  while the lat ter  
should be a product, e.g., H +. After  the electrolysis 
was completed, the current  at --0.10V was approxi-  
mately  twice the oxidation current  or four times the 
reduct ion current  of ~-carotene before electrolysis. As- 
suming that  this is the I-I + reduction, the amount  of 
H + was determined coulometrically and the number  
of H + released was about 4.1 moles for each mole of 
~-carotene. After  this was completely reduced coulo- 
metrically,  no major  reduct ion peaks appear wi th in  

the background potent ial  of THF. There were, how- 
ever, low currents observed at potentials  which might  
correspond to reduction of alcohols. Products, there-  
fore, seem to be the cleaved hydrocarbons having 
fewer double bonds, and /or  the alcohol derived from 
the carbonium ion with the trace of water.  

Absorpt ion spectrum of the electrolyzed solution 
without water  shows that there are many  products ab-  
sorbing at wavelengths ranging 240 N 400 nm. Dimeri-  
zation, therefore, is not a l ikely process and oxidative 
cleavages seem to be the main  ones occurring instead. 
No attempts were made to analyze the products. 

When water  was added ( ~  20%) and eIectrolyzed, 
there seemed to be a single product  formed, or at least 
a large amount  of a single compound with small  or 
trace amounts  of by-products.  The CV recorded after 
exhaustive electrolysis at the first oxidation potential  
in  the presence of water is shown in Fig. 7, and we 
notice that this resembles the reductions of both 
ret inal  and ~-carotene. The fact that  the reduct ion po- 
tent ial  is lower suggests that  this compound should be 
an aldehyde wi th  longer chains than retinal.  The ab-  
sorption spectrum of this solution was obtained and 
~max was at 406 nm with two vibrat ional  structures at 
383 and 428 nm (408 nm in petroleum ether and 409 
n m  in  ethyl alcohol). This product  is identified to be 
fi-apo-12'-carotenal by comparison with absorption 
spectra in the l i terature (2, 18, 19). 

We do not have data to conclude the electrode 
mechanism of this process, but  the over-al l  reaction is 
found to be 

~-carotene -- (4 ~ 5)e --> product(s)  

+ 4 H  + (without  H20) [VIII] 
and 

~-carotene + nH20 -- 10e 

-> ~-apo-12'-carotenal  (with H20) [IX] 

Since the one-step oxidative cleavage at 11,12-position 
to form the above product '  f rom reaction [IX] would 
require a four-electron process, we can conclude that 
reaction [IX] is a mult is tep process. 

I2 u/~ 

0.0 0.5 1 0  1.5 

-V, vs. Ag 

Fig. 7. Cyclic voltammogram after exhaustive oxidation of fl- 
carotene in the presence of H~O (,-,20%) with a scan rate of 
1 O0 mV/sec. 
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Conclusion 
The resul ts  of both oxidat ion  and reduct ion of se- 

lected carotenoids in  THF solutions indicate  tha t  elec-  
t rode reactions do not have the same specificities shown 
by in vivo reactions.  The react ion specificities cannot  be 
expla ined by the theoret ica l  indexes,  ei ther .  Quantum 
mechanical  indexes  calcula ted by  Pu l lman  (20, 21) 
wi th  the LCAO method  are  reproduced  in Fig. 8. Al l  
of these indexes  indicate  tha t  the double  bond at  the 
5,6- or t e rmina l  posi t ion has a h igher  reac t iv i ty  than  
those inside; ye t  the resul t  we obta ined is not in agree-  
men t  wi th  theore t ica l  predict ions.  As the  Pu l lmans  
discuss (21), the t e rmina l  a t tack  is more  l ike ly  than  
t h e  a t tack  at  the  centra l  double  bonds. This might  
have been what  has happened  in the B-carotene oxi-  
dat ion as suggested by  the number  of electrons t r ans -  
f e r red  for react ion [IX],  as a l r eady  pointed out. There  
have been some evidences tha t  B-apo-12'-Carotenal  is 
an in te rmedia te  in ra t  metabol i sm (6) of p-carotene.  
We stil l  cannot  offer any explana t ion  as to why  the 
e lect rochemical  react ion stops at the 12-position, whi le  
in vivo react ion stops at the 15-position to produce the 
ret inal .  There  is a l so  no reasonable  explanat ion  for  
the reduct ion of B-carotene at  e i ther  t h e  15,15'- or 
11,12-position. Since the LCAO method of Pu l lman  
(20, 21) f a i l ed  to expla in  the react ivi t ies ,  a more  
e labora te  theoret ica l  t r ea tmen t  m a y  be desired.  

1 o98  1 o. 9 1 lo171 

Electrical Charges 

80nd Orders 

Free Val~nces 

Fig. 8. Quantum mechanical index of B-carotene. Token from 
Ref. (21). 

Although we did not  r eproduce  the in vivo react ion 
at the e lectrode surface, the e lec t ro -ox ida t ion  os B- 
carotene in the presence of wa te r  m a y  find some syn-  
thetic applications,  since B-apo-12-carotenal  is known 
to be a good v i tamin  A precursor  (22). 
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The Theory of the Light-Induced Evolution of Hydrogen 
at Semiconductor Electrodes 

J. O'M. Bockris* and K. UosakP 
School of Physical Sciences, Flinders University of South Australia, Adelaide, A~stralia 

ABSTRACT 

The photoelectrode kinetics of the hydrogen evolution reaction is con- 
sidered, using the WKB approximation for the penetra t ion of the barr ier  at 
the semiconductor-solut ion interface. The absorption characteristics of photons 
in  the eIectrode are introduced and the n u m b e r  of electrons produced at the 
surface is obtained as a function of the semiconductor statistics, and also 
diffusion and field effects. The model makes use of the conclusion that the 
photo-produced electrons have been deactivated to the bottom of the con- 
duction band by the t ime they have diffused from the point of photon ab-  
sorption to the surface. Image energy and the potential  difference in  the 
double layer at the semiconductor-solut ion interface are taken into account. 
The expression obtained for the photo hydrogen current  density is tested in  
its abil i ty to predict the photo-current -potent ia l  curves at the gal l ium phos- 
phide cathode. Agreement  with exper iment  is fair. Discrepancies are dis- 
cussed. 

Al though photoeffects on electrochemical reactions 
at semiconductor-solut ion interfaces have been studied 
intensively  (1-3), few theoretical analyses have been 
given (4-6). These all have the substant ia l  defect that 
they consider the activation of electrons arising from 
interactions wi th in  the semiconductor and neglect an 
analysis of t ransfer  through the electric double layer 
at the semiconductor-solut ion interface. 

Photoeffects on electron t ransfer  reactions at the 
metal /solut ion interfaces have been studied by Brod- 
sky et al. (7). Bockris et al. (8) have treated photo- 
effects in  hydrogen evolut ion reaction at metals, using 
the WKB approximation for electron tunne l ing  
through the double layer (9, 10). 

In the present  paper, we apply this approach to 
photoeffects in  the hydrogen evolution reaction at 
p~type semiconductors, taking into account the acti- 
vat ion and t ransport  of photogenerated electrons to 
the electrode surface. The approach made is quasi-  
phenomenological and does not a t tempt  a general  solu- 
tion, independent  o f  any assumption as to a ra te-  
de termining step. 

OHP. Energy levels are counted as zero in  value at  
the bottom of the conduction band. 

In p- type electrodes, the absorption of photons ac- 
tivates electrons in the conduction band  where they 
are available for cathodic reactions. (Contrast  thermal  
electrochemical reactions at the semiconductor-solu-  
t ion interface, where p- type  electrodes usual ly  func-  
tion as anodes).  

The val idi ty of the use of the WKB approximation 
was examined by Sen and Bockris (9), who compared 
the approach with that  of the t ime-dependent  per tur -  
bation theory, the results showing that  the WKB ap- 
proximat ion does not differ in  order of magni tude  
from a t ime-dependent  per turba t ion  calculation for 
electron transfer  (though there are significant dis- 
crepancies for proton transfer  calculations).  

Photon Absorption and Electron Excitation 
The number  of photons, the energy of which is h~, 

absorbed by the semiconductor between x and x + dx 
from the surface, Nph (x)dx,  is given by 

Assumptions 
In  the absence of evidence to the contrary (11, 12), 

it is assumed that charge-transfer  is the ra te -de ter -  
mining  step for the semiconductors used 

p-SC(e)  W H~O + --> p-SC--H----H20 [1] 

The cathodic current,  ic, is given by (8, 13) 

i c : e o ~ T  ~ N ( E ) W ( E ) G ( E ) d E  [2] 

where eo is the uni t  charge; N(E) is the number  of 
electrons arr iving at the surface per un i t  area per 
uni t  t ime with energy, E; W(E) is the WKB tunne l -  
ing probabil i ty  of electrons through the potential  
barr ier  at energy, E; G(E) is the dis tr ibut ion function 
of the v ib ra t iona l - ro t a t iona l  states of an acceptor, 
H30 § at energy, E; CA is the number  of acceptors 
per uni t  area in the Outer Helmholtz Plane (OHP);  
CT is the total number  of sites per un i t  area in the 

* Electrochemical  Society Act ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Mi t sub i sh i  P e t r o c h e m i c a l  C o m p a n y  L~mited,  

Ami ,  I b a r a k i ,  J a p a n .  
K e y  w o r d s :  h y d r o g e n ,  s e m i c o n d u c t o r ,  pho toe f f ec t ,  e n e r g y  level .  

Nph (x) dx = Io ( 1 -- RD ,xe-  ~z~dx [3] 

where Io is the total n u m b e r  of photons of incident  
light of energy h~ per uni t  area per uni t  time (cm -2 - 
sec -~) ; Rx and ,x are, respectively, the reflectivity and 
the absorption coefficient of the semiconductor for the 
wavelength L 

Each absorbed photon, the energy of which is greater  
than the energy gap of the semiconductor, makes an 
excited electron in the conduction band and a hole in 
the valence band. Therefore, the number  of elec- 
trons excited between x and x -5 dx, Ne(x)dx, i s  equal 
to the number  of photons absorbed be tween x and 
x ~ dx, iVph(x)dx, and also to the number  of holes 
produced in the valency band. From Eq. [3], Ne(X)dx 
is given by 

Ne(x)dx  ~- Nh(x)dx  : Nph(X)dx [4] 

Number of Electrons Arriving at the Electrode Surface 
The electric field at the surface of a semiconductor 

is well known from the work of Kingston and Neu- 
s t id te r  (14). It is possible to extend their result  in  
finding an expression for the field at any  point  wi thin  
the semiconductor. 

223 
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One finds mean free path for an e lect ron-phonon collision is 

( d r )  ~ : 8 = k T  
-~x  = : + - -  V �9 [ - - ( N D - - N A ) Y 4 - P ~  4 -n~  [~] 

where 
eo(V=- Vb) 

y = [6] 
kT 

and the 4- sign is for y < 0. 
The number  of photoexcited electrons, originally 

expressed for x = x in Eq. [3] and [4], decreases to 
N~,~=x-dz(x)dx, after t ravel ing dx. Then 

1 
- ~ d x  

L(x) 
N,,~=:-~(x)dx = N,(x)e dx [7] 

where L(x ) ,  the mean  free path of electrons at x, is 
given by (15) 

2~D 2 
L(x) = [ 8 ]  

N/ls 2 4- 4ID 2 -- 1E 

where lD iS the diffusion length and 1E is the drift  
length. The terms lD and lE are given by 2 

lD : ~/Dre : x/3OO~e~ekT/eo [9] 

LE = ~e#eV' (x) [10] 

respectively, where #e is the mobil i ty  of the electron 
cm 2 V -1 sac -1, ~e is the l ifetime of the electron, and 
V'(x)  is the potential  gradient  at x ( - - ( d V / d x ) x  in V 
am -1) . 

Similar ly  
1 

d x  
L(x -- dx) 

Ne,x=z-2dx (X) dx : Ne,x=x-dx (X) e dx  

(1  , ) 
+ ~ d x  

L(x) L(x dx) 
= Ne(x )e  dx [11] 

After N steps (N --  x / dx ) ,  at the surface 

1 
- - -  d~r 

L(dx) 
Ne,x=o (x )dx  = Ne,==,~=e dx  

(1 
- -  . ~ +  + - - - + ~  d x  

L ( x )  L ( x  -- d x )  L ( d x )  
= Ne(x)e  do: 

[12] 

N~,~=o(x)dx is the number  of electrons excited be-  
tween x and x 4- dx arr iving at the surface per uni t  
area per uni t  time. Therefore, the total number  of 
electrons arr iving at the surface per uni t  area per uni t  
t ime Ne (h~,V), is given by 

s Ig,(hv, V) = lg,.~=o(x)dz [13] 

which represents all the electrons excited by photons 
at any distance inside the semiconductor and which 
reach the surface, where V is the p.d. inside the semi- 
conductor. 

The Energy of an Electron Arriving at the Surface 
The exper imental ly  observed independence of the 

so-called critical potential(i .e. ,  the potential  at which, 
for light of a given wavelength,  the cur ren t  begins) 
with the energy of the exciting photons, Fig. 1 (16), 
suggests that  the energies of all the photoexcited elec- 
trons are the same by the time they reach the surface. 
It  seems reasonable to postulate that this energy is the 
bottom of the conduction band. Thus, the average 
path length of an electron is 1/a -~- 10 -4 cm. A typical 

/~ a n d  eo m u s t  b e  in  g a u s s i a n  u n i t s .  

(17) 60A. Hence, a typical energy loss for electrons in  
reaching the surface is (104/60). 0.025 eV ( ~ 4 e V ) .  
Thus, the photoexcited electron is effectively deac- 
t ivated to the energy at the bottom of the conduction 
band before it reaches the surface (though it does not 
cross the energy gap, which would need a deactivating 
cause equivalent  in energy to several electron volts). 

Electron Transfer Process 
Energy level of an acceptor in solution.--The en- 

thalpy change ]or electron transfer from a semicon- 
ductor to HsO+.--The s tandard enthalpy change, 
~H (e), for an electron transfer  reaction corresponding 
to Eq. [1] from the bottom of the conduction band 
of the semiconductor at the surface to the proton in  
solution When the proton-solvent  system is in  its 
ground state and no potential  drop it in  the electric 
double layer can be obtained by using the following 
thermodynamic  cycle 

p-SC(e)  4- HaO + 
? Lo 

p-SC(e)  4- H + 4- I-I~O 

f --Ea 
p-SC 4- etvac) 4- H + 4- H20 < 

AH(e) 
, > 

J 

p - S C - - H - - H 2 0  
4,--R 

p - S C ~ H  4- I-I20 
, I , - -A 

p-SC 4- H 4- H20 

where R, A, J, Ea and Lo represent the H-HfO repul -  
sive force, the heat of adsorption of a hydrogen atom 
on the semiconductor, the ionization potential  of the 
hydrogen atom, the electron affinity of the semicon- 
ductor, and the hydrat ion energy of proton, respec- 
tively, i n  respect to R and A, these quanti t ies are dis- 
tance dependent  and the distance assumed was that 
appropriate to their state at neutral izat ion.  Therefore 

~H(e) = - -Lo + Ea -- J + A + R [14] 

The energy level of an electron in the ground state of 
the HsO + ion.--By taking into account the potential  
drop in the electric double  layer  at the flatband po- 
tential  (Fig. 2), the energy level of an electron in the 
ground state of HaO + with respect to the bottom of 
the conduction band at the flatband potential,  AH' (e), 
is given by 

0'3 

>-  

o 

LL 
LL 
LLI 

F-- 

Z .< 
o 

.o /O ~ 3500 .~ (EXP) 

0 ~ 0  - ~ 0 ~  

0 ' 2 -  / 

o 

/ x....x........x- 4000~o (EXP) 

0-1 / ;  
/ ~ /  j . ~ ,~ .__ ,~ , -  4500A (EXP) 

0 -~ I I 
0'5 0 -0"5 -t-0 

ELECTRODE POTENTIAL . V vs NHE 
Fig. 1. The experimental quantum efficiency-potential relations 

of p-GaP in 1N H2S04. 
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I 
f:L 

~=. 

> 

Art'(e) ---- AH(e) 4- F(SCAS~)fbp 

: --Lo + Ea -- J + A + R + F(SCAS@)fbp [15] 

where  scAsr is an  absolute  po ten t ia l  (18, 19). 

The barrier :for electron transSer.--Image interac- 
tion and the dielectric constant oJ water.--We have 
neglec ted  the  in terac t ion  energy  be tween  an emi t ted  
e lect ron and its image  in a meta l  in the  ba r r i e r  con- 
s t ruct ion for the photoeffect  at  meta l  e lectrodes (8). 
In  these calculat ions,  the opt ical  dielectr ic  constant  
was used for the  dielectr ic  constant  of water .  The 
reason for the  neglect  of the image  in terac t ion  was that  
the  emi t ted  electrons t r ave l  across the  ba r r i e r  too 
quickly  to make  an image in the semiconductor .  The 
optical  dielectr ic  constant  was used for  the  same 
reason. 

However ,  there  was some misunders tand ing  in these 
considerat ions.  When  one wants  to construct  a po-  
tent ia l  bar r ie r ,  one should consider  an ideal  test  
charge, i.e., a ("classical")  e lectron moving slowly 
enough to make  its image  in the  semiconductor ,  Thus, 
the  in te rac t ion  energy  be tween the emi t ted  e lec t ron 
and its image  should be t aken  into account in  de te r -  
min ing  the energy  ba r r i e r  and the stat ic dielectr ic  con- 
s tant  of wa te r  [ = 6  for  the or iented wa te r  molecules  
adsorbed on the electr ic  double  l aye r  (20,21)] .  

The image interact ion,  Uim (x) ,  is g iven  by  

e o  2 cst - -  �9 
Utm (x) ---- [16] 

4z,st ,st 4- �9 

Interaction with ions in the OHP and their images . -  
When a photoexci ted  e lect ron leaves the  semiconduc-  
tor  surface, i t  in terac ts  wi th  all  ions in the  OHP and 
thei r  e lectr ical  images  in  the  semiconductor .  The Cou- 
lombic force be tween  this e lec t ron  (x  ~rom elec t rode)  
and  al l  ions in OHP and the i r  images, F(x) ,  is g iven 
by  (8) 

eo~ 
F ( x ) :  -- 

(6r - -  do-H -- Z)Se~'t 

e o  2 e - - e s t  
+ 

(Or - -  do~  + x ) s , , t  �9 + 

2=eo'~( d - - z  

e s t  ~=I { ( d  -- X )  2 -{- I%2R12} 3/~ 

d+z __'--'st I [17] 

{(d + x)2 + ~Ri~}8/2 , + ,st ] 
where 5r is the distance between the electrode surface 
and the nearest proton of the H30 + ion, do-H is the 
distance between hydrogen and oxygen atom in water, 
d is the distance between the semiconductor surface 
and OHP, est is the  s tat ic  dielectr ic  constant  of water ,  
n ---- 1, 2, 3 and represents  the  succession of r ings  of 
ions a round  a given centra l  ion, and Ri is the  dis tance 
be tween  two ions in the  OHP, depending  on its cov-  
erage wi th  ions and de te rmined  by  Ri --  4ri/(=#) 1/~, 
where  # is the  coverage and ri  is the radius  of the  ions. 
Potential barrier.--From the  above considerat ions,  the  
poten t ia l  energy  b a r r i e r  for  e lec t ron t ransfer ,  U ( x ) ,  
f rom the  surface of the semiconductor  surface to the 
H~O + is given by  

s U(x) : U[m(x) 4- E(z)dx -F eoX=z [18] 

where Xx is the field in the double layer. 

Potential Drop in the Semiconductor and in the 
Double Layer 

The potent ia l  drop in  the e lect r ic  double  l aye r  a t  
the SC-solut ion  in ter face  is of ten considered to be 
negl ig ib le  (22). However ,  when  the  car r ie r  densi ty  of 
the semiconductor  is high, or the  dens i ty  of the  su r -  
face states is high, the potent ia l  drop  in the  e lect r ic  
double l ayer  cannot  be ignored.  We can obta in  this  
quan t i ty  f rom an  analysis  of the  Mot t -Scho t tky  p l o t  
(23, 24). 

The Mot t -Scho t tky  re la t ion  is g iven by  

Csc 2 eeoNA ~sc eo [19] 

where  Csc is the space charge capacity,  NA is the  con- 
cent ra t ion  of ionized acceptors,  and  %sc is the  po ten-  
t ial  drop in the space  charge layer .  

The appropr ia t e  re la t ion  in the  case of measu re -  
ments  in  solut ion is 8 

-- - -  V -- Vfbp  -- - -  [ 2 0 ]  
C 2 eeoNA eo 

where  C is the  to ta l  capaci ty  of the e lec t rode  (ne-  
glect ing the roughness  factor)  and V and Vfbp a re  the  
e lect rode potent ia l  and the f la tband poten t ia l  wi th  
respect  to a reference  electrode,  respect ively.  

Since (see Fig. 2) 

V - -  Vfbp  : ~SC 2C AA~bH [21] 

3 C s c  h a s  been assumed e q u a l  to  Cmeasured because  o ther  capac i -  
t a n c e s  ( e . g . ,  t h a t  of  t h e  c o u n t e r e l e c t r o d e  a n d  H e l m h o l t z  l a y e r )  
are much larger than Csc and hence negligible in series array. 
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where 
AACH _-- ( s c A s ~ ) v -  (scAsr [22] 

and ar  is the Galvani  p.d. in the  double  l aye r  at  V 
and the fbp, respect ively,  then, Eq. [21] becomes 

= ~ s c  + AAr  - -  - -  [23]  
C 'z ,eoNA eo 

Only when  A A ~  = 0 or AA~H =C~s~, w h e r e  c is a 
propor t ionaI  constant,  does the  plot  be tween  (1/C ~) 
and V become l inear  (23, 24). 

If AaeH ---- 0, Eq. [21] becomes Eq. [20] and the slope 
of the exper imen ta l  p lot  (Eq. [21] ) mus t  be the  same 
as that  of the  theore t ica l  plot. 

In  the  case of AA~H -- C%sc, Eq. [24] becomes 

- - =  - -  ~ s c ( l + c )  - - - -  [24]  
C ~ ~eoNA eo 

and thus, c can be ca lcula ted  by  compar ing the ex-  
pe r imenta l  slope wi th  the  theore t ica l  one. This is the 
case found in r e c e n t  expe r imen ta l  work  (16). 
( V  - -  V f b p ) / ( 1  -~- C) gives the potent ia l  drop in the  
space charge l aye r  in the  semiconductor.  

De Gryse  et al (25) cri t icized reasoning of this  type  
by  showing tha t  the  slope of the  plot  has the same 
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value whe ther  the  potent ia l  drop occurred in  the 
electr ic  double  l aye r  or  not. However ,  in thei r  t r ea t -  
ment  they  assumed an absence of surface charge and 
this assumpt ion l imits  the appl icab i l i ty  of the  in te r -  
pretation.~ The exper imen ta l  pH dependence  of the 
f latband potent ia l  can only be in te rp re ted  by  assuming 
the existence of surface states, and the discussion of 
de Gryse  et al. on this ma t t e r  is no longer  d i rec t ly  
appl icable  to s i tuat ions of this kind.  

Photocurrent Expression 
By tak ing  into account the  above considerat ions  and 

Eq. [2], the  photocurrent ,  ip, is g iven  by  

CA ~ 
% = eo---~T., ~ l V ( E ) W ( E ) G ( E ) d ~  

= eo ~ Ne (hv,~sc) 

e x p  { - - ~ k / 2 7 r ~ e ( U m ~ - e o ~  ) 

exp { - -~(AH(e)  -5 eoAACH)/kT} [25] 

where  Ne(h~,~sc) is the number  of electrons a r r i v ing  
at  the surface when the potent ia l  drop in the semi-  
conductor  is ~se and can be obta ined  f rom Eq. [13] 
replac ing V by csc; Uma~ is the ba r r i e r  m a x i m u m  wi th  
respect  to the  bo t tom of the  conduction band at  the 
f la tband potent ia l ;  AACH is defined in Eq. [22]; and V 
is defined in Eq. [21]. The use of eoAAcH for the e lec t ron 
energy in the tunnel ing express ion is consistent wi th  
a model  in which the electrons a r r ive  wi th  a un i form 
energy at  the bo t tom of the conduction band, i.e., 
Ee -" 0; and the bar r ie r  is then influenced by  the p.d. 
in the  double l aye r  in the  sense tha t  the ba r r i e r  is 
reduced when  Aar is negative.  ~,6 

Computation of the Photocurrent-Potential Relation 
and Comparison with Experimental Results 

Photocurren ts  were  calcula ted for the example  of 
GaP for different  wavelengths  of l ight  as a function of 

4in  general ,  the  p.d. at a semiconductor-solut ion interface will 
be par t ly  in the  solution if t h e  d o p i n g  is very high or there  is a 
significant concentra t ion of surface states. 

6 Equat ion [25] is no longer  an integral  because t r ans fe r  is seen 
as occurr ing only f rom electrons at the  bot tom of the  conduction 
band (i.e., pho togenera ted  electrons have been deactivat4d unti l  
t h e y  arr ive at the  interface at a potential  V~). 

~A rough  computa t ion  for  GaP-NaOH at 0 on the  NI-I scale 
s u g g e s t s  that  about  50% of t h e  e l e c t r o n s  activated by light reach 
t h e  sur face .  T h o s e  w h i c h  do  n o t  t u n n e l  to the  solution aeact ivate 
at t h e . s u r f a c e  to t h e  v a l e n c e  band.  

Fig. 3. Schematic diagram of the potential energy barrier for 
electron transfer from GaP electrode at flatband potential to an 
acceptor. (Eg is the energy gap; critical potential =- potential 
at which photoaurrent commences.) 

potential .  A schematic  energy diagram,  which shows 
the shape of the bar r ie r ,  is shown in Fig. 3. I t  was 
constructed by  the use of Eq. [16] and [17] in Eq. 
[183. 

The values  used for the  calculat ion of ip th rough  
such a ba r r i e r  by  the  use of [25] are:  ~e = 10 -1~ sec 
(26), #e =- 300 cm2/V �9 sec (27), Lo --  --11.3 eV (28), 
Ea ~-- 4.3 eV (27), J --  13.6 eV (28), A _-- --0.3 eV 
(29), R = --0.1 eV (30), e _-- 11 (31), Eg ---- 2.25 eV 
(27), Vfbp ---- 1.13V (NHE) (16), and c = 1.32 (16). 
(scAs~)fbp is t aken  from values given in the  paper  of 
Bockris and Uosaki  (32). The theoret ica l  r esu l t s  a re  
shown in Fig. 4 (a ) ,  (b) ,  and (c) and are  compared  
with  exper imen ta l  results.  The calcula ted and exper i -  
menta l  resul ts  agree  fa i r ly  in respect  to the posi t ion 
and shape of the  quan tum eff iciency-potent ial  relat ion.  
The potent ia l  at  which  the pho tocur ren t  commences 
( the so-cal led  cri t ical  potent ia l )  is p red ic ted  to be 0.2- 
0.4 too positive. 

Discussion of Discrepancies Between Theory and 
Experiment 

Discrepancies be tween  theory  and exper imen t  exist  
as follows: 

1. Theore t i ca l ly  es t imated  quan tum efficiencies are 
onty 20-~0% of the exper imen ta l  quan tum efficiencies. 

2. The posi t ion of the theoret ica l  quan tum effi- 
c iency-potent ia l  re la t ions  appear  at about  0.2-0.4V 
more  posi t ive than  those of exper iment .  

These discrepancies may  be due to cumula t ive  un-  
cer ta int ies  in  the  quanti t ies  of Eq. [17] which give the 
energy levels  of electrons in the neut ra l ized  HzO+; 
AH(e) at the  f la tband potent ia l  and uncer ta in t ies  in 
the  value  of the ba r r i e r  width,  which  has been t aken  
at 2t2A., following the reasoning of Matthews  and 
Bockris (28). 

In respect to the determination of AH(e), the differ- 
ence betwen the Fermi level and the top of the valency 
band was assumed to be zero. However, this quantity 
depends on the carrier density and has the order of 
0.01 ~ 0.2 eV. Were this taken into account, the theo- 
retical quantum efficiency-potential relations would 
shift toward more negative potentials (i.e., an im- 
provement) by 0.01-0.2V, depending on the carrier 
density. 
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In respect  to the de te rmina t ion  of the  ba r r i e r  d imen-  
sion, the e lect ron was assumed to t ransfer  to a p ro -  
ton in the  second l aye r  of water ,  to which a proton 
t ransfers  f rom H80 + in the  OHP pr ior  to e lect ron 
t ransfer  (28). 7 However ,  i t  m a y  be possible tha t  a 
proton t ransfers  to wa te r  a t tached to the  electrode 
surface, and electrons t ransfer  to that.  In  this case, 
the  b a r r i e r  thickness  becomes much smal le r  than  that  
assumed and, therefore ,  h i g h e r  quan tum efficiency 

7 The origin of this model lies in the interpretation of the values 
observed for the dependence of the separation factor on the po- 
tential (11). Much l o w e r  b a r r i e r  widths give separation f a c t o r s  
which are too large. 
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than those calculated in the presen t  model  would  be 
expected.  
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Prediction of Flatband Potentials at 
Semiconductor-Electrolyte Interfaces from 

Atomic Electronegativities 
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ABSTRACT 

The electron affinities of several metal  oxide semiconductors that have 
been used as anodes in  photoelectrochemical cells are calculated using the 
atomic electronegativities of the consti tuent atoms. These electron affinities 
are quant i ta t ively  related to the measured flatband potentials by considering 
the effects of specific adsorption of potent ia l -de termining  ions (for metal  
oxides used in photoelectrolysis, these are usual ly O H -  and H+) .  Methods 
are discussed for determining the pH at which net adsorbed surface charge 
and thus potential  across the Helmholtz layer is zero (point of zero zeta 
potential,  pzzp). This pH value is shown to correlate with the electronega- 
t ivi ty of the metal  oxides. The application of these ideas to other semicon- 
ductor-electrolyte systems is discussed. 

The use of semiconducting metal  oxides to decom- 
pose water photoelectrolytically is a process which has 
recently attracted considerable interest  (1). The abil-  
i ty of the photoelectrolysis cell to operate with little 
or no external  bias in the system is a function of the 
degree to which the flatband potential  is more negative 
than the hydrogen evolution potential.  Thus it is very 
useful to be able to predict the fiatband potentials of 
possible semiconducting metal  oxide electrodes. In a 
recent publicat ion (2) we showed that  a correlation 
existed between the atomic electronegativities of the 
consti tuent atoms in t i tanates of the lorm MTiO~ and 
the flatband potentials. In  this paper, we extend this 
idea to all metal  oxides and show it is capable of quan-  
t i tat ively predicting the flatband potentials. 

In actuality, the quant i ty  predicted from the atomic 
electronegativities is the electron affinity, EA, of the 
semiconductor. However, since the semiconductor 's flat- 
band potential, Vfb, and  its electron affinity, EA, are 
essentially measures of the position of the intr insic 
conduction band with respect to different reference% 
(standard calomel reference electrode and vacuum, re-  
spectively),  they can be directly related by 

EA -- Eo + Vfb + Arc Jr ApH [1] 

where Eo is a constant  relat ing the reference electrode 
to the vacuum level (Eo -- 4.75 eV for SCE) (3), Ale 
corrects for the difference between the doped Fermi 
level and the bottom of the conduction band (A~r 
0.1 eV for heavily doped metal  oxides) (2) ,  and ApH 
is the potential  drop across the Helmh01tz layer due 
to specific adsorption of OH = and H + ions. There 
exists some unique  point for each semiconductor where 
the number  of positively and negat ively charged po- 
ten t ia l -de termining  ions at the interface are equiva-  
lent: At this point, the potential  drop across the Helm- 
holtz layer  due to adsorbed ions is zero and ApH o r  its 
equivalent  for other adsorbed ions is zero. This point, 
called the po in t  of zero zeta potential  (pzzp) (4), is 
the only point  at which t ru ly  meaningful  fiatbands 
can be measured and it is this fiatband t o  which the 
calculated electron affinities should be compared. We 
will discuss the determinat ion of the pzzp ior  several 
metal  oxides and show that it correlates to the Fermi  
energy of the undoped metal  oxide semiconductor. 
With these two correction factors (Arc and ApH) taken 
into account,  the predicted and measured flatband po- 
tentials are in excellent agreement. Additionally,  we 

* Electrochemical Society Active Member. 
/Key words: photoelectrolysis,  zeta potential,  electron affinity. 

will discuss some of the implications of ~hese ideas to 
nonoxide electrodes and other than  aqueous redox 
couples. 

Calculation of Semiconductor Electron Affinity 
Consiaera•le success has been achieved in calcu- 

lating Fermi energies and photoelectric thresholds for 
several classes of compounds (5) using the atomic 
electronegativities of the constituent atoms. Mulliken's 
definition of the electronegativity of a neutral atom is 
the arithmetic mean of the atomic electron affinity and 
the first ionization energy 

x(M) = 1~ (A~ + I1) [2] 

where, for clarity's sake, we use Af for the atomic 
electron affinity and I1 is the first ionization potential.  
Since the ionization potentials (6) and electron affini- 
ties (7) for most atoms are tabulated, the Mull iken 
electronegativities x(M) form a readily evaluated ab-  
solute elqctronegativity scale based only on measur -  
able physical parameters.  In  a sense, x (M) is the elec- 
trochemical potential  of the electron in the neut ra l  
atom. When atoms are brought  together to form com- 
pounds, charge will flow unt i l  the electrochemical po- 
tentials (electronegativities) are equalized. Sanderson 
(8) and more recently Nethercot (~), have postulated, 
based on bond length arguments,  that the result ing 
bulk electronegativity of the compound is the geo- 
metric mean of the electronegativities of the constit- 
uent  atoms. This assumption appears to be valid for 
a large number  of compounds (5, 9). For a semicon- 
ductor the bulk  electronegativi ty corresponds to the 
undoped Fermi level or halfway between the bottom 
of the conduction band and the top of the valence 
band. Thus the electron affinity of the compound will 
be given by 

EA = X -- I/2 Eg [3] 

where Eg is the bandgap energy. Applying this equa-  
tion and the postulate of the geometric mean, we find, 
for example, that for TiO2, the electron affinity is 

EA(TiO2) -~ ~(TiO2) - -  1/2 E s = [x(Ti)  x2(O)] 1/3 

- -  1/2 Eg ---- 4.33 eV [4] 

relative to the vacuum level. We have calculated the 
e lec t ron  affinities for a number  of metal  oxides and 
they are listed in Table L Even without considering 
the correction terms in Eq. [1], there is obviously a 
strong correlation between the measured fiatband po- 
tentials and calculated electron affinities as is i l lus-  

228 
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Fig, 1. The electron affinity calculated using atomic electronega- 

tivities vs. the flatband potentials measured at pH = 13.3 
( IM HaOH). 

s t ra ted  in Fig. 1. As expected (10), the  more  negat ive  
f latband potent ia ls  come from semiconductors  wi th  
smal le r  e lec t ron affinities. The correct ion f o r  the di f -  
ference be tween  the doped F e r m i  level  and the bot -  
tom of the  conduction band depends,  na tura l ly ,  on 
doping level. However ,  for heavi ly  doped meta l  oxides, 
commonly  employed  for  photoelectrolysis ,  this t e rm is 
only  about  0.1 eV. Such a smal l  correct ion cannot ac-  
count for the  scat ter  observed in Fig. 1. This must  
come from the specific adsorpt ion  of ions. 

Point  of  Ze ro  Z e t a  Potent ia l  ( P Z Z P )  
A brief  discussion of the  na tu re  of the pzzp and the 

techniques employed  for  its m e a s u r e m e n t  a re  in o rde r  
due to the impor tance  and magni tude  of ~pH. There  is 
a s izeable l i t e r a tu re  on the pzzp of meta l  oxides (4, 
11-17), which colloidal  chemists  have  t r ad i t iona l ly  re -  
f e r red  to as the  point  of zero charge (pzc).  This t e r -  
minology is c lear ly  inappropr i a t e  in the context  of 
semiconductor  e lec t rochemis t ry  where  pzc refers  to the 
f latband potent ial .  Thus we adopt  the notat ion of the  
point  of zero zeta potent ia l  (pzzp) (18). His tor ical ly ,  
the de te rmina t ion  of the pzzp for  ma te r i a l s  has  had  
impor t an t  ramificat ions in the a rea  of flotation proc-  
esses (4). While  severa l  ionic species may  be specifically 
adsorbed,  for meta l  oxides,  the point  of zero zeta po-  
tent ia l  usua l ly  refers  to specific adsorpt ion  of OH and 
H+ ions. The pzzp is then  the pH at which the net  sur -  
face charge is zero or  the  concentra t ion of adsorbed 
O H -  and H+ ions is equal.  Under  these conditions, 
there  is no net  potent ia l  across the Helmhol tz  l ayer  
o ther  than  the smal l  dipole contr ibut ion of the solvent.  
The  energet ics  of this condit ion can be examined  by  
considering the  e lec t rochemical  po ten t ia l  ( ; )  of the 
ions in the  adsorbed layer  and in the '  solution. 

A n y  adsorbed loft  in equi l ib r ium wi th  the  same ion 
in solution wil l  have 

~ d  = ~ o l  [5] 
and under  equ i l ib r ium si tuat ions this should app ly  to 
all  adsorbed  ions. Thus at  the pzzp we can wr i te  

/~ad OH- ~/~ad H§ ~ ~sol OH- --  $~olH+ [6] 

The chemical  potent ia l  of any  component ,  A ,  i n  solu-  
t ion can be wr i t t en  as 

~ol  A " -  o~oI A 4- R T  In (aA) [7] 

whe re  o;~o~ A is the  e lec t rochemical  potent ia l  in the  
s tandard  state, aA is the ac t iv i ty  of A in the  solut ion 
phase, R is the ideal  gas constant, and T is the absolute  
t empera ture .  Norma l ly  the  assumpt ion is made  that  

the solut ion is close to idea l  and aA can be rep laced  by  
CA, the concentrat ion of A. In the adsorbed  phase at 
pzzp the concentra t ion  of  O H -  and H + a re  equal;  thus 
we m a y  wr i t e  

o L d O - -  = o;solO  - 

"Jr R T  In CoH-~o~ --  R T  In CH+sol [8] 

Since (2.303) p H  ---- --In CH+sol and the difference in  
s tandard  s ta te  e lectrochemical  potent ia ls  in solut ion 
for O H -  and H + is 1.23 eV, this m a y  final ly be wr i t t en  

J a d  OIl- - - j a d  H+ --" 1.23 eV -t- 4.606 R T  (PHpzzp --  7) [9] 

It is possible to de te rmine  the s t anda rd - s t a t e  e lec t ro-  
chemical  potent ia ls  for the adsorbed  species if  the  ap-  
p ropr i a t e  hyd roxy l a t e d  and pro tona ted  species and 
the i r  s t andard  free energies  of format ion  are  known. 
In this case, the pzzp m a y  be ca lcula ted  d i rec t ly  using 
Eq. :[9]. In  general ,  this in format ion  is not  known and 
the pzzp must  be measured  expe r imen ta l l y  or  est i -  
mated  f rom knowing the semiconductor  e lec t ronega-  
tivities.  We show in Fig. 2 the  pzzp for severa l  meta l  
oxides vs.  the e lec t ronega t iv i ty  of those oxides.  The 
da ta  suggest  that  there  is a s t rong correlat ion.  The  ob-  
served slope h a s  the same pHpzzp dependence  as i n  Eq. 
[9]. However ,  the  quant i t a t ive  re la t ionship  be tween  
Eq. [9] and Fig. 2 is not  clear.  The scat ter  in the da ta  
undoub ted ly  ar ises  f rom the  difficulty in  measur ing  
pzzp's. Measured  pzzp's seem to depend somewhat  on 
the method of p repara t ion  of the  oxide (4). 

Severa l  techniques h a v e b e e n  used to de te rmine  
pzzp's (4). The s implest  is jus t  addi t ion of the  meta l  
oxide powder  to an aqueous solut ion of  a known pH 
with no o ther  adsorbable  species present .  The pH of 
the  solut ion wil l  shift  on addi t ion  of the  powder  
toward  the pzzp. At  the  pzzp the pH of the  solut ion is 
independen t  of the amount  of meta l  oxide added.  A 
more  quant i ta t ive  measure  of specific ion adsorpt ion is 
obta ined f rom the potent iometr ic  t i t ra t ion  of a meta l  
oxide suspension with  e i ther  acid or  base for  solutions 
of specific ionic strength.  Since the  ions added  m u s t  
e i ther  go to changing the pH of the solut ion or be ad-  
sorbed on the meta l  oxide  surface, i t  is possible to de -  
t e rmine  the surface charge dens i ty  as a funct ion of 
pH for several  concentrat ions of suppor t ing  e lec t ro-  
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lyte. The point  at which these curves intersect is the 
pzzp. 

We have found that  a simple differential potentio-  
metric t i t rat ion of an aqueous suspension of the semi- 
conductor of interest  in a solution of known ionic 
s trength gives good peaks for the pzzp on plots of 
npH/Aml vs. pH. 

In  general  this technique is similar to that  employed 
for obtaining the fast adsorption isotherms but  is 
somewhat less complex as only one t i t rat ion is re-  
quired. A procedural  outl ine is included so as to clarify 
the exper imental  parameters.  All  glassware was 
cleaned by boiling in  distilled water, from an  all-glass 
Autostill,  after an  Alconox wash and distilled water  
rinse, then subsequent ly  r insed five times with distilled 
water. Reagents used were of the highest available 
pur i ty  and all of the oxide powders were four nines or 
bet ter  purity.  The pH was measured with a Markson 
Electromark pH analyzer  equipped with an Orion com- 
binat ion pH electrode and a digital readout. All  t i t ra-  
tions were performed in  argon purged, st irred solu- 
tions. Typically, 1-10g of the oxide of interest  were 
added to 600 ml  of deionized, distilled water  t y p i c a l l y  
0.001M in  KNO3, which is a nonadsorbing species. The 
KNOB was found to be unnecessary,  bu t  some ionic 
s trength in the solution helped stabilize pH readings 
near the equivalence point. The pH of the solution was 
then adjusted to near 10-11 with 1M KOH. The solu- 
t ion was back t i t ra ted with HNOa first with 1M and 
then with 0.1M as was indicated by the rate of change 
of pH with addit ional  increments  of t i trant.  All addi- 
tions were carried out with microburet tcs  and typical 
accuracies were • ml and +--0.005 pH units. The 
reproducibi l i ty  of the peaks corresponding to the pzzp 
was excellent. 

On the addition of t i trant,  conservation of charge 
requires that  

A(I'H+ -- FOH-) : xCl - -  V[(CH+ - -  COIl-) 

- -  ( C H +  - -  C o H - ) i n i t i a l ]  [10] 

where A is the surface area of the suspended metal  
oxide, r is the surface density of the appropriate ion, 
x is the volume of t i t rant  added, C1 is the concentrat ion 
of t i t rant ,  V is the volume of the suspension, and C is 
the appropriate concentrat ion of ions in solution. This 
equation assumes that  total added volume due to t i t ra-  
tion is negligible compared to the total suspension vol- 
ume. if we differentiate this equation with respect ~o 
x, we find 

A 0(FH+ - -  r o l l - )  C1 8CH+ 
[1 + kw/C~+ 2] 

V Ox -- "V 

where kw is the ionization 
panding the part ial  of the 
obtain 

(gx 
[li] 

constant  for water. By ex-  
surface charge density, we 

A 0r kw ] - i  [12] 
OCH+ (CI/V) i + V OCH+ t- CH+~ l 

OX 

where r -- (FH+ - - t o n - - ) .  NOW CH+ =- exp (--2.303 
pH).  This equation and its 
x allows us to convert  Eq. 
F ina l ly  we find 

OpIt 

derivative with respect to 
[12] to a pH dependence. 

-- (e l~v)  exp (2.303 pH) 

Ox 
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ianized water, initial pH adjusted with 0.1M KOH, e S O  600 
ml distilled-deionized water 0.001M in KNO3 with 2g of suspended 
TiO2 (99.995%) initial pH adjusted with 0.1M KOH, , k A &  600 
ml distilled-deianized water 0.001M in KNO3 with 6g of suspended 
TiO2 (99.995%). The solid lines represent theoretical fits of the 
data from Eq. [13] in the text. All solutions were stirred under a 
constant purge af argon and all titrations were performed with 0.1M 
HNO~. 

(no adjustable parameters)  except where the rate of 
change of pH becomes quite large (near  the equiva-  
lence point) .  Here, adsorption onto the glass surface 
and small  amounts  of impuri t ies  can buffer the solu- 
t ion to significantly lower the rate of change in pH. 
The "theoretical" curves for the TiO2 suspensions were 
calculated f r o m  Eq. [13] with an assumed constant  
value for Or/apH of 4 X 10 -11 moles/cm 2 (13). The 
surface area was then adjusted to fit the data at pH ---- 
7. Note that the rate of change in  pH at pH ---- 7 scales 
inversely with the amount  of TiO2 added. This indi -  
cates that the particle size was the same for two pow- 
ders. We find from the fit a surface area for the pow- 
der of ~ 17.3 mZ/g. This may be compared to the re-  
sults of Berube and DeBruyn (13) who used TiO2 
powder of 43 mZ/g. If we assume spherical particles, 

[ 0r ] 2.303 1 + kw exp (4.606 p H ) - -  (A/2.303V) ~ exp (2.303 pH) 

[13] 

The behavior  of this equation is displayed in  Fig. 3 for 
pure  water  and for 10-~M KNO~ solution with two 
different amounts  of TiO2 powder added. The solid 
curve for pure water  is just  Eq. [13] with A the sur-  
face area of suspended metal  oxide set equal to zero. 
In  general,  the data agree excellently with the theory 

our  surface area corresponds to diameters of --~ 900A. 
These numbers  are qu i t e  reasonable. At the pzzp it is 
evident (4) that or/apH becomes small. From Eq. [13] 
we would thus expect a peak in  the derivative curve 
at the pzzp. As you can see in Fig. 3, this is indeed the 
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Table I. Calculated electronegativity and electron affinity and 
measured flatband potential and point of zero zeta potential for 

several metal oxides 

Com- X E A  V~b P Z Z P  
pound* (eV) (eV) (SCE) * �9 Ref .  (pH)  ~ Ref .  

WO8 6,53 5.18 -0.20 (19) 0.43 (17) 
SiOa (a) 6.46 - -  2.0 (24) 
Ta~O~ 6.38 4.08 -~-A4 (2"O) 2.9 This work 
SnO2 6.24 4.49 -- 0 82 (2 I) 4.3 ( 14 ) 
ZrO2 5.92 3.42 --2,94 (20) 6.7 (12) 
FelOn (b) 5.88 4.71 -0.32 (9) 8.6 (10) 
TiO3 5.83 4.33 - 0 . 9 0  (1O) 5.8 (13) and 

t h i s  w o r k  
H g O  5.81 4.57 - -  - -  7.3 (24) 
CuO 5.80 - -  - -  - -  9,5 ( 24 ) 
Fe~O~ 5.77 - -  - -  - -  6,5 (25) 
ZnO 5.75 4.15 - 1 . 0 9  (22) 8.8 (11) 
NiO 5.74 3.89 - -  10.3 (24) 
FeTiOa (c)  5.72 4.30 --0-.59 (2) 6.3 T h i s  w o r k  
Cr~Os 5.66 4.80 8.1 (26) 
CdO 5.55 4.55 - 0 . 2 2  ( ~ )  11.6 (24) 
AhOs  5.35 ~ ~ 9.2 (24) 
Ag20  5.29 4.~9 ~ 11.2 - -  ( 2 7 )  
MgO 5,27 1.42 12.4 (28) 
SrTiOa ( d ) 5.27 3,71 --1.19 ~ )  8.6 T h i s  w o r k  
BaTiOs (e)  5,19 3,60 --1.22 (2) 9.9 Th i s  w o r k  

* T he  s ources  f or  t h e s e  m a t e r i a l s  w e r e :  (a)  J o h n s o n  M a t t h e y  
C h e m i c a l s  L imi ted ,  p u r i t y  99.999%. (b)  J o h n s o n  M a t t h e y  Chemi-  
ca l s  L imi t ed ,  99.999%; F i s h e r ,  99.95%; a n d  M a t h e s o n  C o l e m a n  Bell ,  
99.5%; al l  g a v e  c o m p a r a b l e  r e su l t s .  (c)  See D. S. G in l ey  a n d  R. J .  
B a u g h m a n ,  Mater .  Res .  Bul l . ,  11, 1539 (1976). (d)  N a t i o n a l  L e a d  
C o m p a n y ,  R e s e a r c h  D e p a r t m e n t ,  " H i g h  p u r i t y  r e a g e n t " .  (e} Na-  
t i o n a l  L e a d  C o m p a n y ,  p u r i t y  99.99%. 

** M e a s u r e d  or c o r r e c t e d  to  p H  = 13.3. M e a s u r e m e n t  a c c u r a c y  
is a b o u t  _0.1V.  

T h e r e  is  a g r e a t  dea l  os s c a t t e r  in  t h e  m e a s u r e d  pzzp 's .  
T h e s e  a r e  be l i eved  to  be the  mos t  re l iable  values .  

case for TiO2 whose pzzp is ~ 5.8. A word  of caut ion 
is perhaps  r e l evan t  at  this point.  Contaminat ion  of the 
suspension by  a buffer or  other  me ta l  oxides will  r e -  
sult  in spurious peaks  in the curve. The rea l i ty  of the 
peak  can be checked by  using the s imple  method of 
di rect ion of pH change with addi t ion  of addi t ional  
meta l  oxide. The pzzp's  for  severa l  meta l  oxides a re  
shown in Table  I. In  general ,  we have found tha t  this 
s imple  technique yields  resul ts  in. good agreement  wi th  
p rev ious ly  publ i shed  results.  

Discussion 
Since both of the correct ion te rms can now be eva lu-  

ated, we can compare  t h e  measured  f la tband potent ia ls  
d i rec t ly  to the calcula ted e lect ron affinities as is shown 
in Fig. 4. The solid l ine is the  behavior  expected from 
Eq. [1] w i th  no ad jus tab le  parameters .  One expects  a 
un i t a ry  slope and an in tercept  at zero f latband po ten-  
t ia l  of Eo. The agreement  wi th  theory  is excel lent  and 
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Fig. 4. The electron affinity calculated using atomic electro- 
negativities vs. the measured flatband potentials for the labeled 
semiconductors corrected to their respective pzzp's. The solid 
line is that expected from Eq. [1] if the correction term, Aft, is 
ignored. The flatband potentials and pzzp's not measured by us 
are those listed in Table I. 
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shows that  the f la tband potent ia ls  for  meta l  oxides 
can be calculated wi th  an accuracy  of --~ 0.2V f rom the 
atomic e lec t ronegat iv i t ies  of the  const i tuent  a toms if  
specific adsorpt ion  of po ten t i a l -de t e rmin ing  ions i s  
p rope r ly  t aken  into account. Even wi thout  an accura te  
accounting for  the  pzzp the  p red ic ted  f latbands a re  
close enough so as to act as a guidel ine  for e lect rode 
selection. 

While  most of the  considerat ions  in this p a p e r  have  
been concerned specifically wi th  O H -  and H + as the 
po ten t i a l -de t e rmin ing  ions, the resul ts  cer ta in ly  are  
more  genera l ly  appl icable .  I t  is possible, for instance, 
that  the f latband could be shif ted by  the addi t ion of 
other  ions which are  specifically absorbed whi le  not  
changing the  p H  and consequent ly  the  H2 and 02 evo-  
lut ion react ion potentials .  The effect of specific ion 
adsorpt ion on the cathode should also be eva lua ted  
since this m a y  resul t  in an addi t ional  po ten t ia l  drop 
in the circuit.  

These ideas a re  of considerable  impor tance  wi th  
respect  to wet  photovol ta ic  cells and o ther  systems 
employing  nonoxide  electrodes wi th  nonaqueous redox 
couples (29-31). Many  of these systems show no pH 
dependence  of the f la tband potent ia l  but  do show a 
Nerns t ian  type  dependence  on the concentra t ion of 
potent ia l  de te rmin ing  ion. For  example ,  in the  cad-  
mium sulfide, sulfur,  sulfide ion cell  ( C d S / S - S  -2 -  
O H - / P t ) ,  the f la tband potent ia l  of the  CdS depends  
on the S -2 concentrat ion.  Thus, there  wil l  b e  a Aps cor-  
rect ion t e rm in Eq. [1] and a pzzp for sulfide ion, 
since the  potent ia l  across the  Helmhol tz  l aye r  wil l  de -  
pend  on (S -2 ) .  Therefore,  in general ,  one must  correct  
the measured  f latband potent ia ls  to the  respect ive  
pzzp of the po ten t i a l -de t e rmin ing  ions to obta in  a 
measure  of the in t r ins ic  f la tband potential .  We are  cur-  
ren t ly  in the process of eva lua t ing  some of these num-  
bers  for nonoxide systems. 
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Behavior of Polymeric Sulfur Nitride, (SN) , 

Electrodes in Aqueous Media 
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and Alan G. MacDiarmid 
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ABSTRACT 

Polymeric sulfur  nitride, (SN)x, has been characterized as an electrode 
mater ial  in aqueous solution by cyclic vol tammetry  and cyclic chronoam- 
perometry.  Background currents, resul t ing from oxidation and reduction of 
electrode surface functional  groups, were studied in different support ing elec- 
trolytes and pH values. A large influence of the na ture  of the alkali  metal  
cations and Ca 2+ of support ing electrolytes on the magni tude  of background 
currents  and cathodic breakdown potentials was found. This was interpreted 
in terms of differences in the interact ion s trength between these cations and 
electrode surface functional  groups. The ferro-ferr icyanide couple  was used 
to determine re levant  electrochemical parameters  as well as electrode sur-  
face areas. Other redox couples which are active at (SN)x electrodes are dis- 
cussed, e.g., p b 2 + / p b  o, Ru(NH3)63+/Ru(NH3)62+, quinone/hydroquinone.  It 
was not possible to reduce Cr 3+ at (SN)x electrodes. Fur thermore,  a dramatic 
decrease in  background currents was observed for Cr ~ + electrolyte solutions. 
The (SN)z was found to be remarkab ly  stable in  aqueous solutions under  
a wide variety of conditions and a suitable electrode material  for chemical 
modification. 

Polymeric sulfur  nitride, (SN)x, has been reported 
recentlY (1) as a new electrode material.  This sub-  
stance has been classified as a metal  even though there 
are no metal  atoms present  in its s t ructure (2). The 
(SN)x exhibits electrical and chemical anisotropy and 
its surfaces make available numerous  types of func-  
t ional groups and surface types for possible chemical 
modification (3). In order to use (SN)x in this ca- 
pacity, iX is of P r i m a r y  importance to characterize its 
general  electrochemical behavior  before any modifica- 
t ion experiments  are performed. Therefore, we report 
here systematic fundamenta l  studies using (SN)x as a 
working electrode in  order to evaluate ~it with respect 
to the criteria suggested by MueUer and Adams (4). 

* Electrochemical Society Student Member. 
** Elec trochemica l  Society Active Member. 
1Permanent address: Institute of Fundamental Problems of 

Chemistry, Warsaw University, Warsaw, Poland: 
Key words: polythiazyl, polymeric electrodes, chemically modi- 

fied electrodes ,  lead deposition, ferri-ferrocyanide. 

Experimental 
Reagents.--All chemicals were of reagent grade and 

were used without fur ther  purification. Chromium(II I )  
perchlorate was obtained from Ventron Corporation. 
Solutions were prepared with distilled water  which 
was passed through ion exchanger and, finally, acti- 
vated carbon columns. Solutions were deoxygenated 
with argon or high pur i ty  nitrogen. 

Instrumentation.--Cyclic voltammetric and chrono- 
amperomet r ic  experiments  were carried out with the 
use of PAR T M  Model 173 potent iostat /galvanostat  
equipped with a PAR T M  Model 176 current  to voltage 
converter, a PAR T M  Model 175 universal  programmer,  
and a Hewlett  Packard Model 2D-2M X-Y recorder or 
al ternatively,  a PAR T M  Model 170 electrochemistry 
system. Micrographs were obtained with a Coates and 
Welter Cwikscan 100-4 or In te rna t iona l  Scientific In-  
s t ruments  Model 7 scanning electron microscope. 
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Electrode preparation.--High pur i t y  crystals  of 
(SN)x (ca. 10-6-10-~ cm~) were  p repa red  f rom $4N4 
by  a publ i shed  method  (2). E lementa l  analysis  (Ga l -  
b ra i t5  Laborator ies ,  Incorpora ted)  y ie lded  the fo l low-  
ing results :  Calc for  (SN)x:S ,  30.41; N, 69.59. Found:  
S, 30.32; N, 69.73. Crysta ls  were  cemented to the  end of 
a s i lver  wire  (0.040 cm radius,  sea led  in glass) wi th  
conduct ing s i lver  pa in t  (GC Electronics)  and al l  but  
the crysta l  face of in teres t  was masked  off wi th  Tor r  
Seal@ (Var ian  Associates) .  In this w a y  electrodes 
could be constructed which had  the (SN)x fiber 
bundles  pa ra l l e l  or  pe rpend icu la r  to the  e lec t rode / so -  
lu t ion interface.  Thus, e lectrodes are  des ignated  as 
being "para l le l"  or "perpendicu la r"  henceforth.  2 P ro -  
jec ted  surface areas  for  electrodes p repa red  in this way  
as measured  by  a ca l ibra ted  microscope were  in  the 
range:  1-50 • 10 -8  cm 2. New mounted  electrodes wi th  
over -a l l  resis tances of less than  20a were  used for 
each type  of e lec t rochemical  exper iment .  I t  was not  
possible to r enew the surface of a used e lect rode by  
pol ishing wi thou t  severe ly  damaging  the crystal .  Al l  
e lectrodes were  s tored in a vacuum desiccator  as (SN)x 
crystals  begin to ta rn ish  af ter  exposure  to a i r  for many  
weeks, a l though  there  appears  to be l i t t le  decomposi -  
t ion of (SN)x when i t  is immersed  in w a t e r  for  s ix 
days  (5). 

Working  electrodes made  f rom pla t inum,  pa l lad ium,  
and s i lver  wires,  having  areas  comparab le  to (SN)x 
electrodes,  as wel l  as a K e m u l a  type  hanging  me rc u ry  
drop e lect rode ( radius  ~ 0.043 cm) were  used to com- 
pare  t h e  e lect rochemical  behavior  of selected redox 
couples on (SN)~ or modified (SN)x wi th  tha t  on the 
metal l ic  electrodes.  

P l a t i num wire  and KC1 or  NaCI sa tu ra ted  calomel  
e lect rodes  served  as counter  and  reference  electrodes,  
respect ively.  Al l  exper iments  were  car r ied  out at room 
t empera tu re  (ca. 25~ unless o therwise  mentioned.  

Results and Discussion 
Studies insupporting electro~yte.--The first s tep in 

evalua t ing  (SN)z  e lect rodes  involved cyclic vo l tam-  
met r ic  studies in aqueous med ia  in the  absence of 
e lec t rochemical ly  active substances.  In this way  back-  
ground and b reakdown  currents  could be studied,  and 
the feas ibi l i ty  of using (SN)z  electrodes to s tudy so- 
lut ions containing e lec t roact ive  mate r ia l s  could be de-  
termined.  The e lec t rochemical  behavior  of (SN)x elec-  
t rodes was found to be dependent  on pH, ionic 
s trength,  scan rate,  scan number ,  and the na tu re  of 
the suppor t ing  electrolyte .  Al l  exper iments  were  pe r -  
formed wi th  both para l le l  and pe rpend icu la r  e lec-  
trodes.  A dis t inct ion be tween  exper imen ta l  resul ts  ob-  
ta ined wi th  pa ra l l e l  or  pe rpend icu la r  e lectrodes is 
made  here  only  if the i r  e lec t rochemical  behavior  was 
signif icantly different  under  ident ica l  exper imen ta l  
conditions. 

Many different  suppor t ing  e lec t ro ly tes  were  used to 
character ize  the na tu re  of background  currents .  Cyclic 
vo l t ammograms  recorded in suppor t ing  e lec t ro ly tes  
such as MC1 (M = Li +, Na +, K +, Cs+) ,  NaX (X --  
C104-, SO< =, NOn-,  F - ,  CI - ,  B r - ,  N~-,  S C N - )  or  
Ca(NO~)2 var ied  as a funct ion of scan number .  NaI  
was not  used as i t  is e lec t rochemical ly  act ive at  (SN) 
e lect rodes  (6). Usually,  res idual  cur ren ts  were  ve ry  
high on the first scan and g radua l ly  decreased on sub-  
sequent  scans (Fig. 1). When nega t ive  and posi t ive 
reversa l  potent ia ls  were  kep t  constant,  background  
currents  fel l  to constant,  reproducib le  values  af ter  five 
to ten scans. However ,  whenever  the  potent ia l  was 
held at posi t ive values for a few seconds, high cathodic 
currents ,  typica l  of the first scan (Fig. 1), were  ob-  
served. The magni tude  of these cathodic currents  was 
also d i rec t ly  p ropor t iona l  to the  va lue  of the  posi t ive  
reversa l  potential .  Hysteres is  of the cathodic cur ren t  

~ T o r r  Seal  r e s i n  a p p e a r s  to d issolve  or  d e c o m p o s e  the  (SN)= 
w h e n  f ibers  w e r e  m i x e d  w i t h  it  s  a paste .  T h e  l a t t e r  ma-  
t e r i a l  w a s  f o u n d  to be  insulat ing.  Th e  l a r g e r  (SN)= c rys t a l s  u s e d  
in t h i s  s t udy  w e r e  not  s ign i f i can t ly  a f f ec ted  by  T o r r  Seal.  
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Fig. 1. Cyclic volfammogram in 0.5M NaCl04. Scan number is 
indicated on each curve. Scan rate 0.05 V sec -z .  

was observed in the  negat ive  b r eakdown  region for al l  
e lec t ro ly tes  (unless o therwise  noted)  p rov ided  the cur -  
rent  was a l lowed to reach negat ive  enough values.  (In 
Fig. 1-[scans 2-4], the  potent ia l  reversa l  occurred pr io r  
to values necessary to cause this  hysteresis . )  

In  o rder  to inves t iga te  the na tu re  of the cathodic 
b reakdown  process, the  pH was varied.  With  perpe  n-  
d icular  e lectrodes in the presence of acetate  (pH 
4.75) or phosphate  (pH ~ 7.3) buffers (sodium o r  
potass ium salts)  the cathodic peaks  a t t r ibu ted  to sur -  
face redox processes of (SN)x i tself  (vide infra) were  
diminished Or not present  but  the cathodic hysteres is  
st i l l  remained.  

Using pe rpend icu la r  electrodes,  the pH was var ied  
f rom 7 to 0 wi th  H~SO4 solutions. The cathodic hys -  
teresis d i sappeared  only for acid concentrat ions of 
0.5M (Fig. 2). Bubbles  of hydrogen  gas were  observed 
on the e lect rode surface in the l a t t e r  solut ion af te r  
negat ive  polar iza t ion  into the  b r eakdown  region. The 
high cathodic overvol tage  of 0.5M H2SO4 solutions 

l // 
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Fig. 2. Cathodic current breakdown dependence on solution 
acidity (A) 0.5M No2SO4, (B) 0.45M No,SO4 -i- 0.05M H2SO~,, 
(C) 0.5M H2S04. Scan rote 0.05 V see-1. 
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might  result  from the increase in the electrode resist- 
ance due to gaseous hydrogen adsorption. 

In similar  experiments both parallel  and perpen-  
dicular electrodes were used in  solutions of 3M KC1 
with 10 -'8, 10 -'~, 10 -1, and 1M HC1 added. There were 
no significant differences in (i) the cathodic break-  
down potential  (which was the same for 3M KC1 
without  added HC1), (ii) the magni tude  and form of 
the background currents, and (iii) the cathodic hys- 
teresis (which was observed on arl scans). If only HC1 
was present  (0.1 or 1M) there was no cathodic hys- 
teresis and an increase in  background currents  with 
increased concentrat ion was observed. These results, 
plus the observation of visible dissolution and corro- 
sion of the surface, indicate that  the cathodic current  
breakdown is predominate ly  a result  of the decompo- 
sition of the electrode mater ial  ra ther  than water  elec- 
trolysis in solutions of pH > 1. 

At least three cathodic peaks at ca. --0.35, --0.65, 
and --0.85V and three anoctic peaks at ca. 0.10, 0.30, 
and 0.40V could be distinguished when the potential  
was scanned negatively and positively, respectively, 
in  neutra l  unbut~ered solution (Fig. 3). A mutua l  de- 
pendence of anodic and cathodic peaks was noted from 
scan reversal experiments  (Fig. 3). If the negative 
scan was reversed at --0.65V prior to the cathodic 
process at the most negative potential  before break-  
down, the subsequent  anodic peaks were shifted nega-  
t ively with a s imultaneous decrease in  current  magni-  
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tudes (Fig. 3C). Similar  results were obtained as the 
reverse potential  was made more positive on subse- 
quent  scans (Fig. 3D) unt i l  no anodic peaks were ob- 
served when the scan reversal  was at +0.05V (Fig. 
3E). These results demonstrate  the faradaic and i r re-  
versible character of background currents  which are 
probably due to the electrochemical oxidation and re- 
duction of surface functional  groups of the (SN)~ i t -  
self. The observed peaks were bet ter  developed at 
lower scan rates (10-20 mV sec -z) presumably  due to 
the decrease in  capacitance currents  and /o r  the in-  
crease in the extent  of oxidation or reduction of sur-  
face functional  groups resul t ing from longer electrol- 
ysis times (cf. Fig. 3A, B). 

Generally,  background currents  were higher  for 
higher ionic s t rength electrolytes for all salts used. 
The values of potentials of anodic and cathodic cur-  
rent  breakdown (ca. 0.5 and --1.2V, respectively) as 
well as the magni tude  of the faradaic currents  ap- 
peared to be independent  of the cation or anion of the 
supporting electrolyte for perpendicular  electrodes. 
However, background currents  showed a marked de- 
pendence on the type of cation with only minor  effects 
observed with different anions when parallel  elec- 
trodes were used. Changing the cation of the support-  
ing electrolyte from l i th ium through cesium resulted 
in a large Shift in the cathodic breakdown potential  to 
less negative values (i.e., Li+ _-- --1.54, Na + _-- --1.25, 
K + ----- --1.15, and Cs + ---- --1.20V), an increase in the 
hysteresis of the current  on the reverse (positive) 
scan and an increase in background currents. In  the 
experiment  shown in Fig. 4 the same electrode was 
used for all of the cyclic vol tammograms and results 
were identical if the experiments  were performed by 
changing the cation in  the reverse order, i.e., cesium 

-1"" ,oo VA t 

I i I I l I I i i 

0"4 0.0 -0"4 -0-8 -1"2 

E , V  vs. S C E  

Fig. 3. Dependence of anodic peaks on cathodic reverse poten- 
tial in 3M CsCI. (A, B) --1.200V, (C) --0.650V, (D) --0.400V, 
(E) -I-0.050V. Scan rate: (A) 0.2 V sec-1; (B-E) 0.01 V sec -1.  

C 
2 
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E,V VS. SCE 

Fig. 4. Dependence of background currents on the cation of sup- 
porting electrolyte for parallel electrode in 3M solution of (A) 
CsCI, (B) KCI, (C) NaCI. (D) LiCI. Scan rate 0.02 V sec -1. 
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through li thium. Fur thermore ,  the cathodic break-  
down potential  for CsC1 solutions was dependent  on 
the scan rate (varied be tween 5 and 200 mV sec -1) 
whereas with LiCI, the scan rate did not substant ia l ly  
affect this potential.  At lower scan rates (5 mV sec -1) 
the cathodic breakdown potential  in  CsC1 solutions 
was approximately  --1.20~ but  approached --1.50V at 
higher scan rates (100 m V  sec-Z). Nonetheless, the 
slope of the i-E curves at cathodic breakdown was 
much less for CsC1 than LiC1 at all scan rates. From 
the above, one might conclude that Li + interacts most 
s trongly with the parallel  (SN)z surface, inhibi t ing 
redox t ransformat ion of surface funct ional  groups. The 
order of magni tude  of these interactions, increasing in 
the series Cs + < K + < Na + < Li +, is exactly opposite 
to the order of adsorptivi ty of these cations on mer-  
cury (7). 

The current  hysteresis observed in the cathodic 
breakdown region was completely el iminated in 
Ca(NOs)2 support ing electrolyte on both parallel  and 
perpendicular  (SN)z electrodes (Fig. 5). On perpen-  
dicular electrodes, an increase in the concentrat ion of 
Ca(NO3)2 resulted in the disappearance of the back- 
ground current  peaks (normal ly  observed in alkali 
metal  ion solutions) with a concomitant  appearance of 
new reduct ion peaks at --1.0 and --1.25V (Fig. 5). In  
5M Ca (NQ)2,  where the activity of water  is only 0.58, 
two reduct ion peaks at +0 . t  and --0.TV, and one oxi- 
dation peak at +0.5V appeared. Fur thermore,  the po- 
tential  of cathodic breakdown remained the same as 
for solutions of the alkali  metal  cations. 

Cathodic breakdown in Ca(NO3)~ solutions using 
parallel  electrodes was not detected as far negat ively 
as --2.0V. A single cathodic peak at ca. --1.7V ap- 
peared during the first scan only, and there was no 
evidence of hysteresis upon scan reversal. There was 
no effect observed upon changing the concentrat ion of 
Ca(NO~)2. These results are consistent with the pre-  
vious studies with the alkali  metal  cations in that 
cathodic breakdown is extended more negat ively using 
parallel  electrodes with support ing electrolytes con- 
ta ining cations with increasingly higher charge den-  

Tic; 
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Fig. 5. C y c l i c  v o l t a r n m o g r a m  f o r  p e r p e n d i c u l a r  e l e c t r o d e  in  
Ca(NOB)2: (A) 0.1. (B) 1, (C) 5M. Scan rate 0.05 V sec -1.  
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sities. Perpendicular  electrodes showed no extension of 
the cathodic limit. The addit ional  cathodic peaks ob-  
served with perpendicular  electrodes might  be related 
to ni t ra te  ion reduction. 

Finally,  the faradaic background currents  decreased 
and the cathodic breakdown potential  became more 
negative when chromium(I I I )  perchlorate or chro- 
m i um( I I I )  chloride was added to a solution of sup- 
port ing electrolyte (Fig. 6). It is of interest  to note 
that no chromium (III) reduct ion peaks were observed 
on either surface. Chromium(I I I )  may interact  
strongly with the (SN)x surface at these potentials 
which increased the overvoltage necessary to reduce 
it. The na ture  of this interact ion and why chro- 
m i um( I I I )  reduction may be inhibi ted by it is not 
understood at this time. It  is interest ing to note, how- 
ever, that  the electrode is not  poisoned. The presence 
of ch romium(I l I )  in the interface did not influence 
charge transfer  in the ferr i - ferrocyanide system. Nor- 
mal cyclic vol tammograms are observed. 

The differences in interactions with respect to alkaIi 
metal  cation solutions between mercury  and parallel  
(SN)x electrodes might  be related to the type of proc- 
ess occurring. Clearly, adsorption is the predominant  
electrochemical process occurring on mercury  elec- 
trodes but  this may not be t rue at (SN)~ electrodes. 
In this case some specific chemical interact ion might  
be present. In general, the higher the charge density 
of the cation (when crystallographic radii are used),  
the lower the background currents  and the more nega-  
tive is the potential  of the cathodic decomposition of 
(SN) x. These effects are noticed only at paral lel  elec- 
trodes in the alkali metal  cation series. A much higher 
charge density ion, e.g., chromium(I I I ) ,  is needed to 
produce similar effects on the perpendicular  surface. 
These results indicate that  the parallel  surface could 
be considered to be chemically softer (8) ~han the per- 
pendicular  surface. This is not surprising as the paral -  
lel surface consists p redominant ly  of a conjugated ~- 
electron system but  the perpendicular  surface pre-  
sumably has harder functional  groups. 

Ferri / ferrocyanide.--The ferr i - ferrocyanide couple 
has been previously recommended (9) and widely 
used (4, 9-11) for the study of solid electrodes because 
of its polarographic reversibi l i ty and the avai labi l i ty 
of the diffusion coefficients for both the oxidized and 
reduced forms under  a variety of solution conditions 
(12). We also found this couple to be very  useful in 

cyclic voltammetric  and cyclic chronoamperometric 
studies with (SN)~ electrodes even though the elec- 
t ron transfer  mechanism has been shown recent ly (13) 
to be more complex than once thought. Formal  poten- 
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E, V VS. SCE 

Fig. 6. Effect of the addition of Cr(CIO4)~ to 0.5M NaCIO4 on 
cyclic voltammogram recorded with perpendicular (SN)x elec- 
trode: (1) 0.SM NaCIO4, (2) 0.SM NaCIO4 Jr 0.01M Cr(CIO4)~. 
Scan rate 0.05 V sec -1. 
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Table I. Electrochemical characterization of (SN)x electrodes with respect to Fe(CN)6 3 -  solutions 

Elec- 
t rode  

E lec t ro de  sur face  area  • i0 8 c m  s 

Cyclic c h r o n o a m p e r o m e t r y  
Ep~. + Ep e ~pr 

KC1 Cathodic  Anodic  Projec ted-  ,-:---- / a log iv I 
(mo les /  K~Fe (CN) e 2 decay  decay  ca l ibrated  ~p, ! 
h t e r )  (mo le s / l i t e r )  (V) (10 sec) (10 sec) microscope  I ~ log V 

(SN) = I] 3.0 0.03 + 0.260 4.57 4.47 2.31 0.96 0.44 
(SN) �9 II 8.0 0.03 + 0.265 8.71 8.10 0.99 0.54 
(SN) ~ _L 0.5 0,1 + 0.215 5.70 5.76 3.08 1.03 0.50 
(SN) �9 .L 0.5 0.1 + 0.215 8.22 8.02 7.01 1.09 0.50 
Pt  disk* 0.5 0.1 + 0.215 5.01 4.87 4.95 1.05 0.47 
P t  disk 3.0 0.03 + 0.270 5.59 4.95 1.00 0.50 

* T o r r  Seal mounted .  

tials, Ef ~ were calculated as the mean  of the cathodic 
and anodic peak potentials obtained from cyclic vol- 
tammetr ic  experiments in  KC1 support ing electrolyte 
solutions. Typical results for two parallel  and two 
perpendicular  (SN) z electrodes are shown in Table I. 
At moderate potential  scan rates (0.01-0.2 V sec -1) 
the separation of the oxidation and reduction peak 
potentials for both electrode orientations was close to 
the theoretical value for a reversible system (57 mV 
at 25 ~ 

The diffusion-controlled na ture  of the currents  for 
the ferr i - ferrocyanide couple at (SN)x electrodes was 
demonstrated by the following results (Table I ) :  (i) 
the ratio os the cathodic to anodic peak currents  was 
close to 1.09 which is the predicted value for a diffu- 
sion controlled process ( taking into account the dif- 
ferences in diffusion coefficients of the ferr i-  and 
ferrocyanide),  (if) the dependence of peak currents  
on scan rate yielded the expected result  of 0log ip/ 
0log V ~- 0.5, and (iii) the tempera ture  dependence of 
the cathodic peak currents  in  the tempera ture  range 
I5~176 i.e., (2.303/AT)Atog ipc �9 100% ---- 0.4%. It 
should be noted that the p la t inum disk electrode 
yielded similar values of the formal potential,  ipc/ipa 
and 0log iJOlog V under  the same exper imental  con- 
ditions. 

The dependence of the peak current  and formal po- 
tential  on pH was also found to be the same for both 
p la t inum and perpendicular  (SN)x electrodes (Table 
II) .  The results obtained with parallel  electrodes (not 
shown) were identical. 

As (SN)z electrodes varied markedly  in  projected 
area and macroscopic surface r6Ughness it was diffi- 
cult to compare the electrochemical behavior of in-  
dividual  (SN)z electrodes. In  order to obtain current  
densities so that results could be normalized, cyclic 
chronoamperometry was used to determine the electro- 
chemically active surface  area of (SN)x electrodes. 
For this reason a 10 sec current  decay period was 
chosen so that the diffusion layer  thickness in chrono- 
amperometry  experiments  was comparable to that in  
cyclic vol tammetry  experiments  under  the scan rates 
employed. Ferr icyanide was chosen as it was shown 
above to be well  behaved at (SN)x electrodes. The po- 
tentials chosen were 0.1V more negative and positive 
than the reduction and oxidation peak potentials, re-  
spectively. Using the Cottrell equation (14, 15), the 
electrochemical area was calculated from the slopes 

Table II. pH dependence of peak current and Ef ~ for 
Fe(CN)GZ-/Fe(CN)~ 4 -  

pH 

P t  (disk)  (SN)~ J_ 

Ev a + E~ c Ep a + Ep c 
ip e ip~ 

2 2 
(.~A) (V) (~A) (V) 

1.5 38.4 0,250 20.0 0.260 
2.5 40.0 0.225 21.2 0.230 
4.6 38.2 0.215 18.5 0.215 
7.0 40.0 0.215 18.5 0.220 

10.7 35.7 0.215 17.0 0.215 

of l inear  i vs. t -1/2 (14) and i vs. {(t -- 10) -1/2 _ t-I/2} 
(15) plots for the cathodic and subsequent  anodic de- 
cay curves, respectively. The results indicate that the 
electrochemical area is significantly larger than  the 
area obtained by using a calibrated microscope (Table 
I).  This is not surprising as the surface roughness of 
(SN)x electrodes can often be seen with a magnifying 
glass. Similar  chronoamperometric  studies with a 
p la t inum disk electrode, having a surface area com- 
parable to those of the (SN)x electrodes, yielded areas 
which were near ly  identical to those obtained with the 
calibrated microscope (Table I).  Thus, it is recom- 
mended that the (SN)x electrode areas be determined 
using the chronoamperometric technique with ferr i-  
cyanide solutions, as it is not possible to polish (SN)x 
crystals in order to produce a smooth surface because 
of the delicate na ture  of this material.  

After the potential  scan experiments  in  ferr icyanide 
solution, the (SN)z electrodes were rinsed with water  
and scanned in  support ing electrolyte solution. There 
was no evidence of reduction or oxidation peaks of 
ferr i-  or ferrocyanide, respectively. This indicates that  
there is no pe rmanen t  al terat ion of the surface due to 
exposure to ferr icyanide solution, i.e., these electrodes 
were considered to be unmodified in subsequent  
studies. 

Cyclic vol tammetry  in  ferr icyanide solutions was 
also found to be useful in assessing the condition of 
(SN)x electrodes. After  extended exposure to air  or 
solutions containing adsorbing species, vol tammograms 
of ferr icyanide solutions occasionally appeared ill de- 
fined (Fig. 7A) with larger peak potential  separations 
than for the reversible case. These electrodes were not 
used for fur ther  study. Thus, the cyclic vol tammetr ic  
behavior in  ferr icyanide solution served as a selection 
criterion for electrodes which were to be used. 

Although the (SN)x crystals used were somewhat 
porous (Fig. 8) it is doubtful  that  electrolysis occurs 
deep within the fibers because: (i) there is no "mem- 
ory effect" for ferricyanide solutions, (if) the solution 
resistance in the "pores" is much greater than  at the 
surface, and (iii) the data fit equations which assumed 
l inear  diffusion conditions. 

Lead(II)  deposition.--Parallel and perpendicular  
(SN) x electrodes were used in  lead deposition studies 
(1-40 mM Pb(NO3)2) in the pH range 3.5-4.5 using 
0.1M K N Q  as the supporting electrolyte. Typical re- 
sults are shown in  Fig. 9. Cyclic vol tammograms ob- 
tained with perpendicular  (]~ig. 9A) and paral lel  (Fig. 
9B) (SN)x electrodes differ markedly  in  the separa-  
t ion between cathodic and anodic peak potentials. 
There is a pronounced current  hysteresis (following 
potential  reversal at --0.72V) for parallel  electrodes 
only (Pig. 9B) which is not uncommon in  cyclic vol- 
tammetr ic  studies of metal  depositions on carbon (16, 
17) and mercury  (18, 19) electrodes. No well-defined 
underpotent ia l  deposition or str ipping peaks were ob- 
served with either perpendicular  or parallel  (SN)z 
electrodes. Instead, a gradual  increase in the current  
was observed prior to the bulk  lead deposition peak. 
The voltammetric behavior  of parallel  (SN)z elec- 
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Fig. 7. Cyclic voltammogram 
of K3Fe(CN)6 in 0.5M KCI: (A) 
damaged or extensively used (SN)x 
electrode, 0.02M K3Fe(CN)6, 
0.10 V sec-1; (B) new (SN)x 
electrode, 0.05M K3Fe(CN)6, 
0.020 V sec-Z; (C) Pt disk elec- 
trade, same conditions as (B). 
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Fig. 8. Scanning electron mlcrograph of ends of (SN)x fiber 
bundles of an (SN)x crystal. 
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Fig. 9. Cyclic voltammograms in 0.1M KNO3: (A) 0.005M 
Pb(NOs)2 at perpendicular electrode; (B) 0.01M Pb(NO3)2 at 
parallel electrode, (C) 0.01M Pb(NO3)2 at pretreated (see text) 
parallel electrode. Scan rates 0.015 V sec -1 .  

t rodes in lead  ion solutions became nea r ly  ident ical  
to that  of pe rpend icu la r  electrodes when the former  
are  p r e t r ea t ed  by  immers ion  into a 0.1M Hg(NOs)2 
solut ion (pH = 2.5) for 1 rain fo l lowed by  thorough  
r insing wi th  dist i l led wa te r  before  the  vo l t ammet r i c  
exper imen t  (Fig. 9C). That  is, the  potent ia l s  for the  
deposi t ion and s t r ipping  peaks  are  the  same as for 
pe rpendicu la r  electrodes,  and there  is no hysteresis  of 
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the current  on the positive scan. These effects do not 
depend on whether  or not lead has been previously 
deposited on the parallel  surface. Paral lel  electrodes 
were also treated by exposure to air or to solutions of 
the same composition and pH as the mercur ic  ion 
solution, but  without  mercury ( I I )  present. Such pre- 
t rea tment  had no effect on lead cyclic vol tammograms 
obtained with paral lel  electrodes. Fur the r  studies 
dealing with the chemical modification of (SN)z sur- 
faces with metal  cations will  be reported in the future. 

No significant differences in the appearance of the 
lead waves were observed between mercuric ion pre-  
treated and untrea ted  perpendicular  (SN) :  electrodes. 
There was, however, an addit ional cathodic wave ob- 
served of similar  magni tude  on the first scan only at 
more positive potentials (between --0. t  and --0.2V). 
This additional wave was not observed with similarly 
treated parallel  electrodes. 

When (SN)x crystals were placed in  0.1M Hg(NO3)2 
solution, small  droplets of metallic mercury  formed 
almost exclusively on the perpendicular  surface after 
5-10 min. Thus, mercury ( I I )  chemically oxidizes func-  
t ional groups on the ends of the fiber bundles wi th  a 
concomitant  production of mercury  metal  which 
coalesces on the perpendicular  surface. The additional 
cathodic peak observed in vol tammograms after mer-  
cury(H)  pre t rea tment  of perpendicular  electrodes is 
probably due to the reduction of chemically oxidized 
functional  groups or of unreacted absorbed mer-  
cury (H). 

The presence of mercury  on the paral lel  (SN)x sur-  
face affects the cyclic vol tammograms of lead d ramat -  
ically and reproducibly upon indefinite cycling. Str ip-  
ping experiments  were carried out in order to deter-  
mine  if mercury  was present  in the metallic state on 
mercuric ion pretreated parallel  electrodes. Attempts 
to electrochemical ly oxidize metall ic mercury  which 
may have been present  on these surfaces were not 
successful. No oxidation peak of mercury  was ob- 
served and there were no differences in vol tammo- 
grams obtained in  0.1M KCt for unt rea ted  and mer -  
cury( I I )  pretreated parallel  (SN)x electrodes when 
the potential  was scanned from 0'V to the anodic cur-  
rent  breakdown potential  (ca. + 0.7V). I f  mercury  (II) 
is present in solution and is electrochemically reduced, 
the metallic mercury  produced is oxidized at ca. 
+0.TV (20). Thus, the amount  of metallic mercury  on 
on the parallel  surface, if present,  is small. Scanning 
electron micrographs have revealed the presence of 
mercury  droplets on perpendicular  but  not parallel  
mercuric ion pretreated electrodes. Mercury is thought 
to be present on parallel surfaces as a thin metallic 
film rather than in a strongly adsorbed or complexed 
ionic form. 

The cathodic and anodic currents for cyclic voltam- 
mograms obtained in lead ion solutions were inte- 
grated in order to determine the ratio of charge ex- 
changed in each of these processes. For a platinum 
disk electrode, Qc/Q~ ~ 1.07. For (SN)z electrodes this 
ratio was always greater than uni ty  typically being 
between 1.25 and 4.0. This might be due to (i) cath- 
odic background currents in this potential  region, but  
this source of excess cathodic current  seemed too 
small; ( i f )  the i r reversible  formation of sulfur and/or  
ni t rogen containing Pb 2+ compounds, e.g., thionitrosyls 
(21), caused by the catalytic reduction of the (SN)z 
surface; or ( i i i )  the ini t ial  deposition of metallic lead 
which is not subsequent ly  stripped off. Scanning elec- 
t ron micrographs were obtained after the deposition 
and subsequent  s tr ipping of lead at paral lel  and per-  
pendicular  electrodes (Fig. 10, 11). Some mater ial  re- 
mained on the surface despite attempts to oxidize it 
electrochemically. On perpendicu la r  electrodes, the 
deposit is restricted to the ends of the fibers (Fig. 10). 
Most of the remaining  mater ial  on the parallel  elec- 
trodes was found to be at breaks in  the fiber bundles 
(Fig. 11) which are, of course, perpendicular  ends. 

Fig. 10. Scanning electron micrograph of lead deposit on per- 
pendicular electrode or fiber bundle ends. 

In  order to investigate the mechanism of the lead 
deposition reaction at (SN)x electrodes, the procedure 
developed by Mamantov (22) was employed. It  has 
been suggested that  plots of log ( i  F - -  i)  vs.  E (in the 
potential  region 0.5 /p to 0.9 i F) and values of AE 
Ep -- Ep/e be used to assess the reversibi l i ty  of metal 
deposition reactions at solid electrodes (22). Although 
plots of log ( i  F - -  i)  vs .  E were l inear  in  the ap- 
propriate region for (SN)~ electrodes, the slopes (ca.  
8-40) and the values of AE (ca. 0.032-0.118V) indi-  
cated that lead deposition at (SN)x electrodes was not 
a reversible, diffusion-controlled process. Under  the 
same experimental  conditions slopes of these plots for 
lead deposition on a p la t inum disk electrode were 
~log (ip --  i ) / ~ E  _~ 91 (theoretical 0log (ip - -  i ) /  
0E ---- 75) and the value of AE was 0.020V (theoretical 
~E ----- 0.010V). 

As the effect of alkali  metal  cations of the support-  
ing electrolyte on background currents  and break-  
down potentials was so pronounced on paral lel  elec- 
trodes, the lead deposition reaction was also studied in  
the presence of 1M LiNOa or 1M CsNO8 support ing 
electrolyte solutions (Fig. 12). A p la t inum disk elec- 
trode was used for comparison. The Epc/u for the dep- 
osition of lead was found to be more negative in LiNO8 
than CsNOz for the two parallel  electrodes studied. 
This is consistent with earlier results which indicated 
a stronger interact ion of parallel  (SN)~ with Li + 
than Cs +. The effect of cation on the deposition at the 
p la t inum electrode, if any, was just  the opposite. 

O t h e r  s y s t e m s . - - T h e  electrochemical behavior of 
hydroquinone on (SN)z electrodes appeared to be 
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Fig. 11. Scanning electron micrograph of lead deposit on parallel 
electrode. 
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Fig. |Z. Effect of n~ture of cation of supporting electrolyte on 
Epc/2 for lead(ll) deposition on two different parallel electrodes. 

near ly  the same as on P t -d isk  electrodes. In 0.5M ace- 
ta te  buffer (pH = 4.75) one i r revers ib le  oxidation and 
reduct ion peak at Epa ----- 0.45V and Epc _-- 0.03V, re-  
spectively, at scan rate  0.02 V sec -1 was obtained (Fig. 
13). Anodic, pn~, and cathodic, ~na, t ransfer  coeffi- 
cients calculated from equations fin n -- 0.048/ 
(Epa -- E,a/2) and an~ : 0.048/(Epc/2 -- Epc) were 
equal  to 0.4 and 0.5, respectively,  for both (SN)~ and 
Pt electrodes. 

Also, no differences in behavior  on (SN)x and Pt  
electrodes were  found for r u t h e n i u m ( I I I ) h e x a m m i n e  
tr iehloride reduct ion being revers ible  wi th  Ef ~ ~- 
--0.210V in 0.5M KC1 (Fig. 14). 

Finally,  it has to be noted that  several  redox 
systems appear to be e lectrochemical ly  inac t ive  on 

( .  ( . I  ( . I . .  I .I... 
O@ 0-6 0 .4  0"2 0 , 0  - 0 - 2  0 .4  

E, V vs. SCE 

Fig. 13. Cyclic voltammogram in 0.1M hydroquinone solution in 
Q.SM acetic buffer (pH ~ 4.75): (A) paraUel, (B) perpendiculaT, 
(C) Pt disk electrode. Scan rate 0.02 V sec -1.  

(SN)~ electrodes. Among them were:  Co(CN)6 ~ , 
Cr (SCN)6 B-, $4062-, SfOs 2-,  Fe 3+, Eu ~+, BrO4-.  The 
reasons for this inact ivi ty are not known at this time, 
and are the subject  of fur ther  investigation. 

Summary and Conclusions 
In conclusion, (SN)x appears to be a suitable elec-  

trode mater ia l  for chemical  modification studies in 
aqueous solutions. Thus, regard ing  the behavior  of 
(SN)~ electrodes in aqueous media: (i) Both paral le l  
and perpendicular  (SN)z surfaces exhibi t  a useful 
overvol tage  region in aqueous media and fulfill the  
cri teria presented for the use of working electrodes 
in voltamme~ric studies (4). (it) Surface ra ther  than 
bulk physiocochemical  features of the mater ia l  govern  
its e lectrochemical  properties.  (iii) Electrochemical ly  
active surface functional  groups undergo i r revers ib le  
charge t ransfer  reactions. Electrochemical  t ransfor-  
mations in the bulk of the mater ia l  are not l ikely. 
( iv)  In addit ion to typical  metal l ic  electrode be-  
havior,  (SN)~ exhibits some very  unusual  surface 
properties. Metal  cations interact  more strongly with  
the (SN)z surface than other meta l  electrodes. This 
is par t icular ly  t rue  for the interact ion of the alkali  
metal  cations with the paral le l  surface and of Cr ~+ 
with  both surfaces. (v) Lead cyclic vo l tammograms 
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Fig. 14. Cyclic voltammogram in 0.02M Ru(NH3)6CI 3 in 0.5M 
KCI. (A) parallel, (B) perpendicuEar, (C) platinum disk electrode. 
Scan ra~e: (A), (C) 0.02 V sec-1; (B) 0.05 V sec-L 

are  dependent  on electrode or ienta t ion .  I t  is not pos-  
sible to remove all  of the e lectrodeposi ted lead by  
anodic polarizat ion.  (vi) M e r c u r y ( I I )  chemical ly  oxi -  
dized (SN)x wi th  the s imul taneous  reduct ion of mer -  
c u r y ( I I )  to meta l l ic  mercury .  Mercury  droplets  form 
on the perpendicu la r  surface, but  mercu ry  metal  is 
p robab ly  present  on the para l l e l  surface in the form of 
a thin film. 
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Electrochemistry of 2,2'-Bipyridine Complexes of 
Cobalt in the Presence of Acrylonitrile 
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ABSTRACT 

The previously claimed (1) catalysis of the el~ctroreduction of acrylonitr i le  
by means of a complex of Co (I) and 2 ,2-bipyr id lne  is shown to be erroneous. 
The "catalytic currents" result  instead from the two-electron reduction of a 
mixed complex of Co(I) acrylonitr i le  and 2,2'-bipyridine. The equi l ibr ium 
and forward rate constants for the formation of the mixed complex have 
been estimated and its spectrum is given. The behavior  of a number  of other 
v inyl  monomers,  which mimic acrylonitrile,  is described. 

Some time ago Tanaka  and Sato described experi -  
ments  (1) in which they claimed to have shown that a 
low valent  complex of cobalt with 2,2'-bipyridine, 
generated electrochemically in acetonitri le as solvent, 
was an effective catalyst for the electrochemical reduc-  
t ion of acrylonitrile.  We were intr igued by this report  
for three reasons: (i) The claimed catalysis was very 
notable (E1/2 for the wave at t r ibuted to acrylonitr i le  
reduction is shifted from --2.3 to --1.3V vs. SCE); (if) 
the reduct ion of acrylonitr i le  is a reaction of consider- 
able industr ia l  importance;  and (iii) the catalytic 
mechanism was speculated to involve the adsorption of 
a low valent  complex on the surface of the mercury  
electrode. We have therefore examined this system in 
more detail at both mercury  and p la t inum electrodes 
by means of controlled potential  electrolysis, cyclic 
vol tammetry,  and polarography. Contrary to the 
previous report (1) we find that  the cobalt-2,2'bipyr- 
idine complexes do not  funct ion as catalysts for the 
reduct ion of acrytonitrile.  The increase in current  that 
results when both reactants are present  arises instead 
from the reduction of a complex containing bipyridine,  
acrylonitrile,  and cobal t(I)  to a new complex con- 
ta ining cobalt in  the ( - - I )  oxidation state. Several  other 
vinyl  monomers which form complexes with cobalt (I),  
e.g., 2,2'-bipyridine, also facilitate the reduction to 
cobal t ( - - I ) .  This report  summarizes the exper imental  
evidence which has led us to these conclusions. 

Experimental 
Apparatus.--Polarograms were obtained with a 

Pr inceton Appl ied Research (PAR) Model 174 polaro- 
graphic analyzer and recorded with a Hewlet t -Packard  
Model 7004 X-Y recorder. Cyclic vol tammograms were 
obtained by means of a PAR Model 173 potentiostat  
dr iven by a conventional  signal generator. The vol tam- 
mograms were recorded with the X-Y recorder or by 
photographing the screen of a Tektronix  564 oscillo- 
scope. Controlled potential  coulometry was conducted 
with the PAR Model 173 potentiostat  equipped with a 
Model 179 digital coulometer. Gas chromatographic 
analyses for acrylonitr i le  in acetonitri le were obtained 
with a Hewle t t -Packard  Model 5830 A gas chromato- 
graph with an 18 ft column containing Carbowax 20 M 
on Chromosorb W. Spectra were recorded with a Cary 
11 spectrophotometer using cuvettes capped with rub-  
ber septums which were deoxygenated by purging 
with argon. 

Measurements  were conducted in a three-compar t -  
ment  cell. The reference electrode was a silver wire 
immersed in 0.1M AgNO~ in acetonitri le which was 
double isolated b y  frit ted glass disks from the main  
cell compartment.  The potent ial  of this reference 
electrode was 392 mV more positive than an aqueous 
SCE when both were immersed in  0.01M aqueous 

* E lec t rochemica l  Society Ac t ive  Member .  
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KNOB. All potentials are given with respect to the 
Ag/0.1M AgNO3 reference electrode. 

The p la t inum indicator electrode was a p la t inum 
wire (diameter : 0.076 cm) sealed in soft glass and 
cut and polished to expose a 0.045 cm 2 disk flush with 
the glass surface. The working electrode for the con- 
trolled potential  electrolyses was a cylindrical  p la t inum 
gauze electrode supported with stout p la t inum wire. 

Solutions were deoxygenated with prepurified argon 
which was passed successively through an aqueous 
chromous chloride solution, purified acetonitrile, and a 
calcium chloride drying tower before enter ing the 
test solution. 

Materials.--Polarographic grade te t rae thy lammo-  
n ium perchlorate (TEAP) (Southwestern Analyt ical  
Company) was used as support ing electrolyte without  
additional purification. Spectroquali ty acetonitri le was 
st irred over Call2 for 24 hr, distilled under  reduced 
pressure, and stored under  argon. 

Co(b ipyh(C104)a  and Co(bipy)3(C104)2 (bipy -- 
2,2 '-bipyridine) were prepared by s tandard methods 
(2), Co(phen)3(C104)2 (phen ~ 1,10-phenanthroline) 
was prepared by mixing a slight excess of 1,10-phen- 
anthrol ine monohydra te  with COC12 �9 6H20 in ethanol 
in the absence of air. Addit ion of a concentrated aque-  
ous solution of NaC104 followed by cooling to 0~ pro- 
duced the desired solid. Ethyl cinnamate,  c innamo-  
nitrile, and 4-vinyl  pyridine were distilled before use. 
Vinyl monomers used as received included ethyl  acry-  
late, methyl  methacrylate,  styrene, and methacrylo-  
nitrile. 

Preparation and properties of [ Co(bipy)zCH2CHCN]- 
CtO4.--Solid Co(bipy)3C104 has been isolated by re-  
duction of Co(bipy)~ :8+ with Na(Hg)  (3) or NaBH4 
4) followed by precipitat ion with excess perchlorate. 
To obtain the corresponding acrylonitr i le  complex 100 
mg of Co(bipy)~(C104)2 was dissolved in  20 ml  of 
a 1:3 mixture  of water  and ethanol containing 200 
mg of acrylonitrile.  The mixture  was freed of oxygen 
and all subsequent  steps were conducted in  an atmo- 
sphere of argon. Addit ion of 2 ml  of a 0.TM solution of 
NaBH4 in water produced a deep purple  solution from 
which a black solid was precipitated by adding a large 
excess of NaC104. The solid was filtered, washed with 
oxygen-free water  a n d  ether, and dried at room tem- 
perature  under  vacuum. Elemental  analysis of the 
solid (percentages):  C, 49.0; H, 3.5; N, 12.0; Co, 11.9; 
C1, 7.2. Calculated for Co (bipy) 2 (CH~CHCN) C104: C, 
52.8; H, 3.6; N, 13.3; Co, 11.3; C1, 6.8. 

The black solid is oxidized much more slowly by 
oxygen than is Co(bipy)sC104. The infrared spectrum 
of the solid (Nujol mull)  shows a band at 2210 cm -1 
(carbon-ni t rogen stretch) which is not far removed 
from the same band in  free acrylonitri le,  indicat ing 
that the ni t r i le  group is not directly involved in the 
bonding to the cobal t ( I ) .  The acryloni t r i ]e-cobal t ( I )  
bond is most l ikely centered on the double bond. 
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Results 
Polarography: Compa~Lson with the results of Tan- 

aka and Sato (1).--In agreement wi th Ref. (1), we ob- 
served four reduction waves for Co(bipy)33+ corre- 
sponding to the successive formation of complexes con- 
taining cobalt in the oxidation states (I1), (I), and 
( - - I )  followed by the reduction of l iberated 2,2'-bipy- 
ridine. The hal f -wave potentials also agreed with those 
listed in Ref. (1). The addit ion of acrylonitr i le  to solu- 
tions of Co(bipy)3 ~+ resulted in the "catalytic wave" 
described by Tanaka and Sato (1) but  the properties 
of this wave are very sensitive to the concentrat ion of 
the support ing electrolyte. With the ra ther  low sup- 
port ing electrolyte concentrat ion employed in Ref. (1) 
(0.05M te t rae thy lammonium perchlorate) ,  the "cata- 

lytic wave" exhibited the properties described by Tan-  
aka and Sato, i.e., the l imit ing cur ren t  of the catalytic 
wave was approximately proport ional  to the acryloni-  
trile concentrat ion up to concentrations as large as 
5 times the concentrat ion of the cobalt complex. How- 
ever, if the concentrat ion of support ing electrolyte is 
increased, this behavior  changes: The magni tude  of the 
catalytic wave is no longer proport ional  to the concen- 
t rat ion of acrylonitr i le,  lnstead it tends toward a l imi t -  
ing value close to that of the wave corresponding to the 
reduct ion of Co (I) to Co ( - - I )  in the absence of acrylo- 
ni t r i le  (Fig. 1). Even when neat  acrylonitr i le  is used in 
place of acetonitrite as the solvent the magni tude  of the 
l imit ing current  of the catalytic wave remains  about 
the same (Fig. 1). 

In  agreement  with Tanaka  and Sato (1) we observed 
that the addition of free 2,2'-bipyridine to solutions of 
Co (bipy)3 ~ + causes no shift in the half -wave potentials 
of the waves corresponding to the reduction of Co (Ii!)  
to Co(II)  and of Co (II) to Co(I) while the wave for the 
reduction of Co(I)  to Co( - - I )  shifts to more negative 
potentials.  In  the presence O f acryionitr i le  the value of 
E1/2 for the reduction of Co(II)  to Co(I)  does respond 
to the addition of 2,2 '-bipyridine unt i l  its concentrat ion 
is increased sufficiently to cause the value of E~/2 to 
match its value in the absence of acrylonitrile,  where-  
upon fur ther  additions of 2,2 '-bipyridine are without 
effect (Table I).  

Spectral observations.--The intensely blue complex 
formed by reducing cobal t ( I I )  in the presence of 2,2'- 
b ipyr idine  has a visible absorption spectrum with a 
max imum at 600 nm (5). Since the coba l t ( I I ) -b ipy  
complexes show essentially no absorption in  this region 
of the spectrum, it proved possible to utilize the ab-  
sorbance at 600 nm to determine the number  of mole- 
cules of 2,2 '-bipyridine coordinated to cobalt in the 
Co(I)  complex by means of the method of continuous 
variations (6). Figure 2 shows a plot of the absorbance 
at 600 n m  as a function of the ratio of 2,2'-bipyridine 
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Fig. 1, D-C polarograms for 1 mM Co(bipy)s ~+ in acetonitrile: 
( - - )  no acrylonitrile; ( . . . . . .  ) I mM acrylonitrile; ( - - - - - - )  
2 mM acrylonitrile; ( . . . . .  ) pure acrylonitrile as solvent. Supporting 
electrolyte: 0.1M TEAP. Capillary characteristics: drop time 1 sec, 
mercury flow rate --1.26 mg sec -1.  

Table I. Half-wave potentials for the reduction of Co[ll) to Co(l) 
in acetonitrile solutions containing 2,2'-bipyridine and 

acrylonitrile. All solutions contained 0.6 mM Co(bipy)3(CIO4)2 
and 0.1M TEAP 

Cone of aery- A d d e d  b ipy  --EI/~ (V v s .  
loni t r i le  (raM) cone (mM) Ag/0.1M AgNOa) 

0 0 1.340 
0.8 0 1.336 
1.6 0 1.327 
2.4 0 1.324 
4.0 O 1.320 
6.0 0 1.318 

14,0 0 1,317 
22.0 0 1.315 
22.0 1.2 1.318 
22.0 2.4 1.320 
22.0 3.6 1.323 
22.0 6.0 1.325 
22.0 14.0 1.331 
22.0 34.0 1.338 

to cobalt in  solutions prepared by mixing Co(C104)2 
and the l igand in oxygen-free methanol  and adding 
a slight excess of NaBH4 dissolved in oxygen-free 
methanol.  The two straight lines drawn through the 
data points intersect at a ratio of 2,2 '-bipyridine to co- 
bal t  of 2.95 indicating that  the cobal t(I)  complex pres- 
ent is predominate ly  Co (bipy) 3 +. 

The spectral changes accompanying the conver-  
sion of Co(bipy)~ + to the mixed complex containing 
acrylonitrile are shown in Fig. 3. It did not prove possi- 
ble to obtain reliable estimates of the relative concen- 
trations of complexes present from the spectra, but 
the large spectral changes make it clear that there is 
substantial complexation of acrylonitrile by cobalt (I). 
Tanaka and Sato (I) reached the opposite conclusion, 
but they did not examine the visible spectra of their 
solutions. 

Cyclic voltammetry.--Our observation that  the po- 
larographic wave which Tanaka  and Sato a t t r ibuted 
to the catalyzed reduction of acrylonitr i le  had a mag-  
ni tude that was quite sensitive to the ionic s t rength of 
the supportir~g electrolyte suggested that  the wave 
might have been exalted by ico!arographic s treaming 
maxima in the dilute support ing electrolyte employed 
in Ref. (1). The system was therefore examined by 
cyclic vol tammetry  wi th  a p la t inum electrode replacing 
the dropping mercury  electrode. The cyclic vol tam- 
mograms for Co(bipy)3 ~+ in the absence of acryloni-  
trile exhibit  the same three waves [Co(III)  -> Co(II ) ,  
Co(II)  -~ Co(I) ,  Co(I)  --> C o ( - - I ) ]  that  were observed 
in the polarographic experiments.  The first two waves 
exhibit  reversible behavior at all scan rates with peak 
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Fig. 2. Absorbonce at 600 nm vs. the ratio of 2,2'-bipyridlne to 
Co(I) in methanol. 
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Fig. 3. Effect of aerylonitrile on the absorption spectrum of 
0.1 mM Co(I) in a methanol solution containing 0.9 mM 2,2'-bi- 
pyridine: ( .... ) no acrylonitrile; ( ~ - - - - )  0.2 mM acryfonitrile 
( . . . . .  ) 1.6 mM acrylonitrile. The Co(l) was obtained by re- 
duction of Co(ll) with a slight excess of NaBH4. 

potent ia l  separat ions of ca. 60 mV and no dependence 
of peak potentials  on scan rate  or the addit ion of 2,2'- 
bipyridine.  The third wave  exhibits revers ible  behavior  
at modera te  scan rates (1 V sec -1) wi th  peak potentials 
and anodic-cathodic peak potent ial  separations that  de- 
pend on the concentrat ion of added 2,2'-bipyridine. 
F igure  4 shows the dependence of the average of the 
anodic and cathodic peak potentials of all  three waves 
on the concentrat ion of 2,2'-bipyridine. The slope of the 
l ine drawn through the points for the C o ( I ) - t o - C o ( - - I )  
wave  is 25 mV/decade  which indicates that  one mole-  
cule of 2,2 '-bipyridine is lost when the Co (I) complex 
is reduced to Co ( - - I ) .  

F igure  5 contains a representa t ive  set of vo l tam-  
mograms for the second and third reduction steps in 

c a 6 0  F -  

-(E~+Ep)/2 
L IOO 

1360[ -  A - 

1400 ~ ~ - 

 92o I 

1960 

2000 

0 0 0 0 

2 0 4 0  I I I I I I 
-3 .0  -2 .6  -2 .2  - t . 8  - I . 4  - I . 0  - 0 . 6  

Iog [ b i p y ]  

Fig. 4. Average of cathodic and anodic peak potentials for cyclic 
voltammograms: ( Q ) ,  Co( I l l )  ~ Co( l l ) ;  (11). Co01) ~ -  Ca(I) ;  
( X ) ,  Co(I)~--- Co ( - - I )  in acetonitrile solutions of 2,2'-bipyridine. 
Concentration of cobalt: 1 mM. Supporting electrolyte: 0.1M TEAP. 
Scan rate: 1 V sec -1.  
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Fig. 5. Cyclic voltammograms for Co(bipy)8(CIO4)2 in acetonitrile: 
A, no acrylonitrile present; B, 2.5 mM acrylonitrile present; C, 2.5 
mM acrylonitrile and 2.0 mM 2,2'-bipyridine present. Supporting 
electrolyte: 0.1M TEAP. Platinum microelectrode: 0.045 cm 2, 

the absence and presence of acrylonitr i le.  As acryloni-  
t r i le  is added to the solution of Co(bipy)83+ a new 
wave appears (Fig. 5B), but its magni tude  never  ex-  
ceeds that  of the wave  corresponding to the reduct ion 
of Co (I) to Co ( - - I )  in the absence of acrylonitri le.  This 
wave  mere ly  diminishes at the same rate  as the new 
wave  grows. Both waves correspond to the two-e lec -  
t ron reduct ion of cobal t ( I )  wi thout  any apparent  re-  
duction of acrylonitri le.  

The re la t ive  magni tude  of the two cyclic vo l t ammet -  
ric waves depends on the rate  of potent ial  scan: The 
less negat ive  wave  is suppressed and the more negat ive  
wave  is enhanced the higher  the scan rate. The less 
negat ive  wave  is revers ible  at high scan rates but  be- 
comes progress ively  less so as the scan rate  is d imin-  
ished. The wave  can also be suppressed or e l iminated 
by addition of 2,2'-bipyridine to solutions containing 
Co(bipy)3 z+ and acryloni t r i le  (Fig. 5C). The behavior  
is consistent wi th  the presence of a sluggishly estab- 
lished equi l ibr ium as indicated in reaction [1] 

Co (bipy) 3 + + CHuCHCN 

k~ 
~- [Co(bipy)2CHsCHCN] + 4- bipy [1] 
kb 

The new wave result ing f rom the addition of acryloni-  
t r i le  can then be understood as the reduct ion of the 
mixed  Co(I)  complex, [Co(bipy)sCH2CHCN] +, to the 
Co ( - - I )  state. 

An  est imate of the equi l ibr ium constant for react ion 
[1] was obtained by prepar ing solutions of Co (bipy)83 + 
containing various concentrations of acryloni t r i le  and 
2,2'-bipyridine and adjusting the potential  of a plat i -  
num indicator electrode to --1400 mV [where  the co- 
balt  (III) complex was reduced to a mix tu re  of the two 
cobal t ( l )  complexes] for 60 sec to al low the equi l ib-  
r ium in react ion [1] to be established. The electrode 
potential  was then scanned toward more negat ive va l -  
ues and the peak currents for the two waves corre-  
sponding to the reduct ion of Co(I)  to C o ( - - I )  were  
measured. At scan rates of 5 V sec -1 or grea ter  the ratio 
of the two peak currents  became essentially indepen-  
dent of scan rate and thus provided a direct measure  of 
the equi l ibr ium concentrations of Co (bipy)8 + and [Co- 
(bipy)2CHsCKCN] +. Table II summarizes  the results 
obtained f rom a series of such measu remen t s  and the 
resul t ing values of the equi l ibr ium constant for reac-  
tion [1]. The reasonable constancy of the equi l ibr ium 
constants obtained support  the s toichiometry indicated 
in reaction [1], i.e., one molecule  of 2,2 '-bipyridine is 
replaced by one molecule of acryloni t r i le  to form the 
more easily reduced complex. 
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Table II. Equilibrium constant for reaction [ i ] ,  K1, evalua[ed 
from voltammetric peak current ratios 

Cone of Conc of 
2,2'-bipy- acry- Peak 

Scan rate  ridine* lonitr i le  current K1 
(V sec -~) (mlVl) (mM) ratter (calc) 

5 5.0 5.0 1.00 1.0 
10 5.0 5.0 1.05 1.1 

5 12.5 5.0 0.47 1.2 
10 12.5 5.0 0.52 1.3 

5 2.5 5.0 0.22 1.1 
10 2.5 5.0 0.27 1.3 
20 2.5 5.0 0.25 1.3 

5 5.0 I0.0 2.07 1.0 
10 5.0 10.0 2.0 1.0 

A v e r a g e :  1.1 

* The concentra t i on  o f  Co(b ipy)z  e+ was  0.5 raM. 
t The ratio is of the peak current corresponding to the reduc-  

t ion of  t he  acryloni tr i le  c o m p l e x  to  that  for  th e  reduct ion  of  
Co(bipy)3+. A pla t inum m i c r o e l e c t r o d e  (0.045 cm 2) was  employed .  

Kinetics 0I reaction [ / ] . - - T h e  cycl ic  v o l t a m m e t r i c  
b e h a v i o r  of t h e  Pa i r  of w a v e s  c o r r e s p o n d i n g  to t h e  r e -  
duc t ion  of Co(oipy)32+ and  the  ox ida t i on  of Co(b ipy)3  + 
can  be u t i l i zed  to i n spec t  t he  k ine t i cs  of r e ac t i o n  [1]. 
In  t h e  a b s e n c e  of  a c r y l o n i t r i l e  t h e  ca thod ic  a n d  anod ic  
p e a k  c u r r e n t s  fo r  t h e s e  t w o  w a v e s  a re  equal ,  bu t  t h e  
anod ic  p e a k  c u r r e n t  is d i m i n i s h e d  by  the  add i t i o n  of 
a c ry lon i t r i l e  as r e a c t i o n  [1] p r o c e e d s  f r o m  le f t  to 
r i g h t  (Fig.  5B) .  By  w o r k i n g  in  t he  p r e s e n c e  of  exces s  
a c ry lon i t r i l e  t h e  r e ac t i on  can be  m a d e  p seud o  first  
o r d e r  and  e s sen t i a l l y  i r r eve r s i b l e .  U n d e r  t h e s e  co n d i -  
t ions  t he  f o r w a r d  r a t e  c o n s t a n t  for  r e a c t i o n  [1] can  be  
e v a l u a t e d  f r o m  t h e  s w e e p  r a t e  d e p e n d e n c e  of t he  p e a k  
c u r r e n t  ra t io  (7).  Tab le  I l I  s u m m a r i z e s  t h e  d a t a  ob -  
t a i ned  f r o m  w h i c h  an  a v e r a g e  va lue  fo r  kf of 8 X 
10~ M -1 s e c - ~  was  ca lcu la ted .  

Controlled potential electroIysis.--Successive e lec-  
t ro lys i s  of a ce ton i t r i l e  so lu t ions  of C o ( b i p y ) ~  3+ w i t h  
m e r c u r y  pool  or  p l a t i n u m  gauze  e l ec t rodes  at  po t en t i a l s  
on the  p l a t e a u  of t he  first  a n d  t h e n  of t he  s econd  p o -  
l a r o g r a p h  w a v e s  (i.e., --100 and  --1400 mV, r e s p e c -  
t ive ly )  r e su l t s  in  t he  c o n s u m p t i o n  of 1 F / m o l e  for  each  
w a v e  as e x p e c t e d  for  success ive  r e d u c t i o n s  to Co-  
(b ipy)~  e+ and  C o ( b i p y ) 8  +. D u r i n g  t h e  r e d u c t i o n  to 
C o ( b i p y ) 3  + the  so lu t ion  d e v e l o p s  the  deep  b lue  color  
c h a r a c t e r i s t i c  o f  th is  c o m p l e x  (3, 4). I f  t he  e lec t ro lys i s  
is c o n t i n u e d  at  t he  s a m e  p o t e n t i a l  an  add i t i ona l  f a r a d a y  
p e r  mo le  of e l ec t r i c i ty  is s l owly  c o n s u m e d  over  a p e r i o d  
of a f e w  hours ,  t he  b lue  color  fades ,  and  a d a r k  p r e -  
c ip i t a t e  r e s e m b l i n g  me ta l l i c  coba l t  appea r s .  This  s low, 
e l ec t ro ly t i c  d e c o m p o s i t i o n  of t h e  c o m p l e x  is d i m i n -  
i shed  by  t h e  add i t i on  of excess  2 ,2 ' -b ipyr id ine .  

A c r y l o n i t r i l e  is w i t h o u t  effect  on t h e  course  of t he  
c o n t r o l l e d  p o t e n t i a l  r e d u c t i o n  of Co (b ipy )  ~3 + a n d  Co- 
(bipy)~ e+. H o w e v e r ,  if  suff ic ient  a c ry lon i t r i l e  is p r e s -  
en t  t he  color  d e v e l o p e d  as C o ( I )  is p r o d u c e d  and  is 

Table III. Forward rate constant for reaction [1], kf, 
estimated from cyclic voltammetric peak current ratios 

Cone of 
acry- Peak 10 -8 kf 

Scan rate lonitrile* current kapp (M ~1 
(V sec -~) (mM) ratio~ k~pp~$ (see -~) sec-~) 

2 0.5 0.74 0.34 4.3 8.6 
5 0.5 0.87 0.14 4.2 8.4 
5 1.0 0.79 0.24 6.5 0.5 
5 1.0 0.77 0.28 8.8 8.8 
5 2.0 0.70 0.40 12.6 6.3 

10 2.0 0.77 0.28 17.5 8.8 
Average: 8 x 10 ~ 

* The concentration of Co(bipy)~(C1OD2 was 0.5 raM. Support- 
ing electrolyte: 0.1M TEAP. 

The ratio is of  the peak current for the oxidation of 
Co(bipy)~+ to that for the reduction of Co(bipy)32+. 

$ Read from a plot of the data in Table XI in Ref. (7). The neg- 
ligibility of the reverse of reaction [1] under the experimental 
conditions employed was demonstrated by the lack of significant 
changes in the peak current ratio when small amounts of 2,2'-bipy- 
ridine were added to the solutions.  

deep  p u r p l e  r a t h e r  t h a n  the  ch a r ac t e r i s t i c  b lue  of Co-  
(b ipy)~  +. The  s a m e  color  can  be  p r o d u c e d  by  a d d i n g  
ac ry l o n i t r i l e  to a p r e v i o u s l y  e l e c t r o g e n e r a t e d  so lu t ion  
of  C o ( b i p y ) ~  +. I t  is a p p a r e n t l y  t he  color  of t he  m i x e d  
complex ,  Co (b ipy)  2 (CH2CHCN) + 

C o n t r o l l e d  p o t e n t i a l  r e d u c t i o n  of t he  p u r p l e  so lu t ion  
at  a p o t e n t i a l  on t h e  p l a t e a u  of t he  n e w  w a v e  n o w  p r e s -  
en t  (Fig  5B) r e su l t s  i n  t h e  c o n s u m p t i o n  of a l mos t  e x -  
ac t ly  two  add i t i ona l  f a r a d a y s  p e r  mo te  of Co a n d  y ie lds  
a b r o w n i s h  y e l l o w  solut ion.  This  r e s u l t  is i n d e p e n d e n t  
of t he  excess  of a c r y l o n i t r i l e  p r e s e n t :  The  s a m e  b e h a v -  
ior  is o b t a i n e d  if  a c r y l o n i t r i l e  is s u b s t i t u t e d  for  ace -  
t on i t r i l e  as t h e  so lvent .  

T h a t  no r e d u c t i o n  of t h e  a c r y l o n i t r i l e  occurs  d u r i n g  
the  con t ro l l ed  p o t e n t i a l  r e d u c t i o n  was  con f i rmed  by  gas 
c h r o m a t o g r a p h i c  ana lys i s  of t h e  so lu t ion  b e f o r e  and 
a}ter t he  e lec t ro lys i s :  Only  a neg l ig ib l e  loss  of a c ry lo -  
n i t r i l e  was  o b s e r v e d  by  the  t i m e  t h a t  2 F / m o l e  of  cobal t  
had  b e e n  c o n s u m e d  and  t h e  c u r r e n t  h a d  d e c a y e d  to i ts  
b a c k g r o u n d  level .  

I f  t he  c o n t r o l l e d  p o t e n t i a l  e l ec t ro lys i s  is c a r r i e d  ou t  
w i t h  a so lu t ion  c o n t a i n i n g  C o ( b i p y ) ~  2+ a n d  a c r y l o n i -  
t r i l e  t h e  to ta l  c h a r g e  c o n s u m e d  at  - -1 .7V is 3 F / m o l e  of 
c o b a l t ( I I ) ,  as e x p e c t e d ,  b u t  t h e  in i t ia l  c u r r e n t  is no t  
as l a rge  as w o u l d  c o r r e s p o n d  to t he  s imple ,  d i r ec t  r e -  
duc t ion  of c o b a l t ( I I )  to cobal t  ( - - I ) .  The  b e h a v i o r  is 
cons i s t en t  w i t h  t h e  i n t e r v e n t i o n  of  a s low chemica l  
s t ep  a long  the  e l ec t ro ly t i c  p a t h w a y .  A l ike ly  c a n d i d a t e  
fo r  such  a s low s tep  is r e ac t i o n  [1]. I f  t h e  e l ec t ro lys i s  is 
c o n t i n u e d  b e y o n d  the  p o i n t  a t  w h i c h  the  coba l t  has  
b e e n  c o n v e r t e d  to Co ( - - I )  t he  c u r r e n t  fa l ls  to t h e  b a c k -  
g r o u n d  l eve l  b u t  t he  c o n c e n t r a t i o n  of a c r y l o n i t r i l e  
m o n i t o r e d  by  gas c h r o m a t o g r a p h y  dec rea se s  s lowly  
ove r  a p e r i o d  of  s ev e ra l  hours .  H o w e v e r ,  t h e r e  is no  
d e t e c t a b l e  loss of a c r y l o n i t r i l e  b e f o r e  th is  s t age  of the  
e lec t ro lys is .  We f o u n d  no e v i d e n c e  of  a c r y l o n i t r i l e  r e -  
d u c t i o n  a c c o m p a n y i n g  the  r e d u c t i o n  of  t he  cobal t .  

Reaction ol Co(bipY)3 + with vinyl  monomers . - -The  
a p p a r e n t  p r o p e n s i t y  fo r  a c r y l o n i t r i l e  to c o o r d i n a t e  to 
Co (1) a n d  t h e r e b y  fac i l i t a t e  i ts  f u r t h e r  r e d u c t i o n  s u g -  
ges t ed  t h a t  o t h e r  v iny l  m o n o m e r s  m i g h t  ex h i b i t  s i m -  
i la r  behav io r .  This  p r o v e d  to be  the  case  fo r  a n u m b e r  
of v iny l  m o n o m e r s  w h i c h  all p r o d u c e  t h e  s a m e  w a v e  
n e a r  --1.TV t h a t  r e su l t s  w h e n  a c r y l o n i t r i l e  is a d d e d  to 
so lu t ions  of Co (b ipy)  32+. T h e  w a v e  h e i g h t  in  each  case  
c o r r e s p o n d s  to t he  r e d u c t i o n  of C o ( I )  to C o ( - - I ) .  The  
equiliblium and forward rate constants for the forma- 
tion o2 the assumed cobalt (I) -vinyl monomer com- 
plexes according to reaction [2] 

monomer + Co (bipy) 3 + 

~-Co(bipY)2monomer + -I- bipy [2] 

were evaluated by the same cyclic voltammetric proce- 
dures employed with acrylonitrile and the results are 
given in Table IV. Note that the stability of the cobalt- 
(I)-vinyl monomer complexes increases with the ease 
of reduction of the monomer itself (E~/2 values are 
given in Table IV). 

Discussion 
The  resu l t s  t h a t  h a v e  b e e n  d e s c r i b e d  can all be  ac -  

c o m m o d a t e d  on the  basis  of t he  set  of r e a c t i o n  s e -  

Table IV. Forward rate constants, kf. and equilibrium constants, 
K2, for reaction [2] estimated from voltammetric peak current 

ratios 

Half -wave  
potent ia l  of  

k~ (M-1 the m o n o m e r ,  
Vinyl monomer sec-1) K2 --Ell2 (V) 

Ethyl einnamate 9 • 10 4.5 x 10 ~ 2.2 
Cinnamonitrile 4 x 10 e 5.0 x 10 -e 2.2 
Ethyl acrylate 5 x 10 ~ 6.0 x 10 -~ 2.5 
Acrylonitrile 5 x 10 -~ 1.3 x 10 ~ 2.57 
4-Vinyl pyridine 8 x l0 s 1.1 2.55 
Methacrylonitrile 2 7.0 x 10 -~ 2.62 
Methyl methacrylate <10 -1 * 2.63 
Styrene ~3 x 10 -1 * 2.83 

* Too small to measure, i.e., <10 ~. 
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S c h e m e  I 

A B C 

~-e -  ~-e ~-2e 
Co (bipy) 33 +~-___--_~__ Co (bipy)~ 2+ ~ Co (bipy)8 + ~ Co (b ipy)~-  + bipy 

- - e -  - -e  --2e 
E1/~ : --0.07V Ell2 : --1.37V Ell2 : --1.94([bipy] -- 10-~M) 

- -b ipy  
-~ CH2CHCN 

-6bipy D 
- -  C H s C H C N  

Keel ---- 1.1 

E 
+ 2 e -  

[Co(bipy)sCH2 -- CHCN] + -. -h [Co(bipy)x(CHsCHCN)y] 
- - 2 e -  
E1/2 ---- --1.55 to --1.65V 

quences given in  Scheme I. The evidence to support  the 
conclusion that  there is no loss of coordinated 2,2'- 
b ipyridine as Co (bipy)~ s+ is reduced to Co(bipy)3 + 
is the fact that  both the polarographic hal f -wave po- 
tentials and the cyclic vol tammetr ic  peak potentials 
corresponding to the reversible steps A and 1] in 
Scheme I show no dependence on the concentrat ion of 
free 2,2 '-bipyridine (Table I; Fig. 4). However, this 
does not require  that  t h e  2,2 '-bipyridine retain its 
bidentate  chelation of the cobalt center when the latter 
is reduced to the Co (I) state. The resul t ing d s complex 
could well become five-coordinate by the breaking of 
one of the cobal t -bipy bonds. 

Both step C and steps D + E in  Scheme I show half-  
wave and peak potentials which depend on the concen- 
t rat ion of 2,2 '-bipyridine in the way to be expected if 
a loss of coordinated 2,2 '-bipyridine accompanied the 
electrode reaction. It is noteworthy that  step D could 
not be Observed with the Co (phen)3 + complex even in 
the presence of large excesses of acrylonitrile.  Appar-  
ent ly  the steric constraints imposed by the larger  and 
more rigid 1, 10-phenanthrol ine  ligands which cannot 
become monodenta te  as readi ly as can 2,2'-bipyridine, 
impedes the formation of the n-bonded acrylonitr i le  
complex. 

The composition of the product  of step E was not 
definitely established. However, it is not the same as 
the product of step C because solutions resul t ing from 
the reduct ion of Co(bipy)32+ by three electrons in the 
absence of acrylonitr i le  are noticeably bluer  than those 
obtained when acrylonitr i le  is present. Moreover, the 
lat ter  solutions can be converted to what  appears to be 
the same blue color by the addit ion of excess 2,2'- 
b ipyr idine  following the reduction. The Co ( - - I )  com- 
plex may contain more than  a single aerylonitr i le  mol-  
ecule and fewer than two 2,2'-bipyridine molecules 
but  the available data are inadequate  to permit  a de- 
finitive assignment  of its composition. 

The p r imary  differences between the interpretat ions 
offered by Tanaka  and Sato and that  given in Scheme I 
are the lack of any reduction of acrylonitr i le  and the 
proposed formation in step D of a stable, mixed com- 
plex of acryloni t r i le  and 2,2 '-bipyridine which under -  
goes reduction to the Co ( - - I )  state at less negative po- 
tentials than does the Co(bipy)8 + complex. That the 
mixed complex has the composition given in  Scheme I 
is supported by the spectral data, cyclic vol tammetr ic  
data from which reasonably constant  values for the 
equi l ibr ium constant for step D were obtained (Table 
II) ,  and the fact that  a perchlorate salt was isolated 
which gave an elemental  analysis that cor~responded 
reasonably well to that  calculated for [Co (bipy) 2CHs- 
CHCN] C104. 

Tanaka  and Sato concluded that Co(bipy)3 + and 
CH2CHCN do not react with each other in the bulk  of 
solution because the height of the polarographic wave 
they a t t r ibuted to the reduct ion of the product  of this 
reaction did not increase l inear ly  with the concentra-  
tion of Co (bipy)3 +. On this basis they argued that  the 
mixed complex was formed only at the mercury  elec- 

trode surface where it was adsorbed. As ment ioned 
earlier, we believe Tanaka  and Sato were misled by 
the presence of polarographic maxima under  the con- 
ditions of their  experiments.  By employing higher sup- 
port ing electrolyte concentrat ions or by subst i tut ing 
a p la t inum electrode for the DME we observed wave 
heights that  remained l inear ly  proport ional  to the con- 
centrat ion of cobal t(I)  throughout  the range from 0.1 
to 10 raM. We found no evidence of adsorption of Co- 
(bipy)32+ or Co(bipy)  33 + in the cyclic vol tammetr ic  
data at mercury electrodes: The cathodic and anodic 
peak currents  for the C o ( I I ) / C o ( I )  waves remained 
proport ional  to the square root of the scan rate  and 
equal to each other up to scan rates of 20 V sec -~. 
Chronocoulometric measurements  indicated some pos- 
sible adsorption of Co (bipy)3 +, but  it was not possible 
to dist inguish be tween adsorption and precipitat ion of 
the slightly soluble Co(bipy)3C104 on the electrode 
surface. 

Po]arographic maxima were apparent ly  also respon- 
sible for the erroneous assertion (1) that  acrytonitr i le  
reduction is catalyzed in the presence of Co (bipy)~ +. 
Limit ing currents  that  exceed two electrons per Co (I),  
the sole basis for the conclusions of Tanaka  and Sato, 
are not observed with larger support ing electrolyte 
concentrat ions or at p la t inum electrodes. Of course, the 
controlled potential  electrolytic reduction of solutions 
containing both Co (bipy)32+ and acrylonitr i le  in  which 
the charge consumed corresponds to precisely three 
electrons per Co (iI)  and is independent  of the amount  
of acrylonitr i le present  provides the clearest proof that 
acrylonitr i le  is not reduced. Gas chromatographic mon-  
i toring of the concentrat ion of acrylonitr i le  throughout  
the electrolysis confirms that none is consumed. Thus, 
the ext remely  interest ing results of Tanaka  and Sato 
do not constitute an example of a relat ively slow elec- 
trode reaction being catalyzed by an electrogener- 
ated organometall ic intermediate.  [The reduct ion of 
Co (I) to Co ( - - I )  is "catalyzed" by coordinated acrylo- 
ni t r i le  but  since the reduction does not lead to the same 
product in the absence and presence of acrylonitrile,  
the lat ter  is not funct ioning as a t rue catalyst.] 

That  many  vinyl  monomers  mimic the behavior of 
acrylonitr i le  (Table IV) despite having widely dif- 
ferent electrochemistry of their own in the absence of 
Co (bipy)3 + adds support  to the notion that  one is deal-  
ing with a general  type of coordination chemistry in-  
volving a low valent  t ransi t ion metal  center and ac- 
t ivated olefins as ligands. Ethylene and acetylene were 
without effect on the polarography of Co(bipy)32+. 
Carbon monoxide appeared to react with Co(bipy)s  + 
and facilitate its fur ther  reduct ion but  the reaction was 
not examined in detail. 

Very recently we observed that  electrogenerated 
Co (bipy)3 + can funct ion as an effective catalyst for the 
reductive dimerizat ion of allyl halides to produce hex- 
adienes in a reaction having many  of the features Tan-  
aka and Sato believed they had observed in the case of 
acrylonitrile.  The details of these experiments  wil l  be 
described in a forthcoming publication. 
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Semiconductor Electrodes 
XIV. Electrochemistry and Electroluminescence at n-Type 

TiO in Aqueous Solutions 

Rommel N. Noufi,* Paul A. Kohl,* Steven N. Frank,** and Allen J. Bard** 
Department of Chemistry, The University o~ Texas, Austin, Texas 78712 

ABSTRACT 

The electrochemical behavior of single crystal n-TiO2 was investigated in 
aqueous solutions. Charge t ransfer  at the semiconductor/electrolyte interface 
was probed with several redox couples with s tandard redox potentials span-  
ning a wide range. Most reductions occurred at potentials close to Vfb, the 
flatband potential  and the current-vol tage behavior  suggested involvement  
of surface states in the charge t ransfer  process. Evidence for the adsorption 
of phosphate ion and its effect on the reduction of Fe (CN)68- is also presented. 
Electroluminescence was observed dur ing reduction of S2Os 2- at wavelengths 
longer than 700 nm, suggesting the existence of in termediate  levels. 

The electrochemical behavior of n-TiO2 has been the 
subject  of several  recent investigations including a 
previous report in this series (1), which utilized an 
aprotic solvent, acetonitri le (ACN), and which postu- 
lated that electron transfer  can occur via in termediate  
levels or surface states wi thin  the bandgap region. 
Studies in aqueous solutions with TiO2 (2) and other 
semiconductors (3, 4) have also investigated the 
mechanism of charge transfer  of added redox couples 
at the semiconductor/solut ion interface. Although not 
as many  Nernstian, one-electron redox couples are 
available in aqueous, as compared to nonaqueous solu- 
tions, the relat ive location of the energy levels of TiO2 
at the semiconductor /solut ion interface (i.e., the fiat- 
band potential)  can be changed in aqueous solutions 
by relat ively large amounts  by changing the solution 
pH. This provides another  variable for investigating 
the band structure. This approach has previously been 
used to study SiC (4) and SnO2 (5). 

In the present  s tudy the semiconduc tor / so lu t ion  
interface was investigated by several techniques. Elec- 
t ron t ransfer  reactions of couples, including some with 
s tandard redox potential  well positive of those used in 
a previous study (2), were investigated at different 
pH's. To probe the existence and role of in termediate  
levels within the bandg~ap, electroluminescence of the 
n-TiO2 semiconductor caused by electron-hole re-  
combinat ion from minor i ty  carrier injection from the 
electrolyte was studied. Hole inject ion into n- type  
semiconductors leading to radiat ive recombinat ion has 
previously been demonstrated for GaP (6), SnO2, ZnO, 
CdS, and GaAs (7). 

In  addition a study of the space charge capacitance, 
Csc, as a function of potential,  E, was under taken  in an 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
Key words: semiconductors, luminescence,  surface states. 

at tempt to determine the donor densi ty (ND) and flat- 
band potential  (V~b), via the Schottky-Mott  equation 
(Eq. [1]) (8) 

1/Csc 2 ---- (~r -- kT/e)  2/(eeoeND) [1] 

where Cs~ is the space charge capacitance, hr is the 
amount  of band bending, k is the Bo]tzmann constant, 
T is the absolute temperature,  e is the electronic 
charge, ~ is the dielectric constant of the semiconductor, 
and Co is the permit t iv i ty  of free space. In  several 
previous studies these plots of Csc -2 vs. E showed 
deviations from the behavior predicted by Eq. [1] 
[see, for example, (2, 9, 10) and  references therein] .  In 
this work, two independent  methods were used to 
calculate ND for several n-TiO2 crystals: (i) capaci- 
tance determined by a-c methods and cyclic vol tam- 
met ry  via Eq. [1] and (ii) conductance. Ohmic contacts 
were made by four different methods to determine 
their effect on the capacitance-potential  behavior. 

Experimental 
The single crystal n-TiO2 semiconductors used for 

the electrochemical invest igat ion of redox couples were 
obtained from National Lead (Niagara Falls, New 
York).  Two of the crystals were cut perpendicular  to 
the C2 axis and one of these was heated to 650~ in 
vacuum at 10 -4 Torr  for 3 hr and will be called "the 
moderately doped sample" with ND ~-~ 101S/cm 3, as 
determined from a Schottky-Mott  plot. The other was 
heated at 650~ in a hydrogen atmosphere for 15 min  
and will be denoted "the highly doped sample," wi th  
ND ~--- 102~ ~. An ohmic contact was made to one side 
of each crystal by electrochemically depositing In  from 
a 0.1M InC13 solution. 

The capacitance measurements  were made with four 
crystals cut perpendicular  to the C~ axis from a boule 
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generously donated by Fuj i  T i tan ium (Hiratsuka, 
Japan) .  The 1.5 mm thick crystals were heated in  a 
hydrogen atmosphere for 15 rain at 650~ Two ohmic 
contacts were made to each crystal by one of the fol- 
lowing methods: 

1. Electrochemical deposition of ind ium from a 0.1M 
InCl~ solution. 

2. Electrochemical deposition of ind ium from a 0.1M 
InC13 solution followed by heating in vacuum (10 -4 
Torr)  for 1 hr at 650~ 

3. Soldering a copper wire to the rear  of the crystal 
with ind ium solder. 

4. Smearing with In -Ga  alloy (1:1 by volume mix-  
ture) .  I n  methods 1, 2, and 3, copper wires were at-  
tached to the contacts with conducting silver epoxy 
cement (Allied Corporation, New Haven, Connecticut) .  

The crystals were insulated, except for the (001) 
face, with Devcon epoxy cement  (Devcon Corporation, 
Danvers, Massachusetts) and mounted  on glass rods 
for use as electrodes as described previously (1). Each 
crystal was etched for about 15 sec in  an HF/HNO3 so- 
lu t ion (11) prior to use except when  special etchants 
were employed, as noted. 

Al l  compounds used in this s tudy were reagent  grade 
obtained from commercial sources. Solution concentra-  
tions were usual ly  I and 10 mM in electroactive species. 
The solutions were prepared with t r iply distilled water  
and deaerated with prepurified ni t rogen for 30 min. 
The electrochemical cell, s imilar  to previous design 
(1), contained an optically flat Pyrex  window for i l-  

lumina t ing  the semiconductor working electrode. A 
convent ional  three electrode design was used with an 
aqueous saturated calomel reference electrode (SCE) 
and a coiled p la t inum wire counterelectrode separated 
from the main  compar tment  by a medium porosity 
glass frit. The capacitance measurements  were per-  
formed in the dark with a p la t inum counterelectrode 
with an area at least ten times that  of the working 
electrode. The d-c faradaic current  was less than  0.2 
~A/cm 2 in the voltage range used for capacitance mea-  
surements.  

A PAR Model 173 potentiostat  (Pr inceton Applied 
Research, Princeton,  New Jersey)  and PAR Model 175 
universal  programmer  were used for the electro- 
chemical measurements .  Positive feedback was used to 
compensate for the iR  drop in the solution and semi- 
conductor working electrode. The cyclic vol tammetr ic  
( i -E )  curves were recorded on a Houston Ins t ruments  
(Austin, Texas) Model 2000 X-Y recorder for scan 
rates less than 1 V/see. For faster scan rates the i -E  
curves were recorded on a Tektronix  Model 564 (Tek- 
tronix, Incorporated, Beaverton, Oregon) storage oscil- 
loscope. The semiconductor electrodes were i l luminated  
with a 450W xenon lamp (Oriel Corporation, Stamford, 
Connecticut)  employing a Model 6242 power supply. 
The cell capacitance was measured by an a-c method 
which superimposed a 5 mV sine wave (500-10,000 Hz) 
on a d-c voltage, and corresponding phase shift between 
the current  and voltage was measured with a PAR 
Model HR-8 lock-in amplifier. The potentiostat  in these 
measurements  was a Wenking Mode] 61 RH (G. Bank 
Electronik, Germany) ,  and the ins t rumenta l  setup has 
been described previously (12). The capacitance was 
also estimated by measur ing the charging current  of 
the cyclic vol tammograms in the absence of electro- 
active species as discussed in the next  section. 

The electroluminescence emitted in the ul traviolet  
and visible region was detected with a Barr  and Stroud 
(Glasgow, United Kingdom) circular interference 
filter and a sensitive photomult ipl ier  tube (Dumont  
6467). The near  infrared light was detected with an 
Oriel Model 7240 grat ing monochromator  (grat ing 
bl.azed at I ~m) in conjunction with an ultraviolet cut 
off filter and Radiometer/photometer (E. G. & G. Incor- 
porated, Salem, Massachusetts). 

Results 
Capacitance m e a s u r e m e n t s . - - - T h e  d-c and a-c cur-  

rent  measured between the two contacts made on the 
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Fig. 1. Plat of Csc -:~ (cm4F -~)  vs. E (V, vs. SCE) in 1.0M 
H2S04. Capacitance measured by (a) a-c method at 500 Hz, (b) 
a-c method at 1000 Hz, (c) cyclic voltammetr[c method at 5 V/see 
(reactivated crystal), (d) cyclic voltammetric method at 500 V/sec 
(reactivated crystal), (e) a-c method 1000 Hz (reactivated crystal), 
(f) a-c method 2000 Hz (reactivated crystal), (g) a-c method 5000 
Hz (reactivated crystal). 

crystals was direct ly proport ional  to the applied 
voltage and independent  of polari ty and frequency 
over the range 100-10,000 Hz for all of the contacts. 
Thus these can be taken as pure ly  ohmic contacts. 

Plots of Csr -2' vs. E (Eq. [1]) of a moderately  doped 
TiO2 crystal under  various conditions are shown in Fig. 
1. Curves a and b were obtained by a-c methods at 
500 and 1000 Hz, respectively, after the crystal had 
been used for extended periods as a photoanode in a 
1.0M HzSO4 solution. The current  density of these 
photoanodes decreased with t ime dur ing  irradiat ion,  as 
previously reported (10). When the crystal was re-  
activated in  vacuum (10 -4 Torr) at 650~ for 5 min, 
the Csc -2 v,s. E plots shown in Fig. 1, curves e, f, and g 
resulted. Csr was also estimated from the charging cur-  
rent  measured in the cyclic vol tammograms in  the 
dark  at various scan rates (0.2-500 V/sec) with no 
electroactive species in  solution. The capacitance was 
calculated by dividing the current  at a given potential  
by the scan rate. Curves c and d (Fig. 1) show the 
C~c - z  vs. E plots at 5 and 500 V/see respectively, for a 
reactivated crystal. 

The Schottky-Mott  plots for the four crystals with 
the different types of contacts (see exper imental  sec- 
tion) were all very similar  with the exception of con- 
tact b which yielded a smaller  slope, apparen t ly  be-  
cause the doping level increased dur ing the heating in 
vacuum. The donor densities calculated from the a-c 
measurements  (500-10,000 Hz) for contacts a, c, and d 
were 1 X 102~ '3 to 2 X 10~~ :~, while the cyclic 
vol tammetry  results (0.2-500 V/sec) gave values of 
2 X 102'~ 2 to 3 X 10Z~ 3. ]n all cases, f requency 
dispersion of the Csc -2 vs. E plots was observed with 
both the a-c and cyclic vol tammetr ic  results. 

The intersection of the Csc -2 vs. E plot with the x-  
axis, yielding Vfb, was very  similar for the a-c methods 
and cyclic vol tammetr ic  results but  there was appreci- 
able scatter and frequency dependence in  the Vfb values 
obtained by extrapolation. The origin of the f requency 
dispersion has been studied extensively and several 
reasons have been given for the observed results, e.g., 
dielectric relaxation, crystal imperfections, adsorbed 
species, and filling and emptying of localized levels in 
the bandgap (2, 9, 10). 
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ND was also estimated by  making an ohmic contact 
of known area to opposite sides of the crystal and 
measur ing the conductivity using Eq. [2] 

er -- ~Dep, e [2] 

where a is the conductivity, e is the electronic charge, 
and #e is the mobi l i ty  (13). The value of _hTD for crystals 
with contacts a, c, and d determined by this method 
was about 7 • 1019/cm 3. 

Redox processes. ~,Pr ior  to the addi t ion of an elec- 
troactive species, the background oxidation of water  in 
0.5M H~SO4 in the dark did not appear at the moder-  
ately doped TiO2 (ND = 101S/cm 3) unt i l  +4.5V and 
with the highly doped (ND ---- 102~ ~) electrode unt i l  
~4.0V. During dark water  oxidation, bubbles were ob- 
served at the electrode surface. Only a small  charging 
current,  which was directly proport ional  to scan rate, 
was observed for scans from about 0V to potentials for 
the oxidat ion of water  in  0.SM H2SO4. When the scan 
rate was toward negat ive potentials,  two waves with 
peak heights directly proport ional  to scan rate and with 
peak potentials at --0.45 and --0.85V occurred, followed 
by a large wave at t r ibuted to hydrogen ion reduction. 
On the reverse scan towards positive potentials, an 
oxidation wave with a peak potential  about 30 mV 
positive of the first reduction peak appeared; this was 
a t t r ibuted to the oxidation of hydrogen. These reduc- 
tion and oxidation peaks shifted towards negative 
potentials by about 30 mV/pH uni t  with increasing 
pH, 

The charge t ransfer  processes at the n-TiO2/electro-  
lyte interface were studied using several redox sys- 
tems, listed in  Table I. Representat ive examples of 
cyclic vol tammograms for reductions are shown in Fig. 
2. The reduct ion of Fe(CN)6 S-, Ce 4+, Fe 3+, Ag 2+, and 

f 

Pt 

/ 

TiO2 ~,1 
,7 / i  ,%, /' / 

j /  / /  

2 9  

iIl"'Cl~-2? U ~?  n 

Flat band 

.l  
6.0 4.0 1.2 0.8 0.4 0 --0.4 --0.0 -1.2 

POTENTIAL,V vs. SCE 

Fig. 2. Cyclic voltammograms for moderately doped (ND = 
1018/cm3) TiO2 and Pt disk electrodes in ( . . . .  ) 0.SM H2S04 
and ( ) 0.5M H2S04 with (a) 10-2M Ce 4+, (b) 10-2M 
Fe(CN)6 ~ - ,  (c) 10-2M Fe ~'+, (d) 10-2M Ag 2+, (e) 10-2M 
lrCI6 2 -  at a sweep rate of 0.1 V/see. 

Table i. Peak potentials (vs. SCE) for the reduction and 
reoxidation of compounds used in this study. The scan rate was 
0.1 V/sec the donor density of the n-TiO2 was ND = 10zS/cm 8 

E l e c -  P t  n .T10=  
C o m p o u n d  t r o l y t e  Epc Epa Epc 

IrCle ~- 6M HC1 0.98 1.36 0.02 
Ag~+ 4M H N O ~  1.08 1.21 - 0.02 
C e  ~+ 0 .5M H~SO~ 0.70 - -  - 0,12 
F e  ( C N )  ~3- 0 . 5 ~ / H ~ S O ~  0.40 0.52 --  0 .24 
F e  ~§ 0 .SM H ~ O ~  0.36 0 .48 - 0.31 

IrC18 2- did not start  unt i l  the electrode potential  was 
well negative of the corresponding E1/2 value (E1/2 is 
taken here as (Epc ~- Epa)/2) determined at Pt. In  all  
cases the wave was shifted towards Vfb which was not 
changed by the addition of any of the redox systems, 
but  some current  flow occurred at potentials positive 
of Vfb. No reversal anodic waves were found for any 
reduction. For all waves the reduct ion peak currents  
varied with the square root of the scan rate, v 1/2, and 
the cathodic peak potentials (Epc) shifted negative by 
about 54 mV/pH unit.  The Epc values for the moder-  
ately doped TiO2 electrode were always 20-70 mV 
more negative of those for the highly doped one at the 
same pH. The cathodic current  density depended ex- 
ponent ial ly  on the applied potential  in a region at the 
foot of the wave near, but  positive of Vfb. From Tafel 
plots, i.e., log ic vs. E, as shown in  Fig. 3, which were 
obtained from the exponent ia l  cur rent  rise in a st irred 
solution where there was no contr ibut ion from mass 
transfer, the t ransfer  coefficient, a, was calculated, as- 
suming Eq. [3] applies 
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Fig. 3. Logarithm of the dark cathodic current vs. applied po- 
tential for the highly doped (H.D.) (ND = 102~ 3) and mod- 
erately doped (M.D.) (No = 101S/cm 3) n-TiO2 electrodes. (a) 
10-2M Fe(CN)63-, 0.1M KOH, M.D. (b) 10-2M Fe(CN)63-, 
0.1M KOH, H.D. (c) 10-2M Fe(CN)63-, 0.5M H2SO4, M.D. (d) 
10-2M Fe(CN)63-, 0.5M H2SO4, H.D. (e) 10-IM Ag 2+, 4M 
HNO3, M.D. (f) 10-1M Ag 2+, 4M NHO3, H.D. (g) 10-2M Ce 4+, 
0.5M H2S04, M.D. (h) ]O-2M Ce 4+, 0.SM H2S04, H.D. 
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Table II. Comparison of the dark cathodic behavior of oxidizing agents at highly doped (H.D.) 
and moderately doped (M.D.) n-Ti02 single crystals a 

2 4 9  

O x i d i z i n g  E~I~ ~ on Pt a 
a g e n t  C o n c  (V vs. SCE) Electrolyte H.D. M.D. 

i ~ ( A  c m  -2) 
H . D .  M . D .  

Ag ~+ 0.1M 1.14 4M HNOs 0.75 0.85 
IrCl@- 0.01M 1.17 6M HC1 0.35 0.35 
Ce ~+ 0.01M 0.82 ~ 0.5M H~SO~ 0.42 0.42 
Fe (CN) ~a- 0,01M 0.46 0.SM H~O~ 0.75 0.80 
Fe  ~§ 0.OlM 0.42 0,5M H~SO~ 0.44 0.46 

<10-~ 
4 • 10 -~o 6 x 10 -~z 
2 • 10 -~o 1 x 1 0 - ~  
8 x 10 -xo 7 x 1 0 - ~  
2 x 10 -~ 4 x 10 -s  

a H.D., highly doped (ND ~ 10 ~o em-~);  M.D,, moderately doped (ND - -  10 TM em-S).  
bEll2 is taken llere as (Epc + Epa)/2. 
~Half-peak potent ia l  

a~JL ~ (E -- E1/2) 
log ic = log i ~ --  [3] 

2.3 R T  

where n is the number  of equ iva len t s  per mole, F is 
Faraday 's  constant, R is the ideal gas constant, and T 
is the absolute temperature.  The exchange current,  i ~ 
was estimated by extrapolat ion of log ic to the E~/2 
value found with a p la t inum electrode for the redox 
couple. A summary  of the Tafel plot results is given in 
Table II. The values of the Tafel slope, ( d E / d  log i), 
for the different couples were relat ively high for TiO2 
compared to values found with other semiconductors as 
was also observed by Gomes et al. (2). The accepted 
model (8), which assumes isoenergetic electron 
t ransfer  of an electron from the semiconductor conduc- 
t ion band to unoccupied solution levels predicts a 
slope of 60 mV (~ :-  1) for a pure conduction band 
process at potentials positive of Vfb. 

Ef f ec t  o~ s u p p o r t i n g  e l ec t r o l y t e .  ~ T h e  cyclic vol tam- 
metric reduction of Fe(CN)68-  in buffers containing 
phosphate in  the pH range 5-9.5 showed two peaks at 
TiO2 (Fig. 4a), but  only one at Pt  in this buffer. The 
relat ive height of the two peaks was a function of scan 
rate (Fig. 4b) and also of the etchant  employed. The 
more positive peak (P~) was higher at lower scan rates 
and  also when  the electrode was etched in  5M NaOH as 
compared to a concentrated HNO8 etchant. The second 
peak was more pronounced after etching in concen- 
trated HNOz and at higher scan rates. Addit ion of 
Na~SO~ or KI to the phosphate electrolyte suppressed 
the second wave (P2) unt i l  only the first wave appeared 
during reduction. Only the first wave was observed 
with other  electrolytes  (e.g., 0.hM H~SO4, 0.1M KOH).  
Addit ion of Na2SO4 to produce a solution concentrat ion 
of 0.2M total ly suppressed the second wave in 0.33M 
phosphate buffer with an electrode etched in  HNO3. The 
addit ion of KC1 to the buffer however did not have any 
effect on the double wave. Other redox couples such as 
CuCI~, Ce 4+, and  IrC162- did not exhibit  the double 
wave phenomenon in the phosphate buffers. However, 
experiments  with these required acidic media, and at 
these pH's even Fe(CN)6 ~-  did not show the double 
wave. Fe(C204)83- and Fe a+ also exhibited a s imilar  
double wave behavior. However, for these the two 
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Fig. 4. (a) Cyclic voltammogram at 0.1 V/sec of n-TiO2 (ND = 
101S/cm 3) (etched in concentrated HNO3), 0.33M phosphate buf- 
fer, pH = 7.3. (1) alone and (2) containing 10 mM Fe(CN)6~-; 
(b) peak current dependence vs. scan rate, conditions as (a) (2). 

waves were not as well defined as those found with 
Fe(CN)6S-;  in  this case the first wave was shifted 
towards negative potentials, so that  it appeared as a 
prewave on the Second wave and quant i ta t ive  data on 
the relative peak heights was not possible. A systematic 
change of the total phosphate concentrat ion from 0.01 
to 0.hM at a fixed p H  did not appear  to change Vfb, as 
determined by the onset of photoanodic current.  

O x i d a t ~ o n . - - W h e n  the electrode was scanned to po- 
tentials positive of Vfb, a blocking region was observed 
in the dark extending to ~4.5 and -~4.0V vs. SCE for 
the moderately and highly doped electrodes respec- 
tively, where no oxidation currents  appeared .  In Fig. 
5 the effect of addit ion of the reduced forms of sev- 
eral redox couples on the dark anodic current  is 
shown and the behavior of the highly doped elec- 
trode is compared to that of the moderately doped 
one. At the highly doped electrode the blocking region 
was smaller than that  of the moderately doped one 
with no reducing agent in solution. Upon addit ion of a 
reducing agent, an anodic current  started at less posi- 
tive potentials than background oxidation for all spe- 
cies tried at the highly doped electrode. At the mode- 
rately doped electrode only Fe(CN)64-  produced sig- 
nificant anodic current  at potentials less positive than 
the background oxidation; the oxidations of Ce ~+ and 
Fe 2+, if they occurred, took place along with the back- 
ground oxidation. 

I l luminat ion  of the electrode did not have any  effect 
on the reduction processes. Oxidation of the reduced 
species occurred upon  i l luminat ion  which was evident  
by the increase in the anodic current  at a given 
potent ial  on the rising port ion of the wave for photo- 
oxidation of water, which commences positive of Vfb. 
A decrease in the amount  of 02 evolved was observed, 
indicat ing competi t ion of the reduced species with 
water for the photogenerated holes. These types of 
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Fig. 5. Linear potential sweep in ( ) 0.SM H2SO4 containing 
( Q )  0.2M Fe(CN)63-, ( e )  0,2M Fe 2+, (El) 0.2M Ce 3+ at TiO2. 
(a) Highly doped (ND = 102~ (b) moderately doped (No 
= 101S/cmZ). 
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exper imen t s  on photoprocesses  for  different  redox  
couples in aqueous solutions at  T i Q  have been dis-  
cussed e lsewhere  (14, 15). 

Po lycrys ta l l ine  TiO2 p repa red  by  chemical  vapor  
deposi t ion (16) showed ident ical  e lect rochemical  
behavior  in aqueous solution to that  of the modera t e ly  
doped single crystal .  S imi la r  resul ts  have a l r eady  been 
demons t ra ted  in acetoni t r i le  (1). However ,  the photo-  
currents  on the po lycrys ta l l ine  electrodes were  smal le r  
than  those for the  single crystals .  

Light emission.--The elec t ro luminescence  observed 
dur ing reduct ion of persu l fa te  and H202 at  severa l  
semiconductors  in aqueous solutions has been used to 
in t e rp re t  the  mechanism of charge t ransfe r  and to 
obtain informat ion  about  energy levels in the gap (6, 
7). Luminescence ,produced by  recombinat ion  of an 
electron wi th  a hole in the semiconductor  was also 
observed wi th  n - T i Q  electrodes when persul fa te  w a s  
reduced. The mechanism for luminescence p robab ly  
follows tha t  proposed  for o ther  semiconductors  (6, 7) 
wi th  an ini t ia l  step being t ransfer  of an electron f rom 
the conduct ion band or a surface  s tate  be low the con- 
duct ion band to S2Os 2-  (Eq. [4]) 

S~O8 ~ -  - t - e - ( C B )  --> SO42- + SO4- [4] 

Since SO4- is very  easi ly reduced, the SO4- /SO42-  
energy level  lies below the valence bandedge,  and thus 
e lec t ron  t ransfer  to the  radical  causes in ject ion of a 
hole into the  valence band or  a s tate jus t  above the 
valence band (Eq. [5]) 

SO4- --> SO4 ~- - t-  h + (VB) [5] 

Elec t ron-hole  recombinat ions  then cause emission of 
radiat ion.  The i-E curve (Fig. 6a) shows tha t  the re-  
duct ion of persu l fa te  occurs about  100 mV posi t ive of 
the background  reduct ion of water .  The l ight  emission 
did  not s ta r t  when  the reduct ion  of persu l fa te  first oc-  
curred.  Luminescence began when the electrode 
poten t ia l  was pulsed to --1.5V, a value  negat ive  of Vfb. 
The emission in tens i ty  increased wi th  pulsing to more  
negat ive  potent ia ls  and a t ta ined  a m a x i m u m  value  
at --3.0V. At  this potent ia l  the in tens i ty  was a function 
of pulse dura t ion  and was la rges t  wi th  a 100 msec 
pulse. Shor te r  pulses gave weak  emission; longer  pulses 
gave an emission wi th  in tens i ty  equal  to that  of the 
100 msec pulse  which then decayed to a s teady state 
(Fig. 6b).  The TiO2 elect roluminescence spec t ra  (Fig. 
7) were  different  than  those observed wi th  ZnO (7), a l -  
though both mate r ia l s  have s imi lar  bandgaps  and fiat-  
band potentials .  Most of the l ight  emission occurred at 
photon energies smal le r  than  that  of ~he bandgap,  i.e., 
only a very  smal l  f ract ion of the emi t ted  l ight  cor-  
responded to bandgap  energy  (3.2 eV),  whi le  most of 
the  emit ted  l ight  ex tended  into the near  in f ra red  region 
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Fig. 6. (a) Linear potential sweep of highly doped n-TiO2 at 0.i 
V/sec in (1) 5M NaOH solution, (2) 0.1M S2Os 2 - ,  5M NaOH solu- 
tion, (b) Intensity vs. time curve of the electroluminescence of 
n-TiO2 at --3.0V in 0.1M Na~SeOs, 5M NaOH (1) 0.1 sec pulse, 
(2) 1 sec pulse. 
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Fig. 7. (a) Spectral distribution of eleetroluminescence of n-Ti02 
at - -3.0V with grating monochromator, (b) percent transmission of 
electroluminescence at - -3.0V with cut-on filters. 

with photon energies  of 1.5-1.24 eV. This behavior  is 
s imi lar  to that  exhib i ted  by  n -GaAs  (7). 

The spectra l  d is t r ibut ion  of the luminescence with  
n-TiO2 c lear ly  suggests the exis tence of surface states 
or in te rmedia te  levels  located wi th in  the  bandgap.  As 
in the previous  studies (6, 7), the quan tum efficiency 
for the emission is ve ry  low suggest ing that  the extent  

of nonradia t ive  recombina t ion  or reduct ion  of SO4" 
d i rec t ly  via surface states r a the r  than  via  the valence 
band is significant. Previous  studies of TiOe (1, 14) 
and other  semiconductors  (17) in nonaqueous solvents 
have provided  evidence of the impor tance  of levels 
wi th in  the gap in expla in ing  the e lectrochemical  
proper t ies  of semiconductor  mater ia ls .  

D i s c u s s i o n  

Reduction.--The reduct ion of solut ion species in the 
absence of surface states should occur at a wide band-  
gap semiconductor  through e i ther  the conduction band 
or valence band depending upon the s tandard  potent ia l  
of the redox couple (8). The posi t ion of the energy 
levels and dis t r ibut ion  m a x i m a  of the  solut ion species 
inves t iga ted  and TiO2 are  shown in Fig. 8, where  Wox 
is the maximum of the distribution for the oxidized 
form in solution, WRea is the maximum of the distribu- 
tion for the reduced form, and E~ is the Fermi 
level of the redox couple (8). The separation between 
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Fig. 8. Relative energy positions of n-Ti02 and various redox 
couples where E~ is the standard redox potential, WRed is 
the distribution maximum of the reduced species, Wax is the 
distribution maximum of the oxidized species, Ec and Ev are the 
conduction and valence bandedges, respectively. 



Vol. 125, No. 2 SEMICONDUCTOR ELECTRODES 251 

Wox and WRed is essential 2~, where ~ is the solvent 
reorganizational  energy dur ing electron transfer.  The 

values estimated for several couples by Memming 
et al. (5) have been used in  Fig. 8. For  all of the 
couples in this s tudy the dis tr ibut ion of the oxidized 
form at the valence bandedge, Wox(Ev), is small  so that  
reduction by hole inject ion into the valence band 
should be small. However, for reduct ion only via the 
conduction band for a couple where E~ is below 
Ec the reduct ion current  should be proport ional  to the 
electron density a t  the surface, ns, and the overlap of 
the unoccupied solution levels with the conduction 
band,  Wox (Ec). The potential  dependence of the reduc-  
tion current  should then follow that of ns and hence 
the apparent  exchange parameter,  ~ (as defined in Eq. 
[3]) should be equal to uni ty  at potentials positive of 
Vfb. Since ~ values less than one were observed, a pure 
conduction band process seems unlikely.  We do not 
th ink  that  reduction via tunne l ing  from the conduction 
band  to the oxidized species, as discussed by Pet t inger  
et al. (18) is l ikely in this case. Our results show that  
the reduct ion current  for Fe(CN)63-  in both 0.5M 
H2804 and 0.1M KOH starts positive of V~b by about 
0.45V. Tunne l ing  from the conduction band to solution, 
which is a funct ion of the space charge thickness at the 
energy level dis t r ibut ion of the unoccupied species 
(18), should give a larger difference between the onset 
of the reduction current  and Vfb (because of the nega-  
tive shift in  Vfb) in base as compared to acid while the 
dis tr ibut ion Wox remains  fixed. The onset of reduct ion 
on both the highly and moderately doped TiO2 crystals 
occurs at potentials where the extent  of band bending 
appears to be too small  to satisfy the conditions for 
such tunnel ing.  Thus the a values measured probably 
represent  involvement  of surface states or intermediate  
levels in  the reduct ion processes. Dutoit et al. (2) also 
found anomalously large Tafel slopes for the reduct ion 
of several couples at n-TiO2 and presented strong 
arguments  against var iat ion of the Helmholtz layer  
potential  as the origin of this effect. 

The reduct ion of electroactive species with redox 
potentials well  positive of Vfb at both moderately and 
highly doped TiO2, in aqueous solutions is different 
from the behavior  found in ACN (1). In  ACN couples 
with redox potentials more than 1.5V positive of Vfb 
were all reduced at potentials about 1V below the 
conduction bandedge; this was a t t r ibuted to the loca- 
tion of in termediate  levels in the semiconductor near  
this energy. The redox couples used in  this study with 
IEredox - -  Yfbl greater  than 1.2V all showed reduction 
waves close to Vfb (Fig. 2). However, the solvent in ter -  
action energy, k, is larger  in water  than in ACN. This 
broadens the Wox dis t r ibut ion and shifts it  closer to 
the conduction band, making better  overlap possible 
even for couples with very positive values of Eredox 
(Fig. 8). Couples with potentials as positive as those 
used in ACN could not be employed because they are 
not stable in water. It is also possible that  the different 
extent  of interact ion of the water  with the TiO2 surface 
causes the energy level of surface states to be located 
closer to the conduction band than in  ACN. 

The double wave for the reduction of Fe(CN)63-  in 
the phosphate-containing media can be at t r ibuted to 
the adsorption of phosphate on the TiO2 surface and 
reduction of Fe(CN)63-  at both phosphate-free and 
phosphate-covered sites. At the free sites the reduc- 
tion occurs at similar potentials as found in other sup- 
port ing electrolytes while at the covered sites the re-  
duction takes place at more negative potentials. The 
double wave cannot be at t r ibuted to solution chemistry, 
since the behavior  at the p la t inum electrode is the same 
as in other media, and no type of interact ion between 
Fe(CN)63-  and a phosphate is apparent.  The effect of 
etchant noted on the double-wave behavior can prob-  
ably be explained by changes in the extent  of adsorp- 
tion of phosphate with surface t rea tment  with the 
acidic etchant  (concentrated HNO3) enhancing the ad- 
sorption of phosphate as compared to the basic one 
(SM NaOH). The scan rate dependence of the two 

peaks can be explained qual i ta t ively by considering 
the two site reduction as analogous to a reversible pre-  
ceding chemical reaction (CE). P1 represents the re -  
duction of Fe(CN)63-  on free sites and P2 represents 
the reduction on phosphate-covered ones. At slow scan 
rates reduct ion occurs main ly  via the free sites, since 
Fe (CN) 6 ~-  has t ime to diffuse to these locations; thus 
P1 ~ P2. At fast scan rates reduct ion occurs via both 
sites and the ratio of P2 to P1 increases (Fig. 4). Note, 
however, that the total peak height (P1 ~ P2) is con- 
stant, proport ional  to the total electrode area at all 
scan rates. 

Oxidations.--The oxidation of a n u m b e r  of couples 
in the dark at TiO2 and other wide bandgap semi-  
conductors (2, 18-20) has been explained by tunne l ing  
from filled levels in  the electrolyte to empty levels at 
the same energy in  the conduction band. Our results 
are in agreement  with this explanation. The tunne l ing  
of electrons from solution species does not occur unt i l  
the thickness of the space charge region, X, (which is 
a funct ion of the surface field s trength and N n as shown 
in Eq. [6]) at the energy level of the reduced species 
becomes sufficiently thin (18, 21). The steep increase in 
the anodic current  for water oxidation beyond a band 
bending equivalent  to the bandgap of TiO2 (3.2 eV) is 
a result  of in te rband  tunne l ing  (22) 

X -~ (2eoeAr 1/2 [6] 

The anodic current  in the blocking region upon the 
addit ion of a reducing agent increases as a result  of a 
tunne l ing  process at an energy where the dis tr ibut ion 
for reduced form in solution is sufficiently large and the 
extent  of band bending is such that the space charge 
thickness is sufficiently small. The observed results 
agree very well with previous studies and with the 
relat ive energy positions of the occupied levels (Fig. 8) 
below the conduction band. 
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Significance of Effects of High Pressure on 
Kinetics of Electrode Reactions 

I. Applications to Transition States in Hydrogen Evolution Reaction Mechanisms 

B. E. Conway and J. C. Currie 
Chemistry Department, University o~ Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

The effects of high hydraulic  pressures on electrode reactions are complex 
because of (i) the var iat ion of reference electrode potentials with pres-  
sure so that  only an apparent  volume of activation can be directly measured 
experimentally/, and (U) dependence of coverage by adsorbed intermediates,  
such as H, with pressure. Methods o5 dealing with these problems are treated 
and the significance of measured apparent  volumes of act ivation for the 
hydrogen evolution reaction is discussed in  terms of the na ture  of the t rans i -  
tion state for proton transfer  and neutralization.  The negative true volumes 
of activation iound for the cathodic H2 evolution reaction under  some con- 
ditions are a t t r ibuted to increasing electrostriction of the proton in the 
H~O4 + complex as the t ransi t ion state is formed. The significance of appli-  
cations to ionic redox reactions is pointed out where pressure effects may be 
able to dist inguish activation associated with long-range  Born polarization 
from that associated more specifically with reorganization of the pr imary  
solvation shell or inner  coordination sphere of ions. 

Studies on the effects of pressure on condensed- 
phase chemical reactions (1), ionic conductance (2), 
and ionic equil ibria  (3) have produced useful  new in-  
formation on the volume changes which occur in  these 
processes and in the activation process in their kinetics. 
The method is especially useful _for s tudying reactions 
in which changes of charge, and corresponding changes 
of electrostriction, occur, e.g., in  reactions where polar 
t ransi t ion states are developed or in  ionic reactions in -  
volving a change of charge. 

Processes involving e l iminat ion or d i m i n u t i o n  of 
charge of ions a re  usual ly associated with an increase 
of volume of the system due to decrease or removal of 
the electrostriction in  the over-al l  reaction. Examples 
in homogeneous processes are redox reactions, ion-  
pair  association, and the reverse of quaternizat ion of 
ter t iary amines (Menschutkin reaction) (1, 4, 5). In  
the lat ter  case, it is known that  the decrease of electro- 
striction in the over-al l  reaction is accompanied by a 
positive volume of activation, as may be expected. 
Similar  considerations apply to electrochemical reac- 
tions where discharge or reduction of cations occurs, 
giving a decrease in electrostriction in the over-all  re-  
action; e.g., elsewhere (6) we have shown exper imen-  
tally that the simple electrochemical reaction H30 + -~- 
Pt  + e -> PtHads + H20 is accompanied by a positive 
volume change of 7.4 __ 2 cm 3 mole -1. 

In  recent  years, some interest ing exper imental  
studies have been reported on effects of pressure on 
the cathodic H2 evolution reaction where the charge 
on two protons is lost. The results indicated negative 
volumes of activation which, in comparison with the 
behavior in  the cases ment ioned above, must  be re-  
garded as unexpected. 

In  the case of electrochemical reactions, a number  of 
other factors, besides the t rue volume of activation, 
determine the measured values of (0 In i/op)T,~ and 
complicate the in terpre ta t ion of observed pressure ef- 
fects in kinetics, e.g., of the H2 evolution reaction. It is, 
therefore, necessary first to establish their  effects be-  
fore considering the kinetic significance of negative 
volumes of activation. 

It will  be shown that, for several reasons, the pres- 
sure derivative of the log of exchange currents or cur-  
rents at finite overpotential  ~l does not give a t rue vol- 
ume of activation for the electrode process which can 
be interpreted like volumes of activation for homo- 
geneous, nonelectrochemical reactions (1). This com- 
plication gave rise to an erroneous [see Ref. ( 7 ) a n d  
the discussion in Ref. (8) ] in terpre ta t ion  of the signifi- 
cance of the observed pressure effect in  the kinetics of 
H2 evolution in  Ref. (9). 

In this paper, we examine in some detail the signifi- 
cance of effects of high pressure on the kinetics of the 
hydrogen evolution reaction for several cases and at- 
tempt to use the conclusions to clarify conflicting de- 
ductions which have hitherto been made regarding the 
significance of pressure effects on this reaction. The 
behavior of other types of reaction, e.g., ionic redox 
processes, is also ment ioned (see also Part  II which 
follows). 

Pressure Effects Arising for Various Reaction 
Mechanisms of Cathodic H~ Evolution 

The reaction mechanisms considered (10) are 

kl 
H + ~- e ~- M ~,~ MHads [I] 
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fol lowed by  

o r  

k2 
M Hads  -~- H + q- e ~.~ H2 [II] 

/$--2 

~3 
2MHaas ~ H2 [ I l l ]  

k-- s 

as the  desorpt ion pa thways .  The react ion equations [I], 
[II],  and [III]  as wr i t t en  above also serve to define 
the  respect ive  ra te  constants  ks, k - i ,  k~, k - s ,  ka, and 
k - a  which  are  r equ i red  in the  discussion which  follows. 

Case 1: The problem of pressure-dependence of the 
relerence electrode potentiaL--The s imples t  case ar ises  
for a r a te -con t ro l l ing  discharge step [I] for which 

it = 2FklCH + (1 --oH) exp --  ~r [1] 

where  it is the  total  cur ren t  dens i ty  passing in  the r a t e -  
de t e rmin ing  step plus  that  in a subsequent  desorpt ion 
step and OH is the s t eady-s t a t e  coverage by  H. The 
te rm ~ is the  me ta l - so lu t ion  potent ia l  drop. Here, the  
deta i led  form o f  ~ as de te rmined  by  double  l aye r  ion-  
d is t r ibut ion  and specific adsorpt ion  effects wi l l  not be 
considered because the smal l  p ressure  effects which  
m a y  ar ise  in  the  s t ruc ture  of the  double  l ayer  wi l l  d i -  
ver t  a t tent ion  away  from the main  factors to be dis-  
cussed here. ~ can be expressed  in the  usual  way  in 
terms of the expe r imen ta l l y  accessible overpotent ia l ,  

defined by  
= n + ~ [2] 

where  r in the  revers ib le  po ten t ia l  for  the  ove r -a l l  
reac t ion  

HaO + -t- e .-~ ~ H~ + H20 [IV] 

The pressure  der iva t ive  of it in Eq. [1] is then  

0r ) 

noting tha t  OH --> 0 when I is ra te  controll ing.  
Since Ce = --AGe/ZF for  the  e lec t rode  process [IV] 

at  equ i l ib r ium and o(aGJOp)T = aVo, the  volume 
change per  e for t h e  ove r -a l l  react ion [IV], and be-  
cause ks can be wr i t t en  in te rms of the exponent ia l  

-- AGI=~=/2T 
e i t  follows tha t  the expe r imen ta l ly  mea -  

does not  give the  t rue  volume of sured \----a-P--/ n,T 
a c t i v a t i o n ,  hVt ~=, but  r a the r  an appa ren t  quant i ty ,  
aVa=~, given [cf., (7, 8, 11)] by  

/ ,V~* = A V t , ~  = - CAYo [4] 

Thus, as first pointed out by  Conway (7) [cf. Ref. (8, 
12) ], the  t rue  vo lume of act ivat ion,  AVta+ differs f rom 
the apparen t  va lue  aVa+ (de te rmined  by  the p ressure -  
dependence  of ra te  of an e lectrochemical  react ion at  
constant  n) by  ~ t imes the  equ i l ib r ium volume change 
AVo in the  o v e r - a l l  reac t ion  ( [ IV]  in this  case) .  Also 
the molar  concentra t ion of reac tan t  ions, CH+, wil l  in-  
crease wi th  pressure,  but  this is a t r iv ia l  effect that  
can easi ly  be a l lowed for if the  compress ib i l i ty  of the  
solut ion is known. At  104 bars  in aqueous solution i t  
gives a 20% effect on rates  but  appears  to have been 
neglected in previous  work.  

I t  is seen tha t  eva lua t ion  of AVt ~  for an e lec t rode  
process involves problems  s imi lar  to those ar is ing (13, 
14) in eva lua t ion  of the  act ivat ion energy  of e lect rode 
processes f rom de te rmina t ions  of the t empe ra tu r e  de -  
pendence of cur rents  at a given ~1 as poin ted  out  in Ref. 
(7). 

The resul t  (9), der ived  here  for case 1, is genera l ly  
appl icable  to any  e lec t ron- t rans fe r  react ion (e.g., the  
redox  react ion t rea ted  in P a r t  II)  in which the kinet ics  
are  not influenced by  a p r io r  or subsequent  step, or in 

which an in te rmedia te ,  whose coverage could be p res -  
sure dependent ,  does not  arise. 

Case 2: The mechanisms [I] and [II] controlled by 
the rate constant o5 the desarption step [ / / ] . - -Here ,  
and  for o ther  cases to be t r ea ted  below, 8H can be ap -  
prec iab le  so tha t  pressure  dependence  of OH, as wel l  as 
of the  ra te  constant  and Ce, de te rmines  the va lue  of 
AVa=F measured  exper imenta l ly .  For  in te rp re ta t ion  of 
pressure  effects, the re la t ion  be tween  hVa+ and aVt§  
for var ious  conditions is required.  

For  mechanisms [I] and [II],  the  to ta l  cur ren t  /t Js 

it = il --  i - i  + i2 = 2/2 ( in the  s teady s ta te)  [5] 
Thus 

it = 2Fk2CH+0H exp ( - -  flcF/RT) [6] 
Then 

( 0 1 n Q  ( O l n k 2  0 1 n 0 H )  

RT x -~-p / T [71 

at constant  n, using Eq. [2] to in t roduce  #e. 
In t roducing the volume terms tha t  arise f rom the 

pressure  dependencies  of the k2 and Ce terms,  as in  Eq. 
[4], gives the expression for  AVa~ = 

( 01nQ ) ~Vaa+ AVt,2* 

/ n , T -  R----~ = --" R---~ 

( a l n O H )  flAVo 
+ op ,.T + ~ [81 

where  AVt,2 ~= is the  t rue  act ivat ion volume of step [II] 
and AVo is as in Eq. [4]. 

The effect of p ressure  on e~ at  a given n m a y  be de-  
r ived  f rom the condit ion that  it  ~ i -1  when [II] is 
ra te  controlling, i.e. 

k l C H +  (i - -  0 n ) e x p ( - -  ~@F/RT) 

= k - 1 0 n e x p ( 1  --  ~)~F/RT [9] 

so that  in the usual  way  (15) 

K1CH+ exp ( - -  @F/RT) 
OH = [10] 

1 -1- KzCH+ e x p ( - -  @F/RT) 

where  Ks = k~/k-s is the quas i - equ i l ib r ium constant  
for step [I]. Then the pressure  der iva t ive  of OH can be 
wr i t t en  as 

I~T | l\--~-/T -- 1 Jr KzCH+ e x p ( - -  cF/RT) 

Or ) 
[ Cn+ Ks ( -- F-~--) exp (-- r  ( - ~ - /  

+ CH+ e x p ( - -  ~F/RT) (OKz/OP)r ] [11] 
w 

so that  

( c~lnOH ) _ AV1 AVo OH 
OP n.r RT {- R~- RT- ( A V o -  AVx) 

[12]  
With fur ther  r ea r r angemen t s  of Eq, [12] 

( 0 t n 0 H )  = ( 1 - -OH) (A V o- -A V , ) /R T  [13] 
Op n,r 

where  aV1 is the  volume change in step [I] and 
aVo -- ~V1 is the  volume of adsorpt ion  of H f rom 1/2 
H2 which we have recen t ly  de te rmined  expe r imen ta l ly  
at  P t  (6) as 7.4 + 2 cm 8 mole  -1. 
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T h e n  f r o m  Eq. [8] 

AVt,24= = AVa,2+ + AVe(1 + ~ - -  0H) AV1 [14] 

U n d e r  ( e x p e r i m e n t a l l y  inaccess ib le )  condi t ions  of 
cons tan t  r the  t r u e  v o l u m e  of ac t iva t ion  for  t he  o v e r -  
al l  processes  [I] and  [II] ,  w i t h  [II]  r a t e  cont ro l l ing ,  
w o u l d  t h e r e f o r e  be  1 

hVt,24= : ~V24= -~ (1 --OH)aV1 [15] 

or  w i t h  Eq. ] 14] 

AVt,2+ = AVa,~,+ + AVe(1 + ~ --  0~) [16] 

e v a l u a t e d  at  a cons t an t  ~t fo r  a co r r e spond ing  v a l u e  of  
OH at the  g iven  ~1. I t  is seen  f r o m  Eq. [16] tha t  the  
AVe+ differs  f r o m  the  m e a s u r e d  AVa+ in  this case by 
one  t e r m  d e r i v e d  f r o m  (OOH/OP)n and  ano the r  f r o m  
(OCe/OP)T. I f  AVt,24= is des i red  for  step [II] i tself ,  i n -  
f o r m a t i o n  on OH and  the  v o l u m e  change  aV~ in s tep 
[I] (6) is e v i d e n t l y  r equ i r ed .  

Two  l im i t i ng  condi t ions  can  use fu l ly  be  cons idered :  
(i) I f  kl  > >  k-~ ,  kl  > >  k2, t h e n  OH --> 1 SO tha t  OH is 
p r e s su re  i ndependen t .  H e n c e  

~ga.24= --~ hVt,24= - -  /~AVo [17] 

(if) k-1 > >  k~ and  k -~  > >  ke so tha t  OH -* 0 bu t  is 
(p), t h e n  

AVa,2* = AVt,~* + AV~ -- (1 + ~)AVo [18] 

Cases fo r  o t h e r  m e c h a n i s m s  or  condi t ions  fo l l ow  the  
same  k ind  of  t r e a t m e n t  in  t e r m s  of (OCJOP)T and 
(OOH/6P),,~ and the  resu l t s  a r e  t h e r e f o r e  p re sen ted  
on ly  briefly,  as fo l lows:  

Case 3: Mechanisms [I] and [1I] when [I] is rate 
controlling and [II] is in quasi-equilibrium as a rapid 
desorption step.--For some meta ls ,  the  d i scha rge  s tep 
[I] can  be  r a t e  con t ro l l ing  bu t  a c o v e r a g e  by  H g r e a t e r  
t han  "ze ro"  can  be  es tab l i shed  t h r o u g h  step [II] in  
q u a s i - e q u i l i b r i u m .  F o r  this  case 

it = 2Fk~CH+ (1 - -  0~i) exp  ( - - ~ r  [19] 

wi~h OH d e t e r m i n e d  m a i n l y  by  s tep [II] ,  T h e  s t e a d y -  
s ta te  cond i t ion  g ives  t h e n  

k~C~ + 
1 - -  OH - -  [20] 

k l C H +  -}- k2CH+ -}- tc-2PH2 e x p  (r  

T a k i n g  l o g a r i t h m s  and w i t h  f u r t h e r  r e a r r a n g e m e n t s ,  
the  p re s su re  d e r i v a t i v e  of 1 - -  OH can be  obta ined,  so 
tha t  f r o m  Eq. [19], (0 in  it/oP)~,r gives  

AVa,1 =t= ~ - ~ V 1 4 =  - -  AVo(1 -F ~) + hg2(1  -- OH) 

l A V e  --  AV2 + klk-2PH2k22 (AVe- -  •  + AV24=) ] [21] 

The  o v e r - a l l  t r u e  v o l u m e  of ac t iva t ion  h V t , 1 4  for  this  
case is 

AVt,1 =~ ~- AV14 ~- AV20H Di- K'AV24= 

--  I~'AV14= --  K'OH,AV2 =~ -~ K ' o H A V I +  [22] 

w h e r e  K' = (klk-2pH2)/(k22). T h e n  Eq. [22] can  be  
expres sed  in t e rms  of the  e x p e r i m e n t a l  v o l u m e  of 

~It is convenient to distinguish a quantity, AVt , as the over- 
+ 

all true volume of activation from the true AV~ for the rate- 
determining step n, derived from the pressure derivative of the 

4= 
log of the rate constant. AVt differs from AVn when pressure- 

4 
dependent coverage terms are significant. Both AVt and hVn 

4= 
differ from AVa due to the pressure dependence of r In corn- 

+ 
plex cases, such as that here where 6~ can be ](p), AVt can 

4= 
be expressed ei ther in t e rms  of the  t rue AV for the  rate-deter- 

4= + 
mining step or in terms of AV~ with AV. and 0m 

ac t iva t ion ,  AVan% and  AVe by  

AVt,I+ = AVa, I+ -t- AVe(1 -t- ~) 

--  AVe(1 --  OH) - -  AVoK'(1 -- OH) [23] 

Aga in  two  l im i t i ng  condi t ions  m a y  use fu l l y  be  e x -  
amined :  

(i) If  kl < <  k2 > >  k-~PH2, t h e n  (klk-2PH2)/(k22) 

-) O and OH --> O; t h e n  Eq. [21] can  be  w r i t t e n  (cf. 
Eq.  [4])  as 

AVa,14= --= AVI+ - -  ~aVo [24] 

wh ich  is, as expec ted ,  s i m p l y  the  resu l t  for  s tep [I] 
w i thou t  any  f o l l o w i n g  e q u i l i b r i u m  step [II] .  

(if) I f  ki < <  k - 2  > >  k2, t h e n  oH --> 1 and  Eq. [23] 
r educes  to 

aVa,14= = AV14 --  AVe(1 + ~) + AV2 [25] 

T h e r e f o r e  the  o v e r - a l l  t rue  v o l u m e  of ac t iva t ion  can 
be  w r i t t e n  as 

Art,14= = AVl4= ~- AV2 = AVa 4 -~ (1 + fl)hVo [26] 

I t  is of  i n t e re s t  tha t  Eq. [16] becomes  iden t i ca l  w i t h  
Eq. [26] w h e n  OH --  0 in [16] and  1 in Eq. [23], a l -  
t hough  of course  Eq. [16] appl ies  w h e n  step [II] is 
r a t e  con t ro l l ing  w h i l e  Eq.  [26] appl ies  w h e n  step [I] is 
the  l imi t ing  process.  

Case 4: Recombination step [HI] is rate determin- 
ing.--in th is  case, s tep [I] (a t  q u a s i - e q u i l i b r i u m )  is 
fo l lowed  by [ I I I ] .  This  case ar ises  for  H2 e v o l u t i o n  at  
ce r t a in  nob le  me ta l s  and for  C12 e v o l u t i o n  on ox id ized  
P t  and Ru surfaces .  The  to ta l  c u r r e n t  it is g i v e n  by  

it : 2 ( i l  --  i - D  = 2Fk30H 2 [27] 

F o l l o w i n g  the  p rocedu re s  used  in t he  p r ev ious  cases, 
t he  p r e s s u r e  coefficient  (0 In it/Op) ,T, gives  

AVaJe  = AV3+ --  2(1 --OH) (AVe --  AV1) [28] 

and  the  o v e r - a l l  t rue  v o l u m e  of ac t iva t ion ,  AVt 4, is 

AVt,8+ = AVg 4= • 2AV111 - -  On] 

= AVa+ -F 2(1 - -  0H)AVo [29] 

T h e  l imi t ing  condi t ions  for  case 4, a r e  as foI lows:  
(i) K1CH+ exp  ( - -r  > >  I in Eq.  [10], so tha t  

OH --) 1, i.e., w h e n  the  i ~ ~ r e l a t ion  cor responds  to a 
l imi t ing  cur ren t ,  as at h i g h  ~1. T h e n  

AVt,a4= = AVa,34= = AVa4= [30] 

(ii) K1CH+ exp  ( - - ~ F / R T )  < <  1 in Eq.  [10], so 
tha t  OH < <  1 and is po ten t i a l  dependen t ,  This  co r r e -  
sponds to the  i ~ r r e l a t i o n  h a v i n g  a Ta fe l  s lope  of 
RT/2F. Then .  

AVt,3~ = AVa,34= q- 2AVe w h e r e  AVt,34= -- AV34= [31] 

Case 5: Coupled mechanism [I] and [II] at high ~l.-- 
At  suff icient ly h igh  ~, the  r e v e r s e  r eac t ion  cu r ren t s  
for  these  steps a re  neg l ig ib le ,  so tha t  the  to ta l  cu r r en t  
is g i v e n  by 

it  : i l  -t- /2 = 2Fk~CH+ 0n exp  ( - - f l ~ F / R T )  [32] 

OH is n o w  d e t e r m i n e d  by a s t e a d y - s t a t e  condi t ion  
i l  = i2 r a t h e r  t h a n  by  Eq. [10], so tha t  OH = k l /  
(kl  + kz). T h e n  p roceed ing  as in p r ev ious  cases to 
ob ta in  (0 In OH/OP)v.T and de r iv ing  (0 In it/Op),,r, we 
find 

~Va4= = OHAV24= 2r (1 --.0H)AV14= --  ~AVo [33] 

T h e  o v e r - a l l  t rue  v o l u m e  of ac t i va t i on  is r ep re sen t ed  
by 

AVt4= : OHAV24= -~ (1 -- OH)AVI+ = AVa4= + r [34] 
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TaMe L Relation between true (AVt=~ =) and apparent (AYa+) 
volumes of activation for various mechanisms or conditions in the 

hydrogen evolution reaction 

Rate-determining step =b Observed or derived values  of AV 
Case or condition A V  relation (em~ mole-~) for constant 

1 H~O+ discharge step [I]; ~ < <  1 aVx=~ = +AVa ~= + .SAVo* ZlV~ ~=~ --3.4 (Hg) 
+ 

AVt --~ +~.6  ( H g )  

2 Desorptlon of H in step Ill]; 0~ Art 4= AV: + (I + ~-- 0~) fiVo 
> 0 and potential  and pressure s~e 
dependent = aV + (i - ~H) hVt 

Limiting gH =~ 1 hVa 4 = AVa ~= -- flAVo AV~ ~= --~ -12 .5  (Cu. Ag,  Au)  
cases ~ AV~e 

0H < <  1 AV = AV1 -- (1 + ~) AVe + AVt = + 2 (Cu, Ag, AU) for r 
< < 1  

Step [1], with  0H determined by 
quasi-equilibrium in step [II] 

0H'-~ i 

Limiting or 
cases 

OH << 1 

4 Recombination step [III] 

Limiting 0~z ~ 1 
eases 

O~z << I 

5 Coupled [I] and [II]; high 

Limiting ~ -~ 1 
cases 

0~ << 1 

or 

Art =~ = AVa ~= + [1 + $ -- (1-- 8H)] 
AVo -- K'(1 -- 8~) AVo 

~ v ~  = ~ v ~  - (~ + ~) ~Vo + ~v, 
AVt :4= = ~V~ "~" AV$ = AV~ =~ JC (1 "{" 

~) ~Vo 

~v.* = ~v$ - ~Vo 

=~ 
= AV, + 2 (i -- 0~) AVo 

~V~4= = AV~ ~e -- 2 (1 - 0~) (nVo - aVD 

AVt =~ = ~Va ~i~ = AV 2 

~v~* = ~ , v ~  + 2~Vo (-- ~ v ~ )  

4= ~= 4= 
AVt = O~AV~ + (1 -- 8~) AV~ 

= AV~ + flAVo 

AV~ = ~V~ ~= -- .SAVo 

AV, = ~:V~ 4= -- .SAVo 

AVa ~e ~ -12.5 (Cu, Ag, AU) 

AVt4= ---~/iV? = -7.6 (Cu, Ag, Au} 

~e 
AV~ = --12.5 (Cu, Ag, Au) 

4= 
AVt = --7.6 (Cu, Ag. AU) 

* This type of relation also applies to any simple discharge step, 

The  l imi t ing  s t e a d y - s t a t e  cases  a re :  

(i) I f  kg. >> kl,  OH -~ 0; t h e n  

AVa4= = AVI4= -- fiAVo [35] 

w h i c h  is t he  s a m e  r e s u l t  as t h a t  d e r i v e d  fo r  t he  con-  
d i t ion  m a t  s t ep  [1] is r a t e  d e t e r m i n i n g  (i.e., case 1);  
and  

(it) I f  kl  > >  k2, OH "-> 1; t h e n  

hVa4= : AV24= - -  BAVo [36] 

A s u m m a r y  of t he  r e su l t s  o b t a i n e d  for  t he  va r ious  
cases  is g i v e n  in  Tab le  I. 

Discussion of Previously Published Experimental Results 
The proton discharge reaction at Hg. - - I t  is g e n -  

e r a l l y  a g r e e d  t h a t  t he  r a t e - d e t e r m i n i n g  s tep  in  H2 
e v o l u t i o n  at  Hg is s t ep  [I] w i t h  d e s o r p t i o n  by  [ i i ] .  
Hil ls  and  K i n n i t ) r u g h ' s  w o r k  (9) on th is  r e ac t i o n  gave  
da t a  2 fo r  (0 in  i/6p)T,O calomel w h i c h  t h e y  a s s u m e d  co r -  
r e s p o n d e d  to t he  t r u e  v o l u m e  of ac t iva t ion ;  a n e g a -  
t ive  va lue  of --3.4 cm 3 mole  -1  was  found .  As s h o w n  
in  case  1, th is  va lue  is, in  fact ,  t he  a p p a r e n t  v o l u m e  of 
ac t iva t ion  [cf. Ref.  ( 7 , 8 ) ] ,  i.e., AVt, I+ = ~Va,l~ + 
/~Vo, w h e r e  AVa-~ : --3.4 cm J mo le  -1, AVe : 18 cm 3 
mole  -1, a n d  ~ = 0.5. H e n c e  the  t rue  ac t iva t ion  v o l u m e  
is --3.40 § 0.5 • 18, i.e., a pos i t ive  va lue  of  5.6 cm 8 
m o l e - L  hVa4 was  o b t a i n e d  f r o m  (O In i/~p)w,n m e a -  
s u r e d  at p > 250 bars .  I t  a p p e a r s  t h a t  a s t e e p e r  s lope  
w o u l d  h a v e  b e e n  m e a s u r e d  if  (0 in  i/Op)T,, had  b e e n  
d e r i v e d  ] im i t i ng ly  at  p = 1 b a r  (da t a  a t  a t m o s p h e r i c  

2Hills and Kinnibrugh's results were obtained from measure- 
ments at "constant electrode potential" vs. a calomel reference. 
They corrected their results to constant overpotential but did not 
take into account the further correction to consta~=t "metal-solu- 
tion p.d." which is also required (see Eq. [3] and [4]). 

e.g., as in an ionic redox reaction (see Part II). 

p r e s s u r e  w e r e  no t  g i v e n ) .  Art, l+ could  t h e n  be  a p -  
p r e c i a b l y  s m a l l e r  t h a n  5.6 cm 3 mole  - i .  

The H2-evoIution reaction at Cu, Ag,  and A u . - -  
H e u s l e r  a n d  Ga i se r  (16) m e a s u r e d  t h e  p r e s s u r e - d e -  
p e n d e n c e  of  H2 e v o l u t i o n  c u r r e n t s  at  Cu, Ag, a n d  Au.  
T h e i r  d e r i v e d  v o l u m e s  w e r e  b a s e d  on (0 in  i/OP)mr 
e v a l u a t e d  at  p > 500 bars  w h e r e  t he  d e r i v a t i v e  is i n -  
d e p e n d e n t  of p. U n d e r  t h e s e  condi t ions ,  AVo for  t h e  
o v e r - a l l  r e a c t i o n  [IV] is 8.7 cm 3 m o l e  -1  b a s e d  on  Ref.  

(13);  VH.2 = 15.0 cm 3 m o l e  -1  a t  t h e s e  p r e s s u r e s  and  

i nc lud ing  Ve = 3 c m  ~ F a r a d a y - i ;  VH+ ~ w a s  t a k e n  (16) 
as --5.2 cm ~ mole  -1. The  m e a s u r e d  AVa+ is - -  12.5 cm ~ 
m o l e - k  T h e r e f o r e  t he  o v e r - a l l  hVt4= : 12.5 + 1/2 
(9.7) : --7.6 Cln 3 m o l e  -1. 

In  H e u s l e r  and  Ga i se r  s t r e a t m e n t  (16) of t h e i r  r e -  
sults ,  a l l o w a n c e  was  co r r ec t l y  m a d e  fo r  (O•e/OP)T a n d  
t h e  b a c k - r e a c t i o n  of s t ep  [I] w a s  n e g l e c t e d  (case  5 
ab o v e ) .  Fo r  t h e s e  condi t ions ,  t h e  t r u e  v o l u m e  of ac t i -  
va t ion  is g iven  by  Eq. [4] 

A V t  =~ ~--- OHAV2~ = --~ (1 -- oH) AV14= = AVa4= + f l A Y  o 

T h e r e  is no e v i d e n c e  fo r  a n y  s u b s t a n t i a l  c o v e r a g e  by  
c h e m i s o r b e d  H at  Cu, Ag, or A u  at  n o r m a l  o v e r p o t e n -  
t ials  nor  is u n d e r p o t e n t i a l  d e p o s i t i o n  obse rved .  Thus ,  
O H ~-~ 0 SO t ha t  AVt=# ~ AV14= : --7.6 cm 3 mole  -1. This  
n e g a t i v e  va lue  is s u r p r i s i n g  s ince  i t  m i g h t  be e x p e c t e d  
t h a t  in t he  e l e c t r o c h e m i c a l  reac t ion ,  w h e n  t h e  p r o t o n  
ch a rg e  is neu t r a l i z ed ,  a pos i t i ve  v o l u m e  of  ac t iva t ion  
w o u l d  ar ise  as for  t he  c o r r e c t e d  r e su l t s  a t  Hg (8).  

H o w e v e r ,  i f  case 2 (i.e., w i t h  q u a s i - e q u i l i b r i u m  in  
s t ep  I) is e x a m i n e d ,  t h e n  f r o m  Eq. [16] w i t h  oH ~ 0, 
t he  o v e r - a l l  AVt+ is g iven  by  

AVe4= = --  12.5 + 3/2 (9.7) = + 2  cm a m o l e  -1  
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Then the volume of act ivation for step [II], hV2+ : 
2 -- hV1 from Eq. [15], where  hV1 is the quas i -equi -  
l ibr ium volume change in step [I]. If  5V1 is posit ive 
and grea ter  than 2 for this case, then hV2*, the t rue  
volume of act ivat ion for step [II] will  have  again a 
negat ive value. Exper imenta l ly  (6), at Pt, AV1 = 7.4 
_+ 2 cmZ m o l e - L  

If case 3 applied, a complicated expression is gen-  
erated if OH > O. Thus, combining Eq. [21] and [22] 

AVt:~ = ~V~+ § (1 + ~) AVo - - (1  -- 8H)AVo 

- -  K ' ( 1 - -  0H)Vo [37] 

However ,  if  ~g --> 0, case 1 would be recovered  giving 
nV~ - - - -  AVe+ ---- --7.6 cm~ mole -I. 

It is useful to establish the sign of AVt=~ for an ap- 
preciable value of 8H, say 0.5. Then, from Eq. [37], 
t a k i n g K '  _-- 0, AVe+ ---- AVa+ / -  AVo ---- 12.6 -5 9.7 ---- 
--3 cm 3 m o l e - L  Also with  fl _-- 0.5 and 8H ---- 0.5, ~Vt* 
-: 5Vz:~ + ~V2/2. Hence, AV14 _-- --3 -- AVa/2. But  
the quant i ty  AVe, which is the equi l ibr ium volume 
change in the process MHads + H + -5 e (M) ~ H2 
(step [I!]) ,  is expected [cf. (6)] to be positive. Hence, 

~Vz~: will  still be negat ive for in termedia te  coverages 
of the metal. 

The above discussion shows, surprisingly, that  nega-  
t ive values of the t rue volume o f  act ivat ion of the 
HER arise at certain metals,  af ter  al lowance for the 
complicating factors is m a d e .  

Significance o] negative or small positive values o] 
AVt~:.--(gn the basis of their  original uncorrected re-  
suits, i t  was concluded by Hills and Kinnibrugh  (9) 
and by Hills (12) that  the observed negat ive volume 
of act ivation (real ly ~Va, l+) indicated electrochemical  
format ion of the hydra ted  electron as the pr imary  step 
in the HER at Hg. Various objections to this mecha-  
nism, apart  f rom those connected with  the difference 
between aVt.~+- and aVa.~% were, however ,  pointed 
out by Conway (7) (15) and by Bewick and C o n w a y  
(17). 

It is very  difficult to see how a negat ive value of the 
true volume of act ivation can arise in the discharge of 
a cation, here H~O +. We show in Par t  II that  the true 
volume of act ivation for an ionic redox react ion 
Fe(CN)6~-  --> Fe(CN)6  ~- -5 e does have  the expected 
sign (positive for the direction wr i t ten  above) .  Hence, 
it may be suggested that  the anomalous behavior  of 
H~O + arises from the special nature  of the hydrated 
proton in solution. Thus, good evidence exists (18, 19) 
that H+aq exists as the H904 + ion in which proton 
charge is decentral ized by joint  proton tunnel ing be- 
tween 4H20 molecules -5 H + and delocalized at any 
momentar i ly  exist ing HaO + center. The transit ion 
state for classical proton t ransfer  must  presumably  
arise by a reorganizat ion (23) of the H904 + aqueous 
complex. If the act ivat ion process involves localization 
of the proton on one of the H~O molecules in H90~ + in 
the double layer  to produce an exci ted state to which 
electron t ransfer  occurs by the usuai radiationless 
t ransfer  (Fig. 1), then it can be seen that a negat ive 
volume of act ivat ion could arise since more electro-  
striction could be developed temporar i ly  in the double 
layer  at the localized proton state than in the initial 
H90~ + ion in which proton charge-densi ty  is disused.  
The re laxat ion t ime of the water  s t ructure  H-bonding  
in relat ion to the l i fe t ime of the proton being dis- 
charged will  de termine  the electrostriction in the t ran-  
sition state. That  the proton in water  has re la t ive ly  an 
unusual ly  large part ial  molal  volume is indicated when 
the volume of ionization of water  is compared with  
that  for NHa aqueous in the processes 

H~O -5 H~O-+ "H~O +'' -50H- 

AV o ---- --21.8; --22.1 cm 3 mole -] 
and 

H20 + NH~--> NH4 + -50H- 

AV o ~ --28.9; --28.5 cm ~ mole -~ 

(o) H90 ~ in double-layer (b) Localized proton prior to dlschorge 

(c) Reorganized hydrated proton tronsitlon state ~F 

Fig. 1. Configurations of the hydrated proton, as H904 + -5 
1H20 in the double layer in the course of the activation process in 
electrochemical proton discharge (schematic). 

in Which NH3 is isoelectronic with H20 and NH4 + wi th  
"H~O+. ' ' (The first values of hV ~ are der ived f rom 
pressure effects on the ionization constant and the sec- 
ond from volumetr ic  measurements ;  data are from 
Ref. (20). Assuming that  the difference of intrinsic 
vo lume of NH4 + and "HaO +'' would be close to the 
corresponding difference be tween  NH3 and H20, due to 
the extra  H atom, it seems reasonable to conclude that  
the electrostr ict ion at "H30 +'' is ca. 6.5 -- 7 cm 3 mole -1 
smaller  than at the isoelectronic NH4 + ion. This is 
consistent with diffusion of the proton charge in H9044 
which cannot occur in the hydrated NH4 + ion. The 
difference of 6.5-7 cm 3 mole -1 is of the correct magni -  
tude to account for the negat ive hVt+ values. 

While the volume of act ivat ion for H2 evolut ion f rom 
Haq + evident ly  exhibits unusual  behavior,  that  for 
ionic redox reactions should help to elucidate the 
nature  of the act ivation process involving solvent re-  
organization in such cases. In particular,  the question 
arises whether  shor t - range reorganizat ion of the hy-  
drat ion shell is involved or whe the r  less specific fluc- 
tuations of the long-range  dielectric polarization are 
mainly  operative. These questions will  be dealt  wi th  
in Par t  II on the Fe(CN)8 ~- redox reaction. 
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Significance of Effects of High Pressure on 
Kinetics of Electrode Reactions 

II. The Nature of Solvent Reorganization in the Activation Process 

of an Electrochemical Redox Reaction 

B. E. Conway and J. C. Currie 
Chemistry Department, Universitu of Ottawa, Ottawa, Ontarie, Canada 

ABSTRACT 

New informat ion  on the nature  of the solvent reorganizat ion process in -  
volved in  formation of the t ransi t ion state in an electrochemical redox reac- 
t ion [the Fe (CN)63- /Fe(CN)64 .  couple] is given by studies of the kinetics of 
this process at high pressures in aqueous solutions at Au. The apparent  ac- 
t ivat ion volume is evaluated together with the t rue volumes of act ivation for 
the forward and reverse directions of the redox reaction. By means of cal- 
culations of the electrostriction associated with the long-range dielectric 
polarization in comparison with that associated with ion-solvent  interact ion 
in the :pr imary hyclration shell, it is shown that the activation process must  
be main ly  (7b%) due to shor t - range solvent reorganization in  the pr imary  
shell. Th i s  is contrary to what  has often been assumed in the interpreta t ion 
of thei energy of activation of ionic redox reactions. The experiments  also 
a l low some cteduction to be made about the "symmetry" of the t ransi t ion 
s ta tes  in  the electrochemical reaction in  comparison with that  in  the corre- 
sponding homogeneous reaction, in so far as solvent reorganizat ion is con- 
cerned. 

In  Par t  I (1), some of the general  problems of in -  
terpreta t ion of effects of pressure on the kinetics of 
electrode reactions were discussed and exemplified 
with respect to the hydrogen evolution reaction. It was 
shown that investigations of pressure effects on the 
lat ter  reaction are complicated by (i) the mechanism 
having more than one step; (ii) the consequent ad-  
sorption of an intermediate  H; and (iii) the unusua l  
properties of the hydrated proton, referred to in  Par t  
I, as well as the general  point that  reference electrode 
potentials required in  all measurements  are them-  
selves pressure dependent  (2). 

It is therefore aesiraole to examine pressure effects 
on a simpler reaction where only an electron-t ransfer  
step is involved, e.g., as in  a redox reaction. Hitherto, 
studies of electrochemical redox reactions have been 
concerned with (i) evaluat ion of absolute values of 
s tandard electrochemical rate constants (3 ,4) ;  (ii) 
their comparison with values for corresponding homo- 
geneous solution reactions (5); and (iii) the role of 
the substrate metal  (6) (its work funct ion and the 
state of its surface) in de termining  the rate constant. 

In  the present  paper, pressure effects on the 
Fe(CN)6 ~- -~ e ~ Fe(CN)64-  reaction at a gold elec- 
trode are reported. This type of reaction is of special 
interest  with regard to current  theories of electron 

t ransfer  ( 7 - 1 4 ) w h e r e  the reorganizat ion (10) of the 
init ial  state is involved in  the activation process for 
electron transfer. One of the questions involved is the 
extent  to which the activation process involves long- 
range solvent polarization fluctuations (10, 11) around 
the ini t ial  state ion, or more specific shor t - range 
changes of hydrat ion shell configuration or inner  co- 
ordinat ion shell reorganizatiOn (7,8, 12). It  may be 
expected that  study of pressure effects on the kinetics 
of a simple electrochemical redox reaction may pro- 
vide a means of dist inguishing these effects, e.g., in 
terms of the anticipated changes of electrostriction 
involved in the reorganizat ion process. Examinat ion  of 
the effect of pressure on the kinetics of a redox re-  
action thus provides a fur ther  dimension from which 
new data of a useful  k ind can be derived. P r e -  
vious high pressure work on a redox reaction has been 
restricted to a report  of values of ~Vt§ for the ferro-  
ferr icyanide reaction in a review (15) but  no experi -  
menta l  details or commentary  on the data have been 
published. The results quoted are inconsistent  with the 
known electrostrictions at the two ions in this reaction. 

A second point, of general  interest,  is whether  a 
chemically symmetr ical  reaction such as the ferro-  
ferr icyanide one behaves in a kinet ical ly symmetrical  
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way (symmetry  factor p = 0.5) when  established at 
an electrode surface. 

Experimental 
General.--The kinetics of the Fe(CN)63-  ~ e 

Fe(CN)64-  reaction were studied at a gold electrode. 
The lat ter  was chosen as the substrate metal  because 
it is known  to have a wide range of potentials over 
which nei ther  t t  nor O species is chemisorbed (un-  
der-potent ia l ly  deposited). The exchange rate con- 
stants for the  ferr i - ferrocyanide reaction are relatively 
large (4), so that a nonsteady-sta te  method is re- 
quired for their  proper evaluation. In  the presenl 
work, the kinetics of the reaction were studied by a-c 
impedance measurements  based on wel l -known pr in-  
ciples (16) which lead to evaluat ion of the reaction. 
resistance and, hence the exchange current  density /0. 
From this the s tandard rate constant can be obtained 
knowing the concentrations of the reactant  species. 

Method.--The faradaic impedance was measured  by 
means of phase-sensit ive a-c vol tammetry  at phase 
angles r ---- 0 and ~ ---- 90 ~ which directly give the real 
and imaginary  components of the impedance, that  is, 
the ohmic and capacitative contributions. This method 
has been referred to in previous l i terature (17) and 
provides a convenient  way of performing a-c imped-  
ance experiments,  i t  is quite precise providing that one 
component of the impedance is not very much smaller  
than the other. 

Electrical measurements.--The present  system em- 
ployed a Wenking potentiostat  and a Servomex func-  
tion generator  which provided a controlled repeti t ive 
l inear  sweep of potential. A small a l ternat ing voltage 
signal, modulat ing the sweep, was provided from an 
auxi l iary  oscillator at various frequencies and mixed 
with a l inear  sweep in an operational amplifier. A 
PAR phase-sensit ive amplifier was employed to effect 
resolution of the ohmic and capacitative components 
of the impedance. The satisfactory operation of this 
system was first established b y  test measurements  on 
dummy series and paral lel  C-R circuits (the phase- 
sensitive amplifier measures C and R components in 
terms of admitted a-c currents  in a "parallel" com- 
binat ion) .  The range of frequencies employed in the 
measurements  was from 25 to 250 Hz. The a-c "po- 
larograms" and the d-c cur ren t -poten t ia l  profiles gen-  
erated by the l inear  sweeps were recorded s imul tane-  
ously. 

Cell for high-pressure measurements.---A cell suit-  
able for use in a high pressure env i ronment  (Fig. 1) 
under  oil was constructed from glass and shrinkable 
Teflon tubing. The lat ter  provides a flexible section of 
the cell that  can adjust  to the electrolyte volume 
changes that  arise at elevated pressures. This system 
is preferable  to the use of a mercury  piston which 
gives rise to contaminat ion in electrochemical experi-  
ments  on metals other than mercury  itself. The cell is 
provided with a large gauze counterelectrode for the 
a-c measurements  and the gold test electrode is sealed 
into the glass head. After filling the cell with deoxy- 
genated solution in a N2 glove oag, it is closed with 
a screw cap and set up in the high pressure bomb 
under the hydraulic fluid. 

Complete absence of contamination and of leaks 
was indicated by demonstrating that the cyclic-volt- 
ammetry current-potential profile for a Pt electrode 
in the high pressure cell could be maintained for 
many hours with as perfect a form as that previously 
reported (18) for ultraclean solutions at ambient 
pressures in a regular glass cell. "Clean electrochem- 
istry" could therefore be satisfactorily performed in 
the system described over many hours and at ele- 
vated pressures. 

High pressure system.--The small electrochemical 
cell, fabricated from glass and shr inkable  Teflon, was 
set up in a 10 in. diam (OD) thermostated high pres- 

Fig. 1. Electrochemical cell with flexible shrinkable Teflon section 
for high pressure work. 

sure bomb containing hydraulic  oil. Electrical connec- 
tions to exterior instruments are provided through a 
special head. A manual pumping system enabled pres- 
sures up to 3000 bars to be attained. They were re- 
corded on a Heise gauge calibrated at the National 
Research Council Laboratories. Measurements were 
made at several increasing and decreasing series of 
pressures. At each pressure, at least 1 hr was allowed 
for thermal equi!ibium to be attained since compres- 
sion or decompression of the hydraulic fluid causes 
substantial changes of temperature. 

Solutions.--All measurements were made in a sup- 
porting electrolyte of 0.5M K2SO4 at 25~ The ambi- 
ent-pressure concentrations of K3Fe (CN) 6 and 
K4Fe(CN)6 were 5 X 10-3M. Some experiments were 
carried out with one only of these components at this 
concentration and other experiments with both com- 
ponents at this concentration. As noted elsewhere in 
this paper, corrections to these concentrations, which 
are required as the pressure is increased, were made in 
all experiments although in other high pressure work 
this point has often been ignored. 

Results 
The impedance behavior.--Analysis of the a-c im-  

pedance was made in the usual way (19) by means of 
Randles plots (16) in which the "series" faradaic re-  
sistance RF,s and the diffusional capacitance (1/~Cf,s) 
contributions are plotted as a function of ~-1/~ after 
separation of the double layer capacity and solution 
resistance impedance components determined in  ex-  
periments in the absence of  the redox couple. The 
double layer capacity was also determined from the 
results at r ---- 90 ~ at potentials well  away from the 
half-wave potentials, i.e., where the Warburg  dif- 
fusional capacitance is negligible. The faradaic reac- 
tion resistance, Rr, was then evaluated by extrapola-  
t ion of the Randles plots to infinite frequency, as 
shown in Fig. 2, giving 

Rr -~ RT/zFio [1] 

where the exchange current  io is related to the s tan-  
dard electrochemical rate constant ko by 

io = ZF~oCA [2] 

where A is the electrode area, z is the number  of 
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Table I. Impedance and kinetic results for the 
Fe(CN)6a- /Fe(CN)64-  couple at a gold electrode at 25~ as a 

function of pressure 

P r e s s u r e  Rr io X 10~ u x 10 ~* 
(bars)  (~ )  (A  �9 c m  ~ )  In/o  ( c m  �9 sec-~) 

1 3.24 1.13 --4.431 2.34 
550 3.35 1.11 '--4.514 2.30 

llO0 3.51 1.05 - 4,561 2.18 
l P=1100 1650 3.58 1.02 --4.581 2.11 2204 3.70 0.99 - 4.614 2.05 

bars. 
Initial slope (0 In io/~p)p--*obar = --7.47 X 10 -~ bar -I 

,P=550 bars 

P=I bar 

o L ~  ~ 1 I i I r r ....... I 
n~ th,a 06 .08 

Fig. 2. Randles plots for the impedance behavior of the 
Fe(CN)63- /Fe(CN)64-  reaction at Au at 25~ 

electrons (z = 1 here)  in the  exchange reaction,  and 
C the concentra t ion in mole  cm -3 o f  the reac tan t  
species. The measured  "a-c"  currents  were  eva lua ted  
for unit  a rea  of the subs t ra te  me ta l  and, for h igh  
pressures,  correct ions were  made  to the ambien t  p res -  
sure concentra t ion using the known compress ib i l i ty  of 
the solutions. 

A test  of the sa t i s fac tory  opera t ion  of the  elec-  
tronic measuremen t  system is tha t  the RFjs and 1/wCF,s 
quant i t ies  should give para l l e l  l ines in a plot  agains t  
~ - l / z  and the 1/~CF,s re la t ion  should pass th rough  the 
origin. 

F igure  2 shows the resul ts  at pressures  1, 550, 1100, 
1650, and 2204 bars. The plots of RF.s and 1/wCF,s vs. 
~-1/2 at each pressure  are  sa t i s fac tor i ly  paral le l ,  wi th  
the ou t -o f -phase  component  passing th rough  the or i -  
gin as requi red  f rom the t r ea tmen t  of Randles  

1 RT / 2 

w C F . - - ~ -  z2F2A ~ ' - - ~ '  ~ /  ~D [3] 

where  A is the area  of the electrode,  C the bu lk  con- 
cent ra t ion  of the "depolar izer ,"  i.e., F e ( C N ) 6 - 4 /  
Fe (CN)6 -z, and D the mean  diffusion coefficient of the 
redox couple ions. 

The in tercept  of the in -phase  component  l ine is 
r e la ted  to the heterogeneous ra te  constant  ~o by  the 
fol lowing re la t ion  1) 

RF,s --  zeF2A----- ~ ----ff + ~ [4] 

At  ~-~/2 = 0, the fa rada ic  resis tance becomes the 
reac t ion  resistance,  Rr, as represen ted  by  the equat ion 
(cf. Eq. [1]) 

RT ( 1 ) RT 

Rr : z2F2AC ~ -- zFio [5] 

The numer ica l  resul ts  are  recorded in Table  I. The 
resul ts  are  fitted to a second-order  po lynomia l  of 
the form 

In i~ : a -F bp -F cP ~ 

then p lo t ted  as in io vs. p as in Fig. 3. Also included 

* Der iv ed  f r o m  io values af ter  a l l o wa nce  fo r  p r e s s u r e - d e p e n d e n t  
co ncentra t io n  of  reac tant  ions.  

are  the e r ror  l imi ts  of the  best-f i t  data.  The l imi t ing  
slope (a In io/ap)~---0 at  p -> 0 bars  is eva lua ted  f rom 
the coefficient b as --7.47 4- 0.4 X 10 -5 ba r  - I .  The 
significance of this finite, r a the r  than  zero, va lue  for  
(8 In io/aP)~=0 for the  s y m m e t r y  of the ac t iva t ion  
process is discussed later .  

Relation to volumes of activatio~.--The pressure  
coefficient der ived  above  is re la ted  to the  apparen t  
[see Ref. (1, 2)] volume of act ivat ion hVa + given by  

( 0 1 n i o )  Z~Va* 
_ - -  - -  --7.47 X 10-5 b a r - 1  [6] 

OP ~=0 RT 

Hence 
~Va~ - -  1.9 4- 0.1 cm 8 mole  -1 [7] 

for the f e r r i / f e r rocyan ide  couple at  i ts  equ i l ib r ium 
potential .  

Discussion 
Significance o] the kinetic data derived from the a-c 

impedance measurements . - -The react ion resis tance de-  
t e rmined  gives the exchange cur ren t  density,  io, as 
indica ted  by Eq. [1]. I t  is thus the io values  which 
are  obtained in a low ampl i tude  a-c  e lect rochemical  
exper imen t  as a function of pressure.  The exchange  
current  dens i ty  is g iven by  

io = ~'---- zF?Co.e exp --  ~Fte /RT [8] 

: i = zFkCR,e exp (1 --  # ) F t e / R T  [9] 

wr i t t en  for an ionic redox reac t ion  

k 
0 + ze~  R [10] 

where  Co.e and C a.e are  the concentrat ions of O and R 
at the  e lect rode interface,  and k and k a re  the ra te  

-4"45 I 

i 
-4.50 ~ x ~  

-4,55 

P{bars) 

Fig. 3. Plot of In io against pressure for the Fe(CN)sS-/  
Fe(CN)64- reaction at Au at 25~ at a concentration of 5 X 
10-~M. 
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constants for the forward and backward directions 
of the reaction. Exper imental  studies of pressure 
effects on io lead ~o evaluat ion of the pressure-de_~ 

pendence of the electrochemical rate constants k 

(---- k exp --SF~e/RT) or k (----'k exp (I -- 8) F@e/ 
RT), i.e., from the experimental derivative (~ in io/ 
0P)r,n=0- Then, neglecting pressure-dependence of 
molar concentration and of double layer effects as in 
Part I (I) 

( ~ I n k  dln i,o 

[n] 
or 

T 

[12] 

Hence the apparent volume of activation, AVc~, which 
is found experimentally from (0 In ~o/OP)T, is given 
eit'her by 

AVa+ ---- ~Vt+ --/S~Vo [13] 
or by 

AVa+ -" AVt~ q- (i --/~) AVo [14] 

where aVa4 applies to either direction of the reaction 
at ~ : 0, since at the reversible potential, the electro- 
chemical free energies of the reactant and product 
species are at identical levels. In Eq. [13], AVo is the 
equilibrium volume change in the over-all reaction 
[10] corresponding to (Or The situation corre- 
sponding to Eq. [13] is illustrated schematically in 
Fig. 4b for volume changes at the reversible potential 
(@ : be) in relation to that in_Fig. 4a representing the 
true volumes of activation Art+ and AVt+ for hypo- 
thetical r -- 0. 

Since (see Part I) a relatively accurate nonthermo- 
dynamic estimate can usually be made of the volume 
change, AVo, for the over-all reaction, both Vt+ and 
Vt=~ can be separately evaluated from AVaSt derived 
from (a In io/@P) T,n=0. 

It is to be noted that by the nature of the equations 

represent ing k and k, the exper imental  pressure de- 
r ivative will always give a small:0r zero (depending on 
8) apparent  volume of activation: from which the AVt4 
values for the forward or backward reaction must  be 
obtained by addition or subtract ion of about half of 
the over-al l  reaction volume (Eq. [13], [14]). This 
si tuation is thermodynamical ly  unavoidable.  

A relat ion obtainable from Eq. [13] and [14] is 

2AVa ~= ---- AVt4 q- AVt #~ q- (1 -- 2/~) AVo [15] 
giving _~ ,~_ 

(I -- 28) ---- [2~Va=~ -- (~xVt+ -}- ~Vt+)]/~Vo [16] 

w~jch would enable 8 to be evaluated if AVt+ and 
AVt 4, or their sum, were independent ly  available. A 
symmetrical  t ransi t ion state, ;~ ~_ Yz, corresponds, of 
course, to ~Va~ ---- x/z (AVt+ -5 Art+)  -- 0. It is evi- 
dent that  with ~ = Yz, the t rue volumes of activation 
for the forward and backward reactions differ sym- 
metrical ly xrom the common apparent  volume of ac- 
t ivat ion ~xVa~: by • Yz AVo; also, as thermodynamical ly  
required, ~V-~t+ -- ~V~-~ + : zxVo. Hence, AVa+ ~" 0 for a 
symmetrical  reaction. In  the general  case, V% the 
actual volume of the t ransi t ion state is, however, not 
necessarily the mean of the ini t ial  and final state vol- 
umes in a reaction at an electrode since different ad- 
sorption effects can arise. An example is the 
Fe (CN) 6 ~--/}e (CN) 6 ~- redox reaction treated in the 
present  paper. Unfortunately,  it is clear from the fore- 
going that aVt~= and ZxVt+ can be evaluated through 
Eq. [14] from the measured ~xVa~= and a nonthermody-  
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(a) 

% 
0 

+ .V* 

...... R VR 

% 

General Case O + z e  ----+ R 
[ Hypothetical ~ = 0 )  

IHAVo - i  . . . . .  . ,+ V* . . . . .  

- ;  . . . . . . . . .  I- AVo 

~ r VR 

(b) 

General Case O + z e - - ~  R 

( i b - l l  e , at equ i l ibr ium ) 

Fig. 4. Schematic relations between the true and apparent volumes 
of activation for the backward and forward directions of a general 
electron transfer reaction at (p --0 (hypothetical) and 4, -~-~r, 
i.e., at equilibrium, and the over-all portiat molar volume difference 
AY ~ between products and reactants. "~+ is the partial molar 
volume of the transition state. 

namic value of ~Vo only by choosing a reasonable 
value for 8 which would be presumed to be ~ for a 
"symmetrical" redox reaction (but see later section on 
t ransi t ion state symmet ry) .  

Applications to the results for the Fe(CN)6S-/ 
Fe(CN)6 ~- couple.--In order to in terpret  the solvent 
reorganization Dehavior in this reaction, we require 
the change of electrostriction volume between the ini-  
tial state and the t ransi t ion state. The apparent  volume 
of activation hVa~: is available from the measurement  
of (olnio/op). Hence we first require ZXVo (Eq. [13], 
[14]) for the reaction Fe(CN)6 ~- + e -~ Fe(CN)64- .  

For  the systems studied here, the individual  part ial  
molar volumes for the ions of the couple are (20) 

VOFe(CN)64-- "~ 95.6 a n d  "V~ = 137.0 cm~ mole -1 

These values are based on the well-establ ished in-  
dividual  ionic volume of the proton (V~ - :  --5.4 
cm 3 mole - i )  derived in at least two ways which give 
concordant results, as discussed in previously pub-  
lished l i terature  (21, 22). The volume of the electron 
Ve- in the half-cell  redox reaction should be taken 
into account. It is difficult to find a reliable value for 
this term but  Heusler and Gaiser (23) have suggested 
a value of 3 cm 3 Faraday -1 in a metal  in their  work 
on the H2-evoluti0n reaction. Using this value 

~XVo -~- V~ 4 -  - -  V~ 3 -  - -  Y e -  

-- --44.4 cm 3 mole -I  

Then, following Eq. [14], the true volumes of ac- 
tivation for the forward and backward directions of 
the reaction can be calculated from the common ap- 
parent volume of activation, ~xVa+ : -  1.9 cm~ mole -1 
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(Eq. [7]). Thus, for the react ion wr i t t en  in the di-  
rect ion Fe (CN)63-  + e --> Fe (CN)8  ~- 

, ~ t 4  -- 1.9 + ~ (--44.4) = --20.3 cm ~ mole -1 [17a] 
and 

4-- 
AVt~ = ---- 1.9 -- ~/~ (--44.4) = 24.1 cm a mole -1  [17b] 

assuming /~ for this react ion can be taken [see below 
and Ref. (11)] as Y~. The part ial  molar  vo lume of the 
t ransi t ion state, V--+, is est imated f rom the relat ionship 

V--~ - -  V---~ 3 -  : V e  - I -  A~t=#  -~ 119.7 cm~ mole-1  
[18]  

As in Fig. 4a, the changes of volume in the system 
as it passes f rom its init ial  state, through the t ransi -  
t ion state, to the final state can be represented  sche- 
mat ical ly  as shown in Fig. 5. 

While the main  changes in volume of conjugate  ions 
in a redox couple are associated with  the difference 
of electrostr ict ion be tween  the pair  of ions, significant 
effects which must be considered can also arise f rom 
the change of ionic radius or l igand- to -meta l  bond 
length (24, 25). Thus, in an isoelectronic series, e.g., 
Na +, No, and F - ,  changes of charge produce appre-  
ciable changes, ~r, of radii, f rom 0.95, through 1.1- 
1.36A, respectively,  for these three elements. Simi-  
larly, for Pb~+ to Pb e+, the difference of radii  is 0.36A 
for 2e. It is more difficult to judge the el]ects of change 
of charge in F e ( C N ) 6 ~ - / F e ( C N ) 6  ~- because it  is a 
complex ion wi th  some charge delocalization (26). 
Based on the above figures for simple ions, a reason-  
able est imate of hr would be 0.1A per electron. How- 
ever,  recent  crystal lographic data (27, 28) on 
Fe(CN)~  ~- and Fe(CN)64~ (as their  acids or salts) 
indicate, in fact, that  there  is ve ry  l i t t le  difference 
in radius of these two ions and M.O. calculations show 
that  t h e  effective charges on Fe are almost identical. 
Thus the total  F e - t o - N  length  is 3.07A in LaFe  (CN)6 " 

5H20 (27) and 3.04A in H4LFe(CN)~] (28), the value 
for the 4- ion being surpris ingly the smaller  of the two. 
This is consistent wi th  a difference of 0.1A taken by 
Mathieson (29) in that  direction. The similar  sizes of 
the two ions of the couple are also borne out by the 
s imilar i ty  of their  ionic mobili t ies (30-32) at infinite 
dilution, which indicates they have almost the same 
Stokes hydration radii. 

Bearing in mind that  i t  has been assumed that /~ - -_ 

0.5 for the Fe (CN)6~- /Fe (CN)~4  - system, then the 
t ransi t ion state for an adiabatic electron t ransfer  [cf. 
(11) ] should bear  a charge of --3.5e. Taking the radius 

REACTION: Fe(CN)~-+ e.---* Fe(CN):- 

~ - - ~ - - T -  v ; . , ~ . )~ -  + v . -  .~4o . . . . . . . . . . . . . . . . . . . . . . . . . .  

! 

~b 24.1 / . v~,l~,l~ ~ -[ . . . . .  

Fe (CN)~- ~, Fe (CN}~ */3)- Fe (CN)~- 

+e M +(1-B)e u 

REACTION COORDINATE 

Fig. S. Schematic relation for the volume changes in the 
Fe(CN)6 ~ -  -I- e --> Fe(CN)6 4 -  reaction showing the true volumes 
of activation in relation to the partial molar volumes of the initial, 
final, and transition state (=~-). All volume data are in cm ~ mole-L  
Volume data inc}uding a finite volume of the electron are shown. 
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of Fe(CN)6  S- as 3.31A (29) an intrinsic volume of 91 
cm 3 mole -1 is calculated. With Ar = --0.03A per  e 
(27, 28), the intr insic vo lume of the t ransi t ion state 
ion (charge --3.5e) would be 90 cm S mole -1, i.e., 1 
cm 3 mole -1 smaller  than the ini t ial  state ion. There -  
fore the volume change due to solvent  reorganizat ion 

(~Vt, r~) wil l  be somewhat  less than ~Vt=# and takes 
the value --20.3 -]- 1 in cm 3 mole-% i.e., --19.3 cm S 

--> 
mole-% since ~Vt4 measures  the total of all volume 
contributions associated with the format ion of the 

transi t ion state. Correspondingly AVt,r =~ will  be 23.1 
cmS m o l e - L  

The main  point  to be emphasized is that  these fig- 
ures of --19.3 and 23.1 cm 8 mole -~ are re la t ive ly  large 
volume changes and are associated main ly  with the 
change of electrostr ict ion about  the ion since the small  
change of intrinsic volume has been al lowed for. It  is 

to be noted that  the  A~rt4= differ significantly, but  by a 
small  amount,  f rom half  the vo lume change, hVo, in 
the over-a l l  reaction. This behavior  originates f rom 
the fact that  hVa~ differs significantly f rom zero. The 
significance of the vo lume changes in Fig. 5 for the 
" symmet ry"  of-the react ion wil l  be examined  later. 

F rom the above data and Fig. 5, it is seen that  the 
total volume of activation, less the contr ibut ion asso- 
ciated wi th  1/ze that  remains in the metal,  is --18.8 
cm 3 mole -1. This is the volume change associated wi th  
solvent reorganizat ion about the ion (including any 
contribution locally in the double layer)  plus the 
change of intrinsic volume of the ion in the act ivat ion 
process in which 1/2e is t ransferred.  T h e r e f o r e t h e  sol- 
vent electrostr ict ion volume change in the act ivat ion 
process is --18.8 -- ( - -1)  cm ~ mole -1 ---- --17.8 cm~ 
mole -1 for the forward  direct ion of the react ion and 
21.6 cm 8 mole -1 for the backward  direction. This is 
to be compared with  the solvent  electrostr ict ion 
change in the over -a l l  reaction which is --41.4 -- ( - -2)  
---- --39.4 cm 3 m o l e - L  Al though the numerica l  value 
of the volume of act ivat ion depends on the effective 
volume of the electron, it is to be noted that  the 
evaluat ion of the solvent  electrostr ict ion volume from 
AVa=~ is independent  of the value  assigned to Ve- ,  
Values of the electrostr ict ion volumes 1 der ived for the 
present  case are i l lustrated in Fig. 6. 

E~ectrostriction change and ~he nature Of the activa- 
tion process.--The electrostr ict ion contributions,  ZlVel, 
to the volumes of act ivation der ived above are quite 
large. In previous theoret ical  considerations (7, 8), it 

Z The ions of the ferro-ferricyanide couple exhibit unusual  
partial molal volume behavior (29) as there  is evidently an appre- 
ciable structure-~orming volume in Fe(CN)~ ~- aq. like that 
for R4N+ ions (21). There is, however, the expected large elec- 
trostriction increase (--39.4 cm" mole-*) in going from the 3- to 
the 4-ion (Fig. 6). 

3 -  4 -  
R E A C T I O N  : Fe (CN)e + e~ ~ Fe {CN)e 

--o 

r 

Vin t = 46 . . . . . . . . . . . . . . . .  

l Ve~.= 28.2 Z~Ves - 39.4 

.... ? 7  �9 ~CN~- - V . , t  =6-6 

REACTtON COORDINATE 

Fig. 6. Schematic relation for the electrostrictlon volume changes 
in the Fe(CN)6 ~ -  ~ e --> Fe(CN)6 4 -  reaction, i.e., after the in- 
trinsic volumes of the ions and the e-volume have been subtracted 
out. 
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has been pointed out that  there are difficulties in ac- 
cepting the v iew (10-12) that  the solvent reorganiza-  
tion process is associated only with  organized fluctua- 
tions of long-range (Born) dielectr ic  polarization. 
The quantum-mechanica l  objections to p r imary  hy-  
dration sphere reorganizat ion being involved  in the 
activation process on the basis that  the h ,  values for 
the modes involved are much larger  than k T  are 
weakened by the known (33) important contributions 
which such solvation-sphere modes make to the heat 
capacities of solvated ions in aqueous media at ordi- 
nary temperatures. Sufficient low frequency vibration 
and intermolecular modes are available. More re- 
cently, the role of inner-shell activation processes has 
been recognized (34) and treated by Schmickler (35). 

It is therefore important to attempt to estimate the 
relative contributions to the electrostriction, AVel, at an 
ion in water from successive spherical annular ele- 
ments of the solvent out from the periphery of the 
ion; especially the contribution to hVel from the sol- 
vent volume within 3-4A from the ion in comparison 
with that further out, viz., 5-50A, will be of interest. 

While it would be desirable to calculate the volume 
changes associated with charge-transfer from recent 
quantum statistical calculations (12-14, 34-36) on this 
process, the required pressure derivatives of the quan- 
tities involved in such treatments of hG# are mostly 
quite unknown; indeed reliable ab-initio numerical 
evaluations of hG* quantities themselves have yet to 
be given. Even for solvation of simple ions (36), quan- 
tum statistical calculations of electrostriction have not 
yet been developed. On the other hand, relatively so- 
phisticated electrostatic calculations have been pub- 
lished (37-40) which give electrostriction volumes at 
ions within 10-15% of values derived from experi- 
mental data. Hence the electrostatic model  t rea tment  
is pursued here. 

The simplest approach for calculation of electrostric- 
tion would be through the specific compressibility 
given by 

7 [19] 

and the electrostr ic t ive pressure p 

p ---- erE2/8~ : ( z e ) 2 / 8 ~ r r  4 [20] 

where  E is the field z e / e r r  ~ due to the ion in the di-  
electric taking into account the fact that  the re la t ive  
permit t ivi ty ,  er, is a function of r, the distance from 
the ion. 

Then, f rom Eq. [20] 

_ _  dPcLr = - -  [ ( ze )2 /2~err5]  -- [ (ze) 2/gn~r2r4] \ d r  / 

[21] 

The re la t ive  vo lume change dV in a spherical vol-  
ume e lement  4nr  2 - d r  about the ion wil l  be given by 
Eq. [19] as 

d V  : --74~r 2 �9 d r  �9 d p  [22] 

Then, introducing d p  as ] ( r  �9 d r )  f rom Eq. [21] 

d Y  : [27 (ze) 2 / e r ? ' 3  ] dr  �9 d r  -~ [7 ( z e )  2/2r2er 2] d r  �9 de~ 

[23] 

f rom which changes of vo lume due to electrostr ict ive 
tension in successive annular  e lements  of volume could 
be calculated by integration.  In Eq. [23], it is to be 
expected (37) that  7 as well  as e will  be a function of 
r. Hence, integrat ion of Eq. [23] wi th  both 7 and e as 
a function of r is obviously difficult. However ,  a bet ter  
approach may be made using the calculations pre-  
viously published f rom this laboratory,  based on em-  
pirical  equations for pressure and field effects on e 
and the thermodynamic  theory of electrostr ict ion 
given by Frank  (38). 

It is convenient  to consider the permi t t iv i ty  near  
an ion in terms of a s tep-funct ion (39) related to the 

semiempirical expression (41) for the differential di- 
electric constant Ed as f (E)  

ed ---- [(Eo -- no2)/(1 -~ bE2)] + no 2 [24] 

where  no 2 is the square of the refract ive index, eo is the 
static, zero-field dielectric constant, and b is a co- 
efficient related to f ie ld-dependence of ed der ived in 
Booth's theory (42). Two cases of interest  arise in 
electrostr ict ion theory  (37): When bE2 < <  1 and b E  2 
> >  1, i.e., for low and high fields. 

The high field approximat ion gives (37) for the re la -  
t ive volumes of normal  (vo) and electrostr icted (v) 
water  

log Vo/V ~ G l o g  (KE 2 -~ 1) [25] 
where  

G = D / ( 1 - -  C)  ---- 0 .1469  
and 

K ---- C(1 -- C ) n o 2 / 8 ~ D  :-  1.102 • 10 -11 

and 8, C, and D are known empir ical  constants (37) 
determining the pressure dependence of no 2 and e. 

The following model  of the hydra t ion  of the 
Fe(CN)6  ~- and Fe(CN)~  4- ions will  be considered: 
E igh t  hydrat ion shell water  molecules can be ac- 
commodated in the faces of the octahedral  6CN/Fe  ar -  
rangement  and will  be firmly bound electrostat ically;  
another shell, one H20 molecule  in thickness, is also 
firmly associated (e -> no 2) with the complex fur ther  
out. Both types of ions presumably  wil l  have a simi- 
lar inner  layer  of the 8 water  molecules. This model  
seems reasonable since the two kinds of ions have 
3 and 4 times the charge of a simple ion like Na + 
but have a hydrat ion radius about twice as great  so 
that, al though the field is 21/z times smal ler  per  charge, 
the net electrostr ict ive field near  the per iphery  of 
both ions will  be larger  than that  near  a small  uni-  
valent  ion. 

Under  tow field conditions, beyond the p r imary  hy-  
drat ion shell, the equat ion for d V  can be analyt ical ly  
integrated since E can then be assumed (39) to be 
almost independent  of E as can v. Then Eq. [23] can be 
integrated to give the electrostr ict ion volume 

~Ve j  = d V  = --  , d r  �9 d r  
h h h e~  3 

= [26]  
e r h  

where  rh is the radius of the outer  per iphery  of the 
pr imary  hydrat ion shell. Taking 7 ---- 4.57 • 10 -11 cm 2 
dyne -1 for water  and rh : 6.09~k (where  ri -~ 3.31A) 
for Fe(CN)~  3- and 6.06A for Fe(CN)64-  (ri ---- 3.28A), 
enables the Born electrostr ict ion volume, AVe1, arising 
beyond the pr imary  hydra t ion  shells of these ions to 
be evaluated as 

A V e I , F e ( C N ) 6  3 -  ~ -  - -  12.0; 

AVeI,F~(CN)64-- -- --21.0 cm ~ mole  -1 [27] 

The re la t ive  contributions to the AVe1 in annular  vol-  
ume elements of increasing thicknesses over  the first 
50A from the per iphery  of the p r imary  hydrat ion 
shells of the ions can be evaluated f rom Eq. [26] using 
successively different integrat ion limits and are shown 
in I~ig. 7. The total difference of the long-range elec- 
trostriction, which corresponds to the figures in Eq. 
[27] with ~ taken as the upper limit in the integrals 
of Eq. [26], is --9 cm~ mole-% i.e., --4.5 cm 3 mole -I 
for the electrostriction change upon activation (8 : 
Y2). It is important to note that this is only ca. 25% of 
the total real volume of activation. 

The primary hydration shell volume differences 
55Vei.1 in Fe(CN)63- and Fe(CN)64- are evaluated 
using Eq. [25] assuming the field E is given by E : 
(ze)2/e(rh') 2 where rh' is the mean radius of the hy- 
dration shell (i.e., rh' ~- ri -~ ~/2 dH2o, where ri is the 
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Fig. 7. Calculated Born polarization electrostriction volume 
changes AVel (from Eq. [26]) beyond the primary hydration shells 
as a function of distance r from the periphery of those shells at 
Fe(CN)64- and Fe(CN)63- ions. 

ion ic  r a d i u s  a n d  d t h e  d i a m e t e r  ( = 1 . 3 9 A )  of  a w a t e r  
m o l e c u l e ;  also rh '  is  r e l a t e d  to rh i n  Eq.  [26] b y  rh '  = 
rh --  1/2 dH20. e f o r  t h e  p r i m a r y  h y d r a t i o n  she l l  is t a k e n  
as 2 [cf. Ref .  (39, 41, 42) ]. T h e  v o l u m e  d i i~erences  w i l l  
d e p e n d  ( i)  o n  t h e  ionic  r a d i i  t a k e n  f o r  t h e  ions  t h e m -  
se lves ,  a n d  (ii) o n  t h e  f ie ld E i n  t h e  p r i m a r y  shel l .  

I n  o r d e r  to t r y  to  m a k e  a n  o b j e c t i v e  e v a l u a t i o n  of 
t h e  e l e c t r o s t r i c t i o n ,  w e  h a v e  m a d e  s e v e r a l  e s t i m a t e s  
of t h e  p r i m a r y  s h e l l  c o n t r i b u t i o n  to AVei b a s e d  on  one  
a s s u m e d  a n d  v a r i o u s  a v a i l a b l e  v a l u e s  of t h e  d i f f e r -  
ences  of ion ic  rad i i .  T h e  v o l u m e s  of  t h e  p r i m a r y  h y -  
d r a t i o n  she l l s  a r e  c a l cu l a t ed ,  t h e  f ield is e s t i m a t e d  
as a b o v e  a n d  t h e n  a p p l i c a t i o n  of  Eq. [25] g ives  t h e  
c o m p r e s s i o n  r a t i o  (38) V/Vo to b e  a p p l i e d  to t h e s e  
v o ! u m e s  fo r  t h e  tw o  ions ;  h e n c e  hV~l is e v a l u a t e d .  T h e  
r e s u l t s  of  t h e s e  c a l c u l a t i o n s  a r e  g i v e n  i n  T a b l e  II. 
C a l c u l a t i o n s  of t h i s  k i n d  h a v e  b e e n  g i v e n  in  R e i  
(37) w h e r e  t h e  u n c e r t a i n t i e s  w e r e  e x a m i n e d .  H o w -  
eve r ,  h e r e ,  d i f f e r e n c e s  in  v o l u m e s  a r e  i n v o l v e d  so t h e  
r e l i a b i l i t y  of t h e i r  e v a l u a t i o n  m a y  b e  b e t t e r  t h a n  t h a t  
i n  c a l c u l a t i o n s  fo r  i n d i v i d u a l  ions.  

Relation to theories of electron transSer.--Evidence 
for reorganization in the primary hydration she l l . -  
T h e  e x p e r i m e n t a l  v a l u e  for  t he  o v e r - a l l  v o l u m e  c h a n g e  
in  r e a c t i o n  [28] ( - -44 .4  cm a m o l e  -1 )  w h e n  c o r r e c t e d  
for  t h e  c h a n g e  of  i n t r i n s i c  v o l u m e  of t he  ion  a n d  fo r  
t h e  f in i te  v o l u m e  of t h e  e l e c t r o n  g ives  a n  e l e c t r o s t r i c -  
t i o n  v o l u m e  c h a n g e  of  --39.4 cmz m o l e - L  Th i s  a g r e e s  
be s t  w i t h  t h e  t o t a l  e l e c t r o s t r i c t i o n  c h a n g e  ( - - 4 0  

c m  8 m o l e  - 1 )  c a l c u l a t e d  for  t h e  case  w h e r e  t h e r e  is a 
s m a l l  c o n t r a c t i o n  of i o n i c  r a d i u s  f r o m  F e ( C N ) 6 3 -  to  
F e ( C N ) 6 4 -  as  i n d i c a t e d  b y  t h e  x - r a y  d i f f r a c t i o n  r e -  
su l t s  ( T a b l e  I I ) .  O t h e r  a s s i g n m e n t s  of  ion ic  r a d i i  
d i f fe rences ,  e x c e p t  t h a t  w h e r e  TFe(CN)64-- > TFeCCN)63--, 
g ive  t h e  r i g h t  o r d e r  of m a g n i t u d e  b u t  n o t  s u c h  good  
a g r e e m e n t  w i t h  e x p e r i m e n t .  I t  c an  b e  c o n c l u d e d  f r o m  
t h e s e  c a l c u l a t i o n s  t h a t  t h e  m a i n  c o n t r i b u t i o n  ( ca .  7 5 % )  
to AVd a r i s e s  f r o m  c h a n g e s  in  p r i m a r y  h y d r a t i o n  
she l l  v o l u m e  a n d  o n l y  ca. 25% f r o m  v o l u m e  c h a n g e s  
d u e  to l o n g - r a n g e  p o l a r i z a t i o n  (Fig.  7) .  T h e  l a t t e r  
c a l c u l a t i o n s  a r e  r e l a t i v e l y  r e l i a b l e  s ince  t h e y  d e p e n d  
on  n e a r  n o r m a l  v a l u e s  of  �9 a n d  -y. 

I t  h a s  b e e n  s h o w n  a b o v e  t h a t  t h e  a c t i v a t i o n  v o l u m e  
AVt4 fo r  t h e  f o r w a r d  d i r e c t i o n  of t h e  r e a c t i o n  i s  a b o u t  
40% of  t h e  t o t a l  v o l u m e  c h a n g e .  H e n c e  t h e  a c t i v a -  
t i o n  v o l u m e  i n v o l v e s  a c o n t r i b u t i o n  of a b o u t  40% of 
9.0 c m  ~ m o l e - 1  i n  t h e  l o n g - r a n g e  p o l a r i z a t i o n  ef fec t  
p lu s  a b o u t  40% of  32.4 c m  3 fo r  t h e  p r i m a r y  h y d r a t i o n  
s h e l l  v o l u m e  c h a n g e ,  a s s u m i n g  (11) i n  a n  a d i a b a t i c  
r e a c t i o n  t h e r e  is a p r o g r e s s i v e  c h a n g e  of  e l e c t r o n  
c h a r g e  d e n s i t y  as t h e  t r a n s i t i o n  s t a t e  c o n f i g u r a t i o n  
is d e v e l o p e d  f r o m  t h e  i n i t i a l  s ta te .  

T h e s e  r e s u l t s  l e a d  to t h e  i m p o r t a n t  c o n c l u s i o n  t h a t  
t h e  a c t i v a t i o n  p roce s s  is a s s o c i a t e d  m o s t l y  w i t h  a 
c h a n g e  of  s t a t e  of  t h e  p r i m a r y  h y d r a t i o n  she l l  of  t h e  
r e a c t a n t  i on  r a t h e r  t h a n  w i t h  f l u c t u a t i o n s  i n  t h e  l o n g -  
r a n g e  p o l a r i z a t i o n  c o - s p h e r e  of t h e  ion. T h e  l a t t e r  
effect  h a s  f o r m e d  t h e  bas i s  of m o s t  t h e o r i e s  of t h e  
a c t i v a t i o n  p roce s s  i n  r e d o x  r e a c t i o n s .  W e r e  i t  t h e  
m a i n  f ac to r ,  as i m p l i e d  w i t h  r e s p e c t  to  e n e r g i e s  of  ac -  
t i va t i on ,  o n l y  a s m a l l  v o l u m e  of  a c t i v a t i o n  c a l c u l a t e d  
f r o m  ~ t i m e s  t h e  r e s u l t  g i v e n  b y  Eq.  [26] w o u l d  b e  
o b s e r v e d ;  i t  is m u c h  s m a l l e r  t h a n  t h a t  f o u n d  e x p e r i -  
m e n t a l l y .  

I t  is to be  n o t e d  t h a t  w h a t e v e r  is t h e  a c t u a l  v a l u e  of  
~, e.g., 0.5 _ 0.1, i t  w i l l  no t  m a t e r i a l l y  c h a n g e  t h e  con -  
c lus ion  t h a t  t h e  r e a l  v o l u m e  of  a c t i v a t i o n  w i l l  b e  ca. 
h a l f  t he  e q u i l i b r i u m  v o l u m e  c h a n g e  i n  t h e  o v e r - a l l  r e -  
ac t ion  a n d  t h u s  s u b s t a n t i a l l y  l a r g e r  t h a n  t h e  B o r n  
p o l a r i z a t i o n  e l e c t r o s t r i c t i o n  and,  of course ,  m u c h  l a r g e r  
t h a n  t h e  AVa~:. T h i s  c o n c l u s i o n  is of a r a t h e r  g e n e r a l  
k ind ,  as is s e e n  f r o m  Eq.  [14]. 

Symmetry o] the transition states.--For a h o m o g e n e -  
ous  r e a c t i o n  b e t w e e n  f e r r i -  a n d  f e r r o c y a n i d e ,  t h e  
t r a n s i t i o n  s t a t e  m u s t  b e  a s y m m e t r i c a l  c o m p l e x  b e -  
t w e e n  t h e  ions  w i t h  e a c h  h a v i n g  a n  i n t e r m e d i a t e  
c h a r g e  --3.5e. W h i l e  t h e  o v e r - a l l  e q u i l i b r i u m  i n  a 
r e d o x  coup le  e s t a b l i s h e d  a t  a n  e l ec t rode ,  r e f e r r e d  to 
some  o t h e r  r e f e r e n c e  e l ec t rode ,  w i l l  b e  i d e n t i c a l  w i t h  
t h a t  in  t h e  c o r r e s p o n d i n g  h o m o g e n e o u s  r eac t i on ,  a 
s y m m e t r i c a l  t r a n s f e r  of  c h a r g e  w i l l  n o t  n e c e s s a r i l y  oc -  
cu r  in  t h e  t r a n s i t i o n  s t a t e s  i n v o l v e d  i n  t h e  e l e c t r o -  
c h e m i c a l  r e a c t i o n s  

Table II. Electrostriction volume difference in primary hydration 
shells of Fe(CN)6 '~- and Fe(CN)6 4 -  ions in water for various 

assumed radii 

Hydrat ion shel l  Electrostr ict ion 
Ionic radii vommes Field in factor Vo/V from 

Ion (A) (cm 8 mole -z) shell (esu) Eq. [2S] 

Electrostriction 
volume difference 
hVez (cm s mole  -1) 

Total electrostriction 
volume difference" 

primary shell + Born 
electrostriction beyond 

Fe(CN)63- 3.31" 484 3.3 • 10 ~ 1.12 "[ 
Fe(CN)e ~- 3.31" 484 4.4 x los 1.18 1 
Fe(CN)r ~- 3.31" 484 3.3 • los 1.12 
Fe(CN)6 ~- 3.28$ 478 4.48 • 10 s 1.19 J 

Fe(CN)@- 3.31" 484 3.3 • los 1.12 "[ 
Fe(CN)~ 4- 3.21 464 4.6 • los 1.19 J 
Fe(CN)d- 3.31t 484 3.3 • los 1.12 
Fe(CN)~ 4- 3.41t 504 4.23 • l0 s 1.17 J 
Fe(CN)~- 3.28** 478 3.35 x 105 1.13 ) 
Fe(CN)6 ~- 3.18"* 458 4.65 x 106 1.20 J 

- 2 2  

- 3 1  

-42 

-41 

--31 

--40 
(in best  agreement  

wi th  expt.)  

--51 

~ - I 0  

- 5 0  

* From Mathieson (29) based on space-filling models with Vl = 2.52, r 3 = 91 cm a mole -1. 
t Based on an assumption (see  text) that Ar = 0.1A increase per e added. 

** Based on empirical  re lat ions  for  effective ionic radii  (43). 
* Difference based on x-ray diffraction data on the solid salts (27, 28). 
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Fe (CN) #3- + eM "--> Fe  (CN) ~4- [28] 
o r  

Fe(CN)64-  --> Fe(CN)8~- + eM [29] 

which occur at  an e lect rode as dis t inct  events at  a 
common potential .  The reason is tha t  the fe r r i -  and 
fer rocyanide  ions, wil l  p robab ly  not  in terac t  wi th  the 
electrode in the  same way  [cf. Ref. (6)]  nor is this 
in terac t ion  l ike ly  to be negligible;  for example ,  at Pt  
and Au, even simple ions such as SO42- and C104- 
are quite s t rongly  adsorbed.  This s i tuat ion means,  of 
course, that  ;~ need not necessar i ly  be exac t ly  0.5. This 
does not involve any conflict wi th  the pr incip le  of 
microscopic revers ib i l i ty ,  of course, since the  equi l ib-  
r ium condit ion wil l  a lways  involve e lect rode potent ia l  
te rms in both exp (--flr and exp (1 --  ~)r 
in the  usual  w a y  where  Ce is the  me ta l / so lu t ion  p.d. a t  
equi l ibr ium. 

The present  exper imenta l  results,  t rea ted  in the first 
approx imat ion  wi th  the  assumption that  ~ = 0.5 [cf. 
Ref. (11)],  show that  the  act ivat ion process, f rom the 
point  of view of the vo lume changes involved,  is not 

"symmetr ica l"  since the AVt=~ is apprec iab ly  less than  

the AVt+. This resul t  arises p r inc ipa l ly  f rom the ex-  
pe r imenta l  fact  tha t  AVt~: is not zero (see Eq. [7] and 
[14]). F r o m  the point  of view of solvent  reorgan iza -  
t ion in the  act ivat ion process (10, l l ) ,  this means  tha t  
the hydra t ion  shell  configurations of the t rans i t ion  
states in Eq. [28] and [29] a re  not  symmet r ica l  wi th  
respect  to those of reac tan t  and produc t  ions as would 
be the case in the corresponding homogeneous reac-  
tion. P r e sumab ly  this could be due to different  ad-  
sorpt ion of Fe (CN)6  ~- and Fe (CN)64-  anions at  Au, 
i.e., different  in teract ions  of the two ions wi th  the Au  
surface and wi th  adsorbed wate r  in the inner  He lm-  
holtz l aye r  (44). I t  is of in teres t  to note that  the 
a symmet ry  is less at  h igher  pressures  since AVa~ de-  
creases wi th  pressure  (Fig. 3). 

If, in Eq. [14], a value of /~ were  sought tha t  gave 
...x 4-- 

equal  numer ica l  values  for  Art  4= and AVt+, i t  would  
not be 0.5, again indicat ing a s y m m e t r y  in the  ac t iva-  
t ion processes for the  fo rward  and backward  d i rec-  
tions of the  redox  react ion at  the  e lec t rode  surface. I t  
is to be noted tha t  values  of ~ for this  reaction,  differ-  
ing signif icantly f rom 0.5, have been repor ted  in the  
l i t e ra tu re  (4, 45). 

That  the devia t ion  of AVa~ from zero is connected, 
in part ,  wi th  the effect of pressure  on the ion-pa i r ing  
in this  sys tem cannot be excluded,  e.g., see Bindra  et al. 
(46). 
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Nickel-Based Alloys as Electrocatalysts 
for Oxygen Evolution from Alkaline Solutions 

P. W. T. Lu* and S. Srinivasan* 
Department of Applied Science, Brookhaven National Laboratory, Upton, New York 11973 

ABSTRACT 

The oxygen evolution reaction on the alloys of Ni with Ir, Ru, or W and 
on Ni-Ti intermetal l ic  compounds was studied in 30 weight percent  (w/o)  
KOH at 80~ using steady-state potentiostatic and slow potent iodynamic (at 
0.1 mV/sec) methods. Since this reaction always takes place on film-covered 
surfaces, the na ture  of oxide films formed on these alloys was investigated 
using cyclic voltammetry.  The peaks for the formation and reduct ion of 
oxygen-conta in ing layers appearing on the pure metals are not always found 
on these alloys. Oxygen overpotentials at an apparent  current  density of 20 
m A / c m  2, on the alloys of 50Ni-501r and 75Ni-25Ru (in atomic percent, a/o)  
and the intermetal l ic  compound Ni3Ti were less than on Ni by about 40, 30, 
and 20 mV, respectively. On long- te rm polarization at potentials in  the oxy-  
gen evolution region, the oxygen-conta in ing films on N i - I r  and Ni-Ru alloys 
are predominant ly  composed of nickel oxide and independent  of the bu lk  
composition of the alloys themselves. This accounts for the absence of any 
direct dependence of electrocatalytic activities for oxygen evolution on their  
electronic properties. The effects of relat ive activities of the individual  com- 
ponents  in the alloys are however detectable on the oxide formation reac- 
tions on the surfaces of freshly prepared electrodes. 

One of the more difficult problems which l imit  the 
operation efficiency of the water  electrolyzers and sec- 
ondary meta l -a i r  batteries is the slowness of the oxy- 
gen electrode reaction (OER) (1-3). Of the metals, 
nickel is the best known electrocatalyst for oxygen 
evolut ion from alkal ine solutions. The metal  nickel 
has 0.54 unpai red  electrons in the 3d band (4). Alloying 
nickel with other t ransi t ion elements  having more un-  
filled d shells (e.g., Ir) can result  in  more d -band  va-  
cancies (5), Thus, it is possible to deduce significant 
al terat ion in other electronic properties such as den-  
sity of surface states, work function, and Fermi  level. 
In  a recent review regarding hydrogen evolution on 
alloys (6), it was emphasized that the electrocatalytic 
properties of an alloy parallel  changes in  its electronic 
properties. 

Data on the kinetics of the OER on alloys and in ter -  
metall ic compounds are sparse (3). Historically, the 
only studies of the oxygen overpotential  on nickel al-  
loys in alkal ine solution have been with Ni-Fe  (7, 8), 
Ni-Co (8), and Ni-Cr systems (9). These investigations 
on Ni-based alloys provided no evidence of correlation 
between the electrochemical activities for the OER and 
the alloy composition. The possible effect of the elec- 
tronic properties of the alloys on their  electrocatalytic 
properties was not considered. 

In  the present  work, alloys of Ni with Ir, Ru, or W 
and Ni-Ti  intermetal l ic  compounds were investigated 
as anodes for oxygen evolution from 30 w/o KOH at 
80~ Anodic oxide films formed on the electrode sur-  
faces of these alloys or intermetal l ic  compounds were 
also characterized. The major  purlcoses of this study 
are (i) to elucidate any possible effect of the electronic 
properties of the alloys or intermetal l ic  compounds on 
their  electrocatalytic properties, (if) to unders tand  the 
dependence of the kinetics of electrode reactions on 
the na ture  of oxide films, and (iii) to find better  elec- 
trode materials  to replace the conventional  nickel 
anodes for oxygen evolution from alkal ine solutions. 

Experimental 
Specimen preparation.--Thiee Ni-Ti intermetal l ic  

compounds i.e., Ni3Ti NiTi, and NiTi2, were prepared 
in an electric arc ' furnace under  an Ar atmosphere. The 
alloys of Ni with Ir, Ru, or W were prepared by 
Paul  D. Merica Research Laboratory, In terna t ional  

* Electrochemical Society Active Member. 
Key words: electrocatalysis, Ni-based alloys, oxide films, oxygen 

evolution, Tafel parameters, mechanism. 

Nickel Company- - th ree  alloys of nominal  compositions 
25, 5.0, and 75 a/o Ni in the Ni - l r  or Ni-Ru system and 
two alloys (50 and 75 a/o Ni) in  the Ni-W system. 
These alloys were annealed at 1400~ in a H2 
atmosphere for about 24 hr. The examinat ion  of chemi- 
cal composition and homogeneity of these alloys and 
intermetal l ic  compounds was carried out using electron 
microprobe analysis and metal lurgical  microscopy. The 
specimens were cut in the shape of cylinders using the 
electric discharge machine. The electrodes were pre-  
pared by sealing the cylindrical  specimens and their  
lead wires into shr inkable  Teflon tubes using heat-  
t reatment .  Finally,  each electrode having a geometric 
area of 0.20 cm 2 was mechanical ly polished as de- 
scribed elsewhere (10). 

Solut ion. - -The 30 w/o  KOH solution was prepared 
from Baker analyzed reagent grade potassium hydrox-  
ide and tr iply distilled water. The solution was purified 
by anodic preelectrolysis for 24 hr or more at a C.D. of 
2 mA/cm 2. After each experiment, the measuring solu- 
tion was analyzed using atomic absorption spectros- 
copy. 

Apparatus.--A th ree-compar tment  Teflon cell, 
placed in an air thermostat,  was used to carry out the 
electrochemical study of electrode materials.  A satu- 
rated calomel electrode (SCE) was employed as a ref- 
erence. The potentials are referred to the reversible 
hydrogen electrode (RHE), which is approximately 
--1.16V vs. SCE as obtained by measurement  in this 
investigation. The electrochemical measurements  were 
conducted using a PAR Model 173 potentiostat  coupled 
with a P A R  Model 175 programmer  and a PAR Model 
376 "log converter." When carrying out potent iody- 
namic measurements,  Tafel plots and cyclic vol tam- 
mograms were recorded by use of an HP Model 
7047A X-Y recorder. A Tektronix  Model 7623A oscil- 
loscope was used to measure ohmic overpotentials 
(i.e., IR drops) between the edge of Luggin capillary 
and the working electrode. 

Electrochemical measurements.--Tafel plots for the 
OER on test electrodes were determined using steady- 
state potentiostatic and slow potent iodynamic (at 0.1 
mV/sec) methods. Each electrode was preanodized at a 
constant  C.D. of 200 mA / c m 2 for 2 hr or more to form 
stable oxide films on its surface. In the potent iody-  
namic measurements,  "log I output" signals from the 
log converter  were connected to an X-Y recorder s o  
that Tafel plots appeared directly on the semilogari th-  
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mic paper. During each run,  the electrolyte was de- 
aerated with purified O~ and magnet ical ly stirred. Ex- 
per iments  were conducted at 80~ in the direction of 
high currents to low currents.  On each electrode, at 
least two individual  s teady-state  potentiostatic and one 
slow potentiodynamic measurements  were carried out. 
Ohmic overpotentials were measured by use of an in -  
ter ruptor  technique (11). 

The formation and reduction of oxide films on the 
freshly polished electrodes of Ni, It, and Ni- I r  alloys 
were studied using cyclic vol tammetr ic  techniques. 
Each electrode was ini t ia l ly mainta ined at --0.05V in 
N2-saturated 30 w/o KOH at 80~ for 20 rain to re-  
move oxide films possibly formed on its surface dur ing 
polishing. A l inear  potential  sweep at 20 mV/sec was 
applied between --0.05 and 4-1.50V. The cyclic vol t-  
ammograms for the first two sweeps on each electrode 
were recorded. 

After long term polarization (up to 80 hr) for oxygen 
evolution at an apparent  C.D. of 20 mA/cm a on Ni, 
NisTi, and on. the alloys of 50Ni-50Ir and 75Ni-25Ru, 
the potential  of each electrode was stepped ins tan tane-  
ously to 1.60V. Then, cyclic vol tammograms on the pre-  
anodized electrodes were recorded between --0.05 and 
1.60V at a sweep rate of 20 mV/sec. The first ten traces 
of the continuous cyclic vol tammograms on each elec- 
trode were recorded on an X-Y recorder. 

Results and Discussion 
Composition and homogeneity oS specimens.--The 

chemical compositions of these Ni-based alloys or in-  
termetat l ic  compounds, de termined by the electron mi-  
croprobe, are slightly different from the nominal  com- 
positions with deviations of less than 7 a/o. Figure 1 
shows the microstructures of these specimens in  the 
Ni-Ti  system. The nominal  intermetal l ic  compounds 

NiTi and Ni'Wi2 exhibit  two phases, while Ni3Ti appears 
to be a single phase system. As i l lustrated in Fig. 2, two 
phases appear on each of Ni-W alloys, being ~ (i.e., 
NiW) and one W-rich phase. In  the Ni-Ru system, the 
alloy of 50Ni-50Ru appears to be composed of two 
phases as expected from the phase diagram, while the 
other two alloys exhibit  only a single phase. Unfor tu-  
nately, no phase diagram for the Ni- I r  system could be 
attained. The metallographic examinat ion revealed 
that two phases appear in the alloys of 50Ni-50Ir and 
25Ni-75Ir whereas only one in the alloy of 75Ni-25Ir. 

Automation of measurement o]-Ta]el plots.--A typi-  
cal Tafel plot for oxygen evolution determined with 
potent iodynamic techniques at a slow potential  sweep 
of 0.1 mV/sec, is shown in Fig. 3. Data from two inde-  
pendent,  s teady-state  potenti.ostatic measurements  for 
the OER on the same electrode and under  the same ex- 
per imental  conditions are also presented for compari-  
son. As i l lustrated in Fig. 3, the ma x i mum potential  
deviation (at the same C.D.) between any two individ-  
ual  measurements  is about 5 mV in the l inear  region. 
The Tafel plot obtained by use of the slow potentio-  
dynamic method exhibits a slightly higher exchange 
C.D. than that from the steady-state potentiostatic 
measurements  (9.2 • 10 -7 and 6.0 • -7 A/cm 2, re-  
spectively).  The potent iodynamic measurements  also 
provide a slightly higher Tafel slope (70 mV, compared 
to 66 mV obtained from the steady-state  potentiostatic 
measurements) .  In  general, however, Tafel plots deter-  
mined using both the steady-state potentiostatic and 

Fig. 1. Microstructures of three intermetallic compounds in the Fig. 2. Microstructures of two Ni-W alloys after anneallng at 
Ni-Ti system. 1400~ in hydrogen atmosphere for 24 hr. 
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t h e  s l ow  p o t e n t i o d y n a m i c  m e t h o d s  a r e  in  f a i r  a g r e e -  
m e n t  w i t h  e a c h  o the r .  

C o n v e n t i o n a l  s t e a d y - s t a t e  po ten t i .os ta t i c  or  g a l v a n o -  
s t a t i c  t e c h n i q u e s  u s e d  to d e t e r m i n e  e l e c t r o d e  k i n e t i c  
p a r a m e t e r s  a r e  t i m e  c o n s u m i n g .  I t  has  b e e n  n o t e d  (12) 
t ha t ,  u s i n g  t h e  p o t e n t i o d y n a m i c  m e t h o d  a t  s low s w e e p  
r a t e  ( < 1 0  m V / s e c ) ,  a s t e a d y - s t a t e  c o n d i t i o n  can  b e  a p -  
p r o a c h e d .  F u r t h e r m o r e ,  t h e  p r e s e n t  w o r k  i n d i c a t e s  t h a t  
t h e  s l ow  p . o t e n t i o d y n a m i c  t e c h n i q u e  is efficient,  t i m e -  
s a v i n g  and ,  m o s t  i m p o r t a n t l y ,  a c c u r a t e  in  d e t e r m i n i n g  
e l e c t r o d e  k i n e t i c  p a r a m e t e r s .  

Kinetics o5 oxygen evolution reaction.~The r e v e r s i -  
b l e  p o t e n t i a l  of t h e  o x y g e n  e l e c t r o d e  in  30 w / o  K O H  at  
80~ was  d e t e r m i n e d  e m p i r i c a l l y  to b e  1.183V vs. 
RHE.  E l e c t r o d e  k i n e t i c  p a r a m e t e r s  fo r  t h e  O E R  o n  t h e  
v a r i o u s  e l e c t r o d e s  i n v e s t i g a t e d  a r e  s u m m a r i z e d  in  T a -  
b le  I. I t  is n o t e d  t h a t  e a c h  p a r a m e t e r  r e p r e s e n t s  t h e  
a v e r a g e  v a l u e  of t w o  i n d e p e n d e n t  s t e a d y - s t a t e  p o t e n -  
t i o s t a t i c  a n d  one  s low p o t e n t i o d y n a m i c  m e a s u r e m e n t s .  

Ni-Ir system.--Figure 4 s h o w s  t h e  Ta fe l  p lo t s  fo r  t h e  
OER on  Ni, Ir ,  a n d  N i - l r  a l loys .  T h e  Ni a n d  N i - I r  a l loys  
a r e  b e t t e r  e l e c t r o c a t a l y s t s  t h a n  I r  for  o x y g e n  e v o l u t i o n  
f r o m  a l k a l i n e  so lu t ion .  A t  a n  a p p a r e n t  C.D. of 20 
m A / c m  2, t h e  o x y g e n  o v e r p o t e n t i a l  on  a n y  of t h e s e  
N i - I r  a l loys  is s l i g h t l y  l o w e r  t h a n  t h a t  on  Ni (see  T a -  
b l e  I ) .  T h e  l o w e s t  o x y g e n  o v e r p o t e n t i a l ,  w h i c h  is a b o u t  
40 m V  l o w e r  t h a n  t h a t  on  Ni a t  th i s  c u r r e n t ,  is o b -  
s e r v e d  o n  t h e  a l loy  of  50Ni-50Ir .  As  s h o w n  in  T a b l e  I, 
T a f e l  s lopes  a n d  e x c h a n g e  C.D. fo r  t h e  OER o n  t h e s e  
a l t oys  a r e  v e r y  s i m i I a r  to t h o s e  o n  Ni. A c c o r d i n g  to 
t h e r m o d y n a m i c  d a t a  (13) ,  i r i d i u m  o x i d e  f o r m e d  on 
e l e c t r o d e  s u r f a c e s  of N i - I r  a l loys  p r o b a b l y  t e n d s  to d i s -  
so lve  a t  s u c h  h i g h  p o t e n t i a l s  fo r  t h e  a n o d i c  e v o l u t i o n  
of  oxygen .  1 C o n s e q u e n t l y ,  o x i d e  f i lms on  t h e s e  a l loys ,  

The alternative explanation is that nickel is preferentially an- 
odized in the alloys. However, recent ellipsometric investigations 
of the iridium electrodes, polarized at potentials over 1.65V, 
strongly supported the viewpoint of anodic dissolution of iridium 
o x i d e  in the OER region (14). 

on  w h i c h  t h e  OER t a k e s  place,  a r e  p r e d o m i n a n t l y  
c o m p o s e d  of  n i c k e l  ox ides  d e s p i t e  t h e  b u l k  c o m p o s i t i o n  
of t h e  a l loys  t h e m s e l v e s .  T h e r e f o r e ,  t h e  N i - I r  a l loys  a r e  
e x p e c t e d  to e x h i b i t  a p p r o x i m a t e l y  t h e  s a m e  e l e c t r o -  
c h e m i c a l  a c t i v i t i e s  fo r  o x y g e n  e v o l u t i o n  as t h o s e  o n  
p u r e  Ni. 

R e g a r d i n g  t h e  OER o n  n i c k e l  f r o m  a l k a l i n e  so lu t ions ,  
i t  h a s  b e e n  r e p o r t e d  (15-17)  t h a t  d u a l  T a f e l  r e g i o n s  of 
2 R T / F  a n d  R T / 2 F  a r e  o b s e r v e d  a t  h i g h  a n d  l ow  c u r r e n t  
dens i t i e s ,  r e s p e c t i v e l y .  F u r t h e r ,  t h e  d i s c h a r g e  of  a d -  
s o r b e d  O i l -  ions  a n d  t h e  s p o n t a n e o u s  d e c o m p o s i t i o n  
of NiO2 a r e  g e n e r a l l y  a c c e p t e d  as t h e  r a t e - d e t e r m i n i n g  
s t eps  a t  h i g h  a n d  low o v e r p o t e n t i a l ,  r e s p e c t i v e l y .  As  i n -  
d i c a t e d  in  T a b l e  I, Ta fe l  s lopes  of N R T / F  a r e  o b s e r v e d  
on Ni and Ni-Ir alloys. Referring to the reaction 
scheme proposed by Krasil'shchikov (17), a Tafel slope 
of RT/F is possible, if the step for the formatio~ of O- 
intermediates, on the substrate S, that is 

S-OH + OH- -> S-O- + H 2 0  [I] 

is rate determining. However, since proton transfer be- 
tween hydroxylic species is generally rapid (18, 19), 
this step is unlikely to be rate controlling. Recent work 
of Tilak and Conway (20) indicates that an "electro- 
chemical desorption" type of mechanism leads to a 
Tafel slope of ~RT/F, when the lateral interaction 
parameter (g) for the adsorbed O- intermediates is 
large (g > 20 RT). 

Ni-Ru i system.--On preanodization, Ni-Ru alloys 
containing 50 a/o Ru or higher tended to dissolve an- 
nodical~y in KOH solution. Consequently, the colorless 
electrolyte became straw yellow and fine black parti- 
cles w#re found to leach out of the solid electrode. Sim- 
ilar r@sults have been observed by Stoyanovskaya, 
Khom~henko, and Vovchenko (21), who investigated 
Ru as ~ n o d e  a t  t h e  p o t e n t i a l s  of o x y g e n  e v o l u t i o n .  T h e  
c o r r o s i o n  of R u  e l e c t r o d e  e s s e n t i a l l y  a r i ses  f r o m  t h e  

Table I. Electrode kinetic parameters for the oxygen evolution react{on on Ni, Ir, and 
some nickel-based alloys from 30 w/o KOH at 80~ 

T r a n s f e r  b E x c h a n g e  c u r r e n t  
Tafel slope (V) coefficient density (A/era 2) O x y g e n  o v e r -  

p o t e n t i a l  at 20 
E l e c t r o d e  L o w  ~ High ~ Low ~ High w Low ~ High ~ mA/cm 2 (V) 

Pure Ni 0.062 I . I  2.3 x 10 -7 0.31 
75Ni-251r a 0.067 1.0 8.8 x 1O -z 0.29 
50Ni-501r a 0.047 0.066 1.5 0.81 3.4 x 10 -s 2.0 x 10 -5 0.27 
25Ni-751r ~ 0.064 1.1 6.0 x 10 -7 0.29 
P u r e  Ir  0,055 1.3 5.0 x 10 ~s 0.32 
75Ni-25Ru I 0.056 1.3 2.4 x 10 -8 0.28 
75Ni-25W a 0.114 0.61 4.6 x 10 -~ 0.30 
50Ni-50W a 0.125 0.56 2.5 x 10 -4 ~ e  
NhTi  0.064 i . i  4.7 x i0 -T 0.29 
NiTi 0.057 0.094 1.3 0.74 6.0 x 10 -~ 2.8 x 10 -e 0.35 
NiTi2 0.383 0.13 6.5 x i0 -~ ~ d  

a In  a t o m i c  p e r c e n t .  
b Transfer coefficient = 2.303 RT/bF where b is the Tafel slope. 
c T h e  o b s e r v e d  c u r r e n t  d e n s i t i e s  in  t h e  Tafcl reglon for oxygen evolution on the alloy of 50Ni-50W a r e  a b o v e  40 mA/cm ~. 
d Limiting current density for oxygen evo,uhon on NITi2 m less than 10 mA/cm 2 ( s e e  Fig. 5). 
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formation soluble ru thenate  ( R u O 4 - - )  or perruthenate  
(RuO4-)  ions dur ing anodic polarization (22, 2~3). The 
atomic absorption spectroscopic analysis of the solu- 
tions, in which the Ni-Ru alloys are preanodized, re-  
veals that  the concentrat ion of Ru-conta in ing  ions in 
each solution is about 1.2 m g / m l  after 2 hr  of preanod-  
ization. 

Surprisingly,  the electrode of 75Ni-25Ru alloy is 
quite stable on anodization even in long , t e rm studies. 
As demonstrated in Table I, the alloy of 75Ni-25Ru ex-  
hibits sl ightly lower Tafel slope (~2RT/3F)  and ex-  
change C.D. in comparison with these on pure Ni. At 
an apparent  C.D. of 20 mA/cm e, the oxygen overpoten- 
tial on this alloy is about 30 mV lower than  that  on Ni. 
Ni-W system.--As indicated in Table I, Tafel slopes 
observed on the alloys of 75Ni-25W and 50Ni- 
50W are much higher than  that  on Ni. On polarization 
in the oxygen evolution region, tungsten oxide is 
formed on the surfaces of Ni-W alloys. This oxide film, 
with a low electronic conductivi ty leads to the bar r i e r -  
layer effects (24), and thus results in low transfer  co- 
efficients (i.e., high Tafel slopes). Further ,  the t ransfer  
coefficient observed for the OER on Ni-W alloys d e -  

c r e a s e s  with increasing tungsten  content. 
Ni-Ti system.--Tafel plots for the OER on the in ter -  
metallic compounds Ni3Ti, NiTi, and NiTi2 are given 
in Fig. 5. Except for a lower oxygen overpotential  of 
about 20 mV at an apparent  C.D. of 20 m A / c m  2, the in -  
termetall ic compound Ni~Ti behaves very similarly to 
Ni. Two distinct, l inear  regions corresponding to Tafel 
slopes of RT/F and 2RT/F are observed on the elec- 
trode of NiTi. The OER on this electrode exhibits a 
higher overpotential  than that on Ni. The Tafel plot 
for oxygen evolution on the intermetal l ic  compound 
NiTi2 shows an unusua l ly  high Tafel slope (close to 
5RT/F) and a l imit ing current  density of about 3 m A /  
om 2. According to thermodynamic  data (13), TiO2 is 
formed in the potential  range for oxygen evolution. 
The species TiO2 has high corrosion resistance bu t  is a 
poor conductor for electron t ransfer  (25). Thus, the 
unusua l ly  high slope arises from the bar r ie r - l ayer  ef- 
fect (24). 

Cyclic voltammetric studies on ]reshly polished elec- 
trode surfaces.--The first and second traces of cyclic 
i-V curves on the freshly prepared electrodes of Ni, It, 
and Ni-Ir  alloys in N2-saturated 30 w/o  KOH at 80~ 
are shown in Fig. 6. Prior  to the determinat ion of cyclic 
voltammograms, each electrode was main ta ined  at 
--50 mV for 20 rain. The cathodic evolution of He at 
this potential  may result  in the chemisorption of hy-  
drogen atoms on the electrode surface. In  the first po- 
tent ial  sweep on Ni, Ir, or Ni- I r  alloys, the anodic peak 
between 0.15 and 0.25V is observed to increase with the 
length of t ime of the cathodic pretreatment .  Thus, this 
peak is obviously a t t r ibuted to the oxidation of the 
chemisorbed hydrogen atoms on the substrate S, 
namely  

S-H + OH- :e~-S + HEO + e- [2] 
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Fig. 5. Tafel plots for oxygen evolution on Ni and three Ni-Ti 
intermetallic compounds in 30 w/o KOH at 80~ 
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Fig. 6. Cyclic i-Y curves for freshly prepored electrodes of Ni, 
Ir, and Ni-lr alloys in N2-saturated 30 , / o  KOH at 80~ The 
solid and dashed lines represent the first and second sweeps (at a 
rate of 20 mV/sec), respectively. 

As seen in Figure  6 (A), the second anodic peak on Ni 
at a potential  of ~0.36V disappears on the second trace 
of the cyclic potential  sweep. Fur thermore,  the position 
of this peak is found to be independent of the magni- 
tude of potential and the length of time of the cathodic 
pretreatment. It has been noted (26) that the species 
Ni(OH)2 is not reduced by the cathodic potential 
sweep, and thus no peak corresponding to the forma- 
tion of Ni (OH)2 can be detectable on the second sweep. 
Therefore, the second anodic peak observed on Ni is no 
doubt due to the formation of Ni(OH)2 On the elec- 
trode surfaces of Ni-Ir alloys, this peak is superim- 
posed by the anodic reaction .occurring on Ir sites, and 
consequently appears not distinguishable. 
As has been pointed out (18, 19), the species Ni (OH) 2 

is further oxidized to #-NiOOH by a proton transfer 
process at potentials above 0.4V. Follolwing the work of 
Weininger and Breiter (27), the broad peak observed 
on Ni (see Fig. 6) in the intermediate potential region 
of 0.6-1.0V arises from the composite electrode reaction 
of the growth of Ni(OH)2 and the transformation of 
Ni(OH).z to #-NiOOH occurring simultaneously or 
consecutively. On the Ni-Ir .alloys, anodic peaks in the 
~otential region of 0.4-1.2V appear considerably differ- 
ent from those on Ni or Ir. Obviously, these peaks re- 
sult from the superposition of the anodic peaks on Ni 
sites with those on Ir sites. 

At sufficiently high potential, the species fl-NiOOH 
is formed directly from the substrate Ni (27). As seen 
in Fig. 6, the formation and reduction of #-NiOOE on 
Ni take place at potentials of about 1.42 and 1.26V, re- 
spectively. The small difference (about 0.16V) between 
the potentials for the formation and reduction peaks of 
#-INiOOH implies that the reaction for the formation 
of ~-NiOOH is approximately reversible. These cou- 
ples for the formation and reduction of #-NiOOH are 
also detectable on the alloys of 75Ni-25Ir and 50Ni- 
501r, but not on the alloy of 25Ni-751r. Consequently, 
the relative activities of the individual components in 
the alloys do play a significant role in the reaction of 
oxide formation on these alloys. Similar results have 
been reporte, d on smooth noble metal alloys in the work 
of Rand and Woods (28), who noted that the electro- 
catalytic activities of the alloys vary with their surface 
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composition. The lat ter  is in t u r n  strongly dependent  
on the electrochemical p re t rea tment  of the alloys. 

Cyclic vo l tammetr ic  studies on preanodized electrode 
surfaces . - - Invest igat ions  of the cathodic i -V  curves on 
preanodized electrodes may lead to impor tant  comple- 
men ta ry  informat ion to ident ify the major  species in 
oxygen-con,raining films formed on its surface dur ing  
the OER. After  anodizat ion at an apparent  C.D. of 20 
m A / c m  2 for 80 hr, the first, second, and tenth cathodic 
i -V curves, obtained from the continued cyclic vol tam- 
mograms on Ni, NiaTi, and the alloys of 50Ni-50Ir and 
75Ni-25Ru, are shown in, Fig. 7. Only one reduction 
peak corresponding to #-~iOOH is observed on Ni 
electrode. This result  is consistent with the work by 
McIntyre  and Kolb (26). 

As i l lustrated in Fig. 7, the first cathodic sweeps on 
50Ni-501r, 75Ni-25Ru, and Ni~Ti exhibi t  electrochemi- 
cal behavior  similar  to that on Ni. No dist inguishable 
reduct ion peak is detected on the first cathodic sweep 
except for the one corresponding to the reduct ion of 
#-NiOOH at about 1.26u On the preanodized alloy of 
50Ni-50Ir, two addit ional  peaks, which are due to the 
reduction of oxide layer  on Ir sites as reported by B Sld 
are Bre{ter (28), are detectable s tar t ing in the third 
sweep. The second cathodic i -V  curve on the alloy of 
75Ni-25Ru also exhibits two addit ional  peaks which are 
probably  at t r ibuted to the reduction of oxide layers on 
Ru sites. Further ,  the heights of these reduction peaks 
on the alloy of 50Ni-50Ir or 75Ni-25Ru increase with 
increasing the number  of potential  sweeps. These ob- 
servations indicate that the oxide film on the preanod-  
ized electrodes of Ni - I r  or Ni-Ru alloys is predomi-  
nan t ly  composed of nickel oxides ra ther  than a mixed 
oxide of the same composition as the alloy itself. Ac- 
cording to the Pourba ix  diagrams (13), the oxides of 
i r id ium or ru then ium on anodized electrode surfaces of 
these alloys are exl0ected to dissolve at the potentials in 
the range for oxygen evolution from alkal ine media. 
Conversely, nickel oxide is extremely stable in alkal ine 
solutions. Thus, when Ni- I r  or Ni-Ru alloys are utilized 
as anodes, the OER takes place substant ia l ly  on a layer  
of nickel oxide. This is the reason for Ni-Ir  and Ni-Ru 
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Fig. 7. Cathodic i-V curves obtained from the continuous cyclic 
vohammograms on Ni, NisTi, and the alloys of 50Ni-S01r and 
75Ni-25Ru in 30 w/o KOH at 80~ with a potential sweep rate 
of 20 mV/sec. Each electrode was preanodized at a constant C.D. 
of 20 mA/cm 2 for 80 hr. 

alloys to exhibit  the same electrocatalytic activities for 
oxygen evolution as on Ni. The stabil i ty of oxide films, 
formed on metals or alloys under  the operat ing condi- 
tions is a significant cri terion in the selection and eval-  
uat ion of oxygen evolving electrodes. 

Conclusions 
In  the potential  range for oxygen evolution from al-  

kali'ne solutions, Ni-Ru alloys containing 50 a/o or more 
Ru are unstable,  while  oxide films wi th  ext remely  low 
conductivity are formed on the electrode surfaces of 
Ni-W alloys .and NiTi~. Most of stable Ni-based alloys 
or i~termetall ic  compounds invest igated exhibi t  prac-  
t ically the same electrocatalytic activities as pure Ni. 
Decreases in oxygen overpotential  at an apparent  C.D. 
of 20 m A / c m  2 on the alloys of 50Ni-50Ir, 75Ni-25Ru, 
and Ni~Ti are about 40, 30, and 20 mV, respectively, in 
comparison with that  on Ni. With the Ni -W alloys and 
the NiTi2 intermetal l ic  compound on which poorly con- 
ducting oxide films are formed, the relat ively higher 
Tafel slopes observed arise due to bar r ie r  layer  effect. 

I r id ium oxide or ru then ium oxide formed on the 
electrode surfaces of Ni - l r  or Ni-Ru alloys tend to dis- 
solve in the potential  region for oxygen evolution. Cy- 
clic vol tammetr ic  studies reveal that  the electrode sur-  
faces of these alloys after prolonged anodization are 
predominant ly  composed of nickel oxide, which con- 
sequent ly determines the kinetic parameters  of the 
oxygen evolution reaction. Therefore, in  addition to 
the electronic conductivi ty and catalytic properties of 
oxide illms, the stabil i ty of these films under  the oper-  
ating conditions is ar~ ext remely  significant cr i ter ion 
in the selection and evaluat ion of e,lectrocatalysts for 
the oxygen evolution reaction. 

The present  work confirms that, for the anodic evolu- 
t ion of oxygen, there is no simple dependence of the 
e]ectrocatalytic activities of the alloys on their  elec- 
tronic properties, because of coverage of the alloy elec- 
trode surface by films predominant ly  composed o f  
nickel oxide. However, the effects of relat ive activities 
of the individual  components in the alloys on the oxide 
formation reaction on the bare  surface of the alloys, 
are indeed detectable. It was also shown in  this s tudy 
that  the potent iodynamic technique at slow sweep 
rates (say, 0.1 mV/sec) is an efficient, t ime-saving,  and 
accurate method in  determining kinetic parameters  of 
an electrode reaction. 
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ABSTRACT 

The hot corrosion resistance of n i cke l - ch romium-a luminum alloys w a s  
examined by cyclically oxidizing sodium sulfate-coated specimens in  still a i r  
at 900 ~ 1000 ~ and ll00~ The compositions tested were wi th in  the t e rnary  
region: Ni; Ni-50 atom percent  (a/o) Cr; and Ni-50 a/o A1. At each tem-  
perature  the corrosion data were statistically fitted to a th i rd-order  regression 
equation as a funct ion of chromium and a luminum contents. From these equa-  
tions corrosion isopleths were prepared. Compositional regions with the best 
hot corrosion resistance were identified. 

In  recent  years many  promising compositions have 
been identified in the n i cke l - ch romium-a luminum (Ni- 
Cr-A1) system for use in  application requir ing a high 
degree of high tempera ture  corrosion resistance. Such 
applications have included coatings for many  types of 
alloys (1) and as the matrices for oxide dispersion- 
s t rengthened alloys (2). Recently a program was in i -  
t iated at NASA-Lewis  to de termine  the opt imum com- 
positions with the best balance of cyclic oxidation and 
hot corrosio'n resistance, tensile properties, ductility, 
and strategic e lement  content. In pursui t  of this objec- 
tive an invest igat ion was  completed (3) wherein 
~ickel-r ich alloys in the Ni-Cr-A1 system were evalu-  
ated for their cyclic oxidation resistance in still air at 
1100  ~ ,and 1200~ A first approximation oxidation 
attack parameter  was derived which was related to the 
Cr and A1 content  by a mult iple  l inear  regression anal-  
ysis. The resul tant  equations were t ranslated into con- 
tour diagrams showing regions with min imum  oxida- 
tion attack. This paper  is the second step in  the over-al l  
program. The same alloys as were used in Ref. (3) 
were examined in this study for their hot corrosion re-  
sistance by cyclically oxidizing sodium sulfate (Na2- 
SO4) coated specimens in  still air at 900 ~ 1000 ~ and 
ll00~ The compositions tested were wi thin  the ter-  
na ry  region: Ni; Ni-50Cr; and Ni-50A1 [all composi- 
tions are given in atomic percent  (a/o) in this p a p e r ] .  
A l imited n u m b e r  of alloys were coated with ~a2SO4 
containing 10 weight percent  (w/o) sodium chloride 
(NaC1) in order to determine the effect of NaC1 on the 
corrosion process. The extent  of the corrosion was de- 
te rmined by the specimen's net  weight change, the 
m a x i m u m  depth of attack, and by the weight of its 
spalls. The m a x i m u m  depth of attack data, being the 
least ambiguous measure of the corrosion, were re-  
lated to Cr and A1 content  at  each tempera ture  by a 
mul t ip le  l inear  regression analysis. The resul tant  th i rd-  
order regression equations were t ranslated into corro- 
sion isopleths which indicated compositional regions of 
m i n i m u m  attack. The corrosion contours from this 
study were compared to those from Ref. (3) for oxida- 
t ion resistance, and  regions of s imultaneously good 
oxidation and hot corrosion resistance were identified. 

Materials 
All :of the alloys specifically prepared for this pro- 

gram were vacuum melted in zirconia (ZrOD crucibles 
and cast in zirconia shell molds. The zirconium (Zr) 
pickup of up to 0.6 w/o was detected. Each mold con- 

2 7 1  

sisted of a tree of ten 2.5 X 5.1 • 0.2.5 cm coupons, each 
with its own riser. For each coupon used the risers 
were removed and analyzed by atomic absorption for 
chromium and a luminum.  The composition of these al-  
loys are given in Table I, castings 1-11. 

Most of the supplement  alloys used in this s tudy 
were obtained from a previous program (4) and had 
been melted in a lumina  (A1203) crucibles and cast 
into 1.9 cm diam cyclindrical ZrO2 molds. These cast- 
ings had been annealed 24 hr at 1200~ in  quartz 
tubes which had been evacuated and backfilled with 
argon and sealed. Their  compositions are given in  Ta- 
ble I, castings 15-27. Another  supplemental  alloy was 
arc melted in a copper mold (casting 13 of Table I) .  
F ina l ly  the commerical alloy, IN-671, was also tested 
as its composition is essentially Ni-50.PCr, see Table I. 

All the specimens used in this invest igat ion were 
~lass-bead blasted, ul t rasonical ly cleaned in alcohol, 
and weighed prior to testing. 

Metallographic examinat ion of the as-cast mate-  
rials revealed four general  types of structures. Figure 

Table I. Chemistry and phases of the alloys 

Composition (a/o) 
As-cast 

Alloys Cr A1 phases  

1 15.98 17.54 "y',~ 
2a 11.50 25.58 7',~,a 
2b 12.44 22.72 7',~,a 
3 13.19 12.07 7,7' 
4 18.42 11.06 7,7" 
5a 14.35 23.65 7',~,a 
5b 16.89 29.19 7',~,~z 
6a 19.15 24.16 7',~,~z 
6b 19.19 24.24 7',/~,a 
7 15.81 5.77 7 
8a 18.87 26.99 7',~,a 
8b 20.84 16.52 7',~,~ 
9 9.73 17.18 7,7' 

i o  19.87 - -  7 
11 38.70 -- 7 
13 * -- 41.78 /~ 
15t 0.78 24.50 7' 
16t 2.86 22.60 7' 
17t 9.98 15.73 7' 
20t 2.60 47.60 
21t 10.30 39.10 
22t 2.80 7.10 7 
23t 1.20 8.90 7 
27t Remel ted  and cast nickel-200 (~9.6%) 7 
IN-671 t 50.90 (0.35Ti-0.23C) 7,~ 

* Arc melted ingots in copper molds.  
t Melted in A1X)3 crucibles and annealed.  
$ Commercial alloy, nominal  composit ion.  
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Fig. 1. Representative micra. 
structures in the Ni-Cr-AI system. 
(a, upper left) Ni-15.81Cr-5.77AI; 
7 phase. (b, upper right) Ni- 
9.73Cr-17.18AI; 7 -I- 7' phase. 
(c, lower left) Ni-IS.98Cr- 
17.54AI; 7' -I- fl phase. (d, 
lower right) Ni-11.SCr-25.58AI; 
7' -t- P -1- a phase. 

i ( a )  is a single-phase s tructure typical of 7-nickel  
solid solution, of 7'-(Ni3A1), and of ~-(NiA1). Figure 
1 (b) shows the 7 + 7' s t ructure found in most nickel 
base superalloys. Figure 1(c) represents the 7' -~ fl 
s t ructure and finally Fig. l ( d )  consists of a blocky 
s t ructure  of 7' and ~ with small  particles of chromium 
solid solution (a-Cr) in the ft. Tables I lists the as-cast 
phases of the alloys tested in this study and Fig. 2 is a 
phase diagram of the region of interest  (5). 

Procedures 
Test procedures.--Prior to testing sample dimensions 

were measured and in part icular  the thickness was 
measured to a precision of _1  #m. Prior  to exposure in  
the furnace, samples were coated with 1 mg/cm 2 of 
Na~SO4, or in some cases 1 mg /cm 2 of the mix ture  
Na2SO4 + 10 w/o NaCI. Application of the salt coating 
was accomplished by heating a weighed sample on a 
hot plate set at about 200~ and spraying one side 
with a saturated solution of salt using an airbrush. The 
sample was then cooled and weighed to check for the 
correct amount  of salt deposition. The same procedure 
was used to coat the other side of the specimen. The 
samples were then ready for the cyclic specimen fur-  
nace which has been described in detail (6). Samples 
were thermal ly  cycled to allow 1 hr at tempera ture  and 
a m i n i m u m  of 40 rain cooling in static air. A typical 
temperature  profile is shown in  Fig. 3. Samples reached 

50 60 70 80 
t / / \ 0  

90 100 
NICKEL CONTENT, at. ~/o 

Fig. 2. Phase diagram in the Ni-Cr-AI system at 1100~ after 
Taylor and Floyd (5). 

the highest test tempera ture  in less than 2 min after in -  
sertion into the furnace and cooled to ambient  temper-  
ature in less than 20 min  after removal  from the fur-  
nace. Samples of each alloy were exposed for 100 cycles 
at 900 ~ 1000% and ll00~ Weight change was de- 
termined at regular  intervals  throughout  the test. At 
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1200 ~ , . .__  

1 0 O 0 ~  

6O0 

zoo 

0 m -20 0 

TIME FROM START OF n th COOLING 
CYCLE. rnin 

Fig. 3. Temperature profile of typical thermal cycle 

2'0 40 60 

the conclusion of the furnace testing the accumulated 
spall for each sample was weighed and examined by 
x - r a y  diffraction. Each corroded sample was also ex-  
amined by x - r ay  diffraction and by metallography. The 
thickness of the alloy visibly unaffected by the corro- 
sion attack was  measured on metal lographical ly pre-  
pared cross sections with a microscope cathetometer at 
a magnification of 100X. The original  thickness minus  
the above measurement  all divided by two then is de- 
fined here as the m a x i m u m  depth of penet ra t ion  of the 
corrosion attack. 

Statistical procedures . - -A digital computer  program, 
NEWRAP, was used to perform the regression analyses 
(7). A two independent  var iable  polynomial  model was 
a ~riori judged as suitable for this data. The dependent  
variable  was the max imum depth .of corrosion, D, and 
the two independent  variables were C and A, the 
atomic percent  concentrat ions of chromium and a lumi-  
num, respectively, in  the alloy. The approach was to 
begin with a first-order polynomial  and to go to higher 
order equations if necessary. The decision as to which 
order polynomial  provided the best fit was judged from 
the fraction of total variat ion (total sum of squares) 
accounted for by a partic.ular regression equation and 
how reasonable were the predictions of this equation at 
locations away from the data points. This fraction of 
the total var ia t ion explained by the regression equation 
is called the coefficient of determinat ion,  R e 

Nonsignificant terms were deleted from the model by 
the back-re ject ion technique where the critical signifi- 
cance level is supplied as input. The strategy used here 
for a given order  equation was to minimize the s tan-  
dard error of estimate and still predict reasonable val-  
ues over the composition range. 

It is possible to significantly increase the R e of a 
regression equat ion by including other factors that 
might  account for a significant added fraction of var ia-  
bility. This is accomplished by the addition of a dummy 
variable, Z, and setting it either to 0 or 1. Thus in Ref. 
(3) the alloys were divided into two groups: those 
melted in zirconia crucibles and not annealed, Z = 1, 
and those that  were melted in alumin,a crucibles and 
annealed, Z = 0. The addition of the dummy variable 
significantly raised the R e and lowered the standard 
error of estimate. From this result  it was inferred that 
zirconia impur i ty  affected the oxidation resistance. The 
dummy variable  approach was included in this study 
for each of the three tempera ture  regression runs. 

In corrosion studies of this type the dependent  var i -  
able (in this case the max imum depth of attack, D) 
usual ly  has the same relat ive error over a wide range 
of values. This si tuation requires the dependent  var i -  
able to be t ransformed to the logari thm of the variable. 
The process is termed homogenizing the error variance. 

Results 
Measure ol corrosion.--The extent  of corrosion was 

measured by the net specific weight change, the accum- 
ulated weight of spa]l, and the max imum depth of at- 
tack. In general  all three measures gave consistent re- 
sults. Samples which changed little in weight usual ly  
spalled only slightly and had relat ively li t t le depth of 
attack. The reverse s ta tement  is also general ly  true. 
Figure  4(a) to (c), contains the weight change data 

8 - 

6 - _ / 1 6 1 6 7 ) [ o ]  

o / "  ~ 7 ( 9 9 ) [ 0 ]  

(113)[0] 5a(O)[O] 
2a(2)[0] 0 ~ ' ~ ~ ~ - ~ -  ~.4122) [0 ] 6a(0) [0] 8a(0)F0] 

-2 I [ I I I 

(a) HOT CORROSION AT 900 o C. 
20 r-- 16(162)[i] 

~_ ,., ~ 21(2o~)[o] 
E~ 10 I , . _ . , . . Q . ~ , , , ~ ~  15(M) [0] 

0 ~ (I(22)[2] 0a(l 5)[2] 
d ~ { 2 a ( ~ I r l ?  7(I021F_6] 
z ~ Lpa(19)[l? 8a(20)[03 

q o--.~ 4(821[17] 

~-3o- 
3(96)[38] 

-4o I I l I I 
(b) HOT CORROSION AT 10O0 ~ C. IO0 ~ ~ 201-)[I] 

50 21(51sI[<I] 

0 ~ //////. ~2a(68)l_PJ 7{291)[18] 
_ ~  ~ L4(~2)I-2N 8a(84)[2] 

-.50 ~ ~ 3(2M)[73] 

-No - ~ 17(299)[12J] 

-150 ( ( I [ ~ 16(272)[-] 
20 40 60 80 1~ 

TIME, hr 

(c) HOT CORROSION AT 11000 C. 

Fig. 4. The first number designates the alloy; the number in 
parentheses is the maximum depth of attack ~m; the number in 
brackets is the specific accumulated spall weight, mg/cm 2. 

from 900 ~ to 1100~ of a random selection of the al-  
loys tested. The values in parentheses following the al- 
loy designations are the ma x i mum depth of attack in 
micrometers and the values in brackets are the spe- 
cific accumulated spall weight in mil l igrams per centi-  
meter  squared. The data can be classified into three 
categories: (i) alloys with re la t ively li t t le weight 
change, (it) alloys with substant ial  weight gains, and 
(iii) alloys with substant ia l  weight losses. 

A co.replete set of the corrosion data is presented in 
tabular  form in Table II where the tempera ture  de- 
pendence for each alloy is readily discernable. Thus at 
900~C only alloy 17 spalled (and then but  slightly) 
while many  samples spalled at 1100~ Comparing the 
last two columns of Table II, specific net  weight change 
and specific weight of accumulated spall, a negative 
weight change in  the former column ought to be ac- 
companied by a near ly  equal weight of spall in the la t -  
ter column. A fair comparison is observed in  this re-  
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Table II. Cyclic hot corrosion of nickel,chromium-aluminum alloys 
[Specimens coated with 1 mg/cm ~ of sodium su l fa te  (Na~SOD ; 

100 hr at temperature.] 

Alloy 

Specific 
T e m -  Maximum Specific weight of 
per- depth of weight accumu- 

ature attack change lated span 
(~ (/~m) (mg/em ~) (mg/cm ~) 

1 900 8 0 0 
I000 22 --2 2 
Ii00 140 -7 I0 

2a 900 2 0 0 
I000 35 0 I 
1100 68 - 1 4  5 

2b 1000 0 - i  0 
1100 160 -14 13 

8 900 30 4 0 
1000 90 - 3 3  38 
II00 254 - 6 1  73 

4 900 22 0 0 
i000 82 - 1 6  17 
1100 362 --18 25 

~a 900 0 0 0 
1000 19 - -2  1 
1100 85 --10 5 

5b 900 0 0 0 
1000 0 0 0 
1100 90 --6 0 

6a 900 0 0 0 
1000 15 --4 2 

6b 900 0 0 0 
1000 0 0 0 
1100 163 - -6  4 

7 900 99 4 0 
i000 102 --4 0 
1100 291 --15 18 

8a 900 0 ~ 0 0 
1000 20 0 0 
llOO 84 - -2  2 

8b 900 6 0 0 
i000 4 - 2  0 
1100 231 - 7  7 

9 900 18 0 0 
1000 138 --35 49 
Ii00 187 --58 70 

I0 900 54 0 0 
1100 155 --106 107 

11 1100 113 - -3  3 
13 900 20 29 0 

1000 52 10 7 
ii00 164 1 2 

15 900 50 4 0 
1000 54 6 0 
1100 153 --59 66 

16 900 67 7 0 
1000 162 16 1 
ii00 272 --138 -- 

17 900 14 4 i 
1000 131 - 4 7  52 
1100 299 --111 123 

20 900 2 1 0 
1000 125 9 0 
1100 -- 114 1 

20 900 -- I 0 
1000 150 4 0 
1100 -- 97 1 

21 900 0 0 0 
1000 208 12 0 
Ii00 -- 34 2 

21 900 0 0 0 
i000 166 7 0 
11oo 515 24 o 

22 900 87 6 0 
1000 233 23 7 
Ii00 709 --616 0 

23 900 94 6 0 
1000 150 20 0 
1100 373 --267 0 

27 900 65 18 0 
(Ni-200) 1000 11 4 

1100 20"5 20 3 
IN-671 900 68 2 0 

1000 98 - 1  i 
Ii00 139 1 i 

spect for most of the alloys wi th  the notable exception 
of alloys 22 and 28. For these two alloys there  is a large 
net  weight  loss but no detectable  spall. Since a spall 
shield surrounded the specimens when they were  
cooling, a large  f ract ion of the spall should have been 
collected even if the specimens spalled explosively.  
Thus it must  be assumed these two specimens had 
spalled ei ther  at t empera tu re  or while being raised out 
of the furnace. 

X-ray diffraction and metallography.--After the 
furnace exposure both the retained and the spalled 
oxides were  identified by x - r ay  diffraction. These oxide 

phases are listed in Table lII. With but  few exceptions 
all specimens fo~med mul t ioxide  phases. F igure  5(a) 
to (c) is a graphical  presentat ion of the x - r a y  dif-  
fract ion data. For  the purpose of this figure the spalled 
and re ta ined oxide data were  combined. The figure i l-  
lustrates two major  points. The presence of chromium 
in the al loy decreases the a luminum content  needed 
for AI~Q ~ormation in the scale. An explanat ion of this 
result  is given Ref. (8). The other  point is that  wi th  
increased t empera tu re  more  a luminum is requi red  in 
the alloy ~or AI~O~ formation. The opposite behavior  
occurs in straight  oxidation because o~ the increased 
diffusivity of the a luminum ion wi th  temperature .  But 
under the hot corrosion conditions of this study the 
spalling increased with temperature and overshadowed 

A AI203 ~ 0  
C Cr203 /- 

NS ~ipONE L 10A/~  ~ X ~ 0  
~- /~ ~, ~ 

(a) HOT-CORROSION TEMPERATURE, 9000 C. 

1~ ~ ~4o ~ 
.,..~ /~s \ 

\ 
/ ~.,,~ %1'71 ~.s~ 

50~c , I ~ / , I ~ I ~ N~ 0 

50 60 70 80 90 i00 
NICKEL CONTENT, at.% 

~b) HOT-CORROSION TEMPERATURE, i000 ~ C. 

A AI203 

lOj 

7 
60 70 80 90 i00 

NICKEL CONTENT, at.~ 

(c) HOT-CORROSION ~MPERATURE, ii0~ C. 

Fig. 5. Oxide phases in the scale of hot-corroded specimens. 
(Phases are listed in order of decreasing line intensities.) 
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Table 111. Oxide phases and mode of microstructural attack 

Oxide phases* 
T e m p  Oxide 

Alloy (~ Retained scale Spalled scale penetration 

Mode of attack 

Depleted 
zone 

Internal 
corrosion 
or voids 

1 900 Spinel, CrsOa, AluO8 No spall detected No 
1000 Cr~O3 AI~Oa, spinel, CrsO. No 
1100 Cr208, spinel NiO, Al~Oa, spinel No 

2a 900 CrsOs, A12Oa No spall -detected No 
1000 - -  NiO, spinel No 
1100 AlsO~, CrsO~ Spinel, AhO8 No 

2b 1000 Spinel, AIsO~, Cr2Os (?) Spinel, AlsO~ No 
1100 AlsO~, spinel, Cr20, Spinel, AhOs No 

3 900 NiO, AlsOs, Cr2Oa No spalls detected No 
1000 NiO NiO, spinel No 
1100 NiO, spinel NiO, spinel Yes 

4 900 AhO3, CrsOa No spalls detected No 
1000 CrsOa NiO, spinel Yes 
1100 Spinel, Cr~O8 NiO, spinel, Cr~O, Yes 

5a 900 CrsO3, AlsOs No spalls detected No 
1000 -- AlsO~, spinel No 
1100 AlsOz, spinel A1203, spinel No 

5b 900 AlsOa No spalls detected No 
1000 AI~O~, spinel No spalls detected No 
1100 AhOa, spinel A1K)s, spinel, CrsOs Yes 

6a 900 Al~Os No spalls detected No 
1000 -- Al.~Os, spinel No 

7 900 NiO, Cr2Oa, AlsOs, spinel NiO, spinel Yes 
1000 NiO, spinel NiO, spinel Yes 
1100 NiO, spinel, Cry03 NiO, spinel, Cr~Os Yes 

8a 900 AI~O~ No spalls detected No 
1000 A12Oa No spalls detected No 
1100 AlsOs, spinel, Cr2Os A1~Os, NiO Yes 

8b 900 A1~Os No spalls detected No 
1000 AlsO8, Cr~Os Spinel, AhOs No 
1100 CrsO~, AI~08, spinel Spinel, NiO, AlsO~, CrsO3 No 

9 900 Al~Os, spinel No spalls detected No 
1000 NiO, spinel, AlsOs, Cr~O8 NiO, CrsO3 No 
1100 AlsOz, Cr208 NiO, spinel Some 

10 900 NiO, spinel No spalls detected No 
1100 NiO, spinel, Cr~Os NiO, spinel, CrsOs No 

11 1100 Cr~Os, spinel Cr~Oa NO 
13 900 NiO, AlsOa No spalls detected No 

1000 AlsOa, NiO NiO, AlsO~, spinel Yes 
1100 NiO, AhOe, spinel NiO, AhOy, spinel Yes 

15 900 NiO, AlsO~, spinel NiO, AlsOs No 
1000 NiO, spinel, AI~O~ NiO, AlsO~, spinel No 
1100 NiO, spinel, AlcOa NiO, AI~Os Yes 

16 900 NiO, spinel, AlsOa NiO No 
1000 NiO, spinel, A1sOa NiO No 
1100 NiO, spinel, A120~ NiO, AhOs Yes 

17 900 NiO, spinel NiO No 
1000 NiO, spinel, AI~O~, CrsO~ NiO No 
1100 NiO, spinel, AhOy, CrsOs NiO Yes 

20 900 A120~ No spalls detected No 
1000 AI~Os NiO, A120~,spinel Some 
1100 AI~O~, spinel NiO, spinel(?) Yes 

21 900 AhOs No spalls detected No 
1000 AI~O~, spinel No spalls detected Yes 
1100 AlsO~, CreO~, spinel AlsO~, NiO Yes 

22 900 NiO No spalls detected No 
1000 NiO NiO No 
1100 NiO NiO, spinel No 

23 900 NiO No spalls detected No 
1000 NiO No spalls detected No 
1100 NiO, spinel(?) NiO, spinel No 

27 900 NiO No spalls detected No 
(Ni-200) 1000 NiO NiO No 

1100 NiO NiO No 
1N-671 900 CrsO, No spalls detected No 

1000 Cr~Oa CrsO~ No 
1100 CrsO~, spinel(?) CrsO, No 

No 
Yes 
Yes 
No 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
No 
Yes 
No 
~ght 

NO 
NO 
No 
Yes 
Yes 
No 
No 
Yes 
Slight 
Yes 
Yes 
No 
No 
No 
No 
Yes 
Yes 
No 
Slight 
Yes 
No 
No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
Yes 

No 
No 
Yes 
No 
No 
No 
N o  
Yes 
No 
No 
Yes 
No 
Yes 
Yes 
No 
No 
Yes 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
No 
No 
Yes 
No 
No 
Yes 
No 

Yes 
Yes 
Yes 
Yes 
NO 
No 
No 
No 
No 
NO 
No 
No 
Yes 
No 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
Yes 

* Listed in order of decreasing line intensities. (?) Insufficient lines for positive identification. 

t h i s  effect .  T h u s  a t  h i g h e r  t e m p e r a t u r e s  a g r e a t e r  
a l u m i n u m  c o n t e n t  in  a n  a l l o y  is n e c e s s a r y  to  m a i n t a i n  
a su f f i c i en t  l e v e l  to c o m p e n s a t e  f o r  t h a t  l o s t  d u e  to t h e  
i n c r e a s e d  s p a l l i n g .  

T h e  m o d e s  of  a t t a c k  d u r i n g  h o t  c o r r o s i o n  a r e  d e -  
s c r i b e d  in  T a b l e  I I I  b y  l i s t i n g  t h r e e  m a j o r  m o r p h o l o g i -  
cal  a s p e c t s  f r e q u e n t l y  o b s e r v e d  in  c o r r o d e d  a l l o y s  a n d  

b y  i d e n t i f y i n g  w h i c h  o n e s  a r e  a p p l i c a b l e  t,o e a c h  of  t h e  
a l l oys  t e s t ed .  T h e  t h r e e  m o d e s  a r e :  ( i )  o x i d e  p e n e t r a -  
t ion ,  o f t e n  a l o n g  g r a i n  b o u n d a r i e s ;  (ii) f o r m a t i o n  of  a 
d e p l e t e d  z o n e  i m m e d i a t e l y  b e n e a t h  t h e  sca le ;  a n d  (iii) 
i n t e r n a l  c o r r o s i o n  p r o d u c t s  a n d / o r  v o i d  f o r m a t i o n .  E x -  
a m p l e s  o f  t h e s e  c o r r o s i o n  m o d e s  a r e  p r e s e n t e d  in  F ig .  
6 ( a )  a n d  ( b ) .  

Fig. 6. Hot corroded Ni-Cr-M 
alloys at 1100~ showing typical 
corrosion morphologies. (a, left) 
~' + ~ + ~ atloy, Ni-11.50Cr- 
25.58AI shows a thin retained 
scale, a depleted zone, and the 
unaffected alloy. (b, right) ~' 
alloy, Ni-15.81Cr-5.77 AI shows 
a thick retained scale, oxide 
penetration, and internal corro- 
sion extending deep into the 
alloy. 
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Table IV. Effect of sodium chloride (NaCI) on the corrosion attack 

900~ 

Nas$O~ + 
Na~Ot 10 w/o  NaC1 Na~SOt 

Alloy MDA* S* * AW* * * MDA S AW 

1100~ 

NasSO~ + 
I0 w/o NaC1 

MDA S AW MDA S AW 

1 3 0 O 
2a 2 0 0 
3 30 0 4 
4 22 0 6 
5a  0 0 O 
9 16 0 0 

NasSO~ 

Alloy Retained s c a l e  

A. Amount of corrosion 
19 2 -- 2 140 I0 -- 7 232 36 
21 < I  0 68 5 --14 46 18 
28 2 8 254 73 -- 61 295 59 
29 10 - 2 362 25 -- 18 326 37 

9 < I -- 1 86 5 -- 1O 66 9 
16 <1 3 187 70 - 58 247 87 

Na~SO~ + 10 w / o  NaC1 

Spalled scale Retained scale Spailed s c a l e  

--31 
- 2 1  
--49 
-27 
--18 
--73 

1 Spinel, Cr~O~, AhO~ 
2a Cr~Os, AhO~ 
3 NiO, AhOy, CmOs 
4 AhOy, CmO~ 
5a Cr~O~, Al~O~ 
9 AhOs, spinel 

1 Cr~Oz, spinel 
2a AI,~O~, CrsO~ 
3 NiO, spinel 
4 Sp ine l  CrsO~ 
5a AlsO~, spinel 
9 AhOy, CrsO~ 

B. Oxide phases in the sealer ~ 900~ 
None detected Spinel, Ah03, CrsO~, NiO 
None detected A1sOz, spinel, NiO, Crs03(?) 
None detected NiO, spinel, AL~03, Cry03 
None detected NiO, spinel, CrsOs, AleO~ 
None detected NiO, spinel, AlsO~ 
None detected NiO, spinel, Ah03 

C. Oxide phases in the scaler - -  ll00~ 
NiO, AhOs, spinel Spinel, NiO, CrsOs, Als0s 
Spinel, Cry08 NiO, spinel, AlsOs, Crs0s 
NiO, spinel Spinel, NiO, AlsOs, Cr20s 
NiO, spinel, CreO~- Spinel, NiO, Cr~Os, A1~O8 
AlsO~, spinel Spinel, AhO3, NiO, CrsO~ 
NiO, spinel NiO, spinel, AlsOs, CrsOa 

NiO, s p i n e l ,  Cr~Os 
NiO, spinel 
NiO, spinel, CrsOs(?) 
NiO, spinel 
NiO, spinel 
NiO, spinel 

Ni0, spinel 
Ni0, spinel  
Ni0, spinel 
Ni0, spinel 
Ni0, Crs08, spinel 
Ni0, spinel 

* MDA = maximum depth of attack,/zm. 
** S = specific weight  of accumulated spall, mg/cm ~. 

** * AW - specific weight  change, mg/cme. 
Listed in order of decreasing l ine intensities.  (?) Insufficient lines for positive identification. 

S o d i u m  chloride e ~ e c t . - - T a b l e  I V  s u m m a r i z e s  t h e  
d a t a  c o n c e r n i n g  t h e  e f f e c t  o f  a d d i n g  N a C 1  to  t h e  N a 2 -  
SO4 o n  t h e  h o t  c o r r o s i o n  of  a l i m i t e d  n u m b e r  of  a l l o y s .  
A t  900~  t h e  e f f e c t  i s  q u i t e  a p p a r e n t .  T h e  NaC1  c a u s e d  
t h e  s c a l e  t o  s p a ] l  a n d  t h e r e b y  a c c e l e r a t e d  t h e  a t t a c k .  
A l s o  N i O  w a s  a p r o m i n e n t  p h a s e  i n  t h e  s p a l l  o f  a l l  
s p e c i m e n s  i n d i c a t i n g  a d e p l e t i o r ~  i n  t h e i r  s u r f a c e  c o n -  
c e n t r a t i o n  o f  a l u m i n u m  a n d  c h r o m i u m .  T h i s  r e s u l t  
a g r e e s  w i t h  l i t e r a t u r e  r e p o r t s  i n d i c a t i n g  s o d i u m  c h l o -  
r i d e  v a p o r s  c a n  d i s r u p t  t h e  p r o t e c t i v e  s c a l e  of  a l l o y s  
(9, i0 ) .  

A t  1100~ the  effect of t he  NaC1 is not  so evident .  
NiO was  cons i s t en t ly  a p r e d o m i n a n t  phase  of the  spa l l  
of spec imens  w i t h  NaCl  in  t he i r  coa t ing  bu t  was  not  
a l w a y s  de tec ted  in  the  spa l l s  of spec imens  corroded in  

t h e  a b s e n c e  of  N a C t .  H o w e v e r  a t  1100~ t h e  p r e s e n c e  
o f  N a C 1  d i d  n o t  s e e m  to  b e  c o n s i s t e n t l y  d e t r i m e n t a l  t o  
t h e  c o r r o s i o n  r e s i s t a n c e  of  t h e  a l l o y s .  

Discussion 
H o w  a . m a t e r i a l  c o r r o d e s  d e p e n d s  n o t  o n l y  o n  i t s  

c o m p o s i t i o n  b u t  a l s o  o n  t h e  t e s t i n g  p a r a m e t e r s  u s e d .  
S i n c e  t h e r e  a r e  m a n y  h o t  c o r r o s i o n  t e s t i n g  p r o c e d u r e s  
i n  u s e  t o d a y  (11)  i t  w o u l d  b e  v e r y  d i f f i c u l t  t o  d i r e c t l y  
c o m p a r e  t h e  c o r r o s i o n  r e s u l t s  o b t a i n e d  h e r e  w i t h  t h o s e  
of  o t h e r  l a b o r a t o r i e s .  Of  c o u r s e  t h e  u l t i m a t e  t e s t  p r o c e -  
d u r e  w o u l d  b e  to  t e s t  t h e  m a t e r i a l  i n  a c t u a l  a p p l i c a t i o n ,  
e.g., i n  a g a s  t u r b i n e  e n g i n e .  T h i s  p r o c e d u r e  i s  n o t  p r a c -  
t i c a l  f o r  u s e  w i t h  a l l  c a n d i d a t e  m a t e r i a l s  a n d  a n u m b e r  
of  s c r e e n i n g - t y p e  t e s t s  a r e  r e q u i r e d  so t h a t  o n l y  a f e w  

Table V. Analysis of variance 

D e g r e e s  of 
S o u r c e  S u m s  o f  squares f reedom Mean squares Calculated F value 

Regression 
Residual 
Total 

Regression 
Residual 
Total 

Regression 
R e s i d u a l  
Total 

Regression 
Residual 
Total 

A. Data at  900~ 
31.126461 4 7.7816153 78.80 ( c o m p a r e d  t o  F ( 4 ,  19, 

1.876195 19 0.0987471 0.95) ~ ,  5.81) 
33.002656 23 

R~ = SSQ(REG)/SSQ(TOT) = 0.943150 
Standard error  of est imate = 0.314241 

log D = 1.81689 + 9.11839 x 10-~A -- 5.26785 x 10~A ~ - 5.65473 x 10-~CA +0.45260 X 10-~A ~ 

B. Data at 1000~ 
2.087594 5 0.4175188 9.97 (compared to F(5, 14, 
0.586315 14 0.0418796 0.95) ~ 4.63) 
2.673909 19 

R ~ = SSQ(REG)/SSQ(TOT) = 0.780727 
Standard er ror  of est imate = 0.204845 

log D= 2.20239 + 8.18814 x 10~C -- 1.69504 x 10-sC ~ -- 2.10706 x 10-~A ~ -- 9.28978 x 10~CA + 2.18724 x 10-4CA ~ 

C. Data at  1100~ 
1.097560 5 0.2195120 10.09 (compared to F (5, 17, 
0.369896 17 0.0217586 0.95) ~ 4.59) 
1.467456 22 

R~ = SSQ(REG)/SSQ(TOT) = 0.747934 
Standard error  of est imate = 0.147508 

log D = 2.17186 + 0 .143390A - 9.52439 x 1 0 ~ A  ~- -- 3.05352 x I O ~ C A  + 1.47265 x 10-~A 3 + 1.14503 x 10-~CA ~ 

D. Data at  1100~ with dummy variable 
1.230196 8 0.1537745 9.07 (compared to F (8, 14, 
0.237260 14 0.0169471 0.95) ~ 3.23) 
1.467456 22 

R ~ = S S Q ( R E G ) / S S Q ( T O T )  = 0.838319 
Standard error  of est imate = 0.130181 

log D = 2.29753 + 2.41902 x 10-~C + 0.101384A -- 5.34642 x 10-~C ~ 
-- 7.20886 x 10-~A ~ -- 1.42786 x 10-~CA + 1.14005 x 10-~A 8 + 6.04861 x IO-sCA ~ -- 0.363850Z 

D = maximum depth o f  c o r r o s i o n , / z m .  
C = a to  chromium. 
A --- a /o  aluminum. 
Z = dummy variable:  Z = 0, melted in A12Oa crucible and annealed. 

Z = 1, melted in ZrO~ crucible and n o t  a n n e a l e d .  
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"best" candidates are chosen for the actual application 
test. The procedure used in this invest igat ion must  be 
considered as a screening- type test. Its value lies in the 
identification of those "best" compositions for fur ther  
testing. 

Based on the data collected in this study, a mul t ip le  
l inear  regression analysis was used to i.dentify the 
"best" compositions in the Ni-r ich end of the Ni-Cr-A1 
system. The procedure used was discussed earlier. The 
m a x i m u m  depth of at tack data, being the least ambigu-  
ous measure of the corrosion, were chosen to relate cor- 
rosion to the Cr and A1 content of the alloys at each 
temperature.  A summary  of the statistical data appears 
in Table V(a)  to (c), and is called the analysis of var i -  

 s"J 

50 6O 70 8O 9O 100 

(a) AT 900 o C. (EQUATION FOR CONTOURS GIVEN IN 
TABLE V(a). } 

..,. \ % 

150 10 

50 60 70 8O 90 100 
NICKEL CONTENT, at.% 

(b) AT 1000 o C. (EQUATION FOR CONTOURS GIVEN IN 
TABLE V(b). ) 

~e 1 0 -~. 

/ ,,," 

5ol ,c._..z , / ~ / ,--~,o 
5O 60 70 80 90 100 

NICKEL CONTENT. at. % 

(c) AT 1100 o C. (EQUATION FOR CONTOURS GIVEN IN 
TABLE V(c). ) 

Fig. 7. Hot corrosion isopleths 
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ance table (ANOVA). Included are the final regression 
equations. The third order, two independent  variables 
regression equations were t ranslated by a computer 
program into corrosion isopleths. Figure 7(a) to (c) 
are the resul tant  contours at 9,00 ~ 1000% and ll00~ 
respectively. Although the contours are related to the 
Iogari thm of the m a x i m u m  depth of at tack in  micro-  
meters, log D, the values listed in Fig. 7 wi th in  the con- 
tours are D directly. At 900~ a large mi n i mum attack 
area exists at the higher chromium, higher a luminum 
compositions. At 1000~ this area decreases in size. At 
1100"C two small areas of m i n i m u m  attack exist at the 
edges of the diagram, one centered at about Ni-30Cr- 
20A1 and the other centered at Ni-33At. These two 
areas overlap areas of m i n i m u m  oxidation attack ob-  
served in Ref. (3) and are shown here in Fig. 8. 

One effect of increasing tempera ture  is to increase 
the rate of corrosion which in t u rn  provides a bet ter  
separation of the corrosion resistance of the alloys. But 
a su rpr i s ing  feature of Fig. 7 is that  alloys with very 
low a l u m i n u m  co , t en t  corroded more at 1000~ than 
they did at 1100~ Since the  vapor pressure of 
Na2SO4 at l l00~ is moderate, 10 -1 Nm -2 (10 - s  atm) 
(12), the deerease in corrosion at 1100~ for these tow 
a luminum-con ta in ing  alloys cannot be a t t r ibuted  en-  
t i rely to the loss of Na2SO4 via vaporization. 1 The en-  
tire Na2SO4 coating can be lost, however, by the spall-  
ing of the outer portion of the scale. Having lost their  
Na2SO4 coatings the alloys could then heal themselves 
and fur ther  corrosion would be by pure oxidation and 
at a much lower rate. Figure 7 (c) then  could represent  
the recovery abil i ty of those hot corroded alloys that  
spalled. And most of the alloys at l l00~ did spall. 
Since the best hot corrosion resistant  compositions in 
Fig. 7 (c) overlap the best oxidation resis tant  composi- 
tions in  Fig. 8, it  can be generalized that  for these al-  
loys the ones with the best oxidation resistance have 
the best hot corrosion recovery ability. In  gas turbines  
the exposure to hot corrosion conditions is thought to 
be in te rmi t ten t  (10). Thus the abil i ty of mater ial  to 
recover from an hot corrosion attack could be an im-  
por tant  factor in the life of that  mater ia l  when used in 
gas tu rb ine  engines. 

As was done in Ref  (3) a dummy variabIe was used 
to de termine  i f  a significant var iat ion could be ascribed 
to differences in  the preparat ion of the alloys. One set 
of alloys came from a previous program (4) and were 

1 F r e d  ,1". Kohl  (NASA-Lewis)  e x t r a p o l a t e d  his 900~ r a t e  da ta  
f r o m  slowly f lowing oxygen  and  ca lcu la ted  a r a t e  of vapor iza t ion  
of 3.5 x 10 -e mg/cm~ h r  -1 f o r  1100~ This  va lue  would  represent  
an u p p e r  l imit  as the  tes ts  in this  p a p e r  w e r e  conduc ted  in still 
air.  T h u s  sod ium su l fa te  (o r  p e r h a p s  m o r e  co r r ec t ly  its r e a c t e d  
p roduc t s )  ought  to be present  t h r o u g h o u t  mos t  of t h e  100 h r  
durat ion of these  tests.  

OXIDATION RESISTANCE 

F ~  GOOD (log k a _< -1.0) 

r - - -3 FAIP ' ~ " " ~ "  "~ '  

POE 

TEM 
ATt 
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1 
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0 
50 60 70 80 90 100 

NICKEL CONTENT, at. % 

Fig. 8. Over-all cyclic oxidation resistance for Ni-Cr-AI allays 
at 1100 ~ and 1200~ in still air; Ref. (3). 
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melted  in A1203 crucibles  and annealed.  The alloys p r e -  
pa red  specifically for this p rogram were  mel ted  in z i r -  
conia crucibles  and were  not  annealed.  No significant 
p repa ra t ion  effect could be detected for the  900~ 
data,  i.e., there  was not  a significant rise in R 2 or  low-  
er ing of the  s tandard  e r ror  of est imate.  Only a smal l  
effect could be  de tec ted  for the  1O00~ data.  But at  
l l00~ a marked  difference was detected.  The s ta t i s t i -  
cal da ta  and the regress ion equations are  l is ted in Table  
V (d) .  F igure  9 (a) and  (b) a re  the resu l t an t  corrosion 
isopleths. F igure  9 (a) ,  where  the d u m m y  var iab le  was 
set to zero, applies to alloys mel ted  in A1203 crucibles  
and annealed.  F igure  9 (b) ,  where  the  d u m m y  var i ab le  
was set to one, appl ies  to al loys mel ted  in ZrO2 cruc i -  
bles and not annealed.  Analogous to the  oxidat ion  of 
these alloys (3) the la t te r  p repara t ion  of the al loys p ro -  
v ided super ior  corrosion resistance. Thus e i ther  t race  
amounts  of ZrO2 a n d / o r  the  absence of anneal ing  has a 
significant beneficial effect on the hot  corrosion res is t -  
ance of Ni-Cr-A1 alloys. 

Summary of Results 
Alloys in the  n i cke l - ch romium-a luminum system 

were  cycl ical ly  hot  corroded at  900 ~ 1000 ~ and 

~.. 1 7  I I  ~ 

/ , Z  L % 

5o/ ~ ~ . _ ,  / V - ~ 7 " - ~  / t ~ \ o  
50 60 70 80 90 i00 

(a) INCORPORATING I)UMWtY VARIABLES Z = O. 

1 0 ~. 
(\ % 

/ , z  s. L \  
.~'20A 7 ' t  : \ ~ 3 o  ~) 

NICKEl CONIENI, aL% 

~]) INCORPORATINO DUMMY VARIABL[ Z : L 

Fi l ,  9, Hot ,'orrllsion isopleths a i  1100~ (Equallon for contours 
given in Table Yd.) 

l l00~ for 10O hr. The da ta  were  s ta t i s t ica l ly  t r ea ted  
to obtain corrosion isopleths at each t empe ra tu r e  as a 
function composition. The hot corrosion resul ts  were  
compared  wi th  previous work  on the oxidat ion  of these 
same alloys. The resul ts  of this work  a re  summar ized  
as follows: 

1. Composit ions wi th  s imul taneous ly  good oxidat ion  
and hot corrosion resis tance were  found to be centered 
at  about  Ni-33A1 and Ni-30Cr-20A1. 

2. Alloys mel ted  in zirconia crucibles  and not  an-  
nea led  had signif icantly grea te r  hot corrosion resis tance 
at  llO0~ than  alloys mel ted  in a lumina  crucibles and 
annealed.  At  lower  t empera tu re s  differences in the  
p repa ra t ion  of the  al loys did  not  s ignif icantly affect 
the i r  hot corrosion resistance.  

3. At  low tempera tures ,  the  presence of NaC1 in the  
Na2SO4 caused the scales of the Samples to spal l  and 
the reby  to increase thei r  ra te  of corrosion. 

Manuscr ip t  submi t ted  Aug. 1, 1977; rev ised  m a n u -  
scr ipt  rece ived  Sept.  8, 1977. This was Pape r  34 p re -  
sented at the  Phi ladelphia ,  Pennsylvania ,  Meet ing of 
the Society, May 8-13, 1977. 

Any  discussion of this pape r  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the  December  1978 Discus-  
sion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs o] this article were assisted by 
NASA/Lew~s Research Center. 
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Oxidation of an Fe-9 w/o Ni Alloy in CO2 
at 700 ~176 
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ABSTRACT 

The oxidat ion  of an Fe-9.21% Ni a l loy  in d ry  CO2 has been s tudied  at  
700~176 using the rmograv imet ry ,  meta l lography ,  and e lec t ron-probe  mi -  
croanalysis.  At  all  t empera tu re s  the  kinet ics  for oxygen  consumption (weight  
gain)  fol lowed a l i nea r -pa rabo l i c - l i nea r  sequence. Dur ing the ini t ia l  l inear  
s tage the  scale consisted main ly  of magne t i t e  wi th  pockets  of wus t i te  a t  the  
sca le /a l loy  interface,  and the observed act ivat ion energy  of 193 _+ 74 kJ  
mole  -1 is considered to be due to the  dissociation of CO2 into CO and ad-  
sorbed oxygen  on the outer  magnet i te  surface. Dur ing  the parabol ic  oxida t ion  
s tage a continuous al loy l aye r  containing ~60% Ni a t  the  sca le /a l loy  in t e r -  
face forms a ba r r i e r  to Fe  diffusion, and the associated act ivat ion ene rgy  of 
207 • 33 k J  mole -1 is for the  diffusion of Fe th rough  the layer .  The final 
l inear  kinet ic  s tage corresponds to the b r eakdown  of the ba r r i e r  l aye r  and a 
r e tu rn  to l inear  oxidat ion  kinet ics  wi th  an act ivat ion energy  of 155 • 13 k J  
mole  -1 for the dissociat ion of COs on the  outer  surface. Dur ing  the final l inear  
s tage extens ive  subscale format ion  wi th  pronounced in t e rg ranu la r  p e n e t r a -  
t ion occurs  and a l loy par t ic les  containing ~55-60% Ni are  isola ted in  the  
wust i te  matr ix .  The wust i te  of the  scale and subscale a re  continuous and 
contain ~1.0 w /o  Ni. Detai led informat ion  is p resented  of the  Ni red is t r ibu t ion  
dur ing  oxidat ion  and its correla t ion wi th  the  morphologica l  s t ruc tures  and 
the oxidat ion kinetics.  The associated oxida t ion  processes a re  discussed. 

Reviews on the  oxidat ion  of F e - N i  al loys (1,2) 
showed a considerable  amount  of informat ion  on the i r  
high t e m p e r a t u r e  behavior  in oxygen  and air, but  
r e l a t ive ly  l i t t le  was known  about  the i r  oxida t ion  be-  
havior  in  o ther  gases. Morris  and Smel tzer  (3) have 
de te rmined  the kinet ics  and genera l  morphological  
s t ruc tures  on F e - N i  al loys containing up to 40% Ni 
oxidized in COs at  1000~C. However ,  except  for a l loys 
containing 2, 36, and 48% Ni (4, 5, 6) there  have  been 
no invest igat ions  involving deta i led  and sys temat ic  
in format ion  on the changing Fe  and Ni d is t r ibut ion  
dur ing  oxidat ion  of Fe -Ni  al loys in COs over  a range 
of tempera tures .  The objects  of the presen t  inves t iga-  
t ion were  to s tudy  the  kinet ics  of oxida t ion  of an 
Fe-9.21% Ni al loy at  700~176 in CO2, to examine  
the scale and subscale morpho logy  as a funct ion of 
t empe ra tu r e  and t ime, and to de te rmine  qua l i t a t ive ly  
and quan t i t a t ive ly  the  Fe and Ni composit ion changes 
dur ing  the oxida t ion  process. 

Experimental 
The chemical  analysis  (w/o)  of the  a l loy  was:  Ni, 

9.21; C, 0.0014; N, 0.0017; Si, 0.01; S, 0.005; P, 0.002; Cr, 
0.02; Cu, 0.011; A1, 0.01; and Mn, Mo, W, V, Ti, and Co 
al l  < 0.01, and  the CO2 was special  analyt ic  g rade  
which af te r  d ry ing  had  impur i t ies  less than  ( p p m ) :  
02, 6; N2, 20; H20,  10. Ful l  expe r imen ta l  deta i l s  of 
the  specimen prepara t ion ,  kinetic,  meta l lographic ,  and 
EPMA techniques have been given e lsewhere  (4). 
The essential  fea tures  of the  quar tz  spr ing t he rmo-  
balance  we re  tha t  the weight  gains were  measured  to 
<0.2 mg cm-2  and the t e m p e r a t u r e  var ia t ion  was 
< 4  ~ at  1000~ The Po~ due to dissociat ion of COs at  
1000~ is only  1.2 • 10 -5 a tm (20) wi th  the  values  
being less a t  the lower  tempera tures .  

Results 
Kinetics of oxidation.--At al l  t empera tu re s  in  the 

range  700~176 the  kinet ic  behav ior  was b road ly  
s imi lar  and fol lowed the sequence l inear,  parabolic ,  

Z Present address: Department Applied Science, Lanchester 
Polytechnic, Eastlands, Rugby CV21 3TG, England. 

~Present address" Department Materials Technology, Lough- 
borough University of Technology, Loughborough, England. 

Key words: oxidation, iron-nickel alloys, kinetics, oxide morph- 
ology~ electron probe microanalysis. 

l inear  (Fig. 1-3). Note that  in Fig. 2 some points  nea r  
the  or igin have been omit ted  for clar i ty.  The ini t ia l  
l inear  s tage is seen at  800~176 whi le  be low 800~ 
the in i t ia l  l inea r  s tage was absent  or not  wel l  defined, 
and at 1000~ the ra te  of oxidat ion  in the  ea r ly  stages 
was too fast to a l low the kinet ic  pa t t e rn  to  be c lear ly  

~-0~ ~ 1000~ 

30 

950 ~ 

% 
20 

ar 

tAJ 

I0 

900 ~ 

r 
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Fig. 1. Oxidation kinetics of an Fe-9.21% Ni alloy in C02 at 
1 arm. 
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Fig. 2. Oxidation kinetics of an Fe-9.21% NI alloy in CO2 at 
1 arm. 
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Fig. 3. Oxidation kinetics in parabolic form of an Fe-9.21% N~ 
alloy in CO2 at 1 atm. 

established. The parabolic region occurred over the 
whole tempera ture  range (Fig. 3)  although the 
kinetics were not strictly parabolic at 750 ~ and 800~ 
The final stage of oxidation was always linear. The 
clearest over-al l  pa t te rn  of kinetics is seen at 850 ~ 
950~ The weight gains and times of transit ions were 
difficult to define accurately and the best values are 
shown in  Table I. It is seen that  the dura t ion  of the 

Table !. Specimen weight gain and time of exposure at the start 
of the parabolic and final linear oxidation stages 

Parabolic s tage  Final linear s tage  

Temper- Wt. gain Time Wt. gain Time 
ature (~ (rag cm-=) (hr) (rag cm-~) (hr) 

I000 9 0.25 19 1 
950 4 0.5 15 4.,5 
900 2 0.25 26 6 
850 5 3 12 15 
825 - -  m 18 18 
800 12 15 
800 5 -  18 
700 1 0.5 2 5 
700 1 1 4 20 

ini t ia l  l inear  stage tended to decrease, and the t rans i -  
tion to the final l inear  stage occurred at higher weight 
gains and shorter exposure times as the tempera ture  
of oxidation increased. Typical ly the oxidation rate in  
the second l inear  stage was about  half  that  in  the 
first l inear  stage. Arrhenius  functions for the three 
stages are shown in Fig. 4 and the calculated (95% 
confidence l imit)  activation energies were 193 • 74, 
207 • 33, and 155 ~- 13 kJ mole -1 for the ini t ial  l inear,  
parabolic, and final l inear  oxidation stages, respect- 

t ive ly .  

Morphology.--Specimens exposed for 5, 10, 20, 30, 
and 45 min  and 1, 2, 4, 6, and 8 hr at 1000~ for 0.5, 1, 
3, 6, and 10 hr at 900~ and for 5, 10, and 25 hr at 800~ 
were examined, and at all temperatures  the same 
sequence of structures was observed (Fig. 5-8). In  the 
early stages of oxidation the scale consisted essentially 
of magnetite,  and Ni accumulated in  the alloy as a 
layer  at the metal /scale  interface and showed marked 
in te rgranular  penetra t ion which eventual ly  enveloped 
grains. Subsequent  formation of pockets of wusti te  in  
the magnet i te  at the scale/alloy interface and pre-  
cipitation of subscale oxide were both associated with 
the greater accumulat ion of Ni at  grain  boundaries  
(Fig. 5a). Growth of' the wusti te pockets to form a 
continuous thick inner  layer  (here shown with mag-  
neti te precipitated dur ing cooling) was associated 
with the breakdown of the Ni-enriched layer to form 
isolated metal  particles in  the subscale wusti te  which 
became smaller  as the distance from the subscale/  
alloy interface into the subscale increased (Fig. 5b). A 
mature  subscale is shown in  Fig. 6b where it  is seen 
that the subscale and scale wust i te  is continuous 
and that the metal  particles are uni formly  dispersed. 
The unevenness  of the interfaces made it  difficult to 
determine the thickness of the layers. However, after 
the early stages, par t icular ly  at 1000~ it was possible 
to obtain a reasonable estimate of the magnet i te  layer  
thickness and this is shown in  Fig. 7a and 8. With the 
anci l lary informat ion incorporated in the figures con- 
cerning the cont inui ty  of the Ni-r ich layer  and the 
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~tL1 i ~ �9 

- 5  i i L 

8 9 10 

RECIPROEAL TEMPERATURE, T-=/10 - *  K-' 

Fig. 4. Arrhenius functions of the linear and parabolic oxidation 
kinetics, 
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Fig. 5. Scale (at top) and subscale on the alloy oxidized at 800~ 
Etched nital. (a) 5 hr exposure, pockets of darker wustite in 
magnetite scale opposite largest part of oxide subscale regions; 
(b) 10 hr exposure, magnetite now a layer on the outside, wustite 
(with precipitated magnetite) between magnetite and subscale. 

kinetics of oxidation (cf Table  I) it is seen that the 
magnet i te  thickness increased dur ing the ini t ial  l inear  
stage, decreased dur ing the parabolic stage, and re-  
mained constant  dur ing the final l inear  stage when 
the Ni-r ich layer  had been dispersed. Owing to the 
very uneven  interfaces, the max imum thicknesses of 
the wusti te layer  and the subscale are of l imited 
value. However,  they do show that the breakdown of 
the Ni-r ich layer  is associated with the start  of sub-  
scale oxide precipitation, and also give an indication 
of the relat ive thicknesses of the layers (Fig. 7a). 

Electron probe microanalysis.--The distr ibut ion and 
concentrat ion of Fe and Ni were determined in the 
scale and subscales os specimens oxidized for 10 and 
30 min, and for 1, 2, 4, 6, 8, and 10 hr at 1000~ ~(~ig. 
9, 10, 7b, 7c). Figure 9 shows some of the data for the 
changing general  distribution. I ron phases are diffi- 
cult to distinguish owing to l imited contrast, but  the 
Ni shows clearly the l imited amount  un i formly  dis- 
persed in the scale and the substant ial  amount  segre- 
gated wi th in  the subscale. It is seen (Fig. 9) that the 
Ni-rich layer  started to breakdown after 1 hr and 
subsequent ly  metal  particles were isolated in the sub-  
scale. Pronounced in te rgranu la r  penetra t ion of Ni oc- 
curred. On each specimen many  l inear scans were ex- 
amined and Fig. 10 showing the considerable variat ion 
along line X of Fig. 9c is typical. The Ni concentra-  
t ion about the grain  boundary  oxide at B is high (at F 
and G). It was always observed that Ni accumulat ion 

Fig. 6. Scale (at top) and subscale on the alloy oxidized at 
1000~ (a) 10 min exposure; etched nital; nearly continuous 
pockets of darker wustite in the magnetite at the alloy surface 
opposite the unetched Ni-enriched layer (light region at alloy sur- 
face) in the alloy: (b) 10 hr exposure; unetched; metal particles in 
the wustite subscale. 

preceded oxide precipitation. Variat ion paral lel  to the 
surface was also considerable, e.g., after 2 hr exposure, 
within 100 ~m along the surface the Ni concentrat ion 
was 40 and 80%. The ma x i mum Ni concentrat ion in  
each subscale is shown in Fig. 7b where the rapid 
accumulat ion of Ni in the early part  of oxidation and 
its peak nonequi l ibr ium concentrat ion in isolated 
metal  particles is clear, The Ni concentra t ion  in  the 
scale was small and decreased dur ing oxidation (Fig. 
7c); also the Ni concentrat ion in  the subscale wusti te 
tended to be higher than in  the scale. 

Discussion 
The most significant feature of the present  work 

is the correlation between the l inear -parabol ic - l inear  
stages of the kinetics and the reaction morphologies 
established by metallographic and EPMA techniques. 
Most of the processes and sequence of events observed 
by the different techniques are displayed for com- 
parison in  Fig. 7 and 8. 
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Fig. 7. Oxidation at 1000~ (a) The scale magnetite and wustite, 
and subscale thicknesses: (b) the maximum Ni concentration in the 
subscale: (c) the Ni concentration in the scale and subscale 
oxide; closed and open symbols show the period when the Ni rich 
layer was continuous or discontinuous, respectively. Note: the 
kinetics were linear for 10 min, then parabolic up to I hr, then 
again linear. 
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Fig. 8. Magnetite scale thickness formed at 800~176 Closed 
and open symbols show the period when the Ni-rich layer was 
continuous and discontinuous, respectively. Full and dashed lines 
show the period when the kinetics were in the final linear and 
parabolic stages, respectively. 

During the initial l inear s t age  the scale consists 
predominant ly  of magnet i te  with pockets of wust i te  at 
the scale /a l loy interface and contains only about 1.0% 
Ni. The occurrence of magnet i te  as the predominant  

Fig. 9. Fe and Ni distributions on cross sections of specimens 
oxidized at 1000~ for (a) 10 min; (b) 1 hr; and (c) 8 hr. (Light 
for relatively higher concentrations). S = Scale; SS ---- subscale; 
A - -  alloy. 
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Fig. 10. Fe and Ni concentration profiles along the line X of Fig. 
9c. 

phase in the scale is unexpected  and is discussed 
later. The selective oxidat ion of Fe accumulates Ni as 
a layer in the alloy at its surfaces, and the faster grain 
boundary diffusion leaves the alloy with an inter-  
granular  accumulat ion of Ni which is sufficiently 
marked  to envelop grains. The l inear  kinetic law ob- 
served here is thought  to reflect a phase boundary 
reaction. A similar  l inear  law has been observed f o r  
the oxidation of Fe in CO2 (7) and it was established 
(7) that  the ra te-control l ing step was the react ion 

CO2(g) ---- CO(g)  + O(ads)  [1] 

on the outer surface of wust i te  to form adsorbed oxy-  
gen. It is probable that  a similar mechanism occurs 
in the present  case. The activation energy for the 
dissociation of CO2 during Fe oxidation is 211 k J  
mole -1 (7) compared with the present value of 193 __ 
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74 kJ mole -1. Thus the l inear  oxidation stage is con- 
trolled by the supply of oxygen and the supply of Fe 
from the alloy is relat ively fast. 

Cont inued depletion of Fe from the surface of the 
alloys means that eventual ly  Fe must  be t ransported 
from the inter ior  by diffusion through the Ni-r ich 
layer. This process corresp0nds to the parabolic oxi- 
dation stage where the activation energy of 207 _+_ 33 
kJ  mole -1 is taken to represent  the  ra te-control l ing 
process of diffusion of Fe through the Ni-r ich rim. 
However, this value compares poorly with the activa- 
tion energy of about 300 kJ  mole -1 observed for the 
diffusion of Fe in Fe-Ni alloys (8), and it is thought 
that the much lower value observed in  the present  
case is due to the changing microstructure  and Fe 
and oxygen concentrat ions in the Ni-r ich layer dur ing 
oxidation. 

Whatever  the mechanism of magnet i te  formation 
in the early stages of oxidation, it is unstable  and de- 
composes to form wust i te  

Fe304(s) ---- 3FeO (s) Jr O (in Fe-Ni  alloy) [2] 

This occurs dur ing  the later  stages of the l inear  oxi- 
dation period and dur ing the parabolic per iod  (Fig. 7, 
8), and is associated with the regions of highest Ni 
accumulat ion at the grain  boundaries  (Fig. 5a). At 
100OC the solubil i ty of oxygen in Fe and l~i is 3 ppm 
(9) and 150 ppm (10), respectively, and since solid 
Fe-Ni alloys are near ly  ideal (11), as a first approxi-  
mat ion we may assume that the solubil i ty of oxygen 
in the alloy is directly proport ional  to the Ni concen- 
tration. It appears that  the increased solubil i ty for 
oxygen, by the higher amounts  of Ni enriched alloy at 
grain boundaries,  is the cause for magneti te  decom- 
position (Eq. [2]) and the disposition of the wustite 
pockets. The dissolved oxygen diffuses inwards and 
at the furthest  extent  of Fe depletion (and Ni ac- 
cumulat ion)  reacts with the higher Fe activity of 
the alloy and precipitates wustite. Subscale formation 
starts after the formation of the Ni-rich layer and its 
advance is approximately l inear  and extrapolates to 
zero t ime (Fig. 7). The preprecipitat ion period is the 
t ime needed to saturate the Ni-rich layer  with oxygen, 
and the growth of the subscale is l inear  over-al l  be-  
cause it occurs by a repeated process of wusti te pre-  
cipitation enriching the alloy with Ni, and oxygen 
dissolving and diffusing in the enriched Ni layer till it 
precipitates more wustite. The decomposition of mag- 
netite (Eq. [2]) causes its thickness to decrease 
rapidly during the parabolic stage (Fig. 7 and 8). 
Oxygen solution, diffusion, and precipitation as sub- 
scale wustite is the cause of the breakdown of the Ni- 
rich layer and the end of the parabolic oxidation stage. 
Once the subscale wustite is continuous, the supply 
of Fe via the highly nonstoichiometric FeO (12) is 
faster than the supply of oxygen by CO2 dissociation 
and linear kinetics are again observed. The different 
activation energies of 193 _ 74 and 155 • 13 kJ mole -I 
for the initial and final linear stages are considered to 
be due to the different catalytic activities of the two 
magnetite surfaces. For example, Kobayashi and 
C. Wagner (13) showed that the catalytic activity of a 
surface was a sensitive function of its concentra- 
tion of electronic defects, and the initial unstable 
magnetite is unlikely to have the same defect struc- 
ture, and hence electronic structure, as the later 
stable magnetite. In addition, Fueki and J. Wagner (14) 
observed a pronounced effect of the scale composition 
on the activation energy: with pure Ni oxidized in 
CO2 at 1000~-1300~C it was 113 kJ mole-~, but with 
0.37% Cr in the alloy the value had changed to 54 kJ 
mole -I (900~ and 159 kJ mole -I (1200 ~ - 
1300~ When the magnetite is decomposing, the sup- 
ply of oxygen to the metal is by reaction [2], but dur- 
ing the final linear oxidation stage the magnetite 
thickness is constant  (Fig. 8) and another  mechanism 
must  operate. The subscale wusti te  must  supply the 

oxygen by the process 

FeO (high O) ---- FeO (lower O) 

+ O (dissolved in alloy) [3] 

since oxygen does not diffuse in  FeO (12). The wide 
nonstoichiometry range of FeO (12) may make this a 
relat ively easy process. 

The greater reactivi ty of Fe and its selective oxi- 
dation and the subsequent  read jus tment  towards the 
stable phases of the Fe-Ni-O system are responsible 
for the sequence of reaction morphologies and kinetics 
observed. The changes in  the early stages are so fast 
that  highly nonequi l ib r ium states are formed. At the 
start  of oxidation at 1000~ the Ni concentrat ion in the 
scale is ~1.0% and this adjusts to a constant value of 
~0.3% as oxidation continues (Fig. 7c). A similar 
pat tern  occurred dur ing the oxidation of a 2% Ni 
alloy in  CO2 but in that  case (4) the final value was 
~0.2%. The concentrat ion of Ni in FeO in equi l ibr ium 
with a 60% Ni alloy at 1000~C is 0.13% (15) and this 
is in reasonable agreement  with the present  value of 
~0.20%. However, in the present  case the Ni concen- 
t rat ion of ~1.0% in the early stages of oxidation when 
the Ni concentration of the alloy is lower is opposite 
to what is expected and must represent a condition 
way out of equilibrium. The most rapid rise in Ni 
concentration in the alloy is during the initial linear 
and parabolic stages (Fig. 7b) but the greatest in- 
crease occurs once the metal particles are isolated. 
After 2 hr at 1000~ the Ni concentration adjusted to 
~55-60%, which is similar to the value observed in a 
2% Ni alloy oxidized in CO2 at 1000~ (4), and com- 
pares with 54% on a 2.9% Ni alloy oxidized at 1200~ 
(16) and 45% Ni obtained on 10% Ni alloy at 700~ 
(17). At 1000~ the concentrat ion of Ni in an  Fe-Ni  
a l loy  in equi l ibr ium with FeO containing max imum 
oxygen is 80% (15). The present value of ~60% Ni is 
not inconsistent with this value since in a growing scale 
the oxygen potential  of the FeO decreases from the 
outer surface inwards, and the subscale metal  par -  
ticles are positioned some distance in from the outer 
surface where the oxygen content  of the FeO will be 
lower and hence the corresponding equi l ibr ium con- 
centrat ion of Ni in the alloy will be less. 

Final ly  we re turn  to consider why the scale is 
p redominant ly  magnet i te  in the early stages of oxi- 
dation. The magnet i te  is uns table  and appears to form 
for kinetic reasons (Fig. 7 and 8). Arkharov (18) ob- 
served the formation of magnet i te  dur ing the later 
stages of oxidation of Fe in CO2 and at t r ibuted this to 
the lower supply of Fe. However, the si tuat ion is op- 
posite in the present  case: the magnet i te  forms when 
the supply of Fe is fastest. It appears that  the mag-  
netite nucleates preferential ly.  Brauns et al. (19) 
showed that the tempera ture  below which wusti te 
formed in the scale increased as the Ni concentrat ion 
increased: 21% Ni raised the tempera ture  from 570 ~ 
to 680~ and this may indicate a tendency to form 
magneti te  under  conditions of rapid Ni enrichment.  
However, it appears l ikely that  magnet i te  forms be- 
cause it can dissolve up to 25% Ni whereas wustite can 
only dissolve a max imum of 0.84% (15). In  the ini t ial  
very fast reaction, diffusion of Ni away from the re-  
action zone may not be fast enough to avoid a con- 
centrat ion higher than the equi l ibr ium amount  for 
wusti te being incorporated in the growing scale, and 
this would make the formation of magnet i te  with Ni 
in solid solution energetical ly preferred. Evidence 
that  such a process has occurred is supported by the 
high Ni concentrat ion in the scale in the early stages 
of oxidation and its subsequent  adjus tment  toward 
lower values appropriate to a wusti te equi l ibr ium as 
oxidation continues (Fig. 7c). However, these con- 
siderations are mere possibilities; the reason for the 
occurrence of magnet i te  in the scale is unknown.  
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Electrochromism in LLWO  
S. K. Mohapatra *.1 

Bell Laboratories, HoImdel, New Jersey 07733 

ABSTRACT 

The e lect rochromic behavior  of LizWO8 has been s tudied by potent ios ta t ic  
and gatvanosta t ic  measurements  for both  symmet r i c  and asymmet r i c  cells. The 
kinetics of colorat ion and bleaching are  ascr ibed to ba r r i e r - l im i t e d  and space 
charge- l imi ted  current  flow, respect ively,  s imilar  to the case of HxWO3. Gal -  
vanostat ic  measurements  indicate  l inea r i ty  of optical  densi ty  wi th  in jected 
charge at low inject ion levels. At  high inject ion levels a nonl inear  response is 
observed which is a t t r ibu ted  to the approach of a phase bounda ry  wi th  in-  
creasing x in L ixWQ.  A genera l  comparison of LixWO3 and HxWO3 in H2SO4: 
H20 indicates grea ter  s tab i l i ty  for open-c i rcu i t  memory  of the Li~WO3 cells. 
Response t imes for various symmetr ic  cells are  tabulated.  

Elec t rochromism in WO~ is due to the  format ion  of 
W-bronze,  MxWQ,  where  M z+ is a cation in the  octa-  
hedra l  in ters t i t ia l  site and z is different  from six. 
Charge neu t ra l i ty  is ma in ta ined  by the format ion  of 
W 5+ or by a free e lect ron in the conduction band. The 
colorat ion in MzWO3 is a t t r ibu ted  to the shift  of the 
p lasma edge in single crystals  and to the in te rva lence  
t ransfer  t rans i t ion  (W 5+ ~ W 6+) (1) in amorphous  
mate r ia l  where  the e lect ron is more  localized. 

In  pr incip le  e lec t rochromism in WO3 is revers ib le  
and therefore  has promise  for passive d isp lay  appl i -  
cations. Speed of response and contras t  are  the p r i -  
ma ry  considerat ions for  d isp lay  applications.  The 
ensuing cr i ter ia  for cation selection are:  (i) high 
solubi l i ty ,  (if) high diffusion coefficient, (iii) low in-  
ject ion potential ,  and (iv) high deposi t ion potential .  
Protons sat isfy most of the cri teria.  However,  the 
the rmodynamic  s tabi l i ty  of H x W Q  at room t empera -  
ture is poor (2). In addit ion,  the e lectrode (WO8) 
tends to dissolve in the  e lec t ro ly te  (H2SO4 + H20) ,  
and the e lec t ro ly te  has a compara t ive ly  low decom- 
posi t ion potent ia l  of 1.5V. As is shown later,  these 
difficulties can be c i rcumvented  by  the use of a lkal i  
metal  ions  despi te  the smal le r  diffusion coefficients 
(Table  I) of a lkal i  ions compared  to protons.  

Al though there  has been considerable  work  on the 
e lec t rochromism in WO~ using protons (5, 8-12) l i t t le  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
P r e s e n t  a d d r e s s :  C o u l t e r  I n f o r m a t i o n  S y s t e m s ,  B e d f o r d ,  Mass-  

a c h u s e t t s  01730. 
K e y  w o r d s :  e l e c t r o c h r o m i s m ,  p o t e n t i o s t a t i e  m e a s u r e m e n t s ,  ga l -  

v a n o s t a t i c  m e a s u r e m e n t s .  

is known about  the  e lec t rochromic  behavior  of Li~WO~. 
Hersh, McGee, and K r a m e r  (13) in i t ia ted  work  on 
electrochromic aspects of a lkal i  meta l  tungs ten-  
bronzes. F rom the colorat ion and bleaching exper i -  
.ments Green  et al. (14) pos tu la ted  a diffusion-con- 
t rol led process for  WOs]MCIO4 in PCIM (where  M is 
Li or Na) cells. In  the presen t  paper ,  the charac te r -  
istics of e lect rochromic colorat ion and bleaching of 
LixWO3 are  repor ted  and compared  wi th  tha t  of 
HxWQ.  Cri ter ia  for  s tab i l i ty  and revers ib i l i ty  of these 
electrochromic cells a re  also discussed. 

Sample Preparation and Experimental Procedure 
Thin films of WO~ were  p repa red  by  e lect ron beam 

evapora t ion  of reagent  grade  WO~ powder  (Ventron 

Table I. Impurity diffusion in WO~ at 25~ 

D i f f u s i o n  
D i f f u s i n g  coe f f i c i en t ,  

s p e c i e s  D (/~2/hr ) R e ~ a r k s  Ref .  

H+ 2 52 • l0 s N M R  3)  
H + 10-1-10 -2 N M R  o n  s i n g l e  c r y s t a l  (4) 
It+ 7.2 • 10 ~ B l e a c h i n g  e x p e r i m e n t s  (5) 

on  a m o r p h o u s  f i l m  
H + 2.7 • 104 N M R  on  p o l y c r y s t a l  (6) 
H + 1.9 • 10 ~ T a b l e  I I  P r e s e n t  

work 
Li+ 1.9 • 10 ~ T a b l e  I I  P r e s e n t  

w o r k  
Na+ 10 - ~  F r o m  h i g h  t e m p e r a t u r e  (7)  

di f fus ion  data  on  
Nao.~sWOa 
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Corporation, 99.7% pur i ty)  on t ransparent  In203 
coated glass substrates (PPG Nesatron).  The thickness 
of the films was determined with a Taylor-Hobson 
Talysurf.  Li was injected into WO3 from a 1M LiC104- 
propylene carbonate (PC) electrolyte. LiC104 was 
dried for 7-8 hr  at 100~ and then  dissolved in PC. 

Two-electrode potentiostatic measurements  were 
carried out in a cylindrical  glass cell with optical 
windows on opposite sides. Galvanostat ic or constant  
current  measurements  were carried out with the same 
cell placed inside a Cary-14 spectrophotometer. A 
Keithley 225 current  source was used for applying a 
constant current.  Two types of cell geometries were 
studied: (i) the asymmetric  cell In~O31WOs]electro- 
ly te lmetal  electrode, and (it) the symmetric  con- 
figuration In2O~ I WO31 electrolyte IMxWO8 I In203. In -  
d ium was used as the counterelectrode in the asym- 
metric configuration. For a practical electrochromic 
display the symmetric  cell type is more favorable. 
Even though such a symmetric  a r rangement  has been 
proposed (15), the cell characteristics have not been 
reported. 

Since H + ra ther  than Li + might  possibly be injected 
into WO3 in the presence of small  quant i ty  of H20 
in  the electrolyte, a symmetr ic  cell of HxWO~ and 
WO3 separated by the electrolyte 1M LiC104-PC was 
set up. A bias of 1.5V applied to this cell did not t rans-  
fer any color (i.e., H +) from HxWO3 to WOs. In  
addition, it follows from the galvanostatic measure-  
ments (discussed below) that  the var ia t ion  of the opti- 
cal density with injected charge at high inject ion 
levels differs for H + and Li +. Therefore, proton in-  
jection in these experiments  is unlikely.  

Results and Discussion 
Characteristics of coloration.--Coloration charac- 

teristics of an asymmetrical  cell of WO3 in LiC104-PC 
are s imilar  to that  of HzWO3. As in  HxWO3, at a con- 
stant  applied bias the current  drops with time, be-  
cause of the increase in chemical potential  of the in -  
jected cation with time. Crandal l  and Faughnan  (9) 
performed an analysis of the kinetics of H + incorpo- 
rat ion in  WO~ according to which the kinetics is 
essentially controlled by the proton t ransport  across 
the WQ-e lec t ro ly t e  interface. It obeys the wel l -  
known But ler -Volmer  relat ion (16) 

kT  kT  / 

where Jo is the exchange current  density,/~ the bar r ie r  
symmet ry  factor, and n the overpotential,  i.e., the ap- 
plied potential  minus the reversible potential. 

One of three processes may control the kinetics of 
coloration: (i) charge t ransport  across the electrode- 
electrolyte interface, (ii) diffusion in the electrolyte, 
and (iii) diffusion in  the WO8. The barr ier -control led  
process leads to the current -vol tage  behavior pre-  
sented by Eq. [1]. If diffusion in the electrolyte is the 
dominant  process, the current  density is represented 
by (17) 

j = ~ -  1/~nFDol/~COt-1/~ [2] 

where n ---- 1 is the n u m b e r  of electrons part icipat ing 
in the reduction, F the Faraday  constant, Do the dif- 
fusion coefficient, and C ~ , the concentrat ion of the 
redox species, Li +. F rom the equivalent  conductance 
data of Kel ler  e ta l .  (18) Do of Li + in LiC104:PC can 
be obtained, which when subst i tuted in  Eq. [2] with a 
C ~ of 10 -8 mole/cm~ would give a j value two orders 

o f  magni tude  higher than  observed in electrochromic 
experiments.  Therefore, diffusion in  the electrolyte 
cannot control the rate of coloration. 

The rate of diffusion in the neut ra l  WO~ bulk  
does not depend on voltage. But at elevated Ievels of 
charge inject ion it is possible to go from a bar r ie r -  
controlled process to a diffusion-controlled process. If 
a diffusion-controlled process is assumed, concentra-  

l ion of the injected cation at a distance y (y = 0 at 
In203-WO3 interface; L is the thickness of the film) 
and at t ime ~ can be expressed as (14, 19) 

Jot Jol 
C(y, t )  = ~ + --~-- F(y , t )  [31 

where Jo is the flux at  the fi lm-electrolyte interface 
and D the diffusion coefficient of the cation. The func-  
t ion F(y , t )  depends upon Dill  2 and y/t .  F(y , t )  values 
can be obtained from plots (14) of F(y , t )  vs. y / l  for 
various Dt/12 values. Using Jo = 2 mA cm 2 (close to 
the max imum value in our experiments) ,  DLi  ~'~ 10 -9 
cm2/sec (Table I) ,  L = 3 X 10-~ em and considering 
a t ime t : 1 sec, C(y  : O) /C(y  ~- l) ~_ 0.80. There-  
fore a diffusion-dependent  coloration process can be 
ruled out. 

Having el iminated diffusion in the electrolyte and 
in W Q ,  it is reasonable to a t t r ibute  the coloration 
process to a barr ier -control led  process. In  s u c h  a 
case j in Eq. [1] can be t ranslated into the t ime do- 
ma in  if the reversible potent ial  Vo as a funct ion of 
the composition parameter  x (in MxWO3) is known. 
For x ----- 0.2 the emf E of the cell LixWO311M LiC104 
in PCILi (20) can be fitted to an analyt ical  expression 
given by Crandal l  et aL (9). 

After subst i tut ion of this expression for the e q u i '  
l ib r ium emf in ~], the current  densi ty j in the But ler -  
Volmer relat ion can be t ranslated to the t ime domain 
a s  j : ~ t  -1/2 with a bar r ie r  symmet ry  factor /~ ~ 0.5. 
A typical plot of  j vs. t for Li incorporat ion in WO8 
is shown in Fig. 1. The solid l ine represents j ---- kt -1/2 
for k ---- 1.6 mA (sec)l/2 cm-2. A reasonable fit with 
the exper imental  values is obtained in  the ini t ia l  stage 
of coloration. It should be ment ioned at this point  that  
j = kt  -1/2 is valid only for short times t and for 
smali x values. For  high x values Eq. [1] must  be 
solved numerical ly.  In  addition, Arnoldussen (21) has 
pointed out that jo contains the reversible potential  
which would change as a funct ion of x. Therefore, jo 
would change as a funct ion of x and t. Thus a devi-  
ation of the simple relationship of j cc t-1/2 from the 
experimental  points at long co lora t ion  times is to: be 
expected. 

Characteristics of bleaching.--Faughnan et al. (5) 
have shown that for an asymmetric  cell consisting of 
HxWQ: H2SO4: In the bleaching of HxWO3 is governed 
b y  a space-charge l imited (SCL) current  of H + and 

1,5 

1 4  

1.2 

1.0 

E 
0 .6  

4: 
E 

v 

~ 0.6 

0,4 

0,2 

O.O I I I ~ I I I 
0 10 2 0  30  4 0  5 0  6 0  70  

TIME(IN SECONDS) 

Fig. 1. Current denslty-time plot for the cell W O 3 : I M  LiCIO4- 
PC:In during coloration. The solid circles are the experimental 
points and the solid line is drawn for j _-- 1 .6 t - ' /2 .  
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electrons. The space charge builds up because of the 
enormous difference between electron and cation mo- 
bilities (De ~.~ 2.5 • 10 -1 cm~/sec (8) and DM+ ~ 10 -s  T 
cm2/sec). The voltage dependence normal ly  observed | 20 
rules out simple diffusion-limited bleaching. 

The SCL current  equat ion of Faughnan  e t a l .  is ex-  ,-, 
pressed as z o 45 

J ( t )  = (p3eeo~p)z/4V1/~/(4t) 3/4 [4] " (D 

where p is the volume density of the cations in the z 
in termediate  neut ra l  plasma region, e the relat ive di-  ~ t0  
electric constant  of  WO~, ~o the permi t t iv i ty  of free *,~ 
space, ~ the mobil i ty  of the cation, V the applied 
voltage, and t the time. The end of the bleaching 
peroid, or the finish time, tr is expressed a s  

t~ = psi~ (4,o~V~) [5] 

s mark ing  the boundary  of the cation space charge 
with respect to the electrolyte-WO~ interface. Figure 2 Li~WO~. 
represents a j ( t )  plot for both the symmetr ic  and 
asymmetric  cells of HxWO~ and Fig. 3 is that  of 
LizWQ. It is interest ing to see that  both for sym- 
metric and asymmetric cells of H=WO~ and Lizv~O~ 
a % slope is obtained according to Eq. [4]. A plot 

E 
< 101 
E 
>.- 
I-,. 
Z 
1.1.1 
C )  
I . -  
Z 

~: ,0o 

0 

e(~)-HxWOs30 N H2 S04:ln (lV) 
,| 
�9 ~-o.6v / HxWOs:ION HzSO4:WOs 
o~)-0.4v.J 

| 
| 

i i , 

10-1 100 101 102 

TIME (IN SECONDS) 

Fig. 2. Bleaching characteristics of symmetric and asymmetric 
cells for HxWO3 in the presence of 10N H~SO4. 
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Fig. 3. Bleaching characteristics of symmetric and asymmetric, 
cells far LizWO~ in the presence of 1M LiCIO4-PC. 

0 I I I I I 

0.t  0 .2  0 .5  0 . 4  0 . 5  0 . 6  0 .7  

4/V 2 (VOLT -2) b 

Fig. 4. Plot of response time tt vs. I / W  ~ for symmetric cells of 

of t~ VS. 1 / V  2 for symmetric  cells of LixWO3 is shown 
in  Fig. 4, tf being obtained from the intersection of 
the --3/4 slope with the faster decreasing current  slope 
toward the end of the bleach pulse. Therefore, in  anal -  
ogy with HxWO3, it seems appropriate to a t t r ibute  a 
SCL current  flow model to symmetr ic  cells of LixWO3. 
The electrochromic characteristic of symmetric  cells 
is then essentially de termined by the bleaching 
kinetics. 

From bleaching exper iments  it is possible to calcu- 
late the Li + mobil i ty according to Eq. [5]. The argu-  
ments given in the previous section make it l ikely 
that  under  the operat ing current  conditions the films 
will be homogeneous in  cation concentration. Using 
the data of Table II in Eq. [5] with e = 50 and s = 2.8 
• 10 .7  cm the values of D = k T ~ / e  have been cal- 
culated and are tabulated in Table I. It is seen tha t  
DLi+ in WOa is about an order of magni tude  smaller  
than the DH +. The decomposition potential  of the 1M 
LiC104:PC electrolyte is 3V (with respect to SCE) 
compared to that  of H2SO4:HeO which is about  1.5V. 
Since bleaching response t~ cc 1 / V  2 it is possible to de- 
crease the response t ime in  the LixWO~ electro- 
chromic cell by increasing the bias voltage. 

Constant  curren t  m e a s u r e m e n t s . - - C o n s t a n t  current  
measurements  were carried out to determine the rela-  
tionship between the optical density, O.D., and the 
injected charge. A l inear  relationship between the 
two would be expected since 

O.D. -- k(~)C~ 

where k(k) is the extinction coefficient, C the concen- 
t rat ion of the absorbing species, and I the thickness of 
the sample. A plot of optical density as a funct ion of 
injected charge is shown in Fig. 5 for LixWO3 and 
HxWO3 for several current  levels. The optical den-  
sity was measured at a wavelength of 6300A in  the 
Cary spectrophotometer. Nonl inear i ty  between O.D. 
and injected charge is observed for LizWO3 beyond an 
O.D. ~ 1, whereas l inear i ty  up to 1.8 O.D. has been 
observed in  the case of HxWO~. Not all  the O.D. vs. 
injected charge points lie on the same l ine because of 
different film thicknesses. 

It is impor tant  to note that  there is a drop in O.D. 
with higher injected charge in the case of LizWO3. 
If we take the apex of the O.D. curve at 35 mC/cm e a 

Table II. Response of symmetric cel#s of HxWO3 and LizWO3 

Applied Response 
Optical bias t ime,  t~ 
density Cells (V) ( sec ) 

0.6 H~WO3:10N H2SO4: WOa 1 4 
0.6 HxWOa:10% HeSO4-gylcerol:WO~ 1 40 
0.6 Li~WOa: 1M LiC10~-PC: WOa 1 40 
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l 
o ~) 7.55 x,lO -5 Alcm z | 

�9 ~) 5,68 x 10 -5 Alcm 2 J Li + INJECTION 

* (~ 7.35 X 10 .4 A/cm 2 

�9 (~ 6.33 x 10 -5 A/cm 2-  H + INJECTION 
�9 ~) APPLIED VOLTAGE IN (~ 

2.2 

2.0 @ ~  -0.4-0"B 
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o 0.6 __ 

0.4 0 -J n 0.2 o. 
' 415 ' 2 ~ T , , , , 0.2 0 5 40 20 5 30 35 40 45 50 

INJECTED CHARGE (mC/crn 2 ) 
Fig. 5. Injected charge vs.  optical density at various current 

levels for Li + and H + injection. 

Li concentrat ion x = 0.39 is calculated for a 3000~_ 
thick film of Li~ WO3. WO3 films with x < 0.4 are blue 
in color and tu rn  p ink for x > 0.4. The optical absorp- 
t ion spectra taken  wi th  respect to an  uncolored film 
are shown in  Fig. 6. The films with x > 0.4 show an 
increasing absorption toward u.v. It should be men-  
tioned that the extra  peak around 1750 n m  increased 
in  in tensi ty  with increasing coloration (either by H + 
or Li +). Whether  it is a t rue absorption band  or an 
interference effect is present ly under  investigation. 
Dickens and Whi t t ingham (22) have given the sta- 
bi l i ty phase fields of various alkali  metal  ion tungstea  
bronzes, according to which 0 < x < 0.4 seems to be 
the existence region for Li~WO3. Recent  emf measure-  
ments  (20) also indicate a Li-r ich phase in  equi-  
l ib r ium with Li0.4WO~, support ing the results of gal-  
vanostatic measurements.  I r reversible  coloration at 
x > 0.4 does not pose a serious problem since for a 
reasonable contrast  (O.D. ~0.6 at 600 nm for a film 
~3000A thick) an x value of 0.1 is sufficient. 

Stability and response o] the electrochro~r~ic f i lms . -  
One of the pr imary  concerns in the performance char-  
acteristics of electrochromic display is the long- te rm 
stabil i ty of the th in  films and the persistence of open- 
circuit memory ( long- term persistence of coloration).  
This is a par t icular ly  impor tan t  consideration for the 
symmetric  cell configuration. The two degradation 

` 1 , ~  I l I I m I I I ' I , I ' I i I ] I I 

( ~  L i x W O  3 ( L O W E R  L i  
�9 1.6 INJECTION) 

(~  LixWO 3 (HIGHER Li 
4.4 ) 

1.2 

z 
"' 4.0 a 

,_l 

0.8 

I..- 
o .  
o 0.6 

0.4 

0.2 

o ' ' ' ' ' ' '  I ' '  't5/o'o ' '  i , I a" 3 0 0  7 0 0  t ' 1 0 0  1 9 0 0  3 0 0  

WAVELENGTH, X (IN nm) 

Fig. 6. Absorption spectra of LixW08 after the drop in optical 
density. 
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processes so far as the storage life is concerned are: 
(i) dissolution of the WO3 film in H20 and H2SO4, and 
(ii) oxidation of M=WO~ by dissolved oxygen in the 
electrolyte. 

Dissolution is a process of chemical attack. Thin  
films of WO~ are normal ly  attacked by H20. Therefore, 
the present  t rend  in HzWO3 electrochromic cells is to 
use an organic solvent, glycerol or PVA (polyvinyl  
alcohol) (23, 24) to increase the stabil i ty of the film. 
Likewise, the aprotic Li electrolyte (1M LiC104 in  
PC) imparts  greater s tabil i ty to the WO~ film. The 
role of dissolved oxygen in  l imit ing the open-circui t  
memory  of H=WO8 and LixWO3 is shown in  Fig. 7. All  
the films were colored at a constant  cur ren t  to the 
same optical density at 630 nm inside the Cary spec- 
trophotometer.  Then  the optical densi ty was recorded 
as a funct ion of time. HxWO8 in  the presence of O~- 
saturated H2SO4 is unstable  compared to H2SO4 
saturated with argon. Li=WO3 was highly stable even 
in  the oxygen-satura ted electrolyte. Therefore, the 
stabili ty of LixWO8 is superior to that  of its hydrogen 
counterpart .  

The response times of some of the symmetric  cells 
are tabulated in  Table II. An optical densi ty of 0.6 was 
arbi t rar i ly  chosen to give a reasonable contrast. It can 
be seen that HxWO3 with H2SO4-glycerol medium and 
LixWO~ in  1M LiC104-PC medium have similar  re-  
sponse characteristics at a given applied voltage. It 
should be pointed out that  the fast responding cells 
with H2SO4-I-I20 are not very stable. The response of 
the stable electrochromic cells of HxWO3 and LixWOz 
are essentially the same. An addit ional advantage in  
the case of LixWO8 would be the low tempera ture  
operation of the cell because of the lower mel t ing 
point of PC (--20~ compared to H~SO4-glycerol cell 
(20~ 

C o n c l u s i o n  
Electrochromic coloration in  LixWO3 is governed 

by charge t ransport  across the WOs-electrolyte in te r -  
face. Bleaching response of LixWOa is governed by a 
space charge l imited current  flow. The kinetics of 
symmetric  LixWO3 cells appear to be determined by 
the bleaching cycle, in  analogy to HxWO~ cells. Gal-  
vanostatic measurements  indicate a phase boundary  of 
LizWO3 at x --- 0.4. Reversible coloration and bleaching 
of LizWO8 can be obtained with lower concentrations 
of Li. Li~WO3 electrochromic cells have better  mem-  
ory and resistance to oxidation than its proton coun-  
terparts. The response times of stable electrochromic 
cells of HxWO~ and LixWO3 are similar but  the lower 
mel t ing point  of the electrolyte 1M LiC104-PC may 
facilitate the operat ion of LizWO3 electrochromics 
at low temperature.  
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Cathodoluminescence Measurement Techniques 
Michael T. Stevens* 

Zenith Radio Corporation, Glenview, Illinois 60025 

ABSTRACT 

A comparison is made of the three modes of cathodoluminescence excita- 
tion: continuous, pulsed, and raster. The proper excitation density needed to 
correctly analyze data obtained in each mode is discussed. The effects of a 
sh runken  raster are investigated; and a new concept, multiexcitat ion,  is pre-  
sented. It is shown that the lack of correlation between brightness mea-  
surements  made on small screens in demountable  systems and full-size tele- 
vision picture tubes is due to multiexcitation.  Furthermore,  mult iexci ta t ion 
tends to linearize subl inear  phosphors, such as the sulfides, masl~ing their 
saturat ion at high excitation clensity. It is proposed that, to avoid mult iexci-  
tation, phosphor evaluat ion measurements  be made with either pulsed or 
single l ine scan rasters. 

Although the field of cathodoluminescence is quite 
old (Braun assembled the display device which bears 
his name back in  1897), and nonlineari t ies  in the 
luminescence vs. excitation curves have been know~l 
for at least forty years, it is only recently that  the 
necessity for more discriminating measurements  of 
cathodoluminescent  phosphors has been appreciated. 

In  the early days of cathodoluminescence, excita- 
t ion was via a continuous stat ionary electron beam 
which was not necessarily even focused. It was soon 
discovered that a focused beam is capable of damaging 
the phosphor; the heat generated by the beam can 
physically destroy the screen. Thus, one had to either 
keep the beam intensi ty  very low (which ruled out 
high in tensi ty  excitation experiments)  or somehow 
modulate  the excitation. Modulation could be achieved 
by pulsing the beam, thus decreasing the average 

* Electrochemical Society Active Member. 
Key words: phosphors, multiexcitation, saturation properties, 

shrunken rasters. 

power input  to the phosphor by the duty  factor. How- 
ever, the average current  and the average lumines-  
cence are also reduced, making them harder  to mea-  
sure. An al ternat ive to t ime modulat ion is spatial 
modulation, i.e., deflect the beam in a regular  manne r  
such that each phosphor crystall i te is exposed to the 
electron beam for only a short fraction of the total 
time. This is achieved via a raster (as used in tele- 
vision) wherein the beam is swept over the screen in 
a series of scan lines. 

We show that ras ter  excitation is not the best 
scheme in terms of gaining knowledge about the 
physics of cathodoluminescence. We will also explain 
why there is, in general, no correlation between mea-  
surements made in demountable  cathode ray tubes on 
small area screens and data on full-size picture tubes. 

Statement of the Problem 
In general, a cathodoluminescence experiment  re- 

quires (i) excitation of a phosphor, (ii) measure-  
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ment  of the resul t ing luminescence, and ( i i i )  in te rpre-  
tat ion of the results. Both excitat ion and measure-  
men t  can be done by one of various techniques, each 
of which has its advantages and disadvantages, and the 
par t icular  techniques util ized will  influence the results 
and hence the interpretat ion.  

In  Fig. 1 and 2 we present  data taken in our labora-  
tory on brightness v s .  excitation of the red (Y202S: Eu),  

blue (ZnS:Ag), and green (ZnCdS:Cu) phosphors 
used currently in color television picture tubes. (The 
data were taken on 19 in. tubes with aluminized 
screens.) The excitation is similar in both cases; only 
the optical measurement details differ. In Fig. 1 we 
show the dependence on beam current of the average 
raster brightness, i.e., the time-averaged brightness of 
a phosphor screen excited by an electron beam swept 
across in a regular manner, as in a television display. 
It is obvious from the data that all three phosphors are 
reasonably linear; and one would never consider phos- 
phor saturat ion as a cause of poor picture fidelity, or 
as being the culprit  in gray scale imbalance.  

In  Fig. 2 we present  a spot brightness measurement .  
This is done with a telephotometer capable of measur -  
ing the brightness of an area much smaller  than a 
phosphor dot. Instead of a ful l  raster, here  only a 
single l ine scan per  frame period was used. It is quite 
obvious that  the luminescence is quite subl inear  for all 
three color fields, and one could very easily draw the 
conclusion tha t  all three phosphors are nonlinear .  

The reason Fig. 1 and 2 present  misleading results is 
that  they present  characteristics of the exci ta t ion-de-  
flection-luminescence system, not mere ly  of the phos- 
phor. At h igh  currents,  the diameter  of the electron 
beam increases; this causes the brightness data in  Fig. 2 
to be too low at high excitation levels, and hence, the 
rare earth red, which is known  to be a l inear  phosphor, 
appears to be sublinear.  

We can correct for the var iat ion in  beam diameter  
by uti l izing the excitat ion densi ty as the independent  
variable in  a brightness v s .  excitation curve. We shall 
assume a "pil l-box" current  distr ibution,  i . e . ,  the cur-  
ren t  density is uni form over the entire beam. Although 
the excitation density calculated on the basis of this 
assumption will not be numer ica l ly  correct, it will  be 
proportional to the true value, and as such is sufficient 
for our purposes. 

The spot brightness data of Fig. 2 can now be plotted 
v s .  excitation density in Fig. 3. We see that  the green 
and blue sulfides saturate at high excitat ion densities 
and the red rare earth phosphor remains  linear.  

Thus, we have shown that  there is more than  one 
way to make a cathodoluminescence measurement ,  and 
hence, it is qui te  possible to obtain more than  one set 

'10 
0 
0 
x 

8 

i- 
t-" 
~ 6  

~  

o 4  
I/) 

green 

red 

> 
tO 

0 
2 I-/" ~ blue 

0 1 ~  ' I I I 
0 0.1 0.2 0.3 

excitation density (arbitrary) 
Fig. 3. Dependence of average spot brightness on beam exclta- 

tion density, measured on 19 in. cathode ray tubes with a single 
line scan raster. 



290 J. gZectroehem. Soe.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY February  1978 

of data for a part icular  phosphor. The problem then 
can be stated in the following way: What  is the differ- 
ence between the various schemes of taking cathodo- 
luminescence data, and which method is the best in  
terms of unders tanding  phosphor physics? 

Excitation Techniques 
Three excitation methods current ly  in use are con- 

t inuous (or d.c.)~ pulsed, and raster. The first two are 
real ly  defined by the characteristic times of the phos- 
phor under  study: the rise and decay times of the 
phosphor must  be compared to the excitation pulse 
length and the period between pulses. These charac- 
teristic times can vary from nanoseconds for flying 
spot scanner phosphors, to microseconds for the mate-  
rials used in  television picture tubes, to milliseconds 
for oscilloscope phosphors, and to seconds for day-glow 
phosphors. 

To simplify matters, we will  consider only those 
cases where the phosphor rise and decay times are 
both very short compared to the t~me between excita- 
t ion pulses. (One can always arrange an exper iment  
such that this requi rement  is met.)  Then, depending on 
whether the dura t ion of excitation, i.e., the excitation 
pulse length, is long or short compared to the phosphor 
response time, i.e., the phosphor rise time, one has 
either continuous or pulsed excitation, respectively. 
We note that a cathode ray tube capable of generat ing 
a fixed pulse length electron beam will excite some 
materials  in  a pulsed mode and others continuously. It 
is obvious that  the approximations which are possible 
at these two extreme cases are not valid if the excita- 
t ion t ime is the same as the response t ime of the phos- 
phor. This does not mean that such a si tuation is not 
amenable  to interpretat ion,  only that in terpre ta t ion is 
more difficult. This also holds if the simplifying as- 
sumption made above is invalid. 

In continuous excitation, a steady-state condition is 
achieved wherein a constant  fraction of the lumines-  
cent centers in the phosphor are in an excited state at 
all times. As excited centers decay (radiat ively or 
nonradia t ively) ,  other centers are excited from the 
ground state by the incident  electron beam. Hence, the 
required input  parameter  is current  density j, which is 
a measure of the t ime rate of incident  electrons. 

In  pulsed excitation, the input  parameter  of interest  
is charge density, ~. Because the entire excitation takes 
place in a very short time, the phosphor does not begin 
to respond to the incident  electron beam unt i l  the pulse 
has ended. Thus, the details of the electron beam 
pulse waveshape are unimpor tant ;  the only meaningful  
measure of excitation is the integral  

r = ,~ j dt [i] 

Then, provided the excitat ion duty  factor is low 
enough, we can conceive of the phosphor as being sud- 
denly excited as the entire charge of the pulsed elec- 
t ron beam is dumped into the crystallites all  at once, 
and then slowly re laxing as the phosphor luminesces 
and returns  to the ground state. 

Let us now tu rn  our a t tent ion to raster excitation. 
This is a var iant  of pulsed excitation which is different 
enough to war ran t  special t reatment .  Rasters are tech- 
nologically impor tant  (as in  television) and are easy 
to generate. A raster is also an easy method of exciting 
a phosphor screen to uni form brightness. Each phos- 
phor crystallite is excited by the electron beam as it is 
swept past, so in effect the excitation is a pulse of 
length z where 

= dlv  [2] 

d is the electron beam diameter  and v the velocity of 
the scanned beam. For typical television rasters, this is 
in  the submicrosecond range. Each element of the 
phosphor screen is excited at a different time, and the 
light output of the screen appears constant. Hence, a 

s i g n a l  

g e n e r a  t o r  S y n c .  
�9 -o o 

Fig. 4. Experimental arrangement for observing time-averaged 
and time-resolved luminescence. 

measurement  of the luminescence of a large area of 
the screen will show minimal  t ime dependence; if the 
photodetector can see the entire raster the sensor out-  
put  will be essentially constant. If, however, the photo- 
detector is i l luminated by only a very small  region of 
the screen (smaller than the diameter  of the electron 
beam) then the output  signal will  be a pulse. 

Figure 4 shows the exper imental  a r rangement  used 
to measure the luminance  of a phosphor screen. The 
brightness is measured in relative uni ts  by the photo- 
mult ipl ier ;  the microammeter  measures the ordinary  
t ime-averaged brightness and the oscilloscope displays 
the t ime-resolved brightness. The microscope allows 
one to measure the brightness of ~ small  region of one 
phosphor dot; this we call the spot brightness. When 
the microscope is not present, the photomult ipl ier  mea-  
sures the brightness over many  phosphor dots; we call 
this the raster brightness. In a television display, the 
viewer sees the raster brightness. The spot brightness, 
the brightness of an infinitesimally small  area, is 
needed for analytical  purposes if one is to unders tand 
the phosphor contr ibut ion to the display system. 

Excitation Density 
We can compute the excitation density for each of 

the three modes for two different assumed current  
profiles. We will consider a "pil l-box" current  distri-  
but ion and a Gaussian, as shown in  Fig. 5. 

A word on notation: The first subscript indicates 
the mode of excitation (continuous, pulsed, or raster) ,  
and the second specifies the assumed current  profile 
(pi l l -box or Gaussian).  The radial  distance from the 
center of the beam is r, and the parameter  a is the 
usual measure of width of the Gaussian. The ob- 
served electron beam diameter  is d. 

If the tota l  beam current  is i, then for the pi l l -box 

4 i 
Lp = - - - -  [3] 

d 2 

and for the Gaussian 

Jcg 
i 

exp [--  (r/a)~] [4] 

These are the excitation densities for continuous ex- 
citation. 

When r = 2a, the exponential  term is 0.018, so we 
will define the effective radius of the Gaussian distri-  
but ion as 2a. Hence we have 

16 i 
Jc~ -- exp [--  (4r/d)  2] [5] 

d 2 

which for 
4r/d < 0.1 

4.e., at the center os the beam, reduces to 

16 
j,,~ - [82 

d g 
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Fig. 5. Current density distributions for a pill box model (top) 
and a Gaussian (bottom). 

For pulsed excitation, the excitation density is the 
t ime integral  

~p = j ~ j  dt [7] 

which, for the pi l l -box dis t r ibut ion is 

4 

d 2 
and is 

CATHODOLUMINESCENCE 

[8] 

16 
~pg = -- -- T [9]  

d 2 

for the Gaussian. 
For raster excitation, one performs an integrat ion 

c r =  / ~ j d t =  - - j d x  [10] 

[il] 

which is (for the pi l l -box)  

4 

vd 

where v is the beam-scanning  velocity. For  the Gaus- 
sian 

4 i 
exp [--  (4y/d) 2] [12] 

which, for 
4y/d < 0.1 

reduces to 
4 

[13] 
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tribution. The excitation densities for pulsed and raster 
excitation differ in their  dependence on beam diam- 
eter, as in  the la t ter  the beam is integrated as it sweeps 
past the phosphor crystall i te being studied. 

Inspection of the expressions above shows that  for 
continuous and pulsed excitation, the p e a k  value for 
the Gaussian iSr four t imes that of the pi l l -box model. 
For a typical high resolution 19 in. color television 
picture tube, which has a 1 m m  diam spot at a beam 
current  of 1 mA, the cur ren t  densi ty is 127 m A / c m  2 
for an assumed pi l l -box distr ibution,  and for a Gaus-  
sian, the peak current  densi ty is over 500 m A / c m  2. For 
raster excitation, the  density for the Gaussian is only  
~/~ = 1.77 times the pi l l -box value. For the same 19 in. 
tube, the charge density is therefore 1.91 X 10 - s  C/cm 2 
for the pi l l -box model and 3.39 X 10 - s  C /cm 2 for the 
Gaussian. 

Multiexcitation Effects in Raster Excitation 
There is one complication in  raster  excitation; this 

is related to the fact that the distance between scan 
lines of the raster is not  unique. By making  appropriate 
adjustments  in the vert ical  and horizontal  deflection 
fields it is possible to change the size and shape of a 
raster by an arb i t ra ry  a m o u n t  The raster brightness 
will, of course, vary  inversely with raster size. Figure 
6 shows such behavior. At each value of beam current ,  
as the size of the raster is reduced, the raster  br ight-  
ness goes up. In Fig. 7 we present  spot brightness data. 
The curves are roughly similar to the raster br ight-  
ness curves, but  there is a sharp break in  each curve 
at which the slope changes. This is indicated by the 
dashed line. This change in  slope indicates that  two 
processes may be at work. 

To separate these two processes, we show in  Pig. 8 
the spot brightness as separate functions of raster  
width and raster height. In  the upper  set of curves, 
where only the raster width has been changed, there 
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is only one slope, indicating only one process. The 
slope is essentially that  of the r igh t -hand  lines in Fig. 
7. As the ras ter  width is decreased, because the t ime 
per  scan line is fixed, the beam scanning velocity de- 
creases also, so the effective pulse length of the beam 
as it excites the small area under  s tudy .increases. 
Thus, the increase in brightness as the raster  width  is 
r e d u c e d  is due to the increase in the total  t ime during 
which the phosphor is excited. 

Let  us now look at the way the slope changes when  
the raster  he ight  is changed. For  small  reductions there  
is no c'hange in spot brightness, but upon fur ther  re-  
duction the slope increases, and this increase is sharper  
than for the same rela t ive  decrease in raster  width. 
The explanat ion is as follows: for a given electron 
beam current,  as the raster  height  is reduced, the ver -  
tical separat ion between the horizontal  scanning lines 
becomes smaller. If  the electron beam diameter  is less 
than this distance there  is no effect, and there is no 
change in the spot brightness. However ,  when the 
beam diameter  is greater  than the ras ter - l ine  spacing, 
i.e., when the ratio of the d iameter  to the spacing is 
greater  than unity, the phosphor dot will  be excited 

m o r e  than once per  f rame period, and the spot br ight-  
nes s  will  increase. The grea ter  the ratio, the g r ea t e r  

: t 'he  increase in spot brightness. The ratio can be in-  
creased ei ther by reducing the raster  height  o r  by en- 
larging the electron beam diameter.  Because the beam 
diameter  increases wi th  current,  the onset of mult iple  
exci tat ion occurs sooner at higher  currents. This 
mult iple  excitat ion phenomenon can be visualized by 
studying the idealized spot brightness waveshapes of 
Fig. 9. The upper  par t  shows the photodetector  output  
for a single exci tat ion per f rame time, while  the lower 
sketch indicates five excitations per frame. The middle 
pulse is the result  of t he  center  of the electron beam 
passing the screen e lement  under  observation;  the two 
to the left  are due to excitat ion by the bottom of the 
two previous scans and the two peaks to the r ight  are 
due to excitat ion by the top of the next  two scans. 

A family of oscil lograms of the t ime resolved br ight-  
ness curves is shown in Fig. 10. The upper lef t  corner 
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shows one excitat ion per f rame t ime for the conditions 
of low current  (and hence small beam diameter)  and 
full  raster  (when the vert ical  separat ion between ad- 
jacent  scan lines is the largest) .  The photographs 
clearly show the onset of mul t iexci ta t ion  as the beam 
current  increases and /or  the ras ter  size is reduced. 

From the viewpoint  of the television design engineer,  
when the degree of mul t iexci ta t ion is excessive, pic- 
ture qual i ty  will  be reduced. From the viewpoint  of 
phosphor physicists who make cathodoluminescence 
measurements  using shrunken rasters, results may be 
meaningless unless the degree of mult iexci ta t ion and 
current  density are specified. 

In typical demountable  cathode ray tubes, the sample 
area (which is the same as the raster  area) is 10 c m  2 
or less, the beam diameter  is about 0.1 cm, yielding an 
effective pulse length of 1.5 ~sec, and there  may  be 100 
scan lines per  centimeter.  This can be compared wi th  
a 19 in. color picture tube, which has an area of 1200 
cm~, the same beam diameter  of 0.1 cm, an effective 
pulse length of 150 nsec, and only 8 scan lines per cm.  

This then is the reason why  there  is typical ly no cor- 
relat ion between demountable  tube measurements  and 
data taken on full-size picture tubes. As was shown in 
Fig. 10, the full  size raster  will  show no mul t iexci ta t ion 
effects, whereas the demountable  raster, which is about 
one- tenth  full  size, will  show considerable m u l t i e x c i t a -  
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Fig. 10. Actual time-resolved luminescence curves far a 19 in. 
cathode ray tube at various raster sizes and beam currents. 

tion. I t  is found tha t  mul t iexc i ta t ion  tends to l inear ize  
ras ter  br ightness  data, and hides the t rue  degree of 
sa tura t ion  (or sub l inear i ty )  of the  phosphor.  In add i -  
tion, the  effective pulse length  in the smal l  ras te r  ex-  
c i ta t ion is an o rde r  of magni tude  longer  than  in the  
large area  raster ,  mak ing  the impulse  approx ima t ion  
inval id  for many  phosphors.  

Determination of Beam Current Density 
To calcula te  the cur ren t  densi ty  requi res  a knowl -  

edge of the cur ren t  profile, which  is de te rmined  by  the 
e lect ron gun. The e lec t ron beam "diameter"  is usual ly  
de te rmined  by  visual  observa t ion  of the l ight  spot p ro -  
duced by  a phosphor.  I t  is possible to use the profile 
of the  osci l lograms of a mu l t i p ly  exci ted  phosphor  
screen to calculate  the  profile of the e lect ron beam. 
F igure  11 shows osci l lograms of e lect ron beams of di f -  
ferent  beam profiles, which were  crea ted  by  de l ibe r -  
a te ly  defocusing the beam. The envelope o f  the  pulses 
in the  osci l logram is a represen ta t ion  of the  e lec t ron  
beam profile, and by  an appropr i a t e  ana ly t ica l  t r e a t -  
ment  the b e a m  shape can be extracted.  F igure  12 
shows a comparison of the  beam "diameters"  obta ined  

Fig. 11. Multiexcltation effects for a 19 in. cathode ray tube 
under conditions of focus (center) and defocus (top and bottom). 
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One point  commonly overlooked is the question of 
how to define current  density. The phosphor crystal-  
lites are exposed to an instantaneous current  density 
given by (assuming a "pil l-box" current  dis tr ibut ion)  

4 
j _ - -  [ 1 4 ]  

d ~ 

A common error  is to call 

j '  = -  [15] 
A 

(where A is the raster area) the current  density, while 
in actuali ty it is the t ime-averaged current  density. 
This is not the value to which the phosphor responds. 
The instantaneous value j, or the integral  ~ = f j dr, 
are the only meaningful  quanti t ies if one wishes to 
study phosphor physics. 

Conclusion 
Thus we have seen that  in a raster excitation ex- 

periment,  mult iexci ta t ion can cause a considerable ef- 
fect. Any exper iment  which permits mult iexci tat ion to 
occur will yield misleading results, as the current  den-  
sity of the excitation pulse will  be unknown  and the 
number  of excitation pulses per frame will vary  as 
the beam current,  and hence beam diameter, varies. 

It s~hould be pointed out that a ras ter -scanning ex-  
per iment  wherein only raster brightness measurements  
are made cannot be properly used even for crude 
evaluat ion experiments,  for the degree of nonl inear i ty  
differs for various phosphors, prevent ing  any compari-  
son, even if the same excitation means (electron gun, 
deflection yoke, etc.) are used. Hence raster brightness 
measurements  are a poor way to characterize cathodo- 
luminescent  phosphors: a much more meaningfu l  tech- 
nique is a spot brightness measurement  as a funct ion 
of beam excitation density on a single l ine scan raster, 
or on a s tat ionary pulsed beam (meeting the criteria 
discussed above) as a funct ion of cur ren t  density. 
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Preparation of Pure and Doped Silicon Carbide 
by Pyrolysis of Silane Compounds 
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ABSTRACT 

Polycrystal l ine #-SIC is prepared from three different silane compounds 
(methyl- tr ichlorosi lane,  dimethyl-dichlorosilane,  and t r imethyl-chlorosi lane)  
by the van Arkel  process. The influence of the growth parameters  (flow 
rates, vapor pressures, and deposition temperature)  on the growth rate and 
the stoichiometry of the deposit is investigated. The most satisfactory results 
in terms of stoichiometry are obtained in  the 1400~176 temperature  range. 
Doping is accomplishect by adding t r ime thy l - a luminum and diborane. The 
6H silicon carbide crystals are grown by the subl imation technique using 
doped and undoped polycrystal l ine material .  

The 6H polytype of silicon carbide is considered a 
potential ly useful mater ial  for special semiconductor 
devices, e.g., for l ight -emit t ing  diodes, high tempera-  
ture  rectifiers, and avalanche diodes. The 6 H  silicon 
carbide crystals for electronic applications are pro- 
duced by subl imat ion of polycrystal l ine silicon car- 
bide or e lementary  silicon and carbon at temperatures  
around 2500~ (Lely process). In most cases, so far, 
commercial (green or black) gr inding powder has 
been used as a feed mater ia l  (1-3) ; the synthesis from 
the elements is general ly less efficient in terms of 
crystal size and perfection. With the gr inding powder, 
however, a large amount  of various impuri t ies  is in t ro-  
duced into the growth system. The resul t ing (n-  or 
p- type) :crysta ls ,  therefore, contain compensating (ac- 
ceptor or donor) impuri t ies  and also deep traps: These 
crystals cannot be directly used for junct ion forma- 
tion in most applications. They may serve as a sub-  
strate mater ial  for VPE or LPE processes; some im-  
pur i ty  transfer (autodoping) from the substrate to 

* Electrochemical Society Active Member. 
Key words: silicon carbide, van Arkel process, methyltrichloro- 

$ilane, dimethyl-dlchlorosilane, trimethyl-chlorosilane. 

the epitaxial layer  then must  be taken into account 
(4). 

The realization of blue l ight-emit t ing diodes with a 
ra ther  high efficiency has prompted the present  invest i-  
gation on the preparat ion of polycrystal l ine silicon 
carbide as a start ing mater ial  in  the Lely process (5). 
Previous studies on vapor-phase reactions involving 
silicon carbide were performed with emphasis on 
single crystal growth of different polytypes (6-13). 
Knippenberg,  Kapteyns,  and Hagen were the first to 
introduce presynthesized (CVD) silicon carbide in  the 
Lely process (14, 15); this mater ia l  was obtained with 
a methyl-dichlorosi lane source at a low deposition rate 
(3g/hr) .  The main  purpose of this s tudy is the opt imi-  
zation of the growth rate, the yield, and the stoichiom- 
etry of the vapor-grown material .  This has been ac- 
complished by proper reactor design, choice of reac- 
tants, and deposition conditions. In addition, some ob- 
servations on the surface morphology are included. 

A major  problem in the Lely process is the repro- 
ducibil i ty of the incorporation of acceptors (mainly  
a luminum and boron).  Previously, these dopants have 
been added in solid form to the (undoped) feed mate-  
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r ia l  in the  Le ly  process. I t  is difficult, however ,  to ob-  
ta in  un i fo rmly  doped crysta ls  in this manner ,  because 
of large  differences in the vapor  pressures  of the 
dopants  and the dissociat ion products  of silicon car -  
bide. This p rob lem can be overcome by in t roduct ion  
of dopants  dur ing  the pyrolys is  of the si lane com- 
pounds. Doping wi th  d iborane  and t r i m e t h y l - a l u -  
minum has been inves t iga ted  in this s tudy.  

Experimental 
The pr inc ip le  of the van A r k e l  process  is shown in 

Fig. la.  Detai ls  of the  reac t ion  chamber  can be seen 
in Fig. lb.  The (wate r -coo led)  base p la te  is made  f rom 
s i lve r -p la t ed  copper,  the cur ren t  leads and the gas 
in le t  (nozzles) a re  of pure  silver.  I t  is impor t an t  tha t  
the  gas s t reams e jec ted  f rom the nozzles a re  hi t t ing 
both carbon ,hea te r  rods un i fo rmly  and wi th  high 
velocity.  This can be accomplished by  appropr ia t e  
shaping and ad jus tmen t  of the  nozzles. The carbon 
rods (6 m m  diam, 150-30.0 m m  length)  are  hea ted  wi th  
a.c. under  constant  vol tage  conditions. Exact  measu re -  
ments  of t he  t e m p e r a t u r e  (by  p y r o m e t r y )  are  possible 
only  in the  in i t ia l  s tage of the growth  exper iment ,  
since react ion by-p roduc t s  are  deposi ted at the  inside 
of the quar tz  bel l  jar .  I t  is es t imated  tha t  the  surface 
t e m p e r a t u r e  of the  silicon carbide  decreases by  about  
100~ dur ing  the 6 hr  g rowth  period. The react ion 
chamber  is carefu l ly  evacua ted  and flushed wi th  pure  
hydrogen  (50 min, at  least)  before  each run. The 
deposi t ion takes  place in hydrogen  at a tmospher ic  
pressure.  

The ca r r i e r  gas can be sa tu ra ted  wi th  si lane com- 
pounds kep t  at ( thermos ta t ica l ly  control led)  t empera -  
tures in the  13~176 range. The fol lowing compounds 
have been used: methyl - t r ich loros i lane ,  CHsSiC13 

REACTION 
CHAMBER - 

EX- 
SILANE (CH3)3AI/ HAUST 

COMPOUND 610H22 (PUMP) 

B2H6/Ar H 2 

Fig. la. Apparatus for the growth of doped and undoped silicon 
carbide by the van Arkel process. 
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Fig. lb. Design of reaction chamber 
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Fig. 2. Vapor pressure of silane compounds. From Landolt-Biirn- 
stein (16). 

(M1); d imethyl -d ich loros i lane ,  (CH3)2SIC12 (M2);  
and t r imethyl -ch loros i lane ,  (CH~)3SiC1 (M3). The 
vapor  pressures  of these compounds are  shown in Fig. 
2. The use of me thy l -d ich lo ros i l ane  (H_M) appears  to 
be impract ical ,  due to the high vapor  pressure  at  room 
tempera ture .  

Doping of po lycrys ta l l ine  ma te r i a l  wi th  boron is 
accomplished by  adding a me te red  flow of d iborane  
(di lu ted  in argon)  dur ing  the  deposi t ion cycle. A 
separa te  bubb le r  containing a 10-20% solut ion of 
t r i m e t h y l - a l u m i n u m  in n -decane  (C10H22) serves as 
the source for a luminum doping; the  vapor  p ressure  of 
n -decane  is negl igible  in the  t empe ra tu r e  range  in-  
volved. 

The carbon rods and excess carbon (if any)  are  re -  
moved by  h e a t - t r e a t m e n t  in oxygen.  Any  excess of 
sil icon is r emoved  by  evapora t ion  in vacuum. Thus, 
both an excess of carbon and an excess of si l icon can 
be de te rmined  quan t i t a t ive ly  by  s imple  g rav imet r i c  
means. 

The silicon carb ide  rods (doped and undoped)  are  
broken  into lumps  of sui table  size and cleaned in hy -  
drofluoric acid. These lumps  serve as a feed mate r i a l  
for the modified Le ly  process descr ibed prev ious ly  (5, 
14). The 6H silicon carb ide  crystals  are  obta ined in the  
form of p la te le ts  wi th  flat surface pe rpend icu la r  to the 
c-axis.  Hal l  and res is t iv i ty  measurements  a re  pe r -  
formed by  the van der  Pauw method.  

Growth of Polycrystalline SiC 
The growth  of po lycrys ta l l ine  silicon carbide  f rom 

silane compounds can be descr ibed in te rms of the 
fol lowing react ions (17). At  low t empera tu re s  ( ~  
1200~ 

CH~SiC18 4- 2H2-~ Si + CH4 + 3HC1 

(CH3)2SiC12 4- 2H2-> Si q- 2CH4 + 2HCI 

(CI-I3)3SiCI 4- 2H2-> Si 4- 3CH4 + HCI 

CH4-> C + 2H2 

Si + C ~ SiC 

At  high t empera tu res  ( ~  1800~ 

2CH~SiCI3 + H2 ~ 2St + C2H2 -~- 6HC1 

(CHs)2SiCl2 -F H2"-> Si + C2H2 + 2HCI 4- 2H2 
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2(CH~)3SiCI -p H2-~ 2St + 3C2H2 -F 2HCI -F 61-12 

C~H~-* 2C + H2 

Si + C -~ SiC 

In the in te rmedia te  t empe ra tu r e  range  bo th  methane  
and acetylene  can be formed.  

The amount  of excess silicon or carbon resul t ing  
f rom the  above react ions  is dependent  on the s i lane 
composi t ion and the growth  tempera ture .  As shown 
in Fig. 3, an essent ia l ly  s toichiometr ic  g rowth  of silicon 
carbide  is possible wi th  al l  th ree  s i lane compounds 
in the  1450~176 t empera tu re  range.  M e t h y l - t r i -  
chlorosi lane (M1) yields  a r e la t ive ly  large  excess 
of silicon at t empera tu res  be low 1400~ The resul ts  
obta ined wi th  d imethy l -d ich lo ros i l ane  (1Vi2) and t r i -  
methy l -ch loros i lane  (M3) are  qui te  s imilar  in the  
1400~176 t empe ra tu r e  range.  

The t empera tu re  dependence  of the over -a l l  g rowth  
ra te  is shown in Fig. 4. With  the process pa rame te r s  
fixed as follows: bubb le r  t empera tu re ,  12~ bubble r  
flow rate,  60 l i t e r s /h r ;  and total  flow rate,  300 l i t e r s /h r ;  
one obtains the h ighest  deposi t ion ra te  wi th  si lane M3 
(15 g / h r  a t  1600~ due to the  high vapor  pressure  
of this compound (see Fig. 2). The deposi t ion rates  
achieved wi th  the si lane compounds M1 and M2 are 
quite s imi lar  (6 g /hr .  app rox ima te ly ) .  These figures 
are  val id  for  a s imul taneous  deposi t ion on two car -  
bon rods  of 150 mm length  each. The y ie ld  can be 
i n c r e a s e d b y  50%, approx imate ly ,  by  using carbon 
rods of 300 m m  length.  

A h igher  growth  ra te  can also be achieved by  in-  
creasing the bubble r  flow rate,  at  the  expense  of the 
bypass.flow. An  example  is shown in Fig. 4 ( top curve)  
for silicon carbide  growth  using silane M2 (bubble r  
flow ra te  100 l i t e r s /h r ,  no bypass ) .  

F igure  5 demons t ra tes  the  influence of the  g rowth  
t empera tu re  on the morpho logy  of sil icon carbide  
(with excess silicon or carbon)  produced f rom di-  
methyl -d ichloros i lane .  High densi ty  ma te r i a l  wi th  
smal l  gra in  size and un i formly  d is t r ibu ted  excess 
silicon is obta ined at  low temperatures .  The gra in  
size increases wi th  increasing g rowth  tempera ture .  
The excess carbon which is formed at t empera tu res  
above 1600~ is concentra ted  ma in ly  be tween  p a r -  
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tides of silicon carbide. Similar results are obtained 
with the other silane compounds. 
The influence of various process parameters (silane 

temperature, gas flow) on the growth rate is shown 
in Fig. 6. As expected, there is a monotonic increase of 
the growth rate with increasing saturation tempera- 
ture (silane vapor pressure, Fig. 6a). A higher growth 
rate can also be achieved by increasing the flow rate 
through the silane bubbler (Fig. 6b). At flow rates 
exceeding 60 liters/hr, however, there is only a small 
further increase of the growth rate. The dependence 
of the growth rate on the total hydrogen flow (bubbler 
plus bypass) is shown in Fig. 6c. There is a maximum 
at 300 liters/hr. Obviously, the deposition reaction will 
be incomplete if the gas velocity in the vicinity of the 
carbon rods is too high. 

Properties of Silicon Carbide Crystals Grown from 
the Van Arkel Mater ia l  

The 6H silicon carbide  crysta ls  have been grown by 
the subl imat ion technique (Le ly  process)  using com- 
merc ia l  "green gri t"  abras ive  and silicon carbide syn-  
thesized by the van Arke l  process. The electronic 
proper t ies  of these crysta ls  are  summar ized  in Table  I. 
Crystals  grown from the abras ive  powder  are  usua l ly  
p - t y p e  and highly  compensated;  the hole mobi l i ty  is in 
the 10-15 cmz/V sec range. An  addi t ion of n i t rogen 
dur ing  the Lely  process y ie lds  n - t y p e  crysta ls  wi th  a 
mobi l i ty  a round  120 cm2/V sec. Crysta ls  g rown from 
undoped van  Arke l  ma te r i a l  a re  n- type ,  wi th  a mo-  
b i l i ty  up to 200 cm2/V sac. Doping wi th  a luminum and 
boron has been achieved by adding t r ime thy l a lumi -  
num and d iborane  dur ing the van Arke l  process. Using 
10 and 20% solutions of (CH3)sA1 in CloHz2 (n-decane) ,  
hole concentrat ions be tween 10 ~s and 10 is cm-3  have 
been obtained. The mobi l i ty  is in the range  f rom 10 
to 35 cm2/V see. 

The dependence  of the hole concentra t ion on the 
pa r t i a l  pressure  of the dopant  dur ing the van Arke l  
process is shown in Fig. 7. There  is a l inear  r e la t ion-  
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Fig. 5. Morphology of silicon carbide grown by the van Arkel process at different temperatures (si!ane M2). (a) 1200~ (b) 1400~ 
(c) 1600~ (d) 1800~ (initia! temperatures). 
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ship (approximate ly)  for the doping with aluminum. 
The over -a l l  doping efficiency is much smaller  than 
unity, because of losses of a luminum during the van  
Arkel  process and during the subl imation of silicon 
carbide (i.e., high vapor  pressure of a luminum as 
compared to silicon carbide).  The incorporat ion of 
boron exhibits  a sublinear behavior.  A visual in-  
spection of the polycrystal l ine mater ia l  indicates tha t  
a large part  of the boron is deposited as e lementary  
boron particles. Thus, most of the boron is probably 
lost during the oxidation and degassing cycles. 

The 77~ photoluminescence spectra of silicon car-  
bide crystals grown f rom different types of polyerys-  
tal l ine mater ia l  are shown in Fig. 8. Crystals pro-  
duced from abrasive powder  exhibi t  a broad emis- 
sion spectrum with  a max imum around 640 nm and 
additional peaks at 505 and 535 rim. The emission 
spectrum of crystals grown f rom undoped van  Arkel  
mater ia l  is dominated by the 640 nm peak. A re la t ive ly  
weak emission peak is found at 475 nm; this peak may 
be due to a "memory  effect" resul t ing f rom previous 
doping exper iments  wi th  aluminum. Crystals grown 
from Al-doped van Arkel  mater ia l  exhibit  a strong 
emission peak at 490 nm; the 640 nm peak is also 
present. 
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undoped silicon carbide produced by the van Arkel process; curve 
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The 640 nm peak is also observed for all boron-  
doped crystals. It is not clear, however ,  whe ther  boron 

Table I. Properties of silicon carbide crystals 

Starting 
material Dopant 

Carrier  concentration (cm -~) 
Room High 

temperature t e m p e r a t u r e  
Mobi l i ty  

(cmr sec)  
A c t i v a t i o n  

e n e r g y  ( m e V )  

Abrasive None 
Abrasive N~* 
van Arkel mat. None 
van Arkel mat. ( CHa ) aA]* * 

p = 1 . . . 5 x 101~ 2 x 10 TM 1 0 . . .  15 2 7 0  
n = 1 . . . 5  x 1016 2 x 1017 120  70  
n = 1 x 10 l~ 3 x 10 ~ 200  70 
p = 1.5 X 10 le 6 x I 0  is 35  270 
p -- 8 x IO TM 1 • I0 TM 28 270 
p = 3 X 1017 2 • i0 TM 22 2 7 0  
p = 1 x 10 TM 2.5  x 1019 10 2 7 0  

* Doping during Lely process .  
** Doping during van A r k e l  process .  
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incorpora t ion  is the only reason for  the  occurrence of 
this  peak;  c rys ta l  defects  m a y  also cont r ibu te  to the  
640 nm emission. The l a t t e r  process is suggested by  
the resul ts  obta ined wi th  crys ta ls  of ex t r eme ly  high 
pur i ty .  

Conclusion 
Pure  and doped po lycrys ta l l ine  sil icon carb ide  c a n  

be produced  by  the van  A r k e l  process using s i l a n e  
compounds.  A reasonable  g rowth  ra te  (in the  o rde r  
of 40 g /h r )  can be achieved by  p roper  choice of the 
growth  condit ions;  a s toichiometr ic  deposi t  is ob-  
ta ined  in the  1400~176 t empe ra tu r e  range.  The 
po lycrys ta l l ine  SiC mate r i a l  can serve  as feed ma te -  
r ia l  for  the  Le ly  process, i.e., for the  g rowth  of 6H 
silicon carb ide  crystals .  A subs tant ia l  improvemen t  of 
the  e lect r ica l  p roper t ies  (i.e., higher  car r ie r  mobi l i ty )  
has been achieved. The process is pa r t i cu l a r ly  useful  
for doping wi th  a luminum;  hole concentrat ions in the 
1016-10 is cm -3 range  are  obta ined rep roduc ib ly  in 
this manner .  

Manuscr ip t  submi t t ed  June  17, 1977; revised m a n u -  
script  received Sept.  7, 1977. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1978 
JOURnaL. Al l  discussions for the  December  1978 Discus-  
sion Section should  be submi t ted  by Aug. 1, 1978. 

Publication costs o] this article were assisted by the 
Institut A ]~r Werkstof]kunde der Technische Univer- 
sit~Lt Hannover. 
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Optical Reflectance Method for Determining the Surface 
Quality of Sapphire (AI O ) 

P. J. Zanzucchi,* M. T. Duffy,* and R. C. Alig 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Pol ished sapphi re  wafers  are  used as subs t ra tes  for the g rowth  of crys-  
ta l l ine  silicon. The qua l i ty  of the subs t ra te  surface is an impor tan t  factor  in 
de te rmin ing  the crys ta l l ine  qual i ty  of the  sil icon film and, in turn,  re la tes  to 
sil icon device pe r fo rmance  and re l iab i l i ty .  To improve  s i l i con-on-sapphi re  
device manufac ture ,  a sensi t ive and nonaes t ruc t ive  Gptical reflectance tech-  
nique has been developed to de te rmine  the qual i ty  of pol ished sapphi re  sur -  
faces. The corre la t ion  be tween  surface damage  and single or mul t ip le  specular  
reflectance of sapphi re  in the la t t ice  mode region, 900-300 cm -1, is repor ted.  
As a resul t  of surface damage,  the  A1203 v ibra t iona l  modes of sapphi re  a re  
d is tor ted  and the opt ical  constants  associated wi th  these modes change. To 
in te rp re t  the  single and mul t ip le  reflectance spect ra  the  optical  constants of 
undamaged  and damaged  (1102) sapphi re  surfaces have been ca lcula ted  f rom 
reflectance da ta  using the K r a m e r s - K r o n i g  method.  F rom this analysis,  the  
reflectance of sapphi re  at  about  600 cm -1 is found to be ve ry  sensi t ive to 
surface quali ty.  In this spectra l  region mul t ip le  reflectance can be used to 
measure  the  surface qua l i ty  of sapphi re  wi th  a high degree of sensitivity..  The 
technique can, in pr inciple ,  be used to measure  the  qual i ty  of any  semicon-  
ductor  or dielectr ic  surface in spectra l  regions  of high reflectance, such as 
regions of la t t ice  band or bandgap  absorpt ion.  

The c rys ta l l ine  per fec t ion  of thin, ep i tax ia l  layers  is 
s t rong ly  influenced by  the crys ta l l ine  perfec t ion  of the  
subs t ra te  surface. F rom studies of the  growth  of sil icon 
films (1, 2) on sil icon subs t ra tes  i t  is wel l  known  tha t  
defects on the subs t ra te  surface lead  to crys ta l  g rowth  
defects in the  ep i tax ia l  layer .  By the use of Lang topo-  
graphic  techniques,  McFar l ane  and Wang (3) have 
shown that  the crys ta l l ine  per fec t ion  of I I I -V  semicon-  

* Electrochemical  Society Active Member. 
Key words: quality control, (1~02) sapphire, multiple reflec- 

tance, Kramers-Kronig method.  

ductor  films on sapphi re  or  spinel  subs t ra tes  is signifi-  
can t ly  a l te red  by  defects on the subs t ra te  surface. 
These defects, which of ten are  not visible,  are usua l ly  
scratches  in t roduced in the  pol ishing of the  subst ra te .  
Defects can cause ~he ep i tax ia l  film to be misor ien ted  in 
localized regions. As a consequence, this in t roduces  l a t -  
t ice imperfect ions  in the  ep i tax ia l  film and these i m p e r -  
fections are  pa r t i cu l a r ly  ev ident  when the ep i t ax ia l  
film is r e la t ive ly  thin, i.e., a mic romete r  or less in 
thickness.  Wi th  the increased use of semiconductors  
and dielectr ics  p r e p a r e d  as thin e p i t a x i a l  films by  
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chemical  vapor  deposit ion,  there  is a need for a fast  and 
nondes t ruc t ive  technique for de te rmin ing  the qual i ty  
of polis,hed sapphi re  surfaces. 

An  optical  mul t ip le - ref lec tance  technique for de te r -  
mining the qual i ty  of sapphi re  surfaces used in s i l icon- 
on-sapphi re  (SOS) device manufac ture  is descr ibed 
in this paper .  I t  is known from the  work  of Barke r  (4) 
that  the procedures  used to polish sapphi re  can in t ro -  
duce la t t ice  damage  or s t ra in  at  the  sapphi re  surface. 
According to Barke r  (4), this surface damage  deforms 
the  normal  modes of A12Q (sapphi re ) ,  the associated 
optical  constants  change, and fo rb idden  modes appear  
in the  specula r  reflection spec t rum of the la t t ice  modes. 
Thus optical  reflectance can be used to detect  pol ish-  
ing - re l a t ed  la t t ice  damage  and the magni tude  of the  
optical  constants  of the sapphi re  surface can be used to 
provide  a quant i ta t ive  measure  of the damage.  

To in te rp re t  the reflectance spec t rum of sapphire,  i t  
is ve ry  useful  to know the opt ica l  constants.  These con- 
s tants  a re  not  known for the (1"102) or ientat ion,  Fig. 1, 
of sapphire .  Since they  are  impor t an t  to an ove r -a l l  
unders tanding  of the fea tures  of a single and mul t ip le  
reflectance spectra,  we have used the K r a m e r s - K r o n i g  
method to de te rmine  the opt ical  constants of damaged  
and undamaged  (1102) sapphi re  surfaces in the  la t t ice  
mode region. Based on this, la t t ice  mode regions can be 
selected where  the opt ical  p roper t ies  of sapphi re  cor-  
re la te  wi th  surface  damage.  We have used the tech-  
nique of mul t ip le  reflectance to enhance the sensi t iv i ty  
of measur ing  changes in reflectance associated wi th  
surface damage.  

Exper imental  
Materials.--Polished sapphi re  subs t ra tes  were  ob-  

ta ined  from different  commercia l  vendors.  Al though a 
best  qual i ty  "epi" grade pol ish was specified, the qual -  
i ty  of the surface  finish var ied  wide ly  on these sub-  
strates.  To pe r fo rm control led  exper iments ,  the  ob-  
served var ia t ion  in surface qua l i ty  was s imula ted  by  
sapphi re  subs t ra tes  which were  pol ished at RCA Lab-  
oratories.  By using .a n tanber  of  pol ishing agents wi th  
var ious  gr i t  sizes, different  degrees of work  damage  
were  ob ta ined  on the subs t ra te  surfaces. Diamond grit ,  
ranging f rom 1 to 6 ~m par t ic le  size on a Bake l i te  base, 
was used to provide  the  final surface finish for some. 
Alumina  (Linde A) or  colloidal  si l ica (Syton) ,  on a 
Pe l lon  or Corfam pad, were  used to provide  be t te r  
qual i ty  surface  finish for others. The actual  degree  of 
surface damage  depended  on both the type  of agent  
used and the gr i t  size. For  the same gr i t  size, d iamond 
polishes produced more  damage  at the surface than, for 
example ,  a lumina  polishes. The subst ra tes  were  1.5 in. 

Y 

Fig. 1. Vectorial presentation of c and a axes in (1102) sapphire 

in d iamete r  wi th  a g round-back  surface,  and were  usu-  
a l ly  (1T02) oriented.  In some cases (0001) and (1120) 
or iented sapphi re  subs t ra tes  were  examined.  

Sapphi re  is b i ref r ingent .  The opt ical  constants  a re  
measured  wi th  the electr ic  vector  of l ight  pa ra l l e l  p 
and pe rpend icu la r  s to the  c-axis.  In  (0001) or ien ted  
sapphi re  the  c-axis  is pe rpend icu la r  to the  pol ished 
surface. In this case the p and  s components  are  iden t i -  
cal. As Barke r  (4) noted, po l i sh ing- re la ted  surface  
damage on the (0001) surface cannot  be detected by  
opt ical  reflectance. Wi th  (1120) or ien ted  sapphi re  the 
c-axis  is in the p lane  of the  pol ished surface. In  the  
(1102) or ientat ion,  the c-axis  is about  32 ~ f rom the 
pol ished surfa.ce, Fig. 1. For  the  K r a m e r s - K r o n i g  ana l -  
ysis the polar izat ion of the  l ight  wi th  respect  to the  
c-axis  mus t  be known. In mul t ip le - ref lec t ion  measu re -  
ment  the polar iza t ion  of the  l ight  is unnecessary  and 
average  effects are  measured  wi th  unpolar ized  light.  

Evaluation.--As a basis for developing  a mul t ip le  
reflection method to measure  surface perfection,  it  is 
impor t an t  to know how the re f rac t ive  index n and the 
absorpt ion  index k vary  in the wave leng th  region of 
interest .  The values  of n and k are  re la ted  to the mea -  
sured reflectance, Eq. [1] 

(n - -  1)~ + k 2 
R : [1] 

(n + 1) 3 + k 2 

As these constants are  a l te red  by the presence of la t t ice  
damage,  a change in ref lect ivi ty occurs and this can be 
used as a measu re  of the la t t ice  damage  at  the reflect-  
ing surface. The optical  constants for the sur face  ma te -  
r ia l  of the var ious ly  pol ished sapphi re  subs t ra tes  were  
calculated f rom specular  reflectance da ta  using 
K r a m e r s - K r o n i g  analys is  (5-7).  The reflectance mea -  
surements  were  made  using a P e r k i n  E lmer  457 in-  
f r a red  spec t rophotometer  and spec ia l ly  designed re -  
flectance jigs. A computer  p rog ram wr i t t en  by  K lucke r  
and Nielsen (6), which is ava i lab le  th rough  the 
Journa l  L ib r a ry  at  the School of Physics and Appl ied  
Mathematics ,  Queen's  Univers i ty ,  Belfast  BT7, Nor th  
I re land,  was used to calculate  n and k. The p rog ram 
was obta ined on tape and used wi thout  significant mod-  
ification. 

The calcula ted optical  constants  for (0001) A1208 
are  s imi lar  in magni tude  to publ i shed  da ta  (8), A l -  
though opt ical  constants ca lcula ted by  the K r a m e r s -  
Kronig  method can be inaccura te  (9), da ta  f rom the 
publ i shed  work  of A r a k a w a  and Wil l iams (10) is used 
to obtain a reasonable  high energy l imi t  of about  25 eV. 
Our  ca lcula ted  re f rac t ive  indexes  agree  wel l  wi th  ex-  
t r apo la ted  values of the index f rom the repor ted  da ta  of 
Mali tson et al. (11) and Russell  and Bell  (12). 

The absolute  reflectance spec t ra  were  obtained for 
the  var ious ly  pol ished surfaces using e i ther  p or s po-  
la r iza t ion  wi th  respect  to the c-axis  or ien ta t ion  of the  
substrate .  The direct ion of the  c rys ta l lograph ic  axes 
was de te rmined  by  Laue x - r a y  back-ref lect ion.  As in-  
dicated (1102) is the o r ien ta t ion  of sapphi re  which  is 
of p r i m a r y  in teres t  in s i l i con-on-sapph i re  device 
manufac tu re  and, therefore,  this  s tudy.  

Results and Discussion 
Reflectance measurements.--Reflectance spect ra  ob-  

ta ined  on var ious ly  pol ished ( l~02) -or ien ted  sapphi re  
subs t ra tes  are shown in Fig. 2 which corresponds to p 
polarizat ion.  In this figure, spec t rum (a) is used as a 
reference  corresponding to the best  surface finish a t -  
ta inable  by  polishing with  sil ica sol (Sytbn) .  Spec t rum 
(b) corresponds  to a Linde A (A12Q, 0.3 #m gri t )  pol-  
ish, and spect ra  (c),  (d),  and (e) ,  correspond to surface 
finishing with  1, 3, and 6 ~m diamond grit,  respect ively.  
F o r  both polarizat ions,  the  spect ra  show that  there  is a 
significant change in the  ref lect ivi ty  near  600 cm -1 
wi th  increasing gri t  size, or hardness,  of the polishing 
medium.  For  other  spectra l  regions, the effect of pol -  
ishing da~nage on the reflectance of the  sapphi re  is less 
evident  though c lear ly  present .  S imi la r  fea tures  occur 
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in the reflectance spectra using s polarization, Using 
the Kramers -Kron ig  method, the phase angle e, re -  
f ract ive index n, and absorption index k, were  calcu- 
lated from the data in Fig. 2. Between 300 and 400 
points in the region 250-900 cm-~ were  used in the cal-  
culation. 

The computed optica,] constants corresponding to the 
different v ibra t ional  modes for the variously polished 
surfaces are summarized in Table I. i t  is apparent  f rom 
the data that  the surface damage associated with the 
different sizes of the polishing gri t  is large. This indi-  
cates that  any mechanical  abrasion, not involving a 
chemical  polishing action as wi th  Syton, is l ikely to re-  
sult in a considerable change in the computed values of 
the optical constants for the sapphire surface. The com- 
puted values of the optical constants for a Syton pol- 
ished (0001)-oriented A1203 sample  are also summa-  
rized in Table I. 

A basic quest ion concerning these data is their  ac- 
curacy. Based on the work of Spitzer and Kle inman  
(7) it is known that  the Kramers -Kron ig  analysis is 
accurate to be t ter  than 10% o~ " t rue"  value for k > 
0.1. For  lower  values of k the accuracy tends to be 
poor. We observed this. The calculated phase angle for 
smal l  phase changes was sometimes negative,  which is 

Table I. Optical constants for ( I [02) sapphire, p polarization, 
with various sudace polishes 

Orienta- 
t ion and Absorpt ion  index, 

final ), 
polish (~m) (cm -~) e V  

k Refract ive  index,  n 

/~ (;~m) (cm -~) eV 

(0001) 25.9 385 0.0478 1.98 26.1 382 0.0474 6.25 
Standard 22.6 442 0.0548 20.1 22.7 440 0.0546 27.7 

17.5 572 0.0709 20.9 17.6 568 0.0704 28.3 
15.9 629 0.078 6.3 15.8 634 0.0786 3.57 

(I102) 25.6 390 0.0484 1.77 25.9 386 0,0478 6.02 
Standard 22.8 440 0.0545 30.1 22.8 438 0.0543 28.3 

17.3 578 0.0717 26.4 17.5 572 0,0709 37.4 
15.7 636 0.0789 8.08 15.7 636 0.0786 5.67 

( 1~02 ) 26.4 379 0.047 2.66 26.~ 375 0.0466 6.34 
Linde A 22.1 452 0.056 9.64 22.3 448 0.0555 9.98 

16.3 613 0.076 8.12 16.98 589 0.073 9.62 
15.7 637 0.079 6.2 15.9 629 0.078 2.48 

(1T02) 26.2 382 0,0474 2.89 26.7 374 0.0464 6.04 
1 ~m dia- 22,1 452 0.056 7.09 22.5 444 0.055 8.28 

mond 16.0 623 0.0773 6.14 17.97 556 0.069 4.72 
15.7 637 0.079 6,14 16,6 602 0,0746 7.09 

(1~02) 26.3 380 0.0471 2.67 26.7 375 0.0464 5.59 
3 ~m dia- 22.0 454 0.0563 6.81 22.5 444 0.055 7,53 

mond 16.1 620 0.0769 6.72 16.7 598 0.0741 8.79 
( 1"102 ) 26.2 382 0.0474 2.95 26.3 379 0.047 5.75 
6 ~m dia- 22.96 435 0.054 2.90 22.96 435 0.054 6.3 

mond 17.7 565 0.070 2.32 17.97 556 0.069 5.5 
15.7 637 0.079 6.75 16.6 602 0.0746 6.62 

physical ly meaningless.  In the Kramers -Kron ig  calcu- 
lation, the p rogram does not consider the sign of the 
phase angle.  Gross errors are thus expected for small  
values of the phase angle and correspondingly small  
values of k. This is not significant at the lat t ice modes 
where  n and k are ve ry  large and, correspondingly,  the 
phase change is large. In comparison to published data 
(8), the optical constants for the (0001) Al2Os lat t ice 
modes re.ported here  are significantly larger  in general.  
However m approximating the limits to .the Kramers- 
Kronig integral, errors can be introduced (7, 9). Simple 
experimental errors such as determining the angle of 
incidence, the c-axis orientation, and the polarizer po- 
sition are not critical. Small errors in these orienta- 
tions, e.g., a few degrees, do not appear to significantly 
affect the calculated optical constants, at least not in 
comparison with the degree the values are affected by 
the high energy limit selected in the Kramers-Kronig 
integration. For example, the nominal angle Of inci- 
dence in these measurements  is 10 ~ If the valUe is 
I0 ~ in error,  e.~,, 20 ~ is used, the e r ror  in the opti:cal 
constants is less than about 5%, The or ienta t ion of the 
c-axis  in each crystal  was de te rmined  bY the Laue 
x - r ay  technique and the orientat ions are aacUrate 
wi thin  a few degrees, s imi lar ly ,  the polar izer  or ienta-  
t ion can be accurately adjusted. 

Errors in measur ing the absolute reflectance are, 
however ,  critical in de termining  the magni tude  Of the 
optical constants, When the measured reflectance, R, 
of our reference sample was de l ibera te ly  diminished by 
0.005, 0.01, and 0.02, respectively,  the influence o~ these 
small  changes on the computed Values of the optical 
constants was considerable as shown in Table lI. In 
this case, the reflectance was measured for s polar iza-  
tion. Thus, small  changes in surface reflectance due to 
residual polishing damage can grossly affect the magni-  
tude of the calculated optical constants~ The reflectance 
data must be accurate to much bet ter  than 1% before 
a t tempting to de termine  absolute values of the optical 
constants. For our purposes, re la t ive  changes in the 
magni tude of these constants gives a reasonable in-  
sight into the effects of polishing damage and the ab- 
solute values are not critical. 

In summary,  it is apparent  that  del ibera te ly  in t ro-  
duced polishing damage significantly changes the opti-  
cal constants of the AI2O~ surface. For sapphire with 
considerably less damage than introduced by our se- 
lective polishing, we can expect to measure significant 
changes in the infrared optical properties of sapphire. 
However,  Kramers -Kron ig  analysis is not praotical for 
testing the surface qual i ty  where  f requent  testing of 
many samples is required as in a product ion facility. 
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Table II. Effect of constant reflectance error, AR, introduced in 
calculation of optical constants for "standard" (11"02) sapphire, 

s-polarization 

~R eV n /r L I T  
G O L D  

M I R  

zero 0.05158 44.4 
0.05183 28.9 
0.06026 4.5 
0.06051 5.2 
0.07192 29.3 
0.07217 21.8 

0.005 0.05158 34.0 
0.05183 25.2 
0.06026 4.2 
0.06051 5.0 
0.07192 26.3 
0.07217 19.6 

0.01 0.05134 29.9 
0.05158 25.6 23.6 
0.06026 3.9 
0.06051 4.8 
0.07192 22.3 
0.07217 17.5 

0.02 0.05134 24.1 
0.05158 19.7 
0.06026 3.3 
0.06051 4.3 
0.07167 14.7 
0.07192 13.9 
0.07217 13.5 

I N F R A R E D  R A Y  
C L A M P  

D E V I C E  

Fig. 3. Schematic representation of multiple reflections between 
a gold-surfaced mirror and a sapphire substrate. 

The exper imental  procedures and the mathematical  
calculation are t ime consuming. More significantly, the 
magni tude  of the difference between undamaged and 
slightly damaged surfaces, whi~e no~ small, is still not 
sufficient for detecting l ightly damaged surfaces. Based 
on the data reported here, it is desirable to have a tech- 
nique with an order of magni tude  more sensit ivity to 
surface damage which can be obtained using the tech- 
nique of mul t iple  reflection as discussed in the follow- 
ing section. It should be emphasized, however, that  in-  
terpreta t ion of the mult iple  reflection spectra is not  
possible without  knowing the behavior  of the optical 
constants in  the region of interest.  

Multiple reflection measurements.---Multiple reflec- 
t ion techniques are well known and are often used to 
amplify small  changes in  reflectance. At least two con- 
ditions can be specified for the mult iple  reflection of 
light: (i) mul t iple  external  reflection where the light is 
external  to a medium of higher refractive index, and 
(ii) mult iple  in terna l  reflection where the light is con- 
tained by a medium of higher refractive index. For 
either mult iple  externa l  or in terna l  reflection, it is well 
known that surface defects d iminish  the in tensi ty  of 
the reflected light beam. The loss may be very small  for 
a single refiection but  becomes amplified with mult iple  
reflection. For example, the reflectance Rm after m 
reflections from a pair  of paral lel  metal  surfaces (ex- 
ternal  reflections) is given by 

Rm = R~ [2] 

where R is the absolute reflectance of the surface, i.e., 
the reflectance measured with a single specular reflec- 
tion. For 10 reflections be tween two metal  surfaces of 
0.96 reflectance, the measured reflectance is 0.66. If 
damage introduces a 0.01 change in  reflectance of the 
metal  surface, i.e., R = 0.95, the measured reflectance 
after 10 reflections is 0.60. A 0.01 change in  reflectance 
is amplified to a 0.06 difference. Obviously, as the sur-  
face damage of a good reflectpr increases, the larger 
the change in Rm for a given value of R. It  is also ap- 
parent  that the effect of mult iple  reflection in regions 
of low reflectivity is to rapidly diminish the measured 
reflectance. Thus, a mul t iple  reflection spectrum retains 
only a port ion of the spectrum where  the reflectance is 
close to one. 

This technique can be applied to dielectrics and 
semiconductors in  spectral regions where the optical 
constants are very large and the reflectance of the ma-  
terials is very high. This follows from the relat ion be-  
tween R and the optical constants for reflection from 
single surface at normal  incidence, Eq. [1]. For large 
n and k, R is large. For sapphire this occurs at the lat-  
tice modes and R can be as large as 0.96. Thus, as 

shown in  Fig. 3, mult iple  external  reflections are ob- 
tained from a sapphire surface by using a gold mirror.  
Reproducible mount ing  of the sapphire wafers is re-  
quired. As shown by Fig. 3, the sapphire wafer is 
mounted at a fixed distance from a gold-surface mirror.  
The distance is selected to produce about 10 reflections. 
All components are rigid and fixed. The sapphire wafer 
is demountable.  The mult iple  reflection jig is mounted  
on a three-axis  micrometer  stage to precisely position 
the jig in the infrared beam. The sapphire is strongly 
reflecting in  regions of large n and k and poorly re-  
flecting in regions of small  values for the optical con- 
stants. The effects of surface damage in relat ion to the 
optical constants of the surface mater ia l  will be ampli -  
fied by changes in  the measured mult iple  reflectance. 
The reflectance is measured with unpolarized radiat ion 
without regard to the c-axis or ientat ion of the sapphire 
substrates. 

The quali tat ive features of the resul t ing single and 
mult iple  reflection spectra are shown in Fig. 4. In  the 
mult iple  reflection spectra, note the loss of weak band 
structure, the frequency shift, and the decrease in 
ampli tude of the band at 600 cm -z for the damaged 
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Fig. 4. Reflection spectra of undamaged and damaged sapphire: 
(a) undamaged, a single reflection spectrum; (b) undamaged, a 
multiple reflection spectrum; (c) damaged (as received), a single 
reflection spectrum; and (d) damaged (as received), a multiple 
reflection spectrum. 
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sample in comparison with the undamaged  sample. The 
correlation between surface damage and the measured 
reflectance near  600 cm-1 in t h e  mult iple  reflection 
spectrum gives a relative, quanti tat ive,  and rapid eval-  
uat ion of surface damage. 

Multiple reflection measurements  on an absolute 
scale were performed on the set of variously polished 
substrates characterized by the Kramers -Kron ig  anal-  
ysis. The reflectance scale was calibrated by a gold mi r -  
ror reflector and a reference trace was obtained by 
scanning the spectral region 400-900 cm -1 using a gold- 
coated polished sapphire substrate of the same d iam-  
eter as test samples in  the sample beam. The reflec- 
tance, after an estimated 10 reflections .be tween the 
gold mirror  and gold-c0ated sapphire sample, is shown 
in  the upper  trace (a), of Fig. 5. The curve shows a 
sharp discontinui ty at 60:0 cm -1 due to ins t rumenta l  
effects. A grat ing change occurs here which causes a 
shift in the curves due to grat ing tilt. All  curves show 
this discontinuity,  which is reproducible and does not 
affect the in terpre ta t ion  of data. After  the reference 
trace was established, the variously polished samples 
were subst i tuted for the gold-coated sample, and the 
spectra obtained are sequential ly  presented in Fig. 5. 
An analysis of the spectra show that, with diamond 
polishing, irrespective of grit  size, the surface is so bad-  
ly damaged that the vibrat ional  modes of A12Q are not 
detected. In  the case of Linde A (0.3 ~m a lumina  gri t) ,  
a band at 600 cm -1 has shifted to approximately 610 
cm -1 and the ampli tude is diminished to less than half 
the magni tude  corresponding to a silica sol surface 
finish. This is consistent with the previous Kramers -  
Kronig dispersion analysis of these damaged surfaces. 
Thus, we expect to be able to detect damage caused by 
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Fig. 5. Absolute multiple reflection measurements for variously 
polished sapphire surfaces: (a) upper trace gold standard vs.  gold 
mirror normally present, lower trace sapphire wafer with "best" 
finish, (b) sapphire wafer with a 0.3 ~m (AI203) polish (c) sapphire 
wafer with a 1 ~m diamond polish, (d) sapphire wafer with a 3 ~m 
diamond polish, and (e) sapphire wafer with a 6 ~m diamond polish. 

polishes much finer than  studied here. After the in -  
frared analysis, the substrates were etched in  aqueous 
KOH at about 300~ to delineate polishing damage. 
Comparison of etch data with the infrared data in  Table 
I shows the same quant i ta t ive  trends as observed in  the 
values of the optical constants. Multiple reflectance 
measurements  were also performed on about 30 as- 
received sapphire wafers obtained from different ven-  
dors. Multiple reflection spectra for the best and worst 
surfaces together with photographs of the correspond- 
ing etched surfaces are shown in  Fig. 6 and 7, respec- 
tively. It  is evident  from these figures that  a wide var i -  
ation in surface finishing can occur among samples 
from the different vendors. 

Differential methods to evaluate polished surfaces 
were also examined. However, with this technique it is 
difficult to obta in  a t rue nu l l  signal due to the sharp 
and widely varying  reflectance of the A1208 vibrat ional  
modes. 

Factors influencing reflectance measurements.--The 
symmet ry  properties of sapphire strongly influence 
vibrat ional  mode frequency and amplitude.  I t  should 
be noted that the infrared technique is specifically 
measuring a molecular  distort ion which is characteris-  
tic of surface darnage (4). If this distort ion in sapphire 
is el iminated by an anneal ing t reatment ,  evidence of 
such damage is no longer apparent  in the infrared re-  
flectance spectra even though etch striations may still 
appear in  chemical etch treatments.  It is important ,  
therefore, that  the reflectance technique be used prior 
to sample annealing.  Even re la t ively  low tempera ture  
annealing,  1000~ is effective in  this respect. Note 
such anneals  may not remove damage but  remove the 
characteristic optical features of the damage. When the 
surface damage in sapphire is not measurable,  due for 
example, to prior anneal ing of the material ,  using the 
same principles outl ined here, the surface qual i ty of 
the epitaxial semiconductor can be measured in  re-  
gions well  above bandgap. The features of this mea-  
surement ,  and the correlation to electrical properties, 
will  be reported (13). 

The external  mul t ip le  reflectance technique requires 
reproducible mount ing  of sapphire samples. For abso- 
lute measurements  and for comparison purposes, a l ign-  
men t  of the various components is impor tan t  and re-  
flecting surfaces should be very clean. Fai lure  to ob- 
serve these conditions can result  in diminished reflec- 
tance throughout  the spectral region of interest.  Thus, 
if the reflectance is measured at a given wave n u m b e r  
near  600 cm -1, there may be some doubt as to whether  
the measured value is representat ive of the degree of 
surface perfection. For in - l ine  qual i ty control purposes 
a preferable procedure is to represent  the surface con- 
dition of a given sample by the ratio of the reflectance 
at 600 and 450 cm -1, i.e., R6oo cm-1/R450 cm -1. This 
minimizes errors due to misal ignment  and surface 
cleanliness. In  addition, for l ightly damaged samples 
the reflectance at 450 cm -1 is not noticeably influenced 
by the presence of damage. 

Summary 
A quanti tat ive,  sensitive, and nondestruct ive mult iple  

reflectance technique to detect small  changes in the 
surface quali ty of sapphire has been described. As 
shown, commercial ly polished sapphire will  have w~de 
variat ion in surface perfection. The effect of this is to 
cause wide var ia t ion in the crystal l ine perfection of 
epitaxial  semiconductors grown on these substrates. 

The mult iple  reflectance technique described is based 
on changes in the optical constants, and thus reflec- 
tance, with surface damage in the 600 cm -1 spectral 
region. To in terpre t  the mult iple  reflectance spectrum, 
we have obtained the optical constants for (1]'02) sap- 
phire, with various surface finishes, using the Kramers -  
Kronig method. The accuracy of this technique has 
been discussed. From this analysis, the reflectance of 
~apphire at about 600 cm -1 is found to be very sensitive 
to surface quality. For unannea led  sapphire substrates, 
mult iple  reflection in  this spectral region can be used to 
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Fig. 6. As-recelved commercial 
sample of sapphire, best sample. 
Comparison of multiple reflec- 
tion and chemical etch data. 

Fig. 7, As-recelved commercial 
sample of sapphire, worst 
sample. Comparison of multiple 
reflection and chemical etch 
data. 

measure  the surface qual i ty  of sapphi re  wi th  a high 
degree of sensit ivi ty.  For  clean substrates,  the t ech-  
nique is adap tab le  to qua l i ty -con t ro l  evaluat ion  of sub-  
Strates used in silicon device manufacture .  In  pr inciple ,  
the  mul t ip le  reflectance technique can be used to m e a -  
sure the surface qual i ty  of pol ished semiconductors  or 
dielectr ics  in spect ra l  regions of high reflectance, i.e., 
regions of la t t ice  band or  bandgap  absorption.  
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Selective Studies of Chemical Vapor-Deposited Aluminum 
Nitride-Silicon Nitride Mixture Films 

S. Zirinsky and E. A. Irene* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

Fi lms of a luminum ni t r ide  and mix tures  of a luminum ni t r ide  and sil icon 
n i t r ide  have been chemical ly  vapor  deposi ted upon sil icon and sapphi re  sub-  
s t ra tes  wi th in  the  t empera tu re  range  of 600~176 by  the ammonolysis  of 
gaseous a luminum t r ich lor ide  and silane. Charac ter iza t ion  of film p.roperties 
included;  film morphology  as observed  by t ransmiss ion e lec t ron microscopy 
(TEM),  optical  proper t ies ,  dissolution rate,  res idual  stresses, e lectr ical  con- 
duction, and charge-s to rage  behavior ,  as a function of composit ion and dep-  
osition parameters .  Some composit ions appeared  promis ing for p rog ra mma b le  
read  only m e m o r y  appl icat ions  (MIOS-FET)  based upon low wr i t e -e ra se  
voltages,  good fatigue,  and charge re tent ion  proper t ies .  

The poten t ia l  for  a luminum ni t r ide  (A1N) as a 
useful  dielectr ic  ma te r i a l  for device appl icat ions  has 
been f requent ly  a l luded to, and includes MIS charge  
s torage (1, 2) and surface acoustic wave  devices (3). 
The p repa ra t ion  and proper t ies  of po lycrys ta l l ine  films 
have been thoroughly  explored  and well  documented  
(4, 5). Their  c rys ta l l ine  s t ruc ture  under  al l  r epor ted  
condit ions of vapor  deposit ion minimizes the i r  u t i l i ty  
for MIS applicat ions,  since amorphous  films are  con ~ 
s idered to show more  un i form electr ical  and physical  
p roper t ies  and lower  pe rmeab i l i t y  to the diffusion 
of impur i t i es  (6). 

Amorph i sm can be achieved by  low t empera tu r e  
sput te r  deposi t ion (1), but  anneal ing  causes revers ion  
to a c rys ta l l ine  s t ruc ture  (1). Oxygen addi t ions [25- 
45 weight  percen t  ( w / o ) ]  wil l  p roduce  amorphous  
mix tures  of A1N and A1203 (7). Some of these com- 
posit ions exhibi t  significant charge-s torage  hysteresis  
wi th  b ipolar  pulse  biasing (7, 8). MNOS- type  charge-  
s torage devices made wi th  these composit ions ex-  
h ibi ted  instabi l i t ies  wi th  regard  to mul t ip le  pulse 
stressing and read  biasing dur ing long- te rm s torage 
(8). 

The thrus t  of the  present  s tudy is to obta in  can-  
d ida te  mate r ia l s  f rom which to construct  m e t a l - i n -  
su la tor -oxide-s i l icon ,  MIOS charge-s to rage  devices 
which exhibi t  be t te r  charge s torage capabi l i ty  than  
MNOS (metal-Si3N4-SiO2-Si)  or MAOS (meta l -  
A120~-SiO2-Si) systems. For  this  purpose  candidate  
insula tor  films mus t  meet  many  phys ica l  p roper t ies '  
cri teria.  Fo r  example ,  the e lect r ica l  conduction char-  
acterist ics  must  show charge storage, the  films must  
be etChable in o rder  to be able to fabr ica te  devices, 
film stress must  be low enough so as not to damage  

* Electrochemical  Society Act ive  Member. 
Key Words: memory,  charge storage, physiochemical  properties. 

other  films or  silicon, and the morpho logy  is best  if 
amorphous,  so as to avoid gra in  bounda ry  effects. I t  
is also des i rable  that  the  dielectr ic  p roper t ies  be s imi-  
la r  to those exhib i ted  by  sil icon nitr ide.  Therefore  
these proper t ies  are  measured  in the  present  s tudy to 
select the best  composit ions for charge s torage  ap- 
plications. The measurements  ut i l ized are  those p re -  
viously appl ied  for the  s tudy  of mate r i a l s  and proc-  
essing pa ramete r s  associated wi th  MNOS s t ruc ture  
(11). 

Only l imi ted  misc ib i l i ty  be tween  AIN and Si3N4 
has been repor ted  (9) at  high tempera tures .  However ,  
it  may  be possible to obta in  single phase films over  a 
wider  composit ion range by  producing  metas tab le  
amorphous  solutions by  chemical  vapor  deposit ion 
(CVD). Such solutions have  been prev ious ly  p repa red  
by  CVD in the AIN-AI203 sys tem (7). These com- 
posit ions exhib i ted  lower  e lectr ical  conduct iv i ty  
values and enhanced dielectr ic  re l i ab i l i ty  as compared  
to the s tar t ing materials .  Therefore,  CVD in the  AIN-  
SisN4 system wil l  be used for film p repara t ion  in  the  
p resen t  study,  

Al though  the p repa ra t ion  of ma te r i a l s  by  CVD in 
the  t e rna ry  sys tem A1, N, Si in pr inc ip le  involves  the 
control  of many  pa rame te r s  (e.g., flow rate,  pur i ty ,  
concentrat ions  of react ing species, t e n ~ e r a t u r e ,  etc.)~ 
it was repor ted  (5, 6) tha t  AIN and Si3N4 can both  be 
p repa red  s imi la r ly  by the ammonolys is  of AICl3 and 
silane, respect ively.  The deposits  even show nea r ly  
equiva lent  deposi t ion ra tes  under  the  same condi-  
tions. These re la t ionships  wil l  be ut i l ized to char -  
acterize and explore  the CVD of mix tures  of AIN and 
SisN4. 

Experimental Procedures 
Film preparation.--Chem-mechanically polished 

silicon wafers  measur ing  3.2 cm in d iamete r  and 0.025 
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cm thick with <I00> orientat ion were utilized in  this 
study. Typically, 2 n - c m  p- type  Si was used unless 
otherwise stated. Each Si wafer was thoroughly 
cleaned by a procedure previously described (10). 

Chemical vapor deposition (CVD) was used to pre-  
pare the individual  and mixed films of A1N and Si~N~ 
by ammonolysis of gaseous A1C18 and Sit~,  respec- 
tively, in an N2 ambient.  The procedures and appa- 
ratus for the preparat ion of the individual  A1N and 
Si3N~ films as well as m i x e d  films of A1N and A1203 
were previously described (11, 12). The present  s tudy 
utilized an RF heated furnace (11) with gas handl ing 
equipment  capable of t ranspir ing A1C18 with N2 along 
with Sill4 and NH~ into the reaction zone of the fur-  
nace. Final  mixing of all the reactants occurred just  
prior to the entrance into the deposition tube. The  
deposition chamber consisted of a rectangular  (30 
mm high by 70 mm wide) fused silica liner. The 
silicon wafer carrier was heated by radiat ion from 
an RF heated graphite suscept0r, separated from the 
wafer carrier by a sealed quartz envelope so as to 
prevent  contaminat ion of the heated wafers from 
graphite reaction products. The deposition uni formi ty  
was also improved by use of a tapered fused silica 
canopy, positioned so as to compensate for rear  posi- 
tion depletion of the gaseous reactants (11). The film 
compositions were determined by electron microprobe 
analysis. 

Electron microscopy.--The films of interest  (A1N, 
SisN4, and mixtures)  were prepared for transmission 
electron microscopy, TEM, by etching holes through 
the silicon while leaving f ree-s tanding ~500A films 
for TEM study. The details of this procedure were 
previously reported (7). Fi lms prepared in  this way 
were readily t ransparent  to 100 kV electrons. 

Optical properties.--The film thicknesses were mea-  
sured by ellipsometry. The refractive indexes obtained 
from ell ipsometry for both A1N and Si3N4 for 5461A 
light were ~ 2.0. The A1N and mixtures  of A1N and 
SigN4 were optically absorptive wi thin  the visible 
region, and therefore necessitated the evaluat ion of 
their optical absorption coefficients. These were de- 
termined, for A1N, Si3N4, and the mixtures,  with a 
double beam Cary 14 spectrophotometer. Films on the 
order of 5000A were deposited at 900~C on sapphire 
substrates. Transmission measurements  (referenced to 
a blank sapphire substrate)  were carried out to deter-  
mine  the film absorption wi thin  the wavelength range 
of 2800-6000A. Measurements  were carried out with 
A1N and several A1N/Si3N4 mixtures  prepared at low 
NHJ(A1C18, Sill4) reactants ratios, all deposited at 
900~ The absorption edges were calculated for all 
the films examined using the direct t ransi t ion hy-  
pothesis (13). 

Stress measurements.--Selective stress studies were 
carried out as a funct ion of deposition temperature  for 
A1N (using a fixed deposition rate of 250 A / m i n ) ,  
and with varying A1N/Si3N4 mixture  ratios deposited 
at 800 ~ All films were prepared with high N H J  
(A1CI~, Sill4) reactants ratio. These were deposited 
upon <111> oriented silicon substrates with calibra- 
t ion of their  radii  of curvature  prior to film deposition 
using Tateysurf  diametric profile measurements.  The 
change in radius of curvative of the substrate with 
film deposition permit ted the determinat ion of the net 
stress wi thin  the film (14). The weight of the Taley-  
surf stylus dur ing the surface profiling did not in-  
troduce any error from induced  surface deflection, 
since it  can be shown analyt ical ly  (15) that the in -  
duced deflection of the substrate (considered as a 
membrane  or canti lever supported at one point) varies 
l inear ly  with the distance traversed by the stylus. 
This results in  a correctable orientat ion bias for the 
stylus displacement and the recorded stylus mea-  
surement  indicates true radius of curvature.  

The stress wi th in  the film is then determined to be 
(14) 

Esi t2st 1 
AT = '" [13 

(1 -- vsi) tf Rsi 

AT is the total room tempera ture  film stress; Bsi and 
~si are the Young!s modulus  and Poisson's ratio for the 
silicon substrate, respectively; tsi, the silicon sub-  
strate thickness; tf, the film thickness; Rsi, the radius 
of curvature  of the silicon substrate measured along 
the normal  to the coated surface. Measurable radii  of 
curvature  are obtainable  with 3.2 cm silicon sub-  
strates, 0.025 cm thick, and films under  0.5 zm thick. 
Three radii measurements  are required in  the order 
i n d i c a t e d ;  (i) the orginal uncoated substrate, (if) the 
coated substrate, and (iii) the bare substrate after 
etch removal of the film. The last measurement  is re-  
quired to confirm that no plastic deformation of the 
substrate has occurred as a result  of the high tempera-  
ture film deposition. For the <111> oriented St, Esi 
and vsi are symmetr ical  in all directions wi thin  the 
plane of the Si surface. The value, 2.305 X 10 TM dyne /  
cm 2 was used for Esi /(1 -- ~sl) (16). The calculated 
stress values for SisN4 films were found to correlate 
with stresses evaluated from optically determined 
radii of curvature  (similarly deposited films) (17). 

The stress contr ibut ion arising from differences in 
thermal  expansion can be calculated by use of the 
approximate relat ion 

Bt 
ATh : ( a f  --aSi) ( T d e p .  -- T R T )  [2] 

(i - -  ~ f )  

ATh is the thermal stress contribution to the total 
film stress at room temperature and is tensile if the 
thermal expansion of the film is greater than that of 
the substrate. (el -- asi) is the algebraic difference in 
the mean thermal expansion values between room 
(TRT) and the deposition temperature (Tdep.). 
Ef/(l -- vf) is the appropriate elastic stiffness term 
using averaged coefficients over the temperature 
range evaluated. The appropriate values for the ther- 
mal stress calculation are indicated within Table I. 
The thermal stresses for the mixtures were assumed to 
be additive in proportion to the volume ratio of the 
mixed components. The intrinsic stress can then be 
calculated from knowledge of the measured total 
room temperature stress and the calculated thermal 
s t r e s s .  

Chemical etching behavior.--The chemical etching 
behavior of the A1N and mixtures  was examined 
in several solvents. For  the A1N, rapid solubil i ty was 
observed in strongly oxidizing acidic and basic solu- 
tions (frequently used for Si substrate cleaning),  but  
the films were found to be insoluble in  both HF and 
HF plus H N Q  mixtures.  Quanti ta t ive measurement  
of etch rate in 85% H3PO4 was carried out (using 
ellipsometric measurements  for thickness change) for 
AIN and the A1N-'Si3N4 mixtures. These measurements  

Table I. Mean thermal stress parameters 

M a t e r i a l  

T h e r m a l  e x p a n s i o n  eoef f .  ( x 10 -6 ~ -1) 

f- (I - ~) 
( x 10 ~ ( • 10~ 

TDeo. O: ~ d y n e s /  d y n e s /  
(~  • I I aAv.* c m  2) ~ c m  ~) 

A1N (18, 19) 
800 5.27 4.15 4.89 3.35 0.25 4.46 
900 5.29 4.17 4.90 3.31 0.25 4.41 

1000 5.31 4,19 4.91 3.25 0.25 4.34 
Si (20) 

800 3.59 
900 3~61 

1000 3.63 
SigN4 (21, 22) 

800 2.69 2.25 0.25 3.00 

* F o r  h e x a g o n a l  c r y s t a l ,  c~,, = 1/3 (c~ + 2c~ ) w i t h  
If • ~p 

sured  a l o n g  a a x e s ,  a n d  a m e a s u r e d  a l o n g  t h e  c axes .  
.L 

m e a -  
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are  useful  for device processing because of the  in -  
so lubi l i ty  of SiO2 wi th in  H3PO4 (up to 200 ~ C).  

Electrical measurements . - -D-c  elect r ica l  conduction 
measurements  were  car r ied  out  in the  range  of 20 ~ 
200~ for A1N and Si3N4 films as a function of depos i -  
t ion tempera ture ,  and wi th  Varying composit ion m i x -  
tures  at  a single deposi t ion tempera ture .  Other  depo-  
si t ion pa rame te r s  were  the  same as those for  the  TEM 
and stress studies. Test  devices were  s imple  MIS dot  
capacitors,  using A1 gate e lect rodes  and both n and p 
low res is t iv i ty  Si substrates.  No significant difference 
in conduct ion was observed for a l t e rna te  gate  e lec t rode  
polar i ty ,  or change of substrate.  Addi t ional ly ,  no th ick-  
ness dependence  was observed for films wi th in  the 
range  of 5O0-300OA. The log J / E  vs. E'/2 dependence  is 
l inear  above app rox ima te ly  1 MV/cm. L inea r i ty  of log 
J /E[E --> o vs. 1/T(OK) was observed be tween  RT and 
app rox ima te ly  200~ above which significant decrease 
in slope was observed.  

The charge s torage behavior  of A1N and var ious  
mix tures  were  eva lua ted  ut i l iz ing MNOS- type  con- 
figurations as was prev ious ly  used to s tudy Si3N4 (11). 
The capaci t ive  type  test  s t ruc ture  used n+-di f fused  
lines in a grid pa t t e rn  in 2~2 cm p - t y p e  Si subs t ra tes  
that  a l lowed for pulse in jec t ion  of electrons and holes, 
y ie ld ing  high f requency  C-V traces s imi la r  to those 
observed wi th  low f requency  traces, i.e., the V-shaped  
traces. The C-V  minima  correspond to the " tu rn  on" 
threshold  vol tage for FET's.  

The charge window is defined by  the vol tage dis-  
p lacement  of the C-V  t race fol lowing appl ica t ion  of a 
sufficiently high vol tage to the capaci tor  gate. The 
vol tage d isp lacement  is measured  at e i ther  capaci t ive 
f latband for nongr idded  subst ra tes  or at Cram wi th  the  
g r idded  subst ra tes  (1 t ) .  The theory  of this behavior  
wi th  "MNOS"- type  s t ructures  has been wel l  docu-  
men ted  (23-25). Two sui tab le  re ference  charge  states  
a re  obta ined  by  e i ther  posi t ive or  negat ive  bias sa tu ra -  
tion, which is defined as the longest  pulse  width,  a t  
constant  voltage, that  does not  resul t  in  addi t ional  dis-  
p lacement  of the  C-V trace, and addi t iona l ly  does not  
resul t  in e lect r ica l  b reakdown,  by  shorting,  of the 
capacitor.  This type  of biasing is considered the "erase" 
mode. "Wri t ing"  is carr ied  out  by  immedia te  (mi l l i -  
seconds to seconds) appl ica t ion  of vol tage  pulses, 
shor ter  than  the "sa tura t ion"  pulse, and of opposite 
polar i ty .  "Read" measurements  a re  obta ined with  
vol tage biasing only wi th in  the subs t ra te  range  of ac-  
cumula t ion  to inversion,  wi th  care observed not  to 
ex tend  the bias into deep deplet ion,  o therwise  the s ta te  
of charge  wil l  be changed. This aspect  is impor tan t  for  
l ong - t e rm charge leakage  (memory  l ife)  measure -  
ments  (26). The dynamic  charge  window is obta ined 
wi th  the  fol lowing sequence:  e r a s e - r e a d - w r i t e - r e a d .  
The wr i te  pulses are  appl ied  at  va ry ing  t ime lengths  
at constant  voltage. Measurements  a re  made  for both 
posi t ive "wr i te"  f rom negat ive  "erase" ( inject ion of 
electrons from the  subs t ra te  into the  insula tor  charge 
t rapping  l ayer )  and negat ive  "wr i te"  f rom posi t ive 
"erase"  ( inject ion of holes) .  Reverse  leakage  to the 
subs t ra te  (discharge)  af ter  "wr i te"  biasing (26) re -  
sults in shr inkage  of the dynamic  charge window. 
Therefore,  " read"  sensing (11) of the charge window 
was carr ied out  wi th  t ime delays  ( fol lowing appl ica-  
t ion of the  "wr i te"  pulse)  be tween  35 and 160 
msec. The e lect r ica l  appa ra tus  for  ca r ry ing  out  the  
p rocedure  has been  descr ibed  prev ious ly  (11). The 
same appara tus  was used for mul t ip le  pulse  endurance  
testing. Fo r  these l a t t e r  studies,  the  b roadening  of the  
V-shaped  C-V trace,  measured  at flatband, gave qual i -  
ta t ive  indica t ion  of in terface  state generat ion wi th  ex-  
cessive single, or mul t ip le  pulse ("fa t igue")  stressing. 
This condit ion genera l ly  presaged device fa i lure  (11, 
27). 

Long- t ime  cha rge  re tent ion  behavior  was eva lua ted  
with  the same s t ructures  ut i l ized for the dynamic  
charge window measurements .  Chips containing these 

s t ructures  were  bonded to TO-5 headers  and s tored in 
room ambients  for per iods  up to 15 months.  The gate 
and subs t ra te  leads were  a lways  shor ted  except  when 
in te r roga t ing  the s ta te  of the  charge. Al l  devices on 
long te rm test  were  p re -exe rc i sed  over  app rox ima te iy  
105 cycles and put  on s tandby  in e i ther  the  "wr i te"  
or "erase" mode. 

Experimental  Results 
Chemical vapor deposi t ion.--Because of the  r eac -  

t iv i ty  of A1CI~ and NH~, p re reac t ion  and deple t ion  Of 
these reac tants  occur in the  ups t r eam por t ion  of the  
hea ted  susceptor.  This factor,  p rev ious ly  r epor t ed  for 
the p repa ra t ion  of AI~OyNz films (13), caused difficulty 
in obtaining axia l  uniformity .  Higher  ca r r i e r  gas flow 
rates  and the use of t apered  canopies over  the  suscep-  
tor  were  helpful  in improving  uni formity .  However ,  
the  most useful  solut ion was obta ined by  lower ing  the 
rat io  NH3/A1C18 from 170/1 (HiNHa) to 1.7/1 (LoNH3) 
for the  A1N prepara t ion .  The improvemen t  is shown 
in Fig. 1. 

A s imi lar  effect can be real ized for the  Si3N4 p r e p a -  
ra t ion where in  the N H J S i H 4  rat io becomes important .  
However ,  in both of these cases caution must  be exe r -  
cised, since the films may  contain  excess A1 or Si if  the 
amount  of NH3 is too low. Add i t iona l ly  i t  is seen in 
Fig. 1 that  for  high NHJA1C13 ra t io  the axia l  un i -  
fo rmi ty  degrades  wi th  increas ing tempera ture .  This is 
due to prereac t ion  as s ta ted  above which is enhanced 
at h ighe r  tempera ture .  As expected under  these condi-  
tions, p rereac t ion  ups t r eam depletes  the reac tan ts  so 
that  a lower  deposi t ion ra te  is observed in the  suscep-  
to t  region containing the test  wafers  (12). 

E l l ipsomet ry  measurements  on films wi th  mixed  
compositions [prepared  using the high NHJ(A1CI~,  
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Fig. 1. Deposition rate of AIN along axis of susceptor. 1, 800~ 
(HiNH~); 2, 900~ (HiNH3); 3. 1000~ (HiNH3); 4, 1000~ 
(LoNH3); 5, 900~ (LoNH3); 6, 800~ (LoNH3) (See text for 
definition of high and low NH3). 
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Sill4) reactants ratio] have shown that the film thick- 
ness was the sum of the thicknesses which would re- 
sult from independent deposition of A1N and SiaN4, 
while maintaining the 170/1 NH~/(AICI~ or Sill4) re- 
actants ratio. The volume fractions of each component 
were then additive. Figure 2 shows the calibration of 
the volume fraction plotted and weight fraction (as 
determined by electron microprobe analysis) plotted 
vs. the gas phase composition. Such a plot allows con- 
trol of film thickness and composition for all mixtures 
and conditions based only on a knowledge of the indi- 
vidual deposition rates of the film components under 
the prescribed set of film deposition conditions. This 
finding indicates that the deposition of the AIN and 
SigN4 components are uncoupled and suggests that the 
resultant morphology for the mixed composition film 
will be two phase, i.e., an A1N and a SiaN4 phase. The 
microstructure studies to follow bear out this reason- 
ing. 

Film morphologies.--TEM has shown all the A1N 
films prepared in this study to be polycrystalline. 
Figure 3 shows that there is a variation of A1N grain 
size with film deposition temperature. For the films 
prepared at 650~ the grains are ~250-350A and the 
grain boundaries are not sharp. At 850~ the grains 
are somewhat smaller, ~150-250A, and the grain 
boundaries are well defined. However, at 1075~ the 
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Fig. 2, Prediction of composition of mixed AIN-Si3N4 films. Car- 
rier flow velocity _ 19 cm/sec, N~; NH3 -F H2 ~ 0.05 mole 
fraction; AI CI~ reactor temp. _-- 120~ with N~ flush; Sill4 + 
AICI8 ~-~ 0.0| mole fraction. 

grains are ~500A in size and possess well-defined 
boundaries. A previous study (7) found that the /kiN 
grain size decreased from 770 ~ to 900~ for similarly 
prepared films. This was explained (7) by invoking 
the competition between grain growth, which would 
enable larger grains to grow at higher temperatures 
due to increased surface mobility of reactants, and 
the increased nucleation rate with increasing tempera- 
ture. Apparently, in the 650~176 temperature in- 
terval, nucleation is dominant. However, for the 
1075cC films there is sufficient surface mobility to 
reverse the competition and render grain growth the 
dominant mechanism. Furthermore, t he  lack of sharp- 
ness in both diffraction and imaging modes for the low 
temperature AIN probably indicates that the grains 
were formed by direct attachment. At high tempera- 
tures grains were formed by atoms which would 
diffuse to more energetically favorable sites. 

All the Si3N4 films prepared in this study were 
found to be amorphous. Films prepared at lower tem- 
peratures were found to contain considerable amounts 
of particulate matter and this is shown in Fig. 4. The 
particulates are thought to be Si3N4 formed by gas- 
phase nucleation, carried to the substrate surface by 
the moving gas stream, and occluded in the growing 
film. There is more occluded particulate at lower tem- 
peratures. We believe that the particulate occurs 
preferentially for the lower temperature CVD proc- 
esses because less gas phase depletion of reactants 
occurs upstream at the lower temperatures. Therefore, 
within the substrate region, there exists larger con- 
centrations of gas phase reactants, thereby enabling 
more gas phase nucleation of particulate. A similar 
phenomena related to film growth rates has been pre- 
viously reported (12). 

The films of mixed composition prepared by co- 
deposition of AIN and SiaN4 have been found to con- 
tain two phases. The AIN phase is usually polycrys- 
talline and the SisN4 phase is amorphous. Vv'hen the 
AIN predominates, grains of A.IN are discernible by 
TEM but the grain boundaries are not sharp. This 
appears to be due to the Si3N4 which surrounds the 
AIN grains as seen in Fig. 5a. As the amount of AIN 
in the mixture decreases the AIN grains become 
smaller as evidenced by the diffuseness of the diffrac- 
tion patterns for Fig. 5b. In addition, it becomes more 
difficult to discern grains from particulate or other 
irregularities. When the SisN4 phase is .~90% o r  
more the mixture appears to be amorphous a s  s e e n  
in Fig. 5c. 

Optical properties.--The ellipsometric index of re- 
fraction (at 5461A) for all films deposited at 800~ and 
above remained constant at 1.99 _ 0.02. Lower dep- 

Fig. 3. TEM microstructures of AIN as a function of deposition 
temperature (a) 650~ (b) 850~ (c) 1075~ Fig. 4. TEM mlcrostructures of SiaN4: (a) 850~ (b) i i00~ 
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Fig. 5. TEM microstructures of AIN-Si3N4 mixtures deposited 
at 850~ (a) 3/1 volume ratio AIN/SiaN4; (b) 1/3; (c) 1/9. 
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Fig. 6. Wavelength dependence of u.v. and visible optical absorp- 
tion. X,  AIN (HiNH3); O ,  AIN (LoNH3 ~ H2); A, AIN 
(LoNH~, No H2); F3, SigN4 (HiNH~); +SigN4 (LoNH3); 900~ 
deposition. 

osition temperatures  for /kiN yielded lower refractive 
indexes, decreasing to 1.70 for 600~ depositions. The 
wavelength dependence of the absorption for A1N and 
Si3N4 is shown in l~ig. 6 as a funct ion of the gaseous 
reactants composition. Significant differences are ob- 
served when varying  the NI4-4/SiI-I4 ratio for the Si3N~, 
as has been reported elsewhere (28). For the low N H J  
A1CI~ ratio films, the addition of H2 tO the reaction 
also changes the films' absorptive properties. This 
effect was not evident  with the deposition rates and 
electron microprobe-determined stoichiometry. Though 
in  principle it may be feasible to extract  mixture  com- 
position data from the absorption coefficient measure-  
ments, the sensit ivity of the optical absorption values 
to film microstructural  variat ions (i.e., grain size, in -  
clusions, etc.), and Si or A1 enr ichment  renders  this 
measurement  unre l iable  for A1N/Si~N4 mixture  ratio 
calibration. The calculated absorption edges (13) for 
the low NHJ(A1C13,SiH4) ratio films are plotted in 
Fig. 7 and are compared to the values indicated for 
high NHJ(A1C13,SiH4) ratio films of A1N and SigN4. 

Apparent ly  the shift in  the absorption edge to 
lower values with less NH3 correspond with a metal  
enr ichment  of the film (either A1 or Si). This would 
cause a reduced bandgap, higher conductivity, and an 
increased density of states near  the conduction band. 
Such properties have been found to be undesirable  
for charge-storage layers (8). For  devices made using 
Si-r ich Si3N~ (8), "read" windows were large for low 
"write" voltages (15-25V) but  charge loss was rapid 
(seconds) unless thick tunne l ing  oxides were used 
(50-75A). However, such thick oxide would require 
larger "write" voltages and therefore effectively 
counter  the potential  advantage of the device. There-  
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fore, it was decided to use compositions prepared 
with high NH3/(A1C18, Sill4) ratios for the electrical 
studies. 

Stress measurements.--Figure 8 shows the variat ion 
of the components of AIN film stress with film deposi- 
t ion temperature.  I t  can be seen that  the A1N net  t en-  
sile stress is dominated by the differential thermal  ex- 
pansion stress component (arising dur ing cooling from 
the deposition temperature)  which is tensile. The in -  
trinsic stress component (17) deduced from the mea-  
sured net  and calculated thermal  components is com- 
pressive and apparent ly  increases with film deposition 
temperature.  The increase is slight and may be only an 
indirect  result  of an increase in  the anisotropic Youngs 
modulus with the development  of some preferred ori- 
entation, as shown in Fig. 3b and 3c and reported 
elsewhere (5, 6). 

Similar  stress measurements  for the mixed AIN, 
Si3N4 films are shown in  Fig. 9. The addition of Si3N4 
to the A1N results in  a strong influence upon the total  
net  stress. The morphological studies have shown 
that the Si3N4 deposits around the A1N grains thereby 
forming the connective phase. Therefore, it is ex- 
pected that the intr insic  stresses wi thin  films of the 
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mixed components would be due pr imar i ly  to the 
connective Si3N4 phase. 

Etching behavior.--Both the A1N and A1N-Si~N4 
mixtures  show varying solubili ty wi thin  hot 85% 
I-t3PO4, depending upon film composition and the dep-  
osition parameters ,  as shown in Fig. 10. The mix -  
tures are much more resistant to etching by hot 
I-I~PO4 than is the pure A1N. This is most l ikely due to 
the shielding of the A1N by the mat r ix  of amorphous 
Si3N4 surrounding the A1N grains. The dependence of 
the deposition tempera ture  for the etch rate  of A1N is 
shown in Fig. 10. Higher  deposition tempera tures  
yield lower  etch rates as has been repor ted  (5). The 
influence of the NHJA1C13 reactants  rat io is shown 
for the example  of a 4/1 film mix tu re  (AIN/Si~N4). 
The low reactants ratio (1.7/1) causes enr ichment  of 
the mix ture  wi th  silicon. This is known to reduce the 
etch rate for silicon ni tr ide (29). This factor is more 
clearly indicated for the apparent ly  anomalous  differ- 
ence in etch rate observed for the f i lm  mixture  pre-  
pared with low NHJ(A1C18, S~q-I4) ratio at 800 ~ and 
1000~ The film prepared at lower deposition t em-  
peratures  contains re la t ive ly  more excess St, thereby 
becoming more etch resistant. 

Electrical properties.---The d-c conduction behavior  
appears to be s imilar  to Poo le -Frenke l  bu lk- l imi ted-  
type in accordance to the following relationship (30) 

J/E : ~o exp --{[Ca -- (Bp.FE) 1/2]/rkT} [3] 

wi th  J = current  density, E _ averaged s teady-sta te  
electric field across the insulator, ~d = energy of the 
coulombic trap b e l o w  the conduction band, B p - F  : 
Frenke l -Poole  constant, k = Boltzmann constant, T = 
abso• temperature.  Ao is a conduction te rm at zero 
field that  is in te rpre ted  according to assumed dis- 
tribution, types, and occupany of the traps associated 
with the P - F  type of conduction (31-33). r takes on 
values of 2 or 1 depending upon whe ther  a donor- t rap  
model  (29,32) is applied to the data, or a model in-  
voking both donor traps (which are coulombic) and 
neutral traps (32) (noncoulombic). For the former 
case Eq. [3] is as follows 

J /E  = Aoexp -- [ ~ d -  (Bp-FE)I/2]/2kT [4] 
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Fig. 10. The etching characteristics of AIN and AIN-Si~N4 
mixtures in hot HaPO4. 1, AIN (800~ LoNH3); 2, AIN [900~ 
Ref. (5)]; 32 AIN (900~ LoNH3); 4, AIN (1000~ LoNH3); 
SisN4 (900~ HINH3). �9 mixtures (volume ratio AIN/Si~N4); 5, 
4/1 (I000~ HiNHs); 6, 4/1 (1000~ LoNH~); 7, 1/1 (1000~ 
LoNH3); 8, 1/4 (1000~ LoNHs); 9, 1/1 (800~ LoNHs). 

with: ~o ---- e~(NcNd) 1/~ 
and for the lat ter  case 

J/E = aoexp  -- [%d -- (BP-~E)I/2]/kT [5] 

with: Ao ---- e~Nc(Nd/Nt)1/2 
_-- carrier  mobil i ty  (single carr ier  in jec t ion) ;  Nc = 

density of states within the insulator  film's conduction 
band; Nd ---- density of film's coulombic traps; and 
Nt : density of films neutra l  traps. 

The theoret ical  value for Bp.f is calculated as fol- 
lows 

e~ 
B p - r  = [ 6 ]  

~+oef 

with e = electronic charge, eo = free space permi t -  
t ivi ty and is approximate ly  equal  to the optical index 
of refract ion squared. For  room tempera tu re  mea-  
surements,  Eq. [3] can be ut i l ized in the fol lowing 
form 

[ ~d ] Bp'FI/2 (El~2) [ 7] 
In (J /E)  = In ~o -- ~ -~ rk-------T-- 

which allows for a determinat ion of [Bp-FI/2/rkT] 
f rom the slope of the In ( J / E )  vs. E 1/2 plot. Isother-  
mal plots at several  tempera tures  were  then used to 
obtain plots of (1 /T~ vs. in (J/E)E=O. The slope of 
this plot then yields values of %d. 

The calculated conduction parameters  of Eq. [3] 
are plotted in Table II, f rom conduction data obtained 
with  (i) A1N as a function of deposition temperature ,  
(it) Si3N4, as a function of deposition temperature ,  
and (iii) several  A1N-SiaN4 mixtures  deposited at 
850-C. The exper imenta l  ( J / E )  vs. E 1/2 slope ( B F - F )  
for the A1N implies that  the coulombic trap model  
applies and r = 2. The exper imeta l  Bp-F slope for both 
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Table II. Electrical conduction as a function of composition 

NITRIDE M I X T U R E  FILMS 

Trap 
Fi lm*  E x t r a p o l a t e d  depth 

composition zero field Peele-  below 
(vo lume conduction Frenkel  conduc- 

ratio Ao ( a / V  slope tion band 
AIN/Si3ND cm at RT) (RT) r ~d (eV) 

1/0 (600~ 10 -19 0.0044 2 1.28 
1/0 (725~ 10 -~6 0.0081 2 1.17 
1/0 (850~ 10 -~6 0.0070 2 1.60 
1/0 (975~ 10 -~6 0.0088 2 2.05 
1/0 (1075~ 10 -1~ 0.0135 2 2.13 
0/1 (7O0~ t0 -~  0.0195 1 0.98 
0/1 (850~ 10 -~  0.020 1 1.06 
0/1 (1100~ 10 -~  0.0167 1 1.10 
3/1 (850~ 10 -~s 0.0197 1 1.30 
1/1 (850~ 10 -~ 0.0190 1 1.38 
1/3 (850~ 10 -~  0.0232 1 1.45 
1/9 (850~ 10 -a~ 0.0256 i 1.65 

0.00736* * 2 

* Deposition temperature  in bracket,  and using high NI-I~/ 
(A1Cla, SiHD r e a c t a n t s  ra t io .  

** Theoret ical  for index of refract ion = 2.0 a n d  r = 2. 

the SisN4 and mixtures  imply  a mix of coulombic and 
neut ra l  traps, and therefore r = 1. The calculated 
values for ~d from the exper imental  (J/E)E=O vs. 1/T 
slopes take into account the conduction model in -  
voked, and value of "r" used. A more comprehensive 
Bp.F conduction model [i.e., see, for example Arne t t  
(34)], is beyond the scope of this paper, because of 
the l imited amount  of conduction data available. The 
conduction measurements  were in  fact ini t ia ted mainly  
for the purpose of providing a useful precursor to se- 
lection of the best compositions and deposition condi- 
tions for charge storage application. A suitable refer-  
ence guideline would be the conduction parameters  
associated with Si3N4, deposited at 850~ 

The A1N data show significant variat ion of the con- 
duction constants with varying deposition tempera-  
ture. All conduction parameters  increase with in-  
creased deposition temperature.  The major  var iant  is 
t h e  B p - F  slope for 600~C deposition. When compaIing 
the conduction parameters  of the A1N with those for 
the Si3N4 deposited at 850~ it can be noted that the 
~o values are significantly higher and B p - F  slopes 
lower. Charge storage structures with pure A1N 
yielded smaller storage windows and rapid charge 
decay compared to equivalent  Si3N4 structures. The 
conduction parameters  for the mixtures  between (1/1) 
A1N/SiaI~4 and (1/9) AIlN/SiaN4 appeared more similar 
to those for the Si3N4. Both of these compositions were 
therefore selected for more comprehensive evalua-  
tion of charge storage properties. 

Charge storage measurements  were carried out us- 
ing s tandard configurations of the tunne l ing  oxide 
(thickness range 25-50A SIO2) plus the charge storage 
layer  contained within  single dielectric films (~500A).  
Storage layer compositions evaluated included A1N 
and A1N-Si~N4 mixtures  wi thin  the volume range of 
1/1-1/9. For all oxide thicknesses, charge windows 
comparable to those observed with Si3N4 (11) were ob- 
tained, when using "write" pulses (15-25V) in the 
msec range. These storage windows exhibited very 
short lifetimes due to rapid charge decay. The storage 
layer  configuration was subsequent ly  modified to in-  
clude a CVD A1203 layer. The layer thicknesses were 
adjusted to yield a total thickness of 500A (~250A 
apiece). The A1N films (deposited at 850~ exhibited 
no change in charging behavior and only moderate 
improvement  in charge window lifetime. Si3N4 films 
(deposited at 850~C) exhibited both charging and dis- 
charge behavior similar to that exhibited by mono-  
lithic Si3N4 films (11). 

The mixed film compositions, 1/1 and 1/9 volume 
ratio of A1N/Si3N4 were evaluated with the dual di- 
electric storage structure. Both exhibited similar 
charging and discharge behavior, therefore the sub- 
sequent data for the 1/1 volume ratio are representa-  
tive of both compositions. 
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The dynamic-charge inject ion behavior as a f u n c -  
t ion of tunnel  oxide thickness is indicated in Fig. 11- 
13. The shift in Vmin from opposite polari ty satura-  
tion is shown for varying pulse widths and several 
voltage levels. Figure 11 indicates that  symmetric  
charge windows can be obtained over a wide range of 
"low" voltages (71/2-25u for "thin" oxide devices 
(<30A S leD.  These can be used for either n -  or p- 
channel  deplet ion-mode devices (35). For oxide thick- 
nesses between 30 and 40A, there is a shift to the 
median of charge polari ty t o  the positive mode (Fig. 
12). All positive mode operat ion is achieved for oxide 
thicknesses greater than 40A, as is indicated in  Fig. 
13. This type of operation is useful  for enhancement  
mode n-channe l  operation, such as, for example, has 
been explored with MAOS structures (36). The charge 
window for 48A SiO2 is similar to that  for A1203 
with a 30A tunne l  oxide thickness (Fig. 14), excepting 
that higher wri te-erase voltages are required for the 
A1203 device. Limited mult iple  cycling studies have 
indicated good window stabil i ty (no window shift, 
interface state buildup, or device fai lure) with up to 
107 for 25V, and at least 10 s (test cutoff) wri te-erase 
cycles for 15-20V. The absolute magni tude  of the 
charge window, as wr i t ten  from "erase" saturat ion is 
plotted in Fig. 15, as a funct ion of tunne l  oxide thick- 
ness for "write" voltages of 15 and 25V. Comparison 
is also presented with similar  SigN< devices (11). 
Significantly larger charge windows are observed with 
the use of the A1N-Si~N4 mixtures.  Additionally,  the 
observation of large charge windows over a wide range  
of tunne l ing  oxide thickness (up to 48A SIO2) is ad- 
vantageous from a device fabricat ion point of view. 
The relaxat ion of close oxide thickness tolerances con- 
tr ibutes to increased device yield and lowered manu-  
facturing costs. 

The long- term charge re tent ion behavior has been 
monitored with test devices of both 1/1 and 1/9 vol- 
ume ratio A1N/SisN4, in both the "write" and "erase" 
mode. Typical results are indicated in  Fig. 16 for three 
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"erase-write" conditions. Six devices are required 
since the init ial  state of charge (in either "write" or 
"erase" mode) is main ta ined  on long- te rm test. The 
pair ing of "erase-write" data points result  from pulse 
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width  selection dur ing  ini t ia l  charging to yie ld  differ-  
ent  windows. The in i t ia l  "erase" posi t ions differ since 
sa tura t ion  pulse  widths  were  not  used, o therwise  the  
"erase" data  points  would  merge. I t  was observed tha t  
the  discharge behav ior  is qua l i t a t ive ly  s imi lar  to that  
observed for Si3N4 (11, 26, 35). The in i t ia l  d ischarge 
ra te  increases wi th  increased "wr i te"  bias, as was also 
observed wi th  devices made f rom SigN4 (11). Add i -  
t ional ly,  when compar ing  devices of va ry ing  tunne l  
oxide thickness,  "wr i t ing"  to the same charge level  
yields  ini t ia l  discharge rates  tha t  decrease wi th  in-  
creased oxide  thickness  (26). For  al l  ini t ia l  Vmin 
values the shif t  in  V ~  is l inear  wi th  4Vmin/41n t ,  
and a lways  in a di rect ion toward  shr inkage  of the  
charge window. This, of course, arises f rom !oss of 
charge th rough  the tunnel ing oxide to the Si subs t ra te  
(26). When  "erasing" to a negat ive  Vm~, (not shown 
in Fig. 16), the shif t  in Vmin is t oward  0V. The t ime 
du ra t i on  of the  constancy of the 4min/41n t slope, 
af ter  "wri t ing,"  var ies  qua l i t a t ive ly  and inverse ly  wi th  
the  ini t ia l  va lue  of Vmln. A d iscont inuous  increase  in 
the  AYmin/Aln "C slope then occurs. The net  resul t  is 
eventua l  convergence of the Vmin values,  even wi th  
large  differences in the  ini t ia l  wr i t t en  Vmln values  (for 
constant  tunnel ing oxide th ickness) .  Since this be-  
hav ior  was also observed wi th  Si3N4 s torage devices 
(11) the s torage behav ior  of the  mix tu re  is most l ike ly  
governed by the Si3N4 ma t r i x  wi th in  t h e  two-phased  
s t ructure  of the  A1N-Si3N4 mixture .  The data  ind i -  
cated in Fig. 16 for  devices wi th  1/1 volume ra t io  of 
A1N/Si~N4 and 43A SiO2 show that  even with  ini t ia l  
" read"  windows of 5-8V, the  final " read"  window af ter  
10 years  is p ro jec ted  to be of the order  of 3-4V. The 
indica ted  da ta  points were  acquired over a 15 month  
period. 

Discussion 
The rise in the P o o l e - F r e n k e l  conduct ion slope va l -  

~2es ( ~ P - F ) ,  with  increased deposi t ion tempera ture ,  can 

perhaps  be reconci led wi th  an increased densi ty  of 
neu t ra l  traps,  in accordance wi th  the  Yea rgan -Tay lo r  
compensat ion model  (32). Wi th  increased deposi t ion 
t empera tu res  the  mieros t ruc ture  (as observed wi th  
TEM) tends toward  more  wel l -def ined  gra in  bound-  
aries and c rys ta l l in i ty  (see Fig. 3). We speculate  tha t  
these h igher  angle  gra in  boundar ies  poss ibly  cont r ib-  
ute  toward  increased dens i ty  of neu t ra l  traps.  On the 
other  hand,  the re la t ive  insens i t iv i ty  of the  ex t r apo -  
la ted zero-f ield conduct ion te rm (4o), wi th  deposi t ion 
tempera ture ,  would  then  imp ly  that  even with  the  in-  
crease of the  neu t ra l  t raps  the to ta l  number  of t raps  
(neut ra l  plus coulombic)  remains  essent ia l ly  the same. 
Addi t ional ly ,  we pos tu la te  tha t  the  wel l -def ined  erys-  
ta l l in i ty  w i t h  increased deposi t ion t empera tu re  tends  
to y ie ld  deeper  traps,  as indica ted  by  the ~d va lues  for  
AIN in Table  II. 

The #p_~ slope values for  the  Si3N4 and mix tures  a r e  
higher  than  indica ted  by  the above compensat ion model  
and mus t  be reconci led by  a l t e rna te  schemes. The p re s -  
ence of par t icu la tes  wi th  the lower  deposi t ion t empera -  
tures (see Fig. 4) m a y  contr ibute  to the  excess low 
field conduction, leading  to h igher  5o conduct ion va l -  
ues. The high 4o with  deposi t ion at  II00~ could be  
due to the presence of c rys ta l l ine  SiaN4 at  and above 
this t empe ra tu r e  (37, 38). 

The increasing concentra t ion of Si3N4 wi th  the mix -  
tures causes a r ap id  lower ing  of the  4o conduction 
term. The high field conduct ion behavior ,  as shown by  
the #P-F slope values,  is s imi lar  to tha t  indica ted  by  the 
SisN4. The conduct ion behav ior  of the  mixtures ,  then, 
appears  to be influenced main ly  by  the enveloping 
mat r ix  of Si3N4 sur rounding  the AIN grains. This fac tor  
is significant r egard ing  the charge  s torage behavior .  
We propose the fol lowing:  

During the charging cycle, the h igher  flmF values  
indicate  essent ia l ly  un i form conduct ion wi th in  the  
ma t r ix  of the  Si3N4 envelope and AIN grains. Trap  
filling occurs most ly  wi th in  the  AIN gra ins  and at  the 
AIN-Si3N4 interface.  Wi th  r emova l  of the  h igh  ex te rna l  
vol tage a reversed  lower  in te rna l  field remains  due to 
the high concent ra t ion  o f  t r apped  charge.  With  the 
dual  dielectr ic  s torage s t ruc ture  the  t r apped  charge 
tends to l eak  toward  the si l icon substrate.  The ra te  of 
d ischarge  is res t r ic ted  by  the Si3N4 m a t r i x  and the 
" th ick"- tunne l ing  the rmal  SiO2. 

F rom energy band considerations,  the  presence of 
the Al~O3 provides  an energy  bar r ie r ,  as shown in Fig. 
17, which would cause addi t ional  charge p i leup  at  the  

Si SiO 2 A s  4 A . ~ 2 0  5 

\ 

,.u, 
~,~ 

+Vg 

Fig. 17. Energy band diagram for thick oxide charge storage 
device with AIN-Si3N4 mixture within the charge-storage layer 
(positive write case). 
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(AIN-Si3N4)-A1203 interface. Dual dielectric struc- 
tures of Si3N4 plus A12Oa do not behave differently 
from single SisN4 charge storage structures (8). This 
would imply that, perhaps, the mixtures do indeed 
contain a higher concentration of trapping sites than 
does SigN4. In addition, high concentration of rela-  
tively deep traps with the mixtures (as implied by the 
larger ~d values for the mixtures in Table II) would 
minimize charge tunneling at the (A1N-Si~N4)-A12Oa 
interface into the A12Oa conduction band. This could 
happen when using Si3N4 as a replacement for the 
Al203. These devices show smaller charge windows 
than Comparably "written" (A1N-Si3N4)A1203 devices. 

The influence of varying the tunneling oxide thick- 
ness upon the long term discharge behavior is similar 
to that exhibited by other storage layers (39). There- 
fore, devices exhibiting long-time charge retention 
properties, require thick tunneling oxides (between 40 
and 50A). 

Summary and Conclusions 
The preparat ion of films of mixtures of A1N and 

Si3N4 has been carried out by the thermal ammonialy- 
sis of gaseous A1C18 and Sill4. The deposition kinetics 
and film thickness uniformity is significantly influenced 
by the NHJ(A1C13, SiI-I4) reactants ratio. Some 
physiochemical properties have been characterized as 
a function of composition and deposition parameters 
and compared to those observed with A1N and Si3N4. 
Charge storage structures analogous to MNOS and 
MAOS devices have been prepared using a dual dielec- 
tric storage layer. These devices provide superior elec- 
trical perIormance compared to both MNOS and MAOS 
devices. The large charge windows obtained with low 
(under 25V) "write" voltages and the adequate charge 
retention over long periods of time make these devices 
potentially useful with read mostly and read only 
memory devices. 

A new concept has been attempted in this work, i.e., 
the use of a two-phase dielectric layer to enhance 
charge storage properties. The measurement of several 
physical properties indicates  that the mixed film of 
A1N-Si3N4 behaves electrically similarly to Si3N4, ex- 
cept that tl~e charge trapping behavior is enhanced due 
to the addition of the AIN phase. A simple energy band 
model utilizing a finite width potential well analogue 
is invoked to qualitatively explain the charge storage 
behavior of the (AIN-SiaN~)-AI203 dual dielectric 
layer. 
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ABSTRACT 

A new procedure for preparing homogeneous single crystals of Hgl-xCdxTe 
alloys over a wide range of compositions is proposed. The method, based on 
a modification of the usual  Br idgman technique, promises to overcome var ia-  
tions in composition resul t ing from the high segregation rate of CdTe with 
respect to HgTe. During most of the growth period the melt  composition is 
controlled by means of a second solid phase. In  part icular  some results are 
reported in  connection with a composition of significant interest  for appli-  
cation as an infrared detector and spin flip laser material .  

In  recent  years the Mercury Cadmium Tel lur ide 
pseudobinary  alloys (Hgl-zCdxTe) have proved to be 
uniquely  suitable for preparat ion of high quali ty me-  
dium and far infrared detectors. The reason stems 
from the various basic mater ia l  peculiarit ies (1) such 
as an energy gap which can be adjusted from 0 to 1.5 
eV varying the composition (x). The detector spectral 
response can be matched to any wavelength in the 1-14 
~m range at working temperatures  at or above 77~ 
In  addi t ion to the compositional dependence of the 
bandgap, Hgl-xCdxTe alloys are direct gap semicon- 
ductors having high absorption coefficients with low 
intr insic carrier concentrations and with high electron 
mobilities. 

Though very high performance photoconductive and 
photovoltaic detectors have been made for many  years, 
either as single detectors or as arrays, up to now the 
potentiali t ies ~ of such alloys have been l imited by the 
difficulties of growing crystals with long-range  homo- 
genei ty  of reasonable size. Moreover, to achieve eco- 
nomic fabricat ion of devices, high yields of useful ma-  
terial  are required. For these reasons, present  research 
on the mater ial  will be concerned pr imar i ly  with im-  
proved methods of growing large single crystals of 
adequate compositional uniformity.  

To achieve this goal, several techniques have been 
proposed and used. Most of them are based on the 
existence of a l iquid phase even for thin layer  deposi- 
tions. However most th in  layers have been grown by an 
evaporation-diffusion mechanism, using a close-spaced 
configuration, or in a mercury  plasma using a triode 
sput ter ing arrangement .  These layers of the compounds 
have been successfully used for fabricat ing photovol- 
talc detectors (2-4). 

The main  problem in Hgl-xCdxTe growth from the 
melt  is the compositional inhomogeneit ies which re-  
sult along the growth direction because of strong 
segregation of its b inary  components, due to the wide 
separat ion of the l iquidus and solidus lines in  the 
phase diagram (5, 6). Melt stoichiometry main tenance  
dur ing the growth is also a problem because of the 
high mercury  vapor pressure in  equi l ibr ium with the 
melt. Moreover a te l lur ium excess may introduce a 
remarkable  consti tut ional  supercooling (7). 

By a modified Br idgman approach, the CdTe segre- 
gation with respect to HgTe has been prevented uti l iz-  
ing high speeds of growth (Bur ton-Pr im-Sl ich te r  
mechanism).  Because of the rapid solidification, the 
resul t ing ingot contains a dendri t ic  substructure,  and 
a subsequent  high tempera ture  anneal  must  be used 
to remove such a s t ructure  (8). The preparat ion of 
suitable crystals has been also at tempted by a two-step 
technique (9) employing a quenching from the l iquid 
state under  appropriate conditions followed by heat-  

Key words: modified Bridgman, compositional uniformity, in- 
frared material. 

t rea tment  for a long t ime in  mercury  vapor jus t  below 
the solidus temperature.  Homogeneous crystals have 
also been obtained by the vertical  zone mel t ing 
method (10), al though composition fluctuations are 
general ly observed due to hot-zone instabili ty.  The 
vert ical-zone mel t ing method has also been employed 
for solution growth of Hgl-xCdxTe using Te as a sol- 
vent  (11). Final ly,  some amount  of high qual i ty ma-  
terial has been obtained using a method involving 
crystal l ization from a two-phase mix ture  followed by 
a solid recrystall ization (12). 

These methods general ly labeled as modified Bridg- 
man  techniques, solid-state recrystallization, vert ical-  
zone melting, and "slush" recrystal l ization have been 
applied with varying degrees of success. In  addition, 
we propose and have exper imenta l ly  tested another  
method for obtaining large single crystal portions 
having a high composition homogeneity s tar t ing from 
a two-phase system. We have taken  advantage of the 
marked  difference be tween the l iquidus and the solidus 
curves in the HgTe-CdTe pseudobinary system. 

Proposed Method and Some Experimental Results 
Consider in  Fig. 1 the schematic tempera ture  profile 

of a vertical fu rnace  (not to scale) and the sketch of 
the phase diagram for the Hgl-xCdxTe single pseudo- 
b inary  alloy system. Assume an ampul  filled with an 
alloy charge of over-al l  composition xo to be placed 
in the furnace in  region i (not to scale) at tempera-  
ture To. The charge will be ent i re ly  melted since the 
temperature  To is slightly above the l iquidus line, as 
shown in the figure. Assume fur ther  that the ampul  
containing the charge is quickly lowered to region 2 
(not to scale) at temperature  T, in termediate  between 
l iquidus and solidus lines for the xo composition. This 
procedure will produce a l iquid and solid two-phase 
mixture  of composition XL and xs, respectively. At this 
point the directional freezing is actuated by lowering 
the ampul  to region 3. 

If freezing occurs slowly as it is assumed for the 
t ime being, the l iquid phase composition remains  con- 
stant  at value XL as long as the solid phase xs is present  
which supplies the l iquid marking  up for the depletion 
due to the crystal growth in the ampul  tip. As soon as 
the xs composition phase is exhausted, normal  freezing 
occurs. In these idealized conditions, what  is expected 
is a crystal with constant composition equal  to xs for a 
Iength corresponding to the steady-state  region for the 
melt  composition and finally a t rans ient  with rapidly 
decreasing cadmium tel lur ide concentration. This sche- 
matic s i tuat ion occurs only if directional freezing of 
l iquid alloy occurs in equi l ibr ium conditions with com- 
plete mixing in  the liquid. This condition can be ap- 
proached by selecting a freezing rate which is small  as 
compared with xs solid dissolution rate in the l iquid 
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and xs phase distribution at the growth starting. 

and in par t icular  if comparable with the diffusion rate 
in  the liquid. 

On the other hand the requi rement  of producing 
useful mater ial  with high yield at a reasonable rate 
suggests that the freezing rate be adjusted to a value 
not very far f rom the consti tut ional  supercooling l imit  
related to the actual thermal  gradient  operating at the 
solid l iquid crystall ization interface. In  this connec- 
tion, it has already been reported elsewhere (7) that 
the possibility of const i tut ional  supercooling arising 
from both segregation of CdTe with respect to HgTe 
exists as well as the segregation of any Te excess in 
the melt. This lat ter  effect proved to be the most re- 
strictive as to growth rate, as it appears even at very 
low growth speeds. It  is therefore necessary to assure 
the melt  stoichiometry to get better  Te segregation 
conditions and to be able to approach the l imit  im-  
posed by the consti tut ional  supercooling. 

The speed of 0.5 mm/hr ,  if used for growths from 
melts with carefully adjusted metal  to Te ratio, may 
be considered as reasonably close to the ment ioned 
l imit  which can also be calculated by Tiller 's relat ion 
(13). In  addition to an accelerated growth rate as 
above described, mixing in  the l iquid phase is never  
Complete and in part icular  in our exper imenta l  con- 
figuration, because of the rather  poor actual tempera-  
ture gradient  dis t r ibut ion at the solidification interface 
(40~ because of the charge diameter  (12-13 mm) 
and because of the charge l e n g t h  (up to 25 cm). 

F ina l ly  it  is not convenient  tq keep the xs solid- 
phase distr ibution uniform. In  fact the presence of 
unmel ted  particles at the growth interface will activate 
undesirable  spurious nucleations with consequent 
worsening of the crystal quality. The drawback can be 
avoided if the distr ibution of the l iquid and solid 
phases occur as schematized in Fig. lc. This is realized 
in  the actual method by quenching to room tempera-  

ture the To homogenized charge, taking care that the 
ampul  end, where the directional freezing has to start, 
be directed upwards. Thus, as the filling coefficient is 
necessarily less than  unity,  the solid will  not occupy the 
empty end. The subsequent  over turn  o f  the ampul  and 
heating at T temperature  will  make, by gravity, the 
l iquid phase occupy the lower volume free form the 
solid phase, as schematized in  Fig. lc. Then it is obvi- 
ous that at the start  of a grOwth the charge end par t  
will now essentially consist of an  extremely spongy 
self-support ing solid emerging from the liquid. The 
extension of the l iquid zone, free from the solid, is an 
adjustable parameter  depending on the ampul  total 
length to content  ratio. Under  these conditions, because 
of poor mixing, the advancing crystal rejects solvent 
more rapidly than the xs solid reserve can refill by 
dissolution and diffusion. As a consequence, the l iquid 
composition at the growth interface tends to become 
lower than the star t ing xT. value, reaching after  a 
transient,  a XL' < XL value. In  this case, the solidified 
crystal will be characterized by an ini t ia l  composition 
t ransient  with decreasing solute concentrat ion from 
the xs value, a quasisteady-state  region with a con- 
stant  composition, and a final composition t ransient  
with rapidly varying solute concentration. 

This is just  what  happens as shown in  Fig. 2 for the 
two different growth runs. The composition values 
were determined both by measur ing the 77~ cutoff 
wavelengths of a set of photovoltaic detectors prepared 
by ion implanta t ion  (14) on the surface of wafers cut 
at right angles to the growth direction and by mea-  
suring the absorption edges of the same samples at 
room temperature.  The la t ter  analysis method, ra ther  
integral,  was used once the solidification interface, 
under  the experimental  conditions, was proved to be 
flat (15) and radial ly  symmetr ic  (16) as to allow 
~x < 0.01 composition variations over 80% of the 
solidification interface diameter. 

Table I reports the composition values along a wafer 
diameter (position 1-12) as obtained from the cutoff 
wavelengths of a set of photovoltaic detectors (the de- 
vices were 200 ~m in diam and taken 800 ~m apart  
center- to-center  distance).  The wafer center corre- 
sponds to position 6. 

The synthesis of Hgl-xCdxTe alloys was accom- 
plished by melt ing together the appropriate quanti t ies 
of HgTe and CdTe b inary  compounds in  evacuated 
thick-walled quartz ampuls with enough excess mer -  
cury to main ta in  a ~ 16 atm pressure at operat ing 
temperature  T. Star t ing materials  for b inary  com- 
pound preparat ions were Cd and Te 6N pur i ty  in a 
stoichiometric mixture  to prepare CdTe, Hg, and Te 
6N pur i ty  with an excess Hg in the case of HgTe. In  
Hgl-zCdxTe alloy synthesis we preferred to start  from 
binary  components ra ther  than from single elements 
to avoid Hg-Cd direct contact, since the amalgama 
formed readily oxidize. The ampul  containing the 
te rnary  mixture  was first t reated at 50O~ then the 
temperature  was carefully raised just  above the l iq-  
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Fig. 2. Composition profile of the staedy-state region for two 
different growth runs. 
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Table I 

Position Position 
No. x No. x 

1 0.239 7 0.232 
2 0.239 8 0.235 
3 0.237 9 0.236 
4 0.234 10 0.236 
5 0.232 11 0.239 
6 0.232 12 0.240 

uidus l ine for the actual over-al l  composition. The melt  
was then left to homogenize for at least 24 hr. At this 
point the above suggested procedure could be started. 
Figure 3 shows an as-grown crystal. 

Conclusions 
Though several  growth techniques have already 

been proposed and applied for Hgl-zCdxTe single crys,  
tal product ion having long-range  homogeneity and 
reasonable size, from the detector manufac turers  stand 
point, the problem is not ful ly solved. At present  the 
research in  the field should be pr imar i ly  concerned 
with improved methods of large single crystal growth 
as well as development  of thin-f i lm techniques. In  this 
connection we th ink that  our suggestion, if sui tably 
developed, may lead to positive improvements.  The r e -  

Fig. 3. An as-grown crystal 
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sults presented are in  fact to be in tended more as 
capabilities ra ther  than  as technique limits. On the 
other hand, the yield obtained can be considered as 
rather  satisfactory for suitable mater ia l  even if it is 
too early to be definite in  this point. Fur ther  work 
along the described line is now unde r  way. 
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Transport Phenomena Measurements in Epitaxial Reactors 
Vladimir S. Ban* 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

The deposition rates and uni formi ty  in CVD reactors are functions of 
t ransport  phenomena.  It is necessary to unders tand  these phenomena as com- 
pletely as pos~cible in order to design and use reactors properly. In  the last 
few years several, mostly theoretical, discussions of t r anspor t  phenomena in  
CVD reactors appeared. In the present study we discuss the results of the 
exper imental  measurements  of these phenomena by means of flow visualiza- 
t ion techniques and temperature  and concentrat ion measurements.  These 
measurements  suggest a model of flow somewhat different than models sug- 
gested by other authors. The importance of ent ry  effects and influences on 
the deve lopment  of velocity and temperature  profiles are il lustrated. Such 
a model is more complex than  models where the fully developed velocity 
and/or  temperature  fields are assumed, but  it is also more descriptive of t h e  
t rue si tuation in the reactor. 

Today's mul t iwafer  epitaxial reactors must  fulfilI re- 
quirements  of satisfactory deposition rates and of 
s t r ingent  thickness and doping uniformity.  This means 

* E lec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  CVD, ep i t ax ia l  r eac to r ,  t r a n s p o r t  p h e n o m e n a  sili- 

con deposi t ion .  

that sufficient and equal amounts  of gaseous r e a c t a n t s  
(e.g., SIC14, Sill4, etc.) and dopants (e.g., PHi, B2H6, 
etc.) must  be supplied to all wafers in  the reactor. 
Good unders tanding  of the gas phase t ransport  phe-  
nomena is thus important  for reactor designers and 
users. 
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In  the last few years several theoretical t reatments  
of t ransport  phenomena in epitaxial  reactors appeared 
(1-4). The purpose of this work is to present  the re-  

sults of exper imental  studies of t ransport  phenomena 
in a horizontal silicon epitaxy reactor. The apparatus 
itself and the pre l iminary  results have been described 
previously (5). Briefly, the somewhat modified labora-  
tory size horizontal reactor (susceptor was 5 X 15 cm; 
rectangular  quartz tube length was 60 cm, cross section 
was 7.5 X 5.0 cm) was equipped with an ins t rument  
introduct ion port. A specially designed mass spectro- 
metric probe was used to determine qual i tat ively and 
quant i ta t ive ly  the vapor species present, as well  as 
fheir spatial distribution. The temperature  and its 
spatial dis t r ibut ion was measured by means of spe- 
cially designed ~hermocouples, and the gas flow pat-  
terns were observed by means of the TiO2 smoke vis- 
ualization. In  this work we present  some additional 
results of these studies as well as a brief discussion of 
these results. 

Results 
Flow visualization exper iments . - -The flow visuali-  

zation experiments  provide an insight into the mo- 
m e n t u m  transfer  of the gas phase. The na ture  of flow 
in  epitaxial reactors is difficult to predict. The low 
values of Reynolds n u m b e r  (typically < 200) suggest 
a laminar  flow, but  on the other hand, the steep t rans-  
verse tempera ture  gradients caused by the hot suscep- 
tor imply possible dis turbance of the laminar  nature.  
Fur thermore,  the ent ry  effects must  be considered, be-  
cause susceptors are relat ively short and the velocity 
and thermal  profiles might  not  be completely devel- 
oped. Sparrow et al. (6) studied a similar  problem of 
simultaneous action of buoyancy and viscous forces 
and devised the Gr /Re  2 ratio as a criterion for assess- 
ing the relative influences of the above two forces 
(Gr = Grashof number ;  Re = Reynolds number ;  see 
Table I for definition). We observed flow pat terns by 
means of TiO2 smoke for Gr /Re  2 ratios ranging from 
0.16 to 12.5 and susceptor temperatures  from 500 ~ to 
1200~ The results of these observations are sum- 
marized in Fig. 1. At Gr /Re  2 ~ 0.5 one observed a 
ful ly developed spiral, and at lower values upward 
deflection of the s t reamline was observed. Both of 
these observations clearly show the effect of buoyancy 
forces. A spiral flow was also observed by Takahashi  
et al. (7) in  their observations of flow in  epitaxial re-  
actors. Some fluid mechanics workers report  different 
behavior (8, 9), but  in  their  experiments  special effort 
has been made to el iminate the en t ry  effects. 

Temperature measuremen t s .~The  tempera ture  and 
the tempera ture  dis tr ibut ion in the reactor is a func-  
t ion of several variables, such as the gas velocity, the 
nature  of the gas, and the geometry of the reactor. We 
measured tempera ture  in the x - y  plane above the 
susceptor (x ---- direction of the gas flow; y ---- direction 
perpendicular  to the susceptor; y _-- 0 at the susceptor; 
y ---- 3 cm at upper  wall)  as a function of those vari-  
ables. 

(a) T- < 800~ Gr/Re2=0.47; 0.56; 414;  12.5 

v / I l l ~  / / / / / / /  / / t ~  

(b) T->800~ Gr/Re2=O.]6; 0.21, 05.5 

FLOW 

I I / I / / /  I / I  I 1  I / / 1 ~  

Fig. 1. Ti02 smoke streamlines observed at various Gr/Re 2 
ratios and susceptor temperatures (these drawings were obtained 
by tracing the actual photograph of the flow patterns). 
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Fig. 3. Temperature profiles in N2 for various experimental 
conditions. 

Table I. Definition of dimensionless numbers 

Sym-  Defini-  
N u m b e r  b o l  P h y s i c a l  m e a n i n g  t i on*  

I n e r t i a  f o r c e  pVl 
R e y n o l d s  Re  

V i s c o u s  f o r c e  
( I n e r t i a  f o r c e )  ( B u o y a n t  f o r c e )  p~gl2flAT 

G r a s h o f  G r  
( I n e r t i a  f o r c e )  2 ~ 

M o m e n t u m  d i f f u s i v i t y  Cp~ 
P r a n d t l  P r  

T h e r m a l  d i f f u s i v i t y  ~,c 

* N o m e n c l a t u r e :  p = m a s s  d e n s i t y  ( g / c m Z ) ,  V = f low v e l o c i t y  
( c m / s e c ) ,  L = l i n e a r  d i m e n s i o n  ( c m ) ,  ~ = a b s o l u t e  v i s c o s i t y  ( g /  

cm-sec ) ,  g = g r a v i t a t i o n a l  c o n s t a n t  ( c m / s e c e ) ,  fl = e x p a n s i o n  
coef f i c ien t  ( l i t e r / ~  a n d  AT = t e m p e r a t u r e  d i f f e r e n c e  ( ~  C,  
= specific heat  (cm~/sec~~ hc = t h e r m a l  c o n d u c t i v i t y  (g  

em/ sec~~  

Figure 2 shows tempera ture  profiles in the y direc- 
tion in helium. These profiles were taken at x ---- 5, 10, 
and 15 cm. Two different gas velocities were used V ~ 

25 cm/sec and ~ 50 cm/sec (V ~ = velocity at room 
temperature) .  The susc~ptor temperature,  Ts, was 
1200~ Figure 3 shows silnilar profiles taken in N~. All 
relevant  data are specified in the figure. 

There are several things to notice in the above 
curves: (i) There is a steep tempera ture  gradient  in  
the first 1.5 cm above the susceptor, and a practically 
flat gradient  above it; (ii) for the same velocity and 
susceptor temperature,  gradients are steeper in  N2 
than in He (H2 behaves similarly to He) ;  and (iii) 
the temperature  of the upper  portion of the gas in -  
creases with x and with decreasing V, thus resul t ing 
in shallower gradients under  those conditions. Figure 
4 shows the isotherms in  the horizontal reactor. In this 
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Fig. 4. Isotherms in the horizontal reactor (V ~ = 50 cm/sec; 
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Fig. 5. Direct recordings of temperature profiles in He showing 
oscillations. Ts = 10000C, x ---- 15 cm. 

case V ~ ---- 50 cm/sec,  Ts ---- 1200~ gas is helium. 
Again, two different t empera tu re  areas are visible. 

Another  interest ing observation in these measure-  
ments  is the existence of large t empera tu re  fluctua- 
tions. F igure  5 shows the direct t empera tu re  profile 
recording. The re levant  data are specified in the figure. 
These oscillations have  a f requency of about 3-5 Hz 
and ampli tudes as large as _+ 30~ Similar  fluctuations 
were  observed by Curtis and Dismukes (10). 

Part ial  pressure  m e a s u r e m e n t s . - - M a s s  spectrometr ic  
exper iments  de termined the fol lowing species in the 
vapor  phase: H2, SIC14, HC1, and SIC12; SiC12 is at least 
an order  of magni tude  less abundant  than the other 
species. The H2 and SIC14 are, of course, the input  
gases, while the HC1 and SiCle are products of chemi-  
cal reactions occurring in the system. In addition to 
the above gases, about 1% of Ar  was added to the in-  
put mixture ;  Ar  served as an internal  standard so that  
the quant i ta t ive  measurements  of part ial  pressures of 
other  gases can be made by comparison with  the known 
h r  pressure. 

The spatial var ia t ion of par t ia l  pressures of SIC14 
and HC1 in the x - y  plane were  given in Ref. (5). F rom 
these data  it is possible to construct  the SIC14 isobars, 
which are shown in Fig. 6. Again in the upper  area a 

flatter concentrat ion gradient  exists than in the lower  
area, where  isobars are closer together.  There  is also 
a part ial  pressure gradient  in the x direction, due to 
the depletion of the reactant.  If  uncorrected (e.g., by 
ti l t ing the susceptor) this deplet ion would cause the 
downstream wafers to be th inner  than the ups t ream 
wafers. The HC1 isobars would show the opposite 
tendencies: an increase in pressure close to the suscep- 
tor and also in the x direction. 

Figure  7 is the direct mass spectrometr ic  recording 
of the SiCI~ par t ia l  pressure profile. Again, one notices 
fluctuations in the middle section of this curve;  the f re -  
quency is around 3-4 Hz and the ampli tude is about 
_+ 10% of the mean value. 

Discussion 
The above-descr ibed results  al low us to make  some 

conclusions on the nature  of t ransport  phenomena in 
the epitaxial  reactors. First  of all, one deals wi th  not 
ful ly developed tempera tu re  and velocity profiles. The 
full  development  of the t empera tu re  field in a hori-  
zontal channel heated f rom below occurs when x > 
L ---- 0.4 DPe, where  D : height  of the channel and 
Pe ---- Peclet  number  (Pe ---- Pr  X Re w h e r e  Pr  = 
Prandt l  number)  (8). In our case Re ~ 50, Pr  ---- 0.7, 
D ---- 3 cm. Therefore,  t empera tu re  is ful ly  developed 
when x > 40 cm, which is considerably longer  than 
the susceptor itself. 

A cri terion for the el iminat ion of ent ry  effects f rom 
the velocity profiles is that  x > L : 0.029 ReD. In our 
case L ~ 45, and thus again much longer  than the 
susceptor itself. In the ent ry  region boundary  layers  
start  to form on the wal ls  of the channel,  but  be tween  
these layers one has a central  core of the fluid wi th  
different t empera tu re  and veloci ty characterist ics as 
evidenced by the observed flat t empera tu re  and con- 
centrat ion profiles and the recorded oscillations. These 
oscillations increase wi th  a value of Re, which is con- 
sistent wi th  the ent ry  effect explanat ion presented 
here. The entry effects disappear when the upper  and 
lower boundary layer  met  and a ful ly  developed lami-  
nar  flow velocity profile is formed. The lower  layer  
increases in th ickness  faster, because the viscosity of 
the gas increases wi th  tempera ture .  The flat concen- 
t ra t ion and tempera tu re  gradients mean that  re la t ive ly  
good mixing occurs in the central  core. This mix ing  is 
due to the t ransverse  gas movemen t  caused by buoy-  
ancy effects, which were  observed in the flow visualiza-  
tion experiments.  The core can be thus  considered a 
reservoir  of reactant  gaseous species f rom which they 
diffuse through the boundary layer  to reach the growth 
interface. The core itself changes in the x direction. It 
becomes nar rower  due to the development  of bound-  
ary layers, its t empera tu re  incieases, the par t ia l  pres-  
sure of reactants  decreases and of products increases. 
These ideas are pictorial ly presented in Fig. 8, where  
the qual i ta t ive changes in velocity, temperature ,  and 
concentration profiles are shown. 

It is impor tant  to note that  the model  which emerges 
from our exper iments  is more complex than models 
used in theoret ical  calculations referenced earlier.  In 
these works ei ther the ful ly  developed laminar  ve -  
locity profiles and /o r  the constant t empera tu re  in the 
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Fig. 6. SiCI4 isobars in the hoHzontai reactor (V ~ z 25 cm/sec, 
Ts ~ 1200~ p~ ~-- 6.1 X I0  - 3  atm). 
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Fig. 7, Direct mass spectrometric recording at the partial pres- 
sure profile of SiCI4 showing oscillations. Ts ~ 1140~ p~  
6.1 X 10 - 3  atm, V ~ ~ 25 cm/sec). 
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REACTANT CONCENTRATION VELOCITY CHANGES 

CHANGES 

= DECREASE x ~ INCREASE x = INCREASE X 
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Fig. 8. A qualitative depiction of a transport model suggested by 
our experiments. Entry effects and the resulting influences on the 
velocity, temperature, and partial pressure gradients are shown. 

x direction are assumed. The real si tuation is, how- 
ever, different and a more realistic model should take 
into account the above complications. We in tend to 
develop a mathematical  t rea tment  of such a model in 
the near  future. 
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Etching of CVD SigN4 in Acidic Fluoride Media 
Cheryl A. Deckert* 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

The process whereby CVD SisN4 films are etched in acidic fluoride solu- 
tions has been investigated at 25 ~ and 60~ by use of a series of wel l -charac-  
terized etchants. The rate law for the dissolution process has been identified 
and is found to be l inear  in both [HF] and [HF2-] ,  bu t  independent  of [ F - ] .  
Although the exact magni tude of the etch rates of CVD SisN4 is known to 
depend on the deposition conditions used, it  is thought that the general  form 
of the rate law will  remain constant. Comparison between the rate constants 
for SisN4 and those previously reported for SiO2 suggests that  the etch rate of 
SigN4 can be increased relative to that  of SiO2 by use of elevated temperatures  
and very low pH solutions, and by adjus tment  of the ni t r ide deposition pa-  
rameters so as to increase the N H J S i  ratio in  the reaction mixture.  

Removal of silicon nitr ide from semiconductor de- 
vice wafers is usual ly  carried out using a hot (180~ 
phosphoric acid etchant (1). As has been pointed out 
previously (2), this process is ra ther  inconvenient  to 
utilize both because of the high tempera ture  which 
must  be main ta ined  and because water  tends to be-  
come depleted from the etchant mixture.  Etch rates of 
SisN4 films in buffered hydrofluoric acid and in con- 
centrated HF have been reported; more recently, dis- 
solution studies of Si3N4 in various dilutions of HF 
over a range of tempera ture  have appeared (2, 3). In 
all these cases, comparison with etch r a t e s  of SiO2 
films has been made; the etch rates of ni tr ide are lower 
than those of oxide in  all the cases reported except 
for very dilute ( ~ 0.3%) HF solutions at high tem- 
peratures (~--90~ The implementa t ion  of processes 
based upon such data is hampered by two main  diffi- 
culties: first, unl ike thermal ly  grown SIO2, which 
gives readi ly reproducible etch rates in  a given me-  
dium, CVD SQN4 displays varying  etch rates depend- 

* Electrochemical  Society Active Member. 
Key words: CVD S~3N~ films, acidic fluoride solutions, etching. 

ing on the exact deposition parameters;  and second, 
the mechanism of etching SQN4 has never  been  in-  
vestigated in a series of well-characterized etchants, 
as has been done for SiO2 (4), so as to yield a simple 
rate law based on one or more chemical species. 

In  this study we have examined the dissolution of 
CVD SigN4 films of a "typical" formulat ion in a variety 
of well-characterized fluoride etchants, in  an at tempt 
to deduce the dependence of etch rate on the various 
chemical species present. Although such a rate law 
will vary somewhat depending on the film deposition 
conditions, the general  form of the rate equation will 
most l ikely be constant  and can thus be of general  use 
in nitr ide pa t tern ing processes. 

Experimental 
The silicon nitr ide films were prepared by chemical 

vapor deposition techniques on silicon wafers of [111] 
orientation. The flow rate of N2 carrier  gas through 
SiCI~ at ~25~ was 110 cmS/min result ing in  t ransport  
of ,0.21 g /min  SIC14. The flow rate of NH3 was 600 
cm3/min. The ni t rogen main  flow was 225 l i ters/rain,  
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and the reactor temperature was 875~ Nitride dep- 
osition rate was 120-13.0 k /min .  Thicknesses of de- 
posited nitride were limited to approximately 2100A 
in order to avoid excessive stress buildup. The material  
was found to dissolve at 10-12 A/min  in a p-etch (30 
parts conc. HF, 20 parts cone. HNO3, 600 parts H20). 
The etching experiments  were te rmina ted  at about 
800A remaining  ni t r ide so that  possible occurrence of 
oxy-ni t r ide  species near  the Si~N4/Si interface would 
not al ter  the observed etch rates. The etching tests 
were conducted in  a constant tempera ture  bath con- 
trolled to wi th in  •176 Thicknesses, both before and 
after etching, were measured by a technique based on 
relat ive reflectivity of a monochromatic beam of 
l ight (5). Two different wavelengths of l ight were em- 
ployed and duplicate samples were tested in each ex- 
periment.  The usual  assumption was made that  etch 
rate is l inear  with time. Est imated error  i n  etch rates 
was __5%. 

Either reagent-  or electronic-grade chemicals were 
used throughout  the experiments.  The NH4F stock 
solution was analyzed for % fluorine content  by 
Schwarzkopf Microanalytical  Laboratory using a volu-  
metric  procedure with La 3+. 

Results 
The etchant solutions were prepared similar ly to 

those of Judge (4). Simplistically, formulat ion of the 
etchant solutions can be described as follows: NH4F 
was used to control the total fluoride content, HC1 to 
lower the pH, and NH4C1 to br ing the totall solution 
ionic s t rength up to 1M. The composition of the etchant 
solutions, expressed in  terms of formali ty of reagents 
added, is given in Table I. The exact concentrat ions of 
the various f luoride-containing species w e r e  deter-  
mined from the known dissociation constants for HF 
in  1M ionic s t rength media (6) 

HF + H20 ~ H30 + + F- 

HF2-  ,~- HF + F -  

Ki (25~C) = 1.30 X 10-~ 
(60~ = 6.57 • 10 -4 [1] 

K2 (25~ = 1.04 • 10 -1 
(60~ : 3.66 • 10 -2 [2] 

The calculated equi l ibr ium concentrations and ob- 
served etch rates are given in Tables II and III. 

In  order to deduce the rate law for Si3N4 dissolution, 
the correlation of etch rate with concentrat ion of the 
various f luoride-containing species was examined. 
Simple perusal  of the data indicates t h a t  etch rate 
is independent  of concentrat ion of "free" fluoride ion, 
F - ,  whereas both protonated fluoride species, HF and 
HF2-,  appear to be involved in the rate law. Charac- 
terization ol the SiO2 etching process has revealed (4) 
a l inear  dependence of etch rate on both [HF] and 
[HF.~-]; thus we performed a mult iple  regression 
analysis on the data to determine whether  a good 
straight l ine fit could be obtained using the equation 

R : A[HF]  + B[HF2- ]  + C [3] 

When R is expressed in  A/sec and concentrations are 

Table I. Composition of fluoride etchants 

Concentration of r e a g e n t  a d d e d  (F) 
Etchant 

No.  iHCI] [NI-I4F] [NH~C1] 

1 0.900 0.0045 0.100 
2 0.800 0.190 0.20,0 
3 0.600 0.380 0.400 
4 0.900 0.922 0.00O 
8 0.450 0.445 0.500 
6 0.400 0.572 0.400 
7 0.250 0.380 0.600 
8 0.350 0.618 0.350 
9 0.150 0.284 0.700 

10 0.800 0.665 0.300 
11 0.270 0.695 0.270 
12 0.200 0.761 0.200 
13 0.100 0.855 0.100 
14 0.050 0.941 0.050 
16 0.010 0.981 0.010 
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Table II. Calculated equilibrium concentrations and observed 
Si3N4 etch rates in 1M ionic strength etchant solutions at 25~ 

Etch- Calcu la ted  Concentrat ions  (M) Calcu- Etch 
ant  l a t ed  ra te  
NO. [HF]  [HF2-] [F-] [HsO +] pH (A/see) 

1 0.0941 0.00014 0.00015 8.06 • 10 -1 0.09 0.013 
2 0.189 0.00073 0.00040 6.11 • 10 -~ 0.21 0.025 
3 0.364 0.0072 0.00206 2.29 • 10 =z 0.64 0.053 
4 0.735 0.0872 0.0123 7.75 x 10 -2 1.11 0.14 
5 0 .367  0 .0343  0.00972 4s • 10 -~ 1.31 0.076 
6 0.265 0.128 0.0505 6.81 x 10 -3 2.17 0.089 
7 0.164 0.0820 0.0520 4.10 • 10 -~ 2.39 0.053 
8 0.178 0.170 00997 2,32 • 10 4 2.64 0.078 
9 0.0874 0,0616 0.0734 1.55 • I0 -~ 2.81 0.040 

10 0.111 0.189 0.176 8.21 • 10 -4 3.09 0.076 
11 0.0823 0.188 0.237 4.51 • 10-' 3.35 0.069 
12 0.0410 0.159 0.402 1.33 x 10-~ 3.88 0.061 
13 0,0134 0,0866 0.088 2.62 • 10 -~ 4.58 0.029 
14 0.00547 0.0445 0.846 8.40 x 10 "-~ 5.08 0.016 
15 0.00095 0.00905 0.962 1.28 x 10 -6 5.89 0.0045 

Table Ill. Calculated equilibrium concentrations and observed 
Si3N4 etch rates in IM  ionic strength etchant Solutions at 60~ 

Etch-  Calcu la ted  c o n c e n t r a t i o n  (M) Calcu- E t c h  
ant lated rate 
No. [HF] [HF2-] [F-] [HsO*] pH ( A / s e c )  

1 0.0940 0.00020 0.00C077 8.06 x 10 -1 0.09 0.13 
2 0 . 1 8 8  0,00109 0.000202 6.11 • 10-;- 0.21 0.26 
3 0.359 0.0100 0.00102 2.31 • 10 -1 0.64 0.56 
4 0.709 0.104 0.00535 8.71 • 10 -~ 1.06 1.8 
5 0.354 0.0431 0.00445 5.23 x 10 --~ 1.28 0.89 
6 0.238 0.155 0.0239 8.54 • 104  2.18 1.1 
7 0.141 0.106 0.0274 3.40 x 1O -a 2.47 0.76 
8 0.137 0.212 0.0568 1.58 • 10 -~ 2.80 1:0 
9 0.0634 0 . 0 8 5 6  0.0494 8.43 • 10 -4 3.07 0.52 

10 0.0657 0.234 0.131 3.30 • 10 4 3.48 0.96 
11 0.0422 0.228 0.197 1.41 • 10 4 3.85 0.84 
12 0.0176 0.182 0.379 3.05 • 10 4 4.52 0.61 
13 0.00525 0.0948 0.660 5.22 • 10 -e 5.28 0.34 
14 0.00208 0.479 0.843 1.62 • 10 -~ 5.79 0.19 
15 0.000367 0.00963 0.961 2.51 x 10 -7 6.60 0.060 

Table IV. Calculated values of the parameters in the rate law 
equation R = A[HF] + B[HF2- ]  + C, where R is expressed in 

.&/see and the concentrations are in motarity 

T e m p e r -  
F i l m  ature, ~ A B C 

SisN4 25 0.16 0.31 <0,0001 
60 1:9 3.7 - 0.02 

SiO2 ~ 26 2.60 9.66 -0.14 
60 10.4 48.6 - 1.02 

a Ref. (4). 

in molarity,  the values of the constants A, B, and C 
calculated for the Si3N4 etching process are t h o s e  

given in Table IV. For comparison, the constants p re -  
viously reported (4) for SiO2 are also given, tks a 
check on the assumption that  the data would fit the 
l inear  Eq. [3], a plot was made of etch rate vs. the 
calculated funct ion for each temperature.  These plots 
are shown in Fig. 1 and 2. It is seen that  the data do 
fall close to the plotted straight lines and that  the 
intercept  is very close to the origin in  each case (since 
parameter  C is cluse to zero), tnus increasing con- 
n•ence in  the validity of the calculated rate law. 

Discussion 
It is interest ing that  the rate laws for etching ol 

SiO2 and SigN4 are so similar, and that  the unproto-  
noted species, F - ,  is unreact ive in each case. One might  
hypothesize an etching mechanism which involves an 
intermediate  hydrogen-bonded species (I) 

F x 
H 

I 
i 
i 

(1) 

SUBSTRATE 
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F~g. 1. SisN~ etch rate at 25~ vs. the function {A[HF] + 
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Fig. 2. SisN4 etch rate at 60~ vs. the function {A[HF] -I- 
B[HF2-]}. The diameters of the circles reflect the experimental 
error in the etch rates. 

Init ial  formation of such a specms might hold the 
fluorine atoms close to the substrate for a long enough 
period of t ime so that  they could achieve a favorable 
orientat ion and could thus successfully attack the sub-  
strafe. 

Regarding the relat ive rates of oxide vs. nitr ide 
etching, it can be seen from the data in Table IV that 
al though at both temperatures  studied Si3N4 etches 
much more slowly than does SiO2, nevertheless the 
nitr ide rate constants appear to be increasing some- 
what  faster with temperature  than those of oxide. This 
behavior  indicates higher activation energies for the 
nitr ide etching process than for oxide, as is shown 
graphically in Fig. 3. Since the slopes of these lines 
are equal to --EA/R, we can calculate the apparent  ac- 
t ivat ion energies shown in Table V, in kcal/mole.  

Table V 

SisN~ SiO= 

A term (HF d e p e n d e n t )  14 8.0 
B t e r m  (HF~- d e p e n d e n t )  14 9.1 

From these activation energies, it can be determined 
that, al though keeping the H F / H F 2 -  ratio large (by 
buffering at a low pH) should favor the nitr ide etch 
rate as much as possible, the SiO2 and SiaN4 etch rates 
in 1M ionic s trength etchants wil l  not become equal 
at temperatures  below the boil ing po in t  of the etch- 
ants. This result  is in  contrast to those of Harrap (2), 
who found that  under  certain conditions, namely  at 
high temperatures  (,~90~C) and in very dilute hy-  
drofluoric acid solutions, the ni t r ide etch rate could 
be favored over that  of oxide. This difference may be 
in part  due to the par t icular  ni t r ide deposition process 
used: our  process involved a smaller  N H J S i  (Si from 
SiCI+) molar  ratio (22) than did Harrap 's  (75 or 250, 
Si from Sill4), a change which is expected to decrease 
ni t r ide etch rate. Unfortunately,  the fact that  Harrap 's  
work was done in solutions of unde te rmined  ionic 
s t rength hampers  direct comparison of his results and 
ours. i t  is quite likely, 'however, that use of dilute 
solutions and high temperatures  favor HF formation 
relative to HF2- ;  this would be the case if the 1M ionic 
s trength acid dissociation constants are applicable, and 
would give quali tat ive agreement  between the two 
sets of results. However, more detailed comparisons of 
the two studies, par t icular ly  where the more highly 
concentrated fluoride media are concerned, will re-  
quire fur ther  informat ion concerning higher associated 
fluoride species and acid dissociation constants. 
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Analysis of Phosphorus-Diffused Layers in Silicon 
Richard B. Fair* 

Bel~ Laboratories, Reading, Pennsyivan~a 19604 

ABSTRACT 

Using the Fa i r -Tsa i  m o d e l  of P diffusion in Si, equat ions have  been  de-  
r ived  which  re la te  the  to ta l  P concentrat ion,  e lect ron concentrat ion,  sheet  
resistance,  and junct ion  depth  of a P-dif fused layer .  Curves are  presented  
which show surface concentrat ion as a funct ion of the R s ' x j  product ,  pe r -  
centage of e lec t r ica l ly  act ive P as a function of surface concentrat ion,  and 
Rs vs. x j  for P - i m p l a n t  doses ranging  f rom 1 X 1014 to 5 • 10 TM cm-% 

At  high concentrat ions  the diffusion of phosphorus  
in sil icon produces  an impur i t y  a tom dis t r ibut ion  tha t  
differs considerably  f rom the Gaussian or comple-  
m en t a ry  error-funer  d i s t r ibu t ions .  For  this reason 
i t  has not  been known how to calcula te  curves tha t  
re la te  P surface concentra t ion and e lec t ron  concen- 
t ra t ion  to the average  res is t iv i ty  (Rs �9 x j  p roduc t )  of 
the layer ,  etc. 

Recently,  Fa i r  and Tsai  (1) r epor ted  on a model  of 
P diffusion in Si which accounts quan t i t a t ive ly  for the 
exis tence of e lec t r ica l ly  inact ive  P, the  "kink"  and the  
ta i l  regions of the  P profile, and the  emi t t e r  dip effect. 
This model  is based upon the idea tha t  P diffuses wi th  
vacancies in the V x, V - ,  and V = c h a r g e  states. In the 
high concentra t ion surface region (n --~ 102~ cm -3) 
equ i l ib r ium concentrat ions  of P + V  = pairs  dominate .  
At  lower  concentrat ions  when  the Fe rmi  level  is ,-~0.11 
eV below the conduct ion band, the  V = vacancy gives 
up an electron,  and t h e  0.3 eV lower  b inding energy 
of the  resul t ing  P + V -  Pairs  enhances the p robab i l i ty  
for pa i r  dissociat ion by  a factor  of 10-35, depending  
on the t e m p e r a t u r e .  This effect creates a s t eady-s ta te  
excess vacancy concentra t ion which  flows to the  bu lk  
and the surface. The concentra t ion  of excess vacancies 
is p ropor t iona l  to the  number  of P+V = pairs  in the 
surface region t imes  the  p robab i l i t y  for pa i r  dissocia-  
tion. These V -  vacancies in te rac t  wi th  P to create  the  
enhanced ta i l  diffusion. Three  diffusion coefficients 
a re  requ i red  to descr ibe  P diffusion [see Fig. 1 t aken  
f rom Ref. ( ! ) ] .  

Analysis 
In this sect ion s impl i fy ing  assumptions  are  in t ro -  

duced into the  physics  governing P diffusion in SL In 
this w a y  app rox ima te  expressions are  deve loped  for  
es t imat ing  the impor t an t  profi le  pa rame te r s  in P 
diffusion; sheet  resistance,  junc t ion  depth,  and surface 
concentrat ion.  To begin  i t  it  necessary  to calculate  
the  e lec t r ica l ly  act ive P / c m  2 concentrat ion,  Qel, for  any  
diffusion condition. 

Tdtal and electrically active phosphorus per square 
centimeter.--It  was shown in Ref. (1) tha t  the i ra-  

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words: electrical activity, diffusion in silicon, ion im- 

plantation. 

pl icat ion of the  three  phosphorus  diffusion coefficients 
means tha t  h igh concentra t ion phosphorus  diffusion 
yields a profile s imi lar  to the  one shown in Fig. 2. 
This profile can be divided into two par ts ;  one asso- 
ciated wi th  the h ighly  doped surface region wi th  total  
doping per  square cent imeter  of QST, and  one as-  
sociated wi th  the ta i l  region wi th  to ta l  doping per  
square cent imeter  of QTAm. Not al l  of the  P in the 
surface region is e lec t r ica l ly  active. The inac t ive  dop-  
ing, Q~n, is in the form of P+V = pairs  whi le  the 
a c t i ve -dop ing  is labe led  Qse. The to ta l  e lec t r ica l ly  
active P / c m  ~ under  the  profile is 

Qel = Q~e + 'QTAIL [1] 
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Fig. 1. Intrinsic dfffusivities of phosphorus in silicon [after Ref. 
(1)]. 
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Fig. 2. A typical high concentration phosphorus diffusion profile 
in silicon. 

The tail profile is a complementary error  function 
with a "surface" concentration, Ck, occurring at the 
profile kink. The integrated concentrat ion Of P in  the 
tail is 

2 
QTAIL = _ ~ ) T A I L t  Ck [2] 

DTAIL is the tail diffusivity given by 

D i - n s  3 0.3 eV DTAm=Dix-I- ~ [1-Fexp (----~T~/ [3] 
ne2~i 

where ns is the electron concentration at the Si sur-  
face, ne is the concentrat ion at which P +V = pairs dis- 
sociate to create excess V -  vacancies, and Di -  is the 
intr insic diffusivity of P when  diffusion occurs with 
V -  vacancies. The 0.3 eV term in the exponential  
refers to the binding energy difference between P + V  = 
pairs and P + V -  pairs. Arrhenius  plots of the diffusion 
coefficients for P are shown in Fig. 1. The data f rom 
which these diffusion coefficients were obtained are 
referenced in Ref. (1) as are values of Ck, he, and n~ as 
a function of temperature.  

Making use of the observation that  Ck/ne  ~ 0.4 for 
many  profiles and assuming that the second term on 
the right in Eq. [3] is dominant  if ns _> 5 X 1019 
cm -8, then 

V [ n~/~  Di-  1 + exp t [4] 
QTAIL ~--- 2 n'--'~" "-kT / 

At surface concentrations below ns -- 2 • 1019 cm -s, 
DTAIL ~ Di x. In  this concentrat ion range neutra l  va-  
cancies control P diffusion. 

In  the high concentrat ion surface region it has been 
observed that the total P / c m  2 concentrat ion is 

QST = Qse + Q~n, 

Csxo 
[5] 

2 

where Qsn is the number  of nonelectrically active P 
a toms/cm 2, ,Cs is the total P surfaqe doping density, 
and xo is the depth at which n ~ he. An approximate 
expression for Xo, sometimes referred to as t'he width 
of the "flat region," is 

X o :  2 V Di = ( n s ~  2 h t  [6] 

.41- Io  / / �9 
900~ 

0 

0 ~  
20 40 60 80 100 120 130 

t (MINUTES} 

Fig. 3. Calculated "flat" region width of a phosphorus profile vs. 
diffusion time. 

In Eq. [6] Di = is the surface region P diffusivity 
(P+V = pair diffusion), and h is the electric-field en- 
hancement factor (h _~ 2). Equation [6] is shown 
plotted in Fig. 3 for several temperatures. The data are 

from Tsai (2) and represent the flat region width for 
P diffusions with ~%s ~ 2 X I0 ~~ cm -3. Good agreement 
is obtained with these measured data. Cs is related to 
ns through the equation (1) 

Cs = ns (1  + 2.04 X 10 -41 ns 2) [7] 

This equation results because at high concentrations 
a fraction of the P is not electrically active. The "in-  
active" P is contained in P + V = pairs. 

Equation [5] can be solved i o r  Qsw in terms of ns. 
Admng this result  to Eq. [4] for QTAtL gives the total 
P a toms/cm 2 in  a diffused profile as 

QT = QST + QTAIL = •s 3/2 - -  (1 + 2.04 

X 10 -41 ?~s 2) ~ /  
Di=nsh  

ni  

Vo, 
+ 2 kW 

and the electrically active P / cm 2 as 

Qel = Qse § QTA,L ---- n~ 3/2 - -  

0.3 eV 1 V ' D , - ( l - p e x p ( ~ / ) ]  [9] 

Equations [8] and [9] are shown plotted in Fig. 4 
where QT and Qel vs.  ns are the coordinates. The data 
shown were taken from measured P profiles in which 
the POCla source flow rates were adjusted to achieve 
different surface concentrations f o r  the 875~ 45 rain 
diffusions (3). Reasonably good agreement  is obtained 
between the data and the calculated curves. 

It can be seen that Eq. [8] is of the form QT -- ~ K T  
which agrees with the exper imenta l ly  observed para-  
bolic law behavior of P predeposition (4). At very  
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Fig. 5. Electrically active phosphorus fraction vs. surface elec- 
tron concentration for all diffusion temperatures. 

large surface concentrations,  Eq. [8] reduces to 

•/ t - ~ /  Di=nsh 
Q T : n s  a/2 - - ( 1 + 2 . 0 4 X  10-41as =) 

[10] 

The diffusivity of the P+V = pair  controls the rate of 
int roduct ion of P into St, so that  from Fig. 1 with ns 
independent  of tempera ture  

o~ exp kT 

where 1.49 eV is the calculated energy term in the 
tempera ture  dependence of QT. Negrini  et al. (4) have 
measured this energy to be 1.1 eV. However, it is evi- 
dent  from their  published profiles (5) that  for a fixed 
POCla flow rate, ns is a funct ion of temperature.  Also, 
Eq. [8] for QT is only valid for P concentrations below 
solid solubility, whereas Negrini 's  work concentrates 
on the region above solid solubility. 

The parabolic constant  K can be calculated from Eq. 
[10] for low POCla flow rates. For example, for a 
920~ deposition with 0.06% POCla in 1.3% 02 for 27 
rain, Negrini  measures  K = 1.5 X 1032 cm -4 hr  -1. 
From Ref. (5) this predeposition corresponds to a P 
profile with ns ~ 2.8 X 1020 cm -3. From Eq. [10], the 
calculated K value is 1.8 X 1032 cm -4 hr -1, in good 
agreement.  

Taking the ratio of Qel (Eq. [9]) to QT (Eq. [8]) and 
plott ing the result  as a funct ion of ns yields a single 
curve which is independent  of tempera ture  and diffu- 
sion conditions (source ambient)  etc. This curve is 
shown in  Fig. 5 and is par t icular ly  useful in predicting 
the percent  electrically active P following implan ta -  
t ion and subsequent  diffusion. This curve is only valid 
for P concentrat ions below the P solid solubil i ty l imit  
in St. Care must  be taken in comparing this curve with 
P diffusion data where P precipitat ion has occurred. 
The data shown in Fig. 5 (1, 4-6) were selected on this 
basis and show good agreement  with the calculated 
curve. 

Sheet resistance and surface concentration.--The ex- 
pression for the sheet resistance of a diffused impur i ty  
layer  in  Si is 

1 
Rs -- - -  [11] 

where u is the effective bulk  carrier mobil i ty  (cmf/V - 
sec) given by 

5:~ u n ( x ) d x  

u = [12] 
Qel 

An approximate expression for mobi l i ty  can be ob- 
tained from the data of Mousty et al. (7). Thus 

1.8 • 10~0 
u -- 75 + [13] 

where n is the electron concentration. Subst i tu t ion of 
Eq. [13] into Eq. [12] and using the result ing expres-  
sion for u i n  Eq. [11] yields 

Rs - -  [ 1 4 ]  
q(75 QeI ~ 1.8 • 102~ 

The units  of electrically active P, Qel, are (atoms cm -2) 
and xa is in cm. 

By el iminat ing t ime from the expression for Qel in 
Eq. [9] and solving for Qel as a funct ion of xa, then the 
Rs �9 xj product  can be determined from Eq. [14]. The 
junct ion  depth is the sum of the "flat region" width, 
xo, and the depth of the tail region profile 

#) xz ---- xo + 2~/DTAmt eric -1 ( " ~ K  [15] 

CB is the substrate background doping and CK is the 
concentration at the kink in the P profile. Thus, Eq. 
[9] becomes 

Q e l  

xj (1 + 2.04 • 10-41ns2) 

o,,c 

f35x1010j oi:0 ev  c- 1 
[16] 
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for ns >> CE and 
nsXj 

Qe~ [17] 

erfc-~ ~ X/~ 

for ns < C~. These equations are valid for the tem- 
perature range T ,,.< 1050~ Above 1050~ the k ink in 
the profile disappears. 

Equations [16] and [17] have been used in Eq. [14] 
for est imating the R s . x j  product for a background 
doping of 1 • 1017 em-~. The results are plotted vs. 
total P doping, Cs, and n,s for 800 ~ 900 ~ and 1050~ in 
Fig. 6. The Cs and ns curves stop at the respective solid 
solubili ty limits. Data taken from measured profiles 
(8) are also included in Fig. 6 to support the calcula- 
tions. Similarly,  for the 1100~176 range average 
Rsx~ vs. Cs and ~s curves are shown in Fig. 7. In this 
temperature  range the resistivity vs. surface concen- 
t rat ion curves do not show the temperature  depen-  
dence of the 800~176 curves shown in Fig. O. 
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Fig. 6. Total and electrically active P surface concentrations vs. 

average resistivity for the 800~176 temperature range. 
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Fig. 7. Total and electrically active l ~ surface concentratbn for 
the 1100~176 temperature range. 

Drive- in  o] implanted or predeposited P layers . - - In  
the case of an ion- implanted  P layer, the total dose, 
QT, is known. In order to determine RS as a funct ion 
of xj, QeI must  be calculated. If the final surface con- 
centration, ns, is known, then Qel can be determined 
from ~ ig. 5 for any diffused P layer  in  St, regardless 
of the diffusion temperature.  Rewri t ing Eq. [14], the 
sheet resistance becomes (9,/I-1) 

8.3 • 1016(1 -- 28.8Rsxj) 
Rs = [18] 

Qel 

Curves of Rs vs. x j  at a background doping of 1 • 101~ 
cm -3 can now be generated. For a given P implant  
dose, values of ~s can be selected from which Qel (Fig. 
5) a nd  R s x j  (Fig. 6 and 7) can be determined. Equa- 
tion [18] can then be solved for Rs. Calculated curves 
which have been averaged over the temperature  range 
of 900~176 are shown plotted in  Fig. 8. For ex- 
ample, a 1 X 16 cm -2 P implant  with a junct ion depth 
of 3 ~.m will  have a sheet resistance of approximately 
8.5 a/[~. The data shown in Fig. 8 were obtained 
from 50 keV P implants  and support  the approximate 
curves for the doses shown. However, these curves do 
not depend on implant  energy since the unique  rela-  
tionship between Rs and xj  is only a funct ion of Qel. 
This assumes thai  the ini t ial  implant  quickly redis-  
t r ibutes dur ing thermal  processing so that  this un ique  
relationship can occur rapidly. 

Conversely, the surface concentrat ion can be deter-  
mined from Rs measurements  if the implan t  dose and 
diffusion tempera ture  range are known. For example, 
a 20 ~%/Cl, 5 • 1015 cm - s  P implant  di{~used in the 
temperature  range T > 1100~ yields xj  _~ 1 ;~m at 
1017 cm -3. Thus, Rsx~ = 2 X 10 -3 ~%-cm. From Fig. 7, 
Cs = 1.2 • 102'0 cm -3 and r~s ---- 1 X 10 .20 cm -3. 

D i s c u s s i o n  
At least one phenomenon in  P diffusion has not been 

treated in this paper, i.e., precipitat ion on disloca- 
tions. Generally,  it is found that  if the surface con- 
centrat ion is l imited to solid solubili ty values, pre-  
cipitation is negligible in  its effect on diffusion. At 
higher surface concentrations significant precipitat ion 
can occur in the St, depending to some extent  on the 
init ial  dislocation density of the Si crystal (9). The 
effect of P precipi ta t ion on dislocations is to introduce 
nonequi l ibr ium processes into the diffusion mechan-  
isms which Can significantly reduce the depth to which 
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P diffuses for  a g iven t ime and tempera ture .  The 
curves p resen ted  in  this p a p e r  do not  account  for p re -  
cipitation.  As a result ,  diffusions wi th  Cs g rea te r  than  
solid solubi l i ty  wil l  show a smal le r  junct ion dep th  
and l a rge r  Cs than  pred ic ted  by  the analysis.  

Summary and Conclusions 
The complex diffusion of phosphorus  in si l icon has 

been analyzed  in simplified terms.  By calculat ing the 
re la t ionship  be tween  total  P / c m  2 and e lec t r ica l ly  ac-  
t ive P / c m  e, curves have  been genera ted  which re la te  
P and e lect ron surface concentrat ions to the average  
d i f fused- layer  resis t ivi ty.  Fo r  the case of an ion-  
implan ted  P l aye r  which is subsequent ly  diffused, i t  
has been shown that  wel l -def ined curves of Rs vs. xj  
can be genera ted  for a pa r t i cu la r  implan t  dose, r e -  
gardless  of the diffusion t ime and tempera ture .  

Manuscr ip t  submi t ted  June  14, 1977; rev ised  m a n u -  
script  received Sept. 21, 1977. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  December  1978 

JOURNAL. Al l  discussions for the December  1978 Discus- 
sion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs o5 this article were assisted by Bell 
Laboratories. 
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Characterization of the Gaseous and 
Solid Products of Aluminum Sulfate Decomposition 

Gary F. Knutsen and Alan W. Searcy 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory 

and Department oS Materials Science and Mineral Engineering, University of CaliIornia, Berkeley, California 94720 

ABSTRACT 

Measurements  of SO2+/SO~ + mass spec t rometer  ion rat ios and of weight  
losses when Ale (SO4)~ is decomposed in an effusion cell show tha t  equ i l ib r ium 
is achieved. Measurements  of H20+/SO~ + mass spec t romete r  ion intensi t ies  
as a function of t ime shows that  "anhydrous"  a luminum sulfate  contains about  
0.03 n~oles of wa te r  per  mole  of sulfate  ion. The solid decomposi t ion p roduc t  
in  the  range  of effusion studies, be low 600~ is an amorphous  A1203 which  
has a surface area  of 165 Me/g and in te rna l  pores  tha t  average  about  100A in 
diameter .  The expe r imen ta l ly  measured  decomposi t ion pressures  a re  h igher  
by  more  than a factor of 4 than  would  be expected f rom thermochemica l  
calculations,  p robab ly  because the hea t  of fo rmat ion  of A12(SO4)3 is 7-9 kca l  
per  mole more  posi t ive than repor ted.  

Many  meta l  sulfates, when heated,  decompose to a 
solid oxide plus a mix tu re  of SO~, SO2, and O2 gases 
in propor t ions  that  depend  on the t empe ra tu r e  nec-  
essary  to cause decomposition.  Among react ions in-  
ves t iga ted  in our  l abo ra to ry  in recent  years  were  the  
decoml=osition of ba r ium and s t ron t ium sulfates (1, 
2). These react ions  y ie lded  SO2 and O2 as the p r i m a r y  
gas products  in both Knudsen  (equi l ibr ium)  and Lang-  
mui r  (kinet ic)  studies. But recent ly ,  by  means  of a 
combined weight  loss, torsion effusion and mass spec-  
t r ome t ry  study,  Lau, Cubicciotti ,  and Hi ldenbrand  
(3) showed that  a l though CaSO4 yields equ i l ib r ium 
SO2 and 02 pressures  r e l a t ive ly  readi ly ,  MgSO4 does 
not. With  la rge  orifices the pr incipal  gaseous product  
of MgSO4 decomposi t ion was SO~. When  the orifices 
of the cell were  made  sufficiently smal l  or when 
Fe203 was added  as a catalyst ,  t he  p r inc ipa l  gaseous 
products  became SO2 and oxygen. 

The t empera tu re s  sui table  for effusion measurements  
wi th  MgSO4 are  lower  than  for CaSO4, SrSO4, or 
BaSO4. It  appea red  of in teres t  to invest igate  a sul-  
fate decomposi t ion tha t  occurred at  a st i l l  lower  
t empe ra tu r e  to de te rmine  if, under  condit ions for 
which equi l ib r ium decomposi t ion pressures  of SOe, 

Key words:  su l fu r  dioxide; su l fu r  t r ioxide;  a luminum sulfate 
decomposi t ion;  a luminum oxide, amorphous ;  a luminum sulfate ,  
hea t  of fo rmat ion ,  of; a luminum sulfate ,  w a t e r  conten t  of.  

02, and SOs are  ca lcula ted  to be nea r ly  equal,  the 
equi l ib r ium par t i a l  pressures  of SO2 can be obtained.  

F r o m  avai lab le  da ta  (4, 5) i t  could be pred ic ted  
that  a luminum sulfa te  decomposi t ion would  be sui t -  
ab le  /or  such a study.  Fur the rmore ,  recent  inves t iga-  
tions by  Beruto and Searcy  (6, 7) of the  calc ium 
oxide produced by vacuum decomposi t ion of COCO3 
suggest  tha t  it  should be of pa r t i cu la r  in teres t  to 
invest igate  the crys ta l  s t ructure ,  morphology,  and sur -  
face area  of the solid produc t  of the  react ion sequence 
A12(SO4)~'17H20(~ ---- A12(SO4)scs) + 17H20(g) ----- 
A120~(s) + 3SO2(g) -}- 3/2 O2(g). 

Vacuum decomposi t ion of C a C Q  yields  a CaO 
tha t  is poor ly  crystal l ine,  has par t ic les  wi th  an in te r -  
nal  poros i ty  of more  than  50%, and has surface areas  
of the  o rde r  of 50 M2/g. That  oxide  is much more  
reac t ive  toward  wa te r  vapor  than  is the oxide  p ro-  
duced by  decomposi t ion of CaCO3 in air  or  d ry  n i t ro-  
gen. 

The mola r  volume of A1203 formed f rom A12(SO4)3 
17HzO can be ca lcula ted  to be only 10% tha t  of 

the  s ta r t ing  mater ia l .  The rma l  decomposi t ion of 
Alz(SO~)~ in a i r  a t  t empera tu res  less than  750~ 
yields  an a lumina  that  x - r a y  powder  diffraction studies 
show to be amorphous  (4-6). A s tudy by  Kal in ina  
a n d  Por i -Kosh i t s  (8) shows that  A12(SO4)3 decom- 
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poses to 7-A12Os at approximately 1170~ and then 
transforms to the thermodynamical ly  more stable 
form ~-A12Os at temperatures  greater than 1420~ 
Therefore analogy with the results of CaCOs decom- 
position suggests that t h e  a lumina  from A12(SO4)3 
�9 17H20 decomposition in vacuum might  well be both 
metastable and highly porous. If so it might, like 
the oxide produced by calcite decomposition, show 
unusual ly  high reactivity. 

Experimental 
The mass spectrometer used to investigate the 

gaseous products of A12(SO4)3 decomposition was a 
24 cm radius, Atlas CH4 magnetic deflection device 
equipped with a 16 stage, Cu-Be, electron mul t ip l ier  
for use as an ion current  detector. Reagent grade 
Al~(SO4)z powder was purchased from the J. F. 
Baker  Company. The only listed impuri t ies  were 
0.'0.1% C1, 0.001% Fe, and 0.001% Pb. The powder, a 
hydrated form of A12(SOO3, was heated for 24 hr 
at 620~ to drive the water  off. The product  then 
showed the expected powder x - r ay  pat tern  for anhy-  
drous A12 (SO4) 8. 

The dried A12(SO4)8 was stored in a vacuum desic- 
cator unt i l  it was t ransferred to a 99.5% A120~ effu- 
sion cell. The cell was heated in  the mass spectrom- 
eter by radiat ion from a 0.025 cm diameter  tungsten 
wire surrounded by a t an ta lum heat shield. Tem- 
peratures were measured with a P t -P t  10% Rh ther-  
mocouple inserted in  the bottom of a p la t inum cell 
holder which contained the A120~ cell. 

Experiments  were performed with cell lids of three 
different orifice diameters in order to test whether  
equi l ibr ium is achieved inside the cells and to correct 
for nonequi l ibr ium if necessary (9, 10). Orifice diam- 
eters were 0.31, 0.51, and 0.78 mm, respectively, and 
the thickness of each lid was 2.31 mm. 

Background pressures below 10 -7 Torr were estab- 
lished before each run. The intensities of SOs + and 
SO2 + were followed using 70 or 17 eV electrons. In  
all the decomposition runs the tempera ture  var ia-  
tions were less than 2~ and the temperatures  were 
stable at the midpoints for long periods of time. The 
total fluxes of SO~ + (SO2 + 1/2 O2) were calcu- 
lated from the weight  changes produced in known 
periods of heating. The relative amounts of SO3 and 
SO2 effused were determined by moni tor ing the mass 
80 peak, which corresponds to S~4Os TM, and both the 
mass 64 which corresponds to Sa202 TM and the mass 
66 peak for $340216. 

The AI20~ that formed on the decomposition of 
AI2(SO4)3 was examined by the powder x-ray dif- 
fraction method and a scanning electron microscope 
was used to determine the characteristic particle 
sizes and shapes for the A12(SO4)3 and the A1203 
product. The surface area of the A12Q and the 
A12(SO4)3 were measured using a Quantasorb surface 
area analyzer. The samples were out-gassed for 1-2 
hr at 625~ prior to surface area determinat ion to 
desorb water or other contaminates on the surfaces. 

Pore size distr ibutions were studied for thoroughly 
out-gassed samples using a high pressure (60,000 lb) 
American Ins t rument  mercury  porosimeter. 

Results and Discussion 
It  has been reported (11) that f ragmenta t ion of 

SOs to SO2 + is considerable. In order to determine 
accurate gas composition data, the ion current  ratios 
were measured at 17 eV (about 5 eV above appear-  
ance potentials for both ions). The effective cross 
section ~eff for a molecule at less than max imum 
potential  values is given by the equation 

( E  - -  A P ) r  
O'eft ~-- 

( E M A x  - -  AP) 

where AP is the appearance po ten t ia l  For SO2, Ceff 
is 0.52 and for SOs it is 0.54 based on cross sections 

by Mann (12) and appearance potentials determined 
by Lau et aL (3). When 17V electrons are used, 
f ragmentat ion of both SO2 and SO3 is minimal,  and 
the vapor effused from orifices of diameters 0.31, 0.51, 
and 0.78 m m  all give SO2+/SO3 + ratios of 1.8/1 at 
673~ The fact that  the ion ratios and calculated 
total pressures were independent  of orifice area shows 
that  equi l ibr ium was at tained more readily than  for 
MgSO4 decomposition (3). Fragmenta t ion  of SOn to 
SO~ + does have a significant effect when  70V elec- 
trons are used in studies of decomposition of A12 (SO4)3; 
the SO2+/SO3 + ratio measured with 70V electrons 
was 2.7/1 at 673~ 

Our early SO2+/SO3 + ratios measured at 70 eV 
were higher, than 2.7/1, and a scan of the mass spec- 
t rometer  peaks showed the H~O+/SO2 + intensi ty  
ratio was approximately  1.1/1. After some 20% of 
the sulfur  oxide had been dr iven  out by  heating, the 
H20 + intensi ty  decreased to about 10-15% of the 
SO2 + intensity.  The relative intensities then remained 
at 1.8/1 unt i l  the sulfate was near ly  decomposed 
(Fig. i). 

The initial high H20 + intensity probably resulted 
from escape of adsorbed water. When the powder was 
exposed to air for more than 20 min the ratios of 
SO2 + to SO3 + measured with 70 eV electrons in- 
creased to 5/1. High SO2+/SO3 + ratios were accom- 
panied by high H20 + intensities and a peak corres- 
ponding to H2SO4 + which was about 10% of the 
intensity of H20 +. Reaction of water with SOs is 
evidently the cause of the high SO2+/SO~ + ratios. 

At longer times of heating, the intensities of SO2 +, 
SO3 +, and H20 + all decreased at essentially the same 
rate, until about 95% of the sulfur oxide content 
of the sample had been exhausted. The intensities 
then decreased at a faster rate and SO2+/SO3 + ratios 
increased as expected when insufficient AI2 (SO4) 3 re- 
mains to provide the equilibrium pressures of gaseous 
products. The gradual decrease in ion intensities that 
characterized most of the period of a run is probably 
a consequence of poisoning of the electron multiplier 
by the sulfur oxides. 

The fact that an H20 + peak persistedat some 3% 
of the SO2 + q- SO3 + intensity throughout sample 
decomposition appears to mean that water is a sig- 
nificant component of "anhydrous" aluminum sulfate, 
as usual ly prepared. This conclusion is consistent 
with the report by Young (13) that he was unable  
to lower the water  content  of A12(SO4)3 below 0.3 
weight percent  of his sample, or about 2.4 mole per-  
cent, of the sulfur  oxide content. 

Decomposition of A12(SO4)3 in vacuum at 720~ 
produced a solid product that gave no discernable 
x - r ay  pat tern,  which indicates an amorphous mate-  
rial. Decomposition in vacuum at 1020~ produced 
a solid that  showed only three broad x - ray  peaks of 
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I I I I I I 
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F ig .  l .  Ion in tens i ty  vs. t i m e  a t  8 0 0 ~  
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• 
7 5 0 ~  in vocuum 

Table I. Surface areas 

Surface areas 
Material (M~/g ) 

[ I I I I _ . 2  
75  65  55  45  35  25  

2 8  

Fig. 2. X-ray pattern of 7-AI203 from decomposition at 750~ 

~-A1208 (Fig. 2). Decomposition in vacuum at t370~ 
produced well-crystal l ized ~-AI~Oa. These results 
are consistent with earl ier  results for A12(SO4)z de- 
composition in  air (8). 

Total decomposition pressures were calculated from 
isothermal Knudsen  effusion weight loss experiments  
of at least several  hours duration. The vapor was as- 
sumed to be a mix ture  of SOs, SO2, and Q which 
was at equi l ibr ium for each tempera ture  and total 
mass flux. Water, which is est imated to account for 
less than 2% of total weight losses, was neglected. 
The equi l ibr ium assumption is supported by the fact 
that consistent total pressures were calculated from 
measurements  with orifices of three different diam- 
eters (Fig. 3). 

Because the a lumina  produced in our experiments  
was amorphous the corresponding decomposition pres- 
sures must  be lower ~han those when .7-A120~ is the 
product (14). But  our measured pressures are higher 
than the pressure calculated for decomposition to 
7-A12Q by about a factor of 4 (5, 15). Furthermore,  
in the A12(SO4)3, the  sulfur  oxide activities should 
be reduced by  the presence of water  by an amount  
of the order  of 3%, in accordance with Raoult 's  law, 
regardless of the form in which the water  is present. 

The heat of formation of A12(SO4)s has been es- 
t imated to be uncer ta in  by 5 kcal. The discrepancy 
between calculated and measured pressures is ac- 
counted for if it is assumed that  the true heat of 
formation of A12(SO~)a is, in fact, 5 + n kcal more 
negative than reported, where n is the heat of 
formation os amorphous a lumina  from ~-AI20~. Prob-  
ably n is 1-3 kcal. 

-z 

log Ptot 

- 6  

1.2 

[ J I I 

\ Oio. m~ 
- ~ x  A O. 32 

_ \ . ~ \  o o. 51 
A D 0 7 8  

1 "  ~ o 
.~ .y , ,  D 

. . . .  Equilibrbm dote with respect to CCAI~C) 3 from (5) "~% 

- - "  - -  Equilibrium dato with respect to ;,-AI203 from (5, t4 ) ~%~.  
\ . ' , , ,  

I I I I \x, , ,  
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I / T  x I0 -3 ~ K 

Fig. 3. Variation of P~ot, the total equilibrium decomposition 
pressure in atmospheres, with temperature. 5 kcal error bar is in- 
cluded on 7-AI203 line. 

AI~(SODa �9 17H~O 1.5 
Ah(SO~) s 35 

AhO8 165 

Scanning electron micrographs of A12 (SOD 2" 17H20 
and A1203 show the hydrate  and product  oxide par-  
ticles to be of the same shapes and dimensions, ap- 
proximately  20 um in  typical  cross section. Molar 
volume calculations indicate that the a lumina  par -  
ticles must  have more than 85% in te rna l  porosity. 
The fact that  the pores could not be resolved in SEM 
pictures shows that  ei ther their diameters must  be 
less than  0.1 ~m or that  reaction with water  vapor 
dur ing  the short t ime of exposure to the atmosphere 
before SEM pictures could be made obscured the 
pore mouths. 

Surface areas were obtained using the dynamic 
BET method on AI2(SO4)a'17H20, AI2(SO4)~, and 
A1203. The results are given in  Table  I. These results 
coupled with the scanning electron micrographs prove 
that the a lumina  particles have very  high in terna l  
surface areas. 

A high pressure mercury  porosimeter was used 
to measure the pore size dis tr ibut ion for the A1203 
(Fig. 4). The average pore size is calculated to be 100A. 

Because the surface area of 165 M2/g is near ly  as 
high as areas of catalyst supports (16), we have in i -  
t iated studies to de te rmine  if the AleO3 produced 
from AI~(SO4)~-17H20 decomposition ma y  be an  ef- 
fective reactant  for removal  of SO2 and /or  SO3 from 
gas streams. 
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Kinetics of the Transformation of Metastable 
Tin-Nickel Deposits 

I. Determination of the Avrami Equation Parameters by DSC or DTA 

J. A. Augis and J. E. Bennett 
Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

Using both differential scanning calorimetry (DSC) and differential ther- 
mal analysis (DTA), the kinetics of the transformation upon heating of the 
metastable tin-nickel alloy were studied. The solid-state reaction proceeds 
according to a classical Avrami equation. The parameters of the reaction 
equation were determined, and it is shown that the metastable alloy will not 
revert to the stable state, for all practical purpose, if kept at temperatures 
below 100~ Variations of the kinetic parameters were observed which can 
explain most of the different stability evaluations reported by different 
authors. 

The electrodeposited equiatomic [approximately 65 
weight percent  (w/o)  Sn-35 w/o Nil t in -n icke l  alloy 
has been used in  various practical applications be-  
cause of its corrosion resistance or passivity and its 
thermal  stability. Its remarkable  corrosion resistance 
(1) has been the subject of several recent studies (2- 
4). Thermal  stabil i ty has been reexamined by one of 
the authors (5). The equiatomic alloy is not an 
equi l ibr ium phase of the n icke l - t in  b inary  system (6) 
and can only be prepared either by electroplating (7) 
or from more recent results by sputter ing (8). The 
electroplated and sputtered deposits are metastable 
and are known to revert  upon hea t - t rea tment  to the 
two phases Ni3Sn4 and NisSn2 which constitute the 
room temperature  equi l ibr ium state of the equiatomic 
alloy of t in  and nickel. The metastable phase is what  
is normal ly  electrodeposited, and if conditions are 
such that t ransformat ion could occur dur ing  service life 
it  is impor tan t  to be able to predict it. However the 
morphology of this phase and the reason for its sta- 
bi l i ty  are still unknown.  In this paper  a study of the 
t ransformat ion kinetics was performed to derive a 
prediction equation. This study also provided infor-  
mat ion on the mechanism of the t ransformat ion which 
is reported in a companion paper (9). 

Using the technique of differential thermal  analysis 
(DTA), the metastable phase was shown to decom- 
pose exothermical ly at around 365~ when heated at 
5~ into the equi l ibr ium intermetal l ic  compounds 
Ni~Sn~ and NiaSn~ (5). In  the same article a brief 
review of previous work on "SnNi" thermal  stabili ty 
was presented. Some workers observed the decomposi- 
t ion from isothermal anneal ing at temperatures  as low 
as 250~ (10) while others report  s tabil i ty at tern- 

peratures as high as 500~ (11). While Bennet t  and 
Tompkins (5) util ized a different method (DTA) 
from that of previous investigators in their thermal  
stabil i ty study, it was apparent  that a more detailed 
s tudy of the t ransformat ion kinetics was needed. By 
using either a differential scanning calorimeter 
(Perk in-Elmer  Model DSC-1B) or a differential ther-  
mal  analysis apparatus (CSI, R. L. Stone Company),  
we determined the parameters  for the Avrami  equa-  
t ion (12) describing the t ransformat ion as well as the 
range of activation energies observed for different 
deposits. 

Theory and Experiments 
DTA is a dynamic technique where the t ime variable 

and the tempera ture  var iable  are intermixed,  so that  
no t rue isothermal experiment  can be performed with 
DTA equipment.  While DTA measures a temperature  
difference between the investigated sample and a refer-  
enc, e material,  DSC works on a different principle 
whereby the apparatus provides heat to either the 
sample or the reference container in order to keep 
their  temperatures  equal. The instantaneous power 
delivered to sample and reference is available as an 
analog signal. In  a single step react ion the fraction of 
mater ia l  t ransformed vs. t ime is ProPortional to the 
quant i ty  of heat evolved or absorbed. Isothermal ex- 
periments can be conducted with a differential scan- 
ning calorimeter. 

Most reactions in solid metall ic phases are empir i -  
cally described by the Avrami  equation where x is 
the fraction of mater ia l  t ransformed at the t ime t 

x = 1 -- exp [--  (kt)n] [1] 
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n is a dimensionless exponent,  k has the dimensions 
of reaction rate and is genera l ly  given by an  Arrhenius  
type of relat ion 

~E 
k -- ~ e x p -  ~ [2] 

R T  

where ~ _-- f requency factor, ~E ---- act ivation energy, 
R ---- gas constant, and T _-- Kelv in  temperature.  

The rate of t ransformat ion at any ins tant  is given 
by differentiating Eq. [1] with respect to t ime at 
constant  tempera ture  

d x  
~--- n k  n t n-1 (1 - -  X) [3] 

dt 

For a given temperature,  k is constant  and Eq. [3] 
yields a characteristic rate curve. As ment ioned above, 
isothermal experiments  cannot  be performed with 
DTA equipment,  but  such rate curves can be obtained 
from isothermal DSC experiments.  

Although the DSC equipment  measures d x / d t  di- 
rectly, the data can be more convenient ly  analyzed 
by the integral  of Eq. [3], i.e., Eq. [1] which can be 
rewr i t ten  as 

1 
In ~ = ( k t ) n  [4] 

This expression is used to determine n and k at a 
given tempera ture  by least squares fitting the na tu ra l  
logari thm of expression [4] to In t. By repeat ing the 
same procedure at different temperatures  one can gen- 
erate k as a function of T. The activation energy and 
the frequency factor are then determined by the s tan-  
dard method of plott ing In k vs. the reciprocal of T. 

The advantage of DSC is obvious as one considers 
Eq. [4]; al though all the terms necessary to solve for 
k in [4] are available in a DTA run  there are no un-  
ambiguous ways to choose the exponent  n since DTA 
cannot be done isothermally. 

In  this study DSC measurements  were  taken on two 
different deposits in order to determine precisely the 
parameters,  n, hE, and ~ for these two part icular  cases. 
Since no var ia t ion of n was found in the DSC experi-  
ments, previous DTA results on various other deposits 
were then used to estimate the range of variat ion of 
the parameters  AE and ~. 

The materials  used for the DSC runs were a thick 
electrodeposit (40-100 ~m) plated under  conditions 
similar to the ones described in Ref. (5) and a sput-  
tered film (15-20 ~m) prepared as in Ref. (8). Both 
films were deposited on a stainless steel foil and were 
freed from their substrate prior to the thermal  ex- 

per iments  by bending the foil. Both types of samples 
were first run  in the scanning mode (20~ in 
order to determine the tempera ture  range where 
t ransformat ion could be detected. Several  fixed tem-  
peratures were selected in these ranges to perform 
isothermal experiments.  Dur ing  the runs  the tem- 
pera ture  of  the calorimeter  was first increased lin-~ 
early at 40~ to the vicinity of the selected tem- 
perature. This final tempera ture  was then adjusted 
manua l ly  and the rate curve was traced on a t ime 
chart recorder unt i l  the vertical  deflection remained 
stable, thus indicat ing the end of the reaction. A typi-  
cal rate curve is shown in  l~ig. la. For each tempera-  
ture, the area under  the curve was measured unt i l  a 
given t ime t by using a planimeter .  The amount  
transformed x, ratio of this area to the total area 
under  the curve was then used in  a least squares fit- 
t ing procedure for Eq. [4]. The " ln - ln  plot" of Eq. [4] 
is shown in Fig. lb  for the rate curve of Fig. la. 

The procedure for the DTA experiments  has been 
presented previously (5). Numerous DTA experi-  
ments  were run  on "SnNi" produced dur ing different 
electroplating operations. A typical  DTA trace is 
shown in Fig. 2. 

Results 
The values of the exponent  n and the rate constant  

k at various temperatures  are shown in  Tables I and 
II for the electroplated and the sputtered samples, re-  
spectively. The plot of In k vs. T -1 is l inear  in both 
cases (Fig. 3a and b). From a least squares fit of these 
data the activation energies and the frequency factors 
shown in  Table III  were derived. The parameters  are 
given with their 95% confidence intervals.  The value 
of n is ra ther  constant over the range of tempera ture  
investigated which justifies the use of an Avrami  
type of equation and indicates that probably  only one 
mechanism is operative dur ing the transformation.  AI:  
though the 95% confidence intervals  for the activation 
energies overlap slightly, the difference in the mean  
values for hE between electroplated and sputtered 
samples is probably genuine (both hE and ~ are dis- 
tinct wi th in  the "one sigma" l imi t ) ;  it is only the 
l imited number  of isothermal exper iments  available 
which leads to such relat ively large confidence in ter -  
vals at the 95% level. 

In  order to obtain informat ion on the var iabi l i ty  of 
the activation energy for different plat ing operations 
we next  used the DTA data of Table IV. The plat ings 
are identified by their date. The average temperatures  
TM at which the p e a k  of the DTA trace occurs, and 
their confidence intervals  are given for the constant  

o = - 

~A 

t=O 

1 2 4  20 tcsoo 240 r 

T:59K5 K 
SAMPLE 5-7-76 

Fig. la. DSC rate curve ob- 
tained with plated "SnNi" 
(5-7-76) at 597.5~ The time is 
measured from the instant the 
temperature 597.5~ is reached. 
The transient behavior seen at 
the beginning of the curve is 
due to the calorimeter and is 
disregarded. 
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Fig. lb. in-In plot of Eq. [4]  applied to the rate curve of Fig. la.  
The least square fitting gives n - -  2.20 and k = 5.81 • 10 - 8  s -1 .  
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Fig. 2. Differential thermal analysis curve for sample 5-7-76. 
S a m p l e  wt .  O.O07g, program rate  a = 5 ~  TM ~ 598~  

heating rate of 5~ Using a graphical method 
the activation energies for the different platings were 
calculated assuming n equal to 2.1 and a constant v 
equal to 2 • 1014 sec -1. The results are shown in  Table 
V. The margin  of error given in Table V is not a t rue 
confidence in terval  but  merely represents the shift in 
intersection in  the graphical solution by using the 
confidence interval  for the various TM values. 

The graphical method employed led us to modify 
the Kissinger method commonly used for kinetic anal-  
ysis of DTA data for homogeneous systems (13). This 

Table I. Values of the exponent n and rate constant k at  different 
temperatures for an electroplated "SnNi" sample 

T (~ n k (sec -1) 

610 2.07 13.20 • 10 -~ 
605 2.07 10.75 x 10 -~ 
600 2.02 7.33 x 10 -8 
597.5 2 2 0  5,81 x 10 -a 
595 2.07 5.68 • 1O -~ 
590 2.23 3.79 x 10 -~ 
585 2.12 2.72 x 10 ~ 

Table II. Values of the exponent n and rate constant k at different 
temperatures for a sputtered "SnNi" sample 

T (~ n k (see -1) 

700 2.01 11.56 • I0  -s 
095 2.18 7.75 x I0 -~ 
690 2.07 6.54 • 10 -8 
685 2.02 5.01 x 10 4 
680 2.13 3.64 • 10 -~ 

method enables de terminat ion  of the kinetic pa rame-  
ters (bE and ~) f rom the influence of the h e a t i n g  
rate on the position of the DTA peak. However,  this 
method is applicable only when the exponent  in the 
Avrami  equation, n, equals unity. Our modification, 
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Table III. Reaction kinetic parameters derived from DSC experiment 

hE 
- -  (K) E (kcal/ 

n" v (sec -~) R tool) 

P l a t e d  2.11 3.25 x 10 ~ 2.30 x lO 4 46,0 
95% confi-  - - f r o m  2 0 5  8.2 x 10 ~s 2.10 x 10 ~ 42.0 

d e n c e  in-  --to 2.17 1.3 • 10 TM 2.49 • l0 ~ 49.8 
terval 

Sputtered 2.08 1.84 x 10 ~ 2.64 x 10 ~ 52.8 
95% confi -  --from 201 3.3 x 10 TM 2.28 • 104 45.6 

d e n c e  in- --to 2.15 1.2 • 10 TM 2.99 x 10' 59.9 
terval 

Table IV. Temperature of the DTA peak for different "SnNi" 
platings 

P l a t i n g  Average TM 90% c o n f i d e n c e  
i d e n t i f i c a t i o n  (~ interval 

2-3-75 636 644 ~ - ~  628 
4-8-75 655 661 ~ - ~  649 
7-2-75 640 649 ~ 632 
4-28-76 619 626 ~ - ~  612 
5-7-76 598 602 ~ 593 

S p u t t e r e d  684 688 * - ~  679 

Table V. Activation energy for different platings calculated from 
DTA results 

P l a t i n g  
i d e n t i f i c a t i o n  AE (kcal/mol) 

2-3-75 51.5 • 1.0 
4-8-75 53.2 - -  1.5 
7-2-75 5 2 0  - -  2.5 
4-28-76 50.3 +--- 2.5 
5-7-76 48.0 ----- 2.0 

S p u t t e r e d  55.6 • 2.5 

reported in detail  e lsewhere  (14), is applicable to 
heterogeneous systems which follow a genera l  Avrami  
law for any value  of n, and enabled us to indepen-  
dent ly  calculate hE and v solely f rom DTA data. The 
values obtained (n ---- 2.2, hE ---- 56 kcal /mol ,  v ~ 2.3 
• 1017 sec-~) are in reasonable agreement  wi th  our 
DSC results. 

Discussion 
The decomposit ion kinetics of various deposits of 

"SnNi" can all be described by an Avrami  equation 
(Eq. [1]) wi th  a constant exponent  n equal to 2.1. 
The rate  constant follows an Arrhenius  equat ion (Eq: 
[2]) wi th  a f requency factor of the order  of 10 i4 sec - i  
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and an act ivat ion energy vary ing  be tween  42 kca l /  
mole - 60 kca l /mole  (1.83-2.61 eV).  

F rom the values of these parameters  and by using 
Eq. [1] and [2] we can calculate the fract ion of t rans-  
formed mater ia l  as a function of t ime at isothermal 
conditions. Taking the central  values in Table  III  
found for the plat ing (5-7-76), we plot ted in Fig. 4 
the fraction x of t ransformed mater ia l  for various 
temperatures .  It is observed that  t ransformat ion oc- 
curs ve ry  rapidly  close to 320~ (almost complete  
t ransformat ion  in a few minutes) .  The t ime to t rans-  
format ion increases rapidly wi th  lower ing of the 
temperature ,  for example,  no detectable  amount  of 
mater ia l  is t ransformed in one day at 200~ and 
about 120 days are required for complete t ransfor-  
mat ion at this temperature .  The act ivat ion energy 
of this par t icular  e lectroplate  is the lowest  that  we 
have observed, and it is then the least s table of our 
samples. In Fig. 5 the t ime necessary to reach 10% 
(ti0) and 90% (t90) decomposit ion as a function of 
t empera ture  is shown. We have included in this fig- 
ure  the max imal  var ia t ion of parameters  encountered 
in this study (cf. Table III  AE/R min. ---- 2.1 X 104K -1, 
hE/R max = 3 • 104K - 1 , v m i n .  ---- 1.2 • 1018 sec -1, 
v max  ---- 8.2 • 1015 s e c - i ) .  Here  again one can note 
that no amount  of t ransformat ion is expected in 40 
yr  at tempera tures  below 125~ 

However ,  there  are wide variat ions f rom sample 
to sample in the t ime necessary to achieve a certain 
percentage of t ransformat ion;  for instance, at 320~ 
10% decomposition can be reached in a min imum of 
1 min  for samples having the lowest  hE, or a max i -  
mum of 4 days for samples having the highest  hE 
(sputtered) .  Regardless of the values of hE and v, 
t90 is roughly four t imes longer  than ti0. Ten percent  
t ransformat ion is roughly the min imum amount  which 
can be detected by x - r a y  means. The var ia t ion  in ac- 
t ivat ion energy and the consequent  var ia t ion in tt0 
that  we show in this paper  are more  or less consistent 
wi th  the reported variat ions of the rmal  stabil i ty (5) 
if one excludes the 500~ value of Smar t  and Robins 
(11). 

Summary 
The t ransformat ion kinetics of several  samples of 

electroplated or sput tered equiatomic t in-n icke l  alloy 
have been investigated. The t ransformat ion follows an 
Avrami  law with  an exponent  n equal  to 2.1, an act i-  
vat ion energy ranging f rom 42 to 60 kcaI/mol,  and 
a f requency factor ranging f rom 1.2 • 1013 sec - i  to 3.3 
• 10 i6 sec -L  These numbers  predict  a very steep influ- 
ence of the t empera tu re  on the t ransformat ion rate. 
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Fig. 5. Time-temperature- 
transformation curves for the 
"Sn-Ni" transformation. Curve 
A corresponds to the lower limits 
of the scatter of the parameters 
AE and ~, Curve B corresponds 
to the upper limits of the same 
parameters. For both A and B 
the lower curves correspond to 
10% transformation (ha) the 
upper curves to 90% transforma- 
tion (too). 

*While 40 y r  at  125~ wil l  be insufficient to l ead  to 
t ransformat ion,  1 rain at  475~ comple te ly  t ransforms 
all  samples.  The value of n makes  the influence of 
the  observed  var ia t ions  of hE and # la rge  enough to 
expla in  most of the var ied  s tab i l i ty  resul ts  p rev ious ly  
acknowledged.  
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Kinetics of the Transformation of 
Metastable Tin-Nickel Deposits 
II. Formation and Transformation Mechanisms 

J. A. Augis and J. E. Bennett 

Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

The na ture  of as plated metastable  t in-nickel  phase is reexamined.  F rom 
x-ray,  scanning electron microscope studies, and measurement  of the en-  
thalpy of t ransformat ion of the metastable alloy, it is concluded that  the de- 
posited alloy is a metastable extension of the composition range of the equi-  
l ibr ium phase Ni3Sn2 and not a distinct low tempera ture  phase. It  forms as 
a result  of more favorable nucleat ion kinetics at the low deposition tempera-  
ture. Its metastabi l i ty  is due to its morphology, and its decomposition upon 
heat ing is in terpre ted as precipitat ion and growth of the second equi l ibr ium 
phase NiaSn4 from the supersaturated metastable configuration. 

In a previous paper  (1) the authors found that the 
solid-state t ransformat ion of a metastable equiatomic 
[approximately 65 weight percent  (w/o)  Sn-35 w/o 
Nil t in-n ickel  alloy into the equi l ibr ium compounds 
NisSn2 and Ni~Sn4 (2) proceeds according to a classi- 
cal Avrami  equat ion 

x = 1 -- exp [-- (kt) n] [i] 

where x is the fraction of material transformed at the 
time t, and n is a dimensionless exponent, k has the 
dimensions of reaction rate and is generally given by 
an Arrhenius expression 

k = v exp - --~-~- [2] 

where ~ : f requency factor, hE -- activation energy, 
R : gas constant, and T ---- temperature.  

Analysis of DSC data, and analysis of DTA data 
using our modification (3) of Kissinger 's method (4), 
enabled determinat ion of the following values for the 
Avrami  and Arrhenius  parameters  

n : 2 . 1  

hE : 42-60 kcal /mol  

v = 1.2 X 1013-3.3 • 1026sec -z 

While our data allows a predict ion for the condi- 
tions of the decomposition of "SnNi," the morphology 
of this nonequi l ib r ium phase and its t ransformat ion 
mechanism are still uncertain.  Rooksby (5) considered 
"SnNi" to be the result  of an extension of the com- 
position range of the equi l ibr ium phase NisSn2. Such 
extensions are quite often found dur ing the rapid dep- 
osition of alloys by various techniques such as plat ing 
(6), sput ter ing (7), and splat-cooling (8). On the 
other hand, Dut ta  and Clarke (9) on the basis of 
solution calorimetry data argue that  the electrodeposit 
is a new phase which is thermodynamical Iy  stable at 
the tempera ture  of electrodeposition (72~ To re-  
solve this uncer ta in ty  we do reexamine the x - r ay  data, 
use SEM examination,  and measure the enthalpy of 
formation of "SnNi." 

Experimental Results 
X-ray.--The methods and results are similar to 

those already presented in Ref. (10) and (11). The 
crystal structures of "SnlNi" and Ni3Sn2 are very simi- 
lar and all x - ray  diffraction lines of the deposited alloy 
are near ly  coincident with the more intense lines of 
Ni3Sn2. The structure of Ni3Sn4 is markedly  different 
(12). In  Fig. 1 we show a port ion of the x - r ay  spectra 

for a powdered sample of electroplated "SnNi" before 
and after hea t - t rea tment  (500~ 1 hr) .  We also show 

I I I I I I 
I I I I 

I I I ~ 1 - -  SnNi 

f ~  AS~ATED 

L ~ ~ AFTER 500~ IHOUR 

/! ,, 

Fig. 1. Part of x-ray diffrac- 
tion pattern for as-plated and 
heat-treated "SnNi" powders. 
Filtered copper radiation 50 kV, 
30 mA. Also shown are the posi- 
tions of the major peaks for 
"SnNi," Ni3Sn~. Ni3Sn4. 

I I I I I 1 I I I I 
460 44 ~ 42 ~ 40 ~ 38 ~ 36 ~ 34 ~ 32 ~ 30 ~ 28 ~ 

2O 

3 3 5  
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the  character is t ic  posi t ions of the  main  diffract ion l ines 
( re la t ive  in tens i ty  grea te r  than  40) for "SnNi," NisSn2, 
and Ni3Sn4. Besides the observat ion  that  upon hea t -  
t r ea tmen t  the  lines of Ni3Sn~ become apparen t  in add i -  
t ion to the l ines of Ni3Sn2, one can observe the  obvious 
sharpening  of the lines. On the as -depos i ted  samples  
the corrected full  width  at  h a l f - m a x i m u m  is as la rge  
as 1.4 X 10 -8  radian.  X - r a y  l ine  broadening  is known 
to be due to smal l  gra in  size, in te rna l  microstresses,  
and /o r  la t t ice  defects. While  i t  is not  possible  in the  
presen t  case to separa te  the  three  factors, the  l ine 
b read th  is nonetheless  an indica t ion  of smal l  gra in  
size; by assigning all  the broadening  to this effect and 
using the Scher re r  formula,  we predic t  the  main  di-  
mension of the  crys ta l l i tes  to be a round  15 nm. 

SEM examination.--To confirm the conclusion of the  
x - r a y  work,  a meta l lograph ic  s tudy  was a t tempted.  
Elect rodeposi ted  "SnNi" is known to be passive in  r e -  
spect to a t tack  by  most chemicals,  and we were  un-  
able to reveal  any  s t ruc ture  by  convent ional  meta l lo -  
graphic  methods.  Bet te r  resul ts  were  obta ined  by  ion 
etching fol lowed by  scanning e lect ron microscopy. F ig-  
ure  2a shows the etched surface of a "SnNi" sample  
pr io r  to hea t - t r ea tmen t .  Al though  a nodular  s t ruc-  
ture  is p resen t  we were  unable  to detect  any gra in  
s t ruc ture  at  any  magnification, which suggests gra in  
sizes of the  o rde r  of tens of nanometers .  

Af te r  h e a t - t r e a t m e n t  (500~ 24 hr )  the t rans formed 
alloys show gra in  s izes 'of  the  o rder  of 1 ~m (Fig. 2b) 
wi th in  the wal l  of the nodula r  s t ructure .  

Free energy ol $ormation o~ "SnNi".--The heats  of 
t ransformat ion  --AHTM were measured  using the dif-  
ferent ia l  scanning ca lor imeter  on severa l  samples  of 
different  deposits. The resul ts  and thei r  scat ter  are 
shown in Table I along wi th  the resul ts  of composi-  
t ional  analyses  obta ined using wavelength  dispers ive  
x - r a y  analysis  and pure  meta l  s tandards  on a scan-  
ning e lect ron microscope. 

Regardless  of the morphology  of "SiNi," the  t rans-  
format ion  can be wr i t t en  

6"SnNi"-> NisSn2 -}- Ni3Sn4 - -  A H T  M 

or, more exactly,  since we have depa r tu re  f rom stoi-  
ch iometry  

6"Snl -xNi l+x"->  (1 -5 7x)Ni3Sn2 

Fig. 2b. The fame as Fig. 2a for the same sample after heat- 
treatment at 500~ for 24 hr. The grain structure is now evident 
(grain size of the order of 1 ~m). I ! 5 0 X .  

+ (i  -- 5x)NisSn4 - -  AHTM 

Fig. 2a. Scanning electron micrograph of the surface of an un- 
annealed sample of plated SnNi (5-7-76) after 15 min of argon ion 
etching. There is no evidence of grain structure; the boundaries 
shown are those of plating nodules. The interval between the 
scan marks is 10~m. 1150X. 

Fig. 3. Calculated standard enthalpies of formation of the 
"SnNi" alloys as a function of the nickel concentration. The values 
(A )  are derived from the measured heat of reaction. The values for 
NisSn2 and Ni3Sn~ are taken from Korber and Oelsen (14). 

Using a s imi lar  analysis  to the  one of Dut ta  and Clarke  
(9) we can es t imate  the  heat  of format ion  of 
"Snl -~Ni l+~"  as a funct ion of the  Ni content.  

To convert  our  expe r imen ta l  --AHTM to the  s tan-  
dard  convention --hH29s, we assumed the K o p p - N e u -  
man  ru le  of mix tu res  (13) concerning t h e  specific 
heat. The results  for  our deposits  are  p lot ted  in Fig. 3 

Table I. Measured heats of transformation an~l composition 
analysis for several samples 

Composition 
Deposit - AHT M (a /o )  
identif i-  T~ (k  J / g -  
ca t ion  (~ a tom)  Ni  Sn 

2-3-75 
7-2-75 
4-28-76 
5-7-76 

Sputtered 

636 0.315 ----- 0.300 52.5 ~ 2 47.5 --+- 2 
640 0.817 "+" 0.290 53.0 47.0 
619 1.100 "+" 0.160 51.4 48.6 
598 1,26 ~- 0. ] 60 51.0 49.0 
684 3.45 +--- 0.405 49.8 50.2 
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vs. atomic composition, along wi th  the  enthalpies  of 
fo rmat ion  of the equ i l ib r ium compounds (14). The 
ver t ica l  e r ror  bars  a re  due to s tandard  er rors  both  in 
the  ca lor imet r ic  exper iments  and the composi t ion 
analyses.  Fo r  the  composi t ion range  of our  deposits  
(which is n a r r o w e r  than  tha t  used by  Dut ta  and 
Clarke)  the hea t  of format ion  of "SnNi" is not  very  
different  f rom the heat  of fo rmat ion  of the  cor respond-  
ing mix tu r e  of the  equ i l ib r ium compounds.  

No da ta  a re  ava i lab le  on the  s t anda rd  en t ropy  of 
these compounds but  if we assume these values to be 
s imi la r  (not too different  en t ropy  of mixing,  s imi lar  
v ibra t iona l  e n t r o p y  due to s imi lar  la t t ice) ,  the hH~gs 
values  should show the re la t ive  posi t ions of the  free 
energy  AG29s values  in a free energy  diagram.  Within 
the  l imits  of our  assumptions,  the  exper imenta l  r e -  
sults do not indicate  a subs tan t ia l  lower ing  of the  f ree  
energy  in the  v ic in i ty  of the  "SnNi" composition. Con- 
sequent ly  the exis tence of "SnNi" as a new equi l ib-  
r ium phase at  low t empera tu res  is not indicated.  A 
p r o b a b l e  chemical  free energy d iag ram for this system 
at a g iven low tempera tu re ,  near  ambient ,  is sketched 
in Fig. 4: the  wider  range  of composit ion of the  NizSn2 
phase (2) is consistent  wi th  a sha l lower  free energy 
curve than tha t  for NiaSn4. 

Discussion 

The exper imen ta l  da ta  have shown that :  there  i s  
seemingly  no min imum in the  free energy  d iag ram in 
the v ic in i ty  of the equia tomic composition, the crys-  
tal  s t ruc ture  of "SnNi" is close to tha t  of Ni3Sn2, and 
the micros t ruc ture  of the deposi t  is charac ter ized  by  
very  smal l  grains. We wil l  show how these facts a re  
sufficient to consider "SnNi" as a n  extension of the 
composi t ion range  of Ni~Sn~ (5) and  not  a new low 
t empera tu r e  equ i l ib r ium phase (9). The chemical  free 
energy  of a Ni3Sn2-1ike phase  having  an equia tomic 
composit ion would  be represen ted  by  the poin t  A, 
(AGA), in Fig. 4. The equi l ib r ium state for the equi-  
atomic composit ion would be poin t  B, (AGB), corre-  
sponding to a mix tu re  of the  two equi l ib r ium corn- 
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Fig. 4. Probable low temperature chemical free energy diagram 
for the "Sn-Ni" system between the compositions Ni3Sn4 and 
Ni~Sn2. B corresponds to the equilibrium mixture, A to the meta- 
stable state, C to the equilibrium state taking into account the 
grain boundaries energy. 
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pounds (Ni~Sn2, Ni3Sn4). This d i ag ram shows that,  
t he rmodynamica l ly ,  s tate B should be more  s table  than  
s tate  A, and this is known to be t rue  f rom me ta l lu rg i -  
cal p r epa ra t ion  of the  equia tomic  composi t ion alloy. 
However ,  the  d iag ram in Fig. 4 represent ing  equi l ib-  
r ium conditions cannot be used to ascer ta in  the  fo rma-  
tion of phases obta ined  by  e lect rodeposi t ion and 
spu t te r -depos i t ion  at  low tempera tures .  

The condit ions dur ing  deposi t ion are  such tha t  nu -  
cleat ing a mix tu re  of the  two phases would  raise  the 
free energy of the  sys tem to ~ G c >  AGA. Consequent ly  
the system chose the metas tab le  state A, wi th  a ba r -  
r ie r  ~Gc --  AGA which  can be overcome by  hea t -  
t r ea tment  to r e tu rn  to the  equ i l ib r ium s ta te  B. The 
t e rm which  raises the  free energy  f rom AGB to AGc 
comes f rom the  elast ic  energy  s tored at  the  grain 
boundaries.  

To form the equi l ib r ium configuration, i.e., Ni3Sn2 
and NisSn4, corresponding to point  B in Fig. 2, by  
e lect rodeposi t ion would requi re  s imul taneous  nuclea-  
t ion of these two compounds which have different  
crysta l  s tructures.  In  an ideal  (most favorab le )  nuc lea-  
t ion situation, both phases would  differ in composit ion 
but  have  the same la t t ice  s t ruc ture  and parameters .  
The bounda ry  be tween  two such phases would  be co- 
herent ,  i.e., the  s t ructures  would  meet  at  an in terface  
whose la t t ice  points  a re  common to both: The in ter face  
energy  factor  in this ideal  two-phase  s i tuat ion would  
tend toward  a minimum. A n y  factor  which  l imits  or 
decreases the degree  of coherency,  such as c rys ta l  
s t ruc ture  or la t t ice  p a r a m e t e r  differences, leads to ap-  
p rec iab ly  h igher  values of the  in ter face  energy  term.  
Thus, any  s t ruc tu ra l  assembly  wi th  lower  coherency 
of the boundar ies  is more  difficult to nucleate.  

Typical  in ter face  energies for incoherent  boundar ies  
fal l  in the  range  of 0.5-1 J / m  2 whi le  for  coherent  
boundar ies  the  values are  be tween  0.02 and 0.2 J / m  2 
(14). For  an average  gra in  size of 15 nm the total  
bounda ry  in te rna l  energy  can be as la rge  as 4 k J / g -  
a tom for the incoherent  case and as low as 0.08 k J / g -  
a tom for the coherent  one. This addi t ional  t e rm makes  
the  total  free energy of the equ i l ib r ium mix tu re  wi th  
small  grains  h igher  than  that  of the  metas tab le  phase. 

The authors  postula te  that  dur ing  e lect rodeposi t ion 
(or sputtering) of the equiatomic alloy, nucleation of 
a metastable supersaturated form of Ni3Sn2 is then 
favored; it is, in essence, an intermediate stage be- 
tween the aqueous plating bath or sputtering vapor 
phase and the equilibrium two-phase structure. From 
classical nucleation theory (15) the free energy of 
formation of a nucleus in the heterogeneous case is still 
of the form W ~ 7 ~, where  ~/is the  in ter fac ia l  energy  per  
unit  area. The lower  coherency raises the free energy 
of fo rmat ion  Of s table  nuclei  (WB > WA), and  this 
ba r r i e r  to nucleat ion of the equi l ib r ium configuration 
is accentua ted  by  the low t empera tu r e  deposi t ion tech-  
niques since nucleat ion ra te  is p ropor t iona l  to exp 
( - - W / k T ) .  The metas tab le  phase,  a l though it is less 
s table (~GA ~ AGB), forms p re fe ren t i a l ly  since i t  can 
be nucleated at a significantly grea te r  ra te  at  the  low 
t empera tu res  of deposi t ion (345~ than the equi l ib-  
r ium mixture of Ni3Sn4 and Ni3Sn2; higher plating 
temperatures result in two-phased equilibrium de- 
posits. The results of Polesya et al. (16) on splat- 
quenching of liquid nickel-tin alloys showed that this 
technique of low-temperature rapid crystallization 
substantially increased the composition range (33.1- 
54.8 a/o Sn) of the Ni3Sn2 phase. Furthermore, even 
with a melt having the stoichiometric Ni3Sn4 compo- 
sition, they still found Ni3Sn2 in the quenched product, 
which they attributed to the high rate of formation of 
Ni3Sn2 nuclei. 

Transformat ion of the Metas tab le  Structure 
The model  for "SnNi" proposed in the preceding 

p a r a g r a p h  must  be consistent  wi th  the kinet ics  of its 
t ransformat ion  presented  in the  Companion p a p e r  (1). 
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Fig. 5. Heat dissipated during transformation as measured with 
the DSC. The heat measured close to the temperature of maximum 
rate of reaction TM is plotted as a function of the nickel concen- 
tration. 

Upon hea t - t rea tment  of the supersaturated meta-  
stable deposit, t ransformat ion to the equi l ibr ium con- 
figuration becomes feasible and a max imum energy 
--AHTM is released which is the sum of the difference 
of enthalpies between state A and state B, and of the 
contr ibut ion due to the boundaries.  This model could 
explain the t rend observed in  Table I or Fig. 5, where  
the exothermic heat of t ransformat ion increases as the 
sample composition departs fur ther  from the Ni3Sn2 
stoichiometry. The kinetic data (1) should be con- 
sistent with a t ransformat ion consisting of a nuclea-  
tion and diffusion-controlled growth of a second phase 
(NisSn~) from a supersaturated alloy ("extended 
Ni3Sn~"). 

The Avrami equation for such a precipitation proc- 
ess with a constant nucleation rate has been calculated 
(17) and can be represented approximately by 

x ---- 1 -- exp [-- (2.76D3/2It 5/2) ] [3] 

Where D ---- Do exp (--AED/RT) is the diffusion con- 
stant with an activation energy equal to AE~ and I _~ 
Io exp (--AEN/RT) is the nucleation rate with an ac- 
tivation energy equal to hEN. 

Equation [3] predicts an Avrami exponent n equal 
to 2.5; our experimental value of 2.1 is close but in- 
dicates a somewhat decreasing nucleation rate (in the 
absence of nucleation, n should be equal to 1.5) (17). 
The rate constant of Eq. [2] should be given according 
to Eq. [3] by 

k _~ 1.5D~ ~ [4] 

which leads to 
hE = 0.6hEo + 0.4hEN [5a] 

v = 1.5Do~ ~ [Sb] 

No values for the diffusion rate of Sn or Ni in "SnNi" 
or in the equi l ibr ium compounds were found in  the 
l i terature.  An order of magni tude  calculation using 
the diffusion constants of Sn in copper-t in alloys (AED 
---- 50 kcal /mol  [2.17 eV], Do ---- 2400 cm2/sec) (17), re- 
quires the activation energy for nucleat ion of the sec- 
ond phase to be of the orcter of 50 kcal /mol  to agree 
with Eq. [5a] and [5b] and our exper imental  value of 
the activation energy for the transformation.  With 
this simplified model the rate of nucleat ion of the 

second phase would be given using Eq. [5a] and [5b] 
and ~ ---- 1014 s -1 by 

2.5 X 104 
I ~_ 1080 exp [6] 

T 

Thus, at a typical service tempera ture  (100~ 

I : 7.8 nuclei/cmS/s 

whereas, at the observed t ransformat ion  tempera ture  
(345~ 

I = 2.7 X 10 TM nuclei/cmS/s 

Our model is evident ly  not sophisticated enough to 
hope to be more quant i ta t ive  in the use of Eq. [6] and 
to determine the free energy of nucleat ion or the value 
of the interracial  energy ~. However, it shows how the 
nucleat ion rate increases dramatical ly between dep- 
osition temperature  and tempera ture  where the t rans-  
formation is observable. With the bar r ie r  to nucleat ion 
overcome, the elevated tempera ture  also favors dif- 
fusion to obtain grains of the order of 1 #m as ob- 
served in  the SEM experiment.  Due to the value of the 
Avrami  exponent  and the order of magnitudes of the 
activation energies encountered, the presented model 
for the morphology of the plated "SnNi" phase is at 
least not in  contradict ion with the kinetic data of its 
transformation.  

The morphology of the deposit gives it  its meta-  
stable character so that  the height of the barr ier  to 
transformation,  hE, must  be related to this mor-  
phology and par t icular ly  to the grain size. The elastic 
energy stored in  grain boundaries,  which can be re-  
leased upon heating, is also a function of the grain size. 
Therefore, a correlation was expected between the 
heat of transformation,  --AH29s, reported herein and 
the activation energy, hE, reported in  a companion 
paper (1). Our calorimetric procedure was sensitive 
enough to reveal  on ly  a weak correlation. 

Summary 
The morphology of metastable "SnNi" and the 

mechanism of its t ransformat ion upon heat ing have 
been studied. The metastable phase belongs to an ex- 
tended composition range of the equi l ibr ium Ni~Sn2 
phase as suggested by Rooksby; it is not a thermo-  
dynamical ly  stable low tempera ture  phase as theo- 
rized by Clarke and Dutta. The mechanism for the for- 
mat ion of the extended Ni3Sn2 morphology was at-  
t r ibuted to its more favored nucleat ion kinetics at the 
deposition temperature,  and the resistance of this de- 
posit to t ransformat ion at low temperatures  (<100~ 
was at t r ibuted to the lower energy configuration of 
the fine grained single phase deposit. The t rans-  
formation at higher tempera ture  is in terpreted as the 
precipitation and growth of the second phase Ni3Sn4 
from the supersaturated alloy. The parameters  which 
described the kinetics of this t ransformat ion are given. 
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Kinetics of the Thermal Oxidation of Silicon 
in O /H O and OJCI  Mixtures 
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ABSTRACT 

The kinet ics  of the  the rmal  oxidat ion  of (111) and (10O) or ien ted  sil icon in 
O J H 2 0  (2-10 v /o  HeO) and OJC12 (1-3 v /o  C12) mix tures  were  inves t iga ted  
over  the  t empe ra tu r e  range  900~176 Effective values  of the  parabol ic  
and l inear  ra te  constants  in the  genera l  oxidat ion  relat ionship,  and therefore  
ove r -a l l  ox ida t ion  ra tes  were  found to increase wi th  increasmg concent ra-  
tions of H20. Addi t ions  of C12 to 02 also increased the oxidat ion  rates,  but  
resul ts  were  more  errat ic .  The expe r imen ta l  oxide th ickness -ox ida t ion  t ime 
da ta  for  the  O2/HeO ambients  were  compared  wi th  those ca lcula ted  f rom a 
re la t ionship  involving the s imul taneous  oxidat ion  of sil icon by  two indepen-  
dent  oxidat ion  species. Since H20 and Cla are  possible react ion products  of 
02 and HC1, the  resul ts  of this invest igat ion were  compared  wi th  those p re -  
v iously  obta ined for O2/HC1 sil icon oxidations.  React ion mechanisms of the  
O2/HC1 sil icon oxidations,  including possible effects due to the presence of 
H~O and C12, are  discussed. 

The addi t ion  of a chlor ine  species to the  oxidat ion  
ambien t  used to pass iva te  sil icon device s t ructures  
continues to be an impor t an t  factor  in semiconductor  
tech*Iology (1-3).  In  a recent  paper  (4), the the rmal  
ox ida t ion  kinet ics  of (111) and (100) o r ien ted  sil icon 
in oxygen  containing 0-10 volume percent  (v /o)  h y -  
drochlor ic  acid were  inves t iga ted  over  the  t empera -  
ture  range  900~176 For  a given sil icon or ien ta -  
t ion and t empera tu re ,  the  ra te  of ox ida t ion  increased  
wi th  increas ing HC1 concentrat ion,  and corresponding 
changes in  the  effective parabol ic  and l inear  r a t e  
constants  were  de termined.  No deta i led  mechanisms 
were  devised which  would  account for the  observed 
ra te  increases,  but  i t  was sugges ted  tha t  wa te r  and 
chlorine,  poss ible  reac t ion  products ,  could wel l  con- 
t r ibu te  to the  change in the  oxida t ion  process. These 
two species m a y  be produced b y  the react ion of 
oxygen  wi th  hydrochlor ic  acid as follows (5-7) 

4HCI + 02 ~ 2I-I20 + 2C12 [1] 

The exact  equi l ib r ium condit ions are  not known, es-  
pec ia l ly  when  possible  ca ta ly t ic  effects at  the  SiO2 
surface are  considered.  

* Electrochemical  Soc ie ty  Act ive  Member.  
* * Electrochemical  Soc ie ty  Student  Member. 
1Present  addresS: Department  of Chemical  Engineering, Uni- 

versity of California, Berkeley, California 94720. 
Key words: silicon, kinet ics ,  oxidation,  chlorine.  

In v iew of the possible contr ibut ions  resul t ing  f rom 
the presence of e i ther  H20 or C12 to the  O2/HC1 oxi -  
dat ion process, a short  p rog ram was car r ied  out to 
de te rmine  sil icon oxida t ion  kinetics in oxygen  con- 
ta ining e i ther  2-10% I-I20 or 1 and 3% C12. The same 
t empera tu re  range  (900~176 and silicon or ien ta -  
tions [(111) and (100)] were  emplo:~ed as in the  
previous  O2/HC1 invest igat ion.  I t  was hoped that  the 
resul ts  of these studies would  provide  a be t te r  in-  
s ight  into the  mechanisms involved in the the rmal  
oxida t ion  of sil icon in O2/HC1 mixtures .  

Experimental 
The experimental conditions and procedures em- 

ployed in this program were very similar to those 
reported previously (4). Silicon wafers were (lll) 
and (100) oriented, 4-6 ~l-cm n-type. The wafers 
were cleaned following the same procedure described 
earlier (8). Similarly, the oxidation systems utilized 
were the same as previously described (8) with the 
following modifications. For the water additions, in- 
itially, oxygen was bubbled through a quartz flask 
containing deionized water whose temperature was 
controlled to +_0.1~ The vapor pressure and thus 
the percentage of water in the oxygen was controlled 
by the temperature employed. It was determined, 
however, that this method was not satisfactory, since 
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oxidation rates were not  reproducible. Also, it ap- 
peared that  at higher percentages of water  (corre- 
sponding to T > 30~C), the part ial  pressures of water  
were much lower than calculated, probably due to 
condensation in  the tubing leading to the furnace. 
For these reasons, a pyrogenic system involving water 
generat ion from O2 and H2 was employed for all 
data reported here. The system was manufac tured  by 
Corso-Gray Instruments ,  Sunnyvale,  California, Model 
D-101. Concentrat ions of water  in  oxygen varied from 
2 to 10 v/o. Silicon oxides were prepared at 900 ~ , 
1000 ~, and ll00~ 

For the O2]C12 oxidations, procedures were iden-  
tical to those reported for the O2/HC1 experiments  
(4); in  addition, chlorine of 99.9% pur i ty  was used. 
Due to severe corrosion of the p lumbing  and duct 
work, oxidations were l imited to temperatures  of 
1000 ~ and 1100~ and to concentrations of C12 in O2 
of 1.0 and 3.0 v / o .  

In the case of O2/H20 oxidations the wafers were 
pushed rapidly into the furnace after the appropriate 
O2/H20 mixture  had been established and was flowing 
at approximately 2 l i ters / ra in  (~44 cm/min) .  The 
wafers were rapidly pulled from this ambient  at the 
end of the oxidation time. The push-pul l  conditions 
for O2/C12 oxidations were the same as for the O2/HC1 
work (4). That  is, the wafers were rapidly pushed 
into the furnace in  oxygen, the appropriate CX2 flow 
was started, and when the oxidation was completed, 
the O2/C12 flow was stopped, the wafers were purged 
in nitrogen for 15 min, and the wafers were pulled 
out of the furnace at ~15 cm/min. 

Oxidation times for the O2/H20 mixtures at 900~ 
ranged from 1 to 48 hr; at I009 ~ and II09~ times 
were 0.25-16 hr. For the O2/C12 mixtures the times 
were 0.25-? hr. Oxide thicknesses were measured 
using a Rudolph Model 436-200E ellipsometer with 
a helium-neon laser source. Measurement reproduci- 
bility was +_3%. Mobile ion concentrat ions in  all  
oxides, including those produced by the H2-O2 sys- 
tem were typically less than 2 X 10 l~ cm -2 as deter-  
mined by C-V analysis. 

Data Evaluation 
Following the same procedure as for the OJHC1 

data reported previously (4), the oxidation rate data 
for the O2/H20 and OjC12 oxidations were evaluated 
using the general  relationship (9) 

Xo 2 + Axo ---- B ( t  + x) [2] 

where xo ---- oxide thickness in micrometers,  A --- 
constant in micrometers,  B ---- parabolic rate con- 
stant  in square micrometers per hour, B / A  ~- l inear  
rate constant  in  micrometers per hour, t -~ oxidation 
time in hours, and z ----- correction factor, which ac- 
counts for an observed ini t ial  accelerated growth rate 
in  dry oxygen, in  hours. Equation [2] may also be 
wri t ten  in the form 

X o  2 - -  X i  2 X o  - -  X i  
+ - -  -- t [2a] 

B B / A  

where xi ---- xo at t ---- 0, and the other terms are the 
same as defined in Eq. [2]. The effective rate con- 
stants B and B / A  were determined from xo vs. 
(t + ~)/Xo plots as described earlier (9). 

Since these oxidations were due to more than  one 
reacting gas species (02 and H20 or O2 and C12) the 
above relationship is not t ruly  valid. Therefore a 
combinat ion general  relationship was derived based 
on one reported earlier by Hirabayashi  and Iwamura  
(5). It is as follows 

t _--_ - -  (Xo2 -- x~2) + C(xo -- x0 
E 

-- D I n  2Exi + F [3] 

where C ---- (A1BI -5 A2B2)/(B1 -5 B2), D -- 
[B1B2(A1 -- A2)2]/[2(B1 -5 B2)~], E _-- B1 + B2, 
F --_ A1B2 W A2B1, and A1 and B1 are the constants 
in  Eq. [2] for one oxidation species and A2 and B2 
the constants for the second species. B1 and B 2 are 
proportional to the part ial  pressure of components 
1 and 2 in the oxidation ambient.  

In  deriving the type of combinat ion oxidation re- 
lationship as given by Eq. [3], H i r a b a y a s h i  and 
Iwamura  assumed that  the fluxes of the two reacting 
species ( represent ing diffusion through the oxide as 
well  as a reaction at the Si-SiO2 interface) are paral -  
lel but  independent .  This assumption of complete in -  
dependence may or may not be valid, as will  be dis- 
cussed later. The over-alI  oxide growth rate is there-  
fore a funct ion of the sum of these fluxes. 

An impor tant  difference between the relationship 
derived by Hirabayashi  and Iwamura  and Eq. [3] 
above is the inclusion of xi in Eq. [3]. As indicated, 
xi ---- xo at t = 0, but  a l ternately can take into account 
the rapid init ial  oxidation rate observed for dry oxygen 
oxidation of silicon (9). If this constant  (xt ,-~ 200A 
for dry O~) is not included, then  it  is almost impos- 
sible to analyze the data properly. Not known, how- 
ever, is how xi changes as H20 is added to 02. In  this 
work a constant value of xi -- 180 • 20A was assumed 
for all mixtures,  with values of �9 determined from 
extrapolated l inear  plots of Xo vs. t. 

If the values of A and B in  Eq. [3] are known from 
single-component,  oxidation studies, then t can be 
calculated as a funct ion of xo and compared with 
exper imental  results. As indicated earlier (4), the 
parabolic rate constants in  either Eq. [2] or [2a] and 
thus Eq. [3] should be independent  of silicon orienta-  
tion, while the l inear  rate constants B / A  should vary 
with orientation. 

Previotis work (9) has indicated that  the constant 
in Eq. [2] that is most difficult to determine is ~, 
and care must  be taken to assure that  ~ < <  t for 
the data used to determine the constants A and B. 
More recently, I rene and van  der Meulen (10) have 
investigated in  detail the application of Eq. [2] to 
silicon oxidation at lower temperatures.  

In  order to determine activation energies using an 
Arrhen ius - type  expression, the effective ra te  con- 
stants from Eq. [2] had to be used, since Eq. [3] is 
too complex for this analysis. 

Hirabayashi  and Iwamura  (5) pointed out that if 
the conditions are such that At ~-- A2, then Eq. [3] 
may be approximated by 

B*t -- (Xo 2 -- xi 2) + A (a:o -- xi) [4] 

where B* ---- B1 + B2. This is the same form as Eq. 
[2J and exper imenta l ly  determined effective values 
of B and A may be compared with those calculated 
from earlier exper imental  results of one-component  
oxidations, assuming B1 and B2 are proportional to 
part ial  pressures of the two components in the mix-  
ture. For  Oz/H20 oxidation of silicon, Ao2 ~ AH2o 
at 1109~ Thus, exper imental  results may be evalu-  
ated at this temperature  using Eq. [4]. 

Finally,  if the reaction of 02 and HC1 presented in 
Eq. [t] is valid and is assumed to go pr imar i ly  to 
completion (to the r ight) ,  then 2 moles of HC1 will 
produce 1 mole each of H20 and C12. The O2/HC1 
data can therefore be compared with the results ob- 
tained from the equivalent  O2/H20 or O2/C12 oxida- 
tions. 

Results and Discussion �9 
Oxidation rate data~--O2/H20 and Oe/CIz m i x t u r e s . ~  

As indicated above, oxidation rate data were obtained 
for O2/H20 and O2/C12 mixtures  as a funct ion of 
silicon orientation, oxidation tempera ture  and HzO 
and C12 concentration. Typical results are indicated 
in  Fig. 1 and 2 where plots of log xo vs. log t at 1000~ 
for various ambient  concentrations and the two silicon 
orientations are presented. It can be noted that the 
oxidation rates for all cases increase with increasing 
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HeO or CI~ concentrat ions and that  the plots are very 
similar  to those for O2/HC1 oxidations presented i n  

ToMe I. Rate constants for silicon oxidation in 02/CI2 mixtures at 
1000~ Data for 02 and 02/1% HCI mixtures are included for 

comparison. 

(n-type, 4-6 ~-cm St) 

Silicon r A B B / A  
Ambient  orientation ( h r )  (~m) (~m~/hr )  ( ~ m / h r )  

O~ (100) 0.35 0.195 0.00913 0,0467 
(111) 0.35 0.120 0.00956 0.0797 

O~/1% Ch (100) 0.I 0.125 0.0113 0.0901 
(III) 0. i  0.0766 0.0108 0.141 

0~/3% CI~ (100) 0.1 0.157 0.0143 0.0911 
( i11 ) 0.1 0.109 0.0135 0.123 

0~/1% HCI (100) 0.2 0.253 0.0157 0.0622 
(111) 0.2 0.172 0.0156 0.0906 

Table II. Rate constants for silicon oxidation in 0~/CI2 mixtures 
at 1000~ Data for 02 and 02/1% HCI mixtures are included for 

comparison. 

(n - type ,  @6 fl-cm Si) 

Silicon r A B B / A  
A m b i e n t  o r i e n t a t i o n  ( h r )  (~m)  (/~m~/hr) ( ~ m / h r )  

Of ( 100 ) 0.09 0.101 0.0247 0.246 
(111) 0.09 0.084.5 0.0244 0.289 

0~/1% CI~ (100) 005  0.0512 0.0381 0.745 
(111) 0.05 0.0635 0.0391 0.615 

0~/3% CI~ (100) 0.05 0.0245 0.0400 1,63 
(111) 0.05 0.03~3 0.0416 1.06 

O~/1% HCI (I00) 0.04 0.0886 0.0341 0.385 
( i i i )  0.U4 0.U741 0.0341 0.461 

Fig. 2 in  Ref. (4) which also are for 1000~ Similar  
t rends were found for the O2/H20 and O2/C1~ oxida- 
tions at the other temperatures  investigated. 

Values of the constants A, B, and B/A were deter-  
mined as indicated in  the previous section. These 
data for O~/C12 oxidations at 1000 ~ and l l00~ are 
tabulated in  Tables I and iI. Also included for com- 
parison in the tables are the data for 100% dry 02 
and 1% HC1 in  O2 oxidations, as well as the values 
of ~ used in these  determinations.  The significance 
of ~ will be discussed later. The variations of the 
effective parabolic rate constant  B and the effective 
l inear  rate constant B/A  for O2/H20 mixtures  with 
H20 concentrat ion are indicated by the plots in  Fig. 
3 and 4. Here, it can be observed that gradual  in-  
creases of both B and B/A values occur with increas-  
ing H20 concentrations. The trends are somewhat 
different than  those reported for O2/HC1 oxidations 
(4), where, in  the la t ter  case considerable less de- 
pendence of B and especially B/A on HC1 concen- 
t ra t ion was found. These differences will be discussed 
later. 

Ar rhen ius - type  plots of log B and log B/A  vs. 1/T 
were prepared and activation energies determined.  For 
the l inear  rate constants all activation energies, for 
both (111) and (100) silicon orientation, ranged from 
1.95 to 2.05 eV. This value of approximately 2 eV 
has been found (9) for both dry oxygen and wet 
oxygen (95~ H20) and is believed to be associated 
with the Si-Si bond energy: it  is therefore expected 
that all mixtures  of O2 and H~O would have the 
same activation energy associated with the l inear  
rate constant. 

The parabolic rate constant activation energy for 
10% HeO in  02 was found to be 0.9 eV, compared 
to 1.2 eV for dry 02 and 0.7 eV for wet O~ (95~ 
H20). Values of 0.93 eV and 1.07 eV were calculated 
for 5% and 2% H20 in  02, respectively. It is apparent  
that relat ively small  amounts  of water  have con- 
siderable effect on the activated process associated 
with the diffusion of the oxidizing species through 
the oxide; similar effects have been reported by 
Irene (11). It should be pointed out that, unl ike  
the data for Q / H C I  oxidation (4), all Arrhenius  
plots for the O2/H20 oxidations were straight lines 
over the tempera ture  range 900~176 
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In the previous  section a complex re la t ionship  
(Eq. [3]) for sil icon oxida t ion  involving s imul taneous  
oxidat ion  by  two reac tants  was presented.  I t  was 

Table III. Comparison of experimental oxidation times ( t )  and 
those calculated from Eq. [3] and [4] 

[n-type,  4-6 s  (111) Si] 

Oxidat ion 
t e m p e r -  

a ture  x~ t~xp t~q. ~ t~q. [~ 
(~ A%IAH~o (~m) (hr) (hr) (hr) tr~lt~ 

900 0.44 0.245 10.0 10.83 11.33 1.046 
1000 0.65 0.278 4.0 4.34 4.36 1.005 
llO0 0.90 0.446 4.0 4.56 4.56 1.OOO 

noted, however ,  at  1100~ the values  of AH2o and Ao2 
are  a pp rox ima te ly  equal,  and thus Eq. [3] takes  the 
form of Eq. [4] wi th  B* : B1 4- B2. Since B1 and B2 
in the  case of O2/H20 mix tu res  a re  equal  to the B 
values  at a tmospher ic  pressure  mul t ip l ied  by  thei r  
pa r t i a l  pressures  in the mixture ,  the exper imen ta l  
resul ts  of t vs. Xo at l l00~ can read i ly  be compared  
to ca lcula ted  values. This comparison is shown in 
Table III, where  the t imes (t)  r equ i red  to obtain 
pa r t i cu la r  oxide thicknesses are  listed, along with  
the  corresponding t imes calcula ted f rom Eq. [4] for 
those same oxide  thicknesses.  Also included in Table  
I I I  a re  the  t imes ca lcula ted  f rom Eq. [3], and the 
rat ios of the  two calcula ted values of t. Data  are 
included for 900 ~ and 1000~ in addi t ion  to 1100~ 
It  can be observed tha t  t f rom the ful l  calculat ion,  
Eq. [3], is ident ical  to the t f rom Eq. [4] at  l l00~ 
but  the agreement  becomes worse  as the  oxidat ion  
t empe ra tu r e  decreases.  Also, in all  cases, the  exper i -  
menta l  t ime requ i red  to ob ta in  a pa r t i cu la r  oxide  
thickness is less than  that  ca lcula ted  by  e i ther  equa-  
tion. This l a t te r  finding would imply  that  some in t e r -  
action be tween  02 and H20 is occurr ing which is in-  
creasing the oxida t ion  ra te  c o m p a r e d  to tha t  p red ic ted  
by  Eq. [3]. 

To de te rmine  which  ra te  constant  might  reflect the 
above-men t ioned  accelera t ion  of the  oxida t ion  reac-  
tiort in  O J H 2 0  mixtures ,  expe r imen ta l l y  de te rmined  
values  of B and B/A  (at  l l00~ are  p lot ted  against  
H~O concentra t ion in Fig. 5 and 6. Also plot ted  in 
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Fig. 5 and 6 are values of B* and B*/A,  which are 
obtained f rom the relat ionship B* ---- 7BH2o + (1 
-- 7)Bo2, where  7 ---- mole fract ion of H20, (1 -- 3,) 
---- mole  fract ion of O2, and BH2O and Bo2 are the 
parabolic  xate constants at a tmospheric  pressure. 
The values of A are those de te rmined  at a tmospheric  
pressure and do not change wi th  concentration. As 
observed in ~ig. 5, the values of B* and Bex~ agree 
quite closely up to 20% H20 (a 20% H20/O2 mix ture  
was included at 1100~ only).  However ,  there  is con- 
s iderable deviat ion be tween exper imenta l  and cal-  
culated B / A  values up to about 20% H20. At this 
concentration, the 02 contr ibut ion is negligible com- 
pared to that  of the H20 and above 20% H20 it is 
ant icipated that  the two curves wil l  be the same. 
Simi lar  results are noted for both (111) and (100) 
silicon orientations. 

Some ment ion  should be made of the value  of 
used for the data  in Fig. 6. In de termining the values 
of the rate  constants B and B / A  tabulated in Table 
I I I  using Eq. [2], �9 was set equal  to 0.05 hr  for the 
H~O/O2 data at l l00~ (a va lue  of z = 0.04 hr  was 
used for 20% H20).  Normal ly  the exact value of z 
used at the higher  tempera tures  is not critical, es- 
pecial ly  in regards  to its effect on B, the parabolic 
rate  constant, and the ove r -a l l  oxidat ion kinetics. 
However ,  in plot t ing the l inear  rate  constant data in 
Fig. 6, it was observed that  A and thus B/A  is quite 
dependent  on the value  of z used. For  this reason, 
values of B/A  are  indicated in Fig. 6 wi th  �9 : 0, 
0.025, and 0.05 hr. Close examinat ion  of the Xo vs. 
(~ 4- ~)/Xo plots used to de termine  the rate constants 

indicated the t rue  value of t lies be tween 0.025 and 
0.05 hr .  Thus, if  anything, the difference be tween  
exper imenta l  and calculated values of B/A  in the 
H20 concentrat ion range 0-20% is even a l i t t le  grea ter  

than or iginal ly  determined.  The net  general  t rend 
is the same, with the two curves coming together  at 
about 20% H20 concentration. As ment ioned above, 
B in Fig. 5 is not dependent  to any great  extent  on T. 

The reason for the accelerated oxidat ion ra te  resul t -  
ing f rom small  additions of water  to oxygen  is not 
known. Since the effect is main ly  through the l inear  
rate constant B/A,  i t  is possible that  a catalytic reac-  
tion due to the wate r  affects the breaking of Si -Si  
bonds. Such an effect apparent ly  does not, however ,  
change the act ivat ion energy as indicated above. This 
would suggest that  the enhanced oxidat ion rate, re la-  
t ive to that  calculated, is associated wi th  the p r e - ex -  
ponential  t e rm in the Arrhenius  expression (12). 

Comparison o~ 02/H~O and OJClz oxidation data 
with O2/HCI results.--If it is assumed that  the reac-  
tion of HC1 with  O2 (Eq. [1]) goes to completion, i.e., 
2 moles HC1 produces 1 mole each of H20 and C12, 
then the kinetic oxidat ion results of various concen- 
trat ions of HC1 in O2 can be compared  with  those of 
half  the same concentrations of H20 and /o r  C12 in 02. 2 
This was done in the case of H20 by plot t ing log 
xo vs. log t data for 10% HC1 in 02 and 5% H20 in O2 
at 900 ~ , 1000 ~ , and ll00~ These plots for (111) 
or iented silicon are presented in Fig. 7-9. Also in- 

Exact calculations indicate that 10% HC1 will produce 5.13% 
each of H20 and Cle due  to a difference in total m o l e s  gas  
produced. Similarly 2.0% HCt produces 1.005% of H20 and C12. 
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Fig. 7. Oxide temperature vs. oxidation time for the oxidation 
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H20/O~ mixtures calculated from Eq. [3].  
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H20/O~ mixtures calculated from Eq. [3]. 
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H20/O2 mixtures calculated from Eq. [3].  

cluded for comparison are the calculated data for 
5% H20 in  O2 using Eq. [3], and previous data ob- 
tained for dry oxygen (9). It can be observed that, 
as indicated earlier, the exper imental  H20 oxidation 
rates are slightly greater than  the calculated ones. 
Also, the 5% H20 rates are significantly greater than 
those of 10% HC1, al though the difference becomes 
much less at l l00~ (about 10%) as compared to 
900~ (30%). 

Another  way of comparing O2/HC1 oxidation data 
with those of O2/H20 and O2/C12 mixtures  is to 
observe variat ion of oxidation rate constants of the 
three mixtures  as a funct ion of equivalent  gas com- 
positions. This comparison is shown in  Fig. 10 and 
11 where values of B and B/A for O~/HCI oxidations 
at 1000~ are plotted for 0-10% HC1 concentrations, 
and corresponding B and B/A values are included 
for 0-5% H20 and C]2 in  02. The data in Fig. 10 
represent  both (111) and (100) silicon orientations, 
since the parabolic rate constant is independent  of 
silicon orientation. In  Fig. 11, separate plots for 
(111) and (100) or ientat ion are presented, reflecting 

ed 
E 
::L 

v 
rn 

F~7C~27 I 

(111) Si 
1000~ 

02/H( 

t -  z 0.02 
< 
t.- 
03 
Z 

80.Ole 
W 

n~  

o 0.01, 
d 
0 
rn 

n..- C 

' O2/CIz / 

I I I I I 
1 2 5 4 5 

VOLUME PERCENT H20 AND CI 2 IN 02 

I I I I I I I 1 I I I 
0 2 4 6 8 10 

VOLUME PERCENT HCl IN 02 

Fig. 10. Parabolic rate constants vs. 0-5 v/o 1"120 and CI2 in 
02 and 0-10 v/o HCI in O2 for the oxidation of (111) oriented 
n-type silicon at 1000~ 

0.2 

e-- 0.15 Z 

E 
w ::1_ 

n~  

w 
_z 
_.1 

0 

i i i i i i i i i i 

(111) Si 0 2 / H 2 0 /  
I000~ 

/"~'" -- ~ 0 2 / C  12 

/ / / ~ ~  ~, ~ -Z~ ,, 02/HCI �9 

I I I I I 
1 2 3 4- 5 

VOLUME PERCENT H20 AND CI 2 IN 02 

I I I I I I I I I I 
2 4 6 8 10 
VOLUME PERCENT HCI IN 02 

rn 
0.15 

I -  
Z 

i 

,,, 0.0=~ 

R70628 

(1C)0) Si . . . . .  ' ' ' ' 
1000 ~ 02/H20 

I I I I I 

1 2 7, 4 5 
n" 
< VOLUME PERCENT H20 AND Cl 2 IN 02 
L,I 
Z 
"~ I I I I I I I I I I 

0 2 4 6 8 10 
VOLUME PERCENT HCI IN 0 z 

Fig. 11. Linear rate constants vs. 0-5 v/o H20 and CI2 in 02 
and 0-10 v/o HCI in 02 for the oxidation of (111) and (100) 
oriented n-type silicon at 1000~ 

the dependence of the l inear  rate constant  on or ienta-  
tion. 

Figures 10 and 11 indicate that  the 2:1 ratio for 
HCl:H20 predicted by the O2-HCt react ion (Eq. 
[1]) is too small, at least at 1000~ It would appear 
from the parabolic rate constant  data (Fig. 10) that  
a 3:1 ratio at 1000~ would be more likely. From 
similar 1100~ plots (not shown) the ratio is about 
2~/2:1, while at 900~ it is approximately 5:1. An 
extrapolat ion of these data would indicate that  the 
2:1 ratio might  be obtained at about 1250~ The data 
for the l inear  rate constant  (Fig. 11) are more con- 
fusing, however. For both orientations, and for the 
other two temperatures,  the value of B/A levels off 
with increasing HC1 concentrations. Thus, it is not 
possible to compare this curve in a quant i ta t ive  man-  
ner  with that of the O2/H20 oxidation. 

The general  effects due to B and B/A variations 
with HC1 concentrat ion on the over-al l  kinetic rate 
data for O2/HC1 oxidations may be observed in an-  
other type of plot. This involves the change  of oxide 
thickness with increasing HC1 concentrat ion for a 
given oxidation time. Such a plot is given in  Fig. 12 
for O2/HC1 oxidations at 1000~ and for an oxidation 
time of 2 hr. The HC1 concentrat ion in  02 varies 
from 0 to 10%. Corresponding data are also shown 
for O2/H20 oxidations, with the equivalent  concen- 
t rat ion range of H20 in 02 being 0-5%. 

In  the case of OJHC1 oxidations, it ca~ be observed 
quite clearly in Fig. 12 that the increase of oxide 
thickness tends to level off somewhat at an HC1 con- 
centrat ion of about 3%. This corresponds to a similar 
leveling off of the O2/HC1 l inear  rate constant  observed 
in Fig. 11 for both orientations. Above 6% HC1, the 
oxide thickness again slowly increases, which cor- 
responds to the increase of the O2/HC1 parabolic rate 
constant B in Fig. 10. Similar  results were observed 
for other temperatures  and oxidation times. 
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The O2/H20 data in  Fig. 12 indicate a regular  in -  
creasing oxidation rate with I-I20 concentration. This 
t rend was noted for alI temperatures,  times, and both 
orientations. 

It can be observed from Fig. 10 and 11 that the 
oxidation rate constant  data for O2/C12 mixtures  are 
somewhat erratic. This was also the case at 1100~ 
(no O2/C12 data were obtained at 900~ Thus, no 
real comparisons with the O2/HC1 results can be 
made, al though speculation of the effect of CI2 on the 
over-al l  oxidation reaction will  be included in  the 
next  section. 

Mechanism Ior Oz-HCl silicon oxidation.--The re-  
sults obtained from the O J H 2 0  and O2/C12 oxidation 
experiments  seem to provide some insight into the  
mechanism involved in O2/HC1 silicon oxidation proc- 
esses. First, the observed effects on the general  k in-  
etics due to either H20 or C]~ additions to 02 (Fig. 
1-2) are very similar  to those previously obtained 
for HC1 additions (4). Also, the var iat ion of para-  
bolic rate constants B with increased HC1 or H20 
content  are quite similar  [Fig. 3 and Ref. (4)].  F in-  
ally, the relationships in Fig. 7-11 also show similar-  
ities in effects due to H20 ( a n d  C12) additions as 
compared to oxidations in OJHC1 mixtures.  The 
main  differences between O2/HC1 and O2/H20 results 
are pr imar i ly  reflected in the l inear  rate constant  
results (Fig. 4 and 11). 

If the parabolic rate constant  B is first considered, 
the data indicate that  the assumed reaction of 2 
moles HC1 with 1/2 mole O2 to produce 1 mole H20 
(i.e., Eq. [1]) goes to completion at some tempera ture  
above l l00~ (Fig. 10). Since the parabolic rate con- 
s tant  becomes dominant  at higher t empera tu res  [from 
the general  relationship (9)],  the assumed 2HCI:I  
H20 relat ionship becomes more apparent  in  the over-  
all oxidation kinetic data, as indicated in Fig. 9. At  
tower temperatures,  however,  much  less water  is 
produced, and at 900~ the ratio of HC1 to I-I20 pro-  
duced was found to be 5: 1. Thus, the parabolic rate 
constant data would predict, as shown in  Fig. 7, that  
the reaction of HC1 with 02 is much more efficient 
as the oxidation tempera ture  increases. 

The ratio of change between HC1- and H20-con-  
raining oxygen ambients  is greater  at all tempera-  
tures for the l inear  rate constants B/A  than for the 
parabolic rate constants, especially for higher HC1 
concentrations. Therefore, effects of the Si-SiO2 in te r -  
face reaction on the deviation f rom the assumed 2:1 
HCl:H20 ratio should be evident  at lower tempera-  
tures where the oxidation reaction is more surface 
controlled. Why the B/A  values level off with in-  
creasing HC1 concentrat ions is not clear. The effect 
may well be due to the C12 also produced by the 
O2/HC1 reaction. This species may interact  or in te r -  
fere with the other oxidizing species at the Si-SiO2 
interface where it has been reported to pile up (3, 
13), and thus might  actual ly retard the reaction at 
higher HC1 concentrations. In  addition, more recent 
data involving H20/HC1 oxidations (14) indicate that  
little or no effect on oxidation kinetics in H20 is 
observed due to the HC1. This would agree with earlier 
reports (15) that  higher water  concentrat ions repress 
the formation of C12 (or at least its presence in the 
oxide), a n d  thus C12 may not be a factor in  the oxida- 
tion react ion at higher HC1 concentrat ions in 02 since 
more H20 is produced according to Eq. [1]. Such 
a mechanism might  indicate a ma x i mum effect on 
the Si-SiO2 interface reaction occurs somewhere in 
the 0-10% HC1 concentrat ion range. This would tend 
to complicate even fur ther  the already comp]ex mech- 
anism for the O2/HCl oxidation of silicon. 

Much of this discussion has been based on the 
assumption that  at oxidation temperatures  the reac- 
tion of 02 and HC1 produces H20 and Clm as per 
Eq. [1]. The exact amounts  of H20 and C12 produced 
depend on the equi l ibr ium constant associated with 
Eq. [1], which can be affected by several factors. 
In  order to verify the above assumption, an oxidation 
at 1000~ in 02 containing 2% H20 plus 2% C12 was 
carried out. The kinetic results of this oxidation can 
be compared to those obtained from an oxidation in 
a 96% 02/4% HC1 mixture,  and this is done in Table 
IV. Also included in  the table are the 98% 02/2% 
H20 results. The first part  of Table IV gives oxide 
thicknesses (Xo) after 2 and 4 hr oxidation. It 
can be observed that the oxide thicknesses for both 
the 4% HCl and the 2% H20/2% C12 ambients  are 
in good agreement  for both orientations, while all 
the 2% H20 values are significantly higher. 

Values of the rate constants at 1000~ B and B/A,  
are also listed in Table iV. The 2% H20/2% C12 
values of B, the parabolic rate constant, are in be- 

Table IV. Comparison of silicon oxldaffon kinetic data at I000~ in 02 with 4% HCI, 
2% H20 -~ 2% CI2, and 2% H20 additions 

Sil icon 02/2% C12/ 
or ientat ion  02/4% HC1 2% H20 O~/2% H20 

Oxide  th i ckness  Xo (~m) at  t = 2 hr  

Oxide t h i cknes s  xo (/~m) at  t = 4 h r  

Parabol ic  rate  cons tant  B (~m~/hr)  

L i n e a r  rate  cons tant  B / A  ( ~ m / h r )  

(111) 0.133 0.132 0.152 
(100) 0.118 0.115 0.130 
(111) 0.202 0.207 0.230 
(100) 0.182 0.186 0.198 
(111) 0.0185 0.0199 0.0200 
(100) 0.0185 0.0197 0.0205 
(111) 0.103 0.101 0.135 
(100) 0.0?80 0.0743 0.083? 
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tween those of the 4% HC1 and the 2% H20 mix-  
tures. This is expected if the  da ta  in  Fig. 10 are  
examined,  since for  these concentrat ions  the  c u r v e s  
for  the two mix tures  are fa i r ly  close together.  On 
the other  hand, values  of the l inear  ra te  constant,  
B/A,  for the  2% H20/2% C12 mix ture  are very  close 
to those of the 4% HC1 ambient ,  and much lower  
than  the 2% H20 value. 

These resul ts  tend to confirm that  Eq. [1] is val id  
for the oxida t ion  of silicon in 02 with  small  addi t ions 
of HC1. Also, the  equi l ib r ium of the  react ion (Eq. 
[1]) is  approached  ve ry  r ap id ly  whe the r  s tar t ing 
with  e i ther  O~ + HCl or H20 + C12. 

Summary 
The kinet ics  of the  the rmal  oxidat ion  of (111) 

and (100) or ien ted  sil icon in O~/H~O and O2/C12 mix -  
tures  have been inves t iga ted  over  the  t empe ra tu r e  
range  900~176 The concentrat ions  of I.I20 in O2 
were  var ied  f rom 2 to 10 v/o,  whi le  those of C12 
were  1 and 3 v/o. Effective values  of the parabol ic  
(B) and l inear  (B/A)  ra te  constants in the silicon 
oxida t ion  genera l  re la t ionship  were  de te rmined  and 
both increased wi th  increasing H20 concentrat ion 
in O2. Results  for O2/C12 oxidat ions were  more  er -  
ratic,  however,  a l though the addi t ion of C12 to 02 
also increased the over -a l l  si l icon oxidat ion  rate.  
The expe r imen ta l ly  de te rmined  O2/H20 oxide th ick-  
ness ox ida t ion  t ime da ta  were  compared  with  s imilar  
da ta  ca lcula ted  f rom a combinat ion genera l  re la -  
t ionship involving s imul taneous  but  independen t  oxi-  
da t ion  of sil icon b y  two species. Good agreement  be -  
tween expe r imen ta l  and calcula ted values  of p a r a -  
bolic ra te  constants was obtained.  However,  below 
20% HH20, the expe r imen ta l ly  de te rmined  l inear  ra te  
constants B / A  were  significantly grea ter  than  the 
corresponding calcula ted values. This implies  tha t  
some cata ly t ic  effect or in terac t ion  be tween  H20 
and O2 occurs at  the  S i - S i Q  intei~face to accelera te  
the silicon oxidat ion  reaction. 

The O2/H20 and O2/C12 oxidat ion processes de-  
scr ibed above were  s tudied in par t  because H20 and 
C12 are  possible products  of the  O2-HC1 react ion in 
this t empera tu re  range,  and the i r  presence may  affect 
the  O2/HC1 silicon oxidat ion kinetics. A comparison 
be tween  the results  obta ined here  and those repor ted  
previously for 02/HCI oxidation kinetics indicates 
that the increases found for parabolic and linear 
ra te  constants and over -a l l  oxidat ion rates wi th  v a r y -  
ing H20 concentrat ions in O2 are  grea ter  than  cor-  
responding increases for equivalent  HC1 addit ions.  
I t  appears,  however,  that  effective values  of the 
parabol ic  ra te  constant  B for O2/H20 mix tures  ap-  
proach the B values  for O.~/HC1 oxidat ions at some 
t empe ra tu r e  above 1100~ The ove r -a l l  oxidat ion  
rates  are  also s imi lar  for these two systems at  1100~ 
or above, which is expected,  since the oxidat ion proc-  
ess is control led  p r imar i l y  by  the parabol ic  ra te  con- 
stant  at  these h igher  tempera tures .  These results  
suggest  that  the assumed re la t ionship  4HC1 + 02 
2H20 + 2C12 may  go to complet ion at  h igher  t em-  
peratures .  Whi le  the O2/C12 da ta  a re  somewhat  e r -  
ratic,  a react ion or  in ter ference  by C12 at the  silicon 
surface (where  i t  p robab ly  accumulates)  may  lead 

to the  observed decrease in oxidat ion  ra te  in O2/HC1 
mixtures  at lower  temperatures ,  reflected in the  tack  
of dependence  of the l inear  ra te  constant  on increas-  
ing HC1 concentrat ion.  

A special  exper iment  involving silicon oxidat ion 
in 02 wi th  2% H20 -~ 2% C12 gave ident ical  resul ts  
to those obta ined  wi th  a 96% 0.2/4% HC1 ambient .  
This helps to confirm the assumpt ion tha t  02 reacts 
wi th  HC1 to form C12 and H20, and also indicates 
that  the equi l ib r ium of the react ion and product  
species occurs r a the r  rap id ly  under  these oxidat ion 
conditions. 

The effect of increas ing amounts  of H20 produced 
by  h igher  HC1 concentrat ions on chlor ine  incorpora-  
t ion in the oxide and thus on the subsequent  ox ida -  
t ion kinet ics  is not  known. Accura te  chlor ine  con- 
cent ra t ion  profiles in the  oxide for var ious  oxidat ion  
conditions would  be h igh ly  desirable ,  and should 
provide  addi t ional  insight  into O2/HC1 oxidat ion 
mechanisms 
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Technica  Note @ 
A Technique for Uniform Etching of Polished 

Gallium Phosphide 
B. C. Dobbs 

Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio 45433 

Tokao Miyazaki 

Centra~ Research Laboratory, Hitachi Limited, Tokyo, Japan 

and Y. S. Park 

Air Force Avionics Laboratory, Wright-Patterson Air Force Base, Ohio 45433 

Although several  etchants (1-4) exist for gal l ium 
phosphide, in general, etch rates are greater  than 100 
A/min ,  and often the result ing surface is not uniform 
and  smooth. A new technique has been developed for 
etching gal l ium phosphide which permits a near ly  
constant  etch rate, uni form etching across the sample 
surface, and a moderately slow etch rate that  allows 
thin layers (a few hundred  angstroms) of the sample 
to be removed in  reasonable time. Such an etchant is 
desirable in order to determine the depth dis tr ibut ion 
of the dopants in thin layers of ion- implanted  gall ium 
phosphide. 

The 5 • 5 • 0.5 m m  polished gal l ium phosphide 
samples were washed separately in trichloroethylene, 
acetone, and methanol  rinses before etching. A coating 
of black wax was applied to the sample to permit  ap- 
proximately  one-half  of the sample to be exposed to 
the etchant. The wax dissolved in the t r ichloroethylene 
to reveal the necessary etch step which was measured 
with a Sloan Dektak Surface Profile Measuring Sys- 
tem. Once the sample had been etched, all wax was 
removed with cleaning solvents; then the sample was 
glued to a glass microscopy slide which facilitated 
edge-step measurements .  Measurements  were made of 
the step height at four evenly spaced locations across 
the sample surface. 

A mixture  of 2g K3Fe(CN)6, 6 ml  45% KOH, a n d  
sufficient deionized water  to br ing the final volume to 
150 ml  proved to be a most satisfactory etchant. The 
etching solution was placed in an ice-water  bath 30 
rain before use in order to stabilize the tempera ture  
at a constant  0 ~ Since the etch rate varies with tem- 
pera ture  this par t icular  tempera ture  was chosen be-  
cause it is stable and ent i rely reproducible. Magnetic 
s t i rr ing at 10 Hz was used and our etchant emitted 
only small  amounts  of noxious gases when  retained 
at O~ 

The etched gal l ium phosphide surfaces were smooth 
and  uniform. Dislocations in the GaP mater ia l  affect 
the surface smoothness since these regions etch at a 
different rate (3) than  the u n i m r m  material;  how- 
ever, the low tempera ture  and dilute etchant  solution 
minimize  this effect. It  was Iound that l~t) ml of 
solution will  last ,~8 hr with the samples used in our 
experiments.  The etchant must  be fresh if stable rates 

Table I. Type of GaP used 

Carrier 
concentration Mobility Resistivity 

Dopant (cm-~) (cm '~ v -1 sec -1) (a-cm) 

S 2.3 x I0 ~ 132 0.207 
Zn 1.2 x 10 i' 73 0.42 

are to be achieved. Sulfur-doped n - type  GaP and 
zinc-doped p- type GaP were etched s imultaneously 
to el iminate variations due to etching conditions. The 
p- type material  was found to etch 37% faster than the 
n - type  material .  Table I i l lustrates the type of GaP 
used. All samples were oriented along the <100> 
direction. 

When the etch step was measured, it was found 
that the center of the sample etched at a slightly 
slower rate than the edges. Generally,  this was found 
to be ~5% of the total edge step. The Dektak was 
found to be accurate to bet ter  than 1% for ideal sam- 
ples; however, usual ly some variat ion was found in 
the four measurements  made on each GaP sample. 
This error was found to be negligible in  most cases. 
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Hydrogen Adsorption on Single Crystal Platinum 
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Various electrochemists (1-5) have exam- 
ined the role of surface structure in electro- 
catalysis but the results have not been highly 
conclusive. Recently more sophisticated ef- 
forts have been made to determine the role of 
crystal orientation (6-8). This note reports 
the results of studies of H electrosorption on 
Pt(lll), (100) and (ll0) as well as the effect 
of cycling the potential of polycrystalline Pt. 

The LEED-Auger-electrochemical system 
used in these studies has been described else- 
where (6). The Pt surfaces were cleaned by 
argon ion sputtering at 350eV and annealed at 
900~ to obtain sharp LEED patterns. The 
principal surface contaminant is carbon which 
diffuses to the surface from the bulk of the 
Pt. This procedure was repeated a number of 
times until no further C or other impurity was 
detectable in the Auger spectrum (sensitive to 
~0.01 monolayer). The same procedure was 
used for polycrystalline Pt without the LF~k~ 
examination. The sample was next transferred 
under vacuum into a second vacuum chamber 
which was back-filled with ultra-pure argon 
(99.9999%, further purified by Ti gettering). 
The sample was then examined electrochemically 
in a thin-layer cell with an ~ Pd-H counter 
electrode in 0.05M H2S04, prepared with ultra- 
pure acid (Baker ~itrex H2S04) and pyrolyzed 
water. The Pt was brought into contact with 
the electrolyte under controlled potential 
(0.4V vs. RHE) to minimize the possibility of 
surface reconstruction. 

Figure i presents the voltanm~etry curves 
for Pt(100) and (iii) obtained on the first 
cathodic scan, starting at 0.4V (RHE) and the 
reverse anodic sweep. II 2 formation is ob- 
served in the cathodic sweep at ~0.05V and 
the complementary H 2 oxidation peak in the 
anodic sweep. The (iii) surface exhibits a 
small H peak in the anodic and cathodic sweeps 
at ~0.10V. The charge under the anodic peak 
is estin~ted to be ~7~C/cm 2 . Assuming 
15.0 x 1014atoms/cm2 on Pt(lll) and one H per 

*Electrochemical Society Member 
Key words : hydrogen adsorption, platinum 
single crystal, LFED, Auger. 

Pt atom, this corresponds to a low coverage of 
~0.03. The first sweep on the Pt(ll0) surface 
also exhibits a quite small H peak at ~0.1V 
and is similar to that for Pt(lll). This is 
not surprising since a (2xl) T.F~O pattern was 
obtained for the Pt(ll0) surface as a result 
of a reconstructed surface composed of Pt(lll) 
facets (9). 

The first sweep for the Pt(100) surface 
indicates a much larger H peak at ~0.25V, cor- 
responding to more strongly adsorbed H. 
Although the anodic and cathodic peaks differ 
in width, the charge ratio Q(cath)/Q(anod)--~l 
and the charge is ~50uC/cm 2. Assuming 
13.1 x 10 TM atoms/cm 2 on the Pt(100) surface, 
this corresponds to a coverage of ~0.3. There 
may also be a small contribution from weakly 
adsorbed H. The LEED pattern for the clean Pt 
(100) surface indicated a (5xl) overlayer as 
reported in the literature (10) but this sur- 
face probably reconstructed to (lxl) upon in- 
troduction into the electrolyte. 

The H coverages on these surfaces are 
surprisingly low compared to those found in 
conventional electrochemical experiments on 
polycrystalllne Pt. The 0.3 coverage for 
strongly adsorbed H on Pt(100), however, com- 
pares favorably with flash desorption studies 
(ll) in the gas phase on Pt(100) which also 
yield coverages of ~0.3 at room temperature. 
The low coverage (~0.03) for the weakly adsor- 
bed H peaks on the Pt(ll0) and (lll) may not 
be associated with these surfaces but rather 
edge effects in the thin-layer cell. They may 
also arise from portions of the surface which 
are not the orientation indicated by the LFFD 
pattern. The LFED patterns are sharp and up 
to literature standards but this does not nec- 
cessarily insure a very high degree of surface 
perfection. Samples annealed at high tempera- 
tures as in the present study, however, 
usually have relatively defect free surfaces 
(12). A third possibility is that the low 
coverage is the result of surface contamina- 
tion. This is unlikely in view of the exten- 
sive precautions to prevent contamination. 
Reexamination of the surfaces with Auger 
after the electrochemical measurements was 
complicated by the non-volatillty of the 
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manuscript received Dec. 7, 1977. 

electrolyte. Post-Auger measurements indi- 
cated large sulfur peaks from the sulfate 
electrolyte and only a minor C peak. On the 
basis of the ratio of the C to Pt peaks, the 
C coverage was less than ~0.1 monolayer. 

In Figure 2 is shown the initial scan in 
0.5M H2SO 4 for polycrystalline Pt. The scan 
was begun at 0.4V and swept cathodically. A 
predominate H peak appears at ~0.25V corres- 
ponding to stronger adsorbed H with only a 
minor contribution due to the weakly adsorbed 
hydrogen. The high temperature annealed poly- 
crystalline Pt resembled quite closely the 
(100) surface. Cycling of the polycrystalline 
Pt out to 1.3V in the anodic film region leads 
to increases in the areas of the H peaks al- 
ready present as well as the development of 
additional peaks. After 53 cycles the voltam- 
mogram begins to take on the appearance nor- 
mally found in conventional studies of Pt. 
The most likely explanation is the reconstruc- 
tion of the Pt surface. 
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Application of Neutron Transmutation Doping for Production 
of Homogeneous Epitaxial Layers 

S. Prussin* 
TR W Semiconductors, Lawndale, California 90260 

and J. W. Cleland 
Oak Ridge National Laboratory, Solid State Division, Oak Ridge, Tennessee 37830 

Neutron transmutation doping 
(NTD) is being applied to convert 
ingots of high r e s i s t i v i t y  f l o a t -  
zoned s i l i con  into homogeneously 
and precisely phosphorus doped n- 
type material ( I -6 ) .  Such neutron 
transmutation doped material is 
being successful ly used in high vo l -  
tage thy r is to rs  and diodes (7,8).  

This communication describes 
the appl icat ion of NTD to the gen- 
erat ion of precisely and homogen- 
eously doped n-type epi tax ia l  layers. 
Such s tar t ing material would resu l t  
in a greater y ie ld  of devices of 
desired e lec t r i ca l  parameters. I t  
would be especia l ly  desirable for  
large area devices consist ing of a 
group of adjacent ce l ls  which must 
a l l  be as ident ica l  as possible in 
order to operate more e f fec t i ve l y .  

In the method conventional ly 
used, doped s i l i con  is e p i t a x i a l l y  
la id down on a prepared heated s i l -  
icon substrate by the decomposition 
of a f lowing gas containing a s i l i -  
con compound such as s i lane,  d i -  
ch lors i lane,  t r i ch lo rs i l ane  or s i l -  
icon te t rach lor ide ,  together with 
a doping agent such as PH3. The 
concentration of the dopant in the 
ep i t ax i a l l y  deposited s i l i con  layer, 
here phosphorus, is affected by var- 
iat ions in gas f low, by temperature 
gradients and by autodoping, the 
pickup of impur i t ies from the doped 
substrate and the i r  redeposit ion 
with the ep i tax ia l  s i l i con .  
Schuman (9) has published a detai led 
descr ipt ion of the impuri ty p ro f i l e  
found in a conventional ly produced 
n/n + ep i tax ia l  wafer, using spread- 
ing resistance measurement tech- 

*Electrochemical Society Active 
Member. Key words: neutron i r r a d i -  
at ion,  neutron transmutation doping, 
homogeneous epi tax ia l  layers, epi- 
tax ia l  wafers. 

niques. He found s ign i f i can t  in- 
homogeneities across the surface as 
well as in depth of the epi tax ia l  
layer. 

The process u t i l i z i n g  NTD be- 
gan with the deposit ion of an un- 
doped s i l i con  ep i tax ia l  layer on a 
heavily arsenic doped substrate at 
I050~ using undoped si lane as the 
s i l i con  source. These wafers were 
subjected to an i r rad ia t i on  of 250 
hours in an in-core posi t ion of the 
Bulk Shielding Reactor at Oak Ridge 
National Laboratory. The thermal 
neutron f lux  was measured as 1.3xlO 13 
n cm -2 sec - l ,  the fast  neutron f lux  
using a Ni detector was found to be 
1.7xlO 12 n cm -2 sec - l .  

This results in the react ion, 

Si 3~ (n,y)§ ~l ~ P31+B-where 
2.62h 

the stable s i l i con  isotope Si 3~ is 
converted to the stable phosphorus 
isotope p31 thereby doping the ma- 
t e r i a l  n-type. The e f fec t ive  decay 
length for  s i l i con  is s u f f i c i e n t l y  
large to l i m i t  var iat ion in resis-  
t i v i t y  due to neutron f lux  absorp- 
t ion to I%. The continuously uni- 
form neutron f lux  at any posi t ion in 
a nuclear reactor permits us by con- 
t r o l l i n g  the time of exposure to 
obtain a rep roduc ib i l i t y  of doping 
from lo t  to l o t .  Thus reproducib i l -  
i t i e s  and uni formi t ies of • are 
possible compared to the • nor- 
mally specif ied for  the r e s i s t i v i t y  
of ep i tax ia l  layers prepared by con- 
ventional techniques. 

The f ina l  step in the process 
consisted of an annealing treatment 
of 20h at 750~ in dry N 2. This 
permits the newly created P atoms to 
take subst i tu t ional  posit ions in the 
s i l i con  crystal l a t t i c e  and to re- 
duce the l a t t i c e  damage so that 
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f u l l  e lec t r i ca l  a c t i v i t y  can be ob- 
served (3,5).  

Figure 1 i l l u s t r a t e s  the res is-  
t i v i t y  p ro f i l es  obtained before and 
a f te r  neutron bombardment and an- 
nealing. The p ro f i l e  was obtained 
by a spreading resistance probe 
technique, u t i l i z i n g  a Hartman c 
conducting correct ion.  This cor- 
rect ion was found to give consist-  
ent ly  9ood agreement with C/V data 
on n/n t ep i tax ia l  structures ( I0 ) .  
We note that whi le the deposited 
s i l i con  varies in r e s i s t i v i t y  over 
the range of 20 to lO0~cm, the neu- 
tron bombarded epi tax ia l  r e s i s t i v -  
i t y  is quite uniform at 2.7~cm. 

The h a l f - l i f e  for  Si 31 of 2.6h 
insures that  the neutron bombarded 
s i l i con  decays to an undetectable 
level in 3 to 5 days (5). The dop- 
ing level requ4red in ep i tax ia l  
layers are normally one to two or- 
ders of magnitude greater than are 
encountered in power devices pre- 
pared by NTD. This raises a ques- 
t ion with regard to the p31 atoms 
generated by NTD which are subject 
to the secondary transmutation, 

p31 (n,y)+p32 § S32+~- 
14.3d 

Because of the longer h a l f - l i f e  of 
p32, there is the p o s s i b i l i t y  of 
s i gn i f i can t  residual rad ioac t i v i t y .  
However, a f te r  a 25 day cool down 
period the unetched wafers were 
found with a rad ioac t i v i t y  of less 
than 2mRh -1, well w i th in  accept- 
able safe l im i t s .  

The possible donor substrate 
dopants are antimony and arsenic. 
Phosphorus is precluded because of 
i t s  excessive autodoping tendencies. 
The neutron transmutations of these 
elements are given as, 

As 75 (n,y)§ 76 
26.5h 

Sb 121 (n,y)§ 122 

Sb z23 (n,y)§ 124 

> Se76+ B- 

.> Te122+ B- 
2.8d 

> Te124+ B- 
60d 

Although As 7s has a much 
larger thermal neutron capture cross 
section than Sb 121 or Sb 123, the 
much longer h a l f - l i f e  of the Sb z23 
(60.2d) precludes i t s  use as a sub- 
st rate dopant for  the neutron fluence 
of 5xlO 18 to IxlO 2~ cm -2 normally re- 
quired. The useo f  As permits radio- 
act ive decay in a reasonable period. 
S im i la r l y ,  Ga represents an accept- 
able acceptor type substrate dopant, 
whi le B does not, since B I~ (19.6% 
abundant) has a large (3,840 barn) 
cross sect ion, and f iss ions to in-  
troduce He 4 and donor type Li 7 
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ABSTRACT 

A compact expression is derived for the change in any extensive thermo- 
dynamic state variable which accompanies an electrochemical reaction. The 
distinction between an electrochemical reaction and the complete thermody- 
namic change in state is clearly drawn. The cases in which every reactant is in a 
single, pure phase and that in which some reactants are dissolved in solution 
are discussed. Detailed calculations of all, AG, the cell potential, and the 
thermal efficiency of the lead/acid battery are presented as examples. Practical 
thermal ef~ciencies of II other systems are calculated and compared, where 
possible, with theoretical thermal efficiencies. Equations for the rate of heat 
flow from batteries are developed and applied to a typical duty cycle of a 
lead/acid battery for vehicular propulsion. 

The measurement and calculation of thermodynamic 
properties of battery systems have many practical ap- 
plications. For example, engineering analyses of plants 
for utility load leveling and peak shaving require heat 
balances. For some military applications, thermal ef- 
ficiencies for battery discharge must be known. Ther- 
modynamic calculations are straightforward for cell 
reactions in which each reactant and each product is 
present in a single, pure, condensed phase. However, 
the thermodynamics of electrochemical cells in which 
some of the constituents are dissolved in a liquid solu- 
tion is more complicated. For both cases, it is con- 
venient to have a simple expression which describes 
the change in any extensive thermodynamic state func- 
tion for a given extent of the cell reaction. The pur- 
pose of this paper is not only to present the results of 
some calculations of discharge efficiencies but also to 
show in some detail how such calculations are done. 

Equations for Thermodynamic Properties 
The stoichiometry of the net cell reaction is specified 

by number ing  the reactants  and products and defining 
a quant i ty  vi which is equal to the stoichiometric co- 
efficient of the i th species, if it is a product, and is 
equM to the negative of the stoichiometric coefficient 
of the i th  species, if it is a reactant.  The amount  (in 
moles) of any substance i present  at the beginning of 
the cell reaction is designated by nd. After  some ex- 
tent  of reaction has occurred, the amount  of substance 
i present  is ni ~ + vi~, where ~ is the reaction progress 
variable for the cell reaction. The vi are pure numbers  
and } has uni ts  of moles. If X is any extensive state 
variable, e.g., Gibbs energy G, enthalpy H, or entropy 
S, then 

X -- ~iniXt [1] 

where X--i is the part ial  molar  X of the ith component, 
and the summat ion  is t aken  over all components pres-  
ent, not only those which appear in  the cell reaction. 
For the change from the ini t ial  state, taken as ~ ---- 0, 
to the final state, taken as ~ ---- 1 mole, the change in 
X is given by 

�9 FAectrochemical Society Active Member. 

aX : :~ini ~ [Xi(} : I) - Xi(~ : 0)] + :~i~iX--i(~ : i) 
[2] 

which is the desired general relation. For reactions in 
which all of the components are present in single, pure 
phases, the first summation vanishes, and Xi is simply 
the molar X of pure substance i. For reactions involv- 
ing solutions, the frst summation does not vanish and 
will include terms for every substance present in the 
solution, even if some substances do not take part in 
the chemical reaction. 

Here it should be mentioned that the notation "AX" 
in the literature o• does not mean the change in X 
for a finite change in state. It is rather the derivative 
of X with respect to 

(OX/OD ~,w = zi,iX--~(D [3] 

For reactions in  solution, general ly  Xi is not  the molar  
quant i ty  of pure substance i, and the subst i tut ion of 
"~X" for (oX/o~)P,T is poor nomenclature.  

If X is G, then X--'~ is #i, the chemical potential  of 
component i, which may be expressed in terms of the 
activity of i 

~i = ~i  ~ + RT In ai [4]  

Then Eq. [2] becomes 

AG ---- ziv~i ~ + RTlnIIi[ai(~-~ i)]  u' 

+ RTlnIIi[ai(~ ----- 1)/ai(~ = 0)] hi~ [5] 

w h e r e  ~ i u i ~ i  ~ is the so-called "standard Gibbs energy 
change" for the cell reaction. If X is the enthMpy func-  
t ion H, then 

AH -~ ~ivt-Hi ~ q- Zini~ [-Li(~ -~ 1) -- 'Li(~ -- 0)] 

~- ZiviLi(~ ---~ 1) [6] 

where :~iviH--? is the s tandard enthalpy change for the 
cell reaction, and L-'] is the relat ive part ial  molar en-  
thalpy of substance i 

-Li -- Hi --  Hi ~ ET] 
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The the rmal  efficiency of a ba t t e ry  system is defined 
as the negat ive  of the e lectr ical  work  d iv ided  by  the 
en tha lpy  change which accompanies  the  cell reaction. 
For  the case of revers ib le  operat ion,  the  t h e r m o d y -  
namic the rmal  efficiency eth is g iven by  

et~ = ~ G / ~ H  [8] 

in which the change in s ta te  to which hG and hH refer  
is the  discharge of the  ba t t e ry  be tween  known ini t ia l  
and final states. Equat ions [5] and [6] show tha t  eth 

can be calcula ted if the  activi t ies and re la t ive  pa r t i a l  
molar  enthalpies  of each const i tuent  a re  known. As is 
shown below, the  calculat ion is simple,  p rovided  tha t  
careful  a t tent ion  is given to wr i t ing  the  correc t  ove r -  
al l  change in state. 

For  most ba t ter ies  accurate  ac t iv i ty  coefficients and 
re la t ive  pa r t i a l  molar  enthalpies  are  not  known. In 
these cases Eq. [3] provides  an a l ternate ,  but  usua l ly  
less accurate,  method to find ~G and ~H. For  an elec-  
t rochemical  cell :~ivi(Pi = --?~FE and in tegra t ion  of Eq. 
[3] wi th  respect  to ~ gives 

Yo ~ G  = - - n F  E(~)d~ [91 

so tha t  ~G can be  calcula ted if the  open-c i rcu i t  vol tage 
( taken  to be the cell potent ia l  E) of the  ba t t e ry  is 
measured  dur ing discharge.  Values of hH can be de-  
r ived  from measurements  of the  t empera tu re  depend-  
ence of the  cell  potent ia l  and the Gibbs -Helmhol tz  
equation,  wr i t t en  in the form 

s ~H = - - n F  [E -- T(OE/OT)~,p]d~ [101 

Examples  of the use of Eq. [5] and [6] and the a l -  
t e rna t ive  Eq. [9] and [10] to calculate t he rma l  effi- 
ciencies will  be given for the l ead /ac id  bat tery ,  for 
which al l  of the r e l evan t  proper t ies  are  wel l  known. 

For  some appl icat ions i t  m a y  be useful  to know the 
" instantaneous the rmal  efficiency" g. This quant i ty ,  
which at  any  t ime represents  the fract ion of total  en-  
ergy1 output  which is e lectr ical  work,  is defined by  

e' "-- --nFVi/(oH/O~)P.T [11] 

where  Vi is the opera t ing  vol tage of the  cell. For  the  
case of revers ib le  opera t ion  the the rmal  efficiency is 

e'r : (OG/OH)p.T,~ : (oG/O~)p.T/ (OH/O~)p.T [12] 

which can be computed  by  using the different ial  forms 
of Eq. [5] and [6] or  Eq. [9] and [10], which  are  

(0G/c3~)p,r = :~ivi~i ~ -5 R T  In IIi[ai(~) ]v~ [13] 

(OG/O~)p,r : --riFE (D [14] 

(OH/O~)p.T : ZiuiHi ~ -5 ZiuiLi(~) [15] 

(OH/O~)p.T = - - r iFlE -- T(OE/OT)~,p] [16] 

If values of ~S or (OS/ODp,T are  desired,  they  m a y  be 
calculated using the equat ion 

aS : (~H -- hG)/T [17] 

or its differential form 

(aS/O~)p,r-- [ (oH/o~)p,T- (aG/OOp,T]/T [18] 

C a l c u l a t i o n  of T h e r m a l  Ef f ic iencies 
Appl ica t ion  to the  lead~acid b a t t e r y . - - T h e  l ead /ac id  

ba t t e ry  provides  an excel lent  example  for  the  calcula-  
t ion of the rmal  efficiencies, because the solute and sol- 
vent  act ivi t ies  (1) and re la t ive  par t ia l  molar  enthalpies  
(2) a re  known accurately,  and the cell potent ia l  and 
its t empe ra tu r e  de r iva t ive  have  been measured  by  
var ious  authors  (3-5).  Also the  l ead / ac id  sys tem 

1 E x p a n s i o n  w o r k  a g a i n s t  t h e  p r e s s u r e  os the a t m o s p h e r e  i s  ig- 
nored, as  i s  c u s t o m a r y .  

clear ly  Shows the large  role which  concentra t ion 
changes in the e lec t ro ly te  can play.  

To wr i te  the complete  change in state i t  is useful  to 
begin  wi th  the genera l  equat ion for the  mola l i ty  of a 
solute species 

m i - -  (hi ~ + , i ~ ) / ( n i  ~ + ~JI~)M1 [19] 

in which ni ~ is the  number  of moles of species i when 
---- 0, component  1 is the  solvent,  and M1 is the  molar  

mass of the solvent  in k i lograms per  mole. For  the 
special  case in which the solvent  does not  par t i c ipa te  
in the cell reaction,  Eq. [19] reduces to 

mi : mi  ~ + (vi/nl~ [20] 

The cell react ion for the  l ead /ac id  ba t t e ry  may  be 
wr i t t en  

Pb -5 PbO2 + 2H2SO4--> 2PbSO4 -5 2H20 [21] 

The const i tuents  are  numbered  as shown in Table I. To 
wr i te  a specific change in state the ini t ia l  and final 
molal i t ies  of sulfuric  acid are  chosen as 5.989 and 1.135 
mole/kg,  which are  represen ta t ive  of ba t ter ies  in the 
charged and discharged states. Subst i tu t ion  of these 
values into Eq. [19] and solut ion of the  two equations 
for nl ~ and n2 ~ gives enough informat ion  to wr i te  the  
complete  change in s ta te  for one mole  of reac t ion  

P b ( s )  -5 PbO2(s)  -5 (2.518H2SO4.23.338H20, soln) 

--> 2PbSO4(s) -5 (0.518H2SO4.25.338H20, soln)  

(298.15~ 1 a tm)  [22] 

To calculate  ~G and ~H for the  change in state [22], 
values for the te rms :~ivi~i ~ and Z i v i H i  ~ are  required.  
F rom tabula t ions  of the Nat ional  Bureau  of S tandards  
(6) these are calcula ted to be --394.15 and --315.60 

k J /mole ,  respect ively.  The ac t iv i ty  of sulfur ic  acid is 
4m 3 7_+, 8 and f rom the values  of ~_+, al, L2, and ~,1 
from T a b l e l I f o r  ~---- 0 a n d ~  = 1 mole, Eq. [5] and 
[6] give hG -- --391.05 kJ  and hH ---- --378.02 kJ.  Thus 
the over -a l l  the rmal  efficiency of the l ead /ac id  ba t t e ry  
for the change in state [22] is 1.0345. This va lue  ind i -  
cates tha t  the  l ead /ac id  ba t t e ry  tends to absorb  hea t  
dur ing  a slow, nea r ly  revers ible ,  discharge.  

I t  is in teres t ing  to examine  not only  the  over -a l l  
the rmal  efficiency but  also the ins tantaneous the rma l  
efficiency at each s tage of the d ischarge  process. Fo r  
this reason the da ta  of Table  II  are g iven in steps of 
0.1 mole in ~, and Fig. 1 shows the values  of e'th cal-  

Table I. 

S u b s t a n c e  i v,  

P b  3 - -  1 
P b O 2  4 - 1 
I-I~SO4 2 - 2  
P b S O ~  5 2 
H 2 0  1 2 

Table II. Data used in calculations on the lead/acid system at 
298.15~ 

m / ( m o l e /  T_~/( k J /  "L1/( k J /  
~ / m o l e  k g )  ~-_*  a l*  m o l e )  * * m o l e )  * * 

0.0 5.989 0.2364 0.6269 40.02 - -  1.142 
0.1 5.466 0.2120 0.6673 38.11 - -0 .947  
0.2 4.952 0.1904 0.7073 36.15 - -0 .760  
0.3 4.447 0.1717 0.7463 34.19 - 0 . 5 9 7  
0.4 3.951 0.1556 0.7838 32.19 --  0.440 
0.5 3.462 O. 1422 0.8194 30.34 --  0.317 
0.6 2.981 0 .1314 0 .8526 28.62 --  0.216 
0.7 2.508 0.1234 0.8830 27.04 --  0.136 
0.8 2.043 0.1181 0.9104 25.69 - 0.082 
0.9 1.585 0.1162 0.9347 24.66 --  0.048 
1.0 1.135 O. 1196 0.9560 23.80 -- 0.027 

* From Ref. (1). 
**~ Ref. (2). 
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Fig. 1. Differential thermal efficiency of the lead/acid battery at 
298.15~ 

culated from Eq. [12], [13], and [15]. The curve shows 
that the maximum absorption of heat occurs at ~ ---- 0.6 
mole, or at a sulfuric acid molality of about 3.0 mole/  
kg. This sort of plot and its irreversible counterpart 
might be useful to a bat tery design engineer if ther-  
mal efficiency were important  in a part icular  applica- 
tion; for it  clearly shows in which parts of the dis- 
charge the greatest and least absorptions of heat occur. 

The calculations required to prepare Fig. 1 also per-  
mit comparison of the present work with previous 
studies of the lead/acid battery. Figure 2 shows the 
cell potential calculated from values of (0G/0~)P,T ~or 
the data in Table II, along with measurements on stor- 
age batteries and electrochemical cells by ~ ina l  and 
his co-workers (7). Since the molalities selected for 
the charged and discharged states in this paper are 
arbitrary,  some of the points for other studies lie out- 
side the range 0 ----- ~ --~ 1.0 mole. Over the range of the 
present calculations, the agreement with Vinal and 
Altrup (7) is within 0.001V, while Craig and Vinal's 
(5) measurements lie 0.003 to 0.008V higher. The dot- 
ted curve shows the mean value of cell potential mea- 
surements of Vosburg and Craig (3), Harned and 
Hamer (4), and Craig and Vinal (5). Integration of 
~he dotted curve serves to determine ~G for the change 
in state [22] from cell potentials alone. The value ob- 
tained from Eq. [9] is ~391.8 kJ, which is 0.19% lower 
than that determined by Eq. [5]. Integration of the 
curve for this work yields --391.08 kJ, which shows 
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Fig. 3. (OH/~)p,T for the lead/acid battery at 298.15~ 

good consistency of the solute and solvent activities 
through the Gibbs-Duhem equation. 

Figure 3 shows values of (OH/ODe,T calculated from 
the Li data in Table II, and the corresponding values 
determined by u  (7) from cell potentials and from 
the thermal data available to him. The value of 
from Eq. [10] for the change in state [22] is --378.45 
kJ, which is 0.11% lower than that found from Eq. [6]. 
Thus the over-al l  thermal efficiency calculated from 
cell potentials alone is --391.08/--378.45 or 1.0353, and 
due to a cancellation of errors this differs by only 
0.08% from the value obtained from activity and ther-  
mal data. 

In concluding this section it is important  to note that 
the results for the lead/acid bat tery are by no means 
typical of most bat tery systems. First, the thermal 
efficiency of most batteries is in the range of 0.8-0.95, 
while that of lead/acid is greater  than unity. Second, 
for no other practical bat tery system are data avail-  
able which are as numerous and precise as those of the 
lead/acid battery. This is to be expected because of 
the practical importance, the long history, and the 
relatively simple and reversible cell reaction of the 
lead storage battery. However, many advanced bat tery 
systems are currently under development for vehicular 
propulsion, utility off-peak storage, and other applica- 
tions. The more successful of these will be carefully 
studied, and it may be expected that the data needed 
for the calculations presented here will  become avail-  
able for several systems. 

Practical Thermal Efficiencies 
Results for other sys tems.- -The terminal  voltage V~ 

of any battery being discharged at a finite rate is less 
than its reversible cell potential E. Because of the dis- 
sipative processes in the .battery the electrical work 
must be less than --hG. For a bat tery undergoing dis- 
charge at voltage Vi and current I for a period of time 
t we write 

E = -- (nF/~H) Vi('OI(~)dT I(T)d~ [23] 

Equation [23] is a general relation of which Eq. [8] 
represents the special case of reversible discharge. For 
constant-current discharge Eq. [23] reduces to 

�9 = --nFVi (avg) /~H [24] 

where V~(avg) is the average discharge voltage. 
Equation [24] is a very convenient form for the cal- 

culation of practical thermal efficiencies; all that is 
needed is a discharge curve and the enthalpy change 
for the cell reaction. Table III  shows the thermal effi- 
ciencies of 12 systems, calculated by Eq. [24] with 
AH's from Ref. (6), and the average discharge voltage 
taken from typical discharge curves in the literature. 
The exact values obtained for e and Vi(avg) are not 
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Table III. Thermal efficiencies of 12 battery systems at 298.15~ * 

S y s t e m  A s s u m e d  ce l l  react ion  V~ (avg)/V e ~t~ 

1. A g / Z n  2AgO Zn + H 2 0 - *  Ag~O + Zn(OH)~  
AgeO : Zn ~ 2Ag + ZnO f ** 1.55 0,90 0.94 

2. N i / Z n  2NiOOH + Zn + H20 --> 2Ni (OH)2  + ZnO 1.54 0.83 0.93 
3. N i /Cd  2NiOOH + Cd + 2H20 -* 2Ni (OH)~  + Cd(OH)~ 1.21 0.84 0.94 
4. P b / ac i d  Pb + PbO~ + 2H~SO~-> 2PbSO4 + 2H~O 1.97 1.00 1.03 
5. Zn/Br2 Zn + B m - ~  ZnBr2 1.60 0.78 0.91 
6. Li/SOCI2 8Li + 4SOCIe -~ Li~S20~ + 6LiC1 3.40 0.90 ~ t  
7. Li/SO~ 2Li + 2SOe -~ Li2S~O~ 3.30 0.83 ~ f  
8. Zn/O~ Zn + (V~) O~ -* ZnO 1.28 0.71 0.91 
9. Li/H~O~ 4Li + O~ + 2/-I~O-~ 4LiOH 2.90 0.77 0.91 

10. H~/Br~ H~ + Br~-~ 2HBr 0.90* 0.73* 0.83* 
11. Zn/MnO~ 2Zn + 3~VlnO~-* 2ZnO + Mn~O~ 1.20 0.88 1.00 
12. Zn /HgO Zn + HgO->  ZnO + Hg 1.28 0.95 1.01 

* T h e  d a t a  for system 10 are for 391.4~ 
** Two-step discharge. 

Gibbs energy  data lacking. 

especially significant, because they depend on the dis- 
charge rate. However, the systems with high and low 
thermal  efficiencies are readily identified, and the re-  
sults are easily converted to other observed average 
voltages by mult ipl icat ion of the table ent ry  for ~ by 
the ratio of the observed average voltage to the aver-  
age voltage in the table. A detailed t rea tment  of solu- 
t ion effects was possible only in the cases of the lead/  
acid and H2/Br2 systems. A description of the compu- 
tations for the lat ter  system has been reported else- 
where (8). 

To perform the calculations in Table III  it  was neces- 
sary to assume uni t  coutombic efficiency of each elec- 
trode. This is cer tainly not t rue for some systems, but  
it is the only approximation which can be made in the 
absence of detailed informat ion on the na ture  and ex- 
tent  of any nonfaradaic reactions. The formalism de- 
veloped here can be extended to systems in which 
nonfaradaic reactions occur, as is shown below. Con- 
sider the case in  which one electrochemical and p 
chemical reactions occur simultaneously.  Then p + 1 
reaction progress variables ~j(j _-- 1, . . . ,  p + 1) are 
required to specify the state of the battery. Assume 
that the bat tery contains m substances; then the j th re- 
action can be wr i t ten  

~n 

~vi(J)Si-----0 ( j - - 1  . . . .  ,p-}- 1) [25] 
3 = I  

where Si represents substance i. Of course, if Sk is n o t  
a reactant  or product of reaction j, then Vk (j) -:-- O. If 
one nonfaradaic reaction is the chemical path for the 
cell reaction, then the reaction must  b e  wri t ten  twice, 
with two independent  reaction progress variables, to 
include the effect of self-discharge. 

The change in  an extensive state variable X is now 
w r i t t e n  

hX --- ni ~ -~ vi(D• Xi({1, ~2 . . . . .  ~p+l}) 
{=1 j=l 

- ~ n~o~({o}) [2s] 
{=1 

in which {~j} represents the set of reaction progress 
variables, and {O} is the set in  which each reaction 
progress variable is zero. If Eq. [26] is wr i t ten  for AH, 
as in Eq. [6], and if each ~j is measured for the bat -  
tery's discharge, then Eq. [23] can be used for the cal- 
culation of thermal  efficiency. In  the practically im-  
portant  case where the only significant chemical re- 
action is self-discharge, the result  is simply the re-  
placement  of AH for ~ ---- 1 mole by the AH for ~ ---- 
(~c)-1 mole, where ec is the coulombic discharge effi- 
ciency. 

Rates of Heat Flow in Battery Systems 
To the bat tery  engineer  a quant i ty  which may be 

more useful than the thermal  efficiency is the rate of 

heat flow during charge and discharge. The rate of 
heat flow --q '  from the bat tery  to its surroundings can 
be wr i t ten  as a derivat ive either with respect to the 
reaction progress variable or with respect to time. We 
write 

f 
- - d q / d ~  for discharge (d~ ~ O) 

[27] 
- -q% = d q / d ~  for charge (d~ ~ 0) 

where 

- - d q / d ~  --- - - T ( O S / O ~ ) p , T  + n F ( E  - -  Vi)--CpdT/d~ [28] 

and Cp is the average constant-pressure heat capacity 
of the battery, or 

- -q% _-: - - d q / d t  - -  I [ - -  ( T / n F )  (OS/O~)p,T 

4- E -- Vi]- -CpdT/dt  [29] 

with the convention that  I > 0 for discharge and I < 0 
for charge. 

Several special cases of Eq. [28] and [29] are of 
interest. For reversible, isothermal operation the sec- 
ond and third terms of Eq. [28] vanish, and q% "-- 
T(OS/O~)p,T. Figure 4 shows, for example, the reversi-  
ble absorption of heat by the lead/acid bat tery  at 
298~ as a funct ion of state of charge. 

For isothermal operation the heat capacity terms 
drop out of Eq. [28] and [29], and the net  heat flow 
depends on the intr insic  entropy change and the over-  
potential. In  Fig. 5 the rate of heat flow - -q% for iso- 

15- 

14. 

13. 

7 
.-= 12. 
0 =E 
.V, 
"~  11 

8 
0 0.2 0.4 0.6 0.8 1.0 

,~/MOL 

Fig. 4. Absorption of heat for reversible operation of the lead/ 
acid battery at 298~ 
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Fig. 5. Dependence of heat flow from the lead/acid battery on 
overpotential at 298 ~ K. 

the rmal  opera t ion  of the l ead /ac id  ba t t e ry  is shown as 
a funct ion of overpotent ia l .  This figure c lear ly  i l lus-  
t ra tes  the  facts tha t  the  l ead /ac id  ba t t e ry  evolves heat  
at all  potent ia ls  on charge,  whi le  on discharge hea t  
may  be absorbed or  emit ted .  At  a cer ta in  overpoten t ia l  
which depends  on the s ta te  of charge the  ba t t e ry  
ne i ther  absorbs nor emits  heat.  This " the rmoneu t ra l "  
overpoten t ia l  is shown for three  states of charge by  
the abscissas a, b, and c in Fig. 5. For  most  o ther  ba t -  
t e ry  systems T (OS/aDp;r < O, so the  re la t ive  posi t ions 
of the charge and discharge lines in Fig. 5 are  re -  
versed,  and the the rmoneu t ra l  overpoten t ia l  applies to 
the  charge mode of the  ba t te ry .  

A final l imi t ing  case of in teres t  is the  adiabat ic  one, 
in which the l e f t -hand  sides of Eq. [28] and [29] are 
zero. Here the in te rna l  energy  which would flow to 
the  sur roundings  in i so thermal  opera t ion  remains  in 
the  ba t te ry ,  and the t e m p e r a t u r e  rises accordingly.  
F igure  6 shows the  change in t empe ra tu r e  ca lcula ted  
f rom Eq. [29] for a fu l ly  charged 281 A . h r  (3 hr  ra te )  
ba t t e ry  subjec ted  to the  load cycle shown. This cu r ren t  
profile resembles  tha t  observed in a test  of e lectr ic  
vehicles for postal  service (9). Repet i t ion of the 1 min  
cycle in Fig. 6 leads  to an adiabat ic  hea t ing  ra te  of 
2.64~ for a ha l f -d i scharged  ba t t e ry  the  ra te  is 

~T/K 

0.05 300 

0.04 240 / f  

/ _ ] ~  - - - -  - -Temperature i  . . . . . . .  

0.03 180 

I /A 

0.02 120 

0.01 60 

0 ~ , , , ~ \ , 0 
0 10 20 30 40 50 60 

Time/Seconds 

Fig. 6. Calculated temperature rise in an adiabatically insulated 
lead/acid battery subjected to a vehicular propulsion load cycle. 

3.56~ and at the  end of discharge i t  has r isen to 
4.10~ T e m p e r a t u r e  rises of the  magni tude  cal-  
cula ted  are  ac tua l ly  observed for the first few hours  
of service in vehicular  propuls ion  appl icat ions  (10), 
before  hea t  loss to the  sur roundings  br ings  about  a 
s teady  s tate  at  45~176 

For  purposes  of comparison we note tha t  the  t he r -  
modynamic  t r ea tmen t  of Gross (11, 12) can be ex -  
pressed in t e rms  of the  fo rmal i sm developed here. 
His "en tha lpy  vol tage" E ~  is given by  

E ~  : E --  ( T / n F )  (OS/OOP,v [30] 

Gross (11) t rea ted  the case of more than  one e lect ro-  
chemical  react ion and discussed a l te rna t ives  to the  
the rmodynamic  approach  for the s tudy of the rmal  en-  
e rgy  in ba t t e ry  systems. He did not  give a deta i led  
t r ea tment  of solut ion effects. 

Manuscr ip t  submi t ted  Aug. 3, 1977; revised m a n u -  
scr ipt  received Oct. 6, 1977. This was Pape r  370 p re -  
sented at  the  Phi ladelphia ,  Pennsylvania ,  Meet ing of 
the  Society,  May 8-13, 1977. 

Any  discussion of this paper  wil l  appea r  in a Discus-  
sion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the December  1978 Discus-  
sion Section should be submi t t ed  by  Aug. 1, 1978. 

Publication costs o] this article were  assisted by 
Gould Laboratories. 

LIST OF SYMBOLS 
ai ac t iv i ty  of substance i 
E revers ib le  cell potent ial ,  V 
F F a r a d a y  constant,  C /mole  
G Gibbs energy,  J 
Gi, Gi ~ par t ia l  molar  Gibbs energy,  s t andard  p a r -  

t ia l  molar  Gibbs energy of substance i, J /  
mole  

H en~halpy, J 
I current ,  A 
Hi, Hi ~ par t ia l  molar  enthalpy,  s t andard  par t i a l  

molar  en tha lpy  of substance i, J / m o l e  
re la t ive  pa r t i a l  molar  en tha lpy  of sub-  
stance i, J / m o l e  

mi, mi ~ molal i ty ,  imt ia l  mola l i ty  of substance i 
M1 molar  mass of solvent,  k g / m o l e  
n number  of electrons in cell reac t ion  
ni, ni ~ quant i ty  of substance i, in i t ia l  quan t i ty  of 

substance i, mole  
P pressure,  N / m  2 
q hea t  flow to the  system, J 
q't ra te  of hea t  flow, W 
q'e heat  flow per  mole  of reaction,  J / m o l e  
R gas constant,  J / m o l e - ~  
S entropy,  J / m o l e - ~  
t d ischarge time, sec 
T tempera ture ,  ~ 
Vi, Vi(avg)  cell voltage,  average cell  voltage,  V 
X any extens ive  the rmodynamic  s tate  func-  

t ion 
~• mean ionic ac t iv i ty  coefficient 

the rmal  efficiency 
�9 c coulombic efficiency 
eth revers ib le  the rmal  efficiency for  a finite 

process 
~'r d i f ferent ia l  r evers ib le  t he rma l  efficiency 
~i, ~i ~ chemical  potent ial ,  s t andard  chemical  po -  

ten t ia l  of substance i, J / m o l e  
ul general ized s toichiometr ic  coefficient 

react ion progress  var iable ,  mole  
d u m m y  var iab le  of in tegra t ion  
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Electrochemical 
Formed on 

and Optical Properties of Thin Oxide Layers 
Fresh Titanium Surfaces in Acid Solutions 

D. Laser, M. Yaniv, and S. Gottesfeld 
Institute of Chemistry, Tel-Aviv University, Ramat Aviv, Israel 

ABSTRACT 

Optical properties and thicknesses of thin oxide layers formed electro- 
chemically on Ti surfaces which were exposed by abrasion in situ were 
evaluated according to results of ellipsometric and reflectometric measure-  
ments. It is shown that  the optical as well as some other physical properties 
of the thin (d < 100A) oxide films are close to those of bulk  Ti oxides and, 
hence, deviations of their electrochemical characteristics from those of bu lk  
TiO2 are most probably due only to their small  thicknesses. Electroreduction of 
such films was also traced by the optical means and could be shown to re-  
sult, under  certain conditions, in some th inn ing  and, especially, in  the increase 
of the extinction coefficient of the film. The effect of such a reductive t reat -  
ment  on the electrochemical characteristics of the oxide layer is also discussed. 

The physical properties of TiO2 films formed elec- 
trochemically on Ti substrates are of interest  in rela-  
t ion to the stabil i ty of Ti in  corrosive environments .  
Furthermore,  since the activity of TiO2 as a photo- 
anode has become the subject of intensive recent 
efforts, analysis of such properties and their  bearing 
on the electrochemical and photoelectrochemical re-  
activity of the Ti/TiO2/electrolyte system seems to be 
of importance. In this work thin TiO2 films (d < 150A) 
were grown on fresh Ti surfaces exposed by the abra-  
sion in situ of Ti electrodes in  aqueous H2SO4 solu- 
tions. While the films formed by anodization of Ti in 
appropriate solvents may be much thicker (1), the 
formation of such th in  films following exposure of the 
fresh metal  surface probably simulates the process of 
film repair  at sites of protective film failure. The opti-  
cal properties (thickness and complex refractive in -  
dex) were determined according to combined reflec- 
tometric and ellipsometric measurements  taken for 
films formed anodically following abrasion, as well as 
for the same films after their part ial  reduction. The 
optical-electrochemical cell was equipped with an ar-  
rangement  for the abrasion in situ of the Ti surfaces, 
which allowed the monitor ing of the films optically 
(in situ) immediate ly  following abrasion. The uni t  
employed for the abrasion in situ was an improved 
version of the system original ly developed by Am-  
brose and Kruger  (2). A combinat ion of the optical 
measurements  with various electrochemical measure-  
ments  of the capacity and the behavior of some redox 
systems, as well as the photooxidation of water  at 
the T i /T iOJe lec t ro ly te  interface, should allow some 
insight into the relationship between thickness and 
optical properties of such films and their  electrochem- 
ical characteristics. 

Experimental 
Experiments  were carried out with the Ll19 Gaer t -  

her ell ipsometer at a wavelength of 5460A, using a 
150W tungsten lamp as a power source, a Bausch and 
Lomb high intensi ty  monochromator,  a mica quar ter -  

Key words: ell ipsometry, corrosion, semiconductor electrodes. 

wave plate as a retarder  prior to the sample, and a 
Hamamatsu  Type R585 photomultiplier.  Power sup- 
pliers to the lamp and photomult ipl ier  were, respec- 
tively, Kepco Model JQE 36V/15A and J. Fluke 
Model 412B. The photomult ipl ier  output  current  was 
converted by a current  to voltage converter  and moni-  
tored on an X-Y recorder. The cylindrical  electro- 
chemical cell which served for in situ ellipsometric 
and reflectometric measurements  has been employed 
before (3) and was made of Teflon with a brass en-  
velope in  which quartz windows were mounted  for 
an angle of incidence of 65 ~ A Teflon lid with a cen- 
tral  hole for the electrode holder was clamped to an 
X-Y-Z micrometer  positioner attached to the ell ipsom- 
eter base. The flat surface Teflon electrode holder was 
attached to a glass tube passing through the lid's 
central  hole, thus allowing rotat ion around the opti- 
cal axis. 

The in situ abrasion uni t  attached to the optical- 
electrochemical cell is shown schematically in  Fig. 
1. A shaft (made of steel with a front Ke l -F  part)  
was rotated by an a-c motor at a speed of 300 rpm, as 
determined by the radius of the large transmission 
wheel. A l inear  motion bear ing at the center of the 
large wheel allowed the free l inear  motion of the shaft 
along its axis. The rotat ing shaft (front Ke l -F  part)  

M MS 

F / - C ~ I I  

RU 

Fig. 1. Schematic presentation of the apparatus for abrasion 
in situ followed by optical and electrochemical examination: E, 
electroportional solenoid; LB, linear motion bearing; BB, ball bear- 
ing; D, drive shaft; F, fly wheel; RU, Neoprene O-ring; M, a-c 
motor; A, anvil; PS, pull solenoid; R, rotating shaft; W, washer; 
TB, Teflon bearing; RS, KeI-F rotating shaft; P, polishing head. 
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ente red  the e lec t rochemica l -op t ica l  cell  th rough  a 
Teflon bear ing  (bra ided  Teflon pe rmea ted  with  K e l - F  
oil) and car r ied  on its end the polishing head. To 
produce  an efficient and durab le  pol ishing head, which 
a l lowed numerous  consecutive efficient abras ions  be -  
fore r ep lacement  while  leaving specu la r ly  reflecting 
meta l  subs t ra tes  and clear  solutions, a 3~ d iamond 
paste  (S t ruers  Scientific Ins t ruments )  was appl ied  to 
a sui table  pol ishing cloth (S t ruers  DP cloth  Type  
DUR) and t he rma l ly  t r ea ted  (1-2 hr  a t  100~ The 
the rma l  t r ea tmen t  lef t  the d iamond powder  embedded  
in the cloth and act ive for 20-50 consecutive a b r a -  
sions of Ti electrodes.  This impregna ted  c loth  was 
glued by  sil icon rubbe r  cement  to a silicon rubber  
suppor t  casted in a K e l - F  hol low cone. The th readed  
apex of this conical  "cushion" holder  could be con- 
nected to the  ro ta t ing  shaft  and, thus, the  whole  pol -  
ishing head easi ly  replaced  wi thout  misal ignment .  

Whi le  ro ta t ing the  shaft, the pol ishing head  could 
be pressed agains t  the  meta l  e lec t rode  sample,  app ly -  
ing a cont ro l lab le  pressure  b y  means  of an e lec t ro-  
p ropor t iona l  solenoid. Af te r  the  complet ion  of the  
abras ion the pol ishing head  could be quickly  re-  
t rac ted  by  apply ing  a s trong knock to the  ro ta t ing 
shaft  along its axis by  means  of a fast  solenoid. To 
a l low the fast  re t ract ion,  the  e lec t ropropor t iona l  sol-  
enoid was swi tched off s imultaneously,  the "on" and 
"off" commands  to the pa i r  of solenoids being appro-  
p r i a t e ly  synchronized by  an electronic unit.  By using 
this approach  for re t rac t ing  the ro ta t ing  shaft, the 
opt ical  pa th  was found to be comple te ly  c leared 
wi th in  0.5 msec af te r  the  t e rmina t ion  of polishing. 
Thus opt ical  readings  of film growth  on exposed meta l  
surfaces could be taken  in the  mil l isecond t ime scale. 
The poss ibi l i ty  of fol lowing such ea r ly  stages of film 
growth  is significant (2), and the resul t ing  advan-  
tages of fas ter  r e t rac t ion  wil l  be demons t ra ted  in a 
for thcoming contr ibut ion.  

The Ti specimens were  p repa red  by  cut t ing disks 
6 m m  in d iamete r  f rom Ti rods (99.7% pure,  Ventron,  
Al fa  Products ,  Beverly,  Massachuset ts)  and were  
mounted  by  pressure  in  a Teflon holder  exposing a 
single surface to the solution. Samples  wi th in  the  
holder  were  mechanica l ly  pol ished pr io r  to the  elec-  
t rochemical  exper iments  wi th  s i l icon-carb ide  paper  
grades  300 and 600 fol lowed by  d iamond paste  size 
15 and 3~ successively,  using e thanol  as lubricant .  
Af te r  pol ishing the samples  were  immersed  in sulfo-  
chromic acid solut ion and then thoroughly  r insed  and 
soaked in an  ul t rasonic  t r ip ly  dis t i l led  wa te r  bath.  
The work ing  solut ion was 0.5M Na2SO4 wi th  pH ad-  
jus ted  to 1.7 wi th  H2SO4. A commerc ia l  s a tu ra t ed  
calomel  e lect rode wi th  a sealed porous glass br idge  
served  as a re ference  electrode.  The assembled cell, 
containing the mounted  sample  but  wi thout  solut ion 
and windows, served for the  a l ignment  procedure  
according to McCrackin  et al. (4). Al lowance  was 
made  for  window birefr ingence.  

Samples  were  ab raded  in the  cell unde r  contro l led  
potent ia l ,  p rese lec ted  as descr ibed  in  the  nex t  sec-  
tion. A and -I, nul l  readings  were  taken  when  the cur-  
rent ,  under  potent ios ta t ic  conditions,  has a t ta ined  a 
s teady  state. Continuous changes in the  ref lect ivi ty  
were  recorded  in l inear  po ten t ia l  scanning exper i -  
ments  by  moni tor ing  the exi t  beam in tens i ty  wi th  
the  e l l ipsometer  set at P --  A _-- 0 ~ or P = A = 90 ~ 
for  var ia t ions  in reflectance at pa ra l l e l  and p e rpe n -  
d icular  polar izat ion,  respect ively .  Continuous va r i a -  
t ions of ~ were  recorded in such e x p e r i m e n t s  as off- 
nul l  in tens i ty  transients .  The off-null  set t ings of the 
e l l ipsometer  were  selected according to the  cr i ter ia  
descr ibed e l sewhere  (5),  bu t  the  var ia t ions  of 5 fol -  
lowed in this work  were  too large  to al low a per fec t ly  
l inear  dependence  of 6Irefl. on 54 at  constant  off-null  
settings. Fu r the r  ca l ibra t ions  of such off-null  in-  
tens i ty  curves were,  therefore ,  pe r fo rmed  by  separa te  
constant  vol tage growth  exper iments ,  in  which the 
same off-nul l  set t ings were  used. Changes of the  exi t  
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beam intens i ty  due  to the  appl ica t ion  of severa l  con- 
s tant  anodic vol tages were  fitted to the  shifts of 
measured  at  the same appl ied  vol tages by  the r egu la r  
method  of nulling. This fi t t ing y ie lded  the requi red  
(s l ight ly  nonl inear )  ~A vs. ~)Irefl. curve,  which  is su i t -  
able for the specific f i lm/subs t ra te  sys tem under  the 
off-null  set t ings employed.  (The growth  of films wi th  
ident ica l  opt ical  proper t ies  in constant  vol tage  and in 
l inear  scanning exper iments  is assumed in such a 

^ 
ca l ibra t ion. )  The convention:  n = n -- ik  wil l  be used 
throughout  for  the  presenta t ion  of the  complex  re-  
f rac t ive  index.  

Results and Discussion 
Ellipsometric and reflectometric measurements of 

oxide film growth on t i tanium.--The initial state o1 
the "film ]tee" Ti surface.--The na tu re  of t h e  "clean 
Ti surface," lef t  in contact  wi th  an acid solut ion fol-  
lowing the abras ion in situ, was first examined.  F ig-  
ure  2 shows the cu r r en t -po ten t i a l  curve recorded 
whi le  the abras ion of a Ti e lec t rode  immersed  in an 
acidic Na2SO4 solut ion (pH ad jus ted  to 1.7 wi th  
H2SO4) was tak ing  place. The corrosion potent ia l ,  
Vc, is identif ied as the  poten t ia l  at  which  zero net  cur -  
ren t  is observed for the  fresh exposed Ti surface. Ac-  
cording to previous  repor ts  (6, 7), the  net  cur ren t  in 
the whole region shown in Fig. 2 is expected to be the  
sum of pa r t i a l  cathodic and anodic currents .  The ca th-  
odic processes involved  m a y  be  H2 evolut ion and Ti 
hydr ide  fo rmat ion  (8), whi le  the  anodic processes a re  
the  e lec t rooxida t ion  of Ti to some soluble  products  
and  to the  surface oxide. The over lap  of the  oxide  and 
hydr ide  s tab i l i ty  regions (7) means  that,  in pr inciple ,  
i t  should be impossible  to obta in  at  equ i l ib r ium in 
solut ion a Ti surface  which  is per fec t ly  free of any 
adsorbed  (or absorbed)  species by  a combinat ion of 
abras ion and cathodic polarizat ion.  However ,  for the  
wave leng th  employed  (5460A) the opt ical  effects due 
to the  H surface l aye r  could be shown to be negl ig ible  
in the  potent ia l  range  covered. Fo r  the  pol ished Ti 
surface no significant change in any opt ical  p a r a m e t e r  
could be detected as the  vol tage was scanned be tween  
Vc and the cathodic l imi t  set by  the  beginning of Ha 
evolution.  (Onset  of gas evolut ion could  be ident if ied 
opt ica l ly  by  ve ry  uns table  readings  due to the  bubbles  
formed in the  l ight  path.)  The opt ical  effects caused 
by  adsorbed H layers  on o ther  meta ls  in the  vis ible  
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Fig. 2. Current-voltage curve for a Ti electrode taken during 
mechanical polishing in sltu. Solution: O.5M Na2S04, 0.075M 
H2S04 (pH = 1.65). 



3 6 0  J. EIectrochem. Sot.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March 1978 

I I I I I I 

- - .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 ; .  

P ~ 1 7 6  ~ I  " ' ' ~  a_ 

~ . -6.5 

-I 5 e ~ 

P -  P o = + l O . 5  ~ . .  
. . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . .  _'_':_-_. 

I I I I I I 

/ Io.o=  

~ o 

- ~ 

E I I l I I 
- L 2  - 0 . 8  - 0 . 4  0 . 0  0 . 4  0 . 8  1.2 1.6 

P o t e n t i a l  , V.vs. SCE 

Fig. 3. Current-voltage curve and the associated optical changes 
recorded during oxide film growth and its subsequent reduction in 
u triangular potential scanning experiment: a and b, light intensity 
changes recorded at two symmetrical off-null settings: the scale in 
the upper rlght-hand corner shows the calibration of curve a in 
terms of changes in A (see Experimental). Solution as in Fig. 2; 
scan rate, 15 mV sec-Z; ;L ----- 5460,&. 

region are already known  to be at least an order of 
magni tude  smaller  than the effects due to similar  cov- 
erages of oxygen (9). It  was thus concluded that, as 
far as the optical reference state is concerned, the 
existence of some form of H coverage prior to oxide 
formation had probably a very minor  influence at 
5460A. [Stronger optical effects due to H ad- or ab-  
sorption may be obtained at shorter wavelengths (10).] 

Abrasion under  cathodic polarization seems, accord- 
ing to these results, to produce a Ti surface which is 
quite suitable to serve as the reference "film-free" 
substrate. The apparent  optical properties of such sub-  
strates were measured ellipsometrically, taking nul l  
readings for abraded Ti electrode surfaces, which, fol- 
lowing abrasion, were kept at potentials between Vr 
and the H2 evolution region. The results obtained at 
5460A were: n i l  --~ 2.7-2.8; kwi = 3.20-3.25. 

The large scatter in the results reported in the l i tera-  
^ 

ture  for n i l  has been discussed by Smith (11). The 
last author obtained at 5460A for a mechanical ly pol- 
ished polycrystal l ine Ti sample which was carefully 
cleaned in vacuum: nwi -- 3.1; kTi "-- 3.4. 

The fit be tween the results for Ti surfaces as obtained 
by abrasion in situ and those given by Smith for 
samples cleaned in  vacuum is not perfect, but  the de- 
viat ion is not large when compared with the scatter 
found in some sets of exper imental  data for "clean 
metal  substrates" quoted in the l i terature.  This order 
of deviation is most probably a result  of a slightly dif-  
ferent  "damaged layer" which is left on the metal  
surface in  each of the cases, as a resul t  of mechanical  
polishing, al though a residual  H or O coverage can- 
not be completely ruled out. In  some cases mechani-  
cal polishing outside the cell prior to the optical mea-  
surements  left a relat ively rough surface, which could 
not be improved by abrasion in situ with cathodic ap- 
plied potentials. This was manifested by the value of 
Ao, measured at --0.9V following abrasion, being sev- 
eral degrees lower than usual. In  such cases, it was 
found that  abrasion under  anodic applied potentials 
(0.0V) had a favorable effect, apparent ly  caused by 
the electropolishing of the exposed metal  surface un-  
der the positive applied potential. Following such 
a t rea tment  the smoothed surface exhibited the higher 
regular  A values at --0.9V. 

Electrochemical and optical results recorded during 
]~lm growth.--The combinat ion of ellipsometric and 
reflectometric measurements  was shown in previous 
contr ibutions to consti tute an effective tool for follow- 
ing the growth and evaluat ing the properties of th in  
films (12). Figure 3 shows the dependence on potential  
of the current  and of three optical parameters  A, R 

11' 
and R , for a Ti electrode to which a t r iangular  po- 

• 
tent ial  scan was applied following abrasion in situ. 
(The most reproducible optical and electrochemical re- 
sults, as well as simple and regular  growth kinetics, 
were obtained when such continuous l inear  changes of 
the potential  were employed.) The continuous record- 
ing of the changes in  A was performed with off-null  
settings of the ellipsometer. The pair of symmetrical  
in tensi ty  t ransients  obtained at two symmetr ical  off- 
nu l l  settings [curves a and b in  Fig. 3 indicate that  
t ransients  thus recorded closely approximate the var i -  
ation of A as a function of applied potential  (5).] Any 
deviation from l inear i ty  in  the dependence of 8Irefl. 
was fur ther  corrected, however, prior to the computer  
analysis, according to the procedure described above 
(see Exper imenta l ) .  In the anodic branch  of the cur-  
rent  cycle a "dissolution peak" is first observed, fol- 
lowed by a region of film growth in  which the current  
is practically constant dur ing the l inear  potential  scan. 
The beginning of the change in  optical properties can 
be observed to occur at the foot of the "dissolution 
peak," as the net current  becomes positive. In  the con- 
stant  current  range all three optical parameters  seem 
to change l inear ly  with applied potential. For the thin 

films involved, this immediate ly  proves the l inear  de- 
pendence of thickness on applied potential,  and, more 
significantly, it proves the growth of a film with prac-  
t ically uni form properties in  the potential  range cov- 
ered in  this fgure.  As shown in some previous contr i-  
butions on combined ellipsometric-reflectometric mea-  
surements  (12), if the optical properties of such a film 
change with thickness this would cause appreciable 
changes in  the ratio 5A/(SR/R),  which were not ob- 
served here in practice. 

In the cathodic half-cycle very  low currents  were 
recorded and no change in  the optical properties of the 
film-covered Ti surface could be observed unt i l  a po- 
tent ial  of ~ --0.5V was reached (see Fig. 3). A cathodic 
current  then started to develop and was accompanied 
by appreciable changes in the thickness and properties 
of the oxide: These changes are discussed later. 

Analysis of the optical properties ol the film.--Two ap- 
proaches were at tempted in the analysis of the optical 
properties for th in  films produced on Ti in the potent ial  
region --0.9 to + l . 5V  in the acidic solutions employed. 
In  the first approach (method 1) it was assumed that  
the Ti surface kept under  cathodic polarization follow- 
ing abrasion in situ is indeed a perfect film-free sub-  
strate and may be, therefore, taken as an ideal optical 
reference state for film growth. Results of combined 
ellipsometric and reflectometric measurements  taken 
at different potentials were fitted to a uniform film 
growth model by a minimizat ion computer  program 
(13). A mi n i mum for the funct ion 

F : ~] { ((~Ameas - -  ~Acalc )  2 + ( ~ ' Y ~ m e a s  - -  ~XIrcalc) 2 

+ [ (6R/R) L I, meas-- (6R/R) I I, ca1r ]2 Jr 

+ [(6RIR) - -  (6R/R) ]2} [11 
~_, meas -L, calc 
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w a s  searched,  assuming tha t  a f i lm-free  Ti surface, 
wi th  optical  p roper t ies  ca lcula ted  according to the ~o 
and ,I,o readings  fol lowing abrasion,  indeed exis ted  at  
--0.9V. 

Ano the r  computa t iona l  approach  (method 2) w a s  
also tested, the  use of which a l lowed the avoidance of 
the  r ig id  assumpt ion  of a per fec t ly  f i lm-free  surface 
in the  in i t ia l  state. I f  i t  was assumed, ra ther ,  tha t  an 
ini t ia l  ve ry  thin  film did exis t  on the  surface fol lowing 
abras ion  (and pr ior  to anodiza t ion) ,  the  pa rame te r s  
of the  subs t ra te  became two addi t ional  unknowns.  
These could be solved, however ,  if i t  was fur ther  as-  
sumed that  the  opt ical  p roper t ies  of the  " ini t ia l  film" 
resembled  those of the  film g rown by  anodization.  
(This approach  is capable,  in pr inciple ,  of avoiding the 
complicat ions when the bui ldup of some surface film 
is ve ry  fast at  any  appl ied  potent ia l  fol lowing abrasion,  
i .e., due to the over lap  of oxide  and hyd r ide  s tab i l i ty  
regions, thus making  the s ta te  of a pe r fec t ly  clean sub-  
s t ra te  unachievable . )  A tota l  4 -b J unknowns:  nmetab 
kmetal, T~film, kfilm, and j thicknesses including tha t  of 
the  in i t ia l  film, could be solved according to the  e l l ip -  
sometr ic  and ref leetometr ic  readings  taken  at each 
point  dur ing  anodizat ion,  using the same minimiza t ion  
compute r  p r o g r a m  (13). Since for  th in  films such 
as those inves t iga ted  here  an in t e rp lay  be tween  the 
opt ical  p roper t ies  of subs t ra tes  and film may  yie ld  di f -  
ferent  local minima,  the  (~o, ,I,o) readings  taken  at  
--0.9V were  a lways  used for the ini t ia l  guess of the  
meta l ' s  p roper t ies  in such a search for a m in imum of F. 

Both isotropic and nonisotropic  un i fo rm film models  
were tested. In the nonisotropic model different values 
were assumed for nfilm in the direction normal to the 
surface, (nf)n, and parallel to it, (nf)t, with the same 
kf in both  directions.  Resul ts  of the  computer  analysis  
based on a growth  exper imen t  ex tending  up to 1.5V 
are  summar ized  in Table  I. I t  can be seen tha t  method  
2 of computat ion genera ted  a be t t e r  fit, i.e., tha t  solving 
the  subs t ra te  is to be p r e f e r r ed  to an assumpt ion of 
f i lm-free  surface at  any  potential .  I t  also shows that  an 
absorpt ion  coefficient s l ight ly  different  than  zero in an 
isotropic film could be " t raded-off"  for  a s l ight ly  an-  
isotropic but  t r anspa ren t  film. The re f rac t ive  index  
eva lua ted  is s imilar  to tha t  repor ted  recent ly  for  much  
th icker  anodic oxide films on Ti, the s t ruc ture  of which 
was shown to be tha t  of c rys ta l l ine  anatase  (40). 

F igure  4 demons t ra tes  the  fit be tween  the solut ion 
obta ined for the  single isotropic film model  and the 
expe r imen ta l  opt ical  resul ts  of another  g rowth  exper i -  
ment  conducted wi th  a series of constant  appl ied  
voltages. The curves in Fig. 4 which gave the best  fit 
were  due to the  fol lowing opt ical  p roper t ies  of sub-  
s t ra te  and film: nwi = 2.80; kTi = 3.25; noxide = 2.43; 
koxtd e ~___ 0.0. Some difference in the proper t ies  of the  
film as a funct ion of t h e  method  of g rowth  ( l inear  
po ten t ia l  scanning or  l a rge  poten t ia l  steps) can be 
seen to occur. 

Since meta l  dissolut ion may  have occurred to a smal l  
ex tent  dur ing  the anodic scans employed  (see cur ren t  
peak  in Fig. 3), changes in the  morpho logy  of the  meta l  
subs t ra te  which could affect the opt ical  pa ramete r s  
were  possible  in principle.  The resul ts  obta ined re -  
vealed,  however ,  tha t  film g rowth  was not  accom- 
panied  by  apprec iab le  changes in  the opt ical  proper t ies  
of the Ti subs t ra te  surface unde r  the expe r imen ta l  
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puter solution for a single isotropic film model fitted according to 
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all the optical measurements, with nmm - -  2.43-0.0i, nwi = 
2.80-3.25i. 

conditions descr ibed above. Smoothing  of the  surface, 
which  is to be expected  when meta l  dissolut ion occurs 
s imul taneous ly  wi th  oxide  growth,  should have brought  
about  an increase of both R IT and R •  whi le  in fact  

R was found to decrease  r egu la r ly  (see Fig. 3). 
• 

Any  o ther  type  of a significant change in the  opt ical  
proper t ies  of the meta l  subs t ra te  dur ing  anodizat ion 
should have  caused severe  difficulties in the fitting of 
resul ts  of combined e l l ipsometr ic  and ref iectometr ic  
measurements  to a model  of single un i form film 
growth.  Thus i t  seems that,  under  the  expe r imen ta l  
condit ions employed,  the  opt ical  effects mus t  have  
been almost  exc lus ive ly  de te rmined  by  the process of 
oxide growth,  the cont r ibut ion  f rom a s imul taneous  
l imi ted  meta l  dissolution process being minor.  

The analysis  of the  opt ical  results  as presented  above 
shows tha t  "as -grown"  thin  TiO2 films are  found to 
be un i form and to have optical  p roper t ies  close to those 
of much th icker  TiO2 layers  (1, 14, 40). Deviat ion 
of the e lec t rochemical  behavior  of such thin  films 
f rom tha t  of bu lk  TiO2 samples  mus t  be traced,  the re -  
fore, to the  sole effect of thickness.  This is t rue  p ro -  
vided, however,  tha t  the film has not  undergone any 
fu r the r  t r ea tmen t  fol lowing its g rowth  (see be low) .  

Table I. Optical properties and thicknesses of thin oxide layers on titanium 

(X x,)~** I 

Model  f o r  f i lm d-o.~v 
and calc m e t h o d  n.~ k~ (n~)  t (nF)n k~ ( A )  A / V *  ~ 

Isotropic;  m e t h o d  1 2.76 3.22 2.35 2.35 0.02 7.5 22.9 3 �9 10 -1 
Isotropic;  m e t h o d  2 2.79 3.22 2.33 2.33 0.03 9.8 23.1 5 �9 10 ~ 
Noni so tropm;  m e t h o d  1 2.75 3.22 2.39 2.47 0.0 7.3 22.1 2 �9 10 -1 
Noniso tropic ;  m e t h o d  2 2.82 3.24 2.38 2.46 0.0 11.4 22.1 2 �9 10 -~ 

* T h e  i n c r e a s e  of  ox ide  f i lm t h i c k n e s s  p e r  1V o f  anodtc appl ied  v o l t a g e  in  t h e  reg ion  o f  g r o w t h  u n d e r  c o n s t a n t  f ie ld ( s e e  n e x t  
s ec t i on ) .  

"* X = m e a s u r e d  p a r a m e t e r ;  X '  = calc  p a r a m e t e r ;  ~ = e x p e r i m e n t a l  precis ion.  
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Evaluation of some physical properties of the thin 
films and kinetic parameters related to their growth 
according to the combined electrochemical and optical 
results.--For a mechanism of ionic migrat ion under  a 
high field, the current  due to oxide growth depends on 
the field s trength inside the film through Eq. [2], the 
theoretical foundation of which was given by Verwey 
(15) and Mott and Cabrera (16) 

i : A exp (~E) [2] 

where A and ~ are constants characteristic of the film, 
and E is the electrical field wi th in  the film. The pa- 
rameters A and ~ could be solved according to the 
combined electrochemical and optical results obtained 
in l inear  scan experiments  in the constant  cur ren t  re-  
gion. Since in this region both the current  and the 
growth rate (determined optically) were found to be 
constant, it could be safely assumed that the current  
efficiency for oxide growth was practically 100%. 
Furthermore,  according to Vetter (17) a constant cur-  
rent  implies no change in the potential  drop across the 
oxide-electrolyte interface, and, hence, the total change 
of V apparent ly  falls across the film. Therefore, in 
the region of constant current  obtained in  the l inear  
potential  scan experiments,  the field across the film is 
given by 

AV (dv/dt)  At (dv/dt)  At dv /d t  
E = - -  - [3] 

Ae ]kilt kiJdt ki 

Where dv/dt  is the scan rate and k is the factor re lat-  
ing charge density to film thickness. The value o] k 
could be easily determined according to film thick- 
nesses obtained and the corresponding measured anodic 
charges. (Since uniform film growth was established 
optically, this implied a constant k, and, therefore, it 
could be taken, together with the constant measured 
current  i outside the integral  which appears in  the 
denominator.)  The final form of Eq. [3] implies that 
growth actually occurs under  constant field conditions 
in the region in  question, and Eq. [2] becomes 

/ dv/dt  ) 
i = A exp ~ / ~ - - - ~  [4] 

and a plot of In i vs. [ (dv/dt ) / i ]  gives ~/k as the slope. 
Having determined k, ~ can be thus evaluated and A 
is computed next  from Eq. [4]. Growth under  constant 
field conditions could also be confirmed by some 
complementary constant current  experiments  shown 
in Fig. 5 in  which the practically l inear  change with 
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Fig. 5. Changes of the potengal and of the light intensity under 
off-null settings in galvanostatic experiments of oxide growth on Ti 
(solution as in Fig. 2). The value of constant current applied in 
each case is designated in the figure. 

t ime of both potential  and thickness testify to this 
behavior. If k is known, two properties of the films 
grown may be further  estimated: the density and the 
thickness of a monolayer  

d monolayer  = kQ monolayer  [5] 

M 
# film = [6] 

nF k  

where M is the molecular  weight assumed for the 
surface compound (the value for TiO2 was used) and 
Q monolayer  may be taken as 880 ~Cb (4e process 
per Ti atom).  The kinetic and physical parameters  
calculated from our measurements  in th in  oxide films 
may be compared to values given in the l i terature  for 
thicker TiO2 films, according to Table II. 

Capacity measurements and the dielectric constant 
o~ the film.--Combined impedance and (optical) thick- 
ness measurements  yield the dielectric constant of 
the film. Assuming that  the admit tance of the interface 
is due to the oxide film alone (i.e., that  the capacity 
of the Helmholz layer  is much larger) ,  it is given by 

Z-1 = ~"  ~o/d + i ~e'eo/d [7] 

where d is film thickness, ~ is the angular  frequency, 
e', ~" are the real and imaginary  parts of the complex 
dielectric constant, and eo the permit t iv i ty  of free space. 
For a paral lel  circuit presentat ion 

Z -1 -- Rp -1 ~ -  ~ ~ Cp [8] 
hence 

Cp = ~%ld [9] 

and a l inear  dependence of 1/Cp on d is expected. 
Cp was determined for different stages of film growth 

as ( i t , ) I ra (Z - i ) .  A lock-in amplifier equipped with 
a phase-sensit ive detector was used for this measure-  
ment  to determine the component of the current  at 
90~ to the (10 mV ptp) sinusoidal voltage per turba-  
tion. The plot of 1/C vs. d (where d was found from 
the optical measurements)  is given in  Fig. 6. The l inear  
dependence obtained is quite satisfactory, lending sup-  
port  to the optically evaluated thicknesses. It could be 
shown (Fig. 6) that 1/Cp was dependent  on ~ even at 
such low frequencies, which meant  that the measured 
e'(~) was somewhat lower than the static dielectric 
constant, due to some very slow dielectric relaxat ion 
processes in  the film. The measured slope at ~ = 100 
Hz (Fig. 6) gave: e' = 47. This value is inside the 
range quoted earlier for thicker TiO2 films (1). 

Electron transfer through the TiOz film.--Since it is 
not expected that thin films of TiO2 such as those 
analyzed in this work should exhibit  electron t ransfer  
properties identical  with those of much thicker semi- 
conductor (SC) films, and since the ease of electron 
t ransfer  through the film may be an impor tant  condi- 
t ion for the interact ion of the (TiO2 covered) Ti metal  
with different oxidizing or reducing components of the 
electrolyte, possible deviations from the behavior pre-  
dicted for thicker TiO2 layers seemed worth looking 
into. 

Rectification properties of thick anodic oxide films 
were observed long ago (20). While oxidation reac- 
tions appear to be inhibi ted by the oxide, H2 evolution 
as well as some other reductions were found to pro- 
ceed through the film (21, 22). The essential require-  
ment  for charge transfer between various redox s y s -  

Table II. Kinetic parameters and physical properties for oxide films 
on titanium 

Quantity This work Other works 

B, c m  V - i  6.8-----0.2 �9 I 0  -6 5.6-6.8 �9 i 0  -~ ( 1 8 )  
A ,  A c m  -2 5 �9 i 0 - ~ - 7  �9 I 0  -Iv 1 �9 I0-i~.5 �9 I 0  - ~  ( 1 8 )  
do, monolayer 

thickness, cm 5.2---+ 0.2 �9 10 -s 5.0 �9 10 -s ( 1 9 )  
p, film density, 

g c m  ~ 3.4 ~- 0.2 2.5-4.0 (14) 
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Fig. 6. The reciprocal capacitance for an oxide-covered Ti elec- 
trode, as obtained with these modulation frequencies, plotted 
against the optically determined thickness. (Solution as in Fig. 2). 

tems in solution and the bands of a thick SC electrode 
is the energetic overlap between the SC bands at the 
surface and the so-called "Fermi  level in  solution" 
[which, to a first approximation,  coincides with the 
s tandard redox potential  of the re levant  couple in  so- 
lu t ion  (23)]. The energetic overlap condition and the 
magni tude  of the potential  gradient  in the Helmholtz 
layer are expected to determine together ~he charac- 
teristics of thick n - type  SC-aqueous electrolyte sys- 
tems, which are expected to exhibit  the following be-  
havior (24): (i) Redox couples with s tandard poten-  
tials more negative than the flatband potential  (FBP) 
should be able to exchange electrons with the conduc- 
t ion band of the SC in both directions, under  small  ap-  
plied overvoltages. [The FBP near ly  coincides with the 
energetic location of the SC conduction band relat ive to 
the reference electrode used (25).] (ii) Redox couples 
with nobler  s tandard potentials (i.e., energetically 
located wi th in  the SC bandgap) should not be able to 
exchange electrons with a n - type  SC unless poten-  
tials more negat ive than  the FBP are imposed, at 
which a cathodic process may occur. No anodic proc- 
ess is expected, however, for the last type of redox 
systems at a thick n - type  SC electrode. 

All the above-ment ioned arguments  have been put  
forward and shown to apply for thick n - type  SC 
electrodes (26), including n-TiO2 (27) [diagrams of 
electron energy levels in  TiO2 and in various redox 
couples in  solution are given in  Ref. (27)]. From re-  
cent measurements  the value of the FBP has been 
evaluated for the single crystal TiO2 as --0.3 _+ 0.1V 
vs. SCE (28) and may be assumed as a first approxi-  
mat ion to apply to the TiO2 films dealt  with here a s  
well. 

It  was found in  this work that any species which i s  
known to be reducible at a gold or Pt  electrode could 
be reduced also through the thin oxide films grown 
on the Ti electrodes (by the inject ion of electrons 
from the conduction band of the SC). Since this can 
be achieved only at electrode potentials more nega-  
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Fig. 7. Redaction of Fe(CN)6 - ~  at an oxide covered Ti, Solution 
as in Fig. 2 - f - 5"10 -~M KsFe(CN)e; scan rate, 40 mV sec -1 .  
Curves a, b, and c correspond to films grown to 1.0, 1.5, and 5.0V 
vs. SCE, respectively. 

t ive than the FBP, an "overvoltage" for such reac- 
tions was always found for systems with s tandard re-  
dox potentials more positive than  --0.3V vs. SCE. This 
behavior, as presented for the reduction of Fe(CN)6 .3  
in  Fig. 7 was found to be independent  of film thickness 
for d > 20A, and is consistent wi th  the general  behav-  
ior of bu lk  n-TiO2 electrodes. It  could also be shown 
that  a couple such as Cd/Cd +2, with a s tandard redox 
potential  of --0.75V (more negative than the FBP),  
indeed exhibited both the reduct ion and oxidation cur-  
rent  peaks at the TiO2 film electrode, while cupric and 
si lver ions (E ~ of 0.05 and 0.34V, respectively) were 
reduced at the Ti/TiO2 electrode but  the correspond- 
ing metals were not oxidized (Fig. 8). 
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Fig. 8. Deposition and dissolution of metals at an oxide-covered 
Ti electrode. Solution as in Fig. 2 + 1 0 - 2 M  of Cd +s (curve a), 
Cu +~ (curve b), or Ag + (curve c). Oxide'f i lm grown to 5.0"4 for 
the experiment with Cd +~ and to 2.0V for the experiments with 
the Cu +2 or Ag + ions. 
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Deviations from the regular  behavior  predicted for 
thick SC electrodes were also found, however, as pre-  
sented for example by the oxidation of I -  (E~ = 
0.5) in Fig. 9. Such oxidations were found to take 
place through the thin TiO2 films, although they were 
shifted to higher anodic potentials with the increase 
of film thickness. Similar behavior  was also found for 
oxidations of the Fe (CN)6 -3 ion and of hydroquinone,  
both of which are not expected to undergo oxidation at 
thick TiO2 electrodes. The effect of film thickness has 
an impor tant  role in such charge transfer  processes, 
which apparent ly  do not involve an electron transfer  
to the conduction bandedge, but  ra ther  the tunnel ing  
of an electron through the thin film to the Ti sub- 
strate. Such effects were observed before at highly 
doped SC electrodes with a nar row space charge re-  
gion (29). It seems, therefore, that the oxidation of 
Tiaq +3 at a TiO2 (thin film) covered Ti electrode (30), 
which was show.n to have a possible role in the self- 
repair  mechanism of Ti, is not unique, and other oxi- 
dations may also take place throUgh such th in  TiO2 
films, al though they are not expected to occur at thicker 
TiO2 layers. 

Oxide film reduction.--Recent contributions have 
dealt with changes in the optical properties of oxide 
films on metal  electrodes, such as W (31), Mo (32), 
V (33), Ni (34), and Ir (35), which can be induced 
by modulat ion of the electrode potential.  Such changes 
in the apparent  optical properties indicate some 
changes in composition and structure of the oxide 
which may have a significant bear ing on its electro- 
chemical characteristics, including,  possibly, its corro- 
sion resistance (33). Figure 3 reveals that as the po- 
tential  of the Ti electrode covered by an anodically 
grown TiO2 film is scanned in  the negative direction a 
reduction current  appears at ,~ --0.5V and the optical 
parameters  start  to change. The negative change of 
R (the reflectivity at paral lel  polarization) associated 

i l  
with the cathodic current  is found to be more pro- 
nounced than the changes of either a or R . This testi- 

l 
ties to an increase of light absorption in  the film as 
one of the results of the cathodic process, since oxide 
dissolution alone should re turn  all the parameters  
evenly toward their original values while the increase 
of Kfilm is expected to affect more strongly the value 
of R . The current  recorded dur ing  a second anodic 

I1 
sweep, following the cathodic process (Fig. 10), shows, 
however, that reductive dissolution does occur to some 
extent:  The current  in the second anodic sweep is 
quite small  at first, rising steeply at some voltage 
which is found to depend on the potential  and dura-  
t ion of the cathodic t reatment .  This shows that  the 
film has reached a smaller thickness by cathodic dis- 
solution. As the voltage corresponding to that thick- 
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Solution as in Fig. 2; scan rate, 20 mV sec -1.  

ness is passed in  the next  anodic sweep, the field 
s t rength in the film exceeds the value required for 
renewed growth, resul t ing in  the sudden increase of 
the anodic current.  

In  order to characterize completely the changes in 
the optical constants of the film caused by the reduc- 
tive process, oxide films were grown at steady ap- 
plied potentials of 3.0 or 4.0V, then reduced at --0.9V, 
fur ther  reduced at --1.2V, and at the end the elec- 
trode re turned to the or iginal  anodic growth poten-  
tial. The film's optical constants and thicknesses at 
each potential  were determined according to the mea-  
sured changes of the pair  of ellipsometric and pair  
of reflectometric parameters.  Table III  i l lustrates re- 
sults of two experiments  of t'his kind. At --0.9V an 
increase of the refractive index is observed and at the 
more cathodic potential  of --1.2V a significant increase 
in the absorption coefficient occurs. As may be seen, 
the reduct ion is also accompanied by some film dis- 
solution. 

Thermal  reduction of TiO2 (films or single crystals) 
by hydrogen has been reported to convert  the TiO2 
from intr insic to n - type  semiconductors. This was ex- 
plained by part ial  reduction of the TiO2 to form a 
nonstoichiometric compound ("n- type  TiO2") in which 
the excess of Ti atoms acts as electron donors to the 
conduction band. The same effect was obtained by 
heating a vapor-deposited TiO2 film in  vacuum (36). 
On the other hand, the anneal ing of vapor-deposited 
TiO2 in air was shown to increase its refractive index 
and specific gravi ty (14). This was explained by the 
conversion of the film from polycrystal l ine to the 
crystall ine fut i le  form. It  seems that  electrochemical 
reduction of the oxide causes the same apparent  
changes as those which result  from a combinat ion of 
hea t - t rea tment  and thermal  reduction. 

The electrochemical reduction of the oxide and the 
associated increase in light absorption may most prob-  
ably be explained in  terms of a double- inject ion 
mechanism, such as that  suggested by Faughnan,  
Crandall,  and Heyman (31) to explain the electro- 
chromism of W Q : H  + ions are injected into the oxide 

Table III. Optical constants for the oxide on Ti at various potentials 
(at 5460~) 

A p p l i e d  i (~A 
v o l t a g e  (V)  c m  --~) n t  k f  d t  (A)  

+ 3.0 + 50 2.45 0.0 113 
- 0.9 - 20 2.56 0.0 83 
+ 3.0 + 50 2.47 O.O 107 

+ 4.0 + 60 2.43 0.0 138 
- 0.9 - 20 2.53 0.0 100 
- 1.2 - 2 0 0  2.60 0.14 86 

4.0 + 60 2.40 0.0 135 
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sec -1 .  Curve a, at the anodic film as grown; curve b, at the same 
film following its reduction at - -1 .3V for 5 min. 

from the aqueous solut ion and electrons f rom the 
metal .  Thus H atoms are  in t roduced into the oxide and 
are  p robab ly  bound to O = ions to form OH groups. 
Such incorpora ted  H atoms lower  the  valence of some 
of the  Ti ions to + 3. The mixed  valence oxide formed 
m a y  exhib i t  e i ther  an in te rva lenee  t ransfe r  absorpt ion 
or  free car r ie r  absorption,  depending on the extent  of 
the delocal izat ion of the  e lectrons due to the incorpo-  
r a t ed  H atoms (31). 

F igure  11 shows tha t  e lec t roreduct ion  of the  TiO2 
film resul ted  in a significant increase  of its ac t iv i ty  in 
the  photooxida t ion  of wa te r  (36). This resul t  is quite 
unders tandable ,  since the  increase  in defect  concen-  
t ra t ion  as wel l  as in the number  of conduct ion elec-  
trons, both  of which m a y  cause the recorded increase  
of Kf, is be l ieved to assist in the  photooxida t ion  process 
(28, 37). I t  has to be noticed, however ,  tha t  the anodic 
pho tocur ren t  obta ined fol lowing film reduct ion is quite 
low for potent ia ls  smal le r  than  0.3V: curve b in Fig. 
11 has a s igmoidal  shape r a the r  than  increase quite 
s teeply  f rom 0.0V (38). This behavior  depends on the 
appl ied  potent ia l  and dura t ion  of the  oxide  film r e -  
duct ion and is p robab ly  associated wi th  excessive t r ap -  
ping of photocarr iers ,  as descr ibed in more  deta i l  
e l sewhere  (39). 
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ABSTRACT 

A new class of alloys has been fabricated by implanta t ion  of 25 keV chro- 
mium ions into the surface regions of iron in doses ranging from 1.0 X 1016 to 
4.0 • 1016 Cr atoms/cm 2. The aqueous corrosion characteristics of these "sur-  
face alloys" have been studied under  conditions of anodic polarization at 
30~C in a hel ium-deaerated,  sodium borate-buffered boric acid solution at 
a pH of 8.5 containing 2400 ppm C1-. The act ive-and passive-region corrosion 
characteristics are shown to be comparable to those of nominal ly  equivalent  
s tandard bulk  alloys. In  addition, the electrochemical properties of one of 
the Fe-Cr  surface alloys are compared with fhose obtained for the equivalent  
Fe-Ni  surface alloy, and the results are in terpreted as indicat ing that  these 
corrosion characteristics are not due to defect production dur ing implantat ion.  

The formation of alloyed regions near the surfaces 
of metals using ion implanta t ion is being investigated 
by the Bureau of Mines as a means of providing 
corrosion resistance while realizing a substant ial  re- 
duction in the consumption of expensive alloying 
materials  that are in l imited supply (1). To date, 
these "surface alloys" have been fabricated by im-  
p lant ing chromium, nickel, a luminum, and cadmium 
ions into iron and by implant ing  a luminum ions into 
t i tanium. The concentrations of the alloy elements 
in the surface region have ranged from 3 to 30 atomic 
percent  (a/o) .  These surface alloys have been tested 
for gaseous, electrochemical, and galvanic corrosion 
characteristics. 

The surface alloys described in this paper were 
fabricated by implanta t ion  of the desired total im-  
plant  dose, D, of 25 keV chromium ions into poly- 
crystall ine iron targets. In  order to facilitate com- 
parison of the anodic polarization character is t ics  of 
the implanted samples to those of s tandard bulk  
alloys, we have designated the surface alloys by the 
average chromium implant  concentrat ion a/o over 
the depth, 8 (cm), containing 95% of the implanted 
chromium. The chromium depth distr ibutions were de- 
termined exper imental ly  using proton-excited x - ray  
analysis (PEX) coupled with argon- ion sputtering. 
From these distributions,  5 was determined and the 
surface-al loy designation was calculated from N 
(atoms/cm 3) ---- D/6 and wr i t ten  as F e - X ( s ) C r  where 
X(a /o )  ---- (N/8.5 X 1022) X 102 for iron. 

Reported in this paper are anodic polarization re-  
sults comparing the corrosion resistance of Fe-6 (s)Cr, 
Fe-10(s)Cr ,  and Fe -19( s )Cr  surface alloys with Fe, 
Fe-5%Cr, Fe-12%Cr, and Fe-18%Cr bulk alloys. The 
corresponding measured total ion doses for these sur-  
face alloys were 1.25 X 10 'i6, 2.2.0 • 1016, and 4.0 • 
1016 ions/cm 2, respectively. In  addition, in order to 
make a pre l iminary  determinat ion as to whether  the 
observed electrochemical corrosion characteristics were 
due to the formation of an alloy structure or to the 
product ion of radiat ion damage- type defects during 
the implanta t ion  process, the polarization character-  
istics of an Fe-Cr  surface alloy are compared with 
those for an Fe-Ni  surface alloy. 

Experimental Techniques 
The surfaces of the iron samples used in the fab- 

rication of the surface alloys and the surfaces of 
the iron and i ron-chromium bulk  alloys used for 
anodic polarization studies were prepared using iden-  

* Electrochemical Society Active Member. 
Key words: ion imula~tation, anodic polarization, pitting poten- 

tial, surface alloys, Fe-Cr. 

tical techniques. Each sample was cut from a high 
pur i ty  (99.95%) 1.5 m m  thick sheet, polished through 
600 grit  paper, stress relieved at 600~ for 2 hr in 
an argon atmosphere, and then water  quenched to 
prevent  grain boundary  precipitat ion of carbon. The 
samples were then cleaned in a dilute solution of 
sulfuric acid, rinsed thoroughly in distilled water, 
electropolished in a 9:1 ratio of glacial acetic acid/  
70% perchloric acid, r insed in 18 Mll water, and dried 
in a s t ream of dry nitrogen. The iron samples in-  
tended for implanta t ion were immediate ly  t ransferred 
to the vacuum chamber. The i ron-chromium alloy 
samples in tended for anodic polarizat ion were placed 
into the electrochemical cells wi thin  minutes  of the 
electropolishing step. 

The polycrystaUine iron samples were implanted 
in a vacuum chamber  that had a base pressure of 
1.33 X 10 -6 Pa. During implantat ion,  the pressure 
was <6.6 • 10 -5 Pa. Twelve 2.5 cm diam samples 
were mounted on a carousel that  continuously rotated 
through the 1.3 cm diam ion beam dur ing implan ta -  
tion, result ing in  a lateral ly uniform implanted strip. 
The samples were main ta ined  at +150V for suppres- 
sion of ~econdary electrons, and the total number  of 
ions implanted into the samples was determined by 
an integrat ing current  digitizer. Following implan ta -  
tion, at least two of the twelve samples were analyzed 
for residual carbon, oxygen, and other surface im- 
purit ies using PEX prior to both the profiling and 
the electrochemical studies. 

The composition depth profiles of the surface alloys 
were obtained using a technique, designated PEX-IS,  
that  combined PEX with 1 keV argon ion sputtering. 
The argon ions were incident  at an angle of 3~0 ~ with 
respect to the sample surface, and 180 keV protons 
were used to excite Cr-K x-rays  from the chromium 
implant  region. This profiling technique has been 
described in detail elsewhere (2). 

The anodic polarization characteristics of the sur-  
face alloys and bulk alloys were studied using s tandard 
electrochemical cells (3) modified to permit  max imum 
agitation of the solution in  front  of the working 
electrode. The solution was 0.15N boric acid (H3BO~) 
buffered to pH 8.5 with sodium borate (NafB407" 
10H20) and containing 2400 ppm C1- (as NaC1). The 
solution, consisting of reagent-grade  chemicals mixed 
with 18 Mll water, was main ta ined  at a tempera ture  
of 30~ High pur i ty  hel ium was bubbled  through 
t'he solution at a rate of 6 liters per min  to deaerate 
the solution and to minimize, by agitation, the effects 
of diffusion on the anodic polarization results. The 
surface and bulk alloys were mounted in Lexan com- 
pression-type holders using Viton O-rings with ordy 
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0.8 cm 2 of the  implan t  region exposed to the  solution. 
The  e lect rochemical  pa rame te r s  were  measured  using 
a Wenking  70TSI potent iostat ,  a Ke i th ley  165 mul t i -  
meter ,  and an X - Y  recorder .  Potent ia ls  were  m e a -  
sured using a sa tu ra ted  calomel e lec t rode /Luggin  
probe  combinat ion  and are  repor ted  here  vs. the 
no rma l  hydrogen  e lec t rode  (NHE).  

The anodic polar iza t ion  measurements  were  per -  
fo rmed ident ica l ly  for  iron, the  bu lk  alloys, and the 
surface alloys. P r io r  to beginning  the potent ia l  scan, 
the  sample  was ca thodical ly  reduced using the po ten-  
t iostat  in the  galvanosta t ic  mode. A cathodic cur ren t  
dens i ty  of 5 X 10 -4  A / c m  ~ was used to reduce  the  
a i r - fo rmed  oxide  film on the meta l  surface. The sample  
was then  a l lowed to achieve a s t eady-s ta te  open-  
circui t  rest  potent ia l  (ER) for 10-15 min, fol lowing 
which  the anodic polar iza t ion  test was in i t ia ted  at 
--100 mV wi th  respect  to ER wi th  the potent ia l  scanned 
at  a ra te  of 10 mV/min .  

Results 
Pr io r  to pe r fo rming  the anodic polar izat ion m e a -  

surements ,  r ep resen ta t ive  surface alloy, bulk  alloy, ,o ~ 
and e lec t ropol ished i ron samples  w e r e  analyzed by  
PEX (1) to charac ter ize  the surface impuri t ies .  These 
measurements  indica ted  that,  for  the e lect ropol ished ,~3 
i ron and bu lk  alloys, the res idual  carbon coverage 
was app rox ima te ly  1 X 10 TM a toms /cm 2 (equiva lent  
to about  9~_ as graphi te )  and that  the a i r - fo rmed  ~ 164 
oxide film was less than  12A thick. 

A f t e r  implanta t ion ,  the  surface al loys had res idual  
carbon, silicon, and chlor ine  surface impur i t ies  as ~ ~65 
shown in Table  I. These impur i t ies  were  a resul t  of 
neu t ra l s  dr i f t ing  into the vacuum chamber  f rom the 
ion source assembly  in the ion- implan ta t ion  system. % 
The sil icon or ig ina ted  in the  s i l icon-based fluid used o ,~6 
in the  ion - implan ta t ion  system oil  diffusion pump. 
F r o m  the composit ion depth-prof i l ing  measurements ,  
it  was de te rmined  tha t  about  one -ha l f  of the  mea -  ,~T 
sured  carbon i m p u r i t y  concentra t ion was ac tua l ly  
d i s t r ibu ted  th roughout  the  implan t  region, p re sum-  
ab ly  due to recoil  implan ta t ion  of surface carbon 
atoms resul t ing  f rom collisions wi th  the incident  ions. 
The chlor ine and silicon, on the other  hand, were  
found only on the sample  surface. 

F igure  1 shows the chromium implan t  profile ob-  ,o-2 
ra ined expe r imen ta l l y  using P E X - I S  for F e - 1 0 ( s ) C r  
(D ---- 2.2 X 10 '16 ions /cm 2) wi th  the  concentra t ion 
p lo t ted  as a funct ion of the sample  depth  in angstroms.  
The dep th  scale in angstroms was obta ined  by  nor -  
mal iza t ion  of the  expe r imen ta l  sput te r ing  charge  (i.e., 
microcoulombs of incident  a r g o n  ions) scale wi th  an 
app rop r i a t e  spu t te r ing  y ie ld  (4) for the  sput te r ing  
of i ron by  1.0 keV argon ions. 

F igures  2-4 show the anodic polar izat ion behavior  
of the F e - 6 ( s ) C r ,  Fe -10( s )Cr ,  and F e - 1 9 ( s ) C r  alloys 
ind iv idua l ly  compared  to al l  of the  bu lk  meta ls  and 
alloys. Each curve represents  the average  of six sam-  
ples  polar ized  at  10 mV/min .  The electrochemical  
da ta  p resen ted  in this report ,  re la t ing  surface al loys 
to bu lk  alloys, are in t e rp re t ed  under  the  boundary  
condit ion tha t  an equiva lent  ir means  equiva lent  gen-  
era l  corrosion resistance, an equiva lent  Ep means  
equiva len t  p i t t ing  corrosion resistance, and that  these 
in te rpre ta t ions  hold t rue  only as long as the a l loyed 

Table I. Average impurity coverages of carbon, chlorine, and 
silicon as determined by PEX for the Fe-Cr surface alloys used in 

the polarization studies 

B u f f  ace  C a r b o n  C h l o r i n e  S i l i c o n  
a l l o y  ( a t o m s / c m  ~) ( a t o m s / c m  e) ( a t o m s / c m ~ )  

F e - 6 ( s ) C r  7.0 x 10 TM 5.5 x 101~ 1.1 x 10 is 
F e - 1 0 ( s ) C r  3.0 • 10 TM 1.3 • 101~ ND 1 
F e - 1 9 ( s ) C r  8.0 x 101~ ND ND 

ND = N ot  de t ec t ed .  

I /  ' 15 / _ . ~ , ~ -  L.S.S. theory (HM) 
~ (corrected for sputtering) 

\ 25 kev Cr+--,--Fe 
\ D=2.2 x 10 '~ ions/cm 2 

z" lo ~ 
0 
W. Experimental profile 

50 100 150 200 250 300 

DEPTH,A 

Fig. I. Comparison of the depth distribution for 25 keV chromium 
ions implanted into iron as predicted by LSS theory modified to 
include sputtering of the substrate during implantation to that 
determined experimentally using PEX and low energy argon ion 
sputtering (IS). 

Fe �9 ' 

/ /  
Cr 

. /  1 / 

-0 60 0 0 0 60 120 
POTENTIAL, v versus N H E 

Fig. 2. Anodic polarization behavior (in borate-buffered pH 8.5 
solution with 2400 ppm C I -  addition) of Fe-6(s)Cr compared to 
polycrystalline Fe, Cr, and three Fe-Cr bulk alloys. 

-060 0 0 060 120 
POTENTIAL, v versus N H E 

Fig. 3. Anodic polarization behavior (in a borate-buffered pH 8.5 
solution with 2400 ppm C I -  addition) of Fe-10(s)Cr compared to 
polyerystalline Fe, Cr, and three Fe-Cr bulk alloys. 

surface region remains  intact.  These three  figures 
indicate  that, in general ,  increas ing the chromium 
content  of both  the surface and bu lk  al loys causes 
a decrease  in the cr i t ical  corrosion current ,  ic, and 
shifts the p i t t ing  potential ,  ED, toward  more  posit ive 
potentials .  A compar ison of F e - 6 ( s ) C r  wi th  Fe-5%Cr,  
Fig. 2, indicates that  in the region genera l ly  a t t r ibu ted  
to anodic dissolution the al loys are quite s imi lar  
e lect rochemical ly .  The i c's were  identical ,  a l though 
the Ep for the  Fe-5% Cr al loy was more  positive. At  
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id  2 
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POTENTIAL,v versus N H.E. 

Fig. 4. Anodic polarization behavior (in a borate-buffered pH 8.5 
solution with 2400 ppm CI -  addition) of Fe-19(s)Cr compared to 
polycrystalline Fe, Cr, and three Fe-Cr bulk alloys. 

the  potent ia ls  associated wi th  the  t ranspass ive  region, 
the  e lec t rochemical  behavior  of the F e - 6 ( s ) C r  was 
quite s imi lar  to that  of iron. 

In  Fig. 3 and 4 the  implan ta t ion  of ch romium ions 
to a concentra t ion grea te r  than  6 a /o  is shown to 
not  only  shif t  the  crossover  potent ial ,  Eo, in the  
posi t ive di rect ion but  to comple te ly  e l iminate  the 
region of anodic dissolution. For  meta ls  exhibi t ing  
this type  of behavior ,  we have t aken  Ep as being 
equiva lent  to E~ Compared  wi th  the  bu lk  F e - C r  al loys 
the  surface al loys appear  to be more  pro tec t ive  at  
potent ia ls  negat ive  wi th  respect  to the Eo's of the  
surface alloys. In  addit ion,  the sharp rise in cur rent  
densi ty  associated wi th  the surface alloys is a t t r ibu ted  
to the  r ap id  pi t t ing  of the thin surface a l loyed region 
while  the  bu lk  al loys exhibi t  a wide, low current  
densi ty  passive region. 

Both the  Fe -10(s )Cr ,  Fig. 3, and Fe -19( s )Cr ,  Fig. 
4, indicate  the onset of p i t t ing  corrosion wi thout  a 
p r io r  region of anodic dissolution. Both al loys exhib i t  
a p i t t ing  potent ia l  more  negat ive  than  that  of the 
Fe -12%Cr  bulk  alloy, imply ing  a lower  resistance 
to p i t t ing  corrosion. As the polar iza t ion  proceeded 
into the t ranspass ive  region, the F e - 1 9 ( s ) C r  shows 
a dissolution ra te  many  orders  of magni tude  h igher  
than  the Fe-18%Cr;  at a potent ia l  of +0.5V vs. NttE, 
the F e - 1 9 ( s ) C r  dissolution ra te  is s ignif icantly h igher  
than  even that  of the Fe-12%Cr.  

Severa l  i ron  and surface a l loy samples  were  anod-  
ica l ly  polar ized  to +0.30V and then removed  f rom 
the e lectrochemical  cells for analysis  by scanning 
e lect ron microscopy (SEM).  F igure  5 shows the re -  
sui t ing SEM analyses  of i ron and an Fe-10 ( s )Cr  alloy. 
Fo r  iron, the  dissolution occurred over  the  ent i re  
surface, whereas  the dissolution of the  F e - 1 0 ( s ) C r  
occurred only as a resul t  of pi t  nucleat ion and p ropa -  
gat ion at inclusions, defects, and gra in  boundaries .  
Using an x - r a y  a t tachment  on the SEM, it was de te r -  
mined that  the  chromium concentrat ion outside the  
pits was the same as that  for an unpolar ized sample. 
No chromium was detected inside the  pits. 

Discussion 
In Fig. 1 we have compared  the expe r imen ta l ly  de-  

t e rmined  chromium depth  profile for the implanted  
i ron samples  to that  p red ic ted  by the theory  of Lindard,  
Sharff, and Schiott  (LSS) (5). In using the LSS theory  
we have  made  a s l ight  modification in the  method of 
calculat ion in order  to include the effects of sput te r ing  
of the i ron samples  by  the chromium ions dur ing  
implan ta t ion  (1). Al though for the  present  case of 
chromium this tends to shift  the pred ic ted  d i s t r ibu-  
t ion somewhat  closer to the  surface than  is observed 
exper imenta l ly ,  for the  case of nickel  the method 
resul ted  in excel lent  agreement  (2). F rom the ex-  
pe r imenta l  profile, the depth  6 requi red  in the  cal-  

Fig. 5. SEM photomicrographs of (A) iron (magnification 600X) 
and (B) Fe-10(s)Cr alloy (magnification 1200X) polarized to 
+0.3V vs. NHE in o borate-buffered pH 8.5 solution with 2400 
ppm CI -  addition. 

culat ion of the  surface  al loy concentra t ion was de te r -  
mined  to be 250A. 

The polar izat ion curves shown in Fig. 2 and 3 
for the F e - 6 ( s ) C r  and F e - 1 0 ( s ) C r  al loys are  shifted, 
wi th  respect  to iron, by  an amount  tha t  is ve ry  close 
to tha t  for  the respect ive  equivalent  bu lk  alloy. The 
majo r  difference is, as might  be expected,  the i r  be -  
havior  in ~he high potent ia l  t ranspass ive  regions 
where  dissolution resul t ing f rom pit  nucleat ion at  
defects and gra in  boundar ies  has la rge ly  des t royed 
the nea rby  regions of the  250A implant ,  wi th  resul t ing  
dissolution kinetics approx ima t ing  those of iron. The 
F e - 1 9 ( s ) C r  is only  s l ight ly  lower  in p i t t ing  potent ia l  
than the Fe-12%Cr,  and the subsequent  t ranspass ive  
dissolution currents  a re  subs tan t ia l ly  different  than  
those of e i ther  Fe -12%Cr  or Fe-18%Cr.  The la rge  
difference be tween  the p i t t ing  potent ia l  of F e - 1 9 ( s ) C r  
and Fe-18%Cr  and the fact tha t  the cur ren t  dens i ty  
of F e - 1 9 ( s ) C r  rises r ap id ly  to that  of pure  i ron in-  
dicate  tha t  the effect of the  implan ted  chromium is, 
as might  be expected,  r ap id ly  negated  when the pits  
progress  beyond the implan ted  region. Thus, in terms 
of p i t t ing  corrosion, the implan ted  chromium improves  
the  resis tance to p i t t ing  corrosion, but  the amount  
of improvemen t  cannot be d i rec t ly  cor re la ted  wi th  
nomina l ly  equiva lent  bu lk  al loy compositions. Since 
the definit ion used here  for the  sur face-a l loy  con- 
cent ra t ion  is somewhat  a rb i t r a ry ,  caut ion must  be 
exerc ised  in making  di rec t  corre la t ions  be tween  the 
observed corrosion character is t ics  for the surface and 
bulk  alloys. F rom p re l imina ry  observat ions  on the 
depth  profiles, a more  logical  corre la t ion  may  be be-  
tween  the amount  of chromium in the  first few tens 
of angstroms and the  bu lk  a l loy chromium concen- 
t rat ion.  The impl ica t ion  of such a corre la t ion  would  
be that  subs tan t ia l ly  lower  ion beam energies  and 
smal le r  implan t  dosages would yie ld  the same elec-  
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t rochemical  resul ts  as repor ted  here. Such inves t iga-  
tions are  continuing.  

In  addit ion,  the  res idual  surface impur i t ies  present  
on the  surface al loys should be t aken  into account 
in any in te rp re ta t ion  of the  anodic polar iza t ion  re-  
sults. The resul ts  p resen ted  here  have indica ted  that  
the  ove r -a l l  corrosion resis tance of the surface al loys 
increased wi th  increas ing chromium concentrat ion.  
On the o ther  hand, the quanti t ies  of the  surface im-  
pur i t ies  were  not a funct ion of ion beam dose D, 
and, as shown in Table  I, var ied  considerably  for  
each type  of surface a l loy studied. I t  was concluded, 
therefore,  that  the  corrosion resis tances of the surface 
al loys were  due pr inc ipa l ly  to the effects of the 
implan ted  chromium and tha t  the effects of the  ini t ia l  
i m p u r i t y  coverages were  at least  minimal .  

Final ly ,  since other  labora tor ies  have demons t ra ted  
that  corrosion behavior  can be a l te red  by  radia t ion  
damage  due to high rate,  high dose ion implanta t ion  
(6), i t  is des i rab le  to de te rmine  whe ther  the in-  
creased corrosion resis tance obta ined in these exper i -  
ments  was due to the  format ion  of a specific a l loy 
s t ruc ture  or was s imply  due to the product ion of 
defects caused by  the collisions be tween  the incoming 
ions and the la t t ice  atoms. The ion current  densit ies 
used in these studies have been kept  below 500 nA/cm2 
to minimize  the product ion  of "dose- ra te" -caused  de-  
fects. F igure  6 compares  anodic polar iza t ion  da ta  ob-  
ta ined for F e - 6 ( s ) C r  to tha t  obta ined for F e - 6 ( s ) N i  
under  ident ica l  e lec t rochemical  conditions. The Fe -  
6 ( s )Ni  al loys were  fabr ica ted  with  8.5 X 1015 , 25 
keV Ni + ions /cm 2. If  the shift  in the effective p i t t ing  
potent ia l  resu l t ing  f rom the implan ta t ion  process was 
due to defect  product ion,  the Fe-6  ( s )Cr  and Fe-6  (s )Ni  
da ta  would  be  expected to be essent ia l ly  ident ical  
since defect  product ion rates for Cr + and Ni + ions 
of the  same energy are  about  the same (5). Clearly,  
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Fig. 6. Anodic polarization behavior (in a borate-buffered pH 8.5 
solution with 2400 ppm C I -  addition) of Fe-6(s)Cr compared to 
Fe-6(s) Ni. 
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the chromium and nickel  surface al loys exhibi t  sub-  
s tant ia l  differences in both the  values of the  ic and Ep. 
We have a t t r ibu ted  these differences to some, as ye t  
undefined, a l loy  characterist ics.  

Summary 
Surface al loys have been fabr ica ted  using the im-  

p lan ta t ion  of energet ic  chromium and nickel  ions 
into the surface region of iron. The composit ion depth  
profiles of the F e - C r  surface al loys have been com- 
pared  to theoret ica l  profiles modified to include sput -  
ter ing of the i ron dur ing  implanta t ion.  

Anodic polar iza t ion  studies at 30~ in a bora te -  
buffered boric acid solut ion (pH 8.5) containing 2400 
ppm C1- to enhance p i t t ing  corrosion have demon-  
s t ra ted  tha t  e lec t rochemical  corrosion character is t ics  
comparab le  to those of bulk  F e - C r  al loys are  ob-  
ta ined  th rough  fabr ica t ion  of F e - C r  surface alloys. 
The mechanism of corrosion for the surface al loys 
was shown to be pi t  nucleat ion and p ropaga t ion  at 
crys ta l  defects or gra in  boundaries ,  a resul t  s imi lar  
to that  for bu lk  alloys. In the t ranspass ive  regions 
where  p i t t ing  corrosion had la rge ly  des t royed  the 
implan t  regions, however ,  the surface alloys, pa r -  
t i cu la r ly  the  Fe-19 (s) Cr, exhib i ted  dissolution currents  
significantly h igher  than  those of the  equivalent  nom-  
inal  bu lk  alloys. 

The resul ts  of a comparison of the anodic polar iza-  
t ion behavior  of Fe-6 ( s )Cr  and Fe-6 (s )Ni  al loys have 
been in te rp re ted  as demons t ra t ing  tha t  the improved  
corrosion character is t ics  obta ined  by  surface a l loying 
are  due p r i m a r i l y  to some unspecified al loy charac-  
ter is t ics  and are  not  due to the product ion  of r ad ia -  
t ion d a m a g e - t y p e  defects. 

Manuscr ip t  submi t ted  Ju ly  25, 1977; revised m a n u -  
script  received Oct. 18, 1977. This was Paper  58 p re -  
sented at  the Dallas, Texas, Meet ing of the Society, 
Oct. 5-11, 1975. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1978 
JOURNAL. Al l  discussions for the  December  1978 Discus- 
sion Section should be submi t t ed  by  Aug. 1, 1978. 

Publication costs oS this article were assisted by the 
Bureau of Mines, U.S. Department o] the Interior. 
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ABSTRACT 

Surface alloys have been fabricated by implanta t ion  of 25 keV nickel ions 
into polycrystal l ine iron to doses ranging from 8.5 • 1015 to 3.4 X 1016 ions /  
cm 2. Their  aqueous corrosion characteristics have been studied under  condi- 
tions of anodic polarization at 30~ in a he l ium-deaera ted  sodium borate 
buffered boric acid solution (pH 8.5) containing 2400 ppm chloride ion. T h e  
pi t t ing-  and general-corrosion characteristics are comparable to nomina l ly  
equivalent  bulk  commercial alloys and are superior to those of pure iron. 
A high s t rength maraging steel is shown to exhibit  an increase in p i t t ing-  
corrosion resistance due to the implanta t ion  of chromium ions. 

Ensur ing an adequate supply of critical materials 
such as nickel to meet  nat ional  economic and strategic 
needs is a goal of the Bureau of Mines meta l lurgy  re-  
search program. Ion implanta t ion  offers the potential  
of extending the usefulness of our supply of critical 
materials  without  sacrificing chemical or physical 
properties. 

A group of i ron-nickel  alloys has been fabricated by 
the implanta t ion  of low energy metallic ions into the 
surface regions of polycrystal l ine iron. These alloys 
have been designated as surface (s) alloys (1) since 
the alloyed region extends only to a depth of 200A 
below the iron surface. A potent iodynamic study of 
the characteristics of these alloys has been conducted 
in  order to determine their characteristic critical cur-  
rent  densities (ic) and pit t ing potentials (Ep). These 
two parameters  are an indication of the relat ive gen-  
eral-  and pi t t ing-corrosion resistances, respectively, 
and can be compared to equivalent  parameters  deter-  
mined for commercial bulk  alloys of known corrosion 
resistance. E,  is an operational  parameter  measured 
in an identical m a n n e r  for all of the data reported here 
and is equivalent  to the "critical breakdown potential" 
reported by other authors (2). 

The surface alloys were prepared by implant ing  25 
keV nickel ions into 99.99% pur i ty  polycrystal l ine iron 
samples. The details of the technique have been ex- 
tensively described elsewhere (3), and only a few 
brief remarks are made here. Prior  to implantat ion,  
the i ron surfaces were prepared using mechanical  
grinding, electropolishing, and high vacuum treat-  
ments that  also have been described elsewhere (1, 4). 
The result  of these surface prepa~cations was a residual 
oxide coverage less than 10.k in thickness and a re- 
sidual carbon surface impur i ty  coverage of less than 
1 X 101'6 atoms/cm 2. The 25 keV nickel ions had a 
mean  penetra t ion depth of 38A, and the final implant  
depth dis tr ibut ion was shown exper imental ly  to be 
essentially Gaussian in character, with approximately 
99% of the nickel located wi th in  the first 150A (3). 
The surface alloy concentrat ion has been defined, 
therefore, as the average concentrat ion over this 150A 
implant  region. Implanta t ion  of nickel ions was used 
to fabricate surface alloys of 6 atom percent  (a/o) (a 
dose of 8.50 X 1015 Ni + ions/cm2), designated as 
Fe-6(s)Ni ,  and 25 a/o (a dose of 3.40 X 1016 Ni + ions /  
cm2), designated as Fe-25 (s)Ni. Ter t iary  surface alloys 
containing 15 a/o Ni (a dose of 2.05 X 10 TM Ni + ions/  
cm2) and 10 a/o Cr (a dose of 2.08 X 1016 Cr + ions/  
cm2), designated as Fe-10(s )Cr-15(s )Ni ,  also were 
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fabricated and studied. A commercial maraging steel, 
Vascomax 250 (V-250), was implanted with 25 keV 
chromium ions to a total dose of 2.08 X 1016 Cr + ions/  
cm2. This resulted in an average concentrat ion of 10 
a/o chromium over the first 200A. 

The potent iodynamic polarization studies of both the 
surface and the bulk alloys were conducted in a high 
pur i ty  boric acid solution buffered to pH 8.5 with the 
addition of sodium tetraborate  decahydrate and con- 
taining 2400 ppm C1- (as NaC1). The solutions were 
deaerated wit n helium, and the area in front of the 
electrode was rapidly stirred with the same gas to 
minimize the effects of diffusion on the polarization re-  
sults. The polarization tests were conducted in  s tan-  
dard l - l i t e r  glass polarization cells that  were cleaned 
with boiling HNOa. The p lanar  electrodes (test alloys) 
were mounted in  an O-r ing sealed Lexan electrode 
holder. The tests were conducted at 30~ with a polari-  
zation scan rate of 10 mV/min .  The ini t ial  applied po- 
tent ial  was --100 mV with respect to ER, where ER was 
the rest potential  recorded after the electrode had 
stabilized following a cathodic reduction process. The 
electrode potential  was mainta ined using a Wenking 
70TSI potentiostat  and was scanned with a Wenking 
VSG72 scan generator. 

Results 
The surface alloys, bulk  alloys, and metals reported 

here were studied under  identical electrochemical con- 
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Fig. 1. Anodie polarization behavior (in a borate-buffered solution 
with 2400 ppm C I -  addition) of polycrystalline iron and nickel and 
two commercial alloys. 
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Fig, 2. Anodic polarization behavior (in a berate-buffered solu- 
lion with 2400 ppm C I -  addition) of the surface alloys Fe-6(s)Ni 
and Fe-25(s)Ni compared with that for polycrystalline iron and 
nickel and one commercial alloy. 
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Table II. Electrochemical parameters from Fig. 3 

ic E o  ( V  E p  ( V  
Metal  ( A / e m  ~) vs. NHE) v s .  N t I E )  

Fe-1O (s) Cr-15 (s) NI < < 10 -o - 0.09 - 0.09 
316 L SS 1.5 x 10 -e --0.30 0,52 
Inco ne l  626 1.1 x 10 --e -0 .20  0,59 

ditions. F igure  1 shows the resul ts  obta ined  for po ly-  
c rys ta l l ine  i ron  (99.99 % ), n ickel  (99.5 % ), V-250 (18 % 
Ni) ,  and Type  9 nickel  steel  (9% Ni) under  these spe-  
cific conditions. Each curve in this figure and in  sub-  
sequent  figures represents  the average  of a min imum 
of four  tests. F igure  2 shows the resul ts  obta ined for  
the  F e - 6 ( s ) N i  and F e - 2 5 ( s ) N i  al loys compared  wi th  
those ob ta ined  for pu re  iron, nickel,  and Type  9 nickel  
steel. The e lec t rochemical  behavior  of i ron in a bo ra t e -  
buffered solut ion of pH 8.5 wi thout  the presence of 
C1- indicates  an ic of 1-3 X 10 -5 A / c m  2 wi th  a definite 
pass iva t ion  region extending  from --0.20 to +I .10V 
vs.  NHE (5, 6), the  no rma l  hydrogen  reference  elec-  
trode. The addi t ion of 2400 ppm C1- reduces the length  
of the  passive region, increases ic to 4.5 X 10 -5 A / c m  2, 
and shifts Ep to --0.14V vs.  NHE. Ep was de te rmined  
g raph ica l ly  for each a l loy by  the intersect ion of t an-  
gents  d r a w n  f rom the passive region and the region of 
the cur ren t  dens i ty  vs. appl ied  potent ia l  curve that  ex-  
h ib i ted  the steepest  slope. For  those polar izat ion curves 
tha t  did  not exhib i t  act ive dissolut ion regions,  Ep was 
de t e rmined  as the  potent ia l  a t  which  the cu r ren t  den-  
s i ty was equal  to 1 • 10 -6 A / c m  2, genera l ly  the low-  
est measurab le  cur ren t  dens i ty  in these exper iments .  A 
comparison of the resul ts  obta ined  for i ron  wi th  the  re -  
sults obta ined for the Fe -Ni  surface al loys shows th ree  
effects due to the  surface a l loying:  ( 0  a subs tant ia l  
reduct ion  in ic; ( i i )  a shift  of the  crossover  potent ia l ,  
Eo, toward  the noble direct ion;  and (i i i)  a shift  of Ep 
toward  the  noble direction. The values for these pa -  
r amete r s  obta ined d i rec t ly  f rom the curves in Fig. 2 
are  summar ized  in Table  I. 

F igure  3 contains the  resul ts  for  the  F e - 1 0 ( s ) C r -  
15(s)Ni  alloy, 316 L stainless steel (18% Cr, 12% Ni) ,  
Inconel  625 (61% Ni, 21.5% Cr) ,  and the i ron and 
nickel  da ta  f rom Fig. 1. The e lec t rochemical  p a r a m -  
eters  of in teres t  are  summar ized  in Table  II  and again 
indicate  that  the  resis tance to p i t t ing  corrosion is en-  
hanced by  surface al loying.  In  Fig. 4 resul ts  are  shown 

Table I. Electrochemical parameters from Fig. 2 where ic = critical 
current density, Eo --= the crossover potential, and 

Ep ~- the pitting potential 

te Eo (V Ep (V 
Meta l  ( A / c m  ~) vs .  NHE)  vs .  NtIE)  

Iron 4.5 x 10 -5 -0 .58  --0.14 
Fe-6(s )Ni  1.3 x 10-0 -0 .52  --0.12 
T y p e  9 Ni s teel  < < 1 0  -6 -0 .12  -0 .12  
Fe-25(s )Ni  2.5 x 10 -0 --0.40 0.08 
Nickel  1,5 x 10-0 -0 ,36  0.41 

Table III. Electrochemical parameters from Fig. 4 

i~ Eo (V Ep (V_ 
Metal (A/cm ~) v s .  NILE) vs. NHE ) 

I ron 4.5 x 10 -~ --0.58 -0 ,14  
Vascomax 250 5.0 x 10 -e --0.39 0.01 
V a s e o m a x  250 + 

1O(s)Cr 2.0 x 10 -e -0 .13  0.05 

for the e lect rochemical  behavior  of V-250 4- 10(s)Cr,  
as compared  wi th  V-250 and pure  iron. The  re l evan t  
e lec t rochemical  pa rame te r s  are  summar ized  in Table  
III. 

Discussion 
The implan ta t ion  of nickel  ions into po lycrys ta l l ine  

i ron has been  shown (Fig. 2) to produce  resul ts  s imi-  
la r  to those prev ious ly  r epor ted  for F e - C r  surface a l -  
loys (1). These resul ts  indicate  a genera l  trend,  s imi-  
la r  to those observed for F e - C r  and Fe -Ni  bu lk  alloys, 
for Ep to become more  noble wi th  increasing concen- 
t r a t ion  of the a l loying  element .  A s imi la r  type  of be -  
havior  in bu lk  al loys has been in te rp re ted  by  many  in-  
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Fig. 3. Anodic polarization behavior (in a borate-buffered solution 
with 2400 ppm C I -  addition) of a tertiary surface alloy, Fe-10(s)Cr- 
15(s)Ni, compared with that for polycrystalline iron and nickel and 
two commercial alloys. 
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vest igators  (2, 7, 8) to indicate  an increase  in the re-  
sistance of the al loy to p i t t ing  corrosion. Increas ing the 
res is tance to genera l  corrosion by  increasing ei ther  the 
nickel  a n d / o r  the chromium concentra t ion in bu lk  a l -  
loys is a w e l l - k n o w n  phenomenon.  The e lec t rochemi-  
cal da ta  repor ted  here  for the F e - N i  surface al loys are  
in te rpre ted  as indica t ing  that,  since the active, passive, 
and t ranspass ive  regions for  the  surface  al loys are  
s imi lar  to those for the equiva lent  bulk  alloys, the 
over -a l l  corrosion behavior  could be expected to be 
the  same. It  has been r epor t ed  prev ious ly  (1) tha t  the  
e lectrochemical  results  for an Fe-5% Cr bu lk  al loy 
were  essent ia l ly  ident ical  to those for an  F e - 6 ( s ) C r  
al loy up to a potent ia l  of +0.20V vs. NHE. At  more  
anodic potent ials ,  the  implan ted  region was complete ly  
dissolved and the subsequent  e lectrochemical  behav ior  
of the  F e - 6 ( s ) C r  al loy resembled  tha t  of pure  iron. 
This was in te rp re ted  as indicat ing tha t  as long as the 
a l loyed su r f ace  region remains  intact,  the over -a l l  cor-  
rosion resis tance proper t ies  are  the  same. S imi la r  con- 
clusions are  reached in this paper  for the Fe -Ni  sur -  
face alloys. 

Table  I shows tha t  there  is a decrease  in ic and an 
increase in Ep wi th  increasing nickel  implan t  concen- 
trat ion.  The ic approached  a l imi t ing value of 1.5 X 
10 -6 A / c m  2, the  same value  measured  for pure  nickel.  
The effect of the implan ted  nickel  can be seen also as 
a shift  of Eo toward  the same value  as tha t  for pure  
nickel.  The decreas ing ic reflects the decreasing anodic 
dissolution; the increas ingly  more  noble Ep reflects an 
increased resis tance to p i t t ing  corrosion. The Fe -  
25 ( s )Ni  al loy exhibi ts  a more  noble Ep than  that  mea -  
sured for an F e - 1 9 ( s ) C r  a l loy (1) and has a p i t t ing-  
corrosion resistance app rox ima te ly  equal  to tha t  of an 
Fe-12% Cr bu lk  al loy (1) (assuming tha t  the surface 
a l loyed region  remains  in tac t ) .  

Two Fe-Ni  commercia l  alloys, V-250 and Type  9 
nickel  steel, were  tested. In  addi t ion to i ron  and nickel,  
the V-250 contains significant amounts  of Co, Mo, Mn, 
and Ti. These addi t ional  a l loying e lements  are  p rob-  
ab ly  de t r imen ta l  to the over -a l l  corrosion resis tance 
since ic for the V-250 was h igher  than tha t  for the  
Fe - 25 ( s )N i  al loy and the Ep was less noble  than tha t  
for the surface alloy. The addi t ion of the chromium, 
via implan ta t ion  into the  V-250, resul ted  in a decrease 
in ic and a more  noble value  of Ep. The resul ts  for the 
V-250 ~- 10 (s) Cr are  in te rp re ted  as indica t ing  a region 
of anodic dissolution, fol lowed by  pi t t ing  ( indica ted  by 
the r ap id  r ise in cur ren t  dens i ty) .  The ic was de te r -  
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mined  as the h ighest  cur ren t  densi ty  measured  before  
the  appl ied  potent ia l  reached the va lue  of  Ep. A com- 
par ison of the  resul ts  for the  F e - 6 ( s ) N i  al loy wi th  
those for the  Type  9 n ickel  s teel  shows tha t  the  sur -  
face al loy exhib i ted  a subs tan t ia l ly  h igher  ic than  the 
Type  9 nickel  steel  (which in  fact  exhib i ted  no ic a t  
a l l ) .  Also, the Type  9 nickel  steel  had  an Ep s l ight ly  
g rea te r  than that  of the  F e - 6 ( s ) N i  alloy. 

The commerciaI  alloys,  Inconel  625 and 316 L s ta in-  
less steel (wi th  an ic of app rox ima te ly  1.0 X 10 -6 
A/cm2) ,  each exhib i ted  a much more  noble Ep than  
the F e - 1 0 ( s ) C r - 1 5 ( s ) N i  alloy. The resul ts  for  this  
mul t ip le  implan t  a re  comparab le  to those for the  Type  
9 nickel  steel and the F e - 1 9 ( s ) C r  a l loy (1). 

The implan ta t ion  of n ickel  and chromium ions into 
i ron  and steels has been shown to have  the potent ia l  
for fabr ica t ing  alloys wi th  good genera l -  and p i t t ing-  
corrosion characterist ics.  In  addit ion,  high s t rength  
steels such as V-250 can have the i r  surfaces a l loyed to 
increase resis tance to corrosion whi le  a t  the same t ime 
re ta in ing the i r  designed bu lk  s t rength  characterist ics.  

Manuscr ip t  submi t t ed  Ju ly  25, 1977; rev ised  m a n u -  
script  received Sept. 21, 1977. This was Paper  88 p re -  
sented at the  Las Vegas, Nevada,  Meet ing of the  So-  
ciety, Oct. 17-22, 1976. 

Any  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the December  1978 Discus-  
sion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs of this article were assisted by the 
Bureau o$ Mines, U.S. Department of the Interior. 
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HPLC Analysis of the Stereoisomers Obtained 
by Electrohydrodimerization of p-Hydroxybenzaidehyde 

David F. Tomkins and John H. Wagenknecht* 
Monsanto Company, Corporate Research Department, St. Louis, Missouri 63166 

ABSTRACT 

In contras t  to previous reports ,  high pressure  l iquid chromatographic  
analysis  (HPLC) of the  4 ,4 ' -d ihydroxyhydrobenzoin  formed by  the e lec t ro-  
hydrod imer iza t ion  of p - h y d r o x y b e n z a l d e h y d e  showed tha t  the  rat io  of dl- and 
meso-isomers did  not va ry  significantly wi th  various reduct ion mediums,  
the  cathode mater ia l ,  or  the concentrat ion of a ldehyde.  

The e lect rochemical  reduct ion  of a ldehydes  and 
ketones in a d ivided cell leads to g lycol /p inacol  dimers  

* Electrochemical  Society  Act ive  Member.  
Key words:  e lectrohydrodimerizat ion,  p-hydroxybenzaldehyde,  

high pressure  l iquid ch r o ma t o g r ap h y ,  d l / m e s o  rat io,  glycol for- 
mat ion.  

in good yield under  a va r i e ty  of conditions (1, 2). 
Aldehydes  and nonsymmet r i ca l ly  subs t i tu ted  ketones 
dimerize  to form a mix ture  of s tereoisomers and, by  
vary ing  the react ion conditions, the  rat io of dl/meso- 
isomers can be var ied  (1, 2). Also, the use of an 
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opt ica l ly  act ive solvent  al lows the d to 1 ra t io  to 
be var ied  (3). 

The dl/meso ra t io  of the glycols f rom aromat ic  
a ldehydes  can be var ied  over  a smal l  range  wi th  
many  aldehydes.  However ,  p - h y d r o x y b e n z a l d e h y d e  
seems unique  in tha t  it  is r epor ted  to give pure  
meso-dimer in aqueous base (4, 5) and nea r ly  pure  
d l - d i m e r  in acidic solut ion (6). Our  resul ts  wi th  
p - h y d r o x y b e n z a l d e h y d e  indica ted  tha t  a nea r ly  equal  
amount  of dl- and meso-isomers of 4 ,4 ' -d ihydroxyhy-  
drobenzoin  was formed under  a wide va r i e ty  of con- 
ditions, inc luding those prev ious ly  repor ted.  How-  
ever,  an impor t an t  difference was in the  sample  
workup.  Previous  workers  isolated the  d imers  before  
analysis ;  we deve loped  a high pressure,  l iquid chro-  
matograph ic  p rocedure  for analysis  of the catholyte.  
The fact  that  no isolat ion was requ i red  e l imina ted  
possible  p re fe ren t i a l  loss of one of the  isomers (which 
have  qui te  different  so lubi l i ty  proper t ies )  dur ing  
workup.  

Experimental 
The etec,trolyses were  ca r r i ed  out  in a glass f r i t  

d iv ided  H cell  wi th  a p l a t inum foil  anode and SCE 
reference  electrode.  The cathode mate r ia l s  a re  l is ted 
in Table I. Elect rolyses  at  constant  potent ia l  were  
car r ied  out wi th  a Wenk ing  Model  PCA 72H Potent ia l  
Control  Amplif ier .  Constant  cur ren t  e lectrolyses  were  
car r ied  out  wi th  a L a m b d a  Model LP-412A-FM power  
supply.  NMR spect ra  were  obta ined on a Var ian  T-60 
spectrometer .  

The HPLC was car r ied  out wi th  a du Pont  Mode] 
830 high per formance ,  l iquid chromatograph  equipped  
wi th  a g rad ien t  elut ion accessory and u.v. (254 nm) 
detector .  The sys tem was modified by  the addi t ion 
of a Waters  Model U6K injector  sys tem and coupled 
wi th  a H e w l e t t - P a c k a r d  7132A recorder  and Auto lab  
Sys tem IV (Spec t ra -Phys ics )  in tegrator .  The column 
was a ~ -Bondapak  Cls ana ly t ica l  (Waters  Associates)  
r eve r sed -phase  column (4 m m  ID • 30 cm).  g -Bonda-  
pak  C1s is an oc tadecyl t r ich loros i la~e  p e r m a n e n t l y  
bonded to #-s i l ica  part icles.  A mobi le -phase  g rad ien t  
from pH = 3 H 2 0 - - a d j u s t e d  wi th  H3PO4 ( ini t ia l )  to 
50% MeOH pH = 3 H20 ( f i na l )~us ing  the concave 
grad ien t  No. 3 at  5 % / m i n  was ut i l ized for the de te r -  
minations.  The flow ra te  was ad jus ted  to 2 ml /min .  The 
suggested condit ions for analysis  requ i red  modifica-  
t ion ( reduced final methanol  composi t ion)  depending  
upon column performance.  

Analytical 
A n  in te rna l  s t andard  solut ion was p repa red  by  the 

addi t ion  of 100 ml acetone to 1 l i ter  methanol .  The 
same in te rna l  s t andard  solut ion was used for s tan-  
dards  and samples.  

A s tandard  solut ion was p repa red  by  accura te ly  
weighing 18 mg p -hyd roxybenza ldehyde ,  2 mg p - h y -  

Table I. Electrochemical hydrodimerizatlon of 
p-hydroxybenzaldehyde 

p-Hydroxy.  Cathode  
b e n z a l d e -  potent ia l  

S o l v e n t -  hyde  con- ( V  v s .  d l / m e s o  
Cathodea e l e c t r o l y t e  c e n t r a t i o n  SCE) rat io  ~ 

H g  80/20 E t O H / H 2 0 -  
2M KO2CCH~ 0.68M - 1.75 0.94 

H g  80/20 E t O H / H ~ O -  
1M HO~CCH~, 
1.3M L i C I  0.25M -- 1.3 0.93 

H g  H~O-1M N a O H  0.1M - 1.8 0.77 
H g  H~O-1M N a O H  0.01M - 1.8 0.80 
H g  H~O-1M N a O H  0.001M -- 1.8 0.78 
H g  I-I~O-0.38M T e t r a -  

b u t y l a m m o n i -  
u m  hydrox ide  0.1M - 1.8 0.89 

Various  e H~O-1M N a O H  0.8M _ e  0.77-0.81 

a A l l  e l ec t ro ly se s  w e r e  carr ied  out  in a d iv ided ce l l  w i t h  a Pt  
f o i l  a n o d e .  

b d l / m e s o  r a t i o  o f  4 - 4 " - d i h y d r o x y h y d r o b e n z o i n  f o r m e d  i n  the  
react ion .  

Constant  current  e l ec tro lys i s  at Hg,  Pb, Cd,  Sn ,  glassy  carbon  
and graphite .  Current  dens i ty  of  100 m A / c m  : .  

droxybenzoic  acid, 9 mg p - h y d r o x y b e n z y l  alcohol, and 
40 mg 4 ,4 ' -d ihydroxyhydrobenzoin  and dissolving the 
mix tu re  in 10 ml of 10% ace tone /methano l  solut ion 
( in te rna l  s t andard  solution) and adding  2 ml  of glacia l  
acetic acid. 

The sample  react ion products  were  de te rmined  
by  p ippe t ing  a 1 ml  sample  into a 15 ml  sc rew-capped  
via l  and adding  I0 ml  in te rna l  s t andard  solut ion and 
2 ml glacial  acetic acid. 

The de te rmina t ion  was accomplished by  inject ing 
5 ~1 of s t andard  solution, s ta r t ing  the gradient ,  and  
moni tor ing  the effluent at  254 nm. The in tegra to r  
was set to measure  the  peak  areas  accurately.  The 
sample  solut ion (5 #1) was in jec ted  af ter  an app rox i -  
ma te ly  15 rain reequi l ib ra t ion  time. The calculat ions 
were  made  ut i l iz ing the Sys tem IV in tegra tor  wi th  
es tabl ished procedures  employing  the in te rna l  s tan-  
dard.  

Reagents.--Solvents  used for  HPLC were  methanol  
(u.v. g rade  "dis t i l led in glass" [Burdick  and J a c k -  
son]) ,  wa te r  (obta ined f rom Mil i -Q sys tem [Mil l ipore 
Corpora t ion] )  acidified to pH 3.0 wi th  H3PO4, acetone 
( reagent  g rade) ,  and glacial  acetic acid ( reagent  
g rade) .  Eas tman p - h y d r o x y b e n z a l d e h y d e  was used for 
the electrolyses.  

Electrolysis procedure.--The electrolyses  car r ied  out 
at  ~ g  (6 cm 2) were  s t i r red  wi th  a very  smal l  mag-  
netic s t i r re r  which did not cause large  waves  on the 
Hg surface which  would give wide ly  va ry ing  values 
of cathode potent ia l  because of the changing dis tance 
be tween  the SCE and the Hg pool. The volume of 
the ca tholy te  was 75 ml and the composit ion is l is ted 
in Table  I. Electrolyses  were  car r ied  to complet ion 
under  N2 and the quant i ty  of e lectr ic i ty  passed was 
measured  by  an in-ser ies  d-c  motor  a t tached to an 
odometer .  A p p r o x i m a t e l y  1F of e lect r ic i ty  per  mole  
of a ldehyde  was passed in each case. Analyses  of the  
products  formed in 80% ethanol  were  carr ied  out at  
pa r t i a l  conversion, because at  comple te  conversion 
the  meso-isomer prec ip i ta ted  f rom solution, thus com- 
pl icat ing the analyses.  Analys is  of the dl/meso rat io  
at  per iods  throughout  the  electrolyses in aqueous base 
showed tha t  no change in ra t io  occurred dur ing  the 
electrolyses.  

The electrolyses at constant  cur ren t  (see Table  I) 
were  car r ied  out wi th  30 ml of wei l - s t i r rd ,  deaera ted  
ca tholy te  for sufficient t ime to d imer ize  85% of the  
a ldehyde.  The only physical  product  isolat ion car r ied  
out  is ind ica ted  below. 

Product isolation and characterization.--The opt i -  
mum product  isolat ion f rom an electrolysis  of 0.8M 
p - h y d r o x y b e n z a l d e h y d e  carr ied  to complet ion in 1M 
NaOH was achieved by  ad jus t ing  the pH to 9.0 wi th  
acetic ' acid and cooling the solut ion to 5~ About  
60% of the  4 ,4 ' -d ihydroxyhydrobenzoin  presen t  wi l l  
precipi ta te ,  giving a solid wi th  a dl-meso rat io  of 
a pp rox ima te ly  0.45. The dl-meso rat io  in the or ig inal  
solut ion was 0.77. Analys i s  of the  f i l t rate  by  HPLC 
showed tha t  the  d / - i somer  p redomina ted  in that  solu-  
tion. The dr ied  solid mel ted  at  215~ as observed by  
Al len  (4). Recrys ta t l iza t ion  f rom pyr id ine  gave meso- 
isomer, mp 242~ [lit. mp 244~ ~ (5) ] ;  NMR (pyr i -  
dine d~) 5 5.33 (s, 2, CHOH) and 7.42 (m, 8, a romat ic ) .  
The te t raace ta te  of this i somer  mel ted  at  176~176 
NMR (CDC13) 5 2.00 (s, 6, OAc) ,  2.26 (s, 6, OAc),  
6.05 (s, 2, CHOAc),  and 7.13 (m, 8, a romat ic)  and  had  
the p rope r  e lementa l  analysis.  A sample  of meso 4,4'- 
d ihydroxybenzo in  was neu t ra l i zed  wi th  NaOt t  in 
water .  The solut ion was concent ra ted  unt i l  crysta ls  
formed. The ass ignment  of the  meso s t ruc ture  to this 
isomer was verified by  x - r a y  crys ta l lography.  The full  
c rys ta l  s t ruc ture  wil l  be publ i shed  elsewhere.  

A p redomina te ly  d / - i somer  of 4 ,4 ' -d ihydroxyhydro-  
benzoin was obta ined  f rom the f i l t rate  of the  or ig inal  
isolat ion by  concent ra t ing  the solution. Severa l  r e -  
crystal l izat ions and reprec ip i ta t ions  did not  y ie ld  pure  
dl - isomer .  However ,  by  compar ison wi th  the  spec t rum 
of the meso-isomer i t  could be de te rmined  that  the 
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NMR absorption for the benzyl idyne hydrogens in 
the d~-isomer occurs at 8 --.: 5.14 in pyr idine ds. We 
were unable  to obtain the d/- tetraacetate free of 
meso-isomer by recrystall ization; however, the pre-  
dominately  dl- tetraacetate  had a satisfactory ele- 
menta l  analysis, and, by comparison with the N,MR 
spectrum of the meso-tetraacetate, it could be deter-  
mined that the NMR spectrum of the d/- tetraacetate  in 
CDC13 was 5 2.08 (s, 6, OAc), 2.24 (s, 6, OAc), 6.03 
(s, 2, CHOAc), and 7.04 (m, 8, aromatic) .  

Results and Discussion 
The electrochemical reduct ion of p -hydroxybenza l -  

dehyde was carried out under  a variety of condi- 
tions. The results of the individual  experiments  are 
shown in Table I. The ratio of dl/meso was wi th in  
an exper imental  error of 0.79 in all experiments  car- 
ried out in  1M NaOH. In  less basic media, the ratio 
was significantly higher. Although the change in ratio 
at various pH's was the same order of magni tude  as 
reported by Stocker and Jeneve in  (7), the direction 
was opposite. The fact that changing electrode ma-  
terial  and aldehyde concentrat ion did not change the 
dl-meso ratio, and changing pH did, was consistent 
with previously reported results (3, 7). 

A small effect on the dl/meso ratio was observed 
when t e t r abu ty lammonium hydroxide was used in 
place of NaOH. The change is opposite in direction 
and much smaller, compared to the result  obtained 
by Puglisi  e t a l .  (8), when qua te rnary  ammonium 
ions were added to the electrolyte dur ing reduction 
of benzaldehyde in  acidic solution. Our results do not  
allow one to determine whether  these dimerizations 
occur in  the immediate  vicini ty of the electrode- 
solution interface or in  the bu lk  solution, but  they 
should el iminate the use of p-hydroxybenzaldehyde 
as an example of a highly stereoselective reaction. 

A major  difference between our results and those 
reported by others (4-6) seemed to be related to the 
new sample workup. The different solubilities of the 
dI- and meso-isomers caused separation of isomers 
dur ing sample workup. Our analytical  procedure (high 
pressure l iquid chromatography) avoided separations 
prior to the analysis. The procedure is described in  
the Exper imenta l  section, and a sample chromatogram 
is shown in Fig. 1. 

A reversed-phase system was employed using a 
nonpolar  (octadecyltrichlorosilane) s tat ionary phase 
with a polar solvent in  the gradient  etution mode. 
The pH of the ini t ial  H20 solution was adjusted to pH 
3 with H3PO4 to suppress the ionization of the phen-  
olic compounds, thus enhancing the par t i t ion between 
the s tat ionary and mobile phases. This ion-suppres-  
sion technique increased the re tent ion characteristics 
of the reaction products and allowed complete sepa- 
rat ion of components of interest  using the gradient  
elut ion mode. Water, free of organic contaminants,  
was used to prevent  extraneous peaks in the reversed 
phase mode. 

The column needed special care to main ta in  separa- 
t ion efficiency. Useful column life was normal ly  l im-  
ited to approximately one month of continuous opera- 
t ion before resolution was i r reversibly lost. During 
use, the column packing settled, producing a void 
at the column head and causing loss of efficiency. This 
void was refilled with ~-Bondapak Cls packing and 
the column was restored to near ly  original efficiency. 

Acetone was used as the in terna l  s tandard of choice 
because its eIution was in an area that  was free from 
interferences. The high volat i l i ty and low absorbance 
of acetone l imit  its use as an internal  standard, but  
other compounds tested as in terna l  standards, includ-  
ing phenol and o-chlorobenzoic acid, were more af- 
fected by interferents  and pH changes. These com- 
pounds, when used on an efficient column, also were 
satisfactory in terna l  standards. 

The pure meso-isomer was isolated and the te t ra-  
acetate prepared; however, the pure dl mix ture  could 
not be isolated. Pyr id ine  d5 proved to be an excellent 
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Fig. 1. HPLC analysis of the products of the electrohydrodimeriza- 
tion of p-hydroxybenzaldehyde. A, acetone (internal standard); B, 
p-hydroxybenzyl alcohol; C, meso-4,4"dihydroxyhydrobenzoin; D, dl- 
4,4'-dihydroxyhydrobenzoin;' E, p-hydroxybenzoic acid (impurity in 
p-hydroxybenzaldehyde); F, p-hydraxybenzaldehyde. 

solvent for NMR analyses of the dimers [as sug- 
gested by Snowden (2)] because of the widely difr 
fering chemical shifts of the benzyl idyne hydrogen 
of the all- and meso-isomers. 

It has been shown previously (9) that when pin-  
acols are treated with strong base the molecule may 
cleave to form two ion radicals (reaction [1]). If 
that  reaction were to occur in aqueous base, it could 
explain the constant 

OHOH O 
I I 0~- II 

A R - - C H C H - - A R  ~ 2BH + 2 [AR--CH] ~ [ 1] 

dl/meso ratio in basic electrolyses. This was tested 
by warming  the meso-isomer in 1M NaOH followed 
by HPLC analysis. No dl- isomer was detected in the 
sample. 

We concluded from our results that  changing the 
electrolysis conditions does not grossly affect the 
stereochemistry of the dimeric product obtained from 
the electroreduction of p-hydroxybenzaldehyde.  The 
use of HPLC to analyze the products was an extremely 
useful tool for this type of s tudy because isomer 
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losses in product  isolation and /or  derivatization were 
avoided. 
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Semiconductor Electrodes XV. Photoelectrochemical Cells 
with Mixed Polycrystalline n-Type CdS-CdSe Electrodes 

Rommel N. Noufi,* Paul A. Kohl,* and Allen J. Bard** 
Department of Chemistry, The University oS Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Solid solutions of CdS and CdSe of different compositions were prepared 
by s inter ing pressed pellets and vacuum evaporation. The bandgap of the 
mixtures  varied monotonical ly with percent  composition be tween that  of CdS 
and CdSe. Studies of the photoassisted oxidation of sulfide with these elec- 
trodes wi th  a 1M Na2S, 0.1M NaOH electrolyte showed that  the flatband po- 
tentials (Vfb) of the mixtures  were shifted toward negative potentials with 
respect to pure CdS and CdSe. Solar cells using these electrodes formulated 
as (x )n -CdS  (1 -- x)CdSe/1M Na2S, 0.2M S, 0.1M NaOH/Pt  are described. 
When x = 0.9, for a sintered pellet electrode, a power efficiency of 9% at a 
cell voltage of 202 mV (irradiat ion wi th  577 nm light of 1 mW/cm~ intensi ty)  
was obtained. 

There  has been much recent interest  in the ap- 
plication of n - type  cadmium chalcogenide (CdX, where 
X = S, Se, or Te) electrodes to the construction of 
photoelectrochemical cells for the conversion of solar 
to electrical energy (1-14). These materials  have 
bandgap energies (Eg) which are small  enough (~2.4 
eV) to capture a reasonable fraction of the solar spec- 
t r um and can be operated for long time periods with 
l i t t le or no decomposition of the semiconductor elec- 
trode in  suitable electrolytes (e.g., S 2 - / S x 2 - ) .  Ceils 
with solar energy power conversion efficiencies (~p.~) 
of 7-8% (9) and monochromatic light efficiencies 
(~]p,m) of 9-10% (4) using single crystal CdX elec- 
trodes have been reported. 

The max imum efficiency of a photoelectrochemical 
cell uti l izing a redox couple with an equi l ibr ium po- 
tential, Vr~dox, for conversion of light to electrical 
energy with no over-al l  change in  electrolyte com- 
position depends upon the flatband potential  of the 
semiconductor,  Vfb. For a cell with an n - type  semi- 
conductor photoanode, the more negative the value 
of Vfb, the greater the possible output  voltage (which 
has a m a x i m u m  value Vredox - -  Vfb)  and the larger 
the max imum efficiency. Thus optimization of the 
semiconductor-electrolyte characteristics involves vari-  
ation of Eg for opt imum match with the solar energy 
spectrum (15) and Vfb. Other semiconductor charac- 
teristics of importance include the doping level, which 

* Electrochemical Society Student Member. 
* * Electrochemical Society Active Member. 
Key words: photoelectroehemistry, solar cells, photovoltaic 

cells, semiconductors. 

governs the mater ial  resist ivity and the thickness of 
the space charge region at a given bias, the minor i ty  
carrier  l ifetime in the bulk  and at the surface, and 
the location and properties of in termediate  levels 
wi thin  the gap region. We report  here studies of 
electrodes produced by forming solid solutions of 
CdS and CdSe of different compositions prepared from 
sintered, pressed pellets or by vacuum evaporation 
and used as photoanodes in $ 2 - / S x 2  - electrolytes. 
The effect of composition and sample preparat ion on 
Vfb, E~, efficiency and stabil i ty were of part icular  
interest. 

Experimental 
The pellet semiconductor electrodes used in this 

study were prepared from high purity,  reagent  grade 
polycrystal l ine CdS and CdSe powder (Ventron, Bev- 
erly, Massachusetts).  Mixtures of the two compounds, 
which are known to form solid solutions after s in-  
ter ing (16), were mil led in acetone for 30 min  prior 
to use. The 0.5 m m  thick pellets were pressed at 5000 
psi, s intered in  a ni t rogen atmosphere at 450~ for 
12 hr, and then heated in  a hydrogen atmosphere 
for 5 rain. The densities of the pellets were about 
87-89% of single crystal densities. An ohmic contact 
was made to the rear of each pellet  with gal l ium- 
ind ium alloy. The resistance between the two faces 
of the pellet after s inter ing was general ly less than 
10012. 

Electrodes were also prepared in a vacuum evap- 
orat ion apparatus by vacuum deposition of the pure  
compounds and their  mixtures  on Pt and SnO2- 
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coated glass substrates (donated by Texas Ins t ru-  
ments, Dallas, Texas).  Before the deposition, the Pt  
substrates were boiled in concentrated nitric acid 
for 5 rain followed by several r insings with water  
and then with ethyl alcohol. The SnO2-coated glass 
substrates were soaked in alcoholic KOH for 1 h r  
and rinsed several~ times with distilled water, fol- 
lowed by baking in an oven at 200~ for 2 hr. The 
semiconductor films, which were about 1.5 ~m thick 
as determined by weighing the electrode before and 
after deposition, were annealed first in a ni t rogen 
atmosphere at 400~ for 2 hr and then in a hydrogen 
atmosphere at 400~ for 5 min. The resistance be-  
tween the film surface and conducting substrate was 
less than 1~. 

A copper wire was attached to the electrodes with 
conducting silver epoxy cement (Allied Chemicals, 
New Haven, Connecticut) .  The back and sides of 
the electrodes were insulated with epoxy resin ce- 
ment  (Devcon Corporation, Danvers, Massachusetts). 
The exposed areas of the electrodes were 0.25-1.0 
cm 2. The electrodes were etched in  6M HC1 prior 
to use. The etching times for the sintered and film 
electrodes were about 15 and 5 sec, respectively. Both 
polycrystal l ine CdS and CdSe electrodes show a 
comparable increase in photocurrent  after a similar 
etching step. 

The semiconductors were used as the working 
electrode in a conventional  three-electrode cell with 
a p la t inum foil counterelectrode and an aqueous satu- 
rated calomel reference electrode (SCE). The semi- 
conductor electrodes were i r radiated through an op- 
t ically flat Pyrex  window. The two-electrode, single 
compar tment  solar cell contained a p la t inum foil 
counterelectrode (about 10 cm -~) which was spaced 
about 0.5 cm from the semiconductor electrode. With 
this cell the current  was measured as a function of 
load resistance under  i r radiat ion with no external  
power source. 

The electrolyte solution (1M Na2S, 0.2M S, and 
0.1M NaOH) was yellow in color and a correction 
for absorption of the incident  radiat ion by the solu- 
t ion was performed when calculating efficiencies. 

For vol tammetr ic  measurements ,  a PAR (Princeton 
Applied Research, Princeton,  New Jersey) Model 173 
potentiostat  and Model 175 universal  programmer  
were employed. The current -vol tage  (i-V) curves 
were recorded using IR compensation on a Houston 
Ins t ruments  (Austin, Texas) Model 2000 X-Y re-  
corder for scan rates less than 1 V/sec. Cur ren t -vo l t -  
age curves at greater  than 1 V/sec, obtained for 
capacitance measurements,  were recorded on a Nicolet 
(Madison, Wisconsin) digital oscilloscope. An Oriel 

Corporation (Stamford, Connecticut)  450W xenon 
lamp and Model 7240 grat ing monochrometer  were 
used to i l luminate  the electrodes. The radiant  power 
was measured with a Model 550-1 Radiometer /Photom- 
eter (E.G. & G., Salem, Massachusetts). 

ESCA and Auger  electron analysis of the electrodes 
were carried out with a Physical Electronics Model 
548 (Eden Prairie,  Minnesota) instrument .  The rela-  
tive amounts of S and Se were determined from the 
area of the Se 3d5/2 peak at 54.18 eV as the amount  
of S increased in the mixture.  Small  amounts  of 
carbon impuri t ies  were detected in the mixtures  by 
Auger  electron analysis. The x - ray  diffraction spec- 
t r um (obtained with a Norelco x - r ay  diffractometer) 
of the mixed compound electrodes gave no lines 
characteristic of ei ther of the pure components, in-  
dicating the mixtures  were subst i tut ional  solid solu- 
tions. 

Results 
Electrode composition.--The composition of the elec- 

trodes prepared by sinter ing was known from t h e  
relat ive quanti t ies of CdS and CdSe employed. The 
composition of the vacuum-deposi ted material  was 
known approximately from the amounts  of CdS and 
CdSe used as the source mater ial  and the known 
relat ive evaporation rates (16); the CdS content  of 

Table I. Properties of mixtures of CdS and CdSe a 

Composition 
Eg --Vzb (V 

% CdS % CdSe (eV) vs. SCE) 
'Voc 
(v) 

Sintered pel lets  

0 100 1.70 1.34 
36 64 1.81 1.40 
58 42 1.90 1.45 
67 33 2.05 1.48 
77 23 2.11 1.55 
90 10 2.18 1.66 
95 5 2.25 1.60 
99 1 2.30 1.50 

100 0 2.38 1.42 

Vacuum-deposi ted films 

0 100 1.76 1.30 
4.0 60 1.82 1.40 
63 37 2.00 1.50 
83 17 2.12 1.58 

100 0 2.40 1.40 

0.60 
0.66 
0.70 
0.75 
0.91 
0.96 
0.79 
0.75 
0.77 

a For solution of 1.OM Na~S and O.1M NaOH under  irradiation 
with  white  light. 

the films was always higher than its relat ive amount  
in the source material.  These films were analyzed 
by ESCA and x - r ay  diffraction, and the results, re-  
ported in Table I, are probably  accurate to within 
5% of the values listed. In  general,  the electrochem- 
ical behavior  of sintered and vacuum-evapora ted  film 
electrodes of about the same composition was very 
similar, except where noted. 

E o and Vlb.--The bandgap energy was determined 
by not ing the longest wavelength (~) which produced 
a photoanodic current  with the electrode held at po- 
tentials 0.60-0.95V positive of V~b. Vfb was esti,mated 
from the i -V curves and was taken as the potential  
for the onset of the ph~toanodic current .  Typical i -V 
and i-~. curves for a film electrode are given in Fig. 1 
and the rising port ion of the photocurrent -V curves 
as a function of electrode composition is shown in 
Fig. 2. The shapes of the i-V curves were similar  in 
solutions of 1M Na2S and 0.1M NaOH, with and with-  
out dissolved sulfur. Values of Eg and Vfb for the 
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Fig. 1. (a) Photocurrent-potential curve (light chopped at 0.23 
Hz); (b) photocurrent vs. wavelength at - -0.8V vs. SCE, for the 
40% CdS-60% CdSe evoporated film electrode in 1M Ha2S, 0.1M 
HaOH. 
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Fig. 2. Photocurrent-potentiul curves for pressed pellets of the 
following composition (illuminated with white in 1.0M Ha2S, 0.1M 
NaOH): (a) 100%CdS, 0%CdSe; (b) 99%CDS, 1%CdSe; (c) 
0%CdS, 100%CdSe; (d) 36%CDS, 64%CdSe; (e) 58%CDS, 
42%CdSe; (f) 67%CDS, 33%CdSe; (g) 77%CDS, 23%CdSe; (h) 
90%CdS, 10%CdSe. 
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Fig. 3. Values of the flatband potential (Vt~) and open-circult 
potential (Vat) for pressed pellets containing different amounts of 
Cd$ and CdSe in a 1M Na2S, 0.1M NaOH solution with Pt counter- 
electrode. 

different electrodes are given in  Table  I; the var ia-  
t ion of Vfb with electrode composition is shown in 
Fig. 3. But ler  (17) has recommended that V~ be 
determined not f rom the potent ial  of onset of the 
photocurrent  but  from the extrapolated value of a 
plot of V vs. (photocurrent).~ The t rend in such 
extrapolated values with composition general ly  is the 
same as that  in Fig. 3 but  displaced to more positive 
values. Similar  i -V  behavior  was observed in  0.1M 
NaOH alone, with the onset of photooxidation shifted 
in a positive direction by about 0.SV compared to 
the sulf ide-containing solutions. In  these solutions 
the electrodes underwen t  photodissolution to Cd ~+, 
S, and Se (with  the appearance of a yellowish film 
in  the case of CdS-containing electrodes and a gray 
film on the CdSe electrode) and the photocurrent  
decreased with time. 

The dark anodic curent  in  0.1M NaOH at the film 
electrodes appeared at potentials positive of 0V vs. 
SCE and bubbles were observed forming on the elec- 
trode surface. No dark anodic current  was found at 
the sintered electrodes unt i l  potentials well positive 
of + I .0V vs. SCE. A cathodic current  in  0,1M NaOH 
was observed at potentials just  negat ive of Vfb, occur- 
r ing at slightly more positive potentials at the film 
electrodes.  Attempts  to determine Vfb from Mott- 
Schottky plots (18), with the capacitance determined 
by cyclic vol tammetry  (19) over a potential  range 
where  no dark  faradaic current  was observed led 
to intercepts that were f requency dependent.  The 
slopes of these plots showed ,doping levels between 
10 TM and 10 $0 cm -3. 

Efficiency and solar cel ls . --The qua n t um efficiency 
for electron flow, ce, defined as the n u m b e r  of elec- 
trons flowing in  the external  circuit divided by the 
number  of photons impinging on the electrode, was 
100 ___ 2% for all electrodes main ta ined  at --0.70V vs. 
SCE. The open-circui t  voltages, Voc, of the two- 
electrode solar ceils ( x )n -CdS  (1 -- x ) C d S e / 1 M  
Na2S, 0.2M S, 0.1M NaOH/Pt  measured between the 
i l luminated  sintered semiconductor electrode and the 
p la t inum cathode are listed in  Table I. The ma x imum 
value of Vor is Vfb - -  Vredox, where Vredox is --0.7V vs. 
SCE (4, 20-23). The t rend in Voc with electrode 
composition followed very closely that  of Vfb deter-  
mined from the i -V  curves, with a ma x i mum with  
an electrode composition of about 90% CdS-10% 
CdSe (Fig. 3). The open-circui t  photopotentials were 
dependent  on l ight  intensity.  For example, in  the 
case of the measurement  made using the 67% CdS- 
33% CdSe, when  white l ight from the 450W xenon 
lamp was reduced by 50%, the open-circui t  poten-  
tial, Voc, decreased from 0.75 to 0.66V; at intensities 
reduced to 10 and 1%, Voe was 0.58 and 0,.45V, re-  
spectively. Similar  dependence was observed when 
measuring the potential  drop through a 1000g re-  
sistor. This dependence on light in tensi ty  was also 
evident  when measur ing solar cell efficiencies. The 
~p,s of the 90% CdS-10% CdSe sintered mater ia l  
electrode was measured to be about 1% for solar 
intensities of about 75 mW .c m -2 compared to 5.9% 
with an a t tenuated solar in tensi ty  (using neut ra l  
density filters) of 1.1 mW.cm-~.  A similar  decrease 
of efficiency with increasing i r radiat ion intensi ty  was 
also observed by Wrighton et al. (3, 4) in CdS and 
CdSe cells. The monochromatic light power efficiency, 
~p,m, of the photoelectrochemical cell, defined as the 
ratio of the output  power across the external  load 
resistor to the incident  radiant  power, was deter-  
mined with 577 nm light (12 nm bandpass) with an 
in tensi ty  of 1 m W ' c m  -2. For the 90% CdS-10% CdSe 
sintered pellet with a 100012 load resistor, the output  
voltage was 202 mV and the current  was 0.45 mA.cm -2, 
yielding ~tp.m -- 9%. The ma x i mum value of ~lp,r~ 
found with the film electrodes was with the 60% 
CdS-40% CdSe mater ial  on Pt  substrate with an 
80012 load resistor, and incident  power of 0.4 mW. 
cm -2. ~p,m was 7% with an output  voltage of 157 mV. 
The measured np,m and  np,s values were quite vari-  
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able from electrode to electrode; this can be a t t r ibuted  
to the high and variable in ternal  resistance of the 
s intered electrodes and the poor adhesion of the vac- 
uum evaporated films to the substrates, par t icular ly  
the SnO2-coated glass. Separate experiments  in which 
the sintered electrodes were used as photoanodes in 
st irred solutions containing 1M NaS, 0.2M S, and 0.1M 
NaOH for periods (about 14 hr) which would have 
been sufficient to dissolve aIt the electrode mater ia l  
by photooxidation of the lattice showed weight loss 
of about 1%. This small  loss was at t r ibuted to sur-  
face erosion of the pressed pellets dur ing the long 
periods of s t i rr ing and soaking of the electrode. The 
stabil i ty of the cell current  was dependent  on the 
sulfide-polysulfide concentration. For example, when 
the solution contained 1M S and the init ial  current  
density was 16 m A . c m - 2  (100~% load) the current  
dropped to about 55% of i.ts ini t ial  value in 14 hr. 
With 0.2M S, the current  dropped to 26% of its ini t ial  
value after the same period of time. Furthermore,  
when i l luminat ion  was in ter rupted  for several m in -  
utes and then resumed the onset current  would reach 
a value slightly smaller  than its ini t ial  value. After 
a 10 sec etch in  6M HC1, the current  would at ta in  
almost its init ial  value. 

Discussion 
The mixtures  (x)CdS (1 -- x)CdSe gave the 

expected monotonic variat ion of Eg as the composi- 
t ion was changed from pure CdS to pure CdSe (16, 
24). It  is par t icular ly  interest ing that the var iat ion 
of Vfb with x shows a max imum (Fig. 3) with the 
mix ture  where x = 0.9 having a Vfb ca. 0.2V more 
negative than either pure CdS or CdSe. To seek the 
reason for this behavior  let us consider the factors 
that  affect V f b .  These include the electron affinity of 
the semiconductor (EA), the potential  drop through 
the Helmholtz layer (VH), the potential  drop across 
the diffuse double layer  (Vd), and the difference be-  
tween the Fermi  level and the conduction band (EF 
-- Ec);  to put  Vfb on a scale relat ive to a given ref- 
erence electrode using the absolute EA (in eV), a 
constant  term, Eref, usual ly taken as ca. 4.75 eV for 
the SCE vs. the vacuum level (25) is used. The fol- 
lowing equation, which is an extension of one given 
by Butler  and Ginley (28), can then be wr i t ten  

EA Eref ( E F  -- Ec) 
Vfb : . . . . .  (VH + Vd) + [I] 

e e e 

Taking EF -- Ec as 0.1.0 eV, Eref "~ 4.75 eV, and as- 
suming a negligible drop across the diffuse double 
layer  (Vd ,-, 0) this can be wri t ten  

EA 
Vfb(V) __~ -- 4.7 -- VH [2] 

e 

The values of Vfb for CdS and CdSe in NaOH and in 
the presence of S 2- taken from various sources are 
shown in Table II. The Vfb values for CdS and CdSe 
in sulfate media are independent  of pH (4, 27) and 
the relat ive values agree quite well with those pre-  

Table II. Characteristic data for CdS and CdSe 

V f b  V f b  
(0.1 M (1.0M E~t d E~e EAr 

N a O H )  N a ~ )  ( e V )  ( e V )  ( e V )  

(V vs. SCE) 

C d S  - 0.90 a - 1.4 a 5.90 2.46 4.67 
- 0 .80  b - -  1 .42  c 

C d S e  - 0.70~ - 1.45a 5.78 1.68 4.94 
- 1.34 c 

F r o m  R e f .  ( 4 ) .  
b F r o m  R e f .  (4)  a n d  (27) .  
c T h i s  w o r k .  
d F r o m  R e f .  (28) ,  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  P a u l i n g  e l e e .  

t r o n e g a t i v i t i e s  ( X , ) :  Cd,  1.7; S, 2.5; Se ,  2.4. 
e F r o m  R e f .  (28) 

C a l c u l a t e d  u s i n g  Eq.  [4].  

dicted from Eg and the intr insic Fermi  level (EF i) 
calculated by Nethercot (28) from electronegativities. 
In  the lat ter  case EF i is calculated from the Paul ing  
electronegativities for the atoms A and B (XA and XB) 
using the equation (28, 29) 

Ev i : 2.86 (XAXB) V2 [3] 

If one takes EA as the difference in energy between 
the conduction bandedge and vacuum (26), then  

EA : EF i -  Eg/2 [4] 

Calculated EA values are shown in  Table H. When 
these values are used in  Eq. [2], a VH of about 0.9 
(_+0.1)V is obtained for both CdS and CdSe in the 
NaOH medium. The addit ion of S 2- causes the Vfb 
values to shift toward negative values by about 0.SV 
for CdS and 0.7V for CdSe (4) presumably  because 
specific adsorption of S 2- causes a change in the 
voltage drop across the Helmholtz layer  (to about 
1.4 and 1.6V for CdS and CdSe, respectively).  

Thus the change in  Vfb with composition could be 
ascribed to changes in the EA or specific adsorption 
(VH). The fact that  the same sort of ma x i mum of 
Vfb with composition is observed for NaOH solutions 
in the absence of S 2- suggests that this variat ion 
can be a t t r ibuted to changes in the EA and that  the 
introduct ion of small  amounts  of CdSe into the CdS 
lattice yields a mater ial  with a significantly smaller 
EA. However it is also possible that the composition 
of the surface layer of these electrodes changes upon 
immersion or operat ion in the sulfide electrolyte 
medium. Under  these conditions a junct ion potential  
could arise between the surface layer  and the bulk  
semiconductor which would affect the observed Vfb 
values obtained under  i l lumination.  Investigations of 
the changes in the electrode surfaces by ESCA and 
Auger  electron spectroscopy are cur ren t ly  underw.ay 
in this laboratory. 

It  is of interest  to consider in a general  way how 
the efficiency of a photoelectrochemical solar cell 
varies with Eg and Vfb. For i r radiat ion with Hght of 
energy equal to that of the bandgap the ma x imum 
efficiency, or the so-called open-circuit  voltage effi- 
ciency (15), is 

(Vredox - Vfb) e 
1]p,m (max) = [5] 

E~ 

Thus both the max imum output voltage and efficiency 
depend upon Vfb. When one considers the solar energy 
efficiency of a threshold semiconductor device the 
u l t imate  power efficiency, ~]uzt, depends upon the 
value of Eg [as given in Ref. (15), Eq. [2], and Fig. 
3]. Thus, considering the variat ion of both Vfb and Eg, 
the max imum (open-circuit  voltage) efficiency for 
solar i rradiat ion is ~]p.m(max) ~ult; typical curves 
showing the efficiency (for AM1 sunlight)  are given 
in Fig. 4. With these curves and the Vfb and Eg values 

0 0.4 o.s *.2 x.s z.o 2.4 2.s 3.2 
Eg (ev) 

Fig. 4. Maximum solar efficiency (AM1 sunlight) for various values 
of Eg and (Vre~ox - -  Vfb). Values of ~ult used in preparing this 
figure from (15). 
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Fig. 5. Predicted maximum solar efficiency vs. composition for 
the (x)CdS (1 - -  X)CdSe system with S 2- ,  S ~ -  electrolyte. 

of the var ious  CdS-CdSe  mix tures  a plot  of m a x i m u m  
solar  efficiency as a funct ion of composit ion can be 
der ived  (Fig. 5). The resul ts  suggest  that  the add i -  
t ion of only  a smal l  amount  of CdSe grea t ly  improves  
the m a x i m u m  efficiency of a CdS electrode.  Al though  
the efficiency in this case is smal le r  than  that  of 
CdSe alone, this pr incip le  when appl ied  to other  sys-  
tems could, by  sui table  manipu la t ion  of Vfb and Eg, 
y ie ld  h igher  efficiencies than  the pure  compounds.  

Solid solutions such as ( x ) C d S  (1 --  x ) C d S e  m a y  
also be ut i l ized in p repar ing  a film elect rode wi th  
a g rad ien t  composition, i.e., an increasing CdSe con- 
tent  wi th  depth.  This would al low one to take  ad-  
van tage  of the  negat ive  shif t  in Vrb at the  solut ion 
interface  (wi th  high CdS content ) ,  and to absorb a 
g rea te r  f ract ion of the visible spec t rum fur ther  into 
the  space charge  region (wi th  the h igher  CdSe con- 
ten t ) .  Work  is cu r ren t ly  being car r ied  out in our 
l abo ra to ry  to improve  the conduct ivi ty  of the  pel lets  
and  ex tend  the concept  of so l id-s ta te  solutions to 
other  semiconductor  systems. 
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Coulostatic Deposition of Metals at Underpotential 
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ABSTRACT 

Under  commonly occurring conditions, coulostatic processes can lead to 
underpotent ia l  deposition of a metal on a foreign metal  substrate. These dep- 
osition processes are described quant i ta t ive ly  in  terms of the isotherm for 
underpotent ia l  metal  deposition, the double layer  capacitance of the elec- 
trode surface,  and the init ial  potential  of %he electrode. Coulostatically con- 
trolled underpotent ia l  deposition is demonstrated for silver on gold and 
pla t inum and for mercury  on gold. 

The process of underpotent ia l  deposition (UPD) of 
metals has been studied by a number  of workers (1) 
since the original studies of Haissinsky (2) and Rogers 
(3). An  unders tanding of UPD can give insight into 
the na ture  of the interactions occurring at the in ter -  
face between two metals. Such insight can be used for 
a variety of purposes, such as to produce electrocata- 
lytic surfaces of controlled activity. Thus, it is impor-  
tant  to know when UPD has occurred. To date, UPD 
phenomena have been assumed to occur only when  
charge flows in  the external  circuit and no recognition 
was given to the possibility of unsuspected UPD proc- 
esses occurring under  zero current  conditions. Several 
years ago we discovered a zero current  UPD phenome-  
non in the course of rotat ing p la t inum r ing-p la t inum 
disk electrode studies. It was noted (4) that some 
shielding of Ag + ion could be detected at the r ing 
electrode of a rotat ing p la t inum r ing-disk electrode 
when  it  was immersed in  ~ I0-5M Ag + dissolved in  
0.2M H2SO4, even though the disk electrode was at 
open circuit. In  addition, after the shielding ceased, 
electrooxidation of the disk produced a collection cur-  
rent  at the r ing for a species having the properties of 
Ag +. As is shown below, these phenomena are the re-  
sult of UPD of silver occurring via coulostatic dis- 
Charge of the double layer capacitance. 

The purpose of this work is to quant i ta t ively  describe 
the coulostatic mechanism of UPD. Our theoretical de- 
scription has been confirmed using the rotat ing r ing-  
disk electrode (RRDE) on the systems Ag+/Ag  on Pt, 
Ag +/Ag on Au, and Hg 2 +/Hg on Au. 

Theoretical 
Coulostatic discharge processes for the electrochemi- 

cal reaction 
A ~ ne -- B [1] 

are well understood when A and B are both soluble 
species. However, no t rea tment  exists for the case 
where A is soluble and B deposits on a solid electrode 
surface in a uniform layer such as occurs in UPD of 
metals. 

Let us carry ,out  a coulostatic exper iment  at a solid 
electrode in  the presence of M n+ which can deposit at 
underpotent ial .  Assume that  the isotherm for UPD of 
M is given by curve 1 of Fig. 1 and is represented by 
Eq. [2] 

e = F (E)  [2] 

At potentials anodic to Eo=o, the surface coverage, e, of 
M is zero and at potentials more cathodic than Eo=o, e 
increases to one at Eo=l. We make no assumptions con- 
cerning the net charge on the UPD species other than 
it lies between n and 0. If the electrode potential  is set 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member .  
z Medt ron ic ,  I n c o r p o r a t e d ,  P o w e r  S o u r c e s  R & D D e p a r t m e n t ,  

Minneapo l i s ,  M i n n e s o t a  55418. 
AMAX I n c o r p o r a t e d ,  E x t r a c t i v e  M e t a l l u r g y  D e p a r t m e n t ,  

Go lden ,  C o l o r a d o  80401. 
Key words: cau lo s t a t i c ,  u n d e r p o t e n t i a l  deposition. 

originally so that  0 ~ 0, and then it is stepped to Ej, 
UPD of M will eventual ly  occur if Ei < Eo=o. However, 
if before any significant UPD can take place, this elec- 
trode is disconnected from the external  circuit, only 
coulostatic processes can be operative. The key points 
of our a rgument  are that  once the potent ial  of the elec- 
trode is made more cathodic than  Eo=o, and the elec- 
trode is disconnected from the circuit: (i) UPD of M 
must  occur on the electrode by removal  of cathodic 
charge from the double layer capacitance and (it) the 
electrode will reach equi l ibr ium when e and E corre- 
spond to some point  on the UPD isotherm. These points 
are formulated below, first wi thout  specifying any par-  
t icular model and second for a l inear  combinat ion 
model. 

The charge in the double layer  capacitance, QEi, at 
the instant  of disconnect is 

QEi ---- AC~i,o=o(Ee=o * -- El) [3] 

where A is the microscopic electrode area, CEi.o=o is 
the integral  (double layer) capacitance per uni t  area 
at the potential  Ei of the substrate metal  electrode be- 
fore any UPD of M has occurred, i.e., the surface cov- 
erage of M, e, is zero, and Ee=o* is the point  of zero 
charge (pzc) of the substrate metal. 

As UPD of M proceeds, the relationship be tween E 
and e is governed by Eq. [4] 

QEi = ACE.o(Ee* -- E) -t- qE,e [ 4 ]  

where CE.o is the integral  capacitance per un i t  area. 
CE.o is defined with respect to the e-dependent  poten-  
tial of zero charge, Ee*, and is a function of E and #. 
q~,o is the charge required by the UPD process to pro- 

1.o 

E8 =0 ic initia[ ENERNST 

E 

Fig. 1. Hypothetical 8-E relaxation responses for coulostatic UPD 
phenomenon. Curve 1, UPD isotherm for metal M on substrate; 
curve 2, response where relaxation path has a negative slope at 
point of intersections with UPD isotherm; curve 3, response where 
relaxation path has a positive slope at point of intersection with 
UPD isotherm. It is assunled ENernst ~ Eo=I .  

380 
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duce coverage 8 at a potential  E, s tar t ing from Ei 
where  0 = 0. 

The par t icular  funct ional  form of CE,o, Eo*, and qE.0 
depends on the model chosen. However, it is not nec-  
essary to specify a par t icular  model in  order to discuss 
the potential  path taken as 0 increases. For Ei more 
cathodic than  Eo=o the coulostatic discharge process 
will  change the electrode potential,  for example, along 
the path shown by curve 2 of Fig. 1, or perhaps along 
the path taken by curve 3. All  of the possible paths are 
described by Eq. [4], which can be rewr i t ten  as 

0 : G(E, QEi) [5] 

The potential  of the electrode will change according 
to the path described by Eq. [5] unt i l  Eq. [2] is also 
satisfied 

G(E, QEt) : F(E) [6] 

i.e., unt i l  the coulostatic relaxat ion path and the UPD 
isotherm intersect. At the intersection point  of curves 
1 and 2 the system is in  equi l ibr ium for path 2. 

Curve 3 of Fig. 1 represents that  path followed when 
the change in Eo* and/or  CE.o with ~ as such that it 
overcomes the tendency of qE,o (the charge taken from 
the double layer  capacitance in  the reduct ion case of 
Eq. [1]) to shift the electrode's potential  anodic. In  
this situation, even after E and 0 correspond to a point  
on the UPD isotherm, the electrode's potential  will  
spontaneously shift cathodically along the isotherm 
unt i l  the Nernst  potential  is reached.(8 : 1). 

The RRDE technique provides data of the form of 
Eq. [5]; thus, we use this funct ional  form to compare 
the exper imental  data with the predictions arising 
from a specific model. A remarkab ly  simple one leads to 
good agreement  with experiment.  In  this model: (i) 
The electrode is assumed to consist of two electrode 
regions, of area oA for the UPD material  and (1 -- o)A 
for the substrate metal,  where A is independent  of 0; 
(ii) the integral  double layer capacitance per un i t  area 
and the point of zero charge of each area are assumed 
to be unique  and independent  of ~; and (iii) qE,o is as- 
sumed to be given by 

q~,e = kAo [7] 

where k still may be a funct ion of ~ and E. k repre-  
sents the charge per  square centimeter  required by 
the UPD process to produce a coverage, 0, s tar t ing at 
coverage 0 = 0. Then the expression equivalent  to Eq. 
[4] is 

QEi = ACs(1 -- #) (Es* - -  E) + A#CM(EM* -- E) ~ kAo 
[8] 

where the subscripts S and M refer to the substrate 
region and UPD region coated with M, respectively. 
At 0 = 0, E = Ei and 

QEt = ACs(Es*  -- Ei) [9] 

Thus, equating Eq. [8] and [9] yields 

Cs (E - -  El) 
a -- [10] 

k + [CM(EM* -- E ) -  Cs(Es* -- E)]  

as the explicit  form of Eq. [5]. Now, the terms in the 
braces in  the denominator  t end  to be of the same mag-  
ni tude and can cancel each other. Then, when M n+ is 
discharged as M, k will be the predominant  term in  
the denominator.  Thus, not infrequent ly,  a l imit ing 
form of Eq. [10] may hold, i.e. 

8 = Cs(E  -- E i ) / k  [11] 

The actual oxidation state of the UPD species can- 
not be determined from electrochemical data unless a 
model is chosen. This can be seen by wri t ing Eq. [4] 
in  the form 

QEi : ACE,o( lee* -}- kO/CE,e]- E) [12] 

by subst i tut ing Eq. [7] into Eq. [4]. Since Eo* and k 
may both be functions of E and 0, there is no model-  
free way to dist inguish Ee* from k. 

A model, such as that  used to derive Eq. [10], per-  
mits evaluat ing k, and thus qE.o. The value of qE.o yields 
the average charge, a,  carried by a single UPD species. 
In  principle, for the reduct ion case of Eq. [1], 0 ----- a ~ n. 
We prefer to in terpret  nonzero values of a as signify- 
ing an underpotent ia l  deposit consisting of a mix ture  
of zero valent  (adatom) and ionic metal  species 
(adion),  al though we recognize that  others prefer to 
regard such a result  as evidence for a single surface 
species carrying a partial  ionic charge. No exper imen-  
tal evidence exists which has distinguished between 
these two models. Theoretical arguments  favoring the 
single surface species have not  considered the pos- 
sibili ty of stabilization of surface ions by solvent in te r -  
actions and we regard the choice between these two 
views still to be a mat ter  of personal preference. 

Experimental 
Chemicals . - -Support ing electrolyte solutions were 

prepared from tr iply distilled water  and Baker ana-  
lyzed reagent grade sulfuric acid. Mercuric and silver 
sulfate stock solutions were prepared by dissolving the 
appropriate Mall inckrodt reagent  grade sulfates in  
0.2M i-]:2SO4. The stock solutions were diluted to the 
working concentrat ion just  before an exper iment  was 
performed. 

Equipment . - -S tandard  laboratory equipment  was 
used for these experiments.  The rotator, electrochemi- 
cal cell, and potentiostat  are all of conventional  de- 
sign. The digital data acquisit ion and control system 
is described elsewhere (5). The rotat ing r ing-d isk  
electrodes were constructed in  our laboratory (6). 

Data acquis i t ion.--A six-step digital data acquisition 
sequence was used to acquire data for the zero current  
experiments in 2.0 • 10-~M Hg 2+ solution with a g01d 
RRDE. In  the first step the disk electrode potential  was 
scanned at 1O0 mV/sec between --0.4 and + l . 6V  for 
3 rain at w = 2500 rpm. Simultaneously,  the r ing elec- 
trode was potentiostated at 1.0V. The disk electrode 
potential  was then stepped to 0.0u at ~ = 0 rpm for 
10 sec to ensure complete reduct ion of gold oxide 
formed dur ing the previous step. Then the electrode 
rotator was started (~ = 2500 rpm) and the disk elec- 
trode was potentiostated at 1.05V for 20 sec. At this 
potential, no mercury  deposits and no gold oxide 
forms. Simultaneously,  the r ing electrode was poten-  
tiostated at 0.0V. Finally,  the disk electrode potential  
was stepped to the desired ini t ial  potential  for 0.2 sec, 
after which the current  was set to zero and data acqui-  
sition was begun. 

The Ag+/Ag  data on gold and p la t inum were ob- 
tained by a similar procedure using manua l  techniques. 

In  all cases it was possible to begin the zero current  
part  of the experiments  before any significant UPD 
could occur via a conventional  faradaic mechanism. 
All potentials are reported vs. the saturated calomel 
electrode (SCE). 

A u  double layer capacitance determinat ion. - -To de-  
termine the capacitance of a gold electrode, a s tat ion- 
ary gold disk electrode was scanned from 1.0 to 0.OV in 
0.2M H2SO4 to obtain the i -E curve from which the 
charge-potential  (q-E)  plot was calculated. The q-E 
plot was normalized to the microscopic electrode area 
(see below) and the average integral  double layer  
capacitance of the gold electrode over this potential  
region was calculated to be 57 ~ / c m  2. Values for the 
pzc of Au and Hg in dilute sulfuric acid have been 
given in the l i terature  as --0.042 and --0.442V (vs. 
SCE), respectively (7), and these are the values used 
in  our model. 

Determinat ion o] the i so therm ]or UPD metal  on A u  
and Pt . - -The  quant i ty  of UPD metal  that  was de- 
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posited on the substrate (Au or Pt)  at a part icular  po- 
tential  was determined as follows. 

The gold electrode was first pretreated according to 
the sequence described above in  the section on Data 
acquisition. Explicitly, the final steps in these experi-  
ments  were to step to the UPD potential  of interest  
and init iate rotation at 2500 rpm. After  10 min  when 
UPD was complete the electrode was oxidized by 
means of a l inear  anodic potential  scan at 100 mV/sec. 
The Hg ~+ produced in this anodic scan was collected 
at the r ing electrode. The charge required to oxidize 
the UPD deposit from the gold disk electrode w a s  
measured and compared with the s imultaneously a c -  
q u i r e d  ring electrode data. From these two sets of 
data, both e and the fraction of 0 that  exists as adatoms 
were estimated as a function of potential. These tech- 
niques were also used after coulostatic experiments  to 
determine the coverage of Hg on the Au surface. 

Similar  experiments  were also performed to deter-  
mine  the UPD isotherm for Ag+ on Pt. The si tuat ion 
of Pt  is somewhat more complicated than on Au, in  
that  par t  of the Ag on Pt isotherm superimposes on the 
Pt  oxidation region in 0~2M H2SO4. Also, as is the case 
for Hg(I I )  on Au, there is adsorption of Ag(I)  on Pt, 
a n d a  ~ 0 in  the potential  region of interest. Separate 
charge balance experiments  were used to estimate the 
amount  of Ag (I) which adsorbs. At 0.64V, the rest po- 
tential  at tained after the Pt  disk was open-circuited at 
0.2V, the fraction of total adsorbate present  as Ag(I )  
was about 0.5 (a ~ 0.5). In  the Ag+/Ag  on Au system, 
the silver deposited almost ent i rely as Ag(O) .  

Microscopic electrode area.--The microscopic area of 
gold disk electrode was determined in  order to permit  
charge density calculations required to in terpret  the 
coulostatic relaxat ion experiments performed in Hg 2+ 
and Ag + solutions. After potentiostating a pretreated 
and reduced stat ionary Au disk electrode at 1.20V for 
5 min  the charge required to reduce the oxidized sur-  
face was used as a measure of the t rue microscopic Au 
area. This method has been described elsewhere (8). 
The microscopic area of the p la t inum disk electrode 
was calculated from hydrogen adsorption curves, a s -  
s u m i n g  hydrogen adsorbs to the extent  of 210 /~C/cm 2 
(9). 

Results and Discussion 
Coulostatic relaxat ion experiments involving Hg 2+ 

were performed using a rotat ing gold r ing-gold disk 
electrode, and both gold-gold and p l a t inum-p la t inum 
r ing-disk electrodes were used in the Ag + experiments.  
Representat ive disk potent ia l - t ime (ED-t) responses 
for these cases are shown in ]~ig. 2. In  each case, 
following pretreatment ,  the electrbde was open-cir-  
cuited at an ini t ial  potential, Ei; ED drifted anodically 
and finally reached its equi l ibr ium potential, Eeq. Al-  
though not shown in this figure, Eeq depends on Ei. 
Note that the ED-t curves for Hg2+ and Ag + on a Au 
are linear, while the Ag + on Pt curve has two l inear  
parts and has a definite change in slope at about 0.hV. 

Ring electrode shielding responses for each system 
show that  metal  ion is being consumed at the disk 
electrode while ED drifts anodically. The r ing elec- 
trode current,  iR, re turns  to the unshielded value at the 
time the ED drift ceases. The ring electrode shielding 
curves a!so show that metal  ion consumption occurs at 
a convective-diffusion controlled rate during most of 
the ED relaxation. Also, the Ag+/Ag on Pt system is 
diffusion controlled over at least the Ag + concentra-  
tion range of 10-5-10-7M. 

Hg 2 +/Hg on Au. - -The  ring electrode shielding curve 
corresponding to the Hg2+/Hg on Au ED-t curve in 
Fig. 2 is shown in Fig. 3. The ring electrode in Fig. 3 
is potentiostated at 0.0V. ~r the disk electrode is 
open-circui ted the r ing electrode becomes shielded 
(see Exper imental  section) unt i l  the disk electrode 
reaches Eeq. The shaded area represents Hg(I I )  that 
has deposited both as adatoms and adions on the disk 
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Fig. 2. Coulostatic potential-time curves for three UPD systems. 
CMn + = 2 • IO-~M,  ~ --_-- 2500 rpm, 0.2M H2S04, geometric 
area of disk electrode = 0.46 cm 2. Einit~at = 0.2V in each case. 
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Fig. 3. Ring electrode current-time curve corresponding to the 
coulostat[c ED-t curve for the Hg(l l) /Hg on Au system in Fig. 2. 
ER = 0.00Y. 

electrode surface. 54 ~C/cm 2 of Hg(I I )  did not reach 
the ring electrode because the equivalent  of this 
amount  (2.8 • 10 -10 g .a toms/cm 2) of Hg species ad- 
sorbed on the disk electrode. Analogous iR-t curves 
were observed in  each system studied. 

If, a~ter a t ta ining Eeq, the disk electrode is swept in  
the anodic direction, oxidation peaks identical to those 
obtained for str ipping conventional ly prepared UPD 
deposits of Hg (5, 6) are observed. 

Ring electrode shielding data of the kind shown in 
Fig. 3 were used to determine the UPD coverage of Hg 
as a function of E for various Ei's. The t ime integral  
of iR, divided by the collection efficiency, N, of the 
RRDE yields the total quant i ty  of Hg(II)  species 
consumed at the disk as a function of t ime (and thus 
ED). The ma x i mum adsorbate that can be formed is 
determined in  a separate potentiostatic RRDE experi-  
ment  performed a few tenths of a mill ivolt  anodic of 
the Nernst  potential. At ~ : 1, 2.0 • 10 -9 g . a tom/cm 2 
of total mercury  adsorbate forms, of which only 87% 
is present as Hg(0).  Using this max imum value we 
calculate e as a function of E. Three of these E vs. e 
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I:ig. 4. ~M vs. E plots for the Hg(ll)/Hg on Au system. Three 
initial potentials --0.2, +0.2,  and -t-0.SV vs. SCE. ~ : 2500 rpm, 
0.2M H2S04, CHg(n) - -  2 X 10-~M. Curve A experimental UPD 
isotherm, curve B is the theoretical 6-E path for Ei = --0.2V, 
curve C is the theoretical path for Ei ---- 0.2V, curve D is the theo- 
retical path for Ei = +0.5V. A are experimental points, G are 
calculated points using Eq. [11]. 

plots (curves B-D) are shown in  Fig. 4 for the Hg2+/ 
Hg on Au. systems. Note that  as Ei is made more cath- 
odic, e at E increases and, also, that  the slope of the 
E-e plots appear to be independent  of E~. It can be 
seen from the plots shown in Fig. 4 that  the 0-E be-  
havior is consistent with Eq. [1]-[4].  Note that  each of 
the o-E paths terminates  wi th in  exper imental  error, at 
the isotherm, curve A. These plots are similar to path  
2 in  the example discussed in  the Theoretical section 
and, as shown below, are consistent with the view that  
adatom formation, by reduct ion of Hg(II)  using charge 
stored in the double layer, is the ma in  potent ia l -  
de termining  process. 

The exper imental  o-E plots calculated from t h e  
coulostatic data agree well with Eq. [11]. As stated 
above, this would be the case when  the bracketed 
term in  the denominator  of Eq. [10] is insignificant 
with respect to k. Thus, the bracketed te rm in  Eq. 
[10] must  be almost zero, and 

CM ~ Cs(Es* -- E)/(EM* -- E) [13] 

Values of CM, calculated from Eq. [13], range from 
30 to 40 ~C/m 2 for near ly  all the exper imental  data 
if EM* is taken to be equal to that of bu lk  mercury.  
Thus, the value of CM is surpr is ingly similar  to that 
of mercury  at anodic potentials. 

The value of k in  Eq. [11] (as determined coulo- 
metr ical ly)  is 295 #C/cm 2 in the UPD coverage -range 
of mercury,  0.06 --~ 0 --~ 0.2. This coulometric value was 
calculated from the charge required to oxidize the 
UPD mercury  from the disk electrode. The value of k 
calculated from the "straight" lines plots in  Fig. 4 were: 
curve B, 300 #C/cm 2 and curves C and D, both 295 
~C/cm 2. Thus, the predictions of the coulostatic re laxa-  
tion mechanism agree well  with independent  coulo- 
metric data for Hg(I I )  UPD as Hg(0). 

A g + / A g  on A u  and Pt . - -Two other systems were 
studied to investigate the general i ty  of the coulostatic 
UPD phenomena.  The ED-t curve shown in  Fig. 2 
for the Ag+/Ag  system on Au and Pt  shows that  coulo- 
static deposition occurs on these two metals. For the 
Ag+ /Ag  on Au system, the UPD isotherm is very 
steep in the range 0 ~-- 0 --~ 0.3, and Eeq was observed 
to be near ly  independent  of El. Ag + does not appear to 
absorb on Au appreciably in  the potential  range 
studied and Eq. [11] adequately describes the E-0 
paths. The Ag +/Ag on Pt  system shows more complex 
behavior than the other systems during coulostatic re-  
laxat ion experiments.  The isotherm for Ag on Pt is 
shown in Fig. 5. These data are presented in terms of 
microcoulombs per square cent imeter  of Ag( I )  con- 
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Fig. 6. Current-potential curve for Pt disk electrode in 0.2M 
H2S04. Area of disk = 0.46 cm 2, roughness factor =-- 1.6, dEd]dt 
= 100 mY/sec. 

sumed at the disk in  order to clarify the discussion 
that follows. 

A comparison of the isotherm with the cur ren t -  
potential  curve for p la t inum in  0.2M H2SO4 (Fig. 6) 
indicates that a significant quant i ty  of a silver species 
exists on the p la t inum surface in  the potential  region 
where some surface oxidation has occurred. 

Figure 7 represents the charge-potent ial  curve cal- 
culated from the anodic current -potent ia l  scan in  
Fig. 6. In going from 0.2 to 0.64V, 90 ~C/cm 2 are re-  
quired for double layer  charging and electrode oxida- 
tion. A RRDE experiment,  conducted dur ing  a coulo- 
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Fig. 7. Charge-potential curve for anodic portion of Fig. 6 
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stat ic  r e laxa t ion  expe r imen t  in 2 • 10-5M Ag + in 
0.2M H2SO4 (Fig. 2), showed that  88 ~C/cm 2 of Ag + 
was consumed at  the  disk be tween 0.2 and 0.64V. The 
agreement  be tween  the amount  of Ag  + consumed and 
the charge da ta  in Fig. 7 is most  s imply  exp la ined  by  
the reduct ion of Ag + to Ag(0 )  on p l a t inum dur ing  the 
coulostatic re laxat ion.  The charge  requ i red  for this r e -  
duction was suppl ied  f rom the double  l ayer  and by  
e lect rochemical  oxida t ion  of the  p l a t inum surface, jus t  
as is the  case when anodic charge flows in the  ex te rna l  
circuit.  

I t  should be noted tha t  the f ract ion of the  p l a t inum 
surface tha t  m a y  be oxidized at Eeq is not  large.  How-  
ever, the  conclusion tha t  some p la t inum surface oxi-  
da t ion  occurs as a resul t  of the  couples 

Ag + -t- P t  + e-> AguPD 

P t  --> P t  (oxidized)  + e 

is an  indicat ion of the  s t rength  of the  in te rac t ion  be-  
tween  UPD si lver  and surface p l a t i num atoms. 

Conclusion 
The eoulostat ic process can lead  to significan~ sur -  

face coverages of species which can be unde rpo ten -  
t i a l ly  deposited.  Thus, when an open-c i rcu i ted  e lec-  
t rode  is immersed  in a solut ion conta ining meta l  ions 
which can underpo ten t i a l ly  deposit,  the  e lect rode po-  
ten t ia l  wi l l  dr i f t  to a potent ia l  de te rmined  by  the UPD 
iso therm for the  meta l  ion / subs t r a t e  system. Changing 
the concentra t ion of the me ta l  ion present  in solut ion 
wil l  then  produce  another  shif t  in potent ia l  to a new 
point  on the  UPD isotherm. This phenomenon provides  
a mechanism tha t  expla ins  how "noble" meta l  e lec-  
t rodes such as p l a t inum and gold can act as indica tor  
e lectrodes in potent iometr ic  t i t ra t ions  involving cer-  
ta in  meta l  ions, such as Ag +. Also, given the UPD iso- 
t he rm for a pa r t i cu la r  meta l  ion at different  meta l  
substrates ,  the  coulostat ic theory  predic ts  which meta l  
subs t ra te  wil l  y ie ld  the  la rges t  change in end-po in t  

potent ia l  dur ing  a potent iometr ic  t i t rat ion.  The coulo-  
stat ic UPD process also provides  another  w a y  to a l t e r  
the  character is t ics  of e lec t rocata lys ts  by  (unsuspected)  
t race  meta l  ion impur i t ies  and  should be added  to t h e  
catalog of mechanisms by  which e lect rode processes 
can be un in ten t iona l ly  inh ib i ted  or accelerated.  
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Coulostatic Deposition of Metals at Underpotential 
II. The Effect of Heterogeneous Chemical Reactions on the Potential Relaxation Process 
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ABSTRACT 

The coulosta t ical ly  control led underpo ten t ia l  deposi t ion (UPD) proc-  
esses A g ( I )  + e = Ag on gold and p l a t inum and Hg.(II) % 2e = Hg on gold 
have been shown to lead to anodic potent ia l  excursions (1). Chemical  reac-  
tions tha t  precede and /o r  accompany coulostat ic underpo ten t ia l  deposi t ion 
can produce two other  kinds of potent ia l  re laxat ion.  For  example ,  the po-  
tent ia l  of an oxidized gold electrode,  on being open-c i rcu i ted  in H g ( I )  solu-  
tions, shifts cont inuously  to a more  cathodic potent ia l  unt i l  equ i l ib r ium is 
reached.  The H g ( i )  reduces the gold oxide and then  produces  a UPD m e r -  
cury  layer  on the gold surface th rough  the d ispropor t iona t ion  react ion 

( H g  ( I ) ) 2  + Au-~  A u - H g  % H g ( I I )  

The potent ia l  shift  ceases when the Nernst  potent ia l  is reached.  The potent ia l  
of a reduced  gold electrode,  on being open-c i rcu i ted  in a H g ( I )  solution, in i -  
t i a l ly  shifts anodical ly  and then  shifts ca thodica l ly  unt i l  equi l ib r ium is 
reached.  The ini t ial  anodic shift  is due to a convent ional  coulostatic deposi t ion 
mechanism whi le  the  subsequent  cathodic shift  is due to the d i spropor t iona-  
t ion mechanism given above. 

In  a previous  paper  deal ing With potent ia l  r e l a xa -  
tions occurr ing at open-c i rcu i ted  me ta l  electrodes,  a 
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AMAX, Incorporated, Extractive Metallurgy Department, 

Golden, Colorado 80401. 
2 Medtronic, Incorporated, Power Sources R & D Department, 

Minneapolis, Minnesota 55418. 
Key words: coulostatic, underpotential  deposition, heterogene- 

ous reaction. 

theory  for  coulostat ic underpo ten t i a l  me ta l  deposi t ion 
(UPD) was developed (1). Expe r imen ta l  evidence 
was given for ze ro -cur ren t  UPD in the  systems A g + /  
Ag on Pt, A g + / A g  on Au, and Hg2+/Hg on Au. In 
these systems, the  coulostat ic process causes a mono-  
tonic anodie potent ia l  excurs ion tha t  stops when the 
UPD surface coverage and e lect rode potent ia l  reach  
the UPD isotherm for the  system. In this paper ,  two 
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si tuat ions a re  considered tha t  exhib i t  cathodic po ten-  
t ia l  excursions,  both  tak ing  place  in d i lu te  Hg (I)  solu-  
tions in 0.2M H2SO4. In  the  first case, an oxidized gold 
e lec t rode  is open-c i rcui ted ,  and in the  second case an 
oxidized gold e lec t rode  surface is e lec t rochemica l ly  
reduced  and then open-c i rcu i t ed  at  a cathodic po ten-  
tial.  The ( in i t ia l ly)  anod~cally poised sys tem exhibi ts  
a monotonic cathodic po ten t ia l  excursion,  whi le  the  
( in i t ia l ly)  ca thodica l ly  poised sys tem first undergoes  
an anodic potent ia l  shift, which  is then  fol lowed by  
a cathodic potent ia l  excursion.  The concepts deve loped  
prev ious ly  (1) a re  val id  in these more  compl ica ted  
systems where  heterogeneous  chemical  react ions also 
occur .  

We show be low that :  (i) when  an oxidized gold 
e lec t rode  is open-c i rcu i ted  in a H g ( I )  solution, the  
e lect rode surface  is first reduced  by  the ox ida t ion  of 
H g ( I )  to H g ( I I ) ,  and then  covered wi th  UPD Hg r e -  
sul t ing f rom the d i spropor t iona t ion  reac t ion  

(Hg (1)) s + Au  ~ A u - H g  + Hg ( n )  [1] 

and (ii) when a reduced  gold e lec t rode  is open -c i r -  
cui ted  in a H g ( I )  solution, coulostat ic UPD of Hg 
first shifts the  potent ia l  anodica l ly  then  the d i sp ropor -  
t ionat ion  reac t ion  shifts the  potent ia l  cathodical ly.  
In  both  cases the  poten t ia l  r e l axa t ion  ceases when the 
Nerns t  potent ia l  is reached.  

Theoretical 
Double layer charging in the presence of surface 

chemical reactions.--If  an e lect rode is potent ios ta ted  at 
a potent ia l ,  Ei, and then  open-c i rcui ted ,  and a chemi-  
cal  process occurs to produce  or remove  a monolayer  
film of coverage, e, the  equ i l ib r ium elec t rode  potent ia l  
wil l  correspond to a point  on the  i so therm of the  ad-  
sorba te  being fo rmed  or  removed.  The charge in the  
double  l aye r  may  be expressed by  

Qsi - q~,o : AC~,o (Eo* -- E) [2] 

where  QEi is the  charge  in the double  l aye r  at  the  po-  
ten t ia l  of disconnect,  Ei, A is the  microscopic e lect rode 
area, and CE~O is the  in tegra l  double  l aye r  capaci tance 
per  uni t  area. C~,o is defined wi th  respect  to the  e -de-  
penden t  potent ia l  of zero charge, Eo*, and is a funct ion 
of E and e. qE,o is the charge in jec ted  into or  removed 
f rom the double  l aye r  on "adsorbing"  one or more  
solut ion species in going f rom Ei to E. A par t  of q~.o 
may  involve one or more  species de tec table  at  the  r ing 
e lec t rode  of a r i ng -d i sk  electrode.  When  this is the  
case, i t  becomes possible  to quant i ta te  the  change in 
the  flux of these species to or  from the disk e lect rode 
surface and to descr ibe  these flux changes in te rms of 
adsorpt iom Using disk e lect rode charge  da ta  obta ined  
in exper iments  subsequent  to the  open-c i rcu i t  (coulo-  
s tat ic)  expe r imen t  and making  assumptions  concern-  
ing the  double  l ayer  capacitance,  the  net  charge of 
the  adsorba te  can be est imated.  

Interpretation of ring electrode currents.--The r ing-  
disk e lect rode is used to de te rmine  the presence,  gen-  
eration, or r emova l  of the  H g ( I )  and H g ( I D  species. 

At  ER ---- 1.0V, the reac t ion  

(Hg(1) )2  ~-- 2Hg(I I )  + 2 e -  [3] 

occurs, whi le  at ER = 0.0V, the react ions 

( H g ( I ) ) 2  + 2 e -  ~ 2 H g  [4] 
and 

Hg (II)  + 2e -  ~-- Hg [5] 

occur. Thus, r ing e lect rode cur ren t  measurements  at 
ER = 1.0V and 0.0V al low us to de te rmine  the disk 
e lec t rode  surface concentra t ions  of H g ( I )  and H g ( I I )  
in a H g ( l )  solution, using the fundamen ta l  definit ion 
of the  collect ion efficiency, N, at both  r ing e lec t rode  
potentials .  

In  the discussion tha t  follows, Cn s represents  the  
concentra t ion  of i - lg (h)  at  the  a isk  elec~roae surface 

and Ci s and CI b represen t  the  disk e lec t rode  surface 
and bu lk  concentra t ions  of (Hg( I ) )2 ,  respect ively .  

F o r  E R = 1.0V, the  flux of H g ( I )  to the  r ing  equals  
the  flux of Hg (I)  f rom solut ion plus the  flux of Hg (I) 
f rom the disk, or 

(iR) 1.0 
- -  f l 2 / 3 L C l b  - -  N L ( C l  b - -  Cl  s)  

2F 
and 

(iR) 1.0 : - -  2FL{ (fl 2/3 -- N)C, b + NCl s} [6] 

where L is the Levich constant relating flux and spe- 
cies concentration (2), F is the Faraday, fl2/s the ratio 
of the convective-diffusion controlled ring to disk 
electrode currents when the ring operates in the ab- 
sence of a disk current, and (/R)L0 is the ring elec- 
trode current when ER ---- 1.0V. 

For ER = 0.0V, the flux of Hg(II) to the ring elec- 
trode is the  RRDE collection efficiency t imes the  flux 
of H g ( I I )  leaving  the disk electrode;  hence the  pa r t  
of the  r ing cur ren t  at  ER = 0.0V due to reduc t ion  of 
Hg (II)  is 

(iR,n)o.o -- 2FLNCSHg(n) [7] 

The Hg (I) flux balance leads to 

(ia,i)o.o 
i -- ~$/8 < Ci b __ NL(CI b _ Ci s)  

2F 
or  

(iRI) 0.0 = 2FL { (;~2/3 _ N)Cz b + Net s} [8] 

where (iRa)0.o is the part of the ring current at ER = 
0.0V due to Hg(1) reduction. Equation [8] describes 
the Hg(1) shielding process. The observed ring cur- 
rent, (iR)0.o in a solution containing (Hg(1))2 and 
in which Hg(II) is generated at the disk is 

(iR)o.o • (ia,iDo.o + (iz,Do.o 
or  

(JR)0.0 -- 2FL {(/~2/~ _ N)Cl b + N(Cn s + ClS)} [0] 

where it is assumed that DI = Dn, as observed to a 
very  good approx imat ion  (8). 

Experimental 
Reagents .--Supporting elec t ro ly te  solutions were  

p repa red  f rom t r i p ly  dis t i l led  wa te r  and Baker  Ana -  
lyzed Reagent  Grade  sulfuric  acid. Stock 0.1M (Hg ( I ) )  s 
was p repa red  according to a p rocedure  descr ibed  else-  
where  (4, 5). The solut ion was in i t ia l ly  s tandard ized  
using Pugh 's  method (4) and was l a t e r  r es tandard ized  
via  amperomet r i c  t i t ra t ion  wi th  s t anda rd  chlor ide  so- 
lution. 

Equipment . - -Standard l abo ra to ry  equ ipment  was 
used for these exper iments .  The rotator ,  e l ec t rochemi-  
cal cell, potent iostat ,  and the  d igi ta l  da ta  acquisi t ion 
and control  sys tem have been descr ibed  e lsewhere  (6). 

Data acquisition.--The da ta  acquisi t ion sequence 
used to obta in  da ta  for  zero cur ren t  exper iments  in i -  
t ia ted  on reduced gold electrodes (0.gv > Ei > --0.2V) 
is ident ical  to tha t  descr ibed prev ious ly  for  the  Hg ( I I ) ]  
Hg on Au  sys tem (1). However ,  for the H g ( l )  sys tem 
it  was necessary to pe r fo rm rota t ing r ing -d i sk  elec-  
t rode  exper iments  wi th  the  r ing  e lect rode potent io-  
s ta ted at two r ing potent ials ,  i.e., at 0.0V where  both  
Hg(f I )  and H g ( I )  a re  reduced  at  convective diffusion 
control  and at  1.0V where  H g ( I )  is oxidized and can 
be se lect ively  moni to red  in the  presence of H g ( I I ) .  

The da ta  acquisi t ion sequence for zero cur ren t  ex -  
per iments  in i t ia ted  on an oxidized e lec t rode  was s imi-  
la r  to the  one descr ibed in Ref. (1). Fol lowing  p re -  
t r ea tmen t  of the  gold d isk  electrode,  the potent ia l  
was s tepped to 1.2V and ma in ta ined  there  for 5 rain 
at ~ _-- 0 rpm. Af te r  potent ios ta t ing  the  r ing e lect rode 
at  the  appropr ia t e  i~otential (1.0 or  0.0V), the  e lec t rode  
was ro ta ted  at ~ ---- 2500 rpm, the  d isk  e lec t rode  cu r -  
ren t  was set to zero, and the disk e lect rode po ten t i a l -  
t ime and the r ing e lec t rode  c u r r e n t - t ime  responses 
were  s imul taneous ly  recorded.  
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The charge required to electrochemically reduce the 
oxidized gold electrode surface formed at 1.2V was de- 
termined by separate l inear  voltage scan experiments  
and was related to the microscopic surface area ac- 
cording to the procedure of Brummer  and Makrides 
(7). The value of the "real" surface area was needed 
to relate experiments  done using different electrodes, 
since the electrode roughness determines both the 
double layer  capacitance and the charge corresponding 
to one monolayer  of UPD mercury.  

Results and Discussion 
Zero current  reduction of oxidized gold: ED >" 0.95V. 

~ D i s k  electrode potent ia l - t ime curves .~Coulos ta t ic  
relaxat ion experiments  in the presence of Hg(I)  were 
performed at an oxidized gold elect, rode poised at an 
init ial  potential, Ei, of 1.2V. The zero current  disk 
electrode potential- t ime,  ED-t, response obtained is 
shown in  curve A of Fig. 1. 

After open circuiting the oxidized gold electrode, 
the potential  rapidly  shifts cathodically from 1.2 to 
0.95V. Gold oxide reduction occurs at these potentials, 
and, therefore, the ini t ia l ly oxidized gold surface must  
be undergoing reduction. Hg(I )  is oxidized at poten-  
tials where the gold oxide surface is reduced (3). 
Therefore, oxidation of Hg(I )  by  surface gold oxide 
is a thermodynamical ly  Sl~ontaneous process. Since the 
Au e}ectrode is open-circuited, it is plausible that  re-  
duction of the oxide occurs via the heterogeneous 
chemical reaction 

[Hg (I)]~ + Au (oxidized) ~--2Hg(II) + Au (reduced) 

[I0] 

Since 0.95V is sl ightly anodic of the UPD isotherm, 
no UPD Hg deposition can occur (1, 8). 

Ring electrode curren t - t ime  c u r v e s . ~ T h e  r ing elec- 
trode cur ren t - t ime  responses accompanying the cath- 
odic disk potential  drift  of Fig.  1, curve A, are shown 
in  Fig. 2. The shielding response curve for Hg (2) (ER = 
1.0V, curve A) shows that it is being consumed at all 
disk potentials more anodic than  ~0.4V (times less 
than 75 sec). However, the r ing electrode collection 
current  for Hg( i I )  and Hg(I)  (ER ~ 0.0V, curve B) 
is ini t ia l ly  greater  than its unshielded value. It re-  
turns  to the l imit ing value about the t ime the Au disk 
electrode potential  drops below ~0.95V, the potential  
corresponding to complete reduction of gold oxide. 
The iR-t curves are consistent with reaction [10] since 
the Hg(I)  r ing shielding response shows that it is con- 
sumed quant i ta t ively  at the disk electrode, if reaction 
[10] is quanti tat ive,  CI s = 0. Thus according to Eq. 
[6], the change in r ing current  in going from a surface 
concentrat ion of zero, when there is reaction according 
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Fig. 1. Zero current potential-time responses at an oxidized 
gold disk electrode in: curve A. 0.2M H2504-2.0 >K 10-5M Hg22+; 
and curve B, 0.2M H2504. ~ ~ 2500 rpm. 
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to Eq. [10], to a value of Cz s when  there is no reaction, 
is 

(h/R) 1.0 -" 2FLNCI s 

The disk electrode l imit ing current  for the oxidation 
of Hg (I) to Hg (II) (reaction [3]) is 

(iL) 1.0 "- --2FLCI s 
Hence 

(&/R) 1.0 - -  - -  N ( iL)  1.0 [ l l l  

The average value of AiR for 10 experiments  of the 
kind shown in Fig. 2, curve A, was 4.9 _ 0.2 ~A. The 
value of (iL)I.0 was --14.2 and N -- 0.341, yielding 4.8 
~A for the product N(iL)I.0, in  good agreement  with 
the observed values of ~im Note that  the exper imental  
value of (iL)I.0 is only 90% of the theoretical value. 
This low value of (iL)1.0 also occurs at p la t inum elec- 
trodes (7), appears to be associated with kinetic com- 
plication in the oxidation of Hg(I ) ,  and in  no way 
affects our interpretat ion.  

The r ing collection response shows a cathodic cur-  
rent  greater than the unshielded Hg (I) reduct ion cur-  
rent  when ED ~ 0.95V, i.e., during the reduction of 
oxidized gold. We calculate the change in  ring current ,  
(AIR)0.0, when  the reaction given by Eq. [10] occurs 
as compared to when  there is no reaction, as follows. 
Ini t ia l ly  in the absence of reaction, the surface con- 
centrations of Hg(I)  and Hg(I I )  are CI b and 0, re-  
spectively, and they are 0 and Cz s, respectively dur -  
ing the reaction. Thus 

(AIR) 0.0 : 2FNL (CH s -- CI b) 

If Eq. [8] is quanti tat ive,  and DI -- Dm CII s = 2CI b, 
and 

(hiR) 0.0 = 2FNLCI b [12] 

The cathodic disk l imit ing current  for reduct ion of 
Hg( I )  to Hg is 

( iL)  0.0 -" 2 F L C I  b 
thus 

(hiR)0.0 -- N(iL)0.0 [13] 

We found Aia = 5.9 • 0.4 ~A from 10 experiments  of 
the type shown in Fig. 2, curve B. The value (iL)0.0 is 
16.0 ~A and N = 0.341 yielding a calculated value for 
the product of N (iL)0.0 of 5.5 ~A, in satisfactory agree- 
ment  with the assumption that reaction [10] occurs 
quant i ta t ively  at an oxidized gold electrode. 

Charge balance.--The open-circui t  potential  re laxat ion 
must  s imultaneously satisfy Eq. [2] and the isotherm 
for oxygen coverage on gold. Since QEi iS constant and 
C~,o and E0 are predetermined (but  unknown)  func-  
tions o] E and 0, q~,0 must  adjust  to satisfy the require-  
ments of Eq. [2]. Therefore, charge balances between 
the quant i ty  of gold oxide existing on the electrode 
surface and the various mercury  species were made 
at 1.2V. Ali our  experiments  started at 1.2~Z, and it  
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w a s  assumed that  0 ---- 1 for oxygen coverage (2.1 X 
10 -9 g-atoms O/cm2), as stated by Brummer  and 
Makrides (7). 

Wri t ing the reduct ion reaction as 

AuO 4- (Hg( I ) )2  4- 2H + - -  Au + H20 4- 2Hg(II)  
[14] 

we see that  No : N(Hg(I))2 - -  --l~NHg(n), where N is 
the number  of gram-atoms of the subscript species 
consumed. Eight replicate coulostatic re laxat ion ex- 
per iments  were performed in  2.0 • 10-~M (Hg( I ) )2  
solution. Ring electrode experiments  at ER = 0.0 and 
1.0V showed that  in  going from 1.2 to 0.95V (oxidized 
to reduced surface) 4.0 _ 0.1 • 10 -9 g-a toms/cm 2 of 
Hg(I I )  were produced and 2.1 +__ 0.2 • 10 -9 g-a toms/  
cm 2 of (Hg( I ) )2  were consumed. Any discrepancies 
be tween these values and the number  of O atoms on 
the in i t ia l ly  oxidized gold surface (2.1 • 10 -9 g- 
a toms/cm 2) are wi thin  exper imental  error, and there 
is no evidence for any Hg species contr ibut ing to the 
value of qe,o (Eq. [2]) in the potential  range 1.2-0.95V. 

Formation ol UPD mercury by disproportionation o~ 
(Hg(II))z.--In the mater ia l  that  follows we wil l  dem- 
onstrate that  dur ing the disk potential  re laxat ion proc- 
ess that  occurs after the reduction of AuO (E < 0.95V), 
the surface concentrations of [Hg(I)]2  and Hg (II) are 
in  quant i ta t ive  agreement  with Eq. [1], and also that 
the amount  of UPD Hg deposited agrees with the 
stoichiometry required by Eq. [1]. 

Ring current responses.--After the gold oxide surface 
is reduced, curve A of Fig. 1 shows that  ED shifts cath- 
odically to 0.40V, the equi l ibr ium potent ial  we found 
for a Hg-covered gold electrode in  the solution used. 
The accompanying r ing current  responses are given 
in  Fig. 2. At 1.0V, the ring current  remains completely 
shielded, as it was dur ing the reduction of the oxidized 
gold surface. Clearly, Hg(I )  continues to be removed 
at the disk electrode surface. Also, at ER : 0.0V, the 
cathodic ring current  changes in a direction corre- 
sponding to a decrease in the reducible flux reaching 
the r ing electrode. Both r ing current  responses agree 
with the quant i ta t ive  surface disproport ionation of 
Eq. [13]. 

As shown above, if CI s ---- 0, Eq. [6] predicts a 
shielded r ing current  given by Eq. [11], and there 
should be no change in  iR between 0.95 and 0.40V 
since Eq. [1] continues to hold C, s -- 0. 

Fur ther  according to Eq. [1] and assuming DI = Dn 

CnS : Cib 

Subst i tu t ing this result  and CI s : 0 into Eq. [9], the 
expression for the r ing current  at 0.0V is 

(iR) O.0 : 2FL/~2/3CIb 
or 

(iR) O.O = ~2/3 (iL) O.0 [15] 

In  a 2.7 • 10-SM (Hg( I ) )2  solution, (iL)0.0 = 21.6 ~A. 
Using the value, f12/~ = 0.94, we calculate the product 
fl2/3 (iL)0.0 to be 20.3 ~A (9 exper iments) ,  in agreement  
with Eq. [15]. 

Thus the r ing current  responses at 1.0 and 0.0V are. 
in  quant i ta t ive  agreement  with the assumed heteroge- 
neous disproport ionation reaction. 

Anodic stripping behavior.~Equation [1] also predicts 
that UPD mercury  will  deposit on the electrode sur-  
face. Curve A, Fig. 3, is an anodic current -potent ia l  
curve seen on a gold disk electrode that has relaxed 
from 1.2 to 0.4V at open circuit. It yields anodic str ip- 
ping peaks not found on a bare gold electrode. Ring 
electrode collection curves at ER : 1.0V (not shown) 
and 0.0V (curve B, Fig. 3) demonstrate  the collection 
of a species whose electrochemistry is that of Hg( t I ) .  
Identical  behavior  is found for UPD Hg on Au. 

The amount  of UPD Hg assumed to be stripped was 
calculated from the disk anodic charge. In  one par t icu-  
lar exper iment  this charge corresponded to 1.7 • 10 -9 
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Fig. 3. Disk electrode stripping (curve A) and ring electrode col- 
lection response (curve B) obtained during anodic potential sweep 
after the zero-current experiment of Fig. 1, m = 2500 rpm, ER 
= 0.0V. 

g-a toms/cm 2, while 2.0 • 10 .9  g-a toms/cm ~ of Hg(II)  
were formed, as calculated from the r ing electrode 
collection. The discrepancy between the disk str ipping 
and r ing collection values is caused by adsorption of 
a charged Hg species at the disk (see below).  

The spontaneous formation of UPD mercury  by Eq. 
[1] is not real ly  surpris ing despite the unfavorable  
thermodynamics  for this process at a bu lk  mercury  
surface. The strong interact ion of Hg with Au on the 
formation of UPD mercury  supplies the necessary 
driving force. The disproport ionation reaction should 
cease when the UPD mercury  surface becomes the 
same as that  of bulk  mercury.  This proves to be the 
case since the "equi l ibr ium" potent ial  of a gold elec- 
trode in [Hg (I) ]2 solutions is the same as that  of a bulk  
mercury  surface (5). Note that  the effect of the dis- 
proport ionat ion reaction on the potent ial  of the Hg/  
(Hg (I ) )2  interface is negligible under  our exper imen-  
tal conditions. 

In  eight replicate exper iments  at ER -- 1.0V, it  was 
found that  1.9 • 0.2 • 10 -9 g-a toms/cm 2 of [Hg(I ) ]2  
were consumed in going from 0.95 to 0.40V (bare gold 
electrode to Hg-coated electrode). The stoichiometry 
of the disproport ionation reaction (Eq. [1]) requires 
that  NcHgCI))2 = NHg(UPD). This relationship is consis- 
tent  with the r ing electrode collection data obtained 
during anodic str ipping of UPD Hg, 1.9 • 10 -9 g- 
atoms/cm 2 (3). The discrepancy between the quant i ty  
of Hg stripped from the disk electrode (1.7 • 10 -9 
g -a tom/cm 2) and the quant i ty  consumed at open cir-  
cuit and collected at the r ing electrode dur ing the disk 
electrode anodic str ipping exper iment  can again be at-  
t r ibuted to the adsorption of a charged mercury  spe- 
cies on the disk electrode surface (8). The small  shield- 
ing response at ER ---- 0.0 immediate ly  after gold ox- 
ide reduct ion (shaded area, curve B, Fig. 2) is also 
consistent with the adsorption of a charged mercury  
species on the disk electrode since nei ther  Eq. [1] 
nor Eq. [10] predict electrode shielding when ER = 
0.0V. The area of the shaded port ion of curve A cor- 
responds to only 1.6 • 10 -10 g-a toms/cm 2 of adsorbed 
mercury  species, compared to a difference be tween r ing 
electrode collection and disk electrode str ipping values 
of 5.4 • 10 -1~ g-a toms/cm 2. The addit ional  charged 
mercury  species adsorbed on the electrode surface at 
open circuit may be produced via a coulostatic dis- 
charge (oxidation) process, indicat ing that  qE,e (Eq. 
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Table I. UPD Hg coverage for 0.95 > ED > 0.40V obtained 
using ER = 1.0V data (0~.0.R) 

ED(V) ~I.0,R ~tso 

0.80 0.20 0.25 
0.70 0.42 0.45 
0.60 0.55 0.58 
0.50 0.78 0176 
0.40 0.97 LO0 

[2]) has a nonzero va lue  in the  potent ia l  range  0.95- 
0.40V. 

Hg coverage vs. E. - -The  coverage of gold wi th  UPD 
Hg af ter  reduct ion  of the oxidized gold should, ac-  
cording to Eq. [2], obey the E-0 i so therm for UPD 
Hg. Table  I shows the coverages de te rmined  at  va r i -  
ous in tervals  in the  potent ia l  range  0.95V > ED > 0.40V 
using ER ---- 1.0V data. 

The i so therm coverage, 0iso, (column 3) de te rmined  
independen t ly  (8) agrees wel l  wi th  tha t  obta ined  using 
the r ing electrode.  This resul t  confirms tha t  the  dis-  
propor t iona t ion  reac t ion  de termines  the  potent ia l  r e -  
l axa t ion  response dur ing  the cathodic shif t  at  potent ia ls  
be tween  0.95 and 0.40V. 

Potential relaxation o~ a reduced Au electrode 4- 
0.9V > E~ ~ 0.2V.--If a reduced gold e lect rode po ten-  
t ios ta ted at  1.0V is s tepped to a potent ia l  in the region 
+0.9  to --0.2V, and then  open-c i rcu i ted  the  e lec t rode  
potent ia l  in i t ia l ly  re laxes  anodical ly  and then  re laxes  
cathodical ly,  s topping at  0.40V in a 2 • 10-5M 
( H g ( I ) ) 2  solution. Typical  exper iments  a re  shown in 
Fig. 4. 

Our in t e rp re t a t ion  of this r e l axa t ion  response is: 
(i) Dur ing  the anodic potent ia l  shift,  coulostatic dis-  
charge of ( H g ( I ) ) 2  occurs, producing  UPD me rc u ry  
on the  gold e lect rode surface. The explana t ion  of this  
process is ident ica l  to that  given ear l ie r  (1) in H g ( I I )  
solutions. (ii) The anodic potent ia l  excursion ceases 
w h e n  6Sg  and E correspond to the  UPD iso therm for 
Hg on Au. (iii) The cathodic potent ia l  excursion p ro -  
ceeds via the  d ispropor t iona t ion  react ion of Eq. [1]. 

Anodic potential shift region.--As the e lect rode poten-  
t ia l  shifts f rom El to a m a x i m u m  anodic value,  the 
iR-t curves show tha t  [ t t g ( I ) ] 2  is quant i ta t ive ly  
consumed at  the disk e lect rode and no H g ( I I )  is p ro-  
duced (Fig. 5). We calculate  the e lec t rode  coverage 
wi th  mercu ry  species f rom the total  amount  of shie lded 
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Fig. 5. Ring electrode current-time responses accompanying curve 
B of Fig. 4. Curve A, ER = 0.0V; curve B, ER = 1.0V. 

H g ( I )  (Fig. 5, curve A ) ,  and calcula te  o assuming 
tha t  2.0 • 10 -9 g - a t o m / c m  2 of to ta l  me rc u ry  species 
corresponds to 0 = 1 (3). Typica l  Ei-0R,0.0 da ta  a re  
r epor ted  in columns 1 and 3 of Table  II. The m a x i m u m  
anodic disk potent ia l  ( E D  P, column 2) obta ined dur ing  
the po ten t i a l - t ime  re l axa t ion  should correspond to a 
point  on the UPD-Hg  isotherm, if the  me rc u ry  species 
being produced is UPD mercury .  The last  column of 
Table II  corresponds to the  value  of 0iso according to 
the  previous ly  de te rmined  UPD-Hg iso therm (8). The 
agreement  be tween  0iso and 0R.0.0 da ta  is exce l len t  and 
thus confirms the mechanism of the  coulostat ic  dis-  
charge process. Note tha t  as Ei is made  more  anodic, 
ED P becomes more  anodic and the coverage obta ined  
by  coulostatic deposi t ion decreases.  At  Et = 0.gv, the  
anodic excurs ion and resu l tan t  coulostat ic coverage are  
nea r ly  zero, imply ing  tha t  a l l  UPD-Hg is formed ac-  
cording to the  d ispropor t iona t ion  reaction, Eq. [3]. 

Cathodic potential shiit region.--Table I I I  presents  
cathodic E-0 da ta  obtained for an e lec t rode  in i t ia l ly  
potent ios ta ted  at  0.5V. The e lect rode potent ia l  first 
shifts anodica l ly  to a m a x i m u m  of 0.78V, and then 
shifts cathodical ly.  The potent ia ls  observed dur ing  this 
cathodic excurs ion ED c, are  given in column 1 of Table  
III. Column 2, 01.0,m is the coverage ca lcula ted  f rom 
ring da ta  at  ER = 1.0V, and the th i rd  column, 0tso, is 
the  va lue  of coverage t aken  f rom the prev ious ly  de -  
t e rmined  i so therm (8). Again, agreement  be tween  
O~.o and 0iso is excellent, confirming that the dispropor- 

Table II. A comparison of the coverages (eR,o.0) obtained at 
ED P under zero-current conditions to isotherm coverages at 

the some potential 

El (V) EDP(V) 0R,o.o e i , o  

- 0 . 2  0.63 0.53 0.55 
- 0 . 1  0.65 0.53 0.53 

0.0 0.66 0.47 0.51 
0.1 0.70 0.41 0.44 
0. 9. 0.71 0.39 0.43 
0.3 0.75 0.38 0.36 
0.4 0.76 0.32 0.33 
0.5 0.78 0.28 0.28 
0.6 0.80 0.25 0.24 
0.7 0.81 0.22 0.22 
0.8 0.84 0.19 0.17 
0.9 0.90 0.03 0.03 
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Table Ill. A comparison of the coverages (01.0,R) obtained 
daring the cathodic potential shift of an electrode initial 

open circuit at 0.SV 

EoC (V) OLa O~ ~o 

0.78 0.28 0.28 
0.70 0.42 0.45 
0.60 0.59 0.58 
0.50 0.77 0.76 
0.40 0.98 1.00 

t ionat ion mechanism governs the cathodic part  of the 
open-circui t  discharge process that  follows the ini t ial  
anodic potential  excursion. 

Conclusions 
The occurrence of two independent  processes, 

namely,  spontaneous reduct ion of gold oxide by 
(Hg( I ) )2  and disproport ionation of (Hg(I))2 ,  pro-  
duces a cathodic potential  shift on an in i t ia l ly  oxi- 
dized gold disk electrode under  open-circui t  condi- 
tions. When open-circui t  exper iments  are performed 
on an in i t ia l ly  reduced gold disk electrode, there is 
first an anodic potential  excursion, dur ing which UPD 
Hg deposits coulostatically, and then there is a cath- 
odic potential  excursion as the UPD Hg coverage in -  
creases via disproport ionation of (Hg( I ) )2  along the 
UPD isotherm. The point  at which the potential  ex- 
cursion changes direction corresponds to a UPD mer-  

cury coverage relationship of the UPD isotherm. The 
final mercury  coverage obtained for all ini t ia l  poten-  
tials of open circuit ing was 0 = 1, as predicted from 
the theory developed in  Ref. (1). 
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ABSTRACT 

The kinetics of the F e ( I I ) - F e ( I I I )  and of the hydroquinone-quinone  re-  
action were investigated on smooth rhodium covered with oxygen to the ex- 
tent  of 0 ---- 0 to 1.5 monolayer  charge equivalents  (2 electrons per oxygen 
atom).  For the F e ( I I ) - F e ( I I I )  system the apparent  rate constant  varies sys- 
tematical ly from ka ~ = 4.60 • 10 -4 cm sec -1 at 0 ---- 0 to ka ~ = 2 X 10 -5 cm 
sec -~ at o = 1.40 and it does not seem to decrease significantly after  that. The 
charge transfer  coefficient is 0.55 ~ 0.04 independent  of 0. For the hydro-  
qu inone-quinone  system, ka ~ = 2.42 X 10 -4 cm sec -1 at 0 ---- 0 and ka ~ -- 1.87 
• 10 -5 cm sec -1 at 0 ---- 0.75 and it varies only li t t le for 0 --~ 0.75. The charge 
transfer  coefficient is 0.53 • 0.07. Data are interpreted on the basis of a block- 
ing effect, the charge t ransfer  rate on oxygen-covered rhodium being negl i -  
gible as compared to that  on the free surface. 

There is ample evidence in electrochemical l i tera-  
ture  that materials  adsorbed on_electrode surfaces 
can substant ia l ly  influence the rate of electrochemi- 
cal reactions (1). Several possible mechanisms for 
this influence have been discussed (2-5). The effect 
may arise from a simple geometric blocking effect 
in which the electrochemical reaction occurs only at 
the free surface, or f rom a field effect in which the 
adsorbed mater ia l  alters the potential  at the outer 
Helmholtz plane, or, al ternatively,  changes the ~osi- 
t ion of the plane in the double layer at w.hich reac- 
tion occurs. 

One of the most common materials  adsorbed on 
electrode surfaces is oxygen. The adsorbed oxygen 

* Electrochemical  Soc ie ty  Act ive  Member. 
K e y  w o r d s :  electrode kinetics ,  oxygen coverage,  double  l aye r ,  

b l o c k i n g  effects. 

or oxide film on a metal  electrode general ly  inhibits  
the rate of an  electrochemical reaction. It causes 
passivation on some metals, inhibi t ing metal  disso- 
luti.on reactions (6), and prevents  electron transfer  
reaction on others, e.g., oxalic acid oxidation on plat-  
i num (7). But while this effect of adsorbed oxygen 
is widely acknowledged, its mechanism is not well 
understood. It was our in tent  in the present  study 
to focus upon the quant i ta t ive  features of oxide film 
inhibi t ion of charge t ransfer  reactions and the mech- 
anism responsible for the effect. 

Previous efforts in this direction are those of Schmid 
and co-workers (8, 9), who studied the effect of ad- 
sorbed oxygen on the gold dissolution reaction and 
on the Ce ( I I I ) -Ce ( IV)  reaction kinetics at a gold 
electrode. They point  out that  the amount  of adsorbed 
oxygen on a noble metal  electrode can be controlled 



390  J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March I978 

and  determined through its charge equivalent  upon 
electroreduction. Moreover, the oxygen adsorption- 
desorption behavior at such electrodes exhibits a 
hysteresis which makes it possible to have various 
coverages on the surface at a fixed potential. This 
allows the kinetics of a charge transfer  reaction to 
be studied as a funct ion of oxygen coverage alone, 
all other experimental  conditions being held con- 
stant. However, Bonewitz and Schmid's (9) choice 
of gold as the test electrode l imited the scope of 
their study in two respects. Firstly, oxygen adsorbs 
on gold only at  a potential  above 1.2V vs. NHE, and 
the number  of simple electron transfer  reactions with 
equi l ibr ium potentials in the range of 1.2-1.4V is 
small. Secondly, relat ive to the oxygen adsorption 
curves of gold, the equi l ibr ium (formal) potential  
of the Ce ( I I I ) -Ce ( IV)  couple is such as to permit  
kinetic data to be taken only at coverages equivalent  
to or greater than about 0.6 of a monolayer.  Trends 
at 0.6 - -  e ~ 1 indicate the possibility of a more 
dramatic rate change in the e ~ 0 to 0 ----- 0.6 range 
of coverage. 

In  the present  study rhodium was chosen as the 
test electrode material .  Although the hysteresis of 
oxygen adsorption on rhodium is not as pronounced 
as on gold, the potential  range over which adsorption 
occurs begins at 0.6V, making it possible to choose 
some simple redox couples whose rates can be studied 
as a function of oxygen coverage in the e = 0 to 6 ~- 1 
range. Accordingly, the test systems chosen were the 
Fe ( I I ) -Fe  (III) and hydroquinone-quinone  couples, the 
kinetics of which have been thoroughly studied by 
other workers and are well known to be free of 
undue  complications (6). 

Experimental  

Solutions and materials.--The water  employed 
throughout  this work was distilled once from alkaline 
permanganate ,  then twice more in an al l -quar tz  still. 
The 1.0M HC10~ was made up directly from s tandard-  
ized reagent  grade 70% H'C104 solutions. 0.1M ferrous 
and ferric perchlorate stock solutions were prepared 
in 1.0M HC104 from the reagent grade salts once 
recrystallized from 1.0M HC104. The ferrous and ferric 
ion concentrations were determined by t i t ra t ing ali-  
quots of each solution with s tandard permanganate ,  
both with and without prereduction with s tannous 
chloride. When kept in closed flasks, periodic res tan-  
dardization showed the 0.1M ferrous solutions to be 
stable with respect to air oxidation over the two to 
three week periods of usage. All hydroquinone and 
quinone test solutions were prepared gravimetr ical ly 
from the reagent  grade materials  without fur ther  
purification. 

The a l l -Pyrex  electrochemical cell was of s tandard 
design and contained in the main  compartment  a 
rhodium wire test electrode (Englehard Industries)  
of 0.100 cm 2 apparent  surface area and a large-area 
p la t inum wire gauze auxi l iary electrode. The main  
compartment  was connected via a Haber -Luggin  cap- 
i l lary to a side compartment  containing a saturated 
calomel reference electrode. The capillary contained 
a normal ly  closed ground glass stopcock to prevent  
chloride contaminat ion of the test solution. In addi-  
tion, the cell was fitted with gas lines to allow purging 
of dissolved oxygen from the test solutions with 
helium. The lines were made of Pyrex  glass and 
5/16 in. Teflon tubing  connected with Teflon Swage- 
loks. 

Experimental procedures.--At the outset of this 
work, the test electrode was cleaned by brief immer-  
sion in aqua regia followed by washing with copious 
amounts  of water. Thereafter, and preceding each 
run, the electrode was cleaned by immersion in 
chromosulfuric cleaning solution for 10 min  and then 
thoroughly rinsed with water. To purge the test solu- 
tions of oxygen, a constant stream of hel ium (99.99% 
pure)  was bubbled through the cell for at least 8 hr 

prior to and during a run. Solutions were stirred 
with a magnetic stirrer. 

The oxygen coverage of the test electrode was de- 
termined by constant  current  cathodic stripping. To 
determine the ascending coverage (i.e., coverage es- 
tablished coming from more cathodic potentials)  the 
electrode was first set to 0.25V, where the surface 
is free of adsorbed oxygen, for at  least 5 min  using 
a Wenking Model 70TS1 potentiostat. The electrode 
was then  set to a value in the range of 0.65-1.65V 
and held there for 10 min  to allow for the oxygen 
coverage to reach steady state. The potentiostat, which 
was bucking the current  from a Kepco Model ABC 
40-0.5M power supply, was then disconnected from 
the circuit using a Pot ter  and Brumfield mercury-  
wetted relay, which s imultaneously triggered a stor- 
age oscilloscope (Tektronix,  Model 564B). T:he po- 
tent ia l - t ime funct ion produced by the str ipping cur-  
rent  was displayed on the oscilloscope screen. "Transi-  
t ion times" were read from inflection point to in-  
flection point  and the charge calculated as the product 
of str ipping current  and time. For de terminat ion  of 
the descending coverage (i.e., coverage established 
coming from more anodic potentials) the electrode 
was held at 0.25V and then at some value in the 0.65- 
1.65V range for 5 and 10 rain, respectively. The poten- 
tial was then lowered to a value between 1.65 and 
0.40V and held there for another 10 rain, after which 
str ipping was carried out as above. The constant 
str ipping current  from the power supply was found 
by measur ing the potential  drop across a s tandard 
resistor with a Hewlett  Packard 425A electrometer. 

Apparent  exchange currents,  io a, for the F e ( I I ) -  
Fe (HI) and hydroquinone-quinone  reactions were ob- 
tained at various equi l ibr ium potentials and various 
oxygen coverages of the electrode and were com- 
puted from the slopes of low overpotential  vs. current  
density data. Prior  to the application of overpotentials 
about a given equi l ibr ium potential  the oxygen cov- 
erage was always established as described above. 
Overvoltages were applied in  steps of ___5 and •  mV 
about the equi l ibr ium potentials of the hydroquinone-  
quinone and Fe ( I I ) -Fe( I I I )  systems, respectively, with 
the total applied overvoltages for the two systems 
being • and • mV, respectively. Again, the 
currents  were determined by measur ing the potential  
drop across a s tandard resistor with a Hewlett  Pack-  
ard 425A electrometer. Typical plots are shown in 
Fig. 1. 

Results and Discussion 
Cathodic stripping.--In the cathodic stripping of 

rhodium in  acidic solutions, the removal  of adsorbed 

i x IO 5 (AcmZreal) 
6~ 

4 
2 
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Fig. 1. Typical plots of current density vs.  overpotential. � 9  
Fe(ll)-Fe(lll) reaction (5.41 X 10-~M Fe(ll), 1.786 X 10-3M 
Fe(lll), Eeq ~ 0.731V, 0 ~ 0.76); A :  hydroquinone-quinone reac- 
tion (1.010 X 10-3M H2Q, 0.1303 X 10-aM Q, Eeq ~ 0.616% 
O = 0.26). 
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oxygen is followed by the adsorption of hydrogen. 
The potential  of oxygen removal  is more negative the 
higher the potent ial  at which the coverage is estab- 
lished and the larger  the s tr ipping current  density, 
making  it increasingly more difficult to separate oxy-  
gen removal  from hydrogen adsorption (10, 11). How- 
ever, no major  difficulties were encountered with cur-  
ren t  densities of less than I0 mA cm -2. In the experi- 
ments re~orted here the stripping current density 
was 5 mA cm -2. The results are shown in Fig. 2. The 
hysteresis frequently found for oxygen adsorption 
on noble metals is evident, i.e., the coverage depends 
on the highest potential reached prior to stripping. 
It is assumed, as in the case of gold (9), that the 
change in slope of the ascending curve at ~0.95V 
indicates the point at which a monolayer of oxygen 
atoms is adsorbed on the surface. The charge cor- 
responding to this break is 27.0.0 /~C cm -2 apparent. 
Taking 560 /~C cm -2 real (two electrons per rhodium 
surface atom and 1.74 • i0 ~ atoms cm-S), the rough- 
ness factor calculated is approximately 5, a value 
not unreasonable for an etched electrode. Fractional 
coverages, 0, were calculated using 2700 #C cm -2 
apparent as representing monolayer coverage. AU 
kinetic parameters reported in this paper are reported 
in terms of real area using a roughness factor of 5. 

A charge of 560 ~C cm -2 real for a monolayer  and 
a roughness factor of 5 agree well with the results 
of other workers. Thus, BSld and Breiter (10) find 
a charge of about  1.3 mC cm -2 apparent  with oxygen 
uptake s tar t ing at 0.55V in  acidic solution. Icenhower 
et aI. (11) report  approximate ly  0.5 mC at 1.0V vs. 
RHE in acidic solution on what  appears to be a smooth 
Rh wire of 0.4 cm~ apparent  area. Will and Knorr  
(12) show a change of slope of the oxygen uptake 
curve at about 0.9V and a charge of about 0.4 mC 
cm -2 in good agreement  with the results presented 
here. 

The Fe( f I ) -Fe(I I I )  reaction.--Ten ferrous-ferr ic  
mixtures,  vary ing  from 5.35 X 10-4M to 5.41 X 10-3M 
in Fe ++ and 4.82 • 10-~M to 5.73 • 10-~M in Fe + ++ 
(Table I),  all  1.0M in HC104, were used in s tudying 
the reaction kinetics of this system. The equi l ibr ium 
potentials showed good Nernst ian behavior. 

For  each solution the apparent  exchange current,  
io a, was determined as a function of oxygen coverage 
of the electrode in the range of 0.3 ~ 0 ----- 1.6 by 
appropriate selection of the ini t ial  anodic potential  
of the electrode. The exper imental  data are listed 
in Table I. A representat ive plot is shown in Fig. 3. 
Typically, /o a decreased l inear ly  with increasing 
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Fig. 2. Cathodic stripping curves for oxygen on rhodium in 1M 

HCI04. Decoy from Q ,  1.55V; O, 1.25V; El, 1.15V; I I ,  1.05V; 
A, 0.95V; A, 0.85V; x, 0.75V. 

Table I. Exchange current vs. fractional coverage for the 
Fe(ll)-Fe(lll) system 

Equilibrium ioa • I0~ 
potential ( A c m  "~ 

Solution (V vs. N H E )  8 rea l )  

5.37 • 10~M Fe ++ and  0.733 0.29 8.76 
3.992 x 10-~M Fe  +++ 0.57 5.58 

0.76 5.44 
0.94 5.02 
1 l ~  1 .BO 
1.30 0.824 
1.56 0.500 

5.35 x 10-~M Fe ++ and  0.712 0.33 7.04 
0.4317 x 10-sM Fe  ++§ 0.53 4.92 

0.72 4.74 
0.91 3.60 
0.98 1.72 
1.26 0.432 
1.53 0.244 

0.535 x 10~M Fe ++ and  0.797 0.64 3.14 
3.~26 x 1O-3M Fe +++ 0.83 4.00 

1.03 2.42 
1.11 2.08 
1.39 0.450 
1.60 0.210 

1.605 X 1O'~M Fe § and 0.771 0.51 8.00 
3.944 x 10-~M Fe  +++ 0.63 6.22 

0.81 5.90 
1.00 4.96 
1.08 2.90 
1.36 0.572 
1.59 0.284 

5.35 • 10-~M Fe § and  0.732 0.37 13.28 
1.265 x 10-'aM Fe§247 0.46 11.90 

0.57 10.32 
0.77 8.58 
0.95 6.56 
1.03 2.70 
1.30 0.672 
1.55 0.358 

5.41 x 10"~M Fe § an d  0.740 0.47 19,34 
5.73 x 10-~iVl Fe+++ 0.56 15.72 

0.77 13.22 
0.96 10.28 
1.04 4.50 
1.30 1.15 
1.56 0.648 

5.41 x 10-3M Fe ++ and  0.696 0.30 5.12 
0.659 x 10-3M Fe +++ 0.40 4.38 

0.49 3.52 
0.69 3.64 
0.87 2.76 
0.98 1.34 
1.21 0.444 
1.51 0.316 

0,541 x 10-sM Fe ++ and  0.809 0.66 2.74 
5.64 • 10-sM Fe ++§ 0.84 2.52 

1.03 2.12 
1.11 1.44 
1.40 0.436 
1.61 0.228 

1.62 x 10M -~ Fe ++ and 0.781 0.54 9.68 
5.66 x 10~M Fe  § 0.64 8.74 

0.81 7.12 
1.01 6.20 
1.09 3.40 
1.37 0.768 
1.59 0.398 

5.41 x 10-~M Fe ++ and 0.731 0.40 14.14 
1.786 X 10~M Fe +++ 0.58 10.18 

0.76 8.16 
0.95 6.18 
1.03 2.70 
1.29 0.674 
1.55 0.418 

down to a coverage of 0 = ~1.3, beyond which point  
io a appeared to decline at a much slower rate. 

Values of the apparent  charge t ransfer  coefficient, 
~, and the s tandard  rate constant, ko a, were obtained 
at various oxygen coverages by using the expression 
(18) 

In  ( ioa/Co) : -  (nFa/RT)Eeq + In nFAko a 

where co is the concentrat ion of the oxidized species, 
in this case Fe ( I I I ) .  Thus, a values were calculated 
from the slopes and ko a values from the intercepts 
of plots in  i n  (ioa/co) vs. E ~  keeping the coverage 
of adsorbed oxygen constant for any  one plot. Such 
plots were made for oxygen coverages of 0 : 0, 
0.25, 0.50, 0.75, 1.00, 1.25, and 1.50 with the appropriate 
io a values being obtained by interpolat ion or extrap-  
olation from the {o a vs. o plots. Two representat ive 
plots are shown in  Fig. 4. The slopes and intercepts 
were obtained by a least squares analysis, assuming 
Eeq to be known precisely. The results are sum- 
marized in Table II, from which it  can be seen 
that  a remains  fair ly constant  with oxygen coverage 
0 ----- 0 - -  1.5. Figure 5 shows the plot of the least 
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Fig. 5. Effect of 0 on ko a. Data from Table II. O :  Fe(ll)-Fe(lll) 
reaction; ~ :  hydroquinone-quinone reaction. 

10-5M to 1.06 • 10-2M in  h y d r o q u i n o n e  and  f r o m  
9.26 • 10 - sM to 4.46 • 10,-~M in qu inone  w e r e  used  
in  s t udy ing  t h e  k ine t i cs  of  this  reac t ion .  A p p a r e n t  
e x c h a n g e  cu r r en t s  w e r e  d e t e r m i n e d  in t h e  s a m e  w a y  
as for  t he  F e ( I I ) - F e ( I I I )  sys tem,  w i t h  v a l u e s  be ing  
ob ta ined  fo r  o x y g e n  cove rages  r a n g i n g  f r o m  0 --  0 
to 0 ---- 1.65. Tab l e  I I I  conta ins  these  da t a  for  al l  so lu-  
tions. A typ ica l  p lo t  of  io a vs. o is s h o w n  in Fig.  6, 
and  ind ica tes  a l i n e a r  v a r i a t i o n  of  io a w i t h  o x y g e n  
c o v e r a g e  o v e r  t he  r a n g e  of  0 - -  0 to 0 - -  ~0.7.  A t  
h i g h e r  va lues  of  0, io a is cons tan t  w i t h i n  e x p e r i m e n t a l  
e r ror .  

Va lues  for  a and  ko a a t  va r i ous  o x y g e n  cove rages  
w e r e  o b t a i n e d  us ing  the  s a m e  p rocedu re s  e m p l o y e d  
for  t he  F e ( I I ) - F e ( I I I )  sys tem.  P lo ts  of  in  (/oa/Co) v~. 
Eeq w e r e  cons t ruc t ed  for  o x y g e n  c o v e r a g e s  of  0 - -  
0.0, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.75, 1.00, 1.25, 
and 1.50. T h e  plots  at  0 = 0 and  0 = 1.0 a re  shown  
in Fig.  7. T a b l e  H lists  t he  leas t  squa re s  va lues  o f  
a and  ko a ob ta ined  f r o m  these  plots.  O v e r  the  en t i r e  
r a n g e  of  cove rages  a is r e a s o n a b l y  cons tan t  a l t h o u g h  
a s l ight  d o w n w a r d  d r i f t  is no ted  in t he  0 = 0 to 
0 - -  1.0 segment .  I n  t he  ko a vs. o plot  g iven  in  Fig.  5, 
t he  dec l ine  in  ko a is seen  to occur  in t he  0 = 0 to 
0 --  0.75 r e g i o n  of  coverage .  The  dec rease  is p a r a l l e l  
to the  one  o b s e r v e d  fo r  t he  F e ( I I ) - F e ( I I I )  sys tem,  
w h e r e  i t  occurs  o v e r  t he  m o r e  e x t e n s i v e  r a n g e  0 "< 
0 ~ 1.40. 

A c c o r d i n g  to V e t t e r  (23) and  to H a l e  and  Pa r sons  
(24), t he  h y d r o q u i n o n e - q u i n o n e  r eac t ion  is a two  
o n e - e l e c t r o n  s tep react ion ,  w i t h  a p p r o x i m a t e l y  equa l  
ac t i va t i on  e n e r g y  fo r  each  step. In  ace ton i t r i l e  t he  
r eac t ion  is one  t w o - e l e c t r o n  s tep (25) and  t h e r e  is 
ev idence  in  t he  l i t e r a t u r e  tha t  this  is so in aqueous  
so lu t ions  also (26). A t  p H  3.9, Parsons  (24) finds a 

Table II. Kinetic parameters as a function of 0 for the Fe(ll)- 
Fe(lll) and the hydroquinone-quinone system 

squares  ko a v a l u e s  v s .  o x y g e n  coverage ,  ko a decreases  
l i n e a r l y  up  to 0 _-- 1.4, b u t  t h e n  seems to d imin i sh  
m u c h  m o r e  s lowly.  

S t a n d a r d  r a t e  cons tan t s  quo ted  in t he  l i t e r a t u r e  
for  t he  F e ( I I ) / F e ( I I I )  r e ac t i on  in bo th  1M HC104 
and 1M H2SO4 on P t  a re  g e n e r a l l y  b e t w e e n  5 • 
10 .-3 and  2 • 10 -2  cm sec -1  and  a re  thus  h i g h e r  by  
a f ac to r  of  6-10 t h a n  the  va lues  r e p o r t e d  h e r e  (14- 
19). On  g lassy  c a r b o n  in  HC104 t h e y  a re  > 10 -2  
cm s e c - 1  (20), on  ca rbon  pas te  in H2SO4 ~10  -5  cm 
sec -1  (21, 22). In  v i e w  of t he  d e p e n d e n c e  of t he  r a t e  
on  e l ec t rode  m a t e r i a l  t he  ko a for  Rh  at 0 ---- 0 is qu i te  
reasonab le .  The  va lues  of  = a re  in good a g r e e m e n t  
w i t h  S tu l i kova ' s  and  Ger i sche r ' s  w o r k  (14, 20) on 
P t  in  H2S04 and  HCI04.  

The hydroquinone-quinone reaction.--Five di f fe ren t  
h y d r o q u i n o n e - q u i n o n e  solut ions  v a r y i n g  f r o m  6.57 • 

Hydroquinone- 
F e  ( H ) - F e  ( III ) quinone  

ko a • I0 ~ 
0 (z (cm sec-~) 

0.00 
O.10 
0.20 
0.25 
0.30 
0.40 
0.50 
0.60 
0.75 
1.00 
1.25 
1.50 

0.69 4.60 

0.58 3.79 

0.57 2.99 

0.54 2.18 
0.49 1.35 

( 0.25 ) * 0.480 
0.52 0.159 

a v era g e  a = 
0.55 ----- 0.04 

ko~ x 10 ~ 
(em sec -1) 

0.61 2.42 
0.60 2.11 
0.59 1.82 

0.58 1.51 
0.55 1.20 
0.61 0.889 
0.40 0.544 

(0.28) * 0.187 
0.48 0.0581 
0.45 0.0377 
0.49 0.0319 

a v e r a g e  a = 
0.53 ~ 0.07 

* Omitted from average. 
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Table III. Exchange current vs. fractional coverage for the 
hydroquinone-quinone system 

Equilibrium 
potential io a x l0  s 
(potential ( Acm ~ 

Solution vs. NHE ) # real) 

1.018 x 1O-SM H~Qa and 0.643 0.00 63.4 
1.015 • 10-~M Q 0.33 46.2 

0.70 14.3 
0.81 3.26 
1.15 0.748 
1.33 0.642 
1.59 0.658 

1.OlO x 10aM I~Q and 0.616 O.O0 23.2 
0.1303 • 1 ~  Q 0.26 16.3 

0.52 5.54 
0.70 1.32 
1.07 0.232 
1.26 0.191 
1.56 0.224 

0.08573 • 1O-~M H2Q and 0.659 0.07 21.6 
1.060 • 1O-~I Q 0.39 11.4 

0.74 3.30 
0.85 1.Ol 
1.22 0.432 
1.37 0.240 
1.62 0.236 

10.63 x 10~M H2Q and 0.660 0.00 34.6 
0.0926 • 1O-~M Q 0.01 31.4 

0.19 22.4 
0.48 9.30 
0.95 0.568 
1,19 0.396 
1.47 0.378 

0.0908 x 10-~M H~Q and 0.674 0.11 10.84 
4.461 • 10-~M Q 0.44 6.10 

0.60 2.44 
0.90 1.07 
1.25 0.576 
1.40 0.616 
1.65 0.580 

a H2Q = hydroquinone. 
Q = qumone. 

- -  0.58 and a s tandard rate constant, ko ~ = 1.4 • 
10 -3 cm sec -1, about six times larger than the one 
reported here on oxygen-free  rhodium. 

Interpretation of Results and Conclusions 
The dominant  and most interest ing feature of the 

charge t ransfer  rate data presented in this paper  is 
that  most of the inhibi t ive effect produced by oxygen 
adsorption occurs dur ing the bui ldup of the first 
monolayer  of coverage. This behavior  could be a t t r ib-  
uted to (i) a change in the reaction mechanism, which 
would cause changes in  both a and koa; ( i i )  a double 
layer  field effect; or possibly ( i i i )  a simple geo- 
metric blocking effect. 

Possibil i ty (i) can be excluded because ~ is essen- 
t ially independent  of oxygen coverage in  the range 
in which the major  decrease occurs in  ko ~ both for 

' ~ ' ~  

! , ! 
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v ~  
! 
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8 
Fig. 6. Effect of # on io a for the hydrequinone-quinone reaction, 

Solution 1.0M in HCI04, 1.010 • I 0 - 3 M  in hydroquinone and 
0.1303 X 10-3M in quinone. 
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Fig. 7. Plots of In(ioa/Co) vs. Ee~z for the hydroquinone-quinone 
system. | : o ~ 0.0; A :  # - -  1.0. 
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the F e ( I I ) - F e ( I I I )  and the hydroquinone-qu inone  re-  
action systems. 

The field effect explanat ion ( i i )  of the data in -  
volves the assumption that  the presence of adsorbed 
oxygen on the electrode surface causes, at constant  
electrode potential,  a change in r the potential  
drop across the compact double layer  with a concom- 
i tant  change in r the potent ial  drop across the 
diffuse double layer. This changes the electric field 
at the site of the reaction, affecting ko a but  not ~. 
The change in  r caused by a monolayer  of oxygen 
coverage can be estimated by assuming that  there 
is an apparent  s tandard rate constant  for the oxygen-  
covered surface, ~oa,~=l and one for the bare  surface, 
koa, e=0. We can then write (13) 

ko%e=o -~ ko t exp[ - -  ( zR § a) ( F / R T )  r 
and 

koa, o=l - -  kot exp[ - (ZR + a)(F/RT)r  

where ko t is the t rue s tandard rate constant and ZR 
is the charge of the reduced species. Therefore, for 
a given reaction 

koa,0=0/koa, e_-i -- exp[--(ZR 2/-.a) (F /RT)Am] 

where Ar - -  (r - -  r is the change sought. 
For the F e ( I I ) - F e ( I I I )  couple, ko%=O "-  4.60 • 
10 -4 cm sec -1, koa,0=l -- 2 • 10-5 cm sec -1 (at  
a = 1.40), and 4r "- ( - - )32  inV. For the hydroqui-  
none-qu inone  couple, koa,0=o -- 2.42 • 10 -4 cm sec -1, 
koa,o=z ~ 1.87 • 10 -5 cm sec -1 (at o = 0.75), and 
hr = ( - - )124 mV. The discrepancy between the 
4r values for the two reaction couples, 32 vs .  124 
mV, is too great to be rationalized on the basis of 
the difference in o (1.40 vs .  0.75). Alternat ively,  the 
presence of adsorbed oxygen could cause changes 
in the plane of closest approach of the reactants, i.e., 
changes in the value of the activity coefficient of the 
activated complex (2). This requires l n ( k o a ,  o/koa, o=o) 
to be l inear  in 0. Such plots are convex for F e ( I I ) -  
Fe( I I I )  and sigmoid in  shape for the hydroquinone-  
quinone system. The results s trongly argue that  over 
the 0 = 0 to 0 = 1 coverage range, the data cannot  
adequately be explained as due to a double layer  
field effect. 

The geometric blocking model ( i i i )  together with 
the assumption that  charge t ransfer  is much more 
rapid at free rhodium than  at oxygen-covered rho- 
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dium accounts par t icular ly  well for the marked l in-  
eari ty of the ko a vs. 8 plots and for the fact that  they 
are parallel  for the two systems studied. Furthermore,  
these plots show that  while for the F e ( I I ) - F e ( I I I )  
system the major  decline in rate occurs over the 
0 ---- 0 to 0 ---- 1.4 coverage range, the corresponding 
decline for the hydroquinone-quinone  system occurs 
over only half that  range, from 0 =- 0 to 0 ---- 0.75. 
At 0 ---- 0.75, the rate for the F e ( I I ) - F e ( I I I )  reaction 
is about half its value at 0 _-- O, indicating that  at 
0 ---- 0.75 the remaining  free rhodium surface atoms 
are sterically accessible to ferrous and ferric ions. 
In  the hydroquinone=quinone system, however, the 
rhodium atoms that  are still uncovered at o _-- 0.75 
are apparent ly  sterically inaccessible to hydroquinone 
and /o r  quinone molecules. If the p lanar  quinone (or 
hydroquinone)  molecule must  lie flat on the free 
electrode surface to react, then its dimensions (5.54 
from oxygen to oxygen) require a free surface equiva-  
lent  to that provided by at least two adjacent free 
rhodium surface atoms, and this is a very unl ike ly  
occurrence beyond e ---- 0.75. Organic compounds 
containing r ing systems are f requent ly  found to lie 
flat on electrode surfaces (28). Apparent ly  in order 
to be blocking the F e ( I I ) - F e ( I I I )  reaction the film 
must  be slightly thicker than a monolayer. 

In  both reaction systems charge transfer  occurs at 
greater  than monolayer  coverage, albeit  at a much 
slower rate. Generally,  the data indicate that at 
coverages beyond 8 _-- 1.4.0 for the F e ( I I ) - F e ( I I I )  
couple and beyond ~ _-- 0.75 for the hydroquinone-  
quinone couple, t he  charge t ransfer  rate is not much 
affected by increasing oxygen coverage. This is es- 
pecially obvious in the hydroquinone-quinone  sys- 
tem, and is in  agreement  with Bonewitz and Schmid's 
observations (3) fo r ' t he  Ce ( IV) -Ce( I I I )  reaction on 
gold from O -- 1 to 0 -- 2. 

Summary 
Oxygen coverages on rhodium in 1M HC104 were 

determined as a function of potential. Working with 
increasing potential,  the uptake begins at 0.65V, has 
reached a monolayer,  0 _-- 1 at 0.95V and e _-- 1.8 at 
1.55V. The uptake is l inear  with potential. Hysteresis 
is pronounced;  when working with decreasing poten-  
tials rhodium becomes oxygen free at potentials from 
0..65 to 0.35V as the highest potential  reached varies 
from 0.65 to 1.55V. 

Apparent  rate constants, ko a, and charge transfer  
coefficients, ~, were measured for the F e ( I I ) - F e ( I I I )  
system for solutions having equi l ibr ium potentials 
0.809 to 0.696V as a function of oxygen coverage 
0 --~ 0 --~ 1.5. At 8 ~ 0, ka ~ = 4.60 • 10 -4 cm sec -1 
and shows a systematic decrease to ka o _-- 2 • 10 -5 
cm sec -1 at 0 ---- 1.40, decreasing only slightly to e ---- 
1.50. In  the range 0 - -  0 ---- 1.5 ~ has values 0.59 > 
> 0.49, general ly decreasing slightly with 0. It is 
considered to be constant  over the range studied. 

For the quinone-hydroquinone  system, solutions had 
equi l ibr ium potentials 0.580-0.674V. At 8 _-- 0, ka ~ = 
2.42 • 10 -4 cm sec-1, decreasing to 1.87 • 10 -5 cm 
sec -1 at 0 ---- 0.75. The decrease in ka ~ at 0 > 0.75 
is minor. A decrease is apparent  in ~ which varies 
from 0.61 at 0 ----- 0 to 0,.49 at 0 ---- 1.5. The mean is 
0.53 ___ 0.07 and a is considered constant, the variat ion 
not being consistent enough to justify the assumption 
of a coverage dependence. The approximate con- 
stancy of a indicates that  the reaction mechanism is 
independent  of 0. 

The effect of oxygen coverage on the apparent  rate 
constant could be caused by a double layer  effect. 
Accordingly ~ potentials were calculated for the 
two systems, ~ 2  = ~2.e=l -- ~,e=0. The values are 
37 mV for Fe and 124 mV for quinone. The two values 
seem inconsistent with each other, even taking into 
account the difference in the values of e at which 
blocking is at its maximum.  

The assumption of a blocking effect is consistent 
with the observed var iat ion of ka o with 0 and with 
the steric requirements  of the reactants  at the rhodium 
surface. 

Manuscript  submit ted May 13, 1977; revised m a n u -  
script received Nov. 7, 1977. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1978 
JOURNAL. All discussions for the December 1978 Discus- 
sion Section should be submit ted by Aug. 1, 1978. 
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Electrochemical Determination of Interdiffusivity of Cations 
in Liquid Li O-SiO  System at 1100 ~ to 13S0~ 
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ABSTRACT 

An elect rochemical  polar iza t ion  method was proposed  to ob ta in  the  in te r -  
diffusivi ty  in mol ten  b ina ry  ionic mel ts  at  h igh tempera ture .  The fol lowing 
galvanic  cell  was constructed using mol ten  Li~O-SiO2 as an e lec t ro ly te  

pure  Si (solid) pu re  Si (solid) 
(work ing  electrode)  mol ten  Li20-SiO~ ( reference  e lec t rode)  

< Li+ ~ pure  Mo (solid) 
(countere lec t rode)  

A small  direct  cur ren t  was suppl ied  for a ve ry  shor t  t ime th rough  the  lef t  
si l icon e lec t rode  and pure  mo lybdenum electrode,  whi le  the  overpo ten t ia l  
was measured  be tween  both  sil icon electrodes.  The overpoten t ia l  induced at  
the  lef t  silicon e lec t rode  was re la ted  to the  interdiffusion of Li20-SiO2 at  the  
e lec t rode  interface.  F rom the t ime dependency  of the overpotent ia l ,  the  in t e r -  
diffusivit ies at  definite composit ion were  obta ined  as follows: 

Fo r  20 weight  percen t  (w/o)  Li20-80 w/o  SiO2 

D = 7.2 X 10 -~ exp (--33 X IO~/RT (cm~/sec) 1100~176 

For  30 w/o  LifO-70 w/o  SiO2 

D --  3.0 X 10 -~ exp ( - -29 X IO~/RT (cm2/sec) 1200~176 

These resul ts  are  quite reasonable  compared  wi th  other  in terd i f fus iv i ty  d a t a  
in o ther  mol ten  b ina ry  sil icates obta ined by  the convent ional  method.  

The expe r imen ta l  technique  of high t empera tu re  
e lec t rochemis t ry  has been developed ex tens ive ly  since 
a d iscovery  of ve ry  s table  solid e lec t ro ly tes  by  
K iukko la  and Wagner  (1) in 1957. Many papers  have 
been publ ished on the rmodynamic  studies at  500 ~ 

1600~ with  the  aid of these z i rconia-  and thor ia -  
based electrolytes .  Recently,  Fischer  and Janke  (2) 
documented  al l  the papers  up to 1975 in the i r  com- 
prehens ive  monograph.  The studies were  exc lus ive ly  
made  on the rmodynamic  proper t ies  up to 1967. How-  
ever,  Ricker t  and S te iner  (3) in 1966 and Pas to rek  
and Rapp (4) in 1969 used the  solid e lec t ro ly tes  to 
de te rmine  the diffusivi ty of oxygen dissolved in s i lver  
and copper,  respect ively.  The pr incip le  of the  mea -  
surement  is based on the electr ical  cur ren t  l imi ted  by  
the diffusion of oxygen dissolved in the meta l l ic  elec-  
trode. The same pr inc ip le  was used by  Sasabe and 

solid meta l  B 
(work ing  e lect rode)  

Goto (5) to de te rmine  the diffusion of molecu la r  oxy-  
gen dissolved in l iquid oxide  mixtures .  As another  
appl ica t ion  of this pr inc ip le  the  presen t  authors  (6, 7) 
proposed  the method  of de te rmin ing  the in terdi f fus iv-  
i ty  of ions in l iquid oxide mix tures  f rom the var ia t ion  
of the  potent ia l  or  cur ren t  wi th  time. In this method,  
the cur ren t  is suppl ied  to the  fol lowing type  of the  cell 

solid metal ,  B / l iqu id  AO~-BOn/so l id  meta l  B [1] 

whe re  A and B mean  metals ,  and  the l iquid  oxide 
mix tu re  AO,~-BO,~ has an exclusive  cationic conduc-  
t ion by  A 2m+ and AO,n is t he rmodynamica l ly  much 
s tabler  than  BO~. The detai ls  of the  measu remen t  are  

* Electrochemical Socie ty  Act ive  Member. 
Present address: Centro de Ingenierial y Computacion, I.V.I.C., 

Caracas, Venezuela. 
Key words: polarization, galvanostat, alkali, silicates. 

given in the  fol lowing section, bu t  the  pr inc ip le  i s  
based on the cur ren t  l imi ted  by  the interdiffusion of 
cations of A era+ and B 2n+ in the  oxide melts .  A s imi lar  
idea  has been  proposed also by  Nowak  and Schwerd t -  
feger  (8). 

This new pr incip le  does not  need cumbersome ana l -  
yses of the  oxide mix tu r e  quenched a f te r  a diffusion 
run. Fur ther ,  this method suffers f rom no effect of 
the convection in the oxide melt ,  because  the  diffusion 
distance is ve ry  l imi ted  f rom the surface of the solid 
electrode.  Thus i t  seems ve ry  in teres t ing  to prove  i ts  
universa l  app l icab i l i ty  to many  oxide  melts .  The p res -  
ent  paper  repor ts  the  resul ts  on the  sys tem of L i20-  
SiO2. 

Experimental Method of Determining the 
Interdiffusivity 

Principle.--The fol lowing cell is const ructed using 
mol ten  oxide i tself  as an e lec t ro ly te  

solid meta l  B 
( reference  e lec t rode)  

[2] 
l iquid AOm-BO~ solid meta l  B 

(countere lec t rode)  

Essential  r equ i rements  for the  in terdi f fus ivi ty  m e a -  
surement  are:  (i) the  t ransference  number  of A ~'~+ 
should be un i ty  (ii) the s t anda rd  free energy  of for -  
mat ion  of AO,n should be much smal le r  than  tha t  of 
BO~, and (iii) act iv i ty  da ta  in the  mol ten  AOm-BO, 
are  avai lable .  

Wagner  (9) der ived  a genera l  equat ion for e lec-  
t romot ive  force of any  galvanic  cells in t e rms  of t h e  
chemical  potent ia l  of e lec t r ica l ly  neu t ra l  species, b a s e d  
on only two assumptions  of local  equ i l ib r ium and of 
e lectr ical  neu t ra l i ty  th roughout  the  cell, 

E = - -  - -  
1 

F 

+ f(z~=et~)d'~AB + fted~;[B] -5 ~ f t * v d ~ v ]  [8] 

3 9 5  
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where  ;~ is the  chemical  potent ia l  pe r  equivalent ,  t is 
t ransference  number ,  a and ;~ denote  cat ion and anion, 
respect ively.  The pr ime  and double  p r ime  show differ-  
ent  e lect rode interfaces.  The other  symbols  a re  the  
same as those in Ref. (9). Equat ion  [3] is appropr i a t e  
to app ly  to the  express ion of e lec t romot ive  force or 
potent ia l  difference in ionic solutions at  h igh t em-  
pe ra tu re  such as mol ten  oxides and mol ten  halides,  
because the  local equ i l ib r ium condit ion is ve ry  eas i ly  
satisfied and no other  a r b i t r a r y  conventions are  
needed. In  the  presen t  case of mol ten  b ina ry  sil icates 
wi th  the  t ransference  number  t A 2 ~ +  of unity,  the  
equat ion can be s implif ied as 

RT P"o2 RT a"Ao~ 
E = .  . I n - -  - -  in  - -  [4] 

4F P'o2 2 ml~ a'AO~ 

At each electrode in ter face  in the  above cell, Po2 is 
de te rmined  by  the fol lowing react ion equi l ib r ium as 
long as AOm is much s tabler  than  BO,  

B (solid) + -~- 0 2 -  BO,  (mol ten  oxide)  [5] 

Fur the r ,  the ac t iv i ty  of pure  meta l  B is t aken  as unity.  
Then, Po2 in Eq. [4] can be rep laced  by  the ac t iv i ty  of 
BO~ in the mol ten  oxide 

RT a"Bo~ RT a"Aom 
E = ~ In - -  - -  in - -  [6] 

2nF a'Bon 2mF a'AOm 

When the whole  of the  cell  is in equ i l ib r ium before  
supply ing  a current ,  the potent ia l  differences be tween  
three  electrodes should be zero. 

When  a finite cathodic cur ren t  is suppl ied  to the  
work ing  electrode,  the  fol lowing series of react ions 
will  t ake  place  

A ~n+ + ame-~ A ( m e t a l )  [7] 

A ( m e t a l )  + - -  BOa(mol ten  oxide)  
n 

--> AOm (mol ten  oxide)  + B (solid) [8] 

because the t ransference  number  of A 2~+ is un i ty  and 
AO,~ is much s tav le r  than  BOn. As the result ,  the  con- 
cent ra t ion  of BOn is reduced and tha t  of AOm is en-  
r iched at  the  in ter face  wi th  the  bu lk  composit ion un-  
changed. Conversely,  when  an anodic cur ren t  is sup-  
p l ied  

1 
O 2-  --> ~ O~ + 2e [9] 

2 

B (solid) -b --{ 02 --> BO~(mol ten  oxide)  [10] 

The composit ion of the  mol ten  oxide at  the  in ter face  
changes conversely.  The fact  tha t  such kinds  of reac-  
tions rea l ly  t ake  place was p roved  in the  previous  
paper  (6) by  the microanalyses  of oxides  af ter  the 
cur ren t  supply  in the  mol ten  CaO-SiO2-A1203 system, 
where  CaO and A1208 are  much s tabler  than  SiO2. 
Therefore,  the  v i r tua l  cell  react ion induced by  the 
cur ren t  supp ly  can be summar ized  as 

B (solid) ~--- B 2n+ + 2he [11] 

as long as AOm is much s tabler  than  BOn. The overpo-  
ten t ia l  ~] is induced by  the difference of the  composi-  
t ion be tween  the in ter face  and the bu lk  and can be ex-  
pressed in  te rms of the act ivi t ies  of const i tuent  oxides 
in each phase 

RT aB02 f RT aAo l 
~] = i n -  - -  In 

4 F  aB02 b 2 F  aAO b 

[12] 
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where  m and n are  assumed as 1 and 2, respect ively ,  
for brevi ty .  

ln(aBo2/aAo ~) can be empi r ica l ly  expressed as a 
l inear  funct ion of weight  percent  of BO2, if the  change 
of BO2 concentra t ion induced by  the cur ren t  supply  is 
r e l a t ive ly  smal l  

ln(aso2/aAo 2) .= a + b [w/o  B02] [13] 

where  constants a and b can be obta ined  g raph ica l ly  
using the ac t iv i ty  data.  Then Eq. [12] can be simplif ied 
a s  

bRT 
= ( [w/o  BOz] i - -  [w/o  BO2] b) [14] 

4F 

When  the cur ren t  is suppl ied  galvanosta t ica l ly ,  the 
t ime dependency  of BO2 concentra t ion at  the  in terface  
can be given, assuming unid i rec t iona l  diffusion in  a 
semi- inf ini te  med ium and under  the  fol lowing condi-  
t ions 

CBO2 i "-- CB02 b 0 ~_ X, t "-- 0 

dCBO~. 
--DAo-Bo2 --  �9 (const.) X =  0, t > 0  

dx  4F 

CBO2 b = const. X = 0% t > 0 [15] 

Consequently,  the equat ion of Fick 's  second law is 
solved as 

cBo2i - -  CBOs b = ~ t [16] 
2F~/~DAo-Bog. 

where  CBO2 is mola r  concentra t ion (mole/cmS),  i is 
cur ren t  dens i ty  (A/cm2) ,  F is F a r a d a y  constant  
(C/equiv . ) ,  DAO-BO2 is the  in terdi f fus ivi ty  (cm~/sec),  
and t is t ime (sec).  Molar  concentra t ion can be con- 
ve r ted  to weight  percen t  wi th  dens i ty  da ta  of the sys-  
tem. Subs t i tu t ion  of Eq. [16] for Eq. [14] wi l l  give the  
t ime dependency  of n as 

~l = IOObiMB~ ~-{ [17] 

8Fzpk/=DAo-B02 

where  p is the densi ty  and MBO2 is the mola r  weight  of 
BO2. Thus, the  interdiffusivi ty  wil l  be obtained f rom 
the slope of plots  of ~l against  ~ t. 

In  real i ty ,  A 2+ and B 4+ would  migrate ,  sat isfying 
the electr ical  neu t ra l i ty  condit ion by  the movement  of 
0 2 - .  However ,  the  micromechanism of the  diffusion 
process in ionic melts  is not  ye t  clarified. Thus, the 
interdiffusivi ty  is s imply  wr i t t en  as DAO-BO2 in the  
present  paper .  The diffusivi ty is de te rmined  in the  
ex te rna l  coordinate  f rame of reference,  whose origin 
was taken  at  the e lect rode interface  of B. Therefore,  
the diffusivi ty would be s l ight ly  different  f rom tha t  
de te rmined  by  Matano-Bol tzmann  method  from the 
pene t ra t ion  curves. However ,  the  difference would be 
much smal le r  t han  the er ror  es t imated  in the subse-  
quent  section. 

Under  the potent ios ta t ic  condition, on the  other  
hand, the  diffusion equat ion wil l  be solved under  the  
bounda ry  condit ion tha t  molar  concentra t ion of BO2 
at  the e lectrode in ter face  is kep t  constant,  to give the  
t ime dependency  of cur ren t  dens i ty  as 

i ---- 4Fj _= 4F(cBo2 t - -  CBO2 b) ~ /  DAO-BO2 1 [18] 
W 

Again, converting molar concentration to weight per- 
cent, substitution of Eq. [14] for Eq. [18] will give the 
following equation 

161~p ~/ DAO-BO~ 1 
i ---- 100bMBo2RT n V ~ A/f-  [19] 

The in terdi f fus ivi ty  wil l  be obtained from the slope of 
plots of i against  1/A/t. 
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This pr inc ip le  can be appl ied  to obta in  the  in te r -  
diffusivi ty in any b ina ry  or  quas ib inary  ionic solu-  
tions, regardless  of l iquid or  solid oxides (or ha l ides) ,  
as long as the  above  requis i t ions  are  fulfilled. Among  
si l icate systems,  CaO-SiO2, CaO-SiO~-A12Oa, Li fO-  
SlOe, etc., a re  considered as the  appropr i a t e  systems,  
because SiO2 is ve ry  uns tab le  in a l l  cases wi th  uni t  
t rans fe rence  n u m b e r  of Ca s+ and Li  +. 

I n  the  p resen t  paper ,  Li20-SiO2 was t aken  because 
no in terd i f fus iv i ty  da ta  was r epor t ed  on the system. 
A measu remen t  of t ransference  number  on this sys tem 
was car r ied  out by  Bockris et at. (10). F r o m  the m e a -  
surement ,  the  presen t  authors  concluded the  t r ans fe r -  
ence number  of Li  + as unity.  The expe r imen t  was 
car r ied  out  under  galvanosta t ic  condition. Then, wi th  
appropr ia t e  numer ica l  values,  Eq. [17] was simplif ied 
a s  

b i t  
-- 8.69 • i0 -7 p~],DLi20.Si02- ~t [20] 

Experivnenta~ procedure.--As shown in Fig. 1, the cell 
assembly consisted of molten oxide contained in a 
dense alumina crucible, into which a working elec- 
trode W, a counterelectrode C, and a reference elec- 
trode R were dipped. The working electrode was a 
rod of pure silicon with 1.5 mm diam and 30 mm 
length. The upper end of the rod was connected with 
a molybdenum wire used as lead wire. A piece of 
molybdenum sheet was immersed so as to cover the 
sidewall of the crucible and was used as the counter- 
electrode, which is not necessarily made of silicon as 
seen in Eq. [2]. Ano the r  rod  of pure  solid silicon wi th  
about  3 m m  d iam was immersed  in the  mol ten  oxide 
and used as the reference  electrode.  The cell assembly  
and lead wires  were  shie lded by  an  ea r thed  i ron  net  
f rom the  noise induced by  the s t r ay  electr ic  field. A r -  
gon containing 10% hydrogen  was in t roduced  into the 
furnace  tube  at  500 cm3/min in o rde r  to p reven t  oxi-  
da t ion  of sil icon rods. The t empe ra tu r e  was measured  
at  the  surface of the  mol ten  oxide wi th  a Pt-13% 
R h . P t  thermocouple .  The crucible  was placed so tha t  
the  t e m p e r a t u r e  at  the upper  par t  was a few degrees 
h ighe r  than  at  the  bo t tom in order  to avoid the rmal  
convection in the  mol ten  oxide phase.  

Composit ions of the oxide  were  70 w/o  SiO2-30 w/o  
Li20 and 80 w/o  SiO~-20 w/o  Li20 by  charge. The 

RW C 
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~ieid 
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stag 

Fig. 1. Schematic diagram of cell assembly 

commercia l  99.9% sil ica powder  (Merck,  Kiese lgel  60) 
was hea ted  a t  1000~ to obta in  a constant  weight .  The  
commercia l  >99.0% l i th ium carbonate  powder  was 
kept  at  over  200~ for  severa l  days  to obta in  a con-  
stant  weight.  These powders  were  mixed  to have  the 
above composi t ion and were  mel ted  in  the  a lumina  
crucible.  The mol ten  oxide  solut ion was carefu l ly  
mixed  and quenched on a wa te r - coo led  copper  plate.  
The quenched oxide  was crushed f inely,  mixed  ca re -  
fully,  and then se rved  for  the  exper iment .  Dissolution 
of the  a lumina crucible  into the  mol ten  oxide was 
negl ig ib ly  small ,  because the  solidified oxide  could be 
easi ly  spl i t  away  f rom the  crucible,  showing no r e -  
act ion be tween  them. 

A constant  cur ren t  was genera ted  wi th  a commercia l  
potent ios ta t  and a known  resis tance and was sup-  
p l ied  be tween  the work ing  and counterelect rodes .  The 
poten t ia l  difference be tween  the work ing  and r e fe r -  
ence electrodes was measured  by  a commercia l  po-  
ten t ia l  r ecorde r  wi th  input  impedance  of  2 Mt2. When  
t~e cu r ren t  was suppl ied  for  a ve ry  shor t  t ime,  the  po-  
tent ia l  change was fol lowed b y  a m e m o r y - t y p e  oscil-  
loscope. The electr ical  circuits  to genera te  a rec-  
t angu la r  single pulse  of cur ren t  and  to measure  the  
potent ia l  changes over  a ve ry  shor t  t ime were  de -  
ta i led  in Ref. (7). 

Af te r  the  oxide powder  was r eme l t ed  in the  cell  as-  
sembly  the work ing  and re ference  electrodes were  
d ipped into the  mol ten  oxide.  The surface level  was 
detected b y  tak ing  e lect r ica l  connect ion be tween  the 
counter  and  above  electrodes.  The dep th  of the  e lec-  
t rodes  were  fixed to the  des i red  posi t ion f rom the sur -  
face. Af te r  d ipping the electrodes,  i t  took severa l  hours  
to obta in  s teadi ly  zero potent ia l  difference be tween  
the working  and reference  electrodes.  The constant  
cur ren t  was suppl ied  to the  work ing  e lect rode the re -  
af ter .  Since the  value  of b in  Eq. [20] was es t imated  
as 0.110 for  80 w / o  SiO2 and 0.147 for  70 w / o  SiO2 f rom 
the ac t iv i ty  da t a  (11), and the va lue  of p was ob-  
ta ined  at  the  exper imen ta l  t empe ra tu r e  f rom pub -  
l ished da ta  (12), the  in terdi f fus ivi ty  was obta ined  
using Eq. (20). 

Experimental Results 
When the cur ren t  was supplied,  the  poten t ia l  

j umped  immed ia t e ly  corresponding to the IR drop. 
Then, the  potent ia l  changed pa rabo l i ca l ly  wi th  t ime. 
F igure  2 shows three  examples  of the  poten t ia l  change 
wi th  t ime recorded by  the oscilloscope for different  
t ime scales. A circui t  for  t h e / R - d r o p  compensator  was 
used to record  only the  parabo l ic  po ten t ia l  change  in  
the scope on a large  scale. Al though  the IR drop could 
not  be es t imated  wi th  sufficient accuracy f rom the 
figure, i t  could be obta ined accura te ly  by  p lo t t ing  the  
potent ia l  against  square  root  of t ime and ex t rapo la t ing  
to zero. In  ~ig. 3, subt rac t ing  the IR drop  f rom the  po-  
ten t ia l  change, the  overpoten t ia l  ~ was plot ted  agains t  
square  root  of t ime wi th  different  anodic and cathodic 
cur ren t  densit ies.  I t  is seen tha t  the t ime dependency  
of the  potent ia l  was wel l  expressed by  Eq. [20], r e -  
gardless  of cur ren t  direct ions and densities.  In  Fig. 4, 
the  slope of the  above l ines were  p lo t ted  agains t  cu r -  
rent  densit ies,  showing a very  good propor t iona l i ty .  
Thus, Eq. [20] was proved  to be satisfied by  the 
exper imen t s  wi th  respect  to cur ren t  density.  F igu re  5 
shows the change of  the  slope wi th  the  dep th  of the  
work ing  e lec t rode  keeping  a constant  cu r ren t  density.  
At  smal le r  depths  the  slope increases wi th  the  depth,  
but  over  10 mm, i t  seems v i r tua l ly  constant .  When  the 
dep th  is small ,  a pa r t  of the  cur ren t  would  be con- 
sumed by  a side reac t ion  such as 

H2 ( in  gas) E=~ 2H + + 2e [21] 

at  the th ree -phase  bounda ry  of gas -mol ten  ox ide-  
electrode.  Over  10 m m  depth,  however ,  the  effect of 
the  above react ion can be neglected.  Therefore,  the  in -  
terdiffusivi t ies  were  es t imated  f rom the da ta  for  over  
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10 m m  depth.  The diffusion dis tance f rom the in te r -  
face would  increase  wi th  dura t ion  of cur ren t  supply.  I f  
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Fig. 4. Plot of the slope of overpotential aver square root of 
time against current density. 
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t 'here exists a convection in the  mol ten  oxide  and, 
fur ther ,  if the distance exceds the  diffusion bounda ry  
layer ,  the t ime dependency  of the  potent ia l  would  be 
changed wi th  the dura t ion  of cur ren t  supply.  The 
dura t ion  was changed f rom 100 msec to 10 sec. Resul ts  
a re  shown in Fig. 6. The slope of ~ vs. ~ t p lot  is v i r -  

-101- \^ \ I " 5 m A  

-20 - \ % - \ 10mA 

15 mA 
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Fig. 3. Plots of the ove rpote~tlal against square root of time 
with different current values and directions. 
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Fig. 6. Plot of the slope of overpotential over square root of 
time against electrolysis time range. 
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tua l ly  constant  regard less  of the  durat ion,  showing no 
effect of convect ion on the polar izat ion.  

By these precaut ions,  i t  was proved tha t  the  t ime 
dependency  of the  overpoten t ia l  was comple te ly  due 
to the  uns teady  interdiffusion in the  s tagnant  mol ten  
oxide. Thus, the  interdiffusivi t ies  were  es t imated  f rom 
31 polar iza t ion  curves  for  30Li20-70SiO~ and 21 curves 
for  20Li20-80SiO2 at  different  t empera tures ,  using 
Eq. [20]. They  are  p lo t t ed  against  rec iprocal  of ab-  
solute t e m p e r a t u r e  in Fig. 7 and are  fo rmula ted  by  a 
least  squares  method  as follows: 

For  20 w/o  Li20-80 w/o  SiO2 

DLifO.SiO2 ~ -  7.2 X 10 -~ exp ( - -33 X IO~/RT) 

(cmf/sec)  1100~176 

For  30 w/o  Li20-70 w / o  SiOs 

DLi2O-SiO2 = 3.0 X 10-~ exp ( - -29  X IOZ/RT) 

(cmf/sec)  1200~176 

The s t andard  devia t ion  for  ac t ivat ion energies  were  
1.6 kca l /mo le  for 20Li20-80SiO2 and 2.7 kca l /mole  for  
30Li~O-70SiO2, respect ively .  Higher  Li20 content  gave 
h igher  in terd i f fus iv i ty  wi th in  the  expe r imen ta l  t em-  
pe ra tu re  range,  but  lower  ac t iva t ion  energy.  

Discussion 
Estimation of errors.~The "mean  er ror"  of the  de -  

t e rmina t ion  of the  in terdi f fus ivi ty  c a n  be defined as 
the  fol lowing equat ion  

[22] 
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Fig. 7. Interdiffusivities in molten binary silicates. Li20-Si02: I ,  
the present work. Na20-S|O2: 2, Shurygin et al. (17); 3, Hlavac 
and Nademlynska (18); 4, Schwerdtfeger (16); 5, Kreider and 
Cooper (19). K20-SiOf: 6, Schwerdtfeger (16); 7, May and Wollast 
(20). PbO-SiO2: 8, Kosaka et al. (14). 

where  I is the total  cu r ren t  and A is the  in te r rac ia l  
area. The larges t  e r ror  was inc luded in the es t imat ion 
of the value  of b, i.e., ~b/b : ~-10%. The nex t  larges t  
were  ~A/A  of ___5% and M/I  of ___5%. The slope of the  
overpoten t ia l  vs. square  root  of t ime has a very  smal l  
e r ror  of ___1% as seen in Fig. 3. Measurement  of t em-  
pe ra tu re  has also a very  smal l  e r ror  of ___1%. The 
mean  error ,  then, can be es t imated  as ~13%.  

Al though  the  e lec t rode  had  cyl indr ica l  geometry ,  a 
p l ana r  in ter face  was assumed on solving the diffusion 
equation.  The solut ion for  cy l indr ica l  coordinates  
under  the  same ini t ia l  and bounda ry  condit ions a s  
those of Eq. [15] is g iven for a short  t ime a s  

i (  t )l/s 
C B O $ i  ~ C B o 2 b  "--  4F 'DAo-B02 

[,. ,' ( ),,, a, + ' ] [23] 

where  a is the  radius  of the e lect rode (13). Compar ing  
Eq. [16] wi th  [23], the  e r ror  induced by  the  assump-  
t ion of the  p l ana r  in terface  geomet ry  is g iven as 

1 
a2 J r . ,  ] [24] 

Using the larges t  DAO-BO~ value  of 4 • 10-~ cmf/sec,  
the  radius  of the e lec t rode  of 0.05 cm and the longest  
t ime of 20 sec in Eq. [24], the  e r ror  is es t imated  as 
2.8 X 10-3, which  corresponds to 2.5% of 2/~ ~. Con- 
sequently,  the  e r ror  f rom the  assumpt ion  of  the  p l ana r  
in ter face  geomet ry  was es t imated  less than  2.5%. 

The ac t iv i ty  da ta  (11) was es t imated  a t  1400~ f rom 
the measuremen t  of vapor iza t ion  ra te  of Li20 (14). 
Therefore,  the use of such da ta  would  cause a cer ta in  
error ,  but  the  magni tude  of it  could not  be es t imated  
in the presen t  work. If more  accurate  da ta  were  ava i l -  
able, the in terdi f fus ivi ty  obta ined  would  be more  
accurate,  because the  slope of ~ vs. ~]-t was obta ined  
ve ry  accura te ly  in the presen t  exper iment .  

Comparison o] the present data with those of others. 
- - In te rd i f fus iv i t i es  in o ther  mol ten  b ina ry  si l icates 
a re  cited in Fig. 8 toge ther  wi th  the presen t  data. Num-  
ber  1 Shows the interdiffusivi t ies  of Li20-SiO2 ob-  
ta ined in the  present  work, numbers  2-5 for Na~O- 
SiOf, number  6 and 7 for KfO-SiOm and finally, n u m -  
ber  8 for PbO-SiOf.  
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Fig. 8. Interdiffusivities of LifO-Si02 obtained in the present work 
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May and Wollas t  (20) r epor ted  no composi t ion de-  
pendency of the in terdi f fus ivi ty  f rom the i r  exper i -  
ments  on K20-SIO2 sys tem at SiO2 mole  fract ions 
f rom 0.74 to 0.84. Schwerd t feger  (16), however ,  sug-  
gested that  the diffusivi ty would  decrease b y  a factor  
of 2 from SiO2 mole f rac t ion of 0.77-0.88 in K20-SiO2 
system at 1200~ On Na20-SiO2 system, Schwerd t -  
feger  (16) suggested large  decrease by  a factor  of 5 
f rom SiO2 mole  f rac t ion of 0.65-0.75. Kosaka  et al. (15) 
repor ted  a l a rge  decrease  of an order  of magni tude  on 
the PbO-SiO2 system at 850~ In the  present  work,  
small  dependency  by  a factor  of 1.5 f rom 0.54 to 0.67 
SiO2 mole  f ract ion was obta ined at  1200~ As a 
Whole, i t  might  be concluded tha t  there  exists  a 
modera te  dependency  of the  in terdi f fus ivi ty  on SiO2 
mole  fraction, i.e., by a factor  of 2 ~ 3 f rom 0.60 to 
0.80 SiO2 mole f rac t ion at  1200~ 

In the  present  work, the act ivat ion energy  was ob-  
ta ined  33 and 29 kca l /mo le  for  0.67 and 0.54 SiO2 mole  
fraction, respect ively.  The others  r epor ted  about  35 
kca l /mole ,  a l though SiO2 mole fract ions are  different. 
Thus, it  might  be concluded tha t  the act ivat ion energy  
for the interdiffusion in  mol ten  a lkal i  s i l icate is 30- 
40 kca l /mole ,  regard less  of a lka l i  e l ement  and com- 
positions. 

Conclusion 
The in terdi f fus ivi ty  of Li20-SiO2 in mol ten  b ina ry  

Li20-SiO2 was de te rmined  by  an e lect rochemical  po-  
la r iza t ion  method from 1100 o to 1350~ Li20-SiO2 was 
selected because of no da ta  on the diffusivi ty and be-  
cause SiO2 is s tab le r  wi th  unit  t ransference  number  
of Li +. The resul ts  a re  summar ized  as follows. 

For  20 w/o  Li20-80 w/o  SiO2 

DLi20-Si02 = 7.2 X 10 -a exp (--33 X IOa/RT) 

(cm2/sec) 1100~176 

For 30 w/o Li20-70 w/o SiO2 

DLi2O-SiO2 ~- 3.0 X 10 -3 exp (--29 X I03/RT) 

(cm2/sec) 1200~176 

The interdiffusivity is larger by a factor of 1.5 for 
30Li20-70SiO2 than for 20Li20-80SiO2 at 1200~ The 
activation energies are 33 and 29 kcal/mole for 20Li20- 
80SIO2 and 30Li20-70SiO2, respectively. 

These results are quite reasonable compared with 
published interdiffusivity data in other molten binary 
silicates. Thus, the present method was proved to be 
applied successfully to determine the interdiffusivity 
in molten LizO-SiO2 system. 
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The Four-Point Bend Test for Measuring 
the Ductility of Brittle Coatings 

C. C. Lo 
Bell Laboratories, Columbus, Ohio 43213 

Elec t ropla ted  meta ls  are  often much ha rde r  and less 
duct i le  than  the same meta ls  obta ined  f rom the melts .  

Key words: ductility, brittle coatings. 

One of the  p r i m a r y  causes for the  reduc t ion  of duc t i l i ty  
is the codeposits  of gaseous and other  impur i t i es  in 
many  electroplates .  ASTM recommends  ( I )  tha t  the 
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ducti l i ty  (the s t ra in to fracture)  be de termined by a 
bend test for br i t t le  plates on a substrate,  and a tensile 
test for ducti le plates with the substrate  removed. 

The procedure of the bend test (1, 2) is to press the 
specimen onto a series of mandre ls  of various diam- 
eters with the subst ra te  side against  the mandrel .  When 
visible cracks are observed under  a 10X magnifier, the 
ducti l i ty is then calculated over a range from the two 
adjacent  mandre l  diameters and the specimen thick- 
ness. This technique is simple. However, with the 10X 
magnifier  one can never  be sure about the occurrence 
of cracks un t i l  they are extensive. Other major  defi- 
ciencies of this method are the uncer ta in ty  with the 
rate and the force dis t r ibut ion dur ing  the bending. 

The bulge test has also been used in  de termining  the 
ducti l i ty of electroplates (8). However, the bulge is not 
shaped like a spherical cap as f requent ly  assumed (4), 
hence the uncer ta in ty  arises f rom the strain calculation 
based on the bulge height measurement ,  par t icular ly  if 
the bulge height is small  as is the case for a br i t t le  ma-  
terial. Because the biaxial  stress in a bulge test resists 
necking which is seen in a conventional  uniaxial  tensile 
test for a ductile material ,  the bulge test has been used 
successfully for obta ining the s tress-strain relat ionship 
over the large plastic s train region. The s t rain to frac- 
ture obtained in a bulge test usual ly  is much larger 
than  that  of the uniaxia l  tensile test. 

A different, simple bend test method is presented 
here, which avoids the problems just  described. The 
technique is sometimes called the four-point  method as 
used by the ceramic industry,  where the specimen, 
without  a substrate,  is bent  and fractured into two or 
more pieces. This tester can be used to evaluate the 
ducti l i ty of a bri t t le  coating with a s t ra in  to fracture 
between 0 and 2%. Cracks are revealed under  an opti-  
cal microscope at 50X with oblique i l luminat ion.  
Cracks as revealed by this optical technique are also 
compared with those by two other techniques com- 
monly  used for porosity testing: HNO3 vapor and elec- 
trography. 

Four-Point Bend Test 
The basic mechanisms of the four-point  bend test in -  

clude a simply supported beam subjected to two loads, 
symmetr ical  over the central  span (Fig. 1). Since the 
bending moment  is constant  between the two loads, the 
plastic hinge is not l ikely to develop. Samples are 
placed on two tool steel knife edge supports located 

I i 
I i 

I i 
! ! 

Fig. !. Schematic of the four-point bend test apparatus 

50.8 m m  apart. Two l ine loads are applied by two 3.2 
mm diam steel cylinders spaced 12.7 mm apart, or 19.1 
mm from the supports, and controlled by a micrometer  
which indicates the displacement. After  every 0.1 mm 
increment  (or any selected distance) of the loading 
cylinders, the specimen is removed from the testing 
f rame and examined at 50X magnification under  
oblique dark field i l luminat ion.  If the specimen is bent  
at a rate of about 0.1 m m  in  1 or 2 sec, we obtain a 
s train rate of about 10-4/sec, which can be considered 
as a static rate The rod which connects the loading 
cylinders and the micrometer  can be made long enough 
that  the specimen can be placed inside an oven while 
the micrometer  is outside for measur ing the ducti l i ty at 
elevated temperatures.  

The errors of t'he measurement  depend on whether  
the two loading cylinders are paral lel  to the knife edge 
supports, are making  contact at the same time, and are 
at the r ight  positions, and whether  the specimen has a 
un i form thickness and width, as discussed by Hoagland 
et al. (5) for the elastic bending case. To evaluate the 
rel iabi l i ty  of the four-point  bend test, they compared 
the Young's modulus of a steel beam measured in the 
bend test with tests in uniaxia l  loading. The difference 
was only about 1%. The single most impor tant  error in 
the bend test is that due to the twist ing action when  the 
specimen is not flat so that  the support ing edges and 
the loading cylinders do not make the ini t ia l  paral le l  
contact with the specimen s imul taneously .  This error is 
inversely  proport ional  to the beam deflection. The typi-  
cal deflection for a br i t t le  coating on a metall ic sub-  
strate is much  larger than  that  for a ceramic specimen, 
hence the error for the former  is smaller. In  conclusion, 
it seems to be reasonable to assume that, with s tandard 
laboratory precaution, the total error  can be kept 
wi th in  5%. 

For bri t t le  nonmetal l ic  materials  without  the sub-  
strate the s t ra in to fracture obtained by the four-point  
bend method appears to be 15-30% higher than  that 
obtained by a tensile test (6, 7). This can be explained 
by the fact that  all the flaws in  the tensile specimen are 
subjected to the ma x i mum tensile stress to cause crack 
ini t ia t ion and growth, while in the bend test only  the 
flaws near  the tensile side surface of the specimen are. 
A statistical t rea tment  of this case was given in  Ref. 
(6). For a th in  coating on a ductile substrate,  all  the 
flaws in  the coating can nucleate cracking for both the 
tensile test and the bend test, so the s t ra in to fracture 
should be the same for both tests. However, an experi-  
menta l  proof is still  needed. 

Strain to Fracture 
After cracks appear, the ducti l i ty can be determined 

from the measured displacement at the loading cyl ind-  
ers. If the substrate mater ia l  is wi th in  its elastic l imit  
and the distance between the two loads is 1/4 of the 
span, the m a x i m u m  st ra in  in the specimen is 

16 h8 
= S ~2 [1] 

where h, 1 and 5 are the total thickness, distance be-  
tween the two supports, and the displacement under  
the loads, respectively. If the ducti l i ty of the coating is 
less than  0.5%, it is advantageous to choose a substrate 
with a high yielding s t rain so that  Eq. [1] can be used. 
One of the suggested substrates is a phosphor bronze 
strip 10 m m  wide and 0.3-0.4 mm thick. The coating 
thickness can vary  between 5 and 20 ~m. 

However, if the substrate mater ia l  deforms plasti-  
cally, the strain cannot be calculated easily. First, the 
s tress-strain curve for the substrate  should be obtained 
from a tensile test machine. Then  the displacement-  
s t ra in curve is usual ly obtained by a tedious numerica l  
integrat ion method. As an alternative,  an approximate 
simple solution was given in Ref. (8) for m a x i m u m  
strains of 1-2%, depending on the s tress-strain curve. 
For a hal f -hard  copper substrate, the s t ra in-displace-  
ment  curves based on this non l inear  theory (8), as well  
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Fig. 2. Strain-displacement curves for a half-hard copper sub- 
strate. 

as that  based on the simple elastic theory, are shown 
in Fig. 2. It is interest ing to note that, when the ratio of 
the total thickness (coating and the substrate)  to the 
distance between the two supports is about 0.01, the 
strain obtained from the simple theory of Eq. [1] is 
near ly  the same as that  obtained from the nonl inear  
theory for strains up to 1%. 

The displacement-s t ra in  curve can also be calibrated 
exper imenta l ly  by measur ing the strain optically. 
However, none of the optical techniques is simple or 
readily available. The strain gauge method is not desir- 
able because it affects the stiffness of the sample, so that  
plastic hinges are l ikely to develop which will  lower 
the measured strain. To prove this point, we used the 
smallest s train gauge available, which had a thickness 
of less than 25 ~m, on a 0.5 mm half -hard  copper strip. 
The displacement vs. strain curve based on these strain 
gauge measurements  is shown in Fig. 2 as dots (h/ l  -- 
0.01). At about 0.9% strain, plastic hinges started to 
appear, and the measured s t rain became smaller  than 
the calculated value. 

M e t h o d s  to Revea l  C r a c k s  
Oblique i l tumination.--In this study, we chose NiSn 

alloy (9) coating as an example because it is ra ther  
bri t t le  and resistant to most etching chemicals. NiSn 
alloy was electrodeposited on both sides of a hal f -hard  
copper strip, 12.5 mm wide and 0.5 mm thick. The cop- 
per strip was not polished; its surface scratches were 
also apparent  on the plated surface. The NiSn plate had 
a nonuni form thickness varying from about 15 ~m at 
the edge to 7 ~m near  the center. When a cracked 
specimen was placed under  a microscope at 50X with 
oblique l ighting perpendicular  to the cracks, cracks 
could be seen easily. The in terna l  oblique i l luminat ion  
provided by some microscopes does not reveal the 
cracks as clearly as an external  light can. When the 
incidence angle was low, the background was dark, 
and cracks were shown as fine straight lines perpendi-  
cular  to the edges, whereas the scratches were seen as 
coarse lines at random orientat ions as shown in the up-  
per right corner of Fig. 3. It is also interest ing to see 
that the ducti l i ty for NiSn varies l inear ly  at a low slope 
With the reciprocal of the square root of the plate 
thickness over 1-40 ~m as shown in  Fig. 4. The de- 
pendence of ductil i ty on the coating thickness has long 
been suspected (2). For bri t t le  coatings, this can be ex- 
plained by the increased number  of flaws in the coating 
with thickness as discussed earlier. 

Though fine cracks can be seen easily using oblique 
dark field i l luminat ion,  the same cracks can be seen 
only at much higher magnifications under  normal  in-  
cidence bright  field i l luminat ion.  At high magnifica- 
tion, it becomes difficult to dist inguish cracks from 
scratches. Under  normal  incidence i l lumination,  both 

Fig. 3. Cracks on a 10 ~m NiSn plate as revealed at S0X under 
oblique illumination. 

t, I N ~ m  
10| 25 10 5 3 2 1 

.4 

.3 

,2 

..m .1 

0 I I I 1 I I I I I I 

.1 .2 .3 .4 .5 .t .7 .! .t 1.1 1.1 
1 (THICKNESS t iN ,~m) 

Fig. 4. Ductility of NiSn plate versus the plate thickness 

the resolution and the perception limits are propor-  
t ional to the ratio of the wavelength of light to the 
numerica l  aperture of the microscope�9 On the other 
hand, under  the oblique dark field i l luminat ion,  percep- 
t ion depends only on the total light reflected from the 
cracks (I0).  

Fig. 5. Cracks on a 10 #m NiSn plate as revealed by electro- 
graphic technique, 5X. 
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Electrography.--After a specimen was examined 
using a microscope with oblique i l luminat ion,  the same 
sample was tested by the electrographic technique 
(11-13). Kodak Type F dye t ransfer  paper  was cut into 
strips 2 by 7 cm and soaked for 15-45 rain in a solution 
of 20 g/ l i ter  of disodium salt of dimethylglyoxime and 
20 g/ l i ter  of NaC1. A roller  was used to remove the 
excess solution from the pr in t ing paper. The specimen 
was held firmly against  the pr in t ing  paper be tween  two 
a luminum electrodes which were pressed together in a 
hydraul ic  press. A current  was passed through the 
specimen and paper for 1 min at a constant voltage of 
2.OV. The result  is shown in  Fig. 5. The electrographic 
method in this case has revealed about 1/3 of cracks 
found by oblique i l luminat ion.  Other samples with 
plat ing thicknesses from 4 to 40 #m of NiSn alloy gave 
similar  results. Unrevealed cracks indicate that  the 
electrolyte does not fill all cracks but  depends on the 
crack dimension, the NiSn plat ing thickness, and the 
wett ing angle between the alloy and the solution. Fig-  
ure  5 shows that  the electrographic technique revealed 

Fig. 6. Cracks on a 10 #m NiSn plate as revealed by HNO8 
vapor, 5X. 

some cracks near  the edge, but  none in  the center area 
even though the former had a plat ing thickness twice 
as large as the latter. The electrolyte used here is effec- 
t ive for reveal ing pores in  a gold plate. However, it is 
possible that  some other electrolytes may be more ef- 
fective for NiSn alloy plates due to different wett ing 
angles. 

HNOa vapor.--After the electrographic test, samples 
were placed in a desiccator over a pool of HNO3 of 70% 
concentrat ion for 1 hr. Cracks were manifested by  cop- 
per corrosion products as shown~ in  Fig. 6 at 5X. In  Fig. 
6, cracks were marked as areas A to G so that  they may  
be compared to the same cracks shown in  Fig. 3 and 5. 
Cracks revealed by HNO3 vapor were identical  to those 
revealed by oblique i l luminat ion.  
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Surface Composition of Equiatomic 
Electrodeposited Tin-Nickel Alloy 

G. C. Nelson 

Sandia Laboratories, Albuquerque, New Mexico 87115 

The surface passivity of an equiatomic t in-nickel  
alloy has been studied wi th  Auger electron spectros- 
copy by Tompkins and Bennet t  (1). They conclude 
that  the a i r - formed surface layer  is t in rich. However, 
due to the escape depth of the Auger electrons used for 
the analysis, it was not possible to clearly state whether  
the layer  is devoid of nickel. They do conclude how- 
ever, that the least complex model consistent with their  
results is a t in  oxide containing no nickel. To clarify 
this point, the surface composition of equiatomic elec- 
trodeposited t in-n icke l  alloy has been determined by 
low energy ion-scat ter ing spectroscopy. Since this 
technique is more surface sensitive than  Auger electron 

Key words: tin-nickel alloy, surface passivity, equiatomic. 

spectroscopy, it is possible to unambiguously  determine 
the composition of the first few monolayers. 

Experimental Results 
The ion-scat ter ing spectrometer used for these mea-  

surements  is a modified commercial instrument .  A 2 
keV 4He+ beam was used for the analysis and for ob- 
ta ining a sputter  profile of the near  surface region. The 
ion beam was rastered over a 4 mm 2 area with only 
the signal originating in  the center 1 mm~ accepted in 
the pulse-count ing system. The 1 /~m thick t in-n icke l  
samples were obtained from Tompkins and Schubert  
and were electroplated on Cu and stainless steel, respec- 
tively. Rutherford backscattering was used to deter-  
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mine the composition of the films at a depth of 1OOOA. 
This composition was considered to represent  that 
of the bulk. It was found that the composition of these 
samples deviated slightly from being equiatomic. The 
sample on stainless steel was found to contain 51 a/o 
(atomic percent)  Sn while the one on Cu contained 
45 a/o Sn. By using these bu lk  composition values and 
the relat ive Ni /Sn  peak height obtained from the sput-  
ter  profiles, sensit ivity factors for Ni and Sn were ob- 
tained. With the sensi t ivi ty factors, the depth profile 
data were converted to a concentrat ion profile. These 
data for Sn/Ni  on Cu are shown in Fig. 1. The ini t ial  
rise in  the Sn signal is due to the removal of carbona-  
ceous mater ia l  and the t in  oxide layer  as discussed by  

NI 

c9~ ~ ~uJ 3O ~ . . . .  
~0 2 keV 4He 

113 

Oo ~o ,; 6" ~ ,~'o ,% ,Io ,% ,% ~do SPUTTER TIME (MINUTES] 
Fig. l. Depth profile of electrodeposited tin-nickel sample. The 

absence of Ni in the surface region is clearly evident. 

SCIENCE AND TECHNOLOGY March 1978 

Tompkins (1). The delay in the Ni signal clearly indi -  
cates that the Ni is absent in the surface region. By 
measur ing the current  density and estimating the sput-  
ter ing yield, the depleted surface layer  was found to be 
5-10A thick which is in agreement  with the value of 
5A reported by Tompkins. Similar  results were ob-  
tained from the sample electroplated on stainless steel. 
These results confirm the speculation of Tompkins and 
are consistent with the idea that  since t in  is more read-  
ily oxidized than nickel, a t in  oxide will  form on the 
surface. It  shoulcl be pointed out, however, that  a t in -  
rich surface may also form in the absence of oxygen 
due to differences in surface-free energies (2). 

Acknowledgments 
The author would like to thank  H. G. Tompkins and 

R. Schubert  for supplying the samples and J. A. Bor- 
ders for the RBS measurements .  This work was sup- 
ported by the U.S. Energy Research and Development  
Administrat ion.  

Manuscript  submit ted Sept. 19, 1977; revised m a n u -  
script received Oct. 21, 1977. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the December 1978 
JOURNAL. All discussions for the December 1978 Discus- 
sion Section should be submit ted by Aug. 1, 1978. 

Publication costs of this article were assisted by 
Sandia Laboratories. 

REFERENCES 
1. H. G. Tompkins  and J. E. Bennett ,  This Journal, 123, 

1003 (1976). 
2. G. A. Somorjai, "Principles of Surface Chemistry," 

p. 64, Prentice-Hall ,  Englewood Cliffs, N,J. (1972). 

Oxygen Reduction on Platinum in 
Trifluoromethane Sulfonic Acid 

A. J. Appleby* 

CNRS Bellevue, Laboratoire d'Electrolyse, 92-Bellevue, France 

and B. S. Baker* 

Energy Research Corporation, Danbury, Connecticut 06810 

In strongly acidic solution, the rate of the electrolytic 
reduct ion of oxygen on oxide-free p la t inum appears to 
be determined by the heat of adsorption of the product 
of the ra te -de te rmin ing  step, which may be identified 
with the pr imary  electron- and a tom-t ransfer  process 
(1-3) 

02 -t- H + + e -  --> O2H(aas) 

A fur ther  effect on the rate may result  from the cover- 
age of adsorbed molecular oxygen ini t ia l ly  present  on 
the electrode surface (2, 3), which may be a funct ion 
of the heat of adsorption of the anion in the solution. 

Acid fuel cells, which current ly  operate at tempera-  
tures on the order of 150~176 to ensure adequate 
reaction rates, use concentrated orthophosphoric acid 
as the electrolyte. This mater ia l  has not only poor 
mass- t ranspor t  properties (oxygen solubil i ty and dif- 
fusivity together with ionic conductivity) but  also 
very low exchange currents  for oxygen reduction at 
temperatures  less than  ca. 100~ (2, 4) when  compari-  
son is made with, e.g., perchloric acid (1) or sulfuric 

* E lec t rochemica l  Society Act ive  Member .  
Key  words :  oxygen  reduc t ion ,  e lec t rocata lys is ,  p la t inum,  tri- 

f l uo rome thane  sul fonic  acid. 

acid. The lat ter  acids are insufficiently stable for use 
in fuel cells at temperatures  above about 80~ Conse- 
quently,  s tar t ing in 1971, a search was made for other 
possible acid electrolytes with higher  stabil i ty than 
perchloric and sulfuric acids, and improved kinetics for 
oxygen reduction compared with orthophosphoric acid. 
At that  time, tr if luoromethane sulfonic acid was ex-  
amined;  it was later  shown elsewhere that  it demon-  
strated improved kinetics for hydrocarbon oxidation 
compared with orthophosphoric acid (5). After  ini t ia l  
work on oxygen reduct ion kinetics and performance of 
tr if luoromethane sulfonic acid in  a fuel cell, less vola- 
tile higher homologs were examined, par t icular ly  tet-  
rafluoroethane 1-2 disulfonic acid (6). The kinetics of 
the oxygen reduction process on p la t inum in trifluor- 
omethane sulfonic acid solution are described in this 
paper. 

Experimental 
A 10% solution of tr if iuoromethane sulfonic acid 

(Eastman Kodak) in  distilled water  was used. This 
corresponded to a molar i ty  of about 1.1M. The electro- 
chemical cell was of convent ional  3-compar tment  type, 
and was fitted with a p la t inum-b lack  fuel cell electrode 
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on a t an ta lum exmet screen as counterelectrode, a dy-  
namic hydrogen reference electrode (7) which used 
a similar  cathode (area 1 cm ~) together with a smooth 
p la t inum anode in  a compar tment  fitted with a Luggin 
capillary, and a br ight  p la t inum working electrode 
2 cm 2 in  area. The polarizing current  for the dy-  
namic hydrogen electrode was 1 mA and its poten-  
t ial  was determined to be + 5  mV with  respect to a 
bubbl ing  hydrogen electrode in  the same electrolyte. 
This value was independent-  of tempera ture  in  the 
range studied. The cell contained a fur ther  electrode in  
the working electrode compar tment  which was ident i -  
cal with the counterelectrode and was used for pre-  
electrolysis of the tr i f luoromethane sulfonic acid solu- 
tion. 

The solution as first prepared had a pale straw c o l o r  
which slowly cleared as oxygen was bubbled  through 
the cell. A slight precipitate formed during this period. 
Accordingly, all solutions were first pretreated using 
this procedure for a period of about 48 hr after which 
the solution was filtered and preelectrolysis was 
started. Stable electrochemical results were obtained 
after  60-72 hr of preelectrolysis at 1 mA-cm -2. Shorter  
periods than this were insufficient to remove oxidizable 
impuri t ies  and reaulted in considerable deactivation of 
V-log i curves for oxygen reduct ion (see below).  Oxy- 
gen (u l t rapure  grade) was bubbled through the solu- 
t ion dur ing the preelectrolysis period. After  preelec- 
trolysis, the p la t inum-b lack  anode was removed from 
the solution in  the working compar tment  and the oxy-  
gen flow was reduced. The working electrode, prepared 
as in previous work (2), was then lowered into the cell. 
It  was activated by the anodic and cathodic pulsing 
procedure described earlier (2). After  the final cathodic 
pulse into the hydrogen adsorption region, a galvano- 
static current  of the value desired was applied and the 
electrode was allowed to reach the potent ial  corres- 
ponding to this value. Since relat ively rapid deactiva-  
t ion of the br ight  p la t inum electrode due to adsorption 
of impuri t ies  occurred [cf. Ref. (2)] the max imum po- 
tent ial  registered was taken to be that  corresponding 
to the reduction of oxygen on the clean, oxide-free 
p la t inum surface. Potentials  and currents  were mea-  
sured using a Wenking  potentiostat  with digital volt-  
meter  readout. 

Results were obtained on two bright  p la t inum work-  
ing electrodes, which were consistently wi th in  5 mV of 
each other. All  results reported below refer to a single 
electrode. The Tafel plots shown could be traced for- 
wards and backwards fairly reproducibly (-*5 mV).  
Temperatures  were main ta ined  to _0.3~ using a 
water  or ice bath. 

Results 
Tafel plots after 72 hr of preelectrolysis at 0 ~ 20 ~ 

36 ~ and 62~ are shown in Fig. 1. Open-circui t  poten-  
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Fig. 1. Tafel  plots for oxygen redaction on smooth oxlde-free 
platinum in 1.1N trifluoromethane sulfonic acid solutions (after 
72 hr preelectrolysis). 
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Fig. 2. Tafel plots as in Fig. 1, as a function of preelectrolysis 
time. A, no preelectralysis; B, 12 hr; C, 72 hr. 

tials (measured after completion of the Tafel plots) 
varied from 1025 mY vs. hydrogen at 0~ to 990 mV 
at 62 ~C. Figure 2 shows the effect of preelectrolysis on 
the results obtained at 20~ Tafel slopes in  the poten-  
tial range above 920 mV (at 0~ and 850 mV (at 
62~ appear to be close to R T / F  (54-66 mV/decade 
depending on tempera ture) .  At lower potentials, just  
before the l imit ing current  region, higher slopes seem 
to occur. Although this secondary Tafel range is never  
long enough for accurate slope determinat ion,  results 
may be on the order of 2 RT/F,  as has been observed 
elsewhere (8, 9). The Tafel slopes have been  extrapo-  
lated back to the calculated reversible oxygen electrode 
potentials [ taking into account the tempera ture  and 
the gas and water -vapor  part ial  pressures (2)] to ob-  
ta in  the apparent  exchange current  values shown in  
Table I. Values shown are for 1 atm oxygen par t ia l  
pressure, the extrapolated values from the Tafel plots 
being corrected as necessary for the effect of water  
vapor pressure, assuming the oxygen reduct ion reac- 
t ion to be first order (1, 2). 

An Arrhenius  plot of the exchange current  densi ty 
values is shown in Fig. 3. Exper imenta l  act ivation en-  
ergy is 12.6 (-*2) kcal /mole  under  1 atm oxygen pres-  
sure conditions. 

Discussion 
The Tafel slope observed, as in other acids (1, 2, 9), 

is RT/F.  This suggests that  the same ra te -de te rmin ing  
step occurs as in  perchloric and orthophosphoric acids 
(1, 2). While support  from order of reaction de te rmina-  
tions is required for a positive confirmation, evidence 
points to the pr imary  electron t ransfer  step 

02 + HsO + + e - ~  O2H(ads) + H20 

as rate- l imit ing.  Due to the presence of adsorbed - -OH 
or - -O radicals derived from the oxidation of water, 
which have a heat of adsorption that  is l inear ly  de- 
pendent  on coverage (1) (Temkin conditions),  the en-  
v i ronment  of adsorption of the reaction in termediate  is 
affected (1O). When coverage of revers ibly adsorbed 
- -OH or - -O radicals is low (i.e., when Langmui r  ad- 
sorption occurs) the characteristic slope of RT/~F,  
where /~ is the symmet ry  factor, should be observed 
[i.e., 2 RT/F ,  or about 120 mV, with a typical value for 

equal to �89 (8, 9)].  This is consistent with the results 
obtained. 

The probable 25~ exchange current  for reduction 
of oxygen at 1 atm pressure is 9 X 10 -11 A / c m  2. The 

Table I. Exchange currents for oxygen reduction in 1.1N CF3SO3H 

Calculated 
Temp,  ~ theoret ica l  io, A / c m  2 

(~0.3)  E ~ ( m V  vs. I-h) (1 a tm 02) 

O 1248 8.0 x 10 -~  
20 1231 6.0 x 10 -zz 
36 1216 1.7 x 10 -~o 
62 1192 8,8 X 10 -1~ 
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Fig. 3. Arrhenius plot for extrapolated exchange current den- 
sities (1 atm 02). 

corresponding va lue  in perchlor ic  acid (0.1N) is about  
8 • 10 -11 (1), whereas  tha t  in 85% or thophosphor ic  
acid (14.5M) is about  4 X 10 -23 A / c m  2 (2). A com- 
pensat ion  effect be tween  the act ivat ion energy and the 
Ar rhen ius  p reexponent ia I  t e rm is noted for oxygen  
reduct ion  on b r igh t  p la t inum in t r i f luoromethane  sul-  
fonic and or thophosphor ic  acids. The corresponding 
p reexponen t ia l  te rms for the  exchange currents  are  
--0.94 and ~-2.i7, respect ively,  when expressed as 
logl0io (A/cm2).  The t e m p e r a t u r e  at  which the oxy -  

gen reduct ion  react ion has the  same ra te  in both acids 
is about  135~ the /o  va lue  being ca. 2 • 10 - s  A / c m  2. 

Conclusions 
1.1M t r i f luoromethane  sulfonic acid shows an ex -  

change cur ren t  dens i ty  for oxygen  reduct ion  at 1 a tm 
pressure  and o rd ina ry  t empe ra tu r e  tha t  is about  2 o r -  
ders  of magni tude  g rea te r  than  tha t  ir~ 85% or thophos-  
phoric  acid, the  e lec t ro ly te  n o r m a l l y  used in acid fuel  
cells. I t  shows a pa r t i cu l a r ly  low act ivat ion energy  
(about  ,~10.3 kca l /mo le  less than  that  in  or thophos-  
p~oric  acid) which renders  i t  pa r t i cu l a r ly  in teres t ing  
for  use at  lower  tempera tures .  This difference in ac t iv-  
a t ion energy  p robab ly  resul t s  f rom the combined effect 
of heat  of adsorpt ion  of anions and differences in  the  
hea t  of solut ion of oxyge n . As noted e lsewhere  for oxy-  
gen reduct ion in acid solution, a compensat ion  effect 
(3) is observed be tween  the Ar rhen ius  p reexponen t ia l  
te rms and act ivat ion energies in the  two acids, wi th  an 
ex t rapo la ted  crossover t empera tu re  of about  135~ 
Such compensat ion effects m a y  be of  g rea t  theore t ica l  
significance for oxygen  e lec t rode  processes. 

Manuscr ip t  submi t t ed  Nov. 1, 1976; rev ised  m a n u -  
scr ipt  received Nov. 21, 1977. 

A n y  discussion of this pape r  wi l l  appear  in the  De-  
cember  1978 JOUaNAL. Al l  discussions for  the  December  
1978 Discussion Sect ion should be submi t ted  by  Aug. 1, 
1978. 
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Photoanodic Behavior of n-type Cadmium Sulfide in 
Acetonitrile Solutions Containing Iodide Ion 

Kenji Nakatani, 1 Shigeyuki Matsudaira, and Hiroshi Tsubomura 

Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka, Japan 

The conversion of l ight  energy  to e lectr ical  and 
chemical  energy  in e lect rochemical  systems equipped 
with  semiconductor  electrodes has a t t rac ted  wide a t -  
tention. Unfor tunate ly ,  many  semiconductors  having 
appropr ia t e  bandgaps,  e.g., CdS, GaP, etc., are subject  
to undes i rable  dissolution or decomposi t ion by photo-  
e lec t rochemical  react ions in aqueous solutions (1). 
Recently,  some photoelectrodes,  e.g., CdS, CdTe, have 
been repor ted  to be s tabi l ized in aqueous solutions 

1 P r e s e n t  a d d r e s s :  Te i j in  L imi ted ,  C e n t r a l  R e s e a r c h  In s t i t u t e ,  
Hino ,  Tokyo ,  J a p a n .  

K e y  w o r d s :  s e m i c o n d u c t o r ,  bho toce l l ,  p h o t o c u r r e n t ,  so l a r  en- 
e r g y  conve r s ion .  

containing reducing agents such as ferrocyanide,  sul -  
fide, and selenide (2). 

We thought  tha t  the dissolut ion or decomposi t ion 
could be prevented,  or suppressed by  employing  non-  
aqueous solvents. I t  tu rned  out that  the photoanodic  
dissolution of CdS could not  be fu l ly  avoided in va r i -  
ous organic solvents, such as acetonitr i le ,  n i t rometh -  
ane, and d imethy l formamide .  But the  onset po ten t ia l  
for the anodic dissolution cur ren t  of CdS was found 
to change with  solvent  bas ic i ty  (3). In  this  paper ,  we  
repor t  the  resul ts  on s table  CdS photocel ls  using non-  
aqueous solut ion containing iodide ion. The photoelec-  
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tric behavior  of semiconductor electrodes in  nonaque-  
ous solutions has also been extensively studied by 
Bard et al. (4). 

Experimental 
The s t ructure  of the electrochemical photocell and 

the measur ing devices used are of a conventional  type, 
reported in  our previous paper (5). In  some cases, a 
two-compar tment  cell separated by an agar bridge was 
used. Some of the experiments  were made under  the 
potentiostatic conditions using a Hokutodenko HA 101 
potentiostat. CdS single crystal electrodes with the 
(0001) face polished with a lumina  abrasive and etched 
in a 3M HC1 solution for 5 sec were used together with 
a p la t inum plate counterelectrode. Acetonitr i le and 
n i t romethane  were purified according to the l i tera ture  
(5, 6). Li th ium perchlorate (0.1 m o l e .  l i ter  -z)  was 
used as a support ing electrolyte. A 250W high pressure 
mercury  lamp combined with Toshiba glass filters, 
UV-35 and UB-46, or a 500W halogen lamp mono-  
chromatized by an MC-20 monochromator  of Ritsu 
Oyo Company Limited was used as the l ight source, 
and the light in tens i ty  was measured with an Eppley 
thermopile. The in tens i ty  of the l ight incident  upon 
the sample is ca. 1.40 �9 10-~W cm -2 for the former and 
1.20 �9 10-4W cm -2 at ~: 475 nm for the latter. 

In  order to check the dissolution of CdS after the 
passage of photocurrent  under  potentiostatic condi-  
tions (0V vs.  SCE), solutions were ashed with a suit-  
able amount  of concentrated nitr ic acid and analyzed 
for Cd 2+ by either colorimetry with dithizone (7) or 
atomic absorption method. The differential capacitance 
of the electrode was measured with an a-c bridge at 
1 kHz. 

Results and Discussion 
No steady photocurrent  was obtained between an i l-  

luminated CdS electrode and a directly connected 
counterelectrode in an acetonitri le solution containing 
only LiC104. The surface of the CdS electrode became 
rough and yellow by the anodic photocurrent,  owing to 
the deposition of sulfur. The amount  of the Cd 2+ ion 
produced, measured by the colorimetric analysis, was 
almost equivalent  to the electrical quant i ty  passed 
(0.3-18C, for periods of 20 rain to 9 hr) .  

The decomposition of CdS was prevented by addi-  
t ion of sodium iodide into the solution even for the 
case of strong i l luminat ion,  and a photocurrent  as 
shown by curve a in  Fig. 1 was obtained. The solution 
became yellow by passage of the current,  suggesting the 
oxidation of I -  ion on the surface of the electrode to 
I3-. By employing an H-shaped cell, with the cathode 
and anode being separated, the formation of I s -  was 
confirmed from the absorption spectrum of the solu- 
t ion in the CdS half-cell.  The amount  of I~- calcu- 
lated from the absorbance and the molar  ext inct ion 
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Fig. 1. Photocurrent curves vs. time under nitrogen gas bubbling. 
a, CH3CN solution containing 0.285M Hal and 0.1M LiClO4 
( . . . . . .  : O~ bubbling started at 20 sec); b, CH3CN solution 
containing 0.285M Nal, 6 • 10 -4M 12, and 0.1M LiCIO4. 

coefficient of I3-, 2.9 • 104, agreed well  with the theo- 
retical value obtained according to the following re- 
action 

3 I -  H- 2p ~ I3- [1] 

When the photocurrent  exper iments  were carried 
out using an H-shaped photocell conta ining I -  in  both 
sides, with oxygen bubbled  into the cathodic (Pt) half-  
cell and ni t rogen into the anodic (CdS) half-cell,  the 
photocurrent  under  the short-circui t  condit ion in -  
creased, as shown by the dotted curve in  Fig. 1, prob-  
ably because of the reduct ion of oxygen. No effect was 
observed by bubbl ing  oxygen into the CdS half-cell.  

With more than  10-4 mole �9 l i ter  -1 of I~ added into 
the cathodic half-cell,  the photocurrent  was not af- 
fected by Oxygen. The ini t ial  drop of the photocurrent  
as shown by curve a of Pig. 1 was avoided by addit ion 
of I2 in the solution before i l luminat ion  (curve b, Fig. 
1), 12 being mostly changed to Ia- ,  owing to the large 
equi l ibr ium constant for I -  + I2 ~ I8- (8). These re -  
sults arise undoubtedly  by the reaction at the cathode 

I~- J r  2e--> 3 I -  [2] 

With an undivided cell, the in tensi ty  of the I8-  ab-  
sorption band in the solution did not change even after 
long i l luminat ion,  showing that  equal  amounts  of I -  
and I3- are generated at the anode and the cathode, 
respectively. 

Quant i ta t ive  analysis of the Cd ~+ ion was carried 
out for the photoreacted acetonitri le Solution contain-  
ing various quanti t ies of sodium iodide, and the "dis- 
solution ratio," that  is, the ratio of the observed Cd 2+ 
concentrat ion vs.  that calculated from the total electric 
quant i ty  of the photocurrent  was plotted against the 
NaI concentrat ion (Fig. 2). When the concentrat ion of 
NaT was above 0.2 mole �9 l i ter  -z, the Cd 2+ ion concen- 
t ra t ion in  the solution became very small  as found 
from colorimetric and atomic absorption analysis, and 
no weight loss of the CdS electrode was detected even 
after long i l luminat ion  with an in tensi ty  of up to 0.135 
W/em 2. 

Honda et  al. (2) reported that  the photoanodic dis- 
solution of CdS in  aqueous solutions could not  be 
fully avoided by addition of I - .  The present  favorable 
result  can be a t t r ibuted to the following two reasons. 
Firstly, the photodissolution current  of CdS arises only 
at a more positive potential  ( - -  0.3 N -- 0.6V vs.  SCE) 
in acetonitri le than  in water  (3). Secondly, the redox 
potential  of I - / I ~ -  in  acetonitri le (-t- 0.03V vs.  SCE) 
is more negative than  that  in  water  (-t- 0.29V) (9), 
probably because of the smaller  solvation energy of 
I -  in  acetonitrile than in  water. According to these 
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Fig. 2. "Dissolution ratio" for a CdS electrode under light from 
a f i l tered mercury /amp at various concentrations of Hal in 
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two reasons, CdS becomes s table  in  acetoni t r i le  in the  
presence of an I - / I 3 -  couple. 

An  a t t empt  was made  to use n i t romethane  ins tead 
of acetonitr i le,  which  was expected to s tabi l ize CdS 
electrodes by  its weak  bas ic i ty  (3). This was unsuc-  
cessful due to the smal l  so lubi l i ty  of NaI  in n i t ro -  
methane.  Even when a sa tu ra ted  solut ion of NaI  was 
used, ca. 6% of the  pho tocur ren t  arose f rom the dis-  
solut ion of CdS. 

The above-men t ioned  sa t is factory  resul t  for  aceto-  
ni t r i le  solutions has led us to check the efficiency of the  
conversion of l ight  to e lec t r ica l  energy  by  the photo-  
cell < C d S I N a I - a c e t o n i t r i l e ] P t >  with  var iab le  load  re -  
sistance (R) inser ted  into the  ex te rna l  c ircui t  and 
with  l ight  f rom a Xe l amp  monochromat ized  at  475 nm. 
The acetoni t r i le  solutions of NaI/I2 redox  couple, in 
spite of the i r  ye l low color, have  l i t t le  effect of r e t a r d -  
ing l ight  coming toward  the CdS electrode,  as shown 
in Fig. 3. 

Van den Berghe et al. r epor ted  tha t  the  etching of 
the e lec t rode  is ve ry  impor t an t  for get t ing a la rge  
photocur ren t  (10). We have also observed tha t  the  
pho tocur ren t  was enhanced by  etching in a 3M HC1 
solut ion for 3 rain (Fig. 4). Longer  etching caused no 
fu r the r  increase. The best  power-convers ion  efficiency 
(electr ical  power , /p  �9 V m produced  divided by  inc ident  
l ight  power)  obta ined was 9.5% at R = 100 k~2 wi th  
an output  potent ia l  of 0.70V and the highest  photocur -  
rent  quan tum efficiency (number  of e lectrons in the  
shor t -c i rcu i t  cur rent  (R = 0) d iv ided  by  number  of 
incident  photons)  was 69%, both for incident  mono-  
chromat ic  light,  0.120 mW cm -1 at  wave leng th  475 nm. 
The dissolution of CdS was inhibi ted  by  I -  i r respec-  
t ive of the etching time. 

The etching has been found to influence the differ-  
ent ia l  capaci tance in acetoni t r i le  (Fig. 5). The 1/C a vs. 
potent ia l  plot  for a sufficiently e tched (for 10 min)  
CdS elect rode resul ted  in a s t ra ight  line, whi le  the  
plots for  insufficiently etched CdS electrodes devia ted  
f rom it. As the  capaci tance of the  Helmhol tz  l aye r  is 
thought  to be much la rger  than  the capaci tance mea -  
sured ( <  0.3 ~F/cm2),  the  observed capaci tance should 
have ar isen most ly  f rom inside the  semiconductor.  The 
resul t  in Fig. 5 shows that  a pa r t  of the  capaci tance is 
brought  about  by  a surface l a y e r  which can be re -  
moved by the etching. I t  is therefore  concluded tha t  
the improvement  of the pho tocur ren t  by  etching is due 
to the remova l  of the cu r r en t - r e t a rd ing  in ter rac ia l  
mater ia l .  
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Comn un ea  on 

Persistent Polarization of Polyelectrolyte Membranes 
in an Aqueous Environment 

G. A. Bornzin and I. F. Miller* 
Bioengineering Program, University o~ Illinois, Chicago, I~inois 60680 

Over  the pas t  severa l  years ,  a number  of a t tempts  
have  been made  to model  neura l  exci ta t ion  and con- 
duct ion phenomena  using a dipole  or ienta t ion  and s ta-  
b i l iza t ion model  (1-4).  Evidence for the  involvement  
of dipole  or ien ta t ion  comes f rom measurements  of ax -  
onal  surface  charges  (5),  b i re f r ingence  changes (6, 7), 
and in f ra red  emission measurements  dur ing  action po-  
ten t ia l  p ropaga t ion  (8). 

Al though  the  dipole  or ien ta t ion  and s tabi l izat ion 
models  used are  considered to be  he te rocharged  e lec-  
f re t  models,  t he re  are  impor t an t  differences be tween 
axonal  membranes  and the systems usua l ly  used in 
e lec t re t  studies. Most  expe r imen ta l  s tudies of he te ro -  
charged  e lect re ts  have involved  d ry  e lect r ica l  insula-  
tors and worke r s  have pos tu la ted  the i r  fo rmat ion  to 
involve  e lec t ron  t r app ing  (9) in some cases or  d isplace-  
men t  of ionic impur i t i es  in o ther  cases (10). Such elec- 
t re ts  have  been shown to involve  volume polar iza t ion  
(11) and have been shown to decay  by  mechanisms of 
d ie lect r ic  r e laxa t ion  (12, 13). Of course, axonal  m e m -  
branes  are  h igh ly  swollen wi th  water ,  contain mobi le  
ions, and  cannot  be considered to be e lec t r ica l  insu la -  
tors. 

Recently,  we repor ted  on a sys tem in which  s t rong 
he te rocharged  electrets  were  shown to exist  in po ly -  
e lec t ro ly te  membranes  (14-17). These membranes  were  
electr ical  conductors  and, in fact, it  was shown tha t  the  
amount  of pers i s ten t  polar iza t ion  ac tua l ly  increased 
wi th  e lect r ica l  conduct ivi ty.  The process involved was 
modeled  by  assuming mobile  ion d isp lacement  down 
the e lect r ic  field and s tabi l iza t ion  of the  dipoles  thus 
induced by  hydrogen  bonding.  The po lye lec t ro ly te  
membranes  contained sodium po lys ty rene  sulfonate  
and po lyv iny l  alcohol, were  s tudied in vacuum, and 
were  dry.  

* Electrochemical Society Active Member. 
Key words: electret, polarization, polyelectrolyte, nerve, water. 

In  using the  resul ts  of var ious  e lec t re t  s tudies  to 
model  the  neura l  axon membrane ,  the role of wa te r  
must  be taken  into account. Wa te r  swel l ing of die lec-  
t r ic  membranes  would  des tabi l ize  any e lec t re t  present .  
S imi lar ly ,  if hydrogen  bonding is involved,  as a p p a r -  
en t ly  occurs in the  po lye lec t ro ly te  systems, wa te r  
should also have a d i s rup t ive  effect here, unless  wa te r  
is exc luded f rom the  hydrogen  bonding regions as 
p robab ly  occurs in cer ta in  po lypep t ide  systems (18). 

In  this work,  we have  a t t empted  to assess the  effect 
of wate r  and aqueous solut ion swel l ing on polar iza t ion  
s tab i l i ty  in a po lye lec t ro ly te  m e m b r a n e  system. In the  
m e m b r a n e  formula t ion  studied,  the components  were  
sodium po lys ty rene  sulfonate  (PSSNa) ,  (Dow SA-  
1291.1, avg. mol. wt. ---- 2-4 • 106), po lyv iny l  alcohol 
(PVA) (Dupont  Elvanol  71-30), cross l inked by  hex-  
ame thoxyme lamine  (Amer ican  Cyanamid  Cymel  303). 
In addit ion,  a smal l  amount  of para-toluenesulfonic 
acid (p -T SA )  was added as an acid catalyst .  Al l  in-  
gredients  were  washed severa l  t imes and dia lyzed 
against  dis t i l led wa te r  for purif icat ion purposes.  The 
ingredients  were  dissolved in a m e t h a n o l - w a t e r  m i x -  
ture,  cast on glass plates,  and cured at  70~ in a c i r -  
cula t ing oven. The finished membranes  were  clear,  
flexible, and  fa i r ly  tough, had  thicknesses ranging  f rom 
0.05 to 0.07 ram, and had  an ion exchange  capaci ty  
averaging  1.08 Mequ iv . /d ry  gram. They  also could ab-  
sorb subs tant ia l  amounts  of water .  When dry,  the  
membranes  contained 15.2 weight  pe rcen t  (w /o )  
PSSNa,  30.9 w /o  PVA, 51.7 w /o  Cymel,  and 2.2 w /o  
p-TSA.  This fo rmula t ion  corresponds to a mole  f rac -  
t ion of 0.08 in sulfonate  groups. 

Thermoelec t re ts  were  formed in these membranes  by  
the methods  repor ted  ea r l i e r  (14), except  that  the  
membranes  and electrodes were  prev ious ly  coated wi th  
purif ied col loidal  g raphi te  to reduce  contact  res is tance 
(17). Po la r iza t ion  was ca r r i ed  out at  65~176 in vac-  



410 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  March 1978 

uum for a t  least  24 hr. Af te r  cooling to room t empera -  
ture,  four  different  exper iments  were  carr ied  out: 

( i) .  The first, a control  exper iment ,  involved a re -  
moval  of the charging field and a rehea t ing  of t h e  
m e m b r a n e  (fol lowing a capaci t ive  discharge)  to 15~ 
above the charging tempera ture ,  while  moni tor ing the 
discharge cur ren t  wi th  a Ke i th ley  610C elect rometer .  
In tegra t ion  of the  d ischarge  cur ren t  over  t ime y ie lded  
the total  charge  stored. 

(ii). This was s imi la r  to (i) above, except  tha t  a f te r  
cooling the charged e lect re t  to room tempera ture ,  the 
seal was broken,  the  e lec t rode  removed,  and the mem-  
brane  exposed to 100% re la t ive  humid i ty  a i r  at 20~ 
for 24 hr. The e lect rode was then  replaced  and the 
chamber  resealed,  evacuated,  and t he rma l ly  dis-  
charged.  

(iii). This was s imi lar  to (ii) above, except  tha t  in-  
s tead of exposure  to high humid i ty  air, the  membrane  
was soaked in dis t i l led  wa te r  for 2 rain. 

(iv). This was s imi lar  to (ii) above, except  tha t  the  
m e m b r a n e  was soaked in O.2M KC1 solut ion for 24 hr, 
fol lowed by  a dis t i l led wa te r  wash. 

T h e  resul ts  of these exper iments  a re  shown in Table  
I. As m a y  be seen f rom the data, exposure  to humid  air  
or aqueous solution leads to subs tant ia l  wate r  swel l ing 
of the membranes .  However ,  appa ren t ly  i t  does not 
s ignif icantly des tabi l ize  the  thermoelec t re t s  formed.  In 
fact, the  wa te r  swel l ing appears  to lead to subs tan t ia l ly  
more  charge s torage than the control  exper iments  (i t  
should be noted tha t  the  control  numbers  are  essen-  
t ia l ly  the same as those repor ted  by  Linder  (14) for a 
s imi lar  sys tem) .  This is even t rue  for the  exper iments  
in which the membrane  is soaked in sal t  solution. 

I t  is possible to exp la in  the role of wate r  in appa r -  
en t ly  s tabi l iz ing the etectrets  formed b y  considering i ts  
effect on the local field sur rounding  an e lec t re t  forming 
group. In forming a he te rocharged  electret ,  the local 
field opposes the polarizat ion,  and anyth ing  that  can re-  
duce the  effect of the local field wi th in  the  membrane  
should lead to enhanced e lect re t  s tabi l i ty .  When  wa te r  
enters  the membrane ,  its polar izat ion vector  is in the 
same direct ion as the  local e lectr ic  field, t he reby  reduc-  
ing the local field. Another  effect of the wa te r  might  be 
to reduce the a t t rac t ive  forces be tween separa ted  
charges in any induced dipoles present .  This effect is, 
of course, counterba lanced by the d is rupt ive  effect of 
the wa te r  on the hydrogen  bonding which stabil izes 
the separa ted  charges. 

Table I 

Charge-stored 
C/cm-" • 10 6 

Experiment two experiments 

(i) Control--negligible water content 0.052, 0.026 
(ii) Humid air--18.0% water (by weight) 0.92, 0.42 
(iii) Distilled water--20.2% water (by weight) 0.10,0.26 
(iv)  0.2M KC1--24.4% water (by weight) 0.14, 0.15 

Thus, one might  expect  tha t  there  is an op t imum 
amount  of wa te r  that  wil l  maximize  e lec t re t  s tab i l i ty  
beyond which the electrets  become less stable.  T h e  
possibi l i ty  of such an op t imum may  be in fe r red  f rom 
the da ta  repor ted,  bu t  the  da ta  is too sparse  to reach a 
firm conclusion. If  these r epor ted  effects also occur in 
neura l  axon membranes ,  perhaps  i t  is easier  to unde r -  
s tand how pers is ten t  polar iza t ion  can occur in a mem-  
brane  so heav i ly  loaded wi th  wa te r  and mobi le  ions. 

In  the axon membrane ,  of course, ionic pe rmeab i l i t y  
changes accompany polar iza t ion  changes. An  a t tempt  
(using K + as the  pe rmean t )  to de te rmine  if  significant 
pe rmeab i l i ty  changes occur in the  polye lec t ro ly te  
membranes  as a funct ion of charge s torage a n d  d e g r e e  
of wa te r  swel l ing resul ted  in no significant changes be -  
ing observed.  
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The Effect of and NaCI on High 
Temperature Hot Corrosion 
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ABSTRACT 

Sea salt  ingested into gas turb ines  in a mar ine  env i ronment  m a y  resul t  in  
the t rans ient  deposi t ion os NaC1 in a Na2SO4 film on hot  gas pa th  components  
under  cer ta in  conditions.  I t  has been found in l abo ra to ry  studies tha t  the  
corrosion behav ior  of high t empera tu re  alloys, such as IN 788, IN 718C, IN 100, 
and Ni-30A1 (NiA1), t oward  such sal t  deposits  is s t rongly  influenced by  the 
qhemical composit ion of the  gaseous environment .  When  SO2 is present to-  
gether with  smal l  concentrat ions  of NaC1 in Na2SO4 in an oxidizing atmo-  
sphere, these al loys are  r ap id ly  a t tacked  at  a round  750~ whereas  much  less 
corrosion occurs when e i ther  SO2 or NaC1 is absent.  I t  appears  tha t  gaseous 
chlorine formed dur ing  sulfat ion of NaC1 plays  an impor tan t  role  in  
in i t ia t ing  a t tack  which is subsequent ly  p ropaga t ed  by  the presence of a l iq-  
uid  phase.  

The role of NaCl in the  hot  corrosion of gas tu rb ines  
opera t ing  in a mar ine  envi ronment  has been the sub-  
ject  of severa l  invest igat ions  (1-7) and was discussed 
ex tens ive ly  in a recent  conference (8). The contro-  
versy  is not  over  the  effect of NaC1, its ab i l i ty  to ac-  
celera te  Na2SO4-induced a t t ack  has  been demons t ra ted  
repeatedly ,  but  whe the r  NaC1 is a r e l evan t  species in a 
gas tu rb ine  env i ronment  and by  wha t  mechanism it  
can accelera te  a t tack  by  a p redominan t ly  Na2SO4 de-  
posit. 

In  a mar ine  env i ronment  NaC1 is ingested into a gas 
tu rb ine  p redominan t ly  as an aerosol  of sea salt  along 
wi th  the  in take  air. Wi th  normal  engine opera t ion  and 
l ow- to -mode ra t e  sal t  levels,  t he rmodynamic  calcula-  
tions predic t  tha t  NaC1 should not  condense on first 
s tage buckets ;  indeed,  NaC1 should be conver ted  to 
Na2SO4 by  react ion wi th  SO2 in the  combust ion gas 
(9, 10). However ,  because of the shor t  res idence t imes 
of the  combust ion gaseS, kinet ic  l imi ta t ion  of the  sul fa-  
t ion and evapora t ion  react ions m a y  al low some NaC1 
par t ic les  f rom the compressor  deposi ts  to survive  long 
enough to reach the first s tage buckets  (3, 11, 12). 
Thus, according to these arguments ,  NaC1 m a y  deposit  
by  impact ion  along wi th  Na2SO4 and o ther  s a l t s  on 
tu rb ine  blades,  but  wi l l  be r emoved  eventua l ly  by  
evapora t ion  or sulfation. Opera t ion  of the  gas tu rb ine  
at  low or  modera t e  power  wi l l  enhance the  l ike l ihood 
for the deposi t ion of NaC1 par t ic les  and, because of the  
lower  blade tempera tures ,  the average  residence t ime 
of a deposi ted NaC1 par t ic le  wil l  be longer  than  at  h igh 
power.  Unfor tunate ly ,  i t  has proved  to be difficult to 
confirm the exis tence of NaC1 on tu rb ine  blades.  Care-  
ful  chemical  analysis  of deposits  or corroded regions 
on tu rb ine  b lades  only r a r e ly  reveals  chlorides (13), 
but  this m a y  be s imply  a reflection of the t rans ien t  
na ture  of the  deposi ted NaC1 par t ic le  owing to sulfa-  
t ion and evapora t ion  or, as others  have  proposed, due 
to the format ion  of vola t i le  products  by  react ion wi th  
components  of the scale (1-7).  The deposi t ion of NaC1 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

par t ic les  unde r  particular circumstances such as low 
power  operation,  appears  l ike ly  but  not  wel l  subs tan-  
t iated.  

Ear l ie r  publ i shed  work,  especia l ly  by  Hancock et aL 
(4, 5) and Cond~ (1, 3), has demons t ra ted  tha t  Cr203- 
forming al loys are  pa r t i cu l a r ly  suscept ible  to a t tack  in 
the presence of NaC1, wi th  corrosion ra tes  genera l ly  
increasing with  tempera ture .  By contrast ,  A1203-form- 
ing alloys and a lumin ide  coatings wi thout  Cr were  r e -  
por ted  to be much less affected by  chloride. These ob-  
servat ions were  made  using the dynamic  v ib ra t ion  
modulus  technique (5, 14, 15), hot  s tage microscopy 
(4) and sa l t - sp rayed  specimen test ing in a tmospheres  
of air  or oxygen  to which NaC1 was in t roduced  (3). 
Recently,  b u r n e r - r i g  da ta  have  been presen ted  which 
show qui te  a different  pa t t e rn  of behavior  for  MCrA1Y- 
type  coatings and high t empe ra tu r e  al loys such as 
IN-738 and Nimonic 105 (8). In  these cases, when SO2 
was presen t  in the  gaseous combust ion products ,  the  
al loys and coatings showed much more  extens ive  
ch lor ide- induced  corrosion at  750~ than  at  900~ 

The present  repor t  concerns the role of NaC1 in the  
mechanism of Na2SO4-induced hot  corrosion a t tack  of 
severa l  al loys at  modera te  t empera tu res  (700~176 
In par t icular ,  the  synergis t ic  effect of SO2 and NaC1, 
repor ted  prev ious ly  (16), is considered in some fur -  
ther  detail .  Another  mechanism of a t tack  at  modera te  
tempera tures ,  which is dependent  on SO2 and SOs but  
not NaC1, wil l  be descr ibed in a subsequent  paper .  

Experimental Procedure 
Three kinds of kinet ic  exper imen t s  have  been car -  

r ied out: (i) studies of the in terac t ion  of Na2SO4-NaC1 
mixtures  wi th  O2 and 02 + SO2 environments ,  (ii) 
studies of the  oxidat ion  of IN-738 and Ni-30A1 in 02 
and in 02 + C12 mixtures ,  and (iii) c ruc ib le - type  hot  
corrosion tests of severa l  al loys in Na2SO4, NaC1, and 
Na2SO4-NaC1 mix tu res  wi th  var ious  environments .  
The kinet ics  of evapora t ion  and sulfat ion of NaC1 in 
Na2SO4-NaC1 mix tures  were  measured  wt ih  a Met t le r  
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Thermoanalyzer-2 balance. This ins t rument  recorded 
weight changes as a function of t ime at various tem- 
peratures in a controlled environment .  The sensit ivity 
of this balance could be varied over a wide range up 
to max imum sensit ivity of • 5 #g for a 5g load. The 
salt mixtures were prepared from Fisher Certified 
A.C.S. grades of NaC1 and anhydrous NafSO4, and 
were premelted at 900~ in  air  for 1 hr, then cooled, 
ground, and thoroughly mixed before use. Exper iments  
were carried out at temperatures  from 600 ~ to 1000~ 
in O2 (dried by passage through Drierite) or  in  var i -  
ous O2-SO2 mixtures.  Gas mixtures  (analyzed grade) 
were prepared by Union Carbide Corporation (Linde 
Division) from gases of the following puri ty:  oxygen 
99.6%, sulfur  dioxide 99.9%, chlorine 99.5%, and hy-  
drogen chloride 99%. Because of the expected slow 
a t ta inment  of equi l ibr ium between SO2, O2, and SO3 
at moderate temperatures,  a few corrosion tests were 
carried out in the presence of a Pt  catalyst. This was 
accomplished with the specimen and salt contained in  
a Pt  crucible which was covered with a few layers of 
Pt  gauze. The Ni-30A1 (NiAI) alloy was prepared by 
induct ion mel t ing and casting in argon 1 in. diam bars 
from which rectangular  coupons were cut. Similar  
specimens of superalloys were machined from cast 
ingots which had been given the appropriate heat-  
t reatments  as suggested in  the l i terature (17). The 
compositions of the alloys used in the hot corrosion ex-  
per iments  are listed in Table I. The alloy specimens 
for both the oxidation and hot corrosion tests were 
polished through 600 grit  SiC paper and degreased 
with alcohol and acetone before use. Oxidized and cor- 
roded specimens were examined metal lographical ly 
and with the scanning electron microscope. 

In  the hot corrosion tests alloy coupons (typically 
6.4 • 12.8 • 1 ram) were placed in  small, glazed por-  
celain crucibles containing 1.0g of either NafSO4, NaC1, 
or premelted mixtures  containing small  concentrat ions 
of NaC1 in NafSO4. In  this configuration the specimen 
was about ha l f - immersed  in the salt. For those condi- 
tions in  which the salt melted, the u~per half  of the 
specimen was also covered with a thin film of salt be-  
cause of capillarity. The crucible and contents were 
placed in  the Chevenard thermobalance previously de- 
scribed (18) and brought  to temperature  wi thin  an 
hour in a flowing stream of the desired environment ,  
which included 02, 02 + SO2, 02 + C12, or O2 + HC1. 
Many of the runs were carried out in 76%O2-0.1%SO2- 
bal 1~2 which simulates the chemical potentials of oxy- 
gen and sulfur  typical of the combustion products in a 
gas turb ine  operating at 5 atm with a 50:1 a i r / fuel  
ratio, and this composition will be referred to subse- 
quent ly  as s imulated combustion gas (SCG). Since 
evaporation and sulfation of the salt were significant 

under  some conditions, the measured weight c h a n g e s  
were corrected by data from blank runs under  ident i -  
cal conditions but  containing no specimen. The sensi-  
t ivity of the Chevenard balance was approximately 
• 0.2 mg. Hot corrosion tests were carried out a t  a 
variety of temperatures  between 600 ~ and 950~ on 
Ni-30A1, IN-738, IN-713C, and IN-100. Some of the 
alloys were preoxidized in  O2 at 700~176 before the 
hot corrosion test. No appreciable corrosion of the 
glazed porcelain crucibles by the NafSO~-NaC1 mel t  
could be detected dur ing the dura t ion of t h e  e x p e r i -  

m e n t s .  

Results 
Gas~salt interactions.--The combustion g a s  p r o -  

d u c e d  by burn ing  pet roleum-based fuels in a gas tu r -  
bine contains Nf, 02, CO2, H20, small  amounts  of n i t r o -  
g e n  oxides, CO, SO2, hydrocarbons, and various air-  
borne or fue l -borne  impurities.  The interact ion of 
these various impuri t ies  with 02, SO2, and H20 are 
significant to hot corrosion. Thus, the study of the ef- 
fect of NaC1 on hot corrosion under  conditions which 
simulate a gas tu rb ine  env i ronment  necessarily i n -  
v o l v e  evaporat ion and sulfation reactions 

NaCl(c)  ---- NaCl(g)  [1] 

2NaCl(c) + SO2 + 02 : NafSO4(c) + C12 [2] 
and 

2NaCl(c) + SO2 + HfO + i~ 02 : NafSO4(c) + 2HC1 
[3] 

and 
NafSO4 (c) -- Na2SO4 (g) [4] 

The rate at which reactions proceed to the r ight  under  
our exper imental  conditions was measured by  TGA in  
some pre l iminary  runs. In slowly flowing dry O2 at  
800~ a NafSO4-10 w/o NaC1 melt  lost weight steadily 
as a result  of evaporat ion and no C12 could be detected 
in the exhaust gas. With O2 + SOs or 02 + SO2 + H20 
the melt  ei ther lost weight less rapidly  or gained 
weight indicat ing that sulfation was taking place con- 
cur rent ly  with evaporation. Analysis of the exhaust  
gas for the 02 + SO2 run  revealed copious amounts  of 
C12 as expected from Eq. [2]. As will  be shown later, 
C12 can have a substant ia l  influence on rates of hot 
corrosion. 

At lower temperatures  the rates o2 evaporat ion and 
sulfation were reduced, but  the same response was ob- 
served, i.e., weight  losses due to evaporat ion in 02 and 
weight gains in O2 + SOs. Even at the highest tem- 
perature  used in  the hot corrosion tests, 950~ a major  
portion of the NaC1 remained after 6 hr. In  Table II 
are reported analyses of NafSO4-NaC1 mixtures  after 

Table I. Composition of alloys 

Weight per cent 

Alloy* Ni Co Cr A1 Ti Mo W Cb Ta C 

Ni-30A1 Bal 29.3 . . . .  
IN-738 Bal "-8 16- 3.4 3.4 1.75 ~ 0.9 1.75 0.'~I 
IN-713C Bal 12.5 6.1 0.8 4.1 ~ 2.0 - -  0.12 
IN-100 Bal  I-5 I0 5.5 4.7 3.0 - -  - -  - -  0.18 

* Except for Ni-30% A1, the alloys were heat-treated as appropriate for service. 

Table II. Stability of NaCI in crucible tests with S02" 

Temper- 
Initial mixture ature (~ Time (hr) Atmosphere Final mixture 

NafSO4-10% NaC1 750 5 76% O~0.1% SOf-N2 NafSO~-9.0% NaC1 
Na~SO4-2O% NaC1 850 6 50% O~-1% SO~-N~ Na~SOe16.2% NaCI 
Na~SO4-25% NaC1 950 6 50% O~-1% SO~-N2 Na2SO4-15.7% NaC1 

* The gas flow rate was 250 ml/min with a lg  sample. 
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Fig. 1. Effect of gaseous CI9 on oxidation rate of Ni-30AI in 
02 at 800~ Weight gains vs. time. 
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heat ing in  atmospheres containing O2 + SO2 (but  not 
H20) at three temperatures.  

Oxidation.--IN-738 and Ni-30A1 are resistant  to oxi- 
dation at 800~ in  pure O2; however, for Ni-30A1 the 
addit ion of a small  amount  of C12, 120 ppm, to 02 re-  
sulted in a measurable  increase in  the rate of weight  
gain, as shown in Fig. 1. With the addit ion of 1% C12 
the rate of weight gain was fur ther  increased. For 
IN-738 120 ppm C12 also produced a slow but  steady 
weight gain, but  when the oxygen contained 1% C12, 
the sample of IN-738 developed an oxide scale yet  it 
lost weight steadily (Fig. 2), indicat ing the formation 
of a volatile product. However, of greater significance 
is the effect of C12 on the integri ty  of the protective 
scale. With pure 02 IN-738 formed a dense, protective 
scale at 800~ with an overgrowth of fine crystalli tes 
as shown in  the SEM photographs in Fig. 3. Another  
specimen, exposed under  identical  conditions except 
that  the gas contained 1% C12, developed a much dif- 
ferent  scale morphology that  was badly cracked and 
spalled as shown in Fig. 4 / T h e  appearance of the la t -  
ter  sample is very s imilar  to that  in Fig. 5 which is 
typical of a sample exposed in  the crucible test to 
Na2SO4-1% NaC1 in the SCG at 750~ 

Hot corrosion tests.--Some pre l iminary  crucible-  
type tests were carried out with IN-738 in pure NaC1 
at 750~ in various environments ,  and the results are 
shown in Fig. 6 and 7. These tests were not in tended to 
s imulate conditions in  a gas turbine,  but  ra ther  to pro- 
vide informat ion on alloy/NaC1 interactions. With pure 
02 IN-738 gained weight  very slowly, bu t  at a rate 

] N . ; 5 8 .  I I I I 

8 0 0 %  
+ 0 2  NO SALT 

02 -120ppmCI 2 

^ 02 x ~ x - -  

- 0 2  =J 

-o4 

'~ -06 - % 

- 0 8  

' i i 3 ; 
TIME (hours} 

Fig. 2. Effect of gaseous CI2 on oxidation of IN-738 in 02 at 
800~ Weight change vs, time. 

Fig. 3. SEM micrographs of the surface of IN-738 after oxida- 
tion in 02 for 120 hr at 800~ 

somewhat faster than for simple oxidation. Although 
the salt was not melted at this temperature,  the nor-  
mal ly  protective oxide scale was cracked and spalled, 
probably by NaC1 vapor. Hancock et at. (4) have dem- 
onstrated that NaC1 vapor will crack the protective 
oxide scale on Ni-base superalloys. With the addition 
of 120 ppm C12 to O2 IN-738 ini t ia l ly  lost weight but  
subsequent ly  was attacked considerably faster than in  
02. Very rapid rates of attack were observed in  02-60 
ppm HC1 and in O2-1% C12. To dist inguish the effect of 
NaC1 vapor from that  due to condensed NaC1 in  con- 
tact with the specimen, two runs were carried out with 
specimens suspended over, but  not in  contact with, 
NaC1. These data are reported as dashed curves in  Fig. 
6. In  both O2 and in  O2-1% C12 the rate of attack in  
these tests was much. lower than that  when condensed 
NaC1 was in  contact with the specimen. 

Although the test tempera ture  was ~ 50~ below 
the mel t ing point  of NaC1, a l iquid phase may have 
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Fig. 6. Effect of CI2 or HCI in O~ on the corrosion of IN-738 by 
pure NaCI at 750~ in the crucible tests. Weight changes vs. 

time. Solid curves are for solid NaCI, dashed curves are for NaCI 
vapor. 

Fig. 4. SEM micrograph of the surface of IN-738 after oxida- 
tion in O2-1% CI2 for 120 hr at 800~ 
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Fig. 7. F.ffect of SO2 in 02 on the corrosion of IN-738 by pure 
NoCI at 750~ in the crucible test. Weight gains vs. time. 
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Fig. 5. SEM micrograph of the surface of IN-738 after 6 hr 
exposure to Na2SO4-1% NaCI at 750~ in 0.1% SO2-76% O2-N2. 

formed in the crucible tests with 02 + C12 by the in -  
teraction of condensed NaC1 with t ransi t ion metal  
chlorides, which themselves are formed by the reac- 
tion of C12 with components of the oxide scale. As is 
shown later  some transi t ion metal  chlorides are ther-  
modynamical ly  stable in the presence of relat ively 
high oxygen activities. Atomic absorption analysis re-  
vealed significant quanti t ies of water soluble Ni and 
Co in the salt which is evidence for the formation of 
NiC12 and COC12 dur ing the test. 

The presence of small  concentrations of SO2 in place 
of C12 invoked a similar response of IN-738 in  pure 
NaC1 at 750~ e.g., 0.1% SO2 approximately doubled 
the corrosion rate and in O2-1% SO2 the weight in-  
creases were l inear  and about an order of magni tude  
faster than in pure O2. These data are reported in Fig. 

7. One important  effect of SO2 is to convert  NaC1 to 
Na2SO4 and to generate CI~. The concentrat ion of C12 
at the sample surface would be difficult to estimate 
because the ra te- l imi t ing  step for reaction [2] is u n -  
known. Nevertheless, in 02 + 1% SO2 the value of 
the activity of C12 corresponding to thermodynamic  
equi l ibr ium was estimated to be 0.16 atm when the 
activity of Na2SO4 was 1. Thus, it seems not  unreason-  
able to suppose that at the specimen surface fairly 
high levels of C12 were possible which could crack the 
oxide scale. In addition, the reaction of SO2 with NaC1 
produces Na2SO4, again by Eq. [2], which eventual ly  
could form an aggressive liquid NaC1-Na2SO4 eutectic 
melt. In the present tests with either O2-SO2 or O2-C12 
environments  the bulk  of the salt did not melt, but  it 
appeared that  the salt grains in contact with the 
sample had formed a small amount  of l iquid phase. 
From the runs in which the specimen was suspended 
above the salt ( thereby excluding the possibility of a 
l iquid phase) it was apparent  that NaC1 vapor to- 
gether with C12 in  the presence of O2 was insufficient 
to induce rapid attack. 

A series of crucible tests have been carried out with 
several alloys in Na2SO4-NaC1 mixtures, and the 
rate of attack was found to be strongly dependent  on 
temperature,  SO2 in the gas and concentrat ion of NaC1 
in the salt. In Fig. 8 are shown weight gain vs. time 
data for IN-100 at 750~ In O2 the rate of at tack in 
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Fig. 8. Effect of NaCI and S02 on Na2SO4-induced corrosion 
in the crucible test of ]N-IO0 at 750~ Weight gains vs. time 
with Na2S04 and Na2S04-1% NaCI in 02 or simulated combustion 
gas. 
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Fig. 9. Effect of NaCI and SOs on Nc~2SO~-induced corrosion 
of IN-713C at 750~ Weight gains vs. time. 

NasSO4-1% NaC1 was  i nc rea sed  o v e r  t ha t  in  Na2SO4 
alone;  w h e n  SOs was  added  to t he  e n v i r o n m e n t  a f u r -  
t he r  subs tan t i a l  i nc rease  in  t he  ra te  of  a t t a ck  occurred .  
IN-713C r e s p o n d e d  in a s imi l a r  w a y  at bo th  750 ~ and 
900~ as s h o w n  in Fig. 9 and  10. T h e  l a t t e r  da t a  also 
d e m o n s t r a t e d  tha t  as l i t t l e  as 100 p p m  SO2 w i t h  NaC1 
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Fig. 10. Effect of NaCI and SO2 on Na2SO~-induced corrosion 
of IN-713C in the crucible test at 900~ Weight gains vs. time. 
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Fig. 11. Comparison of initial corrosion rates of several alloys 
in Na2S04-1% NaCI melts at 750~ 

in  the  sal t  was  ab le  to a cce l e r a t e  the  r a t e  of  a t t ack  
o v e r  tha t  in Os. Bo th  of these  a l loys  h a v e  b e e n  s h o w n  
to h a v e  r a t h e r  poor  r e s i s t ance  to  Na~SO4- induced  h o t  
cor ros ion  at  e l e v a t e d  t e m p e r a t u r e s  (19). F i g u r e  11 
shows a c o m p a r i s o n  of  the  in i t i a l  co r ros ion  ra tes  ( d u r -  
ing  the  first  h o u r  of  e x p o s u r e )  of t he  t h r ee  supe ra l loys  
in NasSO4-1% NaC1 at  750~ In  bo th  o x y g e n  and 
s imu la t ed  combus t i on  gas, IN-738 was  the  mos t  r e -  
sistant.  

M o r e  e x t e n s i v e  c ruc ib le  tes ts  as a f unc t i on  of  t e m -  
p e r a t u r e  and  compos i t ion  of  t he  e n v i r o n m e n t  w e r e  ca r -  
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Fig. 12. Corrosion of IN-738 in the crucible test by Na2504-1% 
NaCI in 02 and 1% SO2-3% H20-O~. Weight gains vs. time at 
750 ~ and 900~ 

ried out in  NaBSO4-1% NaC1 mixtures  with IN-738. 
Figure 12 shows that  envi ronments  containing 0B-80B- 
H20 (which generate HC1 by reaction with NaC1 via 
Eq. [3]) also accelerated the rate of attack. Under  
these conditions the attack was faster at 750 ~ than  at 
900~C. In a series of tests at temperatures  between 600 ~ 
and 900~ in  the SCG the rate of attack of IN-738 be- 
came noticeable at 600~ reached a max imum at about 
750~ and declined at higher temperatures.  The data 
from these runs  are summarized in  Fig. 13 as a plot of 
init ial  corrosion rate (averaged over the first 1-2 hr) 
vs. temperature.  Although most tests lasted only 5-6 
hr, a 48 hr  test at 850~ in O2-SO2 mainta ined  a rea-  
sonably uniform rate of attack for the entire duration. 
Thus, the lower rates of attack between 800 o and 900~ 
are not the result  of a prolonged incubat ion  period; 
rather,  they represent  s teady-state  corrosion under  
those test conditions. A similar, but  less intense, peak 
in  corrosion rate was found with O2-100 ppm SOB. For 
comparison Fig. 13 also shows that  the rates of attack 
were relat ively low over that tempera ture  range when 
the test involved either 1% NaC1 in  02 or NaBSO4 in  
O2-0.1% SOB; only when both SOB and NaC1 were 
present  together were high rates achieved. 

In a separate series of crucible tests at 750~ with 
IN-738 a Pt  catalyst was used with SCG to insure a 
Psoa close to the equi l ibr ium value. In these tests IN- 
738 was attacked by Na2804 alone and at a substan-  

t ial ly faster rate by Na2804-10% NaC1. The effect of 
chloride was still marked in  the presence of OB-80~- 
SO3 at 750~ In the previously described tests without  
a Pt  catalyst Pso3 was u n k n o w n  but  was somewhat 
less than the equi l ibr ium value. The main  effect of 
SOz was to enhance attack by NaBSO4 at moderate 
temperatures  but  by a different mechanism which will 
be discussed in a subsequent  paper. 

Alloy coupons that  had been intensely  corroded by 
Na2SO4-NaC1-SO~ at 750~ exhibited a flaky, spalled 
surface scale shown previously in  the 8EM photograph 
in  Fig. 5. Metallographic examinat ion  of that  specimen 
revealed a thick nonprotect ive oxide scale and numer -  
ous in terna l  Cr=S precipitates (Fig. 14a). On the other 
hand, when SO2 was absent, a test in Na2804-1% NaC1 
at 750~ produced only a thin, dense scale with no in-  
ternal  precipitates (Fig. 14b). 

With Ni-30A1 the combined effects of NaC1 and gase- 
ous SOB again produced a ma x i mum in the rate of a t -  
t a c k  at in termediate  temperatures.  Figure 15 sum- 
marizes the results of several crucible tests on Ni-30A1 
in  a var ie ty  of Na2SO4 mixtures  over a range of tem- 
peratures. With 1% NaC1 the m a x i m u m  rate occurred 
at about 850~ but  with higher concentrat ions of NaC1 
the max imum shifted to lower temperatures.  The rates 
of attack in the range of 700~176 were extremely 
rapid (note that  the ordinate in Fig. 15 encompasses a 
range more than  ten times that  of Fig. 13). Under  these 
conditions the samples gained weight l inear ly  with 
t ime and formed thick, porous, layered scales as shown 
in Fig. 16. As with IN-738, crucible tests with Na2SO4 
alone yielded relat ively low rates of attack. Preoxida-  
tion was effective in delaying the onset of rapid attack, 
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;; ~_T / \ " ~0.,%S0,-76%02-N2 1 
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0 I - - ~ - -  + - - ~ - ~ - - ~ - - - -  ~ 
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Fig. 13. Combined effects of NoCl and S02 on the corrosion be- 
havior of IN-738 toward Na280,4-1% NaCI. Initial corrosion rates 
(offer I hr) vs. temperature for various atmospheres. 

Fig. 14. Photomicrograph of a section of 1N-738 after exposure 
to Na2504-1% NaCI for 6 hr at 750~ in (a, top) simulated 
combustion gas and (b, bottom) OB. 
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Fig. 15. Effect of NaCI concentrtztion on the corrosion behavior 
of Ni-30% A! in Na2SO4-NaCI. Initial corrosion rates (after 1 
br) vs. temperature in simulated combustion gas. 
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Fig. 16. Photomicrograph of porous oxide scale formed on Ni- 
30A after exposure to Ha2SO4-10% NaCI for I hr in the crucible 
test at 750~ in simulated combustion gas. 

as shown in  Fig. 17, bu t  could not prevent  it. This ap- 
peared to be a general  effect for all the alloys tested 
and has been observed before (3, 4). The rapid attack 
of Ni-30A1 in the presence of NaC1 and SO2 is in con- 
trast  to previous generalizations that  alloys forming 
A120~ scales are less susceptible to chloride-induced 
attack. However, the synergistic effect of NaC1 and 
SO2 was not recognized previously. 

Discussion 
There seems to be wide agreement  that the principal 

role of small  concentrations of NaC1 in hot corrosion 
induced by Na2SO4-NaC1 mixtures  is to crack or break 
the protective oxide scale, thereby drastically reduc- 
ing the ini t iat ion or incubat ion period (1-7). When the 
salt mix ture  gains direct access to the alloy beneath 
the oxide scale, the subsequent  rapid hot corrosion re-  
actions proceed much as if access were accomplished 
by any other al ternate mechanism; such as by crack- 
ing from thermal  cycling or by fluxing. Corrosion 
morphologies and corrosion reaction products from 
deposits containing small  concentrations of NaC1 are 
much the same as in the absence of NaC1, C1 is usual ly  
not detected among the corrosion products (6). There 
is, however, much less concurrence on explanations of 
how NaC1 breaks the protective scale. 

0 I 2 3 4 5 6 
TIME (hours) 

Fig. 17. Effect of preoxidation at 900~ on the corrosion of 
Ni-30% AI by Na2SO4-1% NaCI at 850~ in simulated combus- 
tion gas. Weight gains vs. time. 

In  the present  work a t tent ion has been focused on 
the role of C12, and in par t icular  on C12 generated by 
the interact ion of SO2 in  the env i ronment  with NaC1 
in  a salt mixture.  (HC1 is expected to have a similar 
effect.) Chlorine has been found t o  play a much more 
aggressive role in hot corrosion than  NaC1; e.g., in  cor- 
rosion tests with small concentrat ions of NaC1, low CI~ 
activi t ies produced low rates of at tack whereas high 
CI2 activities produced aggressive attack. In  fact, CI~ 
was able to crack oxide scales whether  or not NaC1 
was also present. A detailed explanat ion of the mecha-  
nism of Cl- induced cracking of oxide scales cannot  be 
offered at present. However, some possible reactions 
involving chlorine and oxides are discussed below. It  
should be recognized, however, that  in  some labora-  
tory tests, as well as in mar ine  gas turbines,  mass 
t ransport  through salt layers or through gas boundary  
layers may l imit  the activities of some species at the 
reaction site. 

At the usual temperatures  for hot corrosion testing 
(900~176 rapid rates of attack can be sustained 
because a l iquid film of salt prevents  the formation oi 
a barr ier  oxide at the alloy surface. For the same rea-  
son it is quite l ikely that  a l iquid salt is also a neces- 
sary (but  perhaps not sufficient) condition for rapid 
attack at lower temperatures.  Consider the kinetic data 
for IN-738 in pure NaC1 at 750~ which is about 50~ 
below the melt ing point of the salt. When a sample 
was exposed to only gaseous reactants, O2-1% C12 plus 
NaC1 vapor, the rate of at tack was ra ther  low (Fig. 6). 
However, when the run  was repeated with essentially 
the same activities of reactants, except that  the speci- 
men was in contact with condensed NaCt, rapid attack 
occurred. If it is presumed that  a l iquid film is re-  
quired, the question then becomes how a molten phase 
can occur at temperatures  below the mel t ing point of 
pure NaC1. The possibility of forming low melt ing 
eutectics between NaC1 and t ransi t ion metal  chlorides 
was examined by first calculating the thermodynamic  
stabili ty of several t ransi t ion metal  chlorides which 
might form by reaction of CI~ with components of the 
oxide scale. These results, which are summarized in  
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Table III. Calculated partial pressures of 02 and C[2 in 02-CI2 mixture in equilibrium with 
liquid HaCI=M CIx mixtures at 750~ 

MCI~ activity 
System Stable oxide Liquid phase in melt po 2 ( a r m )  pc~ s (arm) *" 

Na-AI-CI Al2Os NasAICIs 0.016 (AICh) 1.2 • 10 -~ 
Na-Cr-CI CrsO8 NasCrClc 0.016 (CrCls) *** 8.1 • 10 -7 
Na-Co-CI CosOt NAC1-18.3% CoCI~ 0.183~ 0.89 
Na-Ni-C1 NiO NaC1-20% I~iCI~ 0.021* 0.94 
Na-T~-CI TiOs --  -- <10 -s 

1.00 
1.00 
0.II 
0.06 
1.00 

* Pure liquid MCI= as the standard state. 
** Assuming po~-pc~ 2 = I atm, 
* * * Activity of CrCls assumed equal to that of AICIs because of similar liquid phase. 
t Based on ideal behavior of MCI~ and NaCI in liquid. 
Activity coefficient was estimated from the phase diagram (20). 

Table III, reveal that  only NiC12 and CoC12 are suffi- 
ciently stable in  an oxidizing envi ronment  to be pos- 
sible candidates. Second, the NaC1-NiC12 and NaC1- 
CoC12 phase diagrams (20) reveal low mel t ing eutec- 
tics and, equally important ly,  the uptake by NaC1 of 
relat ively small  amounts  of these chlorides is suffi- 
cient to cause mel t ing at 750~ Thus, l iquid could 
form where NaC1 crystals contact the samples, and 
subsequent  cracking of the oxide by C12 could provide 
access for the liquid phase to attack the alloy. 

Evidence for the formation of such t ransi t ion metal  
chlorides was obtained by analysis of salt that  had 
been in contact with IN-738 dur ing a crucible test. 
Atomic absorption analysis of the salt revealed sig- 
nificant concentrations of water-soluble  Ni and Co and 
very low concentrations of Cr and A1 in agreement  
with the thermodynamic estimates in Table lII. It  is 
noted that  runs in  pure O3 (Fig. 6), where t ransi t ion 
metal  chlorides would not be stable, produced quite 
low rates of attack. In  principle, the same arguments  
apply to Na2SO4-NaC1 mixtures.  However, because the 
concentrations of NaC1 were low and because most of 
the tests were r u n  above the Na2SO4-NaC1 eutectic 
temperature,  the effect of NiC12 or COC12 (if present)  
is expected to be very small. All the data are consistent 
with the proposal that a l iquid phase is necessary to 
sustain rapid attack. 

In  a series of tests with Na2SO4-NaC1 mixtures  over 
a range of temperatures  a max imum in the corrosion 
rate was found at intermediate  temperatures  when the 
env i ronment  contained 02 and SOs (Fig. 13 and 15). 
In  contrast  to this, low corrosion rates were found over 
the whole temperature  range with Na2SO4-NaC1 mix-  
tures in  02 or with Na2SO4 in  03 and SO2. Both an 
A1203-forming alloy (Ni-30A1) and a Cr203-forming 
alloy (IN-738) exhibited this pattern.  For Ni-30A1 the 
max imum corrosion rate shifted from about 850~ to 
about 700~ as the concentrat ion of NaC1 was increased 
from 1 to 10%. It is proposed that  these observations 
can be rationalized in the following way. 

According to the phase diagram the Na2SO4-NaCI 
system forms a simple eutectic with a mel t ing point of 
about 625~ There is negligible solid solubili ty of 
NaC1 in Na2SO4 (20). Therefore, aside from any pos- 
sible interactions with the oxide, in  tests above 625~ 
some liquid salt would be present, the amount  increas- 
ing at higher temperatures.  In  addition, those envi ron-  
ments  containing SO2 will generate C12, which can ac- 
celerate the attack in  the presence of l iquid salt by 
cracking and disrupt ing the oxide scale. However, the 
activity of C12 so generated will be s trongly dependent  
on temperature,  as indicated by the estimates from 
thermodynamic considerations in Table IV. Clearly 
the activity of C12 could be quite high at the lower 
range of temperatures  but  will decline with increasing 
temperatures  to rather  low values at 900~ 

Thus, it is proposed that the corrosion rate is af- 
fected by two opposing factors: with increasing tem- 
perature the increasing amount  of l iquid tends to ac- 
celerate the rate, but  at the same time the declining 
activities of C12 tend to lower the rate, approaching 

Table IV. Calculated pressure of C[2 in equilibrium with 
Ha2SO4-NaCI mixtures* 

M o l e  
Temper- fraction Pressure Cls Pressure CI.~ 

ature (~ NaCl (atm) ** (atm)t 

1000 0.01 5.4 • 10 -~ 3.6 • 10 -s 
1000 0.10 5.9 • 10 4 6.7 • 10 -~ 

900 0.01 4.4 • 10 -7 5.6 • 10 -7 
900 0.10 4.8 • 10 -5 6.2 • 10 -~ 
800 0 .214 ,  2.6 • 10 ~ 4.5 • 10 -~ 
750 0.305 0.02 0.045 
700 0.387~; 0.14 0.46 

* Based o n  t h e  a s s u m p t i o n  o f  a n  i d e a l  s o l u t i o n  b e t w e e n  Naa$O, 
a n d  NaCI. Initial v a l u e s  o f  p% a n d  ps% were 0.76 and 0.001 arm,  
r e s p e c t i v e l y .  

** Based o n  t h e  a s s u m p t i o n  t h a t  t h e  SO~-SO, e q u i l i b r i u m  w a s  
e s t a b l i s h e d  in  t h e  gas. 

lSased o n  n o  c o n v e r s i o n  o f  SO2 t o  SO3. 
$ M o l e  f r a c t i o n  o f  NaC1 was o b t a i n e d  f r o m  t h e  p h a s e  d i a g r a m  

( 2 0 ) .  

that in  C12-free envi ronments  above 900~ As the test 
tempera ture  increases f rom the eutectic temperature,  
the effect of the increasing amount  of l iquid is offset by 
the declining activity of C12, and the rate passes 
through a maximum. Although the l iquid is ini t ia l ly  
rich in NaC1, with increasing tempera ture  the concen- 
t ra t ion of NaC1 diminishes; however, the consequences 
of this appear to be less impor tant  than the declining 
activity of C12. The activity of C12 at the alloy surface 
may be fur ther  l imited by diffusion when the sample is 
covered by a continuous film of l iquid salt or is sub-  
merged in  a melt. Chlorine t ransport  through a l iquid 
salt is l ikely to be slow, as is thought to be the case 
with 02 in Na2SO4 (21). Hence, at high temperatures  
the liquid may effectively shield the specimen from 
C12, and thereby fur ther  contr ibute to a reduction in 
corrosion rate. 

Increasing the concentrat ion of NaC1 from 1 to 10% 
in 02 + SO2 environments  shifted the ma x i mum cor- 
rosion rate of Ni-30A1 to lower temperatures  (see Fig. 
15). This behavior is unders tandable  because the 
amount  of l iquid formed at a given tempera ture  will 
increase as the concentrat ion of NaC1 is increased; or 
to put  it another  way, as the NaC1 concentrat ion is 
raised the mi n i mum amount  of l iquid for substant ial  
attack will be formed at lower temperatures.  At a 
given temperature  the liquid phase will have the same 
composition whether  the over-al l  concentrat ion of 
NaC1 is 1 or 10%. By the same reasoning, complete 
coverage by a l iquid film wilt occur at lower tempera-  
tures with high NaC1 concentrations, and hence the 
decline of corrosion rates will  commence at lower tem- 
peratures. Thus, the entire curve of corrosion rate vs. 
temperature  will be shifted to lower temperatures  with 
increasing NaC1 concentrations, as shown in  Fig. 15. 

Chlorine and NaC1 vapor have been shown to be el-  
fective in  cracking oxide scales on alloys, but  the 
mechanism by which this occurs is not known. Because 
alloys forming Cr203 scales were found to be more 
susceptible to Cl- induced hot corrosion than  those 
forming A1203 scales (3-7), the evolut ion of volatile 
chromium chlorides or oxychlorides has been sug- 
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gested as a means  of l i f t ing  and break ing  the oxide 
scale. However ,  the  vapor  pressures  of these species 
a re  cons iderab ly  less than  1 arm in the  t empe ra tu r e  
range  where  chlor ide  effects a re  observed.  On the 
o ther  hand, the boi l ing points  of A1C13 and TIC14 are  
qui te  low, and these species could genera te  consider-  
ab le  pressure  if they  were  to form in a region of low 
oxygen  act iv i ty  at the  me ta l / s ca l e  interface.  

For  example ,  at the  a l loy /sca le  in terface  (choosing 
aNi : 0.65,  aNIO ~ 1, aA1203 ~--- 1) the chlor ine ac t iv i ty  
requi red  to genera te  1 a tm of A1C18 -{- A12C16 is only 
0.0025 atm. However ,  as ment ioned  before,  wi th  Pc12 at  
the  ox ide / sa l t  in ter face  on the order  of 0.16 a tm (for 
Ps02 --  O.O01 arm, aNaC1 ---~ 1 and aNa2SO4 ---- 1), c lear ly  
a PAlC13 -{- PA12C16 grea te r  than  1 a tm is feasible.  Thus, 
if  c racking  is due to mechanical  l i f t ing by  gaseous 
chlorides, A1 or Ti chlorides are  more  feasible.  On 
diffusing out  of cracks in the scale into a region of 
high oxygen activity,  both  A1C13 and TIC14 would  be 
quickly  conver ted  to thei r  respect ive  oxides leaving 
l i t t le  evidence of C1 in subsequent  analysis.  

Conclusions 
The presen t  studies, which were  designed to eluci-  

da te  the  corrosive effects of NaC1 in Na2SO4 deposits,  
have shown tha t  i t  is impor t an t  to include the active 
components  of the  combust ion environments .  In  pa r -  
t icular :  

(i) Smal l  concentrat ions  of C12 in 02 produced  ex-  
tensive f rac tur ing  and spal l ing of oxide  scales in the  
absence of a salt  deposit.  

(ii) The reac t ion  of SO2 wi th  NaC1 in a deposit  can 
produce  subs tant ia l  pa r t i a l  pressures  of C12. 

(iii) In the  presence of a l iquid salt  phase,  cracking 
of the  oxide scale by  gaseous halogens  is accompanied 
by  rap id  at tack.  

(iv) With  a Na2SO4 deposi t  containing smal l  (1- 
10%) concentrat ions  of NaC1, the corrosion ra te  a t -  
ta ined a m a x i m u m  at t empera tu res  a round  750~ when  
SO2 was present.  This behavior  was observed wi th  a 
b ina ry  al loy and th ree  supera l loys  which included 
both  A1203 and Cr208 formers;  IN-738 was the  least  
affected. When e i ther  SO2 or  NaC1 was absent  the  rates  
of a t tack  were  much lower  on all  the  al loys in this 
t empera tu re  range.  

Some possible reasons for the observed behavior  
have  been discussed. 
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Contact Resistance of Tin-Nickel Alloy Electrodeposits 
M. Antler 

Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

The atmospheric corrosion resistance of equiatomic t in-n icke l  alloy having 
the  weight percent  composition, 65Sn-35Ni, increases with t ime due to th e  
growth of a protective oxide. Tin-n ickel  is used as a mater ia l  for wiping e l e c -  
tr ic  contacts, usual ly  as an underpla te  for gold, and dur ing  use can become 
exposed as the gold is worn through. In this study, the contact resistance 
of t in -n icke l  was found to be ini t ia l ly low and to change on aging as the 
oxide forms at a rate which depends on relat ive humidi ty  and temperature .  
Contact resistance increases very  slowly in dry air and quickly in humid  air 
with little rate difference between 15 and 88% relat ive humidity.  The in-  
crease of contact resistance when  t in-nickel  is in  contact wi th  water  has th e  
same kinetics ini t ial ly as when it is aged in  humid air, but  resistance con- 
tinues to grow with t ime well beyond the a i r - l imi t ing value. The ini t ia l  k i -  
netics of contact resistance increase at 100~ are the same as at room tem-  
perature,  al though much higher levels are at tained on prolonged aging at 
100~C. The contact resistance of t in-n ickel  is also inversely related to its 
surface roughness. 

Electrodeposited t in-n icke l  alloy is a single phase 
equiatomic in termetal l ic  compound (SnNi) having the 
weight percent  composition, 65Sn-35Ni. It is considered 
to be thermodynamical ly  unstable,  since it does not 
appear in the phase diagram for the two metals (1). 
Practical experience, however, has shown SnNi to be 
kinetical ly stable, t ransforming rapidly to Ni3Sn4 and 
NisSn2 only above ca. 300~ (2-5). Coherent electro- 
deposits that  are mixtures  of SnNi, NisSn4, and Nis- 
Sn2 with chemical and physical properties similar to 
those of the single phase plat ing have also been pre-  
pared (6). 

Tin-nickel  can be corroded by HNO8 vapor and 
other reagents if it is exposed immediate ly  after re-  
moval  from the electroplating bath (7). However, it 
quickly becomes corrosion resistant  in air, a character-  
istic which improves on continued air exposure for sev- 
eral thousand hours, after  which there is no fur ther  
change (7). This long recognized (8) chemical s tabil i ty 
is due to a protective oxide (9, 10) that grows on its 
surface t o  a l imit ing thickness, believed to be about 
30A, and to consist of t in  oxide mixed with some tin 
and nickel hydroxides (11). 

Among the applications of SnNi are its use as a 
chemical etch resist for the fabrication of pr inted wir-  
ing boards from copper-clad laminate  (12, 13). When 
the board has electric contacts along its edge which 
engage separable connectors, a gold overplat ing is usu-  
ally applied to lower contact resistance, and even thin 
(less than  1 ~m) gold is effective for this purpose. Fu r -  
thermore, the corrosion resistance of gold on SnNi is 
equivalent  to that of SnNi alone, because a galvanic 
couple does not persist at pores and other discontinui-  
ties in the gold once the protective oxide is formed 
(6, 7). When in  service as a contact material,  the gold 
plate may gradual ly  become worn through by the wip- 
ing of the opposing contact thereby exposing the SnNi 
underplate.  As the area of exposed SnNi enlarges and 
as it  becomes oxidized, contact resistance increases and 
can become unacceptable. It is, therefore, of interest  to 
determine env i ronmenta l  factors which affect the 
growth of the oxide and thereby its contact resistance. 

The objective of this investigation was to determine 
whether  the contact resistance of SnNi is controlled by 
the relat ive humidi ty  (RH) of the air in  which it is 
aged. This work is an expansion of a p re l iminary  study 
(7) of the dependence of contact resistance with t ime 
of aging which was-conducted at 15-20% RH. Experi-  
ments  with SnNi in  contact with water  or in air at 
elevated temperature  were also made. In  this work, the 
SnNi samples were etched in  HC1 to assure that they 

Key words: passivation, oxidation, corrosion resistance, electric 
contacts. 

were free of films prior to aging. Observations were 
also made of the contact resistance of unetched SnNi 
that had been aged for up to 10 years. The dependence 
of contact resistance of SnNi on its surface roughness 
was examined. 

Experimental 
Sample preparation.--Electropolished, oxygen-free 

copper panels, 3.8 cm square by 0.16 cm thick, were 
plated with 12 ~m of SnNi from a fluoride bath (14). 
Samples were etched in 18% HC1 (1:1 mixture  of water  
and concentrated HC1, sp gr = 1.18) to remove any 
air - formed film that  was present, washed well  in  dis- 
tilled water, b lown dry with nitrogen, and inserted im-  
mediately into various controlled environments ,  de- 
scribed below, in which they were aged. A few samples 
were not etched, including some that had been pre-  
pared by abrasion of the substrate surface rather  than 
by electropolishing. One of these panels was brass 
plated with 15 ~m of SnNi. 

The completeness of removal  of a i r - formed oxide 
could be determined by contact resistance measure-  
ment  after etching. Trea tment  for a m i n i m u m  of 1 min  
with 18% HC1 at room tempera ture  was adequate to re-  
duce contact resistance to a low and reproducible level 
of 5-6 m a  (7) when  measured in  a prescribed way, 
discussed later. Some samples were etched in  HC1 for 
less than 1 rain, which gave a contact resistance in ter -  
mediate to the init ial  value and 5-6 m~. Their  change 
of contact resistance on air aging was then determined. 

Addit ional  samples, obtained from commercial 
sources, were pr inted wiring boards having 5 or 12 ~m 
of SnNi on copper substrates without  a gold overplate 
and were plated from a fluoride bath (14). These sam- 
ples were not etched prier  to plating. 

Roughness was measured with a diamond stylus in -  
s t rument ;  the polished panels were too smooth to give 
meaningfu l  readings and are presumed to have been 
below ca. 0.03 ~m center l ine average (CLA). The 
pr inted wir ing boards had comparably smooth surfaces. 

Aging.--Panel samples in loosely covered petri  
dishes were aged at room tempera ture  and ambient  
conditions (25-60% RH) or in an oven at 100~ The 
samples aged at controlled RH and room tempera ture  
were in sealed desiccators over slurries in water  of CP 
salts: 15% RH, LiC1; 51% RH, Ca(NOB)2; 88% RH, 
BaC12. Silica gel, which leaves 0.03 mg residual  wa te r /  
l i ter air at 30.5~ (15), was also used (0% RH). The 
water-aged sample was immersed in  deionized water  
in a sealed vessel. The SnNi-plated pr inted wir ing 
boards were aged in  laboratory air without  humidi ty  
control. 
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The panel  samples were removed periodically for 
contact resistance measurement  and then were re-  
tu rned  to their  aging environments .  The water-aged 
sample was dried in  ni t rogen prior to probing. The RH 
of the room air in which probing was done was 15-20%. 

Contact resistance.--An automated contact resistance 
probe ("Autoprobe") (16) was used. The probe was a 
3.2 mm diam smooth hemispherical ly ended solid gold 
rod. Open-circui t  voltage was 0.03V. Nine or more 
measurements  were made on each sample at each time 
in terva l  with load cont inuously increasing from 0 to 
200g. 

Observat ions and Discussion 
Aging in air at room temperature.--Figure 1 is a plot 

of the median  contact resistances at 100g from etched 
samples aged at 0, 15, 51, and 88% RH including 9000 hr 
data for an 88% RH aged panel. The bands include 95% 
of all of the measurements  that were made; i.e., 5% of 
the determinat ions  were outliers. Shown also in Fig. 1 
are the median contact resistances for unetched sam- 
ples aged for 3, 6, 8, 18, 72, and 120 months at ambient  
conditions. Newly plated, unetched samples had about 
the same contact resistance, 5-7 m~, as freshly etched 
specimens. These contact resistance determinat ions 
were made within  10 min  of removal  from the plat ing 
bath or etching solution. 

The m a x i m u m  resistance value from the 500 deter-  
minat ions made with all samples was 1511. Contact re-  
sistances at loads other than 100g are not presented be-  
cause the trends were the same, with only the absolute 
values being different. This is i l lustrated in  Fig. 2, 
typical median  contact resistances at 25, 50, 100, and 
200g for the etched sample in Fig. 1 which was aged at 
15% RH. 

The data in  Fig. 1 can be grouped into two categor- 
ies, resistances for etched samples aged at 0% RH, and 
those from etched samples aged at 15-88% RH. Resist- 
ance increases with air  aging, but  much more quickly 
when water  vapor is present, a t ta ining values of 1-10~Z 
in several thousand hours. There is no significant dif- 
ference in rate of resistance change in aging at 15, 51, 
and 88% RH. It is possible that etched SnNi attains a 
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Fig. 1. Contact resistance at ]00g of smooth SnNi electro- 
deposits. Left: Aged in air at room temperature and controlled 
RH. Samples were 12 ~m thick on copper. Etched in 18% HCI 
prior to aging. Right: Aged indoors at ambient uncontrolled RH. 
Samples 1, 2, 3, and 7 were coupons of 12-15 /~m SnNi on copper 
or brass; 4, 5, and 6 were printed wiring boards with 5-12 ~m 
SnNi on copper. Not etched. Sample 1, 3 months o!d; sample 2, 
6 months old; sample 3, 8 months old; sample 4, 18 months old; 
sample 5, 18 months old; sample 6, 72 months old; and sample 
7, 120 months old. Probed w~th a hemispherically ended gold rod. 
Each point is the median of 9 or more measurements. 95% of all 
measurements are within the bands, with a maximum value of 
15~ from 500 determinations. 
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Fig. 2. Typical dependence of contact resistance on load. Etched 
SnNi aged in air at room temperature and 15% RH. Data at 
]00g are replotted from Fig. 1. 

l imit ing cor~tact resistance which is the same as that for 
as-plated samples. This trend in  contact resistance 
parallels an increasing abil i ty of SnNi on air aging to 
resist at tack by corrosive envi ronments  (7). 

The sample aged at 0% RH was observed for 7000 hr  
dur ing which contact resistance slowly increased. Nev- 
ertheless, contact resistance was still re lat ively low, 
only 0.01-0.1 of the value in humid  air. 

The different rates of contact resistance change be-  
tween aging SnNi in water vapor and aging in dry air 
suggest either that different films formed or that  the 
film at anhydrous conditions grew less quickly. Earl ier  
work (17) in which SnNi had been freed of its air-  
formed film by sputtering, then exposed to dry oxygen, 
showed that a different film (believed to be a mix ture  
of anhydrous nickel s tannate  [NiSnOs] with oxides of 
t in  and nickel) formed and grew more rapidly than the 
one produced in humid air. Addit ional  experiments  are 
necessary to determine whether  the contrast ing con- 
tact resistance behaviors of the dry air and humid air 
grown films in  the present  work are a t t r ibutable  to 
differences in  film thickness or in their  mechanical  and 
electrical properties. 

Aging in water.--Contact resistance data for the 
etched sample aged in  deionized water  are given in  
Fig. 3, including the range of values at each time in ter -  
val  and the median  contact resistances. The contact re-  
sistance after about 100 hr of immers ion was wi th in  
the range observed for SnNi aged in humid air, but  on 
longer immersion the median  contact resistances at-  
tained higher values and the spread was larger than in 
the air-aged case, with some resistances greater  than  
1000~. 

The film on the water-aged sample after 1000 hr was 
mottled gray, unl ike the thin, invisible  films on all of 
the other specimens. It is l ikely that the film formed in 
water  was heterogeneous as well  as different in compo- 
sition from those obtained on air exposure. Apparently,  
water  can slowly corrode SnNi that does not have its 
"natural"  passive layer. 

The rate of contact resistance change depends on the 
water content of the environment ,  increasing from dry 
air, to humid air, to water immersion.  These observa-  
tions, as pointed out earlier, can be explained by as- 
suming that the pr imary  de te rminant  of contact resist- 
ance is film thickness and that the rate of growth of 
films on SnNi is markedly  different in these envi ron-  
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Fig. 3, Median contact resistance of smooth SnNi electrodeposit, 
12/Lm thick, on copper. Aged in deionized wa~er. Etched in 18% 
HCI prior to aging. Probed at 100g with a hemispherically ended 
gold rod. Nine measurements at each time interval. The range 
of values is indicated by the vertical lines. The band encompasses 
95% of all points obtained on air aging from 15-88% RH (see 
Fig. 1 ). 
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ments.  Differences in film resis t ivi ty,  a t t r ibu tab le  to 
different  film compositions, m a y  be a cont r ibu t ing  fac-  
tor. 

Air aging of partially etched tin-nickel.--It was of 
in teres t  to de te rmine  the contact  resistance change 
wi th  t ime of SnNi having a na tu ra l  a i r - fo rmed  film 
which was incomple te ly  removed  by  br ief  etching in 
18% HC1, sufficient to lower  contact  resistance pa r t i a l l y  
f rom its in i t ia l  value.  F igure  4 is a plot  of contact  r e -  
sistance on aging at  51 and 88% RH for two specimens 
having ini t ia l  (1 h r  aged af te r  e tching)  median  contact  
resistances,  respect ively,  of 240 and 550 m~. Contact  
res is tance increases in this case, achieving the same 
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Fig. 4. Contact res|stance of smooth ~;nNi electrodeposits, 12 
Fm thick, on copper. Aged in air at room temperature and con- 
trolled RH. Natural oxide incompletely removed by brief etching 
in 18% HCi prior to aging. Each point is the median ef 9 mea- 
surements at 100g, with the range of values indicated by the 
vertical lines. The band encompasses 95% of all points obtained 
on oglng fully etched samples in air at controlled RH, from 
15-88% (see Fig. I). 

value in app rox ima te ly  100 hr  as tha t  of ox ide - f r ee  
SnNi af ter  severa l  thousand hours. 

These observat ions  cannot  be expla ined  by  assuming 
that  abbrev ia t ed  etching removed  only  pa r t  of the  a i r -  
formed film, which  then re formed  to its in i t ia l  s ta te  on 
resumpt ion  of a i r  aging. I t  has been found (18) tha t  
the  ini t ia l  decrease  in contact  resis tance on br ie f  e tch-  
ing is not accompanied by  a change in mass. Perhaps  
chemical  changes of the  films were  p romoted  by  con- 
tact  wi th  HC1, which  in t u rn  a l te red  its e lect r ica l  cha r -  
acteristics.  

Aging at IO0~ sample  was etched and then 
aged at  100~ in the l abora to ry  a tmosphere  having a 
RH calcula ted to be 1-2% at this t empera ture .  F igure  5 
shows that  the  contact  resis tance dependence  closely 
para l le l s  that  for aging at  room t empera tu r e  f rom 
15-88% RH for 1000 hr. Hea t ing  was cont inued for  2200 
h r  and a median  contact  res is tance g rea te r  than  1000~ 
wag obtained.  Al l  values of resis tance were  grea te r  
than  15~, the  la rges t  value  a t ta ined by  both  etched and 
unetched room t e m p e r a t u r e  aged SnNi (Fig. 1) .  

These resul ts  can be unders tood  by  assuming tha t  the  
kinet ics  of ear ly  growth  and the e lec t r ica l -mechanica l  
character is t ics  of the  film at 100~ are  s imi lar  to those 
for the  room t e m p e r a t u r e  films, but  tha t  i t  grows 
th icker  on prolonged aging. 

Dependence of contact resistance on surface rough- 
ness.--Most oxide films have low plas t ic i ty  and s trains  
sufficient to rup tu re  then on probing  can increase  the  
extent  of metal l ic  contact  of the  two surfaces. F i lm 
f rac ture  is roughness dependent ,  demons t ra ted  in s tud-  
ies wi th  various mate r ia l s  (19-22). In  the present  work,  
surfaces were  ve ry  smooth which  accentuates  the  ef-  
fects of films on contact  resistance.  

I t  is useful, however ,  to i l lus t ra te  the  contact  res i s t -  
ance dependence  on roughness  of SnNi, and Fig. 6 
shows this re la t ionship  wi th  unetched specimens aged 
in excess of 50 months  having three  different  rough-  
nesses, pol ished (less than  0.03), 0.06, and 0.38 #m CLA. 
At  100g the median  contact  resistance was 130 m ~  for 
the  rough sample  compared  to 1000 mQ for the pol -  
ished specimen. As suggested ear l ie r  (20), rough sur -  
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Fig. 5. Median contact resistance of smooth SnNi electrode- 
posit, 12 /~m thick, on copper. Aged in air at 100~ Etched in 
18% HCI prior to aging. Probed at 100g with a smooth hemi- 
spherically ended gold rod. Nine measurements at each time 
interval. The range of values is indicated by the vertical lines. 
The band encompasses 95% of all points obtained on air aging 
at room temperature with a maximum value from 500 determina- 
tions of 151), (see Fig. 1). 
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Fig. 6. Contact resistance of SnNi as function of center line 
average surface roughness. Not etched. Aged indoors at ambient 
RH in excess of 50 months. Probed at 100g with a hemispherically 
ended gold rod. Nine determlnaHons at each lead. Q ,  O, pol- 
ished surface; [~, III, abraded surface; A,  A ,  abraded surface. 

faces can p robab ly  be  designed for  base  meta l  contacts 
which wil l  pe rmi t  them to be ut i l ized in prac t ica l  con- 
nector  applicat ions,  p robab ly  wi th  nonwiping designs 
to avoid high s l iding fr ic t ion and wear.  

Wi th  convent ional  wiping contacts made  of gold on a 
SnNi underp la te ,  the  cont r ibut ion  to contact  res is tance 
by  SnNi th rough  a worn  gold l aye r  can also be ex-  
pected to depend  on surface roughness.  

Summary and Conclusions 
I t  is necessary  to unde r s t and  factors  which  control  

the contact  res is tance of meta ls  in order  to be able  to 
use them as contact  mater ia ls .  The SnNi sys tem was 
chosen for s tudy because of its unusual  corrosion s ta -  
b i l i ty  and its acceptance as a ma te r i a l  for  separable  
contacts,  in most  cases wi th  a thin (0.1-1.0 ~m) gold 
overplate .  If  the  gold becomes worn  th rough  dur ing 
use, the SnNi is exposed and its contact  resis tance 
character is t ics  cont r ibute  to the behavior  of the sys-  
tem. T in -n icke l  develops a se l f - l imi t ing  oxide  film in 
air  which is responsible  for the increase  in its contact  
res is tance as wel l  as its passivity.  

In  this study,  it  was de te rmined  tha t  the contact  re -  
sistance of SnNi, f reed  of oxide by etching in HCI, de -  
pends on the RH of the air  in which it is aged. In  d ry  
a i r  at  room tempera tu re ,  contact  resis tance rises ve ry  
s lowly  for 7000 hr  or more; in humid  ai r  ( f rom 15-88% 
RH) ,  contact  resis tance rises more  rap id ly  and achieves 
a value  of 1-10~ at  100g for pol ished surfaces against  
a gold probe  in severa l  thousand hours. The contact  
res is tance of unetched SnNi aged in a i r  for up to 10 
years  l ikewise  is in the  range,  1-10~. The l imi t ing con- 
tact  resis tance is less wi th  rough surfaces, typ ica l ly  
0.1-0.2~ wi th  a finish of 0.4 ~m CLA. The contact  r e -  
sistance increase  of etched SnNi immersed  in wa te r  or  
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hea ted  in a i r  at  100~ follows the same ini t ia l  kinet ics  
as in humid  ai r  at room tempera ture ,  but  u l t ima te ly  
a t ta ins  much  h igher  levels.  The  contact  res is tance of 
SnNi whose na tu ra l  oxide  is incomple te ly  removed  by  
br ie f  e tching in HCI is s lowly res tored  to i ts equi l ib -  
r ium level  when  r e -exposed  to air.  
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Composition, Chemical Bonding, and Contamination of 
Low Temperature SiOxN  Insulating Films 

Gordon Wood Anderson, William A. Schmidt,* and James Comas 

Naval Research Laboratory, Washington, D. C. 20375 

ABSTRACT 

The s to ichiometry  and contaminat ion  of low t empera tu r e  SiOxN~ layers  
grown by the pyro ly t ic  decomposi t ion of si lane in an ammonia -  and oxygen-  
r ich a tmosphere  on InSb and Si subs t ra tes  a re  repor ted.  The chemical  com-  
posit ion and chemical  bonding proper t ies  of the  films have been ana lyzed  by  
Auger,  nuclear  react ion analysis,  optical,  Ru the r fo rd  backscat ter ing,  and SIMS 
techniques. Capacitors  were  fabr ica ted  on Si and InSb substrates ,  and the 
electr ical  character is t ics  were  measured.  The layers  exhib i ted  physical  char -  
acterist ics s imi lar  to those of t he rma l ly  grown SiO~ layers .  Analys is  of the  
SiOxN~ films indica ted  a uni form dis t r ibut ion  of Si and O throughout  the 
films. The N concentra t ion measured  in the films ranged  f rom 1 to 3% of the  
O concentrat ion,  depending on the g rowth  parameters .  The opt ical  resul ts  
indica ted  some evidence of smal l  amounts  of S i -N and N - H  bonding. Al l  
films grown on Si subst ra tes  in the  presence of InSb or on InSb subst ra tes  had 
In  and Sb contaminat ion throughout ,  wi th  the  In and Sb content  increasing 
f rom the f i lm/subs t ra te  in ter face  to the  SiOxN~ surface. 

Significant in teres t  cu r ren t ly  exists  in developing 
high qual i ty  me ta l - i n su l a to r  semiconductor  (MIS) 
devices using na r row bandgap  semiconductors  as 
substrates,  in pa r t i cu la r  InSb, for ut i l izat ion in in-  
f r a red  imaging systems (1-6). Typical ly ,  the  insu-  
la t ing films for MIS capaci tors  on InSb contain  Si, 
O, and N and are  g rown at  low t empera tu res  (200 ~ 
250~ by  the pyro ly t ic  decomposi t ion of si lane in 
the  presence o2 oxygen,  ni t rogen,  and ammonia.  Low 
t empera tu r e  processing is necessary  in the case of 
InSb because the  ma te r i a l  is t he rma l ly  unstable  above 
400~ (7). The e lect r ica l  proper t ies  of these MIS 
devices have  been s tudied ex tens ive ly  (1-5),  bu t  no 
efforts have been made  to character ize  the  stoichio- 
metric,  chemical,  and other  physical  p roper t ies  of 
these low t empera tu r e  insula t ing films. It is the  pu r -  
pose of this paper  to present  the resul ts  of a series of 
spectroscopic studies of these SiOxN~ insulat ing films 
on both InSb and S.i substrates ,  including Auger,  
nuclear  reac t ion  analysis,  optical,  Ruther ford  back-  
sca t ter ing  (RBS) ,  and  secondary  ion mass spectros-  
copy (SIMS) techniques. These studies are  the first 
ex tended  effort to character ize  the stoichiometric,  
chemical  bonding,  and s t ruc tura l  proper t ies  of these 
technological ly  important ,  low t empera tu re  SiOxNy 
films. 

Insulator Growth 
Processing.--The low t empera tu r e  200~176 si l -  

i con -oxy-n i t r i de  (SiOzN~)system for insula tor  growth  
is convent ional  in design and s imi lar  to those used 
by  others  (1-5). A schematic  of the react ion sys tem 
is shown in Fig. 1. A Matheson gas mix tu re  of 3% 
silane in n i t rogen was used as the si lane source. The 
s i lane mixture ,  oxygen, and ammonia  used were  u l t r a -  
h igh  pur i ty  "electronic grade"  gases. Boil-off f rom a 
l iquid n i t rogen tank  was the  source for the  n i t rogen 
ca r r i e r  gas. F low  ra tes  were  con t ro l l ed  by  m a n u a l l y  
s e t  needle  valves  and moni to red  by  mass fiowmeters.  
The si lane mix tu re  was fur ther  d i lu ted  wi th  n i t rogen 
in a mixing  mani fo ld  pr ior  to being in t roduced into 
the react ion chamber.  Nitrogen,  ammonia,  and oxygen 
were  combined in a second mix ing  manifo ld  before 
in t roduct ion  into the  chamber .  

The reac t ion  chamber  was enclosed by  a stainless 
steel base p la te  and a P y r e x  bel l  j a r  which was  O-r ing  
sealed to the  base p la te  (Fig. 1). Subst ra tes  were  
suppor ted  on a ro ta t ing (~20 rpm)  carbon p la ten  
which res ted  on a res is t ive ly  heated a luminum block. 

~ Electrochemical Society Active Member. 
Key words: silicon-oxy-nitride films, chemical vapor deposition, 

film composition and contamination, optical, spectroscopic proper- 
ties. 

Numerous  o ther  designs were  t r ied,  bu t  this  design 
gave the most re l iab le  service. 

InSb samples  were  p repa red  for pass ivat ion by 
chem-mechanica l  pol ishing on a Pe l lon  cloth pad  
wi th  a solution of b romine  in methanol ,  e tching in 
a solut ion consist ing of 5r0 par t s  lactic acid, 8 par t s  
HNOm and 2 par t s  HF, and briefly d ipping in HF. 
Sil icon wafers  were  used as de l ivered  f rom the man-  
ufac turer  af ter  c leaning wi th  organic solvents  fol-  
lowed by  a short  HF dip. Low Na content  electronic 
grade  reagents  and high res is t iv i ty  wa te r  r inses (18 
M~l-cm) were  used. Cleaned, pol ished samples  were  
loaded onto the carbon platen,  and the sys tem was 
flushed wi th  n i t rogen for 30 min. The samples  were  
then hea ted  for  20 min  in a n i t rogen a tmosphere  to 
achieve the rmal  s tab i l i ty  at the g rowth  tempera ture .  
The react ive  gases then  were  tu rned  on to in i t ia te  
growth.  Af te r  a prese lec ted  t ime, the heat  and reac-  
tant  gases were  shut  off s imultaneously,  t e rmina t ing  
growth.  

The t empe ra tu r e  of the s ta t ionary  hea ted  block was 
measured  wi th  thermocouples  mounted  d i rec t ly  in 
the  block. Under  growth  the rmal  condit ions but  wi th  
no growth  react ion t ak ing  place, subs t ra te  surface 
t empera tu res  were  measured  opt ical ly  and wi th  phase  
a l te r ing  indicators.  These t e m p e r a t u r e  values  were  
compared  with  the  block thermocouple  readout .  Be-  
cause of difficulties in mak ing  subs t ra te  surface t em-  
pe ra tu re  measurements  dur ing  film growth,  this p ro -  
cedure was used to es t imate  subs t ra te  surface tern- 
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Fig. 1. Schematic illustratlon of sample preparation system 
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peratures  dur ing  growth. This procedure indicated 
that  substrate  surface temperatures  dur ing  growth 
were 23 ~ __ 4~ lower than the tempera ture  of the 
s tat ionary block. 

Processing variations.--Laver thickness uni formi ty  
was such that only one interference color extended 
over the ent i re  surface of a 38 mm diam Si wafer. 
Sample thickness, growth rate, rotat ion rate of the 
sample holder, and uneven  heating were the major  
factors affecting the thickness, uniformity,  and re-  
producibi l i ty  of the films. The growth rate decreased 
with increases in  the ni t rogen carrier gas flow rate. 
Variat ion of other parameters  including temperature,  
ammonia,  oxygen, and silane gas flow rates, and rota-  
t ion rate had less predictable effects on the growth 
rate because of competing effects. Typical growth con- 
ditions were: temperature,  250~ ni t rogen carr ier  gas 
and 3% silane in ni t rogen introduced into one mixing  
manifold at flow rates of 1700 and 275 cm~/min, respec- 
tively, and the mix ture  introduced into the chamber;  
and ni t rogen carrier gas, oxygen, and ammonia  in t ro-  
duced into a second mixing manifold at flow rates of 
1700, 50, and 50 cm3/min, respectively, and the second 
mix ture  introduced into the chamber  separately from 
the first mixture.  

The growth rate using the conditions listed above 
was about  50 A/rain.  Growth rates were insensi t ive 
to -+-70% variat ions of the oxygen flow rate. Varia- 
tions of the remain ing  parameters  about the values 
listed above caused significant changes in the film 
characteristics. Increasing or decreasing the silane 
flow rate resulted in an increase or decrease, respec- 
tively, in the film growth rate. With an increase of 
as l i t t le as 25% in the silane flow rate, growth occurred 
throughout  the chamber, and an excessive amount  
of part iculates were formed which caused spots and 
defects in the films. With an equivalent  decrease in 
the si lane flow rate, film growth was effectively 
stopped. 

The variat ion of the growth rate with the ammonia  
flow rate  was nonl inear  (Fig. 2). The growth rate 
changed from about 160 A/ra in  at a flow rate of 20 
cm3/min to about 15 A/ra in  at a flow rate of 130 
cm3/min. While the film growth rate increased sharply 
at lower flow rates, at flow rates below about 15 cm~/ 
rain the film growth was uncontrollable,  and the 
growth resulted in the formation of whiskers, plate-  
lets, and other i r regular ly  shared  structures. 

Variat ion of the substrate temperature  also had a 
Mgnificant effect on the growth rate. A 20~ decrease 
in tempera ture  effectively stopped growth on the 
substrate, while a similar  tempera ture  increase re-  
sulted in an increase in the growth rate by  a factor 
of 3-5. 

Etching techniques have been developed (8) which 
permit  a comparison of the qual i ty of Si02 and SiOxN~ 
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Fig. 2. Relation of film growth rate to ammonia flow rate during 
film growth for the typical growth conditions listed in the text. 

films grown by various processes. The "P" etch used 
in the work discussed below consisted of 15 parts 
HF, 10 parts HNO3, and 300 parts H20. Films grown 
under  the conditions listed above had etch rates of 
20 A/sec. This etch rate is s imilar  to that for undens i -  
fled SiO2 films grown at 405~ In  comparison, SiO2 
films grown by the thermal  oxidation of Si at 1000~ 
are etched at a rate of 2 A/sec. There was no sig- 
nificant var iat ion in the etch rates for different SiO=Ny 
films etched with "P" etch. Variat ion of the film growth 
rate by as much as a factor of 5 by means o~ram- 
monia  flow rate adjus tments  did not affect the density 
of the films as determined by ~he etching measure-  
ments. 

No adverse reactions were detected with any of 
the materials  used for substrates. Uniform, insulat ing 
films were grown on a range of different substrate 
materials including quartz, metal  wafers, and various 
elemental,  III-V, and II-VI semiconductors. Excellent 
results were achieved with normal  photoresist and 
etching processes on films used as dielectric isolation 
layers in devices where low tempera ture  processing 
was required. 

Diagnostic Techniques 
Auger.--Auger electron spectroscopy measurements  

were made to determine the N content  of the SiOxNy 
films uti l izing a Physical Electronics Industr ies  sys- 
tem. An SiO2 film implanted to a peak N concentra-  
tion of 10 el ions/cm 3 was used as a standard. The 
depth distr ibutions in the films were obtained by 
sput ter -e tching the samples with a 5 keV Ar ion 
beam and s imultaneously recording the Auger  energy 
spectrum. An SisN4 sample and a dry thermal  oxide 
were also examined for comparison with the N- im-  
planted SiO2 film and the SiOxNy grown films. The 
limit of sensit ivi ty of the Auger technique is ap- 
proximately  0.1 atomic percent  (a/o) 

Nuclear reaction analysis.--Nuclear reaction mea-  
surements  were made for both N and O in the SiOxNy 
films. A 900 keV deuteron beam from the Naval Re- 
search Laboratory (NRL) 5 MV Van de Graaff accel- 
erator was incident  on the film, and protons and 
alpha particles were detected. In the case of N, a 
l~N(d, ~)12C reaction was analyzed, and, in the case 
of O, a 260 (d, p)270 reaction was analyzed. The areas 
under  the N and O reaction curves are directly related 
to the n u m b e r  of atoms in the layer for a given 
sample. The ratio of these areas for a given sample 
is directly related to the composition of the film. 
Comparisons between samples were made on the 
basis of the values of these ratios. A Si surface barr ier  
detector was used with an 0.059 mm Ni foil placed 
in front of the detector to absorb elastically scattered 
deuterons. 

OpticaL--Optical t ransmission experiments  were 
made util izing two spectrophotometers, a Beckman 
IR-7 and a Pe rk in -E lmer  521, in the range of 250- 
4000 cm -1 (40.0-2.5 #m). The measurements  were 
double beam measurements,  and a beam condenser 
was used for small  samples. At tenuated  total reflec- 
tion (ATR) experiments  were made in the same 
range using the Pe rk in -E lmer  ins t rument .  Ell ipsom- 
etry measurements  were made at 6328A using a Ru- 
dolph 43702-200E ellipsometer. All measurements  were 
made at room temperature.  

RBS.--RBS techniques were used to determine the 
major  consti tuents and to evaluate the thickness of 
films grown on both Si and InSb substrates. Due to 
the i r regular  surfaces on InSb substrates, mechanical  
and ell ipsometry measurements  of film thicknesses on 
these substrates were difficult to obtain. The RBS 
system employed 2 MeV He ions from the NRL 5 MV 
Van de Graaff accelerator and a Si solid-state detector. 
The depth resolution for these films uti l izing this 
technique was ,~150-200A. Reviews of the technique 
and its usefulness for analysis of insula t ing films are 
given elsewhere (9, 10). 
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Table I. Summary of RBS, thickness, nuclear reaction analysis, and processing gas ratio data 

RBS Ellipsometry* 
Dektak* 

Sample Substrate (keV)  (A) (A)  (A)  n A ( N ) / A ( O )  ** 
Gas rat io ,  

NI-I~:O~ 

T h e r m a l  SIOr 
Std Si 56 1287" * * 1275 1287" * * 1.46 0 
N implant  Si 57 1310 1350 1321 1.54 8.3 • 10 -~ 

SiO~N~ 
1 NRLf  Si 62 1425 1620 1600 1.46 3.5 • 10 -a 
2 NRLt  InSb 84 2025 4.0 • 10 -~ 
3 NRL? Si 60 1379 1450 1563 1.46 1.9 • 10 -~ 
4 NRLt  InSb 72 1736 1.6 • 10 -~ 
5 NRLt  Si 300 6895 6025 2.3 • 10 "~ 
6 NRL? InSb 345 8316 1.9 • 10 -~ 
7 GE$ InSb 124 2989 0.66 • 10 -~ 

1:1 
1:1 
1:2 
1:2 
1:4 
1:4 

* E U i p s o m e t r y  m e a s u r e m e n t s  m a d e  at 6328A. El l ipsometry  and D e k t a k  values  l i s t ed  are averages of  s ev era l  m e a s u r e m e n t s  for  
each  sample .  

** Ratio  of  t he  area  under  the  N nuc lear  reaction spectrum to the area u n d e r  the  O nuclear react ion  s p e c t r u m  for  the  particu- 
lar react ions  s ta ted  in th e  text. 

*** Thickness for RBS data obtained from this sample was arbitrarily set equal to the value measured by ellipsometry in order to 
d e t e r m i n e  t h i cknes s  values of all other samples from the RBS data 

t 1 NRL and 2 NRL g r o w n  s imul taneous ly ,  3 NRL and 4 NRL g r o w n  s imul taneous ly ,  and 5 NRL and 6 NRL g r o w n  s imul taneous ly .  
$ 7 GE prepared by th e  Genera l  E lec tr i c  Company. 

SIMS.--Profiles of Si, SiO, SIO2, Sb, and In were  
measured by SIMS techniques using a Cameca IMS- 
300. SIMS exper imenta l  techniques and ins t rumenta-  
t ion details are described e lsewhere  (11). Due to 
sur face- re la ted  effects associated with  the SIMS anal-  
ysis, data f rom the near  surface region (~109A) were  
omitted. Depth scales were  established from thickness 
measurements  of the SiOxN, films. SIMS depth mea-  
surements  and atomic concentrat ion profiles were  re-  
producible within about 25% for a given sample. 

To ensure that  the SIMS s.ignal at mass 115 was 
due to In contaminat ion and not a S i - type  complex, 
the isotopic ratios (113 and 115) of In in the films 
and substrates were  measured.  It was established 
using this approach that  the films grown on InSb 
substrates or in the presence of InSb contained In. 
The N content  in these films could not be de termined  
by the SIMS technique due to competing signals 
f rom Si and its complexes. Impuri t ies  in SiOxN~ films 
grown on Si were  determined by mass spectra analyses. 

Electrical.--Electrical evaluations of these layers 
were  made by measur ing C-V, G-V, and I -V charac- 
teristics of MIS test capacitors having chromium-gold  
gates and back side contacts. Measurements  were  made 
using e i ther  probes or gold wires bonded to individual  
pads. Gate areas were  2 X 10 '-3 cm 2. All  samples 
wi th  d-c leakage currents  greater  than about 10-18A 
at + I V  gate bias (~105 V/cm)  at 80~ were  dis- 
carded. The discarded samples included approximate ly  
5 0 %  of all samples and general ly  exhibi ted shorts 
associated wi th  bonding problems or pin holes. C-V 
and G-V measurements  for Si substrate capacitors 
were  made  at 295~ and 80~ and for InSb substrate 
capacitors at 80~ These samples were  bonded to 
transistor  headers. To el iminate  extraneous lead capac- 
i tance and enhance cooling efficiency, the InSb chips 
were  mounted  on gold-pla ted bery l l ium oxide heat  
sink pads on headers  which in turn were  mounted 
direct ly  to a cold finger. High f requency (1 MHz) 
C-V measurements  were  made wi th  a Boonton capac- 
i tance meter ,  and lower  f requency C-V and G-V mea-  
surements  were  made using a PAR 129A lock- in  
amplifier. Leakage current  measurements  were  made 
using Kei th ley  602 and 616 electrometers.  

Diagnostic Results 
Auger.--An est imate of the N concentrat ion in the 

SiOxNy films, based on the comparison of the N Auger  
s i g n a l s  f rom the SiO~N, films and the reference 
N-implanted,  the rmal ly  grown SiO2 film, gave a 
value  of <5  a /o  throughout  the layers. The N con- 
tent  es t imated f rom the Auger  data was in qual i ta-  
t ive  agreement  wi th  the nuclear  react ion results. 

Nuclear reaction analysis.--The nuclear  reaction re-  
sults were  uti l ized to give a quant i ta t ive  measure -  
ment  of the amount  of N incorporated in the insu- 
lat ing films. A port ion of the same N-implanted,  
the rmal ly  oxidized Si wafer  discussed above was 

used as a reference. The results are shown in Table 
I in the next  to last column for several  films. These 
films included the reference  sample and several  
SiOxN~ films grown on both Si and InSb substrates. 
The major  point of these data is that  the total  amounts  
of N incorporated in the SiOxNy films grown in this 
study were  over  a factor of two less than the amount  
implanted  in the reference thermal  oxide. If the N 
implanted  in the the rmal  oxide were  of uni form con- 
centrat ion through the oxide, that  concentrat ion would 
be approximate ly  5% of the O concentrat ion on an 
atomic basis. Thus, the N concentrat ions in the SiOxNy 
films were  low, about 1 to 2% of the O concentrat ion 
on an atomic basis. 

OpticaL--Optical t ransmission exper iments  were  
carr ied out on a series of samples including thermal  
oxides grown on Si substrates and SiOxNy films 
grown on both InSb and Si substrates. The t ransmis-  
sion spectra of the SiOxNy films grown on Si were  
very  similar  to those of thermal  SiO2 films grown 
on Si; the spectra of the SiOxNy films on InSb differed 
f rom those of the thermal  oxides on Si p r imar i ly  in 
the effects of the different substrates on these spectra. 
The results for two typical SiOzNy films, one deposited 
on a Si substrate and the other on an InSb substrate, 
are  shown in Fig. 3, and results for all spectra are 
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Fig. 3. Optical absorption spectra of SiOxN u films. Upper carve, 
film on InSb substrate, sample 6 NRL. Lower curve, film an Si 
substrate, sample 5 NRL Room temperature measurements. 
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Table II. Summary of vibrational modes of SiOxN~ films 

Energy  
( c m  -1) S t r e n g t h * ,  t Breadth*. t Sourcet  References  Exper iment  

450 s b SiO~ (8, 14-17) Transmiss ion  
560 w n Si LO + T A  (14, 15, 18) Transmiss ion  
810 m b SiO~ (8, 14-17) Transmiss ion  
880 w n Si-N ? (12, 13, 22, 26) Transmiss ion  
930 w vb  SiO~ ? (14, 15, 17) Transmiss ion  

1080 vs  b SiO2 (3, 12-17) Transmiss ion  
1160 s b SiO2 (8, 14-17) Transmission 
1615 vw b SiOs (19) ATR 
1700 ? vw b SiO2 ? ATR 
1830 v w  b SiO~ (19) A T R  
1980 v w  b SiOs (19) A T R  
2115 v w  b Si-H o r  S i l l . . .  O ? (20-23) A T R  
2260 v w  h Si-H or  S i l l . . .  O (20-23) A T R  
2415 v w  b Si-H or  S i l l . . .  O ? (20-23) A T R  
2590 vw b U n k n o w n  A T R  
3255 w vb  N-H or  O-H (20-23) A T R  
3600 m n O-H or  N-H (20-23) A T R  and  tranS- 

miss ion 

* vs  = v e r y  s t r o n g ,  s = s t r ong ,  m = m e d i u m ,  w = w e a k ,  v w  
t See  text .  

briefly summarized in Table II. The four  major  bands 
observed in bulk SiO2 glass and the rmal ly  grown 
films on Si were  observed in the SiOxN~ films as 
wel l  (8, 12-17). The broad shoulder on t h e  high 
energy side of the ma jo r  1080 cm -1 band at about 
1160 cm -1 was not as pronounced in the spectra of 
films on InSb because of the onset of the fundamenta l  
absorption edge (Fig. 3). 

The very  broad 93.0 cm -1 band observed in the 
SiOxNy films was at the energy at which bands have 
been observed in some bulk SiO2 glasses and thermal  
oxide films and may  be a SiO2 band (14, 15, 17). In 
addition, the weak 560 cm -1 shoulder was observed 
in the S iO~Ny films on Si but not clearly observed 
in films on InSb. This band very ]ikely was the Si 
LO + TA combinat ion band (18), though a weak 
band at this energy  also has been observed in some 
bulk SiO2 glasses (14, 15). The weak band near  3500 
cm -1 was observed in the SiOxiNy films on Si sub- 
strates but not in the thermal  oxides. 

ATR spectra of SiOxNu films grown on Si exhibited 
several  bands in the range 1300-4000 cm -1 (Fig. 4 
and Table  II) .  Only the bands at 325.5 and 3600 cm -1 
may  be re la ted to N in the films. Four  of the eight 
other  bands previously have been assigned to SIO2, 
Si- t t ,  or  S i l l . . .  O type bonding as indicated in Table 
II (19-23). The unrepor ted and /o r  unidentified bands 
are  described briefly below. 
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Fig. 4. Typical ATR spectra of SiOxNy films on Si. (a) Relative 
ATR spectra. (b) Scale expansion factor X S. Vertical position of 
each section in (b) is relative to itself. Vertical position of differ- 
ent sections in (b) cannot be campared quantitatively. Room tem- 
perature measurements. 

= very  weak,  n = n a r r o w  ( s h a r p ) ,  b = broad,  vb = very  broad, 

The very  weak and previously  unrepor ted  band 
at 1700 cm -1, if  real, is thought  to be a SiO2 band. The 
1830 cm -1 band is shifted to a position lower  in energy  
than that  observed in thermal  SiO2 probably due 
to the different composition and stoichiometry of the 
two types of films (19). The 2115 and 2415 cm -1 
bands appear  to be satell i tes of the main 2260 cm -1 
S i -H band (20-23) and are thought  to be Si -H or 
S i l l  . . . O type bands, the 2415 cm -1 band being 
sl ightly removed  in energy f rom the position of the 
atmospheric  CO2 band. The  origin of the 2590 cm -1 
band is not known. 

Values of the thickness and real  part, n, of the index 
of refract ion of films on Si substrates de termined  
by e l l ipsometry  at 6328A are g iven in Table I. It  
was assumed that  the value  of the imaginary  par t  of 
the index of refract ion of  the films was zero in cal- 
culat ing these results f rom the e l l ipsometry data. 

RBS.--The RBS spectra for SiOxNy films on Si 
substrates were  very  similar  to those of the rmal  
oxides on Si substrates. In addition, the absence of a 
resolvable  iN peak in the RBS data in films on Si 
substrates demonstra ted that the N content  of the 
films was very  low (less than 5% of the  O content 
a tomical ly) .  

The film thickness values obtained f rom RBS, m e -  
chanical  (Dektak) ,  and e l l ipsometry  techniques are 
presented in Table  I. It  should be noted that  the 
RBS measurements  are presented as qual i ta t ive  com- 
parisons of the films, and it was assumed for  the 
thickness analyses that  the films were  of uni form 
and equal  density, an assumption substant iated by 
the chemical  etch rates of films on Si substrates. The 
unimplanted  SiO2 thermal  oxide film was used as a 
reference  to est imate the film thicknesses f rom the 
RBS data in order  to compare  these values wi th  the 
mechanical  (Dektak) and el l ipsometry measurements .  
In the cases of films grown on InSb substrates, cor-  
rections for dE/dx  of the He ions were  made to de- 
te rmine  the thicknesses f rom the energy  shifts of 
the edge of the onset of scat ter ing as shown in columns 
3 and 4 of Table I. These energy  shifts were  wi th  
reference  to the position of the edge for a clean 
InSb substrate  wi th  no film on its surface. 

The  RBS data include results obtained f rom three  
pairs of samples, one substrate being Si and one 
InSb for each pair. The films were  grown s imul tan-  
eously on the two substrates of each pair. These RBS 
results indicated that  for films grown s imultaneously 
on InSb and Si substrates, the films on InSb substrates 
contained more mass as shown in column 3 of Table I. 

SIMS.--The SIMS data obtained f rom an SiOxiNu 
film are  shown in Fig. 5. The results indicate a uni-  
form distr ibut ion of Si and O throughout  the SiOxNy 
film. Fi lms grown on InSb also had uniform distr ibu- 
tions of Si and O throughout.  In addition, the SIMS 
Si :SiO:SiOa ion sput ter ing yield ratios for individual  
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films on Si substrates determined by SIMS. Steps at about 1000,& 
depth represent insulator-substrate interfaces. Samples grown at 
same times and in same chambers with sample 1 NRL and thermal 
SiO2 standard (unimplanted). 

SiOxNy films on Si substrates and for individual  
thermal  SiO2 films were similar (Fig. 5). These ratios 
were also wi th in  25% or bet ter  of the ratios of yields 
of films grown on InSb substrates. Thus, the stoichio- 
met ry  of SiO=Ny films grown on both InSb and Si 
substrates and of thermal  SiO2 films was similar. The 
Si, SiO, and SiO2 signals decreased beyond the fi lm/ 
substrate interface due to the decrease in the second- 
ary ion yields in Si as compared to those in SiOxN~ 
and SiO~ (Fig. 5). 

The atomic profiles of In  in SiO=Ny films grown 
s imultaneously  on Si and InSb substrates are shown 
in  Fig. 6. Films grown on InSb substrates had a 
significantly higher In  content  than films grown si- 
mul taneously  on Si substrates. Films subsequent ly  
grown on Si substrates in the absence of InSb showed 
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Fig. 6. Relative concentrations of In in SiOxNy films grown 
simultaneously on Si and InSb substrates. Steps at about 5000A 
represent insulator-substrate interfaces. Growth conditions simi- 
lar to those of samples 5 NRL and 6 NRL. 

significantly less In  ,content. An  estimate of the 115In 
concentrat ion in  the SiOxNy films grown on InSb 
substrates was approximately 1016-10 lz cm-~. This 
estimate was based on a comparison be tween  the 
SIMS USIn signals from a 115In implanted reference 
sample and from the SiOxNy films. To investigate the 
possibility of decomposition of InSb from the back 
surface dur ing film growth, several samples were 
coated on the back surface with sputter-deposited 
SisN4 prior to being placed in the reactor which had 
been cleaned and flushed. The SIMS analysis of the 
films grown in  this manne r  indicated a significant 
decrease in the In  and Sb content. Ant imony  was 
also  detected and showed the same general  behavior  
as In, a l though the concentrat ion levels were not 
determined.  

Mass spectra analyses of two classes of samples 
were carried ou't to determine the relat ive Na con- 
centrations in the two classes. One class, samples of 
which were rejected for fur ther  measurements  be-  
cause of anomalously  broad hysteresis loops (7-15V) 
in  their C-V curves, had at least three orders of 
magni tude  more Na content  than the second class, 
samples which were re ta ined for fur ther  electrical 
measuremen~ts. The Na concentrat ion as a function 
of depth in the films could not be determined due 
to the high mobil i ty  of Na in insulat ing films sub-  
jected to ion bombardment  (24). All films analyzed 
contained traces of hydrocarbons,  K, and Ca. 

ElectricaL--The dielectric constant  determined by 
correlat ing the measured values of gate oxide capac- 
itance, insulator  thickness, and gate area for given 
MIS capacitors was typically about 3.3 for the low 
tempera ture  SiOzNy films. Though the measured values 
were in  a range 2.2-4.6, increased with film thickness, 
and varied from film to film, they general ly were 
less than 3.9, the dielectric constant of thermal ly  
grown SiO2. These measured values are believed 
to be correct wi thin  about 20%. In  addition, the 
dielectric constant values of the low tempera ture  
SiOxN~ films were consistently less than the range 
4-9 reported for higher temperature  SiOxN,j films 
with various x / y  ratios (12, 13). 

The C-V curves for capacitors on Si and InSb 
substrates showed that  the flatband voltage values 
typically were --1 to --2V [Fig. 7(a)  and (b)] .  
Hysteresis was observed for about 95% of the samples 
measured, and hysteresis of both clockwise and coun- 
terclockwise sense was observed. An example of a 
C-V curve with essentially no hysteresis is shown 
[Fig. 7(c)] .  The flatband voltage could be varied by 
applying a negative bias voltage at room tempera ture  
and cooling the samples to 80~ under  bias. F la t -  
band  voltage shifts as large as +5V have been ob- 
served when samples were cooled under  negative 
bias voltage, and this process was reversib]e. 

Discussion 
The results of the experiments  indicate that the 

low tempera ture  SiO~N~ films were very much like 
thermal  SiO2 films but  with a very small  N con- 
centration, about 1-2% of the O concentrat ion on an 
atomic basis. The spectroscopic results for samples 
prepared in this s tudy and for industr ia l  samples 
(2, 3) were very similar for each technique employed. 
The value of the real par t  of the index of refraction 
of the SiO=Nv films was the same as that  of dry, 
thermal  SiO2 films. This value was not in termediate  
between that  of SiO~ and that  of SigN4 as in the 
case of higher tempera ture  SiOxN, films which con- 
ta in  significant amounts  of ni t rogen (25). 

The optical results also demonstrated that there 
was very li t t le N present  in the low tempera ture  
SiO=Ny films. The major  1080 cm -1 band did not 
shift to lower energy for these films, as observed 
for higher temperature  SiOxN, films (12, 13), in-  
dicating little or no evidence of Si-N bonding. The 
Si-N band reported at ~ 475-500 cm -1 was not ob- 
served with cer ta inty in the present  work (22, 26). 



Vol. 125, No. 3 

1.0 

0.8 

0.6 

0.4- 

0.2 

o 

(a) I I 

I I I 

kO (b) 

0,8 

i o,~ I t _.o 
cp 

0,4 

0.2_ 

0 

I,o (c) 

0,8 

0.6 

0.4- 

0.2 

0 L I I 
-8  -4  0 4 8 

VOLTS 

Fig. 7. One MHz C-V curves for three MIS capacitors having 
SiOxNy insulating films. (a) InSb substrate measured at low 
temperature. (b) Si substrate measured at room temperature. (c) 
Si substrate measured at 80~ About 5% of capacitors tested 
exhibited essentially no hysteresis as shown in (c). 

The weak band  observed at about 880 cm -1 may be 
due to Si-N type vibrations. The sharpness of this 
band in  comparison to those observed at this energy 
in other studies of SiOxNy films deposited at higher 
temperatures  and of SisN4 (12, 13, 22, 26), however, 
casts some doubt on this identification. 

The 3255 and 3600 cm -1 ATR bands and the 3590 
cm -1 t ransmission band, which probably is the same 
as the 3600 cm -1 ATR band, may be either N-H type 
or O-H type vibrat ional  bands as reported for thermal  
oxides, Si3N4 films, and higher temperature  SiOxNy 
films (20-23). It is reasonable to postulate that the 
3600 cm -1 band  may be an O-H type vibrat ional  
band  and the 3255 cm -1 band  an N-H type band  
(20-23). The N-H band reported (22, 23) at about 
1200 cm -~, if  present  in  these films, was obscured by 
the strong SiO2 type bands at 1080 and 1160 cm -1. 

The optical evidence for little N bonding and the 
close s imilar i ty  of the spectra to those of thermal  
SiO2 films are consistent with the general  observa- 
t ion that l i t t le N is present  in these low tempera ture  
films and that the films are like SiO2 in many  ob- 
servable respects. Thus, the role of the ammonia  in 
the film growth reaction is not clear. The pre~ence 
of the ammonia  in the reaction chamber  was nec- 
essary, however, or uniform and controllable film 
growth would not occur. The growth rate variations 
indicate that the pr imary  role of the ammonia  may 
be that of a modifying agent in re tarding the low- 
temperature  pyrolytic decomposition rate of the sil- 
ane in the presence of oxygen (Fig. 2). 

The SIMS results (Fig. 5) also demonstrated that 
the low tempera ture  SiOzN~ films are uniform in 
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composition and similar  to thermal  SiO2 films. Be- 
cause the concentrations of In  and Sb impurit ies 
detected in  films grown on InSb substrates or on Si 
substrates in the presence of an InSb substrate  in-  
creased with distance away from the semiconductor-  
insulator  interface (Fig. 6) and because significantly 
less contaminat ion was present  in films grown on 
InSb substrates having the back sides coated with 
SisN4 prior to film growth, it is believed that  this 
contaminat ion resulted from the decomposition of 
InSb at the back surface of the InSb substrates. 

The hysteresis observed in m a n y  C-V measure-  
ments  could have been due to one or more of several 
causes (27-32), and hysteresis of both cyclic senses 
was observed in different samples. At present  it is 
not possible to identify which one or more of these 
potential  causes were responsible for the hysteresis. 

The thickness values of films on Si substrates as 
determined mechanically, by RBS, and by ell ipsom- 
etry were in agreement  wi th in  13.5% or better  (Table 
I).  The RBS data, however, indicated that  the SiOzN~ 
films on InSb substrates had more mass and thus 
were thicker or denser or both than  the correspond- 
ing films deposited s imultaneously  on Si substrates. 
This observation is not understood at present. The 
etching rate values described in the processing sec- 
t ion indicated, in addition, that the SiOxNy films were 
less dense than dry, thermal  SiO2 films grown on Si 
substrates, and the measured dielectric constant values 
were consistent with this observation. 

Thus, it has been demonstrated that low tempera-  
ture SiO~N,# films successfully grown on InSb and 
Si substrates are uni form in  composition, are very 
much like thermal  SiO2 films grown on Si substrates, 
and contain only small  amounts  of N. The SiOxNy 
films, moreover, show significant promise for use in 
electronic devices. 
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On Thermally Stimulated Space-Charge Decay 
in Sn'-doped Sodium Chloride and 

Potassium Chloride Crystals 
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ABSTRACT 

When quenched crystals  of NaCI :Sn  2+ or KCI: Sn 2+ are  w a r m e d  at a con- 
s tant  ra te  and the vol tage appear ing  across p la t inum electrodes in contact  
wi th  the crysta l  is monitored,  as in a the rmal  depolar iza t ion  exper iment ,  
large  d-c  currents  are measured  even when the crys ta ls  have not previous ly  
been polarized.  This charge release is bel ieved to be associated wi th  the  
crys ta l l iza t ion of prec ip i ta tes  of SnCI2 wi th in  the  crystal .  The appearance  of 
depolar iza t ion  currents  of the  "wrong" sign dur ing  hea t ing  of p rev ious ly  
polar ized  crystals  is commented upon briefly. 

The purpose  of this br ie f  paper  is to r epor t  on the 
s t range behavior  of quenched NaCI :Sn  2+ and KCh 
Sn 2+ crystals  dur ing  the rmal  depolarizat ion.  RbBr:  
Sn 2+ crystals  (1) behave  "normal ly ,"  that  is to say, 
whereas  un t rea ted  crysta ls  or crysta ls  annealed  at  
250~ for 20 hr  d isplay no depolar iza t ion currents ,  
crystals  annealed  at 500~ for 4 h r  and then at  400~ 
for 13 hr  pr ior  to quenching in l iquid ni trogen,  exhib i t  
af ter  polar izat ion and warming  at a s teady ra te  of 
4~  a character is t ic  double  peak  in the  t empera -  
ture  range  182~176 If the polar izat ion t empera tu re  
T,  is low enough (215~ this is the only peak  
observed.  Wi th  h igher  polar izat ion t empera tu res  
a more -o r - l e s s  complicated series of depolar iza t ion 
bands are  observed on the high t empera tu re  side of 
the  182~176 double  peak. The s t ruc ture  of these 
bands depends on Tp and hence on the polar izat ion cur-  
rent.  The bands have t en ta t ive ly  been assigned to the  
re lease  of macroscopic space charge associated wi th  
e lect rode processes occurr ing dur ing polarizat ion.  The 

* Electrochemical  Society S t u d e n t  M e m b e r .  
~Present  address: Tunku A b d u l  R a h m a n  C o l l e g e ,  K u a l a  L u m -  

p u r ,  ~ i a l a y s i a .  
Key words: thermal  depolarization, ionic thermoconduetivity,  

doped alkali  halides. 

double  peak  is ascr ibed to the occurrence of Sn ~+- 
cation vacancy complexes.  Broad ly  s imi lar  behavior  
occurs in R b B r : B a  2+ (1), RbCI :S r  ~+ (2), and in many  
other  doped a lka l i  halides. 

The behavior  of NaCI :Sn  2+ and KCI :Sn  ~+ is quite 
different  and includes a fea ture  we bel ieve not to have 
been prev ious ly  repor ted.  An unpolar ized NaCI :Sn  2+ 
crys ta l  which had not received any the rma l  p r e t r ea t -  
ment  showed zero "depolar izat ion"  cur ren t  j on w a r m -  
ing from 100~ to room tempera ture ,  j was s imi la r ly  
negl igible  if this crys ta l  was subjec ted  to a polar izat ion 
vol tage of 200V at 255~ The same behavior  was ob-  
served af ter  anneal ing for 16 hr  at 360~ but  if Tp 
was increased to 295~K a sharp inver ted  peak  oc- 
cur red  at 255~ (Fig. 1). 

Dur ing polar izat ion the top p la t inum lead  was con- 
nected to the  input  of a Cary 401 e lec t rometer  and 
the lower  p la t inum electrode rest ing on the sapphi re  
insula tor  was connected to the § t e rmina l  of a Hewle t t  
Packa rd  6100 A d-c  vol tage supply  (see Fig. 2). Dur ing 
depolar iza t ion the top e lect rode remained  connected 
to the input  of the e lec t rometer  and the bot tom elec-  
t rode  was grounded.  Both surfaces of the  crys ta l  in 
contact  wi th  leads were  coated wi th  s i lver  pa in t  to en-  
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Fig. 1. Large "inverted" peak in the j(T) depolarization curve 

for a NaChSn 2+ crystal that had been polarized at 295~ Two 
broad smaller peaks are also found at 239 ~ and 269~ re- 
spectively. 
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(b) During depolarizat ion 
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Fig. 2. Schematic circuit diagrams for (a) polarization; and (b) 
depolarization measurements. C = crystal; E = electrometer; 
D = d-c power supply; S = sapphire insulator. Arrows show di- 
rection of flow of positive current through the external circuit. 
In (b):(i) the direction of current flow is as expected, and ob- 
tained, for randomization of dipoles and the depolarization cur- 
rent peak is referred to as "normal"; (ii) For "inverted" peaks 
the electrometer records a positive voltage instead of a negative 
one, i.e., the current flow through the external circuit is in the 
same direction as that during polarization. The terms "normal" 
and "inverted" have their same significance even when the 
polarization voltage V~ = 0. 

sure good e lec t r ica l  contact  wi th  the  p l a t inum leads. 
Dur ing depolar iza t ion  both sides of the  sapphi re  insu-  
l a to r  were  grounded.  One anticipates,  and no rma l ly  
measures,  a negat ive  vol tage wi th  the e lec t rometer  due 
to the  reor ien ta t ion  of dipoles a l igned p re fe ren t i a l ly  in 
the  d-c  field dur ing  polar izat ion.  An " inver ted  peak"  
means  tha t  the  po la r i t y  of the  vol tage  across the  crys ta l  
was posi t ive ins tead of negative.  Inver t ed  peaks  have  
been observed prev ious ly  dur ing  the rma l ly  s t imula ted  
depolar iza t ion  measurements  and have genera l ly  been 
ascribed, r a the r  loosely, to prec ip i ta tes  or  space charge. 
However ,  a space charge consist ing of carr iers  tha t  
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have  pi led up in f ront  of one or  both  of the  e lectrodes 
should, as i t  decays, y ie ld  a "normal"  depolar iza t ion  
cur ren t  in the  opposi te  di rect ion to tha t  flowing dur ing  
polarizat ion.  In  a lka l i  ha l ides  at  or be low room t e m p e r -  
a tu re  and pa r t i cu l a r ly  in these Sn2+-doped crys ta ls  we 
ant ic ipate  an excess of cat ion vacancies and tha t  an  ex -  
cess of vacancies wil l  have  accumula ted  ad jacent  to the  
( lower)  posi t ive e lec t rode  dur ing  polarizat ion.  The m i -  
g ra t ion  of these  vacancies  to res tore  the  equ i l ib r ium 
dis t r ibu t ion  should give a normal  (negat ive)  depo la r -  
izat ion peak.  

However ,  the  above facile exp lana t ion  of a space 
charge  peak  overlooks the  poss ibi l i ty  tha t  the  poten t ia l  
d is t r ibut ion  in the  crys ta l  m a y  be more  compl ica ted  
than  jus t  described.  In  unpolar ized  crysta ls  the  po ten-  
t ia l  is not  uni form due to the  F re nke l  (3) space charge. 
If  the  polar ized crys ta l  contains specifically adsorbed  
car r ie rs  plus diffuse double  layers  of neut ra l iz ing  
charge, then  the pe r tu rba t ion  of these double  layers  by  
the polar iz ing field could resul t  in  a nonequi l ib r ium 
charge d is t r ibut ion  whose r e l axa t ion  would  give a cur -  
rent  flow in the  opposi te  di rect ion to tha t  associated 
wi th  the  randomiza t ion  of dipoles. Specific de ta i led  
models  of the decay of macroscopic space charge  du r -  
ing the rmal  depolar iza t ion  in ionic crystals ,  including 
the occurrence of inve r t ed  peaks,  have not  ye t  been 
developed a l though the  exis tence and impor tance  of 
the  macroscopic space charge  has been po in ted  out, for  
example ,  by  Kess ler  (4). Possibly,  double  layers  at  p r e -  
cipitates,  as wel l  as at  surfaces and dislocations,  con- 
t r ibu te  to the  space charge. 

A second NaCI: Sn 2+ crys ta l  was annea led  for 31 h r  at  
400~ quenched in l iquid ni trogen,  and then  a l lowed 
to w a r m  to room t empera tu r e  before  mount ing  in  the  
polar izat ion cell. The crys ta l  was shor ted  at  room tem-  
pera ture ,  cooled to ,~100~ and then  w a r m e d  at  a 
constant  r a t e  of 4~ No polar iz ing vol tage  had  
been applied,  ye t  subs tant ia l  inver ted  peaks  were  ob-  
served in the  205~176 range.  The cooling and w a r m -  
ing sequence was repea ted  twice wi thout  any  appl ica-  
t ion of a vol tage  to the  crystal .  No depolar iza t ion  was 
observed on cooling but  on each warming  cycle a smal l  
inver ted  peak  fol lowed by  large  "normal"  peaks  were  
observed.  F igure  3 shows tha t  this behavior  is qua l i t a -  
t ive ly  reproduc ib le  in  the  same crystal .  The m a x i m u m  
cur ren ts  are  large:  1.5 and 2.3 X 10-~2A, respect ively ,  
and are  much la rger  than  would  no rma l ly  be observed  
in the  t he rma l ly  ac t iva ted  randomiza t ion  of M 2 +-ca t ion  
vacancy dipoles, for  ins tance (,~3 • 10-14A). 

A possible exp lana t ion  of this phenomenon is tha t  
dur ing  cooling of the  crys ta l  f rom room t empera tu r e  to 
100~ Sn2+-cat ion vacancy  dipoles aggrega te  but  
main ta in  the  NaC1 structure.  On warming  rec rys ta l l i -  
zat ion to SnC12 precip i ta tes  takes  place  wi th  eject ion 

O 

', a 

280 270 260 250 240 230 220 

Fig. 3. Large "depolarization" currents observed on warming a 
previously annealed and quenched NaChSn 2+ crystal from 

100~ to room temperature. (a) Second warming cycle; (b) 
third warming cycle. No polarizing field has been applied to this 
crystal. 
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of cation vacancies. The concentrat ion of cation vacan-  
cies now locally exceeds the equi l ibr ium value and is 
reduced by the diffusion of vacancies to sinks (disloca- 
t ions).  The net  displacement current  is the vectorial 
sum of all the microscopic current  flows. It would be 
ent irely fortuitous if this sum were zero. Clearly it 
might have either sign depending upon the actual dis- 
location structure of the crystal. This tentat ive ex- 
planat ion requires an unusua l ly  high mobil i ty for 
Sn 2+ ions in NaC1, which we know to be so because of 
the relat ive rapidi ty with which precipitat ion occurs 
in  freshly quenched crystals of NaCI: Sn 2+ compared to, 
say, RbBr: Sn 2+. 

Broadly similar behavior was observed for KCI: Sn 2+. 
Figure 4 shows the TD curve on warming  a crystal that 
had been quenched in l iquid ni t rogen after 2 hr at 
550~ allowed to warm to room temperature,  and 
then cooled to ,-~100~ in the polarization cell without  
any application of a polarization voltage. There was no 
current  flow during cooling but  in the heat ing cycle 
strong inver ted peaks occurred in the range 230 ~ 
280~ The crystal was then polarized at 215~ 
(Vp = 300V) when it showed a qual i tat ively similar  
charge release on the warming cycle. This implies ei- 
ther that  this charge release has little to do with the 
at tempt to polarize the crystal or that  the crystal was 

! , 

T]K 

Fig. 4. Depolarization currents observed on warming a previously 
annealed and quenched KCI:Sn 2+ crystal from ,~ 100~ to room 
temperature. (a) First run Vp ~ 0V; (b) second run, Vp ~ 300V, 
Tp ~ 215~ (c) third run, after annealing for 3 hr at 313~ 
Vp --  OV ( •  3.33). 

somehow self-polarized prior to the first run. I t  is 
known (5) that  freshly cleaved ionic crystals may con- 
ta in  nonuni form charge distr ibutions but  the resul t ing 
voltage across the crystal is of the order of magni tude  
of hundreds  of millivolts ra ther  than  hundreds of volts. 
Thus self-polarization seems to be unlikely.  This crys- 
tal was then annealed at 310~ for 3 hr, cooled to 
,~100~ without  fur ther  polarization, and warmed at 
a constant rate. There was no charge release dur ing 
cooling but  in the warming  cycle a small  (3max 
10-1~A) inver ted peak occurred in  the same tempera-  
ture region as the large peak in the previous run. This 
behavior  is of a similar na ture  to that  observed for 
NaCI: Sn 2+ and the explanat ion is probably similar. 

It  seems l ikely that  related effects to those discussed 
here may have been observed by other research work-  
ers in the field but  not pursued because of their  com- 
plexity and irreproducibil i ty.  Indeed, the high temper-  
ature side of the dipole relaxat ion peaks has been re-  
ferred to in the l i terature  (2) as "dielectric chaos." We 
trust  that these modest beginnings may encourage the 
more detailed invest igat ion of a region of the dielectric 
behavior of ionic crystals that  is impor tant  in aiding 
our knowledge and unders tanding  of dipole aggrega- 
tion, precipitation, and electrode processes. 
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Gate Oxide Thinning at the Isolation Oxide Wall 
T. T. Sheng and R. B. Marcus 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Transmission electron micrographs of cross sections of MOS devices have 
shown th inn ing  of the gate oxide at the isolation oxide wall. It  is shown that 
the th inn ing  is related to the slope of that wall  which is in t u rn  affected by 
the t ime of overetch in BHF during window photolithography. A 7 min over-  
etch produces a th inning  of ~25% and cases of 30% th inning have been found 
in  device samples. The th inn ing  is caused by the wall  acting as a part ial  
barr ier  to local oxidation at that site. 

During the t ransmission electron microscope study of 
cross sections of MOS test devices, it was noticed that  
gate oxides were sometimes th inned by 20-30% in re- 
gions very  close to the field oxide wall. Some experi-  
ments were carried out to help unders tand the origin 
(and control) of this anomalous th inning,  and results 
are reported in this paper. 

Key words: MOS devices, gate oxides, oxide wail. 

Experimentat 
The main  method used to study the profile of gate 

oxides was to prepare th in  film sections orthogonal to 
the isolation oxide wall  and sample surface, and study 
these samples by transmission electron microscopy 
(TEM). A n u m b e r  of authors have described cross- 
sectional techniques for prepar ing simple (e.g., non-  
device) semiconductor structures for TEM study (1-3). 
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Table I. List of samples 

[All samples (100) orientation] 

Sample Description 

A CMOS device 
B CMOS device 
C CMOS device 
D CMOS device 
E CMOS device 
F Tester: 7 rain BHF. no gate SiO~ 
G Tester: 7 rain BHF, 500A SiO~ 
H Tester: 7 rain BHF, 1500A SiO2 
I Tester: 14 rain BHF, no gate SiO2 
J Tester: 14 rain BHF, 500A SiO2 
K Tester: 14 rain BHF, 1500A SiO~ 

Table II. Processing of tester samples 

1. Clean 
2. Oxidize 1050~ wet 02 10,000A 
3. Window photolithography 

4. 7 rain BHF ~ 1 4  rain BHF 
Resist strip ~.~ J Resist strip 

5. Oxidize 1000~ ~Oxidize 1000~ 
dry 02 500A dry 02 1500A 

Sheng and Chang (3) described a method for sectioning 
device samples where par t icular  device features need 
to be examined;  their  technique was used to prepare 
samples for the present  study. Samples were either 
CMOS device structures or structures specifically pre-  
pared for this study. All samples were (100) or ienta-  
t ion and contained ,--1# field oxide formed by wet 
oxidation at 1050~ and 500-1500A gate oxide formed 

by  dry  oxidation at 1000~176 The samples a r e  
listed in Table I. 

The structures specifically prepared for this s tudy 
were designed to test the effects of variat ions in win-  
dow wall  geometry on the occurrence of anomalous 
thinning.  They were formed according to the process- 
ing scheme shown in  Table II. 7 min  BHF was needed 
to clear windows down to the Si substrate;  some wafers 
received a 14 min  etch to produce a change in slope of 
the side wall  (see below).  Gate oxides were grown to 
500 and 1500A thicknesses to test the effect of gate ox- 
ide thickness on anomalous thinning.  

Results 
Representat ive t ransmission electron micrographs of 

cross sections are shown in Fig. 1 and 2. The electron 
beam is normal  to a (110) surface. The angle formed 
between the isolation oxide wall  and the horizontal  
surface at the base of the wall  are shown in  the figures. 
This angle changes only slightly before and after gate 
oxidation (compare Fig. l a  with lc and Fig. 2a with 
2c). The relationship between wall  angle and percent  
gate oxide th inning  obtained from these measurements  
is shown in Fig. 3. It can be seen that  ,-,25% th inning  
occurs on samples which have been 100% overetched 
(samples J, K) whereas samples which received no 
overetch (samples G, H) show very li t t le or no th in-  
ning. Of the five device samples examined, two (C and 
D) show 20% gate oxide th inning;  these samples 
probably received a severe overetch in BHF. The per-  
centage oxide th inn ing  is not correlated wi th  gate 
thickness over the range 500-1500A (compare J wi th  I~ 
and G with H).  

The gate oxide th inn ing  is apparent ly  due to the 
geometrical effect of the isolation oxide wail  acting as 

Fig. I. TEM photos of cross sections of tester samples with 
7 min BHF. Sample F, no gate oxide (a); sample G, 500A SiO2 
(b); sample H, 1500A SiO2 (c). 

Fig. Z. TEM photos of cross sections of tester samples with 14 
min BHF. Sample I, no gate oxide (a), sample J, 500~. SiO2 (b); 
sample K, 1500A SiO2 (c). 
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Fig. 3. Relation between angle at base of isolation oxide wall 
and gate oxide thinning. 

a part ial  barr ier  which limits the oxidation rate in  that  
local region. This mechanism is now being mathemat i -  

cally modeled. It  is clear that  as long as oxide thickness 
and oxide etch rate nonuniformit ies  occur among the 
wafers in  a lot undergoing processing and overetch is 
required, gate oxide th inn ing  will  occur. Assuming a 
l inear  relat ion between t ime of overetch, isolation ox-  
ide wall  slope, and gate oxide th inn ing  (Fig. 3), it  
would appear that  ~ 10 % th inn ing  would occur if the 
overetch t ime of thermal  oxide in BHF could be kept 
less than 2 min  (~30% overetch).  Tighter  require-  
ments  would occur for faster etching oxides. 

Manuscript  submit ted June  20, 1977; revised m a n u -  
script received Aug. 11, 1977. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1978 
JOURNAL. All discussions for the December 1978 Discus- 
sion Section should be submit ted by  Aug. 1, 1978. 
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Thermally Stimulated Depolarization Studies of 
PVC Polymer Electrets 

I. M. Talwar and D. L. Sharma 
Department of Physics, Punjab Agricultural University, Ludhiana-141004, India 

ABSTRACT 

Thermal ly  s t imulated depolarization (TSD) of polyvinyl  chloride thermo- 
electrets prepared at polarizing temperatures  of 80 ~ 100 ~ and 120~ with 
field strengths 10, 12.5, and 15 kV/cm has been studied. A very sharp peak 
appears at 97~ The activation energy associated with the trap at a depth 
of a 0.44 __+ 0.03 eV has been calculated by the init ial  rise method. The char-  
acteristics of the TSD spectra are in agreement  wi th  the theory and are ex-  
plained on the basis of theoretical predictions. 

The thermal ly  s t imulated depolarization (TSD) of 
polar dielectrics usual ly  shows several bands or peaks, 
indicating thereby that the depolarization of thermo-  
electrets is realized by several different processes. Two 
of these processes that  are well known are the re laxa-  
t ion of aligned impur i ty -po in t  defect complexes (1) 
and the re laxat ion of a space charge caused by mobile 
defects accumulated at the electrodes (2, 3). But there 
are still unidentified processes which cause TSD peaks 
(1, 4), and one of the fundamenta l  aims of TSD stud- 
ies is to establish a correspondance between the ob- 
served peaks and the specific polarization processes. 

Polyvinyl  chloride (PVC) has been selected as a 
typical  example to study the conduction mechanism 
in  polymers. The electret behavior  (5, 6) and isother- 
mal  electrical conductivity (7) of this polymer have 
al ready been reported. The present  communicat ion 
deals with nonisothermal  thermal ly  s t imulated con- 
ductivi ty of PVC thermoelectrets.  

Theory 
TSD studies are general ly  carried out by heating a 

polarized sample of thickness d and area of cross 
section a to measure the depolarization current  Is(t, T). 
The measured current  density id ( t ,T)  ----- I~( t ,T) /a  

Key words: thermal ly  st imulated depolarization, thermoelectret, 
activation energy,  trap depth, initial rise method. 

is equal to the sum of the charge t ransport  rate den-  
sity e .  j ( x , t )  and the displacement current  density 
dD(x, t ) /d t  at any  arb i t ra ry  cross section of the sam- 
pie. The current  measurement  is general ly  carried out 
by a sensitive cur ren t -measur ing  device keeping no 
bias voltage, i.e. 

s V = E (x, t) dx = O [1] 

and without  any charge t ransfer  to the electrodes, so 
that  

j ( O , t )  : j ( d , t )  = zero [2] 

Consequently, the measured current  densi ty is s im- 
ply the displacement current  density due to the redis- 
t r ibut ion of charges inside the sample 

dD (x, t) 
in(t, T) = [3] 

dt 

Of various different mechanisms of polarization only 
the following two are important :  the polarization due 
to an accumulat ion and/or  depletion of mobile defects 
(8) and the depolarization due to the or ientat ion of 
dipoles. Both of these processes are heat dependent.  
The rate of depolarization current  is for such proc- 
esses is expected to be proport ional  to some charac- 
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teristic rate constant  K ( T )  = Ko e x p ( - - U / k T )  with a 
per t inen t  activation energy U, and to some dr iving 
force F ( t )  (9), i.e. 

i ~ K ( T )  F ( t )  [4] 

where tempera ture  T is a funct ion of t ime t, i.e., T = 
r  

These conditions satisfy the requisites of Bucci's di-  
polar theory. If the ins tantaneous  polarizat ion of the 
sample is P, the decay rate can be expressed as 

(S: P : P o e x p  -- ~- [5] 

where  t is the re laxat ion t ime and depends on tern- 
pera ture  and hence time. If the ini t ial  polarization Po 
is due to electric field Ep and tempera ture  Tp, then for 
freely rotat ing dipoles 

N b ~ Ep 
Po = [6] 

k T p  

where N is the dipole volume densi ty and b the dipole 
moment  of the dielectric. The current  density is due 
to redis t r ibut ion of charges and dipoles. For dipolar 
soiids, such as PVC, the relaxat ion of polar side group 
is given by 

T = to exp ( U / k T )  [7] 

where To is a constant. When the dielectric is heated at 
a l inear  rate the depolarization current  density is 
given by 

N__b 2 Ep Exp ] U 
id(T) -- 3k TpTo . k T  

fl--ltoYT: exp (--U/kT)dT I [8] 

Discharge current  from the release of charge carriers 
from traps has the similar expressions~except for the 
preexponent ia l  factor. 

The tempera ture  (Tin) at which max imum current  
(ira) occurs can be obtained by differentiating Eq. 
[8] with respect to T and put t ing d id/dT = 0. This 
gives 

to = k Tra2/flU exp (U/kTra) [9] 

where ~ is the heating rate. According to the ini t ial  
rise method (10), the low tempera ture  tail  of ia can 
be wr i t ten  as 

In id(t)  = const. -- U / k T  [10] 

Experimental 
The electret mater ia l  (polyvinyl  chloride) used in 

the present  invest igat ion was in  the form of a sheet 
0.092 cm thick procured from M/S Bhor Industries,  
Bombay. In  addit ion to containing PVC resin the 
mater ia l  had certain copolymers, stabilizers, plasti-  
cizers, lubr icants  etc., which certainly affect the di- 
electric properties. The glass- t ransi t ion tempera ture  
Tg of PVC is reported to be 80~ however  Tg is dras-  
tically affected by the plasticizers, etc. The mater ial  
does not melt, however;  its softening range was 900. 
100~C (5) and it gets roasted above 140~ After 
120~ thermal  decomposition of the mater ial  may 
possibly set in, as evidenced by disproportionately 
large current,  so only three temperatures  80~ (Tg), 
100-C (sof tening-range tempera ture) ,  and 120~ 
(above softening range) were selected. The specimen 
used was 1 • 1 cm 2 and was fitted t ightly in  a 1 • 1 
cm 2 cavity in  a 6 • 4 • 0.9 cm 8 mica holder. Copper 
foil was used for electrodes. Two electrodes 1 • 1 cm 2 
were placed one each above and below the specimen. 
In  order to have an ohmic contact, as far as possible 
between the dielectric and the electrodes they were 
sandwiched between two glass slabs. The glass slabs 
were fur ther  held between four iron strips and t ight-  
ened by four screws. So as to ensure a uni form pres- 
sure the screws were t ightened to the same number  

of threads. After  each set of observations a look at the 
specimen revealed that  the electrodes had left perma-  
nent  impressions on its faces. Moreover, there was no 
visible sput ter ing (as seen under  a microscope • 430) 
on the surfaces of either the electrodes or the dielec- 
tric. This rules out the possibility of a i r -gap break-  
down. One of the prot ruding terminals  of the electrodes 
was earthed, while the other was connected to a d-c 
power supply capable of giving 500-1500V. The elec- 
txet assembly was placed in a thermostat  capable of 
measur ing 250~ to an accuracy of _ I~ In  order 
to control the tempera ture  precisely, the thermostat  
was mainta ined at the required tempera ture  for 1/2 hr  
and then the field was switched on. After  3 hr of heat-  
ing the specimen was brought  to room tempera ture  in  
1 hr. The controlled rate of heat ing ensured uni form 
polarization. The specimen was then kept in  a shorted 
position overnight  at room tempera ture  to e l iminate  
the frictional and stray charges. The polarizing field 
was 10.0, 12.5, and 15.0 kV/cm. 

The electret was then heated in  the same assembly 
at the uniform rate of l ~  by adjust ing the input  
to the thermostat.  The electrometer and thermometer  
readings were taken after every 5 rain. For  not ing 
the discharge current  an electrometer amplifier Model 
EA 812 manufac tured  by M/S Electronics Corporation 
of India, Hyderabad was used. This can measure cur-  
rent  of the order of 10-12A to an accuracy of ___ 2%. 
A new specimen was made for every run. 

Results 
The curves of discharge cur ren t  vs. t empera ture  

were plotted to obtain position of current  ma x imum 
(ira). The current  was measured from 30 ~ to 140~ 
Only one peak which is very  sharp at 97~ is ob- 
served (Fig. 1). The peak tempera ture  (Tra) does not 
shift with tempera ture  and field. However, the value 
of ira increases with field (Table I) .  T h e  charge is 
calculated from the area under  the curve using a 
p lanimeter  and is plotted as a function of field along 
with im (Fig. 2). The activation energy was calcu- 
lated by plott ing id VS. 1000/T, employing a least 
squares fit. These values are shown in  Table II  along 
with those obtained from Takamatsu  et aL (12) and 
Pillai  et al. (13) through TSD studies and those of 
Matsuka et al. (14) obtained with dielectric measure-  
ment  on PVC. The values obtained here are in  close 
agreement  with those obtained from the dielectric 

Table I. Variation of im with Ep at different Tp's 

Ep im Tm 
( k V / c m )  ( • 10 - ~ )  (~ 

Tp = 80~ 

10 12 97 
12.5 13.7 97 
15 15 97 

Tp = 100~ 

10 8.6 97 
12.5 12 97 
15 15 97 

Tp = 120~ 

10 14 95, 100 
12.5 16 95, 100 
] 5 19 95 

Table II 

T~ Ep Tm U 
(~ (kV/crn)  (~  ( e V )  

80 10 97 0.41 
80 12.5 97 0.44 
80 15 - 97 0.43 

100 10 97 0.43 
100 12.5 97 0.44 
I00 15 97 0.47 
T a k a m a t s u  et  aL 0.60 
PiUal et  aL 0,23 
Matsuoka  e t  aL 0.43 
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measurement .  However, the values disagree with 
those obtained from the TSD studies of Takamatsu  
et al. and Pil lai  et al. This may be a t t r ibuted to dif-  
ferent  composition of the materials  used by different 
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Fig. 3. Calculation of activation energy from initial rise plot 
of Fig. I; least squares f i t, Q experimental. 

workers. Takamatsu  et aT. used films prepared by 
hot pressing, whereas Pil lai  et al. made use of pure 
resin. The mater ia l  used here for the present  studies 
had a complex composition. 

Discussion 
The sharp peak at 97~ corresponds to p r imary  

relaxations, as suggested by Takamatsu (12). As al- 
ready seen, there is no shift of Tm with Ep and Tp 
(except a slight shift in the 120~ series). Moreover, 
the shape of curves is identical  as per the prediction 
of Eq. [8]. A space-charge po!arization is ruled out 
because in such cases Tm is s trongly Tp dependent,  
as shown by several workers for the electrets of ionic 
crystals (15), ice (16), and certain polymers (17). 
While the results of TSD current  show many  of the 
characteristics expected for dipolar disorientation, 
this cannot be the major  component  of heterocharge. 
This is evident  from the following observation: 

From Eq. [6], the charge is given by 

Po ~- Qc~ ~ N 5 ~ Ep/3kTp 
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for  Ep _-- 10 k V / c m  and Tp = 357~ the  charge  ca l -  
cula ted  by  finding the area  under  the  curve comes out  
to be 4.98 X 10-sC. Assuming  dipole  moment  to be 
1.73D (11), the  vo lume dens i ty  of dipoles  is found 
to be 2.18 • 1023 d ipo les /cm 3. Taking  approx ima te  
molecu la r  weight  of PVC as 60,000 (18) and calcu-  
la ted  dens i ty  as 1.41 g / cm 3, we get 1.41 X 1019 mole-  
cu les /cm 3, which corresponds to 15,600 d ipo les /mole -  
cule. 

The s t ruc ture  of po lyv iny l  chlor ide can be r ep re -  
sented as 

H H 
I I 

- - C - - C - -  
I f 

H H p 

The molecular  weight  of each monomer  of po lyv iny l  
chlor ide  (i.e., vinylch lor ide)  is 62.5, therefore  the  
number  of monomers  in one po lymer  of PVC is ap-  
p r o x i m a t e l y  1000, thus giving 15.6 (~16)  dipoles pe r  
monomer  of PVC which is about  three  t imes the  num-  
ber  of bonds available.  

So the depolar iza t ion  cur ren t  cannot be expla ined  
solely by  the rma l  d isor ienta t ion  of a l igned dipoles. As 
suggested by  P e r l m a n  (19), ions t r apped  in the de-  
fects or  dislocations in c rys ta l l ine  regions present  in 
the amorphous  s t ruc ture  of PVC could give rise to 
he te rocharge  and the associated current .  

However ,  the  t he rma l ly  s t imula ted  depolar iza t ion 
cur ren t  m a y  be qua l i t a t ive ly  expla ined  by  the s tep-  
wise superposi t ion  of var ious  phenomena  responsible  
for pers is tent  polar iza t ion  in electrets  (20). When hea t -  
ing is s ta r ted  space charges of opposi te  po la r i ty  com- 
bine to give r ise to depolar iza t ion  current .  Then the 
current  is cont r ibu ted  by  the d isor ienta t ion of dipoles 
and the re lease  of ionic charges f rom the defects or 
dislocations.  As the  the rmal  t r ea tmen t  is carr ied  on 
the charge  car r ie rs  in jec ted  on the die lect r ic  surfaces, 
the  e lectrodes also d isappear  and become the source of 
TSD current .  

In  o rde r  to know the cause of depolar iza t ion  current ,  
work  is going on in our  labora tory .  To dif ferent ia te  
be tween  the space-charge  polar iza t ion  and uni form 
polar iza t ion  due to dipoles, i t  is one of the  fu ture  plans  
to s tudy the TSD cur ren t  spect ra  of vacuum- fo rme d  
films of different  thicknesses.  Such studies have a l -  
r eady  been unde r t aken  by  Fischer  and Rohl (21). 
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ABSTRACT 

A1-Fe alloys containing A[3Fe particles of micron size were anodized at 5 
m A / c m  2 in 2.4M H2SO4 and film growth was studied by electron microscopy. 
I t  was deduced that  the particles were removed by pi t t ing of the matr ix  pro- 
gressing preferent ia l ly  around their  margins followed by reanodization of the 
pit  to form a loose pocket of film around the particle. The particle may fall 
out or be retained depending on the geometry. 

The structure and mechanisms of formation of films 
on alloys containing a finely dispersed phase have not 
received much attention. This question is par t icular ly  
per t inent  to the behavior  of commercial a luminum al- 
loys which are able to form stable films and which ex- 
hibit  passive behavior  despite the presence of n u m e r -  
ous microconsti tuents and (usually)  precipitates or 
zones providing strengthening.  Some at tent ion to this 
question has been given at a relat ively macroscopic 
level for anodizing. However, questions of local film 
character and its relat ion to heterogeneities in  the 
substrate and to breakdown processes will require high 
magnification microscopy and related tools. The au-  
thors have employed electron microscopy to study film 
stabil i ty and breakdown models dur ing  anodie film 
growth on single phase 99.999% A1 in sulfuric acid (1). 
In  the present  work, this approach is applied to alloys 
containing dispersed A1sFe phase. This consti tuent was 
of interest  for a first s tudy in  par t  because there is 
some disagreement in  previous work as to whether  it 
dissolves, anodizes, or passes into the film unchanged.  
An  attractive feature of the A1-Fe system is that  there 
is l imited solid solubil i ty so that  the extensive results 
on high pur i ty  a luminum (1) should be applicable to 
the behavior of the matr ix  in  the alloy. 

Previous work on the behavior  of A13Fe in sulfuric 
acid involved large, sometimes massive (20 #m), par-  
ticles and thick films (~20 ~m) in which sections 
through particle and film were prepared for optical, 
SEM, or electron-microprobe examination. Keller  et al. 
(2) reported that  this consti tuent tended to dissolve 
but  sometimes appeared in the coating, which they ex- 
plained as the result  of an effective cessation of the dis- 
solution when the growing film happened to electrically 
isolate the particle from the substrate. Wood and 
Brock (S) found that  A13Fe particles were incorporated 
into the oxide without  apparent ly  being oxidized or 
dissolved. Cote et al. (4) found that A1sFe "oxidized" 
(i.e., anodized) at about the same rate as the a luminum 
matrix. They explained Wood and Brock's result  (for 
which the anodizing conditions were not very differ- 
ent) on the electrical isolation model. This was not a 
strong explanat ion sir~ce the former's sample contained 
an 8 ~m particle which would, on Cote et al.'s model, 
have had substant ia l  t ime to anodize before becoming 
isolated. 

For the present  work, observation of localized proc- 
esses was sought and the requi rement  was for small  
particles and th in  films growing up to the depth to 
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which the particles were embedded so that  processes in  
particle and matr ix  would be visible s imultaneously 
side by side. Procedures were directed toward particle 
sizes near  1 ~m and films of no more than a few mi-  
crons. Anodizing conditions were the same as in the 
authors '  previous electron-microscopic studies, and 
this meant  that current  densities and cell voltages were 
substant ia l ly  lower than  those employed in  the previ-  
ous studies of A1sFe. 

Experimental  
Alloy preparation.--Binary 0.4 and 1.0% Fe alloys 

were prepared by mel t ing 99.999% A1 and 99.99% Fe in 
a high pur i ty  graphite mold degassed at --~10-~ Torr 
and sealed in  a Vycor capsule. This was quenched in  
water  to speed solidification. The 2.5 cm diam ingots 
were swaged to 1.2 cm, recrystallized at 500~ and 
cold rolled with one in termediate  anneal  to 1.0 mm 
sheet. This procedure was devised to yield A1sFe par-  
ticles of suitable size near  1 ~m. Blanks were cut with 
a working area 20 X 5 mm and a nar row tab and these 
were annealed in  air at 645~ for 6 hr  and cooled in  
an air  stream. The final high tempera ture  anneal  was 
given to dissolve any t iny precipitates and promote a 
more homogeneous matr ix  (solid solution of 0.05% Fe).  
A check by  optical emission spectroscopy of the impu-  
rities in  the Fe alloys showed only small  increases from 
the original 99.999% A1, which was from the lot used in 
authors '  previous studies (1), Table I. 

Surface preparation.--An ini t ial  surface was re-  
quired which was smooth and undeformed and in 
which the A18Fe intermetal l ic  particles were retained. 
Three electrochemical t reatments  were found to yield 
acceptable particle re tent ion (in each case the oxide 
film formed dur ing anneal ing was first etched off with 
10% HF) :  (i) electropolishing in 20 volume percent  
(v/o) 70% HC104 in ethanol at 0.1 A/cm 2 for 10 min  
at --10 ~ to --15~ and r insing with a jet of ethanol 
( t reatment  A of Ref. 1); (ii) electropolishing in  33 v/o 

Table I 

Impurit ies  detected,  ppm wt  

Al loy  Cu Si Mg Mn Ca 

0.4% Fe 2 3 2 1 1 
1.0% Fe 2 3 2 1 1 
A1, Lot III-A* 1.0 1.5 0.6 0.1 0.2 

* By mass spectrograph.  
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70% HNO8 in  methanol  at 0.15 A/cm~ at - 3 0 ~  for 
20 min  and r insing in a jet  of methanol  ( t reatment  F) ; 
(iii) chemical polishing in a solution containing 150 ml 

of 96% H2SO4, 800 ml of 85% HaPO4, and 50 ml  of 
70% HNOs at 85~176 for 6 min  and r insing in  
water  ( t rea tment  D of Ref. 1). 

Anodizing.--As in the authors '  previous studies (1), 
films were formed at 5 m A / c m  2 in  2.4M H2SO4 at 25.0 
_+ 0.2~ with a -~50 cm 2 Pt  cathode. Anodizing times 
of 25-2700 sec were used with more at tent ion to 84-300 
sec when the film was still thin enough to be examined 
in  transmission. 

Microscopy.--The synthesis of informat ion from a 
var ie ty  of techniques including scanning, transmission, 
and replica microscopy was found essential for inves-  
t igating the film and part icle geometries. Carbon repl i -  
cas preshadowed at ,~35 ~ with p la t inum were em- 
ployed. In  these two-phase alloys a serious particle re-  
ten t ion  problem also arose in  the question to what  
degree the particles present  after anodizing were at-  
tacked and al tered dur ing the chemical t reatments  em- 
ployed to detach the film for either observation in 
t ransmission or preparat ion of a f i lm-underside replica. 
For film detachment  from the substrate,  both 0.3% 
HgC12 solution and 10% iodine in methanol  at ~50~ 
(5) were employed with results as discussed later. 

The shapes and sizes of particles were examined by 
SEM of as-polished specimens and also by TEM after 
prepar ing thin foils of the alloy by conventional  jet  
th inn ing  and electropolishing in sulfuric acid-ethanol  
and perchloric acid-ethanol  solutions. The particles 
were retained, mostly prot ruding from the foil and 
opaque to the electron beam with a sharp silhouette. 
The particles in the 1% Fe alloy were found to be 
main ly  well distr ibuted euhedral  crystals of lath or rod 
shape with m i n i m u m  lateral  dimensions typically 1-11~ 
~m and lengths up to ~5  #m and with edges and cor- 
ners faceted. The particles in the 0.4% Fe alloy were 
less geometric and more equiaxed with typical d imen-  
sions from ,~Y2 to 1% #m, and they lay preferent ia l ly  
in bands. Diffraction pat terns were consistent with the 
crystal lography of A18Fe (6) ; the analysis is described 
below for particles in detached anodic films. 

Results and Discussion 
The cell voltage measured with respect to the plat i -  

num cathode showed at 5 m A / c m  2 substant ia l ly  the 
same variat ion with t ime for the two-phase 1% Fe al-  
loy as for single phase 99.999% A1. This is shown for 
chemically polished specimens ( t reatment  D) in Fig. 1. 
It was also t rue for electropolished specimens ( t reat-  
ment  A or F) and for chemically polished A1-0.4% Fe. 

SEM observations.--Scanning electron microscopy 
was used for a p re l iminary  survey of the behavior  of 
the A18Fe particles dur ing  anodizing. Figure 2 shows 
the backcattered electron image of the surface as 
chemically polished. The particles appear as l ight 
patches (due to greater  electron scattering than the 
matr ix) .  The particles protruded various distances 
above the mat r ix  surface as indicated by the var iat ion 
of the "shadow" in the adjacent  mat r ix  where the par -  
ticle shielded backscattered electrons from the collec- 
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Fig. 1. Cell voltage vs.  time for anodizing chemically polished 
specimens in 2.4M H2SO4 at 5 mA/cm ~. A. A1-1% Fe alloy; B. 
99.999% AI. 

Fig. 2. Scanning electron micrograph showing AI3Fe particles 
and cavities in chemically polished A1-1% Fe specimen. Back- 
scattered electron image. 

tor. The dark patches were cavities at the locations of 
particles removed dur ing chemical polishing. Figure  2 
shows that a minor  but  significant fraction of the par-  
ticles at the surface were removed dur ing surface prep-  
aration, presumably  those less deeply embedded. For 
electropolishing t rea tment  F, this fract ion was about  
the same as shown in Fig. 2; for the perchloric acid- 
ethanol electropolish (A),  the fraction removed tended 
to be somewhat larger. The na ture  of the phenomena 
occurring during surface preparat ion or subsequent  
anodizing appeared to be the same for all t reatments.  

In the course of anodizing, the particles at the surface 
were gradual ly  removed leaving cavities in the surface, 
as i l lustrated in Fig. 3. It was noted that the particles 
did not continuously shr ink in size, which would point  
to a dissolution process, but  appeared to remain  at their 
original size and to be substant ia l ly  unaffected so long 
as they were present. A process consistent with this ob- 
servation would be undermin ing  of the particles by 
some type of localized or crevice corrosion at their  
margins. Examinat ion  of the surface at higher magni -  
fication did reveal that some particles were par t ia l ly  
bordered by dark strips that were not shadowing ef- 
fects, but  the resolution of SEM was far below that  re-  
quired for closer study. 

TEM observations.--Films examined by transmission 
electron microscopy after having been detached from 
the substrate in aqueous HgC12 or I2-CH~OH solutions 
usually showed structures as in  Fig. 4a, b, and c. Some 
rounded fully anodized cavities, such as in Fig. 4a, are 
thought to have been cavities present  before anodizing 
from a particle removed during the polishing t reat -  
ment.  More typical was a dark band sur rounding  a 
strip of thin film with a gap in the center, occasionally 
with an almost complete thin film window, Fig. 4b and 
4c. These are thought to have represented the sites of 
particles still attached dur ing anodizing. Since it ap- 
peared that an anodic film was forming around the par-  
ticle, one would expect that  some of the many  particles 
visible in SEM would be held by this film and would 
be seen in the detached film, as in an extraction replica. 
This was rarely the case. Evidence indicated that  either 
of the solutions used to dissolve the A1 substrate and so 
detach the film also attacked the A13Fe phase al though 
at a lower rate. 

The residual intermetal l ic  particles in the film were 
examined, as follows. Figure 5 shows a scanning t rans-  
mission electron micrograph of a field in which two 
cavities are visible. In  one cavity, the particle had 
evidently been removed earlier dur ing anodizing since 
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Fig. 3. Progressive removal of AIsFe particles daring anodizing of chemically polished specimens of A1-1% Fe. Secondary electron 
images. 

the cavi ty shows the pa t te rn  of small  dark patches seen 
throughout  this field. This pa t te rn  was the resul t  of the 
micropi t t ing phenomenon which is prominent  in single 
phase a luminum at about this t ime of anodizing (1) 
(this pat tern  was present  in the two-phase  alloys of the 
present  work but was normal ly  much less prominent ) .  
The second cavi ty contained what  was thought  to be an 
incompletely  dissolved part icle and selected area dif- 
fraction did yield a few Sl~Ots indicating the presence of 
mater ia l  other  than the amorphous film. Similar  results 
were  obtained for the dark cavity (P) in the center  of 

Fig. 4b. F igure  6 shows a case in which an incomplete ly  
dissolved part icle gave a substantial  t ransmission dif-  
fraction pa t te rn  when the film was appropriately tilted, 
Fig. 6b. With a t i l t - ro ta t ion  stage, pat terns  f rom this 
part icle in the 1% Fe alloy and one in the 0.4% Fe alloy 
were  analyzed. These were  found to be consistent with 
the monoclinic s t ructure  of A13Fe as given by Black 
(6) wi th  a ~ 1.5489 nm, b - :  0.8:083 rim, c ---- 1.2476 rim, 
and ~ ~ 107.14 ~ A set of diffraction pat terns was re -  
corded while t i l t ing around an axis found to be the 
normal  to (111). Each pat te rn  could be analyzed and 
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Fig. 4. Transmission electron micrographs showing various details 
associated with the formation of anodized cavities where particles 
had been present, b, c, and d show "cavities" in the process of 
formation where the particle was still partly attached to the sub- 
strate at the termination of anodizing. Specimens were chemically 
polished A1-1% Fe and films were detached in HgCI2 except as 
noted, a. Rounded fully anodized cavities. Electropolish A and 84 
sec anodizing; b. Variation in detail at different "cavities" in 
0.4% Fe alloy anodized 84 sec; "T ' ,  typical or most common 
type; "P", part of the original particle present; c. Typical "cav- 
ity." Film detached in iodine-methanol solution after 150 sec 
anodizing; d. Extended region of micropitting-repair associated 
with "cavity" in specimen anodized 150 sec. 

Fig. 5. Part of particle retained in one cavity in A I - l %  Fe 
electropolished (A) and anodized 84 sec. Scanning transmission 
electron micrograph of film detached in HgCI~. 

its zone normal  found. The angles be tween the different 
zone normals  were calculated and found to be in close 
agreement  with the actual increments  of tilt. These 
checks seemed sufficient to conclude that these par t i -  
cles were A13Fe phase and nei ther  artifacts introduced 
in film preparat ion nor the metastable orthorhombic 
A16Fe phase which can form in  the A1-Fe system (7). 
The sides of the particle in Fig. 6a appear to be paral lel  
to the (001) plane. The wavy top and bottom edges of 

Fig. 6. Examination of part of particle retained in 84 sec film on electropollshed (F) A1-1% Fe detached in HgCI2. a. Transmission 
electron micrograph; b. Diffraction pattern; c. Partial indexing of diffraction pattern. 
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the particle silhouette and the thickness fringes are in-  
terpreted as the result  of atack by the HgC12 solution 
used to detach the film. The conclusion that this attack 
occurred during film detachment  and not during an-  
odizing was not d rawn  from this photograph but  from 
the SEM observations plus the surface replica observa- 
tions discussed below. 

A film was presumed present  on the particle during 
anodizing. It was thought that  this film would, like the 
anodic film on the a luminum matrix, resist dissolution 
dur ing the detachment  process. This film could not be 
identified in  the t ransmission micrographs, perhaps be-  
cause it was not thick enough or strong enough to sur-  
vive. 

A typical "cavity" in transmission, e.g., Fig. 4c or T 
in Fig. 4b, had a dark rim, a patch of thin film window, 
and a gap in the center. The origin of the contrast was 
deduced with the aid of the replica observations dis- 
cussed below. 

Replica observat ions.JI t  is to be noted that replicas 
of the film underside are made after detaching the film, 
and since the particle is general ly removed dur ing  this 
process the replica will show a gap over the region 
where the particle was still attached to the substrate 
after anodizing. On the other hand, surface replicas are 
made without fur ther  t rea tment  of the specimen and a 
particle present  at the surface after anodizing will be 
replicated. Some surface-replica micrographs are given 
in  Fig. 7. Figure 7a shows for the 0.4% Fe alloy par t i -  
cles at the surface which appear substant ia l ly  complete, 
i.e., no evidence of substant ia l  dissolution in 10 min  of 
anodizing. Figure 7b shows for the 1% Fe alloy a par t i -  
cle peeking out from under  a flap of anodic film, and 
this also appears substant ia l ly  unat tacked after 30 min  
of anodizing. These observations support  the in te rpre-  
tat ion given above of the t ransmission micrographs, 

i.e., there were many  regions where substant ia l ly  com- 
plete particles had been present  after anodizing but  
had been completely removed or par t ly  dissolved in the 
process of film detachment.  

The interpreta t ion of thin film windows in the t rans-  
mission micrographs was that a shell of anodic film 
was growing around the particles. If so, the f i lm-under-  
side replicas should show the steeply incl ined sides of 
this shell with a more or less flat bottom if the shell 
were complete. If the shell were incomplete at the 
te rminat ion  of anodizing, there would be a hole in the 
replica where the particle had been dissolved out in the 

Fig. 7. Surface replicas of specimens anodized after chemical 
polishing, a. Ditching around particles in 10 min specimen of AI- 
0.4% Fe; b. Particle lying at u small angle to the surface perhaps 
detached but retained by overlying film. A1-1% Fe, 30 min. 

Fig. 8. Film underside replicas of "cavities" in AI-0.4% Fe ano- 
dized 300 or 600 s~c. a. No gap in replica, cavity fully anodized; 
b. and c. Gaps in repffcaswparticles had still been attached to 
substrute at their bases before preparation of replica. 
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f i lm-detachment  operation. The underside replicas of 
the 0.4% Fe alloy in Fig. 8 show the sides of the shell of 
film as a dark ring, sometimes with a considerable 
shadow. The cell-base pa t te rn  of the classical pore 
s t ructure  visible in  the background of these micro- 
graphs is visible on the flat bottoms of the shells in 
Fig. 8a, i.e., these were complete. In Fig. 8b and c, gaps 
in  the center of the shells indicate that  the bottoms of 
the particles were still  par t ly  attached to the substrate  
at the te rminat ion  of anodizing. From these and many  
other fields of observation, the topography of the film 
and the na ture  of contrast in the replicas was deduced 
to be that  presented schematically in Fig. 9 for a 
par t ia l ly  detached particle. In  the center is shown the 
anodic film containing a particle around which a shell 
of anodic film is forming progressively dur ing 
anodizing. It is suggested that  this occurs by pi t t ing of 
the matr ix  following the particle margins with re-  
anodization of the pit surface behind the pit  front;  this 
is discussed fur ther  below and the main  concern at 
this lcoint is the contrast  in  the micrographs. When the 
film underside replica, shown below in  Fig. 9, is pre-  
pared, the particle is not present  as noted above. The 
steeply incl ined part  of the replica around the particle 
appears thick to the electron beam even without  help 
from shadowing by Pt  and so gives a full dark r ing as 
in Fig. 8a, b, and c. Where the film extends over the 
bottom surface of the particle, the replica is sloping 
only gent ly  and  the density in the micrograph will be 
comparable to that of the background. 

It  is to be noted that the scheme of film topography in 
Fig. 9 is consistent with the typical contrast in the 
t ransmission micrographs, e.g., Fig. 4c or T in  Fig. 4b. 
There will be a gap where the particle had been re-  
moved dur ing  film detachment,  a thin film window 
will be visible at the leading edge of the shell of film 
when the particle axis lies at an angle to the film 
normal,  and this will  be surrounded by a dark  r ing 
from the steeply sloping par t  of the shell of film around 
the particle. 

The scheme presented in Fig. 9 of a pi t t ing which 
tended to follow particle margins is not in tended 
to be specific or unique  as regards pit geometry, which 
varied in detail as well  as could be ascertained. As to 
the size of the gap between the particle and the shell 
of anodic film, direct observation could be made only 
at the external  surface, as, for example, in Fig. 7a and 
b. Some use could be made of the observation that 
m a n y  anodized cavities where the particle had been 
removed dur ing anodizing were quite uniform wi th  
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Fig. 9. Schematic of film configuration produced by excavation 
process illustrating the origin of the contrast. The preshadowed 
surface and underside carbon replicas are shown. The particle was 
absent during examination of film in transmission or during prepa- 
ration of the underside replica. 

widths approximately the same as the typical particle 
width. This indicated that  in these cases the gap had 
been only a fraction of the part icle width. However, the 
geometry of the t rans ient  pi t t ing and thus the extent  
and shape of the shell of repair  film was f requent ly  
larger  or less regular  than represented in  Fig. 9. 
Evidence of this was, for example, the broad shell of 
repair  film in  the underside replica of Fig. 8c (c]. Fig. 
8a and b) or in the t ransmission micrograph of Fig. 4d, 
where instead of the relat ively uni form dark  r ing of 
the typical cavity there was an i r regular  spreading 
dark patch. One also notes the large darkish patch in  
Fig. 4b, which included a number  of cavities clustered 
near  one another. None of these observations contra-  
dicted the conclusion that there was a strong tendency 
for the pi t t ing to follow particle margins. 

According to the analysis presented above, the A18Fe 
particles were excavated and  undermined  by prefer-  
ential  pi t t ing of the adjacent  matrix. The cont inuat ion 
of the process represented in  Fig. 9 would lead to a 
configuration in  which the particle is only loosely held 
in a pocket of anodic film and can fall out' dur ing 
anodizing or be removed dur ing subsequent  rinsing. 
Note that the surface geometry might  be such that  the 
final configuration would include a flap of film preven t -  
ing the undermined  particle from fall ing out of its 
pocket. The particle in Fig. 7b may be such a case. 
Presumably  many  of the particles remaining  in the 
film after long anodizing times (Fig. 3) were retained 
in this manner .  A particle ini t ia l ly  buried and exposed 
in the course of anodizing would of course be trapped 
in  the film. 

Further Discussion 

Electrochemical considerations.--The electrochem- 
ical processes implied by the present  results and con- 
clusions are examined briefly below for plausibi l i ty  
and consistency. 

The conclusion that  the A18Fe particles did not suffer 
substant ial  corrosion dur ing anodizing required that  
this phase be passive under  the conditions employed. 
An independent  examinat ion of the behavior  of this 
phase is in order and has been initiated. 

The result  that the vol tage-t ime curves for the two- 
phase alloys were substant ia l ly  the same as that for 
single phase a luminum required that those anodic cur-  
rents associated with the presence of the particles were 
small. In  principle, these currents  included (i) the ion 
current  of film growth or dissolution of the AI~Fe 
particles; (ii) the electron current  going to the produc- 
t ion of oxygen at the surface of the film over the 
particles; and (iii) the local pi t t ing current  on the 
mat r ix  at the particle margins. The first of these was 
small, as concluded above. A rough check for the 
presence of a significant oxygen evolution current  was 
made by observing the bubble  evolution on the speci- 
men with a 40• microscope dur ing anodizing of the 
1% Fe alloy. Very l i t t le bubble  evolution was noted. 
The absence of a substant ial  oxygen evolution current  
in  this alloy at potentials far above the oxygen 
reversible potential  implies that the film over the 
AlsFe phase was a poor electronic conductor, as is the 
film over the a luminum matrix. The magni tude  of the 
third current,  the local pi t t ing current,  was viewed as 
follows. The excavation of the particles by local pi t-  
t ing took place over a t ime in terval  of m a n y  minutes  so 
that on a t ime-average basis this part icular  pi t t ing cur-  
rent  need not have been large. A rough estimate for the 
1% Fe alloy is as follows. If, say, at most 10 ~m 3 of ma-  
trix had to be dissolved to excavate a particle and if this 
took on average only 10 min, then the ~10~ particles 
exposed over 1 cm 2 of the alloy surface needed to draw 
local pi t t ing currents  totaling at most 1~ m A / c m  2 to 
effect the excavation. This current  was thus at most 
1/10 of the applied current,  i.e., it was significant but  
perhaps not large enough to produce a substant ial  
decrease in cell voltage. The a rgument  given in this 
paragraph shows that it was not implausible  that the 
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presence of the particles had li t t le effect on cell 
voltage. 

Nature o] the local pitting.--The microscopic ob- 
servations did not give a clear indication of the na ture  
of the pit t ing around the particle. If the growth of the 
pit around the marg in  of the part icle is continuous and 
slow, this cannot  be act ive-mode pi t t ing at low 
potent ial  with no film. The process might  then be a 
type of high potent ial  pi t t ing perhaps s imilar  to the 
one suggested earlier by  the authors in  which dissolu- 
t ion occurs through a soluble film (referred to in a 
general  way as an electro~olishing-type film) (1). The 
presence of some film over the dissolving surface is 
suggested in Fig. 9. An al ternat ive  possibility is that  
the pit growth is in te rmi t ten t  and the relat ively slow 
t ime-average growth of the pit around the particle is 
the result  of short periods of rapid par t ly  active pi t t ing 
in terrupted by repair. Such a scheme has the at-  
tractive feature that  it is analogous to the micro- 
pi t t ing phenomenon,  i.e., repeated b reakdown-p i t t ing-  
repair  events, known to occur over the surface of the 
matrix.  A possible scheme for particle excavation by 
such a process is given schematically in Fig. 10. After  a 
short init ial  period of film growth, breakdown occurs 
at the marg in  of the particle and a very  short period 
of act ive-mode pi t t ing gives the geometrical si tuation 
shown in Fig. 10b. The active-mode pit t ing is presumed 
unstable  so the pit surface becomes reanodized. A sub- 
sequent breakdown and short period of pit growth, 
Fig. 10c, starts a repeti t ion of the cycle. This process 
would produce the geometrical features required to 
explain the micrographs. It is to be noted that the 
particle is not necessarily iner t  as was represented for 
simplicity in Fig. 10. 

Figure  10 represents a geometrical in terpre ta t ion  of 
particle excavation employing the previous in terpre ta-  
t ion of the micropit t ing phenomenon as the point  of 
departure.  The special feature introduced here is the 
assumption of preferent ia l  film breakdown or pit 
ini t ia t ion at the particle margin.  No specific explana-  
t ion for this is proposed. Local stresses in  the anodic 
film, also t ransient  breakdown or slow dissolution of the 
particle are conceivable contr ibut ing factors. Al though 
it was deduced that  the particle was passive at the high 
potential  of its external  surface, a different behavior at 
points wi thin  a cavity where the potential  was tem- 
porar i ly  lower was not precluded. Studies which have 
been ini t ia ted of the behavior  of isolated A18Fe phase 
may provide guidance in  these matters. 

Relation to other work.--Previous work on AI~Fe 
involved larger particles and higher cell voltages than  
used here, and li t t le informat ion was available to in -  
dicate how these differences should be taken into ac- 
count. It  was noted that in the 0.4% Fe alloy, which had 
slightly smaller  particles than the 1% Fe alloy, 
particle removal  dur ing anodizing progressed some- 

"""' 
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f -  

Fig. 10. Schematic of particle excavation by an intermittent 
local breakdown-pitting-repair process anologous to the micro- 
pitting phenomenon. 

what  faster, consistent with the model. Among a few 
observations made after anodizing at 10 m A / c m  ~' 
(plateau voltage 10-11V, about the same as for 99.999% 

A1), a check was made on the conclusion that  the 
AlsFe did not dissolve. The solution was analyzed for 
dissolved Fe after anodizing 1 hr. The charge passed 
here was sufficient to oxidize to the +3  state a layer of 
alloy contr ibut ing 0.67 ppm Fe to the solution if the 
AI3Fe dissolved, but  there was no increase in  dissolved 
i ron wi thin  the accuracy of measurement ,  0.1 ppm. 

The larger particles used by previous workers would 
have required longer anodizing for excavation and 
they would have been less l ikely to fall out especially 
if the gap between particle and pocket of film was 
nar row as in the present  work. Thus, according to the 
present  model, these workers would have tended to 
observe the particles retained in  the film, as noted by 
Wood and Brock (3). With the light microscopy they 
employed, Wood and Brock would not have detected a 
nar row gap between particle and film indicating the 
excavation process. The present  results can thus be 
reconciled with theirs al though a reconciliation is not 
strictly required since their  cell voltages were sub-  
s tant ial ly higher--19.1-19.SV at 25 mA / c m ~. For the 
same reason, since Cote et al. (4) anodized at 16V, their  
observation that  AI~Fe anodized at the same rate as 
the matr ix  is not necessarily incompatible with the 
present  results al though their  disagreement with Wood 
and Brock remains to be clarified. In  general, it seems 
not unl ikely  that  the processes occurring will often be 
more complex than  encompassed in  the simple a l te rna-  
tives of particle dissolution, anodization, or "inert" 
behavior  and that  detailed observations with higher 
resolution need to be made at various stages of film 
growth instead of l imit ing the studies of const i tuent  
behavior to thick films. 
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Lanthanum and Yttrium Halo-Silicate Phosphors 
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ABSTRACT 

Lan thanum and y t t r ium halo-silicates of the approximate composition 
LnSiO3X (Ln : La, Y; X ~- F, C1, Br) have been discovered as new chemical 
compounds and as phosphor host materials.  Luminescence activators are s o m e  
of the t r iva lent  rare earth elements. The crystallographic symmet ry  of  
LaSiO~F has tenta t ively  been identified. 

Halo-silicates, i.e., silicates containing halide ions as 
essential par t  of their crystal structures, are relat ively 
li t t le known in general,  and as phosphor host mate-  
rials in  particular.  Burrus,  Nicholson, and Rooksby (1) 
report  Eu 2 + emission in a mater ia l  of the approximate 
composition Sr2Si3Os- 2SRC12. Wanmaker  and Verriet  
(2) describe luminescence due to Pb  2+ and Eu 2+ in  
CaSiO3. CaC1. Wilke, Albers, and Mannhe im (3) re-  
port  CaSiO3- 2CaF2 and CaSi205- 2CaF~ activated by 
Pb  2+, Bi 3+, and Mn 2+. A - m a g n e s i u m  fluoro-silicate 
of the approximate composition MgSiO3 �9 2MgF2 acti- 
vated by Ti 4+ and Mn 2+ is described by Ranby and 
Henderson (4). We want  to report  about s t ructural  
and luminescent  propertiese of l an thanum and y t t r ium 
halo-silicates which, to the best of our knowledge, have 
not been reported before. The composition of these 
materials is approximate ly  LaSiO~X or YSiO~X, respec- 
t ively (X ---- F, C1, Br) .  The luminescent  properties of 
the l an thanum compounds were observed to be supe-  
rior to those of the corresponding y t t r ium compounds. 
Hence, most exper imental  work was l imited to l an -  
t hanum halo-silicates. 

Preparation 
The materials  are prepared by conventional  firing. 

The technique is described below using (La, Ce) 
SiQC1 as an example. 

A uni form blend of La20~, CeO2, a slight excess of 
silicic acid, and a somewhat larger excess of NH4C1 is 
s lurr ied in water  to obtain the reaction 

La208 ~- 2NH4C1--> 2LaOCt -~ 2NH4OH 

A typical molar  ratio between La, Ce, Si, and C1 to be 
used may be about 0.85: 0.15: 1.1: 1.5. The s lurry  is dried 
in  air. The dry powder is fired first in loosely capped 
quartz tubes surrounded by a slightly reducing atmo- 
sphere (e.g., 99% N2 -~ 1% H2) at 120O~ for about 
1 hr. i t  is then ground to a fine powder and retired in  
open quartz boats for 15 min  at 1200~ again in a re-  
ducing atmosphere. The mater ia l  is then washed in 
water  to remove any traces of water-soluble  halides 
which may remain  after the second firing. The final 
phosphor is a free-flowing white powder of particles 
in  the 5-20 ~m size range. It is stable in  air and water  
al though attacked by strong mineral  acids. 

Lan thanum can be replaced by yt tr ium. Chlorine can 
be replaced by fluorine or bromine,  but  not by iodine. 
SiO2 appears to be unique;  it cannot  be replaced by 
GeO2, SnO2, ZrO2, or by 1/2 A1PO4 and 1/2 BPO4. 

Structural Properties 
Microscopic examinat ion of a phosphor prepared as 

described above reveals i r regular ly  shaped particles 
which do not display crystal faces. I l lumina t ion  by 
ul t raviolet  shows the particles to be un i formly  lumi -  
nescent throughout.  Hence, the phosphor is not a 
heterogeneous halide-si l ica system as reported else- 
where  for different mater ia ls  (5). 

�9 Electrochemical Society Active Member. 
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Powder x - r ay  diffraction spectra show two dif ferent  
pat terns depending on the halide used. Materials con- 
taining chlorine or bromine  are almost identical, hav-  
ing very small  changes in  lattice spacings, but  they 
differ from those containing fluorine. We were not able 
to identify either l ine pa t te rn  by comparison with pub-  
lished data of known materials  (6), 

Attempts to grow single crystals from the melt  of 
l a n t ha num chloro-silicate failed; the halide escapes at 
the mel t ing tempera ture  ( ~  1550~ leaving l an -  
t hanum silicate behind. Some success was achieved 
with l a n t ha num fluoro-sJlicate, however, al though 
there was still an  appreciable loss of the added halide 
which escaped as SiF4. Portions of the boule were 
pulverized and the x - r ay  powder diffraction pa t te rn  
was seen to be essentially the same as that  of LaSiO3F 
phosphor powder. While the boule itself was not a 
single crystal, we were able to chip from it small  
pieces (>  1 ram) which were single crystals. These 
were studied by the Burger  precession method using 
Mo k ~ radiation. The compound is orthorhombic. Ex-  
t inct ion conditions give the diffraction aspect Pn*n,  
with the possible space groups being P n m n  or Pn2n. 
The lattice parameters  are: a ---- 8.828 ~ 0.005A; b -- 
13.121 • 0.005A; c ---- 5.397 • 0.005A. The n u m b e r  of 
molecules per un i t  cell was determined to be eight. 
The densi ty was measured by means of a pycnometer  
and found to be 4.86 g /cm 3. The calculated densi ty 
based on the formula LaSiOaF is 4.97 g /cm 3. 

The molecular  formula is still somewhat  uncertain.  
The materials  were made with the expectation of ob-  
ta ining LaSiO3X (X ---- F, Cl, Br) ,  giving a L a : S i : X  
ratio of 1: i: 1. We used somewhat different proportions 
in the raw mix to allow for the unavoidable  loss of 
volatile halide and, possibly, silicon (as silicon halide) 
dur ing firing. The ratio of L a : S i : X  in the final phos- 
phor therefore differs from that  used in the raw mix. 

We tried to determine the exact composition by wet 
chemical analysis. The mel t -g rown boule mentioned 
above gave a L a : S i : F  ratio of I:0.48:0.19, whereas a 
normal  l a n t ha num chloro-silicate phosphor powder 
gave a La:Si:C1 ratio of 1:1.1:0.61. Although the 1:1 
ratio between La and S i w a s  essentially main ta ined  in  
one case, the halide content was appreciably lower in  
both ca~es, and the two differed from each other. 

We believe that  the ideal composition of our halo- 
silicates is given by the formula LaSiOsX although the 
materials appear to tolerate appreciable deviation. This 
conclusion is supported by the close agreement  be-  
tween the theoretical and measured densi ty ment ioned 
above. 

Luminescence Due to Various Activators 
Cerium.--Pure l a n t h a n u m  halo-silicates are white 

powders without  significant luminescence under  either 
254 or 365 nm u.v. radiation. Replacement  of about 
15-20% of the La 8+ by Ce 3+ produces a phosphor 
which luminesces efficiently in  the near  ul t raviole t  
under  excitation by shor t -wave ultraviolet.  The emis- 
sion and optical absorption spectra of fluoro- and 
chloro-silicates differ from each other (Fig. 1 and 2) 
reflecting the different ~rystal s tructures of the mate-  
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F~g. 1. Emission spectra of Ce s+ in lanthanum halo-silicates. 
Solid lines: excitation by 254 nm u.v. Dashed lines: excitation by 
10 kV cathode ray. 
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Fig. 2. Optical absorption spectra of lanthanum halo-silicate 
phosphors containing different activators. 

rials. The spectra obtained on bromo-silicates are 
identical to those of chloro-silicates. Corresponding 
emission spectra of y t t r ium halo-silicates (Fig. 3) dif- 
fer slightly from those of the l an thanum compounds. 
Two overlapping emission bands about 0.2 eV apart, 
reflecting recombinat ion into the two ground states 
2F5/2 and 2F7/2 of the Ce 8 + ion, are f requent ly  discern- 
ible. All emission spectra depend somewhat on the 
mode of excitation; they are shifted to higher energies 
in cathodoluminescence (Fig. 1). We do not as yet 
unders tand the reason of this effect. 

Terbium.--The Tb3+-emission in these halo-silicates 
consists of the usual pattern,  a strong line group in the 
green at about 543 nm corresponding to the 5D4 -->7F5 
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Fig. 3. Emission spectra of Ce s+ in yttrium halo-silicates. Ex- 
citation by 254 nm u.v. 
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Fig. 4. Emission spectrum of La(0.7), Ce(0.2), Tb(O.1) Si03CI. 
Excitation by 254 nm u.v. 

electron transition, and several weaker  ones to both 
sides (Fig. 4). It  is not well excited by either 254 or 
365 n m  ultraviolet  because of the absence of strong 
optical excitation at these wavelengths (Fig. 2). How- 
ever, the Tb 3 + is very efficiently sensitized for 254 nm 
excitation by Ce ~+. The obvious reason of this perfect 
energy transfer,  Ce 3+ -> Tb ~+, is the spectral overlap 
of the Ce ~+ emission with several  strong absorption 
lines of the Tb 3+ (Fig. 1, 2, 3). The quan tum efficiency 
(ratio of emit ted/absorbed quanta)  of La(0.7) Ce(0.2) 
Tb(0.1) SiQC1 phosphor under  excitation by 254 nm 
ultraviolet  was determined (by comparison to NBS- 
1021) to be about 90% (we believe the efficiency of the 
ul t raviolet  Ce ~+ emission in a similar phosphor with-  
out Tb at least as high).  The energy efficiency of 
cathodoluminescence is less impressive, however. We 
obtained ~4-5% under  steady excitation by 10 kV 
electrons of low current  density. This phosphor toler-  
ates very high cerium concentration. While the opti- 
mum efficiency requires ~15-20% cerium and 10% 
terbium, replacement  of all l a n t ha num by cerium, 
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[Le., Ce(0.9) Tb(0.1) SiOsC1] still gives a phosphor 
measured to have a quan tum efficiency of the Tb a+ 
emission of about 70% under  254 n m  excitation. 

Samarium and dysprosium.--Both Sm ~+ and Dy 3+ 
in  l an thanum and y t t r ium halo-silicates require  sensi-  
t ization by Ce 8+ to respond to 254 nm ultraviolet.  The 
energy t ransfer  is not good, however.  We observed 
quan tum yields of about 5% for Sm 3+ and about 30% 
for Dya+ emission in  (La, Ce) SiOsC1. These phos- 
phors show the typical l ine emission and colors of the 
respective activator ions, i.e., Sm ~+ orange and Dy a+ 
yellowish-white.  

Europium.~As in  m a n y  other materials,  t r iva lent  
eurol~ium requires an oxidizing atmosphere dur ing  
preparat ion of halo-sil icates to prevent  reduct ion to 
Eu 2+. Thus we cannot  sensitize Eu ~ + with Ce a+, as 
the lat ter  requires a reducing atmosphere. Spectra 
showing the red Eu 3 + emission in  LaSiO3X are given 
in Fig. 5. They differ upon  the halide used, which re- 
flects the difference in structure.  These spectra show 
relat ively many  lines between ~580 and 630 nm. The 
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5D0 ~ 7F2 electron t ransi t ion obviously is responsible 
for the strongest emission between ~610 and 620 nm, 
but  a detailed l ine identification has not  yet  been pos- 
sible. The optical absorption spectra due to E u~+ in  the 
l a n t ha num halo-silicates are re la t ively  fiat over a 
wide spectral range. We measured qua n t um yields of 
photoluminescence of ~25-30% for LaSiOaF and ~45-  
50% for LaSiOsC1, both materials  containing an op- 
t imum europium concentrat ion of about  3%. For rea-  
sons which we do not  understand,  we were unable  to 
obtain Eu ~+ emission in  y t t r ium halo-silicate phos- 
phors. The la t ter  persis tent ly showed only  the Eu 2+, 
not the Eu 3+, emission. 

Luminescence due to EU ~+ in  the halo-silicates 
consists of two diffuse emission bands suggestive of 
Eu 2+ ions incorporated in  two different la t t ice  sites. 
A narrow band in  the blue to violet dominates, while a 
very broad band  centered in  the green is weaker  in  
intensity.  Representat ive spectra of some chloro- and 
bromo-sil icates are shown in  Fig. 6. We were not  able 
to obtain unambiguous ly  similar  spectra of fluoro- 
silicates because of possible presence of Eu2+-acti  - 
r a t ed  fluorides which, being insoluble in  water, cannot  
be removed by washing. Attempts  of charge com- 
pensat ion (e.g., Eu 2+ + Th 4+ replacing two La a+) 
had no visible effect on the phosphors. The optical 
absorption spectra of the mater ia ls  contain a strong 
and very broad absorption band from close to the na r -  
row emission band  to below 220 nm in  the shorter 
ultraviolet .  

Discussion 
La n t ha num and y t t r ium halo-silicates have been 

prepared and demonstrated as host materials  of phos- 
phors. The crystallographic symmetry  of LaSiOsF has 
tenta t ively  been identified to be orthorhombic. We 
believe the symmetries  of the other compounds of this 
family to be not much  different. More details of the 
crystal s tructures of the new compounds are not  yet  
certain. The appearance of two emission bands due 
to Eu 2+ activation (]~:ig. 6) suggests that  the lattice 
provides two different sites with different symmetr ies  
for the Eu 2+ to occupy and, consequently, the same 
two different sites conceivably are available also for 
RE d+ ions. Although this is far from certain, it  seems 
to be supported by the numerous  emission lines ob- 
served in  the Eu  3+ spectra (Fig. 5) which may easily 
be a superposit ion of emissions from Eu 8 + ions on two 
different sites. The Tb 3 + emission (Fig. 4) is much  less 
sensitive to differences in  site symmet ry  and does not  
show this l ine proliferation. More conclusions appear 
to be too speculative at the moment.  

The usefulness of the new halo-silicates as phos- 
phors is re la t ively l imited since only two activators, 
Ce 3+ and Tb ~+ (the lat ter  in  combinat ion with Ce ~+), 
provide efficiencies high enough to war ran t  application 
in  lamps, etc. A systematic evaluat ion in  this respect 
is not yet available. 
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Very Thin Silicon Nitride Films Grown by 
Direct Thermal Reaction with Nitrogen 
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ABSTRACT 

Very thin uniform silicon nitride films less than IOOA have been obtained on 
silicon wafers by direct thermal  reaction with ni t rogen at temperatures  
ranging from 1200 ~ to 1300~ Small  amounts  of water  or oxygen in  reaction 
mixture  caused vapor etching which gave rise to local crystallization. By 
el iminat ing both from the reaction ambient  to less than  1 ppm, amorphous 
silicon ni tr ide films can be del=osited. These films have been found to have 
properties similar  to those of CVD Si3N4 by investigations of Auger  electron 
spectroscopy, infrared spectroscopy, and ellipsometry. Remarkable  masking 
effects of the films against oxidation and phosphorus diffusion have been 
found. 

Silicon ni tr ide films have been widely used in  inte-  
grated circuit processing as dual  dielectric gate films, 
local oxidation masks, and surface passivation films. 
This is because silicon ni t r ide has a higher dielectric 
constant, a higher density, more resistance to radia-  
tion, and a higher bar r ie r  against a lkal i - ion migrat ion 
than silicon dioxide. However, it is well  known that  
the films directly deposited on silicon cause interracial  
instabili t ies between silicon ni tr ide and the substrate 
(i). 

Direct ni t r idat ion of silicon wafers was thought to 
be a profitable technique to obtain a good interracial  
structure. Knoop and Stickler (2) examined thermal  
reaction of silicon wafers packed in quartz ampule 
with gases containing nitrogen. Brown patches, 
whiskers, and aggregates of silicon ni tr ide appeared 
on the wafers. Hu (3) reported that direct n i t r idat ion 
of silicon at temperatures  ranging from 1300 ~ to 
1400~ yielded polycrystal l ine silicon ni tr ide in  the 
form of either small  or microcrystals. Frieser (4) also 
observed that  direct ly ni t r ided silicon films in ni t ro-  
gen were polycrystal l ine and were a mixture  of ~ and 
Si3N4. Electrical properties of these films could hardly 
be measured because they were nonuniform.  

The reasons why it was difficult to react silicon with 
ni t rogen by direct thermal  reaction are as follows: 
b inding energy of ni t rogen molecules is fair ly large, 
diffusion of ni t rogen atoms in silicon or silicon ni tr ide 
is very slow, and s tandard free energy of reaction be-  
tween silicon and ni t rogen is small. However, we 
thought this process would be feasible at a lower tem- 
perature  than  ones ment ioned above and uni form 
thin films of siiicon ni tr ide might  be obtained if oxi- 
dizing impuri t ies  i n - a  reactor tube were effectively 
eliminated. Our efforts were pr imar i ly  directed at ob- 
ta ining uniform films of silicon ni tr ide by improving 
conditions of reaction. 

* Electrochemical Society Active Member .  
Key words: thermal nitridation, elimination of oxidant, surface 

morphologies, masking effects. 

In this paper, we describe thermal  reaction condi- 
tions for uni form thin silicon ni t r ide films. The films 
were characterized using Auger  electron spectroscopy 
(AES), infrared t ransmit tance  spectroscopy (IRS),  and 
ellipsometry, and masking effects against oxidation 
and phosphorus diffusion were studied. 

Experimental 
Wafer treatment procedure.--Silicon p- type  (100) 

or (111) oriented CZ wafers with boron doping concen- 
trations of 1 X 10i~-2 X 1016 cm -3 were used as a s tar t -  
ing material.  The wafers were chemically cleaned by 
degreasing, etching in  hydrofluoric acid, and r insing 
with deionized water. They were then dipped into 48% 
hydrofluoric acid for 1 min, dried by ni t rogen gas flow- 
ing, loaded on a silicon carbide-coated susceptor in  a 
ni t rogen atmosphere, and inserted into a quartz reactor 
tube heated at a tempera ture  ranging from 1200 ~ to 
1300~ This process seems to be useful to remove 
na tu ra l  oxide on silicon. Vapor etching wi th  hydro-  
chloric or hydrogen gases is also effective to remove 
the na tura l  oxide, but  it is not appropriate to this ex- 
per iment  because some mixture  of these gases with 
ni t rogen cause nonuniformit ies  on the surfaces. 

Growth apparatus.--The ambient  ni t rogen gas, flow- 
ing cont inuously through the reactor tube, was highly 
purified using a specially constructed purifier with 
catalysis. The exper imental  apparatus is shown in  Fig. 
1. Amounts  of water and oxygen contained in the ni t ro-  
gen gas were measured at the outlet of the reactor 
tube by a dew point meter  and an oxygen detector, re-  
spectively. Flow rates of the ni t rogen were measured 
with a flowmeter. 

Measurement.--Both film thicknesses and refractive 
indexes were measured by an ellipsometric technique. 
These values were self-consistently calculated by a 
computer. F i lm properties were analyzed by AES and 
infrared spectroscopy. AES spectra were taken with a 
cylindrical  mir ror  analyzer. Further ,  masking effects 
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Fig. 1. Apparatus for directly thermal nitridation of a silicon 
wafer. 

of the films grown on silicon wafers against  oxidation 
and phosphorus diffusion were examined. Thermal ly  
ni t r ided silicon wafers were oxidized step by step in 
an oxidation tube heated at 1010~ Fi lm thicknesses 
on the wafers were measured after each oxidation. 
Donor concentrat ion profiles after diffusing phos- 
phorus into silicon masked by  thermal ly  grown silicon 
ni t r ide films were determined by measur ing sheet re-  
sistivities of surface layers and s tep-by-s tep etching 
after anodic oxidation. 

Results 
Growth conditions.--Figure 2 shows boundary  con- 

ditions in  which different surface morphologies are 
specified. In  this case, the ambien t  n i t rogen gas con- 
tained no more than  1 ppm water  and 0.1 ppm oxygen. 
The react ion was tr ied at temperatures  ranging from 
1200 ~ to 1300~ The recovery t ime of the susceptor 
was near ly  15 sec at those temperatures  and is shown 
as a broken  l ine in the figure. The growth conditions 
for uni form silicon ni t r ide  films with smooth surfaces 
were restricted to a region between the solid l ine and 
the broken one. Rough surfaces with a crystal l ine 
morphology were observed for reaction times above the 
solid line. Small  spots just  like shallow etch pits ap- 
peared for react ion times near  the line. If the pur i ty  
of the ambient  is improved, un i form films might  be 
obtained in  a wider  region than  that  one shown in Fig. 
2. To the contrary,  if it  contains more water  or oxy-  
gen, un i form silicon ni t r ide films would hard ly  be 
obtained. 

Various surface morphologies of the silicon ni t r ide 
films grown under  conditions corresponding to three 
different regions in Fig. 2 are shown in  Fig. 3. These 
wafers were ni t r ided at 1250~ for 10, 3, and 1 rain, 
respectively. (a) shows the surface morphology of a 
par t ia l ly  crystallized silicon ni t r ide film. Such a pat -  
t e rn  has previously been reported by others (4). (b) 
shows a small  spots pattern.  These small  spots seem 
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Fig. 2. Reaction conditions in which various surface morpholo- 
gies of the grown films are specified. Experimental conditions are 
indicated as star, triangular, and open-circle marks, respectively. 

Fig. 3. Photographs of the film surfaces grown at 1250~ (a) 
10 min reaction, crystalline pattern; (b) 3 min reaction, small 
spots; (c) 1 rain reaction, smooth and uniform surface. 

to act as nuclei for crystallization. Figure  4 is an elec- 
t ron micrograph of the surface of.the small  spots sam- 
ple (b) in Fig. 3, t aken  by  a carbon replica technique. 
These small  spots seem to grow in  3 dimensions. The 
sur rounding  plain region is as smooth as a silicon sur-  
face chemically etched by a convent ional  method. I t  
exhibits no extra s t ructural  textures. This smooth re-  
gion corresponds to the surface of the sample (c) in  
Fig. 3. 

Figure  5 shows a relat ion be tween the film thickness 
and the reaction t ime at a tempera ture  of 1250~ 
Nitrogen gas of 5 l i ters / ra in  flows continuously through 
the reactor tube. The growth rate varied up to 2.8A/ 
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Fig. 5. Relation between film thickness and reaction time 
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Fig. 5. Relation between film thickness and reaction time 
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Fig. 6. AE$ spectra of films grown in different ambient gases. 
(a) Water; 5 ppm; oxygen, 4 ppm; (b) 1 ppm, 0.1 ppm, respectively. 

sec and uniform films with thicknesses less than 100A 
could be obtained. Refractive indexes of these films 
ranged from 2.0 to 2.3, which are slightly higher than 
those of the CVD materials.  This shows a li t t le devia-  
t ion of stoichiometry of silicon nitride. 

Film structural analysis.--Figure 6 shows Auger 
spectra of typical  silicon ni t r ide films. Both wafers 
were ni t r ided at a tempera ture  of 1250~ for 30 sec. 

The upper  spectrum (a) is of a film grown in ni t rogen 
gas containing 5 ppm water  and 4 ppm oxygen. The 
lower (b) is 1 ppm and 0.1 ppm, respectively. 

The only detectable contaminants  in  these silicon 
nitrides are carbon and oxygen, which appear at 270 
and 502 eV, respectively. In  the upper  spectrum, little 
ni t rogen is detected and an  elemental  silicon peak 
still remains at 91 eV. This surface seems to be par t ly  
oxidized and to have par t ly  remained bare silicon. In  
the case of improved ambient,  the intense ni t rogen 
KLL peak at 383 eV appears and the elemental  silicon 
peak at 91 eV disappears. The chemically shifted sili- 
con peak at 82 eV is believed to be associated with 
silicon nitride. 

Figure 7 shows infrared absorption spectra of sam- 
ples with different surface morphologies. These wafers 
were isothermally ni t r ided at 1250~ for 2, 2.5, and 4.5 
min, respectively. Peaks at wavelengths of 9 and 16.4 
~m seemed to be a t t r ibuted to the substrate because 
they were noticed even in a bare  silicon and did not 
change after the film growth. The surface of the 1 min  
sample was fair ly  uniform. But  some small  spots ap-  
peared on the 2.5 min  sample and a crystal l ine pa t te rn  
generated in  the 4.5 min  sample. These aspects have 
been mentioned in Fig. 3. A noticeable peak was recog- 
nized at 11.2 #m. The peak height increased wi th  the 
reaction time. 

For samples with the small  spots or the crystal l ine 
pattern,  a peak at 11.8 ~m appeared and then over-  
whelmed the 11.2 #m. The 11.8 #In peak is due to 
stretching vibrat ion of Si-N bond (5) and seemed to 
be associated with undesirable  crystall ization of silicon 
nitride, because the peak height increased with in -  
creasing the crystal l ine size. A shift of an absorption 
peak in  silicon oxinitr ide was previously reported by 
Brown et at. (1, 6). According to their  data, this un i -  
form silicon ni tr ide film, which only shows the ab-  
sorption peak at 11.2 ~m, would have a composition of 
85% nitr ide and 15% oxide on the average if the band 
shift could be used in  composition calibration. Accord- 
ing to electron diffraction the uni form films showed 
a halo pat tern  and Kikuchi  Lines reflected from the 
substrates as shown in  Fig, 8. These films were surely 
amorphous. 

Masking effects against oxidation and dif]usion.--Di- 
rect thermal  ni t r ided silicon wafers were inserted into 
a dry oxidation tube. Figure  9 shows a typical relat ion 
between the change of the film thickness on the silicon 
substrate and the oxidat ion t ime at a tempera ture  of 
1010~ The thickness of the ini t ia l  film, which was 
silicon nitride, was 75A. It gradual ly  increased with the 
oxidation time. After 5 hr the change was less than  50A. 
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Fig. 7. Infrared absorption spectra of samples with different 
surface morphologies. (a) Uniform; (b) with small spots; (c) crys- 
talline. 
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Fig. 8. Electron diffraction patterns. (a) Si surface etched; (b) 
directly nitrided Si surface. 
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Fig. 9. Change of film thickness vs. oxidation time. The 
silicon wafers with the silicon nitride film were heated in dry 
oxygen. 

The mean  oxida t ion  ra te  is about  10A pe r  hour.  For  
a comparison,  a ba re  si l icon wafer  was also oxidized 
under  the same conditions. The g rowth  of si l icon d iox-  
ide  on the  wafe r  is ind ica ted  as open circles in  the  
figure. 

F igure  10 shows ca r r i e r  concentratiorL profiles a f te r  
diffusing phosphorus  into p - t y p e  sil icon substrates .  
Sil icon n i t r ide  films wi th  film thicknesses  of 34 and 
92A were  g rown on sil icon wafers .  Subsequent ly  a 

I 0 21 
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- 1019 

p 
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. . . . . .  92 ~, 
1015 I I I 

0 01.2 0.4 0.6 

Depth from surfoce , )Jm 

Fig. 10. Phosphorus diffusion profiles in silicon wafers with dif- 
ferent protection~masks. 

CVD phosphosi l icate  glass film was deposi ted  b y  oxi-  
dat ion of s i lane and phosphine  at  a t empe ra tu r e  of 
450~ Phosphorus  concentra t ion  was 1.5 weight  pe r -  
cent (w/o)  and the film thickness  was about  1000A. 
The diffusion was car r ied  out  a t  lO00~ for  30 min  in 
pure  n i t rogen ambient .  The phosphorus  doping p ro -  
files were  compared  wi th  those of diffusions into ba re  
sil icon and t h e r m a l l y  oxidized si l icon wi th  66A si l i -  
con dioxide.  The depths  a f te r  diffusing th rough  the 
sil icon n i t r ide  films are  much smal l e r  than  those of 
the  references.  Especial ly,  the  si l icon n i t r ide  film wi th  
92A thickness  acts a lmost  pe r fec t ly  as a mask  against  
the  diffusion. 

F igure  t l  shows dependencies  of su r face -ca r r i e r  con- 
cent ra t ions  on mask  fi lm thicknesses.  The phosphorus  
diffusion was car r ied  out  under  the  same condit ions 
as tha t  in Fig. 10 and the diffusion t imes were  30, 60, 
and 120 rain, respect ively .  The su r face -ca r r i e r  con- 
cent ra t ions  increase  wi th  increas ing the  diffusion t ime.  
However ,  a l l  of the  expe r imen ta l  va lues  in  Fig. 11 a re  
smal le r  than  tha t  of a reference  sample  using a 66A 
silicon dioxide  film. Compar ing  one of sil icon n i t r ide  
samples  wi th  the  reference  at  the  same mask  film 
thickness and under  the  same diffusion t ime, this s i l i -  
con n i t r ide  film has more  than  four  orders  smal le r  
values  than  the sil icon dioxide  film. 

Discussion 
The object  of this work  is to ob ta in  s toichiometr ic  

silicon n i t r ide  films by  di rec t  t he rma l  n i t r ida t ion  wi th  
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Fig. 11. Carrier concentrations at silicon surfaces vs. mask film 
thicknesses. 
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nitrogen. Since oxidation of silicon is the rmodynami-  
cally more feasible than nitr idation,  it is necessary to 
reduce the amount  of oxidant  such as oxygen and 
water  in reaction ambient.  Those amounts  have been 
reduced to less than 1 ppm water  and 0.1 ppm oxygen 
measured at the outlet  of the reaction tube, if absorbed 
gases in the wall  of the quartz tube were ful ly taken 
out and the above-ment ioned exper imental  conditions 
were established. However silicon ni tr ide films ob- 
ta ined here have appeared to contain un in ten t iona l  
oxygen by the observations of AES and IRS. To at ta in 
the stoichiometry of Si3N4 it is necessary to improve 
fur ther  the exper imenta l  conditions. The origins of 
oxygen contained in the films are thought  to be back- 
s t reaming of air while insert ing wafers, penetra t ing 
through a quartz tube, and unremoved na tura l  oxide 
on silicon surfaces besides impuri t ies  in the ambient  
reactive gas. Influences of these oxidants in the reaction 
process are observed in Fig. 5 which shows the film 
growth. The growth rate of silicon ni t r ide increases 
with the increase of reaction t ime till  the film thick- 
ness is nearl:~ 100A. We had expected that  the process 
would obey a self- l imit ing reaction because the diffu- 
sion of ni t rogen in silicon ni t r ide is very slow. How- 
ever the present  result  does not seem to support  it. 
This is probably because the ini t ial  growth would be 
influenced by na tura l  oxide on silicon and a back- 
s t reaming of air from the outlet. These would cause 
vapor etching of the silicon surface as the wafer tem- 
pera ture  gradual ly  elevates. The vapor etching would 
be caused by silicon monoxide structure. 

After  the ini t ial  reaction occurs, n i t r idat ion would 
become easier than  the earlier, even though the ni -  
t rogen diffusion becomes slower. The refractive in-  
dexes of the films were a l i t t le higher than that  of 
chemically vapor-deposited silicon ni t r ide films. This 
seems to be caused by excess silicon atoms in the film 
because films grown in  less pure ambient  had refrac- 
t ive indexes ranging from 2.5 to 3.5. This ambient  
would cause much vapor etching of silicon and then, 
mere  excess silicon would remain  in the grown film. 
The Auger electron peak of bare silicon in Fig. 6 also 
shows the existence of free silicon. Excess silicon a toms 
and oxidants contained in  the film would become nuclei  
for local crystallization.as indicated in Fig. 3 (a).  These 
regions have been ascertained to act ha rd ly  as masks 
against  oxidation and impuri t ies  diffusion. 

Chemically deposited silicon ni tr ide films general ly  
deviate from the expected Si3N4 stoichiometry over a 
wide range of deposition conditions. Johannessen et al. 
(7) analyzed them by AES and reported that  an ap- 
proximately  20% excess of silicon would be the gen- 
eral trend. According to Holloway and Stein (8), oxy- 
gen concentrations in  various CVD silicon ni tr ide films 
were observed to range from 0.4 to 7 atomic percent  
(a /o) ,  where carbon was below the detection limits. 
Considering these results, some deviations from the 
stoichiometry in the grown ni tr ide might  become less 
impor tan t  to certain applications. Deviations of film 
thicknesses of uniform silicon ni t r ide among wafers 
and over a wafer  were less than 5%, respectively. 

Recently, Vromen (9) described that  enough n i t ro-  
gen could penetra te  over a 52.6 nm oxide film at a 
tempera ture  of 1050~ in  20 rain to generate a large 
defect density. The degradat ion in dielectric strength 
was due to the generat ion of defects ra ther  than  to a 
change in  intr insic  dielectric strength. Raider et al. 
(10) also reported ni t rogen gas diffused to an oxide 
silicon interface, where it  chemically reacts with sil i-  
con at elevated temperatures.  They found that ni t rogen 
would degrade the electrical properties of structures 

wifh the oxide during annealing.  Further ,  Kooi et al. 
(11) observed the formation of some ni tr ide at the 
silicon surface along the selective oxidation edge by 
steam oxidation. These phenomena  did not show any 
feasibility in improving surface properties of silicon. 
However, the directly ni t r ided silicon films reported 
here would have far different properties from some 
nitrides examined by above-ment ioned authors, and 
they would have some impor tant  advantages. For ex- 
ample, for the high performance of a short channel  
MOS transistor in  LSI, the th inner  gate insulator  with 
a large dielectric constant  is effective in e l iminat ing 
so-called short channel  effects and in  decreasing the 
area. A fur ther  advantage of the films as a gate in -  
sulator is that a poly-Si  gate can be highly doped with-  
out any impuri t ies  diffusing through the film to the 
channel  region. 

Conclusions 
Very th in  un i form silicon ni t r ide films have been ob- 

tained by direct thermal  reaction with ni t rogen at tem- 
peratures ranging from 1200 ~ to 1300~ The film 
thicknesses were l imited to less than 10OA because the 
reaction was inhibi ted by the growth of dense silicon 
ni tr ide films. Small  amounts  of water  or oxygen cause 
vapor etching and then give rise to local crystall iza- 
t ion of the films, so that it has been found to be espe- 
cially impor tant  to control them in  ambient  ni t rogen 
to less than 1 ppm. The film properties have been in-  
vestigated by AES, inf rared spectroscopy, and ei-  
lipsometry. The very thin silicon ni tr ide films had 
properties similar to those of a thick chemically vapor-  
deposited one. However, they appeared to contain a 
little excess silicon and oxygen. Masking effects of the 
films against oxidation and phosphorus diffusion were 
remarkable.  This very th in  silicon ni t r ide film and the 
direct thermal  ni t r idat ion process may be used in 
various integrated circuit technologies. 
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ABSTRACT 

The need for  h igher  manufac tu r ing  yie lds  and improved  opera t iona l  r e l i -  
ab i l i ty  of semiconductor  devices and circuits has led to a cont inuing scru t iny  
of a l l  processing steps. Topic of the presen t  paper  is the  effect of addi t ion  of 
chlor ine  or one of its compounds dur ing  sil icon oxidation.  Af te r  discussing 
oxida t ion  kinet ics  in the  presence of halogens and the meta l lu rg ica l  aspects 
of the  process, a comprehens ive  rev iew of the  e lect r ica l  effects is given. 
At ten t ion  is pa id  to the e l iminat ion  of oxide  charge centers  and in ter face  
states,  surface s tabi l iza t ion and enhanced dielectr ic  behav ior  in  MOS s t ruc-  
tures, and to the  increased minor i ty  car r ie r  l i fe t ime in the  sil icon substrate.  
The improvements  in device character is t ics  which have been a t ta ined  using 
this me thod  are  summarized.  

Adequa te  control  of the  threshold  vol tage  and the  
b r eakdown  s t rength  of the  gate  insula tor  are  essential  
condit ions for the successful manufac tu re  of field effect 
t ransistors .  A decade ago a lka l i  ions were  found to be a 
m a j o r  cause of ins tabi l i ty  of the  surface  potent ia l  in 
MOS structures;  thus e l iminat ion  of this form of oxide  
contamina t ion  was impera t ive  (1-5).  Since work ing  
under  u l t rac lean  manufac tur ing  condit ions presented  
some prac t ica l  problems,  the  PSG stabi l izat ion process 
was developed where  the  impur i t ies  are  ge t te red  in a 
th in  phosphosi l icate  glass l aye r  d i rec t ly  at the  me ta l  
e lect rode (6-9).  Ano the r  possible  solut ion is seal ing 
off the  SiO2 film wi th  a Si3N4 l aye r  which is impene t r a -  
b le  to a lka l i  ions (10-11). In  both  ca~es the  b r e a k d o w n  
behav ior  of the  gate  insula tor  is also improved,  how-  
ever,  at the  pr ice  of obta in ing  a polar izable  (PSG)  or  
an e lec t ronica l ly  somewhat  uns table  (SiO2-Si3N4) sys-  
tem. 

Given this s i tuat ion the d iscovery  that  the  addi t ion  
of ch lor ine-conta in ing  species to the  oxidat ion  ambien t  
dur ing  g rowth  of the  gate oxide may  lead  to improved  
s tabi l i ty  and b r eakdown  s t rength  of the  s t ra igh t fo r -  
wa rd  MOS s t ruc ture  was of considerable  impor tance .  
In  addit ion,  lower ing  of the in ter face  s tate  density,  
e l iminat ion  of s tacking faults ,  and improvemen t  in the  
minor i ty  car r ie r  l i fe t ime in the  subs t ra te  on using these 
processes have been repor ted .  Because of the grea t  
technological  in teres t  of the  method  different  ch lor ine-  
conta ining species have been explored.  However ,  these 
do not  a lways  lead  to the  same results.  

I t  is the purpose  of the presen t  paper  to rev iew our  
leve l  of unders tand ing  of the  technique and of the  
mechanism involved in these processes. Discrepancies  
in the  resul ts  and areas  requ i r ing  fu r the r  inves t iga t ion  
a re  identified. 

Chemistry of Chlorine Processes 
Kinetics of oxide growth.--The t he rma l  oxida t ion  of 

silicon in the  presence of O2 or H20 for  SiO2 th ick-  
nesses beyond 20 nm is gene ra l ly  descr ibed by  a com- 
b ined  l i nea r -pa rabo l i c  equat ion which  can be wr i t t en  
as (12, 13) 

x2 _ xo2 x - Xo 
+ - - - t  

kpar  klin 

where  x is the  oxide  thickness,  t the  oxidat ion  t ime, 
and  kpar and kim are  the parabol ic  and l inear  ra te  
constants,  respect ively.  For  thin films the growth  ra te  
is de te rmined  by  the react ion at the  Si/SiO2 interface.  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member ,  
x A l e x a n d e r  yon H u m b o l d t  Fel low 1976-1978. 
K ey  words :  ch lor ine  oxidation,  Si/SiO~ in te r face ,  MOS, ge t t e r -  

ing. 

Afte r  an ini t ia l  phase,  charac ter ized  by  the  oxide 
thickness value  Xo, the  process proceeds at  constant  
rate,  y ie ld ing  a l inear  increase  of oxide thickness  wi th  
time. Fo r  la rger  oxide  thicknesses the  g rowth  is de te r -  
mined by  the diffusion of the  oxidizing species th rough  
the oxide l aye r  and thus a parabol ic  ra te  equat ion re-  
sults. Chlorine oxida t ion  2 also follows a l i n e a r - p a r a -  
bolic law (14-19). However ,  the  values of the  constants  
and the i r  t e m p e r a t u r e  dependences  are  affected by  
these addi t ions  to the  O2 ambien t  (Table  I)  (15): xo 
appears  to increase in al l  cases; klan increases s t rongly  
on addi t ion  of C12 bu t  is only  weak ly  dependent  on 
PHC1; kpar increases wi th  PHCl, whereas  the effect of 
pCl2 depends  on the  t empera tu re .  

The resul ts  for kpar wi th  O2/HC1 at l l00~ were  
confirmed by  Hi rabayash i  and  I w a m u r a  (16, 20). How-  
ever, for k1~n these authors  found the opposi te  t rend  as 
Van der  Meulen and Cahil l  (15). At  leas t  at  1150~ 
CI~ has  a s t ronger  effect on growth  ra te  than  HC1 
(Fig. 1). In  v i r tua l ly  al l  cases of prac t ica l  in teres t  
th icker  films are  ob ta ined  wi th  chlor ine  or  chlorine 
compounds than without .  S imi lar ly ,  addi t ion  of t r i -  
chloroethylene  (TCE) to the  oxidat ion  ambien t  causes 
the  ra te  to increase  (Fig. 2) (17, 19, 21, 22). 

To in te rpre t  the effect of chlor ine and its compounds 
one has to keep in mind  tha t  the  compounds wil l  at  
least  pa r t i a l l y  react  wi th  oxygen to form C12 and 
H20 (19, 23). Fo r  example ,  as may  be seen f rom Fig. 3, 
a 5% HC1/O2 mix tu re  wi l l  y ie ld  app rox ima te ly  3.5% 
HC1, 0.7% H20, and 0.7% C12 according to the  reac t ion  

4HC1 + 02 ~ 2C12 + 2H20 

at  llOO~ (23). At  lower  tempera tures ,  the  equi l ib-  
r ium shifts s l ight ly  to the  r ight .  S imi lar ly ,  at 1100~ 
the react ion 

H e r e  and  in the  fol lowing we  will  des igna te  the  ox idat ion  in an  
a m b i e n t  con ta in ing  C12 or a chlor ine  c o m p o u n d  by " ch lo r i ne  oxi- 
da t ion ."  Similar ly ,  " ch lo r i n e  ox ide"  des igna tes  t h e  film obta ined  
in such a process.  To r e f e r  to specific processes  (oxides)  we  will  
use t h e  t e r m  C12, HC1, or  TCE oxidat ion (oxides) .  

Table I. Dependence of Xo and of parabolic and linear rate 
constants on temperature (15) 

T kpar ~1 in ~o 
Oxidant  (~ (nm-~/min) ( n m / m i n )  ( n m )  

O2 900 39.4 0.220 6.4 
1000 169.0 0:805 19.2 
1100 414.0 3.25 33 

02 + 4.5% 900 64.2 0.217 11.4 
HC1 1000 440.0 1.02 25 

1100 540.0 ? ? 
O~ + 0.5% 900 18.46 0.31 17.5 

Cl~ 1000 180.0 0.83 24 
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4C2HC1~ + 90~->  2H20 + 6C12 + 8CO2 

2H20 + 2C12 ~ 4HC1 + 02 
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Fig. 1. Effect of HCI and CI2 additions on the oxidation rate 
of < 1 0 0 >  silicon in 02 at !150~ (14). 
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Fig. 2. Oxide thickness vs. TCE concentration (n-type $i, 
< 1 0 0 > ,  4-5 ~cm; T, 1200~ fox, 11 min) (21). 
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Fig. 3. Relative concentrations of Cl2, HCI, and H20 in 02 /  
HCI and O2/TCE oxidation ambients at various temperatures. 
Values have been normalized with respect to the HCI and TCE 
input concentrations (23). 

will  y ie ld  for a 1% TCE/O2 ambien t  app rox ima te ly  
0.95% HC1, 0.05% H20, and 1.0% C12. Again,  at  lower  
t empera tu res  somewhat  more  C12 and H20 are  being 
formed. 

"Originally it was thought  tha t  the  wa te r  formed in 
the  above react ion would  be responsible  for the  en-  
hanced oxidat ion  rates  in the  OJHC1 system. However ,  
the  effect is l a rge r  than  tha t  which one would  expect  in 
a comparab le  O2/HI20 ambien t  (14). I t  appears  tha t  the  
C12 formed wil l  also affect the  oxida t ion  process (pa r -  
t i cu la r ly  kzh~) as may  be seen f rom the  O2/C12 da ta  
(Table  I ) .  Fur the rmore ,  an enhanced diffusion of O2 
and H20 dur ing  chlor ine oxida t ion  cannot  be  ru led  out  
(16, 20). On the other  hand, at  least  at 900~ the ef-  
fect of the  O~/HC1 rat io  on kl~ is negl ig ib le  (Table  
I I ) .  I t  would appear  tha t  in this a rea  more extens ive  
studies a r e  required.  

Chlorine distribution.--To gain insight  in the  chlo- 
r ine  incorpora t ion  and the d is t r ibut ion  of this  e lement  
in chlor ine oxides, different  ana ly t ica l  exper iments  us-  
ing secondary  ion mass-spect roscopy (24), Auge r  (25, 
26), x - r a y  fluorescence (XFS) ,  nuc lear  back  scat-  
ter ing (NBS) (27-29), and e lec t ron microprobe  analysis  
(EMA) have been per formed.  Of al l  the  techniques 
employed,  EMA was found to be the  most sensit ive,  but  
deta i led  results  are  only avai lab le  f rom the NBS tech-  
nique which also yields  the  chlor ine profile in a quan t i -  
ta t ive  and nondest ruct ive  manner  as a funct ion of 
depth.  A comparison of the  amounts  of chlor ine de-  
tected in dif ferent ly  grown chlor ine  oxide  films using 
var ious  ana ly t ica l  methods  is p resented  in Table  III. 
Even though there  may  be some doubt  about  the  quan-  
t i ta t ive  na ture  of the results ,  a lmost  al l  ana ly t ica l  tech-  
niques show large  chlor ine concentrat ions ve ry  nea r  
to the Si/SiO2 interface and low concentrat ions in the 
res t  of the oxide (24-29). The Auger  da ta  of Fig. 4 a re  
an example  of an expe r imen ta l ly  found profile. In  this 
case the C1 ta i l  in the silicon may  be an ar t i fac t  of the 
A u g e r  analysis  method.  The profile has the  same shape 
regardless  of SiO2 thickness,  g rowth  tempera ture ,  and 
chlor ine concentra t ion in the gas phase (28, 29). F r o m  
the observed la rge  chlor ine  concentra t ion at the S i /  
SiO2 in ter face  i t  appears  tha t  incorpora t ion  of chlor ine  
takes  place at the  oxidat ion  front.  As the  react ion p ro -  
ceeds, chlor ine  is expected to be s lowly re leased  and 
perhaps  replaced  by  oxygen. The direct  fo rmat ion  of 
Si-C1 instead of Si-O bonds at  the in ter face  has been 
proposed  by  Kr i eg le r  (26). 

In  C12 oxides, the  chlorine profile was found to be 
b road ly  peaked  and more  homogeneous compared  to 

Table II. The effect of additive concentration on xo and on 
parabolic and linear rate constants during oxidation at 

900~ (15) 

/~par ~1 in XO 
Oxidant  (nm2/min) (nm/min) (nm) 

O~ 39.4 0.220 6.4 
0~ + 1% HCI 42.75 0.213 11.4 

2 54.9 0.221 11.1 
4.5 64.2 0.217 11.4 
9 84.0 0.211 13.7 

O~ + 0.5% CI~ 18.46 0.31 17.5 

Table III. Amount of chlorine (Fg-cm - 2 . )  detected using 
different analytical techniques in oxide films prepared by 

O2/CI2 or O2/HCI oxidation (29) 

Oxid. Thick-  
Hal ide  t e m p  ness  

addition (~ (nm) EMA XFS NBS 

0.5% CI~ 1O0O 99.5 0.085 0.12 N A t  
2% C1~ 1000 94.2 0.27 0.60 0.27 
3% HC1 1000 103 0.21 0.020 N A t  
9% HC1 1O00 105 0.023 0.020 0.022 
3% HC1 1150 92.8 0.067 0.090 0.092 
9% HC1 1150 93.7 0.13 0.21 0.17 

* 0.60 Izg-cm -2 corresponds  to 1.0 x 1016 a t o m s / c m  ~. 
t NA:  not  available.  
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Fig. 4. Chlorine distribution in HCI oxide film determined by 
sputter etching. The silicon and oxygen profiles hove also been 
in,4icated (25). 

t tCl  oxides. Also, a h igher  level  of chlor ine  incorpora -  
t ion was observed in comparison to HC1 oxides for 
comparab le  concentrat ions  of chlor ine in the gas phase  
(28). Sequent ia l  g rowth  studies in which  a chlor ine  
species was added  dur ing  the la te r  pa r t  of the  oxidat ion  
process indica te  tha t  in C12 oxides significant chlor ine 
concentrat ions  occur only nea r  the Si/SiO2 interface,  
whereas  in r egu la r  C12 oxides  (C12 added  th roughout  
the oxidat ion  process)  the  e lement  was d is t r ibu ted  over  
a much wider  range.  In  H,C1 oxides the same sequence 
yields  chlor ine  profiles s imi lar  to those for regu la r  HCI 
oxides. Dur ing  N2 anneal ing  at  120'0~ a slow chlor ine  
r emova l  takes p lace  in C12 oxides,  whereas  a r ap id  loss 
(to app rox ima te ly  50%) and a change in the  chlor ine 

profile were  found in HC1 oxides. The above-men t ioned  
differences in chlor ine profiles for CI2 and HC1 oxide 
and thei r  behav ior  under  anneal ing  may  be caused by  
H20 which is only  presen t  dur ing  HC1 oxidation.  Both 
wi th  C12 and wi th  HC1 as a chlor ine ~ource average  
chlor ine  concentrat ions of the  o rde r  of 1020 a toms /  
cm 3 can easi ly be achieved (27). 

In  spite  of these differences, a number  of s imi lar i t ies  
in the  behavior  of both  C12 and HC1 oxides have also 
been observed.  In both types  of chlor ine oxides chlor ine  
is repor ted  to be comple te ly  removed  dur ing  fu r the r  
s team oxida t ion  (26, 28, 30). However ,  some chlor ine  
was found in oxides grown in r egu la r  s team/HC1 am-  
b ient  at 1200~ (31). Vacuum annea l ing  at  100~ for 
about  60 rain and also anneal ing  at  1000~ in N2 
ambien t  do not  resul t  in any  significant loss in chlor ine 
concentra t ion for  both  types  of oxides.  

Metallurgical Characteristics 
Surface roughening.--The SiO2 films grown in 

l a rge  concentra t ions  of chlor ine and chlorine com- 
pounds, or at smal le r  concentrat ions  for longer  du ra -  
t ion show a g ra iny  appearance  when v iewed th rough  
an opt ical  microscope (16, 24, 26). Transmission and 
scanning e lect ron microscopy resul ts  indicate  tha t  this 
is caused by  roughening  of the Si/SiO2 interface.  I t  
has been suggested that  deve lopment  of smooth 
rounded  bumps takes  place  and that  the i r  height  and 
d iamete r  increase wi th  the HC1 concentra t ion (24). 

Elimination of stacking fautts.--Chlorine oxida t ion  
wil l  cause suppression of s tacking faul t  generat ion.  
The e l iminat ion  or shr inkage  of s tacking faul ts  which 
were  a l r eady  present  have also been rea l ized (32-37). 
This improvemen t  has been  a t t r ibu ted  to in terac t ion  
of these defects wi th  vacancies p robab ly  created by  re -  
moval  of silicon atoms dur ing  high t empe ra tu r e  chlo-  
r ine oxidation.  The diffusion of phosphorus  and 
boron takes place at a reduced  ra te  in O2/chlorine 
ambients  (38). Such studies re la ted  to s tacking 
faul t  e l iminat ion  have recent ly  gained considerable  
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impor tance  because of the  poss ible  cor re la t ion  of these 
defects wi th  da rk  cur ren t  spikes in CCD's (39). The ex -  
istence of a s t rong corre la t ion  has been confirmed b y  
Declerck  et al. (37, 40). 

Opt imizing the process m a y  cause some difficulty 
since the  e l iminat ion  of s tacking faul ts  which  a re  a l -  
r e a d y  presen t  requi res  growth  condit ions (1150 ~ 
1240~ 3-6%) which wi l l  resul t  in surface roughening  
and degrada t ion  of o ther  beneficial  p roper t ies  l ike  the  
a t t a inment  of 10w interface  s tate  density,  high dielec-  
t r ic  b r e a k d o w n  s t rength ;  and  good s tab i l i ty  u n d e r  room 
t empera tu r e  bias. These adverse  effects a re  avoided b y  
work ing  at  somewhat  more  modera t e  t empera tu re s  
(1100~176 and concentrat ions  (3-4% HC1), bu t  
under  these condit ions only  genera t ion  of new s tacking 
faults  is prevented.  Thus combinat ion wi th  o ther  me th -  
ods, l ike  the  POGO technique [get ter ing of defe~cts us-  
ing a phosphorus  or Si3N4 deposi t ion on the back  of 
the  sil icon wafer  (41-43)] or damaging  the back  by  
ion implan ta t ion  (which has  a s imi lar  ge t te r ing  effect) 
m a y  be necessary to e l iminate  the s tacking faul ts  (37). 

Electrical Properties 
In  this section the effect of chlor ine  oxida t ion  on dif -  

ferent  e lectr ical  p roper t ies  of MOS structures,  sil icon 
substrates,  and devices a re  discussed and a compar ison 
be tween oxides grown in different  ch lor ine-conta in ing  
species made. In  general ,  all  chlor ine species tend to 
have  s imi lar  effects in improving  the  Si/SiO2 in ter face  
proper t ies .  Nonetheless,  some impor tan t  differences 
have been observed for  typica l  g rowth  conditions.  

Interface state density.--It  is now wel l  es tabl ished 
tha t  a one o rde r  of magn i tude  reduct ion  in in ter face  
s tate  densi ty  can easi ly  be obta ined in the  case of chlo-  
r ine oxides as compared  to oxides grown in ch lor ine-  
free a tmospheres  (Fig. 5) (44-47). In  TCE oxides the  
effect reverses  for TCE/O2 mole  rat ios of more  than  
0.6%, where  an increase in in ter face  s tate  densi ty  is 
obta ined (17). I t  has been suspected tha t  the  reduct ion 
is due to the presence of h igh ly  active hydrogen  or  
O H -  groups produced  dur ing  HC1 or  TCE oxida t ion  
which t ie  up ~ome or al l  of the  dangl ing  bonds  at  the  
in terface  (44, 46, 48, 49). The reduct ion in in ter face  
state densi ty  has also been a t t r ibu ted  to the get ter ing  of 
the  chemical  impur i t ies  (21). 

The  or ien ta t ion  dependence  of the  in ter face  s ta te  
dens i ty  for samples  oxidized in 02 wi th  3%HC1 is s im-  
i l a r  to that  for oxides grown in a ch lor ine- f ree  a tmo-  
sphere  (47). The resul ts  indicate  a h igher  dens i ty  of 
s tates  for  <111>  than  for <10,0~ or ien ted  surfaces. 
Upon pos tmeta l l iza t ion  anneal ing  in N2 at 525~ the  
densit ies reduce for both  or ienta t ions  to the same smal l  
value  (47). There  is no informat ion  on the dependence  
of the  s ta te  densi ty  on the  t empe ra tu r e  and HC1 add i -  
t ive  concentrat ion.  
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Fig. 5. Surface state distribution at the Si/SiO,2 interface far 
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Fixed oxide charge density.--Most authors  agree  
that  chlor ine  oxides do not show significantly reduced  
fixed oxide charge  densit ies  (14, 21, 44-46, 50). How-  
ever,  for TCE the s i tuat ion is not  quite c lear  (51). Re-  
cent ly  a deta i led  analysis  of the dependence  of the  flat-  
band vol tage on the TCE concentra t ion has been con- 
ducted. Min imum oxide charge  was observed for TCE 
concentrat ions of 0.3-0.4% (22). The  charge dens i ty  
was found to increase for h igher  TCE concentrat ions.  

Cleaning e]yect . - -Alkal i  ion contaminat ion,  ma in ly  
in the form of sodium ions in t roduced dur ing  high tem-  
pe ra tu re  processing of semiconductor  devices, resul ts  
in er ra t ic  t u rn -on  vol tages and ins tab i l i ty  of device 
pa rame te r s  under  opera t iona l  stresses. These ions move 
th rough  the insula tor  film under  opera t ional  stresses 
and accumula te  at the Si/SiO2 interface,  inducing an 
equal  amount  of negat ive  charge in the silicon. 

I t  has been observed tha t  the addi t ion  of chlor ine 
dur ing  high t e m p e r a t u r e  oxidat ion  has a significant 
effect in removing sodium ions by  forming volat i le  
chlorides (21, 26). Clean oxides have also been obta ined  
by  s imply  oxidizing the wafer  in Oe or  s team in a fur -  
nace tube which has been prec leaned  by  pro longed ex -  
posure  to an O2/chlorine mixture .  In  this case, the  
cleaning effect might  have been caused by  the re lease  
of t race amounts  of chlor ine  f rom the furnace  tube into 
the  oxidizing ambien t  dur ing  fu r the r  oxidat ion  in the  
ch lor ine- f ree  a tmosphere .  However ,  the  fact that  the  
same level  of s tabi l i ty  was observed for oxides grown 
in ch lor ine- f ree  a tmosphere  (af ter  15 hr  OJHC1 and 
30 min s team purge)  and regu la r  HC1 oxides (6% HC1, 
a f te r  15 hr  OJHC1 purge)  indicates  tha t  prevent ion  of 
contaminat ion  f rom the tube is the essential  point  
(Table  IV).  I t  is also shown in this table  tha t  oxidat ions  
in 6% HC1/O2 and in 0.75% TCE/O2 (which yields ap-  
p rox ima te ly  the same C12 concentrat ion,  see Fig. 3) a re  
comparab le  in the i r  effectiveness in reducing the mo-  
bi le  ion densi ty  (21, 26). This suggests that  pure  C12 
wil l  be equal ly  or perhaps  more effective than  hydro -  
gen-conta in ing  chlor ine compounds in this respect.  

F rom the significant reduct ion in the  r ad i a t i on - in -  
duced oxide  charge obta ined  for s team/HC1 oxides at  
875~ it may  be concluded tha t  even  under  these con- 
dit ions clean oxides can be obta ined (52). This r ad ia -  
t ion- induced  charge  bui ldup is bel ieved to be due to 
the  l ibera t ion  dur ing i r rad ia t ion  of neu t ra l  sodium 
(not mobile  wi th  BT stress) bonded wi th  coulombic 
forces to oxygen  vacancies (53). A s imi lar  reduct ion in 
the amount  of r ad ia t ion- induced  oxide  charge was ob-  
served  by  Aubuchon et al. (54) in oxides  grown in an 
HCl -purged  furnace.  On the o ther  hand, oxides wi th  
high chlor ine concentra t ion show an increased r ad ia -  
t ion- induced  charge. This may  be pa r t l y  due to chlo- 
r ine migra t ion  dur ing  i r radiat ion.  

In the rma l ly  grown oxide, sodium is present  both as 
ionic and as neu t ra l  species (4). The ins tabi l i ty  due to 
incorpora ted  mobile  Na + ions caused by invo lun ta ry  
Na + contaminat ion,  observed af te r  "s tandard  furnace 
cleaning" (Table  IV) appears  to be in sharp contras t  
wi th  the findings of Revesz and Evans (13). Af te r  in-  
ten t ional ly  doping the SiO2 films wi th  1020 Na atoms 
cm-a  dur ing  oxidat ion,  they  observed no significant 
instabi l i ty .  Their  oxidat ion  condit ions and those in 
Ref. (21, 26) appear  to be quite similar .  I t  thus appears  

Table IV. Effect of HCI (26) and TCE (21) 
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that  in Revesz and Evan 's  films, Na was incorpora ted  in 
an immobi le  form, whereas  in the  exper iments  of Table  
IV this e lement  was in mobile  form. Most l ike ly  a t r a n -  
si t ion be tween  these two forms may  occur, but  it  is not  
c lear  under  which conditions.  The question sti l l  r e -  
mains unanswered  if the  cleaning effect is due to the  
format ion  of vola t i le  chlor ide or to the neut ra l iza t ion  
of Na + ions dur ing  chlorine oxidat ion.  

Passivation ef]ect--As discussed in the  previous  sec- 
tion, the incorpora t ion  of sodium ions can be p reven ted  
e i ther  by  prec leaning  the furnace  tube or  by  s imply  
adding  a smal l  percentage  of chlorine to the  oxidat ion 
ambient .  By definition, the  cleaning action of chlor ine 
cannot ex tend beyond the the rmal  oxida t ion  step. 
However ,  for the  fabr ica t ion  of devices a number  of 
addi t ional  steps, l ike pho to l i thography  and meta l l i za -  
tion, are  requ i red  which can again in t roduce  significant 
amounts  of sodium and resul t  in device degradat ion.  

I t  has been observed tha t  chlor ine oxides  grown un-  
der  appropr ia t e  conditions, i.e., at a reasonably  high 
t empera tu re  wi th  a fa i r ly  la rge  chlor ine  concentra t ion 
and for  a sufficient length  of time, can effectively a l -  
leviate  the undes i rab le  e lect r ica l  effects of sodium even 
if the contaminant  is in t roduced af ter  h igh t e m p e r a t u r e  
oxidat ion (24, 26, 55, 56). This wi l l  most  l ike ly  resul t  in 
the high chlorine concentra t ion near  the Si/SiO2 in te r -  
face which is appa ren t ly  necessary  to pass ivate  the  
SiO2 film, i.e., to neut ra l ize  Na + ions at the interface.  
The conclusion about  Na + neut ra l iza t ion  at the  S i /  
SiO2 in ter face  is based on rad io t race r  and C-V da ta  
obta ined on in ten t iona l ly  con tamina ted  chlor ine oxide  
films (6% HC1 at 1150~ af ter  BT stress. The rad io-  
t r ace r  da ta  show a r e l a t ive ly  high sodium concent ra-  
t ion near  the in ter face  (Fig. 6) (56). The C-V charac-  
terist ics measured  on ident ical  devices show no app re -  
ciable shift. This indicates  tha t  sodium ions lose the i r  
charge af ter  in terac t ing  wi th  chlor ine a l r e a dy  presen t  
at the  Si/SiO2 in ter face  and tha t  the  charge must  be 
t r ans fe r red  to the  Mlicon electrode.  Once sodium ions 
lose thei r  charge, they  are bel ieved to be s t rongly  
t r apped  or bonded wi th  chlorine. Van der  Meulen et al. 
(27) are  of the view that  sodium ions af te r  in terac t ing  
with  chlor ine may  be neutral ized,  but  that  they  are not  
necessar i ly  immobile.  The exact  mechanism of charge 
t ransfe r  to the silicon e lect rode is not unders tood 
(26, 55, 57). 

The deve lopment  of pass ivat ion  takes  place suddenly  
in a na r row range  of HC1 concentrat ions  be tween  3 and 
4% for devices having sodium contaminat ion  levels  of 
the order  of 10 TM ions /cm 2 (Fig. 7). A significant incor-  
pora t ion of chlor ine (10-15 • 1014 a toms /cm 2) pa r t i c -  
u la r ly  for 3-4% HC1 at 1200~ has  recen t ly  been ob-  
served and its possible cor re la t ion  wi th  threshold  be-  
havior  in pass ivat ion discussed (Fig. 8) (58). This in-  
dicates that  pass ivat ion is achieved once a cer ta in  min -  
imum level  of chlorine is incorpora ted  in the SiO2 
film. However ,  this th reshold l ike  behavior  of pass iva-  
t ion is not understood.  A s imi lar  th reshold l ike  behavior  
has been found for TCE oxides (17). Kr ieg le r  (24) ob-  
served tha t  the pass ivat ion  efficiency is independen t  of 
the sodium contaminat ion  level  up to a va lue  of 
4 • 10 TM ions /cm 2. The findings of Van der  Meulen  
et al. (27) for h igher  contaminat ion  levels  (1012-1014 
ions /cm 2) indicate  tha t  only  one - th i rd  of the  to ta l  so-  

on mobile ion density in thermally grown Si02 

HCI 
1200~ 2-I0-2 min dry-wet-dry cycle, Ns anneal, I0 min 

Sample  descr ip t ion  
Ion  dens i ty  

( ion/cm~) 

TCE 
1100~ 30 rain d ry  oxidation,  N~ anneal ,  10 min  

Ion density 
Sample description (ion/cm s) 

No HCI, g r o w n  a f t e r  s t anda rd  (HF r inse ,  6 h r  
s t e a m  p u r g e  at  1200~ c leaning of f u r n a c e  
t ube  

6% HC1, g row n  wi thou t  any p rev ious  exposure  
of t ube  to HC1 

6% HC1, g r o w n  a f t e r  15 h r  p u r g e  wi th  6% HC1/O~ 

No HC1, g row n  a f t e r  f u r t h e r  30 rain s t e a m  p u r g e  

26 x 10 Io 

12 • 10 ~~ 

1.2 X 10 ~o 

1.4 x 10 ~o 

No TCE, g ro wn  a f t e r  s t a n d a r d  (HF and  H~O 3 • 10 'o 
r inse)  f u r n a c e  tube  c lean ing  

No TCE, g r o w n  a f t e r  30 min  p u r g e  wi th  0.75% i0 ~o 
TCE/Os 

No TCE, g r o w n  a f t e r  2 h r  p u r g e  wi th  0.75% 3-6 • 10 ~o 
TCE/Os 

No TCE, g r o w n  a f t e r  15 h r  p u r g e  w i th  0.75% 2 • 109 
TCE/O~ 
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Fig. 6. Radiotracer data on Na 22 distribution in a 6% HCI oxide 
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Fig. 7. Dependence of effective mobile ion density in Na- 
contaminated HCI oxide films on HCI concentration added during 
oxidation (T, 1150~ tox, 34 min) (24). 

25 

2 0 -  + 

..~ 0 0 

1 5 -  o 
- -0 .8  

I.iJ 7 

X F-- 

,3 I I 1 I 
0 2 4 6 8 ~0 

HCI IN GAS PHASE (tool %) 

Fig. 8. Dependence of chlorine concentration (solid circles) and 
sodium passivation (open circles) on HCI concentration added to 
02 ambient during oxidation (T ---- 1200~ fox ---- 30 min; con- 
tamination level, 3 X 10 TM Na ions/cm2), p ---- (NMob - -  Nfc)/ 
N~,~ob. N~ob, mobile ion density; N~c, number of unneutralized 
Na + ions after BT stress (58). 

is the same (Table V). A m i n i m u m  tempera ture  larger 
than 1050~ is required to obtain any effect at all. 
Raising the tempera ture  to 1150 ~ or 1200~ does not  
result  in a significant improvement  in passivation prop- 
erty at least for devices having a sodium ion densi ty of 
the order of 10 TM ions/cm 2 (Table VI) (26). 

Room temperature bias instabffity.--At very  high 
fields (>5  MV cm -1) chlorine oxide films exhibit  in -  
stabil i ty of a magni tude  not found for the oxides grown 
in a chlor ine-free atmosphere (28, 59, 60). O2/HC1 
grown layers exhibit  only negat ive flatband voltage 
shifts for negative gate voltages (Fig. 9) along with a 
distortion of the C-V curves indicat ing generat ion of 
surface states (28-59). These effects show a pronounced 
dependence on the stressing field and on the chlorine 
concentrat ion (28, 60). 

More complex shifts have been reported for C12 ox- 
ide (Fig. 10). They occur for both polarities of the 

Table V. Ef{ectiveness of HCI and CI2 concentrations on the 
passivation characteristics of the oxide films grown at 1150~ 

for 30 min on < 1 0 0 >  Si. Na+-contaminated aluminum 
electrode. Stressing condition: 250~ 5 min, 

5 X 105 V/cm (26) 

Thick- Equivalent 
Sample ness VFB- VFB + ion density 

d e s c r i p t i o n  (nm) (V) (V) ( 101o/cm e ) 

d ium ions are immobile  in the SiOe films with high 
chlorine concentrat ions (~10 ~~ a toms/cm ~, 1150~ 
9% tIC1). It thus appears that  complete neutra l izat ion 
and immobil izat ion of sodium ions are possible only up 
to a cer ta in  level of contaminat ion (~101~ ions/cm 2) 
and that  at higher Na + levels the effectiveness of the 
chlorine in the film to trap Na + drops off markedly.  
The observation that  TCE oxides are not effective at 
high levels of contaminat ion (>10 TM ions /cm 2) can be 
a t t r ibuted  to this fact (21). A systematic s tudy with 
different chlorine ~nd sodium concentrat ions would be 
required to obtain bet ter  unders tand ing  of the phe-  
nomenon.  

The same order of equivalent  ion density, which is 
indicative of the level of passivation, can be achieved 
for HC1 and C12 at a given tempera ture  and oxidation 
t ime when the total  amount  of chlorine in the gas phase 

Dry 02 105 - 0.18 - 2.1 41.4 
1.5% C h  156 - 0.74 - 0.9 11.9 
3.0% HC1 134 -- 0.22 - 0.65 10.0 
2.5% CI~ 167 - 0 . 1 6  - 0 . 1  1.2 
5.0% HCI 148 -- 0.23 - 0.1 1.4 

Table VI. Dependence of HCI passivation on oxidation 
temperature. Na +-contaminated aluminum electrode. 
Stressing condition: 250~ 5 mln, 5 X 105 V/cm (26) 

Temper- Thick- 
HCI:O~ ature Time ness VF~ § 

(mole %) (~ (rain) (nm) (V) 

0 1150 48 148 - 6 . 5  
6 1200 24.5 148 - 0 . 0 5  
6 1150 34 151 - 0 . 1  
6 1100 44 146 - 0 . 4  
6 1050 76 149 - 5 . 9  
6 1000 150 146 - -6 .3  
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Fig. 9. Change of flatband voltage with time under negative 
bias in HCI oxide film. Parameter: applied voltage (28). 
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Fig. 10. Change of flatband voltage with time under negative 
bias in CI2 oxide film. Parameter: applied voltage (28). 

stressing voltage and their  direction depends on that  
of the bias, suggesting that  both negative and positive 
charges must  be present. However, NBS measurements  
on such samples failed to show any changes in the C1 
profiles on stressing. At very  high fields (8 MV cm -1) 
again interface states are being generated (28, 59). The 
mechanism behind these shifts is as yet unknown.  A 
similar but  less pronounced instabi l i ty  has been ob- 
served in TCE oxides (22). 

Minority carrier lifetime.--It is now well  established 
that many  high tempera ture  processing step in  silicon 
device fabricat ion result  in decreased minor i ty  carrier 
lifetimes. This adversely affects device characteristics 
like storage t ime and leakage currents.  The reduct ion 
in minor i ty  carrier  l ifet ime is believed due to the pres- 
ence of heavy metal  impurities,  e.g., Au, Cu, Fe, and 
Mg, which create recombinat ion generat ion centers in 
the forbidden energy gap of silicon~ Different gettering 
techniques with KCN, V20~, boron, or phosphorus have 
been used to control this parameter  (61-63). 

Recent studies have shown that the minor i ty  carrier 
l ifetime can be improved by two to three orders of mag-  
ni tude using a chlorine oxidation technique (64-67) 
(Fig. 11). This process probably removes the metall ic 
impurit ies in the form of volatile chlorides. Cle (2%) 
is more effective than  HC1 (3%) in removing the 
metals (Fig. 11). The significant effect of TCE can be 
concluded from storage t ime data. This parameter  is 
found to increase from seconds to minutes  after TCE 
oxidation (19, 22). 

Results of experiments  with a HC1 oxidation source 
indicate that the improvement  can be retained dur ing 
oxidation in a chlorine-free atmosphere once the im-  
purit ies are removed by HC1 oxidation (Fig. 12). Se- 
quent ial  growth studies, i.e., growth of oxide in chlo- 
r ine-free  atmosphere (25 nm) followed by HC1 oxida- 
t ion have shown improvements  similar  to  those ob- 
served in oxides grown completely with O2/HC1. How- 
ever, anneal ing of oxide films grown in chlorine-free 
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Fig. 11. Effect of C12 and HCI oxidation on statistical distribu- 
tion of inversion times (66). 
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Fig. 12. Permanence of improvement in inversion times after 
HCI gettering at 1000~ (a) After dry 02 oxidation; (b) after 
oxidation in 3% HCI/O2; (c) after HCI oxide etching, regrowth 
in 02 (66). 

atmosphere (50 nm)  in 3% HC1/N2, i.e., in an oxygen-  
free ambient,  leads to short inversion times. An in-  
crease in  l ifetime was observed with the increase in  
oxidation tempera ture  from 850 ~ to ll5O~ and addi-  
tive concentrat ion from 1 to 6% HC1 (66). However, a 
low additive concentrat ion is desirable to have good 
control over oxidation rates and to prevent  surface 
roughening.  

Ronen and Robinson (65) have suggested that  the 
above-ment ioned improvements  can only be realized 
when good quali ty bulk  crystals with low oxygen con- 
tent  are being used to begin with. This point  deserves 
fur ther  study. Also, the optimization of the process 
temperature  and of the additive concentrat ion for dif- 
ferent  compounds is still to be carried out. 

Dielectric breakdown.--Oxide defects and alkali ion 
contaminat ion are the main  factors responsible for poor 
breakdown characteristics of MOSFET gates. While 
s tudying the effects of different process variations on 
oxide defects, i.e., spots with low breakdown strength, 
it was first observed that the defect density is consid- 
erably reduced by oxidizing the silicon wafers in a 
mix ture  of HC1 and 02. Even prior cleaning of the 
furnace tube with 6% O2/HC1 at 1t50~ followed by 
oxidation, results in  a 60% reduct ion of the defect 
density (68, 69). 

A detailed study using different ha logen-conta in ing 
species like HC1, C12, TCE, HBr, and CC14 has been 
carried out by Osburn (69). All additives lead to re-  
duced defect densities. A mi n i mum defect density was 
observed for the oxides grown in  a 3% HC1 ambient  
(Fig. 13). This ambient  gives a pronounced effect at 
1%. In  general, the results indicate that  for all additives 
the lowest defect density can be achieved at concentra-  
tions about a factor of two below those which produce 
nonuni form films. Figure 14 indicates the improvement  
observed in the statistical dis t r ibut ion of the break-  
down voltages for oxides grown in 3% HCI or 2% C12. 

Analogous to oxides grown in chlorine-free atmo- 
sphere, the defect density in  HC1 oxide increases with 
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oxida t ion  t empera tu re ,  as can be seen f rom the Fig. 15. 
This enhancement  in defect  dens i ty  becomes ve ry  p ro -  
nounced at  1150~C; HC1 oxides grown at this t e m p e r a -  
tu re  or h igher  lose the i r  favorable  b r eakdown  charac-  
terist ics (69). 

Fo r  2% HC1 oxides accelera ted  b r eakdown  tests have  
shown an increase  in w e a r - o u t  t ime of up to two orders  
of magni tude  over  those grown in pure  02 at  1000~ 
Also, the  spread  in fa i lu re  t imes is reduced.  This in-  
crease in w e a r - o u t  t imes is bel ieved to be due to a re -  
t a rda t ion  of the  so-cal led e lec t rochemica l - type  degra -  
dat ion dur ing  accelera ted  s t ress ing (69). 

C12 oxides grown at  1000 C showed shor te r  w e a r -  
out t imes than  oxides g rown in a ch lor ine- f ree  a tmo-  
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Fig. 15. Dependence of defect density on oxidation temperature 
for dry and HCI oxide (69). 

sphere.  This resul t  is somewhat  surpr is ing  because  C12 
oxides are  super ior  to HC1 oxides wi th  r ega rd  to im-  
proving  the in i t ia l  b r eakdown  character is t ics  (69). 

Inves t igat ions  of the  dependence  of the  w e a r - o u t  
t ime on the addi t ive  concentra t ion have shown tha t  
this dependence  is a lmost  l inear  up to 3% HC1. The 
posi t ive dependence  continues up to 6% HC1 and sa t -  
ura tes  only at  this concentrat ion.  The w e a r - o u t  t ime 
also increases  wi th  oxida t ion  t empera tu re .  To obta in  
any  improvemen t  a t  a l l  an oxidat ion  t e m p e r a t u r e  
above  850~ is required.  At  the  same t e m p e r a t u r e  
(850~ a m in imum defect  dens i ty  (Fig. 15) is ob-  
served. In  contrast,  the  films grown at  1150~ show 
poor  in i t ia l  b r eakdown  character is t ics  but  m a x i m u m  
w e a r - o u t  times. This indicates  tha t  these two p a r a m -  
eters  a r e  influenced di f ferent ly  by  the presence of HCI 
in the  oxida t ion  ambien t  (69). 

In  general ,  addi t ives  l ike  HBr  and C2HC18 which 
contain both halogen and hydrogen  improve  the  d i -  
electr ic  in tegr i ty  of the  SiO~ films. On the o ther  hand, 
C12 and CC14 also cause adverse  effects l ike shor te r  
w e a r - o u t  times. I t  seems reasonable  to suspect  tha t  the  
difference be tween  the two groups of addi t ives  is due 
to the  presence of the  reac t ion  product  H20 in the  a m -  
b ient  for  the  first group of mater ia ls .  This m a y  reduce  
the  a t tack  of chlor ine on the sil icon surface. As ex -  
pected,  chlor ine oxida t ion  also yields  improved  b r e a k -  
down character is t ics  in  devices in ten t iona l ly  contami-  
na ted  wi th  sodium (69). 

Device pe r fo rma~ce . - - In  this sect ion we summar ize  
the improvements  in character is t ics  observed  for de-  
vices fabr ica ted  using chlor ine  oxidat ion.  Mesa - type  
ep i tax ia l  SOS bipolar  t rans is tors  have shown low 
leakage  current ,  improved  fo rward  and reverse  charac -  
teristics,  and increased b r e a k d o w n  voltage. This effect 
is p robab ly  due to the  r emova l  of meta l l ic  impur i t ies  
which  resul ts  in increased mino r i t y  car r ie r  l i fet imes,  as 
demons t ra ted  in Fig. 16. The low f requency  gain  of the  
devices was increased  by  a factor  of two to ten af te r  
chlor ine  oxidat ion.  A significant increase  in the  base 
t rans i t  t ime  and the minor i ty  car r ie r  l i fe t ime has also 
been noted (65). 

A1- and S i -ga te  MOS t ransis tors  have been f ab r i -  
cated to compare  the over -a l l  pe r formance  of chlor ine-  
oxidized devices wi th  those wi th  oxides grown in a 
ch lor ine- f ree  a tmosphere  and also to see the  possible  
effect of fu r the r  processing on proper t ies  of chlor ine  
oxides.  The devices hav ing  chlor ine  gate oxides were  
found to be more  s table  (23). 

Three  phase  polysi l icon CCD's, de lay  lines, analog 
memories,  and image sensors using TCE oxide/SigN4 
as a gate  insula tor  exhib i t  improved  per formance  (40). 
CCD's fabr ica ted  wi th  TCE oxide as a gate  insula tor  
show signif icantly h igher  s torage t ime (by  one to two 
o rde r  of magni tude)  than oxides grown in a ch lor ine-  
f ree  a tmosphere  (70). The increase  in bu lk  genera t ion  
l i fe t ime to 300-350 ~sec and the low surface genera t ion  
veloci ty  (0.3-0.4 cm/sec)  resul ts  in d a r k  currents  as 
low as 5 nA/cm2 for normal  CCD operat ion.  Da rk  cur -  
rent  spikes a re  cons iderably  reduced.  

Conclusions 
The wide improvemen t  observed  in Si/SiO~ in ter face  

proper t ies  using HC1 wi th  the  oxida t ion  process c lear ly  
indicates  its super io r i ty  over  o ther  ch lor ine-conta in ing  
species. Even though C12 is one of the  more  effective 
ge t te r ing  agents,  its l a rge  reac t iv i ty  toward  the sil icon 
surface even at  modera te  t empera tu re s  and concentra-  
tions is a drawback .  The corrosive na tu re  of HC1 and 
the  problems  wi th  handl ing  this ma te r i a l  have  ins t i -  
gated the  search for more  manageab le  chlor ine  add i -  
t ives wi th  s imi lar  propert ies .  Here  TCE appears  to be 
r a the r  a t t rac t ive  since i t  is much easier  to handle,  con- 
tains sufficient chlorine to show effective get ter ing,  and 
also provides  a source of hydrogen.  However ,  the  
avai lab le  da ta  on TCE oxida t ion  are  st i l l  r a the r  l im-  
ited. 

I t  m a y  be seen f rom this rev iew that  it  is impossible  
t o o p t i m i z e  the  process condit ions for al l  pa rame te r s  a t  
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Fig. 16. Improvement in the I-V characteristics of collector-base 
and emitter-base junctions in SOS bipolar transistor after HCI~ 
getteriag (I % CI2, 2 hr at 950~ (65). 

the  same time. Specifically, r a the r  different  g rowth  
conditions are  r equ i red  for achieving good dielectr ic  
b r e a k d o w n  character is t ics  and for pass iva t ion  and 
e l iminat ion  of a s -g rown  s tacking faul ts  or  defects. 
Here  one has to compromise  depending on the na tu re  of 
the devices. Except  for the last  two effects, al l  possible 
improvements  can be rea l ized  to a reasonable  ex ten t  
by  growing the oxide at  l l00~ with  3% HC1. F u r t h e r -  
more, one m a y  expect  that  if the  furnace  tube has been 
prec leaned and r e l a t i ve ly  l i t t le  contaminat ion  wil l  oc- 
cur dur ing  fu r the r  processing, addi t ion  of 4-5% HC1 
at the  same t empe ra tu r e  may  yie ld  a reasonably  good 
passivat ion.  

Wi th  TCE all  improvements  could be rea l ized in the  
t e m p e r a t u r e  range  of ll00~176 and at concen- 
t ra t ions  of 0.3-0.4% TCE. Only the  high process t em-  
pe ra tu re  is a d i sadvantage  of this chlor ine  compound.  

Note added in proo].--Since this manuscr ip t  was 
comple ted  a few publ icat ions  pe r t inen t  to the  subjec t  
ma t t e r  of this rev iew appeared.  References  (71-73) 
presen t  more  extens ive  da ta  on the effect of Clz and 
HCI on oxidat ion  kinetics,  roughening of the  sil icon 
surface, and negat ive  bias ins tabi l i ty ,  respect ively.  P a r -  
t i cu la r ly  in teres t ing  is the conclusion of Monkowski  
et al. (74) tha t  a second phase  is formed near  the  St /  
SiO2 in ter face  dur ing  chlor ine  oxidat ion.  A s tudy  by  
Pearce  and Rozgonyi (75) appears  to indicate  that  the  
effectiveness of chlor ine  in suppressing or e l iminat ing  
ox ida t ion- induced  s tacking faul ts  is ma in ly  due to the  
get ter ing  of in te rs t i t i a l  oxygen  f rom the bu lk  of the  
silicon by  this element.  
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Electrical Activation of Implanted Arsenic in 
Silicon during Low Temperature Anneal 

Hidetoshi Nishi, Teruo Sakurai, and Tsuneo Furuya 
Fujitsu Laboratories Limited, 1015 Kamikodanaka, Na~aharaku, Kawasaki 211, Japan 

ABSTRACT 

The correlation between the electrical activation of implanted As in Si 
and the recrystallization of the amorphous layers during low temperature an- 
neals at 440~176 is studied by Hall effect measurements and glancing in- 
cidence channeling analysis, q he results show that the activation process 
is described well by a simple epitaxial regrowth model. Implanted As atoms 
are electrically activated during the recrystal]ization with an activation en- 
ergy ~2.7 eV. The electrical activation depends strongly on the crystal 
orientation of the wafer. In (i00) oriented wafers the activation rate is high- 
est, and we can achieve almost complete activity. However, in (ii0) and (iii) 
oriented wafers, about 20 and 35% of As atoms are unactivated, respectively. 
It is confirmed from channeling analysis that lattice disorder remains in 
(110) and (111) oriented wafers. It is speculated that these defects act pos- 
sibly as carrier compensating centers, thereby reducing the electrical activity. 

Many investigators have been interested in a de- 
tailed understanding of the correlation between elec- 
trical activation of implanted dopants and the re- 
ordering of lattice damage created by ion implantation 
after annealing (1-4). For high dose implantation, if 
a continuous amorphous layer to the surface is formed 
during implantation, this layer will regrow epitaxially 

Key words: ion implantation, orientation dependence, epitaxial 
regrowth, reerystallization. 

on the underlying crystalline substrate during an- 
nealing at temperatures around 600~ (5). A simul- 
taneous reduction of the sheet resistivity is observed 
in this temperature range, indicating that the im- 
planted dopants are incorporated onto lattice sites (6). 

Channeling effect measurement is a useful tool for 
directly observing reordering of lattice disorder. Re- 
cent works of Csepregi et al. show that the regrowth 
of amorphous Si layers formed by self-ion (Si +) ira- 
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plantat ions is l inear  with t ime wi th  an activation en-  
ergy of 2.3 eV (7). It  has also been observed that  
there are marked differences in  the regrowth behavior 
depending on the crystal or ientat ion of the wafers (8). 
It  is reasonable to believe that  the or ienta t ion-depen-  
dent  regrowth behavior  will affect the electrical acti- 
vation of an implan ted  dopant, and will also be re-  
flected in the anneal ing behavior  at high temperature  
around 100O~ (9). 

The purpose of the present  paper, then, is to study 
the electrical activation of high dose implanted As in  
Si dur ing the recrystal l ization process and the effect 
of crystal or ientat ion on electrical activation. The elec- 
trical evaluat ion of the implanted layers, such as an-  
neal ing characteristics of sheet carrier concentrations 
or carrier profiles, were made by Hall effect measure-  
ments. Glancing incidence channel ing analysis was 
employed to observe recrystal l ization occurring some 
hundreds  of angstroms beneath  the surface for com- 
parison with the electrical act ivation behavior. The 
glancing incidence channel ing technique has recent ly 
been demonstrated by Williams to be a powerful  
method for invest igat ing disorder distr ibutions with a 
depth resolution of a few tens of angstroms (10). 

First  we discuss the electrical activation behavior  
which can be explained by a simple epitaxial  regrowth 
model. Next, we discuss the effect of crystal orientat ion 
of the wafers on the electrical activation. 

Experimental  
The samples used in  the present  work were epitaxi-  

ally grown p- type Si with resistivities of 1-5 ~-cm.  The 
crystal orientations of the wafers were (100), (110), 
and (111). The As implantat ions  were carried out at 
100 keV with substrate at room temperature.  The im-  
planted dose was 1 X 10 TM cm -~, and the dose rates 
ranged from 0.5 to 1.0 X 10 ~2 cm-~ sec-L The critical 
dose for forming an amorphous layer  by 1OO keV As 
implanta t ion  is around 3 X 1014 cm -2 (6), so the dose 
studied in  these experiments  was sufficient to create 
continuous amorphous layers. Annea l ing  of the im-  
planted specimens was done in  a dry ni t rogen atmo- 
sphere at temperatures  ranging from 440 ~ to 650~ 

Electrical evaluat ion of the implanted layer  was 
made using Hall effect and sheet resistivity measure-  
ments  using a van  der Pauw structure. Before As im-  
planta t ion the electrical contact areas for the Hall 
measurements  were formed by a phosphorus diffusion 
with a surface concentrat ion of 1 X 102~ cm -3 and a 
junct ion depth of about 1.5 ~m. Carrier profiles were 
then determined from Hall effect and sheet resistivity 
measurements  uti l izing anodic oxidation and HF strip- 
ping methods. The thickness of anodic oxides was esti- 
mated by ellipsometry. The conversion ratio from SiO2 
thickness to etched layer  thickness was determined 
using a Talystep and was found to be 0.58 ~- 0.03. 

The glancing incidence backscattering and channel-  
ing analysis were performed using 1.5 MeV He + ions. 
The incident  direction of a beam was aligned with the 
<101> axis of a (110) oriented sample by t i l t ing the 
sample 60 ~ away from the <110> axis along the (111) 
plane. The backscattered ions through an angle of 
165 ~ (of about 75 ~ with respect to the surface normal)  
were detected by a solid-state detector. The directions 
of the <110> axes of the (110) samples deviated 5 ~ at 
max imum from the surface normal  of the samples. The 
energy resolution of the measur ing system was about  
13 keV. Corresponding depth resolution depended on 
the deviation of the direction of <110> axis from that 
of the surface normal  and was 90-65A. The thickness 
of the amorphous layers was determined using the 
stopping power data by Ziegler and Chu (11). 

Results and Discussions 
Recry,staIlization o$ amorphous layers.--Recrystal- 

lization behavior of the amorphous layers created by 
100 keV As implanta t ion  to a dose of 1 X 10 ~5 cm -~ 
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Fig. 1. Backscattering energy spectra for 1.5 MeV He ions di- 
rected along the < 1 0 1 >  (upper) and the < 1 1 0 >  (lower) of the 
(110) oriented Si. The spectrum indicated by the closed circles 
corresponds As 1 X 1015 cm -2  as-implanted. The open circles 
and + marks show the spectra after anneal at 500~ for 60 
and 200 rain, respectively. 

was observed using glancing incidence channel ing 
analysis. The upper  par t  of Fig. 1 shows the backscat- 
tering spectra resul t ing from 1.5 MeV He ions directed 
along the <101> axis of (110) oriented specimens. 
Data indicated by the open circles and by + marks  
correspond to the spectrum obtained after anneals  at 
500~ for 60 and 200 min, respectively, and the closed 
circles correspond to as- implanted.  The aligned spectra 
for <110> directions of the same samples were also 
measured and the results are shown in the lower part  
of Fig. 1 for comparison. As can be seen from the fig- 
ure, the amorphous layer  on the under ly ing  crystall ine 
substrate is characterized by a steplike shape. The 
thickness of the amorphous layer  can be estimated 
from the energy width at half -height  of the step using 
the stopping power data (11). 

The improvement  of the depth resolution offered by 
uti l izing the glancing incidence channel ing  technique 
can be easily seen by comparing the two corresponding 
spectra shown in the upper  and the lower parts  of Fig. 
1. For example, in the <110> spectrum for the 60 min 
annealed sample, the surface peak does not coincide 
with random yield, however,  in  <101> spectrum we 
can clearly observe that  a th in  amorphous layer  still 
remains. 

From the spectrum indicated by the closed circles in  
Fig. 1, it is seen that  a continuous amorphous layer  of 
thickness 1100 • 90A was formed due to the implan ta -  
tion. After  the anneal  for 60 min  at 500~ this amor-  
phous layer  was reduced to 440 • 70A, indicat ing that  
the amorphous layer regrew epitaxial ly f rom the crys- 
tal l ine substrate to the surface with a regrowth veloc- 
ity of about 11 A/rain.  The amorphous layer  is ful ly 
annealed as shown in  the spectrum for 200 rain anneal,  
however, the spectrum still indicates that a small  frac- 
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OA. 

10 zl 
o 500"C 200min 

D 500"C 60 rain 
�9 BS data 

'2 

z 102o 
F- ,1 
~C 
r'r" 
I,- 
Z 
W 
(.b �9 ~ 
Z 
O 

1019 �9 m 

D ~ 
�9 m 

(..) 

0 

,8 I I I I I I I0 
0 200 400 600 800 1000 1200 1400 

DEPTH (,~.) 

Fig. 3. Carrier profiles obtained from the data shown in Fig. 2. 
The depth distribution of As atoms is also shown indicated by 
the closed circles. The solid line represents the Gaussian profile 
with Rp 600A and ARp 240A. 

t ion of d i sorder  remains  in  the  recrys ta l l ized  l ayer ;  
this  is ment ioned  in a l a t e r  section re la t ing  to the  
o r i en ta t ion -dependen t  e lect r ica l  act ivi ty.  

Car r i e r  profiles were  obta ined  f rom the same set of 
samples  used in the  channel ing analysis.  In  Fig. 2, the  
measured  Ns's a re  p lo t ted  as a function of the e tched 
depth.  The  resul t ing  ca r r i e r  profiles a re  shown in Fig. 
3 toge the r  wi th  the  dep th  d i s t r ibu t ion  of As a toms ob-  
ta ined  by  the glancing incidence backsca t t e r ing  ana ly -  
sis. In  both  figures the  da ta  ind ica ted  by  the squares  
and the open circles r epresen t  the  resul ts  for  60 and 
200 min  anneals,  respect ively .  As is seen in Fig. 2, the  
measured  N~'s for the  60 min  annealed  sample  ex -  
h ib i ted  no change f rom the surface to a depth  of 
a round 440A, denoted  by  DA in the figure. In  the  region 
deeper  than  440A, however ,  the  N~'s for the  60 min  
annea led  sample  coincide wel l  wi th  tha t  of the  200 min  
annea led  sample.  Consider ing tha t  the  amorphous  l aye r  

E L E C T R I C A L  A C T I V A T I O N  O F  A s  IN Si  4 6 3  

r eg rew  to a reduced  thickness  of about  440A af te r  the  
6 0  min anneal  at  500~ i t  is seen tha t  the  ionized ca r -  
r ie rs  exis t  only in the  recrys ta l l i zed  layer ,  wi th  the  
act ivat ion occurr ing f rom the  amorphous /c rys t a l l i ne  
in ter face  to the  surface corresponding to the  r eg rowth  
of the amorphous  layer .  We now in t roduce  an ep i tax ia l  
r eg rowth  model  and compare  i t  wi th  the  electr ical  
ac t iva t ion  behavior .  

Epitaxial ~egrowth modeL--Based on the conclusion, 
as descr ibed above, tha t  e lect r ica l  ac t iva t ion  of im-  
p lan ted  As atoms occurs only in the  recrys ta l l i zed  
layer ,  we make  the fol lowing th ree  assumptions:  (i)  
e lect r ica l  act ivat ion rat io,  ~ ( the number  of car r ie rs  in  
uni t  a rea  pe r  implan ted  dose) ,  is constant  th roughout  
a recrys ta l l i zed  layer ;  (ii) amorphous  l aye r  c rea ted  by  
As implan ta t ion  regrows  wi th  a constant  velocity,  v, 
at  anneal ing  tempera ture ,  TA; and (iii) v is i ndepend-  
ent  of As concentrations.  Therefore ,  for  an  As a tom 
dis t r ibut ion  wi th  a Gauss ian  profile r ep resen ted  by  the  
range  pa rame te r s  Ep and ~Rp, the  sheet  ca r r ie r  con- 
centrat ion,  Ns(t), af ter  an anneal  for t ime t at  a t em-  
pe ra tu re  TA is descr ibed by  the fol lowing equat ion  

r y:A { (x--RP)~ } d x  [1 ] 
Ns(t) - -  ~/'~hR---------p exp - - .  2ARp 2 

where  DA --  Do --  vt, r is the  implan ted  dose, and Do 
and DA represent  the  thicknesses  of the  amorphous  
l aye r  af ter  the  implan ta t ion  and the anneal ,  respec-  
t ively.  

To compare  this model  wi th  exper imen ta l  results ,  
the  range  parameters ,  Rp and hEp, were  es t imated 
f rom the glancing incidence backsca t te r ing  da ta  shown 
in Fig. 3 indica ted  by  the closed circles. The  solid l ine  
in the  figure represents  a Gauss ian  profile wi th  Rp 
600A and ARp 240A. These values  agree  wel l  w i th  those 
repor ted  by  Sigmon et al. (12). The d is t r ibu t ion  of 
As atoms fits wel l  to the  Gauss ian  profile except  close 
to the surface and the region deeper  than  1000A. 

Compar ison of the  exper imen ta l  resul ts  wi th  the  
ca lcula ted  ones for a (100) or ien ted  sample  annea led  
i so the rmal ly  at  460~ is shown in Fig. 4. The ca lcula ted  
curve (solid l ine)  was der ived  f rom Eq. [1] using 
range  parameters ,  Rp ---- 600.k and hRp _-- 240A, which 
were  de t e rmined  by  the  glancing incidence backsca t -  
ter ing analysis  and by  using o ther  pa rame te r s  such as 
Do ---- 1400A, ~1 = 0.95, and v --  3.5 A/ra in .  The va lue  
of ~ depends s t rongly  on the crys ta l  or ien ta t ion  of the 
wafer ;  this  is descr ibed in the  nex t  section. In  eve ry  
calculat ion ~l was de te rmined  f rom the sa tura t ion  va lue  
of Ns obta ined af te r  a sufficiently long anneal .  The 
value  of Do used in  eve ry  calcula t ion is about  300A 
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Fig. 4. Comparison of the experimental results with the calcu- 
lated using the epitaxial regrowth model. The sample was (100) 
oriented and annealed at 460~ 
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l a rge r  than tha t  obta ined  by  glancing incidence chan-  
nel ing analysis;  this is also discussed la ter .  Agreemen t  
be tween  the exper imen ta l  and ca lcula ted  values  a r e  

quite  good, except  at the  ini t ia l  s tage of the  annealing.  
For  the epi tax ia l  r eg rowth  model,  we adopt  the  as-  

sumpt ion tha t  As atoms are  ac t iva ted  wi th  a constant  
act ivat ion ra t io  in the whole  r eg rown layer .  To jus t i fy  
this assumpt ion we examine  (111) or iented wafers  in 
which the activity,  ~], is only  about  65% as is descr ibed 
in the  nex t  section. The results  for anneal ing  at  500~ 
are  shown in Fig. 5. The solid l ine in the  figure r ep re -  
sents the ca lcula ted  resul t  f rom Eq. [1] wi th  the  con- 
di t ion that  ~l is 0.65 and v is 1.3 A /min .  Calculat ion 
was also made  for  the assumption t h a t  the  car r ie r  
concentrat ion is l imi ted  to a cer ta in  value.  To obta in  
the  same activi ty,  65%, for the  whole  recrys ta l l ized  
layer ,  we assume tha t  this  l imi t  is 1.2 X 1020 cm -8 and 
the ac t iv i ty  is 100% for As concentra t ion be low this 
l imit .  The ca lcu la ted  resul t  is shown by  the dashed 
l ine in Fig. 5. The solid l ine fits the  exper imen ta l  r e -  
sults be t te r  than  the dashed line, p roving  tha t  the  ac-  
t iva t ion ra t io  is constant  in  the  whole  region and no 
observable  sa tura t ion  of car r ie rs  occurs for the  dose 
of 1 X 1015 cm -~. 

Calculat ions were  also made  using the equat ion 
based on the epi tax ia l  r eg rowth  model  and compared  
wi th  the  expe r imen ta l  resul ts  for  (100), (110), and 
(111) or ien ted  %vafers annea led  i so the rmal ly  in the  
t empera tu re  range  440~176 Good agreement  was 
obtained in every  case using the p a r a m e t e r  Do --  1400A 
while  only  changing the assumed value of the  epi-  
t ax ia l  r eg rowth  velocity,  v, and assuming ~l to be equal  
to the  final ac t iv i ty  obta ined  when  the r eg rowth  is 
completed.  The value Do used in eve ry  calculat ion is 
about  300A la rge r  than  that  observed by  glancing in-  
cidence channel ing analysis.  The r eg rowth  veloci ty  is 
ac tua l ly  dependent  on impur i t y  concentra t ion (13), 
therefore,  i t  is reasonable  to assume that  the  v used in  
the  calculat ions reflects the  r eg rowth  veloci ty  in h igh ly  
As-doped  layer .  In  the  ini t ia l  s tage of annealing,  the 
amorphous  l a y e r  regrows wi th  s lower veloci ty  than  
that  used in the  calculat ions because of low As con- 
centrat ions.  This effect, together  wi th  a fact  tha t  a 
smal l  number  of imp lan ted  As atoms are  located be-  
yond  the amorphous  region (see the  As d is t r ibu t ion  in 
Fig. 3), leads to a smal le r  ca lcula ted  va lue  than  the 
expe r imen ta l  ones in the ini t ia l  s tage of anneal ing  as 
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can be seen in Fig. 4 and 5. Fur the rmore ,  the  quan t i ty  
m a y  not  be constant  th roughout  the  whole  r eg rown  

layer ;  however ,  this factor  is not  sufficiently la rge  to 
be detected in the  exper imen t s  s tudied here. 

Crystal orientation dependence.--In this  sect ion we 
s tudy the effect of crysta l  or ienta t ion  of a wafer  on the  
electr ical  ac t ivat ion of As imp lan ted  in silicon. 

I so thermal  anneal ing  character is t ics  of the  measured  
Ns's are  shown in Fig. 6, compar ing the resul ts  for  
(100), (110), and (111) or ien ted  samples.  Imp lan t ed  
dose was 1 X 1015 cm -2, and anneal ing  was carr ied  out  
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Fig. 7. Arrhenius plot of a regrowth velocity used in the calcu- 
lations based on the epitaxial regrowth model. 
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at  550~ I t  can be seen f rom the  da ta  tha t  both  the  
ac t iva t ion  ra te  and the final ac t iv i ty  a re  s t rongly  de-  
penden t  on the c rys ta l  o r ien ta t ion  of the  wafer .  Fo r  
the (100) or ien ted  wafer,  the e lect r ica l  act ivat ion 
progresses  most  r ap id ly  and resul ts  in a lmost  complete  
act ivi ty,  however ,  i t  progresses  most s lowly and re -  
sults in the  lowest  ac t iv i ty  (~65%)  for  the  (111) 
or iented wafer.  The (110) or ien ted  sample  exhibi ts  an 
in t e rmed ia t e  charac ter i s t ic  to the  (100) and the (111) 
or iented samples. For  1 • 1014 As ions cm -2 implan ted  
Si, the  anneal ing  character is t ics  of measured  Ns's did  
not  depend on the c rys ta l  or ienta t ion  of the  wafer ,  
indica t ing  tha t  the  or ien ta t ion  dependence  is due to 
the  fo rmat ion  of the  amorphous  l aye r  by  As imp lan t a -  
tion. Act iva t ion  behavior  showed s imi lar  tendencies  at  
the o ther  annea l ing  t empe ra tu r e  s tudied (440~176 

F igure  7 shows Ar rhen ius  plot  of v used in the cal-  
culat ions of the previous  section. I t  is found f rom this 
figure that  v is about  3 and 29 t imes h igher  for (100) 
wafers  than  f~r (110) and (111) or ien ted  wafers,  r e -  
spect ively.  The or ienta t ion  dependence  of the  ac t iva-  
t ion ra te  is, therefore,  a t t r ibu ted  to the difference in 
the  r eg rowth  veloci ty  for the  var ious  orientat ions.  The 
ac t iva t ion  energy  was de te rmined  f rom the da ta  to be 
2.8 • 0.2 eV for (100), 2.6 • 0.3 eV for (110), and 
2.7 __ 0.2 eV for (111) or iented samples.  The act iva-  
t ion energy for the th ree  different  or ienta t ions  can be 
rega rded  to be equivalent ,  ~2.7 eV. The va lue  ob- 
ta ined  f rom this work  is close to the  ac t iva t ion  energy 
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Fig. 8. Temperature dependence of the final activity obtained 
when the regrowth completes at each temperature. 

for  the r eg rowth  of in t r ins ic  amorphous  Si  (2.3 eV) 
measured  by  Csepregi  et al. (7). 

F igure  8 shows the t empera tu re  dependence  of the  
final ac t iv i ty  obta ined af ter  an anneal  sufficiently long 
so tha t  the  r eg rowth  is completed  at  each t empera tu re .  
I t  can be seen f rom the figure tha t  the  e lect r ica l  ac-  
t iv i ty  depends only on the crysta l  or ientat ion.  In  (100) 
or iented wafers  nea r ly  complete  ac t iv i ty  (0.96 • 0.04) 
can be achieved,  however ,  the  act ivi t ies  a re  fa i r ly  low 
in (110) and (111) or ien ted  wafers,  0.83 __. 0.04 for  
(110) and 0.66 • 0.04 for (111). To compare  wi th  
these results,  the crys ta l l ine  p roper t ies  of the  r ec rys -  
ta l l ized layers  were  examined  by  channel ing analysis.  

Backscat ter ing  spect ra  for  1.5 MeV He + ions inc ident  
on <100> for (100) oriented,  <110>  for (110) o r i -  
ented, and <111>  for (111) or iented samples  a re  
shown in Fig. 9A, B, and  C, respect ively ,  along wi th  
that  of an un implan ted  sample. Al l  the samples  were  
annea led  at 500"C for a sufficiently long t ime  so tha t  
the  r eg rowth  proceeded to comple t ion  as shown in 
Table  1. Data for the recrys ta l l ized  layers  are  indica ted  
by the closed circles and the solid l ines represen t  the 
a l igned spect ra  for the  un implan ted  samples.  The sur-  
face peak  for the un implan ted  samples  a round the 
channel  number  of 84 corresponds to nat ive  silicon di-  
oxide. In  the  (100) or iented ~ample (Fig. 9A) we  can-  
not observe any difference be tween  the a l igned spec-  
t r a  for the recrys ta l l ized  and un implan ted  layers .  The 
al igned spec t rum for the  recrys ta l l ized  (110) or iented 
sample  (Fig. 9B) exhibi ts  a s l ight ly  h igher  sca t ter ing  
yie ld  than  for the un implan ted ,  except  the  surface 
peak. Discrepancy be tween  the a l igned spec t ra  of the  
recrys ta l l ized  and the un implan ted  samples  is qui te  
r e m a r k a b l e  for  (111) or iented samples  as is seen in 
Fig. 9C. This spec t rum shows tha t  la t t ice  d isorder  r e -  
mains  in the recrys ta l l ized  l aye r  of (111) or ien ted  
sample.  The surface  peak  of the  spec t rum is l a rge r  
than  the un implan ted  sample,  indica t ing  tha t  ,-~1.6 X 
1016 displaced Si a toms per  cm-2  exist  a t  the  surface 
layer .  

The min imum yields  for these samples  a re  de te r -  
mined f rom the Channeling spect ra  shown in Fig. 9A, 
B, and C, and are  l is ted in Table  I together  wi th  the  
measured  Ns's for the  same samples.  The m i n i m u m  
yie ld  l is ted is the  ave raged  va lue  corresponding to a 
depth  500-600A beneath  the  surface. In  the  (100) or i -  
ented sample  the min imum yie ld  is equiva lent  to that  
of the  un implan ted  sample.  For  the  (110) or ien ta t ion  
the difference in the min imum yie ld  be tween  the r e -  
crys ta l l ized and un implan ted  samples  is wi th in  e x -  
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Table I. Comparison of the minimum yields for channeling with the measured Ns. 
The  min imum yields are obtained at the  depth 500-600A 

x~,~ (%) 
Sample  

orientat ion r Implanted Unimplanted Ns (em -~) Anneal ing  

(100) < 1 0 0 >  3.1 • 0.3 3.1 -- 0.5 9.5 • 1014 500~ 85 rain 
(110) < 1 1 0 >  2.7 + 0.3 2.2 --~ 0.2 8.4 • 101~ 500~ 200 min 

< 1 0 1 >  6.1 -- 0.3 2.0 • 0.3 
(iii) <III> 5.1 -- 0.4 2.5 • 0.6 6.8 x l0 w 500~ 1500 rain 

per imen ta l  error.  However ,  the  resul t  f rom the glanc-  
ing incidence channel ing analysis  c lear ly  show tha t  
la t t ice  d i sorder  remains  in the  recrys ta l l ized  (110) 
layers.  This can be seen because of the  improvemen t  
of sensi t iv i ty  in  detec t ing  la t t ice  d isorder  ava i lab le  
using the glancing incidence technique (10). The min i -  
mum yie ld  for the recrys ta l l ized  (111) or ien ted  sample 
is about  twice as large  as for the un implan ted  sample.  
Increase  in the  sca t ter ing  yie ld  due to la t t ice  d isorder  
observed at  the surface of (111) or iented sample  is 
ca lcula ted to be less than  10 -3 according to the  single 
scat ter ing model  (14). Therefore,  the  difference in  
min imum yields  is caused by  d isorder  remain ing  in 
the recrys ta l l ized  layer.  The min imum yie ld  for ~ 1 1 0 ~  
channel ing for the  recrys ta l l ized  (111) or iented sam-  
ple was also measured  and i t  showed about  twice as 
large  a va lue  as for the  un implan ted  sample. The or i -  
enta t ion dependence  observed in the min imum yie ld  
corresponds wel l  wi th  tha t  of the Ns'S l is ted in Table I. 
The la t t ice  locat ion of implan ted  As atoms might  be 
different  in the  di f ferent ly  or ien ted  samples,  however,  
the  corre la t ion be tween  the channel ing  measurements  
and the ac t iva t ion  of implan ted  As in samples  of di f -  
ferent  or ienta t ion indicates  tha t  the lower  ac t iv i ty  for 
(110) and (111) or ien ted  samples  could be due to car -  
r i e r  compensat ion by  res idual  defects remain ing  in 
the recrys ta l l ized  layers .  

Summary 
The e lect r ica l  ac t ivat ion behavior  of implan ted  As 

in Si dur ing  recrys ta l l iza t ion  of amorphous  layers  has 
been studied. The resul ts  obta ined in this s tudy are  
summar ized  as follows: 

1. The act ivat ion behavior  is descr ibed wel l  by  the 
ep i tax ia l  r eg rowth  model.  The act ivat ion occurs f rom 
the amorphous /c rys ta l l ine  in terface  to the  surface 
corresponding to the  r eg rowth  of the amorphous  layer .  

2. The act ivat ion energy  of implan ted  As is ,-~2.7 eV, 
close to tha t  r epor ted  io r  the r eg rowth  of in t r ins ic  
amorphous  Si. 

3. The act ivat ion ra te  depends on the crys ta l  or i -  
enta t ion of the  wafer,  being highest  for (100) o r ien ta -  
t ion (about  3 and 29 t imes la rger  than  for (110) and 
(111), respec t ive ly) .  This is a t t r ibu ted  to the  differ-  
ence in the  r eg rowth  veloci ty  for the  orientat ions.  

4. Lat t ice  d isorder  remains  in the  recrys ta l l ized  
amorphous  layer  on (111) and (110) wafers,  and these 
res idual  defects  poss ibly  act as ca r r i e r  compensat ing  
centers, ~hereby reducing the electr ical  act ivi t ies  by 
about  17 and 34% in (110) and (111) o r ien ted  wafers,  
respect ively.  
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Controlling the Interfacial Oxide Layer of 
Ti-AI Contacts with the CrO -HoP04 Etch 

T. A. Shankoff, C. C. Chang, and S. E. Haszko 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The cause of high resis tance contacts be tween  A1 in tegra ted  circui t  me ta l -  
l izat ion and subsequent ly  appl ied  T i / P t / A u  beam leads  has been eva lua ted  by  
direct  measurement  of the  surface A l -ox ide  thickness  at  var ious  steps in the  
processing sequence. The A l -ox ide  l aye r  thicknesses  were  es t imated  using 
Auger  e lect ron spectroscopy and g rav imet r i c  measurements  and  were  cor-  
re la ted  wi th  Hg-p robe  vol tage  b r eakdown  obse rva t i ons . .P roces sed  MOS 
wafers  incorpora t ing  e thylene  g lycol -buffered  HF cleans typ ica l ly  contain 
50-60A of A1 oxide in bonding pad  regions jus t  pr ior  to Ti deposit ion.  I t  was 
demons t ra ted  tha t  the  Ti nullifies about  45A of the  oxide  by  in te r fac ia l  r e -  
action; therefore,  products  having >50A oxide wil l  be y i e ld - l imi t ed  by  high 
resis tance beam-to-A1 contacts. A dielectr ic  b r eakdown  s t rength  of 0.09 V / A  
was found for the  surface A1 oxide  ob ta ined  dur ing  processing, and the  effec- 
t ive e lect ron tunnel ing  dis tance was es t imated  to be 12A. A convenient  method 
of e l iminat ing  surface A1 oxide  jus t  pr ior  to Ti deposi t ion was demonst ra ted .  
An  Al -ox ide  e tchant  containing CrO3-H~PO4-H20 removes A1 oxide, leaving 
only an equi l ib r ium final film of 25-30A thickness,  and does not  a t t ack  unde r -  
ly ing  A1 metal .  The effectiveness of such a surface t r ea tmen t  has been con- 
f irmed by  the excel len t  contact  yields  obta ined wi th  two MOS spl i t  device lots. 

Electrical contact to A1 metallization in Si integrated 
circuits is sometimes difficult to estabDsh because of 
the rapid growth of a surface oxide layer during 
processing. If this oxide is sufficiently thick, a con- 
tact will be open until enough voltage is applied to 
cause dielectric breakdown. I Two approaches that 
can be considered as potential solutions to this prob- 
lem are backsputtering and chemical etching. Back- 
sputtering has the advantage that the oxide thickness 
can in principle be reduced to zero if the subsequent 
metallization is applied without exposure to air. The 
disadvantages include: possibility of radiation induced 
MOS damage; potential for contamination of the sput- 
tering system; redeposition of previously sputtered 
material, especially from the substrate table; and 
the need for frequent monitoring of system cleanli- 
ness. The chemical etch procedure does not have 
these disadvantages, but the oxide thickness can never 
be reduced to zero. 

We show below that because of a finite electron 
tunneling distance and because a Ti film deposited 
onto A1 will effectively consume a certain amount of 
A1 oxide, it is not necessary to reduce .the oxide 
thickness to zero to obtain Ti-AI contacts with zero 
breakdown voltage. The present study was conducted 
in order to carefully define Al-oxide thickness toler- 
ances for subsequent Ti metallization, and to optimize 
a chemical etching procedure based on the CrOs- 
HsPO~-H20 Al-oxide solvent system (i). Oxide thick- 
nesses were determined using Auger spectroscopy 
and gravimetric measurements, while breakdown 
voltages were obtained using the I-Ig probe. We de- 
scribe our model of the Ti-AI contact, and the pro- 
cedures for preparing Ti-AI contacts with zero break- 
down voltage, using the chemical treatment. 

Experimental 
T h e  A1 test  films used in this work  were  1.5 ~m 

thick, deposi ted on oxidized 3 in. Si wafers  by  E-gun  
evapora t ion  wi thout  in tent ional  subs t ra te  heating. 
The A1 was doped wi th  1 weight  percen t  (w/o)  Cu. 
Pa t t e rn ing  was accomplished using negat ive  photo-  
res is t  and A-30 s t r ipping  (Al l ied  Chemical  p r o p r i e t a r y  
s o l v e n t  sys tem) .  Severa l  wafers  were  also examined  

z For example, contact failures on some MOS devices were char- 
acterized by o,pen AI-Ti contacts detected with 1-1.5V test voltage, 
which  'healed' w h e n  the vo l tage  was  raised to 2-3V, indicating 
thin diemctric harrier.  

af ter  r emova l  f rom MOS device lots at  appropr i a t e  
points dur ing  processing. The A1 processing sequence 
inves t iga ted  for this work  is shown on the l e f t -hand  
side of 'Fable I. 

Ti dots were  f i lament evapora ted  onto the Al  sur -  
face th rough  a shadow mask  for the  exper iments  on 
the effect of Ti on the surface Al-oxide .  Other  me th -  
ods of Ti dot  p repa ra t ion  for this eva lua t ion  (evap-  
ora ted  and spu t t e red  Ti pa t t e rned  by  photo l i thog-  
r a p h y  and chemical  or  p lasma  etching)  resul ted  in 
da ta  that  were  difficult to in terpre t ,  appa ren t ly  owing 
to etching residues from the in terac t ion  of the  A l -  
oxide  surface wi th  the un i fo rmly  deposi ted Ti. 

Oxide b r e a k d o w n  vol tages were  measured  using a 
Hg probe,  which was s imply  a drop of Hg, about  1 
m m  in d iameter ,  held  over  the posi t ion of in teres t  
by  a P t  wire  loop. The Pt  wire  also served  as par t  
of the e lectr ical  c ircui t  for the probe.  Contact  to the  
Al  film was es tabl ished b y  pushing a second P t  wi re  
d i rec t ly  into the Al. The b r eakdown  vol tage  was ob-  
ta ined f rom I -V  curves, genera ted  on a Tek t ron ix  
576 curve tracer.  A sufficient number  of measu re -  
ments  were  made  (be tween  5 and I0) so tha t  the  
s t andard  devia t ion  was less than  ___5%. 

The e tchant  used for surface Al -ox ide  remova l  is 
the CrOs-HsPO4-H20 system. Al though  the effect of 
this etch on both A1 and Al -ox ide  surfaces has been 
ex tens ive ly  inves t iga ted  ( i ,  2), the  effects on actual  
LSI  MOS circuits  was not  known,  and the useful  

Table I. Aluminum oxide thicknesses during processing* 

Al-oxide 
th ickness  

Processing step (A) 

I. Deposit A1 20-30 
2. AI photolithography, A-30 resist strip 25-35 
3. EG:BHF:H20 clean 1"* 35-45 
4. 30 min,  450~  anneal  40-80 
5. EG:BHF:I~O clean 2 40-60 
6. 02 plasma clean 
7. Plasma sil icon nitride w indow etch (plasma) 40-60 
8. EG:BHF:H20 clean 3 40-60 
9. Ti  deposi t ion 

* The processing sequence tabulated here is incomplete in the 
sense that steps not directly relevant to the Al-oxide Problem 
have been deleted. 
** EG:BHF:H20 is an equivolume mixture of ethylene glycol, 

7:1 buffered tiF, and water.  

4 6 7  
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e t c h a n t  c o m p o s i t i o n s  a n d  thickness variations of the 
final, equi l ibr ium A1 oxide over different areas of 
a given device chip have not been previously mea-  
sured. Therefore, we investigated these factors to 
determine the op t imum process conditions for the 
p r e s e n t  applications. 

One of the methods used to determine the amount  
of surface A1 oxide was an extension of an estab- 
lished ASTM gravimetr ic  procedure (3) wherein 
a sample is weighed, exposed to a CrO3-H~PO4-H20 
solution to dissolve the oxide surface, and is re- 
weighed. Since it has been established (3) that the 
equi l ibr ium loss of A1 metal  in the etchant is about 
2 A/rain,  the weight loss is due to etched A1 oxide 
once correction for A1 loss is made. In the ASTM 
method, typical weight losses in the mil l igram range 
c o r r e s p o n d e d  to Al-oxide thicknesses in the microm- 
eter range. We have been able to extend the method 
into the angstrom range by measur ing weight losses 
of less than 10'0 ~g. The assumptions made in apply-  
ing this method to our case include: (i) that the 
mechanism of the CrO~-H3PO4-H20 Al-oxide clean is 
Such that  all of the ini t ial ly present  surface A1 oxide 
is removed and an equi l ibr ium final film containing 
both Cr and P is then formed [this is in general  
agreement  with earlier observations (1)];  (ii) that  
al though the density range ol A1 oxide can be from 
2.5 to 4.0 g/cm~, the surface oxide we are dealing 
with which was formed in solution, probably is a 
form of a lumina  wi th  a density close to 3.0 [note 
that the ASTM method clearly defines a density of 
3.0 for A1 oxides determined using the gravimetric 
method as does previous work at Bell Laboratories 
(4) regarding A1 oxide formed in water] ;  and (iii) 
that  the equi l ibr ium A1 etch rate of 3 A / m i n  found 
in this work is applied against the weight loss found 
for each sample. A solution containing 2g CrO~, 5 ml 
85% H~PO4, and 100 ml of water  was used for 5 min  
at 80~ As with the Hg probe data, a sufficient n u m -  
ber  of readings were taken for each weighing unt i l  
the results were statistically meaningful  (usually 20). 
Extreme care had to be taken to ensure nei ther  the 
addition of, nor the removal  of, mater ial  from the 
3 in. Si wafer used as the A1 film substrate, because 
of the small  weight losses being measured. 

The surface compositions and oxide thicknesses 
were also determined using Auger  analysis (5, 6). 
Oxide thicknesses were estimated using the chem- 
ically shifted Auger peaks (6) so that ion mill  
depth-profi l ing was not necessary. The Auger ap- 
paratus  was a Varian cylindrical  mir ror  analyzer with 
a 10 kV electron gun and comparat ively high energy 
resolution (0.25%) which enabled the chemically 
shifted Auger  peaks to be effectively resolved. The 
spatial resolution of this technique is l imited by the 
incident  electron beam diameter  and was less than 
10 ~ m .  

Results and Discussion 
Typical oxide th icknesses .~The  r ight  hand port ion 

of Table I shows typical Al-oxide thicknesses at var i -  
ous stages of A1 processing. An impor tant  point to 
note is that, as processing of as-deposited A1 pro- 
ceeds, the oxide thickness can increase. Unless one 
is acutely aware of the effect of each processing step 
on the surface Al-oxide thickness, reasonable amounts  
c a n  build up which later  make electrical contact 
of a subsequent  metal l izat ion difficult or impossible. 
The Auger thickness data in  Table I are supported 
by the gravimetric  and Hg-probe data as shown in 
Table  II. 

A n  at tempt  to check the thickness data given in 
Table II with yet another  technique, el l ipsometry 
(7), resulted in data indicat ing significantly thicker 
films (>100A) compared to the other three methods. 
I t  should be noted that the samples used for Table 
II were processed through a final cleaning so lu t ion  
containing one part  ethylene glycol, one part  7:1 
buffered-HF (7 parts 40 w/o NH4F in water  to 1 

Table II. Surface aluminum oxide thickness by various methods 

Thickness  in A foun~l by 

Sample Hg-probe Auger  Weight  loss 

1 51 56 58 + 18 
2 47 47 39 ~ 18 

Note: Close agreement  between  Auger  and Hg probe data is 
expected because the latter was calibrated using Auger  thickness  
data. However, it is to be pointed out that the resultant  dielectric 
breakdown strength for the Al-oxide turned out to be almost ex- 
actly the value for bulk Al-oxide which provides an independent  
confirmation of the correctness  of the  calibration. 

par t  49% HF) and one par t  water  (EG:BHF:H~O).  
For most other processing t reatments  ellipsometric 
results tended to be in good agreement  with the 
Auger values. We consider it unl ike ly  that  all of the 
other methods could be in error by the amount  in-  
dicated by the ellipsometric results. Moreover the 
ellipsometric data can be sensitive to the exact degree 
of oxide hydration,  porosity, and physical surface 
s t ructure  (i.e., platelet, f i lamentary, crystalline, etc.) 
(8). Therefore, we have based the present  investiga- 
tion on the Auger, gravimetric,  and Hg-probe re- 
sults, which are quite self-consistent,  and sufficiently 
understood. 

As discussed above, the A1 surface which is ob- 
tained in  the EG:BHF:H20  solution proved the most 
difficult to reconcile among the four measurement  
techniques. This solution affords a convenient  means 
of etching and cleaning dielectrics (SiO2, SisN4, A12Os) 
in the presence of A1 metal  without significant attack 
on the metal  (9). This t rea tment  was recently being 
evaluated for rout ine MOS processing as a preplasma 
SiN clean. Recent Auger analysis showed that A1 
surfaces treated with an EG:BHF:H20  solution con- 
tain besides A1 and O, significant amounts  of F, and 
trace amounts  of N, suggesting the possibility of an 
Al-oxyfluoride surface compound ra ther  than a simple 
A1 oxide. The under ly ing  A1 film tends to be slightly 
attacked and roughened. These factors are probably 
responsible for the discrepancy between ellipsometric 
data and the other measurements .  

Dielectric breakdown strength o~ oxide on alumi- 
num. - -The  dielectric s t rength of the oxides of in ter -  
est here were determined using the Hg probe, and 
the results are presented in Fig. 1. Al-oxide thick- 
nesses were all determined using the Auger  method 
except for the two gravimetr ic  points (1G and 2G). 
We obtained a dielectric breakdown strength of 0.09 
V/A,  which is typical of good qual i ty  dielectrics, e.g., 
SiO2 is ~0.08 V/A. The zero intercept  for the straight 
l ine plotted in Fig. 1 corresponds to an effective 
electron tunne l ing  distance of 12A. 

Effect o$ t i tanium.--One of the practical objectives 
of the present  study was to prepare an A1 surface 
to which Ti (the ini t ial  metal  in the t r imetal  beam 
lead process) can make proper contact. Thus, the 
next  area considered was the effect of Ti on the A1- 
oxide breakdown voltage. A sample of A1 having 
90A surface oxide (Auger) that was grown in 60~ 
water  was used; Ti dots were fi lament evaporated 
through a shadow mask. The 90A thickness was sel- 
ected to ensure residual  A1 oxide after surface in ter-  
action with the Ti, since the goal of the exper iment  
was to accurately determine the decrease in effective 
dielectric thickness of the A1 oxide upon Ti deposi- 
tion. Prior  to Ti deposition the oxide breakdown volt-  
age was measured with the Hg probe to be 7.5V, 
which as can be seen from point  9 in Fig. 1 is in 
excellent agreement  with the 90A Auger thickness 
value. After Ti deposition, the uncovered A1 areas 
were still found to break down at 7.5V, whereas the 
Ti areas required only 3.5V, corresponding to the 
annihi la t ion of about 45A of AI oxide. This conclu- 
sion is valid because the Ti dot surface does not con- 
t r ibute  to the breakdown voltage as evidenced by 
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Fig. 1. Breakdown voltage (Hg probe) vs. Al-oxide thickness 
(Auger and gravimetric). The slope of the straight line gives a 
dielectric breakdown strength of 0.09 V / A ,  and the zero intercept 
gives an electron tunneling distance of 12A. Sample numbers are 
indicated at each data point and correspond to the following 
processing: 

Processing sequence 
No. Thickness (see Table I) 
1. Auger No. 1, 2, 3, 4, 5 
1G. Gravimetric No. 1, 2, 3, 4, S 
2. Auger No. 1, 2, 3, 4, S 
2G. Gravimetric No. 1, 2, 3, 4, 5 
3. Auger Sample 1 -I- CrO3-H3P04 

-f- 15 rain in air 
4. Auger Sample 3 --F 30 hr in air 
5. Auger Sample 2 -l- CrO3-H3P04 

-I- 15 min in air 
6. Auger No. 1 ~ 30 days 
7. Auger No. 1, 4 
8. Auger No. 1, 4, 5 
9. Auger No. 1 -I- 60 ~ H20; samp[e 

used in Ti expt 

the zero breakdown voltage found between a Hg 
probe and a large area Ti film. The following A1- 
oxide reduction reaction can be noted 

Ti  + A1203--> ~Ti(O) -{- A1 

where the O is in solid solution in Ti. Note that  the 
solid solubil i ty of O in the aTi phase is about 33% 
(10). If the 12A tunne l ing  range found earlier is 
added to this 45A, then it is suggested that  A1 films 
having about 55A of surface oxide will make ohmic 
contact to Ti metal  on a statistically margina l  basis. 
It  is clear that  the processing sequence of Table I 
produces an A1 surface whose average oxide thick- 
ness is close to the margina l  value (step 8). There-  
fore, it is not surpris ing that the final aspect of this 
program involved developing a chemical t rea tment  
which effectively reduces the Al-oxide thickness to 
"safe" low values. 

The CrO3-H3PO4-H20 Al-oxide etching system.--It 
has been reported (1) that  the aqueous CrO3-H3PO4 
solution passivates the A1 surface first by dissolving 
the surface oxide and then by subsequent  reaction 
with the metal  to form a thin surface layer. Estimates 
of the thickness range of this passivating layer fall 
in the 10-30A range (1, 2). In Ref. (1), an estimate 
of 10-20A was obtained by use of radioactive CrO3 
and H3PO4 to label the thin A1 surface film. It was 
found that the atomic concentrat ion ratio of P to Cr 
was 0.85 • 0.2. Using the assumption of a mixed 
A1-Cr phosphate surface compound having a density 
about that of A1PO4 (2.6 g/cm3), it was concluded 
that  a typical film would be 10-20A thick. Several  
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other results (1) of interest  include: (i) a 5 min  
t rea tment  of an A1 surface at 85~ is sufficient to 
establish an equi l ibr ium film condition; (ii) the equi-  
l ib r ium dissolution rate of the under ly ing  metal  is 
no more than  2 A / m i n  (we found 3 A / m i n ) ;  (iii) 
the ini t ia l  Al-oxide thickness prior to CrO~-H3PO4- 
t t20 t rea tment  has li t t le effect on the final thickness 
of the passivation layer. 

Applicat ion of the CrOa-H3PO4-H~O etchant as 
described in  the l i tera ture  (5 v/o  H3PO4, 2 w/o CrO3 
at 80~176 showed that  certain regions of every 
device chip on MOS wafers developed a brownish 
coloration, suggesting a form of electrochemical corro- 
sion. Clearly the above composition is not an opt imum 
one for obtaining the thinnest  possible surface film 
for our  application. Therefore, addit ional  experiments  
whose results are set out in Table III  were per-  
formed to determine this opt imum composition and 
also to minimize the browning attack. In  addition, 
actual  device wafers processed up to step 8 of 
Table I were treated, and individual  contact pads 
were surveyed, in order  to determine the pad- to -pad  
Al-oxide thickness differences. 

In  Table III, samples no. 1-18 were ful l-surface A1 
films with a 60A surface oxide grown in 40~ water. 
Etchant  composition, solution temperature,  and  etch 
times were varied, and the resul tant  oxide thicknesses 
were measured using Auger spectroscopy. Samples 
no. 1 and no. 2 show that  the browning is caused by 
CrO3. The b rown coloration was visually impossible 
to discern with any of the remaining full surface 
samples. The table also shows that the etch com- 
position is clearly not an importartt var iable  over 
a wide range. The solution tempera ture  is obviously 
important ,  a l though the effect of a lower tempera-  
ture can be compensated by an increased etch time. 
In  general, the more dilute solutions with respect to 
CrOa produced th inner  surface films. However. sample 
no. i, 17, and 18 Show that Al attack and dissolution 
become severe if the CrO3 content  is too low. 

An approximate calculation of the surface atomic 
composition using the Auger data indicated no large 
differences in surface composition as a function of 
the variables investigated. However, some variat ion 
was noted as a function of depth. The surface com- 
position in  the outer half (~IOA) of the surface 
layer  was in good agreement  with the l i terature  (1) 
in  that P and Cr amounts  are consistent with mixed 
phosphates and oxide of t r ivalent  Al and Cr. How- 

Table III. The H3PO4-CrOa-H~.O etch 

H3PO4 CrO8 T e m p  T i m e  Oxide 
No. (ml )  (g)  (~ ( ra in)  (A)  R e m a r k s  

Ful l  s u r f a c e  A1 sa mple s  
1 I0 0 80 5 - -  A1 e t c h e s  
2 0 5 80 5 - -  A1 g e t s  b r o w n  
3 10 5 20 5 43 A1 e t c h e s  ~ 3 A / m i n  
4 30 15 20 5 38 AI e t c h e s  ~ 3 A / m i n  
5 10 5 20 30 34 A1 e t c h e s  ~ 3 A / m i n  
6 30 15 20 30 34 A1 e t c h e s  ~ 3 A / m i n  
7 10 5 50 10 33 A1 e t c h e s  ~ 3 A / m i n  
8 3.5 2 50 10 35 A1 e t c h e s  ~ 3 A / m i n  
9 30 15 50 10 35 A1 etches ~3A/min 

10 10 5 85 2 33 A1 e t c h e s  ~ 3 A / m i n  
11 3.5 2 80 2 33 A1 e t c h e s  ~ 3 A / m i n  
12 30 15 80 2 34 A1 e t c h e s  ~ 3 A / m i n  
13 10 1 80 2 34 A1 e t c h e s  ~ 3 A / m i n  
14 10 0.5 80 2 32 A1 e t ches  ~ 3 A / m i n  
15 10 0.25 89 2 30 A1 etches ~3A/min 
16 10 0.20 80 15 - -  AI e t c h e s  ~ 3 A / m i n  
17 10 0.10 80 15 - -  A1 e t c h e s  <1000A/min  
18 10 0.05 83 5 - -  A1 e t c h e s  >3000A/min  

MOS dev ice  chips  
19 30 15 20 5 31 2 con tac t  p a d s  e x a m i n e d  
20 10 5 80 2 28 2 con tac t  pads  e x a m i n e d  
21 10 5 50 10 28 2 con tac t  pads  e x a m i n e d  
22 10 1 80 2 28 2 con tac t  pads  e x a m i n e d  
23 10 0.5 80 2 27 2 con tac t  p a d s  e x a m i n e d  
24 10 0.25 80 2 (27) 35 "contact pads  e x a m i n e d  

~ 

S t a r t i n g  m a t e r i a l  was  an A1 f i lm w i t h  60• of  s u r f a c e  oxide  for  
t he  ful l  s u r f a c e  samples ,  wh i l e  dev ice  ch ips  w e r e  a f t e r  s tep  8 of  
Table  I and had  typ ica l ly  50A of  oxide.  

The  I-I.~PO~ wa s  an 85% solut ion and all e t c h e s  w e r e  p r e p a r e d  by  
m i x i n g  the  l i s ted c o n t e n t s  w i t h  100 ml  of  wa te r .  
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ever, the remaining  10A or more appeared to be 
deficient in  P and Cr and was therefore essentially 
A1 oxide. This result  explains why the thicknesses 
we measured are somewhat larger than those pre-  
viously calculated (1) assuming a single A1-Cr phos- 
phate-oxide layer. With these init ial  results, then, 
some actual device chips were treated and the oxide 
thicknesses on the bonding pad areas were measured. 

The device chosen was a MOS code processed up 
to step 8 of Table I, when  typical oxide thicknesses 
should be near  50A; for example, the thicknesses 
over devices from two different lots were 54 and 60A. 
The results are displayed in no. 19-24; all of the ex- 
periments  were performed using chips taken from the 
same wafer. For  the last sample, all 42 pads were 
examined;  while for the remaining  samples, the two 
pads at the pad locations in no. 24 which evidenced 
the thickest films, were measured. The dis tr ibut ion 
o f  oxide thicknesses on the pads of sample no. 24 
is shown in Fig. 2. The thicknesses ranged from 24 
to 29A with a sharp dis tr ibut ion peak at 27A. Note 
that the data from only 35 of the 42 pads could be 
obtained; all of the remaining  7 pads were floating 
pads (not connected to the Si substrate) ,  and data 
could not be obtained from them because of electro- 
static charging problems caused by the incident  elec- 
t ron beam. For this etch procedure then, the oxide 
thickness was about 27 • 3A which is considerably 
less than the margina l  value of 55A we determined 
earlier. Therefore, this etch should be quite accept- 
able for rout ine application because of the ra ther  
large safety marg in  of a factor of two in oxide thick- 
ness. 

The brown coloration due to the presence of CrO3 
was more easily seen on the device chips than on full 
surface A1 films because of the preferent ial  colora- 
t ion over certain areas in  the metal l izat ion pattern.  
Coloration was clearly evident  wi th in  the A1 circuitry 
(al though not on contact pads) for no. 22, perhaps 
present  for no. 23, and not discernable at all  for no. 
24. Therefore, CrO3 concentrations below that used 
for no. 22 appears requisite if all discoloration is to 
be avoided. 

Based on the aforementioned quant i ta t ive surface 
oxide thickness data and on quali tat ive (gas evolu- 
tion, surface attack) and quant i ta t ive  (etch rates) 
observations regarding A1 attack, we decided that  
the opt imum Al-oxide etchant contains 3.5-10 ml 
85% H3PO4 and 0.25-0.50g CrOs for each 100 ml of 
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Fig. 2. Al-oxide thickness distribution over 35 contact pads on 
one integrated circuit chip. The distribution is fairly narrow 
( _ 3 A )  and is sharply peaked at 27A. 

water. Typical  etching times are between 2 and 10 
rain at 80~ Reduction of CrO~ below 0.2g encourages 
A1 at tack by H3PO4, while amounts  of CrO3 in excess 
of 0.Sg xesults in visible browning of various por-  
tions of the integrated circuit metal l izat ion pattern.  
Quantit ies of CrO3 well  in  excess of 0.Sg (5-15g) ap-  
pear to have l i t t le effect on electrically floating A1 
metal.  

Spli t - lot  testing oi the CrO~-HsPO4-H~O s y s t e m . w  
As a final test, a solution containing 5 ml 85% I~PO4, 
0.30g CrO3, and 100 ml of water  was used for 5 rain 
at 80~ to clean one-half  of the wafers in each o f  
two device lots designated for in-process spli t- lot  
evaluat ion of the CrO~-H3PO4 etchant. Split  lot no. 1 
consisted of 7 MOS device wafers that had been proc- 
essed through step 8 of Table I. Three wafers were 
cleaned as described above immediate ly  prior to Ti 
deposition, while 4 control wafers received no extra 
treatment.  The contact yield data for the 7 wafer lot 
are presented in Table IVA. The number  of contact 
failures in  the control half  of the lot was fairly typ-  
ical of the s tandard product processed according to 
Table I. An over-al l  contact yield of 94% was found 
for the etched group vs. 78% for the controls. 

The second split lot also involved MOS devices, 
but  in this instance the control group was comprised 
of wafers that  received a backsput ter  etch t rea tment  
prior to Ti deposition. The backsput ter  clean was 
done in one uni t  prior to Ti sputter-deposi t ion in a 
second unit,  thus result ing in  air exposure of the 
samples. A typical Auger  analysis of this type of A1 
surface indicates 30-40A of A1 oxide. In addit ion to 
the change in controls for this lot, the E G : B H F : H 2 0  
cleans were also omitted for all of the wafers. The 
resul tant  contact yields are presented in Table IVB. 
The backsputtered control group yield of 91.8% can 
be compared to the 90.8% yield for the CrO3-H3PO4- 
H20 cleaned half of the lot. Note that  all contact 
yields quoted here are probably  somewhat  low since 
other factors (e.g., closed beam to A1 via holes and 
photolithographic defects) can l imit  contact yield. 
Thus, those yields between 90-100% probably reflect 
contact yields of near ly  100%. 

The split lot data show that CrO3-H3PO4-H20 t reat -  
ment  furnishes an A1 surface to which subsequent  Ti 
metaUization can make good electrical contact after 
normal  device l ine processing. The second split lot 
data suggest l i t t le difference between the etching 
t rea tment  and ex  situ backsputter ing (i.e., use of a 
separate sput ter ing uni t  for cleaning prior to Ti 
deposition in  a second uni t ) .  The results from lot 
no. 1 imply that  the CrO~-HsPO4-H20 t rea tment  can 
be used successfully even in the Table I A1 process- 
ing sequence which contains the EG:BHF:H20  clean- 

Table IV. Split lot contact yields in evaluation of the 
CrO3-H3PO4-H20 etch 

Wafer  No. Processing Contact yield (%) 

A. Lot No. 1 
I 
2 
3 

A v e r a g e - -  
4 
5 
6 
7 

A v e r a g e - -  
B, Lot No. 2 

1 
2 
3 
4 
3 
6 
7 

A v e r a g e - -  
8 
9 

1O 
11 
12 

A v e r a g e - -  

etched 96 
e tched 94 
etched 93 
etched 94 
control  72 
control  73 
control  83 
control  8,~ 
control  78 

etched 91.3 
e t c h e d  87.3 
etched 92.0 
etched 92.3 
etched 92.3 
etched 92.9 
etched 87.5 
etched 90.8 
backsputtered 90.7 
b a c k s p u t t e r e d  92.9 
b a c k s p u t t e r e d  92.9 
b a c k s p u t t e r e d  91.0 
b a c k s p u t t e r e d  91.7 
backsputtered 91.8 
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ing procedure .  I t  seems safe to conclude tha t  the  
ava i l ab i l i t y  of the  CrOa-H~PO4-H~O etching sys tem 
re laxes  the  r equ i r emen t  of "acute awareness"  of the  
A1 meta l  surface  condi t ion dur ing  each processing 
step as long as the  e tchant  is used immedia t e ly  p r io r  
to Ti deposi t ion in the  beam lead  process. 

Summary and Conclusions 
We have eva lua ted  the A1 meta l  surface dur ing  its 

processing in in tegra ted  circui t  manufac tu re  by  mon-  
i tor ing  the thickness of the surface oxide  as a funct ion 
of  var ious  processing steps. I t  is c lear ly  shown tha t  
Al  oxide  can become too th ick  for  ohmic contact  to 
subsequent  meta l l iza t ion  if  the  A1 surface  is not  
p r o p e r l y  t r ea ted  dur ing  processing. I t  was found that  
when  the  A l - o x i d e  thickness  is in the  50-60A range,  
contacts  be tween  A1 and Ti  a r e  margina l ,  and  A1-Ti 
contact  fa i lures  become a p r ime  cause for poor device 
yields.  We es t imate  that  the  cr i t ical  to lerable  A1- 
oxide  thickness  is about  55A which is the sum of 
the  es t imated  e lec t ron tunnelif ig dis tance (12A) and 
the  amount  of d ie lect r ic  tha t  is "nullif ied" by  the Ti 
upon deposi t ion (~45A) .  The dielectr ic  b r eakdown  
s t reng th  for  the  surface A1 oxide dur ing  processing 
was found to be 0.09 V/A.  

A pract ica l  method  of avoiding A1 contact  p roblems  
involves use of a t r ea tmen t  in CrO3-H3PO4-H20 (0.2- 
0.5g CrOa, 3.5-10 ml  H81~O4, 100 rnl H~O) for 2-10 
min  at  80~ pr io r  to Ti metal l izat ion.  This etch re -  
moves surface oxide, leaving  only an equi l ib r ium 
final f i lm of 25-30A thickness,  and i t  does not  a t t ack  
under ly ing  AI metal .  The  CrO8 concentra t ion is pa r -  
t i cu la r ly  cri t ical ;  too l i t t le  CrOs resul ts  in A1 a t tack  
by  the HsPO4, whereas  too much CrO3 induces selec-  
t ive e lec t rochemical  corrosion of A1 in cer ta in  areas 
of a device chip. Prac t ica l  appl ica t ion  was c lear ly  
demons t ra ted  th rough  the use of two spl i t  lots un-  
dergoing ac tua l  MOS device processing. Addi t ional ly ,  
the  etching t r ea tmen t  minimizes  the  r equ i rement  for 

surface Al -ox ide  moni tor ing  dur ing  processing p ro -  
v ided  i t  is used jus t  p r io r  to Ti metal l izat ion.  
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ABSTRACT 

A new se l f -a l igned  contact  technology for high dens i ty  MIS LSI  is de -  
scr ibed in this paper .  The technology does not  need any a l ignment  to lerances  
of contact  regions which have  been indispensable  for the  convent ional  Si  gate  
technology. Therefore  the  technology makes  a gra te  reduct ion  in contact  areas. 
An  R-S  flip-flop c i rcui t  was designed b y  the technology. The packing  dens i ty  
has been increased about  20% compared  wi th  tha t  of the  convent ional  circuit  
s t ructure .  

A va r i e ty  of technologies have  been  deve loped  in  
o rde r  to increase  the  packing dens i ty  of MIS LSI.  
These are  the  local  oxida t ion  of sil icon (LOCOS) and 
the se l f -a l igned  S i -ga te  technology. The  isolat ion area  
is reduced  by  the LOCOS technology because of fo rm-  
ing channel  s topper  under  the  th ick oxide  region, and 
the gate  a rea  is reduced  by  the S i -ga te  technology 
forming the se l f -a l igned  gate  s t ructure .  Even if  these 
technologies a re  appl ied  to the  MIS fabr ica t ion  steps, 
the  contact  region st i l l  occupies l a rge  area  because 
sufficient to lerances  are  needed for a mask  al ignment .  
A new se l f -a l igned  contact  technology is developed 
wi th  high packing dens i ty  of MIS LSI  to solve the  
problem.  

The s teps involved  in fabr ica t ing  a S i -ga te  n -channe l  
MIS LSI  are  as follows. The s ta r t ing  mate r ia l s  a re  8-12 

Key words: MOS, integrated circuit, self-alignment. 

a - c m ,  (100) oriented,  p - t y p e  sil icon wafers.  Act ive  
regions are  formed b y  the LOCOS technology (Fig. 
l a )  first, and then the gate oxide  is t he rma l ly  grown 
in d ry  oxygen ambien t  for 105 min  at  1000~ with  
an oxide  thickness of 75.0A. Then silicon n i t r ide  is de -  
posi ted at 850~C by the react ion of s i lane (Sil l4) and 
ammonia  (NH4) gases. Af t e r  the  deposit ion,  about  
150A of oxide is t he rma l ly  grown on the si l icon n i t r ide  
film wi th  s team a mb ie n t  of 110 min at  1000~ and 
po lycrys ta l l ine  Si (po ly -S i )  is deposi ted  at  600~ 
(Fig. l b ) .  This is fol lowed by  the gate fo rmat ion  and 
the po ly -S i  l aye r  is p lasma-e tched ,  and then  phos-  
phorus  ions are  imp lan ted  at  an energy  of 180 keV, 
a close of 8 • 1015 cm -2 (Fig.  l c ) .  The nex t  processing 
step is the  s team oxida t ion  for 45 rain at  1000~ In  
this t rea tment ,  about  3000A thick oxide  film is fo rmed 
only  on the po ly -S i  gate  because of using the silicon 
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Fig. 1. Steps daring fabrication of a Si gate n-channel MIS LSI 
by the self-aligned contact technology. 

ni t r ide  film as a mask  for oxidat ion,  and the phosphorus  
d r ive - in  diffusion is ca r r ied  out  "s imul taneously  to 
form the diffused regions (Fig. l d ) .  

In  the  subsequent  steps, PSG (phosphosi l icate  glass) 
is deposited,  fol lowed by  anneal ing  in N2 ambien t  for 
10 min at  1050~ and opening the  contact  windows. 
T-he contact  windows on source or  d ra in  region and 
the contact  windows on gate  region mus t  be opened 
sepa ra te ly  because of the  difference of oxide  th ick-  
ness on each region. Therefore  we need 2 masks  for 
opening contact  windows. The process is comple ted  
by  deposi t ing a luminum (1 #m in th ickness) ,  defining 
the meta l  in terconnect  pat tern ,  and anneal ing  in H2 
ambien t  for  30 min  at  400~ (Fig. l f ) .  

The  new and convent ional  s t ructures  a re  compared  
in  Fig. 2, where  th ree  k inds  of a l ignment  tolerances  
L1, L2, and L3 are  defined as follows: L1, to lerance  
be tween  the gate and the contact;  L2, to lerance  be-  
tween the isolat ion region and the contact;  and L~, 
to lerance be tween  the isolat ion region and the con- 
tact, respect ively.  Over lapping  of the  contact  to the  
gate  can be to lera ted  on this technology since the  ox-  
ide  on the gate  is th ick  enough to insula te  the  gate 

I - ~  /dif fused region | 'J 

L2 ~ ~/, contact ~ i i - 

l_ _ 0o,e , -II 

L 3 ~ ~  gate contact 

L3 

poly-Si AL 

SiO 2 

(a) (b) 

Fig. 2. Structures of Si gate MIS FET's fabricated by (a) con- 
ventional technology, and (b) self-aligned contact technology. 

f rom the electrodes of source and dra in  a f te r  opening 
contact  windows. When  the contact  windows on source 
and d ra in  regions over lapped  to the  isolat ion regions, 
the  si l icon n i t r ide  l a y e r  under  P S G  (phosphosi l ica te-  
glass) p revents  overe tching of the  th ick  oxide  of the 
isolat ion region. Therefore,  a t  the  edge of the  isolat ion 
region, thickness of the th ick  oxide  is not reduced.  
No de te r iora t ion  of p - n  junct ion in electr ic  cha rac te r -  
ist ics was observed af te r  anneal ing for  a luminum me t -  
all ization. Misa l ignment  of gate contacts  over  the iso- 
la t ion region can be also to le ra ted  since the  sil icon 
n i t r ide  film under  PSG laye r  protects  the  th ick oxide 
against  reduct ion  in  thickness dur ing  overe tching PSG 
film. There  is no increase  in step he ight  at  the  edge 
of po ly -S i  on the  isolat ion region, therefore  opening  
does not  occur in the a luminum metal l izat ion.  

An  n -channe l  S i -ga te  MIS  FET was fabr ica ted  by  
the new technology. There  was no reduct ion in elec-  
t ron  mobi l i ty  (#n "- 600 cm2/V-sec) and in b r e a k -  
down vol tage (80V) be tween  the gate  and source or 
drain.  An  R-S  flip-flop ci rcui t  was designed and com- 
pa red  by  the new and convent ional  technology. The 
packing dens i ty  of the new circuits  has been increased 
about  20% compared  wi th  that  fabr ica ted  by  the 
convent ional  technology. These resul ts  showed that  
the technology is ve ry  effective for achieving high 
packing dens i ty  in MIS LSI. 
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ABSTRACT 

The specific contact resistance of A u / G e / N i  alloy contacts to G a A s  for  
t ransferred electron devices has been measured. It  is found that  a shallow 
sulfur  diffusion under  the contact is effective in reducing the specific contact 
resistance by up to two orders of magnitude.  This procedure is expected to 
improve the uni formi ty  of threshold and bias voltages in integrated circuit 
configurations by making the contact resistance only 1-10% of the total de- 
vice resistance. 

Because of the low doping found in  GaAs t ransferred 
electron devices (TED's) for microwave applications, 
the contact resistance to the device is the major  part  
of the total  device resistance. A survey of the l i tera-  
ture  indicates that  for a given doping level, the contact 
resistance can vary  uP to two orders of magni tude  as 
the processing parameters  are varied (1-5). Signifi- 
cant  var iat ion can also occur across a wafer  in a given 
run. This s i tuat ion is al lowable for discrete device con- 
figurations where postsorting is possible. In  integrated 
circuit configurations, however,  local variat ions are 
intolerable  because threshold and bias voltages must  
be un i form from one device to the next  in the same 
circuit. The purpose of this paper is to show that a 
shallow sulfur  diffusion under  the metal l izat ion pads 
can reduce the contact resistance to 1-10% of the total 
device resistance. The specific contact resistance is 
lowered by approximately  two orders of magni tude  
over that  measured on nondiffused samples. 

The metal lurgical  and electrical properties of alloyed 
Au-Ge /Ni  films on n - type  GaAs are relat ively well  
understood (1). Edwards, Hartman,  and Torrens (2) 
have summarized specific contact resistance data of 
this and other contact alloys to GaAs through mid-1971. 
In  general,  their  data show two order of magni tude  
var iat ion in the specific contact resistance which ranges 
from a mean  of 3 • 10 -3 ~ -cm at a doping level of 
mid-1015/cm 8 to 10 -4 ~ - c m  at 1017/cm ~. Robinson (3) 
and Yu (4) have independent ly  confirmed that  by proc- 
ess optimization, the mean  specific contact resistance 
can be lowered by up to one order of magnitude.  For 
GaAs TED's doped from mid-1015/cm ~ to mid-1016/cm 3, 
the specific contact resistance values reported as well  as 
those measured in  our laboratories give a device con- 
tact resistance far greater  than  the intr insic  device 
resistance (typically 3000~). To lower the contact re-  
sistance to 1-10% of the total device resistance, a spe- 
cific contact resistance of ~10 -5 ~ - c m  is required. The 
exact value depends on the specific device configura- 
tion. This value is two orders of magni tude  lower than 
that  reported, and hence can only be achieved by the 
format ion of a shallow n-t- layer  below the contact to 
give a doping level of mid-1017/cm 3 to mid-101S/cm ~. 

The samples used in  this exper iment  were semi- 
insula t ing  GaAs substrates on which 25 #m vapor 
phase epitaxy layers were grown. The typical  doping 
range was mid-1015/cm 8 to mid-1016/cm 3 n - type  (Si).  
Ohmic contacts were formed by evaporat ion of a gold/  
12 weight percent  (w/o)  ge rmanium alloy followed by 
nickel. The contacts were fused for 30 sec at 475~ in 
a hydrogen ambient.  Figure 1 shows the exper imenta l  
configuration used to measure the contact resistance. 
It  was chosen to provide dimensions comparable to 

* Electrochemical Society Active Member. 
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specific contact resistance, sulfur diffusion. 

4 7 3  

that  of actual devices being constructed. The r e s i s t -  
a n c e  between pads 1 and 2, 2 and 3, and 3 and 4 w a s  
measured, and the contact resistance Rc determined 
by e l iminat ion of the bulk  GaAs and probe resistances. 
The specific contact resistance was then evaluated 
from (6) 

( ZRc) ~a 
? ' c ' - - -  

p 

where Z and a are defined in  Fig. 1 and p is the r e -  
s i s t i v i t y  of the epitaxial  material.  This model assumes 
that the ohmic region is shallow in comparison to the 
total epitaxial layer  thickness. Measurements were 
made on both as grown epi taxy layers, which were 
used as a control, and on epi taxy layers which had 
a shallow sulfur  diffusion under  the contact pads .  
Pat te rn  definition was achieved by mesa isolation as 
indicated in the figure. 

Donor diffusion into GaAs has been reported by 
several authors. Reeves and Donovan (5) have sum-  
marized the work through 1972, while Matino (7) 
presents more recent  sulfur  resul ts .  Ge rman ium and 

Fig. I. Contact resistance measurement configuration 
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sil icon were  not  considered for this work  because ~f 
the i r  amphoter ic  behavior .  Sul fur  was chosen over  
se lenium and t e l lu r ium because of its h igher  diffu- 
sion coefficient and repor ted  reproduc ib le  behavior  
(7).  Diffusion ca l ibra t ion  runs  using Ga2S2 and As 
were  carr ied  out  at  800 ~ and 900~ in vacuum-sea led  
quar tz  capsules using a 5"1 by  weight  ga l l ium sul -  
fide to arsenic rat io.  Uniform t empera tu r e  was ma in -  
t a ined  over  the  ent i re  length  of the  capsule (aT < 
0.1~ Upon w i t h d r a w a l  f rom the  furnace,  the  source 
end of the  capsule was quenched to p reven t  deposi -  
t ion of the  vapor  on the  sample  surface  dur ing  cooling. 
The resul ts  a re  compared  to the  da ta  r epor t ed  by  
Matino in Fig. 2. The curve gives a Do of 1.34 X 105 
cme/sec wi th  an act ivat ion energy  of 3.98 eV. The  5:1 
rat io  was chosen to minimize  surface compound fo rma-  
t ion and ye t  main ta in  a high surface sulfur  concen- 
t rat ion.  Surface  compound format ion  was observed a t  
900~ using a 10:1 rat io.  

Contact  res is tance samples  were  diffused at  800 ~ 
and 900~ and processed along wi th  nondiffused con- 
t rol  samples  to measure  specific contact  resistance.  
The diffusion dep th  was typ ica l ly  be tween  1 and 2 
~n .  The resul ts  a re  presented  in Fig. 3. Each diffused 
sample  da ta  point  represents  the  average  va lue  of 
measurements  on 30 samples.  The  shaded a rea  r ep re -  
sents the  two order  of magni tude  var ia t ion  in specific 
contact  res is tance repor ted  in the  l i te ra ture .  The op-  
t imized values  of Robinson (3) and Yu et al. (4) a re  
indica ted  as wel l  as the  range  of values  measured  in 
our labora tor ies  on nondiffused samples. 

Capac i tance-vo l tage  measurements  on the  diffused 
samples  indica ted  a doping level  (1 X 10 is cm-S  at  
898~ and 4 X 1017 cm-~  at 789~ corresponding to 
the  solid so lubi l i ty  of sulfur  in GaAs at  these t empera -  
tures  (8, 9). The mean  specific contact  resis tance at  
these values  is in good agreement  wi th  tha t  ac tua l ly  
measured  on the  diffused samples. The point  a t  898~ 
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Fig. 2. Diffusion coefficient of sulfur into GaAs. 2:1 and 10:1 
are from Matino (6). 

Fig. 3. Specific contact resistance measured on samples which 
were sulfur diffused at 898~ ( Q )  and at 798~ (~ ) .  The shaded 
area represents the two order of magnitude variation in specific 
contact resistance reported in the literature. The optimized values 
of Robinson (3) and Yu et al. (4) are indicated as well as the 
range of values measured in our laboratories on nondiffused samples. 

for sample  no. C18.18 is inc luded to i l lus t ra te  the  need 
for process monitoring.  In this  pa r t i cu l a r  processing 
sequence, the  p rob lem was t r acked  down to a l eak  in 
the  vacuum system dur ing  the run. 

This work  demonst ra tes  tha t  a shal low sulfur  diffu- 
sion [as wel l  as ion implan ta t ion  (10)] should be suc- 
cessful in lower ing the contact  resis tance of GaAs  
TED's f rom being the ma jo r  pa r t  of the  to ta l  device 
resistance,  to a va lue  tha t  is 1-10% of the  to ta l  device 
resistance. This is crucial  for un i form device p a r a m e -  
ters  and reduced  power  diss ipat ion in in tegra ted  c i r -  
cui t  appl icat ions  of TED's. 
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ABSTRACT 

The effects of destabilizing vertical thermal gradients on crystal growth 
and segregation in an inverted Bridgman configuration were investigated in 
Ga-doped Ge melts by monitoring the thermal characteristics of the melt 
and relating them through interface demarcation directly to growth and 
segregation. It was found, consistent with established thermohydrodynamic 
criteria, that as solidification progressed the melt exhibited successively_ 
turbulent convection, oscillatory thermal instabilities, and, finally, thermal 
stability. Growth under turbulent melt convection is characterized by pro- 
nounced and rapid fluctuations with the rate chang.ing within 1 sec from 
negative to more than 30 #m/sec. A quantitative mlcrosegregation analysis 
based on interface demarcation for the determination of dopant concentrations 
was performed. It showed that segregation under turbulent convection is in 
basic agreement with the BPS theory: Dopant incorporation is controlled by 
the microscopic rate of growth while convection-induced boundary layer 
perturbations constitute a second-order effect. 

Time-dependent convective melt flow caused by un- 
avoidable destabilizing thermal gradients has been 
identified as the primary cause of random composi- 
tional variations in semiconductor single crystals 
grown from the melt (1). The exact nature of such 
thermohydrodynamic instabilities in crystal growth 
systems (2) and their functional dependence on growth 
parameters have not as yet been established; more 
importantly, quantitative cause and effect relationships 
between convective flow and microsegregation are still 
not available. 

Recently, the nature of convective instabilities as- 
sociated with destabilizing thermal gradients was sys- 
tematically studied for the growth of InSb (3). This 
study established the effects of convection in the melt 
on crystal growth characteristics and revealed some 
basic relationships between convection and dopant in- 
corporation. The present investigation is concerned 
with the study of convective melt flow in a germanium 
growth system with destabilizing vertical thermal 
gradients and its effect on dopant (Ga) incorporation 
with primary emphasis on a quantitative analysis of 
segregation under turbulent convection. 

Experimental Procedures 
All growth experiments were carried out in an ap- 

paratus shown schematically in Fig. 1. The Ge charge 
and the Ga dopant (4 X 10 ~9 atoms/cm S in the melt) 
were placed in a quartz tube of 1.3 cm ID, heated to 
slightly above the melting point with a cylindrical re- 
sistance heater, and brought into contact with an 

* Electrochemical Society Active Member. 

<111> Ge seed. The height of the molten zone at t h e  
start of the growth experiment was about 2.5 cm. 
Growth in the downward direction was achieved by 
controlled furnace power reduction. At a constant 
cooling rate of 0.43~ (obtained with a nominal 
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Fig. I. Schematic diagram of experimental setup 
used for the study of crystal growth under de- 
stabilizing vertical thermal gradients. 
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Table I. Data characterizing the different modes of convective instability in confined 
Ge and InSb melts 

T u r b u l e n t  convec t ion  Oscillatory fnstabillty 
T i m e  i n d e p e n d e n t  

c o n v e c t i o n  

Ge InSb Ge InSb Ge InSb 

Melt  he ight  r a n g e  ( c m )  2.4-1.8 3.0-2.0 ~1.8-1.2 ~1.0-1.0 1.2-0 1.0-0 
Aspec t  rat io  r a n g e  1.8-1.4 2.3-1.5 1.4-0.9 ~1.1-0.75 0.9-0 0.75-0 
F r e q u e n c y  of  t h e r m a l  A* 1-0.2 A* 1-0.2 0.4 0.29, 0.30 m - -  

instabi l i t ies  (Hz) B* 0.01-0.02 B* 0.008-0.004 
Amplitude of thermal A ~5 A ~7 0.06-0 0.1-0 -- -- 

instabilities {•176 B <5 B <5 
RayleighNo. range 5 • i0~-9 • I0 ~ 3 x I0~4 x I08 9 x 104-2 x I0 ~ 4 x 10~-2 x I0 ~ 2 x 104.0 2 x 10~-0 
GrashofNo. range 7 • 10~-~I • i0 v 4 x 10T-5 • 10 ~ 1 • I07-3 • 10 B 5 • 105-2.5 x 10 ~3 • 10~ 2.5 x 105-0 

v e r t i c a l  des tabi l i z ing  t h e r m a l  gradients :  Ge = 27~ at 2.5 c m  m e l t  he ight ;  InSb= 19 ~ at  3.3 c m  m e l t  he ight ;  and  8 ~  at 
1.2 c m  m e l t  he ight .  

* A and B r e f e r  to the  s i m u l t a n e o u s l y  p r e s e n t  m o d e s  of  t h e r m a l  instabi l i ty  ( s e e  t e x t ) .  

destabi l iz ing ver t ica l  t he rmal  g rad ien t  of 27~ 
t aken  f rom the t empe ra tu r e  difference be tween  the 
growth  in ter face  and the bo t tom of the  mel t  at the 
onset of the growth  exper iment )  an average  macro-  
scopic growth  ra te  of 2.8 ~ n / s e c  was established.  Vol-  
ume expansion dur ing  solidification was accommodated  
by  a special  g raphi te  inser t  near  the  bo t tom of the  
quar tz  tube. 

For  the  purpose  of in ter face  demarca t ion  by  cur ren t  
puls ing (4), e lectr ical  contacts  were  made  wi th  the  
seed crys ta l  and the graphi te  pedestal .  Cur ren t  pulses 
(18A) of 50 msec dura t ion  were  t r ansmi t t ed  at  in te r -  
vals of 0.6 sec durii~g g rowth  under  tu rbu len t  convec- 
t ion condit ions;  the  in te rva l  be tween  pulses was in-  
creased to 30 sec under  osci l la tory  t he rma l  ins tab i l i ty  
and under  the rmal  s tab i l i ty  conditions. 

Tempera tu re  measurements  in the  mel t  were  ob-  
ta ined  wi th  a Chrome l -A lume l  thermocouple  inser ted  
th rough  the graphi te  pedestal .  Dur ing  g rowth  the  loca-  
t ion of the thermocouple  junct ion  was ad jus ted  so tha t  
t empera tu re  measurements  for var ious  mel t  heights  
could be taken  at  a constant  dis tance of app rox ima te ly  
5 m m  from the growth  interface.  Since d isplacements  
of the  thermocouple  did not a l te r  the  growth  and seg-  
Tegation behavior  i t  is concluded that  its presence did 
not not iceably  affect the t he rma l  behavior  of the  melt.  
Current  puls ing was s topped pr io r  to the te rmina t ion  
of growth  so tha t  the  last  in ter face  demarca t ion  line 
could be identif ied and serve as a d i rec t  t ime reference  
be tween  the t e m p e r a t u r e  recording  and the  corre-  
sponding g rowth  region [the cur ren t  pulses were  in-  
duct ive ly  regis te red  by  the thermocouple ;  see also 
Ref. (3) ]. 

The g rowth  and segregat ion analyses  were  pe r -  
formed on crys ta l  segments  cut  along the growth  axis; 
the segments  were  pol ished and e tched (8 sec in 1HF 

1CH3COOH + 1H202) to revea l  segregat ion effects 
and in ter face  demarca t ion  b y  in te r fe rence  contras t  

microscopy;  for quant i ta t ive  microsegregat ion  analysis,  
dopant  concent ra t ion  profiles were  de te rmined  by  
s ingle-point  probe  spreading  resis tance measurements .  

Experimental Results and Discussion 
Thermohydrodynamics and growth behavior.--The 

nature  of the t he rmohydrodynamic  ins tabi l i t ies  in the 
Ge mel t  under  the present  g rowth  configuration and 
thei r  effect on the  growth  character is t ics  were  inves t i -  
gated th rough  t empe ra tu r e  measurements  in the  mel t  
and th rough  an analysis  of the segregat ion inhomo-  
geneities (s t r ia t ion pa t te rns)  in the grown crystal .  The 
resul ts  indica ted  tha t  the  convective mel t  flow be-  
havior  depends  s t rongly  on the mel t  height  and is in 
pr inciple  analogous to tha t  encountered  in an InSb 
growth  system of s imi lar  configurat ion (3). Thus, wi th  
continuing g rowth  in the downward  direct ion (wi th  
decreasing mel t  he ight )  the mel t  exper ienced  suc-  
cessively turbulent ,  oscil latory,  and l amina r  convection 
wi th  correspondingly  different  g rowth  and segregat ion  
behavior .  

While  the  p resen t ly  observed convective flow be-  
havior  is basical ly  the same as that  observed  in InSb 
and consistent  wi th  es tabl ished t he rmohydrodynamic  
cr i ter ia ,  i t  differs in deta i l  as seen in Table  I. A t  la rge  
Ge -me l t  heights  (2.4-1.8 cm) a tu rbu len t  convect ive 
rol l  is es tabl ished (Fig. 2) which rota tes  s lowly about  
its ver t ica l  axis (3) (as indica ted  by  large  ampl i tude -  
low f requency var ia t ions) .  The t empe ra tu r e  measure -  
ments  and the character is t ics  of the  corresponding 
segregat ion inhomogenei t ies  in the grown crys ta l  
Showed that  the  ro ta t ion  of the  convect ive rol l  about  
its ver t ica l  axis was ar res ted  as the  mel t  he ight  de -  
creased below 1.8 cm. Thus, the la rge  amp l i t ude - low  
f requency t e m p e r a t u r e  var ia t ions  in the mel t  ceased 
and concurren t ly  the pronounced  remel t  s t r ia t ions  in 
the growing crys ta l  (which at  l a rge r  mel t  heights  
over lap  in the  center  of the  crys ta l  as a resul t  of the 

Fig. 2. Comparison of etched 
segments of Te-doped InSb (A) 
and Ga-doped Ge (B) crystals 
grown under turbulent convective 
melt flow. 20X, 
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ver t ica l  ro ta t ion of the  convective rol l )  no longer  
form; the random non- r eme l t  s t r ia t ions  of h igher  f re -  
quency pers is t  and assume an or ienta t ion  normal  to 
the  growth  direct ion (see be low) .  I t  is of in teres t  to 
note  tha t  coincident  wi th  this  change in the  convect ive 
flow pa t t e rn  the  average  microscopic g rowth  ra te  de -  
creases f rom 24 to 2.8 ~m/sec. The s imi la r i ty  of the 
convective mel t  flow behavior  for  Ge and InSb is evi-  
dent  in Fig. 2 which shows comparab le  c rys ta l  seg- 
ments  grown under  tu rbu len t  convection. 

The r andom t empera tu r e  fluctuations changed to 
osc i l la tory  ins tabi l i t ies  as the  mel t  he igh t  decreased to 
1.7 cm. Tempera tu r e  oscil lat ions wi th  a constant  f re -  
quency of 0.4 Hz and an ampl i tude  decreasing cont inu-  
ous ly  f rom a value  of *-0.06~ were  observed to a mel t  
he ight  of 1.2 cm. The osci l la tory mel t  ins tab i l i ty  in 
ge rman ium is different  f rom tha t  observed in  InSb 
insofar  as i ts f requency  (a l though constant  over  s ig-  
nificant t ime in te rva ls )  exhibi ts  not iceable  i r r egu l a r i -  
ties, pa r t i cu l a r ly  pr ior  to t rans i t ion  to the rmal  s ta -  
b i l i ty  at  a mel t  he ight  of 1.2 cm. 

Dopant  Segregat ion 
Macrosegregation.--The macrosegregat ion  behavior  

of the  G e - G a  sys tem in the  form of a composi t ional  
profile obta ined by  spreading  resis tance measurements  
(4) at spacings of 25 ~m along the axis of the grown 
crys ta l  is shown in Fig. 3. I t  can be seen that  dopant  
segregat ion dur ing  growth  under  tu rbu len t  convection 
(left  por t ion  of the  d iagram)  led to composi t ional  
var ia t ions  in excess of about  ~-10%. In contrast ,  segre-  
gat ion under  both  osci l la tory  ins tab i l i ty  (centra l  po r -  
t ion) and the rmal  s tab i l i ty  ( r ight  por t ion)  exhib i ted  
composi t ional  fluctuations of less than •  F igure  3 
shows fu r the r  tha t  the  Ga concentra t ion in the  Ge 
crys ta l  increases s teadi ly  in the di rect ion of growth  
(wi th  the except ion of one decrease which is fol lowed 
b y  a r ap id  r ecovery ) .  This finding is significant since 
~he sol idifying mel t  was subjec ted  to ab rup t ly  chang-  
ing convective flows which resul ted  in  pronounced 
changes of the  microscopic growth  rate.  

It would  be des i rable  to make  use of this composi-  
t ional  profile for a quant i ta t ive  segregat ion analysis  
on the  basis of the normal  freezing equat ion (5). 
However ,  the average  dopant  concentra t ion computed  
for the  ini t ia l  segment  ( tu rbu len t  convection) is not  
re l iab le  since the measurements  were  taken  at  spac-  
ings of 25 ~m and ma jo r  composi t ional  fluctuations as-  
sociated wi th  in te rmi t t en t  backmel t ing  occur at  com- 
pa ra t ive  spacings (20-80 #m).  Moreover,  rad ia l  segre-  
gat ion cannot  be ignored.  

Microsegregation.--Segregation under turbulent 
convection (with extensive backmelt ing).--A quant i -  
ta t ive  analysis  of the  g rowth  and segregat ion behavior  
on a microscale  for a c rys ta l  segment  grown at a mel t  

height  of 2.4 cm under  tu rbu len t  convect ion is p r e -  
sented in Fig. 4. The growth  ra te  analysis  (curve B in 
Fig. 4), obta ined  f rom the spacing of successive in t e r -  
face demarcat ions ,  1 shows tha t  the average  microscopic 
g rowth  ra te  (24 ~m/sec)  is l a rge r  than  the average  
macroscopic growth  ra te  (2.8 ~m/sec)  b y  a factor  of 
about  10 as a resul t  of t u rbu len t  convection; the  
g rowth  ra te  be tween  the i r r egu l a r l y  spaced per iods  
of backmel t ing  fluctuates signif icantly wi th  m a x i m u m  
values in excess of 50 #m/sec;  more  impor tan t ly ,  the  
microscopic growth  ra te  changes ve ry  rapid ly ,  in -  
creasing af te r  backmel t ing  (negat ive  ra te)  to more  
than  30/~m/sec wi th in  less than  1 sec. 

In  the  context  of the  presen t  microscopic growth  
ra te  analysis  the  inheren t  l imi ta t ion  of the  in terface  
demarca t ion  technique for  g rowth  ra te  de te rmina t ion  
should be considered:  The f requency  of the in ter face  
demarca t ion  (presen t ly  1.7 Hz) was se lec ted  to y ie ld  
op t imum accuracy at the  expected  average  growth 
rate;  rap id  growth  ra te  excursions to ve ry  high and  
ve ry  low levels introduce,  by  necessity,  uncer ta in t ies  
or iginat ing f rom l imi ted  g rowth  ra te  resolut ion  for  
high rates  and spat ia l  resolut ion  for  low g rowth  rates.  
(in the  present  s tudy the ra te  de te rmina t ion  was op-  
t imized for  the  range  of 10 to 30 ~m/sec.)  

The composi t ional  profile ob ta ined  f rom spreading  
resis tance measurements  at  5 ~m spacings is given by  
curve C of Fig. 4. 2'he da ta  indicate  an average  Ga con- 
cent ra t ion  of 4.6 X 10~S/cm z wi th  composi t ional  fluc- 
tuat ions of ___10%. A comparison of curves B and C in 
~ig. ~ shows that  m a x i m a  and min ima  in dopant  con- 
cent ra t ion  are  associated wi th  corresponding m a x i m a  
and min ima in the  microscopic g rowth  rate.  The ob-  
served coincidence of the g rowth  ra te  and composi-  
t ional  m a x i m a  and min ima  shows tha t  the  ma jo r  
var ia t ions  in dopant  concentra t ion or ig inate  f rom 
microscopic g rowth  ra te  f luctuations;  i t  also ind i -  
cates that  mel t  f low-induced fluctuations in the  th ick-  
ness of the diffusion boundary  l aye r  const i tute  a sec- 
ond-o rde r  effect under  the  presen t  g rowth  conditions. 

BPS-segregation analysis.--In view of the preceding 
phenomenological  considerat ions  it is of in teres t  to in-  
vest igate  the appl ica0 i l i ty  of the Burton,  Pr im,  and 
Sl ichter  re la t ionship  (7) to segregat ion  under  tu r -  
bulent  convective mel t  flow; thus, the  Ga concentra-  
t ion in the solid is g iven by  

CLke 
C s - -  

ko-t- (1 --  ko) exp ( - - V S / D )  

where  cs  is the  Ga concentra t ion in the  crys ta l  CL is 
the Ga concentrat ion in the  bu lk  of the melt ,  ko is the  

The growth rate curve was obtained by fitting all spacings of 
interface demarcations to a computer-generated expression for 
the growth rate vs. growth distance employing a cubic (spline) in- 
terpolating polynomml (6). 

Fig. 3. Macroscopic longitu- 
dinal Go-concentration obtained 
from single point spreading re- 
sistance measurements at spac- 
ings of 25 Fm. Regions 1, 2, and 
3, grown under turbulent convec- 
tion, oscillatory instability, and 
laminar convection, respectively, 
were subjected to segregation 
analysis on a microscale (see Fig. 
4, 6, and 7). 
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Fig. 4. Microsegregatlon analy- 
sis of Ge crystal grown under tur- 
bulent melt convection: (a) 
photomicrograph of etched crys- 
tal segment, (b) growth rate 
analysis, (c) compositional analy- 
sis. Ten randomly selected dopant 
concentrations on curve C (~ ) )  
with the corresponding growth 
rates in curve B were subjected 
to a BPS analysis in Fig. 5. (Ex- 
perimental points, indicated as 
I ,  correspond to concentrations 
for which the growth rates are 
associated with potentially high 
measurement error becaus~ of 
limited rate resolutlon under tur- 
bulent growth conditions.) 

equi l ibr ium dis t r ibut ion  coefficient, V is the  micro-  
scopic growth  rate,  8 is the  diffusion bounda ry  l aye r  
thickness,  and D is the diffusion coefficient of Ga in the  
melt .  For  the purpose  of this analysis  the Ga concen- 
t ra t ion  in the mel t  is t aken  to be ident ical  wi th  the  
normal  concentrat ion in the or iginal  charge, since the  
grown region shown in Fig. 4 is located only 2 m m  
below the or iginal  r eg rowth  interface.  Considering the 
l imi ted  resolut ion of in terface  demarca t ion  and the 
necessar i ly  t rans ient  segregat ion behavior  associated 
wi th  pronounced growth  ra te  accelerat ions and de-  
celerations,  the da ta  points  considered for analysis  
( indicated in curve C of Fig. 4) were  r andomly  se-  

lected from regions of in te rmedia te  m a x i m a  and 
min ima  for which the re l i ab i l i ty  of the corresponding 
growth  rates  (12-42 ~m/sec)  is highest;  some less re -  
l iable  da ta  involving growth  rates  in excess of 42 ~m] 
sec are  also included;  excluded,  for reasons to be dis-  
cussed later ,  are  da ta  from regions immedia t e ly  fol-  
lowing remelt ing.  The resul ts  are  shown in Fig. 5; they  
are  considered as indicat ive  of basic compliance of the 
segregat ion behav ior  wi th  the BPS theory;  deviat ions 
f rom theore t ica l  behavior  at  ra tes  in excess of 42 ~m/  
sec reflect in par t  the er ror  associated wi th  the  de te r -  
minat ion  of the growth  ra te  due to l imi ted  resolut ion 
at  the appl ied  demarca t ion  f requency (see above) .  

In  view of the observed agreement  be tween exper i -  
ment  and theory  it is meaningful  to analyze fur ther  
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Fig. 5. BPS segregation analysis for growth under turbulent con- 
vection based on data in Fig. 4. (For points indicated as O, see 
Fig. 4). 

the  results  in Fig. 5. The slope of the  BPS plot  (~/D) 
is found to be 26.3 sec /cm and the thickness of the 
convect ion-control led  diffusion bounda ry  l aye r  is com- 
puted to be 40 #m ( taking  D : 1.5 • 10 -4 cm2/sec).  
Ext rapola t ing  the Ga concentrat ion in Fig. 5 to zero 
growth  ra te  the equ i l ib r ium dis t r ibu t ion  coefficient, 
ko, is found to be 0.108. This value  is significantly 
h igher  than  the one genera l ly  used (0.087) (8) but  
ident ical  wi th  that  most  recen t ly  obta ined th rough  ex-  
tensive, as yet  unpubl ished,  segregat ion studies. 

The appl icab i l i ty  of the  BPS theory  to segregat ion 
under  condit ions of tu rbu len t  convect ion is surpr is ing  
in view of the t rans ient  na ture  of the  g rowth  condi-  
tions; i t  can, however,  be ra t ional ized as a direct  
consequence of the preva i l ing  high convective mel t  
flow rates. Thus, the convect ion-control led  diffusion 
boundary  layer  thickness is r a the r  smal l  and diffu- 
sional ad jus tment  of the  segregated  Ga to its s t eady-  
state value  takes  place  wi th in  a short  t ime interval .  
Taking  ~)2/D ~- 0.106 sec as the character is t ic  t ime 
constant  for diffusional segregat ion r ead jus tmen t  fol-  
lowing a growth  ra te  pe r tu rba t ion  (9), it  must  be 
concluded that  the  observed in te rmedia te  composi-  
t ional  m a x i m a  and min ima are  reasonably  close to 
s t eady-s ta te  values. I t  is clear,  on the  other  hand, 
that  g rowth  immedia t e ly  fol lowing backmel t ing  ex-  
hibi ts  a segregat ion behavior  to which the BPS theory  
cannot be appl ied;  the dopant  concentrat ion profile ad-  
jacent  to the  growth  interface  is modified by  the back-  
mel t  process and is most  l ike ly  affected by  a t em-  
pora ry  reversa l  of concentra t ion gradients  ( the back-  
mel t ing solid is of lower  Ga concentra t ion than  the 
bu lk  mel t )  leading to backdiffusion f rom the bu lk  
mel t  into the diffusion bounda ry  layer .  Because of 
extens ive  backmel t ing  the measured  t empe ra tu r e  
fluctuations could not be qua l i t a t ive ly  re la ted  to the  
microscopic g rowth  ra te  and thus it was not  possible 
to apply  the Hurle,  Jakeman,  and Pike  theory  (10). 

On the basis of the presen t  analysis  i t  is concluded 
that  dopant  segregat ion under  condit ions of t u rbu len t  
convection (character ized by  pronounced and rap id  
growth  ra te  var ia t ions)  is in good agreement  wi th  the  
BPS re la t ionship;  segregat ion var ia t ions  due to c o n -  
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vec t ion- induced  bounda ry  l aye r  pe r tu rba t ions  appear  
to be a second-order  effect. 

Segregation under turbulent convection (without ex- 
tensive backmelt ing).--At  a mel t  he ight  of 1.8 cm 
both the growth  and segregat ion behav ior  undergo a 
fundamenta l  change. As discussed above the convec-  
t ion rol l  ceases to ro ta te  about  its ver t ica l  axis;  how-  
ever,  h igh f requency  t e m p e r a t u r e  f luctuations char -  
acteris t ic  for  t u rbu len t  convect ion persist .  Concur-  
rent  wi th  the  change in convective mel t  flow be-  
havior ,  the  pronounced  r eme l t  s t r ia t ions  d i sappear  
(see Fig. 2). Since interface  demarca t ion  was appl ied  
i n t e rmi t t en t ly  only,  a quant i ta t ive  growth  ra te  ana l -  
ysis at  this t rans i t ion  region cannot  be car r ied  out. 
However ,  decreased spacing of impur i t y  s t r ia t ions  of 
the  non - r eme l t  type  are  t aken  as indica t ive  of a p ro -  
nounced decrease in the  microscopic growth  rate.  This 
decrease  could be  quan t i t a t ive ly  confirmed th rough  
in ter face  demarca t ion  appl ied  again  2 m m  below the 
t rans i t ion  region where  growth  took p lace  wi thout  
not iceable  backmel t ing .  At  this region the average  mi -  
croscopic growth  ra te  is found to be 2.8 ~m/sec and 
thus v i r tua l ly  ident ica l  wi th  the  macroscopic ra te  of 
growth.  

In  the  absence of de ta i led  g rowth  ra te  informat ion  
i t  is of in teres t  to consider phenomenologica l ly  the 
segregat ion behavior  in the  above t rans i t ion  region on 
the basis of the  macrosegregat ion  profile given in 
Fig. 3. I t  is seen tha t  concurrent  wi th  the ar res t  of 
ex tens ive  backmel t ing ,  an ab rup t  drop of the  dopant  
concentra t ion to about  4.05 • 101S/cm 3 takes  place. 
This concentra t ion change, a l though l a rge r  than  ex-  
pected, is consistent  wi th  a decrease of the  microscopic 
growth  ra te  f rom an average  of 24 to 2.8 ~m/sec  ex -  
pected for  this region.  (Exper imen ta l  verif icat ion of 
this assumpt ion could not  p resen t ly  be achieved.)  The 
ensuing g radua l  dopant  concentra t ion increase,  which 
takes  place  under  a constant  microscopic ra te  of 
growth,  is c lear ly  the resul t  of a s teady  increase  in the 
thickness of the diffusion bounda ry  l aye r  and thus 
reflects an ab rup t  decrease  in the  convect ive flow 
velocity.  In the la te r  stages of this t rans i t ion  region 
( location 2 in Fig. 3), a g radua l  a t tenua t ion  of the 
composi t ional  fluctuations f rom ___10% to about  _.+2% 
takes place  as seen in Fig. 6. 

Segregation under oscillatory thermal instability and 
under thermal stability (laminar convection).--The 
dopant  segregat ion unde r  osc i l la tory  ins tabi l i ty  is 
charac ter ized  by  v i r tua l  microscopic composi t ional  
homogenei t ies  (fluctuations in Ga-concen t ra t ion  are 
less than ___2% ). This segregat ion behavior  reflects both 
a constant  microscopic g rowth  ra te  (2.7-2.8 #m/sec)  

and re l a t ive ly  s table  diffusion bounda ry  l aye r  cha r -  
acteristics.  

A crys ta l  segment  g rown dur ing  the t rans i t ion  f rom 
osci l la tory  the rmal  ins tab i l i ty  to t he rma l  s tab i l i ty  in 
the mel t  ( locat ion 3 in Fig. 3), toge ther  wi th  the  cor-  
responding composi t ional  profile, a re  shown in Fig. 7. 
I t  can be seen tha t  in this t rans i t ion  region the micro-  
scopic g rowth  ra te  r emained  constant  whi le  the  dopant  
segregat ion  increased gradual ly .  I t  mus t  therefore  be 
concluded that  the convect ive flow characteris t ics ,  in 
pa r t i cu la r  the  flow velocity,  con t ra ry  to the  p re -  
viously discussed t rans i t ion  region, did not change 
ab rup t ly  dur ing  the t rans i t ion  f rom osci l la tory  in-  
s tab i l i ty  to the rmal  s tabi l i ty .  The da ta  mus t  be taken  
as indi rect  evidence of the  presence of l amina r  con- 
vect ive flow under  condit ions of the rmal  s tabi l i ty.  No 
at tempts ,  however ,  were  made  to confirm these con- 
clusions th rough  a calcula t ion of the diffusion bound-  
a ry  layer  thickness,  for  example  (by  apply ing  the 
Burton,  Pr im,  and Sl ichter  re la t ionsh ip) ,  since the re -  
qui red de te rmina t ion  of the Ga concentra t ion in the  
mel t  on the  basis of the di rect ional  f reezing equat ion 
was considered as unre l i ab le  for these la te  stages of 
growth.  

Summary and Conclusions 
The na tu re  of t he rmohydrodynamic  ins tabi l i t ies  in 

Ga-doped  Ge mel ts  under  destabi l iz ing ver t ica l  the r -  
mal  gradients  was de te rmined  over  a wide range  of 
mel t  aspect  rat ios  dur ing  crys ta l  g rowth  in an in-  
ver ted  Br idgman  configuration. I t  was found that  the 
na tu re  of the  convective ins tabi l i t ies  ( s imi lar  to those 
observed in  InSb)  changes wi th  decreasing aspect  
ra t io  in agreement  wi th  theory.  The effects of the  va r i -  
ous modes of convection in the  mel t  on the  growth  
character is t ics  were  s tudied by  high resolut ion etching 
analyses  of the g rown crystal .  I t  was shown tha t  the  
average  microscopic growth  ra te  for  g rowth  under  
t ime- independen t  convection mel t  flow and under  os- 
c i l la tory  the rmal  ins tab i l i ty  was ident ica l  wi th  the  
average  macroscopic g rowth  ra te  whereas  tha t  ob-  
served dur ing  growth  under  tu rbu len t  convect ion (be-  
cause of extens ive  backmel t ing)  was by  about  one 
order  of magni tude  higher.  

Using high resolut ion spreading  resis tance measu re -  
ments  for composi t ional  profi l ing on a microscale  to-  
ge ther  wi th  the  microscopic g rowth  ra te  da ta  obta ined 
through interface  demarca t ion  i t  was for  the  first t ime 
possible to pe r fo rm a quant i ta t ive  segregat ion analysis  
for crys ta l  growth  under  tu rbu len t  mel t  convection. 
This analysis  revea led  that  the  dopant  incorpora t ion  is 
p r imar i l y  control led  by  the microscopic ra te  of g rowth  
and segregat ion  (wi th  the except ion of regions affected 

Fig. 6. Dopant incorporation in 
the transition region from turbu- 
lent convection to oscillatory in- 
stability (segment 2 in Fig. 2). 
Notice the attenuation of com- 
positional fluctuations from 
•  to about •  
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Fig. 7. Dopant incorporation 
in the transition region from 
osci|lotory instability of time in- 
dependent laminar convective 
flow (segment 3 in Fig. 2). See 
text. 

by backmelting) is in basic compliance with the BPS 
theory. Convection-induced solute boundary layer per- 
turbations were found to be a second-order effect. The 
applicability of the BPS theory to segregation under 
pronounced growth rate variations is attributed to the 
establishment of a small solute boundary layer thick- 
ness resulting from relatively high convective flow 
rates in the melt. Thus, growth rate controlled diffu- 
sional solute adjustment within the solute boundary 
layer is rapid and segregation can adjust without 
noticeable transient effects to randomly changing 
growth rates. 
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Plasma-Grown Oxide on GaAs 
Semiquantitative Chemical Depth Profiles Obtained Using Auger 
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ABSTRACT 

P lasma  oxida t ion  of GaAs is a low t empera tu r e  oxide  growth  technique  
wi th  possible electronics device applications.  Chemical  depth  profiles th rough  
600-3000A th ick  p l a s m a - g r o w n  oxides were  obta ined  using Auger  spect ros-  
copy combined wi th  ion mil l ing and were  ca l ibra ted  using neut ron  act ivat ion 
analysis.  The "bulk"  composit ions of these oxides were  un i form wi th  dep th  
and equivalent  to those of mix tures  of Ga203 and As2Os. A p p r o x i m a t e l y  the 
first 200A of the oxide  surfaces were  a lways  As-r ich ,  but  each oxide as a 
whole was As deficient and the Ga/As concentration ratio increased with 
oxide thickness from 1.1s at 600A to 1.45 at 2780A. The mechanism of As loss 
is the faster out-diffusion of As compared to Ga during oxidation and volati- 
lization of surface As-containing species. A sheet of elemental As, amounting 
to about I0 TM atoms/cm2/1000A of oxide growth, was found at the oxide-GaAs 
interface.  The in ter face  wid ths  were  <~30 and <~70A at  oxide  thicknesses  of 
600 and 2780A, respect ively.  

R e c e n t  d e m o n s t r a t i o n  o f  the  g rowth  of na t ive  ox-  
ides on GaAs using a magne t ica l ly  confined p lasma  
med ium suggested tha t  the p lasma  oxida t ion  technique 
m a y  be of prac t ica l  in teres t  to electronics device 
technology (1). This technique has cer ta in  advantages  
over  o ther  methods,  such as the rmal  oxida t ion  or  ano-  
dization. With  the rmal  oxidation,  the g rowth  ra te  is t o o  
slow at low tempera tures ,  and at  t empera tu re s  suf-  
f iciently high for r easonab ly  fast g rowth  rates,  the re  
a r e  the  p rob lems  of As loss and recrys ta l l iza t ion  of 
Ga203 (2). Anodic  oxides requi re  various pos tg rowth  
anneals  for s tabi l izat ion and improvement  of film 
proper t ies ,  and the g rowth  process is sensi t ive to the  
semiconduct ing proper t ies  of the  GaAs. These oxides 
a r e  also charac te r ized  by  e i ther  a wide  film thickness  
d i s t r ibu t ion  or  a diffuse ox ide -GaAs  interface  tha t  
span a mean  width  of app rox ima te ly  700A for oxides 
2500A thick (3, 4). On the o ther  hand, p lasma oxide  
films were  found to be uniform, homogeneous,  dense, 
nea r ly  stoichiometric,  and amorphous  in na ture  (1). 
P r e l i m i n a r y  electr ical  measurements  have shown that  
the  GaAs MOS capaci tors  have re la t ive ly  s table C-V 
character is t ics  as wel l  as high b r eakdown  voltages 
(1). The present  pape r  repor ts  on Auger  spectroscopy 
studies of the p l a sma-g rown  oxide on GaAs in the 
thickness  range  be tween  600 and 3000A. Knowledge  
of the  oxide  chemis t ry  and depth  profile should p ro-  
v ide  a be t t e r  unders tand ing  of the  chemical  and 
physical  processes involved in the oxide  growth,  as 
wel l  as some idea of the "qual i ty"  of these oxides 
compared  to other  types  of oxides. 

Experimental 
The p lasma  oxida t ion  process was carr ied  out in a 

l inea r  p lasma device descr ibed e lsewhere  (i ,  5). An 
oxygen  p lasma (densi ty  ~ 10 I~ pa r t i c l es /cm 3, Te ---~ 
4 eV) was formed at  a background  pressure  of 2 • 
10 -3 Torr  and an ambien t  t empera tu re  of ---~40~ 
wi th  a pa i r  of rf  a luminum electrodes which were  
dr iven  in balance  at  the same d-c  potent ia l  wi th  a 
typ ica l  r f  power  of 300W at 20-30 MHz. The p lasma 
thus formed (in the source region of the  p lasma  de-  
vice) was confined by  an ex te rna l  magnet ic  field 
of 500G. The magne t ic  confinement also reduced the 
contamina t ion  f rom the chamber  walls. The p lasma  
column was 5 cm in d iam and 50 cm long. The  GaAs 
wafer,  (100) or ientat ion,  Te doped, wi th  a car r ie r  
concentra t ion of 2 • 1017/cm 8, was first c leaned in 

* Electrochemical  Society Act ive  Member. 
Key words: GaAs plasma-grown oxide, Auger spectroscopy, neu- 

tron activation analysis. 

di lu te  HCI and then  mounted  on a Monel subs t ra te  
holder.  The wafe r  surface was mounted  norma l  to 
the magnet ic  field l ines and at  least  30 cm a w a y  from 
the electrodes to avoid spu t te r ing  contaminat ion  f rom 
the a luminum electrodes.  The subs t ra te  was then 
biased at  up to 90V posi t ive wi th  respect  to the  p lasma  
for collecting electrons and nega t ive ly  charged  oxy -  
gen species. 

Four  samples  were  inves t iga ted  for this r epor t  and 
they  are  l i s ted  in  Table  I together  wi th  the oxide 
thickness which  ranged f rom about  600A to almost  
3000A. The oxide  thicknesses were  de t e rmined  u s i n g  
Ruther ford  backscat ter ing.  Al l  the oxides were  grown 
under  essent ia l ly  s imi lar  condit ions e x c e p t - f o r  No. 
1782, which  was grown at  a s l ight ly  fas ter  rate.  
Deta i led  descript ions of the  growth  condit ions are  
outside the in tended  scope of this pape r  and wil l  be 
presented  in a for thcoming report .  

Chemical  analyses  were  pe r fo rmed  by  measur ing  the 
surface composi t ion by  Auger  e lec t ron spectroscopy 
(6, 7), using a (Var ian)  cyl indr ica l  ana lyzer  wi th  an 
energy  resolut ion of 0.25%. Typica l  opera t ing  condi-  
tions were  10 ~A incident  e lect ron beam at 6 keV, 50~ 
beam diameter ,  and 2 eV a-c  modula t ion;  da ta  were  
taken  in the  d[EN (E) ]/dE mode and mul t ip l exed  
over  only the re levan t  Auger  peaks.  Complete  scans 
f rom 0 to 1800 eV were  also t aken  f rom t ime to t ime 
to ensure that  the mul t ip lexed  e lements  were  the  
only species present  in the oxide. Since hydrogen  is 
not de tec table  by  Auger  e lect ron spectroscopy, its 
possible presence was ignored in this work. Depth  
profiles were  genera ted  by  measur ing  the surface 
composit ion whi le  s imul taneous ly  mi l l ing  the s u r f a c e  
with  a (Var ian)  Ar  ion gun opera ted  at 2 keV. The 
t imes requi red  for ion mil l ing the  oxide f rom the 
surface to the  ox ide -GaAs  in ter face  are  p lo t ted  agains t  
oxide thickness in Fig. 1 (filled points) .  As expected,  
the re la t ionship  is l inear ;  the solid l ine d rawn through  
the points  represents  a mi l l ing  ra te  of 100 A/min .  

Table I. List of samples 

Sample No. Thickness  (A) * 

1931 640 
1771 1400 
1782 1750 
1816 2780 

�9 Determined using Rutherford backscattering.  

4 8 1  
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I l I 1.5 Table !!. Parameters for quantitative Auger analysis 

[] 
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Fig. 1. The oxide thickness (filled points) and Go/As concen- 
tration ratio (open squares) as functions of ion milling time. The 
over-all Go/As concentration ratio increases with oxide thickness. 

Neutron activation analysis was utilized to calibrate 
the concentrat ion ratio of Ga and As in the oxide 
because this ratio was the only quant i ty  for which 
a calibration could not be obtained from Auger  data 
alone. Details are fur ther  described below. 

Results 
Calibration of the Auger data.--Quantitative Auger 

analysis (6, 7) can be accomplished by exper imenta l ly  
de termining  the coefficients for all of the known fac- 
tors that  affect the Auger signal intensity,  so that 
the measured heights of peaks in the Auger spectra 
can be converted to composition in  atom percent. 
This procedure of cal ibrat ing the Auger in tensi ty  
is quite involved. Only an out l ine of the procedures 
followed in this work is presented here, with the 
appropriate  references. We define quant i ta t ive anal -  
ysis as one in which numerical  results are calcu- 
lated, together with some well-defined error limits. 
In  the Discussion section, we describe some of the 
difficulties encountered in  est imating meaningful  error 
l imits for the present  work. Because of a lack of 
the  statement  of error limits, these analyses can only 
be considered semiquanti tat ive.  

Numerical  evaluations of certain parameters  and 
corrections for all experimental  artifacts must  be com- 
pleted before quant i ta t ive  depth profiles can be cal- 
culated. A description of these evaluations is now 
presented, organized into the five i tems discussed be-  
low. The first two items concern (i) the Auger sen-  
sit ivity factors, and (ii) the correction factors for 
compositional changes induced by  the ion beam used 
for ion mil l ing and the electron beam used for Auger 
excitation. Three addit ional  problems had to be con- 
sidered. I tem (iii): At the start  of ion milling, the 
ion and electron beam interactions have not had time 
to establish steady-state  conditions; in fact, at t ime t : 
0 min, the surfaces are not per turbed at all, so that 
(ii) above does not apply at the oxide surface. I tem 
(iv):  At the oxide-GaAs interface, signals from the 
oxide and GaAs both contr ibute s imultaneously to the 
Auger  peak. Since the correction factors for GaAs and 
the oxide are different, these signals must  first be 
separated before application of the correction factors. 
I tem (v):  We demonstrate below that some of the 
oxide-GaAs interfaces investigated here were only 
about  30A wide; for such nar row interfaces, data 
normalizat ion cannot be performed using peak heights 
measured at different times because of the rapid 
change of the Auger peak heights with time. Peaks 

Element 

O Ga As 

Auger electron energy (eV) 507 1067 1228 
Inverse Auger sensitivity factors: 

Ion i~nillcd GaAS 1.0 1.6 
Ion milled oxide 1".6 1.0 1.6 

Ion, electron beam correction 
(oxide only) 1.0 1.0 2.0 

Notes: 
The inverse Auger sensitivity factors are applicable under the 

following conditions: 6 keV incident electron energy, 2V, a-c 
modulation, and analyzer resolution of 0.25%. 
The inverse Auger sensitivity factors for Ga and As in the oxide 

and in GaAs were fbund to he the same in this work, in contrast 
to the different values found in Ref. (4). The new values are con- 
sequences of the higher energy resolution of the present appa- 
ratus. When the derivative-type spectra are used, the higher 
resolution results in (a) a reduced interference from the plasmon 
loss peak, and (b) a reduced interference among the closely 
spaced (<a eV) multiplets which comprise each of the Ga and 
As peaks. 

measured at the same instant must somehow be ob- 
Pained. Each of the above five items will now be 
considered in greater detail. 

I tem (i): the Auger sensitivity factors.--The Auger 
sensit ivity factors for Ga and As were determined 
(8) by an analysis of four reference GaAs surfaces: 
(a) cleaved in vacuum, (b) ion milled, (c) molecu- 
l a r -beam grown (Ga stabilized), and (d) molecular-  
beam grown (As stabilized).  The sensit ivi ty factor 
for O was taken from a previous cal ibrat ion obtained 
by use of a single crystal of Ga203 (4). The result= 
ing sensit ivi ty factors are shown in  Table II, together 
with the t ransi t ion energies of the peaks selected 
for these analyses. The value of 1.6 for the O sensi- 
t ivity factor was computed by mul t ip ly ing  the value 
of 0.64 [from Ref. (4), normalized to the Ga sensi- 
t ivity factor of 1.0] by two t ransform factors, one 
for the difference in energy resolution and the other 
for the different incidence energy. These two t rans-  
form factors were determined using the present  ap- 
paratus by decreasing the energy resolution (increas- 
ing the a-c oscillation) and decreasing the incidence 
energy to 3 keV to simulate the operat ing conditions 
of Ref. (4). 

I tem (ii): ion and electron beam induced artifacts.-- 
The ion and electron beam induced compositional 
changes were investigated by measur ing the Ga and As 
concentrat ion ratios for our p lasma-grown oxides by 
neut ron  activation analysis. Although this correction 
factor had been previously obtained using an identical 
procedure applied to anodic oxides on GaAs (4), this 
factor might  be different for the p lasma-grown oxide 
because of the different physical and chemical proper-  
ties of the two kinds of oxides. For the neut ron  ac- 
t ivat ion analysis, one crystal of GaAs with about 1500A 
of p lasma-grown oxide was irradiated in a neut ron  
flux, and then the oxide was etched off in a known 
volume of 1:1 solution of HCl:H20. A precise volume 
of this solution was then t ransferred to a 2 in. diam 
filter paper since the Li drifted Ge detector was cali- 
brated for this geometry. Counting was performed as 
a function of t ime to determine the half-l ife of the 
detected radiation, and the concentrations of Ga and 
As were then calculated using known efticiencies. The 
amount  of Ga was found to be constant with t ime 
but  the amount  of As decreased, as observed pre-  
viously (4). We used the Ga and As concentrations 
extrapolated back to the t ime of dissolution as the 
value in the oxide. This procedure assumes no con- 
centrat ion change between the t ime of i rradiat ion 
and the t ime of dissolution, no precipitat ion in the 
HC1 solution, and no preferent ial  adsorption at con- 
tainer  walls. To minimize wall adsorption, micro- 
pipettes and beakers made from nonwet t ing  poly- 
propylene were used. 

The desired correction factor for the Auger  data 
was obtained by dividing the Ga/As concentration 
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ratio from neu t ron  activation analysis, which was 1.29, 
by the apparent  concentrat ion ratio from Auger anal-  
ysis. The lat ter  was obtained as the ratio of areas 
under  the curves for oxidized Ga and As in the depth 
profiles through sample No. 1771, with 14r00A oxide 
(possible errors caused by the 100A difference be- 
tween this sample and the one analyzed by neut ron  
activation analysis are expected to be small  and 
have been neglected).  

The correction factors for the ion and electron beam 
induced compositional changes are listed in Table  II. 
The value of L0 for the ion and e]ectron beam cor- 
rection of Table II for Ga was assumed to be that  
found for Ga208 (4). The value of 2.0 for the As cor- 
rection factor, which derives from the neut ron  activa- 
t ion analysis measurement ,  is significantly different 
from the 1.6 determined earlier for anodic oxides (4). 
Al though the reason for this difference is not known, 
there is no requirement ,  as stated earlier, that  these 
values should be identical. The value of 1.0 for O is 
explained in  Ref. (4). 

To determine whether  the ion or electron beam 
produced the larger effect, the result  from electron 
bombardment  alone was investigated and is shown in 
Fig. 2. It  was found that under  the present  operating 
conditions, the decomposition of Ga oxide was neg- 
l igibly slow, bu t  the As oxide was rapidly decom- 
posed and a new As peak, near  the energy of As in 
GaAs, appeared in  the spectra. Because of the rela-  
t ively high energy resolution of the Auger apparatus, 
these chemically shifted (by about 7 eV) and un-  
shifted peaks could be effectively resolved. The total 
As Auger  signal could be measured as the sum of 
these two peaks. The open points in the figure in-  
dicate the change with t ime of the total Ga/As Auger 
signal ratio, which is seen to increase by a factor of 
two and level off in about 2 min. This increase sug- 
gests that some As is lost from the surface. The factor 
of two increase is equal to the correction factor of 
two found above using neu t ron  activation analysis. 
Therefore, the major  contr ibut ion to the correction 
factor comes from the electron bombardment  and 
very li t t le from the ion bombardment .  This conclu- 
sion is consistent with the fact that the curves of 
Fig. 2 remain  essentially the same when the data 
are taken with or without s imultaneous ion milling. 
This last observation is somewhat unexpected be-  
cause the ion mil l ing should remove the decomposed 
As, and indicates that  much more can be learned 
about the electron and ion beam interactions with 
these oxides by fur ther  Auger  studies. 

I tem (iii) : the nonsteady-state problem at start of ion 
milling.--The possible errors caused by the ini t ia l  
nonsteady-s ta te  conditions were reduced by varying  
the preferential  sput ter ing correction l inear ly  from 
1.0 to 2.0 between 0 and 2 min  dur ing  da ta  acquisition. 
There should be nothing fundamenta l  about the 2 
min  interval ;  this t ime was simply the in terval  to 
a t ta in  steady state as i l lustrated in  Fig. 2 for the 
present  operating conditions. Under  different condi- 
tions (e.g., electron beam intensi ty) ,  this t ime in terval  
is expected to be different. 

I tem (iv): separation o~ signals from the oxide and 
]rom the GaAs at the inter]ace.--The Auger signals 
from the oxide and from GaAs could be dist inguished 
in one of three ways. These are the use of: (a) the 
chemical shift, (b) the O Auger  signal, and (c) the 
plasmon loss peak. We have tr ied all three methods 
and they gaw. ~ essentially the same results wi th in  
exper imental  error. Each method has its par t icular  
advantages and disadvantages and there was no one 
technique that was clearly more accurate than  the 
other two. Typical results from the last two methods 
are compared in Fig. 3 for data from two samples 
with different interface widths. In  the figure, the 
amount  of GaAs was estimated using the oxygen 
peak by assuming that  only Ga~O3, As203, and GaAs 
are present  at the interface (open points) ,  and by use 
of the Ga plasmon loss peak (filled points).  From the 
close agreement  of the two curves, it is concluded that 
the amount  of interface mater ia l  is too small  to be 
detected using this type of analysis. For example, if 
large amounts  of excess As or suboxides were present, 
the open points would lie to the left of the filled 
points in Fig. 3. Therefore, either method is equal ly  
useful for de termining  the amount  of GaAs. Be- 
cause use of the O peak was the simplest and the 
scatter in the data was least, this method was adopted 
for this work. 

I tem (v): obtaining simultaneous peak heights.-- 
With the present  apparatus, it was not possible to 
moni tor  several Auger  peaks simultaneously.  There -  
fore, one peak from each element  was mult iplexed and 
each element  vcas recorded sequential ly  as a funct ion 
of time. Then continuous curves were drawn, one 
through the maxima, and one through the minima,  of 
the peaks from each element,  defining an "envelope" 
describing the peak height var ia t ion of that  e lement  
with time. The value of peak heights determined by 
the envelope :[or each element  present at one given 
instant  was then used for the computations. For sample 
No. 1931, several envelopes were obtained using data 
from different areas of the sample and superposed 

2 

"8" 

EFFECT OF ELECTRON BOMBARDMENT 

0 I 0 
0 10 

c, 

[ [ '1 
2 4 6 8 

TIME (MIN) 

1.0 

0.8~ 
,.x 

0 . 8 ~  

0.4~ 

>< 

0.2 ~ 
,qC 

Fig. 2. Decomposition of As-oxide by electron bombardment. The 
decomposition is incomplete even after 4 min (filled points), but 
the method of peak height measurement adopted in this work (ad- 
dition of the chemically shifted and unshifted peaks) gives the 
final steady-state value of the Ga/As ratio after only 2 rain. 

AMOUNT Gaks [PERCENT) 

I PLASN v 1782 
ION OXYGEN SAMPLE 

�9 100 

�9 D [ 1771 80 

I I I 

60- 

OXIDE j GaAs 

20 

I I I I l l l  
120100 80 60 40 20 0 20 40 60 80 100120 

DEPTH (A) 

Fig. 3. Comparison of the use of the plosmon loss peak and the 
oxygen Auger signal for separating the Auger signals from oxidized 
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(by match ing  the envelopes)  to increase  the densi ty  
of da ta  points  and reduce the  amount  of envelope 
ex t rapo la t ion  be tween  them. 

Using the above correct ion factors and methodology,  
the chemical  depth  profiles of this work  were  obtained.  
The Auger  intensi t ies  were  measured  as the peak -  
to -peak  heights  of the "der iva t ive"  spectra.  Calcu-  
lat ions were  pe r fo rmed  in the  homogeneous approx i -  
mation,  i.e., ignor ing the ox ide -GaAs  l aye r  sequence, 
since the detai ls  of the l aye r  geomet ry  were  not  suf-  
f iciently known. Composi t ions (in a tom percent)  were  
ca lcula ted  as the normal ized  Auge r  signal  (6, 7) Ai, 
for each e lement  i, which includes the correct ions 
for the  Auge r  sens i t iv i ty  factors of Table  IL In add i -  
tion, the Auge r  intensi t ies  were  mul t ip l i ed  (4) b y  
thei r  p rope r  p re fe ren t ia l  sput te r ing  coefficients. The 
quest ion of e r ror  l imits  is t aken  up in the  Discussion. 

The chemical depth profiles.--Chemical depth  p ro -  
files f rom the four samples  of Table  I a re  d i sp layed  
in Fig. 4-7. The in ter face  regions are  shown expanded  
in Fig. 5b-7b so tha t  detai ls  of these abrup t  i n t e r -  
faces can be seen. For  the  sample  of Fig. 4, nons tan-  
dard  ion mil l ing conditions were  used up to about  
350A, and that  pa r t  of the da ta  is not shown. Al l  
the  dep th  profiles exhib i t  ve ry  s imi lar  genera l  fea-  
tures, which are  descr ibed in the  fol lowing paragraphs .  

The "bulk"  of the oxides contained about  60% O; 
therefore,  the  oxide  composit ions are  consistent  wi th  
those of mix tu res  of Ga203 and As203. The bu lk  of 
each oxide  had a constant  composit ion wi th  depth,  
but  wi th  va ry ing  over -a l l  G a / A s  concentra t ion rat ios 
for  each sample.  The var ia t ion  of this ra t io  wi th  
oxide thickness is i l lus t ra ted  in Fig. 1 (open squares) .  
There  appears  to be a l inear  increase  in this ra t io  
wi th  thickness,  f rom 1.1s at  600A to 1.45 at 2780A; 
only sample  No. 1782 deviates  s l ight ly  f rom the l inear  
relat ionship,  p r e sumab ly  because i t  was grown under  
somewha t  different  condit ions f rom the rest. 

The oxide  as a whole was a lways  As deficient and, 
therefore,  As must  have been lost dur ing  growth.  We 
descr ibe below one possible mechanism for oxide 
g rowth  which leads to a l a rge r  diffusion coefficient 
for  As than  for  Ga. Since oxides of As are  more  vo la -  
t i le  than  oxides of Ga, the  As deficiency is a reason-  
able  consequence of the fas ter  out-diffusion of As 
and the h igher  vola t i l i ty  of the As oxides. 

The surfaces of the oxides a lways  contained more  
As than  Ga. Thus the fas ter  out-diffusing species, not  
surpr is ingly,  pi le  up at the surface. The significance 
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Fig. 4. Chemical depth profile of sample No. 1931. Note that 
the composiffons for all three elements were computed for the 
same instant in time (see text). 

of the  apparen t  r ise of the 0 concentra t ion nea r  the 
surface is p resen t ly  not clear.  It could arise from 
an e r ro r  in our  ca l ibra t ion  scheme, or else it m a y  
be a rea l  effect caused by  the format ion  of As2Os. 
This compound has been identif ied f rom x - r a y  photo-  
emission spect ra  on a i r - exposed  GaAs surfaces (8). 
However ,  no dist inct  peak  a t t r ibu tab le  to As205 could 
be discerned in  the Auger  spectra.  Therefore,  fu r the r  
in te rp re ta t ion  of the  apparen t  r ise in the O concen- 
t ra t ion  near  the surface cannot  be provided  unt i l  
Auge r  spect ra  f rom As205 are  examined.  

There  is a region near  the surface of app rox ima te ly  
200A_ in which  the As concentra t ion decreases from 
about  20% to a value  be low the Ga concentrat ion,  
in the  direct ion away  from the surface. This h igher  As 
concentra t ion is opposite to that  observed for anodic 
oxides, since the  surface l aye r  in the anodic oxide was 
As deficient (4). Therefore,  it  is most  un l ike ly  that  
both  layers  are  exper imen ta l  ar t i facts  of the same 
method of analysis.  This a rgument  lends fur ther  
credence to the  va l id i ty  of these depth  profiles. 

The interfaces  be tween  these oxides and GaAs are  
surpr i s ing ly  abrupt .  The interface  width  as a function 
of oxide thickness is plot ted in Fig. 8. The conven-  
t ion used here  to de te rmine  the in terface  wid th  was to 
define the apparen t  width  as two times the depth  
spanned in the profile be tween 85 and 50% of the 
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"bulk" oxygen signal. The width thus defined is called 
the "symmetric  mean  width" [see Ref. (9) for the 
reasons for adoption of this convention, which pro- 
vides the most reliable estimate of the width from 
the depth profiles and minimizes errors from ion 
mil l ing artifacts, etc.]. This procedure does not take 
into account various broadening factors, the largest 
of which is due to the finite escape depth of Auger 
electrons. Data from SiO2-Si interfaces (9) indicate 
that  use of the apparent  symmetric  mean  width of 
the oxygen profile leads to a broadening factor of at 
least 30A. The estimated true interface width of 
Fig. 8 was therefore obtained by subtract ing this 
30A from the measured apparent  symmetric  mean 
width. This procedure should be valid provided that 
the escape depth of 507 eV electrons in SiO2 and 
in  the present  oxides are equal. The resul tant  widths 
ranged from <30 to <70A. How much less will de- 
pend on how much worse the exper imental  broad- 
ening factors are for the GaAs systems studied here 
compared to the Si systems from which the 30A 
broadening contr ibut ion was estimated. It  is incon-  
ceivable that  the broadening factors are less for the 
present  systems, because these factors were min i -  
mal ly  small  for the Si systems (9). 

The final topic we consider in detail is the As ex-  
cess at the oxide-GaAs interface. "Excess As" is 
defined here simply as the amount  of As in excess of 
the amount  of Ga at a given depth. The interface re- 
gions are shown expanded in the b-figures (Fig. 
5b-Tb). Even for the thinnest  oxide film, sample No. 
1931, a clear As excess was detected (Fig. 4). For the 
next  thicker film, a "bulge" appeared in the As pro-  
file near  the depth at which the O signal is one-half  
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of its bulk  value. This suggests that the As re-  
sponsible for the" bulge is located at the interface 
because it has been shown (9) that  the interface is 
within several angstroms of the point where the O 
signal is at ha l f -max imum for the SiO2-Si system. 
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This bulge was visible in all  of the profiles and was 
largest for the thickest film, No. 1816. Par t  of this 
apparent  bulge may be an artifact due to an under -  
estimate of the Ga peak height caused by mutua l  
interference of the chemically shifted and unshi l ted 
Ga peaks in the oxide and GaAs, respectively. When 
the Ga peak is underestimated,  the As (and O) peak 
heights become overestimated during the normaliza-  
t ion process. Because the two Ga peaks were summed 
in the peak height measurement ,  we estimate that  
the megni tude of the bulge (amount  of deviation from 
the dashed lines) is too large to be caused by spectral 
overlap alone. In  addition, errors from spectral over-  
lap should be the same for all the depth profiles, 
whereas the bulge increases with oxide thickness. 
Therefore, f rom the large magni tude  of the bulge and 
its increase with oxide thickness, we conclude that the 
bulge is mostly real and must  represent  a thin layer  of 
excess As .at the exact location of the oxide-GaAs in-  
terface. The apparent  mean  width of this layer on the 
depth profile is only about 40A and the t rue layer 
thickness is much less. The amount  of excess As should 
be equal to the area between the As and Ga profiles at 
the interface. For the three thicker films, this amount  
was approximately 5A or .about two atom layers, 
if the bulge is ignored. For the thickest film, No. 1816, 
the bulge adds another  monolayer  of excess As. These 
amounts  correspond to an As accumulat ion rate of ap-  
proximately 1015 atoms/cmf/1000A of oxide growth. 
Because the plasmon loss peak associated with the 
excess As was p rominent  while the plasmon loss peak 
for Ga (and for As throughout  the oxide) was much 
smaller, we conclude that the As is in elemental  form, 
s imilar ly to the case for the anodic oxide (4, 8). 

Discussion 
Some comments on the expected error l imits of the 

present  semiquant i ta t ive  results are in order. All  we 
can claim here is that we have incorporated into our 
analysis most of the known correction factors that 
could be numerica l ly  calculated. However, a mean ing-  
ful estimate of the error  l imit is not possible for the 
present  system because of insufficient exper imental  
data. For depth profiles of SiO2 on St, an estimate of 
the error l imits was at tempted (9), but  even for such a 
well-s tudied system, it was cIear that the final answer  
was not unique because of several basic unknowns,  
such as the amount  of suboxide at the interface. To 
illtmtrate some of the difficulties, we discuss here a 
few points of par t icular  concern. (i) The accuracy of 
the neut ron  activation analysis for the Ga/As concen- 
trat ion ratio has not been tested. Since the depth 
profile and neu t ron  activation data cannot obviously be 
obtained from the same sample, the sample- to-sample  
variations become important.  The possible preferen-  
tial loss of some chemical components dur ing  liquid 
transler,  are also not sufficiently known. (it) An ac- 
curate determinat ion of the Auger sensit ivity factor 
for O in an oxide containing Ga and As has not yet 
been satisfactorily performed for lack of a good stan-  
dard. We point  out that  the sensit ivity factor of 1.6 
used here should be compared to a value of approxi-  
mately 0.6 in  Ref. (10) (pp. 14-15; data were t rans-  
formed to conform to the conventions, definitions, and 
operat ing conditions of this work) .  This is a dis- 
agreement  of over a factor of 2 and represents one 
of the largest discrepancies of the Auger sensitivity 
factor in the l i terature.  This disagreement results 
largely from the sensit ivi ty of the O Auger  iceak shape 
to chemical envi ronment  [a different oxide was used 
in Ref. (10)]. This comparison i l lustrates the variabi l i ty  
of the O Auger sensit ivity factor depending on the 
chemical envi ronment ;  however, there is present ly  
insufficient exper imental  data to statistically estab- 
lish the typical variat ions in the sensit ivity factor 
with variat ions in properties of the Ga-As-oxide. 
(iii) Another  source of uncer ta in ty  arises from the 
complexity of the interface structure. No provision 
was made in the above analyses for the presence of 

the As layer. Moreover, the formalism adopted effec- 
t ively assumed that  the proportion of oxidized Ga 
to oxidized As remained the same at the interface 
as in  the bulk of the oxide. This assumption is p rob-  
ably not strictly valid because of the presence of the 
elemental  As. Because of the various artifacts that  
cloud the As Auger  data, all of the three methods 
for separating the Auger signals from the oxide and 
GaAs described in  i tem (ii) above apply most ly  to 
Ga. In  fact, l i t tle is present ly  known about  the precise 
dis t r ibut ion of the As atoms in the oxidized, e lemen-  
tal, and GaAs phases. In  summary,  we have clearly 
demonstrated that certain corrections must  be applied 
to the Auger  data for obtaining more quant i ta t ive  
depth profiles and that some of these corrections can 
be ra ther  large; however, addit ional  exper imental  
work will  be required before meaningful  error  l imits 
can be estimated. Nevertheless, the reproducibil i ty of 
the data was sufficiently high (about ___5%) to just ify 
those conclusions of this work based on what  might  
appear, from these disclaimers, to be small  differences 
between profiles from different samples. 

The O concentrations in the oxide measured in  this 
work are in agreement  with those from studms of 
similar  films using ion- induced x - ray  analysis (11). 
However, there is significant disagreement  for the 
Ga/As concentrat ion ratio; the discrepancy is about 
13% at oxide thickness of 1000A but  increases to 
about 30% near  3000A. In  the work of Ref. (11), no 
increase in  the Ga/As ratio yeas found with oxide 
thickness. The reason for this discrepancy is present ly  
being investigated. Although the possibility of an 
error  in the absolute cal ibrat ion of the present  work 
cannot be ruled out, there is no known artifact which 
would cause the error to increase with oxide thickness. 

The present  unders tanding  of the ion-mil l  depth 
profiling technique is insufficient to provide unequ iv -  
ocal proof that the excess As observed at the in te r -  
face is real. However, a mount ing  quant i ty  of evi- 
dence support ing the correctness of the depth profiles 
is accumulating, making it increasingly difficult to 
main ta in  a skeptical attitude. The existence of a sheet 
of As near  the oxide-GaAs interface has already 
been hypothesized on the basis of anomalous ellip- 
sometric results (12). The excess As seen in  depth 
profiles of anodJc oxides on GaAs has been directly 
examined after etch removal  of the oxide to expose 
the As layer  (4). Evidence for the elemental  na ture  of 
this As was supplied both from x- ray  photoemission 
data (8) and from the observation of p rominent  plas-  
mon losses in Ref. (4) and in this work. Unless a 
phase separation had occurred, the different behavior 
of As from that of Ga cannot be explained. Finally,  
the presence of the sharp "bulge" described above 
and its increase with oxide thickness are difficult to 
explain away on the basis of an exper imental  artifact, 
The importance of the excess As idea cannot be 
overemphasized because if excess As does exist, it 
can provide the answers to many  previously unan -  
swered questions concerning oxides on GaAs. The As 
layer  can (i) dominate impor tant  MOS properties 
of these oxides, (ii) control the surface potential  of 
the semiconductor, and (iii) determine the semicon- 
ducting properties of the under ly ing  GaAs by in-  
fluencing the Ga vacancy concentration, etc. 

The over-al l  As deficiency found in this work con- 
trasts sharply with the near ly stoichiometric composi- 
tion of the oxides obtained when an a luminum-oxide  
layer  is used as a surface "filter" to confine the As 
within the growing oxide (13). Therefore, in addition 
to the abil i ty to grow these oxides at low temperatures  
as demonstrated here, ways have also been found to 
control the relat ive amounts  of Ga and As within 
the oxide. 

Conclusions 
'The major  conclus/ons of this investigation .are: 
1. The composition of the p lasma-grown oxide is 

uniform with depth over 90% of its total thickness; the 
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oxide  as a whole  is As deficient and the G a / A s  concen- 
t ra t ion  ra t io  increased wi th  oxide  thickness from 1.1s 
at  600A to 1.45 at 2780A. There  is a surface region 
almost  200A thick which is As rich. The oxide  com- 
posi t ion is equiva lent  to that  of a mix tu re  of Ga2Q 
and As2Oa. 

2. We propose tha t  the mechanism for As loss de-  
r ives f rom the fas ter  out-diffusion of As compared  to 
Ga dur ing  oxide growth  (8) and the h igher  vola t i l i ty  
of As oxides compared  to Ga oxides. This conclusion 
means,  of course, tha t  there  is a finite As out-diffusion 
dur ing  oxide growth.  

3. A p i l e -up  of e lementa l  As was observed at the 
oxide-G,aAs interface.  The mechanism (4, 8) for the 
fo rmat ion  of the  As l aye r  is the  p re fe ren t ia l  ox ida -  
t ion of Ga due to the h i g h e r  heat  of format ion  of 
Ga208 compared  to As~Oa. The As p i l e -up  increased 
wi th  oxide  thickness,  at  the ra te  of app rox ima te ly  
1015 a toms/cm2/1000~ of oxide  growth.  

4. The ox ide -GaAs  in ter face  width  was ex t r eme ly  
narrow,  ranging  f rom <30A at oxide thickness of 
600A to <70A at 2780A. 

5. The e lect ron beam produces  a l a rger  effect in 
decomposing the G a - A s - o x i d e  than the ion beam and 
it is the  As oxide  that  is r ap id ly  decomposed;  the 
decomposi t ion of Ga oxide  was not detected.  
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Experimental Investigation of the Gas Phase 
in a Chemical Vapor Deposition Reaction 

Application to the Silane-Ammonia Reaction Leading to 
Silicon Nitride Deposits 
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CNRS, Centre de Recherches sur la Chimie de la Combustian et des Hautes Tempdratures, 

45045 Orldans Cddex, France 

ABSTRACT 

The inves t igat ion of the  gas phase  composit ion of a CVD system was car -  
r ied out apply ing  a method der ived  f rom flame f ront  s t ruc ture  research  and 
imply ing  a po in t - to -po in t  analysis  of concentrat ions and t empe ra tu r e  profiles. 
A finely d r a w n  nozzle-shaped probe  is used to d raw stable  species samples  out 
of the gas phase. They are  subsequent ly  compressed into a VPC analyzer .  A 
fine s i l ica-coated thermocouple  is used to d r aw  the  t e m p e r a t u r e  profiles. The 
method was appl ied  to the  co-pyro lys i s  of si lane and ammonia  forming 
sil icon ni t r ide  on a vi t reous  s in tered silica subs t ra te  hea ted  at  950 ~ 1000 ~ 
and I050~ at  different  values of the  rat io  of s i lane to ammonia .  The resul ts  
obta ined localize the  space, in the ,gas phase, and re la t ive ly  to the  substrate ,  
where  the  solid phase s tar ts  condensing as the ini t ia l  reac tants  a re  consumed. 
The method is reproduc ib le  and rel iable.  If  p rope r ly  developed i t  should lead  
to in teres t ing  appl icat ions  in the in te rp re ta t ion  of CVD ae ro the rmochemis t ry  
and chemical  kinetics.  

One of the main  problems  raised by  the i n t e rp re t a -  
t ion of chemical  vapor  deposi t ion mechanisms lies in 
the  accurate  space and t ime resolut ion  of the  react ion 
species and parameters .  The question is not ye t  fu l ly  
set t led as to whe the r  the react ion is localized in the 
gas phase or on the hea ted  subs t ra te  or occurs s imul -  

Key words: chemical vapor deposition, silicon nitride, gas phase 
investigation. 

t aneous ly  in the gas phase  and on the substrate .  A n y  
a t tempt  to in t e rp re t  quan t i t a t ive ly  CVD data  should 
first a im at  obta ining exper imen ta l  evidence on the 
re la t ive  contr ibut ion  of the gas phase and of the  sub-  
s t ra te  react ions especia l ly  if the  objec t ive  is one of 
obta in ing theore t ica l  models  more  sa t is factory  and 
genera l  than  those p resen t ly  found in the  l i t e ra tu re  
(1, 2). The efforts made  in this d i rec t ion  appear  how-  
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ever to have been l imited by  exper imental  difficulties 
due to the necessity of controll ing a high temperature  
reactive system under  flow conditions. 

This paper describes an at tempt to apply to CVD 
systems a poin t - to-poin t  probe and thermocouple 
analysis to determine concentrat ions and tempera ture  
profiles in a system leading to silicon ni t r ide deposited 
on vitreous sintered silica by the co-pyrolysis reaction 
of silane and ammonia.  

Experimental 
The method used is an extension of the Fr is t rom and 

Westenberg (3) technique original ly developed for 
flame front s t ructure  studies. Gas samples are wi th-  
d rawn from the reaction zone at different points of 
the gas flow and a consistent profile can be drawn for 
each species by moving the probe from the unbu rned  
gas to the products and through the flame front. It 
has been shown that wi th  adequate care and equip- 
ment  (finely d rawn quartz probes) m i n i m u m  per-  
tu rba t ion  of the gas flow is achieved and that  samples 
can be wi thdrawn from the reaction zone sufficiently 
rapidly to ensure quenching of the products. With 
minor  modifications we have at tempted to apply the 
same method to a CVD reactor. 

Temperature profiles.--In order to establish tem- 
pera ture  profiles one is led to introduce a fine ther-  
mocouple in  the gas flow. If the diameter  of the wires 
and junct ion  are kept  small  (ca. 10-50 #m) no insta-  
bi l i ty is added to the flow aerodynamics. Catalytic 
effects can be offset by coating the thermocouple with 
a fine silica coat. Radiat ive loss can be a source of 
error, the thermocouple behaving as a radiant  heat  
sink. To account for this factor implies knowing the 
emissivity of the thermocouple and properties such 
as the thermal  conductivity, specific gravity, viscosity, 
and flow rate of the gas phase. In  a CVD system, at 
temperatures  of the order of 1000~ it appears that  
radiative loss can be neglected since the temperature  
drops very rapidly as one moves away from the sub-  
strate. Accounting for a proport ional i ty  of radiat ion 
loss with the fourth p o w e r  of temperature,  one ob- 
tains for a 20 #m probe, a gas phase in which hydrogen 
is the main  carrier and a tempera ture  of l l00~ a 
correction of only 8~ value w h i c h i s  considered af- 
fecting only negligibly the tempera ture  profiles drawn. 

P t / P t - R h  10% thermocouples were used throughout  
this work. The size of the thermocouple junct ion is 
less than 0.1 mm. A coat of SiO2 obtained by dipping 
the thermocouple in silicone oil and flaming reduces 
catalytic effects. 

Concentration profiles.--Sampling in the gas phase 
is obtained by a finely tapered quartz probe. Samples 
are drawn into the nozzle under  reduced pressure 
(4-10 Torr) ,  the orifice diameter  is small  (10-100 
#m). The gases are d rawn in rapidly and rapid flow 
rate quenches the species out of the reaction zone 
satisfying both representat ive and reproducible re-  
sults. 

Satisfactory quenching of samples is borne out by 
the application of this method to flame s tructure  stud- 
ies and the agreement  obtained with mass spectrograph 
a~d EPR data (3). Also, the sample is essentially gase- 
ous, no solid deposit being apparent  in  the probe ex- 
cept for traces similar  to the SisN4 deposited on the 
cold walls of the reactor (same color, ammonia  smell, 
and Si-N bands found by infrared spectroscopy). There 
seems to be no reason to believe that these traces 
imply  a var iat ion in composition of the gas phase. 
As in the case of the thermocouple, the introduct ion of 
a fine probe in the gas flow does not affect the stabil i ty 
of the system. The emissivity of quartz is 2 • 10 -2 
(3) and, therefore, thermal  effect can be considered 
negligible. Catalytic effects are also not significant and 
the only source of error seems to be the difference in  
diffusion rates of the various species present. In  a CVD 
system in  which a carrier  gas is in  most cases in excess 

the problem is l imited to a b inary  system for which 
the diffusion coefficients can be calculated. 

The samples are t ransferred to a gas chromatograph 
or to a mass spectrometer by any  convenient  means 
and the analyses of the gas phase can therefore be 
accomplished at least for alI stable species. 

Combining tempera ture  profiles and concentrat ion 
profiles, one can draw a poin t - to-poin t  map of the 
gas phase and obtain impor tan t  informat ion on the 
evolution of the reactants  from their  inlet  at the top 
of the CVD reactor down to the heated substrate 
where the condensed phase is deposited. 

In  applying these techniques to a CVD system heated 
by a high frequency device, one must  be aware of the 
possible influence of the HF on the thermocouple. The 
relat ive dimension of the inductor  and the susceptor 
(in this case the thermocouple) is such that  the error 
appears to be small. The tempera ture  recorded by the 
thermocouple has been compared to a reading obtained 
by  infrared pyrometry.  The m a x i m u m  difference ob-  
tained, near  the substrate,  is less than 10~ This does 
not affect significantly the profiles and gradients which 
were obtained. 

CVD reactor.--The method described above was ap- 
plied to the following system 

3SiH~ -F 4NH8 ~ SisN4 -F 12H~ 

depositing silicon ni tr ide films on a vitreous sintered 
silica substrate. 

The setup used is shown in  Fig. 1. It  consists of a 
panel  comprising the different manometers,  flowmeters, 
and needle va lves .  The reactants  are mixed in a robe 
filled wi th  glass beads. The reactor consists main ly  of 
a graphite susceptor, protected by a coat of silicon 
ni tr ide and heated by high f requency under  1 MHz. 
The substrate is a plane disk .1 mm thick, 28 mm diam 
made of sintered silica and adjusted on the susceptor. 

The susceptor was designed to obtain a constant 
tempera ture  ( •  2~ across a diameter. The tempera-  
ture  was measured by  infrared pyrometry.  The tem- 
pera ture  of the graphite was kept constant  by a regu-  
lat ing system connected to a thermocouple W 97%- 
Re 3%/W 75%-Re 25%. The top of the reactor is fitted 
with a mobile head designed to monitor  the s imul-  
taneous lateral  and vertical  movement  of the probe or 
thermocouple (Fig. 2). The positioning can be ad-  
justed to 5 • 10 -2 m m  and readings can be taken 
every 0.1 mm along the vertical  axis and radial ly 
every 1.0 mm. Samples were taken down to a distance 
equal to 0.5 mm from the substrate. Any at tempt  to 
probe at smaller  distances from the substrate results 
in  rapid clogging of the probe. The thermocouple wires 
were coated with SiO2 by burn ing  wi th  a silicone oil. 

The gas samples are d rawn into a piston under  a 
reduced pressure of the order of 10 Torr  then com- 
pressed into a VPC analyzer  fitted with a catharometer  
(4). The following gases were analyzed: Sill4, H2, N2, 

c h r o m a t o g r a p h ~ - ~ , .  

transfer unit 1~-4:3 I 
from probe to analyzer ~ I 

air( 
mixer 

meter 

Sill 4 NH 3 

m _ _  

v a c l  l U  m 

,•probe bstrate 

er 

Fig. I. Schematic layout of the apparatus 
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Fig. 2. Mobile probing head for thermocouple readings and gas 
samples. 

NHs, and At. Two columns were placed in series, one 
2m long filled with Porapak T, heated at l l0~ the 
other, outside the chromatograph, 3m long fitted with 
13X, molecular  sieve, was kept at room temperature.  

Down flow of the reactor, a metal  grid filters the 
solid particles formed around the substrate. The flow 
gases are u l t imate ly  burned  in  a diffusion gas burner .  

Reaction conditions.--The opt imum conditions for 
obtaining SisN4 from the co-pyrolysis of SiI-I4 and 
NH3 are given elsewhere (5). In  the present  case three 
temperatures  of the substrate  were systematical ly in -  
vestigated: 950 ~ 1000 ~ and 1050~ 

We will recall that favorable conditions for Si3N4 
require large values of the ratio of NHjSiH4,  at least 
of the order of 30 (6) and varying with the exper imen-  
tal conditions. In  this investigation the mixtures  s tud-  
ied were in  the ratios 50/1, 100/1. 200/1, and no Si in 
excess nor any trace of Si -H bands as detected by 
infrared spectrometry were observed, as would be the 
case for lower values of the NHJSiH4 ratio. The gas 
flow rates were set at 11, 22, and 44 l i ter /hr ,  corre- 
sponding to l inear  velocities of 0.25, 0.5, and 1.0 cm/  
see. 

Results 
Temperature proflles.--The tempera ture  profiles 

which were obtained are shown in  Fig. 3. They refer 
to a mix ture  flow rate of 22 l i te rs /hr  with a ratio of 
NHJSiH4 equal to 100/1 and a substrate tempera-  
ture  of 950~ The y axis represents distances from 
the substrate  along its axis and the walls of the re-  
actor and the substrate  are shown at the right and 
lower par t  of the figure. The profiles shown are iso- 
therms drawn every 20 ~ 

The temperatures  recorded are mean  values and 
similar  instabili t ies to the ones reported by Curtis 
and Dismukes (7) were observed. The frequency of 
these oscillations is of the order of 0.5 Hz with an am- 
pli tude depending on the carrier  gas. It  is of the order 
of 25~ for ni t rogen or argon but  is reduced to 4~176 
in  the case of hydrogen. Ammonia  would lie in between 
hydrogen and nitrogen. These oscillations, like those 
observed by Curtis and Dismukes, could be in te r -  
preted in  terms of per turbat ions  due to convection 
and related to the number  of Rayleigh (R = Gr �9 Pr) .  

Two areas are clearly seen: At the center and ap- 
proximately  for 80% of the plate radial  distance, the 
isotherms are near ly  horizontal  and the gradients small  
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Fig. 3. Temperature profile map. NH3/SiH4 ratio = 100, total 
flow rate 22 liters/hr. 

and practically negligible, near  the walls the temper-  
ature is lower and the gradient  steeper. In  both s i tua-  
tions the vertical  gradient  is also steep, especially 
near  the heated substrate,  as one would expect. 
Whereas little informat ion can be d rawn from the per-  
turbated annulus  near  the walls, the s tudy of the cen- 
tral  radial ly  isothermal core gives an estimate of the 
influence of the total flow rate and of the ratio of N H J  
Sill4 or that  of the iner t  gas eventua l ly  added. 

Influence o~ the variation of the total flow rate.--The 
tempera ture  gradients can be deduced from the tem- 
pera ture  profiles along the axis of the reactor. The 
following figures present  the var iat ion of the tem- 
perature  along the axis under  a certain number  of 
parameters.  The substrate tempera ture  is in all cases 
equal to 950~ 

Figure 4 shows the influence of the total  flow rate 
in a case where the NHJSiH4 ratio is equal to 100/1. 
The gradient  appears to remain  constant  as close as 1 
mm from the substrate. For  smaller  distances, be-  
tween 0 and 1 mm, the gradient  becomes steeper 
when the total flow rate increases. Analogous var ia-  
tions are obtained for other temperatures  of the sub-  
strate and various NHJSiH4 ratios. 

Influence o] the gas.--The t empera ture  of the gas 
phase above the substrate is related to the na ture  of 

m m  4, L 

" ~  total gas flow rate 
\ \ \  , 1 1  

\ \ \  e22 I /h 3 

2 

0 
400 600 800 "~ 

Fig. 4. Influence of the total flow rate on the gas temperature 
along the axis of the reactor. Substrate at 950~ NHJSiH4 = 
100. 
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the  gas mixture .  This is especia l ly  impor tan t  in the 
case of var ious  ca r r i e r  gases. This point  is i l lus t ra ted  
in Fig. 5 showing t empe ra tu r e  profiles taken  along the 
axis for a subs t ra te  t empera tu re  of 950~ and var ious  
gases flowing at  22 l i t e r s /h r .  The t empera tu re  in the 
gas phase is a function of the  the rmal  conduct ivi ty  of 
the  gas and is h ighest  for  gases exhib i t ing  h igh  con- 
ductivit ies.  The ammonia  curve which should nor-  
ma l ly  l ie be tween  those of n i t rogen and argon is 
shif ted toward  tha t  of hydrogen.  This is p robab ly  due 
to spa t ia l  t he rma l  decomposi t ion of NHa producing  
some hydrogen.  

I t  follows tha t  the  knowledge  of these profiles and 
gradients  and the  use of an appropr i a t e  gas or m ix -  
ture  of gases can be of help in opt imizing the condi-  
t ions for  a sa t i s fac tory  process of deposit ion.  

InJ~uence of the amrnonia/silane ratio.--The influence 
of var ious  rat ios has been studied. F igure  6 shows the 
resul ts  obta ined at  950~ and 44 l i t e r s /h r  for th ree  
ra t ios  of NHJSiH4,  50/1, 100/1, and  200/1. 

Two compet i t ive  pa rame te r s  must  be considered:  
the endothermic i ty  of the  react ion and the produc-  
t ion of hydrogen.  Immed ia t e ly  on the surface of the  
substrate,  the  t empera tu res  are  high enough to favor  
the  syntheses of SigN4. This also is favored  b y  smal l  4mm 

I 
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Fig. 5. Influence of the nature of the gas on the temperature 
measures along the axis. Substrate at 950~ flaw rate 22 liters/ 
hr. 
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~:Jg. (~. Influence of NHJ~iH4 ratio on the temperature along 
the axis. Substrate at 950~ flow rate 44 liters/hr. 

values of NHJSiH4.  One notes also that  ver t ica l  t he r -  
mal  grad ien ts  increase  when  this ra t io  decreases.  In  
this a rea  the  influence resul t ing f rom the chemical  
react ions offsets the  heat  effect added  to the gas phase 
by  the "hydrogen formed. On the other  hand, above 
this hot  zone, the  ver t ica l  gradients  increase along 
w i th  N H J S i H 4  ratios.  In  this  a rea  the  chemical  reac-  
t ion is reduced but  the  rap id  diffusion of the hydrogen  
formed in the  hot  zone contr ibutes  to the  heat ing of 
the  gas phase. 

Concentration profites.--The fol lowing figures give 
the  concentra t ion profiles of the  var ious  species as a 
funct ion of dis tance f rom the subs t ra te  and along the 
axis of the reactor .  The subs t ra te  is hea ted  to 950~ 
tota l  flow ra te  is 22 l i t e r s /h r ,  and the same three  
ra t ios  50/1, 100/1, and 200/1 were  kept.  The resul ts  
are  giVen for si lane (Fig. 7), hydrogen  (Fig. 8), and 
ni t rogen (Fig. 9) wi thout  correct ion for diffusion co- 
efficients. Correct ing for diffusion would  s l ight ly  shift  
the  values  along the  x axis wi thout  s ignif icantly a l t e r -  
ing the t rends  shown. I t  follows f rom examining  the 
curves tha t  as one moves nea re r  to the  subs t ra te  hy -  
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Pig. 7. Silane concentration in the mixture as a function of dis- 
tance from substrate. Substrate at 950~ total flow rate 22 liters/ 
hr. 
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Fig. 9. Nitrogen concentration in the mixture as a function 
of distance from substrate. Substrate at 950~C, total flow rate 22 liters/hr. 

drogen is s tead i ly  produced.  S i lane  is p rac t i ca l ly  to ta l ly  
dissociated at  0.5 m m  from the substrate .  Wha tever  
the  SiH4/NHz ra t io  at  this dis tance no more  than  1% 
of SiHa is present .  

The n i t rogen  curves offer some in teres t ing  features.  
They  show the compet i t ion  be tween  the two ma in  
phenomena:  first, the  product ion  of N2 by  the  the rmal  
decomposi t ion of NHa, s low at first but  becoming ve ry  
rap id  as the  t empe ra tu r e  increases near  the  subst ra te ;  
second, at  1-2 mm from the substrate ,  the  deple t ion  of 
the  N2 concentra t ion  which must  be ascr ibed to its 
progress ive  combinat ion  wi th  the  products  resul t ing  
f rom the decomposi t ion of s i lane and main ly  silicon 
to form at least  some of the  sil icon n i t r ide  which  wil l  
deposi t  on the  substrate .  

The resul ts  r epor ted  here  are  uncorrec ted  for di f -  
fusion. Consider ing one in deal ing wi th  a large  excess 
of one of the  reactants ,  correct ion can be easi ly  oper -  
a ted app ly ing  Hirshfelder ,  Bird, and Curt is  (8) r e l a -  
tions. This shows that  close to the  subs t ra te  the gen-  
eral  mapping  of the concentra t ion curves  is not  s ig-  
nif icantly affected. Only the i r  posi t ion re la t ive  to the  
subs t ra te  is s l ight ly  a l te red  wi thout  any  impl ica t ion  
on the conclusions drawn.  

Discussion 
Si lane  is t he rma l ly  uns table  and decomposes r ap id ly  

as soon as t empera tu res  of the o rder  of 450~ are  
reached.  At  high t empera tu res  the  mechanism is pa r t ly  
homogeneous leading  to compounds  of the  type  
SinH2n+2 and to the i r  products  of dehydrogenat ion.  
I t  is also heterogeneous leading  to the  format ion  of 
Si and H2. This mechanism becomes p redominan t  as 
t empe ra tu r e  increases  (9). A l though  the presence of 
hydrogen  in la rge  quant i t ies  tends to inh ib i t  the de-  
composition, a cloud of fine par t ic les  of silicon or o ther  
condensed phases containing Si and H is c lear ly  visible. 
When  nitrogen,  p roduced  f rom the decomposi t ion of 
ammonia,  is present ,  they  tend to react  wi th  it. I t  
would be in teres t ing  to compare  the  amounts  of free 
N2 to the N2 produced  by  the NH3 decomposi t ion and 
thus have an es t imate  of the  n i t rogen bonded. This is 
not easy because of the  large  excess of NH3 and its 
modera te  decomposi t ion rat io  resu l t ing  in an unsa t -  
i s fac tory  accuracy in the  analysis.  Hydrogen  however  
can be measured  accura te ly  and is p roduced  by  the 
s i lane decomposit ion.  The fract ion due to ammonia  
can be calculated and hence the  n i t rogen concentrat ion.  
The difference be tween  the n i t rogen produced and 
the free n i t rogen can be used to es t imate  the  n i t rogen 

bonded.  These  calculations,  which  a re  under  the  proc-  
ess of being car r ied  out, r equ i re  precise knowledge  of 
the  b ina ry  diffusion coefficients. 

No di rec t  evidence is ava i lab le  to suppor t  the  con- 
ten t ion  tha t  the  n i t rogen consumed is en t i r e ly  con-  
ve r ted  to SisN4 exclusively,  o ther  compounds are  pos-  
sible, such as Si (NH)2,  Si~(NH)a, and  SigN2. 

However ,  equ i l ib r ium calculat ions on the sys tem 
S i - N - H  lead  to l imi ted  informat ion  on the composi-  
t ion of compounds containing Si  and  N (except  Si~ND 
or containing Si, N, and H (10). The the rmodynamic  
values  for such compounds ( in the  condensed s ta te)  
are  not  ava i lab le  and the i r  theore t ica l  format ion  can-  
not be est imated.  On the other  hand,  a l though the r -  
modynamic  constants a re  known for SiN and Si2N in 
the  gas phase, these species a re  never  present  a t  
equi l ib r ium unde r  CVD pressure,  t empera tu re ,  and 
concentra t ion conditions. If  compounds conta ining Si 
and N other  than  SisN4 are  formed,  they  a re  conver ted  
into Si3N4 on reaching the subs t ra te  as t e m p e r a t u r e  
increases,  as wi tnessed by  thei r  absence in  the  deposit 
(11). 
The most probable model would therefore be a con- 

sumption of nitrogen formed by the pyrolysis of am- 
monia at a distance approximately less than 2 mm 
from the substrate at temperatures reaching 600~ for 
which silane is already strongly decomposed. At this 
stage all that can be inferred is that the consumption 
of nitrogen can be due to its reaction with silane and 
with its degrada t ion  products  wi thout  imply ing  any 
specific stage in the  kinet ic  mechanism.  

Conclusion 
The method  descr ibed in the  above s tudy  is now 

fu l ly  reproduc ib le  and rel iable.  I t  offers the  poss ibi l i ty  
to localize in the  gas phase  above the subs t ra te  the  
po in t - to -po in t  evolut ion of the  gaseous reac tan ts  and 
the i r  products  of pyrolysis .  In  br ing ing  evidence that  
the si lane depletes  s teadi ly  whi le  flowing downward  
and is p rac t ica l ly  to ta l ly  decomposed at  1 m m  from 
the substrate,  it  ser iously  inval ida tes  models  in  which  
the reac t ion  is s t r ic t ly  localized on the substrate .  I t  
also al lows the d rawing  of the  t e m p e r a t u r e  profiles in  
the gas phase and could be ex tended  to es tabl ish  an 
aero thermochemica l  model  for CVD reactors  combin-  
ing kinetics da ta  to heat  and mass t r anspor t  balances.  

It should however  not  be unde res t ima ted  tha t  the  
system chosen to i l lus t ra te  the  method,  SiI-I4 + NH~, 
lends i tself  to an ana ly t ica l  s tudy which does not  offer 
ma jo r  difficulties. Other  CVD systems m a y  not  be  as 
easy to t rea t  by  this method,  especial ly  those leading  
to samples  pa r t i a l l y  condensable  as would  be the  case 
for systems for which one at  leas t  of the  reac tants  is 
a l iquid and is in t roduced under  i ts own pa r t i a l  p res -  
sure. Its condensat ion in the  probe  or  dur ing compres-  
sion before  enter ing the VPC ana lyzer  would  l ead  to 
er ra t ic  values (e.g., deposits  using SIC14 or TIC14 as 
vectors for Si and Ti) .  However  cases such as those 
which produce  or  consume hydrocarbons ,  boranes,  h y -  
drogen, hydrogen  cyanide,  hydrogen  chloride,  or fluo- 
r ide  should be able  to be processed along ve ry  s imi-  
lar  l ines and cast some new l ight  on the  chemical  
vapor  deposi t ion mechanisms.  

Manuscr ip t  submi t ted  May 20, 1975; revised m a n u -  
scr ipt  received Oct. 31, 1977. 

Any  discussion of this paper  wil l  appea r  in a Discus-  
sion Section to be publ i shed  in  the December  1978 
JOURNAL. Al l  discussions for the December  1978 Discus-  
sion Section should be submi t ted  by  Aug. 1, 1978. 
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ABSTRACT 

A s tudy of copper-conta in ing  lead  glasses showed tha t  hea t ing  such g las s  
above 750~ produced significant amounts  of Cu + ions, which, on subsequent  
the rmal  exposure,  p roduced  Cu20 prec ip i ta t ion  in the  glass. This effect was 
found to be cumula t ive  wi th  respect  to t ime and t empera tu re .  Bubbl ing  oxy-  
gen th rough  the glass mel t  be low 1100~ reduced  the Cu + ion concentrat ion.  
Surface  contamina t ion  both of the  lead glass rods and of the  subs t ra te  to 
which  they  were  sealed enhanced the growth  of Cu20. The mechanism of 
the  Cu20 prec ip i ta t ion  is described.  

High lead  copper -conta in ing  glasses a re  f requen t ly  
used to form seals be tween  other  glasses. Dur ing a 
s tudy  of such glasses, some crys ta l l iza t ion was noted 
in the glass af ter  the seal ing step. Under  a va r ie ty  of 
seal ing conditions, a r edd i sh -b rown  prec ip i ta te  was 
observed  in these lead glasses. Prec ip i ta tes  were  ob-  
served at the  in ter face  of the  seal and the subs t ra te  
glass, but  p r imar i l y  in the center  of the  bu lk  of the  
seal. The morphology  of these crysta ls  var ied  wi th  the  
s ta te  of crys ta l l iza t ion  (Fig. 1). Their  s y m m e t r y  was 
found to be fourfold.  The cited references  provided  a 
background  for  this  study.  

The CuO-Cu20 Equilibrium 
An examina t ion  of the  l i t e r a tu re  revea led  the fol-  

lowing information.  The decomposi t ion t empera tu re  
for CuO going to Cu20 at a pressure  of 1 arm is usu-  
a l ly  repor ted  to be 1064~ Though CuO is known  to 
be triclinic,  Cu20 is f ace -cen te red  cubic. However ,  the  
repor ted  mel t ing  and t rans format ion  t empera tu res  
va ry  cons iderably  (1). Thus, for CuO the decomposi-  
t ion t empe ra tu r e  is given as 1064~ and the mel t ing  
point  as 1233~ whereas  a CuO/Cu20 eutectic t em-  
pe ra tu re  is given as 1082~ For  Cu20, the  r epor ted  
mel t ing  points  a re  1210 ~ 1235 ~ and a range  f rom 
1084 ~ to 1162~ A 3.5% CuO/Cu20 eutectic t empera -  
ture  is recorded at 1065~ Fur the rmore ,  r epor ted  de-  
composit ion t empera tu re s  are  h igher  for a 1:1 mix -  
ture  of CuO and Cu20 at  the  same oxygen  pressures  
than  for pure  CuO (2). 

A more  recent  cr i t ical  rev iew (3) o f  these equi -  
l ib r ia  (Cu/CuO and CuO/Cu20)  lists a CuO/Cu20 
(68/32%) eutectic t empe ra tu r e  at  1075~ It  points  
out  tha t  Cu20 is uns table  below 375~ and appears  to 

* Electrochemical Society Active Member. 
Key words: Cu~O precipitation, crystallization, copper-contain- 

ing solder glasses. 

Pro~lress of Crysta Ilization 

b r e a k  down into Cu and CuO. CuO, when  hea ted  to 
-~1110~ mel ts  at  pressures  less than  1 atm, wi th  loss 
of oxygen  and forming an oxygen-def ic ient  liquid. 
The same ar t ic le  repor ts  the dissociat ion pressure  at  
the  eutectic t empe ra tu r e  to be ~0.5 atm. This implies  
that ,  when  hea ted  at  oxygen  pressures  less than  0.5 
atm, CuO wil l  dissociate to Cu20 in the solid s ta te  
before  melt ing.  Melt ing wil l  occur then, at  the  eutectic 
t empera tu re  at  this pressure ,  w i th  the  fo rmat ion  of 
oxygen. 

The da ta  var ia t ions  in the  l i t e ra tu re  can be a t t r ib -  
u ted to the var ia t ion  of pu r i ty  in the  repor ted  samples.  
Thus, the repor ted  t empera tu re s  a re  only a guide. In 
view of the  involved equil ibr ia ,  it  seemed pe r t inen t  
to examine  our s tar t ing mater ia l s  at  var ious  t empera -  
tures. To ensure good the rmal  equ i l ib r ium we used 
powdered  copper oxides. The oxides, CuO, Cu20, and 
a 1:1 mix ture  of each, were  hea ted  in a p l a t inum 
crucible  in a i r  at  1110 ~ 600 ~ and 500~ for 1 hr  and 
quenched (~500~ in air  to room tempera ture .  
We analyzed these mate r i a l s  by  x - r a y  diffract ion both 
before  and af te r  heat ing.  The oxides were  reagent  
grade chemicals  used in the  g lass -making  process. 
Table  I summarizes  the  essential  resul ts  of this in-  
vestigation. The resul ts  of different ia l  t he rmal  ana ly -  
sis (DTA) of the  or iginal  oxides are  shown in Table  
II  and Fig. 2. 

Our  p r e l im ina ry  exper iments  led to the fol lowing 
observat ions:  

(i) The reagent  g rade  Cu~O contained some CuO 
and, possibly,  even meta l l ic  Cu. (ii) The CuO mate r i a l  
showed no contaminat ion.  (Contaminants  less than  

Table I. CuO/Cu~O conversion 

X-ray composition 
Nominal 
starting Before heating After heating at 
material 1100~ 

Initial Stage Final Stage 

Fig. 1. Progress of crystallization 

CuO CuO Cu~O + ~6% CuO 
Cu~O Cu.~O + 2-3% CuO + 3% Cu Cu20 + ~i0% CuO 
CuO/Cu~O 

(1:1) CuO + Cu~O + 3% Cu Cu~O + ~12% CuO 

800~ 
CuO CuO 
CusO CuO 

500~ 
Cu~O CuO + 2% Cu.-O 
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Table Ih DTA endotherms of original oxides (_4~ 

Area ratio 
Starting Major peak Minor peak of peaks 
material (~ (CuO) (~ (Cu=O) [(CuO)/(Cu20)] 

CuO 1068 1168 10:1 
Cu20 1084 1158 4:1 
CuO/Cu~O 

(1:1) 1081 1154 2:1 

~2% by weight do not  show up on an  x - r ay  diffracto- 
gram.) 

(ii) Once copper oxide was heated to l l00~ in  air, at 
least 90% was converted into Cu~O, as indicated by 
x - r ay  data. Any  metallic copper also present  origi- 
na l ly  was eventual ly  oxidized to Cu20 (via CuO, with 
subsequent  loss of oxygen).  

(iii) Heat ing the same oxides to 800~ however, oxi- 
dized the Cu20 (and Cu) to CuO. At 500~ apparently,  
the oxidation was not complete; thus, some Cu20 re-  
mained. 

(iv) The DTA traces (Fig. 2) supported the x - r a y  ob- 
servations. The observed decomposition tempera ture  
for CuO was 1068~ while, for the mixture,  the ex-  
pected eutectic mel t ing tempera ture  (1081~176 
was observed. The precision of our DTA data is taken 
to be -F3~176 The minor  peaks are apparent ly  the 
Cu20 melt ing point. The area enclosed by the curve 
is proport ional  to the amount  of crystal l ine material  
present  that  melted at that  temperature.  The ratios 
(see Table II) of these areas indicate that  the relat ive 
amount  of Cu20 was greater in  the Cu20 and mixed 
samples. The small  peak a t t r ibuted to au20  in  the 

CuO 

1168~ 

Cu20 

i084~ 

CuO/Cu20 (1:1) 

1154~ 

1081~ 

1068~ 
Fig. 2. Differential thermal analysis of copper oxides 

DTA trace of the CuO samples was, presumably,  not  
present  originally, but  can be a t t r ibuted to the heating 
of the sample in the DTA system. F rom the x - r ay  
work, we know that ,-,6 % of the CuO samples was not  
reduced on heat ing above 1000~ 

Precipitation of Cu20 in Copper Glass 
Because the activity coefficients of the Cu + + and 

Cu + ions in  the glass are not known the exact equi-  
l ib r ium cannot be calculated but  it is reasonable to 

F;g. ~1. Photom;crographs of cullet and rods of both standard (o and c) and modified (b and d) glass used as sea~, showing crysta~lizd- 
tion or phase separation (220X). 
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Table III. Nominal composition of glasses* 

S t a n d a r d  glass* * Wt  % Modif ied  g lass***  

SiO~ 2.0 SiOe 
PbO 66.0 PbO 
B2Oa 14.0 B208 
Al~O8 3.5 A1208 
ZnO 10.6 ZnO 
Bi~O8 1.5 Bi~08 
CuO 2.6 Cu~O 

* E e l .  (4 ) .  
** Tg, 371~ Ts, 413~ a, 83.5 x 10-~/~ foaming T > 750~ 

* * * No foaming. 

assume that, though the kinetics may differ, the equi-  
l ibria in the glass are similar  to those of the oxides. 
One might  expect a slower rate of conversion (CuO 
to Cu20) in the glass. On the basis of these considera- 
tions, the p r imary  species of copper ion to be expected 
in  the glass should be Cu +, regardless of the start ing 
oxide, if the glass is heated above 1000~ dur ing 
manufacture.  Subsequent  work, described later, in-  
dicates that  conversion of CuO to Cu20 starts at 
~750~ at an undetermined,  but  very slow rate. To 
check this assumption, a modified glass was made by 
subst i tut ing Cu20 for CuO on a weight basis in the 
s tandard glass. Table III  gives the nominal  weight 
composition (4). We used the s tandard manufac tur ing  
procedure, which was to mix all oxides, shown in  
Table III, completely in the dry state in a V-blender.  
Then the mater ial  was t ransferred to a Pt  crucible 
(in 3 or 4 states) and heated slowly to 1080~ 

It should be ment ioned at this point  that  init ial  
heat ing of the s tandard glass above 750~ was car- 

ried out very slowly because of serious foaming once 
the charge reached 800~ No foaming was noted, 
however, when  Cu20 was the copper source. 

Glass Processing 
Conventional  fining t ime was ~2.5 hr  at ,~1080~ 

The batch was cooled to ,-,500~176 and sample 
rods were pulled for physical measurements.  The glass 
was then remelted to 1080~ for 1 hr  of fining. The 
charge was finally quenched in  deionized water  
through which ni t rogen gas was bubbled. 

To make rods for subsequent  seals, the cullet was 
reheated to 1080~ and then cooled to 500~176 at 
which temperature  the rods were pulled. Seals were 
made ~vith such rods by heating the assembly (two 
rods between two pieces of soda lime glass) to 480~ 
for 15 min  and cooling it  to room temperature.  
The subsequent  degree of crystall ization in the seal 
is related to the thermal  history of both the cullet and 
the rod. To assess the influence of both t ime and tem- 
perature  on the precipitat ion in  the seal, we con- 
ducted the following experiments:  (i) In  the conven-  
tional manner ,  rods were pulled from the culler of 
both the standard glass and ~he modified glass. Seals 
were subsequent ly  made from these rods at 480~ for 
15 rain. (ii) Other portions of the cullet were pre-  
heated at 500~ for 30 min  and for 2 hr. Rods were 
not d rawn from these preheated glasses, but  seals 
were formed directly from the cullet. 

From photomicrographs of these seals (Fig. 3 and 
4), we drew the following summary  observations: 
(i) All the crystals had fourfold symmetry  and were 
reddish-brown under  the microscope. (ii) Seals made 
from the rod had greater crystal density for each glass 

Fig. 4. Photomicrographs of standard-glass (a and c) and modified-glass (b and d) seals made after preheating for 1/~ or 2 hr (220X). 
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Table IV. Wet analysis of copper glass 

F i n i n g  
Glass C o p p e r  ox ide  T ime  T e m p  T o t a l  (%)  
t y p e  T y p e  W t  % ( h r )  (~ Cu++ Cu+ 

Modif ied Cu~O 2.50 3.5 1060 40.0 60.0 
S t a n d a r d  CuO 2.50 3.5 1040 64.0 36.0 
S t a n d a r d  A b o v e  g lass  6.75 770 63.0 37.0 

reheated 
S t a n d a r d  CuO 2.50* 3.5 1020 71.0 29.0 
Modif ied  CuO 4.30 3.0 750 84.0 16.0 
Modif ied  CuO 4.30 14.0 1080 38.0 62.0 

* 02 b u b b l e d  through charge d u r i n g  f in ing.  

than seals made from the cullet. (iii) Subst i tu t ing 
Cu~O for CuO in  the original s tandard glass vastly in -  
creased the amount  of b rown precipitate in  the seals 
made from modified glass. (iv) Preheat ing  either 
glass before sealing decreased the number  of crystals 
but  increased their  size. This effect was found to be 
proport ional  to the preheat ing t ime and was more 
pronounced in  the modified glass than in the s tandard 
glass. 

After  carefully crushing the crystallized glass in  
alcohol and separat ing the brown precipitate from 
the matrix,  we used x - r ay  analysis to show that  the 
precipitate was Cu20. 

We interpreted the preceding observations as fol- 
lows: (i) The decomposition of CuO (i.e., 2CuO --> 
Cu20 + u 02) in glass is s imilar  to that  in  the oxide. 
(ii) Nucleation of Cu~O appears to depend on the 
length of fining time above 750~ in  the glass (Fig. 4). 
(iii) The eventual  size of the Cu20 crystal, however~ 
depends on the thermal  t rea tment  of the glass after 
fining. 
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Fig. 6. Differential thermal analysis trace of standard glass 
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Fig. 7. Standard glass viscosity vs. temperature 

W e t  Analys is  
The interpretat ions  d rawn from our experiments  

were supported by analyt ical  work. A petrological 
technique was adapted to glass. Total copper (i.e., 
Cu + and Cu + +) and Cu + + were de termined sepa- 
rately, and Cu + was obtained by difference. Table IV 
summarizes per t inen t  data showing that  a consider- 
able port ion of Cu + + was converted into Cu + when 
the glass was fired above 750~ Reheating the glass 
for an extended period of t ime below 800~ however, 
did not seem to change the Cu+ /Cu  + + equi l ibr ium in  
the glass. The data seem to indicate that  bubbl ing  oxy-  
gen through the mol ten  glass at or below 1080~ 
shifted the equi l ibr ium back to Cu + + ion in  the glass. 
The ma x i mum theoretical, ra ther  than  the reported 
value of Cu + +, was used to calculate Cu + when more 
than 100% theoretical was reported, because the pre-  
cision of this technique is ~ • Still  the t rend is 
apparent.  Other oxygen-bubbl ing  experiments  showed 
a color shift from green to blue in  the resul t ing glass. 
Such a si~ift at constant glass composition, especially 
in lead glasses, can be taken as an oxidative change 
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Fig. 8. Photomicrographs and SEM micrographs of standard glass, showing crystallization or phase separation. 

from Cu + to Cu + + (5). The O2-bubbling experiments 
were based on the decomposition pressures of CuO 
(Fig. 5), which were calculated from the thermody-  
namic data of the Gibbs free energy (6). Figure 5 
shows that main ta in ing  both the part ial  pressure of 
oxygen above the glass melt  at 1 atm and the melt  
temperature  at ll00~ causes the equi l ibr ium to shift 
from Cu + to Cu + +. 

Thermogravimetric and Differential Thermal Analysis 
Two samples of the s tandard glass were subjected 

to thermogravimetr ic  (TG) anMysis. The data did not 
correlate with any possible oxygen loss or gain as a 
result  of the Cu + + to Cu + shift. A reasonable conclu- 
sion was that whatever  loss or gain of oxygen was ex- 
perienced was overshadowed by losses of volatile con- 
st i tuents of the glass. From this experiment,  we draw 
the inference that heating this glass above 750~ for 
prolonged times can change its composition and, pos- 
sibly, the solubil i ty of copper oxide in  the remaining  
glass. 

Phase Separation 
Figure  6 shows a typical DTA trace of the s tandard 

glass. The first trace was taken to ,-~480~176 and 
the glass was kept at this tempera ture  for 30 min  be- 
fore being cooled to room tempera ture  to s imulate 
conventional  sealing conditions. On the second and 
third traces the samples were taken to 1000~ In  ad- 
dition to the t ransformat ion tempera ture  at about 
372~ the second trace shows a broad exotherm at 
~6.5 mV (730~ which was either lost or reduced 
and shifted to a considerably higher tempera ture  (8.5 

m• or 910~ on the third trace. This "bump" has 
been found to be characteristic of all s tandard glass 
DTA curves. A similar jog is noted on a viscosity 
curve supplied by Corning Glass Works on the s tan-  
dard glass billet  in  the tempera ture  range 650~176 
(Fig. 7). 

The same tempera ture  region is a potential ly 
troublesome area for pul l ing rods. Our experience has 
shown that, once the glass is properly fined and cooled 
to room temperature,  it should be brought  back to 
~1080~ before being cooled to 500~176 to get the 
proper viscosity to pull  a 40 rail diameter  rod. Unless 
the hea t - t rea tment  exceeded 1080~ the rods turned 
out lumpy and rough and contained crystals. Under  
these conditions it was impossible to ma in ta in  a un i -  
form and desired rod diameter. This phenomenon was 
called, for want  of a bet ter  term, "phase separation." 
It was not clear, however, whether  it was phase sepa- 
rated in  the conventional  sense, which would be two 
or more immiscible "liquids." Some crystal l ine mat ter  
was observed in  this "phase." Figure 8a is an electron 
micrograph (220• of a culler sample of the s tandard  
glass, which was held at 800~ for 4 hr and examined. 
Reheating this sample to 1080~ for 1.5 hr, cooling it 
to 600~ and pul l ing rods showed a large number  of 
Cu20 crystals in  subsequent  seals made from it (Fig. 
8b). Scanning electron microscope (SEM) pictures of 
s tandard glass made at 800~ and subsequent ly  heated 
to 500~ showed some indication of crystall ine mate-  
rial. This was brought  out by a dilute ENOs etch (Fig. 
8c). Figure 8d is a mass spectrogram comparison of 
one of these crystals with that of the neighboring sur-  
face. It  is clear (Fig. 8b) that  these crystals were not  
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Fig. 9. Photomlcrographs of noncopper-contalnlng crystals in seal glass (220X). 

Cu20 but  contained an increased amount  of A1 and 
Zn and were probably zinc aluminates.  

During the course of these experiments,  "colorless, 
flat, circular crystals as well as octahedra crystals 
were occasionally noted in  some of our exper imental  
seals, which were made from cullers and rods. Pow- 
der x - r ay  and t ransmission electron microscopy 
(TEM) with an x - ray  nondispersive analyzer  dis- 
closed the following crystall ine materials:  A120~ and 
ZnA1204 (octahedra),  and PbZnB206 and ZnPbO~ 
(plates and circular forms). Figure 9 shows repre-  
sentative samples of the var ie ty  of crystals observed. 
In  a few cases, undissolved oxides of the original glass 
components (Table III) were observed as well. 

Surface Effect 
Figure 3c shows a definite surface influence on the 

crystall ization pattern,  if not on the nucleation, of the 
s tandard glass. Various acidic, basic, and organic sur-  
face treatments,  both on the seal rods and on the sub-  
strates, did not seem to el iminate  the brown pre-  
cipitate, al though some minimizat ion was evident. It 
was apparent  from observed pat terns like those shown 
in  Fig. 3c that  surface contaminat ion did enhance and 
orient  the crystal growth of Cu~O. 

Conclusions 
The following conclusions are drawn from the pre-  

ceding study and apply only to the glass composition 
and techniques described herein:  

1. Heating a copper-containing glass above 750~ 
produces a significant number  of Cu + ions. The 
amount  of Cu + formed appears to be directly pro-  
port ional  to the tempera ture  and to the length of 

heating t ime at any tempera ture  above 750~ The 
higher the temperature,  the faster the Cu + to Cu + + 
conversion. This reduct ion is irreversible,  for practi-  
cal purposes, and can lead eventual ly  to the precipita-  
t ion of brown Cu20. 

2. The heat effect is cumulative.  Prolonged and /o r  
repeated exposure to subsequent  temperatures,  even 
as low as 480~ can cause the Cu + ions present  to grow 
into observable crystals, result ing in  the b rown Cu20 
precipitate. 

3. Bubbl ing oxygen through the glass melt  reduces 
Cu + concentration. A decrease in the Cu + concen- 
t rat ion was noted when oxygen was bubbled through 
the glass melt  in the tempera ture  range  of 600 o- 
1080~ However, some Cu + ions were still present;  
furthermore,  the phase-separat ion problem appeared 
to be aggravated. 

4. Surface contaminat ion of the rod and substrate 
enhances the formation and growth of Cu20 but  ap- 
parent ly  does not affect its autonucleation.  

5. Surface t rea tment  of the rod does not e l iminate  
the Cu20 crystall ization in  the final seal but  does 
cause a small  reduction in  the Cu20 content of the 
seal. We believe the reason that the Cu20 crystalliza- 
t ion was not el iminated was that  the p r imary  nuclea-  
tion was a bulk  nucleation. 
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High Temperature Kinetics of Refractory Metal 
Gasification by Atomic Fluorine 
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ABSTRACT 

Intr insic  kinetics for the F/ I r ,  Pt, Ta reactions were measured using micro- 
wave discharge, low pressure, transonic flow reactor techniques with fila- 
men t  gasification rates deduced from specimen resistance vs. t ime measure-  
ments. Data were obtained in the temperature  ranges I000~176 for Ir, 
600~176 for Pt, and 1100~176 for Ta, at F -a tom part ial  pressures be-  
tween 0.65-7.4 Pa. Also, t ransient  fi lament resistance and tempera ture  changes 
could be observed which lead to the conclusion that  condensed fluoride films 
occur on the metals on exposure to atomic fluorine. These films do not in -  
hibit  the gasification reaction. The F / P t  data at T > 800~K and the F / I t  data 
agree wi thin  exper imental  error with kinetic models which assume a reactant  
pressure independent  F-a tom sticking coefficient and competit ive first-order 
F-a tom desorption, n th  order (in the F-a tom surface concentrat ion) product 
molecule formation-desorption.  The product species formation-desorpt ion re-  
actions are third order in the F / I r  system and are second order at higher 
temperatures  and are fourth order at lower temperatures  in the F / P t  system. 
Quasi -equi l ibr ium preexl:onential  rate law parameters  based on the product  
species, lrF3, PtF2, and PtF4, agree with those derived from the rate measure-  
ments. At lower temperature  the F / P t  reaction is zero order in the incident  
F-a tom flux. The F / T a  kinetics are qual i tat ively similar to the F/Ir ,  Pt  kinetics 
but  reaction persists to much higher temperature  and nonintegral  reaction 
order is obtained at the highest temperatures.  A quant i ta t ive  model of the 
F / T a  reaction kinetics is not proposed. Although this work confirms the con- 
densed fluoride film model for the F2/Ta reaction which was proposed by  
Machiels and Olander (8), the Ta gasification rates measured here exceed 
those predicted by their  model. This disagreement suggests a change in  the 
condensed fluoride stoichiometry between their experiments,  at PF2 <. 10 -2 Pa 
and the present  results obtained at PF ~ 0.6 Pa. instruct ive comparisons are 
made between the results obtained for these and the F/W, Mo, Ti systems 
(5, 14), and the implications of quant i ta t ive results from F/I r ,  Pt  models are 
discussed. 

F luor ine  is a mono-isotopic, highly electronegative 
e lement  whose bond energy (157 kJ /mole)  (1) is 
unusua l ly  low. However, it forms strong chemical 
bonds to other elements and will react with near ly  
every (nonfluoride) substance. Many polyvalent  bi-  
nary  fluorides are volatile. These and other unusual  
properties of fluorine and fluorides lead to useful 
applications [e.g., uran ium isotope separation, chemi- 
cal and excimer lasers, semiconductor etching reac- 
tions (2), and chemical rocket propellants (3)J but  
are also the source of difficult corrosion problems. 

The chemical, physical, and thermodynamic prop- 
erties of fluorine and fluorides and the kinetics of 
homogeneous fluorine reactions (4) have been studied 
in much detail. Heterogeneous reactions have received 
less attention, despite their  importance to corrosion 

Key words: heterogeneous kinetics, iridium, platinum, tantalum, 
vaporization, kinetics, metals, refractory. 

problems and the direct applications of fluorine gasi- 
fication reactions, e.g., to semiconductor etching (2). 
Heterogeneous reactions of atomic fluorine are of 
special interest  because fluorine is easily dissociated 
and atoms usual ly undergo heterogeneous reaction 
more rapidly than do molecules (5, 6, 12). 

Several recent papers have appeared on the intrinsic 
kinetics of fluorine gas/solid reactions. Studies of F2 
reactions include McKinley's  investigation of the F2/ 
Ni reaction in a mass spectrometer (7), the modulated 
beam studies of F2/Ta and F2/UO2 reactions by Ma- 
chiels and Olander (8, 9), and a paper by Phi l ippart  
et al. on the reactions of fluorine and metal  fluorides 
with Ta, W, and Re (10). Sheer et al. studied the 
desorption of atomic fluorine from molybdenum at 
high tempera ture  (11). Heterogeneous reactions of 
atomic fluorine were first investigated by Rosner et al., 
who report  kinetic measurements  for the F, F2/Mo, W 
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react ions (5) and the F, F2 react ions wi th  basal  and 
edge planes  of pyro ly t ic  g raphi te  (6). The F, F2/BN 
react ions were  s tudied near  room t empera tu r e  (12) 
and a l low the grav imet r ic  measuremen t  of F - a t o m  
concentrat ions  in flow systems. Also, F - a t o m  he te ro-  
geneous recombina t ion / reac t ion  probabi l i t ies  have 
been measured  on severa l  mate r ia l s  of construct ion 
near  room t empera tu re  (13). Al though  this l ist  is 
brief,  the  papers  ci ted revea l  a growing in teres t  in 
heterogeneous  fluorine react ions and document  im-  
por tan t  new techniques by  which these react ions 
m a y  be studied. They  provide  some assistance in the 
select ion of corrosion res is tant  mate r ia l s  of const ruc-  
t ion and begin  to revea l  the mechanisms by  which 
fluorine gasifies solids. 

This paper  presents  new kinet ic  da ta  for the F - a t o m  
react ions  wi th  i r idium, pla t inum,  and tanta lum.  The 
pr inc ipa l  conclusions include a verif icat ion of fluoride 
film format ion  (8) dur ing  the F / T a  react ion and the 
d iscovery  of fluoride films dur ing  F / I r  and F / P t  
reac t ion  as well.  The F / I r ,  P t  gasification rates  a re  
accura te ly  pred ic ted  by  a kinet ic  model  which con- 
tains der ived  kinet ic  pa rame te r s  tha t  agree  wi th  
values  pred ic ted  by  the quas i -equ i l ib r ium model  (33, 
34). Compar ison of the  F / T a  da ta  wi th  the modula ted  
beam resul ts  of Machiels  and Olander  (8) provides  
new insight  r egard ing  the surface kinetics.  A com- 
par i son  of Ar rhen ius  d iagrams for the F / I t ,  Pt, Ta, 
W (5), Mo (5), Ti (14) react ions at  equal  reac tan t  
p ressure  demons t ra tes  genera l  t rends  common to all  
high t empe ra tu r e  F / m e t a l  react ions which have been 
studied.  

Exper imenta l  
The ra te  measurements  r epor ted  here  were  obtained 

by  use of the  low pressure ,  t ransonic  flow reactor  
i l lus t ra ted  in Fig. 1. The s ide -moun ted  probe  was 
used in these exper iments .  In  this flow reactor,  meLered 
Ar /F2  mix tures  pass th rough  a 0.98 cm ID a lumina  
tube  where  a 2450 MHz, ~100W microwave  discharge 
dissociates the fluorine molecules.  The dissociated mix -  

SECTION X-X 
END VIEW (SIDE MOUNTED PROBE ) 
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Fig. 1. Filament fluorination apparatus (schematic). A, Discharge 
tube (alumina); B, microwave cavity; C, O-ring coupling; D, test 
section (Pyrex); E, filament (specimen); F, voltage taps; G, O- 
ring joint (end mounted probe); H ,  O-ring joint (side mounted 
probe); I, pyrometer; J, optical flat; K, to fluorine trap, pump; L, 
pressure tap; M, to d-c power supply; N, to voltage-to-frequency 
converter. 

ture  then enters  a P y r e x  section and passes over  an 
e lec t r ica l ly  hea ted  meta l  f i lament mounted  t ransverse  
to the  gas flow. Average  flow veloci ty  at  the discharge 
tube  exhaust  was 2.5 • 104 cm/sec  at  a total  pressure  
of 133 Pa. Gaseous F, F2 concentrat ions were  com- 
pu ted  f rom the measured  Ar  and F2 fiow rates,  total  
pressure,  and known (15, 16) microwave  discharge 
dissociat ion efficiencies (ca. 90% for F2). 

Gasification ra tes  were  computed  f rom the res is-  
t ance- t ime  curves for the  cent ra l  0.3-0.4 cm of 0.038 
cm d iam filaments. In  most exper iments  the f i lament 
t empe ra tu r e  was a l lowed to increase  by  200~176 
dur ing  the exper imen t  and ra te  vs. t empe ra tu r e  was 
computed  f rom res is tance- t ime,  t empera tu re - t ime ,  and 
prev ious ly  measured  resistance vs. t e m p e r a t u r e  da ta  
in the absence of reaction. These procedures  a re  ful ly  
descr ibed e lsewhere  (17). 

Specimen t empera tu res  above 1000~ were  mea -  
sured with  an optical  pyrometer .  Emi t tance  correc-  
t ions at  % _-- 0.665~ for P t  (18), I r  (19), and Ta (20) 
were  obta ined f rom the l i te ra ture .  The P y r e x  win-  
dows were  f requen t ly  changed to avoid  t empe ra tu r e  
er rors  due to etching by  fluorine and the window 
t ransmiss ion correct ions were  checked by  measur ing  
specimen t empe ra tu r e  wi th  or  wi thout  the  window 
in the l ight  path,  using a second window to seal the 
system. Window correct ions a lways  agreed  wi th  an 
expected 5% reflection loss at  each window surface. 

The F / P t  react ion was also s tudied be low 1000~ 
In  these lower  t empe ra tu r e  exper iments  the  f i lament 
d iamete r  was computed  f rom measured  room t em-  
pe ra tu re  res is tance before  and af te r  reaction. Tem-  
p e r a t u r e  at  the  beginning and end of reac t ion  was 
de te rmined  f rom the high t e m p e r a t u r e  to room tem-  
pe ra tu re  res is tance ratio,  using the known t e m p e r a -  
ture  coefficient of resistance.  Tempera tu r e  control  
was achieved by  opera t ing  the power  supply  at  con- 
s tant  vol tage  ou tput  wi th  a res is tance in series wi th  
the f i lament whose va lue  was chosen to give a pp rox -  
ima te ly  constant  f i lament power  diss ipat ion per  uni t  
f i lament area.  In fe r red  t empera tu res  at the  beginning  
and end of react ion usua l ly  agreed to ___!0~ 

Most high t empe ra tu r e  exper iments  were  pe r fo rmed  
by  set t ing the gas flow rates, d ischarge  power,  and  
reac tan t  pressure  and then  hea t ing  the f i lament to 
the  t empe ra tu r e  of interest .  However ,  for exper iments  
be low 1000~ it  was necessary  to ad jus t  the f i lament  
t empe ra tu r e  before  its exposure  to fluorine, and  valves  
were  provided  to d iver t  fluorine to the  reac tor  ex-  
haust  or  a l low it  to pass th rough  the reactor .  A few 
h igher  t empe ra tu r e  exper iments  were  also pe r fo rmed  
af te r  these valves  were  instal led.  If  the  heat ing cur -  
ren t  was held  constant,  increases and then decreases  
in f i lament t empe ra tu r e  (and res is t iv i ty)  could be 
observed dur ing  a t rans ient  per iod  at  the  s ta r t  of 
reac t ion  wi th  fluorine. Fol lowing  these in i t ia l  t em-  
pe ra tu re  t ransients ,  a s teady  increase  of res is tance 
and t empe ra tu r e  wi th  t ime was observed,  due to 
consumpt ion of the  f i lament  by  the gasification reac-  
tions. 

Measurements  of specimen res is t iv i ty  p rov ided  a 
check on the t empe ra tu r e  measurements .  Fo r  p la t inum,  
the  room t e m p e r a t u r e  res is t iv i ty  agreed  to 0.7% wi th  
the  l i t e ra tu re  value  (21) and correc ted  p y r o m e t e r  
readings  agreed  to ___3~ wi th  t empe ra tu r e  deduced 
f rom resis tance measurements .  These measurements  
also show the p la t inum to be quite pure,  for the  room 
t e m p e r a t u r e  res is t iv i ty  of P t  is typ ica l ly  doubled  
by  the addi t ion  of a few percent  of an a l loying  e le-  
ment  (22). Fo r  i r idium, our  room t e m p e r a t u r e  re -  
s is t ivi ty  measuremen t  exceeded the l i t e r a tu re  va lue  
(2.3) by  13% and the t empe ra tu r e  coefficient was 
about  6% low. These differences, which are  p robab ly  
caused by  impuri t ies ,  p reven ted  a check on our  i r id -  
ium t empera tu r e  measurements .  However ,  no change 
in i r id ium specimen res is t iv i ty  was observed af ter  
more  than  30% mate r i a l  loss by  F - a t o m  gasification. 
Af t e r  outgassing at  2500~ t empera tu re s  of Ta fila- 
ments  deduced f rom res is tance or p y r o m e t e r  m e a -  
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surements  agreed within  1%. However, dur ing reac- 
t ion with atomic fluorine, a small  increase in resis- 
t ivi ty and decrease in  the temperature  coefficient of 
resist ivity were observed. Outgassing at 2500~ in  
Ar would reverse this effect. These resistivity changes 
are a t t r ibuted to dissolution of oxygen and ni t rogen 
impurit ies in  the Ta filaments dur ing reaction with 
fluorine. The high tempera ture  kinetic studies of 
the O2, O, N2, N/Ta  reactions reported by Rosner et aL 
(24, 25) and Feng (39) predict resistivity changes at 
the prevai l ing F2 impur i ty  levels which agree well 
with those observed here. 

Polycrystal l ine p la t inum and i r id ium filaments were 
obtained from Engelhard Industries,  Carteret, New 
Jersey, who stated the respective Pt  and Ir purit ies 
to be 99.95 and 99.8%. A spectrographic analysis was 
supplied for Ir  and showed (in parts per mi l l ion) :  
W, 1740; Re, 400; Pt, 240; Rh, 58; A1, 46; Ni, 32; Pd, 26; 
Cu, 23; Si, 21; and eleven other elements which added 
up to 28 ppm. The polycrystal l ine t an ta lum filaments 
(Thermionic Products Company, Plainfield, l~ew Jer-  
sey) were stated to be at least 99.97% pure. 

Fluor ine  (Matheson) was quoted to be 98% pure. 
After  NaF trap removal  of HF, we found total im- 
pur i ty  content to be 1.8% (by volume) by the method 
of reaction with mercury  (26). The argon (99.998% 
pure) was fur ther  purified by use of Oxisorb car- 
tridges from MG Scientific Gases, which reduce O2 
content  to ca. 1 ppm. The background impur i ty  level 
in our flow system, due to leaks, outgassing, and 
argon impur i ty  was checked by measur ing the rate 
of Ta resistance change at ca. 2500~ in  argon. Since 
the O.~/Ta gasification kinetics are known (25), we 
could demonstrate  in this way that background O2 
pressures were about 5 • 10 -3 Pa. After  these ex- 
per iments  had been completed, a supply of 99.9-5% 
pure  fluorine was obtained from Argonne National  
Laboratory.  We obtained a few data points for each 
metal  with this high pur i ty  fluorine which gave the 
same reaction rates as did the commercial product. 

Specimens were examined with a microscope before 
and after reaction. Molecular fluorine revealed a strong 
preference for attack at p la t inum grain boundaries  
but  the surfaces of the grains showed a smooth reces- 
sion. Atomic fluorine produced a uniform, smooth 
recession with Pt  filaments with no perceptible pref-  
erence for grain  boundary  attack. The rate of the 
F2/Pt reaction was about 20 times less than that of 
the F / P t  reaction at l l00~ and equal reactant  pres-  
sure, as determined by direct measurement  of speci- 
men  diameters with the microscope. Reaction of F 
or F2 with Ta at temperatures  below 2100~ produced 
slight grain boundary  etching and a streaked appear-  
ance on the surfaces of individual  grains. At higher 
temperatures  fluorine did not etch Ta grain bound-  
aries but  shallow undulat ions  of i r regular  shape ap- 
peared on the filament surface. The t an ta lum grains 
were of i r regular  shape with typical dimensions be-  
tween 0.02-0.08 mm. The streaked pa t te rn  on in-  
dividual  grains was often near ly  parallel  to a grain 
boundary  over the entire grain with a streak spacing 
ca. 0.003 mm. The dimensions of the shallow u ndu -  
lations were typically 0.02 mm in a direction parallel  
to the filament axis and half that  in the other direc- 
tion. Observations on Ir filaments reacted with atomic 
fluorine be tween 1000 ~ and 1400~ were similar  to 
those reported for Ta below 2100~ except g r a i n  
boundary  etching was not observed. Despite the some- 
what  nonuni form surface observed for Ta and Ir  fila- 
ments  and grain boundary  etching of Ta, the speci- 
men  diameter  change inferred from resistance mea-  
surements  always agreed with that measured with 
a microscope. 

Reactant and Product Fluxes 
The method by which filament resistance and tem- 

perature  vs. t ime data are reduced to yield product  
fluxes has been discussed (17). Necessary auxi l iary  

data include the metal  thermal  expansion coefficients, 
which were obtained from Espe (22). 

The incident  flux, Zi, of reactant  species i, was 
calculated from the Her tz -Knudsen  equation 

Zi = Pi,w ( 2 ~ m i k ~ )  -1/2 [1] 

However, due to t ranspor t  effects, the (perimeter  
mean)  gas tempera ture  at the filament, Tgw, will 
differ f rom the ambient  (T~) and  filament (Tw) tem- 
peratures. Also, for sufficiently large reaction prob-  
abilities, the (perimeter  mean)  reactant  pressure at 
the filament PJ.w, will differ from the known ambient  
reactant  pressure, pj,~. It is necessary to consider the 
effects of energy, momentum,  and mass t ransfer  be- 
tween the filament and gas stream to determine the 
values of Pi,w and Tg.w to be used in Eq. [1] and 
the resul t ing accuracy of calculated reactant  fluxes. 

Transpor t  effects under  the flow conditions chosen 
for these experiments  are characterized by the d imen-  
sionless Mach, M, and Reynolds, Re, numbers.  At 
the exit of the discharge tube these are Re -- 224 
(based on discharge tube diameter) ,  M ---- 0.79. How- 
ever, the center l ine velocity in the jet issuing from 
the discharge tube should approach 3.22.104, i.e., M 
---- 1, and the Reynolds number  at the filament, which 
samples the centerl ine velocity is thus Re --~ 11.4 
(based on filament diameter  and free stream gas 
properties).  Slip flow occurs at the filament, for the 
Knudsen  number  (ratio of ambient  gas mean free 
path to filament diameter)  is Kn  ~ 0.16. If, however, 
we neglect the effect of slip on gas phase convective 
energy transfer, the Nusselt number  for convective 
energy t ransfer  from the filament is (27) Nui, ---- 2.1 
at Re -- 11.4. 

Energy trans]er.--The perimeter  mean convective 
energy flux from the fi lament (27), q", can be equated 
to the intr insic heat ing of incident  atoms (28) 

~" = N U h .  k f -  (Tg,w - -  T , ) / ~  

= Ng.w �9 c~.w �9 R �9 (Tw - -  T ~ . w ) ~ / 2  [2]  

where kr is the gas thermal  conductivi ty evaluated 
at the mean "film" thermal  boundary  layer  tempera-  
ture  [ (T~:w -5 Tr) /2] ,  Ng.~: and Cg.w are the (perimeter  
mean)  gas density and mean  thermal  speed at the 
filament (at Tg,w) and a is the thermal  accommoda- 
tion coefficient. The gas dynamic recovery tempera-  
ture, Tr, exceeds the ambient  temperature  (300~ 
but, due to slip flow, should be less than the stagnation 
tempera ture  of the free stream (~380~ The val-  
idity of Eq. [2J was checked by measur ing the heat 
flux from a p la t inum filament in argon and in vac- 
uum at 1260 ~ < Tw < 1730~ from which we com- 
pute 0.41 --~ a --~ 0.45 if 300~ ~ % ~ 380~ The 
reported value (30) a ( A r / P t )  _-- 0.38 at 1180 ~ < Tw 

1590~ agrees well with these results as do the 
values obtained (a ~ 0.40-0.45) by extrapolat ing 
lower tempera ture  measurements  (29) to the tem- 
perature  range of interest  here. 

The accuracy of values for T~.~ computed via Eq. 
[2] is l imited by uncer ta in ty  in the appropriate gas 
dynamic recovery temperature  and thermal  accommo- 
dation coefficient. The max imum uncer ta in ty  in Tg.w 
can, however, be evaluated from known limits on 
the values of these quantities. We assume 300~ < Tr 
< 380~ and 0.3 < ~ < 1.0. These limits on a repre-  
sent the approximate lower limit of observed values 
for argon on bare metal surfaces and the maximum 
value, unity, which may obtain on gas or metal fluor- 
ide covered surfaces (28)�9 Values of Tg,w computed for 
the above limits on Tr and = were found to agree 
within  __.25% with the convenient  empirical equation 

Tg.~ = 24.1 �9 Tw ~ [3] 

which was used for subsequent  data reduction. The 
uncer ta in ty  in reactant  flux, computed from Eq. [1], 
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is about half  the uncer ta in ty  in  reactant  temperature,  
i.e., ca. ___12%. 

M o m e n t u m  transfer .mSince slip occurs in convec- 
tive energy t ransfer  it must  also occur in  m o m e n t u m  
transfer,  and the gas pressure at the s tagnat ion l ine 
of the fi lament should be less than the stagnation 
pressure in  the free stream. Heating of the gas by 
the hot fi lament would also tend to reduce the local 
s tagnat ion pressure. Therefore, we measured the per-  
ipheral  var iat ion in recession rate of a Pt  fi lament 
under  conditions where the rate is first order in 
reactant  pressure to deduce the per ipheral  variat ion 
in  reactant  arr ival  rate. It  was found that the rate 
of diameter  change was 1.33 +_ 0.05 times greater 
for the diameter  paral le l  to the direction of flow 
than  for the diameter  perpendicular  to the flow. This 
rate difference equals that  predicted by Pitot tube 
measurements  at lower flow velocities (M --~ 0.41 at 
discharge tube exit) where the ratio of local to am-  
bient  pressure was 1.41 at the leading edge, 0.98 at 
the t ra i l ing  edge, and 0.90 at the sides of the Pi tot  
tube  and the per ipheral  average pressure exceeded 
the ambient  pressure by ca. 2%. Thus, we conclude 
that  m o m e n t u m  effects influence the pressure dis- 
t r ibut ion around the filament but  have a negligible 
effect on the average reactant  pressure. This non-  
un i form pressure dis tr ibut ion allows an approximate 
measurement  of reaction order. At higher tempera-  
tures the Pt  fi lament diameter  recession rate ratio 
is 1.90 _+ 0.10, in agreement  with that  predicted for 
second-order  kinetics. 

Mass transfer . - - I f  one neglects thermal  diffusion, 
mass t ransfer  due to i rreversible surface reaction is 
described by an equation similar  to that for energy 
transfer.  The (perimeter  mean)  reactant  consump- 
t ion rate is 

~h"r = N u =  �9 Dp �9 (~ ,=  - - ~ , . ) / d  = ~.~pg-~cr,'-~/4 [4] 

where '~r is the reactant  mass fraction in  the free 
s t ream (oo) or at the filament (w), Cr.w and pg.~ are 
the reactant  mean  thermal  speed and gas densi ty at 
Tg,. w,' and er is the reaction probabili ty.  The product, 
Dp, of the b inary  reac tant -argon diffusivity, D, and 
the gas density, p, is evaluated at the mean boundary  
layer  (film) temperature,  T. Thus, if t h e  apparent  
reaction probabili ty,  Ca, is defined as the value which 
would be obtained when diffusion effects are neglected 

ea/er-- ~r ,w/O;r ,  = = [1  - } -  (~r, wd/4DNum) (T-'/Tg.w)~r]-1 

[5] 

Estimated diffusion coefficients and the assumption 
Num ~- NUt~ -~- 2.1 predict a correction due to mass 
t ranspor t  effects equal to ca. 40% at er = 1.0 and 
about 8% at er = 0.1. 

Al though mass t ransport  corrections to ea are clearly 
small, they are also uncer ta in  due, for example, to 
errors in (i) estimated diffusion coefficients, (ii) gas 
temperatures  from Eq. [3], and (iii) the effect of slip 
flow on Num. In  fact, experiments  performed at an 
F-a tom reaction probabil i ty,  e,(F) ~ 0.3 show the 
corrections to be smaller  than would be estimated 
from Eq. [5]. Figure 2 shows the rate of Pt  gasifica- 
t ion by atomic fluorine at l l00~ vs. total gas flow 
rate at constant reactant  and total pressure. Diffu- 
sion l imitat ions at low flow rates disappear as the 
flow rate  increases and a flow rate independent  rate 
of reaction is observed. Flow rate under  normal  oper-  
at ing conditions was 1300 cm ~ (STP) /min .  Above 
1620 c m 3 ( S T P ) / m i n  flow from the discharge tube is 
choked (M ---- 1), leading to a local increase of pres- 
sure in the underexpanded  gas jet  at the filament and, 
thus, an increase in  the rate of reaction. From these 
measurements  we conclude that  mass t ranspor t  rates 
do not significantly influence reactant  arr ival  rate 
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Fig. 2. Platinum gasification rate vs. gas flow rate at T = 
1100 ~ K, PF - -  2.2 Pa. 

and neglect such corrections in the in terpre ta t ion 
of rate measurements.  

Results 
Filament  energy balance.mTransient  effects on the 

filament energy balance are more precisely i l lustrated 
by the resis tance-t ime curves (with measurements  
every 0.5 or 1.0 sec) than by the t empera tu re - t ime  
curves which include fewer data points. The ini t ial  
parts of resistance- and t empera tu re - t ime  curves for 
three F / T a  experiments  using a constant  current  
power supply are i l lustrated in Fig. 3. Each experi-  
ment  shows a t ransient  tempera ture  increase followed 
by a tempera ture  decrease prior to the continuous 
tempera ture  and resistance increase with t ime asso- 
ciated with specimen diameter  change. The init ial  
temperature  rise reflects the increased energy release 
which accompanies the exothermic gasification reac- 
tion. The subsequent  tempera ture  decrease reveals 
a less direct, react ion- induced increase of the speci- 
men heat t ransfer  coefficient, i.e., an increase in its 
total emittance, et, and /or  thermal  accommodation 
coefficient, o, If one assumes et = 0.2 and ~ -- 0.3 
prior to F-a tom exposure, the observed decrease in 
specimen tempera ture  can then be explained by h~t 
----- 0.1 or h~ ~ 0.5. This react ion- induced increase 
in  heat t ransfer  coefficient was observed in all ex- 
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on exposure to atomic fluorine with constant current heating. 
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per iments  wi th  Ta  fi laments under  condit ions where  
the rate of Ta gasification increases wi th  t empe ra tu r e  
but  was absent  in exper iments  a t  high tempera ture ,  
where  the  ra te  of gasification decreases wi th  t em-  
pera ture .  Trans ient  effects in the F / P t  and F / I r  
exper iments  at  1000~176 were  s imi lar  to those 
i l lus t ra ted  in Fig. 3. A t  h igher  tempera tures ,  the 
rates  of F / I r  and F / P t  gasification decrease.  The 
t rans ient  t empe ra tu r e  ,increase due to the heat  of 
react ion then becomes negl igible  but  the increase  
in specimen hea t  t ransfe r  coefficient remains.  F igure  
4 i l lus t ra tes  res is tance-  and t e m p e r a t u r e - t i m e  effects 
for  two h igher  t e m p e r a t u r e  F / I t  exper iments .  These  
da ta  show the t rans ien t  effect to reverse  in the  ab-  
sence of fluorine as i l lus t ra ted  by  the t empe ra tu r e  
increase at  the  conclusion of each exper iment .  Al l  
ra te  data  repor ted  here  were  obta ined f rom measu re -  
ments  subsequent  to the ini t ia l  t rans ien t  effects. Ex-  
per iments  which  employed  a constant  vol tage  power  
supply  gave nea r ly  constant  t empe ra tu r e  and ra te  
da ta  which agree  wi th  those obta ined  under  con- 
s tant  cur ren t  heating.  

Gasification rate data.--I t  wil l  be demons t ra ted  tha t  
the  o rde r  of F / P t  and F / I r  gasification react ions ex -  
ceeds un i ty  at  h igh  t empera tu re s  where  the  ra te  of  
react ion decreases r ap id ly  wi th  t empera ture .  Under  
these conditions, more  rap id  gasification near  the 
colder  ends of the  f i lament controls the  dura t ion  of 
an exper imen t  and even tua l ly  prevents  fu r the r  ra te  
measurements .  The o rde r  of react ion has been deduced 
f rom nth  order  Ar rhen ius  diagrams,  i.e., plots of log 
[ ~ M e / Z F  n ]  VS.  reciprocal  t empera tu re ,  where  ~Me iS 
the  P t  or I r  gasification flux and ZF is the  incident  
flux of atomic fluorine. Such d iagrams revea l  nth  
o rder  kinet ics  when da ta  obta ined at  different  p res -  
sures and t empera tu res  merge  into a single curve. 

F/Ir  k inet~cs .~The F / I r  da ta  revea l  f i r s t -order  k in -  
etics nea r  1.000~176 and a t rans i t ion  to t h i r d - o r d e r  
kinetics at h igher  tempera ture .  The  data, obta ined  at  
th ree  different  F - a t o m  pressures  a re  i l lus t ra ted  in 
Fig. 5, a t h i r d - o r d e r  Ar rhen ius  diagram.  The l ines 
d r a w n  th rough  the da ta  were  der ived  f rom the fol-  
lowing empir ica l  model  of the  reac t ion  kinetics.  I t  
was assumed that :  

1. A t empe ra tu r e  and pressure  independen t  f rac -  
tion, SF ( I r ) ,  of the incident  F - a toms  st ick on the 
surface and par t i c ipa te  in the  surface reactions.  

2. The adsorbed F -a toms  m a y  (i) desorb or (ii) 
react  wi th  the  subs t ra te  to produce  IrF8 produc t  mol -  
ecules. 

3. The product  molecule  and F - a t o m  desorpt ion 
fluxes a re  given by  the  fol lowing A r r h e n i u s - t y p e  
ra te  laws 
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Fig. 4. Iridium filament resistance and temperature transients 
on exposure to atomic fluorine with constant current heating. 
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~F -- AFSFexp (--AE#F/kT) [6] 

~IrF3 = AIrF361rF3exp (--AE#IrFs/kT) [7] 

where A, e, and ~E# denote temperature independent 
pre-exponential constants, fractional surface coverage, 
and desorption activation energies, respectively. 

4. The surface reaction by which adsorbed IrF3 
molecules are formed have the net effect that 81rF3 
is proportional to 8F 3 according to the following Ar- 
rhenius-type expression 

e,rFa/eF 3 ---- As exp (--AE#s/kT) [8] 

The constants, As, 5E#s which appear in Eq. [8] are 
not elementary rate constants but, rather, reflect the 
net kinetic effect of several surface reactions or of 
a third-order surface equilibrium, as discussed below. 

It  is evident  (see Discussion) tha t  a fluoride film 
forms on the meta l  surface dur ing  reaction. How-  
ever, the composition, porosity,  and even the s ta te  
(solid or l iquid)  of this film is unknown and the net  
surface react ion may  occur via severa l  different  mech-  
anisms. Langmui r -Hinshe lwood  type  surface react ions 
can lead to Eq. [8], as could an equi l ib r ium be tween  
adsorbed  species and those dissolved in the  fluoride 
film wi th  a t h i r d - o r d e r  react ion in the film. Also, 
the  product  species s to ichiometry  has not been es tab-  
l ished by  independen t  measurements  and no studies 
of the  lower  gaseous fluorides of i r id ium appea r  in 
the  l i te ra ture .  However ,  if it  is assumed that  th i rd -  
o rder  kinet ics  der ive  f rom an equi l ib r ium between 
adsorbed  species, i.e., that  product  desorpt ion  is the  
r a t e - l imi t ing  step, then the presen t  resul ts  suggest  
that  IrF8 (g) is the product  molecule.  

To match  the kinet ic  data, the  constants in Eq. [6], 
[7], and [8] can be chosen so ~F is negl ig ible  at low 
t empera tu re  and all  F -a toms  which s t ick react  to 
produce  IrF~ molecules.  Therefore,  at  low t e m p e r a -  
ture  we take  

SF = 3~Ir ( low t empera tu re )  [9] 

At  h igher  tempera tures ,  the  surface F - a t o m  mass 
balance,  is 

SFZF --  3~ir + ~F [10] 

The st icking coefficient (from Eq. [9] and measured  
Ir  gasification rates, yield the flux quot ient  
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~ I r F 3 / ~ F  3 = ~ I r / ( Z F S F  - -  3 ~ I r )  3 [ 1 1 ]  

which can be fit to 

~IrF3/~F 3 = Air exp ( - -hEr  [12] 

Here,  Air  and /xE#ir a re  the appropr i a t e  combinat ions  
of p re -exponen t i a l s  and act ivat ion energies f rom Eq. 
[6]-[8] .  The da ta  were  fit to Eq. [11] and [12] by  
(i) choosing a va lue  of the st icking coefficient, (ii) 
c a l c u l a t i n g  ~IrF3/~F 3 for a l l  h igh t empe ra tu r e  da ta  for 
which air < 0.037 f rom Eq. [11], (iii) fi t t ing these 
flux quotients  to E q. [12] by  least  squares,  and (iv) 
repea t ing  the calculat ion to find the  value  of S which 
minimized  the var iance  for  al l  da ta  points. Numer ica l  
resul ts  a re  p resen ted  in Table  I; the  flux quotients  
computed  f rom these resul ts  a re  shown by the solid 
l ines d r a w n  through the da ta  in Fig. 5. The dashed 
l ine in Fig. 5 i l lus t ra tes  the l imi t ing  high t empe ra tu r e  
ra te  constant,  ~Ir/ZF ~ = (~Ir/~F3)SF3, which m a y  be 
used to calcula te  the Ir  gasification ra te  f rom the F -  
a tom flux when  ~zr < <  ZF. 

F / P t  kinetics.--The F / P t  da ta  were  obta ined  over  
a w ide r  t empe ra tu r e  range  (600~176 than were  
the  F / I r  da ta  (1000~176 and show a g rea te r  
va r i e ty  of kinetic  behavior .  Included are  ze ro -o rde r  
kinet ics  at  low t empera tu re  (600~176 f i r s t -order  
kinet ics  be tween  800~176 and second-order  k in -  
etics at h igh temperatures .  A pressure  and t e m p e r a -  
tu re  dependent  increase  in reac t ion  p robab i l i t y  is ob-  
served  be tween  900~176 which  suggests a change 
in product  species. Also, at t empera tu re s  below 1000~ 
the ra te  of react ion depends  on reac tan t  pu r i ty  as 
i l lus t ra ted  by  exper iments  in which 35% O~ was de-  
l i be ra t e ly  added  to the fluorine. 

The low tempera tu re ,  ze ro -o rde r  kinetics a re  i l lus-  
t r a t ed  in  Fig. 6, which plots the  ra te  vs. t empe ra tu r e  
da ta  in a ze ro -o rde r  Ar rhen ius  diagram.  Al though 
the number  of low t empera tu r e  da ta  points  is small ,  
t hey  c lear ly  merge  into a single reac tan t  pressure  
independent  l ine in the 600~176 t e m p e r a t u r e  range.  
I t  can be seen tha t  addi t ion  of 35% O~ to the reac tan t  
f luorine produces  a pronounced decrease  in the  reac-  
t ion ra te  be low about  1000~ However ,  da ta  obta ined 
wi th  high pur i ty  (>99.9%) or  commercia l  (~-98%) 
fluorine agree  at  al l  t empera tu res  invest igated.  The 
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Fig. 6. Rate of platinum gasification by atomic fluorine vs. re- 
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Table I. Fit of iridium and platinum gasification data 

P r e e x p o n e n t i a l  Act iva t ion  
constant ,  e n e r g y  

Meta l  Quanti ty  logm ( A )  h E ~ ( k J / m o l e )  

Iridium 

Plat inum 

SF --0.616 • 0.044 
~lrFs/~F8 --59.32 • 0.87 --577 • 25 
( ~Ir/ZF 3) HT --  61.19 - -  0.87 -- 577 +-- 25 

~Pt ( L T )  30.8 • 2.4 176 • 29 
SF --0.178 ----- 0.069 6.8 • 1.1 
~PtP2/~F~ --28.88 • 0.13 --238 • 3 
~ P t F ~ / ~ P t F 2  2 --31.97 -- 1.70 --287 -- 32 
( ~ P t / Z F  2) HT --29.24 + 0.16 --251 + 4 

l ine d r a w n  th rough  the low t empera tu r e  F / P t  da ta  
is g iven by  the equat ion 

~pt(LT) = A �9 exp ( - - A E r  [13] 

The coefficients in Eq. [13] were  de te rmined  graphic-  
a l ly  and are  repor ted  (wi th  es t imated  uncer ta in t ies)  
in Table  I. 

F igu re  7 i l lus t ra tes  the f i r s t -order  region be tween  
about  750~176 where  the  F / P t  react ion p roba -  
b i l i ty  is independen t  of reac tan t  pressure.  A slow 
increase  of ept wi th  t empe ra tu r e  is noted, which in-  
dicates a t e m p e r a t u r e  dependent  s t icking coefficient, 
SF (P t ) .  A t  about  90'0~ depending  on reac tan t  p res -  
sure, the  react ion p robab i l i ty  exceeds tha t  given by  
an ex t rapo la t ion  of the  lower  t empe ra tu r e  f i r s t -o rder  
data. This effect is in t e rp re ted  as a change in the 
product  species, wi th  fewer  F - a toms  requ i red  to 
gasify one P t - a t o m  ra the r  than  a nonl inear  var ia t ion  
in log [SF(P t ) ]  wi th  rec iprocal  t empera ture .  At  even 
h igher  tempera tures ,  a decrease  in the ra te  o f  gasi-  
fication is observed.  The react ion is second o rde r  in 
this high t empera tu re  region, as i l lus t ra ted  in Fig. 
8, a second-order  Ar rhen ius  diagram.  In Fig. 6-8, the  
lines d r a w n  through  the da ta  at  t empera tu re s  above 
750~ were  der ived  f rom the fol lowing empir ica l  
model  of the react ion kinetics.  I t  was assumed that:  

1. A t empe ra tu r e  dependent ,  r eac tan t  pressure  in-  
dependent  fraction, SF (P t ) ,  of the  incident  F - a toms  
st ick on the surface and par t i c ipa te  in the  surface 
reactions.  The st icking coefficient is given by the 
Arrhenius  ra te  law 

SF (Pt)  = AF exp ( - -AE~F/kT)  [14] 

2. The adsorbed  F - a t o m s  m a y  (i) desorb or (ii) 
r e a c t  with  the  subs t ra te  to produce  PtF2 or  PtF4 
molecules.  

3. The PtF4, PtFa, and  F - a t o m  desorpt ion fluxes 
a re  given by  A r r h e n i u s - t y p e  ra te  laws s imi lar  to 
those wr i t t en  for  the F / I r  reaction.  
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action (symbols and units as in Fig. 6). 

4. The surface reactions by which adsorbed PtF4 
and PtF2 molecules are formed have the net  effect 
that 8PtF4 oc 8F 4 and 0PtF2 oc 8F 2. 

Proceeding as before, Arrhenius  expressions can be 
wri t ten for flux quotients which do not  involve the 
u n k n o w n  surface concentrations. 

The same comments in regard to product stoichiom- 
etry and the p la t inum fluoride film are appropriate 
here as were made earlier concerning the F / I r  reac- 
tion. 

The F / P t  data were fit by least squares to the 
above model by the following method. At tempera-  
tures between 750~176 almost all F-a toms which 
stick react to produce PtF4, leading to 

SF(Pt)  = 4ePt [15] 

Thus, AF and AE~F were computed by a least squares 
fit of the first-order data to Eq. [14]. Above ca. 1200~ 
~PtF4 iS negligible and 

~PtF2/~F 2 ---- ~P t / (ZF  " SF - -  2~pt) 2 

may be computed using extrapolated values of SF (Pt) .  
The derived high tempera ture  flux quotients were fit 
to the equat ion 

~PtF2/~F 2 = A2F exp (--AE#2F/kT) [16] 

Finally,  the complete F-a tom mass balance 

ZF " SF ---~ ~F -~ 2~PtF2 2C 4~PtF4 [17] 

and Pt mass balance 

~Pt --" ~Ptle~ Jr ~PtY4 [18] 

can be solved in the intermediate temperature range, 
using values of SF(Pt) from Eq. [14] and ~PtF2/~F 2 
from Eq. [16]. The resulting PtF2 and PtF4 fluxes 
were fit to 

~PtF4/~PtF22 = A42 exp (--AE#42/kT) [19] 

The above calculation ~ was iterated, with small  cor- 
rections in the higher and lower tempera ture  regions 
according to the results of the first calculation. Small  
changes in the computed preexponentials  and activa- 
t ion energies were obtained but  no fur ther  significant 
change occurred on repeated iterations. The numerica l  
results are presented in Table I and i l lustrated by 
the lines d rawn through the data in Fig. 6-6. It can 
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Fig. 9. Derived flux quotient ~PtF4/~-SPtF2 VS. reciprocal temper- 
ature (symbols and units as in Fig. 6). 

be seen that the quant i ty  ~PtF4/~PtF22 is obtained with 
least accuracy. The calculation of this quant i ty  was 
restricted to those data for which 0.2 < ~PtF2/~PtF4 
< 5; the fit of these data to Eq. [19] is i l lustrated in 
Fig. 9. 

F, Fz/Ta kinetics.--Tantalum reacts with atomic 
fluorine over a greater  range of temperatures  than 
any other metal  which has been studied. The exo- 
thermic gasification reaction quickly heats a Ta fila- 
ment  from 300~ to T ~_ 600~ where ~Ta = 6.6 • 
1016 cm -2 �9 sec -1 at PF = 2.26 Pa, i.e., eTa ~- 9.4 X 
10 -8. The F / T a  reaction also persists to very high 
tempera ture  and was measured to T ----- 3030~ in 
these experiments.  The F2/Ta rate was not measur-  
able at room temperature.  Figure 10 i l lustrates the 
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Fig. 10. Rate of tantalum gasification by atomic and molecular 
fluorine vs. reciprocal temperature. I~, PF = 4.39 _ 0.06 Pa; 
O ,  PF ---- 2.20 _ 0.04 Pa; A ,  PF = 1.167 _ 0.004 Pa; ~ ,  PF 
= 0.605 __+ 0.007 Pa; O, PF~ = 1.26 • 0.03 Pa. 
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F/Ta  rate data, obtained at four F-a tom reactant  
pressures and F J T a  data at PF ---- 1.2.6 Pa. 

The lower tempera ture  portion of the F /Ta  Ar rhen -  
ius diagram is easily explained by a tempera ture  
dependent,  pressure independent  sticking coefficient 
with reaction of all F-a toms which stick on the 
surface. If the product species is TaFt (g )  one ob- 
tains SF(Ta) ~- 1.28 exp(- -1010/T) .  At 1850~ the 
reaction order is actual ly 0.84. Values less than uni ty  
are characteristic of a change in product species, as 
for the F / P t  reaction near  10,00~ At high tempera-  
tures the F / T a  reaction order is approximately 1.5 
and the Arrhenius  activation energy is ~E~ ~ --290 
k J/mole.  The nonintegra l  reaction order cannot be 
explained by competit ive desorption of atomic fluor- 
ine and a single t an ta lum fluoride. Further,  it was 
noted that  e n e r g y  balance effects associated with 
the fluoride film disappear when the tempera ture  co- 
efficient of reaction rate becomes negative. Thus, a 
changing surface and the possible contr ibut ion of 
several gaseous species complicate the interpreta t ion 
of high tempera ture  F /Ta  data, which was not carried 
further.  

The ~2/Ta data seem to show a small influence of 
impuri t ies  in the fluorine on the rate of reaction. 
Fluor ine pur i ty  for the data between 1370~176 
was 98% while the higher tempera ture  data were 
obtained with 96% fluorine. However, no differences 
in  F /Ta  rate data were observed for fluorine of 96%, 
98%~ or 99.9% purity.  

Errors in Fl i t  and F/Pt kinetics.~The uncer ta in ty  
in  SF(Ir)  listed in  Table I is an estimated value, 
--+10%. All  other uncer ta int ies  were obtained from 
the data analysis. The largest contr ibut ion to error 
in  the derived coefficients is the s tandard deviation 
of the mean  values obtained in  least squares calcu- 
lations. However, each calculation gave two coeffi- 
cients under  the assumption that other derived con- 
stants in  the model were equal to the values listed 
in  Table I. Addit ional  errors in the derived coefficients 
result  from the uncer ta in ty  in all (6 for Pt, 3 for Ir) 
constants in  the model; this effect has been included 
in  computing the listed errors. 

The rms deviat ion of the measured values of In 
~Pt or In ~h. from those given by the models is 0.080 
for Pt, 0.117 for Ir, corresponding to deviations of 8% 
and 12% in the respective rates. The greater devia- 
tions obtained in  the Ir  data are main ly  due to the 
larger  slope of the high tempera ture  region in the 
Arrhenius  diagram. For example, if the only error 
were a tempera ture  uncer ta in ty  of -+2~ the con- 
sequent errors between measured and computed high 
tempera ture  rates of reaction would be about -+3.4% 
for Pt, -+_-_7.4% for Ir. Other sources of error have been 
discussed (17). It is concluded that  the model fits 
the data wi thin  the precision of the measurements .  
This is not the case if one assumes the lower tem- 
pera ture  F / P t  product is PtF~(g),  formed by a th i rd-  
order surface reaction. Then, the resul t ing coefficients 
of the model predict rate data to only 12.4%, largely 
due to a much poorer fit in the 950~176 tempera-  
ture range. 

It may be remarked that the method of analysis 
near ly  el iminates errors due to the uncer ta in ty  in 
the incident  flux if the assumed product  species are 
the actual product  species. This is t rue because ZF �9 SF 
measures correctly the number  of F-a toms which 
stick on the surface even though ZF is uncer ta in  by 
about 10%. The uncer ta in ty  in Z~ produces an addi-  
t ional error in SF (which is not included in Table I) 
but  not in  the other coefficients. 

Discussion 
Fluoride film formation.~The mechanism by which 

the specimen heat t ransfer  coefficient increases on 
exposure to fluorine must  be consistent with the 
magnitude,  rate, and reversibi l i ty  of the induced 
specimen tempera ture  decrease. Roughening of the 
metal  surface is inconsistent  with the reversibi l i ty  

and adsorption of an atomic fluorine monolayer  would 
occur too quickly to explain the durat ion of the 
t ransient  effect. The observed changes in heat t rans-  
fer coefficient are thus a t t r ibuted to formation of 
condensed metal  fluoride films on . the  metal  surfaces. 
The film presumably  has a greater emissivity, thermal  
accommodation coefficient, and /or  roughness than does 
the bare metal. Reaction under  s teady-state  condi- 
tions then occurs via F-a tom gasification of the fluoride 
film at a rate equal to that  at which it is formed by 
F-a tom diffusion to the under ly ing  metal  and /or  
metal  atom diffusion to the surface. 

The formation of fluoride films on tan ta lum has 
already been proposed by Machiels and Olander  (8) 
for the F2/Ta reaction on the basis of their modu-  
lated beam results at 690 ~ and 930~ This independ-  
ent evidence for fluoride films confirms the present  
explanat ion of the t ransient  temperature  effects for 
t an ta lum and leads directly to the conclusion that 
fluoride films also form on Ir  and Pt dur ing reaction 
with atomic fluorine. 

McIntyre and McTaggart (31) studied the kinetics 
of C1, Br, I /Ag scale forming reactions by direct 
measurement  of scale growth rates and report  near  
uni t  reaction probabil i t ies even at a scale thickness 
of several hundred  nanometers.  McTaggart  (32) ob- 
tained similar  results for the F /Ag  reaction. Thus, 
the formation of fluoride films need not inhibi t  the 
rate of reaction as does oxide scale formation in many  
metal  oxidation reactions. We note that the formation 
of fluoride films is not a necessary consequence of 
the present  steady-state rate measurements .  Indeed, 
the same mathematical  analysis of rate data could be 
based on low coverage Langmuir -Hinshelwood type 
surface reactions on the bare metal  surface. How- 
ever, this hypothesis could not explain modulat ion 
experiments  which more directly probe the surface 
kinetics, as Machiels and Olander have demonstrated 
for the F2/Ta reaction (8). 

Quasi-equilibrium F/Ir and F/Pt preexponential 
quotients.--The preexponent ia l  quotients listed in 
Table I agree-well  with values computed by a simple, 
quas i -equi l ibr ium (QE) model (33, 34). If an ad-  
sorbed state equi l ibr ium is assumed with uni t  metal  
activity and the surfaces are smooth, the measured 
desorption flux quotients will equal the adsorption 
flux quotients which obtain under  gas/surface equi-  
l ib r ium conditions. For example, ~PtF~/~F 2 will be 
given by 

~FtF2/~F 2 = (ZPtF2/ZF2)Eo(SPtF2/SF 2) [20] 

where (ZPtF2/ZF2)EQ is the 'quotient of equi l ibr ium 
fluxes and SPtF2 is the PtF2 sticking coefficient. If, 
further,  activation entropy effects are absent  in  PtF2 
or F-a tom sticking (or cancel out of the following 
equation),  thermodynamics  and the Her tz -Knudsen  
equat ion yield 

A 2 F  --~ (~kT/mptF2) 1/2 (mr/1.013 • 106) exp (~S~ 
[21] 

Here, m is the mass of a PtF2 molecule or F-atom, the 
numer ica l  factor provides appropriate  conversion of 
units, and ~S~ is the s tandard entropy of the re-  
action 

P t ( s )  -5 2F(g)  ---- PtF2(g) [22] 

Equat ion [21] and analogous expressions for the 
other gasification reactions yield the preexponent ia l  
quotients reported in  Table II. Entropies were ob- 
tained from Hul tgren  (35) for the metals, Janaf  
Tables (1) for atomic fluorine, and were computed 
for the i r id ium and p la t inum fluorides using the 
molecular  parameters  est imated for tungsten  fluorides 
by Hi ldenbrand  (36). In  addition to the good agree- 
ment  between exper imental  and QE preexponent ia l  
quotients, thermodynamic  proper ty  estimates for i r id-  
ium fluorides by Wallace, Feber,  and Hauth  (40) 
also support  the QE model. For  example, they corn- 
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Table II. Calculation of preexponential quotients 

Flux quotient* ~PtFs/~F2 ~PtF4/~PtFs s ~Irl~3/~f 

Mean temperature (OK) 1290 1040 1370 
AS~x (joule/mole �9 ' K )  -114 • 13 --149 -- 23 -235 -- 15 
Loglo(A) : 

Experimental  --28.88 -- 0.13 --31.97 "4- 1.70 --59.32 -- 0.87 
Quasi-equilibrium --29.75 • 0.66 --30.53 -- 1.18 --59.28 +--- 0.81 

�9 Flux u n i t s  a r e  m o l e c u l e s / s q u a r e  c e n t i m e t e r  �9 s e c o n d  or a toms/square  cent imeter  �9 s e c o n d .  

pute equi l ibr ium pressures of F and IrF~ in equil ib-  
r ium with solid i r id ium at 1500~ from which one 
obtains a value for ~(IrFs)/~(F)~ within  50% of 
that given by the present  results. There are, how- 
ever, a sufficient number  of unproved assumptions 
in the QE model (adsorbed state equil ibrium, uni t  
metal  activity, absence of entropy effects in  the mo- 
lecular  sticking coefficients) that its success should 
be viewed with caution, at least unt i l  the product 
species have been independent ly  confirmed and their 
thermodynamic properties measure d . 

F, F J T a  k ine t ics . - -The  present  F, F2/Wa rate mea-  
surements  can be compared with values predicted 
with the model and kinetic parameters  derived by 
Machiels and Olander (8) from their  modulated 
molecular beam study of the F2/Ta reaction. At 690 ~ 
and 930~ respectively, they obtained second-order 
rate constants kR = 7.4 X 10 -1~ and 7.9 X 10 -14 cm2/ 
sec and site densities Ns -- 5 X 1014 and 8 X 1014 
cm-2. The rate of reaction to produce TaF5 on the 
assumed TaF~ film is then given by the second-order 
equation 

~TaF5 --" kR (NSS) 2 [23] 

where 0 is the fractional coverage of atomic fluorine. 
In  the model the source (F or F2) of the adsorbed fluo- 
r ine does not influence the  rate and a11 fluorine which 
is chemisorbed reacts to produce TaFh(g).  If we 
take 0 ~ 1.0 the above results predict ~WaF.~(max) = 
1.8 X I0 t6 c m  -2 �9 sec - t  at 690~ and 5.1 X 10 TM 
cm -2 �9 sec -1 at 930~ These values are considerably 
smaller  than the extrapolated higher temperature  F /  
Ta or F2/Ta rate data obtained here. Fur ther ,  the one 
datum at T ~ 600~ gave }T~ = 6.6 X 1016 cm -2 

sec -1, also in excess of the predicted values. 
The l inear extrapolat ion of present  F2/Ta data over 

a large tempera ture  range is a source of error which 
could produce the above discrepancy but  no such error 
is present  in the comparison of F / T a  data with the 
m a x i m u m  predicted rates. The discrepancy in  F / T a  
rates may arise in the use of the Machiels and Olander 
mechanism at the much higher reactant  fluxes of the 
present  experiments.  As the F-a tom coverage of a 
TaF3 film increases it is possible that  the film stoichi- 
ometry changes, e.g., to TaF4, with a consequent in -  
fluence on the mechanism and reaction rate. On the 
other hand, the film might  already be TaF4 (as sug- 
gested by Machiels and Olander)  and a fit of their 
data to a TaF4 film model might  give better  agree- 
ment  with the present  rate measurements .  In either 
case, the quali tat ive features of the F2/Ta and F / T a  
reaction mechanism are the same in these two studies: 
Fluoride films form on the metal  surface but  these 
films do not produce a large reduct ion in the rate of 
reaction. 

General  features  of  ~netal fluorination reac t ions .~  
Kinetic data are now available for F -a tom gasifica- 
t ion of six metals:  Pt, Ir, W (5), Me (5), Ti (14), 
and Ta. The first-order Arrhenius  diagrams for these 
reactions at an F -a tom reactant  pressure of ca. 2.2 Pa 
are i l lustrated in  Fig. 11. The F/Me and F / W  curves 
are recalculated from the data reported by Rosner 
and Allendorf  (5) using Eq. [1] and [3] to obtain 
the incident  reactant  fluxes. Except for Ir, each reac- 
t ion shows the positive curvature  in In e vs. reciprocal 
tempera ture  characteristic of changes in product spe- 
cies. A change in product species with temperature  

is also suggested by the observation (5) of less than 
uni t  reaction order at 1350 ~ 1950~ for the F / W  reac- 
tion, and a t  1280~ for the F/Me reaction. 

The observed increase in Ti gasification rate at 
higher tempera ture  contrasts with the decrease found 
with all other systems. This effect can be qual i tat ively 
understood by thermodynamic  considerations. The 
over-al l  gasification reactions 

Me(s) Jr nF ( g )  : MeFn(g) [24] 

are endoentropic unless n ~ 1 in which case AS* 
0. Therefore, if the  reaction 

Me(s) 4 - F ( g )  : MeF(g)  [25] 

is endothermic, the s tandard Gibbs free energies of 
all gasification reactions will  become positive at suf- 
ficiently high temperature  and a rate decrease will 
occur. The enthalpy of reaction [25] is positive if 
the vaporization enthalpy for the metal  exceeds the 
monofluoride dissociation enthalpy. Known (1, 35- 
37) and estimated (38) thermodynamic  data predict 
the observed high temperature  behavior:  at  sufficiently 
high temperature,  only t i t an ium [AH~ : 439 
kJ/mole ,  D ~ (TiF) ~ 630 kJ /mole]  can be gasified by 
atomic fluorine. 

Summary 
This paper  presents new exper imental  results per-  

ta ining to reactant  arr ival  rates in the low pressure, 
transonic flow reactor, the F/Ir ,  Pt, and Ta gasifica- 
t ion kinetics, and the occurrence of fluoride films on 
Ir, Pt, and Ta metals dur ing their  reaction with 
fluorine. These results permit  a more detailed in ter -  
pretat ion of s teady-state  F /me ta l  gasification kinetics 
than has been previously possible, chiefly through the 
quant i ta t ive agreement  between F / I t ,  Pt  rate mea-  
surements  and a model of the reaction kinetics. The~ 
principal  results and conclusions are summarized be-  
low. 
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Fig. 11. T e m p e r a t u r e  d e p e n d e n c e  o f  r e a c t i o n  p r o b a b i l i t i e s  f o r  
the attack of iridium, platinum, tantalum, tungsten, molybdenum, 
and titanium by atomic fluorine, PF ~ 2.2 Pa. 
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1. Gas phase  mass t r anspor t  does not s ignif icantly 
influence reac tan t  a r r iva l  ra te  in the  t ransonic  flow 
reac tor  at  near -sonic  flow velocities,  130 Pa  to ta l  
pressure ,  and  0.038 cm f i lament  d iameters ,  even when  
t h e  intr insic  gas /sol id  react ion p robab i l i t y  approaches  
unity.  However ,  the  t empe ra tu r e  of incident  a toms 
exceeds the ambien t  t e m p e r a t u r e  by  an amount  which 
depends  on the f i lament  the rmal  accommodat ion  co- 
efficient, a. Due to uncer ta in t ies  in ~, the gas t em-  
p e r a t u r e  (given b y  Eq. [3]) is uncer ta in  by  11-22% 
in the  1000~176 t e m p e r a t u r e  range  which  leads to 
a 6-11% unce r t a in ty  in  inc ident  reac tan t  flux. 

2. An  increase  in the  Ir, Pt, and  Ta f i lament  hea t  
t r ans fe r  coefficient occurs on exposure  to fluorine 
due to an increase  in its total  emiss ivi ty  or the rmal  
accommodat ion  coefficient. The t ime required,  magn i -  
tude, and  revers ib i l i ty  of this effect imply  that  i t  is 
a resul t  of the  format ion  of a fluoride film on the 
me ta l  surfaces. Adsorp t ion  of a single F - a t o m  mono-  
l a y e r  or  roughening  of the ba re  meta l  surface are  
inconsis tent  wi th  the t ime requ i red  or the revers i -  
b i l i ty  of the  change in hea t  t ransfe r  coefficient. 

3. The F / I r  reac t ion  kinet ics  a re  first o rder  in the 
incident  F - a t o m  flux below l150~ and th i rd  o rder  
at  h igher  tempera tures .  The da ta  fit, wi th in  exper i -  
men ta l  error,  a model  which assumes a t empe ra tu r e  
and reac tan t  pressure  independen t  s t icking coefficient 
wi th  compet i t ive  desorpt ion  of atomic fluorine and 
I rFs  produc t  molecules.  

4. The F / P t  kinet ics  above 800~ are  s imi lar  to 
the  F / I r  kinet ics  except :  (i) the s t icking coefficient 
is s l ight ly  t empe ra tu r e  dependent  and (ii) PtF2 and 
PtF4 product  molecules  may  be produced,  each being 
the ma jo r  p roduc t  species in a different  t e m p e r a t u r e  
range.  At  lower  t empera tu re s  the  F / P t  ra te  decreases 
and is zero o rde r  be low 650~ Oxygen  (35%) added  
to the  flourine reduces  the  ra te  of react ion below 
1000~ but  has no influence on h igher  t empe ra tu r e  
ra te  data. F u r t h e r  s tudy  of the  corrosive proper t ies  
of oxygen-f luor ine  mix tures  would be of interest .  

5. Quas i -equ i l ib r ium preexponen t ia l  factors for  the 
F / P t  and  F / I t  ra te  laws  agree wi th  p reexponen t ia l  
quot ients  der ived  f rom the data, and thus lend sup-  
por t  to the assumption that  second-,  th i rd- ,  four th -  
o rde r  react ions imp ly  PtF2, IrFs, and PtF4 as the  
product  species. However ,  independent  verif icat ion 
of product  species iden t i ty  and other  assumptions  of 
the  quas i -equ i l ib r ium model  is not ava i lab le  and this 
ag reement  could be fortuitous.  

6. The F / T a  da ta  do not pe rmi t  a s imple  quan t i t a -  
t ive in te rp re ta t ion  as do the F / I r ,  P t  data.  I n t e rp re t a -  
t ion of the F / T a  resul ts  is complicated by the possible 
s imul taneous  occurrence of severa l  gaseous species at  
the  highest  temperatures �9  Also, evidence f rom heat  
ba lance  measurements  indicates  the fluoride film does 
not  occur on t an ta lum at h igh t empe ra tu r e  where  the 
t e m p e r a t u r e  coefficient of react ion ra te  is negative�9 
The measured  F / T a  rates  do not agree  wi th  m a x i m u m  
values  p red ic ted  by  the F2/Ta kinetic model  of 
Machiels  and Olander  (8). This d iscrepancy may  be 
due to a change in mechanism which resul ts  wi th  
r eac tan t  dissociation and a 100-200-fold increase  of 
r eac tan t  pressure .  

The successful fit of F / I r ,  P t  da ta  to kinet ic  models  
suggests these systems as promis ing  candidates  for 
fu r the r  de ta i led  study�9 Thermodynamic  da ta  for gas-  
eous fluorides, molecu la r  species s t icking coefficients, 
and modula ted  beam studies of the surface kinet ics  
would  confirm or ex tend some of the presen t  conclu-  
sions�9 Without  such data, the  mechanis t ic  conclusions 
r ema in  unconfirmed, but  the  s imple mathemat ica l  
models  of F / I r ,  P t  kinet ics  re ta in  the  significance that  
they  fa i thfu l ly  reproduce  the actual  F - a t o m / m e t a l  
gasification rates.  
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Tec]hn ca] Notes 

A Pulse Method for the Measurement of 
Contact Resistance and Bulk Resistance 

of Semiconductors Samples 

S. Dhar and B. R. Nag 

Centre oy Advanced Study in Radio Physics and Electronics, Calcutta-700 009, India 

The contact  res i s t iv i ty  of me ta l - semiconduc to r  con- 
tacts, a p rope r ty  of cur ren t  in te res t  (1-4),  is usua l ly  
obta ined f rom measurements  on samples  wi th  differ-  
ent  contact  areas  (5) or  by  subt rac t ing  the bu lk  re -  
sistance (de te rmined  in a separa te  expe r imen t )  f rom 
the sample  resis tance (1). We descr ibe  in  this note  a 
method  of pulse measuremen t  which m a y  be used to 
de te rmine  the contact  res is tance and the  bu lk  res is t -  
ance ind iv idua l ly  in one exper iment .  The method has 
been appl ied  to de te rmine  the contact  resis tance for 
room t empera tu r e  electroless  nickel  contacts and 
evapora ted  a luminum contacts  to n -  and  p - t y p e  s i l i -  
con samples  hav ing  res is t iv i t ies  be tween  5 and 350 
~-cm.  Values of contact  resistance,  contact  capaci-  
tance, and bu lk  res is t iv i ty  obta ined  f rom the exper i -  
ments  a re  also presented.  

The method  is based  on the equiva len t  c i rcui t  of a 
semiconductor  sample  wi th  contacts as shown in Fig. 
l ( a ) .  The bu lk  res is tance is r epresen ted  by  R~ and 
the contact  resis tance and capacitances by  Rct, Rc2 
and Ccl, Cc2, respect ively.  A vol tage pulse is appl ied  
to the sample  th rough  a res is tance l a rge r  than  the 
sample  resistance and the resu l tan t  vol tage across the  
sample  is d i sp layed  on an oscilloscope. The vol tage 
d isp layed on the oscil loscope near  the ini t ia l  end of 
the pulse (for the  condit ions s ta ted below) is given 
by  

V ( t )  : [RB-t- ( a L -  RB)e -a t  
Vp + Rc(I -- e--t/RcCc)] 

(RB + R s )  

Where Vp is the  appl ied  voltage, Rs is the  resis tance 
connected in series wi th  the sample,  L is the  induc t -  
ance of the lead  connecting the sample  to the  ground 
plane,  and 1/a is the  oscilloscope amplif ier  t ime con- 
stant. Cc and Rc are, respect ively ,  the lumped  con- 
tact  capaci tance and resis tance (see Fig. l ( b ) ) .  I t  has 
been assumed tha t  RcCc > 1/a and also tha t  t/ac~ >> 
RB, ci, being the input  capaci tance of the  oscilloscope. 

The vol tage for la rge  values of t is, on the other  
hand 

V($--> CO) ~- Vp(RB ~- Rc)/RB + Rc ~-Rs) 

The  expected vol tage  w a v e  shape is as shown in 
Fig. 1(c) .  We also find that  the  ini t ia l  vol tage is a step 
of he ight  VpRB/(RB -~ RS) if the  length  of the  lead  

Key words: interfaces, metal-semiconductor contact, electrical 
properties. 

Rc l ~_~ Ccl 

Fig I (o) 

_J-L 

G 

R s p*a 

Ci v(t) 

Fig l(b) 

v(t)l _/~-----" aL~RB 

~, t 
Fig. 1. (a) Equivalent circuit of a semiconductor sample with 

contacts; (b) actual circuit involved in the measurements; (c) ex- 
pected wave shape of the vohage across the semiconductor. 

is so chosen tha t  the  l ead  inductance  satisfies the  r e l a -  
t ion aL = RB. (The length  of the l ead  requ i red  for 
this ad jus tment  in our  expe r imen t  was be tween  1 and 
7.5 cm.) 

It  is evident  f rom the above re la t ions  tha t  the  con- 
tact  resis tance Rc and the sample  resis tance RB may  
be obtained f rom separa te  measurements  of the ini t ia l  
and the final vol tage step. The value of Cc may  also 
be es t imated f rom the rise t ime of the  ini t ia l  exponen-  
t ia l  part .  

This method has been appl ied  to s tudy  the contact  
resis tance of contacts made  to sil icon samples  of both  
conduct ivi ty  types ( res is t iv i ty  f rom 5 to 350 ~ - c m )  
p repa red  by  the room t empera tu r e  electroless n ickel -  
p la t ing technique (7) using the fol lowing procedure.  
Samples  were  first lapped wi th  800 mesh ca rborundum 
powder  washed in deionized water ,  and degreased  in 
boil ing methanol .  The degreased  sample  was cleaned 
in an ul t rasonic  c leaner  and rewashed  in methanol  
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and deionized water.  It  was then dipped in 48% HF 
for 1 rain and dropped in the n ickel -p la t ing  bath. The 
deposition occurred in 8-10 min. Some vacuum-  
evaporated a luminum contacts were  also studied f o r  

comparison. 
Values of Rs, a, and Ci used in our exper iment  were,  

respectively,  100~, 2 • l0 s sec -1, and 10 pF. The sam- 
ple dimensions were  chosen so that  RB was in the 
range 5-20Q. The vol tage across the sample had the 
wave  shape schematical ly presented in Fig. l ( c )  and 
measurements  were  taken by adjust ing the lead length  
to achieve the condition aL ---- RB in all the cases. The 
requ i red  values of L for satisfying this condition lie 
be tween  0.025 and 0.1 ~H for the exper imenta l  values 
of a -- 2 X l0 s sec -1 and RB = (5-20~2). This was 
realized by adjust ing the length of the lead connecting 
the sample to the ground plane be tween  1 and 7.5 cm. 
Oscillograms showing the vol tage wave  shape under  
different conditions of adjus tment  are shown in Fig. 2. 
Our measured  values of contact resist ivity,  bulk  r e -  
sistivity, and contact capacitance for samples of di f -  
ferent  nominal  bulk resis t ivi ty are presented in Table I. 

The contacts to all the n - type  samples gave l inear  
cur ren t -vo l tage  characteristics, but  for the p - type  
samples the relat ion was nonlinear.  However ,  it is 
found f rom the pulse measurements  that  in all the 
cases significant contact resistance was present.  Thus 
a l inear  cur ren t -vo l tage  characterist ic is not  always 
an indication of a low resistance contact as is often as- 
sumed (8, 9). 

The contact resistance for a f reshly  prepared  con- 
tact made  by the Ni-pla t ing  technique was found to 
be low for n - type  samples, the contact being almost  
ohmic. The values of contact resistance for such con- 
tacts as obtained in our exper iment  are of the same 
order  as repor ted  by other  workers  (2, 10). I t  was ob- 
served, however ,  that  the contact resistance of such 
contacts increased with  aging or when  a lead is at- 
tached to it  by the usual process of soldering. Some 
results for aged contacts are also presented in Table I. 

Results of Table I also show that  the values of bulk 
resist ivi ty obtained by the method for high resist ivi ty 
and long- length  low resis t ivi ty samples agree fair ly 
wel l  wi th  the nominal  values, which were  obtained 
by the four -probe  method for low resis t ivi ty samples 
and by the two-probe  method (11) for the high re -  
sistivity samples. The resist ivi ty of small  length low 
resis t ivi ty samples obtained by the method does not, 
however ,  agree wi th  the nominal  values or va ry  with 
the length of the sample. It  was found f rom studies on 
such samples of the same resis t ivi ty but  of different 
lengths that  the sample resistance corresponding to 
the same face area and excluding the contact resist- 
ance varied l inear ly  wi th  length, and the slope of the 
line correct ly  gave the bulk resistivity. These results 
indicated that  there  exists an addit ional  contact re -  

Fig. 2. Experimental wave shape of the voltage across the semi- 
conductor sample (RB ----5.6 ~ ) ;  (a) Lead length _-- 0.5 cm; (b) 
lead length _-- 2.5 cm; (c) lead length ~ - 3 . 5  cm. 

sistance of about 0.2 ~ - c m  2 in series with the paral le l  
combination of the contact resistance and capacitance 
contr ibuted by the semiconductor  surface layer. The 
value of this resistance, in contrast to that  of the semi-  
conductor surface layer,  was always the same and was 
of such magni tude  that  it was negligible in comparison 
to the sample resistance for high resis t ivi ty and long-  
length low resist ivi ty samples. It was impor tant  only 
in smal l - length  low resist ivi ty samples, but as it is 
reproducible,  it could be e l iminated by taking mea-  
surements  on samples of different lengths as men-  
t ioned above. It  should be noted in this connection 
that  the other part  of the contact resistance cannot be 

Table I. Experimental results on contact and bulk resistance 

D i m e n s i o n  of 
t h e  sample 

S a m p l e  L e n g t h  Area 
No. (cm) (cm~) 

Nominal Experimental 
bulk re- bulk re- Contac t  Contac t  

Sample sistivity sistivity res i s t i v i ty  c a p a c i t a n c e  
type (~ -cm)  (~-cm) (.q-cm e) (pF/cm ~) Nature of c o n t a c t  

1 0.07 0.25 
2 0.061 0.123 

3 0.089 0.390 
4 0.078 0.136 
5 0.089 0.176 
6 0.112 0.110 
7 0.048 0.10 

8 0.053 0.073 

9 0.074 0.094 

10 0.074 0.117 
11 0.175 0.98 

12 0.293 0.092 
13 0.398 0.090 

p 350 343 130 400 
p 350 341 22 1600 

n 144 146 3 
n 144 140 13 4700 
p 46 48 44 3100 
p 46 49 88 
n 50 51 1.4 23,000 

n 5 9.6 0.36 54,000 

n 5 7.9 0.06 46,000 

n 5 8.2 4.0 - -  
n 5 5.8 0.5 50,000 

n 5 5.4 1.3 37,000 
n 5 5.2 1.1 40~000 

Electroless Ni 
Vapor-deposited A1 
(Aged for 15 days) 
E l e c t r o l e s s  Ni 
Vapor-deposited A1 
Electroless Ni 
Vapor-deposited AI 
Electroless Ni 
(Aged sample; soldered leads) 
Electroless Ni 
( S t o r e d  in methanol for  t w o  days;  p r e s s e d  

leads) 
Electroless Ni 
(Freshly prepared; pressed leads) 
Vapor-deposited A1 
Electroless Ni 
( A g e d  sample ;  s o l d e r e d  leads) 
S a m e  as above  
S a m e  as a b o v e  
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easi ly  de te rmined  by  measurements  on samples  of 
different  lengths  as its value  is sensi t ive to the  condi-  
t ions of contact  processing and is not exac t ly  r ep ro -  
ducible.  

The method descr ibed here thus d i rec t ly  gives us 
the  values of contact  res is tance and capaci tance due 
to the semiconductor  surface l aye r  as wel l  as the  cor-  
rect  values of bu lk  res is t iv i ty  of high res is t iv i ty  and 
long- leng th  low res is t iv i ty  samples. I t  m a y  also be 
used to correc t ly  obta in  the  res is t iv i ty  of sma l l - l eng th  
low res is t iv i ty  samples  by  tak ing  measurements  on 
samples  of different  lengths. 
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ABSTRACT 

Li cells based on BiF3 cathodes have been tested. In  par t icu la r ,  the  effect of 
cathode formula t ion  and compacting pressure,  na ture  of the  solution, t e m p e r a -  
ture, and cur ren t  dens i ty  have  been evaluated.  Through x - r a y  analysis,  cyclic 
vo l t ammet ry ,  and coulometr ic  analysis  i t  was possible to ascer ta in  that  BiF3 
is reduced to Bi and then to Li3Bi. Dur ing  the first reduct ion  process, t e rna ry  
phases of the LixBiF~ type  are  p robab ly  lormed.  Li /BiF8 cells can give p rac -  
t ical  energy  densi t ies  in excess of 200 W - h r / k g  at  the  ra te  of 0.5 m A / c m  2. 

The improvemen t  brought  about  in the  field of l i th-  
ium p r i m a r y  ba t te r ies  by  the use of l iquid or  gaseous 
depolar izers ,  such as SO2C1~ or  SOC12 (1, 2), SO2 (3),  
and 02 (4), has not  s topped the search for solid ca th-  
ode mate r ia l s  for high energy,  low rate  cells. Indeed,  
for low ra te  appl icat ions  the  per formances  of the l a t t e r  
compare  wel l  wi th  those of the  former.  On the other  
hand, p roblems  such as safety,  ma te r i a l  corrosion, and 
chemical  handl ing,  often encountered  with  the  first 
type  of depolarizers ,  are  a lmost  i r r e l evan t  for cells 
based on solid cathodes. 

Severa l  new solid mater ia l s  have been proposed for 
Li p r i m a r y  cells in the last  few years.  Two of them, 
namely,  Ag2CrO4 (5) and f luorographi te  (6), a re  now 
used in commercia l  cells. In  addit ion,  severa l  in te r -  
est ing compounds,  especia l ly  chalcogenides,  have been 
examined  and some of them show promise  of pract ical  
u t i l iza t ion (7). 

Recently,  in this labora tory ,  the  behavior  of Bi2Oa 
cathodes in Li bu t ton  cells has been inves t iga ted  (8). 
This oxide has a high specific capacity, i.e., 0.345 
A - h r / g  for  the  reduct ion to Bi, and may  be reduced  
down to Li3Bi. Also its specific energy is of in teres t  
in spite  of the re la t ive ly  low load vol tage (1.5V at 
0.5 m A / c m  2 to 1.0V cutoff).  

Fo l lowing  this l ine of research,  BiFz has been subse-  
quent ly  examined.  This fluoride has a specific ca-  
pac i ty  a l i t t le  lower  than that  of Bi203, i.e., 0.302 
A - h r / g .  On the other  hand,  Li/BiF3 ceils have h igher  
mean  discharge voltages (ca. 2.0V) and lower  po la r iza -  
t ion losses at cur ren t  densi t ies  above 1.0 m A / c m  2. 

Experimental Aspects 
Materials.--BiF~ was p repa red  by  dissolving Bi203 

in excess hot  HF solution. The fluoride tended to p re -  
c ipi ta te  f rom the above solution, so tha t  it  was f i l tered 
out, washed to neu t ra l  pH, and dr ied  at 150~ During 
this prepara t ion ,  BiOF is also r epor ted  to be formed 
(9) through a hydrolys is  reaction. We checked wi th  
x - r a y  analysis  (see Table I) tha t  our compound was 
solely BiF3. No lines a t t r ibu tab le  to BiOF or any other  
Bi compounds are  presen t  in the  diffract ion spectrum. 

LiAsF6 and LiPF6 were  special  reagents  used wi th -  
out any  fu r the r  purification. LiC104 was mel ted  under  

Key words: Li batteries,  BiF~, nonaqueous solvents, cyclic volt- 
ammetry.  

vacuum at 250~ to e l iminate  res idual  wa te r  (10). 
LiA1C14 was p repa red  by  mel t ing  at  200~ under  N2 
a tmosphere  equimolecular  amounts  of p red r i ed  LiC1 
and A1C13 (11). 

Al l  the solvents were  purif ied by  f rac t ional  d is t i l la -  
t ion [propylene  carbonate  (PC) and butyro lac tone  
(BL) under  reduced pressure] .  Methyl  formate  (MF) 
was dist i l led over  Merck 4A molecular  sieve. The 
purif icat ion of t e t r ahyd ro fu ran  (THF) proved to be 
cri t ical  due to the possible format ion  of peroxides  
which could easi ly a t t ack  Li anodes (12). THF was 
kept  severa l  days on LiA1H4, then poured  into a st i l l  
pot  containing Li r ibbon,  and dis t i l led  under  N2 a tmo-  
sphere. Even af ter  this t rea tment ,  the Barnes test  (13) 
revealed  the presence of some peroxides .  However ,  
leaving the dis t i l la te  in a d ry  box on l i th ium r ibbon  
(in the da rk )  was effective in reducing the pe r -  
oxide content  below a de tec tabie  l imit .  The solvent  so 
purified was s table toward  Li. 

Cathode preparation.--BiF3 is a nonconduct ing ma-  
te r ia l  to which addi t ives  have to be added to ensure 
electronic conductivi ty.  Graphi te  ace ty lene  black, s i l -  
v e r ,  and b ismuth  were  used for this purpose.  Some 
cathodes were  p repa red  by  adding b inders  such as 
Teflon and polyethylene.  With  the first binder ,  it  was 
not necessary to heat  the  cathodic mix tu re  before 
pressing the powder  into a pellet ,  due to the  cold flow 
p rope r ty  of Teflon. As for polyethylene,  the mix tu re  

Table I. X-ray diffraction data for BiF3 obtained by methatetic 
reaction between Bi203 and HF 

Exper imenta l  (dA)* Li tera ture  values (d~) t 

3.36 (S) 3.38 (VS) 
2.91 (MW) 2.93 (S) 

2.62 (MW) 
2.06 (S) 2.07 (S) 
1.76 (VS) 1.76 (S) 
1.69 (W) 1.69 (MW) 

1.63 (MW) 
1.46 (W) 1.46 (MW) 

1.42 (MW) 
1.34 (MW) 1.34 (MS) 
1.31 (W) 1.31 (M) 

* VS, very strong; S, strong; MS, medium 
MW, medium weak; W, weak. 

t ASTM X-Ray Powder Data File, 11-10. 

strong; M, medium; 
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was heated at 120~ to allow flowing of the polymer 
prior to pressing. The cathode pellets (area, 1.26 cm 2) 
were supported on Ag powder pelletized at 500 kg/cm 2. 

Cell assembly and discharge curves.--The cells (of 
the but ton  type) were bui l t  by put t ing the l i th ium 
anode, three layers of a glass fiber separator (Whatman 
934 AH) soaked wi th  electrolyte, and the cathode 
pellet into a Teflon container with stainless steel 
terminals.  Felt, cotton, and porous polypropylene sepa- 
rators were also tested, but  unsatisfactory results 
were obtained. The cells, having capacities typically 
around 15 mA-hr ,  were kept  in  a dry box dur ing the 
galvanostatic discharges. 

Cell polarization curves.--Galvanostatic polarization 
curves were done on cells similar to those to be dis- 
charged by using an apparatus based on a funct ion 
generator, a potentiostat, and a X-Y recorder. The de- 
crease in  cell voltage was recorded in  various solutions 
as a function of the current,  which was varied at the 
rate of 1.2 mA/min .  

Cyclic voltammetry.--The working electrode was 
formed by pressing the test mater ia l  (BiF3 + C or 
Bi) on a t iny Ag net, so as to obtain a planar  micro- 
electrode. /k Li rod hung to a Ag wire was used as a 
reference and was separated from the working elec- 
trode by a Luggin capillary. A Ag net  counterelec- 
trode completely surrounded the cathode material.  
Potentiostatic I-V curves were recorded at the sweep 
rate of 20 mV/sec. 

Solubility.--BiF~ was kept 10 days in various solu- 
tions to ascertain its solubility. After this time, the so- 
lutions were filtered and the amount  of BiF3 was 
t i trated with the EDTA technique (14). Thiourea was 
used as an indicator at pH values 1.5-2.0. Blank experi-  
ments  with known amounts  of soluble Bi salts have 
allowed the accuracy of this technique in the presence 
of organic solvents to be ascertained. 

Compatibility tests.--BiF3 and organic solutions 
were put in large test tubes fitted with manometers  in  
order to test the development  of a pressure due to de- 
composition reactions. After  a 5 day observation, 
nei ther  discoloration nor  gassing was observed in  
LiCIO4-PC and LiCIO4-THF solutions. 

X-ray analysis.--The x-ray powder pattern was ob- 
tained on BiF3 and on the discharged cathodes by us- 
ing Mo Ks radiation filtered by Zr. 

Experimental Results 
The galvanostatic cell polarizations of Fig. 1 show 

that  BiF8 may sustain relat ively high current  densities. 
In  this sense it is superior to Bi208 which could not be 
discharged without marked polarization at current  
densities over 1.~0 mA/cm 2 (8). The shape of the curves 
is not the typical one, i.e., a l inear  port ion followed 
by a nonl inear  drop. This would indicate that the 

reduction process is not single step, as is later  con- 
firmed by the analysis of the discharge curves. 

Table II reports the effect of various electrolytes on 
the performance of the Li/BiF3 cell. Four  electrolytes, 
namely,  LiPF6-THF, LiCIO4-THF, LiPF6-BL, and 
LiC104-PC, give satisfactory results both in terms of 
capacity and energy. However, the next  screening test, 
i.e., solubility, has allowed us to exclude the suitabil i ty 
of electrolytes containing F -  anions. Indeed, it was 
found that  BiF3 has no detectable solubili ty in LiC104- 
THF and LiCIO4-PC solutions, for the sensitive thio- 
urea test did not show development  of the typical yel-  
low color. On the other hand, in LiPF6-PC and in 
LiAsF6-BL, the solubil i ty of BiF3 was 1.0 �9 10-~M and 
2.2 �9 10-3M, respectively, due to the formation of solu- 
ble complexes of the BiF4- type. These values would 
not allow satisfactory shelf life. Therefore, the re- 
mainder  of this invest igat ion has been restricted to 
cells containing LiC104-PC or LiC104-THF. 

The effect of the cathode formulat ion on cell per-  
formance is shown in  Table III. Taking the specific 
energy as a reference parameter,  cathodes containing 
polye thylene+graphi te ,  Tef lon+graphi te ,  and more 
than 10% graphite are the most efficient ones. The spe- 
cific capacities were only slightly affected by other 
formulations, but a decrease of potential  was observed, 
this indicating IR losses (especially above 1.5V) due to 
unsatisfactory electronic conductivity. BiF3, polyethyl-  
ene+graph i t e  hot pressed cathodes, and BiFs-}-10% 
graphite cathodes were selected for fur ther  experi-  
ments  on the effect of compacting pressure. 

In Fig. 2 the var iat ion of the specific capacity as a 
funct ion of cathodic pressure is reported. In  LiClO4- 
THF solutions, BiF3+C cathodes are almost insensit ive 
to pressure variations in the range 2000-6000 kg/cm 2. 
On the other hand, in  LiClO4-PC solutions, the per-  
formances of BiF3 cathodes, with or without  polyethyl-  
ene, are largely pressure dependent.  These results con- 
firm the importance of the cathode porosity (15) and 
also stress the interrela t ion between the porosity and 
the nature  of the solution. This is hardly surprising 

Table II. Effect of various electrolytes on the performances of 
of Li/BiF 3 cells. Current density, 0.5 mA/cm 2. 1.0V cutoff. 

Compacting pressure, 1500 kg/cm 2 

Specific Mean Specific 
capacity* discharge energy* 

Electrolyte  M (A-hr/g) voltage (V) (W-hr/g) 

LiCIO4-PC 1.0 0.21 2.0 0.42 
LiC104-THF 1.3 0.27 1.8 0.49 
LiC10~-BL 0.8 0.17 1.8 0.31 
LiC104-MF 2.~ 0.16 2.1 0.33 
LiPF6-PC 0.5 0.19 1.9 0.38 
LiPF6-THF 1.0 0.30 1.9 0.55 
LiPF6.BL 1.5 0.26 2.0 0.53 
LiAsFG-THF 1.5 0.13 1.8 0.24 
LiAsF6-BL 1.5 0.19 1.8 0.34 
LiA1Ch-BL 1.0 0.17 1.9 0.32 

1 LiCtO4-PC 2- LiPF6- PC 
3 LiCIO 4 -THF 

~ ,  3.0 , - 

~ 2.0 

1.0 
I f 0.0 2'.5 5.0 Z~5 100 12.5 

Curren~ Density (mA/cm 2) 
Fig. 1, Cell polarization curves in various electrolytes. Scanning 

rote. 1.2 mA/min. 

* Values obtained by dividing the  exper imenta l  cell perform- 
ances (A-hr and W-hr) by the  we ight  of BiF~ (additives ex- 
cluded). 

Table III. Effect of various additives on the performances of 
Li/BiF3 cells in LiCIO4-PC. Current density, 0.5 mA/cm 2. 

1.0V cutoff. Compacting pressure, 1500 kg/cm 2 

Mean 
Specific discharge Specific 

Amount  capacity  voltage energy 
Addit ive  (%) (A-hr/g) (V) (W-hr/g) 

Acety lene  black 6 0.21 1.3 0.37 
Po lye thy lene /graphi te  5/10 0.25 1.9 0.47 
Tef lon/graphi te  1/9 0.22 2.0 0.43 
Bi 10 0.22 1.9 0.41 
Ag 10 0.17 1.5 0.25 
Graphite  3 0.22 1.5 0.32 
Graphite 5 0.21 1.7 0.36 
Graphite 10 0.21 2.0 0.42 
Graphite 20 0.21 2.0 0.42 
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Fig. 2. Dependence of the specific capacity of BiF3 cathodes on 
the compacting pressure. Current density, 1.0 mA/cm 2 in I.iCI04- 
THF and 0.5 mA/cm 2 in LiCIO4-PC. 1.0V cutoff. 
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the discharge current density in LiCIO4-PC (compacting pressure, 
1500 kg/cm 2) and in /iCI04-THF (4000 kg/cm2). 1.0V cutoff. 

when considering that  each ca thode-e lec t ro ly te  couple 
has its own in ter rac ia l  s t ructure .  

F igure  3 shows the decrease of specific capaci ty  as 
the  cur ren t  densi ty  is increased.  As expected from the 
resul ts  of the polar izat ion exper iments ,  Li /BiF3 cells 
containing LiC104 (1 .3M)-THF solutions behave  be t te r  
in the cur ren t  range  examined.  However ,  the  gap be-  
tween  LiC104-PC and LiC104-THF is enhanced by  the 
use of a more  favorable  compact ing pressure  for the 
cathodes used in the  l a t t e r  solution. 
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Fig. 4. Dependence of the specific capacity of BiF3 cathodes on 
the temperature in LiCIO~-PC solutions. Current density, 0.5 mA/ 
cm 2. 1.0V cutoff. 

The behavior  of Li /BiF8 cells was also examined  in 
the t empera tu re  range  20~176 (Fig. 4). Raising the 
t empera tu re  resul ts  in an increased capaci ty  due to 
enhanced mass t ransfer .  In  par t icu lar ,  the  theoret ica l  
va lue  of specific capaci ty  (0.302 A - h r / g )  is reached at  
40~ The decrease observed above 40~ may  be t raced  
back to mechanical  fa i lure  of the  unopt imized  posi t ive 
e lect rode (BiF~ + 10% graphi te ) .  P las t i c -bonded  elec-  
t rodes should not p resen t  this shortcoming.  

The effect of the volume of e lec t ro ly te  was finally 
inves t iga ted  in LiC104-PC solutions. As the e lec t ro ly te  
does not par t ic ipa te  in the  discharge process,  the ob-  
served  independence  of the per formances  on the num-  
ber  of separa to r  layers  had  to be expected.  

Discussion 
The reduct ion of Bi203 in organic solutions was 

found to be a two-s tep  process giving r i s e  to Bi and 
Li3Bi, respect ive ly  (8). The reduct ion of BiF3 leads to 
the  same products.  X - r a y  analysis  on BiF3 cathodes 
discharged down to 0.9V (Table  IV) shows the fo rma-  
tion of Bi and L iF  th rough  the over -a l l  reac t ion  

BiF3 + 3Li-~ 3LiF + Bi ~G : -  --216 kca l /mo le  [1] 

In the  discharge curves of Fig. 5, an abrup t  change in 
slope occurs a round 1.0V, where  the  fo rmat ion  of Bi 
is supposed to end. A cell based on reac t ion  [1] has 
the fol lowing character is t ic  values:  Eo, 3.13V; specific 

Table IV. X-ray diffraction data for BiF3 cathodes discharged in LiCIO~-PC and LiCIO4-THF solutions (to 0.9V cutoff). 
See Table I for abbreviations 

Experimental  (dA) Li tera ture  values (dA) 

LiC10~-PC LiCIO4-THF BiFa* Bi* * LiFt 

3.28 (M) 3.25 (VS) 3.38 (VS) 3.95 (W) 2.32 (VS) 
2.91 (W) 2.32 (S) 2.93 (S) 3.28 (VS) 2.01 (VS) 
2.63 (MW) 2.22 (M) 2.62 (MW) 2.38 (M) 1.42 (M) 
2.33 (VS) 2.02 (W) 2.07 (S) 2.27 (M) 1.21 (W) 
2.02 (S) 1.85 (MW) 1.76 (S) 2.03 (W) 1.16 (W) 
1.60 (W) 1.63 (M) 1.69 (MW) 1.97 (W) 1.00 (W) 
1.43 (M) 1,48 (W) 1.63 (MW) 1.87 (MW) 0.92 (W) 
1.37 (W) 1.42 (MW) 1.46 (MW) 1.64 (W) 0.90 (MW) 
1.31 (W) 1.31 (W) 1.42 (MW) 1.49 (W) 0.82 (MW) 
1.22 (MS) 1.34 (MS) 1.44 (W) 
1.17 (MW) 1.31 (M) 1.33 (W) | ~  
1.01 (W) 1.31 (W) ~ o  
0.93 (M) ~ |  1.14 (W) ~ ~ 
0.91 (MW) ~ o  1.09 (W) 
0.83 (W) ~ ~ 1  1.07 (W) 
0.78 (W) 0.98 (W) 
0.69 (W) �9 0.93 (W) 

* ASTM X-Ray Powder Data File, 11-10. 
** ASTM X-Ray Powder Data File, 5-0519. 
t ASTM X-Ray Powder Data File, 44)857. 
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Fig. 5. Discharge curves of Li/BiF3 cells at 1.0 mA/cm 2. Cath- 
ode pressed at 4000 kg/cm 2 for LiCIO~-THF (31.4 rag) and 1500 
kg/cm 2 for LiCIO4-PC (55.6 mg). 
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Fig. 6. Open-circuit voltage vs. time of a cell Li/LiCIO4-PC/BiF3, 
C discharged at 0.16 mA/cm 2. 

capaci ty  ( re fe r red  to BiF8 only) ,  0.302 A - h r / g ;  spe-  
cific energy  ( re fe r red  to Li 4- BiFs) ,  0.876 W-hr /g .  

If  reac t ion  [1] gave  rise d i rec t ly  to LiF  and Bi, these 
compounds would  be in equ i l ib r ium wi th  BiF3, so tha t  
an OCV near  3.13V and independen t  of the state of 
discharge could be measured.  F igure  6 shows that  this 
is not the case for the p resen t  system, where  the  OCV's 
decrease as a funct ion of discharge,  f inally reaching 
values far  below 3.13V. X - r a y  analysis,  done on a 
cathode discharged to 1.7V vs. L i / L i  +, confirms these 
results,  showing tha t  BiFa only is present  as a c rys ta l -  
l ine phase. This may  point  to the  format ion  of t e rna ry  
phase  (16) which, for  BiF3, may  be wr i t t en  as Li=BiFz, 
where  0 < x < 3. The final phase LisBiF3 would  de-  
compose into Bi and LiF. 

The crys ta l l ine  s t ruc ture  of BiF~ is not being re-  
ta ined dur ing  discharge (see Table IV) .  Accordi~ng to 
Whi t t ingham (16), this would exclude revers ib i l i ty  of 
react ion [1], as was indeed ascer ta ined by  cyclic vol t -  
a m m e t r y  exper iments .  

The shape of the  discharge curves  in THF-con ta in -  
ing solutions is different  from tha t  of the  curves ob- 
ta ined wi th  al l  o ther  electrolytes.  Indeed,  t h r e e  dis-  
t inct  p la teaus  are  visible in the range 2.5-0.9V, this 
being independen t  of the sal t  used. 

The theoret ica l  value  of specific capaci ty  is f re -  
quent ly  reached in LiC10~-THF solutions. As for 
LiC104-PC, the  va lue  is approached to op t imum con- 
ditions, i.e., low cur ren t  densi ty  and med ium- low  ca th-  
ode porosity.  When  work ing  at cur ren t  densi t ies  below 
1.0 m A / c m  2 wi th  BiF~ cathodes pressed at  4000 k g /  
cm 2 in LiC104-THF, the  theoret ical  capaci ty  is some-  
wha t  exceeded (Fig. 3). The hypothesis  of solvent  de-  
composit ion at the  cathode, sometimes observed for 
low potent ia l  values (17, 18), was made and checked 
by discharges and cyclic vo l t ammet ry  exper iments  
wi th  graphi te  cathodes.  The discharge curves have 
shown tha t  above 1.0V decomposi t ion of PC and THF 
on graphi te  is of re la t ive  importance.  This was con- 
f irmed by  cyclic vo l t ammet ry  showing the typica l  
spiked t rend  of solvent  reduct ion  only at  h igh scan 
rates  and below 1.0V vs,  L i / L i  +. The explana t ion  of 
this apparen t  d iscrepancy may  reside in the  considera-  
t ion tha t  the posi t ive ma te r i a l  formed by  slow dis- 

charge is ne i ther  pu re  graphi te  nor  the  a lmost  pu re  
BiFs used in cyclic vo l tammet ry .  On the mul t i compo-  
nent  cathode mater ia l ,  solvent  decomposi t ion may  
somehow be ca ta lyzed above 1.0V. 

The final pa r t  of the  discharge curves of Fig. 7 is due 
to the  reduct ion of Bi, according to the react ion 

Bi 4- 3Li ~ Li3Bi ~G ---- - - 56  kca l /mo le  [2] 

This reac t ion  was observed wi th  Bi2Oa, too, (8) and 
s tudied by  Besenhard  and Fr i tz  (19), who were  able  
to show its revers ib i l i ty  in the cell  Li /LiCIO4-PC/Bi .  
Its features  are  the  fol lowing:  Ee 0.81V; specific ca- 
pacity (Bi only) ,  0.385 A - h r / g ;  specific energy (Li  4- 
Bi) ,  0.283 W-hr /g .  Due to the poten t ia l  of the  L i /B i  
couple, some solvent  decomposi t ion m a y  also occur. 
However ,  we obta ined evidence tha t  the  p la teau  be low 
1.0V in the discharge curve is ma in ly  a t t r ibu tab le  to 
react ion [2]. In  a first exper iment ,  we discharged L i /  
LiC104-THF/Bi  cells wi th  and wi thout  g raphi te  at the  
cathode, obta ining the same t rend  and near ly  the  same 
capacity.  Cyclic vo l ta rnmet ry  on a B i F s +  C e lec t rode  in 
LiC104-PC (Fig. 7) confirms the reduct ion of Bi. The 
peak  s tar t ing at about  1.0V vs. L i / L i  +, to which  an an-  
odic peak  at about  1.2V vs.  L i / L i  + corresponds,  is equal  
to tha t  observed dur ing  cyclic vo l t ammet ry  exper i -  
ments  on a L i /L iC104-PC/Bi  cell. Also wi th  Bi cathode, 
an anodic peak  at  ca. 1.2V vs.  L i / L i  + was observed,  thus 
confirming the resul ts  of Besenhard  and Fr i tz  (19). 

The peak  occurr ing at  ca. 1.8V vs.  L i / L i  + corre-  
sponds to the  reduct ion of Bi +3 to Bi. In  LiC104-THF 
solutions, this peak  tends to split,  thus confirming the 
t rend  of the  discharge curves. 

Obviously,  for prac t ica l  cells only  reac t ion  [1] is i m -  
portant .  We a t t empted  to see which values  of specific 
capacit ies and energies (based on the  weight  of anode, 
cathode, separators ,  and solution) could be a t ta ined  at  
the  end of this reaction. A Li/LiC104-PC/BiF3,  C cell 
pa r t i a l ly  opt imized gave 100 A - h r / k g  and 200 W - h r / k g  
at 0.5 m A / c m  2 (1.0V cutoff). These values are ex-  
pected to increase  through a more  substant ia l  op t imi-  
zat ion of the cathode, as may  be infer red  by Ma- 
rincic 's studies (15). Also the volumetr ic  energies 
should have in teres t ing values in v iew of the high 
densi ty  of BiF3 [8.6 g / cm 3 (20)].  

Conclusion 
The invest igat ion on BiF3 as a cathode for l i th ium 

cells confirms tha t  some Bi salts may  be of in teres t  in  
this field. BiF3 has the same advantages  shown by 
other  fluorides wi th  respect  to the corresponding ox-  
ides, i.e., higher  voltages and lower  polar izat ion losses. 
Unlike the fluorides inves t iga ted  heretofore,  namely,  
CuF2, AgF2, and NiFm BiF8 does not show an apprec i -  
able solubi l i ty  in LiC104-containing electrolytes ,  thus 
al lowing the predic t ion  of a long shelf  l ife for Li/BiF3 
cells. Lack of any  in terac t ion  wi th  the e lectrolytes  
substant ia tes  this prevision.  

The majo r  d i sadvantage  connected wi th  the use of 
BiF3 resides in its poor  vol tage  regulat ion,  which 
makes  it unsui tab le  for power ing  watches  or cardiac  
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Fig. 7. Cyclic voltammetry of a BiF8 electrode (with 2% graphite) 
in LiCIO4-PC. Sweep rate, 20 mV/sec. 
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pacemakers .  On the o ther  hand, in te rms of energy 
densi ty,  ra te  capabi l i ty ,  safety,  and economy, this ma-  
te r ia l  seems to mer i t  some a t ten t ion  for  possible  use 
in va r iab le - res i s t ance  devices. 
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Analysis of Electrolyte Shunt Currents in Fuel 
Cell Power Plants 

Murray Katz* 
United Technologies Corporation, Power Systems Division, South Windsor, Connecticut 06074 

ABSTRACT 

A general  ma themat i ca l  model  is presented  for  calculat ing the  shunt  cur -  
rents  and effective opera t ing  potent ia ls  of the  mater ia l s  in mul t ice l l  s tacks 
which have e lec t ro ly te  interconnect ions be tween the ind iv idua l  fuel  cells. 
The analysis  takes  into account the  e lect rochemical  polar izat ions tha t  occur 
at  the  posi t ive and negat ive  ends of each shunt  path.  Numer ica l  resul ts  are  
presented  for an acid e lec t ro ly te  fuel  cell s tack design. 

Various types  of fuel  cell  power  p lants  use e lec t ro ly te  
or coolant paths  in terconnected to the ind iv idua l  cells 
of stacks. E lec t ro ly te  c i rculat ion is requ i red  in some 
types  of fuel cells to d i s t r ibu te  dissolved reac tants  or  
redox  species or  to remove  react ion products  and con- 
taminants .  In  o ther  fuel  cell designs, the  in terconnected  
e lec t ro ly te  is not  a necessity,  but  is a design choice to 
pe r fo rm such functions as heat  removal ,  wa te r  removal ,  
or to provide  to lerance  to e lec t ro ly te  volume changes. 

P rope r  design of these systems requi res  es t imat ion 
of the magni tude  of the  inevi tab le  nonuseful  shunt  cur -  
rents  th rough  the  var ious  l iquid paths.  In  addit ion,  
identif icat ion of the appropr ia t e  e lect rochemical  reac-  
tions and effective corrosion potent ia ls  of the  mate r ia l s  
is r equ i red  at  the  cri t ical  points of the  shunt  cur ren t  
circuits.  This in format ion  is needed to assess the mag-  
n i tude  of the  power  loss, addi t ional  reac tan t  consump-  
tion, ma te r i a l  corrosion, and gas evolut ion rates,  and to 
conduct  tradeoff  studies w i th  other  design r equ i r e -  
ments  such as pumping  power  and un i fo rmi ty  of the  
d is t r ibut ion  of fluids. 

Previous  analysis  of such systems [Ref. (1-3)]  con- 
s idered only res is t ive effects and did not  t ake  into ac-  

* Electrochemical Society Active Member. 
Key words: module design, fuel cell assembly, parasitic cur- 

rents, manifold models, electrical analog, 

count the ox ida t ion- reduc t ion  polar iza t ion  processes 
that  must  occur at the  posi t ive and negat ive  ends of 
each shunt  path.  Al though  useful  for in i t ia l  es t imates  
of the shunt  currents ,  the  models  in Ref. (1-3) could 
not be used to calculate  the effective opera t ing  po ten-  
t ials  of the wal l  mater ia l s  since the  polar izat ion proc-  
esses also affect the  magni tude  of the  shunt  currents .  
The purpose  of this s tudy  was to extend the genera l  
mathemat ica l  model  to include these polar iza t ion  proc-  
esses and to develop a genera l  computer  p rog ram for  
design purposes.  A descr ipt ion of the model  and its ap-  
pl icat ion to an acid fuel  cell s tack design is presented.  

Theory 
A fuel  cell s tack wi th  in terconnected anolyte  is 

shown schemat ica l ly  in Fig. 1 at "open circuit" wi th  
respect  to its useful  load. However ,  the  presence of the  
high potent ia l  across the common e lec t ro ly te  pa th  re -  
sults in a set of ionic short  circuits  which are  nonuse-  
ful e lectr ical  loads on the stack. The ionic cur ren t  
th rough  each fluid port,  he rea f t e r  called the "shunt  
current ,"  is the  direct  resul t  of an e lectrochemical  
charge t ransfer  process for which  the e lect r ica l  energy 
is provided  by the fuel cells. The shunt currents  
th rough  the e lec t ro ly te  cause a shor t  or  cur ren t  d ra in  
on each cell  in the  s tack since al l  the cells are  elec-  
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Fig. 1. Shunt paths through interconnected electrolyte 
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tr ically connected. The magni tude  of the nonuseful  
current  through each of the electrically connected cells 
is hereafter  called the "current  drain." The current  
drain on each cell is a measure of the nonuseful  elec- 
trical load or additional reactant  consumption imposed 
on each cell as a direct resul t  of the ionic shunt  cur-  
rents through the fluid ports. The current  drain  on 
each cell varies with the cell position in  the stack, and 
is a funct ion of the cell voltage, the conductivi ty of the 
electrolyte, the ionic resistance of the ports and man i -  
fold, and the magni tude  of the polarizations of the 
electrochemical processes involved at the positive and 
negative ends of each shunt  current  path. Each shunt  
current  is somewhat dependent  on the shunt  currents  
emanat ing from adjacent  cells since the effective ionic 
resistance of the manifold p a t h  is shared. 

An electrical analog of the various electronic and 
ionic paths is shown in  Fig. 2 to model the potential  
distr ibution of this system. Each cell is schematically 
represented as a bat tery  with a terminal  voltage E and 
a l inear  polarization characteristic denoted by a resist- 
ance Re. This should be a good representat ion of the 
fuel cell performance wi th  a smali  cur rent  drain. The 
external  load is assumed to be disconnected. The ionic 
path resistances in the anolyte system are represented 
by Rp for the fluid dis t r ibut ion ports and Rr, for the 
manifold. It is assumed that the surfaces of the mani -  
fold and ports are nonconducting.  The conducting sur-  
faces on which the ionic shunt  currents  exit or enter  
the cell are schematically represented b y  an imaginary  
Zener diode with a polarization characteristic r  
which is different in the forward and backward cur-  
rent  direction. The diode simulates the different po- 
larizations for the anodic reactions at the positive end 
of the cell stack and the cathodic polarizations at the 
negative end of the cell stack. For example, the polari-  
zation characteristic ~(I)  for the decomposition of 
water is shown in Fig. 3. This fulfills the requi rement  
of essentially zero current  flow unti l  the Nernst  poten-  
tial ~o is exceeded (e.g. ,  1.23V for water electrolysis). 
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RM 

Fig. 2. Electrical analog of 

E 4 E 5 E 6 
R c R c 

R M R~ 

fuel cell stack 

The mathematical  solution of the individual  shunt  
currents,  Ij, depends on specifying the informat ion for 
the polarization characteristic ~(I ) .  This requires 
identification of the possible reactions at the reaction 
sites and prior exper imental  data or theoretical esti- 
mat ion of the polarization for the par t icular  design 
being studied. 

Typical anodic reactions at the positive end of the 
ceil assembly are: 

(i) Material  corrosion 
M-->M + -Fe 
C + 2H20-* CO2 + 4H + 4- 4e 

( i i )  Electrolysis of H20 to 02 
H20--> ~ 02 + 2H + + 2e 

( i i i )  Oxidation of fuel 
H2--> 2H + + 2e 

( i v )  Oxidation of ionic species 
Mz--> M z+a + ne 

(v) Combinations of the above. 

Some of the possible cathodic electrochemical re-  
actions at the negative end of the cell assembly are: 

(i) Electrolysis of H20 to H2 
2H + + 2e--> H2 

( i i )  Metal deposition 
M + + e--> M 

( i i i )  Reduction of 02 (air) 
z/2 02 + 2H + + 2e--> H20 

( i v )  Reduction of ionic species 
M z + n + n e  --> M z 

(v) Combinations of the above. 

As an example of the application of this approach to 
an engineering design, let  us consider the probable re-  
actions and polarizations we might expect in a mul t i -  
cell assembly of acid electrolyte cells using carbon as a 
s t ructural  mater ial  and with an interconnected anolyte. 
A design of this type was considered for development  
by United Technologies Corporation early in  the 
TARGET program but  was dropped in favor of designs 
which preclude shunt  currents.  The polarization char- 
acteristic of a carbon surface exposed to a hydrogen-  
saturated anolyte, Fig. 4, shows schematically that 
three anodic electrochemical reactions occur as the 
potential  difference between the carbon surface and 
the electrolyte varies from 0.0 to 2.0V. A small current  
due to hydrogen oxidation is possible in  the potential  
range from 0 to 1.0V ( v s .  a reversible hydrogen elec- 
trode) because carbon is a poor hydrogen oxidation 
catalyst. Between 1.0 and 1.4V, a larger anodic current  
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CARBON + H20-'~O2+2H++2e 
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~,oN -o.sl 
Fig. 4. Typical electrochemical reactions on a carbon surface 

with hydrogen present. 

is possible from carbon oxidation whereas above 1.4V 
most of the current  is due to oxygen evolution even 
though the carbon oxidation current  continues to in -  
crease. Alternat ively,  if the carbon surface is catalyzed 
with plat inum, the anodic current  will  be much higher 
at low potential  since p la t inum is an  excellent  hydro-  
gen oxidation catalyst. 

Thus, it can be seen that  the likelihood of carbon 
oxidation at the positive end of the stack assembly is 
dependent  on the magni tude  of the anodic shunt  cur-  
rent  and the na ture  of the surface. For  example, a 
shunt  current  of magni tude  I '  will  result  in  oxidation 
of uncatalyzed carbon surfaces, but  no oxidation should 
occur with catalyzed carbon surfaces since the rate of 
hydrogen oxidation is sufficient to ma in ta in  the carbon 
in a safe potential  region. 

The l ikely cathodic electrochemical react ion associ- 
ated with the shunt  currents  in  the cells at the low 
potent ial  end of the cell assembly is hydrogen evolu- 
tion since no oxygen or air is present  in  the anolyte. 
Large cathodic currents  are shown in Fig. 4 since car- 
bon is a fair ly good catalyst for hydrogen evolution. 
No carbon oxidation is expected at the negative ends 
of the shunt  current  circuits. 

M a t h e m a t i c a l  Analysis 
Application of Ohm's and Kirchoff's laws to the 

electrical network of an assembly of N fuels cells 
shown in  Fig. 2 will yield N simultaneous equations 
with N u n k n o w n  shunt  currents.  Consider the simple 
case of a four-cel l  stack shown in Fig. 5 where the 
ionic shunt  currents  I~, 12 . . . .  , I~ are defined as positive 
al though it is quite evident  that  most of the  shunt  cur-  

(I 2 + 13 + 14) (I 3 + I 4) 

Rp <:~ Rp Rp <~ 

(I 2 §  3 + I  4 )  (I 3 + I  4) 

I4 

Rp 

R M 

I4 

Fig. 5. Electrical analog of four-cell stack 

rents at the negative end will be in  the reverse direc- 
tion. 

Application of Kirchoff's law yields the first equation 
for N = 4 

j--4 

~ l j = O : 1 1 - l - 1 2 q - l s q - 1 4  
j= l  

Three more equations may be wr i t ten  by applying 
Ohm's law to each loop start ing at the zero voltage end 
of the ne twork  each time. For a four-cel l  stack, these 
equations a r e  

Eo -- r + ~(Iz) : --I1Rp + I2(Rp -]- Re -}- Rm) 

"i" I s ( R e  "t- Rm) ~ I 4 ( R c  "t- Rm)  

2Eo - -  r + r : --I1Rp--}- I2(Rc -{-/t=,) 

-k I~(Rp "1- 2Rc -F Rm) -~- I4(2RD "t- 2Rm) 

3Eo -- ~(I4) -t- r = --I1Rp "t- I2(Ro "t- Rm) 

I3 (2Rc -t- 2Rm) ~- I4(Rp ~ 3Rc -I" 2Rm) 

In  order to use s tandard matr ix  techniques for 
solving N simultaneous equations, it is desirable to 
keep the equations linear. Thus, the polarization func-  
tion r (I),  which is typically nonlinear ,  can be approxi-  
mated by a series of straight lines. 

~(Ij) : aj + bjIj 

where aj and bj represent  the intercept  and slope of 
the l inear  section containing Ij. Subst i tu t ing the l inear  
expression for the polarization and let t ing Rm + /tc = 
Rmc produces the following set of four s imultaneous 
equations for the four-cell  stack of fuel cells 

O = I1 ~ I2 + I~-~ I4 

[lEo -- a2 -~ all  : --Iz(Rp "t- bl) + !2(Rp --}- Rmc "~" b2) 

-}- I3Rmc + I4(Rmc) 

[2Eo -- az -t- az] : --Ii(Rp --t- bl) -t- I2(Rmc) 

+ Ia(Rp + 2Rmc + b~) + I4(2Rmc) 

[3Eo -- a4-~ az] : --Ii(Rp + bl) + I2(Rmc) 

+ I3(2Rmc) + I4(Rp + 3Rmc -P b4) 

The general  solution for N cells with j : 1,2,. . . ,N 
shunt  currents  I~ can be wr i t ten  in terms os i : 1,2,. . . ,N 
l inear  algebraic equations ol the general  form. 

Equat ion i .~ 1 

j=N 

~ I  t = 0 
5=1 

Equations i : 2 . . . . . . .  N 

[ ( 4 -  1 ) E o -  a i +  az] : [ - - (Rp- t -  bz)]I1 

-k [Rp -t- (i -- 1)Rmr -t- bi]Ii 

J-----'~--I $ = N  

A computer program was developed to solve for the 
unknown shunt current I j  in  the above set of N simul-  
taneous l inear  equations. The computer  program em- 
ploys a general  usage computer  subprogram which uses 
the Gauss-Jordan reduct ion scheme with the maxi-  
mum pivot cri terion to solve the equations. The com- 
puter  program in te rna l ly  computes the matr ix  co- 
efficients from the above general  equations, thus re-  
quir ing only Eo, N, Rm, Re, and Rp and r as input  
items. The anodic and cathodic polarization data are 
input  as a table and the slope and intercepts are 
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automatical ly calculated assuming a straight l ine be-  
tween each pair  of data points. 

An i terat ion procedure is required in  the computer  
solution because the polarization r is not known 
a priori. The calculation is ini t ia ted by computing the 
shunt  currents  with zero polarization by setting the 
polarization function constants a and b equal to zero. 
This establishes a first guess for the polarization f u n c -  
t i on  constants a and b to be used for each shunt  cur-  
rent. A new array of coefficients is calculated and the 
shunt  currents  are recalculated unt i l  all the polariza- 
tion constants remain  unchanged from the last calcu- 
lated value of the shunt  currents.  When the i terat ion 
is concluded, the polarization and  s h u n t  current  at 
each cell are pr in ted out. 

The current  dra in  in  each fuel cell can be seen by 
inspection of Fig. 5 to be equal to the ionic current  in  
the electrolyte manifold of the same cell. The current  
drain  (ID)n Of the nth  cell in  a stack with N cells can  
be calculated from the shunt  currents  Ij from the fol- 
lowing expression which holds for  all cells except the 
(N) th  or end cell which has no current  drain  

$=N J=. 

( ID) . - "  X I j o r  = X  Ij 
j=~t+l ~=1 

The average cur ren t  dra in  per cell in  a s t a c k  o f  N 
cells may be expressed as 

*t=N--I 

7~ (io j  
t$=l  

The quant i ty  ID, by Faraday 's  law, is proport ional  
to the average quant i ty  of reactants-consumed by the 
fuel cells as a result  of the shunt  currents. The aver-  
age power loss per cell, PD, is then 

= E o .  7D -  n2ao 

The mathematical  model can be used with or wi th-  
out the external  load connected. When the external  
load is connected the appropriate values of cell volt-  
age E and the effective over-al l  ceil resistance Re are 
required from the fuel cell performance curve. The 
model can also be applied to an interconnected catho- 
lyte system simply by reversing the sign of the fuel 
cell potential. 

Application of the Mathematical Model 
The mathematical  model was used to predict the 

shunt  currents  and effective wall potentials of the car-  
bon s t ructural  materials in an exper imental  50 cell as- 
sembly of phosphoric acid cells with interconnected 
anolyte reservoirs which was being considered for 
development  as a power plant  component. The anode 
compartment  side of the carbon plate which sepa- 
rates the cells of this stack is shown in Fig. 6. The 
electrolyte reservoir was located in the bottom sec- 
tion of the anode compartment  of each  cell in the 
space between the bottom ribs of the carbon plates and 
an uncatalyzed extension of the hydrogen electrode. 
The manifold and branch feed ports were designed to 
provide a high ionic resistance path and were coated 
with an electrically nonconduct ing resin to prevent  
electrochemical reaction. The electrolyte in each cell 
was connected through the manifold to a reservoir ex- 
ternal  to this stack. A mathemat ical  analysis of this 
configuration was conducted to determine the current  
drain on the stack and to estimate the probabil i ty  of 
carbon oxidation. 

The contact bars in the pool region offer significant 
resistance to ion flow and this resistance is in series 
with the port resistance. It was assumed that the shunt  
currents  originate pr imar i ly  from the reservoir region 
near  the feed port. An average ionic path length on 
each side of the port was estimated and this ionic 

Fig. 6. Anode side of fuel cell separator plate 

resistance, called the field resistance, was added to the 
actual port resistance to obtain the effective port re-  
sistance Rp. The following resistances were calculated 
for this design using a resistivity of 2.22 ~ -cm for 96% 
H3PO4 at 135 ~ C: manifold resistance Rm = 21.312; port  
resistance, 11312; field resistance, 61~; effective port 
resistance, Rp ~ 113 + 61 :-  17412. 

The effective cell resistance is obtained from the 
slope of the vol tage-current  characteristic which is 
typically nonl inear  for hydrogen-a i r  fuel cells. The 
effective cell resistance for this design varies from 
0.002 to 0.02~ depending on the external  load and was 
considered to be negligible compared to the manifold 
and port resistances. 

The polarization data for input  to the computer  pro- 
gram was obtained experimentally.  A representat ive 
section of the hydrogen electrode was tested in a half-  
cell apparatus containing a hydrogen reference elec- 
trode. A strip 1/2 in. wide was immersed 1/2 in. into 
phosphoric acid electrolyte with hydrogen above the 
electrolyte to simulate the hydrogen saturated reser- 
voir. Since the active width in the cell design being 
studied was ten times greater than  the test sample, 
the current  obtained at any given polarization was 
appropriately scaled. 

The experimental  anodic and cathodic polarization 
data used in the computer analysis are presented in  
Fig. 7. The anodic current  data for the uncatalyzed car- 
bon electrode show vir tual ly  no hydrogen oxidation in 
the potential  range from zero to 1.0V, but  carbon oxi- 
dation and oxygen evolution proceed rapidly at high 
overvoltage. A carbon strip catalyzed with trace quan-  
tities of p la t inum was also tested to compare with the 
uncatalyzed strip. The anodic current  data shown in 
Fig. 7 for the catalyzed strip indicates significant hy-  
drogen oxidation compared to the uncatalyzed carbon 
strip. The cathodic polarization data indicates that  the 
rate of hydrogen evolution is much faster than the 
rate of hydrogen oxidation on carbon. 

The polarization data shown in Fig. 7 and the 
calculated resistances presented above were used as 
input  in the computer program. The calculated results 
of the current  drain  in  each cell, ionic shunt  currents 
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Fig. 8. Calculated results for a 50 cell stack 

through the l iquid ports, and the effective mater ia l  
potential  as a function of cell position are shown in 
Fig. 8 for the 50 cell assembly of phosphoric acid cells. 
The calculated results are presented for the cases of 
uncatalyzed carbon and catalyzed carbon surfaces in 
the reservoir region to demonstrate  the effect of the 
na ture  of the surface mater ia l  on the polarization 
processes. 

The calculated results indicate that  the largest shunt  
currents occur through the electrolyte in  the ports at 
the ends of the stack while the largest cur rent  drain  
occurs in the center cells of the stack. Thus, the rates 
of electrochemical reactions ocurring in the pool region 
are highest in the end cells whereas the reactant  con- 
sumption is highest in the center  cells of the stack. The 
shunt  currents  from the cells in the center port ion 
of the stack are practically zero because of the bal -  
anced or low potential  gradients between the surface 
and the electrolyte. 

The calculated magni tude  of the current  dra in  on 
the 50 cell stack is very  small  and represents a negli-  
gible loss of power. For example, the max imum cur-  
rent  dra in  which occurs on the center  cell was cal-  
culated to be only 47 mA, which represents a current  
densi ty of only 0.078 A/ f t  e based on ~he cell area of 
0.6 ft 2. This value is calculated when  the stack is at 
open external  circuit and the cell voltage is the high-  
est; approximately  1.0V per  cell. When the external  

load is applied, the stack voltage is lower and the 
current  drain  will be proport ionately lower. 

The calculations predict  that  carbon oxidation 
should occur on the uncatalyzed carbon surfaces in  the 
pool region of cells 41-5.0 since the effective surface 
potent ial  i n  these cells falls in the range  of 1.0-2.2 V 
vs. a reversible hydrogen electrode. The calculated 
results of the surface potential  for catalyzed surfaces 
indicate that  no carbon oxidation should occur since 
the rate of hydrogen oxidation is sufficient to ma in ta in  
the carbon in a safe potent ial  region. At the negative 
end of the stack hydrogen evolution is predicted in  
cells 1-10. A dielectric coating is requi red  in  the port  
and manifold region to prevent  electrochemical re-  
actions. It was calculated that  a potent ial  difference 
as high as 4.7V can exist across the coating in  the 
manifold region of the cells at the positive end of the 
stack. Any slight dielectric breakdown of the coating 
in  t h e  most positive end cells is l ikely to result  in  
s imultaneous mater ial  oxidation and oxygen evolu- 
t ion which would fur ther  destroy the coating. Since 
any corrosion of s t ructural  components is inconsistent  
with the long life requi rement  for commercial fuel 
cell power plants, the interconnected anolyte design 
has not been considered for commercial  development.  

The mathematical  model described above may be 
applied to many  types of fuel cell power plants. Some 
examples are (i) circulating base electrolyte fuel 
cells (ii) circulating hydrazine or peroxide fuel cells, 
and (iii) circulating redox energy storage systems. 
In  each case, the impact  of the electrochemical proc- 
esses occurring on the materials  of construct ion at the 
critical points of the shunt  current  circuits can be 
evaluated with this mathemat ical  model. In  addition, 
the magni tude  of  the power loss due to the shunt  cur-  
rents through the electrolyte can be calculated for a 
specific design. 

Conclusions 
A general  mathemat ical  modelr has been developed 

for calculating the electrolyte shunt  currents  and 
effective operat ing potentials of the materials  in mul t i -  
cell assemblies with interconnected electrolyte. The 
analysis takes into account the electrochemical polar-  
izations at the positive and negative ends of each shunt  
current  path. By l inearizing the polarization function, 
the mathematical  model is reduced to the solution of N 
simultaneous l inear  equations for an assembly of N 
cells. 

In  the application of this model to an  aqueous acid 
electrolyte fuel cell power plant, some general  ob- 
servations can be made. The max imum electrolyte 
shunt  currents  usual ly  occur i n  the end cells of the 
stack where the greatest potential  gradient  exists. This 
results in a current  drain in all the cells, with the larg-  
est cur rent  drain  occurring in the center cells of the 
stack. Material  corrosion and oxygen evo lu t ion  proc- 
esses are likely to occur in the cells at the positive end 
of the stack unless another oxidation process is avail-  
able to main ta in  the materials at a low potential  level. 
Hydrogen evolution is the l ikely electrochemical proc- 
ess at the critical points of the shunt  currents  in  the 
end cells at the negative end of the stack in the ab-  
sence of other reducing agents. By proper design of 
the ionic resistance of the manifold and feed ports, the 
power loss due to electrolyte shunt  currents  can be 
main ta ined  at very low levels. 
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Measurement of Battery Separator Resistances 
in Low Impedance Conductivity Cells 

by A-C Bridge Techniques 
W. P. Kilroy* and C. T. Moynihan 

Naval Surface Weapons Center, Electrochemistry Branch, White Oak, Silver Spring, Maryland 20910 

ABSTRACT 

Measurement  of the resistance of bat tery  separator membranes  is f requent ly  
accomplished by taking the difference between the resistances of an electro- 
lyte-filled conductivi ty cell with and without  the separator inserted between 
the electrodes. For low resistance separators this may involve measurements  
of impedances of a few tenths of an ohm. It is shown via equivalent  cir- 
cuit analysis and experimental  data on a low impedance cell filled with 45% 
aqueous KOH solution that a-c bridge measurements  of separator re-  
sistances can be seriously in  error if proper account is not taken of elec-  
trode impedance. 

Efforts to improve bat tery  performance are often 
centered on the development  of a stable separator 
which contributes relat ively little to the in terna l  re ,  
sistance. An approximate measure of the contr ibut ion 
of a separator mater ial  to the bat tery  in terna l  resist- 
ance is typically made (1) first by determining the re-  
sistance of the electrolyte solution, Rsol, between two 
plane paral lel  electrodes in a conductivi ty cell. After  
this the separator is inserted between the two elec- 
trodes and a new resistance, a combinat ion of Rsol and 
the separator resistance, is measured. The contr ibut ion 
of the separator, Rsep, to the net resistance of the cell 
is then the difference between the two measurements.  
P la in ly  an accurate measurement  of Rsep requires that  
Rsep contr ibute an accurately measurable  increment  to 
the sum of the resistances. 

A case in point for the present paper  is a separator 
for si lver-zinc batteries using 30-45% KOH solution 
as electrolyte in which a good separator mater ia l  may 
contribute as little as 0.01 ~/ in .  2 to the internal  resist-  
ance. An accurate measurement  of Rsep thus requires 
that Rsol be of the order of 0.1 ~ / in .  2 or smaller. 

The usual method of carrying out resistance mea-  
surements  of this type is by means of a conventional  
a-c Wheatstone bridge at audio frequencies. The cell 
impedance is balanced against a paral lel  resistance- 
capacitance combinat ion (Rp, Cp). The balancing re-  
sistance Rp is usual ly  identified with the cell resistance, 
Rsol or (Rsep -'~ Rsol). As has been pointed out in the 
l i terature (2), the equivalent  a-c circuit  of the cell is 
not a parallel  resistance-capacitance combination. This 
in  tu rn  can lead to large errors in the measurement  of 
Rsol and (Rsep " J -  Rsol), as shown below. 

The simplest approximations (2) to the true equiva-  
lent circuits of a low impedance conductivi ty cell con- 
taining an electrolyte and an electrolyte plus separator 
are the series circuits shown, respectively, in  Fig. la  
and lb. RL is the resistance of the leads between the 
bridge and conductivi ty cell, and Cdl represents the 
capacitance due to interracial  effects at the electrode 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Member .  
Key words:  capac i tance ,  resistivity, battery separator .  

surfaces ( f requent ly  referred to as "double layer  ca- 
pacitance"). 

If the circuit of Fig. la  were measured on an a-c 
bridge, the equivalent  paral lel  resistance would be (2) 

1 (RL "~ Rsol) 2 "~- (1/mCdl) 2 
Rp (a) : - -  [1] 

Re (1/Z (a)) RL ~- Rsol 

where Re(1/ZCa)) is the real par t  of the complex im-  
pedance of circuit la. In  the usual  procedure for deter-  
minat ion  of the separator resistance using a conven- 
tional a-c bridge, the apparent  resistance would be 
taken to be 

1 1 
Rsep, app 

Re (1/Z (b)) -- Re (1/Z ca)) 

-~Rsep I t - -  1 ] 
(RL -~ Rsol -~ Rsep) (RL "~- Rsol) (wCdl) s 

[2] 

Equations [1] and [2] show that  Rp (a) -- RL --~ Rsol and 
Rsep. app : Rsep only in  the l imit  of large values of 
~'Cdl. That  is, neglect of a proper t rea tment  of electrode 
impedances can lead to errors not only in  the total re-  
sistance of the cell, b u t  also to errors, in Rsep obtained 

R L R sol Call 
(a) 

R L R sol (b) R sep C dl 

Fig. 1. Approximate equivalent circuits of a conductivity cell 
containing (o) electrolyte solution; (b) electrolyte solution plus 
separator. 
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by difference. However ,  a correct  de t e rmina t ion  of 
( R L  -5 Rso l )  s h o u l d  guarantee  a correct  de te rmina t ion  
of Rsvp. Consequently,  in  t he  presen t  s tudy  we  have  
car r ied  out  a series of res is tance and  capaci tance mea -  
surements  at  var ious  f requencies  in o rder  to de te rmine  
what  errors,  if  any,  m a y  ar ise  in de te rmina t ions  of 
separa to r  resis tances for cells wi th  45% KOH elect ro-  
lyte.  

Experimental Section 
The conduct iv i ty  cell obta ined  f rom RAI  Research 

Corpora t ion  consisted of two heavy  gauge p lane  p a r a l -  
lel  square P t  electrodes,  2.54 cm on a side and 0.25 cm 
apa r t  mounted  in a Luci te  holder .  The cel l  also con- 
ta ined  a provis ion for inser t ing  film be tween  the two 
electrodes.  This fea ture  was not  used in the present  
s tudy.  

In  o rder  to assess the  effect of e lec t rode  doubIe l aye r  
capacitance,  measurements  were  carr ied out  for two 
elect rode conditions;  pol ished unpla t in ized p l a t inum 
and heavi ly  p la t in ized electrodes.  

The assembled  cell  was filled wi th  F isher  Scientific 
45 weight  percent  (w/o)  aqueous KOH solut ion and 
a l lowed to s tand  overnight ,  refi l led wi th  f resh  solut ion 
and the equiva len t  pa ra l l e l  res is tance and capacitance,  
Rp and Cp, and measured  at  25.0 ~ • 0.1~ over  the  f re -  
quency range  50-5000 Hz. Resis tance measurements  
(accuracy 1%) were  made  using a Genera l  Radio 
1650B impedance  br idge  with  an ex te rna l  capaci tance 
balancing decade box ad jus tab le  in steps of 10-~ ;~F 
and an ex te rna l  Hewle t t  Packa rd  200 CD audio osci l la-  
tor.  

A s imi la r  set of measurements  of Rp and Cp were  
made  at  25~ wi th  the  conduct iv i ty  cell  wi th  p la t in ized 
electrodes filled wi th  0.01M KC1 aqueous solut ion in 
o rde r  to obta in  the  ca l ibra t ion  constant  for  the cell. To 
obta in  the  res is tance of the leads to the  cell, RL, the  
cell  was filled wi th  mercu ry  to short  circuit  the two 
electrodes and the resis tance measured;  this gave a 
va lue  of RL -~- 0.173~. 

A ca l ibra ted  cap i l l a ry  conduct iv i ty  cell wi th  p l a t i -  
nized p l a t inum electrodes was used to measure  the  
conduct iv i ty  of the 45% KOH solution. The equiva lent  
pa ra l l e l  res is tance of this cell  filled wi th  the KOH so- 
lu t ion was 47.9~ at 25.0~ and 1 kHz. 

Results and Discussion 
The resistance,  Rp, of the  cell filled wi th  0.01M KC1 

solut ion was 27.5 • 0.112 and independent  of f requency 
over  the ent i re  f requency range. This indicates  (cL Eq. 
[1]) that  contr ibut ions  to Rp from f r equency -de pe nd -  
ent  e lectrode impedance  terms such as (1/~Cdl) a re  
negligible,  so tha t  (RL -F RsoD m a y  be t aken  as the 
measured  Rp value. Subt rac t ing  the measured  va lue  of 
RL from this gives Rso~ : 27.3~. The cell  constant,  
( L / A ) ,  obta ined using the conduct iv i ty  of 0.01M KC1 
solut ion (3), is 0.0386 cm -~, which  is in good agree-  
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tances vs. frequency of o conductivity cell filled with 45% KOH 
solution ot 25.0~ usin9 unplotinized Pt electrodes. Insert is on 
enlarged plot of the resistance data at high frequency. 

f requency  independen t  and equal,  respect ively,  to 
(RL -5 Rsol) and Cdl. Rs and Cs are  f requency depend-  
ent, but  a re  less so than  Rp and Cp, so tha t  the  equiva-  
lent  c ircui t  of Fig. l a  is c lear ly  a be t t e r  approx ima t ion  
to the  cell  c i rcui t  than  a pa ra l l e l  Rp, Cp combinat ion.  

A more  real is t ic  r epresen ta t ion  (2, 4, 5) of the  equi -  
va lent  cell c i rcui t  is shown in Fig. 4. Rw(~) -5 Cw(~) 
are  the  resis t ive and capaci t ive components  of the 
Wa rbu rg  impedance,  and RF is the Fa rada ic  imped -  
ance. In  Fig. 4 we have  neglected capaci tance be tween  
the conduct ivi ty  cell  leads and the capaci tance due to 
the dielectr ic  constant  of the  electrolyte ,  since these 
contr ibute  a negl ig ible  amount  to the  audio f requency  
impedance  of the low impedance  cell under  considera-  
t ion (2). 

Equiva len t  circuit  analysis  of Fig. 4 gives for  the 
equivalent  series resistance 

[1/~Cw(~) ]2}[RF + Rw(,~) ] 
R s  =- R L  ~- Rsol + 

ment  wi th  the  less precise  (L/A)  value  of 0.039 cm -1 
ca lcula ted  f rom the e lec t rode  geometry .  

S imi l a r ly  the  res is tance R of the  45% KOH solut ion 
in the cap i l l a ry  conduct iv i ty  cell is sufficiently large  
tha t  i t  m a y  be used d i rec t ly  to calculate  the conduc-  
t ivi ty,  0.465 ~ - z  cm -~, of the  45% KOH solut ion at  
25~ 

In Fig. 2 and 3 the  br idge  measurements  of Rp and 
Cp, respect ively,  a re  p lo t ted  vs. f requency for the 45% 
KOH solut ion in the  conduct iv i ty  cell wi th  unpla t in ized  
and pla t in ized electrodes.  Also plot ted  are  the equ iva-  
lent  series resis tance Rs and capaci tance Cs calcula ted 
f rom the complex  admit tance  (2). 

If  the circuit  of Fig. l a  were  an accurate  r ep resen ta -  
t ion of the cell equ iva len t  circuit,  Rs and Cs would  be 

[3] 
[RF + i~w(~)] z + {~Cd~ [(RF + Rw(~)) 2 + [llwCw(~)] ~] + (II~Cw(~))) ~ 

Both Rw(~) and ( l /~Cw(~)  are  f requency  dependent  
wi th  an ~ - l / z  dependence  (4), so tha t  the h igh  f re-  
quency l imi t  of Rs is 

l im Rs : RL + Rsol 
[4] 

t~ --> O0 

Equivalent  circuit  analysis  of Fig. 4 shows tha t  Rp ap-  
proaches  an ident ical  high f requency  limit,  but  at a 
s lower ra te  (compare  Eq. [1]) .  

The da ta  of Fig. 2 and 3 exhibi t  this pred ic ted  be-  
havior,  that  is: (i) both Rs and Rp approach  the same 
l imit ing va lue  at high frequencies,  Rs more  quickly  
than  R,; and (ii) the  res is tance values  for both  p la t i -  
nized and unpla t in ized  electrodes approach the same 
f requency  limit.  
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We may  take the observed l imi t ing high f requency 
value  of Rs ---- 0.261~ for the p la t in ized  electrodes and 
ident i fy  i t  wi th  (RL ~ Rso0. This agrees wi th in  ex -  
per imenta l  e r ror  wi th  the value  of (RL -{- Rsol) 
0.256~ calculated f rom the independen t ly  measured  
values of RL, ( L / A ) ,  and the conduct iv i ty  of the 45% 
KOH solution. 

Conclusions 
One may  obtain correct  measurements  of (RL 

R so0 and of (RL -~ Rsol -~- Rsep) and therefore  
of Rsep by  audio f requency  a-c  br idge  measure -  
ments  on low impedance  conduct iv i ty  cells only  if 
some precaut ions  are  observed.  With  pla t in ized elec-  
t rodes (c~. Fig. 3), Rp and Rs reach  thei r  l imi t ing high 
f requency values  only at  the h igher  f requency end of 
the audio range, therefore,  i t  is p la in ly  not sufficient 
to make  a measuremen t  of Rp at a single f requency 
and assume it  equal  to (RL -{- Rsol) or  (RL + Rsol 
Rsep). Ra ther  i t  is r ecommended  tha t  for low imped-  
ance cells, Rp and Cp measurements  be made  as a func-  
t ion of frequency,  that  R s be ca lcula ted  f rom Rp and 
Cp, and tha t  the l imit ing high f requency  va lue  of R~ 
be identif ied wi th  (RL "~- Rsol) or  (RL ~- Rsol "~- Rsep). 
P la t in ized electrodes should be used, since the i r  use 
leads to the  approach  of Rs to its l imi t ing va lue  wi thin  
the observable  f requency range (Fig. 3), whi le  un-  
p la t in ized e lect rodes  may  requi re  ex t rapola t ion  of Rs 
beyond the audio range  in order  to obta in  the  high f re-  
quency limit.  

Manuscr ip t  submi t t ed  Sept. 15, 1977; rev ised  m e n u -  
scr ip t  rece ived  Nov. 2I, 1977. 
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Electroless Gold Metallization for Polyvinylidene Fluoride Films 
L. M. Schiavone 

Bell Laboratories, HoLmdel, New Jersey 07733 

ABSTRACT 

A method for meta l l iz ing po lyv iny l idene  fluoride films wi th  gold has been 
developed using an electroless p la t ing  process, 

Metal l ized po lyvinyl idene  fluoride (PDVF)  has been 
found to be a good mate r i a l  for making  piezoelectr ic  
devices once it has been poled. For  this purpose,  poled 
and a luminized PVDF is commerc ia l ly  avai lable ,  but  
due to the  rap id  oxida t ion  of the a luminum it  is ve ry  
difficult to make  contact  to it. 

This paper  describes a method of gold electroless 
platir~g used to meta l l ize  PVDF films. Since gold doe~ 

Key words: PVDF films, electroless-plating process, piezoelectric 
devices. 

not become oxidized i t  is an  excel lent  choice for p ie-  
zoelectric devices as wel l  as for  o ther  uses such as 
flexible p r in ted  circui t  boards.  

Procedure and Experimental Data 
Severa l  impor t an t  steps must  be fol lowed to achieve  

electroless pla t ing:  namely  cleaning, sensitizing, ac-  
t ivat ing,  plat ing,  and  post  cleaning. 

Cleaning.--This is p robab ly  the  most  impor t an t  step 
since a surface that  is not free of grease and d i r t  wi l l  
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not plate evenly and there may be areas where no 
metal  will adhere. 

Sensitizing.mThis is achieved by immers ing the 
PVDF film into a bath made of photosensitive salts 
such as AgNOz, AgBr, SnC12, etc. The film is then ex-  
posed to light which reduces the salts to the metal  in  
the bath. 

Activating.--This process deposits a microthin  layer 
of a catalyst needed to reduce the metal  being plated. 
Pa l lad ium is an  excellent catalyst  for gold. 

Plating.--Plating is done by immers ing the film into 
an aqueous solution containing the desired metal. A 
layer  will  be deposited on the activated surface. Its 
thickness is determined by the amount  of t ime the 
film is in the solution. 

Post cleaning.--This is the final rinse and is used to 
remove any remain ing  solutions. 

Gold-metal l ized PVDF was produced on 0,005 in. 
thick PVDF film using the following five steps: 

(i) Cleaning in t r ichlorethylene for 4 min, acetone 
for 3 min, and n ,n-d imethyl formamide  for 3 min  and, 
finally, r insing in  distil led water. 

(ii) Sensit izing by immers ing the film in  a 2.5N 
SnC12 solution and a 2.5N AgNO3 solution for 10 min  
each. Both solutions were held at a tempera ture  of 
70~ The sample was rinsed thoroughly in distilled 
water  between solutions to avoid bath contamination.  
After  the AgNO3 bath the sample was again r insed in  
distilled water, dried using ni t rogen gas, and then ex- 
posed with a xenon lamp. 

(iii) Activating in a PdC12, acetic acid bath (1) at 
50~ for 30 min. Again the sample was rinsed in dis- 
tilled water  to be sure all of the solution was removed, 
leaving only a microthin film of palladium. 

(iv) Plat ing by immers ing  the sample in  a gold bath 
(2) at 85~ for 30 min. A magnetic  s t i r rer  was used 
to agitate the bath. 

(v) Post cleaning by r insing the film in  distilled 
water  several times following with two rinsings in 
warm methanol,  and then thoroughly drying with ni -  
trogen gas. 

The result  was a gold layer  ,-,1 ~m thick with a re- 
sistivity p ~ 2.5 • 10 -6 ~2 cm which adhered to the 
PVDF and passed the "scotch-tape" test. It was possi- 
ble to buff the layer  using a Linde "C" impregnated 
felt pad with no adverse effects. A scanning electron 
microscope analysis showed the layer  contained only 
gold. A second sample was made by the same proce- 
dure with a test pa t te rn  formed using Kodak- th in  
film resist (KTFR),  see Fig. 1. 

After ini t ial  cleaning, a thin layer  of KTFR was spun 
on the sample and heated to 60~ for 15 min  in  a hot 
plate oven. The pa t te rn  was exposed using a xenon 
lamp and again heated to 60~ for 15 min. The KTFR 
was developed and rinsed in methanol.  

Once the pat tern  was pr inted on the sample it was 
sensitized, activated, and gold plated. The KTFR was 
not affected by the different solutions and had to be 
removed with J-100 resist strip leaving a gold pat tern  
on the PVDF. If the KTFR were removed after ac- 
tivating, the gold film would only plate on the remain-  
ing activated pattern,  e l iminat ing any gold waste. 

Conclusions 
The results of these tests show that  PVDF can be 

metallized by using an electroless gold-plat ing process. 
Advantages of this method are that  it is simple and 
economical because photoresist masking can be used 

5 mlTI 
Fig. 1. Gold pattern formed on a 0.75 • 0.75 in. piece of 

PVDF film using Kodak-thin film resist. 

with very little gold wasted, the need for expensive 
evaporat ing equipment  is eliminated, and rol l - to-rol l  
processing is possible. 
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APPENDIX. 
PdCl~ Activator Solution (after Ref. I) 

Dissolve 0.3g PdC12 in 9 ml conc. HCI and dilute it 
with 9 ml H20. Add this mixture  to 882 ml glacial 
acetic acid. 

Au Plating Solution (after Ref. 2) 
To make one l i ter  of a 5X concentrate use: 

KAu(CN)2,  4.3 g/l ;  KOH, 56.0 g/l ;  KCN, 32.5 g/l ;  
KBH4, 54.0 g/1. (i) Dissolve KOH in 500 ml of H20. 
Add KBH4 and stir unt i l  dissolved; (ii) Dissolve KCN 
in 200 ml of H20. Add K A u ( C N ) 2  and stir unt i l  dis- 
solved; (iii) Add solution No. 1 to solution No. 2 in a 
volumetric flask and make up to volume with distilled 
H20. Fil ter  through Whatman  filter paper No. 41. Store 
in a Teflon or polypropylene bottle. Do not t ighten cap 
because hydrogen is l iberated dur ing storage. 
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Corrosion of Steel in Concentrated Sulfuric Acid 
B. T. Eilison and W. R. Schmeal 
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ABSTRACT 

A model is presented for corrosion of carbon steel in 60-96% weight 
sulfuric acid with correlations and data to facilitate quantitative use of the 
model for mechanical and process design. Corrosion is limited by the rate of 
convective mass transfer of ferrous ion from a ferrous sulfate (corrosion prod- 
uct) film-liquid interface into bulk acid. This interface is saturated with 
ferrous ion. The model has been verified in both laboratory and plant acids 
with rotating cylinder and pipeline geometries and with a variety of carbon 
and low alloy steels. Ferrous ion is an inhibitor for corrosion, and sacrificial 
corrosion in certain equipment in plants in which acid is recirculated can 
protect other critical items in the system. Changing liquid levels in storage 
tanks, acid purges, addition of iron, and lining of vessels can affect corrosion 
rate in a plant  system. 

Sulfuric acid is an industr ia l  catalyst for numerous  
organic chemical reactions, such as hydrat ions and 
alkylations, to produce many  impor tant  commodities, 
such as alcohols, ethers, and gasoline. It is desirable to 
design plants so that  carbon steel can be utilized in 
preference to more expensive materials as much as 
possible. Toward this end, quant i ta t ive  corrosion 
models valid under  chemical and fluid flow conditions 
anticipated for the plant  are most useful. These con- 
ditions include presence of various chemical reactants 
in  the acid as well  as corrosion products which build 
up in  the system because acid is continuously separated 
from desired chemical products and recirculated. 

Much has been wri t ten  about the corrosion of steel 
in concentrated sulfuric acid (1). An overview of the 
corrosion system can be gained by measur ing the den-  
sity of current  supplied to a vertical rectangular  speci- 
men of AISI  !020 steel in stirred 70% weight acid in  
order to main ta in  the electrochemical potential  of the 
specimen fixed (see Fig. 1). Two distinct regions ap- 
pear in  the anodic port ion of this current  potential  
curve. One is the "sulfation" range (--0.3 to +0.3V 
with respect to Ag/AgC1 1M CI) where the current  
is independent  of potential. Hines and Will iamson 
found the film formed in  this range to be duplex, the 
inside layer  being a th in  compact film and the outside 
layer a thick porous ferrous sulfate film (2). At 50 mV 
negative to the corrosion potential  (here about --0.4V), 
the anodic rate measured by weight loss is identical to 
this rate in the sulfation region. The independence of 
anodic current  density on potential  near  (both positive 
and negative) the corrosion potential  implies that the 
anodic current,  in the sulfation range, is also equal to 
the free corrosion rate. That  is, the anodic process 
limits the corrosion rate. 

The second distinct region appearing in the current  
potential  diagram is the passive range, greater than 
+0.5V, where the steel is apparent ly  covered by a fer- 
ric sulfate film over a passive oxide film (3, 4). The 
sharp peak at about +0.5V in Fig. 1 results from the 
change in oxidation states of the iron sulfate film al- 
ready existing on the metal surface. 

Donat (5) [see also Put i lova (6)] and Poluboyar t -  
seva et al. (7) discovered that corrosion depends on 
flow rate and, for 94-96% sulfuric acid, probably on 
rate of mass t ransfer  of i ron sulfate, respectively. 
Wachter et al. (8) and Novakovskii (9) recognized a 
correspondence between the funct ional i ty of corrosion 
rate upon acid strength and ferrous sulfate solubility 
and concluded that  corrosion rate depends directly on 
solubility. The objective of the present  work is to de- 
velop, verify, and define a range of validity of a model 
to predict corrosion rates of carbon steel in concert- 

Key  words:  convec t ive  m a s s  t r a n s f e r ,  sacr i f ic ia l  c o r r o s i o n ,  f e r -  
r o u s  su l f a t e ,  c o r r o s i o n  inh ib i t ion .  

trated sulfuric acid for geometries and conditions of 
industr ia l  significance. 

Experimental Tools and Methods 
Two well-defined tu rbu len t  flow fields were studied 

by means of a rotat ing cylinder and a pipeline ap- 
paratus. Corrosion rates were measured in the former 
apparatus by the two techniques involving measure-  
ment  of loss of weight for a given t ime period and 
anodic dissolution rate. Corrosion rates were measured 
directly from weight loss for the pipeline apparatus.  
Tests could be carried out and envi ronments  changed 
rapidly with the rotat ing cylinder. Therefore, this de- 
vice was used for invest igat ing proposed models and 
the pipeline apparatus was employed for confirmation. 

The rotat ing cylinder apparatus, except for the cyl- 
inder  itself, was purchased from the Pine Ins t rument  
Company. Cylinder rotational speed of 400, 900, and 
1600 rpm were obtained with a synchronous motor 
coupled to the cylinder through stepped pulleys. The 
rotational speeds were verified with a tachometer. The 
rotating cylinder was electrically insulated from its 
support. Electrical current  was supplied to the cylin- 
der through an external  graphite brush for the anodic 
dissolution experiments.  

The test solution was contained in  a 15.24 cm diam 
Pyrex beaker. The tempera ture  of the solution was ad- 
justed with an electrical heat ing tape wrapped around 
the outside of the beaker. The heating tape was coupled 
to a Thermo Electric Model 400 pulse burs t  tempera-  
ture control unit. This combinat ion enabled test solu- 
tion temperatures  of 27 ~ 40 ~ and 60~ to be main-  
tained to wi thin  • 1~ C. 

The cylinder shaft was fabricated from Monel alloy 
400. The corrosion test specimens were sleeves slipped 
over this shaft. The specimens were 1.904 • 0.001 cm 
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524 



Vol. 125, No. 4 CORROSION OF STEEL IN SULFURIC ACID 

in outside diameter  by 2.54 ___ 0.005 cm long. A 1.905 
cm d iamTef lon  sleeve surrounded the shaft above the 
test specimen, and a 1.905 cm diam Teflon cap was 
threaded onto the shaft below the specimen, holding 
the specimen in place and isolating the shaft from the 
acid. The Teflon cap held the test specimen in place. 

The weight loss experiments  were 24 hr long. Cyl- 
inders were fabricated from AISI 1113 steel. Micro- 
s tructure was equiaxed and consisted of lamel lar  
pearl i te and ferrite. Ferrovac E cylinders were also 
used; there was no difference in  corrosion performance. 
The test specimens were sanded with 600 emery paper, 
degreased, and then weighed. After  the experiment,  
the cylinders were removed, washed in distilled water, 
and then abraded l ightly with a rubber  eraser to re-  
move any remaining  FeSO4 �9 H20 film. The specimens 
were then reweighed. 

For the anodic dissolution experiments,  cur ren t - t ime  
curves were obtained while the specimens were main-  
tained at a constant potential  of 0.0V with respect to a 
Ag/AgC1 1M CI- ,  cracked glass seal reference elec- 
trode. A p la t inum gauze counterelectrode surrounded 
the rotat ing cylinder. Anodic dissolution currents  were 
recorded on a strip chart  recorder. The specimens 
were prepared as for the weight loss experiments;  in  
addition, some specimens were electropolished in  an 
acetic acid-perchlorate solution. Both of these methods 
of preparat ion led to the same exper imental  results. 

The closed loop pipeline apparatus was constructed 
to permit  measurement  of corrosion rates of pipe walls 
under  flow conditions typical of chemical plant  en-  
vironments.  Corrosion test specimens were short pieces 
of 1 in. pipe fitted between upstream and downstream 
runs of l in. pipe, designed to assure that  the velocity 
profile was fully developed at the test specimens. 
These en t ry  and exit sections consisted of 1-in. Sched- 
ule 40 CPVC plastic pipe extending 183 cm upstream 
and 122 cm downstream from the test specimens. Steel 
t ransi t ion pieces were screwed (with 1-7/16 NF threads 
and appropriate washers) to the plastic ent ry  and exit 
lengths. The test specimens were bolted between these 
t ransi t ion pieces (see Fig. 2). The t ransi t ion pieces 
permit ted development  of the mass t ransfer  char-  
acteristics of the flow before the acid contacted the 
test specimens. The test specimens and the transi t ion 
pieces were machined with close in terna l  diameter  
and concentrici ty tolerances which assured a l ignment  
between specimens to within 0.0025 cm. The specimens 
were fabricated from AISI 1015 steel tube and were 
2.664 cm in te rna l  diameter  by 7.62 cm long. 

The basic components of the pipel ine apparatus were 
the vessel, pump, flow meter ing and control equipment,  
and the test section (Fig. 3). The vessel was a 113.7 
li ter Pfaudler  glass-l ined steel autoclave. A Worthing-  
ton 1CNG-32 Worthite pump took suction from the 
vessel through 2-in. CPVC pipe. A Hil ls-McCanna 1 in. 
Pen ton- l ined  control valve downstream from the pump 
mainta ined 0.03 l i ter/sec control over a 0.19-2.21 l i te r /  
sec range. Downstream of the valve, flows were sensed 
with either a 3.023 or 1.27 cm tan ta lum orifice and 
t ransmit ted to a Foxboro controller  (FRC) by a differ- 
ential  pressure cell. The flow recording and control 
system was calibrated with glycerol-water  mixtures  as 
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Fig. 2. Pipeline test specimens 

525 

STEAM 

MODEL 400C 
PINCH -TYPE ; - - 

VALVE T.C 

t 1 AUTOCLAVE 

PUMP It 
DRAllX 

Fig. 3. Schematic diagram of pipeline corrosion test apparatus 

well as with water  alone. Downstream from the orifice, 
the acid entered the 1 in. Schedule 40 test section. The 
flow discharged from the test section back to the 
Pfaudler  vessel. The tempera ture  control system en-  
abled an acid tempera ture  of 60~ to be main ta ined  to 
wi thin  •176 

Two Hastelloy B sheathed i ron-cons tant  thermo-  
couples were available for tempera ture  control. The 
first was located in the Pfaudler  vessel, and the second 
was located at the entrance to the test section. The 
tempera ture  difference between the two locations was 
always less than I~ Either  of these thermocouples 
could be connected to a Honeywell  tempera ture  con- 
troller (TRC). This controller operated steam and 
water control valves which were on a l ine to the 
jacket  side of the Pfaudler  vessel. The temperature  
control system enabled an acid temperature  of 60~ 
to be mainta ined to wi th in  +2~ 

The day before an exper iment  the test specimens 
were degreased in  acetone, cleaned by gentle abrasion 
(with a pencil  eraser),  weighed, and then the test sec- 

t ion was assembled. The test section was tested for 
leaks with low pressure compressed air, then connected 
to the remainder  of the pipeline apparatus. 

Reagent grade H2SO4 (96% weight) was mixed with 
distilled water  in the Pfaudler  vessel to make 68% 
weight H2SO4. The acid s t rength was determined with 
a hydrometer.  After  mixing, the acid was cooled to 
60 ~ _ 2~ and the exper iment  begun. Periodically, acid 
samples were wi thdrawn for ferrous ion determinat ion 
by t i t rat ion with MnO~-. The test period was 24 hr. 

At the end of the test, the specimens were cleaned 
and reweighed. The corrosion rate was calculated from 
the weight loss of the specimens. Three test specimens 
were used dur ing each experiment.  

Formulation of the Model 
Anodic dissolution currents  for AISI  1113 rotating 

cylinder, measured in 68% weight Sulfuric acid at 27 ~ , 
40 ~ and 60~ at 400, 900, and 1600 rpm, were found to 
increase in proport ion to velocity to the n th  power 
Where 0.6 < n ~ 0.8, indicat ing that  convective mass 
transfer is the l ikely ra te- l imi t ing  step in corrosion 
(see Fig. 4). Next, experiments  to identify the species 
whose mass t ransfer  step is the slow step in the cor- 
rosion process in 68% weight H2SO4 demonstrated 
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Fig. 4. Anodic dissolution currents vs. rotational speed for 1.905 
cm diam cylinder in 68% weight H2SO~. 

what Poluboyarteseva asserted for 94-96% weight 
H2SO4, that this species is ferrous ion. 

The corrosion rate (C.R.) is proport ional  to the con- 
vective mass t ransfer  rate of one of the species 

C.R. = •  -- Cbulk) [1] 

where A is the conversion factor between moles per 
square cent imeter-second and centimeter  per year cor- 
rosion rate, h is the convective mass t ransfer  coeffi- 
cient, Cf is the concentrat ion of the species at the cor- 
rosion product  f i lm-solution interface, and Cbulk is the 
concentrat ion of the species in the bulk  solution. 

Anodic dissolution experiments  were conducted with 
different concentrations of ferrous ion in the bu lk  and 
the anodic dissolution currents  were observed to de- 
crease l inear ly  with the ferrous ion concentrat ion (see 
Fig. 5). This indicates that the convective mass t rans-  
fer of ferrous ions is indeed the slow step in  the cor- 
rosion process. 

Next, it was established that the appropriate value 
for Cf in  Eq. [1] is the saturat ion concentrat ion in acid 
of the salt, FeSO4-H20, which is found on the metal  
wall. The mass t ransfer  rate to a rotat ing cylinder is 
usual ly  expressed as (10) 

Sh = 7.91 X 10-2Re~176 [2] 

Sh (Sherwood number )  is a dimensionless mass t rans-  
fer rate, Re is the Reynolds number ,  the dimensionless 
rotational velocity of the cylinder, and Sc is the Schmidt 
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Fig. 5. Measured corrosion rate of a 1.905 cm diam carbon steel 
cylinder rotating in 68% weight H2SO4, 40~ 900 rpm, vs. bulk 
concentration of ferrous ions. 

number ,  a fluid property characterizing the relat ive 
thicknesses of the momen tum and mass t ransfer  bound-  
ary layers (see List of Symbols for definitions). We 
determined the mass t ransfer  characteristics of the ro- 
tat ing cylinder used in  the present  work by measur ing 
the mass t ransfer  l imited current  for oxygen dissolved 
in  salt water  and found that  Eq. [2] fit these data to 
wi thin  5%. 

We computed Cf from Eq. [1] using measured values 
of the corrosion rate, C.R., and Cbulk, values of h cal- 
culated from Eq. [2], and a value of A of 2.24 X l0 s 
(cm/yr)  (moles/cm2-sec). Results given in  Fig. 6 show 
that the computed Cf is independent  of Reynolds num-  
ber and strongly dependent  on temperature,  consistent 
with theory. Furthermore,  the computed values of C~ 
are about equal to the saturat ion concentrat ion of fer- 
rous ion which was measured independent ly  (see Fig. 
7) by methods discussed in the Appendix. 

A model of the corrosion process is formulated which 
is based on the corrosion rate of carbon steel in  con- 
centrated sulfuric acid being equal  to the mass t rans-  
fer rate of ferrous ions from a ferrous saturated fer- 
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rous sulfate f i lm-sulfuric acid interface to the solution 
bulk, i.e. 

C.R. ---- Ah(Csat  - -  Cbulk) [ 3 ]  

All of the informat ion required to predict corrosion 
rates with this model are obtained from sources other 
than corrosion measurements.  The mass t ransfer  co- 
efficient, h, can be obtained from standard engineer ing 
formulas in conjunct ion with diffusion coefficient and 
viscosity data. The saturat ion concentrat ion of ferrous 
ions is obtained from thermodynamic  measurements,  
and the bulk  concentrat ion of ferrous ion can be mea-  
sured or calculated. 

Confirmation and Use of the Model  for 68% 
Sulfuric Acid 

It is useful to express corrosion rates as dimension-  
less corrosion Sherwood numbers ,  Sh* 

C.R. d 
Sh* = 

A (Csa t  - -  Cbulk)-D 

where C.R. is the measured corrosion rate (centimeter  
per year) ,  d is the diameter  of the rotat ing cylinder 
(or the diameter  of the pipe),  (Csat - -  Cbulk) is the 
difference between the independent ly  measured satura-  
t ion concentrat ion of ferrous ion and the measured 
bulk  concentrat ion of ferrous ion, A is the conversion 
factor previously defined, and D is the independent ly  
measured diffusion coefficient of ferrous ions in  H2804 
(see Appendix) .  Over the range of val idi ty of the 
model, plots of Sh* vs. dimensionless parameters  are 
the same as the corresponding plots using the mass 
t ransfer  Sherwood number ,  Sh, found in the l i terature  
(see Fig. 8). For any geometry, plots such as Fig. 8 are 
universal  relations of great utility, since one relat ion 
describes corrosion rate over a range of values of all 
parameters.  

From Fig. 8, it can be seen that --+20% is about the 
l imit on the accuracy of the predictions of the model. 
The cumulat ive errors in the measurement  of diffusion 
coefficient, ferrous ions solubility, ferrous ion concen- 
t rat ion in the bulk  acid, and corrosion rate all influence 
the agreement  between the measured corrosion rate 
and the predictions of the model. Ferrous solubility, in 
particular,  is a difficult measurement  so that  the scatter 
in  the data is understandable.  (Data shown in  Fig. 8 
include tests with acid 40-70% weight saturated with 
ferrous ion.) 

It is impor tant  that results obtained from anodic dis- 
solution experiments  be confirmed by weight loss mea-  
surements  because it is possible that anodic dissolution 
currents  are not equal to corrosion rates in this system. 
The reason that the anodic dissolution currents  could 
be unrepresenta t ive  of free corrosion rates is that the 
film formed at the corrosion potential  may differ from 
the film formed at 0.0V. For example, hydrogen gas 
evolution dur ing free corrosion may affect the corro- 
sion rate. 
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Fig. 8. Anodic dissolution rate (corrosion rate) of AISI 1113 cyl- 
inder in 68% weight H2SO~. 

Twenty- four  hour weight loss experiments  were con- 
ducted with the AISI 1113 cylinder in lean 68% weight 
acid to verify the corrosion model in  these conditions. 
The corrosion rate s h o u l d b e  inversely proport ional  to 
the ferrous ion concentrat ion in the acid and, therefore, 
should decrease as the corrosion product builds up in 
the acid. Ferrous ion concentrations in the acid were 
determined periodically so that  a mean  value with re-  
spect to t ime of the bulk  ferrous ion concentrat ion 
could be determined. This mean  value was used as 
Cbulk to formulate  the Sherwood number  from the 
measured weight loss. 

When the clean specimens (not covered with protec- 
tive corrosion product  film) were first immersed in 
the acid, they corroded vigorously. The corrosion 
model is only applicable after s teady-state  corrosion 
rates are obtained. The anodic dissolution experiments  
indicated that  steady state is obtained wi th in  30 min. 
The weight loss of a specimen after the first 30 rain 
was subt rac ted  from the total weight loss of a speci- 
men to determine the Sherwood number .  The weight 
loss dur ing  the first 30 min  was determined from the 
ferrous ion concentrat ion in the solution at that time. 
These weight losses usual ly  accounted for about 5% of 
the total weight loss. 

The results of the weight loss experiments  are shown 
in  Fig. 9. These corrosion rates are slightly higher than 
the predicted corrosion rates but  the measurements  
agree with the predicted corrosion rates to wi thin  20 %. 
The rotating cylinder experiments  were r un  over a 
range of temperatures  from 27 ~ to 60~ and a range of 
mass t ransfer  coefficients equivalent  to those in  flows 
of from 91.5 to 336 cm/sec in a 10.16 cm ID pipe. 

The model was confirmed in  experiments  in the pipe- 
line apparatus. Twenty- four  hour weight loss data 
were taken on the pipe specimens. These data were ob- 
tained with 68% weight acid at 60~ Each reported 
weight loss is the mean  of three weight losses under  
the same conditions. No weight loss deviated by more 
than 10% from the mean weight loss; typical deviations 
were 4%. The weight losses were formulated into a 
Sherwood number  in the same way as the rotat ing 
cylinder weight losses were treated. The results are 
shown in Fig. 10 and are compared with mass t ransfer  
correlations proposed by several investigators. The 
data fit best the correlation of Harr iot t  and Hamil ton 
(11) for the conditions tested 

Sh = 9.6 X 10-~Re~176 

The measured corrosion rates agree with the mass 
t ransfer  correlation to wi th in  5%. 

The mass t ransfer  model of the corrosion of carbon 
steel in 68% weight H2SO4, which was developed from 
rotating cylinder experiments,  remains valid in pipe 
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Fig. 9. Corrosion rates measured in 24 hr weight loss experiments 
of a 1.905 cm diam AISI 1113 cylinder rotating in 68% weight 
H2S04. 
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Fig. 10. Corrosion rate of carbon steel pipe walls in 68% weight 
H:2SO~ at 60~ 

flow. The model can be expected to remain  val id in 
other  hydrodynamic  situations. 

Range of  V a l i d i t y  
It is important  to examine  the val idi ty  of the model  

under  a range of conditions of industr ial  significance. 
The model  was formulated using 68% weight  sulfuric 
acid. A few exper iments  were  conducted with 78% 
weight  H2SOr to de termine  if the model  is val id at this 
acid strength. The results of both weight  loss and 
anodic dissolution exper iments  are shown in Fig. 11. 
It is seen that  the predicted corrosion rates general ly  
agree wi thin  20% with  the measured corrosion rates. 

It had been bel ieved previously (8) that  the acid 
s t rength affected corrosion rate  pr imar i ly  by changing 
ferrous ion solubil i ty (the higher  the solubil i ty the 
greater  the corrosion ra te) .  It is now apparent  that  the 
impor tant  parameters  which are a funct ion of acid 
s t rength are not only ferrous ion solubility, but  also 
acid viscosity and ferrous ion diffusion coefficient. Even 
though the ferrous ion solubil i ty in 78% weight  acid 
is h igher  than in 68% weight  acid, the corrosion rate  
is lower because the diffusion coefficient is lower  and 
the viscosity is higher. 

L i te ra ture  data indicate that  the mass t ransfer  cor- 
rosion model  should be valid over  the acid strength 
range between 60 and 100%. The work  of Poluboyar t -  
seva et al. (7) indicates that  ~he model  is valid for 
96% weight  H2SO4. Damon's  data on the effects of car-  

1021 WEIGHT LO__SS _ _  

z 
o 

k..r 

ANODIC l DISSOlUTiON TEMPERATURE 
a 27~ 
0 40~ 
z~ 60oc / /  

/ /  

I010 1 I ) I I ) r I 3 }0 4 
RFYNOLDS NUMBER 

Fig. I1. Anodic dissolution currents and weight losses in 78% 
weight H2SO4. 

]02 _CONCENTRATION OF ABSORBED HYDROCARBON] 
moles/mole H2SO 4 FREE OF HYDROCARBON / 

o 0,~ / 
~" o 0.2 / '1 

A 0.335 , / 
*~ ~ 0.427 ~ ~  . . /1  
~ [] 0 5 8 5  ~7"  / I 
'~ ~ 01825 / / ./1 
uJ / / 0 /  . / /  I 
< " ' Q /  / / ~  I 

0 / / 0  
o 

o tJ / / U  . 

1010 3 / I I I I I I 110 4 

REYNOLDS NUMBER 
Fig. 12. Corrosion rates measured in 24 hr weight loss experi- 

ments in IPA fat 68% weight H2SO4 at 38~ 900 rpm. 

bon content and acid s t rength on the corrosion of car-  
bon steel in sulfuric acid (12) indicate that  the ra te -  
controll ing mechanism is the same for acid strengths 
be tween 60 and 100%. 

To determine  the val idi ty  of the corrosion model  in 
hydrocarbon fat acids, 1 a series of weight  loss exper i -  
ments was conducted in labora tory- fa t tened  acid and 
plant  acid. Weight  loss exper iments  were  conducted 
with the AISI  1113 cylinders over  a range of isopropyl 
alcohol fatnesses 2 f rom 0 to 0.825. The weight  loss tests 
were  all  conducted at 38~ 900 rpm. The results are 
shown in Fig. 12. It  is seen that  the predictions of the 
model are not as accurate as for lean acids; however ,  
• 25% accuracy can be expected. 

Some weight  loss exper iments  were  run  with steels 
of varying composit ion to de termine  the effects of car-  
bon content and copper content on corrosion steel in 
68% weight  H2SO 4. The steels considered were  AISI  
1113, AISI  1018, AISI  1045, and U.S. Steel  Corten (0.10 
C maximum,  0.30 min imum Cu). All  exper iments  were  
conducted at 900 rpm, 40~ wi th  88% weight  HsSO4 
free of organics. The results are shown in Table I. It  is 
seen that  the predicted corrosion rates agree wi th  the 
measured corrosion rates to wi thin  5%. These results 
indicate that  steel composition is a minor  variable  in 
determining the corrosion resistance of carbon steel to 
concentrated sulfuric acid. The results are consistent 
wi th  Damon's results (12). For  acid strengths below 

1Fat acids mean acids containing hydrocarbon and f a tnes s  
m e a n s  the  concentra t ion  of  absorbed hydrocarbon in moles per 
m o l e  of HsSO4. Note that absorbed olefins react to form alcohols 
and other species. It is thus o f t en  possible  to create desired equi- 
librium m i x t u r e s  in the laboratory simply by adding alcohol to 
acid. 

Isopropyl alcohol  is the  primary equilibrium reac t ion  product  
wh ich  ex i s t s  w h e n  propy lene  is absorbed in sul furic  acid, 

Table I. Effect of steel composition on corrosion rate 
of carbon steel in 68% weight H2SO~ 

Condit ions:  Tes t s  w e r e  c o n d u c t e d  at  900 rpm,  t e m p e r a t u r e  40~ 
w i t h  1.905 c m  d iam cy l inders  in 68% w e i g h t  I-I~O4. 

P r e d i c t e d  s teady-s ta te  
Measured  corros ion  corros ion  rate* 

S t e e l  ra te  (cm/yr) (cm/yr) 

AISI 1018 0.635 0.602 
Corten  0.576 0.587 
AISI 1045 0.691 0.673 
AISI  1045 0.648 0.655 
AISI  1113 0.640 0.653 

* Changes  in the  pred ic t ed  corros ion  rate  do no t  ref lect  a de- 
p e n d e n c e  of  s teady-s tate  corros ion  rate  on s tee l  compos i t ion  but  
rather varying a m o u n t s  of  corros ion  in the first half-hour. These 
variations produce  di f fer ing a m o u n t s  of  d isso lved f e r r o u s  ion in 
the  acid w h e n  s teady-s ta te  corros ion  begins .  Predictions are made 
with Eq. [41 using the m e a n  co ncentra t io n  of  f errous  ion in 
the  solut ion during the  e x p e r i m e n t  exc lud ing  corrosion in the first 
half-hour. 
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60%, steel composition is an impor tan t  variable [see 
Ref. (12)]. 

Systems Aspects of Corrosion 
The model for corrosion, Eq. [3], shows that  the cor- 

rosion rate depends on physical properties of the local 
env i ronment  ( temperature,  acid strength,  and concen- 
t rat ion of absorbed species), geometry and flow condi- 
tions, and one parameter  which reflects events at other 
times and places, the bu lk  ferrous ion concentration, 
Cbulk. In many  commercial uses of sulfuric acid, the 
acid recirculates through a plant  via absorbers, de- 
sorbers, reactors, exchangers, and intermediate  storage 
vessels. Thus, events in some of these vessels which 
affect ferrous ion concentrat ion in recirculat ing acid 
can have a dominant  effect on the corrosion rate in 
other vessels and pipes. 

A plant  may be visualized as consisting of nodes 
represent ing vessels, exchangers, or pipes which are 
connected by lines represent ing flow of acid in  a ne t -  
work or signal flow diagram. These nodes are con- 
nected to adjacent  nodes consistent with the route of 
flow of acid. There will be a purge location represented 
by a node. For each node the concentrat ion of ferrous 
ion in  the exit stream (C%um) exceeds the concentra-  
tion in the enter ing s t ream (C%ulk) by an amouns pro- 
portional to the average corrosion rate (C.R:) ex-  
pressed as weight loss of i ron per un i t  area and t ime 

C~ - -  Cibulk -~  (C .R ~)  r [ 6]  

where ~ is the area per  uni t  volume of the node and 0 
is the holding time of the node. If (C.R.) is negative a 
precipitat ion rate is indicated. Notice also that  the 
dr iving force for corrosion or precipitat ion is propor-  
t ional to (Cbulk - -  Csa t )  in  the node. 

The nodes and purge are sources and sinks for fer-  
rous ion. They tend to pull  the bulk ferrous concen- 
t rat ion in  the stream enter ing toward their  saturat ion 
ferrous concentrat ion as determined by local tempera-  
ture  and acid composition by corrosion or precipitation. 
The purge node has a saturat ion concentrat ion of zero. 
The steady-state ferrous ion concentrat ion will be de- 
termined by the most "influential" nodes, those with 
large residence times, large surface to volume areas, 
or large dr iving forces for corrosion or precipitation. 
Thus, ferrous ion concentrat ion and, therefore, corro- 
sion rates in pipes, vessels, and exchangers are deter-  
mined by conditions in  large storage tanks or very 
large heat exchangers. 

If one node is dominan t  it is easy to predict  the sys- 
tem bulk  ferrous  ion concentrat ion by assuming it is 
the saturat ion condition in the dominant  node. Con- 
servative estimates of ferrous ion concentrat ion which 
give an upper  bound for corrosion rates can be made 
by assuming the bulk  ferrous ion concentrat ion is zero 
or, more realistically, equal to the saturat ion concen- 
trat ion in the "influential" node in which it is lowest. 

F rom this it is apparent  that l ining or lowering the 
l iquid level in  an acid storage tank, raising the l iquid 
level in  a storage tank containing acid with absorbed 
hydrocarbon, or upgrading materials in an "influential" 
node can result  in  an increase in corrosion rate else- 
where in  the system which is often thought to be 
mysterious. Inhibi t ion of corrosion of downstream 
equipment  has been effected by lowering steel chains 
into an acid storage tank  in the same acid system to 
create a more "influential" node. 

Conclusions 
The corrosion rate of carbon steel or iron in 68-78% 

weight sulfuric acid is l imited by the rate of convective 
mass t ransfer  of ferrous ion from a ferrous sulfate film- 
l iquid interface into bulk acid. The works of Damon 
(12) and Poluboyartseva et aI. (7) indicate this model 
is probably valid for 60-96% weight sulfuric acid. The 
ferrous ion concentrat ion at the interface is the satura-  
t ion concentrat ion of ferrous sulfate in  the acid. The 

corrosion rate is, therefore, positively influenced by 
this saturat ion concentration, which increases with 
temperature,  decreases with concentrat ion of absorbed 
hydrocarbon in acid, and depends on acid strength in  a 
complex way [see Ref. (8)]. The bulk  concentrat ion of 
ferrous ion is determined by events elsewhere in the 
acid system. Thus, inhibi t ion of corrosion can be pur -  
posefully effected by sacrificial corrosion in large stor- 
age tanks, by addit ion of iron, or by lowering the liquid 
level in tanks containing supersaturated solutions to 
minimize ferrous sulfate  precipitation. Inhibi t ion has 
been accomplished successfully in a petrochemical 
plant  by the in tent ional  in t roduct ion of steel chains to 
a tank  to increase the ferrous concentrat ion in  the 
acid. Accidental increases in  corrosion of critical items 
can occur after  increases in acid purge rate, l in ing  of 
storage vessels, or lowering of l iquid l eve l  in  storage 
vessels. Corrosion rate is influenced by all variables 
which determine mass t ransfer  coefficient, especially 
velocity, viscosity, and diffusivity of ferrous ion. The 
dependence of the la t ter  two on acid s t rength is more 
significant than commonly appreciated. For example, 
the corrosion rate for 78% weight acid is general ly  
lower than  for 68% weight acid, despite the fact the 
ferrous solubil i ty is higher, because the viscosity is 
higher and the diffusivity of ferrous ion is lower. 
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APPENDIX 
It is appropriate to discuss briefly the prediction of 

physical properties required to use the model: ferrous 
ion solubility, viscosity, density, and ferrous ion diffu- 
sion coefficient in acid. Dependence of these on acid 
strength and concentrat ion of absorbed hydrocarbon 
species is important .  

Published values for the saturat ion concentrat ion of 
ferrous ion in sulfuric acid are in considerable dis- 
agreement.  For example, at 55~176 and 65-70% 
weight H2SO4, the following values for ferrous satu- 
rat ion concentrat ion were found: 0.61% weight (13) 
and 0.17% weight (14). Solubil i ty measurements  were 
made in 68% weight lean acid at 23 ~ 38 ~ 48 ~ 65 ~ and 
75~C. The results shown in Fig. 7 were obtained after 
allowing 8 days for equil ibrat ion from an ini t ia l ly 
supersaturated solution. To verify these results, 68% 
weight acid ini t ia l ly free of ferrous ion was equil i-  
brated with solid FeSO4"H20 at room tempera ture  
(about 25~ for a month. The ferrous concentrat ion 
was then measured as 5.8 >< 10 -3 moles/l i ter ,  which is 
in substant ial  agreement  with the concentrat ions mea-  
sured in the ini t ia l ly  supersaturated solution. Solu- 
bilities measured in 78% weight acid a s  a function of 
temperature  after 7 days equi l ibrat ion are shown in 
Fig. 13. It is seen that these solubilities are about 1.5 
times as high as those in 68% weight acid. Solubilit ies 
of ferrous ion were measured in acid containing iso- 
propyl alcohol, the pr imary  equi l ibr ium reaction prod- 
uct when propylene is absorbed. About  a month  was 
required to obtain reasonably steady values of the 
saturat ion concentration. The solubil i ty measurements  
for 38~C are shown in Fig. 14. 

Viscosities for the lean acids were obtained from the 
l i terature (15, 16) for use in our calculations. Viscosi- 
ties for the fat acids were determined at 25 ~ and 60~ 
with a capillary viscometer according to ASTM D445. 
Viscosities at in termediate  temperatures  were obtained 
from Andrade 's  equation (17) where the constants 
were obtained from the 25 ~ and 60~ data 

= EeB/w 

For 67% weight acid, viscosities measured at 25 ~ and 
60~ are shown vs. concentrat ion of absorbed propyl-  
ene in Table II. 

Densities may be found in the l i terature  or measured 
directly with a hydrometer.  In general  densities de- 
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crease with increasing concentrat ion of hydrocarbons.  
For  example, for propylene systems we used 

dp 
---- --0.12(p -- 0.684 -- 86/T) cZ~ 

where f is the moles of absorbed olefin per mole of 
H2SO4 and T is tempera ture  in ~ 

Diffusion coefficients for ferrous ion were measured 
with a rotat ing p la t inum disk electrode. The mass 
t ransfer  l imited current  for the oxidation of ferrous 
ion to ferric ion was determined in an acid of known 
ferrous concentration. This current  was then related 
to the diffusion coefficient for ferrous ion with Levich's 
equation (18). 

The measured diffusion coefficient of ferrous ion in  
68% and 78% weight lean acids are shown in Fig. 15. 
The diffusion coefficients measured at 24~ (68% 
weight H2SO4) and 30~ (78% weight H2SO4) were 
used with Wilke's formula (17) 

D~T/~ 

to compute the diffusion coefficient at other tempera-  
tures. The measured diffusion coefficient at 60~ (68% 
weight H2SO4) agrees wi th in  8% of the value calcu- 
lated from Wilke's formula .  

Table IL Viscosities of 68% weight IPA fat  sulfuric acid 

C o n c e n t r a t i o n  o f  V i s c o s i t y  ( c e n t i s t o k e s )  
a b s o r b e d  h y d r o c a r b o n  25~ 60~ 

0 - -  - -  
0 . 1  5.50 2.55 
0.2 6.86 3.18 
0.335 8.47 3.81 
0.427 9.48 4.22 
0.585 12.03 5.05 
0.825 13.27 5.33 
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Fig. 15. Diffusion coefficient of ferrous ion in H2SO4 vs. tem- 
perature. 

The diffusion coefficients of ferrous ion in the hydro-  
carbon fat acid were computed by extrapolat ing with 
Wilke's formula (19) the data obtained for 68% weight 
H2SO4. The extrapolat ion formula was 

D ---- 1.68 • 10 - l ~  T/~ 

where T is in  ~ ~ in poise, and D in square centi-  
meters per second. This equation can also be used to 
predict the ferrous ion diffusion coefficient in acids of 
differing strength. This equation overpredicts (about 
30%) the measured diffusion coefficient in 78% weight 
acid. Although this extrapolat ion technique is not ideal, 
use of it did lead to results which were consistent with 
the other data taken in this research. 

LIST OF SYMBOLS 3 
A conversion factor between mass t ransfer  flux of 

iron (II) and corrosion rate 2.24 • l0 s cm 3 sec/ 
yr  mole 

C concentrat ion moles/L ~ 
C.R. corrosion rate, c m/ y r  
d diameter, L 
D diffusion coefficient, L2/t 
f concentrat ion of absorbed hydrocarbon, moles/  

mole H2SO4 
h mass t ransfer  coefficient, L / t  
l characteristic length of pipe 
M mass t ransfer  rate, moles/L2-t  
r radius, L 
Re Reynolds number ,  Vd/v (dimensionless) 
Sc Schmidt number ,  , /D (dimensionless) 
Sh Sherwood number ,  hd/D (dimensionless) 
St Stanton number ,  Sh/ReSc (dimensionless) 
T temperature,  e 
V velocity, L / t  

effective diffusion layer thickness 
viscosity, M/Lt  

v kinematic  viscosity, LS/t 
p density, M/L 3 

angular  velocity, 1/t 

Subscripts 
f f i lm-solution interface 
sat saturat ion 

3Dimensions given in mass (M), length (L)j time (t), and 
temperature (8). 
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Preparative Electrolyses at Graphite Paste Anodes 
Kevin D. Wolter and John T. Stock* 
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ABSTRACT 

Two forms of th in - l ayer  graphi te-paste  anodic preparat ive  electrolysis sys- 
tems have been developed. The rotat ing counterelectrode chamber of the 
simpler form provides the st irr ing action. In the other form, the surface 
of the paste is continuously reactivated. With this device, electrolysis of the 
highly anode-deact ivat ing system tyramine  in  NaOH solution has been shown 
to yield a carbon-carbon "dimer." 

Because graphite paste has been found to give very 
low anodic residual  currents,  this is a suitable elec- 
trode mater ial  for analyt ical-scale  oxidation studies 
(1). A graphite paste preparat ive-scale  anode has been 
described by Colaruotolo (2). He used a layer  of paste 
that was spread on a p la t inum contact at the bottom 
of a beaker. Although simple, this design makes con- 
trolled spreading almost impossible, so that  the re-  
sult ing paste layer is uneven  and usual ly  quite thick. 

Although electrolysis systems of quite high electrical 
resistance can be used successfully on the analytical  
scale, the resistance should be as low as possible when 
the large quanti t ies of electricity needed for prepara-  
tive work are involved. Conventional  electrode mate-  
rials have much lower specific resistances than has 
graphite paste. This suggests that a thin layer of paste 
should be spread on a low resistance substrate. The 
paste is made from graphite powder (G) and a non-  
conducting binder  (B) such as Nujol. Accordingly, the 
B/G ratio (ml of b inder  per gram of graphite) should 
significantly affect the resistance of the pas te .  The 
paste must  be coherent so that it will  not break down 
under  the motion of the cell solution or of the cell 
components. Adams (1) recommended a B/G ratio of 
0.6:1 for vol tammetr ic  work. 

Experimental 
A single batch of Fisher Scientific Company grade 

No. 38 graphite powder was used throughout.  Mea- 
surements  of the electrical resistances of graphite-  
Nujol pastes gave poorly reproducible results, tn  gen- 
eral, the application of quite light pressure caused a 
considerable decrease in resistance. However, three 
facts become obvious (i) high B/G ratios give high 
resistance pastes, (ii) below a certain B/G ratio, the 
resistance of the past falls quite rapidly as this ratio is 
fur ther  diminished, (iii) when the B/G ratio is small, 
the resistance is comparat ively low and is relat ively 

�9 Electrochemical Society Act ive  Member .  
Key  words: electrooxidation, e lec t rosynthes i s ,  g r aph i t e  paste 

electrode, electrode activation, t y r a m m e .  

insensitive to changes in  this ratio. However, pastes of 
very low B/G ratio are friable. A B/G ratio of 1.2:1 
was chosen as giving the best compromise of electrical 
and mechanical  properties. The specific resistance of 
this paste was approximately 500 ~ cm. 

In  an at tempt to quant i fy  these conclusions, experi-  
ments were made with "frozen" pastes. These were 
made by mixing  graphite powder with mol ten  paraffin 
wax and allowing the mixtures  to cool. After measur-  
ing resistances, several of the samples were th in  sec- 
tioned for photomicrography. This showed that  small  
graphite particles were much more numerous  than 
large ones. Particle size analysis (Imanco Quant imet  
720 image Analyzer)  of the stock of graphite powder 
confirmed this conclusion. 

Two th in- layer  graphite paste electrolysis systems 
were constructed. The graphite block cell (GBC) is 
shown schematically in Fig. 1. Block A is a 2.5 cm 
length of a 7.5 cm diam graphite rod. A circular groove 
was cut in the upper  face to accept cell B, which is a 
150 ml beaker with the bottom cut off. Graphite  paste 
was spread to a uniform thickness of 1 m m  or less on 
the graphite surface enclosed by the groove. The cell 
was then inserted and sealed into the groove with mol-  
ten paraffin wax. St irr ing was provided by a rotat ing 
chamber C, made from a Nation@ ion-exchange sheet 
(3). This chamber contained the counterelectrode and 
the catholyte, which was usual ly  saturated KC1 solu- 
tion. All potentials were referred to a saturated cal- 
omel electrode through a thread- type  salt bridge (4) 
and were controlled by a McKee-Pedersen Type MP- 
1026 potentiostat. 

Figure 2 shows the essentials of the rotat ing drum 
cell (RDC). The reference electrode and counterelec- 
trode compartment  (3) are not included. The normal  
level of solution is indicated by the broken line. Hori-  
zontal graphite d rum is 6.5 cm in  diameter  and 6.3 cm 
long. It has a Lucite axle that  runs in  U-shaped bear-  
ings mounted on the insides of opposing walls of the 
Lucite cell. This cell is 13 cm long, 12 cm wide, and 11 
cm high. Electrical con~ection to the graphite d rum 
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Fig. 1. Graphite block cell. A, graphite block; B, cut-down 
beaker; C, counterelectrode chamber; D, salt bridge. 
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Fig. 2. Rotating drum cell. A, graphite drum; B, Lucite cell; C, 
carbon brush; D, knurled Lucite wheel; E, rubber drive wheel; F, 
steel drive shaft; G, reactivation roller. 

is made through a small  spring-loaded carbon brush  
that presses near  the edge of the per iphery of the 
drum. A knur led  Lucite wheel attached to the drum is 
dr iven by small  rubber  wheel which is mounted on 
stainless-steel drive shaft. This is dr iven through an 
8:1 reduct ion gear by a 1725 rpm motor. The drive 
shaft also carries a sprocket that  allows reactivation 
roller to be chain driven. This Lucite roller, which is 
1.9 cm in diameter  and slightly shorter than the 
graphite drum, has two functions. First, i t  controls the 

thickness of the paste layer  on the submerged port ion 
of the drum. To this end, the react ivat ion roller  is 
mounted on a movable inner  housing so that  the re-  
activation roller to graphite d rum clearance can be 
changed. Normally,  the clearance was 1 mm. In  opera-  
tion, the system sheds some paste, which falls to the 
bottom of the cell. Automatic paste feed was tried, but  
periodic manua l  application of paste to the drum 
works very well. 

JThe second function of the react ivat ion roller  is to 
restore the activity of the paste when  an anode deac- 
tivator is to be electrolyzed. Some organic compounds 
form poorly conducting products that  coat the anode 
and hence reduce or cut off the cell cur rent  (5). A 
preparat ive cell in  which a rotat ing graphite d rum re- 
activates a graphite  cloth anode has been described 
(6). In  the RDC, the approximate surface speeds of 
d rum and roller are 1290 cm min  -1 and 960 cm rain -1, 
respectively. The shear created by this difference in  
speeds resurfaces the paste before it reenters  the solu- 
tion. 

Results and Discussion 
Figure 3 shows the effect of the B/G ratio upon the 

electrical resistance of paraffin wax-graphi te  "frozen" 
paste. Resistance readings are relat ive only, and were 
obtained with a probe consisting of two 1 m m  diam 
sharp-pointed steel pins fixed 3 mm apart. The pins 
were inserted in  the "paste" to a depth  of 5 mm. These 
results, in  line with the general  behavior  noted for 
Nujo l -bound pastes, were interpreted with the aid of 
the particle size analysis as follows. In  region I, es- 
sential ly all adjacent  particles are in  contact, so that  
the paste has a resistance that  is both low and re la-  
t ively insensit ive to shifts in the B / G  ratio. When, in  
region II, this ratio has become larger, the randomly  
distr ibuted large particles are no longer in  mutua l  
contact but  are bridged by the more numerous  small  
particles. These provide conductive pathways that be-  
come less effective as the dispersion becomes more di- 
lute. In  region III the graphite particles fail  to make 
effective contact and the resistance becomes very high. 

Solutions of K4 Fe(CN)6 in  0.1M KC1 were used at a 
potential  of +0.80V to check the capabilities of the 
electrolysis systems. With 0.25M K4Fe(CN)6 in  the 
GBC, the highest cur rent  density, obtained wi th  a very  
th in  paste layer, was 68 mA cm-~ for a total paste 
area of 20 cm 2. Ti trat ion of residual K4Fe(CN)6 with 
s tandard KMnO4 solution was used to estimate cur-  
rent  efficiencies. Values were close to 100% with 
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Fig. 3. Resistance as a function of B/G ratio for graphite-wax 
composites. 
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K4Fe (CN)6 concentra t ions  up to a p p r o x i m a t e l y  8 mM, 
but  became lower  at h igher  concentrat ions.  

Both systems have  been  used for  the  ox ida t ive  
coupl ing of corypal l ine  ( 7 - h y d r o x y - 6 - m e t h o x y - N -  
methyl - l ,2 ,3 ,4 - te t rahydro isoquino l ine)  and  re la ted  
compounds in aqueous media,  w i th  y ie lds  comparab le  
to those obta ined  at  g raph i t e  cloth or  g raphi te  fe l t  
e lectrodes (7). In  par t icu la r ,  the  s impl ic i ty  of con- 
s t ruct ion of the GBC and the ease wi th  which  its pas te  
l aye r  can be renewed  make  this sys tem poten t ia l ly  
useful  for genera l  ox ida t ive  syntheses.  Exper iments  
are  now being made  in which  chi ra l  and o ther  l iquids 
are used as b inders  in place of Nujol .  

The  GBC was used in an a t t empt  to oxidize  lg  of the  
hydroch lo r ide  of t y ramine  [p-  ( 2 - aminoe thy l ) -phe no l ]  
in 50 ml  of 0.1M NaOH. At  a po ten t ia l  of +0.80V, the  
cur ren t  d ropped  f rom 80 mA to less tha t  1 m A  wi th in  
2 sec. Severa l  runs wi th  the  RDC under  s imi la r  condi-  
tions showed that  reasormble but  somewhat  f luctuat ing 
currents  of 50-60 m A  could be ma in ta ined  for severa l  
hours,  decreas ing on ly  when  the subs t ra te  concent ra -  
t ion was a l lowed to fal l  significantly.  

In  a p r e l i m i n a r y  report ,  Papouchado (8) concluded 
tha t  90-95% of the e lec t ro ly t ic  oxida t ion  products  of 
t y r amine  were  polymeric .  On the basis of vo l t ammet -  
ric and color- tes t  data, these workers  pos tu la ted  tha t  
the nonpolymer ic  produc t  was p - ( 2 - a m i n o e t h y l ) -  
orthoquinone. A run  in the  RDC wi th  3g of t y r amine  
hydroch]or ide  in 400 ml  of 0.1M NaOH gave a cur ren t  
in the range  60-100 mA. The process was s topped when  
e lec t r ic i ty  equiva lent  to 2e pe r  molecule  of t y r amine  
had  been passed. The reac t ion  mix tu r e  was ro t a ry  
evapora ted  to dryness,  using a hot  wa te r  ba th  and re -  
duced pressure  (fi l ter pump) ,  and the res idue was ex -  
t rac ted  wi th  50 ml  of methanol .  This solut ion was 
evapora ted  to a volume of app rox ima te ly  5 ml, filtered, 
and  the f i l t rate  was t r ans fe r red  to four  sil ica gel  
GF254 p repa ra t i ve  TLC plates.  Using 5% NH4OH in 
methanol  as developer ,  the  presence of six products  
was inferred.  The one p repondera t ing  was recovered  
in 0.4% ove r -a l l  y ie ld  as a glass tha t  softened at  a p -  
p r o x i m a t e l y  150~ This ma te r i a l  was identif ied b y  
in f ra red  and mass  spectroscopy as a ca rbon-ca rbon  
"dimer"  of tyramine ,  p robab ly  tha t  shown at  (a) in 
Fig. 4. (IR: peaks for a romat ic  C = C and O-H; ms: 
pa ren t  peak  at m / e  272 and large  peak  at  m / e  243). To 
suppor t  this  identif ication,  7 mg  of the  produc t  were  
ace ty la ted  and its mass spec t rum was examined  (pa r -  
ent  peak  at  m / e  440, in l ine wi th  fo rmula  ( b )  in Fig. 4; 
la rge  peak  at  m / e  381.) 

I t  appears  that  most  of the  t y r a m i n e  is conver ted  to 
da rk -co lo red  products  tha t  a re  p r o b a b l y  po lymers  of 

OH C2H5NH 2 OAc C2H5NHAc 

(a) (b) 

Fig. 4. (a) Carbon-carbon "dirner" of tyramlne (b) acetylated 
"dlrner." 

the me lan in  type  (9). The main tenance  of the  cur ren t  
by  use of the RDC thus a l lowed an isolable  quant i ty  
of a nonpolymer ic  product  to be obta ined  in this  ex -  
t r eme ly  unfavorab le  case. 
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ABSTRACT 

Daunorubic in  and adriamycin,  anthracycl ine antibiotics, have been in-  
vestigated by polarography, cyclic voltammetry,  and chronopotent iometry in  
aqueous media at 37.~~ as have their  aglycones daunomycinone  and adri-  
amycinone. A mechanism is proposed to explain the complex reduction be-  
havior observed. The significance of the mechanism is discussed in  rela-  
t ion to the antineoplastic and cardiotoxic activity of the clinically useful 
daunorubic in  and adriamycin.  

Daunorubicin,  1, a fungal  metaboli te  isolated from 
streptomyces peucetius (which also produces the re-  
lated tetracyclines) is a member  of the anthracycl ine 
class of an t i tumor  antibiotics which includes adr iamy-  
cin, cinerubin,  rhodomycin, rut i lant ine,  pyrromycin,  
nogalamycin,  and carminomycin (1). These glycosidic 
antibiotics are among the most effective antineoplastic 
agents and show activity against a variety of experi-  
mental  tumors and certain types of human  cancer (1, 
2). Daunorubic in  was the first compound to show 
therapeutic effect in the t rea tment  of acute leukemia 
in man  (2). Biochemical evidence indicates that  
daunorubic in  and adr iamycin  are metabolized in  rat  
l iver  by an N2;DPH-mediated "daunorubic in  reduc-  
tase," an aldo-keto reductase, to daunorubicinol  and 
adriamycinol,  respectively (3, 4). Enzymatic reduction 
of the carbonyl  group of daunorubic in  occurs more 
readily than does that of adr iamycin (5, 6). Dauno- 
rubicinol  is the major  excretion form of daunorubic in  
and is a major  form of the drug in tissues (3); it has 
cytotoxic properties and is an impor tant  component  in 
the action of t~he drug (3). Another  impor tant  meta-  
bolic pa thway leads to reductive cleavage of the glyco- 
sidic l inkage to produce the 7-deoxyaglycones (6). The 
anthracyclines are current ly  considered to act by se- 
lective inhibi t ion of both DNA-directed DNA synthesis 
and DNA-directed RNA synthesis in part  by strong 
intercalat ive b inding  to duplex DNA in the cell n u -  
cleus; this b inding  prevents  unwind ing  and strand 
separation dur ing the semiconservative replication 
process (1). 

There have been reports of chromosomal damage as 
a result  of daunorubic in  adminis t ra t ion (7, 8). Simi- 
lar ly  the marked immunosuppress ive action of the 
anthracyclines appears to be related to the degradation 
of nucleic acids in blood lymphocytes (9-11). The 
chemical mechanism of this degradation of nucleic 
acids has not been investigated. However, there is a 
s t ructural  s imilar i ty  between the quinone moiety of 
the anthracyclines and that  of s treptonigrin (12), 
mitomycins B and C (13), and certain 5: 8-quinol inedi-  
ones (14) which show an t i tumor  properties and which 
we have shown cleave DNA after reduct ion by  a com- 
mon mechanism involving generat ion of superoxide 
radical anion and hydroxyl  radicals (15-18). One there-  
fore anticipated that a similar mechanism operates for 
the anthracyclines,  which would have the added ad- 
vantage of being firmly bound to the target DNA. We 
have recently confirmed that  this process occurs be- 
tween daunorubic in  or adr iamycin and supercoiled co- 
valent ly  closed circular DNA in the presence of a re-  
ducing agent (19). 

Chemotherapeutic t rea tment  of cancer employing 
daunorubic in  and adr iamycin is hampered by dose- 

* Electrochemical Society Active Member. 
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related cardiotoxic effects (20-23) which have been 
shown to .be associated with their  inhibi t ion of co- 
enzyme Q10 mediated enzymes in mitochondria of the 
myocardium and with interference of electron t rans-  
port processes and oxidative phosphorylat ion and 
Which clearly involve the oxidative power of the an-  
thracyclines (24-29). 

For these three separate reasons a detailed study of 
the redox behavior  of the anthracyclines is of interest. 
An earlier polarographic study of Calendi et al. shows 
a polarographic reduction wave with a formal potential  
of --0.6~ for daunorubicin;  however, depolarizer con- 
centrat ion and other polarographic parameters  were 
not reported (30). Moreover, these authors argued 
that the disappearance of this polarographic wave 
When D NA was added to daunorubic in  was evidence 
for the formation of a DNA-daunorubic in  complex. It 
is well known that DNA adsorbs on mercury  at this 
potential  range (31), which makes this explanat ion un-  
likely. Therefore, we report the electrochemical reduc- 
tion of daunorubic in  (1), adr iamycin ( lb ) ,  and their 
aglycones in vitro, together with such related proc- 
esses as are accessible to electroanalytical  investiga- 
tions. The structures of 1, la, and 2 (7-deoxydauno- 
mycinone) are given in Fig. 1; the s tructure of adria-  
mycin, lb, is identical to that of daunorubicin,  1, ex- 
cept that the --COCH3 ketone side-chain of dauno-  
rubicin  is replaced by --COCH2OH in adriamycin.  

Experimental 
Daunorubic in  hydrochloride (daunomycin) ,  1, ob- 

tained from Calbiochem, was used without  fur ther  
purification. Exper imental  studies were carried out at 
three concentrations, 1.9 • 10 -4, 7.8 • 10 -5, and 1.9 
• 10-SM. The concentrations were determined spectro- 
photometrically on a Cary 118 spectrophotometer using, 
the molar extinction coefficient of 11.4 • 108 at 485 nm 
(3). The solution was buffered at pH 7.1 with 0.1M 
phosphate buffer in 0.1M KC1 in  most of the experi-  
ments; however, the pH of the solution was varied 
from 6 to 8 in the pH-dependence study. The ab-  
sorption spectrum includes a broad peak around 480 
nm in the visible region which was used for analysis 
and three peaks at 290, 253, and 233 nm in the u l t ra -  
violet region. 

The aglycone daunomycinone,  la, was prepared by 
acid hydrolysis of the antibiotic according to a l i tera-  
ture procedure (32). The absorption spectrum of l a  
differs from that of 1; the peak at 480 nm is broadened, 
the peaks at 233 and 290 nm are displaced to 228 and 
310 rim, and the 253 nm peak is unchanged. The sam- 
ple solution of l a  was prepared as were the sample 
solutions of 1. Its concentrat ion was measured spectro- 
photometrically as 1 • 10-SM, the max imum concen- 
t rat ion which could be achieved due to the low solu- 
bili ty of this compound (33). 
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Fig. 1. Electrochemical reduction mechanism proposed. Only the 
part of the molecule involved in II IC and IIC is shown for these 
steps. Potential of processes I and I' are those for reversible be- 
havior while potentials of IIC and IIIC are experimental peak po- 
tentials. 

Solutions of the more  soluble adriamycin,  lb, (NCI 
sample) were  4.0 • 10-4M and were  otherwise pre-  
pared and used in the same manner  as those of dauno- 
rubicin. The aglycone adriamycinone,  lc, was prepared 
by acid hydrolysis (32) of adriamycin.  

All other  exper imenta l  conditions were  as previously  
described (34); all potentials were  measured and are 
g iven with  respect  to the aqueous saturated calomel 
electrode. 

Results 
Daunorubicin, 1 .~The  classical d-c polarogram of 

1.9 • 10-4M daunorubicin  at 5 sec drop t ime (0.0- 
--0.9V) showed two waves with a surface-complicated 
second wave  plateau (Fig. 2) unlike the previously 
reported two-e lec t ron  revers ible  single wave  (30). 
The approx imate  ha l f -wave  potentials of these peaks 
are, for IC, --0.58V and, for I'C, --0.63V at pH 7.1; 
the average of these two values is close to the l i tera-  
ture  value of --0.6V (30). 

Differential  pulse polarography (0.0---1.6V) gave 
four peaks depending upon both the drop t ime and the 
concentrat ion (Fig. 3). The peak IC appeared at --0.59 
+-- O.OIV for all drop times 0.5-5 see. Increasing the 
concentration had no effect on the peak potential at 
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Fig. 2. D-c polarogram of | ( i .9 X 10-4M) ,  oH = 7.1 in phos- 
phate buffer, 37.5~ ~ = 2 mV/sec, drop time 5 sec. 
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Fig. 3. Differential pulse polarogram of 1 (1.9 X 10-4M) ,  pH 
7.1 in pt, osphate buffer, 37.5~ v = 2 mV/sec; drop times: A, 
5 sec; B, 2 sec; C, 1 sec; D, 0.5 sec. 

drop times 0.5-2 sec; at a drop t ime of 5 sec, however ,  
a shoulder replaced peak IC as the concentrat ion in- 
creased. The peak I'C appeared at --0.655 and --0.630V 
in the solution of 1.9 • 10 -4 and 7.8 • 10-~M, respec-  
tively. This peak was always a shoulder at 2 sec and 
almost undetec table  at 0.5 sec even  for the 1.9 X 
10-4M solution. Peak IIIC appeared at -- 1.14V at higher  
concentrations; the same process appeared as a wave  
in 1.9 X 10-~M solution. The peak IIC appeared at  
--1.32V at all concentrat ions and drop times. 

Chronopotent iometr ic  studies confirmed the pres-  
ence of all the processes ment ioned above. The process 
fhat corresponds to the potent ial  of wave  IC influences 
the chronopotent iometr ic  wave  I'C. The combined 
wave  has Er/4 = --0.63 _ 0.01V; ET/4 is the chrono- 
potent iometr ic  equivalent  of the polarographic half-  
wave  potential.  The i~-1/2 product  for this wave  in-  
creases wi th  the increase in current;  its chronopo- 
tent iometr ic  constant i~ 1/2 is proport ional  to C0.~L 

Figure  4 is a typical cyclic vo l t ammogram of a pH 
7.1 daunorubicin solution at 500 mV/see.  It shows three  
cathodic peaks (IC-IIIC) and one anodic peak (IA).  
A broad anodic peak also appears close to --0.2V. 
Mult icycie runs showed, in addit ion to I'C, two 
more cathodic peaks at about --1.08 and --1.25V; 
the peak at --L25V is bet ter  defined in alkaline 
solutions. These two additional cathodic peaks may 
appear during the first cycle at slow scan rates 
and, at higher  scan rates, in alkal ine solution. The 
cathodic Feaks IIIC and IIC appeared at --1.16 ~ 0.02V 
and --1.34 • 0.02V at v = 500 mV/sec  for solutions of 
pH 6-7.5; both these peaks were  barely  visible at pH 
> 7.5. No character izable peaks appeared be tween  
--0.9V and the support ing electrolyte  discharge in the 
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Fig. 4. Cyclic vnitammogram of 1 (i.9 X 10-4M) ,  pH 7.1 in 
phosphate buffer, 37.5~ ~ = 500 mV/sec. 
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vicini ty of - - l .2V when the pH of the solution was 
changed from 6.52 to 3.1. Restoring the pH of this solu- 
t ion to neut ra l  caused these peaks to reappear. All 
these cathodic peaks appeared to shift anodic as the 
scan rate decreased; the relat ive shift for IIC was 
greater than IIIC. The appearance of these cathodic 
peaks and the absence of the corresponding anodic 
peaks indicates that these processes are not reversible. 

Most of the cyclic vol tammetr ic  studies were re- 
stricted to the potential  range of --0.3---0.9V to avoid 
complications ar is ing from the processes outside this 
potential  range. With the range thus restricted, only 
IC, I'C, and IA were visible depending on the scan 
rate, concentration, and the pH of t h e  solution. 

The cathodic peak IC is p rominent  in 1.9 X 10-4M 
solution of pH 7.1 at scan rates above 100 mV/sec. 
Below 100 mV/sec, the peak IC appeared either as a 
small peak or a shoulder (Fig. 5). The scan rate at 
which IC first appeared as a shoulder decreased as the 
concentrat ion decreased and increased as the pH of the 
solution increased. The peak potential  of IC is --0.62 
___ 0.01V, independent  of scan rate, up to 2 V/see, and 
thereafter  is shifted cathodic by 30-40 mY for each ten-  
fold increase in  scan rate. The Ipv - I / 2  product increased 
with the increase in scan rate; an approximate rela-  
tionship of Ip~ - I / 2  proport ional  to C ~ is obtained from 
the concentrat ion dependence. Such a concentrat ion 
dependence on current  was observed for an thraqui -  
nones by Broadbent  and Zollinger (35). According to 
these authors, the l imit ing current  for the more posi- 
tive wave was independent  of concentrat ion only 
above 10-4M, the upper l imit  of the present  study. A 
value of an  of approximately 1.4 can be calculated 
from the difference between the peak potential  and the 
half -peak potential. This, and the pH dependence of 
peak potential  of 58 m V / p H - u n i t  for IC, suggests that  
the electrode process taking place at this peak poten-  
tial may be an irreversible two-electron, two-proton 
process. 

The potential  of the anodie peak IA is --0.64 _ 0.01V, 
independent  of scan rate, up to 500 mV/sec, and there-  
after is shifted anodic by 30-40 mV for each tenfold 
increase in scan rate. The Ipv - I / 2  product increased 
with increase in  scan rate. This peak potential  has a 
pH dependence of 58 mV/pH unit.  The peak IA ap- 
peared cathodic to IC at ~ ~ 2 V/sec and anodic to IC 
at v ~ 2 V/sec. The anodie peak sometimes became 
sharp, especially in 7.8 X 10-SM solution (Fig. 6), in 
the vicinity of scan rate 100 mV/sec when I'C is ap- 
proximately equal to IC, dur ing the mult icycle run  at 
slower scan rates (Fig. 5), or upon excursion to very 
negative potential  in  a single cycle. The ratio of anodic 
to cathodic current  of process I is constant  at about 
0.4 for , ~ 50 mV/see and then increases, reaching a 
value of 0.9 at 50 V/sec (except when  IA is sharp or 
the solution is very acidic). This ratio passes through a 
max imum in the scan rate region where IA is sharp. 
In  acidic solution, say pH ~ 3.1, the ratio Ip ( IA) / Iv  
(IC) is almost uni ty  at i00 mV/sec ~ v ~ 50 V/see, 
which is the scan rate l imit at this pH. All these facts 
suggest that the process or processes giving rise to 
peak IA show the combined influence of the two 
cathodic processes of I and I'. The observed single 
anodic peak IA may arise from two separate but  indis-  
t inguishable anodic processes, those of I and I'. In  
1.9 X I0-4M solution of pH 7.1, the height of the 
peak I'C is greater than that of the peak IC at ~ ~ 100 
mV/sec. The peak I'C began to become noticeable at 
slower scan rates as the concentrat ion of the solution 
decreased and at higher scan rates as the solution pH 
increased. The peak I'C appeared as a shoulder to the 
peak IC in  the solution of pH 6.5 at v ~- I00 mY/see; it 
disappeared upon acidification to pH 3.1 and reap-  
peared When the solution pH was restored to neutral .  
The peak potential  of I 'C is --0.67 • 0.01V independent  
of scan rate. The separation of peak potential  be tween 
I'C and IA is about 30 + 5 inV. This, and the pH de- 
pendence of 58 mV/pH uni t  for the peak I'C, suggests 
that the process occurring at the potential  correspond- 
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ing to the I'C is a two-electron, two-proton process. 
The Ip~ -1/2 product increased with the decrease in scan 
rate and the concentrat ion dependence of Ipr -1/2 is 
proport ional  to C 0.67, a s imilar  relationship to that ob- 
served in the chronopotentiometric studies. 

In  mult icycle runs, the peak IC observed on the first 
cycle disappeared in the second and subsequent  cycles 
(Fig. 5 and 7). In  the second cycle (at ~ _-- 500 mV/sec 
for the solution of 1.9 • 10-4M of pH 7.1), the height 
of the peak IA is increased, the height of the new peak 
I'C is greater than that  observed for IC in the first 
cycle, and the peak separation between the peaks I'C 
and IA is 30 _ 5 mV. This value of 30 mV peak sepa- 
ra t ion suggests a reversible two-electron process as 
explained above. Fur the r  cycling shows normal  be- 
havior, which is a slow decrease in  peak height, with 
a slight or no change in peak potential,  as the n u m b e r  
of cycles increases. In  ten times diluted solution, the 
height of the new peak I'C in the second cycle is, how- 
ever, smaller  than  that of the peak IC in the first 
cycle (Fig. 7). Multicycle runs at slower scan rate 
showed similar behavior, but  the peak IA grew sharper 
as the number  of cycles increased (Fig. 5). 

Daunomycinone, la . - -Solu t ions  of daunomycinone  at 
pH 6.86 gave three cathodic-anodic couples (Fig. 8), 
and two additional cathodic peaks. 

Couple I has a cathodic peak IC (--0.60 • 0.01V, in -  
dependent  of scan rate up to 20 V/sec) and an anodic 
peak IA (--0.604 _ 0.01V independent  of scan rate up 
to 5 V/sec).  At faster scan rates, the cathodic peak 
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shifted more negative and the anodic peak shifted more 
positive with increase in scan rate. The ratio of the 
anodic current  to the cathodic current  is closer to un i ty  
above 500 mV/sec, but  this ratio decreased with de- 
crease in scan rate. When the potential  range was re-  
stricted (--0.4---0.8V) a current  ratio of un i ty  was 
obtained. The potential  difference between the peak 
potential  and the half -peak potent ial  for the cathodic 
peak is approximately as expected for a two-electron 
process. 

The cathodic peak IIC of couple II appeared at --1.35 
__ 0.02V for ~ = 500 mV/sec and shifted anodic as the 
scan rate decreased. The corresponding anodic peak 
IIA appeared at --1.00 _+ 0.01V at ~ < 1 V/sec. 

A new couple not visible in daunomycin  vol tam-  
mograms, designated IV, was clearly present  in  those of 
la, daunomycinone.  This couple consisted of a broad 
cathodic ~eak iVC which at 50 mV/sec had a potential  
of --0.195'V; a shoulder was present  on the positive 
side. The peak potential  became more negative and 
the peak became better  defined as the scan rate was 
increased. 'l he corresponding but  smaller  anodic peak 
IVA had a peak potential  of --0.130V at r = 50 mV/sec 
(shoulder on negative side). The peak potential  be- 
came more positive with increasing scan rate and 
could no longer be distinguished from mercury  dis- 
solution at v > 200 V/sec. 

The cathodic peak IIIC was visible at scan rates be- 
low 1 V/sec, had a cathodic peak potential  of --1.16 _ 
0.01V and shifted slightly anodic as the scan rate de- 
creased. Multicycle runs (0---1.6V) did not show any 
addit ional peaks, but  IC shifted cathodic with con- 
t inued cycling unt i l  the peak potential  of IC equaled 
that of I'C. 

Adriamycin, l b . - -The  behavior of adr iamycin w a s  
very similar  to that of daunorubicin;  the major  peaks 
IC, IA, I'C, iIC, and IIIC, as well as the minor  peaks, 
were observed. The slight differences in peak potential  
are summarized in Table I. 

With adriamycin,  repeated cyclic vol tammetry  to 
--1.6V gave rise to a new process (cathodic Ep --0.26V 
and anodic Ep --0.17V) which was barely observable 
on the curves. These are similar to the process IV 
which appear on the cyclic vol tammetr ic  curves of 
daunomycinone.  Corresponding processes IV can barely 
be distinguished on a few of the curves for the most 
concentrated solutions of daunorubicin.  

Adriamycinone, lc . - -Solut ions  of adr iamycinone at 
pH 7.04 gave cyclic vol tammograms very similar  to 
those of daunomycinone.  Well-defined peaks were ob- 
served for IC, IA, IVC, and IVA (peak potentials 
--0.604, --0.600, --0.194, --0.123V at v ---- 100 mV/sec) .  
The cathodic processes IIC and IIIC, though present, 
were extremely ill defined; a peak IIA was dist inguish- 
able at --0.99V. Process I' was clearly absent  in  both 
daunomycinone  and adriamycinone.  

Discussion 
The mechanism proposed to account for the observed 

behavior of these compounds is shown in Fig. 1. The 
process I' is ascribed to the reversible two-electron,  

Table I. Peak potentials observed for antibiotics 
(against aqueous SCE) 

P e a k  potential  

Prac- Daunomye inone  Daunorubic in  Adr iamycin  
ess (Volts) (Volts) (Volts) 

IC -0.600 -~ 0.01 -0.620 -- 0.01 -0.620 + 0.01 
I A  - 0 . 6 0 4  -- O.Ol - 0 . 6 4 0  ----- 0.01 - 0 . 6 2 5  ~ 0.Ol 
I 'C  A b s e n t  - 0 . 6 7 0  • 0.01 - 0 . 6 6 0  ----- 0.01 
I IC - 1.35 ~ 0.02 - 1.34 -4- 0.02* - 1.41 ----- 0.02* 
I I IC  - 1 . 1 6  ~ 0.01 - 1 . 1 6  + 0.02* - 1 . 1 8  __+ 0.02* 

* p H  i n d e p e n d e n t ;  a l l  other  processes  at p H  7.0 - -  0.1. Scan  r a t e  
i n  a l l  cases  100 mV/sec .  

Fig. 8. Cyclic voltammogram of la (approximately i X 10-5M),  
pH 6.86 in phosphate buffer, 3 7 . 5 ~  ~, = 500 mV/sec. 
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two-p ro ton  reduct ion of the  quinone group  of dauno-  
rubicin,  1, and adriamycin~ lb ,  at  a formal  potent ia l  of 
--0.66 --*_ 0.02V against  SCE. Precise measurement  of 
this revers ib le  process is p reven ted  by  two compet ing 
subsequent  i r revers ib le  processes. Firs t ,  r a p i d  and i r -  
revers ib le  e l imina t ion  of t h e  amino sugar  moie ty  oc- 
curs, giving rise to 7-deoxydaunomycinone ,  2. This 
process para l le l s  the pr inc ipa l  pa thway  for  human  
metabol i sm of the anthracycl ines  (36, 37). Like  the  
pa ren t  antibiotic,  2 is capable  of a revers ib le  two-e lec -  
tron, two-p ro ton  reduct ion  of the quinone group. Mild 
chemical  reduct ion  (Na2S204) of 1 results  in quan t i t a -  
t ive conversion to 2, suppor t ing  this proposed process 
(38). Second, hydro ly t ic  c leavage of the  hydroquinone  
of 1 gives r ise to the  reduced  form of the aglycone la.  

By e i ther  route, a sys tem is formed (2-3 or l a -6 )  
which is a qu inone-hydroquinone  system capable  of 
revers ib le  two-elec t ron,  two-p ro ton  reduction.  A fur -  
ther  possible steep would  be dehydra t ion  at  C7 and Ca 
of r ing A to in t roduce  aromatic i ty .  In  all  of these three  
cases the  s t ructures  are  ve ry  similar ,  and the redox 
process I may  involve contr ibut ions  f rom them all. 
However ,  we believe tha t  the e l imina t ion- t au tomer i sm 
route  th rough  2 is the most probable .  The formal  po-  
ten t ia l  of I is --0.62 *- 0.02V, the potent ia l  being 
s l ight ly  less negat ive  when the amino sugar  is absent  
( la ,  l c )  than  when it  is p resen t  (1, l b ) ,  so tha t  fol low- 
ing reduct ion  the hydroquinone  forms wil l  be present.  

Once formed the hydroquinones  such as 3 and 6 are  
capable  of fur ther  reduct ion only at  considerably  more  
negat ive  potent ia ls  where  reduct ion of the s ide-cha in  
carbonyl  group on r ing A can take place. This occurs 
in two i r revers ib le  one-e lec t ron  steps des ignated  IIIC 
(--1.16V) and IIC (- -1 .34~)  to produce the final p rod-  
uct  alcohol. Such a mechanism is consistent  wi th  the  
exper imen ta l  e lect rochemical  data. The mechanism for 
ad r i amyc in  is ident ica l  to tha t  for  daunorubicin.  

Quinone redox processe~ I and / ' . - - T h e  two waves  
observed in the  classical polarographic  measurements  
correspond to the process 1' and I, reduct ion of 1 and 
of l a  or 2, respect ively ,  and represent  kinetic  r a the r  
than  equi l ib r ium reduct ion  of the la t ter ;  the close s imi-  
l a r i ty  of ha l f -wave  potent ia ls  may  expla in  why  the 
separa t ion  was not  observed by  ear l ie r  workers  (30) 
s ince  different ia l  pulse  po la rog raphy  is requi red  to 
dis t inguish them clearly.  The kinet ic  na ture  of I '  is 
c lear ly  evident  f rom the effect of drop t ime shown for 
the  two different ia l  pulse po larograms of Fig. 3; the 
chemical  steps take  place wi thin  3 sec, and the ha l f -  
t imes of these heterogeneous steps (which are  not di -  
rec t ly  comparable  to s imilar  homogeneous chemical  
kinet ic  steps) a re  1 sec or less, since at  such speeds 
thei r  effect disappears .  

The appearance  of the combined waves  IC and I 'C in 
chronopoten t iomet ry  confirms the complicat ion in 
separa t ing  the two processes. Moreover,  the increase  in 
i~ 1/2 with increasing cur ren t  is evidence for  ECE 
mechanisms (39) such as are  proposed here.  

Cyclic vo l t ammet ry  fur ther  character izes  the chemi-  
cal step be tween the two cha rge - t r ans fe r  steps for the  
reduct ion of 1 and 2. The solubi l i ty  of daunomycinone  
in wa te r  is low (32) as evident  f rom the observat ion 
repor ted  in this work  such as low absorpt ion  in spec- 
t ropho tomet ry  and the smal ler  peak  currents  in cyclic 
vo l t ammet ry  of l a  compared  to 1. The charge t ransfer  
process I '  appears  to be an i r revers ib le  two-elec t ron,  
two-p ro ton  process, but  the i r revers ib i l i ty  is due to the 
influence of the  fol lowing chemical  step. The facts to 
account for by  the chemical  step are: (i) the revers i -  
b i l i ty  of process I for l a  and lc, and the apparen t  re -  
vers ib i l i ty  of I at  h igh scan rates  for 1 and lb ;  (if) the 
cont inued appearance  of I 'C and d isappearance  of IC in 
the  subsequent  cycles of a mul t icyc le  vo l t ammogram 
of 1 (Fig. 7); and (iii) the influence of cathodic peaks  
IC and I 'C on the anodic peak  IA. In considerat ion of 
the  last  point,  the  anodic peak  IA, at  least  at  lower  
scan rates, behaves  as the  anodic coun te rpar t  of both. 

Under  these condit ions of s lower sPeed, the  charge-  
t ransfer  process I '  can have no anodic counte rpar t  since 
the corresponding hydroquinone  undergoes  chemical  
react ion and is not  ava i lab le  for reoxidat ion,  and an 
anodic peak  I 'A should not be observed.  

The ra te  of the i r revers ib le  chemical  react ion that  
follows the ini t ia l  reduct ion  of 1, b reakage  of the  gly-  
coside l inkage,  and tau tomer iza t ion  can be es t imated 
f rom the cyclic v o l t a m m e t r y  (34). Use of the  anodic /  
cathodic peak  cur ren t  ra t ios  of the  vo l t ammet r i c  
curves does not give a sa t is factory  va lue  of ks. How- 
ever, the  ra te  constant  kf can be es t imated  f rom the 
scan ra te  at  which the peak  I 'C appears  and the t ime 
requ i red  to scan be tween  IC and I'C. The value  is 
about  1 sec -1 and comparable  wi th  the  ha l f - t ime  of 1 
sec or  less es t imated  f rom polarography.  

Sidechain carbonyl reduction processes IIC and IIT.C. 
- - T h e  nonrevers ib le  reduct ion  processes IIC and I I IC 
are  ascr ibed to the reduct ion of the  s ide-chain  car-  
bonyl  groups on the basis of the i r  s imi la r i ty  to the  re-  
duction processes of ace tophenone  and l ' - a ce tonaph -  
thone (40) and our  observat ion that  these peaks  are  
absent  when the s ide-chain  carbonyl  is pro tec ted  by  a 
keta l  group. With  the addi t ional  benzene r ing in l ' -  
acetonaphthone,  two separa te  peaks  are  observed (40). 
We a t t r ibu te  the  peaks  I I IC (--1.16V) and IIC 
(--1.34V) to the reduct ion of the s ide-cha in  carbonyl  
group on r ing  A as shown in Fig. 1. 

The genera l ly  accepted reduct ion mechanism for the 
s ide-chain  carbonyl  compounds (a ry l  a lky l  ketones)  in 
neu t ra l  media  (41) is" 

ArCOR + e --> ArCOR 

ArCOR W- H + -* A r C ( O H ) R  

A R C ( O H ) R  -b e-> A r C ( O H ) R  

A r C ( O H ) R  + H + -> A r C H ( O H ) R  

which is two one-e lec t ron  processes each fol lowed by  
a protonat ion  step. Our da ta  do not unambiguous ly  
show two one-e lec t ron  steps each fol lowed by  pro-  
tonation, and the mechanism shown in Fig. 1 therefore  
does not dis t inguish the pro tonat ion  process. 

Adr iamyc in  g ives  peak  IIC some 70 mV more  cath-  
odic than does daunorubicin ,  indicat ing tha t  the reduc-  
tion to the alcohol is cons iderably  easier  for dauno-  
rubicin  than for adr iamycin.  This is consistent  wi th  the 
observed grea ter  metabol ic  reduct ion to daunorubic inol  
(50-60%) than  to the corresponding adr iamycino l  (15- 
2O%) (3). 

Other processes.--The surface complicat ion on the 
di f fus ion- l imited p la teau  apparen t  f rom the shape of 
the i-t profiles of the  ind iv idua l  drops in the classical 
d-c  po la rography  (Fig. 2) at potent ia ls  more  negat ive  
than  --0.7V may  wel l  be adsorpt ion  of 3 or 6 since the 
shape of the drops below this p la teau  is the normal  
rise expected for t 1/6 dependence.  Sharp  peaks  ob- 
served in cyclic vo l t ammet ry  at the  s lower scan rates  
or in the subsequent  cycles of the  mul t icyc le  run  (Fig. 
5 and 6) confirm the adsorpt ion  of 3 as these sharp 
peaks were  a t t r ibu ted  to two-d imens iona l  phase  t r an -  
sitions in the adsorbed l aye r  or to l a te ra l  in teract ions  
be tween  the adsorbed atoms (42). 

The process IV occurring at potent ia l s  more posi t ive 
than IC for l a  and lc  cannot be unambiguous ly  de-  
fined, a l though it is discussed fur ther  in the fol lowing 
paper  (40). This process was not found in the  pa ren t  
antibiot ics at other  than  the t race  level  expected for 
very  s l ight  hydrolysis .  

Conclusions 
The proposed mechanism for the e lectrochemical  r e -  

duct ion of daunorubic in  is consistent  wi th  the view of 
Di Marco et al. (1). The metabol ic  t rans format ion  con- 
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sists of reduc t ive  modification of the chromophore  as-  
sociated with  b reakage  of the glycosidic l inkage  wi th  
the  format ion  of the 7 -deoxydaunomycinone  and s imi-  
la r  species. Our expe r imen ta l  findings do not  demon-  
s t ra te  the  format ion  of daunorubicinol .  Our observa-  
tions, however ,  do not p rec lude  the format ion  of 
daunorubic inol  dur ing  enzymat ic  reduct ion (3), since 
the a ldo-ke to  reductase  involved in the s ide-chain  re -  
duction is unable  to reduce the  quinone funct ional  
group to its hydroquinone.  Moreover,  the quinone 
group hydrogen-bonded  to ad jacent  hydroxy l  groups, 
as in the present  case of in t ramolecu la r  hydrogen  
bonding be tween  the C5, C12 quinones and the C6, Cll  
hydroquinones,  is known to remain  unaffected by  some 
chemical  reducing agents;  for example,  reduct ion of 
1 -hydroxyan th raqu inone  by  zinc in the presence of 
acetic acid yields  1 -hydroxyan th rone  (43). The effect 
of hydrogen  bonding upon the redox chemis t ry  of these 
compounds is discussed fur ther  in the fol lowing paper  
(4O). 

The e lect rochemical  resul ts  demons t ra te  tha t  the 
quinone r ing C of the an thracyc l ine  is more  difficult to 
reduce than  for  example  mi tomycin  C (32) ( redox po-  
tent ia ls  of --0.600, --0.650, and --0.385, --0.468V re -  
spec t ive ly) .  The ident ical  r ing  C redox  potent ia ls  of 
daunorubic in  and daunomycinone  confirm tha t  the 
more  extens ive  degrada t ion  of DNA by the pa ren t  an t i -  
biotic than  of the aglycone is due to the  s t rong binding 
of the  amino sugar  moie ty  of the  former  to the DNA 
ta rge t  (19). 

In summary  the presen t  studies provide  an e lec t ro-  
chemical  basis for in te rp re t ing  the degrada t ion  of DNA 
tha t  accompanies  clinical  admin is t ra t ion  of daunomy-  
cin, of the cardiotoxic  side effects that  depend  d i rec t ly  
on the oxida t ive  capaci ty  of the chromophore,  and of 
i ts reduc t ive  enzymat ic  metabol i sm to 7 -deoxydauno-  
mycinone.  
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IV. Electrochemical Studies of Daunomycinone Analogues 
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ABSTRACT 

Cer ta in  synthet ic  analogues of daunomycinone  have been inves t iga ted  by  
cyclic vo l t ammet ry  in aqueous media  at 37.5~ The expe r imen ta l  resul ts  
have been of significance in es tabl ishing the  e lect rochemical  reduct ion be-  
havior  of daunomycinone  and the re la ted  compounds daunorubie in  and adr i -  
amycin  descr ibed in the preceding  paper .  

Daunorubic in  1 and ad r i amyc in  are  members  of the  
an thracyc l ine  class of ant ibiot ics  which are  among the 
most promising for the  a l levia t ion  of cancerous condi-  
t ions in humans  (1). A serious d isadvantage  of these 
drugs is thei r  cardiotoxic i ty  or congestive hear t  fai lure,  
which occurs in 20-30% of pat ients  t rea ted  (2-6) and 
also thei r  cu r ren t ly  high price since the isolat ion y ie ld  
f rom the fungus streptomyces peucetius is low. Con- 
sequent ly  there  is considerable  cur ren t  in teres t  in de-  
veloping v iable  synthet ic  approaches  to these va luable  
drugs  and the p repara t ion  of analogues having im-  
proved therapeut ic  indices. 

To date  research  has concentra ted  on modifications of 
the anthracycl ine  or aglycone por t ion of the molecule,  
since it has been shown tha t  the amino sugar  daunos-  
amine  is essent ial  for ant icancer  activity.  Subst i tu t ion  
of o ther  molecules for the amino sugar,  such as a ~- 
a lanine ester  of the  7 -hydroxy  group on the an th ra -  
cycline, des t royed an t i tumor  ac t iv i ty  in vivo (7). Two 
independent  total  syntheses of the  aglycone of dauno-  
rubic in  and carminomycinone  have been repor ted  (8, 
9) as well  as the subsequent  glycosidat ion wi th  daunos-  
amine (10). Adr i amyc in  m a y  also be p repared  f rom 
the synthet ic  daunomycinone  (7, 11) and some adr ia -  
mycin  analogues have been descr ibed (12). 

Recent  work  has  shown tha t  microbia l  biomodifica-  
t ion is useful  in the p repa ra t ion  of analogues. Thus bac-  
te r ia l  metabol i sm of daunorubic in  by  streptomyces 
steffisburgensis produced 7-deoxydaunomycinone  and 
its ca rbony l - reduced  counte rpar t  by NADPH media ted  
enzymat ic  s ide-cha in  reduct ion  of the ant ibiot ic  (13), 
This work  demons t ra ted  tha t  microbia l  metabol i sm of 
an thracycl ines  follows the same pa thway  previous ly  
demons t ra ted  for m a m m a l i a n  metabol ism.  

In the preceding paper  (14) we examined  the redox 
behavior  of daunorubic in  by  e lec t roanaly t ica l  tech-  
niques as i t  per ta ins  to three  separa te  aspects of 
chemotherapy  by  the drug:  (i) Metabol ism by dauno-  
rubic in  reductase  which reduces the s ide-cha in  acetyl  
group and produces  biological ly  active metabol i tes ;  
(it) cardiotoxic i ty  which is associated wi th  the in te r -  
ference wi th  e lec t ron t r anspor t  processes and oxida t ive  
phosphoryla t ion;  and (iii) chromosomal  degrada t ion  
which may  resul t  f rom single s t rand  cleavage of nucleic 
acids by  radicals  produced by  the drug in vivo. 

To fu r the r  character ize  the effects of s t ruc tura l  
changes in the an thracyc l ine  moie ty  on these processes, 
we descr ibe  in the  present  paper  the e lec t roanaly t ica l  
examina t ion  of a series of synthet ic  daunomycinone 
analogues which may  prove useful  in the  prescreening  
of potent ia l  an t i tumor  agents and assist in the molecu-  
la r  in te rp re ta t ion  of the  e lectrochemical  behavior  of 
daunomycin  as r epor ted  in the  preceding  paper  (14). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words:  cycl ic  voltammetry, antibiotic, daunomycinj qul. 

none ,  antitumor, adriamycin. 
1The parent antibiotic is currently called daunorubicin, but  

its aglycone is referred to as daunomyc inone .  
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Experimental 
Compounds 1, 2, and 3 were  ob ta ined  f rom Dr. 

C. M. Wong, Univers i ty  of Manitoba,  Canada,  and 
were used as received.  Reagent  grade  acetophenone 
(compound 5) f rom F i sher  Scientific Company was 
used wi thout  fur ther  purification. Technical  grade l ' -  
acetonaphthone (compound 6) f rom Eas tman Kodak  
Chemicals was dis t i l led under  reduced  pressure  before  
use. Compound 4 was p repa red  by  Dr. C. K. M a j u m d a r  
of this depa r tmen t  f rom 3 by  refluxing 4 mg wi th  a 
t race of para-toluenesulfonic acid in 3 ml  toluene for 
16 hr. Toluene was removed  in vacuo and the  res idue  
was dissolved in 1 ml of chloroform, passed th rough  a 
neu t ra l  a lumina  column (4 • 1 cm),  and e lu ted wi th  
Chloroform. Removal  of the  chloroform in vacuo gave 
about  3 mg of 4 as an orange solid. Its Characteristics 
were:  mp 197~176 pmr  8 (CDCla) : 2.77 (s, 3H) ; 4.02 
(s, 3H), 4.12 (s, 3H), 7.20-8.94 (m, 6H) ; in f ra red  (KBr  
disk) : 1680, 1670 cm -1 ( = C = O )  ; molecular  ion (mass 
spec t rum) :  390.1108; ca lcula ted for C2aHlsO6 390.1116. 
The s t ructures  of these compounds are  shown in Fig. 1. 
The solubi l i ty  of these compounds in wa te r  is ve ry  low, 
and increases in the order  1 ~ 4 < 2 ~ 3 < 6 ~ 5. 
Therefore,  a known amount  of the samples  (400-700 #g 
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0 OH 0 

2 V ~  I[ -" T ~ I1" "1r " c %  
3 ~  8 OH 

4 H IO ~7 
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2, R=H 
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acetophenone acetonophthone 

Fig. 1. Structures of compounds studied 
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for 1-4 and 1 mg for 5-6) were  d i rec t ly  we ighed  into 
5 ml  of solut ion buffered at  pH 7.04 _+ 0.03 wi th  0.1M 
phosphate  buffer in 0.1M KC1. However ,  not  al l  of this  
ma te r i a l  dissolved so tha t  the ac tua l  concentrat ions 
correspond to sa tu ra ted  solutions of each of these  com- 
pounds. These solutions were  deaera ted  wi th  n i t rogen  
gas and s t i r red  for  15 min pr io r  to each expe r imen t  at  
37.5 ~ +_ 0.02~ Cyclic vo l t ammet ry ,  which  was used in 
this study,, and other  procedures  were  descr ibed p re -  
viously (15); al l  potent ia ls  were  measured  and are  
given wi th  respect  to the aqueous SCE. 

Results 
The peaks  and processes descr ibed here  fol low the 

identif icat ion I, II, III, . . .  of the preceding pape r  (14). 
Compound 1 . ~ A t  500 mV/sec,  compound 1 gives four  

cathodic peaks  a t  --0,465V ( I ' C ) ,  --1.095V, --1.170V 
( I I IC) ,  and --1.47V (IIC) and two anodic peaks  at  
--0.438V ( I ' A )  and --0.682V ( IA)  (Fig. 2). In  the  
second cycle, two addi t iona l  cathodic peaks  appeared ,  
one at  about  --0.2V and one at  --0.687V (IC) (Fig. 3). 
In  one of the exper iments ,  about  2 mg of 1, a r e l a t ive ly  
la rge  amount  compared  to 430 ;~g in  the  above men-  
t ioned s tudy was added to the  5 ml of buffer. A broad  
cathodic peak  at a potel%tial less negat ive  than  --0.2V, 
a cathodic peak  at  --1.27V, and one or two anodic 
peaks  (or  waves)  at  potent ia ls  more  posi t ive than  
--0.2V were  observed,  of which t h e  first b road  cath-  
odic peak  d i sappeared  in the  subsequent  cycles. The 
peaks  IC and I A  appeared  only when  the  ca thodic-  
to-anodic  scan reversa l  potent ia l  was more  negat ive  
than  --1.1V. The  peak  potent ia ls  of I*C and I*A shift,  
the cathodic peak  shif t ing anodic and the anodic peak  
shif t ing cathodic, by  10 mV for  each tenfold decrease  
in scan rate.  The Ip~, -1/~ product  for  both  I*C and IC 
decreases  wi th  decrease  in scan rate.  I t  is apparen t  
f rom Fig. 3 tha t  the  ra t io  of anodic- to-ca thodic  peak  
currents  for both  processes I* and I are  s l ight ly  grea te r  
than  un i ty  at  v = 500 mV/sec.  Dependence of these 
rat ios on scan rates,  including 500 mV/sec,  may  not  be 
of much va lue  due  to ex t r eme  difficulty in  locat ing the 
base  l ines for IC and I*A. 

Compound 2 . ~ T h e  compound ~ gives two cathodic 
peaks  ( I ' C ,  I IC)  and two anodic  peaks  ( I ' A ,  I IA)  
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Fig. 2. Cyclic voltammogram of 1, pH 7.04 in phosphate buffer, 
37.5~ v = 500 mV/sec. 
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cycling. 

dur ing  the ea r ly  par t  of the  expe r imen t  at  v ---- 500 
mV/sec  (Fig. 4). In  the  l a t e r  pa r t  of the  exper iment ,  
i.e., af ter  making  cyclic vo l t ammet ry  measurements  at  
s lower scan rates  up to 10 mV/sec,  two addi t ional  peaks  
( IA and IC) appear  as shown in Fig. 5. I t  is appa ren t  
f rom Fig. 4 and 5 that  the presence of peak  IC reduced  
t h e  concentra t ion  of the  ma te r i a l  responsible  for  the  
peak  I ' C ,  i.e., the  peak  height  of I*C. The appea rance  
of peaks  I may  be exp la ined  dug to the  fo rmat ion  of 
ma te r i a l  responsible  for  peak  I in the  course of cyclic 
vo l t ammet ry  a t  slow scan ra tes  since our  expe r imen ta l  
solut ion was very  dilute.  Carefu l  observa t ion  of Fig. 4 
shows a ve ry  smal l  peak  at  about  --0.2V which  d i s -  
appeared  in subsequent  cycles of the  mul t icyc le  runs.  
If  the  cell po ten t ia l  was he ld  at  - -0 .2u  for  different  
t imes be tween  cycles, the  he igh t  of I*C decreased  e x -  
ponen t ia l ly  wi th  e lectrolysis  t ime  whi le  tha t  of IC 
s imul taneous ly  increased;  the  sum of the  peak  heights  
r emained  a pp rox ima te ly  constant.  F o r  example ,  e l e c -  
t rolysis  for  5 rain decreased the height  of I*C from 4.4 
to 1.8 ~A whi le  the  he igh t  of IC increased  f rom 1.7 to  
4.8 #A. 

The peak  potent ia ls  for I*C and  IC a re  --0.442 +_ 
0.01V and --0.552 _+ 0.01V, independen t  of scan ra te  
up to v = 1 V/sec;  then shif ted s l igh t ly  cathodic w i th  
fur ther  increase in scan rate.  The  Ip~ - l / z  p roduc t  de-  
creases wi th  decrease  in scan ra te  for both peaks;  how-  
ever,  this  decrease  is smal l  for IC. On the  other  hand, 
the  peak  potent ia l  for  I*A depends  on the scan ra te ;  
for example ,  Ep = --0.425 _+ 0.01V at v ---- 500 mV/sec.  
As the  scan ra te  is increased,  the peak  potent ia l  shif ted 
to more anodic values  by  about  10-15 mV for each 
tenfold increase  in scan ra te  up  to 1 V/sec  and then  b y  
a la rge  extent.  However ,  the peak  potent ia l  of IA  is 
--0.540 _+ 0.01V, independen t  of scan ra te  up to 1 V /  
sec, and then  shif ted to anodic by  a large  ex ten t  wi th  
fur ther  increase  in scan rate.  I t  is appa ren t  f rom Fig. 
4 and 5 tha t  the ra t io  of anodic to cathodic peak  cur -  
rents  for  both  peaks  I* and I a re  s l ight ly  g rea te r  than  
uni ty  at v ---- 500 mV/sec.  The va l id i ty  of these ra t ios  
i~ l imi ted  for the  reasons ment ioned  above for com- 
pound 1. 
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Fig. 6. Cyclic voltammogram of 3, pH 7.05 in phosphate buffer, 
37.5~C, v - -  500 mV/ser 

Small  peaks IIC and IIA appear at most scan speeds 
and their  peak potentials are --1.40 • 0.02 and --1.34 
_ 0.03V. 

Compound 3.--As shown in  Fig. 6, compound 3 gives 
mainly  two cathodic peaks (IC, IIC) and two anodic 
peaks (IA and IIA) at v = 500 mV/sec. In  addition, a 
broad cathodic peak at --0.184V ( independent  of scan 
r,~te) disappears in  subsequent  cycles of the mul t i -  
cycle runs. Very close observation of Fig. 6 indicates 
also the presence of two very small  cathodic peaks (or 
waves) approximately at --1.17V (IIIC) and at 
- -  1.36V. 

The cathodic peak (IC) at --0.472V for ~ -- 500 mV /  
sec shifts anodic by 15-20 mV for each tenfold decrease 
in scan rate. The corresponding anodic peak (IA) at 
--0.398V (when scanning range was restricted between 
0 and --0.8V) lor ~ _ 500 m g/sec shifts cathodic by 
20-25 mV for each tenfold decrease in  scan rate. The 
Ip~-i/2 product for IC decreased with decrease in scan 
rate. The ratio of anodic to cathodic peak currents  are 
approximately 1.2 at ~ -- 500 mV/sec and increased 
with decrease in scan rate. 

Although the cathodic peak IIC appearing at --1.46 
_ 0.01V is independent  of scan rate, its anodic counter-  
par t  IIA, appearing at --1.42V and ~ = 500 mV/sec, is 
less prominent  at slower scan speeds. 

Compound 4. - -Figure  7 is a typical cyclic vol tam- 
mogram of compound 4 at 500 mV/sec. It shows three 
catt~odic peaks (IC-lIIC) and three anodic peaks (IA, 
IIA, I l iA) .  Also, a broad cathodic peak, at --0.135V 
for ~ = 500 mV/sec, shifts anodic by 30 mV for tenfold 
decrease in  scan rate. This peak disappears in the sec- 
ond cycle of the mult icycle runs  as observed for the 
compounds discussed at)ove. There are three more 
small  cathodic peaks approximately at --0.360, --0.990, 
and --1.065V (~ig. 7). 

Other than a cathodic peak at potentials more posi- 
tive than --0.2V, only IC and iA are observed when 
the potential  range  is restricted to between 0 and 
--0.SV. Both IC and IA are independent  of scan rate 
a n d  appear at --0.506 _+_ 0.005V and --0.499 • 0.005V. 
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The Ip~-1/2 product  for IC decreases with d e c r e a s e  i n  

scan rate. The ratio of anodie to cathodic peak currents  
and its scan dependence are similar  to those for 3. 

The peak potential  of IIIC is --1.16V at v = 500 mV/  
s e c  and shifts anodic by about 30-40 mV for each ten-  
fold decrease in scan rate. The anodic peak IIIA is 
bet ter  defined if the switching potential  is more nega-  
tive than --1.2V. The peak potent ial  of IIIA is --0.40 
__ 0.005V independent  of scan rate. Small  peaks IIC 
and IIA appear at most scan speeds; their  peak poten-  
tials are --1.35 + 0.01 and --1.30 _ 0.01V. 

Compound 5.--Acetophenone, 5, gives only one cath- 
odic peak (IIIC) at --1.53V for v = 500 mV/sec and 
shifted anodic by 30-35 mV for each tenfold decrease 
in  scan rate (Fig. 8). A very small  anodic peak (IIIA) 
appears around --0.41V at  500 mV/sec;  i t  is barely  
visible at lower scan speeds. 

Compound 6.--At ~ -- 500 mV/sec, l ' -acetonaphthone,  
6, gives two cathodic peaks (IIC, IIIC) and two anodic 
peaks (IIA, IIIA).  A small anodic peak I I IA was 
visit)le around --0.39 _ 0.01V up to 100 mV/sec. 
The corresponding cathodic peak IIIC appears at --1.35 
• 0.01V, independent  of scan rate. However, this peak 
becomes sharp and /or  showed as a wavelike appear-  
ance on the anodic side of the peak. The cathodic peak 
IIC has a peak potential  of --1.43V at 500 mV/sec and 
shifts anodic by 40-50 mV for each tenfold decrease in 
scan rate. The anodic peak IIA, bet ter  defined at slower 
scan speeds, has a peak potent ia l  of -- 1.26V at 500 m V /  
sec. This peak shifted cathodic by 30-40 mV for each 
tenfold decrease in  scan rate. 

Discussion 
The quinone moiety (processes I, / * ) . - -The  mecha-  

nism oI the reduction of the daunomycinone analogues 
is similar to that for daunomycinone  (14). The ini t ia l  
electrochemical two-electron, two-proton reversible 
electrochemical steps designated ' T '  are due to reduc- 
tion of the respective quinones. An irreversible chemi- 
cal reaction complicates the electrochemical step I. The 
absence of the cathodic peak I'C present  in  daunomy-  
cinone for 1-4 may arise because the analogues were 
less soluble than daunomycinone;  peak I'C was ob- 
served only for an  appreciable concentrat ion of dauno-  
rubic in  in solution (14). 

The difference in the IC peak potentials of 3 and 4 is 
about 40 inV. Therefore, aromatization of the r ing A 
shifts the formal potential  of process I for 3 40 mV 
more negative. 

Wiles (16) has observed that  methoxyanthraqui -  
nones are more readily reducible than the correspond- 
ing hydroxyanthraquinones .  Comparison of the volt-  
ammograms of 1 and g, or of 3 and daunomycinone,  
shows an apparent  anodic shift of I by subst i tut ion of 
methoxy for hydroxy in  positions 6 and 11. The pres-  
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ence of e i ther  a hyd roxy l  group or sugar  l inkage  at  C~ 
appears  to have  l i t t le  d i rec t  influence upon the qui-  
none reduction.  Comparison of the  IC peak  potent ia ls  
of compounds 1-4 indicates  a posi t ive ortho effect, p r o b -  
ab ly  due to the  r egu la r  po la r  effect of the  me thoxy  
group. Contrar i ly ,  such an effect was not  r epor t ed  
when a second me thoxy  was subst i tu ted  affecting the 
same carbonyl  group, in 1 ,8-d imethoxyanthraquinone  
(16). 

The majo r  phenomena  exhib i ted  in this s tudy,  how-  
ever,  a re  the  peaks  I* and the considerable  shift  in 
potent ia l  of I be tween  the different  analogues.  I n t r a -  
molecular  hydrogen  bonding in 1 and daunomycinone  
be tween  the quinone oxygens  at C 5, C12 a n d  the hy -  
d roxy l  hydrogens  at C6, Cs is responsible  for  shif t ing 
the formal  potent ia l  of these compounds about  150 
• 15 mV more  negat ive  than  the i r  respect ive  me thoxy  
der ivat ives .  The difference in h a l t - w a v e  potent ia l  be -  
tween  1 ,8-d imethoxyanthraquinone  and 1,8-dihy- 
d roxyan th raqu inone  of 160 mV observed by  S t a rka  
et al. (17) agrees  wel l  wi th  our value  of 150 _ 15 inV. 

In compound  1, an appa ren t ly  revers ib le  process 
des ignated I* appeared  at a potent ia l  more  posi t ive 
than  I. The process I* appeared  to decrease wi th  time, 
which  indicates  i ts na tu re  is kinetic.  This process I* 
was also observed for 2, in which i t  was in i t ia l ly  the 
only process present ;  the  appearance  of I, at  lower  
height  than  I*, came only af ter  cont inued cycl ing or  
upon reduct ion at  --0.2V. Wi th  sufficient reduct ion at  
--0.2V, I* could be v i r t ua l ly  removed.  Process  I* can-  
not  be c lear ly  d is t inguished for compounds 3 and 4 in 
which i t  may  be h idden  in the  broad  peaks.  The differ-  
ence in potent ia l  of peak  I*C be tween  1 and 2 is only 
23 mV, far  less  than  the 135 mV difference for IC be-  
tween  1 and 2 which  we bel ieve  arises because the  
contr ibut ion  of hydrogen  bonding in 1 is apprec iable  
whi le  in 2 it is not. The dist inct ion of the  process I* 
f rom I as tha t  of a more  easi ly  reducib le  t au tomer  is 
consistent  wi th  this behavior  as the  pa r t i a l  or com- 
plete  loss of the  6,11 me thoxy  groups would  reduce the 
difference for I*C be tween  1 and 2 if  not  e l imina te  i t  
ent irely.  We then a t t r ibu te  process I* to the  format ion 
of more  easi ly reducib le  t au tomers  such as the 6,12- 
or  5,11-dicarbonyl  compounds.  Such an explana t ion  
can be va l id  only if the me thoxy  groups can be re -  
moved to give access to the 6,11 positions. This 
remova l  is known  to occur upon oxidat ion  of p - m e t h -  
oxyphenol  (20). 

A process negat ive  to al l  of the  processes I - I I I ,  
des ignated  IV, was observed ne i ther  for daunorubic in  
nor  for ad r i amyc in  (14), but  was c lear ly  presen t  for 
both  thei r  aglycones,  daunomycinone,  and ad r i amyc i -  
none. This may  be a redox  process of the quinone 
s t ruc ture  which is inhibi ted  by  the presence of dauno-  
samine in the pa ren t  ant ibiot ics  and hence appears  
only for the aglycones.  

The daunosamine  may  influence the hydrogen  bond-  
ing in the antibiot ics so that  the  more  easi ly  reducible  
tau tomers  a re  not formed unt i l  i t  is removed.  In this 
connection Yesair  and McNit t  (21) have commented  
upon the inhibi t ion  of reduct ive  glycosidic cleavage 
by  chelat ion of the d ihydroquinone  systems of an th ra -  
cyclines and its re la t ion to daunosamine.  

The carbonyl side chain (processes II, III).--The re -  
duction mechanism of the s ide-chain  ca rbonyl  group 
shown in Fig. 8 of (14), two i r revers ib le  one-e lec t ron  
processes (14), can be shown from behavior  of com- 
pounds 4, 5, and 6; separa te  pro tona t ion  steps cannot 
be dist inguished.  We observe only one i r revers ib le  
cathodic peak  IIIC for acetophenone,  which  is con- 
sistent  wi th  the ear l ie r  work  of Elving who observed 
one two-e lec t ron  process due to the merging  of the 
two one-e lec t ron  reduct ion steps (19). However ,  we 
have observed two cathodic peaks,  IIIC and IIC (both 
posi t ive to the single cathodic peak  for acetophenone,  
I I IC) ,  and two anodic peaks  ( I I IA and I IA)  for 
l ' - ace tonaph thone  and compound 4. 

The carbonyl  group in acetophenone is more  eas i ly  
reduced than  in acetone due to the  s trong induct ive  
effect of the phenyl  group (19). The increase in induc-  
t ive effect as the number  of benzene r ings in a com- 
pound increases may  expla in  the  observed shif t  in the  
cathodic peaks  (IIC and I I IC)  t oward  more  anodic po-  
ten t ia l  as observed in  componunds 4-6. 

Consider ing only r i ng  A and its s ide-cha in  carbonyl  
group, the aromat ic  r ing  s t ruc ture  is equiva len t  to tha t  
of ace tophenone whi le  the  al icyclic r ing s t ruc ture  is 
equiva lent  to that  of cyclohexanone.  Acetophenone is 
more  easi ly  reduced than  cyclohexane (18,19). Thus 
our  observat ion  tha t  reduct ion  of the  side chain car -  
bonyl  group in compounds 1, 2, and  3 occurs at  more  
negat ive  potent ia ls  than  in compound 4 indicates  tha t  
r ing A of compounds 1, 2, and 3 has not achieved 
aromat ic  charac te r  (by  dehydra t ion  and demethoxy la -  
t ion) pr ior  to carbonyl  reduction.  
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ABSTRACT 

H2S can be continuously oxidized about  1.21V (RHE) anode potential  
range at about 93% efficiency, according to the reaction scheme H2S -~ S 
+ 2H + -l- 2e-  which most probably involves the formation of an SH-chemi-  
sorbate on the (p la t inum) anode surface. At mass t ransfer-control led condi- 
tions a l imit ing current  is observed; rotat ing tr ipolar electrode cell experi-  
ments  yield the value of 1.94 • 10 -5 cm2/sec for the diffusion coefficient of 
H~S in  a 0.5 mole/dm~ aqueous H2SO4 solution, at  22~ 

In a previous publicat ion (1) the oxidation of hy -  
drogen sulfide at low potentials was described in  a 
rotat ing tr ipolar  wiper-blade electrode (RTE) system 
via continuous anode reactivation. At potentials less 
than about 0.5V (RHE) the most l ikely oxidation 
mechanism involves two first-order consecutive elec- 
trochemical reactions with the SH-chemisorbate as the 
in termediate  product, responsible for the relat ively 
rapid passivation (about 30 sec on an ini t ia l ly fresh 
anode surface);  the RTE system was shown (1, 2) to 
be an efficient anode "reactivator" in  the low po- 
tential  range. 

The extension of this study into the Tafel region 
and the mass t ransport-control led region was st ipu- 
lated by two major  reasons. Firs t ly  very li t t le in-  
formation about the na ture  of this reaction in these 
regions is available in the l i terature;  the establ ishment  
of the most l ikely reaction mechanism is all the more 
in t r iguing as H2S can be oxidized cont inuously past the 
range of passivation, characteristic of low potential  
oxidation. Secondly, oxidation at elevated potentials 
yields colloidal sulfur  as the anode product, which is 
potent ial ly useful  for medicinal  purposes, etc., apart  
from the obvious application in pollut ion control. Ex- 
periments in the mass t ransfer  control regions may 
also be used to estimate the apparent  diffusion coeffi- 
cient per ta ining to the electrochemical system. The 
present  paper  summarizes the results of such an in-  
vestigation and is in tended to offer a better  under -  
s tanding of the electrochemical oxidation of hydrogen 
sulfide over a relat ively wide range of electrode po- 
tentials. 

Basic Characteristics of the Oxidation Process 
In  the potential  range of ~0.7-1.21V (RHE), where 

H2S may continuously be oxidized on a p la t inum 
surface without noticeable passivation, the gaseous 
product evolved at the cathode is hydrogen (deter-  
mined by a gas-chromatography analysis using a ther-  
mal  conductivity detector and a 5A molecular  sieve 
absorbent)  and the anode product is powdery ele- 
mental  sulfur:  the lat ter  is eventual ly  suspended in the 
anolyte as a mi lky substance and coagulates after 
several hours of s tanding with sedimentat ion at the 
bottom. About  20 hr  after oxidation, near ly  60% of the 
sulfur  is insoluble in CS2, the percentage of the CS2- 
insoluble substance decreasing gradual ly  with the aging 
of the product. It appears that the electrochemically 
produced sulfur  is an unstable  allotrope which is 
gradual ly  t ransformed into a more stable form. Scan- 
ning electron microscope tests indicate that the average 
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diameter of the sulfur  particles in  the mi lky  substance 
is less than 10 -4 cm. Chemical analysis of the electro- 
lyte failed to detect any sulfate, sulfite, thiosulfate, or 
dissolved SO2. Standard  control led-potent ial  coulom- 
etry indicates that  the oxidation react ion is a two- 
electron transfer process 

H2S--> S -~- 2H + + 2e-  [1] 

of about 93% current  efficiency. In H2SO4 solutions the 
rest potential  depends on the acid concentrat ion and 
the part ial  pressure of H2S as (3) 

E ~ 165 -- (59 • 2)pH -- (40,+_ 15)PH~s mV 

In cathodic polarization of a 0.5 mole /dm 3 electro- 
lyte with H 2 and H2S bubbling,  the Tafel slope is 0.12 

0.01V at potentials less than --100 mV on platinized 
Pt (<- -150  mV at bright  Pt) and the exchange cur-  
rent  density is about 0.1 mA / c m 2 (bright  Pt)  and 0.4 
mA / c m 2 (platinized Pt)  (3, 4). In  anodic polarization 
the Tafel slope is about 1.38V at ascending potentials 
and about 0.64V at descending potentials on bright 
Pt, whereas on platinized Pt, camel hump- l ike  po- 
larization is observed at ascending potentials and no 
reliable measure of the Tafel slope is obtained. The 
anodic peak has been ascribed (5) to delayed release of 
H atoms due t o  the porous s t ructure  of the electrode 
surface. The anodic exchange current  densi ty on 
bright Pt  is about 0.2 ~A/cm 2 Irom ascending potential  
vs. current  curves, and about 0.068 ~A/cm 2 from de- 
scending potential  vs. current  curves; the anodic po- 
larization behavior of this system is not well unde r -  
stood. 

The Mechanism of Oxidation 
The preparat ion of the electrolyte and pre t rea tment  

of the p la t inum anode was the same as described 
earlier (1, 2). The electrolyte contained 0.00499 mole /  
dm 3 H2S dissolved in a 0.1 mole /dm 3 H2SO4 solution. 
The potential  of oxidation was varied from 1.15 to 
1.21V (RHE) at a 22.5~ electrolyte temperature  and 
the steady-state oxidation rate at each potential  setting 
was measured, while the anode was rotated cont inu-  
ously at a speed of 2.0 rad/sec; the true anode area 
was measured (6) to be 210 cm 2. The exper imenta l ly  
observed steady-state oxidation rates are shown in 
Fig. 1. In  Table I the results of a previously described 
(1,2) l ikelihood-ratio analysis are presented for a 
number  of plausible mechanisms, where the formu-  
lation of the intermediates  was made on the basis that 
sulfur  is known to form chain- and r ing-molecules  (in 
the following equations M denotes the surface of the 
p la t inum anode, and x and y denote the number  of 
sulfur atoms associated with an active site on the 
p la t inum surface) 
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Fig. 1. Oxidation rate ~s. oxidation potential. Electrolyte: 4.99 • 
10 -3  mole/dm ~ H2S in 0.1 mole/dm a H2S04 at 22.5~ Electrode 
rotation rate: 2 rad/sec. 

Mechanism 1 

M Jr H2S ~ M - - S H J r  H + J r e -  I 
k- -  1 

kS 
M - - S H , - ~  M - - S J r H  + J r e -  II  

k- -  2 

Mechanism 2 

kl 
MS= Jr H2S ~ MS=--  SH Jr H + Jr e -  III  

~--1  

k2 
MSy ~ H20 ~ MS~--  OH Jr H + Jr e -  r v  

k - 2  

MS= - -  SH + MSy -- OH ~ MS=+~ Jr H~O V 
k--  3 

Mechanism 3 

M S J r H ~ S  ~ M S - - S H J r H  + J r e -  VI 
k -  1 

2 M - -  SH ~ M - -  S + (H2S)ads VII 
k- -  2 

Mechanism 4 

kl  
H~O Jr MS~ ~ MS= -- OH Jr H + Jr e -  VIII  

k--  1 

k2 
2MS= -- OH ~ MS2= -- O Jr H20 IX 

k--  2 

k s 
MS~ -- O + H~S ~ MS2=+~ Jr H20 X 

k--  3 

Table I. Summary of the likelihood analysis of various mechanisms 
of H2S oxidation in the Tafel region. Electrolyte: 4.99 • 10 - 3  
mole/dm a H~S in 0.1 mo le /dm a H2S04 at  22.5~ Experimental 

error variance: Se 2 ---- 0.20838 

Rate Residual  
d e t e r -  s u m  o f  

Mech- m i n i n g  s q u a r e s ,  - ~ j / ~ e  ~ 
anism step R j  L~ = �9 Xsj = La,wz/Ll 

1 1I I9.936 1.679 • 10 --~ 5,43 • 10 ~ 
2 I I I  3.4949 2 281 • 10 -4 5,9978 
2 I V  3.4949 2.281 • l0  ~ 3.9978 
3 V I I  2.9173 9.119 • lO ~ 1,OOO0 
5 X I I  35.2610 1.801 • 10 ~'r 5.063 x 10 "~ 

Mechanism 5 

k l  

MS~ + H2S ~ MS= - -  SH Jr H + Jr  e -  XI 
k _ !  

k= 

MS= -- SH Jr H20 ~ MS= -- SH -- OH Jr H + J r e -  XII  
k - - 2  

ka 

MS= - -  S H  - -  OI-I ~ M -- S=+1 Jr H20 XII I  
k - - 3  

The table does not  contain those mechan i sm/ ra te -  
determining step combinations (models) whose resid- 
uals have been found much higher (i.e., whose asso- 
elated Lj values are much lower) than the five con- 
tenders shown. From a statistical point  of view, Model 
S-VII represents the most probable reaction mechanism, 
in spite of the fact that  ~$2 ~ 4 is less than 10 [which 
is the ordinar i ly  accepted value to show "real differ- 
ence in plausibil i ty" (7)],  since Model 2 carries four 
parameters  in the associated rate expressions, and 
Model 3-VII carries only three parameters.  Pe r t inen t  
residual analysis shows no discernible trend, hence 
Model 3-VII is statistically adequate. The model equa-  
tions are 

I "-- r 2 - -  b ( 1  - -  0 M S H )  [ 2 ]  

0MSH = 1/[1 Jr Ce -VF/RT] [3] 

k -1  
where a = 2AoFk2; b = 2AJFk-=CH2s; and e = 

kl 

CH+Cnzs-L The numer ica l  estimates of the three p a -  

r a m e t e r s ,  obtained by this regression analysis, are: 
a : 38.846 mA; b = 0.91275 mA; and c : 1.3557 • l0 ~~ 
The model equations associated wi th  the rest of the 
models have been given in  detail  elsewhere (2). The 
solid l ine in  Fig. 1 represents the oxidation ra te /ox i -  
dation potential  relationship expressed by Eq. [2] and 
[3]. The apparent  Tafel slope, computed via a l inear  
regression analysis relat ing the exper imental  (V-E) 
vs. lOgl0I data is about 0.05V and the corresponding 
exchange current  density, using the t rue electrode area 
of 210 cm ~, is estimated at the approximate value of 
1.9 • 1O -5 ~A/cm 2 (E ,-, 0.3V; residual sum of squares 
-~2.067 • 10-4; s tandard error of estimate ,-~3.49 • 
10-~). The Tafel parameters  are a funct ion of the 
electrode rotat ion rate; comparison with I jzermann 's  
data (3) clearly shows the depolarization effect of ro- 
tat ion and surface renewal  by wiping. 

H2S Oxidation in the Mass Transport-Control Region 
The oxidation rate of H2S was measured at dit terent 

anode rotat ion rates in  electrolytes containing 3.44, 
l l .2 ,-and 12.5 mmole /dm ~ H2S dissolved in  a 0.5 mole /  
dm ~ H2SO~ solution, at an  anode potential  of 1.45V 
(RHE). Prior to each set of  readings the apparatus 
was subjected to the following t rea tment :  The cell 
was washed with deionized water, piperidine, and 
again with deionized water. The anode was subjected 
to a potential  sweep from 40 mV to 1.6V at a sweep 
rate of 0.15 V/sec in  a 0.5 mole /d in  3 H2304 solution. 
F ina l ly  the cell was washed with the experimental  
electrolyte and filled with it. Figures 2 and 3 show 
the effect of the anode rotat ion rate on the experi-  
menta l  l imit ing current  density. According to a previ-  
ous theoretical t rea tment  of mass t ransport  phenomena 
in a rotat ing mul t ipolar  cell equipped with wiper 
blades (8,9), the l imit ing current  and the speed of ro-  
tat ion are related as 

/ L , a v g  = Ao'zFDeb [ 4 ]  

A slightly improved relationship, developed recently 
(2, 10), yields 

2Ao" zFDcb [ 1 ~  = 1  ] 
z~.~v~ = ~/~s- X/~D + ~(~/~) [5] 
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Fig. 2. Oxidation rate vs. rotation rote in the mass transport- 
controlled region. 
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Fig. 3. Oxidation rate vs. rotation rate in the mass transport- 
controlled region. 

where  

o 

and ts, the  t ime requi red  for the e lect rode surface to 
pass from one wiper  b lade  to the next,  is re la ted  to the 
ro ta t ion ra te  ~ by  the express ion 

2nrl - -  Wd 
t~ - [6] 

~Wrl 

Equat ion [5] was fitted to the  expe r imen ta l ly  ob-  
served rates,  employing 30 expe r imen ta l  points  and 
using Powel l ' s  l eas t - squares  a lgor i thm (11). The re -  
gression lines, given by  the solid curves in Fig. 2 and 
3, possess an average  absolute  e r ro r  of 7%, the  res idual  
analysis  y ie ld ing  again  no discernible  t rend.  Using the 
exper imen ta l  values of Ao' = 93.3 cm 2 and ~ = 1.0457 
mm2/sec, the  diffusion coefficient of H~S in H2SO4 is 
es t imated  to be 1.9425 • 10-2 cm2/sec wi th  an asso- 
ciated var iance  of 1.25 • 10 -10 cm2/sec. 

Conclus ions 
The e lec t rochemical  oxida t ion  of H2S proceeds  w i th -  

out pass ivat ion as a two-e lec t ron  t ransfer  process p ro -  
ducing e lementa l  hydrogen  and a colloidal  dispers ion 
of sulfur  at  a cur ren t  efficiency of about  93%. 

The s ta t i s t ica l ly  most p robab le  mechanism involves 
sul fohydrogen and su l fu r -chemisorba tes  on the p la t i -  
num anode wi th  an M-SH --> M-S recombina t ion  being 
the ra te -con t ro l l ing  step. At  high oxida t ion  potent ia l  
the react ion is mass t ransfe r  control led  and its ra te  is 
l inear ly  p ropor t iona l  to the  square  root  of the  ro ta t ion 
speed of the  anode in an RTE cell. The process appears  
to be a potent ia l ly  useful  means  of H2S pol lu t ion  
control.  
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The Effect of Slow Two-Electron Transfers and 
Disproportionation on Cyclic Voltammograms 

Michael D. Ryan* 
Marquette University, Department of Chemistry, Mffwaukee, Wisconsin 53233 

ABSTRACT 

The EE mechanism (two-electron transfer) for cyclic v o l t a m m e t r y  was  
investigated in considerable detail along with the effect of disproportionation. 
The theory was developed for e i ther  the first or second electron transfer  being 
slow while the other one was reversible. It was possible to develop generalized 
working curves for the height and shape of the wave regardless of the 
difference in  E~ and the values of ~ and ks. This theory was then applied to 
the analysis of the reduction of benzil  in the presence of alkal ine earth ions in 
dimethylformamide.  

The theory for reversible  and i r reversible electron 
transfer  has been examined in  some detail  previously 
for cyclic vo l tammet ry  (CV). The problem of mul t i -  
electron transfers in  CV was studied first by Polcyn 
and Shain (1). The main  quant i ta t ive  emphasis was 
placed on the deconvolution of separated waves and 
only quali tat ive results were given for mul t i -e lec t ron 
waves. Myers and Shain (2) were able to quant i ta -  
t ively correlate the shape and peak current  funct ion of 

r e v e r s i b l e  vol tammetr ic  waves to their difference in  
Eo's if the Eo's were close together. It was found that  
the shape of the wave was independent  of the relat ive 
values of the Eo's only if the difference in  Eo's was 
greater  than 180 mV. Otherwise, the wave will be 
broader than expected, even though it  is still reversi-  
ble. In  addition, its shape and position are independent  
of scan rate. No correlations were made for quasi-  
reversible or i rreversible electron transfers. 

Mult i -e lectron transfers can put  a much more s t r in-  
gent demand on the rate of electron transfers if the 
wave is shifted significantly from its E o because of the 
second electron transfer. Ruzic (3) has shown that, for 
polarography, the apparent  heterogeneous electron 
transfer  rate constant, ks', for the over-al l  two-elec- 
t ron transfer  is less than either of the individual  rate 
constants, k~.l or ks.2, if the second E o, E2, is more posi- 
tive than the first E o, El. In particular,  the rate con- 
s tant  that is calculated using conventional  theory is not 
the individual  rate constant  but  an apparent  one. Thus, 
the theory for quasireversible electron transfers in  CV 
(4) yields the value of ks'. 

Competing with the mult ie lectron t ransfer  mech- 
nism is the disproport ionation mechanism. If the sec- 
ond electron t ransfer  is so slow as to not be i m p o r t a n t  
and if E~ is positive of El, the classical disproportiona- 
t ion mechanism can then occur. The theory for this 
mechanism has been developed and verified by Save- 
ant (5). But very li t t le work has been done in t rying 
to assess the relative importance of the electron t rans-  
fer mechanism (EE) as compared to the dispropor- 
t ionation (DISP) mechanism. For reversible electron 
transfers the cyclic vol tammograms will not dist inguish 
between these two mechanisms. 

It is the purpose of this work to develop the cyclic 
voltammetric  theory more general ly for the EE mecha- 
nism, including the possibility of disproportionation, 
and to verify it experimental ly.  The emphasis will be 
placed on those cases where only one wave is observed, 
and either the first or second electron t ransfer  is slow. 
Recent studies have shown several reductions that  are 
now known to follow the EE mechanism (6). In this 
study, the electrochemical reduct ion of benzil  in di-  
methyl formamide (DMF) in the presence of alkal ine 

* Electrochemical Society Active Member. 
Key words: EE mechanism, cyclic voltammetry, disproportion- 

ation. 

earth salts, wh ich  is know n  to be a quasireversible 
two-electron transfer  (6), is investigated in more de- 
tail in this work using the theory that  is presented. 

Experimental 
Spectroquali ty N,N-dimethylformamide was obtained 

from Matheson, Coleman, and Bell. The solvents were 
dried as required using activated molecular  sieves. 
S t ront ium and bar ium perchlorate were obtained from 
G. F. Smith Chemical Company and were vacuum dried 
at 250~ for 6 hr (7). Benzil was recrystall ized from 
ethanol. The reference electrode is the same as was 
described in  Ref. (6). Positive feedback resistance 
compensation was used in  all of the fast scan rate ex- 
periments.  A hanging mercury  drop electrode was 
used as the working electrode. All solutions were de-  
aerated with dry nitrogen. The diffusion equations were 
solved numerica l ly  using the technique of digital s imu-  
lation (8). The flux equations for a two-electron t rans-  
fer that were derived by Feldberg (9) were used to 
calculate the current.  

Theory 
The generalized EE mechanism that  is discussed in  

this paper is given by reactions [1]-[3] 

El 
A - t - e  ~- B [1] 

E~ 
B + e ~- C [2] 

kd 
2B --> A + C [3] 

Each electron transfer  has associated with it a ks,i and 
~i value, where i : 1 or 2, for the first or second elec- 
t ron transfer, respectively. The analysis of the mecha-  
nism is divided into two major  sections, depending 
upon whether  the first or second electron transfer  is 
rate limiting. In both cases, the mechanism is studied 
in the regions where only one wave is seen. 

While each individual  step has an ~i associated with 
it, the over-al l  electron t ransfer  coefficient that is 
observed if one wave is seen has been derived by 
Mohilner (10). If the first electron t ransfer  is l imiting, 
then 

an - - a l  [4] 

If the second electron transfer  step is l imiting, the ob- 
served an is 

an = 1 § ~ [5] 

First-electron trans]er limiting.-- Reversible electron 
trans]er.--Using the theory that  was derived for po- 
larography (3) and verified by digital s imulat ion in 
this work for CV, the value of ks' can be calculated as 
follows 

ks' : ks.1 exp[--alFaE/2RT] [6] 
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where  hE _-- E2 -- El. As stated earlier,  i t  is the ks' 
value that  is exper imenta l ly  measured.  Thus, ~1 and hE 
must  be known in order  to calculate ks,1. In order to 
general ize the results, the dimensionless electron trans-  
fer rate parameter ,  %, wil l  be used and is defined as 
follows 

-: ks/%] aaDA [7] 
and 

a = n F v / R T  [8] 

where  v is the scan rate  and the other  terms have 
ei ther been defined or have their  usual electrochemical  
significance. Combining Eq. [6] and [7], we obtain 

[ --alFAE ] 
~1' : ~1 exp 2RT [9] 

The shape of the cyclic vo l tammogram depends on 
its revers ibi l i ty  (%1') and on the difference in Eo's 
(hE). These are two different parameters  which must  
be evaluated separately.  Cyclic vo l tammograms can 
be divided into three general  classes depending on the 
value of ~1'. These classes are: (i) reversible,  ~1' > 7, 
(ii) quasireversible,  0.1 < %s' < 7; and (iii) i r revers -  
ible, %f' < 0.1. Within these three classes, the shape of 
the wave  is also dependent  upon hE. In this paper, for 
each of the three classes, the effect of AE on these 
classes is examined. Severa l  l imit ing cases have al-  
ready been described. For  the revers ible  and i r re -  
versible classes, Nicholson and Shain (11) have de-  
r ived the shape and behavior  of the wave  if ~E > 180 
mV. Myers and Shain (2) and Polcyn and Shain (1) 
have invest igated the reversible  case if ~E < 180 mV. 
These papers can be consulted to determine  the shape 
of the wave  and the value of ~E. The i r revers ib le  case 
was also studied by Polcyn and Shain (1) for AE < 
180 mV but quant i ta t ive  analysis was possible only if 
two waves were  seen. 

The disproport ionat ion react ion (reaction [3]) has 
no effect on the shape of the wave  if the first e lectron 
t ransfer  is the slow step. This is because B is rapidly  
reduced to C at the electrode surface. This is not to 
say that  the disproportionation reaction does not occur 
but only that  the react ion has no effect on the wave  
when it occurs in this situation. This was verified by 
digital simulation. 

Quasireversible electron transfer . - -For  quasireversible  
electron transfers,  the shape of the wave depends upon 
r and hE, and is not very dependent  upon ~1. If ~E is 
larger  than 180 mV, the value of ks' can be calculated 
f rom the theory  for quasirevers ible  waves given by 
Nicholson (4). But even for AE > 180 m~/, noticeable 
deviations occur when the waves are s imulated by the 
digital s imulation technique (8, 9). The results are 
shown in Table I for ~1' less than 1. The  deviat ions are 
due to the greater  effect of ~1 on the peak potentials for 
the same value of ~. 

To calculate ks.z, 5E and as must  be known. The 
value  of ~1 cannot be accurately determined unless 
scan rates large enough to make the wave  i r revers ible  
are used. At these large scan rates, the theory pre-  
sented in the next  subsection on i r revers ible  electron 
transfers can be used to calculate ~.1. The value of hE 
can be calculated using the revers ible  theory  if slow 
enough scan rates can be achieved or by using the i r -  
revers ible  theory that  is described for fast scan rates. 
For  AE values less than 180 mV, the working curve 

Table I. Variation of AEp values as a function of ~1' (~I -~ 0.5) 

~Ep (mV)  
EE mech- 

~' anism Ref. (4) 

1.0 45 42 
0.5 61 53 
0.2 107 79 
0.1 156 106 

will depend upon hE in addition to r This effect is 
not large and can be corrected for in the same way as 
shown in Eq. [32] later  in this paper. 

Irreversible  electron t rans fer . - - In  the case where  
single scan is used, the position, shape, and size of the 
reduct ion wave depends on the value  of ~s', as, and AE. 
The wave  does not occur at its thermodynamica l ly  
defined E o but  at a more negat ive potent ia l  depending 
upon scan rate. In the theory as der ived by Nicholson 
and Shain (11) for mul t ie lect ron i r revers ible  transfer,  
it was assumed that  all the electron t ransfers  except  the 
slow one were  fast, at least at the potentials where  the 
reduct ion wave  occurs. Polcyn and Shain (1) have  
shown that  the wave  will  be affected if this assumption 
does not hold t rue but  no quant i ta t ive  theory  was de-  
r ived if one wave  is observed. In order  to provide a 
quant i ta t ive  measure  of the re la t ive  difference i n  re-  
duction potentials,  the parameter ,  hEAB, is defined as 

59 
AEAB = AE -- ~ log %s [I0] 

al 

This equation is derived from the fact that an irrevers- 
ible reduction is shifted to more negative potentials by 
a rate of 59/~i log #s. This parameter corrects AE for 
the fact that irreversible reductions do not occur at 
their thermodynamically defined potential but at some 
more negative potential depending upon al and ksA. 
Similar to reversible electron transfer, only one wave 
is seen if AEAB is positive and two waves are seen if 
AEAB is negative enough. The exact values of these 
regions are shown later. By combining Eq. [9] and 
[I0], AEAB can be defined in terms of #s', which is ex- 
perimentally measured 

59 
AEAB --~ AE/2 -- - -  log #s' [ii] 

aS 

By using digital simulation (8), it was found that the 
theory for irreversible electron transfers derived by 
Nicholson and Shain (ii) can be used if AEAB is 
greater than 75/~i mY. In this case, the following diag- 
nostic criteria for the cathodic peak potential, Epc, the 
cathodic peak current, /pc, and the peak Epp/2 values 
can be calculated 

/~c : -  0.992 FACA* -V/alDAal [12] 

Epp/2 = Epc -- Ep/2 -: 47.7/as mV [13] 

dEpc/d log v ---- 30/al mV [14] 
and 

as = F v / R T  [15] 

and where  Ep/2 is the ha l f -peak  potential.  
If  AEAB is less than 75/~1 mV and only one wave  is 

seen, the shape of the wave  is changed from that  pre-  
dicted for an i r revers ible  electron t ransfer  and depends 
upon the scan rate. This is shown in Fig. 1 for three 
different values of hEAB. As the scan rate is increased 
(nEAB larger) ,  the value of AEA~ will  increase so as to 
make the wave approach the i r revers ible  theory as 
given in Eq. [12]-[14]. The Epp/2 value  is most s trongly 
dependent  upon AEAB for AEAB values less than 75/~i 
mV. The var ia t ion of Epp/2 values wi th  hEAB is shown 
in Fig. 2 for various values of al, where  the Epp/2 
values have been normalized in the fol lowing manner  

E*pp/2 : alEpp/2 [16] 

For large negat ive values of AEAB tWO waves are seen 
and each wave can be analyzed individual ly  because A 
will  reduce prior  to the potential  for the B wave. For 
in termedia te  values of AEAB, the A reduct ion wave  
will  overlap the B wave  and hence a broaden wave  
will  be seen. There is a m ax im um  value for which hE 
can have  and still see the behavior  as described in 
Fig. 2. For  the wave to begin to broaden, AEAB must be 
less than 75/~1 mV and %1' must  be less than 0.1. Thus, 
rearranging Eq. [11], we obtain 
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I waves can be seen on the re tu rn  scan. The exper imen-  
tal canditions for the n u m b e r  of peaks that  are seen 
are given in  the next  section. 

With the informat ion from the reverse scan, it  is 
possible to determine all the parameters  for the two- 
electron transfer.  There are four unknowns  which need 
to be evaluated from the exper imental  data." They are: 
E~, E~, ks,1 and ~1. There are two other parameters  
that are related to these and are calculated dur ing the 
analysis. They are 

EL2 = (E, -5 E~)/2 [20] 

and AE. It is the aim of the rest of this section to de- 
velop the equations necessary to calculate these pa- 
rameters from the data. 

If two anodic peaks are seen, E2 can be found di- 
rectly from the most negative peak potential, Epa(2), 
because that wave will occur at its thermodynamically 
defined potential 

E2 : Epa(2) - -  0 . 0 2 8 5  [ 2 1 ]  

-~0.00 -~2.00 The value of al can be determined from several meth-  
' ods depending on the value of AEAB. If Eq. [12]-[14] 

Fig. 1. The simulated cathodic scan for three different values 
of ~EAB (first-electron transfer irreversible). 

70 

30 

I I I I I 

[ I I [ I 
-~0 0 100 200 

Fig. 2.  The variation of Epp/2* as a function of AEAB for vario-s 
values of a l  in the case where the first electron transfer is irre- 
versible. 

32 
aE < -- mV [17] 

Otherwise, Eq. [12]-[14] will  always hold when the 
wave is irreversible.  In  the l imit  of very  slow scan 
rates, the Epp/2 value is l imited by the value derived 
by Myers and Shain (2). The peak current  funct ion 
goes through a max imum at the same point  that the 
Epp/2 values go through a m in imum but  the change in 
this parameter  is not very large with the ma x i mum 
change on the order of 20%, making this parameter  
less useful. 

In  the cyclic experiment,  on the anodic scan, the 
reverse of reactions [1] and [2] occurs 

E 2  
C ~- B + e [18] 

El 
B ~-- A -5 e [19] 

For the r e tu rn  peak, reaction [19] is rate l imiting, 
which is the second-electron transfer.  A full  discussion 
of this case is given in the next  section and only a few 
per t inent  details are given here. Either  one or two 

are obeyed, al can be determined from the shift in  
Ep~ or by the Epp/2 value. If hEAB is less than  75/al mV 
(in other words, the Shape depends upon  scan ra te) ,  
the value of al can be determined from the more posi- 
t ive anodic peak potential,  Epa(1). Thus 

dEpa(1) 30 
mV [22] 

d log v 1 -- al 

The cathodic peak potential  can be related to the 
E1,2 value by the following equat ion (11) if hEAd > 
75/al mV 

~ I F  
Epc = E1 ,2  - -  - -  

a n d  E p a ( 1 )  iS 

E p a  = E1.2  -~ - - ~ , ~ F  0.339 --  log41' 
(1 ~ J  

By  tak ing the difference in  the peak potentials, we ob- 
ta in  

0.059 
~Ep _ a1( l  --  a l )  (0.339 --  l o g ~ { )  

0.059 log . ~  1 - -a I__  -5 0.059 l o g ~ /  .... a~. [25] 
-5 1 -- ~I ~z al  

Thus, since al is known,  @I' can be calculated f rom the 
AEp values. If @1' is now subst i tuted in  Eq. [23], El,2 
can be found. The value of E2 is known from Eq. [21] 
so E1 can be calculated by using Eq. [20]. 

If only one anodic peak is seen, ~1 can be found from 
the anodic or cathodic wave. If the anodic peak po- 
tential  is used to calculate ~1, then as will  be described 
in the next  section, Eq. [26] must  be used 

dEpa 
----30/(2 -- ~1)mV [26] 

d logv 

The value of 41' can be found, as before, from the AEp 
value bu t  Eq. [28] must  be used because Epa is given 
by 

Epa : E1,2 -5 ~ 0.339 + log 41' -5 log 

[27] 

Using Eq. [27], the variat ion of • with 41' is given 
by 
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0.118 
~Ep _ (0.339 + log ~l') 

,~ i  (2 - , ,~ i )  

V l--al 0.059 V al 0,059 log + log ~ [28] 
-t- 2 -  al 2~ al 

The value of Ei,2 can be found from Eq. [23]. The final 
problem is to find a method to determine E1 and E2 
from EI,2. To do this, either fast or slow scan rates 
must be used to separate either the anodic or cathodic 
peaks into two waves. It is theoretically possible to 
cause the cathodic peak to split apart if hE is less 
than --60 mY. If this is not possible, then scan rates 
fast enough to split fhe anodic peak apart must be 
used. If the cathodic peak begins to split apart, Fig. 2 
can be used to calculate the value of AEAB from the 
Epp/2 values. From Eq. [11], it is possible to determine 
hE because ~i and ~ i '  a r e  known 

( 59 ) 
bE = 2 AEAB + --log ~l '  [29]  

Unless there is some change in  the shape of either the 
anodic or cathodic wave it is impossible to determine 
E~ and E2. 

Second-electron transSer limiting.--No dispropor- 
tionation.--If the disproport ionation reaction (reaction 
[3]) does not occur, the only way of producing C is by 
the direct reduct ion of B at the electrode surface. As 
with the previous case, an apparent  electron t ransfer  
rate constant, ks', is observed exper imental ly  rather  
than the actual ks value of the second step. The value 
of ks' is given by 

1,2 

k ,  (- s "- ks,2 exp (1 - -a2)  - -  

~2' : ~2exp [ -- (1 - -a2)  - -  

F 
RT 2 [30] 

F hE] 
RT 2 [31] 

As before, reversible behavior  is observed if @2' is 
greater than 7. If ~2' is less than  0.1, an irreversible 
wave is seen. For reversible waves, the shape of the 
wave (2) depends only on hE and is independent  of 
hE if hE is greater  than 180 mV. 

Quasireversible electron transSer.--For quasirevers- 
ible waves, the shape of the wave depends upon @2' 
and hE and is not very dependent  upon a2. If hE is 
larger than  180 mV and @2' greater than 0.5, the value 
of ks' can be calculated from the theory for quasire-  
versible waves given by Nicholson (4). The hEp values 
as calculated by digital s imulat ion for different a2 
values are given in  Table II  for several ~ '  values less 
than  1. 

If hE is less than 180 mV, the hEp values are larger 
than predicted by Ref. (4). To a close approximation, 
the working curves for ~E < 180 mV can be obtained 
by adding the excess broadness, Eexc, as defined in  
Eq. [32] to the data in  Table II 

Eexc : h E p r  - -  29 mV [32] 

where hEpr is the hEp value for a given hE (reversible 
c a s e ) .  

Irreversible case.--With a single scan, as defined ear-  
lier, the wave is i rreversible if ~ '  is less than 0.1. 

Table II. Variation of hEp values as a function of ~2' 

AEp (mV) 
~ll' (~i : 0.35 0.5 0.63 Ref. (4) 

1.0 44 44 43 42 
O.fi 58 .~6 53 53 
0.2 91 88 85 79 
0.1 128 135 147 106 

Irreversibi l i ty  of the second electron t ransfer  makes 
the second electron t ransfer  occur at more negative 
potentials. In order to correct for this, we can define a 
parameter,  hEBc, which takes into account the effect 
of the slow electron transfer  

59 
hEBc : hE~2 + - -  log ~2' [33] 

1 - { -a~  

This parameter  normalizes the combined effects of bE 
and ~2' on the relat ive positions of the two waves. 
From digital simulation, it was found that, if hEBc is 
greater than 50 mV, the shape of the wave is given by 
the theory derived by Nicholson and Shain (11). Sub-  
st i tuting n = 2 and an = 1 + a2, the following diag- 
nostic parameters  can be calculated 

ip = 0.992 FA %/(1 -t- a2)DalCA* [34] 

Epp/2 : 47.7/(1 + a2)mV [35] 

dEp/d log v -- 30/(1 -{- a2)mV [36] 

If hEBc is less than  50 mV the wave will  broaden 
and the peak current  function will decrease. This 
effect can be seen in  Fig. 3 for three different values 
of hEBc. The variat ion in  Xp and Epp/2 values can be 
calculated as a funct ion of a2 by the following nor-  
malizations 

xp* : xpl(1 + ~2) li~ [37] 

Epp/2* = Epp/2 (1 + a2) [38] 

The effect of hEBc on Xp* and Epp/2* is shown in  Fig. 
4 and 5. The variations in these parameters  are qual i -  
tat ively similar to the ECE and DISP mechanisms. It  
is only at fast scan rates that the Xp and E p p / 2  values 
differ significantly from the ECE and DISP mechanism. 
But chronoamperometry will easily dist inguish be-  
tween these mechanisms because a two-electron dif- 
fusion-controlled wave can be obtained if a negative 
enough potential  is used. In  contrast, an ECE or DISP 
mechanism will show the slow kinetic step regardless 
of applied potential. 

In  a cyclic experiment,  since the B to C reduction is 
l imit ing in this case, the C to B oxidation will be 
l imiting on the reverse scan. Thus, the theory for 
the first-step l imit ing must  be used to evaluate the 
oxidation peak. 

As before, there are four parameters  which must  be 
determined:  El, E2, ks,e, and a2. Thus, four indepen-  

100 
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0.8 

0.4 

I [ I I 

5 5 0  

i i i I 
20o 0 -200 

F-E1, mV 

Fig. 3. The simulated cathodic scan for three different values 
of AEBc (second-electron transfer irreversible). 
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Fig. 4. The variation of Xp* als a function of AEBc for the case 
where the second electron transfer is irreversible. 
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Fig. 5. The variation of Epp/2* as a function of AEBc for the 
case where the second electron transfer is irreversible. 

dent  equations must  be derived. Only one anodic peak 
can be seen unde r  practically any conditions where  
only one cathodic peak is seen as a consequence of 
Eq. [17]. This l imits the existence of two peaks to • 
values which are close to zero or negative. The value 
of a2 can be calculated from Eq. [35] or [36]. The sec- 
ond equat ion that can be used to calculate these pa-  
rameters  is the cathodic peak potential  (11), which is 

0.059 [ 0,339 _ log +, _i_ log.~/_~_ l 
Epc : El,2 i ~- a2 ~ J 

[39] 
In  addition, Epa is given by (11) 

00 0[ 
Epa : El;2 n u ~ 0.339 -- log ~z' -? log 2~ 

[40] 

Combining Eq. [39] and [40], the AEp values can be 
derived as a funct ion of ~ '  

0.118 0.059 ~ a2 
~lEp -- - - 1  -- a2 (0.339 -- log ~2') ~- 1 + a~ log " V  2"-~" 

0.059 / 1 -  a2 
~- 1 -- a2 log ~ /  2~ [41] 

Once r is calculated, E1;2 can be calculated from Eq. 
[39]. The final de terminat ion of E~ or E2 requires that  
~E~c be less than 50 mV so that  the wave wilI begin 
to split apart. If AE~c can be determined from the Epp/2 
or ~p values, then 

59 log r / [42] ~ E - - 2  ~EBc 1 - ~  

If ~E is such that  the wave does not begin to split 
apart, then a lower l imit  on ~E can be established be- 
cause AEBC must  be greater  than 50 mV 

118 
~E > 100 - -  log r [43] 

l + a ~  

Thus, from E l q .  [35] or [36], [39], and [41] and [42], 
we have four independent  equations which allow one 
to calculate ks,2, ~ ,  E1 and E2. The solution is simple 
because there is only one new u n k n o w n  in each equa- 
tion. It is impor tant  to obtain a good de terminat ion  of 
a2 since this is critical in  all the equations. If the wave 
is beginning to split  apart,  i t  is probably  more accurate 
to use the anodic peak potential  to determine a2 be-  
cause that  will not be affected. But fortunately,  it turns  
out that  unless the wave has broadened considerably, 
the calculation of c,z from Eq. [36] is also not seriously 
affected even though Eq. [35] cannot be used. 

Disproportionation.--For ~g > 0, the disproport iona- 
t ion reaction is favorable and can compete with the 
electron transfer  if it is fast enough. In  order to discuss 
this mechanism quanti tat ively,  the rate constant, kd, is 
normalized as follows 

~cl : kaCA */a [44] 

where ~d is the disproport ionation kinetic parameter.  
I t  is impor tant  to keep in  mind  that  ~ depends upon 
CA* while ~2 does not. Thus, it  is possible to change ~d 
without changing ~ at the same time. In Fig. 6, the 
effect of the disproport ionation reaction can be seen 
quite clearly. In this figure, the wave becomes depend-  
ent  upon the disproport ionation reaction and not on 
the second electron transfer.  The same type of be-  
havior is demonstrated in  Fig. 7, where the electron 
t ransfer  predominates if it  is large enough in spite of 
a fairly significant rate for the disproport ionation re- 
action. Qualitatively, the DISP mechanism is most im-  
portant  for negative values o~ ~iEsc. If ~EBc is positive, 
the difference in the shape and height of the wave due 
to these two mechanisms is not large. 

The effect of the disproportionatio,n reaction on the 
EE mechanism was determined by the use of digital 
s imulat ion (8). The results are shown in  Fig. 8 and 9 
for the Xp and Epc values for a2 = 0.5 as a func t ion  of 
AEBc. It is assumed in  this case that the wave is i r -  

fl= 

J J l I I I 

E-El. MV 
}O. O0 200. O0 ~ 00, O0 �9 00 7100.00 -200.00~ ~300.00 

Fig. 6. The simulated cathodic scan for -~EBc = - -20 mV and 
(a) ~d = O; (b) ~d ---- 10; and (c) ~d = 30. 
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Fig. ?. The simulated cathodic scan for ld ~ 10, and AEBc 
equal to (a) - -100 mV; (b) - -50  mV; (c) O; (d) -I-75 inV. 
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Fig. 8. The variation of Xp as a function of AEBc for various 
values of td (second-electron transfer irreversible). (a) Xd = 1000; 
(b) t d ~--- 300; (c)  ~-d = 100; (d) ;~d : 30; (e) ~-d = 10; ( f )  
;Ld ---- 0.1. 
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Fig. 9. The variation of Epc -- E1 as a function of AEBc for 
various values of ;~d- Values of Xd given in Fig. 2. 
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Fig. 10. Values of AEBe and ld where various mechanisms are 
applicable. E = EE Mechanism, D : -  DISP Mechanism, DE = 
Mixture of EE, and DISP Mechanism. 

reversible (42' < 0.1). For quasireversible and revers-  
ible waves, the effect of the DISP mechanism is small. 
Using the criteria that the DISP mechanism predomi-  
nates if xp is wi th in  5% of the value for the wave when 
42' - :  0, a range of AE~c values can be calculated and 
the results are shown in Fig. 10. At the other extreme, 
the wave is defined by the EE mechanism if the Epc 
value is wi th in  2 mV of the value obtained when Ld ---- 
0. These values are also shown in Fig. 10. Between 
these two limits, the wave is controlled by both the 
EE and DISP mechanism and Fig. 8 and 9 can be used. 
These l imits can be expressed as follows 

DISP mechanism predominates if 

AEBc < 25 log Ld - -  70 mV [45] 

EE mechanism predominates  if 

AEBc > 25 log kd -- 5 mV [46] 

While these results were obtained for a2 = 0.5, the 
same conclusions were obtained for ae = 0.35 and 0.65. 
The Epc curve shown in  Fig. 9 is almost independent  of 
~2. The Xp curve (Fig. 8) does depend upon a2 because 
the l imit ing value of xp when AEBc is large does de- 
pend upon a2. In  general, this dependence is small and 
varies by only 10%, at most, for ~2 be tween 0.35 and 
0.65. But the l imits given by Eq. [45] do not depend 
upon ~2. This can be seen in Fig. 11 for a2 -~ 0.35, 0.5, 
and 0.65 and kd = 10. 

Diagnost ic  Cr i te r ia  and Da ta  Analys is  
The key to the analysis of cyclic vol tammetr ic  data 

for this case is a systematic approach. The analysis can 
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Fig. 11. Variation of Xp as a function of AEBc for ~.d = 10 and 
a~ equal to (a) 0.35; (b) 0.50; end (c) 0.65. Dashed fine indicates 
the value where Xp has increased by 5%. 

be segregated into the following steps: 
1. de terminat ion that EE mechanism is occurring 
2. determine if disproport ionation is occurring 
3. de terminat ion of the reversibi l i ty  of electron 

t ransfer  
4. identification of the slow step 
5. calculation of electron t ransfer  parameters  
S t e p / . - - T h e  determinat ion  that  an EE mechanism is 

occurring is most easily done by double-potent ia l  step 
chronoamperometry.  By comparison of the diffusion 
current  with compounds of known  electrochemical be-  
havior, the n value can be calculated. Second, from the 
ia/ic ratio, the stabil i ty of the product can be ver i f ied 
and one can verify that no irreversible chemical re-  
actions are occurring. Third, the ic ~fr/CA* value 
should be constant, indicat ing that  no new electroac- 
tive products are formed. The value of the final po- 
tential  m u s t  be negative enough so that  the slow elec- 
t ron t ransfer  step does not affect the ic %/~'/CA* value. 

Step 2.--Since the value of ~.d depends upon CA*, the 
shape and position of the wave should be dependent  
upon CA*. Conversely, 4' is independent  of CA*, so one 
can determine if disproport ionation is impor tant  under  
the conditions used. 

Step 3.--If  the shape or position of the wave is in -  
dependent  of scan rate, then the electron transfers are 
reversible, i f  the values of hEp are between 30 and 150 
mV, at least one of the electron transfers  is slow and 
the wave is quasireversible.  If the AEp values are 
greater  than  150 mV, the electron t ransfer  is i r revers-  
ible. 

Step 4.--The ident i ty  of the slow step can be sur-  
mised from several ways depending upon the rate of 
the electron transfers. If the wave is quasireversible,  
it is difficult to determine the slow step because of the 
similarit ies in working curves. Only if scan rates large 
enough so that 4' is ( 0.1, (i.e., the wave is i r revers-  
ible) are used can one determine which step is slow. 

If the electron t ransfer  is irreversible,  the ident i ty  of 
the slow step can be easily determined from the ratio 
of the peak currents,  ip,a/ip.c, where ip,a is measured 
from a baseline calculated from the t -~/2 decay of the 
cathodic current.  If the first step is slow, then from Eq. 
[12] and [34] 

ip.a/~p,c - -  %/(2 - -  ~1)/el [47] 
Since al ~ 1 

ip,a/ip,c > 1 [48] 

for all values of ~1. Conversely, if the second electron 
t ransfer  is slow 

ip,a/ip, c = %/(1 -- ~2)/(1 + ~2) [49] 

Once again, ~2 is less than  one. Thus 

i p . j ~ p . ~  < z [50] 
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Subst i tut ion of typical values of ~ into Eq. [47] or 
[49] will show that there will be significant deviations 
from un i ty  for the peak current  ratio. In  order to use 
this cri terion with confidence, 4' should be less than 
0.1 (hEp ~ 150 mV) and reduced product must  be 
stable. 

Step 5.--The calcula t ion of the parameters  related to 
the electron t ransfer  can now be determined once the 
previous steps have been completed. If the wave is 
reversible, only the EI,2 value can be determined for 
sure. If hE is less than 180 mV, E1 and E2 can also be 
found. If the wave is quasireversible,  then 4' and E1,2 
can be calculated. Once again, if hE is less than 180 mV, 
E1 and E2 can also be found. If scan rates large enough 
to make the wave irreversible are used, ~ can be de- 
te rmined (and hence ~ if E1 and E2 are known) .  If the 
wave is irreversible, ~ can be calculated from the shape 
or shift in the wave and 4' can be calculated from the 
AEp values. Finally,  El,2 can be found. If the values of 
AEA~ or hEBC are appropriate,  then El, E2, and ~ can be 
found. In all this analysis, it is assumed that the other 
electron t ransfer  remains reversible. This, in  practice, 
limits the max imum scan rates which can be used to 
analyze the data by this method. 

Results and Conclusions 
The reduction of benzil  (Bn) in  0.10F bar ium per-  

chlorate with DMF as solvent is a two-electron quasi- 
reversible electron transfer.  The cyclic vol tammetr ic  
data for this solution is shown in  Table III. Using the 
criteria discussed earlier, single and double step 
chronoamperometry verified that  the reduction was a 
two-electron transfer  for times at least as short as 1 
msec and that the reduct ion product was stable. The 
second step in  the analysis was to vary  the concen- 
t rat ion of benzil to determine if disproport ionation was 
occurring. It  was found that  for CBn equal to 0.75 and 
5.0 mM no change in the shape of the wave was ob- 
served (6). Thus, one could analyze the data in  Table 
III  without including the disproport ionation reaction. 
The third s tep  is to determine the reversibi l i ty  of the 
electron transfer.  Since hEp is greater  than 150 mV for 
all scan rateS: studied, the electron transfer  is i r revers-  
ible. Final ly,  because the iv,a//~.~ ratios are much less 
than 1.0, the second electron t ransfer  must  be the slow 
step. 

For the data below 1 V/sec, the exper imenta l  data 
fits quite well with the theory for an  EE mechanism. 
From the ~E~ values, it was possible to find ~2, which is 
equal to 0.66. Equat ion [39], [41] and [42] can then be 
expressed in the following manner  

log ~2' = --4.78 (hEp --~ 0.021) [47] 

E~,2 = Epc ~- 0.0355 (0.35.5 -- log ~ ' )  [48] 

hE -- 2(AEBc -- 0.0355 log ~2') [49] 

The results obtained by these equations are shown in  
Table IV. Using these values as estimates, it was pos- 
sible to generate theoretical vol tammograms and com- 
pare them with the exper imental  data. This is shown 
in  Fig. 12 for benzil  at 100 mV/sec. The best values 
given in Table IV are obtained from the best fits of 

Table III. Cyclic voltammetry of 0.75 m M benzil in DMF 
containing 0.10F Ba(CI04)2 

V (V/sec)  Epc* AEp (mV) Epp/2 (mY) 

0 . 0 5  - 1 .419  156  39 
0 .1  - 1 .428  190 4 4  
0 .2  - -  1 .438  221  48  
0.5 --  1.448 260 54 
1.0 - -  1 .457  285 58 
5.0 - -  1 .477  365  81 

lO.O - -  1 .500  63 
20.0 - -  1.528 68 

* V v s .  SItE (silver reference electrode).  
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Table IV. Determination of second-electron transfer rate 
in 0.1F Ba(CI04)2 

AEBe AE K k,,s 
V (V/see)  (raV) ,,b' Ez*  (mV) (M -~) (era/see)  

J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY 
o 

] I I I 

I 
N 
d 

0.05 0 0.143 - 1 . 4 0 7  60 1200 5.5 x 10 ~ 
0.1 - 12 0.0983 - 1.404 48 1350 5.0 x 10 -~ 
0.2 - 18 0.0699 - 1.412 46 1000 4,9 • 10 -~ 
0.5 - 26 0.0455 - 1.410 43 1060 5.0 • 10 - '  
Best value --1.408 55 1150 5.0 x i0-' 
Ref. (6) -1.415 i00 880 5 X 10 .4 

* V vs. SHE. 

the experimental  data with the simulated vol tammo- 
grams. 

There occur significant deviations at scan rates above 
1V/sec due to the slow rate of the first electron t rans-  
fer. The values of ks,1 and at were determined by digi- 
tal simulation, using the values already calculated for 
the second electron transfer. It was found that  ~1 was 
equal to 0.7, and k~.l was equal to 6.5 X 10 -~ cm/sec. 
The exper imental  data along with the theoretical 
curves are shown in Fig. 13 for the Epp/2 values. An ex- 
per imenta l  vol tammogram with the simulated wave is 
shown in Fig. 14 for benzil  at 1.0 V/sec. 

The rate of the first electron t ransfer  appears to be 
unusua l ly  slow when compared to the rate of reduction 
with t e t r abu ty lammonium perchlorate (TBAP) as a 
supporting electrolyte. But once again we are dealing 
with an apparent  electron t ransfer  rate constant, ks, l*, 

I I I I I I 

- 2  1 I I I I I I 
- I . 0  -1.2 - 1 4  -1 .6  

E, V vs SRE 

Fig. 12. Cyclic vohammogram for the reduction of 0.75 mM 
benzil in DM,F with 0.10F Ba(CI04)2. Scan rate = 100 mV/sec; 
solid line, theoretical; x, experimental points. 

I I I I [ I I 

/ I  

/ 
/ 

0 

I I I I I I 1 

- I  o 

LOG v, V/s 

Fig. 13. The variation of Epp/2 {is a function of scan rate. Solid 
line, ks,1 = 0.10 cm/sec, a 1 = 0.7, ks,2 : 5,0 X 10 -4  cm/sec, 
a~, = 0.66; dashed line, first-electron transfer reversible; closed 
circles, CBn = 0.75 mM; open circles, CBn = 5.0 mM. 

Apri l  1978 

I 

o 

~5 

E, V VS SRE 
[ . 0 0  1. [0  - I . 2 0  - I , 3 0  1 .40  1.50 - [ . 6 0  - 1 . 7 0  
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Fig. 14. Cyclic voltammogram for the reduction of 0.75 mM ben- 
zil in DMF with 0.10F Ba(CI04)2. Scan rate = 1 V/sec;  solid 
line, theoretical; x, experimental points. 

instead of the t rue ks.1. This is caused by the shift of 
the benzil 

Bn + e ~ Bn'- [50] 

K + 
Bn- + B~ 2+ ~ BnBa " [51] 

reduction from its equilibrium position being due to 
the ion-pairing reaction. Since the wave occurs posi- 
tive of the potential where benzil alone is reduced, the 
heterogeneous forward rate constant, khf, at the peak 
potential is less than ks,[ due to the exponential rela- 
tionship between kaf and ks,, 

khf = ks,1 e x p  --o~1~- ~ (E -- E o) [52] 

If one solves the boundary  value problem for the above 
reaction, it turns  out that k~,t* is related to ks,1 by the 
following equation 

ks.1 = ks,l* (I ~- KCBa)~I [53] 

where CBa is the concentrat ion of the bar ium ion. For 
KCBa = 115 and =1 ---- 0.7, ksn is 0.18 cm/sec. This value 
of ks.1 is wi thin  the range that  has been observed for 
several quinones recently (12). This value is still 
smaller than the m i n i m u m  value estimated in  the pres-  
ence of TBAP only. This difference cannot be due to 
ion pair ing between the bar ium and perchlorate ions. 
While this will reduce [Ba2+], it will  at the same time 
increase the value of K because the K[Ba 2+] value 
was observed experimentally.  In  addition, estimations 
of the Ba-C104 ion pair constant from Bjerrum's  theory 
(13) and from data for Mg-C10r in  acetonitri le and 
acetone (14) indicate that  ion pair ing of the bar ium 
perchlorate electrolyte is insignificant in DMF. This 
lower rate constant could be due, though, to double 
layer changes caused by the presence of ba r ium ions. 

Using the information in Table IV, it is possible to 
estimate the max imum value for the disproport iona-  
t ion rate constant, kd, using Eq. [45]. The ma x imum 
value of kd depends upon scan rate, with the dispro- 
port ionation reaction being more impor tant  at faster 
scan rates because AEBc is decreasing. For CBn = 0.75 
mM, it was found that kd must  be less than Y00 M -1 
sec-1. This max imum value may be too small  to see. A 
more practical value is probably  3 • 103 M -1 sec -1. 
Since no disproport ionation reaction is seen for the 
5 mM solution, kd must  be less than 750 M -1 sec -1. It is 
interest ing to note that  if ~2' were zero, a value of 
kd = 750 M -1 sec -1 could be easily seen and calcu- 
lated. Thus, for CBn = 5 mM and v = 50 mV/sec;  
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would be 2.7. But  this reaction,  if i t  occurs, is ob-  
scured by  the second e lec t ron  t ransfer .  

The de te rmina t ion  of ks,2 for  the  reduct ion  of benzi l  
in the  presence of s t ron t ium ion can be accomplished 
in the  same way. The a~ value  was again  found to be 
0.65. Thus, Eq. [47]-[49] could be used. The resul ts  are  
shown in Table  V. The ca lcula ted  values  for the  benzi l  
reduct ion  wi th  the  s t ron t ium ion presen t  agree  wel l  
w i th  the  values  de te rmined  by  t r i a l - a n d - e r r o r  s imula-  
tion. As was seen before  (6), the  second-e lec t ron  t r ans -  
fer is somewhat  s lower  wi th  the  s t ron t ium ion pa i r  
than  with  the ba r ium ion pair .  This difference, though, 
could be due to double  l aye r  effects. 

The s impl ic i ty  of this method  of analysis  is qui te  
evident.  Previously ,  i t  was necessary to pe r fo rm a 
considerable  number  of t r ia l  and e r ror  s imulat ions  be -  
fore the  best  fit could be obta ined  in o rder  to de te r -  
mine  the  e lec t ron t ransfe r  pa rame te r s  for the  EE 
mechanism.  But by  use of the  equat ions given in  the 
paper ,  i t  was possible to d i rec t ly  calcula te  the  p a r a m -  
eters. A second advan tage  is tha t  i t  is poss ible  to 
iden t i fy  significant devia t ions  f rom the EE mechanism, 
as was shown in this case for scan rates  in excess of 
1 V/sec  wi th  ba r ium ions present .  If  an EE mechanism 
is occurr ing  wi th  only one of the  ks values  being slow, 
the  shape of the  wave  should fol low t h e  cr i te r ia  given 
previously.  In  par t icu la r ,  a good diagnost ic  c r i te r ia  is 
the shif t  in the  anodic and cathodic peak  potent ia ls  
wi th  scan rates.  Consis tent  ,~ values  should be obta ined 
f rom these calculations.  A factor  complicat ing the 
analysis  is the  s i tuat ion where  both e lec t ron t ransfers  
may  be slow. The diagnost ic  cr i ter ia  wil l  obey qua l i t a -  
t ive ly  the analysis  g iven in this  paper ,  but  wi l l  fail  
ser iously  upon quan t i t a t ive  analysis.  Work  is in p rog -  

Table V. Cyclic voltammetry of benzil in DMF containing 
O.IOF Sr(C104)2 

Epv/~ AEp AE ks,~ K 
V ( V / s e c )  (mV) (mV) El*  ( m V )  ( e m / s e c )  (M -I) 

0.05 47 285 - 1 . 3 7 2  72 1.4 x 10 -4 4800 
0.1 49 322 - 1 . 3 7 0  76 1.4 x 10 -~ 5140 
0.5 58 3~0 - 1 . 3 8 3  80 1.7 • 10 -4 3100 
B e s t  v a l u e  - 1.375 80 1.6 x 10 -~ 4300 
R e f .  (6) - 1 . 3 9 7  135 2.0 x 10-~ 1800 

* V vs .  SITE. 

ress in this l abo ra to ry  to presen t  s imi lar  methods  for 
the  analysis  of this case. 
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ABSTRACT 

The salt t ransport  parameter  Le, the water  t ransport  parameter  Le, and 
the cation transference number  t+ m have been measured for an RAI P2291 
cation exchange membrane  for aqueous KOH solutions. The transference n u m -  
ber decreases with increase in  concentration. For the concentrat ion range 
1.0-10.0M a straight line fit was obtained by l inear  regression. A correction 
to t+ m in the range of 0.453-0.846 has been used to compensate for the con- 
centrat ion gradient  bui ldup in the porous electrodes due to the passage of 
current.  The L parameters  are not constant dur ing the course of a dialysis 
experiment.  An optimization procedure has been used to select the most 
accurate set of values of Le (=2.924 X 10 -5 cm/sec) and Lo (--2.057 X 10 -4 
cm/sec) for a single run. 

An important  application of ion-exchange mem-  
branes is in  the field of batteries. Synthetic polymers 
were widely used as bat tery separators when  attempts 
were being made to improve the performance and  life 
of batteries. These were mostly commercial ly avail-  
able films such as cellophane. In  the past few years 
serious at tempts have been made  to make such films 
specifically for use as bat tery separators (1). 

RAI-Permion  2291 membranes  tested in this work 
are main ly  for use in zinc-si lver oxide batteries as an 
argentistatic spacer. The purpose of the argentistatic 
spacer is to inhibi t  the migrat ion of Ag ( O H ) s -  in  the 
alkal ine solution. Cellophane was used in the early 
stages of practical zinc-silver oxide cells. Silver reacts 
with cellophane, thus deteriorat ing the film. There is 
an init ial  low rate of permeat ion of silver through the 
membrane  (cellophane).  After  an appreciable period 
of t ime the rate of permeat ion increases. This is ap- 
parent ly  caused because the membrane  capacity for 
silver is reached. Permion  membranes  are more stable. 

Permion membranes  are made using a 1 mil  thick 
low density polyethylene film made from a Bakelit  
DFD0602 resin (2). This resin has a nar row molecular 
weight dis t r ibut ion which is desirable since this gives 
the most efficient crosslinking per un i t  of energy used. 
The extruded film is crosslinked using high energy 
beta radiat ion to give a distance be tween crosslinked 
sites of 3000-5000 (that is the molecular  weight be-  
tween sites). Permion  2291 40/30 is then made from 
the crosslinked film by r a d i a t i o n  graf t ing  approxi-  
mately 40% methacrylic acid onto the base film using 
a chain transfer  agent to l imit  the chain length. (When 
a reactive monomer  is present dur ing irradiation, it 
may react with the free radicals giving a "grafted" 
side Chain). This grafted film is finally converted to the 
potassium form by washing in 5% potassium hydroxide 
solution at 95~ for 3-4 min. 

Permion 2291 is a weak cation exchange membrane  
meant  to be used in alkal ine electrolyte. It also ap- 
pears to be useful in s i tuat ions where high tempera-  
ture, long wet stand, oxidation resistance, and high 
rate of charge/discharge are required. 

The transference number  of the K + ion and the L 
parameters  are impor tant  in predicting shape change 
in  the zinc electrode of zinc-si lver oxide secondary 
electrodes (3). In  this work the transference number  
of the K + ion has been exper imental ly  determined 
through the RAI P2291 membrane  in  KOH solutions. 
The concentrat ion range of measurement  is 1.0-10.0M. 

* Electrochemical Society Active Member. 
Key words: batteries, transference numbers, diffusion coeffi- 

cients. 

The average diffusion coefficients of the electrolyte and 
solvent through the membrane  have been measured in 
the range of concentrat ion 4.95-7.63M. The specific con- 
ductivi ty and the fixed ion concentrat ion of the ion-  
exchange membrane  have also been measured. 

Theory 
Bennion and Rhee (4) define driving forces as a re- 

vised form of Stefan-Maxwell  equation 

di = ~ K~ (vj -- vi) [1] 
J 

and, after a rigorous derivat ion arr ive at flux equa-  
tions wr i t ten  below 

t+ i  
N+ = c+v+ = Z-s + Z-s + ~ [2] 

t - i  
N -  = C-V- = --Z+~e~7~ -- Z+s + ~ [3] 

Z+ toi 
Ne = CoVe = -- s  -- s + T [4] 

P 

Equations [2]-[4] define five independent  param-  
eters Ce, ~o, Ceo, t+, t--. It  must  be kept in mind that  
t+ : (1 -- t - ) .  Also, Ceo = Coe. The sixth independent  
parameter  is the electrical conductivity, K, which ap-  
pears in the current  equat ion 

K ( s + t -  s-t+ ) 
i = - ,~7~  - ~ .  ~ + ,,- ~7~ 

g 

- -  ~ (nte+ So) V ~  [5] 
n F  

These flux equations need to be integrated across 
the membrane.  It  is easier to perform the integrat ion 
if chemical potentials are replaced by concentrat ion 
and pressure terms. At this point it should be men-  
tioned that some investigators have used activity 
instead of concentration. Concentrat ion is a quant i ty  
easy to unders tand  and to measure, and hence it  has 
been preferred to activity in this derivation. 

Let us consider #e and #o to be functions of Ce and 
P, T being assumed constant. From first principles 

V#e : ~Ce -t- V P  [6] 
ace OP 

O~o ~Ce+ O~e VP 
~ o  = 0c--/ - ~ -  [7] 
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Also, the  pa r t i a l  d i f ferent ia ls  m a y  be wr i t t en  as 

On RT ( dln ,_•  ) 
= i+ ---, Vc, [8] 

OCe Ce d In Ce 

_ ( dln,o ) 0co 8 ~ o _  RT. I +  . - - V c e  [9] 
3#e Co d in  Co OCe 

And, using a simple, l inear ized equat ion of s ta te  co "- 
Co ~ --  ace -- b ( P  ~ --  P ) ,  we a r r ive  at  

8co 
= - - a  [ 1 0 ]  

.Oce 

Subs t i tu t ion  of Eq. [8]-[10] into Eq. [6] and [7] 
gives us 

( ) RT 1 + - -  VCe + ' V e V P  [ii] 
V#e---~ Ce d l n c e  

V~o -- 1 ~- - -  aVce +-VoVP [12] 
co d In Co 

If  6 is the effective m e m b r a n e  thickness  across which 
the in tegra t ion  is pe r fo rmed  and when the electr ic  
cur ren t  dens i ty  is zero ( the salt  flux, Ne, can be de-  
fined as Ne -~ N+/v+ = N- /v - ) ,  the flux equations 
can be in t eg ra ted  to y ie ld  the  fol lowing 

Ne ----- --LeaCe --  LepAP [13] 

No ----- LohCe -}- LopAP [14] 

The expressions for the L parameters are given 
below 

z -RT  ( dln,__. ) /~.. 
Le -- -:_ i + - -  

v + Ce d In  Ce 8 

z -RT ( dln: fo  ) a ~ e O  
+ ~ i + - -  [15] 

+ Co d In Co 6 

~+ 6 ~ - -  [16] 

Lo -- z+RT(__ l+--dlnf• ) ~oe 

v-  Ce d in Ce 8 

RT ( 1 ~  dln:fo ) a~o 
-F co dlnco T [17] 

Lop=-- v -  8 + - -  [18] 

Equat ions [15]-[18] are  impor tan t  because they  
show how the four t r anspor t  pa rame te r s  Le, Lo, Lep, 
and Lop are  re la ted  to th ree  independent  t r anspor t  pa -  
ramete rs  ~e, ~o, and ~eo. 

When  the  d r iv ing  force Ap is zero and the cur ren t  
dens i ty  is not zero, the  flux equations m a y  be wr i t t en  
in the fol lowing form 

t + i  
N+ = --LeACe + [19] 

F 

to~ 
No ---- LohCe -{" [20] 

F 

In cer ta in  cases when concentrat ions inside the  ion-  
exchange membrane  are  desired,  an es t imate  can be 
made  by  using the Donnan exclusion principle .  An  
ion-exchange  m e m b r a n e  has fixed ions in the  s tructure.  
Let  us denote  this fixed ion concentra t ion by  X. Then, 
the  e l ec t roneu t ra l i ty  condi t ion yie lds  

e+ = X + c -  [21] 

Trea t ing  both in te rna l  and ex te rna l  solut ions as ideal ,  
tha t  is, neglect ing ac t iv i ty  coefficient correction,  equa l -  
i ty  of  potent ia ls  according to Gibbs -Donnan  pr inc ip le  

requi res  that  at  equ i l ib r ium 

c + c -  = c~ [22] 

where  c ---- concentra t ion of ex t e rna l  solution. Combi-  
na t ion  of Eq. [21] and [22] yields  

_- ]1/2 X c+ [(x) .+o.  
[ (x ) .  

c -  = + c ,  J - [ 2 t ]  

where  c+ and c -  in this case denote  concentrations 
of the  respect ive  ions inside the  membrane .  

The exper imen ta l  cell  is a d i a lys i s - type  cell  f i t ted 
wi th  capi l la ry  tubes to measure  vo lume flows and 
electrodes to measure  t ransference  numbers  and elec-  
t r ica l  conduct ivi ty,  see Fig. 1. 

Tile sign convention being used is: (i)  A n y  flow into 
a compar tment  is posi t ive;  (i i)  A n y  flow out  of a com- 
pa r tmen t  is negat ive.  

Thus, a mass balance of compar tmen t  2 is given by  
the equat ion 

V dc~ c'~s dls 
Ne2 -- ~ -- [25] 

A dt A dt 

where  s = cross sect ional  a rea  of capi l lar ies;  V --  vol-  
ume of compar tment ;  A = a rea  of cross sect ion of 
membrane ;  and  c'e2 --  concentra t ion in  cap i l l a ry  if  flow 
is into the  compar tmen t  or, concentra t ion in the  com- 
pa r tmen t  (ce2) if  flOW is out  of the  compar tment .  Thus, 
when  t r anspor t  across the  m e m b r a n e  is only  by  m i -  
gra t ion  in an electr ic  field 

V dc~ c'oss dls t + i  
�9 Nes =--~ +'-- ---= " ' 

A dt  A d t  z + F  

Since dl2/dt C'e2Z/A is ve ry  smal l  i t  can be neglected.  
Hence 

VFZ+ dCe2 
t+ -- [26] 

iA d r  

When the solutions on both  sides of the  m e m b r a n e  
have the same concentra t ion (same e lec t ro ly te ) ,  f rom 
Eq. [10] 

i -- -- KVr [27] 

This is Ohm's  law. The  specific conduct iv i ty  of the  
membrane ,  K, is defined f rom Eq. [27] as 

, 
VV 

[28] 

where  A~ is the  vol tage  drop across the  m e m b r a n e  as 
measured  by  two Hg/HgO reference  electrodes.  

Equipment.--The majo r  equ ipment  used for  the  ex -  
per iments  a re  the  cell  (Fig. 2 and 3) and Hg/HgO 
reference  electrodes which were  made  according to 
the p rocedure  suggested by  Bennion (5). Two cells 
were  constructed.  In  the first one ( re fe r red  to as the  
la rger  cell) each compar tmen t  had a volume of 50 cm 3, 
and a cross-sect ional  a rea  of 20 cm 2. The second cell  
( re fe r red  to as the  smal le r  cell)  had  a compar tmen t  
volume of 4 cm 8 and a cross-sect ional  a rea  of 3 cm~. 
The basic design of both  cells were  the same. 

I I (upper) 

2 (lower) 

, _at the same 
--level horizontally 

capillaries 

Fig. 1. Schematic diagram of cell assembly 
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GROOVES FOR 
PE RFORATE D 
8EPARATO R8 Starting Final 

�9 ' ~ - - - - ' - : r - % c C - L  ~-~:~,~ / conc. conc. Time 
L | /- - - -,- ~_- ~_-_-~- = - - ~  ~'~, | Run (mole/ (mole/ of run 

P - J  ~--- I t -  -J ~- - - -1 NO. l iter ) liter) (min) 

1 - -  ~ j r ]L i  - [ la 1.9382 1.8446 360 b c 1.8575 1.8422 

t VENT FOR WORKING 2a 2.8674 2.7802 360 
ELECTRODE CONTACT b 2.7783 

VENT FOR e 2.7836 
CONDUCTIVITY BRIDGE 1 3ab 3.8779 3.79453"7917 360 
ELECTRODE CONTACT c 3.8003 

~ ~  4a 4.7280 4.6504 360 
b 4.6367 
c 4.6475 

VENT FOR 5a 5.9328 5.8607 360 
m ~  / =' \ FT_FEFT_NCE b 5,8496 

c 5,8523 
GRObVE ~ U . - " " ~  ELECTRODE 6a 8.3993 8.2493 100 

7a 9.421 9.1630 130 
b 9.1618 

�9 ~-] 8 9.508 9.3540 120 
9a 9.9947 9.8598 90 
b 9.8547 
e 9.8569 

~4T FOHR E ~ il / ~MT FOR 
cELULNG T PILLAR'( 

Fig. 2. Schematic diagram of a eel| compartment 

Table I. Results of Hittorf experiments 

Current t+ m t+ m 
(mA) (K+)* (K+)** 

2.0 0.824 0.863 
0.798 9.836 
0.846 0.886 

2.0 0.785 0.822 
0.802 0.840 
0.754 0.790 

2.0 0.775 0.812 
0.750 0.786 
0,698 0.731 

2.0 0.698 0,731 
0.821 0.860 
0.724 0.757 

2.0 0.649 0.679 
0.748 0.783 
0.724 0.757 

250.0 0.453 0.454 
0.583 0.585 
0.576 0.578 

250.0 0.599 0.601 
0.602 0,604 

200.0 0.504 0.486 
200.0 0.620 0.568 

0.587 0.590 
0.581 0.583 

Runs 1 to 5: volume of cell compartment = 4.0274 cm 3 (small) 
Runs 6 to 9: volume of cell compartment = 46.9161 cm~ (large) 
Runs 1 to 7: porous nickel electrodes used as working electrodes 
Runs 8 & 9: porous silver electrodes used as working electrodes 

The above results are plotted in Fig. 4. 

V t C  ~ - -  ( V c c  f ~- V e l C a v )  
t+ m (corr.) = F (Appendix I) 

I Cat) 

*Uncorrected.  
** Corrected. 
a, b, c are separate runs with the same starting concentration. 

pe~ 
pal 
se~ 

Fig. 3. Assembled cell 

Ezperiments.--Two d i f f e r e n t  e x p e r i m e n t s  w e r e  con-  
d u c t e d  to f ind t h e  d i f fus ion  coefficients,  t r a n s f e r e n c e  
n u m b e r s ,  a n d  specif ic  c o n d u c t i v i t y  of  t h e  m e m b r a n e .  

Hittorf experiment.--In t h i s  e x p e r i m e n t  b o t h  t h e  cei l  
c o m p a r t m e n t s  w e r e  f i l led w i t h  t h e  s a m e  K O H  so lu t ion ,  t.0 
T h e  w o r k i n g  e l e c t r o d e s  u s e d  w e r e  A g / A g O  p o r o u s  
e l e c t r o d e s  or  N i ( O H ) 2 / N i O O H  p o r o u s  e l e c t r o d e s  ( s u p -  
p l i ed  b y  t h e  A i r  F o r c e  A e r o  P r o p u l s i o n  L a b o r a t o r y ,  
W r i g h t  P a t t e r s o n  A F B ) .  T h e  cel l  c o m p a r t m e n t s  w e r e  
s e p a r a t e d  b y  a P e r m i a n  2291 m e m b r a n e  ( s u p p l i e d  b y  0.8 
R A I  C o r p o r a t i o n ) .  A p r e c a l c u l a t e d  c u r r e n t  is p a s s e d  
fo r  a p r e d e t e r m i n e d  t ime .  Th i s  c a l c u l a t i o n  is d o n e  as -  
s u m i n g  a t r a n s f e r e n c e  n u m b e r  of 0.5, s e l e c t i n g  a c o n -  
c e n t r a t i o n  t h a t  c a n  b e  a c c u r a t e l y  m e a s u r e d ,  a n d  d e t e r -  o 0.6 
m i n i n g  c u r r e n t  a n d  t i m e  to g ive  t h e  change .  D u r i n g  t h e  v 
c o u r s e  of t h e  e x p e r i m e n t  t h e  f low r a t e s  in  t h e  capr i -  %§ 
l a r i e s  ( h o r i z o n t a l l y  p l a c e d  t u b e s )  w e r e  o b s e r v e d .  A t  
t h e  e n d  of t h e  e x p e r i m e n t  t h e  ce l l  w a s  t a k e n  a p a r t  a n d  
t h e  s o l u t i o n  c o n c e n t r a t i o n s  i n  t h e  t w o  c o m p a r t m e n t s  o.4 
w e r e  a n a l y z e d  to g ive  t h e  c h a n g e  in  c o n c e n t r a t i o n .  T h e  
a n a l y s i s  of  t h e  s o l u t i o n  was  d o n e  b y  t i t r a t i n g  w i t h  a 
s t a n d a r d  HCt  s o l u t i o n  u s i n g  as i n d i c a t o r s  a p H - m e t e r  
a n d  p h e n o l p h t h a l e i n .  

A t  t he  s t a r t  of  t h e  H i t to r s  e x p e r i m e n t ,  t h e  p o t e n t i a l  
d r o p  ac ross  t h e  m e m b r a n e  w as  m e a s u r e d  w i t h  H g / H g O  

r e f e r e n c e  e l ec t rodes ,  a n d  t h u s  t h e  specif ic  c o n d u c t i v i t y  
of t he  m e m b r a n e  was  o b t a i n e d .  

Dialysis experiment.--This e x p e r i m e n t  is b a s e d  u p o n  a 
c o n c e n t r a t i o n  d i f f e r e n c e  i m p o s e d  ac ross  t h e  m e m b r a n e  
a n d  t h i s  d i f f e r e n c e  d e c r e a s i n g  d u e  to d i f fu s ion  ac ross  
t he  m e m b r a n e .  T h e  c o n c e n t r a t i o n s  of K O H  s o l u t i o n  on  
e i t h e r  s ide  of t h e  m e m b r a n e  w e r e  k n o w n  a t  t h e  s t a r t  
of t h e  e x p e r i m e n t  a n d  w e r e  m e a s u r e d  d u r i n g  t he  
c o u r s e  of t h e  e x p e r i m e n t ,  as d e s c r i b e d  l a t e r .  O b s e r v a -  
t i o n  was  also m a d e  of t h e  f low i n  t h e  c a p i l l a r y .  I t  m a y  
b e  m e n t i o n e d  a t  t h i s  p o i n t  t h a t  t h e  c o n c e n t r a t i o n  of 
t h e  K O H  s o l u t i o n  i n  a c o m p a r t m e n t  m a y  b e  m e a s u r e d  
b y  a n  a - c  c o n d u c t i v i t y  b r i d g e  or  b y  t i t r a t i n g  s amp le s .  
T h e  l a t t e r  m e t h o d  was  u s e d  in  t h i s  case.  

Results 
T h e  r e s u l t s  of  t h e  H i t t o r f  e x p e r i m e n t s  a r e  s u m -  

m a r i z e d  in  T a b l e  I a n d  Fig.  4. T h e  m a s s  t r a n s f e r  co-  
eff ic ients  a r e  c a l c u l a t e d  on  t h e  bas i s  of o b s e r v a t i o n s  

O O O 

O O O 

O 
O 

I q _ I I I 

2,0 4.0 6.0 8.0 
concentration of KOH solution (mol/l) 

tO.O 

Fig. 4. Corrected trnnsferQnce numbers of K + ions through RAI 
P2291 membrane. 
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Fig. S. Concentration profile of KOH solution in upper compart- 
ment during a dialysis experiment. 
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8 
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Fig. 6. Volumetric flow observed in the capillary corresponding 
to the upper comportment (solution flowing in) in dialysis experi- 
ment. 

shown in  Fig 5 and 6, and the procedure outl ined in  
Appendix  II. The results of the calculation are sum- 
marized in Table II. The specific conductivities are 
given in Table III. 

From the data shown in Fig. 5 and 6 and the pro- 
cedure outl ined in Appendix II, the values of L pa-  
rameters  obtained are shown in Table II. 

Discussion 
Use of porous electrodes.--Porous electrodes were 

used instead of a plain metal  sheet because their  ca- 
pacity is much higher. As a result, a much higher cur-  
rent  can be passed without  causing the electrode to 
"gas." Gassing is undesired because there is no outlet 
from the cell for the gas to escape and it builds up 
pressure forcing l iquid out of the cell. There is one 

Table II. Mass transfer coefficients 

Start ing  
c o n c e n t r a t i o n  

U p p e r  L o w e r  
com.  cam-  
part- part- 
m e n t  m e n t  Le Lo De 
( m o l e / l i t e r )  ( e ra / s ee )  ( e ra / s ee )  ( cm~/ sec )  

Do 
(em=/see) 

7.6295 4.9557 2.924 x 10-5 2.057 x 10-~ 7.428 x i0  -s 5.225 x 10 -~ 

It  should be  noted  that  the  L p a r a m e t e r s  are  m a s s  t r a n s f e r  co- 
eff icients,  wh i l e  the  D's  are  dif fusion coeff ic ients .  The  convers ion  
f r o m  one  to  the  o ther  is s imple  and is g iv en  be low.  

DL = ~Ll 
w h e r e  ~ = th i ckness  o f  the  m e m b r a n e  = 2.54 • I 0 ~  cm.  

Table Ill. Specific conductivity of membrane 

Conc. of  KOH 
on both s ides  V o l t a g e  
of  m e m b r a n e  Current  drop Sp. conduct iv i ty  
( m o l e / l i t e r )  (A) (V) (9 am)  -a 

8.3993 0.250 0.01600 2.006 x 10 -a 
9.4210 0.250 0.00965 3.326 x 10 -~ 
9.5080 0.200 0.00955 2.689 x 10 -~ 
9.9947 0.200 0.00975 2.634 x 10 -8 

F r o m  the  above  table  K (av)  = 2.664 x 10- �9 (fl cm)-~.  

disadvantage in  using porous electrodes, however. As 
the electrodes are charged/discharged, a concentrat ion 
gradient  builds up wi thin  the thickness of the elec- 
trode. If the cell compar tment  is small, this difference, 
unaccounted for in the solution analysis, could be sig- 
nificant. Hence, simple corrections were made. 

Preference of Ni e~ectrodes over Ag eiectrodes.-- 
N i ( O H ) J N i O O H  electrodes were used in  later  ex- 
per iments  instead of Ag/AgO. When Ag/AgO elec- 
trodes were used, in a very short t ime the working area 
of the membrane  (exposed to KOH solution) became 
colored dark brown. Two things may have happened 
which could cause the membrane  to tu rn  brown. It  
could have been attacked by KOH solution, which 
seemed unlikely.  Another  possibility was AgO going 
into solution and depositing in the membrane.  This was 
verified by observing the membrane  under  a micro- 
scope. It  looked as if some particles had deposited on 
the membrane  and actually got enmeshed with it. The 
particles could be AgO or Ag, the silver being reduced 
by the membrane.  A possible consequence of such a 
happening was membrane  pores getting clogged or 
membrane  molecules being oxidized and the proper-  
ties of the membrane  changing. So (Ni(OH)2/NiOOH 
porous electrodes were tried and they seemed to leave 
the membrane  surface clear. 

Comparison of L parameters with previous investi- 
gators.--Knowledge of the L parameters  is necessary 
for the analysis of shape change in zinc secondary elec- 
trodes (3, 6). It is interest ing to compare the values 
obtained in this work to the values estimated by Choi 
et al. in the above reference. In the analysis by Choi 
et al. there was one more species (Zn +2) than in  this 
analysis. Consequently,  the flux equations for the K + 
and water  were 

tKmi 
NK,xm = Lkk(CK n -- CK p) -~- Lkz(CZn n -- CZn p) Jc 

F 

tom~ 
No,zm : --Loz(Czn n -- czn p) --Lok(CK n - -  CK p)  ~- 

F 

where Lkk : mass t ransfer  coefficient of electrolyte and 
Lot = mass t ransfer  coefficient of water. These two 
equations may be compared with the Eq. [19] and [20]. 

Numerical  values estimated by C h o i e t  aL are given 
below for comparison with values in parentheses for 
this work. 

Lkk : 1.0 • 10 -5 cm/sec (Le : 2.9 • 10 -5 cm/sec) 

Lok = 2.0 • 10-5 cm/sec (La = 2.0 • 10 -4 cm/sec) 
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It should be ment ioned at this point  that  in  the work 
by C h o i e t  al. a lot of emphasis was laid on determin-  
ing the cause of shape change. In the process not too 
much at tent ion was focused on the exact values of the 
L parameters.  

Comparison of eIectroosmotic flow wi th  previous in- 
ves t igators .~The electroosmotic coefficient, to, played 
a very impor tant  role in  the shape change in  zinc sec- 
ondary electrodes (3, 6). The values of electroosmotic 
flow observed in  this work has been reported below 
for comparison with that  observed by C h o i e t  aI. 

The electroosmotic coefficient is defined as 

No -- to m (4 F) for ~P and • zero 

where No --  water  flux (mole/cm2/sec);  i = cur ren t  
density =- 1/.4 (A/cm2);  I _-- cur rent  (A);  and A -- 
area of cross section (cm'~), Hence, we can also wri te  

A N o  - -  to~I/F (mole/sec) 

Multiplication of both sides by part ial  molar  volume 
of water  gives the volume of water  flowing (Vfo). 
Similarly, there is a volumetric salt flux (Vfe). These 
fluxes are given by the following equations 

Vfo : ANo'-Vo ---- to~IVo/F (cm3/sec) 

Vfe ~ -  A N ~ e  = t+ mlVe/Fn (cmS/sec) 

Thus, the total flux (in the same direction due to 
electroosmosis) is 

o (  
C ~ 

JOURNAL. All  discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1978. 

Publication costs o] this article were assisted by the 
University o] CaliJornia. 

APPENDIX I 
Derivation of Concentration Profile in the Porous Electrode Due 
to Passage of Current and Correction for Transference Number 
During the course of the Hittorf  exper iment  a con- 

centrat ion gradient  builds up in  the porous electrodes. 
This necessitates a correction to Eq. [26]. As a result  of 
this concentrat ion gradient~ the concentrat ion in the 
compartment  does not reflect the actual change pro- 
duced due to the current  alone. 

The differential equat ion governing the concentra-  
t ion inside the electrode is 

D a2c ~c 
10x---- ? § (k la)c  = 0t' [A- l ]  

Ini t ial  condition: at t -- 0, c -- c ~ for all x; boundary  
conditions: at t > O, c -- c ~ - - A t  for x --  0; Oc/Ox -- 0 
for x =- L; D1 -- f)(1 -- d l n c J d l n c )  -- diffusion co- 
efficient. 

ksa is an average reaction constant, which is calcu- 
lated on the assumption that  t ransference number  of 
the positive ion (K +) is u and the reaction is first 
order. The other assumptions made in  this derivat ion 
are that the ini t ia l  concentrat ion is known and it is a 
steady-state process (current  is constant throughout) .  

Using a change of variable  as given below and fol- 
lowing the procedure as given by Carslaw and Jaeger 
(7), a series solution is obtained 

c/c o : u exp (klat)  [A-2] 

At m~x m~x (A/c o) t 
~/ --sin ~- 2--~ Dlm2~/ l  2 kla 

C ~ ~ n=l ~t, ~ ~ ' = 

1 ) 
Vft = Vfo -~- Vfe = tomVo -~- - - t+mVe  (cm3/sec) 

n 

This is what  Choi et al. have reported (6). From the 
above equation Vft oc I, provided everything else is 
constant, and Vft is independent  of A if I is constant. 
Taking the data for the case when ini t ial  solution con- 
centrat ion was 9.9947M, volume change observed (cap- 
i l lary flow) -- 2.02167 X 10 -5 cma/sec (volume flow 
inward  for the anodic compartment) .  Change in  vol- 
ume due to the reaction at the electrode = hVel/ht = 
(1/~ VAg20-  VAg) ( I /F )  = 1.232704 X 10-s cm~/sec. 
(This has been calculated for the Ag electrode for a 
current  of 200 mA. It should also be noted that the vol- 
ume of the anode increases.) 

Total volumetr ic  flow (200 mA) = 3.254374 X 10 -5 

cmS/sec 
Total volumetric flow (1A) _-- 1.627187 • 10 -4 

cm3/sec 

The values reported by Cho ie t  al. for 1A cur ren t  were 
in  the range of 1.5 to 2.0 • 10 -4 cm~/sec, and as we can 
see, the value observed in this work is comparable in 
magnitude.  
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[A-3] 
(D1m~2/l 2 -- kla) 2 

This is the final solution for the concentration pro- 
file in the electrode. It should be noted that the solu- 
tion is valid only for an open interval, and the solution 
is good for odd values of n only; thus, m ---- 2n -- I. 
Also, L -- 1/2 l _-- electrode thickness. 

The actual transference number  is 

t+m(corrected) = VtC ~  (Vcd § VelCav) F [A-4] 
I (~ t )  

APPENDIX II 
Calculation of Average L Parameters from the Experimental Values 

Since the concentrat ion of KOH in a compartment  
varies during the course of a dialysis experiment,  the 
values of Le and Lo are not constant  either. To find the 
average values of the L parameters  with the least 
error, the procedure adopted is outl ined below. 

1. Choose values of Le and Lo as estimated from ex- 
periment.  

2. (i) Theoretically derive expressions for concen- 
t ra t ion profile with t ime as independent  variable. 

3. (ii) Compare this theoretical profile with the ex- 
per imental  profile. 

4. Define an error function and calculate the error 
(E) 

E~_ ~ [ Cem(i2 ~C__el(i) ] 2 
Corn(i) 

5. Vary Le and Lo within  the exper imental  limits 
and choose the set which gives the least error. 

The derivation for concentrat ion profile is given be- 
low: Subscript  1, 2 denote concentrations in  the re- 
spective compartments.  Coo ---- total s tar t ing concentra-  
tion ---- Cool -t- Coo2; Ceoi = starting concentrat ion in 
compar tment  i. 

Assumptions used are as follows: (i) The total n u m -  
ber of moles in the system is constant;  (ii) The volu- 
metric flow of solution in the capillaries is small  
enough to be neglected; thus, dli/dt -~ O. 
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The  e lec t ro ly te  cont inui ty  equat ion can be eas i ly  
in tegra ted  now, wi th  the in i t ia l  condit ion:  at  t = 0, 
Cel = C~ y ie ld ing  the  resul t  

Cel - -  C%1 +2 C%2 (C~ --2 C~ ) exp --2  -~  L e t  

[A-5] 
A similar  but  more  compl ica ted  express ion  can be de -  
r ived if assumpt ion (ii) is not val id  (8). 

L IST  OF SYMBOLS 
a i ac t iv i ty  of species i, d imensionless  
A cross-sect ional  a rea  of membrane ,  cm2 
c concentra t ion of e lec t ro ly te  outside the  mem-  

brane  mo le / cm ~ 
ci concentra t ion of species i in  the  membrane ,  

mole/cm3 
cu concentra t ion of species i in  compar tmen t  j, 

mole/cm3 
cT total  concentrat ion,  mo le / cm 8 
c ~ concentra t ion at  t ime  zero, m o l e / c m  8 
di vector  dr iv ing  force pe r  uni t  volume on species i, 

d y n e / c m  ~ 
~)ij diffusion parameter ,  cm2/sec 
e -  symbol  represen t ing  an e lec t ron 
F F a r a d a y  constant,  96,487 C/eq  
i e lect r ic  cur ren t  density~ A / c m  2 
I to ta l  current ,  A 
Kii fr ict ion coefficient, g /cm~/sec 
1 m e m b r a n e  thickness,  cm 
Le, Lo, Lem Lop mass t ransfe r  coefficients, cm/sec  
~e, ~o, Leo, ~-oe t r anspor t  parameters ,  mole2/sec cm erg 
Mi molecu la r  weight  of species i, g /mole  
Ni mola r  flux of species i, mole /cm2/sec  
n number  of e lectrons t r ans fe r red  
P pressure,  g / c m  2 
R gas constant  e rg /mole  K ~ 
si s to ichiometr ic  coefficient of  species i, d imens ion-  

less 
T absolute  t empera tu re ,  ~ 
tJi t ransference  number  of species i re la t ive  to j 
to electroosmotic  coefficient ( t ranspor t  pa rame te r )  
V volume, cm 3 
Vi par t ia l  molar  volume of species i, craB/mole 
vi veloci ty  of species i, cm/sec  
X fixed ion concentra t ion of charged group in the  

membrane ,  mole/cm~ 
zi charge  n u m b e r  of species i 

Greek letters 
8 membrane  thickness,  cm 
K elect r ica l  conductivi ty,  m h o / c m  
~i chemical  potent ia l  of species i, e r g / m o l e  
~i number  of species i ions pe r  molecule  of elec-  

t ro ly te  
flux of par t ic les  
potent ia l  of a re ference  electrode,  V 

Subscripts 
av average  
c compar tmen t  
e e lec t ro ly te  as a neu t ra l  s p e c i e s  
el e lect rode pores  
i any  a r b i t r a r y  species 
j any a r b i t r a r y  species 
m measured  va lue  
t total  
o solvent  
1 compar tmen t  1 
2 compar tmen t  2 

posi t ive  ion 
- -  negat ive  ion 

Superscripts 
m impl ies  the quan t i ty  is re la t ive  to the  m e m b r a n e  
o at  t ime t ----0 

Note:  For  t rans fe rence  numbers ,  i f  no superscr ip t  
exists, i t  is impl ic i t ly  assumed re la t ive  to the  mem-  
brane.  
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An Electrochemical Study of Chromium in Molten NaCI-AICL 

C. L. Hussey,* L. A. King,* and J. K. Erbacher 
The Frank J. Seiler Research Laboratory (AFSC), United States Air Force  Academy, Colorado 80840 

ABSTRACT 

Chromium, in t roduced  into NaCl - sa tu ra t ed  A1CI~ mel t  (hrA1CL~ = 0.498) as 
CrC13, unde rwen t  two reduct ion  steps at  a g lassy  carbon disk electrode. Fo r  
the first reduct ion  wave,  n ~ 1 and El~2 -~ 1.09V vs. a re ference  e lect rode of 
a luminum in NaCl - sa tu ra t ed  A1C13 at  175~ The s ta t ionary  e lect rode vol t -  
ammet r ic  response indica ted  that  a revers ib le  chemical  s tep p receded  elec-  
t ron  t ransfer .  A second reduct ion  wave,  ED c ca. 0.1-0.2V, was a t t r ibu ted  to the  
deposi t ion of C r ( O ) .  The chronoamperomet r ic  response for  this wave  was 
s imi lar  in form to tha t  observed for nucleat ion r a t e -con t ro l l ed  depositions.  
Reoxidat ion  of the Cr (O)  deposi t  on the  surface of a glassy carbon ro ta t ing  
disk e lect rode indica ted  tha t  the  oxidat ion product  of this deposit,  most  
l ike ly  a Cr ( I I )  species, was adsorbed on the e lec t rode  surface. The adsorpt ion  
of this species could be e l imina ted  by  employing  e i ther  increased scan ra tes  or 
h igher  tempera tures .  No chromium species o ther  than C r ( I I I ) ,  C r ( I I ) ,  and 
C r ( O )  could be genera ted  wi th in  the  anodic l imi t  of the  NaCl - sa tu ra t ed  
A1C13 melt ,  viz., 2.2V, in the  t empe ra tu r e  range  of this s tudy.  

Chromium compounds  are  of considerable  in teres t  
as cathodes for t he rma l ly  ac t iva ted  mol ten  sal t  reserve  

* Electrochemical Society Active Member. 
Key words: cyclic vol tammetry,  rotat ing disk electrode voltam- 

metry,  chronoamperometry ,  chromium (lII) chloride, molten salt. 

batter ies ,  pa r t i cu l a r ly  ba t te r ies  wi th  LiC1-KCl eutect ic  
e lect rolytes  (1). Recent  work  in our  l abo ra to ry  has 
indica ted  that  chromium compounds m a y  also be used 
as cathodes for the rmal  ba t te r ies  containing NaC1- 
A1CI~ fused sal t  e lect rolytes  (2). The discharge be-  
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havior of these bat tery systems is dependent  in par t  on 
the electrode kinetic behavior of the cathode material.  
In  order to realize the max imum efficiency of NaC1- 
A1C13 batteries which utilize chromium compounds as 
cathodes,, knowledge of the electrode kinetic behavior  
of chromium compounds in the NaC1-A1C13 melt  is 
required. 

Previous electrochemical studies of chromium have 
been confined largely to the fused LiC1-KC1 eutectic. 
Most of these examinat ions concerned the CrO4 -2 
species. Unfor tunate ly  Cr(VI)  compounds do not ap- 
pear  stable in  alkali  ch lor ide-a luminum Chloride melts 
(3, 4). Lower oxidation states of chromium have also 
been examined in the LiC1-KC1 melt  (5-7). In  a recent 
cyclic vol tammetr ic  study, L e v y  and Reinhardt  (7) 
de te rmined  the reduct ion mechanism of Cr( I I I )  in 
LiC1-KC1 to proceed via a two-step process to the 
metal. The intermediate  species in this  process, Cr (II) ,  
reacted with solvent  chloride ions and precipitated as 
CrCI2. 

More l imited electrochemical investigations of chro- 
mium compounds have been under taken  in  alkali  chlo- 
r ide -a luminum chloride fused salts (3, 8). Marshall  
and Yntema (3) found CrC18 to be insoluble in 14-20- 
66 mole percent  (m/o)  KC1-NaC1-A1C13 while CrClu 
was soluble and could be decomposed to chromium 
metal  at 0.16V vs. a luminum.  Topol et al. (8) found 
similar behavior for CrCI~ and CrC12 in 39-61 m/o  
NaC1-A1C131 and in addit ion obtained Cr( I I I )  as an 
electrode surface film which could be reduced at 0.95V 
vs. aluminum. 

This paper details an invest igat ion of the electrode 
kinetic behavior of CrC13 in NaCl-saturated A1CI~ melt, 
which was under taken  using stat ionary and rotat ing 
disk electrode cyclic vol tammetry,  chronoamperom- 
etry, and controlled potential  coulometry. 

Experimental 
Appara tus . - -Exper imen ts  were conducted in a ni t ro-  

gen-filled glove box (Vacuum/Atmospheres  Company, 
Model HE-53-6 DRI LAB). The moisture content  was 
determined with a calibrated probe (Panametrics  
Company, Model 1000) and was main ta ined  below 2 
ppm. 

For experiments  with s tat ionary and rotat ing disk 
electrode vol tammetry,  chronoamperometry,  and con- 
trolled potential  coulometry, a Pr inceton Applied Re- 
search Corporation Model 173 potentiostat /galvanostat ,  
Model 179 digital coulometer, and Model 175 universal  
programmer  were employed in combination. A Pine 
Ins t rument  Company ASR-2 electrode rotator provided 
controlled electrode rotation. Data was recorded on a 
Houston Model 2077 X-Y recorder equipped with a 
t ime base. 

The electrochemical cell used for s tat ionary and 
rotat ing disk electrode vol tammetry  and chronoam- 
perometry  consisted of a Pyrex cup with a Teflon lid. 
Reference and counterelectrodes consisted of a luminum 
wire spirals (Alfa Ventron m5N puri ty)  immersed in 
the same melt  but  isolated in tubes by fine porosity 
frits. The tubes were inserted into the melt  through 
holes in  the Teflon lid. A glassy carbon disk working 
electrode (9), geometrical area = 0.22 cm 2, was inserted 
into the melt  in a similar fashion except that  the hole 
in the Teflon lid was made large enough to allow free 
rotat ion of the electrode. For controlled potential  
coulometric determinat ion of n values, a glassy carbon 
crucible was used as the working electrode. The re-  
sistance between the working and reference electrodes 
was determined to be 18-20s and was measured 
with a Beckman Ins t rument  Company, Model RC-18A 
conductivity bridge. 

Cell tempera ture  was main ta ined  to •176 with a 
p la t inum resistance element  controlled furnace. The 
furnace consisted of an insulated a luminum block 

1 H e r e a f t e r  o n l y  t h e  c o m p o s i t i o n  o f  t h e  NaC1  w i l l  b e  i n d i c a t e d .  
F o r  e x a m p l e ,  39 m / o  NaCI-A1CI~ w i l l  i m p l y  t h e  p r e s e n c e  o f  61 
m / o  AlCl3 .  

equipped with a cartridge heater. Regulated current  to 
power the furnace was furnished by a Leeds and 
Northrup Electromax III  controller. 

Reagents . - -Anhydrous  CrCI~ (Alfa-Ventron,  98% 
puri ty)  was used as obtained. NaCl-saturated A1C13 
was prepared by mixing A1Cls (Fluka, A.G., iron free) 
with excess NaC1 (Baker, AR grade) and fusing at 
175~ The melt  was purified uti l izing a constant cur-  
rent  electrolysis procedure (10). It  was colorless after 
14 days electrolysis with a luminum electrodes at 0.5 
m A c m  -2. The composition of NaCl-saturated A1C18 
melt  was determined with the t i t ra t ion procedure of 
Boxall et al. (11) to be 49.75 m/o  A1CI~ (pC1 -- 1.03) at 
175~ This procedure was also used to change the 
A1CI~ content of the m e l t  as desired. 

Results and Discussion 
Chromium was introduced into NaCl-saturated A1C13 

melt  as CrCI~. The mater ia l  dissolved slowly to give a 
magenta solution and exhibited a solubil i ty of 6.2 
mmoles at 175'C. Adjus tment  of the chloride concen- 
t rat ion of a melt  3.68 mmoles in  Cr( I I I )  from 89 
mmoles (49.75 m / o  A1C13) to 50 mmoles (49.86 m/o  
A1C18) induced precipitat ion of CrC13. This precluded 
detailed investigation of the electrochemical behavior  
of Cr( I I I )  with changes in  melt  acidity. CrCI~ was 
insoluble in the NaCl-saturated melt. 

Figure 1 shows a s tat ionary electrode cyclic vol tam- 
mogram of Cr( I I I )  in NaCl-saturated A1Clz melt. All 
potentials are referred to the AI( I I I ) /A1 couple in the 
same melt. Cathodic peaks are evident  at 1.06V (A) 
and 0.19V (B) as are anodic peaks at 0.55V (C), 0.61V 
(D), 1.26V (E), and 1.15V (E').  Peak E' is obtained by 
reversing the scan immediate ly  after the response at 
A is observed. Peaks C, D, and E are obtained by re- 
versing the scan after the reduction process, B. Peaks 
A and E' were a t t r ibuted to the apparent ly  reversible 
C r ( I I I ) / C r ( I I )  couple. The O.10V anodic shift in  the 
peak potential  of E with respect to E' and the increased 
symmetry  of E over E' indicates that the Cr( I I )  pro- 
duced as a result  of an A-B-C-D-E  scan is absorbed on 
the electrode (12). 

Peak B in  Fig. 1 appears at a potential  close to 
that observed by Marshall  and Yntema (3) and Topol 
et al. (8) for the deposition of chromium metal. The 
B-C-D process is a t t r ibuted to the deposition and 
stripping of Cr(O).  A more detailed discussion of this 
electrode reaction is presented in  a later  section. 

The cyclic volammograms shown in Fig. 2 were ob- 
tained with a rotat ing disk electrode. The reduct ion 
peak, A, in Fig. 1 appears as a rotation ra te -dependent  
wave in Fig. 2a. The wave for B is not clearly defined 
due to the high background current  but  is approxi-  
mately twice the height of the preceding wave for A. 
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Fig. 1. Stationary electrode cyclic voltammogram of Cr(ll l) .  
Dashed line shows response obtained by reversing scan after 
Cr(lll) to Cr(ll) redaction. Initial potential ~- 1.55V. 
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Fig. 2. Rotating disk electrode cyclic voltammograms of Cr(l l l )  
in 49.75 m/e AICI3. Initial potential ~- 1.55V. Rotation rate ---- 
26.1 rad s e c - L  a, Cr(lll) concentration ---- 4.67mmoles, v ---- 0.0SV 
sec - z ,  175~ b, Cr(lll) concentration ---- 2.73 mmoles, ~, _-- 0.05V 
sec -1 ,  225~C; c, Cr(lll) concentration = 2.80 mmoles, v = 0.20V 
see - l ,  175~ 

The anodic process, E, in Fig. 1 also appears as a sym- 
metrical  peak in Fig. 2a. Peaklike responses obtained 
with rotat ing disk electrodes are due to reactions oc- 
curr ing on the electrode surface (13). 

Transi t ion of the surface response to a diftusional 
response can be brought  about by s imultaneously de- 
creasing the Cr( I I I )  concentrat ion and increasing the 
temperature.  The conversion becomes complete with 
2.73 mmoles Cr( I I I )  at 225~ as shown in Fig. 2b. 
Similar  results can be induced at 175~ by increasing 
the sweep rate (Fig. 2c). 

Characterizat ion of the Cr( I I I )  r educ t ion . - -A  
cyclic vol tammogram represented by peaks A and E' 
in Fig. 1 is shown in more detail in  Fig. 3. Using sta- 
t ionary electrode cyclic vol tammetry,  this couple was 
investigated as a funct ion of sweep rate and concen- 
t ra t ion in  NaCl-sa tura ted A1C13 at 175~ Data re-  
sult ing from this invest igat ion comprise Table I. Zero 
scan rate values of ipC/r 1/2 were obtained at 2.87 and 
4.85 mmoles by constructing ipC/r 1/2 VS. 1)1/2 plots from 
the data in Table I. The ratio of these intercepts was 
1.66. In agreement  with this, the ratio of Cr( I I I )  con- 
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Fig. 3. Stationary electrode cyclic voltammogram of Cr(lll) in 
NaCI saturated AICla. Potential scan 1.700 to 1.075 to 1.700V. 

centrations for these two exper iments  was 1.69. The 
behavior  of ipa/ivc [calculated using the empirical 
method of Nicholson (14)] with increasing scan rate 
indicates that  a chemical step preceded the reduct ion 
wave (15). At  slow scan rates Epa-Ep c, Epc-E1/2, and 
Ep/s-E1/2 approach theoretical values of 0.089, - - 0 . 0 4 3 ,  

and 0.042V, respectively, expected for a one-elect ron 
reversible process at 175~ A cathodic shift of Ep c 
and an increase in the potential  separations with in -  
creasing scan rate are also evident  in  Table I. A 
chemical reaction preceding Cr( I I I )  reduct ion alone 
would be expected to cause an anodic shift in  Ep c 
with increasing scan rate (15). A cathodic shift re-  
sult ing from iR effects would amount  to only 5 mV 
max imum for the cell used in this study. Thus, the de- 
viation of Ep c from the expected behavior may indicate 
that either an addit ional reversible chemical step 
follows the reduct ion of Cr (III)  or the Cr ( I I I ) /C r  (II) 
charge t ransfer  process exhibits quasi-reversible  be-  
havior at fast scan rates. 

Nicholson and Shain (15) showed the behavior  of 
ipc/p 1/2 and ipa/ip c with increasing scan rate for re-  
versible preceding and following chemical steps to be 
of an opposite nature.  A reversible following chemical 
step with an equi l ibr ium constant of sufficient mag- 
ni tude to cause a 60 mV cathodic shift in Ep c with a 
tenfold increase in scan rate as observed in this study 
certainly would be expected to cause the behavior  of 
ip~/ip c to be more complex than observed. Thus, a re-  
versible following chemical reaction seems unlikely.  

A quasi-reversible  charge transfer,  which typically 
exhibits a cathodic potential  shift, would account for 
the over-al l  cathodic shift in Ep c with increasing scan 
rate (16). However, rate data for this process cannot 
be measured without some ambigui ty  since many  of 
the effects observed with increasing scan rate, e.g., the 
increase in potential  separations also may be at t r ibuted 
to the preceding chemical step (15). 

Table I. Cyclic voltammetric results for Cr(lll) reduction 

~, E p  a - -  E p  c E p  c - -  E1/S  E p / 2  - -  E x / s  ipe/pl/2 (@A 
( V  s e c  -z) Epc ( V )  ( V )  ( V )  ( V )  V -1/2 s e c  1/2) i p a / i p  r 

C o n c e n t r a t i o n  = 2.97 m m o l e s  
0.020 1.025 0.140 - 0 . 0 5 0  0.050 192 1.04 
0.050 1.020 0.150 - 0.053 0.051 139 1.11 
0.100 1.005 0.173 - 0.058 0.056 186 1.14 
0.200 0.980 0.210 - 0.064 0.059 175 1.20 
0.500 0.950 0.255 - 0.079 0.066 171 1.33 
1.000 0.900 0.320 - 0.069 0.077 149 1.57 

Concentration = 4.65 mmoles 
0.020 1.041 0.125 -0.053 0.046 323 0.99 
0.050 1.035 0.138 - 0.052 0.049 311 1.09 
0.100 1.026 0.154 - 0.056 0.050 304 1.14 
0.200 1.006 0.185 - 0.063 0.053 295 1.19 
0.500 0.990 0.210 - 0.063 0.060 271 1.31 
1.OOO 0.949 0.267 - 0.085 - 0.060 243 1.47 
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Fig. 4. Polarogram for the reduction of Cr(lll) to Cr(ll). Con- 
structed from current-tlme data at5 sec. 
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A polarogram for the C r ( I I I ) / C r  (II) reduction wave, 
constructed from cur ren t - t ime  curves (17), is Shown 
in  Fig. 4. A plot of E vs. log [ (id -- i ) / i ]  for the po- 
larographic wave (Fig. 5) was approximately l inear  
over the region 0.11-0.95 id and exhibited a slope con- 
sistent with a one-electron reversible process. This in-  
formation indicates tha t  the Cr ( I I I ) / C r  (II) reduct ion 
process was near ly  reversible for t ime intervals  of 
5 sec or longer. Table II summarizes polarographic 
data taken at different Cr( I I I )  concentrations. 

Cr(III)  dif fusion coeff icient .--Provided that  the 
Cr ( I I I ) / C r  (II) charge transfer  process is sufficiently 

Table II. Polarographlc data for Cr(lll) reduction 

O r ( m )  S lope  of  E v s .  
c o n c e n t r a t i o n  E1/I id log[  ( i d - -  i )  l i ]  
(mmoles) (V) (/zA) (V) 

2.87 1.09 25.0 0,093 
4.67 1.10 40.5 0,093 
6.23" 1.11 54.0 0.088 

* V a l u e  e s t i m a t e d  po larographica l ly  f or  a m e l t  sa turated  w i t h  
CrCh at 17YC. 

rapid at slow scan rates to be considered diffusion con- 
trolled, a diffusion coefficient for the Cr(III) species 
can be estimated by using techniques which allow ex- 
trapolation of the data to regimes in  which diffusion 
control predominates  over the preceding chemical s t e p .  
Values of the vol tammetr ic  current  function, ipC/p]/2j 
approach the diffusion-controlled value at slow scan 
rates (15). Chronoamperometr ic  currents  approach 
diffusion-controlled values at sufficiently long times 
(18). Diffusion coefficients can be calculated from the 
zero current  intercepts of iL/O; 1/2 VS. iL plots which are 
constructed from l imit ing current  data obtained at a 
rotat ing disk electrode (19). 

At 175 ~ C the Cr (III)  diffusion :coefficient was deter-  
mined from the average values of the zero scan rate 
intercepts of ipC/v 1/2 vs. v 1/~ plots at different concen- 
trat ions to be 2.2 • 10 - s  cm 2 sec -1, while  the in te r -  
cepts of chron~)amperometric itt! ~ vs. t 1/2 plots yielded 
2.4 X 10 - s  cm ~ sac -1. Viscosity values from T~rklep 
and e y e  (20) density data from F a n n i n  et al. (21) 
were  used to calculate a value of 2.2 X 10 - s  cm 2 sec -1 
from the iL/w I/2 VS. iL plot shown in  Fig._& 

The values obtained using the different methods are 
reasonably consistent. It is in teres t ing to compare val-  
ues obtained for other metal  ions in  NaC1-A1C13 melts. 
Boxall et al. (16) measured a value Of 8.8 X 10 -6 cm 2 
sec -1 for Fe( I I I )  in  50 m/o  NaC1-A1C18 at 175~ 
Gilbert  et al. (22) determined a value of 7 • 10 -6 cm s 
sec -1 for Zr ( IV)  in 48-49 m/o  NaC1-A1C13 at 175~ 
For Nb(V)  i n  NaCl-saturated A1CI~ at 180~ Ting 
et aL (23) found a diffusion coefficient of 4.5-4.9 • 
10-s cm~ sac -1. Recently, Phil l ips and Osteryoung (24) 
determined a value of 3.2 X 10 -6 cm 2 sec-1 for Mo (V) 
in  NaCl-saturated A1CI~ at 175~ The diffusion coeffi- 
cient for Cr( I I I )  appears considerably smaller  than  
that measured for other metal  ions in  NaC1-A1CI3 
melts. Since it is not possible to assess how much the 
postulated quasi-reversibi l i ty  of the charge t ransfer  
decreases this value, the average Cr ( I I I )  diffusion co- 
efficient at 175~ 2.3 X 10 -6 cm 2 sec -1, must  be con- 
sidered only approximate.  

Characterization oy the Cr(II)  reduct ion . - -Exhaus-  
t i re  coulometry of a melt  4.15 mmoles in  Cr( I I I )  
at a potential  of 0.10V resulted in a metall ic deposit on 
the surface of the glassy carbon cell. A value of 2.1 was 
estimated for n for the Cr ( IZ) /Cr (O)  reduct ion after  
correction for the background current  resul t ing from 
the proximity of a luminum deposition. The lat ter  data 
were obtained in a melt  containing no CrCI3; the back- 
ground current  amounted to approximately 30% of the 
total current  observed. 
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Fig. 6. Limiting current function vs. the limiting current for re- 

duction of Cr(lll) to Cr(ll). 
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i.55V. Cr(lll) concentration _ 4.67 mmoles, a, v ~ 0.05 V sec -z ,  
b, ~ = 0.10 V sec - z ,  c, ~ = 0.20 V sec -1 .  
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Fig. 8. Chronoamperometric response for the reduction of Cr(ll) 
to Cr(O) at 175~ Cr(lll) concentration ~ 2.67 mmoles. Initial 
potential = 1.70V. 

Voltammetric peaks for the Cr:(II) /Cr (O) reduc t ion  
are shown in Fig. 7. The cathodic shift in the voltam- 
metric peak potential with increasing scan rate and 
the shape of chronoamperometric current- t ime curves 
(Fig. 8) indicate that reduction of Cr (II) is controlled 
by rate of nucleation in the initial phase of deposit 
formation (25). Similar behavior recently has been ob- 
served in NaC1-AIC18 melts for the deposition of in- 
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soluble ZrCls and iron (22) and for the deposition of 
aluminum at a glassy carbon electrode (26). 

When the deposit was reoxidized during stationary 
electrode voltammetry, it gave rise to two closely 
spaced peaks (Fig. 1) ra ther  than the single stripping 
peak expected. Behavior closely resembling this was 
observed during reoxidation of iron deposited on a 
tungsten electrode in the 50 m/o  NaC1-A1Cls melt  (27) 
and was explained in that instance by considering that 
Fe( I I )  produced during anodization first depleted melt 
chloride in vicinity of the electrode and then diffused 
out into the bulk melt. This process may also be taking 
place during the oxidation of chromium in our study. 
Further,  more detailed studies of this phenomena are 
needed to fully characterize the C r ( I I ) / C r ( O )  dep- 
osition-stripping process. 

Conclus ion 
The electrochemical reduction scheme of Cr(I I I )  at 

a glassy carbon electrode at 175~ was shown to in-  
clude the following reactions 

Z ~--- Cr ( I I I )  
kb 

Cr(II I )  + e -  ~ C r ( I I )  

Cr (III) + e -  ~--- Cr ( II )  ADS 

Cr(II )  4- 2e-  ~:~ Cr(O) 

Cr (II)~ms + 2e-  ~:~ Cr(O) 

Determination of the nature of the electroinactive 
form of Cr( I I I ) ,  Z, was hampered by the insolubility 
of CrCI~ in melts less than 50 mmoles in chloride ion. 
Thus, the identity of the preceding chemical reaction 
was not established. The C r ( I I I ) / C r ( I I )  electron 
transfer exhibited quasi-reversible behavior a t  fast 
scan rates, and the Cr ( I I ) / C r  (O) reduction exhibited 
behavior consistent with a nucleation rate-controlled 
reduction. The formation of Cr(I I )  electrode surface 
species was shown to depend on the following param- 
eters: CrC13 concentration, temperature,  and sweep 
rate. No oxidation states of chromium above Cr(III )  
could be obtained voltammetrically in NaCl-saturated 
A1CI~ within the anodic limit of the melt. 
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LIST OF SYMBOLS 
Ell2 polarographic half-wave potential (V) 
Ev/2 half-peak potential (V) 
Ep a, Ep c anodic and cathodic peak potentials (V) 
i current (A) 
id current for a diffusion-controlled process (A) 
iL rotating electrode limiting current (A) 
iu a,/u c anodic and cathodic peak currents (A) 
kb, kf rate constants for reverse and forward reac- 

tions 
n number of electrons in the charge transfer step 
t time (sec) 
Z electroinactive form of Cr (III) 
v sweep rate (V sec -z)  

rotation rate (rad sec -1) 
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Cathodic Deposition of CdTe from 
Aqueous Electrolytes 

M. P. R. Panicker, M. Knaster,* and F. A. Kroger* 
Department o$ Materials Science, University o~ Southern Cali$ornia, Los Angeles, California 90007 

ABSTRACT 

CdTe of wel l -def ined  composit ion has been deposi ted ca thodica l ly  f rom an  
aqueous solut ion of CdSO4 and TeO2. Fi lms wi th  a rest  potent ia l  of < --0.3V 
vs. SCE are  n- type,  those wi th  a rest  potent ia l  > --0.3V vs. SCE are  p - t y p e  
semiconductors .  The ra te  of deposi t ion increases wi th  s t i r r ing  rate;  i t  is p ro-  
por t iona l  to the TeO2 concentra t ion but  independen t  of the  CdSO4 concent ra-  
tion. F i lms  deposi ted at  room t e m p e r a t u r e  are  amorphous,  those deposi ted at 
h igher  t empera tu res  are  pa r t l y  crystal l ine,  the degree  of c rys ta l l in i ty  increas-  
ing wi th  deposi t ion tempera ture .  Gra in  sizes a re  in the range  500-1000A. 
Anneal ing  at  350~ causes the crys ta l l i te  size to increase  to ~0.5 #m. 

Fabr ica t ion  of la rge  a rea  solar  cells on CdTe basis 
requi res  an economical  process for  the format ion  of 
thin films of n -  and p - t y p e  CdTe on a conduct ing base. 
Fo r  f ront  wal l  cells the base may  be a meta l ;  for back -  
wal l  cells the  base must  be t ransparent .  Glass covered 
wi th  semiconduct ing SnO2:Sb or In2Os:Sn h a s  been 
recommended.  

So far,  films of semiconduct ing I I -VI  compounds 
were  usual ly  made  by  deposi t ion f rom tb_e vapor  phase.  
I t  seems a t t rac t ive  to inves t iga te  the  poss ib i l i ty  of us -  
ing an e lec t rochemical  method.  In pr incip le  both 
anodic and cathodic deposi t ion can be used. CdS has 
been made  by  anodic deposi t ion of sulfur  f rom a solu-  
t ion containing S 2-  ions on a cadmium anode (1) and 
a s imi lar  method should be possible for CdTe. On the 
other  hand, both  Cd and Te can be deposi ted ca thodi-  
cally;  Cd from an aqueous solut ion of CdSO4, Te f rom 
a solut ion of TeO2 in H2SO4 a n d / o r  HF (2) or wa te r  
(3). Therefore  i t  m a y  be possible to deposi t  CdTe 
cathodically.  

The anodic method  has the  d i sadvantage  tha t  the 
s t o i c h i o m e t r y  of the  deposi t  cannot be easi ly  regula ted.  
Therefore,  we concentra te  our efforts on cathodic depo-  
sition. 

* Electrochemical Society Active Member. 
Key words: overpotential,  amorphous deposit, crystalline de- 

posit, Pourbaix diagram. 

Cathodic deposi t ion can occur e i ther  by  deposi t ion of 
the  indiv idual  components  in the r equ i red  ratio,  or by  
deposi t ion resul t ing f rom discharge and decomposi t ion 
of a complex containing the two components.  The 
former  mechanism has been proposed for format ion  of 
CdSe and Ag2Se (4), the la t te r  mechanism was p ro-  
posed for the cathodic deposi t ion of Ni~S2 from a Ni 
thiosulfate  solution, the proposed cathodic react ion 
being (5) 

Nis (S2Q)3  -F 6 e -  -> Ni3S2 ~- $203 = -~ 2SO3 = 

In the la t te r  case the  s to ichiometry  of the  deposit  can 
only be var ied  if ind iv idua l  deposi t ion of Ni or S 
atoms also occurs. 

A choice be tween  the two different  cathodic deposi-  
t ion mechanisms can be made by a s tudy of the cu r ren t  
eff, ciency of deposi t ion and of the secondary  products  
formed in the solut ion (6). 

In  this paper  it  wi l l  be shown tha t  cathodic deposi-  
t ion of CdTe is possible, tha t  i t  occurs by  the deposi t ion 
of the components  individual ly ,  and tha t  CdTe wi th  a 
requi red  deviat ion f rom s toichiometry  can be de-  
posited. 

Theoretical; CdTe Deposition 
Table I shows elect rode react ions and the corre-  

sponding equi l ib r ium elect rode potent ia ls  for Cd or 
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Table I. Electrode reactions and the corresponding potentials vs. the normal hydrogen electrode 
according to Pourbaix (3) 

A c t i v i t y  of  ions r e f e r  to spec i e s  in so lut ion  ( m o l e s  per  k g  H2 0 ) ;  
act iv i t ies  of  a t o m s  r e f e r  to  c o m p o n e n t s  of  the  depos i t ed  solid ( equal  to  o ne  for  the  p u r e  c o m p o n e n t )  

Reactions E vs. ~ (V) 

a. C d ( s )  = Cd~+ + 2e -  

b. T e ( s )  = T e  ~- - 2e -  (pH > I I )  (7)  

c. T e ( s )  = Te'§ + 4e -  (pH < - 0 . 5 )  

d. T e ( s )  + 2H20 = HTeO~§ + 3H* + 
4e -  (0 < pH < 5) 

e. I n ( s )  = In ~+ + 3e-  

l .  G a ( s )  = Ga~+ + 3e-  

g. A s ( s )  + 2H20 = HAsO2 + 3H + + 3e -  
( - 1  < pH < 8) 

h. S b ( s )  + 2H~O = HSbO~ + 3H+ + 3e-  

l. Cu(s) = Cu ~+ + ~'e- 

J. A g ( s )  = Ag+ + e -  

RT 
E~ + In (aCd~+/aCd) = --0.408 + 0.0295 log  (acd~/acd) 

2F 
RT 

E~ + In (aT.~_laTe) = --0.94 + 0.0295 log  (aT~ 
2F 
RT 

E~162 + In (aTe4+/aTe) = 0.568 + 0.0148 log (aT,a+/aTe) 
4F 
RT 3RT 

E~ + - -  In  (aHT,O~/aTe) + - -  In cH§ 
4F 4F 

= 0.551 + 0.0148 Iog (a~Te%+/aTe) - 0.0443 pH 
RT 

E~ + In (alna+/a]n) = -0 .342 + 0.0187 log (aza~+/axa) 
3F 
RT  

E'Ga + . In (a~as+/aGa) = --0.5~.9 + 0.0197 log (%aa+/aGa) 
3F 

RT  RT 
E~ + in (aHA,%/aA,) + - -  in Cn+ = 0.248 + 0.0197 log (aHa~ -- 0:0591 pH 

3F F 
RT RT 

E~ + In ( a H S b o $ / a S b )  "~ ~ in  c ,+  = 0.23 + 0.0107 log (aHSb%/asb) -- 0.0591 p H  
3F F 
RT  

E~ + ~ tn  (%u~/ac~) = 0.337 + 0.0295 log (acu2+/acu) 
2F 
RT 

E~ + - -  In  (a~i+/aAs) = 0.799 + 0.0591 log (a~s,/aAm) 
2F 

Te according to Pourbaix  (3). All  potentials depend on 
the activities of ions in  solution and on the activity of 
the component  in the deposit. The potential  of reac- 
t ion d in  addition depends on pH. For the formation of 
CdTe, in par t icular  reactions a and d are important .  

In  a companion paper by one of us (8), cathodic dep- 
osition of compounds was classined under  two classes, 
I and II, depending on whether  the difference in equi-  
l ib r ium potentials of the pure components is larger or 
smaller  than the shift in potentials due to var ia t ion of 
the component  activity in the deposit resul t ing from 
compound formation. The activities of Cd and Te in 
CdTe depend on the stoichiometric composition of the 
compound, the two being related through the reaction 

Cd(s) ~ Te(s)  ~-. CdTe(s)  ; GCdWe [1] 
giving 

aCdTe 
-- exp (--(]'CdTe/RT) [2] 

aCdaTe  

o r  f o r  a c d T e  : 1 

a c d a T e  : e x p  ( O C d w e / R T )  [3 ]  

At temperatures  at which deposition is to take place, 
CdTe has an existence range stretching from CdTe in 
equi l ibr ium with Cd to CdTe in equi l ibr ium with Te. 
Thus the Cd activity varies from acd = 1 at the CdTe/  
Cd boundary  to acd = exp (GcdTe/RT) at the CdTe/Te 
boundary  where aTe ~--- 1, with an opposite variat ion of 
aTe. It is this variat ion of aCd and aTe which causes the  
shift in  the Cd and Te potentials. 

For reactions a and d ~E ~ = E O T e ( d )  - -  E ~  : 0.551 
+ 0.403 = 0.954V. The free enthalpy of formation of 
CdTe from Cd and Te, (GCdWe)298 : --24.5 -- 2.4T = 
--25.5 kcal /mole (9). Compound formation causes a 
shift of the Cd potential  from the s tandard value 
(--0.403V) at the CdTe/Cd phase boundary  to --0.403 
-~- (GCdwe)29s/2F : --0.403 ~ 0.546 : 0.143V at the 
CdTe/Te phase boundary.  The Te potential  shifts simi- 
lar ly  from 0.551V at the CdTe/Te phase boundary  to 
0.551 -t- (GCdTe)29s/4F : 0.551 + 0.273 : 0.824V at 
the CdTe/Cd boundary  (8). 

It is seen that ~E ~ > (GCdTe)29s/2F. Therefore, CdTe 
has to be classified under  class I, with Cd the poten-  
t i a l -de te rmin ing  species under  all conditions (8). The 

potentials at which CdTe can be deposited extend 
from Vdep : --0.403 W 0.295 log aCd2+ -- AV (the 
CdTe/Cd phase boundary)  to Vaep = 0.143 ~- 0.295 log 
aCd2+ - -  AV (the CdTe/Te phase boundary) .  Here AV 
is the overpotential ;  it is equal  to 

AV = 71 ~ iR [4] 

where ~1 is the discharge overpotential,  i the current  
density, and R the resistance per  square centimeter  of 
electrode of the circuit between the cathode contact 
and the calomel electrode used to measure the cathode 
voltage. It contains contr ibutions from the conducting 
layer of the cathode and from the deposited film. The 
former is appreciable for deposition on SnO2:Sb or 
In203: Sn but  would be negligible for deposition on a 
metallic cathode. The resistance of the deposit is ex-  
pected to be proport ional  to the film thickness (d) and  
equal to pd, p being the specific resistance of the de- 
posit. Measurement  of hV as $(d) for deposition on a 
metallic cathode should make it possible to determine p. 

In order to be able to deposit Cd and Te in almost 
equal quanti t ies it  is necessary to use an  electrolyte 
with a high concentrat ion of the less noble component, 
Cd, and a low concentrat ion of the noble component, 
Te. During deposition the concentrat ion of HTeO2 + in  
the electrolyte at the electrode-electrolyte interface is 
reduced to practically zero. The rate of Te deposition is 
therefore diffusion controlled. The larger CdSO4 con- 
centration, however, will not be appreciably changed 
during deposition. CdTe deposition occurs at a poten-  
tial that  is more positive than required for deposition 
of Cd as a separate phase, Cd required for CdTe forma- 
t ion only being deposited as a result  of the free energy 
gain in forming CdTe and occurs only after Te has 
been deposited. Therefore, the rate of CdTe deposition 
should be l imited by Te deposition and, since the lat ter  
is diffusion controlled, should increase with increased 
st irr ing and be proportional to the concentrat ion of 
HTeO2 + in the electrolyte (10). It should be independ-  
ent of the CdSO4 concentrat ion in  the electrolyte. 

It is to be expected that deposition at low current  
density (corresponding to a potential  at the positive 
end of the deposition range) favors Te deposition and 
gives rise to Te-r ich CdTe (aTe is large) ; deposition at 
a large current  density (corresponding to a potent ial  
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at the negative end of the deposition range)  should 
give rise to Cd-rich CdTe (acd large) .  For  pure CdTe 
this should lead to formation of p- type CdTe at low 
current  densities and to n - type  CdTe at high current  
densities, with a gradual  shift from one to the other 
with Changing current  density (11). 

During deposition of CdTe, the concentrations of 
both Cd 2+ and HTeO2 + in  the solution tend to d imin-  
ish. This is not a serious effect for Cd 2+ which is pres-  
ent at a relat ively large concentration. Periodic addi-  
tion of Cd-salt  to the solution may keep the concen- 
t rat ion practically constant. On the other hand, both 
the low solubil i ty of H2TeO~ and the need to l imit  the 
concentrat ion of HTeO~ + in the electrolyte in  order to 
be able to deposit Cd and  Te in  equal amounts  restricts 
the HTeOz + concentrat ion to a re la t ively low value. 
This in  tu rn  makes it necessary to take special steps to 
keep this concentrat ion constant. There are two ways in  
which this can be achieved. The first follows a proposal 
by Gobrecht et al. (4) to use two anodes. One of these 
is inert, consisting of p la t inum or graphite;  the other 
one is active and consists of the noble component to be 
deposited, in  our case, Te. Current  passed through the 
Te anode injects HTeO2 + into the solution. By making 
iTe/(iWe 4- ~ ine r t )  --- 4/6, the ratio of the numbers  of 
electrons involved in  the deposition of Te (4e) and 
CdTe (6e), or iwe/hnert : 2, just  as much Te is in -  
jected into the solution as is deposited on the cathode, 
and the HTeO2 + concentrat ion in  the electrolyte re-  
mains constant. 

In  a second method the HTeO2 + concentrat ion is 
kept constant by keeping the electrolyte saturated with 
TeO2 by having TeO2 present  as a second phase. Either 
one or two anodes may be used: inert,  the other 
(if used) consisting of Cd. Now maintenance  of a ratio 
iinert/icd --- 2 keeps the concentrat ions o f  both Cd and 
Te in the electrolyte constant. 

Doped crystals can also be grown. For donor doping 
indium or gal l ium can be used. As seen in Table I, re-  
actions e and f, the deposition potential  of In  is so 
close to that of Cd that  addition of a small amount  of 
ind ium salt to the solution should lead to codeposition 
of Cd and In in about the same ratio as they are in the 
electrolyte. As acceptors, CU, Ag and Au or As and Sb 
can be used. Since these are relat ively noble, the best 
results are to be expected with the addition of these 
elements in a small  concentrat ion to the electrolyte 
combined with the use of a Te-dopant  alloy as active 
anode. 

Experimental  
Cathodic deposits were made from an aqueous solu- 

tion of CdSO4 (1 mole/ l i ter )  at a pH of 2.5-3. The 
CdSO4 was analytical  grade containing as impurit ies 
100 ppm Cu and 50 ppm As. Two sets of experiments  
were done. In  one the CdSO4 solution was used wi th-  
out purification. In  the other, the CdSO4 solution was 
first purified by electrolysis with iner t  electrodes at a 
cathode potential  of --(0.6 4- AV)V vs. SCE, just  be-  
low the potential  required for Cd deposition, which is 
-- (0.66 4- AV)V vs. SCE. An  init ial  cur rent  density of 
0.1 mA/cm 2 decreased gradually,  fall ing to a constant 
value of 0.02 mA/cm 2 after 12 hr. The current  drop is 
due to removal  of the impuri t ies  from the solution, the 
small rest current  being due to evolution of H2 and/or  
reduction of O2. 

TeO2 was added to both the pure and nonpurified 
solution, ei ther 10-5-10 -a mole/ l i ter  to give an unsa tu-  
rated solution, or excess amount  to give a saturated 
solution. For deposition of CdTe from the unsatura ted  
solution two anodes were used, one a rod of graphite 
(3 mm diam, 5 cm long),  the other a rod of Te (5 m m  
diam, 5 cm long).  As cathodes were used either nickel 
plates of ~ 6 cm 2 submerged area, or glass plates 
covered with semiconducting SnO2:Sb with a resist-  
ance of 10-20 s The lat ter  were put  at our  dis- 
posal by R. L. Rod and W. Penick of Monosolar Cor- 
poration, Santa Monica, 

Currents  through the two anodes with a ratio iTe/ 
i'nert ~ 2 were established by dividing a regulated cur-  
rent  with the aid of a potentiometer.  For  deposition 
from a solution saturated with TeO2 one iner t  anode 
was used. Exper iments  at constant cathode voltage 
were carried out with the aid Of a potentiostat, Pr ince-  
ton Applied Research Model 173, using the potential  
difference between the cathode and a saturated calo- 
mel electrode as its input.  Current -vol tage  and volt-  
age-t ime curves were measured with the aid of a 
Moseley Autograf X-Y recorder, Model 7030A. The ex- 
periments  were carried out from 25 ~ to 100~ The 
bath was s t i r red with a magnetic s t i r rer  of variable  
rotation speed. The current  efficiency of the deposition 
process was determined by comparing the weight of 
the deposit deposited in a certain t ime with the weight 
calculated from the n u m b e r  of coulombs passed 
through the circuitry, assuming a certain deposition 
mechanism and the corresponding n u m b e r  of electrons 
required per molecule of CdTe. With Cd requir ing 2 
and Te 4 electrons (reactioi1 a and d of Table I) ,  6 
electrons are required for CdTe.  

The crystal s t ructure  of the deposition products was 
analyzed by x - ray  diffraction and by low angle elec- 
t ron diffraction. The microstructure of the deposit was 
determined with the aid of the scanning electron 
microscope. The chemical composition was determined 
by the ene rgy  dispersive microanalytic  uni t  of the 
scanning electron microscope. Conductivi ty type was 
dotermined by a hot probe thermoelectric power mea-  
surement,  an ini t ia l  positive voltage of the hot probe 
placed on the deposit indicating n-type,  a negative 
voltage indicating p- type conductivity. 

Results 
Deposition condi t ions . - -A plot o'f current  density vs. 

cathode voltage (measured relat ive to a saturated 
calomel electrode, SCE) for deposition from a 1.2 mole 
purified CdSO4 solution saturated with ToO2 at 85~ 
pH -- 3.4 is shown in  Fig. 1. The current  increases 
rapidly a t  ~ V d e p  ~ 0.BY. For various deposition volt-  
ages, the rest potent ial  of the cathode covered with 
product was determined by measur ing cathode volt-  
age as a function of t ime after in te r rupt ion  of the cur-  
rent.  Figure 2 shows the result  for deposition under  
slightly different conditions (0.5 mole CdSO4, unsa tu -  
rated TeO~ solution, pH = 1.45, T • 90~ The po- 
tential  drops ins tantaneously  to a lower value (a -> b) 
corresponding to Erest = Vdep 4- AV, then (in most of 
the cases) gradual ly  drifts to a less negative value, 
Efinal. Erest is the rest potential  of the product in equi-  
l ibr ium with the electrolyte of the composition which 
it has at the cathode/electrolyte interface dur ing depo- 
sition, with CHWeO2 + ~ 0. Erest shifts to more negative 

A -'re ,1. Cd Te Cd 

i [ ~ / 

, ~ _ . ~ , ~ ' / / / ~ y  / 
0.2 o _ . ~ . i /  / / / / . , /  I 

I ~ / / '  / , ~  I I / , Y  / 
t ~ / '  / / , / /  117 ~/ ,I 
i / . ;  / / ,' / / / ~ . ~  I 
I I  ,/ / l '  / / / , / / / /  I pH= 3.4  
' . /  / / / / / / . / / . ~  / 

I ~  I' , ~ /  / /' / / / / i  / 1.2m CdSO~ o.~ i . ,  ~ / / / , / < f ,  , .... 
I / i I I i i  i i l l  f /  I sat. TeO~ 
I I i I I I i I , l i i  I 

- / / / /Z{' / T= 85~ 
I l /  i I I I I I I  I/I, ll ] 
I I I I i i I l ' i  
I /I i I I / /I /ll/ll?//i// I I 
I A .11 / I /  ,i,1,w ! 1 I I I I _ _  
0.1 0.2 0.3 0,4 0.5 0.6 0 3  0.8 0.9 1.0 

--Vde ~ vs SCE (volts) 

Fig. 1. Current density vs. cathode voltage for deposition at 85~ 
from a 1.2 molcs CdS04 solution saturated with To02; pH = 3.4, 
stirring rote 160 rpm. 
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I 
i v VSI [ Electrolyte IN CdSO 4 
SCE ~ pH = 1,45 

(volts) ~- a T : 90 ~ C 

I I I I 2 3 TIME (seconds) 
Fig. 2. Cathodic Voltage vs. time during deposition from 0.5 mole 

CdSO4, unsaturated TeO~ solution, pH ~ 1.45, T ~ 90~ at dif- 
ferent current densities (curves up to points a) and after interrup- 
tion of the current. 

values  when the  deposi t ion vol tage  becomes more  
negat ive,  i.e., at l a rge r  cur ren t  densities.  

F igure  1 shows values  of Erest l inked  to the  corre-  
sponding Vdep values  by  dashed lines. Al l  except  one 
a re  in the  poten t ia l  range  expected  for CdTe. The 
values of Efinal are  a lmost  constant  and correspond to 
the potent ia l  of the  CdTe /Te  phase  boundary .  Efinal 
corresponds to the  equ i l ib r ium potent ia l  of the  deposi t  
in equ i l ib r ium wi th  e lec t ro ly te  at  i ts  surface a f t e r  this  
e lec t ro ly te  has rega ined  its normal  bu lk  composition. 
Es tab l i shment  of Efinal involves electroless  exchange  
of Cd from the  produc t  surface (ps) wi th  Te f rom the  
e lec t ro ly te  according to 

2Cdps + 3H + + HTeO2 + ---- 2Cd ~+ + Teps + 2HzO 

(a combinat ion  of react ions a and d of Table  I ) .  Since 
the bu lk  concentra t ion of HTeO~ + in the  e lec t ro ly te  is 
far  f rom zero, this  leads to a surface consist ing almost  
exc lus ive ly  of Te, ye t  wi th  sufficient Cd to have  i ts  
po ten t ia l  de te rmined  by  tha t  species,  thus es tabl ishing 
the potent ia l  of the  CdTe/Te  phase boundary .  

F o r  deposits  made  at  --Vde p ~ 0.8V, Erest remains  
for a long t ime constant  at  Erest --~ --0.66V vs. SCE, 
indica t ing  tha t  pure  Cd has been deposited.  Only when 
al l  the  Cd has been t r ans fo rmed  to CdTe by  exchange 
of ha l f  of the  Cd wi th  Te does the potent ia l  shift  to 
more  posi t ive values,  reaching the same final va lue  as 
found for  the  other  deposits. These resul ts  suggest  tha t  
the  product  layers  having rest  potent ia ls  ~ --0.66V vs. 
SCE consist of CdTe, layers  deposi ted at  more  negat ive  
values  consist ing of Cd. For  the  p reva i l ing  conditions, 
fo rmat ion  of a Te produc t  l aye r  is expected  at  V < 
(--0.66 Jr 0.546) ~ --0.11V vs. SCE, i.e., at negat ive  
values  of the  cur ren t  in Fig. 1. Deposi t ion of pure  Te 
is possible if the  TeO2 concentra t ion in the  e lec t ro ly te  
is increased to 10 -8 which can be done if  the pH is de -  
creased to 2 (3). On the o ther  hand, deposi t ion on 
SnO2:Sb of CdTe films wi th  Erest < --0.5V vs. SCE 
requi res  tha t  the  pH is ra ised to 3 or  3.5. If  this  is not 
done, the  SnO2 l aye r  dissolves, as would  be expected 
f rom its e lec t rochemical  p roper t ies  (3). 

F igure  3 shows i-Vdep charac te r i s t i cs  for different  
s t i r r ing  rates,  showing the increase  in i wi th  increas ing 
s t i r r ing  rate.  F igure  4 shows i-Turdep character is t ics  for  
deposi t ion f rom solutions wi th  a fixed TeO2 concent ra-  
t ion of 7 X 10 -~ and normal  but  different  CdSO4 con- 
centrat ions.  The  cur ren t  dens i ty  and thus the deposi -  
t ion ra te  is independen t  of Cd 2+ concentrat ion,  as ex -  
pected.  

F igure  5 shows the dependence  of the  cur ren t  den-  
s i ty on the TeO2 concentrat ion.  The cur ren t  dens i ty  
(and thus the  deposi t ion ra te )  is p ropor t iona l  to the  
TeO2 concentra t ion as expected  for a process l imi ted  
by  Te diffusion. The shif t  in the  Vdep of Cd to more  
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Fig. 3.. Current density vs. cathode voltage for deposition at 75~ 
from an electrolyte 0.5 mole CdS04, low Te02 concentration, pH 
= 2.25 at different stirring rates (two anodes, /We = 2iinert). 
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Fig. 4.  Current density vs. cathode voltage for deposition at 
25~ from an aqueous solution of 7 X 10 -8  n-Te02 and different 
CdS04 concentrations varying from 0.5 to 2 normal. 

negat ive  values wi th  increasing TeO2 concentra t ion is 
caused by  the increase  of AV resul t ing  f rom a l a rge r  
thickness of the product  l ayer  wi th  increas ing cur ren t  
density.  

As ment ioned  earl ier ,  AV ---- Erest --  Vdep : 7l -~- ?.R. 
For  deposi t ion on a m e t a l l i c  cathode R ~ pd and thus 
,AV = ~ + ipd. Figure  6 shows plots of AV vs. film 
thickness for deposi t ion at different  t empera tu re s  on 

O.gF / ~  J I: 0 .002  N 
{ J / 2: O.O04N 

, . C - o  ~ ~ ~ ~ ,o ' ' ' ' ' / ? o , o o 2 "  
~I02CTeo{NI / ~1 0 , 0 ] ~  N / 

(mA/cm 2 ) 2 / CCdS04= 0.5 N / 

0.6 ~ 

0,4 2 

0,2 

I I I I I I I I 
0 0,1 0,2 0,5 0.4 0.5 0,6 0,7 0.8 0.9 

-~ -V~e p vs, SCE (V) 

Fig. 5. Current density vs. cathode voltage for deposition at 25~ 
from an aqueous 0.5 n-CdS04 solution containing different amounts 
of Te02; pH = 0.5. Inset: i vs. CTe02 at Vdep ~ --0.6V vs. SCE. 
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AV (Vo l t )  

I 0 . 4  

9 5  ~ C 

i = 0 . 3 5  m A / c m  a 

0.7~ I I 
I 2 

d ( ,am) 

Fig. 6. AV = Erest - -  Vdep as function of thickness of deposit, 
d, for deposits on nickel made at different temperatures from an 
aqueous solution of 1 mole CdSO4/I saturated with Te02 at pH = 
1.2, i = 0 .35  mA/cm 2, different stirring rates. 

a nickel cathode. The plots are nonl inear  near  the ori- 
gin, indicating healing of the film, but  are l inear  at 
thicknesses ~ 1 ~m. The slopes of the l inear  sections 
indicate resistivity values of 5.2 • 105 12 cm for depo- 
sition at 25~ and of 2.9 • 105 12 cm for deposition at 
65 ~ and 95~ The discharge overvoltage ~ is 280 mV 
at 25~ 380 mV at 65~ and 404 mV at 95~ 

The deposition current  efficiency calculated for for- 
mat ion of CdTe by deposition of Cd and Te individ-  
ually, requir ing 6 electrons per molecule CdTe, was 
found to be 87.5 • 2.5% indicat ing that the assumed 
deposition mechanism is indeed operative. The small  
fraction of the current  not used for CdTe formation 
must  be due to evolution of He or reduction of O2. 

Microstructure and composition determinat ion.--The 
conclusions arrived at in the previous section are sup- 
ported by results of determinat ions of chemical com- 
position and crystal structure. Using the energy dis- 
persive microanalyzer  uni t  in the scanning electron 
microscope, layers with rest potentials between --0.6 
and --0.2V vs. SCE were found to consist of 46.3 • 4 
atom percent (a/o) Cd and 53.3 • 4 a/o Te. Layers 
with Erest : --0.66~ vs. SCE consist of Cd only. 

Figure 7 shows x - ray  diffraction pat terns for de- 
posits with Erest between --0.2 and --0.6V vs. SCE 
made at differnt temperatures.  Deposits made at 25~ 
show only the weakest indication of one diffraction 
peak at 28 = 25~ these deposits are largely amorphous. 
Deposits made at higher temperatures  show diffraction 
lines of the blende structure with a lattice constant of 
6.48A as characteristic for CdTe. The diffraction lines 
increase in in tensi ty  with increasing deposition tem- 
perature.  The width of the diffraction lines does not 
change appreciably with deposition temperatures  be- 
tween 35 ~ and 90~ indicating a constant crystallite 
size in the range 500 to 1000A. 

Anneal ing in an iner t  atmosphere for 3.5 hr at 350~ 
produces a film with the diffraction pat tern  shown in 
Fig. 7e; now the lines are sharp, indicating that  the 
crystalli te size has increased to ~0.5 ~m. The intensi ty  
ratio of different lines is not always the same in all 
CdTe patterns, indicating a certain amount  of or ienta-  
t ion in some of the films. Low angle electron diffraction 
Of the films gives again the pat tern  of the blende struc- 
ture with the lattice constant  of CdTe. 

Inspection of the films under  the scanning electron 
microscope shows that  films deposited at 25~ are 
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Fig. 7. X-ray diffraction patterns of films deposited on SnO2- 
covered glass from a solution of 1 mole CdSO4, saturated with 
Te02, pH ~ 217, with current density 0.5 mA/cm 2 (Erest = 0.18V) 
at 22~ (a), 35~ (b), 65~ (c), and 90~ (d), and the pattern 
(e) of film (a) after annealing for 3.5 hr at 350~ in an argon 
atmosphere. 

amorphous. Figure 8a shows a top view, Fig. 8b shows 
a view of a fracture surface, and Fig. 9 shows a top 
view of a film deposited at 90~ Films deposited under  
these conditions show a coarse structure, but  it is 
difficult to determine the crystalli te size with certainty. 

Semiconductor propert ies .--Measurement of the 
voltage difference between a hot and a cold contact as 
a function of the t ime star t ing with the moment  that 
the hot probe made contact with the film gave signals as 
depicted in Fig. 10. For one group of deposits the ini-  
tial potential  difference is negative, changing to positive 
after a few seconds. For another  group the potential  
difference is positive at all times. It is believed that  
the former behavior indicates p-type, the lat ter  n - type  
semiconductivity, the change in sign in  the former 
group occurring as a result  of a contr ibut ion of the 
n- type  S n Q : S b  base to the thermoelectric power. 
Attempts to make the method quant i ta t ive  for carrier 
density determinat ions have failed. The type of semi- 
conductivity determined in  this manner  for samples 
deposited at various voltages is indicated in  Fig. 1. It 
is seen that films with Erest ~ --0.3 + --0.05V vs. SCE 
are n-type,  those with Erest ~ --0.3 + --0.05V vs. SCE 
are p-type. Extrapolat ion to 85~ of de Nobel's data 
for the cadmium pressure at the p ~ n t ransi t ion 
point of CdTe cooled after equi l ibr ium at 700~176 
(11) gives (aed)p.a = 5.9 • 10 -14, corresponding to a 

p o t e n t i a l  Erest • --0.66 -t- 0.39 = --0.27V vs. SCE, close 
to the observed value of 0.3 • 0.05V. 

The current  density required to produce exactly 
st0ichiometric CdTe with a rest potent ial  equal  to that  
of the p~n transi t ion increases with increasing TeO2 
concentrat ion in the electrolyte or, for deposition from 
a saturated TeO~ solution, with decreasing pH ( t h e  
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Fig. 8. Scanning electron microscope picture of a film deposited 
at 25~ on glass covered with SnO2:Sb. (a, upper) Top view (mag- 
nification 5000X); (b, lower) fracture surface (magnification 
10,000• (the thin intermediate layer is the Sn02). 

TeO2 solubi l i ty  increases wi th  decreas ing pH at pH 
< 5); at  given TeO2 concentrat ion,  i t  increases  wi th  
the  ra te  of s t i rr ing.  These effects resul t  f rom .the fact  
tha t  the  Te content  of the deposi t  depends  cr i t ica l ly  
on the sa tura t ion  cur ren t  of the Te deposi t ion which is 
p ropor t iona l  to TeO2 concentra t ion and the ra te  of 
st irr ing.  The l a rge r  the  sa tura t ion  current ,  the  more  
Te is deposi ted and the la rger  the cur ren t  dens i ty  has 
to be to deposi t  enough Cd to make  the ma te r i a l  s toi-  
chiometric.  

N- type  mate r i a l  was obta ined  at  al l  deposi t ion po-  
tent ia ls  by  deposi t ion f rom an e lec t ro ly te  to which  
10-2% In2 (SO4) 3 had  been added.  P - t y p e  ma te r i a l  was 
obta ined  at  a l l  deposi t ion potent ia ls  by  deposi t ion f rom 
unpuri f ied  CdSO4 solut ion (which contained Cu and 

Fig. 9. Scanning electron microscope picture (magnification 
lO,O00k) of a film depos ted at 90~ (top view). 
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t• 
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1 ~ _ _ L  
0 I0 20  50  70  810 90  
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Fig. 10. (Vhot - -  Vcold) as f(time) for samples with different 
Erest (prepared at different Vdep). a, n-type sample; b, p-type 
sample; to ~ time at which hot paint makes contact with the 
sample. 

As) or  f rom purif ied CdSO4 solutions to which  10-2% 
CuSO4 had been added.  

The Pourbaix diagram of CdTe.--Recently Ohashi 
(12) constructed po t en t i a l -pH d iagrams for  CdTe and 
ZnTe. The upper  bounda ry  of the  CdTe field is in fa i r  
agreement  wi th  our  results.  However ,  the lower  phase 
bounda ry  (--1.1V vs. NHE at pH _-- 0) ca lcula ted f rom 
the react ion 

2H + -5 2 e -  -5 CdTe ---- Cd -5 H2Te 

is much more  nega t ive  than  the potent ia l  a t  which in 
our exper iments  CdTe in equ i l ib r ium with  Cd is 
formed:  the  equi l ib r ium potent ia l  of Cd (--0.41V vs. 
NHE).  The lower  phase  bounda ry  is not  de te rmined  
by  H2Te formation,  but  by  dissolut ion of cadmium 
presen t  in excess over  the  s toichiometr ic  ra t io  ac-  
cording to 

Cd1+~Te ---- ACd 2+ -5 2Ae- -5 Cd1+o-~Te 
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with,  at  the  phase  bounda ry  CdTe/Cd,  aCd --  1. CdTe 
+ Cd is not s table  in a solut ion containing apprec iable  
amounts  of Te, Cd exchanging wi th  Te wi th  fo rmat ion  
of CdTe. As long as free Cd is p resen t  and accessible, 
however ,  the  potent ia l  remains  de te rmined  and equal  
to the Cd potential .  When  al l  the  Cd is used up or  has 
become inaccessible by  being covered wi th  CdTe, Cd 
from the CdTe surface exchanges  wi th  Te wi th  fo rma-  
t ion of a Te- r i ch  surface, and the potent ia l  dr i f ts  to 
that  of the CdTe/Te  phase boundary .  A corrected 
Pourba ix  d i ag ram for s t andard  act ivi t ies  of the  po-  
t en t i a l -de t e rmin ing  species in the  e lec t ro ly te  is shown 
in Fig. 11. Format ion  of HCdO2- wil l  l imi t  the  CdTe 
field only at  low concentrat ions and high pH. 

S u m m a r y  
Fi lms  made  by  cathodic deposi t ion f rom an  aque-  

ous solut ion of CdSO4 and TeO2, having  0.2V < --Erest 
0.6V vs. SCE, are  identif ied as CdTe. The deposi t  i s  

amorphous  when deposi ted at  room tempera ture ,  semi-  
c rys ta l l ine  wi th  gra in  size 500-1O00A when  deposi ted 
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Fig. 1]. Pourbaix diagram for CdTe calculated for standard con- 
centrations of the potential-determining species. 

in the range 35~176 Annea l ing  at  350~ in argon 
increases the  crys ta l l ine  size to --5000A. The  ma te r i a l  
is n - t y p e  when  deposi ted to have  --Erest > 0.3V VS. 
SCE p - t y p e  when having  --Erest < 0.3V vs. SCE. F i lms  
doped wi th  donors (In) or acceptors  (Cu) grown f rom 
elect rolytes  containing these species a re  n -  respect ive ly  
p - t y p e  for al l  deposi t ion conditions.  
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Techn ca  Notes 

The Standard Free Energy of Formation 
of Liquid Na SO, 1160~176 
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With the use of the sodium reference  electrode em-  
ploying ~-a lumina  as a solid e lec t ro ly te  tha t  has  been 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: sodium s u l f a t e ,  e m f  measurements,  free e n e r g y .  

descr ibed ea r l i e r  (1-3),  i t  has been possible to inves t i -  
gate the proper t ies  of l iquid sodium sulfa te  in the  
t empe ra tu r e  range  1160~176 This communicat ion 
is a br ief  descr ipt ion of  the resul ts  of the work.  The 
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cell  is t h e  s a m e  as t h a t  e m p l o y e d  e a r l i e r  (2) 

W(s), WS2(s) Na+ t NazSO4(1) ,P t  
(A) 

NasS (s) (Na20 �9 11A120a) Pso2, Po2 

The over-all cell reaction is 

1/z W(s) + Na2S(s) + SO2(g) + O2(g) 

---- u WS2(s) + Na2SO4(1) [1] 

The cathode liquid consisted of reagent-grade an- 
hydrous granular sodium sulfate which was purified 
further by drying it in a vacuum chamber at 600 ~ 
650~ for at least two days. The cell arrangement and 
the experimental procedure have been given in detail 
elsewhere (2). The gas compositions at the cathode 
employed in this study are given in Table L 

With equilibrium among the  compounds in the anode 
Chamber, and equilibrium between the gases and liquid 
Na2SO4 at the cathode 

AG~ = --2FE + RT In Ps02 + RT In Po2 [la] 

The potential of the cell is E and F is Faraday's con- 
stant. Equation [la] can be rewritten 

- - 2 F E  : AG~ + 1/Z G~ -- AG o (Na2S) 

--.AG ~ (SO2) -- RT In Ps02 -- RT in  P02 [2] 

It  is to be noted that  the exper imenta l  cell potential  
m u s t  be corrected for the thermoelectric effect of the 
P t - W  junc t ion  to obta in  the value of E for Eq. [la] and 
[21. The correction is 20-30 mV in the range of tem- 
pera ture  of this work. 

The cell (A) was used to measure the activity of 
sodium oxide in l iquid sodium sulfate over a range of 
part ial  pressures of oxygen (10 -6 < Po2, atm < 0.5) 
and sulfur  dioxide (10 -6 < Pso2, atm < 0.5) with a 
total pressure of 1 atm. With this cell it is possible to 
moni tor  the change in  activity of sodium oxide in 
sodium sulfate arising from additions of Na20 and SOs 
(SO2 and O2) to the sulfate. Sulfur  trioxide, a l umina /  
be ta -a lumina  and p la t inum react to neutral ize the 
sodium oxide added to the sodium sulfate melt  de- 
pending on the selected exper imental  conditions. The 
n e u t r a l i z a t i o n  of  Na20  b y  p l a t i n u m  is i m p o r t a n t  w h e n  
aNa20 > 10-6; b y  a l u m i n a / b e t a  a l u m i n a  w h e n  10-~ 

aNa20 < 10 -12 and by SOs(g) when  the composition 
of the gas mix ture  employed has Pso3 > 10 -5 atm. 

The s tandard free energy of formation of l iquid 
sodium sulfate by the reaction 

2Na(1) + SO2(g) + O2(g) : Na2SO4(1) [3] 

can be obtained from the exper imental  results and 
data in  Table II using Eq. [21 as follows 

Table I. Composition of gas mixtures in volume percent 

Volume p e r c e n t  
G a s  

m i x t u r e  SO2 Os N~ Ar 

A 50 50 - -  - -  
B 50 10.5 bal. 
C 50 2.5 - -  bal. 
E 0.45 50 hal. - -  

Table II. Thermodynamic data 

AG ~ = AH ~ _ T A ~  ~ 
Compound (J/mole) R e f e r e n c e  

I/2WS2(s) -168,200 + 78.24T 4 
Na2S(s) -435,550 + 124.3T 5 
Na~O(1) --353,550 + 80.91T 5 
SO2(g) --361,920 + 72.89T 5 
Na2SO,(1) -- 1,383,900 + 410.3T 5 

S t a n d a r d  s t a t e s ;  W(s), S2(g), Na(1), O2(g), all at 1 atm pres- 
sure. 

&G~ : - - 2 F E  + RT In Pso2 + RT In Po2 

-- 267,400 + 46.06T, (J) [3a] 

A l t e r n a t i v e l y  fo r  t h e  r e a c t i o n  

2Na (1) + u $2 (g)  + 2 O2 (g) : Na2SO4 (1) [4] 

a n d  

AG~ : - - 2 F E  + RT In Pso2 + RT In  Po2 

--  629,300-{- 118.95T, ( J )  [4a] 

Thus,  w i t h  t h e  cell  i t  is poss ib le  to d e t e r m i n e  t h e  
s t a n d a r d  f r e e  e n e r g y  of f o r m a t i o n  of  l iqu id  s o d i u m  
sulfa te .  

The  e x p e r i m e n t a l  m e a s u r e m e n t s  a r e  s h o w n  in  Tab le  
I I I  a n d  t h e  r e s u l t s  in  t e r m s  of  AG~ a r e  s h o w n  in  Fig.  
I. The  fu l l  l ine  t h r o u g h  t h e  da t a  is t h e  l e a s t - s q u a r e s  
l ine  for  all  po in t s ;  i ts  e q u a t i o n  is 

AG~ = --637,800 + 178.62T, ( J )  [ Ib ]  

w i t h  u n c e r t a i n t i e s  of a p p r o x i m a t e l y  ___2500 J / m o l e  
in  f r e e  ene rgy ,  •  J / m o l e  in  e n t h a l p y ,  a n d  +_.4 
J / m o l e  ~  in  en t ro p y .  T h e r e  a p p e a r e d  to be  no sys -  
t e m a t i c  v a r i a t i o n  of t he  cell  p o t e n t i a l  w i t h  t h e  gas 
compos i t ions .  I n s e r t i n g  t h e s e  r e s u l t s  in to  Eq. [3a] 

AGo8 = --905,200 + 224.68T, ( J )  [3b] 

a n d  in to  Eq. [4a] g ives  

~G~ = --t ,267,000 + 297.6T, ( J )  [4b] 

fo r  the  l i qu id  w i t h  e s t i m a t e d  u n c e r t a i n t i e s  of  • 
J / m o l e  in  f r e e  ene rgy ,  ___18,000 J / m o l e  in  e n t h a l p y ,  
and  •  J / m o l e  ~ in  e n t r o p y .  I t  is to be  r e c o g n i z e d  
t h a t  t he  t e m p e r a t u r e  i n t e r v a l  ove r  w h i c h  t h e  m e a s u r e -  
m e n t s  w e r e  o b t a i n e d  is r e l a t i v e l y  sma l l  so t h a t  t h e  u n -  

Table Ill. Experimental measurements 

T e m p .  Cell EMF* 
Cell Gas (~ (volts) log aNa~o 
No. mixture 

15 A 1178 2.134 -16.84 
15 A 1221 2.092 -15.98 
39 A 1203 2.107 -- 16.31 
41 A 1204 2,109 --16.31 
46 A 1202 2.104 - 16.30 
47 A 1206 2.106 --16.27 
47 A 1200 2.114 - 16.40 
47 A 1205 2.108 -- 16.29 
47 A 1162 2.151 --17.21 
48 A 1201 2.114 -- 16.39 
51 A 1202 2.108 --16.33 
51 A 1177 2.134 - 16.85 
20 B 1172 2.048 --16.53 
20 B 1199 2.021 - 16.00 
23 B 1199 2.028 - 1 6 . 0 6  
23 B 1213 2.015 - 15.79 
23 B 1193 2.036 - 16.19 
23 B 1182 2.054 - -16 .48  
23 B 1165 2.080 -16.91 
23 B 1187 2.056 --16.43 
15 C 1218 1.948 -15.83 
15 C 1177 1.982 -16.29 
15 C 1220 1.934 -15.40 
16 C 1215 1.938 --15,49 
16 C 1812 1,963 -16.07 
17 C 1168 1.982 - 1 6 . 4 0  
39 C 1207 1.938 --15.57 
39 C 1213 1.934 --15.47 
39 C 1190 1.954 -15.90 
39 C 1173 1.963 - -16 .17  
39 C 1164 1.978 - 1 6 . 4 1  
39 C 1185 1.970 --16.09 
39 C 1218 1.933 --15.41 
36 E 1213 1.852 - 1 4 . 0 7  
36 E 1162 1.913 - 1 5 . 1 1  
36 E 1193 1.882 --  14.52 
36 E 1217 1.849 --  14.00 
36 E 1202 1.862 --  14.26 
36 E 1193 1.870 -- 14.41 
36 E 1177 1.889 - -  14.74 
36 E 1164 1.909 --  15.05 
46 E 1175 1.895 --14.81 
46 E 1160 1.915 --15.15 
46 E 1181 1.893 - 14.73 
46 E 1201 1.872 - -14 .35  
46 E 1213 1.858 --14.12 
46 E 1202 1.865 --14.28 

* C o r r e c t e d  f o r  P t - W  t h e r m o e l e c t r i c  e f f e c t .  
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Fig. 1. The standard free energy of reaction [ I ] .  - -  Least- 
squares line through experimental data; - - -  line based on data 
in literature (4, 5); - - - -  line through data with slope from 
thermochemieal data (4, 5). 

cer ta int ies  in the  en tha lpy  and en t ropy  terms may  be 
ve ry  large  even though the precis ion of the value  of 
the free energy may  be r e l a t ive ly  good. The ex -  
pe r imenta l  resul t  (Eq. [4b]) at  1200~ is app rox i -  
ma te ly  12,000J (3000 cal) be low the va lue  given in 
the  J A N A F  tables (5). The da ta  on sodium sulfa te  in 
those tables  were  ca lcula ted  f rom measurements  of 
the  en tha lpy  of sodium sulfa te  by  Coughlin (6). Con- 
s ider ing the na tu re  of the  two sets of da ta  the  agree-  
ment  in the values for the  free energy  is considered to 
be reasonably  good. On the o ther  hand, however ,  the  
the rmodynamic  proper t ies  of sodium sulfide which are  
used in obtaining Eq. [3a] and [4b] a re  somewhat  
uncer ta in  (5). 

Because of the  la rge  uncer t a in ty  in the  slope of 
the  expe r imen ta l  l ine in Fig. 1, i t  m a y  be be t t e r  to 

fit a l ine to the  da ta  based on the s t andard  en t ropy  of 
fo rmat ion  tha t  has been obta ined f rom the rma l  data,  
i.e., --291.35 J / m o l e  ~ Use of this slope wi th  the  ex -  
pe r imen ta l  value  of AG~ at 1200~ gives a va lue  for 
AH~ of --773,000 J / m o l e  as compared  to --760,600 
J / m o l e  f rom the J A N A F  tables.  Wi th  these da ta  and 
wi th  the  da ta  on Na2S, SO2, and WS~ f rom Table  II, 
the fol lowing is obta ined for  the  s tandard  f ree  energy  
of fo rmat ion  of Na2SO4 [e.g., (4)]  

G~ - -  --1,402,300+ 410.3T, ( J )  

I t  is to be  seen tha t  this modified expe r imen ta l  resul t  
is in reasonable  agreement  wi th  the  publ i shed  resul ts  
(5), the en tha lpy  of format ion  of l iquid sodium sulfate 
f rom Na(1),  S2(g) ,  and O~(g) being 12 kJ  (3000 c a d  
more  nega t ive  than  the  pub l i shed  value.  
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Transient Pitting during Film Growth on 
Aluminum at 1000 mV vs. SCE 

J. Z a h a v i ,  ~ I. D. W a r d ,  and  M .  M e t z g e r *  

Department of Metallurgy and Mining Engineering and Materials Research Laboratory, 
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 

Electronmicroscopic  evidence of t rans ien t  p i t t ing  
dur ing  g rowth  of a porous anodic film on 99.999% A1 
in 2.4M H2SO4 even wi thout  C1- has been presented  
by  Zahavi  and Metzger  (1). Anodizing was at  5 m A /  
cm 2 y ie ld ing  a cell  vol tage ,~7V wi th  respect  to a P t  
cathode;  some supp lemen ta ry  observat ions  were  made  
at  25 m A / c m  2 (,--16V). I t  is of in teres t  to know 
whether  t rans ient  p i t t ing  phenomena  also occur at  
lower  potent ials .  A grav imet r i c  s tudy  of film growth  at 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
1 P r e s e n t  a d d r e s s :  I s r a e l  I n s t i t u t e  o f  M e t a l s ,  T e c h n i o n ,  Haifa, 

Israel. 
Key words: film growth, pitting, aluminum. 

+1000 mVscE in 2.4M H2SO4 without  or wi th  C1- 
addi t ions had been made  by  Smaga  and Metzger  (2) 
wi th  the ma te r i a l  and spec imen  p repa ra t i on  (Elec t ro-  
pol ish A) employed prev ious ly  (1). E lec t ronmicro-  
scopic examina t ion  of films grown under  these condi-  
tions in acid wi thout  C1- is descr ibed in  this note. P r e -  
viously, the  lowest  potent ia ls  for  which anodic film 
s t ructure  had been examined  in any  inves t iga t ion  were  
those of Ref. (1). 

At  1000 mVscE it  was found tha t  a f te r  2640 sec the  
film reached constant  weight  (2), as expected  for a 
porous film when the pores  have grown to a length  at  
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Fig. 1. Transmission electron micrographs of films detached after 
a) 1080 sec; b) 3000 sec anodizing at -I-1000 mVscE. 

which the rate of chemical dissolution of their  walls 
equals the rate of growth at  the film base (3). From the 
tapered-pore model and l imit ing thickness was esti- 
mated as ~ � 8 9  #m (2). Films for electronmicroscopic ex- 
amina t ion  were formed for 600, 1080, and 3000 sec; 
over this period, the cell current ,  after its ini t ia l  fall, 
was rising slowly from 0.6 to 0.8 m A / c m  2. 

In  t ransmission micrographs of detached films, Fig. 
l a  and b, the films were seen to be porous, and break-  
down-pi t t ing  repair  (BPR) "events" we re  visible as 
dark patches, usual ly  elongated. The veining visible 
in the background of Fig. lb  originated in the surface 
topography produced by the HC104 electropolishing 
bath ("granular  s t ructure") ,  as discussed in  Ref. (1). 
The appearance of the events was remarkab ly  s imilar  
to that  noted earl ier  (1) at a potential  ~6V higher. The 
contrast  at an  event i s  the result  of the extra mass 
thickness provided by the repair  film beneath  the 
ma in  film and /or  the local per turba t ion  of the pore 
structure,  as described previously (1). 

Examina t ion  of fiIms at much higher magnifications 
showed that  pore diameters were small  (<10 nm) ,  but  
a precise de terminat ion  could not be made. The pores 
apparent ly  were far from being straight cylinders since 
they did not image as separated sharp round silhou- 
ettes of uni form size. The factors responsible for this 
would be (i) the pores were tapered by chemical dis- 
solution of their  walls; (ii) they were jogged or had 
sloping segments resul t ing from the BPR processes 
which had in terrupted their  growth (thus images of 
adjacent  pores could overlap) .  Microscopic measure-  
ments  of pore and cell diameters of anodic films are 
usual ly  made on much coarser structures produced in  
various acids at "forming voltages" well over 10V and 
sometimes over 100V (3, 4, 5). If the figure for pore 
diameter  of approximately  1.0 n m / V  obtained in these 
studies (4, 5) is applied to the present  case, and if the 
"forming voltage" in the present  experiments  is taken 
as the overpotentiaI  above the A1/A1203 reversible po- 
tential,  the pore diameter  predicted would be ,~3 rim, 
which is not inconsistent  with the observations. 

Figure 2 shows an unders ide-repl ica  micrograph of 
the 600 sec film. Evidence that this s t ructure  did not 
represent artifacts was (i) two sets of such replicas 

Fig. 2. Replica of underside of 600 sec film. Shadowed with Pt-C 
at tan -z  �88 

from the 600 sec film and one from the 1080 sec film 
prepared with close a t tent ion to a n d  some var ia t ion  in  
details of procedure all gave consistent structures;  
(ii) ~he structures were basically s imilar  to those ob- 
tained in  an  extended s tudy of films formed at 5 m A /  
cm2. Visible in  Fig. 2 are i r regular  strings of very  fine 
repaired pits and on them or elsewhere some larger 
repaired pits which are thought to have formed subse- 
quently.  The la t ter  are the "events" visible in  t rans-  
mission as dark patches. It  was deduced that  the 
strings of fine pits gave by  themselves l i t t le or no 
visible contrast  in t ransmiss ion and that  the tendency 
toward e longat ion of the events seen in  t ransmission 
was the result  of the tendency for events to nucleate  
on the strings and sometimes a tendency for the events 
themselves to be elongated. The evolut ion of structures 
of this type and their  re la t ion to subs t ra te  or ienta t ion 
has been studied in some detail  for anodizing < I00 
sec at 5 m A / c m  2 and is reported separately. Although 
anodizing times were much longer in the present  work, 
the mass thicknesses of the films examined were in the 
same range, and the s imilar i ty  of the t rans ien t -p i t t ing  
structures in  the two cases is taken to mean  that the 
stages through which film s t ructure  passes depend  
more on mass-thickness than  on potent ial  in the range  
studied. This conclusion had been  d rawn earl ier  from 
observations on films formed at 5 m A / c m  2 at reduced 
cel ! voltages in acid containing C1- (1). 

The significance of the t rans ient  pi t t ing accompany-  
ing film growth for the unders tanding  of several  phe- 
nomena  has recent ly been discussed elsewhere (6). 
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ABSTRACT 

The kinet ics  of the  the rmal  oxidat ion  of si l icon in  H20 and in 5 vo lume 
percen t  (v /o )  HCI in H20 using a pyrogen ic  sys tem have  been  inves t iga ted  
over  the  t empera tu re  range  900~ Oxide th ickness -ox ida t ion  t ime data,  
rate constants,  and act ivat ion energies  have been obtained for (111) and (100) 
oriented,  1 • 10 I~ cm -~, n - t y p e  silicon. Results  obta ined  for  oxida t ion  in  
H20 are  ve ry  s imi lar  to those repor ted  prev ious ly  for wa te r  bubb le r  systems. 
The addi t ion of HCI to H20 does not  increase the  sil icon oxidat ion  ra te  as 
wi th  d ry  O2, but  the ra te  ac tua l ly  decreases appa ren t ly  because of the r e -  
duced llzO vapor  pressure.  The HC1 also appears  to reduce impur i t y  contr i -  
but ions  f rom the  oxida t ion  system. 

Recent  invest igat ions  concerning the oxidat ion  k i -  
netics of  si l icon in d ry  oxygen containing smal l  add i -  
t ions of HC1 or C12 have been repor ted  (1-4). These and 
o ther  studies have  indica ted  tha t  such chlor ine addi -  
t ions provide  cer ta in  benefits to the  resul t ing  de-  
vice s tructures,  such as a lka l i  ion passivat ion,  h igher  
and more  un i form oxide die lect r ic  s trength,  and im-  
proved junct ion  proper t ies  due to lower  leakage  (5-8).  
Coincidenta l ly  increased oxida t ion  rates  have  been 
observed wi th  increas ing chlor ine concentrat ion in the  
oxygen  ambien t  (1-4).  The repor ted  improvements  in 
device proper t ies  a re  p robab ly  due  in pa r t  to actual  
incorpora t ion  of a chlor ine species in the  silicon oxide 
and react ion of this species wi th  impur i t ies  (8, 9). I t  
has been  proposed tha t  the  increased oxida t ion  ra tes  
a re  due ei ther  to the react ion products  (such as I-t20 
and C12 from 02 plus HC1) or the  effect of the chlo- 
r ine  species i tself  on the oxide growth  mechanism, or 
bo th  (1-4).  

Less informat ion is ava i lab le  concerning the ox ida -  
t ion of silicon in H20 which  contains smal l  amounts  of 
chlorine.  There  are  indications,  however ,  that  chlor ine 
is not  incorpora ted  in the  oxide and tha t  oxidat ion 
rates  a re  not  increased by  the addi t ion of HC1 and 
o ther  chlorine species to the wa te r  ambien t  (10). 

Wate r  or wa te r -con ta in ing  ambients  have been used 
for  the  t he rma l  oxida t ion  of silicon since sil icon di-  
oxide was first employed  for masking dopants  dur ing  
diffusion of silicon devices (11-13). Silicon oxidat ion  
kinetics in H20 have been repor ted  by  severa l  authors  
(14-16) for  var ious  process  conditions. Most of these 
resul ts  were  for wet  02 (oxygen b u b b l e d  th rough  
I-I20) or s team (H20 vapor  boi led f rom a flask).  More 
recen t ly  oxidat ion in a wa te r  ambien t  has been car r ied  
out by the pyrogenic  react ion of I-I2 and O2 (17). This 
process is repor ted  to be c leaner  and easier  to control  
in product ion  environments .  

The purpose  of this  inves t igat ion was to es tabl ish 
oxidat ion kinet ics  for the  the rmal  oxidat ion of silicon 
in H20, to de te rmine  the effect of small  HC1 addi t ions 
to the  ambien t  on oxidat ion  kinetics,  and to compare  
the  resul ts  of pyrogenic  H20 oxidat ion to those p r e -  
viously obta ined wi th  wet  O2 or s team in t roduced into 
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the  furnace  f rom a quar tz  flask (hereaf te r  r e fe r red  to 
as a "bubbler"  sys tem) .  Data  a re  r epor ted  for  1 • 1015 
cm -3 n - type  silicon wi th  (111) and ( i00) or ientat ions  
over  the t empe ra tu r e  range  900~ A br ief  com- 
par ison wi th  d r y  Oz oxida t ion  resul ts  is also included.  

Experimental 
Exper imenta l  condit ions and procedures  were  the 

same as those repor ted  prev ious ly  (4). Sil icon wafers  
used for this inves t igat ion were  n - type  4-6 ~-cm,  wi th  
(111) and (100) orientat ions.  In t roduct ion  of H20 into 
the  furnace  was acomplished using a pyrogenic  ox i -  
dat ion sys tem involving wa te r  genera t ion  in the end of 
the furnace tube by  the d i rec t  reac t ion  of H2 and O2. 
The system, Model D-101, was manufac tu red  by  Corso- 
Gray  Ins t ruments ,  Sunnyvale ,  California.  HCI of 
99.99% pur i ty  was also in t roduced th rough  this sys-  
tem. Concentrat ions of 02, H2, and HCI were  control led 
by  ca l ibra ted  flowmeters.  Oxidat ions at  se lected ra t ios  
of H2 to 02 were  carr ied  out  at t empera tu res  of 900 ~ 
950 ~ 1000 ~ i050 ~ and 1100~ O x i d a t i o n  t empera tu res  
for the  H20/HCI mix tu re  were  900 ~ I000 ~ and II00~ 
For  the H20 oxidations,  wafers  were  pushed into the  
furnace  wi th  the wa te r  ambien t  flowing at  2 l i t e r s /m in  
(44 era / ra in) .  At  the end of the oxidat ion time, the  
wafers  were  pul led  r ap id ly  f rom the furnace.  Fo r  the 
addi t ion of 5% HC1, the HCI flow was s ta r ted  af ter  the  
wafers  were  in the  furnace;  at  the end of the  ox ida-  
tion time, an N2 flow was s tar ted ,  the HC1, H2, and O2 
flows were  stopped, and the sys tem was purged  wi th  N2 
for 15 min  before the wafers  were  pulled.  Oxidat ion  
t imes in genera l  ranged f rom 9 rain to 8 hr. 

Oxide thicknesses were  measured  using a Rudolph 
Model 436-200-E e l l ipsometer  wi th  a he l ium-neon  
source, wi th  measurement  reproduc ib i l i ty  of ___3%. Mo- 
bile ion concentrations,  Qo/q, and fixed oxide charge,  
Qss/q, were de te rmined  by  convent ional  capaci tance-  
vol tage techniques. 

Oxidat ion  kinet ic  da ta  were  analyzed in te rms of 
the oxidat ion genera l  re la t ionship  (15) 

Xo ~ + Axo  = B t  [I] 

where  Xo is oxide thickness,  t is oxida t ion  time, and B 
and A are  constants.  [For  H20 oxidat ion,  the constant  
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T n o r m a l l y  inc luded in Eq. [1] has been found to be 
app rox ima te ly  zero (15).] The parabol ic  ra te  con- 
stants,  B, and  the  l inear  ra te  constants,  B/A, were  
calcula ted using the convent ional  p rocedure  (15). 
These constants  were  then used to de te rmine  act iva-  
t ion energies  by  means  of A r r h e n i u s - t y p e  plots.  

Resul ts  
Syste~n calibration.--The first p rocedure  in conjunc-  

tion wi th  this  p rog ram was to ca l ibra te  the pyrogenic  
ox ida t ion  system. A n  a t t empt  was made  to genera te  
100% H20 (760 Torr )  by  using exac t ly  2 par t s  H2 
to 1 pa r t  O2. Oxidat ions  were  car r ied  out  at  a p a r -  
t icu lar  t e m p e r a t u r e  (1000~ for specific t imes (15 
and 60 min) ,  and oxide thicknesses were  compared  
wi th  those r epor t ed  prev ious ly  for  a tmospher ic  s team 
(14-16). Unfor tunate ly ,  some d i sagreement  exists  
among *.he previous  works  because s team obtained 
f rom a boi l ing flask is difficult to control  and r ep ro -  
duce. Even so, the  resul ts  obta ined in  the  pyrogenic  
sys tem indica ted  lower  thicknesses than  most of those 
repor ted  for  the  boi l ing flask method.  1 I t  was the re -  
fore decided to dupl ica te  the  oxida t ion  ra te  obta ined 
using 02 bubbled  th rough  95~ wa te r  (15). A series 
of oxidat ions  wi th  va ry ing  rat ios  of H~ to 02 indica ted  
tha t  2.0 l i t e r s /min  of Ha plus 1.175 l i t e r s / ra in  O2 did 
dupl ica te  reasonably  wel l  the 02 th rough  95~ H20 da ta  
over  the  t e m p e r a t u r e  range  invest igated.  This ra t io  
was used for the  H20 oxidat ions  r epor ted  here. In  both 
cases, the  ambien t  wil l  contain a smal l  excess of O2 
bu t  i ts  cont r ibu t ion  to the  over -a l l  ox ida t ion  process 
is ca lcula ted to be less than  1%. I t  is also of in teres t  
to note tha t  these resul ts  are  ident ica l  to those re-  
por ted  in Ref. (17) for 1 a tm H20 oxidat ion  of ( 1 1 1 )  
sil icon in a pyrogenic  system. 

H20 oxidation data.--The da ta  for  the oxidat ion  of 
(111) and (100) or ien ted  silicon in pyrogenic  H20 over  
the t empe ra tu r e  range  900~176 are  p lo t ted  in Fig. 
1. The plots a re  in the form of log oxide  th i ckness  vs. 
log oxidat ion  t ime. Also inc luded are  previous  bubb le r  
resul ts  for 12(}0~ (15), at which  t empe ra tu r e  differ-  
ences be tween  or ienta t ions  are  assumed to be negl igi -  
ble. The plots  fol low the genera l  oxidat ion re la t ionship  
(Eq. [1]) where  at highe r t empera tu re s  and for 
th icker  oxides  the  reac t ion  is gene ra l ly  parabo l ic  

z Conversations with other  inves t iga tors  indicate  the  p y r o g e n i c  
r e a c t i o n  of  H2 and O= is no t  100% efficient.  
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Fig. 1. Oxide thickness vs. oxidation time for silicon oxidation in 
H20 (640 Torr). 

Table I. Kate constants for the thermal oxidation of n-type, 
4-6 ~,-cm, (111) and (100) oriented silicon in water 

(2.0 liters/rain ~ + 1.175 liters/min 02) 

Oxidat ion  
temp. Silicon B (~m~/ B/A B/A rat ios  
(~ orient. A (~m) hr) (~m/hr) (111)/(100) 

900 (100) 0.95 0.143 0.150 
(111) 0.60 0.151 0,252 1.68 

950 (100) 0.74 0.231 0.311 
( i i i )  0.44 0.231 0.524 1.68 

I000 (I00) 0.48 0.314 0.664 
( I I I )  0.27 0.314 1.163 1.75 

1050 ( 100 ) 0.295 0.413 1.400 
( 111 ) 0.18 0.415 2,307 1.65 

1100 (100) 0.175 0.521 2.977 
(111) 0.105 0.517 4.926 1.65 

Avg .  1.68 • 0.03 

(diffusion control led)  and at  lower  t empera tu re s  and 
for th inner  oxides i t  is l inear  (surface  contro l led) .  

Rate  constants  were  de t e rmined  and are  t abu la ted  in 
Table I. Included in the tab le  a re  the  ra t ios  of l inear  
ra te  constant  (B/A)  values be tween  (111) and (100) 
orientat ions.  The rat ios a re  qui te  consistent  and the 
average  is 1.68 • 0.03 over  the t empe ra tu r e  r ange  in-  
vestigated.  

l~igure 2 is an A r r h e n i u s - t y p e  plot  of log B vs. 1/T 
f rom which an act ivat ion energy  m a y  be de te rmined .  
The da ta  are  for  both  (111) and (100) or ientat ions  
since B is not  a funct ion of orientat ion.  Also included 
in the figure are  previous  da ta  for d ry  02 oxida t ion  
(4, 15). The  parabol ic  ac t ivat ion energy  va lue  of 0.78 
eV for the  pyrogenic  sys tem is s imi lar  to tha t  p rev i -  
ously repor ted  (0.71 eV) for the  bubb le r  process 
(15). I t  is not  known  if the  falloff of B at  900~ is 
rea l  or  due to expe r imen ta l  er ror .  A s imi lar  p lot  for 
the  l inear  ra te  constant  B/A is shown in Fig. 3. Here,  
the differences for the  two sil icon or ientat ions  are  
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Fig. '2. Dependence of parabolic rate constant B on temperature 
for the thermal oxidation of silicon in pyrogenic H20 (640 Torr) 
or dry 02. 
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Fig. 3. Dependence of linear rate constant B/A on temperature 
for the thermal oxidation of silicon in pyrogenic H~O (640 Torr) 
or dry 02. 

reflected by  the two different  but  para l le l  plots. The 
act ivat ion energies  for both are  2.05 eV, ve ry  s imi lar  
to the previous bubble r  results  (15). Again,  d ry  O2 
B/A values a r e  included for comparison.  However ,  
in the la t te r  case i t  is assumed that  the act ivat ion en-  
ergies for (111) and (100) sil icon should be equal  and 
the rat ios of the B/A  values should be the  same as 
for H20. Thus, the line d rawn  through  the (100) da ta  
points  is d r a w n  fol lowing this assumption.  I t  can be 
noted tha t  this  constant  rat io assumption for d ry  02 
provides  a reasonable  fit for the (100) data, which 
was not possible prev ious ly  because of its nonl inear  
na ture  (4). 

If  A r r h e n i u s - t y p e  expressions of the form B = 
C1 e - E ~ / R T  and B/A : C2 e -~'~/kT are  assumed, then  
values for the  constants Cx and C2 may  be calculated.  
These values,  along with  act ivat ion energies  E~ and E2, 
are t abu la ted  in Table  II  for  both pyrogenic  H20 and 
d ry  02 silicon oxidat ion.  

HzO/HCt results.--Oxidations were  carr ied  out at  
900 ~ 1000 ~ and 1100~ in a pyrogenic  H20 ambien t  
wi th  a 5% HC1 addit ion.  When oxide th ickness -ox ida-  
t ion t ime da ta  were  compared  wi th  the  H20 resul ts  
of Fig. 1, not  only did the  HC1 addi t ion provide  no 
increase in oxidat ion  rate,  but  an ac tual  decrease was 

Table II. Dependence of rate constants on temperature using 
Arrhenius relationship 

Parabolic B = Cle-EJ let 
Linear B / A  = C2e-E2/~ 

(111) Si l icon 
Dry O~ C1 = 7.72 • 10 ~ ~m~-/hr 

Ca 6.23 • 10 ~ # m / h r  
E1 = 1.23 eV 
E2 = 2.0 eV 

H~O ( P y r o g e n i c )  C1 = 3.66 • l0 s ~mS/hr  
C2 = 1.63 • l0 s / ~ m / h r  
E~ = 0.78 eV 
E2 = 2.05 eV 

(I00) Silicon 
Cs (lOO) = Cs (111)/1.68 

Table III. Rate constants for the thermal oxidation of n-type 
4-6 ,.~-cm, (i11) and (100) oriented silicon in 5 v/o 

HCI/H20 mixtures 

(1.9 l i t e r s / m i n  I-I2, 1.115 l i t e r s / m i n  Os, 0.1 l t t e r s / m i n  HCI)*  

Oxidation 
temp. Silicon B (/~m2/ B / A  B / A  ratios 

(~ or ien t .  A (~m)  h r )  ( # m / h r )  ( i I i ) / ( I 0 0 )  

900 (100) 0.90 0.133 0.148 
(111) 0.505 0.133 0.263 1.78 

1000 (100) 0.46 0.294 0.639 
(111) 0.26 0.294 1.131 1.77 

1100 (100) 0.175 0.500 2.860 
(111) 0.11 0.509 4.830 1.62 

A v g .  1.72 • 0.07 

* A c t u a l  v / o  HC1 = 4.6%. 

observed.  Coincidental ly,  this decrease  appea red  to be 
about  5%; the amount  of HC1 added.  Rate constants 
were  de te rmined  and these are  t abu la ted  in Table  III, 
along wi th  B / A  ra t ios  for the  two orientat ions.  The 
l a t t e r  average  value  of 1.72 was qui te  s imi lar  to the 
1.68 value  for H20. 

If the  values  of B, the  parabol ic  ra te  constant,  for 
5% HCI addi t ions are  compared  wi th  those for  H20, 
an average  rat io of 0.934 is obtained.  Th i s  is reason-  
ab ly  close to 0.95 which would  be expected  for  a 
s t ra ight  d i lu t ion by  the HC1. A s imilar  reduct ion  ra t io  
be tween HC1 and no HCI is obta ined  for the  l inear  
ra te  constant  B/A,  probab ly  th rough  the  pa r t i a l  pre~- 
sure  reduct ion effect on B. 

Special  oxidat ions were  car r ied  out a t  1000~ in 
which 5%N2 was added to tI20. Oxidat ion  rates were  
approx ima te ly  the same as those ob ta ined  wi th  5% 
HC1 additions.  This tends to confirm tha t  the  reduced  
oxidat ion  ra te  for the  HC1/H20 mix tu re  is due to a 
di lut ion of the  H20 by  the HC1 addit ion.  

Oxide properties.--Some ment ion  should be made  
concerning var ious  physical  and e lect r ica l  p roper t ies  
of t h e o x i d e s  p repared  in 5% HC1/H20 ambients.  Firs t ,  
the  apparen t  thickness un i formi ty  and appearance  of 
these oxides were  cons iderably  be t t e r  than  correspond-  
ing I-I20 oxides. Very  few defects or  color var ia t ions  
were  observed.  This is p robab ly  re la ted  to the  fact  tha t  
ionic contaminat ion  in the HC1/H20 oxides was also 
low, as evidenced by  Qo/q values of less than  2 • 10 l~ 
cm -2 over  the ent i re  t e m p e r a t u r e  range.  These may  
be compared  wi th  Qo/q values  for the  r egu la r  H20 ox-  
ides of <2 X 1010 cm -2 at  900~ but  ranging  up to 3 
X 1011 cm -2 at  l l00~ This t r end  of increas ing con- 
t amina t ion  with  oxidat ion t empe ra tu r e  is be l ieved to 
be due to increased react ion of the  wa te r  wi th  ionic 
impur i t ies  in the  quar tz  tube  at the  h igher  t empera -  
tures. A ppa re n t l y  the  HC1 serves  to complex these im-  
pur i t ies  in the apparatus .  

P re l imina ry  measurements  of Qss/q indica ted  some-  
wha t  lower  values  at a given t empera tu re  than  p re -  
viously obta ined for 95~ H20 oxidations.  This m a y  
be due to an effect of free hyd rogen  in the  pyrogenic  
oxidat ion ambient .  

Summary 
Kinet ic  da ta  for the oxidat ion  of (111) and (100) 

or iented silicon in H20 over  the t empera tu re  range  
900~176 have been presented.  The w a t e r  was gen-  
e ra ted  by the direct  react ion of H2 and O2 in a p y r o -  
genic system. Since i t  is appa ren t ly  not  possible to 
genera te  100% wa te r  in this system, flow rates  of the 
gases were  selected to provide  oxidat ion ra tes  equal  
to those previous ly  obtained for  02 bubbled  th rough  
95~ H20, i.e., ~-,0.85 par t i a l  pressure  of H20. 

Rate constants for the genera l  oxida t ion  re la t ionship  
were  de te rmined ,  and values  for (111) sil icon agree 
quite  wel l  wi th  those prev ious ly  obta ined for  a 95~ 
H20 bubb le r  system. As pred ic ted  by  theory,  the  
parabol ic  ra te  constants,  B, exhib i t  no or ienta t ion  de-  
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pendence.  L inear  ra te  constants,  B/A,  for  (111) silicon 
are  1.68 t imes  the (1O0) sil icon values.  Act iva t ion  en-  
ergies are  0.78 and 2.05 eV for the  parabol ic  and l inear  
ra te  constants,  respect ively.  Again,  these values  cor-  
respond f avo rab ly  wi th  wet  02 bubble r  results.  The 
1.68 rat io  be tween (111) and (100) l inear  r a t e  constants  
was appl ied  to the  d r y  oxygen da ta  r ecen t ly  obtained,  
and the l ine d rawn  for  (100) sil icon provides  a r ea -  
sot, able  fit for the Ar rhen ius -p lo t  da ta  points. 

Oxidat ion  kinet ics  were  also de te rmined  for  mix -  
tures  of 5 volume percen t  (v /o )  HC1 in H20 using 
the pyrogenic  system. Other  process condit ions were  
the  same as indica ted  above for H20 oxidations.  I t  
was found tha t  the  only change in the oxidat ion  proc-  
ess due to the  HC1 addi t ion is a decrease  in  ra te  con- 
s tants  app rox ima te ly  equal  to the  HC1 concentra t ion 
in the  oxidat ion  ambient .  A p p a r e n t l y  no chlor ine spe-  
cies is incorpora ted  in the  oxide  dur ing  H20/HC1 oxi-  
dat ions (10). This fact  plus the  p robab i l i ty  tha t  HC1 
does not  reac t  wi th  the H~O would indicate  ~ tha t  the  
HC1 species i tself  does not  en te r  into the  react ion di-  
rec t ly  in e i ther  H20/HC1 oxidat ions  or in the  OJHC1 
oxidat ions  discussed p rev ious ly  (4, 18). If this is t rue,  
the previous  proposal  tha t  the  react ion products  H20 
and C12 are  the  p r i m a r y  species affecting O2/HC1 oxi-  
dat ion kinetics (18) is corroborated.  

The resul ts  of this  i nves t iga t ion  also indicate  that  
smal l  HC1 addi t ions  to H20 oxidat ion  ambients  provide  
beneficial  effects because of the ge t te r ing  or  complex-  
ing of a lka l i  impur i t i es  in the quar tz  system. In add i -  
tion, more  un i form oxides wi th  fewer  defects a re  p ro -  
duced. The quest ion of possible  effects on the oxide  
charges due to free hydrogen  in the  pyrogenic  sys tem 
must  ye t  be resolved.  
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Thermal Oxidation of GaAs in Arsenic Trioxide Vapor 
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ABSTRACT 

A new technique for  the rmal  oxidat ion of GaAs is proposed.  The na t ive  
oxide  films composed of As203 are  plus ~-Ga208 the rma l ly  grown under  con- 
t ro l led  vapor  pressures  of arsenic t r ioxide.  The b reakdown s t rength  of the 
films is found to be as high as 5-7 X 106 V/cm, which is comparable  wi th  the  
highest  value ever  obta ined for anodic oxide films. The leakage  cur ren t  is also 
on such a low level  tha t  i t  is of the o rde r  of 10 - s  A / c m  2 pe r  1000A at an 
appl ied  vol tage of 10V. The chemical  p roper t ies  eva lua ted  in terms of etching 
rates  for various etchants  exhib i t  sa t i s fac tor i ly  s table and favorab le  cha r -  
acterist ics  for  GaAs p lana r  processes. 

Increas ing in teres t  is being shown in the growth  of 
na t ive  oxide films on GaAs wi th  the  requ i red  p rope r -  
t ies for device applicat ions.  However ,  two previous  
procedures  for  the  oxidation,  the rmal  (1, 2) and anodic 
(3-8),  'have not  p roved  consis tent ly  successful in ob-  

ta in ing chemical ly  s table  films wi th  sa t is factory  phys i -  
cal propert ies .  

* Electrochemical Society Active Member. 
Key words semiconductor,  integrated circuits, etching, Oxida- 

tion. 

I t  empi r ica l ly  appeared  to be p laus ib le  that  the poor  
e lectr ical  character is t ics  inheren t  in the rmal  oxide 
films, though much more s table  than  anodic oxide 
films, might  be due to the chemical  composit ion lack-  
ing arsenic t r ioxide  (As~O3). 

On the basis of these considerat ions we propose a 
new technique for the rmal  oxidat ion  of GaAs in the 
As20~ vapor  phase. The nat ive  oxide films grown under  
control led vapor  pressure  of As~O~ have  shown excel -  
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Fig. ! .  Experimental setup for thermal oxidation in As203 vapor 

lent  properties in electrical characteristics as well  a s  

chemical stability. 

Experimental Procedures 
Figure 1 shows an exper imental  setup for the oxida- 

t ion of GaAs crystals. A GaAs wafer to be oxidized is 
placed at one end of a quartz tube and high pur i ty  
powder of As203 put  into a p la t inum boat is placed at 
the other end. The quartz tube is then evacuated and 
placed into a double furnace which is regulated so 
that the GaAs wafer is main ta ined  at  an oxidation 
temperature  (Tox) while the As208 powder is at a 
lower tempera ture  (TAo) determining the vapor pres- 
sure in  t h e  system. The thermal  equi l ibr ium will  be 
reached wi th in  1 rain. After the oxidation time the 
quartz ampul  is quenched in  water  avoiding the 
As203 deposition on the oxide film. Wafers of Zn-  
doped p- type GaAs with a carrier concentrat ion of 5 
• 1016 cm -3 were used in the experiments.  The (100) 
surfaces of the wafers to be oxidized were mechano-  
chemically polished in an aqueous solution of NaOC1 
followed by chemical etching in a H2SO4:H202:H20 
(3: 1: 1) solution at 60~ for 10 rain. The thermal  oxi- 
dation was carried out at 500~ under  an/ks2Oa vapor 
pressure of 700 mm Hg being in equi l ibr ium with 
liquid As203 at 450~ 

Results and Discussions 
In  Fig. 2 an exper imental  result  is shown of the 

relat ion between the oxide film thickness and the oxi- 
dation time. From the l inear i ty  observed up to about 
1 #m thickness the oxidation rate is estimated to be 

o 
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o (  

T o x  = 5 0 0 "  C 

TAO = 4 5 0 "  C 

I I I I I I I I I I 
I 2 3 4 5 6 7 8 9 I 0  
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Fig. 2. Oxide film thickness vs. oxidation time 

Fig. 3. Electron beam diffraction pattern of an oxide film. Film 
thickness is 3000A. 
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Fig. 4. Auger peak-to-peak height vs. sputtering time. Film 
thicknes~ is 3000A. 

approximately 15 A/ ra in  for Tox "- 500~ and TAo = 
450~ 

Figures 3 and 4 show an e lec t ron-beam diffraction 
pa t te rn  and a depth profile of the Auger peak- to-peak  
height, respectively, of an oxide film grown to a thick- 
ness of 3000A. These figures apparent ly  show that  the 
dominant  consti tuents of the film grown in the As203 
vapor are represented by a quasibinary solid system 
As20~-/~-Ga2Oa 

The composition profile along the film depth may be 
divided into three regions, I, II and III, as shown in  
Fig. 4. W~thin the top surface region I and the bottom 
interface region III, which are about 800 and 1200A 
thick, respectively, the composition ratios of As203 to 
/~-Ga203 can be regarded constant. The ratio in  the in -  
termediate  region II which is about 1000~k thick, how- 
ever, gradual ly  decreases towards the substrate. This 
composition profile suggests that  the oxidation process 
is diffusion l imited in the solid oxide phase. 

Electrical characteristics of the oxide films grown by 
the present  technique were evaluated in  terms of the 
breakdown strength and the leakage current.  The alu-  
minum evaporated dots wi th  a 50 #m diameter  were 
used for these measurements.  In  Fig. 5 the breakdown 
voltage and the breakdown strength are plotted as a 
function of the film thickness. The breakdown s t rength 
is as high as 5-7 • 106 V/cm, being comparable with 
the highest value ever obtained for the anodic oxide 
films. The leakage currents  measured are of the order 
of 10 - s  A/cm 2 per 1000A thickness at an applied vol t-  
age of 10V. 
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Fig. 5. Breakdown voltage and breakdown strength vs. oxide film 
thickness. Solid line and dashed line show breakdown voltage and 
breakdown strength, respectively. 

The chemical  p roper t ies  of the  films were  also e x a m -  
ined by  measur ing  the e tching ra te  for var ious  e tch-  
ants. In view of the resul ts  shown in Table  I, i t  is ex-  
pected tha t  the  convent ional  chemical  technology for  
t h e  sil icon p l ana r  process  is appl icab le  to GaAs devices 
by  using the  p resen t  na t ive  oxide  films. 

Table I. Etching rates for various etchants (25~ 

Etching rate 
Etehant (A/min) 

HC1 (35%) 506 
HC1 (35%):H~O = 1:1 22? 
HCI (35%):H20 -- 1:3 90 
HF (46.5%) 179 
HF (46.5%):H~O --- 1:1 108 
HF (46.5%): H~O = 1:5 52 
I'IePO~, (85%) 24 

Summary 
It  has  been  shown tha t  the  GaAs na t ive  oxide  films 

grown by  the new the rma l  oxida t ion  technique in the  
As203 vapor  a re  composed of As203 and p-Ga2Os. 
S t r ik ing  improvement s  in e lect r ica l  and chemical  c h a r -  
acter is t ics  of the  films have  been  achieved.  The p r e s e n t  
technology wil l  be useful  for  the  surface p a s s i v a t i o n  
and the  p l ana r  in tegra t ion  of GaAs devices. Rea l iza-  
t ion of GaAs MOSFET's  is also expected.  
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Electroluminescence in an Epoxy Resin 

R. Co'isson, C. Paracchini, and G. Schianchi 
Istituto di Fisica dell'UniversitY, Parma, Italy 

ABSTRACT 

Elec t ro luminescence- -which  can be  used as a p robe  for  s tudying  b r eakdown  
mechan i sms- - i s  s tudied in one type  of epoxy  resin at  room tempera tu re .  The 
e lect roluminescence spec t rum is compared  wi th  x - r a y  and u l t rav io le t  r a d i -  
a t ion s t imula ted  emissions. The behavior  of luminescence bands wi th  in-  
creasing appl ied  vol tage suggests that  charge inject ion takes  place  and tha t  
the  e lect roluminescence mechanism is tha t  of impact  ionization. 

Severa l  insula tors  wi th  high die lect r ic  s t rength  ex -  
h ibi t  a pers is tent  e lee t ro luminescent  emission at a l -  
t e rna t ing  fields some orders  of magni tude  lower  than  
b r e a k d o w n  value. Such an effect has been observed 
both in c rys ta l l ine  (1) and amorphous  mate r i a l s  (2). 
The emission appears  localized near  the me ta l - i n su l a -  
tor  interface,  and i t  is p robab ly  caused by  the same 
mechanisms tha t  a t  h igher  fields t r igger  the  b r e a k -  
down (3). Under  this  poin t  of view, e lec t ro lumines-  
cence can be used as a probe  for  s tudying  the b r e a k -  
down mechanisms and the effects i n t ima te ly  re la ted  to 
it. 

In this work  some resul ts  obta ined  f rom the s tudy  of  
the  e lect roluminescence of one type  of epoxy  res in  are  
reported.  The in teres t  in this k ind  of po lymers  in elec-  
t r ica l  appl icat ions  has g rown in the  last  years,  most ly  
in view of the i r  insula t ion proper t ies  (4). Nevertheless,  
i t  seems tha t  the l i t t le  knowledge  of t h e  phenomena  
leading to b r eakdown  corresponds to the  widespread  
e lec t r ica l  applicat ions.  Elec t ro luminescence  m a y  g i v e  
in format ion  on this subjec t  (5).  

The samples  a re  th in  foils (about  O.1 mm)  of  d ig ly -  
c idyl  e ther  of b isphenol  A (EPON 828, She l l ) ,  cured  
with  t r i e thy lene  t e t r amine  (13 par t s  in Weight  e v e r y  
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100 parts of resin),  prepared by a s tandard method in 
our laboratory. The measurements  are performed at 
room temperature,  under  vacuum to avoid possible 
discharges in air. The electroluminescent  effect appears 
with any  a l ternat ing electric field of the order  of 10 ~ 
V/cm. Usually the samples are excited with square 
waves at a frequency of about 200 Hz. Electrolumines-  
cence spectra are recorded by measur ing the signal, 
through a Hilger-Watts  D.330 monochromator,  with a 
t r ialkal i  photomult ipl ier  (E.M.I. 9558 QA) and improv-  
ing the signal-noise ratio by means of a Boxcar In-  
tegrator (PAR 160). The samples have on one side a 
contact ind ium or silver paint  metal  electrode, the 
other being insulated by means of a thin Teflon foil. In  
this way the possibilities of breakdown are great ly re-  
duced without  a great reduction of the applied field. 
For comparison, photoluminescence measurements  at 
room temperature  are also performed, exciting the 
emission either with soft x - rays  (40 kV, 30 mA) or 
with u.v. radiat ion (60W deuter ium lamp).  The ab-  
sorption spectrum of the resin is also recorded, by 
means of a Cary 15 spectrophotometer. 

Figure 1 shows the luminescence spectra of the resin 
samples obtained with x-ray,  electric, and u.v. s t imula-  
t ion (curves A, B, and C, respectively) ; the absorption 
spectrum (dotted curve) is also reported. The observed 
emission ur~der x - r ay  excitat ion extends from ~500 
to ,-,300 nm, with a max imum at about 325 nm;  at 
shorter wavelengths,  where the luminescence drops 
abruptly,  the steep absorption edge is observed. If the 
luminescence is excited by electric field, the band ex- 
tends approximately in  the same spectral region, bu t  
its m a x i m u m  is at about 340 nm. If the two spectra are 
normalized at 350 nm, the low energy sides of the two 
emissions near ly  coincide. The same features are ob- 
tained with the spectrum of the luminescence excited 
by u.v. radiation; in  this case the max imum intensi ty  is 
at about 400 nm. The results reported in  Fig. 1 suggest 
that  the observed luminescence spectra are envelopes 
of several close bands, which are subsequent ly  excited 
when the energy of the exciting source is increased. 
Moreover, it is also probable that  the emission spec- 
t rum extends, at sufficient excitation energies, in the 
u.v. region beyond 300 nm, and that the self-absorption 
of the mater ial  is responsible for the drop on the short 
wavelength side. 

Electroluminescence effects observed in high re-  
sistivity materials  are usual ly  a t t r ibuted either to the 
altern.ate inject ion of carriers of opposite sign from the 

electrodes into the insulator  (double injection) or to 
the impact excitation processes generated by one single 
type of carriers injected into the dielectric and accel- 
erated by the high field region near  the meta l - insu la -  
tor interface. If, in  our  case, different radiat ive recom- 
binations are possible, each one excited at sl ightly 
different energy, one should expect, in  the case of the 
impact excitation mechanism, a progressive shift of 
the spectrum toward the shorter wavelengths while 
the carrier  energy, that  is, the applied voltage, in -  
creases. On the contrary, it would be difficult to just i fy 
such a shift of the spectrum in  the case of double in -  
jection mechanism, as an increase in the applied vol- 
tage would influence only the densi ty of injected car- 
riers, without  affecting appreciably the recombinat ion 
features. 

On account of the low emitted light intensity,  it 
would be difficult to notice this shift by directly com- 
par ing the spectra obtained under  different voltage 
s t imulat ion;  it is easier to find the possible differences 
by comparing filtered emiss ions ,  as shown in  Fig. 2. 
The light responses obtained s imultaneously  from two 
photomultipliers (say, A and B) are reported in arb i t -  
rary  units,  while the applied voltage is increased up to 
2000V. In  the case of curve 1 both photomult ipl iers  re-  
ceive the unfil tered emitted light: The straight l ine as- 
sures that their  responses are proportional.  In  the case 
of curve 2 the light detected by  the phototube B is fil- 
tered by a 400 nm cutoff filter: In  this case the re-  
sponses are no longer proportional,  the signal of photo- 
tube B being progressively reduced with respect to the 
unfil tered situation. This result  suggests that  the elec- 
troluminescence emission is shifted toward shorter 
wavelengths when the applied voltage is increased and 
provides indirect  evidence of an impact excitat ion 
mechanism. According to this model, Fig. 1 suggests 
that  the energy of the accelerated injected carrier  is 
in termediate  between that of the u.v. and the X pho- 
tons. 

The above results suggest: (i) The luminescence of 
the resin is formed by several close bands extending 
from about 550 nm to the u.v. region; (ii) in  the u.v. 
the emission is cut off due to self-absorption; (iii) by 
applying an electric field it is possible to inject  car-  
riers (presumably electrons) into the material ;  and 
(iv) the electric field generates impact  excitat ion proc- 
esses near  the metal  insulator  interface, giving rise to 
luminescence. 

m 
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I RESPONSE OF PHOTOTUBE A 
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W A V E L E N G H T  ( n m ) 

Fig. 1. Luminescence (full line) and absorption (dotted line) 
spectra at room temperature of a sample of diglycidyl ether of 
bisphenol A cured with triethylene tetrarnine. The three lumi- 
nescence spectra indicated with A, B, end C refer to the light 
emissions obtained with x-rays, electric field, and u.v. stimulation, 
respectively. 

Fig. 2. The simultaneous responses of two phototubes (A and 
B) detecting luminescence are plotted one against the other. In 
the case of curve 1 both phototubes are unfiltered and their re- 
sponses, when the applied voltage is increased, are proportional. 
In the case of curve 2 the light arriving at the phototube B is fil- 
tered through a filter cutting off at about 400 nm. On increasing 
the voltage, the signal of phototube B is progressively reduced with 
respect to that of A., 
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Studies of X-Ray Image Intensifier Output Screens 
J. S. Prener* and R. K. Swank 

General Electric Corporate Research and Development, Schenectady, New York  12301 

ABSTRACT 

The  per formance  of an x - r a y  image intensifier  is governed b y  the p r o p -  
er t ies  of its four  components:  input  phosphor  screen, photocathode,  e lec-  
t ron  optics, and ou tput  screen. P-20 ou tpu t  phosphor  screens of var ious  th ick-  
nesses were  p repared  by  cent r i fugal  se t t l ing and by  e lec t rophoret ic  dep-  
osition. In  addi t ion  to the  de te rmina t ion  of screen density,  we measured,  as a 
function of accelera t ing voltage,  screen brightness,  MTF, and spat ia l  noise due 
to screen graininess.  Al though  there  a re  claims in the  l i t e ra tu re  regard ing  the 
super io r i ty  of e lec t rophore t ic  screens, we found them to be no be t te r  than  
carefu l ly  deposi ted cent r i fugal  screens. 

An  x - r a y  image  intensif ier  (XRII)  is a device for 
conver t ing  an  incident  x - r a y  pa t t e rn  (as in medical  
rad io logy)  to a vis ible  l ight  image. The br ightness  of 
the  l ight  image  is cons iderab ly  h igher  than  that  ob-  
ta ined  wi th  a s imple  fluoroscopic screen (1). The pe r -  
formance  of an XRII  is governed  l a rge ly  by  the p rop -  
er t ies  of i ts  four  m a j o r  components  (Fig. 1) : the  input  
phosphor  screen, the  photocathode,  the  e lec t ron  opt ical  
system, and the ou tput  phosphor  screen. For  example ,  
the  resolut ion  capabi l i ty  of an XRII  is de te rmined  by  
the product  of the  modula t ion  t ransfe r  funct ions 
(MTF's)  of i ts components  and  the br ightness  of the 
vis ible  image  at a given x - r a y  flux, and opera t ing  vol t -  
age is de te rmined  by  the  convers ion efficiencies of the 
input  and  ou tput  phosphor  screens and the  photo-  
cathode. 

In  XRII  tubes the  area  of the  l ight  image  is about  
o n e - h u n d r e d t h  tha t  of the  incident  x - r a y  pa t t e rn  in 
o rde r  tha t  the  image  be t r ans fe r red  to a sui table  r e -  
ceptor  (eye, video pickup,  cine film, etc) via  opt ical  
lenses. Because of the  reduced  size of the  opt ical  image,  
the  ou tput  screen mus t  be capable  of high resolution.  

Var ious  techniques have  appea red  in  the  l i t e r a tu re  
for  t h e  prepa ra t i on  of ou tput  phosphor  screens, each 
c la iming to produce  h igher  qua l i ty  screens than  those 
m a d e  by  o ther  methods,  i In  par t icu la r ,  claims have  
been made  for the  produc t ion  of dense, f ine-gra ined 
phosphor  screens by  e lee t rophores is  hav ing  super ior  
resolution,  g rea te r  smoothness,  and more  un i form 
thickness  and coverage when compared  wi th  screens 
made  by  the more  common method  of cen t r i fuga l  or  
g rav i ty  se t t l ing  of a phosphor  (2-5).  However ,  we 
could find in the same l i t e r a tu re  ve ry  l i t t le  quant i ta t ive  
da ta  re la t ing  screen density,  MTF, and spat ia l  noise 
(ar is ing f rom screen graininess  and thickness  i r r egu-  
la r i t ies )  to screen  weight ,  e lec t ron  accelera t ing  po ten-  

�9 Electrochemical Society Active Member. 
Key words: spatial noise, resolution, modulation transfer, phos- 

phors. 
z F o r  a description of the  various  methods,  see  Ref. (1 ) .  

tial, and methods of screen deposit ion.  We descr ibe  in 
this paper  our  work  on ou tpu t  phosphor  screens in 
which we measured  the density,  MTF, and spa t ia l  noise 
of output  screens of var ious  weights  per  uni t  area,  
p r epa red  by  cent r i fugal  set t l ing and by  e lect rophores is  
as descr ibed by  Varma  and Ghosh (2). 

Preparation of Screens 
Centrifugal settling.--The screens were  made  using a 

f ine-gra ined P-20 phosphor  of 2.2~ median  par t ic le  di-  
ameter .  2 A sui table  weight  of phosphor  was suspended 
in 200 ml of a d i lu te  aqueous solut ion of sodium b i -  
carbonate  and dispersed ul t rasonical ly .  I t  was then  
Foured  into a set t l ing tank, shown in Fig. 2, Dur ing  
the sett l ing, l a rge r  par t ic les  and agglomera tes  were  

2 Phosphor obtained from the General Electric Company, Chemi- 
cal Products, Cleveland, Ohio. 
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Fig. 1. X-ray image intensifier 
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Fig. 3, Screen weight per unit area plotted as o function of 
settling time of phosphor suspension. 

removed from the suspension. The final screen weight 
was determined by the settl ing t ime as indicated in  
Fig. 3. The top 100 ml  were wi thdrawn after the re-  
quired time, the potassium silicate binder  added, and 
the suspension poured into two stainless steel cups 
containing the glass substrates. The phosphor was 
deposited by centr ifuging for 15 min  at 1000 rpm. 

Electrophoretic deposition.--The method described 
by McGee et al (4) was used with the same P-20 
phosphor. The system is shown in  Fig. 4. The screen 
weight could be controlled by the t ime dur ing  which 
the potential  was applied. Electrophoretic screens 
were found to be highly adherent,  contrary to the 
s ta tement  made by Diakides (6). The good adherence 
is due to the increase in pH in the vicinity of the cath- 
ode and the consequent deposition of l an thanum and 
a luminum hydroxides at the cathode along with the 

electrophoretically deposited phosphor. These hydrox-  
ides apparent ly  act as cementing agents for the phos- 
phor particle. 8 We did note, however, that  there 
were pinholes in the phosphor screen which could be 
traced to pinholes in  the evaporated a l u m i n u m  layer. 

M e a s u r e m e n t s  and  Results  
Screen density.--The screen weight per uni t  area 

was determined by weighing. The screens were then 
covered with about 1000A of A1 and the mean  thickness 
determined using a Sloan Dektak surface profilimeter. 
The thick A1 coating prevented damage to the phos- 
phor surface by the profilimeter probe. The results are 
given in Fig. 5. There appears to be no significant dif- 
ference in density between our centr i fugal ly  depos- 
ited screens and those prepared by electrophoresis. 
The least squares fit to the data points yields a screen 
density of 2.17 g/cm 8, which is one-half  the density of 
the P-20 phosphor crystals. This value of 50% in pack- 
ing density is typical of phosphor screens. 

Modulation trans]er Sunction.---Spatial resolution of 
imaging systems is usual ly  described by the modula-  
t ion t ransfer  function. This funct ion gives the relat ive 

s see also Ref. (4) for a similar effect with magnesium salts. 
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Fig. 6. Experimental arrangement used for measuring MTF 

f r equency  response of the  system to a s inusoidal  spa-  
t ia l ly  modula ted  input  pat tern .  The l imi t ing resolut ion 
of a sys tem is commonly  t aken  to occur at  an  MTF 
va lue  of  0.05. The idea l  ou tput  screen should have  a 
high MTF value  at  a spat ia l  f requency  corresponding 
to the  resolut ion of the  XRII  tube. Since this is t yp i -  
ca l ly  near  four  l ine -pa i r s  pe r  mi l l ime te r  at  the input  
p lane  of the  system, the  10-fold reduct ion  in  image  
d iamete r  a t  the ou tput  phosphor  requ i red  tha t  we 
measure  MTF at spa t ia l  f requencies  to at  least  40 l ine-  
pai rs  pe r  mi l l ime te r  ( l p / m m ) .  

The method  used for the MTF measurements  under  
ca thode - ray  exci ta t ion is i l lus t ra ted  in Fig. 6. An elec-  
t roformed square  wave  nickel  ba r  pa t t e rn  was placed 
to wi th in  25 ~m of the  phosphor  surface. 4 The b a r  
pa t t e rn  consisted of seven l i ne -pa i r s  (Le., ba r  and 
space) each at  spa t ia l  f requencies  of 10, 20, and 40 
l p /mm.  In ac tua l  fact, wha t  we label  MTF in this paper  
is de te rmined  f rom the square  wave  response. The 
sine wave  response would  yie ld  somewhat  lower  values  
but  our  da ta  do not  ex tend to high frequencies  so as 
to pe rmi t  the conversion. For  purposes  of comparison 
be tween  screens the square  wave  response suffices. 
The emi t ted  l ight  f rom the phosphor  was detected by  
scanning wi th  a 25/~m wide  sl i t  on a fiber optic p ickup 
located in the  image  p lane  of a 10-power  object ive.  5 
A typica l  emi t t ed  l ight  pa t t e rn  as recorded on an 
X - Y  recorder  is shown in Fig. 7.s The MTF at any  of 
the  three  frequencies was ca lcula ted  f rom 

l (Smax -- Smjn) 
MTF(output ~creen) = X 

MTFcoptieal system) (~max -~- ~min) 

where Smax and Smtn are the average of the five cen- 
tral maximum and minimum signals. The MTF of the 
optical system was determined by putting a piece of 
opal glass illuminated by a tungsten lamp in contact 
with the back side of the bar pattern. The microscope 
was then focused on the bar pattern and the square 
wave response recorded as above. The MTF of the op- 
tical system was found to be 0.899, 0.895, and 0.837 at 

To avoid charging under electron excitation the phosphors 
were coated in the standard manner with a thin nitrocellulose film 
and then with 800A of AI. The organic film was then removed by 
baking in air at 350~ 
S The scanning microscope eyepiece was a Gamma Scientific 

Model No. 700-10-65 which has a 25 x 2500 /~m slit. It was used 
with a Gamma Scientific Photometric Microscope System which 
consisted of a photomultiplier and photometer. The output signal 
was recorded on an X-Y recorder. 
0 The spacing variation particularly obvious at 10 ip/mm is not 

due to the bar pattern but arises from the nonlinearity of the 
scanning eyepiece output voltage with sweep distance. The vari- 
ation is Of no consequence as far as MTF measurements are con- 
r 

%~,,) =6. I-~ 

E r e - (  (o.r~,,,r 

Fig. 7. Recorder trace of emitted light pattern in MTF  measure- 
ment. Centrifugally deposited screen (0.56 mg/cmS); 30 kV. 

the  th ree  frequencies.  The resul ts  as Obtained wi th  a 
number  of screens are  shown in Fig. 8. Fo r  the  range  
of screen weights  invest igated,  the  M T F  decreases 
l i nea r ly  wi th  screen weight.  Aga in  we found no differ-  
ence be tween the e lec t rophore t ie  and se t t led  screens. 

The accelerat ing vol tage  dependence  of the  MTF is 
i l lus t ra ted  in Fig. 9. At  lower  vol tages  the  MTF im-  
proves somewhat  for th inner  screens. The effect m a y  
be due to the  decreasing range  of the  sca t tered  elec-  
t rons wi th  decreas ing e lec t ron  energy.  F o r  the  th ick  
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Fig. 8. MTF (at 40 Ip/mm) plotted against screen weight. Ac- 
celerating potential 30 kV. 0 Centrifugally deposited screens, 
�9 electrophoretically deposited screens. 
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Fig. 10. Experimental arrangement for measuring spatial noise 

screens no such dependence is seen since the low MTF 
value is determined pr imar i ly  by l ight-scat ter ing ef- 
fects. 

Spatial no/se.--Spat ial  noise in the l ight image 
arises from the granular  na ture  of the screen and from 
irregulari t ies  in  thickness of screens so that electron 
penetra t ion can take place at the thin spots. Presuma-  
bly the "smoother" electrophoretic screens reported 
in the l i terature  would have less spatial noise. The 
measurements  were carried out as indicated in Fig. 10. 
The equipment  was s imilar  to that  used in  the MTF 
measurements.  The bar  pa t te rn  was replaced by a 
3 mm aperture and the slit on the fiber optic pickup re-  
placed by  a 150~ diameter  holeF The Al-coated output  
screens were flooded by electrons and we scanned four 
separate 0.8 m m  long sections of each screen. The 
150~ aperture located at the image plane of a 10• 
objective corresponds to 67 l p / m m  at the output  
screen. A typical trace os the emit ted light is shown in  
Fig. 11. The ratio of the rms to the d-c value of the 
emitted light was taken as a measure of the spatial 
noise of a screen. The i l luminat ion  of the screen by the 
electron beam was not perfectly uni form over the mea-  
sured surface. As seen in Fig. 11 the light level is gen- 
erally lower o n  the right than on the left and there 
is some bowing of the curves in  the middle. It  was, 
therefore, necessary to perform a Fourier  analysis of 
the emitted waveforms in  order to remove the very  
low spatial f requency components of the emitted light 
before de termining the rms/d-c  ratio. 

Each trace as shown in Fig. 11 was sampled and 
digitized at 160 points. The result  was a t tenuated by a 
half-s ine wave over the ini t ial  and final 16 points so 
that  the end points were brought  smoothly to zero. 
This is necessary in order to reduce spurious high fre-  
quencies introduced when periodic boundary  condi- 
tions are brought  about by the discrete Fourier  t rans-  
form. The number  of data points was increased to 256 
by adding zeros, in  order that a fast Fourier  t ransform 
program could be utilized. After transformation,  the 
spectrum was filtered by a sharp-cut  filter to remove 
frequencies corresponding to less than about four full  
waves across the scans shown in Fig. 11. The spectrum 
was then retransformed, so that  the filtered waveform 
could be compared to the original. When laid one over 
the other, the orfiy difference visible to the eye was the 
removal  of the base l ine tilt  and curvature  and the end 
at tenuat ion referred to above. The rms noise value was 

G a m m a  Scientific scann ing  mic roscope  eyepiece ,  Model No. 
700-10-62. The  ou tpu t  vo l t age  of this  eyepiece  was  l inear  wi th  
sweep  distance,  

~ . ~  

Z 

o J ,2~ . ~  ~EEN (r~)  

Fig. 11. Recorder trace of emitted light pattern in noise measure- 
ment. Centrifugally deposited screen (1.66 mg/cm2); 30 kV. 

computed from the area under  a plot of the square of 
the filtered Fourier  spectrum (Wiener spectrum).  The 
results of four independent  traces were measured and 
averaged for each observation point. 

The results of our  spatial noise measurements  at 
30 kV are given in  Fig. 12. The spatial  noise is seen to 
decrease l inear ly  with increasing screen weight up to 
about 1.2 mg/cm2. At 1.6 mg/cm2 the spatial noise was 
not much lower. The reason for the knee in  the curve 
is seen from the data on the dependence of emission 
intensi ty  with accelerating voltage, as shown in Fig. 13. 
Screens with thicknesses of 1.6 mg/cm 2 were suffi- 
ciently thick so that  electron penet ra t ion  did not  oc- 
cur whereas th inner  screens exhibited such penetra t ion 
below 30 kV. Thus the noise in  th in  screens appears to 
arise pr imar i ly  from electron penetra t ion due to local 
variat ions in screen thickness. For thicker screens the 
spatial noise arises from l ight-scat ter ing effects due 
to the granular  s t ructure of the screen. We also note 
that  there is no significant difference between settled 
and electrophoretic screens. It  appears that  electro- 
phoretic screens are not "smoother" than  settled 
screens. 
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F|g. 12. RMS/D-C values of spatial noise plotted against screen 
weight. Accelerating potential 30 kV. O Centrifugally deposited 
screens, �9 electrophoretically deposited screens. 
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Fig. 13. Light emission plotted as a function of accelerating po- 
tential for various screen weights. Centrifugally deposited phos- 
phors. 

The vol tage  dependence  of spa t ia l  noise is shown in 
Fig. 14 for  a th ick and a thin screen. With  decreas ing 
e lec t ron  energy  the noise of the th in  screen decreases 
since there  are  fewer  th in  regions ava i lab le  for e lect ron 
penetration~ At  10 kV the spa t ia l  noise of the  thin 
screen is about  as low as tha t  of the  th ick  screen at  
30 kV. Fo r  the  th ick screen, however ,  we see tha t  the  
noise increases  wi th  decreasing e lect ron energy.  We 
do not  under s t and  this resul t  but  i t  mus t  be re la ted  
to complex  l igh t - sca t t e r ing  effects ar is ing f rom the 
fact tha t  e lec t ron  exc i ta t ion  occurs in th inner  sections 
of the screen at  low accelera t ing  potent ials .  

S u m m a r y  

Elec t rophore t ica l ly  deposi ted screens appear  to 
have  the same density,  MTF, and spat ia l  noise as 
ca re fu l ly  p r e p a r e d  cen t r i fuga l ly  deposi ted screens. 
Since e lec t rophoret ic  deposi t ion presents  cer ta in  di f -  
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Fig. 14. Accelerating voltage dependence of spatial noise for 
two different centrifugally deposited screens. 

ficulties wi th  regard  to pinholes,  the re  seems to b e  
no advantage  in this method of deposition. 

P-20 screens of about  1.1 m g / c m  ~ have high gain, low 
noise, and MTF values  near  0.55 at  40 l p /mm.  Higher  
MTF values  can be  achieved wi th  th inner  screens if 
the  decreased br ightness  and increased spa t ia l  noise 
do not  lead to ob jec t ionable  image  qual i ty .  

Manuscr ip t  submi t ted  Oct. 3, 1977; revised m a n u -  
script  received Nov. 7, 1977. This was Pape r  147 p re -  
sented at  the  Phi ladelphia ,  Pennsylvania ,  Meeting of 
the  Society,  May  8-13, 1977. 

Any  discussion of this pape r  wi l l  appear  in  a Dis-  
cussion Section to be publ i shed  in  the  December  1978 
JOURNAL. Al l  discussions for  the December  1978 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs o] this article were assisted by 
General Electric Corporate Research and Development. 
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Ce s§ Luminescence in Hexagonal Aluminates 
Containing Large Divalent or Trivalent Cations 

A. L. N. Stevels 
Philips Research Labaratories, Eindhoven, The Netherlandz 

ABSTRACT 

By analogy with earlier studies on Eu 2 + phosphors the luminescence of the 
3-r " Ce -doped hexagonal alummates,  containing large divalent  or t r iva lent  

cations, was also studied in  relat ion to ~he crystal s t ructure  of the host lattices. 
The u.v. band ascribed to the luminescence of Ce 3+ ions is found at a relat ively 
short wavelength  in the magnetoplumbites  Ca-, Sr-,  and CaMg aluminate:  Ce 
and at a relat ively long wavelength in the E-aluminas Ba- and BaMg a lumi-  
hate. The distorted magnetoplumbites  which include La-  and LaMg aluminate  
and Ce- and CeMg aluminates  themselves occupy an in termediate  position in 
between the above-ment ioned groups. The existence of various types of host 
lattices is also reflected in the shape and position of the excitat ion spectra of 
the Ce 8 + luminescence. Differences in  bond strength between Ce 8 + ions and 
its surrounding oxygen ions, however, complicate the discussion of the posi- 
t ion of the excited 5d levels of the Ce 3 + ion. Apart  from the u.v. band, a blue 
luminescence band was found in several Ce-activated aluminates.  This band 
occurs in phosphors where oxygen ions are thought to have par t ia l ly  replaced 
the large cations of the host lattice and is ascribed to Ce-O associates. Next 
to direct excitation of these centers, the u.v.-emit t ing Ce 3+ ions t ransfer  part  
of their  energy of the associates. If Mg 2+ ions are present  in the lattice, the 
oxygen ions at large cation sites seem to be "screened" and no blue lumines-  
cence is found. The quan tum efficiency of most Ce-activated a luminate  phos- 
phors is 50-70%. Due to ineffective mutua l  energy transfer  between u.v. emit-  
t ing Ce 3+ ions and between Ce-O associates no concentrat ion quenching occurs 
in the systems considered. For  the same reason the influence of the prepara-  
t ion method on the luminescence properties is general ly  less drastic than 
that  of the corresponding Eu 2+ phosphors. 

The hexagonal a luminates  can be divided into three 
groups with different, but  closely related, crystal 
structures (1). The compounds MeAl12Oz9 (Me --~ Ca, 
Sr, Eu) have the magnetoplumbi te - type  s t ructure  
(Fig. 1A). To this group also belong Mg-subst i tuted 
Ca aluminates.  Phases with the f i-alumina s t ructure  
(Fig. 1B) include MeMgAlz0017 (Me = St, Ba, Eu) 
types and also Ba a luminate  itself. 

LaMgAllOl~ and CeMgAllzOz9 belong to the group 
of distorted magnetoplumbites.  The essential difference 
from magnetoplumbites  is that  in the distorted type 
part  of the La(Ce)  ions are thought to be replaced by 
oxygen ions (2). We designate such ions as OMe. In  
E-aluminas the presence of OMe has been established 
by an x - r ay  diffraction study on single crystals (1). 
Up to now we were not successful in obtaining single 
crystals from distorted magnetoplumbi te- type  mate-  
rials. However, their nonstoichiometry and the occur- 
rence of red Mn luminescence (2) s trongly suggest the 
presence of OMe. In  La(Ce)  a luminate  itself 10-15% 
of the t r ivalent  ions seems to be replaced by oxygen 
ions; in  Mg-containing phases the percentage ONe is 
between 5 and 10. As is shown in Fig. 1C the position- 
ing of oxygen ions at La(Ce)  sites would also involve 
a local r ea r rangement  of A18 + ions. 

The Eu 2+ luminescence in hexagonal a luminates  
containing large di-  or t r iva lent  cations has been 
studied extensively (1-7). Since the Ce 3 + luminescence 
in  these lattices has many  aspects similar to the Eu 2+ 
case, we give here  a short survey of the properties of 
Eu 2 + phosphors as far as these are re levant  for the dis- 
cussion of the Ce 3 + luminescence. 

In magnetoplumbi te  host lattices the Eu 2+ lumines-  
cence is at a relat ively short wavelength,  that is in  
the blue and near u.v. In  fi-aluminas we find this band  
at a relat ively long wavelength,  namely  in the blue 
or blue-green.  The La(Mg) aluminates  doped with 
Eu 2 + take up an in termediate  position in this respect. 
The existence of various types of host lattice is also 

Key words: hexagona l  a luminates ,  Ce ~+ luminescence,  ene rgy  
t r ans fe r .  

reflected in the shape and the position of the excitation 
spectra of the Eu 2+ luminescence (1). The quan tum 
efficiency of the Eu 2+ phosphors was found in most 
cases to be high. However, in magnetoplumbites  the 
luminescence is quenched by subst i tut ion of small  
amounts  of Mg 2+ for A13+ ions (6). Most probably 
oxygen vacancies are involved in the quenching proc- 
esses. In  distorted magnetoplumbites  and E-aluminas 
the replacement  of AI~ + by Mg 2 + ra ther  increases than 
decreases the efficiency of the phosphor (2, 7). 

It was found that  in ~-aluminas  the oxygen ions 
occurring at large cation sites can form associates 
with Eu ions, result ing in  green-emi t t ing  centers. 
This green luminescence is strong in E-aluminas con- 
ta ining no Mg, t'hat is in Ba aluminates  (7). It  can be 
argued that Mg 2+ ions screen the Eu and OMe ions 
from each other and thus prevent  the formation of 
green-emi t t ing  centers. 

Let us now consider the organization of the present  
paper on the Ce3+-luminescence. First, the Ce ~+ 
luminescence in the magnetoplumbites  Ca-CaMg and 
Sr-a luminates  is discussed. This group of phosphors 
shows features similar  to the Eu 2+ luminescence in  
these systems. To some extent  this also holds for Ce 3 + 
luminescence in E-aluminas. In  the last named phases 
the solubili ty of Ce is only l imited due to a preference 
of Ce ~+ ions for magnetoplumbi te  surroundings.  This 
hampers detailed studies, especially of the lumines-  
cence of Ce-OMe complexes. 

A fur ther  subject  is the luminescence of the 
(La, Ce)0.s6Alz1.90019.14 series. These show a basic differ- 
ence from the comparable La, Eu system since the u.v.- 
emitt ing Ce 3+ ions can transfer  effectively their ex-  
citation energy to the C e - O M e  associates, whereas such 
a t ransfer  from the "blue" Eu 2+ ion to the "green" 
EU-OMe complex has only a low probabil i ty.  

In  the Ce a l u m i n a t e / C e M g  aluminate  system it is 
demonstrated how the introduct ion of Mg 2+ ions re-  
duces the intensi ty  of the blue band ascribed to the 
Ce-OMe associates. 
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Fig. 1. Part of the unit cells of hexagonal aluminates. Only atoms 
in the [110] plane have been drawn. A, the magnetoplumbite con- 
figuration; B, the fl-alumina-type configuration; C, the configura- 
tion around oxygen ions replacing the large cation in the A type. 
The arrow indicates the shift of AI ions to one of the octahedral 
"12k" sites near the oxygen ion in the 2d position. The dashed 
"12k" site is available for excess AI ~+ ions (see text); D, the con- 
figuration around oxygen ions replacing the large cation in mag- 
netoplumbites (A type) containing small divalent cations (Mg 2+, 
Mn2+). For the AI ions originating from the 2b site only half of 
octahedral "12k" sites near the oxygen ion are availab[e~ The 
divalent ions are located at tetrahedral "12k" sites. 

The exci ta t ion spect ra  of the  luminescence of Ce ~+ 
ions are  discussed in this paper .  They show three  (and 
sometimes more)  bands be tween  220 and 320 rim. In 
contradis t inct ion to the corresponding Eu 2+ phosphors,  
the posi t ion of the center  of g rav i ty  of the exci ted 5d 
levels  is dependent  on the host  lattice. This can be cor-  
re la ted  wi th  the Stokes shift  be tween  the lowest  ex-  
c i ta t ion band and the emission band. 

Our  last  subject  is the discussion of the  quan tum 
efficiencies of Cea+-ac t iva ted  aluminates .  Recent  est i -  
mates  (8) indicate  that  the  energy t ransfer  be tween  
Ce 3+ ions is ineffective; the  absence of concentra t ion 
quenching in  the systems considered confirms this 
opinion. The ineffective energy t rans fe r  in the  Ce a+- 
ac t iva ted  phosphors  has the  effect that  in such ma-  
ter ia ls  the quenching of the  luminescence by unin-  
ten t iona l ly  in t roduced defects is genera l ly  less drast ic  
than  in the corresponding Eu 2+ phosphors  in which  
the Eu2+-Eu 2+ t ransfer  efficiency was observed to be 
high. 

Exper imental  
The samples  were  p repa red  by  s tandard  ceramic 

techniques (firing t empera tu re s  be tween  1200 ~ and 
1600 ~ f rom highly  react ive  7-A1203, MeCO3 (Me ---- 
Ca,Sr ,Ba) ,  or La2Oa. The Ce ions were  in t roduced in 
the  form of CeO2; by  hea t ing  in N2 containing a few 
percent  H2 these are reduced  to the i r  t r iva len t  state. 
X - r a y  diffract ion showed tha t  only samples  hea ted  
above 1400~176 were  free of CeA10~. The lumines-  
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Fig. 2. Luminescence spectrum at 300~ (under 250-270 nm 
excitation) of the magnetoplumbites SrAI12019: 0.14Ce 3+ 
( ); CaAI12019:0.14Ce ~+ ( . . . . . .  ); CaMgAIll.33019:0.14Ce 3+ 
( . . . . . . . . .  ); and Lao.92MgAI1L18019.vs:0.14 Ce ~+ ( -  . . . . .  ). 

cence measurements  were  carr ied  out  as described in 
Ref. (9). 

Results and Discussion 
Luminescence spectra.--Ce~ +-doped magnetopIum- 

bites.--In Fig. 2 we show the luminescence spect ra  at  
300:K of Ce3+-doped magne top lumbi tes  and of the  
d is tor ted  magne top lumbi te  LaMgAl11019:Ce. The 
wavelengths  of the  m a x i m a  of the  band are  sum-  
mar ized  in Table  I where  the  m a x i m a  of the  corre-  
sponding Eu 2+ phosphors,  see Ref. (1), have also been  
given. The curves in Fig. 2 and the da ta  in Table  I 
re fer  to samples  containing 0.14 Ce. The w e l l - k n o w n  
" two-band"  charac te r  of the  Ce band,  due to the  spl i t -  
t ing of the ground state, is not  c l ea r ly  observed at 
these ac t iva tor  contents. In  samples  containing 0.02 
Ce the two components  of the  luminescence band 
are  be t te r  resolved.  

On inspect ion of Table  I i t  is seen that  a s t r ik ing  
analogy exists be tween  Ce 3+ and Eu2+-ac t iva ted  
a lumina te  phosphors.  In  the  u .v . -emi t t ing  Ce 8+ phos-  
phors, SrA112Otg: Ce peaks at  the shortest  wavelength ,  
320 nm. S imi la r ly  SrAl12Otg:Eu is the  neares t  u.v. 
one of the  b lue -emi t t ing  Eu 2+ phosphors.  Its m a x i m u m  
is at 395 rim. The order  of peak  wave lengths  in the  
other  Ce3+-act ivated phosphors  is the same as in the  
Eu2+-act iva ted  mater ia ls .  For  sake of clari ty,  the  
spec t rum of La a lumina te  has been omi t ted  in Fig. 2. 
As is descr ibed la ter ,  this phosphor  also has a s t rong 
luminescence band in the blue. However  this band  is 
not ascr ibed to the luminescence of "normal"  Ce 3+ 
ions but  to the  luminescence of Ce ion at a ve ry  
short  dis tance from oxygen  ions. In  S r A l l 2 0 1 9 : C e  this 
blue band was observed to be presen t  only  in samples  
p repared  with  excess A1203 (see Fig. 3). I f  we con- 
sider, for instance, the phosphor  Sr0.ssCe0.15AltL95Otg, 
Osr ions can be thought  to be formed in the  fol lowing 

Table I. Maximum of the luminescence bond, ~max and quantum 
efficiency q.e. of aluminate:Ce 3 + phosphors at 300 ~ K. Within 
brackets the data are given for the corresponding phosphors 

activated with 2% Eu 2 + 

kmax (nm) 

q.e.  (250- 
270 n m  
excita- 

tion) % 

Magnetoplumbites 
CaAl~O19:0.14Ce 325 (410) 50 (50) 
SrAheO19:0.14Ce 320 (395) 70 (55) 
CaMgAlll .~OIg:0.14Ce 330 (425) 50 (40) 
f l -a luminas  
BaAho ~/~O17:0.14Ce 350 (440) 50 (70) 
BaMgAhoO~:0 .14Ce 365 (450) 60 (70) 
Distorted magnetoplumbites 
Ceo.s~AhuDoOl~.14 430 ( - -  ) 60 ( ~ )  
Lao.s(~Ahl.~oO~9.1t:0,14Ce 330 (435) 55 (50) 
Ceo,D~MgAh~.lsOl~,0s 340 ( - -  ) 60 ( ~ )  
Lao.~.~MgAhl.~Ol~.~:0.14Ce 345 (450) 60 (60) 
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Fig. 3. Luminescence spectrum at 300~ (under 250-270 nm 
excitation) of Sro.s5Ceo.lsAlll.95O19 ( ); Sro.72AI12.75Olg.14 
(------) ;  and Sro.64Ceo.ttAl12.30Otg.25 ( . . . . . .  ). 

O Oxygen @ Oxygen on a 2d 
position 

O Large cat}on 0 Cerium on a 2 d 
position 

�9 Aluminum 
Fig. 4. xy plane at z ~- �88 of the magnetoplumbite structure. 

Four unit cells are shown. In the lower left-hand cell an oxygen 
ion has replaced the large cation at the 2d site. The arrow indi- 
cates the interaction of an oxygen atom at a 6h site with an acti- 
vator ion. 

way 

[Sr0.ssCe0.15] AllL95019 + 8xA120~ ~ ( 1 - { -  ~ -  ) 

[Sr(o.ss-6xlT)Ce(o.15-xlT)Ox]Al(ll.95+4z/~)019 [1] 

(approximate formulas are given).  
It was found that up to x ~ 0.15 the percentage of 

blue emission increases with x (that is the number  
of oxygen ions at Sr sites) so that it is most probable 
that the extra luminescence band is due to strong inter-  
action of Osr with Ce ions. 

As is seen in Fig. 4, this interact ion is thought to 
proceed in  an "indirect" way in the case of magneto-  
plumbites like Sr-a luminate .  In fact, the presence of 
oxygen ions at 2d sites is supposed to induce a shift 
of one of its nearby oxygen (6h) ions toward a Ce 3+ 
ion 1 in a neighboring uni t  cell, see also Fig. 1A. 

Returning now to Eq. [1] and Fig. 3 we see that 
above x ~ 0.15 the relative in tensi ty  of the blue band 
decreases again, see Fig. 3, dash-dot line. In  order to 
exp la in  this observation, we note that in order to 
stabilize O-Co complexes in "ideal" magnetoplumbites  
like SrAl12Otg, A1 ions at octahedral 12k sites in the 
crystal s t ructure are supposed to shift to octahedral 
"12k" sites near  Os~, see arrow in Fig. 1C and also Rot. 
(7). The A1 ~+ ions in excess of the "ideal" number  of 
12 per uni t  cell are most probably located at the 12k 
positions which are emptied by such a shift. With help 
of formula [1] it can be seen that above x ~0.15 the 

�9 For simplicity r e a s o n s  w e  c a l l  t h i s  " a s s o c i a t i o n ; "  t h e  blue 
e m i t t i n g  c e n t e r s  are  c a l l e d  O-Co a s s o c i a t e s .  

number  of excess A/s+ ions ( = 4 x / 3  -- 0.05) exceeds 
the number  of shifted octahedral A18 + ions (_--x). This 
has the result  that  part  of these excess ions will  be 
located at "12k" sites as well, for instance, at the one 
indicated by the dashed circle in Fig. 1C. Apparent ly  
the presence of two A13+ ions n e a r  OMe screens the 
interact ion with Ce ions so that a lower number  of 
O-Co associates results. 

In  Ce-activated Ca and CaMg aluminates  no blue 
luminescence was observed in samples with excess 
A1203. This corroborates our earlier observation that in 
these compounds no Oca can be formed (2), or that  the 
Oca formed are effectively screened from activator 
ions. 

~-Alumina-type:Ce phosphors.--Figure 5 shows t h e  

luminescence spectra at 300~ of the Co-doped/3-alu-  
minas BaAll02/8017, BaMgAlllO17, and KAl11017. In all 
cases, very b~oad bands around 350 nm were found. 
The " two-band" character due to splitt ing of the Ce 3+ 
ground state is clearly recognized. From Table I it is 
concluded that the maxima of the bands are situated at 
longer wavelengths than  for magnetoplumbi te :Ce 
phosphors. On comparing the emission maxima with 
those of Eu 2+ phosphors we see, as in  the magneto-  
plumbites, a parallel  change of the peak positions 
on going from one host lattice to another. 

The solubil i ty of Ce 3 + in  ~-aluminas  was found to be 
only limited. Apparent ly  Ce s+ ions prefer to enter  
magnetoplumbi te  surroundings  rather  than a ~-alu-  
mina  one. This is ra ther  obvious in view of the fact 
that both Ce and CeMg aluminate  have (distorted) 
magnetoplumbi te  crystal structures. The l imited solu- 
bil i ty especially refers to SrMgAl10017-based phos- 
phors, where we did not succeed in prepar ing single- 
phase samples. With x - r ay  diffraction it was estab- 
lished that SrMgAl10Olv:Ce compositions decompose 
into a Co-rich Sr a luminate  and SrMgAll0017. I t  could 
not be established whether  the addit ional shor t -wave-  
length bands occurring in many  Ba and BaMg alumi-  
nates were due to separation of a Co-containing mag- 
netoplumbite  phase or to the existence of Co-contain-  
ing local A120~-rich deviations of the over-al l  com- 
position in the ~-a lumina phase itself, see also Ref..(6).  

We tried also in vain to prepare homogeneous Ba-a lu-  
mina te :Ce  phosphors with a blue luminescence band 
due to O-Co complexes. In the compositions for which 
in the Eu-analog a strong green luminescence is found 
due to O-Eu associates (7), only a weak blue lumines-  
cence of O-Co complexes was observed. The last named 
samples turned out to lie outside the homogeneity 
range of the/~-alumina:  Ce phase. In  the x - ray  diagram 
of such materials a n u m b e r  of lines were found which 
could not be identified as one of the forms of A1203, or 
as CeA103. Attempts to prepare a homogeneous sample 
of the unknown  phase, possibly a A12Os-rich Ba-Ce 
aluminate,  were not successful. 

100 

60 / \ \  
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Fig. 5. Luminescence spectrum at 300~ (under 250-270 nm 
excitation) of BaAIlo2/8017:0.14Ce ( ); BaMgAIloOlT:0.14Ce 
( . . . .  ); and KAIlIO17:0.14Ce ( . . . . .  ). 
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The La-aluminate/Ce-aluminate system.--It was re- 
ported before (1, 2) that the compounds La-a lumina te  
and Ce-a luminate  have a nar row homogenei ty  range. 
Homogeneous phases were obtained for the s tar t ing 
compositions La9.s6Alll.96019.14 and Ceo.s6Alll.90Ozg.14 
after firing at 1400~176 These formulas suggest 
that  14% of the large cation sites is occupied by oxygen 
ions. If these OMe form associates with Ce ions, we ex- 
pect to find two luminescence bands in  (Lal-xCe=)o.s6 
Alzz.9oOz9.z4 phosphors, namely  one due to the lumines-  
cence of single Ce 8+ ions and one of the Ce-O asso- 
ciates. 

In  Fig. 6 a n u m b e r  of luminescence spectra at 300~ 
of phosphors of the (La ,Ce) -a lumina te  series are 
shown (excitation 250-270 nm) .  Indeed two bands are 
observed, one having a max imum in the 330-350 n m  
region and the other w i t h a  max imum in the 410-430 
nm region. With increasing Ce content  x, the re la t ive  
in tensi ty  of the longwave band increases. Since the 
quan tum efficiency of the phosphors considered is 50- 
60% in the whole system, and the absorption of the 
250-270 n m  excitat ion energy is about  90% in all 
cases, it is concluded that  the in tensi ty  of the blue 
band  grows at the cost of the u.v. one. In  Fig. 7 the 
percentage of quanta  emitted in  the blue has been 
plotted against the Ce content x. For x near  0 we see a 
percentage of the blue of about 16. If the O-Ce as- 
sociates are formed in a random way, that is, if there is 
no preference of oxygen ions for association with La or 
Ce ions, the percentage of O-Ce associates is calculated, 
independent  of the Ce content, to be equal  to the 
figure observed in phosphors with low Ce content, 
namely  0.14/0.86 X 100% = 16%. In addition to the 
existence of a similar  band in A1203-rich SrAlz2019: Ce, 
the agreement  between the observed and the calculated 
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Fig. 6. Luminescence spectra at 300~ (under 250-270 nm ex- 
citation) in the Lal-xCe=)o.s6AIlz.ooO19.14 system . . . .  , x 
0.02; . . . .  - - ,  x ---- 0.5; , x = 0.14; - - . ,  x = 1.0. 
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Fig. 7. Percentage of quanta emitted in the blue as a function 
of x in (Lal-xCex)o.s6AIll .9oOzg.z4 phosphors. The crosses rep- 
resent measurements at 300~ 250-270 nm excitation. The drawn 
line represents a calculated curve according to the Perrin model 
(12), Yo ---- 0.13, the dashed line that to the FSrster model (13), 
Yo = 0.20, R.c ~ 25A.. 

amount  of blue near  x : 0 may be another  piece of 
evidence for ascribing the blue luminescence band to 
the luminescence of O-Ce associates. Since the number  
of A13+ ions per formula uni t  is lower than 12 it is 
concluded that as in  SrAl12Oz9:Ce with Osr < 0.15 
no A18+ ions are present  which would par t ia l ly  block 
Ce-O association. 

Let us now discuss why the relative in tens i ty  of the 
blue band increases strongly with the Ce content  in  
(Lat-xCez)o.s6Alzl.90019.14. Figure  8 shows that  the 
excitation spectrum of the blue emiss ion-drawn line, 
strongly overlaps the u.v. luminescence band, dashed 
line, of the "free" Ce 3+ ions. The normalized overlap 
integral  was estimated to be 0.6 eV -1, which is con- 
siderably higher than for the overlap between excita- 
tion and emission spectra of free Ce 3+ or Eu 2§ ions 
(i0). 

If we assume that  a dipole-dipole mechanism is 
operative we can wri te  for the probabi l i ty  of energy 
transfer from free Ce 3+ ions to Ce-O associates 

Ptr : 3 �9 1012 �9 Poe E 41 S R6TC-----~" ]ce(E)Fce.o(E)dE [2] 

where Pce ---- the oscillator s t rength of the 4f --> 5d 
t ransi t ion in the Ce 3+ ion; R ---- the distance be tween 
the free Ce 3+ ion and the Ce-O associate (A);  "Cce --  
the decay time of the Ce 3+ luminescence (sec); E ---- the 
energy transferred (eV); and f fce(E)Fc~o(E)dE = 
t'he normalized overlap integral.  For Pce ---- 0.01 [a 
usual  figure for this transition, (10)], R ---- 5.6A (the 
distance for nearest  neighbors) ,  20 nsec for Tce (11) 
and E = 3.5 eV, we find Ptransfer to be 2.1011 sec -1 for 
nearest  neighbors. This figure is about 4000 times 
higher than  the radiat ive probabi l i ty  of the Ce ion 
Prad,Ce which is z-1 = 5.10 ~ sac-1. We conclude that  
energy t ransfer  between nearest  neighbor Ce 3+ and 
Ce-O associates will be very effective. 

If the Ce ~+ ions and the Ce-O associates are far ther  
apar t ,  the ratio Ptraasfer drops with the sixth power of 
the distance R. It can be derived from Eq. [2] that  at 
Rc _--22A, Ptransfer ~ Brad. For comparison we note that 
for the effective Eue+-Eu ~+ energy t ransfer  in  hexag-  
onal a luminates  Re has a ra ther  similar  value, namely  
18A (1). 

Now we will  t ry to find a more quant i ta t ive  de- 
scription of the increase of the blue emission as a func-  
tion of the Ce content x. Measurements  of excitation 
spectra showed that the l ight  output  in  the blue, on 
excitation at 330-380 nm, is essentially independent  of 
the Ce content  x, that is always about 45% of that  on 
excitation in the 250-270 nm region. Since the effi- 
ciency is also independent  of the energy t ransfer  from 
Ce 3+ ions to Ce-O associates--the quan tum efficiency 
of the (u.v. 4- blue) luminescence is 50-60% in the 
whole sys tem--we  can apply models given by Per r in  
(12) and FSrster (13) for sensitizer (the free Ce a+ 
ion)-ac t iva tor  (the Ce-O associates) systems where 
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the  sensitizer to sensitizer t ransfer  is absent. As re-  
gards the last named point  we note, see Ref. (8), that  
the probabi l i ty  of energy t ransfer  between nearest  
neighbor Ce 3+ ions in  a luminate  host lattices is very  
low, namely  ~ 4.103 sec-L 

In  the Per r in  model (12) each sensitizer ion has an 
"active" sphere with radius Re, in which energy t rans-  
fer has an infinite rate and outside of which there is 
no energy t ransfer  at all. Using ~he Per r in  formula we 
can wri te  for the percentage p of quanta  emitted in  
the blue 

Pblue = q + (100 -- q) (1 -- e -~/~o) [8] 

Where q = the percentage of Ce ions associated with 
oxygen ( =  16% in the La/Ce system);  y = the effec- 
tive Ce 3+ content ( in mole/m3);  Yo ---- the "critical" 
concentration. This parameter  is related to Re by Yo : -  
3/(4nRo3). We note that  Re in the Per r in  approach can- 
not be compared directly with critical distance Re 
ment ioned above. 

The drawn curve in  Fig. 7 has been calculated for 
Yo = 0.13. It is seen that  with this value a very good 
agreement  is found with the observed figures. 

On using the same figure for yo it is calculated that  
in A12Os-rich SrAl12019:Ce phosphors the ma x i mum 
percentage of blue, found at a composition Sro.wCeo.13- 
Al12.15, would be 73%. A figure of 67% is observed 
(see Fig. 3), so that  a satisfactory agreement  exists 
between observed and calculated data. 

The model of FSrster (13) uses the fact that  for 
dipole-dipole interact ion Ptr is proport ional  to 1/R 6. 
In  our  case his formula  reads 

Pblue ~---q -]- (100--  q) [ ~/~Y--~e(~l~o)~(1--erfy/yo) ] 
Yo 

[4] 

where q and y are defined in the same way as in Eq. 
[3]. Yo is now related to the critical distance Rc by the 
(similar) expression Yo = 3/(4~Rc3). The dashed line 
in F'ig. 7 shows that for a critical concentrat ion Yo = 
0.20 a reasonable agreement  is obtained between ob- 
served and calculated figures of Pblue. The systematic 
discrepancies may indicate that Yo is sl ightly depen-  
dent  on y. For y > 0.20, Yo would be <0.20 and vice 
versa. This is related to the fact that  the FSrster theory 
was derived for diluted and spherically symmetrical  
systems. In our case we deal with high activator 
contents which are concentrated in certain crystal 
planes. In  view of these arguments  a figure of 25A for 
the critical distance Re (estimated from Yo by formula 
19 in Ref. (13), note that  Yo = 6~/4 Co) is in  reasonable 
agreement  with the 22A estimated for Rc with help of 
formula [3]. 

From the considerations given above we conclude 
that the simple Per r in  model gives a good description 
of the observations. For the FSrster approach several 
prerequisites are not fulfilled. However the agree- 
ment  between calculated and observed figures is rea-  
sonably good. A bet ter  agreement  is l ikely to be ob- 
tained if we calculate Ptr to Ce-o/Prad, Ce for discrete dis- 
tances re levant  in  the a luminate  lattice and apply the 
appropriate statistics. 

The Ce-aluminate/CeMg-aluminate system.--In Eu a+- 
activated ~ aluminas the oxygen ions at large cation 
sites were observed to be effectively screened from 
the activator by Mg 2+ ions (2). In  such a system no 
O-Eu associates were found to occur. In order to 
s tudy such screening effects in Ce3+-activated phos- 
phors, the Ce-a lumina te /CeMg-a lumina te  was chosen 
since it was found that the Ce-a luminate  luminescence 
i s  almost completely blue, whereas CeMg aluminate  
shows a very strong u.v. emission band, see, for in-  
stance, Fig. 9. As is seen in Fig. 9, the compositions in  
between Ce- and CeMg aluminate,  as those containing 
Y2 Mg or ~/4 Mg atom per formula unit ,  show both a 
blue and a u.v. luminescence band. Apart  from changes 
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Fig. 9. Luminescence spectrum at 300~ (under 250-270 nm ex- 
citation) in the Ce./CeMg aluminate system. ~ ;  Ceo.e6Allt.9o- 
01~.14; ., , C e o . 9 1 M g o . 2 5 A l I L e s O ~ 9 . 0 9 ;  . . . . .  , Ce~.9~Mgo,5- 
AI11.41019.0s; , Ceo.92MgAI ll.18019.os. 

in  the position of the blue band we see that  the amount  
of u.v. increases with increasing Mg content  so that  
we conclude that  ace and Ce ions are screened from 
each other as in  Eu 2 +-phosphors. 

Due to the fact that  Mg 2+ ions prefer  to enter  te t ra-  
hedral  surroundings in the type of host lattice discussed 
here (15) it is assumed that  the screening Mg ~+ ions are 
located at te t rahedral  "12k" positions as indicated in  
]~ig. 1D. Three of such positions occur near  one ace; 
they can be considered to arise by shifting atoms in 
fivefold oxygen surrounding,  position 2b in  Fig. 1A, 
off the hexagonal  axes which are indicated by d rawn  
vertical lines 

In  order to discuss the screening effect of Mg2+ ions 
more quanti tat ively,  we must  first say a few words 
aOout tl~e number  of ace as a funct ion of the Mg con- 
tent. The homogeneity of CeMg-aluminate  was found 
exper imental ly  to be nar row and to be around 
Ce0.92MgA111.18019.0s in samples slowly cooled from 
1500~ For LaMg-aluminate  a similar composition is 
found so that  in both cases about 8.5% of the large 
cation sites is occupied by oxygen ions which is lower 
than in Ce- and La-a luminates  where this percentage 
is 14%, see above. For the compositions in between Ce 
a luminate  and for CeMg aluminate  and corresponding 
La-compositions, the number  of oxygen cations has not  
been established. However, it  seems reasonable to as- 
sume that the number  of Oce(OLa) decreases l inear ly  
with increasing Mg content, see drawn l ine in Fig. 10. 
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Fig. 10. Number of oxygen ions at Ce sites (ace) in the CeMg- 
aluminate system. The drawn line represents the number of ace 
a'sumed to be present. The crosses represent the number of ace 
ions which are not screened by Mg 2+ ions. This number was de- 
rived from luminescence spectra with the help of Eq. [3].  Through 
the crosses the dash-dot curve has been fitted. The dashed line 
represents the number of nonscreened atoms assuming that 3 
Mg2+-ions are needed to a~hieve complete screening of ace from 
Co. 
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If it is assumed that 3Mg ~+ ions are needed completely 
to screen the Oce ions [see above and also Ref. (2)],  
the number of O ions which form complexes with Ce 
is represented by the dashed line in Fig. 10. The num- 
ber of such ions derived with the help of formula 
[3] f r o m  the  o b s e r v e d  l u m i n e s c e n c e  spec t ra ,  Yo, is 
taken to be 0.13, as given by the dash-dot  line. It  i s  
seen that  at very  low Mg contents all Mg 2+ ions seem 
indeed to be located near  Oce in  a ratio of 3:1. A t  
higher Mg contents, Mg 2+ ions also substi tute on other 
sites of the lattice, giving rise to higher percentages 
of blue luminescence than  expected from o u r  c o n -  
s i d e r a t i o n s .  

The n u m b e r  of ions involved i n  complex formation 
can also be estimated from excitat ion spectra in  the 
330-380 nm region. For the composition Ceo.9~Mgo.~5- 
Aln.~O~9.o9 it is est imated that  in  this wavelength 
region the n u m b e r  of "active" Oce is about  ~/~ of that  
in  Ceo.s~Aln.~oO~9.~, see dotted and drawn line in  Fig. 
8, so that  q in  formula [3] is equal  to 4. Taking Yo = 
0.13, it  is then estimated that  85% of the emitted 
quanta  would then be in  the blue. The observed figure 
of 87% is in good agreement  with the calculated one. 

E x c i t a t i o n  s p e c t r a . - - I n  this section we restrict  our-  
selves to the excitat ion spectra of the u.v. Ce lumines-  
cence in a luminates  containing large di-  or t r iva lent  
ions. The excitation spectra of the blue luminescence 
bands have essentially the same form and the same 
peak positions in  the wavelength  region below 300 
nm, compare for instance Fig. 8 and 13, and are not 
discussed separately. 

In  Fig. 11-13 we show excitation spectra at 300~ 
of the maxima of the shortwave luminescence bands 
presented in  Fig. 2, 5, 6, and 9. In  all cases broad 
bands are seen which are ra ther  superimposed. The 
D~h local symmet ry  of the Ce ~ + ions at the 2b sites, see 
Fig. 1A and 1B, leads us to expect that the excited 
5d levels of Ce z+ are split into three (A', E', and E " )  
sublevels. Indeed three main  bands can be recognized 
in the excitat ion spectra, although, especially in~ La-  
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Fig. 11. Excitation spectra at 300~ of the u.v. luminescence in 
Ceo.s6AIn.900~9.z4 ( ); Ceo.92MgAl~lj~O~9.08 ( - - - ) ;  and 
Lao.s6AIn.goOzg.14:0.14Ce ( . . . . . .  ). 
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Fig. 12. Excitation spectra at 300~ of the u.v. luminescence 
in SrA~2019:0.|4Ce ( ); CaAI12019:0.14Ce ( . . . . . .  ); 
CaMgAIn.33Oz9 ( . . . . . . .  ); and Lao.92MgAIn.13Oz~.08 ( - - - - - ) .  
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Fig. 13. Excitation spectra at 300~ of the u.v. luminescence 
in BaAI1o~/3017:0.]4Ce ( ) and BaMgAIloO17:0.14Ce 
( . . . .  ) .  

and LaMg-aluminate:Ce and the ~-aluminas:Ce, fur- 
ther splittings of these bands occur 

In order to facilitate the discussion of the excitation 
spectra, a number of data are summarized in Table 
II. It is seen that in contradistinction to Eu2+-doped 
aluminates (1), the center of gravity of the excited 5d 
levels of Ce 3+ ions varies as a function of the alu- 
minate host lattice between 36,800 and 41,300 cm -I. 
Since the crystal field parameter Dq cannot be derived 
directly from energy level data; in the Dsh symmetry 
the energy difference between the highest and the low- 
est excited levels is used as a yardstick for the strength 
of the crystal field. It is seen in the second column of 
Table II that this field is the strongest in the ~-alu- 
minas, followed by the distorted magnetoplumbites 
containing Ce 3+ or La s+ ions. Relatively weak fields 
are found in Ca, St, and CaMg-aluminate: Ce. In last- 
named phosphors a large Stokes shift between the 
lowest lying excitation band and the luminescence 
band is found. For CeMg aluminate and LaMg alu- 
minate:Ce this shift is also large, whereas in ~-alu- 
minas and Ce aluminate or La aluminate:Ce much 
lower shifts are found. 

In the corresponding Eu 2+ phosphors the ~-aluminas 
were also found to have a stronger crystal field and a 
lower Stokes shift than the magnetoplumbites (1). It 
was concluded that this is due to the fact that in the 
last-named lattice the bond strength [the rigidity of 
the lattice, see Ref. (16) and (17)] is higher and that 
the activator ion is very close to one of the surrounding 
oxygen ions. Since Ce 3+ has a formal positive charge 
in aluminates containing large divalent ions a more 
detailed comparison with Eu 2+ ions is hardly feasible. 
This also holds for the distorted magnetoplumbites 
where the Eu 2+ ions have a formal negative charge. 

As regards a qualitative explanation of the data in 
Table II the position of the center of gravity of the 
5d levels seems to play a key role. It is seen that in 
Ce aluminate it is situated at the lowest energy, so that 

Table II. Some data derived from the excitation spectra of 
aluminote:Ce 3+ phosphors 

Energy  differ- 
Center of ence  between 
gravity of highest and 

excited lowest  exci ted 
5d levels  5d levels  

(103 cm-1) (103 cm-~) 

Stokes 
shift 

(era-l) 

Magnetoplumbites 
CaAI~O~: 0.14Ce 41.3 6.3 7400 
SrAI~OI~: 0.14Ce 41.3 6.3 6700 
CaMgAhl.=O~:0.14Ce 40.7 7.0 7000 
E-aluminas 
BaAho ~/30~7:0.14Ce 39.1 11.6 4100 
BaMgAhoO~7: 0.14Ce 39.0 11.6 5100 
Distorted magnetoplumbites  
Ceo.s~Aln.9oO1o.~4 36.3 9.3 3000 
Lao.s~4.hl.9oO]9.14:0.14Ce 37.9 9.0 3290 
Ceo.9~MgAh1.~O~.~ 38.9 9.1 5900 
Lao.D2MgAhl.~O~.os: 0.14Ce 39.9 8.9 6000 
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the  contract ion with  respect  to the  f ree- ion  level  [at 
51,000 cm -1, see Ref. (17)] is ve ry  large.  This con- 
t rac t ion is ascr ibed to the  reduct ion of in tere lec t ronic  
repuls ion by  a more covalent  charac te r  of the bonds. 
If  these bands are  r e l a t ive ly  s t rong the la t t ice  can 
be considered to be "rigid."  In  that  case, the  Stokes 
shift be tween  exci ta t ion  and emission is re la t ive ly  
smal l  due to the fact that  the  exci ted Ce 3+ s tate  cannot  
contract  apprec iab ly  (16). In  CeMg a lumina te  and 
LaMg a lumina te :Ce  the center  of g rav i ty  of the  5d 
levels has shif ted ~2000 cm -1 toward  h igher  energy.  
Appa ren t l y  this  la t t ice  is "weaker ,"  which resul ts  in 
a l a rger  Stokes shift. A fu r the r  increase of the Stokes 
shift  is expected  if we change f rom CeMg (or LaMg 
a lumina te)  to Ca, Sr, and CaMg a !umina te :Ce  phos-  
phors. The observed  shift  is, however ,  much less than  
expected on the basis of the  difference be tween  Ce and  
CeMg a lumina te  or  be tween  the corresponding La -  
phosphors.  We ascr ibe this  to the formal  posi t ive 
charge on the Ce ~+ ion when it  replaces  Ca or Sr. 
This charge causes a contract ion of the ground s tate  of 
the Ce ~+ ion (17), resu l t ing  in a reduct ion of the  
crys ta l  field and a modera t ion  of the increase of the  
Stokes shift. 

The formal  charge on the Ce 8+ ion also p lays  a role  
in considering the ;~-alumina: Ce z+ phosphors.  Since, 
for instance, CeMg-a lumina te  has 5d levels centered at  
the  same energy,  we expect  the  ~ -a lumina  phosphors  
to have  a weaker  crys ta l  field and a lower  Stokes 
shift  compared  to this compound. The difference in  
crys ta l  s t ruc ture  (see above) predicts ,  however ,  a 
s t ronger  crys ta l  field. This is indeed observed,  so tha t  
we conclude tha t  this difference is more  decisive than  
the "charge effect." 

Quantum efficiency of the luminescence.--In Table  I, 
typical  quan tum efficiencies at  300~ of a lumina t e :Ce  
phosphors  are  given. The exci ta t ion used was at  250- 
270 nm. F rom the exci ta t ion spectra  in Fig. 11-13 and 
from reflection spect ra  i t  is concluded tha t  most of 
the phosphors  l is ted are  at  about  90% from thei r  m a x i -  
m u m  efficiency on exci ta t ion  in this wave length  re-  
gion. The only except ion in this respect  is LaMg a lu-  
minate :  Ce where  the  m a x i m u m  efficiency is about  80- 
85% against  60% at 250-270 nm excitat ion.  The effi- 
ciencies of the  phosphors  containing 2% Eu 2+ as act i -  
vators  are  given wi th in  brackets  (1). I t  is concluded 
that  the Ce3+-doped magnetop lumbi tes  have s l ight ly  
higher  efficiencies than  the Eu 2+ ones; in the  dis-  
tor ted  magne top lumbi tes  the  efficiencies are  equal,  
whereas  in ;~-aluminas the Eu2+-doped phosphors  a re  
more efficient. The considera t ion of the "max imum"  
efficiencies does not change this p ic ture  subs tant ia l ly ;  
except  that  for  L a - a l u m i n a t e : E u  2 + the m a x i m u m  effi- 
ciency is s l ight ly  h igher  than  that  of the  Ce3+-doped 
phosphor.  

I t  was shown (8) that  ene rgy  t ransfe r  be tween  Ce ~+ 
ions in a luminates  has a low probab i I i ty  compared  to 
rad ia t ive  decay, so tha t  concentra t ion quenching phe -  
nomena are  un l ike ly  to occur. This is also evident  f rom 
Table  I since the quan tum efficiency of the Ce- and 
CeMg-a lumina te  phosphors  is only s l ight ly  lower  than  
that  of the La -d i lu t ed  materials .  A fu r the r  i l lus t ra t ion  
is that  in a luminates  containing large  divaIent  cations 
the  efficiencies of samples  wi th  high Ce content,  for in-  
stance 0.14 per  fo rmula  unit, see Table  I, are  h igher  
than  those wi th  0.02 Ce. This is in contradist inct ion,  
for instance, to the Eu2+-doped Ca, Sr, and Ba a lu-  
minates  (7). In the l a s t -named  phosphors  energy  
t ransfe r  is ve ry  efficient compared  to rad ia t ive  decay. 

The luminescence of magne top lumbi tes  doped wi th  
Eu ~+ ions was repor ted  (6) to be very  suscept ible  to 

quenching by  defects; energy  t ransfe r  be tween  the ac-  
t iva tor  ions was found to p l ay  a crucial  role  in such 
quenching processes. Al though  the p repa ra t ive  con- 
dit ions of the presen t  mate r ia l s  were  chosen in such 
a way  that  quenching by  defects  is avoided as much 
as Possible, the  suscept ib i l i ty  to quenching of the  Eu ~+ 
phosphors may  be the  reason why  the efficiency of 
Ce3+-doped magne top lumbi tes  is st i l l  s l ight ly  higher.  

The lower  efficiency of the Ce~+-doped ~-a luminas  
may  be expla ined  by  the fact  that  in these phosphors  a 
large  number  of large  cat ion vacancies a re  presen t  
which quench the luminescence.  In  Eu2+-ac t iva ted  
~-a luminas  these vacancies were  found (2) to occur in  
concentrat ions up to 0.01 per  fo rmula  unit.  The effi- 
ciency of the  Eu 2+ luminescence was repor ted  to de -  
crease almost  l inear ly  be low Eu 2+ concentrat ions of 
1%. We have not checked such re la t ionships  ex ten-  
s ively in Ba-a lumina te :  Ce 3+, but  in v iew of the  fact  
that  Ba a lumina te  0.02 Ce (q --  25%) a l r eady  has a 
lower  efficiency than  of Ba aluminate:0.14 Ce (q --  
50%) i t  is l ike ly  tha t  in such phosphors  even more  Ba 
vacancies are  formed than  in the  Eu 2 + case. This may  
be re la ted  to t~he fact  that ,  since Ce 8+ is t r ivalent ,  not  
only may  the "subst i tu t ion react ion"  of the type  
Ba2+Me -5 Ce 3+ --> Ce3+Me -~- Ba 2+ occur, but  also 
3Ba2+Me -5 2Ce 3+ --> 2Ce3+Me -5 [-]Me ~- 3Ba. Large  
cation vacancies m a y  also be  responsible  for the  low 
efficiency of Ca- and S r - a lumina te s  wi th  low Ce con- 
tent. 
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ABSTRACT 

Meta l lu rg i ca l -g rade  sil icon has been purif ied by  the Czochralski  pul l ing  
and f loat ing-zone techniques.  The purif ied ma te r i a l  was used as subs t ra tes  for  
the  p repa ra t ion  of solar  cells by  diffusion and chemical  vapor  deposi t ion tech- 
niques. The s t ruc ture  and e lect r ica l  character is t ics  of purif ied meta l lu rg ica l  
si l icon and solar  cells have been invest igated.  

Meta l lu rg ica l  g rade  sil icon wi th  a pu r i ty  of about 
98% is the  most  economical  form of silicon avai lable .  
I t  contains a luminum (up to about  0.75% by weight )  
and i ron  (up to about  0.5%) as the  ma jo r  impur i t ies ;  
o ther  impur i t i es  include boron, chromium, copper,  
magnesium,  manganese ,  nickel,  t i tanium,  and vana-  
d ium at concentra t ions  up to severa l  hundred  par t s  
pe r  mill ion.  Because of its h igh i m p u r i t y  content,  me t -  
a l lurg ica l  silicon is unsui tab le  for device purposes.  
Since most meta l l ic  impur i t i es  have r e l a t ive ly  low 
segregat ion  coefficients (10-7-10 -~) at  the  mel t ing  
point  of silicon, the zone refining of meta l lu rg ica l  s i l i -  
con could provide  sil icon of sufficient pu r i ty  for cer -  
ta in  device appl icat ions  where  the pu r i ty  requ i rements  
a re  not s t r ingent .  

In  this work,  sil icon ingots were  p repa red  f rom the 
me ta l l u rg i ca l -g rade  ma te r i a l  by  the  Czochralski  pu l l -  
ing technique  and were  fu r the r  purif ied by  the f loating- 
zone technique.  Both Czochralski  and f loat-zoned 
meta l lu rg ica l  sil icon were  used for  the  fabr ica t ion  of 
solar  cells. The e lec t r ica l  character is t ics  and conversion 
efficiencies of solar  cells were  measured.  The expe r i -  
menta l  p rocedures  and resul ts  are  summar ized  below. 

Experimental 
Meta l lurg ica l  sil icon suppl ied  by  the Fe r roa l l oy  Di-  

vis ion of Union Carbide  Corpora t ion  was used as the  
s ta r t ing  mater ia l .  A typica l  emission spect rographic  
analysis  of me ta l lu rg ica l  sil icon is shown in Table I. 
Si l icon ingots of about  2.7 cm d iam were  pul led  f rom 
meta l lu rg ica l  si l icon in a fused si l ica crucible  by  the 
Czochralski  technique,  and 60-70% of the charge was 
consumed. Because of the  high concentra t ion of im-  
pur i t ies  and pa r t i cu la te  ma t t e r  in the  melt,  the resu l t -  
ing ingots were  po lycrys ta l l ine  and were  fu r the r  pur i -  
fied by  f loat ing-zone refining in a he l ium a tmosphere  
for two passes at  a ra te  ot about  2,5 cm/hr .  Both the 
Czochra l sk i -pu l led  and zone-ref ined mate r ia l s  were  
sl iced and used for  the fabr icat ions  of solar  cells. The 
s t ruc tura l  defects in sil icon slices were  revea led  by  the 
Si r t l  e tch (2). 

Si l icon slices produced  by  both Czochralski  and zone- 
refining techniques were  all  p - t y p e  wi th  e lect r ica l  r e -  
s is t ivi t ies  in the  range  of 0.02-0.06 ~%-cm. They were  
used for the  fabr ica t ion  o f  solar  cells by  the  diffusion 
and chemical  vapor  deposi t ion techniques.  The phos-  
phorus  diffusion was car r ied  out  at  950~ in the  con- 
vent ional  manner  using phosphorus  oxy t r ich lor ide  as 
the  source mater ia l .  The dura t ion  of diffusion was ad-  
jus ted  to y ie ld  a junct ion  dep th  of 0.3-0.4 ~m, and the 
sheet  resis tance of the diffused layer  was in the range  
of 25-50 r~/[q. The grid contact  to the  diffused surface, 
3 lines pe r  cent imeter ,  and the ohmic contact  to the  
ba.ck surface were  made  by  evapora t ing  successively 
1000A of t i t an ium and 2-3 #m of s i lver  th rough  meta l  

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  p-n junct ions ,  diffusion, vapor  deposit ion.  

masks, fol lowed by  anneal ing  at  550~ in a hydrogen  
atmosphere .  

In  the chemical  vapor  deposi t ion technique,  the  t he r -  
mal  reduct ion of t r ichloros i lane  wi th  hydrogen  con- 
raining d iborane  or  phosphine was used for the  deposi -  
t ion of the active region on purified meta l lu rg ica l  s i l i -  
con subst ra tes  (3). Typical ly ,  5-20 ~m of 0.05-1 r~-cm 
p - t y p e  silicon and 0.4-0.6 #m of 0.003-0.006 ~ - c m  n-  
type  silicon were  deposi ted successively on the sub-  
s t ra te  at 1150~176 The t r ichloros i lane  content  in 
the reac tan t  mix tu re  was ad jus ted  to yie ld  a deposi t ion 
ra te  of about  1 ~m/min  for the  p l aye r  and of about  
0.1 ~m/min  for the  n + layer .  The  contacts  to the  epi -  
t ax ia l  cells were  also appl ied  by  evapora t ion  as in the 
diffused cells. No ant i ief lect ion coatings were  applied.  

The solar  cells were  charac ter ized  by  measur ing  
the i r  cur ren t  vol tage  character is t ics  in the da rk  and 
under  i l luminat ion.  The  da rk  cu r ren t -vo l t age  charac-  
ter is t ics  of the p - n  junct ion  is d i rec t ly  re la ted  to the  
per formance  of the solar  cell, and the da ta  were  fitted 
by the least  squares method to the  fol lowing t w o - e x -  
ponent ia l  model  (4) 

1 ~- I01 [exp (qV/AzkT)  -- 1] 
V 

-~ I02[exp (qV/A2kT) --1] -~ 
Rsh 

Where  the first two terms represen t  the  diffusion and 
the recombina t ion  currents ,  and the th i rd  t e rm is the 
contr ibut ion f rom shunting.  The i l lumina t ion  was car-  
r ied out wi th  an AMO solar  s imula tor  or a quar tz -  
halogen lamp ca l ibra ted  to AMO conditions,  i.e., the 
shor t -c i rcu i t  cur ren t  of a s tandard  cell m e a s u r e d  wi th  
the  quar tz -ha logen  lamp is the same as that  measured  
wi th  the  solar s imulator .  

Results and Discussion 
Czochralski ingot from metaIlurgica~ silicon.---Sili- 

con ingots p r epa red  f rom meta l lu rg ica l  sil icon by  the 
Czochralski  technique were  polycrys ta l t ine  wi th  large  
crystal l i tes .  F igure  1 shows the chemical ly  e tched sur -  
face of a slice cut pe rpend icu la r  to the  pul l ing  di rec-  
tion; the center  region is essent ia l ly  single crystal l ine,  

Table I. Impurity:content (ppm by weight) in silicon 

Fi rs t  sect ion U p p e r  third 
Metal lurgi-  of Czochral- of two zone- 

E l e m e n t  cal silicon ski ingot  pass m a t e r i a l  

B 10-100 10-100 1-10 
AI  > >3000 1-10 < 1 
Fe  > >3000 1-10 1-10 
V 100-1000 <1 N.D. 
Cu 10-100 <1 <0.1 
Ti  30-300 <0.1 N.D. 
Mn 30-300 <0.1 N.D. 
Mg 10-100 <1  0.1-1 
Cr 30-300 <2  N.D. 
Ni 10-100 <1 N.D. 

595 
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Fig. 1. Chemically etched sudace of a silicon slice cut from a 
Czochralski metallurgical silicon ingot. 

and the per iphery area has many  grain boundaries.  
The emission spectrographic analysis  of the first sec- 
t ion of a Czochralski ingot is shown in Table I. It  is 
apparent  that considerable purification of meta l lurg i -  
cal silicon has been achieved because of the low seg- 
regation coefficients of m~tallic impuri t ies  in  silicon. 

Solar cells fabricated from Czochralski-pulled met-  
allurgical silicon had poor characteristics. Figure  2 
shows the current-vol tage  characteristics of a typical  
cell of about 5 cm~ area under  i l luminat ion  with a 
quartz-halogen lamp equivalent  t o  AMO conditions, 
and the solar cell parameters  are summarized in Table 
II. Its low conversion efficiency, 2.4%, is due at least to 
two factors: carrier recombinations at grain bound-  
aries and poor chemical perfection in  the star t ing ma-  
terial. Attempts to fit the dark current-vol tage  charac- 
teristics of several cells into the two exponent ial  model 
have produced no meaningful  results due presumably  
to the large contr ibutions of grain boundaries to the 
current  flow. 

Solar cells prepared on Czochralski-pulled metal -  
lurgical  silicon by  the thermal  reduction of tr ichloro- 
silane showed better  characteristics. The parameters  of 
a solar cell of about 5 cm 2 area under  AMO conditions 
are also summarized in  Table II. Its conversion effi- 
ciency, 4%, is considerably higher  than that  of the dif- 
fused cell, indicating that  the deposited silicon p - n  
junct ion  structures are of considerably bet ter  chemical 
and s tructural  perfection than  the p -n  junct ions pro-  
duced in  metal lurgical  silicon by diffusion. 

Table II. Properties of solar cells (5 cm 2 area without 
All coatings) under AMO conditions 

Sta r t ing  
material  

Conver- 
Fahri- Isc Fill  sion 
cation Voo ( reAl factor effect 

technique  (volts)  cm~) ( % ) ( % ) 

Czochralski  
met.  Sl Diffusion 0.5 15 32 2.4 

Czochralski  
met.  Si CVD 0.57 15 63 4 

Zone-refined 
met.  SJ Diffusion 0.57 17 60 4.3 

Zone-refined 
met .  Si CVD 0.58 17 70 5.1 

0. I 0.2 0.3 0.4 0.5 0.6 

VOLTAGE, VOLTS 

Fig. 2. Current-voltage characteristics of a solar cell fabricated 
from palycrystalline Czochralski metallurgical silicon by diffusion 
under illumination with a quartz-halogen lamp equivalent to AMO 
conditions. 

Float-zone refined metallurgical silicon.--The con- 
centrat ion of metall ic impuri t ies  in Czochralski ingots 
pulled from metal lurgical  silicon was fur ther  reduced 
by the float-zone process. After  two-zone passes, emis- 
sion spectrographic analysis has shown that  in  the 
upper  one- th i rd  of ~he crystal, boron, a luminum,  and 
iron at 1-10 ppm are the major  impuri t ies  (Table I). 
The resul t ing ingot was essentially single crystalline, 
however, the density of defects (mainly  dislocations) 
was relat ively high, 105-106/cm ~. 

The typical characteristics of solar cells fabricated 
from float-zoned metal lurgical  silicon by diffusion are 
shown in  Fig. 3 and 4. Figure 3 shows the dark cur-  
rent -vol tage  characteristics of a solar cell of about 5 
cm 2 area. Two distinct regions are apparent  in the for- 
ward direction: carrier recombinat ion dominates at 
low voltages, and normal  inject ion occurs at higher 
voltages. The least squares fitting of this relat ion 
yielded the following data: I0~ = 1.5 • 10 -1~ A/cm 2, 
102 = 1.9 • 10= s A/cm 2, and A2 = 1.79. These charac- 
teristics are similar to the diode parameters  reported 
in the l i terature  (4). Figure 4 shows the cur ren t -vo l t -  
age characteristics of this cell under  i l luminat ion  with 
a quartz-halogen lamp calibrated to AMO conditions, 
and the solar cell parameters  are summarized in Table 
II. Its characteristics are considerably improved over 
those shown in Fig. 2, due to bet ter  s t ructural  perfec- 
tion and higher pur i ty  in  the zone-refined material .  

The chemical vapor deposition technique was also 
used for the fabrication of solar cells on metal lurgical  
s i l icon substrates purified by two floating-zone passes. 
Solar cells of both n + / p / s u b s t r a t e  and n + / p + / s u b  - 
strate configurations were prepared, and the lat ter  
Showed somewhat bet ter  characteristics. The dark 
characteristics of a solar cell of about 5 cm ~ area pre-  
pared by depositing successively a 15 ~m 0.1 ~ -cm p 
layer and a 0.4-0.5 ~m 0.005 ~ - c m  n layer  on a sub-  
strate were analyzed on the basis of the two-exponen-  
tial model. The I01, I02, and A2 values at room tempera-  
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Fig. 3. Dark current-voltage characteristics of a solar cell fabri- 
cated from two zone-pass metallurgical silicon by diffusion. 
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Fig. 4. Current-voltage characteristics of a solar cell fabricated 
from two zone-pass metallurgical silicon by diffusion under illumi- 
nation with a quartz-halogen lamp under AMO conditions. 

tu re  are  6.8 • 10 -13 A / c m  2, 2.2 • 10 - s  A / c m  2, and 
1.76, respect ively ,  again  s imi lar  to the  pa r ame t e r s  r e -  
por ted  in the  l i te ra ture .  F igure  5 shows the cha rac te r -  
istics of this cell under  i l lumina t ion  equiva len t  to AMO 
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Fig. 5. Current-voltage characteristics of a n+-silicon/p-silicon/ 
metallurgical silicon (two zone-pass) solar cell under illumination 
with a quartz-halogen lamp equivalent to AMO conditions. 

conditions, and the  cell  pa rame te r s  a re  summar ized  in 
Table  II. These resul ts  again  indicate  tha t  the  de -  
posi ted silicon p - n  junct ion  s t ruc tures  are  of be t t e r  
chemical  and s t ruc tura l  perfec t ion  than  those produced  
by  diffusion. 

Summary 
Metal l ic  impur i t ies  in me ta l l u rg i ca l -g rade  sil icon 

can be removed  subs tan t ia l ly  by  zone refining because 
of the i r  low segregat ion  coefficients in silicon. Solar  
cells p r epa red  f rom the meta l lu rg ica l  sil icon purif ied 
by two zone-pass  refining, though somewhat  infer ior  
to those f rom semiconductor  grade  silicon, have  r ea -  
sonable conversion efficiencies. 
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ABSTRACT 

It  is demons t ra ted  that  l iquid phase epi tax ia l  layers  of sil icon can be 
grown under  i so thermal  condit ions by  using a supersa tu ra ted  t in melt .  This 
technique produces  super ior  surface morphologies  as compared  to epi tax ia l  
g rowth  using slow cooling of the melt.  The ep i tax ia l  l aye r  thickness has been 
found to va ry  l inear ly  wi th  supersa tura t ion  and as the square  root  of the  
growth  t ime in agreement  wi th  the theory  by  Ghez and Giess. 

Liquid phase ep i tax ia l  g rowth  of I I I -V  and other  
compound semiconductors  has been  ex tens ive ly  s tud-  
ied and used for many  applications.  In  contrast ,  ve ry  
l i t t le  has been repor ted  on the ep i tax ia l  g rowth  of 
silicon f rom the l iquid phase. D 'Asora  et al. (1) have 
repor ted  on the growth  of silicon layers  by  the unde r -  
cooling of a t in mel t  wi th  the  objec t ive  of obtaining a 
low densi ty  of surface defects. Kim (2) has appl ied  
this technique to the growth  of silicon contact  pedes-  
tals. More recently,  Gi rau l t  et al. (3) have  repor ted  
the growth  of silicon layers  by  undercool ing Ga-A1 
alloys. However ,  n o  a t tempts  at  i so thermal  sil icon epi-  
t ax ia l  g rowth  have been repor ted  in  the  l i te ra ture .  The 
use of i so thermal  condit ions for the  l iquid phase epi -  
tax ia l  growth  of gal l ium arsen ide  layers  and magnet ic  
garne t  films has  been repor ted  to produce good resul ts  
(4, 5). This g rowth  process, consequently,  mer i t s  in-  
vest igat ion for the g rowth  of silicon layers.  

The kinetics of the  ep i tax ia l  g rowth  of sil icon by  the 
undercool ing of a t in mel t  was examined  in deta i l  in 
an ear l ie r  paper  (6). The surface morphology  of such 
layers  was also examined  and has been repor ted  (7). 
In  these papers,  i t  was demons t ra ted  that  at slow 
cooling rates, the  g rowth  is mass t r anspor t  control led 
and at  fast  cooling ra tes  the growth  becomes k ine t i -  
cal ly  l imited.  Under  fast  cooling rates, t e r raced  epi-  
t ax ia l  layer  surfaces were  observed,  and  increas ingly  
smoother  surfaces were  obta ined by  decreas ing the 
cooling rate.  In  all  these exper iments  no ini t ia l  mel t  
supersa tu ra t ion  was used. The above resul ts  indicate  
that  g rowth  under  i so thermal  condit ions should p ro-  
duce the smoothest  surface morphologies.  This g rowth  
can only be achieved of course, wi th  ini t ia l  mel t  super -  
saturat ion.  This paper  examines  the kinet ics  and the 
morphology  of silicon epi tax ia l  layers  grown under  
such i so thermal  condit ions wi th  mel t  supersa tura t ions  
ranging up to 30~ It  is demons t ra ted  that  this g rowth  
technique can be used for the growth  of th in  epi tax ia l  
layers  wi th  r ipp le- f ree ,  specular  surfaces. 

Experimental Procedure 
Apparatus.--All the ep i tax ia l  g rowth  repor ted  in this  

paper  was pe r fo rmed  using t in as the  solvent.  The ex-  
per iments  were  conducted using the dipping technique 
with  a ver t ical  subs t ra te  geometry.  The ep i tax ia l  r e -  
actor  used in this s tudy has been descr ibed in deta i l  in 
Ref. (6), and only a br ief  descr ipt ion is given here. 
A 100-g tin mel t  was hea ted  to the  sa tura t ion  t empera -  
ture  in a 3/4 in. d iam quar tz  crucible  wi th in  a hydrogen 
ambient .  The t empera tu re  of the mel t  was main ta ined  
to wi th in  _0.5~ using a contro l ler  wi th  a P t / P t - R d  
thermocouple  to control  the power  fed to the furnace 
elements.  The t empera tu re  of the mel t  was moni tored  
by using another  P t / P t - R d  thermocouple  p laced out -  
side the quar tz  tube and posi t ioned at the center  of 

�9 Electrochemical Society Active Member. 
Key words: liquid phase epitaxy, ep~taxial growth, supersatu- 

ration. 

the  crucible.  The emf of this ex te rna l  moni to r  t he rmo-  
couple was ca l ibra ted  to the  mel t  t empe ra tu r e  by in-  
ser t ing a P t / P t - R d  thermocouple  (wi th in  a quar tz  
tube)  into the mel t  and main ta in ing  the mel t  at  va r i -  
ous tempera tures .  In  o rder  to obtain uni form epi tax ia l  
g rowth  over  the substrate,  the mel t  t empe ra tu r e  was 
ver t ica l ly  profiled f rom the bot tom of the crucible  to 
the top, and the crucible  posit ion in the  furnace  was 
adjus ted  unt i l  this profile was un i form to wi th in  
•176 

Growth procedure.--The melt  was sa tu ra ted  at the 
sa tura t ion  t empera tu re  using 0.01 ~ cm, boron-doped  
sil icon wafers.  The sa tura t ion  was conducted wi th  s t i r -  
r ing unt i l  no fu r the r  loss in weight  of the  sa tura t ion  
wafer  could be detected.  Typical  sa tura t ion  t imes 
were  45 min long. Af te r  sa tura t ion ,  the mel t  t e m p e r a -  
ture was lowered  to the g rowth  tempera ture .  Through-  
out this study,  the growth  t empe ra tu r e  was main ta ined  
at 949~ and in order  to obta in  layers  of un i form 
radia l  thickness no rota t ion of the subs t ra te  was pe r -  
formed dur ing  ep i tax ia l  g rowth  (6). 

The ep i tax ia l  layers  were  grown on (111) or iented 
( _ 1 ~  25-35 ~-cm,  phosphorus -doped  silicon sub-  

strates.  The growths  were  conducted on the pol ished 
surface of the wafers  as received f rom the vendor.  
The wafers  were  degreased,  boi led in n i t r ic  acid, and  
given a dip in hydrofluoric  acid jus t  before  loading 
into the reactor .  The subs t ra te  t empe ra tu r e  was 
brought  up to the  mel t  t empe ra tu r e  by  holding the 
wafer  above the mel t  for  10 min. The wafer  was then 
inser ted into the mel t  for the growth  durat ion.  Af te r  
the growth  period, the  subs t ra te  was quickly  wi th -  
d rawn  from the mel t  and spun to minimize the ad-  
herence of t in drople ts  on the wafer.  Some t in was 
usual ly  found to be p resen t  at the bot tom edge of the 
wafer  and was removed  by etching in aqua regia. The 
bot tom and edges of the wafer  have been excluded 
dur ing  the analysis  of l ayer  thickness and morphology.  

The layers  grown in this s tudy were  observed to be 
of p - t y p e  conduct ivi ty  because the  mel t  was sa tu ra ted  
with  boron-doped  substrates.  Since the  g~owth was 
conducted on n-type substrates ,  the epi tax ia i  l aye r  
could be defined by angle lapping and delineating the 
junction with copper sulfate solution. The epitaxial 
lay~er thickness was then measured using an interfer- 
ometer to within ___0.2 #m. The epitaxial layer thick- 
ness was found to be independen t  of subs t ra te  size. 

Experimental Results 
Morphology.--Under i so thermal  growth  conditions, 

a significant improvement  in surface morphology,  as  
compared  to that  achieved with  slow cooling, was im-  
media te ly  apparent .  The surfaces of layers  grown wi th  
slow cooling have  been previous ly  demons t ra ted  to ex-  
hibi t  surface r ipples  (7). Under  i so thermal  g rowth  
these r ipples  were  absent  for  a l l  the  layers  grown 
under  the range of supersa tu ra t ion  (up to 30~ a n d  

598 
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Fig. 2. Variation in epitaxial layer thickness with melt super- 
saturation. 

Fig. I.  Photomicrographs of wafers grown under (upper) iso. 
thermal growth conditions with a supersaturation of 21~ for 200 
min (layer thickness of 4 #m), and (lower) a slow cooling rate of 
0.2~ for 25 min (layer thickness of 5 #m). The shorter edge 
of each photograph represents 1 mm on the wafer surface. 

epi tax ia l  l aye r  thickness (up to 10 gin) s tudied here.  
Fo r  purposes  of comparison,  Nomarsk i  in te r fe rence  
contras t  photomicrographs  of the  surfaces of wafers  
g rown under  i so thermal  condit ions and unde r  slow 
cooling condit ions are  shown in Fig. 1. The significant 
improvemen t  in surface morpho logy  is apparen t  f rom 
these photographs .  

Thickness.--The epi tax ia l  l aye r  thickness was m e a -  
sured as a funct ion of both supersa tu ra t ion  and g rowth  
time. The var ia t ion  in the  l aye r  thickness  wi th  super -  
sa tura t ion  is shown in Fig. 2 for  a g rowth  t ime of 10O 
min. In this figure, the  supersa tura t ion  has been given 
as the  t empera tu re  difference be tween  the mel t  sa tu-  
ra t ion  t empe ra tu r e  and the g rowth  t empe ra tu r e  be-  
cause the so lubi l i ty  of sil icon in t in increases  l inea r ly  
in this  smal l  t empe ra tu r e  range  (8), and consequent ly  
the t empera tu re  difference d i rec t ly  represents  the  
supersa tura t ion .  I t  is observed tha t  the  epi tax ia l  l aye r  
thickness increases l inear ly  wi th  increas ing supersa tu -  
ration.  

The  change in ep i tax ia l  l aye r  thickness as a func-  
t ion of g rowth  t ime is shown in Fig. 3 for a supersa tu -  
ra t ion of 21~ I t  is observed tha t  the  growth  ra te  
(slope of dashed l ine)  is decreas ing wi th  increasing 
growth  time. This type  of behavior  has also been ob-  
served dur ing  the ep i tax ia l  g rowth  of GaAs under  iso- 
the rmal  condit ions (9). The na tu re  of this  increase  in 
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Fig. 3. Variation in epitaxial layer thickness with growth time at 
a fixed supersaturation. 

thickness wi th  t ime, a t  a decreas ing g rowth  rate,  is 
discussed in the  next  sectiom 

Discussion 
The kinetics of the ep i tax ia l  g rowth  of thin films 

under  i so thermal  g rowth  condit ions has been analyzed  
by  Ghez and Giess (5). Al though  the i r  paper  discusses 
the  g rowth  of magnet ic  garne t  films, the  theore t ica l  
analysis  can be appl ied  to the da ta  obta ined in  the 
g rowth  of silicon layers  in this  s tudy.  The theory  is 
based upon the assumpt ion of a s tagnant  bounda ry  
layer  through which  g rowth  units (sil icon atoms here )  
can diffuse and the incorpora t ion  of these units  into the  
ep i tax ia l  l aye r  by  a f i r s t -order  react ion at  the  in t e r -  
face be tween  the ep i tax ia l  l aye r  and the melt .  Fur the r ,  
a fixed concentrat ion,  CL, is assumed beyond the 
bounda ry  layer .  Under  these assumptions,  the  ep i tax ia l  
l aye r  thickness is p red ic ted  to increase  l inear ly  wi th  
the  square root of the  g rowth  t ime and wi th  super -  
sa tura t ion  as long as the l aye r  dens i ty  is much l a rge r  
than  the solute concentra t ion in the  me l t  and as long 
as the  growth  ra te  is low (since the  moving-phase  
bounda ry  was neglected dur ing  the analys is ) .  I t  can 
then be shown (5) t h a t  a plot  of ep i tax ia l  l aye r  th ick-  
ness vs. square  root  of t ime wil l  have  a slope given by  
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2(CL -- Ce) _ / D 
Slope �9 ~ /  -- i1] 

p 

and a negative y-axis intercept given by 

D ( C L -  Ce) 
Intercept : [2] 

pk 

where Ce is the equilibrium concentration, p is the epi- 
taxial layer density, D is the diffusion coefficient for 
the growth units in the melt, and k is the surface reac- 
t ion constant. 

It has been shown that the epitaxial growth of sili- 
con in the present system is mass transport controlled 
at the lower cooling rates (6). Thus, under a zero cool- 
ing rate (isothermal growth) mass transport controlled 
growth by diffusion through a boundary layer can also 
be expected to 'occur. The other assumptions of the 
above theory are also satisfied here because the density 
of silicon (2.4 g/cm 8) is much larger than the silicon 
concentration in the melt (a maximum value of 0.045 
g/cm ~ for a saturation temperature of 980~ and the 
growth rates are extremely small (less than 0.05 #m 
per minute). This t heo ry  can, therefore, be used to  
analyze the data given in the previous section. 

The data shown in Fig. 3 has been replotted in Fig. 4 
in accordance with the above theory. It is observed that 
the layer thickness indeed increases linearly with the 
square root of time and has a negative intercept on the 
y-axis. By using this data and Eq. [1] and [2] for the 
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Fig. 4. Epitaxial layer thickne..s as a function of the square root 
of the growth duration under fixed supersaturation. 

slope and intercept, the diffusion coefficient (D) for 
silicon in tin at 949~ is calculated to be 6.4 • 10 -5 
cm/sec by using a supersaturation (CL -- Ce) of 0.37 
atomic percent silicon in the tin (8). These val- 
ues indicate that both reaction rate at the interface 
and the diffusion rate through the boundary layer play 
a role in controlling the growth rate. 

Conclusions 
It has been demonstrated that the epitaxial growth 

of silicon can be achieved under isothermal growth 
conditions by using a supersaturated tin melt. It is ob- 
served that with this growth technique the epitaxial 
layer thickness increases linearly with supersatura- 
tion and as the square root of growth time. It is found 
that the epitaxial layers grown under isothermal con- 
ditions have superior surface morphologies as com- 
pared to those grown with slow cooling of the melt. 
However, the isothermal growth technique is primarily 
suitable for the growth of thin epitaxial layers�9 Since 
the silicon concentration in the melt depletes during 
growth, the growth rate decreases rapidly as film 
thickness increases�9 The application of the isothermal 
growth technique for thick epitaxial layers is, conse- 
quently, limited by the need for extremely large growth 
durations, as well as by the advent of bulk precipita- 
tion in the melt at high supersaturations. 
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sion Section to be published in the December 1978 
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ABSTRACT 

Amorphous  S i -N films have  been synthesized f rom S i I ~  and N I ~  b y  re -  
act ive p lasma  deposi t ion at 275~ in an improved  rad ia l  flow reactor .  Wi th  
appropr i a t e  control  of machine  and process" var iables ,  films have  been made 
wi th  S i /N  rat io  of 0.75-1.5, dens i ty  of 2.8-2.2g cm -~, re f rac t ive  index of 1.9-2.3, 
stress of 2 • l0 s dynes  cm -2 compressive to 5 • 109 dynes  cm -2 tensile,  and 
electr ical  res i s t iv i ty  at  2 • 106 V/era  of I0~~ ~-cm.  The process is MOS 
compat ib le  and i t  produces  r e l a t ive ly  th ick  (1 ~m) c rack- res i s t an t  S i - N  films 
(at  450~ having  excel lent  s tep coverage and good adhesion to both 
Au  and A1 metal l izat ion.  This paper  describes the deposi t ion technique,  effect 
of deposi t ion pa rame te r s  on var ious  film propert ies ,  and the  advantages these 
films offer in sil icon in t eg ra ted  circui t  technology.  

In  MOS-LSI  technology, i t  is recognized tha t  the  ef-  
fect iveness of the  final pass ivat ion  l aye r  will,  to a la rge  
extent ,  de te rmine  the u l t imate  re l i ab i l i ty  of the pack -  
aged device. The pass ivat ion  l aye r  is in tended  to p ro -  
tect  sensi t ive areas  of the device f rom outside con- 
t amina t ion  by, e.g., Na + and moisture,  and also to p ro -  
vide scra tch  pro tec t ion  for the A1 metal l izat ion.  

A po ten t ia l ly  a t t r ac t ive  ma te r i a l  for this  purpose  is 
si l icon n i t r ide  which  provides  an iner t  b a r r i e r  (1, 2) 
to Na and H20 as opposed to phosphosi l icate  glass (3) 
which acts as a "get ter"  for  Na as wel l  as moisture.  
However ,  the  use of Si3N4 has been res t r ic ted  because 
of the  high t empera tu re s  (~>700~ requ i red  for 
chemical  vapor  deposi t ion of SisN~ films (4) and be-  
cause of high tensi le  stresses which l imi t  the  usable  
film thickness to ~2000A (5). 

Severa l  invest igat ions  have been made concerning 
deposi t ion of sil icon n i t r ide  films at  lower  t e m p e r a -  
tures  (<450~ using an rf  p lasma  to provide  some of 
the  ac t iva t ion  energy needed for the  react ion be tween  
SiH~ and NH3 or N~ (6-10). The ea r l i e r  systems u t i l -  
ized a quar tz  tube,  an induc t ive ly  coupled plasma,  and 
gases flowing at  a p ressure  of ~100 mTorr .  These tech-  
niques genera l ly  lead  to poor  un i fo rmi ty  f rom wafer  to 
wafer  and inadequa te  step coverage. Reinberg  (11) 
developed a rad ia l  flow reac tor  for S i -N deposit ion.  He 
ut i l ized a capaci t ive ly  coupled r f  d ischarge in a gas 
m ix tu r e  consist ing of Sill4, NHs, N2, and A r  at  r e l a -  
t ive ly  h igh  pressures  (0.5-1 Torr )  and low powers  
(~50 W), in o rde r  to achieve good thickness un i fo rmi ty  
and good step coverage. Rosler  et al. (12) recen t ly  de -  
scr ibed a CVD process which also uti l izes a r ad ia l ly  
symmet r i ca l  gas flow but  in a d i rec t ion  opposi te  to 
tha t  used by  Reinberg;  the  capaci t ive discharge oper -  
ates at a h igher  power  (500W) and a r e l a t ive ly  low 
f requency  (50 kHz) .  Deta i led  da ta  on the resul t ing  
Si=N~Hz film composi t ion (0.8 ~ y / x  ~ 1.0), dens i ty  
(2.5-2.8 g cm-~) ,  res i s t iv i ty  (1015 ~2-cm), stress (1 X 
109 dynes  cm -2 cOmpressive) etc., were  r epor ted  by  
K e r n  and Rosler  (13) for films deposi ted at  300~ 

We have devised cer ta in  improvement s  in the Rein-  
berg rad ia l  flow reac tor  design which al lows use of a 
wide r  range  of deposi t ion conditions and, consequently,  
a h igh degree  of f lexibi l i ty  in ta i lor ing  the film p rop -  
er t ies  (14). The main  improvemen t  consisted of a gas-  
flow discharge  l imi t ing shield which confines the 
p lasma to a region above the substrates .  I t  t he reby  en-  
ables  use of h igher  r f  powers  wi thout  the  adverse  ef-  
fects of a p r e m a t u r e  react ion be tween  Sill4 and NH~ 
unde rnea th  the  subs t ra te  table.  This paper  descr ibes  
the  deposi t ion technique,  effect of deposi t ion p a r a m -  

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  p l a s m a - e n h a n c e d  CVD, s i l icon  n i t r i d e ,  t h i n  fi lms. 

eters  on var ious  film proper t ies ,  and  the advantages  
these films offer in sil icon in tegra ted  circui t  technology. 

Deposition Technique 
Apparatus.--Figure 1 schemat ica l ly  shows the depo-  

sit ion appara tus  consist ing of a reactor,  associated 
pumping  systems, gas lines, and an rf  power  source. 

The deposi t ion reac tor  was a meta l  bel l  j a r  wi th  a 
nominal  d iamete r  of 18 in. The  cathode (16 in. d iam)  
and the subs t ra te  tab le  were  made of A1 and separa ted  
f rom each other  by  about  1 in. Hea t ing  was accom- 
pl ished by  means of quar tz  lamps  mounted  under -  
neath  the subs t ra te  table.  A g low-d ischarge  l imi t ing 
shield was provided  concentr ic  wi th  the  hea te r  and 
separa ted  f rom it  by  ~Y4 in. The gases were  admi t ted  
undernea th  the  heater ,  d i rec ted  by  the shield to flow 
rad ia l ly  inward  over  the  surface of the  subs t ra te  table  
and then exi t  to the pump th rough  the center  of t h e  
subs t ra te  t a b l e / h e a t e r  assembly.  Use of the gas flow 
discharge l imit ing shield e l iminated  p r e m a t u r e  decom- 
posi t ion of si lane at h igher  r f  powers  since the  gases 
were  not exposed to the p lasma  unt i l  they  were  flow- 
ing over  the  substrates .  

The pumping  sys tem was compat ib le  wi th  a h igh  gas 
flow (>2  l i t e r s / ra in )  at  1 Torr  pressure.  I t  consisted 
of a 150 cfm Leybo ld -Hereaus  roots b lower  backed  by  
two 17 cfm mechanical  pumps  running  in paral lel .  The 
gas pressure  was control led by  a th ro t t l e  va lve  located 
in the roots b lower  line. The pressure  was moni tored  
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Fig. I. Schematic of the apparatus used for deposition of RPD 
Si-N films. 

601 



602 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY Apri l  1978 

using a capacitance manometer  (MKS Baratron)  which 
provides measurements  independent  of the na ture  of 
the gas (and its conductivi ty) .  Faci l i ty was also pro- 
vided to pump the system ini t ia l ly down to a base 
pressure of ~ < 10 -6 mm with a cryopanel  and a 400 
liters/sec sput ter - ion pump. 

The reacting gases were 3% SiI-I4 in Ar and 5% NI-I3 
in Ar. The del ivery pressure was kept  at 15 psig. The 
gases were led through rotameters to leak valves, L, 
and then on to a mixing chamber and finally to the 
deposition system. Special care was taken to keep these 
lines leak-tight.  Similar  but  separate lines were pro- 
vided for CF4 and 02 and an appropriate mixture  of 
these two gases was used for plasma-etch cleaning of 
the station. 

The rf power to the cathode was supplied by a 
Varian (13.56 M H z ) p o w e r  supply and an impedance-  
matching network of the conventional  L-C type to 
which was added a fixed capacitor (Jennings,  220 pF) 
in parallel  with the tunable  load capacitor. This en-  
abled satisfactory tun ing  with less than 10W reflected 
power at ~1  Torr  pressure. The cathode d-c self-bias 
could be measured with a d-c vol tmeter  attached to 
the cathode power l ine via rf  chokes. 

Procedure.--The wafers (2 in. diam) were loaded in 
two concentric circles the bell jar  was closed, and the 
system pumped down to ,-,10-6 Torr  using successively 
the mechanical  pumps (to ~1  Torr) ,  the roots blower 
(to ,~3 mTorr) ,  and the cryopanel and the sput ter- ion 
pump (to ,~10-6 Torr) .  The final stage of the pumping 
added only 2-5 rain to the total pumpdown time (,~20 
rain).  Next, the sput ter - ion pump isolation valve was 
closed, the gases were admitted into the reactor, and 
the roots blower valve was opened again. A dynamic 
pressure (~600 mTorr)  was established in the system 
with the gases flowing at the desired flow rates. There-  
after the roots blower valve was thrott led to the de- 
sired pressure. 

The rf plasma was excited to the desired power level. 
The plasma ini t iated and sustained the reaction be- 
tween Sill4 and NH8 on the surface of the heated sub-  
strates. Typically, depositions were carried out for 1 
hr to give Si-N films 1.1(_+0.1)~m thick. The total 
tu rna round  time was ~2 hr. 

After every three runs, the system was cleaned 
in situ for 1-2 hr in a plasma (1000W) containing CF4 
-~ 8% 02 at a flow of ~--250 cm3/min and a pressure of 
~1000 mTorr  with the substrate heater on. Subsequent  
to the cleaning operation a predeposition run  (~15 
min)  was made with Sill4 and NH~ at the desired flows 
and pressure. 

Film Evaluation Techniques 
The film stress was deduced from change in curva-  

ture of the Si substrate due to the Si-N layer. For 
evaluat ion of 1 ~m thick films, use was made of an 
optically levered laser beam to determine the sub-  

strafe curvature  (15). A more sensitive method was 
used for measurements  on th inner  films (~200A);  
namely,  the ABAC ( a u t o m a t i c  Bragg angle control) 
x - r ay  technique (16). 

The refractive index w a s  m e a s u r e d  using an ell ip- 
someter (5461A). For film thickness and e t c h  r a t e  
measurements,  a step was etched in the film wi th  7:1 
buffered HF (BHF) and the resul t ing step height w a s  
measured with the Talystep. 

Rutherford backscattering analysis was used to de- 
termine the film composition and its density (17). 
Thinner  films (~2000A) on (111) s i  were employed so 
as to get "clean" spectra and to reduce the background 
due to Si substrate by channel ing along the [110] di- 
rection. 

The density measured by Rutherford backscattering 
analysis was always wi thin  10% and general ly smaller  
than that determined from weight gain measurements  
on certain thicker films deposited under  identical con- 
ditions (e.g., conditions A and B of Table I) .  

The growth morphology of the film and its step cov- 
erage for various device topologies were determined 
using scanning electron microscopy on cleaved sec- 
tions. The film structure was established using t rans-  
mission electron microscopy in  conjunct ion with s e -  
l e c t e d  area transmission electron diffraction. 

The crack resistance of these films on various device 
structures was ascertained by heating them up to 450 ~ 
550~ (1/2 hr periods, air ambient) ,  after which the 
films were examined in an optical microscope under  
interference contrast and /or  polarized light. Usually 
when cracking occurred, it was gross and easily re-  
vealed. Fur ther  confirmation of the film integri ty  was 
provided by exposing the device structures to a meta l -  
lization etch for 15 rain followed by examinat ion  in  the 
optical microscope. 

E f f e c t  o f  D e p o s i t i o n  P a r a m e t e r s  

Five main  process variables were investigated: (i) 
gas composition, (ii) total gas flow, (iii) pressure, (iv) 
substrate temperature,  and (v) rf power to the 
plasma. Table I contains a summary  of two "standard" 
processes (A and B) and the resul t ing film properties. 
Studies of variables (i) through (iv) were carried out 
in conjunct ion with process A, i.e., at an rf power of 
250W and with the remaining  three parameters  at the 
values given for process A. 

Most of the data points, except those per ta ining to 
"standard" processes A and B (Table I),  represent  
averages of a l imited number  of measurements  on 3-6 
2 in. diam Si wafers located in the main  outer  row of 
the substrate table. In  the worst cases, i.e., at condi- 
tions farthest away from optimum, variations in some 
properties such as film thickness and etch rate could 
be as much as +_15%, but  the uni formi ty  improved to 
well within --+10% as the conditions approached opti- 
m u m  values. 

Table I. Reactive plasma deposition conditions and resulting Si-N film properties for standard processes A and B 

Process A Process B 

SiI-I4/NI~/Ar A. Reacting gases 
B. Sill4 concentration (% flow) 1.70 

SiH4/NH~ 0.71 
C. Total gas flow (sccm) 2320 
D. Pressure (mTorr) 950 
E. Substrate temperature (~ 275 
F. RF power (fwd/rev. ,  W) 250/0 

1. Typical thickness (~m) 1.1 (• 
2. Stress ( 109 dynes cm -~) 1-5, T 
3. BHF etch rate (A/rain) 100-200 
4. Refractive index 2.05 (---+0.1) 
5. Deasity (g cm -~) 2.55 (• 
6. Composition ~SI/N) 1.05 (-----0.05) 
7. Cracking resistance (~ 450 
8. Adhesion Good 
9. Step coverage Excellent 

10. Scratch resistance Good 
11. Dielectric constant 6.4 
12. Breakdown strength (106 V/ern) 3.9 
13. Resistivity at 2 x 106 V/cm (~-cm) 4 x 10 TM 

1.78 
0.79 

300/0 

1, C 
75-150 

1.95 (-----0.1) 
2.75 (~0.05) 

0.8 
55O 

6.8 
5.0 

3 x 10 :~ 
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Fig. 2. Effect of $iH4 concentrotion ond $iH4/NH8 rotio on the 
properties of RPD Si-N films. (Other porumeters kept constont ut 
the Yolues given for process A). 

Gas composition.--Figure 2 shows the effect of in -  
creasing Sill4 concentrat ion (1.4 ~ % Sill4 ~ 1.9; 0.5 

SiH~/NH3 L 0.9) on film properties for total  flow of 
2.3 std liters min  -1. 

Increasing the Sill4 concentrat ion in  the gas led to 
a corresponding l inear  increase in the Si /N ratio in  
the film (from ,~1.0 to ~1.2) and a l inear  increase in  
the refractive index (from ~1.9 to ~2.2).  With increas-  
ing SiH4/NH3 ratio, the film density p Showed a broad 
peak (p ~ 2.55 g cm -3) for 0.58 ~ SiH4/NH~ ~ 0.79. 
The p decreased again at SiH~/NH~ ~0.9; however,  this 
was not accompanied by a corresponding increase in 
the BHF etch rate, presumably  because the films now 
had a much higher Si content  (Si /N ~1.2).  The film 
stress, .r always tensile, showed a peak at SiH~/NH~ 
~0.6; which is located at a slightly lower Sill4 concen- 
t ra t ion than  that for the peak in #. The choice of Sil l4/  
NH~ ~0.7 for process A was selected on the basis of 
data on ~ and p; one of the goals being to achieve a low 

in Conjunction with high p (see section on Crack re- 
sistance, below).  

Gas ~/ow.--The total gas flow was varied in  the 
range 1.0-2.5 liters rain - t ,  wi th the SiH~/NH~ ratio 
constant  at 0.71 (Fig. 3) (% SiH~ = 1.70). Under  these 
conditions, the Si /N ratio in the film varied from 0.8 to 
1.05; for this composition range, the film densi ty seems 
to have a dominant  effect on the BHF etch rate;  a 
broad m a x i m u m  in p corresponds to a broad m i n i m u m  
in the etch rate. The tensile stress decreases with in-  
creasing flow; this is probably  the result  of a higher 
film pur i ty  (with respect to possible N2 contamination,  
see below) as the flow is increased. 

Pressure.--The total pressure dur ing deposition was 
varied from ~700 to 1000 (_25) mTorr. As shown in 
Fig. 4, increasing the pressure led to a higher deposi- 
t ion rate, whereas the density or the BHF etch rate did 
not change much. The refractive index decreased l in-  
early. This general ly  (i.e., for pressures ~ 750 mTorr)  
correlates with a decrease in the Si /N ratio in  the film. 
The stress remains near ly  constant in the range 700- 
950 mTorr.  

Substrate temperature.--The range of substrate tem-  
peratures studied was 200 ~ Ts -~ 300~ (Fig. 5). 
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Higher temperatures  were not investigated because the 
ni t r ide films were intended for use on T i / P d / A u  as 
well as A1 metallization. As shown in Fig. 5, Ts has a 
pronounced effect on the BHF etch rate, which de- 
creases almost exponent ial ly  with increasing Ts. The 
decrease in  BHF etch rate is associated with a l inear  
increase in  the film density, p, and in the refractive in-  
dex, n. Thus, for films deposited at 200~ the BHF 
etch rate was 700 A/min ,  the density was ~2.3 g cm -3, 
and the refractive index was ~1.85. Interest ingly,  these 
films also had a ra ther  large Si/N ratio (~1.2) and a 
high tensile stress (7 • 109 dynes cm-2) .  With in-  
creasing Ts, both ~ and S i /N ratio in the film displayed 
a shallow mi n i mum at ~250~C; however, a higher Ts 
of 275~ was preferred because it led to films with yet 
larger density (2.55 g cm -3) and somewhat lower etch 
rate without an excessive increase in  ~. 
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Rf power.--Tuned r f  powers  were  inves t iga ted  in 
the range  100-350W nominal ,  which were  read  off 
meters  located at the  power  supply  (Fig. 6). For  this  
series of exper iments ,  the  SiH4/NH3 rat io was kep t  
constant  at 0.8 and % SiI-I4 at 1.8. Wi th  increas ing rf  
power,  there  is a rap id  and l inear  increase  in the  film 
P (weigh t -ga in  measurements ,  using 1 #m thick films) 
'from 2.2 g cm -8 at  100W to 2.8 g cm -3 at  350W. Fi lms  
(1 ~m) wi th  S i /N  > >  1 and lower  dens i ty  had a ye l -  
lowish t inge when deposi ted on Al -me ta l l i zed  devices 
whereas  those wi th  S i /N < 1 and densit ies  >~ 2.4 g 
cm-~ appeared  to be gray ish  and more t ransparent .  
Both the film ~ and BHF etch ra te  showed a b imodal  
behavior  at  ~ 275W. Below this power  level  the  

stresses were  very  low tensi le  (~0.5 • 109 dynes  
cm -2) and the etch ra tes  were  re la t ive ly  h igh  (275- 
325 A/ ra in ) .  A t  r f  power• > 300W, the stresses were  
compress ive  (1-2 • 109 dynes cm -2) and the BHF 
etch rates  were  re la t ive ly  low (~100 A/ r a in ) .  S ig-  
nificantly, the  re f rac t ive  index  decreased wi th  in-  
creasing rf  power,  as did  the  S i /N  ra t io  in the  film. 
The lat ter ,  howeve r ,  tended to level  off at  the  stoichio- 
met r ic  va lue  (S i /N  ~ 0.75) for  r f  p o w e r  > 300W. 

The rf  power  readings  quoted above are  specific to 
the present  sys tem and its capaci t ive  and induct ive  
losses. I t  was found tha t  the  d -c  (negat ive)  vol tage  
measured  f rom cathode to ground  was ve ry  smal l  
(1-10V). P e a k - t o - p e a k  rf  vol tages were  not  measured,  
but  since the  cathode d -c  vol tages are  smal l  re la t ive  to 
gas ionizat ion potent ia ls  [e.g., 15.7 eV for A r  (18)],  i t  
is expected tha t  the (posi t ive)  p lasma  potent ia l  wi th  
respect  to ground mus t  be qui te  high. This effect may  
be re la ted  to the sys tem geometry ,  which  consists of 
la rge  electrodes (16 in. d iam)  in a r e l a t ive ly  smal l  
volume (1 in. in te re lec t rode  spacing) ,  and to the  r e l a -  
t ive ly  la rge  pressure  ( ~  1 Tor r )  of the  discharge.  
These vol tage character is t ics  m a y  be contras ted  wi th  
those presen t  in typica l  r f  sput te r ing  systems (19), 
where  the  d ischarge  opera tes  a t  5-10 mTor r  pressure .  
The rf  spu t te r ing  systems are  associated wi th  a ve ry  
la rge  cathode d-c  se l f -b ias  of ,~ 1 kV (19), which is 
nea r ly  half  the p e a k - t o - p e a k  or e lec t ron accelera t ing  
voltage.  In  such systems, the  p lasma  is only  s l ight ly  
posi t ive wi th  respect  to the ground. 

Effect of N2 and 02 Additions to the Preferred 
Gas Mixture 

Smal l  amounts  of a i r - l eaks  into the  system, or sub-  
s t i tu t ing  the  NHa wi th  N~ as the  source of N2, were  
found to severe ly  degrade  the crack  resistance.  This 
was an unexpec ted  observat ion  since the  l i t e ra tu re  
contains examples  of react ive  p lasma  and react ive  
sput te r ing  processes where  preference  is expressed for  
e i ther  N2 (9) or NH3 (6). Therefore,  mix tu res  of NH3 
and N2 were  not  suspect.  

F igures  7 and 8 show the effect of N2 addi t ion on 
Si -N film proper t ies .  The control  sample  had a low 
tensi le  stress of 5 X l0 s dynes cm -2, an etch ra te  of 75 
A/min ,  and a re f rac t ive  index  of 1.92. Addi t ion  of  smal l  
amounts  of N2 (up to 2%) caused a s teep increase  in 
tensi le  stress (up to 6 X 109 dynes  cm -2) as wel l  as 
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Fig. 7. Effect of N2 additions to the reactant gas mixture (proc- 
ess A) on the tensile stress and refractive index of RPD Si-N films. 
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Fig. 8. Effect of N2 addition to the reactant gas mixture on the 
etch rate in BHF of RPD Si-N films. 

in the BHF etch rate (up to 700 A / m i n )  and a small 
decrease in  the refractive index. At higher 1%]2 concen- 
t ra t ion in the gas stream, all of these film properties 
tend to level off. The high etch rate implies that  these 
films have a lower density; ~he combinat ion of low 
density and high tensile stress has been found to cor- 
relate with poor crack resistance of Si-N films at tem- 
peratures ~> 450~ (14, 15). 

The addit ion of small  amounts  of 02 to the reactant  
gas mix ture  had an even greater effect on BHF etch 
rate. As shown in Fig. 9, the etch rate continues to in -  
crease exponent ia l ly  to ,-~3000 A/ ra in  for 0.65% 02, 
showing no sign of saturation. The effect on refractive 
index, n, is also quite severe (Fig. 10); n decreases 
from ,-~1.9 to ~ 1 . 6  for 0.65% O2. The effect on film 
stress, ~, is relat ively small. The ~ ini t ia l ly  increases to 
~3  X 109 dynes cm -2 and then it decreases to almost 
zero for 0.65% O2. It  appears that some of the 02 added 
to the  gas stream gets incorporated into the film, lead- 
ing to an oxynitr ide;  hence the low n, very h igh  etch 
rate, and the apparent  s tress-compensation effect (20). 
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Fig. 10. Effect of 02 addition to the reactant gas mixture on 
the tensile stress and refractive index of RPD Si-N films. 

] 
Discussion of  Fi lm Propert ies 

Crack resistance.--Thick Si-N films (1 #m) on A1- 
metallized wafers cracked on heat ing to 450~ i f  the 
film stresses were too high (~> 8 • 10 e dynes cm -2) or 
if the densities and deposition temperatures  were too 
low (<2.2  g cm -z and <<275~ respectively).  A n .  
example of extensive ni t r ide  cracking over both A1 
metal l izat ion and dielectric areas is shown in Fig. 11 
for a Si-N film made at 250~ with a density of ,~2.2 
g cm -3 and a tensile stress of ,--0.5 • 109 dynes cm 2. 
In contrast, films made using process A withstood 
450~ % hr t rea tments  and those using process B did 
not show any cracking even at 550~ 1/2 hr when the 
under ly ing A1 was properly stabilized and it did not  
form large hillocks that  punched through the Si-N 
film. Thermal  stresses in  A1, which form the dr iving 
force for hillock formation, have been shown to be a 
sensitive function of the film thickness and the ini t ial  
microstructure (21). Most of our studies involved A1 
metall izat ion (1-2 #m) evaporated at ,--300~ and H2 
baked at 450~ prior to Si-N deposition. 

It was recently proposed (14, 15) that  the cracking 
resistance, CR, of a thick Si-N film at a given tempera-  
ture  T is funct ional ly  related to its density, p, intr insic  
stress, r thermal  mismatch, Aa, with Si, and the depo- 
sition temperature,  Ts, through the following equat ion 
(14) 
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Fig. 9. Effect of 02 addition to the reactant gas mixture on the 
BHF etch rate of RPD Si-N films. 

Fig. 11. Effect of a 450~ 1/~ hr, air heat-treatment on the 
integrity of RPD Si-N film over AI-metallized Si wafer (film made 
at 250~ with a density of ~ 2.2 g cm - 3  and a stress of ,,~ 03  
X 109 dynes cm-2).  
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Where, Cu is the ul t imate tensile stress of a s t ructural ly  
"perfect" SisN~ film with density po, and E' and v' are 
the Young's modules and Poisson's ratio for the film. 
This equation correctly predicts that CR will  be im-  
proved if p is increased, ~i and As are made small, and 
Ts is made high relat ive to the test temperature.  A 
quant i ta t ive application of the above equation, includ-  
ing thermal  stress measurements,  for various Si-N films 
is described in Ref. (15). 

Thickness uniformity.--The radial  symmetry  of gas 
flow and of plasma electron density inheren t  in  the 
reactor design provides a useful means of a t ta ining 
good thickness uni formi ty  on wafers arranged in con- 
centric circles. There still remains  the problem of un i -  
formity as a function of radius of the circle in which 
the wafers are placed. Here, two opposing effects may 
be involved (11): (i) the reactant  gas concentration, 
which gets depleted as the gases flow inward;  high 
gas flow will prevent  such depletion, which is also 
countered by increased velocity as the gases approach 
the center of the substrate table, and (ii) the electron 
density which depends on the rf power and increases 
on going toward the center of the substrate table. 
Therefore, in principle, un i formi ty  can be optimized 
by adjust ing the gas flow for a par t icular  rf  power or 
vice versa. 

For the preferred processes (A and B of Table I) ,  
we employed both a relat ively high throughput  of the 
reactants (2.3 l i te rs /min)  and a high rf power (250 or 
300W); conditions which are compatible with a fair 
degree of uniformity.  The uni formi ty  was better  than 
__+10% from wafer - to-wafer  (arranged in  two circles 
containing 14 and 8, 2 in. diam wafers, respectively) 
and from one deposition run  to the other. The best 
thickness uni formi ty  was observed at the lowest 
powers investigated (100W at Ts = 275~ but  these 
films were unacceptable because of a tendency toward 
cracking at 400~ At the higher rf powers ( ~  350W), 
the thickness uni formi ty  got much worse and • 
uni formi ty  could be achieved only over wafers in  the 
outer circle. 

Structure and growth morphology.--The amorphous 
na ture  of the present  Si-N films was established by 
transmission electron microscopy. No contrast effects 
due to crystaIlites or voids could be seen in the br ight-  
or dark-field mode, and electron diffraction pat terns 
showed broad, diffuse halos characteristic of amorphous 
structure. Fur ther  insight into the na ture  of these films 
has been obtained by Lorentz-Lorenz correlation of the 
data on the film density, composition, and refractive 
index (17). The resul t ing magni tudes  of electronic 
polarizabilities (~) suggest that the effective size of "Si" 
in p lasm~ Si-N is quite high and probably corresponds 
to that of a Si-H complex. The ~si increases with Si /N 
ratio indicating that Si-H complexes assume an in-  
creasing role in Si-r ich Si-N films. 

The growth morphology, as revealed by SEM exam- 
ination, was always found to be smooth (layered) on 
the various surfaces investigated (Si, SiO2, A1208, 
SigN4, A1, Pd, Au) provided these surfaces were clean. 
However, in certain cases, we observed sporadic in-  
cidence of nodular  growth, or hillocks; an extreme 
case is shown in Fig. 12(a). The device area in Fig. 
12(b) shows nodules only in the dielectric areas, and 
with adequate cleaning, the situation corresponded to 
that of Fig. 12(c) where only a layered growth was 
observed. 

We have correlated the occurrence of nodular  
growth with surface contaminat ion (from baked-on 
residues of photoresist and intent ional ly  introduced Sn 
and Pb at monolayer  levels) and/or  part iculate 
matter.  The presence of such contaminat ion apparent ly  
triggers a vapor- l iquid-sol id  growth (22) and /or  gas 
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Fig. 12. Growth morphology of RPD Si-N films showing: (a) and 
(b) sporadic nodu!ar growth (hillocks) on contaminated areas of 
device wafers, namely, Au lines and dielectric areas, respectively, 
and (c) layered growth on properly cleaned device wafers. 
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phase reaction (13) in the vicini ty of the contaminated 
area. Such reactions in response to surface contamina-  
tion were found to be more l ikely to occur under  con- 
ditions of higher temperatures  and larger flows, which 
also lead to "superior" crack-resis tant  films. Proper 
cleaning of the metallized wafers to remove any par-  
ticulates and surface chemical contaminat ion prior to 
H2 bake was found to be desirable. One effective clean- 
ing process involved scrubbing both sides of the wafer 
in Tr i ton X (Rohm & Haas, Philadelphia,  Pennsyl -  
vania)  (1:20,000 di lut ion) ,  followed by boiling in a 
mixture  of 90% water  and 10% H202 (high puri ty)  for 
10 rain, followed by a cold deionized water  r inse for 
- -  15 min. 

Step coverage.--Use of high pressures (relat ive to 
sputtering) dur ing deposition and a surface-act ivated 
film growth process leads to excellent step coverage as 
i l lustrated in  Fig. 13 and 14 for T i / P d / A u  beam leads 
and A1 metallizati0n, respectively. As shown in  Fig. 
14(c), the Si-N layer  conforms well  to the under ly ing  
topology even where the walls are vertical  or they 
have a slight negative slope. Par t icu lar ly  impor tant  is 
the absence of any reen t ran t  angles at the bottom of 
the steps. Fur the r  evidence of excellent  step coverage 
was obtained by immersing the coated device wafers 
for ~15 min  in an appropriate metal l izat ion etch, such 
as hot H3PO4-CH3COOH-H20 for A1 and KI-I2 for Au, 
and then finding n o  attack on the under ly ing  metal.  

Si-gate MOS device compatibility.--MOS measure-  
ments were made on Si-gate MOS devices processed 
through second-level  metal l izat ion and then subjected 
to the Si-N reactive plasma deposition, plasma etching 
of Si-N, and 02 plasma stripping of the resist. The gate 
oxide capacitors showed no measurable  increases in 
the oxide fixed charge or the surface-state density at 
midgap nor any radia t ion- induced b ias- tempera ture  
instabil i ty.  The absence of radia t ion-damage in  above 
structures where the gate oxide is protected against 
soft radiat ion damage by the poly-Si  appears to be due 
mainly  to the use of relat ively high pressures in the 
plasma and low levels of cathode d-c bias, as com- 
pared to rf or d-c sput ter ing processes. 

Electrical properties of the present  films were found 
to be a funct ion of the film composition and its s truc-  
tures (23). The electrical resistivities (at 2 X 106 V/  
cm) for films with Si /N of 1.8, 1.0, and 0.75 were 4 • 
104, 4 • 101,3, and 5 • 1019 ~l-cm, respectively. The 
dielectric s t rength s imilar ly increased from 0.8 --> 3.9 --> 
8.1 MV/cm. The thermal  activation energy for con- 
duction was ~0.3 eV. The dielectric constant (1 MHz) 
ranged from 6 to 8. 

The Si-N films have been successfully utilized to 
form structures containing T i / P t / A u  beam leads on 
A1 (Fig. 15); the device is effectively sealed by the 
combinat ion of Au-beam leads and plasma SiN. Si- 
gate PMOS and CMOS logic devices have been fabri-  
cated with the above Structure in  plastic packages; the 
lat ter  devices showed an extrapolated median time to 
failure of > 40,000 hr under  b ias -humid i ty - t empera -  
ture (85~ RH) aging with in tent ional  ionic con- 
taminat ion  present. No cases were encountered of any 
cathodic corrosion of A1 after 106 device-hours of 85/ 
85 aging. 

Conclusions 
Certain plasma deposited Si-N films may compare 

favorably with PSG passivation layers and even with 
CVD SigN4. Thus, these Si-N films provide an iner t  
barr ier  to Na and H20, unl ike  heavily doped, low 
temperature  CVD (LTCVD) P-glass which is hygro- 
scopic and can react with H20 to form corrosive H3PO4 
(24). Si-N films have excellent step coverage whereas 
LTCVD often leads to films with a dog-bone type of 
feature on top and reen t ran t  angles on the bottom of 
the steps. Si-N films provide a suitable surface for 
subsequent  deposiiton of T i / P t / A u  films whereas the 
surfaces of undensified P-glass are such that  it is dif- 

Fig. 13. SEM photographs of step coverage by 1 ~m thick Si-N 
film on Au beams: (a) thick (12 Fm) Au on Au (1 ~m)/Pd/Ti 
metallization, (b) detail of base of the Au beam. 

ficult to deposit adherent  films on it. The electrical 
resistivity and the density of plasma SigN4 films are 
comparable with those of CVD Si3N4, but  the former 
can have much lower and compressive stresses which 
allows a higher usable thickness of 1 ~m. 

In conclusion, p lasma-enhanced CVD provides an at- 
tractive deposition technique for Si-N films for final 
passivation. Its advantages are: manufacturabi l i ty ,  low 
tempera ture  operation, good step coverage/uniformity,  
compatibil i ty with Si-gate MOS devices, and great 
flexibility with regard to control of stresses, film com- 
position, density, and cracking resistance. The dis- 
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Fig. 15. Ti /Pt/Au beam leads to AI metallization passivated with 
RPD Si-N (Si/N - -  1). 

Fig. 14. Step coverage by RPD Si-N films on an AI-metallized 
LSI device: (a) section showing contact areas and AI runners, (b) 
detail of Si-N on AI with tapered edges, (c) Si-N on AI runner 
with nearly vertical edges. 

advantages are: a relatively complex reactor and proc- 
ess (many variables) and a sensitive growth morphol- 
ogy under certain conditions. 
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Boron Predeposition in Silicon Using BBr, 
P. Negrini, A. Ravaglia, z and S. Solmi 

C.N.R.-LAMEL Laboratory Via Castagnoli, 1=40126 Bologna, ItaZy 

ABSTRACT 

The process of boron predeposition in  silicon using a BBr8 source  is  i n -  
ve s t i ga ted  for different times, temperatures,  and doping gas compositions. 
The exper imental  conditions leading to the formation on the silicon surface of 
the boron-r ich  layer  are determined.  It is shown that the boron surface con- 
centrat ion in silicon, in equi l ibr ium with the boron-r ich  layer, is higher  than  
the solubil i ty value and depends on doping gas composition. Different surface 
concentrat ions corresponding to different boron-r ich  layer compositions can 
explain the "anomalous" decrease of the amount  of boron enter ing the silicon, 
which is observed in par t icular  exper imental  conditions. In  this evaluat ion 
both the strong concentrat ion dependence of the boron diffusion coefficient and 
the t ransla t ion of the BRL-Si  interface have also been taken  into account. 
F ina l ly  the ra te -de te rmin ing  steps of the t ransfer  of boron into silicon are 
discussed. 

Boron is the p- type  dopant  most often used in sili- 
con p lanar  technology. The predeposition process, in 
sp i te  of the  m a n y  investigations carried out (1-12), 
still presents several impor tant  features not com- 
pletely explained and interpreted.  

It is well  known (3-8) that in the usual  working 
conditions a boron-r ich  layer (BRL), insoluble in 
HF, grows at the interface between boron silicate 
glass (BSG) and silicon. Notwithstanding the poor 
knowledge of the composition of the BRL, it has fre-  
quent ly  been reported in  the l i terature  that  the boron 
surface concentrat ion in silicon, in the presence of 
this phase, is the solubil i ty one (2-5, 12, 13). 

Recently Armigliato et al. (14), by x - r ay  analysis 
performed on BRL specimens, clearly demonstra ted 
the presence of SiB6 as well as some addit ional in ter -  
p lanar  spacings which may be a t t r ibuted to B4Si and 
BsO. They conclude that  the BRL consists of a mix-  
ture  of phases and show that the boron surface con- 
centra t ion in  silicon is markedly  higher than the 
solubil i ty value. 

In  this work we study the predeposition of boron 
i n  silicon for different times, temperatures,  and doping 
gas part ial  pressures. The exper imental  conditions 
leading at the format ion of the BRL are determined 
and the ra te -de te rmin ing  steps of the doping process 
are discussed. 

Experimental Procedure 
Dislocation-free (111) oriented, phosphorus-doped, 

Czochralski-pulled silicon of nomina l ly  1 ~l-cm has 
been used in our experiments.  Slices were about  300 
~m thick and mir ror  finished on one side. 

Predepositions have been carried out at 900 ~ 1000% 
1050 ~ and l l00~ using a BBr3 source kept at 24~ 
High pur i ty  ni t rogen was bubbled  through the liquid 
boron t r ibromide source, and then, before enter ing 
the furnace, it was mixed with the ma in  carrier gas 
which consisted of a mixture  of var iable  amounts  of 
n i t rogen and oxygen. The apparatus and the proce- 
dures are described in a previous paper :(15). 

The predeposit ion cycle consisted of a 5 rain pre-  
heat ing (N2 plus 02 f lowing) fo l lowed  by deposition 
for a given time, td, (BBr3, N2, and O2 flowing), and 
by a final 3 min  flush (N~ plus 02 flowing). A set of 
predepositions has been performed changing the par-  
tial pressure of oxygen, and another  set changing 
that  of the boron tribromide. In  all cases the total 
gas flow was kept constant  (2~0'0 m l / m i n )  by adjust-  
ing the main  ni t rogen flow. 

The thicknesses of BSG and BRL formed dur ing  the 
predeposit ion cycles were accurately measured by a 

1 Present address: SGS-ATES, Agrate B. (Milano) Italy. 
Key words: silicon, boron tribromide, boron predeposition, 

boron-rich layer. 

Talystep by making  at least ten determinat ions  for 
each specimen. 

After  predeposition, the BSG was etched with dilute 
HF, while the BRL was removed by boiling the slices 
in nitric acid or by anodic oxidation. The last tech- 
nique makes possible a selective etching of the BRL 
to form the step necessary for the thickness measure-  
ment.  The anodic oxidation was carried out at a con- 
s tant  current  value and using as electrolyte a solution 
of 900 ml  of ethylene glycol, 100 ml of H20, and 5g of 
KNOa. Typical behavior  of the exper imental  voltage 
vs. oxidation t ime relationship for samples with and 
without  the BRL is shown in Fig. 1. When no BRL is 
present, the voltage drop across the growing SiO2 
layer  is added to the voltage drop Vo due to the re-  
sistance of the e lec t ro ly te  and of the silicon slice. 
In  the presence of the BRL, this layer  is first oxi- 
dized with formation of a compound soluble in the 
electrolyte, so that no increase of the voltage drop 
takes place dur ing this, time. The sudden growth of 
the voltage indicates the entire removal  of the BRL 
and the beginning of the oxidation of the silicon below. 

Sheet resistance, ps, was measured by the four-point  
probe technique; five distinct determinat ions were 
made on each specimen. 

Boron doping profiles were determined by  succes- 
sive anodic oxide s tr ipping followed by Hall and 
resistivity measurements ,  using a Van der Pauw geom- 
etry. The total amount,  Q, of boron entered into the 
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Fig. 1. Experimental voltage vs .  time relationship during anodic 
oxidation. Continuous line refers to a sample with BRL. 
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silicon has been accurately determined in some cases 
by integrat ion of the doping profiles. However, as 
this method is tedious and time consuming, a suf- 
ficiently accurate Q value can also be obtained more 
easily from the measured sheet resistance by the 
relationship 

1 
Q = [1] 

e ' # e f t ' P s  

where e is the electronic charge and Feff the "effective 
mobil i ty"  of the boron-doped layer  defined in Ref. 
(15). In  all the measured predeposition profiles values 
of ~er~ very  close together(  ~ert = 43.8 • 1.6 cme/V.sec) 
have been ascertained. Therefore, a l inear  relationship 
between Q and 1/ps, with accuracy better  than  4%, 
could be established for a broad range of values. A 
similar  result  has also been obtained by Allen (16). 

Final ly  the predeposited specimens have been ex- 
amined by t ransmission electron microscopy (TEM) 
in order to verify the eventual  presence of boron 
precipitates. 

Experimental  Results and Discussion 
Doping dependence on gas composition.--The 

amount  of boron, Q, introduced into silicon dur -  
ing predepositions performed at 900 ~ 1000 ~ 1050% 
and l l00~ is reported in Fig. 2 and 3 as a function 
of oxygen concentration. Boron t r ibromide part ial  
pressure (0.0.4%) and predeposition cycle (5 + 20 + 3 
min)  were kept constant. 

At 900~ for the gas composition range considered, 
Q is quite insensit ive to the oxygen percentage. At 
this temperature  we have low oxidation rate and 
large deposition of B203, since its vapor pressure 
increases greatly with temperature  (17).  Thus the 
BSG consists largely of B20~ and it is, in fact, par t ia l ly  
dissolvable in H 2 0 .  All the samples were covered 
with a thin BRL detectable by the hydrophilic be-  
havior of the surface. 

Conversely, Q is a sensitive function of the oxygen 
content  at 1000~ in particular,  when the oxygen 
concentrat ion is higher than about 8%, no BRL 
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Fig. 3. Amount of boron, Q, vs. oxygen concentration for pre- 
depositions carried out at 1050 ~ and 1100~ BBr~ concentration 
(0.04%) and deposition time (20 min) are kept constant. Dotted 
line means lack of BRL. 

grows: In  these conditions the doping, which is l imited 
by B203 diffusion through the boron glass (5), con- 
siderably decreases when the oxygen concentrat ion 
increases. For oxygen concentrat ions lower than about 
8% we observe the formation of the BRL with thick- 
ness which increases as the oxygen concentrat ion de- 
creases. In  spite of the presence of the BRL, Q is 
not  a constant, but  decreases with the increase of 
the BRL thickness. 

The same quali tat ive behavior is obtained at tem- 
peratures of 1050 ~ and ll00~ For oxygen concen- 
t rat ion higher than 14 and 29%, respectively, no BRL 
forms and Q great ly decreases when  the 02 percent  
increases. At lower oxygen part ial  pressures the BRL 
grows on the silicon surface reducing the dependence 
of Q on the gas composition. However we can again 
observe that  Q is not kept constant  by the presence 
of the BRL. 

At  temperature  of 1000~ where this phenomenon 
is more marked, the dependence of Q and of the BRL 
thickness, XBRL, on boron t r ibromide concentrat ion 
has also been studied. Figure 4 shows these results for 
predeposition carried out with a cycle of 5 + 20 + 3 
min  for two different oxygen concentrations (7.2 and 
1.8%). With higher oxygen content  Q increases with 
the BBr3 concentrat ion unti l  the BRL starts to grow 
on the sample surface; then a fur ther  increase in the 
doping gas leads to an increase in  X B R L  and to a de- 
crease in  Q. With lower oxygen concentrat ion the 
BRL forms on all the specimens: and its thickness 
greatly increases with BBr3 percent  while Q decreases. 

Also in  this case the presence on the silicon surface 
of the BRL does not provide a constant  value of Q. 
A similar behavior has been reported in the l i terature 
(5, 12), but  it has not been clearly explained. 

Finally,  as has been previously observed by other 
authors (3, 6), we have found that predepositions 
carried out i n  the conditions which give rise to the 
formation of the BRL, are more reproducible. From 
several experiments  we have deduced that  the frac- 
tional s tandard deviation 
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for  different  predeposi t ions,  car r ied  out  in the same 
conditions, was about  4% when  the BRL grows and 
h igher  than  10% when  the BRL is not present.  

Doping dependence on predeposition time.--Fig- 
ure 5 shows the value  of Q as a funct ion of p re -  
deposi t ion time, t (t  ---- td -I- 3 min; i.e., deposi t ion t ime 
plus 3 min flush t ime)  for processes pe r fo rmed  at 
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Fig. 5. Amount of boron, Q, vs. time (deposition time plus 3 
min flush time) for predepositions carried out at 1000~ with 
0.04% BEr3. Dotted line means lack of BRL. 

1000~ wi th  0.04% BBr~ and two different  oxygen  
concentrat ions,  1.8 and 7.2%, respect ively.  In  both 
cases, af ter  an ini t ia l  t ransient ,  Q grows l inea r ly  wi th  
the  square  root  of t ime. 

A s imple  analysis  of these da ta  suggests tha t  the  
surface concentra t ion of boron in silicon, no twi th -  
s tanding the presence of the  BRL, is different  for the  
two oxygen  concentrations.  In  fact, the solut ion of 
the  diffusion equation, consider ing the BRL as an 
infinite source, is (18) 

2 
Q - Cs - - ~  ~ /Dt  [2] 

where  Cs is the  surface concentra t ion and D is the 
boron diffusion coefficient, both  assumed to be constant.  

Equat ion  [2] gives a l inear  behavior  of Q wi th  A/{, 
and  the slope is p ropor t iona l  to the  surface  concen- 
t rat ion.  

The  ini t ia l  t rans ien t  of Q is r e la ted  to the  presence 
of the  BRL. In fact, if dur ing  the deposi t ion t ime a 
l aye r  of this phase forms on the sl ice surface, boron 
also keeps enter ing  into the  sil icon dur ing  the 3 rain 
flushing time. Wi th  an oxygen  concentra t ion of 1.8%, 
the  BRL forms in a ve ry  short  t ime (~0.5 min) ,  while, 
wi th  an oxygen concentra t ion of 7.2%, the  BRL fo rma-  
tion is de layed (~3.5 m i n ) . b y  the silicon oxide grown 
dur ing the p rehea t ing  t ime  and by  the fas ter  ox ida-  
t ion process occurr ing dur ing  predeposi t ion.  

Boron surface concentration.--Results presented  
in Fig. 2 and 4 show a decrease of Q when increas-  
ing X B R L  for predeposi t ions  car r ied  out  in the same 
conditions of t ime and tempera ture .  Stach and Tur l ey  
(9) ascr ibe this behavior  to the  d isp lacement  of the  
in terface  BRL-Si  toward  the bulk,  as a consequence 
of the silicon consumpt ion resul t ing  f rom the fo rma-  
tion of the surface phase. The contr ibut ion  of this 
phenomenon,  sure ly  present ,  can be eva lua ted  by  
solving the diffusion equat ion in a semi-inf ini te  me-  
d ium wi th  a moving boundary .  The solut ion in this  
case yields (19) 

C(x) = (Cs/2) [erfc ( x+~'XBRL2Vr~ ) 
W e x p (  ~'XBRL'X ) . e r f c (  x - a'XBRL [3] 

Dt 

where  ~'XBRL is the fract ion of silicon consumed by 
the format ion  of a thickness XBRL of the  surface phase. 
By numer ica l  in tegra t ion  of Eq. [3] the  total  amount  
of boron in silicon as a function of XBRL is obtained.  
These results,  together  wi th  the exper imen ta l  behavior  
obta ined from the da ta  repor ted  in Fig. 4, are  shown in 
Fig. 6. The calculat ions have been  pe r fo rmed  wi th  the 
hypothesis  that  the  BRL consists of SiB6 (c~ = 0.31) 
and wi th  the  l imit ing case in which the consumed 
sil icon is equal  to the thickness of the BRL (c~ = 1). 
F rom the plot  it  appears  that  this phenomenon aids in 
d iminishing Q, but  it  cannot expla in  our  exper imen ta l  
results.  

Brown and Kennicot t  (12) observed the same phe-  
nomenon using a low t empera tu re  CVD deposi ted 
BSG as a source. They in te rp re ted  this behavior  by  
assuming that  a sudden lower ing  in the boron diffu- 
s iv i ty  takes  place when the surface concentra t ion 
reaches t'he solubi l i ty  value.  This effect was associated 
wi th  a change of BSG proper t ies  which causes a 
reduct ion  of the stress induced in the  silicon crystal .  
This hypothesis,  however ,  does not expla in  the results  
of Fig. 5 (Q vs. A/t-), where  a different  behavior  for 
the  samples  processed at  different  O2 par t i a l  pres-  
sures is also observed af ter  the  BRL formation.  

We bel ieve that  in our  case the  phenomenon can 
be ascr ibed to the different  value  assumed bv the boron 
surface concentra t ion in contact  wi th  a BRL of di f -  
ferent  composition. 
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depositions carried out at 1000~ for 20 min. The theoretical 
curves (dotted and broken l ine)ore obtained by numerical inte- 
gration of Eq. [3] with ~ ~_ 0.31 and ~ : 1, respectively. Ex- 
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Accurate analysis of the chemical composition of 
the BRL carried out by Rutherford bac•scattering 
(20) and x - r ay  microanalysis (21) on samples proc- 
essed at 1000~ with different doping gas compositions 
(the same conditions as Fig. 4) have clearly shown 
the presence of three elements: boron, silicon, and 
oxygen. The atomic percent of these elements is a 
funct ion of the process conditions: In all the examined 
cases the percentage of boron is the prevai l ing one 
and is greater than 70 atom percent  (a /o) ;  this 
value increases up to about 80 a/o as the BBr3 par-  
tial pressure increases. Oxygen and silicon range 
from 4 to 15 a/o and from 14 to 20 a/o, respectively. 
These analyses, together with the x - ray  diffraction 
observations (14), lead to the conclusion that the BRL 
is formed by a mixture  of several compounds and 
not by the conjugate phase of the Si-B system 
(B4Si). Consequently,  the boron concentrat ion at the 
silicon surface is not the one corresponding to solid 
solubil i ty and may change with the BRL composition. 

In order to verify hypotheses, in Fig. 7 are re-  
ported the measured doping profiles of specimens proc- 
essed at 10,00~ for 20 rain with different doping gas 
and, consequently, different BRL compositions. Pro-  
files (a) a n d  (c) refer to situations of high Q with 
thin BRL and low Q with thick BRL, respectively, 
while (b) represents an in termediate  case. It appears 
from these results that there is an appreciable differ- 
ence in the boron surface concentrat ions certainly 
higher than the uncer ta in ty  which affects the measure-  
ments  (Cs(a) ---- 2.7 • 1020 cm-8;  Cs(b) ---- 2.5 • 102o 
cm -8, and Cs(c) ---- 1.85 X 1050 cm-3) .  

We notice that  in  all cases the surface concentrat ion 
is higher than solubili ty value [1.2 • 1020 a toms/cm 3 
at this tempera ture  (14)]. This is due to the presence 
of SiB6 in the BRL; in fact the chemical potential  of 
the solute associated with the second intermediate  
phase (SiB6) must  be higher than that corresponding 
to the equi l ibr ium between the p r imary  solid solu- 
tion and its conjugate phase (B4Si); therefore boron 
Concentration in silicon is increased above the solu- 
bil i ty value. 

Studies on the kinetics of nucleat ion and  precipita-  
tion of boron in silicon confirm that in the conditions 
of time, temperature,  and oversaturat ion typical of 
a predeposition process, the nucleat ion of the con- 
jugate  phase B4Si is hindered (14). Moreover, lack 
of precipitat ion has been confirmed by TEM observa-  
tions on samples treated in the same exper imental  
conditions as the one of Fig. 7. 
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Fig. 7. Boron concentration profiles in silicon predeposited at 
1000~ for 20 rain. Gas composition: (a) 7.2% oxygen, 0.04% 
BBr3, XBR L ~ 50.A.; (b) 1.8% oxygen, 0.04% BBr3, XBRL ~- 
210A.; (C) 1.8% oxygen, 0.32% BBr3, XBRL ~ 1600A. Solubility 
value is also reported in P, ef. (14). 

The observed differences in the surf.ace concentra-  
t ion can explain the different values of Q provided 
that  the dependence of boron diffusion coefficient on 
concentrat ion is taken into account. 

With reference to profiles Ca) and (c), and assum- 
ing a l inear  dependence of D on concentration, as pro-  
posed by Fai r  (22), it can be shown that 

Q ( C )  [ C s ( e )  ] 3/2 
---- -- 0.5'7 [4] 

Q (a) Cs (a) 

If one assumes the concentrat ion dependence of D 
proposed by Thai (23) and subsequent ly  modified by 
Ja in  and Overstraeten (24), a ratio Q(c) /Q(a)  
0.47 is obtained. Adding to this effect the fur ther  de- 
crease of Q due to the displacement of the BRL-Si 
interface we can explain the exper imental  ratio Q ( c ) /  
Q(a)  -- 0.36, result ing from the profiles reported in 
Fig. 7. 

F ina l ly  we point  out that  changes of boron surface 
concentrat ion in  presence of BRL are very small  with 
respect to the ones observed when the surface phase 
is not present:  In fact, in order to have a reduction 
of 30% in Cs it has been necessary to increase by an 
order of magni tude  the BBr3 concentration. 

S u m m a r y  and Conclus ions 
This work presents the results of an exper imental  

invest igat ion of the boron predeposit ion in silicon 
carried out for different times, temperatures,  and gas 
composition. 

The formation of the BRL on silicon samples is 
favored by the decrease of the oxygen and /or  the 
increase of the BBr3 part ial  pressure. 

The ra te -de te rmin ing  step of the boror~ predeposi- 
tion process may be summarized as follows: 

(i) BRL not present.--The amount  of boron avail-  
able at the BSG-Si interface completely penetrates  
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into the  si l icon and the  r a t e - d e t e r m i n i n g  step is the 
diffusion of B203 through  the boron glass (5). Re-  
p roduc ib i l i ty  and un i fo rmi ty  of the  process depend 
l a rge ly  o n  the oxygen  and boron t r ib romide  concen- 
t ra t ions  in the  furnace.  

(ii) BRL present.--Q is l imi ted  by  the diffusivi ty  of 
boron in sil icon and by  its surface concentrat ion.  This 
concentrat ion,  which is not the solubi l i ty  one, changes 
wi th  the  composi t ion of the BRL. However  the  process 
is r epea tab le  since the  changes of Cs wi th  doping gas 
composi t ion are  small .  

The different  values  of Q obta ined  by  predepos i t ion  
car r ied  out  wi th  the  same t ime and t e m p e r a t u r e  can 
be quan t i t a t ive ly  exp la ined  by  the change in Cs, if 
the  l a rge  concentra t ion dependence  of the  boron dif-  
fusion coefficient and the t rans la t ion  of the BRL-S i  
in ter face  a re  considered.  

Manuscr ip t  submi t t ed  June  20, 1977; rev ised  m a n u -  
scr ipt  received Nov. 22, 1977. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the December  1978 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs of this article were assisted by 
C.N.R.-LAMEL. 
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On the Electrical Properties of Cuprous Iodide 
T. Jow* and J. Bruce Wagner, Jr. *J1 
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ABSTRACT 

The electr ical  p roper t ies  of single and po lycrys ta l l ine  CuI have  been 
s tud ied  using the a-c  method for CuI equi l ib ra ted  wi th  copper and C. Wagner ' s  
d -c  polar iza t ion  cell. Values for the total  conduct ivi ty,  e lectron hole conduc-  
t ivi ty,  t ransference  number  for Cu + and e lect ron holes, the  diffusivi ty of 
e lect ron holes, and double  l aye r  capaci tance at the  CuI -g raph i t e  in terface  
were  obtained.  

The  e lec t r ica l  conduct iv i ty  of cuprous iodide has 
been measured  by  var ious  authors  (1-6).  Cuprous 
iodide is a p redominan t ly  ionic conductor  at  t empera -  
tures above 300~ (2). Its conduct iv i ty  g rea t ly  de-  
pends on the smal l  devia t ion  f rom the ideal  m e t a l - t o -  
nonmeta l  rat io (2, 5). T h e  excess conduct iv i ty  is due to 
hole conduct ion induced by  the excess iodine (1, 4-5).  

Hebb (7) first poin ted  out  that  i t  is possible to sup-  
press  e i ther  the  ionic or  the  electronic t r anspor t  in 
galvanic  cells by  an appropr i a t e  choice of the  elec-  
t rodes  and to deduce the pa r t i a l  conduct iv i ty  of the  
migra t ing  par t ic les  f rom the quot ient  of the  cur ren t  
dens i ty  and the potent ia l  gradient .  C. Wagner  (8) 
es tabl ished the d-c  asymmetr ic  cell (or d-c  po lar iza-  

* E l ec t rochem i ca l  Socie ty  Ac t ive  Member. 
1 P r e s e n t  address :  Cen te r  fo r  Solid S ta te  Science,  Ar izona  Sta te  

Univers i ty ,  T e m p e ,  Ar izona  85281. 
Key  words :  e lec t r ica l  conductivity,  transference  numberj double 

l ay e r  capacitance,  e lectron hole diffusivity.  

t ion cell) measuremen t  for the de te rmina t ion  of the  
pa r t i a l  electronic conduct iv i ty  in a p redominan t ly  ionic 
conductor  by  evalua t ing  the s t eady-s t a t e  cu r r en t -vo l t -  
age relat ion.  This method has been ut i l ized on cuprous 
hal ides (9, 10), s i lver  hal ides  (11-13), lead  hal ides  (14- 
16), calcia s tabi l ized zirconia  (17), etc. 

In addi t ion to s t eady-s t a t e  polar iza t ion  cell  measu re -  
ments,  uns t eady- s t a t e  or  t rans ien t  polar iza t ion  cell 
measurements  have  been used to s tudy the kinet ic  
proper t ies  of the  e lect rode (18-20), the  e lec t ro ly te  (10, 
21), and the in ter fac ia l  phenomena  (21, 22) be tween  
the e lec t ro ly te  and the electrode.  In  the  present  study,  
an ion-b locking  e lec t rode  (~raphi te)  was used as the  
electrode. Because of v i r t ua l ly  no solubi l i ty  of copper 
in the  g raph i te  electrode,  the  kinet ics  of copper  ion 
diffusion into the  graphi te  e:lectrode are  not  considered.  

Rale igh (22, 23) first used the potent ios ta t ic  tech-  
nique on a polar iza t ion  cell to s tudy  the double  l ayer  
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capaci tance of AgBr  against  the blocking electrode. 
Weiss (21) measured  the vol tage re laxa t ion  in a po-  
la r iza t ion  cell to obtain the diffusivity of the electrons 
in AgBr. Joshi  and Wagner  (10) combined the d-c  
s t eady-s ta te  and the a Iorement ioned  uns teady-s ta t e  
measurement  methods of the  polar izat ion cell to obta in  
the pa r t i a l  conductivi ty,  mobil i ty,  and concentra t ion of 
e lect ron holes in cuprous chloride. 

The purpose  of the present  s tudy  on cuprous iodide 
is to use d-c  s t eady-s ta te  measurements  to obta in  the 
par t ia l  electronic conduct iv i ty  of cuprous iodide and 
t rans ient  measurements  to obtain the diffusivi ty of the 
electronic carr iers  in cuprous iodide, and the double  
layer  capaci tance at  the  in terface  be tween the cuprous 
iodide and the blocking electrode.  

Theory  
Steady-state polarization cell measurements . - -Wag-  

ner 's  polar iza t ion  cell (8) of the fol lowing configura- 
t ion 

( - ) C u  ] CuT I g r a p h i t e ( + )  (I)  
x = 0  x ~- L 

was used to measure  the electronic conduct iv i ty  of the 
mixed  conductor,  CuI. 

The s t eady-s t a t e  cur rent  passed th rough  cell (I) 
wi th  a posi t ive d-c  potent ia l ,  E, which is smal ler  than  
the decomposi t ion potent ia l  of CuI, appl ied  on the 
graphi te  e lect rode consists of only  electronic current.  
The equat ion for  this cur ren t  as a funct ion of 
the appl ied  potent ia l  has been der ived  by  C. Wagner  
(8). ~vhen % > >  ~e and EF/RT  > >  1, Wagner ' s  equa-  

tion may  be expressed by (9, 10) 

fe = I~ = ( A R T / L F )  ~ oexp ~ [1] 

where  Ie ---- electronic cur ren t  at  s teady state;  I e --- 
electronic current  due to e lect ron holes; A ---- cross- 
sectional  area  of the e lec t ro ly te  (assumed constant  and 
the same as the in terface  area  of the electrodes)  ; ve o --- 
electronic conduct ivi ty  due to e lect ron holes in CuX 
equi l ibra ted  wi th  Cu; and the other  terms have thei r  
usual  significance. ~e o can thus be de te rmined  f rom a 
plot  of log Ie vs. the  polar izat ion potent ia l  E. Equat ion 
[1] was der ived  under  severa l  assumptions which are  
discussed in Ref. (8). In  the der iva t ion  of Eq. [1], the 
band bending  and any in ter fac ia l  effects are neglected.  

Unsteady-state or transient polarization cell mea-  
surements . - -When  a potent ia l  E~ is appl ied  to the  
polar iza t ion  cell (I)  wi th  the posi t ive potent ia l  on the 
graphi te  electrode,  the ac t iv i ty  of copper par t ia l  p res -  
sure  of iodine at the blocking electrode (x = L) a re  
fixed e lec t rochemical ly  by  the potential .  They are  
given by  

acu ---- exp ( - -E iFIRT)  [2] 

PI2 : exp [-- 2 (Ea -- El) F/RT] [3] 

where  Ed is the decomposi t ion potent ia l  of CuX. Since 
copper  hal ides are  p - t y p e  conductors  (9, 24), the elec-  
t ron  hole  concentra t ion at the blocking electrode (x = 
L) can be expressed  as follows (8) 

c$1 : %0 exp (E iF /RT)  [4] 

where  the  superscr ip t  1 denotes "under  potent ia l  E~," 
and %o is the e lec t ron  hole concentrat ion in cuprous 
iodide coexist ing wi th  copper. The s teady-s ta te  e lec-  
t ron hole d is t r ibut ion  at Ei can be expressed as 

C$(X) ~. Ce ~ JC (C$1 - -  C$~ 0 "~:X----~L [5] 

A t rans ient  response or  the uns teady  s tate  of the 
polar izat ion cell  is achieved e i ther  by  the "potent io-  
stat ic method"  (22, 23), i.e., the appl ied  vol tage is 
changed ab rup t ly  f rom Ei to E2 where  E2 is a new 
value  of the appl ied  potent ia l  and observing the change 
of cur ren t  wi th  time, or  by the "vol tage  re laxa t ion  

method" (21) in which the polar ized  potent ia l  Ei is 
switched off suddenly  and the change of the  open-c i r -  
cuit potent ia l  of the  cell wi th  t ime is observed.  

The phenomena  of these two methods  have been dis-  
cussed ra the r  ex tens ive ly  in  Ref. (10). The ma in  re -  
sults are ment ioned in the  fol lowing sections. 

Potentiostatic me thod . - -When  there  is an ab rup t  
Change in appl ied  potent ia l  on cell ( i )  f rom Ei to E2, 
a t rans ient  cur ren t  flows corresponding to kinet ic  proc-  
esses which are  requ i red  to repolar ize  the  cell at  the 
newly  fixed potent ial .  The reasons (10, 25-27) for the 
occurrence of this uns t eady- s t a t e  cur rent  may  consist 
of: the  solid e lec t ro ly te-so l id  e lect rode in ter rac ia l  
double l ayer  capaci tance exis t ing at  CuX and graphi te  
interface;  red is t r ibu t ion  of electrons and e lect ron holes 
inside the e lectrolyte ;  or copper diffusion into the 
graphi te  electrode.  

A typica l  t rans ient  cu r r en t - t ime  profile for a po ten-  
t ia l  s tep f rom Ei  to E2 is shown schemat ica l ly  as in 
Fig. 1 I~(Ei) and Io(E2) are  the ini t ia l  and final cur -  
rents  at s teady states under  potent ia ls  E1 and E2, re -  
spectively.  Io is the ini t ia l  peak  current .  (In the  presen t  
study, the  cur ren t  due to copper diffusion into the  
graphi te  e lect rode is too smal l  to be considered.)  

For  a pure  capacitance,  the decay  of the  charging 
current  should obey 

I ( t )  ---- Ioe -t/Rc [6] 

where  Io is the ini t ia l  peak  current ,  R is the total  re -  
sistance, and C is the capacitance. Raleigh (22, 23, 28) 
has s tudied double l ayer  capaci tance in s i lver  hal ide  
polar izat ion cells r a the r  extensively.  He a t t r ibu ted  
double l ayer  capaci tance as an intr insic  p rope r ty  exis t -  
ing be tween  solid ionic and solid electronic conductors.  
He found that  the decay of the double  l aye r  capaci tance 
charging current  genera l ly  does not Show one single 
decay constant  (29). 

The cu r ren t - t ime  re la t ion due to red is t r ibu t ion  of 
e lect ron holes for a potent ia l  step changing f rom Ei to 
E2 can be obta ined by  solving Fick 's  second law 

O% = ~)~ 02c~ [7] 
Ot Ox 2 

with  the fol lowing ini t ia l  and bounda ry  conditions 

ce(x  ) _ ~ % o +  ( % l _ % o ) x l L  t - : O ,  0 ~ x - - ~ L  [8] 
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Fig. I. Schematic current-tlme profile for o potential step from 
Ei to E2 in a (--)CulCullGraphite(-I-) polarization cell. 
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c a - - % o  at  x - - 0 ,  t--~0 [9] 

%----c 2 at x = L ,  t--~0 [10] 

where  %1 and %2 can be obta ined by  using Eq. [4] and 
the superscr ipts  1 and 2 refer  to the concentrat ions  of 
e lect ron holes in CuI at  the  b locking e lec t rode  under  
El and E2, respect ively .  

The cur ren t  due to e lec t ron holes at x = L for the 
semi-inf ini te  rod, or  the  shor t - t ime  solut ion (30) has 
the  fol lowing form 

A 
I (t) ]z=L : ~ (RT/F)r176 -- e E1F/RT) 

+la(E2) [11] 

whe re  %~ = #eeca o and Da = #a R T / F  were  used. 
But the cur ren t  for the finite length  L (31) can be ex-  

pressed as fol lows for  x = L 

I ( t )  Ix=L = Ia (E2) + 2[I$(E2) 

- - I e ( E 1 ) ]  ~ e -'~i%2t/L~ [12] 
1 

and the cur ren t  at  x = 0 is 

I ( t )  [x=o : I a ( E 2 ) +  2[Ia(E2) 

--  Ie (E1)]  (-- l i n e  -DenTrt/L ~ [13] 
1 

From the semi- inf ini te  rod  solut ion Eq. [11], the 
slope of I ( t )  vs. t plot  i s  independent  of the thickness 
of the  e lec t ro ly te  but  depends  on the ini t ia l  and final 
potentials ,  E1 and E2. 

Equat ions [12] and [13] can be approx imated  by  re -  
ta ining the first t e rm of the infioite series if t > 

L2/l~a~2. Thus 
--D ~t/b'~ 

I( t )  [x=L ~- I~(E2) + 2[Ie(E2) --  Iv(E1)]e [14] 

I( t)  }~=0 --~ Ia(E2) --  2[I~(E2) --  Ia(E1)]e [15] 

Accordingly,  the uns teady  cu r ren t  due to r ed i s t r i bu -  
t ion of e lect ron holes at  x = L changes f rom a va lue  
h igher  than s teady  s ta te  to tha t  at s teady state. At  
x = 0, i t  changes f rom a value  lower  than  s teady s tate  
to that  of the s teady state. 

Voltage relaxation method (10,21,30).--Consider the  
polar izat ion cell (I)  under  a potent ia l  E1 at  s teady 
state. When  the potent ia l  is removed  f rom the cell, 
the  open-c i rcu i t  potent ia l  AV (t)  of the cell  wi l l  Change 
wi th  t ime according to the  equat ion 

RT In [ ca( t )  ] [16] 
AV(t)  : F L Ca " - - -~ ' -  

where  ca( t )  is the  concentra t ion of holes at  the  
CuIIgraphi te  in terface  which decreases wi th  t ime be-  
cause of the diffusion process inside the  e lec t ro ly te  
(the double  l aye r  capaci tance exis t ing at  the CuII 
g raphi te  in ter face  is assumed negl ig ib le) .  

By subst i tu t ing ca( t )  which can be obtained by  
solving Fick 's  second law wi th  p rope r  bounda ry  condi-  
t ions into Eq. [16], a re la t ion  of AV(t)  wi th  t is ob-  
ta ined as fol lows (30) 

Dat _ 4L--~2 In 
~2 

( ~ V ( t ) F  ) 
~2 exp RT -- 

4 EF 
[17] 

Therefore,  if t > 4L2/~2Da a plot  of log [exp ( A V ( t ) F /  
RT)  -- 1] vs . t  should yield a s t ra ight  line. This method 
can be used to test  the  significance of any in te r fe rence  

f rom the double  l aye r  capaci tance a t  the  CuI]graphi te  
in ter face  by  using e lect rolytes  wi th  different  th ick-  
nesses since the  ra te  of the  vol tage  r e l axa t ion  is in-  
verse ly  propor t iona l  to the  square  of the  thickness of 
the  electrolyte .  

Exper imental  
A single crys ta l  pe l le t  of CuI was obta ined f rom Pro -  

fessor C. Schwab of the  Univers i te  de Strasbourg.  I t  
was sectioned, polished, and  washed  successively in 
acetone, di lute  HC1, and acetone. The Cu[CuI]graphi te  
cell was then assembled in a sp r ing-compressed  moun t -  
ing. 

The two different  l ength  pel le ts  (0.17 and 0.53 cm) 
used in vol tage r e l axa t ion  measurements  were  p re -  
pa red  by  press ing the  CuI powder  at  75,000 psi in a 
5/16 in. steel  die. Alfa  u l t r apu re  anhydrous  CuI powder  
(99.998%) was used wi thout  fu r the r  purification. The  
freshly pressed pel le ts  were  then mounted  in a double  
polar izat ion cell (25,30). The d o u b l e  cell was then 
heated at 440~ for  one day  under  1 a tm of purif ied 
flowing argon. Table  I shows the spa rk  source mass 
spect rometr ic  analysis  of the  crys ta l  and of the  powder  
samples.  

The dens i ty  of the  pressed pel le ts  was about  95% of 
theore t ica l  as de te rmined  by  measur ing  the dimensions 
and weighing.  Copper  (99.999%) rod f rom Amer ican  
Smel t ing  and Refining Company was used as the  re -  
vers ible  electrode.  Pyro ly t i c  g raphi te  f rom Union Car -  
b ide  was used as the blocking electrode.  A resis tance 
furnace  was used in a hor izonta l  position, the  cel l  t em-  
pe ra tu re  was control led  by  a Research Incorpora ted  
Model TC 5192 the rmac  contro l ler  and  AMBAC Brute  
I I  d.c. power  supply.  A Chrome l -A lume l  thermocouple  
which was ca l ibra ted  by  the phase t rans i t ions  of CuI 
was used to moni tor  the cell t empera tu re .  The p r in -  
ciple of the circuit  for apply ing  the vol tage  steps to 
the cells is the  same as tha t  of Joshi  and Wagner  (10). 

Table I. Mass spectrometric analysis of impurity concentrations 
in cuprous iodide (in ports per million by weight) 

P o w d e r  
De tec t ion  Single pressed 

E l e m e n t  a l imit  b c rys ta l  pe l l e t  

B 0.007 N.D. 0.007 
C 0.03 0.29 10 
F 0.Ol 0.019 0.066 
Na 0.01 1.4 3.6 

g 0.05 0.59 1.0 
0.03 0.18 3.1 

Si 0.05 0.50 38 
P 0.05 0.091 0.062 
S 0.07 0.11 6.4 
C1 0.07 0.12 290 
K O.01 7.4 12 
Ca 0.05 0.20 1.3 
Ti 0.05 0.37 2.4 
V 0.05 0.091 0.091 
Cr 0.05 2.4 1.1 
Mn 0.05 0.098 0.23 
Fe  0.1 2.6 10 
Ni ~ 0.1 0.58 0.62 
Ga ~ 0.1 5.0 3.7 
AS ~ 0.05 0.53 1.5 
Se 0.1 1.2 1.6 
Br 0.1 0.18 0.53 
Nb 0.1 0.56 0.82 
Ag  0.2 15 17 
Cd 0.5 5.0 6.2 
In  0.1 0.25 0.24 
Ba 0.2 0.23 0.36 
La  0.07 0.11 0.69 
Ce 0.I 0.I 1.3 
P r  0.1 0.1 0.76 
T1 0.3 0.3 4.7 
Pb 0.3 1.6 3.3 
Bi 0.3 N.D. 6.1 

a No d e t e r m i n a t i o n  was  m a d e  fo r  hyd rogen .  D e t e r m i n a t i o n s  of 
t a n t a l u m  and gold w e r e  not  m a d e  since t a n t a l u m  slits a r e  used  in 
the  mass  s p e c t r o m e t e r  and  the  samples  w e r e  sp a rk ed  aga ins t  h igh  
pu r i t y  gold couu te re l ec t rodes .  Residuals  in the  mass  s p e c t r o m e t e r  
i n t e r f e r e  w i th  t h e  d e t e r m i n a t i o n s  of O, Te,  and  Hg. B a c k g r o u n d  
l ines i n t e r f e r e  wi th  t h e  de tec t ion  of  N. O t h e r  impur i t i e s  n e t  l is ted 
w e r e  u n d e t e c t e d  and  h a v e  concen t r a t i ons  less t h a n  0.1 ppm 
atomic  except  fo r  zinc. Because  of i n t e r f e r i n g  b a c k g r o u n d  lines, 
the  de tec t ion  l imit  fo r  zinc is 2 p p m  by weight .  

b D e t e r m i n e d  fo r  3 • 10-~C exposure .  
May be due  to res iduals  in the  mass  spectrometer.  

N.D., not detected. 
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The d -c  input  potent ia ls  were  suppl ied by  Kei th ley  
260 Nanovol t  Source. The cell cur ren t  in response to a 
vol tage  step was moni to red  across var ious  s tandard  
resis tors  using a Tekt ronic  Model  564B s torage osci l-  
loscope wi th  a Type  2A63 different ia l  amplif ier  and 
Type  3B3 t ime base for short  t ime per iods  of 10 sec or 
less, and an ana log- to -d ig i t a l  conver ter  in Data  Gen-  
era l ' s  Nova 1220 computer  for longer  t ime periods. The 
computer  da ta  tak ing  t ime in te rva l  can be 10 msec or  
in teger  mul t ip les  of it. The appl ied  polar izat ion po-  
tent ia l  and s t eady-s t a t e  cell  cur ren t  were  measured  by  
a Doric Model DS-100 digi ta l  vol tmeter .  

The total  conduct ivi ty  of the single and po lyc rys ta l -  
l ine CuI pel le ts  was measured  by  an impedance  
br idge  (Genera l  Radio 1650A) at 1000 Hz on a CuICuI[ 
Cu cell. Fo r  the vol tage  r e l axa t ion  measurements ,  the  
open-c i rcu i t  potent ia ls  of the  cell  were  recorded by  
an X-Y recorder  (Ominographic  2000). 

Results and Discussion 
Steady-state polarization measurements . - -The to ta l  

conduct ivi ty  a~ot and pa r t i a l  electronic hole conduc-  
t iv i ty  %0 of CuI a re  shown in Fig. 2. The Ar rhen ius  
plot  of the  total  conduct iv i ty  in ~-phase  cannot be 
fitted into a s t ra ight  line. This cu rva tu re  has been dis-  
cussed by  Matsui  and J. B. Wagner  (32). The e lect ron 
hole conduct iv i ty  obta ined from C. Wagner ' s  po lar iza-  
t ion method g radua l ly  approaches  the total  conduct iv-  
i ty  below 250~ These samples  o f  CuI exhib i ted  p re -  
dominant ly  electronic conduction be low 220~ The 
total  conduct iv i ty  agrees  ve ry  wel l  wi th  the  da ta  of 
Bie rmann  and Oel (6) and of J. B. Wagner  and 
C. Wagner  (9). The act ivat ion energies in  the  three  

SCIENCE A N D  T E C H N O L O G Y  Apr i l  1978 

Table II. Activation energies for total conduction in 
cuprous iodide 

T r a n s i t i o n  T e m p e r a t u r e  A c t i v a t i o n  
P h a s e  t e m p .  (~ r a n g e  (~ e n e r g y  (eV) 

T u  605 402-440 0.09 
Tr .  405 372-400 0.90 

"v Tr .  869 330-369 2.03 

phases in fe r red  f rom the Ar rhen ius  plot  of the  log-  
ar i thms of the total  conduct ivi t ies  vs. 1/T are  shown 
in Table  IL The act ivat ion energy in -y-phase is cal-  
culated f rom the t empe ra tu r e  range  of 330~176 The 
dependence  of electronic hole conduct iv i ty  on t empera -  
ture  of cuprous iodide in the  ~-phase  can be expressed  
a s  

~eo('y-CuI) : 16 exp kT  [181 

The t ransference  number  tj of a mixed  conductor  is 
defined as the rat io  of the pa r t i a l  conduct iv i ty  r to the 
total  conduct iv i ty  ~rto t where  j denotes an ionic or  an 
electronic carr ier .  The t ransference  numbers  of cu- 
prous iodide of this s tudy are  compared  wi th  Tubandt ' s  
results  (2) in Fig. 3. The la rger  electronic t ransference  
numbers  obta ined by  Tubandt  at  low t empera tu re s  may  
possibly resul t  f rom e lec t ro ly te  surface leakage  effects 
and impur i t ies  in his samples.  

Plots  of log I e vs. the  appl ied  polar iza t ion  potent ia l  
E of cell  (I) used to obta in  the  electronic conduct ivi ty,  
are  shown in Fig. 4 and 5. These plots y ie ld  a theo-  
re t ical  slope of F/2.303 RT in accord wi th  the  Wagner ' s  
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equat ion be low a certain potent ia l  Eo. These slopes 
devia te  f rom the theore t ica l  values  when  E > Eo. The 
l inear  region which  exhibi ts  the theore t ica l  slope be-  
comes n a r r o w e r  as t empe ra tu r e  decreases for the 
v-phase. 

Joshi  and Liang (16) have proposed a cr i t ical  po-  
tent ia l  Ec, whe re  the Wagne r  equat ion is only  va l id  
when E < Ee. They defined Ee by  fol lowing equat ion 

2"303RT log [ ~ ~  ] [19] 
E c  ---- - -  F = O'io n 

The above equat ion is obta ined  by  equat ing the e l e c -  
t r o n i c  hole conduct iv i ty  at  the blocking e lec t rode  ~ o  
exp (E F /R T)  to the ionic conduct ivi ty  of the  elec-  
t ro ly te  ~ion, that  is to say tha t  Wagner ' s  equat ion  is 
val id  when ~ o  exp (E F /R T)  < <  r For  PbFf,  which 
was s tudied by  Joshi  and Liang (16), the  appl ied  po-  
la r iza t ion  potent ia ls  that  sat isfy the  Wagner ' s  equa-  
t ion range  f rom 30 to 80% of the  cri t ical  potent ia l  Ec 
calcula ted f rom Eq. [19]. For  CuI, the  expe r imen ta l l y  
de te rmined  potent ia l  Eo (Eo is the  highest  potent ia l  
that  st i l l  satisfies Wagner ' s  equation, i.e., where  the  
slope of log Ie vs. E amounts  to F/2.303 RT)  is smal le r  
or app rox ima te ly  equal  to the cr i t ical  potent ia l  Ec in 
a- and B-phases. However ,  in v-phase,  When E > Ec, a 
plot  of log I e vs. E sti l l  exhibi ts  Wagner ' s  theore t ica l  
slope. The comparisons of Eo wi th  Ec for CuI are  shown 
in Table  III. These resul ts  indicate  tha t  Joshi  and 
Liang 's  cr i ter ion is too res t r ic t ive  for CuI. 

The reason for the changed slope of log I e vs. E 
when E > Eo may  be expla ined  as follows. The increas-  
ing appl ied  potent ia l  on the  polar iza t ion  cell  increases  
the hole concentra t ion at  the CuI -g raph i t e  in terface  
exponent ia l ly  wi th  the  appl ied  potent ia l  (see Eq. [4] ). 
In  the der iva t ion  of Eq. [4]. Bol tzmann stat ist ics (or 
ideal  solut ion law) is used for the e lect ron holes. But  
when the hole concentra t ion s tar ts  to become com- 
parab le  to the dens i ty  of s tates  at the bandedge,  F e r m i -  
Dirac statist ics ins tead of Bol tzmann stat ist ics should 
be used. Therefore,  t h e  hole  concentrat ion no longer  
increases exponent ia l ly  wi th  vo l t a ge  at the  p r e v i o u s  
rate.  

Using the va lue  of the  hole concentra t ion  of CuI 
equi l ib ra ted  .with copper  obta ined in this  s tudy  (see 
Eq. [11]), the hole concentra t ion  at  the  CuI -g raph i t e  
in terface  can be calculated.  For  example ,  at  384~ 
%o_-- 5 X 1016cm - 3 , w h e n E  ---- 0.38V, the hole con- 
cent ra t ion  c e at the CuI -g raph i t e  in ter face  is 4 X 10 TM 

cm -3, at T _-- 352~ %0 _-- 1.2 X 10 n, when  E ---- 0.24V, 
c a at  the CuI -g raph i t e  in terface  is 1 X 1019 cm -s .  How- 
ever,  if we assume that  the  effective mass of holes in 
CuI is the mass of electron, the dens i ty  states of holes 
can be es t imated (33) to be about  8.1 X 1019 cm -3 at  
384~ 7.5 • 1019 cm -1 at 352~ Since the  ca lcula ted  
hole concentrat ions at  the CuI -g raph i t e  in terface  and 
the es t imated dens i ty  of states at the  bandedge  are  of 
the same order  of magni tude,  we conclude tha t  the 
fa i lure  of the Bol tzmann statist ics is responsible  for 
the change of the  slope at the  h igher  potent ials .  

The reason tha t  Joshi  and Liang 's  cr i ter ion is too 
res t r ic t ive  for  CuI is because there  is a regime in 
which the hole concentra t ion at  the CuI -g raph i t e  in t e r -  
face is not large  enough to inva l ida te  Bol tzmann s ta -  
tistics but  large enough such that  (rion is not ve ry  much 
l a rge r  than  %0 exp ( E F / R T ) .  

Table III. Comparisons of Eo with Ec for cuprous iodide 

T~ (;tot(9-em) -I ~e~ ([~-cm) -I Ee (V) Eo (V) Eo/Ee 

450 2.57 x 10 -I 1.73 x i0 -~ 0.45 0.35 0.78 
435 253 • 10 -I 1.54 x 10 -~ 0.45 0.35 0.78 
384 1.20 • 10 -I 1.38 • 10 -~ 0.38 0.38 1.0 
352 1.07 • I0 ~ 4.02 x 10 -r 0.17 024 1.4 
320 2.4 • 10 -8 2.67 • 10 -4 0.11 0.24 2.2 
303 1.15 • 10 4 2.63 • 10 -4 0.07 0.24 3.4 
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U n s t e a d y - s t a t e  p o l a r i z a t i o n  cel l  m e a s u r e m e n t s . - -  
C u r r e n t - t i m e  r e l a t i o n  d u r i n g  t he  t r a n s i e n t  s t a t e . - - A  
schematic  cu r r en t - t ime  profile for  a po ten t ia l  step f rom L 8 
E1 to E~ was shown in Fig. 1. The peak  cur ren t  Io r ep -  
resents  the total  cur rent  of the electrolyte .  The corre-  
sponding ini t ia l  resistance,  Ro, f rom the potent ia l  step 
AE _-- E2 - -  E t  is the  to ta l  resis tance of the  electrolyte .  
Since the  d-c  electronic resistance,  Re, is much grea te r  
than  ionic resistance,  Ri, in a p redominan t ly  ionic 1.4 
conductor  Ro is app rox ima ted  by  Ri. A l inear  re la t ion  
is obta ined by  plot t ing Io vs.  potent ia l  step AE -- E 
E2 - -  E1 wi th  E2 > E1 and the value  of E1 fixed. 

The t rans ient  cu r ren t - t ime  re la t ion  p lo t ted  as log 
[ I ( t )  --  Ie(E2)]  vs.  t and [ I ( t )  I Ie(E2)]  vs. t -1/2 at  O 

i T = 375~ are' shown in Fig. 6 and 7, respect ively,  x I.O 
F rom Fig. 6 one sees that  the  cur ren t  decay exhibi ts  
mul t ip le  r e l axa t ion  processes r a the r  than  one single 
decay constant. The res idual  decay cur ren t  even lasts  t~  
for a few minutes.  The  charge t ransfe r  cont r ibuted  by  "-" 
this res idual  cur ren t  decay consists of about  50% of 

I 
the  total.  This has also been  observed by  Rale igh  (22, ~ 0 . 6  
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23) on the double  l ayer  capaci tance studies on AgBr  
polar iza t ion  cells. 

According to Eq. [11], the slope of a plot  of the 
t rans ient  cur ren t  due to red is t r ibu t ion  of e lect ron holes 
vs. t -1/2 is p ropor t iona l  to [exp ( E 2 F / R T )  --  exp (E~F/  
R T ) ] .  However ,  f rom Fig. 7, the  slopes at  0.20-0.25V 
and 0.25-0.30V voltage steps do not  show the re la t ion  
indicated,  since at T ---- 375~ the slope rat io  should be  
[exp (0.30 F / R T )  --  exp (0.25 F / R T ) ] / [ e x p  (0.25 F /  
R T )  --  exp (0.20 F / R T ) ]  ~ 127/52 = 2.4 according to 
Eq. [11]. The nonappl icab i l i ty  of the semi- inf ini te  rod 
solut ion may  be a resul t  f rom an inevi tab le  in t e r f e r -  
ence of the  double l ayer  charging cur ren t  in the  
short  t ime range and /o r  the  p redominan t  ionic con- 
duct ion assumption for the solut ion is no longer  sat is-  
fied wi thin  this vol tage range.  

In the v-phase,  the electronic conduct ivi ty  which 
contr ibutes  to the total  conduct iv i ty  is apprec iab le  
(see Fig. 2). When  the appl ied  potent ia l  jumps  to a 
h igher  va lue  but  lower  than  the decomposi t ion poten-  
t ia l  Ed, the  cu r ren t - t ime  profile is different  f rom that  
shown in Fig. 1. This is shown schemat ica l ly  in  Fig. 8. 
The cur ren t  decays first and then goes up. 

The physical situation can be understood as follows. 
When the d-c potential on a 7-CuI cell is stepped up- 
wards,  E2 --  E1 appears  across the resis tance par t  of 
the cell where  the cuprous iodide is of the  ini t ia l  
s to ichiometry  which  is fixed by  El. The step cur ren t  
(peak current  Io) corresponds to this vol tage step. But 
because of the capaci t ive charging effect which is a 
shor t - t ime  process, the cur ren t  wil l  decay as Ioe -t/zcc. 
Simul taneously ,  the current  due to the red is t r ibu t ion  
of e lect ron holes occurs. At  short  times, the g raph i te  
e lectrode wil l  in ject  holes into CuI at a ra te  according 
to Eq. [11] or  [12]. That  is also a decaying current .  
The current  at the copper -cuprous  iodide interface  
dur ing t rans ient  increases from the ini t ia l  s teady state 
to the final s teady s tate  (see Eq. [13] or [15]). When 
~o is apprec iable  and E is high, the  conduct ion at  the  
cuprous iod ide -graph i t e  interface is p redominan t ly  
electronic. Therefore,  the  s lower upgoing t rans ient  
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Fig. 8. Schematic current-time profile for a potential step from 
Ez to E2 when E2 is high for polycrystalline Cul in the 3'-phase. 

response at  the  copper -cuprous  iodide  in ter face  is 
shown. 
Voltage relaxation measurements.--The vol tage  re -  
l axa t ion  AV(t)  was recorded  af ter  the  polar ized vo l t -  
age, 0.2V, was swi tched off f rom the cell. F igure  9 
shows log [exp ( V ( t ) F / R T )  -- 1] vs. t for the  E-phase 

of CuI. The effective diffusivit ies of holes, DJs ,  were  
obta ined  f rom the slope using Eq. [!7].  By the  same 

method, De's in a t e m p e r a t u r e  range  of 324~176 
were  also obtained.  These values  are  p lo t ted  against  
108/T~ in Fig. 10. 

According  to Eq. [17], the ra t io  of the slopes of log 
[exp (AV( t )F /RT)  --1] vs. t o f - a  long specimen to 
tha t  of a shor t  specimen is L2( sho r t ) /L2( long) .  The 
slope rat io  of samples  at  403~ wi th  lengths  of 0.53 
cm to those of 0.17 cm was calcula ted as 1/9.2 f rom 
Fig. 9 ( s t ra ight  l ine por t ion  of the curves) .  The inverse  
rat io  of the  square  of the  thickness of these two speci-  
mens is 1/9.7. The agreement  be tween  these two rat ios  
is ve ry  good. This indicates  tha t  the vol tage  re laxa t ion  
is a d i f fus ion-control led  process and the in te r fe rence  
f rom the double  l ayer  capaci tance is negligible.  

By using the Einste in  relat ion,  ~ ~ De/kT and ve ~ = 
e~e%o, the hole concentra t ion in CuI equ i l ib ra ted  wi th  
copper  is ca lcula ted  and is shown in Fig. 11. 

Double layer capacitance.--The double  l aye r  capaci -  
tance was measured  at  347~ by  app ly ing  a vol tage  
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Fig. 9. Plot of log {exp(AV(t )F/RT)  - -  1} vs t for the long (0.53 
cm) and short (0.17 cm) samples of polycrystalline Cul. 
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step in a ve ry  low vol tage  range  ( f rom 10 to 50 mV) 
to the thin single c rys ta l l ine  sample  (0.12 cm).  The 
t rans ient  cur ren t  due to red i s t r ibu t ion  of holes is 
minimized  and double  l aye r  capaci tance becomes domi-  
nant. The charge was obta ined by  g raph ica l ly  in t eg ra t -  
ing the cur ren t  wi th  respect  to t ime from osci l lographic 
pictures.  The capaci tance was obtained from the slope 
of the charge t ransfe r  Q vs. E plot  (see Fig. 12). The 
value was found to be 357 ~F /cm 2. 
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Conclusions 
From the s t eady-s ta te  measurements  cuprous iodide 

was shown to be a p redominan t ly  ionic conductor  in  
the a- and ;~-phases and i t  g r adua l ly  becomes a p re -  
dominant ly  electronic conductor  as the t empera tu re  
decreases in the  v-phase.  The log I e vs. E plots satisfied 
the Wagner  theoret ica l  slope for low values of ap-  
pl ied potentials .  This ind ica ted  tha t  the  electronic 
conduct ivi ty  of cuprous iodide is p ropor t iona l  to the 
square root  of the pa r t i a l  pressure  of iodine. At  h igher  
appl ied  voltages, the log I e vs. E plots devia te  f rom the 
Wagner  theoret ica l  slope because of the nonidea l i ty  
of the  e lec t ron holes at  high concentrat ions la rge  
appl ied  po ten t ia l ) .  

The uns teady  cu r r en t - t ime  re la t ion  was too compl i -  
cated to be analyzed by  the pure  capaci tance model  
and the cur ren t  due to red is t r ibu t ion  of e lectron holes. 
Compar ing  the vol tage re laxat ions  of different  cuprous 
iodide sample  lengths, the vol tage re laxa t ion  method 
has good appl icabi l i ty ,  and the diffusivit ies of e lect ron 
holes at var ious  t empera tu res  were  calcula ted by  this 
method. The double  l aye r  capaci tance was obta ined  by  
measur ing  the charge t rans fe r  in the  low vol tage range. 
Its value  is about  357 ~F /cm 2 at 346~ 

Acknowledgments  

The authors  are  especial ly  gra teful  to Professor  C. 
Schwab of the Univers i ty  of S t rasbourg  for provid ing  
the single crys ta l  of CuI and to D. O. Raleigh for he lp -  
ful discussions. This work  was suppor ted  by the Ad-  
vanced Research Pro jec t s  Agency of the Depa r tmen t  of 
Defense under  Gran t  No. DAHC 15-73-G-19. I t  was 
moni tored  by the Office of Naval  Research th rough  
the Mater ia ls  Research Center  of Nor thwes te rn  Uni-  
versi ty.  

This pape r  was taken  in par t  f rom the Ph.D. Thesis 
of T. Jow, Nor thwes te rn  Univers i ty ,  1977. 

Manuscr ip t  submi t ted  Apr i l  18, 1977; rev ised  m a n u -  
scr ip t  received Nov. 3, 1977. 

A n y  discussion of this pape r  wil l  appear  in  a Dis-  
cussion Section to be publ i shed  in  the  December  1978 
JOURNAL. Al l  discussions for the  December  1978 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1978. 

Publication costs o] this article were assisted by 
Northwestern University. 

REFERENCES 
1. K. Baedeker ,  Ann. Phys. (Leipsig), 29, 566 (1909). 
2. C. Tubandt ,  Handb. Exp. Phys., XII ,  No. 1, 414 

(1932); C. Tubandt ,  R. Rindtorff ,  and W. Jost,  
Z. Anorg. Allg: Chem., 165, 195 (1927); A. B. 
Lidiard,  "Encyclopedia  of Physics,"  Vol. XX, 
S. Fliigge, Editor,  p. 246, Springer ,  Ber l in  (1956). 

3. K. Nagel  and C. Wagner ,  Z. Phys. Chem., (B)25, 71 
(1934). 

4. R. J. Maurer ,  J. Chem. Phys., 13, 321 (1945). 
5. B. H. Vine and R. J. Maurer ,  Z. Phys. Chem., 19, 

147 (1951). 
6. W .  Bie rmann  and H. J. Oel, ibid., (NF)17, 163 

(1958). 
7. M. H. Hebb, J. Chem. Phys., 20, 185 (1952). 
8. C. Wagner,  in  "Proceedings  of the Seven th  Meet ing 

C.I.T.C.E. L indau  (1955)," p. 361, But te rwor ths  
Publicat ions,  London (1957). 

9. J. B. Wagner,  Jr. and C. Wagner ,  J. Chem. Phys., 
26, 1597 (1957). 

10. A. V. Joshi  and  J. B. Wagner ,  Jr.,  This Journal, 122, 
1071 (1975). 

1L B. i Ischner,  J. Chem. Phys., 28, 1109 (1958). 
12. D. O. Raleigh, J. Phys. Chem. Solids, 26, 329 

(1965). 
13. Y. J. Van der  Meulen and F. A. KrSger,  This 

Journal, 117, 69 (1970). 
14. J. B. Wagner,  Jr .  and C. Wagner ,  ibid., 104, 500 

(1957). 
15. J. Schoonman and A. J. H. Macke, J. Solid State 

Chem., 5, 105 (1972). 
16. A. V. Joshi  and  C. C. Liang,  J. Phys. Chem. Solids, 

36, 927 (1975). 
17. J. W. Pat terson,  E. C. Bogren, and R. A. Rapp, 

This Journal, 114, 752 (1967). 
18. R. A. Rapp and D. A. Shores,  in "Techniques in 

Metal  Research," Vol. 1V, Pa r t  2, R. A. Rapp, 
Editor,  p. 12.3, lnterscience,  New York  (1970). 

19. H. Rickert ,  in "EMF Measurements  in High Tem-  
pe ra tu re  Systems," C. B. Alcock, Editor,  p. 59, 
Inst. Mining Metal lurgy,  London (1968). 

20. B. C. H. Steele, in ' Heterogeneous  Kinet ics  at  Ele-  
va ted  Tempera tures , "  G. R. Bel ton and W. L. 
Worrel l ,  Editors, p. 135, P lenum Publ ish ing  
Corp., New York (1970). 

21. K. Weiss, Z. Phys. Chem. (NF), 59, 242 (1968). 
22. D. O. Raleigh,.J.  Phys. Chem., 70, 689 (1966). 
23. D. O. Raleigh, ibid., 71, 1785 (1967). 
24. V. W. Hsueh and R. W. Christy,  J. Chem. Phys., 

39, 3519 (1963). 
25. A. V. Joshi, in "Fas t  Ion Transpor t  in Solids," 

W. van Gool, Editor,  p. 173, Nor th  Hol land Pub-  
l ishing Co., A m s t e r d a m  (1973). 

26. J. B. Wagner ,  Jr.,  ibid., p. 489. 
27. J. B. Wagner,  Jr., in "Electrode Processes in Solid 

Sta te  Ionics," M. Klei tz  and J. Dupuy, Editors,  
p. 185, D. Reidel  Publ i sh ing  Co., Dordrech t -  
Holland, ( 1976 )  

28. D. O. Raleigh, in "Elec t ronana ly t ica l  Chemist ry ,"  
Vol. 6, A. J. Bard,  Editor,  p. 81, .Marcel Dekker ,  
New York (1973). 

29. D. O. Raleigh, This Journal, 121, 632 (1974). 
30. A. J..Toshi, Ph.D. Thesis, Nor thwes te rn  Univers i ty  

(1972). 
31. J. Crank, "The Mathemat ics  of Diffusion," 2nd ed., 

p. 47, Clarendon Press,  Oxford  (1975). 
32. T. Matsui  and J. B. Wagner,  Jr.,  This Journal, 124, 

303 (1977). 
33. "Semiconductors ,"  N. B. Hannay,  Editor,  pp. 28-29, 

Reinhold Publ ishing Co., New York (1959). 



The Detection of Structural Defects in GaAs 
by Electrochemical Etching 

M. M. Faktor and J. L. Stevenson 
Post Office Research Centre, Martlesham Heath, Ipswich, Suffolk, IP5 7RE England 

ABSTRACT 

Two methods of anodically etching n-GaAs have been investigated. Sub-  
sequent ly they have been used to detect crystallographic defects present in 
bulk-grown,  single crystal material .  The first method provides topographical 
featur ing of the semiconductor anode. The selective discrimination of  defects 
achieved via this controlled electrochemical technique is superior to that  ob- 
tainable from standard chemical etchants. The second dissolution regime, 
in which an interracial  oxide layer is continuously present, permits smooth, 
featureless removal of material.  Thus a simple two-stage anodization procedure 
has allowed the damage characteristic of the Beilby layer  to be probed. There-  
after, a total, smooth removal  of this damaged surface layer  permits  identif i-  
cation of bulk crystallographic defects---dislocation structures well  known in 
GaAs require the dissolution of only 0.5 ~m. Analysis of the semiconductor 
electrode condition in the electrolytes used for etching has yie lded mode l  
results. Such analyses have enabled the relationship between  the electrical 
properties of the defected GaAs and the individual  topography of  the defects 
as etched to be explored. 

The electrochemical characteristics of gal l ium arsen-  
ide and other I I I -V semiconductors have recently at-  
tracted increasing interest. As well as providing a route 
for an automated electrical assessment of both epitaxial 
and substrate qual i ty mater ial  (1, 2), anodic o~ide 
films have been intensively  studied (3, 4), mostly in 
connection with MOS device applications uti l izing 
GaAs. 

The studies reported here have some relat ion to 
both of these topics, but  are differently aimed over-  
all. It  has become increasingly clear in the production 
of l iquid-phase epitaxial  GaAs and GaxAll-xAs for 
optoelectronic devices that  rout ine evaluat ion of the 
mater ial  should center  on the crystallographic defect 
content of the epilayers (5). Some defects act as non-  
radiative, enhanced recombinat ion Centers, which re-  
duce the efficiency of photoabsorptive devices (solar 
cells) and which degrade and may terminate  the effi- 
ciency of photoemissive units  (lasers) (6). Chemical 
etching would appear to provide the technically easiest 
means of defect identification once the etchant has been 
calibrated (7). However, the current  state of the art 
is inadequate  for the purpose indicated. Optical reso- 
lut ion of etch pits in single GaxAll-xAs layers has 
recent ly been reported by Komiya  et al. (8) as possible 
only after the dissolution of 4 ~,m in a H202/HF solu- 
tion. For GaAs/Ga~All-xAs double heterostructure 
material,  where al l  five epilayers together occupy 
about this very thickness (9), a ten-fold improvement  
in  the resolution achieved per uni t  depth probed would 
be the m i n i m u m  desired. Although defect detection in 
heterostructures has been displayed (5) via the use of 
the AB etchant (10) in a modified form, an extra thick- 
ness of epitaxial  growth was necessitated in order to 
accommodate the lack of etch discrimination. 

Both Ambridge et at. (1) and Niehaus and Schwartz 
(3) were able to report in the work already cited that 
electrolytic etching of GaAs produced features at the 
electrode surface. These were presumed related to 
the defects in the sample. K u h n - K u h n e n f e l d  (11) 
used a chemical etchant of s tandard composition for 
GaAs under  conditions where the photovoltaic proper-  
ties of the semiconductor provided effective electrolytic 
control. Although the procedure was not subjected to 
a critical calibration, various features became well re- 
solved after 2 ~m of etching. Several appeared "dis- 
location like." Later Saitoh et al. (12) used the same 

Key words: gallium arsenide, electroetching, oxide films, dislo- 
cations, striations. 

scheme of photoassistance together with the AB etch 
composition and were able to gain a good delineation 
of defects with the removal of less than  1 ~,m of ma-  
terial. 

We report here on the development  of two com-  
p lementary  techniques of anodic dissolution of n-GaAs;  
one to yield a topographically featured surface, and the 
second to allow continuous, smooth etching. The elec- 
trode polarization studies which preceded the design 
of each technique are detailed in  an Appendix. Corre- 
lat ion of the morphological detail displayed via the 
first etching mode has been carried out with the use of 
double crystal x - ray  reflection topographs. The selec- 
tive resolution of defects such as dislocations by our 
electrochemical technique is shown to be superior to 
that obtained from other cur rent ly  advocated etching 
techniques (7). Minimal  dissolution is required (0.5 
~m or less) close to the target  set. 

In  this instance, our a t tent ion is given to bu lk -g rown  
n-GaAs alone. Therefore we are describing the trial  of 
these methods on substrate quali ty material .  However, 
as a specific example of the resolution capabil i ty and 
to i l lustrate how the procedures can be used to profile 
the defect content  of a GaAs slice in  depth with high 
accuracy the differentiation of surface damage and 
bulk  defects close to the surface of a substrate are de- 
scribed. 

Experimental 
Much of the apparatus used in this work has been 

described previously by Ambridge et al. (1, 2). A major  
difference here, however, concerned the cell construc- 
tion, where an all-glass uni t  was designed. This was 
basically a small spectrophotometer cell with a PVC 
sample mount ing  r ing (2) mounted directly onto one 
face which had been predri l led as appropriate.  There 
were, as before, in le t /out le t  ports for electrolyte flow 
and limbs for the insert ion of a saturated calomel ref-  
erence electrode and a carbon cathode. A p la t inum 
wire electrode for capacitance measurements  was in-  
serted directly through the side of the PVC ring. Both 
the sealing of the GaAs sample onto the r ing and the 
provision of electrical contact to it were achieved via 
sprung probes of t in-coated gold wire (2). 

By mount ing  the cell directly onto a microscope 
stage plate and using an inverted metal lurgical  mi-  
croscope, observation of the whole exposed GaAs elec- 
trode surface (N7 m m  2) was possible at  a magnifica- 
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tion of 30• (at  the  eyepiece) .  Examina t ion  of fine 
topographical  detai ls  developed dur ing  anodizat ion 
such as etch pits, areas  of nondissolution,  and surface 
film nucleat ion sites was very  s t ra ight forward .  I l lumin-  
at ion of the e lect rode was direct  via  the microscope 
o p t i c s  and since al l  of the polar iza t ion  behavior  re -  
por ted  here  involves i l luminat ion,  a continuous visual  
observat ion of the  e lect rode was possible. The optical  
source was a 250W high pressure  me rcu ry  arc  l amp  
set to provide  Koehle r  i r r ad iance  of the sample. 

Measurement  of e lect rode potent ia l  was obta ined  
through a high impedance  digi ta l  vo l tmete r  (Solar t ron  
LM 1604). An autobalance  capaci tance  br idge  (Wayne  
K e r r  B641), opera t ing  at  1.592 kHz, was used for mea-  
surement  of in ter fac ia l  capacity.  Polar iza t ion  of the 
i l lumina ted  e lec t rode  was a t ta ined  by  use of the poten-  
t iostat  designed by  Bremner  et  al. (13). Cell  current 
was moni tored  using an e lec t rometer  (Kei th ley  Model 
602) wi th  its output  faci l i ty  l inked to a digi ta l  in te-  
g ra to r  (Time Electronics TS100A). Two electrolytes  
new to GaAs e lec t rochemis t ry  were  used throughout  
this work. They were:  as s tock solutions, 0.5M Tiron 
(1,2 d ihydroxybenzene-3 ,5  disulfonic acid disodium 

sal t)  which had a pH ---- 3.45; and 0.3M sodium d ihydro-  
gen or thophosphate  pH =. 4.32. The GaAs used had 
been boat  g rown and cut into slices in a {100} or ien ta -  
t ion (Mining and Chemical  Products  L imi ted  and Mon-  
santo Chemicals  L imi ted) .  Al l  were  silicon doped. 

/ 

Electrochemical Characteristics and Technique 
Electrode capacitance.--Reproducible Mot t -Scho t tky  

character is t ics  were  obta ined  f rom un i l lumina ted  
n -GaAs  (Nd ---- 2.0 X 1017 cm -3) electrodes (14) using 
both of the  e lectrolytes  chosen for use here. The flat-  
band and open-c i rcu i t  potent ia ls  are  p lot ted  in Fig. 1 
together  wi th  prev ious ly  publ ished data. 

Electrode polarization.--Illumination of the same 
elect rode samples  y ie lded sizable photopotent ia ls  ( ~  
--450 mV) and, in the usual  manner ,  a l lowed s table  
anodic polar izat ion ( r eve r se -b i a s ing  of the Mott -  
Schot tky  ba r r i e r )  curves to be obta ined (Fig. 2). Cur-  
r en t /vo l t age  behavior  was also examined  using var ious  
solutions formed by  mix ing  the two basic electrolytes .  

1.0 

Tiron 

-1.0 ~ * ~ + ~  

-2.G 
0 2 

7 - " ~  Voc 

NaH2PO4 

i i i i i i 

4 6 8 10 12 14 

pH 

Fig. 1. Collation of data concerning the variation in band bend- 
ing at the unilluminated n-GaAs electrode with electrolyte pH. 
Values for the flatband potential (VFP,) and the open-c}reuit (rest) 
potential (Voc) are taken as follows: �9 Benord and Handler (29); 
Q LaFlere et al. (41); �9 Ambridge and Faktor (14). 
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Fig. 2. Current-voltage behavior of an illuminated n-GaAs elec- 
trode (same sample as Fig. 1) in: i. 0.SM Titan; and ii. 0.3M 
NaH2PO4. The point A marks the experimental condition for step 
2, Fig. 5. 

For  e x a m p l e ,  it  was found that  only  smal l  propor t ions  
of Tiron (10% v / v )  were  requi red  in the e lec t ro ly te  
to y ie ld  current  character is t ics  ident ical  to Fig. 2i. 
In  this case, the  reverse -b ias  b r eakdown  behavior  of a 
lower  doped n -GaAs  elect rode was e x a m i n e d - - a g a i n  
wi th  i l l u m i n a t i o n - - a n d  found to be as plot ted in Fig. 3. 

Electrode morphology.--Since all  of the  curves such 
as shown in Fig. 2 and 3 were  gained wi th  an exper i -  
menta l  a r r angemen t  which a l lowed direct  visual  in-  
spection of the electrode,  the surface morphology  de-  
veloped was very  easi ly  re la tab le  to pa r t i cu la r  po la r -  
ization conditions. The photographs  in Fig. 4 are  r ep re -  
senta t ive  of etching under  s t eady-s ta te  conditions at 
the  points marked  A in Fig. 2i and B in Fig. 3. 

The resul t  of the single etching exper imen t  shown 
as Fig. 4i bears  no s imi la r i ty  to morphologies  found 
e i ther  by  K uhn-K uhne n fe ld  (11) or Sai toh et al. (12) 
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Fig. 3. Extended current-voltage plot for an illuminated n-GaAs 
electrode (2.6 X 10 TM donors per cm 3) in a mixed electrolyte (10% 
0.SM Tiron/90% 0.3M NaH2PO4). The point B marks the experi- 
mental condition for step 1, Fig. 5. 
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Fig. 4. Photomicrographs (No. 
marski interferometry) showing 
surface morphologies developed 
after electrochemical etching of 
two separate samples: i. at point 
A in Fig. 2i, 0.2 Fm removed; 
and ii. at point B in Fig. 3, 5.2 
#m removed. 

in those s tudies  of the  photoass is ted chemical  dissolu-  
t ion of n -GaAs  which we judge  to be closest to our  
ful ly  contro l led  e lect rochemical  conditions. In  our case, 
the  sample  used had been mechanochemica l ly  pol ished 
using a s t anda rd  b r o m i n e / m e t h a n o l  rout ine  immed i -  
a te ly  pr ior  to anodization.  I t  appeared,  therefore,  tha t  
the  low overpo ten t ia l  e tching in Tiron solut ion had 
revea led  fea tures  represen t ing  imperfec t ions  in t ro-  
duced dur ing  the sample  prepara t ion .  This supposi t ion 
was confirmed by  subject ing s imi la r ly  finished slices to 
a sequent ia l  e tching expe r imen t  as indica ted  in Fig. 5. 
S tep  1 was accomplished by  use of  the  de fec t - inde-  
penden t  etching condit ions (point  B in Fig. 3) leaving 
a surface typ ica l ly  as tha t  shown in Fig. 4if. Then af ter  
a s imple r ep lacemen t  of e lectrolyte ,  s tep 2 was in i t ia ted  
and the  surface topography  moni to red  th rough  its 
dura t ion  using the microscope.  Both  dl  and de- - the  
successive etch d e p t h s - -  were  easi ly calculable  :r the  
in t eg ra ted  cur ren t  dens i ty  (for details ,  see the A p -  
pend ix ) .  As an  example ,  the  two etched surfaces pic-  
tu red  in Fig. 6i and 6iv were  obta ined wi th  ma te r i a l  
removals  of dl -~ 2.0 ~m and d~ : 0.57 ~m. The min i -  
m u m  value  of dl found necessary in o rder  to avoid the  
appea rance  of etch fea tures  caused by  pol ishing d a m -  
age was 0.5 ~m for the  mechanochemica l ly  pol ished 
slices. 

Crystallographic Defect Studies 
We shall  begin  here  wi th  comments  concerning the 

pol ishing damage  encountered  dur ing  the single etch 
exper iments .  C lea r ly  no informat ion  concerning the 
bu lk  defect  s t ruc ture  of n - G a A s  suos t ra te  wafers  can 
be ob ta ined  def ini t ively wi thout  the remova l  of the  
damaged  surface layer .  

In  fact, the appearance  of prepol i shed  surfaces a f te r  
a single s tep 2 etch changed quite sharp ly  wi th  p r io r  
a l t e ra t ion  of the  pol ishing ra te  (this made  pr inc ipa l ly  
by  v a r y i n g  the b romine  content  of the pol ishing solu- 
t ion) .  Where  low ra tes  had been used, the surface took 
on a cont inuously d i s tu rbed  iorm, wi th  all  of the l inear  
fea tures  as pe r  Fig. 4i in close coalescence. Thus a form 
of Bei lby  l aye r  (15) was present ,  its. character is t ic  

Step 1 
- smooth 

removal 

- - . .  ~ _  . original surface 

[ ~  d 1 

f v v w ~  

n-  GaAs slice cross- section 

- -  Step 2 
~ defect 

revelatior 

Fig. 5. Schematic representation of the sequential electrochemi- 
cal etching experiment. The cross-hatched region marks the "layer" 
probed for defect content. 

depth  was, however ,  no different  f rom tha t  exhib i ted  
by  the d iscre te ly  scra tched surface. The damage  i tself  
might  arise f rom par t ic les  of abras ive  ma te r i a l  or even 
GaAs which  have  remained  a t tached to the slice a f te r  
any mechanical  t rea tment ,  or, more  probably ,  have 
become t r apped  on the pol ishing pad  at any t ime since 
its manufacture .  We note tha t  in spite  of warn ings  to 
the  con t ra ry  (7), mechanochemica l ly  p r epa red  GaAs 
slices a re  st i l l  t aken  to be damage  f ree  (16). Our  abi l i ty  
here  to revea l  minor  work  damage,  such as tha t  caused 
by  mechanochemical  polishing, and to profile its region 
of confinement nea r  the  surface at  submicron levels,  
i l lus t ra tes  n ice ly  the  fine resolut ion  of defect ive ma te -  
r ia l  a t ta inable  wi th  the  e lec t rochemical  etching meth -  
ods. 

With  regard  to the  c rys ta l lographic  imperfec t ions  of 
the bulk,  the  etched slice pho tographed  in Fig. 6i is 
only  one of a number  which  have  been subjec ted  to a 
cross corre la t ion wi th  s t ruc tura l  defect  a n a l y s i s  by  
x - r a y  methods.  Double  crys ta l  x - r a y  reflection topog-  
r aphy  was chosen - - i t  has the  advan tage  of probing  a 
near  surface layer  alone (17, 18). More genera l ly  the  
two techniques used over -a l l  then have independent  
origins, pa r t i cu l a r ly  so, as we shall  show later ,  wi th  the  
etching pe r fo rmed  e lect rolyt ica l ly .  The x - r a y  topog-  
r aphy  was used first to map as ful ly  as possible the  
defect  content  of the  sample.  Since not  al l  possible 
dis locat ion Burgers '  vectors  wil l  y ie ld  contras t  at a 
single reflection, only a superposi t ion of two x - r a y  
topographs  wil l  p rovide  a comple te  map  of the dislo-  
cat ion dis tr ibut ion.  F igures  6if and 6iii a re  micrographs  
of the  photographic  p la tes  on which the two x - r a y  ex-  
posures covering the same area  were  recorded,  but  the  
superposi t ion is made  difficult because the topographs  
are  unavo idab ly  d is tor ted  geomet r ica l ly  wi th  the i r  
foreshor tened axes perpendicular .  A t t empts  at reach-  
ing a graphica l  correspondence be tween  all  three  topo-  
graphs,  tha t  is including the deta i l  ava i lab le  af ter  the  
sequent ia l  e tching of the same sample  area  (Fig. 
6i), a re  fu r the r  h indered  by  a significant d i spar i ty  in 
the depth  resolut ion  of the techniques.  The morphology  
of Fig. 6i resul ted  f rom a dissolution in the topo-  
g raph ica l  etching mode (d2) of 0.57 ~m, whi le  the sur-  
face l aye r  thickness imaged  by  the x - r a y  technique 
was N18 ~m (17, 18). Hence there  is involved  here  a 
sampl ing  discrepancy factor  of more  than  thir ty .  

In  view of these problems,  the over -a l l  cor re la t ion  is 
judged  fa i r ly  sat isfactory.  Note first that  the p ro -  
nounced l inear  fea tu re  presen t  a t  the l e f t -hand  edge of 
al l  three  topographs  is the resul t  of a de l ibera te  scratch 
m a r k  made  as a geographical  re ference  Point. There-  
after,  pa r t i cu la r  correspondences  can be seen be tween  
the  l inear  a r r a y  of fea tures  ex tend ing  along the l ine 
of the  a r row m a r k e d  A in Fig. 6i and 6if, and also be-  
tween a group of fea tures  at  B in both Fig. 6i and 6iii. 
The l ine of de ta i l  l abe led  A in Fig. 6if contains severa l  
l inear  images (one is a r rowed  at a) which do not  ap-  
pea r  in the complementa ry  x - r a y  topograph.  Analys is  
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Fig. 6. Results of the etching 
calibration, i. Sample surface- 
morphology after electrochemical 
etching as indicated in Fig. 5, 
with d2 0.57 #m; ii. and iij. 
double crystal x-ray reflection 
topographs recorded for the sam- 
ple prior to etching, using the 
51"| and 5|1 reflections from 
GaAs, respectively; and iv. fea- 
tures resulting fron~ sequential 
electrochemical etching at an 
adjacent area to that shown as 
i. (n-GuAs sample, Si-doped, 8.6 
• 10 z~ donors per cm-8). 

of the diffraction conditions show this to be a disloca- 
tion with a high (probably complete) edge component. 
Clearly it lies in a [011] direction. The absence of a 
comparable l inear  feature from the etched surface is 
probably a t t r ibutable  to the difference in depths 
probed, as described already. On a neighboring area of 
the same sample (which was not clearly imaged by 
the x - r ay  method due to slice curvature)  the elec- 
trochemical etching did produce l inear features ar-  
rayed along both the [011] and the [011] directions 
(see Fig. 6iv, which has an increase in magnification 
and a sample rotat ion relat ive to Fig. 6i). Thus an 
abil i ty to reveal both dislocation outcrops (for disloca- 
tions inclined to the surface plane) and dislocation 
lines ( lying in the surface plane) is indicated. In this 
connection, note that the l inear  features present '  in 
Fig. 6iv are all terminated by a roundel, similar to 
those which, individually,  represent  dislocation out- 
crops. This indicates a segmentat ion of the dislocation 
into, presumably,  the ~110~ directions and therefore 
at these points it either enters the bulk  or was origi- 
na l ly  attached to the slice surface. Electron microscopy 
of bu lk-grown GaAs has indicated previously that this 
dislocation type is often dominant  (19). 

The type and scale of defect discrimination demon-  
strated here is simply not a t ta inable  with many  of 
the chemical etchants reported in the l i terature  as 
suitable for defect analysis in GaAs (7), though the 

best characterized of these, the AB etch (10), may, 
under  conditions of di lut ion (5, 20) and together with 
photoassistance (12), yield a comparable detection. 

Some significant informat ion concerning the mech- 
anism by which defects are revealed in the step 2 elec- 
trolytic etching case can be gained by consideration 
of the data contained in Fig. 1 and 2i. (Note that an 
account of the characteristics contained in Fig. 1-3, 
together with their  relat ion to previous work on the 
electrochemistry of GaAs, is given in the Appendix.)  
First, by using the surface bar r ie r  potential  (r n) 
shown for Tiron in Fig. 1, a band diagram for the ap- 
propriate semiconductor/electrolyte contact (at open- 
dircuit, and uni l lumina ted)  can be constructed. This 
is shown as Fig. 7i. With subsequent  i l luminat ion,  the 
electron hole pairs photogenerated wi th in  the electrode 
produce a decrease in  the bar r ie r  height while any  
anodic overpotential  applied thereafter  acts in the re-  
verse-bias sense, assisting the diffusion of holes toward 
the interface. Under  these circumstances, the photo- 
current  shown as Fig. 2i is produced. The diagram ii 
in Fig. 7 is a schematic representat ion of the electrode 
condition at point  A on the polarization curve 2i where 
the anodic overpotential  is -{-250 mV. If applied po- 
tentials in excess of 250 mV are used, a photocurrent  
saturat ion is at tained and the electrode subjected to 
normal  reverse-bias conditions, the depletion width in-  
creasing with voltage. Finally,  on any fur ther  increase 
in  potential, breakdown conditions will  be approached. 
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Fig. 7. Band diagrams representing: i. quantitatively, the n-GaA.~ 
electrode (unilluminated, and at the open-circuit condition) in con- 
tact with 0.SM Tiron electrolyte; and ii. schematically, the n-GaAs/ 
0.5M Tiron half-cell under conditions represented by point A in 
Fig. 2i. 

Any in terband state acting as an electron-hole re- 
combinat ion center  within the depletion width marked 
in Fig. 7it will then introduce two localized per tu rba-  
tions to the over-al l  polarization behavior near  the 
rest condition. First, there is a reduction in the open- 
circuit photopotential,  and second, a stifling of the hole 
current  which supplies the anodic dissolution reaction. 
Clearly the operation of the lat ter  will produce pSints 
of low etching rate at the sites where nonradia t ive  re-  
combinat ion processes are facile. It  has long been well-  
known that  dislocations can act as efficient nonrad ia -  
tive centers in most of the I I I -V compound semicon- 
ductors (21). 

We have found that  all of the discrete features 
etched on samples such as shown in  Fig. 6i (where all 
of the defects are supposed characteristic of the bulk 
mater ia l)  and Fig. 4i (where the defects arise from 
polishing operations) are indeed elevated in profile. 
This was ascertained by use of a Talysurf  ins t rument  
on some heavily etched samples. The surface features 
produced on n-GaAs samples in both of the photoas- 
sisted chemical etching studies already referred to (11, 
12) exhibited a similar  cross-sectional geometry. Al- 
though K u h n - K u h n e n f e l d  (11) recorded negative pho- 
topotent ia ls--as  happened he re - - and  at tempted an ex-  
planat ion of the etching action via his data, no ascrip- 

t ion of a mechanism for  defect  delineation can be re-  
alistically made on the basis of such singular  observa- 
tions. This is because the overpotent ial  avai lable for 
the dissolution remains  largely chemical in  origin. Only 
by the addit ion of a full  electrochemical control, as 
that  obtained by our f x i ng  of the electrode potential  
of the semiconductor sample, can the over-a i l  mech-  
anism depicted semiquant i ta t ively  in Fig. 7ii be just i -  
fiably proposed. 

This content ion is open to exper imental  test. Al-  
though at low overpotentials  the localized recombina-  
t ion processes are responsible for impeding the dissolu- 
tion, an increase in applied bias should lead to a reduc- 
t ion in defect resolution. This follows because the in -  
creased field s t rength imposed in the depletion region 
dur ing the t raversal  of the photosaturat ion is responsi -  
ble for a decrease in the probabi l i ty  of minor i ty  car-  
r ier  t rapping at the imperfection (22). There  is an in -  
trinsic mechanism involved (that  is a field effect on 
the capture cross section of the trap) and  probably also 
a contr ibut ion resul t ing from the increased energy 
imparted to the carrier  (23). Thus the exper iment  
consists of comparing the resolution of defects at dif- 
ferent  anodic potentials. The photomicrographs of Fig. 
8 display the results obtained from such a study. 

Two separate St-doped samples were involved, 
l abe led  D and  S, and clearly have very  different defect 
morphologies. Each was examined at  three adjacent 
areas. The micrographs Di and Si show the surface 
morphology obtained after "standard" sequential  elec- 
t rochemical  etching, as per Fig, 5, wi th  a step 2 over-  
potential  of ---- 300 mV and with d2 ---- 0.57 ~xn and 0.40 
~m, respectively. There is a significant discrepancy be-  
tween the resolution at tained for Di and that  yielded 
by the sample ~shown in  Fig. 6i and 6iv, even though 
the etching conditions were the same in each case. 
Their  dissimilar behavior  might  be taken to indicate 
that  a different degree or type of dislocation decoration 
was specific to each. The wafers had almost identical 
carrier  concentrations, but  originated from different 
manufacturers .  This marked discrepancy in etch be-  
havior was observed consistently through a whole 
range of samples obtained from these two suppliers. 
The topography shown by the sample S has, in the 
equivalent  case(St) two basic elements. The striations 
present  in  the l e f t -hand  port ion of the micrograph 
were original ly supposed to derive from a known facet 
effect often incurred dur ing the bu lk  solidification of 
GaAs (24). Clearly some extensive microfaceting 
would be required to produce the features as observed. 
However, the same defected area gave a s trongly 
imaged, banded contrast  on an x - r ay  topograph. This 
is probably inconsistent with simple variations in 
dopant concentrat ion alone (7). The common severity 
with which these features were resolved by both tech- 
niques leads us to suspect that they have a basic crys- 
tallographic origin, poss ib ly  l inked to lamel lar  twin-  
n ing (7). (Note that there are also striations present 
in Fig. 6i, but  they are very much weaker than those 
of St. Also the accompanying x - r ay  topographs there 
(6it and 6iii) have no image matching the striae. Our 
conclusion is that  these etch features do correlate with 
simple variat ions in  dopant  concentration, and hence 
carrier mobility, and that  the periodic dis t r ibut ion 
arose there from thermal  cycling occurring dur ing 
solidification.) Also present  for St, and covering the 
whole area of the micrograph, is an array of small  
nodular  features at a density of ,~ 2 X 106 cm -2. Their 
origin is as yet uncertain.  However, considering the 
carrier concentrat ion of the sample (Nd : 2.4 X 10 TM 

cm-3) ,  dopant precipitat ion would appear to be a 
strong possibility. Some attempts were made to check 
fhe comparative behavior  of this wafer on use of the 
AB chemical etchant (10), both in a s tandard form and 
also with dilution and photoassistance together (12). 
Only in  the lat ter  case was a clear resolution of the 
same nodular  topography attained. The concentrated 
etchant produced only a marginal  featur ing of the 
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surface, cer ta inly not as clear a morphology as that 
observed for GaAs doped with Se and Te at the same 
concentrat ion levels (25). For these materials,  St i r land 
(25) has observed good correlation between etch pit 
features (at localized densities of between 106 and 108 
cm -2) and small defects allied to dopant precipitates. 
The e-Jidence for the presence of similar  imperfections 
in sil icon-doped mater ia l  is cer tainly much less clear 
and our result  can only be advanced as an additional 
p re l iminary  indication of similar  precipitation effects. 

The changes in the etch morphologies developed at 
different electrode potentials are shown in sections ii 
and iii of Fig. 8. The central  pair  of micrographs (Dii 
and Sii) i l lustrate  the results gained after  using an 
overpotential  of 1.25V. (This is sufficient to double the 
possible voltage drop across the depletion region and 

therefore to increase the field s trength relative to that  
of the first etching experiment  by a factor o~ A/2.) In -  
terestingly, the resolution of each defect type is af- 
fected differently. The striated features (in Sii), the 
origin of which we have been unable  to identify with 
complete confidence, r emain  as well resolved as in the 
ini t ial  case Si. In  Dii, only those dislocations resolved 
most severely in the first instance have now produced 
a local per turba t ion  of the anodic current,  while the 
distinctive nodular  features present  in  Si are no longer 
revealed at all  in the second case. The mater ial  re-  
moval was held constant  for each samPle (d2 : 0.57 
and 0.40 ;~m were the average removals for D and S, 
respectiveIy).  At this stage we can conclude that  the 
quali tat ive model dealing with the selective resolution 
of imperfections has been amply verified by the experi-  

Fig. 8. Nomarski interference 
micrographs showing the etch 
morphologies developed during 
the defect revelation procedure 
at different anodic electrode po- 
tentials; i. overpotential ,~250 
mV; ii. overpotential 1.25V; iii. 
overpotential ~ 1.75V. (n-GaAs 
samples: D, Si-doped, 7.8 • 
1017 donors per cm3; S, Si- 
doped, 2.4 X 10 is donors per 
cm~). 
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menta l  results .  Addi t iona l ly ,  there  appears  to be ava i l -  
able some semiquan t i t a t ive  informat ion  concerning the 
minor i ty  ca r r i e r  l i fe t ime at  different  defect  centers.  

In  connect ion wi th  this las t  s ta tement ,  the  resul ts  
gained at cur ren t  densi t ies  exceeding the pho tosa tu ra -  
t ion a re  of in teres t  (Diii  and Si i i ) .  The defects  which 
were  act ing p r i m a r i l y  as recombina t ion  centers  in the  
low overpoten t ia l  etching, should, under  the neces-  
sa r i ly  h igher  overpoten t ia l  condit ions now required ,  
pa r t i c ipa te  as local ized b r e a k d o w n  sites. The use of 
this etching reg ime is known from previous  exper i -  
ments  to resul t  in a d iscre te ly  p i t t ed  surface (26, 27). 
Thus an invers ion  of the  etch morpho logy  is possible 
on t r avers ing  the whole  anodic l~otential range.  This is 
shown sepa ra t e ly  here  in Fig. 9 b y  the compara t ive  
d i sp lay  of Ta lysur f  t races for the  two sample  areas  
pho tographed  as Di and Diii in Fig. 8. Because the  
e lec t rochemical  e tching was confined to a wel l -def ined  
c i rcular  area, the  bounda ry  etch step could be used 
for  ca l ibra t ion  of the  ver t ica l  axis. These steps are  posi-  
t ioned in l ine on the l e f t -hand  side of Fig. 9. The 
etch profile is then  c lear ly  resolved in both  cases, con- 
s is t ing of e levated  ( r idged)  fea tures  for  Di and de-  
pressed (pi t ted)  fea tures  for  Diii. The edge step was 
also used to ca l ibra te  opt ical  mic ro in te r fe romete rs  of 
the s t andard  Michelson type  and also a Nomarsk i  d i f -  
fe ren t ia l  in te r fe rence  contras t  objec t ive  and use of 
these techniques confirmed tha t  an invers ion of etch 
topography  was indeed gained on increas ing the anodic 
potent ial .  Final ly ,  sample  S was also subjec ted  to 
etching at  cur ren t  densi t ies  > 1.5 m A  cm-% In this 
case, (Si i i ) ,  the  dissolut ion is l a rge ly  confined to the  
heav i ly  s t r ia ted  mate r i a l  and the imperfec t ions  re -  
sponsible for the  nodula r  f ea tu res  in Si do not con- 
t r ibu te  i nd iv idua l ly  to the  reverse -b ias  b reakdown  of 
the sample  a rea  probed.  The gene ra t ion / r ecombina t ion  
character is t ics  of each type  of defect  a re  c lear ly  qui te  
different.  

Summary and Discussion 
Our a im in this  work  was to procure  a technical ly  

s imple  method  for the  resolut ion  of c rys ta l lographic  
defects  in GaAs, p r e f e r ab ly  wi th  a resolut ion such that  
reproduc ib le  resul ts  could be gained wi th  the remova l  
of --~0.5 #m of mater ia l .  Of necessity, two prev ious ly  un-  
t r i ed  methods  of anodic dissolution have been in-  
vest igated.  The  technique thus developed consists of: 

(i) A defec t - insens i t ive  etch (step 1 in Fig. 5) which 
can be used for the  remova l  of damaged  ma te r i a l  f rom 
as-pol i shed  surfaces, or to accura te ly  section the slice 
to any  p r ede t e rmined  depth.  The anodic dissolut ion 

here  is car r ied  out  cont inuously  wi th  an oxide film 
present  at  the  in ter face  to p rese rve  the  ini t ia l  topogra-  
phy. 

(ii) A defec t - revea l ing  etch for n - G a A s  which has 
a high sens i t iv i ty  re la ted  d i rec t ly  to the  electronic 
character is t ics  of the  imperfec t ion  (step 2 in Fig. 5). 

Used in  sequence, these two dissolut ion regimes  a l -  
low: (i) the dep th  character is t ic  of pol ish ing damage  
to be gauged quan t i t a t ive ly  for any  method o f  slice 
p repara t ion ;  and (ii) the  defect  content  of the bu lk  
ma te r i a l  (n -GaAs  subs t ra te)  to be de te rmined  w i t h  a 
resolut ion  not  a t t a inab le  wi th  any  of the  s tandard  
chemical  e tchants  used prev ious ly  for GaAs. 

One dis t inct ive  e lement  of the  technique descr ibed 
here  has card ina l  importance.  The adopt ion of fu l ly  
e lect rochemical  e tching conditions, in which  chemical  
react ion be tween  the e tchant  and semiconductor  has 
been de l ibe ra te ly  excluded,  leaves the dissolution 
to ta l ly  dominated  by  the  op toe lec t ron ic  p roper t ies  of 
the sample.  That  is, e tching only  occurs at locations 
on the surface where  the  anodic cur ren t  is e i ther  un-  
inhibi ted  or, a l te rna t ive ly ,  enhanced.  Therefore  the 
corre la t ion  of morphologica l  fea tures  produced  agains t  
defects identif ied by  an independen t  c rys ta l lographic  
technique (as pe r  Fig. 6) comprises a re la t ion be tween  
the s t ruc tu ra l  or ig in  of the  imperfec t ion  and its elec-  
tronic consequence. Thus our  exper imen ta l  method cor-  
responds  quite closely to those adopted  for  de ta i led  
studies of s t ruc tura l  defects  and  the i r  nonrad ia t ive  
recombina t ion  character is t ics  in n - G a P  (23, 28), ex -  
cept  that  in this case the  etching and the optoelectronic  
probe  are  done nea t ly  in combination.  

Fur the rmore ,  the manner  in which the semiconduc-  
tor  proper t ies  of GaAs domina te  its e lect rode behav ior  
indicates  an easy extension of the  method  into analyses  
of ep i tax ia l  GaAs and p robab ly  also o ther  I I I -V  com- 
pounds. Working,  for example ,  wi th  the  ep i tax ia l  s t ruc-  
ture  of most in teres t  at  this  t ime [the f ive- layer  G a A s /  
GaxAl l -xAs  sequence grown for in ject ion laser  fab-  
r icat ion (9)] ,  we have been able to p robe  the n -GaAs  
buffer  ma te r i a l  and its homoepi tax ia l  in ter face  wi th  
the  substrate ,  and also, separate ly ,  the succeeding n-  
Ga0.65Alo.3~As layer .  Results  f rom this and o ther  areas  
of s imi lar  ma te r i a l  assessment  wil l  be descr ibed  in a 
subsequent  publicat ion.  

Note 
During the per iod whi le  this pape r  was unde r  re -  

view, a publ icat ion on the same topic (42) has appeared  
in the l i te ra ture .  We have carr ied  out  anodic e tching 
exper iments  on n + - G a A s  exac t ly  as descr ibed by  

Fig. 9. "Talysurf" profiles of 
the etched surfaces photographed 
as Di and Diii in Fig. 8. 
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Greene  in an a t t empt  to classify the defect  reveal ing  
condit ions according to our Fig. 8. The most  impor t an t  
dis t inct ion is tha t  no de l ibera te  i l lumina t ion  is incIuded 
in Greene 's  exper imenta t ion .  Thus, automat ica l ly ,  the  
r a the r  "heavy-weigh t"  condit ions imposed (max imum 
cur ren t  densi ty  2 m A  cm -2 and cell  vol tage 10V) lead  
to a defect  resolut ion of types  ii and iii i n  Fig. 8, d e -  
pending  somewhat  on the level  of a m b i e n t  i l lumina-  
tion. These are  not the  most sensi t ive conditions. For  
example ,  only  the  p rephotosa tu ra t ion  cur ren t  dens i ty  
etching of sample  S in Fig. 8 (Si) resolves the  high 
dens i ty  of nodular  features  which we suspect a re  re -  
la ted to impur i ty  prec ip i ta t ion  defects in S i -doped  n +-  
GaAs.  
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A P P E N D I X  
Use has been made  in these studies of the anodic 

capaci tance and polar iza t ion  character is t ics  of n-GaAs.  
Electrode capacitance.--The only sys temat ic  exam-  

inat ion of the  deple t ion  character is t ics  of GaAs /e l ec -  
t ro ly te  contacts is that  due to Benard  and Hand le r  
(29), who de te rmined  specifically the semiconductor  
surface potent ia ls  but  used only s t rcng ly  ac idic  media.  
The collection of da ta  assembled in Fig. 1 includes that  
measured  for the e lect rolytes  used here, and confirms 
tha t  the  n-tyl~e semiconductor  surface is in subs tant ia l  
depletion under open-c i rcu i t  conditions.  One note- 
wor thy  aspect  is tha t  the  band -bend ing  (lCsnl) for the  
e lectrolyt ic  contact  appears  to exceed almost  eve ry -  
where  in the  pH range  the  values measured  for n-  
G a A s / m e t a l  junct ions (--0.80V --~ Cs n --~ --0.95V) by  
Mead (30). There  is also presen t  a sys temat ic  var ia t ion  
of Cs n wi th  pH, and this produces  a different ial  resolu-  
t ion of the  c rys ta l lographic  defects in step 2 etching 
conditions, jus t  as that  obta ined by  var ia t ion  of the  bias 
vol tage and p ic tured  in Fig. 8. The highest  etch dis-  
c r iminat ion  is  p rocured  therefore  wi th  acidic media,  
where  the field s t rength  in the deplet ion layer  is lower.  
Note tha t  Fig. 1 wi l l  not  app ly  to e lectrolytes  conta in-  
ing strong oxidizing agents  (31). 

Electrode dissolution and passivation.--It is wel l  
known tha t  the  anodic dissolution of the  wide bandgap  
semiconductors  requires  the  par t i c ipa t ion  of holes. 
Pleskov ( 3 2 ) f i r s t  confirmed tha t  this was the  case 
for GaAs, having inves t iga ted  the anodic currents  
gained using both acidic and a lkal ine  electrolytes.  The 
curve  shown as Fig. 2i here, where  use has been made  
of the  complexant  e lec t ro ly te  Tiron, is of the same 
classical  form (33, 34) and yields,  over-a l l ,  two im-  
por tan t  advantages  in the  topographical  e tching s tud-  
ies. First ,  the anodic react ion has a s tr ict  s ix-e lec t ron  
equivalence (35), which allows the in tegra ted  current  
dens i ty  to be conver ted  au tomat ica l ly  to the average  
dissolution depth. Second, it  al lows the e lectroetching 
to occur wi thout  in te r fe rence  f rom in.coluble products  
a t  the  e lect rode surface, in contrast  to, say, sulfuric  
acid solutions which leave prec ip i ta ted  arsenious oxide 
(26). Impor t an t ly  also, the  e lec t ro ly te  is acidic (see a, 
above) .  

Conversely,  the  anodic polar iza t ion  curve obta ined  
using the phosphate  e lec t ro ly te  (Fig. 2ii) shows 
pass ivat ion  character is t ics  s imi lar  to those observed 

for var ious  GaAs electrodes by  H a r v e y  (36, 37). Since 
curves 2i and 2ii were  recorded under  ident ica l  i l l umi -  
nat ion conditions,  i t  is c lear  tha t  the  s t r a igh t fo rward  
photosa tura t ion  l imi ta t ion  presen t  in the first ins tance 
has been replaced  in 2ii by a kinet ic  res t ra in t  due to 
product  insolubil i ty.  

F r o m  Fig. 3 i t  is appa ren t  tha t  a mix tu re  of the two 
electrolytes  al lows both  of these ind iv idua l  character= 
istics to appear  in succession. Specifically, the  addi t ion 
of the  complexant  (Tiron)  to the  ba r r i e r  oxide forming 
e lec t ro ly te  (NaH2PO4) has led to a la rge  increase  in 
the s t eady-s t a t e  cur ren t  dens i ty  achievable  in  the  pres-  
ence of a un i form anodic oxide  film (compare  point  B 
in Fig. 3 wi th  the  or iginal  pass ivat ion  curve 2ii).  As 
ye t  we have been unable  to c lear ly  resolve the in-  
d iv idua l  roles of photoinject ion and Schot tky  ba r r i e r  
b r eakdown  in the  supply  of holes for the  ove r - a l l  d is-  
solut ion reaction.  A s ix-e lec t ron  equivalence is ma in -  
t a ined  however ,  w i th  a 1 m A  cm -2  cur ren t  dens i ty  cor-  
responding to a continuous r emova l  ra te  of 1.7 ~m per  
hour. Some exper imen ta l  observat ions  concerned wi th  
the effect of aqueous e lec t ro ly te  composit ion on the 
outcome of GaAs anodizat ion have been publ ished by 
Schwar tz  et al. (38). In  comparison,  the  specific com- 
p lexan t  act ion of Tiron, as set out  above  for the  mixed  
electrolyte,  is r a the r  be t t e r  defined than  the anion-  
type  dependencies  noted by  Schwartz  et al. Also, the 
use of an e lect rochemical  reg ime where  oxide dissolu-  
t ion is un i fo rmly  enhanced for the  machin ing  of GaAs 
(see step 1 in Fig. 5) was not dea l t  with.  In  fact, one 
pa r t i cu l a r ly  impor t an t  appl ica t ion  ( the precise  th ick-  
ness t r imming  of ep i tax ia l  layers )  has genera l ly  been  
subjected to a noncontinuous method,  where,  in sep-  
a ra te  steps, the  oxide is first grown and then  removed  
under  open-c i rcui t  dissolution condit ions (3, 39, 40). 
C lea r ly  this  mul t ip l e - s t age  process ing m a y  lead  to 
some cumula t ive  inaccuracy in  assessing the  ove r -a l l  
ma te r i a l  removal .  
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ABSTRACT 

A n  ox ida t ion- induced  fixed oxide  charge Qss is known to be generated in 
the  Si02-Si  in ter rac ia l  region. In  the l ight  of recent  de te rmina t ions  of the  
composit ion and wid th  of this in ter fac ia l  t rans i t ion  region, a r eexamina t ion  of 
the na ture  of this charge is under taken.  A model, consistent  wi th  known 
t rans i t ion  region composition, is proposed in which a pos i t ive ly  charged  s i l icon-  
oxygen complex  is formed as an in te rmedia te  react ion produc t  of the  ox ida -  
t ion process. This i n t e r m e d i a t e  m a y  be t r apped  wi th in  the  t rans i t ion  region 
when the oxidat ion  react ion is t e rmina ted  by  quenching in the  oxidizing 
ambient .  The concentra t ion of this complex is p ropor t iona l  both  to the  excess 
oxygen  concentra t ion and to the nonoxidized St-St  bond dens i ty  in the  t r ans i -  
t ion region. The model  is also consistent  w i th  the  dependence  of Qss on such 
factors as ox idant  pressure ,  oxidat ion  tempera ture ,  i n e r t ' g a s  anneal ing,  and 
subs t ra te  or ientat ion.  

E lec t r ica l ly  act ive sites such as fixed oxide charge,  
Qss form in the  oxide  film at or near  the  SiO2-Si in t e r -  
face (1) dur ing  the oxidat ion  reaction. Their  format ion  
occurs wi th in  the same region in which  Si is incom- 
p le te ly  oxidized and wi th in  which  the oxida t ion  p roc -  
ess takes  place (2, 3). The number  of nonoxidized Si 
atoms present  wi th in  this t rans i t ion  region cannot  be  
identif ied wi th  Qss. The dens i ty  of these charge sites 
a f te r  oxidat ion  (1012 cm -2) (1, 4) is s ignif icantly lower  
than  the nonoxidized St-St  bond densi ty  (1015 cm -2) 
wi th in  the  t rans i t ion  region. Qss is reduced fu r the r  (to 
1010-1011 cm -2) by pos toxidat ion  anneal ing  t r ea tments  
(1, 4). The magni tude  of Q~s depends  in t ima te ly  upon 
the the rmal  oxidat ion  process (1). Despite numerous  
studies, the re la t ionship  be tween  the rmal  oxida t ion  
and Qss, as wel l  as the chemical  na ture  of Qss is not 
wel l  understood.  Control  of fixed oxide charge  densi -  
ties, which are  of technological  importance,  remains  
l a rge ly  empir ical .  

Recently,  the  composit ion and wid th  of the  SiO2-Si 
interface,  formed by  the rmal  oxidat ion  of <10O> and 
<111> or iented Si surfaces were  character ized by  
analysis  of x - r a y  photoelect ron spectroscopy (XPS)  
da ta  (5-8).  Changes in Si chemical  bonding at this 
in ter fac ia l  region were  der ived  f rom XPS spect ra  (5, 
8). Al though the detect ion l imi t  of x - r a y  photoelect ron 
spectroscopy is app rox ima te ly  1013 cm -2 and does not 
provide  a means  for d i rec t  observa t ion  of the sites 
responsible  for Qss, the XPS findings do provide  a new 
pic ture  of the t rans i t ion  region wi th in  which these 
electr ical  instabi l i t ies  must  be understood.  We have 
therefore  reconsidered the the rmal  oxidat ion process 
and the re la ted  chemis t ry  that  occurs at  an SiO2-Si 
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t rans i t ion  region and tha t  m a y  influence the  oxide 
Charge densities.  

Fixed Oxide Charge 
The proper t ies  of fixed oxide  charge have  been  sum-  

mar ized  in severa l  papers  (1, 4) and rev iew ar t ic les  
(9-12) and are only brief ly descr ibed here.  These 
charges form a posi t ive space charge in the oxide film 
dur ing  the the rmal  oxidat ion  process and induce a 
negat ive  image  charge in the  Si substrate .  F ixed  Oxide 
charges are  s table  under  modera te  t empe ra tu r e -b i a s  
condit ions and are  unaffected by  changes in surface 
potential .  Densit ies  ~re dependent  upon subs t ra te  or i -  
enta t ion wi th  Q s s < l l l >  > Qss<100>. Chemical  e tch-  
ing (1) and in te rna l  photoemission exper iments  (13, 
14), as wel l  as the dependence  of Qss upon subs t ra te  
orientat ion,  indicate  tha t  Qss is near  to the  substrate .  
For  example ,  resul ts  of in te rna l  photoemission exper i -  
ments  suggest  tha t  most of the charge is located at  less 
than  2flA from the subs t ra te  and is spa t ia l ly  d i s t r ib -  
u ted wi thin  the  SiO2-Si t rans i t ion  region. 

Factors  that  influence Qss include oxidat ion  and an-  
neal ing ambients  and the oxidat ion  tempera ture .  
Charge densit ies reflect the final oxidat ion  or annea l -  
ing conditions. The format ion  or  reduct ion of Qss is 
revers ib le  provided  that  s t eady-s ta te  condit ions are  
achieved. In a react ive  d ry  oxygen  ambient ,  Qss in-  
creases wi th  decrease in oxidat ion  t empera tu re .  An  ex-  
ample  taken  f rom t h e  ear l ie r  l i t e r a tu re  (1) shows tha t  
Qs~ is about  4.2 X 1011 cm -2 af ter  20O0A th ick  films 
have been annea led  to minimize  Qss and subsequent ly  
oxidized at 550~ Af te r  oxida t ion  of Si at  1200~ Qss 
is 2 X 101~ cm -2. Vary ing  the ra te  at  which a sample  
is pu l led  f rom a hot  zone in an  oxida t ion  furnace  is 
equiva lent  to ad jus t ing  the  final effective oxida t ion  
t empera tu re  at which  the oxida t ion  react ion is 
quenched, the reby  a l te r ing  Qss. High t empera tu re  an-  



630 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY April  1978 

neal ing in an iner t  ambient,  such as Ar  gas, minimizes 
Qss. N2 gas, which is often used as an anneal ing am- 
bient  to reduce charge densities, is not chemically in -  
ert. Under  certain conditions, annea l ing  in  N2 will re- 
sult in an interact ion between N 2 and Si and will in -  
crease the density of electrically active sites (15-18). 

The relationships between oxidation temperature,  
inert  gas annealing,  and Qs~ are summarized in ~ ig. 1 
by the we l l -known Deal oxidation tr iangle (1, l l ) .  
The cross sections in Fig. 1 show a clear relationship 
between Qss and the concentrat ion of excess oxygen, 
Ci, at the t ransi t ion region. For instance, at high tem- 
peratures (cross section a), Ci is low because the oxi- 
dat ion rate is high compared with the rate of supply of 
in-diffusing oxygen. At low temperatures  (cross sec- 
tion b),  Ci is high because the diffusion rate is large 
compared with the great ly reduced oxidation rate. 
Finally,  an inert-gas anneal  (cross section c) will both 
consume and out-diffuse the excess oxygen. 

When an annealed SiO2-Si s tructure with low Qss is 
subjected to fur ther  oxidation, the rate at which the 
new value of Q~s is reached is proport ional  to the oxide 
film thickness (4). This rate is associated with the rate 
of oxygen transport  through the oxide film and thus 
with the a t ta inment  of the s teady-state  value of C~. 
Paut rak  and Pfister (19) obtained a direct relationship 
between Q~s and oxygen pressure by anneal ing 2500A 
thick films, grown at 1240~ in oxygen at various oxy- 
gen pressures, p, and anneal  temperatures.  Qss in-  
creased l inear ly  with p~/2 to some saturat ion pressure 
(determined by the given anneal  temperature)  once a 
steady-state concentrat ion of oxygen oxidant  at the 
t ransi t ion region had been reached. 

Other workers have observed that Qss is a monotonic 
function of the excess oxygen within  the t ransi t ion 
region, Ci (4, 20, 21). As early as 1967, Kubo and Ichi- 
nohe (21) suggested that  electrical instabilities, such 
as Qss, caused flatband voltage shifts in  capacitance- 
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Fig. I. The dependence of Qss on final oxidation temper-ture 
and ambient as represented by Deal's Qss-Oxygen triangle. The 
sketches of the thermal oxide cross sections indicate the proposed 
relationshil~ between Qss and the oxidation r 

voltage curves and were related to dissolved oxygen in  
SiO2 near  the interface. The solubil i ty of oxygen in  
10A transi t ion region layers should range from 6 • 109 
to 2 X 1011 cm -2 based on oxygen solubilities in  SiO2 
(3) and in crystall ine Si (22, 23). These appear some- 
what  low to account for ma x i mum Qss values of about 
2 X 10 TM cm -2. 

In addit ion to the relationship between Qss and Cl, 
Qss is also associated with the fast surface-state den-  
sity, Nss. For example, Arnold et al. (20) have observed 
that  Qss and fast surface-state density, Nss, are ini t ia l ly 
proportional to each other after Si oxidation in  02 and 
that their densities exhibit  the same dependence upon 
orientation. Although both are formed dur ing  oxida- 
tion, the fact that  these instabili t ies have different an-  
nealing properties demonstrates that they are not 
manifestat ions of a single chemical entity. The chemi- 
cal processes that affect Nss and the abi l i ty  of these 
states to act either as donors or as acceptors are con- 
sistent with the model in which a surface state corre- 
ponds to a chemically unsatura ted  silicon atom, - S i .  
(24). No single microscopic model is accepted that  ac- 
counts for the reported variat ions in Qss with changes 
in  processing. 

SiO'2-Si Transition Region (6, 7, 9) 
Several  compositional changes occur at an SiO2-Si 

interface. The total Si atom concentrat ion per  un i t  
volume decreases by a factor of 2.2 when  Si is oxidized 
to form SIO2. Crystal l ine Si surfaces with <100> and 
< I l l >  orientations possess 6.78 • 10 TM and 7.85 • 1014 
Si atoms cm -2, respectively. As a consequence of the 
directionali ty of the bonds in  the Si substrate, the 
number  of Si-Si bonds accessible to an oxidant  at a 
< i l l >  oriented surface is 11.76 • 1014 cm-2;  on a 
<100> oriented surface, the corresponding number  of 
bonds is 6.78 • 1014 cm -2 (25). Based upon the XPS 
detectabil i ty limit, the number  of nonoxidized Si-Si  
bonds in thermal ly  grown, amorphous SiO2 was found 
to be less than 1015 cm -2 (6). 

A nonstoichiometric interracial  t ransi t ion region, 7- 
10A thick, is formed between single crystal Si sub-  
strates and thermal ly  grown SiO2 films. I t  is graded in  
composition and increases in chemically bonded oxy- 
gen content  with distance from the substrate. This 
gradation is nonlinear .  The Si is more than  50% oxi- 
dized in  the first 2.5A beyond the substrate. For ex-  
ample, the average composition of the first 2.5A of 
oxide film is SIO1.4 on a <100> oriented substrate and 
is SiO~.2 on a <111> oriented substrate (6b). Both 
Si-Si bonds and Si-O-Si  groups are present  wi th in  the 
t ransi t ion region, but  not as a mix ture  of Si and SiO2. 
Instead, x - r ay  photoelectron spectroscopy data indicate 
that Si tetrahedra,  S i - (O)~(Si )4-x ,  are formed, in  
which x varies from 0 to 4 in going from the substrate 
to the stoichiometric SiO2 film. Within the sensit ivi ty 
limits of x - r ay  photoelectron spectroscopy, no evidence 
of the formation of an intermediate,  such as Si +, whose 
binding energy should be greater  than that of Si 2p in  
SIO2, is detected. The width and composition of this 
region remain  invar ian t  with change in  oxidation tem- 
perature (25~176 in  oxidant  [02, O2/N2, H20, 
H N Q ,  H202(30%)], or in oxide film thickness (20- 
1000A). Postoxidation anneal ing at 1000~ in  N2 for 
30 min  does not al ter  the t ransi t ion region. 

The composition and width of the t ransi t ion region 
are altered only with change in  substrate or ientat ion 
(7, 9). Oxides formed on <111> oriented substrates 
have transi t ion regions that  are 10A thick and that 
possess 1.4 X 1015 nonoxidized Si-Si  bonds cm -2, 
whereas t ransi t ion regions on <100> oriented sub-  
strates are 7.5A thick and possess 0.8 • 1015 Si-Si  
bonds cm -2 (6b). The nonoxidized Si bonds wi th in  the 
t ransi t ion regions are proport ional  to the accessible 
Si-Si bonds (25) at a substrate surface. 

Transi t ion region nonstoichiometry, which is often 
suggested as the origin of Q~s (1), does not contr ibute  
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directly to the density of electrically active sites. As 
previously indicated, t ransi t ion region composition is 
unaffected by several of those factors or processes that  
alter Qss. Changes in Qss are directly related only to 
changes in t ransi t ion region composition associated 
with a change in substrate orientation. However, the 
number  of nonoxidized St-St bonds wi thin  these  t rans i -  
t ion regions is significantly greater than the change in 
the density of electrically active sites. 

Thermal Oxidation of Si 
During the thermal  oxidation process, crystal l ine Si 

substrate surfaces are converted into amorphous SiO2 
films. This conversion involves an interfacial  chemical 
reaction in  which the oxidant  is first t ransported 
through an oxide film and is absorbed in the t ransi t ion 
region. Oxidant  t ransported to this region is assumed 
to be neut ra l  (26) and composed either of 02 mole-  
cules, which subsequent ly  dissociate, or of (O) atoms. 
The na ture  of the oxygen adsorption and dissociation 
processes wi thin  the t ransi t ion region is not known al-  
though several models for the ini t ia l  oxidation steps 
have been proposed (27-30). When an oxidation reac- 
t ion does occur, considerable s t ra in should arise at an 
SiO2-Si interface as a result  of direct inser t ion of oxy- 
gen atoms between St-St bonds. A t ransi t ion region 
between a single-crystal  Si surface and an amorphous, 
stoichiometric SiO2 film presumably  forms in order 
that oxygen atoms be accommodated by the substrate 
with a m i n i m u m  of in terna l  strain. The formation of 
different t ransi t ion regions on ~111~  and on ~100~  Si 
substrates is then  associated with differences in  the 
in te rna l  strains that  would otherwise accompany oxi- 
dation of these oriented surface layers. Bond distances 
change from 2.3A for a St-St bond in the substrate, to 
3.0A, for a St-O-St  group in an oxide film. Incorpora-  
tion of oxygen into the Si substrate lattice to form an 
oxide film while still re ta in ing a predominant ly  3 di-  
mensional  s t ructure  requires displacement of Si atoms 
from their  original  lattice sites. These displacements 
are consistent with the decrease in  Si atom concentra-  
t ion of more than 50% when crystall ine Si is oxidized 
to form SiO2 within  the t ransi t ion region. The te t ra-  
hedral  bonding of the nonoxidized Si surface atoms to 
the substrate acts as a constraint  upon this oxidation 
process. Changes at the substrate surface are facilitated- 
if the oxidation reaction occurs via a mult is tep process. 
The consequences of a mult is tep oxidation process are 
considered below. 

Model 
The oxidation reaction occurs at accessible non-  

oxidized Si atoms wi th in  the t ransi t ion region. How,  
ever, fixed oxide charges, which are associated wi th  
the oxidation process, form at only a small  subset of 
these reaction sites. This can be rationalized when con- 
sidering the observed correlations between the excess 
oxidant concentrat ion and Qss and by assuming that  
electrically active sites are intermediates  formed dur -  
ing an oxidation reaction. A two-step oxidation reac- 
t ion is proposed that  involves St-St bond breaking and 
siloxane (St-O-St) group formation. The St-St bonds 
wi th in  the t ransi t ion region are under  tension. Oxygen 
molecules or atoms, both of Which contain unpaired  
electrons, interact  with accessible nonoxidized St-St 
bonds. This ini t ia l  oxidation reaction in which St-St 
bonds are broken is only weakly thermal ly  activated 
with an activation energy, Ea, near  zero. For  a given 
substrate orientation, the extent  of this interact ion is 
determined by Ci. Oxygen solubil i ty is presumably  en-  
hanced by complex formation with aonoxidized St. A 
reaction occurs with formation of two different elec- 
tr ically active intermediates  such as are shown in  Eq. 
[1] 

O 
$ 

St-St ~- (O) --> St: St-> - S t .  -~ (St-O) + ~ e [1] 
$ 
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The dangling bond, =_-St., corresponds to fast surface 
states, and the positive St-oxygen complex, (St -O)+.  
corresponds to fixed oxide charge. This positive com- 
plex represents a possible configuration for Qss con- 
sistent with the known composition of the t ransi t ion 
region and with the properties of Qss (31). Lit t le is 
known of positive St-oxygen complexes, al though 
Brosious (32) has recent ly proposed that  an ESR signal 
from oxygen dissolved in  crystal l ine Si can be associ- 
ated wi th  a positively charged vacancy-oxygen defect. 

Reaction [1] implies that  the fixed oxide charge den-  
sity and the fast state density are equal and consistent 
with the proport ional i ty observed by Arnold (20). Dif- 
ferences detected between the magni tudes  of the oxide 
charge and the fast state densities can indicate that  ad- 
dit ional chemical reactions are occurring. Al te rna-  
tively, they may signify that  the stabilities of the two 
intermediates  formed in  reaction [1] at elevated tem- 
peratures during an oxidation reaction are significantly 
different when brought  to room temperature,  perhaps 
because of different effective quench temperatures.  

Reaction [1] involves neut ra l  reactants. An electron 
must  be t ransferred to the substrate to obtain a posi- 
tive charge w i th in  the t ransi t ion region. This positive 
oxide charge is localized wi th in  the t ransi t ion region 
by formation of the oxygen complex,  whereas the 
t ransferred electron is delocalized in the substrate. A 
double layer exists as a consequence of this first step 
in the oxidation reaction at the SiO2-Si interface. This 
double layer, ra ther  than the t ransport  of charged oxy- 
gen species through the oxide film to the t ransi t ion re-  
gion, may account for changes in oxidation kinetics ob- 
served by Jorgenson (2) when a bias is applied across 
an oxide film dur ing the thermal  oxidation reaction 
(33). 

Format ion of intermediates  at a t ransi t ion region 
dur ing a Si oxidation reaction presumably  occurs with 
other oxidants, such as H20, HC1, and C12. In  contrast 
to reaction with 02, these reactants form nonbridging,  
or te rminal ly  bonded, intermediates  dur ing the St-St 
bond breaking reaction as is shown below 

St-St + H~O -> Si-H + St-OH [2] 

St-St + HC1 -> Si-H + St-C1 [3] 

St-St + C12--> 2St-C1 [4] 

The parabolic and l inear  rate constants both increase 
when  Si is oxidized with these oxidants which form 
terminal ly  bonded groups (1, 34-36). A higher steady- 
state broken-bond density is obtained both wi thin  the 
oxide film and wi th in  the t ransi t ion region. Oxidant 
diffusion rates are increased. Oxidation kinetics are 
also enhanced at the SiO2-Si interface (37). In ter -  
mediates such as St-C1, which have bond energies only 
0.7 eV less than Si-O (4.7 eV), are detected wi thin  the 
first 200A of the oxide film (38). 

The second oxidation reaction step invo lv ing  oxygen 
as oxidant  is the thermal ly  activated reaction in  which 
siloxane groups are formed as is shown in [5] 

_=St- + (St-O) + + e--> St-O-St  [5] 

In reaction [5], (St -O)+ complexes react at typical 
oxidation temperatures  with incompletely oxidized Si 
atoms such as --St.,  as shown above, or with St-St 
bonds. Reaction [5] therefore decreases both Q~s and 
Nss. This reaction is exothermic and leads to a stable 
siIoxane structure. The reactants are covalently bonded 
to the 3 dimensional  t ransi t ion region structure and 
therefore require local reorientat ion for reaction [5] to 
occur. Restructuring,  or the displacement of Si atoms 
from their original lattice sites during this thermal  
oxidation reaction, can occur at three levels: at the 
substrate surface, wi thin  the t ransi t ion region, and 
wi th in  the oxide film where bond angles are modified 
to accommodate newly formed oxide film (38). This 
res t ructur ing is presumably  a thermal ly  activated 
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process that,  in part ,  de te rmines  the ra te  of oxide film 
formation.  

Elec t r ica l ly  act ive in te rmedia tes  a re  formed in r e -  
act ion [1] and are  consumed in react ion [5]. The tem-  
pe ra tu re  dependence  of the  02 oxidat ion react ion on 
Q~ format ion  is r ead i ly  unders tood by  considering 
these reactions. As oxidat ion  t empera tu res  decrease,  
react ion [1], w i th  Ea ~--- 0, dominates  and is l imi ted  
only by  the ava i lab i l i ty  of oxidant  at  the  t rans i t ion  
region. The concentra t ion of in te rmedia tes  in the t r an -  
si t ion region increases dur ing the St-St  bond -b reak ing  
reaction. This resul ts  in a m a x i m u m  Qss at  low oxida-  
t ion tempera tures .  As oxida t ion  t empera tu re s  are  in-  
creased, reac t ion  [5] competes wi th  react ion [1]. In-  
te rmedia tes  formed in the  St-St  bond break ing  react ion 
at the h igher  oxidat ion  t empera tu re s  react  dur ing  the 
s i loxane fo rmat ion  react ion y ie ld ing  a low s t eady-s t a t e  
concentrat ion of these in termedia tes .  This resul ts  in a 
low fixed oxide charge  density.  

Anneal ing  in an iner t  ambien t  involves only reac-  
t ion [5]. In te rmedia tes  formed in  react ion [1] react  to 
form s i loxane groups by  anneal ing  in iner t  ambients  at  
e leva ted  tempera tures .  As the t rans i t ion  region is de-  
p le ted  of excess oxygen,  the  dens i ty ' o f  (St-O) + com- 
plexes  is reduced.  This proceeds unt i l  the (St-O) + 
dens i ty  is minimized  and resul ts  in a m in imum Q~s. 

Other chemical  react ions can occur dur ing  h igh  t em-  
pe ra tu re  anneal ing  tha t  yields  e lec t r ica l ly  act ive in-  
termediates .  For  example ,  minimizat ion  of oxidant  at  
the  t rans i t ion  region by  anneal ing at  e levated t em-  
pera tu res  in vacuum or  in iner t  gases free of ox idant  
can cause SiO to form. Decomposi t ion of the  uns table  
SiO species wil l  p r e sumab ly  genera te  e lec t r ica l ly  ac-  
t ive sites. Vacuum anneal ing  SiO2(1000A)-Si  s t ruc-  
tures  at  g rea te r  than  1000~ for about  2 hr  has been 
repor ted  to increase  Nss and cause oxide shorts  (4, 40). 
Oxide films, 150A thick, have been  evapora ted  f rom Si 
surfaces whi le  anneal ing  in high pur i ty  Ar  at l l00~ 
for  about  !6 hr  (41). At  present ,  i t  is not  known 
whe ther  this format ion  of SiO occurs un i fo rmly  at  an 
SiO2-Si in ter face  or at  local defect  sites (42). An addi -  
t ional  reaction,  the  in terac t ion  of N~ gas wi th  Si at  
e levated tempera tures ,  ment ioned above, also gener -  
ates e lec t r ica l ly  active ins tabi l i t ies  in the absence of 
oxidant .  

The concentra t ion of nonoxidized St-St  bonds in the  
t rans i t ion  region, as wel l  as Ci; de te rmine  the concen- 
t ra t ion  of complexes formed dur ing  the oxidat ion re -  
action and, therefore,  the  fixed charge density. Differ-  
ences in densit ies of fixed oxide charge associated wi th  
subs t ra te  or ienta t ion  can be associated wi th  different  
St-St  bond concentrat ions at  the or iented subs t ra te  
interface.  More St-St  bonds a r e .p r e sen t  at  <111> in-  
terfaces. More complexes are  formed in the <111> 
t rans i t ion  region dur ing  the oxidat ion process. The 
capabi l i ty  of minimizing Qss and N~s in t rans i t ion  re -  
gions on <111> and <100>  or iented subst ra tes  is de-  
t e rmined  by  the abi l i ty  to dr ive  the  oxidat ion react ion 
to complet ion at these in ter fac ia l  regions. 

The s tabi l i ty  of Qs~'is de te rmined  by  the s tab i l i ty  of 
the  S t -oxygen  complex formed wi th in  the t rans i t ion  
region as an in te rmedia te  dur ing  the the rmal  oxidat ion 
process. This pos i t ive ly  charged complex is localized, 
or fixed, as a resul t  of complex format ion  with  oxygen. 
Charge densit ies  are  minimized under  conditions at 
which an oxidat ion  react ion is d r iven  to complet ion 
and s i loxane groups are  formed.  Posi t ive charge may  
also be in t roduced into the oxide film by other  means. 
These include biasing at  electr ic field s t rengths  of 
about 1 MV/cm and at t empera tu res  > 30O~ (1) and 
ionizing radiat ion.  However ,  i t  is not  expected tha t  
these posit ive charges are chemical ly  equivalent  to 
fixed oxide charge formed dur ing an oxidat ion react ion 
or that  they  wil l  possess s imi lar  stabil i t ies.  

Summary 
It  has been conjec tured in the past  that  fixed oxide 

charge is a reflection of excess unoxidized Si bonds, 

or sometimes of an oxygen deficiency, in the oxide. 
Recent  studies show tha t  the dens i ty  of excess Si bonds 
in the  Si02-Si  t rans i t ion  region is of the  o rde r  of the  
surface densi ty  of a toms in Si, i.e., far  g rea te r  than  ob-  
served values of Qss/q. Fur the rmore ,  the s to ichiometry  
and wid th  of the  t rans i t ion  region are unaffected by  
those pa ramete r s  that  can dras t ica l ly  influence the  
magni tude  of Qss. 

The chemical  origin of ox ida t ion- induced  fixed 
charge and fast surface states is proposed to be the 
in te rmedia te  complexes  genera ted  dur ing  the fo rma-  
tion of the SiO2-Si t rans i t ion  region. These e lect r ica l  
instabi l i t ies  are  formed dur ing  the oxida t ion  react ion 

St-St  -t- (O) --> - S t .  ~- (St-O) + -> S t -O-S t  

where  the dangl ing bonds, : S t . ,  are identif ied wi th  fast  
states and ~he (S t -O)+  complexes  a re  identif ied wi th  
fixed charge. This t rans i t ion  region has a s t eady-s ta te  
gross s to ichiometry  and width,  but  is being cont inu-  
ously re formed at a ra te  that  is necessar i ly  tha t  of the  
oxidat ion  reactions. The dens i ty  of the in te rmedia tes  
depends  upon the concentra t ion  of nonoxidized Si  
bonds (o r ien ta t ion-dependen t )  as wel l  as t h e  concen- 
t ra t ion  of excess (p robab ly  dissolved)  oxygen.  The 
values of Qss and Nss wil l  reflect this densi ty  at the 
t ime the react ion is quenched. 

The e lec t r ica l ly  active in te rmedia te  sites a re  a t -  
tached to the 3 dimensional  solid s t ructure.  El iminat ion  
of these sites requi res  complet ion of the above ox ida-  
t ion reaction. This is accomplished as a consequence of 
postoxidat ion iner t -gas  annealing.  The model  proposed 
nere  is consistent  wi th  the  known proper t ies  of oxide 
charge and fast sur face-s ta te  genera t ion  and anneal  as 
well  as wi th  the proper t ies  of the SiO~-Si t rans i t ion  
region. 

Manuscr ip t  submi t ted  May  16, 1977; revised m a n u -  
scr ipt  received Jan  12, 1978. This was Pape r  137 p re -  
sented at  the Washington,  D.C., Meeting of the Society, 
May 2-7, 1976. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1978 
JOURNAL. All  discussions for the December  1978 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs o] this article were assisted by IBM 
Corporation. 
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Diffusion Layers Formed in Si Substrates during the 
Epitaxial Growth of BP and Application to Devices 

Takao Takenaka, Mitsuharu Takigawa, and Katsufusa Shohno* 
Faculty oJ Science and Technology, Sophia University, Kioicho 7, Chiyoda-ku, Tokyo 102, Japan 

ABSTRACT 

Either n - type  (phosphorus) or p- type  (boron) diffused l aye r s  are  f o r m e d  
on Si substrates dur ing  the epitaxial growth of n -  or p- type  boron mono-  
phosphide (BP) on Si substrates by using a B2H6-PH3-H2 system. At an 
early growth stage of BP on Si substrates a very small  amount  of boron and 
phosphorus covers the substrate surface, which will be a diffusion source. The 
properties of the diffused layers thus formed are dependent  on substrate 
temperatures  and reactant  gas flow rates. BP layers then grown on the sub-  
strafe do not act as a diffusion source. So we can realize many  types of BP-Si  
heterojunctions.  Of these combinations, a wide gap window solar cell (~l -- 
8.3%) and a wide gap emitter  t ransis tor  (~ -- 16) are fabricated and their 
characteristics are investigated. 

Since Chu et aL (1) succeeded in epitaxial  growth 
of boron monophosphide (BP)  on a SiC substrate in 
1971, several attempts have been made to grow BP 
epitaxially on Si substrates (2-4). We found that  p-  
type (boron) or n - type  (phosphorus) diffused layers 
are formed on Si substrates dur ing the epitaxial  
growth of n -  or p- type  BP on Si substrates by using a 
B2H6-PH3-H2 system. In  this paper, properties of p- 
type (boron) or n - type  (phosphorus) diffused layers 
thus formed on Si substrates a re  studied. Conduction 
types of a grown BP film and a diffused layer  can be 
controlled easily, so it is possible to fabricate many  
combinations of BP-Si  heterostructures.  Here a w in -  
dow solar cell and a wide gap emit ter  t ransistor  are 
fabricated and their  characteristics are investigated. 

Epitaxial Growth of BP on Si 
The apparatus for the epitaxial growth of BP on Si 

substrates using a B2H6-PH3-H2 system was described 
previously (3, 4). The upper  part  of a quartz reaction 
chamber having inner  dimensions of 25 • 40 X 400 
mm 3 was water 'cooled.  Mirror-finished Si substrates 
had a plane 2 ~ off-oriented from the (100) face in  the 
direction of a (110) plane. They were placed on a 
SiC--coated graphite susceptor and heated external ly  
by an rf generator  (5). The substrate tempera ture  was 
measured with an optical pyrometer  calibrated by a 
p l a t i num-p la t i num- rhod ium thermocouple beforehand. 

* Electrochemical Society Active Member. 
Key words: diffusion, BP, epitaxy, solar cell, transistor. 

Reactant  gases were diborane (B2H6) and phosphine 
(PH3) diluted to 1 and 5% in hydrogen, respectively. 

The carrier gas was high pur i ty  hydrogen and the 
flow rate was 2500 cm3/min. The diluted B2H6 gas 
of 20 cm3/min and the diluted PH3 gas from 50 ,~ 
1000 cm3/min were mixed with the ma in  carrier 
gas. Par t icular  a t tent ion was paid to the control 
of the amount  and time of in t roduct ion of reactant  
gases. The flow rate of B2H6-H2 gas is extremely im-  
portant  to obtain BP layers of high crystal perfection. 
On the other hand the flow rate of the PHs-H2 gas does 
not change the perfection of a grown crystal. 

The substrate  tempera ture  was 950~ for growing 
n- type  BP and 1O50~ for p- type BP, independent  of 
the flow rate of PH3-H2 gas. The results are shown in  
Fig. 1. The main  impur i ty  in grown BP layers w a s  
autodoped Si (~1019 cm -3) which is known  as an am- 
photeric impuri ty.  That  is, both types of BP are grown 
without  any addit ional  doping gas. 

Diffusion Layers Formed in Si Substrates 
We found that the diffusion of P and /o r  B onto a 

Si substrate takes place dur ing the growth of BP. Dif- 
fusion layers thus formed on Si substrates of n - type  
with 3 ,-- 5 ~ -cm and of p- type  with 10 ~ -cm were 
investigated. 

BP layers were removed electrolytically from the 
substrates and a th in  SiO2 layer  on the Si surface w a s  
etched with HF-NH4F solution. The conduction type of 
a diffused layer was determined from its thermoelectric 
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power. The surface resistance was measured by the 
conventional  four-point  probe method and the diffusion 
depth by spherical dri l l ing (6) and staining. The sur-  
face concentrat ion of diffused impuri t ies  was deter-  
mined by assuming an error function as the impur i ty  
profile. 

It is possible to realize easily both conduction types 
of the diffused layers on Si substrates as well as of 
the BP layers by varying  the flow rate of the PHi-H2 
gas or the substrate  temperature.  The results are sum- 
marized in Fig. 1 for the flow rate of the 5% PHi-H2 
gas. The conduction type of diffused layers on Si sub-  
strates is determined main ly  by the flow rate of the 
PH3-H2 gas when the substrate is kept  at a constant 
temperature:  n - type  (phosphorus) diffused layers are 
obtained for a flow rate larger than 150 cm3/min at 
950~C and 450 cm~/min at 1050~ while p- type diffused 
layers are formed for a flow rate smaller  than  100 cmS/ 
min  at 950~ and 400 cm3/min at 1050~ 

The surface concentrat ion of n- type  diffused layers 
increases with increasing flow rate of the PHz-H2 
gas at 950~ as shown in Fig. 2. The growth time was 
20 min  and the B2Hs-H2 flow rate was strictly kept at 
20 cm3/min. On the other hand  the surface concentra-  
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Fig. 2. Phosphorus and boron surface concentration as a func- 
tion of flow rate of 5 %  PHa. 

t ion of p- type  diffused layers decreases by increasing 
the flow rate of the PH3-H2 gas at 1050~ The flow 
rate of the B2H6-H2 gas has to be controlled very care- 
fully because it determines the growth of BP and in-  
fluences its crystal perfection: BP films of best qual i ty 
are obtained when the growth rate is  700 .&/rain. If 
the crystal perfection is so poor as to have twins, 
p lanar  defects, and so on, the surface concentrat ion of 
the diffused layers cannot be reproduced. The surface 
concentrat ion and the diffusion depths of n - type  dif- 
,fused layers  are given as a funct ion of their  growth 
time in Fig. 3. The surface concentrat ion decreases in -  
versely proport ional  to the square root of the growth 
time but  the diffusion depth increases. This suggests 
that a very thin diffusion source, which does not  crys- 
tallize to BP, is formed at an early growth stage. The 
amount  of diffused phosphorus is calculated from the 
figure to be Q = 5 • 101~ cm -2. Similar  results were 
obtained for BP samples which were grown epitaxially 
and then heat- treated.  

Next, diffusion experiments  were performed by us- 
ing B2He-H2 gas (20 cm~/min) and PHi-H2 gas (250 
cmS/min) independently.  The surface concentrat ion of 
boron and phosphorus is shown in  Fig. 4 as a 
function of diffusion temperature.  The values for boron 
at temperatures  higher than l l00~ are almost the 
same as the value of its solid solubil i ty in  Si (7), but  
the values for phosphorus are far  less than that  for 
boron. The curves for boron and phosphorus cross at 
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about 1000~ This indicates that  n - type  diffused layers  
will  be formed at 950~ and p- type  diffused layers  at 
1050~ It  is expected f rom the surface concentrat ion 
of phosphorus, N ---- 1.2 • 1020 cm -3, calculated f rom 
Fig. 4 and the total  amount  of diffused-in phosphorus 
Q -- 5 • 1018 cm -2, that  the diffusion source should 
be formed wi th in  5 sec in the ve ry  ear ly  growth stage 
of the BP. That  is, only a small  amount  of boron or 
phosphorus covers the Si surface first and the BP layer  
then grown protects this diffusion source and the 
grown BP crystal  does not act as a diffusion source. 

F igure  4 also indicates that  the compensation of 
boron and phosphorus occurs on the substrate under  
B P  layers:  Thus the concentrat ion of boron or phos- 
phorus de termined  exper imenta l ly  is only a net value  
est imated f rom concentrat ion in Fig. 2. 

Application to Devices 
By combining the conduction types of grown layer  

BP, diffused layer, and Si substrate, eight different 
junctions are real ized as shown in Table  I. The com- 
binat ion in groups A and B includes a wide gap win-  
dow solar cell (8) and a wide gap emi t te r  t ransistor  
(9, 10). 

Wide gap window solar celL~BP is a semiconductor  
wi th  an indirect  forbidden energy gap of 2.0 eV, low 
resis t ivi ty (10 -2 ~ 10 -4 ~2-cm) (11-14), low reflec- 
t iv i ty  (10% in visible l ight) (11), and large hardness 
(4700 k g / m m  2) (15). So the thin BP layer  is useful for 
a window of Si solar cells and is also effective in re-  
ducing the radiat ion degradation.  Fu r the rmore  it  r e -  
duces the series resistance and reflection loss. 

The nBP-pSi  heteros t ructures  were  obtained in the 
growth  region A on a p - type  Si substrate of 0.1 ~-cm.  
The acceptor concentrat ion is la rger  than the p - type  
(boron) diffused layer  of 4 • 101~ cm -3. The grown 
n- type  BP layer  has a thickness of 0.75 #m and a 
carr ier  concentrat ion of about 1019 cm -3. The BP layer  
was removed from the Si substrate select ively by the 
usual photol i thographic process and comb-shaped A1 
electrodes were  evaporated.  The size of the cell thus 
fabricated was 2 X 2 mm 2. The cur ren t -vo l tage  char-  
acteristic suggests the existence of interface states in 
the BP-Si  heterojunct ion:  The forward  current  has a 
region proport ional  to exp (eV/nkT)  with n ---- 6 _ 2. 
The backward  current  is large and does not saturate. 

Spectral  photocurrents  exci ted wi th  monochromat ic  
l ight (Shimadzu Spectronic 20) were  measured at room 
temperature .  The results are shown in Fig. 5. Ap-  
parent ly  the spect rum broadens towards the short  
wave leng th  region compared with  the spectrum of a 
Si cell. This is a t t r ibuted to BP having the wider  for-  
bidden energy gap than Si. The conversion efficiency 
of the cell is fair ly low. There  would be many  recom- 
bination states in the BP-Si  interface due to the differ- 

Table I. Eight junctions realized by combining conduction type 
of BP, diffusion layer, and Si substrate 

REGION BP CRYSTAL DIFFLI LAVER 
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Fig. 5. Spectral photocurrent of wide gap window solar ceils with 
nBP-pSi and nBP.nSi-pSi structure. That of nSi-pSi cell after re- 
moving nBP layer from nBP'nSi-pSi cell is shown for comparison. 

ences in lattice constants (asi --~ 5.43A, a~p ---- 4.53A) 
and thermal  expansion coefficients (asi ---- 2.6 • 10 -6 
deg -1, aBp = 4.8 • 10 -6 deg-1) .  

The n B P .  nSi-pSi  cell was fabricated by growing 
BP epitaxial  layer  on a p- type  (100) Si substrate (5-8 
~ -cm)  in the region B of Fig. 1. The carr ier  concen- 
t rat ion of the n - type  BP layer  was about 1019 cm -3 and 
the thickness was about 0.75 ~m. The surface concen- 
t rat ion of the n- type  diffused layer  was 8 X 10 is cm-~  
and the diffusion depth  was 0.3 #m. The forward  ctir- 
rent  has two regions proport ional  to exp (eV/nkT)  
with n : 1.9 and 1.5. The dark cur ren t -vo l tage  char-  
acteristics are almost the same as those of a Si p -n  
junct ion cell. 

The spectral  photocurrents  of nSi -pSi  cells, made  
by removing the nBP layer  e lectrolyt ical ly  f rom the 
nBP �9 nSi-pSi  cell are shown in Fig. 5 for comparison. 
The short-circui t  current  wi th  an nBP layer  is ap- 
parent ly  larger  than that wi thout  an nBP layer, due 
to a difference in reflectivity of BP and Si. The con- 
version efficiency of the solar cell with an nBP layer  
and wi thout  an nBP layer  is ~1 = 8.3% and 11 ---- 6.5%, 
respectively.  These values are est imated roughly by us- 
ing a commercia l ly  avai lable solar cell of p -n  Si s truc- 
ture with antireflection coating of SiO and a conversion 
efficiency of 12% as a standard. 

Wide gap emitter transistor.--The electr ical  prop-  
erties of the BP-Si  interface will  be evaluated by the 
inject ion efficiency at an emi t te r  junction. Two types 
of wide gap emi t te r  transitors were  prepared:  One is 
nBP-pS i -nS i  and the other  is nBP �9 nS i -pS i -nS i  struc- 
ture  having a cascade junct ion nBP �9 nSi-pSi  emitter,  
Whose electronic band structures are shown in Fig. 6. 

The fabricat ion process is shown in Fig. 7. Af te r  the 
p- type  base was diffused for n - type  Si, nBP was 
epi taxial ly  grown. At the same time, the n- type  dif-  
fused layer  for cascade junct ion was formed. Fabr i -  
cation processes are as follows: Remove  the nBP 
layer  select ively mesa-e tch  by masking the nBP 
emit te r  then evaporate  A1 and del ineate  contact  areas, 
and again mesa-e tch  the collector junction. A photo-  
graph of a chip is shown in Fig. 8. 

The forward  current  of the emi t te r  heterojunct ion 
for the nBP-pS i -nS i  transistor  has a region pro-  
portional to exp (eV/nkT)  with n = 6.0. The backward  
current  is large and does not saturate. The common 
emit ter  current  gains of these transistors are 0.6 ,-~ 0.8. 
These characteristics are s t rongly affected by recom- 
bination states located at the in terface  be tween  BP 
~nd Si. 
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Fig. 7. Fabrication process of wide gap emitter transistor with 
nBP'nSi-pSi-nSi structure. 

Typical current -vol tage  characteristics for the nBP 
nSi -pSi -nSi  transistor  are shown in Fig. 9. The com- 
mon  emit ter  current  gain/~ is about 16 and the injection 
efficiency of the emi t t e r  heterojunct ion is about 0.94 if 
the other gain factors are assumed to be unity.  The 
forward current  of the emit ter  junct ion  has two re- 
gions proport ional  to exp (eV/nkT) with  n = 2.6 and 
1:6. The backward current  of the junct ion does not 
saturate, similar to that  of a Si p - n  junction. The 
breakdown voltage of the collector junct ion  was about 
250V. 

Conclusions 
The epitaxy of BP on Si substrates using a B2H6- 

PI-I3-H2 system can be controlled to form either n- type  
(phosphorus) or p- type (boron) diffusion layer on the 
Si substrates. At an  early growth stage wi th in  the first 
few seconds, a small  amount  of boron and phosphorus 
was supplied as a diffusion source, and BP layers 
grown subsequent ly  do not act as diffusion sources. 
Several types of BP-Si  ]unctions were realized out of 
possible combinations of BP layer, diffused layer, and 
Si substrate. A wide gap window solar cell (~ = 8.3%) 

Fig. 8. Photograph of wide gap emitter translstor with nBP.nSi- 
pSi-nSi structure (E, emitter; B, base; C, collector). 

of n B P .  nSi-pSi  s tructure and a wide gap emitter  
transistor (/~ _-- 16) of n B P .  nS i -pS i -nS i  s t ructure  
demonstrated applicabil i ty to devices. 

Manuscript  submit ted Aug. 29, 1977; revised m a n u -  
script received Nov. 14, 1977. 

Fig. 9. Common emitter cur- 
rent-voltage characteristics of 
wide gap emitter transistor with 
nBP" nSi-pSi-nSi structure. 
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A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1978 
JOURNAL. All  discussions for the December  1978 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs of this article were assisted by 
Sophia University. 
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Kinetics of Silicon Growth under Low Hydrogen Pressure 
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ABSTRACT 

The kinet ics  of silicon deposi t ion have been s tudied  in a reac tor  work ing  
under  reduced  hydrogen  pressure  be tween  10 Torr  and a tmospher ic  p ressure  
(760 Tor t )  for the  fol lowing sil icon sources:  SiI-I4~ SiH2C12, SiHCI~, and  SIC14. 
In  every  case, the  kinet ics  are  control led  by  the surface at  10w hydrogen  pres -  
sure whereas  at h igher  pressure  the mass t ransfe r  becomes slower.  When  
the kinet ics  a re  control led  by  the surface, the deposi t ion ra te  is inverse ly  
p ropor t iona l  to the square  root  of the hydrogen  pressure  and is act ivated.  In  
the opposite case the deposi t ion ra te  is inverse ly  p ropor t iona l  to the  hydrogen  
pressure  and does not  depend on the tempera ture .  This resul t ,  and  the fact  
that  the  deposit ions are  monocrys ta l l ine  even at  low t empera tu r e  when  the  
pressure  is lower  than  70 Torr,  show that  the hydrogen  is s t rong ly  adsorbed  
on the silicon surface. 2 h e  deposi t ion made  at  low pressure  and  low tem~ 
pe ra tu re  have  abrup t  impur i t y  profiles whictl  a l low us to realize: good qual i ty  
microwave  components.  

Over  the  pas t  few years  there  has been a demand  for 
submicron monocrys ta l l ine  sil icon layers.  These s t ruc-  
tures  a re  grown, ~or instance,  in order  to make  
IMPATT diodes work ing  over  50 GHz (such a s t ruc-  
ture  for use a t  90 GHz has 3 layers  whose to ta l  th ick-  
ness is 7000A) mic rowave  Schot tky  diodes (for X and 
Ku  bands)  or  r ap id  in t eg ra ted  circuits. 

In  every  case these layers  must  be grown upon very  
heavi ly  doped subst ra tes  (p --~ 0.001 12-cm)  or upon 
subs t ra tes  conta in ing bur ied  layers  hav ing  this r e -  
sist ivity.  I t  is essential  for the act ive l aye r  to be c lear ly  
defined and the subs t r a t e - l aye r  or l a y e r - l a y e r  t r ans i -  
t ions to be as steep as possible (some hundred  ang-  
s t roms) .  Fur the r ,  i t  is necessary  to reduce so l id-s ta te  
diffusion of impur i t ies  of the  subs t ra tes  t oward  the ac-  
t ive l ayer  to mimmize  the autodoping of the active 
l a y e r  by  the impur i t ies  of the substrate ,  and finally, 
to e l iminate  the  t rans ient  mechanisms which take  
place at  the beginning  and end of growth.  One can act 
on diffusion by  lower ing  the growth  t empera tu re .  For  
that  reason sil icon sources wi th  a fast  kinet ics  of de -  
composit ion such as Sill4, SiH2CI2, or even SiHC13 v~re 
used. Typical  g rowth  t empera tu res  a re  1000~ 

Some years  ago, Chiang (1, 2) r epor t ed  that  wi th  a 
he l ium car r ie r  gas it  is possible to grow defec t - f ree  s i l i -  
con at t empera tu res  l o w e r  than  900~ However  t h e  
absence of the reducing effect l imits  the poss ibi l i ty  of 
using this process. More recent ly ,  Townsend (3) has 
shown tha t  one can reduce the quan t i ty  of hydrogen  
adsorbed on the sil icon surface and grow excel lent  
qual i ty  layers  at  a lower  t e m p e r a t u r e  by  using a low 

Key words: silicon growth, reduced pressure, autodoping. 

hydrogen  pressure.  This  t echn ique  has  the added ad-  
v a n t a g e  os reducing autodoping Decause t h e  impur i t i es  
which escape f rom the  subs t ra te  diffuse f~ster  th rough  
the s tagnant  layer .  I n  addi t ion,  p u r ~ n g  and the  t r a n -  
sient mechanisms at  the  beginning: and  end os t he  epi -  
tax ia l  process are: acce lera ted  a t  r e duc e d  pressure .  F o r  
all  these  reasons ,  this  t e chmque  i s  expec ted  to  be  a 
significant development .  Howeve~. l i t t le  is  known up to 
now abou t  t he  k inet ics  of epi~axiat g rowth  at  a low 
hydrogen  pressure.  The  purpose  o~ this  w o r k  is to:~ 
s tudy some fea tures  of  t he  g rowth  kinet ics  as a func-  
t ion of  p ressu re  and to  compare  low pressure  and a t -  
mospher ic  pressure  g rowth  mechanisms.  

Experimental Procedure 
For  this s tudy  we used a hor izonta l  r eac to r  hea ted  

by induct ion at  low f requency  (50 kHz)  and wi th  
a i r -cooled  walls.  

The control  gas panel  is classical and is l ike  the  
panels  which are  on convent ional  systems work ing  at  
a tmospher ic  pressure.  I t  is equipped wi th  four  source 
l ines of sil icon (SIC14, SiHC13, SiH2CI~, Sill4) and  
four  doping l ines (one l ine N, another  P, another  N +, 
and finally a l ine P + ) ;  the  N doping is obta ined  wi th  
ars ine  and the P doping wi th  diborane.  

Pressure  control  is ca r r ied  out  by  means  of a me-  
chanical  gauge, and t empera tu re s  are  measured  by  an 
optical  py rome te r  using Al len ' s  correct ions so as to 
t ake  into account the  emiss iv i ty  pecul ia r  to silicon. I t  
should be noted here  that  t h e r e  is a g rea t  difference in 
t empe ra tu r e  be tween  the subs t ra te  and the susceptor  
when work ing  at  low pressure ;  this difference is as 
much as 140~C at 10 Torr.  The reason for  this  is the re -  
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duction of the thermal  conductivi ty of the gas layer 
between the substrate and the susceptor. 

A rotary pump of i00 ma/hr  is used to ma in ta in  the 
pressure of the gases which flow in  the reactor at a 
level lower than atmospheric pressure. 

A molecular sieve serves to prevent  the back dif- 
fusion of oil toward the reactor; a l iquid ni t rogen 
trap is used dur ing hermit ic i ty  trials but  this is in -  
effective when  working at several Torr  because the 
mean  free path is then much lower than the trap di- 
mensions. An  adjust ing valve is used to control the 
in terna l  pressure of the reactor independent ly  from 
the rate of reactant  gas flow, this being done by l imi t -  
ing the pumping rate. 

The graphite susceptor, coated by a thin layer of 
silicon carbide (SIC) can contain three substrates, 40 
mm in diameter. In  all the experiments  described be-  
low, the hydrogen flow is kept  constant at the rate of 
18 l i ters /min,  measured under  s tandard conditions of 
pressure and temperature.  A rough diagram of this 
equipment  is given in Fig. 1. 

Results 
The kinetics of growth of the silicon have been 

studied as a funct ion of the following parameters:  na-  
ture and part ial  pressure of the silicon source, hydro-  
gen pressure, and temperature .  Let us start  by defining 
these parameters:  

Psource and pH2--partial pressures of the source spe- 
cies and of the hydrogen inside the reactor and 

Zsource--molar fraction of the source in  the hydrogen 

hydrogen pressure in the reactor w a s  s t u d i e d  by main-  
ta ining constant the following parameters:  the hydro-  
gen flow measured at atmospheric pressure;  the source 
molar fraction; and the surface temperature.  Under  
these conditions, three growth rate var iat ion ranges can 
be observed for silane: (i) for low hydrogen pressures, 
the growth rate increases proport ional ly to the square 
root of hydrogen pressure; (ii) within  a second pres- 
sure range, the growth rate becomes almost indepen-  
dent  of the pressure; and (ili) at higher H2 pressures, 
the growth rate decreases following a funct ion which 
is more abrupt  than a l inear  function. These r e su l t s  are  
given in  Fig. 3a. Figures 3b-d show similar  data for  
the other sources SiH2C12 SiHCI~, and SiCl4. The same 
t~hree variat ion ranges are again observed. However, 
the g r o w t h  rate at low H2 pressures is strictly pro- 
port ional  to the square root of the hydrogen pressure 
only in  the case of silane. 

Expression of these results ]or a constant partial pres- 
sure ol the source.--In order to unders tand  the growth 
mechanisms it is easier to use as a fixed parameter  the 
part ial  pressure of the source at var ious  total  pres-  
sures in  the reactor. It  is, however, difficult to do this 
experimentally.  It would require one to vary at one 
and the same time the hydrogen pressure and the 
source molar fraction so as to keep product  Xsource " PH9 
constant. On the o~her hand, one can readi ly recal- 
culate the growth rates as a function of the hydrogen 
pressure for a fixed part ial  pressure of the silane. This 
can be done using the preceding results (Fig. 2b) in  

Xsouree ~--- 
number  of s o u r c e  m o l e c u l e s  

number  of source molecules + number  o~ hydrogen molecules 

In  the case where the number  of molecules of the 
source species is far lower than that  of hydrogen (100 
times smaller) ,  Ptotal ~ PH~ 

Psource "-- Xsource X PH2 
It  is to be noted that  t he  part ial  pressure of the source 
can be changed in two different ways: (i) ei ther by 
main ta in ing  the molar fraction constant  and modifying 
the total pressure; or (ii) by main ta in ing  the total 
pressure constant and varying the molar  fraction of the 
source 

Order related to the "source molar ]raction.--For the 
10-500 Torr  pressure range, we have observed that the 
growth rate is l inear ly  proport ional  to the source 
molar fraction when  the source is silane, as can be seen 
in Fig. 2a and 2b. In the case of the chlorosilanes, the 
growth rate is no t  strictly a l inear  funct ion of the 
source molar  fraction as can be seen for tr ichlorosilane 
in  Fig. 2c. 

Order related to the hydrogen pressure.--Experi-  
ments  made wi th  a constant source molar ]raction.-- 
The variat ion of the growth rate as a function of the 

high vacuum valve 
\ 

k 

flexible coupling ~ liquid nitrogen trap 

 enord \ \ ? / pump i11 line 

2 d high vacuum I 
vaive I 

roughing 
pump 

Fig. 1. Diagram illustrating the principle of the system used to 
study growth process at low pressure. 

the case of silane by employing the l inear  relat ion be-  
tween the growth rate and the source molar  fraction 
for a fixed hydrogen pressure. Thus, the new value of 
the growth rate for a part ial  pressure of silane (P 
silane) different from the exper imenta l  part ial  pres-  
sure is 

"~- )calculated--~ ( dx E )experimental 
at P~ource (experimental) 

Psource ] selected 
Psource experimental 

Thus in the case of silane, three var iat ion ranges are 
observed in the calculated diagrams: (i) The growth 
rate varies proport ional ly to (pH2) -1/2 wi thin  a first 
range; (ii) the growth rate is proport ional  to (PH2)-1 
wi thin  a second range; and (iii) the growth rate de- 
creases more rapidly than (PH2)-1 beyond a certain 
value of the pressure. These results Can be seen in Fig. 
4a. Figures 4b-d give the results for the compounds 
SiH2C12, SiHC18, and SIC14. The same variat ion ranges 
are observed for the chlorosilanes although strictly 
speaking the t ransformat ion is not exact since the 
growth rate is not completely proport ional  to the par-  
tial pressure for these compounds. 

Influence of the temperature . - -The  temperature  has 
a very different action on the two variat ion ranges of 
the growth rate. It can thus be seen in Fig. 5a, which 
corresponds to experiments  made in function of the 
pressure for a constant ini t ial  molar  fraction of silane, 
that a rise in temperature  increases the growth rate in 
the first (low pressure) range while the tempera ture  
is without effect on the same growth rate beyond a 
certain value of the hydrogen pressure. This same ef- 
fect can also be seen in Fig. 5b which gives the same 
exper imental  results calculated for a constant partial  
pressure of the silane source. 

The results of a more complete study of tempera ture  
as a variable parameter  are given in Fig. 6a-c in the  
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ease of silane for an init ial  molar  fract ion of this source 
of 2.1 >< 10 -3 and different hydrogen pressures: 10, 70, 
and 500 Torr. Figure  6d gives these same results re -  
calculated to a part ial  pressure of silane of 2.1 X 10 -2 
in all cases. 

Influence of hydrogen pressure on crystalline perfec- 
tion.--We have observed that  the t empera tu re  l imit  
at which the deposited layer  becomes polycrystal l ine 
is lowered when working under  reduced pressure. This 
result  has been ment ioned by Townsend (3). We 
studied this phenomenon by keeping constant the hy-  
drogen flow at 18 l i t e r s /min  and the silane molar  f rac-  
tion at 10 -3 in all cases. The results obtained are given 
in Table I and correspond to an averaged est imation 
made over a large number  of depositions. 

Thus for example,  at 910~ for a hydrogen pressure 
of 10 Torr  and a growth rate of 0.18 ~m/min,  the sur-  
face finish remains perfect ly  polished and only a few 
stacking faults are to be seen on the edge of the sub- 
strate in the case where  this la t ter  has been cleaned 

Table I 

H y d r o g e n  
pressure 
(Tort) 1050~ 1000~ 950~ 900~ 850~ 800~ 

760 m o n a  m o n a  p o l y  p o l y  p o l y  p o l y  
250 m o n a  m o n a  p o l y  p o l y  p o l y  p o l y  
70 mona mona mona poly  po ly  poly 
30 m o n a  m o n a  m o n a  m o n a  m o n a  poly 
10 m o n a  m o n o  m o n o  m o n o  m o n o  m o n o  

S I L I C O N  G R O W T H  6 3 9  

(15 

0.4 

.E 
E 

" Q3 
I 

Q2 

O 
0.1 

Growth rate variation with 4;~7/ , ,  50 2O0 
mole fraction Sil l  4 / / / "  - - -  
at various total presses ~ ~ ~ / , ,  20 

0Tort 

1.0 2.0 3.0 
Mole traction Sill 4 x 10 3 

Fig. 2. (a) Growth rate as a function of SIH4 molar fraction, the 
pressure is 20 Tort, and temperature 900~ (b) Growth rate as a 
function of Sill4 molar fraction for different hydrogen pressures; 
temperature 930~ (c) Growth rate as a function of SiHCI3 molar 
fraction for different hydrogen pressures; temperature 990~ 

in the reactor  by a n  HC1 etching for a few moments  a t  

atmospheric pressure before put t ing the system under  
vacuum. 

Under  our exper imenta l  conditions, the surface fin- 
ishes obtained with  the different chlorosilanes are 
satisfactory when the pressure is grea ter  than 250 Tort .  
At a lower pressure the surface finish is rough. How-  
ever,  the layers are monocrystal l ine.  This can be ex-  
plained by the effects of the silicon t ransport  by HC1 
between the susceptor which is ve ry  hot and the sub- 
strate which is much colder. (This difference in t em-  
pera ture  is due to the difficulty of substrate heat ing by 
contact in a system under  vacuum.) This silicon t rans-  
port  is made easier under  low pressure by the fact that  
the diffusion coefficients of all the compounds contained 
in the gas phase are higher  at low pressure than at 
atmospheric pressure. 

Kinetics o] doping.--We studied the epitaxial  layer  
doping with arsenic using arsine as a doping source. 
The exper iments  were  made at 930~ for a silane molar  
fraction of 2.1 X 10 -3. In Fig. 7 we can see t he  var ia -  
tion of the level  of the free carriers as a function of the 
hydrogen pressure when the arsine molar  fraction is 
kept constant. When the hydrogen  pressure varies, the 
level  of the free carriers follows the same var ia t ion 
function as the growth rate. At the lowest  pressures, 
the dopant carr ier  concentrat ion is proport ional  to 
(PH2) + 1/2 Beyond  a certain higher  value  of the hydro-  
gen pressure it becomes insensible to the pressure. 

In the same way a s  before for the growth rate, the 
evolut ion of the level  of the free carriers can be c a l -  
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Fig. 3. Growth rate as a function of H2 pressure for a given source molar fraction: (a) in the case of Sill4; (b) in the case of SiH2Cl2; 
(c) in the case of SiHCI3; and (d) in the case of SiCI4. 

culated for a constant value of the part ial  pressure of 
arsine. These results are given in Fig. 7 curve II. Two 
ranges can be seen: At low pressure, the level  of free 
carriers is proport ional  to [ p ~ ]  -2/2; and beyond a cer-  
tain value of the pressure the level  of free carriers is 
proport ional  to [PH2] ~1. 

Discussion.--All the exper imenta l  results which have 
been described can be easily explained by using a 
model of heterogeneous catalysis recent ly  used by 
Seto (4) in the case of polycrystal l ine silicon deposi- 
tion under  ni t rogen atmosphere  at a tmospheric  pres-  
sure. In this model, Seto makes the following assump- 
tions: (i) growth rate is proport ional  to the number  
of adsorbed species; (if) the absorption of all species 
takes place on crystal l ine sites of the silicon surface 
which are of the same type. 'Under these conditions, the 
different he teroequi l ibr ium are functions of the values 
of the par t ia l  pressures and equi l ibr ium coefficients. 
These equi l ibr iums can be represented by the fol low- 
ing chemical equations 

kl 
aS -t- source <---> [source -- aS] 

k-1  
k4 

b S + H 2  e-> [ H a - - b S ]  
k - 4  

k5 
cS + HC1 <--> [HC1 -- cS] 

k j6 
dS + ( impur i ty) j  <--> [ ( impur i ty ) j  -- dS] 

kj-~ 

Where: a is the number  of sites fixing a molecule of 
the source; b is the number  of sites fixing a molecule 
of ~I2; c is the number  of sites fixing a molecule  of HC1; 
dj is the number  of sites fixing a molecule  of impur i ty  
j; S represents  one silicon surface site; and kl, k4, ks, 
k8 and k - l ,  k-4, k-s ,  k-6, are, respectively,  the ad- 
sorption and desorption coefficients. In the case of the 
hydrogen, 6 ~ 2 can mean that  the adsorption of a 
H2 molecule takes place on two crystal l ine sites or that  
two hydrogen atoms are adsorbed on two adjoining 
sites. 

Let  us introduce the covering ratio of the silicon sur-  
face, called o, defined as the ratio of the number  of 
crystal l ine sites of the surface occupied by a par t icu-  
lar  type of adsorbed atoms, to the total  number  of 
sites. These covering ratios are thus 8source, #H2, #HC1, 
eimpurity. The covering ratio of the surface by an im-  
pur i ty  can be calculated if we assume that  the surface 
remains in equi l ibr ium with  the gas phase; that  is to 
say that  the adsorption and desorpt ion rates are high 
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Fig. 4. Growth rate recalculated from the data of Fig. 3 for a given source partial pressure: (a) in the case of Sill4; (b) in the case of 
SiHsCI2; (c) in the case of SiHCls; and (d) in the case of SiC[4. 

in comparison with  the decomposit ion rate  of the 
silane. In this case, we can jus t  say that  the adsorption 
rate  is equal  to the desorption rate. The adsorption rate  
of a specie is proport ional  to its par t ia l  pressure, to 
the number  of sites avai lable to fix one molecule, and 
to the adsorption constant 

V ~ P S i H 4  k l  [ 1  - -  0 S i l l 4 -  8 H 2  - -  0impuritiesj] a 

The desorption rate is proport ional  to the quant i ty  of 
sites occupied by the concerned species 

v = k -1  [0SiH4] a 

If we suppose that  the growth rate is proport ional  
to the number  of sites occupied by a source molecule  
(of silane, for example)  

dx  mslk2 [K1 Psource] 1/a 
~ N - ~  • 
dt dsi 1 -}- [ K l P  source] 1/a + [K4PH2] 1/b --}- . . .  

K1, K4, Ks, and K6 represent  in this equation the differ- 
ent coefficients of equi l ibr ium 

kl k4 
K1 - - -  K4 - - -  

k - - 1  k - - 4  

The other  parameters  being defined as: dx/d$  is the 
growth  rate; N is the number  of silicon atoms per cma; 
msl is the mass of a silicon atom; and k2 is the t rue 
coefficient of the chemical  react ion on the surface. 

The molar  fraction of the HC1 source compounds is 
small in comparison to I-I2, typical ly  --~ 10 -8. That  of 
the doping impuri t ies  is about 10-L10 -9 in most cases. 
There are therefore  good reasons to think that  

[k4 PH2] 1/b > ~  [K1 Psource] 1/a ..{_ [g5 PHCI] 1/C _}_ . . . 

We can therefore  pose the problem of whe ther  the ad- 
sorption of hydrogen is strong or not, that  is to say 
whether  it plays a physical role or not. These two 
hypotheses are given by the inequali t ies  

K 4 P H 2 > > I  or K 4 p ~ 2 < < l  

In the first case the hydrogen pressure is an act ive 
paramete r  on the growth rate;  in the second case, this 
pressure is wi thout  effect. However  the exper imenta l  
results have shown that  the growth rate  was influenced 
by this parameter ,  it is therefore  necessary to admit  
that  K4 PH2 > ~  1. The growth rate  can therefore  be 
represented by the relat ion 

dx msi k2[K1 Psource] 1/a 

dt N dsi[K4 PH2] 1/b 

Thus the apparent  coefficient of the decomposit ion rate  
is in fact a function of the t rue coefficient of the reac-  
tion ra te  k2 and of the equi l ibr ium coefficients K1 and 
K4. 

The constant k2 can be studied while working under  
a low pressure of a pure  silicon source, silane for ex-  
ample, or in an a tmosphere  of a rare  gas which is ve ry  
lit t le adsorbed on the surface. Thus Joyce  and Bradley 
(5) have shown the results observed while  working 
with  pure  silane under  low pressure;  Seto has recent ly  
published results obtained with  silane in argon, while  
Richman and Chiang (6) had published the same re -  
sults in a hel ium atmosphere.  

The exper iments  under taken  dur ing this study were  
made under  different pressures wi th  the v iew to ex-  
plaining the role of this gas on the surface of the sili- 
con during growth. Thus when the pressure is fa i r ly  
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low, the gas diffusion coefficients and the mass t ransfer  
coefficients are higher  than at atmospheric pressure, 
the concentrat ions of the different species are there-  
fore the same on the surface of the layer  and in the gas 
phase. Moreover, the efficiency of the reactor is so 
weak (~ ~ 5%) that  it can be considered that the con- 
centrat ion of the source is at any point in the reactor 
very close to that  of the gases that  have been int ro-  
duced. All the exper imental  results can be explained 
simply with the model thus defined. 

In  the first var ia t ion range, represented for example 
in Fig. 5b or 4a, in the case of silane for pressures 
lower than  40 Torr, the mass t ransfer  is fast and the 
film growth rate can be considered to be controlled by 
the rate of surface reaction. Seto's model shows that if 
the rate is proport ional  to [PH2]-1/2 the adsorption of 
the hydrogen molecule is on two silicon sites, while a 
direct proportion between growth rate and the part ial  
pressure of the silane would indicate an adsorption of 
silane on a single silicon site. We should note that Seto 
came to this conclusion as far as the adsorption of the 
silane on silicon is concerned. In  contrast, Joyce and 
Bradley thought that  they had shown the adsorption 
of the silane molecule on two silicon sites. However it 
is possible that  their system was not well defined or 
there were, perhaps, impor tant  depositions on the sides 
of the reactor. Chabert  and Peyrelavigne also con- 
cluded that silane is adsorbed on two silicon sites in 
the preparat ion of SiO2. 

In  the first pressure range, for which the growth rate 
is controlled by the pressure, the reaction is controlled 
by the rate of the surface reaction. An  activation en-  

ergy of 15 [kcal] [mole]-1 can be deduced from the 
curve of Fig. 6a where the logari thm of the growth 
rate is plotted as a function of the inverse of the abso- 
lute  temperature.  

The second variat ion range of the growth rate, ob- 
served at pressures greater than 40-50 Torr  corre- 
sponds to a l imita t ion of the rate by gaseous diffusion. 
The growth rate is proport ional  to the diffusion rate 
of the source. It  is therefore inversely proport ional  to 
the total pressure and relat ively independent  of tem- 
perature.  

At very low pressure ,  10 Torr  for example, we are 
in a region controlled by the surface. At higher pres- 
sure, that is 70 Torr, the growth rate can be either 
controlled by the surface or by the mass t ransfer  ac- 
cording to the temperature;  under  T = 850~ the re-  
action is activated. Final ly  above 500 Torr, the mass 
t ransfer  is low compared to the surface reaction and 
growth rate is insensit ive to temperature.  

Seto's model of heterogeneous catalysis can also ex- 
plain the influence of the total pressure on the incor-  
poration process of arsenic. Silane, the usual  source, 
is not the only specie in  competit ion wi th  hydrogen on 
the surface, all the species present  in  the gas phase 
share the silicon surface. It  is therefore the same for 
the molecules of the impuri t ies  which are also in com- 
petit ion with the hydrogen. In  this way 

Constant  [K j6 P(impurity)j] 1/d 
Nd -- 

K4 PH2 I/z 

The model thus defined therefore explains the fact 
that the doping level is proport ional  to [PH2] -1/2 for 
low hydrogen pressures, when the part ial  arsine pres- 
sure is constant. The doping level then becomes pro- 
portional to [Pn2] - I  for higher pressures when  the 
mass t ransfer  has become sufficiently small. 

The results given here concerning the qual i ty of the 
crystal should be compared with those of Bloem (8). 
This author observed, at atmospheric pressure, that 
the l imit of growth rate for which the layer becomes 
polycrystal l ine increases when the growth rate in -  
creases. Bloem showed that when we plot the curve 
which represents this growth rate as a funct ion of the 
inverse of the absolute temperature,  we obtain a 
straight l ine whose slope allows the calculation of an 
activation enery of 115 kcal/mole. Bloem then suggests 
that this energy is similar to that of silicon diffusion 
in silicon. He indicates that the slow stage in the mona-  
crystal l ine growth of silicon is therefore the diffusion 
of free silicon which is looking for a crystal l ine site on 
the surface. The coefficient of self-diffusion of silicon 
in  silicon has an activation energy of 110 kcal. 

There is no real disagreement between our results 
and those of Bloem. However, there is mat te r  for dis- 
cussion since he does not take into account the role of 
hydrogen on the growth surface, an effect which be-  
comes clear when the hydrogen pressure decreases. 
We must  then admit, as shown by Townsend, that the 
adsorbed hydrogen molecules on the surface as well as 
all the species present  there, h inder  the crystal l ine ar-  
rangement  of the growth. 

Application aS epitaxial growths obtained at low 
pressure.--P-n junctions.--Very abrupt  junct ions have 
been obtained by growing boron doped p+ layers at 
low pressure under  the following conditions: tempera-  
ture, 930~ pressure, 10 Tort ;  dx/dt  = 0.2 ~m/min;  and 
hydrogen flow, 18 l i ters /min,  measured at 760 Torr. 
Levels of free carriers of 7 .  1019 acceptors per cm 8 
were obtained. When the p+ layer is grown immedi-  
ately after a type n layer  of a level close to 1017 car- 
riers per cm 3, in a same growth process, the t ransi t ion 
between the n layer  and the p+ layer is less than 300A. 

Impurity profile between the substrate and the epi- 
layer.--The autodoping of epitaxial layers grown at 
atmospheric pressure is great when the substrates are 
heavily doped with phosphorus (p ~ 10 -3 ~ . cm) .  We 
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have made similar  layers on such substrates when 
operat ing at a hydrogen pressure of 10 Torr.  As can be 
seen in Fig. 8, the effect due to autodoping is sup- 
pressed and the transitions are ve ry  abrupt. The exact 
profile of the impuri t ies  is more abrupt  than the pro-  
file measured by the capaci ty-vol tage  method because 
of the Debye length. The actual profiles are then in 
agreement  wi th  Fick's laws. The abrupt  transit ions 
and the rapid purges obtained at low pressure allow 
the growth of layers of several  thousand angstroms 

with  a precision of -+- 300A. The reduct ion in autodop- 
ing due to the  contaminat ion by impuri t ies  which have 
escaped f rom the back side of the substrate can also 
be explained by Seto's model. For  this, let  us suppose 
that  the evaporat ion ra te  of the impuri t ies  f rom the 
the back side of the substrate is constant. The part ial  
pressure of the residual  impuri t ies  in fhe reactor  is 

Pimpurities ~- Ximpurities X PH2 

which gives for the residual level  of free carriers 
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The observat ions m a d e  of this phenomenon are  in 
agreement  wi th  the  preceding expression.  Thus when 
the work ing  pressure  is 10 Torr,  the res idual  level due 
to the  escaped impur i t ies  of the subs t ra te  is reduced 
by a factor  be tween  5 and 10. 

Realization of microwave devices.--Schottky diodes 
working  at  10 GHz have been made by  using ep i tax ia l  
s t ructures  grown under  low pressure.  The charac ter i s -  
tics of the  layer ,  the growth  conditions, and the elec-  
t r ica l  per formances  of these diodes are  summar ized  
below. 

For  the ep i tax ia l  l ayer  we used 111 or iented sub-  
strates,  doped wi th  phosphorus,  of 10 -~ ~ . c m  res is t iv-  
ity. The meta l lu rg ica l  thickness of the  l aye r  was 0.17 

~m, the e lect r ica l  thickness 0.14 ~m, the  level  of  f r e e  
carr iers  1 �9 1017 a toms /cm 8. 

The layers  were  deposi ted at an ac tual  t empe ra tu r e  
of the subs t ra te  of 930~ and a pressure  of 10 Torr .  
The g rowth  ra te  was 0.2 ~m/min.  

The geometr ica l  character is t ics  of the  diodes are  the  
following: contact, Cr -Au;  d iamete r  of the diodes, 8 
~m. The e lect r ica l  character is t ics  of the diodes were  
then:  0V junc t ion  capacity,  Cjo = 0.12 pF;  b r eakdown  
voltage, 3V; noise factor,  4.7 dB when  the input  power  
of the local osci l lator  was 2 roW. 

Conclusions 
The exper iments  of sil icon crys ta l  g rowth  carr ied  

out  at  a low hydrogen  pressure  have under l ined  the 
impor tan t  role of hyd rogen  on the si l icon surface du r -  
ing growth.  By growing be tween  10 and 100 Torr  for a 
constant  pa r t i a l  pressure  of each of the compounds 
SIR4, SiHsC12, SiHC13, and SIC14, the  growth  ra te  p re -  
sents fol lowing var ia t ion  ra te  ranges:  (i) A t  low pres -  
sure, the ra te  of film growth  is p ropor t iona l  to 
[PH2]-1/2 and is ac t iva ted  by  t empera tu re .  Growth  is 
control led  by  surface hydrogen  in compet i t ion  wi th  
different  source species (or doping species) on the  
surface. Layers  are  defect  free even for  t empera tu res  
lower  than  900~ (it) At  h igher  pressure ,  g rowth  ra te  
is p ropor t iona l  to [PH2]-1. it is not  a funct ion of t em-  
pera ture ;  it  is mass t ransfer  l imited.  

Growth  at  low t e m p e r a t u r e  and at  low pressure  a l -  
lows us to obta in  ve ry  steep impur i t y  profiles be tween  
a very  heavi ly  doped subs t ra te  and the ep i l aye r  be-  
cause both so l id-s ta te  diffusion of impur i t ies  and auto-  
doping are  reduced.  Less autodoping is obta ined  be-  
cause the ra te  of gaseous diffusion of impur i t i es  which  
escape from the subs t ra te  is acce lera ted  fur ther ,  t r a n -  
sitions be tween layers  d i f ferent ly  doped are  more  
abrup t  because purges  are  accelerated,  and t rans ient  
mechanisms are  suppressed.  For  al l  these reasons the  
low pressure  g rowth  process is a g rea t  improvemen t  
in the  fabr icat ion of microwave  devices. 
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An Experimental Study of Various Cross Sheet 
Resistor Test Structures 
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ABSTRACT 

Newly  designed cross sheet resistbrs are  shown to g i v e  t h e  s a m e  (within 
0.5%) measured sheet resistance as conventional  van der Pauw structures. 
Diffused boron and phosphorus layers wi th  sheet resistances near  200 ~/[:]  
were  studied with  the sampled areas varying f rom a square 6.4 ~m (0.25 rail) 
on a side to a circle 762 ~m (30.0 mils) in diameter.  An increase in measured 
sheet resistance values was observed due to surface leakage currents, and an 
equiva len t  circuit  model  was developed to expla in  the results. The effect of 
joule  heat ing on measured sheet resistance values was observed in both 
large and small  cross structures.  

In the microelectronics industry  the sheet resistance 
of conducting layers is f requent ly  measured with  a 
four - t e rmina l  resistor in the shape of a br idge (1) 
or a van  der  Pauw (2) test structure.  More recently,  
it was shown mathemat ica l ly  that  the sheet resistance 
can be de termined  f rom the van der Pauw formula 
if  the resistor has the shape of a Greek  cross pro-  
vided the arm length of the cross is greater  than the 
a rm width  (3). Since the cross sheet resistor can be 
made as small  as al lowed by l i thographic processes, 
the s t ruc ture  permits  the study of electr ical  conduc- 
tior~ effects in inhomogeneous mater ia ls  where  the 
nonuniform regions are of the order  of the dimensions 
of the hear t  of the cross. Such effects have been ob- 
served in silicon on sapphire by Ham (4) and are 
anticipated in deposited layers such as a luminum and 
polycrysta l l ine  silicon. I n  this s tudy the previous 
theoret ical  work  is verified exper imenta l ly  by com- 
paring measurements  on the new Greek-cross  s t ruc-  
tures wi th  convent ional  van  der Pauw structures  
where  the region of interest  is contacted by four con- 
tacts which approximate  points. Effects such as sur-  
face leakage currents  and joule heat ing are discussed 
in terms of their  influence on sheet resistance values. 
It  was found that  leakage currents  due to surface 
channels can cause an apparent  increase in the mea-  
sured sheet  resistance. 

pa t te rn  NBS-3 (5). The s t ructures  are listed in Table 
I where  various critical dimensions are cited. S t ruc-  
ture 4.11 is a c ircular  gated van  der Pauw sheet re-  
sistor wi th  a field plate extending f rom the per iphery  
of the diffused layer  to a channel  stop diffusion which 
is the same conduct ivi ty  type as the substrate. The 
offset quadrate  cross, represented by s t ructure  4.26, 
was studied exper imenta l ly  by Perloff and co-workers  
(6) and found to be a viable test structure.  

An equivalent  circuit  model  for these junct ion-  
defined sheet resistors is shown in Fig. 2 where  the 
sheet resistor terminals  are labeled A, B, C, and D. 
In the model, the four  resistors labeled R1 represent  
the resistance of the region of interest, R2 is the arm 
resistance, and R3 is the surface shunt resistance be-  
tween contact pads. In one test structure,  the per -  
ipheral  surface resistance R3 can be controlled by a 
gate labeled G. The surface resistance between one 
of the contact pads and a nearby diffused area labeled 

Equivalent Circui t  Model  

Exper imenta l  studies of various sheet resistor test 
s t ructures  were  under taken  to ver i fy  that  the sheet 
resistance can be proper ly  calculated f rom the van der 
Pauw formula  when  interferences are negligible. In 
these studies, the six different test s tructures shown 
in Fig. 1 were  fabricated by a planar  silicon tech- 
nology where  the diffusior~s were  made through oxide 
openings and contacted by evaporated metal  layers. 
These structures appear  on test pa t te rn  NBS-4 which 
includes many  structures previously studied on test 

* Electrochemical Society Active M e m b e r .  
K e y  w o r d s :  c r o s s  s t r u c t u r e ,  d i f f u s e d  l a y e r ,  s h e e t  r e s i s t a n c e ,  

s i l i c o n ,  v a n  d e r  P a u w  s t r u c t u r e .  

Table I. Test structures 

C r i t i c a l  dimen- 
N u m b e r  T y p e  s i o n  ~ m  (ra i l )  * 

4.11 C i r c u l a r  g a t e d  v a n  d e r  P a u w  D = 431.8 (17 .00)  
4.22 G r e e k  c r o s s  ( s m a l l )  S = 6.4 (0 .25)  
4.24 G r e e k  c r o s s  ( l a r g e )  S = 38.1 (1 .50)  
4.25 G r e e k  c r o s s  ( l a r g e )  S = 38.1 (1 .50)  
4.26 O f f s e t  q u a d r a t e  c r o s s  S = 38.1 (1 .50)  

D~ = 6 4  (0 .25)  
4.35 C i r c u l a r  v a n  d e r  P a u w  D = 762.0 (30 .00)  

* D = d i a m e t e r ,  S = w i d t h  o f  c r o s s ,  Dz  = w i d t h  o f  t a p .  

Fig. 1. Sheet resistor test structures. See Table I for explana- 
tion of symbols. The structures at the periphery of the square con- 
taining structure 4.35 are not a part of this structure. 

6 4 5  
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E is shown as Rs*. The entire s tructure is isolated by 
a j u n c t i o n  from the substrate which is contacted at 
S. The model assumes that  contact resistance at the 
probe pads is negligible and  that  pinhole shorting from 
the probe pads to the substrate  is absent. In  addition, 
current  in  the oxide is assumed to be negligible, and 
the Substrate is assumed to have negligible resistance. 

The computat ion of the sheet resistance and other 
factors follows from the measurement  of resistance. 
The notat ion used for these resistances follows from 
the observation that the contact pads A, B, C, and D 
are ar ranged in  a square as shown in  Fig. 2. Two 
measurement  positions are designated as the zero- 
and n ine ty-degree  positions. In  the zero position for- 
ward cur ren t  IAB(-[-I) is passed into A and out of B 
and the voltage VDC(-[-I) is measured at D with re- 
spect to C. For reverse current,  the current  IAB (--5) is 
passed into B and out of A and the voltage is mea-  
sured at D with respect to C. Both IAB(--I)  and 
VDC(--I) are negative quantities. The static resis- 
tances, determined for the zero-degree position for 
both forward ( :bI)  and reverse ( - - I )  currents,  are 

Ro( WI)  = VDC("}-I)/IAB("~-I) [ la]  

Ro( - - I )  -- VDC(- - I ) / IAB( - - I )  [ lb]  

In  the n ine ty-degree  position the current  terminals  
are D and A and the voltage terminals  are B and C. 
The static resistances are 

R90 ( -~- I) --= VCB (.-~I)/IDA ( + I) [2a] 

Rg0(--I) = VCB (- - I ) / IDA(--1)  [2b] 

The incrementa l  resistance for both forward ( + I )  
and reverse ( - - I )  currents  determined from measure-  
ments  at the zero-degree position is 

[VDc ( + I )  -- VDc ( - - I )  ] 
R'9 ( •  - [3] 

[IAB ( + I )  -- IAB ( - - I )  ] 

and at the n ine ty -degree  position is 

R'90(-----I) ---- [VcB(-[-I) -- VCB(--/)]  [4] 

[IDA (~-I) -- IDA (--I) ] 

Note that VDC(--I), /AS(--/), VCB(--I), and IDA(--/) 
are all negative quantities. The average resistance de- 
termined from measurements at the zero- and ninety- 
degree positions for currents ___I is 

R ( •  = [R'0(___/) / - R ' 9 o ( + _ I ) ] / 2  [5] 

R ~ 

[]  
Fig. 2. Seven-termlnal equivalent circuit model used to explain 

the effect of surface leakage currents on sheet resistance values. 
This circuit models a symmetrical, peripherally gated, ]unction- 
defined sheet resistor with a substrate and isolated junction con- 
tacts. 

The sheet resistance is determined from the van  der 
Pauw formula (2) 

Rs --- ~[~R (-+-/)/In 2] [6] 

where )r is a correction factor related to the geo- 
metr ical  asymmetry  of the sheet resistor; see the 
Appendix. The value of :f is related to the asymmetry  
factor, FA, which is given by 

FA = [R '0(•  -- R'9o(+--I)]/R(+--I) [7] 

As indicated in  the Appendix, J is wi th in  0.1% of 
un i ty  for FA ----- 10.74%. The value of FA is used in  
the exper imental  studies to quant i fy  the degree of 
asymmetry  encountered in the various sheet resistors. 
Since the sheet resistors in  this s tudy have a high 
degree of symmetry  (FA :~-~- 3%),  ] was taken as 
un i ty  in  the computat ion of the sheet resistance. 

The measurement  of the sheet resistance assumes 
that  offset voltages encountered in the measurement  
system can be el iminated by taking the difference in 
voltages at both forward and reverse currents.  The 
zero offset factor, F0, is calculated from 

(IRo(-}-I) - R o( - - I )  l -t- IRgo(+I) - R9o(--I)[)  
Fo = 

2R(•  
[8] 

where taking the absolute value of the quanti t ies 
leads to a worse case estimate. Small  values of F0 
indicate that the measurement  system is adequate. 

In the measurement  of the sheet resistance, it is as-  
s u m e d  that the conduction mechanism is ohmic. To 
quant ify the l inear i ty  of the current  voltage char-  
acteristics, a l inear i ty  factor, FL, is calculated by deter-  
mining  the average resistance at two different current  
levels. For  currents  at •  and •  FL is given by 

FL : [ R ( •  -- R ( •  ] / R (  +_I) [9] 

One might  be tempted to t ry  to quant i fy  the l inear i ty  
of a layer  by measur ing addit ional  resistance values 
at the 180- and 270-degree positions. For layers w i t h  
l inear  resistivity, the reciprocity theorem indicates 
that such resistances determined at 180 and 270 de- 
grees are equivalent  to resistances determined from 
the zero- and ninety-degree  position, respectively 
(2). If the resistivity of the layer is linear, reciprocity 
holds. However, the converse- - tha t  if reciprocity is 
obeyed, the resist ivity is l i ne a r - - ma y  not be true. 
Layers with nonl inear  resistivity are bet ter  identified 
by the l inear i ty  factor, FL. 

Test Structure Intercomparison 
The test structures listed in Table I were fabricated 

in  both n -  and p- type silicon wafers. Sheet resistance 
variations across typical wafers are shown in Fig. 3 
and 4. The values shown in Fig. 3 were obtained from 
a p- type layer formed by a boron ni tr ide diffusion at 
965~ for 45 min  with a junc t ion  depth of 1.6 ~m in  
a ( l l l ) - o r i e n t e d ,  phosphorus-doped 59 ~%.cm silicon 
wafer. The sheet resistance values in Fig. 4 were 
obtained from an n - type  layer  formed by a solid 
silicon pyrophosphate diffusion at 950~ for 20 rain 
with a junct ion depth of 1.1 ~m in  a ( l l l ) - o r i e n t e d ,  
boron-doped 3 a . c m  silicon wafer. On test pa t te rn  
NBS-4 all the sheet resistors are in close proximity  
except for s t ructure 4.35. The sheet resistance values 
shown for this s t ructure are an average of two values 
measured at sites on either side of the one where 
the other structures are clustered. This procedure 
reduces the effect of sheet resistance gradients on the 
comparison of sheet resistance values from structure 
4.35 with those from the other structures. 

In  these studies measurements  were made in the 
dark. The current  from a constant current  source 
was either determined from the voltage drop across 
a s tandard resistor or assumed to be within the stated 
accuracy. Current  reversal was achieved by switching 
the current  through a mechanical  switch or relay 
rather  than  reversing the current  source. For the 
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Fig. 3. The p-type sheet resistance variation as measured by 
various test structures across an n-type 59 ~,.cm wafer (B59Ph-1). 
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Fig. 4. The n-type sheet resistance variation as measured by 
various test structures across a p-type 3 ~,'cm wafer (03.00-3). 

resist ive s tructures studied here this procedure en- 
sures that  the magni tude  of the reverse  current  equals 
that  of the forward  current.  Voltages were  measured 
with  a digital vo l tmeter  wi th  a resolut ion of 1 ~V. 
The measurement  current  was chosen so that  the 
measured voltage was be tween 0.5 and 10 mV. The 
sheet resistance was calculated from Eq. [6] where  
the currents  used in the computat ion were  approxi-  
mate ly  100 ~A. The substrate was al lowed to float 
electr ical ly dur ing these measurements .  

Figure  3 reveals  that  the measured sheet resistance 
values for the various test s t ructures are typical ly 
wi th in  0.5% of each other  in spite of the fact that  
the region being sampled is as small  as a square 
6.4 ~m on a side (s t ructure 4.22) or as large as a 
circle 762 nm in d iameter  (s t ructure 4.35). This is a 
ratio of over  10 ~ in area. The exce]lent agreement  
of these values confirms exper imenta l ly  the conclu- 
sion d rawn from a theoret ical  analysis (3) that  the 

Greek crosses in Fig. 1 are val id  van der Pauw sheet 
resistors. The  ratio of a rm length to a rm width  varies 
f rom 2.2 for s t ructure  4.25 to 5.0 for  s t ructure  4.22. 
It  is ant icipated that  s t ructures  wi th  ratios as low 
as uni ty  would also give results consistent wi th  theory. 

I n t e r f e r e n c e s  
In the measurement  of the sheet resistance various 

interferences can lead to  erroneous values. Some of 
these are  listed in Table II and are discussed in this 
section. 

The effect of surface leakage currents  on sheet 
resistance values measured  on wafer  B92B-2 is dra-  
mat ical ly  shown in Fig. 5. This wafer  was fabr icated 
along with  the wafer  shown in Fig. 4 except  that  
near  the end of the process the oxide was removed 
and a new thin wet  oxide (120 nm thick) was regrown 
at 925~ for 50 min. As shown in Fig. 5, sheet re-  
sistance values va ry  by as much as a factor of 4 
f rom the corrected value  obtained on the gated van 
der Pauw structure,  4.11. To quickly ver i fy  that  surface 
leakage currents  were  excessive, the two- te rminaI  re-  
sistance be tween two adjacent  junct ion- isola ted sheet 
resistors was measured on each of the wafers  used 
in this study. These resistances are shown in Table IIT 
as Ra* values. The surface leakage current  problem 
is clearly indicated by the fact that  R3* for  wafer  
B92B-2 is at least 500 times lower than other  values. 

The equiva len t  circuit  model, shown in Fig. 2, was 
used to expla in  the effect of surface leakage currents  
on the sheet resistance values shown in Fig. 5. (In 
the fol lowing development  the diodes, R3*, and the 
gate shown in Fig. 2 were  ignored.) When measur ing 
the sheet resistance, the current,  I, is passed be tween 
adjacent  terminals  (e.g., A, B) and the voltage dif-  
ference, V, is measured between the other two te r -  
minals  (e.g., C, D). The desired si tuation is one in 
which the value  of R8 is infinite and the value of R2 
is zero. In this case, R ~ V/ I  .~ Rz/4. By sett ing 
Rz equal  to the sheet resistance, Rs, then R ---- Rs/4. 
For this simple model, R -~ Rs/4 is a sufficient ap- 
proximat ion to the van der Pauw expression, R _-- 
Rs (ln 2/~) = Rs/4.53. 

The ne twork  shown in Fig. 2 was solved for R = V/ I  
with the use of the indefinite admit tance mat r ix  ap- 
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Fig. 5. The n-type sheet resistance variation as measured by 
various test structures across a p-type 92 ~,.cm wafer (B920-2). 
This data shows that surface leakage currents can dramatically 
affect measured sheet resistance values. 
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Table II. Effect of interferences on various quantities determined from junction-defined, cross sheet resistors 

Effect Inter ference  Possible  cause 

Asymmetry factor large Nonuniform sheet resistance across 

Zero offset factor large 

Linearity factor large 

Sheet  res istance value  
incorrect  

structure 
Nonuniform structure boundaries 
Bulk leakage current 
Photovoltaie effect 
Thermoelectric effect 
DV• zero offset 
Joule heat ing 

Nonlinear resist ivity  
Oxide-silicon interface  currents  

Part of structure missing 

High contact  res istance 
Metal-to-substrate shorts  
Surface currents across oxide 
Oxide-silicon interface  currents  

through inversmn layer 
Poor junction isolation 

Nonuniform lateral doping and/or junction depth 
variations 

Poor photomasks and/or poor wafer  fabrication 
Low junction breakdown voltage 
Too much light 
Thermal voltages at relays  a n d / o r  probe contacts  
Instrumentation problem 

Excess ive  current.  Poor  design (s tructure  too nar- 
row ) 

Grain boundaries and/or junct ions  
Oxide charge causes  channels  
Poor fabrication and/or structure near  edge of 

wafer 
Poor fabrication 
Pinholes in oxide 
Incomplete  metal  removal  
Excessive oxide charge and/or interface  states  

Low breakdown voltage or too much light 

Table III. Parameters for wafers used in this study 

Resis- 
Wafer tivity BV (V) 

number  Type (~ - cm) R~* (~) at I0 ~A 

B92B-2 p 92 3000 6 
B3.0B-3 p 3.0 1.5 M 60 
B59Ph-1 n 59 > 100 M 220 

p r o a c h  (7) .  T h e  s o l u t i o n  r e q u i r e s  t h e  r e d u c t i o n  of 
b o t h  7 b y  7 a n d  5 b y  5 m a t r i c e s .  T h e  r e s u l t  is 

V 
R -~ ~ ---- (8GI~GfG~ Jr- 16G13G32 -}- G12G23 

I 

8G12G22G8 -~ 20G12GfG32 -~ 2G1G2~G3 -~ 8G1G22G32 

-}- G23G32) --  (4GzSG23 ~- 32GISGzeG3 -~ 80G13G2G32 

+ 64G13G33 ~ 12G12G2SG3 -~ 64G12G22G32 ~- 80G12G2G33 

+ 12G1G23G8 e -b 32G1G22G~ 3 + 4G23G38) [10] 

w h e r e  G~ ---- R1-1,  G2 ---- R2 -1,  a n d  G3 ---- R 3 - L  
A n  e v a l u a t i o n  of t h i s  e x p r e s s i o n  n o r m a l i z e d  b y  

R1/4 is s h o w n  i n  Fig. 6. I t  shows  tha t ,  w h e n  t h e  s u r f a c e  
l e a k a g e  c u r r e n t s  a re  n e g l i g i b l e  (R3 > >  R~), t he  r e -  
g ion  of  i n t e r e s t  is m e a s u r e d  (4R/R~ a p p r o a c h e s  1) 
p r o v i d e d  t h a t  t h e  r e s i s t ance ,  R~, in  t he  a r m s  is no t  

a :  

100 I I I I 1 I i i ~  I I I I I I I I |  I I I I I I 11=  

I o o  ! 

50 . 

10 

0.1 , , , , , , , , I  , , , i. J l i i l  
10 100 

%/R1 

Fig. 6. An evaluation of the equivalent drcuit model shown in 
Fig. 1. The data points are values from wafer B92B-2; see Table 
IV. 

I I I i i l l  

1000 

too l a rge .  I t  a lso s h o w s  tha t ,  w h e n  s u r f a c e  l e a k -  
age  c u r r e n t s  a re  l a r g e  (R8 < R1) ,  s u r f a c e  c o n d u c -  

t i on  c o m p l e t e l y  d o m i n a t e s  t h e m e a s u r e d  R v a l u e  a n d  
R is s m a l l e r  t h a n  t h e  d e s i r e d  R1/4 va lue .  F i n a l l y ,  
w h e n  s u r f a c e  l e a k a g e  c u r r e n t s  a r e  m o d e s t  (R3 > R1),  
t h e  c u r v e s  s h o w  t h a t  t h e  s u r f a c e  c o n d u c t i o n  causes  R 
to be  m u c h  l a r g e r  t h a n  t h e  d e s i r e d  R1/4 v a l u e  w h e n  
t h e  a r m  r e s i s t a n c e  is l a r g e  (R2 > R1).  

F o r  e a c h  s t r u c t u r e  u s e d  to o b t a i n  t h e  r e s u l t s  s h o w n  
i n  Fig. 5, R1, R2, a n d  R3 v a l u e s  w e r e  d e t e r m i n e d .  
I n  t h i s  a n a l y s i s  t h e  s h e e t  r e s i s t a n c e  of t h e  p h o s p h o r u s  
l a y e r  was  t a k e n  as 200 12/[]. Thus ,  R1 is 20012 a n d  R2 
is 20012 t i m e s  a g e o m e t r y  f a c t o r  fo r  t h e  a rm .  F r o m  
c i r c u l a r  M O S F E T  m e a s u r e m e n t s  [ s t r u c t u r e  4.15 w h i c h  
is i d e n t i c a l  to s t r u c t u r e  3.15 ( 5 ) ]  t he  s u r f a c e  c h a n n e l  
s h e e t  r e s i s t a n c e  o n  w a f e r  B92B-2  w a s  f o u n d  to b e  
20,000 12/[::] a t  ze ro  ga t e  vo l t age .  Thus ,  R3 is 20,00012 
t i m e s  a g e o m e t r y  f a c t o r  r e p r e s e n t i n g  s u r f a c e  c o n d u c -  
t i on  b e t w e e n  a d j a c e n t  a rms .  F r o m  t h e  Rf/R1 a n d  
Rs/R1 ra t ios ,  t h e  4R/R1 v a l u e s  w e r e  d e t e r m i n e d  f r o m  
Fig. 6; t h e  r e s u l t s  a r e  l i s t ed  in  T a b l e  IV. Also  l i s t e d  
in  T a b l e  IV a r e  t h e  s h e e t  r e s i s t a n c e  v a l u e s  f r o m  Fig. 5 
t a k e n  a t  pos i t i on  5 a n d  n o r m a l i z e d  to Rso ---- 199 ~ / [~ .  
As s e e n  in  T a b l e  IV, t he  c o r r e l a t i o n  b e t w e e n  t h e  
RJRso r a t i o  t a k e n  f r o m  Fig. 5 is c lose  to t h e  4R/R1 
r a t i o  c a l c u l a t e d  f r o m  t h e  e q u i v a l e n t  c i r cu i t  mode l .  
Th i s  con f i rms  t h e  effect  of  s u r f a c e  l e a k a g e  c u r r e n t  
on  s h e e t  r e s i s t a n c e  va lues .  

G e o m e t r i c a l  a s y m m e t r y  of t e s t  s t r u c t u r e s  is r e f l ec ted  
in  t h e  a s y m m e t r y  f a c t o r  FA. F o r  t h e  s t r u c t u r e s  s tud ied ,  
FA was  a l w a y s  s m a l l  ( less  t h a n  3%)  so t h a t  in  e v a l u -  
a t i n g  t h e  s h e e t  r e s i s t a n c e  f r o m  Eq. [6], l i t t l e  e r r o r  
is i n t r o d u c e d  i n  a s s u m i n g  f _-- 1. T h e  FA v a l u e s  a r e  
i n t e r p r e t e d  in  t h e  f o l l o w i n g  way.  F o r  t he  n - t y p e  
w a f e r s  t he  r e s u l t s  in  T a b l e  V i n d i c a t e  t h a t  t h e  cross  
s t r u c t u r e s  4.22, 4.24, a n d  4.25 h a v e  a h i g h e r  d e -  
g r ee  of s y m m e t r y  t h a n  t h e  o t h e r  s t r u c t u r e s  in  t h a t  
t h e i r  m e a n  FA v a l u e s  a r e  low. T h e  h i g h e r  m e a n  FA 
v a l u e s  fo r  s t r u c t u r e s  4.11, 4.26, a n d  4.35 a r e  a t t r i b u t e d  
to h u m a n  e r r o r s  i n t r o d u c e d  in  t h e  h a n d  p r e p a r a t i o n  
of t h e  100X p h o t o m a s k  a r t w o r k .  T h e  FA v a l u e s  
m e a s u r e d  f r o m  t h e  p - t y p e  w a f e r  do no t  h a v e  a t r e n d  
i d e n t i c a l  to t h e  n - t y p e  wafe r s ,  a n d  th i s  is t h o u g h t  
to b e  due  to s m a l l  s u r f a c e  c h a n n e l  c u r r e n t s .  T h e  e x a c t  
i n t e r p r e t a t i o n  of  FA v a l u e s  is s t i l l  u n d e r  s tudy ,  b u t  

Table IV. Sheet resistance values compared with equivalent 
circuit model (wafer B92B-2 position 5) 

Structure 
number  R~ (~/rl) R~/Rso 4R/Rx 

4.22 844 4.24 3.8 
4,26 606 3.05 2.7" 
4.24 529 2.66 2.0 
4.35 290 1.46 1.3 
4.25 224 1,13 1.2 
4.11 Rso : 199 1 I 

* Including constriction resistance at the arms. 
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Table V. The mean and standard deviation of various sheet resistor factors (in percent) 

Structure Fo Fo FL FL FA FA 
number* n-type p-type n-type p-type n-type p-type 

4.11 0.083 • 0 022 0.086 ----- 0.036 + 0.007 • 0.060 + 0.035 • 0.039 - 1 . 0 5  • 0.91 - 0 . 0 3  • 0.54 
4.22 0.040 ----- 0.012 0.148 • 0.153 - 0.059 ----- 0.074 - 0.147 • 0.052 + 0.52 ----. 1.17 + 1.20 • 1.19 
4.24 0.051 • 0.015 0.088 ~ 0.041 - 0.028 • 0.049 - 0.045 ----- 0.040 - 0.29 • 0.82 + 0.22 • 0.42 
4.25 0.059 ----- 0,052 0.045 • 0.015 - 0 . 0 4 7  • 0.062 +0.002 • 0.016 - 0 . 1 7  • 1.01 +0.18 • 0.45 
4.26 0.050 ----- 0 .015 0.085 "+" 0.050 - - 0 . 0 2 2  • 0.001 - - 0 . 0 1 6  • 0.037 + 1.54 • 1.06 + 2 . 9 1  • 1.01 
4.35 0.078 • 0.053 0.106 - -  0.052 - 0.024 • 0.127 + 0.022 • 0.018 -- 1.73 ----- 0.62 --0.34 •  

* T he  s t ruc tures  4.11-4.85 w e r e  fabr icated  in w a f e r  B59Ph-1 ( n - t y p e )  a n d  B3.0B-3 ( p - t y p e ) .  

geometrical asymmetry  introduced by photomask fab- 
rication, photoli thography and etch processes, and 
nonun i fo rm conductivi ty must  be contr ibut ing factors. 
The. a symmet ry  factor, FA, is also expected to be useful  
in  detecting s t ruc tura l  boundary  anomalies and in  
ident i fying those structures wh ich  have a high degree 
of symmetry.  

To ensure that  zero offset and nonlineari t ies  have 
a min imal  effect on the sheet resistance values, the 
factors F0 and FL were evaluated using Eq. [8] 'and 
[9] with I m 100 ~tk and n : 2. Results determined 
from measurements  on at least 10 sheet resistors on 
two wafers are listed in  Table V. The offset factors, 
F0, are general ly  below 0.2% which means that  photo- 
voltaic, thermoelectric, and DVM zero offset effects 
can be neglected. The l inear i ty  factors, FL, are gen- 
eral ly  much less than  0.2% which means that the 
conducting layers are being measured in the ohmic 
range. 

Bulk  leakage current  problems can be identified 
by :monitoring the breakdown voltage from the struc-  
ture to the substrate. Breakdown voltage values for 
the wafers used in  this s tudy are listed in Table iII. 
The breakdown voltage current  of 10 ~A was chosen 
to be one- ten th  of the current  used to measure the 
sheet resistance. As seen in Table III, wafer B92B-2 
has a breakdown voltage of only 6V. However, this 
b reakdown voltage is large enough to allow the sheet 
resistance to be determined since the compliance volt-  
age at the current  source did not exceed 1V at 100 gA. 

The effect of joule heating on sheet resistance values 
is shown in  Fig. 7 for s tructures 4.22 and 4.24 found 
on wafers B59Ph-1 and B3.0B-3. These measurements  
were taken at a fixed time after  the current  was 
switched to the next  higher value. As seen in the 
figure, the s t ructure  with the larger arms (4.24) can 
carry  more current  before overheating. The ratio of 
a rm widths for the two structures is six to one. This 
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Fig. 7. The effect of joule heating on the sheet resistance of 
p-type and n-type layers fabricated with the use of a small cross 
(4.22) 6.4 #m wide and a large cross (4.24) 38.1 /~m wide. 

leads to an  expected current  ratio of ~/6 : 2.45 for 
equal power dissipation. As seen in  the figure, the 
observed current  ratio of about two is sl ightly less 
than  anticipated. The dip in  the curves of Fig. 7 for 
wafer B3.0B-3 is a t t r ibuted to the saturat ion of a 
small  surface channel  current.  The increase in  the 
resistance at high currents  is consistent with the posi- 
tive temperature  coefficient of resist ivity for moder-  
ately doped silicon layers. The heating effect was 
confirmed by an increase in  the tempera ture  of the 
wafer chuck as monitored by a thermocouple im-  
bedded in  the chuck. Junct ion  breakdown effects can 
be ruled out since the compliance voltage at the 
current  source was always less than  the junct ion  
breakdown voltage. 

Design Considerations 
It is impor tant  that  interference-free  test s tructures 

be designed so that  a m i n i m u m  of tests is needed to 
ensure correct sheet resistance values. With proper 
design and proper measurement  procedures most of 
the above interferences can be minimized and those 
that  r emain  can be detected and faul ty  data identified. 
To minimize the effect of surface leakage current  
the curves in  Fig. 6 indicate that  the cross arms should 
be as short as possible. This is confirmed in  Fig. 5 
where s tructure 4.25 is clearly superior to s t ructure  
4.22. However, the a rm length should not be less 
than the a rm width or a correction factor must  be 
used in evaluat ing the sheet resistance (3). In  addi-  
t ion the surface resistance should be as large as 
possible. One way to accomplish this is by making  the 
current  path between contact points as long as pos- 
sible. This is difficult if large diffused probe pad 
areas are needed for probing the layer prior to meta l -  
lization, but  if a channel  stop diffusion is used, the 
surface resistance can be made large. The ul t imate  
in control is achieved with a channel  stop and a peri - 
pheral  gate biased so as to shut  off surface currents. 
If channel  stops or gates are not feasible, then surface 
currents  can be detected by measur ing the resistance 
to a nearby  diffused region which is physically sep- 
arated from the sheet resistor but  is the same type 
of diffusion. 

A mi n i mum of six probe pads is needed to ensure 
that  a junct ion-def ined sheet resistor is fully testable 
and that  interferences are identifiable. The six pads 
should include the four sheet resistor contacts, a sub-  
strate contact, and ei ther  a gate or a separately dif-  
fused region. The substrate contact allows the effect 
of bulk  junct ion  leakage currents  to be evaluated. 
Excessive bulk  leakage can be expected when  the 
junct ion  has a soft reverse breakdown. Of course, no 
measurement  i s  possible when the compliance voltage 
at the current  source exceeds the junct ion breakdown 
voltage. When the sixth contact is a separately dif-  
fused region, surface leakage current  problems can 
be identified but  accurate sheet resistance values may 
not be obtainable.  When the sixth contact is a gate 
and if a channel  stop is used (such as in  s t ructure  
4.11), problems due to surface leakage currents  can 
be el iminated as interferences on the sheet resistance 
values. 

The cross and  van  der  Pauw test s tructures present  
a measurement  problem because the measured voltages 
are much lower than  those measured on br idge- type 
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structures. In some cases large currents  must  be forced 
through the cross s tructure in  order to obtain a de- 
tectable voltage. This is par t icular ly  t rue for low 
sheet resistance layers formed by emitter  diffusion 
or metal  deposition. If a vol tmeter  with l imited sensi- 
t ivity is used, then the arm width of the cross struc-  
ture  should be as large as possible to allow measure-  
ments  at high currents  with m i n i m u m  joule heating. 
If a vol tmeter  with adequate resolution is used, then 
a m i n i m u m  line width cross can be measured with 
currents  small  enough to avoid joule heating. 

Conclusion 
Exper imenta l ly  it  was demonstrated that  sheet re- 

sistance values derived from cross sheet resistors can 
be correctly calculated from the van der Pauw formula. 
Convent ional  van  der Pauw sheet resistors as large 
as 762 ~m (30.0 mils) in  diameter  agree wi th in  0.5% 
with cross struetures as small  as 6.4 gm (0.25 rail) 
in  width. The geometrieal asymmetry  of all s tructures 
studied was no worse than 3% so that  the sheet re-  
sistanee can be evaluated from the van der Pauw 
equat ion with f -- 1. The effect of interferences such 
as surfaee leakage current  and joule heating on sheet 
resistance values was observed exper imental ly  and 
design suggestions are given to minimize these effects. 
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Table V[. The relationship between the geometrical asymmetry, 
FA, and the correction factor, f 

FA(%) l - y ( % )  v 

2 0.0035 1.020 
4 0.0139 1.041 
6 0.0312 1.062 
8 0.0555 1.083 

10 0.0867 1.105 
12 0.1249 1.128 
14 0.1700 1.151 

APPENDIX 
The va n  der Pauw factor ~ shown in  Eq. [6] is 

related to the resistances measured at the zero- and 
n ine ty-degree  positions through (2) 

cosh ~ _ k l  ~ -  = - ~ - e x p \  ] / 

where 
r -- R'o(~_I)/R'9o(• 

The asymmetry  factor, FA, given in  Eq. [7] and ex-  
pressed in  terms of r, is 

FA -- 2 ( r  -- 1 ) / ( r  -t- 1). 

Values for r, FA, and 1 -- ] are listed in  Table VI. 
They indicate that  FA values can be quite large be- 
fore f is significant. Calculations from the above equa- 
tions reveal that  for FA ~-- 10.74%, 1 -- $ is less than 
0.1%. 
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Bridge and van der Pauw Sheet Resistors for Characterizing 
the Line Width of Conducting Layers 

M. G. Buehler,* S. D. Grant, and W. R. Thurber 
National Bureau of Standards, Electronic Technology Division, Washington, D.C. 20234 

ABSTRACT 

It is shown that the l ine width of conducting layers can be computed from 
simple d-c electrical measurements  made on bridge and van der Pauw shaped 
test structures. A compact six-contact, cross-bridge sheet resistor test s t ructure 
was developed to make this measurement  directly. Line widths measured on 
boron ni tr ide diffused layers indicate that  the method is sensitive to width 
variat ions of the order of __0.1 ~m ( •  #in.) 

The measurement  of l ine widths in  the microelec- 
tronic indus t ry  is needed for the process control and 
design of integrated circuit components. For  process 
control, l ine-wid th  measurements  are useful in  moni-  

* Electrochemical Society Active Member. 
Key words: cross-bridge structure, diffused layer, line Width, 

process control, sheet resistance. 

toring the many  etching processes which define t h e  
width of oxide windows and conducting layers. In  cir- 
cuit design, the value of diffused or implanted resistors 
is determined in  par t  by the l ine width of the conduct-  
ing layer. 

Conventional  methods for measur ing the l ine width 
include both optical (1) and electrical techniques. 
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The electrical techniques commonly employ the dou- 
b le-br idge  method (2) which requires the fabrication 
of two bridge structures of different width. Since this 
measurement  technique is a differential- type method, 
it suffers from errors in  taking the difference Of large 
numbers. 

An al ternat ive  to these methods is the de termina-  
t ion of l ine widths using a bridge s t ructure  (3) in  com- 
binat ion with a van  der Pauw test s t ructure  (4). The 
width of the bridge s t ructure  is calculated from mea-  
surements  of its resistance along with knowledge of 
the length  be tween the voltage taps and the sheet re-  
sistance value obtained from the van der Pauw struc-  
ture. The advantage of these vehicles is that  they can 
be combined into one compact s t ructure  with the same 
line width, which means that  the conductivi ty of the 
composite is more un i form than  would general ly  be 
t rue for separate structures. In  addition, the computa-  
t ion of the l ine width does not depend on the differ- 
ence of large numbers ;  however, the analysis of the 
van  der Pauw structure  requires the measurement  of 
low voltages, usual ly in  the range from 1 to 10 mV. 
This is not a problem for laboratory-based in s t rumen-  
tat ion but  precludes the use of those integrated circuit 
testers which do not measure these low voltages. 

Test Structure Design and Fabrication 
Line drawings of the test structures used in  this 

s tudy are shown in Fig. 1-4. Metallized contact to dif- 
fused regions is shown by the crosshatched areas. 
Structures 3.22 and 3.28 were fabricated as a part  of 
test pa t te rn  NBS-3 (5) and the structures 7.18 and 
7.23 were fabricated as a part  of test pa t te rn  NBS-7 
(6). The dimensions for these structures are listed in 
Table I. 

The bridge test s t ructure shown in Fig. 1 was de- 
signed in  accordance with the ASTM standard (3) 
which requires that  Wm -~ 3Dm and Bm ---~ 2Win. In  
addit ion the lateral  diffusion and overetch effects were 
minimized by requir ing that  Am ---~ 5Xj and Cm --~ 5Xj, 
where  Xj is the junct ion depth. The subscript m indi-  
cates a parameter  referred to photomask dimensions. 

The offset quadrate-cross test s t ructure shown in  
Fig. 2 was designed to el iminate  the contact short ing 

wm L I 

-~ ~-Cm 

I.- .m 
I' 'm 

Fig. 1. Bridge sheet resistor test structure (3.28). The edges 
Ez, E2, and E3 are used to determine the width from optical photo- 
microscopic measurements. 

lid U 
/ 

D]Am 
_k 
T sm 

Fig. 2. Offset quadrate-cross teststructure (3.22) 

I1 

I2 

Vl 

V2 

Fig. 3. Greek-cross sheet resistor test structure (7.18) 

I2 ~ ~ V2 

I t Vl* 

[ 

~- SYMMETRY TAB 

Fig. 4. Cross-brldge sheet resistor test structure (7.23) 

correction factor (7) associated wi th  the van  der 
Pauw equation. For this s t ructure  where A/S = 0.33 
and D/S = 0.17, the correction factor is much less than  
0.1% and may be neglected. Likewise, the Greek-cross 
test s tructure shown in Fig. 3 w~s designed so that  the 
arm length is greater than the a rm width which means 
that the contact short ing correction factor associated 
with this s t ructure also can be neglected (7). 

The cross-bridge s t ructure  shown in  Fig. 4 is a com- 
binat ion os the bridge s tructure shown in  Fig. 1 and 

Table I. Test structures 

Photomask 
dimensions 

Number  Figure Type /~m (mid 

3.28 1 Bridge Am = 25.4 (1.00) 
Bm = 127.0 (5.00) 
Cm = 12.7 (0.50) 
Dm = 12.7 (0.50) 
Lm = 139.7 (5.50) 
Wm= 38.1 (1.50) 

3.22 2 Offset quadrate cross Am = 25.4 (1.00) 
Dm = 6.4 (0.25) 
S m =  38.1 (1,50) 

7.18 3 Greek cross Sm = 14.0 (0.55) 
7.22 4 Cross bridge Dm = 8,0 (0.31) 

Lm = 200.0 (7.87) 
Wm= 16.0 (0.63) 
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the Greek-cross s t ructure  shown in Fig. 3. The bridge 
par t  was designed in accordance with the ASTM 
standard (3) except that Wm = 2Din. The cross par t  
was designed to el iminate the contact short ing correc- 
tion factor (7). In  order to preserve the symmetry  of 
the cross, symmetry  tabs were introduced at the ends 
of the arms denoted Iz, I2, and Vz. These tabs are in-  
tended to compensate for the extension of the struc- 
ture  along the a rm denoted V2. 

The test structures shown in Fig. 1-4 were fabricated 
by photolithographic processes using contact pr in t ing  
a n d  an n - p - n  transistor  process. Both emit ter  and base 
sheet resistors were fabricated. The base sheet re- 
sistors, which were used to obtain the results reported 
in  this study, were fabricated on n-type,  ( i l l ) -  
oriented silicon substrates on which a 3'00 n m  thick 
oxide w a s  g r o w n  in steam at ll00~ Diffusion w i n d o w s  
were etched in  the oxide. The boron ni tr ide predeposi- 
tion diffusion was at  965~ in dry  ni t rogen for about 
30 rain. After  a deglaze in 10% hydrofluoric acid solu- 
tion, the base was diffused at 1100~ for 18 min  in  wet 
oxygen, followed by 40 min  in  dry oxygen, followed 
by  15 rain in dry nitrogen. This creates over the base 
regions a 350 n m  thick oxide that masks the subsequent  
emit ter  diffusion. The final high temperature  steps oc- 
curred at 1025~ for 20 rain and at 925~ for 45 min. 
The structures were complete after opening the con- 
tact windows and pat tern ing the a luminum metall iza-  
tion. The base sheet resistance was nomina l ly  200 [z/E]. 
Test structures 3.22 and 3.28 were fabricated in wafers 
numbered  28, 29, and 30; the junct ion  depth was 2.1 
~m. Structures 7.18 and 7.23 were fabricated in a 9 ~z- 
cm wafer, D8.8 Ph-1;  the j u n c t i o n  depth was 1.6 ~m, 

E l e c t r i c a l  M e a s u r e m e n t s  
The electrical measurements  util ized the d-c four-  

probe method where current  was forced between t w o  
contacts to the resistor and the voltage was measured 
between two addit ional  contacts. The current  from a 
constant current  source was determined either from 
the voltage drop across a s tandard resistor or was as- 
sumed to be wi th in  the stated accuracy. Current  re- 
versal was achieved by switching the current  through 
a mechanical  switch or relay to ensure that  the mag-  
ni tude of the reverse current  equals that  of the forward 
current.  The magni tude  of the current  was chosen so 
that  the measured voltage was between 0.5 and 10 mV. 
The substrate was allowed to float electrically dur ing 
these measurements.  

The line width is determined from measurements  on 
the bridge s tructure in  combinat ion with measure-  
ments  on the van  der Pauw structure. The sheet re- 
sistance is determined from the van der Pauw struc- 
ture  by uti l izing probe pads labeled I1, I2, V1, and V2 
shown in  Fig. 2, 3, o r  4 and is calculated from the 
van  der Pauw formula (4) 

Rs = ~R(+_I) An 2 [1] 

where R ( •  is the incrementa l  resistance determined 
from the current  and voltage measurements  for both 
directions of current  and both contact orientations; see 
preceding paper (8). The parameter  ~ which appears in  
the complete form of the van  der Pauw formula is as- 
sumed to be un i ty  in this study since the asymmetry  
factor, FA, was much less than 10% (8). 

The l ine (or window) width is de te rmined  by  uti l iz-  
ing probe pads labeled I1", I~*, VI*, and V2* shown in 
Fig. 1 and 4. The effective width, We, of the current -  
carrying channel  is calculated from 

We = RsLm/R* ( •  [2] 

w h e r e  R~ is de t e rmined  from Eq [1] and Lra is the 
distance between voltage taps as determined from the 
photomask. The incrementa l  resistance determined 
from measurement  for both forward (-FI) and re-  
verse ( - - I )  currents  is given by 

R * ( •  = IV* ( + I )  - - V * ( - - I ) ] / [ Z * ( + Z )  - - I * ( - - I ) ]  
[3] 

F o r  measurements  made in the forward current  mode, 
the current  I* (-t-I) is passed into I1" and out of I~* 
where both I*(q-I)  and V * ( + I )  = VI*(-FI) -- 
V~*(+I) are positive quantities. For measurements  
made in the reverse current  mode, both I* ( - - I )  and 
V* ( - - I )  are negative quantities. The above expressions 
assume that  the voltage taps do not significantly per-  
turb  the current  flow in the cur ren t -car ry ing  channel. 

If the test s t ructure  is a diffused layer then the ef- 
fective width is 

We = W m  § ~Xj + Woe [4] 

where Wm is the width determined from the photo- 
mask, Woe is the incrementa l  change in  the width due 
to photolithographic effects and overetching, and aXj 
is the effective incrementa l  change in the width due to 
lateral  diffusion where Xj is the junct ion depth and a 
is the lateral  diffusion factor (9). Since the lateral  dif- 
fusion cannot be observed from the top surface of the 
structure, the optically observable l ine width is 

W = We -- ~X~ = Wm + Wo~ [5] 

These quanti t ies are shown in  detail in  Fig. 5.1 

Line-Width Measurements 
Line widths for the bridge s tructure shown in Fig. 1 

were measured as a function of position across a wafer 
by both electrical and optical techniques. In  order to 
compare the two techniques, the factor aXe, with a 
assumed to have the value 0.3 (9) and Xj = 2.1 ~m 
for wafers 28, 29, and 30, was subtracted from the  ef- 
fective l ine width, We, which was evaluated from the 
electrical measurements  with the use of Eq. [2]. In  
~ig. 6 the sensit ivity of the method to etch t ime is 
i l lustrated by an exper iment  where the base diffusion 

If the test structure is a deposited layer, the effective width, 
which is the same as the optically observable width, W, is We = 
Wm - Woe. 

aX| ~- Wm 2 II_ aXj 
2 - I f -  w 

t 
Fig. 5. Cross-sectional view of a diffused region showing various 

dimensions. To account for lateral diffusion effects, the width of 
the conducting channel is increased by an amount aXj where the 
conductivity in this region is the same as in the main channel. 
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Fig. 6. Width of the base diffusion window as measured electri- 
cally and from photomicrographs along the diameter of wafers 
etched for different times. 
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window was etched for a different t ime on each of 
three wafers. The measurements  demonstrate  the effect 
of increased etch t ime on the window width. 

The optical measurements  were made directly on 
photomicrographs of various bridge test structures. An 
optical microscope with a 40• objective was operated 
in the dark field mode to obtain photomicrographs. 
The magnification as measured on the photomicro- 
graph was 585)<. The method used to determine the 
line width is i l lustrated by the points labeled E~, Es, 
and E3 shown in  Fig. 1. The distance between edges 
E1 and E3 is assumed to be unaffected by the photoli th- 
ographic processes or the etch times. This distance was 
taken from the nominal  photomask dimension and for 
s t ructure  3.28 is 63.5 _ 1.3 #m (2.50 _ 0.05 mils).  The 
distance between edges E1 and E2 corresponds to the 
optically observable width. In  measur ing this width a 
scale was placed on the photomicrograph at a conveni-  
ent angle such that the distance between Ei and E~ 
was a convenient  mul t iple  of the actual dimension. The 
distance between edges E1 was read directly from the 
scale. The estima~ted repeatabi l i ty  of both the electri-  
cal and optical l ine -wid th  measurements  was ___0.05 ~m 
( _  2 ~in.). 

The results obtained from the photomicrographs and 
shown in  Fig. 6 compare favorably with the values ob- 
tained from the electrical measurements  and in all 
cases the values are larger than the measured photo- 
mask width, Wm ---- 39.2 __ 0.3 #m (1.545 _ 0.01 mils) .  
Sheet resistance values are typically more uni form in  
the center  of a wafer than at the periphery. The fact 
that the bridge and van der Pauw resistors are located 
about 50 mils apart on the test pattern would affect 
the agreement between the electrical and optical mea- 
surements more at the edge of the wafer. The results 
flora the center of the wafer illustrate that the electri- 
cal width measurements are sensitive to width changes 
of the order of _0.1 ~m (• tdn.). 

Line widths were also measured with the use of the 
cross-bridge test structure shown in Fig. 4. Before 
computing the l ine width it is necessary to verify that 
the sheet resistance is correctly determined from the 
cross-bridge structure. This demonstra t ion is shown in  
Fig. 7 where the sheet resistance from adjacent Greek- 
cross (7.18) and cross-bridge structures are compared. 
The results shown in  Fig. 7 were analyzed by the least 
squares method where the slope of the l ine is 0.98 and 
the intercept  is 2.9 ~/[3. The s tandard deviation for 
these measurements  is 0.7% which means that sheet 

275 

"~.~. 250 

225 

2OO 

175 

150 

125 

m 

�9 m 

I I I I l 
125 150 175 200 225 250 275 

BASE SHEET RESISTANCE (Q/D], 7.23 

Fig. 7. Comparison of sheet resistance results from the Greek- 
cross (7.18) and cross-bridge (7.23) test structures. 

Table II. The mean and standard deviation of various sheet 
resistor factors (in percent) 

S t r u c t u r e  
number  Fo FL FA 

7.18 0.133 • 0 050 --0.011 • 0.031 --0.55 • 0.68 
7.18" 1.39 • 0.39 --0.005 •  007 +0.13  • 1.38 
7.23 0.141 --  0.050 - 0 . 0 1 1  ----- 0.010 - 1 . 4 8  • 0 3 2  
7.23* 0.59 ----- 0.11 - 0 . 0 1 9  • 0.006 - 1 . 0 0  - -  1.21 

* D a t a  on  structures  des ignated by  a n  * w e r e  obtained with  an 
automated data acquisit ion system.  

resistance values can be adequately determined from 
the cross-bridge test structure. 

Other comparisons between the Greek-cross (7.18) 
and the cross-bridge (7.23) test s tructures are listed in  
Table II. The factors F0,/;'L, and FA listed in  Table  II  
are defined in  the preceding paper (8). The offset fac- 
tors, F0, measured with an automated data acquisit ion 
system are significantly larger, because of thermal  
voltages in the relay scanners, than those measured on 
a system where the digital vol tmeter  was connected 
directly to the voltage contacts. The l inear i ty  factors, 
FL, are quite small  being less than 0.02% which indi-  
cates that  the .conduction mechanism in these test s truc-  
tures is ohmic. As expected, the asymmetry  factors, FA, 
indicate that the Greek cross (7.18) is more symmetr i -  
cal than the cross bridge (7.23); however, since FA 
< <  10%, the van  der Pauw formula can be used with-  
out correction to compute the sheet resistance. 

As an example of how electrical l ine width measure-  
ments  can be utilized in process control, wafer maps of 
sheet resistance and effective l ine width We from Eq. 
[2] as determined from measurements  on the cross 
bridge (7.23) are shown in  Fig. 8. Each wafer  map is 
divided into five increments  indicated by symbols 
given in the key. The numbers  listed in  the le f t -hand 
column are measured parametric  values. The numbers  
in the r igh t -hand  column are the number  of devices 
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n-type substrate 
(7.23). 

maps of a p-type base diffusion into a 90 , -cm 
as analyzed by the cross-bridge test structure 
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measured in each increment.  Every  other symbol 
shown in  the wafer map represents a measured point; 
from these values the remaining  symbols were obtained 
by interpolation. The sheet resistance shows a rather  
large top to bottom variat ion which is indicative of a 
diffusion problem; however, the effective l ine width 
shows a reasonably flat profile which is indicative of 
good etch control. Similar  wafer maps have been re- 
ported elsewhere (6) for both the base and emitter  
sheet resistors using separate cross and bridge struc- 
tures. 

The use of the cross-bridge method in  evaluat ing 
the width of very  nar row diffused (or implanted)  
layers should be viewed with caution. This si tuation 
occurs when the incremental  lateral  diffusion width 
~Xj is comparable with the over-al l  width. In  fact, the 
caution applies to any  layer  in  which strong lateral  
resistivity gradients exist. In  such cases the effective 
sheet resistance determined at the cross may not be 
the correct value for use in  the computat ion of the 
effective width from Eq. [2]. The method described 
here has also been applied to the measurement  of the 
l ine width of phosphorus emit ter  diffusions with a sheet 
resistance of about 1 1%/[3 (5, 6). In addition, the width 
of a luminum metall izat ion with a sheet resistance of 
about 0.03 ~/[~ has been measured. 

Conclusion 
It was demonstrated that  effective l ine width can 

be determined from electrical measurements  on dif- 
fused bridge and van der Pauw sheet resistors and that 
these electrical measurements  agree with those deter-  
mined from optical photomicrographs of the sheet re-  
sistors. The method is sensitive to width changes of 
the order of ___0.1 #m (__.4 ~in.). A new cross-bridge 
sheet resistor was developed; wafer maps of the sheet 
resistance and line width i l lustrate  the ut i l i ty  of this 
s t ructure for process control. 

The advantage of electrical l ine-width  measurements  
is that  they can be made quickly and at low cost using 
automatic data acquisit ion equipment  with sufficient 
voltage resolution. Thus these measurements  are im-  
portant  because of their  potential  use as process con- 
trol and design vehicles in  the manufac ture  of semi- 
conductor devices. 
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Boron Determination in Silicon by the Nuclear 
Track Technique 

W. Robert Thurber 
National Bureau o~ Standards, Electronic Technology Division, Washington, D.C. 20234 

and B. Stephen Carpenter 
National Bureau o~ Standards, Analytical Chemistry Division, Washington, D.C. 20234 

ABSTRACT 

The nuclear  track technique was used for the determinat ion of the boron 
dopant density in silicon. It was found that  boron in the range of 1015-102o 
atoms/cm ~ could be detected. The resistivity of the silicon specimens as a 
function of the boron density determined by the nuclear  track technique 
compares well with the work of Wagner relat ing resistivity to boron density. 
The results obtained by the nuclear  track technique show some scatter, but  
in  general  agree with those determined by the junc t ion  capacitance-voltage 
method. 

Boron is the most common dopant  used in  the 
preparat ion of p- type  silicon single crystals for the 

Key words: alpha track, boron, dopant density, nuclear track 
technique, silicon. 

microelectronics industry. The resistivity of the sili- 
con is a function of the amount of boron present as 
a dopant in the crystal. It is desirable to have a chemi- 
cal technique which can determine the boron density 
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for comparison with that  obtained from electrical 
methods. Neut ron  activation analysis, a useful  tech- 
n ique  for many  other impuri t ies  in silicon, is not sui t -  
able for the analysis of boron. Other methods have been 
cited in  the l i terature  including electron microprobe, 
nuclear  backscattering, microchemistry,  and alpha 
spectroscopy. However, of these methods only alpha 
spectroscopy (1-5) is able to measure the boron dopant 
densi ty  in  the 1015 cm -8 range. This paper  describes 
the use of the nuclear  track technique (NTT) (6-9) 
as a new way of de termining  the boron density in  
silicon. The NTT is based on the same nuclear  reaction 
as a spectroscopy, but  a different method of detection 
is used. Silicon crystals containing boron densities I be-  
tween 1015 and 102o cm -3 were analyzed by the tech- 
nique and the results are compared with junc t ion  ca- 
paci tance-vol tage measurements  and the work of 
Wagner  (10). 

In  brief the NTT is based on the n u m b e r  of radia-  
t ion-damaged areas produced in  a dielectric mater ia l  
in contact with the silicon. These radia t ion-damaged 
areas are a result  of a particles and 7Li recoil 
particles (9) that  are produced dur ing  thermal  neu-  
t ron bombardment  of the boron by the nuclear  reac- 
t ion 10B(n,~)TLi. The la tent  radiat ion damaged areas 
or tracks are made visible in the dielectric mater ia l  
by c'hemieally etching that  material .  Then  the n u m b e r  
of a tracks per un i t  area in  the detector is determined 
and assumed proport ional  to the boron density (a toms/  
cm 8) in  the silicon. The path length of the ~ particle 
[with a pr imary  energy of 1.44 MeV (11)] in silicon 
is ~,2.5 ~m and that  length  times the area yields the 
volume sampled. 

Experimental 
Sample preparation.--Specimens for analysis were 

obtained from boron-doped silicon crystals grown by 
the Czochralski process with a <111> growth axis. 
Some of the specimens were prepared from wafers 
supplied by commercial vendors and others from wa- 
fers cut and polished at NBS. Pr ior  to scribing or cut- 
t ing into sections for analysis, four-probe resistivity 
measurements  were made on the back side of the wa-  
fers following the s tandard procedure (12). 

For most of the specimens, the uni formi ty  of the re-  
sistivity across the wafer was measured. For other 
specimens the uni formi ty  had been previously checked 
by one of the following measurements  on a companion 
wafer cut from the same crystal: four-probe measure-  
ments  at center  and hal f - radius  positions or spreading 
resistance measurements  along a diameter. All  wafers 
showed resist ivity variations, of less than 5% between 
center and hal f - radius  positions and no fine s t ructure  
was observed in  the spreading resistance. 

Analytical procedure.--In the analyt ical  procedure, 
a square specimen, typical ly 7.5 mm on a side and 0.3 
m m  thick was sandwiched between two pieces of the 
detecting material,  a cellulose acetate butyra te  plastic 
(250 #m thick),  vacuum heat sealed in polyethylene 
and i rradiated in the thermal  neu t ron  pneumat ic  facil- 
ities of the NBS Research Reactor (13). The i r radiat ion 
t ime and position in the reactor were dependent  on the 
anticipated boron density. Time in the reactor ranged 
from 1 sec to 10 rain for a typical thermal  neut ron  flux 
of 1.33 • 1018 n .  cm -2 sec -z. Following irradiation,  
the detectors were separated from the silicon speci- 
mens and chemically etched in  6.5N NaOH for 5 min  at 
72~ The etched detectors were then rinsed with 
distilled water  and air dried. The detectors were 
mounted  on microscope slides and the visible a tracks, 
a s  seen in  Fig. 1, were counted wtih the aid of an  
optical t ransmission light microscope. The area for 
counting was 1500 ~m2; usual ly  several such areas on 
the detector were counted and averaged to compute the 
boron density for the specimen. 

z In  t h e  c h e m i c a l  l i t e r a t u r e ,  c o n c e n t r a t i o n  (i.e., /~g/g) is t h e  
c o m m o n l y  used  term,  but  here in  dens i ty  is used  in referring to 
a t o m s / c m  3. 

Fig. 1. Photom}crograph of ~ particle tracks in an etched cellu- 
lose acetate butyrate detector which was in contact with boron- 
doped silicon during neutron irradiation. 

Standard reference materials,  SRM 619 Trace Ele- 
ment  Glass Standards,  containing known densities of 
boron in glass (7) were s imultaneously  i r radiated with 
the silicon samples. The boron density in  the silicon 
was obtained by comparing the track count from the 
silicon with that  from the boron in the SRM 619 Stan-  
dards with a correction for the range difference of the 

particle in the dissimilar matr ixes (14). The correc- 
tion is simply the ratio of the densi ty  of silicon (2.33 
g/cm 3) to that  of glass (2.5 g/cmS). In  later  i r radia-  
tions, a silicon sample previously analyzed with respect 
to the SRM's was used as a secondary standard. 

Discussion of Results 
In  Fig. 2, the boron density by the nuclear  track 

technique is plotted against specimen resist ivity a s  
determined by four-probe  measurements.  Also shown 
is the res is t ivi ty-dopant  density relationship of Wag- 
ner (10) which was derived from measurements  on 
silicon implanted with boron. The amount  of boron 
retained in the silicon was determined by in tegrat ion 
of data obtained from incrementa l  sheet resistance and 
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Fig. 2. Resistivity of p-type silicon at room temperature as a 
function of boron density determined by the nuclear track tech- 
nique. Also shown is the resistivity-dopant density curve of Wag- 
ner. The error bars (1 std. dev.) associated with these data points 
lie within the symbols shown. 
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Hall  effect measurements  on layers  which were  sec- 
t ioned by  anodic oxidat ion.  A mobi l i ty  va lue  as a func-  
t ion of boron dens i ty  was der ived  which  made  the  
in tegra ted  dose equal  to the  implan ted  dose. The 
mobi l i ty  express ion was then  used to calculate  the  
curve shown in Fig. 2. 

A boron dens i ty  of about  1O 15 cm - s  (,~8 ppb by  
weight)  appears  to be the lower  l imi t  of measurements  
by  the nuclear  t rack  technique based on resul ts  ob-  
ta ined  on a 135 __ 5 ~ �9 cm silicon sample.  The Wagner  
curve predicts  a boron dens i ty  of 9 • 1O 13 Cm -3 for 
this specimen compared  to a value  of 4.5 • I014 cm -~ 
from the NTT measurements .  The d iscrepancy at  this 
point  is due to in ter ference  f rom detector  background.  
The in te r fe rence  i s  due to the  a par t ic le  which or igi-  
nates in the  oxygen present  in  the  cellulose acetate  
bu ty ra t e  i.e., z~O(n,~)z4C. L i th ium and oxygen  in the  
silicon also produce in te r fe r ing  a t racks  dur ing neu-  
t ron  i r radiat ion,  but  these impur i t i es  do not  in te r fe re  
significantly unt i l  the i r  concentrat ions are  high, i.e., 
--~200 ~g/g for l i th ium and -----1O m g / g  for oxygen.  Since 
the  m a x i m u m  solubi l i ty  of oxygen  in sil icon is 20 #g/g 
(3 • 10 ~s a toms/cm~),  oxygen  in the  sil icon is not  a 
factor  in de te rmin ing  the lower  l imi t  of detection.  

The accuracy and precis ion of the presen t  resul ts  are  
i l lus t ra ted  by  a g raph  of 1/pN as a function of boron 
dens i ty  where  p is the  m e a s u r e d  res is t iv i ty  and N is 
the  boron dens i ty  de te rmined  by  the nuclear  t r ack  
technique. The values  are  p lo t ted  in Fig. 3 along wi th  
others  obta ined f rom res is t iv i ty  measurements  (15) 
and junc t ion  capac i tance-vol tage  (C-V) measurements  
(16) for boron dens i ty  on wafers  f abr ica ted  wi th  the  
NBS-3 (17) and NBS-4 test  pat terns .  The nuclear  
t rack  technique da ta  scat ter  somewhat  at  low boron 
densit ies  but  the genera l  agreement  wi th  the junct ion  
C-V values and the Wagner  mobi l i ty  curve  is ap-  
parent .  One source of scat ter  is the  fact  tha t  the 
l a te ra l  homogenei ty  of the boron was observed to va ry  
as much as •  wi th in  the counting area. 

The boron dens i ty  by the t r ack  technique was com- 
pared  wi th  that  obta ined  f rom the junct ion  C-V 
method for companion slices f rom three  of the sil icon 
crystals  for which da ta  are  shown in Fig. 3. The re -  
sults are  shown in Table  I. The good  agreement  sug-  
gests tha t  compensat ion by  n - type  impur i t ies  is p rob -  
ab ly  not  significant as the  t r ack  technique measures  
total  boron dens i ty  whereas  the junct ion C-V method  
measures  the  difference be tween  the p -  and n - t y p e  
dopant  densities.  

Conclusions 
The nuclear  t r ack  technique has been shown to be a 

useful  method for the de te rmina t ion  of boron in silicon 
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Fig. 3. Values of i/pN (p = resistivity, N = boron density) at 
300~ as a function of boron density obtained from nuclear track 
or junction C-V measurements. The solid curve is from the Wag- 
ner relationship between resistivity and dopant density. Error bars 
not shown in the ordinate direction ore less than the size of the 
symbol. All error bars in the abscissa direction for boron density 
lie within the symbols. 

Table I. Comparison of boron density by nuclear track and 
junction C-V 

Resistiv- 
Resistivity Boron lty of Boron 

of NTT density j . C . V  density 
C r y s t a l  s p e c i m e n  b y  N T T  w a f e r  b y  j .  C-V 

No. (~ �9 era) (cm -~) (~ �9 cm) (cm "~) 

521-22  2 .91  5 .01  • 10 ~5 3 .06  4 .67  • 10  ~ 
521-53  0 . 7 3  2 . 2 6  • 10 ~8 0 .72  2 .22  • 10 z6 
521-62 0 . 0 5 4  7 .30  • 10  ~7 0 . 0 5 5  7 .15  x 10  ~ 

for boron densit ies  in the range  1OlS-1O 20 cm -3. A plot  
of the res is t iv i ty  of the sil icon specimens as a func-  
t ion of the boron dens i ty  de te rmined  by  the t r ack  tech-  
nique agrees wi th  the t r end  of the Wagner  curve re -  
la t ing res is t iv i ty  to boron dopant  density.  Values  of 
boron densi ty  f rom the t r ack  technique agree  wel t  wi th  
those obta ined by  the junct ion  C-V method  on com- 
panion slices f rom the same sil icon crystals .  
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Solidus Isotherms and Isoconcentration Lines 
in the System Ga-ln-Sb 
Michel F. Gratton and John C. Woolley 
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ABSTRACT 

Solidus isotherms and isoconcentrat ion l ines have been expe r imen ta l ly  d e -  
t e r m i n e d  for the  G a - I n - S b  t e rna ry  d i ag ram by  means  of the  technique of 
anneal ing  samples in the two-phase  l iquid-sol id  field and quenching,  a method  
shown previous ly  to give good resul ts  for the  pseudob inary  section. The r e -  
sults a re  compared  wi th  da ta  p red ic ted  by  the s imple solut ion model. In this  
analysis,  the  l inear  t empera tu re  dependence  of fhe in terac t ion  pa rame te r s  
aGa-Sb, Oqn-Sb, aGa-In, and ~GaSb-InSb has been  examined  and also the  effect on the 
p red ic ted  da ta  of va r ia t ion  in the values of these parameters .  I t  is shown 
that  whi le  the model  can give values  of l iquidus  i so therms in good agreement  
wi th  the  ava i lab le  expe r imen ta l  data, the  p red ic ted  solidus isotherms and 
isoconcentra t ion l ines a re  ve ry  different  f rom the  expe r imen ta l  data.  No r ea -  
sonable var ia t ion  of the  = pa ramete r s  can e l iminate  this l a t te r  d iscrepancy 
and it is seen tha t  in the case of this  pa r t i cu l a r  t e r n a r y  sys tem the s imple 
solut ion model  is of no value  for predic t ion  of solidus data.  

B e c a u s e  of the  poss ib i l i ty  of using t e r n a r y  I I I -V  
al loys in var ious  technological  applicat ions,  consider-  
able  in teres t  has been focused dur ing  the last  few 
years  on the inves t igat ion and predic t ion  of the r e l -  
evant  t e r n a r y  phase diagrams.  Fol lowing the model  
developed by  Guggenhe im (1), a number  of workers  
(2-8) have made  calculat ions for  var ious  par t s  of 
the genera l  t e rna ry  diagrams.  Much of the work  has 
been concent ra ted  on the fo rm of the  pseudob inary  
sections AxBl-xC since these contain  a l l  of the solid 
phases of in teres t  technological ly  and for which there  
exists  a considerable  amount  o f  exper imen ta l  da ta  
(9-10) for  compar ison wi th  theore t i ca l ly  pred ic ted  
values.  Most of the remain ing  work  has been con- 
cerned wi th  the  pred ic t ion  of l iquidus  sheets and 
wi th  solidus isoconcentrat ion lines (i.e., a l ine giving 
the composi t ion values  of points  on the l iquidus sheet 
which are  in equ i l ib r ium wi th  a solid phase of given 
composi t ion) ,  da ta  w h i c h  are  of impor tance  in the 
l iquid phase  ep i t axy  technique.  

In  the  presen t  work,  the  G a - I n - S b  d i ag ram has 
been considered and exper imen ta l  measurements  made  
to de te rmine  the isoconcentrat ion lines. These, together  
wi th  l iquidus  i so therms prev ious ly  de te rmined  (5, 
8, 11), are  compared  wi th  theoret ica l  values obta ined 
f rom the s imple  solut ion type  of analysis  carr ied  out  
prev ious ly  (5, 7, 8). The values of the input  p a r a m -  
eters  have  been carefu l ly  considered to see if any  
ove r -a l l  agreement  be tween  exper imen t  and theory  
is possible in this pa r t i cu la r  case. 

Theory 
For  a l l  of these types  of t e rna ry  diagram,  the da ta  

are  ca lcula ted  f rom the condit ions for equ i l ib r ium 
be tween  a genera l  t e rna ry  l iquid solut ion A - B - C  
( G a - I n - S b  in this case) and a pseudob inary  solid 
solut ion AC-BC (GaSb- InSb  here) .  The theory  has 
been  presented  by  var ious  workers  (2-8) and hence 
only the necessary final equat ions are  given here  

Key words: ternary phase diagram, simple solution model, 
solidus isotherms, solidus isoconcentration lines. 

In 7AC --- I n -  

In 7BC ----- In - -  

VA*'/C NANc 
+ l n d - -  

'~ASlTc sl X 

ASFAc 
+ ~  

RT 

%'B'7C NBNc 
{- l n 4 - -  

~ B S l ~ c  s l  1 -- x 

ASFBc 
+ - -  

RT 

(TFAc --  T) [ l a ]  

(TFBc --  T) [Ib] 

[2a] 

[2b] 

RT InVAC = aAC-BC (i -- X) 2 

RT In 7BC = aAC-BC x2 

RT In 7A = aABNB $ ~- aAcNc 2 

+ (CAB -~- aAC -- aBc)NBNc [3a] 

RT In VB : C~ABNA 2 + •BcNc 2 

-{- (=AB + =BC --  =Ac)NANc [3b] 

RT in 7c : aAcNA z -{- aBcNB 2 

+ (~AC "~- c~BC -- C~AB)NANB [3C] 

where the 7% are activity coefficients, the a's inter- 
action parameters, NA, NB, and Nc concentrations of 
the three elements, x the mole fraction of AC in the 
solid phase, and ASFj and TFj the entropy of fusion 
and melting temperature of the compound j. 

Calculations 
Vieland (12) has given the re la t ion for the l iquidus  

curve of a b ina ry  sys tem A - C  wi th  a l ine compound 
AC as 

RT 
[In 4c(1 -- c) 

~AC -- 2(0.5  -- c) s 

ASFAc -=f 

(TFAc - -  T) J [4] 
+ R ~  

where  c is the atomic f rac t ion of C. F r o m  this, Thur -  
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Fig. I. InSb. The interaction parameter a l n . S b  as a function of 
temperature. The line shows the least squares fit. �9 Hall (17), 
�9 Liu and Peretti (16), + Pogodin and Dubinsky (18). 

mond (14) has shown empirical ly that  for Ga-As, 
has a l inear  dependence on tempera ture  and has sug- 
gested that the same form applies for ~ in other 
I I I -V systems if only in the range where the saturated 
liquid phase is dilute, i.e., well away from the com- 
pound AC. Ilegems and Panish (15) have indicated 
that  this l inear  behavior  is due to the liquid phase 
being effectively a simple solution and they give 
evidence that  the b inary  l iquid I I I -V systems are 
effectively simple over a large concentrat ion range. 

Here, the b inary  phase diagram data of Liu and 
Peret t i  (16), Hall (17), and Pogodin and Dubinsky 
(18) for the In -Sb  system have been analyzed using 
Eq. [4] with TFAc and A S F A c  equal to 798~ and 
59.91 J . m o l e - ~ ' ~  -1, respectively (19). To pro- 
duce consistent data, the resutls of Pogodin and 
Dubinsky were corrected by - -8~ to take into 
account the accepted mel t ing point value of InSb. 
The var ia t ion of ainSb with T for the composition 
range from pure In  to the eutectic point  (32 atomic 
percent  In) is shown in  Fig. 1. The data in the tem- 
perature range 400~176 have been fitted by a 
least squares method to the relat ion ~ = p + q T  
and the values obtained are given in Table I. Above T 
= 770~ the data clearly deviate from l inear  behavior 
and this may be explained by the suggestion that  
l inear i ty  applies only in dilute solutions. However, 
the values of aIn-Sb are quite sensitive to small  var ia-  
tions in exper imental  values in this range, and it 
was found by varying T by __+5~ or c by ~0.02 that 
for values somewhere in these ranges the value of 
ala-sb was brought  back to the l inear  form indicated 
above. Thus it is possible that  the apparent  deviation 
from l inear  form at concentrations close to InSb is 
due to small  exper imental  errors in the observed 
values. 

A similar analysis of the available data for the 
Ga-Sb system (17, 20-22) has been carried out using 
TFAc l_ 985~ and A S F A c  : 66.11 J . m o l - ~ . ~  -1 (19). 
Similar  results were obtained and the result ing value 
of ~Ga-Sb is given in Table I. 

Values are needed also for the parameters  ~Ga-In 
and aGaSb-InSb. In  previous work, the b inary  diagram 
data of Bros ct  al. (23) and Macur et  al. (24) are 
usual ly  quoted for the evaluat ion of ~oa-In while the 
value of aGaSb.InSb is usual ly  obtained by a fit to the 

pseudobinary l iquidus and solidus data (9) or from 
t h e  calculations of Foster and Woods (25). In  all  
c a s e s  the parameter  values have been assumed inde-  
pendent  of T. Joulli~ et aL (8) determined both aGa-In 
and aGaSb-InSb from the pseudobinary data by solving 
equations equivalent  to the present  Eq. [1], [2], 
and [3] for composition values from the l iquidus and 
solidus curve. However, they used the data for 
one temperature  only  and again assumed that  aoa-In 
a n d  aCaSb-InSb were independent  of temperature.  

Here, the pseudobinary  l iquidus and solidus data 
h a v e  been used to determine both ~Ga-In and aGaSb-InSb 
a s  a function of temperature  over the range between 
the mel t ing points of the two compounds. At each tem- 
perature, appropriate composition values from the 
l iquidus and solidus curves (9) were inserted in Eq. 
[1], [2], and [3] and values of .aGa-In and aGaSb-InSb 
determined. There was appreciable scatter in  the 
graphs of a vs. T for each case, as the ~ values were 
very  sensitive to the values of x used in the calcula- 
tions. However, it was found that in each case the 
value of ~ could be wri t ten  as a l inear  funct ion of T 
and the values determined by least squares fit are 
given in  Table I. 

For comparison purposes, Table I gives the expres- 
sions for aGa-Sb~ aIn.Sb~ aGa.In, and aGaSb.inS b determined 
here and also those used by Blom and Plasket t  (5), 
Panish and Ilegems (7), and Joulli~ et al. (8). For 
ease o,f comparison, values are given for each ~ at 
650 ~ and 900~ 

Using the values of the various ds  derived above, 
Eq. [1], [2], and [3] were solved with sets of values 
of NGa, NIn, and Nsb over the whole t e rnary  diagram 
to yield values of T and x. The values were then 
appropriately interpolated to give l iquidus and solidus 
isotherms and solidus isoconcentration lines for the 
Ga- In -Sb  system and the curves so obtained are 
shown in  Fig. 2 and 5. The l iquidus isotherms are 
found over most of the composition range to be in 
fairly good agreement  with those determined pre-  
viously (5, 8), even though, as is seen from Table I, 
the ~ values used were in  some cases rather  different. 
It  appears that the predicted isotherms are not in 
general  very sensitive to the values of ds used. The 
main  discrepancies between the present  results and 
those of Blom and Plasket t  (5) and Joulli~ et  at. (8) 
are at points close to the pseudobinary section. The 
present  results are tied to the measured pseudobinary 
data by the method used for de termining GGa-In and 
aGaSb-inSb and hence will be in  bet ter  agreement  with 
those experimental  data. This is discussed fur ther  be-  
low. 

Exper imenta l  M e t h o d s  and Results 
Experimental  results for the l iquidus isotherms are 

already available (5, 8, 11) and are shown in Fig. 2. 
It is seen that there is reasonably good agreement  
between the available exper imental  data and the 
present  theoretical values. The exper imental  points 
of Blom and Plaskett  (5) for 600~ do not fit well 
with the present  curves but  nei ther  are they in good 
agreement  with the values in  the pseudobinary  sec- 
tion (9, 26, 27). 

The present  exper imental  work has been the deter-  
minat ion  of solidus isotherms and hence isoconcentra- 

Table I. Interaction parameters for the ternary system Ga-ln-Sb and typical values at two temperatures, 650 ~ and 900~ 

O~Ga-Sb ~ I n - S b  ~ G a - I n  (XGaSb-lnSb 
S o u r c e  ( J  �9 t o o l  -1) (J  �9 mo1-1)  ( J  �9 t o o l  "1) ( J  " mo1-1)  

This study 23,824 - 32.38T 4,895 - 33.72T 12,000 -- 12.97T --2,810 + 11.42T 
650~ 2,774 - 17,025 3,569 4,610 
900 ~  - 5,322 - 25,455 326.4 7,466 

Joull ie'et  aL (8)  25,062 - 34.43T 33,472 - 83.68T 8,368 6,694 
650OK 2,680 --20,920 8,368 6,694 
900 ~ - 5,929 - 41,840 8,368 6,694 

Panish and I legems (7) 19,665 - 26.10T 14,225 - 50.21T 4,435 7,950 
650OK 3,347 - 18,410 4,436 7,950 
900OK - 2,929 - 30,962 4,435 7,950 

Blom and Plaskett  (5) 26,024 - 33.93T 33,472 -- 69.79T 4,460 6.276 
650~ 3,969 - 11,391 4,460 6,276 
900 ~ - 4,516 -- 29,338 4,460 0,276 
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Fig. 2. Liquidus isotherms in the Ga-ln-Sb ternary phase-dia- 
gram. (Temperatures in ~ Theoretical calculations: this 
study, Biota and Plaskett (5), d _ _ _  Joulli~ et al. (8). 
Experimental determination: �9 Blom and Plaskett (5), �9 Antypas 
(11),. X Joulli~ et al. (8), �9 Liu and Peretti (16), A Wooley and 
Lees (9), + Koster and Thoma (26), �9 Koster and Thoma (21). 

tion lines in the region of the diagram between the 
pseudobinary section and the Ga- In  b inary  (i.e., 
0 ~ NSb ~-~ 0.5) The technique used was that described 
previously for the de terminat ion  of the solidus curve 
of the pseudobinary section and which was found 
to give good agreement  with s tandard DTA mea-  
surements  (9) and also with data from "first-to-freeze" 
analysis of s.toichiometric melt  growth samples (27). 
Samples of various compositions were weighed out, 
sealed under  a reduced pressure of argon in quartz 
ampuls, and mel ted by  holding for 1 or 2 hr  at a 
t empera ture  above the mel t ing point  o,f the com- 
pounds (usually 800~ The temperature  of each 
sample was then reduced to the required  values and 
the sample annealed to equil ibrium. In  the two-phase 
l iquid-solid field below the l iquidus sheet, because 
the solid phase is very finely dispersed throughout  
the l iquid phase, annea l ing  for 24 hr  was quite suf- 
ficient to a t ta in  this equi l ibr ium condition. A small 
n u m b e r  of samples were annealed for times up to 
20 clays but  showed no change from the condition 
observed after 24 hr  annealing.  Over the anneal  pe- 
riod[ the tempera ture  was kept constant at _2~ 
and its mean value determined to •176 by means 
of a calibrated P t -P t  13% Rh thermocouple. At the 
end of the anneal,  the sample was rapidly quenched 
by p lunging  into an oil ba th  so that  the equi l ibr ium 
solid phase was frozen in and no solid diffusion oc- 
curred. The lines of this solid phase were easily de- 
te rmined in  an x - ray  powder photograph. The homo- 
geneity, of this solid phase was clearly demonstrated 
by the sharpness of the x - r ay  lines, the K~ doublet 
being clearly resolved, and by the fact that  no var ia-  
t ion could be observed in different x - ray  specimens 
taken  from the same quenched sample. The lattice 
parameter  of the equi l ibr ium solid phase and hence 
its composition were thus determined (9). The posi- 
t ion of the phase on the pseudobinary section plus 
the composition of the ini t ia l  sample clearly define 
the position of the t ie- l ine on the phase diagram. To 
check fur ther  the consistency of the results, in one 
or two cases fur ther  samples were investigated, which 
lay on the t ie- l ines so determined.  In  each case, the 
solid composition found was in good agreement  with 
the previous value, confirming that a two-phase tie- 
l ine had been obtained. To determine the l iquid end 
of the tie-line, knowledge of the l iquidus sheet is 
required. Since, as indicated above, the predicted l i-  
quidus isotherms are in good agreement  with the 
available exper imental  data, these have been used 
here to determine the composition of the equi l ibr ium 
liquid phase, being the point of intersection of the 
t ie- l ine and the corresponding liquidus isotherm. A 
typical set of tie-lines, for T = 525~ is shown in 
Fig. 3, while the data for the other temperatures  
investigated are given in Table II. 

From these data, solidus isotherms can be drawn, 
and examples plott ing composition of solid phase (x) 

InSb ~ b  

In v v v v v v v v Go 

Fig. 3. The 525~ liquidus isotherm end tie-llnes of the Ga-ln-Sb 
system. �9 Initial composition, z~ solidus composition, Q liquidus 
composition. 

vs. gall ium concentrat ion of equi l ibr ium l iquid phase 
(NGa) at fixed tempera ture  are shown in  Fig. 4, both 
exper imental  values from the above data and pre-  
dicted values from the theoretical  analysis being 
shown. Finally,  from these solidus isotherms, solidus 
isoconcentration lines have been constructed and are 
shown in Fig. 5, again both exper imental  and theo- 
retical values being given. 

Discussion 
The input  data for the calculated phase diagram 

results are ma in ly  in the four a parameters.  Here, 
each has been assumed to vary  l inear ly  with tem- 
perature  and  its value obtained from the known data 
of an appropriate b inary  or pseudobinary section. 
Although previously it had been suggested that  these 

Table II. Compositions of samples annealed in liquid-solid two- 
phase field at temperature T and of resulting equilibrium solid 

and liquid phases. Values give tie-lines and points on 
solidus isotherms 

T (~ 

Initial Solidus Liquidus 
composition composition compos i t ion  

NGa ~In  ~Sb NGa ~In ~Sb NGa NI~ ~Sb 

380 0,050 0.550 0.400 0.050 0,450 0.500 0,05 0.82 0.13 
0,100 0,550 0.350 0,135 0.365 0.500 0,05 0.82 0.13 
0,200 0.450 0,350 0,255 0.245 0.500 0,11 0.79 0.10 
0.300 0.300 0.400 0.355 0.145 0.500 0,14 0.77 0.09 
0.350 0.300 0.350 0.435 0.065 0.500 0,19 0.73 0.08 
0.550 0,100 0.350 0,485 0.015 0.500 0,70 0.29 0.01 

430 0.050 0,550 0.400 0,050 0.450 0,500 0,05 0.76 0,19 
0.100 0.550 0.350 0,150 0,350 0.500 0,05 0.76 0.19 
0.200 0.450 0.350 0.295 0,205 0.500 0,09 0.74 0.17 
0.150 0.650 0.200 0,360 0.140 0.500 0,12 0.72 0.16 
0.195 0.550 0.255 0.365 0.135 0.500 0,13 0.72 0.15 
0.300 0.300 0.400 0.370 0.130 0.500 0,13 0.72 0.15 
0.200 0.550 0.250 0.380 0.120 0.500 0.14 0.71 0.15 
0.350 0.300 0.350 0.435 0.065 0.500 0,22 0.66 0.12 
0,450 0.200 0.350 0.470 0.030 0.500 0,42 0.51 0.07 
0.550 0.100 0.350 0.470 0.030 0,500 0,71 0.26 0.03 

475 0.050 0.550 0.400 0.065 0.435 0,500 0.03 0.70 0,27 
0.100 0.550 0.350 0.165 0,335 0.500 0.06 0.69 0,25 
0.200 0.450 0.350 0.310 0.190 0.500 0,11 0.66 0.23 
0.300 0.300 0.400 0.380 0.120 0.500 0,15 0.64 0.21 
0.350 0,300 0.350 0.435 0.065 0,500 0,25 0.58 0.17 
0.450 0,200 0.350 0,465 0.035 0.500 0.42 0.46 0.12 
0,550 0,100 0.350 0,480 0.020 0.500 0,68 0.26 0.06 

525 0.100 0.450 0.450 0.115 0.385 0.500 0,07 0,57 0.36 
0,100 0.550 0.350 0,225 0.275 0,500 0,09 0.57 0.34 
0,200 0.450 0.350 0.350 0.150 0.500 0,15 0.55 0.30 
0.300 0.250 0.450 0.350 0.150 0.500 0,15 0.55 0.30 
0.300 0.300 0.400 0.395 0.105 0,500 0,19 0.53 0.28 
0.350 0,300 0.350 0.440 0.060 0.500 0,28 0.49 0.23 
0.450 0.200 0.350 0.465 0.035 0.500 0,43 0.40 0.17 
0.550 0.100 0.350 0.485 0.015 0.500 0,66 0.23 0.11 

550 0.200 0.450 0.350 0.390 0.110 0.500 0,18 0.49 0.33 
0.300 0.300 0.400 0.400 0.100 0.500 0.21 0 . 4 8  0.31 
0.350 0.300 0.350 0,450 0.050 0.500 0,29 0.44 0.27 
0,400 0.200 0.400 0.450 0,050 0.500 0.33 0.42 0.25 
0.450 0.200 0.350 0,495 0.005 0.500 0.41 0.37 0.22 
0.550 0.100 0.350 0.495 0.005 0.500 0,63 0.23 0.14 
0.650 0.050 0.300 0.500 0.000 0.500 0,81 0.10 0.09 

600 0.250 0.350 0.400 0.425 0.075 0.500 0.24 0.36 0.40 
0.300 0.300 0.400 0.435 0.065 0,500 0.27 0.35 0.38 
0,350 0.300 0.350 0.450 0.050 0.500 0,34 0.33 0.33 
0.400 0.200 0.400 0.460 0.040 0.500 0.35 0.33 0.32 
0.450 0.200 0.350 0.480 0.020 0.500 0,44 0,28 0.28 
0.550 0,100 0.350 0.495 0.005 0.500 0.60 0.19 0.21 
0.650 0.050 0.300 0.495 0.005 0.500 0.76 0.08 0.16 

650 0.380 0.170 0.450 0.465 0,035 0.500 0.35 0,22 0.43 
0,400 0,200 0.400 0.470 0.030 0.500 0.40 0,20 0.40 
0.450 0,100 0.450 0.470 0.030 0.500 0,42 0.20 0.38 
0.490 0.110 0.400 0,495 0.005 0,500 0.49 0.17 0.34 
0.550 0.100 0.350 0.495 0.005 0.500 0.57 0.13 0.30 
0.650 0,050 0.300 0.500 0.000 0.500 0,69 0.06 0.25 
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Fig. 4. The 475~ solidus i~otherm of the Ga-ln-Sb system. 
t -  Present experimental data, O Koster and Thoma (21), 

present theoretical calculation. 
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Fig. 5. Solidus isoconcentration lines in the Ga-ln-Sb ternary 
phase diagram. - - � 9  Present experimental data, 
present theoretical calculation. 

a values could be obtained from ranges of dilute 
solution only, it appears that consistent values of 

can probably  be obtained over a very wide range 
of composition of the re levant  section as indicated 
by Ilegems and Panish (15). Comparison os the pre-  
dicted data obtained with the present  values of 
and those of previous workers (5, 7, 8) indicates that 
the form of the l iquidus isotherms is not very sensi- 
tive to the exact value of a. 

In  the present  work, the method of determining 
~Ga-In and VeGaSb.inSb ensures that a good fit to the 
data of the pseudobinary section is obtained, which 
was not the case in  some of the previous work. In 
all cases, the fit to the l iquidus isotherms in the range 
350~176 is good. However, the present  choice of 
a values gives a sl ightly worse fit to the 3ff0~ liquidus 
isotherm data than that of Blom and Plaskett  (5) 
and Joulli~ et al. (8). Thus even for the l iquidus iso- 
therms, it appears that no single set of ~ values gives 
an excellent fit over the whole range of composition 
considered here, but  that  reasonable agreement  with 
exper iment  can be obtained with a careful choice 
o f ,  values. 

One factor which may influence the fit to experi-  
menta l  data in this part icular  case is the value of 
the ~Cp term in Vieland's equation for chemical po- 
tential, i.e. 

~AC s~ = ~A sl --~ /zC sl -- ASFAc (TFAc -- I) 

"~- ACp [ TFAc-  T - ln ( TFAc ~ T �9 [5]  

April 1978 

Throughout  the analysis the ACp term has been as- 
sumed to be negligible. While this is t rue in  most 
cases, calculation shows that  for the case of In -Sb  the 
ACp term can at low temperatures  become a non-  
negligible part  of the r igh t -hand  side of Eq. [5], 
(e.g. 6% at 500~ Thus neglecting this term could 
have some effect on the value of ~In-Sb calculated and 
on the predicted form of the low ' temperature l iquidus 
isotherms. 

In  the case of the solidus isotherms and isoconcen- 
t rat ion lines, as previously suggested by Panish and 
Ilegems (4) and by Antypas (11), there is very little 
agreement  between measured and predicted values 
(Fig. 5). Varying the input  values of the ~ param-  
eters over the range given in Table I changed the 
predicted curves to a small  extent  but  in  no case 
could agreement  with expe r imen t  be obtained, since 
the differences between exper imental  and theoretical 
values were always very large. While the experi-  
menta l ly  determined values of the solidus isotherms 
and isoconcentration lines required a knowledge of 
the l iquidus isotherms, as indicated above, the pre-  
dicted values in that  case are sufficiently close to 
the exper imental  values that  little error is to be 
expected in  the results quoted here. No reasonable 
set of l iquidus isotherms can be designed which would 
cause the exper imental  solidus results to agree with 
the predicted values. 

Thus it  is clear that  for the Ga - In -Sb  te rnary  sys- 
tem the simple solution model has serious limits on 
its usefulness. It  can be used to give reasonable values 
of l iquidus isotherms, but  solidus data predicted by 
this method in the tempera ture  range 30.0 ~ to 712~ 
are of no practical value. 

In  a review by Panish and Ilegems (7) of a number  
of these alloy systems, it is indicated that fair agree- 
ment  between predicted and exper imental  values of 
the solidus parameters  can be obtained for the te rnary  
alloys involving phosphorus and possibly a luminum 
but  that the agreement  is poor for the heavier  sys- 
tems such as GaxInl-xAs and InAs~Sbl-y. Clearly 
the use of the simple solution model to predict solidus 
data is only of value if one can predict the cases for 
Which the model gives valid results. One possible factor 
in this consideration i s  the temperature,  since it 
would appear that  the lower the range of tempera ture  
concerned the worse is the agreement.  Thus one 
possible reason for the discrepancy between predic-  
t ion and exper iment  is the ACp te rm and the asso- 
ciated Vieland equation. But as indicated above the 
AC n term is significant only below 600~ and hence 
should have little effect even in  the upper  tempera-  
ture  range of the solid phase of the GaxInl-~Sb alloys. 
However, Jordan and Weiner  (28) have shown that 
Vieland's equation is exact only if ~ is a l inear  func-  
t ion of temperature  and as has been seen above, this 
may not be the case here. 

A second possible factor in this temperature  range 
is that association in  the l iquid phase may  become 
impor tant  (29). However Jordan has indicated that 
this effect is main ly  of importance when  the l iquidus 
curve of the appropriate b inary  system shows a cusp 
around the l ine compound (e.g., Zn-Te, Cd-Te) and 
should not be impor tant  for systems showing the 
smooth "convex" l iquidus curves typical of most 
I I I -V combinations. 

Manuscript  submit ted Ju ly  11, 1977; revised m a n u -  
script received Nov. 22, 1977. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the December 1978 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1978. 
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ABSTRACT 

Metallurgical-grade silicon is a convenient s tar t ing material  for the prep-  
aration of solar cell-grade silicon. The purification of metallurgical silicon by 
the t reatment  of its melt with gaseous reagents and in some cases followed 
by unidirectional solidification, has been investigated. The purified material  
was analyzed for major impurities by the atomic absorption technique. Single 
crystals have been prepared from purified metallurgical silicon by the Czochral- 
ski technique, and their  electrical properties, such as electrical resistivity. 
carrier mobility, and diffusion length, were measured. 

At  present, silicon solar cells are manufactured from 
semiconductor-grade single crystalline silicon, doped 
to a carrier  concentration of about 1016 cm -3, by the 
diffusion technique. Semiconductor-grade silicon is 
produced from the metal lurgical-grade material  (about 
98% puri ty)  by (i) the conversion of silicon into t r i -  
chlorosilane, (ii) the purification of trichlorosilane, 
and (iii) the thermal reduction of trichlorosilane 
with hydrogen. This sequence of processing is 
tedious and expensive, and the cost of silicon is in- 
creased from $1/kg to $60/kg. The  use of semicon- 
ductor-grade silicon is a major factor contributing to 
the high cost of solar cells. It is generally recognized 
that  the pur i ty  of silicon required for solar cells is 
considerably less than the puri ty  of semiconductor- 
grade silicon. The development of solar cell-grade sil- 
icon at a cost significantly below that of semiconduc- 
tor-grade silicon is essential for the terrestr ial  utiliza- 
tion of solar energy. 

Metallurgical silicon is a convenient starting mate-  
rial  for the preparation of solar cell-grade silicon. It 
contains aluminum (up to about 0.75% by weight) and 
iron (up to about 0.5%) as the major impurities; other 
impurities include boron, chromium, copper, magne- 
sium, manganese, nickel, titanium, and vanadium at 
concentrations of up to several hundred parts per mil-  
lion. Most metallic impurities have deep levels in sil- 
icon and act as traps or recombination centers with 
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unidirechonal solidification. 

large cross sections for capture of minority and ma-  
jori ty carriers. These impurities reduce the minority 
carrier  lifetime and must be removed as completely a s  
possible. 

To overcome the high cost of purification of metal-  
lurgical silicon via the halide intermediates, s e v e r a l  
direct purification techniques were attempted during 
the fifties. For example, the treatment of pulverized 
metallurgical silicon with aqua regia, sulfuric acid, 
hydrofluoric acid, etc., has been claimed to produce 
silicon suitable for microwave diodes (1). The getter-  
ing of molten metallurgical  silicon with fused silicates 
has been reported to reduce the concentrations of iron 
and aluminum from 4.4 and 1.8% to 1.2 and 0.8%, re-  
spectively (2). Also, the treatment of molten metal-  
lurgical silicon with an equimolar mixture of oxygen 
and hydrogen chloride has been found to increase the 
puri ty from 98 to 99.99% (3). 

During the past few years, there have been r e n e w e d  
interests in the direct purification of metallurgical sil-  
icon for solar cell purposes. For example, the zone- 
refining, crystal pulling, and other unidirectional so- 
lidification techniques have been shown to be effective 
in removing substantially the metallic impurities be- 
cause of their  low segregation coefficients in silicon 
(4-7). The chemical t reatment of molten metallurgical 
silicon has also been reexamined (8-9). Although sin- 
gle crystals have been grown from purified metal lurgi-  
cal silicon to fabricate solar cells, their  electrical prop- 
erties, such as carr ier  mobility and diffusion length, 
have not been characterized. 
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In this work, the purification of meta l lurgica l  silicon 
by the t rea tment  of the mel t  wi th  chlorine, a chlorine 
oxygen mixture ,  hyd rogen  chloride, and hydrogen 
fluoride has been fur ther  investigated, and the results 
compared wi th  the ear l ier  work. Also, in some exper i -  
ments, the chemical  t rea tment  of the mel t  was fol lowed 
immedia te ly  by unidirect ional  solidification in a one-  
step process. Fur thermore ,  single crystals have  been 
grown from purified meta l lurg ica l  silicon, and their  
electr ical  properties,  such as Hall  mobi l i ty - t empera -  
ture  relat ion and diffusion length, were  measured.  

Thermochemica l  Considerat ions 
The chemical  t rea tment  technique is based on t h e  

react iv i ty  of the impuri t ies  in mol ten  metal lurgical  
silicon toward halogens or hydrogen halides to form 
volat i le  halides. The avai lable  informat ion on the free 
energy of formation, in ki localor ies/mole,  of the halides 
of silicon an=l the major  impuri t ies  in metal lurgical  
silicon at 1700 ~ is summarized in Table I (10-12). 
Since all chlorides have  negat ive and re la t ive ly  large 
free energies of format ion and are volat i le  at the mel t -  
ing point of silicon, the t rea tment  of mol ten  meta l -  
lurgical  silicon with  chlorine should result  in consider-  
able purification. Also, chemical  equi l ibr ium is pre-  
sumably established during the chemical  t rea tment  due 
to the high tempera ture  used. Thus the reaction be-  
tween a luminum and chlorine is thermochemica l ly  
more favorable  than that  between silicon and chlorine, 
while the reaction be tween  iron and chlorine is less 
favorable  than that  between silicon and chlorine. 

Hydrogen chloride or hydrogen fluoride also reacts 
wi th  silicon and major  impuri t ies  in metal lurgical  sil- 
icon, such as a luminum and iron, to form chlorides or 
fluorides. The s tandard free energy changes of these 
reactions, in ki localories/mole,  at 1700~ are sum- 
marized in Table II. The data indicate that  a luminum 
can be preferent ia l ly  removed and that  i ron is essen- 
t ially iner t  under  these conditions. However ,  the for-  
mation of volat i le  iron t r ichloride becomes more f avor -  
able by using a mix ture  of oxygen and hydrogen chlo- 
ride according to the equat ion 

4Fe(1) -t- 3 O2(g) ~ 12HCl(g) 

-> 4FeC13(g) -t- 6H20(g) 

The standard free energy change of this reaction at 
1700~ is --30.5 kca l /mole  of iron. On the other  hand, 
silicon and boron will  compete for oxygen since the 
free energies of formation of silicon dioxide (s), silicon 
monoxide (g),  and boron oxide (g) at 1700~ are 
--146, --60, and --183 kcal /mole,  respectively.  The 
preferent ia l  removal  of boron f rom molten silicon by 
water  vapor or oxygen has been demons t r a t ed  (13). 

Exper imental  and Results 
Apparatus and chemical analysis.--The apparatus 

used for the chemical t rea tment  of mol ten meta l lu rg i -  

Table I. Free energy of formation, kilocalories/mole, of halides 
of aluminum, boron, iron, and silicon at 1700~ 

Fluorides Chlorides Bromides Iodides 

AIF8 -26L8 A1CI~ -116.4 A1Br3 --91.6 Al I s  -45.2 
BF3 - 2 4 6 . 3  BCI~ -75.7 BBr~ --40.0 BI3 13.4 
FeF~ --  105.6 FeCl~ - 4 9 .2  F e B r 2  - 4 0 .4  F e I ~  - -  15.7 
FeFs - -  181.4 FeCh - 50.9 FeBr8 -- FeI3 -- 
SiF4 - -  327.3 SiCh - -  104.2 SiBr~ -- SiI~ -- 

Table II. Free energy change, kilocalories/mole, of the rea:tion 
M (I) ~ nHX (g) -~ MXn (g) ~ n/2 H2 (g) at 1700~ 

M n X = F  X=C1 

A1 3 - 80.7 -- 41.1 
B 3 - -  4 5 .2  - O .4 
F e  3 19 .7  2 4 .4  
S i  4 - 5 9 .2  - 3.9 
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Fig. 1. Schematic diagram of the apparatus for the purification 
of metallurgical silicon. 

cal silicon and the unidirect ional  solidification of t h e  

result ing mel t  is shown schemat ical ly  in Fig. 1. It con- 
sisted of a fused silica tube of 69 mm ID containing a 
silica crucible in a graphi te  susceptor, and gas inlet  
tubes were  provided to flow argon through the fused 
silica tube and to in t roduce the gaseous reagent  into 
the melt. To carry  out the purification process, meta l -  
lurgical  silicon was placed in the fused silica crucible, 
and with argon flowing through the silica tube, the 
graphite susceptor was heated ex te rna l ly  wi th  an rf  
generator.  Af ter  the silicon became molten, the reagent  
was bubbled through the melt  unti l  about 10% of the 
silicon had been reacted and volatilized. When unidi-  
rectional solidification of the mel t  was desirable, the 
graphite susceptor was slowly lowered out of the r f  
coil so that  the mel t  solidified f rom the bot tom of the 
Charge in the upward direction. 

The sampling of chemical ly t reated metal lurgical  
silicon for analysis is impor tant  in order  to obtain 
meaningful  results. Since a small  amount  of silicon 
( ~ l g )  is general ly  used for analysis and the solidified 
mater ia l  after chemical t rea tment  is h ighly inhomo- 
geneous due to the small  segregation coefficients of 
impuri t ies  in silicon, improper  sampling could result  
in a considerable error. To overcome this problem, a 
re la t ive ly  small amount  of meta l lurgica l  silicon, 20- 
25g, was used in the chemical  t r ea tment  exper i -  
ments, and the entire charge was dissolved in a nitric 
acid-hydrofluoric acid mixture.  Aliquots  of these solu- 
tions were  analyzed for a luminum and iron, the major  
impuri t ies  in meta l lurgica l  silicon, by the atomic ab-  
sorption technique. Some results on the effectiveness 
of oxygen, chlorine, a ch lor ine-oxygen mixture,  and 
hydrogen fluoride for the purification of metal lurgical  
silicon are shown in Table III. It appears that  chlorine 
and ch lor ine-oxygen mixtures  are s imilar ly  effective 
in reducing substant ial ly the concentrat ion of a lumi-  
num in metal lurgical  silicon, in agreement  wi th  the 
results of Dosaj et al. (9). However ,  no appreciable 
change in the concentrat ion of i ron was observed in all  

Table III. Impurity concentration, parts per million by weight, in 
chemically treated metallurgical silicon 

M e t a l  0 2  Cl~ CI~ + O3 H F  
s i l i c o n  t r e a t ,  t r e a t ,  t r e a t ,  t r e a t .  

A 1  3000  596  < 5 0  < 5 0  100 
F e  3400  2900  2300  2500  2700  
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cases. These resul ts  m a y  be re la ted  to the  the rmochem-  
ical da ta  discussed previously .  Since a l u m i n u m  is 
chemical ly  more  reac t ive  than  silicon, chemical  t r e a t -  
ment  of the mel t  is effective for the  p re fe ren t i a l  r e -  
moval  of a luminum from meta l lu rg ica l  silicon. The 
chemical  t r ea tmen t  technique cannot reduce the  con- 
cen t ra t ion  of i ron in sil icon to a n y  apprec iab le  ex ten t  
due to the  s t ronger  reac t iv i ty  of silicon. The ineffec- 
t iveness of Chemical t r ea tmen t  for the  r emova l  of i ron 
has been repor ted  by  Hunt  et al. (6);  however ,  con- 
s iderab!y  lower  i ron content  in chemical ly  t r ea ted  
meta l lu rg ica l  sil icon has been repor ted  by  others  (3, 9) 
due p r e sumab ly  to imprope r  sampl ing  techniques. 

When  the purif icat ion of me ta l lu rg ica l  sil icon was 
car r ied  out  by  a combinat ion  of chemical  t r ea tmen t  
and unid i rec t ional  solidification, the resul t ing  mate r i a l  
was cut  into wafers  perper~dicular to the  d i rec t ion  of 
solidification. Wafers  f rom four  different  posi t ions 
(bottom, 1/3 f rom the  bottom, 2/3 f rom the bottom, and 
the top)  were  used for  analysis  by  the atomic absorp-  
t ion technique.  The resul ts  of analysis  of ch lor ine-  
t r ea ted  and unid i rec t iona l ly  sol idif ied meta l lu rg ica l  
sil icon are  shown in Table  IV; i t  is noted tha t  the  con- 
cent ra t ion  of i ron  in the  bot tom half  of the charge has 
been reduced  subs tan t ia l ly  due to its low segregat ion 
coefficient (14). The emission analysis  of two sections of 
a ch lo r ine - t rea ted  and un id i rec t iona l ly  solidified sam-  
ple  is shown in Table  V, together  wi th  the i m p u r i t y  
content  in  meta l lu rg ica l  silicon. These resul ts  a re  in  
qual i ta t ive  agreement  wi th  the  resul ts  repor ted  by  
o ther  inves t iga tors  (9). 

CzochraIski crystals from purified metaIlurgicaZ sil- 
icon.--To fu r the r  eva lua te  the usefulness of chemical  
t r ea tmen t  for  the purif icat ion of meta l lu rg ica l  silicon, 
single crystals  of about  2.5 cm diam were  grown f rom 
chlor ine- t rea ted ,  ch lo r ine -oxygen  t reated,  and  chlo-  
r i n e - t r e a t e d  plus un id i rec t iona l ly  solidified ( lower  2/3 
of the  ingot  only)  meta l lu rg ica l  sil icon by  the Czo- 
chralski  technique a t  a ra te  of about  10 cm/hr .  A p -  
p rox ima te ly  75-90% of the charge  was pulled.  The in-  
gots were  sliced, and the upper,  middle,  and lower  
sections of each ingot  were  analyzed for a luminum and 
i ron  content  by  the  atomic absorp t ion  technique.  The 
resul ts  a re  shown in Table  VL The crysta ls  pul led  f rom 
the ch lo r ine - t r ea ted  and ch lo r ine -oxygen  t rea ted  me t -  
a l lu rg ica l  s i l icon have  ve ry  s imi lar  d i s t r ibu t ion  of a lu -  
m i n u m  and iron. The concentra t ion  of i ron  is signifi-  
can t ly  lower  than  tha t  in the s ta r t ing  ma te r i a l  due to  
the  low segregat ion coefficient of i ron  in silicon. How- 

Table VI. Impurity concentration, parts per million by weight, in 
Czochralski crystals pulled from purified metallurgical silicon 

Ch treated  
and  unidi-  

CI~O2 ree t iona l ly  
C12 treated  treated  sol idif ied 

A1 Fe  AI  F e  " AI Fe  

Top section <i00 <I0 <I00 <I0 <100 <i0 
Middle section <i00 700 <I00 480 <100 <i0 
Bottom section 150 11,700 <100 21,300 <i00 <I0 

ever, the  concentra t ion of i ron  increased r ap id ly  along 
the length  of the  crys ta l  indica t ing  tha t  the  diffusion 
of i ron f rom the  mel t  at  the  sol idifying interface  was 
a s low process. The concentrat ions  of a l u m i n u m  and 
i ron  in the  crys ta l  pul led  f rom the  ch lo r ine - t r ea t ed  and 
unid i rec t iona l ly  solidified me ta l lu rg i ca l  sil icon are  be -  
low the detect ion l imi t  of the  a tomic absorpt ion tech-  
nique. 

The slices f rom the upper  sect ion of the- ingots  were  
chemical ly  etched wi th  a n i t r ic  ac id-hydrof luor ic  acid 
mix tu re  to remove the mechanica l  damage.  They  were  
al l  p- type .  The resis t ivi t ies  and  Hal l  mobi l i t ies  in  these 
slices were  measured  at  room t empera tu r e  by  the van  
der  Pauw technique  (15). The ohmic contacts  to the 
specimen were  made  by  evapora t ing  t i t an ium-s i lve r  
to the surface th rough  a meta l  mask,  fo l lowed by  an-  
neal ing in a hydrogen  a tmosphere  at  550~ The room 
tempera tu re  res is t ivi t ies  a re  app rox ima te ly  0.32, 0.26, 
and 0.14 ~2-cm for ch lor ine- t rea ted ,  chlor ine and o x y -  
gen- t rea ted ,  and  ch lo r ine - t r ea t ed  plus un id i rec t iona l  
solidified mater ia l ,  respect ively.  The differences in r e -  
sist ivit ies are  p r e sumab ly  re la ted  to the  differences in 
the  extent  of compensation.  Their  Hal l  m o b i l i t y - t e m -  
pe ra tu re  re la t ions  in the  t e m p e r a t u r e  range  81 ~ 
350~K are  shown in Fig. 2. In  this t empe ra tu r e  range, 
the crys ta l  f rom ch lo r ine - t r ea ted  plus un id i rec t iona l ly  
solidified meta l lu rg ica l  sil icon have  h igher  mobil i t ies  
than  those f rom ch lo r ine - t rea ted  and chlor ine  and oxy -  
gen- t r ea t ed  meta l lu rg ica l  silicon. Thus, the incorpora -  
t ion of unidi rec t ional  solidification into chemical  t r e a t -  
ment  provides  a more  efficient way  for the  purif icat ion 
of me ta l lu rg ica l  silicon than  chemical  t r ea tmen t  alone. 
However ,  the room t e m p e r a t u r e  mobil i t ies  in a l l  c rys-  
tals  (81, 108, and 127 cme/V-sec for ch lor ine- t rea ted ,  
chlor ine and oxygen- t rea ted ,  and ch lo r ine - t rea ted  plus  
un id i rec t iona l ly  solidified mater ia ls ,  respec t ive ly)  are  

Table IV. Atomic absorption analysis of metallurgical silicon 
purified by chlorine treatment and unidirectional solidification, 

parts per million by weight 

Ele- 1/3 f r o m  2/3 f r o m  
ment  Bot tom the bot tom the bot tom Top 

Fe  <I0 <I0 680 27,800 
Al <100 <100 <i00 <I00 

"[able V. Emission analysis of metallurgical silicon purified by 
chlorine treatment and unidirectional solidification, parts 

per million by weight 

P u r i f i e d  m a t e r i a l  

Me ta l lu rg i ca l  B o t t o m  2/3 f r o m  
Element  s i l icon sect ion bot tom 

A] > > 1 0 0 0  <10 <10 
B 10-100 N.D. N.D. 
Ca  - -  <10  <10 
Cr  30-300 N.D. 10-100 
Cu 10-100 <10 <10 
F e  > > 1000 < 10 10-100 
Mg 10-100 < 10 < 10 
Mn 30-300 N.D. <10 
Ni  I0-100 N.D. N.D. 
P b  - -  <iO <i0 
Ti  30-300 N.D. <10 
V 100-1000 N.D. I0-100 
A g  - -  <I0 10-100 

300 
e CL 2 TREATED AND UNIDIRECTIONALLY SOLIDIFIED 
A CL 2 AND 0 2 TREATED 

+CL 2 TREATED 
C.) / 

200 / "o 
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i I I I i I 
i00 150 200 250 300 350 

TEMPERATURE, ~ 

Fig. 2. Hall mobilities of holes in the upper section of silicon 
crystals pulled from metallurgical silicon purified by chlorine treat- 
ment, chlorine and oxygen treatment, and chlorine treatment plus 
unidirectional solidification. 
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significantly lower than those in semiconductor grade 
silicon of similar carrier concentrations [higher than 
200 cm2/V-sec (16)]. Furthermore, the mobil i ty- tem- 
perature relations peak at temperatures considerably 
higher than  those observed in semiconductor grade sil- 
icon of similar carrier concentrations. These results in- 
dicate compensation in crystals pulled from purified 
metallurgical silicon. 

Figure 3 shows the plots of vl~Hq VS. l i t  for all 
three crystals, where ~r/~Hq is directly proportional to 
the net carrier concentration. These relations are lin- 
ear with a slope of --Ei/2k, where EI is the ionization 
energy of the dopant. The ionization energy deduced 
in this manner is 0.044-0.052 eV, suggesting boron as 
the acceptor impurity. Furthermore, the relat ively 
slow change in Hall mobility with temperature (~m 
in the chlorine-treated plus unidirectionally solidified 
material  varies approximately with T -1 in the tem- 
perature range 150~176 indicates that  the d o -  
om have similar ionization energies as the acceptor. 

The minority carrier  diffusion length in silicon slices 
was measured by the steady-state surface photovoltage 
method at room temperature (17). In this method, the 
surface of a semiconductor is i l luminated with chopped 
monochromatic radiation with energy slightly higher 
than the energy gap of the semiconductor. When 
t << L, d >> L, at << I, ~d >> 1 (where t is the de- 
pletion layer thickness at the mirface, d is the specimen 
thickness, L is the diffusion length, and a is the optical 
absorption coefficient), and the carrier injection is at 
a low level, then the incident light intensity at various 
wavelengths required to produce a given surface pho- 
tovoltage is a linear function of the reciprocal absorp- 
tion coefficient for each wavelength. Thus, the extrap- 
olation of the incident light intensity vs. the recipro- 
cal absorption coefficient plot to zero intensity yields 
"diffusion length" as the negative intercept. Figure 4 
shows the diffusion length data for a silicon slice from 
chlorine-treated plus unidirectionally solidified met- 
allurgical silicon, where the optical absorption data of 
stress-relieved silicon were used. A least squares fit 
of the data yields a diffusion length of 25 ___ 2 #m. As 
a comparison, silicon slices from chlorine-treated and 
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Fig. 3. Relations between o'//..tHq and reciprocal temperature for 
the upper section of silicon crystals pulled from metallurgical sili- 
con purified by chlorine treatment, chlorine-oxygen treatment, and 
chlorine treatment plus unidirectional solidification. 
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Fig. 4. Diffusion length data for a single crystalline silicon slice, 
prepared from chlorine-treated plus unidirectionally solidified met- 
allurgical silicon, at two illumination levels. 

chlorine-oxygen treated metallurgical silicon had dif- 
fusion lengths of (4-5) • 1 ~m, again indicating the ef- 
fectiveness of unidirectional solidification. 

Summary and Conclusions 
The purification of metallurgical  silicon has been 

carried out by the chemical t reatment and, in some 
cases, followed by unidirectional solidification. The 
treatment of molten metallurgical silicon with chlorine 
or a chlorine-oxygen mixture has been found to be ef- 
fective for reducing substantially the concentration 
of aluminum in silicon. However, the concentration 
of iron was not appreciably lowered by the treatment 
of molten metallurgical silicon with chlorine, oxygen, 
a chlorine-oxygen mixture, or hydrogen fluoride. Be- 
cause of the low segregation coefficients of most metals 
in silicon, the use of unidirectional solidification fol- 
lowing chemical treatment provides an efficient tech- 
nique for the purification of metallurgical silicon~ The 
extent of purification is in qualitative agreement with 
that obtained by similar methods reported by other 
investigators. 
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ABSTRACT 

The effects of high subs t ra te  phosphorus  impur i t y  levels on the kinet ics  
of the rmal  oxida t ion  of <111~  or iented  silicon have been s tudied for a d r y  
oxygen  ambien t  in the t empe ra tu r e  range  800~176 The observed enhanced 
oxida t ion  ra tes  wi th  phosphorus  doping levels --~1019/cm ~ are  found to be 
consis tent  wi th  a simplif ied in te rp re ta t ion  of the l inea r -pa rabo l i c  oxidat ion  
model  together  wi th  phosphorus  red i s t r ibu t ion  effects. The l inear  ra te  con- 
s tant  B/A  increases  subs tan t ia l ly  at al l  t empera tures ,  imply ing  significant 
change in the Si-SiO2 in ter face  reac t ion  rate,  though appa ren t ly  wi th  only 
sl ight  effect on the  associated act ivat ion energy.  The parabol ic  ra te  constant  
B increases somewhat  at  lower  tempera tures ,  indica t ing  a finite change in 
ox idant  diffusion th rough  the oxide, poss ibly  via an addi t ional  diffusion 
mechanism at high phosphorus  concentrat ions,  wi th  reduced  act ivat ion en-  
ergy. Reasonable  c losed-form approx imat ions  to these phosphorus concen- 
t ra t ion  dependencies  of the oxidat ion  ra te  constant~ are  described.  

Thermal  oxida t ion  of sil icon remains  an essential  
pa r t  of i n t eg ra t ed  circuit  technologies,  bo.th b ipolar  
and MOS, being used for such diverse  purposes  as 
mask ing  against  dopant  diffusion, pass ivat ion of act ive 
device regions and junctions,  insula t ing "field regions" 
be tween  act ive devices, and, in the gate dielectric,  
as an ac tua l  component  of act ive MOS devices. Often 
encountered  is the  g rowth  of the rmal  oxide over  
si l icon tha t  is heav i ly  doped wi th  donor or acceptor  
levels  not  in f requen t ly  approaching  the solid solu-  
b i l i ty  l imi t  of the  impur i t y  in silicon. Typical  examples  
a re  b ipolar  emi t t e r  regions and MOSFET source and 
d ra in  regions. This si tuation,  together  wi th  the dem-  
onstra ' t ion that  oxide growth  rates  over  silicon wi th  
i m p u r i t y  levels  >~ 10 TM cm -,3 a re  s ignif icant ly g rea te r  
than  rates  over  l igh t ly  doped silicon (1, 2), has 
p rompted  a cont inuing inves t iga t ion  of the  effects of 
dopant  i m p u r i t y  levels on oxidat ion  rates and mech-  
anisms. Pa r t  of this inves t igat ion has been a quan-  
t i ta t ive  s tudy of the rmal  oxidat ion of heav i ly  phos-  
phorus-doped,  <111~  or iented  sil icon in a d ry  oxy-  
gen ambient .  The resul ts  of this s tudy  are  presented  
here. 

General Theory 
A br ief  rev iew of genera l  oxidat ion  theory  indicates 

qua l i ta t ive ly  wha t  m a y  be expected in the case of 
heav i ly  doped subs t ra tes  or diffused regions. The 
macroscopic model  of Deal  and Grove  (3) for sil icon 
oxida t ion  by  wa te r  or  d ry  oxygen  involves the  diffu- 

* Electrochemical Society Student Member. 
** E lec t rochemica l  Society Act ive  Member .  
K ey  words: oxidation kinetics, rate constants, silicon, phos- 

phorus .  

sion of the oxidizing species f rom the ambien t  through 
an exis t ing oxide to react  wi th  sil icon at the  Si/SiO2 
interface.  Analys is  based on requi r ing  cont inui ty  of 
s t eady-s t a t e  flux of the oxidant  th rough  the a m b i e n t /  
ox ide / in t e r face  s t ruc ture  yields  the fami l ia r  l i nea r -  
parabol ic  g rowth  re la t ionship  (3) 

Xo 2 Xo 
- - + - - _ t + ~  [1] 

B B/A  

where  Xo = oxide  thickness,  B = parabol ic  ra te  con- 
stant, B/A  : l inea r  ra te  constant,  t ~_ oxidat ion  t ime, 
and • _ correct ion factor  which accounts for an 
ini t ia l  oxide  thickness xi, or  effective xi due to an 
observed ini t ia l  accelera ted  g rowth  ra te  in d ry  oxygen.  

For  th ick  oxides  and o x i d a t i o n  t imes long re la t ive  
to a character is t ic  t ime Ae/4B, t h e  first t e rm on the 
l e f t -hand  side of Eq. [1] dominates ,  resul t ing in 
parabolic ,  d i f fus ion- l imi ted growth.  Under  these con- 
ditions, B is the dominant  ra te  constant  and is given by  

B -- 2DeffC*/N1 [2] 

where  Deff = effective diffusion coefficient of the 
oxidant  in the  oxide, C* ---- equ i l ib r ium concentra t ion  
of the  oxidant  in the oxide, and NI --~ number  of 
oxidant  molecules incorpora ted  per  uni t  volume of 
oxide grown. B exhibi ts  an Ar rhen ius  t empe ra tu r e  
dependence  wi th  act ivat ion energies  of 1.2 eV for 
d ry  02 and 0.71 eV for H20, a ppa re n t l y  reflecting the 
ac t iva t ion  energies  for  the diffusivi ty of 02 and H20, 
respect ively,  in SiO2 (3). 

For  thin oxides and oxidat ion  t imes short  re la t ive  
to A2/4B, the second t e rm on the l e f t -hand  side of 
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Eq. [1] dominates,  resul t ing  in l inear  in ter face  reac-  
t ion- l imi ted  growth.  B/A is the governing ra te  con- 
s tan t  under  these condit ions and is g iven by  

B kh C* C* 
- -  - - -  _ ~  k [ 3 ]  

A k ~ h N1 N~ 

where  h = gas phase  t r anspor t  coefficient for the  
oxidizing species f rom the ambien t  to the outer  oxide 
surface and k = Si/SiO2 in ter face  react ion ra te  con- 
stant.  An  ac t iva t ion  of energy  of 2 eV is observed 
for B/A for both  d ry  02 and H20 ambients ,  appa ren t ly  
de te rmined  by  the energy requ i red  to b r e a k  a S i -S i  
bond (3, 4). 

In  an ideal ized in te rpre ta t ion ,  then, factors l ike ly  
t o  influence the  in,terface react ion ra te  should a l te r  
B/A, while  those affecting ox idant  diffusion wil l  change 
B. Sufficiently high impur i t y  levels in the  subs t ra te  
should be expected  to modi fy  the in terface  reaction. 
Similar ly ,  high impur i t y  content  in the oxide may  
affect diffusivi ty of the oxidizing species. The re la t ive  
magni tudes  of such effects should depend on the 
pa r t i cu la r  i m p u r i t y  involved  and its behavior  dur ing  
oxidation.  

Specifically, phosphorus,  as wi th  the other  com- 
monly  used donor impur i t ies  arsenic and ant imony,  
diffuses more  s lowly in the oxide than  in the silicon 
and tends to segregate  at Che in ter face  in favor  of 
g rea te r  phosphorus  levels on the silicon side. As a 
result ,  a p i l e -up  of phosphorus at  the in terface  to 
levels g rea te r  than  bu lk  concentrat ions  in the silicon 
may  occur dur ing  oxidat ion,  wi th  re la t ive ly  much 
lower  levels in  the  oxide. In addit ion,  the  p i l e -up  
should be more  subs tant ia l  for H20 than  for dry  O2 
oxida t ion  due to even s lower diffusion re la t ive  to 
oxide growth  rates  (5). 

Therefore,  oxida t ion  regimes dominated  by  the 
l inear  r a t e  constant  should exhib i t  g rea te r  dependence  
on heavy  phosphorus doping level  than should regimes 
dominated  by  the parabol ic  ra te  constant. Shor ter  
oxidat ions which are  interface react ion ra te  l imi ted  
should show grea te r  var ia t ion  wi th  heavy  phosphorus 
doping than  should longer  oxidat ions  which are  diffu- 
sion l imited.  The influence of heavy  phosphorus doping 
via la rge  B/A var ia t ions  should also diminish or 
sa tura te  wi th  increasing oxida t ion  tempera ture ,  since 
di f fus ion- l imited oxidat ion  dominates  at  shor ter  ox ida-  
t ion t imes wi th  increasing tempera ture .  

Over-al l ,  then, this qual i ta t ive  model  indicates tha t  
g rea te r  influence of heavy  doping levels of phosphorus 
(and also arsenic and ant imony)  should be seen at 
shor ter  oxida t ion  t imes and lower  oxidat ion t empera -  
tures, and tha t  these  effects should be grea te r  for 
H20 than  for d ry  oxygen oxidations.  The va l id i ty  of 
this s imple model  for the enhanced oxidat ion  rates  
observed over  N + regions wi l l  now be considered 
quant i ta t ively .  

Experimental Procedures 
Substrate preparation.--Because sil icon wafers  with 

phosphorus impur i t y  levels ~- 1019 cm -~ are  not 
r ead i ly  avai lable ,  heavi ly  doped samples  were  p re -  
pa red  by  diffusion of phosphorus  using a s tandard  
POC18 source into l ight ly  phosphorus-doped,  10-15 
~ - c m  ~111~  or iented  substrates .  Predeposi t ion  and 
d r ive - in  schedules were  chosen to produce diffused 
phosphorus  profiles tha t  were  fiat, wi th in  10% over  
at least  the  first 2~ into the silicon. Dr ive- ins  were  
done in an N2 ambien t  to minimize  oxidat ion and 
hence red is t r ibu t ion  of the phosphorus  dur ing p rep -  
ara t ion of the samples. 

F ive  types of heavi ly  doped samples  were  p repa red  
wi th  ta rge t  impur i t y  levels ranging  f rom ~5  • 10 ~9 
cm -3 to essent ia l ly  solid solubi l i ty  (at  s t andard  fur -  
nace t empera tu res ) .  The resul t ing diffused impur i ty  
profiles were  measured  for e lect r ica l ly  active phos-  
phorus concentrat ion using both spreading  resistance 
and incrementa l  sheet  resis tance via anodic oxidation.  
Agreemen t  be tween  the two measurement  techniques 
was excellent ,  giving the values in Table I. Repro-  

Table I. Electrically active C B E  and chemical CBC dopant 
concentrations in heavily phosphorus-doped samples 

C a t  

S a m p l e  CBS S I M S  A E S  

A ( ~ 1 0  TM) 
B 5.1 • 10 TM 5.5 X 101r 5.Z x - 1 0  TM 
C 7.2 x 10 x9 1.5 • 10 ~ 8.2 x 10 TM 
D 1.8 x 102~ 2.4 x 10 ~~ 2.8 • 10 ~ 
E 2.8 • 10 m 4.5 • 10 ~~ 5.0 x 10 ~ 
F 3.2 • 1020 7.0 x 10 ~ 6.8 • 1 ~  

ducib i l i ty  of diffused phosphorus  i m p u r i t y  levels  f rom 
run  to run  of sample  p repa ra t ion  was checked using 
the e lect r ica l  measu remen t  techniques and found 
to be very  good. Total  chemical  phosphorus  concen- 
t ra t ions  and hence the  percentage  of the  species elec-  
t r i ca l ly  act ive in the diffused samples  were  s tudied 
wi th  both sput te r ing  Auge r  I and SIMS techniques, 
also wi th  genera l ly  good agreement ,  as shown in 
Table  I. The re la t ion be tween  chemical  and electr ical  
values  found is consistent  wi th  publ i shed  resul ts  (6). 
Both e lect r ica l  and  chemical  phosphorus  profiles ap-  
pea red  sufficiently fiat to a l low t rea t ing  the samples  
as effectively in i t ia l ly  un i fo rmly  doped at the mea-  
sured  surface concentrat ions for  purposes of first-  
o rder  analyses  of resul ts  f rom oxidat ions  of the p re -  
pa red  samples.  

Oxidation and measurement procedures.--Samples o f  

each of the  five selected heavy  subs t ra te  doping levels,  
together  wi th  a control  wa ie r  of the  l ight ly  doped 
suos t ra te  f rom which  the heav i ly  doped samples  were  
prepared,  were  next  oxidized toge ther  at  var ious  
t imes and tempera tures .  In  each case, the samples  
were  subjec ted  to s tandard  cleaning procedures  and 
then placed hor izonta l ly  on a quartz  boat  in order  of 
increas ing subs t ra te  doping level,  wi th  the  l ight ly  
doped control  fa r thes t  ups t ream and the most heavi ly  
doped sample  far thes t  downs t ream re la t ive  to gas 
flow in the  oxidat ion  furnace,  such that  possible  effects 
of out-diffusion of phosphorus into the ambien t  f rom 
the more  heavi ly  doped wafers  might  be minimized.  
The wafers  were  then  pushed rap id ly  d i rec t ly  into 
the oxidizing ambien t  in the  furnace  for the desired 
oxidat ion  time, or, for t imes of 1 hr  or  less, pushed 
into n i t rogen and a l lowed 5 min to come to t e m p e r a -  
ture  before  the  oxidizing ambien t  was ini t iated.  Wi th  
complet ion of the des i red  oxidat ion  time, the  samples  
were  fas t -pu l led  d i rec t ly  f rom the  oxidizing ambient .  

Result ing oxide ~thicknesses were  measured  using 
mu l t i p l e -be a m in te r fe romet r ic  techniques to avoid 
uncer ta in t ies  of possible effects on the optical  p rop-  
ert ies of the samples  due to high phosphorus impur i ty  
levels in the  sil icon and the oxide. Wi th  these exper i -  
menta l  methods,  r eproduc ib i l i ty  of oxide thickness 
was found to be well  wi th in  the accuracy of the  
in te r fe romet r ic  measuremen t  technique (_25A ) .  

Data evaluation.mA quant i ta t ive  measure  of the 
increase of oxidat ion  ra te  wi th  heavy  phosphorus  
doping may  be obta ined via  ex t rac t ion  of effective 
ra te  constants  f rom the da ta  using the macroscopic 
l inea r -pa rabo l i c  oxidat ion  model. Convent ional ly ,  ex-  
t rac t ion is achieved using the a l t e rna t ive  form of 
the genera l  g rowth  re la t ionship  (3) 

Xo = B ~ ~ - A [ 4 1  

Thus, a plot  of xo vs. (t -b -c)/xo yields  B as the slope 
and - -A  as the intercept .  However ,  T i tself  is a func-  
t ion of B, B/A,  and xi. At  a given oxida t ion  t e m p e r a -  
ture, the value  of �9 wil l  decrease wi th  heavy  sub-  
s t ra te  doping and becomes ve ry  difficult to de te rmine  
d i rec t ly  by ex t rapo la t ing  a curve fit to the exper i -  
menta l  Xo vs. t data. This is especial ly  t rue  in view 

A u g e r  m e a s u r e m e n t s  w e r e  d o n e  by J. S. Johannessen, C. R. 
Helms, and W. E. Spicer of Solid State Laboratory, E l e c t r i c a l  E n -  
g i n e e r i n g  D e p a r t m e n t ,  S t a n f o r d  University. 
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of the  nonl inear  na tu re  of the  fitted l ines when 
growth  is most  rapid,  and the possible scat ter  inheren t  
in da ta  points  for  ve ry  shor t  oxida t ion  times. 

I t  wil l  be shown, though, that  the appa ren t  ini t ia l  
thickness xi varies  r e la t ive ly  only s l ight ly  wi th  heavy  
phosphorus  doping about  the value  of xi --~ 200A 
typ ica l ly  seen for d ry  oxygen  oxidation.  That  is, 
the  ini t ia l  r ap id  growth  mechanism responsible  for 
the  apparen t  nonzero xi for d ry  O2 oxidat ion  seems 
re l a t ive ly  unaffected by  heavy  phosphorus  doping. 
To first order,  then, assumpt ion  of a constant  xl ___ 
200A appears  reasonable,  and analysis  may  proceed 
employing  another  a l t e rna t ive  form of the  genera l  
re la t ionship  

( X o + X i )  = B  - -  - - A  [5]  
X o  X i  

A l inear  plot  of (Xo + xi) vs. t / (Xo -- xi) produces,  
as before,  B as the slope and - - A  as the  intercept .  

Experimental Results 
A n  extens ive  series of oxidat ions were  done in a 

d r y  02 ambien t  at t empera tu re s  of 800% 900 ~ 1000 ~ 
and ll00~ The da ta  produced are  shown in ]~ig. 1 
and 2 as oxide thickness vs. oxidat ion  t ime curves for 
each of the  five heavi ly  doped sample  types  and the 
l igh t ly  doped control.  A t  each tempera ture ,  the bot tom 
curve  represents  the l i g h t l y  doped control  and agrees 
wel l  wi th  publ i shed  da ta  for <111>  substrates ,  while  
the  addi t ional  curves represen t  the  heavi ly  doped 
samples,  in o rder  of increasing subs t ra te  doping. 
Specific doping levels  are  indica ted  in Table  I. 

l f f  
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Fig. 1. Oxide thickness vs. oxidation time for < 1 1 1 >  oriented 
silicon in dry 02 ambient with substrate phosphorus doping level 
as parameter, at 800 ~ and 1000~ 
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Fig. 2. Oxide thickness vs. oxidation time for < 1 1 1 >  or;eared 
silicon in dry 02 ambient with substrate phosphorus doping level 
as parameter, at 900 ~ and 1100~ 

The da ta  in Fig. 1 and 2 a l r eady  lend qualitaLive 
suppor t  to the predic t ions  based on the s imple in te r -  
pre ta t ions  of doping effects p resen ted  ear l ier .  Clear ly  
the  greates t  re la t ive  var ia t ions  of oxide  thickness 
occur at  the  shor ter  t imes and lower  tempera tures ,  
the  regions in which the in ter face  react ion and hence 
B / A  are  expected to dominate,  indica t ing  that  the 
increas ing  subs t ra te  phosphorus  level  has a ve ry  s t rong 
effect on the in ter face  reaction. At  the  longer  t imes 
and h igher  tempera tures ,  in  the  di f fus ion- l imi ted re -  
gime, subs tan t ia l ly  less var ia t ion  of thickness with 
doping is seen, imply ing  that  ox idant  diffusion and 
the  parabol ic  ra te  constant  a re  infiuenced to a much 
smal le r  ex ten t  by  the increas ing subs t ra te  phosphorus  
levels. Indeed,  a few selected oxidat ions at  1200~ 
when the character is t ic  t ime A2/4B for l igh t ly  doped 
subs t ra te  oxidat ions is only  about  0.5 rain and the re -  
fore  oxida t ion  is effect ively en t i re ly  B dominated,  
p roduced  essent ia l ly  no var ia t ion  of oxide thickness 
wi th  increasing phosphorus doping tha t  could be re -  
solved wi thin  the l imits  of i n t e r f e romete r  accuracy.  

Ex t rapo la t ion  on l inea r  scales of thickness  vs. 
t ime to the  effective ini t ia l  oxide  thickness xi a t t r i b -  
u tab le  to the ini t ia l  r ap id  g rowth  mechanism shows 
only s l ight  var ia t ion  a round  200A as the  subs t ra te  
changes f rom l igh t ly  to heavi ly  phosphorus  doped. 
Thus, to first o rder  a constant  xi --~ 200A m a y  be 
assumed, as descr ibed above. 

Discussion 
The var ia t ion  of the effective B / A  and B values  

wi th  increasing ini t ia l  subs t ra te  total  chemical  phos-  
phorus concentrat ion,  r ep resen ta t ive ly  i l lus t ra ted  in 
Fig. 3 for 900~ dry  02 oxidat ion,  exhibi ts  d rama t i c -  
a l ly  the  expected behavior .  B/A ,  reflecting in ter face  
reac t ion- l imi ted  oxidation,  increases sha rp ly  by  more  
than  an order  of magni tude  as the phosphorus  level  
r ises toward  solid solubil i ty.  On the other  hand, B, 
which represents  the di f fus ion- l imi ted regime,  is af-  
fected only  s l ight ly  by  the increas ing subs t ra te  phos-  
phorus doping. Clearly,  the predic t ions  of the  s im-  
plified in te rpre ta t ions  presented  have been convinc-  
ingly  confirmed. We now consider  the effects on B / A  
and B in detail .  

Linear rate constant.--The t empe ra tu r e  dependence  
of B / A  is shown in Fig. 4, where  log ( B / A )  is p lo t ted  
agains t  1/T wi th  subs t ra te  doping level  as a p a r a m -  
eter.  The lowest  points  a re  the values found for the 
l igh t ly  doped control  samples,  whi le  the  h igher  points  
correspond, respect ively,  to the  increas ingly  heav i ly  
phosphorus -doped  subs t ra te  types used. To a reason-  
ab le  approximat ion ,  Ar rhen ius  t e m p e r a t u r e  depen-  
dence m a y  be assumed for the  effective B / A  values  

B/A (if/rain) Y _..0 - /  

B (/.z2/min) 

i I I I  I I I I r  I I P l l  i l i t  
1018 1019 102o 10 21 

Cac(crn-3) 
Fig. 3. Oxidation rate constants vs. initial substrate chemical 

phosphorus doping level at 900~ 
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Fig. 4. Linear rate constant temperature dependence and ef- 
fective activation energies with substrate phosphorus doping level 
as parameter. 

corresponding to each subs t ra te  doping level,  leading 
to the  least  squares fitted lines and apparen t  ac t iva-  
t ion energies of the  figure. 

High impur i ty  levels may  produce the large  in-  
creases of effective B/A by  a l ter ing the act ivat ion 
energy and /o r  the p reexponen t ia l  factor. Appa ren t ly  
the basic l imi t ing  act ivat ion energy of approx ima te ly  
2 eV associated wi th  the in terface  react ion is not 
s u b s t a n t i a l l y  a l te red  by  the high phosphorus levels, 
whi le  significanr dependence  on dopant  concentrat ion 
m a y  be found in the  p reexponent ia l  factor. 

Some indicat ion of the na ture  of this dependence  
m a y  be gained via  examina t ion  of the var ia t ion  of 
B/A with  concentra t ion at  a given tempera ture ,  as 
was done in Fig. 3 for 900~ The sharp increase of 
the l inear  ra te  constant  suggests an exponent ia l  de-  
pendence of CBC, the ini t ia l  chemical  subs t ra te  phos-  
phorus concentrat ion,  a poss ib i l i ty  that  is tes ted fur -  
ther  by  inves t igat ing the var ia t ion  of log (B/A) with 
CBC in Fig. 5. Evident ly  log (B/A) eventua l ly  ex-  
hibits  roughly  a l inear  dependence  on CBc, and hence 
B/A an exponent ia l  dependence  on CBC, at each given 
t emPera tu re  , bu t  only af te r  a s t ronger  ini t ia l  increase. 
There  may  be a s l ight  t empera tu re  dependence  in 
the  magni tude  of this ini t ia l  increase, but  to a large 
ex ten t  the  subs t ra te  background  phosphorus concen- 
t ra t ion  dependence  is ve ry  s imilar  at  all  t empera tures .  

Clearly,  many  c losed-form rela t ionships  for this 
CBC dependence  m a y  be used to approx ima te  this da ta  
to va ry ing  degrees  of complexi ty,  in the absence of an 
accurate  physical  model  for that  dependence.  A fa i r ly  
s imple form, producing a reasonable  f i r s t -order  ap-  
proximat ion,  might  be 

(B/A) 
= (B/A)' = 1 4- klCBc "lek2cBc [6] 

Coe--E1/kT 

where  Coe -ElIoT is the publ ished t empe ra tu r e  depend-  
ence of the  l inea r  ra te  constant  for l ight ly  doped sub-  
s t ra tes  wi th  E1 N 2 eV (3). Thus, the  exponent ia l  
even tua l ly  dominates,  but  the power  law dependence  
produces  the  s t ronger  in i t ia l  increase. Opt imal  ki and 

I0% ~ 2.0 4.0 6.0 8.0 
CBC ( x 102~ -3) 

Fig. 5. Linear rate constant vs. initial substrate chemical phos- 
phorus doping level with oxidation temperature as parameter. 

ks values  m a y  be found by  r ewr i t ing  Eq. [6] in the  
a l t e rna t ive  form 

l o g [  ( B / A ) ' - -  I ] : l o g  ki 4- k2 CBc [7] 
CBcn~ 

Plotting log [ ( B / A ) ' -  I ] ~ -  vs. CBC should therefore  
CBC nl 

produce a l inear  dependence  wi th  in tercept  log kl and 
slope k2, for an appropr ia te  value  of ni. Such analysis  
indicates  tha t  a value  of nl ~_ 0.5-1.0 should be used, 
wi th  nl ~ 0.5 giving pa r t i cu la r ly  consistent  l inear  de-  
pendences.  Thus, the  curves p lot ted  together  wi th  the 
exper imen ta l  B/A values  in Fig. 5 have been calcu-  
lasted using ni = 0.5 and the resul t ing appropr ia t e  ki 
and ks values. Agreemen t  appears  ve ry  reasonable.  The 
fitted kl and ks values are  presented  vs. 1/T in Fig. 6, 
confirming tha t  the t empe ra tu r e  dependence  is re la -  
t ive ly  sl ight  when compared  wi th  the  over -a l l  depend-  
ence of B/A. In  fact, appropr ia t e  constant  values of 
ki and k2 independent  of T conceivably  could be used 
for  al l  tempera tures .  While  agreement  not  surpr i s ing ly  
is not as good, using values of ki = 5.9 • 10 - n  cm 3/2 
and ks ---- 3.0 • 10-~l cm 3 gives reasonable  agreement  
wi th  the  exper imen ta l  resul ts  over  the ent i re  t empera -  
ture  range invest igated.  

Parabolic rate constant.--B has been found to be a 
much weaker  function of h i g h  phosphorus concentra-  
tions. Nevertheless ,  i t  does appear  to increase some-  
wha t  wi th  concentrat ion,  as seen in Fig. 7, where  log 
B is p lo t ted  vs. 1/T with  subs t ra te  doping as a p a r a m -  
eter. At  each tempera ture ,  the  lowest  point  represents  
the l ight ly  doped control  whi le  the  h igher  points  cor-  
respond to the  heav i ly  doped samples. I t  is apparen t  
that, unl ike  the case for B/A, the concentra t ion de-  
pendence of B varies  s ignif icant ly wi th  tempera ture .  
Dopant  level has a g rea te r  effect at lower  t empera tu res  
and v i r t ua l ly  no effect at  l l00~ Also, for a given 
doping level,  the net  t empera tu re  dependence  is not 
r ead i ly  reconci lable  wi th  a single act ivat ion energy 
Ar rhen ius  relat ion,  imply ing  changes in act ivat ion 
energy and a t e m p e r a t u r e - d e p e n d e n t  p reexponent ia l  
factor, or  addi t ion of a new, phosphorus - re la t ed  t e rm 
wi th  different  act ivat ion energy. F igure  8, present ing  
log B vs. CBC with  t empera tu re  as parameter ,  empha-  
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Fig. 6. Fitted parameters vs. 1/T for linear rate constant de- 
pendence on initial substrate chemical phosphorus doping level. 
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Fig. 7. Parabolic rate constant temperature dependence with 
substrate phosphorus doping level as parameter. 

sizes this addi t ional  t empe ra tu r e  dependence.  Fur ther ,  
the  dopant  concentra t ion  effects at  a given t empera -  
ture  become evident.  As subs t ra te  doping level  in-  
creases (and consequent ly  the  lower  phosphorus level  
in the  oxide  also r i ses) ,  B first increases  r ap id ly  and 
then begins to "saturate ,"  increasing only ve ry  slowly, 
if at all. 

As wi th  B/A, a convenient  c losed- form app rox ima -  
t ion of the  B var ia t ions  may  be made.  For  convenience,  
no new expl ic i t  T dependence  is included, but  the fitted 
"constants" should then reflect any  dependence  thus 
hidden. The ini t ia l  r ap id  r ise and subsequent  s luggish-  
ness suggest  a possible power  law dependence  on dop-  
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Fig. 8. Parabolic rate constant vs. initial substrate chemica! phos- 
phorus duping level with oxidation temperature as parameter. 

ant  levels. In i t ia l  subs t ra te  phosphorus leve l  is used 
as the  var iab le  for this analysis,  though actual  levels 
in the  oxide should be more  d i rec t ly  re levant .  (This 
factor  wiI1 be discussed below.) 

B 
- B' --  1 + ksCBc"~ [8] 

Boe--g~/kT 

where  Boo -E../kT is the publ i shed  t empe ra tu r e  depend-  
ence of the  parabol ic  ra te  constant  for l ight ly  doped 
subs t ra tes  wi th  E~ ~ 1.2 eV for d r y  02 (3). 

A p p r o p r i a t e  k~ and n~ values  m a y  be  ex t rac ted  in a 
manner  analogous to Eq. [7]. This approach  was used 
wi th  the  ex t rac ted  B values  for 800 ~ 900 ~ and 1000~ 
wi th  surpr i s ing ly  good l inear  re la t ions  found. The cal -  
cula ted  curves in Fig. 8 i l lus t ra te  the ve ry  reasonable  
fit to the  ex t rac ted  B values produced  by  the above 
re la t ion  wi th  the  ks and n2 values  shown vs. 1/T in 
F i g .  9. The expected addi t ional  T dependence  is c lear ly  
evident  in ks and possibly, to a lesser  extent ,  in n2. A 
new addi t ional  ac t ivat ion energy  is s t rongly  suggested, 
and this wil l  be explored.  

Factors a#ecting data interpretation.--Analysis to 
this point  has been based on C~c, the  ini t ia l  subs t ra te  
chemical  phosphorus level  pr ior  to oxidat ion.  However ,  
as ment ioned previously ,  all  common dopanCs red is -  
t r ibu te  dur ing  oxidat ion,  wi th  phosphorus  "snow- 
plowing"  in the silicon to produce  an increased in te r -  
face concentrat ion Csc > CBC, and reduced effective 
levels  in the  oxide  Cox < CBc. Fur ther ,  the re la t ive  
magni tudes  of the p i le -up  and oxide  phosphorus  levels 
increase as dopant  diffusivi ty decreases re la t ive  to ox-  
idat ion ra te  (5) ; that  is, for H20 ra the r  than  02 ox ida -  
tion, for lower  t empe ra tu r e  oxidat ion,  or for lower  
ini t ia l  phosphorus concentra t ion (7). 

Thus, for analysis  of the  effects on B/A or the in te r -  
face  reaction, the ac tual  doping p a r a m e t e r  rea l i s t ica l ly  
should be Csc r a the r  than CBc. The  effective B/A va l -  
ues found wil l  correspond to h igher  Csc values, t end-  
ing to shift  the B/A data  points  to h igher  values along 
a dopant  concentra t ion axis. And, since the  re la t ive  
amount  of p i l e -up  decreases  as CBc increases  and as 
t empera tu re  increases, these shifts may  be grea te r  for 
the lower  concentra t ion  points  at lower  tempera tures .  

A t ime-dependen t  effect may  fu r the r  complicate  
considerat ion of dopant  redis t r ibut ion.  The f i r s t -order  



670 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  Apr i l  1978 

I(~ 4 

I{ 3 

(cm 3) 

16 5 

I 
16e 0.7 1.0 

0.~ 

ks 

0.8 0.9 
1000 
T (~ 

15 2 

n 2 

161 

Fig. 9. Fitted parameters vs. 1 /T  for parabolic rate constant de- 
pendence on initial substrate chemical phosphorus doping level. 

theory  ment ioned (5) assumes parabol ic  oxidat ion,  or 
the  same t 1/2 dependence  as for dopant  diffusion, to 
find a " s teady-s ta te"  t ime- independen t  dopant  red is -  
t r ibut ion.  Yet, ox ida t ion  mus t  proceed th rough  a l inear  
g rowth  per iod  before  achieving parabol ic  growth,  and 
consequent ly  red is t r ibu t ion  should be subject  to a 
finite t ime-dependen t  t rans ient  per iod before  achieving 
a s t eady-s ta te  value.  Onset of essent ia l ly  parabol ic  
oxidat ion  m a y  be reasonably  taken  as achievement  of 
s t eady-s t a t e  p i l e -up  conditions. Therefore,  the charac-  
ter is t ic  t ime A2/4B is useful  as a measure  of the  du ra -  
t ion of the  t rans ient  period.  In any event,  since B / A  
is most  re levant  in this l inear  growth  t rans ient  period, 
the effective B / A  value  found may  ac tua l ly  be an 
averaged  va lue  corresponding to a t ime -ave raged  Csc 
value  p re sumab ly  less than  the s t eady-s ta te  phos-  
phorus Cse. Evident ly ,  then, t ime dependence  m a y  off- 
set somewhat  the shifts along the concentra t ion axis 
f rom the in i t ia l  CBC va lue  toward  the grea te r  Csc 
values. 

Nevertheless ,  red is t r ibu t ion  and p i le -up  of phos-  
phorus should produce a net  " forward"  shift  of the 
heavi ly  doped subs t ra te  points in a plot  of ex t rac ted  
B / A  vs. dopant  level  such as that  of Fig. 5, reducing 
the apparen t  in i t ia l ly  rap id  increase of B / A  with heavy  
subs t ra te  doping, to produce  possibly a solely expo-  
ner~tial dependence  on Csc, of the  form 

B / A  ~ Coe -EI/kT e ~'csc [9] 

There  may  also be uncer t a in ty  of B / A  values  due to 
the  method  of analysis  (8). Since changes in B are  
r e l a t ive ly  slight,  the  "source" of the large B / A  in-  
crease seen is the  s ignif icant ly reduced A value  or  the  
in te rcept  in the  (Xo + xi) vs. t / ( X o -  xi) plot  of the 
data. As t e m p e r a t u r e  and high dopant  level  rise, this 
in tercept  moves increas ingly  toward  a va lue  of 0, or 
an infinite B/A.  Possible  e r ror  due to  da ta  scat ter  p ro -  
duces much grea te r  e r ror  in ex t rac ted  B / A  value as 
T and CBC increase. So, pa r t i cu la r ly  for the heavies t  
phosphorus -doped  subs t ra te  types,  the  ll0O~ B / A  
values,  for example,  m a y  contain significant e r ror  
which, while  not  impor t an t  in calculat ing actual  oxide 
growth  because of increased B dominance,  may  a l te r  
apparen t  ac t ivat ion energies  for B/A.  

Ext rac t ion  of B as the slope of (Xo + xi) vs. t/(Xo -- 
x~) should, on the  other  hand, produce  comparab le  e r -  

rors  for al l  the condit ions s,tudied, and such potent ia l  
errors  should not be as significant in considerat ion of 
B. Trans ient  effects should be less significant as well,  
since B does not rea l ly  become meaningfu l  unt i l  p a r a -  
bolic oxidat ion  is approached,  prec ise ly  the  t ime  at  
which, p resumably ,  red is t r ibu t ion  approaches  its 
s t eady-s t a t e  value.  Redis t r ibu t ion  i tself  and its t em-  
pe ra tu re  dependence  must  be considered, however .  The 
ac tua l  dopant  level  of impor tance  in B or  oxidant  di f -  
fusion should be Cox ra the r  than  the CBC used in the  
analysis.  Also, the  effective B values  for a given heav-  
i ly  doped subs t ra te  type  may  then correspond to di f -  
ferent  Cox values as the  magni tude  of red is t r ibut ion  
var ies  wi th  t empera ture .  

I t  is appa ren t  tha t  accurate  measure  of Csc and Cox, 
and the i r  possible t ime dependence,  for  a g iven CBC 
and oxidat ion  condi t ion would be h ighly  des i rable  in 
fu r the r ing  real is t ic  and meaningfu l  analysis  and in-  
te rpre ta t ion .  Such efforts are  being pursued  cur ren t ly  
using sput te r ing  Auger  and ion microprobe  techniques 
and wi l l  be repor ted  in  a fu ture  publicat ion.  

Possible mechanisms.--Some indicat ion of possible 
physical  mechanisms for the  effects of heavy  subs t ra te  
phosphorus  doping on oxida t ion  m a y  be d rawn  from 
the present  data. In tui t ively ,  the enhanced oxidat ion 
rates  observed in this s tudy may  be re la ted  to chemi-  
cal, electrical ,  or even mechanical  effects of the  heavy  
doping. 

F o r  example ,  the ve ry  high phosphorus  levels  en-  
hanced by  red i s t r ibu t ion  p i le -up  at  the in terface  may, 
by  size mismatch  re la t ive  to Si of subs t i tu t ional  phos-  
phorus or by  " in ters t i t ia l"  c lu t ter ing  or prec ip i ta tes  
(9, 10), c rea te  la t t ice  s t ra in  and, therefore,  a l t e r  the 
Si -Si  bond s t rength  that  has been l inked to the l imi t -  
ing act ivat ion energy  of the  in ter face  oxida t ion  reac-  
tion. Fur ther ,  the p reexponen t i a l  factor  of the  in te r -  
face react ion m a y  include such components  as the num-  
ber  of in ter fac ia l  Si atoms or the number  of "avai lable"  
in te r rac ia l  Si bonds that  have been suggested as the 
source of differences in oxida t ion  rates for various Si 
wafer  or ientat ions  (11). Possibly,  the high in terracia l  
dopant  levels could affect such factors to produce in-  
creased oxide  g rowth  rates  as well.  

In  fact, the analysis  of the  t empe ra tu r e  dependence  
of B / A  with CBC as the p a r a m e t e r  suggested s t rongly  
tha t  the  p r i m a r y  effect of heavy  phosphorus levels is 
on the p reexponent ia l  factor. So, as s imple an effect 
as an increased interface  "roughness," leading to 
h igher  numbers  of ava i lab le  Si bonds and a t t r ibu tab le  
to phosphorus atoms, clusters, or precipi tates ,  could 
exp la in  the  enhanced in ter face  reaction. 

These  dopan t - r e l a t ed  effects on B / A  m a y  not be 
pu re ly  mechanica l ly  induced. The thermodynamics  of 
the in ter rac ia l  oxidat ion  react ion may  wel l  be affected, 
such that  the  Gibbs free energy change dr iv ing  force 
for the react ion would be a l te red  significantly.  Also, 
the  posi t ion of the Si Fe rmi  level  wil l  be a l te red  by  
such high dopant  levels, even at  the  high t empera tu res  
of the rmal  oxidat ion,  to create  e lectr ical  effects on the 
in ter face  react ion rate.  

Heavy  phosphorus  effects on B or  diffusion of the 
oxidizing species in the  oxide  are  re la t ive ly  smaller ,  
but  they  do exist.  If B were  unaffected, then at long t 
the oxide  thicknesses resul t ing from the various heavy  
doping levels and enhanced B / A  values should ap-  
proach tha t  of the  l igh t ly  doped control. This behavior  
is not  apparen t  in the data, especial ly  at low t empera -  
tures. 

These real  effects on B should be re la ted  to the phos-  
phorus level  found in the oxide. The t rends  observed 
a p p e a r  to agree  at  least  qua l i t a t ive ly  wi th  red i s t r ibu-  
t ion theory  (5). That  is, p i le -up  and Cox should in-  
crease as T decreases such tha t  ,the effect on B for a 
given ini t ia l  CBc is grea ter  at lower  tempera tures .  The 
re la t ive  amount  of Cox/CBc decreases at  the highest  
subs t ra te  phosphorus levels,  resul t ing in Cox levels 
va ry ing  less than  CBc levels.  Consequently,  the B in-  
crease, or  enhanced oxidant  diffusion, tends to "satu-  
ra te"  quickly  at the  high CBC values.  
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The analysis  above suggests ~hat ox idant  diffusion in 
the  oxides g rown on heav i ly  doped subst ra tes  may  be 
subjec t  to a phosphorus - re l a t ed  term,  wi th  different  
ac t iva t ion  energy,  in addi t ion  to the diffusivi ty  t e rm 
govern ing  diffusion in "pure"  oxides. Quite reasonably ,  
diffusion in a phosphorus - r i ch  region of the oxide 
would presen t  a different,  p r e sumab ly  reduced  ac t iva-  
t ion energy.  So, this new diffusivity, mul t ip l ied  by  a 
phosphorus  concentra t ion  factor  re la ted  to the "r ich-  
ness" a n d / o r  the extent  re la t ive  to the to ta l  oxide of 
the  phosphorus  region of the  oxide, might  combine 
wi th  the  diffusivi ty remain ing  in effect in the rest  of 
the  oxide. Since CBc ra the r  than  Cox has been used in 
this concentra t ion  factor ,  the  apparen t  s l ight ly  T de-  
penden t  power  law form of the  factor  might  reflect 
the  tendencies  of red i s t r ibu t ion  of CBc to produce Cox. 
The g rea te r  t empe ra tu r e  dependencies  of the two ac-  
t iva t ion  energies,  in any  event,  would  produce  the 
ove r - a l l  nonl inear  1/T dependence  observed for log 
B in oxida t ion  of heav i ly  doped substrates.  

Much addi t iona l  in format ion  is obviously needed to 
resolve fu l ly  the  possible mechanisms suggested or im-  
pl ied by  the present  data. Work  being pe r fo rmed  cur-  
ren,tly, inc luding  effects of heavy  arsenic, ant imony,  
and boron doping, combined effects of subs t ra te  or ien-  
ta t ion and heavy  doping levels, H20 oxida t ion  of heav-  
i ly  doped substra tes ,  and  o ther  aspects of heavy  dop-  
ing effects on oxide  and the Si-SiO2 interface,  may  
produce  some of the addi t ional  clues and informat ion 
needed. 

Conclusions 
Enhanced the rma l  ox ida t ion  effects in the  heavi ly  

phosphorus -doped  sil icon regions commonly  seen in 
in t eg ra ted  circuits  have  been studied, producing  some 
indica t ion  of possible  physical  mechanisms expla in ing  
the g rea t ly  increased B/A and somewhat  enhanced 
B macroscopic model  ra te  constants. In  the absence of 
more  complete  quant i ta t ive  physical  models, closed- 
fo rm rela t ions  have  been presented,  giving good ap-  
p rox imat ion  to the effects which have been shown to 
be most  subs tant ia l  at lower  tempera tures .  As the 
t r end  in technology is t oward  lower  t e m p e r a t u r e  proc-  
essing in view of the  l a rge r  wafers  being used, the~e 
heavy  phosphorus -enhanced  oxidat ion  effects appear  
ve ry  l i ke ly  to impact  in tegra ted  circuit  technology. In 
addit ion,  careful  design of processing schedules can 

make  use of these enhanced oxida t ion  effects to, for 
example ,  reduce ga te - to - source  and g a t e - t o - d r a i n  ca-  
paci tance  in MOS transis tors .  
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Brief Co   n ca, on 

Disclosure of Dislocation Loops and Dislocation Dipoles 
in GaP by Chemical Etching 

C. Werkhoven 
Philips Research Laboratories, Eindhoven, The Netherlands 

Since chemical  etching is fast and in pr incip le  non-  
destruct ive,  this  technique  is, at  least  for I I I -V  single 
crystals,  wide ly  used for the assessment  of defects. An 
analysis  of the microscopic s t ruc ture  of ex tended  de-  
fects and the identif icat ion of microdefects  as can be 
pe r fo rmed  by TEM is difficult to obtain wi th  the etch-  
ing technique,  however .  

I t  is shown in this paper  that  on the condit ions of 
an opt imized etching t ime and the use of high magnif i -  

cation optical  microscopy techniques,  informat ion  about  
the  submicron s t ruc ture  of defects in GaP single crys-  
tals  can be obtained. For  this purpose  the R-C etchant  
(1) was used because i t  requires  short  etching t imes 
at a modera te  ba th  tempera ture ,  viz. 65~ and because 
it is a p re fe ren t ia l  e tchant  for the  {111} P growth  plane 
leading to faceted, t r i angu la r - shaped  etch pits  which 
have a dist inct  apex  at  the  emergence  po in t ( s )  of the  
defect. 
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The etched surfaces were  examined  wi th  a Zeiss in-  
te r ference  contras t  Photomicroscope II. On 9 • 13 cm 2 
pr in ts  a final l inear  magnificat ion of 2600X was ob-  
ta ined  using the 100X object ive  wi th  oil immersion.  
The high optical  qual i ty  of the microscope al lowed 
even fur ther  en la rgements  of the negatives.  

The observat ions presented  app ly  to LEC-pu l led  
subs t ra te  wafers  and layers  g rown by LPE on these 
wafers.  P r io r  to etching, the  (111} P surfaces were  
chemical ly  pol ished in a C12-saturated methanol  ba th  
to avoid etch pits  due to damage. The appearance,  the  
growth, and also, in the case of small  microdefects ,  the  
d i sappearance  of the  etch pits was fol lowed by  choos- 
ing the appropr ia t e  etching steps. Final ly ,  the etching 
fea tures  of the subs t ra te  crystals  and the layers  a re  
compared  in o rder  to es tabl ish possible correlat ions.  

In GaP subs t ra te  ma te r i a l  etch pits due to ex tended  
dislocations [D pits (2, 3)]  and to unidentif ied micro-  
defects  [S pits  (2, 3)]  have  been observed previously .  
The new etching phenomenon repor ted  here  can un-  
ambiguous ly  be assigned to smal l  dis locat ion loops. 
These loops give rise to e tch-p i t  pai rs  (DL pi ts)  when 
they  are  in tersec ted  by  the surface. A typica l  p rope r ty  
of the  DL pits was tha t  they  d isappeared  upon con- 
t inued etching, i.e., the  pai rs  g rew together  and finally 
one shal low etch pi t  wi thout  apex ( l ike the S pi ts)  was 
left. At  the  same t ime new pairs  became visible at  
o ther  sites on the  surface. This behavior  es tabl ished 

the localized na ture  of the corresponding defect.  The 
change f rom a s t ruc tured  e tch-p i t  pa i r  to a nonfaceted 
shal low pit  took place wi th in  1 min etching time. This 
is Shown in Fig. 1. 

The dis tance uetween the apexes, which equals ap-  
p rox ima te ly  the  d i ame te r  of the  loop, va r i ed  f rom 
crys ta l  to crys ta l  but  was a lways  found to be 0.5-2 #m. 
In some pairs  the apexes were  connected by  a ridge, 
s imi lar  to that  found for large  s tacking faults.  I t  is 
therefore  concluded tha t  the l a t t e r  loops are  faul ted 
loops such as observed by  TEM (4, 5). 

The highest  dens i ty  of dis locat ion loops was found 
in macroscopical ly  "d is locat ion-f ree"  crystals ,  viz., 5 • 
105 cm -2. In  h ighly  dis located (D-p i t  dens i ty  ~ 105 
cm-2)  crystals  the  densi ty  was lower  and occasional ly 
even zero dis locat ion- loop densit ies were  observed.  
The la t te r  phenomenon might  be due to var ia t ions  in 
as ye t  unknown growth  parameters .  

The number  of shal low pits lef t  behind  b y  dis loca-  
t ion loops increases r ap id ly  as the  etching process p ro -  
ceeds (the etching ra te  for an uns t i r r ed  solut ion is 
about  0.2 #m/min ) .  I t  wi l l  be obvious then  that,  at  the  
above-ment ioned  densi ty  of dislocation loops, short  
etching t imes are  requ i red  to avoid an accumulat ion  of 
etch pits. 

Fig. 1. Etch pits in the same area of a "dlslocation-free" GaP 
substrate after: (a) 1�89 min; (b) 2V2 rain etching time. The change 
to shallow pits and the appearance of new etch-pit pairs indicate 
that they correspond to small dislocation loops (DL pits). 

Fig. 2. Etch pits due to dislocation dipoles (DD pits) |n on LPE 
layer grown on a "dislocation-free" substrate. The separate dis- 
locations of the three dipoles in this area are spatially resolved 
after: (a) s~ rain etching time; but (b) have grown together after 
3 rain etching time. The other features in the photographs are due 
to surface irregularitie~ 
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Like for the substrate material both single and 
paired etch pits were observed in LPE material. The 
etch-pit pairs could only be resolved at high magnifica- 
tions and using very short etching times, i.e., ,~ 3/4 rain. 
In contrast with the etch-pit pairs in the substrate 
material, however, prolonged etching did not change 
them into shallow pits; only faceted single pits were 
left after 3-5 rain etching time, as is shown in Fig. 2. 
In that stage of etching the originally paired pits were 
therefore hard to distinguish from the single pits. 
These findings indicate that both the single [D pits 
(3) ] and the paired etch pits correspond to extended 
defects. 

Upon correlating the surface density of the sub- 
strate defects and those of the epitaxial layer we ob- 
served that (i) the density of etch-pit pairs in the 
layer was about equal to that of its substrate for 
growth on "dislocation-free" substrates, and (ii) in 
layers grown on substrates without dislocation loops 
no etch-pit pairs were revealed. In the latter case the 
density of single pits in the layer was equal to that of 
its substrate. We therefore assign all etch-pit pairs in 
the layer to dislocation dipoles (DD pits) which 
originate from interracial dislocation loops in the sub- 
strate. A feature like this was already observed by 
Petroff et al. (6) by means of TEM. The single pits in 
the layer are dislocations of the substrate which propa- 
gate into the layer. 

Summarizing, it is demonstrated that the assessment 
of defects on a submicron scale in GaP is possible us- 

ing high magnification optical microscopy techniques 
ar_.d properly etched surfaces. Using these techniques a 
correlation is established between the defect structure 
of epitactically grown layers and their substrates. 
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On the Thermal Analysis of Li/SOCI  Batteries 

P. Bro 
P. R. Mallory & Company, Incorporated, Burlington, Massachusetts 01803 

The Li/SOG12 system provides a higher 
energy density primary battery than does any 
other system, 1.24 whr/cm 3 and 612 whr/kg 
(i), and it is of interest for many applications, 
some of which involve capacities in excess of 
10,000 ampere-hours. For high capacity 
batteries, the thermal design factors may be- 
come quite important, and a requirement exists 
for data on the magnitude and the rate of heat 
generation associated with the discharge of 
such batteries. 

An examination of the generallyaccepted 
primary discharge reaction (2,3): 

2 Li + SOCI 2 > 2 LiCI + SO* 
shows that an unstable species, SO*, is 
formed that may be expected to react further 
(4) with the evolution of heat in excess of that 
calculated from the cell overvoltage and the 
cell current. Furthermore, since the SO* re- 
actions appear to be slow, the excess heat 
effect may be expected to depend on the tem- 
perature, the discharge regime, and the cell 
design, and it would be expected to continue 
beyond the termination of the discharge per se. 

We have found that the excess heat may 
be a significant quantity that needs to be 
taken into account in the design of high ca- 
pacity Li/SOCI 2 batteries. This may be illus- 
trated by some of the data from our laboratory, 
Table I. The data were obtained with "D" 
cells discharged at 25.0~ under low rate con- 
ditions. They show that the excess heat may 
be comparable to that calculated from the cell 
current and the overvoltage. There is no 
simple relationship between the excess heat 
and the discharge conditions. The total heat 
effect increases with the current, as expected, 
but the ratio of the total heat effect to the 
electrochemical heat effect increases at first 

Discharged 
Capacity 

coul. 

and then decreases as the current increases 
from 5 ma to 20 ma. This dependency may be 
explained in terms of a reduction of the un- 
stable species at the cathode. 

The purpose of this brief note is to em- 
phasize that the analysis of the heat transfer 
in high capacity Li/SOCI 2 batteries must allow 
for the excess heat attributable to the non- 
electrochemical reactions associated with the 
discharge process. We expect to discuss the 
heat generation in Li/SOCI 2 cells in more de- 
tail in a fc)rthcoming paper. 

Table I. The Excess Heat Evolution 
in Li/SOCI 2 "D" Cells at 25 .0~  

Excess Heat Effect*, ~oules 
Discharge Current 

0.5 

1.0 

2,0 

5 ma I0 ma 20 ma 

0.099 0.156 0.188 
(0.047) (0.059) (0.103) 
0.224 0.359 0,403 

(0.094) (O.ll8) (0.224) 
0,493 0.715 0.846 

(0,186) (0.230) (0.442) 

*The electrochemical heat effect in paren- 
thesis. The sum of the two associated 
numbers is the total heat effect. 
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Annealing of GaAs Solar Cells Damaged by Electron Irradiation 
Gi lber t  H. W a l k e r *  and Edmund J. Conway 

NASA Langley Research Center, Hampton, V~rg~nia 23665 

The object of this communication is to 
report measurements illustrating thermal 
annealing of radiation damage in GaAZAs/GaAs 
solar cells and to give the approximate magni- 
tude of the short-circuit current recovery. 

GaAZAs/GaAs solar c e l l s  are of interest 
for space applications such as the Solar Power 
Satellite and near-Sun missions. With the 
achievement of 18.5 percent AMO efficiencies 
in the laboratory (i), research is being 
focused on the radiation damage properties of 
GaAZAs/GaAs solar cells. Initially, the ef- 
fect of 200~ annealing on the short-circuit 
current of 1 MeV electron irradiated GaAZAs/ 
GaAs solar cells has been studied. GaAZAs/ 
GaAs solar cells were grown by the etch-back 
epitaxy process (i). The cells had very deep 
junctions (approximately 4 pm) with a GaAZAs 
layer thickness of 0.3 to 0.5 vm. The sub- 
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Figure i.- Ratio of final short-circuit cur- 
rent to initial short-circuit current as a 
function of (a) 1MeV electron fluence, and 
(b) annealing time at 200~ for deep junction 
GaAZAs/GaAs cells. 

w 

Electrochemical Society Active Member 
Key Words: Solar Cells, Radiation Damage, 
Annealing, Gallium Arsenide 

strates were n-type, Si doped GaAs with a 
carrier concentration of 2 • 1017 carriers/ 
cm 3. The p-type, Zn do~ed layer had a carrier 
concentration of 8 x 1018 carriers/cm 3. Back 
contacts were Sn-Ag and front contacts were 
Pd-Ag. 

These deep junction cells were irradiated 
with 1MeV electrons at NASA Lewis Research 
Center. A total of 20 cells were exposed, 
five at each ~f four fluences (1013 , 1014 , 
I015, and i01 electrons/cmZ). A fluence of 
10 I~ electrons/cm z is equivalent to the 

(a) 
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~ I 101Llec;rons~cm2 : ~-- ~ , i ; _ " '101~ elec~rons/c m 2 ' 

Spectral 10-1 -- ~ " ~  
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(arbitrary-U 
units) 
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-4 L I I I I J 
i0 4000 5000 6000 7000 8000 9000 
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Figure 2.- Spectral response of deep junction 
GaAZAs/GaAs cells: (a) unirradiated and for 
fluences of 1014 , 1015 , and 1016 electrons/ 
cm 2, and (b) unirradiated and at 1016 elec- 
trons/cm 2 for various annealing times at 200~ 
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electron exposure a solar cell with a 50 wm 
cover glass would encounter after 30 years in 
geosynchronous orbit. Flux levels were held 
such that the cells remained at ambient 
temperature during irradiation. 

The short-circuit current under simula- 
ted AMO illumination and relative spectral 
response of each cell was measured both before 
and after irradiation. Figure l(a) shows the 
ratio of the short-circuit current after 
irradiation to the short-circuit current be- 
fore irradiation for the four fluence levels. 
As expected, these deep junction cells show 
severe degradation of short-circuit current 
and thus provide good vehicles for studying 
radiation damage in GaAZAs/GaAs solar cells. 

Figure 2(a) shows typical relative spec- 
tral response curves for unirradiated cells 
and cells irradiated at 1016 , 1015 , and 1014 
electrons/cm 2. Irradiation produces a large 
decrease in the spectral response of the 
cells. Note especially the large decrease in 
the short wavelength response for the heavily 
damaged cells. This decrease in response is 
indicative of degradation in minority carrier 
diffusion length in the p-region. 

A method that has been used for healing 
ion damage in semiconductors (2) and for heal- 
ing radiation damage in semiconductors is 
annealing. In order to investigate the effect 
of annealing on the short-circuit current of 
I-MeV electron-damaged cells, a representative 
cell at each fluence was annealed in vacuum of 
10 -5 Torr at 200~ Measurements of short- 
circuit current and relative spectral response 
were obtained at intervals during the anneal- 
ing. 

Figure l(b) shows the ratio of short- 
circuit currents as a function of annealin~ 
time at 200~ The cell irradiated at 1013 
electrons/cm 2 recovers all of its lost short- 
circuit current after annealing at 200~ for 
15 hours. Additional annealing produces 
short-circuit currents slightly higher than 
the undamaged cell current. Thisis probably 
caused by either additional contact annealing 
or an increase in minority carrier diffusion 
length. The short-circuit current ratio of 
the cell irradiated at 1014 electrons/cm 2 
recovers from 0.75 to 0.88 after annealing at 
200 ~ C for 65 hours. The short-circuit 
current of the cell irradiated at 1015 
electrons/cm 2 was degraded to 0.25 by irradi- 
ation; however, after annealing at 200~ the 
degradation is reduced to only 0.74. The 
short-circuit current ratio of the cell 

irradiated at 1016 electrons/cm 2 was only 
0.03; however, after annealing at 200~ the 
short-circuit current ratio recovered to 0.34. 

Figure 2(b) shows the spectral respons~ 
of the cell irradiated at i0 ~U electrons/am ~ 
after different annealing times. While the 
entire spectral response recovers with anneal- 
ing, there is significantly more recovery at 
the short wavelengths. This is indicative of 
minority carrier diffusion length increase 
with annealing time. 

The short-circuit current recovery of 
1MeV electron damaged solar cells is signifi- 
cant for space applications. Assuming that 
the same type of annealing recovery occurs for 
cells irradiated with electrons of different 
energies and for cells irradiated with pro- 
tons, it may be possible to periodically 
anneal GaAZAs/GaAs solar cells while in space 
thus significantly prolonging the life of 
GaAiAs/GaAs solar cells in space. Also, 
GaAZAs/GaAs solar cells operated at high 
temperatures (200~ may continually anneal 
radiation damage and never be degraded to 
anysignificant extent. 
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Increase of the Rest Potential of Nonstoichiometric Lead 
Sulfide in 0.1M Borax with its p-Semiconducting Character 

Claudio Guti~rrez and M. C. L.6pez 
Instituto de Quimica Fisica Rocasolano, Madrid-6, Spain 

We report here what we believe is 
the first experimental proof of the 
influence of the semiconducting cha- 
racter of a sulfide on its electrode 
potential. The system under study was 
lead sulfide in 0.i M borax, both in 
air and under N 2. 

EXPERIMENTAL DETAILS 

The synthesis of PbS and condi- 
tioning of its semiconducting charac- 
ter nave been described elsewhere (1). 
PbS was obtained by a wet method and 
vacuum dried. Cylindrical pellets were 
made in a hydraulic press. The pellets 
were conditioned in an evacuated Pyrex 
cell for not less than a week at 500~ 
in a system of two furnaces; the tem- 
perature of the other end of the cell, 
which contained a small amount of sulfur, 
could be varied from 50 to 200~ The 
~-character of the PbS increases with 
its sulfur content, and this, in turn, 
increases with increasing temperature 
of the sulfur furnace (ts). 

The cylindrical pellets of PbS 
were joined to the end of a glass tube 
with Araldite; electrical contact was 
made with mercury. Three kinds of pre- 
vious treatment were used: the "poli- 
shed" electrodes were rubbed with 
No.400 sandpaper; for the "washed" 
electrodes this treatment wasfollowed 
by ~mersion for a few minutes in 
0.I M Na2S ; and, finally, the "aged" 
electrodes were "washed" ones which, 
after having been used for electro- 
chemical measurements, had been rubbed 
with No.400 sandpaper. 

The Pyrex electrochemical cell 
was conventional. A saturated calomel 
electrode was connected to the cell 
with a double salt bridge; all the 
potentials are given with reference to 

Key words: rest potential, non-stoi- 
cheiometry, lead sulfide, semiconduct- 
ing character. 

this electrode. The solutions were 
0.i M borax, pH 9.2. When necessary 
nitrogen (N 47 from S.E.O., purity 
>~99.997%) was bubbled through the so- 
lution; the residual oxygen concen- 
tration, measured with an Oxygen Ana- 
lizer, Model 2010, from Delta Scien- 
tific, was 0.2 mg/l. 

RESULTS 

Semiconductin ~ character of con- 
ditioned PbS.--The thermoelectric po- 
tential and Hall coefficient measure- 
ments of conditioned PbS are given in 
Table I. The transition from n to p 
semiconducting character corresponded 
to a sulfur temperature of about II0~ 
which is in fair agreement with the 
value of I04~ found by Brebrick and 
Scanlon (2). Contrary to the expected 
behaviour, the value of the Hall coef- 
ficient for the n samples did not in- 
crease monotonically in absolute va- 
lue with sulfur temperature up to the 
transition temperature; this lack of 
a monotonical decrease of the concen- 
tration of conduction electrodes could 
be due to the presence of impurities. 
On the other hand, the p samples 
showed the expected behaviour: the 
Hall coefficient decreased monotoni- 
cally in absolute value with increasing 

Table I. Thermoelectric potential and 
Hall coefficient of conditioned PbS 
pellets. 

ts/OC Thermolectrio Hall coeff. 
power/mV/~ cm~/C 

53 -0.25 -23.8 
58 -0.26 - 6.2" 
60 -0.27 -29.2 
66 -0.29 -16.9 

101 -0.24 -10.6 
108 -0.23 -ii.i 
115 +0.34 + 9.3 
132 +0.29 + 8.5 
195 +0.26 + 8.0 
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sulfur temperature, wnlcn corresponas 
to a monotonical increase in the con- 
centration of holes, these being pro- 
duced by the ionization of an increasing 
excess of sulfur atoms. 

Potential of PbS in borax.--The 
potential of PbS came to a steady va- 
lue after a time from 10 to 40 minutes. 
The final rest potentials are given in 
Table II. For the three kinds of pre- 
vious treatment, and both in air and 
under N 2 , the rest potential increased 
with increasing temperature of the 
sulfur furnace ts, i.e. with increasing 
p-character of the PbS, the largest 
potential difference being that of 
320 mV for "polished" electrodes under 
N 2. This difference is nearly as high 
as the energy gap of PbS, which is of 
0.41 eV (3). 

Table II. Rest potentials, E, of PbS 
electrodes in 0,I M borax (mY vs. SCE) 

Electrodes ts/~ E in N E in air 

"Aged" 145 -140 -140 
" 125 -150 -150 
" 66 -190 -190 
" 58 -200 -200 

"Polished" 145 -ii0 -Ii0 
" 125 -150 -150 
" 66 -420 -320 
" 58 -430 -340 

"Washed" 145 -350 -210 
" 125 -360 -230 
" 66 -410 -260 
" 58 -425 -280 

a mlxea tcorroslon) potential in which 
an anodic reaction (oxidation of PbS) 
and a cathodic reaction (probably re- 
duction of 02, as in germanium (4)) 
take place at the same rate on the 
surface. The increase of the final po- 
tential of PbS with its t-character 
could be due to a change of the exchange 
current i o for one or both of the pro- 
cesses with the variation of the semi- 
conducting character of PbS. ~ increase 
of i o for the cathodic reaction with 
increasing t-character of germanium 
was postulated by Lovre~ek and Bockris 
(5) to explain their finding that the 
rest potential of s was 5 mV more 
positive that of n-Ge. 
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Simple Method of Fabricating and Passivating 
High Power Pin Diodes 

A. Rosen, G. A. Swartz, F. C. Duigon, and A. M. Gombar 
RCA Laboratories, Princeton, New Jersey 08540 

In this paper we describe the fabrica- 
tion of a moat configuration deep-diffused 
PIN diode which is used as a switch in a 
microwave circuit. 

A PIN diode is composed of an undoped 
I-region bounded by a heavily-doped P-type 
layer on one side and by an N-type layer on 
tNe other. When the diode is reverse-biased, 
the I-region is swept free of mobile charge 
carriers so that the diode approximates a 
low-loss capacitor. During forward biasing, 
holes and electrons are injected into the 
I-region from the P and N layers, forming a 
dense plasma of electrical charges, which 
ultimately converts the previous high- 
resistivity I-region into a conducting medi- 
um. In this stage, the PIN diode acts like 
a fixed resistor. 

The moat configuration device, Fig. i, 
has been developed in order to eliminate 
shadowing of the diode junction by the metal 
overhang during deposition of a sputtered 
passivation layer. The evaluation of PIN 
diodes passivated by rf bias sputtered SiO? 
and v ~i3N&l'2 a~d having film thicknesses of 
2250A and 2500A respectively utilizing this 
technique has included a temperature bias 
test (blocking test) in addition to the 
moisture resistance, temperature cycling, and 
thermal shock tests (MIL-STD-883A). In this 
test, diodes were reverse-biased up to 400 V 
at temperatures of up to 175~ without any 
failure. 

PIN diodes which have a 150 ~m thick mesa 
structure with a metal overhang (Fig. 2) in 
contrast to the moat configuration which is 
only partially etched, have been passivated 
with SiO 2 and Si^N. using the sputtering 3 
technique. These ~iodes have shown excess 
current leakage, and under severe reverse 

bias tests eventually burned at 130~ By 
contrast, diodes from the same batch which 
were passivated by the use of plasma- 
deposited silicon nitrlde layers have sur- 
vived the blocking test up to the required 
temperature of 175~ The sputtering tech- 
nique was found to be inadequate due to 
metallization shadowing of the junction 
(overhang), which prevent uniform coverage. 
The passivation by plasma deposition was 
more uniform. The moat configuration, which 
eliminates the overhang, permits the utiliza- 
tion of either sputtering or plasma techniques, 
and is an attractive way of processing high- 
power PIN diodes. 

+ 
The silicon wafer, with+an n contact 

layer on one surface and a p contact layer 
on the opposite surface, is metallized on 
both sides, Fig. 3. Metallization contacts 
are defined on the p-side by utilizing photo- 
resist techniques, after which moats are 
etched to produce a mesa structure. The moat 
diameter, which is 5 mils larger than the 
metallization diameter, is defined also by 
photoresist and the silicon is etched to a 
depth of 25 ~m. This procedure eliminates 
metal overhang (Fig. 3.). A spseading re- 
sistance plot of the p+n- and n n- structure 
made by probing the conductivity of an angle- 
lapped wafer section is shown in Figs. 4 and 
5. 

The moat configuration diode, having 
multilayer passivation with SiO? and Si3N & 
by the sputtering technique, wifhstood alI 
tests in accordance with military specifica- 
tions MIL-STD-883A. A reverse bias test of 
400 V (blocking test) was performed at 
temperatures up to 175~ for 160 hours with- 
out any failure. 

Diodes fabricated by this simple method 
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have also demonstrated good uniformity and 
high yield. The electrical characteristics 
of the moat configuration PIN diodes are 
similar to those described before with the 
exception of breakdown voltage (VRn). V B 
obtained with the negative level ~sa is 800 
V as contrasted with i000 V PIN diodes pre- 
viously described. 4,5 

65 mils 
F60 mi's-~ 

r / / / 1  

n +  

r///////// 

20/~m 

llO~m 

20p-m 
_ _75~m 

Acknowledgement 

The authors wish to thank J. Murr and 
E. Mykietyn for their technical assistance; 
J. Zelez and L. P enticolas for their aid in 
diode passivation. We also wish to thank 
L. Napoli, R. D'Aiello, and J. Vossen, for 
their helpful advice. 

REFERENCES 

1. J. L. Vossen, "Control of Film Properties 
by rf-Sputtering Techniques," J. Vac.-Sci. 
Technologies, 8, p. 512 (1971). 

2. A. W. Stephens, J. L. Vossen & W. Kern, 
"The Effect of Substrate Bias on Reactively 
Sputtered Silicon Nitride," J. Electrochem. 
S@c., 123, p. 303 (1976). 

Fig. i. Moat configuration PIN diode with 
SiO 2 and Si3N 4 Passivation. 

3. R. S. Rosler, W. C. Benzing, J. Baldo, 
"A Production Reactor for Low-Temperature 
Plasma-Enhanced Silicon Nitride Deposition," 
So_lid State Technology, June 1976, p. 45-50. 

4. P. T. Ho, G. A. Swartz & A. Schwarzmann, 
"Low Loss PIN Diode for High Power MIC 
Phase Shifter," 1977 IEEE ISSCC, Vol. XX, 
p. 82. 

~tallization 
silicon 

metal]ization 

5. G.A. Swartz, A. Rosen, P. T. Ho, and 
A. Schwarzmann, '%ow-Loss PIN Diode for 
High Power MIC Phase Shifter," to be 
published. 

Manuscript submitted Jan. 2, 1978; re- 
vised manuscript recieved Jan. 24, 1978. 

Fig. 2. Mesa structure PIN diode. 

Publication costs of this article were 
assisted by RCA Laboratories. 



682 'J. Electrochem. Soc.: A C C E L E R A T E D  B R I E F  C O M M U N I C A T I O N S  April 1978 

META LLIZATION " ~  

METALLI ZATION - ~  

n 
n+ 

P+n+n ~ METALLIZATION 

~ / -  METALLI ZATION CONTACT 

p+ 
n 
n+ 

~'- MOAT FORMATION 

Fig. 3. Moat configuration processing steps. 

IO0000O 

I00000~ 

I0000, 

1000 

I00 

I I I I 

o 
n- 

o 

o 
o 

o 

o 
o 
o 
o 

: 
o 

o 

o o 

o o 
o o 

oo 

/ 
I I I I I 

0 I0 20 30 40 50 60 
#m 

Fig. 4. Spreading resistance as a function of 

distance across p+-n junction. 

I000000 

I00000 

I0000 

Iooo 

IOO 

I I I I I 

o 

o o 

o o 

o o o 
o �9 

o 

o ~ n- 

o 

o 

o 

o 

o 

o 
o 
o 

o 
o 

;I I I I I I 
9.5 19.0 28.5 38.0 47.5 

#m 

Fig. 5. Spreading resistance as a function 
of distance across n+-n junction. 



J D U R N A L  OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

R E V I E W S  A N D  NEWS,,,, 
JANUARY 

1978 

Report of the Electrolytic Industries for the Year 19762 
F. B. Leitz* 

U.S. Department of the Interior, Bureau of Reclamation, Denver, Colorado 80225 

and C. J. Harke* 
Heooker Chemicals Canada Limited, North Vancouver, British Columbia, Canada V7H 1S4 

ChlorinemCaustic Soda 
I. Production and capacity. Total chlorine produc- 

t ion in the United States and Canada for 1976 was 
11,374,000 tons. This was an increase of 12.7% over 
the 1975 figure but  4.8% below the record high of 
11,942,000 tons in  1974. Breakdown of chlorine and 
caustic product ion figures are as follows (1, 2, 57) : 

Chlorine production 

First  half  of 1976 
Second half of 1976 
Total in 1976 

Caustic production 
(liquid and solid) 

1976 (100% NoOK basis) 

United States Canada 

5,077,000 tons 486,000 tons 
5,290,000 tons 521,000 tons 

10,367,000 tons 1,007,000 tons 

United States Canada 

10,147,000 tons 922,000 tons 

�9 Although production for the year was up consider- 
ably, the indus t ry  was still below the t radi t ional  rates 
of capacity use. Both the United States and Canada 
had increases in  the capacity use rate; in  the United 
States this increased from 72% in 1975 to 80% in 1976, 
while in Canada the rate went  up from 68% to 75%. 

During 1976, new or expanded facilities started up 
at seven locations in the United States. One new 
facility went  on stream in Mexico, none in Canada. 
Product ion capacity will be increased considerably 
over the next  2.years. A number  of large expansions 
and new plants are in various stages of engineering 
and construction. (See Table 1A and 1B) 

There has been no appreciable change in chlorine 
capacity by production method, viz (9) : 

United States Canada 

Diaphragm and mem-  
brane  cells 73.7 % 68.0 % 

Mercury cells 21.4% 32.0 % 
Other 4.9 % None 

II. Prices and  marke ts . - -Chlor ine  production in-  
creased considerably dur ing the year but, over-all ,  
the indus t ry  did not fully recover from the recession 
in 1975. Production dropped in several chlorinated 
hydrocarbons,  and there were no indications that this 
t rend will be reversed. Chlorine producers were faced 
with higher energy prices and other operat ing costs. 
Chlorine prices in the United States were relat ively 
stable in 1976. Late in the fourth quarter,  Gulf  Coast 

1 Th i s  r e p o r t  is s p o n s o r e d  by  the  I n d u s t r i a l  E lec t ro ly t i c  Div is ion  
of  T h e  E l e c t r o c h e m i c a l  Society.  I t  p r e s e n t s  a s u m m a r y  of pub- 
l i shed  i n f o r m a t i o n  on p r o d u c t i o n  and  d e v e l o p m e n t s  in  t he  chlor-  
a lka l i  and  r e l a t e d  i n d u s t r i e s  aild on o the r  e lec t ro ly t i c  indus t r i e s .  

T he  mater ia l  p r e s e n t e d  h e r e i n  has  b e e n  g a t h e r e d  f r o m  m a n y  
sources ,  as noted  in the  r e f e r e n c e  l ist ,  and does  not  n e c e s s a r i l y  
r e p r e s e n t  the  opinions  of  the  au thors .  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

prices were raised $10 to $135 per ton. Prices in other 
regions, which ranged from $135 to $150, remained 
unchanged (10). 

There were no major  changes in markets  or usage 
of chlorine, e.g., vinyl  chloride, propylene oxide, sol- 
vents, inorganic chemicals, pulp and paper, and water  
and wastewater t reatment .  Significant increases in  
chlorine demand growth will  be required over the 
next  2 years to balance present  unused production 
capacity plus the large increments  of new capacity. 
The impact of new air emission standards on the 
plastic indus t ry  is unknown.  Fluoro-chlorocarbon pro- 
ducers may experience fur ther  declines in demand. 
Chlorine used in pulp bleaching, which accounts for 
about 13% of chlorine production in the United States, 
has had a growth rate of only 3.5% dur ing the last few 
years. This could drop to 2% if changes in bleaching 
are accepted (11). 

The demand for caustic dur ing the year was weaker 
than for chlorine, and producers in  many  locations 
were faced with high inventories.  An economic slump 
in the a luminum indust ry  followed by a slow recovery 
affected the chlorine-caustic balance in 1976. Although 
a luminum metal  production is up considerably, there 
was a lag in caustic demand as the a luminum indus t ry  
was gradual ly  reducing high inventories  of alumina.  
Caustic prices in the United States fluctuated down-  
wards slightly and at year  end were in  the $140-$160 
per ton range. Imported bulk  caustic in the Gulf  Coast 
regions was runn ing  considerably below published 
prices. The si tuation in Europe was similar  as pro-  
ducers were faced with extremely high inventories  due 
to below normal  activity in a lumina  production 
(12, 13). 

The pa t te rn  of caustic consumptions remained 
essentially unchanged and main  markets  were in the 
following areas: organic chemicals, pulp and paper, 
inorganic chemicals, soaps and detergent, alumina,  
petroleum, rayon, and cellulose. Approximately  10% 
of caustic production was exported. Growth of a lum-  
inum demand in automobiles, containers, etc., and 
amount  of recycle wil l  have a bearing on caustic 
demand. Another  unknow n  is in the pulp and paper 
indust ry  where competit ion from soda ash is possible. 
Increasing the recycle of pulping chemicals will reduce 
usage of caustic. Demand for certain agricul tural  
chemicals is high (7, 14). 

There were no changes in chlorine or caustic mar-  
kets in  Canada where the indus t ry  is highly dependent  
on the pulp and paper economy. Over 50% of the total 
chlorine production is consumed in pulp bleaching. 
Second largest usage of chlorine is v inyl  chloride. 
Caustic imports accounted for 12% of the total 1,042,000 
tons consumed in 1976. Breakdown of the caustic usage 
pat tern  in Canada for the year was as follows: 

5C 
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Table 1A. Changes in current chlorine operations (3-6, 8, 9) 

January 1978 

Capacity, tons/  
Producer and location Cell type/change day chlorine Completion date 

1. Vulcan Materials Co. 
Geismar, La. 

2. Diamond Shamrock Corp. 
Painesville, Ohio 

3. Kaiser Aluminum and 
Chemical Corp. 

Gramercy, La. 
4. Stauffer Chemical Co. 

Henderson, Nev. 
8. General Electric Co. 

Mr. Vernon~ Ind. 
6. Mobay Chemica~ Co. 

Baytown, Texas 
7. Dow Chemical Company 

Plaquemine, La. 
8. Georgia Pacific Corp. 

Bellingham, Wash. 
9. Pennwalt del Pacifico 

Guadalajara, Jalisco, Mexico 
10. Alcan Smelters and Chemicals 

Jonquiere, Que., Canada 

Diamond MDC-55 (diaphragm) 600 November 1976 

Shutdown of facility (diaphragm) 250 September 1976 

Hooker (diaphragm) 37 May 1976 
Expansion 

Modernization, Diamond MDC-29 320 November 1976 
(diaphragm) (unchanged) 

Hooker H-2A (diaphragm} - -  November 1976 

Uhde (HC1} 1OO March 1976 
Expansion 

Dow (diaphragm) 500 1976 
Expansion 

DeNora (mercury) - -  1976 
20% expansion 

Diamond DS45 (diaphragm) -- May 1976 

Shutdown (mercury) ~ June 1976 

Table 1B. New or expanded chlorine plants ptanned or under construction (7, 9) 

Capacity, tons/  
Produced and location Cell type day chlorine Status Completion date 

1. Olin Corp. Hooker H,4 (diaphragm) 1,0OO Engineering 1st Quarter 1978 
McIntosh, Ala. 

2. BASF Wyandotte Corp. Diamond (diaphragm) - -  Underway 2nd Quarter 1977 
Geismar~ La. Modest expansion 

3. BASF Wyandotte Corp. DeNora (mercury) - -  Underway 2nd Quarter 1977 
Port Edward, Wis. Modest expansion 

4. PPG Industries, Inc. Glanor| 1144 (diaphragm) 750 Underway 3rd Quarter 1977 
Lake Charles, La. 

5. Hooker Chemicals and Hooker H-4 (diaphragm) 450 Engineering 1st Quarter 1978 
Plastics Corp. 

Niagara Falls, N.Y. 
6. Hooker Chemicals and Expansion 400-675 Engineering Mid 1979 

Plastics Corp. 
Tacoma, Wash. 

7. Pennwalt Corp. Diamond (diaphragm) 200 Building 1st Quarter 1977 
Portland, Ore. kxpansion 

8. E.I. du Pont de Nemours Diamond IVlDC 55 (diaphragm) 1,OOO Underway 2nd Quarter 1977 
Corpus Christi, Texas 

9. Dow Chemical Co. Dow (diaphragm} 500 Underway 1977 
Freeport, Texas Expansion 

1O. Dow Chemical Co. Dew (diaPhragm) 500 - -  1978 
Freeport, Texas Expansion 

11. Dew Chemical Co. Dew (diaphragm) 1,O0O -- 1979 
Freeport, Texas Expansion 

12. Dew Chemical Co. Dow (diaphragm) 500 - -  1977 
Plaquemme, La. Expansion 

13. Dow Chemical of Canada Dow (diaphragm) 900 Approved 3rd Quarter 1977 
Fort Saskatchewan, Alta., Expansion 

Canada 
14. Cloro de Tehuantepec SA Glanor| 1144 (diaphragm) 506 Underway 1st Quarter 1977 

Pajaritos, Veracruz, lvlexico 
15. Industrias Quimicos de Diamond MDC 55 (diaphragm) l Engineering 2rid Quarter 1977 

lstomo SA 
Parjaritos, Veracruz, Mexico 

P u l p  and  p a p e r  62% 
P r o p y l e n e  ox ide  10% 
A l u m i n a  7 % 
Soaps  and  c l eane r s  6% 
I n o r g a n i c s  5% 
Rayon,  ce l lu lose  2% 
O t h e r  uses  8 % 

Caus t ic  d e m a n d  was  d e p r e s s e d  due  to a s l o w d o w n  
in  pu lp  and  p a p e r  p r o d u c t i o n  a n d  a p r o l o n g e d  s t r i ke  
in  t h e  a l u m i n u m  i n d u s t r y .  E x p a n s i o n s  p l a n n e d  in  t he  
p las t ic  i n d u s t r y  wi l l  a l t e r  t he  use  p a t t e r n  of b o t h  
chemica l s  and  c h l o r i n e - c a u s t i c  ba lance .  A l t h o u g h  i m -  
po r t s  wi l l  d rop ,  C a n a d a  is e x p e c t e d  to r e m a i n  a ne t  
i m p o r t e r  of  caus t ic  (2, 15). 

S t e a d y  g r o w t h  of 5% a n n u a l l y  t h r o u g h  1985 w a s  
p r e d i c t e d  fo r  ch lo r ine  a n d  caus t ic  by  one  m a j o r  U n i t e d  
S ta t e s  p r o d u c e r .  This  was  b a s e d  on a d e q u a t e  e n e r g y  
and  a b a l a n c e d  d e m a n d  for  b o t h  p roduc t s .  Viny l  
ch lo r i de  w h i c h  is ~ilso t he  l a rges t  ou t l e t  was  s t a t ed  as 
t h e  s t r o n g e s t  m a r k e t  for  ch lo r i ne  w h e r e a s  p u l p  and  
p a p e r  w a s  the  weakes t .  F o r  caust ic ,  o rgan ic  chemica l s  
w e r e  p r e d i c t e d  as h a v i n g  s t r ong  m a r k e t s  and  a l u m i n a  
a w e a k  m a r k e t  d u r i n g  th i s  pe r i od  (7).  

C h a n g e s  in  d e m a n d  for  b o t h  chemica l s  and  l o w e r  
g r o w t h  r a t e s  w e r e  p r e d i c t e d  fo r  t he  n e x t  decade ,  
a cco rd ing  to a U n i t e d  S ta t e s  m a r k e t  consu l t an t .  U n -  
c e r t a i n t i e s  in  f u t u r e  d e m a n d  for  ch lo r ine  in  c h l o r i n a t e d  
c o m p o u n d s ,  i n c r e a s i n g  cost  and  ava i l ab i l i t y  of ene rgy ,  

and  e n v i r o n m e n t a l - r e l a t e d  costs  w e r e  g i v e n  as f ac to r s  
t h a t  could  affect  f u t u r e  g r o w t h  (16). 

III.  M e m b r a n e  e e l l s . - - W o r l d w i d e  i n t e r e s t  and  ef for t  
in  t he  d e v e l o p m e n t  of i o n - e x c h a n g e  m e m b r a n e s  and  
c o m m e r c i a l  t e s t i n g  of cell  s y s t e m s  is c o n t i n u i n g  at  a 
h igh  leve l  of ac t iv i ty .  M a j o r  i n c e n t i v e s  for  c h l o r i n e -  
caus t ic  p r o d u c e r s  to t e s t  n e w  m e m b r a n e s  a n d  e v a l u a t e  
m e m b r a n e  cell  t e c h n o l o g y  are:  l o w e r  o v e r - a l l  e n e r g y  
c o n s u m p t i o n ,  h igh  p u r i t y  p roduc t s ,  r e p l a c e m e n t  fo r  
asbestos ,  m e r c u r y  cell  conver s ions .  

C o m m e r c i a l  o p e r a t i o n  of a m e m b r a n e  p lan t ,  r a t e d  
at  40,000 m e t r i c  tons  p e r  y e a r  of caus t ic  soda,  w a s  
a n n o u n c e d  by  Asah i  C h e m i c a l  I n d u s t r y  C o m p a n y  of 
J a p a n .  This  p l a n t  has  b e e n  in o p e r a t i o n  s ince  A p r i l  
1975, a t  N o b e o k a  on K y u s h u  Is land.  In i t ia l ly ,  c o m m e r -  
cial t e s t i n g  w a s  d o n e  w i t h  du  P o n t ' s  Nafion|  m e m -  
b r a n e s  bu t  m o r e  r e c e n t l y  a p e r f l u o r o c a r b o x y l i c  acid 
m e m b r a n e  d e v e l o p e d  by  A s a h i  C h e m i c a l  is b e i n g  s u b -  
s t i t u t ed  for  t he  du  P o n t  m e m b r a n e s .  The  m a j o r  a d v a n -  
t age  c l a i med  w i t h  t h e i r  o w n  m e m b r a n e  is b e t t e r  c u r -  
r e n t  eff iciency w h i c h  is ove r  90% for  caus t ic  c o n c e n -  
t r a t i o n s  up  to 40%. E l e c t r o l y z e r s  a re  l a rge  and  a s ing le  
un i t  is c ap ab l e  of p r o d u c i n g  I0,000 m e t r i c  tons  p e r  
y e a r  of caus t ic  soda.  A l o n g  w i t h  t he  m e m b r a n e  cell, 
Asah i  C h e m i c a l  d e s i g n e d  a spec ia l  h e a t - r e c o v e r y  
e v a p o r a t o r  (17). 

A n o t h e r  J a p a n e s e  firm, Asah i  Glass,  r e p o r t e d  p r o -  
duc ing  200 m e t r i c  tons  p e r  m o n t h  of caus t ic  soda  s ince  
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September 1975, at Osaka City. Performance disclosed 
after 6 months of testing was 90-92% current  efficiency 
with 40-41% caustic, power consumption of 3300 kW-hr  
per metric ton of caustic soda. The type of membrane  
is not known (18). 

More recently,  Tokuyama Soda announced star tup 
by Janua ry  1977, of a 1,000 metric tons per month  of 
caustic soda pilot p lant  at Tokuyama City. Both 
du Pont 's  and their own membrane  will be tested in 
the commercial size cells (19). 

Diamond Shamrock Corporation announced startup 
of a membrane  cell circuit at its Muscle Shoals plant  
in  Alabama.  The cells will replace mercury cells now 
operated at this location. The membrane  used will be 
Diamond's  modification of du Pont 's  Nation@. Produc-  
t ion of 30-40% caustic at 85% current  efficiency was 
stated (20). 

Toyo Soda plans to construct a new 2,000 metric 
tons per month  caustic soda plant  at its Sakata factory 
with provision.for 50% expansion. Hooker MX| mem-  
brane  cells will  be used (21). 

Asahi Chemical has licensed its membrane  cell tech- 
nology to Denki Kagaku Kogyo for a 40,000 metric 
tons per year caustic soda plant  at Omi (22). 

The first membrane  cell p lant  in Europe will be at 
Uddeholms pulp and paper complex in Skoghall, 
Sweden. Cells used will  be Diamond Shamrocks'  new 
membrane  celI. The plant,  rated at 20,000 metric tons 
per year of chlorine, is scheduled to start up by the end 
of 1977 (23). 

du Pont is proceeding with engineering for a plant  to 
manufac ture  Nation| or perfluorosulfonic acid prod- 
ucts. No date has been set for start of commercial 
production (24). 

Maruzen Oil Company in  Japan wilI start  regular  
production of its new ion-exchange membrane  in the 
fall of 1976. Unlike du Pont 's  and other membranes  of 
the fluorine type, Maruzen's  membrane  is suitable for 
use in "three-cell" type of electrolyzers (25). 

IV. Developments . - -The Bureau of Mines is s tudy-  
ing the feasibility of recovering chlorine and iron oxide 
from ferric chloride. During a test with low densi ty 
ferric chloride, the chlorine product reached a concen- 
t rat ion of 92% with the balance being oxygen. Eco- 
nomics were not discussed but  the process indicates 
feasibility of producing chlorine from recycle (26). 

The Japan  Soda Indus t ry  Association is sponsoring 
development  work at Kyoto Universi ty  on fused salt 
electrolysis using the E-alumina diaphragm method. 
Curren t  efficiency on laboratory scale tests was almost 
100%. Cell voltage at 50 A / d m  2 was given as 3.18V 
(27, 28). 

Asahi Glass Company has developed a method for 
removing salt from the diaphragm cell caustic process. 
This method is capable of reducing salt to less than 
0.1% in 50% caustic, and costs were given as one- th i rd  
of those for existing methods. The company is working 
on technology which will reduce the salt content  to 
less than 0.02% in 50% caustic (29). 

Diamond Shamrock Corporation has acquired re- 
search facilities, patents, and other assets in the field 
of industr ia l  electrochemistry previously owned by 
Electronor Corporation (31). 

Supported by the National  Science Foundation,  the 
Univers i ty  of North Carolina is developing chemical 
modification techniques for electrodes. Reactive mol- 
ecules were covalently bonded to the surface of an 
electrode. Such molecules did not interfere with the 
electrochemical effectiveness of the electrode but  can 
be used to perform reactions in tandem with the 
electrochemical ones at the electrode. They can provide 
a more favorable env i ronment  for the electrochemical 
reactions or participate themselves as intermediates  
in electrochemical reactions occurring at the surface 
of the electrode. Research workers are searching for a 
reversible electroactive surface molecule which could 
be bound selectively to electrodes to assist the electro- 
chemical reaction (32). 

Researchers at Pennsy lvan ia  State Universi ty  claim 
that iodine may replace chlorine as a swimming pool 
disinfectant. Iodine is more effective against  organic 
matter,  does not i rr i tate  the eyes, and is easier to 
monitor. One drawback is its ineffectiveness against 
algae (33). 

New developments in ozone generators for sewage 
and water  t rea tment  have resulted in significant re-  
ductions in the cost of producing ozone. Ozonation as 
a replacement  for chlorinat ion is gaining in interest. 
The city of St. Johns, Newfoundland,  is instal l ing 
Union Carbide's ozonator for t rea tment  of their  
ii million-gal/day potable water supply. A joint devel- 
opment by Accelerators, Incorporated, Austin, Texas, 
and R. P. Industries, Incorporated, Hudson, Massachu- 
setts, has produced a generator which can produce 
ozone at energy-consumption cost of less than 10 cents 
per pound. This new approach produces ozone from 
untreated air in an electron beam generator. A proto- 
type system is being installed at Marlboro, Massachu- 
setts, to treat 1 million gal/day of water discharged 
from a sewage plant (34). 

V. Mercury Cells.--There were no new mercury 
cell plants in the planning or construction stage in the 
United States or Canada during 1976. The 80 tons per 
day chlorine plant, Prince Albert Pulp Company, Sas- 
katoon, Saskatchewan, will be converted from mercury 
cells to membrane cells supplied by Asahi Chemical 
Industry, Osaka City. Diamond Shamrock at their 
Muscle Shoals, Alabama, site announced conversion of 
mercury cells to membrane cells of their own design. 
Capacity was not reported (20, 35). 

Conversion from mercury cells to other types of 
cells in Japan has been further delayed. At the end of 
September 1975, the original goal of 64.6% conversion 
set by the Japanese Ministry of International Trade 
and Industry (MITI) was not reached as only 34.5% 
was converted to mercury-free methods. The March 
1978 date for completion of the second-phase conver- 
sion program is also seriously lagging, and the goals 
will have to be revised. By April 1976, only 59.3% was 
converted. Delays were attributed to the severe re- 
cession, difficulties in raising capital, equipment deliv- 
eries, uncertainties with respect to diaphragm cell vs. 
membrane cell technology and low rate of capacity 
util ization (36, 37). 

Efforts are cont inuing toward fur ther  reduct ion in 
the level of mercury  discharge from plants. Osaka 
Soda and Okayama Chemical carried out investigations 
and process modifications at their  plants and reported 
achieving less than 1.5g mercury  per ton of NaOH in 
a new plant  and less than 2.5g in an older type plant  
(38). A closed mercury  cell process developed by 
Kashima Chlorine and Alkali  will be used by Diamond 
Shamrock in their  United States plants. Requirements  
of lg mercury  per ton of chlorine were reported. (39). 

New ion-exchange resins, ImacTMl%| developed by 
Akzo Chemie, Netherlands, are reported to be more 
selective than other resins in mercury  removal  from 
effluent streams. Levels in chlor-alkal i  p lant  effluent 
have been reduced to 5 ppb mercury  with the new 
resins, compared to 0.1-1 ppm for other resins and 
methods (40). 

United States production of p r imary  mercury  in 
1976 totaled 20,000 flasks (76 lb).  This was produced 
in four mines, three in California and one in Nevada 
which was start ing to supply a larger share of the 
market.  Secondary production dropped 53% below that  
produced in 1975. The General  Services Adminis t ra t ion  
established a new strategic stockpile goal of 54,004 
flasks and at year end the stock pile contained 191,407 
flasks. Stocks of 28,500 flasks held by producers, con- 
sumers, and dealers at year  end were only slightly 
below 1975 year -end  stocks (41). 

Consumption of mercury  for 1976 was estimated at 
65,000 flasks, a 25% increase over the previous year. 
Usage by chlorine-caustic producers was essentially 
unchanged from the reported 15,2.00 flasks in 1975 (41). 
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World production of mercury  dropped about 3% to 
2~2,300 flasks in 1976. Producers in Mexico and Italy 
reduced or completely shutdown mercury  min ing  oper-  
ations. Canadian mining  operations which closed down 
in 1975, because of the poor economy, did not reopen 
in 1976. There were reports that  producers in  Spain, 
Italy, and U.S.S.R. dropped out of in ternat ional  mar -  
keting of mercury  (41). 

EGAM, a mercury  producer in  Italy, shut down in 
October for 3 1/2 years to upgrade facilities and im- 
prove operat ing economics (42). 

VI. Health and env i ronment . - -There  is an increasing 
tendency to equate chemicals, par t icular ly  chlorinated 
organics, with carcinogens. However, there is no agree- 
ment  on how to establish safe levels of exposure or on 
what  constitutes an acceptable risk. Methods in use 
today provide only quali tat ive indications in many  
instances and test results are difficult to express on a 
quant i ta t ive basis. More long- te rm test ing is believed 
to be necessary, and it  will  be some time in  the future  
before test results can be translated into "meaningful  
and practical regulations" (43-45). 

A spokesman for the Synthetic  Organic Chemical 
Manufacturers  Association predicts carcinogens as a 
long- te rm problem for the chemical industry.  The 
science of toxicology, already complex, is fur ther  com- 
plicated by a number  of governmenta l  agencies with 
different philosophies. The Occupational Safety and 
Health Adminis t ra t ion  (OSHA) is expected to an-  
nounce new standards for chemical carcinogens in 
1977 or early 1978. The new regulations and sequence 
of testing for carcinogens can have far- reaching impli-  
cations (46). 

Two chlorinated organics, t r ichlorethylene and 
chloroform, have been singled out by the National  
Cancer inst i tute as probable causes of cancer in humans.  
Based on animal  tests, the findings were considered 
definitive for animals, but  the extent  of risk in humans  
cannot be predicted. However, it can serve as a warn-  
ing on possible carcinogenicity in  humans  (47). 

The Toxic Substance Control Bill is expected to 
become law on J a n u a r y  1, 1977. All  chemical producers 
will  be subject to terms of this bill. The main  feature 
of this legislation is that  manufac turers  will not be 
able to commercialize new chemicals without notifying 
the Government .  Producers of chemicals which have 
been l inked with heal th  hazards such as chlorinated 
organics can expect closer scrutiny~ The U.S. Envi ron-  
menta l  Protection Agency (EPA), under  this bill, will  
require  90 days notice before manufac ture  and distr i-  
but ion of chemicals that  may be considered as risks in 
public health or to the env i ronment  (48). 

Tighter  controls are being imposed on the plastics 
industry,  as in -p lan t  control of vinyl  chloride monomer  
(VCM) emission was extended to cover the industr ia l  
community.  With authori ty  under  the Clean Air Act, 
the EPA has declared VCM as a hazardous air pol lu-  
tant.  Air emission standards proposed would reduce 
VCM enter ing the air wi thin  a 5 mile radius of the 
plant  by more than  90% when compared to emission 
standards in 1974. These new standards, announced 
October 21, allow plants only 90 days to comply with 
the regulations. Vinyl  chloride, ethylene dichloride, 
and polyvinyl  chloride producers are present ly seeking 
extensions of up to 2 years in order to install  control 
equipment.  Higher PVC prices are anticipated as a 
result  of addit ional control equipment  and higher 
operating costs (49, 50). 

Env i ronment  Canada is proposing to reduce atmo- 
spheric emissions of mercury to 5.3g per day for each 
1000 kg of chlorine production. Total  atmospheric re- 
lease from mercury  cell plants  is expected to drop 
from the current  12 tons to 2 tons mercury  per year. 
Some plants, par t icular ly  older facilities, will require 
fur ther  capital expenditures (51). 

Recognition of the potential  dangers from airborne 
asbestos emissions is increasing. The proposed regu-  
lat ion under  discussion would reduce the l imit  to 0.5 

fiber per cubic centimeter  in a t ime weighted 8 hr 
average. Establ ishment  of a dose-response level has 
been difficult. Medical surveil lance and studies on 
workers exposed to asbestos emissions are cont inuing 
in many  countries. OSHA has emphasized the com- 
plexity of the regulatory process which results in a 
long lapse of t ime from issuing a proposed s tandard to 
publicat ion of a regulation. Against  a background of 
strict emission limitations, Johns-Manvi l le  indicated 
that the supply is lagging the demand and the indus-  
t ry  is 2-3 years away from start ing new asbestos 
mihes (52). 

The National  Ins t i tu te  for Occupational Safety and 
Health (NIOSH) has recommended to OSHA that  ex- 
posure of workers to chlorine be reduced. NIOSH 
proposed an exposure l imit of 0.5 ppm for periods of not 
more than  15 min. The present  s tandard is 1 ppm for a 
t ime-weighted average 8 hr per day (53). 

The Food and Drug Adminis t ra t ion  (FDA) is asking 
for informat ion on the safety and use of chlorine in 
food processing. The exposure of a wide var ie ty  of 
foods to chlorine when  used as processing aids is 
coming under  closer scrutiny. Safety data to just i fy 
such uses will be reviewed by the FDA and general  
guidelines covering the safe use of chlorine in food 
processing will eventual ly  be published (54). 

Burn ing  of PVC plastics can release significant 
amounts  of methyl  chloride which is capable of dis- 
sociating into chlorine atoms and destroying the ozone 
layer in the stratosphere. The two main  sources of 
man-made  methyl  chloride were cited as combustion 
of PVC plastics in wastes and fires in bui ldings con- 
taining PVC materials  of construction. Unless combus- 
t ion of PVC is r igidly controlled, release of methyl  
chloride is expected to rise a s  a result  of greater use 
of PVC materials  (55). 

The EPA is urging a worldwide approach to the con- 
trol of fluorocarbon emissions in the air by regulat ing 
emissions and conducting atmospheric research. EPA 
is preparing a 10 yr research budget  for stratospheric 
research (5,6). 

Other Alkaline or Chlorine Compounds 
I. Caustic potash. - -Product ion of caustic potash in 

1976 was 226,800 tons as 88-92% liquid. This is an in -  
crease of 6% over the previous year  (57). 

The caustic potash market  improved somewhat dur -  
ing the year but  production plants  were still r unn ing  
well below capacity. Total United 
capacity of 335,000 tons per year is 
producers, viz. (59) : 

States production 
made up from six 

IMC 95,000 
Diamond Shamrock 87,000 
Monsanto 55,000 
Hooker 53,000 
Pennwal t  25,000 
PPG 2.0,000 

The price of caustic potash remained at $7.50 per 
100 lb, 45% basis, throughout  1976. In  November,  a 
new price of $8.00 was announced and this will  become 
effective January  1, 1977 (59). 

United States production of marketable  potassium 
salts dropped slightly from 2.5 mil l ion in 1975, to 2.4 
mill ion tons in 1976, expressed as K20 equivalent .  
About  2 mil l ion tons or 82% of the production came 
from New Mexico with the balance from Utah and 
California. Potassium muria te  from Canada constituted 
near ly  3.8 mill ion tons as K20 equivalent  or 96% of 
total imports (58). 

The price of s tandard bu lk  potassium muria te  from 
Canada and New Mexico dropped to 55-70 cents per 
uni t  of K20 (20 lb of K20) dur ing the June  through 
August period. Prices for the fall season (September 
through January)  were quoted at 70-75 cents per unit. 
Prices for the spring season (February  through May) 
of 1977 are expected to increase by 5 cents per un i t  
(60, 61). 
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Dur ing  the second half  of 1976, there  were  indica-  
tions that  the  potash m a r k e t  was s lowly improving  as 
inventor ies  d ropped  and shipments  increased.  Based 
on repor ts  f rom the first Wor ld  Fer t i l i ze r  Conference,  
g rowth  in potash can be expected  as increased con- 
sumpt ion  of fer t i l izers  wil l  be necessary  to assist in 
meet ing  the wor ld ' s  food product ion  requirements .  
A wor ld  potash demand  of 31 mil l ion tons was p r e -  
dicted by  1980 (62, 63). 

A degree  of unce r t a in ty  wi th  respect  to raw m a t e r -  
ials exists  as the  resu l t  of the  Saska tchewan  govern-  
ment ' s  first move to nat ional ize the  potash industry.  
Duval  Corporat ion 's  1.5 mi l l ion tons per  yea r  p lan t  
was purchased  by  Potash Corpora t ion  of Saska tche-  
wan, a Crown company.  The $128.5 mil l ion purchase  
pr ice was shor t  of the $150 mi l l ion  pr ice sought by  
Duval.  Engineer ing  is proceeding with  a 25% expan-  
sion of the  mine. Negot ia t ions are in progress  for the 
purchase  of two more  potash companies.  The Govern -  
ment  is p lanning  to buy a 51% in teres t  in the potash 
indus t ry  and only use expropr ia t ion  if purchase  
agreements  cannot  be negotiated.  Al though the Gov-  
e rnment  has given assurance of unres t r ic ted  supplies  
wi th  no manipu la t ion  of prices, there  is some skept i -  
cism in the Uni ted  States  by  government  and industry .  
About  70% of the Saska tchewan  potash is marke t ed  in 
the Uni ted  States  (63-65). 

In te rna t iona l  Minerals  and Chemical  Corporat ion 
(Canada)  is engaged in a potash explora t ion  pro jec t  
in the Sal t  Spr ings  region of New Brunswick.  The 
company  is encouraged by  core da ta  which are  show-  
ing potash averaging  28-32% KeO. It  is too ear ly  to 
de te rmine  the economic feas ib i l i ty  of the  project .  Core 
test ing is expected to continue for 1 to 1 1/2 years.  
The company  is also engaged in exp lora t ion  of potash 
deposi ts  in Nor thern  Ontario. F i r s t -phase  dr i l l ing  tests 
indica ted  yields  of about  24 mi l l ion  tons of recoverable  
potash.  However ,  commercia l  deve lopment  of the de-  
posi t  cannot be just if ied under  cur ren t  economic con- 
di t ions (66, 67). 

II .  Soda ash . - -Domes t ic  product ion of soda ash in-  
creased 7.6% f rom 7.13 mil l ion tons in 1975 to 7.6 mi l -  
l ion tons in 1976 (68). Na tura l  soda ash ( t rona)  in-  
creased f rom 4.33 to 5.19 mil l ion tons (69), whi le  
synthet ic  (Solvay  process)  soda ash decreased f rom 
2.80 to 2.42 mi l l ion  tons. 

Expansion in capaci ty  for na tu ra l  soda ash continues. 
Total  capaci ty  was es t imated  to be 7.3 mil l ion tons pe r  
yea r  at  the end of 1976 and is expected to be 8.8 mil l ion 
tons pe r  yea r  by  the end of 1977. 

Most na tu ra l  soda ash is mined  in Wyoming.  FMC 
Corpora t ion 's  0.75 mil l ion tons per  year  expansion of 
the Green  River,  Wyoming,  soda ash p lan t  wil l  make  
i t  the wor ld ' s  larges t  at  2.5 mil l ion tons per  yea r  (70). 
Texasgulf ,  Incorporated,  jo ined  other  Wyoming  p ro -  
ducers  when a 1 mi l l ion tons per  yea r  p lan t  s ta r ted  
product ion  in October;  this p lan t  is expandab le  to 
twice its p resen t  product ion  capaci ty  (71, 72). About  
1.8 tons of ore were  mined for each ton of soda ash 
produced.  Stauffer  Chemical  Company was adding 0.2 
mi l l ion tons pe r  yea r  to the company 's  exis t ing 1.35 
mil l ion tons per  yea r  capacity.  Al l ied  Chemical  Cor-  
pora t ion  has 2.2 mi l l ion tons pe r  yea r  capacity.  Num-  
erous other  companies held  t rona  leases in the Green  
River  area. The Green  River  format ion  contains an 
es t imated  rese rve  of 50 bi l l ion tons of ore (73). 

Na tura l  soda ash is also produced at Sear les  Lake,  
California,  by  carbonat ion of lake  brines.  This process 
has produced about  400,000 tons per  yea r  for the  past  
severa l  years.  Ke r r -McGee  is expanding  thei r  faci l i ty  
f rom 0.145 to 1.3 mil l ion tons per  yea r  at a cost of $175 
mill ion,  the expans ion  to be comple ted  in 1977 (74). 

The number  of synthet ic  p lants  decreased f rom four 
to three  wi th  a total  capaci ty  s l ight ly  grea te r  than 
2 mil l ion tons (75, 76). Diamond Shamrock  shut  down 
its 800,000 tons pe r  yea r  Painesvi l le ,  Ohio, p lan t  a t  yea r  
end. Reasons ci ted for closing the plant ,  s ta r ted  up in 
1912, were  the p lant ' s  age, s t r ingent  po l lu t ion-cont ro l  
s tandards ,  escala t ing energy  costs, and compet i t ion 

f rom na tu ra l  soda ash. The remain ing  synthet ic  p ro -  
ducers  are  Al l ied  at Syracuse,  New York, B A S F  
Wyando t t e  at Wyandot te ,  Michigan,  and P P G  Indus -  
tr ies  at Corpus Christi ,  Texas. 

Consumption in the United Sta tes  was es t imated to 
be 7.0 mil l ion tons in 1976, an increase  of a p p rox -  
imate ly  7% over  1975 (68). A p p r o x i m a t e l y  one-ha l f  is 
used in glass making,  another  quar te r  is used in fo rmu-  
lat ion of detergents ,  and the rest  in miscel laneous uses. 

Expor ts  and impor ts  are  a small  component  of the  
soda ash market .  Exports ,  p r i m a r i l y  of refined m a t e r -  
ial, increased to an es t imated 502,000 tons, 7.6% of 
production.  Impor ts  for consumption were  negl ig ible  
at 1,000 tons. 

Average  prices of soda ash in 1976 were  up 19% from 
the previous  yea r  (77). List  prices on December  31, 
1976, ranged  f rom $57 to $71 per  ton. In general ,  
synthet ic  soda ash is $15 to $20 per  ton more  expen-  
sive, f.o.b, plant ,  than  the na tu ra l  product .  

III .  Sodium chlorate .---Sodium chlora te  product ion in 
the  United States  for 1976 was a record  196,400 tons. 
This represents  a 17% increase  over the 1975 to ta l  of 
167,700 tons (57). 

Product ion  capaci ty  in the  Uni ted  Sta tes  is 253,500 
tons per  yea r  wi th  facil i t ies at 12 locations. In  Canada,  
sodium chlorate  is p roduced  in 11 facil i t ies for a to ta l  
capaci ty  of 226,000 tons pe r  yea r  (78, 79). 

Demand for sodium chlorate  r emained  s t rong 
throughout  the yea r  wi th  t ight  supply  s i tuat ions 
occurr ing on the west  coast. By midyear ,  chlora te  
capaci ty  in Nor th  Amer ica  was sold. Pulp  bleaching 
remains  the pr incipal  m a r k e t  for  sodium chlorate.  
More chlor ine  dioxide,  der ived  f rom sodium chlorate,  
p robab ly  wil l  be requ i red  as pulp mil ls  increase  chem- 
ical recycle.  Pulp  and paper  producers  are  forecast ing 
the poss ibi l i ty  of cont inuing short  supply  s i tuat ions in 
1977 (80, 81). 

Effective Ju ly  1976, the  price of bu lk  sodium chlo- 
ra te  was ra ised f rom $250 to $280 per  ton. In  December ,  
fur ther  increases brought  the pr ice of bu lk  up to $300- 
$310 per  ton. S imi la r  price increases were  exper ienced 
in Canada  where  end of yea r  prices for bu lk  sodium 
chlorate  were  $25.0-$256 per  ton (82-85). 

The ERCO Industr ies  division of A lb r igh t  and 
Wilson, Limited,  wil l  expand  chlora te  output  at  severa l  
locations. At  Buckingham,  Quebec, a 12,000 ton per  
year  expansion is scheduled for Apr i l  1977. An add i -  
t ional  15,000 tons pe r  yea r  is s la ted for the first qua r t e r  
of 1978. This wil l  br ing  ERCO's capaci ty  at  this loca-  
t ion to nea r ly  77,000 tons per  year.  At  the Vancouver  
location, modifications to e lectr ical  equipment  and elec-  
t rolyzers  are  expected to add 6,000 to 10,000 tons per  
year.  The company 's  total  capaci ty  in Canada should 
reach 125,000 tons pe r  yea r  in 1978. A 50,000 ton per  
yea r  sodium chlora te  p lan t  on the  Gulf  Coast was 
announced by  ERCO. The first phase of 20,000 tons is 
scheduled for the first qua r t e r  of 1979 (86, 87). 

More recent ly  ERCO Industr ies ,  Limited,  announced 
plans to bui ld  a new chlora te  p lan t  at Thunder  Bay, 
Ontario. Ini t ia l  capaci ty  of 25,000 tons pe r  yea r  wil l  
consist of 15,000 in the first s tage for ea r ly  1979 com- 
plet ion and 10,000 in the second stage (88). 

In  November,  Dow Chemicals  canceled its p lanned  
faci l i ty  at Thunder  Bay. The p lan t  was to have an 
ini t ia l  capaci ty  of 30,000 tons per  yea r  and was sched-  
uled to go ons t ream in 1977 (89). 

Pennwal t  Corpora t ion  wil l  construct  a new sodium 
chlorate  p lant  at its Tacoma p lan t  site. Capaci ty  was 
not disclosed. F i rs t  phase  is expected to go ons t ream 
in ea r ly  1978 (90). 

The Elect rochemical  Division of In te rna t iona l  Min-  
erals  and Chemical  Corpora t ion  plans  to bui ld  a 40,000 
ton per  yea r  sodium chlora te  p lant  at its Orrington,  
Maine, p lan t  site. S ta r t  up is scheduled for mid-1978 
(91). 

Olin announced construct ion of a 6,000 tons per  yea r  
p lan t  at its ch lo r -a lka l i  p lants i te  in Niagara  Falls,  New 
York. S ta r t  up is scheduled for late  1977, wi th  two-  
th i rds  of product ion  going to capt ive use (92). 
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P r o d u c e r  Capaci ty ,  t o n s  p e r  y e a r  C o m p l e t i o n  

1. ERCO I n d u s t r i e s  
Buckingham. Que. Canada 
B u c k i n g h a m ,  Que. ,  Canada 
N o r t h  Vancouver, B. C. Canada 
T h u n d e r  Bay, Ont., Canada 

Gulf Coast, U.S. 

2. Pennwalt Corp. 
Tacoma, Wash.  

3. I n t e r n a t i o n a l  Minera l s  and  
Chemical Corp.  

O rr i ng ton ,  Me.  
4. Ol in Corp. 

N i a g a r a  Fal ls ,  N.Y. 

Stanchem, Beauharnois,  Quebec, increased produc- 
t ion to 33,000 tons per year, a 10% increase, by instal-  
ling metal  anodes developed by Kema-Nord  and PPG 
Industr ies (78). 

New or future  expansions of sodium chlorate plants 
in  the United States and Canada are summarized in  
Table 2. 

Metals 
I. Almminum.--Uni ted  States production of p r imary  

a luminum was 4,249,000 tons in 1976. Although this 
represents a 9.3% increase over the 1975 figure, pro-  
duction for 1976 was still 13.5% below the record 
year of 1974. Total a l uminum supply for 1976, was 
6,370,000 tons which was a 14% increase over the 
previous year but  still well below the 7.3 mil l ion total 
for 1974. Secondary recovery of a luminum for 1975, 
totaled 1,451,000 tons. This was a 23% increase over 
the previous year (93). Recovery from the 1975 re-  
cession in the a l u m i n u m  indust ry  was slow. At the 
start  of 1976, p r imary  a luminum producers were oper-  
ating at a 75% rate and by mid-March the rate was 
still only 76%. However, production gradual ly  im-  
proved to 85% by midyear  and by year end had climbed 
fur ther  to 94% of capacity. Canadian producers operat-  
ed at 80% at the beginning of the year, dropped to 
42% during the strike, and by year  end were at 71% 
(94, 95). 

With prospects for improvements  in a luminum 
demand and due to lower inventories,  idle cal~acity 
was restarted at various locations (96-98). Another  
reason for br inging on idle capacity was the Alcan 
strike in Canada. The 5 month strike crippled near ly  
600,000 tons per year capacity and full production will 
be delayed another  3 months due to damaged potlines 
(99, 100). 

Imports  of crude, semicrude, and scrap a luminum 
were up by about 55% over the previous year. Exports 
of crude and semicrude increased by 20% compared 
to 1975. Total metal  inventories  of a luminum decreased 
gradual ly  by about 10% during the year  (101). 

United States a luminum producers raised the price 
of p r imary  ingot from 41 to 44 cents per pound in 
April. A fur ther  increase to 48 cents went  into effect in 
August  (102, 103). Tight supplies in  early 1977 were 
predicted by economists, and this could result  in 
fur ther  escalations in price (104). 

The slow economic recovery in the a luminum indus-  
t ry resulted in postponement  or cancellation of a n u m -  
ber of new a lumina  projects, viz. (105-108) : 

1. The 880,000 tons per year refinery in I re land pro- 
posed by Alcan and two partners.  

2. West Pacific Alumina 's  800,000 metric tons per 
year refinery on Mindanao in  the Philippines. 

3. A 400,000 metric tons per year  refinery p lanned for 
Bintan Island in  Indonesia by Sumitomo Chemical, 
Showa Denko, and Nippon Light Metal. 

4. Pacminex's  option to bui ld a 1.2 mil l ion metric 
tons per year refinery in West Australia.  

5. Comalco's 320,000 metric tons per year at Glad- 
stone, Australia.  

6. Alcan's 200,000 tons per year smelter in Quebec. 
New projects in different stages of p lanning or con- 

struction were announced, viz. (101, 109-113): 

E x p a n s i o n  - -  12,000 
E x p a n s i o n  --  15,000 
Expansion --  6,000-10,000 
N e w  - -  1st p h a s e  - -  15,000 

2nd p h a s e  - -  10,000 
N e w  - -  1st p h a s e  - -  20,000 

2nd p h a s e  - -  30,000 
N e w  - -  1st p h a s e  - -  

N e w  - -  40,000 

N e w  - -  6,000 

A p r i l  1977 
Is t  Quar ter  1978 
1977 
1st Quar ter  1979 

1st Quar ter  1979 

1st Quarter 1978 

Mid 1978 

4th  Quar ter  1977 

I. A 1 mil l ion metric tons per year plant, bui l t  by a 
consort ium including France 's  PUK, will  be located on 
the Black Sea in  Russia. 

2. Russia will assist Indonesia with a 600,000 metric 
tons per year refinery on Bintan  Island. 

3. Reynolds Metals and par tners  are p lann ing  a 1 
mil l ion tons per year refinery in Wagerup, Australia.  

4. An a l u m i n u m  project agreement  between Brazil 
and Japan  will include a 320,000 metric tons per year 
smelter  at Belem. 

5. Completion of a second 70,000 tons per year potline 
at New Madrid, Missouri, was announced by Noranda. 

6. The feasibili ty of adding an addit ional potl ine at 
Alcoa, Texas, is being studied by Alcoa. 

The U.S. Bureau of Mines expects the United States 
demand for a luminum to grow about 6% per year 
unt i l  1985, and then relax to a growth of 4.5% per year 
over the next  15 years. A major  uncer ta in ty  is usage of 
a luminum in the automobile industry.  Recycled a lum-  
inum is expected to show steady growth. By 1989, 40% 
of the United States requirements  could be met by 
secondary a l u m i n u m  (114, 115). 

A luminum producers in the Pacific Northwest, who 
have a 31% capacity of United States total, may be 
faced with a power crisis in the mid-1980's. Bonnevil le  
Power may not be able to renew their  power contracts 
which are based on cheap hydroelectric power. Power 
from other sources will be more expensive (116). 

A t rend towards more a luminum in automotive use 
in order to improve fuel economy is predicted. Present  
usage of 87 ib per car is estimated to increase up to 
9~-100 ]b for 1977. Forecast figures are 150-300 lb for 
1980, and by 1985, this is expected to rise to 200-425 lb 
per car. Another  reason for increased use in automo- 
biles is Aloca's development  of new sheet alloys which 
offer scrap compatabil i ty and other improved charac- 
teristics (117-120). A new a l u m i n u m  radiator  was 
developed by Union Carbide (121). 

The industry 's  goal of reducing energy consumption 
by 10% from 1972 to 1980 appears to be possible. Since 
1972, the indust ry  has achieved a 6.5% reduction (122). 

Bauxite production in the United States, an increase 
of about 11%, was 2 mill ion tons in 1976. Imports of 
dried and calcined bauxite  were about 13 mil l ion tons, 
up slightly from 1975, but below 1974 imports. Jamaica, 
Guinea, and Sur inam remained the main  sources of 
bauxite. Alumina  imports, which largely came from 
Australia,  were about the same as 1975 (101). 

Alcoa and the Jamaican  Government  reached an 
8 year agreement  on levies and a 40 year agreement  on 
ownership of Jamaica's  bauxite  mining  and refining 
facilities (123). Separate set t lements between Jamaica 
and Reynolds and Kaiser were reported to be very 
close to final agreements (124). Disputes between 
Revere and Jamaica over the government 's  bauxite  
production levy have not been resolved (125). 

Present  distr ibution of known bauxite  reserves is 
estimated as follows (126) : 

Africa 38% 
Austral ia  25% 
America 22 % 
Europe 8% 
Asia 7 % 
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The Jama ican  Bauxi te  Ins t i tu te ' s  la tes t  es t imate  of 
J ama ican  reserves  is 2 b i l l ion  tons (127). 

A majo r  miles tone in new process technology was 
achieved when Alcoa energized cells in late  May at  i ts 
new smel te r  at  Palest ine,  Texas. In i t i a l ly  r a t ed  at  
15,000 tons pe r  year ,  the p lan t  wil i  even tua l ly  be in-  
creased to 300.,000 tons pe r  year.  This process cuts 
30% off the  most efficient power  r equ i remen t  for a net  
of 4.2 k W - h r / l b .  Ins tead  of e lect rolyzing a lumina  di-  
rect ly,  chlor ine is used to produce  a luminum chloride,  
which  is then  electrolyzed.  The chlor ine  is recycled.  In 
addi t ion  to the energy saving, the process is free of 
fluoride emissions, the  work ing  envi ronment  is im-  
proved,  and power  in te r rupt ions  can be to le ra ted  
(128, 129). 

The Energy  and Minera l  Resources Research Ins t i -  
tute  at Iowa  Sta te  Univers i ty  is work ing  on two dif -  
ferent  processes to obta in  a lumina  or a luminum chlo- 
r ide  f rom flyash which has an average  a lumina  content  
of 22% (130). The Bureau  of Mines is coordinat ing a 
cos t -shar ing  p~rogram with  nine companies  to develop 
processes for  recover ing a lumina  f rom domestic  non-  
baux i te  mater ia ls .  Kaol ini t ic  clay was tested in the  
first two processes (101). 

According to a Russian foreign t rade  journal ,  the 
U.S.S.R. has developed techniques for the product ion 
of a lumina  f rom nepheline,  alunites,  kaolin,  shale, ash, 
and o ther  a lka l i - f r ee  a lumo-si l icates .  Sou thwire  Com- 
pany  of Carrol l ton,  Georgia,  has l icensed a U.S.S.R. 
a l u m i n a - a l u m i n u m  process. An 8,700 tons pe r  yea r  
pi lot  p lan t  at Golden, Colorado, wil l  produce  a lumina  
f rom alunite.  The process yields a lumina  and potass ium 
sulfate  (131, 132). 

The United States  EPA has set pol lu t ion  control  
s tandards  for new and modified smelters .  Removal  of 
95% of the  fluoride emissions f rom the a i r  before  
discharge wil l  be r equ i red  (133). 

II. B e r y l l i u m . - - D a t a  on product ion of be ry l l i um 
meta l  and  products  are  not  published.  However ,  p ro -  
duct ion is be l ieved  to have increased f rom depressed 
1975 levels  (134). 

Brush Wel lman,  Incorpora ted ,  and Kaweck i  Berylco 
Industr ies ,  Incorpora ted  (KBI)  are  the only subs tant ia l  
producers  of be ry l l ium in the free world.  Brush 
ext rac ts  be ry l l i um from be r t r and i t e  ores 
(Be4Si207(OH)2),  mined  in Mil la rd  County, Utah, 
whi le  KBI  rel ies on impor ted  bery l  ores (135). Brush 
We l lman  announced a p lanned  expans ion  of the ex-  
t rac t ion faci l i t ies  at  Delta,  Utah. The expanded  faci l -  
i t ies will  also have the capabi l i ty  of processing be ry l  
ore. When completed  this wil l  represent  about  90% of 
the ex t rac t ion  capabi l i ty  in the free world  (134). 

Metal  consumption in 1976 was thought  to be equal  
to or s l ight ly  less than in previous  years ,  which was 
es t imated  to have been 260 tons. The marke t  b r eak -  
down based on contained be ry l l i um was es t imated  to 
be: 70-80% b e r y l l i u m - c o p p e r  alloys, 15-20% be ry l l ium 
metal ,  and  4-8% be ry l l i um oxide. This represents  an 
increase  in usage of the  al loys and a decrease in the  
use of the metal .  

Al loys wi th  copper  containing 0.5-2.0% be ry l l ium 
have g rea te r  s t rength  and resis tance to fat igue and 
corrosion than copper, and are  used for a wide va r i e ty  
of specia l ty  products .  Be ry l l ium meta l  is used in ae ro-  
space and nuc lear  applicat ions.  The oxide is employed 
as a r e f rac to ry  and in electronic devices. 

Prices for be ry l l i um metal ,  quoted as 5 in. rod, re -  
ma ined  unchanged at app rox ima te ly  $155 per  ib dur ing  
1976 (136, 137). The price of impor ted  be ry l  ore (10-12 
BeO) rose f rom $30 to $42 per  short  ton. 

The o v e r - a l l  p roduct ion  and consumption 6f be ry l -  
l ium ores in 197,6 was about  the same as in 1975 (135). 
In the first 10 months of 1976, 815 tons of be ry l  were  
imported.  This can be compared  to 1,550 tons in 1975, 
and to the peak  impor ta t ion  of 6,422 tons in 1969. The 
majo r  source of the imports  was Brazi l  fol lowed by  
France,  India,  Austra l ia ,  and o ther  countries. 

Expor ts  of be ry l l i um metal ,  alloys,  waste,  and scrap 
to ta led  163 tons in the  first 11 months  of 1976, compared  

to 17 tons for the  s imi lar  per iod  in 1975. The ma jo r  
impor te r s  were  the United Kingdom and Japan  (134). 

As of November  30, 1976, government  s tockpiles  of 
be ry l l i um contained 229 tons of be ry l l ium metal ,  
7,387 tons of Be-Cu mas te r  a l loy (4% Be) and 17,986 
of beryl .  These were  unchanged f rom yea r  end 1974. 
During 1976, the Genera l  Services Admin i s t r a t ion  an-  
nounced new stockpile  object ives:  for be ry l l ium metal ,  
895 tons, an increase f rom 88 tons, and for the mas te r  
alloy, 16,710 tons, an  increase  f rom zero. The s tockpi le  
object ive  for be ry l  remains  at zero (135). 

III. Chromium. - -Al though  the demand  for  chromium 
was higher  in 1976 than  in 1975, it  d id  not reach the 
record demands  es tabl ished in 1973-1974. Total  chro-  
mite  consumpt ion was 1,040,000 tons and al l  th ree  
consuming indust r ies  repor ted  increases in consump-  
tion, viz. 

Meta l lurgica l  20% higher  
Ref rac tory  10% h igher  
Chemical  10% higher  

Consumption of chromium alloys was 22% higher  
than  the previous  yea r  due to increased product ion 
of s tainless steel  (138). 

Imports  of chromite  which  tota led 1,350,000 tons is 
only  s l ight ly  higher  than in 1975. Shipments  were  
h igher  f rom South Africa,  Finland,  and Tu rkey  but  
lower  f rom U.S.S.R., Rhodesia,  and Phil ippines.  
Shipping prob lems  and poli t ical  d isputes  p lagued 
the Rhodesian and South Afr ican  chrome industry:  
Due to delays  in shipments  f rom some countries,  India  
was offering chrome for expor t  (138-140). 

Impor ts  of fe r rochromium,  a l though down 16% from 
the previous  year,  are  st i l l  at a high level,  and this has 
resul ted in h igher  inventor ies  at  p roducer  and con- 
sumer  locations. The 1976 to ta l  was es t imated at 
270,000 tons. Depressed demands  for fe r rochrome 
al loys are  expected to continue in 1977. Inventor ies  
r ema in  high and there  was an oversupp ly  of impor ted  
alloys. The s i tuat ion is not expected  to improve  unt i l  
stocks of steel  products  d iminish  (138, 141). 

Despi te  opposit ion f rom domest ic  fe r rochrome p ro -  
ducers, it  appears  l ike ly  that  the Byrd  Amendmen t  of 
1972 would  be repea led  and embargoes  on Rhodesian 
chrome would be reimposed.  Dependence on Rhodesian 
chrome has been dropping  steadily.  Countr ies  such as 
Brazil  and Turkey  have made  substant ia l  expansions  
in chrome mining  and smelt ing.  If the  embargo  is 
imposed, ac t iv i ty  in domestic  product ion  wil l  increase.  
Mine owners  repor ted  product ion  capaci ty  of mines 
in Del Norte  County, California,  at  120,000 tons per  
year  (147). 

On October 1, the Fede ra l  Preparedness  Agency 
es tabl ished new government  s tockpile  goals for chrom-  
ium mater ia ls .  Inventor ies  in government  s tockpiles  of 
r e f rac to ry  and chemical  grade  chromite  were  below 
the new goals at yea r  end (138). 

Foote  Minera l  discont inued its chrome al loy business 
(142). 

There  was essent ia l ly  no change in publ ished 
chromite  prices from those of 1975. H igh-ch romium 
chromite  also r emained  at the same price. Yea r - end  
prices were:  

H igh-ch romium Russian - $136 per  ton 
High-chromium Turkish  - $120-129 per  ton 
High - i ron  South Afr ican  - $35-$42 per  ton 

Chromium alloys dropped  in price. United States  
charge chromium decreased from 50 cents per  pound 
to 43 cents by yea r  end. Low-ca rbon  fe r rochromium 
dropped  f rom $1 per  pound to $0.85 dur ing  the year.  
Chromium meta l  increased from $2.44 per  pound to 
$2.63 (138). 

The 120,000 tons per  yea r  Tubatse  Fe r roch rome  p lan t  
at Steelport ,  South Africa,  a jo int  ven ture  of Union 
Carbide  and Genera l  Mining, is not expected to s tar t  
up unt i l  1977. Union Carbide  wil l  d iscont inue charge  
chrome product ion in the Uni ted  States  when sh ip-  
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merits of charge chrome s tar t  flowing f rom this plant .  
The Turk ish  s t a t e -owned  plant ,  Et ibank,  wi th  a 
capaci ty  of 50,000 metr ic  tons pe r  y e a r  is behind 
schedule and p robab ly  wil l  not s ta r t  unt i l  1977. Johan-  
nesburg  Consol idated Inves tments  and Showa Denko 
p lan  to s ta r t  up a $50 mil l ion fe r rochrome p lan t  at 
Lydenburg  in ea r ly  1977. The impact  of large  power  
increases in South Afr ica  is not clear.  Power  ra tes  
increased 15% in Apri l ,  13% in September ,  and 25% is 
expected in  J a n u a r y  1977 (143, 144). 

Three Japanese  companies,  Nippon Kokan,  I toh and 
Company,  and K o k a n  Mining, are  s tudying  a chromo 
ore  venture  in K e n y a  (145). The Sudanese  government  
plans to double  chromite  product ion  f rom 25,000 to 
50,900 metr ic  tons per  yea r  over  the  next  2 years  (146). 

Increased in teres t  and ac t iv i ty  in domest ic  p roduc-  
tion of chromite  was evident  dur ing  the year.  A firm 
in Cal i fornia  r ehab i l i t a t ed  a mine  and p lan t  that  had 
been idle  since the 1950's. Mining of chromite  was last  
r epor ted  in 1961. Mining in teres t  in nor thern  Cal i fornia  
and southern  Oregon reac t iva ted  the Ca l -Ore  Chrome 
Producers  Associat ion and construct ion of a mil l  is 
under  discussion (138). 

Research is cont inuing by  the Bureau  of Mines to 
recover  ch romium from la ter i tes  and low-g rade  do-  
mest ic  resources.  Successful deve lopment  could extend 
wor ld  resources of chromium and provide  a b roader  
geographical  supply  base. Research on recovery  of 
chromium from waste  ma te r i a l  is also continuing (138). 

IV. Copper . - -Produc t ion  f rom p r i m a r y  mate r ia l s  at 
refineries in 1976 was 1,587,188 tons, 6.5% above 
1,443,378 tons in  1975. Smel te r  product ion f rom p r i m a r y  
mate r ia l s  was 1,534,622 tons, up 6% over  1,447,128 tons 
in 1975. Product ion  of refined copper  f rom scrap was 
874,480 tons, up 8.7% f rom 344,480 tons in 1975. Stocks 
at  yea r  end were  189,500 tons of refined copper,  
312,000 tons of blister,  and 137,913 tons of scrap, 
essent ia l ly  unchanged f rom yea r  end 1975 (148). 

Asarco dedica ted  its new Amar i l lo  faci l i ty  in June  
1976. The plant ,  which  ac tua l ly  came on s t ream in la te  
1975, has a capaci ty  of 420,000 tons per  yea r  of copper  
at a cost of $190 mill ion.  Copper  reaches the  p lan t  in 
three  forms: anodes f rom smel ters  in-E1 Paso, Texas, 
and Hayden,  Arizona,  b l i s te r  copper  f rom both foreign 
and domest ic  smelters ,  and No. 2 g rade  scrap. Copper  
f rom Amar i l lo  wil l  be avai lab le  in all  shapes used by  
indus t ry :  cathodes,  wirebars ,  cakes, billets,  and con- 
t inuous cast rod (149). 

The new so lven t -ex t rac t ion -e lec t rowinn ing  p lan t  of 
Cities Service  Company in Miami, Arizona, went  on 
stream. The p lan t  has a design capaci ty  of 15 tons pe r  
day  of cathode copper (150). 

Anaconda  announced plans  to reopen its A rb i t e r  
p lan t  in Anaconda,  Montana,  in  J u l y  (151). 

Asarco scheduled closing of the 188,000 tons per  yea r  
ref inery at Per th  Amboy,  New Je r sey  (152). 

Consumption of p r i m a r y  refined copper ( apparen t  
consumption)  was 1,825,000 tons, up 89% from 1,310,000 
tons. Total  cor/sumption ( including secondary  recovery  
mate r ia l s )  increased 27.7% from 1,534,505 to 1,960,075 
tons (148). 

The Federa l  P reparedness  Agency set a s tockpile  goal  
of 1.299 mil l ion tons of copper. Since the previous  
s tockpi le  goal was zero, the  20,261 tons f rom the p re -  
vious s tockpile  that  r ema ined  unsold was t rans fe r red  
into the new stockpile.  The new goal is thought  to be 
excessive by  many  indus t ry  observers  who note that  
domestic  product ion  is adequate  for present  nat ional  
needs (153, 154). Pend ing  congressional  action, the  
government  may  become a subs tant ia l  copper  con- 
sumer.  

Mine production,  expressed as recoverable  copper,  
increased 19% from 1,413,36.6 to 1,611,341 tons. P ro -  
duct ion occurred p redominan t ly  in Ar izona  (63%) 
fol lowed by  Utah  (12%),  New Mexico (11%), and 
others  (148). 

Product ion  s t a r t -up  at  Hecta Mining Company 's  
Lakeshore  mine  near  Casa Grande,  Arizona,  was de-  
l ayed  b y  s l ippage in the  construct ion schedule. Fu l l  

product ion was expected in the second quar t e r  of 
1976 (155). 

Af te r  invest ing more  than $30 mil l ion in l and  acqui -  
si t ion and dri l l ing,  Cont inental  Oil Company has in-  
defini tely pos tponed plans  for deve lopment  of i ts 800 
mil l ion tons orebody near  Florence,  Arizona. This de-  
cision was a t t r ibu ted  to marke t ing  uncer ta in t ies  (156). 

A ma jo r  copper  find south of Crandon,  Wisconsin, 
was announced by  Exxon Corpora t ion  (157). 

A m a x  has s tepped up exp lora t ion  of the  Minnamax  
copper -n icke l  prospect  in Minnesota  (158). 

Eisenhower  Mining Company wil l  develop a 27,000 
tons pe r  yea r  open pi t  copper  mine  to work  the Palo 
Verde copper  deposi t  south of Tucson, Arizona.  The 
deposi t  contains an es t imated  125 mi l l ion  tons of ore 
grading  0.6% copper  (159). 

Homestake  Copper  Company  has repor ted  finding a 
new copper  deposi t  in the K e w e e n a w  Peninsu la  in 
upper  Michigan (160). 

Some product ion  cost guidel ines  were  provided  by 
indus t ry  spokesmen. According to A r t h u r  Reef, Vice 
Pres iden t  of A m a x  Incorporated,  the  cost of deve loping  
a new mining complex  in  the  wes tern  U.S. f rom mine 
th rough  refinery has r isen f rom $3,500 per  annual  ton 
in 1970 to at  least  $6,500 pe r  annual  ton at the end of 
1976. By 1980, the cost is expected  to be $7,500 in 
1976 dol lars  (161). U.S. copper producers  would need a 
pr ice  of 80-85 cents pe r  pound to expand  capaci ty  at 
exis t ing facil i t ies and h igher  prices to jus t i fy  construc-  
t ion of a new opera t ion  according to Phelps  Dodge 
President ,  George B. Munroe (162). These r emarks  
were  confirmed by  J. C. Agarwal ,  Direc tor  of K e n -  
necott  Copper  Corporat ion 's  Ledgemont  Research 
Center,  who was quoted as saying  that  the inves tment  
for copper  has reached f rom $6,000 to $6,500 per  annual  
ton and that  i t  would take  a pr ice of $1.25-$1.50 per  
lb to suppor t  such an  out lay  (163). 

The price per  pound of U.S. p roducer  e lect rolyt ic  
copper  (de l ivered)  as quoted by  Metals  Week opened 
the yea r  at 63.6 cents just  be low the average  for 1975. 
It increased to 70.6 cents in May and again to 74.6 cents 
in July.  S t rength  held  th rough  Sep tember  when the 
slide, some said "crash", began, which left  the Decem- 
ber  pr ice at  65.8 cents. A genera l  exp lana t ion  of this 
behavior  was widespread  speculat ion suppor ted  by  a 
genera l  ant ic ipat ion  that  an over -a l l  economic r e -  
covery had set in (148, 164). 

Impor ts  exceeded expor ts  bu t  the  difference was a 
smal l  factor  in the total  domest ic  m a r k e t  picture.  
Impor ts  of refined copper  were  384,002 tons up 162% 
over  146,809 in 1975. Expor ts  of refined copper, a l loyed 

s c r a p  and una l loyed  scrap were  down 28% from 316,641 
to 227,000 tons (48). 

F r ee  world  product ion of refined copper  was 7,362,000 
tons, up 6.68% from 6,901,000 tons in 1975, but  down 
3.9% f rom 7,660,000 tons in 1974. Each yea r  the United 
States  was the larges t  p roducer  fol lowed by Japan  and 
Zambia.  Free  wor ld  mine  product ion  was 6,431,000 tons 
of copper,  up 1.8% f rom 6,317,000 tons in 1975, but  
down 5% from 6,769,000 tons in 1974. The larges t  
producers  were  the United States,  Chile, and Canada 
(164). 

Granby  Mining Corpora t ion  p lanned  to end opera-  
t ions at  the Phoenix  copper  mine  near  G r a n d  Forks,  
Bri t ish  Columbia,  because of exhaust ion  of ore re -  
serves. Produc t ion  recent ly  had been running  1 mi l l ion 
tons per  yea r  (165). 

Product ion  at the Th ie r ry  copper  mine  near  Pickle  
Lake,  Ontario, was s ta r ted  in August  a f te r  expend i tu re  
of about  $100 mil l ion by Union Miniere Explora t ions  
and Mining Corporation.  The mine  has a 4,000 tons per  
day  mill  and concentrator .  Reserves are  es t imated at 
15 mil l ion tons containing 1.63% copper  (166, 167). 

The Mexican La Car ida  copper pro jec t  is scheduled 
for s ta r tup  in 1978. This includes a mine at Nacozari  
wi th  an ini t ia l  product ion ra te  of 79,000 tons per  day  of 
ore and a 500 tons per  day smel te r  at  Empal ine.  Costs 
are app rox ima te ly  $40'0 mil l ion for the mine  and $240 
mil l ion for the smel te r  (168). 
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Devaluation of the peso may permit  reactivation of 
the LaVerde Project, at Michoacan, Mexico. The 
project was slated to produce 38,500 tons per year of 
electrolytic copper after an investment of $96 million 
(169). 

Agreements were signed between Texasgulf and the 
Panamanian government concerning development of 
the Cerro Colorado copper deposit, perhaps the largest 
known undeveloped copper deposit in the world. Ac- 
cording to current estimates an open-pit  mine could 
produce 33 million tons of ore for at least 70 years. The 
project is estimated to cost $800 million (170-172). 

The Cuajone Project  in Southern Peru came on- 
s tream at a completion cost of $65,5.7 million. When 
in full production the project will produce 170,000 tons 
per year  of blister copper (173). 

Androcollo, in Central Chile, with estimated ore 
reserves of 830 million tons of 0.7% copper will become 
a joint venture of Noranda and the Chilean govern- 
ment. Three other large copper properties are still 
being offered by the Chilean government to foreign 
investors (174). 

Codelco, the s ta te-run copper corporation, predicted 
that being Chile's largest copper exporting company, 
it would produce an average of 800,000 tons per year 
between 1976 and 1980 (175). 

A large scale expansion of its Ertsbert copper mine 
at Tembagapura, Indonesia, is being considered by 
Freeport  Indonesia. In 1975, the mine produced 225,000 
tons of copper concentrate (176). 

Construction of a 92,900 tons per year copper smelter, 
the first smelter in the Philippines is expected to start  
in 1977, with first production in 1978. The smelter 
using Outokumpu Oy's flash process is estimated to 
cost $250 million (177). 

A 66,000 ton expansion of the tankhouse at Hoboken- 
Overpelt 's Olen (Belgium) electrolytic copper refinery 
was commissioned in 1975, increasing capacity to 
363,000 tons per year  (178). 

A copper smelter and refinery complex is planned 
for Onsan, South Korea. The complex will have a 
capacity of 88,000 tons of cathode copper per year and 
be readily expandable to 110,000 tons. The complex 
to cost $180 million is scheduled to start  in 1979 (179). 

Watching wildflowers may pay off. The Swedish 
state-owned mining company LKAB has announced 
discovery of an estimated 22 million tons of 1.0-1.5% 
copper ore in Viscarra Field, Sweden. The deposit was 
discovered when a geologist observed that the alpine 
carnation, a plant which survives in earth having a 
high copper content, grew in abundance in the area 
(180). 

Deposits of ore rich in copper have been located in 
Kauria, Bihar, India. These are believed to be the 
largest known deposits in India (181). 

Western Selcast and Mount Isa Mines announced a 
rich find of copper, silver, and zinc in the Teutonic 
Bore area northwest of Leonara, Western Austral ia 
(182). 

A feasibility study of the Ok Tedi copper prospect 
in Papua-New Guinea has confirmed the existence of 
at least 275 million tons of copper ore. The govern- 
ment indicated that an operation of about 50,000 tons 
per day seems certain to go ahead (183). 

Deposits roughly estimated at 200 million tons have 
been found in the Chagai district in Baluchsstan, 
Pakistan (184). 

Low copper prices affected operations at several 
locations. The Israeli government closed the Timna 
copper mines (185). The 97 year old mine at Mt. 
Morgan in Central Queensland, Australia, faced closure 
by the end of 1976. The work force was reduced and an 
associated mill was closed in February  (186). Plans to 
double copper production and exports by opening new 
mines at Quansimi and Tazalaght, Morocco, have been 
seriously affected (187). Broken Hill South has de- 
cided to wind down all operations at the Kanmantoo 
mine in South Australia, only 4 years after its launch- 
ing because of continuing losses (188). Mt. Lyell 

Mining and Railway Company, Limited, is closing 
down two mines in Queenstown, Tasmania, but keeping 
its main mine open (189). Plans to build a 132,000 tons 
per year electrolytic refinery in Cape Province, South 
Africa, have been shelved by O'Okiep Copper Com- 
pany, Limited and Tsumeb Corporation. Cost of the 
project was init ially estimated at $44 million (190). 

The giant Tenke Fungurume copper project in Zaire 
was suspended in January because of soaring costs 
which produced nearly insurmountable financing prob-  
lems. Later in the year  members of the consortium 
were conducting independent studies on the feasibility 
of smaller plants (191, 192). 

The Polish government announced plans to increase 
copper output by 70% to 468,0.00 tons per year  for the 
period 1976-1980. This encompasses enlarging mines at 
Ubin, Polkovice, and Rudna, opening a new mine at 
Sieroszowice, expanding smelters at Legnica and 
Glogow I, and building new smelting complexes at 
Gedynia and Glogow II (193). 

A newly developed copper deposit at Reosk, Hun- 
gary, will raise annual ore production to 8-9 million 
tons. This will eliminate that country's needs for 
copper imports (194). 

The Soviet Union is exploring the possibilities of 
western involvement in development of the massive 
Udokan copper mine northeast of Lake Baikal. The 
deposit is estimated to contain some 2 billion tons of 
ore averaging 1.3-1.5% copper. Initial construction 
would be a plant with a capacity of 400,000 tons per 
year. Cost including mine development, a smelter, and 
a refinery is estimated at $1 billion (195, 196). 

Domestic industry continues to have environmental 
difficulties. An Arizona decision on water rights may 
affect massive mining and processing operations south 
of Tucson (197). Proposed sulfur dioxide regulations 
for Arizona smelters are not as harsh as expected but 
they may affect the Phelps Dodge Douglas smelter on 
which $20 million had been spent to meet state 
standards when Federal  standards were not known 
(198, 199). Asarco received a 5 year variance for its 
Tacoma, Washington, smelter on arsenic and sulfur 
dioxide emission levels after agreeing to spend $4.7 
million during that period on emission controls (200). 
The Environmental Protection Agency and Kennecott 
Copper Corporation are still at odds over means of 
meeting sulfur dioxide emission standards at the 
smelter at McGill, Nevada. The plant has been closed 
since August 1 (201). 

u Lithium.--The United States continues to remain 
as the world's major producer and consumer of lithium. 
Exports, pr imari ly  to Western Europe and Japan, 
amount to about 20% of production. Imports, exports, 
and domestic consumption increased by about 11% 
over 1975. 

United States and world usage is mostly in the form 
of chemicals, pr imari ly lithium carbonate; the balance 
is mostly lithium hydroxide monohydrate. Amount of 
lithium metal marketed is comparatively small. The 
pattern of usage is unchanged (203). 

Foote Mineral Company and Lithium Corporation of 
America, with mining and processing facilities in North 
Carolina, continued as major suppliers. Late in the 
year, a new processing unit went on stream at Foote's 
Kings Mountain, North Carolina, plant and added 12 
million lb per year of lithium carbonate. Other sources 
of l i thium carbonate were derived from subsurface 
and lacustrine brines at Searles Lake, California, and 
Silver Peak, Nevada (202, 203). 

Surplus lithium hydroxide was available and for 
sale by the General Services Administration and by 
year end about 40,0,000 pounds had been sold. Stockpile 
remaining was about 3.1 million pounds (203). 

Prices for l i thium and various types of l i thium com- 
pounds increased during 1976, and prices going into 
1977 were (204-206) : 

Lithium carbonate $0.84 per lb 
Lithium hydroxide (monohydrate) $1.46 per lb 
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Lith ium chloride 
Li th ium metal  ingots 

$1.75 per lb 
$11.60 per lb 

Energy developments in two major  fields could place 
a strong demand on l i th ium reserves. Although com- 
mercial development  of nuclear  fusion is not expected 
to be completed unt i l  the early decades of the 21st 
century, large quanti t ies of l i th ium would be required 
if the breeder-coolant  design concept were utilized. 
Secondly, in the not too distant future, l i th ium-type  
batteries could put  a s train on supplies of l i thium. 
According to Argonne National Laboratory, commer-  
cial introduct ion of electric cars is anticipated in 1985. 
Based on design life of 10 years and 25% annua l  growth 
rate, batteries for electric vehicles would require 
70 mil l ion lb of new l i thium annual ly .  One of Argonne 's  
high energy p r imary  batteries, a l i th ium- i ron  sulfide 
type, is expected to have a cell energy-densi ty  ratio of 
80-85 W-hr  per lb. The high operat ing tempera ture  of 
380~176 has caused design problems with corros- 
ion and materials  of construction (207). 

Matsushita Electric Industr ia l  Company, Osaka, has 
developed a l i th ium-polycarbon monofluoride type of 
bat tery which is reported as having the world's highest 
density. A license has been granted to Eagle-Picher  to 
manufacture  and sell the bat tery in the United States 
(2O8). 

A l i th ium-meta l  sulfide bat tery  similar  to Argonne's  
is being developed by General  Motors. Exxon Enter -  
prises has revealed research on a l i th ium bat tery that 
operates at room tempera ture  but  has an energy den-  
sity in  the 50-60 W-hr  per lb range. These and other 
researchers of advanced bat tery systems probably will 
be encouraged by the Electric Vehicle Development  
and Demonstrat ion Act which was passed in Septem- 
ber. Ultimately,  the nonmar ine  subsurface brines may 
become a greater source of l i th ium (207). 

u  Magnesium.--Figures  on domestic production of 
magnesium are not published, but  it appears that pro- 
duction was l imited by available p lant  capacity. Dow 
Chemical, the major  producer, has a 111,000 metric 
tons per year plant  at Freeport,  Texas. American 
Magnesium Company at Snyder, Texas, increased 
production from 4,000 to 5,500 metric tons per year. 
Northwest Alloys at Addy, Washington, brought  its 
22,000 metric tons per year  plant  into production 
(209, 210). 

The NL Industr ies  plant  at Rowley, Utah, was 
essentially out of service for all of 1976. The $110 
mil l ion complex completed in  1972 was to produce 
40;000 metric tons per year. A series of problems pre-  
vented production from exceeding 12,000 metric tons 
per year. Following an  analysis by Norsk Hydro, 
Norwegian magnes ium manufacturer ,  and a successful 
series of tests, NL Industr ies  plans to go ahead with 
a $30 mil l ion modification program and expects to 
operate at 25,000 tons per year in 1977 (211-213). 

United States consumption of magnesium was esti- 
mated at 125,000 short tons (214). The largest  single 
market  for magnes ium is in alloys with a luminum.  
This accounts for about 50% of the magnes ium con- 
sumed in  the United States. O t h e r  uses which are 
expected to increase in importance are steel desulfur-  
ization, die castings, and various applications in the 
automotive industry.  

Prices of magnes ium rose dur ing 1976. Beginning at 
values which had held for all of 1975, 82 cents per lb 
for ingot and 85 cents per lb for die casting alloy, 
magnes ium prices were increased in steps to 92 cents 
per lb for ingot and 94 cents per lb for alloy at year  
end (215-217). 

For the first t ime the United States became a net 
importer  of magnes ium in 1976. Total imports were 
19,800 tons with the following breakdown:  metall ic 
and scrap, 12,968 tons; magnes ium content of alloys, 
1,820 tons; and sheet, tubing, and other, 20 tons. Ex-  
ports were 13,441 tons of which 12,279 tons were metal  
and alloys in  crude form and 1,162 tons were semi- 

fabricated. Exports were 58.8% below those of 1975 
(218). 

Outside the United States, Chromasco in Canada has 
a capacity of 5,000 metric tons per year and Norway 
produces about 45,000-50,000 metric tons per year. 
Total production by members  of the In terna t ional  
Magnesium Association in 1976 was 178,115 metric 
tons, a slight increase over  the 173,597 metric tons 
produced in 1975 (209). This association does not in-  
clude producers in the U.S.S.R. who are believed to 
tu rn  out about 50,000 metric tons per year. 

Norsk Hydro has announced plans for a complex 
at Mongstad, Norway, to include production of 100,000 
metric tons of magnesium and simultaneous produc- 
t ion of chlorine to feed an ethylene dichloride plant. 
If tests being conducted at Heroya, Norway, are suc- 
cessful, the company will instal l  an ini t ia l  increment  
of 30,000 metric tons per year. Over-al l  costs are 
expected to reach $200 mill ion (209). 

VII. Manganese. - -There  was no production of man-  
ganese ore, concentrate, or nodules containing 35% or 
more manganese in the United States dur ing 1976. 
Manganiferous ores of lower grade continued to be 
produced and shipped from New Mexico and Minne-  
sota. 

Production of ferromanganese dropped in the la t ter  
part  of the year but  the total consumption of man-  
ganese increased. Ferromanganese  imports for 1976 
surpassed those of the previous record year. Main 
suppliers of ferromanganese and manganese ore were: 

Ferromanganese:  South Africa 35% 
Japan 20% 
France 18% 

Manganese Ore: Gabon 41% 
Brazil 25% 
Austral ia  17 % 

New stockpile goals for the various grades of ore 
and types of manganese  were established by the 
General  Services Adminis t ra t ion  on October 1. Re- 
leases from stockpiles continued to be very high and 
consisted mostly of ore (220). 

Price of s tandard high carbon ferromanganese (min-  
imum 78% Mn) was reduced in early J anua ry  from 
$440 to $425 per long ton and it remained  at this price 
for the remainder  of the year. Prices of imported alloy 
of the same grade dropped about 12% dur ing  the year  
and by mid-November  the price range was $345-370 
per long ton. Prices declined even fur ther  in the lower 
grades of alloy. The price of s tandard electrolytic 
manganese  metal  increased 4 cents per lb to 58 cents 
per  lb. Price declines and uncertaint ies  dur ing 1976 
were l inked to heavy inventories  and a poor economy 
in the steel indust ry  (220, 221). 

Groote Eylandt  Mining Company, Australia,  com- 
pleted its p lanned expansion to 2 mil l ion metric tons 
per year of high grade ore. Fur ther  expansion is 
possible if market  conditions are favorable (222). 

Anglo-Amer ican  Corporation is p lanning  to develop 
an underground  manganese  mine at Middelplaats, 
South Africa, with production scheduled to start in  
1979. Ore deposits are runn ing  38% manganese  (223). 

Large manganese  deposits have been discovered in 
Brazil 's Carajas Range. Amazonia Mining, a joint  ven-  
ture of U.S. Steel and state-control led Vale do Rio 
Doce, will mine the deposits (224). 

Minera Aut lan  at Tamos, Mexico, has started a new 
facility which will be capable of producing 120,000 
metric tons per year of manganese alloys. Plans are to 
increase output  to 800,000 metric tons per year Over 
the next  2 years. There is a growing t rend toward 
location of alloy facilities in  countries where ore is 
produced (225). 

United States ocean miners  have completed exten-  
sive prospecting and are approaching final phases of 
development. Major technological problems are re-  
ported as being resolved and sea testing of prototype 
mining systems is planned. If production plans mate-  
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rialize, manganese  imports could fall by 40%, nickel 
by 50%, and copper by 33%. Unfortunately,  since these 
deposits are in the oxidized form in contrast to sulfide 
deposits, extraction by low cost physical means is not 
possible. The future  is, however, clouded by in te r -  
nat ional  legal and political interest. The concept that 
all nat ions have a right of access to resources in the 
seabed is not being universa l ly  endorsed (226, 227). 

The Panel  on Manganese Recovery Technology, Na- 
t ional  Academy of Sciences, has completed assessment 
of existing technology for manganese  production from 
domestic resources. The Cuyuna  deposits in Minnesota 
and Aroostook deposits in Maine were considered as 
the best land-based  domestic resources for fur ther  
development.  Deep-sea nodule deposits, par t icular ly  
some in the Pacific Ocean, have high potential  as a 
manganese  source. The lower grade deposits of the 
Blake Plateau in the Atlant ic  Ocean may be considered 
as a domestic resource. The ammonium carbamate 
process and the sulfur  dioxide-roast  process were con- 
sidered as the best processes for manganese  recovery. 
However, neitlzer process has been fully developed 
(220). 

V I I I .  NickeL--High inventories  of nickel at consum- 
ers dropped dur ing  the year  and there was a general  
recovery in the demand for nickel. Domestic nickel 
consumption rose 11% when compared with that of 
1975. P r imary  nickel consumption for 1976 was esti- 
mated at 162,000 tons. 

The dis tr ibut ion of nickel consumption was essen- 
t ial ly the same as previous years: 44% in steels, 21% 
in nickel and nickel alloys, and 16% in electroplating. 
Ferronickel  increased its share of the domestic nickel 
market  in 1976, whereas pure unwrought  nickel lost 
an equivalent  share of the market.  This s i tuat ion was 
reversed in  1975. An estimated 74,000 tons of nickel 
was recovered from scrap (228). 

Although nickel inventor ies  in the world were high 
and recovery from poor economic conditions in 1975 
was slow, prices moved upwards for most materials.  
Domestic ferronickel  remained fairly steady at $2.16 
per lb unt i l  October 1, when  the price was raised to 
$2.34. Later in the year, an allowance of 8 cents per lb 
was announced on all firm orders for del ivery in early 
1977. The price of pure nickel was quoted as $2.41 per 
lb, effective October 1, but  the old price of $2.20 was 
expected to prevai l  unt i l  1977, for major  consumers of 
nickel. The price of imported ferronickel  ranged from 
$2.35 to $2.39 per lb of nickel content, an increase of 
9% over 1975 prices (228, 229). 

On the domestic scene, Amax Incorporated 's  nickel 
refinery in Louisiana is expected to reach its rated 
capacity of 40,000 tons of nickel during 1977. The 
one domestic mine  in Oregon produced 17,000 tons of 
nickel from lateri te ore and the associated smelter  
produced 13,000 tons of nickel in ferronickel  (228). 

United States imports of nickel in 1976 are expected 
to total 178,000 tons, an increase of 10% over 1975, but  
well below the record import  of 221,000 tons in 1974. 
Supply sources were (228) : 

Canada 58% 
Norway 8 % 
Botswana 7 % 
New Caledonia 5% 
Phil ippines 5% 
Dominican Republic 5% 
South Africa 4% 
Other countries 8% 

Production of nickel in Canada was 263,000 tons in 
1976, a decrease of 1% from the previous year (242). 

Adequate  supplies of nickel were available through-  
out t h e  world dur ing 1976, and new capacity or ex- 
pansion at various locations appears to be more than 
adequate towards meet ing demands for nickel in the 
immediate  future.  

INCO's Indonesian project, scheduled for completion 
by the end of 1976, will produce 18,000 tons per year  of 

nickel matte. In 1977, INCO will start up the 14,000 
tons per year  Gua temalan  laterit ic nickel project 
(234, 240). 

The Agnew nickel project in  West Australia,  sched- 
uled for production star tup in late 1978 of 10,000 metric 
tons per year of nickel in concentrate, is v i r tua l ly  
assured of going ahead. Reserves were reported at 2 
mil l ion tons with ore containing 3.5-5% nickel. 
Shimura  Chemical will bui ld a 10,000 metric tons per 
year of electrolytic nickel in Japan. Completion is 
expected by 1978. Greece's Larco nickel min ing  com- 
pany is proceeding with expansion plans at La rymna  
which will increase nickel capacity by 40,000 metric 
tons per year (230-232). 

An agreement  has been reached between the Nether-  
lands based Patino NV and Bureau de Recherches 
Geologiques et Minieres for development  of a nickel 
project in  nor the rn  New Caledonia. Product ion of 
30,000-40,000 metric tons per year from garnier i te  
nickel deposits is p lanned (233). 

In terna t ional  Nickel, a subsidiary of INCO, will build 
a nickel reclamation facility which will have a capacity 
to process 40,000 tons per year of wastes. Completion is 
scheduled for mid-1978 (235). 

Due to declining levels of nickel ore, Falconbridge 
Nickel Mines, Manibridge, Manitoba, expects to close 
its nickel mine  by mid-1977. About  185,000 tons per 
year of ore were produced (241). 

The Federal  Preparedness Agency on October 1 set 
the stockpile goal for nickel at 204,335 tons (228). 

At present, 70% of world consumption comes from 
sulfide ores and 30% from oxide ores. A greater  shift to 
oxide-ore deposits is predicted due to rising demands 
and consumption which is doubling every 10 years. 
Estimates of world nickel ore reserves are as follows 
(236) : 

Sulfide ores- -  

14.8% of world reserves 

Oxide Ores- -  

85.2% of world reserves 

Canada 9.3% 
U.S.S.R. 3.8% 

New Caledonia 43.0% 
U.S.S.R. 15.5% 
Phil ippines 7.5% 
Cuba 4.8% 

Development  work is cont inuing by a n u m b e r  of 
countries in  recovery of nickel from ocean mining. 
Nodules contain from 0.2 to 2% nickel. No large scale 
ocean mining  operations are expected for another  15 
years due to economic, legal, and political problems as- 
sociated with seabed mining. United States and Canada 
are s tudying proposals to l imit  seabed min ing  with 
output tied to growth projection for nickel consump- 
tion (237, 238). 

Soc. Metal lurgique Le Nickel (SLN) has developed a 
proprietary electrowinning method referred to as 
"Resin Ion Exchange and Electrolytic Process," for 
producing high pur i ty  nickel. Ini t ia l  production will 
come from a 15,900 metric ton per year  refinery at 
Sandouville.  SLN expects to start selling pure nickel 
in the United States in 1979. Arrangements  will be 
made with Nippon Nickel to produce pure  nickel in  
Japan, probably before 1980. (239). 

Interest  and development  of nickel-copper deposits 
in the Duluth gabbro continued dur ing the year. Al-  
though INCO suspended activity on their project near  
Ely, Amax is proceeding with a 5,000 ton ore sample 
for metal lurgical  testing from their 1700 ft mining  
shaft near  Babbitt.  Research by the Bureau of Mines is 
cont inuing on a number  of projects: recovery of nickel 
and cobalt from low-grade domestic laterites, produc- 
t ion of ferronickel  from oxide ores, recovery of nickel 
and other metals from ocean nodules, and recovery of 
nickel and copper from ores in  the Duluth  gabbro 
complex (228). 

Sodium.--Sodium metal  production is in a long- te rm 
downtrend.  According to the Bureau of Mines, produc- 
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tion in 1976 was essentially unchanged from a total of 
144,000 tons the previous year (243). 

The total U.S. capacity is 189,000 tons per year, 
relat ively evenly divided among five plants. 

The predominant  use for sodium metal  has been for 
ant iknock compounds. As much as 80% of sodium 
consumption has been for production of compounds 
like te traethyl  lead. However, in June  of 1976, the 
Supreme Court refused to hear a peti t ion which would 
halt  the pbasedown of lead in gasoline proposed by the 
Envi ronmenta l  Protection Agency. Because new cars 
require lead-free fuel, the demand for leaded gas will  
decrease in any case (244). 

Average prices for sodium metal  in 1976 were re-  
ported by the Bureau of Mines to be 20% higher thar~ 
in 1975 (243). The 1975 price was reported as 22-22.5 
cents per pound. 

X. T i t an ium. - -The  two domestic producers of sponge, 
T i tan ium Metals Corporation of America and R.M.I., 
Incorporated, have a total capacity of approximately 
18,500 tons per year. Consumption and imports for 
consumption of sponge in 1976 were 13~315 and 1,778 
tons, respectively, down from 17,626 and 4,192 tons in 
1975 (245). Sponge inventory  had reached 1975 levels 
by year end being 3,633 tons down from 6,300 tons in 
February  1976. Consequently one can see that pro- 
duction of sponge was well below capacity and well 
below last year's. The Bureau of Mines notes that pro- 
duction of sponge was 43% less than in 1975 (246). 

Imports for consumption of sponge, by source, ex- 
trapolated from the first 10 months were Japan, 1,400 
tons; U.S.S.R., 275 tons; and UK, 55 tons. Japanese 
supplies to the U.S. were the lowest since 1964. The 
two Japanese sponge producers operated at 50% of 
capacity (247). 

Oregon Metallurgical  Corporation in Albany, Oregon, 
announced that it was reactivating its sponge p lant  in 
J anua ry  1977. The plant, which operated only for a 
short time, has a reported capacity of 2,500 tons per 
year (247). 

The price of domestic sponge remained constant at 
$2.70 to $2.75 per pound through the year. Japanese 
sponge was quoted at $2.65 to $2.70 per pound at the 
beginning of the year. Both it and Russian sponge 
dropped to $2.45 in February.  Late in the year  one 
Japanese supplier announced a restoration of prices to 
previous levels, but  Japanese sponge was still quoted 
at $2.45 to $2.50 at year  end (247). 

Consumption of t i tan ium scrap was 9,211 tons in 
1976 compared to 8,317 tons in  1975. Stocks at year  end 
were 5,764 tons (245). 

T i tan ium Fabricat ion Corporation is negotiating with 
several Brazil ian min ing  firms concerning the possibil- 
i ty  of a jo in t -ven tu re  t i tan ium sFonge plant  using Ti- 
Fab's  extraction technology (248). 

T i tan ium ingot production in 1976 was 21,614 tons, 
down from 25,562 tons in 1975. Consumption was 21,004 
tons, down from 24,485 tons. (245). During the first 
6 months of 1976 smelters were operating at 50% ca- 
pacity. By November they had increased to 66% with 
some increase in backlog. 

Despite efforts of t i t an ium producers to develop in-  
dustrial  markets, the indus t ry  is still dominated by 
aerospace demands. A modest resurgence in com- 
mercial  airplane orders supported the market.  The 
dis tr ibut ion of t i tan ium mill  products in 1976 was 
approximately as follows: forging and extrusion billet, 
6,500 tons; sheet, strip, and plate, 3,626 tons; pipe and 
tube, 2,821 tons; rod and bar, 1,260 tons; castings, 239 
tons; and wire, 200 tons. Pipe and casting were the 
only categories where production exceeded that of 1975 
(247). 

The Federal  Preparedness Agency recommended that  
the Government  stockpile goals be increased to 131,503 
tons of sponge and 173,928 tons of ruffle. At that time 
the stockpile contained 32,329 tons of sponge and 39,186 
tons of rut i le  (246). 

Mine production of t i t an ium minerals,  pr incipal ly  
ilmenite, decreased to 652,404 tons, 9% below the 1975 

level. Imports of ilmenite,  mostly from Australia,  were 
1.68,622 tons, an increase of 18%. Imports of slag from 
Canada are estimated at 188,431 tons, slightly less than 
in  1975. Natural  rut i le  imports, mostly from Australia,  
were 196,035 tons, an increase of 11%. Synthetic rut i le  
imports were 83,421 tons, an increase of almost 50% 
(245). 

T i tan ium minera l  deposits were reported in south- 
western Colorado (251), in  upstate New York (252), 
in southern Tanzania  (253), and in the seas around 
Ratnagiri ,  India (254). The Aust ra l ian  Government  
prohibited export of minera l  sand concentrates from 
Frazer Island, Queensland, for envi ronmenta l  reasons. 
Lost to indust ry  are 793,000 metric tons of ruffle and 
smaller  quanti t ies of i lmenite  and other minerals  
(245). 

Published prices for i lmenite  ore and slag remained 
constant at $55 and $60 per long ton, respectively. 
Ruffle dropped from $710 to $510 per short ton at year  
end (249, 250). 

Demand for t i t an ium dioxide pigment  increased. 
Domestic production was about 735,000 tons, an in -  
crease of 22 from 1975. Pigment  exports increased to 
20,000 tons and imports increased to 70,000 tons. The 
lat ter  was a t t r ibuted to a shortfall  caused by a strike 
at the Sayreville, New Jersey plant  of NL Industr ies  
(246). du Pont  has authorized an additional $20 mil l ion 
of an expected total of $150 mil l ion for its 150,000 ton 
per year plant  at DeLisle, Mississippi. Completion is 
now set for 1979 (255). 

XI. Zinc.--Domestic smelter production of slab zinc 
in 1976, was 535,856 tons, 8% above the 495,937 tons 
produced in 1975. Producer and consumer stocks at 
year  end, had increased to 199,706 tons, an increase of 
9% over 197.5 (256). 

Ground was broken in  Clarksville, Tennessee, for a 
90,000 tons per year refinery. The complex, a joint  
ven ture  of New Jersey Zinc Company and Union 
Miniere of Belgium, is estimated to cost $100 million. 
Production techniques to be used are self-contained 
chemical and electrolytic processes, which permit  ex- 
cellent pollut ion control. Completion is expected in 
1979. Associated with the complex are three mines near  
Carthage, Tennessee, which are to supply concentrates 
for the Clarksville refinery. Mine development  is now 
estimated to cost $90 mil l ion (257). 

National Zinc Company's electrolytic zinc refinery 
was completed in August  but  a 3-month strike delayed 
s tar t -up  unti l  year  end. The 50,000 tons per year  re-  
finery replaces the horizontal retort  p lant  at a cost of 
$40 mill ion (258-260). 

Consumption of slab zinc was 1,127,078 tons, an in -  
crease of 22% from 925,330 tons in 1975. Total zinc 
consumption including ores for other than slab zinc, 
zinc content of alloys, and scrap, increased 16% to 
1,420,002 from 1,231,815 tons. Of the slab zinc, 38% was 
used for galvanizing, 37% for zinc-based casting alloys, 
15% for brass and bronze, 3.6% for zinc oxide, 2.8% 
for rolled zinc, and 3.6% for other uses (256). A sig- 
nificant factor in the market  for zinc is the increase in 
activity in the automotive market.  

It appears that the General  Services Adminis t ra t ion  
is out of the zinc sales business. The Federal  Prepared-  
ness Association set a new stockpile objective of 
1,313,000 tons. Previously the stockpile objective had 
been 202,700 tons with 172,130 tons of surplus available 
for disposal (261, 262). 

Mine production in 1976 was 477,369 tons of recover-  
able zinc up 17% from 469,355 tons in 1975 (256). 
Tennessee, Missouri, New York, and Colorado 
accounted for 60% of the output  (260). 

Imports for consumption of zinc as block, pig, or 
slab totaled 695,131 tons, up 85% from 1975. Countries 
supplying imports included Canada (45%), Mexico 
(8%), and West Germany  (7%). Exports of slab, scrap, 
and dross were 12,459 tons, up 4%. Imports of ores and 
concentrates were 155,803 tons of zinc content, down 
63%. Chief sources were Canada (80%), Hondura~ 
(8%), and Mexico (6%) (256). 
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Early  in J anua ry  the price per pound of zinc was 
cut from 39 to 37 cents by Asarco with the rest of the 
indus t ry  quickly following (263). In  August, the price 
was raised to 39 or 40 cents (264). This price hike was 
rescinded, in October. Some producers made the price 
reduction retroactive (265). The year  closed with 
average prices at 37 cents per pound (266). On the 
London Metal Exchange, zinc prices had been quoted 
in U.S. dollars since late 1975. In June,  the Lead-Zinc 
Producers Association filed a protest with the U.S. 
Treasury  against the 12% rebate offered U.S. buyers  of 
Spanish zinc (267). In  December, the U.S. Treasury  
found that the Spanish government  was grant ing an 
illegal rebate, but  no penal ty  tariff was ordered pend-  
ing a final decision on the case (266). 

World slab production was 4,247,000 tons, up 2% from 
1975, and mine  production was essentially unchanged 
at 4,900,000 tons. Slab consumption increased from 
3,829,000 to 4,557,000 tons. World producer inventories  
were reduced dur ing  the year  from 7C0,000 to 500,000 
tons, a quant i ty  which is considered large enough to 
affect the zinc market  for some time (257). 

Feasibi l i ty studies are being made of a smelter  with 
a capacity of more than 110,000 tons per year in New 
Brunswick, Canada. The cost would be in  the area of 
$200 mil l ion with possible production in  1980 or 1981 
(268). 

An expansion of the electrolytic refinery at LaOroya, 
Peru, is p lanned which would increase capacity from 
70,000 to 90,000 tons per year and increase recovery of 
zinc in concentrates from 79 to 84%. Cost is estimated 
at $65 mil l ion (269). 

For ty  firms were invi ted for discussions concerning 
construction of a lead-zinc smelter  to process ore from 
two mines near  Navan, Ireland. The smelter  will 
process 100,000 to 150,00.0 tons of ore per year making 
it the largest smelter  in  Europe (270, 271). 

Metallgesellschaft 's electrolytic zinc plant  at Datteln, 
Germany,  operat ing at reduced capacity to permi t  in -  
stal lat ion of new equipment,  is increasing production. 
The $2 mil l ion refurbishing program has increased 
capacity from 119,000 to 140,000 tons per year  (272). 

Austral ia 's  largest zinc refinery, Electrolytic Zinc 
Industr ies '  Risdon works in Tasmania,  was reported as 
operat ing at 75% of capacity with decreasing stocks in  
March as against 60% a few months before (273). 

Sherit t  Gordon Mines reported that zinc resources 
in  its Rut tan  mine  in Mani toba may extend fur ther  
than anticipated. Rut tan  reserves at the end of 1975 
were placed at 10.9 mil l ion tons of open pit ore grading 
2.31% and 32.7 mill ion tons of underground  ore grading 
1.17% zinc (274). 

Texasgulf  reported excellent  results  from dri l l ing 
at Izok Lake in  the Northwest Territories. The central  
zone contains 7 mil l ion tons of ore averaging 14.8% 
zinc plus other minerals.  Two other zones have not 
been delineated (275). 

Sabina Industr ies  has released results which indicate 
an " important  discovery" of zinc, lead, and silver in 
Bathurst-Newcast le  area of New Brunswick, Canada 
(276). 

Asarco is present ly  bui ld ing a 350 tons per day sul-  
furic acid plant  in Corpus Christi, Texas, to handle  
SO2 off-gases from the company's  zinc roasting process. 
Completion was scheduled for late 1976 (277). 

New regulations to control emissions from new or 
modified pr imary  zinc smelters passed by the Envi ron-  
menta l  Protection Agency were published in the 
J anua ry  15, 1976 Federal  Register. These l imit  dis- 
charge of part iculate  mat ter  and capacity of emissions 
from sintering machines and emission of sulfur  dioxide 
from roasters. The regulations also require moni tor ing 
and recording of emissions (278). 

The Electriccl Industry 
The year 1976 acted very much like a year of econ-. 

omic recovery. Product ion and consumption of almost 
everything were up. In particular,  consumption of 
energy was up in all sectors; industr ia l  consumption 

was up dramatical ly  (279). The electrical indus t ry  pre-  
dicted steadily increasing kilowatt  hour sales for t h e  
foreseeable future  at a rate of about 5% per year (280). 
By 1995, sales are forecast to be almost three times as 
great as now. The benefits of a constant ly increasing 
supply of electrical energy are unquest ionable  (281). 

The question, "Where is all of this energy going to 
come from?" is very  important ,  but  it is hard  to 
answer. Oil is an unl ike ly  source (282) as is na tura l  
gas (283). There are large reserves of coal, but  con- 
vers ion  of equipment  to coal-firing is expensive and 
in some cases not possible, and conversion of coal i t s e l f  
has technical, environmental ,  and economic problems. 
Further ,  there is a question of whether  we can develop 
the capabil i ty to get that much coal out of the ground. 

The growth of nuclear  power is sur rounded by u n -  
certainties. There is a major  question of public ac- 
ceptance. Problems of waste disposal can be considered 
solved only on a l imited and temporary  basis. At 
present, construction of new plants  is logjammed by 
increasing regulat ion and decreasing inves tment  
attractiveness. Even the supply of nuclear  fuel is not  
limitless. 

What about other sources? Both the present  supply 
and the potential  supply of hydroelectric power a r e  
significant but  l imited (284). Geothermal,  solar, wind, 
and tidal power all seem to be clark horses. 

We are forced to the conclusion that  some present  
t rend will change in the near  future. Some possibilities 
are: lower energy availabili ty,  probably  at greatly 
increased price; a dramatic increase in  conservation 
and efficiency of energy uti l ization; increased use of 
nuclear  energy despite its present  hazards; or success- 
ful development  of one of the dark horses. The most 
l ikely future  course appears to be some mixture  of the 
above. The mix ture  will  be determined by the decisions 
which are made, or not made, by industry,  by the 
government,  and by the people. 

I. U n i t e d  S t a t e s  p o w e r  g e n e r a t i o n . - - T a b l e s  3-7 sum-  
marize the production, installed generat ing capacity, 
fuel consumption, sales to ul t imate  consumers, cost, and 
average usage of electrical energy for the period 
J a nua r y  to December 1976. The figures are p re l iminary  
and in some cases par t ia l ly  estimated. For comparison, 
revised final figures are given for 1975, except for 
Table 5 where a longer t ime span is examined. 

The production of electrical energy from all sources 
increased by more than 7% from 1975. This included a 

Table 3. Production of electrical energy* (285) 
(bil l ions of ki lowatt-hours)  

Electrical  utility 1975 1976 % change 

Coal fired 852.8 942.4 + 10.51 
Oil fired 288.8 319.2 + 10.53 
Gas fired 299.7 294.4 -- 1.77 
Nuclear 172.1 190.7 + 10.81 
Other* * 3.4 3.8 + 11.76 
Total  generated  by 

consumable fuels 1616.8 1750.5 + 8.27 
Hydroelectric* * * 268.2 276.8 + 3.21 
Total 1885.0 2027.3 + 7.55 

* Excluding generation of approximately 10O billion kW-hr by 
private industry.  

** Includes  product ion f rom geothermal  sources ,  wood,  and 
waste. 

* * * Estimated. 

Table 4. Installed generating copaclty by fuel type (285, 286) 
(millions of ki lowatts)  

Fuel type 1975 1976 % change  

Conventional  hydro 55.8 57.6 + 3.23 
Pumped storage 9.7 10.2 +5.15 
Fossil  fuel 351.2 366.5 + 4.36 
Nuclear 38.9 42.4 + 9.00 
Internal combustion 5.0 5.3 + 6.00 
Combustion turbine 43.5 45.7 + 5.06 
Total  504.1 527.7 + 4.88 
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Table 5. Fuel consumption by electric utilities (285) 

Fuel  1975 1976 % change 

Coal, millions of tons 406.0 447.4 + 10.20 
Oil. millions of barrels 507.1 557.2 + 9.88 
Gas, billions of cubic feet 3,146.9 3,066.8 --2.55 
Coal equivalent,  mill ions 

of tons* 769.7 831.0 + 7.96 

* Includes equivalent  for oil, gas, nuclear,  geothermal,  wood, 
and waste. 

Table 6. Electric utility sales to ultimate consumers (285) 
(bil l ions of kilowatt-hours) 

Consumer 1975 1976 % change 

Residential  586.1 610.6 + 4.18 
Commercial  418.1 442.0 + 5.72 
Industrial 661.6 722.0 + 9.13 
Other 67.2 71.1 + 5.80 
Total  1,733.0 1,645.7 + 6.50 

Table 7. Cost and average usage of ele:trical energy (285) 

Consumer 1966 1969 1976 

(cost in cents per kilowatt-hour) 
Residential 2.20 2.09 3.47 
Commercial  2.06 1.~9 3.45 
Industrial 0.89 0.91 2.07 

(average usage in kilowatt-hours per year)  
Residential  5,265 6,571 8,326 
Commercial  30,133 36,950 50205 
Industrial 1,486,552 1,633,362 1,709,693 

decrease in the use of gas and an increase in all other 
sources including oil. 

The dis tr ibut ion of installed capacity shows an in-  
crease in every category. 

The data on fuel consumption show am increase in 
use of all  types of consumable fuel, except for gas 
where a continued decrease is observed. 

Oil consumption increased more than it had de- 
creased the previous year so that consumption of oil in 
1976 was greater  than in 1974. Contrary to the estab- 
lished trend, a small  increase in the efficiency of fuel 
util ization was reported. The coal rate per ki lowatt-  
hour was 0.949 for 1976 compared to 0.952 for 1975 and 
0.869 in 1966. 

The data on sales to ul t imate  consumers show that, 
while all categories increased consumption in 1976, 
the i.ncrease in industr ia l  usage was by far the great-  
est. This suggests that the decrease in industr ia l  usage 
observed last year  was due more to depressed business 
conditions than to any other reason. 

The data on costs reflect an increase of 4.0 to 6.7 per-  
cent with the smaller  consumers paying the greater 
increase. 

II. E n e r g y  f r o m  f o s s i l  fuels .--As shown in Table 5, 
consumption of both coal and oil increased between 
1975 and 1976. Domestic resources of both oil and gas 
continue to dwindle. Indus t ry  spokesmen feel that 
cur rent  federal  policies remove incentives for develop- 
ment  of new domestic supplies (287). 

The supply of technical manpower  for fossil energy 
research and development  was considered inadequate 
for the present  and apt to be seriously short in the near  
future  (288). 

The Federal  Energy Adminis t ra t ion  planned to issue 
orders prohibi t ing burn ing  of fuel oil to about 10 
chemical plants  as par t  of its nat ionwide program to 
force conversion from oil to coal wherever  possible. A 
number  of utilities have already received such orders 
(289). 

Suspension of the Coalcon coal-to-fuels project is 
under  consideration. ERDA expressed concern about 
the margina l  economics of the process and technical 
problems with the fluidized-bed carbonizer (290, 291). 

On other fronts positive steps were being taken to 
convert  coal into l iquid and  gaseous fuels. Early in the 
year, ERDA was pushing for a program providing 
incentives to develop a synthetic fuels indus t ry  
equivalent  to 350,000 barrels of oil per day in 1985 
(292). ERDA selected Co~noco Coal Development Com- 
pany and the Illinois Coal Gasification Group from 
five firms submit t ing proposals for plant  design on a 
high BTU-coal gasification project (293, 294). A com- 
bined-cycle  coal-conversion plant, cosponsored through 
ERDA is targeted for operat ion in  1978 at Common-  
wealth Edison Company's  Powerton station at Pekin, 
Illinois. The plant  will use Lurgi  technology to convert  
24 tons of high sulfur coal per  hour into gas to be used 
i n  a 25-MW gas turb ine  (295). Hydrocarbon Research, 
Incorporated is ready to demonstrate  the H-coal 
process. The demonstrat ion plant  at Ca t l e t t sbu rg ,Ken-  
tucky, costing $80 mil l ion is scheduled for completion 
in 1978 (296). The $,60 mil l ion coal-to-gas plant  located 
near  Flower City, Pennsylvania ,  using the Bi-gas proc- 
ess of Bituminous Coal Research, Incorporated, was 
dedicated September 14 (297). 

Government  actions which failed to provide financ- 
ing for oil-shale developments and which decreased 
the price of domestic crude have caused most devel-  
opers to reconsider development  plans even though the 
results in some cases have been quite encouraging 
(298). However, Occidental Petroleum was prepar ing 
to have a 5,0.00 barrels  per day underground retort  in 
operation by the end of 1976. The company estimates 
the cost of its in situ retort ing operation at $250 mil l ion 
and total cost of oil at $5-6 per barre l  (299). 

A new program aimed at tapping the estimated 500 
quadri l l ion cubic feet of na tu ra l  gas t rapped in shale 
under ly ing  parts of the eastern United States is being 
launched by ERDA. Funding  in fiscal year 1976 was 
$10 mil l ion for resource evaluat ion and technology 
development  (300). 

Of the $9.5 bil l ion to be spent by United States 
business in 1976, the electric utili t ies '  share was esti,  
mated to be $2.467 billion. Of this, $1.725 bil l ion was for 
control of air pollution, $602 mill ion was for water, and 
$140 mill ion was for solid waste (301). An 825-MW 
unit  due online in 1979 at the Bruce Mansfield station 
in Shippingport,  Pennsylvania ,  will be the first com- 
mercial user of Pul lman-Kel logg 's  flue gas desulfur-  
ization system. The installation, costing more than 
$50 mill ion erected, will remove more than 90% of the 
sulfur  from 3.3 mil l ion ft~/min of flue gas from coal 
containing 4.75% sulfur (302). Ini t ial  agreements to- 
ward a 2,000 tons per day plant  for solvent refining of 
coal was ,announced by Wheelabrator-Frye,  Incorpor-  
ated. Southern Company, an electric utility, is expected 
to consume most of the plant 's  output  (303). Catalytic, 
Incorporated has been awarded a 3 year contract by 
the United States Envi ronmenta l  Protection Agency to 
make a rigorous on-site evaluat ion of all commercial 
processes for desulfurizing residual  fuel oil (304). 

I lL E n e r g y  F r o m  N u c l e a r  Sources.--The very modest 
increase in nuclear  capacity and in nuclear  generat ion 
demonstrates the difficulties present ly  dominat ing the 
nuclear picture. Four  plants were reported as com- 
pleted in 1976: Bear Valley 1, Pit tsburgh,  Pennsy lvan ia  
(852 MW) ; St. Lucie 1, Fort  Fierce, Florida (810 MW) ; 
Indian Point  3, Buchanan, New York (965 MW); and 
Salem 1, Salem, New Jersey (1090 MW) (305). 

The number  of nuclear power plants scheduled to 
start  up between 1977 and 1986 is 128 with a total 
capacity of 138,354 MW. The total n u m b e r  of committed 
nuclear  plants is 211 with a capacity of 207,983 MW. 
This list stretches to 1992 with nine plants listed as 
indefinite with respect to completion dates. Three 
plants with a total capacity of 3440 MW were com- 
mitted in  1976. By comparison in the previous decade 
an average of 19 plants were committed e a c h y e a r  
(305). 

A freeze on nuclear -power  plant  construction and a 
stoppage of new operating permits was ordered by the 
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Nuclear  Regula tory  Commission in August  pending  
complet ion  of a s tudy on env i ronmenta l  effects of r e -  
processing and handl ing  spent  fuels. The mora to r ium 
was l i f ted in November  (306, 307). The NRC found the 
r isks of si t ing twin  1150 MW reactors  2.8 miles  off the  
New Je r sey  coast acceptable  (305). However ,  i t  r e -  
mained on the fence on the idea of c luster ing nuc lear  
plants.  Bui lding 15-20 plants  could produce  a reduct ion 
in construct ion costs of aS much as 12% (309). 

Factors  inhibi t ing  reactor  inves tments  by  domest ic  
ut i l i t ies  a re  concern over  reactor  safety,  increas ing 
regulat ion,  which diminishes  the  ut i l i t ies  control  over  
its own dest iny,  uncer ta in t ies  as to fu ture  fuel  supply,  
and mount ing  costs of inves tment  pe r  k i lowat t  hour. 

Six s tates  car r ied  r e fe rendum questions on the ba l -  
lots in November  which would  make  nuclear  projects  
subject  to legis la t ive  approval .  In  al l  s ix states the 
proposals  were  defeated (310). 

The  disposal  of nuclear  wastes  is the most f r equen t ly  
ment ioned  aspect  of reac tor  safety.  Nuclear  wastes  
exis t  whe the r  we have  nuclear  p lants  or not and the 
disposal  of such wastes  is an in te rna t iona l  p rob lem 
(311). Sir  John Hil l  of the United Kingdom Atomic  
Energy  Au tho r i t y  expressed the opinion that  present  
techniques for  s torage of wastes  are  adequa te  to a l low 
for a we l l - r e sea rched  de te rmina t ion  of the best  of the 
possible a l t e rna t ives  (312). A sal ient  concern is tha t  
some wastes have ha l f - l ives  which are  much longer  
than  the l ives of most social inst i tut ions (313). A 
$900,000 waste  t r ea tmen t  faci l i ty  was completed  at  the 
Los Alamos  Scientific Labo ra to ry  (314). 

There  is a serious question whe the r  the fuel  supply  
wil l  continue to be adequate.  The uncer t a in ty  of fu ture  
power  p lan t  construct ion has l imited enthus iasm for 
construct ion of p lants  to supply  enr iched fuel for the  
reactors,  even if sufficient suppl ies  of u ran ium ore were  
avai lable .  Government  guarantees  appear  to be re -  
qui red to l imit  the  r isk  by pr iva te  indus t ry  (315-317). 

S ix ty  percent  of the research  and deve lopment  bud-  
get  of ERDA is e a rmarked  for nuclear  work.  This 
includes large  out lays  for  fission reac tor  development ,  
fusion power  development ,  and nuclear  fuel cycle and 
safeguards  (318). 

Cont roversy  st i l l  rages  over  the  b reede r  reactor.  
Profess ional  opinion is expressed on both sides of the  
quest ion whe the r  adequa te  safeguards  including safe-  
guards  against  thef t  of p lu ton ium or sabotage can be 
bui l t  into b reeder  p lants  (319-321). The Joint  Commit -  
tee on Atomic  Energy  concluded that  a h igh -p r io r i ty  
effort for developing  the b reede r  reac tor  is essenti~tl 
for the  United State 's  energy  fu tu re  (322). The Clinch 
River  reac tor  is now scheduled to begin  opera t ing  in 
1982 (323). 

Eighteen  countr ies  outside the U.S. are  producing  
e lect r ic i ty  wi th  nuclear  power.  The top three  countr ies  
were  Swi tzer land  wi th  1006 MW capaci ty  enough to 
produce  15% of its e lectr ic i ty;  West  Ge rmany  with 
7300 MW, 15%; and Sweden  with  3180 MW, 13%. 
Commitments  outside the United States  include 454 
plants  wi th  a capaci ty  of 342,355 MW. The list  includes 
41 countr ies  commit ted  to nuclear  power.  The most 
recent  a re  Indonesia,  Poland,  and Turkey  (324). 

IV. Other energy sources . - -The  da ta  in Table 4 in-  
dicate a modest  increase  in p r i m a r y  hydroe lec t r ic  
capacity.  I t  is es t imated  that  one- th i rd  of the total  
possible energy  is cu r ren t ly  being obta ined from such 
sources. However ,  deve lopment  of new sites is l imi ted  
by economic and env i ronmenta l  factors. 

The first na t ional  assessment  of geo thermal  source% 
publ ished by  the Uni ted  States  Geological  Survey,  
concluded that  geo the rmal  energy could be a significant 
factor  in the  regions in which such resources occur 
(325). The Nor the rn  Cal i fornia  Power  Agency proposes 
to bui ld  a 165 MW power  p lan t  d r iven  by s team from 
The Geysers  geo the rmal  field. Es t imated  cost of the  
pro jec t  is $30 mil l ion (326). The first volcanic geo- 
t he rma l  wel l  was dr i l led  south of Pahoa  on the is land 
of Hawaii .  The well, which has a t empe ra tu r e  mea -  
sured  at  617~ was es t imated  to be capable  of gen-  

era t ing 10 MW of e lect r ica l  power  (327). The "slim 
hole" dr i l l ing  concept using a 4 in. d i amete r  wel l  may  
signif icantly reduce the  cost of geo thermal  exp lora t ion  
(328). Geo thermal  research  has reached  the stage 
where  some of the  r e a l -w or ld  problems  a re  beginning  
to be apprecia ted.  These include the fact  tha t  i t  is ha rd  
to come by, expensive,  and not as clean as once be -  
l ieved. Even in this context  i t  is a resource which can-  
not be ignored (329). 

Conversion of biomass  to fuels and chemical  feed 
stocks by a va r i e ty  of processes is under  considerat ion.  
One decisive asset is the sales appea l  to the  publ ic  
(330). Weyerhause r  indicates  that  shor t - ro ta t ion  for -  
es t ry  using the wood for fuel  may  be on the verge  of 
v iab i l i ty  (331). Bat te l le  Columbus Labora tor ies  have 
demons t ra ted  conversion of munic ipa l  solid wastes  to 
methane  on a 0.2 ton per  day  basis (332). Gas wel ls  
are  being dr i l l ed  in a San Francisco t rash  dump in an 
effort funded by  the Env i ronmenta l  Pro tec t ion  Agency 
and Pacific Gas and Electr ic Company to show tha t  
methane  gas formed by  decomposi t ion of munic ipa l  
refuse can be recovered  economical ly  as fuel  (333). 

The 32 kW of energy produced  at  ERDA's  Sandia  
Labora tor ies  represen t  the  first significant product ion 
of electr ic  power  f rom a solar  d r iven  tu rbogenera to r  
(334). SES, Incorporated,  plans to begin commercia l  
manufac tu re  of th in-f i lm cadmium sulfide solar  cells by  
ea r ly  1977 (33'5). ERDA unvei led  plans  for a modest  
Solar  Energy  Research Inst i tute.  The first yea r  SERI 
will  have a budget  of $6 to $12 mil l ion and a staff of 
50-75 persons (336). 

A large step is being taken  in demons t ra t ing  fuel  
cell technology. A 4.8 MW unit, costing $42 mill ion,  is 
being bui l t  under  joint  sponsorship of ERDA, the 
Electr ic  Power  Research Inst i tute,  and United Tech-  
nologies Corporat ion.  (337). 

ERDA awarded  a $2 mill ion,  38 month  cont rac t  to 
Genera l  Electr ic  Company for  fu r the r  research  work  
into magne to -hydrodynamics .  Under  this contract  
Genera l  Electr ic  will  invest igate  the feas ib i l i ty  of 
c losed-cycle  MHD power  genera t ion  using a coal-f ired 
heat  exchanger  (338). 

Under  the impetus  of increased energy  prices the 
potent ia l  of a va r ie ty  of ocean energy sources is being 
probed.  These include both the rmal  and t ida l  energies  
(339,340). 

Under  ERDA contracts  power  genera t ion  by  wind-  
mil ls  wil l  be tested at four  sites. The first site, Clayton, 
New Mexico, wil l  have 200 kW w i n d - t u r b i n e  genera to r  
in late  1977. Other  sites, not ye t  selected, wi l l  be used 
for test ing another  200 kW unit  and two 1.5 MW units  
(341, 342). 

Perhaps  it is appropr ia t e  to close on news of a 
process which, if not prec ise ly  an energy source, is an 
e lect rochemical  process. Four  advanced  ba t t e ry  sys-  
tems are  cur ren t ly  being developed on mul t imi l l ion  
dol la r  contracts  f rom ERDA and EPRI. These are  to be 
used in banks  with  sufficient capaci ty  for load- leve l ing  
of genera t ion  or consumption cycles. Genera l  Electr ic  
Company and Ford  Motor  Company have contracts  for 
sod ium-su l fu r  bat ter ies ,  ESB, Incorpora ted  for sod ium-  
an t imony chloride, Argonne  Nat ional  Labora to ry  and 
Atomics In te rna t iona l  for l i t h ium- i ron  sulfide or  o ther  
meta l  sulfide, and Energy  Development  Associates for 
z inc-chlor ide  ba t te r ies  (343). 
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Indus t r ia l  chemicals  that  are  produced e lec t ro-  
chemical ly  include sodium hypochlori te ,  caustic soda, 
sodium methyla te ,  caustic potash, chlorine, sodium 
chlorate,  sodium perchlorate ,  ammonium pe roxyd i -  
sulfate,  hydrogen  peroxide,  fluorine, and manganese  
dioxide.  Chlorine and caustic soda, or caustic potash, 
are  coproducts  of d i aph ragm and mercu ry  cells, but  
chlor ine is also made  by  electrolysis  of by-prodUct  
hydrochlor ic  acid. Fused  salt  cells making  sodium and 
magnes ium also produce  chlorine;  the chlor ine is r e -  
cycled in some magnes ium plants.  Sodium methy la te  
is made  in decomposers  of mercury  cells by  feeding in 
methanol  instead of water .  

Twenty- f ive  years  ago mercu ry  arc rectifiers were  
being used at  circuit  vol tages of 500-800V, giving con- 
version efficiencies of about  90%. They have been re-  
p laced by  silicon rectifiers which give conversion 
efficiencies of a round 97% at half  the  circuit  voltage.  
This lower  vol tage has resul ted in much safer  opera -  
tions and the deve lopment  of cells using currents  up to 
500 kA. Thyr i s tor  control  has improved  regula t ion  of 
rectifiers, and vacuum tap changers have quadrupled  
the life of switch contacts. 

Coated t i t an ium anodes are  replac ing graphi te  
anodes for producing  many  indus t r ia l  chemicals.  Mr. 
Henr i  B. Beer  and Dr. J. Cotton, almost  s imultaneously,  
discovered that  a coating of p l a t inum on a t i t an ium 
base was res is tant  when anodic in a sodium chloride 
solution. Improvements  of coated t i t an ium anodes such 
as those incorpora t ing  ru then ium and other metal  
oxides or mixtures ,  and improved  methods of appl ica-  
t ion followed. The Beer pa tents  were  acquired by 

* E l e c t r o c h e m i c a l  S o c i e t y  E m e r i t u s  M e m b e r .  

Oronzio de Nora, I taly,  and commercia l ized  around 
the wor ld  under  the t r a d e m a r k  DSA, d imens iona l ly  
s table  anodes. Electrode Corpora t ion  first in t roduced 
DSA's  in the United States  in 1968. Cotton's  work  w a s  
commercia l ized  by Mars ten  Excelsior  Limited,  Wolve r -  
hampton,  England.  

Plast ics such as Teflon, f iberglass- re inforced po ly -  
ester  (FRP) ,  and improved  hard  rubbe r  l inings for 
steel  are  now wide ly  used in all  construction.  

Electrolytic Sodium Hypochlorite 
Most hypochlor i te  is made  by  chlor inat ion  of caustic 

soda or lime, but  in some circumstances e lectrolysis  is 
used. For  instance, power  p lants  on the seacoast  using 
seawater  in thei r  condensers  are  genera t ing  sodium 
hypochlor i te  by  electrolysis  of the seawater  for control  
of algae. Special  smal l  cells for chlor inat ing  swimming  
pools a re  on the market .  Ionics and du Pont  are  of- 
fer ing a sodium hypochlor i te  genera t ing  sys tem for 
des t roying cyanide-conta in ing  wastes  in the  p la t ing 
industry.  The cells use Nation (R) membranes .  

The Chlor-Alkali Industry 
Advances in Alkali-Chlorine Production 

Chlorine product ion in the U.S. has increased about  
6-fold in the last  25 years,  as shown in Table  I. P roduc-  
tion capaci ty  was s l ight ly  under  7000 short  tons per  day  
in the ear ly  1950's; now it is a round  41,000 short  tons 
pe r  day. Product ion  in 1976 was 10,267,000 short  tons 
(1). In Canada, the  increase  in product ion  capaci ty  was 

f rom around 500 to 3700 shor t  tons per  day  now. 
Mercury  cells increased in popu la r i t y  in the Uni ted  
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Table I. Production of chlorine 

U n i t e d  Sta tes  Canada 
1952 (2)  1976 (1) 1952 (2) 1976 (1) 

Capacity  ( shor t  t o n s / d a y )  6300 41,009 400-500 3735 
Capacity,  d i aphragm ce l l s  ( % ) 80 73.7 43" 68.0 
Capacity,  m e r c u r y  ce l l s  (%) 12 21.4 57* 32.0 
Capacity ,  o ther  (%)  8 4.9 - -  
D iaphragm,  ce l l  s ize  ( k A )  30 150 ~ 150.0 
M e r c u r y  ce l l  s ize  ( k A )  30 300-500 30 300-500.0 
No.  of  p lants  63 69 m 19 
D iaphragm cel l  p lants  ? 32 - -  8 
M e r c u r y  ce l l  plants  ? 22 M 10 
Mercury and diaphragm plants ? 5 ~ -- 
Fused  salt  p lants  ? 4 O - -  
HC1 e lec tr i c  p lants  0 1 0 0 
D i a p h r a g m  and f u s e d  salt  1 1 0 0 
D i a p h r a g m  and m a g n e s i u m  1 1 0 O 
M e m b r a n e  c e l l  1 0 1 
N o n e l e c t r o l y t i c  2 0 0 
Size of  n e w  plants  ( t o n s / d a y )  100-300 500-1500 100-300 500-1500 

* 1962. 

States unt i l  1970, when the mercury  scare occurred. 
No new mercury  cell plants  have been bui l t  since then 
in  the United States, al though some small expansions of 
existing plants occurred. Production in diaphragm cells 
decreased from 80 to 73.7% of the total dur ing  the 
period. In Canada, in the early 1950's, 14% more 
chlorine was produced in mercury  cells than in 
d iaphragm cells, but  this has reversed to 36% more in  
d iaphragm cells now. Several mercury  cell plants were 
shut down. 

More than  50% of the world's chlorine is rfow 
produced with metal  anodes with substant ial  energy 
saving. They have also s t imulated new cell designs 
that are larger and more economical. The number  of 
chlorine plants has increased from 63 to 69 in the 
United States, and to 19 in Canada. The size of new 
instal lat ions has increased from 100 to 300 tons per day 
capacity to ones for 500-1500 tons per day. Chlorine is 
being made by electrolysis of by-product  hydrochloric 
acid in one p lant  in the United States using technology 
from Germany,  where there are several  plants  using 
the technique. Markets for chlorine have changed in 
the past 25 years, p r imar i ly  due to the growth of v inyl  
chloride, which has increased to the point  where it 
comprises 20% of the total chlorine market,  as shown in 
Table II. 

Various health and env i ronmenta l  agencies have 
discovered dangerous effects from some chlorinated 
organic products. The potential  of carcinogenesis by 
such compounds as vinyl  chloride monomer,  chloro- 
form, tr ichlorethylene,  chlorinated biphenyls,  and 
various insecticides has been publicized. Indus t ry  is 
meeting, or prepar ing to meet OSHA standards for 
workers and EPA requirements  for v inyl  chloride 
monomer  emissions to a level of 10 ppm in all exhaust 
gases, except for emergency relief valve discharges. 

The use of chloroform in drug products has been 
stopped by FDA regulation. Chlorinat ion of city water  
supplies containing organic mat ter  results in some 
chloroform in  the water. Other means of sterilizing 
public water  systems are being studied. Chlorine 
dioxide can be substi tuted for chlorine without forma-  
t ion of chloroform. Removal of organics by adsorption 
on activated carbon before chlorinat ion is another  
approach. 

The Federal  Task Force on Inadver ten t  Modifica- 
t ion of the Stratosphere due to the use of fluorocarbons 
in aerosols recommended that  fluorocarbons in aerosols 

Table II. Trend in uses of chlorine in the United States 

1950's 1978 (%) (%) 

v i n y l  chlor ide  -- 20 
Other  ch lor inated  organics  64 30 
Inorganic  c h e m i c a l s  10 11 
Pulp  and paper  15 15 
Misce l laneous  10 17 

be banned.  The State of Oregon has already b a n n e d  
their  use. They are used as refr igerants  in most 
chlorine liquification systems, and, of course, chlorine 
is used in their  production. 

Caustic Soda and Caustic Potash 
T h e  production of caustic soda has grown from 

3,000,000 short tons in  195'2 (3) to 11,000,000 short tons 
as 100% NaOH in 1976 (4). Caustic soda is all produced 
electrolytically now, whereas in 1952, 17% was made 
in l ime-soda plants, which have since been shut down. 
The capacity has increased from 4,000,000 to 14,000,000 
short tons per year. The t rend in uses of caustic soda is 
shown in Table III. The major  change is due to the 
reduced percentage used by the declining rayon in-  
dustry. 

Six of the 22 mercury  cell plants  and none of the 
diaphragm cell plants  produced 226,800 short tons of 
caustic potash, as 88-92% KOH in 1976 (1). Nippon 
Soda Company Limited established an ion-exchange 
membrane  process for caustic potash using du Pont 's  
Nation (R) membranes  (7). 

Developments--Mercury Cells 
Through the 1960's there was very active develop- 

ment  of mercury  cells by Olin-Mathieson, Solvay, de 
Nora, Hoechst-Uhde, Krebs-BASF,  and other com- 
panies in Europe and Japan. All of these companies 
designed mercury  cells that were installed in America. 
The demand for larger plants and development  of 
silicon rectifiers resulted in mercury  cell designs up to 
500 kA in capacity. Advances included anode designs 
for improved gas release, adjustable anodes, reduction 
in use of mercury,  reduct ion in slope of the volt-  
ampere curve, which permit ted higher current  den-  
sities, operation at higher tempera ture  due to the im-  
proved resistance of new rubber  linings, improved 
packing for decomposers, and condensers on individual  
cells to cool hydrogen so that water  and mercury  re-  
tu rn  to the decomposer. Also, advances were made in  
improved cell layout  to reduce the quant i ty  of bus bar  
material  and subst i tut ion of a luminum for copper bus 
bars and development  of a luminum- to-s tee l  connec- 
tions, and optimization procedures using computer 
programs for cell and plant  design. Anode adjus tment  
progressed from individual  anode adjus tment  to group 
adjustment ,  to remote adjustment ,  and finally to 
remote computerized control with overriding short-  

Table III. Trend in uses of NaOH 

1950 (3) 1976 (4)  (%) (%) 

Genera l  c h e m i c a l s  43 50 
Pulp and paper  7 15 
A l u m i n a  2 10 
Rayon and ce l lu los ics  24 5 
Other  industr ies  13 5 
Misce l laneous  and ex po r t s  13 m 
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circuit protection. The thickness of the mercury  
cathode changes with time, sometimes rather  quickly, 
so that  danger  of touching the anode occurs. This was 
not serious with graphite anodes, but  can melt  and 
destroy metal  anodes. Metal anodes have to be kept at 
a comparat ively great distance from the cathode for 
safety unless short-circuit  protection is provided. 
Fortunately,  conditions for a short-circuit  bui ld up 
gradually. If changes in current  dis t r ibut ion to groups 
of anodes are monitored, an impending short circuit can 
be corrected before a short circuit occurs by raising the 
anodes. Metal anodes have reduced the amount  of cell 
cleaning required, the anode maintenance,  mercury  loss 
due to less "thick mercury,"  and br ine t rea tment  
sludge. Cell voltages are less, so that energy efficiency 
is increased. 

The Mercury Problem (6, 7) 
Early in 1970, mercury  loss from mercury ceil plants  

was recognized in America as a serious hazard to the 
environment .  The Chlorine Inst i tute  organized an ad 
hoc Mercury Committee of representat ives of mercury  
cell operators in Canada and the United States. Effluent 
plant  wastes were dammed up in most plants un t i l  
methods for reducing and t reat ing them could be 
developed and put  in effect. 

In  a typical mercury  cell plant, the sources of 
mercury  loss were (i) brine t reatment ,  (ii) drainage, 
(iii) thick mercury  treatment ,  (iv) emissions from the 
cell room area and (v) en t ra inment  with caustic and 
hydrogen. It was necessary to separate sewer and col- 
lecting systems for mercury-conta in ing  from mercury-  
free liquids Some systems could be recycled. The 
mercury-car ry ing  liquids could be reduced and filtered 
or oxidized with hypochlorite and filtered. Reduced 
mercury  is recovered by roasting the filtered solids and 
condensing the mercury  vapor formed. Oxidized 
mercury  is present  as the soluble complex, the HgC14 = 
ion, and can be absorbed on one of several proprietary 
resins, from which it is later  recovered. Waste water  
can also be treated with sodium sulfide under  carefully 
controlled pH and excess sulfide conditions, then settled 
and /o r  filtered before discharge to remove precipitated 
mercury sulfide (8). 

Br ine- t rea t ing  sludge can be handIed by several 
processes: hypochlorite and chlorine oxidation; electro- 
lytic oxidation with brine;  roasting; and acid digesting 
followed by roasting (8). A mul t ip le -hear th  furnace 
produced lower mercury sludge than an indirect ly 
fired rotary calciner. "Thick mercury"  is t reated by 
disti l lation along with plant  solids. Emissions from the 
cell room area may include effluents from end boxes, 
mercury pumps, and collection tanks, and vent i la t ion 
air from the ceil room and main tenance  areas. A collec- 
t ion system under  a slight vacuum is connected to the 
many  vents. Vent  gas is cooled and scrubbed with 
chlorinated brine, which can re turn  dissolved or en-  
t rained mercury  to the br ine  system. One proposal is 
to add a trace of chlorine to vent  gas after cooling so as 
to form calomel, Hg2C12, which is caught on a suitable 
filtering mater ia l  before releasing to the atmosphere. 
Special mercury  adsorbent  resins are also available for 
adsorbing mercury  from the vent  gas before releasing 
(7,9). 

Cell room vent i la t ion air is the most difficult prob-  
lem. Mercury gets into cell room air by evaporat ion of 
mercury  spilled on the floor and cell parts, and from 
open cells dur ing maintenance.  Mercury exposure to 
workers was reduced by improving the surface of 
floors to improve efficiency of prompt  cleanup of spills 
and inst i tut ing new procedures in cell maintenance,  
such as cooling a cell before removing its cover, and 
replacing it with a temporary  cover while the regular  
cover was removed to a main tenance  room. The 
main tenance  room is connected to the vent  system for 
mercury  recovery. A mul t ipoint  mercu ry - in -a i r  
analyzer-recorder  monitors the air exhausted from the 
cell room. Metal anodes became available about the 
same time as the mercury  problem was recognized. 

Their  use has reduced the frequency of opening cells 
for cleaning as compared to graphite anode practice, 
so this helped reduce mercury  exposure. A reduc-  
t ion from 0.03-0.04 m g / m  ~ to 0.002-0.004 m g / m  8 
mercury  in  cell room air is reported by one operator 
(7). The current  OSHA TLV for worker  exposure is 
0.05 m g / m  3, and, according to EPA emission standards, 
mercury  emissions are not to exceed 2300g per 24 hr  
(10). 

Both caustic soda and hydrogen contain mercury  as 
they leave the cells. It  probably is in chlorine also as 
entrained chloride, but  this is removed in cooling and 
drying operations, and the chlorine water  condensate 
is re turned to the br ine  circuit. Mercury is removed 
from hydrogen by cooling and demisting. Then traces 
can be removed by several  methods, such as adsorption 
on special resins (7, 9), and molecular  sieves (11) or 
activated resin impregnated with KI or silver salts. 
Some adsorbents can be reactivated, while others are 
sent to the mercury  calciner with other solids. In  an-  
other process, trace of chlorine is added after cooling, 
calomel is adsorbed in a filter, and then  the hydrogen 
is scrubbed with caustic soda before use. The calomel 
can be removed from the carrier  by leaching with 
chlorinated brine, and is then reused. It  can also be 
removed by calcining. 

Mercury cell caustic was normal ly  collected, settled, 
and filtered using diatomaceous earth or alpha-cel lu-  
lose filter aids. The addition of a layer of activated 
carbon insured removal  of mercury  well  below the 
Codex specification of 1 ppm on 100% NaOH basis 
(12). 

Between July  1970 and end of August  1970, the total 
industr ia l  discharge of mercury  was cut from 287 to 
40 lb/day.  It is now estimated that, through recycling 
mercury  waste, mercury  discharges have been reduced 
at least 95% since early 1970 (13). A closed mercury  
cell process by Kashima Chlorine and Alkali  Com- 
pany wil l  be used by Diamond Shamrock. Loss of only 
lg of mercury  per  ton of chlorine has been reported 
(14). 

Several  mercury  cell chlorine plants  have been shut 
down in the United States and Canada. A new chlorine 
capacity has been buil t  using diaphragm cells ra ther  
than mercury  cells. In  Japan, the government  ordered 
conversion to diaphragm or membrane  cells by March 
1978. As of December 1976, 42% of Japan 's  42 mil l ion 
metric tons per year of caustic soda was still made in 
mercury  cells. The deadline may be extended because 
synthetic fiber makers will not accept the d iaphragm 
cell caustic soda because of its high NaC1 content. The 
program may even be scrapped because the mercury  
cell operators have reduced their  emissions (1). 

An excellent textbook on the manufac ture  of 
chlorine and its products has been published. The 
theory of both mercury  cells and diaphragm cells is 
included (15). 

Deve~opments--Diaphragm C e l l  
Coated t i tan ium anodes have been a great advantage 

to diaphragm cells. With graphite anodes, the anode- 
cathode gap increased as the graphite wore away. This 
increase in electrode gap increased cell voltage and 
heat evolution, and shortened the life of the diaphragm 
due to clogging the pores with graphite particles and 
chlorinated organics. Firs t  designs were subst i tuted for 
metal  anodes with similar dimensions to the graphite 
ones. This was improved upon by adding an adjustable 
feature (16); 

A protected metal  bottom support ing the metal  
anodes has replaced lead and mastic. Cell covers are 
now made of fiberglass-reinforced polyester. Teflon 
gaskets are used between cell parts. Asbestos 
diaphragms swell and become more porous due to loss 
of fine particles of asbestos. A thermoplastic mater ia l  
has been added to the asbestos to prolong the life of the 
diaphragm. 

Ion-permeable  membranes  have been tested for 
diaphragms for many  years, but  failed to wi ths tand 
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conditions in the cell. However, du Pont 's  Nation (R) 
membrane  mater ia l  has changed this. Cells are in com- 
mercial  operation producing up to 20% NaOH with low 
chloride, using Nation (R) membranes.  They are 
economical where dilute caustic soda can be used, as in 
paper  mills. Asaki Chemical, in Japan, developed their  
own membrane  material ,  a perfluorocarboxyiic acid, 
that can produce a more concentrated caustic soda, 
20-30%. They utilize hot caustic soda from the cell to 
supply part of the heat for evaporating the caustic 
soda to 50%. 

Improved diaphragms and membranes as well as 
new cell designs are under active development here 
and abroad at such companies as Diamond Shamrock 
Corporation, Hooker Chemicals and Plastics Corpora- 
tion, and PPG industries,  lncorl~orated in the United 
States, and Asahi Chemical industry,  Limited, Asahi 
Glass Company, and Tokuyama Soda Company in 
Japan. 

Diamond Shamrock diaphragm cells (16) . - -Dia-  
mond Shamrock Corporation has been exper iment ing 
with DSA (R) electrodes since 1966, and they are 
dis tr ibuted now by a subsidiary, Electrode Corporation. 
Cell comronents  have been optimized including an 
improved current  distr ibution system, assured paral lel  
anode orientation, improved base deMgn, expandable  
anode, FRP cover, and modified asbestos diaphragm. 
A comparison of two types of Diamond Shamrock cells 
is shown in Table IV. These cells can produce 360% 
more chlorine at 2.5% less power per ton on one-half  of 
the original floor space. The modified asbestos dia- 
phragm retains the good qualities of asbestos, and 
troublesome properties are reduced. It provides easier 
hydrogen evolution, prevents  swelling, and has longer 
life, improved uniformity,  and improved flow prop-  
erties, is easy to remove, and can be stored up to 5 
months before use. The modified asbestos diaphragm 
decreased power consumption 6.7%, and their ex- 
pandable anode decreased it another 7.1%. 

Diamond Shamrock has been working with du Pont  
on application of the Nation (R) membrane  and an-  
nounced s tar t -up  of membrane  cells to replace mercury  
cells at their Muscle Shoals, Alabama, plant. Produc-  
tion of 30-40% NaOH at 85% current  efficiency is 
claimed (17). The first membrane  cell instal lat ion with 
D-S membrane  cells in  Europe at Uddeholm's paper 
mill complex in Skogall, Sweden, for 20,000 metric 
tons per year of chlorine, has been announced for 
startup at the end of 1977 (18). 

Hooker diaphragm cells.--Hooker Chemicals and 
Plastics Corporation has developed a number  of dia- 
phragm and membrane  cells. Diaphragm cells include 
the H-2 (80 kA),  HU-80, and H-4 (150 kA) ;  the MX 
cell is a bipolar  cell with Nation (R) membranes.  H-2 
and H-4 are s imilar  to previous Hooker cell designs, 
but  are much larger  in physical size and production 
capacity. These monopolar  cells have a cubic shape 
with a plastic top, mult if ingered steel cathodes, and 
metal  anodes. They have thinner,  res in-bonded 
asbestos, [HAPP (R)]  diaphragms, closer anode- 
cathode spacing, and improved electrical conductors. 
Cathode fingers go all the way across the cell, and are 
perforated steel plate instead of wire mesh. Current  
density has been increased from 1.0 A/in.~ (1.6 k A / m  2) 
to 1.5 A/in .  2 (2.4 kA/m2).  Voltage has been improved, 
as shown in Table V (19). 

Table IV. Performance of two types of Diamond Shamrock cells 

D-3, 
A n o d e  DS-85 g r a p h i t e  

A n o d e  area ( m  e ) 54.8 26.5 
O p e r a t i n g  r a n g e  (kA)  75-150 20-42 
A s e l e c t e d  o p e r a t i n g  c u r r e n t  (kA)  i10 30 
V o l t a g e  at- s e l e c t e d  p o i n t  (vol ts )  3.66 3.75 
C u r r e n t  der isory a t  r a t e d  c o n d i t i o n s  ( k A / m  '~) 2.0 1.13 
D-c p o w e r  a t  s e l e c t e d  p o i n t  ( k W - h r / r o t )  1676 1949 
C12 ( r o t / d a y )  3.35 0.92 
F l o o r  sp~ce  p e r  da l ly  m t  CI~ ( m  e) 5.6 11.7 

Table V. Analysis of voltage improvements at 1 A/m 2 
in Hooker cells 

H-4, 1976 S-3, 1960 

D e c o m p o s i t i o n ,  a n o d e  1.32 1.32 
D e c o m p o s i t i o n ,  c a t h o d e  0.93 0.93 
O v e r v o l t a g e ,  a n o d e  0.03 0.33 
O v e r v o l t a g e ,  c a t h o d e  0.27 0.27 
B r i n e  g a p  0.27 0.49 
H a r d w a r e  0.17 0.36 
D i a p h r a g m  0.16 0.30 

3.15 4.00 

The HU-80 cell was designed together with Friedrich 
Uhde GmbH with geometry similar to a mercury  cell, 
i.e., a long narrow cell shape, made for instal lat ion on 
columns or an elevated floor, with a jumper  under  the 
cells, close coupling of adjacent cells, m i n i mum use of 
copl=er, and a rubber - l ined  cover. A prototype was 
tested from 50 to 100 kA (15.5-25 A / d m  '~) to optimize 
asbestos and HAPP (R) diaphragms and all cell 
components. Operation showed a saving of 100 mV in 
the hardware  at 25 A/dm~ over H-2 cells. A com- 
mercial  plant  is being built,  or is in operation, in  
Sweden. 

The MX cell is the result  of many  years of experi-  
menta t ion  with ion-permeable  membranes.  The 
promise of success came with metal  anodes and du 
F o n t s  Nation (R) membrane.  Du Pont cooperated with 
Hooker in supplying various types of membrane  ma-  
terial. Cells with Nation membranes  have been  in-  
stalled at its Tacoma, Washington, plant, and are in 
commercial operation at Reed Paper  Limited, Dryden, 
Ontario, producing 45 tons per day of chlorine and 9- 
10% NaOH. Another  instal la t ion of 73 tons of chlorine 
per day has been announced for construction at Toyo 
Soda. 

The Dryden plant  has 18 cell stacks, each stack op- 
erating at 3000A and 14V. Feed and product headers 
are part  of individual  plastic cell frames. A stack can 
be removed to a main tenance  area for repair, but  some 
work can be done in place, such as replacing a mem-  
brane  in  2 hr. New designs operate in the range of 10- 
15 kA. Latest membranes  will produce 30-40% NaOH, 
with 50 ppm NaC1 impuri ty,  on a 50% NaOH basis. 
Energy consumption is 2806 kW-hr /me t r i c  ton NaOH. 
Cell voltage is close to 4V, compared to 3.5V with dia-  
phragm cells. Extra  care in ~)rine purification is re-  
quired for membrane  cells, and solid salt is required as 
raw material.  

PPG-de Nora Glanor (R) electrolyzers (20,21).-- 
PPG Industries, Incorporated joined with Oronzio de 
Nora impiant i  Elettrochimici in  a development  called 
the Glanor. (R) Vertical Type 1144 Electrolyzer. It is 
an l l - ce l l  bipolar electrolyzer, equipped with 
dimensional ly  stable metal  anodes and cathodes of 
s tandard steel wire mesh. The first generat ion of com- 
mercial  electrolyzers use deposited asbestos dia-  
phragms, but  PPG is actively working on improved 
diaphragm mater ia l  and ion-permeable  membranes,  
and has designed the cell to be adaptable to their use. 

The anolyte compar tment  of each cell is connected to 
an independent  FRP br ine  feed tank by flanged con- 
nections. Chlorine escapes from each cell through the 
br ine  feed tank. Hydrogen leaves the top of the cathode 
compartment  of each cell, and cell l iquor is discharged 
from a conventional  inver ted-U pipe system. A gasket 
of special elastomer insulates  one cell from another,  
and the whole assembly is clamped together with tie 
rods to form a tight, essentially leak-proof unit.  The 
electrolyzer rests on a steel frame supported on 
porcelain insulators. Each electrolyzer has a br ine  level 
a larm to monitor  the level of all cells in the unit .  

The bipolar electrode consists of a steel plate to 
which anode fingers are connected on one side and 
cathode fingers on the other. This bipolar  electrode is 
set into an 18 in. wide steel channel  frame, l ined with 
t i t an ium surrounding the anodes.  The electrical con- 
nection between anodic and cathodic sections is said to 



26C J. Electrochem. Soc.: REVIEWS AND NEWS January 19 78 

have a low voltage drop and low fabricat ion cost. The 
design is claimed to simplify maintenance  including 
diaphragm depositing, assembly, disassembly, cathode 
washing, and inspect ion of electrodes. It is difficult to 
misalign the electrodes or damage the diaphragms be- 
cause of features bui l t  into the uni t  and the use  of 
simple assembly jigs and fixtures. A uni t  with con- 
ventional  asbestos diaphragms operated 32 months 
with characteristics shown in Table VI. There were 
numerous  shutdowns for external  reasons, which the 
uni t  took easily. The uni t  is 17 ft long X 11 ft wide X 
12 ft high over-all .  It weighs 85,000 lb empty and 
150,000 lb in  operation. Conventional  asbestos dia-  
phragms have a life of 12-24 months. An automatic 
cathode washer was developed. The anodes are ex- 
pected to last 4-5 yr before recoating. The t i t an ium 
base should withstand a number  of recoating cycles. 
An instal la t ion could consist of 8-20 electrolyzers in 
series, but  14 in 2 rows is suggested. They are placed 
end to end, 3-5 ft apart. The cell room would be 160 ft 
long X 80 ft wide. This cell room would produce ap- 
proximately 415 tons per day of chlorine, so that floor 
space requi rement  is 31 ft2/ton per day of chlorine 
(2.83 m2/ t /d) .  Electrolyzers can be elevated or on 
ground level depending on the t ransporta t ion system 
preferred. An electrolyzer is short-circuited with a 
portable switch without in te r rupt ing  the circuit. In te r -  
connecting bus bar  plates are removed, and the cell 
t ransported to a main tenance  area. There are 4 plants 
in Japan  and 1 in United States producing 200-500 tons 
per day in 76 electrolyzers totaling 2000 tons of 
chlorine per day, and 2500 tons per day are under  con- 
struction or under  contract. 

Asahi Chemical's bipolar electrolyzer (22,23).-- 
In Apri l  1975 Asahi Chemical Indus t ry  Company, 
Limited started operating a plant  which put out 40,000 
metric tons per year of caustic soda, using a bipolar 
cell with the du Pont  Nation 315 membrane  and coated 
t i t an ium anodes. Since then they have changed to their 
own membrane  of perfluorocarboxylia acid. They 
licensed Denki Kagaku Kogyo Company, Limited, and 
that  plant  (put t ing out 60,000 metric tons per year of 
caustic soda) started in September 1976. 

Asahi Chemical found that the max imum concentra-  
t ion of caustic soda obtained by the Nation (R) 
membrane  cell was 17.6%, at a current  efficiency of 
80%. Their  own perfluorocarboxylic acid membrane  
can produce up to 40% caustic soda at high current  
efficiency, but  opt imum concentrat ion is 21.6%. The 
membrane  has a low electrical resistance. Voltage is 
less than 4V per cell at current  densities of 40-60 
A/dm 2 and current  efficiency of at least 90%. Cells 
operate at 90~176 for opt imum voltage. The 
membrane  has sufficient mechanical  s trength and 
toughness so that it can be made in 4 • 8 ft sheets and 
used in their electrolyzer hax}ing a capacity of 10,010 
metric tons of caustic soda per year. 

Asahi Chemical also developed their own anode coat- 
ing of a 3 component  solid solution, which is over 50% 
ru then ium oxide plus oxides of t i t an ium and another  
metal. This coating has a low anode potential  and high 
alkali resistance. Anode and cathode compartments  are 
separated by a part i t ion of explosively bonded t i tan ium 
and steel. The anode compartment  is l ined with 
t i tan ium and the cathode compar tment  is steel. 
Vertical plates welded at right angles to the part i t ion 
plate carry current  to electrode surfaces; t i t an ium on 

the anode side, and steel on the cathode side. Several  
holes in these vertical conductor plates permit  electro- 
lyte circulation. Expanded metal  electrodes are welded 
to the vertical plates and to the channel, forming the 
rectangular  frame around the unit. The voltage drop 
between adjacent  electrodes is about 3 mV at 50 A / d m  2. 
The effective area of a single electrode is 270 dm 2, and 
the 32 ft 2 (297 dm 2) membrane  is clamped between 
units using Teflon gaskets. The anode-cathode gap is 
2-3 mm. Chlorine and hydrogen are released to the 
rear  portion of electrodes and rise up in compartments  
behind the electrodes, so that the claim is made that  
voltage is not influenced by gas generat ion on elec- 
trodes. One electrolyzer has 80 bipolar cells clamped 
together, and has a voltage of about 300V at 10.8 kA. 

Pure  br ine  is fed into the bottom at one end of a unit, 
and depleted br ine and chlorine leave through a pipe 
at the opposite top corner of the unit, and are then 
delivered to a collecting main  above the electrolyzer. 
Circulating catholyte (dilute caustic soda) is fed into 
the bottom of the cathode compar tment  at the opposite 
end to the brine inlet. Catholyte and hydrogen leave 
through a pipe in the top at the other end and discharge 
into a collecting main, also above the electrolyzer. The 
collecting mains drain to anolyte and catholyte tanks 
where the gases and liquids separate. A part  of the 
effluent br ine is sent to the salt dissolving tank, and the 
rest is re turned to the anode compartment.  The amount  
of br ine  sent back for reconcentrat ion is adjusted to 
main ta in  salt ut i l ization at about 70%. Reconcentrated 
br ine is convent ional ly  purified, and then passed 
through a bed of ion-exchange resin for fur ther  
removal  of traces of calcium, magnesium, iron, and 
a luminum ions. Pure  br ine  is added to the anoIyte 
tank. 

Caustic soda solution is recirculated between the 
cathode compartment  and catholyte tank. Water is 
added to the catholyte stream to main ta in  the desired 
concentration. The opt imum concentrat ion of catholyte 
is 20-30% NaOH. Above 25% NaOH the membrane  
resistance increases sharply. A part  of the catholyte is 
sent to the first stage of the flash evaporator, part  of 
which is re turned to the catholyte tank and part  of 
which goes on to the second stage as product, which is 
heated by steam from the first stage. The final con- 
centrat ion of caustic soda is adjusted by using steam in 
a final, single effect vacuum evaporator. Considering 
steam and electric power combined, the opt imum 
catholyte concentrat ion is 21.6% NaOH. This heat 
recovery evaporator system uses 0.7 metric ton of 
steam to concentrate 21.6% NaOH to 48-50% on the 
basis of 1 metric ton of 100% NaOH, and 0.4 metric 
ton of steam to concentrate from 25% NaOH to 50%. 
Operating results for the 80 cell electrolyzer are given 
in Table VII. 

Asahi Glass Company (no relat ion to Asahi Chemical 
Industries)  and Tokuyama Soda Company are both 
working on membrane  cells using membranes  of their 
own development.  The Asahi Glass Company cell (24), 
with their newly developed cation exchange mem-  
brane, has operated on a commercial scale since August  
1976. It is a monopolar, filter press- type electrolyzer 
rated at 3000 metric tons of caustic soda per year. The 
membrane  is 1.2 • 2.2m in size, with an anode-cathode 
gap of 2-3 mm. Membranes  had a life of 2 yr on a 
pilot cell. It produces 40% NaOH containing 0.0009% 
NaC1. Extra pure brine is required. Pennwal t  is de- 

Table VI. Characteristics of Glanor (R) vertical-type 1144 
electrotyzer 

Current (kA) 71-73 
Volts  per  ce l l  3.43-3.67 
Current efficiency ( % ) 95.3-96.7 
Energy consumption, d.c. (kW-hr/short ton CI~) 2450-2580 
Cell gas (% Cle) 96.6-98.2 
Cell gas (% O~) 1.4-2.2 
Cell  gas  (% H2) 0.02-0.20 
NaOH in cel l  l iquor (g/liter) 125-140 
NaC1Os in cell liquor (%A.B.) 0.03-0.20 
Brine feed: 320-325 g/liter NaC1, at 160~176 at pH 10.0-11.4 

Table VII. Characteristics of Asahi Chemical bipolar electrolyzer 

Current (kA) 
Cell voltage 
Elec tro lyzer  voltage 
Current efficiency (%) 
Current density (A/din ~-) 
Average p o w e r  consumpt ion ,  d.c. (kW-hr m e t r i c  

ton  NaOH and 0.89 m e t r i c  ton Clz*) 

10.8 
3.75 

300 
93 
40 

2703 

* 0.06 metric ton C12 is converted to HC1 and required for pH 
control  of anolyte. 48% NaOH contains 44 ppm NaC1. Cell gas  is 
99.27% C12 and 0.14% 02. 
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veloping a membrane  cell system (25) which involves 
coating the anode in  a mixture  of asbestos and K yna r  
(R). In  commercial  use at one of Pennwa]t ' s  plants, the 
system gives 90% efficiency. 

The Japan Soda Indus t ry  Association is sponsoring 
development  work at Kyoto Univers i ty  on fused 
NaC1-ZnC12 electrolysis using a B-alumina diaphragm 
(25). Current  efficiency on laboratory scale tests was 
almost 100%. Cell voltage at 50 A / d m  2 was 3.18V. 

Electrolysis of Hydrochloric Acid 
Chlorine is being recovered from byproduct 

hydrogen chloride with Hoechst-Uhde (27) electro- 
lyzers at 4 plants in Germany and now one at Mobay 
Chemical, Baytown, Texas, which is increasing its 
capacity. The IIoechst-Uhde electrolyzer has 30-45 
bipolar cells working at current densities of 4-5 kA/m 2. 
A cell consists of a frame of phenol or cresol formal- 
dehyde plastic containing ducts for products and for 
inlet and outlet hydrochloric acid. Graphite plates are 
cemented into the frame to form bipolar electrodes. 
They have vertical slots on both sides to carry away 
gases. They rise to the top of the electrodes and pass 
through openings into proper ducts in the frame. 
Chlorine together with anolyte passes to one end of 
the assembly, and hydrogen together with catholyte 
goes to the other end. A diaphragm of PVC fabric is 
fixed to the sides of the frame. Rubber-lined steel 
plates clamp the cells together with tie rods. Electrical 
connections to the graphite plates in each end frame 
are made with graphite nipples through stuffing boxes. 
The electrodes have an effective area of 2.5m 2 and can 
use current up to 12 kA. An eleetrolyzer with 30 cells 
is approximately 3.5m long • 2.2m wide • 2.2m high. 

The anolyte and catholyte operate in separate cycles, 
but each has a head tank, a run-down tank, circulating 
pump, heat exchangers, and filter. The filters remove 
abrasive particles and precipitates. The electrolytes 
are maintained at 20-22% HCI and 75~ for optimum 
results. Part of the 20% HCI from the catholyte cycle is 
sent to the absorption unit for enrichment to about 
30% and returned to the two cycles as required. The 
two gases are first cooled, and condensed 8-12% HCI is 
then returned to the catholyte or anolyte cycle. After 
cooling, chlorine is treated as in alkali-chlorine plants. 
Hydrogen is scrubbed with caustic soda solution. The 
chlorine contains less than 0.1% hydrogen with new 
diaphragms, but they deteriorate after 2 or 3 yr and 
are replaced when hydrogen rises to 0.5% in the 
chlorine. Graphite anodes are not attacked in this 
service. For all practical purposes, any hydrogen 
chloride can be processed for use in the electrolyzer. 
Organic impurities have two kinds of effect. They may 
affect quality of products, or they may clog diaphragms 
and form deposits on electrodes. Some processing, fol- 
lowed by absorption on activated carbon, may be re- 
quired. Inorganic impurities containing multivalent 
ions will reduce current efficiency. Sulfates may at- 
tack the anodes. The original article should be con- 
sulted for further details. 

Chlorine Handling 
There have been advances in practically every step 

of conveying, cooling, drying, compressing, condensing, 
and shipping chlorine. Chlor ine-resis tant  plastics and 
t i tan ium have been responsible for many  improve-  
ments. Automatic analyzers for impuri t ies  in cell gas 
and moisture have improved safety in operation. The 
use of coated metal  anodes has reduced organics in 
liquid chlorine. 

Chlorine is collected from the cells under  a slight 
vacuum in hard rubber - l ined  steel pipe or FRP plastic 
pipe. Cell gas is cooled in 2 stages, first with plant  
water, and then with chilled water, to about 15~ 
Plastic or plast ic- l ined steel towers with ceramic pack- 
ing may be used for countercurrent ,  direct-contact  
cooling with water  circulated by plastic or t i tan ium 
pumps through t i t an ium heat exchangers. Efficient 

demisters between cooling and drying operations have 
reduced sulfuric acid consumption. 

Drying is still done with 2 or 3 drying towers in 
series using countercurrent  flow of sulfuric acid, s tar t -  
ing with 93-98% H2SO4 and discarding about 70% 
H2SO4 at the bottom of the first tower to meet  wet 
chlorine. Acid is cooled and recirculated through each 
tower. Teflon acid coolers and high alloy pumps are 
available for this service. Demisters are impor tant  after 
drying, par t icular ly  if centrifugal  compressors are 
used. 

Centr ifugal  compressors handl ing up to 600 tons of 
chlorine per day at 10 atmospheres pressure have 
superseded nonlubr ica ted  reciprocating and acid-sealed 
compressors. Designers have a choice b e t w e e n  high 
chlorine pressure and relat ively warm condensing 
tempera ture  or lower chlorine pressure and lower 
condensing temperature.  Freon refr igerat ion systems 
provide adequate choice. Noncondensible gas or 
"blow-off gas" is absorbed in caustic soda or mi lk  of 
l ime for bleach, or the chlorine can be absorbed in a 
chlorinated solvent system and regenerated. Liquid 
chlorine is distr ibuted in cylinders up to 150 lb in  1 
ton containers on flat-bed mul t iun i t  rai lroad cars of 15 
tons total capacity, or in rai lroad tank  cars of 16, 20, 
55, 85, and 90 tons capacity or in barges up to 1200 tons. 
For short hauls, there are 16 ton tank trucks. Nearby 
consumers can get gas or l iquid by pipeline. The two 
largest rai lroad cars and tank trucks are the most 
recent ly approved equipment.  All cars, containers, 
valves, and safety devices used in t ransporta t ion of 
chlorine are bui l t  to very rigid specifications, developed 
in .cooperation with government  agencies and chlorine 
producers through the Chlorine Institute.  

Chlorates 
In  the past 25 years production has increased from 

40,G00 to 196,400 short tons per year in the United 
States. The production capacity is now 254,000 short 
tons and is increasing. There were 12 U.S. plants in 
1976. In  Canada, there were 11 plants with a total 
capacity of 226,000 short tons per year. 

The trend in consumption is shown in Table VIII. 
Sodium chlorate's largest use is in combinat ion with 
sulfuric acid and a reducing agent such as sulfur  
dioxide, methanol,  or sodium chloride to make chlorine 
dioxide for bleaching pulp. Other chlorates are made 
from sodium chlorate by double decomposition and 
crystallization. Potassium chlorate is used in the m a n u -  
facture of matches and pyrotechnics. Sodium chlorate 
is raw mater ial  for producing perchlorates. Sodium 
chlorate is used in weed control, but  is being displaced 
by newer  and more selective materials.  Miscellaneous 
uses include textile bleaching, ore processing, and 
chemical processing. 

The application of coated t i t an ium anodes has 
s t imulated new cell designs, permit ted higher operating 
temperatures,  and increased cell output. For example, 
Stanchem, the Canadian Division of PPG Industries,  
increased capacity 10% by instal l ing metal  electrodes 
developed joint ly  by Kema-Nord  of Sweden and PPG. 

Huron  Chemicals Limited and Electrode Corporation 
have developed the EH 120 Multipolar  Chlorate Cell 
Unit  (28) (Table IX).  With metal  anodes, claims are 
made for improved energy efficiency, increased 
chlorate concentrat ion ranges, e l iminat ion of filtration, 
and reduction in evaporation. Physical size has been 
reduced to 1/3 that  of old graphite cells of equal 

Table VIII. Trend in consumption of NaCI03 

1955 1974 
(thousands  of 
short  tons /yr )  

Pulp and paper bleaching 14 173 
Other chlorates and perchlorates 6 27 
Herbicides  18 11 
Miscel laneous 11 11 

49 222 
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Table iX. Operating characteristics of the EH120 cell unit 

Current (kA) 10 
Bipolar cells per unit 12 
Volts per cell, depending on concentration 3.2-3.6 
Total voltage (V/unit) 39-43 
Current efficiency ~ %) 91-96 
Dimensimm: 3.0m high x 2.4m wide x 4.0m long 
Weight: 8600 lb (3900 kg) empty; 63,800 lb (29,000 kg) full 
Energy: C.E. 93.5%, a.c.-d.c. 3% loss, 600 g/liter NaC10~, 100 g/liter 

NaC1, large plant with more than 3 units, 10 kA--5020 kW-hr/ 
short ton 

Daily capacity for NaC10~ production 3930 110 (1783 kg) 

capacity. Units are now offered for 2, 3, and 4 tons 
nominal  capacity of sodium chlorate per day. Two or 
more bipolar  units  operate in series electrically and 
chemically. 

Brine with 300 g / l i te r  NaC1 and 350-400 ppm 
Na2Cr207 is fed into the first unit, and product from the 
last uni t  contains up to 600 g/ l i ter  NaC103 and 100 
g/ l i ter  NaC1. The pH of each uni t  is individual ly  con- 
trolled between 6.5 and 7.5 by addition of hydro-  
chloric acid. Temperature  is controlled at 60~176 
by water-cooled coils in each cell tank. 

Several other new cell designs making use of metal  
anodes and new materials  are undoubtedly  available. 

The electrochemistry and technology of chlorates 
and perchlorates up to 1969 was reviewed by J. C. 
Schumacher (29). 

Perchlorates 
Table VIII indicates that approximately 6000 short 

tons of NaC103 were used for perchlorates in  1955 and 
27,000 short tons were used in 1974. The major  use of 
perchlorates is as an oxidizer in solid propellants. 
Potassium perchlorate was used at first, but  was 
superseded by ammonium perchlorate, which is n o w  
the most important .  Li th ium perchlorate has t h e  
highest percent  oxygen, and has been tested as an 
oxidizer in propellants,  but  has not been accepted. 

Sodium perchlorate is the principal  raw mater ial  for 
the manufacture  of perchloric acid and perchlorate 
salts. Because of the high solubili ty of sodium 
perchlorate, it need not be isolated from finished cell 
solution and can be purified for conversion by double 
decomposition to other salts. Perchlorate cells consist 
of steel tanks with cooling coils, which act as the 
cathode, and bright  p la t inum anodes suspended from 
the cover. 

A typical electrolyte feed is 400 g/ l i ter  NaC10~, 400 
g/ l i ter  NaC104 and 5 g/ l i ter  Na2Cr2OT. Feed to the cells 
may be in paral lel  or series cascade. If in parallel,  the 
electrolyte is circulated from a feed tank through the 
cells, is re turned to the feed tank unt i l  the desired 
concentrat ion is reached, and then a new tank is 
started. In  series operation, the feed enters the first 
cell and then cascades from one cell to another, leaving 
the last cell at t h e  desired concentration. The series 
system has the advantage that individual  cells can be 
regulated with respect to tempera ture  and current  
density for most economical production. 

Most commercial cells use p la t inum anodes. Some 
cells use p la t inum-covered t an ta lum or copper. One 
manufac turer  is reported to use lead dioxide anodes. 
The cells must  then be made of nickel or stainless steel 
because chromate poisons lead dioxide anodes. Typical 
operating data are shown in Table X. The opt imum 
operating temperature  is a compromise. An increase in 
tempera ture  lowers energy consumption but  increases 
p la t inum loss. 

Table X. Typical data for perchlorate cells (30) 

Temperature 35o.45oc 
Minimum feed rate 6 liter/rain 
pH 6.0-6.8 
Cathode current density 30 A/din 
Voltage 6.5-7.0 
Energy consumption 1.36-1.60 kW-hr d.c./lb 
Sodium dichromate 2.5-5 g/l iter 
Calcium and magnesium As low as possible 
Final sodium perchlorate As high as purification permits 

Hydrogen Peroxide and Persulfates 
In  the manufacture  of electrolytic hydrogen 

peroxide, ammonium bisulfate is electrolyzed with 
formation of ammonium peroxydisulfate,  (NH4)2S2Os 
(also known as ammonium persulfate) .  This solution 
can be used either for hydrolysis to hydrogen peroxide 
or for crystall ization of the ammonium peroxydisulfate. 
Electrolytic hydrogen peroxide is now largely displaced 
by the chemical an th raqu inone  (AQ) or isopropyl 
alcohol processes ( IPA).  Of the eight plants in the 
United States making hydrogen peroxide in 1970, 
only three used electrolysis to make approximately 
20% of the 164 mil l ion lb per year as 100% H202. 
Economics favor the AQ process in general. Am-  
monium peroxydisulfate must  be made by the elec- 
trolytic process. No production data were found for the 
peroxydisulfate,  so it may be included in the hydrogen 
peroxide figure. 

Hydrogen peroxide is used for bleaching cotton 
textiles and some wool. It is also preferred for bleach- 
ing ground wood pulp over hypochlorite because it 
gives high yields of pulp. The uses in 1969 were 
distr ibuted as follows: textile bleaching, 30%; pulp and 
paper bleaching, 8%; plasticizers and other chemicals, 
26%; glycerine, 15%; miscellaneous, 21%. Other 
peroxydisulfates can be made by reacting the carbonate 
or hydroxide to replace the ammonium ion, which is 
evaporated as ammonia.  Potassium, sodium, barium, 
and l i th ium peroxydisulfates have been produced in 
this way. Peroxydisulfates are used for polymerizat ion 
catalysts, dye fixing, detergent  additives, modification 
of starches, and desizing of textiles. Ammonium 
peroxydisulfate is used for etching pr inted circuits. 
The persulfates are shipped in mul t iwal l  paper bags 
and fiber drums (31). 

Fluorine 
Fluorine is used in the separation of U-235 from 

U-238 via UF6 in the nuclear  electric-power industry.  
It is also used in the manufac ture  of SF6, a gaseous 
insulator  for electrical and electronic equipment,  and 
of Freon refrigerants.  C1F8 is used for chemical cutt ing 
of oil well casings. C1F3 and OF2 are rocket fuel 
oxidizers. Production of fluorine in  1974 was reported 
to be 137,000 tons and consumption was 689,000 tons. 
The annual  growth rate of production was reported as 
2 and 4% of consumption (32). No explanat ion was 
found for the difference between production and con- 
sumption in these figures. Plants  are operated by 
Allied Chemical Company at Metropolis, Illinois, and 
Union Carbide Nuclear Corporation at Oak Ridge, 
Tennessee, and Paducah, Kentucky  (33). 

Potassium fluoride containing 40-42% HF is electro- 
lyzed between carbon anodes and steel cathodes. Cells 
are jacketed and may have in terna l  cooling pipes to 
main ta in  95~ Cooling water  at 58~ is used to 
prevent  crystallization of bifluoride on cooling surfaces. 
A metal  skirt extends down from the cover to keep the 
H2 separated from the F2. A 6 mesh screen below the 
skirt prevents  broken anodes from short-circui t ing a 
cell. It was found that this screen also improved cur-  
rent  efficiency. Anodes are 2 • 8 • 20-5/8 in. carbon 
blades bolted to AISI-4140 steel bars using bolts of the 
same steel and copper pressure plates. Each anode bar 
has three 1-1/8 in. copper conductor posts extending 
through insulat ing packing glands in the cover. This 
connection has been a source of trouble, but  anode life 
has been improved to 20 mill ion A-hr.  Typical data for 
a Union Carbide cell are shown in Table XI. 

Table XI. Typical operating data of the fluorine cell 

Current (kA) 4 6 
Operating voltage 8-12 9-12 
Temperature (~ 90-105 90-105 
HF in electrolyte (%) 40-42 40-42 
Anode area ~dm 2) 390 390 
Current density (A/din"-) 10.3 15.4 
Anodes (no.) 32 32 
Life of anodes (A-hr) 16 • 10 ~ 15.5 x 10 ~ 
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H F  and CF4 a r e  removed  f rom l iquid  fluorine to less 
than  a to ta l  of 0.2% by re f r igera t ion  to --140~ HF 
can also be removed  by  passing th rough  NaF  in a 
scrubbing  tower.  The fluorine is l iquified under  pres-  
sure  and low tempera tu re .  

Handling fluorine 
Nickel,  Monel, a luminum,  magnesium,  copper,  brass, 

s tainless steel, and carbon steel  a re  used for handl ing  
d ry  fluorine. Al l  except  carbon steel  are  good down to 
--190~C. Nickel  and Monel are  good up to 550~ 
a lumin ium to 450% magnes ium to 40'0 ~ s tainless  
steel  and carbon steel  up to 250~ Tet raf luoroethylene  
(Al l ied ' s  Halon TFE and du Pont 's  Teflon) are  res is tant  
to gas under  s tat ic  conditions. 

Equ ipment  must  be thoroughly  cleaned, such as by 
flushing wi th  t r i ch lo re thy lene  and then purging  with  
ni trogen.  The surface must  be pass iva ted  by  flushing 
out  the  n i t rogen  wi th  fluorine. Af te r  2 hr  the equipment  
surfaces wil l  be passivated.  Carbon steel  is used for 
fluorine gas and stainless steel  for l iquid fluorine. Soft  
copper  or  a luminum gaskets  are  used for  flanged con- 
nections tha t  have  to be broken.  Liquid  fluorine can be 
t r ans fe r red  by  pressur iz ing with  helium. Ni t rogen is 
unsa t i s fac tory  because i t  is soluble in l iquid fluorine. 

F luor ine  gas is shipped under  400 psi in 6 and 4-1/2 
lb steel  cyl inders.  Special  l iquid n i t rogen-cooled  Dewar  
steel  t ank  t rucks  for 5000 lb of sealed l iquid fluorine 
are  approved  for use under  carefu l ly  control led  condi-  
tions. 

Manganese Dioxide (33) 
World  product ion  was es t imated  to be 83,000 tons of 

synthet ic  manganese  dioxide  in 1976, of which Japan  
produced  40,000 tons and the United States  p roduced  
25,000 tons (34). Elect rolyt ic  manganese  dioxide is 
used in high capaci ty  ba t te r ies  where  weight  and size 
are  of grea t  impor tance .  

Reduced oxide  ore is leached wi th  spent  e lec t ro ly te  
containing 50g MnSO4 and 67g H2SO4 per  l i ter  at 90~ 
Af te r  purification,  the  solution containing 150g MnSO4 
per  l i te r  is mixed  with  an equal  volume of spent  elec-  
t ro ly te  and is fed to e lectrolyt ic  cells at such a ra te  that  
outlet  e lec t ro ly te  is 50g MnSO4 and 67g H2SO4. 

Amer i can  cells a re  graphi te  l ined wi th  graphi te  
cathodes and graph i te  or t i t an ium anodes, spaced 1 in. 
apart .  The dioxide  bui lds  up as a dense, coherent,  6 mm 
thick or more  b lack  coat on the anodes before  i t  is 
s t r ipped.  Cells are  covered and ma in ta ined  at 90~ 
Curren t  dens i ty  is 6-10 A / f t  ~ (0.6-1.1 A/dm2) ,  and cur-  
rent  efficiency is no rma l ly  80-90%. S t r ipped  oxide  is 
crushed, neut ra l ized  wi th  ammonia,  soda ash or caustic 
soda. I t  is dr ied  caut iously  so as not to remove com- 
bined water ,  which would decrease depolar iz ing 
act iv i ty  of the manganese  dioxide.  

Summary 
Advances  over  the past  25 years  in product ion of 

sodium hypochlor i te ,  caustic soda, sodium methyla te ,  
caustic potash,  chlorine, sodium chlora te  and 
perchlorate ,  ammonium peroxydisu l fa te  and hydrogen  
peroxide,  fluorine, and manganese  dioxide  are  covered. 
Elect rolyt ic  hydrogen  peroxide  has most ly  been dis-  
p laced by  chemical  processes dur ing the t ime per iod  
reviewed.  Coated t i t an ium anodes in ch lo r -a lka l i  and 
chlora te  cells are replac ing graphite ,  thus decreasing 
energy use and cell size. Concern about  the effects of 
me rcu ry  and asbestos in the env i ronment  has resul ted  
in a shift  to modified asbestos d iaphragms and m e m -  
brane  cells for chlor-a lkal i .  Sil icon rectifiers, cent r i f -  
ugal  compressors,  t i tanium,  corrosion res is tan t  a l loys 
and plast ics have all  cont r ibuted  to advances.  
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During 1952, the fiftieth anniversary  of The Electro- 
chemical Society, several reviews of electrowinning 
and electrorefining processes were presented in the 
J o u r n a l .  H. N. Gilbert  (1) discussed the history of 
electrolytic sodium production, J. D. Edwards (2) ex- 
amined 50 years of development  in the A luminum 
Industry,  W. S. Loose (3) reviewed the 36 years of 
industr ia l  magnes ium production, and A. C. Loonam 
(4) wrote about t h e  progress that occurred in the 
electrolytic production of other metals over the 50 
year  period. By 1952, the electrolytic production of 
metals was a mature  industry.  Mantel l  (5) gives a 
good description of the commercial electrolytic plants  
operating at that time. Since then only a few metals 
such as antimony,  zirconium, and t i tan ium have been 
added, even to the list of those obtained at pilot scale. 
ASARCO has recent ly completed a plant  for the pro- 
duction of ant imony (6). AMAX and Ti tan ium Metals 
Corporation of America (TIMET) have both produced 
zirconium at pilot scale (7); and TIMET (6) and New 
Jersey Zinc (8) have both demonstrated t i tan ium 
sponge production. The results obtained at TIMET 
(9) indicate that an electrolytic t i t an ium process is 
competitive with the Kroll process. In an effort to im- 
prove product quality, Alcoa and Moly Corporation, 
together piloted a Bureau of Mines method for the pilot 
scale electrolytic production of pure rare earth metals 
(1O). For the most part, the final commercialization 
of these processes is waiting for an increased demand 
to require the construction of new facilities. 

Process and equipment developments (11-16), on the 
other hand, have resulted in numerous improvements 
in the electrowinning and electrorefining of the com- 
modity metals: aluminum, magnesium, sodium, copper, 
nickel, and zinc. Several improvements have been 
made in electrolytlc plants in general. The following 
items summarize these improvements and are con- 
sidered further in the discussion of particular metals. 

(i) Silicon rectifiers have been used to obtain im- 
proved reliability and energy conversion efficiencies 
on the order of 97% compared with about 94% for 
mercury arc rectifiers. 

(ii) Larger cells Or increased cell throughput have 
resulted in increased energy efficiency and improved 
materials handling. 

(iii) Increased automation has improved the reliabil- 
ity of electrolytic processes and reduced operating 
costs. 

(iv) Improved methods for feed mater ia l  purifica- 
t ion have reduced operating costs and increased yields. 

(v) Modifications of cells have permit ted the use of 
higher current densities in conventional tankhouses or 

" Present address: Argonne National Laboratory, Argonne, Il- 
linois 60439. 
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extract ion from low metals content  electrolytes in 
plants of novel design. 

(vi) Changes in electrodes have been used to in-  
crease anode life or metal  purity.  

Background 
The pr imary  emphasis in  this review is on the im- 

pact of developments in electrolytic metal  production 
upon technology in the United States. As a result  of 
the various technical and economic developments over 
the past 25 years, there has been a great change in t h e  
relative importance of the major  electrolytically pro- 
duced metals. This is reflected in the growth of c a p a c -  
i t y  and consumption for the commodity metals (6, 7, 
17). Table I shows the change in the electrolytic plant  
capacities over the past 25 years. Figure 1 shows the 
variat ion in the quanti t ies of the electrolytic metals 
consumed over the past 50 years. There are basically 
two categories of metals; the high growth metals which 
have increased at roughly 9% per year and the low 
growth metals which have increased at only about 
1-2% per year. Magnesium production growth has been 
rapid and very erratic pr imar i ly  due to variable  mil i -  
ta ry  and space requirements.  Though a luminum pro- 
duction has grown rapidly, it has been affected to a 
lesser degree by mi l i tary  requirements.  Copper, zinc, 
and sodium, the low growth metals, have been min i -  
mally affected by noncommercial  needs. 

Much o~ the economic impact  of the metals pro- 
duced electrolytically in the United States arises in 
the fabrication steps. In order to put  the several metal  
industries into perspective, it is instruct ive to examine 
the statistics for electrolytic metal  production in the 
United States during 1974-1975. This comparison is 
given in Table Ii. From these data, it is seen that  even 
though the value of these metals as a group is only 
about 4/10 of 1% of the gross nat ional  product, the 
impact on the electrical energy consumption is an 
order of magni tude  greater, at over 4%. The increasing 
cost of this energy has a direct impact on the operat-  
ing costs of these processes. It is par t icular ly  impor-  
tant  to a luminum,  magnesium, and sodium, which con- 
sume large amounts  of energy in their  electrolytic pro- 

Table I. Approximate U.S. capacities 
(In thousands  of short  tons) 

1952 1975-1976 

Electro- % of Eectro- % of 
lytic total lytic total  

Zn 375 40 350 80 
A1 1300 80 5000 80 
Mg 110 90 209 90 
Cu 2000 85 2750 85 
Na 130 100 190 100 
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Fig. 1. U.$. total consumption and historical U.S.-production of 
several electrolytic-based commodity metals. 

duction. Indirectly,  the capital investment  costs also 
increase with energy costs. This cost factor is more 
important  to the metals which consume proport ion- 
ately less energy in the electrolytic step. 

In addition to energy, envi ronmenta l  concerns have 
had an impact on both operating and capital costs by 
imposing lower emission requirements  on production 
plants. These new requirements  have resulted in the 
need for new processing methods which reduce the 
emissions to an  acceptable level. This has caused the 
shutdown of outmoded plants on the one hand, and 
the construction of new electrolytic plants on the other. 

Also in the area of envi ronmenta l  concern, both 
industr ia l  and envi ronmenta l  groups have become 
aware of the need to increase the extent  of recycling 
of metals to reduce the amount  of metal  discarded. 
However, the statistics for the electrolytically im-  
portant  metals, except nickel, do not show a signifi- 
cant increase in the percent  of metals recycled over 
the past ten years. Table III is based upon total scrap 
recycle. Kellogg (18) indicates that the total scrap 
recycle includes new or industr ia l  scrap, with near ly  
100% recovery, and old or product scrap with a 

TabVe II. Electrolytic metal production, value, and energy 
consumption 

Average 
Pro- energy* 

duction Energy consump- 
(short Approx. used* tion 
tons price Total (kW-hr (kW-hr/ 

Metal x 1O-b (r ($ x 10 -~) x 10 -D) lb) 

A1 4900 47 4,60 73.4 7.5 
Cu 1600 69 2.20 0.4 0.13 
Zn  240 37 0.18 0,7 1,5 
Na  170 22 0.07 1.7 5.0 
M g  130 71 0,18 2.2 8.5 

G N P  U.S.  T o t a l  

1400 2000 

* This is the energy used in the electrolytic step only. 

Table Ill. Percent of metals recycled (6) 

(Secondary  consumption)  

Metal  1971-1975 1961-1965 

Nickel  36.9 29.7 
Tin 28.6 28.4 
Lead 44.0 43.6 
Zinc 21.2 19.6 
Copper 42.1 41.7 
Aluminum 23.5 21.3 
Cobalt  1.6 1.6 
Magnesium 14.2 19.5 

highly variable recovery. Typically, old scrap repre-  
sents 20-25% of metals recycled. (Since year - to -year  
variat ions are considerable, Table III  gives the 5 year 
averages for the two time periods.) A great deal of 
effort is l ikely to be required to change these percent-  
ages drastically. In  the case of a luminum,  many  of 
the more recent applications have resulted in  greater 
dispersion of the metal  (e.g., beer cans). Very recently, 
industr ia l  efforts have increased the efficiency of col- 
lection of used cans to the point  where over 25% 
recycle is obtained. 

Fused Salt Systems 
The commercial electrolytically recovered metals 

fall na tura l ly  into two categories: (i) those obtained 
from fused salt electrolytes at a high energy cost and 
(it) those Obtained from aqueous solutions at a rela-  
t ively low energy cost. The fundamenta l  differences 
between these two categories lead to differences in 
the technological innovat ions that are required to im-  
prove the recovery processes. On the one hand, operat-  
ing costs are minimized with fused salt electrolysis, 
while on the other hand, capital costs are reduced 
when aqueous systems are used. 

The metals produced in large quanti t ies by fused 
salt electrolysis are a luminum,  magnes ium (19), and 
sodium. Much smaller  quanti t ies of bery l l ium (20), 
calcium, li thium, mischmetal,  1 and u ran ium are elec- 
trowon (21, 22), and pilot scale processes (7) have 
been used to win hafnium, individual  rare earth met-  
als, t i tanium, and zirconium. Of all these metals, only 
a luminum is not produced pr imar i ly  from a chloride- 
based electrolyte. However, a fused chloride electro- 
lyte is now being used in commercial production even 
for aluminum. 

In recent years the emphasis in the area of electro- 
winning from fused salts has been in the development 
of anhydrous chloride electrolytes to reduce energy 
consumption. In such electrolytes, it is possible to use 
permanent, chlorine-producing electrodes. This is in 
contrast to the older processes in which consumable 
carbon anodes were used to produce CO and C02 
from the oxygen-containing feed materials. In addi- 
tion to the savings-in carbon, there has been signifi- 
cant reduction in the electrical power consumed for 
electrowinning. 

AIuminum.--During the past twenty-f ive years, t h e  
production of p r imary  a luminum in the United States 
rose from less than 1,000,000 short tons to near ly  
5,000,000 short tons in 1974. In  the past two years, the 
general  lessening of economic activity has resulted in 
significant decreases in the production of all metals. 
In  the case of a luminum, it dropped to below 4,000,000 
tons per year in 1975. In  spite of this recent ly re- 
duced demand, the average annua l  growth rate in the 
a luminum indust ry  has remained very high at ap- 
proximately 9%. At the same time, the process has 
remained essentially unchanged from that  invented 
by Charles Mart in  Hall in  1886. Modifications in cell 
design and anodes, and the use of LiF additions (23) 
to the electrolyte have been impor tant  in reducing the 
energy consumption. The most important  modification 
was simply increasing the size of the individual cells 
in order to approach adiabatic operation more closely, 

1 Mixed rare earth metals .  
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thereby  reducing the heat losses. During the past 25 
years, near ly  95% of the reduct ion in energy con- 
sumpt ion can be at t r ibuted to this change. In 1.952 the 
consumption was about 8.5 d-c kW-hr / lb ,  whereas in 
1977, it is estimated to be about 6.5 d-c k W - h r / l b  in  
the better  plants. If the Alcoa chloride process lives up 
to its promise, the power could be reduced even fur-  
ther, to about 4.5 d-c kW-hr / lb .  This reduction in the 
energy consumption is essential to the a luminum in-  
dust ry  because a luminum,  more than other metals, has 
been produced in the past using very low cost power. 
As such a user, it is l ikely to see higher than average 
increases in power cost. 

A great deal of research and development  effort has 
been directed to the reduct ion of energy consumption. 
The conventional  a luminum process has been modified 
and new processes developed. The basic technology 
of the Bayer-Hall-Heroult aluminum production 
process has been extremely successful. However, it 
has shortcomings in addition to its low energy effi- 
ciency. The BHH process itself is somewhat capital 
intensiye and the installation of newly required pollu- 
tion control equipment in existing plants is expensive. 
A number of modifications are being made to im- 

prove the BHII process (9). These are currently in 
pilot test by Kaiser Aluminum and Chemical Corpo- 
ration and in production by Sumitomo Chemical Com- 
pany. The newly designed plants will include: pre- 
baked anodes; increased anode area; graphite linings 
on electrodes; computer control of electrode spacing 
(24) ; increased Control of electromagnetic effects; m in -  
imized heat losses; and improved hooding. These fac- 
tors are expected to lead to an energy consumption of 
less than 6 d-c kW-hr / lb ,  a greater  on- l ine  time, and 
a lower labor requirement .  Fur ther  improvements  
might  be possible by using pe rmanen t  cathodes such 
as TiB2 operat ing with only a thin layer of l iquid 
a luminum which would permit  the use of smaller  in-  
terelectrode distances. The thick a luminum layer, used 
in  convent ional  cells, is subject  to erratic oscillations 
by the magnetic  fields related to changes in current  
density. 

In  spite of these improvements  in the BHH process, 
other competit ive processes are on the horizon (25). 
These other processes use A1CI~ in various steps. Three 
of these are not electrolytic. The Alcan process (a 5000 
TPY pilot plant  was operated in 1968) and a "mono- 
chloride process" ( laboratory scale) proposed by 
Peacey and Gr imshaw both depend upon the high 
temperature  (1300~ stabil i ty of A1C1 and its 
relat ive instabi l i ty  at 700~ according to the equil ib-  
rium. 

2A1 (1) + A1C13 ~ 3A1C1 

The third proposed process (26) for the production of 
a luminum is the Toth process which depends upon the 
reduct ion of l iquid a l u m i n u m  chloride with m a n -  
ganese metal. This process is l ikely to be costly and 
to have difficulty meet ing  pur i ty  specifications. 

The most promising chloride process is the Alcoa 
smelt ing process in which a fused salt mixture,  possibly 
NaCI-LiC1-A1C13, is electrolyzed in a cell of novel de- 
sign. This cell reportedly uses bipolar electrodes, thus 
increasing the n u m b e r  of electrodes per uni t  volume 
and thereby reducing plant  space requirements  and 
energy consumption. This novel process, as does the 
BHH process, starts with alumina.  However, the 
a lumina  is first reacted with coke and chlorine obtained 
from the electrolysis cell to produce A1C13. The A1C13 
is sent to the electrowinning cell to produce a luminum 
and chlorine. A side benefit of the process is a greater 
tolerance to in ter rupt ions  of the power to the system, 
and thus it might  be amenable  for use as a method 
for load level ing for a ut i l i ty  facing periodic high 
demands for power. 

Magnesiu,~.--Magnesium consumption has also 
grown rapidly dur ing  the past twenty-f ive years. Its 
growth as an export metal  has been even more ex-  

plosive. In 1952, the exported metal  amounted to less 
than 3% of the United States consumption. B y  1975, 
it had reached 35% of in ternal  consumption. Thus 
while in ternal  consumption and imports grew by  a 
factor of 3, exports grew by a factor of 30. The con- 
t inued rapid growth of magnesium can be expected 
as new facilities operate with lower production costs 
and the demand increases for strong, l ight-weight  
a luminum alloys in automotive applications. 

A problem which has been associated with mag-  
nes ium production since it was first produced is that 
of the presence of water  or oxide. The Dow Chemical 
Company used MgC12 �9 lY4 H20 to �9 13A H20, as feed 
to the electrolytic cells. This resulted in the produc- 
tion of mixed gases at a consumable anode. Cont inuing 
efforts are being expended to work with anhydrous 
MgCI2 which permits the use of pe rmanen t  anodes and  
produces C12 as a by-product.  Under  the proper con- 
ditions, the addit ional cost of producing the anhydrous 
MgCle feed is more than offset by lower operat ing 
costs. Manpower requirements  are reduced since the 
electrodes are not consumed, thereby requir ing less 
systems work. Electric power consumption is reduced 
by about 40% since the electrodes are closely spaced. 
In addition, a credit of 2-9% of the magnesium cost is 
obtained from the chlorine. The details of the pro- 
duction of magnesium are highly confidential, but  
general  processing descriptions (27, 28) indicate that 
the t rend of future  production plants is, indeed, toward 
the use of anhydrous MgC12. If a low cost process for 
producing this metal  is to be found, the energy con- 
sumption for magnes ium production must  be great ly 
reduced. 

Sodium.--The production of sodium continues to be 
carried out p r imar i ly  by the Downs process. The 
United States growth rate has been only about 1.5% 
per year. A depressing feature has been a reduct ion 
in the demand for te traethyl  lead, the production of 
which is the p r imary  user of sodium metal.  On the 
other hand, world consumption has been growing. As 
a result  of this growth, the Tekkosha Company de- 
veloped a staged aqueous/fused salt electrolysis proc- 
ess which reduces energy consumption, labor require-  
ments, and corrosion problems (29). The first com- 
mercial  p lant  went  on stream in 1971. 

The three stages of this process are: (i) Brine elec- 
t rowinning of sodium to form a mercury  amalgam; 
(ii) 240~ fused slag, NaOH-NaI-NaCN, electrore- 
fining of the amalgam to produce a crude sodium; and 
(iii) purification steps to remove mercury  and calcium. 
The low temperature  operation improves the system 
operabil i ty and the operat ing env i ronmenta l  conditions. 
At the same time, a 20% reduction in energy is ob- 
tained. In addition, it appears that this process could 
be adapted for use with conventional  ch lor ine-mercury  
cells to produce sodium metal  instead of NaOH. If 
possible, this would lead to an improved flexibility in 
the productive capacity for sodium. 

Rare earth metals.--Mischmetal is the only rare  
earth metal  product produced in large quantities. The 
growing demand for rare  ear th-cobal t  magnets, duc- 
tile i ron (15% increase per year in  1973) and high 
strength low alloy steel (50% increase in  1973) is ex-  
pected to provide a large increase in  the demand for 
rare earths (7). A pilot scale joint  ven ture  of Alumi-  
n u m  Company of America and Molycorp evaluated the 
United States Bureau of Mines developed process 
(10) for the product ion of pure  rare  ear th  metals. 
The electrolyte used consists of a l an thanide  suboxide 
(LnzO3) plus fluoride dissolved in  a mix ture  of BaF2 
and LiF. The 99.9% pur i ty  .metal  (cer ium or lan-  
thanum)  was obtained at 75-95% current  efficiency 
compared with the 45-50% typical ly obtained from 
the conventional  chloride-based electrolyte. To date, 
the market  for rare  earth metals has not  increased to 
the point  where fur ther  development  of this new ap- 
proach is economically iustified. 



52C J. Electrochem. Soc,: REVIEWS AND NEWS February 1978 

Titanium.--In 1952 a question was raised concerning 
the possibility that t i t an ium and other "rare" metals 
might be electrowon from fused salt electrolytes. Since 
that time, the domestic production of t i tan ium sponge 
has grown from a few hundred  tons annual ly  to 
roughly 21,000 TPY in 1974, or about 19% per year. 
Commercial production still is carried out by the Kroll  
process. However, electrolytic pilot plants have been 
operated by the New Jersey Zinc Company (8), How- 
met Corporation, and Ti tanium Metals Corporation of 
America (TIMET) (9). The TIMET Division itself has 
produced several tons of electrolytic sponge. The proc- 
ess (30) offers lower energy and simple pollution con- 
trol. A small bleed stream of valuable  by-products  is 
treated for s econda ry  recovery. As the market  im-  
proves, it is quite l ikely that some of the new capac- 
i ty will  be electrolytic, 

Aqueous Systems 
No new metals have been produced by the commer-  

cial e lectrowinning and refining of metals using aque-  
ous solutions. New processes have been developed; and 
many  processes, some of which were developed over 
75 years ago, have been modified only slightly to build 
the aqueous electrolytic metals indust ry  that  exists 
today. The following examines the changes that  have 
occurred and those that are on the horizon for in t ro-  
duction into commercia l  plants in  the coming years 
(11-16). 

With aqueous electrowinning and electrorefining, the 
major development efforts have been directed toward 
obtaining metal: at higher than conventional current 
densities (31), by using new cell designs (32-38); from 
new sources such as dilute solutions (39-43), sulfide 
anodes (44-46), and so forth; and with less manpower, 
by automation (46). 

Many of the developments have a rather general ap- 
plicability. For example, high surface area packed or 
fluidized bed cathodes (32-34) have been studied by 
several investigators. Pilot plant results indicate that 
these cathodes are economical for Obtaining copper, 
gold, nickel, and cobalt from solutions containing less 
than I0 g/liter of metal. The metals are removed at 
relatively high rates and with low power consumption. 

The metal content of dilute solutions has been re- 
covered in two ways: (i) high surface area electrodes 
have been used when the solution contains only a 
single electrorecoverable species (40); and (it) liq, 
uid ion exchange is used to separate and concentrate 
recoverable species (39, 41-43). The concentrated so- 
lutions are then amenable to conventional electrowin- 
ning. 

Ore concentrates have been used as anode material. 
The first commercialization of such a process was the 
use of high metal-content nickel sulfide anodes (44) 
by INCO to produce a cathode grade nickel. Cymet 
(45) and Enviroteeh (46) have examined "pulp" 
anodes which use sulfide ore concentrates. The im- 
portance of this approach, ra ther  than a simple leach- 
electrowin process, is that the rate of metal  dissolution 
is synergetically enhanced so that the leach time can 
be significantly reduced. 

Another  factor of major  impact is the use of various 
automated procedures to reduce manpower  require-  
ments. A high level of automation has been achieved at 
Mitsubishfs Naoshima Copper refinery (47) where no 
personnel  are required to work wi thin  the operating 
tankhouse. This may be an example of tankhouses of 
the future. The first applications of automation that  
have appeared in more conventional  copper and zinc 
tankhouses are for str ipping cathode blanks, electrical 
short inspection, and loading and unloading cells. A 
more detailed review of developments follows with the 
discussion of the production of various electrolytic 
metals, i t  is impor tant  to realize, when reading these 
paragraphs, that  much of the equipment  has broad 
application even though it is discussed with emphasis 
on a part icular  metal. 

Copper.--Since 1952 the actual cathode production 
has increased only slightly in the United States. At the 
same time, however, the electrolytic copper refinery 
capacity has increased by 66%. The changes in the 
methods for electrorefining copper have been minor  
unt i l  the past 10-15 years (48-52). These recent im-  
provements in commercial plants include the follow- 
ing: The changeover to silicon rectifiers for d.c. power 
is near ly  complete. The use of automatic str ipping of 
blanks is progressing rapidly. Automated short detec- 
t ion is obtained in a few plants by infrared scanning 
of the cells or by computer analysis of cell electrical 
parameters.  T i tan ium blanks are increasingly specified 
for starter sheet production and have also been used to 
produce full te rm (80-120 lb) deposits. Higher elec- 
trolyte circulation rates with careful filtration have 
permit ted some producers to use cur ren t  densities as 
high as 325-375 A / m  e . Periodic current  reversal  has 
also been used with current  densities of 325-375 A / m  2. 
This technique has reduced the incidence effect of 
dendrit ic shorting. The deposit which results has an 
acceptable, though rough, surface. Other modifications 
include half cylinder ra ther  than t r iangular  electrical 
contact bars, plastic instead of lead liners for tanks, 
plastic capping boards to replace the wooden ones, and 
a luminum bus bars when the cost of copper was espe- 
cially highly priced. 

Electrowinning is becoming increasingly impor tant  
since purification and concentrat ion of dilute copper- 
containing solutions have become possible by using a 
liquid ion exchange (LIX) step. This process has re- 
quired significant development efforts to improve 
cathode quality. Since this copper has not generally 
been considered to be of "cathode quality," it has not 
been included in production statistics. The basic failure 
to meet this standard is the almost invariably high lead 
content of the copper which has been electrowon. Only 
recently has Cyprus Mines Corporation been able to 
sell eleetrowon copper from two production plants as 
cathode. 

The presence of the high acid electrolytes used in 
the LIX-electrowon process and the other operating 
conditions (typically 206 A/m 2 and 40~ generally 
produce a product which is contaminated with lead 
slimes to the extent of about 6-12 ppm lead. The qual- 
ity is generally high with respect to other impurities. 
Two approaches have been taken to alleviate this 
problem: (i) reduce the amount of lead in the sus- 
pended slimes, and (it) substitute other anodes for 
the commonly used lead. 

Two successful approaches have been taken to 
reduce the amount or effectiveness of lead in the sus- 
pended slimes. In the first approach calcium-lead 
anodes have been used to replace those of antimonial- 
lead. The lower corrosion rate in some electrolytes and 
the improved morphology of the PbO2 formed on the 
surface have resulted in lower lead contamination of 
the copper product. The second approach is the addi- 
tion of cobalt to the electrolyte, at the rate of 60 rag/ 
liter-2 g/liter. It also improves the PbO2 morphology. 

Efforts have also been made to eliminate the lead 
substrate by using anodes of titanium with a precious 
metal catalyzed surface. These are similar to the di- 
mensionally stable anodes used in the chlorine indus- 
try. At the present cost, it would be very difficult to 
justify the use of such anodes for the winning of com- 
mon metals. As a result, MnO2 and PbO2 surfaces have 
been developed with some success. The remaining ma- 
jor deterrents to the use of these anodes are the brit- 
tleness of the deposits, the solubility of MnO2, and 
the higher cost of titanium. However, if the use of 
calcium-lead anodes and cobalt additions to the elec- 
trolyte is found not to produce a satisfactory low lead 
content in a particular copper product, the develop- 
ment of titanium anodes may offer an alternative. 

In addition to the preceding developments, which 
have been applied to improve the performance of ex- 
isting electrolytic copper production plants, pilot scale 
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and laboratory work have been carried out to improve 
future  p lant  performance even more. Much of this de- 
velopmental  work is directed toward the recovery of 
copper by other means. These include: several tech- 
niques to use high current  densities with conventional  
electrolytes; part iculate  cathodes to permit  copper re-  
covery from dilute solutions at reasonable current  den-  
sities; direct concentrate electrorefining to cathode 
copper; electroforming dur ing  refining (53), and series 
e lectrowinning and electrorefining. In  addition, lab-  
oratory investigations are cont inuing in  the areas of 
un iva len t  copper electrodeposition by Dural ,  tapered- 
profile anodes by INCO and SO2 depolarized anodes by 
Conoco. It is reasonable to expect some of these pilot 
p lant  and laboratory developments to become part  of 
commercial  practice in the next  twenty-f ive years. 

At the present  time, conventional  copper electro- 
deposition plants  are not operating at the opt imum 
current  density. Several  authors (34, 36) have esti- 
mated the opt imum range to be 700-1000 A/m~ rather  
than  the present  200-250 A / m  2. In  order to operate at 
such high current  levels, it is necessary to improve 
the mass t ransport  at the electrode surface. Several 
approaches have been tried (31). Channel  cells with 
very high fluid flow which require  very close electrode 
spacing, ul trasonic agitat ion which requires a high 
energy input  and mechanical  s t i rr ing which requires 
oversized cells have not been demonstrated to have 
commercial  appiication. The commercial use of direct 
flow in  the CCS (or SEC) process developed by Con- 
t inenta l  Copper and Steel Industries,  Incorporated, has 
produced smooth dense deposits at 500 A / m  2. Air 
sparging on the other hand has been revived by INCO, 
Kennecot t  Copper Corporation, and the National  In-  
sti tute for Metal lurgy in South Africa. In all cases, it 
is suggested that  operation at 1000 A / m  2 produces h igh 
qual i ty copper and is economically attractive. It is 
anticipated that  air sparging will be used commer-  
cially in a few years. If such a technique should become 
commercial on a large scale, it is conceivable that new 
tankhouses would be bui l t  only because of location, 
or obsolescence, not because of need for increased pro- 
ductive capacity. 

Par t iculate  bed cathodes are another  area of very 
active development.  In  such electrodes, the deposition 
occurs over some finite bed depth rather  than solely 
in a plane, as in conventional  electrodeposition. There-  
fore, the t rue electrode area is many  times the cross- 
sectional area. In  this manner ,  the copper contained 
in  dilute solutions can be directly electrowon. A pilot 
scale fluidized bed electrode has been evaluated by 
Constructors, John Brown Limited. It has achieved low 
power consumption with solutions containing 0.5-3 
g/ l i ter  copper at current  densities of several thousand 
amperes per square meter. However, below 0.5 g/ l i ter  
the energy consumption rises as side reactions become 
more important .  Kennecot t  Copper Corporation has 
been evaluat ing a pilot scale, packed-coke, bed elec- 
trode. It is capable of recovering, with relat ively low 
power consumption, greater than 95% of the copper 
from solutions containing 0.5-1 g/ l i ter  copper in a 
single pass through the bed. At concentrations below 
about 0.6-2 g/l i ter,  it appears to be economically com- 
petit ive with LIX electrowinning.  

A final area of development  is the use of sulfide con- 
centrates or matte  as anodes. These efforts, by many 
workers, have intensified somewhat since the INCO 
success using nickel matte  anodes in 1961. Two pilot 
scale cells have been operated by Cyprus Mines Cor- 
poration (Cymet Process) and Envirotech Corporation 
(Electroslurry Process). Precious metal  (DSA) anode 
collectors have been u~ed in both systems with current  
densities in the range of 800-2200 A / m  2. The copper is 
not of electrorefined cathode quality. The economics of 
the process may be reasonable for small production 
plants using chalcocite concentrates. Fur ther  work is 
needed to evaluate the effect of using other minerals  
and that of minerals  with other impur i ty  contents. 

Zinc.--The United States capacity for electrolytic 
zinc production is almost exactly the same now as it  
was twenty-f ive years ago (54), with a corresponding 
increase in  the dependence upon imports. According 
to "Metal Statistics" (6) the capacity for electrolytic 
zinc production peaked eight years ago at a level about 
50% higher than  that of the present. However, the in -  
dications are that there will  be a rapid rise in  the 
United States electrolytic zinc capacity over the next  
ten  years. 

At the present  time, the pollut ion problems associ- 
ated with pyrometal lurgical  t rea tment  of zinc and 
zinc concentrates puts it at an economical d isadvan-  
tage. As a result, dur ing  the past eight years a new 
generat ion of electrolytic zinc plants has come on 
stream (55-60). While capacity in the United States 
dropped, worldwide over 11/2 mil l ion short tons per 
year of capacity has been added. This capacity in  
foreign countries and the general  economic doldrums 
have combined to slow the recovery in  the United 
States. 

Much of the improvement  in  the new generat ion 
zinc plants is in the concentrate preparat ion and hy-  
drometa l lurgy (61, 62) ra ther  than in electrowinning. 
Concentrate preparat ion consists of several steps. Pre-  
leaching is sometimes used to remove magnesium. 
This is followed by fluid bed roasting with sulfur 
emissions control. A new development  is the use of 
zinc oxide s lurry  in the SO2 scrubbers. For  the electro- 
winning  plant, the zinc-r ich solution is obtained in 
two stages. The conventional  neut ra l  leach is fol- 
lowed by a hot acid leach. The hot acid leach was de- 
veloped in  the late 1960's to obtain the zinc which was 
previously lost as zinc ferrite. The i ron in this leachate 
is removed as the sodium or ammonium jarosite or as 
Goethite while the acid solution is re turned  to the 
neut ra l  leach step. In  this way, zinc recovery can be 
increased by several percent. 

As already mentioned, the changes in the tankhouse 
have been relat ively minor. For example, even  though 
current  densities in excess of 800 A / m  2 are used in 
some plants, the average current  density remains  at 
about the same levels as the mid-1950's, about 400 
A / m  2. Operational and electrolyte pur i ty  improvements  
have resulted in  longer str ipping cycle times. In  the 
1950's it  was on the order of 24 hr, whereas 48 hr is 
more common at the present  time. The existence of 
this short cycle t ime has encouraged the development  
of automatic cathode handl ing and str ipping equipment.  

Nickel.--Electrolytic nickel production is present ly 
of negligible economic importance in  the United States, 
with less than 200 tons per year produced. However, 
the hydrometal lurgical  techniques for nickel recovery 
from lateritic and manganese  nodule sources are be- 
ing rapidly developed. It is very l ikely that nickel will 
be obtained from L~X treated solutions and that elec- 
t rowinning of the metal  will be carried out on a sig- 
nificant ~raction of this solution. 

On a world-wide basis, the methods for electro- 
refining nickel metal  have changed li t t le in the past 
twenty-f ive years (46). The major  innovations have 
been in electrowinning. Three electrowinning proc- 
esses are operating to produce  nickel on a commercial 
scale. 

In 1961 INCO's electrolytic refinery at Thompson, 
Manitoba began operation. The novelty of this plant  
is its use of nickel sulfide anodes. The 20% sulfur, 76% 
nickel matte  is cast directly from the converters. Even 
with careful cooling the anodes are somewhat fragile. 
These anodes are placed in bags to collect the vo lumin-  
ous sulfur  sludge. The cathodes are placed in  cathode 
boxes into which the purified electrolyte is directed. 
Electrolysis is carried out at about 220 A / m  2. The cell 
voltage which ini t ia l ly is roughly 2.3V, climbs as the 
anode sludge builds up. By the end of the anode life 
the voltage is near ly  4V. 

The Outokumpu process has been used since 1960 to 
electrowin nickel in cells using insoluble anodes. In  
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this process the  high grade,  65% nickel  28% copper, 
mat te  is leached, purif ied p r imar i l y  by  control l ing the 
process chemis t ry  and electrowon. During e lec t rowin-  
ning, t h e  nickel  content  of the  solut ion is reduced from 
75 to 50 g/ l i ter .  Consequently,  the  acid content  of 
the effluent f rom the cell  is about  50 g/ l i ter .  This re -  
quires tha t  the  e lec t ro ly te  composit ion at the cathode 
be controlled.  I t  is accomplished by  placing the cath-  
odes into t igh t ly  woven bags into which the feed elec-  
t ro ly te  is introduced.  The resul t  is about  94% current  
efficiency at 190 A / m  2 with  the  product ion  of ve ry  
pure  nickel.  

In  1971 SEC Corpora t ion  became the only commer -  
cial p roducer  of  e lec t rowon nickel  in the  Uni ted  
States  (37). The smal l  p lan t  produces  about  1/2 ton per  
day  from a refinery waste  stream. There  are two novel  
approaches  used in the plant .  First ,  the pure  nickel  
e lect rolyte  is obta ined by  using a l iquid ion exchange 
process to ex t rac t  the nickel  f rom the waste  s t ream 
fol lowed by  s t r ipping into a n ickel  e lec t rowinning so- 
lution. Secondly,  the  e lec t rowinning  cells are modified 
to use d i rec ted  solut ion flow, which permi ts  opera t ion  
at 380 A / m  2. By using a 3 g / l i t e r  drop in nickel  con- 
tent, there  is a ve ry  sl ight  increase in acid content.  
Therefore,  the SEC approach  e l iminates  bagging of 
the cathodes. 

The developments  in n ickel  recovery  have been sig- 
nificant over  the  past  twenty- f ive  years.  I t  is also l ike ly  
that  the use of new sources of nickel  and the use of 
new technologies,  such as that  of SEC Corporation,  wil l  
resul t  in fu r the r  deve lopment  over  the next  tw e n ty -  
five years.  

Other metals.--The United States  product ion  of 
other  meta ls  by  e lect rodeposi t ion from aqueous solu-  
tions has changed l i t t le  since 1952. Improvements  and 
other  changes in the  re la ted  area  of e lec t ropla t ing are  
discussed in a separa te  review. The fol lowing three  
i tems conclude this review. Two are processes which 
are  specula t ive  or at least  not repor ted  upon; the other  
is a descr ipt ion of a modified and expanded  product ion 
plant.  

Cobalt  e lect rodeposi t ion has not  been  grea t ly  deve l -  
oped since cobalt  gene ra l ly  occurs as a by -p roduc t  in 
nickel  or copper. The meta l  is often obta ined  by  hydro -  
gen reduct ion of solution. In addit ion,  the  oxide is f re -  
quent ly  an acceptable  source of cobalt. Genera l ly ,  one 
thinks of cobal t  electrodelcosition as being s imi lar  to 
that  of nickel.  However ,  the  deposi t  is usua l ly  br i t t l e  
and difficult to handle.  For  this reason, i t  can be ex-  
pected tha t  deposi t ion in a fiuidized cathode cell  might  
prove to be a most  sa t is factory  method for cobal t  
meta l  recovery.  

A repor t ed ly  new aqueous e lect rolyt ic  process has 
:been developed for the product ion of ant imony.  
A S A R C O  is cu r ren t ly  s ta r t ing  up a smal l  plant,  based 
on this process, in Texas. A descr ipt ion of the process 
is l ike ly  to be pub l ic ly  disclosed in ear ly  1978. The 
capaci ty  is p resumed to be about  2000 tons per  year.  

In  1963, the Texas City Tin Smelter ,  now Gulf  
Chemical  and Meta l lurg ica l  Company,  ins ta l led an 
e lect rolyt ic  t in refining p lan t  wi th  a capaci ty  on the 
order  of 5000 tons per  year.  Recently,  the  tankhouse  
size was increased.  This increased tankage  and oper -  
a t ion at h igher  cur ren t  densi t ies  has app rox ima te ly  
doubled  the electrorefining capacity.  Except  for a 
h igher  cur ren t  dens i ty  of about  150-185 A / m  2, the  
e lect rolyt ic  process (63) is much l ike tha t  descr ibed 
by Mantel l .  

In  summary ,  there  have been significant research 
and deve lopment  efforts carr ied  out since 1952 to im-  
prove the electrorefining and e lec t rowinning of me t -  
als. Some new processes have been developed and 
many  improvements  on exist ing processes have been 
made. In  the pas t  ten years  the s ta te  of commercia l  
pract ice  has developed rapidly .  In  aqueous based 
processes, the meta l  recovery  and th roughput  is im-  
proving;  while  in fused sal t  processes, the energy con- 
sumption is decreasing.  Dur ing the next  few years,  

economic conditions wil l  l ike ly  l imi t  changes in pres-  
ent  operat ions to process and efficiency improvements .  
By the centennia l  of The Elect rochemical  Society, it  
is quite l ike ly  tha t  there  wil l  be fu r the r  significant in-  
novations in the  commercia l  e lect rochemical  processes 
being used to obta in  metals .  
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Diffusion of Chromium in Magnetite as a 
Function of Oxygen Partial Pressure 

James D. Hodge 
Institut fi~r Physikalische und Elektrochemie, Technische Universit~it Hannover, 3 Hannover, Gec~nany 

Recently,  a grea t  deal  of da ta  has  been publ i shed  
concerning the diffusion character is t ics  of magnet i te .  
While  all  of this da ta  are  re l iab le  and in fa i r ly  good 
agreement ,  many  questions stil l  r ema in  concerning the 
defect  s t ruc ture  and t r anspor t  p roper t ies  of magnet i te .  
One of these questions concerns the behavior  of im-  
pur i t ies  in magnet i te .  To date, no re l iab le  da ta  exist  
in the l i t e ra tu re  concerning the diffusion of im-  
pur i t ies  in magnet i te .  The p u r p o s e  of this paper  is to 
descr ibe exper iments  and repor t  resul ts  of a s tudy of 
the diffusivi ty of chromium in magnet i te .  

A number  of studies have, to date, looked at  the 
t racer  diffusivi ty of i ron in magnet i te .  So far, the most 
complete  set of da ta  for self-diffusion in magne t i t e  
is tha t  compi led  by  Dieckmann and Schmalzr ied  (1). 
These workers  used Fe-59 to obta in  t r ace r  diffusion co- 
efficients at  var ious  t empera tu re s  and oxygen par t i a l  
pressures.  Thei r  resul ts  show tha t  a change of mecha-  
nism occurs in the  midd le  of the  magne t i t e  phase  field, 
i.e., a plot  of log Dfe* VS. log Po2 shows tha t  at  h igh  
oxygen pa r t i a l  pressures  the  slope of the observed 
curve is a lways  found to be 2/3, whi le  at low oxygen 
pa r t i a l  pressures  the slope is a lways  --2/3.  A s imi lar  
-52/3 to - -2/3  oxygen pa r t i a l  pressure  dependence  was 
also observed by  Hal loran  (2) in his studies of mag-  
net i te  at  1380~C. These resul ts  a re  in t e rp re t ed  as 
meaning  that  cation vacancies are  the p redominan t  
defect  at h igh  oxygen  pa r t i a l  pressures  and tha t  cation 
in ters t i t ia ls  are  the  p redominan t  defect  at low oxygen 
par t i a l  pressures.  Dieckmann  and Schmalzr ied  give 
the appropr ia t e  defect  react ions  as being 

2/3 02 + 3Fete  +2 = VFe + 2FeFe +~ + 1/3 FelOn(g)  [1] 

FeFe +~ -- VFe + Fel +~ [2] 

where Eq. [i] is the reaction for the formation of 
cation vacancies through the dissolution of oxygen in 
the magnetite lattice and Eq. [2] is the reaction for 
the formation of cation interstitials via a Frenkel 
mechanism. The law of mass action, when applied to 
these equations, yields 

[VFe] - -  KPo~ 2/~ [3] 

[Fei +~] = K'Po2 -2/3 [4] 

(Note: An  equat ion s imi lar  to Eq. [4] can also be 
wr i t t en  for [Fei+~].) 

The excel lent  agreement  be tween  this s imple defect  
model  and the observed expe r imen ta l  resul ts  ind i -  
cates that  point  defects in magne t i t e  behave  as an ideal  
solution, i.e., no complexing  or vacancy-vacancy  in-  
teract ions,  despi te  thei r  r e l a t ive ly  high concentrat ions 
(up to 0.01 cat ion site f rac t ion) .  I t  is assumed that  
this idea i i ty  stems f rom the presence of large  concen- 
t ra t ions of Fe  +2 and Fe  +~ cations presen t  in the  mag-  
net i te  la t t ice  which can shield vacancies f rom feeling 
the effects of any long range  coulombic in teract ions  
be tween vacancies. 

F rom the resul ts  out l ined briefly above, Dieckmann 
and Schmalzr ied  d r aw  two impor t an t  conclusions con- 
cerning the defect  s t ruc ture  of magnet i te :  (i) Ther -  
mal  d i sorder  in magne t i t e  is of the  F renke l  type;  and 
(ii) point  defects exhibi t  ideal  solut ion behavior  even 
at  high concentrat ions of defects. 

Wi th  these resul ts  in mind, exper iments  were  pe r -  
fo rmed to de te rmine  the dif fusivi ty  of ch romium in 
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magneti te  in order to study the behavior  of im-  
purities in the magneti te  lattice and compare this 
behavior with that observed for self-diffusion. Chro- 
mium is an interest ing impur i ty  because (i) it is a 
major  alloying agent in many  steels and should there-  
fore be present  in significant amounts in the oxide 
layers of these steels where a knowledge of its dif- 
fusive properties would be useful to steel manufac-  
turers and users, and (it) the Cr +3 ion has an almost 
identical ionic radius as Fe +3, but  unl ike  iron, at these 
partial  pressures of oxygen it exists as a fixed t r ivalent  
ion. 

Experimental Procedure 
Samples were prepared from a Fe20~ start ing mate-  

rial which was melted in  a controlled argon-ai r  
(70:30)atmosphere to reduce it to Fe804. Once it was 
melted and reduced, the magnet i te  sample was slowly 
cooled from its mel t ing temperature  unt i l  the sample 
was solidified. This slow cooling was accomplished 
by slowly lowering the sample, which was contained 
in a Pt-30% Rh crucible to reduce the loss of iron due 
to its high solubili ty in  plat inum, out of the hot zone 
of a vertical carbon element  furnace. After  solidifi- 
cation, the magneti te  sample was quenched to room 
temperature.  Disks of 0.2 cm were cut from the sample 
with a diamond saw and ground round to a diameter  
of 0.8 cm with a diamond wheel. These resul t ing sam- 
ples contained anywhere  from 2 to 10 grains wi thout  
any visible cracks or pores. 

Prior to a diffusion experiment,  the magneti te  sam- 
ples were equil ibrated at the appropriate oxygen par-  
tial pressure. To do this, an experimental  apparatus 
similar to that shown in Fig. 1 was used. The oxygen 
pressure, which was fixed dur ing the test by using an 
appropriate CO2/CO mixture,  and the temperature  
near the sample were determined s imultaneously 
through the use of a solid-state stabilized zirconia 
electrolyte galvanic cell and a p l a t inum-rhod ium 
thermocouple. The temperature  of the sample was 
measured independent ly  with a second thermcouple. 
Samples could be brought  in and out of the hot zone 
with the help of an electromagnet as is shown in Fig. 
1. After the pre-equi l ibra t ion anneal,  the samples were 
treated in the following manner :  First, they were 
ground parallel  and then polished on one side using a 
3 ~m diamond wheel. Cr-51 in  the form of aqueous 
chromate solution was placed on the polished surface 
with a microsyringe and the sample was then dried 
at about 100~ After drying, the samples were sand- 
wiched together to reduce evaporation of tracer from 
the surface of the sample dur ing the test, held under  a 
slight pressure between a lumina  rods, and then placed 
in the same furnace at the same tempera ture  and oxy- 
gen partial  pressure as was used in the pre-equi l ibra-  
tion run. 

After  a diffusion run,  which typically lasted from 2 
to 5 days, thin layers of the magnet i te  sample were 
removed with a 3 ~m diamond wheel and the rest ac- 
t ivity of Cr-51 was determined. The depth of the dif- 
fusion profiles obtained in this manner  ranged from 

Fig. !. Schematic of apparatus used for diffusion experiments 

20 to 100 ~m. During the grinding operation, the sam- 
ple surfaces remained parallel  to within 1 ~m. Be- 
tween 10 and 25 cuts were performed on each sample. 
Every diffusion coefficient was determined with two 
samples. 

Usually, in analyzing tracer diffusion data, absorp- 
tion of emitted gamma rays by the sample is ne-  
glected. However, since the energy of the gamma 
radiation emitted by Cr-51 is relat ively low (0.32 
MeV), self-absorption of gamma radiat ion by the 
magneti te  sample cannot be immediate ly  ignored when 
analyzing data collected in  this study. For situations 
Where self-absorption is significant, Frischat and Oel 
(3) have derived the following expression for the rest 
activity 

X i -- erf (-{---~ + y~/~-) 
A(x, t )  = A(o,t)  exp (yx )  

1 -- erf (yk/D-t) 
[5] 

where y is the absorption coefficient. It should be noted 
that to obtain a diffusion coefficient from this equation 
numerical  methods must  be used since D cannot be 
solved for explicitly. 

Therefore, to see if this correction for self-absorp- 
tion would be needed, the absorption coefficient of 
magnet i te  Was determined by measur ing the drop in  
Cr-51 gamma radiat ion intensi ty  across samples of 
various thicknesses. The value obtained in this manner  
(0.058 mm -1) was sufficiently small  and the average 
depth of the experimental  diffusion profiles was suffi- 
ciently shallow that self-absorption could be ignored 
at the exper imental  temperature  used (1200~ and 
the more conventional  equation for rest activity 

[ A(x, t )  = A(o,t)  1 -- erf ~ [6] 

could be used. However, at higher temperatures,  
where diffusion profiles will be deeper, this correction 
may have to be made. 

Using Eq. [6], the precision of the determinat ion 
of Dcr* was never  worse than +_10%. A determina-  
tion from a typical exper iment  is shown in Fig. 2. 

Results and Discussion 
As was stated previously, all experiments  in  this 

study were performed at 1200~ The results of all 
experiments done at this temperature  are presented 
in Fig. 3 along with previously measured values for 
i ron self-diffusion (1). From the figure, it can be seen 
that  chromium diffusion exhibits the same oxygen par-  
tial pressure dependencies as i ron diffusion, i.e., the 
slope of the log Dcr* vs. log Po2 curve is --2/3 at low 
oxygen part ial  pressures and +2 /3  at high oxygen 
part ial  pressures. Two impor tant  observations can be 
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Fig. 2. Typical result of a diffusion experiment. T z 1200~ 
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Fig. 3. Chromium tracer diffusion coefficients, Dcr* compared 
with iron tracer diffusion coefficients, DFe*, as a function of 
Po2 at 1200~ 

made from this figure. The first is that  the absolute 
magni tude  of Cr tracer diffusion is 2.5 orders of mag- 
ni tude slower than that of Fe tracer diffusion. This 
is in qual i tat ive agreement  with the A1 tracer diffusion 
estimates made by Petuskey (4). The second observa- 
tion, which is not in agreement  with Petuskey's  calcu- 
lations, is that  the m i n i m u m  in the log D* vs. log Po2 
curves occurs at very nea r ly  the same oxygen part ial  
pressure in both Fe and Cr tracer diffusion. 

Since the concentrat ion of defects is set by fixing the 
oxygen part ial  pressure, it is unl ikely  that Cr tracer 
diffusion is low because of a difference in defect 
concentrat ion between chromium and iron diffusion. 
Therefore, the reason for chromium's  low diEusivity 
probably  stems from a lower jump frequency than 
iron. Since the ionic radius of chromium is essentially 
the same as that of t r iva lent  iron, this lower jump 
frequency is probably not related to a size effect. How- 
ever, two other possibilities do exist. The first possi- 
bil i ty is that in magnetite,  because of coulombic 
interactions with sur rounding  oxygen anions, a j ump  
by a t r iva lent  cation could be more difficult than a 
jump by a divalent  cation. Since the very high mo- 
bil i ty of electrons in magneti te  at these temperatures  
makes it impossible to dist inquish between a divalent  
i ron cation jump and a t r ivalent  iron cation jump, 
this effect would not be noticed in iron self-diffusion 
experiments.  However, at these oxygen part ial  pres-  
sures, chromium exists as a fixed valence + 3  ion. 
Therefore, this effect, if real, should cause a lower 
chromium diffusivity in magnetite.  The second possi- 
bil i ty is that  the t r ivalent  chromium ion is not as 

easily deformed as an iron cation and it, therefore 
requires m o r e  energy to jump through its coordinat-  
ing sphere of oxygen anions. An  estimate of this effect 
can be made by comparing the electronic polarizabil-  
tries of the chromium and the i ron ions since the 
electronic polarizabil i ty is a measure of how easily an 
ion's electron cloud can be deformed with respect to 
its nucleus. A comparison of these values shows that 
the polarizabil i ty of Cr +~ is approximately  a factor of 
three lower than that  of Fe +2 (1.45 10 -25 cm ~ for 
chromium vs. 5.69 10 - ~  cm 3 for iron) (5). Therefore, 
this effect could also contr ibute  to chromium's  low 
diffusivity. 

In  regard to the second observation, namely,  the co- 
incidence of the Fe and Cr minima,  it should be noted 
that this indicates that the ratio of vacancy  jump fre-  
quency to interst i t ial  jump frequency is the same far 
both iron and chromium diffusion. Why this should 
necessarily be so is not immedia te ly  obvious. How- 
ever, if it  is assumed that the empty octahedral and /o r  
te t rahedral  sites in the magnet i te  lattice are the in te r -  
stitial positions, in tui t ively  it would seem that  a jump 
from a normal  site to an inters t i t ia l  position and a 
j u m p  from one interst i t ial  posi t ion to another  would 
be energetical ly similar to a normal  vacancy jump 
and, therefore, the j ump  frequency ratios ment ioned 
above would be approximately equal if it is assumed 
that chromium is relat ively indis t inguishable  from 
iron in the magneti te  lattice. 

It  is also possible that  the coincidence of the two 
minima is merely  fortuitous and that experiments  at 
other temperatures  will  reveal  that  the min ima  are 
not always coincident. Such experiments  are present ly  
being performed and the results of these tests will  be 
published along with other impur i ty  di f fus ion data 
in a later paper of the series on magnet i te  by Dieck- 
mann  and Schmalzreid. 

Summary 
Tracer diffusion experiments  using Cr-51 as a tracer 

were performed in order to determine the diffusivity 
of chromium in magnetite.  The results of these ex- 
per iments  were compared with previously obtained 
values for iron self-diiIusion. This comparison showed 
that al though chromium diffusion exhibited the same 
oxygen part ial  pressure dependencies, indicat ing that  
it d isused via the same mechanisms as iron, the ab- 
solute magni tude of chromium diEusivity was several 
orders of magni tude  slower than  that  of iron. Two 
possible reasons for this slow dif~usivity were ad-  
vanced, both of which could cause chromium to have 
a lower jump frequency than iron. The first is related 
to the fact that chromium has a fixed + 3  valence state 
while iron has a variable  valence of either + 2  or + 3  
at these oxygen part ial  pressures. The second is re-  
lated to the relative polarizabilities of the i ron and 
the chromium ions. It was also noted that the min i -  
mum in the log D* vs. tog Po2 curve occurs at the 
same oxygen part ial  pressure for both i ron and chro- 
mium tracer diffusion. The reason for this coincidence 
is not clear at this t ime and awaits fur ther  experi-  
menta t ion  at other temperatures.  Such exper imenta-  
tion is current ly  in progress. 
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Advances in Corrosion over the Past 25 Years 
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There: ig l i t t le doubt that  the factor of corrosion in  
present  materials  problems has gained greater recog- 
ni t ion than in any t ime previous. Advances in  corro- 
sion control during the past quar ter  century  have 
noticeably accelerated. Reference to the author 's  sur-  
vey in 1952 (1) of some accomplishments in corrosion 
over the previous 50 years and a glance at the large 
size of the present  corrosion l i terature  here and abroad 
confirm this trend. Some indication of the magni tude 
of the lat ter  may be had from Table I which, although 
by no means complete, presents some representat ive 
additions to the secondary and ter t iary  l i terature on 
corrosion appearing dur ing the past 25 years. There 
are several reasons why this increased recognition and 
at tent ion to the corrosion problem should have oc- 
curred in addit ion to the usual ly  cited economic fac- 
tors, the need for greater safety of equipment  and 
structures, and the justified arguments  on conserva- 
tion. For one thing, metals have moved to higher levels 
of strength and of chemical resistance to uniform cor- 
rosion making them unfor tuna te ly  vulnerable  to var i -  
ous unsuspected tylSes of envi ronmenta l  damage and 
sensitively dependent  on stress and on features of de- 
sign. Environments  in  tu rn  have become more aggres- 
sive and of higher temperatures;  even the air in  some 
cities has become polluted to an extent  causing metal  
fai lures--of,  for example, telephone relay spr ings- - in  
epidemic proPortions. On the whole, reported corro- 
sion failures observed as pits, cracks, and intolerable 
rates of surface attack have proliferated markedly  
over the recent past. 

Advances in corrosion control have served to reduce 
much of the present ly  experienced damage, but  it is 
fair to acknowledge that  engilmering inIormat ion on 
the influence of envi ronment  on properties of materials  
continues to lag behind that  which is urgent ly  needed. 
More distressing is the frequent  neglect by engineers 
and architects to use and apply what  is already known 
about corrosion control in their  designs of modern 
structures, machines, and buildings. There are both 
research and educational gaps that  require closing up. 

Notwithstanding that  much more remains to be done, 
there has been significant progress made recently in 
both corrosion theory and practice indicative of the 
informat ion that  should be made available in greater 
measure. The electrochemical theory of corrosion, still 
being debated 75 years ago, has rece ived perhaps its 
most impor tant  support  through the derivat ion pub-  
lished in 1957 by Stern and  Geary (2) of a simple 
equation relat ing electrochemical polarization param-  
eters to uniform corrosion rates. This approach to re- 
action rate measurements  at high or low temperatures,  
applicable to all s t ructural  metals, has been used in  
many  meta l -env i ronment  systems including the moni-  
toring of metall ic (prosthetic) devices for in tended 
use in the human  body. Mansfeld (3) has recently pro- 
vided a general  t rea tment  of the theory and l imitations 
under ly ing  this approach to corrosion-rate measure-  
ments. Electrochemical techniques in general  over re- 
cent years have assumed greater importance in all 
types of corrosion measurements  (4). 

The elusive subject of the s tructure and composition 
of the passive film on metals and alloys, vigorously 
debated for the past 140 years, has been scrutinized by 
scientific discussions held at three in ternat ional  sym- 
posia (1957 in Germany,  1962 in Canada, 1970 in En-  
gland) sponsored prominent ly  by this Society among 
other groups. A fourth symposium was held in  Arlie, 
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Virginia, October 17-21, 1977. A joint  seminar  by 
American and Japanese scientists active in  research on 
passivity was held in Honolulu in 1975 (5). Many of 
the contributors to these several symposia have con- 
t inued to advocate a diffusion-barr ier  oxide model. 
But to others, including the present  author, the results 
of coulometry and recently developed surface analyses 
stress the greater probabi l i ty  of an adsorbed oxygen 
and nonstoirhiometric oxide composition for the pas- 
sive films on metals like iron, nickel, stainless steels, 
a luminum,  and similar metals (6). One of the ongoing 
challenges, accordingly, is to relate meta l -pro ton-oxy-  
gen ratios in the passive film to observed chemical 
stabili ty of the film in various electrolytes and at var i -  
ous temperatures,  and to outl ine the factors that  cause 
t ransformation of the film to stoichiometric oxides 
having lesser protective properties. 

The concept of a critical potential  above which the 
passive film breaks down leading to localized corrosion 
or pi t t ing has been discussed qual i ta t ively for many  
years. The quant i ta t ive  t rea tment  of this subject  in -  
cluding the erlects of alloying and extraneous anions 
has more recently received a larger measure of at-  
tent ion (7-11). This informat ion has led to a practical 
unders tanding of how best to cathodically protect 
metals, such as the stainless steels, against pit t ing at- 
tack in  sea water and other environments ,  and also to 
a better  unders tanding  of the proper choice and ade- 
quate concentrat ion of inhibi t ing salts effective for 
avoiding pitting. These studies help to explain why the 
5000 and 6000 series of A1 alloys with corrosion poten- 
tials active to their  critical potentials have general ly  
shown better  resistance to pi t t ing in  sea water than 
those alloys of more noble corrosion potentials (12). 

Crevice corrosion which init iates in passive metals 
largely independent  of ~he critical potential  has been 
minimized by choosing alloys whose passivity is rela-  
t ively stable in  acidic halide solutions or in aqueous 
media within a crevice low in dissolved oxygen. For 
example the Ti alloys containing a few tenths percent  
Pd, or the Mo-bear ing type 316 austenitic stainless 
steels are in this category. More alloys possessing this 
kind of stable passivity are needed to help the engineer  
design structures where crevices are unavoidable  and 
hence where crevice corrosion poses a threat. 

~v'ithin the past years, the problem of stress corro- 
sion cracking (SCC) has loomed as especially critical 
in the design and operat ion of chemical, oil, and nu-  
clear plants  including high pressure gas lines. A de- 
tailed mechanism of envi ronmenta l  cracking apply- 
ing to specific metals and plastics or to materials 
in general  has not yet received over-al l  accep- 
tance despite the considerable at tent ion focused on 
the problem. A handicap in  this respect is the con- 
t inuing tendency in  some circles to confuse SCC al-  
ways requir ing a tensile stress with in te rgranula r  cor- 
rosion Which does not, even though in te rgranular  cor- 
rosion may sometimes result  in cracking. The two 
mechanisms of failure are probably  quite different. 
There is also current  confusion resul t ing from the 
overlapping of SCC with hydrogen cracking, the lat ter  
depending on interst i t ial  hydrogen in the metal. High 
s trength steels, according to Asphahani  and Uhlig (13), 
may fail from either cause depending on the potential  
range na tura l  to or imposed on the steels. Hence to 
successfully avoid failure by cracking in a given en-  
v i ronment  may require knowledge about the cause 
before applying the remedy. It would seem that SCC in 
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Table I. A partial list of new secondary and tertiary literature 
since 1952 

Review Ser ies  ( f r e q u e n t l y  con ta in ing  r e v i e ws  on corros ion)  
A n n u a l  Reviews  of Mate ra l s  Science 1971 - -  
Meta l lurg ica l  Rev iews  1956 - -  
Modern  Aspec t s  of E l e c t r o c h e m i s t r y  1 9 5 4 -  
Adv. in Corros ion Science and  T e c h n o l o g y  1970 - -  

New J o u r n a l s  
Br i t i sh  Corros ion Journa~ 1966 - -  
Corros ion Sc ience ,  J. C. Scully,  Edi tor ,  P e r g a m o n  P re s s  1 9 6 1 -  
Corrosion P r e v e n t i o n  and  Control ,  London  1954 - -  
Corros ion et  An t i -Corros ion  ( F r e n c h )  Par i s  1953-- 
Zashch ta  Meta l loy  (Russian)  1965 - -  

(also in Engl i sh  as) Pro tec t ion  o] Metals  1965 - -  
Aus t ra l ian  Corros ion  Eng ineer ing ,  Vol. 1 - -  Nor th  Sidney:  W. 

M e a g h e r  1957 
Corros ion R e p o r t e r ,  Vol. 1 - -  New York:  I n t e rna t i ona l  Nickel  

Co., Inc.  1953 - -  
Corrosion Techno logy ,  Vol. 1 - -  London:  L e o n a r d  Hill  Techni-  

cal Group  1 9 5 4 -  
Mater ia ls  P~otec t ion ,  Vol. 1 - -  Houston,  Texas :  Nat ional  Asso- 

ciat ion of Corros ion Eng inee r s ,  Inc.  1962 - -  

Abs t r ac t  Series  
Corrosioh Control  Abs t r ac t s  1966 - 
Corrosion A bs t r ac t s  1962 - -  

Confe rences  
T h e  I n t e r n a t i o n a l  Confe rences  on Metallic Corrosion 

London  1961, N ew York  1963, Moscow 1966, A m s t e r d a m  1969, 
Tokyo  1972, Sydney  1975, Brazil  1978. 

T he  NACE Resea rch  Confe rences  on Corros ion 
F u n d a m e n t a l  Aspec t s  of S t ress  Corros ion Cracking  1967 
Corrosion Fa t i gue  1971 
Local ized Corros ion  1971 
High  T e m p e r a t u r e  High  P r e s s u r e  E l e c t r o c h e m i s t r y  in Aque-  

ous Solutions 1973 
Stress  Corros ion Cracking  and  H y d r o g e n  E m b r i t t l e m e n t  of 

I ron  Base Alloys 1973 ( in press )  
Meta l lurg ica l  Society Confe rences  

Physica l  Me ta l lu rgy  of Stress  Corrosion F r a c t u r e ,  T. N. Rho- 
din, Edi tor ,  Vol. 4, Wiley  In t e r sc i ence  New York  1959 408 
pages  

Data  Compilat ions  
"Gu ide  to  Corros ion Res is tance  I,'" Po la r  1961 
" 'Korros ions tabe l len  Meta l l i scher  Werks to f fe , "  F. Ri t te r ,  Spring- 

e r  Ver i ag ,  Vienna ,  4th ed. 1958 
"Cor ros ion  Res is tan t  Mater ia ls  H a n d b o o k , "  I Mellan, Noyes Dev.  

Corp., 1966 
Corros ion Guide,  E. Rabald,  2rid ed. E l sev ie r  1968 
D. J. DePaul ,  "Cor ros ion  a nd  W e a r  t l a ndbook , "  McGraw-Hill ,  

New York  ( for  Atomic  E n e r g y  Commiss ion)  1957, 293 p a g e s  
G. A. Nelson, Corros ion Da ta  S u r v e y , "  5th ed., Shell  Develop- 

m e n t  Co., Emeryv i l l e ,  Calif. 1974 
" T a s c h e n b u c h  des  Metal lschutzes:  A e t i v e r  und  Pass ive r  Korro-  

s lonsschutz  de r  Meta l le ,"  W. W i e d e r h o i t  and  J. Elze, Wisen- 
schaf t  Ver lag ,  S t u t t g a r t  1960 

I m p o r t a n t  T rea t i s e s  and Monographs  
"Cor ros ion , "  2 Vols., 2-rid ed. L. L. Shre i r ,  Edi tor  B u t t e r w o r t h s  

(1977). 
U. R. Evans ,  " T h e  Corros ion and  Oxidat ion of Metals:  Scien- 

tific Pr inc ip les  ,and Prac t i ca l  Appl ica t ions ,"  St. Mar t in ' s  PresS, 
1960, 1094 pages  and  2 s u p p l e m e n t a l  vo lumes .  

F. L. LaQue  and  H. R. Copson, "Cor ros ion  Res is tance  of Metals  
and  Alloys ,"  2rid ed.,  ACS Monograph  58, Reinhold,  New 
York  1963 736 pages  

F. A. Champion ,  "Cor ros ion  Tes t ing  P r o c e d u r e s , "  J. Wiley,  
New York 1964 

H. Kaesche ,  "Die  Kor ros ion  d e r  Metal le :  phys ika l i sche  - -  chem- 
ische Pr inz ip ien  und  ac tue l le  P r o b l e m , "  Spr inger ,  Ber l in  1966, 
374 pages  

H. J. Engel l  and D. Behrens ,  "Werks to f f e  u n d  Kor ros ion , "  Vet-  
lag Chemie,  W e i n h e i m / B e r g s t r a s s e ,  Wes t  G e r m a n y  

ECS Corros ion Monograph  Ser ies  
H. P. Godard ,  W. B. Jeppson,  M. R. Bothwell ,  and R. L. 

Kane,  "Cor ros ion  of L igh t  Meta l s"  1967 
H. L. Logan ,  " T h e  St ress  Corros ion of Meta ls"  1966 
H. Le idhe ise r ,  " T h e  Cor ro s ion  of Copper ,  Tin,  and T h e i r  Al- 

loys"  1971 
W. E. Ber ry ,  "Cor ros ion  in Nuc lea r  Appl ica t ions ,"  1971 
W, H. Ailor,  " H a n d b o o k  on Corros ion Tes t ing  and  Ev a lu a t i o n "  

1971 
F. L. LaQue,  " M a r i n e  Corros ion"  1975 

ASTM STP Ser ies  
STP 516 "Local ized  Corros ion  - -  Cause of Metal  F a i l u r e "  1972 
STP 518 "S t r e s s  Corros ion  Crack ing  of Metals  - - A  S ta te  of 

A r t "  1972 
STP 576 "G a l van i c  and  P i t t ing  Corros ion  - -  F ie ld  and Labora-  

t o r y  S tud ies"  1978 
STP 610 "S t r e s s  Corrosion - -  New A p p r o a c h e s "  1976 

L i t e r a t u r e  Guides  
R. B. Diegle,  and W. K. Boyd, "Cr i t ica l  Su rveys  of Da ta  Sources:  

Corros ion of Metals ,"  NBS Spec. Publ ica t ion  396-3 1976 
K. Boodson,  " N o n f e r r o u s  Metals  - -  A Bibl iographic  Guide ,"  
sect ion in Chemical  Proper t ies ' :  Corrosion,  pp, 219-250 1972 

most metal  systems operates by a mechanism unre -  
lated to that  of hydrogen cracking, al though this mat -  
ter  is still being debated. In  any event, protecting 
against SCC involves choosing the proper alloys, avoid- 

ing specifically damaging anions, selecting opt imum 
rolling direction for some cold-rolled materials,  e.g., A1 
alloys, cathodically protecting below the critical po- 
tential  for SCC in the given environment ,  and adding 
inhibi t ing salts which shift the critical potential  to 
more noble values. Reducing tensile stresses, residual  
or applied, may increase life but  does not general ly  
avoid failure. 

Incidence of hydrogen cracking for some metals, e.g., 
10% Ni-Fe alloys may also be sensit ive to roll ing di-  
rection, and potentials must  be avoided at or below 
which hydrogen ions discharge at the metal  surface, 
especially in the presence of catalyst poisons l ike H2S 
which favor absorption of hydrogen by the metal. 
Laboratory and service data show that  the face-cen- 
tered cubic metals, e.g., the austenit ic stainless steels, 
are more resistant than body-centered cubic metals, 
e.g., the ferritic and martensi t ic  stainless steels, a prop-  
erty that  is made use of to avoid hydrogen cracking of 
ship propellors made of stainless steel, p ipe- l ine  hard-  
ware, and fasteners for a luminum structures. How- 
ever, face-centered cubic alloys of compositions that  
allow hea t - t rea tment  to high s trength levels are not 
necessarily resistant  to envi ronments  notorious for 
their hydrogen cracking tendencies. Some high s t rength 
alloys may also fail by SCC in  the presence of moist 
air. Hydrogen embr i t t lement  (loss of ducti l i ty) of Ta 
can be avoided by applying a thin, not necessarily pore-  
free, coating of Pt  to the surface which acts as a cata- 
lyst favoring hydrogen evolution ra ther  than absorp-  
tion of the gas by the metal  (14). A similar  catalytic 
coating applied to high s trength steel has been shown 
in the laboratory to be analogously effective (15). 

Fai lures by SCC are probably much more common 
in practice than  the usual diagnoses of metal  failures 
would indicate, a si tuation which is still more acute in  
cases of corrosion fatigue. It has been known  for a 
long time that engineer ing structures subject  to var i -  
able stress fail  by fatigue, but  what  is not  general ly  
recognized is the magni tude  to which the env i ronmen t  
contributes to such failures. A well-defined m i n i m u m  
stress (fatigue l imit)  below which fatigue failures do 
not occur in any length of t ime is established for steels 
in air; no such l imit  is observed in  sea water  or fresh 
waters. Failures in  corrosive electrolytes occur at any 
level of stress given a sufficient number  of stress cycles. 
The tradi t ional  explanat ion of corrosion fatigue has 
involved the formation of pits by the corrosion proc- 
ess, the pits in tu rn  serving as stress raisers and as 
nuclei  for fatigue cracks. Recently (18, 17), it  has been 
proposed that  the env i ronment  accelerates plastic 
deformation of metals at a given stress level inde-  
pendent  of pits, thereby favoring the format ion of ex- 
trusions and intrusions in  the metal  accompanying the 
fatigue process. Correspondingly, surface dissolution of 
polycrystal l ine brass, copper, and steel has been shown 
to accelerate slow plastic deformation (creep) of these 
metals subject to constant  stress (18-20). Practical 
measures to avoid or minimize corrosion fatigue in -  
clude proper al loy selection for op t imum corrosion re-  
sistance, cathodic protection to the same approximate 
potential  effective for avoiding uni form corrosion, ad-  
dition of corrosion inhibi tors  to the environment ,  de- 
aeration of aqueous environments  (e.g., steels in  sea 
water) ,  surface peening to reduce high surface stresses, 
and the use of various coatings. 

Relatively new organic coatings for metal  protection 
made up of various synthetic vehicles cont inue to be 
offered on the market.  Such coatings usual ly bu t  not  
always provide improved protection to the under ly ing  
metal  compared to the older s tandard available paints. 
In  general, all organic coatings, new or old, are perme-  
able in some degree to water  and oxygen; in  addit ion 
their deteriorat ion is affected to a variable degree, de- 
pending on the vehicle, whenever  they become exposed 
to temperatures  near  the boil ing point  of water. Cau-  
tion should be exercised in  the use of some coatings 
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and plastics in  a confined space; they may exude 
slight amounts  of volatile acids which accelerate cor- 
rosion of Zn, Mg, Cd, A1, Cu, and steels. One commer-  
cial plastic which exuded trace amounts of amines 
was found by the present  author to cause SCC of brass 
fixtures exposed to air contaminated by the plastic. 
Substant ial  advances in protective organic coatings for 
use in corrosive envi ronments  are l imited despite the 
impressive commercial importance of the field; new 
ideas are few and far between. As E. L. Koehler  (21) 
expressed it: "(organic  coatings) would seem to be an 
area where basic corrosion research has largely been 
lagging, with only a handful  of investigators giving 
sporadic attention." 

The dezincification of brass has for some t ime been 
explained in two differing ways with support ing evi- 
dence for either proposed mechanism. The alloy is as- 
sumed ~to corrode with redeposition of Cu in  spongy 
or porous form, or instead the zinc is assumed to cor- 
rode preferent ia l ly  teaving behind a porous residue of 
Cu or a Cu-rich alloy. Convincing support of the lat ter  
mechanism was presented by Pickering and Wagner  
(22), who proposed that  surface divacancies are formed 
by the corrosion process; these readily diffuse a t  room 
temperature  into the bulk  of the alloy and become 
filled preferent ial ly  with Zn atoms. The Zn then mi-  
grates along available diffusion paths to the metal  sur-  
face and reacts with the corrosive environment .  A simi- 
lar  preferent ial  corrosion of Cu in  Cu-Au alloys was 
explained by them along the same lines; here contrary 
to brass the init ial  general  corrosion of the alloy fol- 
lowed by redeposition of Au is not an equal possioility. 
Gold does not enter  into solution at any time. The for- 
mation of divacancies and their interact ion with dis- 
locations (dislocation climb) was proposed by Revie 
and Uhlig (19) to explain the accelerated creep of brass 
(and other metals) that they observed dur ing anodic 
dissolution. Correspondingly, divacancies also enter  the 
over-all explanation of corrosion fatigue dependent on 
environmentally induced plastic deformation, as de- 
scribed earlier. 

Direct logarithmic kinetics and two-stage logarith- 
mic kinetics for thin film oxidation of metals have been 
explained by electron transfer control at the oxide- 
metal interface (23). Inverse logarithmic kinetics has 
been explained by high electric neid-induced ion mi- 
gration through the oxide film (24). Differentiation of 
the two models is made difficult by the limited time 
over which thin film kinetics is observed; most, al- 
though not all, available data for which a differentia- 
tion can be made obey the direct logarithmic equation. 
Pretreatment of clean metal surfaces, e.g., Cu or Fe, 
with H2 or N2 has been found to cause surface faceting 
with a correspondingly large effect (depending on the 
gas) on subsequent thin film oxidation rates (25-26). 
This effect can account for some of the wide discrep- 
ancies in reported thin-film oxidation rates. 

The introduction of rare earth elements, which 
mainly improves spalling properties of the metal ox- 
ides, has been made use of to improv~ practical oxida- 
tion-resistant alloys, e.g., yttrium added to 25% Cr- 
Fe alloys. One of the important continuing problems is 
the adequate protection of Ni-base alloys employed 
for gas-turbine blades exposed to high temperature air 
containing small amounts of sulfates in suspension. 
Various protective coatings are in use, including Ni-AI 
alloys (27) which on oxidizing form adherent coatings 
of Al20~. 

Among recent practical advances is the increasing 
use of special low alloy steels called weathering steels 
for construction of buildings, bridges, and other struc- 
tures. Painting is not required t~roughout the life of 
the structure. The detailed mechanism accounting for 
the protective, adherent rust-scales forming naturally 
on such steels is still under study. 

The economic application of cathodic protection iu 
media like sea water has been advanced by the recent 

availabil i ty of remarkab ly  corrosion-resistant  p la t in-  
ized Ti or platinized Nb electrodes (28). Their  long 
life at relat ively high current  densities, convenient  
size, and good mechanical  properties under  stress and 
strain give them a marked advantage over the usual  
electrodes available heretofore for applied current  
protection. Corrosion resistant  t i t an ium anodes coated 
with ru then ium oxide have found impor tant  applica- 
tion in the alkal i -chlorine indus t ry  (29). Sacrificial 
anodes of the Zn or Mg variety are now supplemented 
by A1 alloy electrodes containing a small  percentage 
of Sn and sometimes addit ional Zn and Hg. In chlo- 
ride solutions, they exhibit  a cont inuing active poten- 
tial compared to pure A1 and account for a large ton- 
nage of A1 consumed annua l ly  for cathodic protection 
purposes (30). 

Improved br ight  metal  t r im for autos has recently 
been made available consisting of a bimetal  strip with 
stainless steel on the exterior and a luminum in con- 
tact with the auto body (31). The a l u m i n u m  cathodi- 
cally protects the steel body and its paint  coating 
against otherwise damaging galvanic effects when 
stainless steel is in direct contact with it. The in t roduc-  
tion some years ago of microcracked chromium de- 
posited over bright  electrodeposited Ni continues to 
afford ma x i mum protection against tarnish of the Ni 
coating (e.g., on auto bumpers)  as well as delaying 
rust ing of the under ly ing  steel at pores in the coating. 

Cont inuing urgent  needs in the corrosion field in-  
clude more efficient, nontoxic and inexpensive inhibi -  
tors for use in recycled cooling waters. Inexpensive,  
metall ically bright, passive alloys are needed that de- 
pend on elements other than chromium for atmospheric 
corrosion res is tance--not  an easy goal. As ment ioned 
before, corrosion-protective organic coatings contain-  
ing reliable and longer lasting corrosion inhibi t ing pig- 
ments and which withstand higher temperatures  would 
be welcome. Alloys with improved resistance to SCC 
in  chemical envi ronments  and also resistant  to hydro-  
gen cracking (such as in sour gas wells) are urgent ly  
in demand. There is also a need for bet ter  methods and 
materials to reduce the l i t t l e -known fret t ing type of 
corrosion which often causes the ini t iat ion of fatigue 
in  air or corrosion fatigue in  presence of an electrolyte. 
Fret t ing corrosion results from the slight oscillatory 
sliding of one metal  surface over another  surface, 
metal  or nonmetal ,  resul t ing in  wear  and pitting. A 
recent book by waterhouse is available which sum- 
marizes the known facts of fret t ing corrosion (32). 

Since 1952 some of the requirements  for educating 
engineers in  corrosion prevent ion have been met by 
various short courses arranged at several universit ies 
and also by the National  Association of Corrosion En-  
gineers. The time is perhaps overdue when all students 
of engineering and architecture will be required to 
take courses on envi ronmenta l  effects on properties of 
materials comparable to s tandard courses now avail-  
able on mechanical  properties. Furthermore,  more at-  
tent ion in support of research in corrosion science 
should be provided in order to supply a basis for im-  
proved engineering information. The design of modern 
structures and machines will  continue to suffer with-  
out such research. The Electrochemical Society through 
its Corrosion Division has been prominent  in encourag- 
ing the type of information that  is needed, and in pro- 
moting its availabil i ty to those who can best apply it 
to practical situations. 
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"A fuel cell is an electrochemical cell which can 
continuously change the chemical energy of a fuel 
and oxidant to electrical energy by a process involv- 
ing an essentially invariant electrode-electrolyte sys- 
tem" (i). For good reason, this definition is placed 
ahead of this rev iew of the pas t  25 years  of "Fue l  Cell  
His tory"  because this t ime per iod  covers the  th i rd  
cycle in per iodic  a t t empts  to real ize  wha t  W. Ost-  
wa ld  (2) envisioned in 1894 as an e lect rochemical  e le-  
ment  more  efficient than  the hea t  engine which, being 
based  on r andom energy,  is l imi ted  by  Carnot ' s  law. 
The prac t ica l  expe r imen t  of W. R. Grove  (3) (usu-  
a l ly  called the first e lectrolysis  fuel  cell d iscovery)  
was, in  i ts t ime, jus t  a l abo ra to ry  curiosity.  However ,  
a round  the tu rn  of the cen tury  such eminent  physico-  
chemists  as Nerns t  and Haber  devoted much effort to 
direct  ca rbon-oxid iz ing  fuel  cells. Their  expecta t ions  
fa i led  due main ly  to opera t ing  difficulties and m a t e -  
r ia l  p roblems;  tha t  ended the first period.  Af t e r  Wor ld  
War  I, new act ivi t ies  s ta r ted  the second cycle, st i l l  
a imed  at  d i rec t  coal -oxidiz ing cells. The final s ta te -  
ment  by  E. Baur  (4) in  his 1933 summary  paper  gave 
the best  chance for success to the  galvanic  e lement  
Which opera ted  at  room t e m p e r a t u r e  in a lka l ine  elec-  
t ro ly te  wi th  hyd rogen  as the  fuel. Af te r  1933 fol lowed 
the "quie t  years"  before  the  s ta r t  of the  th i rd  cycle 
Which was to progress  on an in ternat ional ,  wor ldwide  
basis. 

Bischoff, Justi ,  and Spengler  (1956) were  p robab ly  
the last  ones to consider  a d i rec t  coa l -burn ing  fuel  
cell  (wi th  Cu/CuO air  ca thodes) .  The findings of the  
Russian O. K. Dav tyan  (5) publ i shed  in 1946 can be 
considered the s ta r t  of a new per iod  of development .  
Davtyan ' s  work  and the "Nernst  mass" [a solid elec-  
t ro ly te  based on ZrO2 (85%) and Y203 (15%)]  were  
the  s tar t ing points for  G. H. Broers,  work ing  for  the 
Dutch organizat ion T.N.O., together  wi th  J. A. A. 
K e t e l a a r  in  the  ea r ly  1950's l ay ing  the g roundwork  
for successful high t e m p e r a t u r e  mol ten  ca rbona te  cells 
opera t ing  on H2 and CO (6). Broers  suppl ied  the 
gases th rough  porous layers  and  thus es tabl ished a 
s teady in ter face  be tween  the e lect rode s t ruc ture  and 
an e lec t ro ly te -conta in ing  solid ma t r i x  (of MgO).  

F igure  1 shows the construct ion of this h igh t em-  
p e r a t u r e  cell. Ea r ly  w o r k  on high t e m p e r a t u r e  cells 
pa ra l l e l ing  the  efforts at  T.N.O. was also done at  the 
Sondes Place  Research Ins t i tu te  in England by  H. H. 
Chambers  and A. D. S. Tan t r am (7).  F. T. Bacon (8) 
worked  on high pressure  hyd rogen -oxygen  fuel  cells 
at Marshal l ' s  F ly ing  School, Limited,  in Cambridge,  
England,  for  10 years  unt i l  he was successful wi th  
porous nickel  gas-diffusion electrodes containing a 
dua l -po ros i ty  s t ruc ture  which served  to keep  the re-  
act ion zone gas / l i qu id / so l id  s table th rough  gas p res -  
sure  action and ba lancing  cap i l l a ry  forces. 

F igu re  2 shows a pho tograph  of Bacon's dua l -po ros -  
i ty  electrode.  His fuel  cell was la te r  to become the 
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basis of the NASA-Apollo fuel cell program. Under 
contract, United Aircraft Corporation, Pratt & Whitney 
Division, developed the fuel cells which resulted in 
the most spectacular success for "Fuel Cell Power 
Systems" achieved to date. Figure 3 shows the sche- 
matic diagram of their ce11. 

A third type of fuel cell emerged in the 1950's, based 
on the results of studies on carbon electrode activa- 
tion by K. V. Kordesch and A. Marko (9) at the Uni- 
versity of Vienna. Fuel cells with hydrophobic porous 
carbon electrodes catalyzed with spinels on the air 
side and Pt on the hydrogen side were operated at 
high current densities in alkaline electrolytes without 
pressure at room temperature (E. Baur's prediction of 
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Fig. 1. The high temperature fuel cell of Broers 

Fig. 2. Microsection showing coarse and fine pore layers of an 
oxygen electrode (38X). 
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Raney  structures.  La te r  technical  deve lopments  at  
Siemens,  A.G. and at Varta ,  A.G. in G e r m a n y  were  
based on the work  of Jus t i ' s  group. 

Consider ing now the significance and the common 
fea tures  of those invent ions  which mater ia l i zed  in  the  
1950's (the beginning of our 25-year  his tor ic  su rvey) ,  
it  can be s tated that  i t  was the  recogni t ion of the need 
for a stable,  large  in ter face  be tween  elect rode and 
e lec t ro ly te  which caused the sudden  "break through"  
in technology. Different  designs led to the same result ,  
bu t  al l  were  rea l ized th rough  the fol lowing:  a porous 
e lec t rode  s t ructure ;  inert ,  conduct ive subs t ra tes  (i.e., 
carbon, nickel,  me ta l  ox ides) ;  catalysts ,  or pressure,  
or h igh  t empera tu re  for a h igh  reac t ion  ra te ;  we t -  
proofing or  gas pressure  balance  for  s tabi l i ty ;  gases 
( la te r  also l iquids)  as a r ep lacement  for  carbon as 
fuel;  recognizing the fuel  cell  as a "sys tem" (i.e., as a 
p r i m a r y  cell  wi th  cont inuously  suppl ied  chemicals) ;  
l ea rn ing  tha t  success depended  on the funct ioning of 
the aux i l i a ry  components  as much  as on the e lec t ro-  
chemical  reactions.  

Beginning in the  1950's, e lect rochemical  knowledge  
had also made  t remendous  steps forward,  not  the  least  
of which was due to the  fact that  fuel cells made  ex-  
cel lent  e lect rochemical  vehicles to exper imen t  with,  
but  also because they  included nea r ly  al l  of the  con- 
ceivable  pr inciples  of physical  chemis t ry  and thus 
were  equa l ly  chal lenging to engineers,  designers,  and 
theore t ica l  minds  alike. Elec t rode  kinetics became 
known as an impor tan t  field, superseding the t he rmo-  
dynamic  considerat ions  which  gave no answers  be-  
yond the pr inc ip le  of feasibi l i ty .  

The porous e lect rode s t ruc ture  was subjec ted  to 
r igorous analysis,  and models  were  constructed to ex-  
p la in  the behavior  of the e lectrodes under  load con- 
ditions. The role of the  a l l -encompass ing  Nernst  
equat ion was scrutinized,  and i t  was wide ly  agreed  
tha t  the  overpoten t ia l  was not  the  resul t  of but  the 
reason for the changing cur ren t  flow. Still ,  the  mecha-  
nism of the  charge t ransfe r  a t  an e lec t rode  surface 
was not clear,  and compl ica ted  models  competed for  
acclamation.  
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Fig. 4. Concentric hydrogen-air fuel cell 

1933 come t rue ) .  Such e lect rodes  became the basis of 
the  fuel cell systems bui l t  b y  Union Carbide  Corpora-  
tion, first in the tubu la r  shape, and then la te r  as thin 
composite e lectrodes using a porous meta l  and  carbon 
in a l aye r  design. A p ic ture  of the  ea r ly  concentr ic  
hyd rogen -a i r  fuel  cell is shown in Fig. 4. 

Another  significant deve lopment  of the  1950's was 
the work  of E. Jus t i ' s  group at  the  Technical  Un ive r -  
s i ty  in Braunschweig,  Ge rmany  (10). Jus t i  succeeded 
in producing  porous meta l  e lectrodes (single pore  size 
and dua l -poros i ty  s t ructures)  which  opera ted  at  room 
t empera tu re  wi thou t  noble me ta l  catalyst .  He used 
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Table I. Government-sponsored contracts on fuel cells* 

Estimated va lue  of contracts, mill ion dollars 

Totals Hydrogen H y d r o c a r b o n  HTFC Biocel ls  Other fuels Publications Totals 

1963 10.82 2.61 0.89 0.93 0.60 - -  15.85 
1964 11.75 2.45 0.43 0.20 0.74 0.03 15.60 
1965 9.44 3.17 0.22 0.20 0.43 0.03 13.49 

Estimated value of contracts, mill ion dollars, by government agency 

Department 
Totals A r m y  Navy  A i r  Fo rce  NASA os I n t e r i o r  AEC A R P A  Tota ls  

1961 1.3 1.8 2.4 0.1 - -  - -  5.6 
1962 2.7 0.7 1.5 8.9 1.~ 0.8 16.6 
1963 4.0 1.5 1.O 8.6 0.5 ~ 0.2 15.9 
1964 1.6 0.2 0.4 9.6 0.5 - -  3.3 15.6 
1965 1.6 0.4 0.3 7.8 - -  - -  3.3 13.5 

* Based  on p ro j ec t  b r i e f s  from the power Jnformation center, University of Pennsy lvan i a ,  as referenced by  B a t t e l l e  Memor ia l  Insti-  
t u t e  of Columbus ,  Ohio. 

Catalysts  were  deve loped  empi r ica l ly  (wi thout  
much benefit  f rom theory  at  the  t ime)  and, coupled 
wi th  hindsight ,  systems were  designed by  t r ia l  and 
error .  In spite  of this, the 25-year  h is tory  of fuel  cells 
is an honorable  per iod  for e lec t rochemis t ry  dur ing  
which  t ime it  was appl ied  to seemingly  unsu rmoun t -  
ab le  tasks  such as provid ing  the e lec t r ica l  power  for  
a space capsul~ on a t r ip  to the  moon. 

With  the  decl ine of space p rograms  in the  1970's, 
fuel cell  technology also s topped growing.  So, wi th in  
this 25-year  per iod  we also see the  decl ine of fuel  
ce l l - r e la ted  ar ts  and sciences. However ,  wi th in  recent  
years  a rev iva l  has s ta r ted  concerning uses and ap-  
pl icat ions for the genera l  publ ic  r ight  here  on ear th  
for power  product ion  on la rge  and small  scales. 

Before present ing  a chronological  su rvey  of fuel  
cell  technology, l~ig. 5 depicts  a represen ta t ion  of the  
d is t r ibut ion  of wor ldwide  fuel  cell efforts concerning 
the var ious  government  agencies,  indust ry ,  and un i -  
versit ies.  Table  I l ists the  gove rnmen t  expendi tu res  
for fuel  cells (excluding classified p rograms) .  F igu re  
5 and Table  I a re  based on a su rvey  conducted by  
Bat te l le  Memor ia l  Ins t i tu te  (11) and cover the  five 
peak  years  of fuel  cell  work.  

F igure  6 lists the  number  of Chemical  Abs t rac t  fuel  
cell  ci tat ions over  the  years  1958-1972 (12). A selected 
b ib l iography  l i s t ing the  ma jo r  books on fuel  cells and 
re la ted  subjects  has also been provided  to he lp  in  find- 
ing more  de ta i led  informat ion.  

Chronological Survey of Fuel Cell Systems 
High temperature cells.--Molten carbonate cells.-- 

Pi t t sbu rgh  Consol idat ion Coal Company,  under  con- 
t rac t  to the  U.S. Army,  cont inued w o r k  on h igh  t em-  
pe ra tu re  fuel  cells for use wi th  wa te r -gas  mix tu res  
(H2, CO, COs, and H~O) as fuel  and ai r  as ox idant  
(13). Cracking occurred in ini t ia l  l abo ra to ry  cell disks 
made  of a solid e lec t ro ly te  agains t  which  porous meta l  
e lectrodes (3 m m  thick stainless s teel)  were  pressed.  
Later ,  mol ten  sodium carbonate  (soaked in MgO) 
disks were  used, but  the  disks st i l l  c racked and the 
mol ten  phase  leaked  f rom the disks. I t  was discovered 
tha t  CO2 in the air  supp ly  s t ream was necessary to 
ma in ta in  cell opera t ion  (wi th  t ransfe r  of oxygen  
across the  e lec t ro ly te ) .  F u r t h e r  deve lopments  p ro -  
duced cells wi th  porous nickel  (on the fuel  side) elec-  
t rodes using equ imolar  sod ium- l i th ium carbonate  
melts.  Fo r  improvemen t  of a i r  e lect rode qual i ty ,  some 
l i th ia ted  nickel  e lectrodes and s i lve r -pas ted  cathodes 
were  prepared .  At  750~ these cells p roduced  75 m A /  
cm 2 at  0.70V using hydrogen.  In  the  final r epor t  (14), 
cracking of disks and flooding of the  e lectrodes were  
st i l l  ment ioned  as fa i lure  modes.  

Work  at  Cent ra l  Technical  Ins t i tu te  T.N.O. on a 
U.S. Government  contract  (15) in Hol land  cont inued 
beyond Broer ' s  research  cited in Ref. (6). Thei r  H2 
e lect rodes  used p l a t inum as the ca ta lys t  and s i lver  for  

the cathodes. The pr inc ipa l  a im was to lower  the 
ma t r i x  resis tance by  designing the cell  in tubu la r  
form, whereby  the porous meta l  tube  was coated on 
the outside wi th  meta l  powder  soaked wi th  MgO- 
LiNaCO3, fol lowed by  another  l aye r  of me ta l  powder .  
The inside of the  tube  const i tuted one gas chamber  
and the outside was the other  chamber.  The fuel  e lec-  
t rode  l imi ted  the output  to 15 mA/cm~ at  0.6V, and 
the lowest  opera t ing  t empe ra tu r e  was 400~ (L i -Na -  
K-ca rbona te -eu tec t i c ) .  As work  on this sys tem con- 
t inued (16), considerable  improvements  were  achieved;  
cur ren t  densi t ies  up to 200 m A / c m  e (100 mA/cm~ for 
700 hr  a t  0.SV) wi th  H2-CO2 (1: 1) mixtures .  In  1969, 
the super ior i ty  of the  L i - N a - K - c a r b o n a t e / a l u m i n a t e  
system over  tha t  of the MgO-pas te  systems was es tab-  
l ished (17). 
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Fig. 6. Number of Chemical Abstracts' fuel cell citations dating 
from 1958 through 1972. 
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Texas  Inst ruments ,  Incorporated,  had  a mo l t en -ca r -  
bonate  fuel ba t t e ry  p rog ram dur ing  1963-1965, w i th  
the  purpose  of producing  a 400W unit  which would  
opera te  on gas f rom re formed  l iquid hydrocarbons  
(18). Porous  meta l  e lectrodes (of s i lver)  were  bonded 
to the e lect rolyte  disk to p reven t  leakage;  the elec-  
t ro ly te  was LiNaCOa in a r e f rac to ry  MgO disk. The 
opera t ing  t e m p e r a t u r e  was 600~ Power  densit ies  
were  approx ima te ly  0.1 W/cruZ; l i fe t imes in the  1000 
hr  range. I. Trach tenberg  (19) was the  main  inves t iga-  
tor  of these "s lur r ied  mol t en -ca rbona te  cells," in  which  
there  was no r equ i remen t  for s t ruc tura l  in tegr i ty  on 
the e lect rolyte  component.  In teract ions  of e lec t ro ly te  
s tabi l i ty ,  s i lver  corrosion, and cur ren t  dens i ty  a re  dis-  
cussed in Ref. (20). 

At  the  Ins t i tu te  of Gas Technology in Chicago, 
B. S. Baker  and coworkers  (21) avoided the use of 
noble  meta l  cata lys ts  (needed for  s tab i l i ty  at  h igh  
tempera tures ,  not  r ea l ly  for  ca ta ly t ic  purposes) .  
Eutect ic  mix tures  (such as Broer ' s )  a l lowed opera-  
t ion be tween  500 ~ and 700~ Si lver  fiber cathodes and 
porous f iber-nickel  anodes were  used, wi th  re formed  
na tu ra l  gas as the  fuel. Cos t /pe r fo rmance  figures of 
$20/kW-$45/kW were  quoted a l r eady  in 1965. 

At  Genera l  Electr ic  Company,  some ear ly  work  was 
done by  D. L. Douglas (22) on mo l t en -a lka l i  ca rbon-  
ate cells wi th  gas diffusion electrodes,  ma in ly  wi th  a 
t e r na ry  e lec t ro ly te  system. 

At  Union Carbide Corporat ion,  M. L. Kronenberg  
evalua ted  high t empera tu re  fuel  cells using an im-  
p r e g n a t e d  ceramic matr ix .  The t ape red  tubu la r  cell 
construct ion (which made series cell  connections easy 
and was la te r  used ex tens ive ly  in so l id-s ta te  cells) 
was invented  at  tha t  t ime (23). 

In  Grea t  Br i ta in  at  Ene rgy  Conversion, Limited,  
A. D. S. Tan t r am or ig ina l ly  worked  on many  different  
h igh t empera tu re  cell  designs (24). Later ,  most  of his 
work  was devoted to P d - A g  foil anodes (25). 

In  France  at  Gaz d e  France,  A. Sa lvador i  developed 
semi- indus t r i a l  fuel  cell  e lements  of tubu la r  design. 
Pa l l ad ium on graphi te  was the ca ta lys t  used, and it 
consisted of a l aye r  of r e f rac to ry  oxides deposi ted by  
flame spray ing  to es tabl ish  a mat r ix .  A s i lver -based  
thin film was used at  the cathode (26). At  Electr ici t4 
de France,  mol t en -ca rbona te  cells were  s tudied by  a 
l a rge r  group of inves t igators  (27). A collection cit ing 
French  fuel cell  work  can be found in Ref. (28). 

In  Germany,  work  on mol ten -ca rbona te  e lectrolytes  
was neglected in favor  of the upcoming, and at  tha t  
t ime more promising,  so l id-s ta te  high t empera tu re  cell 
systems. 

The state of ar t  found in 1969 did not  change d u r -  
ing the next  five years.  Because ma te r i a l  p roblems  
were  b lamed  for  l i fe t ime l imitat ions,  technology 
shifted to phosphoric  acid fuel  cells which could 
opera te  also as wel l  on re fo rmed  na tu ra l  gas. Only 
ve ry  recently,  however ,  has the mol ten  carbonate  
work  at  the Ins t i tu te  of Gas Technology obta ined new 
importance.  United Technologies,  ERDA ( through the  
Argonne  Nat ional  Labora to ry ) ,  and EPRI  have spon-  
sored new studies. Per formances  of over  10O0 hr  have 
been quoted. This s y s t e m  is now considered as the 
"second generat ion"  of fuel  cells for  power  p lants  
(29). Opera t ion  at  600~176 (wi thout  noble meta l  
cata lys t )  for 40,000 h r  (wi th  mul t i s tack  units)  is con- 
s idered a n e a r - t e r m  goal (about  1980). Coal gasifica- 
t ion will  be an in tegra l  pa r t  of th~ system. 

Solid electrolyte cells.--In 1960, J. Weissbar t  and R. 
Ruka  es tabl ished that  cells wi th  e lectrolytes  of the 
type  (ZrO2)l -x(Y2Os)x could be opera ted  as sol id-  
state h igh  t empe ra tu r e  cells. In pr inciple ,  an O2 con- 
cen t ra t ion  cell  of tha t  na ture  could use any fuel  which 
reacts  wi th  oxygen  (30). The oxygen- ion  t ranspor t  
r equ i rements  l imi ted  the number  of sui table  oxides to 
those of mixed  oxides wi th  an imperfec t  s t ructure.  
Nernst  had a l r eady  observed such ionic conduction in 
1699. The ear ly  expe r imen ta l  cells produced accurate  

emf measurements  of the  H2/H20, P t - m i x e d  oxides-  
Pt, 02 cell at  1015~ Curren t  densi t ies  of 10 m A / c m  2 
could be susta ined for  two months  at  tha t  t e m p e r a -  
ture.  

Under  the sponsorship of the  USAF Aero P ropu l -  
sion Labora to ry  (31), this  sys tem was inves t iga ted  
dur ing 1962-1963, and the Westinghouse hol low cyl in-  
der  be l l - and-sp igo t  design wi th  electrodes appl ied  
to the  inner  and ou te r  surfaces of the  solid e lec t ro ly te  
was developed. 

Curren t  densi t ies  of 150 m A / c m  2 were  r epor t ed  by 
Archer  and co-workers  in 1965 (32). Cells measured  
1.2 cm d iam and were  0.9 cm in length.  I t  was est i -  
mated  tha t  a 500W uni t  would  weigh 12-20 kg. The 
p la t inum caat ing was 0.7 m m  thick at  the  seals, cov- 
e red  wi th  1.5 m m  of gold. Electrodes in ser ies  a r -  
r angement  were  brazed  together  wi th  a N i - A u  shim. 
The first contract  had  the  purpose  of developing  a 
100W uni t  to burn  gasified coal. 

In  1962 the Office of Coal Research (33) sponsored 
work  to provide  design da ta  for a 100 k W  unit. To 
avoid expensive  y t t r ium,  e lect rolytes  of the  Zr, Ca, 
and Mg types  were  tested, wi th  pa r t i a l  r ep lacement  
of p la t inum wi th  nickel.  Promis ing  resul ts  were  ob-  
ta ined  wi th  perovski te  systems such as LaCoO3- 
SrCoO~. A 100W unit  was bui l t  f rom 20 tubes con- 
ta ining 20 cells each. Area  per  cell  was only 2 cm 2. 
The O.C.V. was 200V. Pe r fo rmance  wi th  hydrogen  
and air  was as expected (0.15 W/cm2) .  CO was unsat is -  
fac tory  as a fuel, therefore  a cata lyt ic  shif t  reactor  
was incorporated.  The 100 kW design was, most cer-  
tainly,  overambi t ious  considering tha t  cell detai ls  had  
not ye t  been thoroughly  worked  out. Doubts  appeared  
concerning the claims that  the  so l id-s ta te  high t em-  
pe ra tu re  cell  was t ru ly  an O2-concentrat ion cell. The 
inabi l i ty  to opera te  on CO wi thout  a preceding  w a t e r -  
gas shift  is a ma jo r  d i sadvantage  and tends to dis-  
prove the or iginal  theory.  Use of hyd roge n -oxygen  
cells for space appl ica t ion  was also s tudied  but  l a te r  
abandoned.  

The appl ica t ion  of t in oxide  and ind ium oxide films 
to z i rconium electrolytes  (by  vapor  deposi t ion)  re -  
sul ted  in very  low polar iza t ion  losses dur ing  ai r  op- 
eration, and in 1967 E. V. Sve rd rup  and co-workers  
(34) c la imed cur ren t  densi t ies  up to 1000 mA/cm2 at 
1000~ wi th  opera t ing  l ife of a round 1000 hr. The 
oxide films, however ,  f laked off wi th  passing time. 
In 1969 it  was es t imated tha t  there  was enough ap-  
pl icable  technology avai lab le  to construct  a fuel  cell  
system which would use coal for centra l  s ta t ion power  
genera t ion  of 150 k W / m  3 at  a cost of $30/k'W (35). 

Brown, Boveri  Research Labora tor ies  at  Heide lberg  
(Germany)  designed high t empe ra tu r e  sol id-s ta te  
cells. The oxide  powders  were  pressed wi th  ammonium 
bicarbonate  into disks 0.3 mm thick and 40 m m  in 
diameter .  S in ter ing  was done wi th  a luminum oxide 
addit ives.  The active electrode mater ia l s  were  de-  
posi ted by  means of a p l a s m a - s p r a y  process. With  
s i lver  on the oxygen side and n ickel  or coba l t - i ron  
on the fuel side, the cell was s table  up to 856~ (36). 
F igure  7 shows a d rawing  of the i r  10-cell ba t tery .  Cur-  
rent  densit ies of 100 m A / c m  2 were  achieved,  wi th  re -  
por ted  l i fe t imes in the  hundreds  of hours. 

At  the  Bat te l le  Ins t i tu te  research  l abora to r ies  at  
F r a n k f u r t  IV[ (Germany)  (37) and at  Geneva  
(Swi tzer land)  (38), so l id-s ta te  e lect rolytes  of the 
z i rconium type  were  s tudied extensively.  

In  France,  extens ive  studies of solid e lectrolytes  
were  pursued unt i l  1967 at the Univers i ty  of Grenoble  
by  C. Deportes  and co-workers  (39). P la t inum elec-  
t rodes were  used for s tudying  the var ious  mixed  oxide 
systems. 

In  Japan,  solid e lectrolytes  were  s tudied at  the 
Univers i ty  of Nagoya. The emphasis  was on rep lace-  
ment  of noble metals  wi th  p o w d e r - m e t a l  s inters  on 
the anode side and ZnO and A1203-containing elec-  
t rodes on the cathode side (40). 
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Fig. 7. Ten-cell battery; parallel connection on the left, series 
connection on the right. ("Solid-state battery.") 

In Russia, at  the  Ura l  Ins t i tu te  of The Academy  of 
Sciences, such systems as Zr, Ce, and Ca oxides 
which  showed considerable  conduct ivi t ies  have  been  
s tudied since 1960 (41). 

At  the  Genera l  Electr ic  Company,  W. E. Trage r t  
(42) s tudied a sys tem containing s tabi l ized ZrO2 as 
e lec t ro ly te  in which was used a s i lver  cathode in  
l iquid form at 800~176 devia t ing  f rom the "solid" 
e lec t ro ly te  concept,  bu t  using to his advan tage  the  
high so lubi l i ty  of O2 in silver.  

A hydrogen- fue led  power  sys tem based on the 
Westinghouse/Office of Coal Research high t e m p e r a -  
ture  solid e lec t ro ly te  fuel  cell  has been recen t ly  
sugges ted  (43). Such cells would  be used wi th  p u r e  
hydrogen  and oxygen  ( f rom an  e lec t ro lyzer ) ,  w i th  
pu re  hydrogen  (s tored)  and air, or wi th  hydrogen  
f rom a gasifier or r e fo rmer  and air. Ut i l i ty  use i s  
contemplated,  depending  on cost, efficiency, and life= 
t ime. Time scale for  this  appl ica t ion  is about  1990. 

Medium temperature fuel cells.--Modification~ of 
the Bacon cell.--The hydrogen -oxygen  cell  developed 
by  F. T. Bacon opera ted  at 200~176 wi th  45% KOH. 
To preven t  boil ing of the  e lectrolyte ,  a p ressure  of 
40-55 arm was required .  In  this  environment ,  the  
porous nickel  e lectrodes tended to oxidize and to 
form a h igh  resis tance coating. The heavy  and ex -  
pensive construct ion was its ma jo r  drawback.  F u r t h e r  
deve lopments  of the sys tem for the  space p rog ram 
were  car r ied  on under  U.S. Government  sponsorship.  

At  Pa t te rson-Moos  Research,  Divis ion of Leesona  
Corporat ion,  the  contract  wi th  the  U.S. A i r  Force  (44) 
cal l ing for  construct ion and test ing of a 1.5 kW Bacon 
cell  was s ta r ted  in 1957. L i th ia ted  cathodes which  
could wi ths tand  oxida t ion  were  the  first improvement .  
Al though  the pe r fo rmance  of the  finished s tack de -  
cl ined wi th in  hours,  a few of the  cells las ted  for  as 
long as 2000 h r  at  150 m A / c m  2, thus indicat ing,  in 
pr incip le  at  least,  tha t  the  system could work.  

P r a t t  & Whi tney  Aircraf t ,  Division of Uni ted  A i r -  
craf t  Corporat ion,  s ta r ted  the i r  deve lopmen t  of the  
Bacon cell in 1961. Their  first goal  was to produce  a 
250W H2/O2 fuel cell  uni t  to demons t ra te  feas ib i l i ty  
for space applicat ion.  The opera t ing  pa rame te r s  were  
changed to 260~ wi th  85% KOH (solid at  room t em-  
pe ra tu re )  and  opera t ion  at  essent ia l ly  a tmospher ic  
pressure.  The cur ren t  densi ty  was 150 m A / c m  z at 0.87V 
(45). Some cells worked  for 5000 hr;  even the en-  
t i re  module  reached 690 h r  wi thout  fai lure .  
The Apollo project.--Details of the  design for  the  
Apollo  fuel  cell pro jec ts  have not  as ye t  been fu l ly  
publ ished.  However ,  pr inc ip le  descr ipt ions are  ava i l -  
able  (46). The P ra t t  & Whi tney  power  plant ,  PC3A-2, 
is charac ter ized  in Table  II. 

F igure  8 shows a p ic ture  of the  PC3A power  plant .  
Three  such units  were  mounted  in the  service  c o m p a r t -  
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Table II. Apollo fuel cell system, Pratt & Whitney PC3A-2 
power plant 

Number of cells 31 
Cell pressure 50 psia 
Nominal  temperature 400~ (204~ 
Reactant gas pressure 10 psi above cell pressure 
Heat and water removal By hydrogen circulation 
Voltage 27-31V 
Power 563-1420W 
Duration 400 hr  
Maximum power 2295W at 20.5V 
W-hr/lb reactants 1220 (at 1420W) 
Weight 220 lb 

ments adjacent to the command modules of the space 
capsules in all Apollo missions. The moon flight, 
Apollo 8, lasted for 440 hr; during that time, 291.7 
kW-hr of electricity were produced together with 
more than 100 liters of water. No further units were 
produced after the Apollo program ended. No exact 
cost es t imates  a re  ava i lab le  for  the  fuel  cell  power  
par t  of this p rogram;  a conservat ive  es t imate  is $100 
million, and perhaps  up to $150 million. 

Dur ing  fo l low-up work  p lanned  for  fu ture  space 
missions (space shut t le ) ,  P ra t t  & Whi tney  Ai rc ra f t  
Company developed an advanced  7 k W  fuel  cell  sys-  
t em (1973 model)  which  improved  the  specific weight  
and volume figures nea r ly  a magni tude  over  the 
Apollo  system. (Fue l  Cell  Technology Program,  John-  
son Space Center,  NASA,  Houston, Texas.)  

Low temperature fuel cells.--With carbon elec- 
trodes.--The ea r ly  Union Carbide  h y d r o g e n - o x y g e n  
(a i r )  fuel cells wi th  l iquid KOH elec t ro ly te  used 
baked  carbon tubes (20 m m  OD, 12 or 14 m m  ID) 
in a r rangement s  of 4 or 9 tube  bundles,  or (wi th  a i r )  

Fig. 8. PC3A power plant for Apollo project 
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in concentric cell  designs wi th  the  outer  (a i r )  e lec-  
t rode  having a 24 m m  ID and 30 m m  OD (47). 

Af te r  1960, the  pa ra l l e l -p l a t e  design prevai led ;  3 
or 6 m m  thick carbon pla tes  were  sur face-ac t iva ted  in  
the presence of spinels in  a s t ream of carbon d iox ide-  
containing gas a tmosphere  and subsequent ly  cata lyzed 
with  s i lver  or noble meta ls  i n  the amoun t  of 1 m g / c m  2 
of geometr ic  surface (48). 

H y d r o g e n - o x y g e n  ba t te r ies  (up to mul t ik i lowa t t  
output)  were  bui l t  f rom baked  carbon plates  dur ing  
government - sponsored  contracts  (49-5]) .  The larges t  
e lectrodes had dimensions of 30 • 30 • 0.6 cm; the 
larges t  ba t t e ry  produced  30 kW output .  

In  1964, th in  composite  porous me ta l / c a rbon  elec-  
t rodes s ta r ted  to replace  the  previous  heavy  vo lumi-  
nous carbon plates  (52). These new thin p la tes  were  
only 1-1.5 mm thick and used the  "f ixed-zone" pr in -  
ciple, thus locking the react ion zone into the confines 
of the in terface  be tween  the porous nickel  backing 
(gas side) and the ca ta lyzed  carbon l aye r  (e lec t ro ly te  
s ide) .  F igu re  9 shows a cut th rough  the thin, f ixed- 
zone electrode.  

These thin e lectrodes were  used in compact  h y d r o -  
gen-a i r  ba t te r ies  s tudied under  a government  con- 
t rac t  (53). Complete  systems and accessories were  
developed (54) and, in an a r r angemen t  wi th  Genera l  
Motors Corporat ion,  a van was equipped wi th  a 32 kW 
hydrogen -oxygen  ba t t e ry  (55). The sys tem could be 
over loaded up to 150 kW for short  per iods  to provide  
peak  power  for the  vehicle. The current  densi t ies  on 
oxygen were  350 m A / c m  2 at  t e rmina l  vol tages above 
0.80V. Wi th  air  as oxidant ,  the  l imi t ing cur ren t  den-  
sities were  150 m A / c m  2 at  a tmospher ic  pressure;  250 
mA/cm2 at 10 a tm (absolute) .  The sys tem opera ted  in 
wate r  equ i l ib r ium condit ions at 65~ in 9N KOH at 
100 m A / c m  2. Most of the  wa te r  which was produced  
t r ansp i red  th rough  the anodes into the hydrogen  c i r -  
cula t ion system. 

An  exper imen ta l  e lectr ic  car  was used to test  the  
concept of a "hybr id  vehicle" powered  by  a 6 k W  
hydrogen -a i r  fuel  cell ba t t e ry  in pa ra l l e l  wi th  a lead-  
acid ba t t e ry  (56). The vehicle  had  a range of 200 
miles  wi th  six l igh tweight  hydrogen  fuel  tanks.  Re-  
filling was done wi thin  minutes  f rom a h igh  pressure  
hydrogen  supply.  

A fur ther  significant improvemen t  of the  f ixed- 
zone e lec t rode  concept was in the  change to a double-  
poros i ty  nickel  s t ruc ture  on the e lec t ro ly te  side to 
assure p roper  wet t ing  of the  in ter face  and to p reven t  
gas bubble  b reak th rough  at  h igher  gas pressures.  The 
active carbon l aye r  (PTFE bonded)  is on the  gas side 
of the electrode,  this  being a reverse  a r r angemen t  
wi th  respect  to the  previous  design shown in Fig. 9. 
The improved  e lect rode the reby  combined the fea-  
tures  of the Bacon elect rode wi th  the  hydrophobic  
carbon elect rode to improve  per formance  and prolong 
l i fe  (57). L imi t ing  cur ren t  densi t ies  were  500 mAJcm 2 
on oxygen,  and 250 m A / c m  2 on air. Life t imes reached 
5000 hr. These thin electrodes can be used in re -  
chargeable  n i cke l -hydrogen  cells employing  exis t ing 
n i cke l - cadmium technology (58). 

Fig. 9. Fuel cell-lead acid battery automobile 

Fuel cells with platinum black "Teflon" electrodes.-- 
Amer ican  Cyanamid  Company produced  high pe r -  
formance electrodes for  use in a lka l ine  and acidic 
systems using l iquid and ma t r i x  electrolytes .  The basic 
pr incip le  for manufac tu re  of these types  of e lectrodes 
is to make  a mix ture  of p l a t inum black  (wi th  or  wi th -  
out carbon)  and "Teflon" [e.g., 3:1 weight  percent  
(w/o)  ] and apply  i t  to a screen support .  Fo r  a lka l ine  
systems the car r ie r  ma te r i a l  is go ld -p la ted  nickel  
screen; for acidic systems a t an t a lum screen is used 
(59). The ma t r i x  used was asbestos filled wi th  5N 
KOH, or glass-f iber  pape r  filled wi th  5N H2SO4. The 
Type A electrodes used no ex tende r  wi th  the  p l a t i -  
num black,  and loadings va r ied  f rom 9 to 40 mg/cm2; 
Type  B electrodes used graph i te  as d i luent  for the  
p l a t inum black, making  i t  possible to reduce the Pt  
level  to 2.5 m g / c m  2 and st i l l  achieve cur ren t  densi t ies  
of 100 m A / c m  2 at  0.75V in KOH at 30~ Opera t ing  
life at  70~C had been over  1500 h r  when  9.5 mg Pt /cme 
were  used. High per formance  l igh tweight  fuel  cell  
electrodes were  especial ly  inves t iga ted  by  Amer ican  
Cyanamid  Company for  N A S A  (60). 

The Genera l  ELectric Company ' s  "Tef lon"-bonded 
p la t inum electrodes consisted, typica l ly ,  of a P t  screen 
embedded  wi th  a mix tu re  of "Teflon" and catalyst ,  
wi th  a thin porous film of "Teflon" on the gas side. An  
a luminum foil was used as a backup  ma te r i a l  to 
press the mix tu re  into the screen (it  was la te r  s t r ipped  
f rom the e lec t rode) .  Loading wi th  the  noble meta l  
ca ta lys t  was on the order  of 30 mg P t / c m  3. Electrode 
sizes up to 50 • 25 cm were  suggested to be opt imal  
for the U.S. Navy  for use in fuel  cells for submar ine  
propuls ion (61). Electrode s t ruc tures  of this type  (62) 
f inally progressed to spacewor thy  components  and were  
incorpora ted  in the Gemini  space power  source. 

S imi la r  e lectrodes were  used in fuel  cells opera t ing  
on hydrocarbon  fuels. Studies  to reduce the  amount  
of p la t inum led to a loading of 1-2 mg P t / c m  2 for 
hydrogen  electrodes;  using oxygen and hydrocarbons ,  
there  was shown to be a d i rec t  re la t ionship  be tween  
p la t inum loading and performance.  Tungsten or t an-  
t a lum powders  as wel l  as boron carbide  were  t r ied  
successfully as diluents.  In l iquid 6N KOH, cur ren t  den-  
sities up to 400 m A / c m  2 ~t 0.7V were  achieved with  35 
mg P t / c m  2. In  5N H2SO4 at the same cata lys t  level,  a 
hyd rogen -a i r  cell  could produce  400 m A / c m  2 at  0.4V. 
With e lec t ro ly te  c i rculat ing be tween  the electrodes,  
in te rna l  heat ing produced t empera tu re s  up to 70~ at 
high cur ren t  densities. Local  "hot spot" t empera tu re s  
were  p robab ly  far  higher,  sometimes leading to elec-  
t rode  fa i lure  by  gas cross- leakage.  

Engelhard  Indust r ies  produced p la t inum and p la t i -  
num alloys (especial ly  P t -Ru)  cata lys ts  which were  
designed for acidic m a t r i x - t y p e  electrodes (63). A 
mix ture  of the  noble me ta l  ca ta lys t  and carbon was 
bonded wi th  "Teflon" to form a th in  e lect rode on a 
meta l  screen s tructure.  These electrodes were  ut i l ized 
in phosphoric  acid cells opera t ing  wi th  alcohols and 
dissociated ammonia  as fuel and ai r  as the oxidant.  

Fuel cells with porous metal electrodes.--Gas diffusion 
electrodes based on a doub le - ske le ton -ca t a lys t  (DSK) 
design had been s tudied by  E. Jus t i ' s  group at  the 
Technical  Univers i ty  Braunschweig  in G e r m a n y  since 
the ea r ly  1950's (64). The pr inciple  of these elec-  
t rodes was first descr ibed in ea r ly  Ge rman  pa ten ts  
(65). A homeoporous meta l  s t ruc ture  (to balance the  
capi l la ry  action wi th  gas pressure  in an opt imal  way)  
is combined wi th  a h ighly  active nonnoble  meta l  
ca ta lys t  by  mixing  s ize-contro l led  carbonyl  nickel  
powder  and Raney al loy powder.  Press ing and s in te r -  
ing resul ts  in a s trong e lect rode wi th  a "double  s t ruc-  
ture," pa r t  of i t  serving as a coarse skele ton for good 
conduct iv i ty  and par t  act ing as a catalyst .  

The Raney  catalysts  were,  basical ly,  A1-Ni al loys 
for hydrogen  electrodes and A1-Ag alloys for oxygen  
electrodes. The a luminum was leached out  wi th  
caustic solutions. La te r  special  ac t iva tors  and pyro- 
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phoric  inhibi tors  were  added  to faci l i ta te  production.  
The Ge rman  companies,  Ruhrchemie  A.G. and S te in-  
kohlen  Elektr iz i t~ts  A.G., f inanced the ea r ly  work.  

Var ta  A.G. cont inued the deve lopment  work  up to 
k i lowat t  sizes (66). A special  development ,  the  "Elo-  
flux" e lect rode (67), was unique in  its design of elec-  
t ro ly te  flow (pe rpend icu la r  to the  e lec t rode  surface)  
and manifold ing of mul t ip le  cell units. One hund re d  
units of tha t  type  were  bui l t  in smal l  quant i t ies  unt i l  
1972. 

Siemens A.G. fol lowed ano ther  pa th  in the  fu r the r  
deve lopment  of the  Raney  ca ta lys t  e lectrodes to p ro -  
duce the  so-cal led  "Schi i t te lek t rode"  in which the p a r -  
ticles of act ive mate r ia l s  were  sedimented  on as-  
bestos wi thout  any  addi t ional  binder .  The electrodes 
were  held  in place by  other  layers  of porous noncon- 
duct ive  mate r ia l s  (68). These electrodes were  used to 
construct  hyd rogen -oxygen  fuel  cell  ba t te r ies  up to 
k i lowat t  sizes. Even the power ing  of automobi les  (in 
h y b r i d  fashion) was suggested (69). 

A 7 kW hyd rogen -oxygen  ba t t e ry  was bui l t  by  
Siemens A.G. a round  1976. Deve lopment  work  at  Sie-  
mens did not  stop when most o ther  fuel  cell  efforts 
in the  Uni ted  States  and e lsewhere  fo lded or  were  
reduced  to l abo ra to ry  levels.  Work  was cont inued in 
the direct ion of lower  cost units and a i r  opera t ion  
(70). The air  e lect rode was based on an ammonia -  
t r ea ted  carbon mate r i a l  and the e lect rode design was 
comprised  of th ree  layers :  a hydrophobic  cover layer ,  
a hydrophobic  work ing  layer ,  and a porous PTFE 
cover on the gas side. This e lect rode is also sui table  
for rechargeab le  air  cells (71). 

A l l i s -Cha lmers  Manufac tur ing  Company bui l t  hy -  
d rogen-oxygen  fuel  cells based on an e lec t rode  consist-  
ing of a porous nickel  p laque  ca ta lyzed wi th  noble 
meta ls  facing a porous asbestos sheet  in which the 
e lec t ro ly te  is re ta ined  by  cap i l l a ry  action. The ear ly  
cell  construct ion used direct  evapora t ion  of the  formed 
wa te r  (at  the  H2 e lec t rode)  as a means  for keeping 
the e lec t ro ly te  concentra t ion constant  in the  asbestos 
ma t r i x  (72). As an ear ly  demons t ra t ion  project ,  a 
t rac tor  was fitted wi th  a 15 kW hydrogen -oxygen  
ba t t e ry  in 1959. With  a work ing  vol tage of 750V, the  
cur ren t  of 20A represen ted  a cur ren t  dens i ty  of 20 
m A / c m  2. Ba t t e ry  weight  was 917 kg. 

Dur ing the years  f rom 1961 to 1965, severa l  la rge  
units  were  constructed under  government  contracts  
(73-75). The first was a 1.5 kW unit  opera t ing  at  about  
65~ and 5 psig. A 400W unit  was bui l t  wi th  b ipolar  
plates  and the opera t ing  t empe ra tu r e  was increased to 
90 ~C. It  worked  for 700 hr. 

In  order  to adap t  the Al l i s -Cha lmers  cell  to space 
operat ions,  the so-cal led  "stat ic  wa te r  vapor  control  
method"  was invented  (76). In essence, a mois tu re -  
remova l  m e m b r a n e  suppor ted  by a porous suppor t  
p laque  was added  behind the hydrogen  cavity.  Wi th  
this principle,  the  aux i l i a ry  controls  became simpler ,  
and a 2 kW space fuel cell ba t t e ry  was bui l t  for  the 
G. C. Marshal l  Space Fl ight  Center,  Huntsvi l le ,  A l a -  
bama.  

This type  of fuel  cell opera ted  so successfully tha t  
this sys tem was visual ized as a fo l low-up system af te r  
Apollo  to replace  i t  in f u t u r e  space ventures  (which 
were  la te r  cancel led) .  The noble meta l  cata lys t  level  
was high (pa r t ly  replaced  by  gold) ,  but  the re l i ab i l i ty  
and p o w e r / w e i g h t  requ i rements  of space missions 
w a r r a n t e d  this approach.  Test ing of such a sys tem 
cont inued even af ter  A l l i s -Cha lmers  closed down 
the i r  fuel  cell work  in 1969. Through the use of nickel  
boride,  thei r  Research Division developed a hydrogen  
ca ta lys t  free of noble  meta l  (77). A ve ry  act ive ca ta-  
lys t  for the oxygen  elect rode was p repa red  f rom si lver  
oxa la te  (78). 

Al l i s -Cha lmers  also manufac tu red  a 5 k W  hydro -  
ca rbon-a i r  fuel  cell  sys tem which employed  the i r  1965 
fuel  cell  technology to produce  the hydrogen  in a 
s team re fo rmer  uni t  (79). The biggest  p rob lem in this 

system was reliability of the auxiliary components. 
However it provided experience for procuring Hs 
producers, air scrubbers, and inverters on an engineer- 
ing scale. A weight breakdown shows for instance, 
that  the  fuel  cell  module  weighed only 2 2 % o f  the 
unit  (150 kg) ,  the r e fo rmer  weight  was 240 kg, and 
the inver te rs  and auxi l ia r ies  toge ther  weighed over  
300 kg for  a total  of over  700 kg to achieve only  5 k W  
net  power  output  (gross fuel  cell power:  7.3 kW) .  
Al l i s -Cha lmers  also bui l t  hydraz ine  and methanol  
bat ter ies .  

The fuel cell  sys tem of ASEA, Sweden,  used l aye r  
e lectrodes which consisted of an  inactive,  coarse, 
porous layer  of nickel,  an act ive in te rmedia te  l aye r  of 
porous nickel  wi th  n ickel  boride,  and a fine l aye r  of 
porous nickel  (on the e lec t ro ly te  s ide) .  The propuls ion 
of submar ines  was a considered applicat ion,  and a 
ve ry  sizable effort was expended  in Sweden  to bui ld  
su i tab le  systems (80). However ,  accidents  p reven ted  
the success of the  pro jec t  and i t  was abandoned.  Still ,  
the  progress  made  dur ing  this technological  phase  was 
considerable  and much was l ea rned  about  the  be -  
havior  of different  e lect rode designs (81). Some of 
the resul ts  wi th  oxygen electrodes were  l a t e r  appl ied  
to rechargeab le  i ron -a i r  systems. 

The Electr ic  Storage Ba t t e ry  Company produced 
microporous  meta l  e lectrodes for  hyd rogen -oxygen  
cells as ea r ly  as 1960. La rge r  tubes  (2.5 cm diam)  or 
plates  made  f rom t iny  tubes  were  fabr ica ted  and 
tested (82). Curren t  densi t ies  up to 200 m A / c m  2 and 
l i fe t imes of 3000-5000 hr  were  repor ted ,  especia l ly  in 
NaOH. The oxygen  electrodes were  heterogeneous  
al loys of 50-90% Ag and 10-50% Ni. 

Compagnie  Gdndral  d Electr ic i td  in France,  at  the 
Labora tor ies  in Marcousis,  expe r imen ted  wi th  a lka l ine  
fuel  cell ba t te r ies  in sizes up to 2 kW. Oxygen  elec-  
t rodes were  based on ca rbon-s i lve r  s t ructures;  h y d r o -  
gen electrodes used porous nickel  e lect rodes  of ad -  
jus ted  pore  sizes ca r ry ing  nonnoble  me ta l  oxides  as 
catalysts  (83). 

AEG-Te le funken  in G e r m a n y  developed tungs ten  
carbide catalysts  for fuel cell anodes (hydrogen  and 
re former  fuels)  in acidic e lec t ro ly tes  (84). Thin elec-  
t rodes (0.75 mm)  reached cur ren t  densi t ies  of 50 m A /  
cm 2. 

At  the Bat te l le  Ins t i tu t  in  F rankfu r t ,  Germany ,  
tungsten carbide  was also s tudied as an anode ca ta-  
lys t  in acidic e lec t ro ly tes  (85). In  sulfur ic  acid at  70~ 
the polar iza t ion  at  50 mA/cm2 was 0.2V. Such elec-  
t rodes were  also used in phosphor ic  acid and wi th  
different  fuels such as formic acid, hydrazine ,  etc. 

Ion-exchange Inembrane cells.--General Electr ic  
Company 's  fuel  cell  p rog ram was main ly  mi l i t a ry  and 
space oriented.  The electrodes pJ;eviously descr ibed 
were  used in combinat ion wi th  ion-exchange  m e m -  
branes  (IEM's)  serving as the  e lec t ro ly te  m e m b e r  of 
the cell. Phenol -su l fonic  IEM's were  the  first types  
used ir~ a 24V, 200tW Navy  ba t t e ry  design (1959) 
which a imed  for a weight  of 16 kg, inc luding one day 's  
fuel supply.  The opera t ing  mode des i red  was 14 h r / d a y  
for  seven days  on hydrogen  and ai r  (86). 

The life of the IEM's was shor t  if the  membranes  
dr ied  out; therefore,  wa te r  was re ta ined  by  wicks on 
the oxygen side. The r ibbed  t i t an ium contact  p la te  
p rovided  space for i t  next  to the  air  supply  and cool- 
ing channels.  The cells opera ted  at  15 m A / c m  2 at  0.6V 
for over  500 hr. One fa i lure  mode was the  flaking off 
of the P t - P d  cata lys t  (50 m g / c m  2) f rom the m e m -  
brane  on which i t  was deposited.  The fuel  canis ter  and 
the hydrogen  genera to r  (Na-bo rohydr ide  and acid) 
of the ear l ie r  model  was subsequent ly  rep laced  by  a 
bot t le  of compressed hydrogen.  Dur ing  the  fol lowing 
deve lopment  work,  the cell resis tances were  reduced 
by  higher  contact  pressure .  

In  the HOPE fuel cell p rog ram (U SA F) ,  the  pe r -  
formance of IEM cells under  orb i ta l  flight condit ions 
was studied. Improvemen t s  in hea t  r emova l  (copper -  
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plated condensors with radiators) and membrane  com- 
positions resulted. Sulfonated (polymer "A") poly- 
s tyrene resins made it possible to achieve current  den-  
sities of 100 mA/cm 2 above 0.6V. However, pressure 
imbalances leading to cross-leaks and drying out of 
membranes  were still troublesome. In  view of the 
Gemini  Project  (General  Electr ic/NASA) which was 
showing faster progress in the state of the art, Project  
HOPE was abandoned in  1962. 

A program under  Navy sponsorship (87), using 
"Series D" sulfonated polystyrene membranes,  pro- 
duced large-size electrodes (50 • 25 cm) which had a 
"Teflon" coating for improved repellency and a special 
coolant chamber bui l t  into the cells between the anode 
and cathode (bipolar) .  Operation at elevated tempera-  
tures or on open circuit decreased membrane  life. 
However, some cells survived 4000 hr testing. Exten-  
sive studies (88) of airflow management  and a new 
design for electrode collectors increased l imit ing cur-  
rent  densities to near ly  300 m A / c m  2 in  1963. 

The Gemini  fuel cell system (89) consisted of three 
modules (32 cells each) in a cylindrical  container. 
This Gemini  system used two batteries, each of which 
could produce 1 kW at 26.5-23.3V. Each battery,  in-  
cluding accessories, weighed 31 kg. A description of 
the long history of the General  Electric IEM from the 
early testing stages to the space flights of Gemini  4 and 
5 is provided in Ref. (90). One production bat tery re-  
peated more than  three successive two-week Gemini  
missions. 

In  a post -Gemini  development  at General  Electric, 
new polymer electrolytes have been found which are 
extremely resistant  to chemical oxidation and tem- 
perature variations. Cells containing such materials  
survived 5000 hr of testing. In 1973, high current  den-  
sities (100 m A / c m  2) and long life expectancies were 
reported at the end of the NASA acid electrolyte fuel 
cell program (91) using IEM's. In  1975, the use of 
IEM hydrogen-oxygen (air) fuel cells was suggested 
for large power installat ions for energy storage and 
peak-load sharing (29, 92). 

Matrix (phosphoric acid) fuel cells.--The phosphoric 
acid-matr ix  cell has been late in  receiving at tent ion 
as being a type of cell which could be suitable for 
system development,  most probably because that  par-  
t icular acid is a poor conductor and is extremely cor- 
rosive, and also because a noble metal  catalyst must  
be used. However, earlier disappointments  with hY- 
drocarbon-converted fuel systems using alkaline elec- 
trolytes prepared the way for the use of the acidic- 
matr ix  cell. O. J. Adlhar t  (93) at Engelhard Indus-  
tries, Incorporated, pioneered the use of plast ic-bonded 
electrolytes for acidic systems with the intention of 
using them for direct methanol or propane cells. The 
application in phosphoric acid-matrix cells proved to 
be much more successful, and by 1970 Adlhart's com- 
pany had built a 1 k vr hydrogen-air power system for 
the U.S. Army (MERDEC) which had a lifetime of 
2500 hr at 180 mA/cm 2 (94). The catalyst cost was esti- 
mated at $300/kW. The degradation rates of the cata- 
lyst were given as 3 mV per i00 hr at i00 mA/cm 2 
and 150 C for hydrogen-fueled cells. The problems 
with steam reformates were the reduced H2 utilization 
and the catalyst-activity reduction by CO, reasons to 
switch to catalytically cracked ammonia in later sys- 
tems. 

At Pra t t  & Whi tney Aircraft  Division W. Vogel, 
J. Lundquist ,  and A. Bradford (95) studied the reduc- 
t ion of oxygen on Pt -b lack  electrodes and concluded 
that a layer  of catalyst in  contact with a porous 
"Teflon" layer should give very high current  densities 
even at low Pt loadings providing the Pt agglomerates 
were interconnected (e.g., with gold). With about 1 
mg of P t -b l ack /cm 2 the voltage drop between open 
circuit and 100 mA/cm 2 was 0.30V if air was used, 
and only 0.25V using pure oxygen (measured in 85% 
H3PO~ at 120~ Using only 0.05 mg P t / c m  2 (and 

gold), they measured a drop of 0.3V (with O2). In  a 
later  paper (96) with P. Stonehart,  the performance 
of hydrogen electrodes in  phosphoric acid was re-  
ported with respect to the CO poisoning effect on Pt. 
The effect was reduced by increasing the tempera ture  
of cell operation to 18O~ 

Thin electrodes were studied using carbon paper as 
substrate and a "Teflon"-bonded carbon layer  as cata- 
lyst carrier by R. F. Scarr and K. V. Kordesch (97) of 
Union Carbide with a goal of producing lower cost air 
electrodes for phosphoric acid cells. The quant i ty  of 
Pt  was held low by impregnat ing  carbon with Pt  salts. 
A tanta la  cloth soaked with phosphoric acid was used 
as the electrolyte matrix.  Up to 7000 hr operating t ime 
were achievect (98). The operation of hydrogen elec- 
trodes in acid media is well  understood (96, 99). All  
investigations of declining performance of acidic cells 
point to recrystallization (increase in agglomerate 
size) of platinum. This is still an unsolved problem 
today. 

Not much is reported concerning the composition 
and manufac tur ing  of the "matrix." In  earlier experi-  
ments, a certain specially prepared type of asbestos 
was used, and later  "gels" consisting of "Teflon"- 
phosphoric acid mixtures  were prepared and fur ther  
immobilized by fillers of a proprietary nature.  

The technical development  of the phosphoric acid- 
matr ix  cell was carried out wi lh  the financial support  
of a group of gas ut i l i ty  companies in  the TARGET 2 
program (100). Work at Pra t t  & Whitney Aircraft  Di- 
vision (now United Technologies Corporation, Power 
Systems Division) led to the design of 15 kW systems 
for local power production. Originally, na tura l  gas 
was considered the preferred fuel which would be 
steam converted to a hydrogen-r ich  fuel. The objec- 
tives were to develop a competit ive system used by 
ut i l i ty  companies as a load-level ing device and dis- 
t r ibut ion  aid which would u l t imate ly  lead to a gas- 
l ine-supplied electric home or small  industr ia l  com- 
plex. Today, this goal is even more impor tant  because 
of the present  need to shift electric energy production 
from oil to coal. Hydrogen is real ly the fuel to be em- 
ployed with fuel ceils, since it can be provided through 
nuclear power use by electrolysis. Therefore, it is not 
surprising that plans are present ly being made for the 
development of phosphoric acid electrolyte fuel cell 
power plants for both on-site and dispersed-power 
generation. Prototypes of 40 kW uni ts  have operated 
on pipeline gas at 40% over-al l  efficiency for more 
than 3000 hr. A 1 M%~ power plant  is scheduled to r un  
on naphtha  and air (FCG-1 program).  The benefits of 
fuel cell power plants  were recent ly outl ined in an 
ERDA publicat ion (101). However, there are still 
problems, and their ul t imate economy will be deter-  
mined by the usual  trade-offs between catalyst cost, 
power density, and projected life. 

Other systems--Other fue~s.--Acidic methano~ cel~s. 
- - I n  the period 1960-1963, Esso Research and Engi-  
neering (102) studied the oxidation of methanol  on 
p la t inum black electrodes (8 mg/cm z) in acids; a com- 
plete conversion to water and CO2 was obtained. At 
83~ with 4% methanol  in 30% sulfuric acid, the air cell 
produced 0.4V at 50 mA / c m s. Nitric acid air electrodes 
were ini t ia l ly used as cathodes (with membranes ) ;  
p la t inum black-screen cathodes were later  employed. 
Lifetimes up to 1000 hr were achieved. A 10 cell stack 
was bui l t  which operated at 20 m A l c m  2 at an efficiency 
of about 40%. 

Engelhard Industr ies (103) used anodes with 
"Teflon"-bonded catalysts of the type 60 Pt:20 Ta at 
20 mA/cm e. E. J. Cairns at General  Electric operated 
a medium- tempera tu re  (130~C) cell with methanol  
vapor. With CsCO8 electrolyte, the current  density 
was also 20 mA / c m 2 (104). 

Team to Advance Research for Gas Energy Transformation, 
Incorporated. 
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In  general ,  acidic me thano l - a i r  cells suffered f rom 
high cata lys t  costs and low output  figures. Since fuel  
reac ted  on both electrodes,  e i ther  a m e m b r a n e  had to 
be used or  the  fuel  concentra t ion  had  to be l imi ted  to 
low levels  (0.1-0.5%). In  1964 at  Shel l  Research,  L im-  
ited, K. R.Will iams,  D. P. Gregory,  and co -worke r s  
(105, 106) succeeded in bui ld ing  a 40 cell ba t t e ry  which  
de l ivered  300W at 12V at 60~ They used microporous  
PVC as the  subs t ra te  for  the a i r  and methanol  elec-  
trodes,  wi th  the  space be tween  being used to feed the 
1M methanol  solut ion in 6N H2SO4. Opera t ional  p a -  
r amete r s  were  a compromise  in t empera tu re ,  alcohol 
level,  and cell  resis tance ( separa to r ) .  The per formance  
of this  ba t t e ry  was only  0.55V at  20 m A / c m  2, and  the 
side products  of methanol  oxida t ion  were  also dis-  
turbing.  

The kinet ics  of anodic oxida t ion  of methanol  in 
acidic e lec t ro ly tes  has been s tudied by  S. Gi lman and 
M. W. Bre i te r  (107), and they  proposed the react ion 
to a me thoxy l  rad ica l  and hydrogen  as the  first step. 

Alkaline cells with methano~ or methanol-derived 
]uels.--The anodic oxida t ion  in caustic solut ion has 
been  inves t iga ted  by  W. Viels t ich (108). He used P t -  
meta l  cata lys ts  and  found tha t  fo rma ldehyde  and 
formic acid are  reac t ion  products  which, by  them-  
selves, can be used as fuels, f inal ly giving CO2. The 
cur ren t  densit ies a re  on the same order  (2-5 m A / c m  2) 
as were  observed in ear l ie r  cells opera t ing  wi th  Raney  
nickel  catalysts  (109). A la rge  (60W) me thano l - a i r  
ba t t e ry  for sea buoys was bui l t  by  Brown, Boveri,  and 
Cie on the basis of Vielst ich 's  s tudies  and was field 
t e s t e d  for severa l  months.  In  l a t e r  cells, the  use of 
formates  and glycols was prefer red ,  ma in ly  because 
of the  far  h igher  cur ren t  densi t ies  and the reduced 
in terac t ion  be tween  the fuel  and the carbon cathode 
wi th  Ag ca ta lys t  (110). 

F o r m a t e - a i r  p r i m a r y  cells and fuel  cells have been 
given ve ry  recent  a t ten t ion  as high capacity,  low cost 
cells wi th  revers ib le  e lec t ro ly te  (111). At  Al l i s -Chalo  
mers,  me thano l -oxygen  ba t te r ies  were  bui l t  as ea r ly  
as 1962 (80 cells, 500W outpu t ) .  The use of b ipolar  
e lectrodes wi th  a solid foil as the  separa to r  also a l -  
lowed the opera t ion  of smal l  me thano l -pe rox ide  sys-  
tems (112). The l a rge r  systems used sandwich- type  
cells in which  grooved, fo lded stainless steel  end-  
plates  a l lowed the flow of the  fue l -e l ec t ro ly te  mix tu re  
and oxygen.  Asbestos  was used as a sepa ra to r - space r  
be tween  the electrodes (113). Dur ing  the develop-  
ment  of the Al l i s -Cha lmers  bat ter ies ,  the  move to 
formate  i on /oxygen  cells was made  at  a l a te r  date  
(114). The super ior  cur ren t  dens i ty  figures were  the  
ma in  reason for the  change. 

At  Gould-Nat iona l  Batter ies ,  Incorporated,  R. E. 
Biddick and D. L. Douglas (115) constructed a 24 cell  
me thano l - a i r  ba t t e ry  wi th  th in  membranes  as sepa ra -  
tors. i t  was opera ted  in para l l e l  wi th  a sealed Ni -Cd 
ba t t e ry  as a hyb r id  power  source. 

A compar ison be tween  d i rec t  fuel  u t i l iza t ion  and 
separa te  s team re forming  or " in te rna l  re forming"  of 
the methanol  was made  in the des ign studies of two 
6 kW systems at  Leesona-Moos Labora tor ies  (116). 
The ava i l ab i l i ty  of thin hyd rogen -pe rmeab l e  P d - A g  
membranes  necessary for the  product ion  of pure  hy -  
drogen  turned  out to be the  key  factor  for cost r educ-  
t ion and high cur ren t  opera t ion  over  a long t ime 
period. 

Considering the difficulties encountered  wi th  car-  
bonate  r emova l  f rom the e lec t ro ly te  (a necessary  evi l  
of dissolved methanol  fuel  cells) ,  i t  is not  surpr is ing  
that  there  was a s trong shif t  of emphasis  to h y d r a -  
zine fuel cells as the  best  r epresen ta t ive  sys tem for 
dissolved fuel  systems. 

Hydrazine cells.--Hydrazine (N2I~) can be considered 
as a l iquid "hydrogen  fuel," since it decomposes easi ly  
into hydrogen  and n i t rogen at the  e lectrode (ca ta lys t )  
surface. For  this reason the vol tage observed  is only 

that  of a hydrogen  cell  and  not  tha t  of a t rue  h y d r a -  
zine cell ( theoret ica l ly ,  about  0.3V h igher ) .  In  most  
systems the hydraz ine  is added  to the  caustic e lec t ro-  
ly te  and measures  are  t aken  to minimize  in terac t ion  
wi th  the  air  or oxygen  cathode th rough  the use of a 
low hydraz ine  concentra t ion or cathode ca ta lys t  wi th  
low sensi t iv i ty  to hydraz ine  or th rough  the inser t ion  
of a membrane .  

Hydraz ine -a i r  fuel  cells in the  1930's were  a l r eady  
opera t ing  at the  Union Carbide  and Carbon Research 
Labora tor ies  (117) in Long Is land City, New York. 
However ,  since no commercia l  appl ica t ion  could be 
visual ized at  tha t  t ime, the  pro jec t  was abandoned  
wi thout  even reaching pa ten t  status.  Work  on the  h y -  
d raz ine-a i r  system was not  resumed at  Union Carbide  
Corpora t ion  unt i l  1961 ( l ikewise  in other  companies) ,  
and publ icat ions  concerning complete  systems s ta r ted  
to appear  in 1962. M. Eisenberg  (118) demons t ra ted  a 
30W hydraz ine -oxygen  sys tem and proposed a 300W 
unit  for space applicat ion.  M. I. G i l l ib rand  and G. R. 
Lomax  (119) in England  at  the  Electr ic  Power  S to r -  
age, Limited,  produced a sys tem in tended  for l i f t  t ruck  
operation,  whi le  Al l i s -Cha lmers  Manufac tur ing  Com- 
pany  Showed a 3 kW hydraz ine  ba t t e ry  prope l l ing  a 
golf cart  using ca thodical ly  compressed oxygen s tored  
in a h igh  pressure  cy l inder  (113). 

Air  e lectrodes were  not  used in these ea r ly  systems 
because  of the i r  poor pe r fo rmance  in hyd raz ine -con -  
ta ining e lec t ro ly te  unless a m e m b r a n e  was used. I m -  
provements  in anode catalysts  decreased paras i t ic  
losses and subsequent ly  also made  it possible  to oper -  
ate wi th  low N2H4 concentrat ions.  R. Jas inski  (120) 
replaced  noble meta l  catalysts  wi th  nickel  bor ide  for  
H2 and N2H4 anodes. At  Monsanto Corpora t ion  (121), 
deve lopment  of a 60~V por tab le  power  source was 
achieved, and a 5 kW ba t t e ry  for a %- ton  t ruck  was 
demons t ra ted  for the  U.S. A r m y  (122). Original ly ,  
eight  of these units were  p lanned,  but  only four  were  
finally ins ta l led and those were  used in pa ra l l e l  wi th  
a l ead-ac id  ba t te ry .  Asbestos  layers  were  used to p r e -  
vent  hydraz ine  access to the  cathodes, despi te  the  use 
of only 6% N2H4 concentrat ion.  

At  Union Carbide  Corpora t ion  a 300W hydraz ine -  
a i r  ba t tery ,  the "Si lent  Power  Source," was also de -  
ve loped for the  U.S. A r m y  (122). Highly  act ive anode 
catalysts  a l lowed lower ing the hydraz ine  concent ra-  
t ion to 1 or 2%, prec luding  the need for the  asbestos 
sheet for cathode protect ion,  and thus  p reven t ing  the 
resis tance t roubles  caused by  gas bubbles  lodged in 
the separator .  This ba t t e ry  was la te r  improved  by  the 
use of " reversed"  composite e lectrodes which p ro -  
tec ted  the  carbon f rom the hydraz ine  by  an  inac t ive  
porous nickel  s t ruc ture  and a ve ry  accura te  hydraz ine -  
concent ra t ion /vo l tage-sens ing  sys tem (123). Its power  
output  reached 600W in 1969 (124). At  Monsanto Re-  
search Corpora t ion  a special, fue l - feed  sys tem based 
on electrolysis  cur ren t  sensing was deve loped  (125). 
Efforts at the U.S. A r m y  Electronics  Command (126), 
Fo r t  Monmouth,  focused on u l t ima te  s impl ic i ty  of 
hyd raz ine -a i r  cells, t ry ing  to avoid the use of me-  
chanical  accessories. 

Dur ing this "high t ime" of hyd raz ine -a i r  fuel  cells, 
p rac t ica l ly  every  e lec t rochemical ly  or iented research  
l abora to ry  worked  on hydraz ine  bat ter ies .  A demon-  
s t ra t ion of a hydraz inezpowered  motorcycle  was given 
by  K. V. Kordesch (127) in 1967. The deve lopment  of 
hyd raz ine -a i r  ba t te r ies  reached its peak  in 1970 af te r  
the 5 yea r  evolut ion of var ious  ideas and technologies 
at different  companies.  An  exce l len t  s u m m a r y  is g iven 
by  severa l  authors  in the  Proceedings of the 24th 
Power Sources Symposium (128) at  At lan t ic  City. 
Af te r  that  period,  deve lopment  s topped ab rup t ly  wi th  
dry ing  up of Government  funding,  and work  has  not  
been resumed  to date. 

Overseas a s imi lar  course of events took place. In-  
teres t  in hydraz ine  fuel  cell  systems was h igh  in  
England,  leading  to we l l -deve loped  ba t te r ies  (119). 
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I n  G e r m a n y  work  centered in academic  labora tor ies  
Where modern  methods  and techniques were  s tudied 
(129-132). In  Russia  hydraz ine  cells were  bu i l t  at  the  
Moscow Power  Ins t i tu te  (133). In  France  the  concept  
o f  the d isso lved- l iquid  fuel  cell  was appl ied  to h y d r a -  
zine (and methanol )  cells b y  Als thom as wel l  as in a 
combined effort wi th  Exxon. This two-phase  sy s t em 
was deve loped  by  B. Warszawsk i  (134) and ac t ive ly  
pursued  unt i l  jus t  recently.  In  J apan  a comprehens ive  
s tudy  of dissolved l iquid  fuels  was made  (135) and 
cata lys t  work  proceeded well. However ,  except  for 
some research  studies, work  on hydraz ine  fuel  cells 
s topped jus t  as ab rup t ly  on the in te rna t iona l  basis  
a f te r  1970 as i t  d id  in the  Uni ted  States.  
Ammonia as fueL- -Us ing  ammonia  as fuel, the  d i rec t  
oxida t ion  of NH3 to N2 and H20 occurs on selected 
noble meta l  catalyst ,  bu t  to da te  no technological ly  
v iable  sys tem has been  buil t .  Research efforts a t  Al l i s -  
Chalmers  (136) were  expanded  in the  1960's. M. 
Eisenberg  also opera ted  di rec t  ammonia  cells be tween  
180 = and 300~ in 1964, and a basic s tudy  was r e -  
por ted  f rom the  Univers i ty  of Bonn, G e r m a n y  as la te  
as 1971 (137). 
Sodium amalgam cells.--Expectations were  qui te  high 
in the  1960's when  the s o d i u m - a m a l g a m  system was 
t ransfer red  f rom research  to the  deve lopment  level.  
E. Yeager  (138) f rom the ( then)  Western  Reserve  
Universi ty,  and  the M. W. Kel logg Company inves t i -  
gated this sys tem for proposed use for submar ine  p ro -  
puls ion (139). A design was p repa red  for a 1000 kW 
unit  specified by  the U.S. Navy,  and  i t  r epresen ted  a 
system energy dens i ty  of 30 k W / m  s. Actua l ly ,  8 k W  
units were  constructed and tested. The  amalgam inle t  
manifold  was designed as a "shower  head" to p reven t  
be tween-ce l l  shorts. The  anodes were  steel  plates,  and 
the cathodes were  p r o p r i e t a r y  porous s i lver  electrodes 
wi th  a porous plast ic  surface ba r r i e r  deve loped  by  the 
Electr ic  S torage  Ba t t e ry  Company.  Af te r  1963, this  
sys tem was s tudied only occasional ly  (e.g., in  Japan)~ 
and no commercia l  appl ica t ion  was found for the 
sodium cell. F igu re  10 shows the sodium cell. 

Regenerative Hz-O~ fuel cell systems.wPratt & Whit-  
ney Ai rc ra f t  inves t iga ted  a s torage sys tem whose in -  
tended p r i m a r y  source of energy  would be  secured 
f rom solar  energy  in space (140). In 1960, the  fuel  cell  
choice was the  "hydrox  cell" combined wi th  a zero 
g rav i ty  e lectrolyt ic  cell. 

Genera l  Electr ic  Company proposed  its 50W ion-  
exchange fuel  cell  sys tem (141) for  cyclic operation.  
Single  sealed units  which  contained the produced 
gases wi th in  the  cell  housing i t se l f  were  bui l t  by  
Xerox  Corpora t ion  (142) for  NASA. One uni t  con- 
sisted of 34 cells and produced  500W, The  good fea-  
tures  of the  rechargeab le  H2-O2 fuel  cells were  soon 
overshadowed by  a negat ive  one: the  se l f -d ischarge  
by  gas recombina t ion  could not be prevented ,  even 
by  the ve ry  sophis t icated separa to r  designs ( ini t ia l ly ,  
asbestos soaked wi th  e lec t ro ly te  used for tha t  purpose  
in a lka l ine  cells) .  I t  is in te res t ing  to note tha t  the  
difficulties wi th  this  sys tem led to the  deve lopment  of 
the recen t ly  very  successful  nickel  ox ide -hydrogen  
systems. 

A fu r the r  enhancement  of the  ea r ly  electrolysis  
e lectrodes by  E. Jus t i  (143) (i.e., the  "va lve  elec-  
t rodes")  was never  deve loped  beyond basic principles.  
Some day, however ,  these electrodes (at  least  in p r in -  
ciple) may  become useful  in modern  power  s torage 
units. 

ThermalLy regenerative systems.--MSA Corpora t ion  
proposed a l i t h i u m : h y d r o g e n  cell for cycl ing be tween  
570 ~ and 1000~ wi th  a Carnot  efficiency of 42% (144). 
I t  is in teres t ing  to note tha t  hydrogen  picks up an 
e lec t ron to become a nega t ive -charged  ion in this  
cell. F igure  11 is a d i ag ram showing the cell  reactions.  
Photochemically regenerative ce / / s . - -A cell  based on 
the proper t ies  of the  prof lavine-ascorbic  acid sys tem 

Fig. 10, Principle of the sodium amalgam cell 
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Fig. ll.  A thermally regenerative system 
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was proposed by  a research  group a t  Lockheed  Ai r -  
craft  Corpora t ion  (145). A survey  of photogalvanic  
systems, including the s i lver  hal ides  was made  at  the  
Philco Corpora t ion  (146). 

Radioactive regenerative fuel celIs.--At Union Car-  
b ide  Corporat ion,  the  rad io ly t ic  regenerab le  redox  
sys tem (cobaltS0/H2SO4, H J F e  ~+) was found to be 
feasible (147). Yielding 5W at 3% efficiency, i t  could 
be a w a y  of ut i l iz ing rad ioac t ive  waste  ma te r i a l  in 
remote  locations. The conversion of oxygen  to ozone 
by 7 or u l t r av io le t  r ad ia t ion  was f requent ly  proposed,  
but  convent ional  oxygen  electrodes did not improve  
wi th  0~. 

Chemical r edox  systems.--A cell design using cont inu-  
ous chemical  r egenera t ion  of the  two e lec t ro ly te  solu-  
tions was worked  on by  Genera l  Electr ic  Company 
(148) in the late  1950's. The idea was to produce  
hydrogen  f rom a gasification p lan t  and to reduce 
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Ti ( IV)  to T i ( I I I ) ,  s imi la r ly  as A. M. Posner  in En-  
g land  r e d u c e d  the s tannic / s tannous  couple in coal in 
the ea r ly  1950's (149). The B r / B r -  couple was used 
as the (air)  oxygen t ransfe r  means  on the cathode, 
a ided by  ni t r ic  acid to ease the  reoxidat ion.  A 100W 
system was ac tua l ly  bui l t  which consisted of seven 
cells in series (open-c i rcu i t  vol tage:  0.95V each) .  
Cont inuing efforts were  not successful,  however ,  and 
the redox systems were  forgot ten  for many  years  unt i l  
jus t  recen t ly  (150) when  thei r  appl ica t ion  as la rge  
s torage devices for  e lectr ic  ut i l i t ies  was considered 
promis ing  (151). 

The nitric acid-oxygen redox electrode.--The elec-  
t rochemical  reduc t ion  of oxygen  in acidic e lec t ro ly tes  
is usua l ly  far  s lower than  in a lka l ine  solutions and i t  
requi res  expens ive  me ta l  catalysts.  I t  is not  surpris ing,  
therefore,  tha t  efforts were  made  to use a chemical  
redox sys tem to a t ta in  high cur ren t  performance.  This 
seemed an especia l ly  sui table  w a y  to u t i l i ze  a i r  as an 
ox idant  in direct  hydroca rbon  fuel  cells. 

In  the HNOJHNO2 systems made  by  Esso Research 
and Engineer ing  Company (152), the  e lec t ro ly te  
used was H2SO4 wi th  only  0.2M HNO3. The carbon-  
based electrodes (wi th  Pt  ca ta lys t )  p roduced  cur ren t  
densi t ies  of 75-100 m A / c m  ~. Thei r  d i sadvantage  was 
tha t  for each k W - h r  of ac tual  fuel cell  opera t ion  on 
ai r  45g of ~ t r i c  acid were  needed,  thus indica t ing  
tha t  r egenera t ion  was incomplete.  A t t empt s  to use the  
C e ( I V ) / C e ( I I I )  redox  couple ra the r  than  ni t r ic  acid 
were  also unsuccessful  (153). 

Biochemical cells.--The t e rm "bio-e lec t rode"  is used 
to descr ibe  an e lec t rode  where  a microorgan ism is 
g rown in, or  in the  immedia t e  v ic in i ty  of, the  elec-  
t rode s tructure.  A typica l  bioanode, for  example ,  
could use glucose as feed s tock which would  then be 
conver ted  by enzymes (via severa l  in te rmedia te  com- 
pounds)  to ethanol.  In the  biofuel  cell, alcohol is then  
d i rec t ly  oxidized to CO2 and H20. The cathode m a y  
also be a b iocathode where,  for example ,  CO2 can be 
conver ted  to methane  by  a methanobaci l lus .  Cells us-  
ing biological  was te  products  (H2S, NH3, alcohols) 
a re  cal led ind i rec t  biofuel  cells; the  e lect rochemical  
mechanism is separa te  f rom the biological  metabol ism.  

Large  efforts were  made  in the mid-1960's to con- 
s t ruct  fuel  cells along biological  pr inciples  or  in the  
convent ional  ways  but  using waste  products .  The U.S. 
A r m y  sponsored contracts  wi th  Electr ic Autol i te  Com- 
pany, Magna Corporat ion,  Melpar,  Incorporated,  
Philco Corporat ion,  and the Marqua r t  Corpora t ion  
over  severa l  years  (154, 155), where in  final emphasis  
was placed on indi rec t  systems using fe rmenta t ion  
systems as fuel  sources. The use of photosynthesis  in 
algae as an oxygen p roducer  is descr ibed by  Vielst ich 
(156). A magnes ium/su l f a t e  biocell  was ac tua l ly  bui l t  
by the  Magna Corpora t ion  for the  U.S. Navy  (157). 
However ,  difficulties arose due to the  low cur ren t  
densi t ies  (,--1 m A / c m  2) and the side products  which, 
wi th  time, damaged  the electrodes.  

The use of solar  energy  for product ion  of biomass  
m a y  some day  br ing fuel  cell conversion schemes 
back  into the technology. 

Direct hydrocarbon cells.--Unfortunately, hydroca r -  
bon fuels a re  r e l a t ive ly  inact ive  on anodes when  com- 
pared  wi th  hydrogen,  hydrazine ,  or alcohols. M. J. 
Schla t te r  at  Cal i fornia  Research  Corpora t ion  (158) 
found ear ly  in 1960 tha t  some smal l  cur ren t  could be 
d r a w n  from a p la t in ized porous carbon e lec t rode  when  
it was exposed to e thy lene  or p ropane  and tha t  com-  
plete oxidat ion  to CO2 occurred.  S imi la r  repor ts  ap-  
peared  at tha t  t ime from other  labora tor ies ;  W. T. 
Grubb  at  Genera l  Electr ic  Company (159) and C. E. 
Heath  and co-workers  at  Esso Research and Engi-  
neer ing (160) oxidized sa tu ra ted  hydrocarbons  at 
p la t inum electrodes.  These findings caused a high 
number  of publ icat ions  and resul ted  in a rush to s tudy  
and develop low t e m p e r a t u r e  hydroca rbon  electrodes.  

Many U.S. Governmen t  contracts  were  in i t ia ted  and 
efforts were  made  to el iminate,  or a t  least  reduce,  the  
noble meta l  ca ta lys t  r equ i remen t s  (161). 

Space permi t s  only  a ve ry  few significant con t r ibu-  
tions to the l i t e ra tu re  to be named.  M. W. Bre i te r  and 
S. G i lman  (162) s tudied the adsorp t ion  of methanol ,  
carbon monoxide,  and  hydrogen  ex tens ive ly ,  and new 
techniques for  the  s tudy  of electrodes by  puls ing 
methods were  developed.  Elec t rochemical  processes 
were  t r ea ted  f rom the s tandpoin t  of theore t ica l  e lec-  
t rochemis t ry  (163). H. Binder  and co-workers  (164) 
at  the  Bat te l le  Inst i tut ,  F r a n k f u r t / M ,  concent ra ted  on 
the behavior  of noble  meta l  (Raney)  cata lys ts  and  
compared  per formances  in acidic and a lka l ine  e lec t ro-  
lytes, Rober t  Bosch, GmbH in G e r m a n y  sponsored 
this work  over  many  years.  

An  extensive s tudy of hydroca rbon  oxida t ion  b y -  
products ,  especial ly  of the  olefins, was publ i shed  by  
M. J. Schla t te r  in 1965. Poisoning of the  paraffin elec-  
t rodes by  ai r  or  oxygen  was r epor t ed  (165). Still ,  a 
hopeful  note was t aken  b y  H. A. L iebha f sky  in  his 
book (B-6) in 1968, express ing the findings that ,  in-  
deed, CO2 and wa te r  were  the only react ion products .  
However,  shor t  l i fe t imes were  the  rule  wi th  h y d r o -  
carbon cells opera t ing  at  low t empera tu re s  (90~ 
Raising the t empe ra tu r e  to 140~ and using phos-  
phoric  acid as the  e lec t ro ly te  improved  the  cur ren t  
densi ty  (0.6V, 50 mA/cm~) ,  but  the  p rob lems  wi th  
i r revers ib le  adsorpt ion  of oxidized species remained.  
S. B. B rumme r  and co-workers  at  Tyco Labora tor ies  
(166) and J. Giner  (167) s tudied  octane of ex t r ao rd i -  
na ry  pu r i ty  in  this respect  and used special  circuits  
for po ten t ia l - s tep  p re t r ea tmen t s  of the  electrodes.  

The p la t inum-"Tef lon"  e lec t rodes  used were  essen-  
t ia l ly  those of W. T. Grubb  and L. W. Niedrach  (168) 
and contained p l a t inum blacks. Suppor ted  noble me ta l  
catalysts  and special  reduct ion  t r ea tments  wi th  boro-  
hydr ide  were  in t roduced by  the researchers  at  A m e r i -  
can Cyanamid  Company (169). E. J. Cairns (170) at  
Genera l  Electr ic exper imen ted  wi th  CsF-I-IF-H20 
electrolytes  and obta ined  up to 200 m A / c m  2 at  150~ 
wi th  propane.  Very  thin  cells using inorganic  m e m -  
branes  (171) as ca ta lys t  carr iers  were  also tes ted  for  
hydroca rbon  opera t ion  wi th  the  hope of achieving 
be t te r  l ife by  reducing cross- leakage.  

Indirect hydrocarbon cells.--The use of s team re -  
forming for hydrogen  product ion  to supply  the  anodes 
of H2-air  (or oxygen)  fuel  cells became the only way  
to use hydrocarbons  wi th  the  expecta t ion  of achieving 
long life for the  fuel  cell; this was dic ta ted  by  the  
high cost of noble me ta l - r i ch  electrodes.  The mi l i t a ry  
contrac ted  for severa l  models  of re formers :  smal l  
por tab le  units  using oxida t ive  cracking (172-174) and 
a mul t i tude  of l a rge r  units  for mul t ik i lowa t t  ba t -  
ter ies  (175). F igu re  12 is a schemat ic  d i ag ram of such 
a conver te r / fue l  cell system. 

Alka l ine  cells need careful  CO2 scrubbing,  whi le  
acidic cells needed  more  p l a t i num as catalyst .  Work  
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Fig. 12. Schematic diagram of a converter/fuel cell system 
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on hydrogen generator designs was carried on quite 
extensively at the Institute of Gas Technology (176, 
177). Prat t  & Whitney Aircraft  designed a 500W hy-  

drocarbon system (178) and Allis-Chalmers delivered 
a 5 kW hydrocarbon-air  system for the U.S. Army 
(179). Both systems used alkaline electrolytes, and 
they were the last ones of this type; in a later 1.5 kW 
system, immobilized phosphoric acid was used ex- 
clusively as the electrolyte (180). Esso Research and 
Engineering (181) studied an acidic indirect system 
for the U.S. Army, with the goal to utilize octane and 
JP-4 fuel; 50 mg Pt was used per cm ~ of electrodes! 
In England, Shell Research, Limited extended the 
methanol-reformer work to hydrocarbon systems; ex- 
ceptionally long lifetimes (15,000 hr) were reported 
(182). The fuel electrodes were hydrogen electrodes 
and operated in sulfuric acid. 

The long lifetimes achieved with pure hydrogen 
led many researchers to use the Pd-diffusion mem- 
branes as a separation means (183). In the article 
"Internal Reforming Cells," the Pd-Ag membrane 
was a part  of the electrode (184). Very recent work 
centered on the use of special electrolytes (replacing 
the phosphoric acid) to accelerate the hydrocarbon 
reaction. Promising results were obtained with t r i -  
fluoromethyl sulfonic acid (185) as electrolyte. How- 
ever, the consensus of opinion of the catalyst special- 
ists is that direct hydrocarbon oxidation is far from 
practical utilization. The methanol oxidation in acidic 
or alkaline cells seems to be a far easier way to use 
the energy stored in coal (186). 

It may be significant that the U.S. Army resumed 
the study of the feasibility of using Kipp-type gen- 
erators as the hydrogen supply means; at least for 
small units (30W), the use of metal hydrides seems to 
be advantageous (187). 

Outlook for the Next 25 Years 
On the basis of past historic development of fuel 

cells, it could be predicted that a new wave of fuel 
cell developments would be starting today. The papers 
at The Electrochemical Society meetings, Fal l  1975 
and Spring 1977, and the special session on fuel cells 
for Fall  1977, show this renewed interest. 

The key question is economy. Stationary fuel cell 
power plants have a better chance of succeeding than 
mobile vehicular fuel cell batteries, simply on the 
basis of the maximum dollars per kW which can be 
spent by the  consumer, be it a uti l i ty company or the 
motorist driving an electric car. However, the bigger 
impact on society would be the fuel cell-operated 
vehicle with a conversion efficiency of probably 40%. 

The technology of fuel cells has not been supported 
by basic scientific studies to the extent that we can 
explain catalyst action or even predict ways to im- 
prove electrode kinetics beyond the routine methods 
of engineering and design optimization; i.e. making 
electrodes more conductive, thinner, more repellent, 
reducing pressure differentials, etc. Hopefully this 
will change and, with better  understanding of the 
principles, unpredicted improvements may take place, 
perhaps paralleling the progress of solid-state science 
over the last decades. This is par t ly  a matter  of at-  
tracting enthusiastic young scientists to the field--an 
obligation to be shared by the educational system and 
industry alike. With growing interest in efficient en- 
ergy conversion, fuel cells should be the center of 
attention. 
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ABSTRACT 

The electrolytic properties of pure/~-PbF~ were studied by a - c  conductivity 
measurements and Hebb-Wagner d-c polarization experiments as a function 
of fluorine pressure and temperature. The part ial  ionic and electronic con- 
ductivities of ~-PbF2 were determined over a range of fluorine pressure and 
temperature. Because of the introduction of p- type electronic conduction, the 
electrolytic domain of ~-PbF~ is truncated at high values of PF2, with PF~ = 

10 -~1 arm at 492°C. At low PF2, predominant ionic conduction extends to PF2 
for the coexistence of Pb and PbF2. 

The electrolytic properties of nominally pure and 
doped p-PbF~ and ~-PbF2 have been extensively in- 
vestigated recently (1-16). Bonne and Schoonman 
(13) calculated the temperature dependences of the 
concentrations and mobilities of the intersti t ial  fluoride 
ions and anion vacancies based on their a-c conduc- 
t ivity measurements of pure and doped p-PbF2 and 
existing l i terature data. Their results indicated that 
interstit ial fluoride ions are the principal mobile 
species in pure ~-PbF2 for temperatures greater than 
300°C. Hebb-Wagner polarization experiments have 
also been conducted by many authors to elucidate the 
electronic conductivity in PbFe. Kennedy et al. (4) re-  
ported that the electronic conductivity of pure ~-PbF~ 
at 150°C was p-type. At 25°C Kennedy and Miles (12) 
could not specify whether the electronic current in 
fl-PbF2 was carried by electrons or 'holes. Benz (10) 
found that pure ~-PbF~ was essentially an n- type con- 
ductor from 400 ° to 600°C. Schoonman et al. (8) also 
found an n- type conductor for pure ~-PbF2 single 
crystal from 52 ° to 137°C. Joshi and Liang (9) reported 
that  ~-PbFe is a p- type  conductor. 

Both ~-PbF2 and ~-PbF2 are known to be predomi- 
nant ionic conductors. To elucidate the ionic domain 
(17, 18) of PbF2, the determination of the range of 
log PF2 beyond which electronic conduction becomes 
appreciable is studied here. Previous studies did not 
include several well-defined fluorine activities in con- 
ductivity studies on PbF2. The present study consists 
of measurements of the total a-c conductivity, together 
with the measurements of the part ia l  conductivity for 
electrons and electron holes as a function of fluorine 
activity. These results define the limits for the electro- 
lytic domain for PbFe. Hebb-Wagner  polarization 
studies of ~-PbF2 also clarify the controversial results 
regarding n- type conduction as the predominant elec- 
tronic conduction mode. 

D-C Polarization Study 
The Hebb-Wagner d-c polarization experiment (19) 

was adopted for the present study of ~-PbF2. Consider 
the d-c polarization cell 

inert  I PbF2 I reversible (Me/MeF2) 
electrode electrode [I] 

* E l ec t rochem i ca l  Socie ty  S tude n t  Member .  
** E lec t rochemica l  Society Act ive  Member .  
P r e s e n t  address :  Gene ra l  Elec t r ic  Resea rch  and D e v e l o p m e n t  

Center, Schenec tady ,  New York  12391. 
K e y  words :  solid e lec t ro ly tes ,  conduction, electrolytic domain. 

A reversible electrode consisting of a more noble metal 
(Me) coexisting with its fluoride (MeF~) provides a 
fixed and known PF2 on one side of the cell. On the 
other side, a pure noble metal  with low solubility for 
fluorine serves as an inert blocking electrode. The cell 
is subjected to various d-c potentials below the decom- 
position potential of PbF2. If the r ight-hand reversible 
electrode is made negative, under the steady-state 
condition the ionic current is blocked and the steady- 
state polarization current i® is then carried exclusively 
by electrons and electron holes according to the e q u a -  
t ion 

RT 
L -- ie + ie = F'--'~ {Co° [exp (u) -- 1] 

+ ~ e  ° [ 1 - -  e x p ( - - u ) ] )  [1] 

where L is the cell constant ( thickness/area) ,  co° a n d  
ao ° are, respectively, the part ial  electron hole and  
electronic conductivities at the equilibrium fluorine 
activity of the reversible electrode and u -- EF/RT ,  
where E is the applied voltage, F is Faraday 's  constant, 
and R and T have their  usual meaning. The details of 
the theory have been given elsewhere (19-21). 

If  the polari ty of the applied voltage for cell (I) is 
reversed (positive reversible electrode), an equation 
similar to Eq. [1] can also be derived. The usual a p -  
proach  in polarization experiments by all the authors, 
except Patterson et al. (21), has been to assume the 
validity of Eq. [1] and then evaluate ei ther ~¢° or ~-e ~ 
according to limiting cases given by Wagner (19, 20). 

If the electrolyte is a predominant p- type electronic 
conductor, and exp (u) > >  1, the equation for the cur- 
rent reduces to 

R T  
i® = i$ --- - ~  ~e ° exp (~) [2] 

An exponentially increasing current will be observed 
with increasing potential in a plot of L vs. E, while a 
linear relationship will be observed in a plot of log 
(FL /RT) i~  vs. E. The value for the electron hole con- 
ductivity v~ can then be calculated from the intercept 
of the lat ter  plot. 

If the electrolyte exhibits predominant n- type elec- 
tronic conduction, Eq. [1] reduces to 

R T  
i® = ie : - = : - - ¢ e  ° [1 -- e x p ( - - u )  ] [3] 

683 
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0.[2 

.~ e: O~ = ixlo -3 ohm-/em -1 

0,~ o~ = ixlO -5 ohm-lc~ -I 

o~ = o~ ~ ixlO -3 ohm-lcm -I 

~0~ ~@ = lxlO-5 ~ I 
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Fig. !. Calculated i-E cu~es according to Eq. [1]. L = 
0.2 cm-Z, T = 400~ 
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In plots of i| vs. E, with  increas ing voltage,  the  cur ren t  
increases and tends to the  sa tura t ion  value.  F r o m  the 
plot  of log (FL/RT)i~ vs. E, the electronic conduct iv i ty  
can be calculated f rom the p la teau  cur ren t  va lue  which 
is ~e ~ 

Under  cer ta in  conditions, the  analysis  of l imi t ing 
cases can resul t  in an erroneous conclusion. F igure  1 
i l lus t ra tes  i-E plots for the  complete  Eq. [1] for three  
l imit ing cases. Each plot  exhibi ts  an apparen t  expo-  
nent ia l  curve When the appl ied  vol tage  is above some 
value. Obviously,  the decision be tween  p-  or n - t y p e  
behavior  based on the shape of the  expe r imen ta l  p lot  
is not rel iable.  An  improved  technique for analyzing 
polar izat ion da ta  was presented  by  Pa t t e r son  e t a l .  
(21). Both sides of Eq. [1] m a y  be d iv ided  by  [1 --  exp  
( - - u )  ] or  by  [ e x p ( u ) - -  1] to obta in  

RT 
iJ[1  - -  e x p ( - - u ) ]  = - - ~  [%~ e x p ( u )  + ~o ~ [4] 

o r  

RT 
i J [ e x p ( u )  -- 1] = ~ [~~  -t- ~e ~ e x p ( - - u ) ]  [5] 

According to Eq. [5], a plot  of i| --1] vs. 
RT 

exp ( - - u )  should give a s t ra igh t  l ine of slope ~ r ~ 

RT 
and in tercept  - ~  %~ Analogous equat ions can be ob-  

ta ined for a posi t ive revers ib le  electrode. Thus the 
values of both  ~ ~  and ~o ~ can be s imul taneous ly  ob-  
ta ined  from a single exper imen ta l  run. The d-c  po la r i -  
zation data  in the presen t  s tudy were  t rea ted  accord-  
ing to this method.  

Experimental materials and procedures.--Cubic fl- 
PbF2 was made  by  heat ing the or thorhombic  a-PbF2 
(99.99% pure)  to over  500~ pr ior  to each expe r imen-  
tal  run. 

A-c conductivity measurements.--The var ious  fluorine 
activi t ies for  a -c  conduct iv i ty  measurements  were  es- 
tabl ished th rough  the double  cell e lect rochemical  a r -  
r angemen t  shown in Fig. 2. The cell  was comprised  of 
two symmet r i ca l  cells wi th  pe r fo ra t ed  p l a t i num foils 
as fluorine gas e lectrodes contact ing PbF2. Reference 
electrodes were  p r e p a r e d  f rom n icke l -n icke l  f luoride-  
calcium fluoride mix tu res  in a volume rat io  of approx i -  
ma te ly  6:2.5:2 and pressed in a 1.3 cm diam steel  die. 
The calcium fluoride was added  to e l iminate  e lect rode 
polarizat ion.  The e lec t ro ly te  CaF2 was p repared  f rom 
pressed u l t r apure  calcium fluoride powder .  The fluo- 
r ine ac t iv i ty  PF2 at  the p l a t inum foils was fixed by  
the appl ied  vol tage E according to the  re la t ion  

2EF 
PF2 = PF2 ~ (Ni/NiF2)  exp [6] 

RT 

where  PF2 ~ is the equ i l ib r ium fluorine pressure  of the  

A.C. CONDUCTIVITY 
--BRIDGE - -  

--POTENTIOSTAT 
( I )  

+ 4. 

- - P O T E N T I O S T A T - -  
(TT) 

0 REFERENCE ELECTRODE 
~)  ELECTROLYTE 
(~) PERFORATED PT. FOIL ELECTRODE 

Fig. 2. Experimental cell to study the electrical conductivity of 
PbF2. 

reference  electrode.  P r e l im ina ry  exper iments  showed 
that  the  actual  PF2 at the  p l a t inum electrodes was a 
l inear  funct ion of the cur ren t  th rough  the cells which 
was moni tored  by  a Ke i th ley  153 microammeter .  The 
cur ren t  indica ted  the  existence of a smal l  s t eady-s ta te  
fluorine ion discharge at  the  P t /CaF2 interface.  This 
discharge resul ted  f rom fluorine escape th rough  the 
bond be tween  the CaF2 e lec t ro ly te  and the p l a t i num 
foil. Because of the l inear  re la t ion  be tween  the ac tual  
PF2 and the cell  current ,  a knowledge  of the  ac tual  PF2 
at  the  p la t inum foils was possible. The appl ied  voltages 
were  provided  f rom two potent ios ta ts  which  were  
sepa ra te ly  suppl ied  wi th  power  to avoid an e lec t r ica l  
g round  loop be tween  the two ins t ruments .  Measure -  
ments  of the a-c  conduct iv i ty  at  a f requency of 1592 
Hz were  made  by  the W a y n e - K e r r  Low Universa l  
Br idge B211 which balances  the  sample  conductance 
and capaci tance against  s tandards.  When  the conduct-  
ance of a specimen was h igher  than  0.1 ~ - t  cm-1  a 
W a y n e - K e r r  Low Impedance  Adap to r  Q211 was used 
in conjunct ion wi th  the  bridge.  

Hebb-Wagner d-c polarization measurements.--Figure 
3 shows the cell a r r angemen t  for d-c  polar iza t ion  m e a -  
surements.  The revers ib le  electrodes used for this cell 
were  p repa red  f rom two-phase  equi l ib r ium mixtures  
of Cu/CuF2 and Ni/NiF2. Again,  some CaF2 was added  
to these mix tures  to p reven t  polar iza t ion  of the  re -  
versible electrode.  The blocking e lect rode consisted of 
a Pt  foil about  0.003 cm thick pressed against  a vapor -  
deposi ted Au  layer .  

When  Cu/CuF2 mix tu res  were  used as revers ib le  
electrodes at  posi t ive polar i ty ,  the appl ied  vol tages 
were  kep t  below 640 mV (the difference in the  s tan-  
dard  Gibbs energies of fo rmat ion  for ~-PbF2 and CuF2) 
to avoid the  decomposi t ion of PbF2. On the other  hand,  
for posit ive po la r i ty  at the blocking electrode,  the  ap-  
pl ied vol tage could be any va lue  which would avoid 
excessive F2 vapor  genera t ion  (about  2.0V). 

g-VACUUM DEPOSITED Au LAYER 

r POTEBTIOSTAT =_ 

Fig. 3. Cell arrangement for d-c polarization studies of/3-PbF2 
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If Ni/NiF2 electrodes are used at positive polarity, 
the permissible exper imental  voltage range is too 
small. Therefore, negat ive Ni/NiF2 electrodes are pre-  
ferred to allow a large applied voltage range (about 
2.4V). The steady-state polarization currents  were in -  
dependent  of the argon flow rate in the system and 
were stable over long periods of time. 

Results and  Discussion 
A-c conductivity measurements.--The results of a-c 

total conductivi ty measurements  are plotted in Fig. 4 
as a funct ion of fluorine pressure at various tempera-  
tures. By careful examination,  there is a very small 
positive slope for each line. But  essentially, the a-c 
conductivi ty of/3-PbF2 is independent  of fluorine pres- 
sure, indicat ing that/~-PbF2 is a predominant  ionic con- 
ductor over a wide range of fluorine activity, 

D-c polarization measurements.--The converted plot 
of data for the cell 

ONi/NiFs I PbF2I A u O  [II] 

according to Eq. [5] is shown in  Fig. 5. The values for 
~e ~ and r ~ were obtained from the slope and in ter -  
cept of the plot, respectively, as already discussed. 

The curve shown in Fig. 5 is not a perfectly straight 
l ine as was expected, but  exhibits an increasing slope 
with the increasing voltage. Taking the max im um and 
the min imum values of slope gives 

o-e ~ = 3.12-4.15 X 10 -6 4t -1 cm-1 

correspondingly 

%~ = 2.14-1.04 X 10 - s  ~ - l c m - Z  

for PF2 ~ for coexistence of Ni a n d  NiF2. This result  
indicates that  o-e ~ > >  o-e~ in  other words, pure  p-PbF2 

0.8 I I I i I I I I I I 
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SLOPE= 0.011 �9 

J ~  

�9 33V'C 
I Q I I J I [ [ 
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Fig. 4. Fluorine pressure dependence of total conductivity for 
~-PbF2 at 330~176 Open and closed circles represent duplicated 
runs. 
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F'ig. 5. Converted data plot for d-c polarization measurements 
with the cell O Ni/NiF2 I fl-PbF~ I A u O  at 492~ 

is an n- type  conductor at the equi l ibr ium fluorine ac-  
t i v i ty  for Ni/NiF2. 

To obtain the polarization data for ~-PbF2 at the 
equi l ibr ium fluorine activity of Cu/CuF2, cell [III] 
was used. Positive polari ty was applied at the blocking 
electrode 

oCu/CuF~ I PbFs I Au O [III] 

Unfortunately,  some difficulties arose with this cell. 
Nonreproducible currents  of the order of 1 /~A were 
observed at applied voltages below 0.4V. Further ,  this 
cell required 1-1.5 days to reach a steady-state current .  
As a result, cell [!II] with reverse polari ty was used. 
As mentioned earlier, the ma x i mum voltage for cell 
[lII] with opposite polari ty is only 640 mV, since 
higher voltages threaten the decomposition of the lead 
fluoride. On the other hand, potentials below 0.4V re-  
sult in  very small  nonreproducible  currents.  Because 
of these two limitations, the voltage range between 0.4 
and 0.6V was investigated. A converted plot of data 
for two such runs  is shown in  Fig. 6. The analysis 
yields for r u n  No. 1 

~o o = 1.89-3.81 X i0 -9 f$-I cm-1 

~re ~ = 4.33-3.72 X 10 -5 ~t -z cm -i 

and for run  No. 2 

~-e o = 6.39-6.61 X 10 -9 ~ - I  cm-Z 

o-e ~ = 6.93-6.84 X 10 -5 O, - I  cm -z 

The values of co ~ and %~ show that  ~-PbF2 is a 
p- type conductor in equi l ibr ium with Cu/CuF2. There-  
fore, the fluorine activity at which the t ransi t ion of 
p- type  to n- type  takes place falls be tween PF2 ~ (Ni/  
NiF2) and PF2 ~ ( C u / C u F 2 ) .  

Figure 7 is a plot of log o- vs. log PF2 for pure ~-PbF2; 
the slopes of log o-e ~ and log ~e ~ vs. log PF2 ap- 
proach, respectively, 0.5 and --0.5 at 492~ These 
are the slopes expected from a Kroger -Vink  diagram 
for Fi' and VF" defects in absolutely pure  PbF2, as well  
as in  a doped crystal where an impur i ty  fixes the de- 
fect concentration. Since o-e ~ and o-e ~ are negligible 
compared to o-ionic, the total a-c conductivi ty is essen- 
t ial ly equal to o-ionic. Combining the results for ce ~ o-e ~ 
and o-ionic allows an est imation of ~he fluorine part ial  
pressure Pe and Pe at which o-e = O'ionic and o-e = 
,O'ioni c at the tempera ture  492~ For the condition % = 
o-ionic, Pe equals 1.0 • 10 -21 atm. The PF2 for the con- 
dition where o-e = O'ionic is far below the PF2 for PbF~ 
decomposition and is therefore of no physical sig- 
nificance. 

Only two different reference electrodes with differ- 
ing values of PF$ were used to determine the slopes in  

80 ~.lPb~lc=§ F2, 
492  ~ 

50 / 

3 0  I r I I I P I 12 
1.0 2 .0  3 .0  4 . 0  5 . 0  6 , 0  7 .0  8 .0  9 . 0  

e x p  ( u ) X l O  ~ 

Fig. 6. Converted data for d-c polarization measurements with 
the cell 0 Au I PbF2 I Cu/CuF~ @ at 492~ 
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Fig. 7. Plot of log ~a-c, log ~e, and log r  for the polarization 
and a-c conductivity study of t~-PbF2 at 492~ 

the plot  of log �9 vs. log PF2. These two seem to be the  
only avai lab le  fluorides which  are  solid, have  low 
vapor  pressures  a t  r e l a t ive ly  high t empera tu re ,  but  
ye t  are  less s table  than  PbF2. 

As ment ioned earl ier ,  cont rovers ia l  resul ts  of d -c  
polar iza t ion  of PbF2 exist  be tween  var ious  authors  (4, 
8-10, 12). Recalcula t ion  of  the expe r imen ta l  da ta  of 
previous  studies according to Eq. [4] and [5] becomes 
necessary and interest ing.  Data  for  r ~ and 6o ~ a n d  
g-PbF2 in equ i l ib r ium wi th  Pb f rom these reca lcu la-  
tions (4, 8, 10, 12) are  p lo t ted  as a function of t empera -  
ture  in Fig. 8, ex t rapo la t ion  of the  present  expe r imen-  
tal  resul ts  for ~e ~ and ~0 ~ from Fig. 7 are  also shown 
on the same plot. F igure  8 shows reasonable  agreement  
among different  authors  and the presen t  study. Data  
for %~ and ao ~ f rom Joshi  and Liang (9) are  not in-  
c luded in Fig. 8 because the i r  resul ts  were  for a-PbF~. 
F igure  8 shows that  ~-PbFu is an n - t y p e  conductor  in 
equi l ib r ium wi th  Pb over  the t empera tu re  range  25 ~ 
600~ This conclusion incorpora tes  the  controvers ia l  
results  on polar iza t ion  exper iments  f rom var ious  
authors.  The improved  method  for in te rp re t ing  con- 
ver ted  d-c  polar iza t ion  da ta  of Pa t te r son  et al. was 
useful  in de te rmin ing  both ae ~ and zo ~ in this study. 
Comparison of electronic conductivi t ies  is shown in 
Table  I. The set of values  wi th  an as ter isk  represents  
the values of ee ~ and %0 tha t  fit best  in Eq. [4] or  [5]. 
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Fig. 8. Plot of log ae ~ and log # e  ~ in equilibrium with lead as a 
function of temperature for F-PbF2. 

Obviously, opposite conclusions are then sometimes 
obtained from the simple limiting graphical interpre- 
tation and from the improved, converted interpretation 
of Patterson et aL 

Conclusions 
The a-c  conduct ivi ty  of pure  ~-PbF2 has been  found 

to be essent ia l ly  independen t  of PF2. This pressure  in-  
dependence  indicates  that  ;~-PbF2 is an ionic conductor  
over the expe r imen ta l  ranges of PF2 and tempera ture .  

The measurements  of electronic conduction of pure  
/~-PbF2 in the d-c  polar izat ion expe r imen t  indicates  a 
P F 2  - 1 / 2  dependence  for ~e, and a PF2 -1/2 dependence  
for ~e, in accordance with  a s imple  Kroge r -V ink  dia-  
g ram for ~-PbF2. Recalcula t ion of da ta  f rom previous  

Table I. Review of the literature data and present results for Pb halide conductivity in equilibrium with Pb 

Material 

(C)  P r o p o s e d  a e  ~ r " P r e s e n t  r ~ 
T e m p e r -  by  o r i g .  0 c a l cu -  �9 

a t u r e  a u t h o r s  (~-1 e m ) - ~  ( ~ - e m )  4 l a t i o n  ( f l - em)  -~ 
~ 0  

((~-cm)-~ R e L  

~-PbFs  

~-PbFJ  

~-PbF2  

~-PbF2  

P u r e  ~-PbF2 

P u r e  ~-PbF~ 

25 ~ - -  ~ n - t y p e  2.05 x iO -16" 
~ 3 . 7 6  x iO -~5 

150 p - t y p e  3.3 x 10 -~z ~ n - t y p e  1.85 x 1O -~* 
~ 1 . 3 9  x 10 -~*  

490 n - t y p e  ~ 2.1 x 10 -a n - t y p e  7.37 x 10 -7 
~2.15 x 18 -~* 

500 n - t y p e  - -  5.5 x I0  -~ n - t y p e  4.8 x 10 -5 
- -2 .0  X 10 -~*  

600 n - t y p e  - -  7.7 x IO -a n - t y p e  1.7 x 10 -5 
~ 2 . 6 2  x 10 -5. 

127 p - t y p e  1.72 x l 0  -~o - -  n - t y p e  1.43 x 10 - ~  
~ 1 . 4  x 10 - ~ "  

259 p - t y p e  1.82 x 10 - n  -- n - t y p e  4.06 x 10 - ~  
~ 1 . 7 1  x 10 -la* 

287 p-type 8.60 x 10 - l l  - -  n-type 1.76 x tO -~~ 
~ 8 , 1 2  x 10 -~*  

492 ( p r e s e n t  e s t i m a t e s )  n - t y p e  ~ 2 . 5  x 10 -~* 
52 n - t y p e  - -  4.7 • 10 -~ n - t y p e  3,6 x 10 -~ 

~ 4 . 7  x 10 -9* 

3.75 • 10 -I(~" 
~1 x I0 -s 

4.89 • I0 -7" 
-,-9.96 x IO -e* 

3.84 • 10 -5 
~ 1 . 9 3  x 10 -5. 

1.19 x I0 -~ 
~4,97 x 10 4 *  

4.70 x 10 -~ 
~ 7 . 9 2  x 10 -5. 

5.5 x 10 -z~ 
~ 1 . 5  x 10 -s" 

1.22 x I0 -s 
~ 5 . 2  x 10 -s* 

1.13 • 10 -u 
~ 4 . 4 3  x i0  -s" 

2.86 x 10 -5.  
2.2 x 10 -15 

~ 6 . 1  x 10 -~* 

12 

4 

10 

10 

10 

9 

9 

9 

8 

* V a l u e s  os ~ ~ a n d  ~ ~ b e s t  f i t t e d  to  E q .  [4] a n d  [5] .  
e e 
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d-c  polar iza t ion  measurement s  for  =-PbF2 and ;~-PbF= 
from various authors, along with the ~ and =e from 
the presen{ study, gives the following conclusion: 
=-PbF2 and ~-PbF2 are n-type conductors in equilib- 
rium with Pb. P-type electronic conduction becomes 
important at high PF2, with Pe ~ 1.0 • 10 -21 atm at 
492~ The Patterson method was also applied to re- 
calculate, d-c polarization data existing in the litera- 
ture for PbBr2 and PbC12. The results indicate that 
both PbCI2 and PbBr2 are n-type conductors in equi- 
librium with Pb. 
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Lithium Dimethyl Sulfite Graphite Cell 
Sanjay L. Deshpande *'l and Douglas N. Bennion* 

Chemical, Nuclear, and Thermal Engineering Department, University oJ California, Los Angeles, Cali]ornia 90024 

ABSTRACT 

Reactions occurr ing at  the posi t ive ancl negat ive  electrodes and in the  
solut ion phase of cells of the type  Li/LiC104, DMSU/g raph i t e  have  been 
studied. Discharge capabi l i ty  of 36 hr  at  a cur ren t  dens i ty  of 2 m A / c m  2 has 
been achieved.  Discharge potent ia l  was about  3.00V measured  vs. a l i th ium 
wi re  reference  electrode.  Coulombic efficiency was 100% at 2 m A / c m  2 bu t  
d ropped  r ap id ly  at  h igher  cur ren t  densit ies.  Charging potent ia ls  increased  
and discharge potent ia ls  decreased at  h igher  cur ren t  densit ies.  Pe r fo rmance  of 
the cell  was poor when  p ropy lene  carbonate  was subs t i tu ted  for d ime thy l -  
sulfite (DMSU) and LiBF4. Changes in the  posi t ive e lect rode mate r ia l s  did  
not a l te r  per formance  very  much as long as graphi te  was present .  

L i th ium is a t t r ac t ive  as a possible negat ive  ba t t e ry  
e lect rode because of its s t rong reducing  potent ia l  and 
low equiva len t  weight.  As a secondary  or  r echarge-  
able  electrode,  l i th ium mus t  opera te  in an aprot ic  
solution. A m a j o r  p rob lem in developing room t em-  
pera ture ,  l i th ium storage ba t te r ies  has been finding a 
sui table  posi t ive e lec t rode  which is compat ib le  wi th  
the  l i th ium negat ive  e lec t rode  and the aprotic,  elec-  
t ro ly t ic  solution. A s u m m a r y  of var ious  l i th ium ba t t e ry  
systems has been presented  e l sewhere  (1). 

A possible ba t t e ry  system using a l i th ium negat ive  
electrode,  LiC104-dimethylsulf i te  (DMSU) e lect rolyt ic  
solution, and a graphi te  posi t ive e lec t rode  has been 
repor ted  on prev ious ly  (2-4).  I t  was proposed (2) tha t  
a l a m e l l a r  compound of g raphi te  formed at  the  posi-  

* Electrochemical  Society  Act ive  Member.  
1 Present  address:  Honeywe l l  P o w e r  S o u r c e s  C e n t e r j  H o r s h a m ,  

P e n n s y l v a n i a  19044. 
Key words:  nonaqueous  solvents ,  d i m e t h y l  sulf i te ,  l i t h i u m  per -  

c h l o r a t e ,  intercalat ion,  radical  cations. 

rive e lec t rode  as a product  of the charge s torage 
mechanism 

nC + LiCIO4 -- Li + + Cn CIO4 + e- 

Some later results (4) suggested that the above 
reaction is not the dominant reaction and that the 
solvent, DMSU, is involved more directly in the 
electrochemical reaction. This paper is intended to 
determine more clearly the positive electrode reaction 
and the limits of operating capability when used in 
a Li/LiClO4, DMSU/C secondary battery system. 

Experimental 
The e lect rolyt ic  solutions were  p repa red  by  vacuum 

dis t i l l ing the solvents  and vacuum dry ing  the salts. 
F u r t h e r  d ry ing  was achieved by  s t i r r ing  solvents 
and solutions wi th  l i th ium chips fol lowed by  filtering. 
L i th ium chips were  covered wi th  a white  deposit  as 
a resul t  of the  drying.  The s t i r - and- f i l t e r  operat ion 
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was repeated to expose fresh l i th ium to the water  
in the solvent  and the solution. Water content was 
determined using the Karl  Fischer technique. Only 
solutions containing an upper  l imit  of 50 ppm water 
were used. Graphite  powder (99.95% pure, 0.8 ~,m in 
size) was used to fabricate the positive electrode. It 
is a na tu ra l  graphite originat ing from Madagascar. 
Te/ton molding powder and Union Carbide National 
C-34 glue were used as binders. Carbon cloth and 
t i t an ium foil were used as current  collector backing 
plates. 

All  experiments  were performed in  an argon atmo- 
sphere dry box. The test cells were glass H-cells as 
s h o w n  in  Fig. 1. The two compartments  were sep- 
arated by  a fine-size glass frit. Polyethylene stoppers 
were used to minimize solvent losses by evaporation. 
Electrode leads came out the top between the poly- 
ethylene stopper and the glass wall. The two elec- 
trodes, one graphite the other l i thium, were held 
fLat to the bottom of their  respective compartments  
by glass sleeves 2 cm inside diam and 1.25 cm high. 
The sleeves were short enough so they did not block 
the connecting limb. The liquid level was just  above 
the connecting limb. Each compartment  contained 
about 10 cm~ of solution. The electrical circuit is 
shown in Fig. 2. A Perkin  Elmer  chromatograph, 
Model 880, with a hot wire detector was used to 

I 

, 8 i 

NEGATIVE COMPARTMENT 
CROSS SECTION FULL VIEW 

POSITIVE COMPARTMENT 
CROSS SECTION 

Fig. I. The H-cell used in all experiments. 1. Glass frit; 2. poly- 
ethylene stoppers; 3. negative lead; 4. polypropylene masks for the 
three electrodes; 5. glass sleeve; 6. negative electrode; 7. positive 
lead; 8. reference electrode; 9. reference lead; 10. positive elec- 
trode. 

I SWITCH POSITIO~I 
L_ICOULOMETER ~ ING CHARGING 

RECOROER 

CELL 

BY PASSED SOMETIMES 
ON DISCHARGE 

SWITCH PosITION 
DURING DISCHARGING 

Fig. 2. Electrical circuit diagram for charging and discharging 

analyze the electrolytic solution before and after cell 
operation. Fur ther  details of the exper imental  proce- 
dure, sources of mater ial  and equipment,  and purifica- 
t ion techniques can be obtained elsewhere (1). 

Both pyrolized and cloth positive electrodes were 
used. In one case a p la in  p la t inum sheet was used. 
The pyrolized electrodes were made by mixing  
graphite glue with twice its weight  of graphite 

powder. In  one case jus t  the glue was used. The paste 
was spread on carbon cloth and pressed between two 
steel plates to form a disk 1.00 mm or less thick. 
The disk was fired in an argon atmosphere at 800~ for 
about 6 hr. The result  was a brittle, porous disk which 
adhered well to the cloth. The disk separated easily 
from the steel plates. The resistance across the cloth 
disks was about 512. Cloth electrodes were the carbon 
cloth alone. Prior  to use, the carbon electrodes were 
dried at 50 ~m of Hg and 120~ for 6 hr. 

In assembling the cells, gas bubbles t rapped under  
the electrodes were shaken free. A th in  strip of l i th ium 
was placed in the positive compar tment  as a refer-  
ence electrode. Strips of polypropylene were placed 
over electrode leads and the reference electrode wire 
to prevent  a direct current  path to them. 

The potential  between the positive electrode and 
the l i th ium wire reference electrode was measured 
as a funct ion of t ime while the cell operated at con- 
s tant  charging or discharging current.  During one 
set of measurements,  propylene carbonate was used 
in  place of DMSU and LiBF4 in  place of LiC104. 

The variables measured were: Vo, the open-cirui t  
potential  right after assembly or a 30 sec in ter rupt ion  
in  current  of the positive electrode vs. the reference 
electrode; Vo', the open-circui t  potential  after an 
in te r rup t ion  of a few hours in  current  of the positive 
electrode vs. the reference electrode; V1 the oper- 
at ing potent ial  of the complete cell, the positive vs. 
the negative electrode; V2, the operating potent ial  of 
the positive electrode vs. the reference electrode; Vf, 
cut-off potential,  V2, when discharging was stopped; 
Qin, the charge put  into the cell dur ing charging; Q4v 
the charge recovered from the cell with V2 above 
4.0V; Qvf the charge recovered from the cell with V2 
above Vf. 

Potent ial  measurements  were made with the positive 
electrode grounded. Measured values were mult ipl ied 
by --1 and then reported so that  the reported values 
would conform to the usual  sign convention. 

Results 
Demons t ra t ion  of revers ib le  electrical  s torage capac-  

i ty . - -The  electrode weighed 0.7245g of which 0.3735g 
was carbon cloth, 0.2318g graphite powder, and the 
rest pyrolized graphite glue. Ini t ia l  thickness was 1 
m m  and diam 2.0 cm. The electrolytic solution was 
1.04 moles LiC104 per 1000 cm 3 of solution. The ini t ial  
open-circui t  potential, Vo, r ight  after filling was 2.70V. 
The cell was cycled four times with progressively 
larger charge in  (Qin). Results are shown in  Fig. 
3, 4, 5, and  6. Charging and discharging was at 3.2 
mA (1.0 m A / c m  2) on the first cycle and 6.3 mA (2.0 
mA/cm~) on cycles 2, 3, and 4. On cycle 2, current  
was increased to 10 mA for short intervals.  The curves 
in Fig. 3, 4, 5, and 6 are typical Of many  tens of runs. 

On the first cycle, two discharge plateaus were ob- 
served, one with V2 > 4.0V and the other with V2 
between 3.0 and 2.8V. Typically, the higher plateau 
was not observed after the first one or two cycles 
and following a prolonged (several hours) stand after 
charging but  before discharging. The cutoff voltage, 
Vf, was 2.5V. The coulombic efficiency on the first 
cycle exceeded 100%. The excess charge is a t t r ibuted 
to reactive impurit ies ini t ia l ly  present  in  the positive 
electrode. 

On both charging and discharging the potential  
on prolonged open circuit drifted to Vo' -~ 3.75V. The 
charge and discharge curves were not significantly 
affected by long interrupt ions  at open circuit. The 
sustained discharge for 36 hr at 2 m A / c m  2 demon-  
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Fig. 3. Galvanostatlc charge-discharge curves for the cell 
Li/LiCI04, DMSU (1.0M)/graphite -t- graphite glue on carbon 
cloth. Cycle No. 1. I ~- 3.20 mA; Qm = 1.30 mequiv.; coulombic 
eff. ---- 121.5% above Vf ~ 2.50V; discharge begun after 0 hr of 
wet stand on charge; positive electrode weight ~ 0.7245g; graph- 
ite ~- 0.2318g; carbon cloth = 0.3735g; initial thickness of carbon 
disk ~_ 0.1 cm; top surface area = 3.14 cm2; resistance ---- 1.0~. 
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Fig. 4. Galvanostatic charge-discharge curves for the cell Li /  
LiC104, DMSU (1.0M)/graphite ~ graphite glue on carbon cloth. 
Cycle No. 2. I ---- 6.30 mA; Qin ~ 3.60 mequiv.; coulombic elf. 
100.0% above Vt" ~- 2.50V; discharge begun after 10 hr of wet 
stand on charge; positive electrode weight ---- 0.7245g; graphite 
0.2318g; carbon cloth ~- 0.3735g; initial thickness of carbon disk ---- 
0.1 cm; top surface area ~ 3.14 cm2; resistance = 1.0~.  
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Fig. 5. Galvanostatic charge-discharge curves for the cell Li /  
LiCIO4, DMSU (1.0M)/graphite glue on carbon cloth. Cycle No. 3. 
I - -  6.3 mA; Qin ---- 6.23 mequiv.; coulombic eff. ---- 83.4% above 
Vf ---- 2.50V; discharge begun after 12 hr of wet stand on charge; 
positive electrode weight ~ 0.7245g; graphite ---- 0.2318g; carbon 
cloth ---- 0.3735g; initial thickness of carbon disk ---- 0.1 cm; top 
surface area ~- 3.14 cm2; resistance = 1.012. 

strates a much larger energy storage than the capacity 
of 1 hr at 2 m A / c m  2 reported by Dunning  et al. (2). 
However, Dunn ing  et at. looked pr imar i ly  at the higher; 
4.2V plateau;  while in  this work the lower 2.9V 
plateau was examined. 
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Fig. 6. Galvanostatic charge-discharge curves for the cell Li /  
LiCIO4, DMSU (1.0M)/graphite -I- graphite glue on carbon cloth. 
Cycle No. 4. I ---- 6.3 mA; Qin ~- 8.92 mequiv.; coulombic elf. ---- 
95 .3% above Vf = 2.50V; discharge begun after 0 hr of wet stand 
on charge; positive electrode weight ---- 0.7245g; graphite ---- 
0.2318g; carbon cloth ---- 0.3735g; initial thickness of carbon disk - -  
0.1 cm; top surface area ---- 3.14 cm~; resistance ~- 1.0D~. 

This comparison is in tended to highlight the im-  
portance of the lower discharge plateau. Dunning  et al. 
used a positive electrode made out of reinforced pyro-  
lytic graphite that  weighed 1.4535g and had a cross- 
sectional area of 8.5 cm 2 (active area was 17 cm2). 
About  4 cm 8 of electrolyte solution was used in  that 
test. In  comparison, the positive electrode (total weight 
0.7245g) reported herein consisted of graphite powder 
(0.2318g) and graphite glue (0.1192g) and had a 
cross-sectional area of 3.14 cm 2. About  10 cm 8 of 
electrolytic solution were present  in  each half-cell.  
Table I compares the energy available at the two 
plateaus. By any  criterion, energy available at the 
lower plateau is higher. 

The positive electrode disk swelled from 1 mm 
thick in i t ia l ly  to 5 m m  thick after the fourth cycle. 
The swelling was rapid in the first two cycles, but  it 
swelled little on the last two cycles. The disk remained 
rigid and adhered to the carbon cloth backing. Final  
disk resistance was about 3~1. The surface of the 
electrode was covered with a th in  white deposit. 
During the charging r un  of the first cycle, the solu- 
tion in the positive half-cell  gradual ly  tu rned  dark 
brown. When Anderson Physics Lab u l t rapure  LiC104 
was used in place of K and K Labs LiC104, the brown 
substance did not appear. 

The deposit on the negative electrode was dendrit ic 
and adhered weakly to the l i th ium substrate. A white, 
gelatinous floc appeared at the surface of the li thium. 
On long cycles a small but  steady bubbl ing  appeared 
on the l i th ium electrode. The appearance of a white 
floc agrees with observations of Selim and Bro (5). 

Bubbles appeared on the l i th ium wire reference 
electrode occasionally dur ing long charging periods, 
and twice dur ing the 36 hr discharging r u n  it cor- 
roded badly enough so that replacement  was necessary. 

To study the effect of operating current  on cell 
performance, cells of the type just  described were 
operated at varying currents. The results are shown 
in Fig. 7. Above 2 mA / c m 2 the coulombic efficiency 
drops rapidly. The current  voltage curves are shown 
in Fig. 8 for charging and discharging. The potentials 
are average values of the plateau regions. After the 
high current  operation, a cycle was carried out at 

Table I. Comparison of upper and lower voltage discharge plateaus 

Upper plus Upper plateau 
lower plateaus only [Dunning 
(This paper) et aL (2) ] 

E n e r g y  Stored-W-hr  0.6569 0.1428 
W - h r / g  e lec t rode  0.9054 0.0982 
W - h r / c m  2 0.2088 0.0084 
W-hr /cc  solution 0.0656 0.0357 
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Fig. 7. Effect of operating current density on coulombic efficiency 
(based on a cutoff potential of Vf = 2.0V). 
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Fig. 8. Effect of operating current density on the potential of the 
positive electrode vs. the lithium wire reference electrode, V2, 
during the charging and discharging runs. 

6.3 mA (2 m A / c m  2) and coulombic efficiency re-  
turned to 100%. 

In order  to check for invo lvement  of electrolytic 
solution species in the electrode reactions, propylene 
carbonate (PC) was substi tuted for DMSU and LiBF4 
for LiC104. The results are shown in Fig. 9, 10, and 
11. A comparison of results is shown in Table II. 
The results imply that  DMSU is a necessary par t  of 
the posit ive electrode reaction process and that  LiC104 
gives bet ter  per formance  than LiBF4. 

The effect of different materials  in the posit ive 
electrode on celt per formance  was examined.  Results 
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Fig. 9. Galvanostatic charge-discharge curves for the cell Li/ 
LiCI04, PC (0.89M)/graphite -I- graphite glue on carbon cloth. 
Cycle No. 5. I : 6.] mA; Qin ~- 5.0 mequiv.; coulombic eff. ----- 
45.6% above Vf ~ 2.0V; positive electrode weight ---- 0.6260g; 
graphite ~ 0.1980g; carbon cloth ~ 0.3262g; initial thickness of 
carbon disk ~ 0.10 cm; top surface area ---- 3.14 cm2; resistance 
- -  1.00. 
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Fig. 10. Galvanostatic charge-discharge curves for the cell Li/ 
LiBF4, DMSU (1.03M)/graphite -~ graphite glue on carbon cloth. 
Cycle No. 3. I = 6.3 mA; Qin = 4.16 mequiv.; coulombic eff. 
72.3% above Vf = 2.0V; positive electrode weight = 0.2218g; 
graphite = 0.0448g; carbon cloth ~ 0.1540g; initial thickness of 
carbon disk = 0.04 cm; top surface area = 3.14 cm2; resistance ~- 
3.0~. 

with bare p la t inum as the posit ive showed a fa i r ly  
flat charging plateau at 5.6V, but no discharge plateau 
was observed. Pyrolized glue on carbon cloth (no 
graphite powder)  gave typically observed results as 
shown in Fig. 12. Results using only carbon cloth are 
shown in Fig. 13. The charging runs were  flat at 
5.2V and not shown. The coulombic efficiency in-  
creased with increased cycling. During run 4, 41% 
of the 8.52 Mequiv. had been recovered when  dis- 
charging was stopped because the reference electrode 
had dissolved away and cell resistance had increased 
from 1.0 to 2.8 k~. However ,  Vo was steady at 3.2V. 
There was bubbling at the l i th ium counterelectrode 
and the reference electrode. Al though all  the carbon 

Table II. Comparison of performance for four electrolytic solutions 

LiCIO~- LiC10~- LiBF4- LiBF4- 
DMSU PC DMSU PC 

Charge recovered, m equiv. 8.50 2.26 3.00 1.10 
Coulombic efficiency 95.3 42.2 72.3 50.0 
Cutoff potential, V~ 2.5 2.0 2.0 1.25 
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Fig. 11. Galvanostatic charge-discharge curves for the cell Li/  
LiBF4, PC (1.55M)/graphite -I- graphite glue + carbon cloth. 
Cycle No. 3. I ---- 6.3 mA; Qm ---- 2.17 mequiv.; coulorn;bic elF. 
50.0% above Vf ~ 1.25V; positive electrode weight ~ 0.1709g; 
graphite ~ 0.0300g; carbon cloth ~ 0.1200g; initial thickness of 
carbon disk ~ 0.04 cm; top surface area ~ 3.14 cm~; resistance 
---- 3.09,. 
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Fig. 12. Typical galvonostatic charge-discharge curves for the cell 
Li/LiCIO4, DMSU (1.53M)/graphite glue on carbon cloth. Cycle No. 
2. I ~ 6.3 mA; Qi .  : 5.0 mequlv.; coulombic eff. ---- 64,0% above 
Vf ~ 2.50V; positive electrode weight --_ 0.7258g; carbon cloth 
---- 0.5053g; initial thickness of carbon disk ~ 0.07 cm; top sur- 
face area : 3.14 cm2; resistance ~ 4.01),. 
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Fig. 13. Galvanostatic discharge curves for the cell LI/LiCIO4, 
(2.13M) DMSU/carbon cloth. V2 (charging) ~ 5.15V, I ---- 6.30 
mA; weight of carbon cloth electrode ---- 0.1273g; thickness ---- 
0.02 cm; exposed area ---- 3.14 cm2; Vo (charging) __-- 4,70V. 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Charge in, 10 - 3  equiv. 1.25 2.28 3,13 8.52 
Coulombic eff. above 

Vt = 2.50V 20.32 27.81 22,36 40.63 

electrodes gave apprec iab le  charge  storage,  the  high 
surface a rea  electrodes gave the grea tes t  charge re -  
tention. 

Gas chromatograph ic  analysis  was car r ied  out  on 
the e lect rolyt ic  solut ion of the posi t ive ha l f -ce l l  at  
var ious  stages of charge and discharge.  A new peak  
was observed  at  the  end of charging which  was not' 
p resen t  a t  the  end of discharging.  This impl ies  tha t  
the  oxidiz ing agent  formed on charging is a t  least  
pa r t i a l l y  soluble, and  i t  is consumed on discharging.  

X - r a y  powder  diffract ion da ta  (CUK~ rad ia t ion)  on 
cycled posi t ive e lectrodes in cells containing DMSU 
showed a number  of diffract ion l ines tha t  could not  
be assigned to a known compound.  The most  intense 
of these lines had  a d va lue  of 4.42A fol lowed in 
in tens i ty  by  the l ine wi th  d = 7.76A. Thus, there  is 
evidence for  some in te rca la t ion  of graphi te .  On 
samples  of posi t ive electrodes f rom cells using PC 
as solvent,  however ,  there  were  only  two unass igned 
peaks  wi th  d values  of 2.39 and 1.80A, the l a t t e r  being 
more  intense. Thus, in te rca la t ion  of g raphi te  (charac-  
ter is t ic  d _.: 3.38A) in  PC solutions is not  significant. 

Discussion 
The need for carbon as na tu ra l  graphi te ,  carbonized 

graphi te  glue, or  carbon cloth for charge s torage in 
the  posi t ive e lect rode has been demons t ra ted  by  sub-  
s tan t ia l  charge s torage in the carbon posi t ive elec-  
t rodes and the inab i l i ty  of a bare  p l a t inum electrode 
to demons t ra te  charge storage. Graphi te  or  carbon 
appears  to be a sui table  ca ta lys t  and poss ibly  a pa r -  
t ic ipant  in the charge s torage  react ions at  the posi-  
t ive electrode.  The high s torage of the graphi te  pow-  
de r -g r a ph i t e  glue compared  to carbon cloth alone is 
a t t r ibu ted  to be t te r  adsorpt ion  proper t ies  of the powder  
plus glue. 

The ini t ia l  swel l ing of the pyrol ized  g raph i t e -g lue  
electrodes is a t t r ibu ted  to format ion  of in terca la t ion  
compounds,  poss ibly  in te rca la t ion  of perch lora te  anions 
a n d / o r  the  solvent  molecules.  However ,  subs tant ia l  
charge s torage was achieved wi th  carbon cloth alone, 
which did not  swell.  This implies  that  the  in te rca la -  
t ion react ions are  side react ions  which do not  con- 
t r ibu te  s ignif icant ly to charge s torage but  help  to 
increase  the  carbon surface a rea  ava i lab le  for s torage 
of the oxidizing agent  p roduced  dur ing charging. 

The a t tack  on the l i th ium wire  reference  e lect rode 
and the new peak observed by gas ch romatography  
of samples  t aken  af ter  charging imp ly  tha t  the oxi-  
dizing agent  formed dur ing  charging is a t  least  pa r -  
t i a l ly  soluble. I t  is not expected tha t  in te rca la t ion  
compounds  would  be soluble. Since the  perch lora te  
ion is a l r eady  h ighly  oxidized and no chlor ine or  
oxygen  gas evolut ion was observed,  i t  appears  that  
DMSU is the  pr inc ipa l  reactant .  This conclusion is 
fu r the r  s t reng thened  by the observat ions  that,  when 
DMSU was replaced  by  PC, the charge s torage capa-  
b i l i ty  of the positive electrode, the coulombic efficiency, 
and the value of the discharge potential a11 dropped 
substantially (Table I). 

DMSU molecules contain sulfur in the valence state 
4. Valence states 5 and 6 are known for sulfur. Thus 
it is reasonable to expect DMSU to be oxidized during 
charging 

(CH30) ~ SO -~ [ (CH~O) 2 SO] + + e- 
or 

(CH80)2 SO--> [ (CH80)2 SO] +2 + 2 e -  

During charging,  it  appears  possible that  the ini t ia l  
react ion product ,  p re sumab ly  a rad ica l  cation, may  
r ea r r ange  or  react  fur ther .  The radica l  cation is ex-  
pected to be reduced back to DMSU which would 
complete  the revers ib le  cycle. However ,  charged species 
resul t ing  f rom subsequent  r ea r r angemen t  may  form 
final products  o ther  than  DMSU dur ing  discharge.  
Since there  was a large  excess of DMSU in all  of 
the exper iments  run  in this invest igat ion,  i t  has not 
been es tabl ished whe ther  or not  subsequent  cycles 
complete  a revers ib le  cycle or  whe ther  f resh DMSU 
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is oxidized eac,h charge  cycle imply ing  tha t  a s torage 
ba t t e ry  type  cycle does not  exist  for this system. 

At  the  negat ive  electrode dendr i t ic  l i t h ium deposits 
were  observed to change dur ing  discharging into a 
whi te  floc which could be LiC104. If  that  is the case, 
i t  is impl ied  that  dur ing  discharging a local super -  
sa tura t ion  of LiC104 occurs near  the negat ive  elec-  
trode. This behavior  would  be expected if the C10~- 
mobi l i ty  is much la rger  than  the Li + mobil i ty.  Since 
the Li + is p robab ly  h igh ly  solvated,  i t  is reasonable  
to expect  the  C104- ion to have a h igher  mobil i ty.  
P r e l im ina ry  x - r a y  analysis  indica ted  the white  p re -  
c ipi ta te  was LiC104, but  the  resul ts  were  not  conclu- 
sive. 

Acknowledgments 
Financia l  suppor t  for  this work  has been provided  

by  the U.S. Navy,  Office of Nava l  Research.  

Manuscr ip t  submi t ted  Apr i l  13, 1977; revised m a n u -  
scr ipt  received Dec. 19, 1977. 

Any  discussion of this pape r  wi l l  appea r  in  a Discus-  
sion Section to be publ ished in the December  1978 
JOURNAL. Al l  discussions for  the  December  1978 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1978. 

Publication costs o~ this article were assisted by the 
University of CaliSornia. 

REFERENCES 
1. S. L. Deshpande,  M.S. Thesis,  School of Engineer ing 

and Appl ied  Science, Univers i ty  of California,  Los 
Angeles, Cal i fornia  (1976). 

2. J. S. Dunning,  W. H. Tiedemann,  L. Hsueh, and D. N. 
Bennion, This Journal, 118, 1886 (1971). 

3. Z. I. Mirza, M.S. Thesis, School of Engineer ing a n d  
Appl ied  Science, Univers i ty  of California,  L o s  
Angeles,  Cal i fornia  (1971). 

4. R. K. Hebbar ,  M.S. Thesis, School of Engineer ing 
and Appl ied  Science, Univers i ty  of California,  Los 
Angeles,  Cal i fornia  (1974). 

5. R. Selim and P. Bro, This Journal, 121, 1457 (1974). 

Activities and Surface Tension of 
Liquid AgCI-KCI Solutions 

Z. Maser,* M. Kucharski, and K. Rzyman 
Institute fOr Metal Research, Polish Academy oi Sciences, Krak6w, Reymonta 25, Poland 

ABSTRACT 

Thermodynamic  proper t ies  of l iquid AgC1-KC1 solutions were  inves t iga ted  
at  concentrat ions of XAgCl -- 0.43-1.00 at t empera tu res  of 860~176 by  the 
method of format ion  cells wi th  chlor ine electrode.  The pa r t i a l  t he rmodynamic  
da ta  of AgC1 were  in te rp re ted  by  Krupkowski ' s  method and the re la t ions  of 
ac t iv i ty  coefficients of both AgC1 and KC1 were  obtained.  S imul taneous ly ,  the  
surface tension measurements  of pure  AgC1, KC1, and AgC1-KCI l iquid solu-  
tions were  car r ied  out using the m a x i m u m  bubble  pressure  method  at t em-  
pe ra tu re s  of 734~176 dependent  on the composit ion of inves t iga ted  solu- 
tions and the mel t ing  points  of pu re  salts. Using the  the rmodynamic  da ta  of 
bulk  AgCI-KC1 solutions, resul ts  of surface tension, and the calculat ions of 
the  composit ion of the surface phase of the thickness 4.29 • 10 - s  cm, the  ac-  
t iv i ty  coefficients of AgC1 in this phase were  obtained.  

Expe r imen ta l  methods  deal ing wi th  the de t e rmina -  
t ion of the rmodynamic  proper t ies  of l iquid solutions 
do not  t ake  into account the surface phenomenon,  i.e., 
the adsorpt ion  of the surface. On the other  hand,  
the case of equ i l ib r ium be tween  the surface phase 
and the bu lk  m a y  be considered in o rder  to expla in  
surface propert ies .  In  this case, however,  i t  is pos- 
sible to de te rmine  the the rmodynamic  proper t ies  of 
both phases ment ioned  above despi te  the fact that  
the  surface phase  is not a separa te  one. To inves t iga te  
these problems,  t he rmodynamic  proper t ies  of the bulk  
phase  were  de te rmined  by  the emf method for the 
AgCI-KC1 l iquid solutions, whi le  surface tension mea-  
surements  of pure  AgC1, KC1, and AgC1-KC1 solutions 
made  it possible  to follow the change of act ivi t ies  in 
the solut ion in the surface layer .  

Thermodynamic Properties of Liquid AgCI-KCI 
Solutions 

Exper imen ta l  invest igat ions  on AgC1-KC1 l iquid  
solutions form pa r t  of the studies on t e rna ry  sal t  
solutions including AgC1-LiCI-KC1. The aim of these 
studies is to show the possibi l i ty  of apply ing  K r u p -  
kowski ' s  fo rmal i sm (1) to salt  systems wi th  single 
charge  ions and to ver i fy  the  s imilar i t ies  be tween 
l iquid sa l t  and meta l l ic  systems. I t  was shown by 
Moser  and F i tzner  (2) when analyzing avai lab le  ex-  

* Electrochemical Society Active Member. 
Key words: activity coefficient, fused salts, thermodynamics, 

solvents. 

per imenta l  da ta  f rom the l i t e ra tu re  for  the  AgC1-LiC1- 
KC1 system on plot  (ln ~AgCl)XAgcl-0 VS. XLicl that ,  
as in the case of l iquid  meta l  solutions (3), the dev ia -  
t ion f rom l inear  dependence  forms the t e rm connected 
wi th  the  b ina ry  sys tem KC1-LiC1. 

App ly ing  the method  of fo rmat ion  cells wi th  a 
chlor ine e lect rode of the fol lowing type  

Ag (s) /AgC1-KC1 (1)/C12 (g),  g raphi te  [1] 

the  the rmodynamic  proper t ies  of  l iquid AgC1-KC1 
solutions were inves t iga ted  at  concentrat ions of XAgCl 
= 0.43-1.00 and at  t empera tu res  of 860~176 The 
scheme of the  cell  is shown in Fig. 1. A crucible,  2, 
made  of sil ica and containing l iquid salts, 6, was placed 
in an a lumina  crucible,  1. The fol lowing were  im-  
mersed in l iquid salts:  

A. A high mel t ing  glass tube,  13, closed at  one end 
wi th  the orifice enabl ing  contact  wi th  l iquid  salts, in 
the  bot tom of which was placed a s i lver  electrode,  3. 
A s i lver  e lect rode in the  form of a sheet was connected 
wi th  an a lumina  tube, 14, b y  a lundum cement.  The 
upper  pa r t  of the s i lver  sheet  was connected wi th  Pt  
wire, 4, passing th rough  a rubbe r  stopper,  5. 

B. P t - P t R h l 0  thermocouple ,  11, was inser ted  into 
a si l ica tube  enabl ing  t empera tu re  measurements  to 
__+2oC. 

C. An  asbestos d iaphragm,  7, sealed in a sil ica 
tube, 8, separa tes  the  two e lec t rode  compar tments  and 
forms the bo t tom pa r t  of the chlor ine electrode.  The 
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Fig. 1. Scheme of the experimental cell 

chlorine electrode consists of a graphite rode, 12, 
connected with a high mel t ing  glass tube, 15, and a 
Pt  wire. Seals, 9, were made of Teflon. 

The results o f  emf measurements  obtained for in -  
creasing temperatures  (open circles) and decreasing 
(solid circles) are shown in Fig. 2. As these pIots 
show the l inear  dependence of emf vs. temperature,  
the least squares method was used for averaging the 
data. 

From the resul t ing l inear  equations presented in 
Table I, the emf values at the chosen temperatures  oi 
873~176 were calculated each 20 ~ These emf data 
were used for calculations of silver chloride activities 
employing the Nernst  equat ion with Pc~ = 1 atm 
and with the activity of silver taken as unity. The 
act ivi ty coefficients of silver chloride are calculated 
from the following relat ion 

RT R T  
ghgci -- Er -" -- lnTAgCl - -  , - lnXAgc1 [2] 

nF  nF  

where EZAgC1 is the s tandard cell potential  obtained 
with pure AgCI (bottom line in Fig. 2) and Eagc~ 
is the emf value of the formation cell. 

The obtained exper imental  values of In ~agc~ were 
described by Krupkowski 's  relat ion 

095i 

E~J 

ogol 

EB5 

......,. 

J 

873 923 :r-oK 973 

Fig. 2. EMFvolts vs. temperature in the system AgCI-KCI 

In  VAgel = ~(T) (1 - XAgci) '~ [3] 

The value of m (m = 1.72) was obtained from the 

plot loglln "YAgCil vs. log (i -- XAgc]) as the slope, and 
~(T) as intercept. Next, the relation of ~(T) vs. tem- 
perature [~(T) = -- 863/T + 0.1468] were calculated. 
In this manner the following relations for In VAgCi 
and In 7ECZ were obtained in the form 

[ 863 0.1468\ In vA~ci ~ -- ~ + ) (I -- X~cl )  z.7~ [4] 

l n T K C l  = - -  T + 0.1468 [(1 -- XAgci) 1.7~ 

-- 2.389(1 --  XAgci) 0.72 + 1.389] [5] 

The form of ~(T) wi th  a = --863 and ~ = 0.1468 
results in equations for part ial  (/~HA~c~) and integral  
enthalpy (z~H') of the following form 

AH'AgCl : -- RT2(  0 ln  TAgCi . ) =  R ~ ( 1 -  XAgC1) 1'72 
OT 

= -- 1714(1 -- XAge0 1.7~ [6] 

1 
AH' = R~ .... [I - -  ( l  - -  XAgC1) 0'72]XKcI 

m - - i  

= -- 238111 -- (1 -- XAgC1)0.72]XKcl [7] 

The exper imental  data and those calculated from 
Eq. [4]-[7] as well as thermodynamic  data at 973~ 
presented by Pel ton and Flengas (4) are compared 
in Table I. Besides the part ial  thermodynamic  prop- 
erties of AgC1 there also exists a good agreement  of 
integral  enthalpy when compared with Hersh and 
Kleppa's (5) calorimetric data (at XAgci = 0.5; hH' 
= --550 cal /mole) .  

In  addit ion it  should be ment ioned that  s imilar  
parameters  of ~(T) and m in  Eq. [4] and [5] were 

Table 1, Experimental and calculated data in AgCI-KCI liquid solutions at 973~ 

E x p e r i m e n t a l  d a t a  

XAgCI Evolts = a -- b T ~  'Ya~el ~Agc] "yKCl  

C a l c u l a t e d  s  Eq.  [41-[7] E x p e r i m e n t a l  d a t a  of  
P e l t o n  a n d  F l e n g a s  

- ~ A g c ,  - ~/-I'  
( c a l / m o l e )  ( c a l / m o l e )  XA~m 7~get 

0.430 E -- 1.11102 -- 1.8061 
0.502 E = 1.11245 - 2.0075 
0.804 E = 1.10670 - 2.1697 
0.705 E = 1.10124 - 2.2999 
0.810 E = 1.08831 -- 23307 
0.900 E = 1 , 0 8 3 2 6  - -  2.3937 
1.000 E = 1.0z025 -- 2.5648 

10-~T 0.752 0,755 0.878 
10-~T 0.800 0.800 0_835 
10~T 0.860 0.860 0.763 
10-4T 0.914 0.913 0.681 
10-4T 0.963 0.958 0.585 
1O'4T 0.990 0.986 0,530 
lO'aT I.O00 

651 452 0.3497 0.699 
517 468 0.4994 0.800 
348 459 0.6")92 0.907 
210 411 0.8505 0.976 

99 315 
33 193 
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obtained when Krupkowski ' s  method was applied to 
the data of Pelton and Flengas (4): w(T) ~. --863/T 
+ 0.054; m ---- 1.80 as shown previously by Moser and 
Fi tzner  (2). The same method was also used by Ptak 
and Szczygiel (6) for in terpre ta t ion of emf data of 
concentrat ion cells applied to AgCl-KCl liquid solu- 
tions. The obtained values of w(T) ---- --917/T and m 
= 1.87 also lead to data s imilar  to those presented 
in  Table I. 

Surface Tension Measurements of Liquid AgCI, KCI, 
and AgCI-KCI Solutions 

Measurements of surface tension have been carried 
out by the max imum bubble  pressure method. Ex- 
per imenta l  a r rangements  were similar  to those for 
l iquid metals (7), but  some modifications were in t ro-  
duced to l imit  the vapor t ransport  effect. This l imita-  
t ion is an  impor tant  factor as it was shown that  mea-  
surements  of surface tension of liquids with signifi- 
cant vapor pressure may result  in erroneous data, in 
the case when the equi l ibr ium of the gaseous with 
the l iquid phase is not at tained (8, 9). This phenomenon 
has been proved in the present investigations as l iquid 
KC1 and solutions AgC1-KC1 rich in  KC1 have, in  
exper imental  conditions, sufficiently high pressure to 
influence the surface tension measurements,  especially 
those carried out with free evaporation. 

To l imit  this evaporat ion a crucible with tested 
salt was placed in special graphite vessel, 4, with a 
screwed cover in  which an orifice for capil lary in -  
troduction had been made. The other parts of experi-  
menta l  ar rangements  are presented in  Fig. 3. They 
consist of a manometer  filled with dibutylphalate,  1, 
a gas t ra in  for the purification of argon, 2, a quartz 
capillary, 3, a crucible vessel with the salt sample, 4, 
P t -P tRh l0  thermocouple, 5, a resistance furnace, 6, 
an  a r rangement  to move the crucible with the salt 
up and down, 7, and a micrometer  screw, 8. A quartz 
capil lary with a diameter of 0.7-1 m / m  was used. It 
was ini t ia l ly wetted in liquid salt which improves 
the reproducibi l i ty  of results. First, a sample of the 
investigated salt was placed in the furnace which was 
then closed. In the meant ime the gas t ra in  system was 
open and argon passed through this closed system 
for a m i n i m u m  of 24 hr. Next, the furnace was 
switched on unt i l  the first desired temperature  was 
attained. Then, the surface tension measurements  were 
ini t iated after immers ing  the capil lary at one or 
two chosen depths. The m a x i m u m  pressure required 
for forming and detaching several bubbles was mea-  
sured. The average value of this measurement  was 
taken for the first approach of surface tension calcu- 
lations using the relat ion 

1 
P : - -  rP=a~ [8] 

2 

where P is the surface tension in dynes per centimeter, 
r the capil lary radius, and Pmax the maximum pressure 
required for forming and detaching bubble. 

The real values of surface tension were obtained 
using Sudgen's correction method (10). For measure- 
ments, AgC1 and KCI of high pur i ty  were used. Salts 
were stored in the heater  at a temperature  of 150~ 
for about 24 hr and, next, after t ransferr ing to the 
furnace, melted in  a s t ream of gaseous dry HC1. HC1 
passed through the melt  for about 0.5 hr. To obtain 
a homogeneous mix ture  of AgC1 -t- KC1 the weighed 
amounts  of purified salts were also melted together 
in a stream of purified HC1 and next  cast in a quartz 
form, quickly cooled, and stored in a dessicator. The 
preparations of the salts for formation cells in  the 
first part  was analogical. 

The results of surface tension measurements  of 
pure AgC1 vs. temperature  are plottted in Fig. 4. The 
surface tension decreases l inear ly  with the increase 
of temperature,  also the obtained results are in good 
agreement  with data from monograph (11) and are 
slightly different in  comparison with Ref. (12). It  
should be added that the results for the different 
runs from this paper were averaged together by the 
least squares method as shown by the thick continuous 
line. The results for pure KC1 shown in Fig. 5 were 
averaged in a similar way and the surface tension also 
changes l inear ly  vs. temperature.  Figure 5 presents 
the results obtained in this investigation for both l im- 
ited evaporat ion (solid l ine) and free evaporation 
(dashed l ine) .  Differences appear between both sets, 
as at the investigated temperatures  KC1 has clearly 
noticeable pressure and the apparatus used enabled 
measurements  in  conditions approaching equi l ibr ium 
between the l iquid and gaseous phases. Our results 
for free evaporat ion are in  good agreement  with Ref. 
(13-15) as shown in  Fig. 6. 

As in  the case of surface tension measurements  of 
pure l iquid KC1, our results with l imited t ransport  
effect for AgC1-KC1 mixtures  show divergences in 
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Fig. 4. The surface tension of AgCI vs. T~ 

Fig. 3. Scheme of the experimental arrangements for the surface 
tension measurements. 
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Fig. 6. The s~rfoce tension of KCI vs. T~ for free evaporation 
compared with the data from different sources. 

comparison with l i tera ture  data (13) for AgC1-KC1. 
Our data also decrease l inear ly  with the increase of 
temperature.  For  both pure  salts and AgC1-KCI solu- 
tions the relations of surface tension v s .  tempera ture  
were described by l inear  dependences �9 = a - -  b t ~  

where a is the intercept  and b the slope of the line. 
The values of both parameters  for pure salts and mix-  
tures, respectively, are summarized in Table II with 
the s tandard  error of estimate and the tempera ture  
range of measurements.  

On analyzing the m a x i m u m  bubble  pressure method 
it  appears that  it is less precise in  comparison, for 
instance, with the pin  method and, taking into account 
the s tandard error of estimate, errors in surface ten-  
sion measurements  are of the order of __2-3 dynes. 
These errors, however, and the different influence of 
l imita t ion of evaporat ion in  respect to the composition 
of investigated salt compositions were sufficient to 
introduce in  l inear  equations of surface tension v s .  

t empera ture  (Table II) the lack of fluid change in 
slopes from pure AgC1 to KC1. 

Using the l inear  equat ion from Table II, surface 
tension was calculated at 973~ and a relat ion of ~ v s .  

XAgcl was plotted in Fig. 7 as shown by circles. The 
continuous l ine on this plot refers to Eberhart 's  rela-  
t ion (16). Eberhar t  has presented an equation for 
the surface tension of b inary  l iquid mixtures  based 
on the assumption that  the surface tension is a l inear  
funct ion of the surface layer  mole fraction. The con- 
dit ion for equi l ibr ium between the surface layer and 
the bu lk  l iquid phase gives a relat ionship between 
the surface and the bulk  compositions and results in 
the following equat ion 

XAgCIO'AgCI ~- SXKclO'KC1 
= [9] 

XAgCl -~- S X K c  1 

where ~AgCl and ~KCl are the surface tensions of the 
pure salts, and S is the coefficient dependent  on tern- 

Table II. Experimental data of surface tension for AgCI, KCI, and 
AgCI-KCI liquid solutions 

Standard Range 
error of of tem- 
estimate perature 

X~gcl ~ = a - b t ~  s ( ~ )  ~7~~ (~ 

1.0 ~ = 9.02 54 - 0.0527t 1.07 165.65 461-720 
0.9 ~ = 167.50 - 0.0457t 1.36 135.51 458-722 
0 .7  r = 173 .40  -- 0 . 0 8 3 8 t  0 .69  114 ,74  360-718  
0 .5  r = 149 .70  -- 0 . 0 5 1 8 t  1.11 109 .24  518-725  
0 .3  ~ = 161 .30  -- 0 . 0 8 4 3 t  0 .66  102 .29  650-751 
0 .1  ~ = 138 40  - 0 . 0 5 4 6 t  0.38 100 .18  745-846  
0 .0  o" = 133 .10  -- 0 . 0 5 0 6 t  0 .82  97 .68  785-947 
0 .0  o" = 151 .70  -- 0 . 0 6 6 5 t  0 .93  105 .15  785-947  ~ 

* Data f o r  p u r e  KCI o b t a i n e d  w i t h  f r e e  e v a p o r a t i o n .  
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Fig. 7. The surface tension of the AgCI-KCI liquid solutions vs. 
XAgCl at 973~ K. 

perature  which gives the extent  of surface layer  e n -  
r i c h m e n t  of the component  of lower surface tension. 
For results of surface tension at 973~ the value of 
the coefficient S = 6.21 was determined according to 
the procedure presented in  Ref. (16). 

Composition of the Surface and the Relation Between 
the Thermodynamic Properties of the Bulk and Surface 

Phase 
The basic relat ion which combines the surface ten-  

sion with the activities of components in  the surface 
layer and in  the bulk  phase according to (17) takes 
the form 

R T  In aAgc1 ~ -" R T  In aAgCl -J-" VAgcls (o" -- ~rAgCl) 
-g 

[lO] 

where aAgci -~ and aAgcl are the activities in  the surface 
layer  and in the bulk  phase, respectively, �9 is the 
assumed thickness of the surface layer, VAgCl ~ is the 
part ial  molar  volume of AgC1 in  the surface phase as- 
sumed to be equal moIar volume VAgCb ~AgCl is the 
surface tension of pure AgC1, and ~ is the surface 
tension of AgC1-KC1 solutions. 

To obtain results of 7AgCl ~ in  the surface phase a 
knowledge of the composition of the surface phase 
is necessary for in terpre ta t ion  by Krupkowski 's  method 
as in  the case of the bulk. Various procedures for 
the computat ion of concentrat ions of both AgC1 and 
KC1 in the surface phase are presented below. On the 
basis of the assumption of the existence of the sur -  
face phase (18) it  is possible to calculate the relat ive 
adsorption I'AgCZCKCD by the following relat ion 

XAgCl d~ 
rAgCI(KCI) "-- fAgOt - -  FKCI -- 

XKC1 d/zAgCl 
[11] 

where rAgCl and rKC~ are the number of moles of 
AgCI and KCI, respectively, in the surface phase per 
unit area, ~,Agcl is the chemical potential of AgCI in 
the bulk phase, ~ is the surface tension, and XAgcl 
and XKCl are the mole fractions of AgCI and KCI in 
the bulk phase. 

The value of FAgCVZCI) is independent of the ar- 
bitrarily assumed areas which separate ~rom the solu- 
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t ion the surface area to which we ascribe the prop- 
erties of the phase. The only l imitat ion is that the 
adsorption area must  be contained between these two 
areas. The values of rAgcl and  FKCl may be calculated 
if certain addit ional assumptions are made concern- 
ing the s tructure of the surface layer. One such as- 
sumption (9) may be represented by the equat ion 

TAgc1VAgcl ~ + FKCIVKCl ~ = T [12] 

where VAgc, e and VKCl e are the partial molar volumes 
of AgCl and KCl in the surface phase and �9 is the 
thickness of the surface layer. 

Basing on Eq. [10] and [12] values of adsorption 
FAgCl, FKCI may be calculated as follows 

dq 
XAgCIT -- XKcIVKcI e 

d/zAgCl 

rA,ct = XKcIVKcI~"'}" XAgc~gcY [13] 
and 

( ) 
XKCl \ �9 + VA~Cl ~ d~Agc, 

rKCl ----- XKc1VKcI ~ + XAgClVAgC{ ~ [14] 

Considering Eq. [11], [12], [13], and [14], thermody-  
namic properties of AgC1-KC1 solutions (Eq. [4]), and 
the results of surface tension measurements,  the rela-  
tive adsorption as well as adsorption of respective com- 
ponents were calculated assuming that  VAgct ~ = VAgCl 
and VKC[ ~ ---- VECl. The molar  volumes of AgC1 and 
KCl were computed from densities of these salts, 
taken from monograph (11). Calculations were carried 
out for thicknesses of the surface phase, namely  

---- 4.29 X 10 - s  cm and �9 ---- 8.58 X 10 - s  cm. They 
are equal to a single and double diameter  of a KC1 
molecule. Then the concentrat ions of AgC1 and KC1 in 
the surface phase were calculated from the relations 

XAgCl ~ -~ rAgCl 
FAgCI -~ FKCI 

XKC] ~ = rKCl 
TAgC, + FKCl 

[tS] 

and 

When analyzing the results of the calculations, adding 
to the calculated number  of moles of the respective 
components in the first layer  of molecules of the 
thickness T ---- 4.29 X 10 - s  cm the number  of moles 
of the second layer  of the same thickness but  of bulk  
composition, the values of the AgC1 concentrat ion 
obtained were identical to those in calculations when 
it was assumed that  z ---- 8.58 • 1O -s  cm. This proves 
that  the adsorption refers only to the first layer  of 
molecules. The results of the calculations for the 
monomolecular  layer  are shown in Fig. 8. 

The composition of the surface phase in the case 
of weak adsorption may also be calculated by the 
procedure assuming that the differences between the 
composition of surface and bulk  phase take place only 
in the first layer  of atoms. In  such a case (18) the 
following relat ion is valid 

rAgClAAgcl Jr- FKclAKcl ---- 1 [16] 

where AAgcl and AKCl are the part ial  molar  areas of 
AgC1 and KC1 in the surface monomolecular  layer, 
respectively. Using Eq. [16] and [11] the composition 
of AgC1 in the surface layer  was calculated and is 
also presented in  Fig. 8. 

In  addition, the composition of the surface phase 
may be calculated as proposed by Eberhar t  (16) 
given the coefficient S and considering relations 

XAgC1 ~ XKC1 
S - -  [17] 

XKCl ~- XAgcl 
a n d  

XAgCl ~-~- XKCI ~ = 1 [18] 
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Fig. 8. Computed concentrations of AgCI in the surface phase vs. 
XAgC] in the bulk phase, 
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Fig.  9.  The relation of log ( I n  7AgClW) VS. l og  (1 - -  XAgC1 W) 
for the surface phase of the AgCI-KCI liquid solutions at 9 7 3 ~  

Using Eq. [10] with the activities of the bulk  calcu- 
lated by Eq. [3] assuming that  YAgCl ~ ---- VAgcl and 

= 4.29 • 10 - s  and taking into account XAgct ~ (Eq. 
[15]), activity coefficients of the surface monomolecu- 
lar  layer  were computed. The obtained results were 
described as for the bulk  by Eq. [3]. Figure 9 shows 
a fit of calculated values of activity coefficients In 7AgCl ~ 
to Eq. [3] as log ( ln 7AgCl ~) VS. log (1 -- XAgclE). 

In  this procedure at 973~ the following values were 
obtained: m ---- 1.67 and ?~(T) ---- --1.44. By com- 
parison with similar  values of the bulk  phase, m = 
1.72 and ~(T) = --0.74 it is concluded that the asym- 
metry  of thermodynamic  properties connected with 
parameter  m is almost similar, and the main  significant 
difference in the thermodynamic  properties of the 
s u r f a c e a n d  bulk  phase appear in the values of func-  
tion ~(T).  

The same conclusion may be reached using different 
values for surface tension obtained exper imenta l ly  by 
Sternberg and Terzi (12). The calculated parameters  
m and w(T) for the surface phase are equal to 1.87 
and --1.32 at 973~ respectively. 
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Conclusions 
The  resul ts  of surface tension measurements  ob-  

ta ined  wi th  l imi ted  evapora t ion  giving condit ions ap-  
proaching  equ i l ib r ium be tween  the l iquid and gaseous 
phase are  lower  for KC1 and l iquid AgC1-KC1 solu- 
tions in compar ison  wi th  Ref. (12) and (19). The 
ma in  reason for these differences lies in the  fact that  
the  exper iments  in Ref. (12) and  (19) were  not  carr ied  
out  in equ i l ib r ium be tween  the l iquid and gaseou~ 
phases. This is confirmed by  the fact  that  the results  
o f  our  measurements  pe r fo rmed  in condit ions of free 
evapora t ion  are  close to l i t e r a tu re  data. 

A s imi lar  influence of expe r imen ta l  condit ions has 
been observed in surface tension measurements  for 
l iquid meta ls  wi th  high v a p o r  pressures  (8, 9). 

In  v iew of these facts i t  is des i rable  to conduct  fu r -  
ther  research  in o rder  to e labora te  the exper imen ta l  
method  for  surface tension measurements  ensuring full  
equ i l ib r ium be tween  l iquid and vapor.  Calcula ted 
values  of the logar i thm of the ac t iv i ty  coefficients of 
AgC1 in the surface phase in te rp re ted  by Krupkowski ' s  
method  show tha t  the  t he rmodynamic  a s y m m e t r y  of 
this phase and the bu lk  phase of AgC1-KC1 solutions 
is the  same wi th in  the range of expe r imen ta l  errors,  
but  the  differences in the values of the ~(T)  funct ion 
of both  phases suggest  in the case of the  surface phase 
much h igher  deviat ions f rom idea l i ty  than  in the bu lk  
phase. Differences in pa r t i a l  en tha lpy  and excess 
entropies  of components  in both phases m a y  also be 
suggested.  

Manuscr ip t  submi t ted  Aug. 17, 1977; revised m a n u -  
scr ipt  received Jan.  3, 1978. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in  the December  1978 

JOURNAL. Al l  discussions for  the  December  1978 Dis -  
cussion Section should be submi t t ed  by  Aug. 1, 1978. 
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Design of an Electrocoating Cell for Constant 
Current Density Operation 

A Fourier-Transform Method of Solution of the Laplace Equation 

Rodney L. LeRoy* 
Noranda Research Centre, Pointe Claire. Quebec H9R IG5, Canada 

ABSTRACT 

Continuous e lectrocoat ing is no rma l ly  car r ied  out by  p a s s a g e  of  a fo i l ,  
str ip,  or wire  subs t ra te  be tween  pa ra l l e l  e lectrodes in a coating ceil. I t  has  
been shown tha t  improved  unfo rmi ty  of deposi t ion in  such a cell, and  thus 
improved  die lect r ic  proper t ies  of the product ,  can be achieved using a con- 
verging e lect rode geometry.  A method  is descr ibed for der iv ing  the opt imal  
e lectrode geomet ry  based on solut ion of the  Laplace  equat ion in the elec-  
t ro ly te  region. A semiana ly t ica l  solut ion is used, wi th  boundary  condit ions 
on the converging cathode being appl ied  by  a novel  F o u r i e r - t r a n s f o r m  method.  
For  the e lect rocoat ing cell the resul t ing opt imal  geomet ry  is wel l  app rox i -  
mated  by a s imple resul t  which assumes tha t  cur ren t  flow is pe rpend icu la r  to  
the moving substrate .  

Commercia l  appl ica t ion  of e lect rodeposi t ion of or-  
ganic coatings has expanded  r ap id ly  over  the  last  15 
years,  first in the  automot ive  indus t ry  and more 
recen t ly  in app ly ing  coatings to the products  of the 
electrical ,  heat ing and cooling, furni ture ,  a luminum 
extrusion,  and other  indust r ies  (1). The electrocoat ing 
process is pa r t i cu l a r ly  sui ted to appl ica t ion  of thin, 
nonporous organic  coatings to continuous foil, strip,  or 
wire  (2-4).  In  some applicat ions,  product ion  speeds of 
300-500 cm/sec  have been achieved wi th  un i form coat-  
ing thicknesses of 2.5-5 ~ .  

* Electrochemical Society Active Member, 

The e lec t rodeposi t ion process is character ized by  
s imul taneous  occurrence of e lectrophoresis ,  e l ec t ro ly -  
sis, and electroendosmosis  (5, 6). Al l  prac t ica l  r e s i n  
systems developed to date  have been anaphoret ic ,  in-  
volving deposi t ion of the organic  coat ing on a s t a t i o n -  
a r y  or moving anode. The basic resin types  used h a v e  
thus been acidic and include ca rboxy la ted  dry ing  oi ls ,  
a lkyds  and epoxy esters of h igh acid value,  ca rboxy l -  
bear ing  acryl ic  copolymers,  phenolics  and t r iazine c o n -  
densates .  Typical  coat ing baths  consist of app rox i -  
ma te ly  80-85% deionized water ,  2-3% co-solvent ,  and  
1% solubil izing base, wi th  the  b a l a n c e  b e i n g  th e  anionic 
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polymer .  The potent ia l  appl ied  to the  e lectrocoat ing 
cell is typ ica l ly  100-250V. 

When poten t ia l  is appl ied  to the  electrodes of the 
coating cell, the nega t ive ly  charged po lymer  ions mi -  
g ra te  toward  the anode under  the  influence of the e lec-  
t r ica l  field by the processes of ionic migra t ion  a n d  
electrophoresis .  In the immedia te  v ic in i ty  of the  anode  
severa l  react ions can occur. Fo r  po lycarboxyl ic  acid 
po lymers  as were  used in this work,  direct  deca r -  
boxyla t ion  can occur by  the Kolbe  reac t ion  

2RCOO-  --> R - - R  -F 2CO2 + 2e [1] 

This reaction,  however,  is be l ieved to be re la t ive ly  un-  
impor tant ,  wi th  the  m a j o r i t y  of the appl ied  cur ren t  
being consumed by anodic dissolut ion of the  anode 
subs t ra te  

1VL-> M z+ + ze [2] 

and by the anodic decomposi t ion of wa te r  to give hy -  
drogen ions and oxygen  gas 

2H20 --> O2 ~- 4H + + 4e [3] 

Some po lymer ic  ca rboxyla te  ions are  p rec ip i ta ted  or 
coagulated in the  vic ini ty  of the anode by  reac t ion  wi th  
the  ions of the  subs t ra te  meta l  which are  produced by  
react ion [2]. However ,  the pr inc ipa l  anodic process is 
be l ieved to be react ion [3], wi th  po lymer  coagulat ion 
occurr ing by  reac t ion  wi th  hydrogen  ions in the  low 
pH region in the  immedia te  v ic in i ty  of the electrode. 
The local pH near  the anode can drop to about  2, whi le  
most  resins used for  e lect rocoat ing wil l  coagulate  at  
pH values  be tween  4 and 5 (7). 

Thus anodic resin deposi t ion occurs concurrent ly  
wi th  vigorous evolut ion  of oxygen gas. When  an anode 
subs t ra te  is moved cont inuously  th rough  a coating cell 
be tween  pa ra l l e l  cathode plates,  a h igh ly  nonuni form 
cur ren t  dens i ty  d i s t r ibu t ion  is es tabl ished along the 
subs t ra te  in the  coating cell. Deposi t ion is r ap id  when  
the uninsu la ted  subs t ra te  first enters  the cell, bu t  falls  
off as e lectr ical  insula t ion of the  subs t ra te  by  the de-  
posi ted  resin increases  the  res is tance to the  flow of 
current .  These effects resul t  in less than  opt imal  coat-  
ing propert ies .  Resin deposi t ion occurs at  a ve ry  high 
ra te  a t  the  ent rance  to the  cell  wi th  s imul taneous  evo-  
lut ion of oxygen,  resul t ing  in a less homogeneous coat-  
ing on the final p roduc t  than  would be achievable  
under  more  control led conditions. 

The final process occurr ing in the coating cell  is 
electroendosmosis.  This is the phenomenon by  which 
much of the wa te r  in the  film deposi ted on the anode 
subs t ra te  migra tes  in the  direct ion of the  cathode 
under  the  influence of the appl ied  potent ial ,  resul t ing 
in wate r  contents as low as 5-15%. On emergence  f rom 
the cell, the  e lec t rocoated film is no rma l ly  baked  at  
be tween  150 ~ and 200~ to promote  fu r the r  d ry ing  and, 
in  many  cases, ox ida t ive  cross- l inking.  

I t  has been found tha t  use of a converging e lect rode 
geomet ry  in an e lect rocoat ing cell  can resul t  in im-  
proved deposi t  p roper t ies  by  enabl ing a r e l a t ive ly  c o n -  
s t a n t  cur ren t  densi ty  on the anode subs t ra te  th rough-  
out the  cell. The purpose  of  this paper  is to descr ibe a 
method of designing an e lect rode to achieve this con- 
s tant  cur ren t  dens i ty  objective.  The method  is based 
on solut ion of the  Laplace  equat ion wi th in  the  e lec t ro-  
lyte.  

Basis of the Method 
No calculat ions to der ive  opt imal  cathode geometr ies  

a re  possible unt i l  the bounda ry  condit ions in  the  e lec-  
t rocoat ing  cell are  defined. The cathode presents  n o  
prob lem in this regard ,  as the reac t ion  here  is s imply  
hydrogen  evolution.  For  typica l  subs t ra tes  (e.g., s ta in-  
less steel)  the  overvol tage  for  this react ion wil l  a l -  
ways  be less than  1V in the  range of cur ren t  densi t ies  
which  are  used. This is smal l  compared  wi th  the  po-  
ten t ia l  appl ied  to the cell, which is no rma l ly  g rea te r  
than  100V. Thus the  ca thode-e lec t ro ly te  in ter face  can 
be t r ea ted  as being at  the  same potent ia l  as the ca th-  

ode itself. The oxygen overvol tage  on the  anode and 
the revers ib le  potent ia l  for the w a t e r  decomposi t ion 
react ion ( total ing less than  1.6V) can be s imi la r ly  
neglected.  

However ,  the  potent ia l  on the  anode-e lec t ro ly te  in-  
ter face  varies  s t rongly  wi th  posit ion in the cell due 
to the deposi t ion of the insula t ing polymer .  In  a 
pa ra l l e l - e l ec t rode  e lect rocoat ing cell, i t  would be diffi- 
cult  to deduce this anode interface  potent ia l  as a func-  
t ion of posi t ion in  the cell. Fo r  the  converging e lec-  
t rode  geometry,  if  i t  is assumed that  a constant  anode 
cur ren t  densi ty  can be achieved,  the  p rob lem becomes 
more  amenable  to solution. In  this case, the constant  
e lectrocoat ing cur ren t  densi ty  is under  the  control  of 
the  operator ,  so the  var ia t ion  of the anode f i lm-elec-  
t ro ly te  in terface  poten t ia l  wi th  t ime can be de te rmined  
in a s t a t i c  exper imen t  for the  resin which  is being used. 

A typica l  resu l t  is i l lus t ra ted  in Fig. i for an a lumi -  
num substrate.  The resin used was BASF  Lewipa l  No. 
E-33, a mixed  acry la te  e s t e r / ac ry l i c  acid resin solu-  
bi l ized wi th  polyamines .  The opera t ing  cu r ren t  densi ty  
was 9.3 m A / c m  2. The  film vol tages  measured  in the  
stat ic cell  were  obta ined  as a funct ion of deposi t ion 
time, but  this resul t  is r ead i ly  t rans la ted  into film 
vol tage as a function of posi t ion in the continuous 
e lectrocoat ing cell  as has  been done in Fig. 1. This 
method is val id  if  the  mass - t r ans fe r  l imi t ing cur ren t  
densi ty  is apprec iab ly  l a rge r  than  the value  selected. 
P rov ided  this condit ion is satisfied, such stat ic exper i -  
ments  a l low t rans la t ion  of a des i red  constant  cur ren t  
dens i ty  of opera t ion  into a film vol tage  profile as a 
function of posi t ion in the  e lectrocoat ing cell, 

The conduct iv i ty  of the  res in-conta in ing  e lec t ro ly te  
must  also be de te rmined  for use in the  calculat ions 
descr ibed below. The conduct iv i ty  of the  BASF E-33 
res in  solut ion was 0.00056 ~2 -1 cm -1. 

Derivation of the Cathode Geometry 
A first approximation.--If it  is assumed tha t  cur ren t  

flows d i rec t ly  across the cell, pe rpend icu la r  to the 
anode, the  e lect rode geomet ry  can be approx imated  
using the equat ion 

t o t a l  resistance (Rt) = solut ion resis tance (Rs) 

+ film resis tance (RD [4] 

Consider  a small  segment  of the anode  substrate ,  the 
length  of which is 1 /Nth of the to ta l  cell  length  L. 
Assuming  that  the  current  dens i ty  is constant  along 
the anode, the  total  resis tance be tween  this segment  
of the  subs t ra te  and the corresponding segment  of the 
cathode (on one side) is 

Rt = U~ (I/2N) [5] 
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Fig. 1. Film voltage as a function of distance from the inlet of 
the continuous electrocoating cell. Data is translated from a static 
experiment assuming o constant current density in the cell of 9.3 
mA/cm 2. The resin used was BASF E-33 of conductivity 0.00056 
~ - 1  cm-1.  



VoI. 125, No. 5 E L E C T R O C O A T I N G  CELL 699 

where  U is the total  vol tage appl ied  to the cell, and I 
is the  to ta l  current .  By a s imi lar  argument ,  the  film 
resis tance on the segment  of the  anode  being con- 
s idered is 

Rf -- Uf/ (I/2N) [6] 

where  Uf (cf. Fig. 1) is the  film vol tage de te rmined  
f rom stat ic measurements .  By definit ion the  solut ion 
res is tance is 

d 
Rs = [73 

[ Wa § Wc ] L 
2 N 

where  d is the  des i red  anode-ca thode  separat ion,  ~ is 
the  solut ion conduct ivi ty,  and Wa and We are, respec-  
t ively,  the widths  of the anode and the cathode. 

Subs t i tu t ion  of the  resis tance factors f rom Eq. [5] to 
[7] into Eq. [4] gives the  des i red  resul t  for the  anode-  
cathode separa t ion  as a funct ion of posi t ion in the  cell 

~L(Wa + We) 
d : ( U  - Uf) [8]  

I 

The e lec t rode  configurat ion ca lcula ted  f rom the fi lm- 
vol tage  da ta  of Fig. 1 using Eq. [8] is sketched as a 
b roken  curve in Fig. 2. Cell  dimensions were  L = 45.7 
cm, We = 10.2 cm, and Wa = 3.2 cm, and the total  
cur ren t  for a constant  cur ren t  dens i ty  of 9.3 m A / c m  2 
was set at I = 2.7A. An  appl ied  cell vol tage  of U = 
135V was assumed. However ,  polar iza t ion  effects and 
the revers ib le  potent ia l  for  the  over -a l l  cell react ion 
have been ignored,  so in pract ice  i t  would  be neces-  
s a ry  to ad jus t  the  appl ied  potent ia l  unt i l  the r equ i red  
cur ren t  dens i ty  was achieved. 

Solution oI the Laplace equation.--Introduction.- 
The elect rode geomet ry  calculated using Eq. [8] is an 
approximat ion ,  because cur ren t  does not  flow d i rec t ly  
across the  cell pe rpend icu la r  to the  anode substrate .  
The cur ren t  flowing at any  point  in  the  e lec t ro ly te  is 
sensi t ive to the potent ia ls  at  al l  points  on the enclosing 
electrodes.  

This p rob lem is solved as follows. Assuming that  the  
cur ren t  is not s ignif icant ly l imi ted  by  mass - t r ans fe r  
effects, the potent ia l  r g) can be accura te ly  r ep re -  
sented by  the Laplace  equat ion in the region be tween  
the anode and the cathode (8, 9). This is 

02~ (x, y) O~(x, y) 
+ - 0 [91 

Oa m Oy ~ 

Rectangula r  coordinates  are  used for the cell geom- 
e t ry  being considered here,  wi th  the x and y direct ions 
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Fig. 2. Representative converging electrode geometries in the 
electrocoating cell. The broken curve is the cathode whose geometry 
is calculated from Eq. [8], based on the variation of film voltage 
with position in the cell which is given in Fig. 1. For the same film- 
voltage variation, the solid line is the linear electrode giving 
closest to constant current density. 

defined in Fig. 3 for an a rb i t r a ry ,  converging e lect rode 
geometry.  

Laplac ian  problems a re  commonly  encountered  in 
aerodynamics ,  hydrodynamics ,  heat  t ransfer ,  e lec t ro-  
statics, and many  other  phys ica l  p roblems  as wel l  as in 
e lect rochemical  applications,  so considerable  effort  has 
been devoted to thei r  solution. One approach  is to use 
expe r imen ta l ly  based analogical  or  graphica l  methods  
(10, 11). However ,  such methods  are  t ime consuming 
to use and are  not  wel l  adap ted  to i t e ra t ive  de te r -  
minat ion  of an opt imal  e lec t rode  design. Also, wi th  the 
ava i lab i l i ty  of h igh - speed  d ig i ta l  computers ,  numer ica l  
solutions of Eq. [9J can be obtained.  Such b ru te  force 
solutions depend on a process of i t e ra t ion  (12) and for  
a complex  geometry,  such as tha t  of Fig. 3, solut ion 
can requi re  ~everal minutes  of computer  t ime and thus 
a subs tant ia l  cost. 

Ana ly t i ca l  solutions are, therefore,  to be  p re fe r r ed  
in many  instances,  even if ~hey enta i l  m a j o r  approx i -  
mations.  Examples  of such solutions abound (9, 13-15). 

Once the potent ia l  d i s t r ibu t ion  has been  established,  
the cur ren t  dens i ty  J normal  to the anode can be  cal- 
cula ted  d i rec t ly  f rom the g rad ien t  of the  potent ia l  pe r -  
pendicu la r  to the  substrate,  f rom the Ohm's  law ex-  
press ion 

0@ (x, y)  
J = - - K - ~  [103 

OX x-~ o 

The process of de te rmina t ion  of an opt imal  cathode 
geomet ry  is as follows. A pa r t i cu l a r  geomet ry  is se-  
lected, Eq. [9] is solved for  the potent ia l  in the  elec-  
t rocoat ing solution, and cur ren t  densi ty  values  along 
the anode subs t ra te  a re  calcula ted f rom Eq. [10]. I f  
these values differ s ignif icantly f rom constancy, ap-  
p ropr ia te  modifications are made  in the e lect rode 
geomet ry  and the process is repea ted  unt i l  r e l a t ive ly  
constant  cur rent  dens i ty  is achieved. 

A sui table  genera l  form of the  solut ion to Eq. [9] is 

~(x,y) = ~ (A'z~e a~ -b A'2r~e -az) 
~ 0  

(Blm sin (ay) Jr B2m cos (ay) ) [11] 

where  the  infinite set of constants  A'lm, A'2m, Blm, B2m 
and a must  be de te rmined  f rom the bounda ry  condi-  
tions. Thus, on the cathode, wha teve r  its geometry,  
O(x,y) must  reduce  to the  va lue  of the  appl ied  p0-  
tent ia l  U, While on the anode subs t ra te  at  x ---- 0 i t  
must  reduce to the  film vol tage  Uf (cf. Fig. 1). In  the  
method of solut ion which  has been selected here, these 
bounda ry  conditions are  appl ied  by  ident i fy ing  Eq. 

Y 
l 
L 

l 

| | 

SUBSTRATE CATHODE 
Fig. 3. A typical converging electrode geometry, with the cathode 

consisting of 3 straight-line segments. 
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[11] with Four ier  expansions of the known potential  
on each of the two electrodes. 

A third boundary  condition applies at y =  0 and 
y : L. These are the insula t ing walls of the cell, and 
the lines of equipotential  must  be perpendicular  to 
t:hem. This condition may be expressed as (12, 15) 

O~(x ,y )  I : 0 [12] 
OH ~ y=0,L 

Examinat ion  of Eq. [11] reveals that Eq. [12] would 
be satisfied if all of the constants Blm were 0, and the 
period of the funct ion were L, i.e., if a = m~/L.  In  this 
case, ~(x, y) would reduce to 

I L L mz~y 
r (x, y)  = Aline + A2me cos 

~n=0 L 
[13] 

The two series of constants Aim and A2m would then 
be determined by application of the boundary  condi- 
tions on the electrodes. 

It was found that  Eq. [13] would not converge to a 
sufficient degree of accuracy with a reasonable number  
of terms in the series. This was because the identifica- 
t ion of the boundary  conditions using Fourier  series 
resulted in sharp discontinuit ies at y = 0 and y = L. 

An approximate solution was, therefore, used. 
Boundary  conditions were applied for a cell which was 
twice as long as the actual cell (Fig. 4). The anode po- 
tent ial  outside the "true" cell was taken to be a con- 
stant at each end, equal to the value just  inside the 
cell. The cathode potential  was set equal to its constant  
value U over its entire length. In  this way the potential  
lines were forced to be approximately perpendicular  
to the insulat ing walls at y = L/2  and y = 3L/2, even 

| | 

2L 

,L 

SUBSTRATE CATHODE 
Fig. 4. Schematic representation of the geometry assumed in 

applying the boundary conditions to Eq, [14]. 

though Or was not analyt ical ly  equal to zero at 
these points. 

With this expanded cell geometry, the sine series of 
Eq. [11] was used as an approximation to the potent ial  
r 

I 2L 2L 
r y) = Al,~e -t- A2~e sin 

m=l 2I., 
[14] 

Boundary condition on the anode subs tra te . - -The  var i -  
ation of film voltage Uf with position in the cell, ex-  
emplified by the result  in  Fig. 1, can be accurately ap-  
proximated by a quadratic equation of the general  
form 

U f ( y )  : cly § cey 2 -~ csy s [15] 

The parameters  ci are determined for the part icular  
resin composition being used by least squares fitting of 
the data from the static exper iment  by Eq. [15]. For  
the data of Fig. 1, these constants are cl = 5.799 V 
cm -1, c2 = 0.1180 V cm -2, and c3 = 0.000847 V cm -a. 

The general  expression for the potential  (Eq. [14]) 
reduces on the anode substrate to 

r  = 0, y) = ~ (Aim + A2~) sin .... m~y [16] 
m=l 2L 

The potential  on the anode is already know n  to be 

Uf(y)  = O, , 0 ~ y ~ L / 2  

: c ~ ( Y - -  ~ )  § c~ ( Y - - - - ~ ) ~  § c~ (Y -- : - - )  ~ 

: clL ~- c2L ~ ~ caL a 
, L / 2 ~ y ( 3 L / 2  

,3L/2 ( y ( 2L [17] 

Equations [16] and [17] are equated by expanding 
Eq. [17] as a Four ier  series in  s in(m.~y/2L) .  The re-  
sult, when identified with the series of Eq. [16], gives 
a general  expression for TI~ --  Al~  ~- A2m 

1 ~ L  m~y 
T l m = - ~ , 0  Uf(y) sin 2L d y  [18] 

The integral  of Eq. [18] is recorded in Eq. [A-I]  of 
Appendix A. Al though somewhat formidable in ap- 
pearance, the result  depends only on the parameters  
cl, c~, and c8 of the film voltage Uf. The expression is 
readily evaluated by computer  and has a single value 
for each term of the Fourier  series. 

Boundary condition on the cathode. - -Al though the 
cathode geometry is not assumed at this t ime to be 
known, it can be defined in general  terms by wr i t ing  
the anode-cathode distance d as a funct ion of y, d = 
T ( y ) .  Thus, the Laplace solution on the cathode may  
be wr i t ten  as 

m~TCY) i - -  
2L 

~ ( x - - T ( y ) , y )  = Time 
m = l  

- -  A2~n e -- e 
m~y 

s i n -  [ 1 9 ]  
2L 

where Aim has been el iminated by wri t ing it in terms 
of A2m and the known parameter  (E:q. [A-1]) Tim. 

The infinite series of constants A2~ are the only re-  
maining unknowns  in  Eq. [19]. These constants are 
evaluated by equat ing Eq. [19] to the known value of 
the potential  on the cathode, U. This constant  potential  
is readi ly expanded in  a Four ier  sine series 
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U = ~ T2nsin ~ Y  [20] 
n = l  2L 

where  
1 ~ZL n~y 

T 2 n  : -~  U s in .  2L dy 

2U 
= ( i  - -  cos r~ )  [21] 

At  first glance i t  would  appear  tha t  the  pa rame te r s  
A2~ could be immed ia t e ly  ca lcula ted  by  ident i fy ing  
the coefficients of the  sine te rms in Eq. [19] and [20]. 
In  the  genera l  case where  T ( y )  is not a constant  this 
is not  possible  because the coefficient in Eq. [19] is i t -  
self a ' func t ion  of y. This difficulty is c i rcumvented  by  
expand ing  the summat ion  of Eq. [19] i tsel f  as a sine 
series. Al though  the resul t  appears  cumbersome,  it  can 
be efficiently used in a d ig i ta l  machine  for  solut ion of 
the  bounda ry  condit ion and, thus, for calculat ion of the  
cur ren t  dens i ty  d is t r ibut ion  f rom Eq. [10]. 

The genera l  t e rm of the  Four i e r  expansion of the 
r i gh t -hand  side of Eq. [19] m a y  be wr i t t en  as follows, 
and equated  to T2n 

L 0 m = l  

~TT ( Y ) 

2L 
- - e  

I torT(y) i torT(y) 
2L 2L 

T1r~e -- A . ~  e 

sin ~ sin dy = T2n 
2L 2L 

[22] 

This resul t  can be r ewr i t t en  as an infinite set of l inear  
equat ions in the pa rame te r s  A2m 

~"  KlmA2m : K2n -- L T2n [23] 
ra----1 

where  

y~ L 2L 2L 
Klm = e 1 e 

m~y n~y 
Bin sin dy [24] 

2L 2L 
and 

yl L 2L r f ~ y  ?tZzy 
Km~ : Tl,~e sin.  sin dy 

m=l 2L 2L 
[25] 

The procedure  used for solut ion of Eq. [23] is to 
t runca te  the  summat ions  (Eq. [23] and [25]) at  a 
finite number  of terms,  for example  20. The pa rame te r s  
/~lm and K2m a r e  then  eva lua ted  for values  of m f rom 
1 to the  cut-off  va lue  of m. Using these values,  and the 
known values  of T2,, (Eq. [21]), the l inear  Eq. [23] 
a re  solved for the pa rame te r s  n2m. 
The Laplace solut ion.--Using the  resul ts  of the  p re -  
ceding sections for TI~ and Aam, the  potent ia l  may  be 
ca lcula ted  at any  point  in the  e lect rocoat ing solut ion 

,n' [ ~ r x -  I 'n~x 2L 2L, 
O(x, Y) -- T l~e  --  A~,~ e 

~=1 

2L W%~y [26] 
- -  e sin 2L 

where  m'  is the  cut-off  va lue  se lected for t runca t ing  
the  series. 

The cu r ren t  dens i ty  pe rpend icu la r  to the  anode, at  a 
dis tance x f rom it, can be wr i t t en  d i rec t ly  f rom this 
resul t  and Eq. [10] 

i 'go,~'x 
J : m~ ~ "  Tzme 

2L 2L T/l~y 
- -  A2m e + e s i n ~  [27] 

It  would theore t ica l ly  be possible to evalua te  the 
cur ren t  densi ty  on the anode subs t ra te  by  set t ing 
x = 0 in  Eq. [27]. However ,  i t  has been found tha t  
be t te r  accuracy is achieved for reasonable  values of 
the  t runca t ion  p a r a m e t e r  m'  when  J is eva lua ted  for  a 
small  posi t ive value  of x, for example ,  be tween  0.2 and 
0.5 cm. A s imi lar  effect has been noted by  Waber  for a 
re la ted  p rob lem (16). 

Definition of the cathode geomet ry . - -The  method of 
solut ion of the  Laplace  equat ion which has been de-  
veloped here  is most efficiently carr ied  out  if the pa -  
ramete rs  Klm and K2m can be expressed  in ana ly t ica l  
form. This is possible if the  a r b i t r a r y  cathode geomet ry  
being considered,  d = T ( y ) ,  is expressed as a series of 
s t ra ight  lines. 

The cathode geomet ry  is defined as fol lows in the  
computer  p rogram wr i t t en  to ca r ry  out  this  analysis.  
The number  Of s t ra ight  l ine segments  to be used, l, is 
en tered  first fol lowed by  the defining pa rame te r s  of 
each segment  as they  are  given in Fig. 5. The two 
pa rame te r s  for each junct ion  point  a re  ~Fi, the  f ract ion 
of the subs t ra te  length  f rom the  cell entrance,  and di, 
the anode-ca thode  separa t ion  at  this point.  With  the  
cathode defined in this  way, Eq. [24] and [25] can be 
wr i t t en  in ana ly t ica l  form, the  pa r a me te r s  A2m and  Tim 
can be evaluated,  and the current  dens i ty  d is t r ibut ion  
ca lcula ted  f rom Eq. [27]. The ana ly t ica l  resul ts  for Klm 
and K2n are  recorded in Append ix  B. 

Results and Discussion 
Parallel e lectrodes . - -The Laplace  solut ion is s impl i -  

fied subs tan t ia l ly  when  the anode-ca thode  separa t ion  
is a constant, d. In this case the  coefficients Of sin 
(m~y/2L)  in Eq. [19] and [20] can be equated  giving 
the fol lowing resul t  for A2m 

vn~d 

2L 
Time - -  T~m~ 

A2,~ = [28] 
rn~rd ~nvd 

2L 2L 
e m e  

Figure  6 records a typica l  potent ia l  d is t r ibut ion  ob- 
ta ined  for a cell hav ing  a para l l e l  e lec t rode  configura-  
tion. In this case, the appl ied  potent ia l  was U : 100V, 
and the film vol tage  Uf was assumed to increase  
l inear ly  f rom 0 at the cell  in le t  (y = L /2 )  to 50V at 
the outlet  (y = 3L/2) .  

ARBITRARY CATHODE 

I ~ E C T I O N  x= T i (y) 

X 

T ' I 
i ,y  di I d i ,  I 

I 
I MOVING ANODE 
I SUBSTRATE 
I 

0 2fi 2fi§ I L 2L 

Fig. 5. Definition of the parameters used in representing a cathode 
of arbitrary geometry as o series of straight-line segments. 
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Fig. 6. Equipotential lines in an 
electrocoafing cell between 
parallel electrodes, for an ap- 
plied potential of 100V. The 
film voltage is assumed to rise 
linearly from zero volt at the 
cell inlet to 50V at the outlet. 
Anode-cathode separation is ]0 
cm, while the cell length is 100 
c m .  
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Solution of the boundary  condition on the substrate 
is simplified for such a l inear  film-voltage variation. 
In general, if  the film voltage rises from 0 at the inlet  
to a fraction F of the total applied potential  U at the 
outlet, Eq. [A- l ]  reduces to (cl --- FULL; c2 = c8 ---- 0) 

T m  -- - -  s i n - - -  sin -- cos m~ 
m~ m~ 4 4 

[293 

For the example of Fig. 6, FU : 50V. 
The potential  dis t r ibut ion of Fig. 6 indicates that 

the current  flow is strongly concentrated on the end of 
the anode at the cell entrance for the paral lel  elec- 
trode configuration. In  fact, the current  density at the 
entrance in this example is twice as great  as it  is at 
the exit. 

Converging, straight electrodes.--An obvious "first 
guess" at a cathode geometry which would give more 
constant current  density on the anode than a parallel  
configuration is a single straight converging element.  
This is i l lustrated, for example, by the solid lines of 
Fig. 2. 

Several examples were worked out to delineate the 
quali tative effects of such a converging s t ructure  on 
the current  densi ty distribution. Results are sum-  
marized in  Fig. 7. A total cell voltage of 100V was as- 
sumed, with the film voltage increasing l inear ly  from 
zero at the cell entrance to 50V at the cell exit. Because 
of this assumed l inear i ty  in the film voltage, the result  
of Eq. [29] could be used, but  the nonparal le l  s truc-  
ture  of the electrodes necessitated the use of the ful l  
solution of Eq. [23] for Afro. Current  densities were 
calculated from Eq. [27] for x = 0.5 cm. Ini t ia l  calcu- 
lations were carried out with the potential  (Eq. [14] 
and subsequent  results) t runcated at m'  = 20 and 40 
terms. Essentially identical results were obtained for 
both series lengths, so m' -- 20 terms were used in  all 
subsequent  calculations. 

The assumed cell length was 100 cm. The calculated 
current  densities are expressed divided by the con- 
ductivity, so as not to introduce an extraneous arb i -  
t rary  factor to these i l lustrat ive results. 

In Fig. 7a the anode-cathode separation at the cell 
exit was set equal to 10 cm, and the current -dens i ty  
variat ion was calculated for electrode separations at 
the entrance of 10, 15, 20, and 40 cm. The parallel  
configuration (dl ---- 10 cm) gave a strong variat ion of 
current  density with position in the cell, as was 
anticipated from Fig. 6. Increasing the entrance separa- 
tion to 20 cm improved the constancy of the current  
density, while increasing it to 40 cm resulted in a 
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Fig. 7. Variation of anode current density with position in an 
electrocooting cell having converging, straight electrodes. An ap- 
plied potential of U ~ IOOV is a.~sumed. Cell length is 100 cm, 
with the anode-cathode separation as defined in Fig. 7c. Results in 
Fig. 7a were computed for an electrode separation of 10 crn at the 
cell exit, while those in Fig. 7b assumed an electrode separation at 
the exit of 20 cm. 

relat ively high current  densi ty at the cell exit. Similar  
results are recorded in Fig. 7b for an anode-cathode 
separation of 20 cm at the cell exit. Solution for each 
configuration required approximately 1.4 sec (core) on 
the McGill Univers i ty  IBM 360 computer. 

Fur ther  calculations were carried out using the ex- 
per imental  film voltage data of Fig. 1. This necessitated 
use of the full  results of Eq. [A- l ]  for application of 
the boundary  condition on the anode substrate. The 
nonl inear i ty  of the film voltage var iat ion resulted in  
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Fig. 8. Variation of current density with posffion in the electro- 
coating cell, for the variation of film voltage with position in the 
cell which is recorded in Fig. 1, and the electrode geometries 
drawn in Fig. 2. Both curves correspond to an applied potential of 
135V. The broken curve is derived for the electrode geometry of 
Eq. [8],  while, the solid curve is for the "best" converging, straight 
electrodes (solid lines, Fig. 2). 

relat ively higher current  densities near  the cell en-  
trance, and relat ively lower current  densities near  its 
exit. The converging solid electrode drawn in  Fig. 2 
was derived in an i terat iv  e program which minimized 
the sum of the squares of the deviations of the cur- 
rent  density from the desired average value. The cor- 
responding cur ren t -dens i ty  var iat ion is plotted as a 
solid curve in  Fig. 8. Clearly a single straight elec- 
trode can only very approximately compensate for 
the film voltage var iat ion as it occurs in the practical 
cell. 

In  spite of the imperfect  es tabl ishment  of constant  
current  density wi thin  the cell, use of the converging 
configuration of Fig. 2 resul ted in substant ia l ly  im-  
proved properties of electrocoated strip. Table I re-  
cords a comparison of the properties of strips prepared 
in  a continuous electrocoating cell with conventional,  
paral lel  electrodes (substrate-cathode separation 3.3 
cm) and with the converging s t ra ight- l ine  electrodes 
of Fig. 2. The continuous strip was 3.2 cm wide X 
0.005 cm thick a luminum,  run  at a l ine speed of 3.3 
cm/sec with the BASF E-33 resin. Both sets of elec- 
trodes were 10.2 cm wide, and the cell length was 
45.7 cm. The current  to each cell was kept constant  at 
2.7A, or 9.3 mA/cm 2 of substrate area. 

The average build was 12% greater for the converg- 
ing electrodes compared to the parallel  electrodes, for 
the same average applied voltage. More important ,  the 
electrocoated deposits on the strips treated in  the c o n -  

Table I. Comparison of parallel and converging electrode 
electrocoating cells 

Applied C o a t i n g  
Electrode Run voltage thickness* 

configuration number ( V )  ( 10 -s cm) 

C o n v e r g i n g *  * 1 131 3.81 
2 121 4.O6 
3 125 3.81 
4 129 4.19 

Average  124 3.97 

P a r a l l e l ~  1 128 3.56 
2 126 3.56 
3 122 3.56 
4 121 3.56 

Average  124 3.56 

" M e a s u r e d  a f t e r  d r y i n g  a n d  c u r i n g .  
** L i n e a r  c a t h o d e .  A n o d e - c a t h o d e  s e p a r a t i o n  17.8 e m  a t  

trance a n d  1.5 c m  a t  t h e  e x i t  ( F i g .  2 ) .  
t Anode-cathode separation was 3.3 era .  

t h e  on- 

verging cell were of superior quality,  containing f e w e r  
gas buobles. 

Curvilinear cathode geometry.--No experiments  
were performed using a curvi l inear  cathode geometry. 
However, a calculation was made to test how closely 
a cathode designed according to the approximate Eq. 
[8] gives a constant current  densi ty through the cell. 

Using the parameters  for the BASF E-33 resin, Eq. 
[27] was solved by the method of this paper for the 
electrode defined by Eq. [8]. This electrode (the broken 
curve of Fig. 2) was approximated by 10 s t ra ight- l ine  
segments when applying the boundary  condition on 
the cathode as described in Appendix  B. 

The resul t ing cur rent -dens i ty  var iat ion in  the cell 
for an applied potent ial  of U _-- 135V is plotted as a 
broken curve in  Fig. 8. The corresponding potent ial  
d is t r ibut ion in  the electrocoating solution is sketched 
in  Fig. 9. I t  is apparent  that  the calculation of Eq. 
[8] gives a good approximat ion to the desired elec- 
trode geometry. It  is l ikely that  converging cathode 
geometries derived using this equat ion could give 
fur ther  improvements  in the properties of continuously 
electrocoated products. 
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cathode geometry defined by Eq. [8]. The film-voltage variation 
with position on the anode substrate is taken from Fig. !. 
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JOUI~NAL. All  discussions for the December  1978 Dis-  
cussion Section should be submi t ted  by Aug. 1, 1978. 

A P P E N D I X  A 
Evaluation of the General Term in the Fourier Expansion of 

the Potential on the Substrute 
The genera l  t e rm (Eq. [18] ) is 

1 --f~L m~y dy [18] T ~  : -~ U~(y) sin 2L 

Subst i tu t ing  for the subs t ra te  po ten t ia l  Uf(y) f rom Eq. 
[17] and in tegra t ing  yields the  resul t  

2 ( 3 ~  ) 
Txm : ~ (csL + c2/.2 + caL 3) cos ~ -- cos m~ 

m~ 4 

+ ~ - -  + -  c o s -  - cos 
m~ 2 4 8 4 4 

+ ~m~ m~ Cx -- c2L + ~ sin ~ 4  

3m,~ 3~'~ ~ ~ '~ 
- -  cos + ~ cos 

- -  sin 4 4 4 4 4 ) 

+ ~ - -  c2 sin 
m~ nm 2 2 4 

- - - - s i n - - - -  - - 2  cos 
2 4 ~ 4 

m~ ~ _ 2  2 ( 2 L )  s 

sin I _  -- 6 cos 
4 - 7 -  -7 -  

A P P E N D I X  B 
Evaluation ot the Cathode Boundary Condition for an Arbitrary 

Cathode 
The equat ion of the s t ra igh t  l ine segment  of Fig. 5 is 

T i (y)  : ai --  biy [B- l ]  
where 

di - -  di+l  
ai = d i n  u ]l [B-2] 

Ji+1 -fi 
and 

1 dl-- di+,  
bi -- - -  [B-3] 

2L $i+ ~ --  ~i 

Subs t i tu t ing  this express ion for Ti(y) in Eq. [24] gives 
the  genera l  resul t  for K,,~ ~{ marak[ _.m~rbky 

2L 2fk+iL 2L m~y n~y 
Klm : e ~" ~.~kL e sin sin dy 

k : l  

~rak "nZ~bky 

2L f2fk+lL 2L 
+ e ~ 2hL e sin 

I WZTra.k 

= e I x ( k , m , n )  -- e 

2L 2L 

m~y sin n~y t 
2L 2L dy 

W%~rak t 
ZL 12 (k, m, n)  

[B-4] 

where  the two in tegra ls  I~(z = 1, 2) a re  defined by  the 
second equali ty.  A s imi la r  resul t  can be wr i t t en  for 
K2n 

2L 2fk+lL 2L 
g ~  : Tlm e ,I 2~L e 

sin ~z~y . M y  } s i n  dy = Tim 
2L 2L m=l 

e 11 (k, m, n) [B-5] 

where  l l ( k , m , n )  has the  same value  as in Eq. [B-4].  
Evalua t ion  of Klm and K2n in this genera l  case is 

completed by  recording  the va lue  of the  in tegra l  
Iz (k, m, n ) 

Iz(k, m, n) : ~(2~k+lL) --  ~(21kL) [B-6] 
where  

m 

a, B, and 7 are  defined by  

sin By + a cos fly 

,y sin ~y + ~ cos ,yy [ 
az + "~ f [B-7] 

m~bk 
a = ( - -I )  z [B-8] 

2L 

( m  - n ) ~  
: [ B - 9 ]  

2L 

( m  + n ) ~  
_ [B-10] 

2/, 
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The Influence of Carbon Matrix Characteristics 
on the Performance of Sulfur Electrodes for 

Sodium-Sulfur Cells 

M. P. J. Brennan 
Chloride Silent Power Limited, Astmoor, Runcorn, England 

ABSTRACT 

Sodium-sul fur  cells of the central  sulfur  configuration, though free from 
the problems of case corrosion, can still exhibit  capacity losses of up to 50% 
over i00 cycles of operation. This is main ly  due to a fai lure to recharge ful ly 
in  the two-phase regime of the operating cycle. This paper describes an  in -  
vestigation of the relationship between rechargeabil i ty and the surface prop- 
erties of the carbon matr ix  employed as the current-col lect ing member  in  the 
sulfur  electrode. The influence of cell constructional  variants  is also considered. 

The earliest sodium-sul fur  cells tested by Chloride 
Silent  Power were of the tubular  central  sodium type, 
incorporat ing a be ta -a lumina  tube of 13 mm diam. 
With these cells, sulfur  uti l ization was found to d imin-  
ish with t ime and cycling, typical values being 56% 
uti l ization after 300 cycles (100% being defined as con- 
version of the sulfur  charge to Na2S~). At the time, a 
major  contr ibutory factor to the decline in uti l ization 
was recognized to be corrosion of the cell case by the 
mol ten sulfur  and sodium polysulfide reactant  con- 
tained within  it. This could affect ut i l ization both by 
tying up sulfur  in  the form of metal  sulfides, and by 
breaking the electronic contact between the case and 

�9 . �9 % 

the carbon felt matr ix  dispersed wi thin  the sulfur 
electrode, leading to premature  polarization on both 
charge and discharge. With the development  of larger 
electrolyte shapes, it was possible to change the cell 
configuration, locating the sulfur  electrode reactant  
wi thin  the be ta -a lumina  tube, so that  the cell case 
came into contact only with sodium. Current  collection 
from the sulfur  electrode was achieved by a carbon 
or graphite pole, located co-axial ly wi thin  the ceramic 
electrolyte. 

With these central  sulfur  cells, i t  was found that 
despite the el iminat ion of case corrosion, the uti l iza- 
t ion of sulfur  still showed a declining t rend with 
cycling, with effective capacity losses of up to 50% 
over 100 cycles being not uncommon. This was found 
to be mainly  due to failure of the cells to recharge 
ful ly in  the two-phase region of the operating cycle. 

One theory advanced to explain the poor recharge- 
abilities l inked this phenomenon  to the relative wet-  
t ing propensities of sulfur  and sodium polysulfides on 
carbon surfaces. It was suggested that sulfur wets car- 
bon more effectively than does mol ten  sodium polysul-  
fide, so that  sulfur  formed dur ing  recharging has a 
tendency to spread out over the carbon fibers as a 
continuous insulat ing film. As the proport ion of oc- 
cluded surface will be expected to increase as charging 
proceeds, this phenomenon should manifest  itself as a 
r ising cell resistance, which could lead to the cell fail-  
ing to fully recharge either wi thin  a time l imit  (con- 
stant  voltage charging) or voltage l imit  (constant cur-  
ren t  charging).  

Chemical modification of the wet tabi l i ty  of carbon 
fibers is a process welt known in the fiber-reinforced 
composites indus t ry  (1, 2). It is general ly  found that  
the wet t ing of carbon fibers by epoxy resins is en-  
hanced by subjecting the fibers to a preoxidation pro- 
cedure. This can be either a wet oxidation, using nitric 
acid, permanganates,  dichromates, etc. (2-4), or a dry 
oxidation in  air, oxygen, or ozone (2, 5). 

Were such t reatments  to preferent ia l ly  enhance the 
wett ing of carbon fibers by the predominant ly  ionic 

component  of a two-phase su l fur / sodium polysulfide 
melt, then the performance of cells with modified 
matrices should be significantly improved. Conversely, 
if the pre t rea tment  promoted wett ing by the sulfur-  
rich phase, then a deter iorat ion in  cell performance 
could be expected. 

It is an unresolved question as to whether  the im-  
provement  in wett ing observed with epoxy resins is 
due pr incipal ly  to changes in  surface chemistry, or 
whether  the roughening of the fiber surfaces which ac- 
companies the oxidation process is the major  factor. 
For this reason two pre t rea tments  were employed in  
this section of the work. One, (oxidation with 
Na2Cr2OT/H2SO4) is known to oxidatively etch carbon, 
whereas the other (neutral izat ion with aqueous NaOH) 
was expected to change only the surface chemistry. 

Another  pre t rea tment  investigated in  this work in-  
volved subject ing carbon felt for cells to exposure to 
reagents known to intercalate in wel l -ordered graph-  
ite. There are many  such reagents, falling into two 
broad groups, the electron donors, such as the alkali  
metals, and the electron acceptors. The lat ter  group is 
mole  numerous,  and includes some of the halogens, 
in~erhalogens, and t ransi t ion meta l  chlorides. The for- 
mat ion of an intercalat ion compound is accompanied 
by a change in the electronic band s t ructure  of the 
graphite to produce a more metall ic mater ial  (6) as 
evidenced by changes in electrical conductivi ty (7), and 
Hall effect coefficient (8). Surface properties are also 
altered (9). Ful l  conversion of a graphite sample to an 
intercalat ion compound is possible only with highly 
ordered graphites, containing a m i n i mum of lattice 
de~ects. Car~on fibers do not fall in this category, how- 
ever lattice resolution studies with the electron micro- 
scope have shown the surfaces of the fibers to be more 
ordered than the inter ior  (10), and lattice parameters  
close to those of pure graphite  have been obtained by 
electron diffraction studies of fiber edges (11). Since 
the aim was to produce changes in  the surface wett ing 
characteristics of the fibers, restriction of the in ter -  
calation reaction to the surface layers was acceptable. 

For a permanent  effect on cell performance it was 
necessary that the intercalated felt be stable in  the 
cell environment .  This requi rement  at once ruled out 
the use of n - type  IamelIar compounds, based on alkali  
metal insertion, because in these the inserted species 
can usual ly  be total ly desorbed by the application of 
heat. Complete desorption of the inserted mater ial  in  
p- type  compounds is usual ly  impossible, and a certain 
amount  remains  forming the so-called residue com- 
pound. In  par t icular  chromyl Chloride is capable o2 
extensive fixation to form a permanent  lamel lar  com- 
pound (12) and this reagent was chosen for this work. 
Also selected was an t imony pentachloride, for its ease 
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Fig. I. Schematic diagram of the sodium-sulfur cell design used 
in this work. 

of handl ing (like chromyl chloride i t  is a l iquid) ,  for 
its reported high reactivi ty (13), and because the in -  
tercalat ion reaction of SbC15 has been extensively 
studied (14). 

Experimental 
The cell design used in  this work is shown in Fig. 1. 

I t  is a central  sulfur  cell based on an electrolyte tube 
of diameter 26 ram. The felt in  the sulfur  electrode 
was introduced in the form of rings surrounding the 
central  graphite rod pole. RVC 4000 (Le Carbone) was 
the felt material ,  and the rings were held under  an 
axial compression of 2: 1. The cell operated in a tem- 
pera ture  gradient,  so that  the electrodes could be 
sealed with silicon rubber  O-rings; however, the 10 
cm working length of the electrolyte was held at a 
temperature  of 340 ~ +_ 15~C throughout.  For the cells 
incorporat ing intercalated felt the graphite pole was 
drilled and tapped at the top end to accept a stainless 
steel (316) insert, upon which the upper  O-r ing seal 
was made. This produced a hermetic seal. In the other 
cells, the upper  seal was made to the graphite rod and 
was not as leak-t ight .  

The felt var iants  were prepared as follows. (i) Oxi- 
dation: The felt rings were refluxed in  an aqueous 
solution of sodium dichromate (0.3M) and sulfuric acid 
(2.0M) for 24 hr. They were then thoroughly washed 
with deionized water  un t i l  the washings had a pH of 
7. (ii) Neutral izat ion:  The felt r ings were refluxed for 
24 hr  in  an aqueous solution of sodium hydroxide 
(0.4M), then washed with deionized water  as above. 
(iii) SbCI~: The felt was predried for 2 days at 110~ 
and then refluxed with ant imony pentachloride at 80~ 
for 12 hr. The felt was then washed with constant boil-  
ing point hydrochloric acid in  a soxhlet extractor for 
2 days, followed by extraction with deionized water  
unt i l  the washings had a pH of 7. (iv) CrOaC12: The 
felt was predried as above, then refluxed with chromyl 
chloride at 100~ for 2 hr. The washing procedure was 
the same as for an t imony pentachloride. (v) Control: 

Because the cell design differed slightly for the two 
groups of pretreatments,  control cells were made up to 
each design. In both cases the felt was refluxed with 
deionized water for 12 hr, then extracted with de- 
ionized water  as above. 

Samples of the oxidized felt were analyzed to obtain 
a quant i ta t ive  estimate of the degree of surface oxida- 
t ion induced. The method employed was that  recom- 
mended by Ludtke (15) for the determinat ion of car- 
boxylate functions in  oxycelluloses and adapted by 
Donnet  et al. (16) for the determinat ion of the same 
functions on carbon blacks. The method consists of re-  
fluxing the carbon mater ial  with an aqueous solution 
of calcium acetate, which effects an ion-exchange re-  
action l iberat ing acetic acid, which is then estimated 
by titration. It was found that  as-received felt did not 
l iberate sufficient acetic acid for est imation by this 
technique, however the oxidized mater ia l  was found 
to have an acidity of 0.45 mequiv,  g - l ,  s l ightly less 
than the figures reported by Donnet  et al (16) for 
oxidized carbon blacks (0.62-1.2 mequiv,  g - l ) .  

Two cells of each var iant  were constructed and 
cycled to the following regime at a temperature  of 
340 ~ _+ 15~ ( i )D i scha rge - -v i a  a fixed resistor ar -  
ranged to give a discharge rate of approximately 0.3- 
0.2C (current  density 40-60 mA-cm 2) and (ii) Re- 
charge--v ia  a series resistor for the remainder  of the 
24 hr cycle, with a cell voltage l imit  of 2.6V. Recharge 
was essentialy complete in  11 hr  at  an average current  
density of 20 mA - c m -2. 

For some cycles the cells were controlled by a com- 
puter, the discharge being terminated  when the in -  
stantaneous open-circui t  voltage fell to 1.76V. When 
not under  computer control discharge was terminated  
at a load voltage of 1.35V. 

Two cell characteristics were recorded for analysis; 
first the discharge capacity to 1.76V, and second the 
ceil resistance at an open-circui t  voltage of 2.00V on 
the discharge half-cycle. It was found that the re-  
sistance of a cell did not vary much from this value 
except at extremes of charge and discharge. 

Cell Performances 
Oxidized and neutralized Jelt.--The sulfur  uti l iza- 

t ion for these cells was measured over a period of ap- 
proximately 3000 hr  ~_ 100 cycles. The data was ana-  
lyzed for the following periods: 0-1000 hr, 1000-2000 
hr, 2000-3000 hr. Table I lists the mean  values re-  
corded for each cell dur ing each period, as a percent-  
age of theoretical capacity. These figures suggest that  
the cells can be ranked in  order of meri t  with respect 
to sulfur  uti l ization as follows: con t ro l>neu t ra l i zed>  
oxidized. The significance of this t rend was determined 
by subjecting the data to variance analysis. Table II 
lists the values of the F-statist ic and corresponding 

Table I. Mean sulfur utilization 

0-1000 h r  1000--2000 h r  2000-3000 h r  

Cell Type  Mean SD Mean SD Mean SD 

395 Control  76.9 4.3 72.2 4.4 62.8 9.0 
398* Control  77.3 2.9 76.1 1.3 See note* 
394 Neut ra l i zed  72.2 4.5 58.2 4.8 42.1 4.7 
307 Neu t ra l i zed  71.3 3.0 66.1 4.4 57.8 2.6 
393 Oxidized 69.1 6.5 54.0 4.2 46.9 5.2 
396 Oxidized 63.2 8,6 58.7 3.9 49.4 5.1 

* This  cell fai led a f t e r  1944 h r  on test .  

Table II. Variance analysis 

Significance 
Time  per iod  (h r )  F level  (%) 

0-1000 10.05 95.3 
1000-2000 9.92 95.2 
2000-3000 1.22 55.0 
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significance level  for  each t ime period.  Table  I I I  lists 
two- ta i l ed  p robab i l i t i e s  der ived  f rom the t - t e s t  for the  
comparison of mean  per fo rmance  and shows tha t  the  
rank ing  of fel t  t r ea tments  is significant in  the ea r ly  
cycles, bu t  the  dis t inct ion becomes less c lear  at  longer  
times. 

T:he cell  res is tances  were t r ea t ed  in the  same way. 
Table  IV lists the s u m m a r y  data.  The resis tances are  
quoted in the ~ - c m  2 form, der ived  by  mul t ip ly ing  the 
~otal cell res is tance by  the  area  of b e t a - a l u m i n a  car -  
ry ing  the current .  

A l though  the t r end  is appa ren t  in the  ea r ly  per iod  
that  the  cells can be r anked  c o n t r o l ~ n e u t r a l i z e d ~ o x i -  
dized in te rms of resistance,  var iance  analysis  of the 
da ta  ind ica ted  a significance of not  g rea te r  than  82% at  
any  t ime. A cor re la t ion  be tween  ut i l iza t ion and re -  
sistance is indicated,  pa r t i cu l a r ly  in the  first period,  
and this was eva lua ted  by  a least  squares fit analysis  
of data. Table  V gives the pa rame te r s  in the  l inear  re -  
gression equat ion U = aR + b, where  U ---- uti l ization,  
R ---- resistance.  "r" is the  corre la t ion coefficient for  the  
regress ion which  is seen to d iminish  wi th  increasing 
t ime. The da ta  is also shown g raph ica l ly  in  Fig. 2. 

Intercalated f e l t - - T h e s e  cells were  tes ted over  a 
s imi lar  t ime period,  but  owing to exper imen ta l  diffi- 
culties a l imi ted  amount  of in format ion  was ga thered  
dur ing  the per iod  1000-2000 hr. F o r  this reason the 
da ta  for  these cells is grouped into only two per iods  for 
analysis,  0-1000 h r  and 1000-3000 hr. Table  VI lists the  
s u m m a r y  da ta  for mean  uti l izat ion,  as a percentage  of 
theore t ica l  capacity.  Only  one cell  of the  SbCI~ va r i an t  
is quoted, the o ther  having been recorded as an ear ly  
fai lure.  The da ta  do not appear  to indicate  any  cor-  
re la t ion  be tween  cell  type  and performance,  a conclu- 
sion borne out by  the  analysis  of variance,  which in-  
d ica ted  less than  50% significance for e i ther  period.  
The res is tance da ta  also lacked any discernable  trend,  

Table Ill. Comparison between treatments 

H y p o t h e s i s  0-1000 h r  1000-2000 h r  2000-3000 h r  

Cont ro l  = Neu t r .  1% 11% N / A  
Cont ro l  = Oxld. 7% 3% N / A  
Neu t r .  = Oxid.  20~  33% 84% 

Table IV. Mean resistances 

0-1000 h r  1000-2000 h r  2000-3000 h r  

Cell T y p e  Mean  SD Mean  SD Mean  SD 

395 Cont ro l  3.18 0.35 4.06 0.12 4,40 0.08 
398 Cont ro l  3.00 0.08 3.32 0.15 See note* 
394 N e u t r a l i z e d  3,66 0,40 3.86 0.37 3.62 026 
397 N e u t r a l i z e d  3.35 041 3.90 048 4.61 0.14 
393 Oxid ized  3.73 0.13 4.25 0.17 5.25 0.51 
396 Oxid ized  3.97 0.51 3.31 0.74 4.60 0.15 

* Th i s  cell fa i led  a f t e r  1944 h r  on test .  

Table Y. Utilization-resistance correlation 

P e r i o d  a b r 

0-1000 h r  - 14.2 120.3 0.96 
0-2000 h r  - 16.1 126.6 0.80 
0-3000 h r  - 12.7 112.9 0.69 

U(%) 

90-  

80-  

70- 

60- 

50- 

4.0- 

o o 

8 
o 

[3 

o 

r l [ ]  

o - 0 - lO00h 

[] -1000- 2000h 

�9 -2000-]O00h 

I i I 

R (acre ~) 

Fig. 2. A plot of mean percentage utilization (U) vs. mean re- 
sistance (R) for cells containing felt subjected to oxidative and 
neutralizing pretreatments. Control cell data is also included. 

as shown in Table  VII. Significant corre la t ion  wi th  
ut i l iza t ion was absent ,  the  regress ion coefficients for  a 
least  squares fit being 0.2 and 0.4 for  0-1000 hr  and 
1000-3000 hr, respect ively .  

Discussion 
For  the first group of cells, the  control  cells gave 

consistent ly be t te r  per formances  than  e i ther  of the 
p re t r ea t ed  variants .  The differences be tween  the  
groups were  significant up to 2000 hr,  but  the rea f t e r  
the confidence level  d iminished  considerably.  Consider-  
ing these resul ts  in te rms of the  different ia l  wet t ing  
hypothesis,  one would  conclude tha t  the p re t r ea tmen t s  
enhance the p re fe ren t ia l  wet t ing  of fe l t  by  sulfur,  a 
resul t  not  unexpected.  However  there  is an a l t e rna t ive  
in te rp re ta t ion  which does no t  involve wet t ing  effects. 
Sul fur  is known to react  wi th  carbon surfaces at  t em-  
pera tu res  as low as 350~ (17, 18), giving rise to carbon-  
sulfur  complexes of high s tabi l i ty ,  and accompanied 
by  the evolut ion of smal l  quant i t ies  of hydrogen  sulfide 
and carbon disulfide. This chemical  f ixation of sul fur  is 
h indered  by the presence of oxygen  (18, 19), suggest-  
ing some degree  of compet i t ion for  s imi lar  sites. I t  is 
h ighly  l ikely,  therefore ,  tha t  a carbon surface sa tu-  
ra ted  wi th  oxygen functions wi l l  exper ience  pa r t i a l  
d isplacement  o~ the oxygen on immers ion  in sulfur  a t  
350-C, and the oxygen  displaced the re f rom wi l l  most  
l ike ly  be conver ted  to sulfur  dioxide.  Mechanisms exist  
therefore  w he re by  a sulfur  e lec t rode  m a y  contain 
vapor  species which under  the  condit ions of l iquid flow 
set up dur ing  charging and discharging may  combine 
to form macroscopic bubbles,  as shown in Fig. 3. The 
presence of such bubbles  wil l  have a dele ter ious  effect 
on sulfur  ut i l izat ion,  by  isolat ing reac t ive  mate r ia l s  in  
pockets,  as shown. Subs tan t ive  evidence for  this  h y -  
pothesis  may  exist  in the cell res is tance data, for  
c lear ly  any bubble  la rge  enough to isolate  react ive  ma-  
ter ia l  wil l  also, by  v i r tue  of the  "shadow" cast on the 

Table VI. Mean sulfur utilization Table VII. Mean resistances 

0-1000 h r  1000-3000 h r  

Cell  T y p e  M e a n  SD Mean  SD 

0-1000 h r  1000-3000 h r  

Cell T y p e  Mean  SD Mean  SD 

574 Cont ro l  84.5 1.43 85.1 0.59 
575 Cont ro l  81.6 1.44 81.2 0.55 
576 SbCl$ 82.6 5.44 83.4 1.33 
577 CRO2C12 97,8 24.3 81.3 2.10 
501 CrO~Cl~ 77.9 4.58 77.4 3.18 

574 Cont ro l  2.39 0.05 2.43 0.04 
575 Cont ro l  5.01 0.36 4.81 0.32 
576 SbCI~ 3.29 0.23 3.02 0.12 
577 CrO~Cle 3.b7 0.19 5.35 0.83 
581 CrO,~Cls 2.85 0.12 3.57 0.63 
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Fig. 3. Representation of the disposition of voids within the sulfur 
electrode. 

electrolyte and pole, reduce the over-al l  conductance 
of the sulfur  electrode. It  is interesting,  therefore, to 
note the correlat ion between uti l ization and resistance 
shown in  Fig. 2 and tabulated in Table V. At short 
times the correlation is good, but  becomes less clear 
over a longer period of test, as does the distinction be-  
tween ceil types, which indicates a common deteriora-  
t ion mechanism. 

The cells which incorporated felts t reated with in-  
tercalat ing agents did not appear to be dist inguishable 
on the basis of uti l ization over 3000 hr. Neither did 
there appear to be the same relationship between 
uti l ization and resistance. The conclusion is drawn, 
therefore, that  the variat ion in  resistances for this 
group of cells must  arise from a different cause to that 
proposed above. A likely cause of the variat ion is the 
contact resistance between the carbon pole and steel 
insert  used in  these cells, an enlarged detail of which 
is shown in ~ig. 4. Carbon thread was compressed be- 
tween the pole and the shoulder of the insert. The ef- 
fectiveness of this a r rangement  in producing a re-  
producibly good contact between the two components 
was doubtful,  and wh i l e  it  is not possible to state 
definitely that here was the cause of the variat ion in  
resistances, nevertheless it is a strong possibility. 

One clear picture which emerged when  the data for 
the oxidized/neutral ized cells were compared with that 
for the intercalated cells was that  superimposed on 
the performance variat ions wi th in  the two groups was 
a significant difference between them. In order to ana-  
lyze this difference the data for the oxidized/neut ra l -  
ized cells were rear ranged to cover the same time 

~ sleet 

carbon yarn 

graphife pole 

Fig. 4. The steel-to-carbon joint used on the current collectors 
of the later cells. 

Table VIII. Mean utilization 

0.1000 hr  1000-3000 hr  

Cell Type  Mean SD Mean SD 

395 Control  76.9 4.3 67.8 8.31 
398 Control  77.3 2.9 76.1 1.30 
394 Neutral ized 72.2 4.5 51.8 9.40 
397 Neutral ized 71.3 3.0 62.9 5.60 
393 Oxidized 69.1 6.5 51.2 5.73 
396 Oxidized 63.2 8.6 54.7 6.40 
574 Control  84.8 1.43 85.1 0.59 
575 Control  81.6 1.44 81.2 0.55 
576 SbCl~ 82.6 6.44 83.4 1.33 
577 CrO2CI~ 97.8 24.3 81.8 2.10 
581 CrO~CI~ 77.9 4.58 77.4 3.18 

periods as the intercalated cells, viz., 0 - 1 0 0 0  h r  a n d  
1000-3000 hr. Mean uti l ization data are summarized i n  
Table VIII. 

Comparison of the two groups by the Student 's  t - tes t  
revealed that  the differences between groups were 
significant at the 99.3% level  for the period 0-1000 hr, 
and at the 99.9% level for the period 1090-3000 hr. The 
superiori ty of the lat ter  group at longer periods is 
shown also in  Fig. 5, where  ut i l izat ion data for this 
group are given over 5000 hr of cycling. The same 
conclusion is reached if only the control cells in each 
group are compared, indicating that  the differentiating 
factor is unre la ted  to the felt characteristics. It  is most 
l ikely that the cause of the improved capacity re ten-  
t ion in  the second group of cells is the much bet ter  
quali ty of the sulfur  electrode seal which resulted 
from compressing the sealing O-r ing against a smooth 
steel member  in these cells, ra ther  than against a 
graphite rod as in  the first group. It is clear, therefore, 
that  efforts directed at improving sulfur electrode per-  
f o r m a n c e  should not be under taken  in poorly sealed 
cells even when the exper imental  period is l imited to 
1000 hr of cycling. 

Insofar as uti l ization is concerned, none of the felt 
pre t reatments  resulted in an improvement  in  this pa-  
rameter,  and two of them were found to have an ad- 
verse effect. However in  the case of the second group 
of cells, it is hard ly  surprising that the control cells 
were not surpassed in  view of the remarkab ly  good 
performances they exhibited. When one bears in mind  
the fact that the cells were cycled to an ins tantaneous 
open-circui t  voltage value of 1.76V, the 20% uti l ization 
loss which most of these cells incurred is not an un -  
reasonable amount  to ascribe simply to polarization at 
the 5 hr rate. We believe that the sustained high ut i l i -  
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Fig. 5. A bar chart shewing the mean percentage utilization (U) 
as a function of cell life for the hermeticMly sealed and non- 
hermetically sealed cells, 
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zat ion ra tes  which these cells have  opera ted  at  for 
more  than  a yea r  now is a significant advance  on the 
sul fur  e lec t rode  posi t ion of 12 months ago, and  gives 
t remendous  encouragement  for  the  fu r the r  deve lop-  
ment  of the sod ium-su l fu r  ba t t e ry  to a commerc ia l ly  
v iable  product .  
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Photooxidation of Water at c -Fe O  Electrodes 

John H. Kennedy* and Karl W. Frese, Jr. 
Department of Chemistry, University of California, Santa Barbara, California 93106 

ABSTRACT 

Photoelec t rochemical  proper t ies  of h igh pur i ty  a-Fe203 and TiC)a-doped 
~-Fe203 were  invest igated.  Pho tocur ren t  efficiencies were  measured  in var ious  
e lec t ro ly tes  and found to depend  on the e lec t ro ly te  used. Direct  measu remen t  
of spec t rophotometr ic  absorpt ion  coefficients showed them to be significantly 
h igher  than  t h o s e  deduced f rom i-V curves indicat ing tha t  only  a f ract ion 
of the  l ight  absorbed resul ted  in e lec t rochemical ly  react ive  holes. When  the 
lower  absorpt ion  coefficients were  employed  the cu r ren t -po ten t i a l  curves 
could be fit wi th in  +1% to the  deple t ion  layer  theory  of G~irtner. 

Recent  in teres t  in the  photoe lec t rochemis t ry  of semi-  
conductor  e lectrodes has led to the discovery of new 
mate r i a l s  capable  of sus ta ining the photoelect rolys is  
of wa te r  (see for example  Ref. (1-3) and references 
contained there in) .  Among these mate r ia l s  is a-Fe~O3 
wi th  a sufficiently low bandgap  to be of prac t ica l  
in teres t  and first r epor ted  on as CVD films by  Hardee  
and Bard  (3, 4). Later ,  Quinn et al. (5) r epor ted  on 
the proper t ies  of the f lux-grown single crys ta l  ~-Fe203. 
However ,  a deta i led  s tudy  of the photoelec t rochemical  
proper t ies  of po lycrys ta l l ine  ceramic ~-Fe20.~ has been 
lacking, and therefore  a s tudy of u l t r apu re  and TiO2- 
doped ~-Fe203 was under taken .  

We repor t  here:  (i) the effects of e lec t ro ly te  on 
measured  pho tocur ren t  efficiencies; (ii) quant i ta t ive  
comparison of absorpt ion  coefficients f rom spect ra l  and 
photoelec t rochemical  methods;  (iii) the effects of donor 
densi ty  on pho tocur ren t  efficiency; and (iv) a fit of 
the i-V character is t ics  to the deple t ion  layer  theory  of 
G~r tner  (6). F l a tband  potent ia ls  and donor densit ies 
for the po lycrys ta l l ine  ~-Fe203 electrodes in this s tudy 
have been prev ious ly  r epor ted  (7).  These po lyc rys ta l -  
l ine electrodes appear  to behave  in a s imi lar  fashion 
to single crys ta l  electrodes including photocur ren t  
efficiencies and f latband potentials .  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  a b s o r p t i o n  coeff ic ient ,  c~-Fe~Oz, TiO_~-doped ~-l~eeOs, 

p h o t o o x i d a t i o n ,  w a t e r .  

Experimental 
Electrode preparation.--The detai ls  of the p r e p a r a -  

t ion of high pur i ty  (99.999%) and TiO2-doped reagent  
~-Fe203 electrodes are  given e lsewhere  (7). 

Illumination.--The procedures  used for monochro-  
mat ic  l ight  in tens i ty  measurements  are  given else-  
where  (2). Po lychromat ic  l ight  intensit ies,  300 ~ k 

540 nm : Eg, were  de te rmined  wi th  the  Reinecke 
salt  ac t inometer  (8) for which the quan tum yie ld  
(~0.30) is p rac t ica l ly  independent  of wavelength .  The 
equivalent  photon cur ren t  for the sys tem including 
the  150W Xe lamp,  i n f r a red  filter, and  quar tz  lens 
was found to be 49.6 mA (300-540 nm)  at  the  elec-  
t rode surface. Lower  l ight  intensi t ies  were  obta ined  
using neu t ra l  dens i ty  screens. 

Electrical measurements.--The genera l  cell a r r a n g e -  
meat ,  measurement  of i-V curves,  and calculat ion of 
photocur ren t  efficiencies were  descr ibed prev ious ly  (2). 

Optical measurements.--The spect rophotometr ic  ab-  
sorpt ion coefficient of po lycrys ta l l ine  ~-Fe203 was mea-  
sured using a KBr  pe l le t  technique (9-12). Pe l le t s  
conta ining up to 500 ppm w / w  a-re203 were  made  
and had dimensions ~0.03 cm thick • 1.29 cm diam. 
Absorbance  measurements  were  made  wi th  a Beck-  
man Model B spec t rophotometer  wi th  a spec t ra l  sli t  
wid th  of ~ 5  nm. Samples  were  run  vs. a KBr  b lank  
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Fig. I. Current-potential curves in various electrolytes. Polycrystal- 
line a-Fe203; 23~ 

of comparable thickness uti l izing a sample in-sample  
out technique. Suitable corrections for bulk  scattering 
by ~-Fe208 particles were applied and are discussed 
later. 

Results 
Photocurrent  efficiency, ~p, curves obtained in 2M 

KC1, 0.1M Na2 EDTA, and 0.5M Na3 citrate are shown 
in  Fig. 1. These efficiencies have been corrected for 
l ight reflection at the Fe203-solution interface accord- 
ing to we l l -known  procedures (13). This correction 
amounted  to 15-20%. 

A significant enhancement  of the efficiency was 
found for the chelat ing-type electrolytes. Comparison 
of the curves for citrate and EDTA solutions shows 
that  the photocurrent  efficiency is practically identical  
when  compared at the same overvoltage. The rate of 
change of the potential  at zero efficiency, Vo*, was 
--60 mV/pH. This potent ial  ( t u rn -on  voltage) for the 
2M KC1 solution was 100 mV more anodic than  the 
citrate solution at about  the same pH (8.0 vs. 8.2), 
and the efficiencies at any  given overvoltage in EDTA 
and citrate solutions were considerably higher than 
in  KC1 solution. Efficiencies comparable to those for 
KC1 solutions were found in 0.5M Na2SO4 and 0.5M 
sodium acetate, and somewhat lower values in  0.5M 
KNOB. The enhanced efficiency in  the presence of 
citrate may be due to the interact ion of these anions 
with the a-Fe203 electrodes and is discussed below. 

The  effect of the bulk  citrate concentrat ion on the 
increase in efficiency was investigated for three dif- 
ferent  electrodes resul t ing in  qual i ta t ively similar  
results as shown in  Fig. 2. The effect had a threshold 
at 10-6-10-~M. The increase in efficiency was ini t ia l ly  
proport ional  to log/ci t ra te] ;  with increasing concen- 
t rat ion a saturat ion effect was observed. For all elec- 
trodes, both citrate and EDTA had no effect on the 
dark current  at all  concentrations studied. Finally,  
no effect was found with TiO2 and SrTiO3 polycrystal-  
l ine electrodes, materials for which the valence bands 
are 0.7-0.8 eV below the valence band  of ~-Fe20~. 

Photocurrent  efficiency curves at various wave-  
lengths are shown in  Fig. 3 for 0.SM citrate solution. 

2 0  

z = 2 , 0 M  KCl } 
E lec t rode  A 

o 0 ,5  M KNO 3 
I 6  v 2 . 0  M KCI E lec t rode  B 
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Fig. 2. Effect of bulk citrate concentration on photocurrent effi- 
ciency. 1.0V overvoltage; 23~ 360 nm. 
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Fig. 3. Effect of wavelength on photocurrent efficieucy. Poly- 
crystalline e-Fe203; 0.5M Na~ citrate; pH 8.0. 
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Fig. 4. Effect of electrolyte on photocurrent spectrum. 1.0V over- 
voltage; polycrystalline ~-Fe20~. 

The photocurrent  spectra in three different electro- 
lytes are shown in  Fig. 4. The relat ive efficiency in  
each electrolyte appears to follow the order of extent  
of surface adsorption (14) expected on the basis of 
chemical consideration. That  is, the extent  of com- 
plexing of the anions with Fe ~+ should be in  the 
order citrate > C1- > NO~-. A ma x i mum in the 
photocurrent  spectrum at ,-~350 nm is evident  from 
Fig. 3 and 4. Light absorption by KNO~ may be re- 
sponsible for the more pronounced ma x i mum for 
curve C in Fig. 4. Efficiencies observed in citrate and 
EDTA solutions agreed well with published (5) photo- 
current  efficiencies at single crystal ~-Fe20~ electrodes. 

Photocurrent  efficiencies for polychromatic light 
(300-540 rim) are shown in  Fig. 5 at various pH 

i i t i i i I i i i 
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e t 3 . a /  / l ? . O l ~ a , 9  /~ -pH=3.8  

0 [ r 
-0.4 0 0.4 0.8 1.2 

VOLTS vs SCE 

Fig. 5. Effect of pH on phatocurrent efficiency for polychromatlc 
light. Polycrystalline ~-Fe203; 23~ 
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values. In  basic solutions the i-V characteristics were 
near ly  identical  showing a lack of saturat ion and 
comparable efficiencies at the same overvoltage. At pH 
3.8, on the other hand, the efficiency was considerably 
lower and  tended toward a sa tura t ion  value. This 
could reflect a change in  the ra te - l imi t ing  step at 
high light intensit ies from solid-state process control 
(diffusion and /o r  conduction) to electron t ransfer  
control at the semiconductor-electrolyte  interface. This 
change in  mechanism could occur because of a reduced 
concentrat ion of oxidizable species (e.g., O H - )  either 
at the electrode surface or at the outer Helmholtz 
plane. It  should be noted that  the polychromatic light 
in tensi ty  of 4.76 mA in Fig. 5 was about 60 times the 
monochromatic  in tens i ty  at 400 nm in Fig. 3 and 4. 

Some experiments  were carried out at higher l ight 
intensit ies uti l izing the complete photosensitive range 
of a-Fe2Os. The var ia t ion of photocurrent  with l ight  
in tensi ty  at 1.0V overvoltage is shown in Fig. 6. For  
both low in tens i ty  monochromatic light (lower l ine) 
and for high in tensi ty  polychromatic light (upper line) 
the photocurrent  was proport ional  to the first power 
of light in tens i ty  wi th in  exper imental  error. This 
result  shows that  one photogenerated hole is involved 
in  the ra te - l imi t ing  step of the over-al l  electrode 
process. 

Data for ~-Fe20~ highly doped with TiO2 are shown 
in  Fig 7 in which photocurrent  efficiency at (V -- Vfb) 
_ 1.25V is compared with doping level. The points for 
Nd > 101~ CC -1 correspond to TiO2 leveIs of 0.05-2.0% 
(Ti /Fe) .  The donor densities calculated from doping 
stoichiometry agreed well with Nd calculated from 
Mott-Schot tky plots reported previously (7). The i-V 
curves for these samples were characterized by a 
sudden onset of a large dark current  similar  to those 
observed by Hardee and Bard (4). It was observed 
that  lower doped samples exhibited less dark current  
under  s imilar  conditions. After subtract ion of the dark 
current ,  normal-shaped i-V curves were obtained ex- 
cept that  the t u r n - o n  voltage was shifted several 
tenths of a volt anodic, the shift increasing with TiO2 
concentration. This effect was probably  due to the 
narrow-space charge layer  at low overvoltages, resul t-  
ing in  photocurrents  too small  to be measured unt i l  
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Fig. 7. Effect of donor density on photocurrent efficiency. Poly- 
crystalline ~-Fe2Os. 

sufficient space charge depth was established. However, 
an anodic shift of the flatband potential  with the high 
level doping cannot be ruled out. 

Absorption coefficients obtained directly from spec- 
trophotometric data are shown in  Fig. 8 (curve A) 
and compared with apparent  absorption coefficients 
(Fig. 8, curve B) obtained by fitting the cur ren t -  

potential  curves to the depletion layer  theory of 
G~rtner  (6). The spectrophotometric data are in  good 
agreement  with published data (15, 16) for polycrys-  
tal l ine ~-Fe203 films. Correction for bu lk  scattering 
was made by assuming the val idi ty  of the equat ion 

I = Io exp -- (Sh + ~t2) [1] 

where I and Io are the t ransmit ted  and incident  l ight  
intensities, S is the coefficient of scattering, a is the 
absorption coefficient, tl is the KBr pellet thickness, 
and t2 is the apparent  thickness of the a-Fe2Oa (volume 
of Fe203 in  pel le t /pel le t  area) .  

The scattering coefficient is related to scattering 
particle properties through the relat ion (17) 

Z = ~a2NQs [2] 

where a is the particle radius (assumed spherical),  N 
is the particle density, cc -1, and Qs is the dimension-  
less efficiency factor for scattering. The efficiency 
factor represents the ratio of the effective surface 
area of a sphere which is available for light scattering 
to the cross-sectional area (18). In  the l imit  of geo- 
metr ical  optics Qs ~ 2. Calculation of Qs from the 
Mie scattering theory (17) is an  involved but  s t raight-  
forward procedure. However, La M e r e t  aI. (19) dis- 
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Fig. 8. Comparison of absorption coefficients calculated from 
spectral dala  and current-potential  curves. Polycrystalline ~ -Fe203;  
23~ (A)  Absorption coeff icient from direct measurement. (B) 
Absorption coefficient calculated from photocurrent. 
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covered that  both Mie calculations and their experi-  
menta l  values of Qs could be plotted on one curve 
forming a universal  scattering curve. The curve (18, 
19) shows Qs (Ks their notat ion) plotted vs. the 
dimensionless parameter,  [nl d/~ (m~ -- 1 ) / (m  ~ + 2)], 
where m is the relative refractive index, n J n z ;  nl  
is the refractive index of the medium; n2 is the refrac- 
tive index of the scattering particle; and d/Z is the 
ratio of scattering particle diameter to the wavelength 
of light. The i ron oxide particles were found by 
microscopic examinat ion  to have a diameter of 2.0 
• 0.5 ~m. With m : 3.0/1.56 ~_ 1.9, Qs becomes a 
constant  value of 2.0 for the wavelengths studied. 

It is seen from Fig. 8 that  in the case of ~-Fe.~O3 
the absorption coefficient from optical measurements  
does not correspond to the absorption coefficient for 
the excitation process giving rise to the photocurrent.  
Fur ther  discussion of this point  is given later. 

Discussion 

The mechanism by which complexing ions such 
as citrate and EDTA enhance the photocurreut  at 
a-Fe203 electrodes is not known. However, the effect 
of citrate concentrat ion on the increase in photocurrent  
followed a Temkin  isotherm relationship. For in ter -  
mediate coverage, 0.2 < ~ < 0.8, the isotherm is 
usual ly  wr i t ten  as (20) 

r s =  - - q ~ r  k T I n K  + k T l n c  [3] 

where r is an interact ion energy parameter,  0 is the 
surface coverage, ar is the potential  difference be-  
tween the electrode surface and the solution, K is the 
equi l ibr ium constant  for adsorption in  the absence 
of interact ion between the adsorbing particles, and c 
is the bulk  concentrat ion of adsorbate. If it may be 
assumed that  the increase in  photocurrent  efficiency is 
proport ional  to surface coverage, then n-nc=o cc in 
[citrate] and Eq. [3] accounts for the l inear  portions 
of the curves in  Fig. 2. The sa turat ion effect is of 
course a property of the Langmuir  isotherm which 
applies as ~ ~ 1. The results did vary  for different 
electrodes as can be seen in Fig. 2 even when com- 
pared in  the same electrolyte, and they probably 
reflect the different surface conditions present. Con- 
sideration of these observations makes specific adsorp- 
t ion of citrate and E D T A  on ~-Fe2Q a reasonable 
conclusion especially in view of the very high stabili ty 
constants for these ions with Fe 3 + in  aqueous solution. 

It  would be expected that  specific adsorption of 
strong complexing anions might shift the t u r n - on  
voltage and thereby cause an increase in  photoeffi- 
ciency. In  actual fact, the flatband potentials and 
t u rn -on  voltages did not shift sufficiently (<100 mV) 
to cause the observed change in efficiency. In  addition, 
the efficiencies were measured at a given overvoltage 
so that any change in  t u r n - o n  voltage would not be 
included. However, because the higher energy level 
of the valence bandedge of ~-Fe,~Q compared to TiO2 
or SrTiO8 may result  in  better  energy overlap, photo- 
oxidation of citrate and EDTA by photogenerated holes 
at the ~-Fe203 surface cannot be ruled out without 
evidence of the reaction products distr ibution in the 
various electrolytes. The addit ional possibility of "cur-  
rent  doubling" also exists. In  this mechanism (21, 22) 
photooxidation by a hole in the valence band leads 
to a radical species which then injects an electron 
into the conduction band in a chemical step. Thus 
two current  carriers are produced for a single photon 
leading to the term "current  doubling." This reaction 
is well known on other semiconductors with reactants 
conta in ing  the carboxylate group. This mechanism 
would lead to decomposition of the citrate or EDTA 
solute and probably not enhance the oxidation of 
water .  Again, detection of decomposition products is 
needed  and will  be investigated in  the future. 

The ~p-V curves (e.g., Fig. 1 and 3) were fit to the 
depletion layer  theory of G~rtner  (6) which ]cads 
to the following equation for the photocurrent  efficiency 

~lp ---- 1 -- e x p ( - - a L ) / ( 1  + a l p )  [4] 

In  a previous (2) the application of this equation to 
i -V -k  data for polycrystal l ine BaTiO~ electrodes was 
discussed and it was shown how Lp and Nd could be 
calculated using the following equation 

ln(1--11p c~ _ ( 2eco ~v= 
- -  a \ qNd / (V'V~ 

-- ln(1  + a l p )  [5] 

A similar approach was taken with a-Fe20~ data ex- 
cept that  Vo* has now been taken as a best fit param-  
eter for the plots of In(1 - -  ~pCOrr) VS. (V-V,o*)  I/2, 
and values of Nd from Mott-Schottky plots (7) were 
used to calculate ~, the absorption coeliicient for the 
process giving rise to active holes. Equat ion [5] w a s  
applied for (V-Vo*)  > 250 inV. 

In  order to obtain a good fit at low overvoltages 
(<250 mV) Eq. [4] was used with the value of L 
calculated from the paral lel  plate capacitor Eq. [23] 

Ee O 
L = [8] 

C 

where C is given by the more general  equation of 
Dewald (24) 

C = (  q2Ndeeo )'/= ,eY--1, [7] 
2kT (eu -- y -- 1) 1/= 

The term y measures the space charge overvoltage, 
i.e., y : q5~s / k T  and is negative for anodic bias. It 
was assumed that 

V-Vo* = Z~r [8] 

Equations [6] and [7] give the more famil iar  Ih~slV= 
dependence for L under  sufficient anodic bias corre- 
sponding to the Mott-Schot tky regime. Typical calcu- 
lated curves are compared with exper imental  points in  
Fig. 9. The exper imental  data correspond to those in  
Fig. 3 and have been corrected for reflection. The fit is 
seen to be usual ly  _ 1% even at low overvoltages. The 
values for the various quanti t ies determined from the 
data are summarized in  Table I. An impor tant  point 
not yet ful ly understood is that Vo* from best fit did 
not correspond to the flatband potential  or the t u rn -on  
voltage for the photocurrent  r u t  was several tenths 
of a volt more anodic. This may be due in part  to 
the fact that  the G~rtner  model implies an irreversible 
photocurrent.  That  is, no account is taken of possible 
cathodic current  ei ther in the valence band or con- 
duction band. These effects would become more im- 
portant  at electrode potentials near  the point  of zero 
photocurrent.  

It was also found that  the theory could be fit to 
data with polychromatic light even though the theory 
was derived for monochromatic light. From this fit 
the calculated absorption coefficient was 1 • 10 ~ cm -1 
as would be expected if ~ represented some sort of 
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Fig. 9. Comparison of observed and calculatecl photocurrent effi- 
ciency. Polycrystalline ~-Fe203; electrode no. 2. 
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Table I. Summary of values obtained from current-potential curves 
(99.999% ~-Fe20~) 

Vo / 
Electrolyte pH (SCE) a(calc . ) ,  cm -~ Lp, cm 

0.1M Na2 E D T A  4.0 +0.20 5.9 x 10 ~ (360 r im)  3 x 10 -7 
0.~M Na~ c i t r a t e  8.0 --0.10 3.1 • 104 (360 n m )  2 x 10-~ 
0.JM Na~ c i t r a t e  8.0 --0.10 9.3 • 103 (450 rim} 
0.JM Na~ c i t r a t e  8.0 --0.10 2.fi • 10 a t504 ( n m )  - -  
0.SM KCI 8.9 +0,17 2.3 x 10~ (400 n m )  10 x 10 -~ 
2.0M N a O H  13.8 - 0 . 4 8  1.0 •  ~* 4 x 10- '  

�9 Polychromatic light (300-540 nm) ,  intensity 4.76 mA. 

average value over the 300-540 nm spectral range. 
The diffusion lengths found for a-Fe2Os were 2-4 • 
10 -7 cm and were considerably lower than  values found 
for Tie2 (1 • 10 -5 cm) and the bar ium and s t ront ium 
ti trates (3-6 • 10-6 cm) (25). Possible reasons for 
these differences will  be discussed in  a future  pub -  
lication. 

The absorption coefficients calculated from the data 
in  Fig. 8 curve A using Eq. [5] and Lp data from 
Table I and Mott-Schot tky values for Nd are com- 
pared with spectrophotometric ~ in  Fig. 8. It  is seen 
that  the absorption coefficient from optical measure-  
ments  did not correspond to the absorption coefficient 
for the excitat ion process giving rise to the photo- 
current .  It  is reasonable to presume that  the absorp-  
t ion coefficient derived from i-V characteristics cor- 
responds to the l igand to metal -charge t ransfer  (02 -  
-~ Fe 3+ ), yielding reactive holes on the oxygen sites 
(valence band) .  The spectrophotometric measurements  
show that  another  process with comparable absorption 
is occurring, i.e., there is an overlap of at least two 
absorption bands. The large absorption coefficient in-  
dicated for this overlapping process may  mean that 
another  type of charge t ransfer  is occurr ing--possibly  
metal  to metal,  which can be envisaged as 

h~ 
2Fe 3+ > Fe 2+ (Fe 3+ -- e - )  -F Fe 4+ (Fe 3+ -- h +) 

[9]  

This process would give rise to a second type of hole, 
now on an iron site with a different energy level 
than  the hole in  the oxygen valence band. Indeed it 
has been suggested (27, 28) that  this process is re-  
sponsible for the intr insic conductivi ty in a-Fe203 
with Eg ,-- 1.7-2.0 eV. The Fe 4+ hole may no longer 
be capable of evolving oxygen from water  while at 
the same t ime the electron trapped on iron (Fe e+ ) 
may not be free to conduct and therefore would yield 
no photocurrent.  

The val idi ty  of using absorption coefficients deter-  
mined from i-V curves is supported by the plot shown 
in  Fig. 10 calculated from data in curve B, Fig. 8. 
It  is well known that for semiconductors the depen- 
dence of a on energy near  the absorption edge usually 
follows the form (28) 

ahv : A(hv -- Eg) n/2 [10] 

where A is a constant  and n depends on the na ture  
of the t ransi t ion (n ---- 1 for a direct t ransi t ion and 
n ---- 4 for an indirect  t ransi t ion) .  The slope in Fig. 10 
is 2.07 giving n ---- 4.1, indicat ing an indirect  t ransi t ion 
requir ing phonon support. 

A fur ther  test of the plausibi l i ty of the absorption 
coefficient found for a-Fe203 was made by plott ing 
the data in Fig. 7 in the form 

ln(l__~pcorr) - - _ _ u (  2ee~162 )'/2 / Nd% 
q 

-- ln(1 ~- aLp) [11] 

For k ----- 400 nm, a was found to be 1.3 • 104 cm -1 
in reasonable agreement  with the value of 4.4 • 105 
cm-1  from Fig. 8. This result  supports the conclusion 
s t a t e d  earl ier  that  a for the charge t ransfer  process 
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Fig. 10. Test for nature of electronic transitlo, on absorption edge. 
Polycrystalline ~-Fe203. 

leading to photocurrent  is considerably smal ler  t h a n  
the spectrophotometric value. 

Acknowledgments 
The authors acknowledge part ial  financial support  

of this project by the National  Science Foundation,  
Gran t  No. DMR 73-07507 AO2 and by the Committee 
on Research, Univers i ty  of California. 

Manuscr ipt  submit ted Oct. 11, 1977; revised m a n u -  
script received Dec. 12, 1977. This was Paper  328 pre-  
sented at the Philadelphia,  Pennsylvania ,  Meeting of 
the Society, May 8-13, 1977. 

Any  discussion of this paper  will  appear in  a D~scus- 
sion Section to be published in  the December 1978 
JOURNAL. All  discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1978. 

Publication costs ol this article were assisted by the 
University ol California. 

REFERENCES 
1. J. M. Bolts and M. S. Wrighton, J. Phys. Chem., 

80, 2641 (1976). 
2. J. H. Kennedy  and K. W. Frese, Jr., This Journal, 

123, 1683 (1976). 
3. K. L. Hardee and A. J. Bard, ibid., 124, 215 (1977). 
4. K. L. Hardee and A. J. Bard, ibid., 123, 1,024 (1976). 
5. R. K. Quinn, R. D. Nasby, and R. J. Baugham, 

Mater. Res. Bull., U, 1011 (1976). 
6. W. W. G~rtner, Phys. Rev., 116, 84 (1959). 
7. J. H. Kennedy  and K. W. Frese, Jr., This Journal, 

125, 723 (1978). 
8. E. Wegner and A. Adamson, J. Am. Chem, Sac., 

88, 394 (1966). 
9. M. M. Stimson and M. J. O'Donnell,  ibid., 74, 1805 

(1952). 
10. G. M. Wyman, J. Opt. Sac. Ann., 45, 965 (1955). 
11. M. J. S. Dewar and A. R. Lepley, J. Am. Chem. 

Sac., 83, 4560 (1961). 
12. B. L. Van Duren  and C. E. Bardi, Anal. Chem., 35, 

2198 (1963). 
13. F. A. Jenkins  and H. E. White "Fundamenta ls  of 

Optics," 3rd ed., Chap. 25, McGraw-Hill ,  New 
York (1957). 

14. S. M. Ahmed and D. Maksimov, Can. J. Chem., 46, 
3841 (1968). 

15. R. F. G. Gardner,  F. Swett, and D. W. Tanner ,  
J. Phys. Chem. Solids, 24, 1183 (1963). 

16. D. Lewis and W. Westwood, Can. J. Phys., 42, 2367 
(1964). 

17. H. C. Van de Hulst, "Light Scat ter ing by  Small  



7 1 4  J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  May 1978 

Part ic les ,"  p. 415, John Wiley  & Sons, New York  
(1957). 

18. R. H. Harding,  B. Golding, and R. A. Morgen, 
J. Opt. Soc. Am., 50, 446 (1960). 

19. V. K. LaMer,  OSRD Rept. 4904, PB 32208, U.S. 
Dept. of Commerce  (1944). 

20. J. O'M. Bockris  and  S. Sr inivasan,  "Fuel  Cells," pp. 
97-102, McGraw Hill ,  New York  (1969). 

21. W. P. Gomes, T. Freund,  and  S. R. Morrison,  This 
Journal, 115, 818 (1968). 

22. T. F r eund  and W. P. Gomes, CataI. Rev., 3, 1 (1969). 
23. F. MSllers, H. J. Tolle, and  R. Memming,  This 

Journal, 121,  1160 (1974). 
24. J. F. Dewald,  Bell Syst. Tech. J., 39, 615 (1960). 
25. K. W. Frese,  Jr., PloD. Thesis, Univers i ty  of Cal i -  

fornia,  San ta  Ba rba ra  (1977). 
26. F. J. Morin, Phys. Rev., 93, 1195 (1954). 
27. J. B. Goodenough, in "Advances  in Solid S t a t e  

Chemistry,"  H. Reiss, Editor,  Chap. 4, McMillan, 
New York  (1964). 

28. E. J. Johnson, in "Semiconductors  and  Semimet -  
als," Vol. 3, R. K. Wi l l a rdson  and A. C. Beer, 
Editors,  Chap. 6, Academic  Press,  New York  
(1967). 

Coulometric Study of the Reduction of 
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ABSTRACT 

The authors' d.c.-polarographic study [Anal. Chim. Acta. 82, 29 (1976)] has 
been extended to include a coulometric investigation of the cathodic reduction 
of six substituted dinitroanilines: 4-(trifluoromethyl)-2,6-dinitro-N,N-diprop- 
ylaniline (I) was measured in 40% aqueous ethanol buffered at four pH 
values (1.5, 5.1, 7.4, 9.2), and N-butyl-N-ethyl-4-(trifluoromethyl)-2,6-di- 
nitroaniline (If), 2,6-dinitro-4-isopropyl-N,N-dipropylaniline (III), NI,N 1- 
diethyl-4-(trifluoromethyl)-2,6-dinitro-m-phenylenediamine (IV), 4-(methyl- 
sulfonyl)-2,6-dinitro-N,N-dipropylaniline (V), and 3,5-dinitro-N4,N4-dipro - 
pylsulfanilamide (VI) were measured in 40% aqueous ethanol buffered at one 
pH value (1.5). Preparative scale runs and product analyses indicate that 
the electroreduction mechanism is pH dependent, as evidenced by substantial 
benzimidazole formation at 1.5 pH and little production of this compound at 
7.4 pH. 

Control led potent ia l  cou lomet ry  (1-4) ut i l izes the 
modern  ins t rumenta l  capabi l i t ies  of potent ios ta ts  and 
is a powerfu l  e lec t roanaly t ica l  technique that  makes  
possible the  e lucidat ion  of cer ta in  chemical  react ion 
paths  by  a l lowing direct  measuremen t  of the number  
of Fa radays  taken  up by  a given amount  of a compound 
(5-7). S imi la r  in format ion  has been obtained on occa- 
sion f rom d-c  po la rograms  (8-10);  whereas  in favor -  
able  circumstances,  i t  is possible to a r r ive  at the  correct  
number  of electrons involved  (n) ,  examina t ion  of the  
I lkovic equat ion 

id -" kncD1/2m2/S~l/8 

reveals  tha t  n can be expressed  only  in t e rms  of severa l  
constants  or  pa r ame te r s  whose cumula t ive  uncer t a in ty  
affects n. Indeed,  i t  is cus tomary  to use the  I lkovic 
equat ion to find the  diffusion coefficient D - - a  p rocedure  
which in tu rn  assumes tha t  n is known. An  a l t e rna t ive  
procedure  tha t  uses the slope of a po l a rog ram to find 
n is not  appl icab le  to quas i revers ib le  systems, and 
hence to m a n y  systems, including the subs t i tu ted  di-  
n i t roani l ines  of our  s tudy.  

Coulomet ry  in nonaqueous media  often employs elec-  
t rodes fabr ica ted  f rom the  p l a t inum meta l  f ami ly  (5), 
but  in  aqueous solvents the  p rob lem of hydrogen  dis-  
charge  cur ta i l s  the i r  u t i l i ty  and mercu ry  becomes the 
common choice, as was discussed in the  repor t  of our  
previous  po la rographic  s tudy  (11). I t  should be men-  
t ioned that  there  a re  specific p roblems  associated wi th  
control led  potent ia l  cou lomet ry  and la rge  mercu ry  pool 
cathodes; these are  discussed la te r  on in  the  paper .  

* Electrochemical Society Active Member.  
1Present adctress: Visiting Exchange Scientist, U.S. National 

Academy of Sciences--Hungarian Academy of Sciences, Szeged, 
Hungary. 

Key words: cathodic reduction, control led  potent ia l  eoulometry ,  
mercury  pool,  subst i tuted dinitroamhne. 

Experimental 

The genera l  ins t rumenta l  l i nk -up  in the  coulometr ic  
exper iments  is p resented  in a simplified manner  in Fig. 
1. A buffered e tha no l :w a t e r  solut ion (40%:60% by 
vol.) s imi lar  to the polarographic  solutions discussed 
previous ly  (11), containing 50.0 ~moles of solute in the 
150 ml total  volume used in the "working"  compar t -  
ment  of the  coulomet ry  cell  (Fig. 2), was thoroughly  

Fig. 1. Simplified block diagram of instrumental layout. Legend: 
t-Y: time-base X-Y recorder; P: potentiostat; S: silver coulometer; 
Cc: coulometry cell; Ts: bubbler-tower containing ethanohwatet; 
N2: purging gas tank. 

Fig. 2. Coulometry cell 

Ii ~l I 
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purged wi th  nitrogen, followed by  applying a l~otential 
selected as appropriate from known E1;2 values (11) 
in the three-e lect ron mode. The actual mercury  pool 
cathode (working e lec t rode) -p la t inum coil anode 
(auxi l iary electrode) voltage, reflecting IR losses due 
to the two medium porosity frits as well as solution 
resistance, was in te rmi t ten t ly  monitored with a Hew- 
le t t -Packard  2 34703A/34740A D C V / D C A / a  measure-  
ment  system (the m a x i m u m  voltage recorded was 
,-~20V, far short for causing troublesome vol tage- l imi t -  
ing conditions with the GBE Wenking  61-R potentio-  
star). In  a n u m b e r  of experiments,  the current  output  
of the potentiostat  was recorded on a Hewlet t -Packard  
7044-A X-Y recorder equipped with a t ime-base ac- 
cessory. Because of the fu l l -cur ren t  output  feature of 
the Wenking  61-R, measur ing resistors and mult ipole 
switches were selected with special care. Product  anal-  
ysis for compound (I) at pH 1.5 and 7.4 was performed 
using a Pe rk in -E lmer  621 spectrophotometer and 
Var ian  HA-100 NMR spectrometer. 

The coulometry cell (Fig. 2) containing the alco.hol: 
water  mixtures  was preceded by a saturat ion tower 
containing a s imilar  alcohol: water  mixture,  so that  the 
purging ni t rogen gas would not significantly alter the 
composition of the mixed solvent. A special feature of 
the coulometry cell was the glass lip protruding from 
the frit toward the center  of the cathodic compartment ;  
its purpose was to reduce the voltage drop along the 
surface of the mercury  pool as a funct ion of distance 
from the frit. 

In  a typical  experiment,  the 100 ml solution (60 ml 
aq. buffer + 40 ml ethanol) to be used in the auxi l iary  
compar tment  and the 145 ml  solution (90 ml aq. buf-  
fer + 55 ml  ethanol) to be used in the working com- 
pa r tmen t  were deaerated for 1 hr  in separatory funnels  
placed above the coulometry cell; s imultaneously,  the 
coulometry cell itself was purged with N2. After de- 
aeration, the solutions were introduced and the back- 
ground current  was measured under  the chosen condi- 
tions of s t i rr ing rate and applied potential;  values 
ranged between 40 and 70 ~A, with an observable slight 
decrease with time. Addit ion of 5 ml of alcohol contain-  
ing the 50.0 ~moles of solute produced ini t ial  currents  
of less than  20. mA; electrolysis was continued past the 
99% completion stage to background.  Total t ime for 
an exper iment  was 12-I5 hr, with the exception of 
silver coulometry and preparat ive scale (100 mg sol- 
ute) runs which required up to 24 hr. 

Silver coulometry was done using a 250 ml beaker 
containing 150 ml  solution, 1M in AgNO~ and 5M in 
NaNO3 (alternately,  1M AgNO3 and 2M KCN). The 
outside of the beaker was taped with black PVC tape 
to prevent  photochemical decomposition and the top 
was also shielded from direct light. The electrodes (Ag 
wire or Ag foil) were suspended from a 1/s in. diam 
glass rod that had an elongated W shape, and fit reason- 
ably snugly on the spout and beaker rim. (Ideally the 
least number of sharp surfaces should produce best 
results, and the foil is preferable to the coiled wire.) 

2 Mention of tradenames is for the convenience of the reader 
and does not  constitute any preferer, tial endorsement by the U.S. 
Department  of Agriculture over s~milar products available. 

Only about 2/3 of t h e  e l e c t r o d e  w a s  i m m e r s e d  i n  t h e  
solution to protect the contacts; voltage d r o p  a c r o s s  
t h e  system, connected in  series onto the auxi l iary  elec- 
trode, was about 2V. In  silver coulometry weight i s  
measured before the experiment,  and after  the e x p e r i -  
m e n t  the electrodes are removed with T e f l o n - t i p p e d  
forceps, washed thoroughly and gent ly  in  a s tream of 
distilled water  followed by  acetone, then dried for 15 
min  at 50~ before weighing again. For  reuse the elec- 
trodes were soaked in  1M KCN for over an hour, a n d  
the gaining electrode was polished with a piece of f i n e  
sandpaper  (00) to remove loosely adher ing s i l v e r .  T h e  
losing electrode will  eventual ly  need rep lacement - - for  
best results the two electrodes should n e v e r  b e  i n t e r -  
c h a n g e d .  By measur ing both the loss and gain values 
of the electrodes, a precision better  than  0.5 mg w a s  
rout inely  observed, and with special care 0.1 mg c a n  
be expected according to our results. In  case of higher 
discrepancy the loss figure was regarded as t h e  m o r e  
accurate because the gaining electrode often a c q u i r e s  
crystal l ine deposition which may not adhere. 

The present  report is based on 56 coulometric d e t e r -  
m i n a t i o n s ,  with 36 runs  on 4-(trifluoromethyl)-2,6-di- 
ni t ro-N,N-dipropylani l ine  (I) .  Nine out of the 36 runs  
were preparat ive scale, including isolation and i d e n t i -  
f i c a t i o n  of product. Addit ional  informat ion concerning 
experiments  is given in  Table I and the following sec- 
tion. 

Results and Discussion 
Appropriate  voltages for use in controlled p o t e n t i a l  

coulometry can be selected from polarographic or 
sweep voltammetric  information.  Our polarographic 
study (11) gave the  following E1/2 values ( - - mV vs. 
SCE) at pH 1.5, 5.1, 7.4, and 9.2, respectively: (I) 190, 
430, 700, 810; (II) 190, 430, 70'0, 810; (IID 170, 360, 720, 
810; (IV) 230, 510, 720, 1010; (V) 160, 480, 710, 790; 
(VI) 160, 530, 680, 810. These values correspond to t h e  
second polarographic wave when it was dist inguish- 
able; at pH : 1.5 all compounds displayed a single 
wave whose height closely corresponded to the sum 
of the two wave heights for the compound observed 
at the higher pH's. A salient feature of the polaro- 
grams was the similari ty in which pH affected all s i x  
compounds; for this reason, we felt that the essential 
coulometric informat ion could be obtained by  invest i -  
gating all compounds at one pI-1 and, in addition, one 
compound at all four pH's. The results are given i n  
Table I. 

The difference between our combined average value 
of n e -  (7.53 _ 0.166) and the 8e-  required ideally to 
reach the d ihydroxylamine  stage was large enough 
that  we interpret  the difference as an indication of some 
kinetic per turba t ion  ra ther  than  as an ins t rumenta l  
artiiact. The assignment  of two 4e -  reduct ion s t e p s  
(11) on the basis of simple d-c polarography is, there-  
fore, seen in  the perspective of coulometry as a close 
approximation ra ther  than an ul t imate  conclusion. 

The chemistry of ni troaromatics is known to be com- 
plex. Pelt ier  and his co-workers (12-14) have exten-  
sively studied the controlled potential  electroreduction 
of a large number  of subst i tuted mono-  and dinitro 

Table I. Summary of coulometric experiments 

Compound E(V  v s .  SCE) pH n e -  

4- (trifluor omethyl)  -2,6-dinitro-N,N-dipropylaniline (I)* -0.600 1.5 7.45 
-0.700 5.1 7.74 
- 0.900 7.4 7.46 
- 1.00 9.2 7.95 
-- 0.600 1.5 6.69 
-0.600 1.5 6.93 
-0.600 1.5 8.75 
- 0.600 1.5 7.80 
- 0.600 1.S 7.23 

- -  - -  7.53 "4" 0.16e** 

N-butyl.N-ethyl-4- ( tr i l luoromethyl)  -2,6-dinitroaniline (II) 
2,6.dinitro-4-isopr opyl-N,N-dipr opylaniline (III) 
N1,N~.diethyl-4- (trL~lu oromethyl  ) -2,6-dinitro-m-phenylenediamine (IV) 
4- (methylsul fonyl )  -2,6-dinitro-N,N-dipropylaniline (V) 
3,5.dinitr o.N4,N~.dipropyisulf anilamide (VI) 

All  samples 

�9 Preparative scale runs gave ne-  va lue  est imates  that compare favorably: pH 1.5:7.43 (5 runs) ;  pH 7.4:7.68 (3 runs) .  
�9 �9 Standard deviation of the  mean. 
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compounds. Their  invest igat ions,  which  included p rod-  
uct  identification, give evidence of the  s tepwise reduc-  
t ion of n i t roaromat ics .  Their  work  also reveals  com- 
pl ica t ing  factors;  n -va lues  less than  the theore t ica l  
seem to be character is t ic  of the  ni troanil ines.  

Fu r the r  insight  into the e lec t rochemis t ry  of n i t roaro-  
matics  is p rovided  by  the classical example  of the  re-  
duct ion of picric acid in HC1; Lingane  (2) found that  
34 electrons are  involved in the product ion  of the  
p r i m a r y  p roduc t  b i s - (3 ,5 -d i amino -4 -hydroxypheny t )  
hydrazine ,  bu t  subsequent ly  Bergman  and James  (15), 
as wel l  as Meites and Meites (16), demons t ra ted  that  
h e -  is a function of both  the  in i t ia l  picric acid concen- 
t ra t ion  and the hydrochlor ic  acid concentration.  

In  o rde r  to analyze  the  products  of the  pH 1.5 reduc-  
tion, the  pH of the  react ion solut ion was ad jus ted  to 7, 
the  e thanol  removed  wi th  a n i t rogen  stream, and the  
aqueous res idue ex t rac ted  wi th  ether.  Dry ing  the ex -  
t rac t  w i th  sodium sulfa te  and  evapora t ion  to dryness  
wi th  n i t rogen  y ie lded  an o i ly-so l id  r e d - b r o w n  residue. 
Thin  l aye r  ch romatography  (silica gel GF-254, ben -  
zene: e thyl  acetate,  2: 1) of the  res idue showed severa l  
u .v . -absorbing (254 nm) spots along the length  of the 
p la te  and a single ma jo r  spot (Rf = 0.14) which  ex -  
hibi ted b r igh t  b lue  fluorescence under  u.v. l ight.  The 
res idue gave the fol lowing spectroscopic data:  in f ra -  
red  (film) 1620 cm-1;  NMR (CDC13) 5 7.50 (s, 1, ArH) ,  
6.72 (s, 1, A r H ) ,  4.20 (t, 2, CH2), 3.75 (broad,  2, NH2), 
2.85 (quadruple t ,  2, CH2), 1.87 (m, 2, CH2), 1.44 (t, 3, 
CH3), and 0.99 ppm (t, 3, CI-I~). These peaks  in the  
NMR spec t rum were  observed almost  to the  exclusion 
of o ther  absorpt ions  and are  s imi lar  to those repor ted  
for  2 - e thy l -7 -n i t ro -  1 -propyl -  5- t r i f luoromethylbenzi -  
midazole  by  Leit is  and Crosby (17), who identif ied the 
benzimidazole  as a product  of the  photochemical  deg ra -  
da t ion  of compound I. 

P repa ra t ive  th in  l aye r  ch romatography  of the res i -  
due on silica gel  by  developing th ree  t imes wi th  ben-  
zene: e thyl  acetate,  2: 1, afforded a chromatogram with  
the  b lue  fluorescent spot at  Rf 0.31-0.44. F r o m  this a rea  
a pa le  ye l low solid was isola ted which gave the fo l low-  
ing mass spectrum, m/e ( % ) ;  272 (15), 271 (1O0, 
M + ) ,  256 (22), 252 (11), 243 (14), 242 (92), 229 (74), 
228 (44), 227 (18), 214 (31), (212 (12), 159 (10). 

We conclude f rom these spectroscopic da ta  that  the  
ma jo r  product  of the  pH 1.5 reduct ion is 7 -amino-2-  
e thy l -  1-propyl -5- t r i f luoromethylbenzimidazole ,  com-  
pound VII  

E t  

Pr'~ N J% 
I N 

H2N ~~/ 

CF3 
VII 

Identif icat ion of a benzimidazole  in our  work  at  low pH 
is consistent  wi th  the  studies of Felt ier-  and co-workers  
(12c, 14), who observed  benzimidazole  format ion  in  the  
e lect rochemical  reduct ion  of N ,N-d i subs t i t u t ed -o -n i -  
t roani l ines  in  1N sulfur ic  acid: ethanol ,  1: 1. 

The  p H  7.4 reac t ion  was worked  up in a s imi lar  man-  
ner  except  wi thout  ad jus tmen t  of the  pH before  e ther  
extract ion.  Thin l aye r  ch romatography  of the res idue 
showed severa l  u .v . -absorbing spots and a small  fluor- 
escent blue  spot at Rf ---- 0.14. In  addi t ion to benz imida-  
zole peaks,  which were  usual ly  minor, the NMR spec- 
t r um (CDC13) of the  resul t ing res idue showed the fol-  
lowing singlets in the  aromat ic  region:  57.68, 7.45, 7.14, 
6.99, 6.73, 6.68, and 6.56 ppm. F rom one react ion to an-  
o ther  the  re la t ive  sizes of these peaks varied.  We are  
cont inuing our  s tudy of the  products  of the  pH 7.4 

reduction.  Wi th  regard  to our NMR work,  we  p lan  to 
look into t empera tu re -5  re la t ionships  for addi t ional  
ana ly t ica l  capabi l i ty .  

Al though  the compounds of the  presen t  s tudy  are  
amenable  to photodecomposi t ion (17, 18), we found no 
evidence that  exclusion of roomlight  a l te red  the po la r -  
ographic  or  coulometr ic  resul ts  at  any  of the  four pH 
values. To our knowledge  a converse s tudy,  involving 
the e lect rochemical  inves t igat ion of photolysis  products  
of these compounds ( I -VI ) ,  has not  been repor ted .  

Conclusion 
The present  coulometr ic  s tudy  of the number  of elec-  

t rons involved  in the  cathodic reduct ion of the  subst i -  
tu ted  dini t roani l ines ,  4 - ( t r i f luo romethy l ) -2 ,6 -d in i t ro -  
N,N-dipropylan i l ine ;  N - b u t y l - N - e t h y l - 4 -  ( t r i f luoro-  
methy l ) -2 ,6 -d in i t roan i l ine ;  2 ,6-d in i t ro-4- i sopropyl -N,  
N-d ipropy lan i l ine ;  N1,Nl-die thyl -4-  ( t r i f luoromethy l ) -  
2 ,6 -d in i t ro -m-phenylened iamine ;  4- (me thy l su l fo ny l ) -  
2 ,6-d in i t ro-N,N-dipropylan i l ine ;  and  3 ,5-dini t ro-N 4 N 4- 
d ip ropylsu l fan i lamide  in aqueous e thanol  gave n va l -  
ues in close agreement  wi th  those prev ious ly  es t imated  
f rom polarographic  measurements .  The s l ight  deviat ion 
of the expe r imen ta l ly  obta ined n va lue  ( [7.53 _+_ 0.166] 
e - )  f rom the number  of electrons idea l ly  requi red  to 
reach  the d ihyd roxy lamine  fo rm ( 8 e - )  is considered 
to be of chemical  r a the r  than  a r t i fac tua l  or igin and is 
not  unexpec ted  in view of the  known  complex  chem-  
i s t ry  of the species involved.  The coulometr ic  resul ts  
necessi tate  a ref inement  of the  previous  mechanis t ic  in-  
t e rp re ta t ion  (11) based on d.c. polarography.  Al though  
there  is only  a r e l a t ive ly  s l ight  change in n values  as a 
funct ion of pH, p repa ra t ive  scale runs  and product  
analyses  revea l  tha t  the  apparen t  merg ing  of the  two 
polarographic  waves at  low pH in effect involves a 
change in the reduct ion  mechanism. Results  of a sep-  
a ra te  s tudy p lanned  to provide  informat ion  on this de-  
ta i l  wi th  the  a id  of addi t ional  e lec t roanaly t ica l  tech-  
niques (5) wil l  be presented  subsequently.  
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Kinetics of the Electrochemical Reduction of Dicyanoaurate 
E. T. Eisenmann 

Bell Laborator{es, Columbus, Ohio 43213 

ABSTRACT 

The mechanism o f  the  e lec t rochemical  reduct ion of d i c y a n o a u r a t e  w a s  
s tudied by  means  of s t eady-s t a t e  and  re laxa t ion  methods  in combinat ion  wi th  
a ro ta t ing  disk electrode. The deposi t ion of soft gold, l e ad -doped  soft gold 
and coba l t -ha rdened  gold was found to proceed via  one common mechanism 
that  involves  adsorpt ion equi l ibr ia  preceding and fol lowing the e lect ron t r a n s -  
f e r  step. Specia l  effects, such as ep i t axy  and p re fe r red  or ienta t ion  of soft gold, 
the  sma l l -g ra ined  t ex tu re  of ha rd  gold, and the l ead - induced  depolar iza t ion  of 
soft gold pla t ing are  exp la ined  in te rms of the  energet ic  s tates  of the  ad-  
sorbed, oxidized, and reduced  gold species. The effect of lead is to lower  th e  
act ivat ion energy of the e lec t ron t ransfer ,  which resul ts  in the  acce lera ted  
es tabl i shment  of a p re fe r r ed  orientat ion.  Cobalt  increases  the act ivat ion energy  
of the  e lec t ron t rans fe r  and gives r ise  to a high nuclea t ion  rate.  The  p r o -  
p o s e d  mechanism is shown to expla in  equa l ly  wel l  the  anodic behav ior  of 
gold  in a lkal ine  cyanide  electrolyte .  

The impor tance  of  gold pla t ing in electronic device 
technology has led to g rea t ly  diversified, usua l ly  p ro -  
p r i e t a r y  p la t ing formulat ions.  Yet apa r t  f rom the de-  
scr ipt ion of pa r t i cu l a r  ba th  features,  there  is a definite 
scarc i ty  of the documenta t ion  of fundamenta l  processes 
involved  in the  e lec t rodeposi t ion of gold. Cheh and 
Sard  (1) used galvanosta t ic  techniques to s tudy  the 
morpho logy  of gold deposits  on a ro t a t ing -d i sk  elec-  
t rode  f rom var ious  electrolytes .  Har r i son  and Thomp-  
son (2) employed  vo l t ammet r i c  techniques and pos tu-  
la te  a reac t ion  mechanism tha t  involves Au'CN as r e -  
act ing species. Recently,  McIn tyre  and Peck (3) re -  
por ted  wi th  considerable  deta i l  on the  depolar iza t ion  of 
the  deposi t ion of soft gold th rough  heavy  meta l  ions. 
Numerous  publ icat ions  are  ava i lab le  on the effects of 
codeposi ted impur i t ies  on the physical  p roper t ies  of 
gold pla tes  (4-6). The review of the  l i t e ra tu re  indicates  
tha t  kinet ic  s tudies have  been  p rac t i ca l ly  l imi ted  to 
soft gold systems. Al though  soft gold as wel l  as hard  
gold is a lmost  un ive r sa l ly  deposi ted f rom elect rolytes  
conta ining d icyanoaura te ,  there  is no indica t ion  tha t  a 
uni fy ing  kinet ic  s tudy  of the  two types  of gold ba ths  
was ever  a t tempted .  Recent  work  on the deposi t ion of 
gold on the reeds of sealed contacts (7) suggested such 
a uni fy ing  study.  Using p r edominan t l y  potentiostat ic ,  
s teady-s ta te ,  and re l axa t ion  techniques in combinat ion  
wi th  a ro t a t ing -d i sk  electrode var ious  aspects of the  
e lect rode kinet ics  were  invest igated.  

Experimental 
The fol lowing solutions were  used in the presen t  

s tudy:  (i) Commercia l  ha rd  gold baths  (Se l rex  CI and 
Technic Orosene 999), opera ted  at  pH ~ 4 and 30~ 
(ii) Soft gold bath,  containing 0.1M KAu(CN)2 ,  0,.3M 
potass ium phosphate,  and no or 2 ppm Pb, opera ted  at 
pH == 7 and 30~ or 65~ Polar iza t ion  measurements  
were  car r ied  out in these e lect rolytes  e i ther  wi th  P t  
rods  of 0.5 cm~ a rea  (under  constant  convection) or  
wi th  a ro ta t ing  Pt  disk of 0.32 cm 2. 

I t  was assumed tha t  the  gold deposi t ion would  usu-  
a l ly  proceed with  less than  100% cur ren t  efficiency. 
The gold pa r t i a l  cur rents  were,  therefore,  de te rmined  
by  means  of a coulometr ic  analysis  of the  gold deposit.  
This approach  was, e v i d e n t l y ,  qui te  t ime consuming 

Key words: electrocrystallization, electrode adsorption proc- 
esses, epitaxy, lead-mduced depolamzatioa. 

and prec luded  cur ren t  or  vol tage  scanning techniques.  
I t  is bel ieved,  however,  tha t  super ior  accuracy of the  
data  was achieved in this manner .  

Potentiostatic Polarization 
A P t  disk e lect rode was polar ized under  constant  po-  

ten t ia t  condit ions for var ious  lengths  of t ime  in the  
e lectrolytes  descr ibed above. The gold pa r t i a l  cur rents  
were  eva lua ted  f rom plots of the (coulometr ica l ly  de -  
te rmined)  e lectr ical  equivalents  of the  gold deposi ts  
vs. the  p la t ing  t ime. Fo r  the  ha rd  gold baths,  these plots  
were  found to yie ld  s t ra igh t  lines, indica t ing  tha t  the  
gold pa r t i a l  cur ren t  at  constant  potent ia l  is indepen-  
dent  of the p la t ing  t ime. In  contras t  to this  behavior ,  
the same k ind  of plots for  soft gold deposi t ion were  
curved, corresponding to an accelera t ion  of the ra te  of 
deposi t ion wi th  time. 

The slopes of the  s t ra igh t  l ines obta ined for one of 
the hard  gold baths  and the l imi t ing  slopes of the  
curves at  shor t  p la t ing  t imes obta ined  for the soft  gold 
baths  were  p lo t ted  semi logar i thmica l ly  vs. the  deposi -  
t ion potential ,  Fig. 1. The s t ra igh t  por t ions  of these 
curves have slopes of --4.4V -1 at 30~ and --3.6V -1 at 
65~ the difference being accountable  by  the the rmal  
energy difference. The shif t  in  the  deposi t ion potent ia l  
at equal  cur ren t  dens i ty  for  soft gold at  65 ~ and 30~ 
is exp la ined  by  the increased so lubi l i ty  of HCN at the  
lower  tempera ture ,  which resul ts  in a decrease  of the  
equ i l ib r ium potent ial .  The s imi la r  shif t  observed for 
ha rd  gold vs. soft gold at  30~ may  be due to any  of 
severa l  differences in the  makeup  of the  baths.  How-  
ever, because of the  ve ry  s t r ik ing  difference in the  
gra in  size o:f the  two types  of gold deposits, i t  is pos tu-  
la ted  tha t  the cobalt  content  in t h e  ha rd  gold ba th  
increases the act ivat ion energy  of the e lect ron t ransfer ,  
and  consequent ly  the nuclea t ion  ra te  of the  gold depo-  
sition. 

Time Dependence of the Deposition Rate 
The observed  increase  of the  deposi t ion ra te  of sof t  

gold wi th  t ime at  constant  potent ia l  corresponds to t h e  
"depolar iza t ion  effect" s tudied by  var ious  authors  (8, 
9) under  galvanosta t ic  conditions. Since i t  was un -  
known  to wha t  ex ten t  the  soft gold ba th  was contami-  
na ted  wi th  heavy  meta l  ions, which a re  capable  of in-  
ducing the depolar izat ion,  an addi t ion of 2 p p m  lead  
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Fig. 1. Current density-potential curves at short polarization 
times. 

was made to the plat ing solution. With this modified 
bath, gold was deposited potentiostatically for various 
lengths of time. Figure 2 shows the coulometric equiv-  
alents of the gold deposits in dependence of the deposi- 
t ion time. I t  is seen that  at all potentials the gold de- 
posit grows ini t ia l ly  in proport ion to t~ and later  in  
proport ion to t, where t is the deposition time. Basi- 
cally, the same behavior  is also obtained for a soft gold 
bath without  the in tent ional  lead addition. However, 
the deposits grow for an extended period proportional 
to t x, where 1 ~ x ~ 2. Figure  2 indicates that  in  the 
case of lead-doped gold the t ime required for the cur-  
rent  density to stabilize is practically independent  of 
the deposition potential.  Also, the s teady-state  condi- 
t ion is achieved at increasingly thicker deposits as the 
deposition potential  assumes more negative values. 

Generation of Polarization Curves under Steady-State 
Conditions 

According to Fig. 2, s teady-state  conditions of the 
deposition of lead-doped gold are at tained within  about 
5 rain. Polarizat ion curves were, therefore, derived 
from the slope of current  densi ty- t ime product  vs. t 
curves for various potentials, at t : 10.00 sec. A simi- 
lar  procedure was employed for the deposition of lead- 
free gold, measur ing the slope between the plat ing 
times t ~ 3 and t -= 5 hr. The results are given in Fig. 
3. A considerable difference in the deposition potential  
between the two curves is noted at the center of the 
graph, which decreases, however, at very high and 
very low values of the deposition potential. 

Both curves seem to approach the slope of the curves 
in Fig. 1 at extreme negative potentials, suggesting that  
the same mechanism is operative. The steep sections at 
the center of the graph are tentat ively identified as the 
result  of the proximity to the equi l ibr ium potential, 
which is controlled by the concentrat ion of cyanide at 
the electrode surface. In  order to confirm this assump- 

t ion it  is necessary to explain the plateau which is 
evident  at the r ight  of the steep portions. 
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Evidence of Mixed Potential and Electroless Deposition 
at the Au/Au(CN)~- Electrode 

Rotat ing-disk experiments  were designed to explain 
the plateau section in Fig. 1 and 3. In order to minimize 
the effect that  may result  from the accumulat ion of 
cyanide dur ing  plating, a large volume of electrolyte 
(2.5 li ters) was circulated through the pla t ing cell. 

Under  open-circui t  conditions, a P t  disk electrode as- 
sumed a potent ial  of +0.043V vs. Ag/AgC1 at 65~ at 
a rotat ion velocity of 94 rad/sec. The potential  in -  
creased with increasing rotat ion velocity. After  pro- 
longed exposure, the Pt  disk was coated with gold. 
The rate of gold deposition appeared to be strongly 
dependent  on the history of the bath  (e.g., l~revious 
use), but  was constant wi thin  a given test series over 
m a n y  hours. This result  proves that  the open-circui t  
potential  of the gold electrode corresponds to a mixed 
potential.  

Discussion and Additional Results 
E~ectroless deposi t ion o: gold . - -The  electron donor 

that  causes the reduction of the A u ( C N ) 2 -  ions is hy-  
pothesized to be the cyanide ion, according to 

C N -  ~ 1/2(CN)2 + e [1] 

A u ( C N ) 2 -  + e ~---Au + 2CN-  [2] 

or after  adding Eq. [1] and [2] 

A u ( C N ) 2 -  ~ Au + 1/2 (CN)2 + CN-  [3] 

It is seen that the cyanide ion has the dual role of 
promoting reaction [1] and re tarding reaction [2]. The 
kinetics of the over-a l l  reaction [3] is, therefore, 
s trongly dependent  on the cyanide concentration. The 
oxidation potentials of reactions [1] and [2] can be 
expressed by the Nernst  equation (brackets indicate 
activities or, approximately,  concentrat ions)  

R T  R T  
E(CN) 2 ~ .  E~  - -  ~In [CN-]  + --~- In [ (CN)s] 

F 
[4] 

R T  R T  
EAu = E~ -- 2 -- In [CN-]  + ---:-_ in  [ A u ( C N ) 2 - ]  

F 
[5] 

where 
E~ ---- --0.84V vs. Ag/AgCP ~ 

E~ ~- -- 0.46V vs. Ag/AgC11~ 

Reaction [3] is at equi l ibr ium if 

EAu ---- E(CN)2 [6] 

From Eq. [4] and [5] it follows that  equi l ibr ium is 
achieved in a soft gold bath at room tempera ture  if 

In [CN-]  [ (CN)2] '/2 -- --16.8 

i.e., if the cyanide and cyanogen concentrations are 
about 10-~ moles/l i ter .  

Under  equi l ibr ium conditions, the mass balance of 
reaction [3] is shifted to the right as the concentrat ion 
of cyanide decreases. Continuous removal  of CN -  and 
(CN)= species from the reaction surface, e.g., under  
the conditions of a rotat ing-disk electrode, allows con- 
t inued deposition of gold. Favorable  conditions for the 
reaction were generated in  the experiments  by con- 
t inued degassing of the electrolyte. At  pH ---- 7, the 
cyanide ion is protonated to form HCN, which along 
with cyanogen tends to escape into the gas phase. A 
large surface to volume ratio and agitation of the 
solution were used to promote this transition. 

For the system under consideration, the deposition 
rate of gold iAu, is equal to the mass fluxes of 
Au(CN)2-, CN-, and (CN)2 

iAu =: ~ [ A u ( C N ) 2 - ]  = - - - - z X [ C N - ]  = 
5 

ka 
- -  ~ [ ( C N ) 2 ]  [ 7 ]  

8 

The A's indicate the difference between bulk  and sur-  
face concentrations; kl, k2, and ks are constants and 6 
represents the diffusion layer thickness. At a rota t ing-  
disk electrode, the velocity of rotation, w, influences 
the diffusion layer thickness 5 in the inverse propor-  
t ion to ~/w (11) 

D 1/~ u 
---- 1 . 6 1  - -  [8] 

v W 

(D ---- diffusion coefficient, v -~ kinematic  viscosity). 
Concerning the concentrat ion differences, A[CN-]  

and &[(aN)2],  the following inequali t ies may be both 
true, both false, or either of them true. 

[CN-]  (bulk) < <  [CN-]  (surface) [9] 

[(CN)2] (bulk) << ] (CN)2[ (surface) [i0] 

If both are true then 

A[CN-] ~- [CN-] (surface) [Ii] 

A[(CN)2] ~--- [(CN)2] (surface) [12] 

From Eq. [7] together with Eq. [8], [11], and [12] 
(dropping the specific reference to the surface in  Eq. 
[11] and [12]) it follows that 

d log iAu d l og [CN- ]  1 
- -  + -- [ 1 3 ]  

d log w d log w 2 

d log iAu d log[ (CN)2] 1 
-- {- -- [14] 

d log w d log w 2 

The concentrat ion terms in Eq. [13] and [14] are ex- 
pected to deviate from zero for the conditions of the 
electroless gold deposition. 

In  a carefully executed exper iment  at two velocities 
of the rota t ing-disk electrode, the rate of gold deposi- 
t ion was found to vary  proport ional ly to w ~/4. This re-  
sult indicates that  the concentrat ion terms in  Eq. [13] 
and [14] are -- 1A. Correlated with the var iat ion of the 
deposition rate, the electrode potential  was measured 
to increase by 0.032V per decade increase in  rotat ion 
velocity. The combinat ion of this informat ion with 
the derivatives of Eq. [4] and [5] yields for 65~ (as- 
suming that Eq. [9] and [10] are both t rue)  

d EAu d log [CN-]  
- -  -- --0.134 -- 0.033V [15] 
d log w d log w 

d E(CN)2 d l og [CN- ]  
- -  -- --0.067 
d log w d log w 

d log[ (CN)2] 
+ 0 . 0 3 3  - -  0.0084V [16] 

d log w 

Comparing Eq. [15] and [16] with the observed value 
of 0.032V per decade increase in rotat ion velocity it is 
evident that only Eq. [15] and, therefore, Eq. [9] and 
[13] are consistent with the experimental  results. 
Hence EAu is the controll ing potential  and reaction [2] 
is closer to its equi l ibr ium than the electron donor re- 
action [1]. At potentials corresponding to the plateau 
section of Fig. 3 the deposition rate of gold was also 
found to follow the w~:4 dependence as demonstrated 
in  Fig. 4. It  is noted that  Eq. [7]-[9] may  be insuffi- 
cient to account for the observed t ranspor t  process 
because the rate of cyanide removal  from the reaction 
surface is most certainly enhanced by the protonat ion 
reaction 

H + + CN -  ~ HCN (PKA ---- 9) [17] 

Assuming either extreme or min imal  deviation from 
the equi l ibr ium of reaction [17], the concentrat ion of 
free cyanide at the surface of the rotat ing-disk elec- 
trode was calculated by means of Eq. [7] and [8]. In-  
sert ing the results into Eq. [5] yields the equi l ibr ium 
potential  for each polarization condition. 
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The following is concluded from the comparison of 
the calculated wi th  the applied electrode potentials. 
Under  electroless and mildly  polarized conditions at 
65~ between 0.043 and --0.02V vs. Ag/AgC1, reaction 
[17] and electrode reaction [2] are practically at equi-  
l ibrium. At current  densities wi th in  the l inear  portion 
of the polarization curve, between --,0.5 and --0.9V vs. 
Ag/AgC1, reaction [17] is far f rom its equi l ibr ium and 
the difference between the calculated and the applied 
potential  exceeds 0.1V, i.e., the deposition of gold is 
activation controlled. The plateau section of the polar-  
ization curve is identified, therefore, as the result  of the 
influence of the cyanide protonat ion on the equi l ibr ium 
electrode potential.  

Deposi t ion  of  go~d under  ac t iva t ion  c o n t r o l . - - T h e  
equation describing the rate of a cathodic electrode 
process that  proceeds under  activation control at po- 
tentials far from the equi l ibr ium potential  in the ab-  
sence of the double layer  effect has the general  form 
(12) 

[ * ] i = i o e x p  - o n . R T  (E --  E e) [18] 

with 
io : n F k  ~ aox (1-~) aR a [19] 

where a = transfer  coefficient; n = number  of elec- 
trons exchanged; E _-- electrode potential;  E e : equi-  
l ib r ium electrode potential;  aox -= activity of the oxi- 
dized species; aR = activity of the reduced species; and 
k ~ ---- apparent  s tandard rate constant. 

This equation may be used to correlate the slope of 
the polarization curves in Fig. 1 and 3 with specific 
reactions involved in the electrode process. From Eq. 
[18] and [19] it follows 

d In i d In iQ F F d E e 
- - - - - -  a n  + a n  [20]  

d E d E R T  R T  d E 

d In io d In aox d In  a~t 
= ( 1 - - a ) ~ + a - -  [21]  

d E  d E  d E  

In the present  application, E e is identical with EAu of 
Eq. [5]. For constant  hydrodynamic conditions the cy- 
anide concentrat ion at the electrode surface is propor- 
t ional to the gold part ial  current ,  iAu. Therefore, with 
Eq. [5], at constant  convection 

R T  R T  
d EAu ---~ -- 2 d i n  [CN-]  ---- --2 d In iAu 

F F 
[22] 

Combining Eq. [20]-[22] yields for the deposition of 
gold (convert ing to the common logari thm) 

d log iAu 0.434 d log aox d log aR 
- - _ _ - -  ( 1 - - ~ ) - -  F ~ - -  

d E  1 + 2 ~  d E  d E  

F 
- -  a [23]  

RT 

In many  metal  deposition reactions, a is found to be 
approximately 0.5. Accordingly, the slopes of log i vs. 
E curves usual ly  show a slope that  is equal  to a simple 
fraction of S = 0.434F/2RT. This is also observed in  
Fig. 1 and 3 for strong cathodic polarization, where the 
slopes amount  to --4.4V -1 at 30~ and --3.6V -1 at  
65~ Considering the precision of the measurements,  
these slopes agree well with the assumption of a = 0.5 
and with 

d log iAu 0.434F 
- -  = [ 2 4 ]  

d E 4RT 

By comparison with Eq. [231 it is concluded that  

d log aox d log aR 
- -  [ 2 5 ]  

d E  d E  

Two distinct reaction paths can be visualized, which 
both conform with Eq. [25] : 

The electron t ransfer  proceeds without  prechemical 
adsorption of the oxidized species ( A u ( C N ) 2 - ) ,  to 
form Au atoms whose energetic state is not  signifi- 
cant ly  different f rom that  of their  final lattice site. In  
this case 

d log aox -- -- d log aa : 0 [26] 

The electron t ransfer  is preceded by the chemisorp- 
t ion of the oxidized species and followed by the disso- 
ciation of the reduced species in  the adsorption layer, 
according to the following sequence: 

Prechemical  adsorption equi l ibr ium 

Au (CN) 2- ~ (AuCN) ad + C N -  [27] 

Electron transfer  step (rate l imit ing)  

(AuCN) ad + e ~--- (Au~ - a d  [28] 

Postchemical desorption and crystall ization 

( A u ~  + CN -  [29] 

Equil ibr ia  [27] and [29] may be dependent  on the 
crystal or ientat ion of the substrate as welt as on var i -  
ous solution properties, e.g., the presence of cobalt or 
lead. All modifications of equil ibria  [27] and [29] may 
result  in a modification of the electron transfer  proba-  
bility. For each energetic condition, however, Eq. [25] 
is applicable. If the electrode is saturated with the ad- 
sorbates, then aox and aR are independent  of concentra-  
t ion variations in the aqueous phase and 

d log aox : -- d log aR : 0 [26a] 

Observat ions  re la t ing to egec ts  oS a d s o r p t i o n . - -The  
effect of adsorption on the crystal size and preferred 
orientat ion of electrodeposits is, qualitatively,  well 
known, as evidenced by the commercial  use of addition 
agents and brighteners.  Certain features of the gold- 
plat ing system are also indicative of adsorption proc- 
esses and are discussed here. 

The structure of soft gold is commonly referred to 
as "columnar," because etched cross sections show 
longish crystallites whose length axes coincide with 
the growth direction of the deposit. The nucleat ion rate 
is, evidently, small, and the tendency toward preferred 
growth orientat ion is large. If soft gold is deposited on 
the polished surface of a polycrystalline, annealed fcc 
metal, a strong epitaxial  effect is observed. Substrate  
grains with the "right" orientat ion produce well-  
formed gold crystals at a substant ia l ly  higher rate than 
adjoining grains, which do not have the "right" orien- 
tation, as shown in Fig. 5. Hard gold deposits, in con- 
trast, have a grain size in the submicron range and ex-  
hibit, intrinsically,  featureless surfaces. The nucleat ion 
rate dur ing hard gold deposition is many  orders of 
magni tude  higher than dur ing soft gold deposition. 

It is noted that  the principal  difference between soft 
gold and hard gold lies in the crystallization behavior, 
while the electron t ransfer  step is activation controlled 
in  both cases. The role of adsorbed species is, therefore, 
that  of either increasing or decreasing the activation 
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exper imen ta l  cur ren t  density,  iAu, is equal  to the ave r -  
age of the  var ious  crys ta l l iza t ion cur ren t  densit ies.  I f  
the  crys ta l l iza t ion process is in i t ia ted  on r a n d o m l y  or i -  
ented nuclei, p re fe ren t ia l  deposi t ion tends  to genera te  
more  surface a rea  of equiva lent  or ienta t ion  and an in-  
crease in iAu results.  This is observed dur ing  the deposi-  
t ion of r egu la r  and  l e ad -doped  soft gold. If  the  differ-  
ent ia t ion  be tween  the crys ta l l iza t ion  cur ren t  densit ies 
is enhanced,  e.g., under  the  condi t ion tha t  coadsorbed 
lead  lowers  the  act ivat ion energy  of the  e lect ron t r ans -  
fer, Eq. [28], then  one crys ta l l iza t ion  cur ren t  densi ty  
may  become dominant .  Wi th  negl ig ible  g rowth  in al l  
but  one orientat ion,  the  increase  in reac t ive  surface 
area,  and as a resul t  the  increase  of iA,, is p ropor t iona l  
to the  deposi t ion t ime. This condi t ion of ex t r eme  differ-  
ent ia t ion be tween  the crys ta l l iza t ion  cur ren t  densi t ies  
is observed in Fig. 2 (i t  cc t~). 

The  deposi t ion of ha rd  gold proceeds  wi thout  not ice-  
ab le  var ia t ion  in iAu. This resul t  is consistent  wi th  the  
size of the  crys ta l l i tes  formed, whose growth  per iod  is 
l imi ted  to a few seconds. In  te rms of Eq. [28], and in  
contras t  to the  effect of lead, the  coadsorpt ion  of cobal t  
provides  for an increase  in the act ivat ion energy  of 
the  e lec t ron transfer .  Under  this condition, the differ-  
ent ia t ion be tween  the crys ta l l iza t ion  cur ren t  densi t ies  
m a y  be minimized,  bu t  more  impor tan t ly ,  the  nuc lea-  
t ion ra te  is increased,  thus expla in ing  the t ex tu re  of 
ha rd  gold deposits. 

Perturbation of the adsorption layer.--The t rans ien t  
behavior  of the  go ld -cyanoaura te  e lect rode has, to 
some extent ,  been d e s c r i b e d  ear l ie r  (7). Addi t iona l  
exper iments  were  deemed necessary  to c lar i fy  the  
common and contras t ing  fea tures  of the deposi t ion of 
soft gold, l e ad -doped  soft gold, and  ha rd  gold. The po-  
tent ia l  t rans ients  of a ro ta t ing -d i sk  electrode,  a f te r  
prepolarizat~on at constant  potential ,  were  recorded,  
therefore,  for a va r i e ty  of conditions.  

Regardless  of the  specific expe r imen ta l  condit ions 
the  potent ia l  t rans ients  were  a lways  found to fol low 
the same pat tern .  Af te r  the in te r rup t ion  of the  cathodic 
(i.e., negat ive)  polar izat ion,  the  potent ia l  was found 
to increase  in at  leas t  th ree  d is t inc t ly  different  modes. 
The initial ,  fastest  var ia t ion  of the  poten t ia l  has been 
identif ied wi th  double  l aye r  charging effects. The sub-  
sequent,  s lower  var ia t ion  was recognized to depend  on 
the potent ia l  and the dura t ion  of the  prepolar iza t ion  
period, as wel l  as on the ro ta t ion veloci ty  of the  elec-  
trode. The th i rd  mode of potent ia l  va r ia t ion  proceeded  
at  constant  rate,  dependent  only  on the t empera tu re ;  
however ,  the  range  over  which  the var ia t ion  occurred 
was also dependent  on other  var iables .  F igure  6 shows 
the t rans ients  for  ha rd  gold, p repola r ized  for 3 min at  
potent ia ls  ranging  f rom --1.1 to --0.4V vs. SCE in 0.1V 
steps. On the t ime scale used, the  double  l aye r  charging 
effect is not discernible  ( regime 1). 

The potent ia l  t rans ients  a re  s t rong indicat ion tha t  
the  e lect rochemical  reduct ion  of A u ( C N ) 2 -  proceeds 
via chemisorbed species (14, 15). Detai ls  of the  curves  

Fig. 5. Epitaxial growth of Au crystals on the surface of an an- 
nealed fcc metal. 

energy  of the  e lec t ron t rans fe r  step. In  terms of elec-  
t rode  processes, each crys ta l  or ien ta t ion  has, at con- 
s tant  potent ial ,  a typica l  c rys ta l l iza t ion  cu r ren t  dens i ty  
i {a, b, c} (13), where  for example  

i{100} ~ i{ll0} ~ i {111} [30] 

Dependent  on the re la t ive  magni tude  of the  c rys ta l -  
l izat ion cur ren t  densities,  more  or  less pronounced 
p re fe ren t ia l  or ien ta t ion  of the  gold deposi t  results.  The 

-0 .2  
O)  <~ 

< -0 .3  

-0 .4  

Prepolarization 
Potential 

Regime 2 Regime 3 

r 

5 1() 15 20 2'5 30 35 
t(sec) 

Fig. 6. Potential transients of the Au/Au(CN)2-system (hard 
gold) after prepolarization. 
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shown in Fig. 6 are in terpreted in  terms of the se- 
quence of reactions [27]- [29] as follows: 

Dur ing  the prepolarization period, reactions [27] 
and [29] are at equil ibrium, while reaction [28] is not. 
At the ins tant  of the current  interrupt ion,  reaction [28] 
starts to approach equi l ibr ium at a rate l imited only by 
the recharging of the double layer. Once equi l ibr ium 
is achieved, reactions [27] and [29], which were previ-  
ously independent ,  are now coupled through reaction 
[28] in correspondence with Eq. [2]. Thermodynamic  
equi l ibr ium with respect to the bulk  of the elec- 
trolyte is, however, not achieved yet, mostly be-  
cause the surface concentrations of CN- ,  (AuCN)ad,  
and (Au~ - are higher than when in equi l ib-  
r ium with the bulk. Removal of C N -  tends to 
shift both equilibria, reactions [27] and [29], to 
the right. (AuCN)ad remains constant, therefore, 
while (Au~ - decomposes. This occurs wi thin  
the range of regime 2 of Fig. 5. The process appears 
to be diffusion controlled, as evidenced by the strong 
dependence of the potential  decay upon the rotat ion 
velocity of the disk electrode. At all times, the potential  
is controlled by the ratio of (AuCN)ad:  (Au~ - .  
Predictably,  ( A u ~  as source of cyanide will  be 
depleted after some time. Due to the lack of CN- ,  the 
excess amount  of (AuCN)ad cannot revert  to its origin, 
A u ( C N ) 2 - .  The removal  of (AuCN)ad  has to proceed 
via the electron t ransfer  reaction [28], which seems 
impossible without  a source of electrons. An electron 
source is available, however, as evidenced by the elec- 
troless deposition of gold. In  preference to reaction [3] 
the process may be formulated as 

(AuCN)ad--> Au(la t t ice)  -l- Y2 (CN)2 [31] 

It  has been discussed earlier that  the electron donor 
reaction [1] is not  at equil ibrium. Reaction [31] is, 
therefore, not at equi l ibr ium either and the removal  
of (AuCN)ad  from the surface should be a first-order 
reaction. This is confirmed by the observation that  the 
potential  decay in regime 3 shows a close to l inear  de- 
pendence on time. 

Addressing the potential  var ia t ion in regime 3 of 
Fig. 6, it is noted that for prepolarization potentials 
<--0 .8V the curves near ly  coincide, while for potentials 
>--0 .8V substant ia l ly  deviat ing curves are obtained. 
This dispersion signifies the change of the surface con- 
centrat ion of the adsorbate from a saturated to a less- 
than-sa tura ted  state. The corresponding behavior, ob- 
tained with the other electrolytes, leads to the conclu- 
sion that  the electrodeposition of gold proceeds, in 
practice, under  surface saturat ion with (AuCN). It is 
assumed that surface saturat ion means a near ly  com- 
plete monolayer  of the adsorbate, regardless of the type 
of electrolyte. From the potential  level, at which the 
desorption of (AuCN)ad starts in the three different 
electrolytes, it follows with equi l ibr ium [28] that  the 
surface concentrat ion of (Au~ - is greatest for 
regular  soft gold and about equal for lead-doped soft 
gold and hard gold. It should be ment ioned that these 
results were obtained under  prepolarization conditions 
where the deposition of lead-doped soft gold was far 
bet ter  equil ibrated ("depolarized") than that  of regu- 
lar soft gold. In view of the crystall ization phenomena 
discussed earlier, it is concluded that the establ ishment  
of a preferred crystal or ientat ion is accompanied by a 
shift of equi l ibr ium [29] from left to right. Concern-  
ing the behavior of the hard gold system, it is con- 
cluded that equilibrium [28] is shifted to the left rela- 
tive to the conditions of soft gold deposition. 

ReversibiLity oJ the electrode processes.--The elec- 
trochemical oxidation of gold in cyanide solution 
should, doubtlessly, follow the sequence of reactions 
[27]-[29] in reverse. An exper iment  was carried out 
accordingly in which a gold disk electrode was polar-  
ized anodically in 0.5M KCN solution at 55~ and two 
rotat ion velocities. Figure 7 shows the results which 
are interpreted as follows. Near the equi l ibr ium poten-  
tial at about --0.9V vs. Ag/AgC1 the anodic current  
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density rises, as expected, very steeply. With increasing 
potent ia l  three maxima and min ima  are passed. The 
maxima at --0.6V and O-0.2V are caused by diffusion 
l imitat ion of the cyanide ions. As the surface concen- 
t ra t ion of CN -  approaches zero, the concentrat ion of 
(Au~ - also approaches zero, which results in a 
rapid drop of the cur ren t  density. Thereafter,  even 
though the surface concentrat ion of C N -  is not zero 
anymore, the dissolution rate at --0.SV is controlled by 
the formation of (Au~ - .  Over the potential  
range, where in previous experiments  the surface con- 
centrat ion of (AuCN)ad  was found to deviate from 
saturation, the current  density rises again. The de- 
crease in coverage with AuCN promotes, necessarily, 
the reaction of gold in lattice sites with cyanide, and 
hence the rate of dissolution. At the point  where once 
again the concentrat ion of CN -  at the electrode sur-  
face drops to zero a change in  mechanism occurs. At 
0.1-0.2V it appears that  t r iva lent  gold is formed, as 
the current  density at 225 rad/sec reaches 1.5 times the 
value observed a t  the other maxima. The m i n i m u m  at 
0.5V was positively identified with the onset of passiva- 
tion since at still higher potentials no dissolution of 
gold was observed. 

The features of the anodic dissolution of gold in 
cyanide solution are evidently compatible with the ex- 
istence and the controll ing na ture  of chemisorbed lay-  
ers postulated for the cathodic reduct ion of dicyano- 
aurate. 

Summary and Conclusions 

The mechanism of the electrochemical reduct ion of 
dicyanoaurate  was studied by means of steady-state 
and relaxat ion methods combined with rotat ing-disk 
electrode techniques. The exper imental  results permit  
the following statements:  

1. The deposition of soft gold, lead-doped soft gold, 
and cobal t -hardened gold proceeds via one c o m m o n  
mechanism that  involves adsorption equil ibria  preced- 
ing and following the electron t ransfer  step. 

2. Special effects such as the epitaxy and preferred 
orientat ion of soft gold deposits, the small grained 
texture  of hard gold, and the lead- induced depolariza- 
t ion effect dur ing soft gold deposition can be explained 
in terms of the energetic states of the adsorbed, oxi- 
dized, and reduced gold species. These are influenced 
by the crystal or ientat ion of the deposition site and by 
the coadsorption of cobalt and lead ions, respectively. 
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3. The proposed  mechanism expla ins  read i ly  the fea-  
tures  of the anodic dissolut ion of gold in a lka l ine  cy-  
anide  electrolyte .  
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Flatband Potentials and Donor Densities of 
Polycrystalline  -Fe203 Determined from 

Mott-Schottky Plots 
John H. Kennedy* and Karl W. Frese, Jr.** 

Department of Chemistry, University o$ Calilornia, Santa Barbara, California 93106 

ABSTRACT 

Capaci tance and conduct iv i ty  measurements  were  made  on high pu r i t y  
~-Fe~O3 and TiO2-doped c~-Fe203 in l iquid  junct ion  cells. F l a t b a n d  potent ia l s  
and donor densi t ies  were  de te rmined  f rom Mot t -Scho t tky  plots  and evidence 
for  deep and shal low donors is presented.  Potent ia ls  of zero pho tocur ren t  were  
de te rmined  using chopped l ight  and were  in excel len t  ag reement  in basic solu-  
t ion wi th  f la tband potent ia ls  ca lcula ted f rom 1 kHz capaci tance measurements .  

Deta i led  studies of f la tband potent ia l s  and the i r  
corre la t ion  wi th  photoeffects have  been  carr ied  out 
to da te  l a rge ly  on single crys ta l  samples�9 Also, i t  is 
not  c lear  tha t  space charge  l aye r  capaci tance theories 
would  app ly  to po lycrys ta l l ine  e lectrodes in e lec t ro-  
chemical  cells and tha t  photoeffects could be obta ined  
f rom po lycrys ta l l ine  samples  comparab le  to single 
c rys ta l  samples.  To help  answer  these questions we 
repor t  he re  on capaci tance da ta  for  the  a - F e 2 Q - e l e c -  
t ro ly te  junction.  Cur ren t -po ten t i a l  character is t ics  of 
these po lycrys ta l l ine  samples  wi l l  be publ ished sep-  
ara te ly .  In  a previous  paper  (1) we repor ted  on the 
f latband poten t ia l  (and photocur ren ts  of) po lyc rys ta l -  
l ine s in tered BaTiO3 electrodes wi th  resul ts  which 
agreed  wel l  wi th  publ i shed  da ta  for single crys ta l  
samples  (2). The techniques used for the studies of 
BaTiO3 have  now been ex tended  to the  studies of 
o ther  meta l  oxides,  in par t icu lar ,  a-Fe2Os. 

Experimental 
Electrode preparat~on.--Alpha-iron(III) oxide n-  

type  semiconductor  electrodes were  p repared  f rom 
ei ther  high pur i ty ,  99.999% (Apache  Chemical  Com- 
pany)  or  ana ly t i ca l  r e agen t -g r ade  (Mal l inckrodt )  m a -  
terial .  The u l t r apu re  ma te r i a l  was pressed and s in tered 
in  a i r  at  var ious  t empera tu re s  f rom 1050 ~ to 1320~ 

* Electrochemical Society Active Member. 
** Electrochemical Society Student Member. 
Key words: semiconductor, photo conductivity, capacitance. 

for 4 h r  and then quenched in room t empera tu re  
air. This t r ea tmen t  resul ted  in e lect rodes  wi th  ap -  
pa ren t  densit ies of 75-85% of theore t ica l  and con- 
duct ivi t ies  ranging  f rom 8 • 10 -6 to 2 • 10 -4 
12 -1 cm -1. At tempts  to make  semiconduct ing electrodes 
f rom the  r eagen t -g rade  ma te r i a l  by  a i r  quenching 
a lways  resul ted  in nonconduct ive  ma te r i a l  even for  
s inter ing t empera tu res  of up to 1300~ This was 
p robab ly  due to the  presence of Cu ~+, Zn 2+, and Mg 2 + 
impur i t ies  which would  tend to compensate  the  n - type  
conductivi ty.  However ,  the r e a ge n t -g r a de  ma te r i a l  
could be made  h ighly  conduct ive (~ ,~ 1 l~ -1 cm -1) 
by  heat ing in a s t ream of N2 for t empera tu res  
>~ 1100~ The conductivi t ies  were  difficult to control,  

and therefore  TiO~ doping was used to obta in  h igh ly  
doped samples. Also, the N2 reduced  samples  showed 
v i r tua l ly  no photoeffect,  p r o b a b l y  due to the  ve ry  
thin space charge layer .  The r eagen t -g r ade  ma te r i a l  
doped wi th  TiO2 was s in tered at  1150~176 in a i r  
for  14 hr  and quenched in room t empera tu r e  air. 
Densit ies  were  95-99% of theoret ical .  The TiO2 doping 
level  was var ied  f rom 0.05% to 2% ( T i / F e ) .  No fu r the r  
t r ea tmen t  was given the electrodes af te r  sintering.  

A copper  wire  e lec t rode  lead was a t tached to the 
semiconductor  e lectrodes b y  apply ing  Ag epoxy  
(Epoxy Technology) .  The e lec t rode  and wire  were  
then sealed in a glass tube wi th  epoxy  resin. 

Capacitance measurements.--Capacitance measure -  
ments  of the cell, a - F e 2 O J e l e c t r o l y t e / P t ,  were  made  
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using a General  Radio 1650-A impedance bridge 
operated at 1 kHz. Electrode potential  measurements  
were made (vs. SCE) with a Kei thley 610-C elec- 
trometer.  

Dielectric constant measurements .~Dielectr ic  con- 
stant  measurements  of high density, insulat ing a-Fe203 
were made at various frequencies in  the range 1-50 
kHz. The dielectric cell was a paral lel  plate type 
with the area of one plate much larger (,~lS0X) 
than  the other. The cell was connected to the GR 
1650-A impedance bridge and the capacitance measured 
with and without the ~-Fe203 disk. Electrodes of con- 
ducting Ag epoxy were applied to each face of the 
~-Fe203 disks. A sine wave a-c voltage (10 mV am-  
pli tude) was applied to the bridge using a Hewlet t -  
Packard Funct ion  Generator,  Model 3311A. 

Pulsed photocurrent .--Pulsed photocurrent  m e a s u r e -  

m e n t s  were made by using polychromatic l ight from 
a 300W tungsten  source and a rotat ing-disk chopper. 
The chopping frequency was 40-60 Hz, The photocur-  
rent  was measured as Che voltage drop across a 
precision 5 k a  resistor with a Tektronix  Model 564B 
storage oscilloscope with a Type 3A6 dual  trace ampli-  
fier and Type 3B3 time base. The a-Fe203 electrode 
was biased cathodically unt i l  the voltage ampli tude 
decreased to zero. The m i n i m u m  photocurrent  pulse 
which could be detected was < 0.1 #A. 

Resistance measurements . - -The  resistance of the cell 
~-Fe203/electrolyte/Pt  was measured under  zero ap-  
plied voltage with the impedance bridge at 1 kHz. 
The resistance was predominant ly  due to the ~-Fe2Oa 
electrode since the contr ibutions to the cell resistance 
from the Pt  electrode and the electrolyte were neg-  
lig}ble. 

Results 
Flatband potent ia ls . - -Mot t -Schot tky  plots (3) were 
constructed from capacitance vs. electrode potential  
measurements  at 1 kHz and are shown in  Fig. 1 and 
2 for undoped a-Fe203. The flatband potentials were 
obtained from the intercepts of 1/C 2 vs. V by sub-  
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Fig. 3. Flatband potential and zero photocurrent potential of 
polycrystalline a-Fe2Oa vs. pH, t = 23~ Solid circles from Ref. 
(4). 

t racting k T / q  = 0.025V from the intercept. The fiat- 
band potentials and donor densities calculated from 
these plots are given in Table I. 

The flatband data are in  remarkab ly  good agree- 
ment  with the data reported by Quinr~ e t a l .  (4) for 
single crystal a-Fe2Oa differing by less than 0.1V. 
However, these authors did not correlate their  data 
with pH. F la tband  potentials for our polycrystal l ine 
samples at various pH values are shown in  Fig. 3 
together with the single crystal data (solid circles) 
given in Ref. (4). It is not clear whether  or not 
the deviat ion of the pH dependence of the flatband 
potential  from --59 mV/pH was significant. The de- 
viat ion appears to increase in  more acidic solutions 
indicat ing that  electrode instabi l i ty  may be a factor. 
Another  possible reason could be specific adsorption 
of chloride ions. 

A 'striking feature of the Mott-Schot tky plots is 
the sharp break at  about  +0.3V vs. flatband. Values 

Table I. Shallow (N1) and deep (N2) donor densities obtained from 
Mott-Schottky plots (99.999% u-Fe2Os) 

Electrolyte pH Vfb (SCE) Vc (SCE) NI + N2, cm -s N1, cm -a N~, cm -s 

0.5M KCI* 3.8 0.00 0.21 1.5 x 101~ 3.1 • 1017 12 • 101T 
0 .5M KCI**  6.7 - 0 . 1 7  0.10 1.3 x 10 is 4.1 • 1017 9 x 1017 
0 .5M K C I * * *  8.9 - - 0 . 3 4  - 0 . 0 5  1.3 x 10 is 4.5 x 1017 9 x 101~ 
0 .1M N a O H  12.2 - 0 . 6 4  - -0 .35  1.0 x 101~ 4.6 x 101~ 5 • 101~ 
2.0M NaOH 13.8 --0.73 --0.45 2.6 x I0 TM 6.3 x 10 "~7 20 x I0 I~ 

* P h t h a l a t e  b u f f e r .  
* * P h o s p h a t e  b u f f e r .  

J �9  B o r a t e  b u f f e r .  
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of the  cr i t ical  potent ia l  (Vc) for  the  b reak  are  given 
in  Table  I. The b reak  was observed for three  different  
samples  at  p H  values  f rom 3.8 to 13.8 in both KC1 
and NaOH solutions. This in teres t ing  fea ture  can be 
exp la ined  b y  assuming the exis tence of two kinds of 
donors, one ve ry  close to the  conduct ion band and 
the o ther  at  about  0.6V below the conduct ion band,  
and wil l  be discussed in  detail .  

The potent ia l  of zero pho tocur ren t  was measured  
wi th  pulsed i l lumina t ion  (nea r ly  ful l  output  of 300W 
tungsten l amp)  for the  samples  used in the  capaci tance 
measurements  and the points  shown in Fig. 3 represen t  
averages  at  each pH. These potent ia ls  va r i ed  r egu la r ly  
wi th  pH at  a ra te  of --61 mV/pH.  In the  more  basic 
solut ions (pH = 12.2-13.8) the  net  cur ren t  at  zero 
pho tocur ren t  was cathodic whereas  in  more  acidic 
solut ions (pH 3.8-8.9) ~he net  cur ren t  was anodic. 

TypicaI  Mot t -Scho t tky  plots  for  TiO2-doped a - F e 2 0 3  

are  shown in Fig. 4, and Table  II  summarizes  the  da ta  
for the  total  donor  densities,  N, TiO2 s toichiometry,  
the  bu lk  ionized donor densities,  N +, ca lcula ted  f rom 
conduct iv i ty  data, and the appa ren t  f ract ion of ionized 
donors. 

Dielectric constan~.--The dielectr ic  constant,  ~, was 
ca lcula ted  f rom capaci tance da ta  according to the  
fol lowing equat ion 

4~t 
= 9.0 X 10 n ~ C  [1] 

A 

where  t and A are  the disk thickness and area  and ~C 
is the difference in the  capaci tance wi th  and wi thout  
the sample.  A dielectr ic  constant  value  of 80 was 
obtained.  Quinn e~ al. (4) r epor ted  a value  of 120 
for  the die lect r ic  contact  for ~-Fe~O~ for an  unspecified 
s ingle c rys ta l  face. 

Discussion 
The two slopes for each of the plots in Fig. 1 and 2 

suggest  tha t  the Mot t -Scho t tky  slope m a y  be wr i t t en  
(5) as 

2 
s x - - - -  for  V < V c  [2] 

eeoqN1 

a n d  

2 
3 2 =  for V > V c  [3] 

~o~(N~ + N~) 

where  N~ and N 2  a r e  the  densit ies of the shal low and 
deep donors, respect ively ,  and Vc is a cr i t ical  vol tage 
for ionizat ion of the deep donors in the space-charge  
layer .  The exis tence of a cr i t ical  vol tage can be t raced  
to the  na tu r e  of the F e r m i - D i r a c  d is t r ibu t ion  funct ion 
govern ing  the  number  of ionized donors. The re la t ion  
(3) 

N + ( x )  = N 2  l + g ~ ( E F - - E D + e a e ~ ( x ) / k T )  

gives the  number  of ionlzed donors as a funct ion of 
position, to ta l  deep donor density,  donor energy  level, 
and  the space-charge  potent ia l  drop. The degeneracy  

~2 

~0 

8 
0 

'O 
- -  6 
• 

D / *  pH = 6.6 

/ / ~  pH =,3.6 

- ~ S D pH = 4.7 

p H = 6 6  pH = t.~.6 ~ .-...~ -'~ / "  P~ = ,o.,o 
A ~  ~ s 

-0,8 -0. 4 0 0.4 0,8 
VOLTS ~'s SCE 

Fig. 4. Mott-Schottky plots for polycrystalline a-Fe20~ at Various 
TiO2 doping levels and pH values. A, B, C, D refer to different 
TiO2 doping levels as shown in Table I1. 

factor,  g, is u sua l ly  assumed to be two, however ,  for  
t rans i t ion  meta l  ion donors i t  could be l a rge r  due to 
sp in -orb i t  coupling. I t  is character is t ic  of the  F e r m i -  
Dirac d is t r ibu t ion  funct ion tha t  a large change in 
occupancy is real ized over  a na r row  vol tage range,  
in fact  according to Eq. [4] the  f rac t ion ionized changes 
f rom 0.t to 0.9 wi th in  a ~100 mV change in h e ( x ) .  
If  Vc is a r b i t r a r i l y  identif ied wi th  N+/N2 = 0.5 then 

e (Vc  -- V~b) ~ EF -- ED~ [5] 

wi th in  ~50 inV. The da ta  show tha t  the  deep donor 
is located about  0.3V be low E F .  F l a t b a n d  da ta  can 
give the posi t ion of the Fe rmi  level  re la t ive  to the  
bo t tom of the  conduct ion band  (Ec) p rov ided  the 
densi ty  of s ta tes  in the conduct ion band, Nc, is k n o w n  
(5) 

Nc 
E C  - -  E F  " -  kT In [6] 

NI 

assuming each shal low donor donates  one e lect ron to 
the  conduct ion band. For  i ron oxide  Nc has been 
assumed to be 4 • 10 ~ cm - s  (6),  the  number  of 
cations in the lattice.  This is consistent  wi th  the  model  
of phonon-ass is ted  hopping for the  conduct iv i ty  mode 
in na r row d -band  semiconductors.  The Fe rmi  level  
is ca lcula ted to be 0.3V (for N1 = 4 • 1017 from Table  
I)  below the conduction band. The posi t ion of the  
deep donor level  is then 0.6V below the conduction 
band.  

The conduct iv i ty  and spectroscopic studies of Morin  
(7) were  consistent  wi th  a deep donor at  0.6-0.8 eV 
below the conduct ion b a n d . . G a r d n e r  et al. (8) also 
found the i r  low t empera tu re  conduct ivi ty  da ta  gave 
an ac t iva t ion  energy of 0.7 eV tha t  could be associated 
with  the  energy for ca r r i e r  formation.  A s u m m a r y  
of the energy level  da ta  is shown in Fig. 5. I t  should 
be noted tha t  since the  chemical  or  phys ica l  iden t i ty  

Table II. Total donor density (N) and ionized donor density (N +) 
for TiO2-doped a-Fe203 

N ( M o t t -  
E l e c t r o l y t e  V~b p H  N% c m  "~ S c h o t t k y ) ,  e m  -~ TiOg, a / o  N + / N  

0.5M A c e t a t e / H O A c  - 0.23 
O.SM KC1 - 0 . 4 3  
1M N a O H  -- 1.06 

0,5M KC1 - 0 . 4 2  

0.SM A e e t a t e / H O A e  - 0 . 3 8  

0,SM KC1 --0.39 
0.5M KCI --0.74 
1M N a O H  -- 1.00 

S a m p l e A  ~ = 1.1 x 10 -~ ( ~ - c m ) - I  
4.7 3.2 x 101' 8.8 x 10 lo 1.0 4 • 10 -~" 
6.6 3.2 • 101~ 8.3 x 10 ~9 1.0 4 x 10 -~ 

13.6 3.2 • l0  ~ 7.3 • 1019 1.0 4 x I0 -~ 
S a m p l e B  r = 4 . 5  x 10 -~ (~-cm -1) 

6.6 1.3 x 10 ~ 7.0 x 10 lo 0.5 2 x 10 "~ 
S a m p l e  C r = 1.9 • 10 -~ (~-em) -1 

4.7 5.6 • 10~7 3.8 • 10 TM 0.25 2 • l 0  -~ 
S a m p l e  D ~ = 4.4 • 10- '  (~q-cm) -~ 

6.6 1.3 • 1017 1.2 • 10 TM 0.1 1 x l 0  "~ 
9.0 1.3 • 1017 2.5 • 10 TM 0.1 5 • 10 "~ 

13.6 1.3 • 10 ~7 1~4 • 10 ~ 0.1 9 x 10 "~ 
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of the  donor level  at  E2 is not  known  at  present ,  i t  
m a y  not  be an int r ins ic  p rope r ty  of a-Fe203 reduced 
to the  level, ND ~-~ 10 TM cm -1. The indi rec t  evidence 
presented,  however ,  suppor ts  the assignmen,t of the 
deep donor level  as being Fe 2 +. 

Evidence for incomple te ly  ionized donors and thus 
a deep donor level  was also found for the  TiO2-doped 
a-Fe203 samples.  The evidence was gained by  com- 
par ing  ionized donor densit ies ca lcula ted f rom con- 
duct iv i ty  and mobi l i ty  da ta  wi th  donor densit ies cal-  
cula ted  f rom Mot t -Scho t tky  slopes. 

Advan tage  was t aken  of the  fact tha t  the bu lk -  
ionized donor density,  N +, can be ca lcula ted  f rom 
the s tandard  conduct iv i ty  equat ion 

= N + q~. [7] 

and that electron mobility (/~n) remains relatively 
constant with the doping level (9). 

The value of electron mobility to be used in Eq. [7] 
was calculated by measuring the conductivity of three 
samples of thermally doped n-type a-~'e2L)3 (99.999%) 
at room temperature. The values were 2.35 X 10 -4, 
2.95 X 10 -4 , and 5.62 X 10 -5 (~%-cm)-1. These three 
samples showed two distinct Mott-Schottky slopes 
and the higher slope together with an assumed rough- 
ness factor of 2 were used to calculate N + for the 
thermally doped samples. From these values the mobil- 
ity was calculated. The results for ~n were 0.012, 0.017, 
and 0.034 cm2/V sec for t _-- 23r and ionized donor 
densities of 4 X 1026 to 2 X 1017 cc -I. The average 
value of 0.021 cm2/V sec was adopted. 

Measurement of the conductivity activation energy 
for these polycrystalline samples gave values of 0.05- 
0.10 eV (23~176 Both the mobility and activation 
energies are in good agreement with the electron 
mobility equation suggested by Gardner et al. (i0) 

232 
~ n  " -  ' e - O ' l ( e V ) / k T  [8] 

T 

This equat ion gives a room t empera tu re  mobi l i ty  of 
0.016 cm~/V sec for TiO2-doped samples. 

The va lue  of ~n could now be used along with  con- 
duc t iv i ty  measurements  on T i Q - d o p e d  samples  (Table  
II)  to calculate  N+, the  concentra t ion  of ionized donors 
from Eq. [7]. The values are  given in Table II. 

The to ta l  donor  density,  N, was calcula ted f rom the 
Mot t -Scho t tky  slope according to 

2 
S = - -  [9] 

eeoqN 

using slopes shown in Fig. 4. As can be seen from 
Table II the fraction of ionized donors, N+/N .~ 5 
X 10 -3 . We take this value as strong evidence for a 

deep donor  in  TiO2-doped ~-Fe~Os. The  deep donor 
level  was es t imated to be 0.4 eV below the conduction 
band  by  using an equi l ib r ium constant  approach  and 
the concentrat ions of ionized and to ta l  donors given 
in Table  II. 

The f la tband potent ia ls  ex t rapo la ted  f rom the plots 
in Fig. 4 a re  about  0.2V more cathodic than  those 
shown in Table  I. Two factors could account  for  this  
difference. One is tha t  the f la tband potent ia l  is known 
(11) to depend on donor dens i ty  increas ing more  
cathodic by  60 mV per  o rder  of magni tude  of donor 
density.  This effect amounts  to ~0.1V from comparison 
of the donor densit ies in Tables  I and II. The second 
effect, pointed out  by De Gryse  et al. (12) is tha t  
the  ex t rapo la t ion  of  1/c 2 vs. V plots  leads  to a vol t -  
age, Vo, g iven b y  

kT --oqND 
Vo = Vfb + --  [10] 

q 2CH 2 

where  CH is the  Helmhol tz  l ayer  capaci tance ~10 - s  
F / c m  2. This effect is magnified by high donor  densities 
such as in our  TiO2-doped samples. The es t imated 
shift  in Vfb for the samples  shown in Fig. 3 is 0.1V. 
Thus, the observed shif t  of ,-&.2V is adequa te ly  ac- 
counted for  by  the theory.  

We conclude tha t  f latband potent ia l  da ta  can be 
obta ined f rom s intered po lycrys ta l l ine  ~-Fe203 which 
are  consistent  with single c rys ta l  results,  and  that  
donor  densi t ies  accurate  to wi th in  a factor  of four  
or  less m a y  be obta ined  wi thout  surface roughness  
corrections.  
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Technical Notes 

Structure and Cyclic Discharge Behavior of LiAI Electrodes 
C. A.  M e l e n d r e s *  and  C. C.  Sy 

A~gonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

Considerable  in teres t  exists  in the  use of l i t h ium-  
a luminum al loys as negat ive  electrodes in mol ten  sal t  
secondary  ba t te r ies  (1). A number  of recent  inves t iga-  
tions have dea l t  wi th  the  e lec t rochemical  charac te r iza-  
t ion  of this  b ina ry  a l loy  system. Equi l ib r ium potent ia ls  
as a funct ion of a l loy  composit ion were  measured  by  
Yao et al. (2) and by  Se lman and co-workers  (3).  
L 'vov  et al. (4) de te rmined  the  diffusion coefficient of 
Li  in LiA1 at  450~ to be ,~10 -8 cm2/sec f rom mea -  
surements  of t rans i t ion  t imes dur ing  discharge.  S im-  
i lar ly,  James  (5) has obta ined a va lue  of  5 • 10 -5 
em2/sec at  450~ f rom discharge  curves. In  a s tudy  of 
the  kinet ics  of the  e lec t rochemical  incorpora t ion  of 
l i th ium into a luminum (6), we obta ined a va lue  for the  
Li diffusivi ty in LiA1 on the o rde r  of 10 - s  cm2/sec f rom 
galvanos ta t ic  charging  curves. Values obta ined  on dis-  
charging the e lec t rochemica l ly  formed LiA1 electrodes 
were  one to two orders  of magni tude  h igher  than  on 
charging and were  poor ly  reproducible .  Real iz ing tha t  
this d i screpancy  m a y  be due to changes in e lec t rode  
morpho logy  which  accompany  the incorpora t ion  or  
ex t rac t ion  of Li, we have  conducted the  present  in-  
vest igat ion on the s t ruc ture  of LiA1 electrodes.  We 
also hoped to ob ta in  in format ion  on the ro le  of elec-  
t rode  s t ruc ture  in de te rmin ing  the cycle l ife of LiA1 
electrodes in engineer ing p ro to type  cells. 

E x p e r i m e n t a l  
The e lec t rochemical  measurements  were  ca r r i ed  out  

inside a g lovebox under  high pu r i t y  he l ium a tmo-  
sphere.  The cell consisted of a 5.5 cm d iam a lumina  
crucible  wi th  three  electrodes (Fig. 1): an A1 or LiA1 
wi re  work ing  electrode,  a LiA1 coil counterelect rode,  
and a reference  e lec t rode  consist ing of a cast  Li-A1 
a l loy  [40 atomic percent  (a /o )  Li] that  is 0.5 cm diam 
• 1.2 cm long. The composi t ion of the  l a t t e r  is in the  

a + f~ region of the phase  d iag ram (7);  its potent ia l  
at  450~ is about  290 mV anodic of L i / L i  +. The 
countere lec t rode  was p repa red  by  e lec t rochemica l ly  
charging a 0.318 cm d iam A1 rod (prev ious ly  formed 
into a coil) wi th  Li to the  a + ~ composit ion range.  
The  A1 work ing  e lec t rode  was a 1.6 m m  d iam wire  of 
99.99% pur i ty  (Marz grade  ma te r i a l  purchased  f rom 
Mater ia ls  Research Corporat ion,  Orangeburg,  New 
York) .  The LiC1-KC1 eutect ic  e lec t ro ly te  was po la ro-  
g raphic  grade  and was ob ta ined  f rom Anderson  Phys -  
ics Labora tor ies  (Champaign,  I l l inois) .  The e lec t ro-  
chemical  and associated ins t ruments  tha t  were  used 
consisted of a Pr ince ton  App l i ed  Research (PAR)  
Model 173 Po ten t ios ta t /Ga lvanos ta t ,  a PAR Model 
179 Digi ta l  Coulometer,  a H e w l e t t - P a c k a r d  Model  
7040A X-Y Recorder,  and an R5103N Oscilloscope. 
Charged and discharged electrodes were  mounted  on 
plas t ic  and  examined  using s t anda rd  meta l lograph ic  
techniques. The mounted  samples  were  ground  suc- 
cessively th rough  sil icon carb ide  pape r  of gri t  sizes 
120-C, 180-C, 240-A, 400-A, and 600-A, respect ively .  
Pol ishing was done wi th  a lumina  powder  of 0.3 and 
0.05 ~m par t ic le  size. The last  two operat ions  were  

* Electrochemical Society Act ive  Member .  
Key  words :  LiA1 e lec t rode ,  m o l t e n  salt  e lec t ro ly te ,  LiA1 struc-  

t u r e  and morphology, anodic discharge behav ior .  
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Fig. 1. Experimental apparatus 

both done under  oil using a Dow Corning 200 fluid 
(a d imethy lpo lys i loxane) .  Samples  for  e lect ron mi -  
croprobe analysis  were  ground wi th  sil icon carb ide  
paper  using HYPRES OS lubr icant  (Engis Equ ipment  
Company,  Morton Grove, I l l inois) ,  pol ished wi th  dia- 
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mond paste, and then u l t rasonica l ly  washed with  
F r e o n - l l 3  (Matheson Gas Produc ts ) .  

Results and  Discussion 
Cuclic discharge behavior oS LiAl wire electrodes.- 

Figure  2 shows typica l  polar iza t ion  behavior  on cyclic 
discharge of LiA1 wire  electrodes tha t  have  been in i -  
t ia l ly  charged to the  ~-phase (48 a /o  Li ) .  As can be 
seen from this figure the anodic overpoten t ia l  remains  

flat for some t ime and then increases rapidly .  On subse-  
quent  discharges (fol lowing rep lacement  of the Li r e -  
moved by  recharg ing  at  the same cur ren t  densi ty  as 
in i t ia l ly  used) ,  a decrease in anodic polar izat ion and 
an increase in t rans i t ion  t ime is observed.  Coulometric  
de te rmina t ion  of the charge passed at the t ransi t ion 
point  shows that  the Li ex t rac ted  anodica l ly  is 66, 78, 
and 81% of the ini t ia l  loading  for the  first, second, and 
th i rd  cycles, respect ively.  The occurrence of a t r ans i -  

Fig. 3. (a) Photomicrograph of original AI wire (marker ~ 0.025 
cm); (b) photomicrograph of partially charged wire, i ~ 80 mA/ 
cm 2 (marker ~- 0.025 cm); (c) photomicrograph of fully charged 
wire, i ~- 105 mA/cm ~ (marker - -  0.025 cm). 
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tion t ime in  the discharge curves has been a t t r ibuted 
by L'vov (4) and James (5) to diffusional l imita t ion 
in  the solid state. The increase in  t ransi t ion t ime with 
cycling indicates an apparent  increase in Li diffusivity. 
Using Sand's equat ion (8) the values calculated for the 
curves shown correspond to 1.6 X 10 -6, 1.9 • 10 -6, and 
2.02 • 10 -.6 cm2/sec, respectively. This "development" 
of the electrode dur ing  cycling is p resumably  asso- 
ciated with s t ructural  changes in the electrode or the 
creation of defects. Difficulty in  obtaining reproducible  
results was encountered in our at tempts to carry out 
fur ther  cycling. In  addit ion the electrode would not 
ma in ta in  its physical integrity.  A slight decrease in  
the cathodic overpotent ial  is also observed with cy- 
cling, but  is not as pronounced as that  on discharge. 

Microstructure of charged eIectrodes.--Figure 3b 
shows a metal lographical ly  polished cross section of 
an a l u m i n u m  wire par t ia l ly  charged with Li to 70% of 
capacity (based on conversion of the wire to t~-LiA1, 
i.e, 48 a/o Li).  For comparison, a section of the original  
A1 wire (0.145 cm diam) is shown in  Fig. 3a. The light 
central  core of Fig. 3b represents the unreacted  portion 
of the wire (A1), whereas the annu la r  region corre- 
sponds to that  portion which converted to the ~-phase 
(LiA1). A difference in  optical reflectivity of some areas 
in  the lat ter  region is apparent.  The presence of a 
"vein- l ike" s tructure emanat ing from the core is par-  
t icular ly striking. Such "veins" appear to persist even 
in the ful ly charged electrode (Fig. 3c). Electron mi-  
croprobe analysis showed that  areas of different optical 
reflectivity vary  in  a luminum content, i.e., l ighter  areas 
are richer in A1 (lower Li) than  darker  ones. This is 
i l lustrated by the A1 Ks x - r ay  map (Fig. 4b) of area 
X in  Fig. 4a. The in tens i ty  of white dots in  the x - r ay  
picture is proport ional  to the amount  ot~ A1 present. 
Therefore, dur ing charging, the incorporat ion of Li 
does not appear uni form throughout  the electrode. 
Even in  the ful ly charged state, Al-r ich  areas repre-  
sented by the "veins" are present. Two other features 
worth point ing out  here are: the presence of cracks on 
charged electrodes and the increase in  diameter  from 
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0.145 cm for the original A1 wire to 0.213 cm for the 
ful ly charged LiA1 electrode. This lat ter  exemplifies 
the lattice expansion that  accompanies the t ransi t ion 
from pure A1 or a-phase (lattice constant  -= 4.05A) 
to t~-LiA1 (lattice parameter  ---- 6.36A). The cracks ob- 
served in  the photomicrographs may be due to the 
mechanical  stresses set up dur ing  the volunietr ic  ex-  
pansion. 

Discharged electrodes.--Figures 5a and 5b show the 
s tructure of par t ia l ly  and near ly  fully discharged elec- 
trodes, respectively. The breakdown of electrode struc-  
ture is evident, and is obviously more prominent  on 
discharge than  on charge. The a-phase on the near  
surface layers of Fig. 5a (light areas) was confirmed by 
microprobe analysis. A fi-LiA1 core remains  in  the 
electrode of Fig. 5b as shown in  the enlarged picture 
of Fig. 5c. It  appears that, on anodic extract ion of Li, 
the A1 structure is not able to reform to the original  
and does so only in patches resul t ing in  the b roken-up  
appearance shown. The effect of depth of discharge on 
s t ructural  breakdown is also brought  to l ight  in these 
pictures. It appears in Fig. 5b that  the t~-phase holds 
the radial  s t ructure  together. P resumably  if the dis- 
charge can be carried to compl.etion (i.e., 100% Li 
recovery),  the s t ructure  would fall into pieces. The 
progressive increase in  electrode area on discharge 
probably  counteracts the increasing anodic polariza- 
t ion with t ime giving rise to the re la t ively  flat port ion 
of the discharge curve. 

Structure a#er cycling.--Figure 6 shows the micro- 
s t ructure  of a LiA1 electrode after three charge-dis-  
charge cycles. The anodic polarization curves for this 
electrode are the ones shown in Fig. 2. It  is obvious 
that the observed decrease in  electrode po.larization 
with cycling must  be due to comminut ion  of the elec- 
trode. The presence of unuti l ized Li is shown by the 
t~-core (center) in the picture. 

E]]ect o] current density and potential on struc- 
ture.--In order to examine  the effect of charging po- 
tent ia l  and current  density on electrode structure,  A1 
wires were charged completely to ~-LiA1 composition 

Fig. 4. (a) Enlarged area of portion of Fig. 3b (marker ~ 0.0125 cm); (b) aluminum Ka x-ray map of area "X" in 4a 
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Fig. 5. (a) Photomicrograph of partially discharged LiAI elec- 
trode, i ~ 380 mA/cm 2 (marker ~ 0.025 cm); (b) photomicrograph 
of nearly fully discharged LiAI electrode, i ~ 70 mA/cm ~ (marker 
---~ 0.03125 cm); (c) photomicrograph of fl-LiAI core portion of 5b 
(marker ~ 0.01 cm). 

at constant potentials of --10, --20, --30, --40, --50, 
and --80 mV vs. LiAI and at cur rent  densities of 25, 
50, 100, 150, 200, 300, and 500 mA/cm 2, respectively. 
The charged electrodes were mounted in plastic, then 
ground and polished metallographical]y. While a dif- 
ference in structure among the electrodes is observed, 
we were unable  to obtain any systematic correlation 
between the extent  of s t ructural  breakdown and the 
charging potential  or current  density. Samples were 

also charged at a constant current  density of 100 
mA/cm 2, then discharged at cur rent  densities of 50, 
100, 150, 200, and 300 mA / c m 2. A progressive decrease 
in the thickness of the outer a-phase layer  (cf., Fig. 
5a) is observed with increasing current  density due to 
the shorter t ransi t ion times and progressively lower 
utilization. The effect on s tructure is roughly the 
same as that  observed with varying the depth of dis- 
charge at constant current.  
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Fig. 6. Photomicrograph of discharged L.iAI electrode after three 
cycles, i ~ 107 mA/cm 2 (marker ~ 0.025 cm). 

Summary 
A study of the anodic polarization behavior  of LiA1 

wire electrodes shows a decrease in overpotential  and 
an increase in  t ransi t ion t ime for Li extraction on suc- 
cessive discharge cycles. This appears to correlate 
with changes in the electrode s t ructure  as examined 
by rnetallographic techniques. The degree of electrode 
breakdown was found to be more pronounced on di s -  
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charge than  on charge and to depend main ly  on the  
depth of discharge. Li dis t r ibut ion in wire electrodes 
during charging appears to be nonuniform. The results 
obtained show the need to consider s t ructural  changes 
in  the in terpre ta t ion  of measurements  of t ransport  
proPerties in  solid alloy electrodes. Electrode com- 
minu t ion  can lead to current  collection problems a n d  
loss of active mater ial  in  engineer ing- type  cells; these 
can be impor tant  factors in  de termining the cycle life 
of such cells. 
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Propagation of Pitting on Aluminum Alloys 
Steven Dallek *'1 and R. T. Foley* 

Department of Chemistry, The American University, Washington, D.C. 20016 

Previous reports from this laboratory have dealt  
with the effect of anions on the pit t ing of a luminum 
(1, 2). The technique employed was based on a de- 
r ived relationship between the pit t ing induct ion time, 
ti, and the concentrat ion of the halide ion and it 
yielded a stoichiometric number ,  n, the n u m b e r  of 
halide ions associated with an a luminum reaction site 
dur ing the pr imary  pit t ing process. This number  for 
several a luminum alloys varied between one and four, 
dependent  on the halide and the pH of the solution. 
The cur ren t - t ime  curve obtained from the exper iment  
also allows an observation with respect to the kinetics 
of the propagation of ~he pit which, with microscopic 
examination,  produces some unders tanding  of the in-  
fluence of anions in  promoting pitting. This is the sub- 
ject of the present  note. 

* Electrochemical Society Active Member. 
1Present adaress: Naval Surface Weapons Center, White Oak 

Laboratory, Silver Spring, Maryland 20910. 
Key words: pitting corrosion, anion effects, halide effects, cor- 

rosion kinetics, pit geometry. 

Experimental 
The method of invest igat ion (2) involves holding 

the metal  sample potentiostatically in the passive 
anodic range in an appropriate electrolyte, rapidly in -  
jecting into the cell a specific concentrat ion of halide 
solution, and then measur ing the resul t ing current  
flowing at the electrode as a function of time. Follow- 
ing an induct ion period, ti, which is a measure of the 
rate of pit init iation, the anodic current  increases ex- 
ponent ial ly  coinciding with the onset of visible pitting. 
The result ing cur ren t - t ime  curve is a measure of the 
faradaic reactions associated with the growth of pits 
on the electrode surface. Fur thermore ,  the shape of 
the curve can provide informat ion on the morphology 
of the result ing pits, as discussed below. Exper iments  
were conducted with a luminum alloys 1199 (99.997% 
A1) and 7075 (Zn, 5.1-6.1; Mg, 2.1-2.9; Cu, 1.2-2.0; Cr, 
0.18-0.40; Fe, 0.7; St, 0.5, Mn, 0.3; remainder  A1) at 
pH's of about 1 and 6. The halides injected into the 
1N H2SO4 solution were solutions of NaF, NaC1, NaBr, 
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and NaI. Exper iments  were conducted over the tem-  
perature range of 15~176 

Results and Discussion 
Microscopic observations of the pits formed on alu-  

m inum alloy 7075 in halide solutions, excluding fluo- 
ride solutions, showed that  the pits were predomi-  
nant ly  hemispherical. The rate of propagation ex- 
pressed as current  as a function of t ime took the form 

i - -  ip - -  a (t - -  t i )  b 

where i = the dissolution current ;  ip -- the passive 
current ;  t ---- time; ti ---- induct ion time; a -- a con- 
stant  dependent  on the halide; and b = a constant  de- 
pendent  on the geometry of the pit. In Fig. 1 the cur-  
ren t - t ime  curve for pit t ing ini t ia t ion and propagation 
by B r -  ion in 1N H2SO4 is presented as a typical curve. 
A plot of log (i -- ip) vs. log (t -- ti) the slope of 
which is "b", is given in Fig. 2. An equation similar to 
the above was obtained exper imental ly  and derived 
theoretically by Engell  and Stolica (3) for the pit t ing 
of iron by chloride solution. In their  derivat ion they 
assumed that  the pitt ing sites are hemispherical,  that  
the dissolution current  density is much greater than 
the passive dissolution current  density and is propor-  
t ional to the sum of the pit cross sectional areas, and 
that  the rate of development of new pits is l inearly 
dependent  on time. According to the derivation, when 
the number  of pits is constant with time, b is 2; when 
the number  of pits is proport ional  to time, b is 3. The 
data plotted for the a luminum alloy in Fig. 2 appar-  
ent ly  meet or approximate these specifications, as 
the data fit the cubic equation quite well. 
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Fig. 1. A typical pitting initiation and propagation curve 
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Fig. 2. Determination of "b" in pit growth equation, e ,  Chloride 
solution, r-l, bromide solution, Q ,  iodide solution. 

The data plotted in  Fig. 2 follow the equations 

for 3 • 10-2N I -  (i -- i~) _-- 0.073 (t -- ti) S 
for 4 • 10-~N C i -  ( i - -  ~ )  ---- 0.0051 (t -- t l ) s  
for 8 • 10-~NBr - (i -- i~) : 0.00195 ( t - -  tl) z 

It is impor tant  to recognize that the behavior of 
a luminum alloys described here Probably represents a 
special case insofar as the curves exper imenta l ly  yield 
a b : 3 Or exhibit  cubic behavior. Tousek (4, 5) in -  
vestigating the pi t t ing corrosion of i ron and nickel, 
developed equations for different cu r ren t - t ime  de- 
pendencies and then used the equations to describe 
the dimensions of the active pits. For iron, a value of 
b _: 3 was obtained, but  for a Cr-Ni-Fe  alloy we ob- 
tained a value of b : 2. Stolica (6), invest igat ing a 
number  of Cr-Fe alloys, found that  b == 3 for a 5.6% 
Cr-~e alloy and a 14.9% Cr-Fe alloy, but  for several 
others the cur ren t - t ime  curves were too i r regular  to 
yield consistent exponents. The l i terature  on the ki- 
netics of pi t t ing has been extensively reviewed by 
Szklarska-Smialowska (7, 8) and she has concluded 
that the Engell-Stol ica t rea tment  is oversimplified to 
apply in  a general  way to all cases of pitting. Rather, 
the pits should be placed in one of the three categories 
(8): (i) Case I: The pits are hemispherical  and the 
radius of the pit approximates the pit depth; (ii) Case 
II: The pit is nonhemispherical ,  the radius is greater  
than the depth; (i i i)  Case III: The pit  has a cyl indri-  
cal shat:e with the radius less than the height of the 
cylinder. For this reason, experimental ly,  b values 
varying from 0.5 to greater than 5 have been obtained. 
Moreover, in the pit t ing of Ni in solutions containing 
various concentrations of SO4 = and C1- the b value 
changes with the ratio of the two ions (9). From the 
foregoing, it is concluded that  a value of b ---- 3 con-  
forms with hemispherical  pits growing in cross section 
l inearly with t ime with the number  of pits also in-  
creasing l inear ly  with time. 

It is general ly accepted that  the morphology of the 
pits bears directly on the kinetics of pit growth. From 
the present  study it is possible to record some qual i ta-  
tive trends from microscopic examinat ion of the pi t-  
ting specimens. The hemispherici ty of pits propagated 
in chloride solution was always greater  than those  
formed in bromide or iodide solution. In fluoride so-  
lut ion,  pit t ing corrosion did not occur, but  ra ther  un i -  
form surface corrosion result ing in  the formation of 
an insoluble fluoride compound on the surface. Hemi-  
sphericity was also enhariced by going from near -  
neut ra l  solution (pH --- 5.8) to an acidic medium (pH 
-~ 0.3). The greatest deviations from hemispherici ty 
were always observed in pits developed in  bromide 
solution. 

In addition to a luminum alloy Type 7075, experi-  
ments were performed with chloride and bromide on 
alloy Type 1199 to test the effect of alloy composition 
on pit morphology. The pits produced in  chloride so- 
lut ion became almost perfectly hemispherical,  although 
the most str iking change occurred in bromide solution 
where the pit morphology also became hemispherical  
as compared with some i regular ly  shaped figures ob- 
served on alloy Type 7075. 

There has been very little reported in the l i terature 
regarding the morphology of the pit as affected by the 
na ture  of the aggressive anion. Politycki and Fischer 
(10) described the different etching pat terns formed 
on high pur i ty  a luminum by attack in HC1, HBr, HI, 
and HF. Cubic cavities were formed in HC1 and HBr 
solutions, cubooctahedral cavities in HI, and no well-  
defined etch figures in HF solution. These pat terns 
were explained in terms of steric relationships that 
derive from the direct contact between halide ions of 
a given radius with surface a luminum atoms separated 
by a given distance in the metallic lattice. 

Tokuda and Ives (11) studied the pit t ing corrosion 
on nickel by chloride ion in sulfuric acid solution and 
analyzed the pit morphologies by simulat ion of dis- 
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solution, based on the assumpt ion that  a metal  a tom 
which has fewer  neares t  neighbors,  and hence fewer  
bonds, is removed preferent ia l ly .  However ,  this s imple  
model  fa i led to adequa te ly  account for the observed 
pit  morphologies,  and the authors  thus incorpora ted  
in'~o the i r  model  the  concept of dissolution based on 
the accessibi l i ty  of aggressive ions, a concept which 
correct ly  predic ted  the  pi t  morphologies.  

Conclusions 
Pit  p ropaga t ion  on a luminum alloys in chloride, 

bromide,  and iodide solutions follows a cubic t ime ex-  
pression due to the  approx ima te  hemispher ic i ty  of the  
pits. This is considered to be a special case in the gen-  
eral  p i t t ing  of metals.  The different  pi t  morphologies  
obta ined on a luminum depend on both the  na ture  of 
the  agress ive  anion in solut ion and on the composi t ion 
of the  meta l  sample.  
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ABSTRACT 

The moisture pickup characteristics of selected dusts, contaminants,  cor- 
rosion products, and aged insulat ion and substrate materials have been deter- 
mined in  a dynamic humid env i ronment  by ins t rumenta l  gravimetr ic  analysis. 
These are compared with pure salts and other s tandard materials  to categorize 
their relative hygroscopicities during the init ial  adsorption stage and sub-  
sequent stages of moisure pickup. I n  addition, the min imum relat ive humidit ies 
at Which some pure salts and a var ie ty  of other substances will pick up 
moisture are reported. 

Humidi ty  has long been recognized as a dominant  
factor in the rate of deteriorat ion of electronic de- 
vices. Degradation may occur as a result  of inappro-  
priate choice and design of materials,  or because of 
in-service contaminat ion or corrosion problems. In 
spite of the importance to the electronics indus t ry  of 
knowledge about the moisture pickup characteristics 
of components, contaminants,  and corrosion products, 
the "hygroscopicity" of most substances is general ly 
not known. This is due in part  to the lack of a uni form 
concept of hygroscopicity. There are near ly  as many  
definitions of the term as there are papers on the sub- 
ject. 

Since Vernon's  (1) recognition near ly  50 years ago 
that  significant corrosion of most materials will only 
occur above a "critical relative humidi ty"  (CRH), 
attempts to predict the effects of humidi ty  on devices 
have usual ly been based on knowledge or an estimate 
of this number .  In many  cases, Vernon's CRH relates 
to the thermodynamic  CRH of the surface components. 
For composite materials,  contaminants,  and some cor- 
rosion products, it is general ly not appropriate to apply 
the thermodynamic  concept of the CRH because of the 
insoluble nature  of the substances. In this work, the 
term will usual ly  be used broadly to describe an effec- 
tive relative humidi ty  (RH) at which a surge in 
moisture pickup occurs. 

Some informat ion is available on the over-al l  mois- 
ture pickup at elevated humidi ty  of substances often 
encountered in the electronics industry.  In  some early 
work, Mulder (2) found that CaC12 on exposure to 
water -sa tura ted  air at 16~176 increased its weight by 
712% in an unspecified period. A 0.6% weight increase 
is documented by Mellor (3) for sodium chloride ex- 
posed to air, but  the RH and exposure time were not 
specified. 

Preston and Sanyal  (4) reported that CaC12 and 
NaCI showed weight increases of 625 and 314%, re- 
spectively, dur ing exposure to an atmosphere ma in -  

* Elect rochemical  Society Active Member.  
Key words:  mois ture  pickup,  del iquescence,  cri t ical  relat ive hu- 

midity,  device de ter iora t ion .  

tained at 97% RH (at room temperature)  for 14 days. 
Lindsay (5) has studied the moisture content  at in-  
tervals from 0 to 100% RH of fibrous materials used 
for electrical insulation,  including mani la  paper, press 
board, leatheroid paper, silk, empire cloth, and as- 
bestos paper. Excess water  content ranged~from 1 to 
6% by weight at 30% RH and from 4 to 18% at 90% 
RH. Asbestos paper was the least hygroscopic mater ial  
examined. 

Alkali  halides have been recently studied by Kana-  
zawa et al. (6). The "hygroscopicity" of powdered 
NaC1, KBr, and KI, prepared by recrystal l ization from 
ethanol, was studied by comparing the surface con- 
ductivi ty of the salts with their  water  adsorption iso- 
therms. Water molecules which were adsorbed to a 
thickness of less than two monolayers were stated to 
be physisorbed. Water films thicker than two mono-  
layers were thought to dissolve salt and form mobile 
hydrated ions. The vapor pressures at which the ad- 
sorbed water molecules were said to form hydrated 
ions at 30~ were 33, 36, and 27%, respectively. Hara 
et aI. (7) studied the effects of crystal s t ructure and 
surface energy on the hygroscopicity of NaC108 and 
found that increasing strain within the crystal was 
coincident with an increase in hygroscopicity. 

A number  of workers have studied the moisture pick- 
up of ammonium salt formulat ions used for fertilizers 
and explosives. Pawlikowski et at. (8) have studied 
the effect of grain size on "the velocity of water  sorp- 
tion" of ammonium nitrate  fertilizers. Vakhrusev and 
Gradinar  (9) have found that the "hygroscopic point" 
of ammonium ni t ra te  fertilizers decreases from 63.3% 
RH for granulated mater ial  to 55.6% RH for fine 
grained material.  Further ,  he finds the "hygroscopic 
point" decreases with increasing urea concentrat ion 
by as much as 20% from 65% RH. On the other hand, 
Trzesniowski (10) found by gravimetric methods that  
granule size, mole ratio, and phosphoric acid content 
had no effect on the CRH of N-P fertilizers, though 
the CRH increased somewhat with increasing ammo- 
n ium sulfate content. Shokin and Solov'eva (11) de- 
termined that coating ammonium bicarbonate  fert i -  
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lizers wi th  pe t ro l eum products  was ve ry  effective in 
reducing  the ra te  of mois ture  "absorpt ion."  Runge 
(12) 'has deve loped  equations based on percent  weight  
changes for calculat ing the  mois ture  p ickup capaci ty  
of s imi lar  fer t i l izers  based on the  ini t ia l  mois ture  and 
composition. Yee (13) has s tudied the CRH of wa te r  
soluble  fer t i l izers  by  measur ing  the RH over sa tu-  
r a t ed  sal t  solut ions wi th  an e lect r ic  hygromete r .  

Pu r l  and Bhushan  (14) have  examined  the mois ture  
p ickup capaci ty  by  percen t  weight  gain  of zinc, nickel,  
chromium, and cobal t  oxides p repa red  in a va r i e ty  of 
ways.  At  50% RH, mois ture  p ickup for zinc oxide 
ranged  f rom 0.5 to 2.4%, for  n ickel  oxide  f rom 2.7 to 
10.3%, for  ch romium t r ioxide  f rom 0.9 to 4.8%, and for 
cobal t  oxide f rom 0.2 to 2.5%. At  99% RH, the  mois ture  
p ickup for zinc oxide  ranged  f rom 0.7 to 9.1%, for  
nickel  oxide f rom 5.9 to 32.5%, for  chromium t r ioxide  
f rom 3.8 to 15.2%, and for  cobal t  oxide f rom 3.2 to 
30.0%. These wide var ia t ions  indicate  that  the hy -  
groscopici ty  of many  substances cannot genera l ly  be 
es t imated  f rom a single phys ica l  measurement .  

Kears l ey  and Birch (15) recen t ly  measured  the h y -  
groscopici ty  of glucose syrup  fract ions as percent  
weight  gain at  sa tu ra t ion  ( app rox ima te ly  14 days  at  
75% RH) and found tha t  the  mois ture  content  in-  
creased f rom 14 to 34% as the  glucose fract ion in-  
creased f rom 0.3 to 61.6%. The method  of d ry ing  
was found to affect the in i t ia l  ra te  of mois ture  p ickup 
but  not  the  final mois ture  content  of the sample.  The 
presence of inorganic  contaminants  was de te rmined  to 
increase  the  ra te  of p ickup and the capacity.  Whi t t i e r  
and  Gould  (16) used vapor  pressure  meaurements  for 
sa tu ra ted  solutions as the  basis for compar ing  "hygro-  
scopic tendencies"  and de te rmined  the equi l ib r ium 
humidi t ies  for  sucrose, glucose, galactose, and lactose 
to be 77, 81, 81, and 93% RH, respect ively.  

Grebenn ikova  et al. (17), Twomey  (18), and Bak-  
hanova  and Ivanchenko (19) have  inves t iga ted  the  
growth  of hygroscopic  dust  par t ic les  and drople ts  in 
mois tur ized ai r  s t reams by  in situ microscopic exami -  
nation. Unkown dust  par t ic les  were  of ten identif ied by  
the re la t ive  humid i ty  at  which  vis ible  mois ture  col- 
lected on thei r  surfaces. 

Markowi tz  and Boryta  (20) have de te rmined  "hy-  
groscopi~ity potent ials ,"  for sa tu ra ted  sal t  solutions at  
var ious  tempera tures .  These authors  defined the hy -  
groscopici ty  po ten t ia l  (HP)  as being R T  In (PH20, pure/ 
PH20, system)- By this p rocedure  the the rmodynamic  
imbalance  in chemical  potent ia l  be tween  ambien t  
wa te r  and sys tem wa te r  is emphasized.  Pawl ikowsk i  
et al. (21) p r e f e r  a "hygroscopic  value"  hp ~ pn-pr,  
where  pn is the vapor  pressure  of the sa tu ra ted  sal t  
solut ion and pr is the ambien t  wa te r  vapor  pressure .  

Modrze jewski  and Poko ra -Ba r tyze l  (22) have de-  
fined the "hygroscopic  point"  of pulver ized  pha rma c e u -  
t ical  substances as the  RH at which  the ma te r i a l  takes 
on ].% mois ture  in 24 hr. They state tha t  the  value  is 
somewhat  lower  than  the CRH of sa tura ted  solutions 
but  that  it  is constant  and character is t ic  of each sub-  
stance. Mois ture  p ickup was moni tored  g rav ime t r i ca l ly  
for  samples  s tored in 1O chambers  ma in ta ined  at  uni-  
fo rmly  d is t r ibu ted  RH's be tween  10 and 100%. The 
"hygroscopic  point"  was de te rmined  f rom a pe rcen t  
mois ture  vs. re la t ive  humid i ty  plot. 

Shen and Spr inger  (23) presented  expressions for 
m~is ture  content  as a function of t ime for  homo- 
geneous and composite mate r ia l s  exposed to humid  
ai r  or water .  Test data  for g raphi te  T-300 F ibe r i t e  1034 
composites suppor ted  the mathemat ica l  analysis.  The 
method requires  knowledge  of the m a x i m u m  mois ture  
content  and the mois ture  diffusivi ty and unfor tuna te ly  
is r ead i ly  appl icable  only if the ini t ia l  mois ture  con- 
cent ra t ion  inside the  ma te r i a l  is uni form and the t em-  
pe ra tu re  and mois ture  content  of the envi ronment  is 
constant.  Ba la rev  et al. (24) have recent ly  t abu la ted  
140 inorganic  salts according to the i r  increas ing hy -  
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groscopicity.  The rankings  were  based on the equi l ib-  
r ium vapor  pressures  of s a tu ra t ed  sal t  solutions. Phipps  
and Rice (25) have  descr ibed an ex t r eme ly  sensi t ive 
g rav imet r i c  method employing  a quar tz  crys ta l  oscil-  
la tor  to detect  monolayers  of w a t e r  on thin  meta l  films. 
Unfor tunate ly ,  the  technique is r ead i ly  useful  only  
under  vacuum condit ions and consequent ly  is not  di -  
rec t ly  appl icable  to the  measuremen t  of mois ture  p ick -  
up ra tes  and capacit ies  of contaminants ,  corrosion 
products,  and many  electronic mater ia ls .  Ve ry  r e -  
cent ly  Fos ter  and Arbach  (26) used a recording  micro-  
balance  to measure  the mois ture  p ickup character is t ics  
of ~"-sodium gal la te  as a funct ion of par t ic le  size at  
50% RH and found finely d iv ided  powder  p icked up 
app rox ima te ly  one mole of wa te r  for  each g r a m - a t o m  
of sodium whereas  monocrys ta ls  showed no measu re -  
able  wate r  pickup.  

Mansfeld and Kenke l  (27), Sereda  (28), and  Gut -  
man  (29) have developed a tmospher ic  corrosion moni -  
tors which measure  the " t ime-of -we tness"  which  local 
envi ronmenta l  contaminants  produce  under  ex tended  
exposure  to a tmospher ic  humidi ty .  The t i m e - o f - w e t -  
ness is an expe r imen ta l  de te rmina t ion  of the  sum-  
mat ion  of time intervals during which the CRH of 
the surface contaminants is exceeded. Berukshtis and 
Klark (30) have attempted to correlate time-of-wet- 
ness and pol lu tan t  concentrat ions  wi th  corrosion ra tes  
of steel, a luminum,  zinc, cadmium, and copper  for  
severa l  u rban  environments .  

In  ranking  substances according to the i r  e xpe r imen -  
tal  hygroscopicit ies,  a number  of factors should be 
considered,  including the magni tude  and ra te  of mois-  
ture  p ickup in a selected t ime in te rva l  and  the t em-  
pera ture ,  RH, and flow character is t ics  of the  test  a tmo-  
sphere.  In  this work  the mois ture  p ickup pa ramete r s  
for seVeral pure  salts were  examined  in a s tat ic  mois-  
t u r e - s a tu r a t ed  env i ronment  to gain  fu r the r  unde r -  
s tanding of the factors which have, in the past, led to 
classifying pure  substances as hygroscopic  or  non-  
hygroscopic.  F rom this da ta  and the  work  of the  
authors  a l r eady  described,  g rav imet r ic  measures  were  
recognized as being best  sui ted  to es t imat ing mois ture  
p ickup Characteristics. Subsequent ly ,  an ins t rumenta l  
g rav imet r ic  method  was deve loped  for r ap id ly  m e a -  
sur ing the CRH and mois ture  p ickup ra tes  for samples  
of electronic mater ia ls ,  corrosion products ,  dusts, and  
other  contaminants .  Through this in format ion  an in-  
dexing method evolved for  r ank ing  substances accord-  
ing to the i r  hygroscopiei t ies  and, thereby,  for  assess- 
ing corrosion or device fa i lure  hazards.  

Experimental 
Static atmospheres . - -Measurement  of the mois ture  

p ickup of pure  salts  in a s tat ic  env i ronment  was ac-  
complished wi th  smal l  bel l  j a r s  sealed th rough  ground 
glass joints  wi th  Apiezon N. A b e a k e r  of dis t i l led 
wate r  and a beaker  containing 1.0g of a reagent  g rade  
anhydrous  salt  were  p laced in each bel l  jar .  The RH 
was p r e s u m e d  to equi l ib ra te  at 100% in a t ime f rame  
which was negl ig ib ly  smal l  r e la t ive  to the in te rva l  be -  
tween  measurements .  The  salts  ana lyzed  were  CaC12, 
ZnC12, CuC12, FeC12, and NaC1. The bel l  ja rs  were  
per iod ica l ly  opened and the wa te r  p ickup by  the sal ts  
was moni tored  gravimet r ica l ly .  The t ime requ i red  
for complete  dissolution of each sal t  was noted. 

Flowing atmospheres.--Rapid de te rmina t ion  of the 
mois ture  p ickup character is t ics  of pure  salts, com- 
posite mater ia ls ,  contaminants ,  and corrosion products  
was accomplished wi th  a du Pont  951 t he rmograv i -  
metr ic  ana lyzer  coupled to a 990 the rmal  analyzer .  
Continuous mois ture  p ickup rates  for the var ious  m a -  
ter ia ls  at nea r ly  100% RH at  23~ were  de te rmined  by  
passing a s t ream of air, which  had  been mois tur ized by  
bubbl ing  i t  th rough  dis t i l led water ,  th rough  the micro-  
balance  sample  tube (2.5 cm d iam • 12 cm long) .  I t  
was found that  flow rate  s t rong ly  affected the mois ture  
p ickup rate.  Commercia l  "Arizona Road Dust" (AC 
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Fine prepared by the AC Spark Plug Division of Gen-  
eral Motors Corporation) was analyzed at flow rates 
of 10, 100, and 1000 m l / m i n  and was found to increase 
its weight by 1.0% after 570, 55, and 18 min, respec- 
tively. The substant ial  acceleration possible at rapid 
flow rates was offset by the reduced sensitivity and 
resolution caused, in  part, by increased turbulence in 
the balance housing. A flow rate of 10 m l / m i n  provided 
sufficient acceleration for the work anticipated for this 
study. Relative to flow rates found in  buildings hous- 
ing electronic equipment,  a flow rate of 10 ml /min ,  
when translated to l inear  dimensions, is about an order 
of magni tude lower than those typically encountered. 
The apparatus is capable of handl ing samples weighing 
from 0.1 to 110 mg and, if the atmosphere and sample 
are properly equi l ibrated prior to loading, the min i -  
mum detectable weight change is approximately 1(~ 
~g/hr. 

Weight was recorded graphically as a funct ion of 
time, and each run  was allowed to proceed unt i l  the 
rate of weight gain approached zero or reached an ex- 
tended steady state. It is impractical  to provide weight 
vs. t ime profiles for every sample examined, but  the 
general characteristics of each sample can usual ly be 
sufficiently described through knowledge of the initial, 
final, and average percent  weight gain rates along with 
sample weight and total exposure t ime or total weight 
gain. Field samples were general ly equil ibrated for 
several days or weeks with the laboratory atmosphere 
(RII approximately 30%) before they were analyzed 
in the microbalance. Weight increase with t ime at 23~ 
was ini t ia l ly recorded for 19 pure  chemicals whose 
hygroscopicities spanned a wide range. Sample weight 
for the laboratory samples varied from 25 to 107 mg 
with only two samples weighing less than 50 rag. The 
amount  of water vapor passing through the sample 
chamber was in very large excess of the amount  of 
water picked up by the samples. Therefore, the sample 
size effect is probably minimal  except perhaps for the 
smaller samples. The texture and crystal l ini ty of the 
samples were variable and probably contr ibute to the 
results. 

CRH measurements  were made using the same bal-  
ance with a modified air stream apparatus. A m i n i m u m  
RH in the balance housing (mainta ined at 23~ of 
22% was achieved by passing a stream of dry air 
through a dispersion frit  submerged in  distilled water  
cooled to 0~ By allowing the water  to warm from 
0~ to near ly  23~ under  ambient  control, the RH in-  
creased from 22% to near ly  100%. 

The RH vs. t ime profile is shown in Fig. 1. Flow rates 
ranging from 10 to 5000 m l / m i n  were examined. The 
lag t ime in  establishing in the balance housing the 
sPecific RH created at the humidi ty  source was sub- 
stantial  at the slower flow rates, but the faster flow 
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Fig. 1. Relative humidity program 

rates caused severe turbulence.  A flow rate of 1500 ml /  
min was found to be rapid enough to insure rapid 
response in the sample chamber to humidi ty  variat ions 
without producing a severe loss of sensitivity or resolu- 
tion because of turbulence.  The unloaded apparatus 
including the sample pan registered a weight increase 
of 0.02 mg on increasing the RH from the mi n i mum to 
the max imum level, which is a negligible correction 
for most of the samples encountered. A recording of 
weight vs. t ime was t ranslated to weight (normalized 
to 20 rag) vs. Rt-I using hand recorded data of water  
temperature  vs. time. The relative humidi ty  at which 
an onset in  weight gain occurred was taken to be the 
CRH. For the pure salts examined, the moisture pick- 
up process was reversible and the measured CRH re-  
mained constant. 

Discussion 
At least three different stages of moisture pickup, 

each of which should have a Characteristic rate be-  
havior, can be considered in  evaluat ing the hygro- 
scopicity of a pure dry salt which becomes exposed to 
a humid atmosphere. Initially, presuming the water  
vapor pressure in the atmosphere is greater than  that 
of adsorbed water  or water  of hydration,  water  will 
be chemisorbefi and physisorbed on the surface. The 
surface area and surface energetics of the salt will be 
dominat ing rate factors at this stage. Included in this 
phase will be the format ion of possible hydrates. Sec- 
ondly, as the hydrat ion layers continue to physisorb, 
a thin continuous film of water  will  form on the sur-  
face. At this stage the th in  continuous film will  be a 
saturated salt solution and the water pickup rate will  
be a function of the difference between the vapor pres-  
sure of the saturated salt solution and the vapor pres-  
sure of the atmosphere. Eventua l ly  the salt will com- 
pletely dissolve and the solution will begin to dilute. 
The rate of moisture pickup will  then decrease as the 
solution dilutes and its vapor pressure increases. These 
stages are denoted phase one, phase two, and phase 
three in the following discussion. 

Hygroscopicity of pure salts in a static environment.  
- - The  rate of moisture pickup of a substance will de- 
pend in part  on its ini t ial  state, which will general ly  
be either a phase one or phase two condition. It will  
also delcend on the temperature,  the humidity,  and the 
moisture t ransport  processes taking place at the sur-  
face. Moisture t ransfer  in a static env i ronment  will  be 
diffusion controlled but  in an env i ronment  where con- 
vective t ransport  processes occur, the air flow rate 
over the surface will  be important.  

The acquisition of moisture by 1.0g samples o2 5 
salts at 100% RH was monitored for 133 days. These 
results are shown in Fig. 2. The amount  of moisture 
pickup registered for CaC12 or NaC1 after 14 days is 
about one-third of that found by Preston and Sanyal  
(4). This discrepancy is probably caused by differences 
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in the expe r imen ta l  configurations. In both exper i -  
ments  CaC12 p icked up twice as much mois ture  as 
NaC1 in 14 days.  ZnC12 and CaC12 picked up a sufficient 
amount  of mois ture  to comple te ly  dissolve in 3 and 6 
days, respect ively ,  while  CuC12, NaC1, and FeC12 dis-  
solved in 20, 34, and 46 days, respect ively.  These ob-  
servat ions  are  consis tent  wi th  the  usual  expecta t ion  
that  ZnC12 and CaC12 are  ve ry  hygroscopic  mate r ia l s  
whi le  the o ther  salts  are  mode ra t e ly  hygroscopic.  Once 
a fi]m of wa te r  has collected on the d ry  salt, a sa tu-  
ra ted  sal t  solut ion wil l  form. A sa tu ra ted  ZnC12 solu-  
t ion (CRH app rox ima te ly  10% and vapor  pressure  ap-  
p r o x i m a t e l y  2.4 m m  Hg at  25~ and a sa tu ra t ed  CaCI2 
solut ion (CRH 31% and vapor  pressure  7.3 m m  Hg at  
25~ are  expec ted  to exhib i t  a s t ronger  t endency  to 
p ick  up wa te r  f rom a w a t e r - s a t u r a t e d  a tmosphere  than  
a sa tu ra ted  NaC1 solut ion (CRH 75.7% and vapor  p res -  
sure  18.0 mm Hg at  25~ The ini t ia l  quant i ta t ive  
weight  gains, as indica ted  by  the percen t  weight  in-  
creases, reflect this expec ta t ion  but  also indicate  tha t  
the diffezences in solubi l i ty  of these salts are  pa r t i a l l y  
responsible  for the  hygroscopici t ies  commonly as- 
cr ibed to them. The solubil i t ies  of ZnC12, CaC12, and 
NaC1 are  4320, 819, and 350g solute/1000g water .  If 
NaC1 were  as soluble as ZnC12 it can be very  roughly  
es t imated  f rom the solubil i t ies  and the dissolution 
t imes tha t  NaC1 would  have requ i red  about  the same 
amount  of t ime as ZnC12 to dissolve. S imi lar ly ,  the dis-  
solut ion t ime for NaC1, if it  were  as soluble as CaC12, 
would have been only two or three  t imes tha t  of CaC12. 
Dry  NaC1, then, gains weight  at a ra te  which is in i -  
t ia l ly  somewhat  s lower  than  ZnC12 and CaC12, but  not  
nea r ly  as s lowly as the usual  recogni t ion  of its hygro-  
scopici ty implies.  

Af te r  dissolut ion of al l  the  salt  has occurred,  the  
ionic mola l i ty  of the solut ion is expected to de te rmine  
the ra te  of mois ture  p ickup more  or less independen t ly  
of the  salt  involved.  If the magni tude  of the wa te r  
p ickup is ca lcula ted  in terms of the reciprocal  of the 
ionic molal i ty ,  which is a measure  of the wate r  p ickup 
poten t ia l  per  ion presen t  in solution, then the t ime re -  
qui red  to a t ta in  a selected min imum value  of this re -  
ciprocal  may  also be a useful  method  of express ing 
hygroscopici ty .  The reciprocal  of the ionic mola l i ty  is 
specified as a function of t ime in Fig. 3. The nonuni-  
form behavior  found for NaC1 using pure  percent  
weight  gain  informat ion  is no longer  apparent .  If  the 
selected value  for the reciprocal  is a rb i t r a r i l y  chosen 
to be 0.20, the  hygroscopic i ty  is found to decrease in 
the order  CaC12 > ZnCI2 > CuC12 > NaC1 > FeC12. For  
salts of only modera t e  solubi l i ty  a h igher  m in imum 
for the  selected rec iprocal  value  would be requi red  to 
pe rmi t  comparisons.  The da ta  suggest  that  selection 
of modera t e ly  h igher  values  will  lead to only minor  
va r i a t i ons ' i n  the  re la t ive  order.  For  al l  the sal t  solu-  
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Fig. 3. Hygroscopicity of saturated solutions of selected salts at 
100% RH as measured by the reciprocal of the ionic molality. 

t ions the ra te  at  which wa te r  vapor  is condensed in  
the beakers  decreases in a un i form manner  consistent  
wi th  a uni form increase  in the vapor  pressure  of the  
solut ion as the  salt  concentra t ion decreases.  

In te rpre ta t ions  based on solut ion concentrat ions are  
p robab ly  most useful  and in format ive  in analyzing 
l abora to ry  da ta  for pure  salts, but  the to ta l  capaci ty  
to pick up mois ture  in specific t ime in te rva ls  m a y  be 
more  useful  in analyzing field samples,  inc luding dust, 
silt, and Corrosion salts, since the  amount  of hygro -  
scopic ma te r i a l  in the sample  may  be ve ry  small .  In  
this case, the ex ten t  to which  the nonhygroscopic  con- 
s t i tuents  can be dissolved and dispersed by  the total  
amount  of wa te r  present  m a y  be the dominant  factor  
in terms of corrosion potent ia l  and other  dele ter ious  
effects. I t  is apparen t  from the percent  weight  increase  
data  given in Fig. 2 that  once dissolut ion of the  salts  
occurs, a beaker  containing lg  of NaC1 wil l  p ick up 
more wa te r  than a beaker  containing lg  of ZnCI~. This 
t rend  is expected to continue indefinitely.  S imi lar ly ,  a 
beaker  containing lg  of NaC1 wil l  gain more  weight  
than  a beake r  containing lg  Of CaC12 for exposures  to 
w a t e r - s a tu r a t e d  a i r  in a s tat ic  env i ronment  of over  
90 days. For  some humid  field environments ,  this sug-  
gests that  contaminants  and corrosion products  con- 
ta ining NaC1 in an otherwise  nonhygroscopic  ma t r i x  
could be more  hazardous  than  samples  containing 
comparable  amounts  of ZnC12 or  CaC12. 

Table  I summarizes  some da ta  for var ious  procedures  
which could be  used to es t imate  the  hygroscopic i ty  of 
pure  salts. Al l  the  rankings,  except  those based  on the 
CRH and solubil i ty,  were  expe r imen ta l ly  de te rmined  
in this work. 

The r ank  orders  based on percent  weight  gain  af ter  
10, 40, and 100 day  exposures  a re  ident ical  except  for 
the posit ion of NaC1, which  ranges  f rom the least  to 
the most hygroscopic  salt. I t  is surpr i s ing  that  ZnC12 
appears  somewhat  less hygroscopic  than  CaC12 by  
e i ther  the  pe rcen t -we igh t -ga in  or r ec ip roca l -o f - the -  
ion ic -mola l i ty  methods in that ,  because of its low CRH, 
d ry  ZnC!2 becomes wet  in all  but  the very  dr ies t  of 
atmospheres,  whereas  CaC12 remains  d ry  at  RH's  less 
than  about  30%. Similar ly ,  nonuni form character is t ics  
a re  found for the set ~eCl.~, CuC12, and NaC1. Their  
CRH's are  40, 69, and 75%, respec t ive ly ,  but  the r ank  
order  of thei r  hygroscopici t ies  based on the  reciprocal  
of the ionic mola l i ty  is CuC12 > NaC1 > FeC12. In a 
humid atmosphere,  the  CRH of a substance is ap-  
pa ren t ly  not a lways  a sa t is factory  indica tor  of its hy -  
groscopicity,  but  weight  gain da ta  by  themselves,  pa r -  
t i cu la r ly  if only one measuremen t  per iod  is examined,  
are not sufficient ei ther.  The length  of the  exposure  
affects the re la t ive  ranking  and wil l  be impor tan t  in 
es t imat ing mois ture  hazards  wi th  electronic devices. 
Whether  a macroscopic method should be chosen or  
one which  impl ic i t ly  includes the  effects of each ion 
in solut ion wil l  depend on the circumstances and 
ra ther  a rb i t r a ry  preferences.  

For  most substances of in teres t  to t~he electronic de -  
vices field, methods requ i r ing  measurements  in solu-  
t ion wil l  not be applicable.  Modern ins t rumenta l  g rav i -  
metr ic  procedures  r ead i ly  provide  a precise  record-  
ing of weight  change informat ion  which can be used 

Table I. Relative hygroscopicities 

Criteria for est imation Rank order 

1. Dissolution t ime 
2. Solubili ty (g solute /  

1000g w a t e r )  
3. P e r c e n t  we igh t  gain 

a f t e r  10 days 
4. P e r c e n t  we igh t  gain 

a f t e r  40 days  
5. P e r c e n t  we igh t  ga in  

a f t e r  100 days  
6. Rec iproca l  of t h e  

ionic mola l i ty  
7. Critical RH 

ZnCI~ > CaC12 > CuCI2 > NaCI > FeCI~ 

ZnCh > CaCI2 > CuC12 > FeCI~ > NaCI 

CaCl2 > ZnCl,z > CuCI~ > FeCI2 > NaCI 

CaCI2 > NaCI > ZnCI~ > CuCI2 > FeCI2 

NaCI > CaCI~ > ZnC1~ > CuC12 > FeC12 

CaCI2 > ZnCI2 > CuCI~ > NaCI > FeCI~ 
ZnCI~ > CaCI2 > FeCI2 > CuCI2 > NaCI 
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for ranking substances according to their hygro- 
scopicity. The remainder  of this paper describes such 
a procedure. By employing a flowing atmosphere, var i -  
able accelerations are feasible. Measurement  of an ef- 
fective CRH can be accomplished with RH program- 
ming of the flow system. 

Critical relative humidities of pure salts and field 
sample~.--Corrosion products and other contaminants  
contain varying amounts  of hygroscopic materials,  and 
consequently their moisture pickup characteristics are 
less predictable than those of pure salts. The surface 
area of the nonhygroscopic substances in the contami-  
nant  mixture,  par t icular ly  if these substances are of 
low solubility, may be sufficient to chemisorb and 
physisorb most of the hygroscopic substances and all 
the moisture picked up by these substances, effectively 
stopping the moisture pickup process before a th in  
continuous film of water  forms. For this and other rea-  
sons one of the most impor tant  mois ture-re la ted fac- 
tors in considering corrosion and contaminat ion prob- 
lems with electronic devices is the rate at which a sub- 
stance collects moisture in the first few hours of ex- 
posure to humid i ty  levels above its CRH. Init ial  ex- 
per imentat ion established that  a significant weight 
change in  a salt could be produced at the CRH star t -  
ing with either a dry sample and increasing the RH or 
start ing with a moist sample a n d  decreasing the RH. 
For pure salts which were stable to moisture and did 
not react significantly with the a luminum sample pan, 
reproducible min ima and maxima were recorded at 
the same RH for repeti t ive scans of the same sample. 
However, for corrosion products, dusts, and some ma-  
terials the weight vs. RH plots were often complex and 
repeti t ive scans were not always reproducible. Gen-  
erally, this behavior was caused by chemical or physi-  
cal changes associated with the moisture pickup which 
were irreversible at reasonable conditions. For these 
reasons, the usual  procedure for most samples was to 
equil ibrate the sample at 22% RH and then to record 
a single r un  from low (22%) to high (near ly  100%) 
RH. 

The results for four pure salts are shown in Fig. 4. 
The l i terature values for the CRH of KCNS and NaNO2 
(31) are 47 and 66%, respectively, at 20~ The onset 
of weight gain for these salts in this work (23~ oc- 
curred at 46 and 66%, respectively, establishing that 
the method is sufficiently sensitive and accurate to 
measure the CRH of many  substances. The onset of 
weight gain for NaC1 occurred at 84%, which is some- 
what  higher than the l i terature  value of 76% (31), 
but  NaC1 wa~ later  found, as is discussed below, to pick 

up moisture at a slower rate dur ing the ini t ia l  ad- 
sorption phase than during the later  stages controlled 
by the solution vapor pressure. It is anticipated that  
if the RH programming had proceeded at a slower rate 
the observed critical RH would be lower for this salt. 
This measurement  requires development  of more 
sophisticated humidi ty  control equipment  which is in 
progress. Moisture pickup for CrO8 is ini t iated at 29% 
RH, which is somewhat below the l i terature  value of 
35% (31). This discrepancy may be due in  part  to the 
procedure used to de termine  the RH of the system. The 
vapor pressure of water  in the air s tream was assumed 
to be identical to the vapor pressure of the distilled 
water bath. The vapor pressure of the bath was esti- 
mated from its temperature.  The tempera ture  differen- 
tial between the input  air s t ream and the water bath 
for the low humidi ty  readings was substant ial  and 
could lead to significant warming of the water  at the 
surface of the air bubbles, thereby increasing the vapor 
pressure and the corresponding RH. The determined 
RH would be low consistent with the observation for 
CrO~. An improved apparatus which will e l iminate this 
uncer ta in ty  is under  construction. 

The results for several field samples are shown in 
Fig. 5-8. The electrolytic corrosion product  samples 
No. 1 and 2, shown in Fig. 5, each exhibited two weight 
gain onsets but  are otherwise very different. The elec- 
trolytic corrosion products from sample No. 2 were 
produced with relat ively clean water  and consisted 
pr imar i ly  of copper and nickel oxides and carbonates 
with minor  amounts  of Chloride salts. The weight on-  
set at approximately 27% RH is probably  associated 
with dust that  was unavoidably  collected with the cor- 
rosion products. The second onset at about 50% RH 
could be due to chloride salts. The concentrat ion of 
such salts must  be low, however, since the weight gain 
rapidly approaches saturat ion at approximately 65% 
RH. Corrosion product No. 1 was the result  of water 
contaminat ion from a water  l ine serving an air  con- 
ditioning system. The water  contained chromate salts 
and possibly other addit ives for rust  inhibit ion.  The 
init ial  onset at 23% RH saturated at about 32%. The 
identi ty of this contaminant  was not clear. The second 
onset is somewhat obscured but  appears to occur at 
roughly 30% RH. This onset appears to be caused by 
a major  hygroscopic component in the corrosion prod- 
uct as there is no indicat ion that  saturat ion is ap- 
proached dur ing the remainder  of the run. The ident i ty  
of this product was ascertained from chemical analysis 
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to be a combinat ion of copper,  zinc, and  calcium 
chromates.  

The da ta  for a contaminant  found on an e lec t ro-  
mechanica l  switching device  af ter  a nea rby  ba t t e ry  
fire had been ext inguished wi th  "d ry  chemical  powder"  
are  also shown in Fig. 5. Again,  two onsets occur. The 
first onset at  27% RH is p robab ly  due to adsorpt ion on 
dust  present  before  the fire and on soot and d ry  chemi-  
cal powder .  The second onset  at  55% RH can be a t -  
t r ibu ted  to the format ion  of a thin aqueous film on 
the d ry  chemical  powder  and the subsequent  ini t ia t ion 
of r ap id  mois ture  pickup.  The d ry  chemical  powder  
was p r i m a r i l y  sodium bicarbonate .  

The resul ts  for dust  samples  f rom Holmdel  (No. 1) 
and two locations in New York City (No. 2 and 3) a re  
shown in Fig. 6. The samples  exh ib i ted  s imi lar  cha rac -  
ter is t ics  wi th  ini t ia l  mois ture  p ickup occurr ing at  
about  26% RH. These dusts  are  not known to have  
caused significant mois tu re - induced  problems  on elec- 
t romechanica l  switching equ ipment  except  at  e levated  
humid i ty  levels,  suggest ing that  mois ture  p ickup is 
p r imar i l y  l imi ted  to an adsorpt ion  process. The la rge  
surface a rea  and complex composit ion typica l  of dusts 
pe rmi t  a significant weight  increase  to occur before  
apprec iab le  th in  films of aqueous salt  solut ions are  
created.  

The informat ion  summar ized  in Fig. 7 and 8 demon-  
s t ra tes  the u t i l i ty  of this method  in ascer ta in ing the 
qual i ty  of mater ia l s  for electronic devices and assess- 
ing contaminat ion  or  corrosion problems.  Data  for  
insula t ing  mate r i a l s  used as subs t ra tes  and for o ther  
purposes  are  shown in Fig. 7. A number  of phenol 
fiber samples  were  examined  and they  exh ib i ted  
wide ly  var iab le  behavior .  The  da ta  for a typical  sam-  
ple  are  shown. An  a lumina  ceramic  ma te r i a l  exhib i ted  
a modera te  t endency  to p ick  up mois ture  at ve ry  high 
RH. The epoxy  glass sample  was only s l ight ly  sus-  
cept ible  to mois ture  p ickup at h igh  RH. Aged tex t i le  
insula t ion mate r i a l s  removed  from copper  wi re  f rom 
two locations in New York  City are  compared  in Fig. 
8 wi th  recen t ly  manufac tu red  product .  Sample  No. 1 
is f rom a locat ion which exper ienced  contaminat ion  
f rom hydroch lor ic  acid. T h e  onset point  at 26% is 
subs tan t i a l ly  more  pronounced  than Chat of sample  No. 
2 (which  was of s imi la r  v in tage)  or tha t  of the new 
mater ia l .  This difference is a t t r ibu tab le  to the presence 
of chlor ide  salts  in sample  No. 1. 

Hygroscopicity o] substances in a dynamic environ- 
mont.--Information on the mois ture  p ickup charac te r -  
istics of substances at high RH is useful  for assessing 
contamina t ion  and corrosion hazards  and for engineer -  
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ing equipment  specifications and bui ld ing envi ron-  
ments. In this s tudy these measurements  were  ac-  
complished rap id ly  for a wide var ie ty  of substances 
using a 10 m l / m i n  flow of air  nea r ly  sa tu ra ted  with 
wa te r  vapor  to s imula te  typical  indoor  envi ronments  in 
an accelera ted t ime frame. The substances are  o rdered  
on a t ime -a ve ra ge d  we igh t -pe rcen t  basis in Tables  II  
and  I I I  according to the increas ing t endency  of the  
various mate r ia l s  to gain weight  th rough  p ickup of 
wa te r  f rom the nea r ly  sa tu ra ted  air  s t ream. The sam-  
ples span a broad  range  of hygroscopici t ies  and are  
a rb i t r a r i l y  categorized as strongly,  modera te ly ,  or 
weak ly  hygroscopic according to whe the r  thei r  average 
weight  gain ra te  is g rea te r  than  0.110, 0.011-0.110, or 
less than  0 .011%/min ,  respect ively.  

Whi le  order ing  the samples  on this basis seems 
genera l ly  most appropr ia te ,  examina t ion  of the  da ta  
indicates  this a r r angemen t  disguises some factors. Fo r  
instance, FeCI~ was de te rmined  to undergo an ave r -  
age percent  weight  gain of 0 .421%/min ,  but  the ra te  
decreased over  the 94 rain exposure  lceriod f rom 0.58 
to 0.19 %/min .  On the other  hand,  CuCt2-2H20 gained 
weight  at  an average  ra te  of 0.08*/ % / m i n  throughout  
a 324 min exposure  period,  and the weight  gain  ra te  
for FeClu.4H20 and NaC1 ac tua l ly  increased s l ight ly  
over  the  dura t ion  of the  exper iments .  While  i t  is p o s -  
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Table II. Hygroscopicity studies 

May 1978 

Material 

Weight  gain Tota l  weight  Average  we ight  Initial  
Initial rate of rate at gain at Total gain rate sample 
weight gain* terminat iont  t erminat ion  exposure  throughout  run weight  

(%/rain) (%/mAn) (%) time (min) (%/rain) (rag) 

A. Substances of very l ow hygrosc0pic i ty  
Phenol  fiber insulation No. 3 ( ex tended  urban exposure) 
Epoxy  glass ( shredded)  
Alumina ceramic (chips) 
PbCO~ (powder)  
CuO (chopped wire) 
Bakelite (chunks) 
Phenol  fiber insulat ion No. 2 ( freshly  manufactured)  
Arizona Standard Dust 
Phenol  fiber insulat ion No. 4 (extended urban exposure) 
Talc  (hydrous  magnes ium sil icate) 
NaHCO3 (powder)  
Text i le  insulation No~ 1 (extended urban exposure)  
Text i le  insulation No. 3 (freshly manufactured) 
Text i le  insulation No. 2 ( ex tended  urban exposure) 
Soot  and fire extinguisher powder (White Plains) 
CuSO4 �9 5H~O (crystal l ine)  
ZnCO8 (powder)  
Phenol  fiber insulation No. 1 (freshly manufactured)  

Dust (New York, 30th Street)  
Electrolytic  corros ion (Philadelphia) 
Dirt (Red Bank) 
CuCOs (powder)  
Dust (New YorK, 36th Street)  
Dust (New York, Second Ave.) 
Electrolytic  corros ion (New York) 
KC1 (crystal l ine)  
AgfS (granules) 
Electrolytic  corros ion (Belle Harhour) 
Cotton 
Dust (Holmdel) 
NaC1 (crystal l ine)  
SnCle �9 2H20 (crystals) 
FeClo �9 4H.zO (crystals) 
NICO~ (powder)  
CuCI~ �9 2H~O (crystals)  

<0.Ol <0.01 0.27 1,350 0.0002 62 
<0.01 < <0.01 0.68 2,295 0.0003 67 
<0.01 0 0.i0 600 0.0003 106 
<0.Ol 0 0.03 68 0.0004 84 
<0.01 0.00 0.1 165 0.0006 58 

0.02 < <0.01 2.1 2,640 0.0008 66 
0.02 < <O.Ol 3.4 4,305 0.0008 57 
0.02 < <0.01 1.1 1,050 0.001 64 
0.02 < <0.01 2.7 1,380 0.002 35 
0.03 < <0.01 0.5 165 0.003 54 
0.oi <0.01 0.6 135 0.004 87 
0.08 0 4.1 825 0.005 58 
0.09 0 4.3 860 0.005 43 
0.09 0 6.0 1,200 0.005 45 
0.05 <0.01 78.7 11,250 0.007 60 
0.06 < <0.01 0.8 107 0.007 69 
0.06 0.0O 1.1 128 0.009 25 
0.03 0.Ol 1.1 113 0.010 73 

B. Moderate ly  hygroscopic  substances  
0.10 0.01 36.0 3,000 0.012 20 
0.11 <0.01 16.2 1,350 0.012 13 
0.06 0.00 1.1 84 0.013 69 
0.05 < <0.01 2.1 167 0.013 102 
0.06 0.01 21.6 1,545 0.014 31 
0.30 <0.01 12.9 860 0.015 21 
0.34 <0.01 33.4 1,760 0.019 19 
0.02 0.02 2.2 90 0.024 50 
0.03 0.03 2.0 75 0.027 80 
0.14 0.00 2.7 100 0.027 12 
0.36 0.00 1.7 60 0.028 22 
0.32 0.Ol 38.8 1,295 0.030 18 
0.03 0.04 3.8 110 0.035 87 
0.05 0.03 6.9 145 0.048 57 
0.05 0.06 8.9 175 0.051 80 
0.13 0.03 8.8 143 0.062 45 
0.09 0.09 28.2 824 0.087 66 

C. Very  hygroscopic  substances  
Electrolyt ic  corros ion (Albuquerque)  0.30 0.0O 39.5 323 0.122 7 
Drierite  (calcium sulfate) 0.17 0.07 4.9 40 0.123 107 
Silica gel  0.15 0.11 3.5 26 0.135 87 
ZnCh 0.28 0.19 8.7 34 0.256 102 
CaCI~ 0.34 0.34 8.1 24 0.338 53 
FeCh 0.58 0.19 39.6 94 0.421 52 

* Averaged  for  the  first 2 rain. 
Averaged  i o r  the  last 2 rain. 

sible to measure  or, in principal,  calculate the percent  
weight  increase of an ini t ial ly dry sample mainta ined 
at a specific re la t ive  humidi ty  unt i l  equi l ibr ium is at-  
tained, the hazards of est imating corrosion rates of 
contaminated surfaces solely f rom such de te rmina-  
tions are apparent.  Thus, i~aC1 exposed to 95% RH has 
a theoret ical  potent ial  to increase its weight  to 1136% 
of its dry weight  (see Table II) ,  whi le  ZnC12 wil l  in-  
crease to only 610% of its dry weight.  In a practical  
sense, however ,  a surface contaminated wi th  NaC1 
gaining weight  at the ra te  of 0.035 % / m i n  at 100% RI-t 
would requ i re  about 48 hr to gain its own weight  in 
water,  while  a similar  amount  of ZnC12 picking up 
moisture at the rate  of 0.19 %/ra in  (~he exper imenta l  
rate at te rminat ion of the exper iment)  would achieve 
the same weight  gain in less than 6 hr. At these rates 
a 100 mg sample oi ZnC12 (solubili ty 4320g/1000g H20) 
would completely  dissolve in about 90 min, while a 100 
mg sample of NaC1 (solubili ty 350g/1000g H20) would 
require  about 140 hr  to completely  dissolve. 

A number  of samples of corrosion products and con- 
taminants,  as wel l  as materials  used by the electronics 
industry, are ranked in Tables II and III wi th  the pure  
chemicals. The manner  in which the data can be used 
for assessing corrosion and contamination problems 
can be i l lustrated with  a few examples.  

Electrolyt ic  corrosion products which contaminated 
equipment  in an Albuquerque  switching center  that  
had been flooded are seen by this ranking procedure 
to be more hygroscopic than CuC12"2H20 and of simi- 
lar  hygroscopicity to Drier i te  and silica gel. S E M / x - r a y  
analysis of the contaminants  indicated that  a major  
component,  in addition to sandy soil, was copper chlo- 
r ide or oxychloride. The data indicate the contamina-  
tion on the Albuquerque  equipment  could produce 

serious consequences in the event  a high humidi ty  
condition occurs. Caution must  obviously be exercised, 
however,  to avoid drawing unjustified conclusions 
based only on the average weight  gain rates. For  in-  
stance, the Albuquerque  sample ini t ia l ly  picks up 
moisture at a ra te  of 0 .30  % / m i n  but the rate  de- 
creases to essentially zero after  323 min. CuC12 �9 2H20 
was found, though, to gain weight  at a constant ra te  of 
0.09 %/ra in  throughout  a 320 min  run. Al though the 
average weight  gain rate  is significantly higher  for the 
Albuquerque  sample, it would be inappropriate  to p re -  
dict, on this basis alone, that  the Alouquerque  sample 
would pose a grea ter  hazard than contaminat ion by 
pure CuC12 �9 2H20. In a humid env i ronment  the CuC12 �9 
2tt20 would eventua l ly  pick up moisture equivalent  
to several  t imes its initial dry weight,  while the Al -  
buquerque  sample would pick up a m a x i m u m  of 39.5% 
of its init ial  weight.  The sandy soil and other  insoluble 
components present  in the Albuquerque  sample ad- 
sorb the cupric chloride and disperse the moisture 
picked up by the cupric chloride very  effectively. Ex-  
posure to humidi ty  levels above the calculated CRH 
for cupric chloride of 69% is rare  for heated indoor 
environments  in Albuquerque ,  so that  the hazard 
posed by this contaminant  was est imated to be minimal.  
Several  years of successful operat ion of most of the 
equipment  since the flood occurred indicates that  this 
is indeed the case. 

The electrolytic corrosion sample f rom the Belle 
Harbour  (New York) equipment,  in contrast  to that  
f rom Albuquerque,  contains only traces of chloride 
salts and is substantial ly less hygroscopic than the 
A~buquerque sample. On this basis, only minimal  prob-  
lems were  anticipated if exposure to high humidi ty  
could be eliminated. The Belle Harbour  switching 
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Table IlL Hygroscopicity studies 

Material 

Average Maximum 
weight  theoretical 

gain rate uptake of water at 
through- Solubility 95% relative 
out run (g solute/  humzdity (percent 
(%/rain) 1000g water) * of dry weight) * 

Critical relative 
humidity  

Liter- 
ature 
or cal- 

From this culated 
work values 

A. Substances of very low hygroscopicity 
Phenol  fiber insulation No. 3 (extended urban exposure) 0.0002 
Epoxy glass (shredded) 0.0003 
Alumina ceramic (chips) 0.0003 
PbCO~ (powder) 0.0094 
CuO (chopped wire) 0.0006 
Bakelite (chunks)  0.0008 
Phenol  fiber insulation NO. 2 (freshly manufactured) 0.0008 
Arizona Standard Dust 0.001 
Phenol fiber insulation No. 4 (extended urban exposure) 0.002 
~alc (hydrous magnesium silicate) 0.003 

aHCO3 (poWder) . . 0.004 
Textile insulation No. 1 (extended uroan eXposUre) 0,005 
TeXtile in~ulation NO, "3 (freshlymanufactured): . 0.005 
Textile insulation No. 2 (extended Urban exposu~re} 0.095 
Soot and ,fire extinguisher p~wder (White Plains) 0207 
CuSO,. 5H~O (crystalline) 0.007 
ZnCO~ (powder) 0.009 
Phenol  fiber insulation No, 1 (freshly manufactured) 0.01O 

0.0014 (20"C) L 

69 (0~ 

255 (30"C) s~ 
0,206 (25~ L 

<22 
Nondiscrete 
Nondiscrete 

Nondiscrete 
27 

25 

26, 50 
27, 55 

23, 47, 69 
27, 50 

980~0 

B. MOderately hygroscopic substances 
Dust (New York, 50th Street) 0.10 27 
Electrolytic eorr0Sl0n (Philadelphia) 0.012 23, 30 
Dirt (Red Baak) 10.012 
CUCO~ (powder) 0~013 <0.03 (IS'C) L 
Dust (New York, 36th Street) 0.06 26 
D u s t  (New Y0rR, Sec0fid Aveliu~) 0.015 25 
Electi-olyti~c corrosion. (New York) 0.019 3~x 3 27, 50 
KC1 (crystalline) 0.024 (50'C)ST, , 
Ag~tr(g~iicU!ceS}rosion (Belle I Ia rbeur )  0.0270.027 I0-~ (18"C) cac 
Cotton 0.028 
Dust (Holmdel) 0.050 26 
l~aC1 (crystalline) 0.035 350 (25'C) xcr 1136 TM 84 
SnCb. 2fifo (crystals) 0,048 839 t0 C) cRc 
FeCl~. 4I-I~ (crystals) 0.051 684 (25~ lot 8~5 T M  

NiCOs (powder} . . 0:062 0,8 (15~ 
CuCls. 2H20 (crystals) 0,087 770 (25~C) let 735 T M  

C, Very hygroscopic materials 
Electrolytic corrosion (Albuquerque) 0122 
Drierite (calcmm sulfate) 0.123 0.67 (20~ ~ 
Silica gel 0.135 0.12 (25~ L 
ZnCl~ 0.256 4 - 3 2 0  ~25~ let 610PM 
CaCl~ 0.~38 819 (25~ mT 971 PM 
Feel8 0.421 918 (200C) L 

75.7cac 

40PM 

69P~ 

IOLG 
31cac 

, , , - 

* L, W. F. Linke, Editor, "Solubility of Inorganic and Metal Organic CompOunds," 4th ed (1965), CRC, "Handbook of Chemistry and 
Physics;:' 56th ed. (leT/J). ST, "Smithsonian Tab:es," 9th ed. ITC, "International Critical Tables," Vol. 4 (1929). l~ivl, From calculations 
by P. C. Miiner, LGh "Lange~S Handbook of Chemistry and Theoretical Chemistry, "~ llth eu. 

center  is located in a ve ry  humid envi ronment  one 
block f rom the Atlant ic  Ocean, but, unfor tunately ,  at 
the t ime this wa te r  damage occurred, the method de- 
scribed above for de te rmin ing  the CRH was not avai l -  
able and it  was not feasible to est imate the CRH by 
other  means, Consequently,  specific recommendat ions  
concerning the m a x i m u m  tolerable  humidi ty  were  not  
possible. 

Recent ly  an electronic switching center  in Phi la-  
delphia was contaminated  wi th  water  containing a rust  
inhibitor.  The  equipment  was powered  and electrolyt ic  
corrosion occurred, The CRH of the p r imary  contami-  
nant  was found to be about 30%, which  suggests a 
serious problem could exist, since the local humidi ty  
would  near ly  always exceed that  value. However ,  the 
over -a l l  hygroscopici ty based on average weight  gain 
rate  and total mois ture  pickup af ter  1350 hr  (16%) 
was low. This information,  coupIed wi th  the successful 
operat ion of most  of the equipment  for several  weeks 
af ter  the flood indicated that  the restored equipment  
would  continue to operate  normal ly  wi thout  the need 
for extens ive  modifications to the building humidi ty  
control. 

The equipment  instal lat ion in White  Plains (New 
York) ,  which suffered the small  ba t te ry  fire described 
earlier,  was analyzed for mois ture  pickup by this pro-  
cedure. The contaminant  was found to be less hygro-  
scopic than the Phi ladelphia  sample in terms of the 
average  weight  gain rate, but  this average  was based 
on roughly  10 t imes the sampling period. The total  
pickup before an extended steady state was reached 
was 78.7%. This result ,  coupled wi th  the dramat ic  in-  

crease in moisture pickup observed above 50% RH, 
shown in Fig. 5 and discussed above, indicated that  
cleaning or replacement  of the equ ipment  was neces-  
sary. 

The dust  samples f rom the New York City locations 
and f rom Holmdel  behave similarly,  though the dust 
f rom the rura l  Hotmdel  env i ronment  is, surprisingly,  
somewhat  more hygroscopic. None of these dusts has 
caused par t icular  problems wi th  electronic  equipment.  
[["he large surface area of the dusts permits  re la t ive ly  
large amounts  of moisture adsorpt ion to occur wi thout  
creating thin films of water.  The tex ture  of the 
Arizona Standard  Dust sample was much finer and less 
fibrous than the dust found in New York City and 
Holmdei,  suggesting the surface area per unit  weight  is 
probably greater.  The hygroscopici ty of the Arizona 
Dust is, however ,  about an order  of magni tude  lower  
than  the other  dusts. As more locations are sampled, 
it is anticipated that  unusual  dusts bear ing localized 
hygroscopic components will  be dist inguishable f rom 
"ordinary"  dusts. 

All  of the insulat ion and substrate mater ia ls  ex-  
amined fit into the category of substances of low hy-  
groscopicity. Obviously, only nonhygroscopic sub- 
stances are  reasonable candidates for such uses, 
Within this category, however ,  a range of moisture 
pickup rates was found, even  for s imilar  materials.  For  
instance, phenol fiber No. 3 picked up moisture  at an 
average of 0.0002 %/rain,  whi le  phenol  fiber samples 
No. 2 and 4 exhibi ted rates of 0.0008 and 0.002 %/rain,  
respectively.  There  appears  to be no correlat ion be-  
tween age and hygroscopicity,  and apparent ly  the dif-  
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ferences are  manufac tur ing  in  origin for these samples. 
Except  for one phenol  fiber sample,  the  least  hygro-  
scopic subs t ra te  mate r i a l s  a re  the  epoxy  glass and  the 
a lumina  ceramic. More da ta  would  be needed to d raw 
firm conclusions about  the  re la t ive  hygroscopci ty  of 
these subs t ra te  mater ia ls ,  and these resul ts  should not  
be ex t rapo la ted  to all  epoxy  glass, a lumina,  and  phenol 
fiber subs t ra tes  available.  Wide va r i ab i l i ty  is l ike ly  to 
exist  for different  manufac tu re r s  and in some cases 
for different  lots. These da ta  demonst ra te ,  however ,  
that  ins t rumenta l  g rav imet r i c  methods  can be effec- 
t ive ly  employed  in dis t inguishing the hygroscopic  
character is t ics  of a va r i e ty  of subs t ra te  mater ia l s  that  
might  be considered for device applicat ions.  

The behavior  of th ree  tex t i le  mate r ia l  samples  f rom 
insula ted  wire  was ve ry  s imi lar  at  the  high humid i ty  
level  at  which these exper iments  were  run. Samples  1 
and 2 had  been exposed app rox ima te ly  35 years  to an 
u rban  environment .  Sample  2 is of pa r t i cu l a r  interest ,  
as ment ioned earl ier ,  because of its unique exposure  
to hydrochlor ic  acid fumes. Text i le  insulat ion typ ica l ly  
per forms  poor ly  at  high humid i ty  levels  in terms of 
insulat ion resistance.  Normal ly ,  these humid i ty  levels 
a re  not  encountered  at indoor  instal lat ions.  Unfor-  
tunately,  the present  appara tus  is not  r ead i ly  sui ted 
to moni tor ing  weight  gain  character is t ics  at an in te r -  
media te  RH, where  the  effects of contaminat ion  on 
sample  2 would be pronounced.  I t  would also be in-  
teres t ing to know if the f resh ly  manufac tu red  sample  
would be dis t inguishable  f rom sample  1 at  an in t e r -  
media te  RH. 

Conclusion 
This work  was carr ied  out to de te rmine  whe ther  in-  

s t rumenta l  g rav imet r ic  analysis  is sui ted to r ead i ly  
measure  the mois ture  pickup character is t ics  of ma te -  
r ia ls  and substances impor tan t  to the electronics in-  
dustry.  It was found tha t  many  substances in i t ia te  
mois ture  p ickup processes tha t  a re  de tec table  at dis-  
crete re la t ive  humidi t ies .  Fur the rmore ,  i t  was found 
that  mois ture  p ickup character is t ics  measured  gravi -  
me t r i ca l ly  at  h igh humid i ty  levels can be used to r ank  
substances in a manner  which is useful  for assessing 
hygroscopic i ty  and Corrosion hazards.  Unknown mix -  
tures  of mater ia l s  weighing only a few tenths  of a 
mi l l ig ram can be read i ly  analyzed.  Modera te ly  to 
s t rongly  hygroscopic mater ia l s  can p robab ly  be ana-  
lyzed with  even smal le r  samples. The rate  of hygro -  
scopici ty change was found, in some cases, to be a 
s ignature  of the ma te r i a l  analyzed,  which may  prove 
useful  when analyzing samples  of unknown composi-  
tion. The informat ion  ga thered  here c lear ly  demon-  
s trates  the need for and the usefulness of an ex-  
panded  system capable  of precise re la t ive  humid i ty  
programming.  Such a system is now under  develop-  
ment.  F u r t h e r  exper iments  wi l l  include the effects 
of pol lu tant  gases in t roduced into the a i r  s t ream on 
the measured  CRH and mois ture  p ickup rates  of sub-  
stances. 

Manuscr ip t  submi t ted  Aug. 4, 1977; revised manu-  
script  received Nov. 29, 1977. This was Paper  21 p re -  
sented at the Phi ladelphia ,  Pennsylvania ,  Meeting of 
the Society, May 8-13, 1977. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the December  1978 
JOURNAL. All  discussions for the December  1978 Discus-  
sion Section should be submi t ted  by Aug. 1, 1978. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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Kinetics of the Slow-Trapping 
Instability at the Si/SiO  Interface 
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ABSTRACT 

The s low-trapping instabi l i ty  can be a potent ial ly major threat to re-  
l iabil i ty of p-channel  enhancement -mode  IGFET's. We have determined the 
kinetics of slow t rapping for Al-gate  MOS structures on (111) n-Si  and 
evaluated the role of surface states, Nss, for n -  and p- type  Si of (111) and 
(100) orientation. Slow trapping, as revealed by negative b ias- tempera ture  
aging, generates a characteristic dis t r ibut ion of Nss with a peak near  the 
midgap. This effect is responsible for the fact that  for n-Si ,  the threshold 
shit't, ~VT > >  hVFB, the flatband shift, and for p-Si, hVT < AVFB. In  the 
regime where hVFB is less than the sa turat ion value, our data on s low-trapping 
kinetics can be represented by the factorial relat ionship 

AVFB,~A]VB]"tO'2exp ( - - - - ~ - - T )  

where VB is the applied negative bias (10-40V), t is the t ime (10-108 rain) ,  
T is the temperature  (373~176 k is the Bol tzmann constant, n ---- 4.76 -- 
5.3 • 10-~T, A ~ 1.6 • 1O a, and ea is the thermal  activation energy (~-0.64 eV). 
This equation emphasizes the strong field dependence of hVFB at lower tem- 
peratures.  

The so-called s low-trapping ins tabi l i ty  [ instabil i ty 
No. VI of XVII  compiled by Deal (1)] can be a po- 
tent ia l ly  major  threat  to rel iabi l i ty  of p -channe l  en-  
hancement  mode IGFET devices (1-4). This instabi l i ty  
is revealed by a negative b ias- tempera ture  aging test 
which causes a negative shift in  the flatband voltage 
and hence in the threshold voltage of the device. The 
exact mechanism of slow trapping has not been es- 
tablished. But it  is known  that  slow t rapping is more 
pronounced for MOS structures with a high fixed 
charge, Qss (4). S low-t rapping instabi l i ty  can be also 
aggravated by radiat ion damage (5) and by a low tem- 
perature post Al-metal l iza t ion H~ anneal  (6). 

Accelerated aging tests are commonly used to com- 
pare the s low-trapping characteristics of different 
MOS structures and also to evaluate the effectivity of 
various processing improvements  [such as high tem-  
pera ture  H2 anneal ing (6) ] aimed at reducing the slow 
trapping. However,  a knowledge of kinetics is also 
obviously necessary in order to estimate the l ifetime 
under  device operat ing conditions and to s t imulate  
work on unders tanding  of s low-trapping phenomena.  

The objective of the present  work is twofold. First, 
the role of surface states, Nss, was investigated in  the 
s low-trapping phenomena.  It  is shown that  a char-  
acteristic dis t r ibut ion of Nss is generated as a result  of 
slow trapping, and depending upon whether  the Si is 
n -  or p~type, the flatband shift ~VFB can be less than 
or greater than ~VT. Second, detailed kinetics mea-  
surements  were made of slow t rapping in  A1/S iOJ  
(111) n -S i  capacitors. The effect of applied bias (for 
a given t ime and at lower temperatures)  is found to 
be more ~evere than previously believed. 

Experimental 
Slow-trapping measurements  were made on both 

n-  and p- type  Si wafers [(111 and 100) orientation, 
2 in. diam, ND,A ~ 1015 cm-3] .  The wafers were cleaned 
and then oxidized to 1000A thickness at llO0~ in a 
dry  oxygen ambien t  in  an HCl-cleaned quartz tube. 
The oxidized wafers received an in situ Ar-annea l  at 
1100 C for 1/2 hr. An  array of MOS capacitors was fab-  
ricated by filament evaporat ing Al-field plates (20 
rail diam) through a mechanical  shadow mask. The 

* Electrochemical Society Active Member. 
Key words: MOS devices, reliability, surface states. 

SiO2 was etched off from the back side and an A1 back 
contact was formed also by filament evaporation. The 
samples were then H2-baked at 450~ Vz hr. 

MOS measurements  were made in a test facility con- 
sisting of an electroglas 910 prober equipped with a 
Temptronix  TP 35 thermochuck and enclosed in  a 
dry N2 glove box (7). High f requency (1 MHz) C-V 
measurements  were made at a sweep rate of 100 mV/  
sec. Quasistatic measurements  were made at 20 mV/sec 
using the s low-ramp technique (8). The data were 
analyzed in the usual  m a n n e r  to give the Si-doping 
level (9), the flatband capacitance and voltage, the 
oxide fixed charge Qss, and the surface-state density 
as a function of the relat ive surface potential,  ~s. The 
surface-state density was obtained from the high- low 
frequency capacitance technique (10) and ~s found as 
a funct ion of bias using the Berglund techniques (11). 

The extent  of slow t rapping was evaluated through 
measurements  of negat ive shi~t in  the flatband voltage, 
~VFB, following b ias- tempera ture  aging at various 
temperatures  in  the range 100~176 with applied 
negative bias of 10-40V, and for times of 10 min-16 hr. 

Results and Discussion 
Positive b ias- tempera ture  aging under  conditions 

(105 V/cm, 200~ 30 min)  where slow t rapping is very 
small  caused li t t le or no negative shift (<0.1V) in  
the C-V curves, s ignifying that  the mobile charge con- 
taminat ion levels were below 2 • 10 '10 cm -2. 

Representative C-V curves.--Figure 1 shows typical 
C-V curves for a MOS structure  on (111) n-Si  in  the 
as-received condit ion and after B-T aging at --23.5V, 
250~ for 15 min. The as-received sample had a Qs~ 
of 2 • 1011 cm -2 and a midgap Nss of ~ 5  • 1010 cm -2 
eV -1. Upon negative B-T aging, the slow trapping is 
revealed in  three ways: (i) the high frequency C-V 
curve is Shifted to more negat ive values reflecting an  
increase in the apparent  Qss and a AVFB of --0.8V; (ii) 
the ini t ia l ly  single m i n i m u m  in the quasistatic C-V 
curve is split into two min ima  which now occur at sig- 
nificantly higher C/Cox; this higher C/Cox is the result  
of an order of magni tude  increase in  the Nss which has 
a peak near  the midgap, as shown in Fig. 2; (iii) there 
is an increase (by ~ l .5V)  in  the negat ive threshold 
voltage from VT1 to VT2, as indicated by the vertical  

743 



744 J. Electrochem. Sac.: SOLID-STATE SCIENCE AND TECHNOLOGY May 1978 

1.0 

o.6 
o 

0.6 

0.4 
N 

',\ 

AVFBI/t 

/v 

0 
-8 -6 -4  -2 

(II%) q-si 
(A) AS RECEIVED 
(B) -23.5~ 250C,15min 

2 4 6 8 
BIAS (V} 

Fig. 1. C-V curves for AI/SiOJn(111)Si capacitors: (A) as- 
received; (B) after --23.5V, 250~ 15 rain bias-temperature aging. 
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Fig. 2. Distribution of surface states in various AI/Si02/Si struc- 
tures: (A) as-received; (B) after --23.5V, 250~ 15 min B-T aging. 

arrows in Fig. 1, wi th  AVT > >  A~rFB. This is due to the 
fact tha t  increases in both  Qss and Nss due to slow 
t rapp ing  wi th  n -S i  cause threshold  shifts in the same 
direction,  which are  therefore  addit ive.  Moreover,  for 
n-Si,  there  are  fewer  occupied surface States a t  VT 
than  at  f latband voltage.  Fo r  p-Si ,  there  are  more  
occupied states at T than  at  flatbands. 

F igure  3 shows the effects of slow t rapp ing  in an 
Al -ga t e  MOS s t ruc ture  on (111) p-Si .  Here  too there  
is a negat ive  shift  in the  f la tband voltage, AVFB , which 
is nea r ly  equal  in magni tude  to that  observed wi th  

(iii) n-Si. There is also a significant increase in Nss 
and a tendency toward splitting of the minimum in 
the quasistatic C-V curve. However, in this case, AVT 
is much smaller than AVFB, since the apparent AVT 
components due to additional Qss and Nss now are in 
opposite directions. The distribution of Nss(~s) for 
the (111) p-Si sample before and after B-T aging is 
shown in Fig. 2 and is similar to that for (111) n-Si. 
Figure 4 shows C~V data for (100) n-Si before and 

after B-T aging. The magnitudes Of both AVFB and 
AVT are smaller by a factor of four than those for 
(111) n-Si. It should be also noted that the initial 
Qss ( < 10 I~ cm -s) and Nss at midgap (~10 s cm -s 
eV-L see Fig. 2) for this sample were lower by an 
order of magnitude when compared with (111) n-Si. 

This and other recent work support the conclusion 
that the initial Qss may be a major factor controlling 
the slow-trapping instability--a small Qss correlates 
with reduced slow trapping. For (111) n-Si samples, 
the Qss can be decreased to < 1 X 1011 cm -s by a high 
temperature H2 anneal (800~176 �89 hr). These 
samples show a Very small AVFB of -~0.2V after 250~ 
-20V, 15 rain aging. On the other hand, a low tempera- 
ture Hs anneal (450~ �89 hr), which lowers the Nss, 
tends to enhance the slow-trapping instability (6). 

K/netics data.--Kinetics measurements were made 
for (111) n-Si samples which had received the post-A1 
I-Is-bake (450~ lh hr) but no high temperature H2 
anneal. The AVFB was measured for various conditions 
of negative-bias temperature aging in which two of the 
three variables, namely, time, temperature, and bias, 
were kept constant and the third one was changed. 
Figure 5 shows the effect of applied bias VB on AVFB 

induced by slow trapping. Results are shown for vari- 
ous temperatures (80 ~ 150 ~ 200 ~ 250 ~ and 300~ for 
a fixed time of 15 rnin and for bias voltages ranging 
from --4 to --80V. [Although bias voltages are quoted 
in this paper, it should be understood that the field 
across the oxide and not the voltage is the parameter 
that determines AVFB for various oxide thicknesses 
(4).] At a given temperature, AVFB is a strong func- 
tion of VB, with 

8 log ( A V F B )  
' ~ n [1] 

~0 log [VB[ 

where  the exponent  n (1.5 < ~ < 3.2) is an inverse  
funct ion of the aging t empe ra tu r e  T (~  as shown in 
Fig. 6. According to this  figure, n wiU approach  un i ty  
a round 400~ at  which t e m p e r a t u r e  AVFB wil l  be a 
s imple l inear  function of VB. This is the  form of aVFB 
(VB) re la t ionship  repor ted  by  Deal  et al. (4) who 
plot ted  the m a x i m u m  flatband shif t  measured  at 
~400~ At  this t empera tu re ,  sa tu ra t ion  in AVFB is 
reached in a r e l a t ive ly  short  t ime of few minutes.  
Fo r  the t empera tu res  used in the  present  work,  15 rain 
was too short  a t ime to reach  sa tu ra t ion  or s t eady-s ta te  
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Fig. 3. C-V carves for AI/SiOE/p(111)$i capacitors: (A) as- 
received; (B) after --23.5V, 250~ 15 rain B-T aging. 
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received; (B) after --23.5V, 250~ 15 rain B-T aging. 
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conditions, yet it was adequate to reveal a AVFB Of 
0.1-SV provided the bias fields were large enough. 

The nonsteady-state conditions investigated in the 
present work were  preferred because they were con- 
venient  and also because they correspond more closely 
to the device behavior during its operation. Thus, 
slow-trapping shifts usually cause the device threshold 
voltage to go out of specification long before the satu- 
ration value has been attained. 

Figure ? shows the variation with time of ~VFB at 
various temperatures, keeping T~rB constant at --90V. I t  
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Fig. 7. Time dependence of flatbond shift due to slow trapping 

may be seen that a substantial portion of the slow 
trapping shift is revealed in 15 min; however, there 
continue to be additional shifts with increasing time. 
For the present samples, the time dependence (t > 10 
min) was relatively weak, with 

8 log AVFn 
,~ 0.2 [2] 

a log t 

This form of time dependence again relates to AVFB 
data below the saturation value. 

Figure 8 shows an Arrhenius plot in which AVFB 
has been normalized with IVBI n and t ~ A remark- 
ably good fit is obtained for the present set of samples, 
giving an apparent thermal activation energy of ~0.64 
eV. Also shown in Fig. 8 are certain results taken 
from the work by Broydo and Waggener (12). The 
combined data show a relatively large degree of scat- 
ter, indicating that the slow-trapping kinetics are also 
a sensitive function of the starting material and that 
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it may not yet be possible to provide a universal equa- 
tion for AVFB. 

Results in Fig. 8 for the present samples (a single 
lot of six wafers) do indicate, however, that it is pos- 
sible to rationalize over 30 measurements of ~VFR in 
terms of the following simple factorial relationship 

aVrB = AIVBI~(T~t~ - - - ~  [3] 

where, A = 1.576 X 10~, ca = 0.64 eV, n = 4.76 -- 5.3 
X 10-~T. Equation [3] contains only a single ~hermal 
activation energy term and it gives proper weight to 
the effects of applied 'bias and time. As noted earlier, 
the above functional dependence is valid only for 
~VFB values prior to saturation. 

The theoretical implications of Eq. [3] are not clear. 
We believe that the present results lend some support 
to the model of Deal (1), namely that Slow trapping is 
caused by field-temperature induced structural  re -  
arrangements at the Si/SiO2 interface. In Deal's 
model (1), a displaced oxygen atom which would 
otherwise bridge two Si atoms at the interface can 
simultaneously lead to a positive charge in the oxide 
and a surface state (dangling bond) in the Si. The ease 
of such a displacement would depend on the micro- 
strain init ial ly present in the Si-O bond at the inter-  
face. It is conceivable that the interfacial strain is re-  
lated Co fhe magnitude and screening distance of the 
fixed charge (excess Si atoms?) always present at the 
SiO2/Si interface. It appears that this (compressive) 
strain also provides the driving force for slow trap-  
ping. The roles of temperature and applied field in 
causing dissociation of strained O-Si bonds appear to 
be complementary. Thus, as the temperature gets 
smaller, VB tends to have a more pronounced effect on 
AVF n. 

Summary and Conclusions 
The slow-trapping instabili ty has been investigated 

for n- and p- type (111) Si and for n- type (100) Si. 
1. For well-annealed MOS structures, negative bias- 

temperature aging causes a characteristic splitting of 
the quasistatic C-V curve; the resulting Nss has a peak 
near the midgap. This Nss effect is responsible for the 
fact that for n-Si, hVT > hVFB whereas for p-Si, 
~VT < aVF~. 

2. For a given time and temperature and AVFB less 
than the saturation value, h~/'FB increases with the ap- 
plied field. The field dependence gets stronger at lower 
temperatures. 

3. For a given field and temperature, and time 
greater than 10 rain, there is a relatively slow vari-  
ation AVFB with time. 

4. For a given set of identical samples, it is possible 
to normalize ~VFB wi~h respect to the applied bias and 
time, the resulting temperature dependence yields a 
single-valued activation energy equal to 0.64 eV for 
the presently studied A1 /S iO2 /n ( l l l )S i  structures. 
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Two-Layer Model for Heat-Treated Anodic 
Tantalum Oxide 

A. Climent, J. M. Martinez-Duarte and J. M. Albella 1 
Departamento de Fisica Aplicada e Instituto de Fisica del Estado S61ido (C.S.I.C.), 

Universidad Aut6noma de Madrid, Cantoblanco, Madrid, Spain 

ABSTRACT 

The dielectric properties of Ta205 thin films, grown anodically in a phos- 
phoric acid solution and subjected to heat-treatment,  have been investigated 
as a function of frequency in the range 0.1-100 kHz and temperatures from 
--100 ~ to 300~C. The experimental evolution of tan 5 and series capacitance 
with the frequency and temperature is reproduced theoretically assuming that  
the anodic oxide has two layers with a different exponential conductivity 
gradient. The imaginary part  of the dielectric constant shows a relaxation 
process of the Maxwell-Wagner type, which is also explained by the above 
model for the oxide. 

In the manufacture of tantalum capacitors the anodic 
oxide is normally subjected to temperatures above 

1Permanent address: Instituto de Optiea Daza de Vald~s 
(C.S.I.C.), Serrano, 121, Madrid-6, Spain. 

Key words: dielectric properties, Maxwell-Wagner model, tan- 
talum capacitors, heat-treatment in anodic  oxides .  

200~ in the process of the pyrolytic deposition of 
the manganese oxide solid electrolyte. The dielectric 
properties of the resulting oxide have been thoroughly 
investigated by Smyth et al. (1), who reached the 
conclusion that a gradient in the electrical conductivity 
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across the oxide is formed due to the migrat ion of 
oxygen atoms which are par t ia l ly  dissolved in the 
t an ta lum substrate. Fur thermore ,  the incorporat ion of 
phosphorus in  the outer par t  of the oxide dur ing 
anodization in  the s tandard phosphoric acid electrolyte 1 4 
has been well  established by several techniques such 
as radiotracer  measurements  (2), Auger electron spec- 
troscopy (3, 4), and infrared reflectance spectroscopy 
(5). For these samples, the hea t - t rea tment  results 
in  two layers in  the oxide with different electrical 12 
conductivi ty gradients (1). The outer layer  presents 
a steeper gradient  and lower conductivi ty than  the 
inner  layer  as a consequence of a smaller  diffusion of 
the oxygen atoms due to the phosphorus incorporation. ~ 1 0 

Based on the previous work of Smyth  e~ aL (1), the x 
two- layer  exponent ial  gradient  model has been quan-  ,7" 
t i ta t ively applied in  this paper  to t an ta lum oxide 
anodized in a phosphoric solution. From the experi-  "-~ 

(.9 
menta l  results obtained in  this work, all the pa ram-  8 
eters which characterize the dielectric properties of 
each layer  have been evaluated. Then, according to 
the model, the curves of the dependence of capacitance 
and loss factor with f requency and temperature  are 6 
computed and compared to the exper imental  values, 
resul t ing in  a good agreement.  In  addition, it has 
been mathemat ical ly  shown in  detail how a relat ive 
max imum in the dependence of the loss factor with 
f requency arises in the two- layer  exponential  gradient  4 
model. 

Experimental  
Tan ta lum foil from Reframet Hoboken with a 

thickness of 0.1 m m  and 99.96% pur i ty  was anodized 
in  a 0.0!% H3PO4 electrolyte at a current  density of 
about 10A m -2. Previous to anodization, the samples 
were thoroughly degreased and chemically etched in 
a 5:2:2 mix ture  of sulfuric, nitric, and fluorhydric 
acids. Samples of 1.5 X 0.5 cm were cut and three gold 
counterelectrodes with a diameter  of about 2 mm 
were evaporated along each of the samples. A thin 
copper wire was attached to the gold spot by means 
of a gold paint. Finally,  the samples were subjected 
to a 350~ hea t - t rea tment  for 20 rain under  high 
vacuum. 

T h e  series capacitance, Cs, and the. loss factor, tan  (13 
6, ;~/2 -- 6 being the angle between the current  and 
the voltage, were measured with a General  Radio 
1620-A capacitance bridge in  which the oscillator 
was subst i tuted by a Hewlett  Packard 3310-A s inu-  
soidal generator  in order to increase the frequency 
range to 100 kHz. All the measurements  were per-  
formed with the samples inside a cryostat connected 
to a vacuum pump. The temperature  was controlled 0.2 
by means of a Chromel-Chromel  Alumel  thermo-  
couple. 

Results and Theoret ica l  Mode l  
Figures 1-4 show the dependence of the capacitance 

and tan  ~ with tempera ture  and frequency. These ~- 
results suggest the existence of a conductivi ty profile 
(1) with two different exponent ial  gradients. They 
also imply the existence of a critical level of cor~- 0,1 
duct ivi ty  ~c such that the portion of the dielectric 
film with r > r is short-circuited acting as par t  of 
t h e  electrode. r162 is given by 

~ = ~e~o [1] 

where ~, is the angular  frequency, ~ the dielectric con- 
stant, and eo the permi t t iv i ty  of vacuum. From Eq. 0 
[1] we can get an idea of the var iat ion of the con- 
duct ivi ty across the oxide by plott ing the logari thm 
of f requency as a funct ion of l/C, since 1/C is pro-  
port ional  to the effective thickness of the dielectric. 
Figure 5 shows such plots, obtained from Fig. 1, 
at different temperatures.  It can be appreciated that  
for a temperature  of 193~ and in the frequency range 
studied, r should be above the value of ~ at the 
Ta-Ta2Os interface (conductivi ty profile at T1 in 
Fig. 6a). As the tempera ture  is raised to 303~ the 
conduct ivi ty  increases and the most conductive par-  
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Fig. 1. Temperature dependence of capacitance a t  several fre- 
quencies. The sample was subjected to a heating of about 400~ 
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tion of the profile raises above r (relative position as  
for the profile at T2 in Fig. 6a). As the temperature  
is fur ther  increased to 383~ the most resistive or 
outer layer  of the film starts to appear and at 433~ 
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the oxide for three temperatures T1 < T2 < Ts and fixed fre- 
quency. (b) Equivalent circuit for the two-layer dielectric. 

the conductivi ty of an impor tant  par t  of this layer 
is above ~c (conductivi ty profile at T~ in Fig. 6a). 

The oxide's equivalent  circuit  chosen for our  model 
is shown in  Fig. 6b. It is formed by two capacitance- 
resistance series circuits, each representing one portion 
of the film, connected in series. Young (6) has ob- 
tained expressions for the series capacitance Cs and 
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the equivalent  series resistance Rs of a dielectric with 
an exponent ial  gradient  conductivi ty profile of the form 

a = ~o exp ( - -  ax) 

These expressions are 

1 ( c~o 
R s -  aAw,,----~ tan-~ o.oe-ad t an-~  

1 1 
- -  - -  - -  log 
Cs 2aAe~o 

[~] 

I Weeo 
1 -~- ' ao e-ad 

WeeO I 
fro 

I wee~ 12 

[3] 

[4] 

where A is the electrode's area and d is the thickness 
of the dielectric. In  this derivat ion e is supposed to 
be a constant, that  is, the influence exerted on the 
capacity as a consequence of the var iat ion of e with 
frequency will be neglected in comparison to the influ- 
ence due to a change in  the effective dielectric thick-  
ness when ~ > ~c. We will apply next  Eq. [3] and 
[4] to each of the layers in  the dielectric. 

At a distance x from the Ta-Ta205 interface and 
at a tempera ture  T, the conductivi ty of the oxide can 
be expressed as 

C x , T = B e x p  -- [5] 

where Ex, the act ivat ion energy of the conductivi ty 
(7), is given by 

E= -- Eo + bx [6] 

In  this equation, Eo is the activation energy at the 
Ta-Ta205 interface and the value of the coefficient b 
depends on the value of the slope of the exponential  
gradient. We will  also take into account the var iat ion 
of the dielectric constant with tempera ture  according to 

, = ec + ~T [7] 

The values of ec and ~ can be deduced from the ex- 
perimental values of Fig. i in the region of low tem- 
peratures where r > cx=o(T) and the decrease of 
the effective dielectric thickness has not occurred yet. 

Taking into account the dependence of ~ and ~ with 
tempera ture  by means of Eq. [5] and [7] and defining 
Rs and Cs for each layer  of the dielectric by Eq. [3] 
and [4], we get 

Csl(T,~)  " Cs2(T, ~) 
C, (T, ~) = [8] 

Csl(T, w) n u Cs2(T, w) 

Rs(T,w) = Rsl(T,w) + Rs2(T,~) [9] 

tan  6(T, ~) = Rs(T, ~)Cs(T, ~)~ [10] 

The theoretical results predicted by the double layer 
conductivi ty profile model are obtained from Eq. [8] 
and [10] and later  on compared to the exper imental  
results. The parameters  r ~==t(T),  a l (T ) ,  and 
a2(T) in  Eq. [8]-[10] are ovtained from the experi-  
menta l  values. The dependence of a~ and a2 on tem- 
pera ture  can be derived from Eq. [2], [5], and [6] 

b~ b~ 
a~ = ; a2 = [11] 

kT kT 

The values of the electrical parameters  shown in 
Table I have been obtained by the procedure just  
indicated from the results of Fig. 1 and 2. The posi- 
tion ~ wi thin  the oxide (see bottom of Table I) ,  where  
the exponential  conductivi ty gradient  changes, is first 
obtained from the break in slope of the lines in 
Fig. 5 and fur ther  adjusted by fitting the curves ob- 
tained from Eq. [8] and [10] to the exper imental  
values. 

The dependence of the capacitance and tan  ~ with 
temperature,  at several frequencies, which is given 
by Eq. [8] and [10], has been calculated by means 
of a computer  and are compared in Fig. 7 and 8 with 
the exper imenta l  results. 

Table I. Values of some significant parameters for the sample 
described in Fig. 1 

F o r m a t i o n  v o l t a g e  V~ = 100V 
b l  = 1.554 x 10-~ e V  A -1 b2 = 1.164 x 10 4 e V  A 4  
a l  ( a t  2 9 3 ~  = 6.15 x 1 O 4 A  -1 a2 ( a t  2 9 3 ~  = 4 .61 x 10-~A -1 
a l  ( a t  5 2 0 ~  = 3.47 x 1O-SA -1 a2 ( a t  5 2 0 ~  = 2 .60 x 10-~A -~ 
A t  293~  ~o = 8 .62 x 10-sQ-lcm-1;  ~1 = 1.2 x 1O-~0D-~cm - t  

~ d ( e x t r a p o l a t i n g )  = 5.3 x 10-24s -~ 
A t  620"K: ~o = 2 .75 x 10-~2-~cm-~;  ~ l  = 6.6 x 1 0 - ~ - l c m  -1 

~ d ( e x t r a p o l a t i n g )  = 2.0 x 10-~2-1cm -~ 
A c t i v a t i o n  e n e r g y  a t  i n t e r f a c e  T a - T a 2 0 ~ :  g o  = 0 .60 e V  
A c t i v a t i o n  e n e r g y  a t  i n t e r f a c e  b e t w e e n  l a y e r s  I a n d  H :  E !  = 0 .76  

eV 
B = 1.79 x 10~f~-lcm-~ 
e = ee + aT, where er = 23.36 and a = 3.44 x 10 -z K -1 
T h i c k n e s s  d = 1730A [assuming an a n o d i z a t i o n  c o n s t a n t  o f  k = 

17.3 A/V (11)] 
1 (distance b e t w e e n  t h e  Ta-Ta~O~ i n t e r f a c e  a n d  t h e  l a y e r  I - l a y e r  II 

interface) : 1063A 

Discussion 
The agreement  between the values deduced from 

the two- layer  conductivi ty profile model and  the ex- 
per imenta l  values is quite good as it can be appreciated 
from Fig. 7 and 8. The maxima in  the tan 6 vs. T 
curves are usual ly  higher and more pronounced for 
the computed curves. This is a t t r ibuted  to the hy-  
pothesis that  the dielectric is only formed by two 
layers, the exponent ial  conductivi ty gradient  being 
constant  in  each layer. In  practice, at the two metal -  
oxide junct ions as well as at the junc t ion  between 
the two layers in the dielectric, the conductivi ty might  
have values quite different from the assumed ones. 
One refinement, therefore, could be to assume that  
the dielectric is divided into three zones, with one 
intermediate  in  which the exponent ial  gradient  has 
a slope with a value between al and a2. 

The evolut ion with frequency of some of the pa ram-  
eters characterizing each of the two layers is repre-  
sented in  Fig. 9. From Eq. [8] and [9], tan  6 can be 
wr i t ten  as 

CslCs2 
t a n 6  -- ~(Rsl 4- Rs2) [12a] 

C~1 + Cs2 
or 

C~2 Csl 
tan 8 "- tan 81 + tan 82 

Cst + Cs2 Cst + Cs2 
[12b] 

where tan  6i = ~RsiCsi, (i -- 1, 2). 
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represent the values computed from Eq. [8]. 
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At low frequencies  (much lower  than  the f requency 
at  which log ~ changes its slope, about  1 kHz in this  
pa r t i cu la r  case),  i t  can be observed in Fig. 9a that  
R~2 > >  Rsl, and according to Eq. [12a] 

Cst 
t an  ~ --~ t an  5z [13] 

Csl + C~2 

In addit ion,  for these frequencies,  Csl > >  Cs2 (Fig. 
9c) and therefore  

t an  8 _~ tan  52 [14] 

Fo r  frequencies much h igher  than  the f requency 
at which  Rsl = Rs2 in Fig. 9b, we have  Rsl > >  Rs~ and 

Cs2 
tan  8 ___ t an  51 [15] 

C~t 4- Cs2 

In  this case, as the  f requency  gets h igher ,  Cs2/(Csl 
4- Cs2) increases much  s lower  than  tan  8z decreases 
and as a resul t  of this tan  5 given by  Eq. [15] 
presents  a m a x i m u m  (Fig. 9f). 

As the  f requency increases, Cs~ decreases and be-  
comes comparab le  to Cs2 (Fig. 9c), thus having a 
more  impor t an t  cont r ibut ion  to the  to ta l  capacitance.  
Al l  of this  is in agreement  wi th  the exis tence of a 
cr i t ical  level  of conduct iv i ty  ac as proposed by  Smyth  
et at. (1). I t  is also in teres t ing  to notice tha t  the  
g raph  of t an  5 vs. log f is the specular  image  of the 
graph  of t an  b vs. T as i t  should be expected f rom 
the conduct iv i ty  profile model  and has been exper i -  
men ta l ly  checked (Fig. 4 and 8). 

F igure  10 represents  log f as a funct ion of the  value  
of 1/T for the occurrence of the  m a x i m a  of t an  8 
in Fig. 8. F rom the slope of this line, an act ivat ion 
energy E~ _ 0.726 eV can be gotten by  assuming the 
fol lowing express ion for  the  angular  f requency 

(&) -- ~o exp [16] 

It can be easily shown that Ea is the activation energy 
of the conductivity at the point in which the conduc- 
tivity profile corresponding to the  t empe ra tu r e  for 
the occurrence of the  m a x i m u m  intersects  the l ine 
r = r = e,+o and tha t  the distance f rom this point  
to the  Ta-Ta2Os in ter face  is the  same for eve ry  
tempera ture .  Accordingly,  i t  is not  surpr is ing  tha t  
the value  found for Ea is of the  same magni tude  as 
the va lue  repor ted  for El in Table  I since the a ppea r -  
ance of the m a x i m u m  is re la ted  to the point  where  
the  exponent ia l  conduct iv i ty  g rad ien t  changes its 
slope f rom al to a2. Similar ly ,  a va lue  for ~o equal  
to 8.6 X 1024 sec -1 is obta ined  f rom Eq. [16], which  
mul t ip l i ed  by  ~+o yields  a value  of the  constant  B 
which is ve ry  close to the one repor ted  in Table  I. 

I t  can  be concluded f rom this work  tha t  the two-  
l aye r  exponent ia l  g rad ien t  conduct iv i ty  profile model  
predicts ,  in the  case of t he rma l ly  t r ea ted  Ta205 films 
anodized in phosphoric  acid solutions, a dependence  
with  f requency  and t empera tu re  of the e lect r ica l  
pa ramete r s  which is in sa t i s fac tory  agreement  wi th  
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Fig. 10. Log f vs. I / T  far the occurrence of the maxima of tan 
in Fig. 8. 
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the experimen~tal results.  The agreement  could st i l l  
be improved  by  in t roducing  some addi t ional  zones 
in the  dielectric,  the  computat ions  st i l l  being s t r a igh t -  
forward.  The t w o - l a y e r  model  can be ass imi la ted  to 
a genera l ized  M a x w e l l - W a g n e r  model  (8) wi th  a 
d i s t r ibu t ion  of res i s t iv i ty  values  and jus t  one value  
for the  die lect r ic  constant.  The behavior  of tan  ~ wi th  
f requency  found in this work  is s imi lar  to the  one 
pred ic ted  by  the M a x w e l l - W a g n e r  model. 

As far  as the  value  found for I in the presen t  work  
(Table  I ) ,  which  impl ies  that  the bounaa ry  between 
the two layers  in the oxide  is closer to the ox ide-  
countere lec t rode  interface,  i t  is in qua l i ta t ive  agree-  
men  t wi th  the conclusions reached by  Smyth  et al. 
(1) for  anodizat ion in a low concentra t ion phosphor ic  
acid electrolyte .  App ly ing  the in f ra red  reflectance 
spectroscopy technique,  K iha ra -Mor i sh i t a  (5) m e a -  
sured the re la t ive  thicknesses of the pi~osphorus-free 
and phosphorus -con tamina ted  layers  and found that,  
for  Ta205 films of the thickness employed  in this 
work,  the  bounda ry  be tween  the two layers  is a round  
the locat ion computed  in this paper .  The conditions 
of anodization,  i.e., the  concentra t ion of the  e lec t ro-  
ly te  and the cur ren t  density,  influence the  amount  of 
phosphorus  incorporated,  which in our  case might  
be es t imated  as 0.03 moles of phosphorus  per  mole 
of Ta 5+ (2). 

Young (6) appl ied  the  o n e - l a y e r  exponent ia l  con- 
duc t iv i ty  g rad ien t  to expla in  the behavior  of Rs and 
Cs wi th  f requency  and obta ined  a s t ra ight  l ine for 
the  plot  of 1/Cs as a funct ion of log f. Winkel  and 
Groot  (9), advocat ing  the mul t ip le  d i s t r ibu t ion  of 
r e laxa t ion  t imes model  of Gevers  and du Pr6 (10), 
emphasize  tha t  in some expe r imen ta l  resul ts  a curva-  
ture  of the 1/Cs plots is observed at  f requencies  above 
1 kHz, thus devia t ing  f rom Young's  s imple model. 
In  this context,  i t  is i n t e r e s t i n g  to observe that  the 
curva tu re  in the 1/C~ curves can also be expla ined  
by  assuming a conduct iv i ty  exponent ia l  g rad ien t  wi th  
two or more  different  slopes as proposed  by  Smyth  
et al. (1). In  addit ion,  it  can be concluded f rom this 

work  tha t  the doub le - l aye r  conduct iv i ty  profile model  
can quan t i t a t ive ly  account for the  values  of the d i -  
electr ic  p roper t ies  of anodic t an t a lum oxide t he rma l ly  
t reated.  However ,  we do not  bel ieve  that  this model  
wil l  subs t i tu te  in every  case the more  genera l  model  
of mul t ip le  r e l axa t ion  times. 

Manuscr ip t  submi t ted  Sept. 21, 1977; rev ised  m a n u -  
scr ipt  received Dec. 5, 1977. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for  the  December  1978 Dis-  
cussion Section should be submi t ted  by  Aug. I, 1978. 

Publication costs of this article were assisted by the 
Universidad Autonoma de Madrid. 

REFERENCES 
1. D. M. Smyth,  G. A. Shirn,  and T. B. Tripp,  This 

Journal, 110, 1264 (1963); ibid., 111, 1331 (1964); 
ibid., 113, 100 (1966). 

2. J. J. Randall ,  W. J. Bernard ,  and  R. R. Wilkinson,  
Electrochim. Acta, 10, 183 (1965). 

3, M. Romand,  G. Bouyssoux, J. S. Solomon, and 
W. L. Baun, J. Electron Spectrosc., 9, 41 (1976). 

4. J. M. Mar t inez-Duar t ,  C. Palacio,  and J. M. Sanz, 
Paper  presented  at  the  Thi rd  In te rna t iona l  Con- 
ference on Solid Surfaces,  Vienna, Sept. 12-16, 
1977. 

5. H. Kihara -Mor i sh i ta ,  Thin Solid Films, 29, 211 
(1975). 

6. L. Young, "Anodic Oxide Fi lms,"  pp. 161-162, 
Academic  Press, New York  (1961). 

7. D. M. Smyth,  in, "Oxides and Oxide Fi lms,"  Vol. 
If, J. W. Diggle, Editor,  p. 95, Marcel  Dekker ,  
New York  (1973). 

8. J. Volger, in, "Progress  in Semiconductors ,"  Vol. 
IV, A. F. Gibson and R. E. Burgess,  Editors,  
p. 206, Temple  Press  Books, Ltd. (1960). 

9. P. Winkel  and D. G. de Groot,  Philips Res. Rep., 
13, 489 (1958) 

10. M. Gevers,  ibid., 1~ 298 (1946). 
11. J. M. Albel la ,  J. M. Mar t inez-Duar t ,  and  F. Rueda,  

Opt. Acta, ~2, 973 (1975). 

Direct Determination of the Electrical Conductivity- 
Nonstoichiometry Relationship in Ionically 

Conducting Metallic Oxides 
J. Fouletier and M. Kleitz* 

E.N.S. d'Electrochimie et d'Electromdtallurgie de Grenoble, Domaine Universitaire, 38401 St Marti,n d'H~res, France 

ABSTRACT 

The smal l  quant i t ies  of oxygen  dr iven  off zirconia solid solutions b y  sol id-  
s ta te  e lectrolysis  were  accura te ly  measured  and the re levan t  depa r tu re  f rom 
s to ichiometry  de te rmined  by  using oxygen gauges and pumps.  The var ia t ions  
in the electronic conduct iv i ty  and in the ionic t r anspor t  number  were  de te r -  
mined as functions of t empera tu re  and devia t ion  f rom stoichiometry.  By mea -  
suring the ra te  of oxygen  re lease  dur ing  the first s tage of the  e lectrolysis  of 
p re reduced  and homogenized samples,  the ionic t ranspor t  number  was also 
de te rmined  according to another  independent  method. The two sets of r e -  
sults compared  qui te  favorably .  These methods  of measurement  offer the  possi-  
b i l i ty  of inves t iga t ing  nonstoichiometr ic  oxides, especial ly  in exper iments  in-  
volving small  depar tu res  from s to ichiometry  and ve ry  reducing conditions. 

In so l id-s ta te  e lect rochemist ry ,  an oxide is t r ad i t ion -  
a l ly  charac ter ized  by  the var ia t ion  of its conduct iv i ty  
as a funct ion of equ i l ib r ium oxygen  pressure  and t em-  

* Electrochemical Society Active Member. 
Key words: electrical conductivity, ionic transport number, non- 

stoichiometry, zirconia .  

pera tu re  ~ (Po2, T). Recently,  B lumentha l  and Hofmaier  
(1) proposed a technique of measur ing  the var ia t ion  of 
conduct iv i ty  wi th  t empe ra tu r e  at fixed values  of the 
s toichiometr ic  ratio. 

A sound demons t ra t ion  of a point  defect  model  fu r -  
ther  requi res  another  independen t  set of data, for 
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example, the variat ion of the stoichiometric ratio as a 
function of the same parameters  x(Po~, T) (2). This 
can be determined by using a thermobalance when the 
corresponding weight changes are sufficiently large (3- 
5). 

In this paper we propose a method of measurement  
which allows us to directly determine the var iat ion of 
conductivi ty as a funct ion of the stoichiometry ratio 
and tempera ture  ~(x ,T) .  We also report on experi-  
menta l  observations which could lead to a second, com- 
p lementary  method of measurement  of the ionic t rans-  
port number  employing the same parameters  ti(x, T). 

These methods, which are based on the util ization of 
solid-state oxygen pumps and gauges, can now be ap- 
plied because of the recent improvements  (6-7) in 
the performances and rel iabi l i ty  of these devices. For 
example, a 10 ppm var ia t ion  of the oxygen content in 
an iner t  gas stream can be measured wi thin  5%. A 
straightforward calculation shows that such a variat ion 
occurring over a period of 5 rain in a gas s t reaming 
at 5 l i t e r s .h r ,1  flow rate corresponds to an extraction 
(or addition) of only 6 ~g of oxygen. If this change 
results from oxygen pickup by a 100g sample, the mea-  
sured variat ion corresponds to a relat ive change in its 
weight of 6 • 10 -s. This simple calculation indicates 
how attract ive the use of these devices can be. 

Experimental Setup 
The exper imental  setup is essentially composed of 

a gas circuit (Fig. 1) involving a gas cylinder, an oxy- 
gen electrochemical pump, the exper imental  vessel, an 
oxygen gauge, and an accurate flowmeter connected 
in  series. The oxygen content  in the iner t  gas is estab- 
lished by the electrochemical pump and measured with 
the oxygen gauge on bypassing the exper imental  ves- 
sel. It is also measured by the gauge after the gas 
passes over the sample. Argon was used as the carrier 
gas. The flow rate ranged from 5 to 20 l i ters .hr  - i  
which corresponds to average l inear  velocities of 8-31 
cm.sec -1. All the details regarding the pump and gauge 
characteristics have been given in  previous papers (6- 
il). 

The oxygen gauge was composed of a laboratory-  
made closed-ended electrolyte tube of composition 
(ZrO2)0.91(Y2Os)0.09. The electrodes were obtained by 
paint ing with p la t inum the outer and inner  surfaces 
of its flat bottom. Air in contact with the outer elec- 
trode was used as a reference gas. The tempera ture  
of the cell was 650~ The oxygen pressure in the work-  
ing gas which circulates inside the tube was deduced 
from the voltage, E, measured between the electrodes 
by application of the Nernst  law, the numerical  ex- 
pression of which was 

p (atm) 
E(mV) = 19.89 X I n ~  [I] 

0.2.01 

The oxygen pump was formed of a simple tube of 
the same composition as the gauge. The electrodes 
coated on the inner  and outer surfaces were also of 
porous plat inum. Its operating tempera ture  was 750~ 
The working gas was circulated inside the tube. The 
amount  of oxygen added or extracted from it per sec- 
ond was simply correlated to the current  passing 
through the pump by the Faraday law 

q(INTP " sec -1) = 5.803 • 10 - s  X I ( m A )  [2] 

The time lag of the gauge voltage after a rapid var ia-  

By-  pass I 
' I I~ accurate 

. . . . .  f low 

circuit 

Fig. 1. Experimental setup 

t ion in  oxygen concentrat ion became significantly 
longer than  1 rain with oxygen contents lower than  
10 ppm. This could have greatly l imited the methods 
we proposed. To avoid this difficulty, the exper imental  
conditions were selected so that  the oxygen content 
was either very low (purified argon) or higher than 10 
ppm, apart  from short t ransi t ions between these two 
states. 

The sample was a small  cyl inder 2.2 cm long and 
1.1 cm in  diameter  with porous p la t inum elec- 
trodes at both ends. These electrodes were con- 
nected either to an impedance meter  for measur-  
ing the sample resistance or to a direct current  
source for electrolyzing the sample. Its composition 
was (ZrO2)0.sT(Y203)o.12(CeO2)0.01 or (ZrYCe)Ol.s98. 
It  was prepared by dry  mixing  of the oxide powders 
(ZrO2, Merck, pur i ty  99.9%; Y20~, Pechiney;  CeOe, 
Pechiney),  pressing at 1.5 tons .cm -2 and s inter ing at 
2000~ for 2 hr. 

For oxygen pressures higher than  10 -~ arm, the 
electronic t ransport  n u m b e r  of this mater ia l  has been 
evaluated to a few percent  (1.2). It was neglected in 
the following derivations. 

Nonstoichiometry Measurement and Control 
The intent ional  modifications of the stoichiometry 

and the corresponding measurements  of the stoichio- 
metric ratio variat ion were performed as follows. 

The argon carrier  gas fowing  around the sample 
was purified by applying a suitable voltage of about 
--1.SV to the pump (13). Thus, all traces of free oxy-  
gen in the gas were el iminated and the traces of water  
vapor and carbon oxides par t ly  reduced. The oxygen 
gauge exhibited a voltage around --0.9V. Then, a suit-  
able constant  current,  I, was passed through the sam- 
ple for a time, ~e. The applied voltage (which included 
the ohmic drop in  the sample and the decomposition 
voltage) greatly depended on the temperature.  In  the 
experiments  reported below, it varied between a few 
volts and 200V. It was applied in such a way that oxy- 
gen evolved from the downstream side of the sample 
(positive electrode on this side). After a certain delay, 
which corresponded to the flow rate of the gas, the 
gauge indicated an enr ichment  in  oxygen which lasted 
for a time, Be, and then sharply decreased (Fig. 2). 
From the plot of the  gauge voltage vs. time, the de- 
te rminat ion  of the amount  of oxygen released by the 
sample dur ing the electrolysis was calculated. The oxy- 
gen flux released at a given t ime was obtained by 
mul t ip ly ing the gas flow rate,-D (1NIP " h r -1 ) ,  by  the 
ratio of the measured oxygen pressure p to the total 
pressure, Ptotal, in  the gauge. The total amount  of oxy- 
gen, Q, is simply determined by integrat ion according 
to the equat ion 

D I s' p Q (mole) ---- �9 - -  � 9  [3] 
22.4 Ptotal 

It  is s traightforward to deduce from Q the induced de- 
viat ion from stoichiometry x. Accordingly the formula 
of the reduced sample was wr i t ten  (ZrYCe)1.s93-x. 

This technique constitutes an easy means to con- 
trol the stoichiometric ratio by appropriately selecting 
the parameters  I and Be. The sensit ivi ty in the adjust-  
ment  of these parameters  is obviously far greater  than 
the sensit ivi ty in the stoichiometric ratio measurements  
and does not l imit  the performance of the method. 

Ini t ia l ly  we verified the validity of the method of 
measurement.  The point  to be checked concerned the 
possible errors due to measurement  of oxygen Dres- 
sure dur ing t rans ient  periods. For that purpose we also 
measured the amount  of oxygen picked up by the sam- 
ple dur ing its reoxidation. The sample was ini t ial ly 
kept under  pure argon. The exper imental  vessel was 
bypassed and the oxygen content in  the gas fixed at a 
value in the range 10-100 ppm. Then the gas was 
passed through the exper imental  vessel and the gauge 
voltage recorded. The amount  of oxygen absorbed by 
the sample was determined as for the reduct ion proc- 
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Fig. 2. Typical curve of the gauge voltage vs. time recorded dur- 
ing electrolysis of the sample. 

ess. Some reoxida t ion  runs  were  pe r fo rmed  in severa l  
pa r t i a l  steps: purif ied argon, enr iched argon, purif ied 
argon, enr iched argon, etc., in o rde r  to increase  the  
number  of t rans ien t  per iods  and to de te rmine  the i r  
effects as a possible source of error.  Such exper iments  
were  ca r r i ed  out  many  t imes  and have  been repor ted  
in a previous  pape r  deal ing wi th  an oxygen  ge t te r  (10). 
For  oxygen  concentra t ions  in the  oxidiz ing gas h igher  
than  10 ppm, the  ca lcula ted  amounts  of oxygen  lost 
dur ing  electrolysis  and dissolved dur ing  re0xida t ion  
were  a lways  wi th in  5%. 

One of the  assumptions  of this measu remen t  tech-  
nique is tha t  the sample  exchanges  no significant 
amount  of oxygen when  it  is kept  under  pure  argon, 
i.e., its ove r - a l l  s to ichiometr ic  rat io  is fixed. This  as-  
sumpt ion  which  has also been made  by  Blumentha l  
and Hofmaier  (1) was c lear ly  confirmed by  the  fact  
tha t  the equa l i ty  ment ioned  above was also verified 
for de lays  of severa l  days  be tween  the  e lectrolysis  and 
reoxida t ion  runs. 

Exper imental  Results: ~ ( x , T )  Relat ionship 
Af te r  electrolysis,  the  sample  resis tance was mea -  

sured in purif ied argon using the so-cal led  impedance  
d iag ram method (14). In  the  exper iments  repor ted ,  
severa l  measurements  were  made  af ter  each e lec t ro l -  
ysis. The first measurements  indica ted  a var ia t ion  due 
to the  homogenizat ion  of the sample.  Af te r  a cer ta in  
t ime (a lways  less t h a n  a few hours in the  runs r e -  
por t ed ) ,  the  resul ts  were  stable.  An  example  of the  de-  
pendence  of the  res is tance of the  homogenized sample  
on the devia t ion  f rom s to ichiometry  x is g iven in  
Fig. 3. 

With  the  sample  invest igated,  we could fu r the r  de -  
r ive  the  following. In  a l l  the  exper iments  repor ted ,  
the  concentrat ions  of the  vacancies c rea ted  by  the re -  
duction (less than  3 X 10 u~ cm -~)  r ema ined  smal l  com- 
pa red  to the in i t ia l  concentra t ion (6.3 X 10 ~z cm -3) 
which  resul ted  f rom the cationic composi t ion of the  
mater ia l .  So, we could reasonably  assume tha t  the  re -  
duct ion process did  not  a l t e r  the  ionic conduct ivi ty .  If 
this assumption is correct ,  the var ia t ions  of the  mea -  
sured  resis tance R(x) concerned only  the  electronic 

i 

R ( x = O )  

J 

400 eee 

200 

T = 1186 K 

ol 0 0.005 0;010 x 

Fig. 3. Resistance variation as a functioa of the deviation from 
stoichiometry x. 

conduct ivi ty.  Consequently,  the  electronic res is tance 
Re(x)  of the  sample  at  a g iven devia t ion  f rom stoi-  
ch iomet ry  c a n  b e  app rox ima te ly  ca lcula ted  f rom 

1 / R ( X )  - -  1 / R e ( X )  -I- 1/Rionic(X) [4]  

or  wi th  our  assumpt ion  

I lR (x )  = I/Re(X) + I I R ( x  = O) [5] 

The deduced var ia t ions  of the electronic res is tance as 
functions of t e m p e r a t u r e  a re  shown in Fig. 4. A s imi -  
l a r  t r end  toward  lower  ac t iva t ion  energies  as the  de -  
p a r t u r e  f rom s to iehiometry  increases  has been  observed  
by  Casselton (15). ~ igure  5 shows the var ia t ions  of the  
ionic t r anspor t  number  t i (x )  ca lcu la ted  f rom the  da ta  
in Fig. 3 using the equat ion 

ti = 1 -- R (x ) /Re  (x)  [6] 

1200 1100 lOOO TK 
i ! ! 

E :0,71 

x = o . ~ J  " J �9 ~ 
�9 ~ E = 0 , 5 8 e V ~  

= ~ e  �9 E=O,47eV 

E=O~27eV 

2 ..~e 

I I 

0,8 0,9 1,0 -~K 

Fig. 4. Arrhenius plot of the electronic r~istance of the sample 
for various deviations from stoichiometry x. 
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Fig. 5. Variation of the ionic transport number as a function of 
deviation from stoichiometry. 
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Direct  Determinat ion of ti (x ,T)  Relationship 

This determinat ion is based on a measurement  of the 
rate that  oxygen is dr iven off the reduced sample dur -  
ing its electrolysis. 

When a solid oxide electrolyte is a pure anionic con- 
ductor, the quant i ty  of oxygen carried by the ions and 
the re levant  oxygen flow, J, released at the anode of 
the cell obeys Faraday 's  law 

J : I/4F [7]  

where I is the current.  This has been accurately 
checked with oxygen pumps (8). 

The results reported above, on electrolysis experi-  
ments, also obeyed Faraday 's  law under  appropriate 
conditions. This is consistent with the observations (16- 
18) that, during a cer ta in  lapse of time, no electro- 
chemical coloration occurs on the anodic side. The ionic 
t ransport  number  remains  locally equal to 1 (the small  
electronic t ransport  number  induced by the presence 
of 1% ceria in the zirconia solid solution is neglected).  
An example of the oxygen flow released from the sam- 
ple, at a constant  current,  is given in Fig. 6 (x = 0). 
In  a certain interval ,  the plot exhibits a plateau, the 
ordinate of which obeys formula [6]. After  longer times 
the reduced zone had reached the anode, the local value 
of the ionic t ransference number  markedly  decreased 
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2 ~ x = O  
~ -  x = 0 . 0 0 3 7  
"x = 0 . 0 0 9 4  

i I I 

0 10 2 0  t (mn.) 

Fig. 6. Oxygen flow released from the sample during the electroly- 
sis, for various initial deviations from stoichiometry. 

Table I. Comparison of the ionic transport numbers deduced from 
Eq. [6] and [8] as functions of the deviation from stoichlometry x 

of the sample at 1186~ 

z tl (resistance) tl (electrolysis) 

0.0048 0.71 0.'/1 
0.0094 0.44 0.42 
0.014 0.16 0.13 

and consequently so did the oxygen flow. This behavior  
also explains the shape of Fig. 2. 

A simplistic approach to the general  problem for 
a mixed conductor would allow us to conclude that  
the rate of oxygen evolution from the anode is given by 

J -- Jth " ti [8] 

where ti is the ionic t ransport  number  in  the close vi -  
cini ty of the anode and Jth the theoretical value corre- 
sponding to Faraday 's  law. 

In  order to see whether  Eq. [8] was indeed obeyed, 
we carried out the following experiment.  After  the re- 
duction of the sample to a certain degree (curve x = O 
in Fig. 6), the sample was main ta ined  for a while in 
pure argon under  open-circui t  condition to let it 
homogenize. Then a new electrolysis exper iment  was 
performed, according to the same procedure, on this 
prereduced sample. Instead of a plateau, the oxygen 
flow vs. t ime plot exhibited a simple max imum located 
at lower oxygen pressure (Fig. 6). From the value of 
this maximum,  which was assumed to represent  the 
ini t ial  rate of oxygen evolution, we calculated an 
ionic t ranspor t  number  ti (electrolysis) according to 
formula [8]. 

To verify the val idi ty  of Eq. [8], we compared such 
values of the ionic t ransport  number  to the values de- 
duced from the resistance measurements  reported 
above: ti (resistance).  Three results obtained for var i -  
ous degrees of prereduct ion are reported in Table I; 
there is good agreement.  This suggests that  the mate-  
rial was homogeneous up to the electrode surfaces be-  
fore the electrolysis voltage was applied and the evo- 
lut ion of oxygen obeyed formula [8]. 

If this result  is confirmed by fur ther  exper imental  
results obtained under  more appropriately defined con- 
ditions, such measurements  could lead to a convenient  
est imation of ionic t ransport  numbers.  It would be 
especially appropriate for average ionic t ransport  n u m -  
bers for which the t radi t ional  emf method is f requent ly  
questionable (17, 19). It  would also have the advantage 
of complementing the first type of measurement  as the 
emf method complements conventional  conductivity 
measurements .  

I t  is emphasized that  both types of measurement  
proposed can be performed however reducing the sys- 
tem may be, That  is a great advantage over the gas- 
equi l ibrat ion technique which is l imited on the low 
oxygen pressure side, and over the use of metal-oxide 
electrodes which requires tedious manipulat ions.  An 
obvious deficiency, however, is the lack of informat ion 
they can provide about equi l ibr ium oxygen pressures. 

Manuscript  submit ted Nov. 1, 1977; revised manu-  
script received Jan. 3, 1978. This was Paper  78 pre-  
sented, in part, at the Washington, D.C. Meeting of the 
Society, May 2-7, 1976. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1978 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1978. 

Publication costs of this article were assisted by the 
Laboratoire d'Energdtique Electrochimique (Institut 
Polytechniq.ue de Grenoble). 
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Electronic Conductivity in Solid CaF  at High Temperature 
J. Delcet, R. J. Heus, and J. J. Egan 

Brookhaven National Laboratory, Upton, New York 11973 

ABSTRACT 

Polar iza t ion  measurements  have  been made  on CaF2 using cells of the  type  

Ca-Pb(1)  I CaF2(s)  I F e ( s )  (D 
Xca ---- 0.9 

and 
F e ( s )  I CaF2(s)  i Ca-Bi(1)  ( I I )  

XCa - -  0 .25  

Steady- s t a t e  values of the  currents  at  var ious  appl ied  vol tages  y ie lded  the 
electronic conduct iv i ty  in CaF~ as a funct ion of calcium activi ty.  Resul ts  
a re  presented  be tween  800 ~ and 950~ The expe r imen ta l  a r r angemen t  is de-  
scr ibed and appropr i a t e  equat ions are  presented.  Values of the t ransference  
number  of ions are  given as a funct ion of t e m p e r a t u r e  and the ac t iv i ty  of Ca 
in CaF2. 

Calcium fluoride has p roven  to be a useful  solid 
e lec t ro ly te  for high t empe ra tu r e  emf studies (1-20). 
A rev iew has been given by  Tre tyakov  and Kaul  (21). 
It remains  an ionic conductor  under  ve ry  reducing 
condit ions and is useful  for measurements  wi th  e lect ro-  
posi t ive meta ls  such as U, Th, and Mg in contras t  
to solid oxide electrolytes .  

The p rob lem of electronic conduct ion in CaF2 has 
p rev ious ly  been s tudied by  Wagner  (22) and by  
Hinze and Pa t te rson  (23). Using the measurements  
of Mollw0 (24) on the number  of color centers  in 
CaF2 and the i r  mobil i ty ,  Wagner  has calcula ted the  
t ransference  number  of e lect rons  as a funct ion of 
calcium activity.  Hinze and Pa t te r son  have measured  
the total  e lec t r ica l  conduct iv i ty  as a funct ion of the 
pa r t i a l  pressure  of fluorine. They  have concluded tha t  
CaF2 exhibi ts  negl ig ible  electronic conduct iv i ty  even 
when equi l ib ra ted  wi th  Ca metal .  Baukal  (25) has 
measured  the electronic conduct ion in CaF2 doped wi th  
NaF  at  t empera tu re s  be tween  490 ~ and 550~ 

In this s tudy  the electronic conduct iv i ty  of pure  CaF2 
is measured  d i rec t ly  using a polar izat ion technique 
developed by  Wagner  (26, 27). This technique has 
p rev ious ly  been used to s tudy  copper  bal ides (28-32), 
s i lver  hal ides  (33-36), tha l l ium bromide  (37), doped 
oxides of zirconium, thorium, and hafn ium (38-41), 
and lead fluoride (42). 

General Approach 
The genera l  ideas and deta i led  equations for the 

polar iza t ion  technique to measure  electronic conduc-  
t iv i ty  in ionic crysta ls  a re  discussed in deta i l  in Ref. 
(27). Cells are  employed  having a revers ib le  r e fe r -  
ence e lect rode and an iner t  electrode.  Ionic conduc-  

* E lec t rochemica l  Society Ac t ive  M e mbe r .  
K ey  words :  e lec t r ica l  conduct iv i ty ,  t r a n s p o r t  p roper t i e s ,  solid 

e lec t ro ly te ,  e lec t ro ly te ,  mass  transport. 

t iv i ty  is suppressed by  opera t ing  at  potent ia ls  below 
the onset of ionic currents .  

To s tudy CaF2 the fol lowing cell  was employed  

Ca-Pb  (1)ICaF2 ( s ) i F e  (s) (I)  
Xca ---- 0.90 

where  the  reference e lect rode is the Ca -Pb  alloy. The 
cur ren t  at  var ious  app l ied  voltages, where  the  Ca-Pb  
a l loy  is negat ive,  is given by  the express ion 

RT f EF i-- FG ~ - ~ ) ]  

-i.- o-,' [exp (.--~T) -- 1 ] ) [1] 
Here G is the cell constant  ( thickness of CaF:2 crys ta l  
d iv ided  by  the a rea  of the  e lect rodes) ,  ~e' and ~h' 
a re  the  e lect ron and e lec t ron hole c0nductivi t ies  of 
CaF2 equi l ib ra ted  wi th  the reference  e lect rode and E 
is the  potent ia l  appl ied  to Cell  ( I ) .  A Ca-Pb  a l loy 
was used ins tead of pure  Ca meta l  for expe r imen ta l  
reasons. Ca -Pb  (Xca ---- 0.90) is l iquid at  800 ~ and 
could be contained in i ron cups which fit c losely  onto 
the  CaF2 crystals .  Electrodes of solid Ca formed a 
conduct ing film on the CaY2 surface and in te r fe red  
wi th  the measurements .  The ac t iv i ty  of Ca in the 
Ca -Pb  a l loy was calcula ted f rom the hea t  of fusion 
of Ca and the Ca -Pb  diagram.  

If the  e lect ron hole conduct iv i ty  is ve ry  smal l  
under  h ighly  reducing condit ions and the vol tage  
appl ied  to Cell  (I)  is smal l  compared  to the potent ia l  
at  which FeF2 forms, Eq. [1] reduces to 

[ i ~  '0  "p F G  e 1 - - e x p  --  [2] 
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Results of cu r ren t -po ten t i a l  curves on Cell (I)  y ie ld  
the  value  of ~ ' .  To obta in  the  electronic conduct ivi ty  
at  o ther  act ivi t ies  of Ca one may  use the  equat ion 

( aca "l '/" 
(r e --" O" e' k aC---- ~ / [3] 

Polar iza t ion  exper iments  on cells of type  (II)  where  
the  iner t  i ron  e lect rode is made  negat ive  aIso y ie ld  
electronic conduct iv i ty  

Fe (s) ICaF2 (s) lCa-Bi (1) ( I I )  
xca = 0.25 

Under  reducing  conditions,  the  s t eady-s t a t e  cur ren t  
of Cell  ( i I )  at  var ious  appl ied  voltages is given by 

i = ~e" exp --  1 [4] 
F G  

where  ce" is the  electronic conduct iv i ty  of CaP2 whose 
Ca ac t iv i ty  is the same as  tha t  for  Ca-Bi  (2ca = 0.25). 
The ac t iv i ty  of Ca in the Ca-Bi  a l loy is obta ined  
f rom emf measurements  on the aux i l i a ry  cell 

Ca-Pb  (1) tCaF9 (s) ICa-Bi (1) ( III)  
Xca = 0,90 Xca -- 0.25 

The emf Of Cell ( I I I)  is g~ven by the express ion (43) 

E = 1 [.~o~' tio.d~c. [5] 
where  

~ion ~ion 
t ion  -- "~" [6] 

O'e "~ ~ i o h  ~re~ -t- ~ri0n 

Here ce o is the  electronic conduct iv i ty  of CaF2 with  
aca = 1. Equat ion  [5] m a y  then be expressed as 

RT 
fac~:  ~ion daca [7] 

E = =: 2F *" ~o~' aca (ce~ V" '-t- cion) 

RT aca' RT ce" + ~an 
E= 2 F  I n  , +  I n  [ 8 ]  

aca" F O" e' ~ Orion 
where  

, 
e = ~'e" ~ [ 9 ]  

\ a c a  

This equat ion can be solved for aca'; or the ac t iv i ty  
of Ca in the Ca-Bi  a l loy if  one de termines  (re" f rom 
s teady-s ta te  measurements  on Cell  ( I f ) ,  knowing the 
ac t iv i ty  aca' f rom the phase diagram. The ac t iv i ty  
aca" is given by  the express ion 

exp --  - -~e  aca 

aca" Y. = [i0] 
(rion 

where  
RT RT 

~] = E -- In aca' -- In (O'ion 2(-~re") [ii] 
2 F  2 F  

Polar iza t ion  cells of type ( I I )  were  found very  useful  
for  the  measurements  above 800~ Af te r  de te rmining  
aca" the  electronic conduct ivi ty  m a y  be ca lcula ted  
at  any  ac t iv i ty  by  use of the equat ion 

( aca ) '/2 
~e  = ae" ~'-I--T;--, / [ 1 2 ]  

k aca 
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Fig. 1. Experimental arrangement for pblarizatiOn Cells 

E X p e r i m e n t a l  D e t a i l s  

The exper imen ta l  setup for  both Cell  (I)  and ( I I )  
is shown in Fig. 1. The i ron CuP is filled wi th  e i ther  
a Ca-Pb  al loy or a Ca-Bi  a l l o y .  The open end of 
the  cup is mach ined  tO a sharp  edge so tha t  i t  digs 
into the  CaP2 single c rys ta l  under  pressure.  CaP2 
softens somewhat  aroUnd 600~ The pressure  arises 
f rom the cell  a r rangement ,  since the i ron rod and 
cup expand�9 more  than  the holder  made  of t an ta lum 
rods. The CaP2 crysta ls  were  gene ra l ly  be tween  0.1 
and 0.2 cm th i ck .  The d iamete r  of the iner t  i ron 
electrode is 1.0 cm for Cell  (I)  and 1.6 cm for Cell  ( I I ) ,  
In o rde r  to minimize the  edge effect caused by the 
CaP2 d iamete r  being la rger  than  the i ron  e lect rode 
diameter ,  the rat io  of the  crys ta l  thickness to the 
e lectrode a rea  was kep t  smal l  in accordance wi th  
Bar ter ,  Barr ie ,  and  Rogers (44). Cell  ( I I I )  used 
essent ia l ly  the  same a r r angemen t  as Shown in Fig. 1 
except  tha t  two i ron cups were  used and the cell  
opera ted  in a hor izonta l  position. The ent i re  cell 
a r r angemen t  was contained in a vacuum- t igh t  Vycor  
tube  filled wi th  purif ied argon. 

R e s u l t s  o n d  D i s c u s s i o n  

Steady-s t a t e  currents  ob ta ined  at  var ious  appl ied  
Voltages for Cell  (1) opera ted  at  800~C are  shown in 
Table I. S teady  values were  obta ined  only af ter  severa l  
days  of cell  opera t ion  at  a g iven voltage.  Values  of 
ce' were  ca lcula ted  f rom Eq. [2] and values  of ce ~ f rom 
Eq. [3] wi th  aca = I. Only currents  measured  on the 
p l a t e a u  of the cur ren t  vol tage  curve y ie lded  con- 
sistent  values  of tion. 

A t t empt s  to opera te  Cell  (1) a t  vol tages lower  than  
0.300V proved unsuccessful.  I t  is be l ieved that  the 

Table I. Results from cells of type (I) 

E /. (p,a) G O'e* o'e ~ t lon ~ ,c~ca' 

1.000 250 0.302 8.17 x 10-~ 8.6 x 10 -4 0.635 0.90 
0,500 242 0.302 7.94 • 10 -~ 8.4 x 10-~ 0,641 0.90 
0.300 183 0 302 
1.000 344 3.222 8.27 x 10 -~ 8.7 x 10 -4 0.633 0.90 
0.500 330 0.222 7.95 x 10 -4 8.4 x 10 -4 0 .641 0.90 
0.300 283 0.222 

Table II. Results from experiments on cells of type (11) and (111) 

T ~  E m  ( v o l t s )  Orion ~re" aoa e ~re ~ aCa' 

800 0.7436 1.5 x 10 -8 1.72 x 10 -~ 3.89 x 10 -8 8.72 x 10-' 0.632 
825 0.7391 2.45 • 10 -~ 3.55 x 10 -7 5.95 x 10 -s 1.46 X 10 -s 0.627 
850 0.7345 4,0 x 10 ~ 7.1 • 10 -7 9 ,47 x 10 -8 2.31 x 10 ~ 0.634 
875 0.7300 6.1 x 10 -a 1.36 x 10 -e 1.42 x 10 -7 3.61 x 10 "~ 0.628 
900 0 .7256 9.3 x 10 -3 2.5 x 10 -~ 2.16 x 10 -7 5.38 x 10 -a 0.634 
950 (0.7164) 2.1 x 10 -~ 8.4 x 10 -~ 4.89 X 10 -7 1.24 X lO "a 0.629 



-~-.0 

SOLID CaF2 757 

g rea te r  so lubi l i ty  of Ca in the  crys ta l  at  lower  vol tages  
caused a dens i ty  change in CaF2 which  b reaks  the  
seal  fo rmed be tween  the cup holding the a l loy and 
the CaF~ crystal .  
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Fig. 2. Results of polarization measurements on Cell (11) 
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Fig. 3. Ionic and electronic (c~ca ~. 1) conductivity of CaF2 at 
various temperatures. 
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Fig. 4. The transference number of ions in CoF,2 at various Ca 
activities. 

Results  f rom Cells ( I I )  and ( I I I )  are  shown in 
Table  I I  at  t empera tu re s  be tween  800 ~ and 950~ 
S t eady - s t a t e  cur ren ts  f rom Cell ( I I )  are  shown graph-  
ica l ly  in Fig. 2. One expects  a slope of one for this  
plot  and exper iments  showed this to be true.  Cell  ( I I I)  
was opera ted  be tween  800 ~ and 900~ the va lue  of 
950 ~ C being an ext rapola t ion .  

Values of tion ~ were  ca lcula ted  in a l l  cases wi th  
Eq. [6], using the resul ts  of Ure (45) for  the ionic 
conduct iv i ty  of CaF~. The va lues  of the  electronic 
and ionic conduct iv i ty  in  CaF2 are  p lot ted  in Fig. 3, the  
electronic conduct iv i ty  being for CaF2 equi l ib ra ted  
wi th  Ca metal .  F igure  4 shows the t ransference  num-  
ber  of ions in  CaF~ at  var ious  act ivi t ies  of Ca. 
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ABSTRACT 

Measurements  on the solid e lec t ro ly te  cell  

(Ar  -b H2 ~ H2S/CaS + CaF2 ~- ( P t ) / / C a F 2 / / ( P t )  

-~- CaF2 ~ CaS/H2S ~- H2 ~- A t )  

show that  the emf of the cell is d i rec t ly  re la ted  through the Nernst  equat ion 
to the difference in sulfur  potent ia ls  es tabl ished at the two Ar  ~- H2 ~ H2S/ 
e lectrode interfaces.  The electrodes are  designed to convert  the sulfur  po-  
tent ia l  g rad ien t  across the calcium fluoride e lec t ro ly te  into an equivalent  
fluorine potent ia l  g rad ien t  wi th  the aid of the reaction, CaF2(s)  ~ 1~ S2(g) 
-e CaS(s )  ~- F2(g) .  The response t ime of the  probe varies  f rom approx i -  
ma te ly  9 hr  at 990~ to 2.5 hr  at  1225~ The conversion of calcium sulfide 
and /o r  calcium fluoride into calcium oxide should not be a p rob lem in 
ant ic ipated commercia l  coal gasification systems. Suggest ions are  presented  
for improving  the cell for such commercia l  applications.  

The abi l i ty  to cont inuously moni tor  the sulfur poten-  
t ia l  in coal gasification reactors  is of crucial  impor tance  
for efficient gasifier opera t ion  and for accurate  life p re -  
diction of corroding construct ion materials .  F rom an 
engineer ing point  of view, in situ sol id-s ta te  sensors 
tha t  d i rec t ly  measure  the sulfur  potent ia l  are  p re fe r -  
able to devices that  employ  l iquid e lectrolytes  or in-  
volve sampl ing  of gases for low t empera tu re  analy t ica l  
procedures.  Despite the  concerted efforts of many  lab-  
orator ies  dur ing  the last  decade to find sui table  sulfide 
electrolytes ,  analogous to CaO-ZrO2 or Y20~-ThO2 for 
oxygen potent ia l  measurements ,  no acceptable  ma te -  
r ia l  has been identif ied in which  the ionic t ranspor t  
number  is h igher  than 0.99 over  a large  range of sulfur  
potent ia ls  and temperatures .  

1 P e r m a n e n t  a d d r e s s :  D e p a r t m e n t  of M e t a l l u r g y  a n d  Ma te r i a l s  
Sc ience ,  U n i v e r s i t y  of T o r o n t o ,  C a n a d a ,  1~5S 1A4. 

=Also  f r o m :  Ma te r i a l s  a n d  M o l e c u l a r  R e s e a r c h  Divis ion,  Law- 
r e n c e  B e r k e l e y  L a b o r a t o r y ,  B e r k e l e y ,  Ca l i fo rn i a  c4720. 

K e y  w o r d s :  s u l f u r  p r o b e ,  c a l c i u m  f luor ide  s e n s o r  f o r  s u l f u r ,  
g a l v a n i c  cell,  solid e l e c t r o l y t e  cell ,  coa l  ga s i f i ca t i on - su l fu r  con t ro l .  

The prospect  of designing a sui table  sulfide e lec t ro-  
ly te  does not  appear  promis ing  in the near  fu ture  be-  
cause the bandgaps  in the sulfides are  genera l ly  na r -  
rower  than  in the corresponding oxides (1). An a l t e r -  
nate approach  may  be to use calcium fluoride (CaF2) 
as the e lec t ro ly te  in a so l id-s ta te  cell, in which  the 
electrodes are  designed to convert  the  su l fur  potent ia l  
in the gas into an equiva lent  fluorine potential .  

Calcium fluoride has been found to be a sui table  elec-  
t ro ly te  at  high t empera tu res  and over  a la rge  range of 
fluorine potent ia ls  (2-7). Colorless, pure  CaF2 contains 
v i r tua l ly  equal  concentrat ions of in te rs t i t i a l  anions 
and anion vacancies. The fluoride ions are  the  mobile  
species, and they migra te  as in ters t i t ia ls  and vacancies. 
At  very  low fluorine potent ia ls  or in the  presence of 
calcium vapor,  an excess of calcium dissolves in CaF2 
according to the react ion 

Ca ( g ) +  2FFX--> CaF2 ~- 2eFx [1] 

where  FFx is a fluoride ion on a r egu la r  anion site, 
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and eFX is an electron subst i tuted for an anion, pro-  
ducing a color (F) center. Wagner  (8) has given an 
analysis of the onset of electronic conduction in CaF2 
due to the dissolution of calcium metal. Pat terson (9) 
has also discussed the electrolytic conduction domain 
for CaF2 a t high temperatures.  Because of the extreme 
electronegativi ty difference between Ca 2 + and F -  ions 
and the correspondingly large forbidden bandgap for 
CaF2, positive hole conduction wil l  not be significant 
unt i l  the fluorine pressure is increased to several  atmo- 
spheres. The open-circui t  emf (E) across the electro- 
lyte is a direct measure of the chemical potential  differ- 
ence, provided the fluorine pressures at the electrodes 
and the temperatures  of operation lie wi th in  the elec- 
trolytic conduction domain (that  is, the t ranspor t  n u m -  
ber  of electrons or holes is less than  0.01). 

An advantage of the solid electrolyte sensors is that  
the output  is an  electric potential  that  can readi ly be 
used to actuate a control circuit. It  was, therefore, de- 
cided to s tudy the efficiency of the solid electrolyte 
cell 

TENSION 
SPRINGS 

Ar iE- H2 + H2SICaS+ CaF2 + ( P t ) / / C a F 2 / / ( P t )  

+ CaFz + CaS/H~S + H$ + Ar [2] 

as a part  of our  program on the development  of a sulfur  
probe. The exper imental  results, the l imitat ions of this 
technique to coal gasification systems, as well as antici-  
pated improvements  are presented in  this paper. 

Experimental 
Materials.--High pur i ty  Ar + H2 + H2S gas mixtures  

and their  analyses were obtained from Matheson. A 
slight decrease in the H2S concentrat ion of the gases 
was observed over extended periods of storage, pre-  
sumably  due to the reaction of H2S with the storage 
tank. Correction factors for gas ratios were obtained 
by periodically observing the ion intensi ty  ratios of 
n 2 s  to H2 in a mass spectrometer. For the electrolyte, 
optical grade single crystals of CaF2, in the form of 
disks of 1.5 cm in diameter  and 0.2 cm thick, were ob- 
ta ined from Harshaw Chemical Company. Ultra  pure 
anhydrous  CaF2 (99.999%) 3 and CaS (99.99%) pow- 
ders were supplied by Apache Chemical Company and 
Ventron Corporation. Fine p la t inum powder and 
porous p la t inum sheet with porosity of 29% were ob- 
tained from Johnson-Mat they  Company. The electrode 
pellets were made by double end compression of an 
int imate mix ture  of --200 mesh size powders of CaF2, 
CaS, and P t  in  the molar  ratio 1.5 : 1 : 0.2. The pellets 
were sintered in  evacuated silica capsules at 1225~ 
for 12 hr. 

Apparatus.--A schematic diagram of the apparatus 
is shown in Fig. 1. A disk of CaF2 electrolyte was spring 
loaded against  an a lumina  tube with a gold O-r ing 
between them to obtain a gastight joint. The a lumina  
tube  was held firmly in  a water-cooled brass head, to 
which the springs were attached. Since gold softens 
at the high temperatures  used in these experiments,  
low tension springs were sufficient to produce a gas- 
tight joint. Thus, the ceramic components of the as- 
sembly were not sub jec ted  to high applied stresses. 
Electrode pellets containing CaF2 + CaS + Pt  were 
spring loaded on either side of the electrolyte, with a 
th in  porous p la t inum sheet sandwiched between the 
pellet and the electrolyte. P l a t inum leads, flame 
sprayed with alumina,  were spot-welded to the porous 
p la t inum sheets. At the low sulfur  potentials used in 
the experiments,  no chemical attack on the p la t inum 
was observed in  the hot zone of the furnace. At the 
cooler end, however, there was some evidence of re-  
action between p la t inum and H2S gas. Therefore, in 
this region, the p la t inum leads were protected by an 
a lumina  sheath closed on both ends by a lumina  cement. 

CaF~ c o n t a i n e d  the  fo l l owing  e l e m e n t s  in p a r t s  p e r  mi l l ion  
level :  0.5 Pb ,  0.5 Ni, 0.5 Cd,  0.5 Mn,  500 Sr ,  100 Ba,  5 Li, 10 Sn,  
a n d  5 K. 
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Fig. 1. Schematic diagram of the apparatus used for testing the 
CaF2 electrolyte-based sulfur probe. 

The cell was designed to provide two separate gas- 
t ight compartments  around the two electrode pellets. 
Separate gas streams with differing sulfur  potentials 
were passed through these compartments.  The test gas 
was admitted to the system at the lower end of the 
reaction tube and flowed past the outer electrode pellet 
at a rate of 250 ml min  - I .  The reference gas was passed 
around the inner  electrode at a flow rate of 100 ml 
min  -1. The two gas streams were isolated in  the reac- 
t ion tube  and escaped through different ports in the 
brass head. The escaping gases were bubbled through 
two 25 cm high columns of NaOH solution to remove 
H2S and HF. The exit gases were fur ther  scrubbed be-  
fore being pumped through the fume exhaust  system. 

The' entire cell assembly, attached to the brass head, 
was lowered into a vertical  a lumina  reaction tube. The 
ceil was electrically shielded by connecting a p la t inum 
foil, wrapped around the reaction tube, to ground. 
The reaction tube was heated by a Kantha l  resistance 
furnace. Temperatures  of the furnace and of the cell 
were measured by two separate P t - P t  (13% Rh) ther-  
mocouples. The furnace tempera ture  was controlled to 
+__I~ by use of a stepless cur rent -compensa t ing  con- 
troller. 

Procedure.--The test cell was assembled as shown 
in Fig. 1, and the reaction tube  was evacuated by a me-  
chanical pump to a pressure of 0.5 Nm -2 and then 
backfilled with purified argon. The argon purification 
t ra in  consisted of magnes ium perchlorate (to absorb 
the residual moisture) and copper turn ings  at 700~ 
and t i t an ium turnings  at l l00~  (to remove residual 
oxygen).  The cell was heated to 500~ evacuated, and 
refilled with argon. The temperature  of the cell was 
then raised to 1225~ The reference gas was in t ro-  
duced into the inner  gas compar tment  of the cell, 
while argon flow was main ta ined  through the outer re-  
action tube. Gastightness of the O-r ing seal was 
checked by analyzing the argon s t ream exiting from 
the reaction tube for traces of H2S. After  ensur ing that 
the test cell was leaktight and the two gas streams 
were isolated, the test gas was introduced into the 
reaction tube. Cell voltage was monitored using a 
Keithley digital vol tmeter  with an in terna l  impedance 
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Of 1012,O,. After  the s tar t  of the experiment,  approxi-  
mately  5 hr were required to obtain a steady emf. 

Two procedures were followed dur ing the investiga- 
tions: (i) Dur ing  isothermal runs, cell tempera ture  
was kept constant  at 1073 ~ or 1173~ and the steady, 
reversible emf corresponding to different test gases 
was measured, and (ii) for two selected test gases, 
the tempera ture  dependence of the steady, reversible 
emf was measured. 

Results 
Response t ime.--Composit ion of the test gases and 

the reference gas and the emf obtained at 1073 ~ and 
1173~ are shown in  Table  I. Generally,  the response 
t ime of the cell at 1225~ after a small  change in  
tempera ture  or gas composition, was 2.5 hr, whi le  at 
a lower tempera ture  of 990~ the response t ime was 
approximately 9 hr. The cell emf was insensit ive to 
moderate increase in the flow rate of the test gas 
and /o r  the reference gas. However, when the flow rate 
of one of the s t reams was increased by factors greater 
than two, while keeping the flow rate of the other 
s tream constant, significant changes in the emf were 
noted: about 20 mV dur ing  the t ransient  period and 
about 15 mV during the steady-state period. The 
changes were, however, not always reproducible. When 
the flow rates of both streams were changed s imul tane-  
ously by  the same amount,  the cell emf remained vir-  
tual ly  constant. It  is l ikely that a substant ia l  increase 
in the flow of gas through one stream may  have re-  
sulted in differential cooling, thus creating a thermal  
gradient  across the electrolyte. Changes in  emf result-  
ing from the presence of a steady-state thermal  gradi-  
ent are quant i ta t ively  related to the part ial  entropy of 
fluorine in  the gas phase, as discussed by Fitzner, Jacob, 
and Alcock (10). 

Reversibi l i ty  of the emf was checked by passing 
small  currents  (5 ~A) through the cell in either direc- 
tion for 2 min. It was found that  the emf re turned  to 
the steady value before the t i t ra t ion in approximately 
30 min. After  several days of use, the electrode pellets 
became fragile and fractured easily. 

Calculation of sulfur potentials .--Experimental  emf's 
obtained at 1073 ~ and 1173~ for different test gases are 
compared in Fig. 2 with known  values calculated from 
the difference in sulfur potential  between the test gas 
and the reference gas. The emf developed across a 
CaF2 electrolyte can be related through the Nernst  
equation to the part ial  pressure of fluorine (fluorine 
potential)  across the electrolyte, provided the ionic 
transport  number  is close to un i ty  

A~F2R - -  AtZF2 w RT P F 2  R 
E = = - -  In ~ [3] 

nF  nF  PF2  w 

where E is the emf, A~Fz R and • T are the fluorine 
potential  at the reference and the test electrodes, F is 
the Faraday constant, n is the number  of electrons 
( =  2) involved in the t ransfer  of one molecule of F2 
gas between the two electrodes, R is the gas constant, 
T is the absolute temperature,  and PF2 is the fluorine 
part ial  pressure. The gas phase containing Ar -5 H2 -5 
H2S establishes a part ial  pressure of sulfur  (sulfur po- 
tential)  over the electrode, depending on the ratio of 
H2 to H2S, by vir tue of the reaction 

Table I. Composition of the test gas mixtures and the corresponding 
cell emf's 

Test  gas  Composit ion (vol ,  %) E M F  ( m V )  

N u m b e r  H2 HsS A r  1073~ 1173~ 

1 40.6 8.3 51.1 -- 32 -- 34 
2 50.4 2.05 47.55 43 47 
3 54.0 0.79 45.21 87 90 
4 55.1 0.18 44.72 160 174 
5* 25.2 2.52 72.28 - -  - -  

* R e f e r e n c e  gas .  
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Fig. 2. Variations of the emf with H2S/H2 ratio of the test gas at 
1073 ~ and 1173~ - -  theoretical values Eq. [9].  

H2(g) + 1/z S2(g) --> H2S(g) [4] 

1/z Ags2 -- RT In ps21/2 = AG~ 4 -5 RT  In (PH2S/PH2) 
[5] 

where AG~ is the s tandard Gibbs' free energy change 
for reaction [4] (11). The sulfur  potent ial  established 
by the gas phase, when  in contact with the electrode 
pellet consisting of CaS and CaF2, fixes a fluorine po- 
tential  through the reaction 

CaF2(s) -5 '/2 S2(g) ~ CaS(s) -5 F2(g) [6] 

~F2 = 1/Z A~S~ --~G~ [7] 

where AG~ is the standard Gibbs' free energy change 
for reaction [6]. The platinum in the electrode pellet 
acts as a catalyst for the reaction. Since there is neither 
a t e rnary  compound nor significant solid solubil i ty in 
the CaF2-CaS system, the condensed phases in the elec- 
trode pellets are present  at un i t  activity. Combining 
Eq. [3] and [7], an expression is obtained relat ing the 
emf to the difference in  the sulfur  potential  between 
the electrodes 

E --~- A~s2R - -  A]~s2T R T  P s 2  R 
---- In - -  [8] 

2nF 2nF Ps2 T 

Equation [8] may also be expressed in  terms of the 
ratio of H2S to H2 in the gas phase over the two elec- 
trodes 

R T  (PH2s/PI~2) R 
E : ~ In [9] 

nF (PH2S/PH2) T 

The measured emfs  as shown in  Fig. 2, do not deviate 
by more than 2.5 mV from that calculated using Eq. 
[9]. Deviations from theoretical values have the same 
sign at different temperatures  for each test gas. Thus, 
it is l ikely that these deviations arise from small  errors 
in gas analysis. 

The variat ion of the emf of the cell with temperature  
and with two test gases (3 and 4 in Table I) is shown 
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Fig. 3. The tem.peratu~e dependence of the reversible emf with 
test gases 3 and 4 passing through the cell; - -  theoretical values 
Eq. [ 1 0 ] .  

in Fig. 3. Again, measured tempera ture  dependence is 
in agreement  with the theoretical value given by the 
derivat ive of Eq. [9] wi th  respect to tempera ture  

dE R (PH2s/PH2) R 
- -  ---- In [ 1 0 ]  
dT nF (PH2S/PH2) T 

Discussion 
The activity of calcium at the electrodes, dur ing the 

present  investigation, can be evaluated by considering 
the reaction 

CaS(s)  + H2(g) --> H2S(g) + Ca(s) [11] 

The activity of calcium, ac~, is given by 

aca ~- (PH2/PH2s) exp (--  AG~ [12] 

where AG~ is the s tandard Gibbs'  free energy change 
for reaction [11] (11). It can readily be shown from 
known thermodynamic  data that  the activity of cal- 
cium varies from 9.5 • 10 -19 to 6.0 • 10 -17 at l l13~ 
over the range  of test gas composition (gases 1 and 4, 
respectively, Table I).  Wagner  (8) has suggested that 
the electronic t ransport  number  of CaF2 is 10 -2 when 
the activity of calcium is 6 • 10 -6 at l l13~ It is ap- 
parent,  therefore, that the electronic t ranspor t  number  
is much less than 10 -2 and contributes very  li t t le to 
the results of the present  study. 

The exact factors affecting the slow response t ime of 
galvanic cells based on a CaF2 electrolyte have not yet 
been determined.  The length of the electrolyte may 
influence the response time. In  the present  invest iga-  
t ion the dimensions of the electrolyte were unal tered  
and a fur ther  s tudy is necessary to relate the response 
t ime with electrolyte length. The more impor tant  are 
that  the kinetics of the electrode reaction [6] may be 
rate controlling, or the t ransport  of ions in CaF2 may 
be slow, such that the composition gradient  across the 
electrolyte cannot  readjust  rapidly after a per turba t ion  
in the chemical potential  at the electrode. Additionally,  
since the fluorine potentials are low (PF2 ~'~ 10--24 tO 
10 -2s Nm-2) ,  gas phase polarization at the electro- 
lyte-electrode interface may be the ra te- l imi t ing  step. 
This lat ter  possibility seems ra ther  improbable,  how- 
ever, because sufficient concentrat ion of HF gas should 
be created by the reaction of H2S with CaF2 to t rans-  
port  the fluorine potential  to the electrolyte surface. 

Electrical cur rent  techniques, such as voltage record- 
ing after  a galvanostatic pulse or impedance measure-  

ment  at low frequencies, can be used to determine 
whether  the kinetics of the electrode reaction is re-  
sponsible for the slow response of the cell (13). Heyne 
and Engelson (14) have recent ly suggested that  for 
oxygen probes containing calcia-stabilized zirconia as 
the electrolyte, the uptake or release of oxygen by the 
electrolyte, when the part ial  pressure of oxygen in the 
ambient  atmosphere is altered, is the main  reason for 
the sluggishness in response and var ia t ion with t ime 
of the emf developed. If a similar  mechanism is valid 
for CaF2, a reduction in  the thickness of the electrolyte 
or doping, to increase the effective diffusion coefficient, 
may accelerate the response of the probe to changes in 
sulfur  potential. Another  a l ternat ive  is to use ~-alu-  
m i n a  as the electrolyte (15). E-alumina has much 
higher conductivity than CaF2, especially at lower tem- 
peratures. Further ,  the electrodes would be redesigned 
to convert  the sulfur  potential  gradient  into an equiv-  
a lent  sodium potential  gradient.  

Although systematic studies on the catalytic behav-  
ior of p la t inum or other materials have not been under -  
taken, it was found in  pre l iminary  experiments  that  
approximately 0.2 moles of p la t inum per  mole of CaS 
is the opt imum amount  of catalyst in the electrode 
pellets. To use the cell for sulfur  potentials higher than 
those studied in  this investigation, a more suitable cat-  
alyst than p la t inum is needed. P l a t i num readi ly  forms 
sulfides at higher sulfur  potentials (12). Transi t ion 
metal  sulfides that  do not react with CaS and in which 
cations exist in mul t iva len t  states may prove to be 
good catalysts. 

Typical compositions of the raw gases in some coal 
gasification processes are shown in  Table II. It  can 
readi ly be shown that  under  the conditions of coal 
gasification, the conversion of CaS to CaO, according to 
the scheme 

CaS(s) - t -H20(g)  --> CaO(s) + H2S(g) [13] 

is not thermodynamical ly  favorable. However, the re-  
action of H2S (g) with CaF2 

CaF2(s) -t- H2S(g) -+ CaS(s) + 2HF(g)  [14] 

will result  in a part ial  pressure of HF in the immedi-  
ate neighborhood of the electrode that  can vary  from 
2.8 X 102 to 80 Nm -2. Since all the gas passing through 
the probe is not saturated in  HF, the average HF con- 
centrat ion in the exit gas is est imated to be approxi-  
mately  200 ppm and, therefore, must  be scrubbed for 
the removal  of HF. Additionally, for commercial  ap- 
plication, the probe must  be designed in such a way as 
to prevent  part iculate  mater ial  in the gas from de- 
positing on the electrodes of the sensor. 

C o n c l u s i o n  
The theory, design, and operat ion of a solid-state sul-  

fur probe based on CaF2 electrolyte has been demon- 
strated. The cell responds to changes in sulfur potential  
in a manne r  predicted by the Nernst  equation. Fur ther  
research is needed to determine the main  reason for 
the slow response of the cell. The ra te - l imi t ing  steps 
may  be either the kinetics of electrode reactions or the 

Table II. Composition of raw gases in various coal gasification 
processes (16) 

B a t t e l l e -  B u r e a u  
Union Carbide of Mines IGT 

agglomerate BCR-Bi-gas s y n t h a n e  H y g a s  
a s h  p r o c e s s  p r o c e s s  p r o c e s s  p r o c e s s  

H2 48.8 15 19 19 
H20 14 52 36 20 
CO 26 12 9 17 
COe 5 13 21 16 
H2S 0.3 0.53 1.1 0.78 
N2 0.5 - -  - -  
N H s  0.002 ~.25 0.6 0.4 
CH~ 6 7 12 13 

C o m p o s i t i o n s  are given in v o l u m e  p e r c e n t .  
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rate of t ransport  through the electrolyte. If the reac- 
t ion kinetics is rate controlling, suitable catalysts may 
be developed to overcome the problem. If the slow 
t ranspor t  of ions in the electrolyte is the reason for 
the sluggish response, a cell based on E-alumina elec- 
trolyte may be more suitable. 
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Reduction of Excess Phosphorus and Elimination 
of Defects in Phosphorus Emitter Diffusions 

B. L. Morris and L. E. Katz* 

Bell Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

The successful production of LSI bipolar circuits requires that  a high 
level of transistor  junct ion yield be maintained.  One of the chief causes of 
junct ion  degradation is the defects induced by the high concentrat ion of 
phosphorus normal ly  used in the emitter  diffusion of bipolar transistors. This 
diffusion results in a total phosphorus concentrat ion that is greater than  the 
electrically active phosphorus; precipitates and other defects result  from 
this excess phosphorus. These defects can cause crystal damage which in  tu rn  
can degrade junct ion integrity, and in the worst case lead to emit ter-  
collector shorts. The purpose of this work was to find processing parameters  
which may be used to minimize the excess phosphorus in  an emit ter  diffusion. 
We have studied the effect of bubble  rate, the amount  of preheat  time, thick- 
ness of preformed barr ier  oxide, percent  oxygen in the gas stream, and 
percent  t ime that the bubbler  is on for a 1000~C phosphorus diffusion using 
PBr3. The diffusions were characterized by sheet resistance, junct ion  depth, 
total surface concentrat ion (as measured by an electron microprobe),  and 
Sirtl  etching. It is Shown that the proper choice of diffusion procesmng pa-  
rameters  minimizes the excess phosphorus, eliminates etching defects, im-  
proves transistor junct ion yield, and results in only a small  increase in  final 
sheet resistance. This occurs when the total phosphorus concentration, aver-  
aged over 0.34 ~m from the surface, is kept below 4.0 to 4.5 X 1020 cm -3. 

The most common n- type  dopant used in silicon 
integrated circuit (SIC) processing is phosphorus, and 
~he two most widely used phosphorus diffusion sources 
are POC18 and PBr3. A considerable amount  of work 
exists (1-4) on the relationship between the electrical 
properties of these diffusions and the process param-  
eters. It is well known that for high concentrations 
of phosphorus (Ca~omio --~ 102~ ~) the amount  of 
electrically active phosphorus is less than the total 
amount  introduced during diffusion (5). The explana-  
tion given in the l i terature for this difference is that 
the excess phosphorus forms precipitates which are not 

* Electrochemical Society Active Member. 
Key words: phosphorus diffusion, defects in silicon, bipolar tran- 

sistors. 

electrically active (6-9). Al though a large amount  of  
work has been done on the relationship between  the 
electrical properties of phosphorus diffusions and proc- 
essing parameters,  very little work has been reported 
on how to minimize this excess phosphorus (8). 

The work presented here was under taken  to deter-  
mine the processing parameters  which would result  
in a m i n i m u m  amount  of excess phosphorus for the 
typical emitter  diffusions used in bipolar digital SIC's. 
This is impor tant  since the excess phosphorus can 
cause crystal damage result ing in the creation of re-  
combinat ion-generat ion centers (9-11) in the region 
of the emit ter-base junction,  and /or  emitter  collector 
shorts. At the same time, the electrically active con- 
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centrat ion should be as high as possible since in many  
cases the emit ter  diffusion is used as a diffused cross- 
under  and a sheet resistance as low as possible is de- 
sired to minimize parasitic voltage drops. For circuits 
operated at low current  levels such as inject ion logic 
and low power t ransis tor- t ransis tor  logic, an increase 
in the sheet resistance of approximately 50% or less 
should not have any  effect on the noise immuni ty  of 
the circuits. 

All of the work described in this paper was done 
on 3 in. diam slices using s tandard bipolar processing. 
The goal was to determine processing which can reduce 
the electrically inactive phosphorus concentrat ion 
without  appreciably changing the sheet resistance (i.e., 
the electrically active phosphorus concentrat ion) .  

Experimental 
The diffusion system used for PBr3 predepositions is 

shown schematically in  Fig. 1. The bubble  rate is the 
amount  of n i t rogen that  is bubbled through a flask of 
l iquid PBr~. The oxygen is needed to form a phos- 
phorus-doped glass on the silicon surface. It  is this 
glass which acts as the diffusion source. The main  N2 is 
adjusted if bubble  rate or O2 content  is changed, so 
that the total gas flow is always 8.0 l i ters /min.  This 
flow has been found sufficient to assure uni formi ty  and 
el iminate  backstreaming. 

The processing variables which control the total 
amount  of phosphorus are: diffusion temperature ;  total 
diffusion time; bubble  rate (ni trogen flow: l i t e r s /min)  ; 
percent  oxygen in gas stream; percent  t ime bubbler  is 
on; tempera ture  of PBr8 source; preheat  t ime (time 
elapsed before bubbler  is tu rned  on).  In  a typical bi-  
polar process, the desired emit ter  junct ion  depth is 
~1.2 ~m. Typical total diffusion t ime and tempera ture  
to achieve this j unc t ion  depth are 35-40 rain at 1000~ 
To first order, all of the other parameters  listed above 
have a secondary effect on this junct ion  depth, and 
hence on the active base width of the transistor. AI~ 
though it has been shown that higher phosphorus dif- 
fusion temperatures  can result  in a smaller  amount  of 
excess phosphorus than  lower temperatures  (8), due 
to the higher phosphorus solubil i ty at higher tem- 
peratures,  use of higher temperatures  is ruled out due 
to the very short, and hence poorly controllable, total 
diffusion times. 

Two approaches were ini t ia l ly taken to reduce the 
electrically inactive phosphorus concentration. The 
first of these involved lowering the amount  of phos- 
phorus in the gas stream by varying the bubble  rate, 
percent  time that the bubbler  is on, and percent  of 
oxygen. The second approach was to grow a thin layer  
of thermal  oxide on the silicon just  prior to the phos- 
phorus diffusion. This may be done in a separate oxi- 
dat ion furnace or in situ in the phosphorus diffusion 
furnace by using a relat ively long preheat  t ime and a 
high O2 level. 

All diffusions except those used in  junc t ion  yield 
studies were into p - type  bulk  wafers with a <111> 
orientat ion and a resist ivity in  the range of 0.5-1.0 ~ -  
cm. The diffusions were performed at 1000~ for total 
times of 36 or 60 min  which correspond to emit ter  
junct ion  depths of 1.2 and 1.6 ~m, respectively. The 
ni t rogen bubble  rate was varied from 0.5 to 2.0 l i ters /  
min. The oxygen flow was varied from 0 to 20% of the 
to'Lat gas flow. Bubbler  t ime was varied from 16 to 
92% of the total diffusion time. 

Three lots of 24 n - type  epitaxial  wafers each (0.5 
~-cm, 5-6 ~m thick, <111> oriented) were r un  to ob- 
serve the effect of the emit ter  diffusion on transistor  
junct ion  yield, which we define as the percent  of 
transistors with BVc~.o ~ 5V at 10 ~a. The first lot was 
split four ways; two different low phosphorus methods, 
a "worst case" high phosphorus diffusion, and an in-  
termediate  phosphorus diffusion which is the s tandard 
cur rent ly  used in  production. The second and third 
lots were split two ways; s tandard diffusion and low 
phosphorus diffusion. Twenty  larg~ transistors, emit ter  
area 270 mil~, were measured on each wafer. The t r an-  
sistor junct ion  yield, the base pinch sheet resistance 
(the sheet resistance of the base under  the emit ter) ,  
and final (i.e. reoxidized) emit ter  sheet resistance 
were also measured. 

Results and Discussion 
Sirtl  etching of wafers following the phosphorus 

diffusions was used to reveal  dislocation size and 
density for the different diffusion conditions. Since de- 
fect analysis is performed at high magnification 
(200•  the statistical variat ion from sample to sam- 
ple for these wafers was considerable, hence large 
areas from each of the wafers wi thin  a par t icular  r un  
must  be examined. Typical defects from such an ex- 
aminat ion using Normarski  interference contrast mi -  
crocopy are shown in Fig. 2 and 3. The diffusion con- 
ditions of the various samples will be discussed later. 
It is possible to prepare samples with no defects (Fig. 
2a), with small  defects (Fig. 2b and 2c), and with large 
defects (~ ig. 2d and ]~ig. 3a-3d). These defects, as men-  
tioned earlier, are dislocations arrays. Their  sizes, as 
revealed by etching, range from ~3-5  ~m for the small  
defects to 50-60 ~m for the large ones. Because of the 
range in size and position of these defects, no quant i -  
tative estimate of their  densi ty has been attempted. 
All results are presented in  a quali tat ive and com- 
parat ive manner .  

Table I shows the effect of the total phosphorus con- 
centrat ion on the defects produced by the emit ter  dif- 
fusion as observed by Sirtl  etching. The phosphorus 
concentrat ion was varied by vary ing  the percent  of 
time the bubble r  is on, the bubble  rate, and the per- 
centage of oxygen in the gas flow. 

This table indicates that a reduct ion of the phos- 
phorus concentrat ion below 4.0 to 4.5 • 1020/cm 8 
(averaged over the first 0.34 pm) by appropriate choice 
of diffusion parameters  is sufficient to produce defect- 
free emitters. 

The second approach used to reduce the phosphorus 
induced defects involves growing a th in  oxide prior to 
the phosphorus diffusion. Table II shows the results 
for a separate oxidation, and once again it is found 

F~ 

PBr 5 Nz 02 
(MAIN) 

Fig. i .  Diffusion system used for PSr3 predepositions 

TUBE 

Fig. 2. Defects produced by phosphorus predeposition (I000~ 
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Table II. Diffusion through previously formed thin oxide 

(Total diffusion time 60 rain) 

Barrier  
oxide Sheet  
thick- res is tance  Tota l  Etching results  

ness  (A) Rs (~/O) phos. conc.* (re fer  to Fig. 2 and 3) 

0 3.9 5.9 x 102o Large defects  throughout  
165.0 4.2 5.4 x 10 ~o Large defects  but lower  

densi ty  than above  
290.0 4.6 4.0 x 10 -~o Small  defects  
450.0 5.4 4.3 x 102o None  
700.0 8.3 2.9 x 102o None  

1000.0 17.8 < 1  x 10 ~ None  

* A v e r a g e d  over  0.34 ~m. 

Table IlL Diffusion through an in situ oxide 

(Total diffusion time 60 rain) 

Oxide Sheet  Etching resul ts  
f ormed  res istance Total phos. ( re fer  to Fig. 

(A) Rs (~/U]) conc.* (era -~) 2 and 3) 

Fig. 3. Large defects produced by phosphorus predeposition 
(1000~ 

t h a t  r e d u c i n g  the  p h o s p h o r u s  c o n c e n t r a t i o n  b e l o w  4.0 
to 4.5 • 1020/cm 3 ( a v e r a g e d  o v e r  0.34 ~m) r e s u l t s  i n  
the  e l i m i n a t i o n  of  p h o s p h o r u s - i n d u c e d  defec ts .  Tab le  

III  s h o w s  r e su l t s  fo r  th in ,  ~ l l 0 A ,  ox ides  g r o w n  in 
situ in  t he  p h o s p h o r u s  d i f fus ion  f u r n a c e  in  d r y  O2, In  
th is  case t h e  n u m b e r  of  de fec t s  dec rea se s  as t he  o x i d e  
t h i cknes s  inc reases ,  bu t  t h e r e  is  no a p p a r e n t  d e c r e a s e  
in t he  to ta l  p h o s p h o r u s  concen t r a t i on .  This  a p p a r e n t  
con t r ad i c t i on  of t he  p r e v i o u s  co r r e l a t i ons  m a y  be 
u n d e r s t o o d  by  r eca l l i ng  tha t :  (i) t he  e l e c t r o n  m i c r o -  
p r o b e  m e a s u r e m e n t  g ives  an  a v e r a g e  c o n c e n t r a t i o n  

TaMe L Effect of tota~ phosphorus concentration on defects 

(Total  diffusion t ime 60 min) 

Sheet Total 
resistance phos. conc.* Etching results 
Rs (~/O) per cm ~ (refer to Fig. 2 and 3) 

5.6 3.3 x 10 ~~ 
4.4 4.5 x 102o 

4.2 5.4 x i02~ 

4.2 6.1 • 102o 

4.0 7.5 • 102o 

No defects 
Small defects at center, large 

defects at edge 
Small and large defects at 

center, large defects at edge 
Small and large defects at 

ce~ter, large defects ~t edge 
Small and large defects at 

center, large aefec~s at edge 

* Averaged over 0.34 ~m depth (electron microprobe resul ts ) .  

�9 ~0 4.5 4.8 x 1{} ~ Low densi ty  of small 
defects  

66 4.5 4.4 x 10 ~o Low densi ty  of ~a-nall 
defects  

110 4.2 4.7 x 1020 Very few, small  de- 
fects  

* Averaged  over  0.34 ~m depth.  

ove r  ~0.34 ~m f r o m  the  su r f ace ;  a n d  (ii) i t  is t h e  
m a x i m u m  p h o s p h o r u s  c o n c e n t r a t i o n  w h i c h  occurs  a t  
t he  s u r f ace  t h a t  is t he  cause  of t he  S iP  p r e c i p i t a t e s  and  
d i s loca t ion  n e t w o r k s .  I t  appea r s ,  t h e r e f o r e ,  t h a t  e v e n  a 

t h i n  ox ide  ( ~ l l 0 A )  o v e r  t he  s i l icon acts  to d e c r e a s e  
the  s u r f ace  p h o s p h o r u s  c o n c e n t r a t i o n  and  " f l a t t en  ou t"  
the  profi le ,  w i t h  v e r y  l i t t le  effect  on t h e  to ta l  a m o u n t  
of  p h o s p h o r u s  t h a t  is d i f fused  in to  t he  si l icon. 

The  in situ o x i d a t i o n  m e t h o d  has  a n u m b e r  of a d -  
v a n t a g e s  ove r  a p r e f o r m e d  ox ide  l ay e r ;  i t  e l i m i n a t e s  
t he  n e e d  fo r  an  add i t i ona l  p roces s  s tep,  i t  e l i m i n a t e s  
t he  poss ib i l i t y  of a c c i d e n t a l  r e m o v a l  of t h e  t h i n  ox ide  
d u r i n g  a r ec lean ,  a n d  it r e su l t s  in  a r e p r o d u c i b l y  t h i n  
ox ide  ( ~ 1 0 0 A )  w h i c h  d e c r e a s e s  t h e  d e f e c t  d e n s i t y  
w h i l e  r e s u l t i n g  in  a m i n i m a l  i n c r e a s e  in  t h e  s h e e t  
r e s i s t ance .  

T h e  r e s u l t s  of c o m b i n i n g  these  two  a p p r o a c h e s  
( l o w e r i n g  the  a m o u n t  of  p h o s p h o r u s  in  t h e  a m b i e n t  
and  g r o w i n g  an  SiO2 l a y e r  p r i o r  to d i f fus ion)  a r e  
s h o w n  in  Tab le  IV. In  t h r e e  " low p h o s "  e x a m p l e s ,  t h e  
p h o s p h o r u s  glass  t h i c k n e s s  is no t  a p p r e c i a b l y  d i f f e r en t  
f r o m  the  " s t a n d a r d "  cond i t i on  fo r  a n y  of t h e s e  cases.  
A f t e r  t he  e m i t t e r  r e o x i d a t i o n ,  900~ for  60 ra in  in  
s team,  t he  final  s h e e t  r e s i s t a n c e  of l o w  p h o s  III  is 
s l i gh t ly  g r e a t e r  t h a n  s t a n d a r d ,  w h i l e  the  o t h e r  t w o  
cases  h a v e  a p p r e c i a b l y  l a r g e r  va lues .  The  a m o u n t  of 
ox ide  g r o w n  o v e r  t he  emi t t e r ,  w h i c h  is k n o w n  to d e -  
p e n d  on  t h e  p h o s p h o r u s  c o n c e n t r a t i o n ,  is a lso s h o w n  in  
the  table .  

Table IV. Some characteristics of "optimum" omitter diffusion 

(Total diffusion time 36 min) 

Emitter 
diffusion 

Diffusion conditions 

Bubble Glass 
Oxygen rate thick- 

(%) (l/rain) ness (A) 

After predep 

Rs Total phos l~s Total phos 
(9/[~) conc.* (f~/O) eonc.* 

A f t e r  reox  

Oxide 
thick- 

ness (A) Etching results  

Low phos I 10 0.5 670 
Low phos II 1O 0.75 715 
Low phos III 10 1.0 720 
Stanclard 3 1.0 600 

11.4 2.4 • I0 ~~ 16.5 1.7 x 10 ~~ 
8.8 3.1 x 1020 12.7 2.7 • 102o 
7.7 3.4 x 102 11.0 3.5 • I0 ~~ 
6.2 4.3 x 102o 9.0 4.6 x 102 

3450 No defects  
3700 No defects 
3860 Some small  defects  
4020 Small defects at cen- 

ter, large defects  
near edges  

* Averaged over 0.34 ~m depth. 
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Table V. Effect of emitter diffusions on transistor junction yield 

(Total diffusion time 36 rain) 

Diffusion condit ions  

Diffusion Bubble  r a t e  Oxygen  
emit ter  (1/min)  ( % ) 

Junction yield Base p inch  Final  emit ter  Tota l  phos- 
(% BVcEo > shee t  res.  shee t  res.  phorus  concen- 
5 v at 10 ~A) (k~ /O)  (~/[~) tration* (cm -8) 

Lot No. 1 

Low phos  I 0.5 10 
Low phos  IH 1.0 10 
Standard L0 3 
High phos  2.0 3 

Lot No. 2 

Low phos I 0.5 t0 
Standard 1.0 3 

Lot No. 3 

Low phos  I I I  1.0 10 
Standard 1.0 3 

90% 4.1 13 2.9 • 10 ~~ 
83% 5.0 10 4.1 • 10 e0 
52% 5.3 9.2 4.4 • 10 ~o 
52% 5.0 7.0 1.1 • 10 ~ 

69% 5.7 14.0 2.6 • 10 ~o 
43% 5.8 9.4 4.6 • 10~o 

83% 3.3 9.8 Not  measured  
67% 3.7 8.5 Not measured  

* A v e r a g e d  over  0.34 # m  f r o m  sur face .  

The resul ts  of the t rans is tor  junct ion  yie ld  exper i -  
ments  p rev ious ly  descr ibed are  shown in Table  V. For  
Lot 1 the  low phos I resul ts  may  be too opt imist ic  due 
to the wide basewid th  of this pa r t  of the spli t  lot  (as 
indica ted  by  the low base pincb sheet  res is tance) .  
However  the  resul ts  of low prms I I I  vs. s tandard  
c lear ly  show a rea l  improvement .  

Conclusion 
To increase  t rans i s tor  junct ion  yie ld  the amount  of 

excess, e lec t r ica l ly  inactive,  phosphorus  in the  emi t t e r  
diffusion must  be kep t  to a minimum. Two approaches  
to this are:  (i) minimize  the  amount  of phosphorus  in 
the gas s t ream;  and (ii) grow a th in  l aye r  of the rmal  
oxide over  the  silicon pr ior  to the diffusion. These two 
approaches have been combined into "opt imum" diffu- 
sion schedules which produce  to ta l  phosphorus  con- 
centra t ions  (averaged  over  0.34 ~m from the surface 
as measured  by  e lect ron microprobe)  less than  or 
equal  to app rox ima te ly  4.0 to 4.5 • 1020 cm -3. As a re -  
sult, de fec t - f l ee  surfaces are  obta ined  and t rans is tor  
junct ion yie ld  is s ignif icantly increased (up to ~ 8 0 % )  
as compared  to h igher  concentra t ion  phosphorus diffu- 
sions. 
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ABSTRACT 

A high tempera ture  (700~176 oxidation process for the formation of 
th in  tunne lab le  SiO2 (20-70A) is described. This oxidation process uses l iquid 
02 at l iquid N2 tempera ture  as a source of oxidant and oxygen is vaporized 
just  before the furnace tube to supply a water- f ree  oxidant  ambient.  The 
activation energy (20.2 keal /mole)  of oxidation rate differs from that  pre-  
vious (43.9 kcal /mole)  which has been evaluated for thin oxide growth 
using the 02/N2 part ial  pressure method. By the use of this technique we can 
control thickness to ~_0.5~ accuracy. The rate of oxidation has been found to 
be governed by the inverse- logar i thmic growth law, i.e., Mott-Cabrera 's  field- 
assisted diffusion law. Electrical characteristics, such as dynamic conductance, 
capacitance, and tunne l  current ,  are measured and discussed. The increment  
of the oxidation tempera ture  is found to result  in the decrease of surface- 
state density at the Si-SiO2 interface. The process described enables the way 
for wider application of th in  oxide devices. 

There has been a good deal of recent interest  in th in  
oxide nonvolat i le  memory  devices such as metal -  
ni t r ide-oxide silicon (MNOS) devices. This is because 
of the proposed use of MNOS devices in electrically 
alterable read-only  memories as well as for various 
other applications (1). In  these devices, a thin tunne l -  
able oxide plays a very impor tant  role in  governing 
several properties of the memory actions, such as 
switching speed, re tent ion characteristics, and degra- 
dation phenomena. Although there is a considerable 
amount  of informat ion available about the kinetics 
and electrical properties of relat ively thick (0.02-1 #m) 
SiO2 layers (2-4), there has been comparat ively little 
published on th in  (<200A) SiO2 films (5-7). Most im-  
portantly,  there is little informat ion on the reproduci-  
bil i ty of the formation and qual i ty control of thin tun-  
nelable oxides. 

This paper presents a study of the growth of thin 
tunnelable  oxides (20-80A) on freshly etched Si at 
700~176 in dry oxygen. It  describes the successful 
development  of a technique for reproducibly ~abricat- 
ing th in  tunnelable  SiO2 films (on Si) and for improv-  
ing the Si-SiO2 interface properties. 

Experimental Procedures 
Sample preparation.--Most of the single crystal sili- 

con wafers in this study were 8-12 ~2-cm p- type with 
a chemmechanical ly polished (100) face. Conductance 
measurements  were carried out using sample wafers 
of 0.002 ~2-cm p+ +-type or 0.009 l~-cm n + +-type (111) 
face. The wafers were cleaned by a s tandard am-  
moniacal  peroxide process as a preoxidation wafer 
t rea tment  after the field oxide was etched off to ex- 
pose the gate region. Wafers for s tudying the rate of 
formation of th in  tunnelable  SiO2 films did not have a 
field oxide, so only the cleaning sequence was carried 
out. 

All thickness measurements  were made ellipsomet- 
rically. The films formed in  air dur ing 7-10 min  mea-  
surement  t ime on freshly etched Si wafers were mea-  
sured to be about 6.0A (assuming that  the films were 
SiO2 films). In  this study, the refractive indexes of 
nsio2 = 1.47 and nsi = 4.08-0.028i were assumed. 

The oxidation was carried out in a resistance-heated 
3 zone oxidation furnace tube with a specially pre-  
pared oxygen source for the desired amount  of oxida- 
tion time. The oxidation apparatus for formation of 
thin tunnelable  SiO2 is shown in  Fig. 1. In this oxida- 
t ion process, the oxygen source is l iquid 02 vaporized 

Key words: high temperature oxidation, excellent accuracy, in- 
verse-logarithmic growth law, surface-state density decrease. 

at the temperature  of l iquid N2 and carried into a 
conventional  oxidation furnace with purified N2 gas. 
N2 gas does not bubble  through l iquid O3 but  s imply 
passes over l iquid O2 face. The oxygen vaporization 
just  before the furnace tube inherent ly  decreases im-  
pur i ty  content in  the oxidant  ambient.  Oxidation was 
carried out at 700~176 

After oxide growth samples to be used for measure-  
ment  of the electrical properties were placed in a vac- 
uum system. A l u m i n u m  was evaporated with a re- 
sistive heater  and gate electrodes were formed by 
photoetching. Contact with the back side of the struc-  
ture was accomplished by N + diffusion before forma- 
t ion of the thin SiO2 films. 

Measuring procedure.mDynamic conductance and 
capacitance measurements  are made by properly ad- 
just ing the phase shifter of the lock-in  amplifier (8). 
A ramp voltage supply provides d-c voltage to the 
sample, thereby enabl ing data to be plotted automatic-  
ally. Signal f requency is about 19.2 Hz and peak- to-  
peak voltage is about 5 mV. The absolute measure-  
ment  of conductance or capacitance is made by a 
subst i tut ion technique in  which the system is first 
calibrated to give a certain deflection for a known 
conductance or capacitance. After  cal ibrat ion the 
sample is switched into the circuit. This system can 
verify conductance values of more than  2 • 10 - s  mho. 

Results and Discussion 
Thickness evaluation.--The vapor pressure of oxygen 

does not stabilize for about two days after l iquefaction 
at l iquid N2 temperature.  The fluctuation of the formed 
oxide thickness under  these conditions is plotted 

3 W/~ VALVE 

..-JML  II 

:".""-':.".':'1 OXIDATI ON FURNACE 

N2 02 LIQ. N 2 TRAP 

Fig. 1. Oxidation apparatus for formation of' thin tunnefable SiO~ 
with liquid 02 source vaporized at liquid N2 temperature. 
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Fig. ]. Rate d formation of thin tunne[able Si02 films using a 
liquid 02 source vaporized at liquid N2 temperature. The results 
of the 02-N2 mixture method varying oxygen concentration at 
1 arm total pressure by mass-flow controller are shown for com- 
parison. 

In  this figure, the Deal-Grove l inear  parabolic rela-  
tionship, X 2 § A X  -- B ( t  + ~) is not applied as an 
analytical  procedure, but  the second-order regression 
curves t - ao + a lX  ~- a2X2 are fitted to the experi -  
mental  data plots using the least squares method. This  
is because the Deal-Grove relationship cannot actual ly 
be applied in  the case of thin oxide growth involving 
field and space charges wi thin  the oxide layer th inner  
than oxide-Debye length (9, 10). 

It  has been reported in  the previous paper  (10) 
that the thin oxide growth under  low oxygen part ial  
pressure is governed by the inverse- logar i thmic growth 
law d X / d t  : u exp (X1/X), i.e., one case (X1 > >  X) 
of the Mott-Cabrera 's  field-assisted diffusion law 
d X / d t  ---- 2u sinh ( X 1 / X ) ,  where u cc e x p ( - - W / k T )  
and X~ are the characteristic velocity and distance, 
respectively (11). 

The results of the exper imental  and analyt ical  data 
at 950 ~ and 1000~ oxidat ion tempera ture  are pre-  
sented in  detail in  Table I. Average relat ive error 
d X / X  is as small  as 0.34%. Average thickness error 
d X  is remarkably  small, i.e., 0.11A. The Deal-Grove's  
rate constants can easily be calculated from Table I. 

The resul t ing rate constant  A has negative values 
in our exper imental  range. This means that  the 
Deal-Grove l inear  parabolic relationship cannot  be 
accepted in  our  exper imental  range. The relat ion be- 
tween oxidation velocity and oxide thickness is also 
given in Table I. The log ( d X / d t )  vs. 1 / X  plots at 
950 ~ , 1000 ~ and 1050~ are shown in Fig. 4. It is 
clear that a strictly l inear  relat ion can be obtained 
in  this figure. The values u and X1 can be obtained 
from Fig. 4, i.e., u by extrapolat ing the straight l ine 
back to 1 / X  _-- 0. The gradient  of this l ine gives XI. 
The good l inear  relationship, as is seen in Fig. 4, proves 
that the oxide growth using l iquid 02 vapor pressure 
method is also governed by the inverse- logari thmic 
law, i.e., Mott-Cabrera 's  field-assisted diffusion growth 
law. 

All values obtained for u can be plotted as a func-  
t ion of oxidation temperature.  Activat ion energy (W) 
in the Arrhenius  expression is about 20.2 kcal/mole.  

This value is smaller  than  43.9 kcal/mole,  that of 
previous s tudy (10) where O2-N2 part ial  pressure 
method was used as a thin oxide formation. However, 
it may be compared with 25.8 kcal /mole for the 
thicker oxide formation as referred to by Revesz and 
Evans (3). They obtained this value by rf heat ing 
oxidation with dry O2 containing less than  0.1 ppm 
of water. According to them, the water  and sodium 
content  in  the oxidizing ambient  greatly affects the 
rate constant and its act ivation energy. The activation 
energy increases with the increment  of sodium and 
water content. In  their  study or in  the previous studies 
(2, 12), 43.3-44.0 kcal /mole were presented as the 
largest values of activation energy. 

In  our experiment  l iquid O2 is vaporized just  before 
the furnace tube, and water  vapor in  the oxidant  

Table ]. Data analysis for the oxidation of silicon with the liquid 02 
vapor pressure method 

950~ IO00~ 

t x x dX dX/dt X -X dX dX/dt 

against  time after l iquefaction in Fig. 2. After three 
days, the oxygen vapor pressure reaches a steady- 
state condition and good reproducibidty  can be ob- 
tained within ___0.5A accuracy. 

The rate of formation of th in  tunnelable  SiO., films 
using l iquid O2 oxidant  source is shown in Fig. 3. 
The results of the O2-N2 mixture  method (varying 
oxygen concentrat ion at 1 atm total pressure by mass 
flow controller) are shown in this figure for com- 
parison. By comparison with the O2-N2 mixture  method, 
part ial  pressure of O2 is verified as being near ly  equal 
to 10 -~ a tm for the l iquid O2 vapor pressure method. 

10 23.03 22.98 0.05 0.3326 26 .44  26.29 0.15 0.4507 
20 25.74 25.85 -0.11 0 24"6 30.05 30.12 --0.07 0.3283 
40 30.18 30.09 0 0~ 0.1824 35.51 35.65 --0.14 0.2358 
80 36.19 36.22 --0.03 0.1313 43 .66  43.54 0.12 0.1682 

160 45.01 45.01 0.00 0.0937 52.26* 52.29 --0.03 0.1276 
dX 0.07A 0.11A 

dX/X 0.26% 0.34% 
ao 3.31 x 10 2.66 • 10 
al -- 4.99 - 3.46 
as 1.74 x 10 -~ 1.08 • 10 -I 
u 2.55 • I0 -~ 3.54 x 1O -~ 
Xx 59.0), 67.3A 

t = min, X = A, a~ = min, az = rain/A, a2 = min/A ~. 
* Oxidation time is 140 rain. 
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Fig. 4. Relation between Iog(d'X/dt) and I / X ' a t  950% 1000 ~ and 

1050~ This figure utilizes the values from Table I. The values of 
u and X1 are given by extrapolating the straight line back to 1/X1 
and by the slope of this line, respectively. 

mass mD for the valence band. According to thei r  
method, mD is eva lua ted  as 0.296 m~ The va lue  of mD 
obta ined  f rom this method differs cons iderably  f rom 
the bu lk  dens i ty  of states mass which  is rnD - -  0.55 mo 
for the  valence band. Maser j i an  et at. suggested tha t  
one possible reason for this is surface quant izat ion 
effects. They ca lcula ted  mD : 0.29 mo for the  valence  
band of the (100) surface assuming the t r i angu la r  
potent ia l  approx imat ion  for a s t rongly  accumula ted  
semiconductor  surface. Quite good agreement  can be 
seen be tween the va lue  found from surface quant iza-  
t ion and our  ca lcula ted  value  in spite  of measurement  
at  room tempera ture .  

The f latband vol tage  va lue  is nea r ly  --0.8V and 
d iscrepancy f rom the A1-Si work  funct ion difference 
(14) is less than  0.05V. No hump caused by  the in te r -  
face s ta te  densi ty  d i s t r ibu t ion  (15, 16) can be ob-  
served in this capaci tance curve. These facts prove  
the qual i ty  of the thin oxide films descr ibed in this 
paper .  

Tunnel  cur ren t  is measured  in a " t rans is tor  s t ruc-  
ture"  wi th  a N+-di f fused  region ins tead of the usual  
diode s t ructure .  The use of the  t rans is tor  permi ts  the 
es t imat ion of the amount  of charge t ransfe r  be tween  
the Si subs t ra te  and t rap  sites in thin oxide nonvola-  
t i le  memory  devices. A cross-sect ional  v iew of this 
t rans is tor  is shown in Fig. 6. In  this  figure, the  cur ren t  
be tween  the Si surface invers ion layer  and counter-  
e lectrode can be dis t inguished f rom the convent ional  
MOS diode tunnel  current .  

Typical  cur ren t  dens i ty  vs. vol tage ( J -V)  curves 
for var ious  oxide  thicknesses are  shown in Fig. 6 
for two different  cur ren t  paths. The b roken  lines 
show the J -V  character is t ics  be tween  A1 electrode 
and Si subs t ra te  (N+-di f fused  region is e lect r ica l ly  
in floating condi t ion) .  The dot t ted  l ines show the J -V  
character is t ics  be tween  the A1 elect rode and N + -  

source at  l iquid N2 t empera tu re  is less than  2 • 10 -26 
atm, i.e., wate r - f r ee  oxidant  source. According to this, 
the l iquid 02 vapor  pressure  method may  appa ren t ly  
be dis t inguished f rom other  th in  oxide format ion  
methods for impur i t y  content  in the formed oxide. 

Electrical properties.--A typica l  capaci tance vs. vol t -  
age charac te r i s t i c  measured  by  a lock- in  amplif ier  
wi th  100 kHz superposed f requency is shown in Fig. 
5. Thickness of this film measured  by  e l l ipsometry  
is 57.2A. Maser j i an  et al. (13) provided  a method to 
eva lua te  the value  of the  dens i ty  of s ta tes-effect ive 

S o u r c e  Gate  
Gate-  Sub.& Source t ~ r ~ x  I , e a ~  

- - -  Gate-Sub.  

- "  - Gate - Source 

...... Cox=1049.3 pF hxl03 

S = 1 . 6 3 3 ~  11" ~ 

~[~i=5~2rn~et r Y ) / ~",'--*~Sx] 02- 

-3.0 -2.5 -2s -1.5 -1.0 -05 0 05 
B I A S ( V )  

Fig. 5. A typical capacitance vs. voltage characteristic. Oxide 
thickness measured by ellipsometry is 57.2-~. Capacitance fails to 
saturate at the oxide capacitance Cox. Thus, the Cox value is 
estimated after Ref. (13) exactly. 
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Fig. 6. Typical current density J vs. voltage V curves with various 
oxide thickness. Oxide films are formed at I000~ Broken lines 
show the J-V curves between AI and Si substrate. Dotted lines show 
the J-V curves between the AI and N + diffused region through the 
surface inversion layer. Solid curves indicate the J-V curves between 
AI and Si substrate by shorting the N+-diffused region and sub- 
strate. 
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diffused region th rough  the surface invers ion layer  
( the subs t ra te  is e lec t r ica l ly  in floating condi t ion) .  
The solid l ines  indicate  da ta  summar iz ing  the above  
two curves (cur ren t  densi t ies  a re  measured  between 
the A1 elect rode and subs t ra te  b y  shor t ing the N + 
region and subs t ra te ) .  The dot ted  l ines  in  the posi t ive 
vol tage regime coincide exac t ly  wi th  the solid curves. 

When the oxide  is mode ra t e ly  thin (<40A)  and the 
e lect ron supplement  source is the only  genera t ion  
cur ren t  in the  deple t ion  layer ,  e lectrons can more  
easi ly  t rans i t  f rom the Si surface to the meta l  elec-  
t rode than  main ta in  the invers ion l aye r  at  the Si 
surface (Si surface is s t rongly  deple ted) .  The broken  
l i n e s  in  the  posi t ive direct ion show this genera t ion-  
l imi ted  current .  This cur ren t  dens i ty  is independen t  
of the appl ied  vol tage  and oxide  thickness. F u r t h e r -  
more  coincidence of the  dot ted  curves wi th  the solid 
one in the  posi t ive direct ion indicates  that  most  elec-  
t rons a re  suppl ied  f rom the N+-di f fused  regions. The 
cur ren t  in the posi t ive di rect ion m a y  be l imi ted  by  
the length  L of the  offset region and the conductance 
value  at  this  reg ime or  by  the tunnel  t rans i t ion  p rob -  
abil i ty.  These currents  a re  functions of the oxide 
thickness and appl ied  voltage.  The solid curves cor-  
respond to the  real  behavior  of tunnel  t ransi t ions  for 
the switching act;~ons in thin oxide  nonvola t i le  memory  
devices. 

To improve  swi tching speed, especia l ly  in the case 
of e lect ron in jec t ion  f rom the subs t ra te  to t rap  sites, 
i t  is des i rable  tha t  devices adopt  th inner  tunnelable  
oxide, if possible, wi thout  any  fa ta l  demer i t  to o ther  
device propert ies .  Ano the r  recommendat ion  is dec-  
r ementa t ion  of the offset length,  L, i.e., provid ing  a 
large  conductance value  wi thout  leakage  or  deg rada -  
t ion of th in  oxide films over  the N+-di f fused  regions. 

To eva lua te  another  fea ture  of thin tunnelab le  oxide 
p repa red  by  the l iquid O2 vapor  pressure  method,  a -c  
conductance of MOS diode is measured  with  30-22A 
thick oxide  over  p+ +-  Or n+ +-degenera te  substrates .  
The e lec t rode  is a mask -evapo ra t ed  1 m m  diam A1 
dot., A typical  a -c  conductance dI /dV vs. appl ied  
vol tage  V curves  wi th  30A. th ick  oxide  over  p + + -  
degenera te  subs t ra tes  a re  shown in Fig. 7. As an 
expe r imen ta l  pa ramete r ,  oxidat ion  t empera tu re  is 
var ied  f rom 700 ~ to ll00~ Conductance values  for 
the  low t empera tu re  (700~ oxidized sample  increase  
r ap id ly  wi th  inc rement  of appl ied  vol tage  in the 
negat ive  direction.  For  a sample  oxidized at  900~ 
a l i t t le  hump in the conductance curve can be ob-  
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Fig. 7. A typical, a-c conductance vs. applied voltage carves w~th 
30,~ thick oxide over p+ + substrates. 
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served  for  the negat ive  bias regime corresponding 
to the forb idden band. For  the h igher  t empera tu re  
( l l00~  oxidized sample,  only  an  ab rup t  conductance 
increment  corresponding to the  e lect ron in jec t ion  f rom 
the meta l  e lec t rode  to the  lower  edge of the  conduc-  
t ion band can be observed.  The discrepancy for posi-  
t ive-b iased  conductance curves m a y  be caused by the 
fact that  the heavy  degenera t ion  effect and the valence 
bandedge  become obscure in p+ + subs t ra tes  wi th  over  
1019 impur i t i e s / cm a (17). 

The  f requency dependence  of a -c  conductance for  
p+ + subs t ra tes  wi th  22A th ick  tunne lab le  oxide is  
shown in Fig. 8. The tunne lab le  oxide  is formed at  
900~ The significant proper t ies  of these humps i n  
the  conductance curves  are  that  (i) the locat ion of 
the humps along the vol tage  axis is independent  of 
f requency  over  the  range  19.2 Hz-19.2 kHz; and (ii) 
the magni tude  of the hump increases  a l i t t le  wi th  
increasing frequency.  B e c a u s e  of p r o p e r t y  ( i) ,  this 
hump cannot  due to invers ion l aye r  coupl ing (18). 
I t  must  be due e i ther  to tunnel ing to in ter face  states 
o r  to charge  exchange be tween  the in ter face  s tates  
and the ma jo r i t y  car r ie rs  at  the valence band.  

In  case of a MOS tunnel  diode wi th  p+ + subs t ra te  
and  thin  (20-40A) oxide  film, meta l  carr iers  tunnel  
th rough  the oxide into in ter face  states and then 
r ap id ly  recombine  wi th  the  ma jo r i t y  ca r r i e r  at  the va l -  
ence band for bias corresponding to the  forb idden  
bandgap.  Thus, the cur ren t  th rough  the in terface  
states is tunnel ing control led  (Ttunnel ~ "~recombine) 
(19). Then the humps in Fig. 8 m a y  be due to tunne l -  
ing to in ter face  states. 

F requency  response of a -c  conductance charac te r -  
istic depends on the t rans i t ion  p robab i l i t y  of an  elec-  
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Fig. 8. Frequency dependence of a-c conductance for p+ + ~ub- 
strotes with 22A thick oxide. The oxide is formed at 900~ 
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t ron from the metal  into the interface states. The 
characteristic frequency depends l inear ly  on the dens- 
i ty  of interface states (18). Thus, little f requency de- 
pendence indicates that  there are few interface states 
in  that  sample. 

D-c and a-c conductance dist inctly reflect the effect 
of the semiconductor band  structure and the density 
of interface states. F reeman  and Dahlke provided a 
theoretical analysis (19) to evaluate the d-c and 
low frequency a-c conductance characteristics assum- 
ing various energy distr ibutions of interface states. 
In  the case of degenerate substrate, surface potential  
is usual ly  a negligible correction and the variable  
range of surface potential  at max imum is less than 
3 X 10-~V for p++ substrates with the applied 
voltage range in Fig. 7. According t o  this fact and 
Freeman 's  theoretical evaluation, tunne l ing  conduct-  
ance is approximately proport ional  to the densi ty of 
interface states. This indicates that humps or in -  
crements in  conductance curves shown in  Fig. 7 
correspond to the dis t r ibut ion map of interface state 
density. An  energy band diagram and  distr ibution 
map of interface state density derived from Fig. 7 
is shown in Fig. 9. In  this figure, the vertical axis 
is expressed in  a rb i t ra ry  units. This is because the 
magni tude  of exper imental  results does not coincide 
with the calculated one. This discrepancy may be 
caused by the misest imation of values such as cap- 
ture cross section of interface state or average a t tenua-  
t ion constant  at the interface. 

The a-c conductance curves for a sample having 
an n ++ degenerate (0.009 ~2-cm) substrate with a 
22A thick oxide is shown in Fig. 10. 

The tunnelable  oxide is formed at 900~ The 
approximate voltages corresponding to bandedges are 
also shown in  this figure as Ev and Ec. As can be 
seen in  Fig. 10, conductance values increase simply 
as a result  of increment  in  the positive and negative 
applied voltage. 

For n + + substrate, the effective oxide barr ier  is 
expected to be smaller  than for those of p+ + sample 
(14). For  a negat ive bias on the gate electrode, elec- 
trons tunne l  from the gate to empty states of the 
semiconductor conduction band, result ing in a large, 
rapidly increasing current.  A small positive bias on 
the gate produces increased electron tunne l ing  from 
the semiconductor conduction band into the gate elec- 
trode. In  addition to this current  component, electron 
tunne l ing  from the interface States into the metal  gate 
is generated by a fur ther  increase in bias. This second 
component (19) is due to the decrease in eEective 
oxide barrier.  

For larger voltage addit ional tunne l ing  from the 
valence band to the gate electrode occurs. However, 
this tunne l ing  has a comparat ively small  influence 
on the total conductance characteristic on account of 
the high oxide barrier,  i.e., p+ + sample. This is why 
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Fig. 9. Energy band diagram of MOS tunnel diode with 30A thick 
oxide ever p+ + substrates and a distribution map of Si-Si02 sur- 

face state density evaluated from Fig. 7. 
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Fig. 10. Typical a-c conductance curve for a sample with an n + + 
substrate under 22A thick oxide which is formed at 900~ The 
band structure of Si has a much smaller influence on the con- 
ductance characteristics compared to p + + samples. 

the Si band structure has a much smaller  influence 
on the conductance characteristics of the n + + sample 
(Fig. 10) compared to the p+ + one (Fig. 7 and 8). 

Conclusion 
Thin tunnelable  oxides (20-80A) are formed by 

a high temperature  (up to 1100~ oxidation method 
within  +_0.5A accuracy. This oxidation process uses 
liquid 02 as an oxidant  source at l iquid N2 tempera-  
ture. The part ial  pressure of vaporized O2 in  steady- 
state conditions is verified as being near ly  equal to 
1 X 10 -8 atm. The oxidation kinetics in our experi-  
mental  range are governed by the inverse- logari thmic 
relat ion which is caused by the field-assisted diffu- 
sion law. 

The activation energy of oxidation rate is evaluated 
as 20.2 kcal /mole  and this value is smaller  than 
previous data. The smaller  value of the activation 
energy may suggest that  the described process is 
distinguished from other formation methods of thin 
oxide films for impur i ty  content in the oxide films. 

Electrical properties such as effective mass in the 
valence band and S i - S i Q  interface state density are 
evaluated and discussed by capacitance and a-c con- 
ductance measurements.  Results obtained are; mD ~- 
0.296 mo and interface state density decreases with in-  
creasing oxidation temperature.  No hump can be ob- 
served in the capacitance curve for the sample oxidized 
at higher temperature.  This indicates that less in ter-  
face state is originated by the oxidation process de- 
scribed. Interface state density for p++ substrate 
increases as t he  energy level approaches the lower 
edge of the conduction band  within  the forbidden 
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band for  samples  oxidized at  low tempera ture .  How- 
ever, for n + + substrate ,  in terface  s tate  dens i ty  cannot 
be es t imated because interface  states are  filled wi th  
conduct ion electrons due to recombinat ion.  

To es t imate  the real  behavior  of charge  t rans i t ion  
in the thin oxide nonvola t i le  m e m o r y  devices, tunnel  
currents  are  measured  in an ac tual  t rans is tor  s t ruc-  
ture.  This permi ts  the current  be tween the Si surface 
invers ion l aye r  and the countere lec t rode  to be dis-  
t inguished f rom the convent ional  MOS diode tunnel  
current.  As a result ,  i t  is predic ted  that  channel  con- 
ductance  near  the  source region m a y  p lay  an im-  
por t an t  role  in governing the e lect ron inject ion ra te  
into the t rap  sites. 

The thin  tunne lab le  oxide layers  descr ibed have been 
and are  being used in FTMIS (floating sil icon gate 
tunnel  in ject ion meta l - insu la to r - s i l i con)  m e m o r y  de-  
vices. They are  tunne l -mode  type  nonvola t i le  mem-  
o ry  devices (20, 21). In  the  th in  oxide m e m o r y  de-  
vices, m e m o r y  character is t ics  such as fat igue phenom-  
ena depend s t rongly  on the proper t ies  of the thin 
oxide  and most devices have degrada ted  af ter  106-10s 
cycles of opera t ion  (1). However ,  FTMIS memory  
devices wi th  thin tunnelab le  oxide descr ibed can 
opera te  wi thout  any  fa t igue phenomena  af ter  2 • 1022 
cycles endurance  opera t ion  (21). Thus, this oxidat ion  
process is best  fit for fabr ica t ion  of var ious  kinds of 
th in  oxide  devices. 
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The Effect of Chloride Etching on GaAs Epitaxy 
Using TMG and AsH  
Rajaram Bhat *'~ and Sorab K. Ghandhi* 

Electrical and Systems Engineering Department, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

A s tudy  has been made  of the effect of in situ etching of (100) Cr -doped  
semi- insu la t ing  and Te -doped  n + - G a A s  subst ra tes  on ep i tax ia l  layers ,  g rown 
by the reac t ion  of t r ime thy lga l l ium and arsine. I t  is shown tha t  in situ e tch-  
ing enables  the growth  rate  to be increased by  a factor  of two whi le  re -  
ta ining a specular  surface. In addit ion,  the Hall  mobi l i ty  is h igher  in ep i tax ia l  
layers  g rown on in situ etched subs t ra tes  than on unetched ones. Epi tax ia l  
films on both AsC13 and HC1 gas-e tched subs t ra tes  had a room t empera tu r e  
mobi l i ty  that  decreased f rom ~6100 cmf/V-sec  in 5.5 ~m layers  to ~5100 
cm2/V-sec in 1 ~m layers.  However ,  for layers  grown on subst ra tes  which 
were  not in situ etched, the mobi l i ty  decreased f rom ~5800 to ~3800 cm 2] 
V-sec for l ayer  thicknesses from 5.5 to 1 ~m, respect ively .  Fu r the r  i t  is shown 
that  the  car r ie r  concentra t ion  profile is more ab rup t  near  the epi tax ia l  l a y e r /  
Te -doped  GaAs subs t ra te  in ter face  when the subs t ra tes  were  in situ etched. 
Final ly ,  exper iments  wi th  chlor ide etching dur ing  growth  were  d isappoin t -  
ing because i t  was not  possible to obtain s imul taneous ly  good surface mor -  
phology,  low car r ie r  concentrat ion,  and high mobi l i ty  for  any given set of 
reactor  conditions. 

The g rowth  of ep i tax ia l  layers  of I I I -V  semiconduc-  
tors using organometa l l ic  compoufids as sources of the 

* E lec t rochemica l  Socie ty  Act ive  M e mbe r .  
1 P r e s e n t  address :  Gene ra l  Elec t r ic  Company,  S e mico n d u c to r  

P roduc t s  D e p a r t m e n t ,  Syracuse ,  New York.  

group I I I  e lement  and hydr ides  as sources of the group 
V e lement  was first r epor ted  by  Manasevi t  (1). Since 
that  t ime, the inheren t  s impl ic i ty  of organometa l l ic  
systems has been exploi ted  in the  g rowth  of many  o ther  
mater ials .  One of thei r  many  advantages  is tha t  the 
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metal  a lkyt-hydr ide  reaction is an irreversible one, so 
that etching and autodoping effects are notably absent. 
Unfortunately,  however, this feature necessitates the 
use of an in situ etch step prior to epitaxial growth, 
which has been recognized by many  workers as an es- 
sential step in the growth sequence to improve the 
qual i ty of the epitaxial  deposit (2, 3, 4). In GaAs epi- 
taxial growth systems using t r imethylgal l ium (5), this 
necessitates the use of etchants such as HC1 gas or 
AsC13 vapor to incorporate this capability. The experi-  
menta l  conditions under  which vapor-phase etching 
and polishing of GaAs substrates can be achieved have 
been established earl ier  (6, 7). In this paper, we re- 
port the effects of in situ etching on the properties of 
the subsequent ly  deposited GaAs layer. It is demon-  
strated that in situ etching enables an increase in  the 
growth rate while still re ta ining a specular surface. In  
addition, it is shown that this etching step results in an 
improvement  in the electrical properties of the epi- 
taxial layers, especially when they are thin (1-2 ~m). 
Hall measurements,  in  conjunct ion with l aye r -by- laye r  
stripping, were used to characterize epitaxial layers 
deposited on semiinsulat ing Cr-doped substrates. C-V 
and dC/dV-V measurements  on Au-GaAs Schottky 
barr ier  diodes were used to obtain the free carrier 
concentrat ion profiles in  epitaxial  layers grown on n + 
Te-doped GaAs. 

Finally,  we report on the results of GaAs epitaxy 
involving the reaction of TMG and Astt3 in  the pres-  
ence of HC1 gas or AsCI~ vapor. The exper imental  re-  
sults were disappointing, however, since we found that 
it was not possible to achieve s imultaneously good 
morphology, low carrier concentration,  and high mo- 
bili ty for any given set of reactor conditions. 

Experimental Conditions 
Apparatus.--In situ etching and epitaxial  growth 

were carried out in a conventional  rf heated, cold-wall  
reactor whose schematic is shown in Fig. 1. The reac- 
tants were introduced into a 50 mm ID, 37 cm long, 
horizontally positioned quartz reaction chamber con- 
taining a pyrolytic graphite-coated graphite susceptor. 
A baffle (not shown) was used to mix the reactants 
prior to their ent ry  into the hot zone. The temperature  
was monitored using a P t /P t -13% Rh thermocouple 
enclosed in a quartz sheath and inserted into the sus- 
ceptor, and verified by infrared pyrometric  measure-  
ments. Gases were delivered to the reaction chamber 
through stainless steel tubing, except in the case of 
HC1 gas and AsC13 vapor where Monel and Teflon, re-  
spectively, were used to minimize contamination.  

Reactants.--Technical grade hydrogen (99.95% pur-  
ity) was successively passed through an oxygen-re-  
moving catalyst, 2 a molecular sieve, 2 a pal ladium 
purifier, 2 and a cold trap at 77~K to obtain the carrier 
gas used in this investigation. This carrier gas was 
passed through a stainless steel bubbler  containing 
electronic grade tr imethylgall ium~ at 0~ The arsine 
gas used was a 10% mixture  of electronic grade arsine 
(99.998% puri ty)  in six nines hydrogen. 4 The etchants 
used were either a 1% mixture  of electronic grade HC1 
gas (99.995% pur i ty)  in six nines hydrogen ~ or vapors 
of AsCI3 5 (99.9999% puri ty)  produced by  passing hy-  
drogen through a Pyrex bubbler,  containing the l iquid 
at room temperature.  

Substrates.--Experiments were carried out on chro- 
mium-doped  semi- insula t ing and te l lur ium-doped n +- 
GaAs substrates, with 2 r off (100) towards (110) 
orientation. The wafers were obtained with one side 
chemime:hanica l ly  polished by the vendors. 6 These 
were degreased in hot methanol,  boiled in  hydrochloric 

2 Matheson Gas Products, East Rutherford, New Jersey 07073. 
Alfa Products Division, Beverly, Massachusetts 01915. 
Precision Gas Products, Incorporated, Rahway, New Jersey 

07065. 
6 Metal Specialties, Fairfield, Connecticut 06430. 

Laser Diode Laboratories, Incorporated, Metuchen, New Jer- 
sey. 
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Fig. 1. Schematic of the epitaxial reactor 

acid for 2 min, r insed in methanol,  and blown dry in 
filtered nitrogen. They were then etched in  Caro's etch 
[10H2SO4 (97%):1H202 (30%):1H20] at 60~ for 30 
sec, rinsed in DI water, rinsed in methanol,  and blown 
dry in filtered nitrogen. 

Procedure.--Substrates measur ing 5 • 10 mm were 
placed on the susceptor such that they were near ly  
perpendicular  to the direction of gas flow. The system 
was evacuated with a mechanical  pump before estab- 
l ishing a flow of hydrogen (5 l i t e r s /min) .  The suscep- 
tor was then heated to 90O~ (in those cases where an 
in situ etch was performed),  after introducing the re-  
quired amount  7 of arsine (30 ml / mi n )  to prevent  de- 
composition of the GaAs substrates. The etching was 
performed using either a flow of 4.2 m l / m i n  of HC1 gas 
or a hydrogen flow of 80 m l / m i n  through the AsC13 
bubbler.  These processes removed a 4.5 ~m thick layer  
from the substrate surface at a rate of 2.25 ~m/min.  
The tempera ture  was then stabilized at 7O0~ before 
commencing epitaxial  growth. Subsequent  GaAs epi- 
taxlal layers were deposited using a total hydrogen 
flow of 5 l i ters /min,  an arsine flow of 15 ml /min ,  and 
a hydrogen flow through the TMG bubbler  of up to 
12 ml /min .  The growth rate was determined by cleav- 
ing and staining. 

In a second series of experiments  GaAs layers were 
also grown on in situ etched substrates in the presence 
of HC1 gas or AsC13 vapor. The in t roduct ion of HC1 gas 
dur ing deposition resulted in an increase in the free 
electron concentrat ion by at least an order of magni -  
tude. This was at t r ibuted to the impure  na tu re  of the 
gas, and all fur ther  experiments  were restricted to the 
use of high pur i ty  AsCls vapors during the growth. In  
these experiments,  GaAs was deposited on (100) Cr- 
doped substrates at 700~ using a hydrogen flow of 
5 l i ters /min,  a hydrogen flow through the TMG bub-  
bler of 10 ml /min ,  and arsine flow of 15 ml /min .  The 
hydrogen flow through the AsC13 bubble r  was varied 
between zero and 80 ml /min .  

Surface Morphology and Growth Rates 
E~ect o] in situ etching on surface morphology.-- 

Epitaxial  layers were deposited on both in situ etched 
and unetched substrates. Layers on unetched substrates 
exhibited specular surfaces at low growth rates ( ~  0.25 
~m/min) ,  corresponding to a H2 flow through the TMG 
bubbler  of ~ 5 ml /min .  With in situ etching, however, 
mi r ror - l ike  surfaces could be achieved for growth rates 
as high as 0.5 ~m/min.  This is shown in the Nomarski 
interference micrographs of Fig. 2 for layers grown at 
0.4 ~m/min,  both with and without  in situ etching, 
Fur thermore ,  differences in  surface qual i ty  of layers 
deposited on HC1 gas and AsCI~ etched GaAs substrates 
were very slight, as shown in  this figure. 

7 In this paper, flow rates for AsI-I8 and HCI gas are all quoted in 
terms of the actual arsine and hydrogen chloride gas content of 
the diluted gas. 
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presence of AsCI~ fell l inear ly  with increasing hydro-  
gen flow through the AsCI~ bubbler ,  vary ing  from 0.4 
~m/min  for no AsC13 to 0.2 # m / m i n  for a hydrogen 
flow of 80 ml /min .  There was considerable scatter in  
the data, however,  accompanied by  a deteriorat ion in  
surface morphology at low growth rates. Better  sur-  
faces were obtained for layers deposited at 900~ 
However, this tempera ture  is far from the opt imum for 
growth using TMG and ASH3, and resulted in  layers 
with low mobil i ty  and high compensation. 

Electrical Properties 
Epitaxial layers on Cr-doped substrates.BEpitaxial 

layers were deposited at 700~ on unetched and on 
in situ etched (100) Cr-doped semi- insula t ing  sub-  
strates. A total hydrogen flow of 5 l i ters /min,  an arsine 
flow of 15 ml /min ,  and a hydrogen flow of 10 m l / m i n  
through the TMG bubbler  were used to obtain a 
growth rate of 0.4 ~m/min.  Tables I and II  list s the 
carr ier  concentrat ion and mobil i ty  of epitaxial  layers 
of varying thickness, as obtained by Hall  measure-  
ments on successively etched layers. Room tempera-  
ture  values of mobil i ty ranged from 6150 cm2/V-sec 
for thick (5.5 ~m) layers for substrate etching with 
AsCI~, to 3800 cm2/V-sec for th in  (1 ~m) layers with 
no substrate etching. Results at l iquid ni t rogen tem-  
perature  showed a similar trend. 

Hall measurements  were also made on 5 ~m thick 
GaAs layers, grown at 700~ in  the presence of AsC18 
vapor. As expected, the increase of hydrogen flow 
through the AsC13 resul ted in  a fall in  carrier concen- 
tration, as shown in Fig. 3. However, this fall in  elec- 

s Error limits on this data are • on th ickness ,  ---+5% on too- 
bility, and • on carrier concentration. Layer thickness vari- 
ations over  the  sur face  of  the  Hall  sample s  w e r e  unde tec tab l e .  

Fig. 2. Typical Nomarski interference photomicrographs showing 
the effect of in situ etching of GaAs substrates on the surface 
morphology of epitaxial layers (a) no in situ etch; (b) HCI gas etch; 
and (c) AsCI3 etch (growth rate: 0.4/~m/min). 

Effect of introducing AsCls vapor during epitaxy.--  
The growth rate of layers deposited at 700~ in  the 
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Table I. Carrier concentration and mobility at room temperature 
for epitaxial layers of different thickness 

No etch HC1 g a s  e t c h  A s C h  e t c h  

Carrier Carrier C a r r i e r  
T h i c k -  concentra- Mobility, concentra- Mobility, concentra- 

ness, p m  t i o n ,  p e r  c m  3 c m ~ / V - s e c  t ion ,  p e r  c m  ~ c m 2 / V - s e c  t i on ,  p e r  c m  3 
Mobility, 

c m S / V - s e c  

5.5 8.3 x 10 zo 
4 8.6 x 10 TM 

2 8.74 x 10 ~5 
1 1.6 x 10 TM 

5780 8.4 x lO ~ 6100 
5550 9.1 x 1015 6020 
5240 1.13 x 10 ze 5710 
3800 1.4 x 10 ze 6010 

Table II. Carrier concentration and mobility at liquid nitrogen 
temperature for epitaxial layers of different thickness 

5,7 x 10 ~ 
5,7 x I0 TM 
6.1 x I0 ~ 
3.4 x I0 ~e 

6150 
6070 
6770 
5090 

No etch HC1 g a s  e t c h  A s C h  e t c h  

C a r r i e r  C a r r i e r  C a r r i e r  
Thick- conceatra- Mobility, concentra- Mobility, concentra- Mobility, 

n e s s ,  ~m lion, p e r  c m  ~ c m 2 / V - s e c  t ion ,  p e r  cmz  c m ~ / V . s e c  l i o n ,  p e r  c m  8 crn'~/V-sec 

5.6 6.2 • i0 TM 

4 6.83 x 10 TM 

2 8.1 x i0 ~5 
1 4.8 X I0 ~ 

13,800 6.4 x iO ~z 14,400 
12,700 6.8 x i0 TM !3,900 
II,i00 8.7 x 1015 13,700 
7,000 1.2 x 101" 12,000 

tron concentrat ion was accompanied by increasing 
compensation in the films, as evidenced by the dispar- 
i ty in the 300 ~ and 77~ data. Figure  4 shows that  the 
compensation ratio (8) changed from below 0.5 for no 
AsCI8 to as high as 0.95 for 80 m l / m i n  hydrogen flow 
through the AsC18 bubbler.  

Exper iments  wi th  films grown at 900~ showed a 
similar  trend. Consequently,  the quest  for making  films 
of improved qual i ty  ( lower  carr ier  concentration, 
lower  compensation ratio, and higher  mobil i ty)  by 
epi taxy in ~he presence of AsCI8 vapor was abandoned. 

Epitaxial layers on Te-doped substrates.--GaAs epi-  
taxial  layers were  deposited on unetched and in situ 
etched Te-doped (100) substrates, the deposition and 
in situ etching being per formed simultaneously with 
those on Cr-doped substrates used for obtaining the 
Hall  measurement  data  presented earlier. The layers  
were  chemical ly thinned to approximate ly  1 ~m to al- 
low carr ier  concentrat ion profiling of the epi taxial  
layer-subs t ra te  interface using Au-GaAs  Schot tky 
barriers.  The free carr ier  concentrat ion profiles were  
obtained f rom C-V and dC/dV-V data using the re la-  
t ion 
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Pig. 4. Compensation ratio vs. hydrogen flow rote through the 
AsCI3 bubbler during epitaxy. 

4.5 x i0 ~ 15,300 
4.75 x I0 ~ lfi,OOO 
5.6 x 1015 14,000 
5.7 x i0 ~ 12,500 

C3 
n(X) = 

qereoA 2(dC/dV) 

where  n (x) is the free carr ier  concentrat ion at a depth  
x below the surface, C is the capacitance of the 
Schottky barrier ,  of area A, co, Er are the permi t t iv i ty  
of free space and re la t ive  permi t t iv i ty  of GaAs, respec-  
t ively,  q is the electronic charge, and V is the reverse  
voltage applied across the Schot tky barrier .  

Figure  5 Shows normalized plots of the f ree  carr ier  
concentration profiles obtained [any effect due to the 
presence of traps (9) has been ignored].  The carr ier  
concentrat ion in these layers  was approximate ly  5 • 
1015 per cm 3. Doping profiles obtained for in situ etched 
substrates are seen to be far  more abrupt  than for the 
case with no substrate etching. 

Discussion 
Epitaxial layers on Cr-doped substrates.--A number  

of observations can be made f rom a study of the data 
of Tables I and II. Thus: 

(i) The mobil i ty  was h igher  in those layers de-  
posited on substrates which were  vapor etched than 
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Fig. 5. Normalized carrier concentration profiles of e,pltaxial 
layers on (lO0)Te-doped GaAs substrates (a) unetched substrates; 
(b) HCI gas etched substrates; and (c) AsCI~ etched substrates. 
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in those which were not vapor etched. In situ etching 
of substrates, therefore, enables the growth of epitaxial  
layers of superior crystalline quality. The room tem- 
perature mobili ty was comparable for epitaxial layers 
on AsCI~ and HC1 etched substrates. The slightly 
higher 77~ mobili ty obtained for layers on AsCI~ 
etched substrates is due to the lower carrier  concen- 
tration in these layers. 

(ii) The mobility in all cases decreased with epi- 
taxial  layer thickness, the decrease being most rapid 
for layers grown on unetched substrates. A decrease in 
mobility with epitaxial  layer thickness has also been 
observed by other investigators (10-12), and has been 
at tr ibuted to the increasingly important  role of space- 
charge scattering effects at the epitaxial layer-sub-  
strate interface. The results obtained in this study in- 
dicate that in situ etching of substrates prior to growth 
results in a cleaner surface and thus reduces, but does 
not eliminate, the space charge centers due to defects 
created in the epitaxial  layers. It should be noted that 
growth instabilities exist even when ideally clean and 
perfect GaAs substrate surfaces are used. These will 
set a lower limit to the density of space charge centers, 
and are inherent to the growth process. ']?he decrease 
in mobility with epitaxial  layer thicknes,~ can also be 
due to increasing compensation, and hence ionized im- 
puri ty concentration, with decreasing thickness. How- 
ever, the relative contributions of ionized impuri ty 
and space charge scattering in thin layers cannot be 
estimated from the available data. 

(iii) The free carrier  concentration i~ highest in 
layers grown on HC1 etched substrates, part icular ly in 
thin layers. This is probably due to contamination of 
the substrate surface by n-type impurities present in 
the HC1 gas. In contrast, the AsC13 used for this study 
was better than six nines purity, so contamination of 
the substrate surfaces by this etchant is not expected. 
This is borne out by the fact that the lowest carrier 
concentrations are observed in layers grown on AsCla 
etched substrates (except for the 1 ~m layers, where 
strong compensation effects are present, as described 
below). 

(iv) The carrier concentration decreased with de- 
creasing layer  thickness for both unetched and AsC18 
etched substrates. This effect was, however, signifi- 
cantly more rapid for layers grown on unetched sub- 
strates. Acceptor-type defects introduced in the early 
stages of growth are believed to be responsible for this 
behavior, since substantially more defects are exFected 
to occur in epitaxia ! layers grown on unetehed than on 
etched substrates. With HC1 gas etching, contamination 
of the substrate surface masks the compensation due 
to these acceptor-tyl~e defects, and results in an in- 
crease in carrier  concentration at the epi.taxial layer-  
substrate interface. 

Epitaxial layers on To-doped substrates.--It is seen 
from Fig. 5 that the carrier concentration for layers on 
HC1 gas etched substrates increased monotonically as 
the epitaxial layer-substrate  interface was approached. 
However, a slight fall in carrier concentration was 
noted near the interface for epitaxial  layers on AsCI:3 
etched substrates. These observations can be explained 
by noting that instabilities during the early stages of 
growth cause acceptor-type defects to be created. The 
effect of these acceptor-type defects is not observed in 
the case of epitaxial  layers  on HC1 gas etched sub- 
strates because of the n- type contaminants introduced 
by ~his etchant in the interface region. However, sub- 
strafes etched with AsC13 were not contaminated since 
this etchant was ultrapure. As a result, epitaxial  layers 
on these substrates showed a decrease in carrier  con- 
centration near the interface because of these acceptor- 
type defects. In contrast, the carrier concentration pro- 
file exhibited a pronounced undulation near the inter-  
face for layers grown on unetched substrates. A pos- 
sible explanation for this behavior can be based on the 
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fact that a large concentration of acceptorlike defects 
can be expected to occur for this case. In addition, the 
unetched surface of GaAs is highly reactive, and prob-  
ably has a large concentration of adsorbed sulfur (an 
n- type impuri ty)  on its surface because of the Caro's 
etch prior to growth (13). The competing decay of 
these impurities with distance may, in this situation, 
lead to the observed undulation in the impuri ty  profile. 

Epitax~al layers deposited in the presence of AsCl~ 
vapor.--There are a number of possible explanations 
for the increase in the compensation of epitaxial  layers 
from TMG and AsH3 in the presence of AsC13 vapor. 
Of these, the most plausible is that the AsCls removes 
donor impurities faster than acceptor impurities from 
the source materials. The major  acceptor impuri ty  in 
GaAs grown from TMG and AsH3 is carbon, whereas 
the major donor impuri ty  is silicon (14, 15). The 
change in Gibbs free energy for the reaction of these 
impurities with the etchant species (HC1) is negative 
for silicon, so that only silicon chlorides are stable at 
growth temperatures. Consequently, silicon is selec- 
tively removed during epitaxy in the presence of AsCls 
vapor, resulting in an increase in the compensation 
ratio. In marked contrast, the principal impurities in 
the halide transport  system are silicon and zinc, both 
of which have stable chlorides at deposition tempera-  
tures. Consequently, increasing the AsC13 concentra- 
tion in halide transport  systems is a highly successful 
technique for reducing the free electron concentration 
with no increase in the compensation ratio (16). 

Conclusions 
In summary, in situ etching of GaAs substrates prior 

to epitaxy enables the growth of epitaxial layers with 
specular surfaces at higher growth rates than are 
otherwise possible. The mobility, par t icular ly  in thin 
( ~  1 ~m) layers, was higher for layers on substrates 
which were in situ etched. The carrier concentration 
profiles for epitaxial  l ayers  on To-doped substrates 
were more abrupt at the interface for layers on sub- 
strates which were vapor etched than on those which 
were not. Epitaxial layers on AsC13 and HC1 gas-etched 
substrates had comparable mobility. Further,  the car- 
rier concentration, par t icular ly  in thin layers, was 
higher in epitaxial layers on HC1 gas-etched substrates 
due to n- type contaminants introduced by this etchant. 
Finally, experiments with epitaxial  growth in the 
presence of AsC13 showed that it was possible to obtain 
a reduction in the free electron concentration by this 
technique. However, this was accompanied by an in-  
crease in the compensation ratio and a general deterio- 
ration in the crystal quality. This result is in marked 
contrast to that obtained by workers with halide t rans-  
port systems. 
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Effect of Proton Damage on Optical Modulation Spectra 
of Gallium Arsenide 

Moshe Oren, 1 A. R. Quinton, and Claude M. Penchina 
Department of Physics and Astronomy, University oS Massachusetts, Amherst, Massachusetts 01003 

ABSTRACT 

We studied the effect of proton bombardment on the electroreflectance 
(ER),  e lec t roabsorpt ion  (EA),  and t ransmission (T) spect ra  of high re-  
s is t ivi ty  Cr -doped  single crys ta l  GaAs. The h igh  resolut ion  of ER and EA 
and thei r  sensi t iv i ty  to crys ta l l ine  order  make  it possible to s tudy  shift, 
broadening,  and g radua l  dis tor t ion of the  spect ra l  peaks  as d isorder  in-  
creases wi th  successive i r radiat ions.  The sample  is bombarded  wi th  150 keV 
protons. We have  measured  ER and EA at the absorpt ion  edge Eo, ER at 
the  E1 cri t ical  point,  and d-c  optical  absorpt ion.  Al l  ~hese measurements  are 
sensi t ive to pro ton  i r rad ia t ion  of the sample;  the  most sensi t ive one is 
ER at Eo. In  the range  of 3 • 1014 to 5 • 1015 p ro tons /cm 2, opt ical  absorpt ion  
jus t  be low the energy  gap increases sub l inear ly  wi th  pro ton  dose; the peak-  
to-peak ampl i tudes  of ER at Eo and Ei va ry  l inear ly  wi th  the logar i thm of 
the dose and hence can be used to measure  the  degree  of damage  in the  sam-  
ple. The EA signal  at Eo develops a tai l  toward  the low energy side of the  
spectrum. The ER at  Eo has a peak  shift  of ~ 4  meV to h igher  energy  whi le  
the  peak  of the ER signal  at  E1 shifts by  about  15 meV to lower  energy. 
Broadening is evident  in the ER signals at Eo and El. Annea l ing  at 300~ for 
up to 2 hr  only pa r t i a l ly  recovers  the  unbombarded  state. A model  based  on 
the g radua l  amorphiza t ion  of the sample  by  an increas ing number  of p ro -  
ton damaged,  amorphous  islands wi th  wel l -def ined  boundar ies  can pa r t i a l ly  
exp la in  the exper imen ta l  results.  

Lat t ice  damage  in single crysta ls  p lays  a ma jo r  role 
in device applications.  Lat t ice  damage  caused by  ion 
implan ta t ion  rece ived  special  a t tent ion  in recent  years  
fol lowing the in t roduct ion  of ion implan ta t ion  as a 
method for doping semiconductor  mater ials .  There  are  
severa l  exper imen ta l  techniques that  can be appl ied  
to s tudy  rad ia t ion  damage in semiconductors,  among 
others:  opt ical  (1), e lectr ical  (2), Ruther ford  back  
scat ter ing (3), and e lect ron pa ramagne t i c  resonance 
(4). 

The optical  absorpt ion  and reflection of GaAs were  
found to be sensit ive to ion b o m b a r d m e n t  damage but  
the  sensi t iv i ty  of such measurements  (reflect ivi ty in 
pa r t i cu la r )  is low, and quant i ta t ive  results  are  difficult 
to obtain. 

In the present  work  we use e lec t romodula t ion  (EM) 
spectroscopy to s tudy the effect of proton bombard -  
ment  on single crystal ,  semi- insu la t ing  GaAs. In elec- 
t romodula t ion  one measures  the change in reflectance 
(AR) or t ransmi t tance  (AT) when an ex te rna l  electr ic 
field is appl ied  to the sample  (5). The EM response is 
spec t ra l ly  concent ra ted  around the cri t ical  points in 
the  band structure.  A phase sensit ive detect ion system 
tuned to the  f requency and phase of the ex te rna l  field 
grea t ly  enhances the sens i t iv i ty  of the measurement  
to cr i t ical  points in the  spectrum. These cri t ical  points  
are  a mani fes ta t ion  of the long range order  in the crys-  
tal;  a change in the EM signal  on successive bombard -  

1Present  address: Spire Corporation, Bedford, Massachusetts  
01730. 

Key words: electrorefiectance, electroabsorption, GaAs-Cr, amor- 
phous GaAs, ion implantation. 

ment  would  indicate,  therefore,  the  g radua l  r e laxa t ion  
in this long range  order .  This re la t ion  allows a semi-  
quant i ta t ive  measure  of ~attice damage  to be made. 

EM has been appl ied  to da te  p r i m a r i l y  to problems 
of intr insic  band - s t ruc tu re  analysis  (5), but  as a pow-  
erful  spectroscopic method it  is now finding new areas 
of applications.  Jona th  et al., (6) s tudied e lec t roabsorp-  
t ion (EA) of oxygen  impur i t ies  in GaAs. Bauer  (7) 
used EA to s tudy the s y m m e t r y  proper t ies  of defect  
states in n i t rogen-doped  GaP  and  thei r  in terac t ion  
wi th  the host band structure.  Gavr i lenko  et al. s tudied 
the influence of low energy argon ion b o m b a r d m e n t  
on the electroreflectance (ER) and photoluminescence 
spect ra  of n - t ype  A lxG a l - z A s  solid solut ion (8) and 
Si (9). Anderson  et al. (19) used ER to detect  shal low 
impur i t y  levels in GaAs doped wi th  St, Te, Zn, or  Cd 
impuri t ies .  A d i sadvantage  of this method  is tha t  dif-  
ferent  types  of la t t ice  damage  cannot  be dist inguished.  

Experimental 
High resist ivi ty,  n - t ype  G a A s :Cr  single crys ta l  was 

used in this e x p e r i m e n t .  The sample  had ~10s a - c m  
room t e m p e r a t u r e  resis t ivi ty.  For  rad ia t ion  damage  
exper iments  it is p re fe rab le  to have  the sample  front  
surface free of any evapora ted  electrode or insula t ing 
layer .  For  that  reason, the sample  geomet ry  used in the 
ER and the EA measurements  is based on the t rans-  
verse  configuration (11). Slices were  cut from the GaAs 
crystal ,  lapped,  pol ished wi th  0.3~ a lumina  powder ,  
and then etch pol ished wi th  Monsanto Syton solution. 
For  contacts, two Au  films were  evapora ted  on the 
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polished sample surface forming a gap 1 mm wide (see 
insert  in  Fig. 1). The current  voltage characteristics 
up to 90,0~V show good ohmic behavior. The light beam 
was incident  in the [111] crystal direction. The magni -  
tude of the ER signal is a funct ion of surface potential.  
Therefore, it varies from sample to sample due to slight 
changes in  surface preparation,  which may alter  con- 
s iderably the surface potential.  To avoid this complex- 
ity, only half  of the gap between the field electrodes 
was bombarded and the other half  was used as a ref-  
erence for all successive measurements .  The gap height 
is more than twice the height of the incident  light beam 
in  order that the l ight will not overlap the bombarded 
and nonbombarded regions. 

The system used for the ER and EA measurement  is 
shown in Fig. 1. It  includes the following components:  
250W tungsten  halogen lamp, monochromator,  optics, 
dewars, and detectors. All measurements  were made at 
LN2 temperature.  Two photomultipliers (PM) were 
pe rmanen t ly  mounted in the sample chamber, 1P28 
PM to measure ER at Et critical point and 71'0:2 PM 
for ER at the Eo critical point. A removable  front sur-  
face a luminum mir ror  directs the reflected beam 
into the PM in use. A PbS detector was used for the 
EA and t ransmission measurements.  The two PM's 
were wired such that  higher voltage was impressed 
between the last dynode and the anode than on the 
in termediate  stage of the voltage divider. This allows 
greater  l inear  swing of the anode voltage, which is 
desirable when a small  a-c signal, superimposed on a 
large d-c signal, is to be measured. The voltage ap- 
plied to the sample was 1 kHz, 20'0'0V peak- to-peak 
sine wave superimposed on 1000V d-c. For the ER 
measurement  a d-c photon flux was used, a lock-in 
amplifier measured the a-c signal (Io. ~R) and an 
electrometer measured the d-c reflection (Io" R).  For 
the t ransmission (T) and EA measurements  the inci-  
dent  light beam was chopped at 147 Hz; two lock-in  
amplifiers tuned at 1 kHz and 147 Hz measured the hT 
and  T signal, respectively. 

Sample bombardment  was done with a 150 keV pro- 
ton beam. The sample was mounted on a water-cooled 
holder. An in - l ine  cold trap was used to remove oil 
vapor that  may otherwise be carried along with the 
proton beam to contaminate  the sample surface. In  
addit ion when  a high dose was used ( ~> 5 • 1015 
p/cm2), a thin carbon film ( ~  20 ~m) was inserted in 
front  of the sample, to fur ther  prevent  possible oil 
contamination.  

Isothermal anneal ing  of the sample was done at 
300~ in  an oi l-free vacuum system (~5  X 10 -7 Torr) .  

Results 
Transmission.--The sample t ransmission in  the range 

of the fundamenta l  absorption edge was measured at 
LN2 tempera ture  for various bombardment  doses. In 
order to determine more convenient ly  the effect of 
proton damage on the sample transmission, the ratio 
of the t ransmit ted  in tensi ty  from the bombarded (Tb) 
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i MONOCHBOMATOR 
fNCIDENT BEAM ~_ FILTE i/EXIT 

SLIT 

' Pb S DETECTOR ) 
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FOR ER AT E o 
:On ~,. ~, Eo SAMPLE CONFIGURAT,ON 

GOLD FILM BOMBARDED 
REilON 

j 
/ ,mm~- L 

Fig, 1. Optical system used for the ER and EA measurements 

and nonbombarded  (To) regions was determined at 
one wavelength.  Such a graph is shown in Fig. 2 ( in-  
sert).  Taking into account reflection losses, R, from 
the sample front and back surfaces, one can wri te  

To --- (1 -- R)2 exp( - aodo) [1] 

ao and do are the sample absorption coefficient and 
thickness, respectively (mult iple  in te rna l  reflections 
are neglected).  The t ransmission through the bom- 
barded region is 

Tb ----- (1 -- R') (1 -- R) exp ( - -  aodo -- abdb) [2] 

where R' is the reflectivity coefficient from the front  
surface of the bombarded region, ab is the average 
value of the change in absorption coefficient over the 
bombarded layer  thickness db. Measurement  of Io'R 
(when R is the reflectivity and Io is the incident  in ten-  
sity) in  the vicini ty of the absorption edge shows a 
change of less than 5% due to proton bombardment .  
Similarly, Kalma (12) found no change in reflectivity 
in the vicinity of the absorption edge of GaAs follow- 
ing a 1 MeV electron irradiat ion;  Sell and  MacRae 
( lb ) ,  found a change of ~ 3% in reflectivity at 2.5 eV 
in  a rgon- implanted  GaAs. We assume therefore R ~ R'. 
Then 

ln(To/Tb) = ~bdb [3 ]  

ab can be related to the number ,  N, of the optically 
active defects produced in  the bombarded layer  (13) 

ab : Nab [4] 

where ab is the cross section for optical absorption by  
these defects. The best straight l ine fit to the data in 
the log-log plot of Fig. 2 (insert) provides the relat ion 

To/Tb ~-- "~/~ [3a] 

with In 7 ---- --16.9 and /~ ---- 0.48. Therefore, from Eq. 
[3], [3a], and [4] 

db Ncrb : dbab : I n  7 + ~ in  q~ [5] 

The production rate of defects is subl inear  in dose. This 
is due to damaged regions overlapping and possible 
room tempera ture  anneal ing (14, 15). 

If we approximate the damaged layer  thickness, rib, 
by the projected range (16) ( ~  1.5/~) of the proton 
beam, the wavelength dependence of the added ab-  
sorption due to bombardment  can be expressed using 
Eq. [3]. Such a g r a ph  is presented in  Fig. 2. The fea- 
tureless increase in absorption indicates that the bom- 
bardment  generates a continuous dis t r ibut ion of en-  
ergy levels right below the bandgap with no evidence 
of discrete levels in this range. Kalma (12) studied 
electron i r r ad i a t ed  GaAs, Si, Ge, InSb, and PbTe and 
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Fig. 2. Absorption coefficient of bombarded and not-bombarded 
regions. 
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suggested tha t  increased absorpt ion  near  the  bandedge  
observed in GaAs can be  a t t r i bu t ed  to ta i l ing  of the  
dens i ty  of states into the  bandgap.  Note tha t  the range  
of ab ( ~  104 cm -1) is about  two orders  of magni tude  
h igher  than  the absorpt ion  coefficient observed in neu-  
t ron damaged  G a A s  (17). 

Theoretical Model 
A simple  p ic ture  of g radua l  amorphiza t ion  of the 

sample  by  the incident  rad ia t ion  was used by  a num-  
ber  of workers  (3, 18) to descr ibe  the  process in which 
long- range  o rde r  in the  bombarded  l aye r  is destroyed.  
In  such a p ic ture  each incident  proton produces  a 
h igh ly  d isordered  region along its t r a c k  in the  sample.  
Assuming these regions have wel l -def ined  boundaries ,  
at  low dose they  are  separa ted  f rom each other  except  
for r andom over lapping.  As the dose increases the  
over lapping  increases unt i l  a comple te ly  amorphous  
l aye r  is formed.  The added absorpt ion  coefficient in 
this p ic ture  wi l l  be due to the  in t roduct ion  of 
amorphous  is lands wi th  h igher  absorp t ion  

A 

where A is the area of the amorphous regions, Ao is 
the to ta l  sample  area  exposed to the  beam, and sub-  
scripts a, b, and c cor respond to amorphous,  bom-  
barded,  and crystal l ine,  respect ively.  

Based on this  descr ip t ion  we can define a quant i ty  
a (~)  which  is the cross section for added  amorph iza -  
t ion per  proton which hits a prev ious ly  undamaged  
area. The p robab i l i ty  tha t  an addi t ional  incident  pro ton  
wil l  not  hi t  the amorphous  region A is 1 --  (A/Ao). 
In te rms of this cross section, the  change in A per  
incident  proton,  dA/dP will  be therefore  

dA _ A dA (1 A )~(r ) -  - - - -  [7] 

dP Ao d@ Ao 
and af te r  in tegra t ion  

A 
I -- -- = exp[-- fr162 de] [7a] 

Ao 

Using Eq. [6] and [7a] 

A ab 
exp[-- f~(r de] = 1 ------ 1 [8] 

A o  a s  - -  =c 

Using the e x p e r i m e n t a l ' d a t a  for a b as e~pressed in Eq. 
[5] and tak ing  the logar i thmic  der iva t ive  of Eq. [8], 
we get  

1 
O'TR (~b) [ 9 ]  

=r in r 
wi th  

d ( = ~ -  ~c) 1 
Ks --  -- -- in ,~ [I0] 

For hv ---- 1.42 eV, aaH >> ac, thus aa approximated by 
ab at high dose (where A -~ Ao) 

~a(1.42 eV) ----- ab(l.42 eV, @ -- 2.4 X 1016 p/cm 2) 

=1.24X 104cm -I [II] 
this gives 

K2 ---- 38.9 [10.a] 

This same pic ture  wil l  be appl ied  for the ER data, and 
the resul t  compared  wi th  the  resul ts  above. 

ER at Eo and E1 Critical Points 
Figure  3 shows the ER at the absorpt ion  edge Eo 

and Fig. 4 shows the ER response at  the E1 cr i t ical  
point.  The most  obvious fea ture  of the  bombarded  
spec t rum is the reduct ion in signal  in tens i ty  in both 
cases compared  to the unbombarded  spectrum. To 
be t t e r  eva lua te  this effect, the p e a k - t o - p e a k  ampl i tude  
(PPA) ,  45, of the bombarded  region, normal ized  to the 
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Fig. 3. ER at Eo from the bombarded and not-bombarded regions 
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Fig. 4. ER at E1 from the bombarded and not-bombarded regions 

P P A  from the nonbombarded  region,  •o, is p lo t ted  vs. 
dose in Fig. 5 for both  Eo and Et cr i t ical  points. 

I t  is apparen t  tha t  the a t t enua t ion  of ~ for a given 
dose is l a rger  at  Eo than  at  El. This can be exp la ined  
qua l i t a t ive ly  by  the h igher  pene t ra t ion  dep th  of the 
l ight  beam at Eo. At  the  bandgap  transi t ion,  the  pene-  
t r a t ion  depth  of the l ight  is of the  same order  as tha t  
of the proton beam range,  ~ 1.5# (19), where  the  in-  
duced crys ta l l ine  damage  is most ly  concentrated.  At  
the  E1 t rans i t ion  the  l ight  pene t ra t ion  dep th  is only  
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Fig. S. Peak-to-peek amplitude (PPA) of the ER at Ez and E o 
normalized to the PPA from the not-bombarded region. 

o 0.6 

0.017~ (19). The ER signal at Eo is reduced to below 
the detection l imit  ( ~  10 -6) for dose ~> 2.4 X 10 TM. 
This increased sensi t ivi ty of ER at Eo to i r radiat ion 
damage can be a useful  tool for damage detection. The 
PPA will  be used to give a semi-quant i ta t ive  value 
for ~he amount  of damage introduced into the sample, 
averaged over the damaged layer thickness. The ER 
will not distinguish, though, between the various types 
of damage in the sample. It is of interest  to note that  
the l inear  fits of Eq. [3] to both Eo and E1 data are 
parallel,  a l though the data at the E1 critical point  are 
more scattered. Between 2.5 X 1014 p /cm 2 and 5 X 1015 
p /cm 2 the decrease in  ab/ao for Eo is l inear  in  the 
logari thm of the dose 

5b/Ao ---- a 1n(r162 [12] 

with: a _-- --0.16 and l n r  o _-- 36.9. For the E1 critical 
point  we get 

~b/~o ---- a' ln(r162 [13] 

with: a -- a' ---- --0.16, In r _-- 38.0. 
Proton bombardment  resulted in  a small  shift of 

about 15 meV toward the low energy in the ER peak 
at E~, and 4 meV shift toward higher energy in  the 
ER peak at Eo. A contr ibut ion to the shift at Eo may 
come from the uneven a t tenuat ion  of the ER peak due 
to strong var ia t ion in the penetra t ion depth of the 
l ight beam near  the absorption edge combined with 
the fact that  the damaged layer  peaks about 1.5# be-  
low the surface. 

Gavri lenko et at. (9) found that bombardment  of Si 
with 1 keV He + ions causes a shift in the E~ ER peak 
to higher energy; 1 keV Ar + bombardment  of 
Al~Gal-zAs solution shifts the ER peak at E~ to lower 
energy (8). Figure  6 shows the increased broadening 
in  the E1 and E~ ER peaks vs. bombardment  dose. 
Here too, note the higher values obtained for Eo com- 
pared to El. Various sources can contr ibute  to broad- 
ening of the ER signal, among others, t empera ture  ef- 
fect, local r andom electric field, and microstress due 
to defects. In our  case a local electric field can be 
crea~.ed by  the proton doping of the damaged crystal. 

The ER signal disappears at high dose. Based on the 
gradual  amorphizat ion model, the ER peak- to-peak  
amplitude, ~b, at a given dose, 
the area fraction which is still 

will  be proport ional  to 
in the crystal l ine state 

A > [14] 
ab----~o 1 - -  A--~ 

Thus from Eq. [Ta], [12], and [14] 

A Ab 
exp[ - -  f v ( r  de] ---- 1 -- - -  = a In(r162 

Ao Ao 
[15] 

Taking the logari thmic derivat ive on both sides 

2 . 0  

SPECTRAL 
VS. 

1.5 PROTON 

0 . 5 -  

5 

1.0 

<3 

' I ' 

GaAs 
P E A K - P E A K  

BROADENING 

DOSE 

' I ' 

E 

I I I I I 
1015 2 5 1016 2 

DOSE ( p / c m  2 ) 

Fig. 6. Spectral broadening vs. proton dose of the ER signals at 
Eo and El. 

1 
~R = [16] 

#(Ko -- Inr 
where Ko -- In r 

We previously found (Eq. [12]) that 

Ko -- In r -- 36.9 [17] 

Thus, from electroreflectanee at Eo, at a dose of r -- 
1015 p/cm 2 we get (Eq. [12], [16], and [17]) 

erSR (q, = 1015 p / cm 2) -- 4 X 10 '-16 cm 2 

Similarly,  from transmission measurements,  at this 
same dose we get (Eq. [9] and [10a] 

,~TR(# ---- 1015 p / cm ~ = 2 X 10 -16 cm 2 

The relat ively small  discrepancy be tween the values 
obtained for ~ER and aTa indicates that  the simple 
picture used to describe the amorphizat ion process is 
essentially correct in the first approximation.  The re-  
sult ~ER > ~TR is to be  expected because the ER is 
more sensitive to bombardment ;  par t ia l ly  damaged re- 
gions, neglected in  the simple model, will affect the 
ER more than the transmission. It was suggested (20) 
that such par t ia l ly  damaged regions are caused by dif-  
fusion of defects from the outer portion of the ion track, 
into the undamaged bulk. 

EA at the Absorption Edge Eo 
The effect of proton bombardment  on the band- to -  

band electroabsorption (EA), aT/T, of the sample is 
s.hown in Fig. 7. Just  below the bandgap, ~T/T is nega-  
tive, corresponding to a red shift of the absorption edge 
on application of the electric field as expected from the 
Franz Keldysh theory (5). Due to the high value of 
~d (,~ 102-10 ~) the expected (5) oscillations in  ~T/T 
above the bandgap, have not been observed. Such 
oscillations have been seen previously by workers 
s tudying EA in th in  films of GaAs (21). 

The peak in  the ~T/T spectrum around 1.45 eV 
gradual ly  disappears with increasing proton bombard-  
ment  dose; aT also develops a tail  toward the low 
energy side which is also seen in  the ~T/T spectrum 
below 1.45 eV. This newly  created tail in the EA spec- 
t r um suggests the creation of a tail  in the jo in t -dens i ty  
of states of the conduction and valence bands. This 
assumption is also in agreement  with the results for ab, 
the added absorption coefficient of the bombarded 
layer. 
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Annealing 
The effect of hea t - t rea tment  on the sample t rans-  

mission in the vicinity of the Eo critical point  is shown 
in Fig. 8. 

The sample was subjected to a bombardment  dose 
of 8.6 • 1016 p/cm2 (which completely el iminated its 
ER signals) and then isothermally annealed in vacuum 
at 300~ for up to 2 hr. The hea t - t rea tment  only par-  
t ial ly recovers the t ransmission (Fig. 8) and ER sig- 
nals before bombardment .  For a given anneal ing time, 
the recovery of the ER signal is smaller than the re-  
covery of the transmission; this is in agreement  with 
our previous finding that the ER at Eo is more sensi- 
tive to crystal l ine damage than the transmission and 

does not  necessarily indicate that  different types of d e -  
f ec t s  are involved. 

Dyment  et al. (22) showed that  the optical absorp- 
t ion of proton bombarded GaAs can be annealed more 
easily than  the resistivity. They concluded that there 
must  be at least two types of defects involved in the 
bombardment  process. 

Summary and Conclusions 
All electromodulat ion signals decrease in  in tensi ty  

following proton bombardment  of the sample. Due to 
bet ter  overlap of the incident  l ight beam and the dam- 
~ged region, the ER at Eo is the most sensitive to pro- 
ton bombardment .  The added absorption just  below the 
energy gap increases subl inear ly  wi th  dose in the dose 
in terval  be tween 3 X 1014 and 5 X lf115 p / cm 2. In  the 
same dose interval ,  the peak- to-peak  spectral ampl i -  
tude, A, of the ER at Eo and Ei critical points both 
vary  l inear ly  with the logari thm of the dose and thus 
c a n  be used as a measure for the degree of the sample 
amorphicity. 

The EA at Eo develops a tail  toward the low energy 
side of the spectrum. The ER at Eo has a shift of ~ 4 
meV to higher energy while the peak of the ER signal 
at Ei shifts by ~ 15 meV to lower energy. The origins 
of these shifts are not yet  clear. 

Annea l ing  at 300~ for up to 2 hr only par t ia l ly  re-  
covers the unbombarded  state. The recovery is not 
l inear  in  time. 

A model based on the gradual  amphorizat ion of the 
sample by an increasing number  of pro ton-damaged 
amorphous islands with well-defined boundaries  was 
considered. The change in absorption coefficient, ab, or 
the change in  the ER signal, in this model, depends on 
the volume fraction, A/Ao,  made amorphous by the 
bombardment .  Assuming a layer  of average thickness 
db to be damaged, the number  of un i t  cells made 
amorphous per incident  proton will be 

N = db�9 .--=-=-_lao 8 = db 1 ~($) lao 3 [18] 
d P  no  

where ao is the lattice constant  for GaAs (5.65A). 
Using Eq. [12] and [15]-[18], we find from the Eo 

ER data 
adb 1.8 X I017/cm 2 

Sao ~ $ 

which corresponds to 26 uni t  cells amorphized per inci- 
dent proton for r -- 5 X 1015 p/cm% Wempe et al. (3) 
found that in a 300 keV proton bombardment  of GaP 
a similar number  of uni t  cells was made amorphous 
per incident  proton: i.e., 10 for a dose of 10 i5 or 1016 
protons /cm 2. The ER signal at Eo is reduced below the 
detection l imit  (AR/R ~ 10 -6) at r ,~ 2.5 • 1016 p /cm 2 
while the ER at E1 is reduced to that  level only at r ,~ 
1017 p /cm 2. According to our model this implies that 
a dose of about 10 iv p /cm 2 amorphizes the sample 
throughout  the damaged layer  of thickness ~ 1.5 #m, 
whereas 2.5 • l0 is p /cm '> amorphizes it only in the re- 
gion near  1.5 ~m away from the surface. 

The electronic band s t ructure  of a te t rahedral ly  
bonded amorphous mater ia l  is expected to have tails 
in the density of states which extend from the valence 
and conduction bands into the bandgap (23, 24). The 
tail in the EA signal at Eo is tenta t ively  a t t r ibuted to 
transit ions between these tails of the density of states. 
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Surface Electrical Properties 
of the Wustite Phase 
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ABSTRACT 

The i ron -oxygen  system has been s tudied using work  funct ion measu re -  
ments  be tween  675 ~ and 950~C, the  s tab i l i ty  range of the  wust i te  phase. The 
work  function of wust i te  vs. nonsto ichiometry  indicates  a decrease of the 
Fermi  energy below 850~ while  for the t empera tu re s  be tween  900 ~ and 950~ 
an ini t ia l  decrease is fol lowed by the final increase. The measured  work  func-  
t ion da ta  depend only on the t empera tu re  and oxygen par t i a l  pressure.  This 
indicates  that  the sys tem is wel l  equi l ibra ted .  The values of the pa r t i a l  
pressures  of oxygen  corresponding to the  wust i te  phase equi l ibr ia  wi th  i ron 
and wi th  magne t i t e  de te rmined  in this work  agree well  wi th  the r epor ted  
l i t e ra tu re  data. A short  equi l ibra t ion  t ime favors the work  funct ion method  
as a convenient  one fo r  inves t igat ing phase d iagrams of oxide systems. The 
exper imen ta l  da ta  do not confirm the p -  to n - t ype  t rans i t ion  pos tu la ted  for  
F e l - ~ O  on the basis of ear l ie r  measurements  of the Seebeck  coefficient. 

Elec t r ica l  p roper t ies  of wust i te  have been the sub-  
ject  of severa l  papers  deal ing main ly  wi th  the  Seebeck 
coefficient and e lect r ica l  conduct iv i ty  measurements  
(1-11). Severa l  essent ia l  questions, however ,  concern-  
ing e lect r ica l  da ta  as well  as thei r  corre la t ion  wi th  
s t ruc tura l  p roper t ies  of this phase have not been suf-  
f iciently expla ined.  There  are  st i l l  essential  cont radic-  
tions concerning the conduct ivi ty  mechanism wi th in  
the  wust i te  phase field and its defect  s t ruc ture  vs. non-  
s toichiometry.  Moreover,  t he re  is a genera l  lack of 
the rmodynamic  data  for  t empera tu res  be low 900~ at 
which the sys tem wus t i t e -oxygen  requires  consider-  
ab ly  longer  t imes to achieve its equ i l ib r ium state. On 
the other  hand, the ra re  expe r imen ta l  da ta  avai lab le  
for the phase  d i ag ram of the  i r o n - o x y g e n  sys tem below 
900~C show many  discrepancies.  

One of the  most  ex tens ive ly  s tudied problems  of the 
wust i te  phase concerns its defect  s t ructure .  As is 

Key words: work function, ferrous oxide, surface potential ,  
Fermi energy, nonstoichiometry.  

known, wust i te  exhibi ts  a ve ry  large  nons to ichiometry  
vary ing  f rom 5 a tom percen t  (a /o )  at the  i ron-  
wust i te  bounda ry  up to about  15 a /o  at  the  wus t i t e -  
magne t i t e  phase  boundary .  This nons to ichiometry  m a y  
s imply  be re la ted  to the concentra t ion of cation va-  
cancies. Taking  into account, however ,  in teract ions  
between these s imple defects  leading to the  format ion  
of Roth's  complexes (VFeFeiVFe) (12), c lusters  
n (VFeFe~VFe) (13, 14), and even s t ruc tu ra l  domains  
(15-19), the  real  concentra t ion of defects  involving 
both cation vacancies and in te rs t i t i a l  cations m a y  reach  
30 a/o. This significant va lue  impl ies  a complex picture  
of the defect  s t ruc ture  of wusti te ,  especial ly  at  its 
h igher  nonstoichiometry.  

Numerous  works  concerning the defect  s t ruc ture  of 
the wust i te  phase  are  based main ly  on e i ther  g rav i -  
metr ic  invest igat ions,  leading d i rec t ly  to devia t ions  
f rom stoichiometry,  or e lectr ical  conduct ivi ty,  giving 
informat ion about  the  concentrat ion and mobi l i ty  of 
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elect ron carr iers  as wel l  as about  the degree  of ioni-  
zat ion of ionic defects. 

Bransky  and Tannhauser  (7) have found that  elec- 
t r ical  conduct ivi ty  of wust i te  above 1000~ for lower  
nonstoichiometry  is p ropor t iona l  to the s ix th  root  of 
the  oxygen par t ia l  pressure.  Such dependence  fits the 
s imple model  involving format ion  of doubly  ionized 
cation vacancies when oxygen is incorpora ted  into the 
wus t i te  la t t ice  

~/2 O 2 / g / ~  Go x -~- VFe z ~- zh" [1] 

where  according to the Kroge r -V inck  notat ion Oo x de-  
notes the oxygen  in the anion sublat t ice,  VFe z the cat -  
ion vacancy, z the degree  of ionization, and h' the elec-  
t ron hole. 

App ly ing  the  mass act ion law and assuming tha t  
in teract ions  among defects  m a y  be neglec ted  as wel l  
as supposing appropr i a t e  e lec t roneu t ra i i ty  condit ions 
of the latt ice,  the  devia t ion  f rom stoichiometr ic  com- 
posi t ion may  be expressed as the fol lowing function 
ol t empera tu re  

z-t-1 
y = VFe z = const Po21/n exp [2] 

R T  

Where 1/n is the p a r a m e t e r  depending on the ioniza-  
t ion degree  of cation vacancies and AHf is the  en tha lpy  
of format ion  of the vacancies. The pa rame te r  I / n  m a y  
thus be de te rmined  by  measur ing  d i rec t ly  the  changes 
of the devia t ion  f rom stoichiometry,  or any  p a r a m -  
eter  that  can be cor re la ted  wi th  the concentra t ion of 
cation vacancies (e.g., electr ical  conduct iv i ty)  as a 
funct ion of oxygen  par t i a l  pressure  Po2 

1 O l n y  01n~ 
. . . .  [3] 

n .a In Po2 6 In Po2 

Equation [3] is valid only when the mobility of elec- 
tron carriers is independent of their concentration. 

The simple model illustrated by Eq. [I] has been 
supported by the gravimetric studies of Hauffe and 
Pfeiffer (20). Also Smyth (21) postulated doubly ion- 
ized cat ion vacancies as p redominan t  defects. More 
deta i led  invest igat ions  of this phase, however,  have  
shown that  the p a r a m e t e r  l / n ,  de te rmined  both grav i -  
met r ica l ly  and by  electr ical  conduct iv i ty  (22, 23), 
changes f rom 1/4, for the smal les t  devia t ion  f rom 
stoichiometry,  to 1/6, or even below, wi th  increas ing 
y, thus indicat ing tha t  the effective charge of defects  
vs. y changes continuously.  According to the present  
knowledge  of the defect  s t ruc ture  of wust i te  this phe-  
nomenon can be a t t r ibu ted  to association (12) and 
clustering (13) of defects. Val le t  and Raccah (15), 
K leman  (16), and Fender  and Riley (17) pos tu la te  the 
existence of three  separa te  "phases" or s t ruc tura l  do- 
mains wi th in  the wust i te  phase field; however,  they  
do not give a defect  s t ruc ture  for these domains. More-  
over, numerous  invest igat ions  of severa l  s t ruc tu re -  
sensit ive p roper t ies  of wust i te  (e.g., electr ical  conduc-  
t iv i ty)  vs. oxygen par t i a l  pressure  do not indicate  a 
drast ic  change of defect  s t ruc ture  at  composit ions cor-  
responding to the pos tu la ted  domain  boundar ies  (24). 
Thus the existence of the  domains  st i l l  remains  an 
open question. 

Bransky  and Tannhauser  (7) have found a change 
of sign of the Seebe~k coefficient of wust i te  for the  
composit ion O / F e  _--_ 1.09. The authors  suggest that  this 
effect, observed above 900~ can be a t t r ibu ted  to the 
t ransi t ion of the  conduct ivi ty  from p - t y p e  at low stoi-  
ch iometry  to n - t ype  at high oxygen content. The 
change of sign of the Seebeck coefficient above 900~ 
has been confirmed by  Wagner  and co-workers  (5, 6) 
for both po ly-  and s ing le -c rys ta l l ine  samples of wusti te.  
This effect has also been observed by  Meussner,  Rich- 
ards, and Fujii at 1000~C (4), but at much higher oxy- 
gen content than that observed by Bransky and Tann- 

hauser  or  by  Wagner  and co-workers  (5). Never theless  
the supposi t ion concerning p-  to n - t ype  t rans i t ion  is 
in s trong contradic t ion to e lectr ical  conduct iv i ty  da ta  
which show no min imum in the whole range of the  
wust i te  homogenei ty  range  vs. oxygen content.  This 
would indicate  that  only  one type  of e lect ron carr iers  
(electrons or  holes) p redomina te  th roughout  the  whole 
wust i te  field. Recently,  the p - t y p e  conduct iv i ty  of the 
wust i te  phase has been  confirmed by  Bowen, Adler ,  
and A u k e r  (11). Sel tzer  and Hed (9) have proposed an 
or iginal  in t e rp re ta t ion  of these appa ren t ly  conflicting 
data. The authors  involved a "negat ive  te rm"  descr ib-  
ing the t empera tu re  dependence  of the  scat ter ing 
mechanism in the t r anspor t  of charge carr iers  th rough  
the crys ta l  latt ice.  Their  calculat ion based on this as-  
sumpt ion gives good agreement  wi th  the  l i t e ra tu re  
data  of the  e lectr ical  conduct ivi ty  and Seebeck coeffi- 
cient r epor t ed  for  the  wust i te  phase.  

Statement of the Problem 
The discussion of the  l i t e ra tu re  da ta  shows that  

the electronic p roper t ies  of the  wust i te  phase st i l l  
r ema in  the subject  of d ispute  and requ i re  addi t ional  
invest igat ion for an explana t ion  of the  electronic phe-  
nomena as wel l  as the corre la t ion be tween  s t ruc tura l  
and electronic da ta  for this h igh ly  defect  crystal .  The 
purpose  of the p resen t  work  is to app ly  the w o r k  
funct ion technique which m a y  supply  direct  in fo rma-  
t ion about the  chemical  potent ia l  of e lectrons (Fe rmi  
energy level)  for the  surface l aye r  of inves t iga ted  
oxide sample.  

The work  funct ion technique has been wide ly  used 
for invest igat ions  of adsorpt ion  proper t ies  of ox-  
ides and metals.  The measurements  have  genera l ly  
been carr ied out in the  range  of low and modera te  
tempera tures .  However ,  under  these condit ions most 
of the  oxides a r e  in a "quenched" state. Thus the  m e a -  
sured work  funct ion data  gave in format ion  concerning 
the sut'face oxiae layer, which because of kinetic rea- 
sons was not equilibrated with either the crystalline 
bulk or the gaseous phase. Under these conditions, the 
nonstoichiometry of the surface layer is in a continu- 
ous change as the oxide crystal tends toward an equi- 
liorium state (2b). Thus the measured work function 
values depend essentially on the experimental pro- 
cedure applied and the sample history. 

It should be emphasized that the absolute value of 
the work function of metal oxides, as well as of most 
of the binary compounds, has no physical meaning 
when measured at temperatures where the compounds 
are not equilibrated with the gas phase. In these cases 
the state of the surface depends on many uncontrolled 
factors, such as surface coverage by adsorbed im- 
purities, surface topography, and nonstoichiometry of 
the layer near the surface. Each of these factors has 
a strong influence on the measured value of the work 
function. Relative work function changes may be used 
for monitoring some surface processes, e.g., chemisorp- 
tion of gases. Then the measured electronic effect ac- 
companying chemisorption represents the chemical 
affinity between the investigated surface and the ad- 
sorbate. In this kind of study, the absolute value of 
the work function may be used as a monitor for ad- 
justing the standardized procedure to a reproducible 
suriace state, or for following the kinetics of any sur- 
face process accompanied by  electronic  t ransi t ions.  As 
the t empera tu re  increases, however ,  the  whole  c rys ta l -  
l ine gra in  is being brought  into the rmodynamic  equi -  
l ib r ium with  the coexis tent  gas a tmosphere .  Under  
these, conditions the surface state, and thus the  work  
function, a re  independen t  of the expe r imen ta l  p ro -  
cedure appl ied  before  the measurement  and are  de te r -  
mined by the pa rame te r s  of the exper iment ,  such as 
t e m r e r a t u r e  and gas composition. 

The work  function measurements  commonly  re -  
por ted  for  studies of the  surface e lec t r ica l  p roper t ies  
of meta l  oxides are based on the dynamic  condenser  
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method.  This method,  proposed by  Kelv in  (26) and im-  
proved  by  Zisman (27) and numerous  o ther  inves t iga-  
tors (28-39), is the  most  convenient  one for  s tudying  
oxides under  a control led  gaseous a tmosphere .  The dy -  
namic condenser  method descr ibed i n  the l i t e r a tu re  op-  
e ra tes  in a t e m p e r a t u r e  range  up to about  400~ how-  
ever, this range  is too low for such t rans i t ion  meta l  ox-  
ides as NiO, CoO, MnO, or  FeO. Thus the  purpose  of the 
presen t  work  was to pe r fo rm the work  funct ion m e a -  
surements  at  a sufficiently h igh  t e m p e r a t u r e  tha t  the 
inves t iga ted  crys ta l  could be equi l ib ra ted  wi th  oxy-  
gen. The re l a t ive ly  w e l l - k n o w n  ferrous  oxide  (wus t -  
ire) seemed to be a ve ry  in teres t ing  sys tem for  the  
p resen t  s tudies because this  oxide phase shows the 
la rges t  nonstoichiome~try among the other  t rans i t ion  
meta l  oxides of "the series exhib i t ing  the NaCl - type  
s t ructures  as NiO, CoO, or  MnO. I t  was also expected 
that  the  work  funct ion da ta  of the  wust i te  phase might  
supply  in teres t ing  ma te r i a l  for comparison wi th  other  
ava i lab le  e l e c t r i c a l  da ta  involving the e lect r ica l  con- 
duc t iv i ty  and the Seebeck coefficient. In  the  presen t  
s tudies the  work  functions of the i r on -oxygen  sys tem 
were  measu red  vs. the  oxygen  ac t iv i ty  in the  gaseous 
phase. Expe r imen ta l  condit ions were  ad jus ted  in order  
to cross the wust i te  phase  field f rom metal l ic  i ron  to 
the magne t i t e  phase.  

Exper imental  
Apparatus.--The dynamic  ,condenser  method was 

used for the work  funct ion measurements  (40, 41). I t  
is #Lllustrated schemat ica l ly  by  the block d i ag ra m in 
Fig. 1. The method is based on the measuremen t  of the  
constant  potent ia l  difference (CPD) exis t ing be tween  
the p la tes  forming the condenser,  3, Whose capaci ty  
varies wi th  t ime. The v ibra t ion  of the condenser  gen-  
erates  an a -c  vol tage  across the  resistance,  4. The 
value  of this vol tage  is p ropor t iona l  to CPD. The a-c  
vol tage is then  amplified, 5, and moni tored,  6. When  
CPD is compensated  by  an ex te rna l  d-c  voltage,  Vd.c., 
2, f rom the  compensator ,  1, a m i n i m u m  in the  s ignal  
is observed on the moni tor  

VcPc -- Vd.c. = 0 [4] 

Thus the  CPD is equal  to the  va lue  of Vd.c. wi th  the  
opposite sign. The plates  of the dynamic  condenser  
a re  the sample  being invest igated,  1, and the reference  
electrode,  2. The CPD is equal  to the  difference in the  
work  funct ion of the  plates  of the  dynamic  condenser  

r - -  @~ 
VCPD -- - -  [5] 

e 

Hence an increase of the CPD corresponds to an in- 
crease in the work function of the oxide. The mea- 
surement of cha~ges in the work function of the oxide 
sample vs. oxygen pressure are possible only when the 
surface poten t ia l  of the reference  e lect rode is known  
or  is constant  in the  expe r imen ta l  condit ions appl ied  

h@~ - -  e (AVCPD) ~- Ar r6] 

A p l a t i n u m  p l a t e  w a s  u s e d  as  t h e  r e f e r e n c e  e l e c t r o d e ,  
Changes in the work  funct ion of the p l a t inum pla te  
for h igh  t empera tu re s  m a y  be ca lcula ted  as for  the 

�9 

5 I 6 

Fig. 1. Schematic drawing of the electrical circuit for the work 
function measurements: 1, compensator; 2, voltmeter; 3, dynamic 
condenser; 4, high impedance; 5, amplifier; 6, monitor. 

oxygen  elect rode 
A~ RT po~ (I) 

AVpt -- -- -- -- l n - -  [7] 
e 4F po~ (~) 

where  values  po~ (1) and P02 (2) correspond to the  ex-  
t r eme  oxygen  pressures  of the  expe r imen ta l  conditions.  

The oxygen  pa r t i a l  p ressure  in  the  react ion cham-  
ber  is control led  by  the ra t io  of the  CO-CO2 gas m i x -  
ture  at  a total  pressure  of 1 atm. The expe r imen ta l  
composit ions of the  CO~-CO gas mix tu r e  are  in -  
dicated in Fig. 2 by  the d iv id ing  spots on the iso-  
the rmal  (dot ted)  lines. The lowest  oxygen  ac t iv i ty  
is de te rmined  here  by  pure  carbon monoxide  l imi t ing 
invest igat ions o f  the i r o n - o x y g e n  sys tem to the  r ight  
side f rom l ine  1 in Fig. 1. Thus at t empera tu res  below 
750~C the exper iments  concern only the  phase  bound-  
a ry  wus t i t e -magne t i t e .  

F igu re  3 shows the exper imen ta l  setup inc luding 
both  the  gas flow sys tem for  ad jus t ing  r equ i r ed  com- 
posi t ion of CO2-CO mix tu re  and the schemat ic  of 
the  dynamic  condenser.  The detai ls  of the  construct ion 
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Fig. 2. Wustite phase field according to Darken and Gurry (29) 
in temperature vs. logarithm of the CO2/CO ratio. Dasherd curves 
indicate constant composition O/Fe. Curve 1 represents the de- 
composition line of CO. Spats on the isothermal lines correspond 
to the experimental conditions applied in this work. 

1 2 

4 
13 ~ ~ 1 7  ~ 23 

Fig. 3. Experimental setup: 1, chamber with dibuthyl-phtalate for 
fixing overbubbling pressure; 2, overbubbler of manostat; 3, overflow 
gas outlet; 4, gas chambers; 5, ascarite; 6, copper turnings; 7, 
silicagel; 8, molecular sieves Type 4A; 9, molecular sieves Type 3A; 
10, flowmeter; 11, stopcock; 12, gas mixer; 13, preheater of the 
reaction gas mixture; 14, thermal isolation; 15, dynamic condenser; 
16, vibrator of the dynamic condenser; 17, heating element; 18, 
electrical screening; 19, preamplifier; 20, amplifier and compensa- 
tor; 21, monitor; 22, gas flow controller'; 23, reaction gas outlet. 
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of the dynamic condenser were described previously 
(42). The powdered, spectroscopically pure iron sam- 
ple (prepared by Johnson-Mat they)  was spread over 
the lower stainless steel electrode. The sample formed 
a layer  about 0.5 mm thick. The gas mixture  en-  
tered the upper  par t  of the chamber of the dynamic 
condenser, passed down over the sample, and was 
exhausted near  the bottom. The gas flow velocity was 
about 0.9 cm/sec as recommended by Darken and 

Gurry (43) tO prevent the formation of a concentra- 
tion gradient in the experimental  gas mixture.  Oxygen 
partial pressures corresponding to the appropriate 
compositions of the CO2-CO mixture were calculated 
using the data of Jacobi (44) 

Pco 
-- [Po2 exp (68,100T -~ -- 20.9) ] -o.~ [8] 

PCO2 
The reading accuracy of the CPD was about 0.05V. 
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Procedure 
The reac t ion  sys tem was hea ted  to the requ i red  

t empe ra tu r e  in the  gas mix tu re  corresponding to the  
magne t i t e  phase. Then the gas composi t ion was g radu-  
a l ly  changed t oward  decreas ing oxygen act iv i ty  as 
i l lus t ra ted  by  the dot ted  l ines in Fig. 2. Exper imen t s  
for  which oxygen  ac t iv i ty  decreased or  increased  in 
successive readings  were  t e rmed  reduct ion  or ox ida -  
t ion runs, respect ively.  The CPD was measured  when 
a constant  va lue  was reached,  i.e., in 5-10 rain af te r  
the  new ra t io  of the  CO~.-CO mix tu re  was fixed on the  
new level.  The exper imen ta l  values  of the CPD were  
t aken  f rom two to th ree  independen t  readings.  The 
da ta  are  reproduc ib le  wi th in  O.IV. 

Results and Discussion 
Figures  4a-h  i l lus t ra te  the measured  values  of CPD 

as the  function of oxygen pa r t i a l  p ressure  for a series 
of the  t empera tu re s  be tween  675 ~ and 950~ wi th in  the 
phase  field of wust i te  as indica ted  in Fig. 2. The ex-  
pe r imen ta l  da ta  were  found to be the same for both 
oxidat ion  and reduct ion  runs, as can be seen in Fig. 4d 
for 750~ For  other  t empera tu re s  the  CPD da ta  for 
the oxidat ion runs  are  given. The dotted,  ver t ica l  
l ines indicate  the  l i t e ra tu re  values of equ i l ib r ium 
oxygen par t i a l  pressures  corresponding to the  phase  
boundar ies  i ron -wus t i t e  and wus t i te -magnet i te ,  ac-  
cording to Engel l  (31) and Darken  and G u r r y  (29). 
The observed sharp CPD changes fit the l i t e ra tu re  da ta  
well,  thus indicat ing that  the  work  funct ion is a pa -  
r ame te r  very  sensi t ive to the  crys ta l l ine  s t ructure.  

The change in the surface potent ia l  of the  p l a t inum 
reference  electrode,  ca lcula ted  according to Eq. [7] 
for ex t reme  oxygen  pressures  corresponding to F e / F e O  
and ]~eO/Fe804 phase boundaries ,  was equal  to about  
0.05u According  to Eq. [7], these changes are  l inear  
in the coordinates  used for p lo t t ing  the  exper imen ta l  
da ta  in Fig. 4a-h. According to Eq. [6], the  w o r k  func-  
t ion changes of the inves t iga ted  sample  are  the  sum 
of the  measured  CPD changes and ~r Because of the 
very  smal l  A~2 values,  however ,  the CPD changes are 
prac t ica l ly  equal  to • 

As seen in  ~ig. 4c-f, the  work  funct ion increases 
a lmost  l inea r ly  wi th in  the  wust i te  phase  vs. oxygen  
pa r t i a l  p ressure  be tween 725 ~ and 850r This is in 
~ccordance wi th  the  repor ted  defect  s t ruc ture  of wus t -  
i te showing cation vacancies forming  acceptor  centers  
in  the  energet ic  model  of wust i te  according to Eq. [1]. 
An increase  in thei r  concentrat ion shifts the  Fe rmi  
level  downward.  Since the energet ic  model  of the 
wust i te  phase is not sufficiently developed i t  is difficult 
to indicate  the form of the defects and thei r  acceptor  
"act ivi ty."  These may  be  both  doubly  and s ingly  ion-  
ized cat ion vacancies as wel l  as complexes.  The ob- 
served increase  of the work  function indicates  that  the 
p - t y p e  conduct ivi ty  should domina te  wi th in  the whole 
wust i te  range if p - t y p e  is assumed at  the lowest  non-  
s toichiometry.  This effect is in cont radic t ion  to the  
da ta  of Bransky  and Tannhauser  (7) as wel l  as of 
Wagner  and co-workers  (5) who repor ted  a monoto-  
nous decrease of Seebeck coefficient ( re fe r r ing  to the  
increase  of the Fe rmi  level)  vs. increase  of non-  
s toichiometry.  

F igures  4g and 4h refer  to 900 ~ and 950~ respec-  
t ively.  For  900~ and at  low nonstoichiometry,  the 
CPD changes l inea r ly  wi th  oxygen pressure  as was 
found for the expe r imen ta l  runs be low 900~ A sl ight  
decrease  of the w o r k  funct ion is observed at  h igher  
nonstoichiometry.  This effect is even more  pronounced 
at  950~ In  both  cases, however ,  the final work  func-  
t ion value  is st i l l  h igher  than the ini t ia l  one. Thus the 
pos tu la ted  change of the conduct ivi ty  type  from 
p- type ,  at low nonstoichiometry ,  to n- type ,  a t  h igher  
oxygen content  ( 3 - 6 )  cannot  be confirmed in the  pres-  
ent  invest igat ions.  The m a x i m a  of the  work  funct ion 
observed at 900 ~ and 950~ for h igher  nonstoichiom- 
e t ry  may  correspond to the change of sign of the See-  

beck coefficient which  was  found by  Bransky and 
Tannhauser  (7) as wel l  as Geiger,  Levin, and Wagner 
(5). Both work  funct ion and Seebeck coefficient in -  
dicate an increase of the F e r m i  leve l  vs. oxygen  
pressure at h igher  O / F e  ra t ios  than  those referring 
to the  maxima.  The d iscrepancy in the  resul ts  of the  
Seebeck effect and the work  function observed at  
lower  nonstoic 'hiometry, however ,  requi res  addi t ional  
inves t igat ion involving the s imul taneous  measurement  
of the  e lectr ical  parameters .  I t  should be emphasized,  
however ,  tha t  a good qua l i t a t ive  ag reemen t  be tween  
the work  funct ion and the e lec t r ica l  conduct iv i ty  
da ta  was found for lower  defect  concentrat ions  (both  
pa rame te r s  indica t ing  decrease  of the F e r m i  energy  
vs. oxygen content ) ,  a l though the m a x i m a  of the  
w o r k  function vs. oxygen  pressure  was not  confirmed. 

Over  the t empe ra tu r e  range  s tudied in this  work,  
no effect was observed that  could be ascr ibed  to s t ruc-  
tu ra l  "regions" which have  been pos tu la ted  by  Val le t  
and Raccah (15), K l e m a n  (16), and Fender  and Ri ley  
(17). 

Al l  of the  exper imen ta l  s tudies  of CPD vs. log Po2 
show, more  or less, sharp  changes of the  w o r k  function. 
These changes occur at  values of oxygen  pa r t i a l  p res -  
sures corresponding to the  expec ted  phase  trans- 
formations of wust i te  into the  meta l l ic  i ron phase,  on 
one hand, and into the magne t i t e  phase, FeaO4, on the  
other. The pa r a me te r s  of t e m p e r a t u r e  and oxygen  p a r -  
t ia l  p ressure  de te rmined  in the p resen t  s tudies  for  
the  app rop r i a t e  phase equi l ib r ia  are  p lot ted  in Fig. 
5 and compared  wi th  o ther  l i t e r a tu re  data. The  equi-  
l ibr ium data  of oxygen  par t i a l  pressure  obtained f rom 
the  work  funct ion measurements  were  r e c a l c u l a t e d  
af ter  Engell  (45) into cor responding  values of non-  
s to ichiometry  y in order  to compare  the  p resen t ly  ob-  
ta ined  resul ts  wi th  the l i t e ra tu re  da ta  r epor ted  in 
this measure  (Fig. 6). As seen the da ta  obta ined  
f rom the work  funct ion agree  very  wel l  wi th  the  da ta  
obtained by  Engell  (31), Mar ion  (46), Val le t  and 
Raecah (15), and other  invest igators  (47). The re -  
sults obta ined here  may  be he lpfu l  in more  precise  
de te rmina t ions  of the  wust i te  phase  bounda ry  espe-  
c ia l ly  at lower  t empera tu re s  (be tween  575 ~ and 8O0~ 
for which grea t  discrepancies  a re  observed among the 
avai lab le  data. 

Conclusions 
I. The work  function values  of the i r on -oxygen  sys-  

tem measured  at  t empera tu res  above 675~ were  de -  
t e rmined  from the t empe ra tu r e  and oxygen  pa r t i a l  
p ressure  and are  independen t  of the  expe r imen ta l  p ro -  
cedure applied.  This indicates  tha t  the  sample  was  
equi l ibrated,  and the work  funct ion da ta  is char -  
acterist ic  of the s tudied materials .  
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Fig. 6. Experimental data for the wustite phase diagram plotted 
in temperature vs. oxide composition. 

2. The work function data do not confirm the earlier 
postulated p- to n-type transition for the wustite 
phase (3-6). 

3. The work function is very sensitive to crystalline 
structure and thus may be used to determine the par- 
tial pressure of oxygen corresponding to the thermody- 
namic equilibrium state between the two phases. A 
surprising agreement between the presently obtained 
data from the work function measurements and the 
literature data concerning phase boundaries of the 
wustite phase indicates that this typical surface sensi- 
tive method is capable of giving information rele- 
vant to the bulk when the investigated system is well 
equilibrated. 

4. The phase boundaries of the wustite phase deter- 
mined from the work function measurements agree 
well with other literature data (31-33). 

5. The hypothesis of Vallet and Raccah (15), Kle- 
man (16), and Fender and Riley (17) concerning dif- 
ferent structural domains in the wustlte phase was 
not confirmed in the present investigations. 
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Aluminum Oxidation in Water 
C. C. Chang, D. B. Fraser, M.  J. Grieco, T.  T.  Sheng, S. E. Haszko, 

R. E. Kerwin, R. B. Marcus, and A. K. Sinha* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Water rinse of aluminum metallized integrated circuits must be carefully 
monitored because the A1 can oxidize rapidly under certain conditions. A1 
oxidation in 10 IVIft deionized water was therefore studied using Auger spec- 
troscopy, and transmission and scanning electron microscopies, to investigate 
the oxide growth as a function of water temperature and rinse time, use of 
photolithography, and Cu-doping of the AI. A1 oxide thicknesses were 20- 
30A before any treatment and were 35, 70, and ---~3000A after 5 rain rinses in 
40 ~ 60 ~ and 80~ water, respectively. Photolithography and Cu doping in- 
duced no large effects. In 40~ water, little oxidation occurred for 20 rain and 
rapid oxidation began after 40 rain, especially at nucleation sites with C 
and Si contamination. The oxide grown in water has a porous structure, is 
nearly amorphous, and contains gamma-alumina and hydrated oxides. Near 
80~ several thousand angstroms of oxide can grow in minutes. 

Oxidat ion of A1 metal l izat ion in  integrated circuits 
(IC's) can significantly affect device yield by in-  
creasing the contact resistance. This is especially true 
with beam leaded (1) devices to which contacts are 
established without  any  physical means of breaking 
the oxide barr ier  over the A1. Even wi th  wire bonded 
devices, excessive oxide growth is obvious ly  u n d e -  
sirable. Because deionized (DI) water  r insing of A1 
is an integral  par t  of IC processing, the growth of A1 
oxide in  DI water  was investigated in  this work.  

Experimental 
Sample preparation.--The samples studied are listed 

in Table I together with the re levant  final t reatments.  
Abbrevia ted descriptions of the processing steps are 
given in  Table II; the water  rinse step, No. 4, is the 
critical operat ion of interest  here. The Cu-doped A1 
films of Table I were 1.5 ~m thick, with 0.5 atom per-  
cent (a/o) Cu deposited at either --~40~ or at 300~ 
by e -gun  evaporation, and the undoped films were 
s imilar ly  deposited at 40~ The column labeled 
"EG-BHF" refers to a 30 sec dip in  1:1:1 e thylene-  
g lycohbuf fe red-HF:H20 etch, and "450~ anneal"  re-  
fers to a 30 rain annea l  in  1 arm H2. The EG-BHF 
t rea tment  removes A1 oxide as well  as some Si- 
ni t r ide and SiO2, with only a min imal  at tack of the A1 
and therefore its value as a cleaning etch for the en-  
tire A1 metall ized IC wafer was examined. In  Table I, 
all  "Testers" are ful l -surface A1 films (on oxidized 
Si) unless photol i thography is indicated. The device 
samples 18 to 21 were pulled from device lots, after 
the processing steps indicated; these steps are listed 
in Table II. The DI water  enter ing the overflow rinse 
bath had a resist ivi ty over 10 M~ and was heated 
in  a stainless steel tube just  prior to admission into 
the bath. 

Analysis methods.--Instances of extensive A1 oxida- 
t ion could be detected under  the optical microscope, by 
a halo type of feature along the edges of pat terned A1. 
After  450~ anneal,  the oxide layer  sometimes devel-  
oped cracks and the oxide could be removed with ad- 
hesive tape, as demonstra ted in  Fig. 1. A scanning 
electron microscope (SEM) was used in  this work for 
rapidly evaluat ing the effect of a par t icular  water  rinse 
and to scan many  different areas of a chip. Typical 
SEM micrographs are displayed in  Fig. 2. Surface 
oxide films >100A thick appeared to quickly degrade 
the SEM spatial resolution. Auger electron spectro- 
scopy (AES) was used for chemical analysis and for 
measur ing  oxide thicknesses <100A. Details of this 
technique, which utilizes the chemically shifted Auger 

* Electrochemical Society Active Member. 
Key words: integrated circuits, dielectric, oxidation, insulator. 

peak of A1 in the oxide, is described in Ref. (2);  the 
technique requires no ion mil l ing and has high re la-  

Fig. 1. Optical micrographs of films in contact windows to AI; 
after step 10 of Table II, sample 20. (Top) a wafer that was rinsed 
in 80~ DI water. (Bottom) after adhesive tape was applied to above 
sample and removed; the two arrows point to areas of missing Ti-Pt. 
The displaced square near center is a sheet of AI oxJde which be- 
came detached and moved, probably just prior to Si-nitride 
deposition. 

787 
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Table I. AI  oxide thickness vs. t reatment  

450~ Oxide thick- 
Cu-doped Photol i thog.  DI water  (~ EG-BHF anneal  ness  (A)  

Tes ters  samples  
1 Yes  - -  None  32 
9. Y e s  40 35 
3 Yes  Y-es 40 35 
4 Yes -- 40, 10 rain 33 
5 Yes  - -  40, 20 min 31.2 ----- 0.4 

6 Yes  40 ~ - -  38 
7 Y-es Yes  40 Yes  42 
8 Yes  Yes  40 Yes  Y~s 65 
9 Yes  Yes  50 - -  - -  62 

10 Yes  ~ 60 - -  ~ 61 

11 ~ Yes  60 - -  70 
12 Yes  - -  80 - -  3000 
13 Yes  Yes  80 Yes  2900 
14 - -  Yes  80 - -  3300 
15 Yes  Yes  80 ~ Thick  

10A Yes  None  29 
16B Yes  40, 20 rain 29 
16C Yes  40, 40 rain 33 
16D Yes 40, 60 vain 46 

17A None  19 
17B 40, 20 rain 38 
17C 40, 40 rain 55 
I?D 40, 60 rain 87 

Devices  

18, step 7 Yes Yes 80 Yes Yes >>100 
19, step 4 Yes Yes 80 -- >6000 
20, step 10 Yes  Yes  80 Yes  Y~s 1600 
21, step 4 Yes  Yes  40 - -  - -  43 

Notes:  Unless  otherwise  specified, DI water  rinse t ime is 1 min, then 5 man, at indicated temperature ,  then  5 rain in 20~ water, util. 
izing a separate  bath for  each rinse; nonstandard t imes  at temperature  fo l lowing the first 1 rain are indicated. 

Table II. Abbreviated summary of process sequence 

1. A1 deposit ion.  
2. Photolithography (HR100*), A1 etch (H~PO~-based etchant) .  
3. Photoresist strip (A30"*, ll0~ 10 rain). 
4. Overflow DI water rinse. 
5. EG-BHF clean, 30 sec. 
6. 400~ H= anneal, 1 atm, 30 rain. 
7. EG-BHF clean, 30 sec. 
8. Si-nitride (passivation layer)  deposit ion.  
9. Contact w i n d o w  photo l i thography  and etch. 

1O. Ti  and Pt  deposi t ion in preparat ion for  beam leads. 

Notes:  EG-BHF = 1:1:1 mixture  of e thy lene  glycol ,  buffered HF, 
and water.  A l though  water  is not a necessary component, it en- 
hances the  cleaning ability by increasing the rate of A1 attack; 
however ,  water  also increases  the residual  oxide thickness by 
hydration, 

�9 HR100: photoresist (Phillip Hunt). 
�9 " A30: photores is t  stripping solut ion (Allied Chemical). 

rive accuracy (several  angstroms) and spatial resolu- 
tion (<10 ~m). Thicknesses >100A were est imated 
approximate ly  using the ion-mi l l  Auger  technique, 
assuming the ion mil l ing ra te  for SiOf. This est imate 
is obviously inaccurate and was used only to demon-  
strate that  the oxide grown was very  ti~ick. Final  de- 
tailed informat ion was obtained using the t rans-  
mission electron microscope (TEM) 0y examining 
thin cross sections of the regions of interest. This 
last technique has been described elsewhere (3). 

Results 
Preliminary identification o~ Al oxidation problem.-- 

An opt ical ly  visible film formed on A1 by rinsing in 
80~ water  (device sample 18) was determined by AES 
to be essentially pure  A1 oxide. On this sample, a 
halo visible optical ly and by the SEM on SiO2 areas 
more than 20 ~m away from pat terned A1 was also 
found by AES to be A1 oxide; evidently,  this oxide 
spreads beyond AI areas. Optical examinat ion after A1 
etch and before photoresist  strip had revealed no A1 on 
these SiO2 areas so that  this oxide is not formed from 
unetched A1 residues. These init ial  results clearly 
established the importance of A1 oxidat ion during 
device processing. 

Auger studies.--Testers 1-17 of Table I were then 
prepared and AES exper iments  were  per formed to 
answer four questions: 

1. What  are typical  A.l-oxide thicknesses after 
various t r e a t m e n t s ?  

2. What  is the crit ical  DI wate r  t empera ture  below 
which oxidat ion ra te  becomes negligible? 

3. Does oxidation depend on Cu doping? 
4. Does oxidation proceed in pure  water ,  f ree of 

photoresist  and /o r  A30 ca r ry :over?  
Results are as follows: Samples 1, 16A, and 17A 

established the typical  a i r - fo rmed  oxide thickness 
(20-30A) on as-deposited A1 (Cu doped and undoped). 
We have not co:mpared the initial oxide growth rates 
of Cu doped and undoped A1 in detail. Typically, oxide 
thicknesses were about 20A within 2 hr after depo- 
sition, about 30A after several weeks, and about 35A 
after several months of air exposure for both types 
of AI. Samples 1-15 were taken from many different 
deposition runs and received varying times of air 
exposure prior to experimental treatments and anal- 
yses. Therefore, their initial surface oxides varied 
somewhat and these variations may have masked the 
smaller edects; the experiments using these samples 
were intended to reveal only the stronger effects. This 
defect is rectified for samples 16A-17D, as explained 
below. 

Samples 2, 4, and 5 showed that the surface oxide 
thickness does not increase appreciably up to 20 rnin 
at 40~ (35A max imum) .  The statistical accuracy of 
the Auger  data is demonstra ted with sample 5, for 
which the average  oxide thickness and standard devi-  
ation of one measurement  each f rom five different 
areas wi th in  about 3 m m  of each other  were  31.2 
_0.4A. Thus in principle, measured differences be-  
tween samples of 3% (1A at 30A) could be significant; 
in practice, it has been demonstra ted (2) that  differ- 
ences of 10% (3A) are meaningful .  

Samples 3 and 6 showed that  photol i thography does 
not affect the oxide thickness after  40~ rinse for Cu 
doped and undoped A1, respectively.  

Sample 7 showed that  the E G - B H F  etch leaves a 
surface oxide of about 42A. 

Sample 8 revea led  that  the H2 anneal, preceded by 
the EG-BHF treatment ,  increases the oxide thickness 
by about 30A, to about 65A. It might  appear  surprising 
at first that  oxide growth occurs in a reducing (Hf) 
ambient. However ,  we have  reproduced this result  
many  times (not listed in Table  I) and it is in fact 
consistent wi th  the fol lowing two observations. (i) H2 
anneal  has not been found to decrease the oxide thick-  
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Fig. 2. SEM micrographs of 
the halo feature due to thick 
oxide growth. (A), (B) taken at 
two magnifications using sample 
15 with thick surface film. The 

ha lo  is the light contrast sur- 
rounding AI features; note the 
poor spatial resolution caused by 
the presence of an insulating 
film. (C), (D) from sample 3 with 
thin oxide (35A);  there is no 
halo, and spatial resolution is 
greatly improved. 

ness in any  of the present  experiments,  and (ii) it is 
obviously not possible to remove all contaminants  dur-  
ing the anneal.  We propose that small  amounts  of con- 
taminants ,  ei ther frorri the furnace or the wafers them-  
selves, cause the A1 to oxidize; once formed, the oxide 
is apparent ly  stable in  H2 at 450~ 

Samples 9, 10, and 11 demonstrated that the oxide 
thickness begins to increase at 50~176 to 60-70A. 
Photol i thography and Cu doping did not produce large 
effec.ts. 

Samples 12-15 showed the rapid  oxide growth (to 
approximately  3000'A) at 80~ which is fair ly inde-  
pendent  of photoli thography and Cu doping. The 3000A 
estimate does not take into account the porosity fac- 
tor; for example, if the porosity factor (defined as the 
percentage of total film thickness occupied by pore 
space) is 75%, the actual oxide thickness could be 1.2 
~m. The oxide thickness on sample 15 was estimated 
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Fig. 3. Oxidation rate of Cu-deped (triangles) and undoped 
(circles) AI in 40~ water, samples 16 and 17. Filled points are 
data from the contaminated nucleation centers. The arrow on the 
filled circle at 116A indicates that the oxide was thicker than 
116A. 

from SEM photographs of cleaved specimens to be at 
least several  thousand angstroms. 

For samples 1-15, wafers from several A1 deposition 
runs  were used, so that  the ini t ia l  oxide thickness be-  
fore t rea tment  probably  varied from wafer  to wafer. 
To ensure identical  s tar t ing conditions, samples 16 and 
17 (Cu doped and undoped, respectively) were cleaved 
into 4 quarters  each. These were then treated in  40~ 
water  for 0, 20, 40, and 60 rain, and the resul tant  sur-  
face oxide thicknesses were measured and are shown 
in  Fig. 3. When viewed in  the SEM mode of the Auger 
apparatus, the unt rea ted  surfaces 16A and 17A ap- 
peared featureless, and the Auger  spectra revealed 
only slight C and S contamination.  The inabi l i ty  to de- 
tect Si indicated that  the cleaving operation for sepa- 
ra t ing each wafer into samples A-D resulted in  no 
serious Si contamination.  After 20 min  rinse, a faint, 
uneven  texture  was visible on both samples 16B and 
17B, when  viewed in  the SEM mode of the Auger  ap- 
paratus. After 40 min  treatment ,  these features ap- 
peared clearly as nucleat ion centers that were suffi- 
ciently large (>10 #m) for Auger  analysis. They were 
found to be oxide nuclei  which grew even larger after 
60 min  t reatment ;  the Auger  data from these areas are 
also included in  Fig. 3. The arrow on the data point 
at l16A indicates that  the oxide was > l 16A  thick. 

No Si was detectable (<0.1%) on 16A and 17A, 
but  about 2 % Si was found on all B, C, and D samples. 
Since similar amounts  of Si were found on surfaces of 
unbroken  wafers after 40~ rinse, this contaminant  
was not unique  to these cleaved samples. Although 
the significance of this surface Si is not clear, the 
nucleat ion centers contained higher Si and C contam- 
ination, sug~~esting that the more rapid oxidation at 
these centers is related to the contaminants.  Possible 
sources of ::hese contaminants  are the wafer itself for 
Si and the original C contaminat ion on the A1 surface. 
This result  points out the importance of removing all 
photoresist residues dur ing IC processing. The data of 
Fig. 3 lead to the following conclusions (applies to 
40~ rinse) : 

1. Cu-doped A1 oxidized more slowly than undoped 
A1. However, it is  not know n  whether  the slower oxi- 
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dation rate of the doped film was due to its thicker 
ini t ia l  passivating oxide, or to a difference in  some 
other property of films deposited in  different machines. 

2. Oxidation rate is slow for the first approximately 
20 min  and becomes rapid after about 40 min. 

3. Oxidation is more rapid at nucleat ion sites. These 
sites were more contaminated with C and Si than the 
rest of the surface. 

For  sample 18, a device wafer after 80~ rinse, the 
total oxide thickness was not measured, but  was de- 
termined by Auger analysis to be >>100A,  in agree- 
men t  with the above. 

For sample 19, the oxide growth caused by  80~ 
rinse was measured following the processing to step 4 
of Table II. The oxide thickness was estimated from 
TEM micrographs to be 6000-9000A. 

Sample 20 was processed to step 10 and the oxide 
thickness was estimated using Auger analysis by ion 
mil l ing through the T i -P t  layer  and into the A1 at a 
contact window. The oxide thicknesses of ~ 6000 and 
16,00A for samples 19 and 20, respectively, verify the 
rapid oxide growth for a device configuration, and 
comparison of samples 19 and 20 suggests that  large 
amounts  of oxide are removed by the brief EG-BHF 
etch. 

Final ly,  sample 21 demonstrated tha t  devices can 
be processed using 40~ water  rinse with oxide growth 
l imited to 43A. This oxide thickness, which fur ther  
increases upon H2 anneal,  is uncomfortably  close to 
the l imit  of 55A beyond which electrical contact prob- 
lems after  subsequent  Ti deposition are expected, as 
established in  a separate report (4 ) ;  this point is fur-  
ther  amplified in the Discussion. 

AES indicated that  after photoli thography and 40~ 
water  rinse, the amount  of surface C was <0.5 atom 
layer ( < I A )  and the A1 surface is therefore suffi- 
ciently clean for the next  processing step. The only 
other contaminants  detected were about 0.05 atom 
layer  of Si and S and much smaller  quanti t ies of CI 
and F, and the dopant Cu in Cu-doped A1. 

At tempts  were made in  this work to check the Auger 
measurements ,  d (Auger ) ,  of Al-oxide thickness by 
comparison with ellipsometric measurements,  d (ellip.), 
for the full surface testers. Values of d(ell ip.)  were 
usual ly  in reasonable agreement  with d(Auger )  but  
they sometimes differed by over a factor of 3, with 
d (ellip.) always larger. When the electrical breakdown 
voltages of these oxides were measured, the break-  
down voltage was l inear  with d(Auger)  but not re- 
lated in any obvious manner  to some of the d(elIip.) 
values (4). Therefore, we conclude that  ellipsometric 
measurements  may be sensitive to the contaminants  
and precise s t ructure  of the oxide and cannot be used 
except under  certain controlled conditions. Values of 
d(Auger)  have also been checked using a gravimetric 
method (in which the oxide film is weighed) and were 
in  agreement  with the resul t ing d(grav.)  (4). Thus in  
addition to a fairly sound theoretical basis (2), there 
is exper imental  evidence that  the Auger method of 
oxide thickness measurement  gives probably the most 
rel iable results available at present. 

TEM anaIyses.--TEM of cleaved edges of sample 12 
revealed the  oxide to be about 5000A thick and to have 
a porous, f i lamentary structure;  typical micrographs 
are exhibited in  Fig. 4. The oxide thickness estimates 
from TEM are often over a factor of two larger than 
from ion-mil l  Auger analysis. This disagreement is 
due at least in  par t  to the film porosity. Cleaved sam- 
ples were investigated in addition to sectioned sam- 
ples (following paragraph) because of the avoidance 
of sectioning and ion-mil l ing  artifacts (sectioned sam- 
ples are ion milled dur ing  the final stages of prepa-  
ra t ion) .  Avoidance of these artifacts is par t icular ly  
impor tant  for obtaining reliable diffraction pat terns 
(discussed below). Although the cleavage method is 
simple and fast, the cleavage geometry is not precisely 
known for the oxide, and details of the A1 film are 
difficult to study because of the uneven  cleavage geom- 
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Fig. 4. TEM micrographs from a cleaved edge of sample 12, (80~ 
water rinse), taken from two areas. The filamentary material is AI 
oxide; the featuretess region betow the oxide is AI. The ptane of 
the AI surface is tilted about 45~ from the electron beam axis. 

etry and because the A1 probably deforms during 
breakage. Therefore, some samples were also sectioned 
and examined. 

TEM micrographs of cross sections of device wafer 
19 are shown in Fig. 5 and 6. The appearance of the 
A1 oxide is similar to that  of sample 12 in Fig. 4, al- 
though the method of sample preparat ion for TEM 
was ent i re ly  different (simple cleaving vs. sectioning).  
In  Fig. 5, a "hair l ine crack" can be seen runn ing  the 
entire width of the photograph from left to right just  
above the oxide-A1 interface. This crack may be re-  
sponsible for the l if t ing of the oxide as seen in Fig. 
1. There is no preferent ia l  oxidation of the A1 grain 
boundaries.  Figure 6 was taken from an area tens of 
microns away from an  A1 r u n n e r  that was found to 
the far right, out of the photograph. The horizontal 
l ine runn ing  across the photograph near center is the 
surface of the substrate St, and the wavy features be- 
low this surface are mostly diffraction contrast from 
ion mil l ing artifacts such as thickness variations. The 
canti levered object enter ing from the left is a poly-Si  
gate (left edge) which ascends the (45 ~ ) tapered field 
oxide to a poly-Si  runne r  (center) .  Material sur round-  
ing the poly-Si  is SIO2; close scrut iny reveals faint  
outlines of the various layers of thermal  and deposited 
SIO2. The A1 oxide (fi lamentary mater ia l)  is seen to 
migrate  onto the SiO2 surface and its thickness de- 
creases toward the left, away from the A1 source to 
the right (out of the picture) .  

Electron diffraction analysis of sample 12 indicated 
a near ly  amorphous phase of gamma-a lumina ;  the 
electron diffraction data are presented in  Table III, 
under  the "Measured" column, and compared to the 
expected values for gamma-a lumina ,  boehmite, and 
bayerite. Relative intensities (x-ray)  are also given 
in  parentheses. The best match is with gamma-  
alumina;  there is a possible presence of the monohy-  
drate, boehmite, and no indication of the presence of 
the tr-ihydrate, bayerite. This does not mean that bay-  
erite is absent, as it may be in a more amorphous state 
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Table III. Crystallographic d-spacings (A)  of oxide on sample 12 

Gamma. 
Measured alumina Boehmite Bayerite 

8.11 (100) 
4.71 (90) 

4.56 (40) 
4.35 (70) 

3.16 (weak) 3.16 (65) 3.20 (30) 
2,80 (20) 

2A1 (medium) 2,39 (80) 2,35 (55) 2.36 (4) 
2.28 (50) 

2.22 (10O) 
1.96 (strong) 1.98 (100) 1,98 (6) 1.98 (4) 

1.86 (30) 
1.85 (25) 

1.72 (40) 
1.66 (14) 1.60 (1O) 
1.53 (6) 1.55 (8) 
1.45 (16) 1.46 (12) 
1.43 (10) 1,45 (8) 
1.38 (6) 1.39 (6) 
1.31 (16) 1.33 (18) 
1.16 (4) 1.17 (6) 

1.52 (30) 

1.39 (strong) 1.40 (100) 

1.13 (weak) 1.14 (20) 
0.966 (v. weak) 0.989 (10) 
0.877 (v. weak) 0.886 (10) 
0.790 (v. weak) 0.806 (20) 

Note: From JCPDS Tables ( formerly ASTM); x-ray intensities 
are gwen in parentheses and all lines with intensities totaling 
> (10) are listed. "lVleasured" results are electron diffraction data, 
200 keV. 

Fig. 5. TEM of thin cross sections of sample 19 taken perpen- 
dicular to the plane of the chip; the AI surface normal points up in 
the photograph. (A) Bright field picture showing the AI oxide 
(upper half) and the polycrystalline AI (lower half of photograph). 
(B) Dark field picture of the same area; revealing the precise lo- 
cation of the oxide-AI interface and the presence of small 
crystallites in the oxide. 

Fig. 6. SiO~ area uf sample 19, tens of microns away fram an AI 
runner located to the far right (out of the picture). The identity of 
each feature is explained in the text. The filamentary material on 
the SiO~ surface is AI oxide. The bubbles seen ahove the AI oxide 
ere artifacts in the epoxy used to embed the specimen to facilitate 
handling. The AI oxide is thinner toward the left, away from the 
AI runner, suggesting that the runner is the source of the oxide. 

than  the others.  Al l  three  compounds have  been p re -  
v iously  identif ied in diffraction pa t te rns  f rom A1 oxi-  
dized in hot  wa te r  (5, 6) (to a much g rea t e r  ex tent  
than  a t t empted  here) .  The  absence of the  s t rong l ines 
a t  d ~_ 4.56, 2.80, 2.28, and 1.52A for g a m m a - a l u m i n a  
and 6.11A for  boeLmite  in our  diffract ion da ta  might  

be  due to the  difference in atomic sca t te r ing  factor  
be tween  x - r a y  and e lec t ron diffraction, and to diffrac- 
t ion effects f rom e x t r e m e l y  smal l  c rys ta l l i t es  wi th  
anisotropic g rowth  habits .  

The re la t ive ly  th ick oxide  film on sample  12 (3000.k) 
could not  be detected using x - r a y  diffract ion and we 
a t t r ibu te  this resul t  to its nea r ly  amorphous  nature .  In 
agreement  wi th  this conclusion, no ind iv idua l  c rys ta l -  
l i tes could be resolved wi th  TEM. For  the  more  ex-  
tens ively  oxidized device wafe r  of Fig. 5 wi th  an ox-  
ide  6,000-9000'A thick, smal l  part icles ,  about  50A in 
diameter ,  were  vis ible  in the  d a r k  field micrographs  
(Fig. 5]3). 

Discussion 
The  most significant new resul ts  of this work  are  

the  accurate  quant i ta t ive  measurements  of the  first 
<100A of oxide  growth  in 10 M~t DI water ,  under  
condit ions ac tua l ly  exper ienced  in IC processing. The 
fact that  A1 oxidizes in  hot  wa te r  is wel l  documented  
(5-11). Our  resul ts  a re  in qua l i t a t ive  agreement  wi th  
l i te ra ture ;  namely,  tha t  oxida t ion  becomes rap id  above 
60~ and  tha t  the  in i t ia l  th in  oxide  is essent ia l ly  
amorphous.  Al though  a l loying of the  A1 and contami-  
nants  in the  wa te r  ce r ta in ly  produce la rge  effects (5, 
9, 12) al l  the workers  agree  that  the  pures t  A1 in the 
pures t  wa te r  ava i lab le  to them has resul ted  in ox ida -  
t ion (5-12). 

The mechanism of AI oxida t ion  in wa te r  has been 
descr ibed in  some deta i l  (6, 8). Oxidat ion  proceeds  
in two ma jo r  steps. In  the  first, A1 and wa te r  react  and 
re lease  hydrogen,  forming gamma-a lumina .  In  the sec- 
ond, this  oxide  is hyd ra t ed  and also redeposi ted.  Thus 
the  role p layed  by  any ini t ia l  pass ivat ing  oxide  in de-  
l ay ing  the onset of this oxida t ion  is obviously  im-  
portant .  

More general ly ,  A1 corrosion occurs in polar  l iquids, 
such as wa te r  and methanol  (12). I t  is in polar  l iquids 
that  nonneut ra l  pH is r ead i ly  at tained,  and the de-  
pendence  on pH of the  oxida t ion  ra te  of A1 in hot  
wa te r  has been c lear ly  demons t ra ted  (6, 8). This 
means, for example ,  that  r ep lacement  of wa te r  w i th  
nonaqueous solutions wil l  not  necessar i ly  e l imina te  the  
oxida t ion  problem,  since many  nonaqueous solutions, 
such as methanol ,  a re  polar,  Our  finding that  a low 
level  of Cu doping re ta rds  oxida t ion  s l ight ly  is of in-  
teres t  because, at  high levels  (--~4%), Cu has been 
re~or ted  to increase  the  corrosion ac t iv i ty  (5, 9). How-  
ever,  our  resul t  is in qual i ta t ive  agreement  wi th  the  
fact  that  anodizat ion ra te  decreases wi th  Cu doping 
(10). Inves t iga t ion  of S i -doped  A1 m a y  also be in te r -  
esting, because it has been r epor t ed  (7) tha t  Si dop-  
ing re ta rds  A1 oxida t ion  in water .  This last  point  is 
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interes t ing  because Si is a lways  present  in Si IC proc-  
essing and Si was one of the  contaminants  found on 
the A1 in this work. 

The  usefulness of the above  results  to IC processing 
is obvious. Al though  DI wa te r  r inse is most effective 
at higher  tempera tures ,  we ,have es tabl ished tha t  above 
50~ oxide growth  ra te  becomes too fast and the a l -  
lowed thickness l imi t  (4) of about  55A can be e x -  
ceeded in a ma t t e r  of minutes.  This l imi t  is the sum 
of the  amount  of oxide that  is effectively nullified by  
subsequent  Ti deposi t ion (45A) and the electron tun-  
nel ing dis tance (12A), as de te rmined  b y  e lec t r ica l  
b r eakdown  measurements .  The  E G - B H F  etch was 
shown here  to be  ve ry  effective for removing  th ick A1 
oxide. However ,  it  leaves a r e la t ive ly  th ick res idual  
oxide (about  40A) which fu r the r  increases in th ick-  
ness upon H2 anneal  (to about  65A). A different  etch 
based on a m ix tu r e  of CrO~ and H~PO4 has been shown 
(4) to leave a much th inner  res idual  oxide (about  
30A) and m a y  be p re fe rab le  for reducing oxide  th ick-  
ness. 

The rapid oxidation property of A1 is not always un- 
desirable and can be exploited to useful purpose. For 
example, even a mild treatment in hot water may be 
sufficient to passivate exposed A1 areas of an IC chip. 
If an entire device is coated with AI, a passivating 
layer can be grown by completely oxidizing the AI. 
It should be kept in mind, however, that during oxida- 
tion, hydrated oxides will migrate and redeposit on 
adjacent areas that are tens of microns away from the 
AI. Since many materials are stable in hot water, they 
can be used as mask  mate r ia l  for  select ive oxida t ion  
of thin A1 films. 

Conclusions 
1. 40~ is a "safe" t empe ra tu r e  for DI wa te r  r inse 

of A1 (up to about  20 min ) ;  50~176 is the "danger  
point"  beyond which excessive oxidat ion  wil l  occur. 
The A1 surface is quite clean ( < I A  of C) af te r  a 5 
min, 40~ rinse fol lowing photol i thography.  

2. A l -ox ide  growth  occurs in pure  water ;  (HR100) 
photol i thography,  (H~PO4-based) A1 etch, (A30) re-  
sist s tr ipping,  and Cu doping (_--__0..5 a /o ) ,  do not  sig- 
nif icantly affect the  oxida t ion  rate.  
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3. This oxide  is porous and contains nea r ly  amor -  
phous g a m m a - a l u m i n a  and p r o b a b l y  some hydra t ed  
oxides.  

4. The A1 oxide is able  to spread  >20 ~m f rom the 
A1 to ad jacen t  areas;  this p robab ly  occurs by  dissolu-  
t ion of g a m m a - a l u m i n a  and redepos i t ion  of the hy -  
d ra ted  oxides (6, 8). 

5. This oxide is loosely adheren t  to A1, especial ly  
a f te r  45'0~ H2 anneal ,  and causes poor adhesion of 
subsequent  meta ls  deposi ted over  the A1. 
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RCA Corporation, RCA Laboratories, Princeton, New Jesrey 08540 

ABSTRACT 

Exper imen ta l  da ta  show tha t  there  is a corre la t ion  be tween  t h e  c r y s t a l -  
l ine  perfec t ion  of a (100) s i l i con-on-sapphi re  ep i tax ia l  film and the magn i -  
tude and direct ion of misor ienta t ion  of the sapphi re  subs t ra te  f rom the  
{1]-02} normal.  The perfect ion is ascer ta ined by  measur ing  the ha l f -w id th  of 
Si {400} ~: 2~ x - r a y  diffraction profiles. Data  obta ined  f rom SOS/MOS t ran -  
sistors show a direct  re la t ionship be tween  epi tax ia l  perfec t ion  and FET mo-  
bil i ty.  Other  factors which influence the per fec t ion  of the  SOS film are  
growth  t empe ra tu r e  and film thickness.  

For  many  years  considerable  effort has been ex-  
pended  in opt imizing the qua l i ty  of the ep i tax ia l  s i l i -  
con films grown on sapphi re  substrates.  In the  ear l ies t  
work  (1-3), the opt imizat ion was achieved by select-  
ing the appropr ia t e  A1~O8 planes which a l low single 
crys ta l  sil icon growth  and by  using si]ane ra the r  than  

* Electrochemical Society Active Member. 
Key words: x-ray diffractometry, 0:20 half-width, FET mobility, 

growth temperature, Czochral~ki sapphire. 

silicon tetrachloride as the source gas. To achieve 
higher quality SOS films later workers (4-11) found 
it necessary to optimize other parameters: type of 
sapphire, substrate polishing and cleaning, predeposi- 
tion firing, growth rate and temperature, and post- 
deposition annealing. Additional work (12-18) was di. 
rected toward understanding and optimizing changes 
in the SOS films which resulted from MOS transistor 
fabrication. More recently a vast array of sophisti- 
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cared analysis techniques have been used by numerous  
workers (19-359 whose goal is to unders tand  and opti- 
mize the Si-A1208 system. 

]Despite all of this work on optimizing (100) SOS 
fihns, there is no ment ion  of the possible dependence 
of SOS film qual i ty  on the sapphire substrate misori-  
enta t ion from the {1~02} plane. Recently we presented 
data (36) that  were obtained from wafers cut from 
EFG (edge defined film fed growth) sapphire r ibbons 
that were polished using techniques that  subsequent ly  
have been improved. These data indicate that  small 
misorientat ions of the substrate away from the {~'02} 
affect the SOS film perfection, and as a result  the 
t ransistor  mobility. More impor tant ly  the data show 
that the most perfect (100) SOS films are not obtained 
on the {1102} sapphire plane but  ra ther  off this plane. 
The data presented here are corroborating observations 
obtained using s ta te-of - the-ar t  Czochralski substrates. 
The relat ive crystal l ine perfection of SOS films is de- 
termined by x - r ay  diffraction profiles and is shown 
to correlate with SOS/MOS transistor  mobility. The 
data from the Czochralski substrates also indicate that  
the most perfect SOS films are grown on substrates 
which are off the {11"02} plane. Since the same results 
were obtained for both sources of sapphire and both 
polishing techniques we must  conclude that the opti- 
m u m  substrate  orientat ion is independent  of these 
parameters.  The transistor  mobil i ty  and film perfec- 
t ion are also shown to be directly related for SOS films 
grown at different temperatures  and of different thick- 
nesses. 

E x p e r i m e n t a l  T e c h n i q u e s  

The 11/~ in. diam sapphire substrates used in  this 
invest igat ion were cut from Czochralski sapphire 
boules and polished by Union Carbide using s ta te -  
of - the-ar t  techniques. Since a systematic invest igat ion 
of substrate misorientat ion was planned, the misorien-  
tat ion of a large number  of substrates was measured 
using x - r ay  Laue and diffractometry techniques. Each 
wafer had a fiducial flat ground at 45 ~ to an A12Q "a" 
axis lying in the plane of the wafer face. The pro- 
jection of the A1203 "c" axis in  the polished side of 
the wafer was determined relative to the ground 
fiducial flat by the back-reflection Laue method. Com- 
ponents of misorientat ion of the face of the wafers 
from the {1i-02} were thus measured in orthogonal 
directions perpendicular  and paral lel  to the projection 
of the "c" axis. The orthogonal components of mis- 
or ientat ion were measured on a Siemens diffractometer 
equipped with a Siemans single crystal  orienter  and 
using a Cu K~I {1102) reflection. Components of mis-  
or ientat ion were read directly to an accuracy of • ~ . 

From this pool of substrates four groups of five 
substrates were selected to be processed together. In 
selecting the substrates for each group, care was taken 
to select substrates with widely varying misorientat ion 
so that  any  difference in transistor  parameters  would 
be obvious. Figure 1 shows the misorientat ion com- 
ponents of 20 of the substrates which were studied. 
/k perfectly oriented wafer would be located at the 
origin of this graph. Figure  1 also shows how the 
wafers are divided into four processing lots and the 
processing lot number .  At the t ime the wafers were 
purchased, the orientat ion specification was 2.0 ~ in 
any direction from {1]-02}. Only three of the 20 wafers 
were outside of this specification. 

After  the components of misorientat ion of the sub-  
strates were measured, the substrates were fired in 
H2 at 1200~ for 30 min. The epitaxial  silicon films 
were grown on five 'substrates at a t ime in a five-sided 
barrel  reactor by the pyrolysis of Sill4 at 970~ 
pyrometer.  The films were doped 1 • 10tS/cm ~ n- type  
dur ing growth. Nominal ly  0.6 ~m film~ were grown 
in 20 sec. Following epitaxial silicon growth, diffrac- 
t ion profiles were obtained from both the Al~O3 {2204} 
and Si (400} in the rocking curve (w-scan) and 8:28 
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Fig. I. Misorientation components of 20 Czochralski {1102} 
sapphire substrates. 

modes. These diffraction profiles were obtained from 
a rectangular  area about 1 cm • 1 mm near  the 
center of each wafer. A Siemans w-drive diffractometer 
with Cu K~ radiat ion was used to record the peak 
profiles. The smallest entrance and receiving slits 
(0.125 and 0.05 ram, respectively) were used to min i -  

mize the ins t rumenta l  broadening. Scanning speeds 
were 1 /8~ in  the 8:28 mode and 1/4~ in  the ,~- 
mode. The crystal scanning-char t  speed coupling gave a 
strip chart recording sensit ivi ty of 0.03125~/cm and 
0.0625~ in  the 0:28 and w-modes, respectively. In  
the 8:28 mode, one samples only from a set of paral lel  
planes, and the broadening over ins t rumenta l  may be 
caused by a crystall ine defect causing nonuni formi ty  
in  the d-spacing of these planes or small  crystall i te 
size effects or both. In the w-mode the detector is 
set at a fixed position centered wi thin  an angular  
range of 0.02 ~ about the ma x i mum diffracted intensi ty  
setting; hence any  plane having a d-spacing charac- 
teristic of the angular  setting of the detector may be 
sampled as the crystal alone is rotated through its 
diffracting range. Broadening in this mode may be 
caused by relative misorientat ion of crystallites or 
sample curvature  or both. Each sample was oriented 
such that its diffraction normal  was in  the plane of 
the diffractometer. This was accomplished by incre-  
menta l ly  rotat ing the sample about its face normal  
and successively readjust ing the crystal ~ setting and 
detector 28 setting to maximize the diffracted intensity.  
The correct setting is at tained when ~ reaches a maxi-  
mum or m i n i mum value. 

Following characterization of the epitaxial  silicon 
film, SOS/MOS transistors were fabricated using the 
P +  polysilicon gate deep depletion process (37). 
Briefly the processing steps are: silicon island defini- 
tion and etching, growth of 1200A of channel  oxide, 
polysilicon deposition, doping and etching, channel  
oxide self-al igned etch, doping of sources and drains 
from doped oxides, contacts, metal l izat ion and over-  
coat. The process results in the fabrication of an 
n -channe l  deep deplet ion transistor and a p-channel  
enhancement  mode transistor. The average FET mo- 
bil i ty for a wafer is determined by averaging the 
mobilities measured at five points on each wafer, one 
point at the center of the wafer and four points equally 
spaced around the per imeter  of the wafer wi thin  
1/4 in. of the wafer edge. The mobil i ty of each point 
is arr ived at by plott ing the drain  current  vs. gate 
voltage with VD ~ 0.1V. The t ransconductance is 
determined from the l inear  part  of this curve where 
the gm is maximum. The FET mobil i ty is then cal- 
culated using the physical dimensions of the t r an-  
sistor (38), 
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Experimental Results 
Substrate misorientation and silicon epitaxial perlec- 

t ion.~Of the four diffraction profiles obtained from 
each sample, the Si 0:20 half -widths  were found to 
have the greatest correlation to device performance. 
The Si ~-scan half -widths  paral leled those of the 0:20 
with some exceptions. It  is thought that these excep- 
tions are due to the dependence of the ~-scan half-  
width on the direction of scan. Since each crystal 
was oriented so that  it was scanned in  the direction 
of misorientat ion and the or ientat ion of each was 
different, a common scanning direction did not exist. 
Since the 0:20 half-widths  are a valid quali tat ive 
comparison of relat ive crystal l ine qual i ty  or perfec- 
tion, we have chosen to compare device performance 
characteristics with the crystal l ine qual i ty as obtained 
from o: 20 scan half-widths.  

The half-widths  obtained from {2204} o:20 s c a n s  
of all the A1208 substrates were found to have a mean  
value of 0.0413 ~ ___ 0.0029 ~ Although the A12Oa half-  
widths showed very little variation, the (400} 0:20 
half-widths  of Si deposited on these substrates ranged 
from 0.117 ~ to 0.157" as shown in  Table I. The half-  
width of a {400} Cu Kal reflection of bulk  Si obtained 
with the same ins t rumenta l  conditions was found to 
be 0.0500*. Thus it appears that  the method was insensi-  
tive to any  variations in the qual i ty of the A12Oz 
substrate, if present;  while, the 0:20 half-widths  of 
the epi Si were from 2.3 to 3.1 times as large as those 
of bulk Si. Repeated ha l f -width  measurements  of the 
same SOS sample indicated that  the measured half-  
widths are reproducible to wi th in  • The diffrac- 
tion profiles of the {400} Si reflection were similar  
to those reported earlier (36). 

The half-widths  obtained from each of the 20 wafers 
are shown in Table I. The wafers in each processing 
lot are listed in  order of increasing 0:20 half-width.  
Therefore, the SOS film having the smallest ha l f -width  
is listed first in each group of five wafers, and the 
one with the largest ha l f -width  is listed last. An 
examinat ion  of the components of misorientat ion of 
each wafer revealed a correlation between the com- 
ponent  of misorientat ion parallel  to the mir ror  plane 
and the 0:20 ha l f -width  as shown in Table I. The 
wafers, whose component of misorientat ion parallel  
to the mir ror  plane is positive, have the smallest 
half-widths;  whereas, the wafers whose component 
of misorientat ion is negative have the largest. There-  
fore, wafers misoriented in  the top half plane of 
Fig. 1 consistently have smaller  half-widths  than 
those in  the bottom half plane. This correlation is 

Table I. o:20 X-ray half-widths of SOS films, sapphire substrate 
component of misorientation parallel to mirror plane and 

SOS/MOS transistor mobility 

SOS/MOS transistor 
Sapphire substrate Silicon mobi l i ty  (cm2/V sec) 

component  of ~ :20 
Proe- mi so r i en t a t i on  half- n -channel  P-channel  

essing para l le l  to m i r r o r  width 
lot  p lane  (deg ree s )  ( de g re e s )  Max A v g  Min Max Av g  Min 

LP31 +1.80 0.117 457 447 440 218 214 209 
+1.92 0.123 460 424 402 207 204 197 
+0.92 0.134 356 353 344 177 170 163 
--1.22 0.138 350 343 320 176 174 189 
--1.28 0.142 336 320 300 171 165 155 

LP33 +1.94 0.125 453 447 445 161 159 158 
--0.03 0.126 491 483 477 186 182 180 
--1.13 0.129 506 483 431 168 164 153 

0.00 0.134 575 542 518 18~ 186 176 
-0 .84  0.145 432 416 399 153 150 146 

LP34 +0.82 0.118 458 432 415 164 162 159 
+0.35 0.122 451 426 403 169 161 154 
+0.25 0.128 347 337 330 143 141 139 
--1.41 0.133 320 314 305 136 131 128 
-2 ,50  0,141 295 268 236 130 114 109 

LP39 +0.69 0.130 509 497 487 202 197 194 
+0.81 0.134 535 530 523 225 218 212 
+1.85 0.142 483 456 419 191 188 179 
--1.34 0.150 420 410 405 193 185 169 -- 1,26 0,157 W a f e r  broke 
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Fig. 2. Silicon {400} 0:20 half-widths vs. component of mis- 
orientation parallel to the mirror plane. 

obvious for all of the lots except LP33. Possible 
causes of this lack of correlation in  lot LP33 are 
discussed later. No correlation was found between 
the components of misorientat ion paral lel  to the "a" 
axis and the 0:20 half-widths.  This is not surpris ing 
since most of the wafers are only slightly displaced 
from the mirror  plane, Fig. I. 

The data from the first two columns of Table I 
are shown graphical ly in Fig. 2. The ordinate in Fig. 2 
is the component of misorientat ion paral lel  to the 
mir ror  plane and the abscissa is the 0:20 half-width.  
The lines are drawn to approximately  fit the experi-  
menta l  data points. Three of the lines show a mono-  
tonic decrease in  0:20 hal f -width  as the component  
of misorientat ion changes from negative to positive; 
whereas, the fourth line, for processing lot LP39, 
shows a decrease followed by an increase for the 
most positive component of misorientation. The 20 
points plotted in Fig. 2 could be gathered together 
into three groups: those with components of mis-  
orientat ion parallel  to the mir ror  plane of about --1% 
those with components between 0 ~ and +1% and those 
with components a round + 2 ~ The average half-widths  
of these three groups are 0.140 ~ 0.128% and 0.127 ~ 
respectively. These averages also reflect the correla- 
t ion with substrate orientation. The average half-  
width and misorientat ion component of these three 
groups is plotted in Fig. 2 by the circled X. 

Silicon 0:20 half-width and SOS/MOS transistor mo- 
bility.--Since the o: 20 diffraction profile is a measure 
of the quali ty of the epitaxial  film, such a parameter  
should also correlate with the electrical properties 
of the film that are also affected by film quality. 
Since the mobil i ty of charge carriers is l imited by 
scattering events, the mobil i ty  of carriers in a more 
highly defected mater ial  would necessarily have to 
be smaller than in  a more defect-free material .  This 
correlation is shown by the transistor  mobil i ty data 
in  Table L The maximum,  min imum,  and average 
inabilit ies of both n -channe l  and p-channel  transistors 
on each wafer are shown. With the exception of data 
for lot LP33, the average mobil i ty  decreases as the 
0:20 ha l f -width  increases. The ma x i mum and m i n i m u m  
mobilities for each wafer also show this trend. For 
most of the wafers the ma x i mum and m i n i m u m  mo- 
bilities differ from the average mobil i ty by less than 
5%. For a few wafers, however, the difference is as 
great as 10%. 

This correlation between crystal l ine perfection and 
FET mobil i ty is shown graphically in Fig. 3. The FET 
mobil i ty  for n -channe l  deep depletion transistors and 
p-channel  enhancement  transistors from lot LP34 
is plotted vs. the 0:20 hal f -width  of the silicon epi- 
taxial  film. The spread in mobi l i ty  above and below 
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for wafers in lot LP34. 

the average is shown by the vertical  bar. The data 
show that  the mobil i ty  in  the accumulat ion layer of 
the n -channe l  device is reduced from 432 cm~/V sec 
for a ha l f -width  of 0.118 ~ to 268 cm2/V sec for a 
ha l f -wid th  of 0.141 ~ . The average mobil i ty in the 
invers ion layer  of the p-channel  device decreases from 
162 to 114 cm2/V sec. For a 3.32 o change in substrate 
orientation, the mobil i ty  is reduced to 70% of its 
m a x i m u m  value. The average mobili t ies for the de- 
vices on wafers in the three groups previously dis- 
cussed in reference to Fig. 2 also show the same 
effect. The average n -channe l  mobil i ty for the three 
groups is 380, 450, and 443 cm2/V sec, respectively, 
and the average p-channe l  mobi l i ty  for the groups 
is 164, 183, and 197 cm2/V sec, respectively. 

~Since the crystal l ine perfection correlates with mis-  
or ientat ion direction and also with the FET mobility, 
the mobil i ty  must  also correlate with misorientat ion 
direction. This correlation is shown in Fig. 4 for proc- 
essing lot LP31. In Fig. 4 the misorientat ion com- 
ponents for each substrate are plotted on a graph 
similar  to Fig. 1. Next to each point  is given the 
average n -channe l  and p-channe l  FET mobility. De- 
vices fabricated on substrates which are above the 
origin, which in Fig. 2 have been shown to have lower 

4 2 4 1 2 0 4  x 

3 5 3 / 1 7 0  x 

t I 
2 ~ I �9 

/ N" CHANNEL 
-2 ~ / M O B I L I T Y  

x 4 4 7 / 2 1 4  

k'-..P-CHANNE L 
- I*  MOBILITY 

I I 
i �9 2 ~ 

I o 
x 3431174 
x 3 2 0 / 1 6 5  

-2 ~ 

"a" AXIS 

PROJECTION OF 
" c" AXIS 

Fig. 4. FET mobility of n-channel deep depletion and p-channel 
enhancement transistors vs. components of substrate misorientation 
for wafers in lot LP31. 

defect concentrations, have higher  FET mobilit ies than 
devices fabricated on substrates which are located 
below the origin which have been shown to have 
higher defect concentrations. 

Other parameters affecting SOS epitaxial perfec- 
tion.--The correlat ion between substrate  misor ienta-  
tion, silicon 8: 2~ half-width,  and SOS/MOS transistor  
mobil i ty  is quite obvious when the data from the five 
wafers which were processed together are compared. 
However, the correlation becomes less obvious when 
all 20 wafers are grouped together for analysis. In  
addition, the lack of correlat ion for the data f rom 
lot LP33 is unexpected in  l ight of the data from 
the other lots. These facts indicate that, in  addit ion 
to substrate  misorientation,  there are other factors 
which affect SOS epitaxial  quality. If other parameters  
were not  impor t an t ,  all of the lines connecting the 
data points in  Fig. 2 would cross the zero degree axis 
at the same point. Instead, there is a 0.0115 o var iat ion 
in  ha l f -width  on this axis. This var iat ion exists in  
spite of the fact that  the wafers were processed as 
ident ical ly as is present ly  possible. 

The factors that are not total ly controlled are prob-  
ably those that  affect the substrate polishing and 
cleaning and the silicon growth. Unti l  recent ly  no 
technique for quant i ta t ively  measur ing  the perfection 
of a polished sapphire surface has been available. 
The infrared work by Duffy and Zanzucchi (31) is 
a step in  this direction. An impor tan t  factor to con- 
trol with regard to the silicon growth is the tem- 
perature.  This is usual ly  done with an optical pyrom-  
eter. Since the pyrometer  measures the tempera ture  
through the wall  of the growth reactor any deposit 
that accumulates on the inside wall  of the reactor 
will  cause an error in the tempera ture  at which the 
film is grown. The sensit ivity of the qual i ty  of the 
SOS film to growth temperature  is shown by the 
data in  Fig. 5. To el iminate  the effect of the accumu- 
la t ing deposit the bell jar  was thoroughly cleaned 
prior to growing the SOS films for this experiment.  
In  addition after each deposition r un  the bell jar  
was cleaned again. These precautions were taken so 
that the susceptor temperature  could be measured 
accurately. The FET mobi l i ty  of n -channe l  deep de- 
pletion transistors is plotted on the ordinate and the 
growth temperature,  as measured by an optical pyrom- 
eter, is plotted on the abscissa. The vertical  bars in-  
dicate the spread in  mobil i ty  across each 11/2 in. 
diam wafer. The misorientat ion components of all 
of the wafers are the same to wi thin  0.100 ~ As the 
deposition tempera ture  is increased from 930 ~ to 
1000~ the average FET mobi l i ty  increases from 260 
cm2/V sec to a high of 445 cm2/V sec and back down 
to 258 cm2/V sec. The spread in mobil i ty  across a 
wafer is smallest for films grown near  the op t imum 
temperature.  The films growa at 930 ~ and 1000~ had 
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a cloudy or mi lky  appearance when viewed with 
intense low-angle  lighting. In  all probabi l i ty  there 
are degrees of cloudiness not discernible to the huma n  
eye for some of the other lower mobil i ty wafers. The 
crystal l ine s t ructure  of the cloudy films is present ly  
being studied. The 8:20 hal f -width  of cloudy films is 
larger than that of noncloudy films for identically 
oriented wafers. The data indicate that  temperature  
control to wi thin  _5.0 ~ of the opt imum temperature  
is desirable. However, it is still not that  simple, be- 
cause the temperature  across the surface of the growth 
susceptor varies. In  addition, the temperature  var ia-  
t ion across a warped wafer  will  be different from 
that across a flat wafer. 

Talysurf  measurements  indicate that  occasionally 
the films on one or more wafers in a deposition run  
are thicker or th inner  than expected. Again as with 
temperature,  this can have a measurable  effect on 
FET mobil i ty and e: 2e half-width,  as shown in  Fig. 6. 
The misorientat ion components of all  of the wafers 
are the same within  0.100 ~ The mobil i ty for n -channe l  
deep depletion transistors is plotted on the lef t -hand 
ordinate, and e:2:e ha l f -width  is plotted on the 
r igh t -hand  ordinate. Again the vertical bar  indicates 
~he spread in mobil i ty  across the wafer. The preproc- 
essed film thickness is plotted on the abscissa. Approx-  
imately 700A of silicon is consumed dur ing oxidation 
in  the process. As the film thickness decreases the 
mobil i ty  first decreases slowly and then rapidly below 
3000A. This mobil i ty  decrease is mirrored by an 
increase in e: 2e half-widths.  These mobil i ty data are 
consistent with those of other workers (39-41). These 
data indicate that  the defect density of an SOS film 
increases as the Si-A120~ interface is approached. 
Cross-section transmission electron micrographs also 
show this dependence of defect density on film thick- 
ness (24). 

The high tempera ture  processing steps that  the 
film undergoes dur ing  the fabrication of MOS devices 
also have a significant effect on the defect density of 
the SOS epitaxial  film, as shown by the data in Fig. 
7. These data were taken by measur ing the 9: 2e half-  
width of as grown 0.6~ thick films. Then a thermal  
SiO2 layer  is grown in HC1 steam on each of the films, 
as would be done in normal  processing. A different 
oxidation temperature  and time was used for the two 
films. Normal ly  the SiO2 is used as an etch mask 
for the silicon film. However, in this exper iment  the 
oxide is merely  removed before the 0:20 half-widths  
are re-measured.  The results are shown in Fig. 7. 
It is interest ing to note that the film with the larger 
ha l f -width  that was oxidized at the higher temperature  
for the longer t ime had the smaller hal f -width  fol- 
lowing the oxidation. Next the films were oxidized as 
if the channel  oxide were being grown. The oxide was 
removed, and the half-widths  remeasured. This proc- 
ess was repeated af ter  each of the anneals  at 1050~ 
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in  hel ium for 15 min. The data clearly show that  the 
high tempera ture  processing steps cause a decrease 
in  the ~:20 half-width.  This is indicative of an an-  
neal ing out of some of the defects in  the SOS film. 
That  the more defective film had less defects at the 
end of the processing shows the importance of the 
t ime and temperature  for improving the perfection 
of the film. F ina l ly  the data show that  continued an-  
neal ing does not reduce the SOS, 0:2e hal f -width  to 
that  observed for bulk  silicon, 0.0500 degrees. Rather 
the ha l f -width  decrease saturates at a value between 
0.0900 and 0.1000 degrees. These results were con- 
firmed by other experiments  in  which SOS films 
were annealed in iner t  ambients  for periods of honrs 
or days. In  all cases the half -widths  decreased; and 
in many  cases following saturation, the half -widths  
increased with fur ther  annealing,  as did the data in 
Fig. 7. The smallest  ha l f -width  measured for an 
annealed 0.6~ SOS film was 0.0844 degrees, and only 
one other film out of about 30 had a measured half-  
width of below 0.0900 degrees. 

Discussion 
The experimental  data presented here is addit ional 

evidence for the correlation between sapphire sub-  
strate misorientation, silicon e:2e half-width,  and 
SOS/MOS transistor  mobility. In  the earlier work 
(36) this correlation was found using wafers cut from 
EFG sapphire r ibbons tha t  were polished using tech- 
niques that  have subsequent ly  been improved. As a 
result  there was concern that the source of the sapphire 
and polishing techniques might  have contr ibuted to 
the effect. The present  observations, however, were 
obtained using substrates cut from Czochralski boules. 
These wafers were fabricated using s ta te-of - the-ar t  
techniques which included a final polish using col- 
loidal-sil ica type polishing agents. Since the same 
behavior  was found for both sources of sapphire and 
both polishing techniques, we must  conclude that one 
factor that  determines the qual t i ty  of the SOS film is 
the substrate misorientation. In  addit ion the data show 
that the highest quali ty SOS films are not grown on 
the {1i-02} plane, as was formerly supposed, but  ra ther  
off this plane by an, as yet, unde te rmined  amount.  
This opt imum orientat ion is present ly  being sought. 

Although most of the exper imental  data clearly 
shows the correlation between substrate misorienta-  
tion, SOS film perfection, and FET mobility, anomalous 
results are occasionally found. In this work tim data 
from lot LP33 is clearly anomalous when compared 
with the data from the other lots. In  addition the 
wafer with the component  of misorientat ion paral lel  
to the mir ror  plane of +1.85 degrees in  lot LP39 is 
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also somewhat  anomalous.  One possible  exp lana t ion  
of this behavior  is tha t  factors o ther  than subs t ra te  
misor ien ta t ion  are  affecting the film quali ty.  The da ta  
in Fig. 5 and 6 show that  g rowth  t empe ra tu r e  and 
film thickness are  two o ther  factors which affect film 
perfect ion.  The g rowth  t empera tu re  could be different  
for  wafers  in the same deposi t ion run  if the faces 
of the susceptor  a re  at  different  t empera tu re s  or  if 
there  is poor  t he rma l  contact  be tween  the wafer  
and susceptor  which could be caused by  wafer  w a r p -  
age. The da ta  in Fig. 5 c lea r ly  show tha t  a deviat ion 
of only  10~ from the op t imum growth  t empera tu re  
can cause a s ignf icant  decrease  in  t rans i s tor  mobil i ty .  
A l imi ted  s tudy of film thickness var ia t ion  for  wafers  
grown a t  ident ical  condit ions revea led  that  a l though 
the thickness  of 90% of the  films was wi th in  __10% 
of the  average  thickness of a l l  the  SOS films, the 
thickness of the films on the o ther  10% of the wafers  
differed by  as much  as •  This t rans la tes  to a 
film thickness var ia t ion  of _1500A. The da ta  in Fig. 6 
show that  a var ia t ion  in thickness  of this magni tude  
would also have a significant effect  on 0: 2e ha l f -w id th  
and t rans is tor  mobil i ty.  

The da ta  in Table  I show that  for the anomalous  
wafer  in lot LP39 not  only  is the mobi l i ty  lower  than  
expected,  but  the ha l f -w id th  is also grea te r  than  would 
be expected for a wafer  wi th  this misorientat ion.  
Therefore,  the  corre la t ion  be tween mobi l i ty  and ha l f -  
wid th  st i l l  holds; whereas  the corre la t ion with  mis-  
or ienta t ion is violated.  This type  of behavior  would  
be expected if  the film were  too thin  or  if the growth  
t empera tu re  were  not  opt imum. 

In l ight  of the corre la t ion  be tween  misor ientat ion,  
ha l f -wid th ,  and mobi l i ty  for the da ta  f rom the other  
th ree  lots, the  da ta  for lot  LP33 is most  disconcert ing.  
The da ta  for  lot LP33 in Table  I show ve ry  l i t t le  
cor re la t ion  be tween  any  of the measured  parameters .  
If  'the ha l f -w id th  da ta  cor re la ted  wi th  the  mobi l i ty  
data, but  not the misor ien ta t ion  the a rguments  used 
for the  wafer  in lot L P 3 9  wi th  r ega rd  to g rowth  
t empe ra tu r e  and film thickness could be appl ied  here. 
However ,  the  da ta  for LP33 in Table  I do not show 
this correlat ion.  Therefore,  the only  explana t ion  for  
the lack  of corre la t ion  is that  e i ther  the  wafers  be-  
came mixed  up or tha t  there  are  other  factors which 
can affect the film mobi l i ty  but  not  the ha l f -wid th .  

The da ta  which show the decrease in ha l f -w id th  
fol lowing var ious  processing steps points  out  an im-  
por t an t  fact  about  SOS films. The fundamenta l  p rop -  
er t ies  of SOS films are  not unaffected by  the proc-  
essing steps requ i red  for t rans i s tor  fabricat ion.  On 
the con t r a ry  SOS films are  ve ry  sensit ive to process-  
ing parameters .  These x - r a y  diffract ion techniques 
are  mere ly  another  tool that  can be used to acquire  
a be t te r  unders tand ing  of the dynamics  of the Si-A]~O.~ 
system. The u l t ima te  goal of a l l  this  work  is the  
opt imizat ion  of SOS t rans is tor  performance.  

Summary 
Exper imen ta l  da ta  obtained f rom s t a t e - o f - t h e - a r t  

Czochralski  sapphi re  subs t ra tes  were  presented  which 
show a corre la t ion  be tween  subs t ra te  misorientat ion,  
SOS film perfection, as measured  by x - r a y  diffraction 
techniques,  and SOS/MOS t rans is tor  mobil i ty .  The 
corre la t ion  is ident ica l  to that  obta ined in ear l ie r  
work  (36) in which EFG r ibbon wafers  were  used. 
The da ta  indicate  tha t  the  op t imum subs t ra te  o r ien ta -  
t ion is not the {1102} p lane  but  r a the r  off this plane. 
Growth  t empe ra tu r e  and film thickness  are  also shown 
to have a large  effect on film perfect ion and t rans is tor  
performance.  
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Optical Monitoring of the Etching of 
SiO  and SigN, on Si by the Use of 

Grating Test Patterns 
H. P. Kleinknecht and H. Meier 

Laboratories RCA Limited, CH-8048 Zurich, Switzerland 

ABSTRACT 

An optical technique is described which monitors both the etch depth and 
the amount of lateral underetching during the etching process. This tech- 
nique applies to wet chemical etching as well as to plasma etching. For this 
purpose a test pattern containing one or more diffraction gratings is included 
on the mask, which is used to aefine the particular etching step. During the 
etching process a laser beam is aimed at this test pattern on the Si wafer and 
the reflected first-order diffraction intensities are monitored. As the etching 
progresses and the grating profile deepens, the diffracted intensity goes 
through oscillations which give an in-process indication of etch depth and 
etch rate. In the wet process the complete underetching underneath the 
photoresist bars of the grating is signaled by a drastic drop in the diffraction 
intensity. The simultaneous monitoring of a number of gratings with different 
bar widths permits one to follow the underetching in fine steps. 

In silicon devices and integrated circuits fabricat ion 
many  processing steps involve etching of SiO2 and 
Si3N4 layers on Si through photoresist patterns. The 
lateral  dimensions and the profiles of the pat terns 
etched into the layers depend to some degree on the 
amount  of underetching or undercut t ing  in lateral  
direction undernea th  the photoresist mask. In  many  
cases this undercut t ing  is undesirable  because it re-  
duces the edge definition. In other cases a certain 
amount of undercutting is desirable for a sloped, 
rounded edge of the layer which is required in order 
to ensure continuity of the metallization stripes at the 
edge. In any case it is necessary to have control over 
the amount of underetching, and it is desirable to have 
in-process control over this parameter. 

One technique, which reduces undercutting, is 
plasma etching (1). Unfortunately, in contrast to wet 
etching, the plasma-etching process does not stop 
completely when the SiO2 has been removed, but it 
continues to etch into the silicon. This problem has 
been addressed by Heinecke (2), who has obtained a 
ratio of etch rates of 10: I in favor of SiO2. However, 
with etch rates being very much dependent on rf 
power; temperature, flow rate, and pressure (3, 4), one 
still would like to monitor the etch depth in situ. 
Poulsen and Smith (5) have described an endpoint 

detection system which operates on the change of the 
spectral emission from the plasma during the plasma 
etching process. Konnerth and Dill (6) have used a 
computed,controlled spectrophotometer for measuring 
the thickness of glass and SiO2 layers during etching 
and of photoresist during development. Van der 
Meulen and Hien (7) have constructed an automated 
ellipsometer for in situ measurement of dielectric lay- 
ers at high temperature. 

This paper describes a technique for in-process 
monitoring of the etching which is probably cheaper 
and more flexible than the systems quoted above and 

Key words: wet etching, plasma etching, etch depth, etch rate, 
underetehing. 

which has been shown to work for wet chemical etch- 
ing as well as for plasma etching of SiO2 and Si3N4 
layers on Si wafers. In addition to the etch depth, 
this technique also monitors the amount of underetch- 
ing which, to the knowledge of the authors, has not 
been done before. The new method uses test patterns 
in the form of diffraction gratings which can be 
arranged in a "knock-out" area on the normal photo- 
mask used for the delineation of the particular etch- 
ing step to be controlled. Such gratings can be moni- 
tored during the etching process by reflection of a 
laser beam which results in a diffraction pattern. The 
intensities of the diffraction orders can give informa- 
tion about the profile of the grating, in particular on 
the etch depth, etch rate, and undercutting. 
Figure 1 shows in a schematic way what can be 

expected to happen if, for instance, a SiO2 layer is 
etched in HF through a fine photoresist grating pat- 
tern: As the etching progresses, the thickness, h, of the 
SiO2 layer will decrease. This will cause the phase 
difference of the light reflected from the photoresist 
bars and from the SiO2 to change. As a result  the 
diffracted in tensi ty  will oscillate. This oscillation will 
stop when the etch has reached the SiO2-Si interface. 
At the same time the etching will progress laterally.  
As soon as this lateral  underetching has gone as far as 
half the width of the photoresist bars (u ~-- a/2), the 
grat ing bars will s tart  to shift and finally fall off. This 
will destroy the periodicity of the grating, and as a 
consequence the diffraction pattern,  e.g., the first order, 
will decrease in intensity.  

Exploratory Tests with Wet Etching 
In order to test this, a n u m b e r  of polished silicon 

wafers were covered with a SiO2 layer  of 0.94 ~m 
fhickness (as measured by el l ipsometry) ,  coated wi th  
photoresist and exposed through a mask containing 
1.5 • 3 mm 2 areas with a gra t ing- l ike  parallel  bar  
pa t te rn  of a periodicity of 10.2 /~m and a width of the 
bars of a ~ 3.0 ~m. 
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Fig. 1. Etching of a grating test pattern 

Samples cleaved from these wafers were mounted  
on a Teflon holder which could be immersed into a 
Teflon etch container  provided with a window of 
t ransparen t  acrylic sheet. The optical setup is described 
in  Fig. 2. The beam of a He-Ne laser (L ~ 6328A) is 
Chopped and aimed approximately perpendicular  at 
the grat ing area of the sample. During the etching, 
which was done in buffered HF, the intensity,  Iz, of 
the first-order diffraction beam was measured with a 
silicon PIN diode and a lock-in  amplifier. 

Figure 3 shows the recorder curves for three  con- 
secutive experiments.  One observes the expected oscil- 
lat ions which stop after 5.5 min, indicat ing that  the 
etching has reached the Si-SiO~ interface. After 
about 7 min  there is the sharp decrease which in-  
dicates an undercu t t ing  of u = a/2 = 1.5 /~m. This 
in terpre ta t ion  was confirmed by microscopic inspection 
of the samples after the etching cycle. 

Analysis of the Diffraction Intensity 
For  a quant i ta t ive  in terpre ta t ion  of the oscillations 

of the diffracted in tensi ty  vs. t ime one has to use dif- 
fraction theory, which is re la t ively simple for the 
Fraunhofer  regime only. The diffracted intensit ies of 
the 10 ~m grat ing were measured for up to 12 orders 
with the incident  beam polarized paral lel  and per-  
pendicular  to the grat ing lines. No significant differ- 
ence was observed, which was tal~en as a justification 
to use the Fraunhofer  in tegra l  (8). One can wri te  the 
diffracted amplitude,  U, for the case of a square 
aper ture  as 
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HOLDER ~ r ~ t ~ , . _ !  ,,. a_ ~ MIRROR 

II I ' ' - ' .  ju, u, ,o 
SA M P L E ~ ~ . i ~ - - A  PERTURE 

I "~'~ ~ I "PIN DIODE 
,, 

. . . . . . .  _J 

F U M E  H O O D  

P~g. ~. First experimental set:up 

t 
Ii 

| i i l i i | ! 

f . \  /'-~ .r-\ 
/ '".,, / / \ / "\ 

/ ..-. \ .~ 
. \ . /  N. 

X. 

/ I " %  I ,,~\ I ~ "~ 

" "  i/! 

I I I I I I I I 
0 ? 4 6 8 

g i N  

Fig. 3. First-order intensities vs. time of three samples with 
10 #m gratings measured during wet etching. 

- IF - -  
e r  i / ' e  d 

U(D cc e i~ -- 1-~,o | r ( x ) e  d z  [1] 

Here N is the total number  of grat ing lines, d the 
grat ing constant, and 

2~ 
- ~ d s i n  e [2] 

o is the angle of diffraction (see Fig. 2). r ( x )  is the 
complex reflectivity as a function of the coordinate x 
runn ing  perpendicular  to the grat ing bars in the plane 
of the grating. The analysis will  be restricted to a 
rec tangular  grat ing profile as shown in  Fig. 4. For -  
tunately,  as will  be shown below, this will be good 
enough for our purpose. For this case the reflectivity, 
r ( x ) ,  can be taken to be constant  across the grat ing 
bars ( :  ra) and across the spaces in  be tween ( =  rb). 
If r is the phase difference between the two reflec- 
tivities, one has 

; ra--Jral i ( o < x < a )  
r(x) 

rb ~ Irbl exp (ir  (a < X < d) [3] 

where iral, Irb] and r are independent  of x. 
On insert ing Eq. [3] into Eq. [1] the in tensi ty  I (D  = 

lUte can be calculated. I (  D is large for f = m �9 2~ only, 
i.e., for the directions of the diffraction orders (order 
number  m) ,  namely  

sin2 ( m ~ r d )  

I ( m )  cc [Ira[ 2 + ]rbl 2 -- 2[ral[rb] cos ~] 
Try2 

[4] 

J ' 4 a d Si n 2 
; : : -X  

= 1.46 

= 3 .8  

Fig, 4. Rectangular grating profile used for calculating diffraction 
intensities. 
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Note that the bracket  does not contain the order 
number ,  m. In order to test the validity of the rec- 
tangular  profile approximation, the intensit ies of the 
first 10 diffraction orders were measured quant i ta t ive ly  
on several samples and plotted as a funct ion of the 
order number ,  m. Figure  5 gives such a plot. The 
curve is a computer  fit to the measured points ac- 
cording to Eq. [4]. As can be seen, the rectangular  
approximation is justified for the first three orders 
which is good enough for the present  work since only 
the first-order intensit ies are used. 

The reflectivities ra and rb in  Eq. [4] depend on the 
refractive indexes and the thicknesses of the four 
media: etching solution, photoresist, SiO~, and Si. For 
monitor ing the SiO~ thickness, h, in  the region a < x 

d dur ing  etching, one only needs an expression for 
r as a function of h. Since in  the practical case the 
photoresist is not etched, ra can be considered to be 
constant. Using, for instance, Ref. (9) one gets for 
normal  incidence 

with 

r l  + 'Y'~ exp (i2F) 
rb = exp (i2~) [5] 

1 ~- rlr2 exp (/2F) 

'no - -  n l  ~1 - -  

; r~ = [6] 
n o §  nx -t- n2 

2~ 2~ 
p = --~-nlh;  ~ = T n 0 ( g  -- U) [7] 

and 

no is the refractive index of the etching so lu t ion  
(buffered HF),  which we measured to be 1.34; n l  
1.46 for SIO2; n2 = 3.8 for Si at ~ = 6328A. The factor 
exp (i2~) in  Eq. [5] is due to profile depth, g -- h (see 
Fig. 4). From this one can calculate Irbl, @, and the 
bracket  of Eq. [4], which is proportional to the in ten-  
sity. The result  is plotted in  Fig. 6 for three photo- 
resist thicknesses, i.e., three different values of ra. As 
can be seen, the main  oscillations are the same for aI1 
three curves, having a period of about ~h : 0.22 ~m. 

Knowing this period, one can by comparison of Fig. 
3 and 6 assign to each point in t ime an oxide thickness, 
h. We notice that  wi thin  5.5 min  we go through a 
total of 4.5 periods of 0.22 #m each, which gives a 
layer thickness of 0.99 ~m in  good agreement  wi th  the 
ellipsometric value of 0.94 #m and an etch rate of 0.1B 
~m/min.  

Plasma Etching of Si02 Layers 
The technique of monitor ing the etch depth and the 

etch rate described above was also tried out with 
plasma etching. The etching apparatus used was a 
commercial system: Model "PDE/PDS-301" bui l t  by 
the LFE Corporation. The etching chamber of this sys- 
tem has a plane front window which is suitable for 
the optical tests. The samples and the optical equip-  
ment  were the same as described above. 

X X 
X X X X 

s ~b 
m 

Fig. 5. Intensity vs. order number of a sample containing a i0 ~m 
phntoresist grating on Si -~ Si02. The curve is a fit to Eq. [4]. 
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Fig. 6. Calculated first-order intensity as a function of the Si02 
thickness, h, for three different photoresist thicknesses. 

Figure 7 gives recordings of the first-order in ten-  
sities for three runs  with different flow rates of the 
reactive gas. Aside from the Shoulders and small  
maxima in the top curve, which are very  l ikely due 
to sputter  abrasion of the photoresist, one can see 
that  the spacing of the maxima decreases, i.e., the etch 
rate increases, with increasing gas flow. In  addition, 
the spacing of the maxima decreases, as the etching 
goes on; very l ikely an increase of etch rate due to 
heating (3). 

It has to be pointed out that  s imilar  reflectivity os- 
cillations can be obtained by interference in  specular 

I 
Ii 

0 5 I0 15 20 25 
MIN 

Fig. 7. First-order intensities vs. time of three samples measured 
during plasma etching. 
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reflection on uniform SiO~ layers without  gratings. 
However, the practical disadvantage of the specular 
reflection for moni tor ing IC processing is that  it 
requires a uniform area on the sample which is a s  

large as the laser beam. If a large par t  of the beam 
is reflected from other areas of the s t ructure  con- 
ta ining photoresist, other oxides, etc., this reflection 
will largely go in  the same specular direction and dis- 
tort or bury  the wanted signal. The grat ing gives the 
possibility to use test areas on the wafer, which can be 
smaller  than  the laser beam. The detector properly 
positioned as in  Fig. 2 will  receive near ly  no other 
signal bu t  the one coming from the grating. All  light 
reflected, diffracted, and scattered from other struc- 
tures on the wafer will go mostly in  other directions. 

For a quant i ta t ive  evaluat ion one again has to go 
through the analysis which was indicated above for 
wet etching with the only difference that  now the re-  
fractive index of the sur rounding  medium is no = 1 in-  
stead of 1.34. The results of these calculations are 
strong oscillations in I1 with a period of 0.217 ~m. 

The middle and bottom curves in  Fig. 7 show 5 
maxima. The last m a x i m u m  occurs after 4.4 periods 
giving a total oxide thickness of 4.4 • 0.217 --- 0.95 ~m 
in good agreement  with the ellipsometric thickness 
measurement .  After  the 5th max imum the in tensi ty  
drops to a low constant value. Microscopic inspection 
after  that showed that the spaces not covered by 
photoresist were heavi ly  pit ted and showed a mat  
si lvery gray color characteristic of bare  Si. 

In  several etching experiments  the process was 
in te r rup ted  a t . the  top of the 5th max imum (arrow 1 
in  Fig. 7). The microscope then showed that  the Si 
was bare  and very li t t le pi t t ing was present. For  other 
samples etching was stopped at the 4th m i n i m u m  
(arrow 2 in  Fig. 7) leaving a residual  SiO2 layer  of 
uni form blue color indicat ing a thickness of 700-800A. 
These experiments  prove that satisfactory control can 
be achieved by the moni tor ing process with the pos- 
sibili ty to stop the etching at a given etch depth re-  
gardless of the etch rate, i.e., independent  of the par-  
t icular  conditions. 

Nevertheless, this technique permits very rapid and 
simple measurement  of the etch rates as the process 
goes on. As a demonstrat ion of this we sUmmarize in  
Fig. 8 these ~preliminary plasma etch data in  terms 
of the etch rates in SiO2 as a funct ion of gas flow 
for two rf  power levels. The etch r a t e  at the begin-  
n ing of the process ( init ial)  is lower than the final 
value because of heating. 

Plasma Etching of SigN4 and Si02 
The problem of defining pat terns and etching win-  

dows into SizN4-SiO2 double layers is par t icular ly  
suited for plasma .etching. In this case wet chemical 
etching is ra ther  complicated and troublesome. There-  
fore the optical monitor ing technique was tried out 
for this ease too, using samples wi th  1000A of SiaN4 
on top of 1 ~m of SiO2. Figure 9 gives o n e o f  the Ii vs  t 
curves taken dur ing  the process. In  the first 5 min  a 
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Fig. 8. Etch rates vs. gas f low in plasma etching 
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Fig. 9. First-~rder intensity vs. time during plasma etching of a 
SisN4-SiO~ double layer. 

ra ther  i r regular  pa t te rn  is seen which is in terpreted 
as the etching through SigN4 indicat ing an etch rate of 
200 A/min.  After  that the curve looks s imilar  to the 
other SiO2 etching curves. The etch rates obtained 
from the curve fit quite we11 wi th  the other SiO2 etch 
rate data. They are included in  Fig. 8 with the points 
marked "N". 

With the par t icular  sample in  Fig. 9 the etching was 
terminated after the 5th oxide ma x i mum as shown. 
The microscope showed bare Si and pitting. In  another  
r un  with a similar sample the e tching was in te r rup ted  
at the 4t.h m i n i mum (arrow in  Fig. 9). This left a blue, 
uni form 700A thick SiO2 layer. This thin SiO2 layer  
can now easily be removed wi th  dilute HF without  
the danger of undercut t ing.  

Refinement of the Technique for Wet Etching 
Encouraged by these exploratory experiments,  we 

have proceeded to refine the technique to br ing  it 
closer to usefulness in the factory. In  order to obtain 
a finer measure for the degree of underetching a test 
pat tern  containing 4 gratings with 4 different periodici- 
ties, d = 10, 6, 4, and 3 ~m, and bar  width a ~ d/2,  was 
designed, Which is sketched at the top of Fig. 10. The 
dimension, 1 X 1 ram, is small  enough to fit into a 
"knock-out" area of the wafer. The four gratings are 
rotated by 45 ~ with respect to one another. This results 
in 4 diffraction pat terns which also are rotated by 45% 
making the separation of the 4 signals easier. The bot- 
tom part  of Fig. 10 shows the diffraction reflexes as 
they appear on a screen if the laser beam strikes the 
test pa t te rn  with normal  incidence. 

By positioning four Si detectors at the locations of 
the four first orders, one can s imultaneously  monitor  
the underetching of the 4 gratings. With a = d/2  one 
will expect the fall-off of the 4 signals for a lateral  
underetching,  u, equal to 0.75, 1.0, 1.5, and 2.5 ~m, re-  
spectively. 

Figure 11 gives the traces of the signal from 3 of 
those 4 gratings recorded s imultaneously  dur ing one 
etch run. One sees the oscillations, s imultaneous in all  
3 traces, and the fall-off successively for the 3, 4, and 
6 #m gratings. 

A large number  of etching runs  in buffered hydro-  
fluoric acid were made. No special care was taken to 
keep the etch rate constant by tempera ture  control or 
by always using fresh solutions, etc. This was not done, 
because the objective of the optical test is to obta in  
the right amount  of etching in the presence of chang- 
ing etch rates. In  spite of these changes the character-  
istic behavior of the four first-order diffraction in tens i -  
ties of the 10, 6, 4, and 3 ~m gratings as shown on the 
recorder were always the same. Another  example of 



802 J. E!ectrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  May I978 

0 

d �9 3/a. 4 ~  

JIIItOIIIIIII 
6F. I0/~ 

t 
0.4 mm 

I.Omm 

0 
0 
0 

0 

0 

0 

o o 
o o 
o o 
o 

0 0 

0 �9 0 
0 0 

0 
0 

0 
0 0 

0 0 0 

0 

0 
0 

0 

0 0 
0 

0 0 

0 

Fig. 10. Schematic drawing of the 4 grating test pattern (top) 
and the corresponding diffraction pattern. 
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such a recorder  t race  for al l  4 gra t ings  is shown in Fig. 
12. Again,  all  four  signals osci l late in synchronism,  
each per iod  corresponding to a decrease in h of about  
0.22 #m. Af te r  about  2.2 periods,  i.e., af ter  0.48 ~m of 
normal  etching, the  3 ~ n  gra t ing  s tar ts  to fa l l  off. 
This indicates  tha t  in this case l a te ra l  undercut t ing  
has pene t ra t ed  somewhat  fas ter  (0.75 ~m) than  the 
normal  etching. Af te r  3.3 per iods  (0.7 ~m of normal  
etching) the 4 ~m gra t ing  s tar ts  to fa l l  off, indica t ing  
an undercut t ing  of 1.0 ~m, and a f te r  4.1 per iods  (0.9 
~m) the fal l-off  of the  6 ~m gra t ing  starts ,  s ignal ing an 
undercut t ing  of 1.5 ~m. The oscil lat ions of the s ignal  
f rom the 10 ~m grat ing stop af te r  about  5 per iods  cor-  
responding to the  SiO2 thickness of 1.1 ~m. F r o m  then  
on the 10 ~m signal  r ises smoothly  unt i l  i t  shows a 
fal l-off  af ter  16 min, at  which poin t  the  l a t e ra l  e tch-  
ing has reached about  2.5 ~m. 

As can be seen f rom this plot, the no rma l  etch ra te  
is r a the r  un i fo rmly  0.16 ~m/min  and the l a t e ra l  unde r -  
cut t ing is about  1.5 t imes as fast  as the normal  e tching 
for all  four  gratings.  These figures m a y  be  different  for 
o ther  etch conditions. However ,  in any  case a record-  
ing of the type  of Fig. 12 gives the  etch rate,  and most  
impor tant ,  signals the  exact  t ime at  which the l a t e ra l  
undere tch ing  has reached a cer ta in  extent,  namely ,  for 
the  test  pa t t e rn  used here,  0.75, 1.0, 1.5, and 2.5 #m. 

F ina l ly  Fig. 13 Shows the equ ipment  used for these 
last  exper iments .  The test  sample,  T, is placed in a 
sui table  etch container  in the  fume hood, H. This sam-  
ple  can be the end wafer  of a whole lot of wafers  being 
etched together.  The beam of the  laser,  L, (k ---- 0.6328 
~m, 1 mW)  goes th rough  the chopper,  C, and is d i -  

\~,I/ 
I I I j I  

T , ~ M 2  

I 
i 

/ / ~ 1 1 1 1 ~ 1 1 1 1 ~ 1 , 1 E Z :  

-r 

D, 

f , 
4-CHANNEL RECORDER 

Fig. 13. Block diagram of the test set 
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rec ted  by  the mir ror ,  M1, at  the  test  pa t t e rn  on the 
sample.  The mir ror ,  M2, directs  the  reflected diffrac-  
t ion pa t t e rn  at  the  four sil icon so la r  cells, S,, $2, S~, 
and $4, which are  connected to the  four  phase-sens i t ive  
amplif iers  P1, P2, P~, and P4. The signal  coming f rom 
the reference  detector,  R, is amplif ied in Po and p roc -  
essed in F to be used as a f r equency  reference.  The 
amplif iers  P , -P4 are  s a m p l e - a n d - h o l d  type  opera t ional  
amplifiers,  which make  the sys tem insensi t ive  to room 
light.  In  order  to be independen t  of any  changes in the  
inc~Ldent laser  intensi ty ,  the reference  signal  ~s fed to-  
ge ther  wi th  the signals f rom P,  to P4 in to  the d iv ider  
circuits  D',, D2, D~, and D4. 

Dur ing  the first exper imen t s  i t  was recognized tha t  
i t  was des i rable  to ad jus t  the mir ror ,  M1, ve ry  qu ick ly  
and convenient ly  in o rde r  to "find" the test  pa t t e rn  
on the wafe r  dur ing  a few seconds af te r  immers ion  
into the  etch bath.  For  this reason, the  mir ror ,  M,, was 
equipped wi th  servo motors  for  r emote  control  of the  
two t i l t  angles, which are  opera ted  f rom the j oy  stick, 
J, via the  servo circuit,  C,. 

The mir ror ,  M2, is equipped wi th  a s imi lar  servo 
sys tem in order  to make  sure that,  regard less  of the  
or ien ta t ion  of M, and of the  sample,  the  diffract ion 
pa t t e rn  a lways  s t r ikes  the  solar  cells $1-$4. This servo 
sys tem is contro l led  by  the s ignal  of a quad ran t  sensor, 
Q, which  senses the  posi t ion of ze ro -o rde r  diffracted 
beam. 

Conclusion 
Test pa t t e rns  in the  form of diffract ion gra t ings  of-  

fer  a s imple technique for the  in-process  control  of 
the etching of pa t te rns  into SiO2 th rough  photores is t  
masks  both  for  wet  etching as wel l  as for  p lasma etch-  
ing. In  the  case of the wet  etching the t ime at  which 
the undercu t t ing  has reached a given amount  can be 
de te rmined  by  a pronounced  drop of the  diffract ion 
signal.  A test  pa t t e rn  con ta in ing  severa l  gra t ings  of d i f -  
fe rent  l ine widths  appears  to be promis ing  for  the  
ta i lor ing  of a desired amount  of undercut t ing.  In  
p lasma  etching the gra t ing  technique gives re l i ab le  
control  of the e tch dep th  even if  the  SiO2 is covered 
wi th  a Si3N4 layer .  

The theory  of this process as wel l  as de ta i led  in for -  
ma t ion  about  the equ ipment  has been  given. 
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LIST OF SYMBOLS 
a wid th  of g ra t ing  lines 
d gra t ing  constant  

see Eq. [2] 
phase o~ ref lect ivi ty  rb 

g see Fig. 4 
h thickness of SiO2 
I in tens i ty  
I1 in tens i ty  of first order 

laser  wave leng th  
m order  number  
n0.1~ re f rac t ive  indexes  
N total  number  of g ra t ing  l ines 
r ( x )  } 
ra.b reflectivi t ies 
rl, r2  
O diffraction angle 
u width  of undere tch ing  
U diffracted ampl i tude  
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Oxidation of Copper in C02 at 800~176 
W. J. Tomlinson and J. Yates I 

Department of Applied Sciences, Lanchester Polytechnic, Eastlands, Rugby, United Kingdom 

ABSTRACT 

The oxida t ion  of spec t rograph ica l ly  pure  copper  in carbon d ioxide  has 
been s tudied at  800~176 An ini t ia l  l inear  oxidat ion  ra te  changed g radua l ly  
to a second, lower,  l inear  oxidat ion  rate.  Dur ing  the first l inear  s tage the  sur -  
face was covered with  a f ea the ry  pa t t e rn  of smal l  dendr i tes  of unknown  
s t ruc ture  which were  rep laced  progress ive ly  wi th  more  massive crys ta l l i tes  
of Cu20 associated with  the second l inear  stage. The thickness of the  Cu20 
l aye r  at  1000~C when  the surface was ful ly  covered was 14 ~m. Surface  finish, 
preanneal ing ,  and gas flow ra te  in the  range  0.1-2.0 cm sec -1 had  no effect on 
the  reaction.  I t  is reasoned that  the r a t e -con t ro l l ing  process was the  de -  
composi t ion of CO2 to form chemisorbed oxygen  which  was influenced by  a 
change of cata lyt ic  ac t iv i ty  on the surfaces of the  s t ructures  associated wi th  
the two l inear  kinet ic  curves. 

Oxidat ion  is a mul t i s tep  process. The ea r ly  stages 
involve  oxygen dissolut ion in  the meta l  and nuclea t ion  

* Chester Education Depar tmen t ,  Chester ,  United Kingdom. 
Key words: l inear kinetics,  nucleation,  Cu~O. 

and growth  of the oxide. Once the surface is covered 
with  a continuous l aye r  of oxide, for oxidat ion  to con- 
t inue the fol lowing steps for the reac tan ts  mus t  occur: 
(i) t r anspor t  wi th in  the gas, (ii) reac t ion  at  the gas /  
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oxide interface, (iii) t ransport  wi thin  the oxide, and 
(iv) reaction at the metal /oxide interface. One step is 
usual ly rate controlling, and the reaction is reflected 
in the kinetics. Parabolic oxidation kinetics typically 
indicates that diffusion wi thin  the oxide layer is rate 
controlling. Linear  kinetics are relat ively uncommon 
and imply that the s low step is a phase boundary  re-  
action; provided the reaction products form a uniform 
dense layer  they f requent ly  change to a parabolic form 
as the amount  of oxidation increases. 

Linear  oxidation in  CO2 or CO~-CO mixtures  has 
been observed with Fe by Hauffe and Pfeiffer (1) and 
other workers (2-5), with Co (6), Mn (7), Ni (8), 
and with Cu (9, 10). Hauffe and Pfeiffer found that  the 
l inear  oxidation rate of Fe in COs/CO mixtures  is pro- 
portional to (Pcof/Pco) 2/3, and the rate depended 
solely on the decomposition of COs to form chemi- 
sorbed oxygen. Smeltzer (2) in terpreted his l inear  
oxidation rates of Fe in  COs as incorporat ion of chemi- 
sorbed oxygen into FeO at temperatures  below 910~ 
and both dissociation of COs and incorporat ion into 
FeO above 910~ C. Wagner  (11) derived a formula 
which indicated that  the l inear  oxidation rate should 
depend not only on the COs/CO ratio but  also on the 
sum of the part ial  pressures of COs and CO. This was 
confirmed by Pett i t  et al. (4). Swaroop and J. B. Wag- 
ner  studied the oxidation of Cu in  COJCO mixtures  at 
1000~ (lO). Two l inear  curves were observed with a 
distinct change occurring at an oxide thickness of 0.4- 
0.6 ~m. From the pressure dependence of the first 
l inear  rate constant, it  was inferred that the reaction 
mechanism did not involve chemisorption. 

The present  work investigates the oxidation of Cu 
in CO2 at 800~176 The equi l ibr ium pressures of 
oxygen with COs, Cu20, and CuO are shown in  Table 
I. From these data CuO is not expected to form on Cu 
oxidized in CO2, and it  is seen that the Poz from dis- 
sociation.of COs is only slightly greater  than that  from 
dissociation of Cu20. However, these data are for bulk  
substances at equil ibrium, and during oxidation the 
interracial  energies and dynamic flow conditions will 
alter the thermodynamic  data and possibly the cata- 
lytic effects due to the electronic/atomic defect equi-  
l ibria  being altered. The early stages of oxidation are 
usual ly  very sensitive to surface s tructure and cleanli-  
ness, and so the pur i ty  of the Cu and COs, and the sur-  
face finish are important .  Transpor t  in  the gas may  
also have an influence because of the low pressure o~ 
oxygen in  COs. 

Exper imenta l  
The Cu was spectrographically pure with max i mum 

impuri t ies  (ppm):  Ag 10, Pb 2, Si 1, Ca < 1, Mg < 1, 
Fe < 1. It  was supplied by Johnson Matthey and Com- 
pany  Limited as 0.25 mm thick cold-worked sheet and 
cut into coupons about  4 cm 2 surface area with a hole 
for a Pt  suspension wire. Four  surface finishes were 
used. In  the as-received condition the specimen was 
simply degreased in  acetone before exposure. Mechani-  
cal polishing consisted of polishing to 6/0 grade paper 
then washing in t u rn  with distilled water  and acetone. 
The bath used for chemical polishing (12) consisted of 
55 v/o HNO3 (density 1.75), 2 5 v / o  glacial acetic acid, 
and 20 v/o I~PO4 (density 1.40), and the specimen 
was immersed for 1-2 min  at 55~ and then washed as 
above. The bath for electrochemical polishing was 33 
cm 3 HNO~ and 67 cm 3 CH~OH cooled to 0~ and oper- 
ated at 3V and 1 A cm -2 for 30 sec. After  polishing 
the specimen was washed as above. 

The quar tz-spr ing thermobalance was similar  to one 
used previously (13). The main  difference was a mag-  

Table I. Equilibrium pressures of oxygen at 1000~ [Kef. (10)] 

Reaction Po~ (arm) 

C O :  = CO + V2 0 2  1.2 x I0  -~ 
Cu=O = 2 C u  + V : O :  5,6 x I0  -7 
2 C u O  = Cu~O + Y~ O~ 1.4 • i0-~ 

netic winch which allowed insert ion and removal  of a 
specimen to and from the hot zone while under  vac- 
uum or CO2. Tempera ture  control was wi th in  +_ 2~ 
and the weight gain could be measured to wi th in  
• 0.03 mg cm -2. The operating procedure was as used 
previously (13), but  in  addition the oxidized specimen 
could be quickly quenched in cool COs. 

Special analytical  grade COs supplied by Distillers 
Company Limited was used. It  had ma x i mum impur i -  
ties : residual gases (non-KOH soluble) < 25 ppm (by 
volume),  water  < 50 ppm (by weight) ,  and other 
gases < 5 ppm (by volume) .  The water  content  was 
fur ther  reduced by passing through silica gel and then 
phosphorus pentoxide. Gas flow was measured by a 
rotameter.  Gas pressure was 1 atm. 

Standard x - ray  diffraction techniques were  used to 
examine the surface products. 

Results 
Figure i shows the rate curves for the oxidation of 

chemically polished Cu in CO2 flowing at 0.2 cm sec -1. 
At 900 ~ and 1000~ there were two l inear  curves with 
the gradient  of the first curve greater than  that  of the 
second, and an in termediate  region which is shown 
dashed. At 800~ there was only one l inear  curve. The 
amount  of oxidation was small, and in such cases sur-  
face finish, gas speed, and preanneal ing  might be par-  
t icular ly impor tant  so oxidation data were obtained 
under  the following conditions: (i) Cu chemically, 
mechanically, and electrolytically polished, and in  the 
as-received condition, was oxidized at 800~ ~ in  
CO2 flowing at 0.2 cm sec-Z; (it) chemically polished 
Cu was oxidized at 1000~ in CO2 flowing at 0.1-2.0 cm 
sec-Z; and (iii) Cu was preannealed  at 1000~ and 
10 -5 mm Hg, chemically or electrolytically polished, 
then oxidized at 1000~ in COs flowing at 0.2 cm sec -1. 
In all cases the results were of the same form as Fig. 
i. All these data are summarized in Tables II, III, and 
IV. 

In  Fig. 1 the points in the dashed region could be-  
long to either curve. This represents a gradual  t ransi-  
tion from the first l inear  curve to that of the second. 
The extrapolated intersect ion coordinates of the lines 
were used to characterize the change, and these are 
reported with the other kinetic data in  Tables II, III, 
and IV. It  is seen that at 900 ~ and 1000~ the transi t ion 
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Fig. 1. The oxidation of chemically polished Cu in C02. Gas 
speed 0.2 cm sec, 
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Table II. Linear rate constants and transition coordinates for Cu 
with various surface finishes oxidized in CO2 at various 

temperatures. Gas speed 0.2 cm sec-L 

R a t e  cons tant s  Trans i t ion  
( g  c m  -2 sec-~ coord inates  

T e m p e r -  x 10 -9) 
a tu r e  - Wt.  gain  T i m e  

Su r face  finish (~ Kr~ KL 2 ( m g  c m  -~) (hr)  

C h e m i c a l  1000 5.33 4.72 0.6 31 
Chemica l  1000 6.11 4.53 0.8 36 
Chemica l  900 4.32 2.89 0.7 45 
C h e m i c a l  900 4.39 3.19 0.7 44 
C h e m i c a l  800 1.11 -- -- 
Mechanica l  1000 6.83 4.53 0.8 
Mechanica l  1000 6.28 4.67 0.7 31 
Mechanica l  900 4.00 3.31 0.6 42 
Mechanica l  900 4.31 3.33 0.6 39 
Mechan ica l  800 0.94 
E l e c t r o c h e m i c a l  1000 5.31 4.03 0.~ 3"~ 
E l e c t r o c h e m i c a l  1000 5.26 4.06 0.7 37 
E l e c t r o c h e m i c a l  900 3.28 2.78 0.6 51 
E l e c t r o c h e m i c a l  900 3.61 2.94 0.6 46 
E l e c t r o c h e m i c a l  800 0.75 - -  - -  - -  
As -rece i ved  1000 0.33 4.03 0.70 31 
A s - r e c e i v e d  1000 6.08 4.50 0.70 32 
A s - r e c e i v e d  900 4.58 3.89 0.60 36 
As - rece i ved  900 4.39 3.44 0.60 38 
A s - r e c e i v e d  800 1.00 - -  - -  - -  

Table III. The effect of gas speed on chemically polished Cu 
oxidized in CO2 at 1000~ 

Rate  constants Transition coordinates 
(g am-= sec -I x i0 -9) 

Gas speed Wt. gain Time 
( a m  s e e  -~) K ~  KL= ( m g  c m  -2) (hr )  

0.I 5.31 4.64 0.7 37 
0.5 5.00 4.42 0.6 33 
L0 5.33 4.50 0.7 36 
2~ 5.06 3.86 0.6 33 

Table IV. The effect of preannealing 12 hr at 10 -5  Torr before 
oxidation in CO2 at 1000~ Gas speed 0.2 cm sec -1.  

Rate cons tant s  Trans i t ion  coordinates 
(g cm -'~ see -I x I0-~) 

Wt. gain Time 
S u r f a c e  finish KL:t KL s (mg cm -~ ) (hr) 

Chemica l  5.28 3.89 0.7 37 
E l e c t r o c h e m i c a l  5.83 3.33 0.6 38 

Table V. Average linear rate constants for Cu oxidized in CO2 

KL I (g cm ~ sec-~ x 10 -9) E L  9 (g cm -9 see -~ x 10 -9) 

Tern- Coef.  Coef.  
p e r a t u r e  Std. vari- Std. vari- 

(oC) Mean dev. ation Mean dev. ation 

1000 5.67 0.57 10.05 4.19 0.44 10.50 
900 4.11 0.45 10.95 3.22 0.36 11.18 
800 0.95 0.15 15.79 - -  - -  - -  

occurs at a critical weight  gain of 0.6-0.7 mg cm -2 but 
at 800-C the total  amount  of oxidat ion was only 0.3 
mg cm -2 so the t ransi t ion was absent. An unexpected  
fea ture  of the kinetic data is its insensi t ivi ty to changes 
in surface finish, preanneal ing,  and gas speed in the 
range 0.1-0.2 cm sec -z. Because of this insensit ivity,  all 
the data have been analyzed together,  and the results 
are repor ted  in Table  V. The Arrhenius  function of the 
first l inear  curve is shown in Fig. 2. 

Specimens oxidized 72 hr  at 900 ~ and 1000~ were  
examined by x - r ay  diffraction powder  techniques, and 
in back reflection af ter  40 and 72 hr at 1000 C and 72 
hr at 800 ~ and 900~ The amount  of react ion product  
at 800~ was too small  to be detected. Cu20 was ob- 
served in all other  cases but  no CuO was detected. 

The surface was examined after  oxidat ion at various 
times at 800 ~ 900 ~ and 1000~C. Figure  3 shows typical 
oxidized surfaces. There  were  two types of surface 
structures, one small, feathery,  and acicular, and the 
other  much larger,  thicker,  and more rounded. For 
convenience in this paper  they will  be called dendrites 
and crystallites, respectively.  The crystall i tes were  
identified as Cu20, but  the s t ructure  of the dendri tes is 
uncertain.  The format ion  of the surface products al-  
ways fol lowed the sequence: dendri tes were  nucleated 
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Fig. 2. The Arrhenius function of the first linear rate constant 

(Fig. 3a) and spread rapidly over  the whole surface 
(Fig. 3b), crystall i tes then nucleated on the dendrites,  
and fur ther  oxidat ion resul ted  in the g rowth  of the 
crystall i tes (Fig. 3c) unti l  the whole surface w a s  
covered (Fig. 3d). In Fig. 3 note that  (a) is for oxida-  
tion at 800~C and the others for specimens oxidized at 
1000~ The react ion at 1000~ was so fast that  it w a s  
not possible to record at 1000~ the stage shown in 
Fig. 3a for oxidation a.t 800~ The t imes the s t ructures  
appeared at each t empera tu re  are shown in Table  VI 
where  it is seen that  the s t ructures  always appeared in 
the same sequence, but  af ter  longer  t imes as the t em-  
pera ture  was lowered.  No detai led topographical  
studies were  carried out but  the crystal  heights were  
est imated using the depth-of- focus  of a microscope. 
Using a fine adjus tment  wi th  a d rum cal ibrated in 
micrometers,  under  oil immers ion  it was observed that  
for a given oxidation the crystall i tes were  approxi-  
mate ly  the same height,  and that  at 1000~ their  height  
was near ly  the same for crystal l i tes on s~ecimens oxi -  
dized for 20 and 40 hr. The height  of the dendri tes w a s  
always very  much  less than the height  of the crystal-  
lites. Figure  4 shows the cross section of the dendri tes 
and crystalli tes formed on a specimen oxidized for 24 
hr at 1000~ The concave Cu surface clearly reflects 
the Cu used in the nucleation and growth of the oxide. 
The m a x i m u m  thickness of the dendri tes  and crystal-  
lites shown are about 1-2 and 10 #m, respectively.  
Cu20 has a density of 6.0 g cm -~ (14), so at 1000~ 
the Cu20 film was about  14 #m thick when  the surface 
was covered. 

Discussion 
The kinetic data summarized in Table V indicates 

good reproducibi l i ty  for the rate  constants in the two 
l inear  kinetic stages over  the t empera tu re  range 800 ~ 
1000:C. Swaroop and Wagner  (10) also observed at 
1000~ two l inear  curves and the first one had ra te  
constants in the range 6.1 to 8.93 • 10 -9 g cm -2 sea -1, 
This agrees well  wi th  the present, lower, values of  
5.00-6.83 • 10 -9 g cm -2 sac. -1. However ,  the two 
l inear  curves of Swaroop and Wagner  appear  to make 
a sharp transi t ion whereas  in the present  w o r k  the 
Change was gradual  over  a large weight  gain range. 
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Fig. 3. Surface morphology of chemically polished Cu oxidized 
in CO2. (a) 800~ 72 hr; dendrites nu:leoted. (b) 1000~ 10 rain; 
dendrites cover the surface, a crystallite nucleating. (c) 1000~ 
20 hr; dendrites and crystallites. (d) 1000~ 72 hr; surface cov- 
ered with crystallites. 

There is a direct  re la t ion be tween  the kinetics and 
surface morphology.  The kinetic transi t ion co-ordi-  
nates are shown in Tables II, III, and IV, where  it is 
seen that  the change occurs at a cri t ical  amount  of 
oxidation of 0.6-0.7 mg cm -2, and in the t ime range 
30-38 hr at 1000~ and 36-51 hr  at 900~ When com- 
pared with  the surface morphologies, it is seen that  
the first l inear  kinetic curve occurs when  mainly  den-  

Table VI. The surface morphology of chemically polished Cu 
oxidized in CO2 flowing at 0.2 cm sec - z  

T i m e  oxidized (hr)  

"C 0.17 20 40 72 

1000 D DC DC C 
900 D DC DC DC 
800 ~ - -  - -  D 

D = dendrites only. 
DC = crystallites and dendrites present. 
C = surface  covered  w i t h  crystal l i tes .  

Fig. 4. Chemically polished Cu oxidized in CO2 for 24 hr at 
1000~ Unetched. Cu at bottom. (a) Cross section of a crystallite 
about 10 ~m thick. Note the concave C~ surface due to removal of 
Cu into the preexisting dendrites and separate crystallites before 
lateral growth formed the uniformly thick massive crystallite. (b) 
Cross section of dendrites in the intercrystalline regions. Note the 
concave Cu surface containing the oxide dendrites with a maximum 
thickness of 1-2 #m. 

da tes  cover the surface, and the second l inear  curve 
is associated with  the crystalli tes,  and the gradual  
change in kinetics reflects the Change in s t ructure  as 
the crystall i tes grow to cover the  surface. Because the 
two gradients  are so close, scatter in the data tends to 
mask the t ransi t ion and so the change in kinetics can-  
not be defined precisely. A more appropr ia te  equat ion 
describing the apparent  dependence of the rate  con- 
stant on surface features would be 

ra te  -- KLz (1 -- ~) + KL2f 

where  ~ is the fract ion of the surface that  is covered 
with  crystallites. 

Linear  oxidat ion kinetics reflect a phase boundary  
reaction, or a constant rate  of supply of gas f rom the 
interior  of the gas across a boundary layer  of constant 
thickness. In the present  case gas supply is not the 
ra te-contro l l ing  process since the thickness of the 
boundary layer,  and so the flux of gas reaching the sur-  
face, is a function of gas speed, and no effect of gas 
speed on the oxidation rate  was detected. Moreover,  if 
the gas supply was ra te  controlling, then there  would 
be only one l inear  react ion rate  corresponding to the 
gas supply, whereas  two l inear  kinetic curves were  
observed. The insensi t ivi ty of the kinetics to surface 
finish and preanneal ing indicates that  the ra te -con-  
trol l ing process is also not at the me ta l /ox ide  interface. 
It appears  f rom these considerations that  react ion con- 
trol is at the oxide/gas  interface where  the possible 
reactions are chemisorpt ion and incorporat ion repre-  
sented by the equations 

CO2(g) = CO(g)  + O -  (ads) + h' 

O -  (ads) ---- Oo x -b Vcu' 

wi th  similar  equations for O(ads)  and O 2- (ads). Here 
the defect chemistry notat ion of KrSger and Vink (15) 
is used. The average act ivat ion energies of the first 
l inear  curve (Fig. 2) are of the order  Es00-900 = 170 kJ  
tool -1 and ED0oao0o ---- 50 kJ  mo1-1 and whi le  these 
have no detai led diagnostic value  it is clear that  they 
are wi thin  those typical  of adsorption processes, and 
also they become less as the t empera tu re  is increased. 
Hauffe and Pfeiffer (1) have  shown that  the ra te -con-  
trol l ing process during the oxidation of Fe in CO2/CO 
mixtures  is the decomposition of CO2 on the surface 
to form chemisorbed O - .  Also Kobayashi  and Wagner  
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have shown (16) tha t  the  ca ta ly t ic  ac t iv i ty  of a surface 
depends  not only  on the composit ion of the gas phase,  
bu t  also on the composi t ion of the solid phase, in p a r -  
t icu lar  the  concent ra t ion  of e lect ronic  defects. 

Dur ing  the second l inear  s tage the ca ta ly t ic  sur face  
is c lear ly  Cu20 crys ta l l i tes  but  dur ing  the first l inear  
s tage the  surface  s t ruc ture  is uncer ta in .  Whi le  spread  
over  the  whole  surface, the  dendr i tes  represen t  only a 
smal l  f ract ion of the  area. The Cu atoms in Cu20 form 
a fcc la t t ice  wi th  oxygen  a toms occupying one qua r t e r  
of the  t e t r ahed ra l  sites (17). The  l inear  misfit in the  
Cu20/Cu s y s t e m  is 18% (18), and i t  is p robab le  tha t  
the  dendr i tes  a re  a d is tor ted  ep i tax ia l  form of Cu20. 
Considerable  effort has  been  made in  nucleat ion 
studies to iden t i fy  the  surface s t ructures  in be tween  
the nuclei  but  i ts  na tu re  is st i l l  l a rge ly  conjectural .  
Rhead (19) assumed on the basis of known  da ta  tha t  a 
th in  l aye r  exists  which is in t e rmed ia te  be tween  a 
chemisorbed l aye r  and an oxide l aye r  which  is fo rmed 
by  place exchange,  and the mixed  charac te r  of such an 
adsorbed l aye r  has been shown by recent  emission 
microscopical  research  where  molecules  made  up of a 
nucleus of th ree  or four  me ta l  a toms a round  an oxy -  
gen a tom have been identif ied (20). 

Wi th  Cu~O the equat ion  of nons to ich iometry  is 

V~ O~(g) : -  Oo x § Vcu" § 2 h" 

and there  is a re la t ion  be tween  the concentra t ions  of 
atomic and electronic defects. Since the  energies  of 
the in t e rmed ia te  l a y e r / m e t a s t a b l e  Cu20 and Cu20 are  
different  they  wil l  have different  concentrat ions of 
a tomic defects  and so by  the above, different  concen- 
t ra t ions  of h', i.e., the  two surfaces wil l  have  s imi lar  
but  s l ight ly  different  ca ta ly t ic  activit ies.  The two l inear  
ra te  constants  are  s imi lar  in  magni tude  and so could 
reflect the  different  ra tes  of ca ta ly t ic  decomposi t ion of 
CO~. to form adsorbed  oxygen  on the two s imi lar  sur -  
faces. Moreover,  the  h igher  l inear  ra te  constant  is as-  
sociated wi th  the in te rmedia te  surface s t ructures  
which would be expected  to have  a h igher  cata lyt ic  
activity.  Also a nonl inear  ac t iva t ion  energy  as ob-  
served for  the first l inear  r a t e  (Fig. 2) is not  incon-  
s is tent  wi th  these ideas. Dissociation of defect  com- 
p lexes  a n d / o r  ionizat ion of defects m a y  occur (21, 22) 
as the  t empera tu re  ]s  raised,  and these would  a l te r  
the concentra t ions  of atomic and electronic defects 
and so affect the  ca ta ly t ic  ac t iv i ty  of the surface. A 
complicat ion wi th  oxidat ion  in  CO2 is tha t  there  wi l l  
be addi t ional  oxygen at  h igher  t empera tu res  owing to 
the  g rea te r  degree  of dissociat ion of CO2. However ,  in 
the  presen t  case there  is a lower  than  expected  oxi-  
da t ion  ra te  at  h igher  t empera tu res  and this would  in-  
dicate that  the  ra te  of oxida t ion  is less sensi t ive to the  
e x t r a  oxygen  presen t  than i t  is to the  reduced  ca ta ly t ic  
ac t iv i ty  of the surface. A possible cause of such a re -  
duced ca ta ly t ic  ac t iv i ty  as the  t e m p e r a t u r e  is ra ised is 
tha t  the  in t e rmed ia t e  s t ruc ture  of the  ca ta ly t ic  surface 
m a y  move towards  a lower  energy  and so less active 
s t ructure .  A s imi lar  mechanism to decomposi t ion of 
CO2 has been observed wi th  the decomposi t ion of N~O 
on Cu20 and the s imul taneous  oxida t ion  of Cu, where  
the  cata lyt ic  decomposi t ion depended  on the concen- 
t ra t ion  of h" (23). 

Swaroop  and Wagner  (10) found that  the  first l inear  
ra te  constant  for Cu oxidized in CO2/Ar mix tures  
obeyed an empir ica l  equat ion of the  fo rm 

KL1 --" Cpnco2 

where  C and n are  constants,  and found values  of n ---- 
1.3 and 1.5. Fo r  oxidat ion  of Ni in CO2/CO mix tures  
n ----- 1 and for Fe  in CO2/CO mix tu res  n ----- 0.33 while  
Fe  in low pressure  oxygen  n --  0.7 (10). I t  is s ta ted 

(10) that  for n ~ 1 the  oxida t ion  mechanism is not  
due to chemisorpt ion bu t  the basis of this  s t a tement  is 
not  clear. Moreover,  Swaroop  and Wagner  have t aken  
the i r  surface oxide in the first l inear  s tage to be Cu20 
and have assumed i t  forms a un i form layer ,  whereas  
in the  present  w o r k  the first l inea r  kinet ics  is associ-  
a ted wi th  an in te rmedia te  surface s t ruc ture  whose area  
is changing, and i t  m a y  be tha t  the  cause of the  un-  
usual  (if indeed they  are)  n values  for  Cu is the  
changing areas  dur ing  nuclea t ion  and g rowth  ava i lab le  
for a ca ta ly t ic  chemisorpt ion  reaction.  

Conclusions 
Copper  oxidized in  CO2 at 8O0~176 fo l l o ws . an  

ini t ia l  l inear  kinet ic  l aw which changes g radua l ly  to 
a sezond, lower,  l inear  law. At  any t empe ra tu r e  smal l  
f e a t h e r y - p a t t e r n e d  uns tab le  dendr i tes  formed.  La te r  
crysta l l i tes  of Cu20 formed on the dendr i tes  and grew 
to cover the  whole  surface. The first l inear  curve  was 
associated with  a surface covered wi th  dendr i tes  and 
the second l inear  curve wi th  the  Cu20 crystal l i tes .  
Surface finish, preanneal ing,  and gas flow ra te  in the 
range 0.1-2.0 cm sec -1 have  no effect on the  oxida t ion  
rate.  I t  is considered tha t  the  ra te -con t ro l l ing  process 
is the  cata lyt ic  decomposi t ion of CO2 on the surface 
to form chemisorbed oxygen. 

Manuscr ip t  submi t ted  Oct. 27, 1976; rev ised  m a n u -  
scr ipt  received Nov. 18, 1977. 

Any  discussion of this paper  wi l l  appea r  in a Discus-  
s ion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the  December  1978 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1978. 
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ABSTRACT 

The advent  of commercia l  nuc lear  power  genera t ion  h a s  c r e a te d  an  in-  
creased need for the rmodynamic  da ta  on m e t a l - w a t e r  systems at  t em-  
pe ra tu res  up to 350~ The en t ropy  correspondence pr incip le  discovered by  
Criss and Cobble [J. Am.  Chem. Soc., 86, 5385 and 5391 (1964)] provides  an 
excel lent  means of es t imat ing h i g h - t e m p e r a t u r e  pa r t i a l  molar  ionic entropies  
and hence h igh - t empera tu r e  hea t  capacities,  f rom en t ropy  values  at  25~ I t  
is therefore  often possible to calculate  both equi l ib r ium constants  and s tan-  
dard  e lect rode potent ia ls  wi th  surpr is ing  accuracy for e leva ted  tempera tures .  
Unfor tunate ly ,  different  conventions have  been used by  several  authors  in 
publ ishing ca lcula ted  numer ica l  data. One purpose  of the presen t  pape r  is 
to c lar i fy  these differences. In  addit ion,  a means  of s impl i fy ing the calcu-  
lat ions is described.  This new approach  permi t s  rap id  modification or aug-  
menta t ion  of exis t ing values when more  accurate  da ta  become avai lable ,  
or  When informat ion at o ther  t empera tu res  is required.  Values of Kw, the 
ionization product  of water ,  and E~ the s tandard  e lec t rode  potent ia ls  of 
s i lve r - s i lve r  hal ide  electrodes,  are  ca lcula ted  as examples  for t empera tu res  up 
to 30O~ and these values  are  compared  wi th  avai lable  expe r imen ta l  data.  

The advent  of commercia l  nuc lear  power  genera t ion  
has c rea ted  an increased need for the rmodynamic  da ta  
on m e t a l - w a t e r  systems at  t empera tu res  up to 350~ 
An  unders tand ing  of the  corrosion processes which  can 
faci l i ta te  the  t ranspor t  of rad ioac t ive  contaminants  or  
cause cracking of s t ruc tura l  mate r ia l s  is pa r t i cu l a r ly  
important ,  and wi th  fas ter  react ion ra tes  at  h igher  
tempera tures ,  t he rmodynamic  proper t ies  p l ay  an in-  
c reas ingly  impor tan t  role in control l ing the  chemis t ry  
of dissolved species. 

Unfor tuna te ly  the entropy,  hea t  capacity,  and vol-  
ume data  requi red  for calculat ing the re levan t  values 
of ~G ~ and hence the equi l ib r ium constants  and s tan-  
dard  cell potentials ,  for  condit ions o ther  than  25~ and 
1 a tm pressure  are  not p resen t ly  avai lab le  for many  
species of interest .  However ,  the  en t ropy  correspon-  
dence pr incip le  discovered by  Criss and Cobble (1) 
provides  an excel lent  means of es t imat ing h igh - t em-  
pe ra tu re  pa r t i a l  molar  ionic entropies,  and hence h igh-  
t empe ra tu r e  heat  capacities,  f rom en t ropy  values at  
25~ It  is therefore  of ten possible to calculate  both 
equi l ib r ium constants  and s t andard  electrode potent ia ls  
wi th  surpr i s ing  accuracy for e levated  temperatures .  
For  example ,  at  t empera tu res  up to 250~ most p re -  
dicted values  of Kw, the ionizat ion product  of water ,  
and E~ the s t andard  e lect rode potent ia ls  of s i l -  
ve r - s i l ve r  hal ide  electrodes,  agree  wi th  avai lab le  mea-  
sured values wi th in  the quoted expe r imen ta l  uncer -  
tainty.  Beyond 250~ the contr ibut ion  of pressure  to 
changes in free energy star ts  to become important ,  and 
sys temat ic  deviat ions occur. Calculat ions involving 
t empera tu res  above 300~ are  p robab ly  only semi-  
quan t i t a t ive ly  correct.  

Robins et al. (2), Townsend (3), Cowan and Staehle  
(4), MacDonald et at. (5-7), and Cobble and Mur ray  
(8) among others, have used this approach  to predic t  
the  the rmodynamic  behavior  of severa l  e lements  and 
the i r  oxidat ion  products  in h igh - t empera tu r e  aqueous 
systems. Some confusion may  arise, however ,  because 
different  conventions have been used in l is t ing numer i -  
cal data. One purpose  of the present  paper  is to c lar i fy  
these differences. 

In  addit ion,  a means of s impl i fy ing  the calculat ions 
is described.  This new approach  permi ts  r ap id  modifi-  
cation or augmenta t ion  of exis t ing values when more 

Key words; electrolyte, chemical potential, heat  capacity, en- 
tropy, equilibrium constant, standard hydrogen electrode (SHE), 
electrode potential. 

accurate  da ta  become avai lable ,  or when informat ion 
at  o ther  t empera tu res  is required.  

Free Energy Changes at Elevated Temperatures 
For  a react ion which  goes to complet ion at  t empera -  

ture  T and pressure  P, the  change in free energy  is 
given by  

p r 

where  ~p and ~r a re  the  s toichiometr ic  coefficients of 
the products  and reactants ,  respect ively,  and  ~ ( T , P )  
is the  chemical  potent ia l :  the molar  free energy for 
pure  substances and the pa r t i a l  molar  free energy for 
species in solution. 

Since the  ac t iv i ty  of sys tem component  i, ai, is de-  
fined by  

]~i(T, P )  - - /~i  ~ + RT in ai [2] 

where  ~i ~ is the  chemical  potent ia l  of component  i in 
some convenient ly  specified s tandard  state at  t empera -  
ture  T, the value  of ~i ~ depends on the units chosen to 
express  ai, and on the  choice of s t andard  state. The 
s tandard  state for gases is the  hypothet ica l  pure  ideal  
gas at  uni t  pressure,  usua l ly  1 atm. The s t andard  chem- 
ical potent ia l  ~~ thus depends only on tempera ture .  
The s tandard  state for a l iquid or solid e lement  or 
compound is i ts s table  s ta te  of  aggregat ion  as a pure  
substance at equi l ibr ium,  and therefore  ~solid and 
//,~ depend on both t~he t e m p e r a t u r e  and pressure.  
This is the usual  choice of s t andard  s tate  for the sol- 
vent  in an e lec t ro ly te  solution, but  it  is not convenient  
for the  solute. The s tandard  state for e lec t ro ly te  solu- 
tions is tha t  of a hypothet ica l  ideal  solut ion at  uni t  
concentrat ion,  most of ten unit  mola l i ty  to avoid com- 
pl icat ions f rom dens i ty  changes, and ~~ is depen-  
dent  on both t empera tu re  and pressure .  

If the chemical  potent ia l  of any  component  in its 
s tandard  s tate  is known at  25~ 1 a tm (298.15~ 
1.01325 • 105 Pa) ,  in tegra t ion  of the re la t ionships  

( - ~ , p = -  Si, , - ~  )T = Vi [3] 

wi th  the definition 

" ~  p - -  T 

yields the  chemical  potent ia l  of this component  in its 
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s tandard state at any  tempera ture  (or pressure for 
condensed phases and electrolyte solutions) 

/~i ~ (IT, P) = #i ~ (25~ 1 a t m ) +  atm Vi~ 

- -  C - e i ~  I n  T '  + 9s.l~ CPi~ -- T s.15 

- -  ( T - -  298.15)S~ ~ (25~ 1 aim) [5] 

where the superscript ~ denotes the s tandard state and 
un i t  activity, V, S, and Cp have their  usual  thermo-  
dynamic  meanings,  and the superscript - denotes 
(O/Oni)P,T.nj: the molar  value for pure substances and 
the part ial  molar  value for components in solution. 

h/~i ~ is independent  of the integrat ion path, but  since 
Vi ~ and CPi* are each functions of both T and P, the 
order of in tegrat ion is important .  Cp~ ~ is general ly 
available as a funct ion of tempera ture  for a pressure 
of 1 atm. Vi ~ is then required as a function of P at 
tempera ture  T. 

#i ~ (25~ 1 atm) for ions in solution and pure com- 
pounds is defined as the molar  Gibbs free energy of 
formation by  Eq. [1] and the convent ion which assigns 
a chemical potential  of zero to H + aq and the elements 
in  their s tandard states at the a rb i t ra ry  reference point  
of 25~ and 1 aim. Thus the values of ~i ~ (T, P) cal- 
culated from [5] are not correct on an absolute scale, 
but  the value of AG ~ (T, P) calculated from [1] for any 
reaction is correct because a change is being evaluated 
and the a rb i t ra ry  zero cancels out. This approach to 
calculating AG ~ (T, P) is par t icular ly  convenient  when 
a n u m b e r  of reactions with several common reactants 
and products are being considered. MacDonald was the 
first to adopt the procedure, but  added an unnecessary 
complication by  extending the Gibbs energy of forma- 
t ion terminology to temperatures  and pressures other 
than 25~ and i a im (5, 9, 10). 2 

Cobble anticipated minor  effects from changes in 
part ial  molar  volumes at temperatures  up to 3000C, 
and suggested that  the pressure term could be ignored, 
especially since very li t t le is known about the part ial  
molar  volumes of ions (11). It will  be shown that  this 
approximation is a good one. 

Accurate molar  heat capacity data is available for 
many  pure substances in a readily integrable power 
series of the form (12, 13) 

C-"pi ~ ( T )  : Ai -}- BiT -{- Ci T - 2  [6] 

but  ionic part ial  molar  heat capacities are general ly 
not available. 

Criss and Cobble (1) developed a technique for eval-  
uat ing Si ~ (T) for ions, and their results suggest a very 
simple new approach to calculating Cei ~ one which is 
both more accurate at higher temperatures  than the 
average value they proposed, and convenient ly  con- 
sistent with [6]. 

Cobble  and Murray (8) have chosen to list values of the free 
energy function (FEF) based on a reference temperature of 25~ 

]~i~ - "~o (25oc)  
FEFJ (T)  - 

T 

H~~  - H~~ (25~ 
-- ~ ~  

T 
Thus, s ince  

= ~ l ~  ' FEFs (T)  T ~ . 1  

-- i~ in T' - Si ~ (25~ 

/$1~ = /~t" (25~ + T [ F E F ~ ( T ) ]  - -  298.1S[FEFI (25~ 

This  modif icat ion of  the  d irect  approach requires separate speci- 
fication of /~~ (25~ values and some additional computation. 
However, the value of S~~ (25~ is immediately available as--- 
FEF. (25"C), and the  s low variation of the free energy funct ion  
w i t h  t e m p e r a t u r e  p e r m i t s  in terpolat ion  b e t w e e n  ca lculated  values .  

Criss and Cobble observed that  "a s tandard state can 
be chosen at every tempera ture  such that  the part ial  
molar  entropies of one class of ions at that  tempera-  
ture  are l inear ly  related to the corresponding entropies 
at some reference temperature."  The zero for ionic 
entropies at each tempera ture  was defined by the value 

of S~ the part ial  molar  ionic entropy of t h e  
hydrogen ion which resulted in the best l inear  fit of 
exper imental  data. The reference tempera ture  was 
chosen to be 2.5~ Thus for a given class of ion (simple 
cations, simple anions, oxy-anions,  acid oxy-anions)  

St~ (T) : a ( T )  - } - b ( T ) ~ i  ~ (25~ [7] 

where S denotes a part ial  molar  entropy not referred 
to the conventional  scale which sets S~ (T) ~ 0. 

In  fact, the Si ~ values defined in this manne r  appear 

to be absolute or "third law" entropies. S~ (25~ 
is --5.0 calories mole -1 degree -1, in  relat ively good 
agreement  with the value of --4.48 calories mole -1 
degree-1 deduced by deBethune et al. for the s tandard 
ionic entropy of electrochemical t ranspor t  of hydrogen 
ions at 25~ (14), and the value of --5.5 calories mole-1 
degree -1 obtained by  Laidler  and Pegis for the s tan-  
dard entropy of hydra t ion  of hydrogen ions (15). 

Entropies on the conventional  scale are related to 
the absolute scale at any tempera ture  by  the equat ion 

S-----i ~ (T) : Si ~ (T) + z S~ (T) [8] 

where z is the charge on the ion (with sign).  At 25~ 
this becomes 

Si o (25~ = Si o (25~ -- 5.0z [9] 

Criss and Cobble noted that  up to 150~ the parame-  
ters a ( T )  and b ( T )  in  Eq. [7] varied approximate ly  
l inear ly  with temperature,  with most of the deviation 
occurring near  60~ On this basis they extrapolated 
their results to 300~ Thus for a given class of ion. the 
tabulated values can be reproduced quite accurately 
by relationships of the form 

a : al -t- a~T, b = bl ~- b2T [10] 

and by subst i tut ing from Eq. [7] and [1O] into [4] 

-CPi ~ (T) = [a2 -}- b2Si ~ (25~ ]T - BiT [11] 

Equat ion [11] will be referred to as the l inear  ionic 
heat capacity approximat ion (LIHCA). This re la t ion-  
ship makes computer  or calculator programs based on 
Eq. [5] and [6] directly applicable to ionic species with 
Ai ~- Ci : 0, and ~i ~ can be calculated in one step for 
any temperature  in the range where the constant  pres-  
sure approximation is valid. Note that the choice of 

S~~176 or ~ ~  ~ in Eq. [5] does not affect the 
value of AG ~ obtained from [3] provided that the same 
choice is made for calculations of all ~i ~ Since absolute 
values must  be used in [11], there is less confusion if 
they are used throughout.  In either case, the choice of 
convention must  be clearly stated. 

The apparent  l inear i ty  of part ial  molar  ionic heat 
capacities with tempera ture  was noted first in studies 
of weak acids (16, 17), and the work of Criss and 
Cobble (1) seems to confirm its generality. Naumov 
et al. (18) also list part ial  molar  ionic heat capacities 
in this form. A reasonable estimate of h igh- tempera-  
ture  part ial  molar  ionic heat capacities can thus be 
obtained easily when the values at 25~ are available. 

Electrode Potentials at Elevated Temperatures 
The change in free energy for the generalized reduc- 

t ion in  an aqueous system 

aA -{- hH + -{- n o -  : bB -}- wH20 [12] 

is not exper imenta l ly  accessible, but  the tendency for 
a n y  such reduct ion to occur can be measured relat ive 
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to a s tandard reduction, usual ly  chosen to be the s tan-  
dard hydrogen electrode (SHE) reaction 

H + (all+ : i) q- e- : I/~ H2(aH2 : I) [13] 

in aqueous systems. Thus for constant n, the values 
of AGOA/B at any temperature for the complete reac- 
tions represented by 

a A +  ( h - - n ) H  + + y H 2 : b B + w H 2 0  [14] 

are one basis for comparing the relative tendencies of 
the reductions represented by [12] to occur at that  
temperature.  

Since 
AG : -- riFE [15] 

where E is a measurable cell potential  and F is the 
Faraday, it  is logical to define a "standard electrode 
potential"  for [12] 

E~ ---- --AG~ [16] 

The standard electrode potential for [12] at any tem- 
perature can therefore be obtained by determining 
AG~ through Eq. [I] and [5]. It follows as a natural 
consequence of [16] that 

E~ : O [ 1 7 ]  

at all  temperatures  since AG~ is identically zero 
when Eq. [12] represents the SHE reaction. 

The definition of the s tandard electrode potential  
can be generalized to include activities other than 
uni ty  for the reactants and products in [12] through 
Eq. [1] and [2]. Since the activities of He and H + 
contr ibuted from [13] are un i ty  by definition 

RT ln [ aBbaH2ow ] [18] 
EA/B : E~ - -  n F  aAaaH +h 

The electrode potential,  or "potential  vs. SHE at the 
same temperature"  provides a very  convenient  basis 
for comparison among all the reactions which are pos- 
sible in the system at a given temperature.  

The concept of the electrode potential  is by definition 
independent  of the convent ion which sets ~~ and 
~~ equal to 0 at 25~ and does not require, as sug- 
gested by Van Rysselberghe (19), that  

1/2~~ : # ~  [ 1 9 ]  

This relationship is t rue only at the tempera ture  for 
which ~~ and ~~ are defined to be zero. 

The var iat ion of EA/B ~vith temperature  defines the 
"isothermal" tempera ture  coefficient of the electrode 
potential  since EA/B is referred to the SHE at the same 
temperature.  Another  a l ternat ive  for describing the 
effect of tempera ture  on reaction [12] is to measure the 
tendency for this reaction to occur at tempera ture  T 
relative to the same reaction at a fixed reference tem- 
perature,  normal ly  25~ This is satisfying from an 
exper imental  point  of view since any two identical 

electrodes at different temperatures  in  the same cell 
will  develop a potential  difference which is independent  
of metallic thermocouple effects and the thermal  l iquid 
junct ion potential  (14). 

For two hydrogen electrodes, this thermal  cell r e a c -  
t i o n  is 

H + (T) -{- ~ H2(25~ : ~ H2(T) + H + (25~ [2:0'] 
and 

A G O * H + / H 2 ( T )  .-- 1~ #OH2(T ) -- /~~ (T) [21] 

where * denotes the 25~ "thermal"  convention. In  a 
manne r  analogous to that  used in defining E ~ a s tan-  
dard "thermal" electrode potential  can be defined for 
the SHE 

E~ : -- AG~ [22] 

It is impor tant  to note that absolute ionic entropies 
must  be used in Eq. [5] to obtain s tandard thermal  
electrode potentials. The use of absolute entropies for 
all calculations therefore seems advisable. 

Comparison of the Linear' Ionic Heat Capacity 
Approximation with Experimental Data 

Very accurate values for the ionic dissociation con- 
stant  of water, Kw (210), and the s tandard electrode 
potentials (vs. SHE at the same temperature)  of the 
s i lver /s i lver  halide electrodes (21-23) are available for 
comparison with predicted values over a wide tempera-  
ture  range. Both comparisons have been made previ-  
ously on a l imited or graphical basis using the mul t i -  
parameter  Criss-Cobble approximation (4, 6, 11). 
T.hese studies provide an excellent source of calculated 
data. In  addition, the measurements  of Fales and 
Mudge (24) are available for verifying predictions of 
thermal  hydrogen electrode potentials up to 60~ 

Table I contains the thermodynamic  data used in all 
the calculations of #i ~ values. The parameters  for water  
are not included since ~~ values were taken directly 
from the data of Helgeson and Ki rkham (25) and these 
are listed in Table II. /~~176 was calculated by 
[i] using the value of AG~176 determined by 
Sweeton, Mesmer, and Baes (20) 

H20 : H + + O H -  [23] 

hG~ : -- R T I n K w  : ~~ ~- /IoOH - - -  /~~ [24] 

Bi values (for CPi ~ w e r e  calculated from Eq. [4] 
for H + and Eq. [11] for the other ions. A l inear  fit of 
the Criss-Cobble ent ropy parameters  to 300~ ex- 
cluding the values at 60~ resulted in  the following 
values for H+, and simple anions 

(OS~ : 9.35 X 10 -3  cal mole -1 deg -2 
a2 : --1.77 X 10 -1 cal mole -1 deg -2 
b2 --- --1.12 • 10 -4 deg -1 

Table II summarizes the results from calculations of 
AG~ and pKw using the l inear  ionic heat capacity ap- 
proximat ion (LIHCA). The n u m b e r  of significant fig- 
ures is not war ran ted  by the accuracy of the original  

Table I. Thermodynamic data 

S ~ (25 ~ C) (26, 27) 
~~ (25~ (26, 27) (calories moie-I 
( ca lor ies  m o i e - D  d e g r e e  -1) A 

"CP~ = A + BT + CT --s (12, 13) 
(cal0ries mole-1 degree -~ ) 

C 

H+ 0 - 5.0 0 
OH- --37596 2.43* 0 
Cl- -- 31372 18.5 0 
Br-  -- 24850 24.7 0 
I -  -- 12330 31.6 0 
H2 0 31.208 6.52 
A g  0 10.17 5.09 
AgCI -- 26244 23.0 14.88 
AgBr  -- 23160 25.6 7.93 
A g l  -- 15820 2'1.6 5.82 

9.35 x 10-~t 
-1.77 x 10-~t 
-1.79 x 10-1t 
-1.80 x 10-1t --1.80 x 10-It 

0.78 x I0 -~ 
2.04 x 10 "~ 
1.00 x i0 -~ 

15.40 x i0 -~ 
24.10 x I0 "-s 

O 
0 
0 
0 
0 

0.12 x lO s 
0.36 x 105 

- 2 . 7 0  x 105 
0 
0 

t Calculated us ing  the  l inear  ionic  h e a t  capaci ty  approx imat ion  (LIHCA). 
* Cons is tent  w i t h  ~S~ (25~ andS~  (25~ f r o m  (20) and (25) .  



Vol. 125, No. 5 T H E R M O D Y N A M I C  P R O P E R T I E S  

Table II. Thermodynamic parameters for the ionic dissociation of water--comparison of 
experimental values with those calculated using the linear ionic heat capacity approximation (LIHCA) 
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Temp. /~~ (25) JLeH + (LIHCA) ~~ (LIHCA) AG*~ (LIHCA) AG*~ (20) 
(~ (ea l  mole-~) (cal  mo le  -~) (eal  mole-~) (calories) (calories) pKw (LIHCA) pKw (20) 

25 --56686 0 --37596 19090 19090• 13 .994  13.993• 
50 --57122 96 --37601 19617 19624+12 13.268 13.272-----0.006 
75 --57593 133 --37496 20230 20245•  12 12.700 12.709-4-0.006 

100 --58096 112 -37280 20928 20939-~---12 12.258 12.264---~-0.009 
125 --58630 32 -36953 21709 21704-----18 11.917 11~14~-0.009 
150 --59191 - 1 0 6  --36516 22569 22541•  11.657 11.642• 
175 --59779 -302  --35968 23509 23460-----24 11.465 11.441• 
200 --60392 --557 -35309 24526 24468----.24 11.329 11.302-----0.012 
225 --61029 --870 --34539 25620 25578_,+27 11.241 11.222-----0.012 
250 --61688 --1242 -33659 26787 26801•  11.191 11.196• 
275 --62369 -1672 --32668 28029 28151•  11.176 11.224-----0.027 
300 --63069 -2161 --31566 2 9 3 4 2  29638• 11 .189  11.301• 

data, but  al l  ~.i ~ and /~G ~ values  were  ca lcula ted  to the  
neares t  calor ie  for d i rec t  compar ison wi th  the  resul ts  
Publ ished b y  o ther  authors.  Six  of the ca lcula ted  pKw 
values  a re  wi th in  ___0.1% of the  expe r imen ta l  values,  
and al l  ten of the  values  up to 250~ devia te  less than  
___0.25%. The  devia t ion  at  275~ is --0.43%, and at  
30O ~ C, - -  1%. 

This sys temat ic  e r ror  escalat ion above  250~ p r o b -  
ab ly  resul ts  f rom contr ibut ions  to ~G ~ by  the r a p i d l y  
increas ing  vapor  pressure  of water .  Sweeton  e t  al. in-  
d ica ted  tha t  the  effects of dens i ty  changes on the p a r -  
t ia l  mo la r  volumes of  ions a re  not  wel l  unders tood in 
this t empe ra tu r e  region (20). Ex t rapo la t ion  of the  con- 
s tan t  p ressure  approx imat ion  to t empera tu re s  above 
3,0~~ is a ques t ionable  procedure ,  especia l ly  since no 
expe r imen t a l  da ta  a re  ava i lab le  for comparison.  

The accuracy  be low 300~ is quite remarkab le .  Mac- 
Donald  and But ler  (6, 9) assumed al l  discrepancies  in 
K~ were  the resul t  of inaccuracies  in ~~ and reca l -  
cu la ted  "corrected"  values  of this p a r a m e t e r  for ap -  
p l ica t ion  to o ther  systems.  However ,  since Criss and  

Cobble obta ined  S~ by  fit t ing al l  ava i lab le  ionic en-  
t ropy  da ta  (1), ~~ is p robab ly  more  accurate  than  
the  o ther  ca lcula ted  values,  and fu r the r  comparison 
wi th  expe r imen ta l  observat ions  seems to bea r  this  out. 

Table  I I I  l ists the resul ts  f rom calculat ions of ~i ~ for 
components  o~ the hydrogen  and s i lve r - s i lve r  ha l ide  

electrodes,  again  using the l i nea r  ionic hea t  capac i ty  
approximat ion .  

Corresponding s t andard  potent ia l s  (vs. SHE at  the  
same t empera tu re )  appea r  in Table  IV, a long wi th  va l -  
ues calcula ted f rom MacDonald  and But ler ' s  resul ts  
(6) and observed values  (21-23). Equat ion  [14] takes  
the  form 

AgX + 1/~ H2 : Ag + H + + X -  [25] 
and hence  

E~ : (/~OAg x _~ 1/~ #OH2 - -  /~~ - -  ~ ~  - -  ~ ~  
[26] 

A value  of 230.60.9 calories V -1 equiva len t  -1 was used 
for  F. 

Once again, the ca lcula ted  resul ts  a re  qui te  accurate.  
The agreement  for Ag/AgC1 is a lmost  perfect .  The  
ve ry  sys temat ic  e r ror  of - - + 4  mV for A g / A g B r  can be 
e l imina ted  by  a change of +90 cal in the ~~ (25~ 
value. The A g / A g I  resul ts  do not  agree  nea r ly  as well,  
and  no s imple  ad jus tmen t  of pa rame te r s  can br ing  
them more  closely into line. However ,  the  l inear  ionic 
hea t  capac i ty  approx imat ion  wi th  no special  ad jus t -  
ment  of pa rame te r s  dupl icates  the  MacDona ld -But le r  
resul ts  at  lower  tempera tures ,  and yields  consis tent ly  
be t t e r  resul ts  at h igher  t empera tures .  

The excel lent  ag reement  wi th  expe r imen ta l  resul ts  
obta ined for  Kw and the s i lve r - s i lve r  chlor ide  and 

Table III. Standard chemical potentials for components d the hydrogen and silver-silver halide 
electrodes calculated using the linear ionic heat capacity approximation (LIHCA) 

Temper- ( calories mole  4 )  
a t u r e  
( ~ C ) H + H~ A g  AgCI A g B r  A g l  CI- Br -  I-  

25 0 0 0 --26244 --23160 --15820 --31372 --24850 --12330 
60 118 --1106 --368 --27073 --24081 --16812 -31910 --25604 -13325 
90 127 --2074 --701 --27822 --24909 --17703 -32196 -26076 -14003 

lOO 112 --2401 - 8 1 6  --28079 --25193 --18009 --32256 -26197 -14193 
125 32 --3225 --1109 --28736 --25917 --18789 --32327 --26422 --14588 
150 --106 -4061 --1413 -29415 --26684 --19593 -32287 -26534 --14871 
175 --302 --4908 --1725 --30115 -27432 --20421 -32134 -26534 --15040 
200 --557 --5761 --2046 --30833 --28221 --21272 -31869 --26422 --15097 
225 --870 -6626 -2375  --31571 -29930 --22146 -31493 --26197 --15042 
250 --1242 --7499 --2711 --82326 --29858 --23042 --31005 -25360 --14873 
275 --1672 --8380 --3056 --33099 --30706 --23961 --30405 --25411 --14592 
300 -2161  -9270  --3407 -33888 -31572 -24901 -29693 -24850 -14198 

Table IV. Standard potentials far the silver-silver halide electrodes (mV) 

AgC1/Ag A g B r / A g  A g I / A g  
Temp. 

(~ LH-ICA (21) �9 (21) 3 (6) LIHCA (22) 1 (22) 3 (6) LIHCA (23) i (23) 2 (6) 

25 222 222 222 222 73 7 2 •  71 73 --151 --152 --152 --151 
69 197 197 197 196 53 50-+'1 50 53 --164 -- 166 -- 167 -- 165 
90 170 170 170 31 2 5 ~ 1  27 - 181 -- 185 

100 160 160 160 22 18 22 --187 -193-+-1 - 1 9 2  --187 
125 132 133 133 --1 --5-----1 - 5  - 2 0 5  - - 2 1 3 •  --213 
150 102 103 103 103 --29 -3 1 -4 -1  - 3 2  --27 --227 -238-----1 - 2 3 8  - 2 2 6  
175 69 71 71 --57 --61"+'1 - 6 2  - 2 5 2  - - 2 7 0 ~ 1  --271 
200 33 35 35 40 --90 --95-----1 --94 --84 --280 -309-----1 - 3 0 7  -273  
225 --6 --5 --4 --126 --130 --311 --346 
250 --48 - 5 4 •  - 4 5  - 3 4  - 1 6 5  - 1 6 9  - 1 5 0  - 3 4 5  - 3 9 0  -331  
275 --93 --90-----5 --90 --206 --210 -383  - 437 
300 --141 --138 - 124 -251  --255 --233 - 4 2 4  - 4 8 8  - 4 0 6  

Experimental.  
Smoothed/extrapolated. 
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bromide standard potentials undoubtedly reflects the 
fact that these or similar experimental results were 
used to determine values for the parameters of the 
correspondence principle in the first place. This in no 
way detracts from the demonstrated general internal 
consistency of the approach, but suggests that the 
silver-silver iodide results may be a better indication 
of the accuracy to be expected. It should also be noted, 
however, that silver iodide undergoes a phase transi- 
tion at 144.6~ (23), and it is possible that at least part 
of the discrepancy arises from the failure to account 
for this in the calculations. 

The value of a2 for simple anions used in these cal- 
culations was obtained from the parameters of the 
linear correspondence principle as they appeared in 
Criss and Cobble's original publication (1). The value 
of a2 calculated after correcting for an apparent typo- 
graphical error which was first noticed by Tremaine 
et at. (a for simple anions at 300~ should be --47.2 
instead of --49.2) (28) is --1.72 X 10 -1 calories mole -1 
degree -2. This "corrected" value actually causes a 
slight deterioration in the agreement between all cal- 
culated and observed values, with the original value 
fortuitously producing a fit which does not benefit sig- 
nificantly from optimization. 

Even at 60~ where the linear ionic heat capacity 
approximation should be least accurate, it compares 
well with experimental data from thermal electrode 
measurements. From [21] and [22], and the data in 
Table III, 

E~176 LIHCA) : 0.029V [27] 

From the data of Fales and Mudge (24), deBet.hune 
et al. calculated an expression for the thermal poten- 
tial of the hydrogen electrode (Pt/H2 (f = 1), 0.1M 
HCl/sat'd KCI) which gives E*H+(O.lm)/H~(60~ as 
0.022V (14). The standard thermal potential at 60~ 
can be calculated from [28], an equation obtained by 
generalizing Eq. [21] and [22] to include activities 
other than unity 

E~176 

[ : E*H+(0'lm)/H2(60~ "~- F - 

[ 
F 

In all+ 1,,25o C 
[281 

--.  ~ i n a H +  ]60oc 

where all+ = 0.1 ~/_+(HC1). The values obtained by 
Greeley et al. (29) for 7+_(HC1, 0.1m), 0.7972 at 25~ 
and 0.776 at 60~ yield 

E~176 OBS.) = 0.030V [29] 

It is interesting to note that [22] predicts that the 
temperature coefficient of the thermal SHE potential, 
OE~ decreases significantly as the tempera- 
ture increases, contrary to the behavior first assumed 
by MacDonald (9). Using the values in Tables I and III, 
the temperature coefficient is 0.893 mV deg- t  at 25~ 
passing through zero and changing sign at a tempera- 
ture of about 265~ This result differs slightly from 
MacDonald's later calculation (10) because of his "cor- 
rected" ~~ values. 

Conclusions 
1. The Criss-Cobble entropy correspondence princi- 

ple makes possible surprisingly accurate predictions of 
thermodynamic properties in aqueous systems at tern: 
peratures up to ca. 300~ 

2. The linear ionic heat capacity approximation 
(LIHCA) reduces the number of parameters required, 
simplifies the calculations, and makes possible a one- 
step computation while improving over-all accuracy. 

3. Extrapolation of the constant pressure approxima- 
tion to temperatures above 300~ may involve consid- 
erable error. 

4. It is important to state the #i~176 and 
Si ~ (25~ values used in calculations on any system. 
Separate #i ~ (T) values are the most useful parameters 
for subsequent applications of the data. 

Manuscript submitted Sept. 23, 1977; revised manu- 
script received Jan. 3, 1978. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1978 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submitted by Aug. 1, 1978. 

Publication costs o] this article were assisted by the 
General Electric Company. 
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Boron in Near-Intrinsic <100) and <111) Silicon 
under Inert and Oxidizing Ambients-- 

Diffusion and Segregation 
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ABSTRACT 

The diffusivi ty of boron in <100>  and <111>  sil icon is expe r imen ta l l y  
de te rmined  under  both iner t  and oxidizing (d ry  02) ambien t  condit ions in the 
range  of t empera tu res  850~176 The boron is imp lan ted  at  modera te  
dose (1.3 X 1014 cm -2) and energy  (70 keV) and subsequent ly  ac t iva ted  by  
a modera te  t empe ra tu r e  anneal.  The resul t ing profile ensures near - in t r ins ic  
sil icon at  the processing t empera tu re s  and serves as ini t ia l  condit ion for sub-  
sequent  processing. Diffusivities and segregat ion  coefficients a r e  calcula ted as 
fitt ing pa rame te r s  in numer ica l  solut ion of the  exper iments .  A sys temat ic  
fitt ing procedure  is used and the t a rge t  exper imen ta l  pa rame te r s  are  sheet  
resistances and junc t ion  depths.  Iner t  ambien t  diffusivit ies agree  wel l  wi th  
previous  measurements ,  thus demons t ra t ing  the  in tegr i ty  of newly  publ i shed  
mobi l i ty  da ta  used in the  simulat ions.  Diffusivit ies in  oxidizing ambien t  a re  
enhanced,  more  so in <100>  than  in  <111>  silicon. The enhancement  in -  
creases wi th  decreas ing tempera ture ,  being about  10 for <100>  at  850~ I t  is 
demons t ra ted  that  there  is good agreement  be tween  the observed diffusivi ty 
enhancement  and g rowth  of oxidat ion s tacking faul ts  if  an  in te rs t i t i a lcy  
mechanism is invoked  to expla in  both phenomena.  Observed segregat ion  
coefficients are  different  for the two silicon or ienta t ions  but  they  obey the  
same act ivat ion energy  over  the  t empe ra tu r e  range.  

Boron is the  dominan t  p - t y p e  dopant  for silicon 
technology. For  this  reason a g rea t  amount  of effort 
has been expended  dur ing  the last  two decades for the  
de te rmina t ion  of phys ica l  p roper t ies  of boron in silicon 
at  fabr ica t ion  conditions. Since the  device electr ical  
character is t ics  depend  s t rongly  on the final impur i t y  
dis tr ibut ions,  a de ta i led  unders tand ing  of boron im-  
pu r i ty  diffusivi ty in sil icon and its pa r t i t ion  (segrega-  
t ion) in the  si l icon-si l icon oxide interface  is essential .  

I t  is p resen t ly  es tabl ished tha t  boron diffuses at  
leas t  pa r t l y  by  means  of charged-defec t  in teract ions  
(1, 2). Fo r  this reason the diffusivi ty of boron is af-  
fected by  subs t i tu t ional  impur i t ies  in silicon presen t  
at  sufficient levels  to cause the  crys ta l  to become ex-  
tr insic at the  fabr ica t ion  tempera tures .  The te rms in-  
t r ins ic  and extr ins ic  in this pape r  re fer  to the  condi-  
t ion of the silicon at  the process t empera ture .  Boron 
diffusivi ty in absence of ox ida t ion  is uniform, i.e., in-  
dependent  of impur i t y  concentra t ion provided  this 
concentra t ion  is lower  than  tha t  of intr insic  car r ie rs  
at  the process t empera ture .  We refer  to this  as " in-  
t r insic  boron diffusivity." Boron diffusivi ty under  ex-  
tr insic condit ions becomes a funct ion of Fe rmi  level  
posit ion increas ing as the  Fe rmi  level  approaches  the 
valence band and decreasing as the Fe rmi  level  ap -  
proaches  the conduct ion band. The resul ts  of this ef-  
fect a re  to a la rge  degree  responsible  for the abun-  
dance of conflicting values  of boron diffusion coeffi- 
cients. Reviews on this ma t t e r  have been presented  by  
Kendal l  and DeVries  (4) and Fa i r  (5). 

I t  has also been es tabl ished tha t  the  diffusivi ty of 
boron in silicon is enhanced by  the growth  of silicon 
dioxide  at  the surface (6-9).  The degree  of enhance-  
ment  is g rea te r  in <100>  crys ta l  or ienta t ion  than  in 
<111>.  Again  a number  of most ly  conflicting diffusion 
coefficients have been repor ted  main ly  because of the 
coexistence, in most exper iments ,  of high concentra t ion 
effects, oxidat ion  effects, and red is t r ibu t ion  of boron 
at  the  moving si l icon-si l icon oxide bounda ry  (10). 

The red i s t r ibu t ion  of boron dur ing  oxidat ion  is, to 
a l a rge  degree,  control led  by  the segregat ion  (or pa r -  

* Electrochemical Society Active Member. 
Key words: boron, oxidation, diffusivity, enhancement, segrega- 

tion. 

t i t ion)  process at  the  moving s i l icon-oxide  in ter face  
(3). This phys ica l  process gives r ise to a nonuni ty  
segregat ion coefficient defined as m ---- Csi/Cox, where  
Csi and Cox are  the i m p u r i t y  concentrat ions at  the  two 
sides of the interface.  The only  direct  measurements  of 
the  ra t io  m for boron as a funct ion of t empe ra tu r e  
and crys ta l  or ienta t ion  have been presen ted  by  Colby 
and Katz  (11). Most of the other  va lues  appear ing  in 
the l i t e ra tu re  have been ind i rec t ly  calcula ted f rom 
red is t r ibu t ion  models  under  various degrees of ap-  
proximat ions  and thus do not present  a consistent  pic-  
ture  of the physical  process (10). 

In  the  present  paper  we repor t  the resul ts  of a s tudy  
of boron diffusivi ty in near  in t r ins ic  <100>  and <111> 
silicon under  iner t  (N2) and oxidizing (d ry  O~) ambi -  
ents at various tempera tures .  For  the  oxida t ion  cases 
we also calculate  the effective segregat ion  coefficients, 
which  we define as the  constant  ratios,  meff, that  best  
fit the expe r imen ta l  da ta  over  the ent i re  t ime of each 
exper iment .  

The ini t ia l  d is t r ibut ion  of boron for al l  exper iments  
was es tabl ished by  means of an ion- implan ta t ion  and 
anneal ing process that  insures  the  complete  boron 
electr ical  act ivat ion and the intr insic  sil icon requ i re -  
ments  at  the  t empera tu res  of the exper iments .  Diffu- 
sivities and segregat ion coefficients have  been calcu-  
la ted using a new IC process s imula to r  (12) toge ther  
wi th  an automat ic  opt imizer  p r o g r a m  tha t  seeks the  
best-fi t  pa ramete r s  compat ib le  wi th  the measured  data. 
For  the de te rmina t ion  of diffusivit ies in iner t  a tmo-  
sphere the  only  measured  da ta  were  the ini t ia l  and 
final sheet  resis tance for  each exper iment .  For  the 
s imultaneous de te rmina t ion  of diffusivi ty and segrega-  
t ion coefficients in the oxidat ion  exper iments ,  the add i -  
t ional  informat ion  of junct ion  depths  was used. Re-  
cent ly repor ted  hole mobil i t ies  were  used (13, 14) for  
t'he calculat ion of sheet  resis tances resul t ing  f rom the 
simulat ion.  The re l i ab i l i ty  of the technique and the 
in tegr i ty  of the mobi l i ty  da ta  is demons t ra ted  by  the 
excel lent  fit of the  diffusivi ty in iner t  ambien t  by  a 
single act ivat ion energy and the agreement  wi th  other  
re l iab le  da ta  (15). 

In d ry  02, diffusivi ty enhancement  has been ob-  
served, more  so in <100> than  in <111>.  This is in 
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qual i ta t ive  agreement  wi th  p rev ious ly  r epor ted  data  
(9, 11). For  both or ienta t ions  the  observed enhance-  
ment  increases as the  t empera tu re  is decreased and 
the resul ts  cannot  be charac ter ized  by  a single ac t iva-  
t ion energy. We demons t ra te  that  this behavior  is p re -  
dicted by  the se l f - in te rs t i t i a l  supersa tura t ion  model  
proposed by  Hu (16) to expla in  the g rowth  of s tacking 
faults  and the diffusivi ty enhancement  dur ing  silicon 
oxidation.  In this context  we show tha t  the  diffusivi ty 
da ta  obta ined  here  are  compat ib le  wi th  the  s tacking 
faul t  g rowth  da ta  obta ined  by  Hu (17, 18). 

The segregat ion  coefficients de t e rmined  here  are  
genera l ly  h igher  than  those measured  by  Colby and 
Katz. 1 Also in a l l  cases the  ca lcula ted  segregat ion co- 
efficient is h igher  in <100> than  in <111> silicon, bu t  
the i r  difference is not as l a rge  as tha t  r epor ted  by  the 
above workers .  

Experiment 
The subst ra te  mater ia l s  used were  low dislocat ion 

densi ty  (~--100/cm2), Czochra lsk i -grown,  phosphorus-  
doped, <111> and <100>  crys ta l  or ienta t ion  sil icon 
wafers,  wi th  an ini t ia l  res i s t iv i ty  of 5-10 l~-cm. Clean 
wafers  were  oxidized at  1000~ for 60 min in d ry  oxy-  
gen, growing about  510A of Si02 for <100>  ma te r i a l  
and about  615A of SiO2 for <111>  mater ia l .  Subse-  
quent ly  the wafers  were  implan ted  wi th  B 11+ at  a 
dose of 1.33 X 1014 a toms /cm 2, at  an energy  of 70 keV, 
and at  7 ~ misa l ignment  to minimize  channeling.  The 
oxide layer  was used to minimize  silicon damage at  
the  surface dur ing implan ta t ion  and to p reven t  evapo-  
ra t ion of impur i t i es  dur ing  subsequent  n i t rogen d r ive -  
ins. Such a stat ic oxide film does not affect the diffu- 
sion of boron (6). Al though  it is possible to have  oxy-  
gen knock-ons  into the  si l icon dur ing  implan ta t ion  
(19), i t  was assumed tha t  the  amount  of oxygen  pres -  

ent  in the  la t t ice  would  not  ser ious ly  affect the  diffu- 
sion of boron (less than  1012 a toms /cm 2 get  knocked on 
to a m a x i m u m  depth  of 1000A in the wors t  case).  Af te r  
implanta t ion,  the  wafers  were  annealed in an N2 a tmo-  
sphere at  900~ for 35 min. The implan ta t ion  and the 
anneal ing condit ions were  chosen in o rder  to give the 
ini t ia l  d is t r ibut ion  of subst i tu t ional  boron tha t  has 
been expe r imen ta l ly  de te rmined  by  Hofker  et al. (20), 
using secondary  ion mass spectroscopy (SIMS) and 
electr ical  profil ing techniques.  This d i s t r ibu t ion  is 
shown in Fig. 1. The only difference be tween  the pres -  
ent  process and that  of Hofker  et al. was the presence 
of the th in  capping oxide, in which a m a x i m u m  of 6% 
of the implan ted  dose is re ta ined.  The impor tance  of 
excluding the implan t  anneal ing  phase f rom the di f -  
fusion exper imen t s  cannot be overemphasized.  Trans i -  
ent  diffusion phenomena  (20, 21) occurr ing dur ing  the 
electr ical  ac t ivat ion of the  implan t  can easi ly  lead  to 
overes t imat ion  of the normal  ( thermal )  diffusivity, 
pa r t i cu la r ly  at  the lower  t empera tu res  (20). Also, 
since ini t ia l  sheet  resistances are  needed wi th  our  
method,  the implan t  had to be ful ly  e lec t r ica l ly  act i -  
va ted  pr ior  to subsequent  processing. Each as -annea led  
wafer  was cut into quar te r s  and one quar te r  was r e -  
ta ined as a reference,  whi le  the other  three  were  used 
for exper iments  at  the  same t empera tu re  and ambient .  
Since the peak concentra t ion of the a s -annea led  boron 
profile was below 4 X 10 TM a toms/cm 3 and the intr insic  
car r ie r  concentrat ion even at  the  lowest  t empe ra tu r e  
considered here  (850~ is about  5 X 10 TM ca r r i e r s / cm 3 
(22), the silicon subs t ra te  was near  in t r ins ic  under  
all  condit ions of our  exper iments  and thus extr ins ic  
diffusivi ty effects have been avoided.  

For  iner t  ambien t  exper iments ,  <100> and <111> 
quar t e r  wafers  were  subjected to n i t rogen a tmosphere  
dr ive- ins  for different  t imes and temperatures .  For  
oxidizing ambien t  exper iments ,  the  quar te r  wafers  

1 T h e  def in i t ion  of  the  s e g r e g a t i o n  coeff icient  h e r e  fo l lows t h a t  
of Grove  et at. (19),  and  is t he  i n v e r s e  of t he  one u s e d  by Colby 
and  Katz. Since boron  g e n e r a l l y  p r e f e r s  the  oxide,  " h i g h e r "  seg- 
r e g a t i o n  coefficient ,  in  th i s  pape r ,  m e a n s  a sma l l e r  bo ron  c o n c e n -  
t r a t i o n  in t he  oxide  s ide  of t he  i n t e r f a c e  fo r  a g i v e n  concen t ra -  
t ion  in silicon. 
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Fig. 1. Boron implant, 1.33 X 1014 ions/cm 2 dose, 70 keV, an- 
nealed at 900~ for 35 rain. 

were  prev ious ly  s t r ipped  of capping dioxide  in 5:1 
H 2 0 / H F  solut ion unt i l  hydrophobic ,  and then sub-  
jected to 100% d ry  02 a tmosphere  d r ive - ins  for di f -  
ferent  t imes and tempera tures .  In  most  cases diffusion 
of <100>  and <111> wafers  was pe r fo rmed  s imul -  
taneously  in the same furnace  to guarantee  the  same 
processing conditions. 

Af te r  processing, junct ion  depths  were  measured  
using angle lapping  and electr ical  probing  wi th  a high 
precision spreading  resistance two-po in t  probe (23). 
The mechanical  r e l i ab i l i ty  of the probe  yields  junct ion 
depths  wi th  a resolut ion of • 500A for deep junct ions  
(2-5 #m),  and _ 250A for shal low ones (0.5-2 #m).  
Some of the deeper  junct ion  depths  were  verified using 
groove and stain techniques and a sodium l ight  dua l -  
beam in ter ferometer .  Sheet  resis tances were  measured  
using a l ight  (45g) and a heavy  pressure  (180g) l inea r  
four -po in t  probe  array.  Agreemen t  be tween  the mea -  
sured values had a re la t ive  devia t ion  no grea te r  than  
3%. Oxide thicknesses were  measured  wi th  an e l -  
l ipsometer  at var ious  points on the wafer ,  observing a 
f luctuation no grea te r  ~han 2%. Good ag reemen t  was 
observed be tween  the exper imen ta l  thicknesses and 
those repor ted  recen t ly  (24), except  for the  exper i -  
ments  at  900~ where  thicknesses were  consis tent ly  
lower.  

Analysis 
The process s imula tor  SUPREM (12) was used to 

model  the impur i t y  d is t r ibut ion  of boron, on a com- 
puter,  for eve ry  one of the  different  expe r imen ta l  p roc-  
essing schedules. In each case, the s imula ted  profile 
character is t ics  were  matched  to the  corresponding 
measured  values. The diffusion and segregat ion co- 
efficients were  thus obtained as a resul t  of the  fi t t ing 
process. In  the  s imulat ion of oxidat ion,  minor  ad jus t -  
ments  were  made to the l inear  and parabol ic  oxide 
growth  rates  (25) in o rder  to s imula te  the p rope r  ex-  
pe r imen ta l  oxide thicknesses.  

The s imula ted  junct ion  depths and sheet  resis tances 
were  compared  wi th  the corresponding measurements  
of these quanti t ies .  In  each case, the  in i t ia l  es t imates  
of diffusion and segregat ion coefficients were  i t e r a -  
t ive ly  ad jus ted  unt i l  agreement  (wi th in  less than  1%) 
be tween  measured  and s imula ted  values  was es tab-  
lished. The i t e ra t ive  ad jus tmen t  was carr ied  out by  
the  bu i l t - i n  SUPREM opt imizer  (26). The opt imizer  
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is opera ted  as a non l inear  equat ion solver  in which  
the unknown  diffusion coefficient in the case of iner t  
ambien t  d r ive- ins  is found by  fit t ing the  measured  
sheet  resistance.  In  the  case of oxidizing ambien t  
d r ive- ins  the  diffusion and segregat ion  coefficients a re  
found by  fit t ing both  the  measured  sheet  resis tances 
and junct ion  depths.  

Optimized p a r a m e t e r  ex t rac t ion  is a sys temat ic  way  
of obta in ing mode l -dependen t  pa rame te r s  f rom mea -  
sured data,  even under  condit ions where  pa rame te r s  
in terac t  s t rongly.  This method proves most  useful  when  
two or  more  pa rame te r s  are  to be fitted s imul taneous ly  
as in the  case of oxidizing ambien t  diffusion, where  the  
boron diffusivi ty  tends to increase  the junc t ion  dep th  
and lower  shee t  resistance,  whereas  segregat ion  and 
the moving bounda ry  tend  to raise  sheet  resis tance and 
decrease  junct ion depth.  I t  is impor t an t  to note that  
in this work  both diffusion and segregat ion  coefficients 
were  ex t rac ted  s imul taneously .  

The s imula ted  sheet  res is tance computed  by  
SUPREM is a s t rong funct ion of the hole mobil i ty .  Re-  
cent ly  ava i lab le  in format ion  (13, 14) has been used 
to achieve subs tan t ia l ly  be t te r  ag reemen t  wi th  ac tual  
measured  values  than  was possible using older  r e fe r -  
ences (27, 28). The new mobi l i ty  da ta  as wel l  as a 
smooth funct ion fitted to them are  shown in Fig. 2. De-  
tails  on the  fi t t ing funct ion are  given in the  Appendix .  
In  o rder  to minimize  the  effect of small  process va r i a -  
t ions and measur ing  equipment  condi t ion in the  ob-  
served values  of sheet  resistance,  a constant  ratio" tech-  
nique was employed.  Each t ime sheet  resis tance was 
measured  on a processed wafer ,  the corresponding con- 
t rol  wafe r  was also moni tored.  Thus the goal of the 
fi t t ing process was to ma tch  the observed  and s imu-  
la ted rat ios  of p rocessed- to -unprocessed  sheet  res i s t -  
ances r a the r  than  exact  absolute  values.  Since the  con- 
t rol  wafers  reflect the  state of the  common in i t ia l  im-  
pu r i ty  dis t r ibut ions,  smal l  var ia t ions  in  the process up 
to this  step tend to cancel  out. Also, by  measur ing  proc-  
ess and control  wafers  at  the same time, probe  condi-  
t ioning var ia t ions  tend to cancel  out. 

Results and Discussion 
Dil~usion.--Figure 3 is an Ar rhen ius  plot  of boron 

diffusivi ty obta ined in iner t  ambients .  An  act ivat ion 
energy  of 3.42 eV wi th  an in tercept  factor  of 0.55 cm2/ 
sec (often cal led p reexponen t i a l  fac tor) ,  is found to 
descr ibe  boron diffusivi ty in <111>  and <100>  crys-  
tal  or ienta t ion silicon, in the range  of 900~176 For  
comparison,  the  diffusivi ty  obta ined by  Kur tz  and Yee 
under  near  in t r ins ic  condit ions (15) is also plotted.  
The agreement  of our  resul ts  wi th  those genera l ly  ac-  
cepted da ta  suppor ts  the r e l i ab i l i ty  of our  fitt ing ap-  
proach,  namely,  using only  sheet  resis tance data.  As a 
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fu r the r  confirmation we also pe r fo rmed  junct ion  dep th  
measurements  in se lected nonoxidized samples,  and the 
agreement  wi th  s imula t ion  was found to be sat isfac-  
tory.  

Having es tabl ished the in tegr i ty  of the  sheet  r e -  
sistance approach we have  been able  to confidently use 
the  addi t ional  in format ion  of junc t ion  dep th  for  the 
s imul taneous  de te rmina t ion  of diffusivi ty and effective 
segregat ion coefficient in the  oxida t ion  exper iments .  
The resul ts  a re  shown in Fig. 4. As a reference,  the  iner t  
ambien t  diffusivi ty is also plot ted.  Diffusivi ty enhance-  
ment  has been obta ined for the  <100> or ientat ions  in 
prac t ica l ly  all  t empera tu re s  invest igated.  However ,  for 
the <111> or ientat ion,  enhancement  was observed  
only  at  900 ~ and 850~ Al though  o ther  inves t igators  
have also repor ted  absence of enhancement  (6, 7) or 
reduced <111>  enhancement  (9) at  the  h igher  t em-  
peratures ,  we do recognize the fact tha t  our da ta  may  
be s l ight ly  underes t imat ing  the diffusivi ty because the 
spreading resis tance method  often tends to underes t i -  
mate  junct ion depth.  

A r e m a r k a b l e  fea ture  of the  da ta  presented  here  is 
the  mul t i fo ld  increase  of boron diffusivi ty at  the  lower  
tempera tures .  For  <100> sil icon there  exist  enhance-  
ments  of order  2, 5, and 10 at  1000 ~ 900 ~ and 850~ 
respect ively.  For  <111> sil icon the enhancement  o rde r  
is 2 at 900~ and 5 at  850~ It  is c lear  tha t  for both  
or ientat ions  the  enhancement  increases wi th  decreas -  
ing tempera ture .  A n  a t t empt  to fit the  da ta  by  a single 
act ivat ion energy  over  the  ent i re  range  of the  present  
exper iments  would  be misleading.  

An  extens ive  set of boron diffusivit ies in <100>,  
<110>,  and <111> sil icon has recen t ly  been pub -  
l ished by  Maset t i  et al. (9). However ,  since they  have 
used chemical  predepos i t ion  the  sil icon was not  in-  
t r insic  at least  for  pa r t  of the  process durat ion.  F u r -  
thermore ,  the i r  numer ica l  scheme cannot  t ake  con- 
cen t ra t ion  dependence  into account. Fo r  d ry  O2 in the 
range  f rom 950 ~ to 12OO~ they  have repor ted  da ta  
fitted by  single act ivat ion energies.  Enhancement  for 
<111> is smal l  (about  1.2 over  the  whole  r ange) ,  but  
l a rger  for <100>,  increas ing wi th  decreas ing t empera -  
ture. Qual i ta t ive ly  these da ta  a re  s imi lar  to ours but  
there  is significant quant i t a t ive  d isagreement  in the  
<100> case, pa r t i c u l a r l y  at 1000-1100~ In  genera l  i t  
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Fig. 4. Boron di f fusivi ty  in sil icon in an oxidiz ing ambien t  

is difficult to compare  our oxidat ion resul ts  to p r e -  
viously publ ished da ta  main ly  because of differences 
in exper imenta l  condit ions and in some instances, 
methods  of da ta  analysis.  Fo r  this  reason we wilI  not  
pursue  a compara t ive  survey  of the l i t e ra tu re  at  this  
point. 

Concentra t ing on the da ta  presented  in this paper ,  
an explana t ion  of the t e m p e r a t u r e - d e p e n d e n t  behavior  
of the diffusivi ty enhancement  wi l l  now be presented  
based on the model  proposed by  Hu (16) to expla in  
the format ion  of s tacking faul ts  and enhanced diffusion 
dur ing oxidat ion  of silicon. Briefly, this m o d e l  en-  
visages a supersa tura t ion  of the sil icon lat t ice by  excess 
se l f - in ters t i t ia l s  at  concentrat ions  dependent  on the 
oxide growth  ra te  and sil icon orientat ion.  These in-  
te rs t i t ia ls  a re  thus responsible  for the  g rowth  of s tack-  
ing faul ts  and, by  invoking a dominant  in te rs t i t i a lcy  
diffusion mechanism for boron, also responsible  for 
diffusion enhancement .  Assuming a f rac t ional  in te r -  
s t i t ia lcy mechanism, fA, i t  is s t r a igh t fo rward  to show 
that  the effective diffusivi ty < D >  of boron in an oxi -  
dat ion process of dura t ion  t, is given by  

<D> -- Ddt 

= D* + t--~i, IA (Ci - Ci*)dt [11 

where  D* is the intr insic  diffusivi ty of boron and Ci* 
and Ci the  intr insic  and the extr insic  concentrat ions 
of silicon self - inters t i t ia ls ,  respect ively.  Using Hu's 
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theory  (16), the  above equat ion al lows one to re la te  
the effective diffusivi ty to the size of oxidat ion s tack-  
ing faults.  Indeed,  f rom Eq. [13] of Ref. (16) the 
length, r, of s tacking faul ts  as a funct ion of the process 
durat ion,  t, can be expressed  as 

f ~" = ;a~o2Di (Cl - -  Cl* ) dt  C9.] 

where  ao is the  capture  distance of in ters t i t ia ls  by  the  
faul ts  and Di the silicon in te rs t i t i a l  diffusivity.  Thus 
the rat io  < D > / D *  can be expressed  by  

<D> r 
- -  = I + IA [3] 

D* =~o2DiCi*t 

Assuming  fu r the r  tha t  the  diffusivi ty of sil icon is 
pa r t ly  due to an in te rs t i t i a lcy  mechanism (29, 30), we 
m a y  wr i te  

DiCl* --  s [4] 

where  fs is the f rac t ional  in te rs t i t i a lcy  mechanism,  and 
Ds and Cs the  intr insic  diffusivi ty and la t t ice  concen- 
t ra t ion  of silicon. Thus Eq. [3] becomes 

<D> fA r 
1 = [5] 

D* fs ~o2DsCst 

Recent ly  Hu (17,18), publ ished an empir ica l  r e l a -  
t ionship for r based on his exper imen t s  

r : (Ae-Ot/kT)tO.8 [6] 

where  T is the absolute  tempera ture ,  k is Bol tzmann 's  
constant, and for both  wet  and d ry  oxygen  Qf = 2.3 eV 
while the values  of A for d ry  oxygen  are  A = 326 cm 
sec -0.s for <100>,  and A = 156 sec -0.s for <111>  
silicon. Final ly ,  it  is wel l  known tha t  at  least  wi th in  
l imi ted  t e m p e r a t u r e  ranges  the  se l f -d i f fus ivi ty  of 
silicon can be expressed in  te rms of a single ac t iva t ion  
energy,  Q8 (4, 5, 31) 

Ds = Dos exp ( -- [7J 
Q, 

Hence using Eq. [6] and [7] in  Eq. [5] we have  

( ) < D >  1 t0.2 = fA A exp 
D* f~ ~,~JDo~Cs ir 

[8] 

In  the  above expression al l  factors a re  expe r imen ta l l y  
de te rminab le  wi th  the except ion of the  rat io  fA/]s. 

Figure  5 is a plot  of the quan t i ty  (<D>/D*  -- 1)t  0.a 
obta ined f rom our  <100> exper iments .  I t  can be seen 
that  this quant i ty  exhibi ts  a negat ive  act ivat ion en-  
e rgy  of --1.8 eV at the t empera tu re s  be low 10O0~ 
while  over -a l l  an act ivat ion energy  of about  --2 eV 
may  be fitted. Assuming the expe r imen ta l ly  de te r -  
mined values Qf = 2.3 eV (17, 18) and Qs = 4.4 eV (an 
average of values  in l i t e r a tu re  for the  low t empera -  
ture  end) ,  the act ivat ion energy expected from Eq. [8] 
is --2.1 eV. Thus, there  is a t  least  good qual i ta t ive  
agreement  be tween  theory  and exper iments .  This 
agreement  is even be t te r  if the  va lue  Qs = 4.1 eV re -  
cent ly  obtained by  Sanders  and Dobson (31), near  the  
lower  t empera tu res  of our  exper iments  is used. 

A quant i ta t ive  comparison be tween  theory  and ex-  
per iments  is not d i rec t ly  feasible.  The reason is ma in ly  
the  presence of the t e rm fA/fs. Accept ing the Sanders  
and Dobson da ta  (31), as represen ta t ive  of lower  
t empera tu res  (5), and =o = 3.85 X 10 - s  cm, we ob-  
tain the  fol lowing re la t ionship  f rom Eq. [8] 

S~ 
( < D >  1 / t  ~ = B exp (1.8/kT) [9] 

fA \ D* / 

where B = 2.4 X 10 -7 for boron in <i00> silicon 
and B = i.I X i0 -7 for boron in <III> silicon. Table 
I summarizes the observed (<D>/D* -- l)t 0.2 results 
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Fig. 5. The boron diffusivity enhancement factor in < 1 0 0 >  
silicon as a function of temperature. 

and the calculated values of YA/}'s from Eq. [9]. I t  is 
clear that a value of about 3 would be expected from 
the presented theory. The meaning of this is that the 
fractional intersti t ialcy mechanism for boron diffusion 
in silicon is about three times larger  than that  for 
silicon self-diffusion. Although this conclusion cannot 
be supported from independent data we do feel that  
it is quite plausible. 

(which increases strain sites) may have affected the 
diffusion enhancement mechanism. In addition, t ran-  
sient phenomena such as excess point defect concen- 
tration due to the ion implantation do not affect our 
results because, as already mentioned, all samples 
received annealing prior to the diffusion experiments. 

Segregation.--Under conditions of thermal equilib- 
rium the chemical potential as seen by an impuri ty  
species such as B, As, or P must be continuous across 
the Si/SiOs boundary. Thus, generally the concentra- 
tion of impurities across the boundary are not equal, 
giving rise to a nonunity equilibrium segregation co- 
efficient, meq. Theoretical calculations only bracket  the 
value of meq within several orders of magnitude. It 
is not clear whether during thermal oxidation of silicon 
the segregation process is actually in equilibrium. It 
thus follows that the actual impuri ty  ratio may not be 
either equal to meq or even constant throughout an oxi- 
dation process step. In the present work we have as- 
sumed that at a given temperature, the segregation 
process can be characterized by a constant (effective) 
segregation coefficient. The segregation coefficients thus 
obtained are plotted as a function of temperature and 
silicon orientation in Fig. 6. For comparison, the data 
presented by Colby and Katz (11), Prince and Schwett-  
mann (33), and Murarka (34) a re  also shown. As can 
be seen, our data can be fitted by a single activation en- 
ergy over the entire range of temperature of the ex- 
periments. However, there is a disagreement with the 
other three sets of data. Although no explanation can 
be given at present, the difference in experimental 
methods between the various works needs to be out- 
lined. (i) Colby and Katz have obtained their  data 
by direct measurement of boron concentrations across 
the interface using SIMS. As in the present work they 
have used dry O2 oxidation. However, unlike our case 
the silicon crystal was not intrinsic, but rather  it  was 
uniformly doped at relat ively high concentration 
(2 >< 1019 cm-3).  (if) Prince and Schwettmann have 
obtained their data by a fitting technique similar to 
ours. However, their oxidation process was performed 
in steam ambient. (iii) Finally, Murarka (34) has also 
used a fitting technique similar to ours and in addition 

It is clear from Eq. [8] that the presented theory 
together with the experimental ly determined growth 
of stacking faults predict a slight inverse time depen- 
dence ( ~ t  -~ of the diffusivity enhancement. Due to 
the magnitude of experimental  errors we have not 
attempted to accurately establish this t ime dependence. 
However, we have indeed observed a consistent time 
dependence suggesting at  t - a  relation and although 
the exact value of "a" is not clear, there is conclusive 
evidence that it  is smaller than 0.5. 

In conclusion it should be mentioned that an in- 
herent assumption in the present theory is that the 
concentration of excess silicon interstitials is not af- 
fected by the density of stacking faults. This assump- 
tion is quite valid since only a small fraction of the 
excess interstitials is expected to participate in the 
fault growth. Thus, although the density of oxidation 
stacking faults may vary significantly in accordance 
to the density of available nucleation sites that, in 
turn, depends on sample preparation, the length of the 
faults is only dependent on oxidation conditions and 
surface orientation (16, 7, 32). Thus, we do not expect 
that the introduction of boron by ion implantation 

Table I. fA/fs from data and theory 

F r o m  experiments 
( < D > / D *  - 1) t ~ 

(sec.o.~) IA/~, 

T ('C) <i00> <iii> <I00> <111> 

850 104 42 3.6 3.2 
900 38 14 2.9 2.3 
950 21 - -  3.3 

I000  i 0  - -  3.1 

his experiments were at low dose and in dry O2 am- 
bient. Thus, the experimental and fitting procedures 
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are  s imi lar  wi th  only two bu t  poss ibly  impor t an t  d i f -  
ferences.  Fi rs t ,  Mura rka ' s  samples  were  not  annea led  
pr ior  to the  oxidat ion  exper iments ,  and second the 
mobi l i ty  da ta  he used was af ter  Caughey and Thomas 
(27). If  a f as t - t r ans ien t  diffusivi ty exists  at  the be-  
ginning of the oxidat ion,  the effect would  be to p re -  
serve  more boron in the  silicon, thus appear ing  as a 
lower  effective segregat ion coefficient. This effect 
would be more  pronounced  at  lower  t empera tu re s  
(20), wi th  a resul t ing  decrease in  the  act ivat ion energy  
of the segregat ion coefficient. 

Conclusions 
The diffusivi ty of i on - implan ted  boron in <10O> and 

<111> near - in t r ins ic  si l icon has been s tudied exper i -  
men ta l ly  under  iner t  (N2) and oxidizing ambients  
(dry  O2). The method has consisted of fi t t ing com- 

pu te r - s imu la t ed  process resul ts  to observat ions  by  
means of an automat ic  zero- in  algori thm. As -annea l ed  
ra ther  than  a s - imp lan ted  ini t ia l  profiles were  used to 
avoid the regime of  t rans ient  diffusion dur ing  in i t ia l  
anneal ing and to ensure ful l  implan t  activation.  The 
ini t ia l  profile was assumed s imi lar  to tha t  exper i -  
men ta l ly  de te rmined  (by  SIMS) in another  w o r k  (20) 
under  a lmost  ident ica l  conditions.  Fo r  iner t  ambien t  
exper iments  the  only measured  da ta  were  the  ini t ia l  
and final sheet  resistance.  The de te rmined  int r ins ic  
diffusivi ty agrees  wel l  wi th  p rev ious ly  r epor ted  da ta  
(15) and thus i t  may  be concluded that  the recent  
mobi l i ty  da ta  used in the presen t  s imula t ion  are  qui te  
realist ic.  Prev ious ly  accepted mobi l i ty  da ta  (27, 28) 
would  give different  results.  

In  the  oxida t ion  exper iments  both sheet res is tance 
and junct ion dep th  were  measured.  The fitting process 
has thus y ie lded  the effective segregat ion and diffusion 
coefficients. Diffusivity enhancement  has been observed 
in both  orientat ions.  In  qual i ta t ive  agreement  wi th  
previous  works  more  enhancement  was observed in 
<100> than  in <111>.  Also this enhancement  was 
found to increase  wi th  decreas ing tempera ture .  Quan-  
t i ta t ive  differences do exist  be tween  this and the only 
comparable  publ i shed  work  (9), which, however ,  was 
carr ied  out using chemical  deposition. 

The de te rmined  effective segregat ion coefficients are  
in the genera l  range  of p rev ious ly  repor ted  ones and 
obey a s ingle act ivat ion energy.  There  is, however,  a 
small  difference be tween  <100> and <111>  or ien ta -  
tions. Such an effect has been prev ious ly  observed (11). 

We have demons t ra ted  tha t  there  is reasonable  
agreement  be tween  expe r imen ta l ly  de t e rmined  ox ida -  
t ion enhanced diffusion and growth  of s tacking faults,  
if one accepts the  in te rs t i t i a lcy  oversa tura t ion  model  
proposed by  Hu (16). Within  the  context  of this model  
it  is necessary to assume at  least  a f rac t ional  in te r -  
s t i t ia lcy diffusion mechanism for boron. Also, in order  
to br ing the two sets of da ta  to quant i ta t ive  agreement ,  
a f ract ional  in te rs t i t i a l  self-diffusion mechanism 
must  be assumed for silicon, app rox ima te ly  th ree  t imes 
smal le r  than  for boron. The model  read i ly  predic ts  the  
observed increase of enhancement  wi th  decreasing t em-  
pera ture .  I t  also predic ts  a s l ight  t ime dependence of 
the diffusivi ty enhancement .  At  presen t  the  exper i -  
menta l  er rors  of our method  have not a l lowed verifi-  
cation of this dependence.  
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APPENDIX 
From the work of Caughey and Thomas (27), mo- 

bility can be expressed in the following functional form 

~(C) = #mm + [ A - I ]  
1 + (C/Cref) ~ 

where  #min and #max a re  the  min imum and m a x i m u m  
mobi l i ty  values  expected,  Cref a reference  concentra-  
t ion value,  and fl an exponent ia l  f a c t o r  tha t  controls 
the  slope a round  C = Cref. F r o m  Ref. (13) and (14), 
the fol lowing values  were  obta ined  for  this  work  

p - t y p e  ~mIn ~max Cref 

Ref. (26) 47.7 495 6.3 El6  0.76 
Ref. (27) 47.7 495 1.9 El7 0.76 
This work  49.705 467.729 1.606 El7 0.700 

n - t y p e  Pmin ]~max Cref 

Ref. (26) 65 1330 8.5 El6  0.72 
This work  55.24 1388.157 1.072 El7 0.738 

The use of these new mobi l i ty  funct ion values  re- 
sulted in excel lent  fit be tween  measured  and s imula ted  
sheet  res is tance values.  
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Preparation and Some Properties 
of Chemically Vapor-Deposited 

Si-Rich SiO  and SigN, Films 
D. Dong,* E. A. Irene,* and D. R. Young 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

Fi lms of SiO2 and Si3N4 containing excess Si were  p repa red  b y  c h e m i c a l  
vapor  deposi t ion at  700~ by  the reac t ion  of gaseous Sil l4 and N20 for the  
S i - r i ch  SiO2 and NH3 for the  S i - r i eh  Si3N4. By ad jus t ing  the  gas -phase  ra t io  
of the  reac tan ts  i t  was possible  to v a r y  the  amount  of Si in the films. Trans -  
mission e lec t ron microscopy studies revea led  tha t  the  films contain  two a m o r -  
phous  phases.  One phase is amorphous  Si whi le  the other  is SiO~ or Si3N4. The 
Si content  of the  films was measured  by  e lec t ron microprobe  analysis.  E l l ip -  
somet ry  measurement s  on the  films were  made  at  severa l  angles of incidence 
in o rde r  to measure  the film absorpt ion  coefficients which were  found to in-  
crease wi th  increas ing Si content.  The d -c  conduct ion character is t ic  for the  
S i - r i ch  films was found to be nonohmie. The res is t iv i ty  at  any  given field 
was found to decrease  wi th  an increase  of the  Si  content.  

F i lms  of s i l icon d ioxide  (SiOe) and sil icon n i t r ide  
(Si3ND prepa red  by  chemical  vapor  deposi t ion (CVD) 
have rece ived  considerable  study. These films a re  used 
as gate  die lectr ics  and for a va r i e ty  of masking  p ro -  
cedures  wi th in  the  MOS technology. Typical ly ,  the  
films are  p r epa red  in an open - tube  CVD reac tor  at  
t empera tu re s  g rea te r  than  5O0~ by  the react ion of 
a vo la t i l e  si l icon compound such as Sill4 wi th  a gaseous 
ox idant  such as O2, COs, H~O, NeO, etc. for SiO~ films 
and Sill4 wi th  NH3 for SisN4 films. The films are  usu-  
a l ly  amorphous  and if the  Sill4 is ma in ta ined  at  about  
10% or  less of the  reac t ive  gas mixture ,  the  film com- 
posit ions are  s toichiometr ic  SiO2 or  SisN4. I t  has been 
r epor t ed  (1-4) tha t  the  Si content  of SisN4 films can 
be  increased for  CVD films. In  these previous  studies, 
the  Si content  of the  films was in fe r red  f rom ref rac t ive  
index  changes, e tch r a t e  measurements ,  and e lec t r ica l  
behavior .  Fo r  S i - r i ch  SiO2 films, severa l  ar t ic les  (5-8) 
demons t ra te  the  p repa ra t ion  of these films by  spu t t e r -  
ing, g low discharge,  and evapora t ion  techniques except  
for  a recent  pape r  (9),  in which  S i - r i ch  SiO2 was p r e -  
pared  by  CVD using a SiH4-N20-N~ mixture .  The Si-  
r ich films exh ib i ted  h igher  conduct iv i ty  (3, 4, 9) than  
the s toichiometr ic  analogs, and the  conduct iv i ty  in-  
creased wi th  Si content.  Use was made  of this  va r iab le  
conduct iv i ty  p r o p e r t y  to con t ro l lab ly  l imi t  r everse  
cur ren t  for  a pn - junc t ion  diode (9). 

The  goals of the  presen t  s tudy  were  to de te rmine  
the  CVD pa rame te r s  which  y ie ld  S i - r i ch  SiO2 and 
SisN4 wi th  a des i red  amount  of Si; to iden t i fy  the  r e l a -  
t ionships be tween  gas phase mixtures ,  solid phase  com- 
position, resis t ivi ty,  and re f rac t ive  index;  and to de te r -  
mine  whe the r  the  films are  homogeneous  or  phase  sep-  
arated.  Present ly ,  there  exists cont roversy  (5, 7) 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  . . 
K e y  w o r d s :  d i e l e c t r i c  f i lms ,  v a r i a b l e  c o n d u c h v i t y ,  e x c e s s  Si. 

whe the r  S i - r i ch  SiO2 is composed of a m ix tu r e  of Si-  
Si4 and Si-SiO4 t e t r ahed ra  or s imply  separa te  Si and 
SiO2 phases. Therefore,  t ransmiss ion e lec t ron micros-  
copy (TEM) was pe r fo rmed  on the films p repa red  in 
this  s tudy  to e lucidate  the  morphology.  

Experimental Procedures 
CVD. - - T h e  CVD appara tus  was the  same res is tance-  

hea ted  sys tem prev ious ly  descr ibed (19). The  S i - r ich  
films were  deposi ted on c leaned <100>  oriented,  chem-  
mechanica l ly  polished, 2 ~ - c m  p - t y p e  Si wafers  (3.2 cm 
d iam) .  T h e  cleaning procedure  for  the  Si subs t ra tes  
was also p rev ious ly  repor ted  (11). A t e m p e r a t u r e  of 
700~ was used for a l l  depositions.  This t empe ra tu r e  
was chosen to be low enough to prec lude  extens ive  de-  
composit ion of the  Sill4 p r io r  to in ject ion into the  r e -  
act ion zone of the  furnace.  Al though h igher  t e m p e r a -  
tures  can be used to p repa re  S i - r i ch  films, the  amount  
of Sil l4 used for the  prepara t ions  becomes excess ively  
large.  

The S i - r i ch  SiO2 films were  p repa red  by  the react ion 
of gaseous N~O and Sill4; for S i - r i eh  Si3N4, NI-I3 and 
Sill4 were  the reactants .  In  both  cases the  reac tants  
were  di luted wi th  a N2 carr ier .  The to ta l  flow into the  
CVD reac tor  (at  20~ 1 a tm)  was main ta ined  at  15 
l i t e r s /min  (~13 cm/sec  l inear  gas s t r eam veloci ty)  of 
which the reac tan t  gases were  a lways  less than  0.5 
l i te rs /min .  In  order  to a l te r  the  Si content  of the  films, 
the  gas phase reac tan t  ratios, Ro (N20/SiH4),  for Si-  
r ich SiO2 and RN (NHJSiH4)  for S i - r i ch  Si3N4 was 
varied.  

The  e lementa l  composit ion of the films was obta ined 
f rom elect ron microprobe  analyses  on films severa l  
thousands of angst roms thick. F i lm thickness,  index  of 
refract ion,  and  opt ical  adsorpt ion  were  measured  by  
ellipsometry.~ Electrodes for e lectr ical  measurements  
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were  evapora ted  A1 dots (0.8 m m  diam)  on the film 
side of the  samples  and  ga l l i um- ind ium pas te  was used 
for the  Si side electr ical  contact. 

El~ipsonuetry.~Excess Si in the  films causes opt ical  
absorption.  The absorpt ion  needs to be character ized 
in o rder  to pe r fo rm accura te  e l l ipsometr ic  measu re -  
ments  of the  film thickness.  For  ~his purpose,  a special  
p rocedure  was used (12) in which  e l l ipsomet ry  was 
pe r fo rmed  at  mul t ip le  angles of incidence. The p ro -  
cedure is out l ined as follows: (i) Two zone e l l ipso-  
metr ic  measurements  were  made  on a pa r t i cu la r  sample  
at  constant  wave leng th  (5461A) but  at  severa l  angles 
of incidence, r ranging  be tween  60 ~ and 80 ~ in 5 ~ in-  
tervals .  (ii) A range  of values  for adsorpt ion,  ~, was 
a r b i t r a r i l y  chosen. The fi lm thickness,  D, and  the rea l  
pa r t  of the  film ref rac t ive  index,  N, were  calcula ted 
for each ~ and at  each ~. The re la t ionship  be tween  K, N 
in the  complex  re f rac t ive  index, N is given by  the 
equat ion 

N -- N(1 -- {,K) 

(i/i) Fo r  each va lue  of ~ a l ine  in ~, N, and D space 
was obtained.  The sets of l ines for var ious  r were  
p lot ted  toge ther  on a th ree  coordinate  axes graph.  In  
principle,  all  the l~nes should intersect  y ie ld ing  one 
va lue  for N, K, and D. However ,  due to exper imen ta l  
uncer ta in t ies  (12), a zone of convergence is real ized.  
F r o m  the zone of convergence,  an average '  va lue  for N, 
K, and D can be obtained.  An  example  of the  conver-  
gence is given in Fig. la.  F igure  lb  shows a cut of 
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Fig. |. a, A plot of the zone of intersection of the lines repre- 
senting various angles of incidence, q~, on the axes of absorption 
coefficient, K2, real part of the refractive index, N2, and film 
thickness, D2; b, a cut of Fig. la showing the K2, N2 plane. 

Fig. l a  showing the K and N planes.  Such project ions  
were  used to obta in  the  numer ica l  values  r epor ted  
later .  

E~ectrical measurements.--The resis t ivi ty,  p, was 
measured  wi th  the  2 ~ - c m  p - t y p e  sil icon subst ra tes  in 
accumulat ion.  Heavi ly  doped subst ra tes  were  not  used 
in o rder  to p rec lude  possible dopant  effects in the  films. 
Capac i tance-vo l tage  measurements  at  1 MHz were  
made  to de te rmine  whe the r  the  films s tored  charge 
or  whe the r  they  lost  the  in jec ted  charge  as ant ic ipated  
by  considering the measured  values  of p. 

In  o rde r  to compare  the  resul ts  for films wi th  differ-  
ent  Si content,  films of app rox ima te ly  the  same th ick-  
ness (700 • 100A) were  measured.  The appl ied  vol t -  
age r amp  speed and ampl i tude  were  kept  constant  and 
the films were  r a m p e d  first f rom deple t ion  to accumu-  
lation, and then in reverse.  The hysteresis  in the C-V 
curve measured  on the vol tage  near  f latband (cal led 
hV) is p ropor t iona l  to the  amount  of charge,  assumed 
to be near  the  Si surface, s tored by  the films. 

Transmission etectron microscopy (TEM ).--The sam-  
ples for TEM studies were  p r e p a r e d  as p rev ious ly  de-  
scr ibed (13). S ta r t ing  wi th  films ,~500A on an Si sub-  
strate,  the  subs t ra te  was e tched wi th  HF-HNO3 mix -  
tures. The etch mix tures  v igorously  a t t acked  the Si-  
r ich SiO2 and s toichiometr ic  SiO~ films. The e tchant  
mode ra t e ly  a t tacked  S i - r i ch  Si3N4 films and only 
s l ight ly  a t tacked  s toichiometr ic  SigN4 films. The qual i -  
ta t ive  difference in the  etch ra tes  observed  and the re -  
sul tant  morphologies  lead  to the resul ts  to be repor ted .  

Results 
Film composition.--The sol id-phase  composit ions as 

a function of gas phase reac tan t  ratios, Ro and RE, 
a re  shown in Fig. 2a for Si-SiO2 films and in Fig. 2b 
for Si-Si3N4 films. Fo r  the  h igher  gas phase ratios, the  
films approach  s toichiometr ic  SiO2 and SisN4. For  Ro 
< 50 and RN < 25, there  is Si en r i chmen t  of the  oxide  
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Fig. 2. a, Electron microprobe analyses of Si-rich SiO2 vs. the 
gas-phase ratio; b, the same relationship for Si-rich SigN4. 
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and ni t r ide films. For the St-r ich Si3N4 films, the Si 
eontent  increases smoothly with decreasing RN for the 
entire range studied (0.6 < R~, < 25), and the Si con- 
tent  varies from 42 to 51% in this RN range. Similarly, 
for Ro values between 100 and ,~ 3, the Si content  for 
the oxide films varies from 33 to 45%. However, for Ro 
< 3, both the Si and O content  drop sharply while sig- 
nificant amounts  of N and C appear. Later - repor ted  
resist ivity values are also sensit ive to this anomalous 
drop in Si content. Although not exper imenta l ly  ver i -  
fied in this study, we believe that  silicon oxyni t r ide 
and /o r  oxycarbide type compounds were formed due 
to carbon impuri t ies  in  the N20 and the large amount  
of N2 that  was present. 

Refractive index.--The optical absorption of these 
St-r ich films was characterized by  the previously out-  
l ined el l ipsometry procedures. The measured absorp- 
t ion coefficient values are shown in  Fig. 3. The values 
of ~: are seen to be small  for the Si range studied, and 
if K is assumed to be zero, less than  10% error in thick- 
ness is made for film thicknesses in  the first ell ipsome- 
tric period. Figure 3a shows that  the absorption in-  
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creases near ly  l inear ly  with Si content. Figure  3b 
shows that Si content  for St-r ich SiO2 films does not 
increase smoothly for low Ro values. In fact, as ob- 
served in Fig. 2a, the Si content  drops for low Ro 
values while N and C levels increase. Therefore, ~ is a 
sensitive measure of the Si content  for these films. 

Electrical measurements.--Figure 4 summarizes the 
resist ivity measurements.  The d-c behavior is seen Lo 
be nonohmic and p decreases as the Si content  in -  
creases. Therefore, from Fig. 4a and 4b, films with 
desired values of p can be grown if the value for the 
operat ing field, E, across the film is specified. As men-  
tioned previously for the Si-r ich SiO~ films at low 
values of Ro, the Si content  drops anomalously.  As 
seen in  Fig. 4a, the curve for Ro = 1 shows larger 
values for p at any field studied than for the Ro = 3 
curve. Therefore, the p value for a specified E is also 
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a sensi t ive indica tor  of the  Si content  of the  film. 
Fo r  the  S i - r i ch  SisN4 film, the  S~ content  increased 
smoothly  wi th  decreasing RN in the range  studied, and 
the p values  decreased for decreasing RN. 

The  capaci tance-vol tage ,  C-V measurements  are  
summar ized  in Fig. 5. F igu re  5a shows tha t  for Si-  
SigN4 films the amount  of s tored charge,  as measured  
by  the hysteresis  in the  C-V curves, decreases wi th  in-  
creasing Si content.  This is to be expected inasmuch 
as wi th  decreasing p the t ime constant  for the  s torage 
of charge  should also decrease.  However ,  Fig. 5b for 
Si-SiO2 shows an enhancement  of charge s torage wi th  
increas ing Si content.  This m a y  be due to a th in  the r -  
mal  oxide being formed at the Si surface in the ambi -  
ent  containing N20. When  the th in  the rmal  oxide is 
coated wi th  the  S i - r ich  SiO2, a metal ,  insula tor ,  SiO~, 
silicon (MIOS),  charge  s torage s t ruc ture  is formed. 

Transmission electron microscopy.--The TE'M results  
are summar ized  by  Fig. 6. The photographs  are  in-  
t e rp re t ed  by  r emember ing  tha t  the  e tchant  used to 
p repa re  the samples  at tacks Si ve ry  vigorously,  SiO2 
vigorously,  and only  ve ry  mi ld ly  at tacks SigN4. F igure  
6a shows the TEM resul ts  for s toichiometr ic  SigN4. 
Wi th  the  except ion of some par t i cu la te  in the  films, the 
micrographs  are  featureless  indica t ing  uni form etching. 
F igure  6b, however ,  shows the  resul t  f rom the e tchant  
a t tack ing  the S i - r i ch  Si3N4. The br igh t  areas a re  re -  
gions where  Si has been p re fe ren t i a l ly  a t tacked by  
etchant.  Both photographs  show only diffuse diffrac- 
t ion halos indica t ive  of amorphous  mater ia l .  The Si-  
r ich ma te r i a l  shows r andomly  d is t r ibu ted  Si areas  
having  a r a the r  connective appearance.  F igure  6c and 
6d show a comparison for s toichiometr ic  and S i - r ich  
SiO2 films. Al though  the effect is not as definit ive as 
for  the  SigN4 films, i t  is clear  tha t  some regions of the 
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Fig. 5. a, C-V curves for Si-Si3N4 with various RN; b, C-V curves 
for Si-Si02 with various Re. 

Fig. 6. TEM mlcrographs and diffraction patterns for stoichi- 
ometric and Si-rich SI3N4 and S[O2. a, stoichiometric SIGN4, RN 
25; b, Si-rich Si3N4, RN ~ 0.5; c, stoichiometric SiO2, Ro ~ 100; 
d, Si-rich SiO2, Ro ~- 1. 

Si- r ich  SiO2 shown in Fig. 6d are  a t t acked  more  v igor-  
ously than  others  while  by  comparison Fig. 6c shows 
uniform etching characterist ics.  Since SiO2 and Si a re  
a t tacked by  the etchant,  this resul t  for S i - r ich  SiO2 
is expected.  Both 6b and 6d revea l  tha t  the etched 
phase is connective ra ther  than  spherical .  

Based on the morphologies  discovered by  TEM, i t  
is concluded that  these S i - r i ch  mate r ia l s  are  composed 
of two amorphous  phases:  a sil icon phase and ei ther  a 
SiO2 or Si3N4 phase. 

Summary 
It  has been Shown tha t  films of SiO2 and Si3N4 can 

be p repa red  wi th  a control lable  excess of Si by chemi-  
cal vapor  deposi t ion by  adjus t ing  the gas phase re-  
ac tant  ratios. The excess Si forms a ra the r  connective 
secondary  phase under  the condit ions of the present  
study. The res is t iv i ty  and optical  absorpt ion  are  both 
sensi t ive to the Si content  of the films. The d-c  con- 
duct ive behavior  for the S i - r i ch  films is nonohmic 
but  for any  given field the res is t iv i ty  decreases wi th  
increas ing Si content.  

Acknowledgment 
The authors  g ra te fu l ly  acknowledge  the electron 

microprobe  work  by  S. E l lmann and R. Schad and 
cri t ical  reviews of this manuscr ip t  by  Drs. A. B. 
Fowle r  and J. A. VanVechten.  

Manuscr ip t  submi t ted  Nov. 3, 1977; revised manu-  
script  received Dec. 20, 1977. This was Paper  268 p re -  



Vol. 125, No. 5 SiO2 A N D  SisN4 F I L M S  823 

sented at  the At lanta ,  Georgia,  Meet ing of the Society, 
Oct. 9-14, 1977. 

A n y  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  December  1978 
JOURNAL. All  discussions for the  December  1978 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs of this article were assisted by 
IBM Corporation. 

REFERENCES 
1. W. A. Kohler ,  Metall. Trans., 1, 735 (1970). 
2. J. R. Yeargan  and H. L. Taylor ,  This Journal, 115, 

273 (1968). 
3. V. Y. Doo, D. R. Kerr ,  and D. R. Nichols, ibid., 

115, 61 (1968). 
4. K. Tanabashi  and K. Kobayashi ,  Jpn. J. Appl. 

Phys., 12, 641 (1973). 

5. H. R. Phil ipp,  J. Phys. Chem. Solids, 32, 1935 
(1971). 

6. M. V. Coleman and D. J. D. Thomas, Phys. Status 
Solidi., 22, 593 (1967). 

7. B. J. Joyce, H. F. Sterl ing,  and J. H. Alexander ,  
Thin Solid Films, 1, 481 (1967/1968). 

8. J. S. Johannessen  and W. E. Spicer,  J. Appl. Phys. 
Lett., 27 (1975). 

9. T. Aoki,  T. Matsushita,  H. Yamoto, H. Hayashi ,  
M. Okayama,  and Y. Kawara ,  Pape r  148 p r e -  
sented at  the  Toronto,  Canada,  Meet ing  of the  
Society,  May 11-16, 1975. 

10. V. J. Silvestri ,  E. A. Irene, S. Zir insky,  and  J. D. 
Kuptsis ,  J. Electron. Mater., 4, 429 (1975). 

11. E. A. Irene, This Journal, 121, 1613 (1974). 
12. S. S. So and  K. Vedam, J. Opt. Soc. Am., 62, 16 

(1971) ; S. S. So, IBM Tech. Rep. TR 55034 (1975) ; 
S. S. So, P r iva te  communicat ion.  

13. E. A. Irene, V. J. Silvestr i ,  and G. R. Woolhouse,  
J. Electron. Mater., 4, 409 (1975). 

T e c h n i c a l  N o t e s  , 
i ii i ii i | l  

Protective Glassy Layers Passivating Copper 
at S00~ 

B. J. Mulder 
Philips Research Laboratories, Eindhoven, Netherlands 

Copper  objects  of compl ica ted  shape have been 
coated wi th  a pro tec t ive  glassy l aye r  consist ing ma in ly  
of SiO2 wi th  a th ickness  of a few tenths  of a micron. 
The coating offers pro tec t ion  against  oxida t ion  in air  
at  t empera tu re s  up to 500~ The coat ing is appl ied  by  
chemical  vapor  deposi t ion in  sealed ampuls  using a 
technique worked  out  by  Chu and Grube r  (1) for  
coat ing semiconductor  mater ia ls .  The react ive  gases 
(HF and H20) were  not, however ,  in t roduced  as such, 
but  genera ted  in situ f rom copper  d i f luor idehydra te  
(2). Glass is t r anspor ted  f rom the wal ls  of the ampul  
in  a cooler zone onto the copper in a ho t t e r  zone. 

The a r r angemen t  for the coat ing react ion is shown in 
Fig. 1. Ampuls  were  made  of borosi l icate  glass. 
La rge r  ampuls  were  sprung open at  A for loading.  
The  ampuls  contained:  (i) Copper  di f iuor idehydrate ,  
p r e f e r ab ly  in a separa te  glass container  wi th  the pow-  
der  not in direct  s ight  of the copper  substrate .  The 
wa te r  content  of the  fluoride 1 was appa ren t ly  not  cr i t i -  
cal: the  mono and the d ihydra t e  served equal ly  well.  
Norma l ly  a t echn ica l -g rade  monohydra te  was used in 
amounts  corresponding to 1-2 mg per  mi l l i l i t e r  of 
ampul  volume;  (ii) The carefu l ly  cleaned and de-  
greased copper  objects.  The copper was no rma l ly  p re -  
t r ea ted  wi th  a pol ishing etch; (ii~) A glass hea t  shield,  
protec t ing  the  copper agains t  oxida t ion  when  the 
ampul  was repa i red  (in a ver t ica l  posit ion) at A. 
The ampul  was pumped  wi th  a ro t a ry  pump and 
sealed at  B. I t  was then  hea ted  wi thout  de lay  in a 
furnace  wi th  two t empe ra tu r e  zones, one at 550~C 
( just  below the softening point  of the  glass) where  
the  copper  was placed,  and one at 500~ for the fluo- 
ride. Heat ing up took about  5-10 rain; af ter  another  

Key words :  chemica l  va po r  deposi t ion,  copper ,  passivat ion,  SiO-% 
glass.  

1 T h e  w a t e r  con t en t  of a h y d r a t e  wa s  d e t e r m i n e d  by  slowly heat-  
ing  in air  to 600~ and  we igh ing  t h e  r e s i d u e  of CuO. 

, I  

f 

Fig. I. Arrangement for chemical vapor deposition of glass onto 
copper in sealed borosilicate ampuls. Ampuls were used with 
diameters ranging from 10 to 60 mm and a length of about 250 mm. 

30 min the ampul  was t aken  out of the  furnace and 
cooled. We froze the bot tom end of the  ampul  in 
l iquid n i t rogen to p reven t  reverse  t r anspor t  react ions 
and also to avoid condensat ion of vapor  on the copper.  

The layers  had  a ve ry  un i form and smooth appea r -  
ance, which was p rese rved  when the copper was 
heated in air  up to t empera tu res  of 500~ This sug- 
gests tha t  the layers  a re  essent ia l ly  pinhole  free. 

The thickness of the layers  was de te rmined  f rom 
measurements  of the i r  x - r a y  fluorescence. 2 wi th  500~ 
for the t empe ra tu r e  of the source region and 550~ for 
the subs t ra te  the layers  a t ta ined  thei r  final thickness 
of a few tenths  of a micron  in about  30 min. The 
thickness increased wi th  the  amount  of copper  d i -  

Th e  in tens i ty  of the  charac te r i s t i c  f luorescence  of silicon w a s  
r e f e r r e d  to s t a n d a r d  layers  p r e p a r e d  by  bias spu t t e r i ng  f u s e d  
quar tz  on copper  foil. The  in tens i ty  was  a lmos t  p ropor t iona l  to 
the  thicR~ess of the  s t an d a rd s  up  to 0,4 ~m. ~-~ce the  sample  lay- 
e r s  consis ted  a lmos t  en t i r e ly  of SiO~, in tens i t ies  w e r e  c o n v e r t e d  
into th ickness  using da ta  fo r  fused  quar tz .  
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fluoride weighed into the ampul:  for a tenfold in-  
crease in copper-difluoride (from 0.7 to 7 mg per ml  
volume of the ampul)  the thickness approximately 
doubled from 0.15 to 0.3 ~m SiO2. The composition of 
the layer was studied qual i ta t ively by secondary ion 
mass spectrometry (SIMS), reveal ing F, B, and OH 
as minor contaminants  of the SiO2. The F /S t  ratio was 
determined quant i ta t ive ly  by electron-excited x - r ay  
spectrometry3 and was found to correspond to x 
0.005 in the composition formula SiO~-~F2x. Heating 
in  air for 16 hr at 450~ approximately halved the 

T h i n  s t a n d a r d  l a y e r s  w i t h  a k n o w n  S i / F  r a t i o  w e r e  p r e p a r e d  
by m i x i n g  p o l y v i n y l i d e n e f l u o r i d e ,  [ ( - - C H ~ C F 2 ) . ]  d i s s o l v e d  in hot 
c y c l o h e x a n o n e ,  a n d  h e a v y  s iEcone  oil  [ ( - Si(CI-Ia)_~O) ~] dissolved 
in h o t  t o l u e n e ,  s p r a y i n g  the hot m i x t u r e  o n t o  w a r m  c o p p e r  fo i l  
a n d  e v a p o r a t i n g  t h e  so iven t s ,  T h e  c o r r e c t i o n  r e q u i r e d  f o r  t h e  dif .  
f e r e n c e  between the mass a b s o r p t i o n  coef f i c ien t s  of  s t a n d a r d s  a n d  
samples turned out to be quite small�9 
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Fig. 2. Depth profiles obtained by SIMS for a 2000~ thick glass 
coating on copper. 

fluorine content  of the layers without  affecting their  
integrity.  

An in-depth  analysis with SIMS revealed the exist- 
ence of an in ter layer  between glass and copper, char-  
acterized by the production of CuSiO clusters�9 Depth 
profiles of a typical coating are shown in  Fig. 2. T h e  
curves were traced while scanning an area of 1 m m  2 
with a pr imary  beam of oxygen ions. Positive ions with 
a fixed mass and originat ing from the central  50 • 50 
~m 2 region of the erosion crater were detected. The 
presence of an in ter layer  of ~ 200A thick is evident  
from the peak in the curves traced for mass numbers  
107 and 109 (Fig. 2b). In  the peak the in tensi ty  ratio 
for the two mass numbers  is equal to the abundance 
ratio of Cu 68 and Cu 65 (2�9 showing the peak to be 
associated with the product ion of CuSiO clusters. 
"Mixed" clusters (Cu and St) are not observed in  
SIMS when scanning an  abrupt  junc t ion  (3) and are 
therefore indicative of the presence of an interlayer.  
To the left of the peak the intensi ty  ratio in  Fig. 2b 
is close to the ratio expected for Si 2s and Si 30 contain-  
ing clusters (~14) .  Other noticeable features of the 
curves are the very efficient production of copper ions 
(see curve for M = 63) from the in ter layer  and the  
relat ively high production of fluorine containing 
clusters from the surface region of the coating. 

The in ter layer  may arise from the diffusion of copper 
into the deiective SiO2 at the tempera ture  of the coat- 
ing reaction. An in -dep th  inhomogenei ty  was also sug- 
gested by measurements  of the electrically insulat ing 
properties of the layers, using a mercury  drop as one 
of the electrodes. Layers thicker than  about 0.1 ~m 
behaved normal ly  in that they withstood voltages cor- 
responding to field strengths of several times 10 ~ V/cm, 
whereas th inner  layers usual ly broke down at voltages 
corresponding to only 104-105 V/cm. 
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Anodization of Layered Semiconductors: 
A Method to Count the Number of Layers 

A. Moritani, H. Kubo, and J. Nakai 
Department o~ Electronics, Faculty of Engineering, Osaka University, Suita, Osaka, 565, Japan 

In  the anodization process of metals and semicon- 
ductors, it has been known that  there exist nonpassive 
(or active) states and passive states, depenoing on 
the surface potential  of the anode materials. We define 
the nonpassive state as the state in which the anodic 

Key words: semiconductor,  anode, e l l i p s o m e t r y ,  pa s s iv i t y .  

dissolution is in process or a nonpassive film is growing 
with little increase of the anode potent ial  on the 
surface of the anode mater ial  when anodization is 
performed under constant current  condition. In  this 
paper we demonstrate  that anodization provides a 
new and simple method to count the number  of layers 
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in  some layered semiconductors by uti l izing the prop- 
er ty  of the nonpassive-passive t ransi t ion which has 
been widely observed in the fundamenta l  anodic proc- 
ess in  metals and semiconductors (i, 2). 

The layered semiconductors have been a recent 
topic in  both exper imental  and theoretical studies 
(3). The mica!ike layer  structures are characterized 
by  strong covalent bonds wi th in  each layer  and by 
weak van  der Waals forces between layers, so that  
there exist high and fair ly wide potential  barr iers  
and the crystals are easily cleaved at the layer 
boundary  which we may consider to be another  surface. 
Therefore, it  is reasonable to expect that  if a layered 
semiconductor is anodized in the direction normal  
to the cleaved surface, the nonpassive-passive t rans i -  
t ion wil l  repeat at  the n th  layer  boundary  (n  ---- 
I, 2, 3, . . .). Thus, a periodically varying  s t ructure  
reflecting the layered s t ructure  with the monolayer  
thickness of ~IOA is expected to be observed in the 
cell voltage vs. t ime (Vc-vS.-t)  characteristic curve 
when anodization is performed under  a proper con- 
s tant  current  condition with the use of a proper 
electrolyte. These observations will  enable  us to count 
the n u m b e r  of layers in  the layered semiconductors: 
we can count the n u m b e r  of layers by this method 
after  some exper iments  with the layered semicon- 
ductor of interest  are over. 

The electrolytic cell-system used in  this study con- 
sists of a p la t inum cathode, the semiconductor  anode, 
a simple quartz beaker, a magnetic  stirrer,  and a 
solution of sodium borate in ethylene glycol as the 
electrolyte. The cell voltage is measured and recorded 
through a buffer amplifier with high input  impedance. 
The second derivatives of the Vc-vs . - t  characteristics 
are recorded s imultaneously  in  order to clarify the pe-  
riodic s t ructure  and make it easier to count the n u m -  
ber. P - type  Bi2Te3 and p- type  GaTe with carrier con- 
centrat ions of I-5 • 10 TM cm-~ and 0.5-2 • 10 TM 

cm -3 at room tempera ture  were used as the semi- 
conductor samples. The samples were cleaved in lab-  
oratory air, and edges and ohmic contact of the samples 
were covered for insulat ion by  an epoxy paint.  

Periodically increasing cell voltages are observed 
in Fig. 1 and 2 for Bi2Te8 and GaTe, respectively, as 
expected. It  is seen in  these figures that  these periodic 
s tructures are formed b y  repet i t ion of the un i t - l i ne -  
shape shown in  the insert  of Fig. 1, where Tn repre-  
sents the dura t ion t ime of the nonpassive state and 
Vcn represents the cell voltage increase in  the pas- 
sive state for the n th  layer. 

For  the purpose of confirming that  the uni t  l ine-  
shape real ly results from anodization of the monolayer,  
we have performed ellipsometric measurements  on 
the anodic films grown by anodization of more than 
20 layers and obtained the anodized film thickness 
of 16 -+- 1A for monolayer  anodization. The ratio of 
this value to the monolayer  thickness of Bi.)Tes, i.e., 
10.16A (4) is 1.57 which is in  close agreement  with 
the, theoretically expected value.~ 

Another  exper iment  was done as in what  follows 
t o  confirm that  the region indicated by Tn in the 
un i t  l ineshape is real ly  in the nonpassive state. The 
exper imental  result  of Zn vs. current  density Jd 
(Tn-VS.-Jd) characteristics are shown in Fig. 3 where 
the solid and broken curves were obtained with the 
use, of the electrolytes which were prepared by dis- 
solving 100 and 200g of sodium borate in one li ter 
of e thylene glycol, respectively. It is observed in 
Fig:. 3 that T~ increases as Jd decreases and is dependent  
upon the electrolyte: the slope of the Tn-VS.-Jd charac- 
teristic lines in log-log plot is found in the range of 
- -1-- -2 ,  depending upon the electrolyte. These ob- 
servations may be sufficient for the verification that 
the region indicated by ~n is in the nonpassive state. 

T h e  t h e o r e t i c a l  ratio of the oxide thickness to the monolayer 
thickness of Bi~Te~ (so-called Pilling-Bedworth ratio) was evalu- 
ated to be 1.54 ~+ 002 under the assumption that  t h e  growth film 
consists of trioxides, i.e., Bi~O~ and TeO~ which s e e m  to  be the 
m o s t  probable products of oxides from Bi2Te~; see Ref. (I0). 
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Fig. 2. The Vc-vs.-~ characteristic and the second d,erivative of 
the Vc-vs.-t characteristic in GaTe. Anodization was performed 
with constant current density Jd ~ 504 /~A./cm 2. The initial volt- 
age drop induces large transient output in the second derivative 
circuit, so that the initial part of the second derivative is not re- 
corded in this figure. 
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T-vs.-t characteristic obtained in GaAs is shown for reference. 
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(6): 8 the ini t ial  film on i ron in  slightly alkal ine 
solution at potentials V < Vp is Fe (OH)2, which t rans-  
forms completely into Fe203 at higher potentials 
V > Vp, where Vp is a critical anode potential. 

Thus, we have come to the stage that  the un i t  
l ineshape represents anodization of the monolayer  and 
it is possible to count the number  of layers with 
extremely th in  monolayer,  i.e., 7.45A in GaTe (7) and 
10.16A in  Bi2Te~ (4). In  Fig. 1 and 2 are shown the 
second derivatives of the Vc-vs.-t characteristics which 
enable us to count more clearly the number ,  especially 
of the ini t ial  several layers in GaTe. We have counted 
the n u m b e r  u p  to 115 for Bi2Te8 and 95 _ 2 for 
GaTe in one anodization procedure. 4 

It  should be noted that the nonpassive region for 
the first layer  of BiuTe3 was not observed in many  
cases, in  other words, T1 ~ 0. This exper imental  result  
for the first layer in  Bi2Te3 may be corresponding 
to the observation in the anodization of GaAs by 
Harvey and Kruger  (8). They have shown that, in 
the nonpassive region, no change in ellipsometric 
parameters  a t t r ibutable  to a film forming on an ini-  
t ial ly clean anode was observed, but  nonpassive anodic 
film was grown with v i r tua l ly  no change in potential  
when a vestige of a previously formed passive film 
presumably  remained. In  the present  case, it  is reason- 
able to consider that  the passive film of the first layer  
can possibly be the nucleus for the nonpassive film 
growth of the second layer  and this process repeats 
in  the n th  layer  (n ~ 2). 

It should be also noted that in  Bi2Te3 the steady 
state in  the anodization process is bui l t  up in the 
region n ~ 5 in  many  cases 

Vca > Vc(n+l); (n = 1, 2, 3, 4), 

c 

Bi2Te 3 ~ 
dd-'250FA/cm2 ~ 

0 
I I I I I I I I I I 6 / 0  I I I I I 

0 30 90 
ANODIZATION TIME (Sec) 

Fig. 4. The off-null signal of in situ ellipsometry (_~1) and the 
corresponding Vc-vs.-t characterZstic during constant current ano- 
dization with Jd ~ 250 ffA/cm 2 in Bi2Te3. 

I0 

For reference, the ~-vs.-t characteristic observed in 
GaAs (5) is shown in Fig. 3, where x is the durat ion 
time in the nonpassive region. 

We have observed the periodic structure optically 
too in in situ e]]ipsometric measurements: 2 In Fig. 4, 
the in situ ellipsometry signal with initial null setting 
is shown together with Vc-vs.-t characteristic for 
Bi2Te3. ~I is the increase of photomultiplier intensity 
due to the anodic film growth which causes the 
offset from the null setting. It is noted that ~I shows 
rapid increase in the nonpassive region and little 
increase in the passive region. This observation strongly 
suggests that a conductive nonpassive film grows in 
the nonpassive state and transforms into a passive 
film in the passive state. These phenomena have been 
found in the anodic processes of iron and indium 

2 T h e  de ta i l s  of t he  p r e s e n t  e x p e r i m e n t a l  se tup  will  be  re- 
p o r t e d  e l sewhere ,  The  r e a d e r s  should  r e f e r  to Ref,  (8) fo]r 
detai l s  in t he  in  s i t u  e l l ipsometry .  

Vcn -" Vc(n+l); ( n - -  5) 

On the other hand, a quite different feature  from 
Bi2Te8 is observed before the steady state in  anodiza- 
t ion of GaTe: not little increase of cell voltage in 
the nonpassive (?) regions is observed in  Fig. 2, 
which causes uncer ta in ty  in counting the number  of 
ini t ial  few layers, and more layer numbers  are re- 
quired to realize the steady-state anodization than 
in Bi2Te3. The electrochemical mechanism which in-  
duces different values of Vcn or ampli tude of the 
second derivative between, before, and under  the 
steady state in both cases is not understood at present. 
However, it is a realistic idea that  materials  with 
different quali ty will be produced in  different s i tua-  
tions: one anodization proceeds adjacent to the electro- 
lyte and the other at a distance from the electrolyte 
through the buffer layer of previously anodized film. 

We have obtained very similar results in  Bi2Se3 
and GaSe to those in Bi2Te8 and GaTe. The anodized 
films of these semiconductors are easily removed by 
most acids and alkalis, so that successive anodization 
and removal of the films will enable us to count 
the number  in thick semiconductor samples. 

It is of great interest  to investigate the structure 
and electrical property of the anodized films or to 
apply the present method to the intercalat ion s tudy 
in the layered t ransi t ion metal  dichalcogenides (9). 
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Etching Characteristics of Phosphorus 
Containing Polycrystalline Silicon in a Plasma 

Kiyokatsu Jinno, 1 Hiroshi Kinoshita,' and Yasuo Matsumoto 1 

Tokyo Shibaura Electric Company, Limited, Toshiba Research and Development Center, Kawasaki 210, Japan 

The use of a r f -gene ra t ed  p lasma  for the etching 
of dielectr ic  and other  films and for the remova l  of 
photores is ts  has become a v iable  a l t e rna t ive  to the 
convent ional  wet  chemical  etching used in the fabr ica -  
t ion of semiconductor  devices since the p lasma  process 
is s impler  and more  economical  (1-9). Using a CF4 
p lasma  for po ly -S i  etching e l iminates  the addi t ional  
ox ida t ion  and associated process steps since photo-  
resists  can be used as a mask ing  ma te r i a l  in the 
plasma.  

F rom a device fabr ica t ion  viewpoint ,  i t  is impor tan t  
to invest igate  the  p lasma etching of phosphorus  con- 
ta in ing po ly -S i  which is wide ly  used to reduce the 
res is t iv i ty  of the  interconnect ions  and gate electrodes 
in MOS LSI's.  In  our  expe r imen t s ,  phosphorus  was 
in t roduced into the  po ly -S i  films by  two methods;  
doping wi th  PH~ dur ing  the chemical  vapor  deposi -  
t ion of the po ly -S i  films at 550~ in an Ar  ambien t  
(doped po ly -S i  method)  and diffusion f rom a phos-  
phosi l icate  glass (PSG)  film af te r  the deposi t ion of 
an  undoped po ly -S i  film by the decomposi t ion of 
S i I ~  at 800~ in an N2 ambien t  (diffused po ly -S i  
me thod) .  The films were  about  5000A thick. P lasma 
etching was car r ied  out in the IPC 2005-1813SC 
p lasma  e tcher  wi th  an 8 in. d iam quar tz  reactor  
wi th  a luminum shield. The etching gas was a CF4, 
the  gas pressure  was main ta ined  at 0.6 Torr ,  and 
the rf  power  was kept  at  150W. F i lm thicknesses were  
measured  by  using a Talystep.  

The phosphorus  concentra t ion of the po ly -S i  films 
was var ied  by  changing the flow ra te  rat io  of P H~ 
to Sill4 and keeping  the diffusion t ime at  1000~ 
I t  was es t imated by  the Auger  e lect ron analysis.  

In  Fig. 1, the re la t ive  etch rates  (defined as the 
etch ra te  of the doped po ly -S i  film to tha t  of the 
undoped po ly -S i  film) of the po ly -S i  film formed 
by  the two doping methods are  shown as a function 
of phosphorus concentrat ion.  The two methods give 
almost  the same results.  It is apparen t  that  the etch 
ra te  of phosphorus  containing po ly -S i  films in a CF4 
p lasma  is independent  of the doping methods and 
only depends on the phosphorus  concentrat ion in 
those films. This fact  is c lear ly  seen in Fig. 2 which 
shows the scanning e lect ron micrographs  of the cross 
section of a 4 ~m wide line. The etch ra te  is high 

1Present address: NEC-Toshiba Information Systems Incorpo- 
rated, Kawasaki 210, Japan. 

Key words: plasma etching, phosphorus effect, polycrystalline 
silicon. 
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Fig. 1. Relative etch rate of the poly-Si films vs. phosphorus 
concentration. 

at the surface of the diffused po ly -S i  film due to 
the high phosphorus  concentra t ion measured  by the 
Auger  e lect ron analysis.  F rom Auger  e lect ron analysis  
data,  h igh phosphorus  concentra t ion regions exis t  to 
800A. in depth  f rom the dilYused po ly -S i  film surface, 
whereas  below the regions the phosphorus  concen- 
t ra t ion  takes a constant  value  and increases wi th  
increas ing diffusion time. Meanwhile ,  the phosphorus-  
doped po ly -S i  film has an isotropical  edge due to 
the uni form concentra t ion of phosphorus  measured  
by  the Auger  e lec t ron analysis.  The etched profile 
of an undoped po ly -S i  film has also isot ropical  edge 
and is shown in Fig. 2 for a comparison.  

In  a CF4 p lasma etching, a gas p lasma is genera ted  
in the reac t ion  chamber  by  the r f  power  and silicon 
compound films begin  to react  wi th  an  ac t iva ted  
fluorine species. A la rge  p lasma etch ra te  is obta ined 
for  e lements  which produce  fluorides wi th  h igh  vol -  
at i l i ty.  Therefore,  phosphorus  doping effect in a CF4 
p lasma etching can be in te rp re ted  by high vola t i l i ty  
of PH3 (bp ---- 101.5~ at  760 mm H g )  compared  to 
SiF4 (bp ---- 94.8~ at 760 mm Hg) (10). 

As a conclusion, the p lasma  etcr~ ra te  of phosphorus  
containing po ly -S i  films is dependent  on the phos-  
phorus concentrat ion,  and the etched profile of those 
films depends on the phosphorus concentra t ion dis-  
t r ibu t ion  in depth  direction. 
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Fig. 2. Scanning electron mlcrographs of the etched profiles of 
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End Point Determination of Aluminum CCI, 
Plasma Etching by Optical Emission Spectroscopy 

B. J. Curtis and H. J. Brunner 
Laboratories RCA Limited, Zurich, Switzerland 

The use of optical emission spectra for 
end point detection has been reported for the 
CF 4 plasma etching of Si ( l ,  2) and for the 02 
plasma stripping of photoresist (3, 5). This 
note reports the application of the method 
to the CCI 4 plasma etching of aluminium 

Etching experiments were carried out in 
a parallel plate reactor consisting of a 
pyrex glass cylinder 30 cm in diameter and 
35 cm high with ports to accommodate a s i l ica 
window and a quadrupole mass-spectrometer; 
the end plates were made of stainless steel. 
The water-cooled electrodes, made of polished 
nickel-plated copper, were 20 cm in diameter 
and, for these experiments, were spaced 40 mm 
apart. CCl 4 was introduced through the centre 
of the upper electrode which was connected to 
a 13.56 MHz r f  generator. The substrates were 
placed on the lower, grounded electrode. Opti- 
cal emission spectra were taken on a Heathkit 
EUE-.700 Monochromator using an RCA photomulti- 
p l ier  type IP28, a Keithley 601 electrometer 
as an amplifier and a chart recorder. The 
distance between the monochromator entrance 
s l i t  and the plasma was 30 cm; the emission 
was viewed through the s i l ica window without 
focussing. 

Fig. l (upper) shows the spectrum of a 
CCI 4 plasma at a pressure of 7 Pa and 500 
Watts power; the CCl 4 flowrate was 20 scc per 
minute. An unequivocal assignment (4) of all 
of the peaks has so far not been possible, 
even though the species present in the gas 
phase are known from mass-spectrometric mea- 
surements. However, bands due to CCI can be 
identif ied with maxima at 255.8 nm, 277.7 nm, 
278.6 nm, 305.5 nm and 460 nm. Free chlorine 
is known to be present in the system and bands 
at 257.0 nm and 307.0 nm overlap with those 
due to CCI. The peaks at 199.1 nm, 297.2 nm 
and 312.7 nm are also probably due to reac- 
t ive, chlorine containing species since 
during etching, their intensity is very much 
reduced (see Fig. l (lower)). The peaks at 
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264 262 260 
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A I CI 
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Fig. l (upper) Emission spectrum of CCl 4 
plasma and 500 Watts, 7 Pa and 20 scc per 
minute flow rate. Scan rate 30 nm per 
minute. (Lower) Emission spectrum during 
CCI 4 plasma etching of aluminium under the 
same conditions as (upper). Spectrometer 
sensit iv i ty one third of that used in (upper). 

282.3 nm and 282.8 nm probably result 
from CO and OH; their intensity is unchanged 
during etching (Fig. l (lower)). The assign- 
ment of the peaks at 398.2 nm (possibly ClO) 
and at 438.7 nm and 452.8 nm (both possibly 
CO) is not certain. 

Fig. 1 (lower)shows the spectrum ob- 
tained during the etching of an aluminium 

829 
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plate of the same size as the grounded 
electrode. I t  should be noted that due to the 
high intensity of the peak at 261.4 nm, the 
sensi t iv i ty  of the detection system was re- 
duced by a factor of three compared to Fig. l 
(upper). The intensity of the CCI and Cl 2 
lines is drastically reduced together with 
those at 199.1 nm, 297.2 nm and 312.7 nm which 
indicates that these too are probably due to a 
reactive chlorine containing species. A 
number of new peaks appear which can be identi- 
fied as being due to AICl (261.4 nm) and 
atomic Al (308.2 nm, 309.3 rim, 394.4 nm and 
396.2 nm). In the inset, the AICl band is 
shown at higher resolution. 

For end point detection purposes, the 
AICl band at 261.4 nm is more sensitive than 
the atomic Al lines which are not always de- 
tected from a small area substrate. Fig. 2 
shows the course of etching a 3x3 cm substrate 
consisting of a 1300 nm thick Al layer evapo- 
rated onto a glass substrate. A photoresist 
grating with lines 200 um wide and a spacing 
of 200 um was defined on the Al layer. The 
~ plasmawas ignited (500 Watts, 7 Pa, 

rate 20 scc per minute) and after an 
induction period of several minutes, etching 
began as indicated by the rapid build-up of 
the intensity of the 261.4 nm band. The decay 
of intensity at the end of etching was not so 
rapid-but could possibly be influenced by geo- 
metrical factors. In this instance the etch 
rate was 185 nm per minute. 

Etching can also be followed by the in- 
tensity of the lines resulting from CCI and/or 
Cl 2. For instance, the intensities of the 
peaks at 199.1 nm, 297.2 nm, 305.5 nm and 
312.7 nm all decrease when etching begins and 
increase again at the end point. 

In conclusion i t  can be said that the 
261.4 nm emission band of AICl is a sensitive 
indicator of aluminium etching in a CCI 4 
plasma and should prove to be useful in further 
studies on this system and other halogen con- 
taining species. Furthermore, the CCI and/or 
Cl 2 peaks at 199.1 nm, 297.2 nm, 305.5 nm and 
312.7 nm are also very effective end point 
indicators and merit further study. 
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Fig. 2. CCI 4 plasma etching of a grating 
into an evaporated A1 layer as followed by 
the intensity of the 261.4 AlCl band. 
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CulnS2 Liquid Junction Solar Cells 

M. Robbins, K. J. Bachmann,* V. G. I.ambrecht, F. A. Thiel, J. Thomson, Jr., 
R. G. Vadimsky, S. Menezes, A. Heller,* and B. Miller* 

Bel~ Laboratories, Murray Hill, New Jersey 07974 

We report that single crystal and 
pressure sintered polycrystalline 
electrodes of n-CulnS 2 in the cells 
n-Cu!nS2/l-2 F Na2S , 1-3 F S ~ , 0-2 F 
NaOH/C exhibit good quantum efficiency 
under short circuit and respectable 
voltage at open circuit with irradi- 
ation at and above solar intensities. 
The output stability of the system at 
steady illumination appears particu- 
larly promising. 

Samples of single crystal CulnS2 
were grown by the gradient freeze 
technique and were annealed in cadmium 
vapor at 700~ for I00 hours in sealed, 
evacuated silica tubes to convert 
the material into n-type of low 
resistivity. Polycrystalline CulnS 2 
was prepared from ultrapure CuO and 
In~O~ (Alfa Research Chemicals). 
Ap~rdpriate mixtures of the oxides were 
heated in flowing H2S at 800~ for 
4 hours and cooled. The resulting 
CulnS 2 powder was pressure sintered at 
700~ and I0,000 psi for 2 hrs. to 
yield pellets with 99.5 to 99.9% 
of single crystal density. The pellets 
were annealed in Cd vapor as above. 

The experimental techniques for 
current-voltage curves, photospectra, 
and stability measurement have been 
earlier described (1,2). Studies of 
the temperature dependence of the 
current-voltage behavior were made 
with a jacketed cell equipped with a 
bottom optical flat and a semiconductor 
electrode of an approximately circular 
slice, indium back-contacted, and 
mounted on a steel shaft in a rotating 
disk configuration. A sequence of a 
30 sec. immersion in 4:1 HCI-HNO~, 
H20 rinse, 3D sec 10% KCN immerslon, 
and H20 rinse was used to etch the 
semiconductor surface. 

*Electrochemical Society Active Member. 

Current-voltage curves for 
n-CulnS 2 crystal electrodes in the 
jacketedrcell exposed to constant 
tungsten-halogen illumination as a 
function of temperature are shown in 
Figure I. The maximum power output 
vs. temperature is presented in the 
figure insert. At 60-75 mw/cm 2 
insolation levels, cells with 
different n-CulnS 2 specimens 
delivered, at ambient temperatures, 
maximum power outputs corresponding 
to power conversion efficlencies 
of 3.5 - 4.3%. The temperature data 
at light intensities equivalent to 
up to three times AM2 show a 50% 
increase from 26 to 70~ The 
corresponding fill factor improves 
from 0.23 to 0.31. Fill factors up 
to 0.45 have been measured at lower 
current density in 2F Na2S - 3F S 
solution. The low fill factor 
reflects poor behavior at the foot 
of the voltammetric curve. Cor- 
recting the short circuit current to 
AM2 insolation (75 mw/cm 2) in the 
sunlight experiments, the quantum 
efficiency, calculated using the 
21 ma/cm ~ theoretical value (3) for 
a 1.53 e.v. band gap (4), ranges 
from 50-60%. 

Extended runs of CulnS o photo- 
anodes (to 2 x i0 coul/cm L charge 
passage) produce no detectable 
weight loss or visible alteration 
in these cells, i.e. no evidence of 
photocorrosion. Additionally, the 
current output at short circuit or 
resistive load has been essentially 
constant for this same level of 
charge passage throughout test periods 
approximating 1.5 months of 8 hr./day 
sun. 
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The n-CulnS 2 electrode is so 
far notable for its stability in 
operation in its anion-element redox 
couple. It resembles, in this 
respect, n-CdS which has a 2.4 e.v. 
band gap and thus a poorer overlap 
with the solar spectrum. Common 
anion cells avoid the ion exchange 
problem. Even for the weight-stable 
photoanode of n-CdSe in sulfide- 
polysulfide cells (2) such surface 
exchange processes appear implicated 
in output stability deterioration (5). 

In view of the close to 
optimum band gap (6) for solar con- 
version of CulnS2, these photo- 
electrochemical cells have con- 
siderable possibility for improve- 
ment in efficiency. If the fill 
factor can be increased to take 
advantage of the good limiting open 
circuit and short circuit parameters, 
the n-CulnS 2 based cell may be a 
useful entrant in the field of liquid 
junction solar cell systems. 
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Fig. I Current-voltage curves for 
the cell n-CulnSo/2F Na2S , 3F S, 2F 
NaOH/C with consZant tungsten-halogen 
illumination at different cell 
temperatures without stirring. The 
insert shows the maximum power 
plotted vs. temperature. 
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ABSTRACT 

Res in -bonded  cel lulose separa tors  a re  v e r y  wide ly  used in the  s tar t ing,  
l ighting,  and ignit ion ba t t e ry  industry .  Since the i r  appearance  and matur i ty ,  
they  have undergone  sys temat ic  improvements ,  but  the i r  basic shor tcomings  
have  remained.  Sepa ra to r  deve lopment  is rev iewed  here,  and the  pe r t inen t  
s t ruc tu re  and chemis t ry  of the  cellulose subs t ra te  is discussed. The cu r ren t  
l i te ra ture ,  which  indicates  tha t  improvements  in subs t ra te  charac te r  and  acid 
res is tance can be made,  i s a l s o  reviewed.  

In  1917, a lmost  the  beginning of the  mode rn  s tar t ing,  
l ighting,  and  igni t ion ba t t e ry  indust ry ,  Brooks pointed 
out the  l ead -accumula to r  was unexcel led  in por tab le  
service  appl icat ions  (1). Separa to r s  at  tha t  t ime were  
wood veneer  and were  super ior  to anyth ing  in use 
despi te  the  s t r ingent  r equ i rements  of the i r  manufac -  
ture. At  that  t ime, only  t rea ted  wood possessed good 
wicking  act ion and reasonable  conduct iv i ty  and he ld  
act ive ma te r i a l  in p lace  against  v ib ra t ion  and the e rod-  
ing act ion of h y d r o g e n  genera ted  on overcharge.  Other  
mater ia l s  had been tr ied,  but  unt i l  the  microporous  
ha rd  rubbe r  separa to r  appeared ,  wood veneers  and 
combinat ions  of wood and o ther  mate r ia l s  dominated  
separa to r  practice.  Eyanson developed an unglazed por -  
celain m e m b r a n e  wi th  incorpora ted  lead  spacers (2), 
but  this  product  undoub ted ly  gave a cell of high in-  
te rna l  resistance.  S p e r r y  deve loped  a perfora ted,  cor-  
rugated,  ha rd  rubbe r  sheet  tha t  was rea l ly  a simple, 
open spacer  (3). ~he  ear l ies t  ha rd  rubbe r  separators ,  
used as adjuncts  to wood, were  app rox ima te ly  30% 
porous. Bat ter ies  in which  they  were  used were  poor 
for c ranking  purposes  (4). 

Ha rdy  and Hungerbuh le r  (5) expe r imen ted  wi th  
art if icial  stone for making  separa to r  membranes .  They 
compressed and then baked  silicates, feldspars,  bone, 
and l ime to form re f rac to ry  porous sheets. Rodman  (6, 
7) exper imen ted  wi th  techniques to make  porous glass 
separators ,  developing membranes  of sand or fine glass 
powder  f l i t t ed  together .  

In 1910, F landers  descr ibed an un t r ea t ed  wood 
veneer  separa to r  using a wel l -def ined r ib  s t ruc ture  (8), 
and af ter  this a number  of w o o d / h a r d  rubbe r  combina-  
tions were  developed.  Carpen te r  (9) coa'~ed thin wood 
sheets wi th '  vulcanized rubber ,  and  Chamber l a in  de-  
scr ibed a process to produce  wood veneers  machined 
so that  the  r ibs were  in tegra l  to the  separa to r  s t ruc ture  
(10). Gould 's  patent ,  descr ibing the  use of ha rd  rubbe r  
and wood l amina ted  together,  appeared  in 1916 (11). 

Many  ba t t e ry  researchers  appl ied  themselves  to the  
separa to r  p rob lem be tween  Brooks 's  t ime and the  pe -  
r iod dur ing  which  the res in -bonded  paper  separa to r  
appeared,  then  matured .  One of the  more  in teres t ing  

* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  M e m b e r ,  
1 P r e s e n t  a d d r e s s :  I n s t i t u t e  of  Gas  T e c h n o l o g y ,  Chicago ,  I l l inois  

60616. 
K e y  w o r d s :  ce l lu lose ,  h y d r o l y s i s ,  h e t e r o g e n e o u s ,  l e ad  ac id  ba t -  

t e r y ,  p o l y m e r i z a t i o n .  

invent ions  was Bliss 's (12) ingenious a t t empt  to make  
a porous pheno l - fo rma ldehyde  sheet. He mixed  as-  
bestos  and zinc wi th  resin, po lymer ized  it, and re-  
m o v e d  the  zinc wi th  acid. A number  of o ther  inven-  
tions included a separa to r  of chopped bird  fea thers  
and sodium sulfite (13), b i t u m e n - i m p r e g n a t e d  felts  
(14), roofing fel t  wi th  ex t ruded  h a r d  rubbe r  r ibs  (15), 
and Wil lard ' s  novel  combinat ion  of fiber cables and 
wood str ips bonded into sheets wi th  a la tex  (16). 

The search for  the  correct  ma te r i a l  to a l low ionic 
t ranspor t  and sti l l  p rov ide  a useful, robus t  separator  
l a t e r  fol lowed severa l  newer  l ines of inquiry.  Ekis ler  
descr ibed a separa tor  made  of l ayers  of d r a w n  glass  
fibers and bound wi th  rubbe r  la tex  or a phenol ic  res in  
(17), and Lunn  used rubbe r  cements  to fix f lexible 
rubbe r  separa tors  d i rec t ly  to p la tes  (18). S lay te r  made  
a separa to r  of crossed felts and wools (19) to real ize  
a g rad ien t  of pore  sizes normal  to the  separa tor ;  he  
also developed a b ra ided  fiberglass s t ruc ture  for  t ubu -  
la r  l ead -ac id  ba t te r ies  (20). The Chlor ide  Elect r ica l  
Storage Company,  Limi ted  pa ten ted  a separa to r  for -  
mula t ion  that  used diatomaceous ear ths  or  o ther  fillers 
wi th  rubbe r  la texes  or  thermoplas t ic  resins (21). F u l -  
ler  and Sudlow ant ic ipated  the  envelope separa to r  con- 
cept as ea r ly  as 1939 in thei r  pa ten t  descr ibing an  elec-  
t ro ly t e - r e t a in ing  separa to r  m a t r i x  (22). 

In  1943, S lay te r  pa ten ted  a process for making  por -  
ous, fibrous glass Sheets (23), and Vinal  l a te r  (1950) 
exper imented  wi th  complex lamina tes  of glass wool 
and thermoplas t ics  such as po lys ty rene  (24). He de-  
veloped pores  in the  plas t ic  by  using leachable  sal ts  
such as potass ium sulfate  or magnes ium sulfate.  Dur -  
ing this period,  Szper-developed an e l ec t ro ly t e - r e t a in -  
ing separa tor  ma t r i x  by  mix ing  kieselguhr ,  sulfur,  
soluble alginates,  and rubber ,  then pas t ing the s lu r ry  
onto glass wool Sheets (25). This was fol lowed by  
severa l  a t tempts  to use dia tomaceous ear ths  and v a r i -  
ous resins. Walker  (26) used neoprene  and d ia tomace-  
ous earth,  while  Phi l l ips  (27) used glass fibers mat ted  
wi th  dia tomaceous ea r th  and s ty rene -bu tad i ene  co- 
po lymer  l amina ted  to phenol ic -bonded  glass mat.  
Wi th  this  technique,  he hoped to real ize  a selected, 
one-s ided  microporosi ty .  

Wood separa to r  technology was p ioneered  much 
ear l ie r  and by  1917 was r e l a t ive ly  mature ,  r ep resen t -  
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ing a la rge  pa tent  and process -pa ten t  l i te ra ture .  The 
1911 pa tents  of Dodge (28) and Taylor  (29) descr ibe  
processes to manufac tu re  separa tors  using complex, 
ser ial  t rea tments  of the  wood veneers  in acids and 
alkali .  Sk inner  (30) used hot  sulfite solut ions (100 ~ 
175~ and pressur ized washing and dry ing  to make  
separa to r  sheets, whi le  Morr ison (31) cooked wood 
sheets in hot paraffins 'to remove  the volat i le  mat ter .  
The finished product  was produced  by  solvent  ex t rac -  
tion. Later,  Sk inner  (32) boi led his wood veneers  in 
solutions of sodium sulfide or, more  simply,  p la in  
water ,  but  re ta ined  pressur ized dry ing  and washing.  

Wright  (33) used a process he r e fe r red  to as e lec t r i -  
cal osmosis in his process for making  separa tors  of bass 
and cherrywood.  Morr ison a t t empted  to a l levia te  l ead-  
t ree  format ion  by  prec ip i ta t ing  ba r ium sulfate or  
s t ront ium sulfa te  in the  pores of his wooden mat r ixes  
(34). The 1916 Shimazu patents  descr ibe  a complex 
procedure  for making  thin wood separa tors  (35). 
Shimazu specified acid sulfite t rea tment ,  a lka l i  car -  
bonate  washes, and even a lka l i  peroxide  t rea tments  in 
his processes. 

Af te r  1917, wood technology continued to be e labo-  
r a t ed  as shown by Lunn 's  deve lopment  of in tegra l  
grooves and r ibs (36), Norr is ' s  combinat ion  of wood, 
hard  rubber ,  and cel luloid (37), and severa l  combina-  
tions of wood wi th  g lass -mat t  (38) and other  spacers 
and protec tors  (39-41). The bu lk  of wood used was 
t rea ted  by  one or another  complex aqueous t rea tments  
(28-35). The most novel  p repa ra t ion  of wood veneers  
seems to be that  of S teerup  (42), who opened the 
pores by  steaming,  fol lowed by  t r ea tmen t  wi th  am-  
monia. The ammonia  and ammoniaca l  compounds were  
then volat i l ized wi th  s team at 125~176 

The dra in  on the supply  of Por t  0 r f o r d  Cedar,  the 
wood separa tor  of choice up to that  t ime, led to defini- 
t ive research  and deve lopment  on o ther  coniferous 
woods. The paper  by  Peakes,  Lloyd, Barnes, Berry,  and 
Ri t te r  (43) represents  the  most complete  s tudy of 
wood p repa ra t ion  in the nonpaten t  l i tera ture .  I t  was a 
seminal  effort that  came, unfor tunate ly ,  at  the end of 
the  per iod of dominance  by  wood in separa to r  practice.  

Schidrowitz  and Goldsbrough were,  apparent ly ,  the  
first developers  of porous, spongy rubber  sheet ma te -  
r ia ls  (44). Their  original  pa ten t  of 1914 (45) used a 
rubber  latex,  sulfur, and substances tha t  decomposed 
dur ing the cure to develop poros i ty  dur ing  vulcaniza-  
tion. 

Wi l l a rd  appears  the first to use hard  rubbe r  in a 
ba t t e ry  separa to r  deve lopment  (46). His deve lopment  
consisted of cloth fibers and other  f i laments embedded  
in hardened  or  vulcanized rubber .  Separa tors  were  
made  by cut t ing th in  sheets of the composite  normal  
to the di rect ion of the embedded  filaments. Wi l la rd ' s  
l a te r  patents  were  also embodiments ,  a lbei t  different  
ones, of the same genera l  idea  (47). 

By the mid-1930's, ha rd  rubbe r  separa tors  were  made 
commercia l ly  by  a number  of different  techniques such 
as Beckmann 's  molded la tex sheet  wi th  r ibs (48) and 
Mart indel l ' s  hard  rubbe r  separa to r  wi th  specia l ly  po-  
si t ioned ribs (49). In  1937, Greenup and Olcott  (50, 51) 
demons t ra ted  the  over -a l l  chemical  s tabi l i ty  of vul-  
canized na tu ra l  la tex separators .  By that  t ime, ha rd  
rubbe r  separa tors  gave long l ife and improved  c rank-  
ing per formance  (in au tomot ive  appl icat ions) .  

Hard  rubbe r  separa tors  are  wide ly  used for indus-  
t r ia l  ba t te r ies  ( forkl i f t  t ruck,  te lephone substations,  
etc.) and a lesser  ex tent  for the manufac tu re  of au to-  
motive and t ruck  cranking bat ter ies .  However ,  as 
Pa lmer  (52) points  out, r e s in -bonded  pape r  is the  
basic separa to r  in use today in the  start ing,  l ighting, 
and ignit ion (SLI)  ba t t e ry  industry.  I t  appears,  his-  
torical ly,  as a na tu ra l  fo l low-up to cedar  and other  
wood veneer  separa to r  mater ia ls .  The good- to -exce l -  
lent  res is t iv i ty  and in tegr i ty  of wood veneers  suggest  
that  impregna ted  cellulose (as in wood ce l l -wal l  cover-  

ings) should make  a good, porous m a t r i x  sui table  for 
SLI applications.  Res in -bonded  paper  and wood veneer  
separa tors  have s imi lar  total  porosities,  quite different  
pore  size d is t r ibut ions  (53), and  different  chemical  
s tabi l i t ies  in the  acid env i ronment  of SLI  bat ter ies .  
Like wood, r e s in -bonded  pape r  separa tors  have good 
stiffness and burs t  s t reng th  proper t ies  (53, 54). 

Cellulosic separators--evo~ution.--Resin-bonded pa -  
per  separa tors  en tered  the SLI  ba t t e ry  field wi th  con-. 
s iderable  impact  in  the  1950's. Commercia l  manufac-  
ture  by  paper  and fiber special t ies  manufac tu r ing  firms 
has resul ted in a separa to r  tha t  possesses a consider-  
able cost-effective advan tage  over  hard  rubbe r  and 
other  po lymer  mate r i a l s  and cur ren t ly  occupies a 
dominant  posi t ion in SLI  ba t t e ry  assembly  (52). 

Cellulose appeared  as ear ly  as 1922 when Wood and 
Smith  brought  out  a complex  ma t r i x  of ha rd  rubber ,  
wool, and cotton fibers (55). This was to be a separa tor  
tha t  developed increased pore  volume as the.  cotton 
l inters  were  d iges ted  in the  acidic medium. The fu tu re  
use of paper  separa tors  m a y  have been forecast  by  
Benner  e t a l .  in the i r  1930 development ,  a ma t r i x  
which consisted of cellulose fibers and tough, noncor-  
roding spacers bonded into a composite sheet  (56). 

Di l lehay  developed a paper  po lymer ized  wi th  fu r -  
fu ry l  alcohol (57) that  consisted of app rox ima te ly  85% 
cellulose. Later ,  Lehmberg  processed a fel t  of Vinyon 
(a v inyl  ace t a t e -po lyv iny l  chlor ide copolymer)  and 
cotton (58), asser t ing tha t  hydrolys is  of the  cotton, by  
increasing the porosi ty,  re l ieved  " leading- through."  

Uber 's  1951 pa ten t  (59) represents  the modern  res in-  
bonded cellulose (RBC) separator .  His ma t r i x  was im-  
p regna ted  wi th  phenolic  resins and is stil l  used in p res -  
e n t -da y  separa tor  practice.  There  was a rush to de-  
velop s imilar  mat r ixes  but  wi th  ref inements  and  minor  
improvements .  Wilson pa ten ted  (60) pheno l i c - impreg -  
nated papers,  sometimes wi th  complex refinements,  as 
was the pa tent  awarded  Merr i l l  in 1954 (61). Uhlig 
et al. (62) embel l i shed  the basic concept by  adding 
pinewood r e s in s - - fo r  reasons not c lear  to this reader .  
Merr i l l  and Mears  pu lped  glass fibers wi th  the basic 
cellulose s lurry.  In  Merr i l l ' s  deve lopment  (63) fu r -  
ru ra l -  and u r e a - f o r m a l d e h y d e  resins were  used as im-  
pregnat ing  agents. Mear 's  use of glass fibers (64) was 
more  complex:  he hoped to develop a ma t r ix  so that  
the separa to r  was r ich in glass fibers on one side and 
r ich in cel lulose content  on the  other. 

Dur ing this per iod a number  of pa tents  appeared  
deal ing wi th  s tandard  pheno l i c - impregna ted  mat r ixes  
re inforced wi th  sprays  or  coatings of o ther  addi t ional  
resins. Raphael  and Schwei tzer  (65) and Beckvold and 
H a r tma n  (66) t rea ted  r egu la r  RBC-separa to rs  wi th  
sprays  of other  thermoset t ing  resins. Raphae l  and 
Schwei tzer  endorsed the use of suspended,  ac id - r e -  
s is tant  fibrous ma te r i a l  in the  sprays;  t hey  suggested 
po lyv iny l  chloride,  polyethylene,  polys tyrene ,  bu t a -  
d i ene - s ty rene  copolymers,  and many  others,  including 
polymers  and copolymers  of isobutylene.  

Dowse and his colleagues (67) developed ra the r  
complex cellulose separa tors  employing  special  folds 
at the edges of grids and plates,  and St ickel  (68) 
brought  out a s imple  two- faced  die used to cr imp a 
pe rmanen t  r ib into pa r t i a l l y  cured pheno l i c - impreg -  
nated paper.  Later,  Li t t le  (69) and Hal l  (70) made  
s imple improvements  in the  r ib  used on typica l  paper  
separators .  

Af te r  this per iod of activity,  most  new developments  
in these separa tor  areas  appea r  to be more  v is ionary  
than  practical .  Mills 's  (71) and ~edove l l i ' s  (72) de-  
velopments  are  r a the r  complicated,  involving special  
impregnat ions  or various kinds of duplex  lamina tes  of 
plastics bonded to paper .  Zenczak's  deve lopment  (73), 
a separa tor  using phenolics as impregna tes  but  s tar t ing 
wi th  a l ignocellulose paper  base, is r a the r  in teres t ing 
in view of the f requent  and profi table  use of l ignins in 
expande r  technology. 
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Antimonial alloy grids--A complication.--Several 
authors  have  poin ted  out  the  s t rengths  and weaknesses  
of RBC separators .  For  au tomot ive  end use, Lande r  
(74) has indicated,  g iven cur ren t  e lement  design, tha t  
economics or cost effectiveness is the pr inc ipa l  factor  
considered for separa to r  selection. Sundberg  (75) 
showed an increas ing awareness  of the  role tha t  pores  
p l ay  in the  fa i lure  of SLI  ba t te r ies  re la ted,  apparen t ly ,  
to an t imony  migra t ion  and diffusion. 

An t imony  t rans fe r  f rom t]~e posi t ive grid a l loy  to 
the  negat ive  grid has been recognized as a m a j o r  sys-  
tem p rob lem for some t ime  (76). Crennel l  and Mil l igan 
(77) inves t iga ted  the  hydrogen  overpoten t ia l  of aged 
cells wi th  an t imonia l  posi t ive gr ids  to exp la in  the  
steady, i r revers ib le  sulfa t ion of nega t ive  electrodes.  
An t imony  migra t ion  and its e f fec ts - - se l f -d ischarge  of 
the  negat ive  on stand,  reduced  charging  efficiency and 
sulfa t ion of the  negat ive,  and s t ibine evolut ion on 
overcharge  ( 7 8 ) - - r e m a i n  a complex problem.  The 
lower ing  of end -o f - cha rge  vol tage (ECV) m a y  be the  
resul t  of extens ive  an t imony  t ransfe r  or the  resu l t  of 
high resis tance shor t  circuits  bui l t  up in the  separa to r  
by  deposit ion,  solution, and crys ta l l iza t ion  of lead  d i -  
oxide or o ther  semiconduct ing lead  sal ts  (per fora t ion  
fa i lure) .  

Some inves t iga tors  bel ieve  lead t rees  a re  responsible  
for fa i lures  s imi lar  to shor t  circuits,  and  there  remains  
in separa to r  pract ice  a " leading through"  measuremen t  
to test  a separa tor ' s  res is tance to lead  "dendr i te"  
growth.  Wrang len  has demons t ra ted  which condit ions 
are  necessary for we l l - cha rac te r i zed  lead  dendr i t e  
g rowth  in e lec t rocrys ta l l iza t ion  systems (79). Unfor-  
tunately,  he r epor ted  no work  in sulfur ic  acid media.  

Lead dendr i tes  are  p ropaga ted  f rom asperi t ies  in 
high cu r r en t -dens i t y  envi ronments  and represen t  a 
di f fus ion-control led phenomenon.  In low cur ren t  den-  
s i ty environments ,  nondendr i t ic  g rowth  layers  m a y  
form on exposed planes.  This mode is qui te  slow, com- 
pared  wi th  dendr i t ic  growth,  resul t ing in plates  and 
mosaics. In  the  t rans i t ion  region of cur ren t  density,  
l aye red  g rowth  can also occur at  surface asperi t ies.  

The isolat ion of separa to r  fa i lu re  effects in  ba t te r ies  
having  an t imony- l ead  alloys is a complex p rob lem tha t  
can be set t led only by  d i rec t  phys ica l  examina t ion  of 
suspect  elements.  The charge h i s tory  of deeply  dis-  
charged au tomot ive  ba t te r ies  wil l  show gradua l  l ower -  
ing of the ECV due, no doubt, to an t imony  t ransfer .  
This m a y  be the  cause of e lement  fa i lure  if there  is 
no di rec t  evidence of shor t -c i rcu i t  fai lure.  In  the  pres -  
ence of ve ry  low ECV's and physical  evidence of shor t -  
ing, then the l a t t e r  must  be assumed the p reponde ran t  
cause of fai lure.  

Resin-Bonded Cellulose Separators 
Corrosion in SLI battery electrolyte.--In minera l  

acids, cellulose is h igh ly  react ive  and hydro lyzes  r ap -  
idly. For  RBC separa tors  to be useful  in sulfuric  acid 
(H2SO~) media  ranging  f rom 3.3N (sp gr  app rox i -  
ma te ly  1.1) to 10.7N (sp gr  app rox ima te ly  1.3), they  
must  resis t  the i r  nat ive  tendency  to hydrolyze.  The 
cur ren t ly  used impregnat ion,  a two-stage,  w a t e r - b o r n e  
phenolic  resin, accomplishes considerable  protection,  
but  RBC separa tors  lose up to 15% of thei r  weight  if  
s tored in ba t t e ry  g rade  acid ( app rox ima te ly  9.2N 
H2SO4) at 52~ In ac tual  ba t t e ry  practice,  the loss has 
been seen to be g rea te r  (52). 

S t r a igh t fo rward  corrosion exper iments  were  done in 
this labora tory .  A very  large number  of carefu l ly  cut 
and preweighed  pieces of RBC separa to r  were  p laced 
in 9.18N H2SO4 (1.256 sp gr) and s tored at 52~ for an 
extens ive  period. Samples  t aken  over  per iods  up to 
2400 hr  suffered considerable  weight  loss and cont inu-  
ous da rken ing  of the mater ia ls ,  as shown in Fig. 1. 
These are  two separa te  but  re la ted  phenomena.  When 
we appl ied  regress ion analysis  to our  i so thermal  cor-  
rosion data, we found tha t  weight  loss, based on the 

Fig. 1. Color change in sulfuric-acid treated RBC separators. 
Separator pieces were stored in 9.2N H2SO4, at 52~ for: A, 19 hr; 
B, 43 hr; C, 230 hr; D, 530 hr; E, 840 hr; F, 1200 hr; G, 1500 hr; 
and H, 2400 hr. 

percent  cellulose in the  composite,  fit a logar i thmic  re -  
la t ionship  

P ( %  wt loss in 9.18N H2SO4) --  2.058 log102 t ~ 0.80176 
[1] 

where  t is expressed in hours. 
The degrada t ion  of cellulose by  mine ra l  acids has 

been s tudied in  ve ry  grea t  deta i l  since 1844 (80). 
De Carolles found a spec t rum of wha t  he called "wood 
sulfuric  acids" when wood cellulose was t rea ted  wi th  
s trong H2SO4. Addi t ion  compounds were  found (81) 
when ve ry  concent ra ted  H2SO4 was used. These com- 
pounds were  of the  form (C6H1005 �9 4H20 �9 H2SO4)n. 

F reudenberg  and colleagues (82) s tudied the degra -  
dat ion of cellulose in 51% H2SO4 at 18~ They p re -  
sumed the H2SO4 to be ins t rumenta l  in the r e a c t i o n - -  
the  process was not o rd ina ry  hydrogen  ion ca ta lyzed 
hydrolysis .  F reudenbe rg  assumed the hydro lys i s  un i -  
molecular ,  wi th  the veloci ty  constant  a funct ion of the 
fract ion of reac ted  glucose l inkages.  

The cellulose in RBC separa tors  is significantly p ro -  
tected, but  is not pro tec ted  wel l  enough, and separa tors  
t aken  f rom ve ry  old cells or f rom bat te r ies  cycled for 
very  long per iods  are  usua l ly  ex t r eme ly  frangible .  
They seem, almost,  a lacy  ne twork  of phenolics unsup-  
por ted  by  the or iginal  cellulose. This is not the case, 
however,  and weight  measurements  show that,  even 
in this br i t t le  condition, much of the  or ig inal  cellulose 
remains.  

The probable  key  to be t t e r  RBC separators ,  wi th  r e -  
spect to hydrolysis ,  l ies in a be t te r  resin impregna t ion  
technique.  Other  resins have been used (57, 58, 63, 66), 
but  the phenolic  impregna t ion  scheme remains  the 
most common cur ren t  practice.  Fo r  the  re la t ive ly  un-  
demanding  appl icat ions  in SLI  bat ter ies ,  RBC sepa ra -  
tors are  the most cost effective (74). 

Phenolics of the same k ind  used in RBC separa tors  
are  used in other  kinds of l ead-ac id  ba t t e ry  systems. In  
tubu la r  p la te  cells which are  used for  indus t r ia l  and 
s ta t ionary  applicat ions,  the  tubes are  f requen t ly  
bra ided  fiberglass bundles  wi th  a phenolic  binder .  
Af te r  considerable  cycle life, the  resin bonding on the 
fiberglass .tubes is found to be comple te ly  eroded. The 
tubes then lose the i r  r igidi ty,  and considerable  active 
ma te r i a l  loss is possible,  wi th  an associated loss of 
ba t t e ry  performance.  

The phenolics associated wi th  RBC separa tors  are  
known to discolor and react  in ba t t e ry  e lec t ro ly te  af ter  
extensive exposure  (Fig. 1). They do not, however ,  
erode completely,  indica t ing  tha t  the i r  long l ife is, in 
part ,  due to the associat ion wi th  ~he cel lulose substrate .  
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An obvious conclusion is tha t  the  cellulose and phe -  
nolic resin b inders  copolymerize  to form a ma t r i x  tha t  
resists  corrosion in this  environment .  The evidence for 
copolymer iza t ion  is qui te  strong:  a combinat ion  of 
s t ruc tura l  evidence of in t e r -  and in t ramolecu la r  hy -  
drogen bonds (83), labi le  h y d r o x y l  g r o u p s  (84, 85), 
and differences seen in the ab i l i ty  of d ry  a lpha  cel lu-  
lose to reorganize  in  the  presence of wa te r  vapor  (86). 
Much of the evidence has been  assembled  in a recent  
paper  (87). 

I t  is essent ia l ly  the  corrosion of the  subs t ra te  cel lu-  
lose tha t  br ings about  the  degrada t ion  o~ RBC sepa ra -  
tors. The cur ren t ly  used phenolic  impregna t ion  sys tem 
is effective in de laying  the loss of mater ia l ,  bu t  not  as 
wel l  as ba t t e ry  manufac ture rs  could wish for. The hope 
for be t t e r  RBC.separators ,  therefore,  lies in improv ing  
the current  process of impregnat ion,  or in a new or 
modified process tha t  wil l  p roduce  a more  corrosion-  
res is tan t  m a t r i x  tha t  st i l l  re ta ins  most of the  desired 
cost effectiveness of paper .  

A note on cellulose structure.--Cellulose, der ived  
f rom wha teve r  source, is a h igh ly  crys ta l l ine  ma te r i a l  
that  yields  definite x - r a y  diffract ion pat terns .  This 
was, apparent ly ,  first discovered by  Nish ikawa and 
Ono (88). X - r a y  inves t igat ion was intensified, and 
severa l  cellulose modifications were  de te rmined  (Cel-  
lulose I, II, III,  and IV).  Alpha  cellulose, the main  
raw ma te r i a l  f rom cotton and many  woods, is p r inc i -  
pa l ly  Cellulose I, r e fe r red  to as na t ive  cellulose. A 
monoclinic uni t  cell s t ruc ture  possessing two screw 
axes was proffered by  Meyer  and Misch (89) and has 
re ta ined  its essent ial  usefulness for severa l  decades, in  
spite  of many  modifications. The Meyer  and Misch uni t  
cell is a ref inement  of ea r l i e r  predic t ions  (90) and has 
wi ths tood a fa i r ly  s teady  cur ren t  of refinement.  

Considered to be made  up of c rys ta l l ine  regions im-  
bedded  in an amorphous  matr ix ,  cellulose s t ruc ture  
was for a long per iod  descr ibed as two phased, or 
micel lar ,  a descr ip t ion  that  cu lmina ted  in the f r inged-  
micel le  model  (91-94) now quest ioned by  many  in-  
vestigators.  Cellulose is a po lymer  of beta-cel lobiose,  
and its s t ruc ture  is de termined,  in extension,  by  the 
na ture  of the  monomer  and the charac te r  of the  chain 
l inkages  (95, 96). Beta-cel lobiose  is a Be ta - l inked  
d imer  of glucose and in Hawor th ' s  (97) nomencla ture  
is represen ted  by  the s t ruc ture  shown in Fig. 2. 

The unit  cell for cellulose is st i l l  not genera l ly  de-  
t e rmined  to everyone 's  satisfaction, but  many  reason-  
ab ly  sa t is factory  models  exist  (89, 90, 98). I t  is gen-  
e ra l ly  agreed that  the pyranose  r ings assume the less-  
s t ra ined trans- or chai r - form.  Transi t ions  to the cis- 
form which occur in  excess energy  environments  a re  
suggested by Reeves (99) as a possible cause for di f -  
ferences in physical  s t ruc ture  and react ivi ty .  This 
suggest ion has been suppor ted  by  work  done by B jo rn -  
haug, Ellefsen, and Tonnesen (100). 

The cellulose s t ruc tura l  e lement  a t ta ins  a rod- l ike  
stiffness due to s tab i l i ty  impar ted  by  in te rmolecu la r  
and in t ramolecu la r  hyd rogen  bonding. Liang and Mar -  
chessault,  in a series of in f ra red  spectroscopic analyses,  
obta ined  extens ive  evidence for the existence of these 
bonds (83). The hydrogen  bonds res t r ic t  the anhydro -  
glucose units  to a l imi ted  region of movement  about  
the acetal  l inkage.  The net  resul t  of hydrogen  bonding 
is a spec t rum of ac t iv i ty  for the  hydroxy l s  associated 
wi th  the r ing carbons. Recently,  Rowland,  Roberts,  and 
Bose (84) measured  the re la t ive  react iv i t ies  of the  
carbons associated wi th  in t ramolecu la r  hydrogen  bonds 
and with  in'~ermolecular bonds. Using a hydrocel lulose,  
they  fcund the C-2 hyd roxy l  (Fig. 2) to be stable,  
wi th  the  C-6 and C-3 hydroxyls  app rox ima te ly  54% 
and 29%, respect ively ,  as avai lable  for reaction. For  
fibrous cotton, the re la t ive  avai labi l i t ies  were  approx i -  
ma te ly  77 and 32%, respect ively ,  the difference being 
due, p resumably ,  to the  grea te r  re la t ive  order  and 
c rys ta l l in i ty  of the r egenera ted  cellulose (hydroce l lu -  
lose).  

,e - CELLOBIO SE 

O-/3-D-GLUCOPYRANOSYL- ( I-  4 ) - ~ -  D -GLUCOP YRANO SE 

Fig. 2. The structure of ~ celloblose. Open circles ere oxygen, 
closed circles curbon. The ossociated hydrogens ere not shown. 

St. John  Manley  argues  that  we should consider  cel-  
lulose f rom the molecular  point  of view, and he shows 
how the reac t iv i ty  and puzzling re ten t ion  of apparen t  
c rys ta l l in i ty  can be expla ined  using his protof ibr i l  
model  (101). The  protof ibr i l  model  expla ins  how the 
index of c rys ta l l in i ty  of hydrocel lu lose  and cot ton 
fibers appears  the same, in spite of the g rea t  difference 
in thei r  physical  proper t ies .  I t  also obviates  the  g roup-  
theoret ica l  work  of Jones (102), who was unable  to 
corre la te  the  x - r a y  intensi t ies  and der ived  s t ructure  
factors for cellulose I and II  to any  convent ional  space 
group. 

The St. J. Manley  model  says, essential ly,  tha t  the  
protofibri l  is comple te ly  crys ta l l ine  and the proper t ies  
and reac t iv i ty  of cellulose m a y  best  be unders tood by  
s tudying  the processes into which protofibri ls  enter.  
Accessibi l i ty  and the proper t ies  of o ther  cellulose 
s t ructures  are, in this construction,  only reflections of 
the manner  in which the protofibri ls  form la rge r  
supers t ruc tures  (Cellulose I, Cellulose II, etc.) .  

The protofibri l  model,  incorpora t ing  as i t  does an 
o rde r ly  p lea t ing  and folding of supermolecu la r  s t ruc-  
tures, uses a natural ,  f lat tened he l ix  and encompasses 
the  pers i s ten t ly  proffered hypothesis  of screw disloca-  
tions and spi ra l  s t ructures  first a dumbra t e d  by  Balls 
in 1923 (103). The small  but  finite regions tha t  are 
essent ia l ly  the  phys ica l  zones be tween  r ibbons  and 
folds give rise to the amorphous  halo of typical  Debye-  
Scher re r  x - r a y  diffraction pat terns .  

The sp i ra l ly  wound protofibri l  model  is not uniquely  
St. John Manley's .  R. Mark  etaL,  to expla in  the  high 
elastic modulus of cellulose, fo rmula ted  an extended 
(nonfolded) chain model  tha t  is ve ry  l ike a coiled 
bedspr ing  (104). 

La te r  s t ructure  inves t igat ion by e lect ron diffraction 
and newer  calculat ions on exis t ing x - r a y  diffraction 
da ta  st i l l  l ead  to d iverg ing  hypotheses.  Kulshresh thwa  
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and Dweltz (105) give reasons for abandoning the no- 
tion of degree of crystall inity entirely, and they dis- 
credit the fringed-micelle (two-phase) model, point- 
ing out that crystall inity as currently understood indi- 
cates only a difference between the molecular order 
of a sample and that  of a crystalline standard. Hebert  
and Muller (106), using electron diffraction, have par-  
t ially substantiated Jones's conclusions (102) about 
the unit cell and its space group. The Meyer-Misch 
unit cell requires it  to be of space-group symmetry P21, 
Which requires the absence of x - ray  or electron dif- 
fraction lines, corresponding to [0k0] indexing (k an 
odd integer, only).  Because these lines are present in 
both x - ray  and electron diffraction, the Meyer-Misch 
unit cell clearly fails to correlate all the available data. 

X- ray  diffraction experiments have long been a 
pr imary means to investigate the structure and the 
chemical stabili ty of cellulose (107). It has been used 
in a limited way to study the corrosion of RBC sepa- 
rators in bat tery grade acids (108). The x - ray  diffrac- 
tion spectrum of RBC separators is a characteristic 
that is sensitive to the condition of the matr ix  (87, 108) 
and can be used, in conjunction with density and 
weight-loss measurements, to index the quality of the 
retained cellulose in samples that have been hydro-  
lyzed. 

'The impregnation of cellulose with phenolics in the 
paper-making and polymer-curing processes leads to 
an x - ray  diffraction spectrum only quali tat ively differ- 
ent from the spectrum of alpha cellulose as shown in 
Fig. 3. However, the reaction of RBC separator 
matrixes to water is quite different, and water vapor 
actually lowers the order of the separator matr ix while 
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Fig. 3. The x-ray diffraction spectra of c~ cellutose compared to 
RBC separator. Conditions of the analysis (field and beam current) 
were unchanged. 

having a definite ordering effect on untreated alpha 
cellulose (86, 87, 109, 110). 

It should be noted that cellulose, as in all highly 
crystalline materials, can be decrystallized physically 
(107c) and chemically (111), but it  can also be re-  
ordered or annealed by heat- t reatment  (112) and a 
water-plasticization process (109, 113). The structure 
and properties of this matrix, alpha cellulose with a 
reactive polymer impregnate is still not fully under-  
stood and characterized. Enough, however, is known 
to make careful, qualified prognoses on the future of 
this matrix for separator applications. This writer, un- 
like Palmer (52), is convinced cellulose can be the 
pr imary substrate for a much improved SLI-separator  
matrix. 

Some relevant chemistry.--The two-phase hypo- 
thetical description of cellulose the amorphous/crys-  
talline model (fringed mice l le ) - -was  very useful for 
correlating data from a great number of early studies 
on hydrolysis in acid media. Meller (114) investigated 
the acid hydrolysis of what he called the "easily ac- 
cessible fraction" in two papers published in 1949 and 
1953. He measured activation energies for hydrolysis 
that indicated the rate of weight loss to be controlled 
by an "activated diffusion" process. Meller suggested 
that  reactivity could be used to measure the crystal-  
l ine/amorphous ratio. 

Nickerson and Haberle had already assumed that the 
attainment of a constant reaction rate meant much the 
same thing for the retained crystalline fraction s hy- 
drolyzing cellulose (115). They also assumed the crys- 
tall ine/amorphous ratio could be determined by hy- 
drolysis measurements. Sharples (116) demonstrated 
that certain linkages were more acid sensitive than 
others in the cellulose chains of Egyptian cotton. 
Sharpies, however, did this work" on chemically modi- 
fied cotton samples, and it is not clear whether the 
Chemical preparat ion altered the reactivity, because 
Sharples found differences in acid-sensitive linkages 
in regenerated cottons from different sources. 

Ant-Wuorinen and u  concluded from exten- 
sive hydrolysis experiments, coupled with x - ray  dif- 
fraction measurements, that changes in the "index of 
crystallinity" indicated litt le about amorphous/crys-  
talline ratios but indicated, rather, the degree of lateral  
order (117). These workers used the crystal l ine/amor-  
phous concept to deal with hydrolysis data, assuming 
that the micellar, crystalline bodies are fundamentally 
more stable to hydrolysis. The difficulty with their 
lateral  order hypothesis is pronounced for extensively 
hydrolyzed cellulose such as Nickerson's hydrocellu- 
lose (115). These are materials without extensive 
lateral order (in a micro sense) but with very high 
indexes of crystallinity. 

In this laboratory, alpha cellulose (Cellulose I) was 
hydrolyzed in 1.40 sp gr H 2 S O 4  for 36 hr at 52~ The 
liquor was black to dark brown and the cellulose slabs 
completely degraded. The solid particulate matter  was 
washed in distilled water until  free of (SO4=). The re-  
sulting material  was white and formed a viscous dis- 
persion in water. A small hand sheet was made by fil- 
tration and dried in vacuo; the result, a brit t le horny 
material, was analyzed by x - r ay  diffraction. The x - r ay  
spectrum was compared directly with the spectrum of 
raw material  cellulose (87). The spectra are almost 
identical, and the crystall inity indexes, in the sense of 
Segal (107b) or Hermans and Weidinger (107a), are 
vir tual ly the same. This indicates that the crystall inity 
index is dependent, mainly, on structural elements 
much smaller than regular fiber bodies (l18a). The 
degree of polymerization of alpha cellulose is on the 
order of 10L104, while that  of extensively treated hy- 
drocellulose is approximately 102 (118b). 

As pointed out, the crystall inity of separators is 
somewhat lower for finished separators than for native 
cellulose (87, 108), however, the crystall inity index is 
not greatly decreased by storage in bat tery electro- 
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lytes. Phys ica l  examina t ion  of separa to r  pieces s tored  
for hundreds  of hours  in SLI  e lec t ro ly te  indica ted  cor-  
roded edges and o ther  signs of weight  loss, but  x - r a y  
examina t ion  indica ted  a prac t ica l ly  unchanged degree  
of c rys ta l l in i ty  (87). 

The discolorat ion of the  separa tors  (Fig. 1) dur ing 
long per iods  of acid s torage and cycling is not  easy 
to explain.  Many ba t t e ry  researchers  assume tha t  i t  is 
a charl ike,  darkened,  hydro lyzed  produc t  of cellulose 
or glucose degradat ion.  For  this exp lana t ion  to hold, 
we must  assume these da rk  species a re  labile,  reac ted  
par ts  of the  fibrous ne twork ,  and  somehow bound by  
the po lymer  resins used to protect  the  cellulose; how-  
ever, hydrocel lu loses  made  by  acid hydro lys i s  a re  clean 
and whi te  (115). The da rk  products ,  being wa te r -  or 
acid-soluble,  a re  not  t r apped  in  the  fiber ma t r i x  tha t  
remains  af ter  hydrolys is  and cannot account  for  the  
darkening.  

The poss ibi l i ty  tha t  the da rken ing  is due to degra -  
dat ion of the  pheno l fo rmaldehyde  resins must  be ex-  
amined. Resins of this type  are  cured at  t empera tu res  
on the order  of 195~ (119). The resins used in sepa-  
r a to r  manufac tu re  a re  t r ea ted  at  app rox ima te ly  210~ 
in a continuous process, and the "cure" may  be incom- 
plete;  thus there  are  l ike ly  to be labi le  moeit ies  in the 
finished separators .  I t  is known tha t  sulfonat ion of 
pheno l - fo rma ldehyde  resins has been used to produce  
ion-exchange  resins (120), genera l ly  r edd i sh -b rown  in 
color. Though the acid medium in bat ter ies  is d i lu te  
compared  wi th  sulfonat ion media,  exposure  is ex ten-  
sive, and  the presence of pa r t i a l ly  cured resins m a y  
make  this specula t ion pala table .  

The da rk  color t aken  on by  H2SO4-treated sepa ra -  
tors m a y  also be the resul t  of acidic ox ida t ion  of lab i le  
phenol  moeit ies  and  of ac id -ca ta lyzed  format ion  of 
phenolic  and a ldehydic  condensat ion products .  The acid 
undoub ted ly  cata lyzes  a cer ta in  amount  of "curing" in 
the  resins present ,  but  pro longed I-I2SO4 exposure  wi l l  
cer ta in ly  ca ta lyze  condensat ion reactions,  which  are  
known to be pH sensitive. Phenol  alcohols condense 
r ap id ly  on contact  wi th  sulfur ic  acid (121). 

The bu lk  of exper imenta t ion  concerned wi th  the hy -  
drolysis  of cellulose i tself  has been done in hyd ro -  
chloric acid (HC1) media  (114-116, l18b, 122-125), and 
weight  changes in HC1 are  used to define the  charac-  
ter  of a lpha  cellulose used as a raw mate r i a l  in var i -  
ous po lymer  processes (126). An  extensive and con- 
t inuous research  into the  proper t ies  of cellulose in 
H2SO4 media  has been done in F in l and  by  An t -  
Wuor inen  and colleagues (117, 127-130) at  the  Sta te  
Ins t i tu te  for  Technical  Research at Helsinki.  

An t -Wuor inen ' s  hydro lys i s  da ta  (130) for bleached 
sulfite pulp  is shown plot ted  in Fig. 4. Bleached sulfite 
pulp is the basic raw ma te r i a l  of RBC separators ,  and 
to the  present ,  these are  some of the best  deve loped  
HzSO4-hydrolysis  da ta  avai lable .  In  this  scheme, the  
invest igators  were  interested,  mainly ,  in reac t ion  ve-  
loci ty (as a funct ion of H2SO4 concentra t ion)  and the 
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Fig. 4. Hydrolysis data for cellulose I. The data of several 
investigators are compared here, with all data plotted as the normal- 
ized unreacted fraction vs. time of hydrolysis. 

react ion half- l ives .  Also p lo t ted  in Fig. 4 a re  da ta  gen-  
e ra ted  by  regress ion analysis  of RBC separa to r  weight  
loss (Fig. i ) .  We have  also p lo t ted  the  F reudenbe rg  
et aL da ta  (82) to indicate  the  complex  re la t ionship  
that  exists  be tween  acid concentrat ion,  t empera ture ,  
and t ime (131, 132). Wha t  is c lear  is tha t  the  cellulose 
in RBC separa tors  reacts  a lmost  typ ica l ly  wi th  sulfuric  
acid, though at a much lower  rate.  Inheren t  in this is 
the obvious suggestion that  be t te r  impregna t ion  can be 
pe r fo rmed  or that  an improved  resin (more  sul fur ic-  
ac id- res i s tan t )  wi l l  y ie ld  a separa to r  capable  of longer  
l ife in a typ ica l  ba t t e ry  environment .  

Prognoses: Toward a Better Separator 
Phenol ic -bonded  cel lulose ma t r ixes  are the  most  

wide ly  used k ind  of separa tors  in the  SLI  indus t ry  (52) 
for reasons of cost el~ectiveness (74), but  a cursory  
perusa l  of the pa ten t  and the special ized l i t e ra tu re  
c lear ly  shows tha t  this ve ry  ma tu re  product  has not  
been significantly improved  in years.  Its dominance  in  
the automot ive  ba t t e ry  industry,  tha t  most  numerous  
and profit s t imula t ing  of l ead -ac id  bat ter ies ,  has in-  
adve r t en t ly  p laced i t  in a l imbo f rom which  it promises  
never  to come forth. Recent  work  in  separa tor  tech-  
nology (87, 133) indicates  tha t  the p rob lem of RBC 
separa to r  fa i lure  is a complex p rob lem associated with  
the  fundamenta l  paper  m a t r i x  and wi th  the  na tu re  of 
the impregnat ion.  

The paper matrix--Pore size distribution.--Palmer 
(52), Sundberg  (75), and others  (133) a rgue  effec- 
t ive ly  tha t  pore  size d is t r ibut ion  in the separa to r  is 
the  pr inc ipa l  va r iab le  in  considering fai lure,  whe ther  
due to an t imony  t ransfe r  or so-ca l led  per fo ra t ion  fa i l -  
ure. I t  has been  shown (133) tha t  la rge  pore  s epa ra -  
tors most  f requent ly  fai l  by  the  per fora t ion  mechanism 
and offer an excel lent  ma t r i x  for capture  and growth  
of suspended and dissolved lead  species, and Sundberg  
(75) has a rgued that  la rge  pore mat r ixes  pe rmi t  
grea ter  t r anspor t  of an t imony  from the posi t ive grid to 
the negative,  p lacing the b lame on an t imony  diffusion. 
Diffusive t ransfer  should be prac t ica l ly  the same 
wha tever  the  separa to r  or bar r ie r ;  however ,  the  elec-  
t ro ly te  in a cycling cell  is subject  to a g rea t  deal  of 
s t i r r ing  dur ing  charge  and overcharge.  The t rans fe r  is 
in pa r t  convective, but  i t  ought  to be noted the pores  
in RBC separa tors  are so large  that  convective mixing  
can take  place wi th in  ' them (134), so tha t  t r anspor t  
of an t imony through  t~hese separa tors  is more  l ike ly  
than  th rough  microporous  separa tors  (135). 

A w a t e r - l a i d  paper  ( fourdr in ie r )  can be made  so 
that  the pore  size d is t r ibu t ion  is much smaller .  F i l t e r  
paper  manufac ture rs  have sold papers  wi th  pore  sizes 
in the  1-5~ range for many  years  (136). F igure  5 shows 
the pore  size d is t r ibut ion  (PSD) of th ree  mat r ixes :  
wood, fine filter paper,  and coarse filter paper  (137). 
The PSD of the  coarse filter is ve ry  s imi la r  to the  PSD 
found for RBC separa tors  (75, 133). Wood veneer  is 
known to be a super ior  separa tor  for l ead -ac id  appl i -  
cations, so these da ta  suggest  that  an impregna ted  fine- 
pore paper  ma t r i x  wil l  approach  wood in performance.  
As Sundberg  has shown (75), such a ma t r i x  would  
slow the t ransfe r  of an t imony  and y ie ld  a lower  hy -  
drogen evolut ion test  d a t u m  than  a typical  RBC sepa-  
rator .  

In  manufac tur ing  a paper  ma t r i x  wi th  smal le r  pores  
and a PSD shif ted to smal le r  values,  there  would, un-  
doubtedly ,  be a p r e m i u m  to pay.  The paper  could be 
made wi th  kn i fe -mi l l ed  fibers to produce  a more  dense, 
less porous matr ix .  I t  would also be possible to fo rmu-  
late  wi th  microcrys ta l l ine  cellulose to se lect ively  fill 
pores and reduce net  poros i ty  and average  pore  size. 
Formula t ion  of a new, sma l l -pore  ma t r i x  should resul t  
in (i) h igher  density,  (it) lowered  wet tabi l i ty ,  and 
(iii) increased f rangibi l i ty .  There  wil l  be a res is t iv i ty  
pena l ty  to pay, and the use of addi t ional  synthet ic  fi- 
bers may  be necessary to re ta in  requ i red  b reak ing  
strength.  Such a matr ix ,  however ,  should be l ighter  by 
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Data from Ref. (137). 

vir tue  of requi r ing  a th inner  back-web.  There  wi l l  be 
increased expense  due to the  use of processed cellulose, 
but  this  wil l  be minimized  by  th inner  separa tors  a n d  
longer  life. 

There  should be considerable  incent ive for develop-  
ing such a matr ix .  The RBC separa to r  now holds an 
almost  2:1 pr ice advan tage  over the  wide ly  used micro-  
porous separa to r  matr ixes .  The dol lar  incent ive  the re -  
fore is great,  and  the c lea r -cu t  a t t rac t iveness  of a be t -  
ter  RBC separa to r  and  its p robab le  pene t ra t ion  into 

�9 deep-cyc l ing  l ead -ac id  ba t t e ry  marke t s  is indisputable .  

Impregnation--Key to stability.--The RBC separa to r  
using phenolic resin impregna t ion  has proved  to be 
reasonably  s table in H2SO4 media,  but  c lear ly  the  
labi le  hydroxy l s  and acetal  l inkages  in the  subs t ra te  
are  not comple te ly  involved in the cur ing scheme 
which  gives acid resis tance to the  mat r ix .  Whether  
the paper  ma t r i x  can be made recept ive  to more  com- 
ple te  sorpt ion and pene t ra t ion  of the uncured  resin is 
a complex question. Thode, Swanson,  and Becke t  (138) 
measured  the BET specific surface  area  of swel led  
a lpha cel lulose and found a high value  (100 sq m / g ) .  
They  showed tha t  bea t ing  increases the  BET area  and 
the cumula t ive  pore  volume in the range  of 44-800A. 

Ruzicka and Kud lacek  (139) used argon and did 
very  careful  so lven t -exchange  dry ing  to develop a 
more  deta i led  pic ture  of the surface area  and pore  vol-  
ume dependence  on fiber t rea tment .  For  na t ive  cel lu-  
lose, they  found a specific a rea  of about  30 sq m / g  but  
showed that  chemical  t r ea tmen t  t ended  to produce  
"swel led" fibers wi th  areas  of app rox ima te ly  225 sq 
m/g ,  and the swel led condit ion was ma in ta ined  if azeo- 
t ropic  dry ing  was used to p repa re  the sample. 

The sorpt ion by  cellulose of po lymer ic  mate r ia l s  was 
shown by Luce and Rober tson to depend  s t rongly  on 
the degree  of swel l ing (140) tha t  took place, e i ther  
pr ior  to or dur ing po lymer  sorption. The equi l ib r ium 
sorpt ion of po lyv iny l  alcohol (wi th  a molecular  weight  
of about  10 s) was ve ry  s t rongly  affected by  the na tu re  
of the  po lymer  carr ier .  If a "swel l ing" ca r r i e r  such as 

wa te r  is used, the sorbed quan t i t y  is far  g r e a te r  t h a n  
if a "non-swel l ing"  solvent  is used. P reswe l l ed  fibers 
also took up g rea te r  quant i t ies  of PVA, in d i rec t  p ro -  
por t ion  to the  degree  of swell ing produced  by  the  
swell ing agent.  Luce and Rober tson also found tha t  
more  po lymer  was sorbed if the  t empe ra tu r e  rose, wi th  
the h igher  molecular  weight  f ract ions of po lymer  b e -  
i n g  sorbed more  strongly.  

These sorpt ion da ta  point  to the  necess i ty  of opt i -  
mizing the resin t r ea tmen t  procedures  cu r ren t ly  u s e d  
to make  separators .  We know, for  example ,  tha t  the re  
is a grea t  degree  of swel l ing tha t  takes  p lace  dur ing 
the or iginal  pulping of the  a lpha  cellulose, the  sub-  
sequent  beating,  and the bleriding wi th  synthet ic  fibers. 
The basic ma t r i x  is then  made by  typica l  p a p e r - f o r m -  
ing techniques. Current ly ,  the absorpt ion  of pro tec t ive  
resins is a continuous process, indica t ing  that  a rea l  
equ i l ib r ium among the  fiber mat r ix ,  the  polymer ,  and 
the swell ing agent  is not l ike ly  to be reached .  

In SEM examina t ion  of r e s in -bonded  separators ,  
globules a re  found. These  can only  be exp la ined  as e x -  
cesses  of resin tha t  cured in place before  they  could be 
evaporated.  Other  effects tha t  we have  in t e rp re t ed  as 
due to an excess of l iqu id -phase  resins on the fiber 
surfaces have been  seen in SEM photos:  d imple l ike  
surface art ifacts.  These are  shown in Fig. 6, which also 
shows the globules of excess resin tha t  are  s o m e t i m e s  
seen. 

Both phenomena  indicate  tha t  R B C  s e p a r a t o r s  are  
f requen t ly  fo rmula ted  wi th  a la rge  excess of resin. In 
one case, the excess is so la rge  that  l iquid  (midcure)  
resins coalesce into r e l a t ive ly  large  globules (Fig. 6a 
and 6b).  In  the other  case, the  l iquid excess is con- 
fined to fiber surfaces but  does not  effectively pene-  
t rate .  As the resin cures and the l iquid  layer  contracts,  
i t  undergoes  normal  su r face - f ree  energy  minimiza t ion  
(141), resul t ing  in the c i rcular  d imples  seen in Fig. 6c 
and 6d. 

Fig. 6. Scanning electron micrographs of RBC separator matrixes. 
The evidence for nonequilibrated sorption is indicated, a and b 
show large liquid excesses of impregnate, as indicated by the 
globules (narrow arrows). The broad arrows (b) indicate the syn- 
thetic resins used to give breaking strength to the sheets, c and d 
indicate zones where normal surface free energy minimization has 
created dimple like structures in the curing ~iquid film on the fiber 
surface. 
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The specific react iv i t ies  of the  - - O H  presen t  on the 
cellulose chains are  different, and fhe accessibi l i ty  of 
the sites is different,  some being dis tant  f rom the re -  
active in ter face  (84) and requir ing,  therefore,  special  
swel l ing techniques to a l low more  complete  access to 
the react ive  sites. The spec t rum of accessibil i t ies is as-  
sociated wi th  the h igh ly  s t ruc tured  na ture  of a lpha 
cellulose, and the .annea l ing  work  of A t t a l a  and Nagel  
(112) and Basch and Lewin  (113) shows tha t  the  basic 
s t ruc tura l  uni ts  can be opened to reac t ive  and reor -  
ganizing influences. Morosoff's work  on rewet t ing  and 
dry ing  indicates  much the same conclusions (109). 

Another  in teres t ing  suggest ion is tha t  of formula t ing  
the subs t ra te '  paper  wi th  ~mechanically decrys ta l l ized  
cellulose. Amorphous  cellulose is more  reac t ive  than  
crys ta l l ine  mater ia l ,  ,and a paper  fo rmula ted  of a large  
propor t ion  of this more  react ive  species should absorb 
the impregna t ing  resins more  fu l ly  and therefore  be 
be t te r  protected.  In-process  methods  of decrys ta l l i za -  
tion m a y  also be possible. Tsuji,  Hirai ,  and Hosono 
(142) decrys ta l l ized  fabrics  chemical ly,  using a sodium 
hyd rox ide / ac ry lon i t r i l e  t rea tment ,  and real ized very  
high accessibil i t ies wi th  only smal l  changes in fabr ic  
propert ies .  Using a wide var ie ty  of pre t rea tments ,  they  
produced h igh ly  decrys ta l l ized  cellulose wi th  very  high 
specific react ivi t ies .  Trea tments  such as these may  be 
the key  to provid ing  a more  comple te ly  p re reac ted  
( impregna ted)  sepa ra to r  mat r ix .  The usefulness of 
s imple  mechanica l  decrys ta t l iza t ion  is reduced  by  the 
tendency  of amorphous  cellulose to recrys ta l l ize  when 
immersed  in w a t e r  (143). 

Graft copolymerization--A new fiber.--A second de-  
ve lopment  route  to a new, more  efficient separa tor  
ma t r ix  may  lie in genera t ing  what  is bas ica l ly  a new 
fiber. This can be done by  graf t  copolymer iza t ion  of 
newer  or be t te r  impregna tes  onto the  cellulosic back-  
bone. Mino and Ka ize rmann  (144) found tha t  ceric ion 
redox systems gave high yie lds  of copolymer,  because 
the f r ee - rad ica l  sites were  genera ted  ma in ly  on the 
t runk  polymer .  Richards  described,  in 1961, severa l  
in teres t ing  approaches  to graft ing,  using the ceric ion 
(145) and also diazonium cellulose der iva t ives  (146) 
as ini t iators.  He was able  to graf t  ac ry lon i t r i l e  onto 
cellulose in this way. Simi lar ly ,  s tyrene-ce l lu lose  co- 
po lymers  have been made,  using hydroxy l  radicals  
(147) as in i t ia tors  or catalysts .  I r rad ia t ion  f rom 
gamma sources has been  successful ly used to graf t  
e thyl  ac ry la te  onto cellulose (148). Other  energet ic  
rad ia t ion  schemes are  expected to be efficient as in i t i -  
a t ing methods.  

The number  of monomers  s tudied to da te  has been 
la rge  (149), and the dominan t  in i t ia tor  technique has 
ut i l ized ceric salts  or  other  s t rong oxidizers  (150) to 
create  react ive  sites on the cel lulose backbone.  This 
technique has been popula r  because i t  has resul ted in 
low yields  of homopolymer ,  appa ren t ly  because (144) 
in i t ia t ion  ( f r ee - rad ica l  product ion)  is res t r ic ted  to the  
t r u n k  molecule.  Ide  and T a k a y a m a  found low yie lds  
of p o l y m e t h y l - m e t h a c r y l a t e  (PMMA) when graf t ing  
MMA onto cellulose, using Ce(NO3)8.2NH4NO3 as 
in i t ia tor  (151). When  he graf ted  v iny l  acetates onto 
cellulose (152), Ide  found somewhat  h igher  homopoly-  
mer  yields,  indica t ing  tha t  in i t ia t ion also takes place 
on the monomer  in this case. Ide also found the homo-  
po lymer  y ie ld  h igher  wi th  acry lon i t r i l e  (153). Ogiwara  
and Kubota  (154) found that  the  yie ld  of homopoly-  
mer,  in the  case of MMA/ce l lu lose  grafls ,  might  de-  
pend on the o rde r  of addi t ion of in i t ia tor  (in this case, 
ceric ion).  They  found graf t ing more  efficient if ceric-  
ion in i t ia tor  was added  to an aqueous suspension of 
cellulose and MMA, but  in t~his scheme, the  homopoly-  
mer  y ie ld  folowed graf t  efficiency. 

The graf t  copolymer iza t ion  of monomers  onto cel-  
lulose has been pursued  most ac t ively  using methy l  
methacry la tes  and re la ted  monomers  (126, 148, 150, 151, 
153-155). S ty rene  has been s tudied (146, 156), as has 
v iny lpyr id ine  (157) and me thy lv iny lpy r id ine  (158). 

The la t te r  is a ve ry  in teres t ing  prospect  for  separa to r  
applications,  because Kryazhev  and Rogovin found 
large ion exchange capacit ies (3-4 mequiv.  HCI /g)  for  
the ce l lu lose -me thy lv iny lpyr id ine  copolymer  (158). 

Most graf ts  decrease  the hydrophi l i c  character  of 
the copolymer,  though Hui and Lepout re  made  eopoly-  
mers wi th  qui te  enhanced wa te r  absorbency (159). 
They used a cationic monomer  of p o l y ( 2 - d i m e t h y l -  
aminoe thy l -me thac ry l a t e ) .  These wa te r  absorbency 
proper t ies  should appear  v e r y  in te res t ing  to those 
working  in the  l ead -ac id  ba t t e ry  industry .  Lepout re  
et al. studied the effect of graf ted  v iny l  monomer  on 
the wate r  sorpt ion kinetics of a lpha cellulose (160). 
Graf ted  s tyrene  was studied, in par t icu lar ,  and i t  was 
found that  the degree  of swel l ing dur ing  graf t ing 
p layed  a large  par t  in de te rmin ing  final propert ies .  
They found that  nonpolar  grafts  decreased equi l ib r ium 
wate r  content  but  increased the diffusivi ty of water .  
Po la r  monomers,  such as e thyl  acryla te ,  acryloni t r i le ,  
and acryl ic  acid had  the opposi te  effect, showing tha t  
s ide-chain  configuration was ins t rumenta l  in de te rmin -  
ing propert ies .  

Gr igo ryan  and Rogovin graf ted  poly(2 ,3-d ichloro-  
butadiene)  onto cellulose and found decreased hyd ro -  
philic charac ter  and increased  resistance to minera l  
acids (161). I t  is expected tha t  resis tance to minera l  
acids wil l  be dependent  on the acid res is tance of the 
graf ted  monomer.  

Ogiwara,  Kubota ,  Murayama,  and Sakamoto  s tudied 
the physical  and chemical  s tab i l i ty  of papers  made  
from copolymers  of MMA, acryloni t r i le ,  v inyl  acetate,  
and s tyrene  (162). They  found the papers  genera l ly  
weak,  wi th  dimensional  s tab i l i ty  a funct ion of wa te r  
retention,  becoming lower  as wa te r  content  increased.  
The papers  were  al l  made  f rom graf ted  mater ia l ,  in-  
dicat ing the feas ib i l i ty  of such processes. Goynes and 
Harr i s  (163) s tudied the  charac te r  of cotton onto 
which acry loni t r i l e  or bu ty l  me thac ry la t e  was graf ted.  
Up to grafts  of a pp rox ima te ly  60%, the  fiber surfaces 
appeared  almost  normal.  Higher  fract ions of graf t  
caused flaking and shredding.  Abras ion  test ing and 
flex abras ion tests indica ted  the resis tance to tearing,  
and abras ion  decreased as the  fract ion of graf t  in-  
creased. In cross-sect ional  microscopic analyses,  the 
fibers were  seen to be graf ted  throughout  the i r  bodies, 
wi th  apparen t  un i formi ty  a direct  function of graf t  
percentage.  

Manuscr ipt  submi t t ed  Aug. 8, 1977; revised manu-  
script  received Dec. 29, 1977. 

Any  discussion of this paper  wil l  appear  in  a Dis-  
cussion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the December  1978 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs o] this article were assisted by 
ESB Incorporated. 
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The Characterization of Internal Power Losses 
in Pacemaker Batteries by Calorimetry 
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Thermochemical Institute and Department of Chemistry, Brigham Young University, Provo, Utah 846'02 

and R. M. Hart 
Tronac, Incorporated, Orem, Utah 84057 

ABSTRACT 

A calorimeter for measuring heat output  from batteries is described. The 
calorimeter has a peak- to-peak  noise level of 0.3 ~W. A thermodynamic  anal -  
ysis of bat tery  processes is given and a method of using the calorimetric data 
to study and define parasitic processes is i l lustrated with data on several 
batteries. 

One of the limits on the operational life of pace- 
makers is the ba t te ry  which is used as a power source. 
All batteries are subject to in terna l  self-discharge 
which, in  turn,  l imits or shortens the life of the ba t -  
teries. This self-discharge can result  from three proc- 
esses: (i) migrat ion and direct chemical combinat ion 
of anode or cathode substances; (it) spontaneous de- 
composition of the anode or cathode; and (iii) reac- 
tion of the anode or cathode with contaminant  gases 
or some bat tery  component that was supposedly inert. 
The rates of these self-discharge processes can be de- 
pendent  on or independent  of the current  being drawn 
from the battery.  Since self-discharge is essentially a 
chemical reaction occurring inside the battery, it can 
be measured and studied by determining the rate of 
heat production of the bat tery in a calorimeter (1-5). 
The possibility also exists for developing the calorime- 
tric method into a nondestruct ive quali ty control test 
to el iminate batteries wi th  abnormal ly  high self-dis- 
charge rates. 

The purposes of this paper are: (i) to describe a 
calorimeter which was designed specifically for s tudy- 

Key words: thermodynamics, lithium, silver, mercury, zinc. 

ing pacemaker batteries; (it) to give a thermodynamic 
basis for determining the dependence of the rate of 
self-discharge on electrical cur rent  in the bat tery;  and 
(iii) to present  some of the results which have been 

obtained on various types of batteries. 

Calorimeter 
The calorimeter used in this study is commercially 

available and is a twin-cel l  differential heat flow in-  
s t rument  as shown in Fig. 1. The calorimeter has a 
peak- to-peak noise level of less than 0.3 #W and a 
precision better  than 1 ~W on a bat tery measurement .  

The calorimeter consists of an a l u m i n u m  block 15 cm 
wide, 17 cm high, and 30 cm long with a tapered chan- 
nel 10 cm wide, 10 cm deep, and 25 cm long cut into it, 
four wedges of 2.5 cm thick a luminum which were 
placed in the channel, and four thermoelectric measur-  
ing devices (Cambion Model 1052) which are mounted 
on the a luminum wedges together with two bat tery  
holders made of thin a luminum. The large a luminum 
block assembly was suspended by four 0.25 in. bolts 
in the center of a water t ight  box which was then sub-  
merged in  a Tronac Model 405 water  bath controlled to 
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Table I. Sample calibration runs 
D i s p l a c e m e n t  f r o m  base l ine  in ~V" 

H e a t e r  p o w e r  = 19.77 ~W H e a t e r  p o w e r  = 19.81 ~W 
Left side Right  side 

3408 
3399 3149 
3410 3153 
3402 3139 
3404 8140 
840S 3144 

A v e r a g e  3405 - -  2** 3148- -  3"" 

* Correc ted  to  s ensor  outputs .  Data  in this  table  w e r e  c o l l e c t e d  
digitally with a DVM. 

** Standard deviat ion wi th  re spec t  to  the  mean .  

Fig. I. Schematic of Tronac battery calorimeter. 1, access tubes 
and covers; 2, temperature-controlled air bath with electronics 
inside; 3, covers on block compartments; 4, temperature-controlhd 
water bath; 5, water-tight stainless steel box; 6, aluminum heat 
sink block; 7, thermoelectric sensors; 8, battery holder. 

• 0.00,02~ Two pipes, sealed around holes in the box 
cover, give access through the wate r  bath to the ba t te ry  
holders. Dur ing a measurement ,  the holes in the box 
cover and the ba t te ry  holders are covered with  alu-  
m inum plates to prevent  heat  t ransfer  by air currents. 

The outputs f rom the two sets of thermoelectr ic  de-  
vices were  connected wi th  opposing l=olarities so that 
the effects of any tempera tu re  fluctuations in the block 
would be canceled in the output. The difference in the 
output  voltages of the two compartments,  which is 
proport ional  to the difference in the rates of heat  pro-  
duction in the two compartments ,  was filtered wi th  a 
s imple R - C  filter ( t ime constant = 6 min) ,  amplified 
by a Kei th ley  Model 150B amplifier, and recorded on a 
strip chart  recorder.  Typical ly  the recorder  was run  at 
5 c m / h r  and 100 mV full  scale and the amplifier at a 
gain of 3 • 104. A 51/2-digit digital  vo l tmeter  and 
pr in ter  were  connected in paral le l  wi th  the recorder  
for some runs in which the recorder  dead band was a 
significant l imitation. Peak - to -peak  baseline noise was 
found to be about _+0.1 ~W if the heat  capacity of the 
compar tment  used as a reference was careful ly  ad- 
justed by an a luminum block to be the same as the 
compar tment  containing a battery.  

Calibrations were  done in two ways. In most cases, 
a 1 kfi resistor mounted in the ba t te ry  holder was used 
to provide a known rate of heat  to the cell. In one case, 
a 1 kl~ resistor was mounted  directly on a battery.  
There  was no significant difference in the results. Cali- 
brations were  done at heater  powers of 20, 27, 137, 
and 184 ~W. Again, there  was no significant difference 
in the output  vol tage/#W of heat  input. The calibration 
constant is bel ieved to be accurate to ,~2% on the low- 
est heater  power  and to N l %  on the higher  ones. A 
Tronac 450EC board was used to supply power  to the 
heater.  Heater  and s tandard resistor voltages were  
measured with  a Data Precision Model 3500, 51/z digit 
DVM. The results f rom a sample set of calibration runs 
are given in Table I. 

Measurements  of open-circui t  heat  dissipation of bat-  
teries were  made by equi l ibrat ing the batteries for 8-12 
hr  in the space above the measurement  compartment ,  
placing a bat tery  in a compartment ,  wait ing unti l  any 
heat stored in the ba t te ry  because of a t empera ture  
difference was dissipated total ly as shown by a 
flat baseline (usually about 1 hr)  and then remov-  
ing the battery.  The difference in the measured rate 
of heat  output  from a given compar tment  before and 
af ter  removal  of the ba t te ry  is then the heat  output  of 
the battery.  Tests using an a luminum block in place of 

a ba t te ry  showed that  the reproducibi l i ty  of this pro-  
cedure was bet ter  than • 1 ~W. 

Measurements  of heat  dissipation in batteries under  
discharge were  made by electr ical ly  connecting the 
ba t te ry  to a resistor outside the ca lor imeter  wi th  two 
No. 40AWG wires. The wires were  placed in good ther -  
mal  contact wi th  the ca lor imeter  block to prevent  
the rmal  leakage f rom outside the calorimeter .  All  mea-  
surements  were  made at 37~ 

Theory 
For  an exper iment  on an ideal ba t t e ry  where  the 

ba t te ry  is in a ca lor imeter  and connected electr ical ly 
to a load resistor outside the ca lor imeter  

Q _- heat  produced in the calor imeter  [1] 

W -~ I 2 R t  -~ electr ical  energy dissipated in [2] 
the resistor if  the ba t te ry  is 
sealed so that  A P V  work is zero 

and 
W = I2R t  + P h V  if the ba t te ry  is open [3] 

to the a tmosphere  

The first law of thermodynamics  states that  

AE -- Q -- W [4] 

Subst i tut ing Eq. [2] into Eq. [4] and taking the de-  
r iva t ive  wl tn  respect to time, we have Eq. [5] 

dAE1 IAE1 
= q - -  I2R [5] 

dt = F 

where  I is the current  in the resistor, F is the Faraday,  
~E1 is the total energy change per  equivalent  of cur-  
rent  producing reaction under  the conditions extant  in 
the battery, q is the rate  of heat  product ion in the 
battery,  and R is the load resistance value. For a real  
ba t te ry  wi th  more than one react ion occurring and 
less than 100% current  producing efficiency of the main 
reaction, it is necessary to add a te rm to the left  side 
of Eq. [5] for each ext ra  react ion and for that  part  of 
the main react ion that  does not produce current.  

IAE1 dAE~ dhE3 
----F~ -]- - - ~  + - ' ~  + " ' " -~ q - -  I 2 n  [6] 

Equat ion [6] applies exact ly  only i.f the ba t te ry  is 
sealed so that  ~ P V  work is zero. If the ba t te ry  is open 
to the a tmosphere  so that  P is constant 

AE = ~ H  - -  P ~ V  [7] 

and [8] can be obtained by substi tut ing [7] and [3] 
into [4], taking the t ime derivat ive,  and adding the 
terms for the extra  reactions 

IAH1 dAH2 dAH3 
+ - - - ~ + ~ +  . . . - - q - - I ~ R  [8] 

F 

Since the extended life batteries studied here  were  
sealed, Eq. [6] will  be used in the remainder  of this 
paper  al though it should be obvious that  H may be 
substi tuted for E in any of the fol lowing equations. 
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R e a r r a n g i n g  Eq. [6] so t h a t  al l  k n o w n  t e r m s  a re  on 
the  r i g h t  s ide  g ives  Eq. [9], w h e r e  Pinternal is t he  s u m  
of  t h e  u n k n o w n  d e r i v a t i v e  t e rms .  T h e  

IAEI 
Pinternal : q -- I2R - -  = [9] 

F 

b e h a v i o r  of  Pinternal as a f u n c t i o n  of  t h e  c u r r e n t  can  
tel l  m u c h  a b o u t  t h e  n a t u r e  of  t h e  u n k n o w n  p roces ses  
in  a b a t t e r y  as is s h o w n  in  t h e  d iscuss ion.  

Results and Discussion 
T a b l e  II  g ives  t h e  r e su l t s  o b t a i n e d  fo r  a se r i e s  of  

o p e n - c i r c u i t  (I  = 0) h e a t  d i s s ipa t i on  m e a s u r e m e n t s  on  
b a t t e r i e s  of  va r ious  k inds ,  shapes ,  and  sizes. These  r e -  
su l t s  c l ea r ly  s h o w  t h e  capab i l i t i e s  of  t h e  c a l o r i m e t e r  
as w e l l  as t h e  r e p r o d u c i b i l i t y  of o p e n - c i r c u i t  h e a t  d is -  
s ipa t ion  in  a se t  of s u p p o s e d l y  iden t i ca l  ba t t e r i e s .  

C a l o r i m e t r i c  m e a s u r e m e n t s  of o p e n - c i r c u i t  h e a t  d i s -  
s ipa t ion  of  b a t t e r i e s  m a y  n o t  a c c u r a t e l y  ref lect  t h a t  a 
p r i m a r y  c h e m i c a l  r e a c t i o n  is o c c u r r i n g  in  t h e  b a t t e r y  
w i t h  a c o n s e q u e n t  loss in  a m p - h o u r s  ava i lab le .  A n y  
process ,  such  as c ry s t a l  g r o w t h ,  e v a p o r a t i o n  of  l iquids ,  
c u r i n g  of  p las t i c s  a n d  cements ,  a n d  m e c h a n i c a l  s t r a i n  
r e l e a se  can p r o d u c e  a c h a n g e  in  t h e  to ta l  e n e r g y  con-  
t e n t  of t h e  b a t t e r y  and,  hence ,  an  o u t p u t  s igna l  to t he  
ca lo r ime te r .  T h e s e  c h a n g e s  a r e  u sua l l y  no t  s igni f icant  
in  d e t e r m i n i n g  b a t t e r y  life,  a l t h o u g h  t h e y  can  l ead  to 
m e c h a n i c a l  f a i l u r e  of s o m e  b a t t e r y  c o m p o n e n t .  Ca lo -  
r i m e t r i c  e x p e r i m e n t s  can  be  done  to d e t e r m i n e  the  
m a g n i t u d e  a n d  sou rce  of  m o s t  of t h e s e  effects  by  m e a -  
s u r i n g  t h e  h e a t  o u t p u t  of each  of t h e  b a t t e r y  c o m p o -  
n e n t s  s epa ra t e ly .  O p e n - c i r c u i t  h e a t  d i s s ipa t ion  is also 
t yp i ca l l y  a f u n c t i o n  of age  as s h o w n  in  Fig. 2, and  
th is  m u s t  be  t a k e n  in to  accoun t  in  i n t e r p r e t i n g  t h e s e  
k i n d s  of  data .  

Tab le  III  g ives  r e p r e s e n t a t i v e  r e su l t s  of  m e a s u r e -  
m e n t s  of  h e a t  d i s s ipa t ion  fo r  t h r e e  d i f f e r en t  t y p e s  of 
b a t t e r i e s  u n d e r  d i scha rge .  The  da t a  f r o m  Tab le  III  
w e r e  u sed  to ca l cu la t e  va lues  of Pinternal (Eq. [9]) 
w h i c h  w e r e  t h e n  p l o t t e d  as s h o w n  in  Fig. 3. 

Since Pinternal r e p r e s e n t s  t h e  c h e m i c a l  o r  s t o r ed  e n -  
e r g y  d i s s ipa t ed  as h e a t  b y  all  r e ac t i ons  t h a t  do no t  p r o -  
d u c e  c u r r e n t ,  a l ine  w i t h  a s lope  e q u a l  to zero,  as in  
t h e  Li / I2  sys t em,  s h o w s  t h a t  a l l  such  p roces ses  a re  i n -  
d e p e n d e n t  of  t he  cu r r en t .  The  s lope  of zero  also p r o v e s  
t h a t  al l  of  t h e  c u r r e n t  p r o d u c i n g  r eac t i ons  h a v e  b e e n  
a c c o u n t e d  fo r  p r o p e r l y  by  the  one  a s s u m e d  r eac t i o n  
w i t h  a c u r r e n t  eff iciency of  10.0% in  the  Li/I2 b a t t e r y .  
The  n o n z e r o  i n t e r c e p t  is t h u s  p r o b a b l y  due  to p r o c -  
esses  as m e n t i o n e d  a b o v e  w h i c h  do no t  cause  a loss in  
to ta l  ava i l ab l e  cu r r en t .  

T h e  A g O / Z n  b a t t e r y  b e c o m e s  s l i gh t ly  m o r e  efficient  
in  t he  use  of  to ta l  s t o r e d  e n e r g y  as the  c u r r e n t  i nc r ea se s  
w h i l e  t he  H g O / Z n  b a t t e r y  a p p a r e n t l y  r a p i d l y  loses  
e n e r g y  eff ic iency as t he  c u r r e n t  i nc reases  (Fig.  3). B o t h  
of  t h e  l a t t e r  effects  a r e  p r o b a b l y  due  to c h a n g e s  in  
c u r r e n t  p r o d u c i n g  r eac t i ons  s ince  i n t e r m e d i a t e  o x i d a -  

Table II. Open-circuit battery measurements 

A m p  Power,* No. in 
Battery t y p e  hours  Volts ~W sample 

Mercury ,  H gO / Z n ,  p a c e m a k e r  
Set  I 1 1.4 4.1 • 0.1 2 

Mercury, HgO/Zn, p a c e m a k e r  
Set  II 1 1.4 7.5 ~-- 0.3 2 

Alkaline, MnO~/Zn, penlight 2 1.5 46 -- 2 2 
Mercury, HgO/Zn, penlight 2 1.4 66 • 5 2 
Carbon-Zn, penlight 1 1.5 15 1 
AgO/Zn watch battery set I 0.16 1.5 7 • 1 8 
AgO/Zn watch battery set II 0.16 1.5 10.2 -- 0.4 3 
AgO/Zn watch battery set III 0.16 1.5 13 ----- 1 5 
Lithium-iodine pacemaker 

se t  I 1.2 2.7 5 -- 1 2 
Lithium-iodine pacemaker 

set II 1.5 2.7 30 +--- 5 2 
Lithium-iodine pacemaker 

se t  III 3.0 2.7 6 ~-- 2 2 

* Deviations are  the  standard deviation with respect to the 
mean between batteries. 

Self- 
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Fig. 2. Effect of aging on open-circuit heat dissipation from 
Li/12 batteries. 

t ion  s t a t e s  a r e  poss ib le  fo r  t he  Hg a n d  Ag. F u r t h e r  
e v i d e n c e  t h a t  m o r e  t h a n  one  c u r r e n t  p r o d u c i n g  r eac t i on  
is i n v o l v e d  in  t h e  A g O / Z n  b a t t e r y  w a s  o b s e r v e d  in  t he  
ca lo r ime t r i c  da t a  p r o d u c e d  d u r i n g  the  t r a n s i e n t  f r o m  
zero to 156 ~A of d i s c h a r g e  as s h o w n  in  Fig.  4, The 
s h o u l d e r  on  the  c u r v e  c l ea r ly  s h o w s  t h a t  an add i t i ona l  
r e a c t i o n  occurs  a t  t h e  h i g h e r  c u r r e n t  a f t e r  d e p l e t i o n  of  
s o m e  i n t e r m e d i a t e  c o m p o n e n t .  

The  l i n e a r i t y  of t h e  c u r v e  fo r  t he  H g O / Z n  b a t t e r y  a t  
t h e  h i g h e r  c u r r e n t s  sugges t s  t h a t  e i t h e r  t h e  ~E1 va lue  
is in  e r r o r  by  a b o u t  4%, w h i c h  is u n r e a s o n a b l e  fo r  
t h e s e  subs tances ,  o r  t h a t  w e  h a v e  no t  fu l ly  a c c o u n t e d  
for  t h e  b a t t e r y  r eac t ions  w h i c h  p r o d u c e  cu r r en t .  

In  s u m m a r y ,  da t a  p l o t t e d  as s h o w n  in  Fig.  3 can  be  
used  to s h o w  t h a t  all  c u r r e n t  d e p e n d e n t  b a t t e r y  p r o c -  

Table Ill. Heat dissipation from batteries under discharge 

Rate of 
Current, Load heat pro- 

Voltage ~A res is tor ,  k~ duction,* ~W 

Li/I2: Li + V2I~ = LiI AE = -272 kJ/equiv. 

2.8093 - -  Open circuit - -  
2.7955 4.9 566 - 1,25 
2.7816 10.2 273 - 0.63 
2.7526 21.3 129 1.25 
2.7056 39.8 68.04 2.50 
2.6344 67.4 39.10 11.3 
2.5682 94.4 27,20 24.0 
2.4615 137 17.97 46.0 
2.3196 195 11.92 86.6* * 

AgO/Zn: AgO + Zn = Ag + ZnO hE = -168 kJ/equiv. 

1.5810 - -  Open circuit 
1.5614 78 20.0 9.5 
1.5610 156 10.01 24.3 
1.5580 311 5.01 51.6 

HgO/Zn:  HgO + Zn = Hg + ZnO AE = --129 kJ /equ iv .  

1.3996 - -  Open circuit 
1.3960 5.1 273 7.2 
1.3896 20.4 68.04 7.9 
1.3760 50.7 27.20 11.6 
1.3701 114.9 11.~2 13.5 
1.3629 197 6.93 18,5 
1.3578 407 3.34 28,5 
1.3533 752 1.80 43.5 

* Values given in this column are the actual measured differ- 
e n c e s  between the rate of heat production with the external 
load resistor circuit closed and open.  To get the total heat pro- 
duction rate  for  ca lculat ion of  Plnternal, 5, 7, or 6 ~W from the 
independent  measurement of the open-circuit heat-production rate 
without wires attached to the battery must be added for the 
Li/b, AgO/Zn, and HgO/Zn battery, respectively. 

** This value is significantly in doubt because the battery did 
not reach a steady-state heat production rate for several hours  
and the return to the  base l ine  a f t er  opening  the  c ircuit  was  also 
e x t r e m e l y  s low,  
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Fig. 3. Plots of Piaternal against current being drawn from the 
battery. (See text Eq. [9.].) 

esses have been correctly described (slope ---- zero) or 
that  they have not. In  the la t ter  case, the form of the 
curve suggests the na tu re  of the r emain ing  processes. 

Manuscript  submit ted Sept. 29, 1977; revised m a n u -  
script received Jan. 23, 1978. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1978 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1978. 
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Fig. 4. Actual calorimeter output for a AgO]Zn battery. From 0 
to 28 rain the battery circuit was open. At 28 rain a 10 k~, resistor 
was connected across the battery. The circuit was opened at 70 
rain. Power dissipation is relative to the baseline with the battery 
in the calorimeter with wires attached but with the circuit open. 
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Anodic Behavior of Lithium in Aqueous Electrolytes 
III. Influence of Flow Velocity, Contact Pressure, and Concentration 

E. L. L i t tauer , *  K. C. Tsa i , *  and R. P. Hol landsworth 

Lockheed Palo Al to  Research Laboratory,  Palo Alto,  California 94304 

ABSTRACT 

The influence of electrolyte flow velocity, concentration, and contact pres- 
sure on the anodic behavior  of l i th ium at constant temperatures  in  LiOH was 
studied. The exper imental  results reveal  that, under  constant  load polariza-  
tion, a s teady-state  i-E curve is obtained consisting of resistance and c o n -  
c e n t r a t i o n  polarization components. A method to accurately determine the 
film thickness was devised. It was found that the oxide film at the anode 
surface is quite thick, ca. 10 -2 cm, and its thickness remained constant  i r re-  
spective of polarization level at constant electrolyte concentration, flow rate, 
and anode-cathode contact pressure. The effective diffusion layer  at the Li 
active surface is thin, ca. 10 -3 cm. The fraction of active surface area was 
found to change significantly with LiOH concentrat ion ( ranging from 0.05 in 
4.84M to 0.39 in 2.9UM), but  it was v i r tual ly  independent  of flow velocity and 
contact pressure. Likewise,  electrolyte concentrat ion has far greater  in -  
fluence on film resistance than flow rate or contact pressure. Electrolyte flow 
velocity var ia t ion is, however,  an effective means to alter power output  f rom 
the cell. 

The oxide/hydroxide film which forms on Li anodes 
in aqueous, strongly alkal ine electrolytes has some 
tmusual  properties. For example, even though it is 
fa i r ly  thick (ca. 5 X 10 -2 cm) i t  will support  high 

* E lec t rochemica l  Society Ac t ive  Member .  
Key words: l i th ium,  l i th ium hydroxide, concentration polariza- 

tion, l imiting current,  diffusion layer ,  

flux rates with very  low polarization and yet have 
sufficient s t rength to tolerate the counterelectrode 
being pressed against it  without  short ing at pressures 
up to 30 • 104 Pa. In  high rate Li-H20 cells, the 
counterelectrode comprises a r ibbed backplate overlaid 
by a metall ic mesh screen active surface. It  is the 
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screen which presses against the anode surface and 
the electrolyte passes behind and around the mesh. 

The performance of the cell is controlled by the 
na ture  of the anodic film. This film moderates the 
normal ly  rapid corrosion reaction of the metal  with 
aqueous electrolytes and, provided the O H -  concen- 
t rat ion is sufficient, the Li will discharge with good 
coulombic efficiency if it  is polarized by about 300 mV 
from its OCV (Eo' = --2.78V vs. NHE). In  other 
words, the direct corrosion reaction of Li with H20 
(the parasitic reaction) can be effectively inhibited. 
An unexpected phenomenon is observed with Li, 
namely,  a highly characteristic t rans ient  passivation 
which occurs at --2.66V vs. NHE. This phenomenon 
was examined in detail in a previous paper  (1), where 
specifics of the cell and its operat ional  features were 
also described. 

It  has been found that  the rates of the electrochem- 
ical and parasitic reactions respond very reproducibly 
to the following factors: (i) anode-cathode contact 
pressure, (ii) velocity of electrolyte flow across the 
anode surface, (iii) electrolyte temperature,  and ( iv)  
O H -  concentration. Increasing contact pressure and 
flow result  in  enhanced cell power output  without 
decrement  in  faradaic efficiency. Significant tempera-  
ture increase (to < 40~ or decrease of O H -  concen- 
t ra t ion ( <  3M LiOH) increase cell power substant ia l ly  
but  general ly  at some sacrifice in  efficiency. 

The above-l isted factors i - iv  influence the proper-  
ties of the LiOH protective layer and these properties 
control the funct ioning of the cell. In  normal  opera- 
t ion the film is in  a state of quas i -equi l ibr ium dis- 
solving at the fi lm/electrolyte interface at the same 
rate as the metal  is oxidized. The higher the hydroxyl  
ion concentrat ion over the range 2-aM, the slower is 
the dissolution rate and the more protective is the 
film. This paper  examines quant i ta t ive ly  and diag- 
nostically the influence of electrolyte flow velocity, 
concentration, and anode-cathode contact pressure on 
the anodic behavior  of Li in  LiOH solution at constant 
temperature.  Polarization behavior and in si tu film 
thickness measurements  are reported. 

Experimental 
Polarization exper imen t s . - -The  test a r rangements  

and procedures have been detailed previously (1). 
The i -E curves were obtained using the constant load 
(resistive) polarization technique. A custom electronic 
load capable of main ta in ing  ___ 0.01V was employed. 
Electrolyte concentrations ranged from 2.96 to 4.84M 
and the tempera ture  was mainta ined at 298 ~ __ 0.1~ 
In  the electrolyte flow velocity study, the anode- 
cathode contact pressure was held at 6.2 X 104 Pa 
(630 g/cm2). The solution flow velocity which refers 
to the average inlet  velocity was controlled to wi th in  
5%. The velocities studied ranged from 0.064 to 0.42 

m/see. The exper imental  conditions used in  this in -  
vestigation correlated with actual Li-H20 bat tery  op- 
eration. Generally,  a steady-state i-E reading was 
achieved within  1 sec for a given load at any flow 
velocity. Fresh 99.9% Li anodes were used for each 
run. In  the contact pressure study, a single flow rate 
of 0.18 m/see was used. Experiments  were performed 
with the anode-cathode contact pressure controlled to 
wi thin  5% of 4.1, 6.2, 10.3, and 20.7 X 104 Pa by using 
an air pressure cyl inder  l inked to the anode push 
rod. Hydraulic  pressure on the electrode which would 
normal ly  be created by the circulating solution was 
el iminated by a thrust  balance cylinder connected to 
the inlet  and outlet lines of the cell. Polarization runs 
were performed in  triplicate. Reproducibil i ty was 
such that the exper imental  curves could be exactly 
superimposed. 

Film thickness  determinat ions . - -For these experi-  
ments  a modified test cell was used. Alterations were 
made to the cathode compartment  to equip it with a 
solenoid-actuated needlepoint  penetrometer.  The 
needle was p la t inum-pla ted  4130 steel. The probe was 
positioned so that  on act ivat ion it could pass through 
the cathode matr ix  and subsequent ly  penetrate  the 
anode surface. Details of the assem01y are given in 
Fig. 1. A Hewlet t -Packard  4815A rf impedance meter  
set at 500 kHz was connected to the anode and to the 
needle probe. The distance traveled by the probe was 
monitored by a G. L. Collins Corporation l inear  mo- 
t ion t ransducer  which had a voltage output  directly 
proportional to position. The outputs of the impedance 
meter  and the l inear  motion t ransducer  were recorded 
with a Honeywell  Model 1858 CRT visicorder. The 
probe position could be measured wi th  an accuracy of 
about 10 -8 cm. To confirm the sensitivity of the tech- 
nique, a penetrometer  test was performed in a dry 
room on a l ight ly oxidized Li specimen. The film 
thickness result  was then compared with precise mi-  
croscopic measurements  of cross sections of the same 
specimen. The penetrometer  gave an average thick- 
ness of 6.1 • 10 -3 cm and by microscope measurement  
it was found to be 5.3 X 10 -3 cm. 

Fi lm thickness was determined as a function of so- 
lut ion flow rate at 0.10, 0.16, 0.23, 0.32, and 0.39 m/sec 
in  3.2 to 4.7M LiOH. The measurements  were taken at 
six polarization points from OCV to EH ---- --1.0V. 
Similarly, film thickness was determined at five 
anode-cathode contact pressures; 3.5, 7.0, 14.0, 21.0, 
and 28.0 • 104 Pa over the same polarization range 
in  4M LiOH. A typical visicorder plot is shown in  
Fig. 2. Here curve Z represents the impedance between 
the probe and the anode. It  was observed that  the re-  
sistance wi th in  the film was slightly higher than 
wi thin  the electrolyte. After activation, the penet rom- 
eter probe plunged through the electrolyte at ca. 0.7 
m/sec contacted the film, slowed down, and contin-  

Fig. 1. Exploded view of 1.14 
X 10 - 3  m 2 lithium test cell 
for film thickness measurement. 
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ued through the film into the under ly ing  Li. The total 
t ime spent by the probe in  the film was about 2 sec. 
The ini t ia l  point  of this measurement  was obtained 
from the instance of f i lm-probe contact where an 
abrupt  change in  impedance (curve Z) was observed. 
The end point  of this film thickness measurement  was 
obtained when the probe made direct contact with 
the Li and the circuit shorted. But, because the mea-  
sur ing system possessed a residual impedance, the 
exact location of the end point was difficult to deter-  
mine. It  was found that  if, in  addit ion to the im-  
pedance measurement ,  the phase angle was also re-  
corded the end point  was more clearly indicated. 
Curve ~ depicts a trace of phase angle output  be-  
tween the probe and the anode from --45 ~ to +110% 
A change in  slope of the phase angle scan at short-  
out was clearly indicated in all the experiments.  

Potential decay experiment.--The thickness of the 
diffusion layer  at the limitir~g current  is an impor tant  
factor in  the development  of the theoretical model. 
To determine its value under  typical test conditions 
at the polarization level characteristic of the l imit ing 
current  [which has been arbi t rar i ly  selected as 71 ---- 
2.87V, EH ~ 0(V)] ,  a potential  decay exper iment  was 
designed. Knowing  the time of the potential  decay 
transient,  the  diffusion layer  thickness may be calcu- 
lated. For this experiment,  a special cell was con- 
structed. It was identical to the 1.14 • 10 -3 m 2 uni t  
used for the polarization experiments  except that it 
accommodated a smaller  1 • 10 -4 m 2 anode. With 
this reduced surface area, a Pr inceton Applied Re- 
search Model 173 potent iostat /galvanostat  could be 
utilized and this in  conjunct ion with a Tektronix  
Model 549 storage oscilloscope provided the necessary 
ins t rumentat ion.  The Li was polarized potentiostat i-  
cally to E~t ---- 0(V) in  4M LiOH at a flow rate of 0.2 
m/sec  and a contact pressure of 6.2 • 104 Pa. A Hg/  
HgO reference electrode was used. When the current  
was interrupted,  the potential  decay was measured as 
the anode reverted to its OCV. The exper iment  was 
run  in triplicate, reproducibi l i ty  was to wi thin  10%. 

Results 
Flow velocity experiments.--Figure 3 shows the 

effect of flow velocity, v, on the anodic polarization 
in  4M LiOH at 25~ The polarization curves possess 
two distinct regions. The ini t ia l  port ion of the curve 
depicted as a-c is linear. It  represents IR across an 
essentially invar ian t  protective layer. The curved, 
highly polarized port ion c-l, has a configuration which 
is often characterized by a l imit ing current  situation. 
[It should be noted here that  the t rans ient  passivation 
phenomenon described previously .(1) was observed 
at low flow rates. Since it  does not occur at the higher 
rates and is not significant to the present invest iga-  
tion, it has not been shown in  Fig. 3.] 

In  the region a-c it is assumed that  the anodic film 
formation rate is balanced by the film dissolution 
rate. At constant  anode-cathode contact pressure, in -  

-1. 

-0. 

i (A) 

Fig. 3. Effect of flow velocity on the anodic polarization of 
lithium in 4M LiOH at 298~ Anode-cathode contact pressure 
6.2 • 104 Pa, A -" 1.14 X 10 - 3  m 2. 

crease in flow velocity decreases the film's resistance. 
It  is also observed that  the ma x i mum current  density 
depicted as il increases substant ia l ly  with increasing 
flow. 

From the slopes of the resistive polarization sec- 
tions of the curves in  Fig. 3, a plot may  be d r awn  of 
film resistance vs. velocity. This is shown in  ~ig. 4, 
as curve A. In  Fig. 5 is shown the relationship between 
film thickness and polarization level at fixed anode- 
cathode contact pressure and flow velocity. It  will  be 
observed that  the thickness remains  v i r tua l ly  constant  
under  the polarization conditions studied in this work. 
For comparison purposes, the results of the film thick- 
ness vs. flow velocity experiments  are also plotted in 
Fig. 4. These appear as curve B. 

Anode-cathode contact pressure experiments.--Fig- 
ure 6 shows a filmed Li anode after operation at a 
contact pressure of 7 • 104 Pa in  4M LiOH at 2.3 

0 .15  - -  10 

0 .13  9 ~ 

A -- 8 ~, 

7% 

0 , 0 7  6 

o.os I [ I , [ 5 
0.1 0 .2  0 . 3  0 .4  

v (m/s), FLOW V E L O C I ) ~  

Fig. 4. Effect of flaw velocity on anode film resistance and film 
thickness in 4M LiOH at P = 6.2 X 10 r Pa, T = 298~ 
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Fig. 7. Effect of contact pressure on the anodic polarization of 
Li in 4M LiOH at 298~ v = 0.064 m/sec,  A = 1.14 • 10 - a  m ~. 

Fig. 6. Imprint of cathode screen on the anode surface 

k A / m  ~. The imprint  of the cathode screen due to e l e c -  
t r o l y t e  flow is clearly evidenced. It  was found that  at 
up to 28 • 104 Pa (the l imit  of the exper imenta l  ap-  
paratus)  no short -c i rcui t ing occurred. This r emark -  
able proper ty  of the anode film is of course the key 
to the successul operat ion of the cell without  the need 
for a separator.  

The  influence of contact pressure on the anodic 
polarizat ion is shown in Fig. 7. The slope of the ohmic 
polarization region a-c is plotted against contact pres-  
sure in Fig. 8. Curve A represents  the derived film 
resistance and curve B represents  the measured film 
thickness as a function of contact pressure. 

The influence of electrolyte  concentrat ion on anode 
film resistance and film thickness is given in Fig. 9. 
Unlike the si tuation with  contact pressure and elec- 
t rolyte  flow velocity, the film resistance is not l inear ly  
related to electrolyte  concentration. 

Table I lists the l imit ing current  (I1), the critical 
current  (Ic), film thickness (Xo), and film resistance 
(R) values obtained in the exper iments  where  the 
flow rate  was 0.16 m/sec  at a contact pressure of 6.2 X 
104 Pa. Also included in this table are l i tera ture  data 
for LiOH mean act ivi ty  a• conductivi ty k, and LiOH 
mean diffusion coefficient Do. 

Potential decay experiment.--The average value 
measured for the potential  decay transient  x at the 
l imit ing current  ~1 in 4M LiOH was 3.5 X 10 -'z see. 
It has been shown (2) that  when a meta l  is potent io-  

0.16 
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u 

m I 6 
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Fig. 8. Effect of contact pressure on anode film resistance and 
film thickness at 298~ u = 0.064 m/sec. 

stat ical ly polarized, the diffusion layer  thickness may 
be calculated using the equat ion 

/5 = N/~D'~ [1]  

where  D is the diffusion coefficient of the current  l im-  
iting species. In this system where  LiOH is the only 
electrolyte solute, it is appropriate  to use the mean 
diffusion coefficient ra ther  than the coefficient for the 
hydroxyl  ion (3). Do for 4M LiOH is 5.3 X 10 -6 cm 2 
sec-1 and thus 5 computes to 2.4 • 10 -4 cm. 

Discussion 
The dissolution of Li in s trongly alkaline solutions 

appears ei ther  as an e lec t ron-producing e lect rochem- 
ical reaction, or as a direct corrosion (parasitic) re -  
action. 
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Fig. 9. Influence of electrolyte concentration on anode film 
resistance and film thickness at 298~ P = 6.2 • 104 Pa, v = 
0.16 m/sea 

In  the electron-producing reaction, a number  of 
steps presumably  occur in  the process of producing 
a Li+ aquocation. However, it is general ly  accepted 
that  in  an  anodic oxidation such as this the resul t ing 
charge t ransfer  reaction may be expressed (4) 

Li + O H -  ~ LiOH + e [2] 

(Then, by dissociation LiOH ~ Li + + O H - )  . 
The corrosion reaction on the other hand is simply 

represented by the over-al l  reaction 

Li -5 H20 ~ LiOH -l- i/2 H2 [3] 

(The over-al l  corrosion reaction [3] is of course a 
coupling of [2] with the cathodic reduct ion of H20 
at adjacent  sites on the corroding surface.) 

In situ stercozoom microscope observat ion  of the 
anode surface indicates that  the Li is always evenly 
covered by an oxide layer, and SEM examinat ion of 
a filmed anode reveals a porous structure. The sig- 
nificance of this observation must  be taken with cau- 
t ion because the observed porosity could have resulted 
from reaction of electrolyte with the Li after removal  
of the specimen from the electrolyte. 

However, even though pores in the film have not 
actual ly been seen dur ing polarization experiments 
(the highest magnification available with the existing 
exper imental  setup is only 80•  there exists suffi- 
cient diagnostic data to support  the hypothesis that 
the protective film is, i,n fact, porous (5). 

The anodic polarization curves, Fig. 3 and 7, can 
be described in terms of an active resistive polariza- 
t ion region depicted as a-c and a highly polarized re-  
gion shown as c-1. A s w i l l  be indicated subsequently,  

the electrochemical controll ing mechanisms are differ- 
ent  in  these two regions so, for convenience, this dis- 
cussion considers each separately. 

Polarization region a-c . - -Over  the span of the ac- 
tive polarization region, s teady-state  conditions are 
observed. It  is believed that  in  this region a quasi-  
equi l ibr ium state exists between active and inactive 
sites. The slope of the curve dE/Adi represents the 
effective resistance across the film. This resistance R 
may be tied to the tortuosity of the film by the re-  
lat ionship (5) 

Txo 
R - -  [ 4 ]  

kA (1 -- 0o) 

where Xo is the film thickness, k is the average spe- 
cific conductivi ty of electrolyte permeat ing the film, 
A is the projected surface area, T is the tortuosity, 
and 0o is the surface coverage by the oxide film. 

Inspection of Fig. 9 shows that  xo/R and therefore 
0o change significantly with concentration, especially 
above 4M LiOH, whereas from Fig. 4 and 8 it can be 
seen that, in  the cases of the other variables, i.e., flow 
rate and contact pressure, the ratio of xo/R and there-  
fore 0o do not change greatly over the ranges studied. 
This effect serves to explain why the anodic polariza- 
t ion of Li is very strongly influenced by O H -  con- 
centrat ion especially at high molarities, and electro- 
lyte flow rate  and contact pressure have been ob- 
served to be of secondary importance in cell operation. 

Accurate assessment of the surface coverage re- 
quires knowledge of the tortuosity factor but  this can- 
not be measured directly. For the present  discussion, 
T is assumed to be 1. Errors arising from this if T is 
in  fact somewhat  greater than  1 wil l  be reflected in  
an incorrect value of 1 -- 8o. However, of importance 
in  this paper is not the absolute magni tude  of the sur-  
face coverage, but  merely  a knowledge of significant 
changes in surface coverage as the exper imental  con- 
ditions are varied. From the film thickness vs. film 
resistance data of Fig. 9, 1 -- eo may be determined 
as a funct ion of electrolyte concentration. Values of 
the surface coverage (assuming T = 1) are given in  
Table II and are plotted in  Fig. 10. Inspection of this 
figure shows how sensitive the surface coverage is to 
varying  electrolyte concentrations. In  Li-H20 bat tery  
operation, the LiOH concentrat ion is main ta ined  be-  
tween 3.5 and 5M if good coulombic efficiency is to be 
expected. It will  also be seen that  over the range 3.5- 
5M LiOH the active surface area decreases from ca. 

Table II. Some calculated parameters of the Li-H20 system* 

8 x 104 
[LiOH] (M) 1 - 00 ( cm)  il ( k A / m  2) 

2.90 0.34 5.0 24.5 
3.20 0.30 5.7 22.1 
3.44 0.24 6.4 21.3 
4.00 0.15 7.8 19.6 
4.70 0.06 9.9 16.7 
4.64 0.05 11.3 14.0 

* D a t a  ob ta ined  at  v = 0.16 m / s e c ,  P = 6.2 • 104Pa,  and T -- 
298~ 

Table I. Some basic parameters of the Li-H20 system 

a-* x 10 ~ k Do x 10 ~ 
[LiOH] (M) (mole  em-~) * (~_1 era-l) Ir (A)** Ic (A)**  xo ( cm)**  R (~)** (cm~ see-1)t  

2.96 1.45 0.350 10.9 5.3 0.072 0.053 0.77 
3.20 1.57 0.360 8.3 4.6 0.073 0.060 0.67 
3.44 1.70 0.369 6.4 3.9 0.074 0.072 0.61 
4.00 1.92 0.376 3.6 2.6 0.075 0.119 0.53 
4.70 2.20 0.383 1.2 1.07 0.076 0.281 0.44 
4.84 2.23 0.390 0.8 0.76 0.077 0.321 0.43 

* H. S. H a r n e d  and B. B. Owens,  " T h e  Phys i ca l  Che mis t ry  of Elec t ro ly t ic  Solut ions,"  3rd ed., p. 498, Reinhold  Publ i sh ing  Corp.,  New 
York  (1903). D a t a  b e y o n d  4 M  a r e  obta ined  by ex t rapola t ion .  

* * D a t a  o b t a i n e d  a t  v = 0.16 m / s e c ,  P = 6.2 x l0 g P a ,  a n d T  = 296~ 
f R. V. Homsy ,  Repor t  No. UCID-17159, L a w r e n c e  L i v e r m o r e  Lab o ra to ry ,  Univ.  of Calif., L i v e r m o r e ,  Calif. (1976). 
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Fig. !0. Influence of electrolyte concentration on the active sur- 
face area. 

25 to 8%, and, in  the active polarization region, the 
coverage is almost independent  of flow rate, contact 
pressure, and polarization potential. In  this region a 
steady-state polarization is established almost immedi-  
ately; it may be assumed that the concentrat ion of 
Li + at the active surface equals the ini t ial  concentra-  
tion. The rate of removal  of Li + by diffusion is equal 
to the total  Li + flux and no concentrat ion bui ldup 
occurs at the surface. It  has been established [Ref. 
(6), Eq. 12] that  the current  density, i~, defined by 
polarization point  c, may  be expressed by the equation 

ie -" (nFDop) Co [5] 

where Co is the Li + or O H -  concentrat ion at the Li 
surface at OCV. F is the Faraday  and n is the equiva-  
lents per mole. It has also been shown [Ref. (6), Eq. 
6] that  the concentrat ion Co is related to the bulk 
concentrat ion Cb by the relationship 

Cb : Co exp (--pS) [6] 

where p is a constant. 
As will  be shown later, 5 and Xo are each related 

l inear ly  to flow rate and therefore Xo may be ex- 
pressed in terms of 8, viz., Xo : p/p' 5 where p' is also 
a constant. Then Eq. [6] becomes 

CD = Co exp (--p'Xo) [7] 

The magni tude  of i~ is strongly influenced by flow 
velocity and by contact pressure. Of interest  is the 
relationship between i~ and film resistance or film 
thickness. This can be obtained theoretically from Eq. 
[4], [5], and [7] viz. 

In ic = K + "vR [8] 

where K and ~ are constants at any  given electrolyte 
concentrat ion and temperature.  Here 

K = In (nFDop) Cb [9] 
and 

= p' k A ( 1  -- Oo)T [10] 

Figure 11 displays a plot of film resistance R vs. In ic. 
The data to construct this plot were obtained from 
Fig. 3 and 7 (ic values) and Fig. 4 and 8 (R values).  
It is consistent with Eq. [8] and, at the same time, 
it shows how diffusion of Li + away from the active 
surface or O H -  to the active surface through the oxide 
film are the key processes governing the inner  work-  
ing of the Li-H20 cell. 

Determinat ion of the current  density depicted as 
ic is critical to the operation of the cell. It is at this 
point that the Li anode can be discharged with high 
current  efficiency (i.e., 90%) (7). Also the concert- 
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Fig. 11. Variation of critical current density as a function of film 
resistance. 

t ra t ion gradient  wi th in  the diffusion layer  remains  
constant. This is impor tant  and it indicates that  to 
maximize cell efficiency at a specified operating point, 
the bulk  concentrat ion must  be held constant. 

Transi t ion potent ial  c.--Though contact pressure and 
electrolyte flow velocity significantly influence the 
magni tude  of ic they have very small  effect on the 
observed polarization potential  ~1c : Ec -- Eo'. Over 
the exper imental  conditions reported here, ~1~ was 
found to range from 240 to 300 inV. 

Polarization ~lc can be expressed in terms of the re-  
sistance across the film R and the t ransi t ion current  
Ict at electrode potential  Er i.e., ~1c : IctR. ~ may be 
calculated from a relat ionship which combines Eq. 
[4], [5], and [7] 

:co 
~1~ = m [11] 

exp (p' xo) 

Since p'Xo = pS, and m : [ n F D o p T C b ] / [ k ( 1 -  co)], 
then by selecting an ~1c from Fig. 3 and a correspond- 
ing Xo (film thickness) from Fig. 4, and the other 
parameters  from Tables I and II, the constants p and 
p' may be obtained. 

In  the resistance polarization region (a-c) in Fig. 
3 and 7, Cb ~ Co and it then follows from Eq. [7] 
that #'Xo < <  1. Thus Eq. [11] can be approximated 

XO o 

~1c ~ "" m [12] 
exp (p'xo ~ 

where Xo o is the film thickness at v = 0 and P = 0 
and ~1c o is the ma x i mum polarization at point c. Ex- 
trapolat ion of the curves of Fig. 4 and 8, i.e., film 
thickness as a funct ion of electrolyte flow or contact 
pressure shows that  in 4M LiOH at 298~ Xo o is 8.8 
• 10 -2 cm. Calculation from this makes ~1c ~ : 300 
mV. In  actual practice, increasing flow velocity or 
contact pressure reduces this polarization slightly but  
increases ic significantly. 

It has been found that ~lc'S calculated using Eq. [11] 
are very close to the polarization levels observed in 
actual Li-,H20 bat te ry  discharges. As has been men-  
tioned previously and is repeated here for emphasis, 
the knowledge of 71c'S under  various experimental  
conditions is impor tant  for optimizing control of the 
Li-H20 battery. 
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Polarization region c- / . - -At  first inspection, the 
rapid polarization in  this region seems to be due to 
a passivation phenomena.  In  the Li-H~O system, me-  
chanical passivat ion is indeed observed especially 
under  forced flux, i.e., under  galvanostatic polarization 
(6). In  a subsequent  paper  which is in  preparation,  
we show that  under  constant  load polarization, char-  
acteristic anodic passivation curves are observed when  
the O H -  concentrat ion is significantly greater than 
5M (accomplished by adding KOH or NaOH to the 
electrolyte).  By characteristic passivation curves, we 
mean  the response observed as the potential  becomes 
more noble and the current  increases un t i l  it passes 
through an ini t ial  maximum.  Subsequent ly  the cur-  
rent  decreases to a greater  or lesser extent  reflecting 
surface blockage. At even more noble  potentials 
the current  increases again as t ranspassivi ty occurs. 
This passivation in  strong [OH-]  takes place when 
the overvoltage is ca. 400 mV. The point  we wish to 
make here is the fact that  under  constant  load polari-  
zation in  the LiOH solutions of the present  work, no 
decrease in  current  is observed; not even when the 
electrode is polarized by  as much as 2.8-3V. Further ,  
we have observed in studies in strong [OH-] solu- 
tion that once the anode has passivated, it requires a 
minimum of half a minute for the potential to revert 
to OCV when the load is removed. This is to be ex- 
pected since dissolution of pore plugging crystallites 
to reestablish a specific equilibrium point generally 
requires considerable time for consummation. The de- 
lay accounts for the hysteresis usually observed when 
metals are passivated by thick films. In the work re- 
ported in this paper, OCV was reattained within milli- 
seconds of removing the load. In the light of these 
factors, it was decided that a passivation phenomenon 
could not satisfactorily explain the configuration of 
the polarization curves or the extremely rapid poten- 
tial recovery on removing the load. It is proposed that 
a better explanation is tied to a solution mass trans- 
port phenomenon in which concentration polarization 
becomes dominant. 

Concentration poIarization.--Under constant  load (re- 
sistance polarizat ion),  the Li + surface concentrat ion 
remains  constant  at any specific polarization level and 
passivation does therefore not  occur because the sur-  
face concentrat ion of LiOH does not normal ly  exceed 
saturat ion in  this electrolyte. Under  galvanostatic 
polarization, on the other hand, at potentials more 
noble than  point  c of Fig. 3 and 7, there is a subtle 
bu t  impor tan t  difference in  the mass transport.  Here, 
the Li + flux is held constant  and supersaturat ion of 
LiOH and precipi tat ion of crystallites occurs in pores 
and interstices in the LiOH film (6). The behavior  of 
Li in LiOH solution is in certain ways analogous to 
electropolishing. In  studies of this topic (8), it has 
been shown that  the change from concentrat ion polar i-  
zation to passivation polarization is due main ly  to 
whether  the reaction products can be dissolved and 
transported away from the interface fast enough to 
prevent  precipi tat ion of the products on the surface. 
To bet ter  unders tand  the processes occurring at a Li 
anode under  resistance polarization, it  should be re-  
alized that nei ther  the flux at the interface, i.e., 
(OC/Ox) x-.o' nor  the surface concentrat ion Co are held 

constant. Figure  12 has been constructed to show sche- 
matical ly the concentrat ion gradient  for Li +, or O H -  
wi th in  the effective diffusion layer, 8. In  the sche- 
matic it is assumed that a l inear  diffusion model holds. 
Electroneutral i ty  requires that, in this 1.1 b inary  
electrolyte, the concentrat ion of Li + always equals 
that  of O H - .  Thus, the slope of each curve represents 
the flux of LiOH (or Li +) diffusing away from the 
active metal  surface which has a LiOH surface con- 
centration, Co. At I b Co at tains its maximum, i.e., Co 
= C S, 

In  the context of concentrat ion polarization, it is of 
interest  to note that  the effective diffusion layer  thick- 
ness, 8, calculated from the potent ial  decay experi-  

C . . . . . . . . . . . . . . . . . .  \ 
U C \ 

,! 
BU LK 
ELECTROLYTE 

(EFFECTIVE DIFFUSION LAYER) 

~ x  

Fig. 12. Concentration distribution within the effective diffusion 
layer of thickness 5 (idealized). Cb = bulk LiOH concentration, 
Cs = saturated concentration, Co = LiOH concentration at the 
active surface where the flux i ~ il (limiting current density). 

ment,  i.e., 2.4 • 10 -4 cm, is of the same order as the 
value 7.8 • 10 -4 cm obtained from the l imit ing cur-  
rent  arid film thickness exper imental  results. Details 
of this calculation are given in the next  section under  
l imit ing current .  

Limiting current . - -From the previous discussion, the 
concentrat ion polarization region c-1 should be dealt  
with as a resistance polarization due to the current -  
dependent  resistance of the diffusion layer  wi th in  the 
porous l i th ium electrode (9). In  this case, the removal  
of the reaction product, Li +, is rate de termining when 
current  flows. Under  s teady-state  condition, the sur-  
face concentration, Co, at any  polarization point  be- 
yond c is constant  but  is greater  than  Cb. At c no con- 
centrat ion polarization is observed, bu t  only  ohmic 
polarization. At 1 concentrat ion polarization is pre-  
dominant  whereby the surface concentrat ion of the 
reaction product reaches its saturation,  e.g., Co = Cs. 
It  is obvious that  when  the concentrat ion at the elec- 
trode surface gets closer to saturation,  it  is more diffi- 
cult to remove the reaction product via diffusion and 
thus a higher overpotential  is observed. It  has been 
shown previously (6) that  the l imi t ing current  flow- 
ing at the electrode surface is related to its surface 
concentrat ion by 

nFDo 
iL - i~ = ~ ( C s  - C b )  

8 

Ii - -  I c  
[13] 

A(1 -- 0o) 

Eq. [4] and [13] yield 

nFDoT Xo 
I1 - -  I c  - -  ( C s  - -  C b )  [ 1 4 ]  

8kR 

Figure  13 which has been obtained from Fig. 3 
shows that  a l inear  relat ionship exists in  this system 
between I1 and v. This relationship, which presumably  
comes about because of the unusual  mass t ransport  
occurring across the anode film when the cathode 
screen is pressed against  it, is quite different from 
the classical flat plate approximations of L~v~que 
(10) where tlav 1/~. Taking exper imental  Ii's and the 
parameters  of Table I, the effective diffusion layer 5 
can be obtained from Eq. [14]. The results of this 
calculation are plotted in  Fig. 14. The 5's so calculated 
are smaller  than would normal ly  be expected. Gen-  
eral ly  in  the case of a t ranqui l  solution, ~ = 3 X 
10 -2 cm, or at a flat plate under  laminar  flow ~ = 
10 -~ cm or less. It  seems therefore that  the cathode 
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Fig. 14. Concentration dependence of the effective diffusion 
layer in LiOH. 

screen geometry has a major  impact on the hydro-  
dynamics wi thin  the interelectrode flow channel. The 
reduced dimensions of 5 can be explained by the ex- 
istence of a substant ial  electrolyte flow component 
perpendicular  to the anode surface. This component 
arises from the fluid passing around the metal  screen 
elements. 

Finally,  the actual l imit ing current  density based 
on the true active surface area, i.e., A(1 -- 0o) ra ther  
than the projected surface area A can be calculated 
from Eq. [13], Table I, and Fig. 13 and the results 
are given in Table II. It  is of interest  to note that 
the l imit ing current  densities obtained here are gen- 
erally high (i.e., > 10 k A / m  ~) in this highly alkaline 
solution. An unusual  si tuation is observed in this sys- 
tem, namely,  as is seen in  column 4 of Table II, the 
l imit ing current  density decreases with increasing 
concentration. This anomaly is readily understood by 
fur ther  inspection of Eq. [13]; When Cb increases Do 
and Cs -- Cb decrease while b increases. The end re-  
sult of these in terdependent  factors is the reverse 
t rend of the l imit ing currents. 

Conclusions 

This s tudy has confirmed that  a Li anode in  LiOH 
electrolyte is almost completely covered with a pro-  
tective film. The active surface area amounts to a 
small  percentage of the projected area and at a fixed 
LiOH concentrat ion it does not change over a polari-  
zation span of ,~ 3V from OCV. Also of significance 
is the fact that  the film thickness changes only slightly 
with electrolyte concentration, polarization level, 
anode-cathode contact pressure, and electrolyte flow 
velocity. The paper has shown how electrolyte con- 
centrat ion because of its effect on surface coverage 
has such major  impact on the operation of the cell. 
Variations in electrolyte flow rate have a nominal  in-  
fluence on the t ransi t ion current  density, which cor- 
responds to the polarization level at  which the celi 
operates most efficiently, and thus changing the flow 
rate is a convenient  way to adjust  cell power while 
main ta in ing  good efficiency. Electrolyte concentrat ion 
remains, however, the critical control parameter.  

Of interest  is the observation that  the diffusion layer  
thickness is about 1/50 the thickness of the anodic 
oxide film and is far th inner  than  that  normaUy ob- 
served on metals at which an electrochemical reac- 
t ion is proceeding. This suggests that  a major  electro- 
lyte flow component  must  exist perpendicular  to the 
electrode surface. It  confirms the impor tant  role which 
the cathode screen element  plays and shows how vital  
it is to place this e lement  very close to or have it 
touching the anode surface. By doing this the electro- 
lyte flow is presumably  per turbed into the desired 
direction. Quanti tat ively,  this concept has not been 
resolved as yet. Work is proceeding at this t ime to 
model the mass t ranspor t  in the interelectrode cavity. 
A convective componen~ term on the same coordinate 
as the diffusion direction now appears to the authors 
to be a significant factor. 
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Electrodissolution Kinetics of Iron in 
Chloride Solutions 

Vi. Concentrated Acidic Solutions 

H. C. Kuo and Ken Nobe* 
School ol Engineering and Applied Science, University 05 California, Los Angeles, California 90024 

ABSTRACT 

Anodic iron dissolution in acidic chloride solutions (constant ionic strength 
of 4.5M) over a wide range of H + and C1- concentrat ions has been invest i -  
gated. Anodic dissolution in low [H+]-concentra ted  chloride solutions is ac- 
celerated by both C1- and O H -  with Tafel slopes of 0.075 V/decade at low 
polarization and accelerated by only O H -  with Tafel slopes of 0.04 V/decade 
at high polarization. On the other hand, anodic dissolution in  highly acidic- 
concentrated chloride solutions is accelerated by both H + and C1- with Tafel 
slopes of 0.11 V/decade and first-order dependence on both H + and C1-. For 
low C1- concentrat ions in either dilute or concentrated acidic solutions, anodic 
dissolution is inhibi ted by C1-. The experimental  results indicate that  anodic 
i ron dissolution in  acidic chloride solutions proceeds by s imultaneous paral lel  
reactions. Mechanisms which are consistent with the empirical  ra te  expres- 
sions have been developed. 

The OH--acce le ra ted  mechanisms of anodic i ron dis- 
solution in acidic solutions proposed by Heusler (1) 
and Bockris et  al. (2) have s t imulated considerable ac- 
t ivi ty  in fundamenta l  metal  electrodissolution kinetic 
studies. There is a voluminous l i tera ture  on i ron studies 
alone confirming the acceleration of its anodic disso- 
lu t ion by hydroxyl  ions in  acidic solutions. 

Recently, McCafferty and H~ckerman (3) reported 
that  in highly acidic and concentrated chloride solu- 
tions, anodic dissolution of i ron is accelerated by both 
hydrogen and chloride ions. Short ly thereafter,  Lorenz 
and co-workers (4) also reported such phenomena.  On 
the other hand, both groups found that  at lower acid 
concentrations, the rate of i ron electrodissolution is 
decreased by  increases in both C1- and H + concentra-  
tions. There were significant differences in some of the 
kinetic parameters  (anodic Tafel slopes and reaction 
orders) reported by the two groups. At about the same 
time, Chin (5) reported that in acidic solutions of 
[C1-] ~ 1.9M and [H + ] ~ 1M anodic dissolution of 
i ron is accelerated by both chloride and hydroxyl  ions. 
This result  appears to contradict the chloride-inhibi ted 
results of McCafferty and Hackerman (3) and Lorenz 
(4) at low acid concentrations. All three papers pro- 
vide reviews of the l i tera ture  on anodic dissolution of 
i ron in acidic chloride solutions. 

The purpose of the present  work is to determine 
more precisely the conditions under  which iron elec- 
trodissolution occurs by either an O H -  or H+-ac  - 
celerated mechanism and by either a chloride-acceler-  
ated or chloride-inhibi ted mechanism. The kinetics of 
the anodic dissolution of i ron in acidic solutions is in-  
vestigated by the rotat ing-disk electrode technique 
over a wide range of chloride and hydrogen ion con- 
centrations with all solutions main ta ined  at a constant 
ionic s t rength of 4.5M. 

Experimental 
The description of the rota t ing-disk electrode appa- 

ratus and ins t rumentat ion,  the electrochemical cell, 
and the exper imental  procedure are given elsewhere 
(6). 

The test electrodes were made from a 1.27 cm (1~ 
in.) diam rod of Ferrovac E iron. The rod was first 
turned down and polished on a lathe to a diameter  of 
1.257 cm. It was then cut into 1.27 cm lengths using an 
A120~ abrasive wheel. During the cutt ing process, 

* E lec t rochemica l  Society Ac t ive  Member .  
K ey  words :  anodic,  corrosion, dissolution, mechan i sms .  

water  was used to cool the iron rod. Both faces of the 
electrodes were polished with waterproof a lumina  
paper of various grit  (No. 240, No. 400, and No. 600). 
After  polishing, the electrodes were washed and rinsed 
in  distilled water, degreased wi th  hot benzene in  a 
Soxhlet column for 4 hr, and then annealed under 
vacuum (<10 -4 mm Hg) at 700~ for 1 hr and cooled 
down slowly to room temperature.  

The reference electrode was a saturated calomel 
electrode (SCE). All  potentials  reported in this s tudy 
were referred to this electrode. The reference electrode 
was housed in  a small  glass reservoir  and connected to 
the Luggin capillary through a glass tube. In those 
experiments  in  which perchlorate ions were present  
in the electrolyte, a fiber junct ion  salt bridge (double 
junct ion)  was inserted between the saturated calomel 
electrode and electrolyte to preclude precipi tat ion of 
potassium perchlorate wi th in  the fiber junct ion  of the 
calomel electrode. This bridge was filled with 4.2M 
NaC1 solution. 

A dual - funct ion  Pr inceton Applied Research poten-  
t iostat /galvanostat  (Model 173) wi th  a current-vol tage  
converter  plug in (PAR Model 176) was used to con- 
trol the potential  between the test and reference elec- 
trode (potentiostat mode) or to supply constant cur-  
rent  through the electrochemical cell (galvanostat  
mode).  The potential  of the test electrode was mea-  
sured with a Keithley electrometer (Model 602 B). The 
current  through the cell was measured either by the 
bui l t - in  panel  meter  on the potent iostat /galvanostat  or 
by a Simpson ammeter  (Model 269) connected to the 
circuit. A dual -channel  Moseley strip chart  recorder 
(Model 1700A) was used to monitor  the potential  and 
current.  An Exact funct ion generator  (Model 255) was 
connected to the potentiostat  in  order to supply the 
tr iggering pulse to switch the applied po ten t ia l /cur ren t  
from one setting to another  dur ing  polarization. In  the 
pulse polarization or t ransient  studies the current 
t ransients  were recorded on a Tektronix  storage oscil- 
loscope (Type 564). 

All solutions were prepared from Analyt ical  Reagent 
Grade chemicals and deionized water  which was sub-  
sequent ly distilled. The electrolyte was cont inuously 
deoxygenated with prepurified ni t rogen gas which was 
first passed through a heated (480~ copper column 
to remove the residual oxygen. The electrode was im-  
mersed in the electrolyte about 12 hr  after the de- 
oxygenation was started. Before immersion the elec- 
trode was activated in  5N HCt solution for 20 min, fol- 
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lowed by  thorough r insing in a s t ream of dis t i l led 
water .  The corrosion potent ia l  of the  work ing  e lec t rode  
was cont inuously moni tored  and recorded af te r  im-  
mers ion  in the  electrolyte .  The corrosion potent ia l  
usua l ly  a t ta ined a s t eady-s ta te  value  wi th in  2 hr. Po-  
lar iza t ion was s ta r ted  af ter  about  3 h r  immersion.  In  
al l  of the polar iza t ion  exper iments ,  the  ro ta t ion  ra te  
was fixed at  1000 rpm;  however ,  a few exper iments  
were  pe r fo rmed  by  vary ing  the ro ta t ion ra te  to check 
for mass t ransfer  effects. 

The H + effects were  s tudied in (i) xNaC1 + yHC1 
(x  + y = 4.5M) solutions. The C1- effects were  s tudied  
in (ii) solutions of pH = 1.1, xNaC1 + yNaCIO4 + 
0.01M HC104 (x + y = 4.49M), and (iii) solutions of 
4.5M H +, xHC1 + yHC104 (x + y = 4.5M). In the  
last  two series, the concentra t ion of chlor ide  ions was 
var ied  f rom 0 to 4.5M. The solutions were  main ta ined  
at  room t empera tu r e  ( ~  23~ 

Al l  the  potent ia l  values have  been correc ted  for  the  
ohmic overpotent ia ls .  The potent ia l  va lues  have  also 
been corrected for the  l iquid junc t ion  potent ia ls  which  
have  been es t imated  by  calculat ions given e l sewhere  
( 6 ) .  

Results 
E~ect  aS H + in 4.5M C~- (xNaCZ + yHCl,  z + y = 

4.SM).--Table I presents  the  corrosion potent ia ls  a t  
var ious  H + concentrations.  Anodic  Tafel  plots for [H + ] 
--~ 0.5M solutions are  shown in Fig. 1. Wi th  the  excep-  
tion of the [H + ] = 0.5M plot, 2 l inear  Tafel  regions are  
observed (i.e., for  [H +] --~ 0.1M plo ts ) .  Slopes of cor-  
re la t ing  anodic Tafel  l ines a re  as follows 

at  low polar izat ion,  ba -" 0.075 V/decade,  [H + ] ~ O.1M 

and 

at  h igh  polar izat ion,  ba = 0.040 V/decade,  [H + ] ~ 0.1M 

Only  the h igher  Tafel  s lope is obta ined for  [H+] --  
0.5M over the poten t ia l  range shown in Fig. 1. 

For  both Tafel  regions, the  ra te  of anodic dissolution 
increases wi th  decrease in H + concentrat ions.  Elec t ro-  
chemical  reac t ion  order  plots  a re  presented  in Fig. 2 
and shows that  

for the  low polar iza t ion  region,  

= 0.6, [H + ] ~ 0.1M 
ap ~a= -0.50v 

and 

for the  high polar iza t ion  region, 

( a ~ a ) r  = 1 . 1 ,  [H+J--~O.1M 

The Iow polar iza t ion  da ta  are  in  accord wi th  the  r e -  
sults of Chin (5), While the  high polar iza t ion  da ta  
wi th  the  O H - - a c c e l e r a t e d  mechanism proposed  by  
Bockris et al. (2). 

F igure  3 shows the resul ts  for more  h igh ly  acidic 
solutions ( [H +] ~ 1M) wi th  the  da ta  for [H +] _--0.5M 
included for comparison.  For  solutions of 1M - -  [H + ] 

4.5M the corela t ing anodic Tafel  l ine of slope 

Table I. Jron in 4.5M C I -  and variable H + solutions 

r i~orr 
(mV vs. (mA/ 

Electrolyte pH SCE) em ~) 

4.5M NaC1 -- HC1 4.25 - 739 - -  5 0.026 
4.5M NaC1 -- HC1 2.65 -- 635 ~ 7 0.045 
4.5M NaC1 -- HC1 2.00 - 6 0 0  • 5 0.044 
4.5M NaC1 -- HC1 1.22 - 565 ~ 10 0.055 
4.45M N a C I  + 0.05M HC1 0.50 - 5 1 5  • 7 0.090 
4.40~Vl NaC1 + 0.1M HC1 0.24 - 3 0 0  ~ 5 0.058 
4.0M NaC1 + 0.5M HC1 --4~0 ~ 5 0.20 
3.5M NaC1 + 1.0M HC1 - 4 2 5  _ 8 1.3 
2.5M NaC1 + 2.0M HCI  - -395  -*- 4 4.5 
1.5M NaC1 + 3.0M HCI  - -391  • 5 6.6 
4 .5M HC1 - 3 9 7  ~ 4 10.1 
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Fig. 1. Effect of pH on anodic iron dissolution in xNaCI + 
yHCI (x + y ~ 4.5M). [H + ] ----- 0.SM. 
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Fig. 2. Reaction order plots of anodic iron dissolution in 
xNaCI + yHCI (x + y = 4.5M) with respect to pH. 

ba - -  0.110 V/decade,  [H +] ~ 1M 

The resul ts  in Fig. 3 Show that  for 4.5M C I -  solutions 
in which [H + ] ~ 1M, the  ra te  of anodic dissolut ion 
increases wi th  increase  in H + concentrat ions,  which  
is d i rec t ly  opposi te  to tha t  observed at  lower  acidic 
solutions ( [H  + ] _~ 0.5M). These resul ts  confirm those 
repor ted  prev ious ly  by  McCafferty and Hacke rman  
(3), and Lorenz and co-workers  (4) tha t  H + acceler-  
ates the  anodic dissolut ion of i ron in h igh ly  acidic, 
concentrated chlor ide solutions. 

F igure  4 gives the  react ion o rde r  plot  for [H ~] 
1M and shows tha t  

0 O log ia ) = 1 . 0 ,  [H + ] ~ I M  
log [H +] ~a=-0.~0v 

The f i r s t -o rder  dependence  on [H + ] is in accord wi th  
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Fig. 3. Effect of H + on anodic iron dissolution in xNaCI -+- 
yHCI (x -I- Y = 4.5M). [H + ] ~---0.SM. 
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Fig. 4. Reaction order plot of anodic iron dissolution in xNaCI 
+ yHCI (x -I- Y - -  4.5M) with respect to H +. [H +]  ~ IM. 

the  work  of Lorenz and co-workers  (4), but  not wi th  
the  resul ts  of McCafferty and Hacke rman  (3) who 
repor ted  a second-order  dependence  on [H+] .  

Egect o~ C l -  in pH : 1.1 solutions (0.01Ir HCZO4- 
-k xNaCl -k yNaCl04, x ~- y = 4.49M).--Table II  gives 
the corrosion potent ia ls  at  var ious  C1- concentrat ions.  

Table II. Iron in pH : 1.1 and variable C I -  solutions 

~ e o r r  icorr 
(mV vs. (reAl 

Electrol/v~o SCE) em ~) 

4.49M NaCIO~ + 0.01M HCIO~ --498 • 2 0.520 
4.49M NaCIO~ + 0.01M HCIO4 + 0.001M N a C I  - 5 0 1  ----- 3 0.140 
4.49M NaCiO4  + 0.01M HC10~ + 0.005M NaC1 - 5 1 4  ~- 4 0.026 
4.48M NaC104 + 0.01M HC10~ + 0.01M NaC1 - 516 • 8 0.017 
4.47M NaC10~ + 0.01M HC10~ + 0.02M N a C I  - 5 1 8  ---+ 5 0.014 
4.44M NaC10~ + 0.01M HC104 + 0.05M N a C I  --523 +--- 4 0.017 
4.39M NaC104  + 0.01M HC10~ + 0.10M NaC1 --530 • 7 0.018 
4.29M NaC10~ + 0.01M HC10~ + 0.20M NaC1 - 5 3 3  • 6 0.010 
3.99M NaC104 + 0.01M HC10~ + 0.50M NaC1 - 5 3 5  • 6 0.025 
3.49M NaC104 + 0.01M HC10~ + 1.00M NaC1 --547 ~ 8 0.024 
2.49M NaC104 + 0.01M HC104 + 2.00M NaC1 --564 • S 0.017 
0.49M NaC10~ + 0.01M HC10~ + 4.00M NaC1 --573 ~- 8 0.020 

~ SLOPE = 0.040 Wdec. 

-50C 
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Fig. 5. Effect of C I -  on anodic iron dissolution in 0.01M 
HCIO4 + xNaCI + yNaCIO,, (x -I- Y ---- 4.49M). pH = 1.1 and 
[ C I - ]  -~ 0.10. Half-filled points represent galvanostatic data. 
Open and closed points represent patentiostatic data. 

Anodic  Tafel  plots  for  [ C I - ]  L 0.1M are  shown in 
Fig. 5. L inear  Tafel  l ines of s lope = 0.04 V/decade  are  
obta ined for [C1-]  ~ 0.005M. In  this  range,  anodic 
dissolut ion of i ron  is inhib i ted  by  chlor ide  ions. Fo r  
[C1-] ~ 0.005M, anodic Tafel  slopes are  0.075 V/decade  
at  low polarizat ion.  In  this region,  C1- accelerates  
anodic dissolution. Above --0.425V, pseudos teady-s ta t e  
currents ,  which fol lowed the Tafel  l ines wi th  the  
h igher  slope, a re  observed but  subsequent ly  increase  
to much h igher  s t eady-s ta te  values  (dashed l ines) .  
These l a t t e r  values  fol lowed the Tafel  l ines wi th  the  
lower  slope. Since potent ios ta t ic  control  is ma in t a ined  
th roughout  the  t rans i t ion  period,  the  correc ted  po ten-  
t ia l  of the  i ron  e lect rode is decreased as the  cur ren t  is 
increased in the  shif t  f rom the h igher  Tafel  s lope 
region to the  lower  Tafel  slope region.  This is due to 
the l a rge r  IR drop correc t ion  for  the  potent ia l  at  the  
h igher  cur ren t  value.  

A typica l  cur ren t  t r ans ien t  ( [C1-]  - -  0.01M), which  
exhibi ts  the  above phenomenon is shown in Fig. 6. 
For  ca --  --0.48V (Fig. 6a) the cur ren t  qu ick ly  reaches  
s teady s tate  (A) in  about  2 sec. The ac tua l  t rans ient  
was fol lowed for  about  10 rain wi th  no discernible  
change in this  s t eady-s t a t e  value.  For  ~a --  --0.40V 
(Fig. 6b),  the cur ren t  r emains  s teady  (A) for  the  t ime 
per iod  be tween  2-12 sec. Af te r  about  12 sec, the cur -  
ren t  increases  and,  at  about  40 sec, a t ta ins  a new much  
h igher  s t eady-s ta te  va lue  (B) .  F o r  ~a = --0.38V (Fig. 
6c) and above  the current  quickly  reaches a m i n i m u m  
(A) and then  rap id ly  increases  to the  final s teady value  
(B).  The dura t ion  of the  pseudos teady  s tate  (A) de -  
creases r ap id ly  wi th  increase  in  the  appl ied  potential .  
The t ime ra te  of increase  of the  cur ren t  t rans ien t  
f rom the pseudos teady  s tate  (A) to the  final s teady  
state (B) increases  rap id ly  wi th  increas ing appl ied  
potential .  Fo r  appl ied  potent ia ls  h igher  than  --0.3TV, 
the final s teady  s ta te  (B) is a t ta ined  wi th in  a few 
mill iseconds.  
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Fig. 6. Current transient during anodic potential pulse polariza- 
tion of iron in 0.01M HCIO4 -I- 0.01M NaCI -Jr- 4.48M NaCIO4. 
pH = 1.1. 
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Table III. Iron in 4.5M H + and variable C l -  solutions 

Ano~ic lr r T a f e l  s l o p e  ( m A /  Electrolytes (mV vs. SCE) (mV/decade) cmD 

4.500M HCIO~ - 3 5 3  ----- 5 44 0.50 
4.500M HC10~ + 0.001M HC1 - 3 6 4  -- 7 60 0.24 
4.500M HCIO~ + 0.003M HC1 - 3 5 7  • 5 75 0,33 
4.4901K HC10~ + 0.01M HC1 - 3 5 1  • 6 80 0.35 
4.473M HC10~ + 0.027M HC1 - 3 5 3  +--5 90 0.30 
4.45M HC10~ + 0.05M HC1 - 3 6 4  + -- 6 95 0.14 
4.4M HC10~ + 0.1M HC1 - 3 7 5  -4- 6 95 0.09 
4.3M HC10~ + 0.2M HCI - 3 8 7  +- 6 95 0.14 
4.1M HC10~ + 0.4M HC1 - 3 9 0  --+ 10 105 0.31 
3.5M HCIO~ + 1.0M HC1 - 3 8 1  +--- 5 105 1.4 
2.5M HC10~ + 2.0M HC1 --375 -+- 6 105 3.0 
1.5M HC10~ + 3.0M HC1 - 3 8 2  "4-l0 105 4.7 
0.SM HC10~ + 40M HC1 - 3 9 0  "4-9 105 5.3 

The above transient behavior occurs in the inter-  
mediate potential region of the Tafel plots for  0.01 ----- 
[C1-] ~ 0.1M. Current  values (A) fall on the Tafel 
lines with slope of 0.075 V/decade and current  values 
(B) fall on the Tafel lines with slope of 0.04 V/decade. 
In addition to significantly different anodic Tafel 
slopes, the effect of C1- on anodic dissolution is di- 
rectly opposite in the two cases. Anodic dissolution of 
iron represented by Tafel lines with the higher slope 
is accelerated by C1- while anodic dissolution is in- 
hibited by C1- for t"ne other case. 

For [C1-] ~ 0.2M, Tafel lines of slope = 0.075 
V/decade are obtained at low polarization and anodic 
dissolution is accelerated by chloride ions (Fig. 7). At 
higher polarization, the Tafel lines have slope of 0.04 
~ /decade  and appear independent of CI- .  That  is 

at high polarization, 

( alog/a ) 
: 0, [C1-] ~ 0.2M 

0 log  [C1-] ~=-0.asv 

On the other hand, Fig. 8 shows that  

at low polarization, 

( 01ogia ) 
= 0.4, [C1-] ~-0.2M 

0log  [CI - ]  r 

Effec t  off C l -  in 4.5M H + ( x H C l  + yHCl04 ,  x + y --  
4 . 5 M ) . ~ F o r  [C1-] ~ 0.05M, anodic Tafel plots are 
given in Fig. 9. In pure perchloric acid, an anodic 
Tafel slope of 0.044 V/decade is observed. With in- 
creasing chloride concentration up to 0.05M, the anodic 
Tafel slope monotonically increases to about 0.095 
V/decade. It is observed that  C1- inhibited the anodic 
dissolution of iron in this concentration region. 

For  [C1-] --~ 0.1M, Fig. 10 shows that  C1- acceler- 
ates anodic dissolution and, except for 0.1 and 0.2M 
CI- ,  which had anodic Tafel slopes of 0.095 V/decade, 
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slopes of 0.11 V/decade are obtained for  the cor- 
relating Tafel lines ( [C1-]  --~ 0.4M). 
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The reaction order p l o t  o f  t h e  d a t a  o b t a i n e d  i n  
Fig. 8, show t h a t  

( 01ogia ) =1 .1 ,  [ C 1 - ] ~ 0 . 1 M  
0log [C1-] *a=-0.~TSV 

Empirical rate expressions ~or anodic dissolution o~ 
iron.--On the basis of the experimental  polarization 
data, the kinetics of iron electrodissolution in acidic 
chloride solutions, ionic s t rength of 4.5M, can be ex-  
pressed as follows 

For  low [H + ], concentrated C1- 

( 4  ' F ,  
i a = k a [ C 1 - ]  014 [ O ~ - I - ]  0"6 exp \ -~ -~ -~ - - / ,  

a t  low polarization [1] 

i'a = k'a[OH-] exp \-~- ~/, at high polarization [2] 

For high [H + ], concentrated C1- 

i a = k " ,  [ H + ] [ C l - ] l ' l e x p  ~ 2 - ~ )  [3] 

Equation [1] is in accord with the previous results, 
at lower chloride concentrations, of Chin (5). Eqtm- 
tions [1] and [2] indicate, as suggested earlier by  Chin 
(5), that  the electrodissolution of iron in dilute acidic 
Chloride solutions proceeds by two coupled parallel 
reactions as represented by the C1--accelerated mech-  
anism (5) and the OH--acce le ra ted  mechanism (2). In  
a series of papers, Bech-Nielsen [e.g., see Ref. (7-9)] 
has discussed the idea of 2 distinctly different parallel 
anodic dissolution processes of i ron in acidic solutions. 

Plots of the potential (St) and current  (it) coordi- 
nates of the intersection of the two Tafel lines, as 
Shown in ~ig. 1, vs. pH are presented in Fig. 11. Equa-  
tions [1] and L2] give the pH dependence of these 
intersection coordinates a s  

0Or 
= --34 m V / p H  [4] 

OpH 
and 

0 log it 
- -  - -  0 .14 [5]  

OpH 

These values compare well with the experimental  plots 
in Fig. 11 which give --40 m V / p H  and 0.15, respec- 
tively. 

Equation [3], which represents anodic iron dissolu- 
tion in highly acidic concentrated chloride solutions, is 
in accord with the work  of Lorenz and co-workers (4) 
except for the chloride reaction order which they 
report  as 0.6. On the other hand McCafferty and 
Hackerman (3) reported a much lower anodic Tafel 
slope of about 60 mV/decade,  an H + reaction order  
of 2 compared to first order in this work  and a chloride 
reaction order between the first order o0tained in the 
work and the value reported by Lorenz (4). 

Discussion 
Low H + concentrations.--In low [H +] and concen- 

t rated chloride solutions the results of anodic iron 
dissolution of this work  are compared with those 
of McCafferty and Hackerman (3) and Lorenz and 
co-workers (4, 10) below: 

In  this work  

ia = ka [Cl - ]  ~ [ O H - ]  ~ exp \ ~ - - ~ - ~ - / ,  

at low polarization [1] 
and 

i'a = k%[OH-]  exp \ y - ~ - - / ,  at high polarization [~.] 
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Fig. i l .  (a) Transition potential (qh) vs. pH; (b) Transition cur- 
rent (it) vs. pH; (e) Schematic diagram of coupled, parallel O H - -  
accelerated and Cl--acceIerated anodic iron dissolution in acidic 
chloride solution. 

McCafferty and Hackerman (3) found 

(4 F~) [la] 
ia = ka[C1-]  -~ [ O H - ]  ~ exp 5 RT 

and Lorenz and co-workers (4, 10) obtained 

ia = ka[C1-]-~  [OH-]0.7 exp ~ [lb] 

The results of the latter two groups indicate that  at  
low [I-I+], chloride ions inhibit anodic iron dis- 
solution in contrast to Chin's (5) and this work  which 
show that  chloride ions accelerate anodie dissolution. 

The exFerimental results of this work can be inter-  
preted in terms of coupled parallel reactions as repre-  
sented by the Cl- -accelera ted  mechanism (5) and the 
Oi l - -acce le ra ted  mechanism (2, 11) given below: 

Cl - -acce lera ted  mechanism 

Fe �9 H20 + Cl- = FeClOH-ads + H + + e [a] 

rds 
FeClOH-ads > FeCIOI-I + e [b] 

FeClOH + I-I + ---- Fe + + -5 Cl- + H20 [c] 
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O H - - a c c e l e r a t e d  mechanism 

Fe  �9 H20 : FeOHads -]- H + ~- e [a ']  

rds  
FeOH~ds-----> FeOH + ~- e [b'] 

FeOH + ~- H + = Fe  + + -~ H20 [c'] 

The surface coverage of FeC1OH- is assumed to range 
between 0.2 -0.8 and to fol low Temkin  adsorpt ion  be -  
havior.  On the other  hand, the surface coverage of 
FeOH is assumed to be very  small ,  i.e., OFeOH --> 0. By 
fol lowing the der iva t ion  given previous ly  (5),  the  
anodic i ron  dissolut ion ra te  equat ion for  the  C1- ac-  
ce lera ted  mechanism can be obta ined  

ia,cl : ka,cl [C1-] ~176 exp ( ~ - - ~ )  [6J 

The cha rge - t r ans fe r  (fi) and adsorpt ion  (7) s y m m e t r y  
factors a re  assumed to be 0.5, i.e., ~ = -y m 0.5. 

Since OFeO H --> 0 and the s tandard  free energy of ad-  
sorpt ion of FeOH should be much la rger  than  tha t  of 
FeC1OH-,  •G~ should r ema in  essent ia l ly  constant  
and FeOH should fol low Langmui r  adsorpt ion  be-  
havior.  The ra te  equat ion  for  the O H - - a c c e l e r a t e d  
mechanism can be der ived  as 

3 F 
ia,oH : ka,oH [ O H - ]  exp  (Z-'RT ) [7] 

Both Eq. [6] and [7] are  in good agreement  wi th  the 
empir ica l  relat ionships,  Eq. [1] and [2], respect ively.  
By considering the two equations as represen t ing  
para l l e l  anodic dissolution reactions,  the total  r a te  of 
anodic i ron dissolut ion in solut ions of low [H + ] and 
concentra ted  C1- can be expressed  as 

ia,total = ia,Cl "~- ia,OH [8] 

At lower  anodic potent ials ,  

ia,Cl > > ia,OH 
and 

ia,total ~ ~a,C1 
[8a] 

At  h igher  anodic potent ials ,  

ia,Cl < < ia,OH 
and 

ia,total ~ ia,OH [8b]  

A schematic  d iag ram of Eq. [8], the  continuous line, 
and Eq. [8a] and [Sb] is shown in Fig. 11c. At  the  
t rans i t ion  point  (~t, it) 

it : ia,C1 : iaoOH [9] 

As discussed above, Eq. [4] and [5] give the  pH de-  
pendence of the t rans i t ion  coordinates and compares  
well  wi th  the exper imenta l  resul ts  shown in Fig. 11. 

For  low [H +] (pH : 1.1) and [C1-] ~ 0.005M (Fig. 
5), the surface area  accessible for anodic i ron dissolu-  
t ion by the O H - - a c c e l e r a t e d  mechanism is decreased 
with  increase in C1- concentra t ions  due to increases in 
both OFeOHC1-- (for low [C1-] ,  OFeOHC1-- < <  l ) ,  and 
surface adsorpt ion  of C1-. This leads to the apparen t  
inhibi t ion effect of C1- on anodic i ron dissolution. 

Fo r  low [H +] (pH : 1.1) and 0.01M ~ [C1-]  
0.10M, FeOHC1-  at ta ins  in te rmedia te  surface coverage 
and, at  low polar izat ion,  anodic i ron  dissolut ion p ro -  
ceeds by  the C1- accelera ted  mechanism. At  h igher  po-  
tentials,  the O H - - a c c e l e r a t e d  mechanism becomes 
dominant .  In the  C1- concentra t ion range,  0.01M-0.10M, 
adsorpt ion of C1- and the surface coverage of FeOHC1-  
continues to increase  wi th  increase in C1- concentra-  
tion. The consequent  decrease  in accessible surface 
area  for O H - - a c c e l e r a t e d  anodic dissolution leads to 
fur ther  decreases in the apparen t  rate,  ia.OH. For  [CI - ]  

0.2M, and low [H +] (pH : 1.1), the  surface area  
accessible for O H - - a c c e l e r a t e d  anodic dissolut ion re-  

mains essent ia l ly  constant,  and the  total  anodic dis-  
solut ion rate,  at  h igh polarizat ion,  is independent  of 
fu r the r  increases in  C I -  concentrat ion.  

High H + c o n c e n t r a t i o ~ . - - I n  highly  acidic and con- 
cent ra ted  chlor ide  solutions, anodic i ron  dissolution is 
accelera ted by  both chlor ide  and hydrogen  ions and 
follows the ra te  express ion 

ia,~ = k.,H [H +] [ e l - ]  1'1 exp ~ [10] 

This empir ica l  ra te  expression is consistent  wi th  the  
fol lowing H+-acce l e r a t ed  mechanism 

Fe  �9 H20 + C1- = FeClads + H20 + e [ a ' ]  

FeClads -t- H + = FeC1H + [b"] 

rds  
FeCIH + -t- C1- -> FeC12 -b H + -t- e [c"] 

FeC12 = Fe  + + § 2C1- [d"] 

I t  is assumed that  eFeCl "-> 1 and OFeC1H § ---> 0 SO tha t  
both adsorbed species fol low Langmui r  adsorpt ion be-  
havior.  The ra te  of s tep [c"] is expressed  as 

\ RT ] 

If step [b"] is assumed to be in quas iequi l ib r ium 

OFeC1H+ --  K[b,,]OFeCl [H  +] [12] 

= K[b, ] [H+] ,  since OFeCl--> 1 [13] 

Equations [11] and [13], then, give 

i[r : ka,[c,,]K[b,,l [H+][C1 - ]  exp  k - - ~ - /  [14] 

If fl : 0.5, the ra te  of anodic dissolut ion is 

ia,H --" ka,H [H + ] [C1-]  exp  ~ [15] 

Equat ion [15], which is der ived  f rom the proposed 
mechanism, is in accord wi th  Eq. [10] which is a r ep re -  
senta t ion of the  expe r imen ta l  results .  

Steps [ a ' ] - [ d " ]  a re  a modification of the steps p ro -  
posed by  Lorenz and co-workers  (4). However ,  in  
the mechanism proposed by  the l a t t e r  group, Temkin  
adsorpt ion  behavior  of the  adsorbed species, FeC1, was 
assumed in contras t  to Langmui r i an  behavior  of FeC1 
and FeC1H + as proposed  in the  mechanism in this 
work. 

F igure  10 shows tha t  for  [C1-]  = 0.1, 0.2, and  0.4M, 
the  anodic Tafel  l ines (wi th  slopes of app rox ima te ly  
0.1 V/decade) ,  which shif ted to h igher  anodic  dissolu-  
t ion rates  wi th  the  increase  in  C1- concentrat ion,  
changed to an anodic Tafel  l ine wi th  a slope of 0.04 
V/decade  at  high polarizat ion.  Anodic  dissolution, in 
the la t te r  region, appeared  to be independent  of C1- 
concentration.  This observat ion  suggests, a l though the 
exper imen ta l  da ta  is not, by  any means,  extensive,  tha t  
anodic i ron dissolution in h ighly  acidic and concen- 
t ra ted  Chloride solutions m a y  also occur by  para l l e l  
reactions as represen ted  by the H+-acce l e r a t ed  mecha-  
nism and the O H - - a c c e l e r a t e d  mechanism, i.e. 

ia,total --" ia,H "~- {a.OH [1G] 

The former  (ia, H) is dominant  at  lower  polar iza t ion  
and the la t te r  (i~,OH) at  h igher  polarizat ion.  More ex-  
tensive anodic polar izat ion studies at h igher  potent ia ls  
~han those examined  in this work  are  r equ i red  to 
ver i fy  this point. At  much h igher  potentials ,  l imi t ing 
diffusion currents  have recen t ly  been observed in 
studies of h igh  anodic i ron dissolution rates  in concen- 
t ra ted  acidic and neut ra l  Chloride solutions (12, 13). 

The resul ts  in Fig. 10 for  C I -  concentrat ions of 0.1, 
0.2, and 0.4M at h igher  polar iza t ion  also suggest  that  
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anodic iron dissolution in chloride-free concentrated 
perchloric acid follows the OH--accelerated mecha- 
nism even at low polarization. Some preliminary re- 
sults of anodic iron dissolution in chloride-free acidic 
perchiorate solutions (xHCIO4 + yNaCIO4, x -{- y = 
6M), as shown in Fig. 12, indicate that anodic dissolu- 
tion is, indeed, decreased with increase in H + concen- 
tration over the entire potential range examined. 

In highly acidic ([H + ] = 4.5M) and dilute chloride 
([CI-] --~ 0.05M) solutions, the anodic dissolution rate 
is decreased and the anodic Tafel slope is increased 
with increase in concentration of chloride ions. The 
increase in anodic Tafel slope from 0.04 to 0.095 V/ 
decade, when CI- is increased from 0.000 to 0.050M in- 
dicates that the mechanism of anodic iron dissolution 
is changing in this concentration range. On the other 
hand, at low H + (pH = 1.1) and low CI- concentra- 
tions, as discussed above, CI- also inhibits anodic dis- 
solution, but the anodic Tafel slope (0.04 V/decade) 
remains constant, indicating no change in the mecha- 
nism. 

The OH--accelerated mechanism is dominant for 
highly acidic and very dilute chloride solutions. If 
OFeCI --> 0 a n d  OFeC 1 > >  O F e O a  -Jr OFeC1H+ (exclusive of 
adsorbed water molecules), the rate of anodic iron dis- 
solution can be expressed as 

3 F~ 
ia = ka,OH(1 -- OFeC1) [OH-]  exp X-~-~- -  I [17] 

For Langmuir adsorption and step [a"] in quasiequi- 
librium 

k[a,] [C1-] (1 - -  OFeC1) e x p  
R T  

(I - ~)F~ 
-- k-- [a-]OFeC1 exp [18] 

RT 

An expression for OFeCl in terms of the potential and 
CI- concentration is ootained from Eq. [18] 

k[a.][Cl-]exp ( IFO 

OFeCl = [19] 
Fr 

k[a,,] [C1- ] exp ( - - ~ - )  + kE-a,,] 

Also 

Where 

(1 - -  OFeC1) " -  [20] 

Kr~,d[Cl-] exp ~ + 1 

~[a,,] 
K[a,] = 

~[-a,,] 
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Fig. 12. Effect of H + on o.odic iron dissolution in chloride-free 
acidic perchlorote solutions (xHCI04 -{- y N o C l O ,  x -[- y = 6M). 

With the expression for (1 -- 8FeCi) given in Eq. [20], 
Eq. [17] becomes 

exp 2 RT 
ia = ka,oH[OH-] [21] 

K[a,,] [C1-]exp ( RF-~-~ ) + 1 

For chloride-free solutions, Eq. [21] becomes 

ia = ka,oH[OH-].exp 2 RT 

which is the rate expression for the OH--accelerated 
mechanism. For dilute concentrations of C1- in which 
KEa,,] [C1-] exp (F~/RT) > >  1, Eq. [21] gives 

ia = ka,oHK-I[a,,][C1-]-i[OH-] exp ~ [22] 

For the dilute concentrations, [C1-] ~ 0.05M, the rate 
expression for anodic dissolution is assumed to be be- 
tween the latter two limiting cases, and Eq. [20] is 
given a power law form 

(1 - -  OFeC[) ~-  K[a,,]-~[C1 - ]  -~ exp RT ' [23] 

where 0 ~ 8 -~ 1. 8 changes from 0 to 1 with increase 
in [C1-]. Then Eq. [23] and [17] give 

ia ~ ka,oHKta,,] -8  [ C1 - ]  -5 [OH-]  

- 

exp .~,~ [241 

As 8 increases from zero to values approaching one as 
[CI-] increases from zero to some finite dilute concen- 
tration of CI-, Eq. [24] shows the inhibition effect of 
el- and the increase in the anodic Tafel slope from 
0.04 V/decade to values approaching 0.12 V/decade 
with increase in CI- concentration. Therefore, Eq. [24] 
predicts anodic iron dissolution behavior for [H +] = 
4.5M and 0.000M -- [CI-] -- 0.050M as shown in 
Fig. 9. For [CI-] ~ 0.1M and H + = 4.5M, the anodic 
behavior follows the H + and Cl--accelerated mecha- 
nism. 

General comments.--The results obtained in this 
work indicate that anodic iron dissolution behavior 
in acidic chloride solutions depends strongly on both 
the H + and CI- concentrations. Electrodissolution ap- 
pears to proceed by parallel anodic reactions in both 
dilute and concentrated acidic chloride solutions. Pro- 
posed mechanisms which have been developed to inter- 
pret the experimental electrode kinetic data, involve 
several chloro-iron complexes as adsorbed reaction 
intermediates. Similar complexes have also been pro- 
posed in other mechanisms (e.g., see Ref. (3, 4, 10, 14, 
15). A good review of work indicating the importance 
of halo-iron complexes in iron corrosion is given by 
Foley (16, 17). 

Hysteresis effects in the anodic polarization of iron 
in HCI have been ascribed by Foroulis (18) to com- 
plexation. The results shown in Fig. 5 and 6 of this 
work are not only consistent with this speculation, 
but, in addition, provide the further information which 
indicates that this phenomenon is due to the simul- 
taneous occurrence of two parallel anodic dissolution 
reactions, one involving a chloro-iron complex and 
the other Which does not. 

The relevance of these parallel anodic dissolution 
reactions (depending on both H + and CI- concentra- 
tions) to localized corrosion and to the efficiency and 
efficacy of electrochemical machining processes is in- 
dicated since both of the latter are are so strongly 
dependent on the type of anions present in the elec- 
trolyte. However, much more detailed kinetic studies 
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on the effect of anions on anodic metal  dissolution 
in  both the active and transpassive regions are re-  
quired for a ful ler  understanding.  The importance of 
such fur ther  work to the prevent ion or control of 
localized corrosion and to optimization of electro- 
chemical machining is evident. 
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Electrochemical Aspects of the Beveling of 
Sputtered Permalloy Films 

J. J. Kelly and G. J. Koel 
PhiIips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

For the production of thin film magnetic heads, beveled steps in sputtered 
Permal loy films have been made using a duplex layer  chemical etching tech- 
nique. In this work, special a t tent ion was paid to galvanic interact ion be-  
tween the Permalloy base layer and the top layer  metal, t i tanium. By changing 
the HF concentrat ion of the H2SO4/H202/HF etchant, the beveling angle ~ could 
be varied between 6 ~ and 40 ~ The fact that (i) the rest potential  of the bi-  
metall ic system lies in a region of the anodic polarization curve for t i tanium, 
in which the metal  dissolution rate is almost completely independent  of po- 
tential  but  strongly dependent  on HF concentration, and (ii) the etch rate of 
Permal loy is insensit ive to HF concentration, is impor tant  in  this application. 
Values of ~ calculated on the basis of electrochemical measurements  agree 
favorably with values found in chemical etching experiments.  Factors that  
influence the beveling process when, as in the present  case, a metal  is used 
as the top layer  to etch another  metal  are discussed. 

In  two recent reviews (1, 2) at tent ion has been 
drawn to the fact that, while chemical etching of met-  
als is widely used for pa t te rn  definition in  semiconduc- 
tor technology, relat ively little s tudy has been devoted 
to the specific electrochemistry of practical etching sys- 
tems. In  many  cases a purely  empirical approach is 
adopted when choosing an etchant for a part icular  ap- 
plication. In  some recent publications (3-6) it has been 
shown that certain problems relat ing to metal  etching 
for device fabrication could be solved by making use 
of the insight gained from electrochemical measure-  
ments. 

In this paper  we report  on an electrochemical study 
of the bevel-etching of sputtered Permalloy, which is 
used in thin film magnetic  heads. Figure 1 shows a 
SEM photograph of such a head, containing 6 turns. 
The lay-out  and fabrication process have been de- 
scribed elsewhere (7, 8). One of the main  problems in 
making this head was failure due to open me~alliza- 
tion; electrical breaks were found in  conductors cross- 
ing silica-covered steps in the Permal loy  pattern.  This 
results from incomplete coverage of the sharp Permal -  
loy profiles normal ly  obtained by chemical etching. 

Key words:  metal ,  transducer ,  polarization,  etching. 

Similar effects have been observed in integrated cir-  
cuit technology (9). The problem can be avoided by 
beveling the steps using a duplex layer chemical etch- 
ing technique (2, 10, 11). In  the present  paper we focus 
at tent ion on the specific electrochemical problems in-  
volved when a metal  or alloy, such as Permalloy,  is 
bevel-etched in this way. 

Beveling of Metal Films 
In previous publications (10, 11) it was shown that, 

by using a duplex layer  chemical etching technique, 
beveling of thin films could be achieved. The method 
depends on the fact that, while both layers dissolve in 
the chemical etchant, the etch rate of the top layer  is 
greater than  that of the under ly ing  layer (Fig. 2). The 
beveling angle a is given by the equation (10) 1 

etch rate base layer  
sin a ---- [1] 

etch rate top layer  

1In  Ref.  (10), s in ~ is g i v e n  by  the  ra t io  of t he  base  l aye r  and 
l a t e r a l  e tch  ra tes ,  uB and  uL, r e spec t ive ly .  H o w e v e r ,  U L  = U %  the 
etch r a t e  of the  top layer ,  if  uTt ~ >  a, w h e r e  t is t he  etching 
t ime for the s y s t e m  and  d is the  top layer thickness .  This  can 
easily be shown to hold in the present  case. 
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Fig. 1. SEM photograph of a six-turn thin-film magnetic head. 
Various crossovers and feed-through hole steps are obvious. 

Photoresist = 
Tof /ayee 

Base laver" 
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J 
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Fig. 2, Theoretical undercutting profile in a base layer with a 
faster etching top layer. The circular dashed line shows the etch 
profile expected for isotropic dissolution of the base layer when 
the top layer is not present. 

Good agreement  between exper imental  and theoretical 
values of , has been obtained for sputtered silica 
layers (12). 

Difficulties may be encountered when  a metal  is used 
as top layer  in order to bevel-etch another  metal. As 
a result  of the electrical contact between the two met-  
als in the etching electrolyte, a galvanic e lement  is 
formed; a potential  is established which may be dif- 
ferent from the rest potentials of the individual  metals 
in the etchant. This means that  the chemical etch rate 
of each metal  of the bimetallic system may be modi-  
fied. The direction and magni tude  of these changes in  
etch rate depend on the current  densi ty-potent ia l  
characteristics of the metals in  the par t icular  etchant  
and on the relat ive surface areas of the metals exposed 
to the etching solution (2, 3). 

During bevel-etching,  the exposed area of the top 
layer  is much smaller  than that  of the base layer  and 
the potential  of the bimetall ic  system is essentially de- 
te rmined by the under ly ing  metal.  The resul t ing po- 
tent ial  shift experienced by the top layer metal  will be 
in the anodic direction if this metal  is less noble than  
the under ly ing  metal, and in  the cathodic direction if 
it is more noble. In  many  cases the etch rate of a metal  
depends exponent ia l ly  on its potent ial  (1). The poten-  
tial shift resul t ing from the bimetall ic  contact may 
therefore lead to a considerable increase or decrease in 
the etch rate of the top layer  (2, 3). 

In  order to prevent  extreme acceleration or deceler- 
at ion of this etch rate, careful consideration must  be 
given to the choice of top layer  metal  and etchant. In  
an at tempt  to avoid such problems, we used a metal  
which was less noble than the under ly ing  meta l '  but  
which had a poten t ia l - independent  anodic part ial  cur-  
rent  in the region of the rest potential  of the b imeta l -  
lic system (3, 13). 

The electrochemical  concept involved will  be i l lus- 
trated in  this paper  for the bevel-e tching of sputtered 

Permalloy,  using a sputtered t i t an ium film as top layer. 
T i tan ium can be passivated in  sulfuric acid solution 
(14). A characteristic active/passive peak is observed, 
followed by a potent ial  region in  which the anodic cur-  
ren t  (passive current )  is very  low and constant. Addi-  
tion of fluoride ions to the solution increases the current  
both in the peak and in the passive regions (15, 16). 
Permal loy can be readi ly dissolved in  a H2SO4/HF 
solution containing a suitable oxidizing agent. In  the 
present  study, hydrogen peroxide was main ly  used. 
Some experiments ,  were also carried out with other 
oxidizing agents. 

The exper imental  results are presented in  three 
sections. The first section describes beveling of PermaI-  
loy usir~g various H2SO4/HF etchants and Ti as top 
layer. In  the two subsequent  sections electrochemical 
results for t i t an ium and Permal loy  are given. F ina l ly  
the relevance of these results to the bevel-e tching of 
Permalloy is discussed. 

In  order to avoid galvanic effects dur ing  dissolution 
of Permal loy films it is also possible to use an in -  
sulat ing top layer instead of a metal.  In  this way bev-  
eled steps in  Permal loy  films can be made by  applying 
a sputtered silica top layer. However, our  experience 
has shown that  the etch rates of such oxide layers 
depend strongly on their  composition, i.e., on sput ter -  
ing conditions such as oxygen pressure and rf power 
density. On the other hand, the results obtained with 
Ti layers were much Iess sensitive to such factors and 
reproducible steps of varying angle could be easily 
achieved. 

Exper imenta l  
Beveling experiments.---~ermalloy films, containing 

79 weight percent  (w/o)  Ni, 16 w/o Fe, and 5 w/o Mo, 
were deposited on oxidized silicon slices by  sput ter ing 
bulk  alloy at an argon pressure of 5-10 reTort,  an rf 
power density of 0.6-1.2 W/cm ~, and a substrate  tem-  
perature  of 320~ The deposition rate, which de- 
pended on the sput ter ing conditions, was between 
0.6 and 0.8 ~m/hr.  Ti tanium films were sputtered at 
an rf power density of 0.6 W/cm ~ and an argon pres-  
sure of 10 mTorr.  The deposition rate was approxi-  
mately  100 A/min.  For bevel ing experiments,  0.05-0.10 
~m thick Ti layers were deposited on 3 ~m thick Pe rm-  
alloy layers. 

Shipley AZ 1350H photoresist was applied on the Ti 
top layer  by spinning at 3000 rpm. The photoresist was 
exposed for 20-25 sec in  a Kulica Sofia exposure un i t  
and developed for 1 rain in  an AZ 1350H developer. 
The resist was then baked out at 140~ for 1 hr. The 
metal  was etched through the windows of the pat tern.  

When a 2 ~m thick Ti film was etched using a photo- 
resist pat tern,  applied as described above, beveling of 
the Ti film was not observed. This indicates that  
photoresist lift from the Ti top layer  does not play a 
role in  the Permalloy bevel ing process. 

Beveling angles were calculated from the thickness 
of the Permal loy layer  and the length of the beveled 
slope. The layer  thickness was ~etermined by using a 
Talystep or a Leitz interferometer.  The length of the 
slope was measured by normal  optical microscopy. 
These results were checked against beveling angles 
found using SEM photos. 

Electrochemical measurements.--Because it was in -  
convenient  to sputter, very thick films and because 
th in  film electrodes could only be used for a ra ther  
l imited period, electrochemical measurements  were 
also made with bulk  metal  electrodes. For these ex- 
per iments  the metal, in the form of a cyl inder  with a 
face area of between 0.5 and 1.0 cm ~, was t ightly im-  
bedded in a Teflon holder. Electrode surfaces were 
mechanical ly polished before use. For  Ti electrodes, 
99.95% pure metal, supplied by Imperial  Metal Indus-  
tries, England, in the form of 10 m m  diam rods was 
used. Permal loy electrodes were machined from pellets 
which were made by casting the melt  obtained using 
an argon arc onto a water-cooled copper surface. The 
composition of the bu lk  alloy was nomina l ly  the same 
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as that  of the thin films. In  both cases 99.99% pure  Ni, 
Fe, and Mo were used for making the Permalloy.  

Fi lm electrodes were made by sput ter ing approxi-  
mately  5 #m of the metal  or ahoy onto the respective 
bulk  electrode under  conditions similar  to those de-  
scribed above. The substrate was first sput ter-etched 
in order to remove surface oxide. 

For certain experiments  the electrodes were rotated 
in  order to investigate the influence of s t i r r ing on the 
dissolution reaction. The exper imental  a r rangement  
has been previously described (3). 

Steady-state  polarization curves were measured us-  
ing a Wenking 70 TS 1 potentiostat  controlled by a 
Wenking s tepping-motor  potentiometer,  Model S'MP 
72. A glass-free cell and measur ing system was used 
with either a saturated calomel electrode (SCE) or a 
mercu ry /mercu ry  sulfate electrode as reference. All  
potentials are given with respect to SCE. Polarizat ion 
curves were reproducible to wi thin  5%. 

Other  exper imenta l  condi t ions. - -The tempera ture  of 
the bevel ing and electrochemical experiments  was 
23 ~ • 2~ All  chemicals used were of reagent 
grade, supplied by Merck. The fluoride concentrat ion 
of the solutions was measured using an Orion fluoride 
electrode Type 96-09. 

Results 
Bevel ing  o~ Perma~loy fi~ms.--The hydrogen per-  

oxide etchant  used to bevel sputtered Permal loy films 
with Ti as top layer contained 3.9M H2SO4, 1.12M 
H202, and a variable  HF concentrat ion of between 0.4 
and 4.0M. Gas evolution was observed dur ing etching. 
In  Fig. 3 a SEM photo of a beveled step is shown. 
The beveling angle a could be varied between 6 ~ and 
40 ~ by changing the HF concentration, as shown in  
Fig. 4. 

Beveled steps in  Permal loy  films were also made 
using H2SO4/HF etchants in which hydrogen peroxide 
was replaced by other oxidizing agents, e.g., ferric 
ammonium sulfate or potassium dichromate. Gas evo- 
lut ion was not observed in these cases. The dissolution 
rates of the metals, and consequently the bevel ing 
angles, were found to be dependent  on the hydrody-  
namic conditions main ta ined  dur ing etching. 

Electrochemical results ]or t i tan ium.- -Prev ious  work 
(15-17) on the influence of fluoride ions on the anodic 
behavior  of Ti in  I-t2804 solution has been confined to 
lower concentrat ions (~0.1M NaF ov HF).  In  order to 
achieve practicable etch rates it was necessary to in -  
crease the fluoride concentrat ion considerably. 

Figure  5 shows the steady-state anodic polarization 
curve for a Ti rotat ing disk electrode (RDE) in a solu- 
tion containing 0.75M HF, 3.9M H~SO4 at 23~ and 

Fig. 3. SEM photograph showing a beveled step in a 3 /~m thick 
Permalloy layer obtained using a titanium top layer. The photo- 
resist film has been removed. 
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Fig. 4. Dependence of the beveling angle a on the HF concen- 
tration of the H2SO~, (3.gM)/H202 (I .12M)/HF etchant. 
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Fig. 5. Anodic polarization curve for a Ti RDE in 3.9M H2SO4, 
0.75M HF at 23cC and 500 rpm. Passive current densities are also 
shown for 1.50 and 2.25M HF. 

500 rpm. The general  form of this curve is s imilar  to 
that observed for lower fluoride concentrations (15, 16), 
but  in  the present  case the current  in  both the active 
and passive regions is much larger. The rest potential  
of Ti in this solution is approximately  --0.9V. For po- 
tentials higher than 0V, the current  is almost com- 
pletely independent  of potential. In  this region the 
current  changes by less than  10% when the H2SO4 
concentrat ion is reduced by a factor of 2. The passive 
current  increases markedly,  however, with increasing 
HF concentration, as is clear from Fig. 5. 

Similar  results were found for sputtered Ti film 
electrodes. In  the peak region, the curves differed 
somewhat from those measured with bulk  metal  elec- 
trodes. The passive current,  however, was the same 
for both cases. This agrees with the observations of 
Caprani  (16) who showed that  for low fluoride concen- 
trations the polarization behavior in  the rising part  of 
the peak depended on t h e  origin of the Ti samples. On 
the other hand, in the descending par t  of the peak and 
in the passive region the curves were practically inde-  
pendent  of the sample. 

The passive current  depends on the rotat ion rate  
of the electrode as shown in  Fig. 6. Between 0 and 150 
rpm the current  is almost doubled. At higher rotation 
rates the current  increases more slowly and practically 
levels off. 

Reduction of H~O2 on Ti is negligible in  the passive 
region, as can be seen from curve b of Fig. 7. Curve 
a was measured using the same HF/H2SO4 solution 
but  without H202. A measurable contr ibut ion from 
H202 reduction is only found for potentials in the peak 
region (~0V) .  On the other hand, considerable reduc- 
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Fig. 6. The influence of the rotation rate on the passive current 
density of a Ti I~DE at 2 3 ~  in 3.9M H2SO~, 0.75M HF. 
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Fig. 7. Anodic polarization curves for a Ti RDE at 23~ 500 rpm 
in a 3.9M H2SO4, 1.0M HF solution: curve a without H202, curve 
b with 1.12M H202. The insert shows the number of moles of Ti 
dissolved as a function of the charge passed at 0.40V (SCE) for 
the conditions used to measure curves a and b. 

H2SO4, 1.121Yl H20~ solut ion is p rac t i ca l ly  independen t  
of the  HF concentra t ion  in the  r ange  0.2-4.0M, a s  
shown in Fig. 8. A s imi la r  resu l t  was found for  the  
bu lk  alloy. The presence of a smal l  quan t i ty  of H F  
in the  e tchant  is necessary  to ensure dissolution. 

F igure  9 shows the influence of H F  concentra ion on 
the polar iza t ion  curves for P e r m a l l o y  in this solution. 
In  each case a s t ra ight  l ine is observed over  a region of 
a pp rox ima te ly  50 mV on e i ther  side of the  rest  po ten-  
tial.  A sl ight  shift  in rest  potent ia l  is found for  in -  
creasing H F  concentrations.  This amounts  to 35 mV 
for an increase  f rom 0.25 to 1.25M. The slope of a l l  
curves is the  same. I t  is not  c lear  w h y  the  polar iza t ion  
curves for Pe rma l loy  in this  e lec t ro ly te  a re  l inear  over  
a potent ia l  range  of a pp rox ima te ly  100 mV. I t  is a l s o  
s t range  that,  whi le  the  rest  potent ia l  of Pe rma l loy  in 
the  solut ion changes as a funct ion of the  H F  concen- 
t rat ion,  the  chemical  dissolut ion ra te  of the  al loy re -  
mains constant. The anodic behavior  of al loys can, of 
course, be qui te  complex (19) and, in Fig. 9, we are  
consider ing the dissolution of a th ree -componen t  a l loy  
together  wi th  the  reduct ion  of hydrogen  peroxide.  

Pass ive  behav io r  is observed if  H F  is not  p resen t  in 
the e lectrolyte :  At  potent ia ls  noble  to the  rest  potent ia l  
( app rox ima te ly  0.5V), a ve ry  smal l  anodic cur ren t  is 
observed;  at  more  cathodic potent ia ls  H~O2 reduct ion  
occurs. 
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Fig. 8. The chemical etch rate of sputtered Permalloy films as a 
function of the HF concentration of the chemical etchant. 

t ion of I-I202 on P t  is observed at  much h igher  po-  
tent ia ls  in this solution. Other  oxidizing agents  such 50 
as fer r ic  salts  show a s imi lar  behavior ,  being app re -  
c iably  reduced only at  lower  potent ials .  Oxygen  evolu-  
t ion is not  observed for  potent ia ls  up to 3V. 

o ~ 

From weight - loss  exper iments  i t  was shown that,  in " ~  
the  passive region, Ti dissolves in the  t e t r ava len t  state. ~ 
An  example  of resul ts  is shown in the  inser t  of Fig. 7. ~ P . 5  ~: 
I t  is c lear  tha t  four  fa radays  are  requ i red  to dissolve 
1 mole  Ti and this resul t  is not  affected b y  the presence 
of H~O2 in the  electrolyte .  

Dissolut ion of Ti in the  passive region  is p a r t l y  con- 
t ro l led  by  mass t r anspor t  in the  solution. At  h igher  
ro ta t ion rates  the  current  becomes almost  independent  "~ 
of ~ and a value  close to tha t  expected for  ~ = oo ~ 0 I 
is found. In  this case, s teady-s ta te ,  potent ia l  step, and ~ 9 
impedance  measurements  have  indica ted  (17) tha t  
dissolut ion of Ti is p r i m a r i l y  de te rmined  by  ionic 
t r anspor t  th rough  a surface film on the metal .  Since ! 
the  film thickness is d i rec t ly  p ropor t iona l  to the  ap-  .~ 
pl ied potential ,  dissolut ion of the  meta l  occurs under  "~ 
the influence of an almost  constant  e lectr ic  field across 25  -~:-~ 
the surface film. This accounts for  the po ten t i a l - inde -  
pendent  anodic current .  The s t eady-s t a t e  film thickness 
decreases wi th  increas ing fluoride concentrat ion;  the  
electr ic field across the  film increases  and consequent ly  
the  anodic cur ren t  increases. That  the  reduct ion  of 
oxidizing agents  p resen t  in the  solut ion is negl ig ib le  
in the  passive region can be ascr ibed to the  poor elec-  
tronic conduct iv i ty  of the  pass iva t ing  l aye r  (18). 

Electrochemical results ~or Permalloy.--The chemi-  
cal etch ra te  of spu t te red  P e r m a l l o y  films in  3.9M 
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Fig. 9. Polarization curves for a Permalloy RDE at 24~ 500 rpm 
in 3.9M H~SO4, 1.12M H202, and HF concentrations as indicated 
an the curves. 
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Considerable  oxygen  evolut ion is observed at the  
surface of the  Pe rma l loy  dur ing  its chemical  dissolu-  
t ion in this  H2SO4/H202/HF medium. Elect rochemical  
oxidat ion  of H202 on the  al loy seems un l ike ly  at the 
low value  of the rest  potential .  Oxygen evolut ion m a y  
be due to catalyt ic  decomposi t ion of H202. 

F igure  10 shows the s t eady-s ta te  polar izat ion curve 
for a s t a t ionary  Pe rma l loy  e lec t rode  in 2.0M H2SO4, 
0.9M HF solution, containing 0.5M NH4Fe(SO4)2. At  
potent ia ls  lower  than  the rest  potent ia l  a cathodic cur-  
rent  p la teau  is observed,  and this resul ts  from diffu- 
s ion-control led  reduct ion of ferr ic  ions. As expected,  
the cur ren t  dens i ty  in this  region depends  on the 
ferr ic  concentra t ion and on the s t i r r ing  condit ions at  
the electrode.  

Discussion 
As was shown in Fig. 4, the bevel ing angle  ~ can 

be var ied  be tween  6 ~ and 40 ~ by  changing the H F  
concentra t ion of the  etchant.  The chemical  etch ra te  
of sput te red  Pe rma l loy  films does not depend  signifi- 
cant ly  on this concentrat ion (Fig. 8). This indicates  
that  the  bevel ing process is contro l led  by  the Ti dis-  
solut ion rate, which in tu rn  is de te rmined  by  the HF 
concentra t ion of the etchant.  Using the da ta  for  bev-  
eled steps given in Fig. 4, an exper imen ta l  etch ra te  
for Ti can be obta ined  f rom Eq. [1]. Results  are  shown 
as circles in Fig. 11. 
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Fig. 10. Polarization curve for a stationary Permalloy electrode 
at 24~ in 2.0M H2S04, 0.gM HF, and 0.5M NH4Fe(S04)2 solu- 
tion. 
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Fig. 11. The etch rate of Ti as a function of the HF concentra- 
tion of the etchant: � 9  values calculated from Eq. [1] and Fig. 
4; •  values calculated from the current density at the rest 
potential of the bimetallic system. 

The electrochemical  measurements  have  shown that 
the  res t  potent ia l  of the bimetal l ic  system, de te rmined  
by  the Permal loy,  lies in the constant  cur rent  region 
for Ti (compare  Fig. 5 and 9). In  this region the dis-  
solution ra te  of Ti is not sensit ive to shifts in potent ia l  
df up to 100 mV. It is therefore  ,not affected by  the 
change in rest  potent ia l  caused by  the increase in HF 
content of the e tchant  (Fig. 9). The e tch ra te  of Ti 
can, however ,  be var ied  over  orders  of magni tude  by  
changing the HF concentrat ion of the solution. If  these 
e lectrochemical  resul ts  reflect the  condit ions which 
exist  for the b imeta l l ic  sys tem dur ing  bevel ing,  then the 
current  in the  p la teau  region of the  polar izat ion curve 
for  Ti should be a measure  of the  etch ra te  of  this 
metal .  Since considerable  gas evolut ion occurs dur ing  
dissolution of Pe rma l loy  in this H2SO4/H202/HF me-  
dium, s t i r r ing  condit ions are  c rea ted  at  the  d i s so lv ing  
Ti surface. The effect of s t i r r ing  can be s imula ted  by  
the ro ta t ing  disk exper iments .  We have  a r b i t r a r i l y  as-  
sumed that  gas evolut ion is equiva lent  to a ro ta t ion  
ra te  of 500 rpm. A decrease  of this value  to 200 rpm 
or an increase  to 1500 rpm gives a change of less than  
12% in the passive cur ren t  (Fig. 6). Values for  the  
etch ra te  of Ti, ca lcula ted  f rom the passive cur ren t  at  
500 r p m  and assuming that  the  meta l  dissolves as 
t e t r ava len t  ions, a re  shown as crosses in  Fig. 1t. The 
agreement  be tween  the etch rates  of Ti as obta ined 
f rom the bevel ing exper iments  and the resul ts  calcu-  
la ted  f rom the e lectrochemical  measurements  is r ea -  
sonably  good (Fig. 11). This suggests tha t  the  proposed 
electrochemical  approach  to beve l -e tch ing  in b ime ta l -  
lic systems is justified. 

Chemical  dissolut ian of Pe rma l loy  in H2SO4/HF 
solution containing NH4Fe(SO4)~ is de te rmined  by  
the dif fusion-control led cathodic react ion (Fig. 10). 
This means  tha t  the  dissolution ra te  of the  a l loy de-  
pends on the concentra t ion of the  oxidizing agent  and 
on the hyd rodynamic  condit ions at  the  electrode. This 
is p robab ly  also the  case for the  d ichromate  solutions. 
The absence of gas evolut ion  dur ing  etching wi th  fe r -  
ric or  d ichromate  etchants  m a y  be an advan tage  for 
cer ta in  appl icat ions  since gas bubbles,  adher ing  to 
the meta l  surface, m a y  local ly  inhibi t  dissolution (2). 
However ,  bevel ing systems based on the  above e tch-  
ants a re  sensit ive to changes in  the  s t i r r ing  conditions 
dur ing  etching. Reproduc ib i l i ty  can be ensured by  
ro ta t ing  the subs t ra tes  at  a fixed rate.  

A pecu l ia r i ty  of this pa r t i cu la r  bevel ing sys tem is 
the  fact  tha t  Ti is dissolved at  a po ten t ia l  ( approx i -  
m a t e l y  0.1V in the  case of the  H20~ etchant)  at  which  
chemical  dissolution of the  meta l  i tself  should not  be 
possible  since reduct ion  of the  oxidizing agent  of the  
e tchant  does not  occur, to any  apprec iab le  extent,  a t  
potent ia ls  in the  passive region. The meta l  dissolves 
because i t  is in  galvanic  contact  wi th  Permal loy ,  and 
the cathodic reaction, e.g., reduct ion of H20~, occurs 
exclus ive ly  on the alloy. 

Conclusions 
When  a me ta l  is employed  as top l aye r  in o rder  to 

beve l -e tch  another  meta l  using the  duplex  l aye r  chem-  
ical etching technique,  cer ta in  precaut ions  are  essen-  
tial. Under  unfavorab le  conditions, quite disastrous 
undercut t ing  can occur as a resul t  of galvanic  effects 
(2 ,3) .  

In  the  present  s tudy  involving spu t te red  Permal loy ,  
sa t i s fac tory  resul ts  were  ob ta ined  by  using a su i tab le  
combinat ion of top l aye r  meta l  and etchant.  These re -  
sults suggest  that ,  for a re l iab le  e tching process, the  
anodic pa r t i a l  cu r ren t -po ten t i a l  curve of the  top layer  
me ta l  in the  e tchant  should be r e l a t ive ly  flat in the  
region of the  rest  potent ia l  of the  b imeta l l ic  couple, 
i.e., the meta l  should show pass iva t ing  or  pol ishing be-  
havior .  

Manuscr ipt  submi t ted  Feb. 22, 1977; revised manu-  
script  received Sept. 30, 1977. This was Pape r  82 p re -  
sented in par t  at  the  San Francisco,  California~ Meet ing 
of the Society, May 12-17, 1974. 



Vol. 125, No. 6 E L E C T R O C H E M I C A L  A S P E C T S  O F  B E V E L I N G  865 

A n y  discussion of this pape r  wi l l  appea r  in a Discus- 
sion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for  the  December  1978 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs of this article were assisted by 
Philips Research Laboratories. 
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Unsteady Mass Transfer in the Boundary Layer 
on a Continuous Moving Sheet Electrode 

Rama Subba Reddy Gorla 
Department of Mechanical Engineering, Cleveland State University, Cleveland, Ohio 44115 

ABSTRACT 

An analysis  is p resented  to inves t iga te  the  t rans ient  mass t ransfe r  in the  
boundary  layer  on a continuous moving sheet  electrode.  The uns teady  mass  
flux and detai ls  of the concentra t ion  fiel~l are  obtained and have  been p re -  
sented graphical ly .  The asymptot ic  approach of the  t rans ient  surface mass flux 
toward  the final s teady s tate  has been described.  The range  of Schmidt  num-  
bers  inves t iga ted  was f rom 0.01 to 1000. 

The s tudy  of mass t ransfe r  on a continuous flat sur -  
face moving at  h igh speed is of considerable  prac t ica l  
interest .  Such systems are  used in the  e lec t ro t inning 
of steel  sheets and copper  wires,  paper  drying,  glass 
sheet  and steel  p la te  cooling, etc. 

Sakiadis  (1) was p robab ly  the  first to examine  
the l amina r  and tu rbu len t  bounda ry  layers  on a con- 
t inuous moving belt.  The corresponding p rob lem in-  
volving cyl indr ica l  surfaces has been s tudied  by  Ko ld -  
enhof (2). Tsou et al. (3) deve loped  a method for 
creat ing the continuous surface, using a ro ta t ing  d rum 
of la rge  diameter .  The hea t - t r ans fe r  coefficients and 
da ta  re la ted  to t rans i t ion  f rom lamina r  to tu rbu len t  
flow have been obta ined  by  them exper imenta l ly .  
References (4-6) include numer ica l  solutions and ex-  
pe r imen ta l  da ta  re la ted  to the s tudy  of hea t  t ransfe r  
f rom a continuous moving belt.  More recent ly ,  Chin 
(7) presented  an asymptot ic  solution val id  for  la rge  
Schmidt  numbers  for mass t ransfe r  to a continuous 
moving flat sheet  under  l amina r  conditions. 

The presen t  work  is unde r t aken  in order  to s tudy 
the uns teady  mass t ransfe r  to a continuous moving 
sheet  electrode.  The t rans ien t  surface response be-  
havior  and the detai ls  of the t rans ien t  concentra t ion  
fields for  the  case of a step change in surface concen- 
t ra t ion  are  obta ined  for  var ious  Schmid t  numbers .  The 
step funct ion resul t  serves as a fundamen ta l  solution, 
since by  a superposi t ion technique i t  can be gener -  
al ized to app ly  for  a r b i t r a r y  t ime var ia t ions  in t h e  
wal l  concentrat ion.  

Key words: mass transportj transients, electrodeposition. 

Analysis 
Let  us consider a continuous f la t -sheet  e lectrode 

moving wi th  a constant  veloci ty  Uw th rough  a s ta-  
t ionary  e lect rochemical  cell. The sheet  enters  the  
cell th rough  a slot at  one end of the cell and leaves  
the cell at the opposite side th rough  ano ther  slot. A 
model  of the flow with  the  coordinate  system has 
been Shown in Fig. 1. "We assume the flow to be s teady 
and the bu lk  concentra t ion of the diffusing ion to be 
constant  at  Ca. In i t ia l ly  the concentra t ion of the  di f -  
fusing ion at  the e lect rode surface is C| and at  t ime 
t _-- 0 a step change in surface concentra t ion is applied.  

The appropr ia te  governing equations wi th in  bound-  
a ry  l aye r  approx imat ion  may  be wr i t t en  as 

uwrto 
| Electrochemical Cell 

Fig. 1. Coordinate system and flow development 
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Mass 
Ou ~gv 

+ = 0 [1] 
Oz ON 

Momentum 
Ou Ou O~ 

u ~ +  v - - = ~ "  [2] 
~Ox Oy 8Y s 

Diffusion 
.~C OC oC O~C 

+ u - -  + v ~ = D .  [3] 
ox ON ~OY ~" 

The boundary  conditions for the velocity field are 

u(x,O) = Uw, v(x,0) - -0 ,  and u(x ,  oo) - - 0  [4] 

The init ial  and boundary  conditions for the concen- 
t rat ion field are 

C(x,y,0) : C| C(x,0,t) : C~ + (Cw -- C| ' l ( t ) ,  

and C(x, oo,t) : C| [5] 

Proceeding with the analysis, we define 

~l = Y ~ /  Uw 
yX 

U = U~" $'(,~) 

V = [~f (',) - ~(n)] [6] 
X 

The primes above designate differentiation with re-  
spect to n only�9 It may be verified that the cont inui ty  
equation is automatical ly satisfied and the momentum 
equation becomes 

f "  + = 0 [7]  
2 

The t ransformed boundary  conditions for the velocity 
field are 

$'(0) : 1, $(0) : 0, and f (oo )  : 0 [8] 

A numerical  solution of Eq. [7] and [8] yields the 
velocity profile. 

To t rans torm the diffusion equation, we define 

C ~ C| 
0 =  

C,,, - C~ 

Uwt 
�9 ~ = .... [9] 

-X 

Equat ion [3] then becomes 

~ ~ Sc:f ~ ~ . - - -  ~- � 9  
Sc{l -- ~'~} 6~ 6n 2 2 6n 

[10] 

with ini t ial  and boundary  conditions 

#(~,0) = 0, 8(0,z) -- 1(~), and #(oo,x) -- 0 [11] 

Defining the Laplace t ransform of # as 

~ ( ~ , p )  = e - ~ .  0 (n ,~ )d~  

and applying the Laplace t ransformat ion to Eq. [10] 
and [11], we have 

"8"-t-Sc$-~' = S c 2  f p~ + $,8p~ } 8 ~  [12] 

with boundary  conditions 

1 
~(0)  : ~ a n d s ( o o )  = 0 

P 
[i3] 

We now seek a series solution of the form 

1 { ScI 
o(%p) - - - - - .  exp [Sc(p-{-k)]l /S~ 

p 2 

+ ~ �9 u ~ ( n )  �9 [ S c ( p  + ~ ) ] - ~  

where 

[14] 

s I = ,]dn [15] 

and k is a funct ion of ~] which is still unknown�9 
From an inspection of Eq. [14] we see that  #(oo) -- 0 

is satisfied. Subst i tut ing Eq. [14] into [12] and equat-  
ing the coefficients of similar  powers of (p + ~), there 
results a set of second-order ordinary differential 
equations from Which one can deduce 

u0(~) : 1 

Sc �9 ~n Sc 
u :  (~)  - ~ ~- -~- ( ~ '  - ~) 

S c2 f ~  
-}- " ~  " 0  [ (~1~')2 -- ]S]dn 

--Xi ~- X2 
Sc 2 Sc~ .  

~2(~)  =__f f_n2~ .~+  ~ 

where 

Sc Sc ~ f' 

Z ] X2~--E (X12 ~- XI') "~-" ~-  IXI'~- (~] I ' - - I )x l 'dn  

etc. 
It  has been found that  first five terms in the series 

provide satisfactory convergence. 
Taking the inverse of Eq. [14], we obtain an ex- 

pression for the concentrat ion field as 

{ } 00I,T) - - e x p  I - - - - ~ -  -- (Sc~)l/~l 

r 

�9 ~-~un01) (Sc~.) -a/2 " Hn [16] 
n=0 

where 

Ho = hi + ha 

HI = hi -- h2 

H2 ---- H0 -- hz 

Ha : H: + (Sc~):/~,h3 - h 4  

1 Sckne 
_ h3 + (Sck) :/2. ~lh4 H 4 = H 0 - -  1 + ~ +  2 / -2  

etc. 

and 

1 
h: = - -  erfc [Sc 1/2 (4z) -1/2n -- (Xz) :/3] 

2 

1 
ha ---- --~- exp [2(Sck) l /~]  

�9 erfc [Sc 1/2 (4T) -1/2n -{- (kz) l/z] 

h8 ---- exp [ (Sck)112rl -- k~] �9 erfc [Sc l /~ (4z ) - : /~ ]  

h4 ---- 2~ -1/2 (X~) :/2 exp -- [Sc 1/2 (4T) -1/~l -- ( ~ )  11~]~ 
[17] 

One can notice that Hn varies from 0 to 1 as �9 varies 
from 0 to oc and also as ~ varies from 0 to oo. For all 
values of ~], as ~ -> oo, Ha --> 1�9 
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The s t eady- s t a t e  t empe ra tu r e  d is t r ibu t ion  is ob-  
ta ined  by  le t t ing  ~ --> ~ in Eq. [16]. For  s teady  state,  
we have  

as(tO = exp - -  ~ I - -  ~ - -  (Sc~ , )  1/211 

�9 ~ u n ( n )  �9 ( S c D - " / 2  [18] 
~----0 

Different ia t ing Eq. [18] wi th  respect  to ~ and set t ing 
--  0, one obtains  for the  s t eady-s t a t e  va lue  for  the  

wal l  concentra t ion grad ien t  
r  

0s'(0) = -- (ScOw) 1/2 4- ~Un'(O) [Sc~w] -"/2 [19] 

To evaluate Z, it becomes necessary to find the 
steady-state solution, os satisfies the second-order dif- 
ferential equation (so,) 

o," + . ~ -  o~' = o [20] 

with  bounda ry  condit ions 

~0~(0) ----1 and 0 s ( ~ )  = 0 

Equat ion [20] is solved by  using a fou r th -o rde r  
Runge Ku t t a  me~hod of numer ica l  integrat ion.  Since 
the  va lue  of as(0) is known,  a search  for 0s(0) w a s  
made  so tha t  the  resul t ing  solut ion yie lds  0s ( ~ )  --- 0. 
This was accomplished numer ica l ly  by  means  of an 
i t e ra t ive  compute r  program.  The presen t  resul ts  for  
0s'(0) are  shown in Table  I and a comparison wi th  
the  resul ts  r epor ted  in l i t e ra tu re  reveals  a good agree -  
ment  for  the  whole range  of Schmidt  numbers .  The 
numer ica l  solut ion thus genera ted  for  0s(~l) was used 
to determine ~(~) from Eq. [18]. For ~1 - -  0, the series 
in Eq. [18] becomes identically unity and so use of 
Eq. [20] was made to evaluate ~w. An iterative com- 
puter program was devised to evaluate ~(n) numeri- 
cally. Figure 2 shows the distribution of ~ for Sc 
ranging from 0.01 to 1000. The numerical results for 
~w are tabulated in Table II for the same range of 
Schmidt numbers. 

After obtaining the numerical results for ~(~), it is 
now possible to evaluate the transient concentration 
distribution and the mass flux at the electrode surface. 
Equation [16] was used to get the former. Equations 
[16] and [19] were used to evaluate o'(O,T)/os'(O) 
which is same as the ratio of the instantaneous to 
steady-state Sherwood numbers. Figures 3, 4, and 5 
illustrate the growth of the concentration layer with 

Table I. Values of - -  
dos(O) 

for constant wall concentration 

Se Present  results  Ref.  (7) 

1000 17.74612 
100 5.54471 5.545 

10 1.68063 
1 0.44474 0.4430 
0.7 0.35015 
0.1 0.073003 
0.01 0.0081344 

Table II. ~.w vs. Sc 

Sc Xw 

I0'= 

Jd 

io ~- 

Id 3 

0.01 

1.01 

0"9 i 

0.8 

0.7- 

(~) 0.51 

0.41 

o.21 

OJ I 

Sc = 0.01 

0.I 

0.7 
l.O 

I0 

10 2 j l  

Eo 3 J 

. . . . . . . .  I . . . . . . . .  f . . . . . . . .  i . . . . . . . .  [02 
0.I I I0 I 

Fig. 2. Distribution of ~. for various Schmidt numbers 

"j~" ffi O0 

0.01 

o ,b ~o 3'o .io 5'o 6o To s'o 

Fig. 3. Transient concentration profiles for Sc - -  0.01 

1000 0.00043695 
100 0.0042764 

10 0.040611 
1 0.37697 
0.7 0.53040 
0.1 3.13084 
0.01 18.05501 

t ime, for  Sc : O.01, 1, and 1000, respect ively .  For  the  
sake of brevi ty ,  da ta  for o ther  Schmidt  numbers  a re  
not included.  

The local mass flux at  the  e lect rode surface is r e -  
la ted to the concentra t ion g rad ien t  by  
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(9 

0.6-  

0 . 5  

0 .4 .  

0.3- 

0.1 . ~  

0 -  

0 

0.1 

, o l  

e 

I 2 3 

Fig. 4. Transient concentration profiles for Sc = 1 

0 . 9  �84 

0 0 . 0 2 5  0 .05  0 .075  0.10 

Fig. 5. Transient concentration profiles for Sc ---- 1000 

( ~C_C ~ --.k(Cw--C| [21] jw=--D 
y=O 

where  k is the  local mass t ransfer  coefficient. The local 
Sherwood number  S h~ can be wr i t t en  as 

kx  
Shx ---- -- -= -- Rex I/2 �9 8' (0,~) [22] 

D 

io~ 

/- Sc = lO00 
IO0 

Jw '0~ I 
- -  o.t 
J~,s 

io 

i 
o.ool ao~ o.~ i io ioo iooo 

Fig. 6. ( j to / jw,s)  vs. "~ for Sc -- 0.01-I000 

A quant i ty  of prac t ica l  in teres t  is the  ra t io  of the  
ins tantaneous to s t eady- s t a t e  values  of the  mass flux 
rates.  We have  then  

jw Sh 0' (0,~) 
= = - -  [ 2 8 ]  

jws Shs 8s'(0) 

The above can be deduced f rom Eq. [16] and [19] for  
any  value of t ime and Schmidt  number .  F igu re  6 
shows such resul ts  for  Sc ranging f rom 0.01 to 1000. 
I t  m a y  be observed tha t  the surface mass t rans fe r  ap-  
proaches the  s t eady-s t a t e  condit ions asymptot ica l ly .  

Concluding Remarks 
The prob lem of t rans ien t  mass t ransfe r  in the  bound-  

a ry  l aye r  on a continuous sheet  e lect rode has  been 
solved ana ly t ica l ly  for the  case of step change in sur -  
face concentrat ion.  The resul ts  for the  case of a rb i -  
t r a r y  surface  concentra t ion  va r ia t ion  can be deduced 
f rom the present  resul ts  by  numer ica l  superposi t ion 
methods.  The p rob lem corresponding to the  step 
change in surface mass flux is p resen t ly  under  inves t i -  
gat ion and these resul ts  wil l  be r epor t ed  at  a l a t e r  
date. 
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LIST OF SYMBOLS 
C concentrat ion of the  diffusing ion (g mo le / cm 8) 
D diffusivity of the diffusing ion (cm2/sec) 
~ nondimensional  s t ream funct ion 
3w local ra te  of mass flux at  the  surface of the  

e lectrode (g mo le / cm 2 sec) 
k local mass t ransfe r  coefficient (cm/sec)  
K average  mass t ransfe r  coefficient (cm/sec)  
L length of the moving sheet  (cm) 
p p a r a m e t e r  in Laplace  t rans form 
Re Reynolds number  (UwL/~) 
Rex local Reynolds  number  (U~x/v) 
Sc Schmidt  number  (~/D) 
Sh average Sherwood number  (KL/D) 
Shx local Sherwood number  (kx/D) 
t t ime 
u veloci ty  component  in x -d i rec t ion  (cm/sec)  
Uw veloci ty of the continuous sheet  moving through 

the e lec t ro ly te  (cm/sec)  
v veloci ty  component  in y -d i rec t ion  (cm/sec)  
x coordinate  along the moving sheet  (cm) 
y coordinate  normal  to the  wal l  (cm) 
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r ( n )  G a m m a  funct ion _-- a n-1 �9 e-~d= 

y:: r~(n) incomple te  G a m m a  funct ion = a"-le-~d~, 

�9 1 nondimensional  coordinate  
0 nondimensional  concentra t ion  
p dens i ty  

nondimensional  t ime 

Subscripts 
s s teady  s tate  
w condit ions at  the wal l  
oo conditions at  ve ry  la rge  distances away  from the 

wal l  
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Electrochemical Parametric Pumping 
Y. Oren and A. Softer* 

Atomic Energy Commission, Nuclear Research Centre-Negev, Beer-Sheva, Israe~ 

ABSTRACT 

An e lect rochemical  column consisting of two high surface porous carbon 
electrodes and a th in  separator ,  was opera ted  in four -ac t ion  electrochemical  
pa rame t r i c  pumping  cycles at  the double  l aye r  potent ia l  range.  A significant 
concentra t ion profile was bui l t  up along the column indica t ing  that  severa l  
theore t ica l  plates  were  at tained.  The separa t ive  proper t ies  of a single theo-  
re t ica l  p la te  was derived.  The  method  seems promis ing  for indus t r ia l  wa te r  
processing. 

Many  sol id-f luid phase  sys tems could adequa te ly  
serve  in mul t i s tage  separa t ion  columns, as they  exhibi t  
a h igh  separa t ion  factor  a, where  a -~ KA/KB, where  
KA and KB are, respect ively ,  the par t i t ion  coefficients 
of the two const i tuents  to be separated,  A and B. How-  
ever,  if the  solid phase  is used as s ta t ionary  packing,  
the concentra t ion profile wi l l  escape f rom the column, 
as in the  case of chromatography .  This renders  chro-  
ma tog raphy  unsui tab le  for  la rge  scale separat ion,  a l -  
though its ana ly t ica l  va lue  is of no doubt.  

Various  separa t ion  modes have  been suggested, 
which engage the ent i re  act ive solid phase of the col- 
umn length. For  example ,  a chromatographic  column 
can be fed by  severa l  pulses p r io r  to elut ion of the  
first pulse  (1) or the  solid phase can be mobil ized in 
o rder  to imi ta te  the fluid-fluid countercur ren t  process 
(2). The d isadvantages  of this last  mode are  mechani -  
cal p roblems  associated wi th  the  solid mobil izat ion.  

Another  approach  (3) is cyclic var ia t ions  of the in-  
tensive va r i ab le  which  ru le  the  par t i t ion  coefficients, 
whi le  the fluid in the column is moved according to a 
p rede t e rmined  routine.  The the rmodynamic  in tens ive  
var iables  employed  expe r imen ta l l y  were  pressure  (4), 
concentra t ion (5), t e m p e r a t u r e  (6-8),  and e lect r ica l  
potent ia l  (9). P ressure  change does not hllow mul t i -  
s tage opera t ion  of the  column, because the expans ion  
due to pressure  reduct ion  would  cause apprec iab le  
mixing  of the  column contents.  The  concentra t ion pa -  
r ame te r  can be va r ied  e i ther  by  di lu t ion or by  addi t ion 
of a compet ing mater ia l .  Both these modes do not  
a l low efficient mul t i s tage  operat ion.  

Unl ike  the  o ther  var iables ,  t e m p e r a t u r e  changes can 
be appl ied  more easi ly  and independent  of the axia l  
flow. On the o ther  hand,  the  t empe ra tu r e  p a r a m e t e r  
involves cons iderable  energy diss ipat ion because pa r t  
of the  hea t  is t r ans fe r red  to the  bu lk  of the column 
contents. 

The e lect r ica l  potent ia l  as a var iab le  in tens ive  pa -  
r amete r  can be immed ia t e ly  and speedi ly  appl ied  to 
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the system wi thout  d i s turb ing  the axia l  flow. Also the 
associated energy  per  cycle is close to the  hea t  of ad -  
sorption. This implies  that ,  unl ike  hea t  t ransfer ,  elec-  
t r ical  energy is t r ans fe r red  as a whole  to the  solut ion-  
e lect rode interface,  t he reby  influencing the ma te r i a l  
"transfer f rom the solid e lec t rode  phase  to the solution. 

Single cycles of e lec t rodeposi t ion and dissolut ion of 
heavy  meta l  ions were  used by  severa l  authors  for  
batch separat ions  (10:12). These processes a re  non-  
continuous and can be classified wi th  chromatographic  
concepts r a the r  than  with  the cont inuously  opera ted  
cyclic system. They, however ,  al l  differ f rom o rd ina ry  
e lect rochemical  cells by  the ve ry  high ma te r i a l  ho ld-  
up of the  electrode.  

Among the cyclic modes appl ied  to s ta t ionary  solid 
adsorbent  columns, pa rame t r i c  pumping  rece ived  
majo r  consideration.  Pa rame t r i c  pumping  was in t ro-  
duced in 1966 (6) and is st i l l  s tudied (7). The s t r ik ing  
fea ture  of this method  is its mul t i s tage  separa t ion  
proper ty ,  i.e., very  la rge  concentra t ion  differences can 
be formed along the column (8). 

The Electrochemical Parametric Pumping Concept 
The present  work  demons t ra tes  the exper imen ta l  

and few of the theoret ica l  aspects of the  e lec t rochemi-  
cal pa ramet r i c  pump which combines the  high sepa ra -  
t ion capabi l i ty  of the  pa ramet r i c  pumping  method  and 
the e lectrochemical  p roper t ies  of h igh  surface porous 
carbon electrodes.  We use the  separa t ion  of NaC1 f rom 
wate r  (desal inat ion)  as a process model  for in t roduc-  
ing this concept. Blair  and M u r p h y  (13) and Johonson 
and Newman  (14) discussed ex tens ive ly  the use of a 
two high surface porous carbon electrodes set up for 
desal t ing wa te r  by  means  of e lec t roadsorpt ion  and 
e lec t rodesorpt ion cycles in a ba tch  process. I t  was 
shown by Johonson and Newman  and by  Softer and  
Fo lman  (15) tha t  ionic adsorpt ion  in the  double  l ayer  
(dl)  region of these electrodes was the  ac tual  mecha-  
nism of the desa l ina t ion  process. This adsorpt ion  is 
quant i ta t ive  due to the  high charging capaci ty  caused 
by  the high specific surface area  of the  carbon elec-  
trodes. 
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It  is, however ,  possible to predic t  the  proper t ies  of 
such a cell by  the  s tudy of a single porous carbon elec-  
t rode  being the work ing  electrode in  the  usual  th ree  
e lec t rode  system (working,  auxi l iary ,  and reference)  
(15, 16). Relying on the exper imen ta l  resul ts  of the  
porous carbon-Ag/AgC1 cell, i t  was shown (16) tha t  
anion and cat ion adsorp t ion  efficiencies 1 as high as 
83 and 85%, respect ively ,  can be achieved when the 
carbon e lec t rode  is in  the  potent ia l  ranges 0.2-0.4V and 
--0.2 to --0.4V vs. SCE. Adsorp t ion  efficiency was also 
discussed by  Johonson and Newman  (14) who used 
the te rms "cat ion and anion responsive electrodes" for  
the more  negat ive  and the more  posi t ive electrodes,  
respect ively.  

The  e lect rochemical  pa rame t r i c  pumping  column for 
the separa t ion  of NaC1 from wate r  consist in pr inc ip le  
of two ident ica l  h igh surface carbon electrodes sepa-  
r a t ed  by  an  iner t  separa to r  and filled wi th  the  app ro -  
pr ia te  solution. Each e lect rochemical  pa ramet r i c  p u m p -  
ing cycle consists of four  consecutive operat ions (Fig. 
1): A. Adsorpt ion,  which, in a general ized sense is a 
step of t rans fe r  of g moles of the ma te r i a l  to be sepa-  
ra ted  f rom the solut ion to the  e lec t rode  phase. This 
t ransfer  is induced by  changing the potent ia l  differ-  
ence (as the in tens ive  pa rame te r )  across the  elec-  
trodes.  F. F o r w a r d  axia l  pumping  of the  solut ion dur ing  
which  the g moles  which are  bound to the solid elec- 
trode, r ema in  s ta t ionary.  D. Desorption,  which is also 
an e lec t r ica l ly  induced step and causes a back  t ransfe r  
of the g moles f rom the e lec t rode  to the  solut ion phase.  
B. Backward  axia l  pumping  of the  solut ion where  the  
g moles are  f ree  to move. 

The separa t ion  capabi l i ty  of the e lect rochemical  
p a r a p u m p  can be read i ly  unders tood through  the fact  
that  the component  to be separa ted  is different ly ad-  
sorbed by  the e lect rode (say, component  "a" is p re -  
f e r red ) .  Averag ing  on a cycle, a s t r eam moving for -  
ward  (F) is poorer ,  and  a s t ream moving backward  
(B) is r icher  in component  "a." This resembles  the 
countercur ren t  separa t ion  processes, whi le  the F and B 
s t reams are  in complete  analogy wi th  the  two fluid 
phases. 

Experimental 
The exper imen ta l  setup was composed of the e lect ro-  

chemical  column and its accessories. They  inc luded a 
control  sys tem for au tomat ic  pa rame t r i c  pumping  
operation,  e lectrochemical  ins t rumenta t ion ,  pumping  
equipment ,  an a i r  thermostat ,  and a solut ion deaera t ion  
a r rangement .  The assembly  opera ted  almost  fu l ly  auto-  
mat ical ly .  

The electrochemical column.--The electrode mate r i a l  
was Carbopack B, suppl ied  by  Supelco Incorporated.  
This is a graphi t ized  carbon black,  s imi lar  to that  r e -  
fe r red  to as "Graphon."  According to the manufac-  
turers  specifications, i t  has a specific surface area  of  
100 m2/g. This was verified by  us by  BET measure -  
ments. Like o ther  blacks, i t  should be composed of a l -  
most spher ical  par t ic les  of average  d iamete r  25 ~m. The 
par t ic les  a re  s tacked as granules  of 60/80 mesh. A bed 
of such mate r i a l  should therefore  exhibi t  two dis t inct  
pore  ranges:  the  in te rpa r t i c l e  range  of 20-30 rn~ (meso- 
pores)  and the 105 fold i n t e rg ranu la r  range of 0.1-0.3 
m m  (macropores) .  The column design is shown in Fig. 
2. Each carbon elect rode bed  is 1 m m  thick, 10 mm 
wide, and 96 cm long. The separa to r  thickness is 0.35 
mm. It  was made of three  layers  in order  to prevent  
e lectrode par t ic les  making  shor t  circuits  be tween  the 
electrodes along the  column. The weight  of each car -  
bon e lect rode was 3.1g and the free volume of the 
column was 16.1 cm ~. 

The pumping equipment. The pumping  flow d ia -  
g ram is shown in Fig. 3. F o r w a r d  and backward  p u m p -  

Z Adsorp t ion  efficiency is d e t e r m i n e d  as F(c)lF+/Oq)~ fo r  cat ions  
and  F ( ~ r - / 0 q ) ~  fo r  anions.  F is the  F a r a d a y  n u m b e r ,  q is the  dl 
cha rge ,  ~ is the  salt  chemica l  potent ia l ,  and r is the  a m o u n t  of 
ions adsorbed.  

Fig. 1. The four basic stages of the electrochemical parametric 
pump: . ) ionic movement, - - - ~ >  solution movement. 

Fig. 2. a. Central longitudinal cross section of the column edge. 
b. Transversal cross section. B, Inlet or outlet glass bell joint; C, 
carbon electrode bed; GF, gold foil current collector; NP, nonwoven 
polypropylene separator; QW, quartz wool plug; S, seal; SP, spacers 
(1 mm thick); SEP, separator stack; TG, Teflon glass separator; W, 
column wall. 
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Fig. 3. Flow diagram of the electrochemical parametric pump. 
F, Forward pumping; B t backward pumping; PS, product sampling; 
PW, product withdrawal; S, solenold valve; V, stopcocks; A, on-line 
accessory which may contain a conductivity cell (C), pH, electrode 
(PH), or heat exchanger (HE). 

ing cycles at total  reflux are  induced by  the hV pump.  
When  the product  is wi thdrawn,  va lve  V2 is open and 
the ~ pump and the solenoid valve  are opera ted  pa ra l -  
lel  to the • pump in synchronous cycles. The product  
may  be e i ther  re tu rned  to the inlet  vessel  or sampled  
th rough  valve  V1. As the volume of the solut ion in the 
inlet  vessel was ve ry  large  (4 l i te rs ) ,  compared  to the  
free column volume, its concentra t ion remained  p rac -  
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tically constant during each run. The volume of the 
lower head consists mainly of the connecting lines. 
This volume was minimized to 3.3 cmZ to shorten the 
time of approach to steady state. 

For cyclic pumping of the solution we used Metrohm 
EA 412 Microdosimat automatic titrators, remote con- 
trolled and modified for parametric  pumping operation. 
They were equipped with upper and lower limit 
switches for the piston displacement, and an output of 
1000 volumetric pulses for the full interchangeable pis- 
ton stroke. Their original relay control systems were 
modified to enable forward or backward piston move- 
ment or arrest, after accepting suitable pulses from the 
control system. 

The control system (Fig. 4).--This system consisted 
of six self-contained units for controlling electrochemi- 
cal parapump functions: charge, discharge, forward 
AV pumping, backward ~V pumping, product sam- 
pling, and withdrawal. Each function is started by an 
input signal applied to the control unit and terminates 
after an internal preset reference is reached. 

Termination is followed by an output signal which 
can activate any other control unit. The termination 
reference potentials of the charge and discharge func- 
tions are preset by two voltage comparators, CVC and 
DVC, and compared with the column electrode po- 
tentials. Termination of the forward movement and 
product withdrawal functions is induced by upper 
limit switches of the hV and the product pumps. For 
backward movement and product sampling, the ter-  
mination reference is preset on a counter, which is fed 
by the output pulses of the pumps. Charging and dis- 
charging are performed at constant current. 

The temperature controlling system.--Temperature 
control was necessary to prevent solution conductivity 
variations due to temperature changes. An air thermo- 
stat was preferred because of the large dimensions of 
the setup. A fast response proportional controller 
(local production) enabled thermostating at 25 ~ _+ 
O.I~ 

Conductivity, pH, and voltage measurements.--The 
conductivity was measured with a Wayne Kerr  auto- 
balance universal bridge, Model B 642. The pH in the 
lower and upper heads of the column was recorded 
continuously during each run; usually it was 6-8, indi- 
cating the conductance is due solely to NaC1. The two 
types of potential differences recorded were: (i) the 
potential difference between the electrodes, E, for con- 
tinuous information about electrode capacity and IR 
drop; and (ii) the potential drop along the electrodes, 
el and e2, to verify the homogeneity of column pack- 
ing. 

COLUMN 

Fig. 4. Control system with pulse signal connections for electro- 
chemical parametric pumping. 

For solution deaeration, an inert  gas was bubbled 
through the solution in the inlet vessel before and dur-  
ing each experiment. The gas was purified from O2 by 
passing it over a copper bed at 450~ then prewetted 
by bubbling through water to prevent evaporation of 
the solution. All experiments were carried out with 
0.01N NaC1 at the upper head. 

Results and Discussion 
The differential capacitance of the electrode mate- 

rial.--The dl capacity and charging rate of the elec- 
trode material were determined before packing the 
column. These two properties rule the column per-  
formance regarding the amount of salt holdup, m, 
moles per gram carbon, and cycle time. The transient 
behavior of the macropore (diameter > 100 ~m) (17) 
was insufficient for evaluating the cycle time, since 
there was strong evidence that the solution conduc- 
t ivity within the interparticle mesopores is consider- 
ably lower than the corresponding free solution (18) 
or the solution in the macropores. A cyclic voltamo- 
gram of the Carbopack carbon is given in Fig. 5. The 
differential capacitance, Cd, can be calculated accord- 
ing to 

Cd = dr~dr [1] 

Which corresponds to an equilibrated dl (19) and has 
the value of 4.8 ~F/cm~ at zero potential difference. 
The slow current reversal  after the inversion of the 
voltage sweep gives the characteristic charging time of 
15 sec for Carbopack. The charge and discharge times 
of the column were chosen considerably larger than 
this characteristic time, 

Analysis of the chronopotentiogram.--A typical ex- 
perimental plot of a single parametric pumping cycle 
is given in Fig. 6. The plot is composed of three main 
components repeated several times during the cycle: a 
vertical IR drop section, VzR, a curved transient sec- 
tion, VT, and a linear part. This behavior is readily 
understood considering the equivalent electrical cir- 
cuit of a cross section of the electrode, sketched in 
Fig. 7. This is a serial combination of two equivalent 
circuits, each corresponding to the cell: porous elec- 
trode dl Isolution] reference electrode. A detailed anal-  
ysis for a galvanostatic charging mode is given in a 
previous report  (17). The IR drop is due to the solu- 
tion within the separator, the transient is due to the 
R.C. character of the porous electrode and the linear 
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Fig. ~. A cyclic voltamogram of Carbopack Carbon in 0.01N 
NaCI solution. Potentials are against an Ag/AgCI reference 
electrode, dV/dt = 20 mV/sec. �9 is the characteristic charging 
time. 
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Fig. 6. A typical chronopotenfiogram recorded during parametric 
pumping cycle. Charging current i ~- 50 mA. C, Charging; F, 
forward solution pumping; D, discharging; B, backward solution 
pumping. 
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Fig. 7. The cross-sectional equivalent circuit of a unit length of 
the Column for two identical electrodes. RM, Electronic resistance; 
C, dl capacity; E, electrode potential; Rs, solution resistance; Vm 
reference electrode potential [see Fig. 2 of Kef. (17)]; Rsp, 
separator resistance, 

par t  is p rac t ica l ly  the charge vs. po ten t ia l  curve which  
emerges  af ter  the  decay of the  t ransient .  The equi l ib-  
r ium value  of the  average  in tegra l  dl  capac i ty  for  two 
ident ical  e lectrodes is eva lua ted  b y  

2 i ~ t  
C = [2] 

(Ec - -  ED) GS 

Where At is the  charging or  d ischarging t ime (seconds) ,  
G is the mass of a s ingle e lect rode (g rams) ,  S is the  
specific BET surface a rea  (square  c e n t i m e t e r / g r a m ) ,  
and i is the  charging or  d ischarging current .  Ec and ED 
are  shown in Fig. 6. 

The value  obta ined for Fig. 6 is 4.1 /~F/cm 2 and is 
wi th in  the values  of the different ia l  capaci ty  obtained 
for the  single e lect rode vo l t amogram of Fig. 5. 

The  fol lowing res t r ic t ions  are  made in o rder  to ob-  
tain op t imal  opera t ing  conditions for the  e lec t rochemi-  
cal pa ramet r i c  pump:  the potent ia l  difference Vm~x - -  
(Vmin -~- VIR) is l imi ted  to s l ight ly  less than  1.23V to 
p reven t  gas evolution;  Vmin is chosen to be wi th in  the  
potent ia l  difference range  which  causes a charge ef-  
ficiency s l ight ly  h igher  than  zero (see discussion be-  
low) .  The pumping  t ime dur ing steps F and B (Fig. 6) 
was long enough to enable  a sufficient decay of the  
t ransient .  

Charge distribution along the co lumn . - -The  longi-  
tudinal  equiva lent  circui t  of the  column is given in  
Fig. 8 together  wi th  two modes of the  power  supply  
connections and the vol tage  difference along the elec-  

trodes. Since these modes are  v i r tua l ly  identical ,  the 
same e vs. t ime plots should be obtained.  However ,  d i f -  
ferences m a y  arise if the column packing is longi tudi -  
nal ly  inhomogeneous,  or  a concentra t ion grad ien t  de-  
velops. Typical  e plots  a re  g iven in Fig. 9 for a case 
where  no concentra t ion grad ien t  exists. The in i t ia l  in-  
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Fig. 8. a. Lower mode of power supply connection, b. Upper mode 
of power supply connection, c. Longitudinal equivalent circuit of 
column packing. 
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Fig. 9. The, variation of the longitudinal potential during a cycle. 
a. With lower mode of power supply connection, b. With upper 
mode of power supply connection. 
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crease,  era, is immedia t e  since no potent ia l  g rad ien t  is 
appl ied  on the capaci tors  (Fig. 8) at  t _-- 0. The  (dis-  
t r ibu ted)  capaci tors  close to the cur ren t  source are  
charged faster,  as they  encounter  nonlongi tudina l  elec-  
t rode resis t ivi ty.  The in i t ia l  longi tud ina l  cur rent  pa th  
is therefore  shor te r  and extends  a f t e rward  to charge 
the f a r the r  capacitors.  This resul ts  in an increas ing 
t ransient ,  et, as shown in Fig. 9a. The  decreas ing t r a n -  
sient of Fig. 9 contradicts,  therefore ,  the expected t rend  
and shows tha t  the  lower  capaci tors  a re  p re fe ren t i a l ly  
charged.  This c lear ly  indicates  tha t  the lower  pa r t  of 
the  column is more densely  packed,  i.e., the d i s t r ibu ted  
capaci tance is larger .  The not iceable  decrease  of the  
t ransient ,  e~, in the  presence of a concentra t ion profile 
confirms these arguments ,  since in t+his case the lower  
solut ion res is t iv i ty  enables  fas ter  dl  charging at  the 
lower  par ts  of the  column. 

Column separation capacity and charge ef f iciency.-  
The column separa t ion  capaci ty  is defined as the  ne t  
number  of moles  adsorbed per  carbon weight  un i t .  I t  
can be ca lcula ted  according to 

(Co  - C~E)  V o  
Cp = [s] 

G 

where  Co and C~E are, respect ively,  solut ion concent ra-  
t ion before  and af te r  charging the electrodes,  Vo is the  
solut ion free volume in the  column, and G is the total 
weight  of carbon in the column. 

The separa t ion  capaci ty  is a funct ion of t'he poten-  
t ia l  difference be tween  the two carbon electrodes and, 
as expected (16), i t  increases  as the  potent ia l  differ-  
ence increases (Fig. 10a). F igure  10b shows the differ-  
ent ia l  charge efficiency of the  column as a funct ion of 
the  poten t ia l  difference. The different ia l  charge effi- 
ciency at  any  potent ia l  difference is de te rmined  f rom 
the slope of separa t ion  capaci ty  vs. e lectrode charge  
curve. I t  is c lear  f rom Fig. 10b tha t  over  a wide  range  
at  ~high poten t ia l  differences there  a re  no side reac-  
tions (wa te r  decomposi t ion)  at  the  dl  and a lmost  al l  
the  charge inves tment  is d i rec ted  to change NaC1 con- 
cent ra t ion  in the column. I t  is expected tha t  the d i f -  
f e ren t ia l  charge efficiency wil l  decrease on going to 
higher  po ten t ia l  differences as a resul t  of a m a r k e d  
effect of side reactions.  

The two curves descr ibed in addi t ion  to the e lec t ro-  
chemical  p roper t i e s  a l r eady  discussed, give a comple te  
descr ip t ion  of t'he basic character is t ics  of the column. 

Concentration profile buildup.--Figure 11 gives  the 
resul ts  of an e lectrochemical  pa ramet r i c  pumping  run  
Which was accomplished according to the  mode shown 
in Fig. 3 (F and B pa thways ) .  I t  is, in pr inciple ,  a total 
reflux mode because no product  is w i thd rawn  from the 
system. However ,  i t  differs f rom the common total 
ref lux mode in tha t  in  each cycle, the  top of the  col- 
umn  is being washed  wi th  a solut ion volume equal  to 
the  d isp lacement  volume and having  the in i t ia l  con- 
centrat ion.  

According  to the opera t ion  scheme shown in Fig. 1, 
one should expect  an increase  of the  concentra t ion in 
the  bot tom of the  column unt i l  reaching s t eady-s ta te  
value.  As shown in Fig. 11, the  approach  to s teady  
state is fas ter  and the s t e ady - s t a t e  concentra t ion is 
lower  when  the d isp lacement  volume ra t io  is larger .  

The unit batch process and the theoretical p l a t e . -  
The equiva len t  he igh t  of a theore t ica l  p la te  (EHTP)  
of a separa t ion  column is a fundamenta l  p rope r ty  de -  
fining the length  of the  column requ i red  for accom- 
pl ishing the basic and m a x i m u m  separat ion.  By know-  
ing the separa t ion  power  and the length  of the  theo-  
re t ica l  p la te  of a given column, one could pred ic t  the  
separa t ion  p roper t i e s  of the  whole  column of s teady  
state. We propose,  in this section, a s imple  model  by  
Which i t  is possible to es t imate  the proper t ies  of the 
theore t ica l  p la te  of an e lect rochemical  pa ramet r i c  
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Fig. 10. a (top). Separation capacity of the column vs. potential 
difference, b (bottom). Differential charge efficiency of the column 
vs. potential difference. Co ---- 0.0IN,  I ~ 50 mA. 

pumping  column. According to the model, the theo-  
re t ical  p la te  is assumed to be a batch unit  act ive cell  
composed of two carbon electrodes of G grams total 
weight  and solut ion free volume, Vt. The cell is con- 
nected to an upper  and a lower  imag ina ry  reservoir ,  
each wi th  a total  volume at least  equal  to the  displace-  
ment  volume, nV (Fig. 12). 
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Fig. 12. Diagram of a unit batch process 

The composit ion of the  solutions in the  reservoi rs  
does not change af ter  s teady  s tate  has been reached.  
In this sense, i t  is equiva len t  to the  s t eady- s t a t e  be-  
havior  of any  th ree  ad jacent  theore t ica l  plates  in the 
column. 

A second assumpt ion  of the model  is the  existence 
of a s ta t ionary  fraction, f, of the  solut ion volume,  Vt, 
of the  active unit  cell. This s ta t ionary  f ract ion m a y  
exist,  since the  p lane  of shear  is located in the  solu-  
t ion far  f rom the interface.  In  the  present  case, the 
s ta t ionary  solut ion m a y  include the mesopore  volume 
of the  carbon granules.  The d isp lacement  volume AV 
is therefore  

�9 V = (i - -  $)Vt [4] 

Each cycle n te rmina tes  wi th  the backward  s tep 
which empties  the  upper  reservoir .  In  the fol lowing we 
give the ma te r i a l  ba lance  equations of the  four  steps: 
C, F, D, and B, of the subsequent  cycle n + 1. Let  CFr~ 
Cnn, and  Ccn be, respect ively ,  the  concentra t ion of the  
upper  and lower  reservoirs  and of the  act ive cell. For  
the  charge step 

" V t C C c . . + I  ~--- V t C B c , .  - -  'm,G [ 5 ]  

The superscr ipts  C and B s tand for the charge and the 
backward  steps, respect ively .  The  amount  of sa l t  ab -  
sorbed at  the charge step is m moles pe r  g ram of car-  
bon and G is the  carbon elect rode weight .  

For  the fo rward  step, in  the  upper  r ese rvo i r  

CF.,+,  = CCc.,+1 [6] 

Fo rw a rd  step in  act ive uni t  

Y t C F e . n + l  = V t f C C c . n + l  ~- W t ( 1  - -  ] ) C B . ,  [ 7 ]  

For  the discharge step in  the  act ive uni t  

V t C D c , n + l  = V t C F c ; t + l  -~- mG [8] 

Backward step in the lower reservoir 

C s . . + l  = C D c . . + ,  [9] 

Backward  step in the  ac t ive  uni t  

VtCBc.•+I = VJCDc,,+Z ~- Vt(1 --  f )CF , ,+ l  [10] 

At  s teady state,  the concentra t ion  does not  change with  
the  cycle number ,  therefore  

CBc.. = C B c , . + I  [11]  
and 

Cm. = CB..+I [12] 

From these two conditions,  together  wi th  the ma te r i a l  
ba lance  equations,  Eq. [5J-[10], the  express ion 

mG AC 
CB..+I - CF..+, - -- - [13] 

J vt f 

is obta ined as a basic p r o p e r t y  of the  theore t ica l  plate.  
The second equa l i ty  is obta ined  using Eq. [5] and 

recognizing tha t  AC is 

AC ~,  C B c . .  - -  C C c . . , + I  [14] 

Thus a single batch unit  is ab le  to mul t ip ly  the  basic 
concentra t ion difference, C, by  the  u l t imate  factor  1/] 
($ < 1). 

The number  of theore t ica l  plates,  N, in the  column 
can be expressed in severa l  ways  

Z, C~ - Co Vo 

A1 CB.,+I -- CF.,+I -- Vt 

L /(C~ --  Co) Vo(l --  }') 

a l  aC AV 

[15a] 

[15b] 

Where L is the  length  of the  column, Vo its total  solu-  
t ion volume (free vo lume) ,  Cf and Co the s t eady-s t a t e  
concentrat ions at the  lower  and upper  heads of the 
column, respect ively ,  and A1 is the  EHTP. 

In  o rde r  to ob ta in  Eq. [15b], Eq. [14] and [13] were  
used. The last  express ion is a r ranged  to obta in  the  
s ta t ionary  volume fract ion as 

VoAC 
f = [16] 

AV(Cf - C o ) +  Vo~C 

Subs t i tu t ing  in Eq. [13] 

CB.,+I -- CF.~+I = 1 / V o [ a V ( C f - -  Co) + Vo~C] [17] 

The EHTP is given, using Eq. [15] and [16], by  

L[~V(Cf -  Co)+ VoAC] 
~1 : [18 ]  

(Cf -- Co)Vo 
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Since the theoretical plate mult ipl ies the effect, hC, 
another  theoretical plate length ~z may be defined 

LhC 
A z _  - -  [19]  

C~- Co 

The magnitudes of some of the parameters  in  Eq. 
[16]-[19] are summarized in Table I for the parametr ic  
pumping experiments  which approach steady state 
(Fig. 11). 

Conclusion 
The electrochemical parametr ic  pump enables the 

use of the selectivity of electrode processes for mul t i -  
stage separat ing columns. The electrical energy acts 
only on the electrode/solut ion interface, i.e., on the 
active par t  of the separating column. This is unl ike  
thermal  parametr ic  pumping  where heat  is acquired by 
the passive matter,  such as the bu lk  of the adsorbent, 
the solution, and the column walls. The separative 
power of the uni t  batch process at steady state exceeds 
the single cycle effect by 1/] and can thus a t ta in  very 
high values. 

It  seems, therefore, that  electrochemical parametr ic  
pumping  operated in  mult is tage columns will  have a 
high separation power for desalination. This seems 
promising for industr ia l  water  processing. 

Table I. Experimental and theoretical results from 
two electrochemical paropump runs 

Calculated C~ • 104 Co • 10~ AC • 10' 
A1 ( mole/ ( mole/ ( mole/ 

(cm) f liter) liter) liter) ~V/Vo 

52 0.074 953.9 108.2 33.7 0.5 
27 0.103 1356.5 112.0 35.6 0.25 
17 0.15 1529.8 109.5 31.4 0.125 

Manuscript  submit ted Jan. 12, 1977; revised m a n u -  
script received Nov. 15, 1977. 

A n y  discussion of this paper  will  appear in  a Dis- 
eusslon Section to be published in  the December 1978 
JOURNAL. All discussions ~or the December 1978 Dis- 
cusslon Section should be submit ted by Aug. 1, 1978. 
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The Standard Potential of the 
Mercury-Mercuric Iodate Electrode 

Charles P. Nash 
Department of Chemistry, University of California, Davis, California 95616 

ABSTRACT 

Electrochemical cells of the type Hg(1)[Hg2(IOs)2(s) ]KIO3(aq,M)- 
]Hg (IO3) 2 (s) [Hg (1) have been used to determine the s tandard potent ial  of 
the half-react ion Hg(IO~)2(s) + 2e = Hg(1) + 2IO3-(aq)  to be 8 ~ = 0.4601 
_+ 0.0007V at 298.2~ For mercuric iodate AG~ = --167.2 __ 0.3 kJ �9 mole -1 
at 298.2~ and around room temperature  S ~ ~ 159 J .  mole - 1 .  K -1. The 
entropy of mercuric iodate is anomalously small, so that for the reaction 
Hg(1) + Hg(IO~)s(s)  : Hg2(IO3)2(s) near  room tempera ture  AS ~ ~ +33 
J �9 m o l e -  1. K -  1. 

In  the course of a br ief  survey aimed at comparing 
the reported thermodynamic  properties of solid mer-  
curic and mercurous compounds, it  was found that  the 
l i tera ture  concerning mercuric iodate is confusing. 
Lat imer  (1) cited identical  s tandard potentials of 
+0.394V for the two-electron reductions of both mer-  
curic and mercurous iodates, but  he also tabulated 
Gibbs energies of formation for these two compounds 
that  imply that  the mercurous salt is stable with re-  
spect to disproport ionation by some 23.4 kJ .mole  -1. 
Milazzo (2) also lists the mercurous iodate potent ial  as 

Key words: thermodynamics ,  entropy,  cell, metals.  

0.394V and he reports the mercuric iodate potential  to 
be 0.40V, but  no basis is given for this figure. 

There is no doubt  that mercurous iodate is thermody-  
namical ly  stable. The detailed studies of Hat ing  and 
Zapponi (3) have established that  the mercu ry -mer -  
curous iodate electrode is both reproducible and re-  
versible. Hills and Ives (4) have revised the value of 
the s tandard potential  reported by Haring and Zapponi 
to account for subsequent  changes in  the accepted 
value of the potential  of the calomel electrode, and for 
the half-react ion Hg2(IO3)2(s) ~- 2e ---- 2Hg(1) Jr 
2IO3-(aq)  cite ~~ = 0.3944 • 0.0004V a t  



876 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND T E C H N O L O G Y  June 1978 

298.2~ Hat ing  and Zapponi (3) also ment ioned that 
they made an approximate determinat ion of the po- 
tential  of the mercuric iodate electrode, and found it 
to be "5 to 6 centivolts higher than that  of the mer -  
curous iodate electrode." 

The present  paper reports measurements  of the po- 
tentials of the cells of the type 

Hg(1) lHg2 (tO.3)2(s)IK103 (aq, M)IHg(103)2 (s)IHg (t) 
[I] 

Experimental 
Pre l iminary  experiments  established that  at room 

temperature  type [I] cells exhibited stable potentials 
for about three days. At about the same t ime that the 
cell potentials became erratic, the solid phase in  the 
mercuric iodate electrode compartment  turned dis- 
t inctly gray in  color, and a positive test for mercurous 
ion resulted When the gray solid was treated with con- 
centrated ammonia. The general  behavior  of an old 
type [I] cell was similar  to that of a cell that  contained 
deliberately premixed mercuric and mercurous iodates 
(vide infra). 

Deionized water was used throughout.  All chemicals 
were Mallinckrodt Analyt ical  Reagent Grade except 
for the mercury,  which was Ballard's C. P. Triple Dis- 
tilled, supplied by Quicksilver Products, Incorporated. 

Mercurous iodate was prepared by adding 20 ml  of 
0.1M mercurous ni t rate  in 0.01M nitric acid to 20 ml of 
0.2M potassium iodate over a 2 hr  period with cont inu-  
ous stirring. St i rr ing was continued for 1 hr; then the 
precipitate was allowed to settle and the superna tant  
l iquid was decanted. The precipitate was washed with 
vigorous stirring; five times with water, then five times 
with the potassium iodate solution that  was to be used 
as the electrolyte in the cell of interest. The washed 
precipitate was also stored under  the appropriate po- 
tassium iodate solution. Mercuric iodate was prepared 
in the same fashion by mixing  stoichiometric amounts  
of mercuric ni t ra te  and potassium iodate solutions, and 
similar washing and storage methods were also em-  
ployed. 

The cell was constructed by insert ing the vertical  
s ide-arms of three single electrode half-cells (of local 
construction but  similar to Sargent  No. 30505) into a 
rubber  stopper. The stopper was then sealed with wax 
into a 32 mm ID filter tube (Coming No. 9840). Moist 
mercurous iodate paste and mercury  were placed in 
one half-cell, mercuric iodate paste alone was placed 
in the second, and a commercial saturated calomel 
electrode (Sargent No. 30490 or Beckman No. 39170) 
inserted in a rubber  stopper was sealed into. the third. 
The iodate electrode compartments  were fitted with 
homemade p la t inum point electrodes held in place 
with rubber  stoppers. 

The potassium iodate electrolyte solution was sucked 
into each half-cell  compartment  through the filter tube, 
at the end of which operation the filled filter tube was 
capped with a dropper top. The assembled cell was 
equil ibrated for at least 12 hr  at the temperature  of 
interest, ei ther 25.00 ~ _.+ 0.05~ or 0.00 ~ • 0.01~ Then 
thermostated mercury  was injected into the mercuric 
iodate electrode compartment,  and the potentials of 
the three possible cell combinations were determined 
over a period of two days. At the end of each series 
of measurements  at both temperatures  the potential  of 
the calomel working electrode was compared to that 
of a thermodynamic saturated calomel electrode pre-  
pared by the method of Hills and Ires (5). All cell po- 
tentials were measured wi~h a Beckman Research pH 
meter. 

Results and Discussion 
The results of these experiments  are summarized in 

Table I. The type [I] cell has already been diagram- 
med. Cell type [II] is 

Hg (1) [Hg2C12 (s)/KC1 (aq, sat) 

KIO~ (aq, M)IHg2(IO~) 2 (s) ]Hg(1) [H] 

Table I. Measured cell potentials 

Cell t ype  T e m p  (~ M Eob, (vo l t s )  

I 25 0.05 0.0658 + 0.0006 
I I  25 0.05 0.2357 --  0.0006" 
I I I  25 0.05 0.3015 -+ 0.0006* 
I 25 0.1 0.0656 • 0.0005 
II 25 0.1 0.2200 • 0.0005" 
I I I  , 25 0.1 0.2856 • 0.0005* 
I 25 0.2 0.0656 + 0.0005 
II  25 0.2 0.2056 • 0.0005" 
I I I  25 0.2 0.2712 • 0.0005* 
I O 0.1 0.0615 • 0.0003 
II  0 0.1 0.1997 ----- 0.0003* 
II I  0 0.1 0.2612 • 0.0004* 

* R e f e r e n c e d  to  a Hills and I r e s  type  sa turated  c a l o m e l  e lec-  
t rode  (5) a t  t h e  t e m p e r a t u r e  of  interest .  

and cell type [III] is 

Hg (1) I Hg2C12 (s) [KC1 (aq, sat) 

KIO3 (aq, MIHg (IO3) 2 (s) IHg (1) [III] 

Each ent ry  in  Table I is a result  of twenty  de termina-  
tions. Two cell assemblies were constructed for each 
concentrat ion of the electrolyte, and ten  sets of mea-  
surements  were made on each assembly. 

We note first that  the measured potentials at 25~ of 
the three type [I] cells having different concentrat ions 
of potassium iodate electrolyte are in  excellent  agree- 
ment  with each other. In  every instance the cell po- 
tent ial  stabilized wi th in  the first hour, and dur ing its 
useful l ifetime the cell was quite insensit ive to me-  
chanical vibration. This behavior is in marked contrast 
to that of a similar cell in which the solid phase in  
the r igh t -hand  electrode compar tment  was a mix ture  
of 85% mercuric ioodate with 15% mercurous iodate, 
and the electrolyte was 0.05M potassium iodate. Here 
the potential  of the undis turbed cell fluctuated errat i -  
cally for the first 4 hr, but  a re la t ively constant value 
of 58 mV was finally achieved. In  the subsequent  two- 
day period dur ing which observations were made, the 
slightest tapping of the mixed-solid cell compar tment  
caused the measured potent ial  of the cell to vary  un -  
systematically between the limits of 52 and 59 inV. On 
the basis of these observations it is highly probable 
that only a single solid phase is present  in  the mercuric 
iodate compartments  of our stable type [I] or type 
[III] cells. 

We find also that  in  t~he two instances where com- 
parisons can be made, the measured potentials  of the 
type [II] cells at 25~ are in reasonable agreement 
with the values that would be expected for them on 
the basis of the accepted potentials of the saturated 
calomel and mercurous iodate electrodes. 

The emf of a type [II] cell is given by  

~II -~- ~~ 2 -- ~sa t .  cal. 

RT 
- - - - i n  (MKIO37+__KIO3) 2 + ~LJ [1] 

2F 

where ~LJ is the l iquid junct ion  potential.  When we 
use the values ~~ ~ 0.3944V (4), ~sat. c a l . =  
0.2412V (6), and mean ion activity coefficients of 0.765 
and 0.692 for 0.05 and 0.1M potassium iodate solutions 
(7), respectively, we calculate that in  the absence of a 
l iquid junct ion potential  one should observe emf's for 
t'he type [1I] cells at 25~ of 0.2369V for the cell con- 
taining 0.05M electrolyte and 0.2217V for the cell con- 
ta ining 0.1M electrolyte. According to the Henderson 
equat ion (8), the sign of the l iquid junc t ion  potent ial  
in a type [II] cell is negative, and it is slightly more 
negative for the cell containing the more concentrated 
potassium iodate solution. 

The emf of a type [I] cell is given by 

~ ~  ~-- ~ ~  - -  ~~ [ 2 ]  

Where ~~ symbolizes the standard potential  for 
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the half-react ion Hg(IO3)2(s) § 2e = Hg(1) 
2IO~-(aq) .  We find ~~ = 0.4601 • 0.0007V at 
298.2~ We also find that in  the neighborhood of room 
tempera ture  

" - ~  e ~  - - ~ - - / p  = (1.7__.0.2) • 1 0 - 4 V . K  -1 

The chemical reaction consistent with a type [I] cell 
is 

Hg(1) + Hg(IO3)2(s) = Hg2(IO3)2(s) [3] 

for which AG~ = - -2Fg~ = --12,700 • 100 J .mole  -1, 
and AS ~ = 2F(O$~ ~ 33 • 4 J . m o l e - l . K - L  

When the value for 8~ is combined with the 
s tandard Gibbs energy of format ion for IO3- (aq)  of 
--128.0 kJ .mole  -1 given by Wagman et al. (9), we 
find /`G~ = --167.2 _ 0.3 kJ .mole  -1 at 298.2~ 

It is a remarkable  finding that  reaction [3] is ac- 
companied by an increase in entropy. According to 
the data compiled by Wagman et al. (10), the corre- 
sponding reactions involving the mercurous and mer -  
curic chlorides, bromides, and iodides all proceed with 
entropy decreases. The present  results can be used to 
estimate the entropies of both mercurous and mercuric  
iodate, and thus find the origin of this unusua l  result. 

If one takes the tempera ture  derivat ive of Eq. [1], 
ignoring the tempera ture  dependence of the activity 
coefficient of KIO3, and also uses the exper imental  
tempera ture  dependence of what  Hills and Ives (6) 
have termed g" to represent  the behavior  of the satu-  
rated calomel electrode together with the l iquid junc -  
t ion potential,  he obtains 

( 0~~ ) A~~ A~II A~" 
OT p AT ~T b AT 

R 
-t- "~ In (MKm3"Y+--Km~) 

A~ ~ ttg2(IO3)2 
(8 .1 •  0.2) • 10 -4 -- 6.3 • 10 -4 

AT 

- -2 .3  X 10 - 4 =  ( - - 5 •  • 10 - 5 V ' K  -~ [4] 

Hence, for the reaction 

Hg2( IQ)2( s )  ~- H2(g, P = 1) = 2Hg(1) 
-~ 2HIO3(aq, a = 1) [5] 

/,S ~ ~ -- 10 • 4 5 - m o l e - l . K  -1 around room tempera-  
ture. From this result  and the known entropies of the 
other species at 298~ namely,  S~H2 = 130, S~ = 
S~ = 118, S~ = 76 J . m o l e - l . K  -1 (9, 10), we find 
S'Hg2(IO3) 2 ~ 268 J . m o l e - l . K - L  Since /`S ~ for reac- 
tion [3] is about 33 J . m o l e - ~ ' K  -1, we then conclude 
that  the s tandard entropy of mercuric iodate is ap- 
proximately  159 J . m o l e - l . K  -1. 

Lat imer  (11) has published a tabular  summary  of 
ionic entropy contr ibut ions that  suggests that, as an  
estimate, the entropy of the iodate salt of a divalent  
cation should exceed that  of the corresponding chlo- 
ride salt by about 117 J . m o l e - ~ ' K - L  Given that  the 
entropies of mercurous chloride and mercuric  chloride 
are 192 J . m o l e - l . K  -1 and 146 J . m o l e - l - K  -z, respec- 
tively, it is obvious that  while both the iodates have 
entropies that are smaller  than Latimer 's  group con- 
t r ibut ions would predict, the discrepancy is s t r ikingly 
large for mercuric iodate. 

At present,  the crystal s tructures of the mercuric 
and mercurous iodates are both unknown.  From the 
infrared spectra of the two solids, however, Dasent and 
Waddington (12) have concluded that  in each case 
there is covalent bonding between the cation and the 
iodate ion. Moreover, the work of Belcher and Goulden 
(13), who measured the solubilities of mercuric and 
mercurous iodates in water, may be combined with the 
present  results to provide some evidence that  the mer-  
curic ion interacts more strongly with iodate than does 
the mercurous ion. 

Belcher and Goulden (13) found total iodate con- 
centrations in  saturated solutions of the mercuric and 
mercurous iodates of 1.6 • 10 -4 and 6.4 • 10-SM, re-  
spectively. The s tandard electrode potentials for these 
compounds lead to solubil i ty products of 5.6 • 10 -14 
for mercuric iodate and 2.7 • 10 -14 for mercurous 
iodate, from which it  follows that  the free iodate- ion 
concentrations in  the corresponding saturated solutions 
are 4.8 • 10 -5 and 3.8 • 10-SM. If the difference be- 
tween our calculated iodate ion concentrations and the 
measured total iodate content  of the saturated solu- 
tions is a t t r ibuted to t~he format ion of aggregates in  
solution, it is apparent  that of the two cations the 
mercuric ion has the greater  iodate b i nd i ng  capacity. 
It is, of course, impossible to determine either the 
stoichiometries of the aggregates or their formation 
constants from the l imited data available. 

Conclusions 
The mercury-mercur ic  iodate electrode is repro- 

ducible and reversible, provided that  measurements  
are made before the spontaneous reaction between the 
electrode components has produced significant amounts  
of mercurous iodate. The s tandard potential  of the 
half-react ion Hg(IO~)2(s) ~ 2e = Hg(1) -~ 2IO~-(aq)  
is $~ = 0.4601 _ 0.0007V at 298.2~ For mercuric 
iodate at 298.2~176 = --167.2 • 0.3 kJ .mole  -1, and 
around room temperature  S ~ ~ 159 J . m o l e - l - K  -1. For 
mercurous iodate around room tempera ture  S ~ ~ 268 
J . m o l e - l . K - L  The entropy of mercuric iodate is so 
small that the reaction Hg(1) W Hg(IO3)2(s) = 
Hg2(IO3) 2(s) proceeds with an  entropy increase of 33 
J . m o l e - l . K - 1 .  
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The Reduction of Oxygen on Teflon-Bonded 
Perovskite Oxide Electrodes 

K. L. K. Yeung* and A. C. C. Tseung* 
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ABSTRACT 

The electrochemical reduction of oxygen on Teflon-bonded Nd0.sSr0.sCoO3 
electrodes in 45% KOH was studied as a function of tempera ture  and oxygen 
part ial  pressure. The activation energy was 10.75 kcal /mole  and the re la-  
tionship between i and Po2 obeys the relationship d In i/d In Poe = ~ ,  suggest- 
ing that  the rate of oxygen chemisorption is the ra te-control l ing step, Galvano-  
static oxygen str ipping showed that  the surface coverage of oxygen was 
only 1% for both Sr-doped LaCoO3 and NdCoOs, and that the coverage was 
independent  of temperature  in the range 25~176 

Earl ier  work by Tseung and Bevan (1) shows that  
Sr-doped LaCoO3 exhibits reversible behavior  toward 
oxygen reduction in  45% KOH solution at room tem- 
perature. The performance at room tempera ture  is 
low ~2  mA/cm 2, 500 mV vs. DHE (Dynamic Hydrogen 
Electrode) but  it increases l inear ly  with temperature  
and surpasses that  of p la t inum black at 170~ (250 
mA/cm 2 as compared to 180 mA/cm 2 for Pt  black, 75% 
KOH, 900 mV vs. DHE). It is suggested that the per-  
formance is controlled by the number  of Co3+/Co 4+ 
couples free to interact  with the oxygen molecule and 
that the numbers  of such couples are low at 25~ but  
increase in number  as the temperature  rises. Studies by 
Kudo et al. (2, 3) on Lal-xSrxCoOa and Ndl-xSrzCoO3 
(x = 0.5) suggest that the electrochemical reduct ion 
of 02 on these oxides proceed via two parallel  routes 

I/z 0 2  + H20 -4- 2e = 2 O H -  [1]  

O (lattice) + Ht20 ---- 2e + 2 O H -  [2] 

They also suggest that  the relat ively low performance 
at room temperature  is due to the slow rate of oxygen 
ion diffusion in the lattice. They reach this conclusion 
main ly  from cyclic vol tammetr ic  studies on Teflon- 
bonded La0.sSr0.sCoOa electrodes. When the potential  
is swept from an anodic potential  more positive than 
the reversible oxygen electrode potential  to the cath- 
odic region, the cathodic current  increases almost 
linearly with decreasing potential until an overvoltage 
of 400 mV is reached. Thereafter, the cathodic current 
decreases and in the reverse sweep the cathodic cur- 
rent is markedly lower. They claim that this shows 
that oxide is being reduced and that the limiting step 
is the rate of oxygen ion diffusion in the oxide lattice. 
This paper presents further cyclic voltammetric and 
pulse measuremnts  on the reduct ion of oxygen on 
perovskite oxides. 

Experimental 
La0.sSr0.sCoO3 and Nd0.sSr0.sCoO8 were prepared by 

freeze drying of the mixed ni t ra te  solutions (1), fol- 
lowed by vacuum decomposition at 250~ for 5 hr. 
The powders were then heated in  air at 600~ for 
5 hr. The formation of the perovskite phase was con- 
firmed by x - r ay  powder diffraction, though it is not 
certain whether  all the mater ial  had fully reacted since 
the lower l imit for x - ray  detection is only about 5%. 
The BET surface area for Lao.sSr0.~CoO3 was 17 M2/g 
and Nd0.sSr0.sCoOa was 20 M2/g. The powders were 
fabricated into Teflon-bonded electrodes on 100 mesh 
Pt screens (5). The catalyst: Teflon ratio was fixed at 
10:3. The electrodes were tested in floating half-cells 
(6) using a dynamic hydrogen reference electrode 
(DHE). A piece of gold foil was used as the counter-  

* Electrochemical Society Act ive  Member .  
Key words: surfaces, cell, charge, chemisorption. 

electrode. The potential  of the test electrode was con- 
trolled by a Chemical Electronics 3A Potentiostat.  The 
KOH electrolyte solution was prepared by dissolving 
Analar  grade KOH in distilled, deionized water. The 
impuri t ies  in the solution were preadsorbed (4) at 
0.1V vs. RHE for 3 days. A Chemical Electronics Linear  
Sweep Generator  was used in  the cyclic vol tam- 
metric studies. Potentiostatic and galvanostatic pulse 
studies were performed with the aid of a Chemical 
Electronics pulse generator  and the signals were re-  
corded by a storage oscilloscope. 

Results and Discussion 
Cuclic voltammetric studies.--Figure 1 shows the 

cyclic vol tammograms of a "floating" Teflon-bonded 
Nd0.~Sr0.sCoQ electrode. The electrode was swept in i -  
t ial ly from the open-circui t  potential  to 1.5V. The sub-  
sequent cathodic current  increases almost l inear ly  with 
decreasing potential  unt i l  950 mV is reached. 

Thereafter,  the cathodic current  decreases and on the 
reverse sweep, the cathodic current  is markedly  lower. 
The results are similar to those obtained by Kudo et al. 
(2). Kudo et al. suggest that this shows that the oxide 
ion is reduced and that the l imit ing step is the rate of 
oxygen ion diffusion in the oxide lattice. Their  anom- 
alous results, however, can be better  explained by 
taking into account the presence of high pressure 
oxygen generated and stored inside the pores of the 
electrocatatyst (7). However, if the electrode is taken 
to 1.5V for 15 min  and then purged with 1N]'2 at the 
open-circuit  potential  for different periods of time, the 
anomalous behavior gradual ly  disappears at longer 

Potentxal fmVvs ~ 

% 

Fig. I. The cyclic voltammogram of a Teflon-bonded 
Ndo.5Sro.sCo03 electrode. 45% KOH, 02, 25~ catalyst loading ~- 
17 mg; catalyst/Teflon = 10/3; scan rate 50 mV/sec. 
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Pote~tlal (my vs. RHE) 
500 Bn~ 

Fig. 2. The cathodic curves for a Teflon-bonded Nd,o.sSro.sCoO3 
electrode after holding at 1.SV for 15 min and subsequently purged 
with N2 for different time. Scan rate = 50 mV/sec; N purging 
time (min). A ,  10; Ig, 30; $ ,  90; A ,  240. 

purging  times, as shown in Fig. 2. When  the e lect rode 
is swept  f rom the open-c i rcu i t  potent ia l  to more  
cathodic potent ia ls  under  N2, the  current  is ve ry  low; 
these resul ts  indicate  tha t  the  anomalous  behav ior  is 
associated wi th  the high pressure  oxygen  inside the  
pores  and not due to the  reduct ion  of the oxide. 

Steady-state performance of N do.sSro.sCoOs.~Figure 
3 Shows the pe r fo rmance  of Nd0.sSr0.sCoO3 at 25 ~ 40 ~ 
60 ~ and 80~ The open-c i rcu i t  vol tage of the  e lect rode 
at  25~ was 1.20V, ve ry  close to the  oxygen e lec t rode  
potent ia l  (1.22V vs. RHE at 25~ 45% K O H ) .  The 
a t t a inmen t  of revers ib le  oxygen  elect rode potent ia l  
suggests tha t  oxygen  is d issocia t ively  chemisorbed (1).  
Therefore,  for eve ry  oxygen  molecule  chemisorbed 
"side-on,"  there  wi l l  be two e lec t ron- t rans fe r  sites. 
Thus the cur ren t  should be d i rec t ly  p ropor t iona l  to the  
square  root  of O2 par t i a l  pressure ,  i.e. 

I = k (Po2) 0.5 

By plot t ing log I at  constant  e lect rode vol tage vs. RHE 
against  log Po2, the  value  of the  index in the genera l  
re la t ion  I = kP n can be ascertained.  Results  for  tests 
at  different  oxygen  pa r t i a l  pressures  and t empera tu res  
show tha t  the  va lue  of n is be tween  0.45 and 0.53 (Fig. 
4). A plot  of 1/T vs. In i (Fig. 5) shows tha t  the  pe r -  
formance  increases l inear ly  wi th  t empera tu re  and the 
ac t iva t ion  energy  for the  oxygen reduct ion is 10.75 
kca l /mole .  

Potentiostatic pu~se studies.--In order  to get more  
precise  kinet ic  in format ion  on the oxygen reduct ion  
process on Tef lon-bonded Nd0.sSro.sCoO3, i t  is neces -  

n o o  

9 o o  

---.._ 

700 

S ~  2 4 ~ 8 ~0 n 

Fig. 3. V-; curves of a Teflon-bonded Ndo.sSro.sCo03 electrode 
at different temperatures. 45% KOH, 02, iR corrected. Tempera- 
ture (~ A ,  80; A ,  60; I--1, 40; O ,  25. 

sa ry  t o  e l iminate  mass t ransfe r  effects as much as 
possible. In principle,  the  potent iosta t ic  pulse  method is 
idea l ly  sui ted for  this  type  of inves t igat ion (8, 9). The  

, m  

, %  

g~ 

+0 .5  

- 0 .  

t~o Cs 21o 
log P02% 

Fig. 4. Evaluation of index N for Ndo.sSro.~CoO3 at different 
temperatures. Temperature (~ (2), 80; [-7, 60; II, 40; A, 25. 

c~ 

.4 

5 

~2 

31-5 3-10 215 

T -I (~ x 10 3) 

Fig. 5. In i vs. I / T  plot for Teflon-bonded Ndo.sSro.sCoO~ elec- 
trode (steady-state measurement). 
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t ransient  behavior  of an  electrode unde r  "mass t rans-  
fer free" conditions at zero t ime can be displayed on 
an oscilloscope screen. However, it  is not possible to 
make measurements  at exactly zero t ime due to double 
layer  charging effects; every electrode behaves as a 
"leaky" condenser and at the ins tant  of applying a 
potential  or current,  a very short but  finite t ime is 
required to charge the electrode. This time in terval  
depends on the capacity of the electrode double layer  
and therefore the electrode surface area. An approxi-  
mate method is to take measurements  at the shortest 
t ime interval  after which double layer  charging is 
complete and accept a small  amount  of concentrat ion 
polarization. 

The double layer  charging time can be measured 
from the potential  t ransients  in  the absence of re-  
actants. This approach was adopted in  the present  
study. 

Figure 6 compares the steady-state performance of a 
Nd0.~Sr0.sCoO3 with its potentiostatic pulse perform- 
ance (after 1 msec) at 25~ 45% KOH. At 500 mV, 
the steady-state  performance was only 7.5 mA/cm2, 
whereas over 85 m A / c m  2 was obtained by potentio- 
static pulse measurements .  Since Teflon-bonded elec- 
trodes do not show appreciable mass t ransfer  l imita-  
tions except at very high current  densities, the differ- 
ences in performance could not be a t t r ibuted to mass 
transfer l imitations alone. Figure 7 shows that  there is 
only a small difference between the steady-state  and 
potentiostatic pulse performance for a Teflon-bonded 
Pt electrode operating under  similar conditions. 

As shown in  Fig. 8 a plot of In i (i, current  density 
at 200 mV overpotential)  against 1/T for the potentio-  
static pulse results gave a straight plot, but  the cal- 
culated activation energy was only 2.26 kcal /mole;  
significantly lower than the results obtained earlier 
from the steady-state results (10.75 kcal /mole) .  The 
very low activation energy for results obtained by 

looo' 

5oo 

50 100 

Fig. 6. The polarization curve of u Teflon-bonded Ndo.5Sro.sCoO3 
electrode. 45% KOH, 02, 25~ iR corrected. O, potentiostatic 
pulse; A ,  steady state. 

lloo 

i!!! 
1oo 2oo 3~o 4~176 ~oo ~ 

Fig. 7. The polarization curve of a Teflon-bonded Pt black 
electrode. 45% KOH, O2, 25~ iP, corrected. Pt loading, 24.7 mg. 
O, potentiostatic pulse; A ,  steady state. 
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Fig. 8. In i vs. I / T  for a Teflon-bonded Ndo.sSro.sCo03 electrode 
(potentiostatic pulse measurement). 

potentiostatic pulse suggest that  under  t ransient  con- 
ditions the rate of reaction is not controlled by the 
rate of oxygen chemisorption, since before each pulse 
the oxygen molecules have already been adsorbed on 
the electrode surface. 

Measurement of oxygen coverage.--The galvano- 
static "oxygen" str ipping method (10) was used to 
determine the electrochemical surface area for oxy- 
gen reduction. Oxygen was bubbled  through the test 
cell unt i l  a steady open-circui t  voltage was reached. 
The electrode was then potentiostatically held at this 
potential  and a s t ream of deoxygenated white spot N2 
was used to purge dissolved oxygen in the electrolyte 
for 15 rain. A cathodic, galvanostatic pulse was then 
used to reduce the oxygen chemisorbed on the elec- 
trode surface. The potential  was recorded on a storage 
oscilloscope. A mercury relay switching circuit was 
used to switch the potentiostatic circuit to the gal- 
vanostatic circuit. Figure 8 shows a typical potential  
t ime curve for a Nd0.sSr0.~CoO3 electrode. Most of the 
oxygen reduct ion reaction was completed wi th in  900- 
400 mV. Table I gives the oxygen coverage on 
Nd0.sSr0.sCoQ and La0.sSr0.sCoOa as a funct ion of 
temperature.  The electrochemically active surface area 
was based on the galvanostatic results for oxygen re-  
duction, assuming that the oxygen molecule to be 
c hemisorbed "side-on" (cross section area of oxygen 
atom 1.72~ The total surface area of the electrode 

Tablel I. 02 surface coverage 

(. eleetr~:~2a: area ,) 

Temper -  Ndo,~Sro.sCoOa La~.sSro.sCoO~ 
ature  (~ P t  (%) (%) (%) 

25  100 1 .08  1 .06  
40  - -  1 .08  1 .06 
60  - -  1 .08 1 .06  
80  - -  1 .08 1 .06 



REDUCTION OF OXYGEN 881 

i000 

0 

-i00 

o 500 

L 

1500 

Time (300 msec/cm) 

VoL 125, No. 6 

3000 

Fig. 9. The voltage-time relationship for 02 stripping from o 
Teflon-bonded Ndo.5Sro.hCoO3 electrode at 45~C in 45% KOH. 

was calculated from the catalyst loading and the BET 
surface area of the catalyst. The result  for a Pt  elec- 
trode is also included for reference. 

The results show that  the oxygen coverage is very 
low in  both Sr-doped NdCoO~ and LaCoOa electrodes, 
and the surface coverage is independent  of tempera-  
ture. The degree of surface coverage is almost the 
same in  both cases. This is to be expected since Sr 
doping levels are the same in  both cases. The fact 
that  there is no change in  surface coverage with tem- 
perature  suggests that  the improvement  in  perform- 
ance with tempera ture  is not due to the increase in  
the n u m b e r  of active sites as suggested previously by 
T~eung and Bevan (1). 

General discussion.--Recent  homomolecu]ar  studies 
by Hibbert  and Tseung (11) have shown that the ac- 
t ivat ion energy for the dissociative oxygen chemisorp- 
t ion on La0.hSr0.hCoQ is 15 kcal/mole,  s imilar  to the 
activation energy for oxygen reduction under  steady- 
state conditions, 13 kcal/mole,  suggesting that  the rate 
of dissociative oxygen chemisorption is the ra te - l imi t -  
ing step. The present  electrochemical studies are also 
in  accord with the above findings. 

If the rate of oxygen chemisorption is the ra te-  
de termining step, then we can derive the mathematical  
relationship be tween  the current  densi ty and oxygen 
part ial  pressure. When O2 is dissociative chemisorbed, 
the reaction mechanism can be expressed as 

k~ 
1~ O -- O ~ [O] ads [4] 

k - I  

k2 
O ads -5 2e ~ O 2- [5] 

k -2  

ka 
O 2-  -5 H20 ~ 2 O H -  [6] 

k -3  

Let p be the partial  pressure of O2 in  contact with the 
electrode and 0 be the fraction of energetical ly and 

geometrically suitable sites covered by [O] ads at given 
current  i. At steady state, this fraction remains  con- 
stant. The fraction of the surface covered at p is then 
found by setting do/dt equal  to zero, since the surface 
coverage is low (1%), the Langmui r  adsorption equa-  
t ion can be applied to this c a s e  

do 
- -  klp~/2(1 -- o) -- k - l o  -- kfo = 0 [7] 

dt 
klpW 2 

�9 �9 o = ,  [83  
k-1 -5 k2 -5 klP 1/2 

If the chemisorption is the rds, then the cur ren t  i i s  
given by 2Fk2O, thus 

2Fklk~pW2 
i = [9] 

k - 1  -5 k2 -5 k ip  1/2 

However, the rate constant (ke) for the ionization 
[O] ads is dependent  on the electrode potent ial  

k~ --  k e x p  [(1 -- a)F~I/RT] [10] 

Subst i tute Eq. [10] into Eq. [9] 

2Fklkp  ~/2 exp [ (1 -- a) F~I/RT] 
i ---- [11] 

k-1  -5 k exp [(1 - -a)F~I /RT]  + k~p 1/~ 

If the reaction is controlled by the rate of chemisorp- 
tion, ks and kip  1/2 should be small. Under  heavy cath- 
odic polarization, the denominator  of Eq. [11] is deter-  
mined main ly  by the exponential  term. Hence the 
current  is given approximately by 

Kp 1/2 exp [ (1 - -  a) F~/RT] 
i _ [12] 

k-1 -5 k e x p  [(1 -- a)F~I/RT] 

Where K ---- 2Fklk.  
Taking logarithms on both sides, we have 

l n i  = l n A  -5 Yz l n P  [13] 
where 

A = 

therefore 

K2 exp [(1 -- a)F*I/RT] 

k-1 + k exp [(1 -- a)F~I/RT] 

d i n  ~ 1 

d l n p  2 
[14] 

Since both La0.aSr0.~CoO8 (1) and Nd0.hSr0.hCoO3 
obey Eq. [14], i t  is suggested that the ra te- l imi t ing  
process is the rate of dissociative oxygen chemisorp- 
t ion on the electrode surface. 
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Epitaxial Layers of Cu2S Grown from 
Liquid Solution and Investigated by RHEED 

O. J. Cain 
IBM General Technology Division, Essex Junction, Vermont 05452 

and R. W. Vook 
Department of Chemical Engineering and Material Science, Syracuse University, Syracuse, New York  13210 

A study of epitaxial  overgrowths of Cu2S obtained 
by reacting copper films with sulfur vapor was re-  
ported earl ier  (1). Similar  reaction overgrowths can 
be accomplished in  l iquid solutions; however, the 
solvent must  not react with the metal, and the solubil- 
ity of the solute (reactive species) should be low so 
the growth proceeds slowly. Methanol was found to 
work well as a solvent with sulfur. The purpose of 
this work was to determine if sulfide layers formed 
by a liquid solution technique would grow epitaxially, 
to study the overgrowth structure and morphology, 
and to compare it with similar  overgrowths formed by 
a vapor-growth technique. 

Experimental Approach 
Single crystal copper film substrates were prepared 

by evaporat ing copper onto muscovite at 400~ to a 
thickness of 1200A.. Details of the substrate prepara-  

Key words: RHEED investigation, Cu2S epitaxial layers, liquid 
solution. 

tion were discussed earlier (1). The copper/mica sam- 
ple was mounted on a RHEED specimen mount  with 
silver paint  and the oxide on the copper was removed 
by a 1-3 sec etch in dilute nitr ic acid (3: 1, H20:70% 
H N Q ) .  The specimens were then rinsed sequential ly 
with deionized water  and methanol  and finally dried 
in a s tream of nitrogen. Reflection high energy electron 
diffraction (RHEED) pat terns from these etched cop- 
per films showed only copper lines (with a small  
amount  of po]ycrystalline s tructure shown by  the 
faint r ing pat tern)  (see Fig. 1). Also, the shortened 
streaks show that  the surface is now somewhat rougher 
than before the etch. The diffraction pat terns exhibited 
oxide lines if the copper films were etched before and 
not after mounting.  Nitric acid is a strong oxidant  and 
may be expected to leave oxide on the copper film. 
However, RHEED and Transmission Electron Diffrac- 
t ion (TED) pat terns did not reveal any  oxide over-  
growth. Nevertheless, a very th in  oxide layer  may be 
present  and not detected. Although the RHEED pat-  

Fig. 1. RHEED patterns from (111) Cu etched in dilute nitric acid. (a) [110] azimuth; (b) [211"1 azimuth 
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terns indicate  some roughening,  the  surface was not 
gross ly  faceted by  the acid etch as shown by the  SEM 
pr ints  in Fig. 2. 

The su l fu r /me thano l  solut ion was p repa red  b y  p lac-  
ing a smal l  quan t i ty  of sulfur  in the  methanol  and 
le t t ing  i t  s tand far  about  100 hr  to reach  saturat ion.  

f:ig. 2. Scanning electron mlcrographs of (111) Cu films. The films are in the channel-growth stage. Therefore, the black areas are 
holes in the film. (a) Before etching with HNO~; (b) after etching with HN03. 

Fig. 3. RHEED patterns (00.1) Cu2S overgrowths on (111) Cu (a) [1TO] Cu azimuth showing a weak [12.0] pattern from (00.1) Cu2S; 
(b) [211] Cu azimuth showing a weak [10.0] pattern from (00.1) Cu2S; (c) and (d) similar patterns as in (a) and (b), respectively, 
for overgrowths but only for Cu2S. These patterns also contain orthorhombic and double diffraction effects. 
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The concentrat ion of sulfur  in saturated methanol  was 
measured at 0.27 g/ l i ter  at room temperature.  This 
concentrat ion was determined by filtering the solution 
through filter paper to remove undissoved sulfur, 
sampling the solution to a specific volume of 4.5 cm 3 
and placing thin, clean silver disks in  the sampling 
solution serially unt i l  no tarnish was observed on the 
disks after a 2 day soak. The amount  of sulfur  on the 
disks was then measured electrometrically (2). The 
accuracy of the tarnish film thickness measurement  
under  the present constraints is probably  only wi thin  
a factor of 2. 

Copper films were immersed in the sul fur-sa tura ted 
solution of methanol  for various times immediate ly  
after the e tch- r inse-dry  sequence. The films were then 
studied by RHEED and SEM. 

Results 
The (111) copper films developed a visible tarnish 

after 1 sec of exposure in su l fur-sa tura ted  methanol  
at room temperature.  The RHEED pat terns  indicate a 
hexagonal Cu2S overgrowth in the earliest  stages 
(i.e., for a 1 sec exposure) and a progression to orthor-  
hombic structures for the thicker films. There was no 
indicat ion that  the overgrowths started out as cubic 
CueS as in the vapor-grown case (1). 

The hexagonal overgrowths yielded RHEED pat terns 
shown in Fig. 3. These pat terns show that the or ienta-  
tion relat ion is {00.1} CueS II {111} Cu with ~10.0~ 
Cu2S I I ~211~  of Cu. This epitaxial  relationship shows 
the same 30 ~ rotation between the sulfide and copper 
as the most p rominent  one produced in both the cubic 
and hexagonal vapor-grown sulfide layers reported 
elsewhere (1). The 30 o rotat ion between the over- 
growth and substrate  reduces the misfit from 0.377 in  
the case of a "parallel" growth to 0.0796 for the ro- 
tated growth. The interracial  energy is then reduced 
significantly in the case of the rotated overgrowth. 

Pat terns from thicker overgrowths contained addi- 
tional spots (Fig. 3c and 3d) identified as orthorhombic 
Cu2S as well as some that can be explained by double 
diffraction between a "parallel" hexagonal growth 
and one rotated by 30 ~ . When the thickness of the 
overgrowths prevented observation of the substrate 
diffraction pa t te rn  (Fig. 3c and 3d) the substrate 
azimuth could still be de termined in RHEED by means 
of the strong Kikuchi bands from the copper showing 
on the projector screen. The Kikuchi bands seldom 
show up in the prints  because short ext~osure times 
were used to get opt imum spot resolution. 

The RHEED patterns produced by the liquid solu- 
t ion-grown layers are not as sharp as those from 
vapor grown layers. The more diffused pa t te rn  indi-  
cates a lower qual i ty epitaxial layer. Also, in the 
thicker overgrowths there is some arcing of the spots 
and even some rings in the patterns, indicating some 
polycrystal l ine growth. Poorer qual i ty epitaxial 
growth obtained by the liquid solution method is not 
surprising, considering that the growth rates in this 
case were at least three orders of magni tude larger 
(based on the relat ive exposure times and size of the 
island growths) than  for the vapor grown layers. 

The morphology of growth in the l iquid solution 
method is shown in the scanning electron micrograph 
in Fig. 4. The growth resulted in three-dimensional  
islands. 

Discussion 
There is very li t t le published work closely related to 

the present study. Two papers (3, 4) have dealt with 
tarnish layers produced by exposing copper to sulfur  
containing organic compounds. Wolynec (3) used 0.008 

Fig. 4. Scanning electron micrograph print of Cu2S growth, S, 
on noncontinuous film of (111 ) Cu. 

and 0.22M aqueous solutions of thiourea for exposure 
times of 210-360 min. The tarnish films consisted of an 
orthorhombic phase of Cu2S or Cul.96S. The present  
study used solutions of approximately the same concen- 
trat ion of sulfur as Wolynec's (0.26 g/ l i ter ) ,  bu t  for 
much shorter exposure time. Wolynec's work with 
K poly S also showed orthorhombic CueS for his 
shortest exposures. However, he also obtained other 
sulfur  species together with oxides of copper. Labor 
(4) grew sulfide layers on copper in solutions of sulfur 
in  organic solvents, CS2 (high sulfur  solubil i ty) ,  and 
C6H~ (low solubil i ty).  He found a quadrat ic  meta-  
stable phase Cul.97S, orthorhombic and cubic Cu(2-x)S, 
and eventual ly  CuS. 

The present  work with low exposure levels resulted 
in thin epitaxial overgrowths of Cu2S. No evidence 
for other sulfides or oxides was found from RHEED 
or TED results. The previous work (3, 4) involved 
high exposures that resulted in thick polycrystal l ine 
films and tended to produce sulfide phases containing 
more than 33 atom percent  sulfur  as well as oxides. 

In summary,  epitaxial  overgrowths of hexagonal 
Cu2S were produced on (111) copper substrates re-  
acted with a solution of sulfur in  methanol.  The or- 
thorhombic phase of CueS was found in the thicker 
overgrowths. The orientat ion characteristics were sim- 
i lar to those of layers grown by the vapor tech- 
nique (1). 

Manuscript  submit ted Dec. 22, 1977; revised m a n u -  
script received Jan. 31, 1978. 

Any discussion of this paper  will  appear in  a Discus- 
sion Section to be published in the December 1978 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1978. 
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Corporation. 
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Brief Communications 

The Photogalvanic Effect in a Modified Iron 
Thionine System 

H. Ti Tien and James M. Mountz 
Department oJ Biophysics, Michigan State University, East Lan~ing, Michigan 48824 

Photoelectrochemical  cells have  been proposed f o r  
the direct  conversion of solar energy to electr ici ty or 
chemical  fuel  (1). These cells, on the basis of two 
wel l -es tabl ished photoeffects, can be classified as 
e i ther  photovoltaic  or photogalvanic.  The operat ion of a 
photovoltaic  cell depends on the generat ion of an elec-  
t romot ive  force as a resul t  of the absorption of light, 
whereas  the operat ion of a photogalvanic  cell relies on 
the exci tat ion by l ight of photoact ive species in solu- 
tion which induces a faradaic process at the electrode. 
The bes t -known example  of photogalvanic cells is the 
i ron- th ionine  system studied extensively  by Rabino-  
witch (2) and others (3-7), in which  the photoinduced 
reduct ion of thionine by ferrous ions takes place in the 
bulk solution. 

In the course of our a t tempt  in developing a new 
type of photoelectrochemical  cell (8), the operat ion 
of which would be based on the combined principles 
of the two photoelectr ic  effects, we have observed the 
photogalvanic effect in a modified thionine i ron solu- 
tion. which should be of interest  in the development  of 
a practical  photogalvanic  device. 

The usual photogalvanic  effect is observed by im-  
mersing two identical  p la t inum electrodes into the 
iron thionine solution and shielding one in the dark 
while  the other  is illumi,nated. The usual solution 
consists of 10-4M thionine, 10-21Vf FeSO4, 4 X 10-4M 
(Fe)2(SO4)3, and 10-2M H2SO4 (see Table  I). This 
solution was prepared  and placed in a glass chamber  
which was i l luminated wi th  a l ight intensi ty of 800 
W / m  2 f rom a tungsten halogen project ion lamp. A 
heat  filter was instal led and the system was shielded 
f rom spurious light. Upon i l luminat ion we observed a 
photoresponse of 112 mV as shown in Fig. 1 (A).  U s i n g  
a 0.1M H2SO4 solut ion did not  improve  the photore-  
sponse. 

We found that  by changing the e lec t ro lyte  solution 
to 10-4M thionine, 10-2M FeC12, 10-4M FeCI3, a n d  
0.1M sodium acetate at pH 4 a photoresponse of more  
than 200 mV could be observed in the identical  exper i -  
mental  setup. This response is shown in Fig. I ( B ) .  
The magni tude  of the response had an interest ing de- 
pendence on the pH of the solution and thus was 
fur ther  investigated.  

The results of our s tudy of the effect of pH on the 
m a x i m u m  l ight - induced potent ial  are shown in Fig. 2. 
Below pH 3, the photopotent ial  behaves in a com- 
p lex  manner.  Above  pH 3.5 the photopotent ial  varies  
l inear ly  wi th  pH, wi th  a slope of 60 mV following the 
Nernst  equation. The m a x i m u m  change is obtained at 
a pH equal  to 3.4. 

Fol lowing the suggestions by Rabinowitch  (2) a n d  
others (9), we can wr i te  the fol lowing for the po- 
t en t ia l -de te rmin ing  react ion of the i l luminated elec- 
t rode 

�9 TH2 + -+ TH + + H + + e [1] 

Key words: photocell, solar energy, photoelectrochemical cell. 

Table I. Photopotentials of some thionine-iron systems 

Photopoten- 
Solution (M) pH tial ( m Y )  Reference 

Thionine (1,5 x 10 -s) 2,5 185 (3) 
Fe ~+ (5 x 10 -5) 
Fe ~§ (I x 10 -2) 
Thionine (4 x 10 -5) 2.5 I i i  (4) 
Fe ~+ (1 x 10 -~) 
Thionine (10-~-10 ~ )  1-2 200 (5) 
Fe ~§ ( 10-~-10 -~) 
Fe ~+ ( 10 -2 ) 
Thionine (10 -~) 2 175 (6) 
Fe 8+ (5 x 10 -6) 
Fe ~ ( 10 -~) 
H~SO~ ( 10 -~) 
in 5% acetonitrile 
Thlonine (10 -~) 3.4 230 This work 
Fo ~§ ( 10 -4 ) 
Fe ~+ ( 10 -~) 
in 0.1M sodium 

acetate 

where  .TH2 + and TH + are the semiquinoid form a n d  
oxidized form of the dye thionine, respectively.  The 
photopotential  (E*) can then be given by 

RT [TH+] [H + ] 
E* : E ~ + In [2] 

F [-TH2 + ] 

where E ~ denotes the standard redox potential for 
�9 TH2 + to TH +. Equation [2] predicts a decreasing 
photopotential for the cell with increasing pH. This 
has been found to he the case at pH higher than 3.5 
(Fig. 2). 
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Fig. i .  Open-circuit photoresponses of the photogalvanlc cell 
against time. The cell was illuminated by a 250W tungsten-halogen 
projector lamp (EHJ-Sylvania). $, light on; ,~, light off. A, the 
conventional iron-thionine solution; B, the modified iron-thionine 
solution described in this report. 
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Fig. 2. The dependence of the photogalvanie response for the 
solution as a function of pH. 

As to why the m a x i m u m  photopotential  should occur 
around pH 3.4, we have no ready answer, for this 
phenomenon has not been studied. However, it appears 
that, since the species -TH2 + is generated by light, it  is 
evident from Eq. [1] that the observed photopotential  
should depend on the stabil i ty of the ent i ty  at the 
electrode surface. Conceivably the acetate ion acting 
as a l igand can somehow either al ter  the redox po- 
tential  of the system or increase the rate of in ter -  
facial electron transfer.  Addit ional  experiments  using 
a var ie ty  of l igands are of obvious interest.  

Summarizing,  we have shown that the photoresponse 
of the conventional  i ron thionine system can be en-  
hanced with a slight modification of the solution. In  
addition, an interest ing pH dependence was observed. 
The finding presented here merits fur ther  exploration. 

Acknowledgments 
This work was supported, in  part,  by a postdoctoral 

energy-re la ted  fellowship to J. M. Mountz from the 
National  Science Foundat ion  and the College of Natu-  
ral Sciences, Michigan State University.  

Manuscript  submit ted Oct. 14, 1977; revised m a n u -  
script received Feb. 13, 1978. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in  the December 1978 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submit ted by Aug. 1, 1978. 

Publication costs o~ this article were assisted by 
Michigan State University. 

REFERENCES 
1. G. Por ter  and M. D. Archer, lnterd~scip. Sci,. Rev., 

1, 119 (1976). 
2. E. Rabinowitch, J. Chem. Phys., 8, 551, 560 (1940). 
3. A. E. Potter, Jr. and L. H. Thaller, Sol. Energy, 3, 

1 (1959). 
4. L. J. Miller, Tech. Ser. Rep., AD 282, 878, U.S. Dept. 

of Commerce Washington, D.C. (1962). 
5. W. D. K. Clark and J. A. Eckert, Sol. Energy, 17, 

147 (1975). 
6. D. E. Hall, J. A. Eckert, N. N. Lichtin, and P. D. 

Wildes, This Journal, 123, 1705 (1976). 
7. N. N. Lichtin, in "Photochemical Conversion and 

Storage of Solar Energy," J. R. Bolton, Editor, 
Academic Press, New York (1977). 

8. J. M. Mountz and H. T. Tien, Sol. Energy, To be 
published. 

9. R. Gomer, Electrochim. Acta, ~(}, 13 (1975). 

Electrochemical Oxidation and Reduction of 
Thin Films of Prussian Blue 

Vernon D. Neff  

Department o~ Chemistry, Kent State University, Kent, Ohio 44242 

We would like to communicate  some interest ing pre-  
l iminary  results concerning the electrochemical be- 
havior of thin films of Pruss ian  blue. There are actu- 
ally two well-characterized forms of Pruss ian  blue 
(PB) which have the formulas KFenIFe  II(CN)6 and 
FenI4[Fen(CN)6]~ (1). The lat ter  compound is pre-  
pared from a solution containing a large excess of fer-  
ric ion. In  addition to PB itself, two additional, closely 
related compounds are of interest. These are Everi t t ' s  
salt K2FenFeII(CN)6, which is colorless, and Berl in 
Green FemFem(CN)~  (2). All three compo~mds have 
the same basic cubic crystal s t ructure  consisting of 
iron ions bridged by the cyanide groups, al though 
subtle s t ructural  modifications may occur, depending 
on the stoichiometry (3, 4). The physical and chemical 
properties of these compounds have been reviewed by 
Robin and Day (5). 

We have discovered a method for preparing thin 
adherent  films of PB on various metal  and semicon- 
ductor substrates. The part icular  experiment  we wish 
to discuss is concerned with a thin PB film on a 
p la t inum foil electrode. The film is obtained from a 
solution containing equimolar  amounts  of ferric chlo- 
ride and potassium ferricyanide. A one- to-one com- 
plex between ferric ion and ferricyanide ions forms 

Key  w o r d s :  e l e c t r o c h e m i c a l  ox ida t ion ,  e l e c t r o c h e m i c a l  r e d u c -  
t i o n ,  ]Pruss ian b l u e  fi lms. 

in such solutions (6). The solution must  be freshly 
prepared because the complex will slowly polymerize 
and eventual ly  a colloidal precipitate of insoluble 
Berlin green is formed (7). 

A fresh ~olution 0.01M in reagent  grade FeC18 �9 6H20 
and 0.01M in reagent grade KsFe(CN)6 was prepared in 
tr iply distilled water. A 1 cm~ p la t inum foil electrode, 
with p la t inum lead encased in  Teflon, was cathodized 
for 1 hr at 1 mA in a 1M HC1 solution. The electrode 
was placed in the ferric ferr icyanide solution and, 
after several minutes  a b lue  film was formed on the 
surface. The electrode was removed from the solution 
and rinsed thoroughly with distilled water. 

A cyclic vol tammogram of the PB electrode in quiet 
1M KC1 solution is shown in  Fig. 1. The vol tammo- 
gram was obtained with a PAR Model 173 potent io-  
stat equipped with a Model 175 voltage programmer.  
The interest ing feature of this vol tammogram is that 
on the anodic side of the sweep (0.6V vs. SCE) the 
electrode is bright blue, whereas on the cathodic side 
(0.0V vs. SCE) it  is colorless. Fur thermore  it  is pos- 
sible to switch rapidly between the blue and colorless 
states with the selecting switch on the potentiostat. 
The electrode reaction evident ly  occurs in  the film 
itself and corresponds to the ul t imate  reduct ion of PB 
to the colorless "Everi t t ' s  salt." 
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Fig. 1. Single sweep voltammogram of a thin film of Prussian 
blue on platinum foil in 0.1M KCI solution. The scan rate is 10 
mV/sec. 

A second observat ion  is concerned wi th  the  ox ida-  
t ion of the  PB film at more  anodic potentials .  At  a po-  
ten t ia l  of app rox ima te ly  1.0V vs. SCE the film becomes 
green. In  this case the  film has appa ren t ly  been  oxi-  
dized to Ber l in  green. Aga in  the  color can be switched 
rap id ly  be tween  blue and green  but  the  film begins to 
de te r io ra te  af ter  severa l  cycles p r e sumab ly  because of 

the s imul taneous  oxida t ion  of chlor ide ion and the 
format ion  of sur face  oxide  on the  p la t inum.  

The detai ls  of these e lec t rochemical  react ions are 
cu r ren t ly  under  invest igat ion.  
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D I S C U S S I O N  

S E C T I O N  I ~ ~ ...... 

This  Discuss ion Sect ion  includes  discussion of  p a p e r s  a p p e a r i n g  
in t h e  Journal  o f  The  ELectrochemical  Socie ty ,  Vol. 124, No.  7, 9, 
and 12, J u l y ,  S e p t e m b e r ,  a n d  D e c e m b e r  1977. 

Fabricating Patterns in Tin Oxide Film 
by Electrochemical Reaction 

B. J. Baliga and S. K. Ghandhi 
(pp. 1059-1060, Vol. 124, No. 7) 

L F. Chang: l  The technique  of fabr ica t ing  pa t t e rns  
of t in oxide films by  e lec t rochemiceal  react ion has also 
been deve loped  in our labora tory .  2 We have  found tha t  
the  ove r -a l l  e tching r a t e  of t in oxide film is not s ig-  
nif icantly dependent  on the concentra t ion of HC1 in 
w a t e r  as shown by Bal iga e~ al.3 However ,  w e  would  
l ike to point  out an impor t an t  fact concerning the 
selection of a cr i t ical  HC1 concentrat ion.  

Since the  ove r -a l l  e tching process consists of two 
consecutive steps:  (i) e lec t rochemical  reduc t ion  of t in  
oxide to t in ( the da rk  colorat ion of meta l  t in can be di-  
rec t ly  observed dur ing  the  etching and analyzed  by  in-  
t e r rup t ing  the etching process) ;  and (ii) etching of t in 
by  HC1, i t  is necesary  to select the e lec t ro ly te  composi-  
t ion such tha t  the  reduct ion  ra te  of t in  oxide (step i)  is 
h igher  than  the etching ra te  of t in meta l  (step ii). 
This selection guarantees  that  all  the  deta i l  pa t te rns  to 
be etched are  etched away  wi th  no e lec t r ica l ly  iso- 
la ted oxide regions formed on ~he glass substrate .  We 
have  found that,  for achieving best  etching results,  
the  concentra t ion of HCI in wa te r  should be approx i -  
ma te ly  7%. An  etched pa t t e rn  wi th  resolut ion on the 
order  of 20 ~m is shown in Fig. i. 

I IBM T h o m a s  J.  W a t s o n  R e s e a r c h  C e n t e r ,  Y o r k t o w n  H e i g h t s ,  
N e w  Y o r k  10598. 

I. F. C h a n g ,  W. P.  H o r n b e r g e r ,  a n d  H. H. T a u b ,  IBM Tech.  Dis- 
closure Bull. ,  16, 3463 (1974). 

~B. J .  B a l i g a  a n d  S. K. G h a n d i ,  This  Journal ,  124, 1059 (1977). 

Fig. I. Etched pattern in tin oxide film on glass substrate by 
electrochemical reaction technique (the ruler indicates 0.05 mm 
per division). 

During the course of our work,  we have also dis-  
covered some p r io r  a r t  in the  pa ten t  l i t e ra tu re  4,5 de-  
scr ibing genera l  meta l  oxide  etching by  e lec t rochemi-  
cal reaction. 

B. J. Bal iga  and S. K. Ghandhi:6 We agree  wi th  
Chang tha t  be t te r  e tching can be  achieved by  ensur ing 

R. F. S h a w ,  US Pa t .  3,507,759 (1970). 
5 R. E. Szupil lo,  US Pa t .  3,616,349 (1971). 

G e n e r a l  E l ec t r i c  C o r p o r a t e  R e s e a r c h  & D e v e l o p m e n t ,  Schenec -  
t a d y ,  N e w  Y o r k  12309. 
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that the reduction rate of the t in  oxide is higher than 
the etching rate of t in  metal. However, we disagree 
that it is necessary to select the electrolyte composition 
from this consideration. Our work has shown that  the 
above requi rement  can instead be satisfied by control-  
ling the current  density, as was stated in the paper. 
We, therefore, prefer to choose the electrolyte com- 
position in the range where the etch rate is indepen-  
dent  of the HC1 concentrat ion (see Fig. 1) in order to 
obtain good control and reproducibil i ty during etch- 
ing. We also wish to point out that we have been able 
to achieve a pa t te rn  resolution of 6 ~m, which is the 
l imit  of our present photolithographic equipment,  and 
can expect even better  results with this technique. 

We apologize for not providing a reference to the 
authors prior publication. Unfortunately,  we (and the 
reader) only have ready access to the professional 
l i terature  in which we found no ment ion  of this work. 

The Hydrogen Electrode in Molten Carbonate 
W. M. Vogel and C. D. lacorangelo 

(pp. 1305-1309, Vol. 124, No. 9) 

A. Borucka: 7 This paper offers a comparison between 
experimental  measurements  of the "open-circuit" po- 
tentials and calculations of the theoretical equi l ibr ium 
potential  values based on eo,nsideration of four possi- 
ble over-al l  electrochemical reactions, three of which, 
however, have not as yet been demonstrated to occur 
practically. 

At this stage of progress of the scientific studies of 
the anodic gas reactions in mol ten  carbonates, it is 
almost more impor tant  to point out the necessity of 
better design of the exper imental  apparatus than to 
question the assumptions upon which the calculations 
are based. 

The apparatus presented by the authors (Fig. 1 in 
the paper under  discussion) does not ensure accurate 
or stable melt  composition because of the indicated 
purging with pure ni t rogen (which may also have 
upset the accuracy of the gas compositions studied).  
Purging  of an alkali carbonate melt  at 650~C with any 
pure gas (Other than CO2) must, necessarily, lead to 
unstable  and il l-defined melt  and gas compositions, 
as was pointed out twenty  years ago by Broers TM and 
later demonstrated exper imenta l ly  by others. TM 

Of the many  possible over-al l  electrochemical and 
chemical reactions at fuel gas electrodes in  molten 
carbonates (as noted by BroersTa), only two were so 
far confirmed by accurate exper imental  evidence:10 

CO + CO8= ~-- 2CO2 -~- 2e -  
and 

2CO ~__ C + CO2 

On the other band, the H2/CO2 gas electrode (which 
should be more properly regarded as a more complex 
H2/H20/CO2/CO gas system) has not been to this date 
properly evaluated. Nevertheless, earlier studies sA2 
stress the presence of carbon monoxide even when 
only a dry H2/CO2 gas mixture is supplied to the car- 
bonate electrolyte. 

In view of the similarity of the theoretical equi- 
librium potentials (at 1000~ s for the four reac- 
tions considered by the authors (i.e., Eq. [7]-[10] in 
the paper under discussion) the analytical results of 
the Russian scientists, TM and the prior work on dry 
CO/CO2 gas anodes, I~ future more rigorous work on 
the H2/CO2/CO3 = system is indicated 

Borucka Research Company, Livingston, New Jersey 07039. 
�9 a G. H. J. Broers, Ph.D. Thesis, Univ. of Amsterdam, Amsterdam 

(1958). 
s j .  Dub0is ,  Ph .D.  Thes is ,  Univ.  of Pa r i s ,  P a r i s  (1965). 
9A. B o r u c k a ,  Adv .  Chem.  Se t . ,  90, 242 (1969). 
3o A. B o r u c k a ,  This  Journal ,  124, 972 (1977). 

A. L. L 'vov,  E l e k t r o k h i m y a ,  5, 50 (1969). 
1~United T e c h n o l o g i e s  C o r p o r a t i o n ,  P o w e r  S y s t e m s  Divis ion,  

S o u t h  W i n d s o r ,  C o n n e c t i c u t  06074. 
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W. M. Vogel and C. D. Iacorangelo: n The discussion 
by A. Borucka of our paper appears to center on two 
points, i.e., which of the many  reactions do actually 
take place at the H2/H20 electrode in  molten carbon-  
ate, and the possibility that the melt  used in  this s tudy 
was altered by purging with N2. 

In equi l ibr ium all indiv idual  electrochemical reac- 
tions have the same potential. However it is not an 
easy task to supply the electrode with a gas which is 
in equi l ibr ium under  operating conditions. Ordinarily,  
one makes a gas mixture  at room temperature.  In  the 
process of heat ing such a mixture  to operating tem- 
pera ture  the composition changes. The problem then 
is to determine the actual gas composition at the elec- 
trode from that of the feed gas. We have shown that, 
except under  specified exper imental  conditions, the 
assumption of simultaneous shift and methane  equi-  
l ibria yields the observed OCP. It does not mat ter  
whether  we use the Nernst  equation for the H2/H20, 
CO2 reaction or some other reaction such as, e.g., the 
CO/CO2 electrode. The results are the same. The 
agreement  of such values with t'he OCP does not allow 
one to make any  s ta tement  about the rates of the 
various reactions, but  it would appear to just i fy  our 
conclusion that there are no unexpla ined  differences 
between OCP and equi l ibr ium potential  as we find, 
e.g., for the low temperature  02 electrode. 

It is somewhat misleading to say that  the melt  was 
purged with N~. Only that melt  which served as salt 
bridge between the various electrodes was purged with 
a slow stream of N~ to keep air from entering. The 
working and reference electrodes were contained in 
individual  compartments  connected to the melt  bridge 
via small holes. In  addition, these electrode metals 
(wires) were immersed only a few mm in the melt. 
Because of these precautions only that mel t  was im-  
portant, aside from possible liquid junct ion  potentials, 
which surrounded the tips of these two electrodes, i.e., 
essentially at the three-phase boundary  mel t /gas /e lec-  
trode metal. Wiggling the electrode wires had no 
effect on the observed potentials as one should expect 
to see if there had been significant gradients of the O = 
concentrat ion away from the three-phase boundary  
line. 

The Pb/Pb 2§ Exchange Reaction in Perchlorate 
Acidic Solutions 

A. S. Gioda, M. C. Giordano, and V. A. Macagno 
(pp. 1324-1329, Vol. 124, No. 9) 

S. D. KapustaP 2 The i vs. t relationship for a plane 
electrode having a large io and undergoing anodic dis- 
solution at a constant potential  is like that shown in  
Fig. 1. 

The theoretical si tuation can be adequately de- 
scribed by solving the differential equations of semi- 

L 

Fig. i. 
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i n f in i t e  l i n e a l  d i f fus ion .  U s i n g  t h e  a p p r o p r i a t e  b o u n d a r y  
c o n d i t i o n s  

~_ ?~IFACr (D /~ t )  1/2 [ 1 --  e x p  ( n / n )  ] 

fo r  l o n g  t i m e s  or, fo r  s h o r t  t i m e s  

[I] 

1 -  2;~t 1/2 ) 
i = iaA ~z/2 [2] 

T h e  s y m b o l s  h a v e  t h e i r  u s u a l  m e a n i n g ,  ia is a c u r -  
r e n t  c o n t r o l l e d  o n l y  b y  a c t i v a t i o n .  

E q u a t i o n  [1] r e p r e s e n t s  a n  a n o d i c  c u r r e n t  u n d e r  d i f -  
f u s i o n  con t ro l ,  w h i l e  Eq.  [2] r e p r e s e n t s  one  u n d e r  
m i x e d  a c t i v a t e d  a n d  d i f fus ion  con t ro l .  F i g u r e s  2 a n d  3 
d e s c r i b e  t h e s e  e q u a t i o n s  g r a p h i c a l l y .  

U s i n g  a p o t e n t i a l - s t e p  t e c h n i q u e ,  w e  c a n  o b t a i n  t h e  
c u r r e n t  c o n t r o l l e d  o n l y  b y  a c t i v a t i o n  b y  e x t r a p o l a t i n g  
t h e  s t r a i g h t  l i ne  of Fig. 3 to  t _-- 0. 

T h e  a u t h o r s  u s e d  a p o t e n t i a l - s t e p  t e c h n i q u e  fo r  t h e i r  
s t e a d y - s t a t e  p o l a r i z a t i o n  cu rve .  C u r r e n t s  w e r e  r e a d  a t  
a g~Lven t i m e  (e.g., 1 m i n ) ,  so Eq. [1] ho lds .  U n d e r  s u c h  
c i r c u m s t a n c e s ,  a T a f e l - l i k e  b e h a v i o r  is o b t a i n e d ,  w i t h  
a s lope  

0 ~ / 0 1 n i :  1 / n f ~ - 3 0 m V  s ince  n = 2  

e. 

Fig. 2. 

f"h 

(. 

Fig. 3. 

t'l . 

As is w e l l  k n o w n  k i n e t i c  p a r a m e t e r s  c a n n o t  b e  o b -  
t a i n e d  f r o m  d i f fus ion  da ta .  A c c o r d i n g l y ,  t h e  r a t e - d e -  
t e r m i n i n g  s t ep  a n d  t h e  w h o l e  m e c h a n i s m  cou ld  b e  d i f -  
f e r en t ,  as p r e v i o u s l y  p roposed ,  is 

A. S. Gioda, M. C. Giordano, and V. A. Macagno9 4 
W e  t h o r o u g h l y  a g r e e  w i t h  t h e  s t a t e m e n t  t h a t  k i n e t i c  
p a r a m e t e r s  c a n n o t  b e  o b t a i n e d  f r o m  d i f fus ion  da ta .  

T h e  c o m p l e t e  I - -  ~ e q u a t i o n  15 fo r  t h e  p o t e n t i a l - s t e p  
m e t h o d  c o n t a i n s  s e v e r a l  t e r m s  to a c c o u n t  fo r  b o t h  
c h a r g e  t r a n s f e r  a n d  d i f fus ion  con t ro l .  

I f  t h e r e  is no t  m a s s  t r a n s f e r  p o l a r i z a t i o n ,  I is a c o n -  
s t a n t  i n d e p e n d e n t  of t. Bes ides ,  as t h e  c o r r e c t i o n  t e r m  
for  m a s s  t r a n s f e r  p o l a r i z a t i o n  b e c o m e s  m o r e  p r o -  
n o u n c e d  w i t h  t ime ,  t h e o r e t i c a l l y  I --> 0 as t --> ~ i f  
d i f fus ion  is t h e  sole  m o d e  of  m a s s  t r a n s f e r .  

T h e  I vs. t c u r v e s  u n d e r  p o t e n t i o s t a t i c  c o n d i t i o n s  
p e r f o r m e d  b y  us  1~ fo r  t h e  r e a c t i o n  u n d e r  d i s c u s s i o n  
s h o w  a c o n s t a n t  c u r r e n t  v a l u e  w i t h i n  a f e w  seconds  
f o l l o w i n g  t h e  p o t e n t i a l  s tep  in  u n s t i r r e d  so lu t ions .  T h e  
n e c e s s a r y  t i m e  to r e a c h  a s t e a d y  s t a t e  b e c o m e s  s h o r t e r  
( less  t h a n  1 sec)  W h e n  t h e  s a m e  e x p e r i m e n t  is p e r -  

f o r m e d  a t  t h e  r o t a t i n g - d i s k  e l ec t rode ,  b u t  t h e  v a l u e  
of  t h e  s t e a d y - s t a t e  c u r r e n t  is a l m o s t  i n d e p e n d e n t  of  
t h e  e l e c t r o d e  r o t a t i o n  speed ,  w (see  a lso  t h e  r e f e r e n c e  
in  foo tno te lT) .  

Th i s  c o u l d  be  t a k e n  as  a n  i n d i c a t i o n  t h a t  t h e  r e a c -  
t i on  is no t  u n d e r  d i f fus ion  con t ro l .  M o r e o v e r ,  t h e  T a f e I  
s lope  a n d  r e a c t i o n  o r d e r s  o b t a i n e d  b y  t h e  p o t e n t i a l -  
s t ep  m e t h o d  a t  t : 0 a g r e e  w i t h  o u r  p r e v i o u s  p u b -  
l i s h e d  va lues .  

F u r t h e r m o r e ,  s o m e  e x p e r i m e n t s  p e r f o r m e d  a t  l o w  
o v e r p o t e n t i a l s  TM s h o u l d  i n d i c a t e  t h a t  " s u r f a c e "  d i f fu -  
s ion  cou ld  p l a y  a n  i m p o r t a n t  ro le  i n  t h e  o v e r - a l l  p r o c -  
ess. 

Standard Free Energy of Formation of Alumina 

D. Ghosh and D. A. IL Kay 
(pp. 1836-1845, Vol. 124, No. 12) 

H. Byker and R. A.  H o w a l d P  9 T e n  y e a r s  ago  t h e  
s u g g e s t i o n  of G h o s h  a n d  K a y  20 t h a t  t h e  a c c e p t e d  v a l u e  
for  t h e  s t a n d a r d  h e a t  of  f o r m a t i o n  of  c o r u n d u m  
(- -400.5  _ 0.3 kca l  m o l e - l )  21 was  i n  e r r o r  b y  a b o u t  
7 k c a l  m o l e  -1 w o u l d  h a v e  b e e n  w e l c o m e d ,  b e c a u s e  a t  
t h a t  t i m e  t h e r e  w a s  a s e r ious  d i s c r e p a n c y  i n  t h e  t h e r -  
m o d y n a m i c  p r o p e r t i e s  of A I ( I I I )  c o m p o u n d s  b e t w e e n  
m e a s u r e d  e n t h a l p i e s  a n d  e q u i l i b r i u m  m e a s u r e m e n t s .  
G r o u p s  a t  t h e  G e o p h y s i c a l  L a b o r a t o r y  22 a n d  t he  
B u r e a u  of M i n e s  23 h a d  e x t e n s i v e  m e a s u r e m e n t s  on  
h e a t s  of  s o l u t i o n  i n  H F  a n d  N a O H  s o l u t i o n s  w h i c h  
p r o v i d e d  good  r e l a t i v e  e n t h a l p i e s  f o r  m o s t  A I ( I I I )  
c o m p o u n d s ,  b u t  c o r u n d u m  is n o t  s o l u b l e  to a n  a p p r e c i -  
ab l e  e x t e n t  a t  a n  a p p r e c i a b l e  r a t e  in  e i t h e r  of  t h e s e  
so lven t s .  H o w e v e r ,  w i t h  t h e  i n t r o d u c t i o n  of  h i g h  t e m -  
p e r a t u r e  o x i d e  c a l o r i m e t r y  b y  K l e p p a  e t  al. 24 t h e r e  a r e  
good v a l u e s  for  t h e  e n t h a l p i e s  r e l a t i v e  to c o r u n d u m .  
Also  in  t he  m e a n t i m e  i t  h a s  b e e n  c l e a r l y  e s t a b l i s h e d  
t h a t  t h e r e  h a d  b e e n  e r r o r s  i n  t h e  h e a t  of f o r m a t i o n  of  
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secondary standards l ike gamma alumina, 24 gibbsite, 25 
and a luminum chloride. 26 With new values for these 
enthalpies the discrepancies be tween enthalpy and 
equi l ibr ium measurements  have  disappeared. If the 
enthalpy of corundum is to be adjusted now, the en- 
thalpies of all AI ( I I I )  compounds will  have to be 
shifted by an equivalent  amount.  The suggestion of 
Ghosh and Kay 20 does not conflict s imply with  oxygen 
bomb calor imetry  of aluminum, 27~I but  also with care-  
ful determinat ion of the heats of format ion of A1Fs, 21,~2 
A1 (OH) 3, 25 and A1C13. 21~6 

Even if one were  comparing only the emf measure-  
ments with oxygen bomb ca lor imetry  27-31 the direction 
of the discrepancy suggests an er ror  in the emf work. 
The most l ikely substantial  errors in bomb ca lor imetry  
are incomplete  combustion and unstable products, both 
of which lead to a less negat ive heat  of formation. This 
kind of er ror  easily accounts for the low values cited 
by Ghosh and Kay f rom the l i te ra ture  before 1940. In 
potent iometr ic  work  most errors will  give a potential  
lower  than the thermodynamic  equi l ibr ium value, and 
Ghosh and Kay  have done very  well  to come within 
50 mV of the calculated potent ial  in this system. We 
suspect that  the problem lies in the electronic conduc- 
tance of solid A1203, which means that  one is measur -  
ing in par t  oxygen or a luminum activities on both sides 
of an A12Oa tube, or a l te rna t ive ly  that  a steady current  
is flowing through the A1203 in an a t tempt  to bring 
the activit ies of A1 and 02 to equal i ty  on opposite sides 
of the tube. 

We had hoped that  data on the vaporizat ion equi-  
l ibria of corundum would settle the question decisively. 
The vaporizat ion studies Drowar t  et  al., 33 and Rao and 
Motzfeldt 84 are in excel lent  agreement  wi th  the cur-  
rent  J A N A F  21 values for A1208 and A120(g),  however  
the uncertaint ies  are such that  a heat  of format ion for 
A1208 of --393 kcal mole -1 is not quite excluded. Simi-  
lar ly Farber  et al .~  repor t  a heat  of formation f rom 
vaporizat ion to A1 of --399 _ 10 in bet ter  agreement  
with the J A N A F  value but including --393 kcal m o l e - L  

The difficulties wi th  Knudsen cell mater ia ls  at these 
tempera tures  are so serious that  the best data are ap- 
parent ly  those for free evaporat ion f rom a l iquid sur-  
face "36 at the melt ing point. Burns ~7 values for the pres-  
sures of A1 and O over  the l iquid at the mel t ing  point 
give PA,Po ~.~ = 2.00 • 10 -~5 atm 5~2, which can be 
compared to calculated equi l ibr ium constants at the 
latest J A N A F  mel t ing point~7 (2327~K) of 1.531 • 10 - ~  
and 3.350 • 10 -~5 atm ~/2 for H~ : --400.5 and 
--393.0 kcal mole-~,  respectively.  If the l iquid is ac- 
tually 5 ~ or 10 ~ above the mel t ing point due to its 
higher  emissivi ty  (and higher  absorpt ivi ty) ,  as sug- 
gested by the work  of Paule, ~s the comparison wil l  
favor H~ (A1203, C, corundum) : --400.5 kcal  
mole -1 even  more. 

D. G h o s h  a n d  D. A. R. Kay:  89 The contr ibution of 
Byker  and Howald, which discusses our paper  on the 
electrochemical  determinat ion of the high t empera tu re  
standard free energy of formation of corundum in re-  
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lation to mineralogical  studies in aluminosil icate sys- 
tems and mass spectrometr ic  studies in the A1-O sys- 
tem, is most welcome. 

In under taking the high t empera tu re  e lect rochemi-  
cal work  it was hoped that  a value  of AG~ 
which was consistent wi th  related data in the l i tera-  
ture, would be established unequivocal ly.  Clearly, this 
is not the case. 

The  conflict be tween the values of AH~ (~-A1203) 
as de termined by oxygen bomb calor imetry  and those 
der ived f rom high tempera ture  e lectrochemical  m e a -  
surements  is wel l  defined and there  can be no argu-  
ment  wi th  the comments  of Byker  and Howald on the 
direct ion of expected errors  in both techniques. How-  
ever,  the authors have  had difficulty in establishing 
incontrover t ib le  evidence in support  of ei ther value, 
i.e,, a AH~ (~-A1203) of --400,5 or  --392.6 kcal /mole ,  
f rom related work  in the l i terature.  

As implied in the discussion, the accuracy of studies 
in the A1-O system using Knudsen cell techniques is 
such that  they could be consistent wi th  e i ther  value, 
even when an a lumina effusion cell is used. 40 The re-  
sults of the surface evaporat ion studies of Burns ~1 
again cannot distinguish unambiguously  be tween the 
two values when the effect of inaccuracies in the par -  
tial pressures are considered. An a luminum part ial  
pressure of 1.25 • 0.25 • 10 -6 atm at 2318~ for ex-  
ample, is quoted in this work. 

The rat ional izat ion of a discrepancy be tween  the 
thermodynamic  propert ies  of AI ( I I I )  compounds de-  
r ived f rom thermochemical  measurements  and those 
der ived f rom reversed hydro the rmal  equi l ibr ium 
studies is much more  complex. The suggestion of 
Zen, r who used the results of the high t empera tu re  
oxide ca lor imetry  of Holm and Kleppa 44 in his cal-  
culations, was that  an e r ror  of about 7 kca l /mole  in 
the present ly  accepted value of AH~ (a-A12Oz) would 
el iminate  the discrepancy, a suggestion consistent wi th  
the results of the electrochemical  work. However ,  in 
1974, Thompson 45 did recalculate  the s tandard en-  
thalpies of the aluminous minerals  on the basis of a re -  
ported revised value for the standard enthalpy of for-  
mat ion of gibbsite. These recalculations resul ted in a 
set of s tandard enthalpy and f ree -energy  values for the 
aluminous minerals  which were  consistent wi th  AH~ 
(a-A1203) : --400.5 kcal /mole .  Regressed Gibbs en-  
ergy difference functions der ived  f rom reversed ex-  
per imenta l  equi l ibr ium data were  also used to genera te  
a set of f r ee -energy  data for the aluminous minerals  
with a forced consistency with  AH~ (a-A1203) = 
--400.5 kcal /mole .  

The key question to be asked is whe the r  the data 
used direct ly  and indirect ly  by Thompson is his re-  
calculations are now of sufficient accuracy to preclude 
a value of ~H~ (a-A1203) of --392.6 kcal /mole ,  bear -  
ing in mind the double-edged consideration that  the 
m a x i m u m  error  quoted in all the work  involving the 
determinat ion of AH~ (~-A1203) by oxygen bomb 
calor imetry  is only • 0.5 kcal /mole .  If the answer  is 
affirmative, then clearly there  is a systematic er ror  in 
the electrochemical  work  and the cells cannot be used 
to determine  a lumina activities in metal lurgical  slags, 
which was the original  intention. If the answer is nega-  
tive, then the problem has yet  to be resolved. 

Standard Free Energy of Formation of Alumina 
D. Ghosh and D. A. R. Kay 

(pp. 1836-1845, Vol. 124, No. 12) 
O. F. Devereux:  46 This paper  is an excel lent  example  

of the application of electrochemical  techniques to high 

4o M. Farber, R. D. Srivastava, and O. M. Uy, J. Chem. Soe., Fara- 
day Trans., 68, 249 (1972). 

�9 1R. P. Burns, J. Chem. Phys., 44, 3307 (1966). 
~ E-anZen, Am. Mineral., 54, 1592 (1969). 

E-anZen, ibid., 57, 524 (1972). 
~ J. L. Holm and O. J. Kleppa, Am. Mineral, 51, 1608 (1966). 
45 A. B. Thompson, Contrib. Mineral Petrol., 48, 123 (1974). 
�9 o Department of Metallurgy and Institute of Materials Science, 

University of Connecticut, Storrs, Connecticut 06268. 
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t empe ra tu r e  thermochemis t ry .  The significance of the  
conclusions notwi ths tanding,  the c la r i ty  of p resen ta -  
t ion makes  this a commendable  s tudy paper  for re -  
search students.  I t  is remiss,  however ,  in two aspects. 

Firs t ,  the authors  do not  indicate  that  they  de te r -  
mined the crys ta l  s t ruc ture  of the A1203 par t ic ipa t ing  
in the  cell reaction. Kubaschewsk i  et al. 47 discuss this 
point  in deta i l  wi th  re fe rence  to bomb calor imetry ,  
cit ing the  w o r k  of Schneider  4s as an  example  in which 
the  react ion product ,  thought  to be a-A1203, was in 
fact  5-A1203. The  "Fisher  Scientific, Certified" s tatus 
of the  authors '  a lumina  documents  only its pu r i ty  and 
not i ts c rys ta l  s t ructure.  Clearly,  the conclusions 
reached in this s tudy  would  be s t reng thened  if the  
authors  es tabl ished that  the  a lumina  used was, indeed,  
~-Al~O3. 

Second, the authors '  Fig. 1, pu rpo r t ed ly  a b ina ry  
phase diagram,  contains a t he rmodynamica l ly  impos-  
sible th ree -phase  region. This point  is clarif ied by  
Mitchel  and Burel ,  49 who note tha t  "CaF2" is ac tua l ly  
CaF~ + 1.5-2.0 w /o  CaO. F igure  1 is, thus, a ver t ica l  
section th rough  a t e r n a r y  phase diagram, a nont r iv ia l  
dis t inct ion wor thy  of passing ment ion  in the  paper .  
Also on this point,  i t  is pe r t inen t  to note tha t  Mitchel l  
and Burel  a t t r ibu ted  the  difference be tween  publ i shed  
b ina ry  phase  d iagrams for  the  (i.e., "CaF2"-A120~) sys-  
tem to var ia t ions  in the A12Os-CaO. (A1203) 6 rat io,  i.e., 
to posi t ion along the CaO axis of the t e rna ry  diagram. 

4~ o. Kubaschewski, E. L. Evans, and C. B. Alcock, "Metallurgical 
Thermo-Chemistry," 4th ed., Pergamon Press, Oxford (1967). 

~s A. Schneider and G. Gattow, Z. Anorg. Allege~n. Chem., 277, 
41 (1954). 

~9 A. Mitchell and B. Burel, J. Iron Steel Inst., London, 208, 407 
(1970). 

D. G h o s h  a n d  D. A. R. Kay :  50 We would  l ike to thank  
Professor  Devereux  for his in teres t  and comments  on 
our recent  paper .  

Wi th  regard  to his first point,  the  room t empera tu r e  
c rys ta l lographic  form of the  a lumina  s ta r t ing  ma te r i a l  
is thought  to be r e l a t ive ly  un impor t an t  in  v iew of the 
presence of a-AltOs ref rac tor ies  in the  high t e m p e r a -  
ture  slag system. However ,  rout ine  x - r a y  powder  di f -  
f ract ion analysis  of "F isher  Scientific, Certified" a lu-  
mina  produced  a pa t t e rn  which matched  that  of ASTM 
No. 10-173 for  ~-A1203. 

The second point  regard ing  the "CaF2"-A1203 phase  
diagram,  is impor tan t  in its own r ight  and  the fact  
that  it  is indeed a sect ion of the  CaF2-CaO-A1203 
t e rna ry  d iagram was not emphasized in our  paper .  
X - r a y  powder  diffraction analysis  of the "CaF2"-AI20~ 
e lec t ro ly te  used in our  exper iments  confirmed the pres -  
ence of ~-A1203, CaF2, and CaO.(A1203)6 as de te r -  
mined or ig ina l ly  by  Mitchell  and Burel.  As indica ted  
by  these authors,  the high t empe ra tu r e  react ions 

(CaF2) --}- H20(g) --~ 2HF(g) -t- (CaO) [1] 
and 

3 (CaF2) + (A1203) ---- 2A1Fs(g) + 3 (CaO) [2] 

can lead to inde te rmina te  quant i t ies  of CaO in h igh  
t empe ra tu r e  "CaF2"-A1203 slag systems. Whe the r  or  
not the  differences be tween  publ i shed  phase d iagrams  
of the "CaF2"-A1208 sys tem can be a t t r ibu ted  to the  
presence of vary ing  amounts  of CaO, must  r ema in  a 
ma t t e r  for  conjecture.  

~o Department of Metallurgy and Materials Science, McMaster 
University, Hamilton, Ontario, Canada LSS 4L7. 
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Thermal Oxidation of Phosphorus-Doped 
Polycrystalline Silicon in Wet Oxygen 

Hideo Sunami 
Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

Oxidation characteristics of heavily phosphorus-doped polycrystal l ine sili- 
con films and single crystal silicon substrates are investigated in a wet oxygen 
ambient  over the temperature  range 700~176 based on the l inear-parabol ic  
rate law. Polysilicon, undoped or uni formly  doped wi th  phosphorus of 
1.1 X 1019-2.2 X 102i cm-~ by diffusion d r ive - in  or ion implantat ion,  is 
studied in comparison with l ightly doped or heavily doped (100), (110), and 
(111) faces of silicon substrates. Phosphorus concentrations greater  than 
1 • 102o cm -8 cause a significant increase in oxidation rates. Above 1 X 1021 
cm -3, however, oxidation rates tend to become saturated. A very rapid oxi- 
dation in the init ial  stage of oxidation is observed. This ini t ial  oxide does not 
fit the l inear-parabol ic  rate law. The resistivity of the phosphorus-doped 
polysilicon is minimized at 5 X 10-4 ~ -cm for a phosphorus concentrat ion 
of around 6 X 1020 cm -g. The ini t ial  resistivity remains  almost constant after 
reduction of the polysilicon thickness by oxidation. In  addition, no evidence 
of enhanced oxidation along the grain boundar ies  is observed. 

The thermal  oxidation kinetics of silicon have 
been extensively investigated over the past twenty  
years. One result  was the introduct ion of the l inear-  
parabolic rate law (1) which successfully characterizes 
experimental  results. The activation energies for the 
rate constants derived from the l inear-parabol ic  model 
are found in  the l i terature  to vary  between 0.4 and 
2.3 eV (2). Discrepancies in  act ivation energies have 
been validly at t r ibuted to the fact that  thermal  oxida- 
t ion of silicon is highly influenced by sodium contami- 
nat ion (2) and/or  water  traces in the ambient  (3, 4). 
In  addition, thermal  oxidation of silicon is also influ- 
enced by silicon dopant concentrations greater than 
1 X 1020 cm -~ (5, 6). The dopant concentrat ion de- 
pendence of rate constants was previously reported for 
dry oxidation (7). Al though concentrat ion dependent  
oxidation (CDO) is most pronounced in  wet oxygen 
(5), the kinetics of CDO have not been thoroughly 
analyzed yet. 

The use of polysilicon films has become increasingly 
important ,  since silicon gate technology is present ly 
used for many  MOS integrated circuits. Consequently 
several studies were reported on the thermal  oxida- 
tion of polysilicon films par t icular ly  for the crystal l in-  
ity effect (8) and some CDO effects (9). Recently, sili- 
con dioxide films grown on polysilicon gates have been 
employed as in termediate  insulators for double or 
higher level polysilicon devices for large scale charge 
coupled devices (10) and random access memories 
(11). The qual i ty of the oxide grown on the polysilicon 
gates is expected to effect the rel iabi l i ty  of these de- 
vices. 

This work characterizes the thermal  oxidation of 
polysilicon films in  comparison with various silicon 
substrate faces with emphasis on heavy doping effects. 
Undoped polysilicon samples, phosphorus-diffused, and 
phosphorus- implanted films and single crystal silicon 
samples of both l ightly doped crystals and phosphorus- 
diffused surfaces were examined. This work also dis- 
cusses the resist ivity of phosphorus-doped polysilicon 

Key words: ion implantation, diffusion drive-in, resistivity, 
grain. 

films and the grain boundary  effect on thermal  oxida- 
tion of polysilicon films deposited on oxidized silicon 
substrates. Oxidation processes were carried out in  wet 
oxygen (90~ H20) in the 700~176 range, and CDO 
was accomplished pr imar i ly  at 750~ 

Experimental 
In  this study, polysilicon films were deposited on 

thermal ly  oxidized silicon substrates by the thermal  
decomposition of silane at 625~ in the thickness range 
350-500 nm. Grain  size of as-deposited films was mea-  
sured to be around 50 nm by t ransmission electron 
microscopy. Phosphorus doping was carried out by the 
conventional  predeposition technique at 1000~ using 
POC13 source or ion implanta t ion  at 50 keV with doses 
of 1 X 10i~-1 X 10 i7 cm -2. Subsequent  anneal ing  was 
realized in  a dry oxygen ambient  at 1000~ for 20 min  
in order to provide a uni form concentrat ion across the 
film and to clean the surface for the implanted sam- 
ples. Thin oxides formed on the film by the anneal ing 
in  oxygen were removed with an HF aqueous solution 
prior to CDO. The anneal ing also gave rise to grain  
growth of the film, of which sizes were measured to 
be 80 and around 1000 nm for phosphorus concentra-  
tions of 1.1 X 102o and 1.1 X 1021 em -3, respectively. 
F i lm resistivity was measured by four-point  probe 
measurement  after removal of the oxide. 

Silicon substrates having (100), (110), and (111) 
faces were used in ~he form of circular slices, 76 mm in 
diameter, cut from Czochralski crystals, and mir ror  
polished to 400 ~m. Impur i ty  concentrat ions of these 
substrates were 1 X 1015 cm -~ (boron),  1 X 10 i5 cm -8 
(boron),  and 3 X 10 i4 cm -~ (phosphorus),  respec- 
tively. Phosphorus-doped surfaces on (100) substrates 
were obtained by the same predeposition ment ioned 
above. Sheet resistivity and junct ion  depth of the 
phosphorus-doped layer were 8.5 ~/[~ and about 1 #m, 
respectively. The carrier concentrat ion of the surface 
was found to be 7 X 102o cm -3 by incrementa l  removal 
of the surface and subsequent  four-point  probe mea-  
surement.  

8 9 2  



V o I .  I 2 5 ,  N o .  6 THERM A L O X I D A T I O N  OF P - D O P E D  Si 

A three-zone, resis tance-heated furnace with a high 
pur i ty  a lumina  l iner  was used for this study. The oxi- 
dation chamber was a single wall, fused silica tube. 
The tube was thoroughly degreased and bathed in  
aqua regia and then bathed in  a mix ture  of I-IF and 
H20 and thoroughly rinsed in  deionized water. Oxygen 
flow rate was 3 l i t e r s /min  for this 11 cm ID tube. The 
resul t ing par t ia l  pressure of water  vapor in  oxygen 
was estimated to be 470 mm Hg. This value was ob- 
tained from the volume consumption of water  supplied 
from a reservoir  which kept the surface level of water  
in  the bubble r  constant. As vapor pressure is 524 mm 
Hg under  equi l ibr ium conditions at 90~ the oxygen 
was almost completely saturated with water  vapor in  
this experiment.  Oxidation tempera ture  was controlled 
to • 1~ over the range of 700~176 Cleaning pro-  
cedures prior to CDO included rinses both in  an or- 
ganic solvent  and aqua regia, and light etching of the 
surface layer, par t icular ly  for single crystal silicon 
with the exception of phosphorus-diffused surfaces. 

Oxide thicknesses were determined using an el- 
l ipsometer for oxides on single crystal silicon or a 
Talystep meter  for those on polysilicon films. Taly-  
step measurements  were calibrated by the ell ipsometer 
for oxides on single crystal silicon, and both methods 
coincided to wi th in  5%. 

Results 
Exper imenta l  oxidation data were taken to i l lustrate  

the following points: 
1. The effect of phosphorus doping from 10 TM to above 

1021 cm -3 and rate constants and activation energies 
were calculated therefrom. 

2. A comparison of the power law exponent  (12), n, 
from the equation 

x ~--- kt  

showing different behavior  for an  ini t ia l  oxidation 
regime as compared wi th  thicker oxides. 

3. A comparison of polysilicon data with data taken 
on l ightly doped single crystal silicon with (100), 
(110), and (111) faces. 

4. The effect of oxidation on a resist ivity change and 
a grain growth for the films. 

Plots of the logari thm of oxide thickness vs .  that  of 
phosphorus chemical concentrat ion for various oxida- 
t ion times in  the case of oxidation in  wet oxygen (90~ 
H20) at 750~ are shown in  Fig. 1. Oxidation rates 
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Fig. 1. Oxidation of heavily doped polysilicon films with phos- 
phorus in wet oxygen (90~ H20). Palysilicon films were deposited 
on oxidized silicon substrates, 450-500 nm in thickness and doped 
through ion implantation. Annealing at 1000~ in dry oxygen was 
performed prior to oxidation. 
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increased sharply for concentrat ions greater than  1 • 
1030 cm -~. Almost the same concentrat ion dependence 
was observed at both 700 ~ and 800~ except absolute 
values of oxidation rates. These data in  the form of 
the logari thm of oxide thickness v s .  the logari thm of 
oxidation t ime at various concentrat ions are plotted 
in  Fig. 2. Values indicated at the end of the curves 
correspond to the exponent  n in  the empirical  power 
law dependence, x ~ : -  k t ,  where x, k, and t are oxide 
thickness, rate constant, and oxidation time, respec- 
t ively (12). Normally,  n ranges from 1 for th inne r  
oxides to 2 for thicker oxides. However, n exceeds 2 
for two curves of 1.1 X 1021 and 2.2 X 10 ~z cm -3. 
Their  values of n are around 2.4. This anomalous phe-  
nomenon can be explained by the assumption that  
very rapid oxidation occurs at an early stage of oxi- 
dation resul t ing in an ini t ia l  oxide which seems to 
exist analyt ical ly  prior to CDO. This is discussed in 
detail in the next  section. 

Oxidation characteristics of heavily doped and non-  
doped polysilicon films are plotted in Fig. 3 for 700 ~ 
750 ~ 800 ~ and 850~ Phosphorus doping was accom- 
plished by the conventional  predeposition technique at 
1000~ for 20 min. The resul t ing phosphorus concen- 
t rat ion was indirect ly estimated to be 3 X 102~ cm -8 by 
fitting the oxide thickness values in  Fig. 3 to the plots 
in  Fig. 1 for 750~ oxidation. 

Similarly,  the oxidation of heavily phosphorus-doped 
(100) surfaces and l ightly doped substrates are shown 
in Fig. 4 for the same temperatures  as in  Fig. 3. Phos- 
phorus doping of substrates was performed under  the 
same conditions as described above. However, the 
phosphorus concentrat ion was found to be 7 X 102~ 
cm -3 by  incrementa l  removal  and four-point  probe 
measurement  in  reference to I rvin 's  results (13). This 
difference between 3 • 10 z0 cm -8 for polysilicon and 
7 X 1020 cm -~ for (100) silicon even with a s imul tane-  
ous predeposition has not been explained yet. 
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Fig. 2. Oxidation of heavily doped polysilicon films with phos- 
phorus in wet oxygen (90~ H20). The plots employ the same data 
as shown in Fig. 1. Values indicated at the limit of each curve 
correspond to the exponent n in the power law dependence, x" 
kt. 
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Fig. 3. Oxidation of phosphorus-doped and nondoped polysilicon 
films in wet oxygen (90~ H20): I ,  phosphorus doped (3 X 102o 
cm-S); O ,  nondoped. 
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Fig. 4. Oxidation of phosphorus-doped (100) surfaces and lightly 
doped (100) substrates in wet oxygen (90~ H20): O, phosphorus 
doped (7 X 102 o cm-3);  O ,  uniformly boron doped (1 X 1015 
cm-S). 

Wet oxidation of nondoped polysilicon in  comparison 
with (100), (110), and (111) faces of single silicon sub-  
strafes is shown in  Fig. 5 for 700 ~ and 750~ It is 
seen that at both temperatures  the polysilicon rate w a s  

between (110) and (111). 
The resistivities obtained for phosphorus-doped 

polysilicon films are shown as a function of chemical 
concentrat ion in Fig. 6. Resistivity was evaluated from 
the product of oxide thickness and sheet resistivity 
using four-point  probe measurement.  The existence of 
a resist ivity m i n i m u m  of 5 X 10 -4 12-cm is clearly dis- 
t inguished for a concentrat ion of around 6 X 102~ cm -s.  
As have been ment ioned in  the Exper imental  section, 
grain sizes of the films were found to be 80 and around 
1000 nm for the concentrations of 1.1 X 102~ and 1.1 X 
1021 cm-~, respectively (14). 

Resistivity changes in  polysilicon films doped with 
phosphorus (3 X 10 ~~ cm -3) associated with wet oxi- 
dation are shown in Fig. 7. The abscissa denotes re-  
sidual polysilicon thickness after oxidation. Solid sym- 
bols designate the init ial  values of resistivity and 
thickness. The resistivity of as-oxidized films increased 
to a great extent  for 700~ because most phosphorus 
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Fig. $. Crystal orientation and crystallinity dependences of oxida- 
tion in wet oxygen (90~ H20) at 700 ~ and 750~ Impurity con- 
centrations of (100), (110), and (111) faces are 1 X 1015 (boron), 
I X 1015 (boron), and 3 X 1014 cm -8  (phosphorus), respectively. 
The polysilicon films are not intentionally doped. 

I 0 -I 

5 

10 -2 

> -  

m 

10 -3 

LU 
r~ 

10 -4 
10 

AFTER DRY OXIDATION 
e 

POLY-S i THICKNESS 
~. 380 nm 
O 450 n m 
m 500 n m 

, , / , , , , I  , , . I . . . .  n 
5 1020 3 s 10 21 

PHOSPHORUS CHEMICAL 
CONCENTRATION ( cm -3 ) 

Fig. 6. Resistivity of phosphorus-implanted polysilicon films, 380- 
500 nm thick, deposited on oxidized silicon substrates. The films 
were annealed in dry oxygen at 1000~ for 20 min prior to resis- 
tivity measurements. 
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Fig. 7. Resistivity changes of polysilicon films doped with phos- 
phorus (3 X 102o cm -8)  associated with the wet oxidation (90~ 
H~O). Solid symbols denote the initial conditions of polysilicon 
doped with phosphorus prior to the oxidation. Annealing at 1000~ 
for 5 min in nitrogen was added prior to resistivity measurement 
only in the case of 700~ 

atoms become segregated and electrically inactive. 
Therefore, anneal ing of 1000~ for 5 min  in ni t rogen 
ambient  was introduced prior to resistivity measure-  
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men t  in o rde r  to make  the atoms e lec t r ica l ly  active, 
only in the  case of 700~ 

Table I. Initial oxide thicknesses, xi evaluated from Yeh's (15) 
experiments and obtained in this work 

Discussion 
The effect of heavy doping on the initia~ oxide ki- 

netics.--The l inea r  ra te  constant  B/A  and the  p a r a -  
bolic ra te  constant  B were  eva lua ted  based  on the gen-  
era l  re la t ionship  for the rmal  ox ida t ion  of sil icon (1).  
First ,  oxide  thickness x was p lo t ted  vs. the  va lue  of 
oxida t ion  t ime t d iv ided  by  x. Then, the  plots  y ie lded  
a s t ra ight  l ine wi th  an in te rcept  equal  to - -A,  and  
slope equal  to B by  the leas t  squares fi t t ing technique.  
Two lines cor responding  to phosphorus  concentrat ions 
of 1.1 • 10 ~ and 2.2 X l0 ~1 cm -3 y ie lded  negat ive  
values  of A con t ra ry  to the observat ions  by  Deal  and  
Grove  for  wet  oxida t ion  (1). This resul t  suggests the  
genera t ion  of an " ini t ia l  oxide" which does not obey 
l inea r -pa rabo l i c  kinet ics  for some cases of the rmal  
oxida t ion  wi th  heav i ly  doped silicon even for  wet  
oxidat ion.  The exis tence of an in i t ia l  oxide gives rise 
to not  only  the  negat ive  values  of A bu t  also values  of 
n g rea te r  than  2 prev ious ly  ment ioned.  

To eva lua te  ini t ia l  oxide thickness  xj, a plot  of x ~ vs. 
t is made  and shown in Fig. 8. The l ines cor respond-  
ing to phosphorus  concentrat ions of 1.1 X 10 ~1 and 
2.2 X 1021 cm -3 show an  almost  t rue  l inear  slope and 
y ie lded  xi 2 at  t ---- 0 and ini t ia l  oxida t ion  t ime ti at 
x 2 = 0. This ini t ia l  oxida t ion  regime was shown in 
Yeh~s expe r imen ta l  da t a  in the  case of s team ox ida-  
t ion of phosphorus -doped  (111) subs t ra tes  (15). How-  
ever,  Deal  and Sk la r  (5) concluded tha t  this  cor re-  
spondence was a t t r ibu ted  not to the  concept of in i t ia l  
oxide but  to an in i t ia l  porous oxide  presen t  on the 
phosphorus-di f fused surface. Values  of xi obta ined are  
shown in Table  I for the present  work  in comparison 
to Yeh's exper iments .  

The l inear  ra te  constant  B/A and the  parabol ic  ra te  
constant  B were  eva lua ted  for wet  oxida t ion  of phos-  
phorus -doped  polysi l icon films at 750~ These ra te  
constants are shown in Fig. 8 considering ini t ia l  ox ida-  
t ion regime for phosphorus  concentrat ions  of 1.1 X 1021 
and 2.2 X 1021 cm -3. Wi th  increas ing phosphorus  con- 
centra t ions  grea te r  than  1 X 1020 cm -3, B/A increases 
sharply.  Besides, B increases  only b y  a factor  of 10 and 
then  becomes saturated.  

CDO can be d iv ided  into two regimes.  One regime is 
der ived  from the enhancement  of diffusion of oxidizing 
species due to phosphorus  atoms incorpora ted  in the  
oxide. The o ther  is der ived  f rom the enhancement  of 
surface react ions due to the  ca ta ly t ic  behavior  of phos-  
phorus atoms. The  resul ts  obta ined  shown in Fig. 9 in-  
d ica te  tha t  the  ca ta ly t ic  reac t ion  becomes re l a t ive ly  
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Fig. 8. Evaluation of initial oxide thickness xi for thermal oxi- 
dation of phosphorus-doped polysilicon in wet oxygen (90~ H20) 
at 75ffC.  The lines for concentrations of 1.1 X 1021 and 2.2 • 
1021 cm - 3  show almost true linear slopes and yield values of xi 2 
at t = 0 and values of t i a t x  2 = O. 

Oxida- Phos- 
Oxida- tion phorus 

t ion temper- concerto 
ambi-  a t u r e  Sub- t r a t ion  tt  xl 

Reference  en t  (~ s t r a t e  (om -~) (min )  (rim) 

Yeh (16) I~O 970 (111) 2.0 x 10 n 7" 162" 
This work O~-H~O 750 PoIy- 2.2 x 10 ~ 32 156 

silicon 1.1 • 10 ~ 23 123 

* Calculated f rom Yeh's  (15) values of oxide  th icknesses  as a 
funct ion of oxidat ion time. 

dominant  compared  to the sa tu ra t ed  parabol ic  ra te  
constant  especial ly  in the  region of h igher  phosphorus  
concentrations.  

I t  is specula ted  tha t  ve ry  rap id  oxidat ion,  giving 
rise to an  ini t ia l  oxide, m a y  or ig inate  f rom the fo rma-  
t ion of P205 glass due to acce lera ted  ou tward  diffusion 
of phosphorus  a toms in the  ve ry  ea r ly  s tages of oxi-  
dation. Fur the rmore ,  an excess of phosphorus  atoms 
implan ted  into polys i l icon films g rea te r  than  the solid 
solubi l i ty  may  take  par t  in the  P205 formation.  P r e -  
l imina ry  ion-probe  microanalys is  showed tha t  the 
highest  phosphorus  concentra t ion was located at  the 
surface of the  oxide exposed to the  oxida t ion  am-  
bient  and  thus m a y  suppor t  the  above  speculations. 
The " ini t ia l  oxide," which forms dur ing  d r y  oxidat ion,  
has s imi lar  character is t ics  to in i t ia l  oxide  found in the  
presen t  study,  a l though they  are  de r ived  f rom different  
mechanisms.  

El~ects o] impurity redistribution and crystallinity.-- 
It  is wel l  known tha t  phosphorus  atoms pi le  up at  
the  silicon surface dur ing  the rmal  oxidation,  resu l t ing  
in h igher  surface concentrat ions.  This "p i le -up"  is 
most pronounced in wet  oxygen  a n d / o r  at  lower  oxi -  
dat ion t empera tu res  (15, 16). In  wet  oxidat ion  of single 
crysta l  sil icon at  750~ the ra t io  of the  phosphorus  
concentra t ion in si l icon near  the  oxide-s i l icon interface  
to the bu lk  concentra t ion (Cs/CB) is es t imated  to be 
grea te r  than  10 assuming that  the  segregat ion coeffi- 
cient  and the  diffusivi ty of phosphorus  st i l l  hold. In  
addit ion,  diffusivi ty increases  s ignif icant ly at  h igher  
concentrat ions and especial ly  in polysi l icon (17). 
Since the  diffusivi ty of phosphorus  in  polysi l icon is 
severa l  t imes grea ter  than  tha t  in s ingle c rys ta l  silicon, 
the value  of Cs/CB for polysi l icon is expected  to be 
far  less than  that  for single c rys ta l  silicon. The re -  
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Fig. 9. Phosphorus concentration dependences of the linear 
rate constant B/A and the parabolic rate constant B for wet oxida- 
tion (90~ H20) of polysilican films at 750~ 
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sistivity changes obtained for phosphorus-doped poly- 
silicon associated with the wet oxidation were very 
small as shown in Fig. 7. This was not expected from - I0 -~ 

the value of Cs/CB for single crystal silicon. Resistivity '~ 
should decrease significantly following thickness re-  E o 
duction if the pi le-up occurs for polysilicon similar to 
the predicted redis tr ibut ion for single crystal silicon. 
Consequently the impur i ty  redis t r ibut ion in  phos- m 
phorus-doped polysilicon associated with the wet oxi- 10-8 
dation may be relat ively negligible compared to single 
crystal silicon. 

Rate constants evaluated for different faces of single 
crystal silicon and polysilicon are shown in  Table II for z o 
750~ wet oxidation. The l inear  rate constant in -  o 
creases in  the order (100), (111), polysilicon, and 10-9 
(110). The l inear  rate constant values obtained, shown aJ 
in Table lI, agree qual i ta t ively with the relative order ~ ! 
of the surface density of silicon bonds which are 
available to the water  molecules (18,19). Crystal ~" 
orientat ion of the major i ty  of grains in  polysilicon 
films is highly affected by the film deposition technique ..% 10_ m 
(20). From transmission electron microscopy, the 0.g 
orientations of the major i ty  of the grains were found 
to be <111> and <110>.  This fact is consistent with 
the order of the rate constants for polysilicon and 
(111) and (110) faces of single crystal silicon. 

The thermal  oxidation of polysilicon in wet oxygen 
is similar to that of single crystal silicon considering 
that the resistivity changes of phosphorus-doped poly-  
silicon and the crystal or ientat ion effect on oxidation. 
In  addition, nei ther  penetra t ion of oxide along grain 
boundaries nor  grain  growth were found associated 
with the wet oxidation with scanning electron micro- 
scope observations for cleaved surfaces of the film. -- 10 -12 

Oxide quality in this work.~Temperature  depen-  
dence of the l inear  and the parabolic ra te  constants u 
evaluated from the data plotted in  Fig. 3 and 4 are 
shown in ~ig. 10 and 11, respectively, over the tern- m 
perature  range from 700 ~ to 850~ Wet oxidation . 10_13 
characteristics using a water bubbler  in  this work are 
compared with previous works (1, 2), par t icular ly  for 
a contaminat ion effect. Concerning the contaminat ion 
effect, Revesz and Evans (2) concluded that  Na atoms 
increased the parabolic and l inear  preexponent ial  fac- o 
tors and activation energies in the tempera ture  range aJ 

,- 10 -14 of 920~176 (2, 21). The Ea of the parabolic rate ,~ 
constant B was observed to be 2.30 eV for l ightly doped ~" 
(100) silicon. This value is quite close to 2.29 eV for 
Na contaminated (111) silicon obtained in  Ref. (2). -J 
Moreover, the Ea of the l inear  rate constant B/A  for 
l ightly doped (100) silicon was evaluated to be 1.52 ~, ~t 

eV, slightly less than the reported values of 1.92 eV ~ 10 -is 
(1) and 1.91 eV (2). Phosphorus atoms play the ira- 0.8 
portant  role of Na-getters  and presumably  reduce the 
effect of Na on enhanced diffusion of oxidizing species, 
thus result ing in slower oxidation rates. In  this sense 
it appears consistent that  the Ea of B/A  increases from 
1.52 to 1.86 e v  and Ea of B decreases from 2.30 to 1.03 
eV due to phosphorus doping of 7 X 102o cm -a. From 
the above discussion, it is probable that these oxides in  
this s tudy may be contaminated with Na to some 
extent. However, BT stress measurements  gave mobile 
ion (almost Na) densities in the oxides of around 
1 X 101I cm -2 (101~ cm -8 for 100 nm thick oxide). 
This value obtained is far smaller  than that of 1020 

Table II. Rate constants obtained for (110), polysilicon, (111), and 
(100) with 750~C wet oxidation 

B / A  B / A  va lue  B 
( 10 -zo r e l a t ive  10-~ 

F a c e  c m / s e c )  to  (110) c m : / s e c )  

(110) 8.28 1.00 14.2 
Po lys i l i con  6.70 0.81 8.58 
(111) 6.32 0.76 8.89 
(100) 4.38 0.53 6.68 

OXIDATION TEMPERATURE (~ 
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I I I 

PHO#oD?D ~ PHOS. DOP~ (100)Si ED 

(I00) Si ~%~I::).~O O 

, I , I 
0.9 1.0 

t/i l I0")/K ) 

Fig. 10. Temperature dependence of the linear rate constants for 
wet oxidation: m, phosphorus-doped (100) silicon (7 X 102o 
cm-3); O, phosphorus-doped pa[ysilicon (3 X 102o cm-3); G ,  
nondoped polysilicon; [-i, lightly boron-doped (100) silicon (i X 
1015 cm-~). 
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•m•e 
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Fig. 11. Temperature dependence of the parabolic rate constants 
for wet oxidation (90~ H20). Others are the same as in Fig. 10. 

cm -~ in  the previous exper iment  where Na atoms 
were in tent ional ly  doped (2). 

While most Na atoms incorporated into the oxide re-  
main  inactive (22), Na concentrat ion of 1020 cm -~ (1015 
cm -~ for 100 nm thick oxide) yielded such enhanced 
oxidation. As the BT stress measurement  can detect 
only active ions, the result  of BT stress measurement  is 
not necessarily inconsistent with the previous results 
(2). Fur the r  invest igat ion should be focused on this 
point. 

Conclusions 
It has been shown that  thermal  oxidation rates of 

heavily doped polysilicon films (phosphorus concentra-  
tions greater than 1 • 10 '2o cm -3) in  wet oxygen at 
750~ depend on the phosphorus concentrat ion in  the 
film. The parabolic rate constant saturates at concen- 
trations greater than 2 • 102~ cm -3, while the l inear  
rate constant increases are progressively accelerated. 
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Above phosphorus  concentrat ions of 1 • 1021 cm -'~, 
ve ry  rap id  oxida t ion  takes  place at  the  beginning  of 
the  oxida t ion  per iod  resul t ing  in " ini t ia l  oxide" fo rma-  
tion. Thicknesses of the  in i t ia l  oxide  are  observed to be  
123 and 156 nm for 1.1 • 102 i and 2.2 • 102 i cm -3, re -  
spect ively.  I t  is specula ted  that  the ini t ia l  oxide may  
or ig inate  not  f rom the space charge  enhanced oxida t ion  
(1) but  f rom growth  of P20~ glass which  resul ts  f rom 
the phosphorus  atoms exceeding solid solubi l i ty  at  the  
oxida t ion  t empera tu re .  

The res is t iv i ty  of phosphorus - implan ted  polysi l icon 
films has a m in imum value  of 5 • 10 -4  ~t-cm for dop-  
ing concentra t ions  of a round  6 • 10 .20 cm -8 af ter  an-  
neal ing at  10O0~ Af te r  the  anneal ing  ini t ia l  g ra in  size 
of 50 nm was en la rged  to 80 and a round  1O00 nm for 
concentrat ions of 1.1 • 1020 and 1.1 • 102 i cm -8, r e -  
spectively.  Af te r  wet  oxida t ion  film res is t iv i ty  re -  
mains  fundamen ta l ly  s table  and ne i the r  pene t ra t ion  of 
oxide along gra in  boundar ies  nor  addi t ional  gra in  
growth  were  observed.  

The oxidat ion  ra te  of l igh t ly  doped si l icon and non-  
doped polysi l icon increases  (100), (111), polysil icon, 
and (110), in this order.  This is consistent  wi th  the  
observat ion  tha t  polysi l icon films are  or ien ted  be tween  
~111>  and ~110>  direct ions according to t ransmiss ion 
electron microscopy.  

The act ivat ion energies  of l inear  and parabol ic  ra te  
constants  obta ined for (10O) sil icon are  1.52 and 2.30 
eV, respect ively.  The fo rmer  increases  and the l a t t e r  
decreases  wi th  phosphorus  doping of '7  • 10 ~~ cm -3. 
These character is t ics  m a y  lead  to specula t ion tha t  the 
wet  ox ida t ion  in  this work  is poss ibly  con tamina ted  
by Na atoms despi te  the  fact  tha t  BT stress measu re -  
ment,  which can detect  only  act ive ions, gave mobi le  
ion densit ies  of a round  1 X iO II cm -~. 
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Oxidation Kinetics of Cobalt Diffusing out of High Current 
Density (HCD) Plated Gold 

J. H. Thomas, III 1 

Beff Telephone, Columbus, Ohio 43213 

ABSTRACT 

Auger  electron spectroscopy and Auger  depth profiling techniques have 
been used to study the growth kinetics of cobalt oxide films which form on 
thermal ly  aged HCD-plated hard gold in dry laboratory air. Films were 
observed to grow aceording to parabolic growth kinetics. At temperatures  
of 150 ~ and 180~ a large amount  of potassium is observed on the film surface 
and may be associated with the observed recrystall ization in hard gold 
electroplates. Fi lm growth appears to saturate at 180~ for times greater than  
48 hr. A general  model was developed for film growth on dilute two-com- 
ponent  noole metal  alloys exposed to a single reacting gas specie, assuming 
conservation of the reacting specie (flux cont inui ty  at the metal-f i lm in te r -  
face) and parabolic film growth. The conditions necessary for the film growth 
to be controlled by diffusion from the alloy are given in terms of the mater ia l  
constants. For this specific case, the general  solution reduces to that  of a n  
infinite sink and the diffusion constant can simply be computed from the 
parabolic growth rate constant. The diffusion coefficients for Co in Au were 
calculated between 100 ~ and 180~ An  activation energy of 1.83 eV w a s  
obtained for this process. 

With the increased usage of high current  densi ty 
plated gold (HCD) in  the electronics industry,  it has 
become necessary to unders tand and characterize proc- 
esses by which gold alloy electroplates thermal ly  de- 
grade (1). It has been shown that hard golds exhibit  
increases in  contact resistance (2) presumably  due to 
the diffusion and subsequent  oxidation of cobalt 
(which is used as a hardener)  on the gold surface (3). 
Thermal  aging studies in dry air have shown cobalt to 
oxidize to what  appears to be CoO (4). The diffusion 
coefficients for cobalt diffusing out of hard gold have 
been determined for HCD gold and LCD (low current  
density) gold using a model which requires that  the 
controll ing process for oxide growth is diffusion (3). 
The kinetics of oxide formation on noble metal  alloys 
has been studied exper imenta l ly  by a number  of in-  
vestigators [see Ref. (5) for reierences],  and has been 
theoretically studied by Wagner  (6). 

In  this paper, the kinetics of CoO growth on HCD- 
plated hard gold has been studied at temperatures  
ranging from 75~176 Fi lm growth kinetics have 
been analyzed using a model for film growth on a 
dilute noble metal  alloy, and film growth rates and 
the diffusion coefficients for cobalt diffusion out of 
HCD hard gold have been computed using this model. 
As a result  of model calculations, a more general  
method of computing corrosion rates due to reactions 
in a single component  gas system and diffusion co- 
efficients in  a two component  alloy from concentrat ion 
profiles has been developed. 

Experimental 
Film thickness measurements  and surface analysis of 

cobal t -hardened HCD gold were analyzed with a 
Physical Electronics Industr ies  scanning Auger  system. 
This system is equipped with a single pass cylindrical  
mirror  analyzer  (CMA), coaxial electron gun, and 
Varian rastered ion gun. Depth profiles reported in this 
paper were performed at a pressure of 5 • ]0 -5 Tor t  
argon at. a beam energy of 1 keV. The sputter  rate of 
gold under  these conditions was measured as 6.3 
A / m i n  (7). All Auger spectra were obtained at a 
beam energy of 3 keV and an emission current  of 
1.8 mA. 

Hard gold plat ing was performed in a production 
plater. All samples were processed by ini t ia l ly deposit- 

1 P r e s e n t  address :  RCA David  Sarnoff  Resea rch  Center ,  Pr ince-  
ton,  New J e r s e y  08540. 

K ey  words :  alloy, diffusion, ox idat ion .  

ing a nickel layer  (,~2.5 ~m) followed by a gold flash. 
Nominally, 7.3 #m of hard gold from a proprietary 
Engelhard phosphate plat ing bath was deposited at 
current  densities of 150-225 m A / c m  2 (depending on 
sample geometry) on the gold flash. The cobalt con- 
centrat ion as determined by atomic absorption spec- 
troscopy was found to be 0.25-0.26 weight percent  
(w/o) and was confirmed by quant i ta t ive  AES. The 
gold plat ing thickness was measured by cross-section- 
ing techniques and was found to range from 6.6 to 8.2 
~m. All samples were fabricated on CDA 725 rolled 
stock which was cleaned prior to electroplating. 1 X 1 
in. samples were cut from the 1 in. wide continuous 
strip for study. 

Prior  to thermal ly  aging the samples, all samples 
were cleaned in a tr ichloroethane vapor degreaser and 
subsequent ly  in  boiling 10% H202 solution for 3 min. 
Samples were then thoroughly rinsed in DI water  and 
placed in chemically cleaned petri  dishes to protect 
them from accidental contamination.  Thermal  t reat -  
ments were performed for 50, 150, 250, 500, and 1000 
hr at 75 ~ 100 ~ 125 ~ and 140~ respectively, and 6, 24, 
48, and 100 hr  at 180~ Samples were stored in  a des- 
sicator prior to performing AES measurements .  One 
sample was measured at each time and tempera ture  
giving a total of 24 samples. Oven temperatures  were 
stabilized to the desired set point  and were found to 
vary  wi thin  __+2~ of that set point. All aging was per-  
formed in  laboratory air. 

Results 
Typical spectra for 75~ hr, 140~ hr, a n d  

180~/100 hr are Shown in Fig. 1 for comparison pur -  
poses. The pr imary  contaminants  which are charac- 
teristic of samples aged at temperatures  less than 
100~C for 1000 hr are carbon, oxygen, chlorine, a n d  
traces of copper and cobalt. The small  amount  of 
copper (at 75 ~ and 100~ may be due to the residue 
left from a reaction of the copper-based substrate m a -  
t e r i a l  (CDA 725) with the peroxide cleaning solu- 
tion. The largest signals are typical ly carbon and 
chlorine. During sputter  depth profiling, these con- 
taminants  are removed wi th in  the first few minutes  of 
sputtering. At higher temperatures,  140~ the main  
signals observed are due to oxygen and cobalt with 
some carbon, chlorine, and a trace of potassium (in 
order of decreasing ampli tude) .  Potassium is not ob- 
served at times and temperatures  less than  140~ 
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Fig. 1. Auger electron spectra are shown for HCD gold elec- 
troplate aged 75~ hr, 140~ hr. and 180~ hr. 

hr  for  these samples.  Wi th  the except ion of potass ium 
and signal  ampl i tude ,  this spec t rum is s imi lar  to o ther  
spect ra  in  the range  100~176 At  180~ potass ium 
is the  s t ronges t  Auger  signal  observed.  Large  oxygen 
and cobal t  signals are  also observed.  Potass ium is 
known to be incorpora ted  in  gold which is deposi ted 
f rom cyanide  gold ba ths  (8). The evolut ion of potas-  
s ium f rom the gold deposi t  is character is t ic  of aging 
at  h igher  t empera tu re s  (~140~ Since Co and O 
appear ing  in the  100~176 t empe ra tu r e  range  a re  the  
p r i m a r y  surface  species (except  K at  180~ the k i -  
netics of CoO format ion  on the ha rd -go ld  surface have 
been s tudied in  detai l .  

F igure  2 Shows typica l  depth  profiles for gold aged 
at 100~ and 140~ for 1000 hr  and 180~ for 48 hr. 
At  100~ con tamina t ion  (film format ion)  appears  to 
be l imi ted  to the  surface region. However ,  Co is c lear ly  
observed.  At  t imes and t empera tu re s  less than  this, 
cobal t  is only  observed  in t race  amounts.  In  the  140~ 
dep th  profile, cobal t  and oxygen  are  observed to t r ack  
in s ignal  ampl i tude  as has been  observed by  other  in-  
vest igators  (3 ,4) .  A t  180~ the potass ium signal  
t racks  the oxygen  signal. Thus, i t  is l ike ly  tha t  po tas -  
s ium is chemical ly  involved  in the  film. Consequently,  
these films are  not  s imply  oxide  films as observed f rom 
100 ~ to 140~ At  t imes  less than  48 hr, at 180~C the  
films are  s imi lar  to those in the  range  100~176 In 
al l  ~he da ta  shown it  is significant tha t  the  subs t ra te  
mater ia l s  (copper  and nickel)  are  conspicuously ab-  
sent. This indicates  tha t  for the  t imes and t empera tu re s  
studied, subs t ra te  diffusion is ,not an impor t an t  mecha-  
nism. 

To s tudy film g rowth  kinetics,  the  film thickness was 
measured  as the  spu t te r ing  t ime requ i red  for the  
cobal t  Auger  s ignal  ampl i tude  to reach  u its peak  
signal  ampl i tude.  This method of film thickness de te r -  
mina t ion  was used consis tent ly for each sample.  Spu t -  
ter  t imes (at  1/3 the  peak  Co signal  ampl i tude)  were  
conver ted  to film thickness by  assuming the spu t te r  
ra te  for Co to app ly  to CoO. The sput te r  ra te  for  Co 
re la t ive  to Au  is 0.5 (9). F igure  3 summar izes  the  film 
thickness,  de te rmined  in this way, for 100 ~ 125 ~ 140 ~ 
and 180~ da ta  as a funct ion of time. A CoO film is 
assumed for 180~ 48 and 100 h r  films. At  100~ a 
marg ina l ly  measurab le  CoO film is observed.  There-  
fore, only  one point  is shown (5A thickness at  1000 
hr )  and represen ts  the  de tec tab i l i ty  l imits  of the  sys-  
tem. At  180~ a scale change (2) is indicated.  The 
CoO film thickness  is observed to increase  wi th  t ime 
and t empe ra tu r e  wi th  wha t  appears  to be  a p a r a -  
bolic dependence  on time. At  180~ af te r  48 hr, the 
film thickness  (~200A) does not appear  to increase  
wi th  time. If all  the  cobalt  is assumed to diffuse to the  
gold surface and oxidize, a film thickness  of ,~750A 
would  be o b t a i n e d  (for 0.26 w/o  Co). These da ta  in-  

Rate = r26.6/~,/min !-I ox  o.c 

o T 2o 
on (c) Sputter T i m e  - M i n s  

; lOOOC / 

0 2 4 6 

(b) S p u t t e r  T i m e  - M i n s  

1 4 0 ~  

I I I 

0 5 10 15 20  

(a)  S p u t t e r  T i m e  - M i n s  

Fig. 2. Depth profiles are shown for 100~ hr, 140~ 
1000 hr, and 180~ hr. Auger signal amplitude is plotted as 
a function of film thickness using gold as a reference and cor- 
recting the rate to that of cobalt metal (as an approxlmation). 
(A) and (B) were sputtered at 6.3 A/min. (C) was sputtered at 
26.6 ~,/min. 

dicate that  27% of the total  amount  of cobalt  has ac-  
tua l ly  been oxidized. I t  is l ike ly  tha t  the  oxide ob-  
served on the gold surface is due to the  oxidat ion  of 
cobal t  which diffuses to the  surface easi ly  (p robab ly  
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Fig. 3. Film thickness is plotted as a function of time with 
thermal aging temperature as a parameter. CoO thickness is 
determined from the sputter time required to reduce the Co 
signal to 1/2 its peak amplitude. 

f rom grain  boundar ies ) .  The remain ing  cobal t  is 
p robab ly  in the gold meta l  la t t ice  and thus would  dif -  
fuse at  a s lower rate.  

M o d e l  
To analyze  the da ta  presented  in Fig. 3, a model  has 

been developed for  film growth  on di lute  noble me ta l  
alloys which incorporates  the  film growth  ra te  of a 
react ing species (B) f rom the alloy. A sketch of the 
model  is shown in Fig. 4 where  the  two-component  
a l loy (A,B) is contained in the l e f t -hand  plane,  tha t  
is, the al loy is assumed infinite in extent.  The oxidized 
species concentrat ion,  C(x,t), is shown as a funct ion 
of x, the depth  into the  alloy. The al loy surface is as- 
sumed to be fixed at  x ---- 0. Af te r  a time, t, an oxide 
xf (t) in thickness grows which contains Co mole f rac-  
t ion of the oxidized species, B. Co is assumed to be 
constant,  tha t  is, the  oxide is assumed to grow stoichio- 
met r i ca l ly  f rom t _-- 0. F ick ' s  second law 

02C ( x,t ) OC 
D = ~ ,  x ~ 0  [1] 

Ox 2 at 

C(x,t) 

CB 

A+B " ~ ' -  

Dilute alloy 

Co 

C(0,t) 

.~q-Film--,,. 
xf (t) 

B Oxide 

Fig. 4. A semi-infinite model is shown for noble metal alloy oxida- 
tion which contains a reactive specie. Fick's second law was 
solved using the boundary conditions as shown for the concen- 
tration of the reactive specie C(x, t) for x ~ 0. CB ---- bulk con- 
centration of B in A; Co ~ concentration of B in oxide (or film); 
xf ~ film thickness. Solve Fick's second la~w with the initial 
condition that C(x, 0) ~- CB and the boundary conditions that 
C(x, t) ---- CB, x = - -oo and D aC/Oxz=o ~ Co dx/dt. 

is solved for  the  ini t ia l  condit ion C(x,O) ---- CB, where  
CB is the  bu lk  concentra t ion of the  oxidized species, 
D is the  diffusion coefficient of the  species in the alloy, 
and C is the  concentrat ion.  One bounda ry  condit ion is 
tha t  at x : --oo, C( - -oo ,  t) : CB, tha t  is, the  concen- 
t ra t ion  at  x ~- --  oo is fixed. The second boundary  con- 
di t ion is der ived  f rom the conservat ion of  the  oxidized 
species [see Ref. (10)] for films which form accord-  
ing to parabo l ic  g rowth  kinet ics  (5),  that  is 

xf ~ = kct [2] 

where  kc is the  parabol ic  g rowth  constant  (cm2/sec).  
The bounda ry  condi t ion reduces  to a condit ion re la t ing  
the  flux of B at  the in ter face  to the  t ime dependence  o f  
the film g rowth  on the surface  (10) 

D OC I dxf kc 
- - ~  x=o - -  C o - - ~ - - -  Co 2x  , [31 

i 

Fick's second law for this problem is solved Thetaking 
the Laplace transform in time and applying the above 
initial condition and boundary conditions (,II, 12). The 
solution in the Laplace variable, p, is 

[ C(x,p)  = --Co x~(p) exp x + [4] 

where  x~ is the  Laplace  t r ans fo rm of xf(t). For  the  
parabo l ic  case of film growth,  xf 2 --  kct, the  Laplace  
t rans form is 

/ kc~" 

The solut ion C(x, t) is r ead i ly  obtained by  tak ing  the 
inverse  t ransform of Eq. [4] wi th  Eq. [5] and is 

C ( x ' t ) ~ - - - - C ~  ~kc e r f c [ 4 D  L 2V~o-~x ] + C B  

x -~O [6] 

This solut ion is s imi lar  to Wagner ' s  solut ion (6) for 
a l loy oxidat ion when he assumes a nonmoving meta l -  
oxide boundary .  

Of pa r t i cu la r  in teres t  is the  concentra t ion C(0, t)  a t  
the al loy film interface.  Equat ion  [6] reduces,  for  x = 
0, to 

C(0 , t )  = CB - Co --A/~k~ [7] 
Y 4D 

Thus, for a given set of ma te r i a l  proper t ies ,  kc, D, Co, 
and CB the concentrat ion,  C(0, t ) ,  is fixed. If C(0, t) 
can be measured,  since Co and CB are  known, the  ra t io  
of kc/D can be de te rmined  f rom Eq. [7]. Now consider  
two cases for Eq. [7] 

c(0 ,  t) > 0 [8] 
and  

c(0 ,  t) - 0 [9] 

When C(0, t) is g rea te r  than  zero, the  concentra t ion 
is dependent  on both k and D. Therefore,  the oxida t ion  
ra te  does, in par t ,  control  the  film growth  ra te  ( s imply  
the case of a finite s ink) .  When  C(0, t) is less than  
zero, (which is phys ica l ly  imposs ib le) ,  the film should 
cease to grow unt i l  more  ma te r i a l  diffuses to the  sur -  
face. Therefore,  the  l imit ing case for film growth  is 
C(0, t)  = 0. This  is the  case of the  infinite s ink (3), 
tha t  is, al l  the ma te r i a l  which  diffuses out  is immedi -  
a te ly  oxidized. In this  si tuation,  the concentra t ion is 
solely dependent  on the diffusion of specie B in the 
alloy. It can easi ly be Shown that  Eq. [6] reduces to 
a function of D only when C(O,t) _~ O. CB is then  re -  
la ted  to Co, kc, and D by Eq. (7). The film growth  
equat ion is then  r ewr i t t en  as 

xf 2 -- - -  Dt [10] 
- - =  ~-o 
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Fig. 5. Parabolic model x ---- Kot data shown in Fig. 3 are 
replotted on xf vs. tv2 coordinates, where xf ---- film thickness 
and t - -  time. 

xf is simply a funct ion of ~/Dt  for an infinite s ink si tu-  
at ion and kc is 4/g X (CB/Co) 2 D. This model reduces 
to the case studied by Wagner  (6) and more recently 
by Tompkins (3) in  the l imit  of a diffusion-controlled 
process. 

Analys is  
The film thickness data shown in Fig. 3 can be used 

to compute both the corrosion rate constant, kc, and 
the diffusion coefficient, D, for Co in  Au as a function 
of temperature.  If the film grows according to para-  
bolic kinetics (Eq. [2] ), the data should plot l inear ly  
on xf  vs. t 1/~ coordinates. Data of Fig. 3 are replotted 
in Fig. 5. Points have been least squares fitted to 
straight lines which are shown as dashed lines. Since 
the 100~ data consists of only one point, a l ine was 
d rawn through this point. These data fit a straight l ine 
rat:her well. The slopes of the straight lines give di-  
rectly the corrosion rate constant kc as a function of 
temperature.  This is summarized in Table I. Along 
with these data, Gulbransen  and Andrew's  (13) corro- 
sion rates for cobalt metal, obtained by extrapolat ing 
their data to 100~ have been included for compari-  
son. 

To obtain the diffusion coefficient for Co in Au from 
these data, kc must  be mult ipl ied by the factor ~/4 
(Co/CB) 2. This constant  for 0.25-0.26 w/o Co in gold 
and CoO formation is 3500. An accurate determinat ion 
of C(0, t) was not performed in this study. However, 
exper imenta l ly  C(0, t) is observed to decrease, that  
is, the Co Auger  signal decreases at what  appears to 
be the fi lm-alloy interface. It  is assumed that this 
model for C(0, t) ---- 0 can be used to approximate the 
real system. In  that  case, D is directly obtained and is 
summarized in  Table I. 

To demonstrate  the usefulness and val idi ty  of this 
model, D was also computed using Tompkins '  model 
which was developed for an infinite s ink assumption. 
Using his empirical  relat ionship between film thick- 

Table I 

Diffusion 
C o r r o s i o n  D i f f u s i o n  c o e f f i c i e n t *  * 

T e m p e r -  r a t e  con- Gulbransen- coefficient* (Tompkins 
a t u r e  s t a n t  (kc Andrew (Dco-A, m o d e l )  
(~ (cm-~/sec)) (kc on Co) (cm~/sec)) ( c m ~ / s e c )  

1OO 7.0 x lO "~  3.8 • lO -~o 2.4 • 10 -18 5.7 • 10 -18 
125 5.4 • 10 "~o 1.3 x 10 -19 1.9 • 10 - ~  2.1 • lO -16 
140 3.2 x I0 -~9 2.6 x I0 -~9 1.1 • i0 -~  2 3 • iO -~  
180 2.5 x IO -~7 2.0 x I0 -~s 0.9 x IO -~  1.9 • i0 -~  

* From s l o p e s .  
* * F = 2.26 ~/Dtlh ~. 

ness and Dr, D was computed for each time and tem- 
perature. D was then ar i thmetical ly  averaged at each 
tempera ture  and is listed in  Table I. Comparing D ob- 
tained from the corrosion rate constants or the slope 
of xc vs. t 1/2 with values of D computed using Tomp- 
kins'  empirical equation (3) shows excellent agree- 
ment.  D ranges from 0.9 X 10 -1~ cmf/sec at 180~ to 
2.4 >< 10 - i s  cmf/sec at 100~ 

Finally,  since D is activated, that  is, D cr exp 
( E A / k T ) ,  the activation energy for the diffusion of 
cobalt out of HCD gold can be determined from an  
Arrhenius  plot. Figure  6 shows D plotted as a func-  
tion of 1 / T  (in ~  A straight l ine can be drawn 
through these points and the activation energy was 
computed from the slope of this l ine as 1.83 eV. This 
value is much higher than  the value of 1.24 eV ob- 
tained by Tompkins (3) for LCD-plated cobalt- 
hardened gold. This de terminat ion  is independent  o f  

an absolute measure of film thickness, that  is, these 
values are only dependent  on the slope of xf  vs. t 1/2. 

Activation energy for diffusion can be computed ac- 
curately from a knowledge of the relat ive film thick- 
ness. Absolute values of D, however, require  an ac- 
curate measurement  of film thickness and when using 
Auger depth profiling for this purpose, an accurate 
measurement  of the relat ive sputter  ra te  of CoO with 
respect to gold is needed. 

Conc lus ions  
Auger electron spectroscopy has been employed t o  

study thermal ly  aged HCD hard-gold electrodeposits. 
At temperatures  below 100~ little film forms on the 
surface of the gold plate as measured by AES depth 
profiling. Typical surface contaminants  observed by 
Auger are carbon, chlorine, oxygen, and traces of 
cobalt and copper. It is possible that  small  amounts  of 
copper come from the H202 cleaning process. At 
100"C/1000 hr  and at higher temperatures  cobalt and 
oxygen are observed to be the major  surface species as 
observed in  previous thermal  aging studies. At 140~ 
li)00 hr and 180~ potassium is observed to evolve. 

O From oxidation rates 
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Fig. 6. The computed diffusion coefficient, D, for cobalt diffu- 
sion in hard gold is shown as a function of (temperature) -1 .  
From the slope of this data, the activation energy for D is 1.83 eV. 
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Kinet ics  of this process are  p resen t ly  being studied. I t  
is l ike ly  tha t  the potass ium evolut ion which forms a 
subs tant ia l  film wi th  cobalt  and oxygen,  may  be re-  
la ted to recrys ta l l iza t ion  around 150~ (14). I t  was 
also observed tha t  only  pa r t  of the  ava i lab le  cobalt  is 
oxidized at t empera tu res  be low 180~ This is poss ibly  
due to the  re lease  and subsequent  ox ida t ion  of an 
i n t e r - g r a n u l a r  cobal t  species (14). 

A model  has been deve loped  to analyze  the  kinetics 
of CoO film format ion  on the coba l t -ha rdened  gold 
electroplate .  F ick ' s  second law was employed  to de-  
r ive a model  for  parabol ic  film growth  on a di lute  
two-componen t  noble me ta l  alloy. Solutions of this  
equat ion show tha t  the  infinite s ink model  ( that  is, 
when al l  the oxidized species is oxidized as soon as i t  
a r r ives  at  the  surface or  when  C = 0 at  the in ter face)  
is a special  case of this more  genera l  model.  In  gen-  
eral,  film growth  is found to depend on both the diffu- 
sion of cobal t  out of ha rd  gold and the oxida t ion  ra te  
of cobalt. This model  al lows one to compute  kc/D if  
C(0, t ) ,  CB, and Co are  known  by  exper imen ta l  m e a -  
surements.  

Kinet ic  da ta  for CoO format ion  on ha rd  gold were  
analyzed using this model  in the l imi t  of C ---- 0 at  the  
in ter face  (infinite s ink)  for a parabol ic  film growth  
model. Data  were  shown to fit the  parabol ic  g rowth  
model  and, using this model,  the  diffusion coefficient 
of Co in Au was calculated.  D ranges f rom ,-,1 • 10 -18 
to ~3  • 10 -18 cm2/sec for 180 ~ to 100~ respect ively.  
The act ivat ion energy  for cobal t  diffusion out of gold 
was ca lcula ted  to be 1.83 eV. This calculat ion was made  
by  using the slopes of the xr vs. t 1/2 data, and hence, is 
independent  of an absolute  knowledge  of film th ick-  
ness. A finite model  is p resen t ly  being developed by  
S. P. Sha rma  and the author  (15). D was also com- 
puted using Tompkin ' s  empir ica l  equat ion and was 
shown to agree closely wi th  this  model.  
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Properties of AI 08 Films Deposited from the AICIs, 
and H2 System 

V. J. Silvestri,* C. M. Osburn,* and D. W. Ormond* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

CO , 

ABSTRACT 

Fi lms  of a luminum oxide (A1208) have  been  deposi ted in a ho t -wa l l ed  
chemical  vapor  deposi t ion reac tor  using A1CI~, CO2, and H2 gas. The deposition 
ra te  and film proper t ies  such as s tructure,  composition, index of refract ion,  
dielectr ic  s trength,  and electr ical  conduct ivi ty  were  eva lua ted  as a funct ion 
of deposit ion t empera tu re  and gas input  rates. Al though  the  die lect r ic  s t rength  
increased  wi th  decreasing gra in  size, the  e lectr ical  conduct iv i ty  was be t t e r  
cor re la ted  to deposi t ion t empera tu re  than  to gra in  size. Condit ions were  
de te rmined  to optimize the dielectr ic  s t rength  of films grown in the  t em-  
pe ra tu re  range  700~176 Depending on the exact  conditions,  the deposi t ion 
ra te  could be l imi ted  by  e i ther  the A1C18 or  the  CO2 input  rate.  

The ini t ia l  use of gas phase  hydrolys is  of SIC14 wi th  
a mix tu re  of H2 and CO2 gases to form SiO2 was dem-  
ons t ra ted  by  S te inmaier  and Bloem (1) and Tung and 
Caffrey (2). Fol lowing this and using A1C18 ins tead of 
SIC14, po lycrys ta l l ine  films of A1208 have been de-  
posi ted by  a number  of inves t igators  (3-6).  The most  
recent  and extens ive  of these studies is tha t  of I ida  

�9 E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
Key words: i n s u l a t o r ,  c u r r e n t ,  e l l i p some t ry ,  CVD. 

and Tsuj ide (6) and Kamoshida  et  al. (7-9) who 
s tudied films over  a t empe ra tu r e  range  of 400~176 
The dielectr ic  proper t ies  of films using this process 
have also been repor ted  (10-13). In  genera l  e lectr ical  
p roper t ies  were  eva lua ted  for films deposi ted using a 
fixed gas composition. This present  s tudy has made  an 
effort to: (i) character ize  deposi t ion rates  over  a large  
range  of system pa rame te r  changes ( tempera ture ,  
COs and A1C18 input  pa r t i a l  p ressures ) ;  (ii) evalua te  
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how these process var iab les  can a l te r  film proper t ies  
such as s t ructure ,  composit ion,  index  of refract ion,  d i -  
electr ic  s trength,  and e lect r ica l  conduct ivi ty;  and  (iii) 
corre la te  the  observed  e lec t r ica l  p roper t ies  wi th  the  
s t ruc ture  of the  films. 

Experimental 
The A12Oa films were  g rown by chemical  vapor  

deposi t ion employ ing  gas mix tu res  of A1CI~, H2, and 
CO2 in a n i t rogen car r ie r  gas. The deposi t ion took 
place  in a res is tance-heated ,  doub le -wa l l  quar tz  tube. 
The inner  tube was 100 cm in length  and 5 cm in d i am-  
eter. The A1C18-N2 and H2-CO2-N2 gas mix tures  were  
in t roduced th rough  separa te  l ines into the  react ion 
tube. There  they  could mix  over  a hea ted  furnace  
length  of 53.3 cm pr ior  to the  deposi t ion zone. The 
A12C% was genera l ly  deposi ted on 2 r~-cm, p - t y p e  Si 
wafers  or ien ted  in the  <100>.  Charac te r i s t i ca l ly  six 
3.2 cm d iam Si subs t ra tes  were  loaded hor izonta l ly  
along a ho lder  for  a film deposition. Detai ls  of the ex-  
pe r imenta l  systems have been repor ted  e lsewhere  
(14). In the  presen t  inves t igat ion the exper imen ta l  
pa rame te r s  var ied  and the i r  ranges were:  subs t ra te  
t e m p e r a t u r e  (Ts),  730~176 A1Cla input  ra te  in 
moles pe r  minute  (nAlclJmin)  f rom 2.4 X 10 -4 to 
1.1 • 10-8; and CO2 input  ra te  in moles per  minute  
(nco2/min) f rom 3.9 X 10 -4 to 6.2 • 10-% The A1CI~ 
input  ra tes  we re  var ied  b y  changing the t e m p e r a t u r e  
of the A1C13 evapora to r  over  the range  of 115~176 
The mole  pe r  minu te  input  ra te  for CO2 represents  a 
range  of flow of f rom 10-1500 cm3/min. The n i t rogen  
main car r ie r  gas flow (fN2) was main ta ined  at  15.2 
l i t e r s /m in  for all  exper iments ,  and the flow of hyd ro -  
gen (IH2) was kep t  at  3.8 l i t e rs /min .  The average  
l inear  gas s t ream veloci ty  for  a typica l  flow ra te  of 
21.5 l i t e r s /min  corresponded to 18.3 cm/sec  ca lcula ted  
at  room tempera ture .  

The  deposi t ion r a t e  da ta  were  t aken  for  a fixed sub-  
s t ra te  ho lde r  posi t ion and were  moni tored  by  e l l ipso-  
met r i ca l ly  measur ing  thickness for a fixed set of con- 
ditions. The best  thickness  uni formity ,  for  the  six 
wafers  along the subs t ra te  holder,  was obtained when  
the t empe ra tu r e  g rad ien t  was such tha t  there  was a 
4~ increase  f rom the center  of the  first wafer  on the 
ups t r eam side to the  center  of the  last  wafer,  a d is-  
tance of 15.2 cm. Wi th  such a g rad ien t  and a flow ra te  
of 21.5 l i t e rs /min ,  fi lm thicknesses could be kep t  to 
wi th in  • 3% over  80% of the  area  of al l  six wafers.  
These resul ts  were  reproduc ib le  to wi th in  • 2% f rom 
run  to run. If  over  a series of runs (40-50) the  total  
change (decrease in growth  ra te)  approached  8%, the  
A1CI~ source was replenished.  

Since the  A1Clz source was not  a lways  at equi l ib -  
r ium at the  ca r r i e r  gas flows used here,  separa te  ex-  
per iments  were  carr ied  out  to de te rmine  the A1C13 
output  in moles pe r  minute  for the  t empera tu re s  and 
evapora to r  flows most  commonly  used. The A1CI~ ou t -  
put  was g rav ime t r i ca l ly  measured  by  t r app ing  the 
effluent A1CI~ in a series of cold t raps  at  Dry  Ice t em-  
pe ra tu res  for each flow and evapora to r  t empe ra tu r e  of 
interest .  

Severa l  o ther  samples  were  p repa red  in separa te  
exper iments  by  Zi r insky  (15) of our  l abo ra to ry  using 
an A1Br~ source wi th  NO and H2 to deposi t  films on 
subst ra tes  hea ted  wi th  an rf  susceptor.  

F i lm  thickness  and index of re f rac t ion  were  m e a -  
sured using e l l ipsomet ry  (14, 16). F i lm  s t ruc ture  was 
eva lua ted  using t ransmiss ion e lect ron microscopy 
(TEM) and low angle  x - r a y  diffract ion as descr ibed 
ear l ie r  (17, 18). Composi t ion da ta  came from micro-  
probe analysis  (14). 

The  die lect r ic  s t rength  of the films was measured  on 
aluminum-A1203-Si  capaci tor  s t ructures;  typ ica l ly  the  
capaci tor  area  was 5 • 10-~ cm% A l inea r ly  va ry ing  
vol tage r amp  was appl ied  to a capaci tor  and the cur -  
ren t  moni tored  wi th  an e lec t rometer .  The b r eakdown  
vol tage  was recorded when  the  cur ren t  j umped  to a 

ve ry  high level  s ignifying a shor ted  capacitor .  Since 
defects (pinholes or par t i cu la te  inclusions)  can lower  
the b r eakdown  voltage, many  capaci tors  ( typ ica l ly  
25) were  b roken  down and the m a x i m u m  b reakdown  
vol tage was taken  to be the  die lect r ic  s t rength  of a 
defect  free film, Because this  dielectr ic  s t reng th  var ies  
wi th  the  r amp  rate,  a un i fo rm ra t e  of 0.1 mV/cm-see  
was chosen for al l  measurements .  

Results and Discussion 
Deposition rate.--Deposition ra te  was found to be 

independent  of deposi t ion t ime for a l l  expe r imen ta l  
condit ions employed and was eva lua ted  as a funct ion 
of subs t ra te  t empe ra tu r e  (Fig. 1), COs input  ra te  (Fig. 
2), A1C13 input  ra te  (Fig. 3), and CO2/A1Cl~ rat io  
(Fig. 4). In  Fig. 1 a logar i thmic  plot  of the  deposi t ion 
ra te  vs. IO/T (~ resul ts  in a s t ra ight  l ine re la t ion-  
ship. Also plot ted  are  the  da ta  of Doo and Tsang (5) 
and 1ida and Tsuj ide  (6) showing h igher  deposi t ion 
rates. P re sumab ly  the differences be tween  the presen t  
system ho t -wa l l  furnace  and n i t rogen car r ie r  gas and 
the systems used ea r l i e r  (rf  hea ted  susceptors  and hy -  
drogen  car r ie r  gas) contr ibute  to the  observed growth  
ra te  differences. Nevertheless ,  the  act ivat ion energy 
for deposit ion,  --22.8 kca l /mole ,  is in good agreement  
wi th  that  found by  Doo and Tsang (5). The growth  
ra te  dependence  on t empe ra tu r e  is not be l ieved to be 
associated wi th  a surface ra te  l imi ta t ion.  Deposi t ion 
ra te  da ta  (not included here)  show tha t  g rowth  r a t e  
is a l inear  funct ion of flow ra te  1/2. This da ta  suppor ts  
a mass t r anspor t  model.  
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Fig. 1. Deposition rate as a function of substrata temperature, 
lida and Tsujide ( 6 ) ; - -  Doo and Tsang (5); @, present 

work, nAzclJmin = 2.5 X 10 -4,  ,co2/mi n = 3.85 X 10 -8,  
nH2/min = 0.17. 
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Fig. 2. Deposition rate at 914~ as a function of nco2 input 
rate (in moles per minute) for various nAlcls/min rates. 
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Fig. 3. Deposition rate at 914~ as a function of AICIs input 
rate (in moles per minute) for various nco~/min rates from the 
data taken from Fig. 2. Curve at nco~ = 3.9 • 10 -~  is data 
obtained from experiments separate from Fig. 2. 

downstream.  The typica l  flow for the  present  ex-  
per iments  ~21.5 l i t e r s / r a in  was chosen to keep this 
observed reduct ion in growth  ra te  to a min imum over  
a cons ide rab l e l eng th  (15.2 cm).  

The reac t ion  

H~(g) + COs(g) = H~O(g) + CO(g)  [1] 

and the reaction. 

2A1C18(g) + 3H20(g)  ---- Al tOs(s )  + 6HCI(g)  [2] 

are  bel ieved to be operat ive.  F r o m  the rmodynamic  

140 i~1111111  ii i ~ , i l t , l ~ l l l l l l l l l  , l l l l l l l l l l l ~ ] l L  
~ . ~ , , ~ ,  ~3~ nAicl~/ml n 

1 2 0  10-3 m ~  ~ 

~lO0 / ~ z & /  5 6 x lO-4m~ 
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@ o z 60 / o /  ~ - - ~ - -  24xlO'4m~ 

4opt' / " o 

I/o' 2O 

0 I0 20 50 40 50 60 70 80 90 I00 IlO 120 
C02/AICI 3 

Fig. 4. Deposition rate vs. nco2/nAtCla ratio derived from Fig. 2 

As plo t ted  in  Fig. 2 and 3 deposi t ion ra te  at  914~ 
appears  to be l imi ted  by  e i ther  COs or  A1C13 input  
rates. In Fig. 2, the  g rowth  ra te  is independen t  of 
A1C18 input  but  increases s teeply  as the CO2 input  
increases f rom 0-5 X 10-~ moles/ ra in .  When  copious 
amounts  of CO2 a re  admit ted,  on the  o ther  hand, the  
deposi t ion ra te  approaches  a constant  value de te r -  
mined by  the A1Ch concentrat ion.  S imi l a r ly  in Fig. 3 
the da ta  show tha t  the  growth  ra te  increases s teeply  
as A1Cls is admi t t ed  to the  sys tem but  approaches  a 
l imit  at  h igh  A1C18 flow rates. The da ta  in Fig. 2 and 3 
can also be plot ted  as a function of CO2 and A1C13 
mole  fract ion on log- log plots. Deposi t ion rates  for  
such plots  show an  increase as a funct ion of increasing 
mole fract ion on log- log plots. Deposi t ion ra tes  for 
A1CI~, respect ively.  This would  indicate  a complex 
chemical  sys tem wi th  more  than  a single r a t e - l imi t i ng  
step. 

In  a ho t -wa l l  system growth  ra te  is ve ry  sensi t ive 
to posi t ion dependence  and flow rate.  I t  has been 
shown in previous  w o r k  (14) that  a character is t ic  de -  
crease  in  g rowth  ra te  is seen on subs t ra tes  fu r the r  
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Fig. 5. Apparent index of refraction vs. thickness for films 
deposited at various temperatures. 

Fig. 6. Electron diffraction patterns: (a) film deposited at 
915~ for conditions listed in Fig. 1; (b) film deposited at 808~ 
for conditions listed in Fig. 1; (c) film deposited at 914~ for 
nAlclJmin = 1 • 10--~ and CO2/AICI 3 = 10 where maximum 
dielectric breakdown voltage was observed. 



Vol. 125, No. 6 P R O P E R T I E S  O F  Al~O3 F I L M S  905 

considerat ions  alone, one can say that  both  react ions 
[1] and  [2] would  proceed to the r ight  at  914~ How-  
ever,  this a rgument  would  predic t  tha t  the  deposi t ion 
ra te  at constant  A1C13 input  would sa tura te  at  CO2/ 
A1CI~ ~ 1.5. Cons iderab ly  h igher  amounts  of CO2 are  
needed  to sa tu ra te  the  reac t ion  (see Fig. 4). 

Index o~ refraction.--If the  index of re f rac t ion  was 
measured  e l l ipsomet r ica l ly  assuming no absorpt ion,  
the apparen t  index  was observed to v a r y  wi th  film 
thickness  at h igh subs t ra te  deposi t ion t empera tu res  
(Fig  5). T h e  films deposi ted at  low t empera tu r e  
(~700~ were  t r anspa ren t  (i.e., exhib i ted  no haze 
when viewed wi th  incident  l ight  and had  an index of 
1.665), Whereas the high t empera tu re  films al l  exhib i ted  
haze to va ry ing  degrees and were  most  l ike ly  absorp-  
tive. F i lms  grown at lower  t empera tu res  (735~ have 
been shown to be amorphous  by  TEM (13) and low 
angle x - r a y  diffract ion (14), whi le  those grown at  
h igher  t empe ra tu r e  (914~ were  polycrys ta l l ine .  The 
apparen t  var ia t ions  of index  of ref rac t ion  wi th  th ick-  
ness would  thus appear  to be associated with  absorp-  
t ion of l ight  by  the po lycrys ta l l ine  films. 

Composition.--An assessment  of chlor ine in films 
grown at  t empera tu re s  f rom 730~176 was made  
using the e lec t ron microprobe.  The chlor ine content  of 
films deposi ted at  805 ~ and 732~ was 0.0015 and 0.008 
weight  fractions,  respect ively ,  and in agreement  wi th  
ear l ie r  work  (6). Fo r  films deposi ted above 900~ the 
chlor ine  was be low the detec t ion  l imi t  of 0.0008 weight  
fraction. Carbon was not detected by  microprobe  
analysis  having a lower  detect ion l imi t  of 0.01 weight  
fraction. 

Film structure.--The diffract ion pa t te rns  for A1208 
films grown under  var ious  conditions are  Shown in 
F i g  6. I r ene  et al. (17) found the diffract ion pa t t e rn  

to correspond most closely to the  K I  a lumina  phase  
descr ibed in Ref. (19, 20). T o r k a r  and  Kr i schne r  (20) 
a t t r ibu te  this phase to the presence of OH in the  A12Oz 
structure.  Since these A120~ films are  p repa red  in H20-  
r ich ambients ,  the  KI  phase is most  l ike ly;  however ,  
it  is not possible to unambiguous ly  rule  out  a - a l u m i n a  
or v-a lumina.  Using low angle  diffract ion techniques, 
Light  et al. (18) charac te r ized  the films grown at  
915~ as po lycrys ta l l ine  and p robab ly  ,~-alumina hav-  
ing p re fe r red  or ienta t ion in the <111> direct ion when 
deposi ted on <100> Si surfaces. 

F igure  7 shows the TEM gra in  s t ructures  o f  A1203 
films deposi ted at  different  t empera tu res  as wel l  as 
under  condit ions giving the m a x i m u m  die lect r ic  
b reakdown  vol tage  for the high t empe ra tu r e  films. 
F i lms  grown at  low deposi t ion t empera tu re s  (735~ 
were  found to be amorphous.  The gra in  size of the  
film grown at 808~ appeared  in genera l  to be smal le r  
that  tha t  found in the 915~ film, however ,  gra in  
boundar ies  are  not  as c lear ly  defined in the  low tem-  
pe ra tu re  film. The grains  in the  915~ film are  in the  
range of 300-500A. 

Electrical properties.--The m a x i m u m  die lect r ic  
s t rength  of the  A1203 films is given as a function of 
film deposi t ion t empe ra tu r e  in Fig. 8 where  i t  can be 
seen tha t  dielectr ic  s t rength  improves  signif icantly wi th  
reduced t empera tu re  of growth.  The da ta  of Carnes  
and Duffy (21) and Zi r insky  (15) a re  inc luded for 
comparisor~ I t  is also of in teres t  to note tha t  the con- 
duct iv i ty  of the films var ies  wi th  deposi t ion t empera -  
ture  (Fig. 9). At  a constant  field, films grown at  735~ 
had 2-2.5 decades h igher  cur ren t  density.  Also shown 
in Fig. 8-9 are  da ta  f rom films deposi ted at  900~ by  
Zi r insky  in a system employing  an rf  susceptor  (cold-  
wal l  system) using H2-NO-A1Br~ gases. Even though 
the  NO-A1Br3, co ld -wal l  s ample  had  super io r  b r e a k -  

Fig. 7. Electron micrographs 
of AI203 films grown at various 
temperatures (Ts): (a) Ts 
915~ film whose diffraction 
pattern is shown in Fig. 6a; (b) 
808~ film whose diffraction 
pattern is Fig. 6b; (c) 735~ 
(d) 914~ film whose diffrac- 
tion pattern is shown in Fig. 6c. 
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Fig. 9. Conductivity data for film grown under conditions in 
Fig. i compared to films grown using NO and AIBr3, Zirinsk~, (15). 

down strength (Fig. 8),  it had the same conductivity.  
This improved breakdown for low temperature films 
could be related to the increased amorphous character 
of the films with  reduced deposition temperature.  
Likewise,  the improved breakdown observed for the 
900~ sample  grown using the NO-A1Br~ process is 
bel ieved to be related to reduced crystall ite  size since 
low angle x -ray  techniques indicated that the NO 
grown films appear to have a similar grain size and 
more amorphous character than those films grown by 
the CO~-A1C13 process at 808~ For similar tempera-  
tures apparently, the co ld-wal l  NO process tends to 
produce films having smaller  grains and wi th  more  
amorphous character in comparison to the hot-wal l ,  
CO2 process. 

The statistical distribution of breakdown voltage 
was found to be very  dependent on wafer  position on 
the susceptor (Fig. 10) and on the film thickness  (Fig. 
11). The second substrate in the series of s ix  consist-  
ent ly  had the highest breakdown strength (nor-  
mal ized to thickness)  and tightest distribution of 
breakdown voltages. This same film was  usually 
thicker than the preceding or fo l lowing films. As Fig. 
11 shows, thick films (>1000A)  had very  tight 
distributions, whi le  thin films (200A) showed a bi-  
modal breakdown distribution. While  it could be spec-  
ulated that this behavior is a result of breakdown at 
grain boundaries, direct substantiation is lacking. 
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From Fig. 12 dielectric strength is found to be de- 
pendent on the ratio of CO2 to A1C13 for each A1C13 
source temperature.  The optimization,  however,  does 
not relate to m a x i m u m  growth rate (Fig. 4 and 13) 
but does occur at about 75 A/min .  Figures 7a and d 
compare the grain structure of two films grown at 
915~C. The film in Fig. 7a was  grown at CO2/A1Cl~ 
: 16, had a 400A grain size, and broke down at 6.5 
m V / c m ;  the Fig. 7d film had 300A grains, 7 m V / c m  
breakdown strength, and was deposited at 75 A/rain 
at CO/A1CI~ of 10. 

7.0' D \  
"I- 

F -  m 60 

~ 5.5 

w 
~, 5.0 

4.5 
0 IO 20 30 40 50 60 70 80 90 I00 I10 120 

C 0 2 / A l C l  3 

Fig. 12. Dielectric strength vs. COJAICI3 for the films de- 
posited under conditions in Fig. 2. 
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The general trend from the electrical-structure cor- 
relation studies is that films exhibit higher breakdown 
strengths with decreasing crystallite size. A com- 
parison of these results with electrical properties an d  
grain size observed for the /kiN phase in the A1-O-N 
system (17) is also of interest. The data of Irene et al. 
(17) is summarized in Table I where it was also noted 
that dielectric breakdown increases with decrease in 
grain size. The maximum breakdown was observed at  
what was characterized as an amorphous film (<100A 
grains). This finding is consistent with the present 
data found for A12Os (Fig. 8). The measured current 
density for the A1N case, however, decreases with de- 
creasing grain size which is contrary to what is ob- 
served for A1208. It would appear that the conduc- 
tivity of A1~O3 is more dependent on deposition tem- 
perature than on grain size possibly because of im- 
purity content or stoichiometry. 

In an attempt to make the structure more amor- 
phous and thus improve the breakdown strength, 
A12Os films were implanted with argon or oxygen at 
30 keV in doses 1-3 • 10tS/cm 2. Although a profound 
decrease in conductivity resulted (Fig. 9), the break- 
down voltage distribution was actually degraded. 

S u m m a r y  
A wide range of deposition conditions have been 

described for depositing AI~O~ films by the hydrolysis 
of A1Cls in the presence of CO2 and Ha using N~ as a 
carrier gas. Deposition rate could be increased with 
increases of reactant partial pressures as well as tem- 
perature. Properties of the films such as index of re- 
fraction, impurity content, and crystalllnity vary as 
these system parameters are changed. Films were de- 
cidedly polycrystalline at high deposition tempera- 
tures (,~900~ but were more amorphous with pro- 
gressively lower deposition temperatures. Films de- 
posited at lower temperature contained substantial C1. 
Observed changes in electrical properties (dielectric 
breakdown and conductivity) have been correlated 
wi~h both the gas composition used in depositing the 
films and the crystallinity of the films. The breakdown 
strength increased with decreasing grain size and de- 
position temperature but could be optimized at each 
temperature by proper choice of the deposition pa- 
rameters. 

Table I. Electrical properties and grain size for AIH phase (17) 

o 
Deposition content Grain Dielectric Current (J) 

temp (atom size breakdown (A/cm 2) 
(~ %) (A) (mV/cm) (2 mV/cm) 

770 0 500 2,5 1 • 10"= 
770 8 250 3.2-6 1 • 10 -e 
900 0 300 4.2 2 x 10 ~ 
900 20 <:100" 8.0 1 • 10-' 

* Considered amorphous. 
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The Effect of Electrostriction on the Anodic 
Oxidation of Tungsten 
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ABSTRACT 

Ell ipsometry is used to measure the s t ra in induced in  the oxide film by 
the electric field dur ing the anodic oxidation of tungsten. The strain is found 
to vary  as the 5/3 power of the field.and to equal 1% at a field of 5.25 • 106 
V/cm under  galvanostatic oxidation at 200 ~A/cm 2. Open-circui t  t rans ient  
analysis is used to determine the dependence of the current  density and the 
dielectric constant  on the field in  the oxide film. The current  is found to be 
l imited by an effective field proportional to the product of the field and the 
dielectric constant. The dielectric constant is found to vary  l inear ly  with 
field, decreasing by 45% between zero field and the oxidation field. The 
Clausius-Mossotti relat ion is used to relate the variat ion in  the dielectric 
constant to the s t ra in in the film, and the resul ts  of the open-circui t  t rans ient  
analysis are found to be in very good agreement  with the ellipsometric mea-  
surements  of strain. It is concluded that field-induced s t rain in  the oxide film 
has a strong effect on its dielectric constant, and through it on the el~ective 
field which controls the anodic oxidation process. 

In  a previous paper (1), we reported a field depen-  
dence of the dielectric constant  dur ing  the anodic 
oxidation of tanta lum,  niobium, and tungsten,  and 
used an effective-field model to relate it  to the field 
dependence of the ionic current  density. Ell ipsometry 
was used to measure the strains induced in  the oxide 
films by changes in  field, and the associated changes 
in the low and high frequency dielectric constants 
were found to agree reasonably well  with values pre-  
dicted using the Clausius-Mossotti re lat ion between 
dielectric constant and density. By assuming log (i) 
proportional to an effective field, we found that  the 
field dependence of the dielectric constant could ac- 
count fairly well for the curvature  in  the dependence 
of log (i) on E for the anodic oxidation of t an ta lum 
(2) and n iobium (3). We were unable  to test an 
effective field model for tungsten  because no at tempt  
had been made to measure log (i)-E curvature.  We 
have now developed a technique for determining log 
(i)-E curvature  from the analysis of open-circui t  
t ransients  (4), and we apply this technique here to 
the anodic oxidation of tungsten. 

More recently, Young and co-workers found that  
the field induces anisotropy in the anodic oxides of 
t an ta lum (5) and n iobium (6), and carried out an 
anisotropic analysis of their  optical data. Their  values 
for the sign and magni tude  of the strains and index 
changes agreed reasonably well wi th  the results of 
our  earlier work which used isotropic optical analysis. 
They varied the field over a wider range than we had 
used and found a quadrat ic  field dependence instead 
of the l inear  dependence we had reported. More recent 
work in  our laboratory (7) confirms the optical aniso- 
tropy of the anodic oxide of niobium, but  not the 
quadratic field dependence, and concludes that  re-  
laxat ion processes complicate at tempts to determine 
the field dependence. Studies on t an ta lum film ca- 
pacitors (8, 9) found a complicated field dependence 
in that system also and reported a dependence of the 
results on the history of the sample, thus confirming 
the impor tant  role of relaxat ion processes. 

Although tungsten  oxide exhibits larger  f ield-in-  
duced strains than  do the oxides of t an ta lum and nio-  
bium~ it is a more difficult system to study in sulfuric 
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acid electrolyte because breakdown occurs at a rela- 
tively low potential,  restricting the thickness range 
available for optical analysis, and film dissolution 
tends to mask field-induced thickness changes. In 
this study we use both sulfuric acid and the acetic 
acid electrolyte used by Keil  and Salomon (10) to 
study the anodization of vanadium. Tungsten  oxide 
does not dissolve in this electrolyte, and a wide range 
of film thickness can be studied, but  one must  be 
alert  to the possibility of undesirable  side effects. In  
some systems, organic electrolyte inclusions modify 
the dielectric properties of the outer  port ion of the 
oxide film, and effects of this type have been used 
(7, 11) as evidence to support an effective field model 
for ionic conduction in  oxide films. In  the case of 
tungsten  oxide, the extensive work on electrochrom- 
ism has shown the properties of the film to be highly 
sensitive to variat ions in  its composition and struc- 
ture  (12). It has been claimed, on the basis of ellipso- 
metric measurements (13), that even the anodic oxide 
formed on tungsten in  dilute sulfuric acid is made 
up of two layers of approximately equal thickness but  
with refractive indexes which differ by 5%. 

Experimental 
The sel f -nul l ing ell ipsometer used for the optical 

measurements  has been described in  detail elsewhere 
(14, 15). It uses a he l ium-neon  laser for a light source, 
and the refractive index values we report  here are 
for the he l ium-neon  laser wavelength,  6328A. In  the 
configuration used for this study, the ins t rument  has 
a resolution of 0.01 ~ and under  favorable optical con- 
ditions its nul l ing  t ime is less than 1 sec. A hollow 
equilateral  glass prism is used as a cell and requires 
that the angle of incidence be set at 60 ~ . The cell has 
s tandard- taper  joints for mount ing  the electrode 
holder, a p la t inum counterelectrode, a mercurous sul-  
fate reference electrode, and a gas dispersion tube 
used for saturat ing the electrolyte with argon. All  
measurements  were made at room temperature,  22~ 
and values given for the potential  of the tungsten 
working electrode are relative to the reference elec- 
trode. In the experiments  in acetic acid electrolyte, 
the mercurous sulfate reference electrode is replaced 
by a p la t inum wire. This has some effect on the po- 
tent ial  values, but  the resistance of the acetic acid 
electrolyte has a much greater  effect. With our cell 
geometry, the correction for electrolyte resistance 
may be as large as 3V. 
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The tungsten  working electrode is a cylindrical  
single crystal with a flat on one side for optical mea-  
surements.  It is clamped between Teflon washers in  
the electrode holder and is mounted  in  the cell with 
its axis vertical, exposing an area of 1.25 cm 2 to the 
electrolyte. The optical surface is prepared by  several 
stages of diamond polishing followed by an electro- 
polish in sodium hydroxide. For all of the experiments  
reported here, the final surface preparat ion consists of 
immersion in dilute sodium hydroxide to dissolve the 
oxide film formed in a previous experiment.  The sam- 
ple is repolished only after oxidation to high potential  
in  acetic acid electrolyte, and after polishing it  is 
cycled several t imes before use in  another  experi-  
ment. The sulfuric acid electrolyte is 0.1M, and the 
acetic acid electrolyte is 2.0M in  water, and 0.02M in 
sodium borate. 

The circuitry used with the cell is operated by a 
HP 2114B minicomputer  through D/A and A/D con- 
verters which enable  currents  to be set and potentials 
to be read under  program control. At one second in-  
tervals the computer  records time, potential,  cur rent  
density, and the nu l l  settings of the polarizer and ana-  
lyzer prisms of the ellipsometer, and at 20 sec in te r -  
vals it writes the accumulated data onto magnet ic  
tape. In  extended experiments,  the t ime in terval  be- 
tween readings is usual ly  lengthened in  order to re-  
duce the total n u m b e r  of data points recorded. The 
computer can also apply and record open-circui t  t r an -  
sients at specified intervals  under  program control. 
The way in  which this is done is described in  detail 
elsewhere (4). 

Results 
Ellipsometric measurements . - -The first experiments  

were designed to see whether  the range of oxide film 
thickness could be extended by using acetic acid elec- 
trolyte in place of sulfuric acid electrolyte. The results 
of one such experiment,  performed at a current  den-  
sity of 200 ~A/cm 2, are plotted in  Fig. 1. Potent ia l  is 
plotted vs. t ime in  the lower port ion of the figure, and 
the nul l  settings of the polarizer and analyzer  prisms 
of the ellipsometer, P and A, are plotted one vs. the 
other in  the upper  port ion of the figure. Ini t ia l ly  po- 
tent ial  rises l inear ly  with time, and the optical data 
fall  on the closed loop in  the P -A plane. This result  is 
s imilar  to the result  obtained in  sulfuric acid, and the 
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Fig. 1. Ano(]ic oxidaHon of tungsten in acetic acid electrolyte 
at 200 /~A/cm 2. Corresponding points ore labeled A through K on 
the potential-time plot in the lower portion of the figure, on(] on 
the P-A plot of the optical data in the upper portion. 

film grown in this region has the same refractive index 
as the film grown in sulfuric acid. At the end of the 
l inear  region, the film thickness is little different from 
the film thickness at breakdown in sulfuric acid. 

Under  cont inued oxidation, the increase in potential  
becomes progressively slower, and the optical data 
begin to spiral outward in  the P-A plane. In  addition, 
the surface begins to scatter light diffusely as if it  
were roughening on a very fine scale, and the poten-  
tial t ransients observed on changing the current  den-  
sity exhibit  greatly enhanced overshoot. Scanning 
electron microscopy detects the formation of shallow 
pits on the order of 1 ~m in diameter  in  this region, 
but  Auger spectroscopy finds no sign of the electro- 
lyte inclusion expected in  a porous oxide or a duplex 
film. Clearly, both the film growth process and the 
s tructure of the film itself are different in  this region, 
and hence optical measurements  which extend into 
this region will be of no help in a n a l y z i n g t h e  anisot-  
ropy of the film grown in  the ini t ial  region. We must, 
therefore, make an assumption about the degree of 
anisotropy of the oxide film in  order to carry out our  
optical analysis. Wang (7) found that changes in the 
refractive index in the field direction were twice as 
large as those t ransverse to the field for n iob ium ox- 
ide, and we will assume that  this is the case for tung-  
sten oxide also. 

Analysis of the first loop optical data in Fig. 1 using 
this assumption gives nz = 2.1144 in  the field direction, 
and nx ~- ny = 2.1450 transverse to the field with the 
oxidation field applied. At zero field the film is iso- 
tropic with a refractive index of n ---- 2.1756. The layer  
grows on a substrate of index 4.280 -- 3.0781 in  a 
medium of index 1.375, and the ini t ia l  film thickness 
is 16.5A. Up to a potential  of 65V, the field in the film 
at a current  density of 200 ~A/cm 2 is 5.25 • 106 V/cm, 
and when the first optical loop closes at point  F, the 
oxide film is 1800A thick. The results of this analysis 
differ little from the results of our earlier work which 
used isotropic analysis to calculate an index of 2.145 
and a field of 5.2 • 106 V/cm at a current  densi ty of 
200 ~A/cm 2 in sulfuric acid electrolyte. Our results do 
not agree with the recent ellipsometric measurements  
of Sarakinos and Spyridelis performed at an angle of 
incidence of 60 ~ and a wavelength  of 5461A in  a me-  
dium of refractive index 1.333 (13). Under  their  opti- 
cal conditions, they expect their  first loop to close at 
a thickness of under  1500A, but  they find that their ex- 
per imenta l  data fall somewhat outside the loop at this 
point, then swing in  toward the loop but  do not cross 
it before breakdown. They analyze this behavior  in  
detail and conclude that  the anodic film is made up 
of two component layers of approximately equal thick-  
ness bu t  with refractive indexes which differ by 5%. 
We often obtain optical data of this type as we condi- 
t ion a diamond-polished optical surface for electro- 
chemical measurements  by al ternate  anodic oxidation 
and oxide film dissolution. We follow the oxidation 
cycles optically and use closure of the first optical loop 
(at 1800A under  our conditions) as an indicator  that  
the surface is ready for electrochemical measurements .  
We do not th ink  that the suggestion that  a duplex film 
forms on tungsten  in  sulfuric acid electrolyte meri ts  
serious consideration. 

Although the useful  range of oxide film thickness is 
no greater in  acetic acid than  in sulfuric acid, the 
oxide film does not dissolve in  acetic acid, and this 
simplifies considerably the analysis of optical data in  
field-switching experiments.  The results of a typical 
field-switching exper iment  performed in  sulfuric acid 
electrolyte are plotted in  Fig. 2, the potent ia l - t ime 
plot in the lower port ion of the figure and correspond- 
ing P- A  plot in the upper  portion. The a lgor i thm 
which applies the t rans ient  reduces the overpotent ial  
at 60 sec intervals  by 7/32rids of its ini t ia l  value, and 
does this four times before reversing the stepping di-  
rection, then finally reapplying the original  oxidation 
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Fig. 2. Field switching experiment during the anodic oxidation 
of tungsten in sulfuric acid electrolyte at 200 FA/cm ~, The op- 
tical data fall in the region of point B in Fig. I. 

current  density at point  S. In  sulfuric acid electrolyte 
this switching sequence provides optical data at the 
same set of electric field values independent  of the 
ini t ial  potential  or film thickness, but  in acetic acid 
the resistive voltage drop in  the electrolyte compli- 
cates matters  somewhat. Ideally, one would like to 
perform this switching sequence at points B, C, and D 
based on the assumption that  ~n~/~nx -= 2. The ex- 
per iment  plotted in  Fig. 2 was performed in  the region 
of point  B in  Fig. 1, and the scales used to plot the op- 
tical data in the upper  port ion of the figure are greatly 
expanded over the scales used in Fig. 1. The pa t te rn  
traced out by the optical data, al though somewhat 
complicated, shows up clearly in  this figure because 
the layer dissolution which occurs in sulfuric acid dis- 
places the data recorded on switching the field back 
up so that they do not overlap the data recorded on 
switching the field down. As t , e  aata recoraecl oefore 
and after the switching t rans ient  indicate, film growth 
at constant index displaces the optical data almost 
vert ically upward  in the figure, and the extent  of film 
dissolution dur ing the switching t ransient  can be cal- 
culated from the amount  t]~at point  S lies below point  
A. In terpre ta t ion of the lateral  displacements in  the 
optical data which occur when  the potential  is switched 
is more difficult because al though vertical  displace- 
ments  are due to changes in  film thickness only, la teral  
displacements involve changes both in  film index and 
in film thickness. At the three lowest field values, the 
switching produces a sudden lateral  shift which in -  
volves a change in  film index and in  film thickness, 
followed by a slow downward shift as the film dis- 
solves at essentially zero applied current  density. In  
regions BC and PR, a slow lateral  shift continues after 
the rapid shift observed on changing the field. The 
lateral  shifts from A to B and from R to S are con- 
sistent with what  one would extrapolate from the rest 
of the data, bu t  the addit ional  la teral  displacements 
from B to C and from P to R appear to be due to a 
relaxat ion process which requires charge transport.  
Regions BC and PR differ from the other constant po- 
tential  regions in  that  they are the only ones dur ing 
which there is appreciable carrent  flow. It is l ikely that  
the re laxat ion process observed here is the same one 
which is responsible for the overshoot in  the potential  
when  the current  density is changed suddenly from 
one value to another. Since our  aim in  this paper is 
to s t u d y  f ield-dependent  processes ra ther  than  re laxa-  

tion processes, we base our analysis on data taken 
either at low current  density or at times short com- 
pared to the relaxat ion time. 

The data used in the quant i ta t ive optical analysis 
of the field dependence were obtained in acetic acid 
electrolyte by applying the field switching sequence 
from Fig. 2 at points B, C, and D at the extremes of 
the first optical loop in  Fig. 1. The results obtained 
from the field-switching sequence applied at point C 
at the top of the optical loop are plotted in  Fig. 3 using 
the same let ter ing scheme for the switching sequence 
as was used in Fig. 2. Theoretical curves for an aniso- 
tropic analysis based on a zero field isotropic index of 
2.1756 and a hnz/hnx ratio of 2 are superimposed on 
the data. Although the exper iment  was performed in  
a different optical region, the data exhibit  the same 
general  characteristics as the optical data in Fig. 2, 
except that there is no evidence of film dissolution, 
and the re laxat ion process appears more pronounced 
along BC and less so along PR than in  Fig. 2. (The 
apparent  difference in the relaxat ion process is largely 
due to an increase in  the field in  region BC in acetic 
acid due to a change in  the resistive voltage drop in  
the electrolyte and to an increase in the field in region 
PR in sulfuric acid due to film dissolution.) 

The data obtained as the field is switched down from 
C to H and back up from J to P fall on a single l ine 
on the P-A plot in Fig. 3. The fact that the l ine is in-  
clined to both the constant  index and constant  thick-  
ness theoretical curves shows that  both thickness and 
index change with field. The thickness change, a full  
5A, can be read directly in the figure. The constant 
index curves in termediate  be tween the isotropic n = 
2.1756 curve and the n~ _-- 2.1154 curve are fitted to the 
average of the down and up switching data at each 
field step, and correspond to nz values of 2.1743, 2.1674, 
2.1589, and 2.1548 reading from top to bottom in the 
figure. The form of the field dependence can be de- 
te rmined by plott ing the change in  nz from its iso- 
tropic values as a funct ion of field, and this is done in 
Fig. 4. The curve in the figure is a power law, Ep, 
fitted to the first four points. The best fit is obtained 
with this form of field dependence for p ---- 1.67. The 
deviation of the fifth point  from the curve fitted to the 
first four is due to the optical shift associated with the 
relaxat ion process, and the fact that the field incre-  
ment  between the fourth and fifth points is smaller  
than the other increments  is due to the voltage drop 
in the electrolyte at a current  density of 200 ~A/cm 2. 
The value used in  Fig. 3 for the isotropic index at zero 
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Fig. 3. Field switching experiment during the anodic oxidation 
of tungsten in acetic acid electrolyte at 200 #A/cm2. The field- 
switching sequence from Fig. 2 was applied in the region of point 
C in Fig. 1. The theoretical thickness and index curves are for a 
film which is isotropic at zero field and whose index changes 
twice as much in the field direction as in the transverse direction 
when the field is applied. 
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Fig. 4. The field dependence of Anz determined from the experi- 
ment plotted in Fig. 3. The plotted points correspond to the con- 
stant index curves in Fig. 3. The first 4 points fit a 5/3-power 

dependence on field, and the 5th point shows an offset due to a 
relaxation process (BC in Fig. 3). 

field was obta ined by  ex t rapo la t ing  the field depend-  
ence p lo t ted  in Fig. 4 to zero field. 

The optical  analysis  shown in Fig. 3 is consistent  
wi th  the  opt ical  analysis  of a switching expe r imen t  
pe r fo rmed  at  point  B in Fig. 1. When  we say  the  
analyses  a re  consistent,  we  mean  tha t  al l  re f rac t ive  
index  values agree  and tha t  thickness  changes exhib i t  
the  p ropor t iona l i ty  to film thickness  r equ i red  to give a 
re la t ion  be tween  field and s t ra in  which  is independen t  
of film thickness.  The lef t  end of the  opt ical  loop is 
p robab ly  the  best  place to pe r fo rm f ie ld-switching ex-  
per iments  because the  angle  be tween  cons tan t - index  
curves and cons tant - th ickness  curves is grea tes t  in  this  
region, and a l though the over -a l l  magni tude  of the  
shift  in the opt ical  da ta  is less than  at  the  top of the  
loop, the  null  sens i t iv i ty  is cons iderab ly  better .  A t  
the  r ight  end of the  first opt ical  loop where  the  sensi-  
t iv i ty  to thickness and index  changes is not  as good, 
we do not get  a consis tent  analysis,  but  we do not  
know whe the r  this  is due to the low sensi t ivi ty,  or  
whe the r  is is an ea r ly  indica t ion  of breakdown.  

Open-circuit transient measurements.--Open-circuit 
t rans ients  can be used to de te rmine  the dependence  
of cur ren t  dens i ty  on potent ia l  dur ing  anodic ox ida -  
tion. We wil l  only  outl ine the  steps involved  in the 
analysis  here,  and we refer  the r eade r  e l sewhere  (4) 
for a de ta i led  descr ipt ion of the  expe r imen ta l  tech-  
nique, methods  of analysis,  and effects of log (i)-E 
curvature .  In  the  high overpoten t ia l  region, the  r e l a -  
t ion be tween  cur ren t  dens i ty  and potent ia l  for  an 
ac t iva t ion-cont ro l led  process can be wr i t t en  

/ =/o exp((V -- V*)/Vo) [I] 

where V* is the zero of overpotential, io is the ex- 
change current density, and Vo is the Tafel slope de- 
fined in terms of natural logarithms. If the applied 
current to the electrode is interrupted, the decay of 
overpotential across the oxide film will be governed 
by the relation 

C dVIdt = --  % exp ( (V --  V*) /Vo)  [2] 

p rovided  tha t  the capaci tance of the  oxide film, C, is 
constant  over  the  t ransient .  This equat ion may  be in -  
t egra ted  under  the condit ion tha t  i _-- /1 and V = V1 
when  the circui t  is opened at  t --  0, to give  

V = VI -- Voln (i + t/T) [3] 

where T = CVo/il. Equation [3] can be fitted to V-t 
data by varying T to minimize the standard deviation 
in V given by least squares analysis. Vo and I/C are 
determined directly by this analysis, and io and V* 

can be de te rmined  f rom measurements  at  different  
film thicknesses if the  cur ren t  dens i ty  is l imi ted  by  the 
electr ic  field in the oxide film. 

The analysis  of a t rans ient  p roduced  by  opening the 
circui t  at  a potent ia l  of 18V dur ing  the anodic ox ida -  
t ion of tungs ten  in sulfur ic  acid e lec t ro ly te  at a cur -  
rent  dens i ty  of 200 ~&/cm 2 is shown is shown in Fig. 
5. In  the  lower  por t ion  of the figure the  V- t  da ta  a re  
p lot ted  along wi th  the  least  squares fitted l ine for  
T ---- 4.3 msec, the value  which minimizes  the  s tandard  
devia t ion  in V. The least  squares analysis  gives Vo ---- 
1.728V and 1/C ---- 2.01 cm2/~F, in  the  upper  por t ion of 
Fig. 5 we plot  the  devia t ion  of the da ta  f rom the fitted 
line on a 20 t imes expanded  scale. This plot  shows 
that  the  33 mV s tandard  devia t ion  is sys temat ic  r a the r  
than random, and that  the  da ta  exhib i t  ve ry  l i t t le  rea l  
scatter.  

F igure  6 shows the Vo and 1/C da ta  obta ined  by  
analysis  of sequences of open-c i rcu i t  t rans ients  ap -  

cr =~3 mV 0 8 

0 O0 O0 0000000000 0 0 0 
v -5 

V 17 ---- ~ ~  T~4~30 ms 

15 

I I I 
0 I 2 3 4 

In(l+ t/T) 

Fig. 5. Analysis of an open-circuit transient applied at a po- 
tential of 18V during the anodic oxidation of tungsten in sulfuric 
acid at a current density of 200 /~A/cm ~. The deviation of the 
data from the least squares fitted llne is shown on a 20-times 
expanded scale in the upper portion of the figure. 
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Fig. 6. Values of Vo and I /C determined by the analysis of 
open-clrcult transients applied at a sequence of potentials during 
the anodlc oxidation of tungsten in acetic acid (squares) and 
sulfuric acid (circles) at a current density of 200 /~A/em 2. 
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plied during the anodic oxidation of tungsten at 200 
~A/cm2 in sulfuric and acetic acid electrolytes plotted 
as a function of V~, the potential  at which the t rans i -  
ent was applied. In  order to make the data obtained 
in the two electrolytes more readi ly comparable, the 
V1 values in acetic acid were corrected for the iR  drop 
in the electrolyte (approximately 2V), but  not for the 
pH difference between the electrolytes. This plot can 
be used in  many  ways: It  enables us to compare the 
electrochemical characteristics of oxide films formed 
in the two electrolytes, to de te rmine  whether  or not 
the conduction process is controlled by the field in  the 
film, to detect points at which the na tu re  of the con- 
duction process changes, and to determine the param-  
eters io and V* which cannot be determined by the 
analysis of a single transient.  

There appears to be no significant difference in the 
electrochemical characteristics of the films formed in  
the two electrolytes. The small  differences between 
1/C values may be due to analysis problems associated 
with the iR  correction in  acetic acid, or, because ca- 
pacitance is an area-dependent  parameter,  a difference 
in the roughness of the sample surface between the 
two runs. From the fact that the films have the same 
refractive index and the same electrochemical charac- 
teristics, we conclude that  the same oxide film forms 
in the two electrolytes. The lower solubil i ty of the 
oxide film in  acetic acid makes it the preferred electro- 
lyte for sensitive optical measurements,  but  the lower 
electrolyte resistance makes sulfuric acid the pre-  
ferred electrolyte for second-order analysis of open- 
circuit transients.  

The l inear dependences of Vo and 1/C on VI below 
60V are characteristic of a process controlled by the 
electric field in  the oxide film. This could be demon- 
strated equal ly well by plott ing Vo and 1/C vs. the 
oxide film thickness determined by ellipsometry, but  
the form of plot used in Fig. 6 has the advantage that  
V*, the zero of overpotential,  appears as a point  on 
the graph, and the potent ial  at which the conduction 
process begins to change can be read directly. For  an 
ideal field-limited process, V* is given by the .common 
Vo and 1/C intercepts on the V1 axis. For  the sulfuric 
acid data in Fig. 6, the V1 intercepts of least squares 
lines fitted to the Vo and 1/C data, --0.335 and 
--0.633V, respectively, are in  close agreement.  The 
curvature  in  the Vo and 1/C data above 60V in both 
electrolytes indicates a change in the conduction proc- 
ess, and we in terpre t  this change as the earliest indi-  
cator of film breakdown. This result  supports the con- 
clusion we drew from the optical data that  al though 
the postbreakdown f i lm-growth processes may differ, 
the film breaks down at the same potential  in the two 
electrolytes. The restricted potential  range available 
for study poses no problem for open-circui t  t rans ient  
measurements,  so we restrict  our second-order analysis 
to t ransients  with V1 values below 20V to be well 
clear of any breakdown effects. 

The second-order analysis is based on three postu-  
lates: (i) The logari thm of the ionic current  densi ty 
is l inear ly  dependent  on the effective field in the oxide 
film, (ii) the effective field is proport ional  to the prod- 
uct of the applied field and the dielectric constant of 
the film, and (iii) the dielectric constant of the film 
depends on the electric field in  the film. Under  these 
postulates, the differential equation of a t ransient  can 
be put into the same form as Eq. [2] by t ransforming 
to the variable U defined by 

U -- ( V  - -  V * ) K / K 1  [4] 

where K is the dielectric constant  of the oxide film, 
and K~ is its value at the oxidation field, 5.25 • 10 e 
V/cm. The differential equation of the t rans ient  is 
then 

C1 d U / d t  -~ -- io exp (U/Vo)  [5] 

where C1 is the value of the capacitance at the oxida- 

t ion field. The procedure for fitting a t ransient  is simi- 
lar  to the first-order procedure except that  an addi-  
t ional step is required to specify the field-dependence 
of the dielectric constant. In  this s tudy we assume a 
power- law dependence of K on E which, wr i t ten  in  
terms of potential,  has the form 

K ---- Ko(1 -- 7n( ( V  -- V * ) / ( V 1  -- V*) )n) [6] 

where Ko is the zero-field value of K, and "Xn is the 
fraction by which the dielectric constant  decreases on 
going from zero field to the oxidation field. This form 
has the computat ional  advantage that  7n is dimension-  
less, but  the value of 7n does depend on the oxida- 
t ion field. In  fitting transients,  we set n equal to 1 or 2, 
choose a value for 7n, fit the t rans ient  by the first- 
order procedure, then repeat the process for other 
values of 7n. We then test the effectiveness of the 
second-order analysis and find the best-fit value for 7,  
by plott ing ~, the s tandard deviation of the potent ial  
data from the fitted line, as a funct ion of "xn. This is 
done in  Fig. 7 for second-order  analysis of the t rans i -  
ent plotted in  Fig. 5. S tandard  deviat ion curves are 
shown for assumed l inear  and quadrat ic  dependences 
of K on E, both of which intersect  the ~-axis at the 
first-order value, 33 mV. The quadrat ic  dependence 
gives a simple m i n i m u m  at "v2 : 0.238, but  the l inear  
dependence gives a relat ive m i n i m u m  just  below the 
very sharp absolute m i n i m u m  at "vl -- 0.441. At  "v2 = 
0.238, ~ is reduced by a factor of 6 from its first-order 
value, whereas at 71 = 0.441 the reduct ion factor is 25. 
The 1.3 mV standard deviat ion at 71 : 0.441 is real ly  
quite remarkable  in view of the fact that  the A/D con- 
ver ter  has a least-significant bit of 5 inV. Our record- 
ing technique makes it  theoretical ly possible to 
achieve such low values of ~ provided the signal is 
noise-free, the A/D converter  is highly linear,  and 
the funct ional  dependence of V on t is known pre-  
cisely, but  it is very unusual  to meet  all of these con- 
ditions in practice. When studying the anodic oxida- 
t ion of t an ta lum (4) we did not achieve such low 
values of ~, and we were unable  to discriminate be-  
tween a l inear  and a quadrat ic  dependence of K on E. 
Here we conclude that  a l inear  dependence of dielec- 
tric constant on field fits the data very well  across the 
field region spanned by the open-circui t  transient.  

The expressions determined by first- and second- 
order analysis for the dependence of the current  den-  
sity on the field are displayed graphical ly on a plot of 
log (i) vs. E in  Fig. 8. The first-order expression is a 
l ine which intersects the i-axis  at io ~ 4.18 • 10 -8 
t~A/cm 2, and the second-order  expression is a curve 

40 I I I I 
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Fig. 7. Plot of ~, the standard deviation in V given by least 
squares analysis,  as a function of 3'n, the field coef f ic ient  of the 
dielectric constant, for second-order analysis of the open-circuit 
transient from Fig. 5. At ~2 ~ 0.238, ~ ---- 5.15 m~V, and at ~'1 

0.441, o" - -  1.30 mV. 
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Fi 9. 8. Dependences of log (i) and K on field determined by 
first- and second-order open-circuit transient analysis. The ex- 
pressions describe haw log (1) and K respond as the field changes 
from on initial value of 5.2.5 X 10 6 y/crn under conditions where 
no relaxation takes place. 

which intersects the i-axis at io = 6.68 • 1O -5 ~A/cm ~, 
and crosses the first-order l ine once at the oxidation 
field and again at lower field. (The value 0.45 for ~z 
comes from the analysis of a sequence of 10 transients,  
the final one of which is the t ransient  with ~i : 0.441 
plotted in  Fig. 5.) The field region over which the 
open-circui t  analysis was carried out is shown in  the 
figure, and the plotted relations are seen to have sub-  
s tant ial ly  different average Tafel slopes across this 
region. 

The first-order analysis gives a value of 22.8 for K 
independent  of field, whereas the second-order anal -  
ysis gives a value of 230 for K at zero field, decreasing 
to 127 at the oxidation field. The full order-of  magni -  
tude difference be tween the first- and second-order 
zero-field values for K may appear unreasonably  
large, but  it is a direct consequence of the assumption 
that  K depends on E. The capacitive discharge current  
involves two terms in  second order 

CdV/d t  ~- (V - -  V * ) d C / d t  = Co(1 - -  2 ~ ) d V / d t  [7] 

where Co is the value of the capacitance at zero field. 
This equat ion predicts a value of (1 -- 2~1) for the 
ratio between the first- and second-order  K values at 
zero field, and for ~z = 0.45 this is precisely an order 
of magnitude.  

Discussion 
The optical and open-circui t  measurements  give 

quite different results for the form and s t rength of the 
dependence of the dielectric constant on the field. Al -  
though the difference in  the s t rength of the field de- 
pendence is not surpris ing in  view of the difference in  
frequency, the difference in  the form of the depen-  
dence does appear to be inconsistent.  We can test the 
consistency of the two results if we assume that  the 
changes in  dielectric constant resul t  from changes in 
densi ty produced by field-induced s t rain in  the film. 
This enables us to express the results of the two mea-  
surements  in terms of a f requency- independent  quan-  
tity, the s t ra in  in  the film, but  i t  does introduce one 
fur ther  assumption. In  the case of the ellipsometric 
measurements ,  no assumption is needed to express the 
result  in terms of strain:  The analysis in  Fig. 3 and 4 
gives the f ield-dependence of the s t ra in  directly 

e = 1.00 X l O - 2 ( E / E 1 )  1"67 [8] 

where ~ is the strain in  the film and E1 is the oxidation 
field, 5.25 • 106 V/cm. 

The open-circui t  result  can be expressed in  terms of 
s t ra in if we use the Clausius-Mossotti  relat ion to ex-  

press the dependence of the dielectric constant  on den-  
sity 

( K - -  1 ) / ( K  + 2) : Bp [9] 

where p is the density of the film and B is a constant. 
Although the applicabil i ty of the Clausius-Mossotti  
relat ion to anisotropic electrostrictive systems is cer- 
ta inly  open to question, a recent  series of papers 
suggests that  Clausius-Mossotti  theory can be ex-  
tended to deal with the photoelastic behavior  of an -  
isotropic materials  (16-19) If we a t tempt  to test the 
applicabil i ty of the Clausius-Mossotti  re lat ion in  our  
anisotropic optical analysis by using it  to predict  the 
change in refractive index which should result  from 
the observed density change, we get a value which 
agrees well  with the observed changes in  nx and ny. 

The Clausius-Mossotti  re lat ion predicts a much 
stronger effect of s t ra in  on the dielectric constant  at 
low frequencies where the dielectric constant  has a 
higher value. The form of the relat ion is such that  the 
left side of Eq. [9] approaches a l imit ing value of 1 
for large values of K. • this limit, smad variat ions 
in  density can cause large fractional changes in  K, 
and the relat ion between K and e becomes nonlinear .  
It  is this property of the Clausius-Mossotti  re lat ion 
which removes the apparent  inconsistency between 
the results of the optical and open-circui t  measure-  
ments. If we use the values /Co -- 230.67 and ~z ~- 
0.4411 which come from the second-order  min imiza-  
t ion plotted in  Fig. 8, and use the Clausius-Mossotti  
relat ion to calculate the s t ra in  necessary to produce 
the field dependence of the dielectric constant, we 
obta in  the relat ion 

e -- 5.71 • IO-3 / (Ez /E  -- 0.437) [10] 

Equations [8] and [10] cer ta inly use different func-  
t ional forms to express the dependence of s t ra in on 
field, but  it  must  be remembered  that  the funct ional  
dependences are simply convenient  ways of repre-  
senting smooth curves through exper imental  results 
in a par t icular  field region. Figure 9 shows a plot 
of the two functions vs. held. The optical data points 
are shown in the figure, as is the field region over 
which open-circui t  t ransients  are fitted. 

The agreement  between the two curves, par t icular ly  
in  the region where tneir  fitting ranges overlap, is 
ext raordinar i ly  good; so good, in fact, that  one hardly  
knows what  to say about  it. There are many  steps 
involved in  obtaining the curve in  Fig. 9 from the 
init ial  table of 21 V-~ values recoraed aur ing  an open- 
circuit t ransient  and it would be very easy to explain 
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Fig. 9. The field dependence of the strain in the oxide film as 
determined by elllpsornetry and as required by the Clausius- 
Mossotti relation to fit the dependence of K on E determined by 
second-order analysis of open-circuit transients. The curves be- 
come tangent near E1 but do not cross. 
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away  a d iscrepancy be tween  the open-c i rcu i t  and the 
opt ical  results.  The converse  p rob lem of wha t  one can 
say  about  the  many  steps when there  is no d iscrepancy 
in the final resul ts  is a chal lenging p rob lem in infer -  
ence. We regard  Fig. 9 as a pivotal  resul t  which es tab-  
l ishes the  "physical"  model  as a quant i t a t ive  theory  
which provides  new insight  into m a n y  of the  phe-  
nomena associated wi th  anodic oxidation.  For tuna te ly  
the new insight  suggests a wide var ie ty  of fu r the r  ex-  
per iments  whose outcome wi l l  u l t ima te ly  decide the  
fate  of the theory.  

There  are  two points  which should be kep t  in  mind  
when assessing t h e  significance of Fig. 9. The  first is 
the fact tha t  the  open-c i rcu i t  analysis  is p r i m a r i l y  a 
technique for s tudying  conduct ivi ty,  not  capacitance.  
This is t rue  in second order  as wel l  as in first. A l -  
though the field dependence  of the  dielectr ic  constant  
enters  into both the  capaci t ive  d ischarge  t e rm on the  
lef t  of Eq. [5] and the conduct iv i ty  t e r m  on the r ight ,  
the  exponent ia l  dependence  in the conduct iv i ty  t e rm 
dominates.  Numer ica l  in tegra t ion  of the  equat ion  
shows tha t  the  capaci t ive  t e rm gives a second-order  
effect which is an order  of magn i tude  smal le r  than  
tha t  of the  conduct iv i ty  t e rm  and of the  opposi te  sign. 
Hence the field dependence  of the  die lect r ic  constant  
de te rmined  by  the open-c i rcu i t  measurements  comes 
f rom the analysis  of the  conduct ivi ty,  and the assump-  
t ion that  the conduct ion process is l imi ted  by  an ef-  
fect ive field KE is essent ial  to the  analysis.  

I t  is also impor t an t  to note that  the  curves  in  Fig. 9 
descr ibe the  re la t ion  be tween  field and s t ra in  in  the  
absence of r e laxa t ion  processes. The optical  curve  is 
fi t ted to da ta  obta ined  at  fields which are  low enough 
tha t  there  is insufficient cu r ren t  to dr ive  the  r e l a xa -  
t ion process, and  the open-c i rcu i t  analysis  is car r ied  
out  over  t imes shor t  compared  to the  r e l axa t ion  time. 
The plot  of log (i) ws. E in  Fig. 8 is subjec t  to the  
same res t r ic t ion:  i t  descr ibes  the  way  log (i) responds  
when  E is changed f rom an in i t ia l  va lue  of E1 under  
condit ions where  no re laxa t ion  takes  place. In the  
physical  model,  the r e l axa t ion  process is a r e laxa t ion  
of stress in the film. Under  s teady  g rowth  at  constant  
field, the continuous atomic r ea r r angemen t  asociated 
wi th  the  ionic conduct ion and film growth  processes 
makes  i t  impossible  for the  film to suppor t  a shear  
stress. When  the field is changed, stress is induced in 
the  film, bu t  this stress re laxes  as the ionic current  
continues to flow. Unfor tuna te ly  this  mechan i sm does 
not  a l low for r e l axa t ion  at  zero field, and tb2s grea t ly  

complicates the analysis  of the sys tem by  the methods 
of cont inuum mechanics.  I t  is our v iew tha t  this is the  
reason we do not  observe the  quadra t ic  dependence  of 
s t ra in  on field p red ic ted  for e lect ros t r ic t ive  systems 
in which the stress is zero at  zero field. 
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Examination of Aluminum-Copper Films during the 
Galvanostatic Formation of Anodic Oxide 

II. Rutherford Backscattering and Depth Profiling 
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ABSTRACT 

The anodization of evaporated a luminum/copper  alloy films has been in-  
vestigated using Rutherford backscattering. It has been shown that the copper, 
ini t ia l ly  dis tr ibuted uni formly  through the a luminum film, is not incorporated 
in  the anodic oxide but  accumulated at the metal  oxide interface�9 At high 
potentials this interface becomes rougher due to copper-rich inclusions which 
finally cause local film breakdown. An excess copper accumulat ion of about 
1 atomic percent  above average is distriDutea over t~50A oK the met=a~ pnase 
and moves inward  as the anodic oxide grows�9 This t ransport  is explained by 
an enhanced diffusion of the copper through a disordered metal  layer  caused 
by the formation of the anodic oxide�9 

Rutherford backscat ter ing is one of the best methods 
to obtain informat ion about the elemental  depth dis- 
t r ibut ion near  the surface of a mater ia l  to a depth of 
about 1 ~m. Studies have been made of anodic oxides 
on metals (1), the mobi l i ty  of different implanted 
tracers in the high electric field of anodic films (2, 3), 
and their  t ransfer  from the metal  to the oxide phase 
(4) This technique has been used to obtain addit ional 
informat ion about the composition of vapor-deposited 
a luminum-copper  films and their  passivating oxides 
formed under  galvanostatic conditions. The results 
have been used to explain some of the corrosion prop- 
erties oi these films. 

Experimental  
The anodization conditions and the electrochemical 

corrosion properties of the films have been already de- 
scribed in detail (5), and are only briefly described here. 
The a luminum/copper  alloy films were deposited by 
electron beam evaporat ion and subsequent ly  anodized 
in  one of three buffer solutions: phthalate  buffer, pH 
5.0, 0.023M KHPhth  + 0.027M K~Phth; citrate buffer, 
pH 6.0, 0.1M; and borax buffer, pH 9.2, 0.1M. The as- 
deposited films showed a grain size of approximately 
1000A by transmission electron microscopy (5). Due 
to the small  solid solubil i ty of copper in a luminum (6), 
the copper is present  as the e-phase CuAI~ and this 
phase could be detected by x - r ay  diffraction if the cop- 
per concentrat ion exceeds 1 atomic percent  (a/o) (7). 
The metal  films were examined before and after gal- 
vanostatic anodization using Rutherford backscattering 
(8) from a 1.9 or 1.7 Me 4He + ion beam. The energy 
resolution of the detector was about 10 keV cor- 
responding to an approximate 2O0A depth resolution. 
The backscattered ions were collected by a solid-state 
detector at an angle of 0 = 175 ~ measured against the 
forward direction of the incident  beam. Ion beam cur-  
rents of 10 nA were used for the measurements.  

Results 
Figure 1 shows a spectrum for an AI-I.0% Cu (all 

copper concentrat ions are referred to as atomic per-  
cent) film on a quartz substrate before and after anod- 
ization in  citrate buffer (pH = 6.0) with a current  den-  
sity of 1 m A / c m  2 to 100V. The parts of the spectra cor- 
responding to scattering from the copper, a luminum,  
and oxygen in  the film and oxygen in  the quartz sub-  
strate are well resolved. The peaks at channel  160 for 
the anodized and at 180 for the original  film are caused 
by the overlap of the energies of backscattered par t i -  
cles from the t rai l ing edge of the a luminum film and 
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z P r e s e n t  a d d r e s s :  F r e e  U n i v e r s i t y  B e r l i n  Institute of P h y s i c a l  

C h e m i s t r y ,  1 B e r l i n  33, G e r m a n y .  

the leading edge of the silicon in  the quartz substrate. 
The overlap arises because the silicon atoms have only 
slightly higher mass than  the a luminum atoms. This 
effect was not observed when sapphire was used as 
the substrate material.  The position of the copper and 
a l u m i n u m  high energy edges of the as-deposited films 
demonstrates that both metals are present  at the sur-  
face. This was confirmed by taking the spectra of pure  
copper and pure a luminum specimens whose leading 
edges fall at these same energies. 

The relat ive heights of the copper and a luminum 
plateaus in the spectTa can be used to calculate values 
for the composition of the metal  film. Taking the 
heights of the plateaus Hcu and HA1 at the same en-  
ergy separation from the leading edge one gets 

Hcu/(29 ) 2 
Cu % _ [1] 

Hcu/(29) 2 -F HAl/(13) ~ 

the relat ion containing a compensation for the fact that  
the Rutherford backscattering cross section of an 
element  is approximately proport ional  to the square of 
its atomic number .  In this work the plateau heights 
were measured 12 channels below the energy of the 
half-height  a't the leading edges at which point  the 
rising ~ortion of the leading edge is complete. The re-  
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Fig. 2. Composition of vapor-deposited films determined by 
Rutherford backscattering and atomic absorption spectroscopy. 

sults are shown in Fig. 2 as a function of the values for 
the averaged bulk  composition obtained by atomic ab-  
sorption spectroscopy. The films do not have any ap- 
preciable depth gradient  of copper as can be seen by 
the near ly  flat top of the copper plateau shown in Fig. i 
and 5. The small  increase with decreasing energy E is 
due to the proport ional i ty of the backscattering yield 
to E -2. The copper concentrat ion with depth is con- 
stant  to about 2%. 

The spectrum of the anodized film shows some sig- 
nificant changes. The leading edge of the copper signal 
is shifted by 22 channels. Similar ly  there is a step of 
23 channels on the a luminum signal, al though its lead- 
ing edge has not changed position, and an oxygen 
peak with a width of 20 channels appears on top of the 
silicon signal of the substrate. These spectral changes 
are consistent with the formation of an anodic oxide on 
the surface of the metal  film, with the shift in the lead- 
ing edge of the copper peak showing that this constit- 
uen t  is not incorporated in the oxide, bu t  ra ther  lies 
beneath it. 

The oxygen peak was integrated to determine the 
amount  of oxide present. Background corrections were 
made for the contr ibut ion of the support ing mater ial  
(Si or A1) by extrapolat ing their  peaks to higher en-  
ergies. The oxygen content  of the passive film was 
found to increase l inear ly  with the anodization charge 
and potential  giving addit ional support  that the passive 
oxide is nonporous and increases in  thickness l inear ly  
with t ime at constant  current.  F rom the width  of the 
step in  the a luminum signal the oxide thickness was 
obtained. 

The shift in  the leading edge of the copper signal 
can also be used to calculate the amount  of a luminum 
oxide on top of the copper. The layer  thickness is ob- 
tained by the following relat ion (9) 

'N = AE[K2( , ( in)  + [see e I e ( o u t ) ) ] - I  [2] 

'N _-- a t . /cm 2, AE = energy width  of plateau [keV be-  
tween half-heights] ,  e ---- 175 ~ (angle of detection),  
K s = backscattering kinematic  factor, e(in) _-- 4He-- 
stopping cross section [eV/1015 at . /cm e] for Eo, , (out)  
= for KEo, and Eo -= energy of incident  ion beam (1.9 
or 1.7 MeV). The stopping cross sections , ( in )  and 
, (out)  for A1203 were calculated by applying Braggs 
rule  from the values of the pure elements 

, : 0.4,A1 + 0.6~o 

The values for e were taken from Ref. (9). 'N was 
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Fig. 3. Thickness of anodic oxide 5 on AI/ I  a/o Cu films on 
sapphire formed with constant current to different potentials Eh, i 
= 1 mA/cm 2, 0.1M citrate, pH =. 6.0, deduced from anodic 
charge and the changes of the O, AI, and Cu signals. 

transformed into a thickness by dividing by the den- 
sity of atoms in corundum. However, as the anodic 
film presumably has a somewhat lower density, this 
should be seen as a lower limit of the thickness. 

Figure 3 shows the thickness (5) of anodic oxides 
formed on A1/l% Cu and A1/0.5% Cu films to different 
potentials (citrate buffer, i ----- 1 mA/cm2).  8 is calcu- 
lated from the changes of the oxygen, a luminum,  and 
copper signals in  the Rutherford spectra. 

The thickness values calculated from the oxygen 
peak and the a luminum peak, respectively, are very  
close to each other. The thickness calculated from the 
charge is significantly greater and it is apparent  that  
some dissolution of the a luminum occurs dur ing anod-  
ization, as previously observed by  radioactive tracer  
methods (10). In  contrast, the thickness calculated 
f r o m  the shift in the copper peak is somewhat  less. 
This is probably  due to a roughening of the me ta l /  
oxide interface or that  some residual  copper remains  
in  the oxide close to the interface. 

With in  the major  part  of the oxide (~80%) no 
copper can be detected wi th in  the limits of detection 
(0.1%). Figure 4 shows a magnification of the copper 
signals of Fig. 1. In tegrat ion of the copper peak before 
and after the anodization shows no loss of this metal  
dur ing anodization in either 0.1M borax (pH.=9.2) or 
citrate (pH=_6.0) solutions. 
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A pronounced enr ichment  of copper was detected at 
the metal  oxide interface for a~uminum films conta in-  
ing about 1% copper. The Rutherford spectrum shows 
that  this enr ichment  is equivalent  to an addit ional  
1 a/o dur ing anodization up to 80V, corresponding to 
about 800A of oxide (Fig. 5a). This peak has a half-  
width of 33 keV corresponding to an enriched copper 
la~er of about 650A. The copper enr ichment  moves into 
the metal  film thus re t reat ing from the advancing, 
newly formed oxide, because it is not t ransferred into 
the oxide phase. Once the copper concentrat ion rises 
above 2% no fur ther  enr ichment  occurs bu t  ra ther  
the leading edge of the peak gets less steep (Fig. 4 and 
5a). Galvanostat ic  anodization with 1 mA/cm2 to 140V 
leads to an addit ional 400A oxide (22 keV) sur round-  
ing local areas of copper-r ich metal.  Once the enrich-  
ment  peak has reached its max imum height no change 
in the shape of its tai l ing edge c~n be detected even 
when the potential  for local film damage is reached 
(Fig. 4 and 5a). This indicates that  the t ranspor t  
mechanism of copper into the metal  phase does not 
change dur ing  the different stages of oxide formation�9 
Figure 5b shows the increasing accumulat ion of copper 
at the metal  oxide interface for an A1/0.5% Cu film 
anodized to different potentials up to 150V, at which 
point a s teady-state  accumulat ion still has not  been 
reached�9 

In  some cases the specimen was ti l ted by  60 ~ so 
that  the beam was incident  at 30 ~ to the specimen's 
surface. Figure 6 demonstrates  the change in  the spec- 
t rum. The peaks of the surface atoms would not  be 
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expected to move; however, the remainder  of the film 
will be broadened by the factor of 1/cos 4r = 2. This 
broadening was observed for the copper peaks and 
demonstrates tha t  the copper enr ichment  is dis tr ibuted 
over a depth of several hundred  angstroms and that  
the results were not caused by the depth resolution of 
the analytical  technique. The broadening of the copper 
peak and its increase with sample t i l t ing has been ob- 
served for specimens with 0.2-1.3% copper after  anod-  
ization to different potentials. For  Eb < 75V the effects 
of t i l t ing are less marked as the accumulat ion of cop- 
pe r occurs over a small  distance, approaching the 
depth resolution of the analysis. At Eh = 25V the cop- 
per enr ichment  is too small  to be measured (Fig. 5b). 
The dis t r ibut ion of the copper enr ichment  was deter-  
mined from the distance of the half-heights  of the 
leading edge of the copper signal and the tai l ing edge 
of the copper enr ichment  peak. Applying relat ion 
[2], the copper accumulat ion layer  is calculated to be 
650A thick. 

Thin  A1/l% Cu films of about 1500A thickness have 
been anodized completely. In  this case the copper 
moves to the substrate  oxide interface as indicated 
by its peak shift equivalent  to the 1400A anodic oxide 
layer  (Fig. 7). After  this complete anodizat ion the 
specimens are t ransparent .  The interface is also 
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marked by a slight dip in the a luminum signal indi-  
cating the copper-rich layer at the a luminum oxide/  
sapphire interface. Films of higher copper content  
show less pronounced effects in the Rutherford spec- 
t rum as only thin oxides can be formed before oxide 
breakdown (5). In  consequence relat ively small  copper 
enrichments  are observed. For 2.9% Cu films, an en-  
r ichment  by 1% is still observed after anodization to 
70 VH at pH = 6.0; whereas for 9% Cu, a quant i ta t ive  
result  cannot be obtained due to the relat ively small  
peak on a much larger signal. On metal  films with cop- 
per concentrations higher than 10%, thick anodic ox- 
ides can no longer be formed and consequently the 
copper enr ichment  cannot be detected. Only a brittle, 
noncont inuous thick oxide is formed during long gal- 
vanostatic experiments  (5). 

Discussion 
The results obtained from the Rutherford backscat- 

ter ing are in good agreement  with the findings for 
a luminum and a luminum oxide implanted with cop- 
per (4). The implants  show that  copper has a higher 
mobil i ty  than a l u m i n u m  in the oxide phase, and that 
it is not t ransferred from the metal  to the oxide. 

Start ing with the nat ive oxide of only a few ang-  
stroms a continuous film of a luminum oxide is formed 
dur ing galvanostatic oxidation which does not contain 
copper. Rather  the copper builds up at the meta l /  
anodic oxide interface, its concentrat ion increasing to 
approximately 1 a/o over the as-deposited uniform 
concentration. Once this critical enhanced concentra-  
tion has been reached, fur ther  concentrat ion increases 
do not occur, but  ra ther  the copper enhancement  re-  
gion becomes wider and the copper/oxide interface 
more diffuse. It is uncer ta in  from the data whether  
this is due to the incorporation of a small  concencen- 
t ra t ion of copper in the oxide near  the interface or a 
roughening of the interface. This roughness could be 
caused by the formation of copper-rich inclusions of 
sufficient size, for example small  crystals of the e 
phase, that  tend to restrict  the growth of the anodic 
oxide in their vicinity. These inclusions are surrounded 
by the advancing oxide and remain  in contact with the 
metal  phase. This results in a roughening of the in te r -  
face explaining the broadening of the leading edge 
of the copper signal. The potential  distr ibution between 
the metal  and the electrolyte across the anodic oxide 
is thus dependent  on the microscopic location on the 
specimen surface. An increased field will  occur at 
those parts  of the anodic oxide where the copper-en-  
riched metal  in t rudes  into the oxide phase (Fig. 8). 
This could result  in breakdown of the anodic film 

(o} (b) 
ME OX EL ME OX 

r / A  

. ' . , / A  

�9 " '." ///I 

" "  / / x l  

�9 ..~.,: / IA  
/ /A  
/ / / t  

/ / , , 4  

/ / A  

"" / /A  
"-----'--- J I/A 

(c) 
EL METAL OXIDE ELECTROLYTE 

Fig. 8. Schematic representation of the different stages of 
oxide formation and the corresponding potential distribution (a) 
native oxide, (b) oxide with copper enrichment at the metal 
oxide interface, and (c) roughening of the interface leading to 
localized film damage. 

giving direct access of the electrolyte to the metal. As 
the metal  inclusion is copper rich there is less tend-  
ency for repassivation and the increased corrosion at 
this point of the specimen will  result  in  the complete 
perforation of the metal  film. At this point  the elec- 
t ro ly te  comes into contact with the rear  par t  of the 
metal  film which loses adhesion to the supporting 
mater ial  and a bubble- l ike  corrosion structure is ob- 
served (5). 

The development  of the copper enr ichment  peak un -  
der the anodic peak is the result  of an anomalously 
high copper diffusion rate. This diffusion rate was 
measured by calculating the distance (hX) between 
the tai l ing edge of the copper plateau (which repre-  
sents the metal  f i lm / subs t r a t e  interface) and the tai l-  
ing edge of the copper enr ichment  peak. This distance 
decreases as the film is anodized and the copper en-  
r ichment  l:eak moves into the film. The diffusion rate 
(d~X/dt) was measured for A1/0.5% Cu and A1/l% Cu 
films and the results are shown in Fig. 9. The A1/0.5% 
Cu film shows constant anodization and copper diffu- 
sion rates up to 150V, the diffusion rate being measured 
at 3.5 X 10 - s  cm/sec. In contrast  the higher copper 
content film, while showing similar  behavior  at low 
anodization voltages, shows an increasing copper dif- 
fusion rate as the anodization voltage is increased 
above 80V. It can be postulated that  this is due to the 
higher anodization rates which result  from a roughen-  
ing of the metal /anodic  oxide interface. 

Applying Einstein 's  relat ion (D -:-- x-2/2t) to the data 
for the A1/0.5% Cu film shown in Fig. 9, it is possible to 
obtain an approximate effective constant  for this 
t ransport  process, D -- 5.6 X 10 -15 cm2/sec. This es- 
t imated value is much higher than  the value for vol- 
ume diffusion for copper in a luminum,  D ~ 10 -24 
cm2/sec obtained by extrapolat ion to room tempera ture  
of the values measured in  the range 433~176 (11). 
Room tempera ture  grain boundary  diffusion cannot 
be an explanat ion for this observation since the cop- 
per concentrat ion profile was unchanged after several 
weeks of storage. 
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The  compara t ive ly  fast  t r anspor t  of copper  dur ing  
anodizat ion might  be exp la ined  b y  diffusion over  a 
h igh ly  d isordered  thin  l aye r  in the  meta l  phase.  The 
fo rmat ion  of an anodic oxide  wil l  produce  stresses 
and vacancies at  the  me ta l / ox ide  interface.  These 
vacancies wi l l  diffuse into the  me ta l  phase  thus en-  
hancing the t r anspor t  of a luminum to the oxide  phase 
and copper  in  the  opposi te  direction.  The b read th  of 
the copper  enr ichment  peak  suggests tha t  t~e va -  
cancy-enhanced  diffusion region extends  over  a depth  
of 650A benea th  the  m e t a l / o x i d e  interface.  A s imi lar  
model  has been pos tu la ted  for the  corrosion of b ina ry  
alloys,  involving a diffusion mechanism via  divacancies  
to exp la in  the  observed fast  t ranspor t  (12). 

The  different  behav ior  Of the  two components  of 
the  meta l  film are  appa ren t l y  a consequence of the i r  
differing s t andard  potent ia ls  for oxide  formation,  as 
shown be low (13) : 

2Al + 3H20-> A1203 + 3/2 H2 (1 a im)  Eo = --1.35V 

2Cu + H20--> Cu20 + H2 (1 a tm)  Eo : 0.47V 

Cu + 2H20--> Cu(OH)2  + H2 (1 a tm)  Eo : 0.60V 

Cu20 + 3 H 2 0 ~  2Cu(OH)2 + H2 (1 a im)  Eo = 0.74V 

This shows c lear ly  tha t  only  a luminum oxide is in 
the rmodynamic  equi l ib r ium wi th  an  a luminum film 
conta ining a few percent  of copper.  Dur ing  ga lvanos ta -  
tic exper iments  the  anodizing vol tage  is l a rge ly  
d ropped  across the  anodic film (14, 15). This field is 
necessary  to main ta in  the constant  cur ren t  condit ion 
and the corresponding migra t ion  of oxygen  and a lu-  
minum ions wi th in  the  oxide  phase.  As long as the  
poten t ia l  drop  and the  ac t iv i ty  of the  meta ls  a re  not  
changed apprec iab ly  at  the  m e t a l / o x i d e  in ter face  the  
format ion  of a copper  oxide  phase  is not  possible. If, 
however ,  an increased  copper  concentra t ion at  some 
par t  of the  me ta l  film should occur, a long wi th  an in-  
creased potent ia l  drop at  the  interface,  the  difference 
in the potent ia l s  for oxide  format ion  might  be ove r -  
come leading  to the fo rmat ion  of copper oxide. The 
necessary  addi t ional  overvol tage  m a y  be caused by  an 
increas ing  kinet ic  h indrance  for the  A13+-transfer  
react ion due to copper  accumula t ion  at  the  interface.  
Some indicat ion for this is given by  the steep increase  
in the  e lec t rode  potent ia l  jus t  be lore  film damage  is 
observed  (5). Al te rna t ive ly ,  the  fo rmat ion  of copper  
oxide  at  sites in the  meta l  film where  copper  has be -  
come enr iched to a cr i t ical  concentrat ion,  could be 
another  cause for the  localized breakdown.  

Conclusion 
The fol lowing resul ts  were  obta ined by  the examina -  

t ion of anodized a luminum-coppe r  films wi th  Ru the r -  
ford backscat ter ing.  

1. The anodic oxide  formed under  ga lvanos ta t ic  con- 
dit ions on A1-1% Cu films g r ew  nea r ly  l i nea r ly  wi th  
t ime and potent ia l  and does not  contain  copper.  

2. Fo r  anodic voltages up to 80 VH, copper  accumu-  
la ted  at  the  o x i d e / m e t a l  in ter face  to an excess 1 a/o.  
F u r t h e r  anodizat ion caused no genera l  increase  of the  
copper  concentrat ion,  but  r a the r  its extension over  a 
g rea te r  dep th  into the  meta l  film. 

3. The b r e a k d o w n  of the anodic oxide  and the de -  
ve lopment  of character is t ic  corrosion s t ructures  are  
thought  to be re la ted  to the copper  accumulat ion,  and 
the local format ion  of an increased field s t reng th  at  
these locations results  in film dama~e. 

4. The accumula ted  copper  is d i s t r ibu ted  over  a 
depth  of about  650A. The fo rmat ion  of the  anodic oxide 
causes copper  diffusion into the  me ta l  phase.  This 
t r anspor t  is p r e suma b ly  enhanced by  a d isordered  
l aye r  containing in te rna l  stresses and excess vacancies.  
The corresponding diffusion constant  is increased by  
about  eight  orders  of magni tude  compared  to the  value  
for volume diffusion. 

5. Copper  is not incorpora ted  into the  oxide  phase 
unless the  potent ia l  drop at  the  me ta l / ox ide  interface  
is increased by  an addi t iona l  overvottage.  This is due 
to the significant difference of the  s t andard  potent ia ls  
for  the  fo rmat ion  of the  corresponding oxides  and 
hydroxides .  
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ABSTRACT 

LiGaO2: Fe is an efficient phosphor  under  both u l t rav io le t  and ca thode - r ay  
excitat ions,  wi th  peak  emission at 742 nm in the ne a r - i n f r a r e d  region. I t  is 
best p repa red  at about  1000~ wi th  s toichiometr ic  propor t ions  of the host  
ingredients  and 0.01 moles Fe2Os. At  this op t imum Fe  3+ concentrat ion,  the 
re la t ive  quan tum efficiency is about  80%. Potent ia l  use in fluorescent l amps  
is discussed in re la t ion  to p lan t  g rowth  appl icat ions  ~or act ivat ion of the  
enzyme phytochrome.  

The behavior  of Fe 3 + ions in various hosts has been 
s tudied extensively.  In  LiA15Os wi th  a sp ine l - l ike  
s t ruc ture  (1), Fe  8+ ac t iva tor  has a peak  emission at 
about  680 nm under  254 nm exci ta t ion (2). On the 
other  hand, Fe3+-ac t iva ted  LiA102 wi th  a dis tor ted 
te t ragonal  s t ruc ture  (3) emits  at  about  740 nm (4). In  
the  search for  efficient nea r - i n f r a r ed  emi t t ing  phos-  
phors  for  special  f luorescent l amp  applications,  the  
author  examined  severa l  ga l l ium-conta in ing  hosts for 
possible emission when ac t iva ted  with  iron. LiGaO2: Fe  
was found to be an efficient phosphor  under  both 
u l t rav io le t  (u.v.) and ca thode - ray  (CR) excitat ion.  
This pape r  descr ibes  the p repara t ion ,  luminescent  
propert ies ,  and per formance  of LiGaO2:Fe in fluores- 
cent  lamps. Comparisons wi th  LiA102:Fe phosphors  
are  also described.  Some potent ia l  uses in fluorescent 
lamp appl icat ions  are  indicated.  

Experimental 
Phosphors  were  p repa red  f rom high pur i ty  Li~CO~, 

A1203, Fe203, and Ga2Oz s tar t ing  mater ia ls .  The de-  
sired formulat ions  were  in t ima te ly  b lended and fired 
twice in covered vessels at t empera tu res  f rom 900 ~ to 
about  1200~ and t imes of 2-4 hr. The  final p roduc t  
was again ground finely and sif ted through 325 mesh 
to remove overs ize  s in tered  aggregates  of phosphor  
par t ic les  which genera l ly  were  about  20% of the  total  
weight.  

The final phosphor  powders  were  character ized by  
s tandard  analy t ica l  methods  for  absolute  dens i ty  (pyc-  
nometer ) ,  par t ic le  size (Coulter  Counter ) ,  surface a rea  
(BET),  emission under  254 nm (Cary  14), re f rac t ive  
indexes  ( immers ion oil me thod) ,  and 254 nm absorp-  
t ion on plaques.  In f r a red  emission was also measured  
on powder  samples  ut i l iz ing a RCA No. C31025C 
photomul t ip l ie r  which has a flat energy response be-  
tween  400 and 800 nm. The CR efficiency measu re -  
ments  were  made on powder  samples  at  5 kV and 3 ~A 
and were  compared  to Y203:Eu as a s t andard  having  
12% energy  efficiency (5). The fluorescent l amp  data  
were  obta ined on s t andard  40W lamps  using organic  
based coating methods  at  60% reflectance of vis ible  
light. The spect ra l  emissions curves shown in Fig. 1 
and 2 were  pe r fo rmed  on powder  samples  ut i l iz ing 
special  appara tus  designed by  Dr. R. Ba teman  of GE 
Light ing Research  Labora tory .  

Results and Discussion 
The prepara t ions  of LiA102:Fe and LiGaO2:Fe  r e -  

quire  s imi lar  condit ions of firing t empera tu res  and 
t imes wi th  best  resul ts  ob ta ined  by  double  firing p ro -  
cedures. Table  I l ists the effect of second fire t e m p e r a -  
tures  on IR output  of the  phosphor.  The op t imum fir- 
ing t empera tu res  a re  1000~ for LiGaO2:Fe  as com- 
pa red  to l l00~ for LiA102:Fe.  X - r a y  diffraction 
analyses  indicate  tha t  LiA102 and LiGaO2, respec-  

* E lec t rochemica l  Society Active Member. 
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r a t ion  proper t i es ,  i ron  activation. 

t ively,  are the dominant  phases. The resul t ing  powders  
a re  well  c rys ta l l ized  wi th  some s inter ing occurring. 
The Coulter  Counter  par t ic le  size mediums  are  be -  
tween 10 and 12 #m af ter  the  powders  have  been sif ted 
th rough  325 mesh screens. The BET surface areas  are  
be tween about  0.4 and 0.5 m2/g. The da ta  for absolute  
densities,  re f rac t ive  indexes,  and crys ta l  s t ruc ture  are  
l is ted in Table  II. As expected LiGaO2 has a h igher  
absolute  densi ty  and higher  re f rac t ive  index than 
LiA102. It appears  f rom x - r a y  diffract ion da ta  that  
both phases have te t ragona l  c rys ta l  s t ructures.  

The effect of composi t ional  changes on the re la t ive  
IR output  of various  Fe~+-ac t iva ted  l i th ium a lumi-  
nates are shown in Table III. The m a x i m u m  IR output  
occurs at the s toichiometr ic  meta a lumina te  composi-  
tion. Smal l  changes from this composit ion affect the 
IR output  sl ightly.  S imi la r  resul ts  were  also obta ined  
for the  l i th ium gal la te  phosphors.  According to 
Pa lumbo  (4), the  differences in emission spect ra  of 
LiA15Os: Fe at  about  670 nm as compared  to LiA102: Fe 
at about  734 nm may  be due to the  FeS+ ions having 
different  site symmetr ies ,  namely,  oc tahedra l  and 
te t rahedra l ,  respect ively.  

The effects of Fe  3+ ac t iva tor  concentrat ions on IR 
output  are  shown in Table IV for both  LiA102 and 
LiGaOe under  254 nm excitations.  The op t imum Fe 3+ 
concentrat ions are  0.005 and 0.Ol0 moles pe r  mole  of 
phosphor  for LiA102 and LiGaO2, respect ively.  The 
percent  absorpt ions  a re  r e l a t ive ly  la rge  at  99%. Con- 

Table I. Effect of firing temperatures on the relative IR output 
of LiAIO2:0.005Fe and LiGaO~:0.01Fe under 254 nm excitation 

Rela t ive  IR  ou tpu t  
F i r ing  temp 

(~ LiA10~:0.005Fe LiGaO~:0.01Fe 

900 ~ 92 
1000 94 100 
1100 100 83 
1200 76 74 

Table II. Physical characteristics of LiAIO~ and LiGaO2 

LIAIO~ LiGaO2 

Crystal structure, distorted Tetragonal  T e t r a g o n a l  
Re f rac t ive  indexes  1.60, 1.65 1.74 
Absolute density 2.68 4.22 

Table Ill. Effect of compositional changes on the relative IR output 
of various lithium aluminates under 254 nm excitation 

Composi t ion Rela t ive  I R  
output (%) 

LiAlsOs: 0.005Fe 14 
Lio.gA10~.9~: 0.005Fe 88 
LiA10.~ :0.005Fe 100 
LimA.IOn: 0.005Fe 53 

920 



Vol. 125, No. 6 LUMINESCENCE OF LiGaO2:Fe  921 

Table IV. Effect of Fe ~+ concentrations on IR output of LiAIC~:Fe 
and LiGaO2:Fe under 254 nm excitation 

LiA102 :Fe  LiGaO=: Fe 
FeZ+ 
conc  Rel.  IR Abs . ,  Re1. IR Abs . ,  

(mo le )  o u t p u t  (%)  254 n m  (%)  output (%) 254 n m  (%)  

0.003 81 81 74 72 
0.005 100 92 90 95 
0.010 93 96 100 98 
0.050 59 99 76 99 

centrat ion quenching occurs at re lat ively high Fe s+ 
levels, especially in  LiGaO2. 

Emission spectra under  254 n m  excitation are shown 
in Fig. 1 for LiA102:0.005Fe and in  Fig. 2 for 
LiGaO2:0.010Fe at 30 ~ and 293~ respectively. Both 
phosphors show zero phonon lines at about 710 n m  at 
30~ Significant differences in crystal field spli t t ing 
are observed at 30~ suggesting some differences in  
site symmet ry  between the two phosphors. At room 
tempera ture  the spectra show single broad band emis-  
sion peaks at 734 nm for LiA102:Fe and at 742 n m  for 
LiGaO2: Fe. 

The relative quan tum efficiencies were measured 
and compared to a cool white calcium halophosphate 
at 92%. The results unde r  254 nm excitat ion are listed 
in  Table V. Included also are the quan tum efficiencies 
of i ron-act ivated magnes ium l i th ium a luminate  and 
l i th ium gal l ium indate. Of more than  100 hosts ex- 
amined only these four phosphors showed significant 
1R response. LiGaO2: 0.01Fe is somewhat more efficient 
than LiA102: Fe. 

The relat ive energy efficiencies of these phosphors 
were also measured under  CR excitations at 5 kV and 
3 ~tL based on the procedures suggested by Ludwig 
and Kingsley (5). Y2Os:Eu was used as the s tandard 
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Fig. I. Spectral emission curves for LiAIO2:O.OOSFe under 254 
nm excitation. 
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Fig. 2. Spectral emission carves for LiGaO2:0.01Fe under 254 
nm excitation. 

at 12% energy efficiency. The results are presented in  
Table VI for the most efficient phosphor composition 
under  CR excitations. Both phosphors are moderately  
efficient under  CR excitations. The emission spectra 
are identical  to those shown in  Fig. 1 and 2. Under  
CR excitation, energy t ransfer  from host to Fe 8 + ions 
occurs with some nonradia t ive  losses. 

One of the more promising uses for a near  IR emit-  
t ing phosphor is in  providing artificial i l luminat ion  in  
plant  growth applications (6). It  has been shown that  
for balanced activation of the enzyme, phytochrome, 
which controls plant  growth and flowering, l ight peak-  
ing at about 730 n m  is needed (7, 8). Figure  3 shows 
the radiant  power characteristics of LiGaO2: 0.01Fe in  
40W fluorescent lamps. The fine nar row band emis- 
sions are due to the characteristic Hg emissions. The 
broad band peaking at about 740 n m  is due to the Fe 8 + 

Table V. Relative quantum efficiencies of some IR phosphors 
under 254 nm excitations 

Phosphor Rel. Q E (%)  

LiA102: 0.005Fe 75 
LiGaO2: 0.010Fe 80 
MgLhA.12Os: 0.002Fe 22 
Li~Ga~In2Os :0.004Fe 18 

Table VI. Relative energy efficiencies under 5 kV 3 #A Cg 
excitations 

(Concentrations are opt imum for CR excitation) 

P h o s p h o r  CR eff ic iency ( % ) 

LiAIO~:0.002Fe 4 
LiAIO2: 0.001Fe 3.3 
LiGaO2:0.001Fe 4 
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Fig. 3. Spectral emission curve for LiGoO2:0.01Fe in a f luorescent 
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Fig. 4. Spectral emission curve for a four-component f luorescent 
lamp containing LiGoO2:0.01Fe.  

emission in LiGaO2. Due to the Stokes shift  a t  740 nm, 
the  rad ian t  power  output  is only  about  70% tha t  for  a 
emission peaking  at  540 nm, for example.  S imi la r  r e -  
sults were  also obta ined for LiA102: 9.005Fe phosphors.  

In  Fig. 4, the  rad ian t  power  character is t ics  are  shown 
for a p lan t  g rowth  fluorescent l amp emission which  
approx imates  the  ch lorophyl l  action spec t rum in the  
vis ible  region and also contains about  20% output  
peaking  at  740 nm due to LiGaO2:Fe.  Such fluorescent 

Table V I I .  Depreciation data for 4 0 W  F-lamps containing 
IR emitt ing phosphors 

100 hr  500 hr  
P h o s p h o r  compos i t ion ,  w e i g h t  loss  (%) loss ( % ) 

C o o l  White halophosphate ( C W )  
85% CW + 15% L i A 1 0 = : 0 . 0 0 5 F e  
80% C W  + 20% LiGaO=:  0 .01Fe  

2.4 5.9 
4.5 8.8 
3.0 6.6 

l amp  would be especia l ly  useful  where  m a x i m u m  
flowering condit ions are  desired.  

The  percent  lumen deprec ia t ion  da ta  for  var ious  
phosphor  b lend  composit ions a re  l is ted in  Table  VII. 
A s tandard  Cool Whi te  (CW) calcium ha lophosphate  
l amp  was used for comparison wi th  the  l is ted blends.  
The data  indicate  tha t  L iGaO2:Fe  has be t te r  ma in te -  
nance in blends wi th  Cool Whi te  in fluorescent lamps  
as compared  to LiA10~: Fe. 

S u m m a r y  
LiGaO2:Fe  is an efficient phosphor  wi th  peak  emis -  

sion at 742 nm under  both u.v. and CR excitations.  The 
physical  p roper t ies  are  s imi lar  to those of LiA10~:Fe 
repor ted  earl ier .  

The so l id-s ta te  p repa ra t ion  of LiGaO~ is best  pe r -  
formed at about  1O00~ wi th  s toichiometr ic  composi-  
tions of the host ingredients  at  op t imum Fe s + concen- 
t ra t ions  of O.01 moles. The re la t ive  quan tum efficiency 
is about  80% under  254 nm exci ta t ion  somewhat  more  
efficient than  LiA102:Fe.  Possible uses of LiGaO2:Fe  
in fluorescent l amps  are  in p lan t  g rowth  appl icat ions  
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Formation in Silicon 
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ABSTRACT 

The condit ions under  which  misfit dislocations are  genera ted  dur ing  phos-  
phorus diffusion in silicon are  discussed. Van der  Merwe 's  concept of cr i t ical  
misfit is used to de te rmine  the cri t ical  surface region dep th  for a g iven P 
surface concentra t ion which  causes spontaneous misfit dis locat ion formation.  
Using this model  the  t imes requ i red  to form misfit a r r ays  are  calcula ted as a 
funct ion of t e m p e r a t u r e  and surface  concentrat ion.  The effect of misfit d is-  
locat ion genera t ion  in an oxidizing ambien t  is also discussed. 

High concentra t ion P diffusions in Si can induce 
localized la t t ice  s t ra in  which  is often re l i eved  th rough  
the fo rmat ion  of e i ther  hexagona l  edge dislocation 
ne tworks  or a r r ays  of concentr ic  loops (1). The  ne t -  
works  are  usua l ly  confined wi th in  the  diffused region 
at  depths  wi th in  !/4 to z/2 of the  P junc t ion  dep th  and 
at h igh densit ies  (>109 d is loca t ions /cm 2) (2-5). How-  
ever,  dislocations at  densi t ies  of 105-107/cm 2 have  been 
observed  (6, 7) deeper  than  the junc t ion  as a resul t  
of c l imb (for <111>  St) or gl ide (for <100>  St) 
processes. In  <111>  St, e lec t r ica l ly  ac t ive  dislocat ion 
loops have been found to extend to considerable  dis-  
tances (~100 ~m) ~u~side of the  p lanar -d i f fused  r e -  
gion since p r i m a r y  slip occurs in the  (111) p lane  (2, 
8, 9). 

For <100> oriented Si glide is easiest for 60 ~ dis- 
locations in  (111) planes.  When  su i tab ly  or iented 
gl ide dislocations meet,  t hey  form a s table  ne twork  
at  some depth  in the  Si (10). Ex te rna l  dislocations are  
genera l ly  not  observed  outside the  diffused region  in 
<I00> Si (8). 

The influence of dislocations on impurity diffusion 
and the electrical performance of Si devices has been 
reviewed extensively by Lawrence (11). Depending 
on the stability and electrical activity of induced dis- 
locations and whether or not residual metal impurities 
and structural imperfections exist in the Si prior to 
emitter diffusion, the following effects have been cor- 
related wi th  misfit  dislocations:  (i)  r educed  t rans is tor  
cur rent  gain (1, 2, 12, 13), (it) emi t t e r -co l l ec to r  shorts  
and excess leakage  (1, 12, 14-19), (iii) high junct ion  
leakage  currents  (1, 11, 20-23), (iv) increased low 
f requency  noise figure (21), and (v) va r i ab le  t em-  
pe ra tu re  dependence  of t rans is tor  cu r ren t  gain  (21). 
Therefore,  the  de t r imen ta l  effects of phosphorus  emi t -  
t e r - induced  misfit dislocations have  been wel l  docu-  
mented.  

There  are  also beneficial  effects associated wi th  
dense dis locat ion networks .  I t  has been  shown tha t  
the  onset  of effective ion -damage  ge t te r ing  in  Si oc-  
curs when damage - induced  dislocations in densi t ies  
g rea te r  t han  2 X l0 s cm -2  coalese to form ne tworks  
(24). S imi lar ly ,  Poponiak  et  ak (25) have  shown that  
for the  case of ge t te r ing  wi th  boron-di f fused layers  
in St, no meta l  ge t te r ing  occurs unless  dense misfit 
dislocations are  induced.  For  n - t y p e  dopant  get ter ing,  
donor  impur i t i es  a t  h igh  concentra t ions  wi l l  ge t te r  
metal l ic  impur i t i es  via ion -pa i r ing  and so lub i l i t y -en -  
hancemen t  effects (26). However ,  the  fo rmat ion  of 
uns tab le  misfit dislocat ions dur ing  diffusion wil l  en-  
hance the  ge t te r ing  efficiency of the  diffused layer .  
Such get ter ing wil l  be beneficial  p rov ided  the accumu-  
la t ion of meta l  impur i t i es  is away  from the act ive 
device region. 

Regardless  of whe the r  o r e  wants  to avoid misfit 
dislocat ions in  a P emi t t e r  diffusion or  one seeks the  

* Electrochemical  Society Act ive  Member. 

effective ge t te r ing  proper t ies  of misfit dislocations, it  
is impor t an t  to know when  they  occur. I t  is the  p u r -  
pose of this  pape r  to quant i fy  the  condit ions under  
which misfit dislocat ions are  genera ted  dur ing  P d i f -  
fusion. 

Analysis: Conditions for Misfit Dislocation Generation 
The critical misfit condi t ion . - -The  condit ions under  

which misfit dislocations are  genera ted  have been dis-  
cussed by  many  workers  (21, 28-36). According  to 
Pruss in ' s  model  (31) the  m a x i m u m  stress caused b y  
the la t t ice  misfit s t ra in  of the  unders ized  P atoms is 
p ropor t iona l  only  to the  surface  concentra t ion of P. 
When the yie ld  stress of Si is exceeded,  dislocations ap-  
pear.  Severa l  worke r s  (21, 32, 33) have  shown tha t  
the  Pruss in  model  is not  adequate.  The in t eg ra ted  con- 
cent ra t ion  of atoms per  square cent imeter  appears  to 
be a be t t e r  quan t i ty  to cor re la te  wi th  the  threshold  
stress for dislocation genera t ion  (9). W a t a n a b e  et  al. 
(21) have  de t e rmined  the  cr i t ical  to ta l  concentra t ion  
for boron in S i t o  be QB ----- 1.5 X 101~ cm -2. 

An a t t empt  was made  to es tabl ish the  cri t ical  to ta l  
concentra t ion for P in  Si using Czaja 's  t heo ry  (3, 36). 
However ,  i t  was found tha t  a more  r igorous  theory  
was needed. Such a theory  of in te r fac ia l  misfit d is-  
locations has been advanced  by  Van der  Merwe (35) 
for ep i t axy  and the  diffusion zone of a b ic rys ta l  sys-  
tem. For  a smal l  misfit, Van der  Merwe der ived  an 
equat ion for a single c rys ta l  top l aye r  re la t ing  the  
rat io  h/a ( the top l aye r  thickness  in  uni ts  of la t t ice  
pa ramete r s )  w i th  8c, the  cr i t ica l  misfit. This equat ion 
reduces  to (36) 

2~e~c 4~(1 --  ~)2hS~- 
in  ~ -t- = 0 [1] 

(1  - ~ )  (1  - 2 ~ ) a  

for di f fus ion- induced s t ra in  in St. When  the  top l aye r  
thickness  exceeds a cr i t ical  value,  spontaneous  gen-  
erat ion of a dis locat ion ne twork  occurs. Assuming 
Poisson's  ra t io  ~ = 0.29, Eq. [1] becomes 

h 
in  24.06 8c ~- 15.08 - -  ~c ---- 0 [2] 

a 

Below cri t ical  misfit, the  la t t ice  in the  diffused l aye r  
should ad jus t  i tself  to the  Si subs t ra te  la t t ice  th rough  
elastic deformat ion.  The  cr i t ical  misfit is defined a s  

A r  

(rsi  - -  r i )  
- n [ 3 ]  

TSl 

where  n is the solute or impur i t y  f rac t ion and rsi and  
r1 are  the  t e t r ahed ra l  covalent  rad i i  of Si and the  i m -  
pur i ty ,  respect ively.  Using the Van Vechten  a n d  

9 2 3  
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Phillips values (37) for Si and P yields the critical 
thickness hc as 

--4.94 • 1015 
hc -- In  (1.753 X 10 -~s Cavg) [4] 

Cavg 

Ca~,~ is the average doping in  atoms per cubic centi-  
meter  in  the s t rained layer. 

For the case of high concentrat ion P diffusion in  Si, 
a near-surface,  highly doped "flat" region exists in  the 
dopant profile as a result  of the n 2 dependence of dif-  
fusivi ty on electron concentrat ion (38). The width of 
this region, Xo, is taken as the depth at which the elec- 
t ron concentrat ion falls to ne (see Fig. 1). Below n -- 
he, the n 2 dependence of P diffusivity disappears (38). 
At IO00~ ne  __~ 1.3 X 10 ~~ cm -3. Using the approxi-  
mat ion that  

C ~  = CJ2 

where Cs is the total P surface concentration, and as- 
suming that the flat-region depth corresponds to the 
layer  thickness, h, in  Eq. [1], then 

- - 9 . 8 8  X 10 TM 
hr = Xoc = In (8.76 X 10 -24 Cs) [5] 

Cs 

The width of the high concentrat ion region, xoc, at 
which misfit dislocations occur has been set equal to 
h~. Equat ion [5] is plotted in  Fig. 2. Also shown are 
the C~ and xo coordinates of numerous P diffusions 
into both <111> and <100> Si. The occurrence of 
high densities of misfit dislocations in  these diffused 
layers has been determined by x - r ay  topography, 
TEM, or careful Sirtl  etching. The open circle data 
( o - d a t a )  indicate that  dense misfit dislocations were 
observed, and the closed circle data ( e - d a t a )  indicate 
that  no dislocations were observed. Diffusions per-  
formed over the temperature  range of 900~176 are 
represented in Fig. 2 with the bulk of the data coming 
from the published l i terature  (2, 4-6, 14, 21, 27, 36, 
39-43). It can be seen that the calculated curve de- 
scribed by Eq. [5] is a good "line of demarcat ion" be- 
tween the dense dislocated and nondislocated P diffu- 
sion data. Moreover, the Cs �9 Xoc product  at Cs = 2 • 
1021 cm -3 is 4 • 1016 cm -2, whereas at Cs : 1 • 1020 
cm-~ the product is 7 • l0 is cm-~. However, if a con- 
s tant  Cs �9 Xoc = 4.6 • 10 TM cm -2 l ine is plotted on the 
figure, it  too might  serve as a good boundary.  This fine 
point will be resolved in  the next  section. 

Referr ing again to Fig. 2, it can be seen that  data 
are also plotted (x-data)  which indicate that  isolated 

, ~  FLAT REGION 

CS ~ 

n e 

o 

U 

8 

X o Xj 
DEPTH 

Fig. I. Typical high concentration phosphorus diffusion profile 
in silicon. The surface region area is shown cross-hatched. 

1022 1 DATA KEY 
x -  ISOLATED DEFECTS 
o -  DENSE MISFIT ARRAY 
�9 - NO MISFITS 

1021_ o o o 

U -- o o 

Z _ �9 * o 

0 _ oO ~9 

-- o o 

.x x ~ ~ x  x 
ca �9 xe 

NONE' ' . MISFIT 
. . . .  N,~GION 

�9 DENOTES CODIFFUSION WITH As 

lO 2o I I I I I I I 1 ~  I I I J ~ , L l l l  
0.1 1.0 10.0 

FLAT REGION WIDTH [#m) 

Fig. 2. Phosphorus surface concentration vs. the critical flat- 
region depth required for misfit dislocation formation. 

defects (dislocations, stacking faults, etc.) occurred 
prior to the formation of dense misfit arrays. The in -  
crease of isolated defect density prior to "lattice col- 
lapse" has been recognized in the l i tera ture  (3, 40, 43). 
The nucleat ion of these defects is dependent  on the 
ini t ial  oxygen content  and active dislocation density of 
the Si (21). Morris and Katz (14) have stlown that 
even the existence of these isolated defects can affect 
junct ion  yield. 

The effect of codiffusing As wi th  P is also indicated 
in  Fig. 2. The effect of As is to inhibi t  dislocation 
formation since the As atoms are in  interst i t ial  sites 
in  the Si. Thus, it  has been proposed that the move-  
ment  of Si atoms is obstructed by the inters t i t ia l  As 
atoms making dislocation generat ion more difficult 
(44). 

The e~ect of di~usion ambient on misfit dislocation 
generation.--Chemical source diJ~usions.--There have 
been various reports in  the l i te ra ture  (2, 45) that the 
formation of misfit dislocations is dependent  on the 
furnace ambient  dur ing d r ive - in  of a predeposited P 
layer  in  Si. Duffy et al. (2) report  the chemical pre-  
deposition of a P layer  with an integrated concentra-  
tion of ,-,2.5 • 1016 P a toms/cm 2 (970~ 35 rain in  N2 
ambient  with 2% O3). No misfit dislocations were ob- 
served. However, misfits were observed after  a 970~ 
dr ive - in  cycle consisting of 5 rain in  dry  03, 30 rain 
in  steam, and 40 min  in  dry  O2. At the end of this 
cycle the total P concentrat ion was still  ~2.5 X 101~ 
cm -2. However, the Cs �9 Xo product  had increased 
from ~3.5 • 10 TM to ~4.6 • 1016 cm -2. From the pre-  
vious discussion of Fig. 2, a Cs �9 Xo product  of ~4.6 • 
10 TM cm -2 is sufficient to create misfit networks. The 
effect of the oxidation d r ive - in  cycle, then, has been 
to increase the amount  of phosphorus in  the "fiat re -  
gion" at the surface. 

The effect can be understood by computer  s imula-  
tion of the P dr ive- in  process. Duffy's P profile data 
for the predeposition step and the d r ive - in  cycle are 
shown in  Fig. 3. Also shown are the calculated profiles 
corresponding to computer  simulations. Good agree- 
ment  with the published data is obtained. Since the 
computer program prints  out the P profile at the end 
of each dr ive- in  step, a locus of points for the drive 
cycle can be generated to either the Cs vs. :Co plane or 
the Cav~ v~. x plane. The locus for the oxidation cycle is 
shown in Fig. 4 where the average P doping in  the 
surface layer  was determined at each step. Point  1 cot- 
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Fig. 3. Computer simulation of Duffy et al. phosphorus diffusion 
profiles. 
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Fig. 4. Effect of drive-in ambient on the average phosphorus 
surface concentration vs. the flat region depth. Calculations and 
data are based upon Duffy et al. experiments. 

responds to the profile after predeposition (A-po in t  i s  
from Duffy's exper imenta l  data).  Point  2 corresponds 
to a 5 min  dry O2 oxidation. Point  3 corresponds to the 
the 30 min  steam oxidation. It can be seen that  dur ing  
the steam oxidation the average P doping in the sur-  
face only changed slightly, while the flat depth, Xo, 
increased. Therefore, dur ing this step the locus crossed 
the no misfit/misfit l ine which is d rawn on the figure 
according to Eq. [4] and  Van der Merwe's theory. 
During the final dry O2 step (40 min)  the locus crossed 
the misfit l ine and te rminated  at point  4 (corresponds 
to the A-poin t  from Duffy). 

This same process has been simulated for the case 
where no oxidations were performed; all dr ive- ins  
were done in n i t rogen for the same times and at 970~ 
The resul t ing locus is also shown in Fig. 4. This locus 
does not cross the theoretical misfit line, and thus no 
misfit dislocation nets should be formed. This observa- 
t ion was verified by Fairfield and Sehwuttke (8). Con- 

sequently, only the steam oxidation drive process 
which "snowplows" phosphorus has the potent ial  
abil i ty to "push" the C a v g "  X o  lOCUS across the misfit 
line, if conditions for misfit formation have not 
already been incurred.  Drive- ins  in  dry 02 or neut ra l  
ambients  will  generate Cavg �9 x locii which tend to 
slope downward faster than the Van der Merwe c u r v e  
in  Fig. 4. 

DiJIusion of ion-implanted P layers.--For the case of 
ion- implanted  phosphorus in  silicon, Tamura,  et al. 
(45) have shown that the dose required to generate 
misfit dislocations is 3 X 10 L5 cm -2 for d r ive- in  in  
steam and 1 X 10 z6 cm -2 for d r ive - in  in  dry N~. Im-  
planta t ion energies were 50-100 keV. I t  is clear that  
implan ta t ion- induced  damage and stress make it  very 
difficult to predict quant i ta t ive ly  when  misfit disloca- 
tions will be formed. Because of the lower density of 
the amorphous Si layer  created by high dose im-  
plantation,  consideraom expansion of the implanted 
layer occurs (46, 47). The disorder- induced stress c a n  
approach or even exceed the yield stress of Si ( ~ 4  X 
109 dynes/cm'~). Since nonoxidizing atmosphere an-  
nealing results in the shrinkage of inters t i t ia l  defects 
in  Si and oxidation causes such defects to grow (48), 
higher doses of P are needed to generate dislocations 
dur ing neut ra l  ambient  anneals. 

For  the case of ion- implan ted  As in St, the critical 
dose for dislocation networks  to form dur ing steam 
dr ive- in  is ~2  X 10 TM cm -2 at 50 keV (45). Conse- 
quently,  diffusion in  a neut ra l  ambient  should occur 
first in order to anneal  out damage and stress for a 
dislocation-free emit ter  process. 

Phosphorus diffusion curves for misfit dislocation 
Jormatmn.--Curves of P surface concentrat ion vs. 
diffusion time required to generate misfit dislocation 
arrays (MDA) are shown in  ~ig. 5. These curves are 
based on the t ime necessary for the critical flat region 
depth, Xoc, to be reached. The highest concentrat ion 
point for each curve corresponds to the solid solubil i ty 
at that  temperature.  For  P concentrat ions above these 
limits, precipi ta t ion- induced stacking faults and dis- 
locations will be formed in relat ively short times (42). 
For  a given Cs value the solid curves mark  the bound-  
aries beyond which in  t ime dense misfit arrays will  be 
formed. 

Summary and Conclusions 
A short review of the observed effects of emit ter-  

misfit dislocations on Si device behavior  has been pre-  
sented. Generally,  unstable  dislocations created dur ing 
high concentrat ion P emit ter  diffusion are electrically 
active and have a high gettering erliciency for impur i ty  
atoms in  St. Thus, depending on the residual  metal  
impurity concentrat ions and the densities of defects 
in the Si prior to emitter  diffusion, misfit dislocations 
formed during emit ter  processing have been l inked to 
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,o \ , 
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-- ~ ~ o ~. % % o 
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I I i I I I t l J  t I t I ~ i l r l  I I I I I l l l J  
102 103 104 105 

TIME (SECONDS) 

Fig. 5. Critical time to dislocation array formation for phos- 
phorus diffusion in low oxygen ambients. 
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numerous transistor parameter nonuniformities and 
yield problems. 

The conditions under which misfit dislocations are 
generated during P diffusion have been quantified 
using Van der Merwe's theory (35) of critical misfit. 
Curves have been generated which allow one to center 
P diffusion surface concentrations well into the dis- 
location-formation condition (for gettering) or well 
out of this condition. 

Manuscript submitted Dec. 7, 1977; revised manu- 
script received Jan. 20, 1978. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1978 
JOURNAL. All discussions for the December 1978 Dis- 
cussion Section should be submitted by Aug. 1, 1978. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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ABSTRACT 

The s t ructure  of silicon films deposited by low pressure, chemical vapor 
deposition in  the 600~ temperature  range has been invest igatea oy x-say  
diffraction and transmission electron microscopy. There is a critical tem- 
pera ture  near  600~ above Which the deposited films are polycrystal l ine and 
below which amorphous films are obtained. This temperature  is close to that  
used to deposit films for integrated circuit applications. When the films are 
polycrystall ine,  the <110> texture  dominates. The polycrystal l ine films are 
reasonably stable upon anneal ing to temperatures  up to approximately ll00~ 
The ini t ia l ly  amorphous films, however, easily crystallize. Crystall ization has 
been observed to be well advanced after anneal ing at 800~ Large stresses 
are bui l t  into the amorphous films, while the stresses in  the polycrystal l ine 
films are lower. 

In  the past decade polycrystal l ine silicon has become 
impor tant  in several  applications. Submicron films of 
polycrystal l ine silicon, especially, are of great commer-  
cial importance in si l icon-gate MOS integrated circuits 
(1) and charge-coupled devices (2). Unti l  recently, 
these films have general ly  been deposited in cold-wall  
reactors in which the silicon substrates lie flat on an 
externa l ly  heated susceptor. The low capacity and the 
high capital and operat ing costs of these reactors, how- 
ever, may contr ibute  significantly to the cost of the in-  
tegrated circuit fabrication process. 

Within  the last two years, low pressure, chemical 
vapor deposition (LPCVD) systems for depositing 
polycrystal l ine silicon have been developed (3). The 
high capacity and lower costs of tnese systems 
have led to their  rapid acceptance in high volume, in-  
tegrated circuit manufac tur ing  facilities. Since the 
deposition rate, temperature,  and pressure in these re-  
actors are markedly  different from those convent ion-  
ally employed, some characterization of the mater ia l  
deposited is needed to ensure that the characteristics 
and rel iabil i ty of the integrated circuit in which it is 
used are not degraded. Because low pressure reactors 
are general ly operated slightly above 600~ a tem- 
pera ture  close to the amorphous-crysta l l ine  t ransi t ion 
tempera ture  seen in silicon films deposited by chemical 
vapor deposition at atmospheric pressure (4, 5), the 
s tructure in the as-deposited film, and its stabil i ty 
upon fur ther  processing of the integrated circuit wafer 
are impor tant  topics to investigate. 

The detailed properties of the polycrystal l ine silicon 
become especially impor tant  when it is used in critical 
applications, such as for high valued resistors in static 
memory  circuits (6, 7). In  image-sensing CCD's de- 
pendence of the optical t ransmission of the films on the 
s t ructure  will  affect the device performance. Even in  
more conventional,  si l icon-gate applications, the sta- 
bi l i ty of the s tructure may influence properties such as 
step coverage. 

This paper reports the results of the first phase of a 
study being conducted at Stanford designed to inves-  
tigate the properties of polycrystal l ine silicon deposited 
at low pressures. The crystal s t ructure  of the films is 
discussed and compared to that found in films depos- 
ited at atmospheric pressure, and the stabil i ty of the 
s tructure dur ing fur ther  hea t - t r ea tment  is reported. 

* E lec t rochemica l  Society Act ive  Member. 
Key words: polycrys ta l l ine  silicon, low p r e s s u r e  chemica l  v a p o r  

deposi t ion,  s t r uc tu re ,  annea l ing .  
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Film Preparation 
Films were deposited in a Tempress (Unicorp) 

LPCVD reactor at several different temperatures  and 
a pressure of approximately 0.35-0.5 Torr. 1 Silane was 
the deposition source gas, and no di luent  was used. 
Although a tempera ture  gradient  is normal ly  used 
along the length of an LPCVD reactor, for these dep- 
ositions the tempera ture  was adjusted to be uni form 
throughout  the length of the deposition zone. A ful l  
load of 137, 3 in. diam silicon wafers was included in  
each deposition. Six of the wafers were sample wafers 
to be used in subsequent  studies; the major i ty  were 
dummy wafers included in  order to avoid per turb ing  
the gas flow with a different number  of wafers in each 
deposition. 

Films were deposited over the tempera ture  range 
580~176 Samples of several different thicknesses 
were studied at the typically used, nominal  deposition 
temperature  of 620~ The deposition temperatures,  
rates, and film thicknesses are summarized in Table I. 
The films were deposited on both <100>-  and < I l l > -  
oriented, l ightly doped silicon wafers which were cov- 
ered with 1000A of thermal ly  grown silicon dioxide. 
The two different substrate orientations were used in  
order to allow investigation of the various crystall i te 
orientations in  the films without  interference from the 
substrate. 

Structure of As-Deposited Films 
The films were investigated both by x - r ay  diffraction 

and by transmission electron microscopy. The x - r ay  

1 Th e  films w e r e  deposited by In te l  Corporat ion.  

Table I. Deposition conditions and x-ray texture 

Depo- 
sition Fi lm Depo- 

t emp e r -  thick- sit lon X-ray t e x t u r e  a 
a t u r e  hess  r a t e  
(~ (~tm) ( A / m i n )  <111>  <110>  <311>  <331>  

580 0.32 70 0 0 0 0 
600 0.50 73 8 324 19 29 
620 0.26 110 10 102 21 0 
620 0.47 110 12 422 33 19 
620 1.05 110 12 2000 56 221 
640 0.45 99 11 259 21 19 

a Th e  m a g n i t u d e s  of the  <111> ,  <220> ,  <311> ,  and <331>  
x-ray peak  he igh ts  w e r e  divided by 1.00, 0.37, 0.18, and 0.054, re- 
spect ively,  (8-10) to obtain the  x-ray t ex tu re .  
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texture  (preferred orientat ion) was measured by ob- 
serving the diffracted in tensi ty  at twice the angle of 
incidence of the x - r ay  beam in a Picker Model 3488K 
x - ray  diffractometer with 20 keV copper radiation. The 
samples were tilted 2 ~ to reduce substrate reflections. 
This tilt  only slightly reduced the reflections from the 
polycrystal l ine films (Fig. 1). The in tens i ty  of the sig- 
nal  from the {220) planes in the 1.05 ~m thick sample 
deposited at 620~ was reduced by a factor of ap- 
proximately  two for a 5 ~ tilt, indicat ing a var ia t ion 
in the crystalli te orientations of this magnitude.  For 
comparison, a 2 ~ t i l t  reduced the signal from the sin- 
gle crystal substrate by more than  three orders of 
magnitude.  

Resolvable reflections were observed from the 
{111}, {220}, (311}, and (331) planes in the thickest 
polycrystal l ine samples deposited at 620~ but  some 
of these peaks could not be observed in th inner  sam- 
ples or those deposited at lower temperatures.  In  no 
case was a signal corresponding to the {400} planes ob- 
served, indicat ing either the absence of grains with 
~100~  orientat ion or the low sensit ivi ty of the measur-  
ing technique to grains with this orientation. 

After normalizing the measured peak heights by the 
signal expected from a randomly oriented sample, we 
obtain an indication of the relat ive importance of 
crystallites with various orientations (Table I). The 
s tandard normalizat ion factors (8) for an  infinitely 
thick sample have been modified (9) for this case 
where the samples are very much th inner  than the 
reciprocal of the absorption coefficient [~ - i  _ 71 
~m (10)]. Table I shows that the ~110~  texture is dom- 
inant  in all three of the films of different thicknesses 
deposited at 620~ As the films become thicker, how- 
ever, the amounts  of ~110~  and ~331> texture  in -  
crease much more than l inear ly  with film thickness, 
while the amounts  of ~ 1 1 1 ~ -  and ~ 3 1 1 ~ -  oriented 
grains do not increase as significantly. The dramatic 
increase in ~110~  texture  with increasing film thick- 
ness indicates that the preference for ~110~  texture  
is a growth phenomenon ra ther  than nucleat ion behav-  
ior (11) and is similar to that  seen in films deposited at 
atmospheric pressure (12). Table I also indicates that  
no texture  could be resolved in  films deposited at 
580~ in two different depositions. 

Samples were prepared for transmission electron 
microscopy by etching the support ing substrate and 
the oxide from the back of the polycrystal l ine film. 
The film was usual ly  fur ther  th inned chemically from 
the back so that  the electron beam could easily pene-  
t rate  the film; in  all cases, therefore, the results cor- 
respond to the port ion of the film farthest  from the 
substrate. After  preparat ion the samples were exam- 
ined in  a Philips EM200 electron microscope with a 
100 keV electron beam. 

I \ OETEC,O   soo cE 

~ 0.4 

O. 

I I I I I I I I 
0 2 4 6 8 10 12 14 16 

TILT ANGLE e (deg) 

Fig. I. Intensity of the diffracted x-ray signal intercepted from 
the ~ 2 2 0 >  planes of the 1.05 #m, 620~ film as a function of 
the tilt angle a. 

Typical micrographs are shown in  Fig 2 for films 
deposited at 580 ~ and 620~ and the corresponding 
transmission electron diffraction (TED) pat terns are 
shown below the micrographs. Films deposited at 
600 ~ and 640~C are similar to those deposited at 
620~ Films deposited at 600~ and above exhibit  
a more or less equiaxed, polycrystal l ine grain struc- 
ture similar  to that  seen in  films deposited at a tmo- 
spheric pressure and somewhat higher temperatures  
in conventional  CVD reactors (4, 12). Numerous twin  
lamella are seen wi thin  the grains. Films of different 
thicknesses deposited at 620~ appear to be qual i ta-  
t ively similar  to each other, with the grain size near  
the top of the film increasing approximately  l inear ly  
with increasing thickness. The grain size near  the top 
of the film increases from about 0.05-0.1 ~m in  the 
0.26 ~m thick films to 0.15-0.2 #m in  the 0.47 #m thick 
films, and to 0.3-0.4 ~m in  the thickest (1.05 #m) films. 
Transmission electron diffraction pat terns (bottom of 
Fig. 2b) show the typical sharp rings and spots char-  
acteristic of polycrystal l ine material .  

The films deposited at 580~ exhibit  a different 
structure,  al though the results are not as consistent as 
in films deposited at higher temperatures.  In  some 
cases (Fig. 2a, top, left) ,  a few crystallites appear to be 
embedded ~ in  a structureless background. In  other 
cases some structure is seen (Fig. 2a, top, r ight) ,  al-  
though the grains appear to be much smaller  than  
those in  the polycrystal l ine samples deposited at 600 ~ 
640~ Variations in  contrast as the sample is rotated 
a few degrees in  the electron microscope indicate that  
there is crystal l ine character in  at least some of these 
grains. However, no fine s t ructure  was observed within  
the grains. The less consistent results in the films de- 
posited at 580~ suggest that this tempera ture  is very 
close to the t ransi t ion tempera ture  between the deposi- 
tion of amorphous silicon and polycrystal l ine silicon 
so that some regions of each are included in  the de- 
posited films. 

The TED pat terns of the films deposited at 580~ 
(bottom of Fig. 2a) appear qual i ta t ively different from 
those of the films deposited at higher temperatures.  
instead of sharp rings, only very  diffuse halos are seen. 
Since these halos are suggestive of an amorphous 
s t ructure  (13), we will call these films "amorphous" in 
our discussion, al though portions of the samples do 
show some crystal l ine character. Fur the r  evidence for 
classifying these films as amorphous is the absence of 
detectable x - r ay  texture  in the as-deposited films and 
the dramatic change in the s tructure upon annealing,  
as considered in the next  section. 

From the results discussed above we may conclude 
that there is a t ransi t ion between an amorphous and a 
polycrystal l ine s tructure at a deposition temperature  
very near  580:C. This tempera ture  is somewhat lower 
than that  at which a similar  t ransi t ion between amor-  
phous and polycrystal l ine s tructure is seen in  silicon 
films deposited by CVD at atmospheric pressure in  a 
ni t rogen ambient  (4, 5). 

The somewhat higher t ransi t ion tempera ture  in  the 
la t ter  case may be related to the reduct ion of the sur-  
face mobil i ty of the depositing silicon atoms by ad-  
sorbed ni t rogen or impur i ty  atoms contained in  the 
ni t rogen (14). It may also be related to the higher dep- 
osition rates used at atmospheric pressure, ra ther  than  
being directly related to the different pressures dur ing 
deposition; deposition tempera ture  and rate have been 
shown to be related over at least a l imited range (15). 

Struc tura l  C h a n g e s  on A n n e a l i n g  
The presence of a t ransi t ion from an amorphous to a 

polycrystal l ine s tructure for slight differences in dep- 
osition tempera ture  and the use of markedly  higher 
temperatures  in subsequent  IC fabrication steps lead 
to questions about the stabil i ty of the as-grown struc-  
ture  on fur ther  processing. To investigate the stabili ty 
of the various structures, films grown at the different 
temperatures  were annealed at 800 ~ 1000 ~ 1100 ~ and 
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Fig. 2. Transmission electron micrographs of films deposited at (a, left) 580~ and (b, right) 620~ The corresponding transmission 
electron diffraction patterns are shown below the micrographs. 

1200~ for 1 hr in a ni t rogen atmosphere in a s tandard 
diffusion furnace. A different piece of the film was used 
for each different anneal ing temperature,  and the sam- 
ples were rapidly  inserted into the anneal ing  furnace 
(within a few seconds). After  annealing,  the samples 
were investigated both by x - r ay  diffraction and by 
TEM, as before. 

In  some cases, especially at the higher anneal ing 
temperatures,  the films were overcoated with a 0.5 
~m thick layer of low tempera ture  (480~ deposited 
silicon dioxide before anneal ing  in order to protect the 
silicon films from the furnace ambient.  At the highest 
anneal ing tempera ture  (1200~ some deterioration~ 
of the optical quali ty of the films was observed after 
anneal ing when the films were not overcoated with 
oxide. However, no significant differences in  the x - r ay  
results were seen between bare and overcoated sam- 
ples,~ indicat ing that  the oxide cap does little to en-  
hance or re tard changes in  s t ructure  dur ing  annealing.  

The amorphous films deposited at 580~ were very  
unstable  and showed marked changes in  s tructure for 
all anneal ing temperatures.  No s t ructure  was revealed 
by x - r a y  diffraction before anneal ing,  while significant 
amounts  were seen after anneal ing  (Fig. 3a). The 
<311> texture  appears to be dominant  at in termediate  
anneal ing temperatures,  while the <111> texture  
~hows a tendency to increase at  the highest annealir~g 
temperature employed. This preference for the growth 
of <311> and <111> textures  on anneal ing is to be 
contrasted with the strong tendency of the <110> 
texture  to develop dur ing  deposition and indicates 
that markedly  different mechanisms may dominate 
dur ing deposition and dur ing  annealing.  

X- ray  results taken after s imilar  anneal ing are 
shown in Fig. 3b for the in termediate  thickness film 
deposited at 620~ Unlike the film deposited at 
580~ the higher tempera ture  film, which is poly- 
crystal l ine as deposited, is reasonably stable, showing 



930 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY June I978 

580~ 0.32/.Lm 

I--- 

Z 
t.U 
t-- 
z_ 
U.I 
> 

I I I I 
* 800 1000 1100 1200 

ANNEAL[NG TEMPERATURE (~ 

620~ 0.47Mm 

* 800 1000 1100 1200 
ANNEALING TEMPERATURE (~ 

* AS DEPOSITED 

Fig. 3. Development of the x-ray texture after annealing at the 
indicated temperatures for films deposited at (a, top) 580~ and 
(b, bottom) 620~ 

l i t t le s t ructural  change for anneal ing  temperatures  
up to 1000~ only some tendency for growth of 
<331> texture  is observed. At l l00~ and above, 
however, significant change is seen; the <110> texture  
decreases significantly, and the <111> and <331> 
textures increase slightly. 

Films were also observed by TEM after annealing.  
The films deposited at 620~ showed little change after 
anneal ing at 800 ~ or 1000~ while they showed a 
significant increase in  grain  size after annea l ing  at 
1100 ~ and 1200~ (Fig. 4), consistent with the x - r a y  
results. The ini t ia l ly amorphous films deposited at 
580~ showed more dramatic changes. After an 
800~ anneal,  definite s t ructure  was seen (Fig. 5a). 
The grain boundaries  were not very well defined, bu t  
fine s tructure was easily visible wi th in  the grains. 
After  higher tempera ture  annealing,  the films appeared 
more crystalline, with better  defined, larger grains 
(Fig. 5b). The rapid change in s tructure can be seen 
from the TED pat tern  of the 580~ film annealed at 
800~ (Fig. 6). The t ransi t ion from a diffuse halo pat-  
te rn  (bottom of Fig. 2a) to a r ing-spot  pa t te rn  indicates 
the rapid growth of crystal structure. 

Additional Discussion 
Fur ther  evidence of a quali tat ive difference between 

films deposited at 580~ and those deposited at higher 
temperatures  was seen dur ing sample preparat ion for 
t ransmission electron microscopy. After the substrate 
and oxide were chemically etched and the samples 
were removed from the wax which protected the sur-  
face, the unannea led  films deposited at 580~ curled, 
indicating large stresses bui l t  into these films. No 
tendency to curl was seen in films deposited at higher 
temperatures  or in annealed films deposited at 580~ 
Thus, large stresses appear to be present  in the amor-  
phous films, but not in polycrystal l ine samples. 

The results of the present  anneal ing experiments 
may be compared to results of s imilar  studies of ini-  

Fig. 4. Transmission electron micrographs of 0.47 ~m thick films 
deposited at 620~ and annealed at (a, top) 1100~ and (b, bot- 
tom) 1200~ 

t ial ly amorphous silicon films deposited by evapora- 
t ion (4) or by atmospheric pressure CVD in a ni t rogen 
ambient  (16). In  the evaporated films (4) a dendrit ic 
s tructure is seen after anneal ing at 650~ After  an 
850~ anneal, an equiaxed grain s t ructure  is dominant,  
but  some dendrit ic s t ructure  is still seen, indicat ing a 
competition between the two types of nucleation. Pre-  
sumably, the details of the nucleat ion behavior are 
influenced by the rate of heating to the anneal ing tem- 
perature.  After  a 1040~ anneal,  only the equiaxed 
structure appears. Nagasima and Kubota  (16) also 
observe a needlelike grain s t ructure  after a 700~ 
anneal, while an l l00~ anneal  produces an equiaxed 
structure. 

These observations are general ly  consistent with the 
results observed in the present investigation for the 
annealing of films deposited at 580~ Both equiaxed 
grains and long, nar row structures are observed after 
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Fig. 5. Transmission electron micrographs of films deposited at 
580~ and annealed at (a, top) 800~ and (b, bottom) 1200~ 

the  800~ anneal  (Fig. 5a), whi le  p r i m a r i l y  a we l l -  
defined, equiaxed gra in  s t ruc ture  is seen af te r  annea l -  
ing at  h igher  t empera tu res  (Fig. 5b). 

Anderson  states  (4) tha t  stress in the  as-depos i ted  
film provides  the  dr iv ing  force for dendr i t ic  growth,  
whi le  p r e sumab ly  the g rea te r  the rmal  energy  a t  h igher  
t empera tu res  leads  to the fo rmat ion  of the  equiaxed 
s t ructure .  As we have  seen, large  stresses are  present  
in the  amorphous  films considered in this study.  

The s t ruc tu re  which  in i t i a l ly  appears  on c rys ta l l iza-  
t ion of the amorphous  films m a y  poss ibly  be re la ted  
to the  anomalous,  dendri t ic  s t ruc ture  seen in films 
deposi ted at a tmospher ic  pressure  and re l a t ive ly  low 
t empera tu re s  (12). 

F r o m  this comparison, we see tha t  the anneal ing 
behavior  of amorphous  sil icon films deposi ted by  sev-  
era l  different  techniques is qua l i t a t ive ly  similar .  How-  
ever, res idual  impur i t ies  contained wi th in  the  films 

Fig. 6. Transmission electron diffraction pattern of film de- 
posited at 580~ and annealed at 800~ 

m a y  impede  annealing,  causing differing t rans i t ion  
t empera tu res  for  the  var ious  types  of films s tudied in 
the  different  invest igat ions.  

I t  should be emphasized that  al l  of these resul ts  r e -  
fer to anneal ing  in an iner t  ambient .  The presence of 
o ther  gases or  dopant  sources dur ing  hea t  cycl ing m a y  
affect the s t ruc ture  of the  film differently.  

Conclusions 
This s tudy has shown tha t  a cr i t ical  t rans i t ion  t em-  

pe ra tu re  be tween  amorphous  and po lycrys ta l l ine  de -  
posits exists for deposi t ion t empera tu re s  close to those 
typ ica l ly  used to deposi t  films for  i n t eg ra t ed  c i rcui t  
applications.  When the films are  polycrys ta l l ine ,  the  
<110> t ex tu re  is dominant ,  and this t ex tu re  be -  
comes of increas ing impor tance  in th icker  films. 

I f  sil icon films deposi ted by  low pressure  CVD are  
in i t ia l ly  polycrys ta l l ine ,  they  should be reasonably  
s table  and should not change m a r k e d l y  because of hea t  
cycles no rma l ly  seen in modern  in tegra ted  circui t  fab-  
r icat ion;  however  some changes m a y  occur if  t e m p e r a -  
tures above l l00~ are  encountered.  On the o ther  
hand, films deposi ted at  s l ight ly  lower  t empera tu re s  
are  in i t ia l ly  amorphous  and wil l  c rys ta l l ize  dur ing  the 
the rmal  processing l ike ly  to be  encountered.  The im-  
pl icat ions of these changes on the e lect r ica l  p roper t ies  
and re l i ab i l i ty  of in tegra ted  circuits  incorpora t ing  
these in i t ia l ly  amorphous  films must  be considered 
fu r the r  before  the films can be used wi th  confidence for  
device applications.  
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Framed Recessed Oxide Scheme for Dislocation-Free 
Planar Si Structures 

I. Magdo and A. Bohg 
IBM System Products Division, East Fishkiff, HopewelL Junction, New York  12533 

ABSTRACT 

Recessed oxide  isolat ion is wide ly  used to reduce defects  and  increase  
packing dens i ty  in Si in tegra ted  circuits. Unfor tunate ly ,  the  use of SiO2/SisN4 
layers  to mask  the Si dur ing the format ion  of the recessed oxide creates an 
unevenness in the  surface, known as b i rd ' s -head ,  and the l a t e ra l  ox ida t ion  
due to the SiO2 under  the SigN4 layer  creates  b i rd ' s -beak .  B i rd ' s -head  and 
b i r d ' s - b e a k  l imi t  packing  densi ty  and performance.  In  the f ramed  recessed 
oxide- iso la t ion  process presented  in this paper ,  the SijN4 is a l lowed to cover 
the  Si surface in na r row str ipes to define the recessed oxide boundary ;  thus 
both l imi ta t ions  are  avoided. The samples  were  analyzed  by  Si r t l  e tch and 
TEM methods.  For  a SigN4 layer  500A thick, no induced crys ta l  defects were  
present ,  p robab ly  because of pa r t i a l  stress re l ief  wi th in  the  na r row SijN4 
stripes. For  a SijN4 l aye r  more  than  1000A thick, dislocations appea red  along 
the  edges. The dislocations, which are  of the 60 ~ type  on (111) slip planes  wi th  
a l te rna te  Burger ' s  vectors, re l ieve pa r t  of the in t r ins ic  tensi le  s tress  of the 
SigN4. 

Much work  has been done in recent  years  to im-  
prove isolat ion schemes for in tegra ted  devices. Re-  
cessed oxide isolat ion (1) (ROI) ,  along wi th  the  
LOCOS (2-6) and Isoplanar  (7) technologies,  has 
been developed to overcome the l imi ta t ion  that  junc-  
t ion isolat ion imposes on packing density. In  ROI proc-  
essing, the  sil icon surface is t he rma l ly  oxidized and 
si l icon n i t r ide  is deposited.  The SijN4/SiO~ laye r  is 
etched outside the  active device regions. The exposed 
silicon areas are  etched and then t he rma l ly  reoxidized.  
Since the  the rmal  oxide  undernea th  the  SijN4 is ex-  
posed at  the  pe r iphe ry  and does not b lock oxygen dif-  
fusion dur ing the  fo rmat ion  of the  recessed oxide, 
"b i rd ' s -head"  and "b i rd ' s -beak"  are  created. The 
b i rd ' s -head  causes uneven surface topology, and the 
b i rd ' s -beak  (s lowly increas ing oxide  thickness at  the 
la te ra l  silicon in ter face)  l imits  the packing density.  

Double or t r ip le  oxidat ion  reduces the b i rd ' s -head  
(8), but  does not  improve  the beak  itself. The longer  
oxida t ion  t ime causes the shal low b ipola r  s t ructures  
to suffer, for example ,  by  an increased outdiffusion 
f rom the subcollector.  

Surface p l ana r i t y  can also be improved  by  using a 
th ick SijN4 film on a very  th in  SiO2 pad (9),  typ ica l ly  
2000A SijN4 on 50A SiO2. Too th ick a l ayer  of SijN4 or 
too thin a l aye r  of SiO2, however ,  wi l l  in t roduce  crys-  
tal  defects in the  silicon because of the high intr insic  
stress in the  SisN4. 

The new method descr ibed here  e l iminates  b i rd ' s -  
beak  in recessed oxide s tructures.  SijN4 is deposi ted 

Key words: $i structures, recessed oxide scheme, recessed ox- 
ide boundary. 

d i rec t ly  on the sil icon on ly  at the  pe r ime te r  of the  
ROI regions to form a f rame around them. With  the 
p roper  ox ide-n i t r ide  thickness,  a d is locat ion-f ree  
s t ructure  can be obtained.  

Structure and Experimental Procedure 
A convent ional  recessed oxide s t ruc ture  is shown in 

Fig. 1. The rma l ly  g rown SiO2, 10O0A thick, is formed 
on a 0.3 A2cm n - t y p e  (001) silicon wafer ,  and a SisN~ 
film 100.0A thick is deposi ted by  SiH4-NH8 react ion at 
800~ Annu la r  regions wi th  edges a l igned along 
<110> are  e tched in the SijN4/SiO2 layers  th rough  an 
aux i l i a ry  1000A film of pyro ly t ic  SiO2. The exposed 
silicon subs t ra te  is i so t ropical ly  etched, in a 1: 2:5 vol -  
ume rat io  solution of 49% HF, CHjCOOH, 76% HNO~, 
di luted in a 1:20 ra t io  wi th  75% HNO~ (etch ra te  
about  800 A / m i n ) ,  t0 a depth  of about  3400A. The 
wafer  is reoxidized for 360 rain at 1000~ in wet  ambi -  
ent; the  resul t ing SiO2 layer  is about  10,000A thick. 

The new f ramed  recessed oxide  s t ruc ture  is shown 
in Fig. 2. The the rma l ly  oxidized wafe r  is photoetched 
in an annular  shape to expose the sil icon surface (Fig. 
2). The recessed oxide bounda ry  defining the device 
areas  then  forms wi th in  the annu la r  region. Next  the  
SigN4 l aye r  is deposi ted as in the convent ional  process, 
and is etched so tha t  it  extends over  the  under ly ing  
SiO2 l aye r  by  about  2.0 ~m in the  device areas. The 
silicon is e tched in the solution used for the  conven-  
t ional  process and then  reoxidized to a thickness of 
about  10,000A. Since the l a t e ra l  oxygen diffusion is 
blocked at the pe r imete r  of the  ROI, the beak  is com- 
p le te ly  el iminated.  The head  is reduced f rom about  
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Fig. I. Processing of conventional recessed oxide structure. (a) 
After silicon etching; (b) after recessed oxide formation. 
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Fig. 2. Processing of framed recessed oxide structure. (a) After 

silicon etching; (b) after recessed oxide formation. 

4500A in  structures made by the conventional  process 
to less than 1000A in  the framed structure,  as Fig. 2 
shows. SEM micrographs of cross sections of both  
structures are shown in Fig. 3 for comparison. 

The framed recessed oxide s tructure is usable only 
for geometries large enough to accommodate the 
thermal ly  grown pad oxide, say L > 2w (Fig. 4), 
where L is the width of the silicon island. For L < 2w, 
the Si3N4 is directly deposited on the silicon surface. 
In  either case, the width of the Si3N4 stripes in direct 
contact with the silicon surface never  exceeds 2w (4 
~m in  our  case). 

Fig. 3. SEM micrographs of I #m ROI. (a) Conventional ROI 
process; (b) framed ROI process; (c) framed ROI, depicting the 
lateral extent of the Si3N~/pad Si02. 

As is well known, chemical vapor-deposited Si3N4 
films exhibit  a high intr insic  tensile stress [see Ref. 
(11) for a recent review] which may lead to crystal 
defects in  the silicon. Therefore the effect of thermal  
SiOffSi3N4 layer  thickness on crystal defects was in -  
vestigated. Wafers were prepared by the f raming 
process with three different combinations of thick- 
nesses: 1000~ of SiO~ on 1000A of Si8N4; 500A of SiO2 
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" * ~ L  > 2w - - L <  2w 
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directly 
on si 
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Fig. 4. Processing of silicon structures with L > 2w (w is frame 
width) and L < 2w with the framed recessed oxide scheme. The 
frame width used for this study was 2.5 /~m. All edges are along 
<110>. 

on 500s of SigN4; and 1000s of SiO2 and 500s of Si3N4. 
An  expe r imen ta l  wafe r  wi th  1000s of SiO2 on 2000A 
of Si3N4 was also processed.  The genera l  defect  level  
was s tudied by  Sir t t  etching the wafer  surface (af te r  
n i t r ide  s t r ipping in hot phosphoric  acid) and by S i r t l  
e tching on ver t ical  c leavage planes  (110). Transmis -  
sion e lect ron microscopy (TEM) at  200 keV was used 
for de ta i led  defect  identif icat ion and Burger ' s  vector  
analysis.  The TEM samples  were  th inned  by  the com- 
b ined  ul t rasonic  d impl ing /chemica l  e tching method  
descr ibed in Ref. (14). 

Crystal Defects in Silicon 
The high int r ins ic  stress of the Si3N~ film genera tes  

c rys ta l  defects  in  the  si l icon subs t ra te  if  the  y ie ld  
stress for sil icon is local ly  exceeded dur ing  h igh  t em-  
pe ra tu re  t rea tments .  Using t ransmiss ion e lec t ron 
microscopy, T a m u r a  and Sunami  (10) showed tha t  
s t ra ight  dislocat ions of the  60 ~ type  form in  the  sur -  
face of a (109) sil icon subs t ra te  as a resul t  of n i t r ide  
stress, if the  wafer  is comple te ly  covered wi th  Si3N4. 
Westdorp  and Schwut tke  (14) had shown ear l ie r  tha t  
local  s t ress  concentrat ions  near  SiaN4 diffusion win -  
dows are  p re fe r r ed  sites for dis locat ion generat ion,  as 
w a s  also repor ted  for the  recessed oxide s t ructures  
inves t iga ted  by  Bassous, Yu, and Maniscalco (9). Cal-  
culat ions by Zeyfang (13) showed tha t  the  shear  s tress  
~zz near  the  edge of a s t ressed film window is about  
th ree  t imes as high as the film stress ~xx far  away  from 
the edge. The genera t ion  of dislocations is h ighly  un-  
des i rable  because these c rys ta l  defects  may  act as r e -  
combinat ion centers or  as ge t ter ing  sites for impur i -  
ties, and thus may  cause ar t i fac ts  to form dur ing fu r -  
ther  processing. Therefore  we have careful ly  checked 
the  crys ta l  per fec t ion  for  a l l  the  th ickness  combina-  
tions, pad  oxide on ni tr ide,  that  we used. 

In Table  I, the  perfec t ion  of the silicon c rys ta l  a f te r  
f r amed  recessed oxide processing is given for  all  the  
wafers  studied, as concluded f rom Si r t l  e tching and 
confirmed by  TEM. No dislocations were  found along 
the recessed oxide edges on the wafers  processed wi th  
500s of Si3N4 and 500 or 1000A of pad  oxide. F igure  
5b shows the  S i r t l - e t ched  surface o f  a wafer  p roc -  
essed wi th  500s each of SisN4 and of SiO2. The ab-  

Table I. Crystal perfection after framed recessed oxide 
process for different combinations of nitride and pad oxide 

T h e  r e c e s s e d  ox ide  th i ckness  in all cases  is 10,000A 

Thick-  
hess  of  T h i c k n e s s  of Si3N~ film (A) 
pad ox- 
ide (A)  500 1000 2000 

500 N o  dislo- Dis locat ions  in 
cat ions  m o s t  structures 

lO00 No dislo- Dis locat ions  in Dislocations in 
cat ions  s o m e  structures most structures 

Fig. 5. Comparison of crystal perfection for Si3N4 thicknesses 
of 500 and 1000s (a) Layout of structures shown in (b) and in 
(c); the misalignment is intentional. (b) Sirtl-etched, 500s SigN4 
on 500s SiO2, no dislocation. (c) Sirtl-etched, |000A Si3N4 on 
500s SiO2, many dislocations. 

sence of etch pi ts  indicates  tha t  the  subs t ra te  is free of 
dislocations; this finding was confirmed by  TEM in-  
spection. Increasing thickness of the  Si3N4 to 1000s 
again for oxide thickness of 500A, leads to dislocations 
in most  of the  s t ructures  (Table  1). Af te r  S i r t l  etching, 
the Si surface shows many  etch pits along the former  
n i t r ide  edges (Fig. 5c). The i n - d e p t h  d is t r ibu t ion  of 
the  defects  is revea led  by  Si r t l  e tching on a ver t ica l  
(110) cleavage p lane  runn ing  th rough  a device s t ruc-  
ture,  which is shown in the  series of l ight  opt ical  
micrographs  in Fig. 6a-6c. The etch pits  s ta r t  at the  
edges of the n i t r ide  is lands and define V-shaped  pairs  
of <211> directions, which are  appa ren t ly  the  in t e r -  
sections of two {111} dislocat ion glide p lanes  (normal  
to the p lane  of the micrograph)  wi th  the  (110} c leav-  
age plane (para l l e l  to the plane of the pape r ) .  Disloca-  
t ion genera t ion  on wafers  wi th  1000A Si3N4, however ,  
was i r regular .  Many devices produced wi th  the  50OA 
SIO2/1000s Si3N4 combinat ion were  en t i re ly  free of 
dislocations. Fo r  the 1000s SIO2/1000s Si3N4 com- 
bination,  only a few s t ructures  developed dislocations,  
and the rest  r emained  dis locat ion-free ,  as was con- 
f irmed by  TEM. F igure  7 shows the  S i r t l - e t ched  s i l i -  
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Fig. 6. In-depth distribution of dislocations (after Sirtl) for 
wafer with 1000A Si3N4 on 500A Si02. 

Fig. 8. TEM micrograph (top) and schematic cross section (bot- 
tom) along A-A through a structure with dislocations. For the 
TEM investigation, all SigN4 and SiO~ was etched off far better 
transparency. To bridge the large contrast range inside and out- 
side the Si pedestal, the micrograph is composed of two contigu- 
ous prints with different exposures made from the same TEM 
micrograph. The misalignment between pad oxide and nitride 
was intended. Dislocation generation is strongest at left, where 
the Si3N4 and the silicon are in direct contact. Foil normal is 
[001] with the nitride edges along ~ 1 1 0 ~ .  

Fig. 7. Absence of dislocations on wafer with 1000A Si3N4 on 
1000~_ Si02. Surface and cleavage p!ane Sirtl-etched as in Fig. 6. 

con surface and cleavage p lane  of a typica l  device 
wi th  1000A SiOf/1000A Si3N4: no dislocations are  
present .  (The shal low notches vis ible  at  the  device 
surface in Fig. 7c are  caused by  s t ress- induced p r e f e r -  
ent ia l  a t tack  of the  S i r t l  etch solut ion at  the  recessed 
oxide edges.)  

The defect  s t ruc ture  in t roduced by  th ick  ( ~  I000.~) 
Si3N4 along the edges was inves t iga ted  by  TEM. F ig -  
ure  8 is a TEM mic rograph  of a recessed oxide s t ruc-  

ture  produced  wi th  1000A Si3N4 on 500A SiOf. T h e  
ni t r ide  pa t t e rn  was in ten t iona l ly  misa l igned wi th  re -  
spect to the  pad oxide. Fo r  the  TEM examinat ion,  the  
n i t r ide  and oxide  were  comple te ly  e tched off for  be t te r  
e lec t ron t r anspa rency  of the  sample.  The mic rograph  
in Fig. 8 is composed of two contiguous pr in ts  of the 
same device obta ined  by  different  exposures  of the  
same TEM negat ive  in o rde r  to b r idge  the  la rge  con- 
t ras t  be tween  the centra l  sil icon mesa  region,  about  
1.5 #m thick, and the pe r iphe ra l  silicon, about  0.5 #m 
thick. F igure  8 shows that  pa ra l l e l  to the  fo rmer  
n i t r ide  edges many  dislocations have  been  generated.  
At  left, where  the n i t r ide  edge was in d i rec t  contact  
wi th  the  silicon, the  dislocat ion genera t ion  was the  
strongest.  At  r ight ,  where  the n i t r ide  and the sil icon 
were  separa ted  by  an oxide  pad  500A thick, there  are 
fewer  dislocations. None at  all  were  genera ted  at  the  
thin the rmal  SiO2 step under  the n i t r ide  (as is also ap-  
pa ren t  in Fig. 6) ; thus i t  seems tha t  the  t he rma l  oxide 
alone is subjec ted  to l i t t le  stress dur ing  the format ion  
of recessed oxide  at  1000~ The reduced  number  of 
crys ta l  defects  under  the n i t r ide  edge wi th  under ly ing  
pad  oxide demonst ra tes  tha t  the  oxide  buffers the  
stress. 

F igure  8 also gives a schemat ic  cross section d i sp lay-  
ing the spat ia l  a r r angemen t  of the  dislocations,  as de-  
duced f rom stereo pairs  of micrographs  together  wi th  
the  Sir t l  etching on the c leavage p lane  (Fig. 6). The  
dislocations emanate  f rom the Si surface at the former  
posi t ion of the  n i t r ide  edge and glide on the two {111} 
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planes,  which contain the n i t r ide  edge as common in-  
tersection. Some dislocations are  t runca ted  by  the ad-  
vancing recessed oxide. Most of them are  st i l l  wi th in  
1 ~m from the edge, but  some were  able to glide as 
far  as 5 #m under  the  influence of the  edge stress 
and the repuls ive  force of ne ighbor ing dislocations. 

The crys ta l lographic  na tu re  of the dislocations was 
-.> 

de te rmined  by  using different  diffract ion vectors  g and 
--> 

revers ing the sense of g. The resul ts  a re  expla ined  
wi th  reference to Fig. 9, showing a section ideal ized by  
neglect ing the occasional ly  observed  dislocation reac-  
tions. The p rominen t  dislocations are  s t ra ight  and 
para l l e l  to the [1~0] n i t r ide  edge. They  are  al l  of the 
60 ~ type, wi th  Burger ' s  vectors incl ined 45 ~ towards  
the  (001) Si surface. Outside the n i t r ide  edge, the dis-  
locations occupy a common (111) slip plane. The 
Burger ' s  vectors of this  dislocation set l ie  wi th in  the  
(111) slip p lane and a l te rna te  be tween  the disloca-  
tions. Therefore  the  to ta l  silicon la t t ice  d isp lacement  
produced  by  the dislocations outside the  n i t r ide  edge 
has only components  normal  to the n i t r ide  edge - -none  
para l l e l  to it. F rom the TEM analysis  i t  was also es- 
tab l i shed  that  the  dislocations outside the n i t r ide  edge 
re l ieved a tensi le  s t ra in  near  the silicon surface or  a 
corresponding shear  stress across the  slip plane,  as 
indica ted  by  the • symbols  in Fig. 9. A correspond-  
ing dislocation a r r a y  exists on the  ( l l i )  p l ane  ex -  
tending benea th  the n i t r ide  edge; again,  the  Burger ' s  
vectors a l te rna te  be tween  the two <110>  direct ions 
contained in the  slip plane.  F rom the shift  of disloca-  

.-> 

t ion images upon reversa l  of the  sense of g, i t  fol lows 
that  the  dislocations under  the n i t r ide  have  re l ieved 
a compressive stress near  the sil icon surface, and thus 
a corresponding shear  stress across the slip plane,  as 
indica ted  by  the T symbols  in Fig. 9. On the average,  
the total  deformat ion  of the  sil icon under  the n i t r ide  
has only components  normal  to the n i t r ide  edge. To 
summarize  these findings, 60 ~ dislocations wi th  four 
different  Berger ' s  vectors  a re  found in the  vic ini ty  of 

_ ~ S i 3 N  4 edge 

E1YOJ . . . . . . . .  Az-Tfi "/', 
fl( (001) plane ~ / .x \  Si / 
#/E  ol S / %  / 

/ ' -  y / ,  / 

. , ' E l /  
b 

Dislocations 
(111) slip plane 

Fig. 9. Crystallography of dislocations along SiaN4 edges, ideal- 
ized. The dislocations are parallel to the [11"0] nitride edge and 
glide on two {111) planes into the substrate. They are of the 60 ~ 
type, with two alternating Burger's vectors. Outside the nitride- 
covered area, they have relieved a tensile strain in the silicon. 
Under the SiaN4 they have relieved a compressive strain in the 
silicon. The corresponding shear stresses are indicated by / and T. 

the  n i t r ide  edge, wi th  most  of the  dislocations run -  
ning para l l e l  to the edges. 

Except  for occasional devia t ions  of dislocations f rom 
thei r  ideal  slip planes  under  the  n i t r ide  and ne twork  
format ion  by  dislocation reactions,  no o ther  s t ruc tura l  
defects, such as s tacking faults,  were  found. 

Summary and Conclusions 
The f ramed  recessed oxide process descr ibed in this 

paper  makes  i t  possible  to fabr ica te  en t i re ly  bealdess  
recessed oxide s tructures.  No crys ta l  defects  were  
present  for 500 or 1000A the rmal  pad  oxide, even 
under  n i t r ide  patches which, because of the i r  smal l  
l a t e ra l  dimensions,  had  no centra l  pad  oxide. The 
s t ructures  p r epa red  by  the f r amed  recessed oxide 
process showed no dislocations in spite  of the d i rec t  
contact  of SiaN4 and silicon; this resul t  is a t t r ibu ted  
to the fact  that  the n i t r ide  s tr ipes in d i rec t  contact  
wi th  the  sil icon are  typ ica l ly  only 2.0 ~m wide, and  
therefore  a l low a pa r t i a l  re l ief  of the  stress wi th in  
the SiaN4. 

Dislocat ion genera t ion  s tar ts  for n i t r ide  thickness of 
1000A and above. The dislocations are  pa ra l l e l  to the 
(001) surface and glide on two symmet r i ca l  {111} 
planes  tha t  in tersect  at  the <110>  ni t r ide  edge. Each 
glide plane contains two sets of 60 ~ dislocations wi th  
a l te rna t ing  Burger ' s  vectors, re l iev ing  a tensi le  stress 
wi th in  the SiaN4 film (edge force points  towards  the 
n i t r ide) .  

In  our exper iments ,  both  the  fo rmat ion  of a b i rd ' s -  
beak  and the genera t ion  of dislocations were  com- 
p le te ly  avoided for a n i t r ide  layer  50OA thick. 
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ABSTRACT 

T h e  electrolyte-semiconductor junct ion  has la te ly received considerable 
a t tent ion as a half-cell  electrode to be used with or without  i l luminat ion.  
In  spite of the activity in this field very li t t le has been done toward deriving 
the electrical photocharacteristics based on the t ransport  of carriers and the 
quant i ta t ive  t rea tment  of junct ion  potentials. In  this paper  we at tempt  to 
remedy the si tuation by setting down the logic under ly ing  the problem and 
under tak ing  the derivat ion of the photocharacteristics, in  terms of various 
phenomenological  t ranspor t  and kinetic coefficients, for a number  of fairly 
realistic systems. Our purpose is not to be exhaustive but  to i l lustrate  t h e  
process of derivat ion so that the reader  will be able to extend it to other 
part icular  systems of interest.  When possible we show the relat ion of our 
results to previous analyses (in the few cases where they exist).  This com- 
parison identifies the condition under  which some of the previous results a r e  
valid. We have tried to be as critical as possible. Among the effects included 
in our  model are those due to Guoy layers, redox systems, overvoltage, sur-  
face recombination,  and hole-electron t ransport  and recombinat ion in  the bulk  
of the semiconductor. 

In  recent  years, the semiconductor-electrolyte in te r -  
face has attracted much a t tent ion (1, 2). This has been 
especially true where photoeffects have been con- 
cerned, since promising schemes for both photoelec- 
trolysis (3,4) and solar cells (5-9) exist, based on 
such an interface. At this writ ing, many  experiments  
have been performed on such systems, and a variety 
of current-vol tage characteristics have been deter-  
mined, both in the dark and under  i l luminat ion.  It ap- 
pears, however, that  very li t t le theory exists for the 
in terpre ta t ion  of these characteristics. Perhaps the 
most advanced in  this respect are papers by  Butler  
(10), Andersen  (11), and Laser and Bard (12). A 
pioneering paper is due to Dewald (13). 

This s i tuat ion is not surpris ing since, in  a sense, the 
field contains a "cultural" as well  as "physical" in te r -  
face. On one side we have the solid-state and semi- 
conductor device physicist, while on the other side 
there is the modern but, nonetheless, canonical elec- 
trochemist. The electrochemist seems to have made a 
valiant,  if incomplete effort to unders tand  the lan-  
guage of the semiconductor physicist while an ad- 
mi t tedly  inaccurate estimate seems to indicate that  the 
reverse has not been near ly  as true. As a result, an op- 
t imum rate of progress has probably  not been realized. 

For example, in the early days of semiconductor 
devices, current-vol tage  characteristics for all manne r  
of junct ions  were calculated at an almost explosive 
rate. S'hockley's classic t rea tment  (14) of the p ,n - junc -  
tion and the t rea tment  of the famous Schottky barr ier  
diode (15) are prominent  examples. These papers 
provided a phenomenological  t rea tment  of the t rans-  
port of holes and electrons in semiconductor structures 
and contained both macroscopic t ransport  and kinetic 
coefficients (e.g., mobilities, recombinat ion velocities, 
lifetimes, etc.) which could be measured or derived 
from microscopic theory once the phenomenological  
f ramework  was available. In  contrast, most of the 
electrochemical t reatments  ment ioned above involve 
a direct passage to the microscopic level and are 
f requent ly  aimed at only one of the many  re levant  
fundamenta l  processes. In  this connection Butler 's  
paper (10) on the photoelectrolysis of water  using a 
WO3 electrode seems to have been the most free from 
this criticism, but  even here, the study is l imited to 
the case of substant ia l  reverse bias under  c i rcum- 
stances such t~hat the redox reaction in  the electro- 
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lyre solution exercises no control over rate. As a con- 
sequence, the t rea tment  becomes, essentially, one of 
the photovoltaic behavior  of a conventional  Schottky 
diode, and l imited to reverse bias at that. However, 
even for Schottky diodes, current-vol tage  charac- 
teristics under  i l luminat ion  do not seem to have been 
general ly derived. Butler 's  calculation is to a large 
extent  an adaptat ion of a theory proposed by  G~irtner 
(16) for the t rea tment  of such diodes. 

Since most of the photoeffects at the semiconductor-  
electrolyte interface occur in  the body of the semi-  
conductor, the current  voltage characteristic can be 
derived using many  of the ideas conventional  to ordi- 
nary  semiconductor device physics. On the other 
hand, addit ional ideas conventional  to the t rea tment  
of phenomena at electrode surfaces are necessary. 
Frequent ly  the effects of the redox couple can be 
treated as boundary  conditions on the semiconductor 
surface. It is therefore possible to make considerable 
progress in the analytical  t rea tment  of the semicon- 
ductor-electrolyte junct ion  by focusing on hole-elec- 
t ron t ransport  in  the semiconductor alone. It is there-  
fore surpris ing that  so l i t t le has been done in  this 
respect. 

Undoubtedly  part  of the problem lies with the 
above-mentioned,  only moderate interest  of the semi- 
conductor device physicist, but  an impor tan t  aspect 
has to do with the great var ie ty  o~ models which may  
have to be invoked to match the assortment  of differ- 
ing physical systems which are encountered. For ex- 
ample, there are systems in which rate control may 
be due to any of a number  of processes, e.g., (i) due to 
the t ransport  of carriers in  the semiconductor, (ii) 
due to processes in  the Helmholtz layer, (iii) due to 
processes in the Gouy-Chapman  layer  (17) in  the 
electrolyte, (iv) due to t ransport  in the electrolyte 
solution, etc. Furthermore,  it is necessary to consider 
various seats of control of the bar r ie r  layer  potential. 
For example, (i) Are surface states impor tant  in  fix- 
ing the band bending? (ii) Is the semiconductor doped 
uniformly,  and is it homogeneous as regards chemical 
constitution, etc? (iii) What is the relat ion between 
the Fermi levels, relat ive to vacuum, of the semicon- 
ductor and electrolyte, respectively? In  addition, it  
may be appropriate in deriving current-vol tage  char-  
acteristics, depending on the case, to use thermionic 
emission, diffusion theory, or a combination of both 
(18). If one uses diffusion theory it becomes necessary 
to decide whether  carrier generat ion and recombina-  
t ion must  be accounted for (and to what  extent)  in  the 
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depletion layer, at the interface, etc. If thermionic 
emission theory is used it may be necessary to assess 
the effects of image potentials (19), quan tum tunne l -  
ing, etc. 

Last but  not least it may be necessary to incorporate 
into the general  development,  the quant i ta t ive aspects 
of various decomposition and corrosion processes (11), 
inseparable from the operation of the diode (especially 
at high photon fluxes). 

Each different model which may have to be treated 
may involve an algebraic tour de force in  tedium, 
although possibly based on straightforward manipu la -  
tion. i t  is therefore not surpris ing that  only the most 
elementary,  incomplete situations have received any 
algebraic a t tent ion at all. A general  t rea tment  of a 
model involving all possible physical features is out 
of the question. However, a method applicable to a 
wide variety of models is easily demonstrated by 
working out a few examples. 

The goal of the present  paper will be just  this, i.e., 
to derive the current-vol tage and photovoltaic char-  
acteristics for a few impor tant  models, each complete 
enough to have a measure of real i ty against which 
some existing measurements  may be checked, and with 
the hope that the method will  be well enough demon-  
strated so that any reader will be able to apply it to 
part icular  situations in  which he may have an in-  
terest. Before doing this however, it is appropriate to 
make some addit ional prefatory remarks concerning 
contact potentials, Fermi  levels, redox potentials, and 
photovoltaic circuits. 

Some Critical Remarks on Fermi levels 
When an electrolyte phase (or for that mat ter  any 

phase) is placed in contact with a semiconductor, elec- 
trons will usual ly be t ransferred be tween the two 
phases such that a double layer  potential,  VDL, will 
result, given by 

VDL ~-- EF (E) -- EF (S) [1] 

in which EF (E) and EF r are the Fermi  levels (mea- 
sured from a common reference level) in the electro- 
lyte and semiconductor, respectively. The definition in  
Eq. [1] is such that VDL is positive when the semi- 
conductor is at a higher electrical potential  than the 
electrolyte. The common reference level is general ly 
chosen such that  the energy of the electron in  vacuum 
is set equal to zero. This is called the "vacuum" level. 

It is customary for solid-state physicists to both 
measure and work with Fermi  levels defined relat ive 
to vacuum, and so reasonable values for EF (s) relat ive 
to vacuum are f requent ly  available. On the other 
hand, the same is not t rue for EF (E) in  the electrolyte. 
However, for electrolytes which can serve as redox 
couples, redox potentials, measured relat ive to the 
s tandard hydrogen electrode, are available. Gerischer 
(17) has set forth a formula relat ing this s tandard 
redox potential,  U, to EF <E) measured relat ive to 
vacuum. This formula is 

EF (E) -- --qU -~- EF (H) [2] 

in which q is the absolute value of the charge on the 
electron and EF (H) is the Fermi level, relative to vac- 
uum, of the standard hydrogen couple 

1 
H + -{- e -  = - - H 2 ( g )  [3] 

2 

Some addit ional critical remarks concerning EF (~) 
and EF (H) are in order. If a half-cel l  (such as the re-  
action in Eq. [3] is set up only as a solution in contact 
with H2 gas and not in  contact with another  phase 
(not in contact with a p la t inum electrode for example, 
and not even in  contact with the walls of a containing 
vessel) it will have a definite Fermi level relat ive to 
vacuum. It is this Fermi  level to which EF (H) refers. 
(The same is t rue  of EF (E), it is the Fermi  level in  the 

redox solution out of contact with addit ional phases.) 
As soon as the solution contacts another  phase, if the 
Fermi  level of that phase differs from the level in  the 
solution, electrons will be t ransferred between the two 
phases. As a consequence the electrical potential  of 
one phase will  increase, relat ive to vacuum, while the 
potential  of the other will  decrease. 

Since the position of the ~ ermi level, relat ive to the 
spectrum of electron energy levels (relative to vac- 
uum) ,  must  remain  fixed in  the bu lk  of each phase, 
this means that, in  general, the Fermi  level in  each 
phase will change, relative to vacuum, although, at 
equi l ibr ium with respect to the t ransfer  of electrons, 
the Fermi levels in  both phases will  be identical, al-  
though, in both cases, changed from the levels prior to 
contact. In  the case that  one of the phases can support  
very little space charge (e.g., a metal)  its Fermi  level 
will  be only slightly changed on contact. 

In  the measurement  of U the redox couple and the 
hydrogen electrode are connected to form a full cell 
and U is measured as the emf of this cell. However, 
the common Fermi level of this full cell (for the 
reasons just  ment ioned)  will  be nei ther  EF (E) nor  
EF (H). Since in the thermodynamic  expression for U, 
the common Fermi  level of the full  cell cancels out, 
this is of no consequence. 

In  Eq. [1] and [2], EF CE) and EF (~) refer to isolated 
phases. Gerischer (20) invoking a cycle due to Loh- 
m a n n  (21) sets EF (H) equal to --4.5 eV. In  accordance 
with the above, the net  process in  this cycle must  
involve a redox couple out of contact with addit ional 
phases. A key step in  the cycle involves the free en-  
ergy of solvation of the Ag + ion which Lohmann  takes 
as 4.96 eV. This value involves quanti t ies est imated 
theoretically as well as some determined by experi-  
ment.  However, the estimate is old. A newer  estimate 
has been set forth by Gomer (22), namely,  4.64 eV. If 
this estimate is used in  Lob_mann's cycle, EF (H) is 
predicted to be --4.8 eV. Certain other evidence for 
which there is not room for discussion in  this paper  
indicates that the --4.8 eV figure may be the more 
reliable. 

Except for the quant i ta t ive  value of EF (H), Gerisch- 
er's formula in  Eq. [2] can be shown to be correct. On 
the other hand, a reasonably careful derivat ion (for 
which we have no space here) is necessary, especially 
when  ionic activities cannot be represented by con- 
centrations. We zeserve this task for a later  paper. 

Photo Characteristics for a Circuit 
When a semiconductor-electrolyte junc t ion  is i l lumi-  

nated with l ight o~ the proper wavelength, VDL will 
be changed from its equi l ior ium value, prescribed by 
Eq. LIJ, to a new value, VDL ~- Vf, where Y~ may be 
called the photovoltage. If the junct ion  is par t  of a 
closed circuit, involving a reversi01e counterelectrode 
(1) and a load resistance then the cup.rent, I, flowing 

in  the circuit will be 
Vf  

I - -  [4]  
Rlat -~ Rload 

Where nint and Rload a re  the in te rna l  and load re-  
sistances, respectively. If an external  bias voltage, Vb, 
is present  in  the circuit, then Eq. [4] is replaced by 

Y f +  Vb 
I - [5] 

Rint -~- Rload 

Equations [4] and [5] represent  the circuit character-  
istics. The photocharacteristic is obtained by comput-  
ing the relat ion between I and V~ based on the prop- 
erties of the junct ion  alone. Insert ion of this expres-  
sion into Eq. [5] gives Vf or I as functions of Rint "~- 
Rload. The open-circui t  characteristic is obtained by 
setting I, determined from the junct ion  alone, equal 
to zero. 



Vol .  125, No .  6 E L E C T R O L Y T E - S E M I C O N D U C T O R  J U N C T I O N S  93g 

Organization of Derivations of Photocharacteristics 
The computa t ion  of the  photocharacter is t ics  is 

dominated  by  the fact tha t  the p rob lem m a y  be sub-  
d iv ided  into a number  of independen t  (or  quas i - in -  
dependent )  ana ly t ica l  components  which must  even-  
tua l ly  be in te r faced  wi th  one another .  I t  is simplified 
because the  in te rna l  behav ior  of each component  m a y  
be s tudied sepa ra t e ly  but  compl ica ted  by  the need to 
es tabl ish the interfaces  and to a r range  the calculat ion 
so that  each such connection is dea l t  wi th  proper ly .  I t  
is the re fore  convenient,  at  the  outset, to pe r fo rm a 
"systems analysis ,"  the  resul t  of which wil l  be a 
rec ipe  showing how the final solut ion is assembled  out  
of its components.  F igure  1 is useful  for this  analysis.  

In  this  figure the semiconductor  lies to tim r ight  
of the vert ical ,  solid l ine  which represents  the in te r -  
face be tween  the semiconductor  and the e lec t ro ly te  
solut ion to the left. We shal l  assume the semiconductor  
to be n - t y p e  (no grea te r  difficulty is encountered  in 
t rea t ing  the p - t y p e  case) wi th  the  bands  bending 
up f rom the bu lk  toward  the in terface  so tha t  a 
"deple t ion  layer"  (23) of thickness W develops. The 
potent ia l  across this deple t ion  layer  is Vs with  zero 
t aken  in the bu lk  of the  semiconductor ,  i.e., the  
poten t ia l  of the in ter face  is Vs. Near  the interface,  
on the e lec t ro ly te  side, we consider  an in te rphase  
region which  m a y  only be severa l  molecu la r  d iam-  
eters  th ick in which hole or  electron, t ransfer ,  or  
both, be tween  the semiconductor  and the redox sys-  
tem in the  e lec t ro ly te  takes  place. Normal ly ,  at  equi -  
l ib r ium there  wi l l  be a potent ia l  Vie (where  the  sub-  
scr ipt  e denotes "equi l ib r ium")  across the in te rphase  
layer .  When a cur ren t  is flowing the re  m a y  be an 
addi t iona l  vol tage  n across the l aye r  so that  the to ta l  
vol tage  becomes 

VI "-- Vie ~- "l] [6] 

Clearly ~I vanishes at equilibrium. Finally, there is 
a diffuse space charge region in the electrolyte to the 
left of the charge transfer region [sometimes called 
the Gouy-Chapman layer (17)] across which there 
will be a further potential VE. 

When no current is flowing an,d the junction is at 
equilibrium VDL, the potential across the junction, 
will be given by 

VDL "-- VEe -~- Vie -5 VSe ~--- EF (E) - -  EF <s) [7] 

w h e r e  VEe and Vse are  the  equ i l ib r ium values  of VE 
and Vs. When cur ren t  is flowing, due to the  presence 

V E 

DIFFUSE 
LAYER 

Vs -- I 

I ~ DEPLETION 
,,r LAYER 

I 

X=O 

Fig. 1. Arrangement of the electrolyte-semiconductor junction, 
showing position of interface at x = O, and the various layers, 
their potentials, and their widths. Note the total potential across 
the junction, VE -5 VI -5 Vs, equals the photovoltage Vf plus 
the difference in Fermi levels, EF (E) - -  EF <s). 

of an ex te rna l  bias Vb and i l lumina t ion  which produces  
a photovol tage  Vn the potent ia l  across the junct ion 
wil l  be given by 

Vf ~- VDL --" Vf -~- EF (E) --  EI. TM = VE -}- VI ~- Vs [8] 

Clear ly  f rom Eq. [7] 

Vf : VE ~- VI -5 Vs  ~- EF (s) - -  EF  (E) [9] 

so that  the de te rmina t ion  of Vf requires  the eva lua -  
t ion of VE, VI, and Vs, in thei r  dependences  on o ther  
sys tem parameters .  

The grea t  advan tage  of deple t ion  l aye r  theory  is 
tha t  W can be de te rmined  as a function of Vs, and 
that  the potent ia l  V ( x ) ,  where  x denotes posi t ion in 
the deple t ion  layer ,  can be de te rmined  as a funct ion 
of Vs and W, independent  of whe ther  or  not  a cur ren t  
I is flowing (see next  section) Thus W can a lways  
be e l imina ted  f rom any formulas  lor  the t r anspor t  
of holes and electrons,  and V ( x )  is ava i lab le  for u s e  
in such formulas.  

In  our  t r ea tmen t  we even tua l ly  l imi t  considerat ion 
to the case where  ~ = 0. There  is, however ,  no funda-  
menta l  d i ~ c u l t y  in t rea t ing  the case, n ~ 0, provided  
a model  (possibly phenomeno]ogical)  f6r the genera-  
t ion of ,I is avai lable .  

We wil l  assume that  the diffuse l aye r  in the e lec t ro-  
ly te  re laxes  to equ i l ib r ium so quickly  tha t  the poten-  
t ia l  d is t r ibut ion  wi th in  it, and VE in par t icu lar ,  m a y  
be computed  (see below) by assuming an equi l ib r ium 
dis t r ibu t ion  even though a cur ren t  I is flowing. In  
this  way  we find that  

VE = r ( V f , -  - - )  [10] 

where  the dashes again  indicate  dependence on var ious  
ma te r i a l  parameters .  Now from Eq. [6] and [8] we 
find 

Vs : Vs (VE, V ~ , - -  - )  [11] 

and subst i tu t ion of Eq. [10] into Eq. [11] gives 

Vs : i(Vf, - - -) [12] 

Hole and electron currents flowing in the semicon- 
ductor can be computed (see below) as functions of 
Vs, VE, and other parameters of both the material 
and of illumination. The external current I may be 
readily related to the hole and electron currents at 
the in ter face  so tha t  

I : I ( V s ,  VE, - - - )  [13] 

Subs t i tu t ion  of Eq. [10] fol lowed by  invers ion of Eq. 
[13] then  yields  

Vs : ~ ( I ,  y f , -  - - )  [14] 

This m a y  also be expressed a s  

I = I ( V f ,  Vs ,  - - - )  [15] 

Then subst i tu t ion  of Eq. [11] and [14] into Eq. [9] 
wi th  V1 expressed by  Eq. [6] gives 

Vf : F(Vf) -k ~(I, Vf) -k Vie -F EF (s) -- EF (E) [16] 
This may be inverted to yield 

vf : 0(z, .... ) [17] 

which is the photocurrent-voltage characteristic. The 
open-circuit photovoltage is obtained by setting I to 
zero. Substitution of Eq. [17] into Eq. [5] yields 

e(1) + Vb 
.. [18] 

I - -  Rint "-~ Rload 

This is the  photocur ren t  character is t ic .  El iminat ion  of 
I be tween  Eq. [17] and [18] yields the  photovol ta ic  
character is t ic .  

Potentials in the Various Layers 
Equat ion [7] shows tha t  the  junct ion potent ia l  Vr 

+ Vb -t- VDL consists of three  components;  one VE, 
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across that  part  of the double layer in  the electrolyte, 
VI, across the charge interphase layer, and the other, 
Vs, extending across the port ion of the double layer 
in the semiconductor. 

Assume the junct ion to be plane parallel  with the 
x direction normal  to it. Fur thermore  let the semi- 
conductor extend from x = 0 to x = co, wh i l e  the 
electrolyte extends between x = --cr and x = 0. (We 
ignore the thickness, ~, of the interphase layer.) How- 
ever the results we use can be shown to be the same 
as are obtained taking that  layer into consideration 
so that the diffuse layer begins at x ---- - -L For 
i l lustrat ive purposes we work out a simple example 
of the var iat ion of potential  wi thin  the junct ion double 
layer. 

We as sume  7~DL to be negative, which according 
to Eq. [1] requires EF (E) ~ EF (s). Furthermore,  we 
assume the semiconductor to be doped uniformly 
n- type  to the level ND where ND is the concentrat ion 
of donor atoms. Fur thermore  we assume ND ~ ni 
where ni is the intr insic concentrat ion of carriers in  
the semiconductor. Denoting the potential  by V we 
set V = 0 in the bulk  of the semiconductor. Invoking 
Schottky depletion layer theory (23) we have for 
Poisson's equation (using Gaussian units)  in the de- 
pletion layer of the semiconductor 

d2V 4~qND 
- - ,  0 < x - - W  [19] 

dx 2 ' -- K S  

where Ks is the dielectric constant of the semiconduc- 
tor, and W is the width of the depletion zone. The 
usual  boundary  conditions for depletion layer theory 
are 

V ( W )  = 0 [20] 

( d-~--xV ) - - 0  [21] 
x~W 

V(0) = Vs [221 

The we l l -known parabolic solution to Eq. [19] sub- 
ject to these boundary  conditions is 

- -  2~qND 
V ( x ) - -  ( x - - W )  2, O ~ x ~ W  [23] 

KS 
with 

W - -  ( -KsVs  ) I/2 [24] 
2~qND 

In  approximating Poisson's equation by Eq. [19], i.e., 
in  invoking a depletion layer, we have implici t ly as- 
sumed Vs < 0. This is in  accordance with the assump- 
t ion ~,rDL ~ 0, for the equi l ibr ium situation. It may 
not, however, be accurate for a nonequi l ibr ium case 
with sufficient forward bias. In any event, Eq. [21] 
and [22] show that V(x)  and the relat ion between 
Vs and W can be obtained independent  of the flow 
of current.  

On the electrolyte side we will first assume, for 
simplicity, that  the diffuse space charge layer  con- 
tains a un i -un iva l en t  electrolyte, ionizing as follows 

M A = M  + - t - A -  

and present  in  bu lk  concentrat ion (at x = - - ~ ) ,  
co. Since V ( r162 ) = V (W) = 0 we must  have 

V ( - -  ~ ) ~- VE "~ V I -~- V s [25] 

Then, moving toward the Poisson-Boltzmann equa-  
t ion (24) we may write for x < 0 

o+ ] 

c -  = c 0 e x p  ~ ( V - - V E - - V I - - V s )  [27] 

where k is the Boltzmann constant and T is tempera-  

ture, and where c+ and c -  are the local concentra-  
tions of cations and anions, respectively. Then the 
appropriate Poisson-Boltzmann equation (24) is 

d2V 8~qco sinh ( q ( V - -  VE--  V i - -  Vs) ) 
dx 2 -~ KE " kT [281 

where •E is the dielectric constant  in  the electrolyte 
solution. This must  be solved subject to the conditions 

V(0) = Vs -k VI [291 

V ( - - ~ )  = V E +  V I + V s  [30] 

E\--~-'X/x=--O 0 x=+0 

Equation [31] is an expression of the cont inui ty of 
the electric induct ion at the interface and assumes 
the interphase layer to have no net charge. The solu- 
t ion of Eq. [28], subject  to Eq. [29] and [30], can 
be carried out exactly (24). The result  is 

I n t a n h  q { V - - V E - - V I - V s }  
4kT 

~ /  8nq2c0 
- - I n t a n h  q { - -VE}- -x  [321 

4kT KEkT 

Strict ly speaking this equation applies to a diffuse 
layer  in  equi l ibr ium; Eq. [26] and [29] are meant  to 
hold at equil ibrium. However, if the rate of adjus t -  
ment  ( transport)  in the layer is rapid enough, the 
layer  will remain  in  quas i -equi l ibr ium even though 
a current  flows through it. Thus Eq. [32] may be 
adopted for a rapidly relaxing layer  which, as in -  
dicated in the previous section, we assume. On the 
other hand, Eq. [23] and [24], incorporat ing the con- 
cept of a depletion zone, are in no way dependent  on 
a differential equation based on the application of 
Boltzmann's  law. Thus these equations hold for non-  
equi l ibr ium situations quite generally. 

Limit ing our considerations to rapidly adjust ing 
diffuse layers we may assume both Eq. [23] and [32] 
to apply to nonequi l ib r ium situations. In these equa-  
tions we then have two remaining u n k n o w n  pa ram-  
eters, namely,  VE, and Vs. Equa t ion  [7] represents 
one relat ion which can be used for the de termina-  
tion of these parameters.  Equat ion [31] is another  
which can be used for this purpose. Subst i tut ing Eq. 
[23] and [321 into Eq. [31] yields 

[--2qND~SVS]l/2 -~ -- (8coKEkT) 1/2 sinh qVE. [33] 
2kT 

where we have used Eq. [24]. 
Subst i tut ion of Eq. [8] into Eq. [33] gives 

[--2qNDKS (EF (E) -- EF (s) -- Vf -- VE -- VI) ] 1/2 

_~ -- (8Co~EkT) V2 sinh q VE [34] 
2kT 

Equation [34] is the detailed version of Eq. [10], 
de termining VE as a funct ion of Vf. Note that  since 
we assume ~ = 0, V1 = Vie, where  Vie is a fixed ma-  
terial  parameter.  

We have considered a un i -un iva l en t  electrolyte be-  
cause in  this case the Poisson-Bol tzmann equation 
can be ful ly integrated to yield Eq. [32]. However 
redox couples do not usual ly  consist of such sym- 
metric electrolytes. Nonetheless the appropriate ver-  
sion of Eq. [10] can still be derived. We give an 
example. 

To be definite, consider the case where the redox 
couple is 

Fe +a -l- e- = Fe+2 [35] 

Denote the concentrations of Fe +3 and Fe +2 at x 
= --co by c30 and c2 o, respectively. The anion con- 
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cent ra t ion  which m a y  consist, for example ,  of chlo- 
r ide  ions wi l l  be denoted by  cl ~ These bulk  concen- 
t ra t ions  wi l l  de te rmine  the redox potent ia l  U, and 
th rough  Eq. [2], the Fe rmi  level,  EF (E). The local 
concentra t ions  of ions wi l l  be 

c 3 _  c30exp [ 3q ! - - ' k ' T  ( V - - V E - - V z - - V s )  . [36] 

c~ = c2 ~ exp - - ~ ( V - - V E - - V I - - V s )  [37] 

[~ ] ci = cz ~ exp ~ (V - I%. - gz - g s )  [33] 

Note tha t  e l ec t roneu t ra l i ty  requires  

3C~ 0 -~- 2C2 ~ = Cl 0 [39] 

The Poisson-Bol tzmann equat ion  now becomes 

d2V --4~q f = ~ 3C~O 
dx ~ rE 

exp - - - - ~ ( V - - V E - - V z - - V s )  

+ 2 c ~  0exp  - - - - ~ ( V - - V E - - V z - - V s )  

- - c l  0exp ~ ( V - - V E - -  V z - - V s )  [40] 

This must  be solved subject  to the  b o u n d a r y  condi-  
tions, Eq. [29] th rough  [31]. I t  can be in tegra ted  once, 
immedia te ly ,  subject  to Eq. [30] and [31], wi th  the 
resul t  

dV { 8 ~ k T [  
dx --- "+" ~ ca~ 

gE 

e x p  - - ~  ( V  - WE - -  VI - -  V S )  - -  1 

-k  c2 ~ e x p  - -  ( V  - -  WE - -  V i  - -  V s )  - -  1 

[411 

Equat ion  [39] dictates  t he  use of the  posi t ive s ign in  
Eq.[ 41] if  (dV/dx) > 0, and the negat ive  sign for  
(dV/dx) < 0. 

We choose the  posi t ive s ign since in our  examples  
(dV/dx) < O. Then subst i tu t ion  of this equat ion and 
Eq. [29] into Eq. [31] y ie lds  

kTK~.[c3~ aqv~/kT --k C20e2qvEIIcT + Cl Oe-qVEIkT 

_ e s o  _ c 2 0  _ c1011/2 : --[--qND~sVs]l/2 [42] 

Now we can again  use Eq. [8] to e l iminate  Vs f rom 
Eq. [42] and de te rmine  VE as a funct ion of Vf, again 
giving the equiva len t  of Eq. [10]. 

I t  should, however ,  be indica ted  tha t  large  e lec t ro-  
ly te  concentra t ions  (high ionic s t rengths)  wi l l  cause 
VE to approach  zero, t he reby  e l iminat ing  the diffuse 
l aye r  a lmost  ent i re ly .  Fo r  example ,  in Eq. [34] a la rge  
c0 coupled wi th  the  exponent ia l  dependence  of the  
s inh funct ion on VE forces VE --> 0. Since most  j une -  
t ion measurements  have  involved  such h igh  ionic 
s trengths,  this has generaUy been the case. Thus the  
t r ea tmen t  of the  diffuse space charge l aye r  in the  
e lec t ro ly te  m a y  only  represent  an academic  exercise  
and, in fact, in wha t  fol lows we set VE ~ 0. Inc iden-  
t a l ly  r ap id  r e l axa t ion  is fac i l i ta ted by  high e lec t ro ly te  

concentrat ions since small ,  mean  ionic velocit ies may  
st i l l  correspond to la rge  currents .  

Modi f ied  But le r -Vo lmer  Equation (25) 
We need to de te rmine  a re la t ion  be tween  the cur-  

ren t  in the in ter face  l aye r  and tha t  in the  semicon-  
ductor.  F igure  2 i l lus t ra tes  the  sys tem we now deal  
with. In the  f igure the  posi t ive x -d i r ec t ion  is hor i -  
zontal  and to the  r ight .  The in ter face  lies a t  x = 0, 
ma rked  in the figure. In the semiconductor ,  at  posi t ive 
values of x, the  bands  bend up to the  left, a necessary 
consequence of the  fact  tha t  i t  is doped  n - t y p e  and 
tha t  we a re  l imi t ing  considerat ion to cases where  de -  
ple t ion layer  theory is valid.  Since e lec t ron energy is 
p lo t ted  in the figure, bands which bend up correspond 
to decreasing electr ical  potential .  The negat ive  of the  
potent ia l  is in fact  shown as the  dashed l ine desig-  
na ted  by  - -V(x) .  The wid th  of the  deple t ion  zone is 
m a r k e d  by  W. The deple t ion  zone necessar i ly  contains 
posi t ive space charge (marked  by  the word  POSI -  
TIVE) due to ionized donors. Outside the  space charge 
l aye r  (ma rke d  by  NEUTRAL)  the semiconductor  is 
neutral .  The edges of the conduct ion and valence 
bands are  respec t ive ly  des ignated by  Ec and Ev whi le  
the donor level  is ED. Fo r  equ i l ib r ium the common 
Fe rmi  level  is denoted  b y  E F .  I t  is assumed tha t  the  
collective energet ics  of the system is such tha t  the  
donors are  a lways  fu l ly  ionized. 

At  the  in ter face  our  model  contains electronic t raps  
al l  having  level,  ET, shown in the figure. This t rap  wi l l  
be capable  of ca ta lyz ing  the recombina t ion  of holes 
and electrons. 

Outside of the  semiconductor,  in the  e lec t ro ly te  to 
the lef t  of x = 0 we indicate  the  possible  diffuse l aye r  
by  DIFFUSE.  Fur the rmore ,  the total  decrease in po-  
tential ,  VE -t- Vz -P Vs, across the  junct ion  is shown as 
wel l  as the  components,  VE + Vz and Vs. 

At  the in ter face  i tself  holes, h +, and electrons,  e - ,  
can be t r ans fe r red  in the  in te rphase  layer  to and f rom 
the  redox  sys tem b y  the  ac t iva ted  processes 

M+2-~ h+ = M+3 [43] 
and 

M+2 --  M+3 + e -  [44] 

where  for  definiteness we assume tha t  d iva lent  and 
t r iva len t  cations M +2 and M +3 are  involved.  The ve r t i -  
cal be l l - shaped  curve wi th  base along the in ter face  
represents  a hypothe t ica l  dens i ty  of e lec t ron states  
associated wi th  M +2. If  this densi ty  of s tates  is zero 
opposi te  both  the conduct ion band and the valence 
band there  can be essent ia l ly  no coupling be tween  the 
semiconductor  and the redox  process. If  the dens i ty  
of states is zero opposi te  the  conduct ion band,  then  

I 
v~ + v= - ~  - 1 - - - - - - - - ' - " - , k  

.l.-- I ~ , 1  \ ~  
Vs I~ . . . . . .  ~ I I '~ 
i 

i 

W _I  
- I  

-v(x) 

Ec 
. . . . .  E o 

EF 
NEUTRAL 

Ev 

---X 
X=O 

Fig. 2. Diagram of interface showing band bending, the various 
layers, and energy levels. The bell-shaped curve along the x = 
0 ordinate is the redox system density of states. The interphase 
layer is not shown in order to avo]d crowding. 
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only the process of Eq. [43], involving the valence 
band is possible. Equat ion [44] clearly applies to the 
conduction band. 

In  most situations the density of states will  only be 
finite opposite one band, and, at the most, will have 
only a negligible tail  opposite the other. We shall t reat  
some examples in which the processes in both Eq. 
[43] and [44] are operative, but  the more likely case, 
with n - type  semiconductors and with bands bending 
up, is the si tuat ion in which only the process of Eq. 
[43] need be considered. 

Consider Eq. [43] at equil ibrium. We denote the 
forward rate, per square centimeter  of interface by 
r~e +, where the subscript f stands for forward and 
subscript e for eqiulibrium. Then 

r f e  + ---- {kf+e--E~+/ltT}C2e(O)Pe(O) [45]  

in which c2e(0) represents the equi l ibr ium concentra-  
tion of M+2 at x ---- 0 (at the interface) ,  and 

n i  2 
Pe(0) = :exp(--qVse/kT) [46] 

ND 

where Vse, the equi l ibr ium value of Vs, represents 
the equi l ibr ium ( junct ion nei ther  i l luminated nor  
biased) concentrat ion of holes in the valence band  
at x = 0. The product  of these quanti t ies appears in 
Eq. [45] in  the normal  chemical kinetic (mass action) 
sense. The quant i ty  in curly brackets is the specific 
rate constant  with kf + the appropriate preexponent ial  
factor, and Ef +, the activation energy. Similar ly for 
the reverse process we may write 

r r e  + = {kr+e--Er§ [47] 

where the subscript r stands for reverse and where 
Cse(0) is the equi l ibr ium concentrat ion of M +a at 
x = 0, and nv(0) is t~he essentially constant concen- 
t rat ion of electrons in  the valence band. At equil ib-  
r ium the forward and reverse rates are equal, hence 
we define an exchange current  

i+ = r fe  + = r re  + = kf  + exp(--Ef+/kT)c2e(O)pe(O) 

= kr + exp ( - -  Er+/kT)c~e(O)nv(O) [48] 

When the junct ion is not at equil ibrium, the t rans-  
fer of a hole from the semiconductor to M +2 may 
occasion an "overvoltage" which adds, in the usual  
simple manne r  (26), to the activation energy. De- 
noting this overvoltage by ~], the modified forward 
activation energy becomes 

Er + + m+q~] [49] 

where 7+ is the transfer factor (possibly related to 
the position of the activated state along the reaction 
coordinate) (25) of the order of I/2. Therefore, out 
of equilibrium, we may express the forward rate as 

rf+ = {kf+e--(E~++~§ 

= i+ (C2e(0)Pe(0)C2(0)p(0) } exp(--.m+qn/kT) [5'01 

where we have utilized Eq. [48] and c2(0) and p(0) 
are the nonequi l ib r ium concentrations of M2 + and 
holes. 

For the reverse process we note that the t ransfer  
factor, mr, should be 

~ r - - - -1 - -7+  [51] 

result ing in  a nonequi l ib r ium activation energy 

Er + --  (1 -- ~+ )qn  [52] 

and the nonequ i l i b r ium rate 

r~+ = {k~+ e -  E~+- (1--~+)q, Ul~T}c 3 (0) nv (0) 

: i + {  ca(O) ) exp[(1-m+)q~/kT] [ 5 3 ] e a e ( O )  

The net  nonequi l ibr ium rate may now be expressed 
a s  

r+ = i+ 
{ (,(o) / c (o) 

(ca(o)/ } 
- -  \ ~ / e x p [ ( 1  - - ' 7 + ) q ~ / k T ]  [54] 

This is a modified But ler -Volmer  equat ion (25). 
An  ent i rely paral lel  t rea tment  yields, for the net 

rate corresponding to the process of Eq. [44] 

r -  = i -  C2e(0) exp[--7-q~l/kT] 

} 
where the exchange current  is 

i -  = kf- exp(--Ef-/kT)c2e(O)pc(O) 

= k r -  exp (--Er-/kT)c3e(O)ne(O) [56] 

The meaning of the symbols in Eq. [55] and [56] 
should be self-evident  by comparing them with the 
corresponding symbols for the process of Eq. [43]. 
However, we will point  out that  Pc (0) is the essentially 
constant concentrat ion of holes in the conduction band, 
and 

n e  (0 )  = ND exp (qVse/kT) [57] 

Equations [54] and [55] are the relations we wished 
to derive connecting the rates of charge transfer  at 
the interface. 

As we have ment ioned several times, in this paper 
we shall l imit  consideration to cases where both VE 
and ~ are zero. VE = 0, is almost a rigorous practical 
requi rement  since electrolytes of high ionic s t rength 
are almost always involved, however cases in which 

r 0 may occur and they must  be treated by the 
introduct ion of some physically reasonable model for 
the generat ion of ~. In  any event, ~, VE = 0, has two 
immediate  consequences for Eq. [54] and [55]. The 
first is the disappearance of the exponentials in these 
equations While the second, results in  

C~e(0) = c2 ~ [58] 

C~e(0) ----- c8 ~ [59] 

where, as in the previous section, c20 and c~ 0 are the 
concentrations of ions in  the bulk  of the electrolyte. 

Transport in the Interphase 
When VE = 0, no field exists in the interphase re- 

gion and t ranspor t  from the bulk  of the electrolyte 
to the semiconductor occurs by diffusion, possibly 
modified by convection. As a result  the flux density 
o f  M +2 t o  the semiconductor is 

J2 = a2[c2 ~ - c2(0) ] [60] 

while that  for M +3 is 

J~ = a3[c~ ~  ca(0)] [61] 

where  a2 and a8 are phenomenologicaI coefficients. Now 
the current,  flowing externally,  is given by 

I = qAJ2 = --qAJa = qA(r+ -- r-)  [62] 

where A is the area of the interface. Combining Eq. 
[60] and [61] with Eq. [62] gives 

I 
c2(0) = c20 [63] 

qAa2 

I 
ca(0) = c3 ~ + ~ [64] 

qAa3 

so that, sett ing ~ = 0 and ce 0 = c 0, we can wri te  Eq. 



VoL 125, No. 6 E L E C T R O L Y T E - S E M I C O N D U C T O R  J U N C T I O N S  943 

[54] and [55] in the  forms 

r +  - -  i+  p- -~-~ L 1 qAa2c2 ~ 

I 

q A a ~ c 3 ~  

[65] 
and {[ ] [ , ]} I n (0)  1 + t - = i _  I 

qAa2c2 ~ he(0) qAa3c3 ~ 

[66] 

Combining these equat ions wi th  the  last  equat ion of 
Eq. [62] yields 

g(x) = r [75] 

The equations of cont inui ty  for  holes and electrons,  

f p(0) 1 + i -  n(0) i +  [ p e ( 0 )  ] ['?%e(0) 
I - -  qA 

1 + ~ + [ - -  
1 p (0 )  1 ] _ i _ [  1 n(0)  

a2c20 pe (0) a3c3 ~ a3c3 ~ ne(O) 

Obviously  the cur ren t  can be de te rmined  once the 
rat ios p(O)/pe(O) and n(O)/ne(O) are  known. 

Surface Recombination 
Moving i nward  to the surface of the semiconductor ,  

we next  consider  the recombina t ion  ca ta lyzed  by the 
surface t rap  whose energy  levels  a re  ET and which 
are present  a t  a specified surface density,  ~w. For  
this process we assume a s imple Read-Shock ley  model  
(27). Then the  ra te  of recombina t ion  (per  square  
cent imeter  of surface)  of holes and electrons wil l  
be given by  (27) 

~ [p (0) n (0) -- ni 2] 
= [68] ~[n(0) + n~] + ~[p(0) + p~] 

where  ~ and ,~ are  constants  (each of which  is p ropo r -  
t ional  to the  surface  dens i ty  aT) and nl and Pl are  the  
concentrat ions of e lectrons and holes to be expected,  
respect ively,  in the  conduct ion and valence bands  
when  the Fe rmi  level  is a t  the  t rap  level.  Thus 

nz - -  Nee -(E~-E~)/kT [69] 

Pl : Nve (Ev-Er)/kT [70] 

where  Nc and Nv are  the  effective densi t ies  of s tates  in  
the  conduct ion and valence  bands. In  Eq. [68] ni is the  
in t r ins ic  concentra t ion of carr iers .  

Formulation of the General Boundary Value Problem 
We m a y  denote  the "par t ic le"  cur rent  densit ies,  in 

the  semiconductor ,  of holes and electrons,  respect ively,  
by  Jp (x )  and Jn (x ) .  Then under  s t eady-s t a t e  condi-  
tions, par t ic le  conservat ion requi res  

Jp(0)  "-" r + "l" O., [71] 

Jn(0) -- r -  -l- O, [72] 

These represen t  two b o u n d a r y  conditions to be appl ied  
to the  t r anspor t  of  holes and electrons at  x --  0. 

Fo r  Jp (x )  and Jn (x )  we employ  diffusion theory  
(18) and use the  s t andard  expressions consisting of 
sums of diffusion and dr i f t  terms.  Thus we have 

and 

aP q OV P l  Jp(x) = --Dp ~ + ~ ] [731 

{an qov } 
Jn(z) =--Dn ox k---T a-~n [74] 

where  Dp and Dn are  the  diffusion coefficients of holes 
and electrons,  respect ively.  

In  our model  we assume, l ike  G~r tner  (16) and But -  
le r  (10), tha t  the  semiconductor  is i l l umina ted  b y  
l ight  of photon  flux dens i ty  ~0 and opt ical  absorpt ion  
so tha t  the  ra te  of photogenera t ion  of ho le -e lec t ron  
pairs,  pe r  cubic cent imeter ,  is 

respect ively,  a re  then  

OJp Po--P aP 
- - ~ +  r  t- - - - -  [76] 

Ox Tp 0~" 

OJ. no -- n On 
- - ~ +  r  = [77] 

ax ~n Ot 

In these equations t is t ime,  and  P0 and no are  the  un -  
pe r tu rbed  equi l ib r ium concentrat ions of holes and 

} ] 
[67] 

electrons, respect ively,  whi le  ~p and Tn a re  the  t he r -  
mal  l i fe t imes of holes and electrons.  

We shall  neglect  recombina t ion  in the deple t ion  
zone ly ing  be tween  x = 0 and x --  W, hence in the  
deple t ion  zone Eq. [76] and [77] m a y  be wr i t t en  
wi thout  the  th i rd  te rms (which specify the  net  rate 
of genera t ion  of holes and electrons pe r  cubic cent i -  
meter )  on the  r ight  of both equations.  Thus we get  

OJp* 8P* 
r  [78] 

Ox Ot 

_ ~ + r  [79] 
Ox Ot 

where  the  as te r i sk  is used to denote  quant i t ies  in the  
deple t ion  zone. 

Outside of the  deple t ion  zone, i.e., for x > W, we 
take  recombinat ion  into account, and hence re ta in  Eq. 
[76] and [77], however ,  in  this  reg ion  (OV/Sx) = 0 
so that  only  diffusion currents  need be considered for  
the  minor i ty  carr ier ,  e.g., holes. At  x = W, the  m a j o r -  
i ty  e lectron concentra t ion is only negl ig ib ly  pe r tu rbed  
f rom the equ i l ib r ium value,  ND. Thus, as another  
boundary  condition, this  t ime at  x --  W, we have  

n* (W) = ND [80] 

Because of Eq. [80], and because we shal l  eva lua te  
the s t eady-s ta te  cur rents  at  x = 0, i t  proves  possible 
to avoid the expl ic i t  s tudy  of the  t r anspor t  of e lec-  
t rons outside the  deple t ion  zone. However ,  i t  is s t i l l  
necessary to s tudy hole t ranspor t .  Fo r  this  purpose  we 
requi re  addi t ional  bounda ry  conditions. Clearly,  ou t -  
side the  deple t ion  zone at  x = oo, we have  

p ( o o )  - - - ~  [ 81 ]  
N D  

where  the  quan t i ty  on the r ight  is the  equ i l ib r ium 
concentra t ion of holes in the  bu lk  of the  semiconduc-  
tor. F u r t h e r m o r e  at  x =- W, there  a re  two condit ions 
of continuity,  name ly  

p* (W) = pCVO [82] 

Jp* (W) = Jp (W)  [83] 

We now have  enough different ia l  equat ions and 
bounda ry  conditions to const i tu te  a de te rmina t ive  
bounda ry  va lue  p rob lem for the  s t eady-s t a t e  case in 
which al l  t ime der iva t ives  a re  suppressed.  Fo r  con- 
venience we assemble  these equations in one place 

~ On* q OV } 
Ja* : --Dn n* , O < x " c  W [74'] 

Ox kT Ox 
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- -  - -  + r  - -  0, O < x "~ W 
Ox 

J~* (0) = r - + n  

n* (W) -- ND 

(0p*+ q OVp,} 
JP* = --Dv ~ -~-'x - ~ ' x  ' 

0Jp* 
-- - -  + ~,0~e-~ -- 0, O < x - - W  

Ox 

[77'] 

[72'] 

[80'] 

O < x ~ W  [73'] 

[76'] 

[71'] 

[82] 

[83] 

[73"] 

J p * ( 0 ) - - r +  + 

p*(W) : p ( W )  

Jp*(W) -- Jp(W) 

jp = 8P X > W 
-- Dp (9---X ' 

OJp ND 
- - - - + # 0 = e  - a x + - - 0 ,  x > W  [76"] 

~ x  ~p 

p(ao) = [81] 
ND 

Single and double primes on the equation numbers 
indicate that the equation was derived from an origi- 
nal equation having t'he number. Thus Eq. [74'], [72'], 
[80'], [73'], and [71'] are derived from the corre- 
sponding numbered equations by appending asterisks. 
Equations [76'] and [77'] are derived from Eq. [76] 
and [77] by appending asterisks and suppressing both 
time derivatives and terms corresponding to recom- 
bination. Equation [73"] is derived from Eq. [73] by 
setting (OV/Ox) = O, while Eq. [76"] is derived from 
Eq. [76] by replacing P0 by ?ti2/ND and suppressing 
the time derivative. The set of twelve equations [74'], 
[77'], [72'], [80'], [73'], [76'], [71'], [82], [83], 
[73"], [76"], and [81], constitute the complete steady- 
state boundary value problem. In the following sec- 
tions we solve this problem for special limiting cases, 
and, eventually, generally. 

Solutions for Infinite Interface Rate Constants 
If either i+ or i -  in Eq. [54] and [55], respectively, 

or $ and ~ in Eq. [68] are allowed to become infinite 
especially simple boundary value problems result. 

If ~ and ~ are infinite ~ may be very much larger 
than r + or r - ,  and Eq. [71'] and [72'] will require 

Jp* (O) ~ n ~ Jn* (O) [84] 

However, ft will have to remain finite since Jp* (0) 
and Jn* (0) must be finite. Because of this the condi- 
tion ~, ~ ~ ov requires, through Eq. [68], that 

p(O)n(O) -- ni 2 [85] 

Equation [84] indicates that photogenerated hole and 
electron currents "recombine" at the surface of the 
semiconductor so that essentially no external current 
flows under the stated conditions; the photovoltaic de- 
vice will then deliver no power to be used externally. 
Obviously, an efficient device should avoid surface re- 
combination as much as possible. The conditions to 
which Eq. [84] and [85] apply are therefore not very 
interesting. On the other hand, it is instructive to solve 
the boundary value problem for this case, and we now 
do this. 

Substituting Eq. [74'] into Eq. [77'] and integrating 
twice with respect to x yields 

C-- 

n* (x) -- exp[qV (x) /kT] 

{ K2"{" K I l I ( x ) +  Dn [86] 

where K~ and K~ are constants and where 

Z It(x) = exp[--qV(x)/kT]dx [87] 

and 

Sx  exp{-- [qV ( x ) / kT]  -- ax}dx [88] I2(x) = o 

A similar process based on the integration of Eq. 
[76'] together with Eq. [73'] yields 

p* (x) -- e x p [ - - q V ( x ) / k T ]  

{ M2+ M---!s1(x)+ ~~ Dp [89] 

where MI and M2 are constants and where 

Y: $ 1 ( 3 ~ )  --" e x p [ q g ( x ) / k T ] d x  [90] 

and 

S~(x) -- exp{[qV ( x ) / kT]  -- ax}dz [91] 

Substituting Eq. [73"] into Eq. [76"] and integrating 
twice with respect to x, subject to the condition, Eq. 
[81] yields 

hi2 a~#0 e-ax 
P : ~ -~ M3 exp (-- x/L~) -- { 1 \ [92] 

Dp [ ~- bp--? ) 
where M3 is still another constant and 

Lp = ~/Dpvp [93] 

is the diffusion length for holes. 
Using Eq. [86] in Eq. [74'] gives 

Jn* (x) : --KI -- r -~x [94] 

while Eq. [89] in Eq. [73'] gives 

Jp* (x) : --M, -- ,r [95] 

and substitution of Eq. [94] and [95] into Eq. [84] 
gives 

M1 -" K1 [96]  

Furthermore substitution of Eq. [86] and [89] into Eq. 
[85] gives 

K2M2 = n~2 [97] 

Equations [96] and [97] provide two relations on the 
five constants K1, K2, M1, M~, and M3. Three more re- 
lations, making five in all, may be obtained from Eq. 
[80'], [82J, and [83] into which we substitute Eq. 
[86], [89], [92], [94], and [95]. Solving these five 
equations for the five unknown constants gives, after 
some tedious, but straightforward, algebraic manipu- 
lation 

~i = - y + -~- - c [98] 

where 
-- DnN D Dp~i 2 ~/~o12 

B---- + 
Zl ND(S1 -~ Lp) I1 

( ) Se -{ [99] 
+ \ SI+Lp - "-----i 

and 

~(~I~ -- DnND) ($2 + exp [- -~W/(~ + Lp-1)]ND -- ~o/2Dpni e 
[100] 

NDII (SIn u Lp) 
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where  I1, I2, S1, and $2 denote I t ( W ) ,  I2(W),  St(W), 
and $2(vr respectively,  l~ote that  C -- 0 when e0 = 0, 
so that, according to Eq. [98], M1 ---- 0. Then Eq. [96] 
requires  Kt -- 0. F rom Eq. [94] and [95] we then have 
Ja~' ---- Jp* -- 0, which is just  wha t  is expected when 
the junction is not i l luminated so that  ~0 ---- 0. 

With Mt determined by Eq. [98] the other  constants 
are  de termined by M~ as follows 

K,  = M~ [101] 

M2 : [102] 
?//111 

ND--  
Dn 

r 
Dn 

MII1 r 
K2 = ND -- [103] 

Dn Dn 

M1 } ~ e x p  M3 = ~ r176 (W/LI,) [104] 
[ a2Lv ~ -- 1 

Thus the entire p rob lem for  the t ranspor t  of holes 
and electrons in the semiconductor  is solved. 

As indicated earlier, however ,  the case of rapid  sur -  
face recombinat ion is of lit t le interest  since no ex-  
ternal  power  is delivered, and therefore  we have only 
solved it for i l lustrat ive purposes. We now consider a 
more  useful case. 

This is the case in which i+ and i -  are infinite. Then 
since r + and r -  mus t  remain  finite Eq. [65] and [66] 
require  

and 

f 1 +  (I/qAasc3 ~ t 
p(0)  = Pc(0) 1 -  (I/qAa2c2 ~ [105] 

1 -  (I/qAa2c2 ~ t 
n(0)  = he(0) 1 ~ (I/qAa3cz ~ [106] 

Equations [105] and [106] require  

p ( 0 ) n ( 0 )  = pe(0)n~(0) = n~ e [107] 

so that  if ~ and ~ in n are  finite, Eq. [68] demands  

n -- 0 [108] 

Thus the problem we deal with now is the other face 
of the coin in which there is no surface recombination, 
and an external current flows, given by 

I = q A ( r  + -- r - )  [109] 

or, equivalently,  by Eq. [67], where  A is the area of 
the interface. Equations [72'] and [71'] subst i tuted 
into Eq. [109] give 

I -- qA[Jp* (0) -- Jn* (0)]  [110] 

Fur the rmore  since ~ -- 0, these same equations require  

Jn* (0) = r -  [111] 
and 

J,,* (0) -- r + [112] 

Equations [105], [106], [80'], [82], [83], and [81] are 
to be used as new boundary  conditions for the new 
boundary  value problem. 

In  the present  case Eq. [86], [89], and [92] still hold, 
and since 

I~(0) =12(0 )  =S~(O) = S2(0) = 0  [113] 

it follows f rom Eq. [86] and [89] that  

Ks = n(0)  exp (--qVJkT) [114] 

M2 ---- P (0) exp (qVs/kT) [115] 

Fur the rmore  Eq. [94] and [95] are still valid, and sub- 
st i tution of Eq. [92j into Eq. [73"] gives 

D,~/3 ,~oe-a~ 
Jp(x) - - -  exp (--x/Lp) [116] 

1 

Once again we are confronted with  the need to de-  
te rmine  tl~e five constants KI, K2, Mr, M2, and Ms. For 
this purpose we can utilize Eq. [114], [115], [80'], [94], 
and [95], substi tuting Eq. [8~], [89], [92], [94], [95J, 
and [ l loJ.  With the constants de termined in this m a n -  
ner, Eq. [94] and [95] yield 

DnND @0 [1 12 ] Dn 
J ,*  (0) It  It  

and 

Jp*(0) -- 

+ 

[117] 

--Dpn,2 [ $2 ] 
ND(S-~ Lp) -- r 1 St-~ Lp 

~,oe- aw Dpp (0) e~Vs/kT 
+ [1183 ( 1 )  S~+Lp 

(s, + 

Substi tut ion of these equations into Eq. [110] yields 
the current.  The result  is 

+ ~ (St + Lp) 

Dpp(O) exp (qVs/kT) r Dpni 2 
S1 + Lp $1 + Lp 

DnND Dnn(O) exp (--qVs/kT) 
I1 I ,  

No(S1 -~- Lip) 

r t [119] 

where  again It, I2, St, and $2 refer  to the values  of the 
respective functions at x = W. 

In this equat ion n(0)  and p (0) still need to be speci- 
fied. For this purpose we make  use of Eq. [105] and 
[106] as well  as Eq. [46] and [57]. The results are 

1-- (I/qAa2c2 ~ t n(0)  = ND exp (qVsJkT) 
1 T (I/qAasc~O) 

[1203 
p(0)  n i2~  1-}-(I/qAascs~ 

n---D 1 -- (I/qAa~c2 ~ exp (--qVse/kT) 
[121] 

Now substi tution of Eq. [6], [7], and [8] w i t h  
%VE,VEe : 0, into Eq. [120] and [121] yields 

P(O) exp (qVs/kT) = n'2 {--no 1% (1/qAa3c~~ (I/qAa2c2 ~) 

exp (qVf/kT [122] 
and 

n(O) exp (--qVs/kT) =No ~ 1-- (I/qAa2c2~ (I/qAaac3 o) 

exp (--qVf/kT) [123] 

Substi tut ion of Eq. [122] and [125] into Eq. [119] 
yields 

I 

qA 
Dpn~2 [ ~ 1+ (I/qAa3csO) } 

ND(S1 ~- Lp) 1~- (I/qAa2c2 ~ 

DnND 

-- 1 + (I/qAa3c3 o) exp (--qV~/kT) 

r 0o12 r e-aW 
+ - -  - - 4  

S,+Lp I~ ( .  + ~ )  (S, + Lp) 
[124] 
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This is a cubic equat ion in I, re la t ing I to Vf and V~, 
the l a t t e r  quan t i ty  appear ing  in W, I1, I2, $1, and $2 
(see Eq. [23], [24], [87], [88], [90], and [91]).  The 
p roper  root  or roots of Eq. [124] can be inver t ed  to 
furnish a deta i led  equiva len t  of Eq. [14]. Because V~ 
is zero in our case, r ( V D  in Eq. [16] can be set to 
zero. The pho tocur ren t -vo l t age  character is t ics  then 
follow from Eq. [17], and the pho tocur ren t  charac te r -  
istic, f rom Eq. [18]. 

The open-c i rcu i t  photovol tage  m a y  be easi ly  ob-  
ta ined f rom Eq. [124] by  set t ing I = 0. This yields  

Dpni2 
[exp (qVf/kT) -- 1] 

ND ($1 + Lp) 

DaNI) r 
+ T [1 --  exp( - -qVf /kT)]  -i- .}_"--~'$1 

~012 r 
- - ~ - k  - - 0  [125] 

11 a + K  ( S I + L p )  

However ,  W, I1, /2, $1, and $2 are  st i i l  functions of Vs 
in this equation. Vs can be e l imina ted  by  using Eq. [9] 
which, in our ease, specializes to 

Vs = Vf + Vse [1261 

Subst i tu t ion  of this equat ion into Eq. [125] yields  a 
de te rmina t ive  re la t ion  for Vf, Under  subs tant ia l  r e -  
verse  bias exp[qV(x) /kT]  is ve ry  smal l  and Eq. [90] 
and [91] indicate  tha t  SI (W)  and S2(W) m a y  be ap-  
p rox ima ted  by  zero. F u r t h e r m o r e  we note tha t  because  
Vs is la rge  and negat ive,  under  sufficient reverse  bias, 
exp ( - - a x )  m a y  be considered s lowly  vary ing  wi th  re -  
spect to exp[ - -qV(x) /kT] .  In  Eq. [88] i t  m a y  the re -  
fore b e , e x t r a c t e d  f rom the in tegra l  and assigned its 
value  where  exp[ - -qV(x ) / kT]  has its larges t  value.  
This occurs at x = 0 so we get  

I~ ( w )  ~ e - . O l e o  exp  [ - qV ( ~ ) / k T ]  d~ 

= y w  exp[ - -qV(x ) / kT]dx  = l l (W) [127] 

In semiconductors  wi th  bandgaps  of app rox ima te ly  
3 eV, as in the case of WOn or TiO2, we  have  at room 
t empera tu r e  

~s ~ lO,-SO 
Assuming 

ND ~ 1015 cm -3 

Dp ~ 1.0 cm~/sec 

Lp ~ i0-4 cm 

. Vf ~ 1.5V 

possible reasonable  values,  we  find 

D~n,~ (qVf~ 
exp ~ 10-as NDL9 " - ~ - ' /  cm -2 s ee -  1 

By contras t  the  photon  flux r wil l  be orders  of mag-  
n i tude  g rea te r  than  unity,  whi le  [e-aW/(.~ + Lp -1 ) ]  
-- 1 will  be  of o rder  unity,  imply ing  tha t  the  last  t e rm 
in Eq. [125] wi l l  also be orders  of magni tude  grea te r  
than  unity.  Thus the  first t e rm can be neglected.  Se t -  
t ing Ss and $2 equal  to zero, and I1 = /2, in the  re -  
main ing  terms of Eq. [125] then  gives 

V,= ,q In 1 + ~  1+,aLp [128] 

This equat ion has been der ived  under  the  assumption 
of a reverse  biased wide bandgap  (Ec --  Ev ~--- 3.0 eV) 
semiconductor.  How wel l  it  can be used when  these 
conditions do not prevai l  is uncertain.  F u r t h e r m o r e  a l -  

though it appears  to y ie ld  the  usual  logar i thmic  de-  
pendence of Vf on photon flux, ~o, both  I1 and W de -  
pend on Vf; W less sensi t ively  than  11. In  fact, we can 
approx ima te  I1 (see Eq. [87] and [126]) by  

I1 ~ K* exp ( - -  qVf/kT) [ 129] 

Subs t i tu t ion  of Eq. [129] into Eq. [123] y ie lds  

K*~o 
W ~-- in  [130] 

DnN~) (1 + aLp) 

Then using Eq. [24] and [126] gives 

2~qND [ K ' c 0  S 
V f ~ - - V s e  [ In , , [131] 

~S DnND (1 + alp) 

so that  in this l imit  Vf depends on the square of the  
logar i thm of ~0. F u r t h e r m o r e  Vf is maximized  at  --Vse 
(the f latband potent ia l )  2 when  ~0 is such tha t  the 
a rgument  of the  logar i thm is unity.  

Ano the r  s imple l imit  of Eq. [124] occurs when 
a2, aa = o~, so tha t  mass t r anspo r t  in  the  in te rphase  
l aye r  exercises no ra te  control  wh,atsoever. Then Eq. 
[124] becomes 

I Dpni 2 
- -  = [exp (qVf/kT)  -- 1] 
qA ND (SI -~- Lp) 

DnND [1 --  exp( - -qVf /kT)]  + z - - - ~  

+ r 1 7 6  S I + L p  I 1 +  ( L ~ )  
+ ($1 + LP) 

[132] 
If once again  Eq. [I26] is used to express  W, I1,/2, S1, 
and $2 in terms of Vf, Eq. [132] again  gives the  photo-  
cur ren t -vo l t age  characterist ic .  Aga in  the open-c i rcu i t  
vol tage is obta ined by  set t ing I = 0. 

Before leaving this case we should invest igate  under  
wha t  condit ions Eq. [132] reduces to the resul t  ob-  
ta ined by  But ler  (1O) who considered the special  
example  of photocur ren t  in a junct ion under  sub-  
s tan t ia l  reverse  bias and such that  the ra te  control  
did not  res ide  in the  r edox  process. This would  cer -  
ta in ly  be the  case when i+ = i -  = a2 = a3 = c~ so 
that  Eq. [132] which incorporates  this condit ion is 
relevant .  

But ler ' s  equat ion is 

I --  qAr 1 + a l p  1 [1331 

Under  reverse  bias we can set S1 = $2 = 0, and use 
Eq. [127] in Eq. [132] which  then becomes 

I = qAr 1 1 

~ +  L--~ 

f DnND Dvni2 (e q v l / k T -  1) 
+ qA NDL------~ Is 

- -  (e--qV~/l~r- 1)~  

[134] 

The first te rm on the r ight  is But ler ' s  result ,  how-  
ever, we sti l l  have to contend wi th  the second term. 
For  this te rm to vanish would requi re  Vf = 0, ob-  
viously impossible  under  condit ions of i l luminat ion.  
Another  explana t ion  is therefore  necessary.  One pos-  
s ib i l i ty  is the  following. 

If we assume i -  = 0 so that  the redox process 
coupled to the conduction band does not occur (a 
per fec t ly  reasonable  and, in fact, p robable  c i rcum- 

'~ The fact that V~ decreases when the flatband potential is ex- 
ceeded indicates, as mentioned earlier, that depletion layer theory 
fails beyond this point. 
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stance) while i+, as, and a3 continue to be infinite, 
and, in  addition, we assume ~, ~ : 0, so ~hat there is 
no recombinat ion at the interface (a possible si tua-  
tion) then we must  still re ta in Eq. [105], but in plac e 
of Eq. [106] we must  have 

Jn*  (0)  = - - K 1  - -  r = 0 [135] 

since both r -  and f~ are now zero. Carrying through 
the same manipulat ions,  but  using Eq. [135] instead of 
Eq. [106] we arr ive at the result  

I = qAr+ = qAJp* (0) 

: q A r  i - -  I 

+LTp ( & - l - L p )  

-5 qA ND(s1Dpni2-5 Lp) (eqVt/kT -- 1) -{- $1 -5 Lp 

[136] 

Eq. [127] and [128] assures us that  this last te rm can 
be ignored and we do indeed recover Butter 's  result. 

Finite Interface Rate Constants But No Recombination 
If we assume no surface recombination, i.e., ~ = O, 

then the boundary  value problem posed at the end 
of the section on Surface Recombinat ion can be solved 
even with i+ and i -  finite. This is a fairly realistic 
si tuation and so we provide the solution in  this sec- 
tion. The re levant  problem now consists of Eq. [74'], 
[77'], [80'], [73'], [76'], [82], [83], [73"], [76"], and 
[81], together with Eq. [111] and [112] which now 
replace Eq.  [72'] and [71']. The solution proceeds in 
essentially the same manne r  as in  the preceding sec- 
tions with Eq. [86], [89], [92], [94], [95], and [116] 
still valid. The constants in  these equations are de- 
termined through the application of the various bound-  
ary conditions, (e.g., Eq. [65], [66], [80'], [82], and 
[83]). Fur thermore  the current  is specined by Eq. 
[110]. The final result, after considerable algebraic 
manipula t ion  is I T$i2 I 

I 

qA' = 

[1 + (I/qAaac3 o) - -  (r ]exp (qVf/kT) 

[1 -- (I/qAa3ca ~ ] 

}.0{ e w} 
- -  --i +-~-p $2-5 1 

+[i--- 
$1-5 Lp ni 2 exp (qVf/kT)  

Dp NDi+ [1 -- (I/qAa2ca o) ] 

( - - q V ,  5 
r exp( - -qVf /kT)  + i - [ 1  -- (I/qAa~c~O) ]exp \ ~ 1  

r 
[1 -5 (I/qAaac8 ~ ] DnND 

Il l -  exp ( - -qVf /kT)  ~ +  
DnND 1 -5 (I/qAa~c3 o) [138] 

This is just  Eq. [132] without  the terms involving 
Dn, i.e., without  any  current  contr ibut ion from elec- 
t ron transport.  If we now consider the case of suffi- 
cient reverse bias, we will once again have SI(W)  
S2(W) 0, and I t (W)  ~ I2(W). Then Eq. [136] becomes 

= 1 1 
qADpni 2 

-5 (e~V~/lcr_ 1) [137] 
NDLp 

This equation would be identical with Butler 's  result  

in  which we have made use of Eq. [46], [57], and [126]. 
If we set i+, i -  = oo, then Eq. [138] reduces (as 

it should) to Eq. [124]. If on the other hand, we set 
i+, a2, aa : oo, and i -  ---- 0, Eq. [138j reduces to Eq. 
[136] (as it should).  However, Eq. [138] also applies 
to finite i+ and i -  and is therefore valid for more 
general  situations (in the absence of surface recom- 
binat ion) .  Equat ion [138] is a cubic in  1, so to get 
the current-vol tage  characteristic the roots will  have 
to be determined. The proper root can be inver ted to 
furnish  a detailed equivalent  of Eq. [14], and with 
r (VD ---- 0, the photocurrent-vol tage characteristic 
follows from Eq. [17], and the photocurrent  charac- 
teristic from Eq. [18]. Again the open-circui t  voltage 
is obtained by  setting I = 0, in  Eq. [138]. The resul t  is 

{ {[1 -- (r  -- 1} -5 $2 -5 1 

= +-G-,  

S1 -~- Lp ni  2 e x p  (qVf/kT) 

Dp NDi-}- 

i -  [ 1 -- exp ( - -  qV~/kT) ] -- r exp (--  qVf/kT) 

~- exp ( - -qVf /kT)  
DnND 

} 
if the last te rm could be ignored. Unfor tunate ly  Vf 
must  be a forward voltage (V~ > 0) so that  the last 
te rm cannot easily be suppressed unless the prefactor 
is quite small. Fortunately,  for wide bandgap (Ec -- 
Ev > 3.0 eV) semiconductors, the discussion between 

r } 

DnND = 0 

[139] 

Expressing W, I1, Ie, $1, and $2 as functions of Vs 
and then using Eq. [126] to express these quanti t ies 
as functions of Vf, followed by subst i tut ion in  Eq. 
[139] yields an equation on Vt whose root gives the 
open-circui t  photovoltage. 

If we let a2, aa = oo, in  Eq. [138], so that  there is 
no mass t ransport  control in  the interphase layer, the 
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cubic d isappears  and we obta in  a r e la t ive ly  s imple 
current  vol tage characteris t ic ,  namely,  the  equat ion 
obta ined  by  replac ing the zero on the r ight  of Eq. 
[139] b y  I/qA. 

Solution of the Full Problem 
We now solve wha t  is a lmost  the  ful l  p rob lem 

posed by  Eq. [74'], [77'], [72'], [80'], [73'], [76'], [71'], 
[82'], [83'], [73"], [76"], and [81]. The only  conces- 
sion we make  is to set r -  in Eq. [72'] equal  to zero, 
thus replac ing  Eq. [72'] by  

Jn* (0) --  ~2 [140] 

I t  is in fact  l ikely ,  in most rea l  cases, tha t  the  over -  
lap  of the  dens i ty  of  s tates  of  the  r edox  couple w i th  
at  least  one of the bands  wil l  be negligible.  The 
a lgebra ic  manipu la t ion  even wi th  the modification 
contained in Eq. [140] is a tour  de force in  ted ium 
(a l though s t r a igh t fo rward )  and i t  would  be consid-  
e r ab ly  more  extens ive  if  Eq. [72'] were  re ta ined.  
There  is, however ,  no reason Why i t  cannot  be car r ied  
out  for the  ful l  case if  necessary.  

Set t ing r -  --  0 in Eq. [10% el iminat ing  ~ be tween  
Eq. [71'] and  [140], and subst i tu t ing r + f rom the 
resul t  into Eq. [109] wi th  r -  = 0 gives 

I = q A r  + ----qA[Jp*(O) -- Jn*(0)] [141] 

Again  Eq. [86], [89], [92], [94], [95], and [116] re -  
ma in  valid,  and the constants  must  be de te rmined  
b y  appl ica t ion  of the  var ious  bounda ry  conditions.  
Pe r fo rming  ,all of these operat ions  and using Eq. [141] 
to eva lua te  the  ex te rna l  cur ren t  we obta in  

I i+ (Si  + Lp) [1 --  (I/qAa~c2 ~ ]K1 

qA ni2Dp 
i+ (Si  -5 Lp) [1 --  (I/qAa2c2 ~ 

ND 

i+ [ [1 --  (I/qAa2cz O) ] [ r176 

l [ 1 
a+ i', '  

- -  exp (qVt/kT) 

Dp~i2 1 N-----~ -5 r 

Q3 --~ ~oJ ND -- ~ -5 ~#0 exp ( - - q V s / k T )  

Dpni2 / ~~ --  i+ (S1 -5 Lp) 
ND r ~ ~+ _~_p) 

[1 -5 (I/qAaac~ ~ ] ~ -- f ~ni 2 -- r --  ~0~Pi 

J L 

/ 
--  ~r exp ( q Vs/kT ) ~ ND -- 

I i+ NDe- qvf/kT 
Dp -- ($1 -5 Lp) 

~%i 2 

r176 t D n  

[ 1 -  (I/qAa2c~~ ] 

[146] 

where  I1 and I2 also refer  to I i ( W )  and I2(W). In  
these equat ions I1 Is, S1, $2, and W can of course 
be expressed as functions of Vs and therefore  of Vf 
by  use of Eq. [124]. Al though  the equations are  very  
compl ica ted  they  can in pr inc ip le  be inver ted  to give 
the  equivalent  of Eq. [14] and then the character is t ics  
can be der ived  by  appl ica t ion  of Eq. [16], [17], and 
[18] ; r ( V D  being set equal  to zero, as usual.  

As before,  if we let  a.~, a3 = oo corresponding to 
no control  b y  t r anspor t  in the  in te rphase  layer ,  con- 
s iderable  simplifications result .  Also, for  the  case 

-5 Dp[1 -5 (I/qAa3c8 o) ] - ~ D  exp (qVf/kT) 

i+ (S1 -5 Lp) [1 --  (I/qAa2c2~ 

where,  as usual,  S1 and $2 refer  to S i ( W )  and S2(W) 
and 

E l - -  2q l  -5 \ 2 - ~ - 1 / -  -Q-~-, j 

where  
(~Ii 

Qi - (Si  -5 Lp) - - -c - -  -5 ~ exp (--qVs/kT) 
u a  

[143] 

~Ili+ND [1 --  (I/qAa2c2O) ] exp (qVse/kT) ~ 
+ Dnni2 J 

--Dp~I1 exp (qVs/kT)  
[144] 

Dn 
( ~0I~) ~q~Olie~vdkT 

exp (qVs /kT)  ND D,  Dn 

-- ~ni -- ~Pi ~ {Dp -- i+ (Si + L~) [1 
J 

-- (I/qAa2c2~ ]e--qV~/kT} -- ( 'wfl -~, -5 ,.,exp(--qVs/kT) 

Dpni 2 
i+ ($1 + L~) [1 + (I/qAa3c8 ~ ] ND 

~~ 1 +r  - - - - - ~ - -  - ( S l - 5 L , )  

" D ~  ,o~o e x p ( - - q V s / k T )  [145] 

ni2Dp 
- -  exp (qVf/kT 

ND [142] 

I _-- 0, there  is much  simplif icat ion and the resu l t  can 
be used to obta in  the  open-c i rcu i t  voltage.  

A special  case for which  I should be zero occurs 
when  r = 0. In  this case we note, set t ing I, ~b0, V f  - "  0 
in the  quan t i ty  Q8 tha t  Qs --  0, and tiien, according 
to Eq. [143], K1 = 0. Set t ing K1, r I ---- 0 in Eq. [142] 
then  yields  I = 0, demons t ra t ing  the  in te rna l  con- 
s is tency of this  compl ica ted  set of equations.  

Concluding Remarks 
In the  foregoing sections we  have der ived  photo-  

character is t ics  for  fa i r ly  genera l  e lec t ro ly te -semicon-  
ductor  junctions.  The resul t ing  equat ions are  some- 
t imes complex but  in cer ta in  l imi t ing condit ions ex-  
h ib i t  considerable  simplification. 

We have  confined our  analysis  to junct ions where  
the  diffuse G o u y - C h a p m a n  l aye r  is, in essence, e l im-  
ina ted  by  high ionic s trength,  and  where  the  dens i ty  
of surface t raps  is sufficiently low so as not to atfect 
band  bending. Fur the rmore ,  this density,  as wel l  as 
the dens i ty  of states, is considered invar iant .  We have 
assumed that  deple t ion  layer  theo ry  can be appl ied  
to the  semiconductor ,  and tha t  recombina t ion  does 
not  occur in this layer ,  a l though it  m a y  occur outside 
of it. The use of deple t ion  l aye r  theory  compromises  
the  accuracy of the  der ived  character is t ics  under  
photon  fluxes sufficient to flatten the  bands. Insofar  
as the  e lec t ro ly te  is concerned we  a l low for possible 
ra te  control  by  mass t ranspor t  in  the in te rphase  layer .  

Even though many  factors a re  included in the fore-  
going theory  the  resul t ing  equations,  a l r eady  lengthy,  
a re  ce r ta in ly  not equal  to the  most genera l  of s i tua-  
tions. Unfor tunate ly ,  there  is no point  in being more  
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general since an individual working on a specific 
experimental system should tailor the derivation to 
include those factors which seem to be important in 
his systems. For example, it is highly likely that 
surface states will play a dominant role in most cases, 
and we have hardly treated these adequately. How- 
ever the same approach can be used for such cases. 

Our development does illuminate some prior work. 
For example, the discussion surrounding Eq. [133] 
through [136] clearly shows the conditions necessarily 
underlying Butler's experiments and the theory which 
they fit. 

A great deal of algebra has been performed to 
derive equations such as Eq. [140] through [146] and 
pains have been taken to eliminate all errors, typo- 
graphical and otherwise. It is not likely that these 
full equations will ever have to be used but if they 
are they are at least available. They also demonstrate 
the level of complexity which may be necessary if 
too many factors are included simultaneously in the 
analysis. It is obviously necessary to be most judicious 
in this respect. 

Although the "interphase" overpotential, tl, has 
been set to zero in our analysis, in reality Vf, the 
photovoltage, is an overpotential because the band 
bending produces an additional "activation" energy 
for the transfer of electrons. What we really mean 
then is that the principal component of the overvoltage 
lies within the semiconductor rather than in the liquid. 

In general our theory is based on macroscopic 
kinetic and transport coefficients. The calculation of 
these from a more microscopic theory represents still 
another task. 
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Some Properties of Palladium Photocathodes 
Used in the Electron Image Projection System (ELIPS) 
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ABSTRACT 

Measurements of some properties of pal ladium photocathodes used in an 
electron image projection system (ELIPS) have been made to evaluate  criti- 
cisms of their  performance by Scott (1). It has been found that sput tered 
pal ladium films can be used successfully with 253.6 nm radiation, thus negat-  
ing the claimed necessity of a tungsten  impuri ty.  It is suggested that  the bulk  
impur i ty  of H20 [ca. 5 mole percent (m/o ) ]  in the sputtered films found by 
evolved gas analysis is responsible for the necessary lowering of the work 
~function of palladium. Surface contaminat ion of the pal ladium is probably 
responsible for the observed lowering of the photocurrent  and instabili t ies in  
the photocurrent,  but  is easily removed by heating external ly  with an in-  
frared heater. It  'has been found that  pal ladium-coated masks for ELIPS can 
be used for many  exposures at 10 -5 Tort  by backfilling the chamber between 
exposures with t ank  nitrogen. 

The electron image projection system (ELIPS) in-  
troduced by O'Keeffe et al. (2) has been investigated 
by others (1, 3) recent ly because it gives promise of 
rapid li thographic exposure of silicon wafers with bet-  
ter  resolution than  is possible with photolithography. 
As indicated in Fig. 1 the system uses a u.v. opaque 
mask (e.g., chromium) on a quartz substrate with a 
semit ransparent  coating of an efficient photoelectron 
emit ter  over the mask and substrate. When the mask 
is i l luminated as indicated in the figure, photoelectrons 
are emitted from the t ransparent  areas and are ac- 
celerated to the anode under  the combined influence of 
magnetic and electric fields. As a result  a latent  image 
of the  mask is quickly produced in the electron resist- 
coated silicon slice (the anode).  

Crucial for the practical use of this system are the 
properties of the photoelectron-emit t ing film. The pho- 
toemission must  be sufficiently high that exposures are 
reasonable in length (i.e., a few minutes or so), their  
output  should be reasonably constant  with time, and 
other properties such as susceptibil i ty to con tamina -  
tion, adherence, etc., should be suitable. 

Only two electron emitters, pal ladium and cesium 
iodide, have been described in  the l i terature on ELIPS 
techniques. During the course of this study we have 
surveyed in a somewhat cursory fashion a var ie ty  of 
thin films: silver, gold, alloys in  the s i lver-pal ladium 
system, tungsten,  ru thenium,  lead oxide, and ind ium 
oxide. None of these was found to be as intense an 
emitter  under  253.6 nm radiat ion as palladium. Scott 
(4) has argued that  pa l ladium is inferior  to cesium 
iodide for use in ELIPS. In  particular,  evaporated 
pal ladium films of reproducible photoemissivity are 
difficult to prepare. Scott also noted pal ladium's  poor 
current  stability, the requi rement  of a 10 -7 Torr vac- 
uum, and the poor s tabi l i ty  of the films in  air. We have 
not studied the performance of cesium iodide films. 
However, a disadvantage is the associated requi rement  
for 184.9 nm radiation, which forces the use of extra 
high pur i ty  silica glass for the mask substrate and the 
vacuum window. 

In  this communication, we shall consider methods for 
improving the properties of pal ladium films for use in  
the ELIPS system. 

Experimental Procedures and Results 
All work was done in  an apparatus essentially the 

same as that  indicated in Fig. 1. In  general, the pres-  
sure during exposures was about 2 • 10 -5 Tort.  We 
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have found, however, that  by rf sput ter ing pal lad ium 
in argon, films can be made reproducibly which are 
active with 253.6 nm (4.89 eV) radiat ion despite the 
absence of tungsten,  which Scott argues is necessary 
for lowering the work function. It  is not certain why 
the work function of the sputtered pal ladium is lower 
than the ul t rahigh vacuum value of 5.5 eV (5). Perhaps 
dissolved gases are the cause (6) (see below).  

The other disadvantages claimed by Scott relate to 
poor current  stabili ty (up to 50% change dur ing expo- 
sure),  the necessity of working at 10 -7 Torr, and in-  
stabil i ty in air. Each of these can be related to the 
mechanism of degradation of the pa l lad ium film activ- 
ity. Livesay and Fritz (7) found that the main  con- 
taminants  produced by the bombardment  of the elec- 
t ron resist [poly-methyl -methacry la te  (PMMA)] were 
oxygen and water. The dramatic effect of oxygen on 
the photocathode efficiency is shown in Fig. 2. In  this 
experiment  a bare silicon wafer or one coated with 
PMMA was bathed in photoelectrons for 2 rain, a typi-  
cal t ime for exposing an electron resist. Then the sys- 
tem was let down to atmospheric pressure in tank oxy-  
gen, air or t ank  nitrogen. It is evident  that  pure oxygen 
immediate ly  impairs the usefulness of the photocath- 
ode and that the useful l ifetime when exposed to n i -  
trogen is much longer even when the lowest pressure 
encountered is only 2 • 10-~ Torr. 
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Fig. 1. Schematic diagram of ELIPS apparatus 
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Fig. 2. Maximum photocurrent in 2 rain exposure of palladium 
photoeathode as a function of the number of exposures and as a 
function of the ambient (at 1 arm) that the photocathode was 
in contact with between exposures. 

While i r radiat ing a photocathode with 253.6 nm ra-  
diation one notes a continuous rise in the photocurrent  
as indicated in  Fig. 3. This process of cleanup is infe-  
rior to that  obtained by heating with 60W tungsten  
lamp, both in  terms of u l t imate  photoemission and in  
terms of t ime required for cleanup. Livesay and Fri tz  
(7) have also pointed out the cleanup effects of i r radia-  
tion. 

The lower curve of Fig. 4 shows the effects on the 
photocurrent  of a series of 2 min  irradiat ions at 
2 • 10 -5 Torr  on a nonpreheated  cathode followed by 
let t ing the system down to one atmosphere of nitrogen. 
In  addit ion to the increased photoemission due to in -  
creased cleanup the current  range dur ing an exposure 
indicated by  the height  of the vert ical  bars at each 
data point decreases significantly as this clean up con- 
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Fig. 3. Effect on photoemission of Pd films of long-term contin- 
uous irradiation by a 60W tungsten lamp or a mercury discharge 
lamp (253.6 rim). Pressure held at 2 • 10 -5  Torr. 
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Fig. 4. Range of photocurrent in /~A during 2 min exposure as 

a function of number of exposures. Samples let down to 1 atm of 
N2 between exposures. One sample was precleaned by exposure 
to 60W tungsten lamp. 

tinues. As indicated by the upper  curve of Fig. 4 the 
output  of a film prebaked with a tungs ten  lamp in  vac- 
uum for 20 rain varies about  10% when used in  a 2 min  
exposure in a vacuum system at 2 • 10 -5 Torr. 

Using EGA techniques described by  Gallagher  (8) 
we studied pal ladium films on a lumina  substrates after 
aging in a room ambient.  To minimize surface effects, 
films thicker than  4000A were used for these measure-  
ments. The results show that  the main  impur i ty  
evolved is water. Figure  5 shows the in tens i ty  of the 
mass 18 l ine after subtract ion of the normal  back- 
ground as a function of tempera ture  at 10 - ;  Torr  and 
at a heat ing rate of 10~ A similar  exper iment  
on an a lumina  substrate  t reated identical ly bu t  wi thout  
a Pd film revealed no significant increase in mass 18 
at temperatures  beyond about 100~ Clearly, a tem- 
pera ture  of at least 400~ is necessary to drive off the 
ma in  bu lk  of the water. Semiquant i ta t ive  estimates in -  
dicate about 5 m/o  of H20 in the Pd. Auger analysis 
on a sample aged for several weeks in  air at room 
tempera ture  somewhat surpr is ingly shows very li t t le 
oxygen or water  (or any th ing  else) on the pa l lad ium 
surface. To correlate these findings we suggest that  
surface oxygen or water  is sufficiently l ight ly bound 
that  it is easily desorbed by an electron beam and that  
this film accounts for the changes in  photocurrent  we 
have noted. The bulk  impur i ty  measured by  EGA we 
suggest is responsible for the lowering of the work 
funct ion of palladium. Such shifts of the photoelectric 
threshold with an  oxygen impur i ty  have been previ-  
ously reported for other metals (6). I t  has a l ready 
been shown by  Sosniak (9) that  rf  sput ter ing in argon 
can lead to a considerable release of water  from the 
sput ter ing chamber  walls. The decreasing var iat ion in  
photocurrent  evidenced in  Fig. 4 plus the results of 
EGA lead us to conclude that  the ma in  cause of photo- 
current  instabi l i ty  is due to contaminat ion ra ther  than  
changes in  the in tensi ty  of the mercury  line, as sug- 
gested by Scott. Of practical importance is the fact 
that  masks stored at 150~ in  an air ambient  show 
excellent emission properties when  inserted into the 
ELIPS apparatus reasonably quickly after removal  
from the oven. 

Conclusions 
In  conclusion, we would like to make the following 

points: (i) Sputtered pal ladium films are efficient pho- 
toemitters using 253.6 radiation. (It  is suggested that  
a bulk  impur i ty  of water  in the film lowers the work 
function of pal ladium.)  Thus, inclusion of tungsten  
from an evaporat ing coil is not  required. (ii) Con- 
taminat ion  is the pr ime source of current  ins tabi l i ty  
dur ing i r radiat ion of the film with mercury  light. (iii) 
Heat - t rea tment  with a 60W tungs ten  filament bu lk  
leads to higher current  output  and rela t ively good 
(ca. 10%) current  stability. (iv) It  is suggested that  

pal ladium-coated masks be stored in  an air  heat ing 
oven kept at about 150~ 
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ABSTRACT 

Liquid  phase  ep i tax ia l  g rowth  of single c rys ta l  cha lcopyr i te  in an open 
tube  system is r epor ted  for the  first time. ZnSnAsz has  been grown ep i t ax ia l ly  
on GaAs and InAs subst ra tes  f rom Sn solutions. Optical  and e lect r ica l  m e a -  
surements  have  been made  on these epi layers .  The ZnSnAs2/GaAs and the  
ZnSnAs2/InAs heterojunct ions  were  found to be  ab rup t  and graded junctions,  
respect ively.  

Te rna ry  I I - IV-V2 chalcopyr i te  crysta ls  a re  cu r ren t ly  
of technological  in teres t  s ince they  show promise  for  
appl icat ions  in such areas  as visible and in f ra red  l ight -  
emit t ing diodes, in f ra red  detectors,  and nonl inear  opt i -  
cal devices (1). Despi te  such potent ia l  applicat ions,  
these compounds are  far  less inves t iga ted  than  the 
I I I -V  semiconductor  compounds and informat ion  on 
them is st i l l  r e l a t ive ly  scarce. Difficulties encountered  
in the i r  p repara t ions  in the  form of high qual i ty  single 
crys ta ls  have  p robab ly  been responsible  for this r a the r  
l imi ted  progress  (2). 

The p resen t  techniques for p repar ing  single crystals  
of I I -IV-V2 compounds a re  e i ther  complicated or  in-  
adequate.  Fo r  example ,  direct  synthesis  f rom con- 
s t i tuent  e lements  is usua l ly  not  successful when in-  
congruent  mel t ing  or  o rde r -d i so rde r  t ransi t ions  t ake  
place. Wi th  solut ion growth  and chemical  vapor  depo-  
sition techniques, there  is also very  l i t t le  control  over  
c rys ta l  morpho logy  and orientat ion,  and p la te le t  or  
needle l ike  crystals  a re  of ten obta ined  (1).  Al l  these 
techniques are  pe r fo rmed  in closed tubes, thus l imi t ing 
the  f lexibi l i ty  dur ing  the growth  process, and the pos-  
s ib i l i ty  for  explosion is usua l ly  present .  

There  have been ve ry  l imi ted  efforts devoted to the 
growth  of ep i tax ia l  films of the  chalcopyr i te  com- 
pounds,  and  most  of these efforts have deal t  wi th  the 
g rowth  on e lementa l  or  I I I -V  compound substrates.  Fo r  
example ,  ZnSiP2 has been grown on both Si and GaP 
single c rys ta l  subs t ra tes  f rom Sn solutions (3), and 
by  chemical  vapor  deposi t ion (4). Also, severa l  I I - I V -  
V2 layers  of CdSnAs2, CdSnP2, CdGexSnl-xP2, and 
ZnSnxGel-xAs2 have  been deposi ted from Sn solu-  
tions on var ious  subs t ra tes  using different  g rowth  
methods (3). However ,  the  resul ts  show lack of ep i t axy  
and the format ion  of po lycrys ta l l ine  layers.  The l iquid 
phase  ep i tax ia l  g rowth  (LPE)  of CdSnP~ on InP sub-  
s t rafes  f rom Sn solut ion seems to be the  only such re -  
por ted  case which  has been s tudied to date;  but  the 

1 On leave  f r o m  t h e  F a c u l t y  of Engineering,  Alexandria Unive r -  
s i ty ,  Alexandria,  E g y p t .  
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growth  was done in a c losed- tube  sys tem wi th  a t i l t ing 
furnace. 

Liquid phase epitaxial growth in an open tube sys- 
tem with a purified hydrogen environment is being 
extensively applied for the preparation of high quality 
layers of III-V semiconductor compounds. In principle 
this technique can also be applied for growth of the 
II-IV-V2 chalcopyr i tes  if  the opera t ing  t empe ra tu r e  is 
r e l a t ive ly  low. This r equ i remen t  is necessary  to min i -  
mize the losses of the  volat i le  components  (main ly  As 
and P)  from the melt ,  and also to p reven t  any  disso- 
ciations of the grown chalcopyr i te  l aye r  (6). Such con- 
ditions can be met, wi th  the p rope r  choice of solvents, 
for most of the  arsenide  compounds and the low me l t -  
ing point  phosphides.  The open tube  ep i tax ia l  tech-  
nique is s imple and flexible. Also, fundamenta l  phys i -  
cal propert ies ,  such as photoluminescence,  reflectance, 
mobil i ty,  and  others  can be read i ly  pe r fo rmed  on single 
c rys ta l  ep i layers  g rown by  this technique.  Such mea -  
surements  of ma te r i a l  p roper t ies  a re  g rea t ly  lacking 
and are  p resen t ly  being pe r fo rmed  wi th  crysta ls  syn-  
thesized by  the  Br idgman  technique.  

We repor t  for the ~irst t ime the l iquid  phase epi tax ia l  
g rowth  of single crys ta l  cha lcopyr i te  in an open tube 
system. ZnSnAs2 has been synthesized ep i t ax ia l ly  on 
GaAs and InAs subs t ra tes  f rom Sn solutions. The opt i -  
cal and electr ical  proper t ies  of these grown layers  have 
also been s tudied and are  observed to be closely com- 
pa rab le  to those obtained f rom ma te r i a l  g rown by  
o ther  techniques.  

Experimental 
A ver t ica l  LPE dipping  sys tem was used (7). The 

essential  components  of the  sys tem are:  a ver t ica l  t ubu -  
la r  furnace,  a quar tz  react ion tube  th rough  which a 
purif ied H~ flow is mainta ined,  a g raph i te  crucible  for 
the melt ,  and a subs t ra te  holder.  The subs t ra te  can be 
d ipped into the mel t  by  a quartz  tube, inside which a 
thermocouple  is placed to measure  the  mel t  t empera -  
ture  direct ly.  The s ta r t ing  mate r ia l s  consisted of 2Og 
of 5N Sn and 6N ZnAsz, and the ZnSnAs2 concentrat ion 
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in the  mel t  var ied  f rom 0.5-3 mole  percent  (m/o ) .  The 
solut ion was homogenized for  1 h r  at 550 ~ C, and negl i -  
gible  vapor  deposi ts  were  observed on the cold end of 
the growth  tube. 

The t e m p e r a t u r e  at  which  the ZnSnAs2 layer  nu-  
cleates was de te rmined  in a set of exper iments  where  
(111) Si subs t ra tes  were  used. Si was chosen since it 
is not  a t t acked  by  the  Sn mel t  in the  t e m p e r a t u r e  
range  of in teres t  (8). Cooling was accomplished at a 
l inear  ra te  of 10~ and the subs t ra te  was pul led  
f rom the mel t  af ter  eve ry  cooling in te rva l  of 5~ for 
microscopic examinat ion.  Nuclei  usua l ly  in the  form 
of smal l  t r i angu la r  p la te le t s  of ZnSnAsa appeared,  as 
shown in Fig. 1. Nucleat ions s ta r ted  at  app rox ima te ly  
465 ~ 485 ~ and 505~ for ZnSnAs2 of 1.4, 1.9, and 2.5 
m / o  in the  melt .  We real ize  tha t  these are  crude est i -  
mates;  however ,  we found tha t  these p r e l im ina ry  ex-  
per iments  were  ve ry  useful  when GaAs and InAs sub-  
s t ra tes  were  used. We were  thus able  to avoid dissolu-  
t ion of these subs t ra tes  or  growing low qual i ty  layers  
if the  growth  cycles were  to s ta r t  wi th  an under sa tu -  
r a t ed  or h igh ly  supersa tu ra ted  melts,  respect ively.  
However ,  in some exper imen t s  addi t ions  of GaAs or  
InAs to the  solut ion were  made  to p reven t  p i t t ing  of 
GaAs and InAs substrates ,  respect ively.  

S ta r t ing  f rom s l ight ly  unde r sa tu ra t ed  solutions and 
cooling over  an  in te rva l  of 50~ resu l ted  in continuous 
grown layers  of app rox ima te ly  40 ~m thickness on 
(100) and ( l l l ) B  or ien ted  GaAs and on ( l l l ) B  InAs 
substrates .  While  such th ick layers  were  grown and 
used in these studies,  the re  appear  to be no l imi ta t ions  
to the  g rowth  of th inner  layers  of a few microns in 
thickness.  Fu tu re  w o r k  wi th  LPE of  chalcopyr i tes  wi l l  
be d i rec ted  t oward  thin  layers  more  appropr i a t e  for 
some device applicat ions.  The Sn mel t  was found to 
adhere  to some par ts  of the surfaces of the  grown l ay -  
ers. This excess Sn was ex t rac ted  wi th  mercur ic  chlo- 
r ide  (10.6g) in (50 ml)  N-N d i m e t h y l - f o r m a m i d e  so- 
lution, fol lowed b y  a chemical  pol ish in a 1% solut ion 
of b romine  in methanol .  The surfaces of the  grown 
l aye r  tha t  were  not  covered by  Sn were  shiny, whereas  
those par t s  r evea led  af ter  Sn ex t rac t ion  were  rough. 
For  optical ,  electrical ,  and o ther  measurements ,  we 
found tha t  pol ishing wi th  A1202 powder  (0.05 ~m) 
fol lowed by  etching in 10 HCI: 10 CI4_~OOH: 1 HNO3 was 
h igh ly  desirable .  

We  had also t r ied  Ge substrates ,  however  excessive 
dissolutions of Ge were  observed.  

Results and  Discussion 
In this section, resul ts  wi l l  be presented  on composi-  

t ion profiles, or ientat ion,  crys ta l  s t ructure,  e lectr ical  
proper t ies ,  and  opt ical  p roper t ies  of the  layers  g rown 

Fig. i. The onset of nucleations of ZnSnAs2 on Si (111) substrate 
(magnification 400 X ). 

b y  open- tube  LPE. Since the  purpose  of this pape r  is 
to demons t ra te  the  technique of open tube growth  of 
I I - IV-V~ cha lcopyr i te  compounds,  no a t t empt  has 
been made to optimize or  s tudy  in  g rea t  detai l  the  ma-  
te r ia l  p roper t ies  wi th  regard  to device applications.  I t  
is in tended  to show tha t  the  measured  ma te r i a l  p rop-  
er t ies  are  comparab le  to those obta ined  f rom mate r i a l  
grown by  other  techniques,  and thus  to conclude tha t  
the  open tube LPE technique is a compat ib le  mate r ia l s  
g rowth  technology for the  II-IV-V2 chalcopyri tes .  F u -  
ture  work  in our labora tor ies  wil l  be d i rec ted  toward  
ref inements  and improvements  in ma te r i a l  p roper t i e s  
and or iented  toward  ma te r i a l  for  device applicat ions.  

Composition oi the grown layers.--The composit ions 
of the  grown layers  were  de t e rmined  by  e lec t ron mi -  
croprobe (EMP) analysis.  Fo r  d i lu te  solut ions of 0.5-3 
m/o  ZnSnAs2, the  grown layers  had  the s toichiometr ic  
composit ion of ZnSnAs2. Scanning the grown layers  
surfaces indica ted  un i form composi t ion (wi th in  the  
accuracy of the  EMP technique) .  For  more  concen- 
t r a ted  solutions of 10 m/o,  p rec ip i ta t ions  of ZnAs2 were  
observed wi th  the EMP. 

ZnSnAs2 layers  g rown on GaAs subst ra tes  showed 
traces of Ga [less than  1 atomic percen t  ( a / o ) ] ,  where  
app rox ima te ly  2-3 a /o  of In was observed for layers  
g rown on InAs substrates .  The composi t ion profile in 
the  epi layers  was s tudied on c leaved and ang le - l apped  
sections of the samples.  Scans across the  he tero junct ion  
moni tor ing  x - r a y  photons corresponding to Zn-K~, 
Sn-L~, and  G a - K a  or  In-L~ are  shown in Fig. 2. F igures  
2a and b show tha t  for layers  g rown on GaAs sub-  
strates,  the re  are  ab rup t  var ia t ions  in composit ion at  
the  junction.  The scan across the ang le - l apped  junction,  
Fig. 2b, indicates tha t  the  first l ayers  to be  grown on 
GaAs are  solid solut ions having  the composit ion 
Ga2(1-x)ZnxSnxAs2 wi th  x app rox ima te ly  10%. The 
va lue  of x increases as the  grown layer  th ickness  in-  
creases and the ep i layer  is p r edominan t l y  ZnSnAs2 for  
spots grea ter  than  30 ~m off the  j tmction.  We bel ieve  
tha t  this is a resul t  of pa r t i a l  dissolut ion of the  GaAs 
subs t ra te  dur ing  the first s tage of the  cooling cycle 
fol lowed by  r eg rowth  of Ga2r layer .  
S imi la r  observa t ion  had  been repor ted  for the dissolu-  
t ion and r eg rowth  of GaAs from Sn solut ion (9). In  
o rder  to examine  the in ter face  be tween  the  grown 
l aye r  and the substrate ,  samples  were  mounted  on glass 
slides and then the subs t ra te  was removed  m y  mechani -  
cal polishing. F igure  3 shows an  A - B  etched (10) in-  
terface,  whe re  the  process of dissolut ion and r eg rowth  
took place in symmet r i ca l  fashion. The  t r i angu la r  and  
rec tangu la r  s t ruc tures  indicate  the  corresponding sym-  
m e t r y  for g rowth  on the (111) and (100) GaAs sub-  
strates,  respect ively.  

ZnSnAs2 has a te t ragonal  s t ruc ture  (1) wi th  a ---- 
5.852A and c / a  = 2; thus a la t t ice  mismatch  of about  
3.5% wil l  be  presen t  wi th  the  GaAs substrate .  How- 
ever, the  fo rmat ion  of the  in t e rmed ia t e  l aye r  of 
Ga(1-x)2ZnxSnxAs2 wil l  minimize  the  la t t ice  misfit 
s t ra in  in the  epi layer .  The a s -g rown  l aye r  is shown in 
Fig. 4. The cross sect ion of the  c leaved junct ion is 
shown in Fig. 5 and the observed  rough c leavage 
planes  indicate  tha t  the  ep i tax ia l  l aye r  is st i l l  s t rained.  

The s i tuat ion is quite different  for  layers  g rown on 
InAs substrates .  Graded  junctions,  w i th  monotonic  
changes, f rom almost  pure  InAs to almost  pure  ZnSnAs2 
can be deduced f rom Fig. 2c. This resul t  is consistent  
wi th  the complete  solid solubi l i ty  'previously observed 
for  the  InAs-ZnSnAs2 sys tem (11). The la t t ice  mis-  
match  be tween  ZnSnAs2 and InAs is also about  3.5%. 
The grad ing  in  the  composi t ion of the  grown layer  re -  
l ieves the  tension s t ra ins  resul t ing  f rom this la t t ice  
mismatch,  thus avoiding cracking or  even f rac tur ing  
the grown ZnSnAss epi layer .  

Orientation and crystal structure.--In order  to es tab-  
l ish the ep i tax ia l  relat ionships,  the  x - r a y  diffraction 
and the  back -Laue  p a t t e r n  methods  were  applied.  For  
layers  g rown on (111) or ien ted  substrates ,  the  diffrac- 
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Fig. 2. The composition profiles obtained by scanning across the 
heterojunction. Peaks appearing at the junction neighborhood ore 
clue to slight thickness nonuniformity at the interface and thus 
they show only for the angle lapped samples. 

togram showed a single peak with an angle correspond- 
ing to the spacing of (112) ZnSnAs2 having the chalco- 
pyri te  structure.  Peaks corresponding to the (111) in-  
te rp lanar  spacing of the substrates were also present  
with various heights depending on t h e  thicknesses of 
the grown layers. For  layers grown on (100) oriented 
substrates a single diffraction peak corresponding to 
either the (200) plane or the (004) plane was also ob- 
served. These two sets of planes have the same spacing 
in ZnSnAs2, having a te t ragonal  s t ructure  with c/a  = 
2. 

The back-Laue  pat terns showed the symmetry  cor- 
responding to the epitaxial  growth on the (111) and 
(100) oriented substrates. Extra  spots corresponding 
to the chalcopyrite s t ructure were observed and no 
r ing structures were detected. Careful examinations of 
these pat terns show the presence of fourfold symmetry  
indicat ing that  the epitaxial  layers on (100) substrates 
has the (004) orientation. Such conclusions might  be 
misleading since for ZnSnAs2, c /a  = 2, the intense re-  
flection spots are either coincident or near ly  coincident 
to those of the substrate. However, the Laue pat tern  
for the grown layer  alone was obtained and the results 
confirm the above conclusion of epitaxial  growth over 
the ent i re  substrate  area of approximately  1 cm 2. 

Electrical measurements.--Hall effect measurements  
were made on epi taxial ly grown ZnSnAs2 on semi- 
insulat ing and n - type  GaAs substrates. The results 
showed heavily doped p- type  layers with carrier  con- 
centrat ions in  the 1019 cm -3 range. A summary  of 
the electrical properties measured at room tempera-  
ture  is shown in  Table I. This low resistivity might  be 
a result  of arsenic deficiency accompanied by excess of 
Sn in the compound. Similar  observations had been re- 
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Fig. 3. The interface between the ZnSnAsu epilayer and the GaAs 
substrate. The substrate had been removed by lapping. The appli- 
cation of A-B etch resulted in the triangular and rectangular 
plateaus which are regions of GaAs (magnification 120• 

Fig, 4. The as-grown layer of ZnSnAs~ on (111) GaAs substrete 
(magnification 80 •  

ported for other solut ion-grown undoped chalcopyrites 
(13). 

Fig. 5. Crass section of the cleaved ZnSnAs-z/GeAs heterojunc- 
tion (magnification 120X). 

It  should be mentioned that  for the same carr ier  con- 
centrations, the mobil i ty  for these epilayers has the 
same value as for ZnSnAs2 grown by Br idgman tech- 
nique (12). Thus, even with the present  relat ively high 
lattice mismatch, this simple epitaxial  growth tech- 
nique does not at least degrade the carrier  mobility. 
However, epitaxial  CdSnP2 grown on InP  substrate  in  
a closed tube system, shows a drastic decrease in the 
mobil i ty  and a value of 20 cm2/V sec for carrier  con- 
centrat ion of ~5  • 10 TM cm -z  has been reported (14). 
The mobil i ty  in nomina l ly  pure  (n ~ 101~ cm-Z) so- 
lu t ion-grown CdSnP2 is about  2000 cm2/V sec. 

Optical absorption.--Grown layers of ZnSnAs2 
mounted on separate glass (or quartz) slides were 
lapped unt i l  they became shiny, followed by chemical 
etching. The absorption measurement  was done at room 
tempera ture  with a Cary 14 double beam spectrometer. 
Sample areas were approximately 0.6 cm 2 having 
thicknesses in the range 10-20 ~m. The absorption co- 
efficient a was calculated after a correction had been 
made for the reflection coefficient (15), R = 43%, 
and the results are shown in  Fig. 6. The energy band-  
gap is related to the steep rise observed in the absorp- 
tion spectrum. Extrapolat ion of the straight l ine portion 
in Fig. 5 gives a value of 0.63 eV for the energy gap 
at room temperature.  This is i n  agreement  with previ-  
ous absorption edge measurements ,  where values of 0.6 
(16), 0.66 (15), 0.67 (17), and 0.7 (18) eV have been 
reported for ZnSnAs2. The reported carrier  concen- 
trat ions for both the absorption edge of 0.66 and 0.7 eV 
was 1.2 • 10 TM cm -3 (15, 18). We believe the apparent  
shr inkage in the energy gap of our samples is a result  
of the present  higher carr ier  concentrat ions in the 10 TM 

cm -a  range. Similar  observations had been reported for 
several heavily doped semiconductors (19). 

Conclusions 
Open tube  liquid phase epitaxial  growth of single 

crystals of ZnSnAs2 on GaAs and InAs has been demon-  
strated for the first time. Optical and electrical mea-  
surements  were made on these epilayers and found to 

Table I. The electrical properties of ZnSnAs~ epitaxially 
grown single crystals 

Carrier 
concen- Mobility 

Resis- trat ions  (cm~/ 
Samples  t ivity (cm -8) V sec)  

Epitaxial  on (111) GaAs 0.015 1.6 • 1019 25 
Epitaxial  on (100) GaAs 0.012 2.7 • 10 ~9 34 
Single crystal grown by 

Bridgman method  
Ret. (1Z) 0.03 101~ 30 
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Fig. 6. Variation of the absorption coefficient of ZnSnAs2 single 
crystal with photon energy. 

be in agreement with those corresponding to ZnSnAs2 
crystals grown by Bridgman techniques. The composi- 
tion profiles across the heterojunctions revealed that 
ZnSnAs2-GaAs system has limited solid solubility 
where complete solid solubility is present in the 
ZnSnAs~-InAs system. 

We believe that such a simple growth technique can 
be applied with the proper choice of solvents and sub- 
strates to grow several other chalcopyrites. For exam- 
ple ZnGeAs2, CdGeAs2, and CdGeP2 can be grown 
from bismuth solution, whereas CdSnP2, ZnSnP2, and 
CdSnAs~ can be grown from tin solution. 
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Aluminum Diffusion into Silicon in an Open Tube 
High Vacuum System 
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ABSTRACT 

A high vacuum, open tube method for a luminum diffusion into silicon has 
been described. This technique is s impler  and more cost effective than the 
widely used sealed ampul  diffusion. The process offers the possibili ty of 
a luminum doping with surface concentrat ion from 101r-1019 cm -a and is suit-  
able for high volume production. A simplified mass t ransport  and diffusion 
model has been develot~ed and used to evaluate the diffusion results. Alumi-  
num diffusion coefficient into silicon has been determined to be: D = 1.80 exp 
(--3.2 eV/kT)  cm 2 sec -1 in  the tempera ture  range of 1025~176 

A l u m i n u m  diffusion into silicon is usual ly  carried out 
in  a sealed evacuated quartz tube (1-5). For  large (2- 
in.) diameter  wafers, the tube is backfllled with argon 
to prevent  collapsing. The presence of argon decreases 
the a l u m i n u m  part ial  pressure and, consequently, re-  
sults in diffusions with low surface concentrat ion (3, 
5). The ampul  process considerably limits the abil i ty 
to widely control the surface concentration. Moreover, 
after each diffusion run, the quartz tube has to be dis- 
carded, thus increasing production costs. In  this paper, 
an open tube, high vacuum method of a luminum diffu- 
sion into silicon is presented (6, 7). The process de- 
scribed uses a simple high vacuum setup and a re-  
usable quartz diffusion chamber. The process offers the 
possibility of a luminum diffusions with surface concen- 
trat ions from 1017 to 1019 cm -a  and is suitable for high 
volume production. Its cost per run  compares favor-  
ably wi th  the ampul  technique. 

Experimental 
Figure I shows a sketch of the high vacuum, open 

tube  system used for high volume diffusion. An a lumi-  
n u m  disk with a diameter  of 20 X 6 mm thick (99.999% 
pur i ty)  supported by  an n - type  silicon slab 20 • 20 
X 5 m m  is located on a flat 30 X 30 X 5 mm quartz 
block between the silicon wafers and at each end of 
the diffusion chamber of the quartz tube. A restrictor 
regulates, as i l lustrated,  the a luminum vapor outflow 
rate  dur ing  the process. The diffusion is carried out 
in a movable  furnace  having a thermal  flat zone of 
bet ter  than _1~ over the length of the diffusion cham- 
ber. Pr ior  to diffusion, the quartz tube and boat must  
be passivated to el iminate  the a luminum vapor in ter-  
action with the quartz. To accomplish this, two a lumi-  
num disks supported by silicon slabs of the same di- 
mensions, as previously described, are located; one at 
the closed end of the tube and one at a distance of 10- 
12 in. from the closed end. The quartz boat and quartz 
blocks are inserted between the sources. THe tube, 
without  a restrictor, is then connected to the vacuum 
system. After  evacuating, <10 -6 Torr  for 1 hr, the 
furnace, set at 400 ~ is moved over the tube. The tem-  
pera ture  is raised at about 10~ to llO0~ The 
furnace is heated for about 120 rain at this tempera-  
ture  and then slow cooled at about 5~ to 400~ 
During this process, vacuum is cont inuously main ta ined  
below 10 -6 Torr. Under  this condition, a l u m i n u m  mole-  
cules easily evaporate from the a l u m i n u m  vapor source 
since the a luminum part ial  pressure in the system is 
about three orders of magni tude  higher than the pres-  
sure held in  the vacuum system. The evaporated a lu-  
m i n u m  molecules hit  the tube walls and react with 
the quartz: 3SiO2(g) -t- 4Al(g) --> 2A1203(s) --}- 3Si(s). The 
product  of this reaction next  serves as a passivation 
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nique. 

layer  dur ing  a luminum diffusion. The continuous 
pumping down dur ing  the passivation process el im- 
inates the danger  of poisoning the a luminum vapor 
source due to the oxidation by residues and moisture 
in the system. The development  of an impervious skin 
on the a luminum vapor source surface, due to the 
reaction 2Al(g) + 3/2 O2(g) --> A12Q(s), is the main  rea-  
son for diffusion runs which were unsuccessfully per-  
formed and so f requent ly  observed in the sealed ampul  
technology. A thorough analysis of the thermodynamics  
of the A1-O-H-Si system has recent ly been presented 
elsewhere (8). When the passivation is complete, the 
furnace is slow cooled at 5~176 to 400~ The fur-  
nace is then moved out over the tube. The tube is filled 
with ni t rogen and disconnected from the vacuum sys- 
tem. 

The diffusion process consists of (i) loading the 
cleaned wafers and a luminum-s i l icon  assemblies into 
a previously passivated quartz tube;  (ii) evacuating 
the system to <10 -6 Torr  for about 1 hr  and sliding 
the movable  furnace over the tube. The tempera ture  
of the furnace when moved over the tube is set to 
400~ (iii) raising the tempera ture  at about 10~176 
rain to the desired deposition tempera ture  and diffusing 
for the required time. This is usual ly  between 1075 ~ 
and 1175~ since a higher tempera ture  could cause 
the quartz tube to collapse; and (iv) cooling the fur-  
nace at about 5~ to 400~ sliding the furnace 
back, filling the quartz tube with nitrogen, and dis- 
connecting the tube from the pumping  system and 
unloading. Wafers used in the exper iment  were n-type,  
25-45 ~ cm resistivity, 2 in. diam float zoned silicon 
wafers cut to <111> surface orientation. 

Mass Transport and Diffusion 
The physical system considered in the present  work 

consists of four components;  a luminum diffusion source, 
wafers, tube walls, and gas phase. 

Dur ing  diffusion, the whole system is kept at a con- 
s tant  elevated temperature.  Mass t ranspor t  dur ing  

, AI. BLOCK \MOVEABLE FURNACE 
Si BLOCK rWAFERS - \ v-RESTRICTOR 

, _ . .  , . ~ ' , ~-~/ / / / / / / .  
[ FRONT FURNACE FACE \ . [ ~I~WHEN MOVED TO THE CARRIER I ~ 

[ iEXTENDED POSITION [ , ~ . - -  
L ial . SLIDING D I S T A N C E ~  ~FRONT FURNACE FACE 
! ,.. 
�9 LJ,, . Lk==  
I 1 

Fig. 1. Open tube, high vacuum aluminum diffusion system 
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heating and cooling is not considered here, since it is 
negligible in comparison to that taking place in the 
over-al l  process. The diffusion into silicon and the 
t ransport  of all mater ial  components in the diffusion 
chamber  depend on (i) a l uminum evaporation rate 
from the source, (it) silicon evaporat ion from wafers, 
(iii) t ransport  of the gaseous components, (iv) adsorp- 
tion on the silicon wafers'  surfaces, (v) adsorption on 
the tube walls and boat, (vi)  diffusion into silicon, 
(vii)  penetra t ion into the tube walls and boat. and 
(viii) outflow of a l u m i n u m  vapor from the diffusion 
chamber. The exact calculation of the contr ibut ion of 
each of these steps is either very difficult or impossible. 
Generally,  adsorption effects at solid surfaces are 
rather  complex and the mater ia l  properties involved 
in  most of the systems are not well known. A luminum 
penetra t ion through quartz proceeds through s imul-  
taneous diffusion and chemical reaction result ing in 
different by-products  (4). Also, silicon vapor interacts 
with SiO2 forming an SiO phase which evaporates 
rapidly (9, 10), therefore, the exact vapor composi- 
tion in the diffusion chamber  is difficult to establish. 
During the diffusion process, the system is connected 
to the vacuum pump and no equi l ibr ium pressure of 
silicon and a luminum is maintained.  However, by 
making some idealizations, the approximate mathe-  
matical  calculations of the mass t ransport  can be made: 

1. During diffusion, a luminum evaporates from the 
surface of the A1-Si alloy. The particle current  density 
of the evaporating atoms depends on the ,particle 
density and the activation energy of desorption via 
Arrhenius  formula. In high vacuum, the evaporation 
per square centimeter-second can be obtained from 
kinetic theory as 

ON 
- -  -- a (M/2~ RT)  ~/2 Peq 
Ot 

where Peq denotes the a luminum part ial  pressure in 
equil ibrium, M is the molecular  weight, a is the evap- 
oration coefficient, and R and T have general ly accepted 
meanings.  In  the steady state, the evaporat ion per sec- 
ond from surface A is equal to 

J e v a p - ~ ( 0 4 )  - =  aA (M/2n RT)  1/2 ( P e q  [1] 
evap 

where p is the a luminum vapor pressure near  the AI- 
Si alloy. We assume that the diffusing substance is 
emitted cont inuously from the source at a constant 
rate. 

2. At the diffusion temperatures  normal ly  used, the 
silicon vapor pressure is about three orders of mag- 
ni tude lower than  that of a l u m i n u m  (11) and, there-  
fore, we assume that the t ranspor t  mechanism in  the 
gas phase is totally controlled by the a luminum vapor. 

3. Due to the quartz tube passivation, a l umi num-  
quartz reaction and a l u m i n u m  penetra t ion into quartz 
( tube walls and boat) are negligible. The reaction of 
a luminum with quartz results in a mixture  of two solid 
products: A1203 and Si (passivation layer) .  The a lumi-  
num diffusion coefficient in Al~O3 is a few orders of 
magni tude  lower than  that  of silicon. Therefore, we 
assume that  the a luminum loss due to diffusion into 
A1203 can be omitted. The adsorption process inside the 
passivated quartz tube follows an exponential  sa tura-  
t ion characteristic (12) 

Sw-- S| ( 1-- exp(-- ~w ) ) [2] 
where the wall  coverage Sw approaches the saturat ion 
value S~w with a t ime constant tw. The absolute value 
of tw depends on mater ia l  properties 'and temperature.  
For silicon, the saturat ion t ime varies from minutes  to 
seconds, between 1050 ~ and 1200~ respectively. For 
quartz, tw is chosen to decrease with tempera ture  with 
an absolute value somewhat higher than the saturat ion 
t ime for silicon (12, 13). Therefore, using a tube that  

has been previously passivated, we assume that wall  
coverage Sw approaches sa turat ion value S~w in  a very 
short time. 

4. The outflow of a luminum vapor from the diffusion 
chamber  can be represented by the "free molecular  
flow" through tubes and channels  because of the very  
low pressure in the system. The mean  free path of 
a luminum atoms is greater than the characteristic di- 
mension of the tube. The rate flow is limited, not by 
collisions between molecules, but  by collisions of mole- 
cules with the walls. For the tube of length L, cross 
section F, and per imeter  B, the rate of the molecular 
outflow Joutflow in the system is equal to (14) 

ON 
J,outflow - -  - -  

Otoutflow 

4 ~ 4 : - -  An:-- "n2 [3] 

- -  d L  - -  dL 
F2 F~ 

where v" ---- (8RT/zcM)1/2 is the mean  molecular  speed 
and ~n represents the difference be tween the number  
n2 of molecules per cubic cent imeter  at pressure P2 in-  
side the diffusion chamber, and nl  the number  of mole- 
cules per cubic cent imeter  at pressure pl outside the 
diffusion chamber. We assume that  pu ~ Pl and also 
n2 ~ nl  and hn ---- n2. 

In  the Open tube, high vacuum system, equi l ibr ium is 
not reached and diffusion is carried out under  a 
s teady-state  condition from the a luminum vapor con- 
t inuously  freed from the A1-Si alloy. In  order  to esti- 
mate  the silicon surface concentration, we must  know 
the ar rangement  of the wafers and  the a luminum 
vapor source in the diffusion chamber. Figure 2a-d i l-  
lustrates four different a r rangements  for which the 
surface concentrat ion has been evaluated. Before the 
exper iment  began, we evaluated the evaporat ion flux 
using Eq. [1] and the outflow flux using Eq. [3] for 
different diffusion conditions. In those calculations, we 
assumed that evaporation coefficient a is equal to 1, 
O/ = 1. 

The computed results showed that for the designed 
physical conditions, the outflow flux of a luminum vapor 

y~ WAFERS 

AL SOURCE 

4 ,XI X2 v 

X I X z 

to4io4iG 5 
~'1 X2 X2 l~ X 5 X 4 

Fig. 2. Aluminum vopor source ond wofers' orrongement in the 
diffusion chamber. 
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from the system is much smaller  than the evaporat ion 
flux 

Jevap > >  Joutflow [4] 
so that 

Jdiff ~" Jevap [5] 

The solution of Eq. [5] is 

Co[ err ( ( hj-~vap dx-{- 

[6] 

The details of the calculations are included in the Ap- 
pendix. The relat ive decrease of C in the gas with in -  
creasing x is approximate ly  

C(x.,t) _ c ( x , y - - 0 ,  t) 1 + x (  0_.~c~ 

Co Co \ OX ] x=0,y=0 

2 xD x 
= 1 [7] 

hJevap 2"V/~ - 

Thus, the decrease in the gas phase is most marked 
for small  values of t. 

Equat ion [6] contains three unknown  values, segre- 
gation coefficient x, evaporat ion coefficient ~, and ~p ---- 
Peq -- P, the segment  in Eq. [1] for Jevap. Also h changes 
its value depending on the distance from the tube cen- 
ter. Int roducing a new variable  ;~ 

1 X 
[8] 

a'7(Peq -- P) 

where the 7-corection coefficient for h is defined as fol- 
lows 

h 
7 = - -  [ 9 ]  

H 

where H represents the inside tube diameter. By in-  
sert ing Eq. [8] into Eq. [6] and combining with Eq. 
[1] for y ---- 0, we obtain 

c ---- Co 1 -- err -~ 2HA (M/2~RT) '/~ (Dt) v= 

[I0] 

Equation [10] was used to evaluate the a luminum sur-  
face concentrat ion as a funct ion of distance x from the 
a luminum vapor source for the silicon wafers and alu-  
m i n u m  vapor source ar rangements  i l lustrated in Fig. 
2a and b. When the wafers and a luminum vacor source 
ar rangements  are represented as in  Fig. 2c, doping will 
occur from two sources simultaneously.  If the composi- 
t ion of these sources is identical, the second source only 
equalizes fluctuations be tween source 1 and source 2 
without  increasing the pressure over source 1. The 
surface concentrat ion at any distance x from source 1 
is equal  to 

C = C l  "~- C2 - -  C i ( x = a )  [11] 

where a is the distance be tween two sources, and cl, c2 
are the surface concentrat ions due to doping from 
source 1 and source 2, respectively. Combining Eq. [11] 
with Eq. [10] we obtain 

r = c01 1 -- erf -p 2HA (M/2~RT) ~2 (Dt) 1/= 

[ {1 o,o , }] 
Jr c0~ 1 -- err "p 2HA (M/2nRT) ~= (Dt) 1/= 

- -  c~(x=a) [12] 

Equation [12] was used for the calculation of the sur-  
face concentrat ion vs. distance when  the wafers and 
a luminum source a r rangement  was as shown in Fig. 
2c and d. The computations were performed assum- 
ing different values for 8. The results of the calculations 
a r e  p r e s e n t e d  in the next  section. 

Resul ts  

Di~usion from the elemental aluminum vapor.--The 
purpose of this test was to investigate the possibility of 
the use of e lemental  a l u m i n u m  as a vapor source. The 
silicon wafers and the elemental  a l uminum of 99.999% 
pur i ty  were placed in the diffusion chamber  as i l lus- 
t rated in Fig. 2b. The quartz carrier  contained only one 
wafer  in  every row. After evacuat ing the system for 
1 h r ,  the furnace at 400~ was moved over the tube. 
The furnace was then heated to 1150~ The total dif- 
fusion t ime was 180 rain ( incuding 47 min  for heating 
from 400 ~ to 1150~ The results showed that  the sur-  
face of the wafers placed nearest  the a luminum source 
(wafers marked  3 and 4) in  Fig. 2b were alloyed and 
contaminated with a luminum dots. The diameter  of 
these dots varied depending on the distance from the 
source. The calculated surface concentrat ion from 
Irvin 's  (15) curves using four-point  probe data was 
close to the solubil i ty l imit  (16) (2 X 1619 cm-~) .  The 
enormous degradation observed on the silicon surface 
considerably limits the use of e lemental  a l u m i n u m  as 
a vapor source for diffusion purposes without  additional 
improvement  in  thee pa t te rn  flow of the a luminum 
vapor. 

DifIusion ]rom the AI-Si alloy vapor.--For the next  
series of tests, the A1-Si alloy was used as an a lumi-  
num vapor source to avoid excessive alloying on the 
silicon surface. In  the first tests, an A1-Si alloy was 
placed at the cmd of the diffusion chamber  as i l lustrated 
in  Fig. 2a. The A1-Si alloy was formed by fusing an 
elemental  a luminum (99.999% pur i ty)  disk with an n -  
type silicon slab dur ing the diffusion process when  the 
tempera ture  was raised to 1150~ The purpose of this 
test was to investigate the var iat ion in dopant concen- 
t ra t ion as a function of the distance from the A1-Si 
alloy. Results showed no surface alloying occurred on 
the wafers, even on those placed near  the a l u m i n u m  
source. The surface concentrat ion also decreased with 
distance from the a luminum vapor source. Figure 3 
shows the exper imental  data and also the results of 
calculations based on Eq. [10]. The .exper imenta l  data 
are best described when ~ ---- 3 • 10-~. When the 
wafers and a luminum vapor source a r rangement  is as 
i l lustrated in  Fig. 2b, the a l u m i n u m  vapor flow is sym- 
metrical  with respect to the y axis and, consequently, 
the a l u m i n u m  surface concentrat ion dis tr ibut ion is 
also symmetrical.  The results of the exper iment  and 
the calculations based on Eq. [10] a.re shown in  Fig. 4. 
All  calculations were carried out for the following dif- 
fusion conditions: T = 1150~ t = 137 min, A : 12 
cm 2, H ---- 3.5 cm, and D -- 7.98 • 10 -12 cm 2 sec-L 
The value for D was calculated from the relat ion oh- 
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Fig. 3. Aluminum surface concentration vs. distance from AI 
vapor source (aluminum vapor source and wafers' arrangement as 
in Fig. 2o). 
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Fig. 4. Aluminum surface concentration vs. distance from AI 
vapor source. 

ta ined from the experiments  described in another  sec- 
tion. If the wafers and a luminum source a r rangement  
is as shown in  Fig. 2c, the doping uni formi ty  is signifi- 
cant ly  improved. The diffusion results presented in  Fig. 
5 show the changes in V/I readings and surface concen- 
trations on two wafers, when two diffusion sources are 
used. The diffusion carried out for 66 wafers inserted 
in two rows in  the boat for the same diffusion condi- 
tions resulted in almost the same V/I readings and sur-  
face concentrat ion as obtained for 2 wafers / run.  This 
is i l lustrated in Fig. 6. The results showed that the 
number  of wafers does not influence the surface con- 
centration. The calculations of the surface concentra-  
t ion based on Eq. [12] showed very good agreement  
with the exper imental  data. When the diffusion was 
carried out from a single a luminum vapor source, the 
calculations based on Eq. [10] showed less than a 2% 
discrepancy wi th  exper imenta l  data. When the diffu- 
sion was performed for the wafers and a luminum va~or 
source a r rangement  represented in  Fig. 2c and Fig. 1, 
the calculations based on Eq. [12] showed approxi-  
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6. Aluminum diffusion results for 66 wafers/run (33 wafers 
in every row). 

mately  a 5 % discrepancy range with the experimental  
data. 

High volume production process.--Several diffusion 
experiments  were carried out for 198 wafers / run.  The 
diffusion chamber  was loaded as i l lustrated in Fig. 2d. 
It contained a triple wafer and a luminum source as- 
sembly as shown in Fig. 2c. The number  of wafers 
diffused per r u n  could be increased for a longer tube 
adding more sets of wafers and sources as shown in 
Fig. 2c. The next  two figures represent  the diffusion 
results obtained from the processing of 198 wafers / run .  
Figure 7 shows the spreading resistances obtained for 
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Fig. 5. Aluminum diffusion results for 2 wafers/run (one wafer 
placed in every row). Fig. 7. Spreading re~;istance of aluminum diffused samples 
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a luminum diffusions carried out at 1150~ for t ~ 133, 
266, 399, and 532 min. Assuming that the diffusions 
were performed under  a s teady-state  condition, we 
should expect the surface concentration, as well as the 
spreading resistance, to be independent  of diffusion 
time. Some differences obtained in  spreading resistance 
measurements  could be related to the error  measure-  
men t  introduced by the two-point  probe method itself, 
since spreading resistance measurements  tend to over-  
estimate ps more for shallower junct ions than for 
deeper ones. Figure 8 i l lustrates the spreading resist- 
ance of a luminum diffused profiles obtained at different 
temperatures  in the range of 1075~176 Several  
diffusion runs  were also carried out to evaluate re-  
producibi l i ty  of the process. The sheet resistances ob- 
tained varied from wafer to wafer and from run  to 
run ___3%. 

Temperature dependence o~ the diJyusion coef/~cient. 
- - A l u m i n u m  diffusion into silicon has been found to be 
a strong function of the way the dopant  is t ransported 
to the silicon wafer and its surface activity. When the 
A1-Si alloy was first formed on the silicon surface by 
vacuum al loying and used (17) as a dopant source 
(solid-solid type diffusion), the calculated diffusion 
coefficient at 1200~ was about  one order of magni tude  
higher than the one obtained for a diffusion carried out 
in  a sealed evacuated ampul  (2, 5) (vapor-solid type 
diffusion). On the other hand, when a luminum was 
incorporated (18) into the epitaxial  layer by bubbl ing  
hydrogen through t r imethyl  a luminum,  the diffusion 
coefficient was about one order of magni tude  lower 
than that  obtained in the ampul  method. The calcula- 
tions of the apparent  act ivation energy and the diffu- 
sion constant  were also performed from the diffusion 
results in an open tube, high vacuum system. Two- 
point probe spreading resistance data were used to 
determine junct ion depths and the surface concentra-  
tions. It was assumed that  the impur i ty  distr ibution 
followed a complementary  error function. The rele- 
vant  diffusion data obtained in this study, as well as 
data obtained by other researchers, are listed in Table 
L 

Discussion and Summary 
In general, the relat ion between concentrat ion and 

t h e  distance from the diffusion source is seen in Eq. 

[i0] and [12] depending on the wafers and  the a lumi-  
n u m  vapor  source a r rangement  inside the diffusion 
chamber. In  both of these equations, an artificial 
coefficient fl appears which combines three coefficients 
with Eq. [8]: a, x, and 7 all of which have physical 
meanings.  It  appears that  for a given exper imental  
condition, those coefficients are constant. However, 
their  values are difficult to evaluate theoretically. 

In  general, the a luminum evaporat ion coefficient 
s trongly depends on the amount  of moisture and oxy-  
gen in  the system. The presence of ei ther would cause 
the a luminum to react forming a stable A1203 skin on 
the diffusion source. A matte  finish would be observed 
on those samples (8). The amount  of evaporated mole-  
cules would also be insufficient to ma in ta in  the a lumi-  
n u m  pressure resul t ing in  doping with a high surface 
concentration. The reproducibi l i ty  would also be in -  
consistent. 

In  this study, we found that after  every diffusion run, 
the a luminum diffusion source showed a shiny surface. 
X- ray  diffraction analysis performed has not revealed 
the presence of Al~O3 on those diffusion sources. The 
process has been reproducible, consistently resul t ing 
in doping with high surface concentration. We, there-  
fore, concluded that the evaporation coefficient was 
constant during experiments  performed with diffusion. 

The value of the segregation coefficient x on the 
a luminum vapor and silicon interface can clearly be 
read as a constant  from Henry 's  law: c ---- X'P, where c 
represents concentrat ion on the silicon surface and p 
represents part ial  pressure of the doping element. It 
is well known that at low pressures Henry 's  law ac- 
curately describes exper imental  results. In an open 
tube, high vacuum system, we operate with low a lumi-  
n u m  pressure and x can be safely assumed to be a con- 
stant  for a given exper imental  condition. 

The correction coefficient 7 depends on the charac- 
teristic tube dimensions only and is constant  for a de- 
signed setup. Equat ion [8] also consists of segment  
P e q -  P which expresses a deviat ion of the process 
from the equil ibrium. For the isothermal and steady- 
state condition, this difference is constant  due to the 
diffusion continuously proceeding and to the outflow 
of the vapor from the diffusion chamber. This differ- 
ence is greater than zero: Peel -  P > 0. A theoretical 
calculation of all those coe~cients:  ~, 7, and x and 
p ~ q - - p  as well as /~ appears to be too complicated at 
this time. 

In  summary,  the a luminum diffusion process has 
been described for high volume production. This proc- 
ess is different f rom the widely used sealed-ampul  
technology. It  is less expensive, easier to control, and 
has more operat ional  flexibility. Surface concentrat ion 
and spreading resistance of a luminum-doped  junct ions  
were evaluated as a funct ion of tempera ture  and time. 
The process is described mathemat ical ly  using an ap- 
proximated mass- t ranspor t  model. Equat ion [10] de- 
scribes the a luminum surface concentrat ion as a func-  
tion of the distance from the vapor source. Equation 
[12] describes a similar  relat ion for diffusion from two 
vapor sources. Equations [10] and [12] showed less 
than  a 2% discrepancy and less than a 5% discrepancy 
range with the exper imental  data. The qual i ty of the 
a luminum diffused junct ions was tested on 224 • 224 
rail squar~e diodes, transistors, and thyristors. Reverse 
voltages measured were typical ly ,~900V and 35 a cm 

Table I. Aluminum diffusion data 

Do D~oooc S u r f a c e  co n cen -  
M e t h o d  A u t h o r  R e f e r e n c e  (cm~ sec  z-) E ( e V )  ( c m  e sec  -z) ta t ion  ( c m  -~) 

F r o m  A1-Si a l loy  (so l id-sol id)  Go lds te in  e t  aL 17 2800 3.9 1.28 • 10 -~~ 1016-10 ~v 
E p i t a x y  G h a s h t a g o r e  13 1.385 3.41 3.00 • 10 -~s 101s-10 z9 
O p e n  t u b e  in a r g o n  a m b i e n t  

(vapor-so l id)  Mil ler  e t  aL 2 4.8 3.36 1.53 • 10 -n  101s-101~ 
A m p u l  in v a c u u m  (vapor-so l id)  Kao  5 0.5 3.0 2.74 • 10 - n  ~ 1 0  TM 
A m p u l  in  v a c u u m  (vapor-so l id)  F u l l e r  e t  al .  3 8 3.49 9.24 • 10 -~s 1016-10 ~7 
O p e n  t u b e ,  h i g h  v a c u u m  (va- 

por-so l id)  T h i s  a u t h o r  T h i s  w o r k  1.8 3.2 2.04 • 10 -u  10~s-1O TM 
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silicon substrates and 1500V for 80 Q cm substrates. In 
all cases, hard reverse characteristics were observed 
with excellent consistency. 
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APPENDIX 
If the arrangement of wafers and a single aluminum 

source is as shown in Fig. 2a, the distribution of the 
diffusant into the silicon wafer is a function of the 
space coordinates and time. Since, under the steady- 
state condition, the dopant is continuously liberated 
from the source, the diffusion is carried out from the 
aluminum vapor streaming continuously over the sili- 
con surface as shown schematically in Fig. 9. The flow 
of vapor coincides with the x-direction. Assuming 
local equilibrium at the vapor-silicon interface, the 
ratio of concentrations in silicon c and vapor C is 
given by the segregation coefficient x 

C 
X = -- [A-l] 

C 

The flow of vapor into the silicon surface at point x is 

- - D ( 0 c )  
O--~ y=o [A-21 

This must be equal to the decrease of the concentration 
of the vapor given by 

-- Jevap h 0 C  [A-3] 
Ox 

where h is the height of the vapor stream. Combining 
Eq. [A-l],  [A-2], and [A-3] we obtain 

0c 
(~)g=0 -- Jevap " h (~-)y=0 X s [A-4] 

The vapor entering at x -- 0 is of the concentration 

ALVAPOR 

SOURCE 

TUBE WAFERS 

TO VACUUM PUMP 

Fig. 9. Model for diffusion out of streaming vapor into 5i wafers 

Co, t h u s c o =  x C 0 a t x - - - - 0 a n d y  = 0 f o r a l l t > 0 .  We 
further assume c = 0 at t = 0. We define the new 
variables as 

-- (xD/hJevap) x/2~/Dt 
and 

-- y/2~/Dt [A-5] 
Fick's second law 

ac aSc 
- -  -- D -  [ A - 6 ]  
Ot Oy ~ 

is transformed to 

O~c. ( Oc Oc ) 
0~12 -~-2 ~ - ~ - - t - ~ l - ~  - - 0  [A-7] 

The boundary conditions in the new coordinates are 

c----c0 at f - - 0 ,  ~ = 0 ;  c - - 0  at ~-- oo, ~ = o o  

0c 
- - - - 2 a  at ~ = 0  [A-8] 

A solution of Eq. [A-7] satisfying the boundary condi- 
tions of Eq. [A-8] may be obtained by assuming 

c(~,~) - -c(~) ,  r [A-9] 

Substituting Eq. [A-9] into Eq. [A-4], we obtain the 
ordinary differential equation 

d2c dc 

d~ 2 d~ 

The solution of this equation has been previously ob- 
tained (19) and is 

1 

c : c o [ 1 - - e r f ~ ( [  ~ XD ] x ~ - y ) - - 2 ~ } ]  

[A-10] 
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ABSTRACT 

The get ter ing  of Au  and Cu dur ing  the sealed tube diffusion of Ga has been 
s tudied by  using neut ron  act ivat ion analysis  and the spreading  resis tance 
microprobe  technique.  I t  was found tha t  Au in sil icon was ge t te red  dur ing  Ga 
diffusion regard less  of the cooling conditions. Most of the Cu in the surface 
l aye r  of silicon diffused out  dur ing  Ga diffusion, whi le  Cu in the  bu lk  si l icon 
was ge t te red  dur ing  the  slow cooling process af ter  diffusion. Increases  in the  
minor i ty  car r ie r  l i fe t ime in p + n  diodes p repa red  by  Ga diffusion occurred 
wi th  increas ing the amount  of Ga used as a source. It was ascer ta ined tha t  
in  Ga get ter ing  the Ga meta l  sources p layed  an impor tan t  role  as impur i t y  
~inks. 

In  silicon device processing, h igh t e m p e r a t u r e  steps, 
such as oxida t ion  and dopant  diffusion, often resul t  in 
the  soft reverse  character is t ics  of pn junctions.  The 
or igin of this h igh leakage  cur ren t  is be l ieved to be 
the  localized high electr ic  field caused by  the prec ip i -  
ta tes  of metals,  such as Au and Cu (1). These meta ls  
in silicon also lead  to the degrada t ion  of minor i ty  car -  
r i e r  l i fe t ime (2-4) which affects the fo rward  vol tage 
drop and o ther  device parameters .  These undes i red  
meta l l ic  impur i t ies  can be removed  by  so cal led "get-  
ter ing" processes. Up to now, var ious  ge t te r ing  tech-  
niques have been repor ted  (5-14). Among them, ge t te r -  
ing dur ing  diffusion of dopant  impuri t ies ,  such as phos-  
phorus,  boron, gal l ium, and so forth, is most impor tant ,  
because the  dopant  diffusion is the  typica l  method  for 
mak ing  pn  junctions.  The get ter ing  by  phosphorus  and 
boron diffusion has been wide ly  s tudied  ana ly t ica l ly  
and e lec t r ica l ly  (5-9),  but  only a few works  have 
been repor ted  concerning the get ter ing  dur ing  Ga dif-  
fusion (14). Because of the r e l a t ive ly  high diffusion 
coefficient of Ga in silicon, Ga diffusion is of ten used 
for the  format ion  of p - t y p e  layers  of silicon power  
devices. In  these devices high l i fe t ime values  are  often 
desirable .  Therefore ,  the  main tenance  of a min imum 
l i fe t ime dur ing  Ga diffusion is an outs tanding  p rob lem 
in the power  device processing. Lamber t  and KShl (14) 
r epor ted  tha t  meta l l ic  Ga layers  pa in ted  on the silicon 
surface show pronounced  ge t te r ing  effect. However ,  
the  precise  fea tures  of Ga ge t te r ing  have  not been of- 
fe red  yet. I t  is the purpose  of this  s tudy  to inves t iga te  
ana ly t i ca l ly  the  behav ior  of Au  and Cu in the  sealed 
tube diffusion of Ga and to revea l  the  mechanism of 
the  ge t te r ing  dur ing  Ga diffusion. 

Experimental 
Sample preparation.--The s ta r t ing  mate r ia l s  used in 

this s tudy  were  float-zone, n - t y p e  silicon wafers,  130- 
180 ~-cm,  wi th  mechan ica l ly  l apped  surface. The wa-  
fers were  in ten t iona l ly  con tamina ted  with  a modera te  
to a la rge  amount  of Au or  Cu to obta in  i m p u r i t y  levels  
above the background  level.  Au-con t amina t ed  samples  
were  p repa red  by  the fol lowing procedure.  First ,  the 
wafers  were  etched by  HF/HNO~ solutions to remove  
the su r f ace -damaged  l aye r  p roduced  by  mechanical  
lapping.  Au  films were  deposi ted on one side of the  
sil icon wafers  by  vacuum evapora t ion  and then an -  
nea led  at 90O~ for 30 rain in an argon a tmosphere .  
The wafers  were  etched in o rde r  to remove  the surface 
layers  of high Au  concentrat ions.  By these processes, 
Au  was almost  un i fo rmly  d i s t r ibu ted  th rough  the wa-  
fers in the  concentra t ion of about  1 • 1014 a toms /cm 3. 
For  the  s tudy  of the  ge t te r ing  effect by  crys ta l  i m p e r -  
fections in t roduced  mechanical ly ,  the  surface of the 

Key words: sealed tube diffusion, minority  carr ier  lifetime, im- 
puri ty  sink, neutron activation analysis, spreading resistance. 

sil icon wafers  wi th  un i fo rm Au concentra t ion were  
roughened by  12 ~m gar, net  powder.  Meanwhile ,  Cu- 
contamina ted  samples  were  p repa red  by  sealed tube  
diffusion. The s ta r t ing  silicon wafers  were  c leaned by  
ul t rasonic  washing in hot a lka l ine  solut ion and d ipping  
in aqua regia. Af te r  cleaning, the  wafers  were  encap-  
sula ted  in a quar tz  tube  under  vacuum toge ther  wi th  a 
high pur i ty  (99.999%) Cu meta l  piece put  in a sil icon 
boat. The capsule was then  hea ted  at  1150~ for 1 hr. 
The Cu-con tamina ted  samples  obta ined  by  this method  
showed somewhat  compl ica ted  Cu d is t r ibut ion  as 
shown in Fig. 5 and elsewhere.  The Cu concentra t ion 
in silicon near  the  surface was ex t r eme ly  high, nea r ly  
1020 atoms/cm~, but  in bu lk  sil icon the concentra t ion 
was the order  of 1014-1015 atoms/cma.  The Cu-con-  
t amina ted  samples  were  used for the  ge t te r ing  exper i -  
ments  wi thout  removing  the surface l aye r  of high Cu 
concentrat ion,  because the  level  of the l imi t ing  con-  
cent ra t ion  of the ac t iva t ion  analysis  for Cu (1014-101~ 
a toms /cm 8) might  not be low enough to c lar i fy  the  
get ter ing  phenomena  analyt ica l ly .  

Ga diffusion and heat-treatment.--After cleaning by  
a lkal ine  solutions and aqua regia,  the  con tamina ted  
samples  were  encapsula ted  in quar tz  tubes in argon 
a tmospheres  together  wi th  high pur i ty  Ga ( seven  
nine 's)  p laced on silicon slices. Ga diffusion was ca r r i ed  
out  at  1250 ~ or 1256~ Two different  k inds  of cooling 
condit ions were  used; in one case, the  capsules were  
a i r  quenched af te r  the  diffusion (this process is he re -  
af ter  des ignated  "fast cool ing") .  In  the  o ther  case, the  
capsules were  cooled in the furnace  at  a ra te  of 
40~ from the diffusion t e m p e r a t u r e  to 600~ and 
then removed  from the furnace  (this process is des ig-  
na ted  "slow cooling") .  For  comparison,  sealed tube 
hea t - t r ea tmen t s  in argon a tmospheres  wi thout  Ga 
sources were  also car r ied  out  under  the  same condi-  
t ions as those of Ga diffusion. 

Measuring methods.--The concentra t ions  of Au, Cu, 
and Ga in sil icon wafers  were  de te rmined  by  the neu-  
t ron  act ivat ion analysis.  The samples  were  i r r ad ia t ed  
wi th  the rmal  neutrons  of 2.1 • 101~ n / cm. sec  for 10 hr  
in the Hitachi  Tra in ing  Reactor.  Af te r  the  ac t iva t ion  
the wafers  were  i n d i v i d u a l l y s u b j e c t e d  to the  fol lowing 
processes. Yirst, meta ls  present  on the  wafe r  surface 
were  removed  by  r ins ing in boi l ing aqua regia  and the 
surface densit ies  of the  meta ls  were  determined.  Then, 
thin layers  were  etched off f rom the surface of the 
samples  successively by  HF/HNO~ solutions and the 
activi t ies of the  etching solutions were  measured  af te r  
each etching step. The neut ron  ac t iva t ion  analysis  was 
also used for de te rmina t ion  of the  concentrat ions  of Au 
and Cu in Ga sources and quar tz  tubes.  Af te r  the  ac-  
t iva t ion  Ga sources and quar tz  tubes were  dissolved in 
HC1 and H F  solutions, respect ively.  Au and Cu in the 
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solutions were separated from the other elements using 
anion exchange resin columns and the activities were 
measured. The Cu concentrations in Ga sources and 
quartz tubes were also determined by atomic absorp- 
tion spectrometry. Ga sources and quartz tubes were 
dissolved in HC1 and HF solutions, respectively. The 
solutions were then subjected to evaporation to dry-  
ness. The residual  was dissolved in HNO~ solutions and 
the atomic absorptions were measured. The dis t r ibu-  
tions of electrically active impuri t ies  in silicon wafers 
were estimated by the spreading resistance measure-  
ment  (15). The minor i ty  carrier  lifetimes of p+n  diodes 
prepared by Ga diffusion were measured by the micro- 
wave technique (16). The decreasing rate of-the excess 
carriers, injected by  a l ight pulse from a xenon lamp, 
was determined by measur ing the reflection of micro- 
wave energy. The s tandard diode samples, whose life- 
time values were calibrated by the method proposed 
by Lederhandler  and Giacoletto (17), were used to 
convert  the decreasing rates to l ifetime values. 

Results and Discussion 
The gettering o~ A u . ~ F i g u r e  1 shows the Au con ~- 

centrat ion in silicon before and after hea t - t rea tment  
without a Ga source determined by neut ron  activation 
analysis. In  this experiment,  in order to examine the 
gettering effect of mechanical ly damaged layers on 
wafer surfaces, two kinds of samples, with lapped and 
etched surface, were used. It  is clear from this figure 
that, in both samples, a fraction of Au in  the bu lk  sili- 
con was t ransferred to the regions near  surfaces but  
that  the total amount  of Au remained almost un -  
changed after heat- t reatment .  This means that  without 
a Ga source Au in silicon cannot be removed from the 
wafers at all and that  the gettering effect of a surface- 
damaged layer is insignificant. 

After Ga diffusion the densities of Au on silicon wa-  
fer surfaces were found to be less than  2-4 • 10 ~0 
atoms/cm 2 in both cases of fast and slow cooling. This 
means that  Au is not accumulated on the surface (or in 
a th in  layer  of Ga, if any)  after the diffusion. Figure 2 
shows the Au concentrat ion profile in silicon before 
and after Ga diffusion. In  this figure and other figures 
exhibited in  this paper, dashed lines represent  the lev-  
els of the l imit ing concentrat ion of the activation ana l -  
ysis and indicate that impuri t ies  more than  these levels 
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Fig. 1. Au concentration profiles after heat-treatment without 
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Fig. 2. Au concentration profiles after Ga diffusion (1256~ for 
9.5 hr). Dashed lines indicate that no more Au than these levels 
can be detected. 

could not be detected. The l imit ing concentrat ion ex- 
pressed in the uni t  of atoms/cm~ varies from measure-  
ment  to measurement ,  because it depends on the 
amount  of sample (i.e. the thickness of the etched 
layer) ,  the t ime interval  be tween the activation and 
the activity measurement ,  the dura t ion of the activity 
counting, and so on. It  is clear from Fig. 2 that  after 
Ga diffusion, the concentrations of Au decrease below 
the l imit ing concentrat ion not only in the bulk  silicon 
but  also in the surface layer, whether  the cooling is 
fast or slow. These results are also supported by the 
spreading resistance measurements  as shown in Fig. 3. 
Before Au doping the level of spreading resistance lies 
around 3 • 105~t. On Au doping, the spreading re-  
sistance of n - type  silicon increases to the order of 
1071~ due to the compensation by Au acceptors. After  
Ga diffusion, spreading resistance is restored to the 
same level as before Au doping, whether  the cooling is 
fast or slow. These results suggest that  both electrically 
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Fig. 3. The distribution of spreading resistance after Ga diffu- 
sion (1256~ for 9.5 hr). 
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Table I. The total amount of Au in silicon wafers and Ga 
sources before and after Ga diffusion (1256~ for 9.5 hr) 

Cool- Au in Si wafers (atoms) Au in Ga sources  (atoms) 

ing  Before Af ter  Before Af ter  

Fast 1.1 • 10~ <1.5 x 10 m 5.0 x 10 ~ 8.4 x 10 ~ 
Slow 1.1 x 10 z~ <1.6 x 10 D 3.7 x 1~  4.7 x 10 ~ 

act ive and inact ive Au is removed  from silicon wafers  
dur ing Ga diffusion regardless  of the cooling condi- 
tions. 

In order  to reveal  the aspects of Au  t ransfer  in the 
diffusion system, Au contents in silicon wafers and Ga 
sources before and after  the diffusion were  measured.  
The results are  shown in Table I. The total  amount  of 
Au in the sample wafers  before  diffusion is 1.1 • 1014 
atoms, whereas  it is less than 1.5-1.6 X 10 TM atoms 
af ter  diffusion. On the o ther  hand, the amount  of Au 
in Ga meta l  sources increases more  than one order  of 
magni tude  dur ing Ga diffusion. This increment  of Au  
in Ga sources corresponds to one- th i rd  to two- th i rds  
of the total  amount  of Au contained in the silicon sam- 
ples before diffusion. This means that  Au that  diffuses 
f rom the silicon samples accumulates  not in the Ga-  
diffused layer  but  in the Ga meta l  sources, in o ther  
wo~ds, Ga sources play an impor tant  role as Au sinks. 

In the course of this experiment ,  oxidation of silicon 
occurred unexpectedly  in some diffusion lots due to the 
presence of oxygen which was accidental ly  introduced 
together  wi th  argon gas into the sealed tube. The effect 
of oxidat ion on the get ter ing of Au is shown in Fig. 4. 
Wben oxidation occurs during diffusion, the get ter ing 
effect of Ga was considerably reduced and af ter  the 
diffusion near ly  one-ha l f  of the total amount  of Au re-  
mains in the silicon wafers. This result  suggests that  
the diffusion of Au  out of the wafers  is in ter rupted  by 
the presence of silicon dioxide layers  on the sample 
surfaces. 

The gettering of Cu. - -F igure  5 shows the behavior  
Cu before and af ter  hea t - t r ea tmen t  fol lowed by slow 
cooling. As shown in this figure, residual Cu in the 
whole  silicon wafers af ter  hea t - t r ea tmen t  is only 
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Fig. 5. Cu concentration profiles after heat-treatment (1256~ 
for 8 hr). Dashed line indicates that no more Cu than this level 
can be detected. 

1.2%. This means that  during the hea t - t r ea tmen t  more 
than 98% of Cu diffused out f rom the samples. How-  
ever,  Cu in bulk silicon cannot be r emoved  but  ra ther  
increases as shown in this figure. 

F igure  6 shows the concentrat ion profiles of Cu be-  
fore and af ter  Ga diffusion. Af te r  Ga diffusion, and 
the fol lowing fast cooling, the percentage  of residual  
Cu in silicon is 2.9%, that  is, about 97% of the Cu dif-  
fuses out f rom the samples. But as shown in line b, Cu 
in bulk silicon, of the order  of 1015 a toms /cm 8, re -  
mains. On the other  hand, in the case of slow cooling, 
residual Cu is only 0.14-0.25% and the concentrat ion of 
Cu in the bulk  region decreases below the l imi t ing 
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concentration, as shown in l ine c. These features of Ga 
diffusion are more clearly demonstrated by the results 
of the spreading resistance measurement  as shown in 
Fig. 7. Spreading resistance before Cu doping is at the 
level of 3 • 105~. Curve a i l lustrates the dis t r ibut ion 
of the  spreading resistance of a Cu-contaminated  sam- 
ple before Ga diffusion. As shown in  curve b, in  the 
case of fast cooling, the spreading resistance in  the 
bulk  silicon shows almost the same dis tr ibut ion as that  
of the Cu-contaminated  sample before the diffusion. 
On the other hand, as shown in  curve c, in the case of 
slow cooling, the spreading resistance is restored to the 
level i t  was at before Cu doping. From these results, it 
is considered that  Cu diffuses out from the bu lk  silicon 
dur ing the slow cooling process after diffusion. 

The effect of oxidation on the gettering of Cu is 
shown in Fig. 8. Lines a and b are the concentrat ion 
profiles of Cu after Ga diffusion followed by slow cool- 
ing with and without  oxidation, respectively. In  both 
cases, the concentrat ion of Cu in the bu lk  silicon de- 
creases below the l imit ing concentration. Moreover, the 
percentage of the total ~mount  of Cu in  the silicon wa-  
fer remain ing  after diffusion is almost the same in  both 
cases. From these results, it is clear that  the presence 
of a surface oxide layer  does not affect the get tering 
of Cu. This is in marked contrast  to the get ter ing of 
Au. 

As stated before, the Ga sources play an  impor tant  
role in the get tering of Au. In  order to know whether  
the same is t rue for the gettering of Cu, the behavior  
of Cu in the diffusion system was fur ther  examined 
analytically. Figures 9 and 10 show the Cu contents in 
the Ga source and in the quartz tubes before and after 
Ga diffusion, using silicon samples not in tent ional ly  
contaminated with Cu. In  these figures, open circles in -  
dic.ate the values obtained by the activation analysis 
and solid circles the values obtained by the atomic ab-  
sorption spectrometry. The circles in parentheses rep- 
resent the l imit ing concentrat ion and indicate that  no 
more Cu than this level could be detected. The Cu con- 
tents of the Ga source before diffusion are about 1.2 • 
1015 atoms/g. After  diffusion, even with uncontami-  
nated samples, the Cu concentrat ion increases to the 
order of 1017 atoms/g. On the contrary, it is revealed 
that  the quartz tubes used in this exper iment  contain a 
considerable amount  of Cu, 1014 to above 101~ 
atoms/g, before use. But after the diffusion, the Cu con- 
tents of the tubes decrease below 2 • 101~ atoms/g. I t  
is clear that  Cu that evaporates from the quartz tubes 
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accumulates in the Ga sources dur ing the diffusion 
process. Considering the results ment ioned above, it is 
suggested that  dur ing Ga diffusion, Cu is gettered 
main ly  through out-diffusion az~d that  Ga sources act 
as Cu sinks, in the same way that  they act as Au sinks. 

Minority carrier liietimes of Ga-dif]used wafers.-- 
On the basis of the fact that  Ga metal  sources act a s  
impur i ty  sinks dur ing  Ga diffusion, it should be ex- 
pected that  the gettering would become more effective 
if the amount  of Ga used as a source was increased. To 
confirm this view, the minor i ty  carrier  lifetimes in the 
n- type  layers of p + n  diodes prepared by Ga diffusion 
with different amounts  of Ga used as sources were 
measured. In  this experiment,  in order to examine the 
gettering effect of Ga under  conditions similar  to those 
of the actual  device fabrication, the sample wafers 
were not in tent ional ly  contaminated with impuri t ies  
and Ga diffusion was carried out at 1256~ for 86.5 hr. 
The results are shown in  Fig. 11. As was expected, 
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Fig. 11. The correlation between the minority carrier lifetime of 
p+n diodes prepared by Ga diffusion (1256~ for 86.5 hr) and 
the amount of Ga used as a source. 

l ifetimes become longer when  the amount  of Ga used 
as a source is increased. Figure  12 shows the concen- 
t ra t ion profiles of electrically active Ga measured by 
the spreading resistance method. F igure  13 depicts the 
dis t r ibut ion of the total (active and inactive)  Ga deter-  
mined  by the neu t ron  activation analysis. It  is clear 
from these figures that  the concentrat ion of Ga does 
not increase with increasing the amount  of Ga used as 
a source. This means that  there is no correlat ion be-  
tween minor i ty  carrier lifetimes and Ga concentrat ions 
in p + n  diodes. In  other words, the Ga layer  on the sur-  
face of the silicon wafer  does not play a significant role 
in  Ga gettering but  the Ga metal  source itself plays an 
impor tant  role in the gettering. These features of '  Ga 
getterir~g are in s t r iking contrast  to phosphorus and 
boron diffusion get ter ing (5-9) in which the l iquidus 
glass or high concentrat ion diffused layers on silicon 
surfaces are impor tan t  agents. 

Summary 
The get ter ing of Au and Cu dur ing  the sealed tube 

diffusion of Ga was studied by using neu t ron  activation 
analysis and the spreading resistance microprobe tech- 
nique. The results are summarized as follows; 
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Fig. 12. Ga concentration profiles after Ga diffusion (1256~ 
for 86.5 hr) measured by spreading resistance microprobe tech- 
nique. 
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Fig. 13. Ga concentration profiles after Ga diffusion (1256~ 
for 86.5 hr) determined by activation analysis. 

1. Au  in silicon is gettered dur ing  Ga diffusion re-  
gardless of the cooling conditions. 

2. Most of Cu in  the surface layer  of silicon diffuses 
out dur ing Ga diffusion, while Cu in the bulk  silicon is 
gettered dur ing  the slow cooling process after  Ga dif-  
fusion. 

3. The minor i ty  carr ier  l ifetime in p + n  diodes pre-  
pared by  Ga diffusion increases wi th  increasing the 
amount  of Ga used as a source. 

4. In  Ga gettering, Ga metal  sources p lay  an impor-  
ta tn  role as impur i ty  sinks. 
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The Optical Constants of Silicon and Dry 
Oxygen Oxides of Silicon at $461A 

E. A. T a f t *  

General Electric Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

The index of refraction of oxides grown on silicon in  dry oxygen has been 
found . to  be a funct ion of the growt]~ temperature.  There is an orientat ion 
effect for oxides grown at low temperatures.  The index decreases with tem- 
perature,  saturat ing above 1190:C at 1.4620, a value consistent with the index 
of fused quartz when stress corrections are made. The apparent  density 
of oxide grown at 800~ is 3% greater than  that  grown above 1190~ The 
complex index of refraction of silicon at 5461A has been determined to be 
4.086 -- i0.031. 

There is considerable var iat ion in  the l i terature  of 
the reported values for the complex index of refrac- 
tion of silicon and of the index of grown oxide at a 
wavelength of 5461A. In  1972, papers on silicon (1) 
and on thermal ly  grown silicon oxide (2) summarized 
some previous work and concluded with the best val-  
ues for the index of silicon and of silicon oxide. The 
two values (two papers) for the complex index of re-  
fraction, n-ik, for silicon were 4.056 -- i0.028 and 4.05 
--i0.028. The index values obtained, for thermal ly  
grown SiO2 were 1.458 and 1.460. All  results were 
measured at 5461A. Except for the fact that  both 
papers appear to expla in-away conflicting data, these 
ellipsometric studies agree quite closely in their  re-  
sults for both silicon and silicon dioxide. The value 
1.458, however, does not agree with earlier results 
(3, 4) for SlOe which were obtained using different 
optical measurements .  The earlier value for silicon 
oxide is 1.462. Moreover, more recent reports, again 
using ell ipsometry (5, 6) have found still different re-  
sults for the real part  of the index of refraction of sill.- 
con and the index of the oxide. The new values ad-  
vanced are 4.085 -- /0.028 for silicon and 1.47 for the 
oxide. 

In  this paper we will present  exper imental  results 
for the complex index of refract ion of silicon; values 
of the index of oxide grown in dry oxygen on <111> 
and ~100> silicon surfaces; and the variat ion of the 
index of silicon dioxide with growth temperature.  

Experimental 
Extinction coefficient oS silicon.--As the ell ipsometer 

is not well suited to the accurate measurement  of 
small coefficients [van der Meulen (5) gives a short 

* Electrochemical  Society Active Member.  
Key words: ell ipsometry, refract ive  index, silicon oxide, silicon, 

temperature  dependence.  

discussion as does Archer (7)],  the extinction coeffi- 
cient k, of silicon has been chosen by  most workers 
from the available absorption data (8, 9). The original 
data of Das'h and Newman (8), taken in  this labora-  
tory and available to me, actually gives k a value of 
0.031, not 0.028, as often quoted. This still agrees with 
the published curve of Braunste in  et al. (9). 

The extinct ion coefficient is best established from 
absorption measurements  in single crystal silicon; 
therefore, an independent  check at 5461A was made. 
Four  wafers of 10 l~-cm silicon crystal were chemically 
th inned so that reasonably uniform thickness was ob- 
tained. The thickness was determined from infrared 
interference measurements  between 7.5 and 20 ~m 
wavelengths where the index of refraction of silicon 
remains constant at 3.42 (10). A typical example is 
given in  Fig. 1. The crystals were from 5 to 11 #m 
thick. The t ransmission of each of these crystals was 
measured using a prism monochromator  with the 
5461A line from a mercury  vapor lamp. The readings 
were corrected for background radiat ion and for sili- 
con reflection to obtain an extinction coefficient for 
each sample. The values obtained are given in  Table I. 
The average value of the ext inct ion coefficient f rom 
the four determinat ions is k : 0.031 _ 5%; in  excel- 

Table I. Thickness, transmissivity, and extinction coefficient 
of single crystal silicon samples at ~ 5461 

Thickness  
Sample ( ~m ) I/Io k 

DE43 8.80 0.00219 0.03024 
DE42 4.80 02278 0.03237 
DE44 10.82 0.000384 0.03159 
DE40 5.93 0.01~0 0.02944 

Avg 0.03091 
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lent  agreement  wi th  Dash and Newman 's  ear l ier  re -  
sults. 

Real part of index of refraction of ~ilicon.--After 
careful  a l ignment  of a Gaer tner  Ll19 el l ipsometer  a 
measurement  was made upon a clean optical quar tz  
glass sample (G. E. Type 151) in order  to check the 
ins t rument  a l ignment  and to ver i fy  the setting of the 
angle of incidence at 70 ~ ~I- calculated f rom two-  
quadrant  measurements  was 21.60 ~ where  --,I, is the 
analyzer  reading. 

Values of ,I, for  t ransparent  (k ---- 0) reflecting ma-  
terials  at a 70 ~ angle of incidence are given in Fig. 2. 
They are  obtained f rom usual el l ipsometric  formulas  
(11), the phase change, 4, being 0 ~ or  180 ~ for a t rans-  
parent  material .  F igure  3 is a highly expanded port ion 
of this curve  near  the index for fused quar tz  of 1.4601 
at 5461A (12), ,I, should be 21.59 ~ This value  is wi th in  
the _+ 0.01 ~ precision of our ins t rument  measurement .  

Having  verified, in this way, the el l ipsometer  cali-  
bration, we  de termined  the real  part  of the index of 
refract ion for Si. ~I, and A were  observed for several  
hours on a f reshly HF-e tched  and water - r insed  pol-  
ished silicon wafer.  A is used as the measure  of thick-  
ness for very  thin films. ~I, is plotted in Fig. 4 along 
with  calculated curves of ,I, vs. film thickness on sili- 
con. ,Is changes qui te  slowly as a film is formed on a 
clean Si surface. [van der Meulen (5) and Archer  (7) 
also discuss this problem of a f i lm-free  surface.] The 
usual 6-8A film on freshly HF-d ipped  and wa te r -  
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Fig. 2. Index of refraction of transparent materials as a function 
of the analyzer reading, A ---- - - ~ ,  of the elllpsometer. Angle 
of incidence is 70 ~ and ~. is 5461A. 
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Fig. 4. Analyzer reading, ,6, ~ - - ~ ,  for a thin transparent film 
on a slightly Iossy substrate. The angle of incidence is 70 ~ and 
;L is 5461A.  

r insed silicon gives a ~I, reading only 0.01 ~ greater  
than a f i lm-free  sample. The index of the a i r -g rown 
film is assumed to be 1.5 but any va lue  up to 2.7 would 
change the measured  thickness <20%. The ~z value of 
12.02 ~ • 0.01 ~ obtained on numerous  near ly  f i lm-free 
samples indicates that  the real  par t  of the  index of 
refract ion of silicon should be 4.086. Assuming that  
over -a l l  errors, re fer red  to a reading for ~I,, are _ 0.02 ~ 
this value for the index of silicon is correct  to __+ 0.003. 
No chemical ly etched silicon samples nor commercia l  
chem-mechanica l ly  polished wafers  have  shown any 
appreciable deviat ion f rom this index. 

ThermaLly grown oxide fi[rns.--With the substrate  
index now assigned at 4.086 -- i0.031, the index of 
the rmal ly  grown oxide films can be determined.  Ob- 
servers  (1-5, 7) have  found that  the assumption of a 
constant index with  changes in thickness of oxide did 
not disagree with  their  data. The same assumption is 
used here,  a l though all of the films measured  were  in 
the small  thickness range  of 1000-1400A. This range is 
the best for accurate de te rmina t ion  of the film index 
and has been used by van der Meulen et al. (13) who 
also have shown a change of index when the growth 
t empera tu re  was changed. 

For  this study, chem-mechanica l ly  polislaed silicon 
wafers (<111>,  p-type,  1 ~ - c m  and <100>,  n-type,  1 
l l - cm)  were  used. The wafers were  usual ly  scrubbed 
and solvent  rinsed, but  sometimes were  given simply a 
buffered HF acid dip and wate r  rinse. A quartz  oxi-  
dation tube carying several  cubic feet  per  minu te  of 
dry oxygen was used for growing the films. As a check 
of the furnace, a few oxides g rown in o ther  furnaces 
were  also measured.  The furnace was controlled to 
_+10~ after  several  hours of bake out at h igher  tern- 
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peratures. Oxidation times of the silicon in dry oxy- 
gen necessary to obtain 1000-1400A of oxide at tem- 
peratures from 1290 ~ to 750~ ranged from 2 • 10 z to 
1 • 104 rain. The indexes of refraction of the oxide 
films grown at different temperatures  are given in 
Fig. 5 and 6 for the two orientations. The bars show 
the estimated uncer ta in ty  in  an oxide measurement.  

Discussion 
Pre l iminary  data leading to this work were ob- 

tained on silicon of various orientation, resistivity, 
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Fig. 5. Index of refraction of oxide grown on < 1 1 1 ~  silicon as 
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Fig. 6. Index of refraction of oxide grown an < 1 0 0 ~  silicon as 
a function of the growth temperature.  X ~ 5 4 6 1 A .  

and type. The oxidation temperatures  were not always 
calibrated; precautions for holding a pure dry  oxygen 
atmosphere were not rigorously observed. Despite 
these shortcomings, the ell ipsometer data clearly in -  
dicated the refractive index- tempera ture  variation. 
Some of these samples have been left in the data 
presentat ion and are always points below the line. 
(One exception was a very heavily doped n- type  crys- 
tal.) The systematic study carried out as described 
above yielded ~he points which all fall on the curves 
to • in the index value. The lower points, from 
the earlier, more casual oxidations, are most l ikely 
due to water  vapor or other furnace  contamination. 
No points above the curves have ever been observed 
using l ightly doped silicon substrates. 

The extrapolat ion of the s traight  l ine portion of 
these curves intersects the fused quartz index value 
of 1.4601 at 1190~ At temperatures  of 1190~ and 
above, the index appears to remain  constant  at the 
higher value of 1.4620. This 'high index suggested a 
film of higher density than  fused quartz, while the 
constant  value clearly indicated a stable mater ia l  and 
the need for fur ther  analysis. If the two-dimensional  
compressive stresses on the film are considered (14), 
then we can calculate the volume decrease of the film 
= 1 --  2~/E (Pz -t- P2 + Ps)  where a is Poisson's ratio, 
E is Young's modulus, and P1, P~ Pa are the orthog- 
onal stresses. 

The volume decrease in  the film can also be esti- 
mated using the Lorentz-Lorenz relat ion (15) relat-  
ing the volume, or density, p, of a t ransparent  mate.- 
rial to the index of refraction, n. This can be wri t ten  
n ~ -- 1/n 2 + 2 ( l /p)  = a constant. Assuming that 
the oxide film is quartz glass with a normal  index of 
1.4601, an index of 1.4620 corresponds to a densi ty in -  
crease of 0.0036. We may now calculate the stress on 
our oxide. If ~ is 0.164 and E - -  0.76 • 10 TM dyne cm -2 
(16), the compressive stresses in  the plane of the film, 
P~ = Pe are found to be 2.1 • 109 dynes cm -2. (As 
the film is not  constrained in  the thi rd  direction, Ps = 
0.) This value is considerably lower than  the stresses 
of 3.1 X 109 dynes cm -2 reported by others (17-19). 
However, P r imak  and Post (16) find that fused quartz 
does not follow the Lorentz-Lorenz relat ion closely as 
their  elasticity volume coefficient of refractive index 
of --0.34 is to be compared with the value from a 
Lorentz-Lorenz calculat ion of --0.53. Using their  ex- 
per imenta l ly  determined coefficient, the calculated 
stress on the high tempera ture  film is then in  good 
agreement  with the reported values. The conclusion 
drawn here is that  our measured value of the index of 
refraction for the higher tempera ture  oxides is no 
different from that  of pure fused quartz  under  com- 
pressive stress. 

The strain in these high tempera ture  silicon oxide 
films, therefore, using the above volume coefficient, 
causes a calculated density increase of 0.57% while 
the measured index of refract ion increases by 0.0019. 
Jaccodine and Schlegel (17) show that  the stress on 
grown oxides drops with growth temperature  and 
appears to result  from a s imple - the rma l  expansion 
difference. The refractive index increases of Fig. 5 
and 6 would require  (for an 800~ film) the equiva-  
lent  of an isostatic pressure of >10 kbar  on quartz 
glass (20). 

Clearly the films grown at lower temperatures  re-  
quire a mechanism other than  stress-strain for their 
high refractives indexes. 

An assumption made here is that  the films are stoi- 
chiometric SIO2. The analysis of Deal and Grove (21) 
shows that oxides grown in  dry  oxygen actually con- 
ta in  about 5 • 10 TM cm -3 of dissolved oxygen. The 
rapid appearance of large amounts  of excess silcon 
in films grown at less than  1190~ in  an excess oxygen 
envi ronment  seems improbable.  Metastable high den-  
sity quartz glass has been studied by Cohen and Roy 
(22), who discuss possible s t ructural  variations.  Their  
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samples exhibited up to five times greater changes 
than have been observed here. Some grown-in struc- 
tural change, which would be orientation sensitive, 
might be responsible for our results. (A quick look at 
the  in f ra red  absorpt ion  bands  of some of these films 
wi th  a P e r k i n  E lmer  457 spec t rophotometer  y ie lded  
inconclusive results .)  

The or ien ta t ion  effect of the  silicon subs t ra te  on the 
oxide  index is not apparen t  at the  h igher  growth  tem-  
pera tures ,  bu t  is p ronounced  at  the lowest  t empera -  
tures. I f  we look at  the  t ime requi red  to grow a film 
of 1000-1400A thickness on the  <111>  and <100>  
or ientat ions  at  > l l 00~  there  is essent ia l ly  no differ-  
ence. At  1050~ 20% more  t ime is needed for  the  
4 1 0 0 >  film to get  to the  same thickness  as the  <111>  
s i l icon-based film. At  900~ however ,  the  difference 
has increased so that  twice as much t ime is needed  to 
grow the  same oxide thickness on the <lOO> wafer .  

I t  might  be asked as to whe the r  the  long t imes  in-  
volved in growing the oxide  at the  low t empera tu r e  
m a y  be a factor.  An  1150A oxide was grown on <111>  
sil icon at  100O~ in a n i t rogen -oxygen  atmosphere.  I t  
r equ i red  the  same tota l  t ime to a t ta in  this thickness  
as is necessary  for  a g rowth  t e m p e r a t u r e  of --~775~ 
in pure  oxygen.  The index  measured  ac tua l ly  fell  
below the curve at  1O0O~ As low readings  have  been  
noted before  wi th  oxide  films grown in furnaces which 
have  not been h igh  t e m p e r a t u r e  fired, I would  assume 
some contaminat ion,  perhaps  H20 affected the  60 hr  
1000~ oxidat ion.  At  least ,  the  high index film as-  
sociated wi th  the  usual  d ry  oxygen  oxida t ion  at  low 
t empera tu res  was not  observed.  The  ac tua l  format ion  
t empera tu re  appears  to be the  dominan t  influence on 
the index.  

Summary 
It  has been shown that  there  is g rowth  t empe ra tu r e  

dependence  of  the  index  of re f rac t ion  of oxide films 
grown on sil icon in d ry  oxygen.  At  t empera tu re s  above 
1190:C the index  becomes constant  at  a s l ight ly  h igher  
value than  tha t  for  bu lk  fused quartz.  This h igher  
va lue  can be accounted for  en t i re ly  by  the s t ra in  in 
the  oxide, mak ing  the index  a t  5461A the same as tha t  
of fused quartz.  The  lower  t empe ra tu r e  films have  an 
or ienta t ion  dependence.  The  index  increase  at  low 
t empera tu re s  is over  1% wi th  a ca lcula ted  cor respond-  
ing dens i ty  increase  of over  3%. The best  va lue  for 
the  index of ref rac t ion  of the  si l icon crys ta l  subs t ra te  
is 4.086 --  i0.031. 
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ABSTRACT 

The subl imat ion of ZrI4 was studied by  a torsion effusion-gravimetric 
technique in  which the molecular  weight of the effusing gas and its pres-  
sure in the effusion cell were measured simultaneously.  The subl imat ion 
pressures of ZrI4 were found to depend on the orifice size of the effusion 
cell. The measured pressures were extrapolated to zero orifice size to obtain 
the equi l ibr ium vapor pressures, which could be represented by the equation 

6798 -+- 86 
log P(ZrI4, atm) ---- 9.79 • 0.19 - - .  (from 410 ~ to 480~ 

T 

Enthalpies above room temperature,  up to 703.1~ for solid zirconium te t ra-  
iodide were measured in a copper-block, drop calorimeter. The enthalpy in-  
crements above 298.15~ were expressed by the equation 

HT ~ - -  H29s ~ (kcal/mole)  = 29.498 • 10-ST-b 1.906 • 10-6T 2 

-}- 62.3 �9 102T -1 -- 9.173 (298~176 

The data were combined with l i terature vapor pressure data obtained a t  
higher temperatures  and a ~econd law t rea tment  used to derive the enthalpy 
and entropy of subl imat ion (31.88 kcal /mole  and 46.9 cal/mole-degree,  respec- 
tively, at 298~ These values were u~ed to evaluate the entha lpy  of formation 
of gaseous ZrI4 (--84.9 kcal /mole)  and the absolute entropy of solid ZrI4 (59.8 
cal /mole-degree)  at 298~ 

Zirconium and its alloys are susceptible to stress cor- 
rosion cracking in  iodine vapor, and certain failures of 
nuclear  reactor fuel rods have been ascribed to that  
cause (1). The mechanism of the iodine- induced stress 
cracking is not understood but  it p resumably  involves 
the chemistry of the reactions of zirconium with iodine, 
and these reactions are themselves little understood. 
The present  study of the vaporization of ZrI4 is part  of 
our program to investigate the chemistry of the zir- 
conium-iodine system. 

Zirconium forms several solid iodides and several 
gaseous iodides (2-5), of which tetraiodide is the high-  
est oxidation state in both phases. Molecular constant  
and s t ructural  informat ion for the gaseous molecule 
are available for calculation of the absolute entropy of 
the gas, and the enthalpy of formation of the solid has 
been measured. The vaporization thermodynamics  in-  
terrelates these quanti t ies between the equi l ibr ium 
phases. We have supplemented vapor pressure data 
from the l i terature  (6-8) with a torsion-effusion study 
and since the only avai lable values for the heat capac- 
i ty of the solid were estimated value, we have made 
measurements  of the high tempera ture  enthalpies. With 
those data we have derived values for the absolute en-  
t ropy of the solid and the enthalpy of formation of 
the gas. 

Experimental 
Materials.--Zirconium tetraiodide ~vas prepared di- 

rectly from the reaction of high pur i ty  (99.9-t-%) zir- 
conium powder (Ventron Corporation) and reagent  
grade iodine. A mixture  of a 10% excess of zirconium 
with iodine was sealed under  high vacuum in a 20 cm 
long and 1.6 cm diam thick-wal l  Pyrex  tube. The 
sample tube was put  in  a tilted tube  furnace and the 
tempera ture  was then slowly raised to 485 ~ C. After the 
tube was heated for 10 hr, the upper  end was exposed 
to room tempera ture  so that  the zirconium tetraiodide 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key  worcls: h e a t  capaci ty ,  e a t r e p y ,  equf l ibrinm,  inorganic .  

condensed there. The reaction products were zirconium 
tetraiodide, which condensed in  the upper  end of the 
tube, and a small  amount  of black powder that con- 
tained the excess zirconium, presumably  as a lower 
iodide in the lower end. The tube was carefully t rans-  
ferred to a dry box under  an atmosphere of argon, 
purified over hot t i t an ium sponge. The sample tube 
was cracked in  the center, and a lump of reddish brown 
product was collected and stored in the dry box for the 
vapor pressure measurements.  A part  of the mater ia l  
was t ransferred to a glass bulb, sealed under  vacuum 
and shipped to the Albany  Metallurgical  Research Cen- 
ter. Chemical analyses of the calorimetric sample gave 
84.85% I by the AgI gravimetr ic  method, and 15.15% 
Zr by an H2SO4-digested sample ignited to ZrO~. The-  
oretical percentages for ZrI4 are 84.77% I and 15.23% 
Zr. The stoichiometry of the sample was ZrI4.026. Spec- 
trographic analysis of a sample showed the total me-  
tallic impuri t ies  were less than 10O ppm, including Hr. 

Vapor pressures.--All of the effusion measurements  
were made with graphite cells. Cell geometrical con- 
stants were measured with a t ravel ing microscope and 
are given in Table I. Each cell had two sample cham- 
bers with essentially the same orifice size. The aver-  
age constants were used since the orifice sizes were 
very similar. The constants of each cell were checked 
by measur ing the torsion-effusion vapor pressure of 
KC1. The molecular  weights were wi th in  2% of KC1 

Table I. Geometrical constants of effusion cells 

Orifice Orifice 
d i a m e t e r  l e n g t h  qz + q= ~Ca x 102 

Cell  ( c m )  ( c m )  ( c m )  ( c m  2) 

A 0.0473 0.0964 1.107 0.1247 
B 0.0803 0.0964 1.1734 0.4781 
C 0.1335 0.0J32 1.12~4 1.7394 
D 0.2077 0.1004 1.1173 4.602 

9 7 2  
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and the pressures wi th in  5% of the data reported by 
Pugh and Barrow (9). 

About  0.6g of the sample was loaded into each cham- 
ber of the cell in  the dry box. The sample was pro- 
tected from exposure to air dur ing  the t ransfer  of the 
cell to the torsion apparatus as follows. The orifices 
were in i t ia l ly  filled with naphthalene.  When the ap- 
paratus was evacuated, the naphtha lene  sublimed from 
the orifices. The sample was then heated slowly to 
operat ing temperatures.  In i t ia l ly  (while about 0.5% of 
the sample evaporated),  the molecular  weights were 
smaller  than that  of zirconium tetraiodide (599) due 
to the evolution of HI, but  they soon reached a steady- 
state value close to 600. Measurements were recorded 
only  after  the molecular  weight reached the s teady- 
state value. Analysis of the residues left in one effusion 
cell, after  a series of measurements  that removed 30% 
of sample, gave 4.05 _+ 0.02 for the I - to -Zr  ratio, indi-  
cating congruent  vaporization had occurred. 

A schematic diagram of the torsion effusion-gravi-  
metric apparatus is shown in Fig. 1. Details of this 
method have been described briefly in our previous 
publications (10-12). Recent ly it has been  used success- 
ful ly  to s tudy the decompositions of metal  sulfates 
(13). In  this ar rangement ,  the torsion element  and 
the effusion cell were suspended directly from the 
arm of a Cahn Model RH electrobalance and s imul-  
taneous measurements  were made of the angular  dis- 
placement  and the total mass of the effusate. The cell 
region was heated by a Kan tha l -wound  electric furnace 
sur rounding  the 8.5 cm diam quartz vacuum enclosure. 
Temperatures  were measured wi th  a p la t inum 13% 
rhod ium-p la t inum thermocouple made from wires cal- 
ibrated at fixed points by the manufac tu re r  (Sigmund 
Cohn Company) with the junct ion  located adjacent  to 
the effusion cell. Three layers of copper sheet were 
located be tween the a l u m i n u m  damping disk and the 
molybdenum radiat ion shields to trap ZrI4 vapor so as 
to avoid error  in  the mass loss measurements  caused 
by the condensation of the effusate on the disk. 

The torsion element  was a 58.6 cm :tong Pt-10% Ni 
r ibbon  having a torsion constant  of 0.07814 dyne cm/  
rad. Angular  deflection of the cell was measured with 
a telescope by sighting a scale reflected in a mir ror  on 
the suspension system. Extraneous oscillations were 
damped magnetically,  but  the magnets  were removed 
dur ing the deflection measurements .  

From the torque angle measurements  the pressures, 
P, in  the effusion cell can be calculated from the rela-  CAH  HAUTO AT,O ]  SySTEM ELECTROBALANCE TO CONTROL 

UNIT 

TO V A C U U M  COUNTER WEIGHTS 

- - l l  I ~ ,  Pt - 10% Ni RIBBON 

M I R R O R - -  

TUNGSTEN R O D - -  

Q U A R T Z T U B E ~  

THI=RM( 

ORT WIRE 

3 DISK 

Fig. 1. Schematic diagram of the torsion effusio, gravimetric 
apparatus. 

t ion 
2k0 

p = ~ [i] 
~afq 

where k is the torsion constant of the fiber, 8 is the 
measured angular deflection, and a, I and q are the 
area, force factor, and moment arm of each effusion 
orifice. When the rate of mass loss of the effusion cell 
is measured simultaneously with the angular deflection, 
the vapor molecular weights, M, can be calculated from 
the expression 

M -- 2~RT{[~r(Xafq)]/[2Ks(ZCa)]} ~ [2] 

where R is the gas constant, T is the absolute tempera- 

ture, W is the total rate of mass loss, and C is the ori- 
fice Clausing factor. 

High temperature enthalpies.--Enthalpies above 
298.15~ were measured with a copper-block, drop 
calorimeter, essentially as described by Douglas and 
King (14). The calorimeter was modified by replacing 
the potent iometer  and galvanometer  with a more sensi- 
tive system (a s ix-dial  microvolt  potent iometer  and 
electronic nanovol t  nul l  detector) which was capable 
of detecting a tempera ture  change of _+ 0.00005~K. Be- 
fore and a.fter the series of measurements  on the ZrI4 
sample the calorimeter  was calibrated electrically and 
the entire system was checked by measur ing the en-  
thalpy of MgO sealed in a Pt-10% Rh container. Mea- 
surements  on MgO agreed with l i tera ture  (15) values 
to less than 0.1%. Results of measurements  are ex- 
pressed in terms of thermochemical  kilocalorie (1 kcal 
= 4184.0J). Temperatures  refer to the In terna t ional  
Practical Tempera ture  Scale of 1968 (16). Weighings 
were corrected to vacuum. 

The sample container  was a silica glass capsule. After 
the capsule was filled with powdered sample in a dry 
box, it was t ransferred to a vacuum system without 
exposure to the air. The capsule was then evacuated 
and fusion sealed with a flame while the port ion of 
the capsule containing the sample was immersed in 
ice water. The mass of ZrI4 was 17.3459g. The mass of 
the silica was 4.2694g. The in te rna l  volume of the con- 
ta iner  was 6.21 cm 3, and the volume of the ZrI4 was 
calculated to be 3.56 cm 8 based on the densi ty (4.87 g/  
cm 8) calculated from the x - r ay  crystallographic data. 

The tempera ture  of the sample in the furnace was 
measured with a Pt-10% Rh-P t  thermocouple whose 
cal ibrat ion was checked against  the mel t ing point  of 
gold dur ing this series of experiments.  The mass of 
the sample and container  was periodically checked for 
constancy dur ing the series of measurements.  

Results 
Vapor pressures.--The results of measurements  on 

the four effusion cells with different orifice sizes are 
presented in Table II and Fig. 2. The equations given 
in  the table represent  the measured effusion pressures. 

The measured pressures showed an orifice size de- 
pendence, which has f requent ly  been observed in effu- 
sion studies. The pressures were treated by  the Whit-  
man-Motzfeld model for effusion, which relates the 
measured pressures (P) with equi l ibr ium pressures 
(Peq) by  the equation 

1/P -- (1 -t- ~Ca)/Peq [3] 

In  which a is the orifice area, C is the Clausing factor 
for the orifice, and ~ a parameter  that  depends on sam- 
ple surface area and evaporat ion coefficient. A plot of 
1/P against Ca should have a slope equal to fl/Peq and 
an intercept  equal to 1/Peq. The data obtained with the 
four cells, extrapolated where  necessary, are plotted in 
that way in Fig. 3. Straight lines were fit to the data 
at each tempera ture  by the least squares method. The 
deviations of the points from the lines show some 
regularity,  especially at the lower temperatures;  the 
deviations were possibly due to differences in sample 
surface conditions for different loadings but  were not 
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Table II. Observed vapor pressure (P), equilibrium vapor pressure (Peq), and vapor molecular 
weights (M) for sublimation of Zrl4 

T (*K) P X 107 (atm) Peq x 107 (atm) M T (~ P x 107 (at:m) Pea X 107 (atm) M 

Cell A Cell C 
451.9 58.6 61.5 432.3 6.41 10.9 589 
458.8 98.6 104 596 435.3 8.05 13.7 596 
462.6 128 134 602 440.3 12.5 21.3 585 
464.1 143 151 582 441.0 13.2 22.6 584 
470.2 225 236 596 443.2 16.3 26.0 - -  
470.9 238 250 592 445.3 17.7 30.1 - -  
472.9 265 278 580 446.8 20.6 35.1 583 
475.9 331 348 595 446.9 20.8 35.4 598 
477,3 370 389 599 448.2 22.6 38.5 592 

449.7 25.5 43.4 569 

- ( 6 7 1 0 . 9  • 4 5 . 9 )  - ( 6 7 1 0 , 9  • 69.9) 
log P(a tm)  = + (9.74 • 0.10) log P(a tm)  = + (9.33 + 0,16) 

T T 

Cell B Cell D 
431.6 8.88 10.6 592 413.4 0.835 2.39 
439.9 18.0 21.5 589 417.9 1.29 3.69 
441.3 18.7 22.7 - -  423.3 2.04 5.83 
442.4 21.8 26.0 585 426.8 2.62 10.4 
447.5 31.7 37.8 587 431.2 4.04 11.6 
450.0 40.9 48.8 589 433.0 4.42 12.7 
451.6 41.9 50.0 586 438.1 6.63 19.0 
455.1 60.0 71.6 584 440.1 8.00 22.7 
456.4 61,6 73.5 569 443.7 10.5 30.0 
457,9 66.8 79.7 592 

- -  ( 6 7 0 1 . 3  • 1 2 2 . 4 )  - -  (6603.7 -~ 5 9 . 0 )  
log P(a tm)  = + (9.47 ~- 0.27) log P (a tm)  = + (8.90 • 0.14) 

T T 

investigated further. Values of ~ calculated from the 
least squares slopes of the lines in Fig. 3 ranged from 
38 to 42. An average value of 40 for ~ was selected to 
calculate equi l ibr ium pressures by Eq. [3]. The cal- 
culated equi l ibr ium pressures are given in  Table II. 
They are well represented by the equation 

log Peq(atm) ----- 9.79 +_ 0.19 -- (6798 • 86)/T;  

(from 410 ~ to 480~ [4] 

which is shown as a dashed line in Fig. 2. 

High temperature enthalpies.--The enthalpy of the 
ZrI4 was obtained by subtract ing the enthalpy due to 
the silica capsule, which was about 50% of the total, 
from the measured value. The enthalpy of the silica 
glass was determined as a function of tempera ture  in 

3.5 

4.0 

4.5 

5.0 

~ 5.5 

6.0 

6.5 

7.0 

7.5 

I I I I I I 

] I I I 
2.0 2.1 2.2 2.3 2.4 

IO00/T,K 

I L 
2.5 2.6 2,7 

Fig. 2. Pressures measured by torsion effusion with four cells 
of different orifice size. letters refer to cells described in Table 
II. The dashed line represents the equilibrium pressures. 

Table II1. Measured values of the enthalpy of solid Zrl4 
above 298.15~ K * 

H ~  -- H ~  
T (~ (kcal /mole)  T (~ 

H~ -- H~ 
(kcal /mole)  

403.1 3.182 552.7 7.829 
453.2 4.725 602.8 9.409 
502.9 6.262 653.2 11.002" * 
503.0 6.259 703.1 12.592" * * 
503.1 6.273 

, :  Calculated for 598.8g (one mole) of sample. 
Exper imental  value reduced by 0_09% for vaporization. 

* * * Exper imental  value reduced by 0.37% for vaporization. 

a s e p a r a t e  s e r i e s  of  m e a s u r e m e n t s .  T h e  m e a s u r e d  v a l -  
u e s  f o r  t h e  e n t h a l p i e s  o f  Z r I4  a b o v e  r o o m  t e m p e r a t u r e  
a r e  g i v e n  i n  T a b l e  I I I .  A v e r y  s m a l l  c o r r e c t i o n  w a s  
m a d e  to  t h e  t w o  h i g h e s t  t e m p e r a t u r e  v a l u e s  f o r  t h e  
e n t h a l p y  o f  v a p o r i z a t i o n  of  t h e  Z r I 4  i n  t h e  c a p s u l e ,  
u s i n g  t h e  m e t h o d  o f  Ref .  ( 14 ) .  F o r  t h a t  c o r r e c t i o n ,  t h e  
v a p o r  p r e s s u r e  a n d  e n t h a l p i e s  o f  v a p o r i z a t i o n  w e r e  
d e r i v e d  f r o m  t h e  r e s u l t s  g i v e n  l a t e r  i n  t h i s  p a p e r  (Eq .  

1.4 
I I I I - 

~"~E 1.2 

1.0 

cc 0.8 

c,_ 

a :  0.4 

0.2 ~ - -  

o I I I I 
0 1 2 3 4 

EFFECTIVE ORIFICE A R E A  Z Ca x 102 (cm 2 
SA-5780-: 

Fig. 3. Whitman-Motzfeldt extrapolation to zero orifice siz~ 
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[12]). The x - r ay  diffraction pa t te rn  of the sample 
after the measurements  was the same as the star t ing 
material.  

Data Analysis 
High temperature enthalpies.--The measured en- 

thalpies were computer  fitted with curves by poly- 
nomial  functions as described by Justice (17). These 
functions were then used to calculate the smoothed 
values of enthalpies and derived thermodynamic  prop-  
erties at selected temperatures  given in Table IV. 
Extrapolat ion of enthalpies from the last exper imen-  
tal measurement  at 703.1~176 the mel t ing point  
adopted from Rahlfs and Fischer (7), was based on a 
reasonable projection of the smoothed values. The 
smoothed enthalpies are estimated to have an uncer-  
t a in ty  of --+0.4%. 

The smoothed enthalpies were fitted with an equation 
using the method described by Kel ley (18). The derived 
equation is given below with the tempera ture  range 
of validity. The average deviat ion of the equat ion from 
the smoothed data is <0.01%, and from the experi-  
menta l  values <0.1%. 

H~ - -  H~ (kcal /mole)  : 29.498 X 10-ST + 1.906 

X 10-6T 2 + 62.3T -1 -- 9.173; (298~176 [5] 

Vapor pressures.--The equi l ibr ium vapor pressures 
were analyzed by a modified S igma- t rea tment  (19) to 
derive the entropy and enthalpy changes associated 
with the subl imat ion  reaction. In  this t rea tment  one 
calculates f rom each equi l ibr ium pressure measure-  
ment  a value for Sigma defined as 

: - -R In Peq -- (~]e] incr)  

1 
hfef incr  : -~ [ (H~ -- H~ -- T (S~ -- S~ ] s a s  

1 
- -  - -  [(H~ -- H~ -- T(S~ - -  8~  

T 

The funct ion ( ~ e f  incr) depends only on the heat  
capacities of the gas and the solid. The heat capacity 
of the solid was obtained from Eq. [5]. The molecular  
constants of the gas have been established by mea-  
surements,  and the heat capacity and absolute entropy 
are given in  the JANAF Tables (5). An  equation de- 
rived to represent  the (hSe$ incr)  funct ion in  the 
Sigma t rea tment  was 

(~fef incr)  : --2.800 + 6.68 X 10-8T -- 1.136 

X 10 -6T2 + 8.06 X 104/T 2 ( 298o to 772~ [8] 

For a subl imat ion  reaction like the present  one 

ZrI4(s) : ZrI4(g) [7] 

it  can be shown (19) tha t  the values of Sigma are re-  
lated to the room temperature" entropy and enthalpy 
of subl imat ion by the equat ion 

AH~ 
-- - -  AS0298 [8] 

T 

Table IV. Smoothed high temperature thermodynamic 
properties of Zrl4 (c) 

Cp ~ S~ -- S~ H ~  - -  H~ 
T (~  Ca l /deg-mole  ( k c a l / m o l e )  

298 29.90 0 O 
300 29.92 0.19 0.055 
350 30.32 4.83 1.563 
400 30.63 8.90 3.087 
450 30.91 12,53 4.625 
500 31.16 15.79 6.177 
550 31.39 18.78 7.740 
600 31.61 21,52 9.316 
650 31.83 24.05 10.902 
700 32.04 26.42 12.498 
750 ( 32.25 ) * ( 28.64 ) ( 14.105 ) 
772 (32.34) (29.57) (14.316) 

* Va lues  in parentheses are extrapolations, 

The molecular  weights were determined with cells 
A, B, and C and were equal to the molecular  weight of 
ZrI4 wi thin  about 5%, which is a reasonable experi-  
menta l  error for these measurements.  This result, 
which is in  agreement  with the vapor density mea-  
surements  of Rahlfs and Fischer (7), led to two con- 
clusions. First, the vaporization was congruent,  which 
means that from phase rule considerations the system 
acted as a one-component  system, and the vapor pres-  
sure depended only on tempera ture  and not on the 
amount  of mater ial  removed dur ing  the vaporization 
study. Second, the gas was monomeric ZrI4 with no 
measurable  amounts  of gaseous polymers. Therefore, 
the thermodynamic functions for the gas could be cal- 
culated from the molecular  constant  data avai lable for 
ZrI4. 

Sale and Shelton (6) have made effusion-mass loss 
measurements  on ZrI4 using cells with three orifice 
sizes. A plot of reciprocal pressure against  orifice size 
for their  data was not linear, and they treated their  
data in a different way and derived the following 
equation for the equi l ibr ium pressures 

log Peq(atm) -- 9.15 -- 6342/T; (from 425 ~ to 500~ 

[9] 

Rahlfs and Fischer (7) measured the vapor pressure 
of ZrI4 in  a higher range of temperatures  using a l iq-  
uid t in  manometer.  They also measured the gas mo- 
lecular weight by a vapor density method and found 
values in the range of 563-606, which are wi thin  ex- 
per imenta l  error of that of ZrI4. Their  vapor pressure 
measurements  could be represented by the equation 

log p (a tm)  -- 9.17 -- 6455/T; (from 558 ~ to 671~ 

[10] 

Gerlach et al. (8) used an oscillating quartz fiber 
method to measure the vapor pressure, and gave the 
following equation for their  data 

log p (a tm)  = 7.71 -- 5730/T; (from 393 ~ to 453~ 

[11] 

The vapor pressure curves from these sources are 
shown in Fig. 4. In the lower pressure range the three 
sets of data are not in good agreement. The data of 
Ref. (6) and (8) are about a factor of two higher than 
the present data. We believe that the accuracy of the 
present data is significantly greater than that of the 
effusion study performed by Sale and Shelton (6), for 
the following reasons. The calibrations of the present 
cells, obtained from geometrical measurements, were 
checked by measuring the vapor pressure of KCI. The 
molecular weights of the effusing gas were determined 
and only when low molecular weight gases (presum- 
ably HI) had stopped effusing were measurements re- 
corded. The orifice dependence of pressures followed 
the expected Whitman-Motzfeldt behavior. The results 
of Gerlach et al. were obtained by an  unproven  method 
of unknow n  reliabili ty.  

The present  results are in  excellent  accord with the 
data of Rahlfs and Fischer as seen f rom Fig. 4. A 
Sigma t rea tment  of these two sets of data yielded the 
following values for the subl imation reaction (Eq. [7] ) 

~H~ ----- 31.88 _+ 0.08 kcal/mole,  and 

hS~ = 46.9 • 0.16 cal /mole-degree 

The agreement  between the two sets of data, as ind i -  
cated by the relat ively small  s tandard deviations over 
the large pressure range (10-7-1 a tm) ,  is very good. 
The vapor pressure equat ion derived from that  t reat-  
ment  for ZrI4 is 
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Fig. 4. Comparison of vapor pressure equations. 1, - - ,  Present 
measurements, s [4]. 2, - - - ,  data of Rahlfs and Fischer, Eq. 
[10]; 3 , - - - - - ,  data of Sale and Shelton, Eq. [9]; 4, - - . . - - ,  
data of Gerlach et al., Eq. [11]; 5 . . . . . . .  Sigma treatment, Eq. 
[12]. 

log P (a tm)  .~ 1 [ 31,880 49.7 
4.575 T 

+ 6.68 X 10-3T -- 1.131 X 10-6T ~ + 8.06 X I04/T2~ 

( f rom450 ~ to 670~ [12] 

This equat ion  is r epresen ted  as a dot ted  l ine in Fig. 4. 

Discussion 
The measured  enthalpies  and der ived  quant i t ies  for  

Zri~ are  about  2% lower  than  the es t imates  made  in 
the J A N A F  Tables,  and this reasonable  agreement  
shows a good degree  of acceptabi l i ty  for  the  es t ima-  
tion techniques. 

The en tha lpy  measurements  showed no indicat ion 
for any  the rma l  effects associated wi th  phase t r ans i -  
tions. That  resul t  was impor t an t  in the  in te rp re ta t ion  
of the vapor  p ressu re  da ta  as fo l lows.  Stevenson and 
Wicks (20) found tha t  the  vapor  pressure  of solid 
hafn ium te t ra iod ide  decreased af ter  the sample  had  
been hea ted  at  300~176 for some time. They  a t -  
t r ibu ted  that  behav ior  to the  convers ion of the  solid 
f rom a metas tab le  form to  more  s table  forms. Be-  
cause of the  g rea t  s imi la r i ty  of the  chemis t ry  of z i r -  
conium and hafnium,  we inves t iga ted  the  poss ibi l i ty  
of such a t r ans format ion  in  ZrI4. We heated  a sample  
of ZrI4 in  a sealed,  evacula ted  P y r e x  bulb  for  one 
week  at  300~ The x - r a y  pa t t e rn  of the  sample  af ter  
hea t ing  was the same as tha t  before  hea t ing  and the 
same as tha t  of the  ma te r i a l  used for the  vapor  p res -  
sure  measurements .  A ser ies  of tors ion effusion vapor  
pressure  measurement s  was made  wi th  the  hea t -  
t rea ted  sample  in  cel l  A. The resul ts  were  about  5% 
below the values  given in  Table I. We consider  tha t  
to be wi th in  the  expe r imen ta l  e r ror  of the  measu re -  
ments. Therefore,  we conclude that  our  measurements  
give the vapor  p ressure  of the  s table  fo rm of ZrI4. 
(An a l t e rna t ive  exp lana t ion  for the low values  ob -  
t a ined  by  Stevenson and Wicks in  the i r  run  2 is tha t  
they  resul ted  f rom a reac t ion  of the  sample  wi th  the  
meta l l ic  container .  The en tha lpy  of  subl imat ion  for  

thei r  "metas table"  HfI4 is a lmost  the  same as tha t  of 
ZrI4. The  ve ry  la rge  change, namely  20 kca l /mole ,  to 
the  "s table"  form is more  typica l  of a chemical  r eac -  
t ion than  a s t ruc tura l  t ransformat ion . )  

As indica ted  ear l ier ,  the  the rmodynamic  quanti t ies  
associated wi th  vapor iza t ion  can  be used to der ive  re -  
la ted  values  for  the  solid or gas. The authors  of the 
J A N A F  Tables  have  analyzed  the  da ta  of Ref. (6) and 
(7) by  a th i rd  l aw t rea tment ;  however ,  t hey  used an 
es t imated  value  for the  absolute  en t ropy  of the  solid. 
The subl imat ion  the rmodynamic  da t a  they  obta ined  
were  AH~ --  30.2 kca l /mole ,  and  aS~ = 44.5 ca l /  
mole-degree .  Those values  differ somewhat  f rom the 
present  ones based on our  second law t r ea tmen t  of 
the  vapor  pressures .  We  feel  t ha t  the  p resen t  values 
de r ived  f rom exper imen ta l  info~mation a re  p re fe rab le  
to the  J A N A F  values,  which are  based on the  est i -  
mated  ent ropy.  Alcock et al. (21) have  also analyzed  
the resul ts  of Ref. (6) and (7) and  have  der ived  an 
equat ion to fit them;  however ,  for  the  reasons s ta ted  
above we consider the  p resen t  ana lys is  to be more  
accurate.  

The en tha lpy  of fo rmat ion  of  solid ZrI4 has been 
measured  by  Turnbu l l  (22), and  f rom his da ta  the  
J A N A F  group has ca lcula ted  an en tha lpy  of fo rma-  
t ion of --116.8 + 1.5 kca l /mo le  for the  solid. There -  
fore, the  s t andard  en tha lpy  of fo rmat ion  of the  gas at  
298~ is --84.9 • 1.6 kca l /mole .  This  va lue  differs 
f rom the J A N A F  Tables  (--86.6 +__ 2 kca l /mo le )  be -  
cause of the  new da ta  and modified t rea tment .  

The absolute  s t andard  en t ropy  of the  gas ca lcu la ted  
f rom s t ruc tu re  and molecu la r  constant  da ta  was given 
in  the  J A N A F  Tables  as 106.7 • 0.03 ca l /mole -degree ;  
thus, the  absolute  e n t ropy  of the solid at  298~ be-  
comes 59.8 • 0.2 c a l / m o l e - d e g r e e  f rom our  results .  
Our  va lue  is somewhat  smal le r  than  the J A N A F  value  
(62.2 _ 1 ca l /mo le -degree )  tha t  was es t imated  f rom 
da ta  for o ther  z i rconium te t rahal ides .  We bel ieve  the  
presen t  va lue  is more  accura te  because i t  is based  on 
measured  quanti t ies .  
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Properties of Polycrystalline AIAs/GaAs on Graphite 
Heterojunctions for Solar Cell Applications 

W. D. Johnston, Jr.* and W. M. Callahan 
Bell  Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

Polycrystalline heterojunction material of N-AIAs/p-GaAs and P-AlAs/  
n-GaAs was grown in a chloride arsine vapor-phase reactor on graphite sub- 
strates. P +A1As/p-n GaAs structures were produced as well by postgrowth Zn 
diffusion. Control of nucleation and ohmic contact of the GaAs layer to the  
graphite was achieved with Zn doping during growth, or Ge or Sn coating of 
the substrate prior to growth, for p- or n-type GaAs, respectively. The 
N-A1As/p-GaAs material appears promising for possible solar cell appli- 
cations, but we have not succeeded in overcoming the high spreading re-  
s i s tance  due to grain boundary scattering in the AlAs layer. 

An area of primary current interest in compound 
semiconductor materials research is the growth and 
characterization of thin polycrystalline films for de- 
vices potentially suitable for large-scale photovoltaic 
solar energy conversion. 

Over a decade ago Vohl and co-workers (1) re- 
ported fabrication of Schottky barrier solar cells of 
polycrystalline GaAs with solar conversion efficiencies 
up to 5%. No significant improvement in the efficiency 
of thin-film polycrystalline cells of III-V semiconduc- 
tor materials has been reported since. Little is known 
about the effect of grain boundaries on the minority 
or majority carrier properties of such films, nor is 
there any real understanding as yet of the range of 
control of film characteristics or grain boundary effects 
possible through variation of growth conditions, doping 
techniques, or substrate treatment. 

The A1As/GaAs heterojunction pair would appear to 
provide numerous potential advantages over other 
material combinations for polycrystalline thin-.film 
solar cells. The device-related properties of single- 
crystal GaAs are well understood. Al~Gal-xAs/GaAs 
single crystal solar cells grown by liquid phase epitaxy 
(LPE) claim the highest solar conversion efficiency 

yet demonstrated (2) for any solar cell. LPE is not  
well suited to large area growth of thin films on cheap 
foreign substrates, however, but single crystal cells 
with similar characteristics have also been prepared 
recently by halide transport vapor phase epitaxy (3). 
Preliminary work on an N-A1As/p-GaAs/graphite 
th in  film cell showed promise of high in tr ins ic  
efficiency and good minority carrier and junction 
properties (4). That work also disclosed an u n a n t i c i -  

* Electrochemical Society Active Member. 
Key words: films, growth, photovoltaic, solar. 

pated difficulty with poor majority carrier transport, 
giving rise to unacceptably high spreading resistance 
in the N-AlAs upper layer. In this paper we present 
further results of our investigation of these N-AlAs/ 
p-GaAs grown heterojunction cells. We have now 
also prepared grown-junction and diffused-junction 
P-A1As/n-GaAs/graphite material for comparison; 
this material in present form has inferior character- 
istics to the N-on-p material, however, 

We have attempted various doping schemes in an 
effort to ameliorate the top layer spreading resistance, 
which we have concluded arises from scattering of 
majority carriers in (or from) the depletion regions 
associated with grain boundary states. This resistance 
is thus thought to be similar to the blocking resistance 
at a metal-semiconductor contact. We have found that 
indeed appropriate doping by Zn diffusion does elim- 
inate the grain boundary scattering in P-AlAs, but 
the conditions are such that the minority carrier 
properties (lifetime and p-n junction character- 
istics) are drastically compromised. We have not been 
able to obtain similar results in N-AlAs. The grain 
boundary scattering appears to be a fundamental 
problem which will be independent of growth process. 
It is certainly possible, however, that other growth 
techniques, operative at lower temperatures than the 

1000~ used in this work for the growth of the AlAs 
layer, may permit introduction of donor elements 
with better control, or eliminate the need for post- 
growth diffusion with Zn. 

Growth Technique 
The growth apparatus was essentially unchanged 

from that described previously (4), and is comprised 
of Al~O~ ceramic components in a four-zone furnace. 
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Subs t ra tes  cut  from Type 5890 PT graphi te  obta ined 
f rom the Carbone Corporation,  Boonton, New Jersey,  
were  used exclusively,  as our  past  exper ience  had 
shown tha t  po lycrys ta l  GaAs films on this ma te r i a l  
were  t ight ly  adheren t  in contras t  to films on graphi te  
from other  suppl iers  which  flaked off dur ing  or  af ter  
growth.  The typica l  s t ruc ture  for  test  cells is shown 
in Fig. 1. The cr i t ical  fea tures  are  the  GaAs-g raph i t e  
interface,  No. 1, the  junction, e i ther  at  the  he te ro in te r -  
face, No. 2, or somewhat  wi th in  the GaAs, and the 
AlAs- top  contact  interface,  No. 3. Control  of the ini t ia l  
s tage of GaAs growth  idea l ly  should resul t  in low 
resis tance ohmic conduct iv i ty  across the G a A s - g r a p h -  
i te in ter face  and ensure uniform, p inho le - f ree  cover-  
~ge by  the t ime the  desired thickness,  of the  o rder  of 
5~m, is reached.  The AlAs  l aye r  grows ep i t ax ia l ly  
(and p re fe ren t i a l ly )  on the  po lycrys ta l l ine  GaAs, re -  
flecting and ex tend ing  the  morphology  of the  first 
layer .  I t  is s imi lar  in al l  respects  to growth  on single 
c rys ta l  subs t ra tes  as descr ibed in Ref. (2) and ident ical  
AlAs growth  condit ions were  found to be op t imum in 
this work.  Heavy  doping of the  top surface at  the  last  

METAL GRID / 

ITO / 

i - - [  . . . .  AI As /1"  

t I=[_ .. . . . . . . . . . . . .  ; ; i ;  . . . . . . . . . . . . . . . .  ~ / 

GRAPHITE 

Fig. 1' Polycrystal cell structure. The p-n junction is located at 
interface No. 2 for H-AIAs/p-GaAs cells or just within the GaAs 
layer for diffused P+AIAs/p-nGaAs structures. The AlAs layer 
is typically 10-20 ~m thick, the GaAs layer 5-10 ~rn thick, the 
graphite substrate 350 ~rn thick. 

stage of (or af ter)  g rowth  is requi red  to achieve an 
ohmic, low resis tance contact  to a t r anspa ren t  con- 
duct ing oxide layer  as shown in Fig. 1. This l aye r  is 
not necessary if the  AlAs can be made  to have  low 
la te ra l  res is t iv i ty  (,-~ 100 Q/J7) which permi ts  a me-  
tal l ic gr id  contact  to be used d i rec t ly  as for single 
crys ta l  cells. This may  be achieved by  Zn diffusion 
fol lowing g rowth  for  P-AlAs ,  but  we were  unable  to 
obta in  sufficiently heavy  donor  concentra t ion with  Sn, 
Se, or  S dur ing  or  af ter  g rowth  to achieve ohmic 
contact  of N-AlAs  to t ransparent ,  conduct ive films of 
ind ium-doped  t in  oxide (ITO) (5) or  Cd2SnO4 (6) 
films. 

Our ini t ia l  observat ions  confirmed tha t  g rowth  of 
undoped GaAs on the clean graphi te  subs t ra te  was 

~uonpreferential  re la t ive  to the  A120~ ceramic walls  of 
the growth  reactor.  We also observed tha t  the densi ty  
of nucleat ion and indeed whe the r  a n y  g rowth  at  all. 
was obta ined was re la t ive ly  insensi t ive to subs t ra te  
tempera ture ,  t empe ra tu r e  g rad ien t  at  the substrate ,  or 
gas flow pa rame te r s  but  was affected by  geometr ica l  
re la t ionships  and the immedia te  past  h is tory  of the 
reactor  components.  Reproduc ib i l i ty  was obtained when 
the po lycrys ta l l ine  GaAs deposi t  over  the reac tor  tube 
walls  had reached a s teady  condition. Only per iodic  
cleaning of a pu re ly  mechanical  na tu re  (scraping and 
vacuuming)  was employed.  These condit ions l eave  
much to be desired for  ca r ry ing  out  precise  doping 
studies or  obta in ing high pur i ty  mater ia l ,  bu t  they  are  
adequa te  for the  qual i ta t ive  invest igat ions  of the 
fa i r ly  heav i ly  doped  ma te r i a l  r epor ted  here. 

An ear ly  finding was tha t  Zn doping d ras t i ca l ly  
affected the nucleat ion of the  GaAs l aye r  to produce  a 
continuous film ra the r  than  a panop ly .o f  nuggets.  This 
difference is r ead i ly  appa ren t  in Fig. 2 which shows 
scanning-e lec t ron  micrographs  of undoped and Zn-  
doped polycrys ta l l ine  GaAs grown under  ident ica l  con- 
ditions_ (except  for  the t empe ra tu r e  of the Zn meta l  
source) .  Sl ight  modification of the subs t ra te  posit ion 
resul ted  in p inho le - f ree  films over  all  of the 1 • 3 cm 
subs t ra te  except  immed ia t e ly  contiguous to the  A12Os 
subs t ra te  holder  arms. Continuous films of this sort  
were  only achieved at much grea te r  to ta l  thickness  for 
undoped GaAs growth  on bare  graphite .  The  level  of 

Fig. 2. SEM views of undoped (left) and Zn-doped (p ~ 10 TM cm s) GaAs grown on graphite under otherwise identical growth conditions 
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Zn doping necessary for this improved  nuclea t ion  is 
consistent  wi th  tha t  needed for good he te ro junc t ion  
per fo rmance  (p ~ 101Scm3). An  addi t ional  impor tant ,  
a lbei t  fortuitous,  resu l t  is tha t  the  p - G a A s  l aye r  so 
formed makes  low resis tance ohmic contact  to the  
graphite .  

Charac ter iza t ion  of these po lycrys ta l l ine  semicon-  
ductor  l ayers  on conduct ing subs t ra tes  is difficult. 
Photoluminescence spect ra  suggest  a net  ionized ac-  
ceptor  dens i ty  in the  1,~ 5 • 1018 range,  while  capaci -  
tance vol tage plots and reverse  b r eakdown  cha rac te r -  
istics of heterodiodes  formed wi th  undoped AlAs favor  
the lower  end of this range.  Higher  Zn concentra t ion 
can be read i ly  obtained,  up to 2 • 1019cm -~ or greater ,  
wi th  increased Zn source tempera ture .  

Fo r  an N-A1As /p -GaAs  heterodiode,  the AlAs  
l aye r  is g rown wi thout  in tent ional  dopant  addit ion.  
Metal l ic  contact: to this l a y e r  is r ead i ly  made  wi th  
s p a r k - w e l d e d  A u - S n ( 2 % )  al loy or  s in tered  layers  of 
Sn, Ni, and Au  which m a y  be  evapora ted  or  e lec t ro-  
deposited.  Anodizat ion  (7) of the po lycrys ta l l ine  l aye r  
is not  sa t i s fac tory  for pass ivat ion and ant i ref lect ive  
purposes.  The high spreading  resis tance and rough 
surface also make  i t  more  difficult to ob ta in  un i form 
e lec t ropla ted  contacts  than  on single c rys ta l  AlAs, and 
in contras t  to resul ts  on tha t  ma te r i a l  (8), evapora ted  
contacts  a re  to be p r e f e r r ed  for thin po lycrys ta l  layers .  

We t r ied  doping the AlAs  l aye r  wi th  Se ( in t roduced 
as H2Se) a n d / o r  Sn ( in t roduced as the  meta l  and 
t r anspor ted  wi th  HC1). Hal l  measurements  on single 
crys ta l  AlAs  samples  showed no increase  in ionized 
donor concentrat ion.  We verif ied t r anspor t  of Sn by  
weight  loss measurements ,  bu t  it  was ev iden t ly  not 
incorpora ted  at  the  1030~ growth  t empe ra tu r e  even 
at  Sn/A1 rat ios of un i ty  where  the  AlAs g rowth  began 
to deter iora te .  There  was no observab le  effect for  Se 
up to gas -phase  Se /As  rat ios of 0.1. Pos tg rowth  diffu- 
sion wi th  As2S3 and e lementa l  sul fur  sources and  f rom 
thin (---- 50A) layers  of Sn, Sn-Ni,  Sn-Au,  and Sn-Ni -  
Au  were  eva lua ted  in  an effort to increase  the  surface 
doping to a l low ohmic contact  of the  N - A l A s  to ITO 
or  Cd2SnO4 films. The l a t t e r  were  deposi ted in an  
rf  p lasma appara tus  wi th  var ious  a rgon /oxygen  rat ios 
and sample  tempera tures .  Of the various combinations,  
only  evapora t ion  of Sn, Ni, and Au in successive layers  
exceeding 50, 50, and 200A, respect ively ,  s in tered at  
450~ produced the des i red  resul t .  This  contact  is 
rela$ively opaque owing to the  subs tan t ia l  amount  of 
Au. Because of surface roughness,  not  al l  grains  are  
effect ively contacted wi th  these smal l  quant i t ies  of the  
metals .  Whe the r  ITO or  Cd2SnO4 was used made  no 
difference, a l though Cd2SnO4 could be deposi ted to 
form an ohmic contact  on n -GaAs  (Si-doped,  
n,~ 2 X 101Scm 3) to which ITO was a lways  blocking.  

In  v iew of these difficulties wi th  the  N-A/AS top 
l a y e r  we  a t t emp ted  to p r epa re  P - A 1 A s / n - G a A s  s t ruc-  
tures  since a shal low Zn diffusion (20 min  at  550~ 
wi th  a Zn3As~ or ZnAs2 source) produces  a high surface 
concentra t ion  of ionized acceptors  and ohmic contact  
be tween  P - A / A s  and meta l l ic  conductors.  Single  
c rys ta l  AlAs  can be grown p- type ,  a lbei t  h e a v y  Zn 
concentra t ion  in the  g rowth  a tmosphere  must  be used 
and g rowth  condit ions favor ing m i n i m u m  n a t i v e  
donor  concentra t ion must  be chosen (9). This ma te r i a l  
is heavi ly  compensa ted  (na --  nd ~ 1 • 1017, n ,  ~ nd 
101s~, but  res i s t iv i ty  (-~ 10 ~2-cm) is not  excessive for  
cur ren t  flow t ransverse  to the  th in  layer .  Accordingly,  
work  to control  the  nuclea t ion  and g rowth  of n - t y p e  
GaAs films on graphi te  was begun. Undoped "films" 
as in Fig. 2a become continuous when  grown suf-  
f iciently th ick  ( ~  100-200 #m) but  they  make  b lock-  
ing  contact  to the  g raph i te  and  are, of course, fa r  
th icker  than  des i red  for  inexpens ive  solar  cells. 
Doping wi th  H2Se added  to the  gas s t r eam or  HC1- 
t r anspor t ed  Sn, in cont ras t  to the  resul ts  wi th  Zn, 
had  no effect in  improv ing  the nuclea t ion  of film 
growth.  Coating the subs t ra tes  wi th  e lec t ropla ted  Au  

and Sn-Ni  a l loy gave rise to d ramat ic  VLS (vapor -  
l iquid-sol id)  g rowth  of A u - c a p p e d  needles.  

We also t r ied  a series of subs t ra tes  onto which  500A 
layers  of Si, Sn, or  Ge had been evapora ted .  (This 
thickness is nominal  and corresponds to thickness on 
monir microscope s l i de s - - t he  ac tua l  surface area  of 
the graphi te  g rea t ly  exceeds the  p ro jec ted  area.)  Elec-  
t ron  micrographs  of these samples  a re  shown in Fig. 3 
and 4. Since the  evapora ted  films were  thought  to be  
amorphous  and the Sn film iS "l iquid" at  the  640~ 
GaAs growth  tempera ture ,  i t  was not  a n t i c i p a t e d  
which films if any  would  f avorab ly  affect nucleation,  
and the ini t ia l  in tent  was to ensure  Ohmic contact: 
Al l  show improvemen t  re la t ive  to nuclea t ion  on un-  
t rea ted  graphi te ;  Ge is the  best, poss ib ly  reflecting t h e  
fact that  the la t t ice  constant  of c rys ta l l ine  Ge is an 
excel len t  match  for GaAs. The Sn-coa ted  subs t ra te  
shows nea r ly  equiva lent  results,  however ,  under  con-  
dit ions which ce r ta in ly  do not  pe rmi t  definit ion of a 
la t t ice  constant  whe the r  the Sn film is t ru ly  l iquid or  
not. Use of e i ther  Sn or Ge resul ted  in ohmic contact  
to the  GaAs layers.  No addi t iona l  dopants  were  added  
to these layers ;  they  are  es t imated  to have  background  
ca r r i e r  concentrat ions n ~ 5  • i017cm 3 f rom photo-  
luminescence spectra.  

Two techniques were  employed  to fo rm heterodiodes  
to these n -GaAs  films. AIAs was grown wi th  up to 1% 
Zn vapor  added  to the  gas phase,  or  undoped for  sub-  
sequent  deep Zn diffusion. Nei ther  of these approaches  
was found sa t is factory  in regard  to reproducib i l i ty ,  
but  the  best  diodes obtained,  a l though infer ior  to the  
N - A I A s / p - G a A s  devices, were  in each case good 
enough to pe rmi t  l imi ted  e lect r ica l  charac ter iza t ion  as 
descr ibed in the  next  section. 

The growth  conditions for the var ious  combinat ions  
of AIAs and GaAs polycrys ta l  l ayers  we found to be 
opt imum, in the  sense p r i m a r i l y  of best  p rovid ing  re -  
producible ,  p inho le - f ree  layers ,  a r e  summar ized  in 
Table  I. 

Elect r ica l  Charac te r is t i cs  
Rigorous charac ter iza t ion  of this po lycrys ta l l ine  ma-  

te r ia l  is not poss ible  by  t rad i t iona l  methods,  such as 
measuremen t  of Hal l  conduct ivi ty,  because of t h e  
highly  conduct ing subs t ra te  and high spread ing  r e -  
sistance of the layers.  The he te ro junc t ion  ma te r i a l  
may  be represen ted  conceptua l ly  as in  Fig. 5, where  
diodes wi th  character is t ics  s imi lar  to s ingle c rys ta l  
cells a re  connected in pa ra l l e l  be tween  a conduct ing 
plane and the nodes of a resis tance grid. The  diode 
character is t ics  can be obta ined  wi th  a b road  a rea  
meta l l ic  top contact  which shunts  the  sp r e a d ing - r e -  
sistance grid, and  the spreading  res is tance in  the top 
l aye r  can be ob ta ined  be tween  two s t r ipe  contacts 
p rovided  the diode character is t ics  give adequa te  i sola-  
t ion f rom the conduct ive  substrate .  Phys ica l ly  this  
model  corresponds to consider ing each gra in  as a 
he te ro junc t ion  cell. Scanning e lec t ron  micrographs  of  
b roken  cross sections of this ma te r i a l  suggest  tha t  this  

Table I 

Growth  of p-GaAs* N.AIAs n-GaAs** P-AlAs 

Substrate  t e m p e r a t u r e  (~ 640 1030 640 1005 
Subs. t emp .  grad ien t  ( ~  20 2 20 2 
Source  t e m p e r a t u r e s  (~ 

Ga 800 800 800 800 
A1 1150 1150 1150 1150 
Zn 325 <325  27 650 

F l o w  rates  ( cm~/min)  
A,I-~ 4 5 4 5 
HCI o v e r  Ga 4 - -  4 
H~ over  Ga 200 10 200 ~'0 
HC1 o v e r  A1 - -  4 m 4 
H2 over  A1 10 550 10 550 
H2 over  Zn 50 5 10 220 
1% carr ier  200 720 200 720 

Growth  t i m e  (rain) 60 30 60 ~ 3 0  
F i l m  th i cknes s  (/~m) ~ 1 0  ~ 1 5  ~ 1 0  ~ 1 5  

* On uncoated  graph i t e  substrate .  
* * On graph i t e  coa ted  w i t h  evapora ted  Sn or  Ge fi lm, ~ 1 0  ~ g 

c m  ~ of  nomina l  subs trate  area.  
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Fig. 3. SEM views of undoped GaAs grown on substrates partially coated (up,per right portion of each view) with: a, nothing; b, 500A 
Si; c, 500A Ge; d, 500~- Sn. Growth conditions and times nominally identical. 

is indeed a good p ic ture- -most  grains appear to be 
columnar  and continuous across the A1As-GaAs in te r -  
face. 

In  Fig. 6 typical log current -vol tage  data are pre-  
sented for N-A1As/p-GaAs and Zn-diffused P -AlAs /  
p - n  GaAs samples. Electron beam-induced  current  
(EBIC) examinat ion in the scanning electron micro- 
scope indicated that  for the N/p  mater ia l  the elec- 
trical junct ion coincided with the heterointerface, at 
least to wi thin  the estimated • resolution ac- 
curacy. For the P / n  sample in  Fig. 5, the junct ion 
appeared in  EBIC traces to lie wi th in  1000A inside 
the GaAs. The diffusion coefficient for Zn in single 
crystal AlAs was determined to be 80 times larger 
than in single crystal GaAs under  the conditions used 
here, so that there is a tendency for the AlAs layer  

to be completely diffused in spite of the i r regular i ty  
of its surface and thickness, while the junct ion remains  
fairly close to the AlAs interface throughout  the GaAs. 

From the model of Fig. 5, we expect the dark 
current  densi ty-voltage relat ion for these diodes to be 
of the form 

J -- Jo [exp{e(V -- JRs)/nkT} 1] -t- (V -- JRs)/Rp 

[1] 

Here Jo is the reverse saturat ion current  and n the 
"diode factor," Rs and Rp are the effective series and 
diode shunt  specific resistances. Provided Rp exceeds 
a few hundred  ~-cm2 and Rs is less than about 
10 ~ -cm 2, the in termediate  region of the plot of log 
J vs. V is linear. The slope in this region determines 
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Fig. 4. SEM views at higher magnification of undoped GaAs grown on: a, uncoated graphite; b, Si (500A); c, Ge (S00A); and d, Sn 
(500A). 

the diode factor n, which was general ly  between 1.9 
and 2.0. Rs and Rp may be determined from the voltage 
and current  offsets of the actual plot from the extrap-  
olated l inear  portion, respectively. When the log 
J-V plot does not show a substant ia l  l inear  region, as 
for the P / p - n  diffused junct ion  diode in Fig. 6, Eq. [1] 
may still be used by curve fitting, al though as a prac-  
tical mat ter  such mater ial  is of l i t t le interest  for solar 
cell application. 

We at tempted to produce P-A1As/n-GaAs poly-  
crystal l ine grown junct ions using the conditions in  
Table I, with only a shallow Zn surface diffusion used 
for contacting. EBIC examinat ion  showed that  the 
electrical junct ion  was var iably  located wi th in  the 
AIAs layer;  apparent ly  some grains were grown p- type  
and others were not. This mater ia l  showed good 

current-vol tage characteristics with values of 
R ,  ~ 105 ~ - c m  2 and Rs ~ 5 12-cm ~, bu t  very low 
photocurrent  response. Apparen t ly  either the nat ive 
background donor concentrat ion or the Zn incorpora-  
t ion varies from grain  to grain. The larger  (and pre-  
sumably faster growing) grains remain  n-type.  There 
were no indications from EBIC scans of Zn incorpora-  
t ion preferent ia l ly  along grain boundaries dur ing  
growth. The relat ively good diode characteristics per-  
mit ted a lower- l imi t  measurement  of the spreading 
resistance which for this mater ia l  exceeded 10512/[]. 

The l inear  current -vol tage  characteristics of diffused 
P-A1As/p-n  GaAs and grown N-A1As/p-GaAs poly-  
crystal mater ia l  are presented in  Fig. 7. The detr i-  
menta l  effect on the potential  fill factor arising from 
the shunt  resistance in the diffused mater ia l  is ap- 
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Fig. 5. Electrical equivalent circuit model of polycrystal hetero- 
junction solar cell consisting of subunits (C) joined in parallel by 
a spreading resistance grid Rcr. The units (C) consist of the parallel 
combination of a current generator of quantum efficiency ~, an 
idealized diode characterized by diode factor n and reverse dark 
current Io, and shunt resistance Rp all in series with resistance Rs. 
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Fig. 6. Logarithmic current density-voltage characteristics for 
diffused P+AIAs/p-nGaAs (dash-dot), and two grown N-AlAs/ 
p-Ga&s cells (dashed, p+ ~ 5 X 101s; solid, p ~ 101~). The 
two cells with lower Rs had evaporated top contacts, the other 
an electroplated metallization. 

parent .  This shunt  res is tance also makes  analysis  of 
the  junct ion by  capac i tance-vol tage  measurement  di f -  
ficult and prevents  de te rmina t ion  of the  top l aye r  
spreading  resistance.  The semiconductor  l ayers  can be 
removed as flakes of ~ l m m  2 by  arcing the subs t ra te  
(which, in 300 ~ thickness,  is fa i r ly  f lexible) and 

scr ib ing along the  GaAs-g raph i t e  in ter face  wi th  a 
scalpel  tip. The resis tance of these flakes (contacted 
on the AlAs layer )  was typ ica l ly  3000 ~/[~,  at  least  
th ree  orders  of magni tude  lower  than  undiffused po ly -  
c rys ta l l ine  mater ia l .  We were  unable  to separa te  the  
AlAs f rom the GaAs on these th in  flakes, but  i t  is 
reasonable  to assume this reduct ion  in resis tance oc- 
cur red  in the diffused AlAs layer .  

The diffused P -A1As /p -n  GaAs ma te r i a l  shows poor 
pho tocur ren t  efficiency. The photocur ren t  spec t rum 
shows a weak  long wave length  response tail,  and  the 
response is low throughout  the vis ible  range. Power  
conversion efficiencies for na tu ra l  sunl ight  were  less 
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Fig. 7. Linear current density-voltage characteristics for H- 
(solid) and P+AIAs/p-n GaAs-diffused junction 

than  1%. The photo luminescent  spect ra  before  and 
af te r  diffusion showed the peak  shift  to longer  wave -  
lengths  and broadening  typica l  of Zn-diffused GaAs 
(10) wi th  a weak  ta i l  ex tend ing  be low 1 ~m. The 
precise reason for the ve ry  poor photoefficiency is not  
known at  this t ime; perhaps  the Zn diffuses p re fe r -  
en t ia l ly  along the gra in  boundar ies  a n d / o r  decorates  
them to form recombinat ion  centers. This would  ac-  
count qua l i ta t ive ly  for the appearance  of l ower  shunt  
res is tance fol lowing diffusion as well.  I t  is also t rue  
that  the  gra in  size is smal ler  in the  n - G a A s  films 
grown on Sn-  or Ge-coa ted  subs t ra te  (2-3 ~m as 
compared  to 3-5 ~m for the Zn-doped  p - G a A s ) .  This 
should not, however ,  res t r ic t  the  minor i ty  ca r r i e r  d i f -  
fusion length  to excessively smal l  values.  

Discussion and Conclusions 
The p r i m a r y  mot iva t ion  for this  work  was to assess 

the  poss ib i l i ty  of fabr ica t ing  thin-fi lm, po ten t i a l ly  
cheap analogs of the  high per fo rmance  single c rys ta l  
A1As-GaAs he te ro junc t ion  solar  cells. In  this context  
the  best  candidate  st i l l  appears  to be the combinat ion 
of undoped AlAs on Zn-doped  GaAs, resul t ing  in a 
grown- junct ion ,  N on p s tructure.  The Zn doping and 
nucleat ion of the  GaAs l aye r  can be reasonably  wel l  
controlled,  and good diode character is t ics  and high 
in te rna l  quan tum efficiency resul t  (4). El iminat ion  of 
the high l a te ra l  resis tance in the AlAs  top l aye r  
requires  tha t  the  doping level  be ra ised at  the  top 
surface to provide  an N + l aye r  wi th  a mobi le  car r ie r  
concentra t ion in the  h igh  1019 cm 3 range,  e i ther  to 
provide  ohmic contact  to a t r anspa ren t  conduct ive top 
window or  to provide  low resis tance contact  be tween  
AlAs grains. Our  a t t empts  to achieve this wi th  Se or  
Sn dur ing growth  or wi th  S diffusion af ter  g rowth  
have not  met  wi th  success. 

The a l t e rna t ive  p on n s t ruc ture  appears  r e l a t ive ly  
unpromis ing  in comparison. Zn doping dur ing  growth  
does not  p roduce  un i fo rm P - t y p e  doping of the  po ly -  
c rys ta l l ine  AlAs;  some grains r ema in  N- type .  Pos t -  
growth  Zn diffusion does resul t  in a sufficiently high 
surface doping tha t  ohmic contact  to pressed metals ,  
s i lver  paint,  or  t r anspa ren t  conduct ive oxides may  be 
read i ly  accomplished,  and the  contact  be tween  grains 
seems also to be r endered  sat isfactory.  However ,  the  
diode character is t ics  a re  de te r io ra ted  by  an increase  
in reverse  sa tura t ion  cur ren t  and the appearance  of 
significant, indeed dominant ,  ohmic shunt  conductance. 
Changes in the  photo luminescent  spec t ra  l ead  us to 
suspect that  pos tgrowth  Zn diffusion resul ts  in Zn 
aggregat ion  along gra in  boundar ies  and  tha t  this is 
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the cause of the poor  e lect r ica l  behavior .  The photo-  
cur ren t  response of these s t ructures  is also poor. This 
is not due to opaci ty  of the Zn-diffused AlAs  l aye r  
since the in tegra ted  photo luminescent  efficiency of the  
GaAs l aye r  does not  change  apprec iab ly  fol lowing 
diffusion. Evident ly ,  recombina t ion  centers  resul t  f rom 
the Zn diffusion, e i ther  in the bu lk  of the gra ins  or, 
more  p robab ly  in our  view, at the  gra in  boundaries .  

Severa l  o ther  findings are  of interest .  The obse rva -  
t ion tha t  Zn-doped  po lycrys ta l l ine  GaAs makes  low 
resis tance ohmic contact  to g raph i te  and tha t  nuc lea-  
t ion of a continuous film is faci l i ta ted by  Zn doping, 
both  at  reasonable  levels  resul t ing  in p ,~ 101Scm s, 
was not ant icipated.  Advan tage  of this has been taken  
to obta in  ohmic contact  be tween  graphi te  and thin  
films of o ther  p - t y p e  semiconductors ,  no tab ly  InP, 
which form ohmic contact  to p - G a A s  bu t  which can-  
not  be made  ohmic to g raph i te  direct ly .  S imi l a r ly  the 
use of thin layers  of Ge or  Sn to obta in  s imul taneous  
ohmic contact  and  nucleat ion improvemen t  m a y  be 
of u t i l i ty  for  Schot tky  ba r r i e r  cell fabricat ion.  I t  is not  
c lear  whe the r  the  nuclea t ion  improvemen t  wi th  Ge is 
due to the close la t t ice  ma tch  to GaAs, but  Sn at least  
should be useful  for g rowth  of o ther  n - t y p e  I I I -V  
compounds or  graphi te .  

F inal ly ,  we feel tha t  there  a re  l imi ta t ions  to the 
chlor ide  t r anspor t  g rowth  sys tem used in this work  
f rom the point  of v iew of pr.acticali ty for cheap, l a rge -  
area. fabricat ion,  which are  much more  significant than  
for the  ea r l i e r  single crys ta l  cell  work. The growth  of 
the  GaAs film is slow, and re la t ive ly  inefficient use of 
the reac tan ts  is made.  The high t empe ra tu r e  of the  
AlAs  growth  ce r ta in ly  contr ibutes  to the  difficulty of 
obta in ing high surface doping dur ing  growth  and 
necessi tates  pos tgrowth  diffusion. Lower  t empera tu re s  
can be used for g rowth  of the AlAs  l aye r  by  me ta l -  
organic pyrolysis ,  for  ins tance (11), and for that  reason 
such o ther  g rowth  techniques would  appear  more  in-  
te res t ing  for fu tu re  work.  

The s tab i l i ty  of the semiconductor  ma te r i a l  is also 
a m a t t e r  of concern if  l a rge - a r ea  t e r res t r i a l  appl ica t ion  
is considered.  The only cells which we have observed 
to undergo appa ren t  de te r iora t ion  over  6-12 months  in 
a low humid i ty  env i ronment  a re  those tha t  were  over -  
coated wi th  ITO. Severa l  of these showed separa t ion  
of the  ITO-semiconduc tor  l aye r  f rom the graphite ,  
suggest ing the g r a p h i t e / G a A s  interface  is the weak  
point  under  strain.  I t  does not  seem that  AlAs  would  
requi re  more  s t r ingent  measures  for  encapsulat ion 

than  o ther  th in  film semiconductor  mater ia ls .  The 
erosion products  wil l  be toxic, bu t  tha t  is t rue  as wel l  
for  al l  o ther  mate r i a l s  being considered in  the  role of 
t e r res t r i a l  photovol ta ics  save Si. 

In  conclusion, it  appears  that  fo rmidable  difficulties, 
a lbei t  not those in i t i a l ly  ant ic ipated,  l ie  in the  w a y  of 
demons t ra t ion  of a cheap thin  film analog of the  high 
per formance  A1As/GaAs he te ro junc t ion  cell, at least  
insofar  as chlor ide  t r anspor t  g rowth  is concerned.  
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Technical Notes 

TiO  Antireflection Coatings by a Low 
Temperature Spray Process 

H. J. Hovel 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

Antiref lect ion coatings are  an impor t an t  aspect  of 
solar  cells and o ther  opt ical  devices. High efficiency 
Si and  GaAs solar  cells r equ i re  coatings wi th  absorp-  
t ion edges wel l  be low 4000A and wi th  re f rac t ive  in-  
dexes of a round  2. F i lms  of TiO~, Ta2Os, and Sb203 
are  among the best  candidates  to meet  these r equ i r e -  

ments.  TiO2 is a pa r t i c u l a r l y  a t t r ac t ive  ma te r i a l  be -  
cause it can be sprayed  onto a sample  in a i r  (1-3),  
e l iminat ing  costly and t ime-consuming  evapora t ion  
steps. 

In  the s imples t  sp ray ing  method,  a nonoxidiz ing 
ca r r i e r  gas such as N~ or  He is passed th rough  a flask 
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containing the l iquid tetraisopropyl t i tanate  (TPT) 
held a~ 80~176 (Fig. 1). A second s t ream of carrier 
gas is bubbled through a flask containing water  at 
room temperature.  The two gas streams are brought  
together at the output  of a nozzle which is held from 
1 to 2 cm away from the sample surface. The sample 
rests on a hot plate adjusted to the desired deposition 
temperature.  Uniform coatings can be obtained by  
moving the nozzle (or sample) in  a circular  or figure- 
eight pattern.  The deposition rate can be controlled 
wi thin  the range of 1-10A/sec using different carrier 
gas flow rates. A certain amount  of " t r ia l -and-er ror"  
exper imentat ion is required to find the opt imum flow 
rates, TPT temperature,  and nozzle- to-substrate  dis- 
tances which lead to TiO2 coatings free from alcohols 
or solid TiO2 particles (1). In  the work reported here, 
flow rates of 500 cm3/min (2-SA/sec deposition),  a 
TPT tempera ture  of 850C, and a distance of 1 cm were 
used. 

The optical properties of the TiO2 films depend very  
little on the deposition rate bu t  depend strongly on 
the deposition temperature.  In  order  to determine the 
tempera ture  accurately, the 1 in. diam Si or AlcOa sub-  
strates were backed wi th  a l iquid G a / I n / S n  mix ture  
and placed upon a thick copper block sitt ing on the 
hot plate. A thermocouple was imbedded in  the copper 
block, and the sample tempera ture  was assumed to be 
the tempera ture  indicated by the thermocouple. 

The refractive index as a function of deposition 
tempera ture  of TiO: films deposited on Si wafers is 
shown in  Fig. 2. These measurements  were made by  
ellipsometry using a He-Ne laser (6328~.). The index 
is around 1.9 for temperatures  below 100~ increases 
l inear ly  between 120 ~ and 340~ and saturates at 
about 2.4 for temperatures  above 400~ The disper- 
sion in  the refractive index with wavelength is shown 
in Fig. 3 for films deposited at several different temper-  
atures. (These data points were obtained from the 
reflectivity maxima  and min ima  positions as a funct ion 
of wavelength.)  For  any deposition temperature,  the 
refractive index increases s trongly at short wave-  
lengths. Similar  results have been reported by  Hass (4) 
for oxidized evaporated t i t an ium films and by Krylova 
et al. (5) for films deposited from Ti (OC2H5)4 solution. 

The optical absorption as a funct ion of wa~celength 
was obtained from the t ransmit tance  of TiO2 films on 
A120~ substrates using a Beckman DK2 spectrometer. 
The absorption was least for films deposited at the 
lowest temperatures,  as shown in Fig. 4. The absorp-  
t ion edge shifts to longer wavelengths with increasing 
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Fig. 2. Refractive index at 6328A as a function of deposition 
temperature. 
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Fig; 3. Refractive index vs. wavelength for several deposition 
temperatures. 

deposition temperatures  up to 200~ reverts to a 
shorter wavelength  be tween 200 ~ and 240+C, and 
then continues its shift to longer  wavelengths once 
more. Transmission electron micrographs of TiO2 films 
del:osited at various temperatures  on GaAs indicate 
that  there is a t ransformat ion in the films from an 
amorphous phase to a polycrystal l ine phase at a tem- 
pera ture  between 200 ~ and 300~ This agrees well  
with published reports of a t ransi t ion from the am- 
orphous phase to the anastase form when films de- 
posited below 200~ are annealed  at 300~ or above 
(1, 4). 

The effect of anneal ing on the refractive index of 
the TiO2 films was also studied. Fi lms deposited at 
t00~176 and then annealed at 300~ for 
1 hr experience an increase in refractive index of 
about 10% and a decrease in  thickness by t%e same 
amount,  leaving the optical thickness unchanged.  Ad-  
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Fig. 4. Absorption coefficient vs. wavelength for several deposi- 
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di t ional  annea l ing  for up to 6 h r  br ings  no fu r the r  
changes.  

The specular  reflection as a funct ion of  wave leng th  
of TiO2 coated Si wafers  is shown in Fig. 5. An  index 
of 2 (150~ deposi t ion)  leads to a nea r ly  ideal  r e -  
flectance curve wi th  less than  0.1% reflectance at  the  
minimum. The resul ts  a re  ident ica l  for TiO2-coated 
GaAs wafers .  
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The Effects of HCI Residual Treatment 
on MNOS Memory Transistors 

R. M. McLouski* and M. C. Peckerar* 
Westinghouse Electric Corporation, Advanced Technology Laboratories, Baltimore, Maryland 21203 

and J. J. Schreurs 
Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 15235 

HC1 res idual  t r ea tmen t  improves  the  pulse and 
d -c  responses of me ta l -n i t r i de -ox ide - semiconduc to r  
(MNOS) t rans is tors  p r io r  to cycl ing (1). This t r e a t -  

men t  consists of exposing the na t ive  sil icon surface  to 
a gas m ix tu r e  of HC1 and N~ at  750~ before  subse-  
iquent processing of the  MNOS structure.  I t  has  r e -  
cent ly  been shown that  this t r ea tmen t  m a y  not  p rovide  
devices wi th  l ong - t e rm  endurance  and re ten t ion  p rop -  
er t ies  (2). However ,  s tudying  the mechanism of t ime-  
zero improvemen t  brought  about  by  HC1 t r ea tmen t  is 
va luable .  Such s tudy sheds l ight  on the  impor tance  of 
p ren i t r i de  surface t r e a t m e n t  in MNOS performance.  
I t  also del ineates  the  effects of processing on the th in-  
oxide  tunnel  l aye r  of the  t ransis tor .  

* Electrochemical Society Active Member. 
Key words: HC1 residual treatment. MNOS transistors, pulse, d-c 

responses. 

In  this pape r  the  methods  of p repa ra t ion  for  the  
par t s  used in this s tudy  are  described.  The effects of  
different  processing steps on the pulse clear,  d-e  write,  
and d-c  clear  levels are  shown. Auger,  sput ter ing,  and 
e l l ipsometr ic  analyses  of the  tunnel  oxide  l aye r  a re  
presented .  

I t  is shown tha t  HC1 t r ea tmen t  makes  the  na t ive  si l i -  
con surface more  res is tan t  to n i t rogen  a t tack  dur ing  
the n i t r ide  deposi t ion process. The n i t rogen- incorpo-  
r a t ed  l aye r  does not p rovide  as good a m e m o r y  r e -  
sponse as a l aye r  which is more  l ike  sil icon dioxide.  A 
mechanism whidh expla ins  this  pass iva t ion  wi th  r e -  
spect  to n i t rogen is proposed.  

Fabrication of Samples 
Two types  of samples  were  employed  for  this study.  

There  were  MNOS test  capaci tors  and moni to r  wafers  



There is some improvement  (i.e., a more positive 
threshold shift) in pulse response on going from 2% 
to 5% HC1 treatments.  Going from 5% to 10% HC1 
there is fur ther  improvement  in  pulse response. How- 
ever, d-c write is affected poorly (it has shifted posi- 
t ively also) with no a t tendant  positive shift in d-c 
clear. Some pit t ing of the silicon surface is observed at 
the 10% level. Thus, the 10% HC1 exposure is consid- 
ered deleterious. 

J-V measurements  were also made on these capaci- 
tors (see Fig. 1). At the 5% HC1 level there was no 
difference in J -V characteristics when  compared with 
the non-HC1 treated samples. This once again i l lus- 
trates the often noted fact that conductivi ty in  thin 
oxide MNOS devices is a ni t r ide bulk  l imited phenom- 
enon. (4). 

An electrical parameter  of pr ime importance in 
MNOS memory  transistor  fabricat ion is re tent ion 
slope. As stated above, the effect of process in retent ion 
slope and endurance  was previously reported (2). HC1 
t rea tment  does not degrade the re tent ion slope prior to 

r un  along with the MNOS capacitors and wi thdrawn 
at various stages in processing for analysis. Fabricat ion 
of the s tructure proceeded as follows. Start ing material  
was (100)-silicon (n- type) ,  4-812-cm. Wafers were 
immersed in 48% HF solution (to remove any oxides 
present) for 2 min. Wafers were rinsed and sent 
through a series of sulfuric and nitr ic acid baths (to 
simulate the acid bath exposure of an MNOS-memory 
transistor dur ing processing) followed by a 100:1 HF 
solution dip and rinse. Some surfaces received HC1 
residual  t reatment ,  others were set aside as controls. 
HC1 residual t rea tment  was accomplished by placing 
the wafers vert ical ly on a quartz boat which was in-  
serted into an open- tube  furnace set at 750~ Wafer 
surfaces were then exposed to a mix ture  of ni t rogen 
and HC1 gas in the furnace. HC1 comprised 2, 5, and 
10% of the total flow. Total gas flow was 2 l i ters/rain.  
The time of HC1 exposure was 10 rain. 

Immedia te ly  after HC1 t rea tment  wafers and con- 
trols were placed in a vertical ni t r ide CVD reactor. A 
silicon ni tr ide film of 495 _ 25A was deposited on the 
wafer by the reaction of ammonia  and silane gases on 
the hot wafer surfaces. Heating was accomplished by 
means of an rf-heated, silicon carbide-coated graphite 
susceptor. After  ni t r ide deposition, the wafers received 
an a luminum gate metallization. A l u m i n u m  was de- 
posited by an e lec t ron-beam source through a shadow 
mask. 

The completed s tructure can be shown to exhibit  
flatband voltage shifts after positive or negative biases. 
The shifts come about as a result  of charges stored in 
the ni t r ide-oxide interface region. For structures of 
equal ni t r ide thickness, the shift after bias is roughly  
proport ional  to the change in charge stored in this re- 
gion. The operation of these devices has recent ly been 
reviewed by Chang (3). C-V curves generated for 
these structures allow us to estimate fiatband and 
threshold voltage shifts. 

Electrical Measurements 
Electrical measurements  were performed on the 

C-V dots in the following fashion. A voltage of --20V 
was applied to the metal  dot with respect to substrate 
ground for 60 sec, then the bias was removed. 15 sec 
later  a high frequency C-V curve (referred to as the 
d-c write curve) was developed in  a bias range from 
0 to --20V. Next, the dot was biased at -t-6.0V. Bias was 
shifted rapidly negative to a value of --20V. The d - c  
clear curve was obtained by  biasing the dot to ~20V 
for 60 sec and then re tu rn ing  the dot to -~6V. 
15 sec later  the device bias was swept from -t-6 to --20V 
and the C-V curve was developed over this bias range. 
Threshold voltages in  the d-c wri t ten  pulse cleared 
and d-c cleared state were est imated from these 
curves. [See Ref. (1) for fur ther  explanat ion of this 
technique.] 

In  Table I, the pulse and d-c thresholds obtained for 
the various processes are tabulated. Ten capacitors 
from each type of process studied were sampled. The 
mean  threshold for the ten thresholds is recorded. As 
can be seen, HC1 residual  processing tends to make for 
more positive d-c clear thresholds. The pulse clear lev-  
els are also considerably more positive than  those for 
non-HC1 processing. D-c write levels are only slightly 
more positive. These represent  significant improve-  
ments  in device performance brought  about by HC1. 
D-c hysteresis windows are larger. Pulse characteris-  
tics are closer to d-c characteristics. 

Table I. Electrical performance of MNOS memory test capacitors 
processed with and without HCI treatment 

D-c wri te  D-c clear Pulse clear 
threshold  threshold  threshold  

Process  (volts)  ( volts  ) (volts)  

N o n - H C l t r e ~ e d  -12 .5  +1.9 - 3 2  
2% HC1 -12 .0  +3.7 +0.8 
5% HCI -11 .0  +5.3 +1,0 

10% HCI - 9 . 5  +4.6 + I ~  

10-3 

10 -4 

- 5  
10 

J (A/cm 2) 

10-6 

A5 % HCL Treoted 

oted 

10-7 
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Fig. 1. J-V analysis of HCI and non-HCl-treated films. Four 
data points are included for comparison. 
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cycling. More recent  comparisons of HC1- and non-  
HCl - t r ea t ed  t rans is tor  re ten t ion  slopes p r io r  to cycl ing 
suppor t  this claim. Two groups of fifteen t rans is tors  
each were  measured  for  re ten t ion  slope pr io r  to cycle 
stress. The mean  re ten t ion  slope of the  wr i t e  decay of 
the HCl - t r ea t ed  sample  was 0.20 V/decade  wi th  a 0.06 
V/decade  s t andard  deviat ion.  That  of the  non-HC1 
t rea ted  film was 0.30 V/decade  wi th  a 0.16 V/decade  
s tandard  deviat ion.  Thus there  is no s ta t i s t ica l ly  val id  
difference in re tent ion  slope be tween  the  two groups. 

Auger,  Sputtering, and Ellipsometric Analyses 
Deta i led  Auge r  analyses  of MNOS s t ructures  a re  r e -  

por ted  e lsewhere  (5, 6). The a im of this research  w a s  
to de l inea te  changes in the  oxide tunnel ing  l aye r  d u r -  
ing processing. Wafers  were  d rawn  for analysis  at  t h e  
fol lowing points  in processing (5 groups in a l l ) :  
(i) Af t e r  100:1 HF dip; (ii) af ter  H F  dip and su l fu r i c /  
ni t r ic  acid ba th  (p ren i t r ide  c lean) ;  (iii) af te r  HC1 
res idual  t r ea tmen t  at  5% HC1 (to s imulate  ac tua l  mem-  
ory t rans is tor  f abr ica t ion) ;  (iv) af ter  the p ren i t r i de  
deposi tor  (PD) w a r m - u p  cycle in the ver t ica l  reac tor  
(2 groups, one which had  5% HC1 and one which  re -  
ceived no HC1). 

The  PD w a r m - u p  cycle is the  per iod  the wafers  
spend in the  n i t r ide  reac tor  whi l e  the  susceptor  is 
s tabi l ized to t empera tu re .  This takes  15 min for  the 
case at  hand. Dur ing  the first 14 rain, the  wafer  is ex-  
posed to pure  N2 gas at  a tmospher ic  pressure.  For  the  
last  1 rain of the cycle, NHa is in t roduced into the  re -  
actor. Af te r  the  15 min wa rm up, Sill4 would  no rma l ly  
be bled in and deposi t ion would  commence. For  this 
study,  wafers  were  w i thd rawn  before  this would  occur. 

Tab le  II  summarizes  the  resul ts  of Auger  analyses  
pe r fo rmed  on the surfaces of the  5 groups. A defocused 
beam is used to minimize  damage  produced by  the in-  
cident  electrons.  The values  of the  p e a k - t o - p e a k  
heights  in the convent ional  der iva t ive  spec t rum are 
given in a r b i t r a r y  units. No a t t empt  was made  to 
normal ize  the  s ignal  strengths.  The  mix ing  of oxidized 
sil icon and si l icon-si l icon spec t ra  (be tween  1500 and 
1619 eV) can be  grouped into th ree  categories  accord-  
ing to the  r e l a t ive  s t rengths  of the observed  peaks  
(Fig. 2):  (a) the  pa t t e rn  character is t ic  of the  HC1- 
t r ea ted  samples.  Al l  high energy spec t ra  r ever t  to the  
(a) form af ter  2 min spu t te r ing  (Ar  +, 10 #A/cm2; 
10 A / m i n  remova l  ra te ) .  Pa t te rns  of the type  (c) pass 
th rough  a (b) s tage before  revea l ing  the  pure  (a) s i l i -  
con spectrum. 

Those wafers  which did not  receive  HC1 t r ea tmen t  
incorpora ted  signif icant ly more  n i t rogen dur ing  the 
PD w a r m - u p  cycle than  those tha t  did  receive  the  
t rea tment .  The rat ios of the  n i t r ogen /oxygen  signals 
for the  HCl - t r ea t ed  specimens (column 5, Table  I I )  
a re  7-50 t imes lower  than  those of the  un t rea ted  sam-  
ples (column 6, Table  I I ) .  Column 2 represents  c lean 
sil icon wi th  some hydrocarbons ,  CO, and o ther  con- 
taminants  absorbed  to the  surface. The high energy  
spectrum, which samples  more  of the deeper  ly ing  
mater ia l ,  is v i r t ua l ly  pure  si l icon-sil icon. 

X1 X1 

1500 1600 1700 1500 1600 1700 1500 

I [ I I I ~ I 
W eV 

{a} (b) 

16oe 17{~ 

I 
eV 

(c) 

677-0494-VA-5 

Fig. 2. Three types of Si-SiO~ spectra between 1500 and 1700 
eV. Primary electrons 5 keV modulation voltage, 3V peak-to-peak 
for curves (a) and (I)), 6V peak-to-peak for curve (c). See text 
for discussion. 

The p ren i t r ide  c leaning cycle (PNC) yie lds  spec t ra  
(column 3) which a re  indis t inguishable  f rom the H F -  
only spectra.  Thus the  acid baths  fol lowing H F  dip 
could not  be  responsible  for  n i t rogen uptake.  Nitr ic  
acid did not cause n i t rogen up take  ini t ia l ly .  In  columns 
4 and 5, the effect of the  HC1 t r ea tmen t  is seen to be 
the product ion  of s i l i con-oxygen  bonds, wi thout  s ig-  
nificant n i t rogen pickup. Enough of an oxide  ove r l aye r  
is p roduced  to affect the high energy  sil icon spectrum. 
The thickness of the  oxide l aye r  is es t imated  to va ry  
be tween  10 and 20A. The spu t t e r ing  t imes necessary 
to reduce the  oxygen signals to reabsorp t ion  levels  
suppor t  this est imate.  Also, dur ing  the  predeposi t ion  
w a r m - u p  cycle (PD) ,  more  free sil icon is being oxi-  
dized as evidenced by  the decrease  of the  92 eV line 
wi th  respect  to the  75-85 eV oxide line. 

Column 6 gives resul ts  obta ined  f rom wafers  which 
were  not t r ea ted  wi th  HC1 residual .  In  one case, no 
92 eV l ine was observed,  but  the n i t rogen signal  was 
as s trong as the oxygen  signal, indica t ing  the format ion  
of an oxyni t r ide .  The l aye r  is th ick  enough to affect 
the  high energy  Si spectrum,  but  does not  genera te  the  
characteristic (c) spectrum. In two o ther  cases, incom-  
ple te  or  flawed oxide layers  a re  produced  (only  one 
included in Table  I I ) ,  wi th  a s t rong l ine  at  92 eV and 
a high energy  spec t rum typica l  of pu re  (100) Si. 

E l l ipsomet ry  of the  th in  na t ive  si l icon oxide  reveals  
an ex t r eme ly  thin, s i l icon-r ich fihn. Using the 
McCrackin p rog ra m (7), i t  is found tha t  this  film is 
a pp rox ima te ly  13A thick wi th  an except iona l ly  high 
ref rac t ive  index (averaging  1.97). Fol lowing  the  PD 
cycle, the  un t rea ted  films th ickened to about  17A and 
the re f rac t ive  index becomes an averaged  value  1.89. 
E l ipsomet ry  of the  HCl - t r ea t ed  films becomes impos-  
s ible  as a resul t  of roughing of the  surface. A t t empt s  at  
e l l ipsomet ry  of these  films before  the  PD cycle would  
indicate  tha t  t hey  are  except iona l ly  th ick  (20-50A). 
The re f rac t ive  index was also high for  these films 

Table II. Summary of auger results 
The numbers  re fer  to peak-to-peak heights  in the convent ional  dN(E) /dE-spec tra  obtained with  a cyl indrical  mirror  analyzer  (arbi- 

trary  units.)  Pr imary  e lectrons  5 keV,  modulat ion 3V peak-to-peak. 

4 5 6 
$ 3 HF + PNC HF + PNC HF + PNC 

1 HF only  HF + PNC + HC1 + HC1 + PD + PD 
Element  1 2 1 2 1 1 2 1 2 

Si (92 eV) 100 142 120 130 63 29 20 - -  80 
SI bonded with  O 

(85 eV) 2 5 3 8 87 100 68 75* 68 
C1 (183 eV) < 1  < 1  < 1  <1  < 1  < 1  < 1  < 1  < 1  
C (272 eV) 8 11 11 12 18 25 40 18 40 
N (380 eV) <1 <1 <1 <1 <1 5 5 100 20 
0 (505 eV) 100 93 97 107 183 250 185 104 140 
F (650 eV) <i <I <I <i <1 <I <1 <1 <1 
Si (1500-1619 eV) 

See  text  A A A * * C C C B A 

* Not  typical  of oxide,  more  probably  oxynitr ide.  
** Not  measured.  
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(averaging  1.7). The PD-cyc led  HCl - t r ea t ed  films are, 
according to the  McCrackin  program,  th icker  ( ranging  
f rom 40-80A) but  of lower  re f rac t ive  index (1.22). 
This is in conflict wi th  the  spu t te r ing  results.  The 
roughing and pi t t ing  of the  surface, so evident  at  the 
10% HC1 level,  p robab ly  explains  these s t range  e l l ip-  
sometric  results.  No el l ipsometr ic  es t imate  of film 
thickness can there fore  be given for HCl - t r ea t ed  films. 

None of the analyt ic  techniques employed in this 
s tudy were  sufficient to de te rmine  the presence  of hy-  
drogen in the thin oxide  films or at the  oxide semicon-  
ductor  interface.  However ,  this was not judged  to be 
a serious drawback.  As Kooi has shown (8) h e a t - t r e a t -  
ment  of uncoverd  oxides above 600~ for a few min-  
utes is sufficient to dr ive  off hydrogen  f rom the oxide-  
semiconductor  interface.  Af te r  HC1 t rea tment ,  the  
n i t r ide  reactor  predepos i t ion  cycle keeps the  uncov-  
e red  tunnel  oxides at  t empera tu re s  in excess of 700~ 
in d ry  n i t rogen for t imes longer  than  10 min. F u r t h e r -  
more, anneal ing  in hydrogen  gas in place of HC1 in the  
HCl - t r e a tmen t  cycle has no beneficial  effect on d-c  or  
pulse  m e m o r y  performance.  

A Model for the Effect of HCI on the Tunnel Layer 
The model  for the  effect of the HC1 res idual  t r ea t -  

ment  on the thin oxide  tunnel ing  l aye r  is shown in 
Fig. 3. Ini t ia l ly ,  the  na t ive  oxide surface is fa r  f rom 
homogeneous.  There  are  regions in which s i l i con-oxy-  
gen bonding is not complete  and impur i t ies  (p robab ly  
carbon based, as tha t  was the only a tom other  then  
silicon or  oxygen  which was detected)  dot the  surface. 
These depar tu res  f rom homogene i ty  are  v iewed as 
weak  spots wi th  respect  to n i t rogen a t tack  dur ing  the 
PD w a r m - u p  cycle. HC1 tends to etch out  la rge  ag-  
g lomera tes  of impur i t ies  and regions of incomplete  
s i l icon-oxygen bonding wi thout  affecting a ful ly  
bonded silicon dioxide.  This etching which  is v is ib ly  
evident  at  the  10% HC1 level  roughens the surface. 
When  the HC1 hea t - t r e a t ed  surfaces a re  reexposed  to 
air, a more  per fec t  oxide  film forms. This film is less 
suscept ible  to n i t rogen inclusion. 

Discussion 
The improvemen t  in device  response comes about  

for three  possible reasons. Even though the surfaces 
become rougher,  the  oxide films on HCI t rea ted  sur -  
faces m a y  rema in  thin th rough  PD (as spu t te r ing  in-  
dicates) .  Un t rea t ed  surfaces th icken ni t rogen dur ing  
PD. Thin tunnel  layers  a l low for easier  communicat ion  
be tween  n i t r ide  t raps  and the silicon, improv ing  device 
pulse response (9). Also, the inclusion of n i t rogen m a y  
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Fig. 3. Illustration of processing effects of MNOS tunnel layers 

adverse ly  affect tunnel  l aye r  conduct ivi ty ,  degrad ing  
performance.  A final poss ibi l i ty  is tha t  the  rough sur -  
face contains many  high field points,  supply ing  more  
impetus  for charge t ransfer ,  improving  the device 
response. 

This las t  poss ib i l i ty  is v iewed as least  l ikely,  due to 
the  electr ical  pe r fo rmance  data. The HC1 at  the  5% 
level  is not so severe as to effect J-V characterist ics.  
In  addit ion,  the  re ten t ion  slope is not  at all  degraded  
by  HCI t rea tment .  If this in i t ia l  charge  t ransfer  into 
the  insula tor  is med ia ted  by  high fields due to surface 
roughening only,  this should show up as an increase  
in re tent ion  slope which is not  observed.  

There  is some poss ibi l i ty  of tunnel  l aye r  th ickening 
dur ing  HCI t r ea tmen t  due to oxygen  or  wa te r  vapor  
present  in the  HCI t rea tment .  This cannot  be the  cause 
of improved  performance,  though. As W a l l m a r k  and 
Scott  (10) c lear ly  show, such th ickening  leads to de-  
vice hysteresis  window degradat ion.  

Summary and Conclusions 
I t  has been shown tha t  p ren i t r ide  HC1 surface  t r ea t -  

ment  signif icantly affects the  ini t ia l  per formance  of 
MNOS devices. Un t rea t ed  surfaces incorpora te  n i t ro-  
gen dur ing  the predepos i t ion  w a r m - u p  cycle of a ve r t i -  
cal reactor.  Evidence points  to n i t rogen  incorpora t ion  
as being dele ter ious  to device performance,  degrading  
pulse response, and mak ing  d-c  clears  less positive. 
(However,  the role of surface  roughing f rom HCI gas 
has not  been ful ly  del ineated,  mak ing  this conclusion 
ten ta t ive  at present . )  HC1 t r ea tmen t  makes  the  surface 
more  res is tant  to n i t rogen at tack.  This p r o b a b l y  occurs 
because HC1 etches away  impur i t ies  and regions of 
~ c o m p l e t e  s i l icon-oxygen bonding,  (i.e., s i l icon-r ich 
regions) .  S i l i con-oxygen  bonding is p romoted  wi thout  
any  significant increase  in oxide  thickness.  I t  is these 
impur i t ies  a n d / o r  s i l icon-enr iched areas  tha t  a re  most  
susceptible  to n i t rogen  a t tack  dur ing  the  p ren i t r ide  
reactor  w a r m - u p  cycle. 
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MOS Characterization of Low Leakage 
Native Oxides on AIGaAs 

E. H. Nicollian,* B. Schwartz,* L. A. Koszi, and N. E. Schumaker* 
Bell Laboratories, Murray Hill, New Jersey 07974 

It  is reported here that  a highly insula t ing nat ive 
oxide on (36%) A1GaAs has been prepared that  is 
comparable in  dielectric s t rength to thermal ly  grown 
SIO2. This high dielectric breakdown s t rength and low 
electrical conduct ivi ty  prior to breakdown are in con- 
trast to those observed for anodically grown oxide films 
on GaAs with s imilar ly  evaporated gold electrodes 
which were conducting appreciable current  even at an 
oxide thickness of 0.2 ~m. The presence of the a lumi-  
num therefore makes the electrical conductivi ty of the 
anodic film on A1GaAs much less than that  on an 
anodic film on GaAs below breakdown. However, the 
nat ive oxides we grew on A1GaAs still had sufficiently 
large interface trap densities to make them unsui table  
for most device applications at the present  time. The 
reduct ion of these trap densities is the subject of con- 
t inued development.  

Experimental Procedures and Results 
Sample preparation.--Two samples of nomina l ly  

tmdoped 36% A1 te rnary  mater ia l  were grown by LPE 
on n+ GaAs substrates doped wi th  silicon to 1 X 10~s 
cm -8. One of the epitaxial  layers about 1.5 #m thick 
was found to be p- type  from C-V curves, and the 
doping densi ty was found to be 3 • 1016 cm -~ from the 
slope of a (Cox/C) '~ vs. V curve (Cox is the oxide layer  
capacitance, see Fig. 1). The second epitaxial  layer, 
also about 1.5 #m thick, had an apparent  n - type  doping 
level of about 2 • 10 I~ cm -~ at 23~ (see Fig. 2). The 
substrate  side of both samples was ohmically con- 
tacted by a S n - P d - A u  metallization. 

Because we had observed that  GaAs and (36%) 
A1GaAs had different anodizat ion characteristics, it was 
necessary to determine the thickness-voltage curve for 
the latter. Figure  3 shows the results of anodizing p- 
type Ge-doped to 3.5 • 1017 cm -~ (36%) AIGaAs in on 
aqueous solution of H3PO4 at a pH : 2.5. In  the gen-  
erat ion of the thickness data shown in  Fig. 3, it 
was assumed that  the refractive index for the nat ive  
oxides on GaAs (1.80) (1) and A1GaAs are the same, 
and a calibrated GaAs color chart  could therefore be 
used. Whereas 20 A/V was the previously reported 
oxide growth parameter  for GaAs (1), we note here 
that for A1GaAs, this parameter  is only about 15 A/V. 

Both test samples were then anodized] to grow an 
oxide layer  about 1200A thick and then baked in a 
ni t rogen purged oven at 250~ for 2 hr. Gold dots 
(either 127, 254, or 380 #m in  diameter)  were then  
evaporated, through a metal  mask, directly onto the 
surface of the oxide. 

Minority carrier response t~me.--Minority carrier  re-  
sponse t ime (tR) was measured because it is an im-  
por tant  parameter  in  applications such as CCD's 
where long minor i ty  carrier response time means long 
re tent ion t ime and low dark current .  The minor i ty  
carrier  response time of an MOS capacitor is the t ime 
it takes for the system to reach thermal  equi l ibr ium 
after the applied field has been abrup t ly  changed. The 
mechanism by which the system reaches thermal  equi-  
l ibr ium is thermal  generat ion of carriers in  the space 
Charge region of the semiconductor (2). The tR was 
obtained in the A1GaAs samples by applying a step 

* Electrochemical Society Active Member. 
Key words: compound semiconductor, oxides, metal oxide semi- 

conductor. 
The back side was protected from the solution by being waxed 

down to a cover glass slide. 
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Fig. 1. (Cox~C) 2 vs. V measured at  1 M H z  with a voltage ramp 
of O.l V /sec  on a p-type A IGaAs M O S  capacitor with gold dots. 
T ~ 23~ 

voltage of 15V, which drove the semiconductor into 
deep depletion, and then measur ing the t ime required 
to reach thermal  equi l ibr ium again; equi l ibr ium was 
reached when the capacitance stopped increasing. Re- 
sponse times of 150, 250, and 300 sec were found on 
three different AIGaAs samples (3). These are re la-  
t ively long response times and can be explained on 
the basis of the large bandgap of the A1GaAs (,-,1.53V) 
(4) ; because of the bandgap, the intr insic  carrier con- 
centration, ni, will  be quite small. Thus, even though 
minor i ty  carrier l ifetime may be short, the small 
value of ni will determine the generat ion rate and the 
generat ion current  will be re la t ively small, making  
tR ra ther  long (2). Such long values of tR make this 
mater ia l  at tract ive for such devices as CCD's. 

Current vs. voltage characterization technique.--To 
measure  the I-V characteristics and determine the 
breakdown voltage of t'he oxide layer, the samples 
were placed in  a d ry-n i t rogen-purged  l ight- t ight  box 
used to minimize  spurious currents  due to moisture 
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Fig. 2. (Cox~C) 2 vs. V measured at 1 MHz with a voltage ramp 
of 0.1 V/see on an n-type AIGaAs MOS capacitor with gold dots. 
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Fig. 3. Oxide thickness vs. applied bias for aqueous (pH = 2.5) 
anodization of (36%) AIGaAs, 

leakage  and photovol ta ic  effects. A vol tage r amp  of 
0.2 V/sec  was appl ied  be tween  a gold dot  and the back  
contact  of the wafer  using a point  p robe  to contact  
the  gold dot. The resul t ing  current  was measured  wi th  
a logar i thmic  p icoammeter  whose output  was fed to 
the  y -ax i s  of an X - Y  recorder .  Feed ing  the output  of 
the  r amp  genera tor  to the x -ax i s  of the X - Y  recorder  
pe rmi t t ed  the  p lot t ing of an I -V curve. To minimize 
spurious currents  due to cable vibrat ion,  a r igid Gen-  
era l  Radio coaxial  t ransmiss ion l ine was used be tween  
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Fig. 4. Logarithm of current vs. voltage measured at 23~ for 
both positive and negative polarity. VB is breakdown voltage. The 
sample was the same as in Fig. I .  

the  point  probe  and the input  of the picoammeter .  The 
po la r i ty  of the  r amp  vol tage  is the  po la r i ty  of the  dot  
wi th  respect  to the  back  contact.  

Results with gold gate electrode.--Figure 4 shows 
the resul t ing I-V character is t ics  of two represen ta t ive  
MOS capacitors  measured  on the  p - t y p e  A1GaAs epi-  
layer ,  wi th  Au-dots ,  for both  posi t ive  and negat ive  
polar i ty .  The only cur ren t  measured  pr ior  to cata-  
s t rophic b r eakdown  was d isp lacement  cur ren t  shown 
in ]~ig. 4 to be in the 10-12A range. Breakdown vol t -  
age is defined as the  vol tage  at  which  the  cur ren t  sud-  
den ly  increases and is shown labe led  as VB in Fig. 4. 
Melt ing at  var ious  spots on the meta l  ga te  e lect rode 
is usual ly  observed af te r  b reakdown  and the  MOS 
capaci tor  is i nva r i ab ly  a short  circuit.  Thus, the mea-  
surement  of b reakdown  vol tage is des t ruc t ive  and 
each measurement  must  be made  on a different  dot. I t  
is seen f rom Fig. 4 tha t  b r eakdown  wi th  posi t ive 
po la r i ty  occurred at  +65.5V whi le  wi th  nega t ive  
polar i ty ,  b r eakdown  vol tage  was --60.5V. There  were  
a minor i ty  of dots which broke  down a round  10V. On 
another  p - t y p e  sample,  b r eakdown  vol tages were  +65  
and --20V wi th  a few dots which  broke  down at  vol t -  
ages as low as +38 and --20V. 

The impor tan t  thing to note is tha t  for p - t y p e  ma-  
terial ,  the b reakdown  vol tages  were  a lways  h igher  for 
posi t ive than  for negat ive  polar i ty .  This effect follows 
f rom the fact that  the vol tage across the  oxide near  
breal~down must  be lower  for posit ive than  for nega-  
t ive polar i ty .  A t  large  posi t ive values  of gate voltage,  
the p - t y p e  semiconductor  is in deep deple t ion  because 
ta  is so long tha t  minor i ty  carr iers  cannot  follow the 
sweep rate.  Therefore,  the space charge region is much 
wider  than it is at  nega t ive  gate  vol tages  where  the  
semiconductor  surface is in  s trong inversion.  The 
semiconductor  surface is in invers ion  at  all  negat ive 
gate voltages up  to b r eakdown  because of a la rge  posi-  
t ive oxide charge dens i ty  character is t ic  of these oxides 
(5). A smal le r  f rac t ion of the  appl ied  vol tage mus t  
appear  across the oxide at posi t ive po la r i ty  than  at 
negat ive  po la r i ty  because of the  la rge  difference in 
space charge widths.  S imi la r  reasoning applies for  the 
n - t y p e  samples where  the semiconductor  surface is in 
deep deple t ion  at  high negat ive  vol tages and in in-  
version at large  posi t ive vol tages because there  is a 
large  negat ive  oxide charge densi ty  (5). For  example ,  
i t  was observed on an n - t y p e  sample  that  the b r e a k -  
down voltages were  +59  and --64V. 

The b r eakdown  field, which  is the  field across the  
oxide at  breakdown,  should be po la r i ty  independent .  
A t  large negat ive  voltages,  the  p - t y p e  semiconductor  
is in inversion.  Subt rac t ing  the vol tage drop across the 
semiconductor  space charge region, which cannot  ex-  
ceed 1.5V in invers ion (band bending  equal  to the 
bandgap) ,  f rom the b reakdown  vol tage given in  Fig. 4 
as --60.5V gives 59V and a b r eakdown  field of 4.9 • 
108 V/cm where  the  oxide thickness  was es t imated  to 
be 1200A. This value  of b r eakdown  field and the ob- 
servat ion  that  no leakage  cur ren t  (<0.01 pA) is mea-  
sured pr ior  to catas t rophic  b r e a k d o w n  makes  this ox-  
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ide  comparab le  to t h e r m a l l y  g rown SiO2 wi th  respect  
to room t empera tu r e  dielectr ic  b r eakdown  strength.  
The res is t iv i ty  of this film is es t imated  to be g rea te r  
than  2 X 1017 f~-cm. 

There  are  two more  observat ions,  however ,  which 
indicate  tha t  the  na t ive  oxide  of A1GaAs is different  
f rom the rma l ly  grown SiO2. The first is tha t  the d i -  
e lectr ic  b r eakdown  vo l tage  decreases  wi th  s torage 
t ime at  room tempera tu re .  For  example ,  the n - t y p e  
sample  exhib i ted  a b r eakdown  vol tage  of 180-200V 
immed ia t e ly  af te r  i t  was prepared .  Af t e r  a few 
months,  the b r eakdown  vol tages decreased into the  
60V range.  The second is tha t  the b r eakdown  voltages 
are  t e m p e r a t u r e  dependen t  decreasing with  increas-  
ing tempera ture .  F igu re  5, which shows b reakdown  
vol tages on the same p - t y p e  sample  as Fig. 4, but  mea -  
sured at  1O0~ i l lus t ra tes  this observat ion.  In Fig. 5, 
the  b r eakdown  vol tages were  +35.5 and --47V. An-  
other  pa i r  of dots on the  same sample  y ie lded  b r eak -  
down vol tages of -{-33 and --41V. Notice tha t  the 
b r eakdown  voltage for posi t ive po la r i ty  is less t han  
for negat ive  polar i ty ,  the  reverse  of wha t  was mea -  
sured at room tempera ture .  Fur the rmore ,  the reduc-  
tion in b r e a k d o w n  vol tage  for both  polar i t ies  is ra ther  
la rge  for  a r e l a t ive ly  smal l  increase  in t empera tu re  
(100~ The decrease in b r eakdown  vol tage wi th  in-  
creasing t e m p e r a t u r e  can be expla ined  as follows. At  
high posi t ive voltages, the  semiconductor  surface goes 
f rom deep deple t ion  to invers ion as t empe ra tu r e  in-  
creases because minor i ty  car r ie r  response t ime gets 
shor ter  wi th  increas ing tempera ture .  Thus, the  semi-  
conductor  surface space charge region decreases in 
width  and the f ract ion of the  appl ied  vol tage across 
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Fig. 5. Logarithm of current vs. voltage measured at 100~ for 
both positive and negative polarity. Sample is the same as in 
Fig, |. 

the  oxide  increases wi th  increas ing tempera ture .  The 
b r eakdown  vol tage for  posi t ive po la r i ty  decreases 
wi th  increasing t empe ra tu r e  as observed.  Fo r  high 
negat ive  voltages, the semiconductor  surface goes from 
invers ion to deplet ion as t e m p e r a t u r e  increases. As 
t e m p e r a t u r e  increases,  the  Fe rmi  level  moves toward  
midgap  reducing net  posi t ive in ter face  t rap  charge 
dens i ty  sufficiently to a l low gate  bias to make  the sur -  
face go f rom invers ion to deplet ion.  Thus, the s p a c e  
charge  wid th  again  decreases wi th  t empe ra tu r e  and 
the fract ion of the  appl ied  vo l tage  across the  oxide 
increases wi th  increasing tempera ture .  The b r eakdown  
vol tage  for negat ive  po la r i ty  also decreases wi th  in-  
creasing t empera tu re  as observed.  Based on this r ea -  
soning, the  b reakdown  vol tage should decrease more  
for negat ive  po la r i ty  than for posi t ive polar i ty ;  but  
jus t  the  opposite occurs. The reason for  this  is not  
understood.  As this reasoning does not expla in  al l  the  
observations,  i t  is obviously  an oversimplif icat ion of 
the t rue  si tuation.  

Conclus ions 
The long minor i ty  ca r r i e r  response t ime and the high 

dielectr ic  b r eakdown  s t rengths  observed make  i t  ap -  
peal ing to pursue  the deve lopment  of na t ive  oxides on 
A1GaAs. The majo r  p rob lem in the i r  use wil l  be to 
reduce the  large  in ter face  t rap  dens i ty  sufficiently so 
that  they  no longe r  p l ay  such a dominant  role  in  the  
MOS characteris t ics .  The solut ion of this p rob lem wil l  
resul t  in an oxide  which is qui te  sui table  for  numerous  
device applications.  

Acknowledgments 
The authors  would l ike  to thank  A. Timko for mea -  

sur ing minor i ty  car r ie r  response t imes of the A1GaAs 
samples,  and G. E. Smi th  and J. R. Brews for  a cr i t ical  
reading  of the  manuscr ipt .  

Manuscr ip t  submi t ted  June  21, 1977; rev ised  m a n u -  
script  received Dec. 19, 1978. This was P a p e r  450 RNP 
presented  at  the  Phi ladelphia ,  Pennsylvania ,  Meeting 
of the  Society, May  8-13, 1977. 

Any  discussion of this pape r  wil l  appea r  in a Discus-  
sion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the  December  1978 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1978. 

Publication costs o] this article were assisted by Bell 
Laboratories. 

REFERENCES 
1. B. Schwartz,  F. Ermanis,  and M. Brastad,  This 

Journal, 123, 1089 (1976). 
2. A. S. Grove, "Physics and Technology of Semicon-  

ductor  Devices," John  Wi ley  & Sons, Inc., New 
York (1967). 

3. M. Zerbst,  Z. Agnew. Phys., 22, 30 (1966). 
4. S. M. Sze, "Physics of Semiconductor  Devices," 

John Wiley  & Sons, Inc., New York  (1969). 
5. E. H. Nicollian, B. Schwartz ,  D. J. Coleman, Jr. ,  

R. M. Ryder,  and J. R. Brews, J. Vac. Sci. TechnoL, 
13, 1047 (1976). 



(Co1-- llill,l.l-li.@, f:i.ollitIi 

The "D.L.P." Model in Ga=In,_ P:N Alloys 
Correlation with Electronic Properties 

A. Marbeuf and J. C. Gillaume 
C N R S ,  L a b o r a t o i r e  de P h y s i q u e  des  So , ides ,  Br iand ,  92190 M e u d o n / B e f f e v u e ,  F r a n c e  

Several studies on Ga=Ini-=P alloys have shown 
the interest  of these materials  for electroluminescent  
devices (1-4). If ni t rogen is used as a dopant, the 
recombinat ion of excitons bound to this isoelectronic 
impur i ty  gives a luminescence in the green and yellow 
port ion of the visible spectrum (5-8). 

Mariet te  and Chevall ier  (8) have recently shown 
that  enhancement  of the external  luminescence effic- 
iency in  n i t rogen-doped alloys, when x decreases, is 
par t ly  due to the band-s t ruc ture  effect on the radia-  
tive lifetime of the excitons bound to ni t rogen atoms. 
On the other hand, the alloys have a different l umin-  
escence behavior  when x is varied: for x > 0.98, the 
l ine due to ni t rogen is s imilar  to the so-called A-l ine  
which is usual ly  observed in  GaP:N,  whereas for x 
< 0.98 ni t rogen gives rise to a broader luminescent  
Ao-line at lower energy than that  of the A- l ine  (6, 8). 

An explanat ion of this behavior can be obtained 
by using the thermodynamic  model developed by 
Stringfellow (the Delta lattice parameter  or "D.L.P." 
model) (9). Based on the Philips and Van Vechten 
dielectric theory (10, l l ) ,  this model uses the concept 
that  the bonding energy of a semiconductor is pro- 
portional to the bandgap. Neglecting dehybridizat ion 
and, for heteropolar alloys, bond ionicity effects, the 
bonding energy or atomization enthalpy AH at may 
be wri t ten  

AH at = Kao -2.5 [1] 

where K is a positive constant which can be evaluated 
from pseudobinary IIf V-II I 'V or IIf V-I I i  V' systems 
(9). 

In  consequence, the activity coefficients in the solid 
will reflect the na ture  of the consti tuent atoms and 
the electronic properties of the material.  From the 
"D.L.P." model, the free energy G s of a crystal A ~  
B~2 ~ Cx3 s Dx4 s depends on its lattice parameter  ao 
and its composition in the following manne r  

2 4 

i=1 j=3 

[2] 

In  this note all the relations will be expressed in  
1 / K  units. 

Assuming Vegard's law, the chemicai potentials 
~js of the four b inary  IIIW~ systems can be expressed 
in the following manne r  

~ij s = 2.5 Kao -~.5 [XkSXj s (alj -- ak]) --~ XiSXk, s (aij - -  aik,) 

-~- XkSXk,S(aik, -~- akJ -- 2akk,)] -J- RT log XiSXj ~ - -  Kao -2.5 

[3] 

where aij, akj, e t c . . . ,  represent  the lattice parameters  
of the defined b inary  compounds AC, AD, BC, and 

Key words: D.L.P. model, Ga,Im-~P:N alloys, electronic proper- 
ties. 

Table I. Lattice parameters used in the calculation of "Yij s 

GaP GaN InP InN 

a (A) 5.4512 (9) 4.4894* (13) 5.8688 (9) 4.9919" (14) 

* Parameters  calculated from vo lume of the wurtzite-hexagonal 
cell. 

BD which are given in  the Table I, and where k and 
k' are indexes defined by 

k = l ,  2 k = i  and k ' = 3 , 4  k ' : j  

Because --Kaij -2.5 is the s tandard chemical potential  
~ij ~ of the Ii[iVj compound, we can define the ac- 
t ivi ty coefficient ~ij s 

R T  log,yij s = 2.5Kao-3"~[XkSXjS(aij - -  akj) 

~- xiSXk, s (aij - -  aik,) "4"- XkSXk ,s (aik, -t- akj -- 2akk.)] 

-F  K(aij -2"~ - -  ao -2"5) [4] 

assuming regular  behavior of the solid solution be- 
tween the four b inary  lIIiVj systems. 

A series of GaxIn l -xP :N alloys were prepared by 
l iquid phase epi taxy (LPE).  The method described 
by Mariette et  al. (12) was used. An  In- r ich  melt  
was cooled down slowly from 8~0" to 800~ and the 
four ~ij s coefficients were calculated for the 830~ 
isotherm using relat ion [4] and the lattice pa ram-  
eters listed in Table I. The calculated dependence of 
log %;~ (in 1 / K  units)  vs. x ,  is shown in Fig. 1. 

The log 7~nN s curve clearly demonstrates that  the 
interact ion energy between InN and the GazIn l -xP  
mat r ix  is positive only for x <~ 0.97. This value does 
not depend on the doping concentration, since [N] 
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Fig. 1, Variation of the logarithm of the activity coefficients in 
the solid with alloy composition at 830~ 
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w a s  var ied  be tween  10 TM and 1019 a toms per  cm ~. On 
the o the r  hand, log ~/GaN s is a lways  posi t ive and be-  
comes progress ive ly  grea te r  as x decreases. Noting 
tha t  the f ree  energy  of format ion  of InN is negat ive  
(--2.9 kca l .mo le  -1)  under  the growing condit ions 
at  830~ (15), whereas  tha t  o f  GaN is posi t ive [1 
kca l .mole  -1, Ref. (16)] ,  then dur ing  the growtb  of 
a l loys wi th  x < 0.97 the more  energe t ica l ly  favored  
N][n 4 te t rahedrons  wi l l  be formed p re fe ren t i a l ly  to 
NGanIn3-n (n ---- 1, 2, 3) and even NGa4 te t rahedrons .  
The ionic charac te r  ]i is more  pronounced for In -N 
bonds than  for G a - N  bonds [fi In -N  : 0.578, Yi Ga -N  
= 0.500 on the scale es tabl ished by  Phil ips,  Ref. (10)].  
Consequently,  one can p red ic t  a different  electronic 
behavior  of n i t rogen in G a z I n l - x P : N  al loys for 0.97 
< x < 1 and for  x < 0.97, and so different  lumines-  
cence spectra.  

Exper imen ta l ly ,  the  cr i t ica l  va lue  xc = 0.97 cor-  
responds to the  appearance  of the Ao-line, as p re -  
v iously  descr ibed by  Garbuzov  and co -worke r s  (6), 
and Mar ie t te  and Cheval l ier  (8). These authors  have 
noted tha t  the  shor t - r ange  potent ia l  V crea ted  by  
ni trogen,  more  e lec t ronegat ive  than  phosphorus,  should 
be different  for the  A- l i ne  and the Ao-line, which  
appears  for x < xc. 

Ind ium is more  e lect roposi t ive  than  gal l ium, so 
that,  for  the  NIn4 te t rahedrons ,  the  potent ia l  wel l  
c rea ted  by  n i t rogen is su r rounded  by  a curb which 
gives a g rea te r  effective potent ial .  The A- l ine  p rob-  
ab ly  st i l l  exists  for  x < x~ bu t  becomes immersed  into 
the/%o line. 

Such  effects cannot  exis t  in G a P y A s l - y : N .  Its la t t ice  
only  contains NGa4 te t rahedrons  and P and As atoms, 
second neighbors  of N-atoms,  have a r e l a t ive ly  smal l  
influence on the n, a tu re  of Ga -N  bonds. The electronic 
n i t rogen  behav ior  in GaP:  N, G a P y A s l - , :  N and 
Ga=Inl -xP:  N is summar ized  in Fig. 2. 

In  recent  work,  BrBhl and co-workers  have shown 
the s t rong tendency  of ga l l ium and ind ium in GaxIn l -xP  

GaP:N GaP As :N 
y 1-y 

t e t r a h e d r o n s  

E 

0 

vl 

NGa4. N6a 4 

Ga In P:N 
x 1-x 

I i 
x>~x c x < x  c 

NG~.In4_ . . I.  4 

I V  v v 6aPyAS%y BaxIn%xP 6axIn%xP 

' ~ ~ ', ] I 

A-Line A-Line A-Line Ao-Une 

Fig. 2. Comparison of the potential well created by nitrogen in 
GaP, GaP~Asl-uand Gaxlnl-xP. 

bu lk -c rys t a l s  toward  segregat ion and have pred ic ted  
that  the effect of c lus ter ing should be more  pronounced 
in a s -g rown  ep i tax ia i  al loys (17). They  also expect  
a s t rong effect o3 this no,nrandom d is t r ibu t ion  on elec-  
t ronic proper t ies  created by  doping. 

Hence, the "D.L.P." model  connects the t he rmody-  
namic  macroscopic proper t ies  to the electronic ones. 
A complete  calcula t ion of the  qua t e rna ry  phase d ia-  
g ram G a - I n - P - N  can be considered. In  re la t ion  wi th  
n i t rogen-prof i le  measurements ,  i t  should provide  a 
precise knowledge  of n i t rogen-dop ing  condit ions in 
L.P.E. Ga=Inl -=P alloys. 
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Phase-Memory Effect in a p-Type Photoconductor 
Osamu Yoshie and Mitsuo Kamihara 

Department 05 Electronics, Kogakuin University, Nishishinjuku, Shinjuku-ku, Tokyo, Japan 

The p h a s e - m e m o r y  effect was p rev ious ly  found b y  
one of the  present  authors  in evapora ted  thin films of 

Key words: phase-memory effect, p-type photoconductor, Se 
fi lm, domain velocity, maximum memory t i m e  

CdS and (Cd, Z n ) S  at  low t empera tu re s  (1, 2). I t  was 
repor ted  (2-5) that  the m e m o r y  effect in these films 
was due to t r ap -con t ro l l ed  high field domains  caused 
by the f ie ld-quenching effect (6-8).  The p h a s e - m e m o r y  
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effect was also found in bu lk  CdS single c rys ta l  (9) 
and Cr -doped  GaAs single c rys ta l  (10). The mechan-  
ism of the  m e m o r y  effect in CdS was expla ined  to be 
at  least  associated wi th  both  the  deep  hole t raps  and 
the  deep e lect ron t raps  (9). Thus, the  p h a s e - m e m o r y  
effect was inves t iga ted  in de ta i l  in n - t y p e  semiconduc-  
tors, whi le  no repor ts  have  been made  on i t  in p - t y p e  
semiconductors.  We have  found and inves t iga ted  the  
p h a s e - m e m o r y  effect in p - t y p e  thin  films of Se. 

Experimental 
The thin films of Se (about  1 ~m thick)  were  p r e -  

pared  by  vacuum evapora t ion  at  1~5 X 10-s  Tort .  A 
cleaved mica p l a t e  kept  a t  room t e m p e r a t u r e  was used 
as a substrate .  Af te r  evaporat ion,  the  Se film was an-  
nea led  at  100~ for  5 rain in vacuum. The sample  had 
a p l a n a r - t y p e  (gap - type )  s t ruc ture  wi th  s i lver  pas te  
electrodes (width:  1 ~ 2 mm, in te re lec t rode  spacing:  
1 ~ 8 mm) .  The  sample  was i l lumina ted  wi th  mono-  
chromat ic  l ight  of wave length  app rox ima te ly  cor re -  
sponding to the absorpt ion  edge of Se. The measu re -  
ments  were  made  at  40~ and the  probe  poten t ia l  of  
the  sample  was measured  by  a high impedance  elec-  
t rometer .  

Results and Discussion 
Figure  1 shows the ve ry  low f requency  pho tocur ren t  

osci l lat ion in the Se film and the p h a s e - m e m o r y  effect 
for l ight  in te r rup t ion  at  4O~ When  the l ight  i l lumi-  
na t ion  is tu rned  off a t  a phase  "P" dur ing  the per iodic  
photocur ren t  oscillation, the osci l lat ion stops and the 
cur ren t  decays;  by  tu rn ing  on the l ight  again an a rb i -  
t r a r y  t ime later ,  the  osci l lat ion begins at  the phase "P," 
which i t  'had at the  moment  of tu rn ing  off. This fact in-  
dicates tha t  the  phase of the osci l la t ion can be mem-  
orized by  tu rn ing  off the  l ight  ( l igh t -cont ro l led  phase -  
memory  effect).  The above m e m o r y  effect is also ob-  
served wi th  r ega rd  to the probe  potent ia l  of the  sam-  
ple. The t rave l ing  of the t r ap-con t ro l l ed  high field 
domain  could not  be confirmed since the  crys ta l l iza t ion  
of the  Se film on the  mica p la te  was ve ry  inhomogene-  
ous. F r o m  the s imi l a r i t y  to the  p h a s e - m e m o r y  effect in 
CdS (2, 5, 6), however ,  we can deduce tha t  the phase-  
memory  effect in the  Se film is also due to a t r ap -con -  
t ro l led  high field domain.  That  is, the  t rave l ing  high 
field domain  stops and remains  unchanged  when the 
l ight  is tu rned  off dur ing  the domain  t ravel ing,  and i t  
begins to t r ave l  by  tu rn ing  on the l ight  again. The ob-  
served m a x i m u m  memory  t ime has been confirmed to 
be longer  than  12 hr  at  40~ 

F igure  2(a)  shows tha t  the  l igh t -con t ro l l ed  phase-  
memory  effect can also be observed even if the  appl ied  
bias vol tage  is i n t e r rup t ed  for an a r b i t r a r y  t ime dur ing  
the p h a s e - m e m o r y  state (nonvolat i le  p h a s e - m e m o r y  
effect).  This fact  suggests that ,  if the  bias vol tage is in-  
t e r rup ted  dur ing  the  p h a s e - m e m o r y  state, the dipole  
space-charge  layer  (i.e., high field domain)  d isap-  
pears,  but  the  l aye r - l i ke  spat ia l  inhomogenei ty  of con- 
duc t iv i ty  in the  sample  remains  unchanged.  Therefore,  
when  the vol tage  is swi tched on again, the  d ipole  space 
charge  l aye r  is re formed  at  the  same posi t ion where  
the vol tage was in ter rupted .  The m a x i m u m  m e m o r y  
t ime in this case has also been  confirmed to be longer  
than 12 hr  at  40~ 

F igure  2 (b) shows tha t  the p h a s e - m e m o r y  effect can 
also be  observed  when  the bias vol tage  is i n t e r rup ted  

60 ,,, -[ OFF ( Light )ON I 

o_ 0 } , , , , , , v-, ',' ' 

> TIME (20 SEC/DIV) 

Fig. 1. Light-controlled phase-memory effect in a Se film at 
40~ Interelectrode spacing, 1.7 ram; bias voltage, 900V; illumi- 
nation, 6700A. 

20--[ Light VoLt. Volt, Light 
| OFF OFF ON ON ~ /  " ~  

((1) ~ - 1 0 ~  i 

~ T I M E  ( 2 0  S E C / D I V )  

~_ 20 j (Voltage) OFF ON 

Lu J "i! 

0 i i i i i ~ t i i i 

:> TIME (20 SEC/DIV) 

Fig. 2. (a) Nonvolatile phase-memory effect; and (b) voltage-con- 
trolled phase-memory effect at 40~ Spacing, 1.7 mm; volt- 
age, 200V; illumination, 6359A. 

for a ve ry  short  t ime under  l ight  i l lumina t ion  (vol tage-  
control led p h a s e - m e m o r y  effect).  In  this case, if the  
vol tage  is i n t e r rup ted  for  a t ime longer  than  1 ~ 2 sec, 
the  above memory  effect can not  be observed.  This fact  
suggests tha t  the  l a y e r - l i k e  spa t ia l  inhomogenei ty  of 
conduct ivi ty  d isappears  in a cer ta in  t ime by l ight  i l -  
lumina t ion  under  the  condit ion of removed  bias vol t -  
age. 

It has been found tha t  the  dependence  of the domain  
veloci ty Vd upon the l ight  in tens i ty  B in the Se 
film is represen ted  by  Vd = k B  z (x  -- 0.7 ,~ 1.0), 
where  k and x are  constants and x is independent  of 
the bias voltage. F rom this equation,  it  can be ex-  
pected that  if the l ight  in tens i ty  decreases to zero du r -  
ing the domain  t ravel ing,  the  domain  veloci ty  also de-  
creases to zero, i.e., the  domain  stops and can r ema in  
unchanged;  accordingly  the  l igh t -con t ro l l ed  phase-  
memory  effect can be expected.  

We bel ieve that  the  negat ive  different ia l  conduct iv-  
i ty  responsible  for the domain  format ion  is caused by  
the f ie ld-quenching effect which is defined for p - t y p e  
photoconductors  as a red is t r ibu t ion  of t r apped  elec-  
t rons f rom slow to fast  recombina t ion  centers  caused 
by  an electr ic field, resul t ing  in a shor ter  l i fe t ime of 
the photoexci ted  free holes. Thus, the  l a y e r - l i k e  spat ia l  
inhomogenei ty  of conduct iv i ty  in the sample  is formed 
by  the red i s t r ibu t ion  of the  t r apped  charges. Therefore,  
if  the t rapp ing  levels a re  deep enough or the  t empera -  
ture  of the  sample  is sufficiently low, the the rmal  ex-  
c i ta t ion of the  t r apped  charges to the  valence or to the  
conduct ion band is scarcely  possible. Consequently,  
once a l a ye r - l i ke  spat ia l  inhomogenei ty  of conduct iv i ty  
is formed by the field quenching, it  remains  unchanged 
even if the  l ight  is tu rned  off ( l igh t -cont ro l led  phase 
memory  effect) or  even if both  the  l ight  and  the bias 
vol tage  are  tu rned  off (nonvola t i le  p h a s e - m e m o r y  ef-  
fect) .  
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D I S C U S S I O N  

. S s  

This Discussion Section includes discussion of papers appearing 
in the Journal  o f  The  Electroche~nical Soc ie ty ,  Vol. 124, No. 7~ and 
9, J u l y  and September 1977. 

A Quantitative Model for the Diffusion of 
Phosphorus in Silicon and the Emitter 

Dip Effect 

R. B. Fair and J. C. C. Tsai 
pp. 1107-1118, Vol. 124, No. 7 

F. A. KrogerP The authors make an impressive ef- 
fort to solve the problem of diffusion of P in  Si. Al-  
though the proposed model appears to give a satis- 
factory representat ion of D ( x )  (Fig. 15 in  the paper 
being discussed), it  does not  give the proper depen-  
dence of n on CT close to the surface. Also there  are a 
few incorrect s tatements and inconsistencies that  need 
correction. A new simple model is proposed in  which 
only P V -  accounts for all the variations observed. In  
the following, numbers  of references and equations are 
those of the paper under  discussion. 

1.. The der ivat ion of Eq. [6], in tended  to be the 
justification of Eq. [1], contains an inconsistency. 
Equat ion [5] (on which Eq. [6] is based) was derived 
from Eq. [4] with the unstated assumption Cp+ = n. 
Exper imental ly ,  at high P concentrations, CT ~ 2n and  
thus Ca" ---- 2Cp+. But CT - -  C p +  ~- C p v .  Hence Cp+ ---- 
C p v - .  But then Cp+ ~ n, contrary  to what  was as- 
sumed! Evident ly  the more complete neut ra l i ty  con- 
dition CP + :- n + C p v -  has to be used. This leads to 

KnS 
Cpv- ---- instead of Eq. [5] 

1 -- Kn2 
and 

2Kn 3 
CT ---- n + instead of Eq. [6] 

1 -- K n  2 

Here K ---- K v K v K p  with  

Kv = Cv • Kv = C v = / C v X n  ~, 

and Kp -- C p v - / C p + C v  = 

2. For n ~ C p v -  -- �89 Cp+, CT ---- Cp + CPV- -- 3n; 
for n ~ 2Cpv- -- 2/3 Cp+, CT ---- 2n. Thus Cpv-  ~: n, 
and not > n as assumed in Fig. 13. 

3. Formulae  [1] and [6] suggest that  since CT = 
Cp+ + Cpv-,  the first t e rm represents Cp+, with Cp+ 
---- n, and the second Cpv-.  This is not  the case. At 
large CT, Cp + > n with n ~ Cpv-.  Only at small  CT is 
Cp+ ~-~n. 

4. Equat ion [15] and the accompanying text suggest 
that the pair  P V -  loses an electron to the conduction 
band when EF ----- Ec -- 0.11 eV. However, the energy 
indicated corresponds to the energy level of free V = 
and not of V = as present  in  the pair: the lat ter  will  
have a level close to that  of free V - ,  at Ec -- 0.39 eV. 
Therefore P V -  itself does not give up an electron. 
However, P V -  is in equi l ibr ium with P+ and V = 

�9 D e p a r t m e n t  of  M a t e r i a l s  Sc i ence  a n d  E l ec t r i c a l  E n g i n e e r i n g  
and Chemls t ry~ U n i v e r s i t y  of Southern Cal i fo rn ia ,  U n i v e r s i t y  
Park, Los Angeles ,  California ~0007. 
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through Eq. [12]. Therefore when  V = loses an  elec- 
tron, Cy= decreases and thus Cpv-  decreases, react ion 
[12] proceeding to the left. On the other hand, the 
neut ra l  associate, PV, remains  at a low concentrat ion 
because of its smaller  b inding  energy. Equat ion [15J 
is correct as far as its left and right  parts are con- 
cerned; the central  part  is in  error. Equat ion [16] 
remains correct if n = Cp+ (which is correct when CT 
has decreased sufficiently, i.e., at 1000~ CT ~ 102~ 
cm-~) .  However, when n = he, C p v -  has no longer 
the value it has at the surface but  must  have de- 
creased. Therefore one should not use [13], and [17] 
must  be incorrect. 

5. Expressions [2] and [7] for D (n) are not as gen-  
erally valid as the authors (and Shaw) believe. If X 
is the defect t ranspor t ing the chemical element  Y, with 
a total concentrat ion CT, the flux of X or Y is equal  to 

JY : Jx : --Dx 8Cx : --Dx oC___xx 8C_____T 
Ox OCT Ox 

OCx 
with (Dr)effective --" D X  '~CT 

This effective diffusion coefficient is a funct ion of con- 
centrat ion or, if X is charged, of the electron concen- 
t ra t ion or the Fermi  level, if OCx/OCT : ](Cw,n). This 
is the case, if X is a minor i ty  species. However, 
OCx/OCT is constant  if X is a major i ty  species. Then 
OCx/OCT : f : constant wi th  ~ : 1 or a simple frac- 
tion. A si tuat ion in  which OCx/OCT is dependent  on CT 
but  independent  of n occurs when  CT ~ Cpvp x wiLh 
C p v -  ~ Cp+, P V -  being the P-car ry ing  species. Ow- 
ing to the tr iplet  formation react ion P V -  + P+ ~-- 
pVP • 

Cpvp 
: KT, Cpv-  = / ( C T )  

Cpv - Cp + 

However, because of P+ + V = ~:~ PV- 

Cpv-  Cpv-  
--" Kp or Cv-- = K P  - 1  - -  - -  K P  - 1  

Cp + Cv = Cp + 

and, since n v c  CV 1/z, n is also constant. One of these 
situations may apply to Si: As at high arsenic concen- 
trat ions (see Fig. 11), arsenic being t ransported by 
AsV-  and not by AsV • as assumed by the authors 
(see Fig. 6). 

6. The conclusion that  electric field effects play a 
role independent  of the charge of a migrat ing species 
cannot be correct: the charge is the very reason for 
this effect. Reference (22) does not contain informa-  
t ion proving that As migrates as As + V - .  An a rgument  
that could possibly be based on Figure 11 was refuted 
above (see 5). 

7. Reference (53) does not ment ion  aHv. The value 
nHv• : 2.66 eV is ,not ment ioned in  Ref. (22), bu t  in  
ftn. 2 However, no values for n H v -  and nHv= are given. 
It is unl ikely  that  the lat ter  should be larger  than  
aHv• if the Fermi  level is at  Ee (as s ta ted) ;  in  that  

2 Phys.  Rev.  B, 14, 3551 (1976). 



996 J. E l e c t r o c h e m .  Soc.:  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  J u n e  I978 

case e n e r g y  is ga ined  by  the  a t t a c h m e n t  of e lec t rons  
to VX and t h e r e f o r e  A H v -  and AHv= < h H v x .  

8. F i g u r e  13 shows  a s sumed  profi les  for  P V -  and  e - ,  
showing  no g r a d i e n t  in  the  concen t r a t ions  of these  
species  at low x. This,  of  course,  cannot  be  cor rec t ;  i f  
t he r e  is no grad ien t ,  t he r e  can  be no diffusion. W h a t  
mus t  h a p p e n  is t ha t  D is l a r g e  and t h e r e f o r e  the  g rad i -  
en t  r e q u i r e d  to m a i n t a i n  a f low of P is small .  The  
ac tua l  p e n e t r a t i o n  prqfi les  (Fig.  4 and  15) i n d e e d  
s h o w  a c o n c e n t r a t i o n  g r a d i e n t  at  t h e  surface .  

9. F o r  the  su r f ace  concen t ra t ions  at  1000~ as g i v e n  
in  Fig. 4, CT ~ 2.52n. ~ i t h  CT --  C p v -  -{- Cp+ and  Cp§ 
---- C p v -  + n, s imple  a l g e b r a  shows  tha t  n = 0.58 Cp + 
~- 1.38 CPv- .  T h e r e f o r e  CT = 8.3 X 102~ Cp+ = 5.8 • 
10 ~0, n -~ 3.29 >< 1020 and  C p v -  = 2.5 • 102~ al l  cm -~. 
The  pa i r ing  cons tan t  of  Eq. [12], Kp~ --  C p v - / C p + C v =  
= 4 exp  Eb=/kT .  For  Eb = -- 0.81 eV and  T --  1000~ 
Kp 1 ~_ 5.9 X 103 or  1.14 X 10 -~9 cm -s .  W i t h  this  v a l u e  
of t he  cons tan t  and  C p ~ -  and  Cp+ as g i v e n  above ,  
one  finds Cv= _m 3.8 • 10 TM cm -s ,  m u c h  l a r g e r  t h a n  
the  va lue  1.2 >< 10 ~ cm -~ e x p e c t e d  at  n = 2 X 1020 
cm -~. The  reason  p r o b a b l y  l ies  in t he  l o w  va lue  as-  
s u m e d  fo r  Eb =. If  E b -  --" 0.55 eV ( w h i c h  seems r e a -  
sonab le ) ,  Eb = should  be  ~ 1.1 eV, g iv ing  (Kp1)lo00oc 
--  3.5 >< 105 ~- 6.8 X 10 ~s cm ~ and Cv= -~ 6.34 • 10 m 
crn - s ,  a m o r e  accep tab le  value .  Concen t r a t i ons  of o the r  
defec ts  at  t he  su r f ace  a re  found  us ing  the  equa t ions  
and  mass  ac t ion  cons tan ts  

Cv= 
V- +e-~V=; K ~ . - - - -  

Cv-n 

( h~ )~/~ 
---- exp  0 . I i  e V / k T  

2~me* k T  

C v -  
V x + e - ~ - ~ V - ;  K~= 

Cvxz~ 

( h2 /372 
-- \ - 2nm--*/kT exp  0.5 eV k T  

Cpv x 
P+ + V-~---PV• K p _ - -  

CpCv- 
- -  4 exp  0.55 e V / k T  

Cpv+ 
P+  + V• <-~--~PV+; Kp + - - - - 4 e x p O . 2 5 e V / k T  

Cp+Cv• 

w i t h  me* = 1.25, (K2)1000oC -" 8.6 X 10 -21 cm '~, 
(K1)~000oC ---- 3 X 10 -19 cm~, (Kp)10O0oC = 1.2 • 10 -e~ 
cm~ and (Kp+)1000oC = 7.6 • 10 -2~ cm a. The  resu l t  is: 

C v -  = 2.2 X 10 ~6, Cv• --  2.2 • 10 ~,  C p v  X - -  1.53 X 
10 ~7 and  Cpv+ ---- 9.7 X 10 ~, a l l  cm -a .  

10. S t a r t i ng  f r o m  the  concen t r a t ions  es tab l i shed  by 
comple t e  e q u i l i b r i u m  at  t he  su r f ace  (see a b o v e ) ,  one  
can  ca l cu l a t e  de fec t  concen t r a t ions  as ~ (CT) ins ide  the  
crysta l ,  m a k i n g  one  of va r ious  poss ible  assumpt ions :  
(i) a ssume tha t  a l l  p rocesses  excep t  vacancy  f o r m a -  
t ion  r each  equ i l i b r ium,  b u t  t ha t  t he  v a c a n c y  concen-  
t r a t i on  r e m a i n s  f ixed at t he  v a l u e  es tab l i shed  a t  t h e  
surface ,  i.e., 

(Cv)T ---- Cpv- + C~v• + Cpv+ + Cv= 

+ Cv- + Cv• ---- 2.5 • i0~o c m - ~  

({i)  a s s u m e  t h a t  a l l  p r o c e s s e s ,  i n c l u d i n g  v a c a n c y  f o r -  

m a t i o n  r e a c h  e q u i l i b r i u m  ( c a l c u l a t e  n f r o m  

7 .72  X 1 0 - 4 7 ~  ~ 
CT _~ n ~- 2 C p v -  -- n -~ 

1 --  3.86 X 10-4~n 2 

(iii) assume  (ii) up to a ce r t a in  d e p t h  be low  the  su r -  
face,  and change  to (i) at  g r e a t e r  depths .  Resu l t s  of 
ca lcu la t ions  accord ing  to (i) and  (it) us ing  va lues  of 
the  cons tan ts  as m e n t i o n e d  u n d e r  9 a re  g iv6n in 
Tab les  I and II. A l t h o u g h  (i) seems  to be  best  in  l ine  
w i t h  the  a s sumpt ion  of  excess  v a c a n c y  g e n e r a t i o n  by 
sp l i t t ing  of P V  pairs,  T a b l e  I shows this  m o d e l  g ives  
a d e c r e a s e  of  n fas te r  t h a n  p r o p o r t i o n a l  to CT, c o n -  
t r a r y  to w h a t  is o b s e r v e d  (see Fig.  4).  Case (it) 
(Tab le  I I ) ,  on the  o t h e r  hand,  shows the  p r o p e r  v a r i -  
a t ion  of n w i t h  CT, bu t  does no t  show the  inc rease  of 
CPv+/C w o r  C p v x / e T  w i t h  dec reas ing  CT r e q u i r e d  to 
exp l a in  the  inc rease  of D c c  n -2 .  Case (iii) m a y  g ive  
the  best  o v e r - a l l  descr ip t ion .  

Tab l e  I I I  shows  the  r e su l t  for  the  case tha t  v a c a n c y  
e q u i l i b r a t i o n  is f rozen  in ~ 0.8 ~m f r o m  the  surface ,  
w h e r e  CT ~ 2 X 1020 cm-~.  Tab l e  I I I  shows  tha t  Cpv 
and  Cpv+ a re  a l w a y s  < <  C p v -  and  t h e r e f o r e  wi l l  no t  
p l ay  an  i m p o r t a n t  ro le  in  P diffusion. On  the  o the r  
h a n d  the  ra t io  r = C P v - / C T  shows  t h e  v a r i a t i o n  
needed  to e x p l a i n  t he  o b s e r v e d  v a r i a t i o n  of  Dp w i t h  
concen t ra t ion :  r decreases  w i t h  dec reas ing  CT f r o m  
8.3 to 2.1 X 102~ accoun t ing  for  the  dec rea se  of Dp; r 
increases  f r o m  Cw ~- 2 X 103 0 to Cw "-- 7 X 1019, a c -  

c o u n t i n g  for  the  inc rease  in Dp, r t h e n  becomes  ap -  
p r o x i m a t e l y  cons tan t  at  a v a l u e  close to ~/z (g iv ing  
Dp= cons tan t )  ; r f ina l ly  dec reases  ( w h i c h  shou ld  g ive  
a dec reas ing  D p )  b u t  by  n o w  w e  a re  w e l l  be low  t h e  
c o n c e n t r a t i o n  (Fig.  6, n = 10 TM) d o w n  to w h i c h  Dp 
was  measu red .  The  a g r e e m e n t  can p r o b a b l y  be  i m -  

Table I. Surface and bulk concentrations of various defects at 1000~ for fixed-vacancy 
concentration of 2.5 X 102o cm-3 

Surface 
concentrations Bulk concentrations 

CT 8.3 X 10 ~~ 6 • 102~ 5.5 X 10 ~~ 5.2 x 10 -"0 5.1 • I0 e~ 5.1 • 10 ~~ 
P *  5.8  x 10 -~~ 3 .5  x 10 ~~ 3.0 • 102~ 2.7  x 10 :o 2 .6  • lO z~ 2 .6  x 1020 
e -  3 .3  x 10 ~~ 10 ~~ 5 .0  x 10 ~9 2 .0  • 10 ~5 1.5 x 10 ~9 1.1 • 1019 
PV- 2.5 x 10 ~5 2.5 x 10 ~~ 2.5 • 10 ~~ 2.5 x 10 ~ 2.5 x 10 ~ 2.5 • 10 ~~ 
P V  ~ 1.5 x 10 ~r 5 .1  • 10 ~ 1.0 x 10 ~5 2 .6  • 10 TM 3.3 • 10 TM 4.7 x 10 TM 

V = 6.3 • 10 TM 1.1 X 10 n 1.2 • 10 ~ 1.4 x 10 ~ 1.4 • 10 ~ 1.4 • 10 ~ 
V- 2.2 • 1015 1.2 • 1017 2.8 • I0 Iv 7.9 x i0 I~ 1.1 • I0 TM 1.5 • I0 TM 

V• 2.2 • I0 ~ 4.1 • 1O ~ 1.9 • I0 TM 1.3 • 10 ~ 7.3 x I0 ~ 1.4 • I0 TM 

PV + 9.7 • i 0  ~ i . I  • i 0  TM 4.3 x I0 ~ 2.7 x i0 ~e 1.5 x i0 ~ 2.8 X I0 ~z 

Table II. Surface and bulk concentrations of various species at 1000~ assuming 
equilibrium throughout 

CT 8.3 X I0 ~~ 3.2 X 10 2 1.1 x 10:0 5.1 X i0 ~9 2.6 x 1019 10 Ig i0~ 
P+ 5.8 x 10:0 2.7 • 10 ~ 1.0 • I0 ~ 5.1 • 1019 2 5 x 1019 10:9 i0 Is 
e-  3.3 x 1020 2.2 • i02~ 1.0 • i0 ~o 5.0 x 10 TM 2,5 • 1019 1019 I0 Is 
PV- 2,5 • 102o 5.1 x 1019 4.0 • 10 Is 4.9 • 1017 6.0 x 10 ~5 3.9 x 1015 3.9 • 10 z~ 
PV • 1.5 • I0 I~ 4.7 • 1015 8.2 x 1015 2.0 • 1015 5.0 x 10 I~ 7.9 x 10 TM 7.9 • 10 ~ 
V-- 6.3 • 1015 2.7 • 1015 5.7 • 1015 1.4 • 1016 3.6 X 1014 5.7 • 10 ~3 5.7 • 10 n 
V- 2.2 • 10 ~6 1,5 • 1015 6.6 • 10 ~5 3.3 x 10 ~ 1.7 • 10 m 6.6 • 10 ~4 6.6 X i0 ~ 
Vx 2.2 • i0 ~4 2.2 • i0 z~ 2.2 • I0 ~4 2.2 X 1014 2.2 • I0 ~4 2.2 • 1044 2.2 • i0 ~4 
p v+  9.7 • 10 ~ 4.5 • I0 ~ 1.7 • 1O ~a 8.4 x 10 ~ 4.2 x 10 ~ 1.7 • 10 z~ 1.7 • I0 ~ 

Cpv-/CT 3.1 • i0 -~ 1.6 x 10 -~ 3.7 • 10 -2 9.6 • i0 -~ 2.4 • 10 -3 3.9 • 10 -~ 3.9 • 10 -5 
CpvX/CT 1.85 • I0 ~ 1.5 • 10 -~ 7.6 z i0 ~ 3.9 • 10 -6 2.0 x 10 -s 7.9 • i0  ~ 7.9 X 10 -7 
CPv+/CT 1.2 X I0 -~ 1.4 x 10 -~ 1,6 • I0 -7 1.7 • I0 -~ 1,7 • i0 -~ 1.7 • I0 -v 1.7 • I0 -~ 
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Table III. Surface and bulk-defect concentrations at 1009~ assuming constant total 
vacancy concentration at CT ~ 2 • 102o cm -~  

99~  

C o m p l e t e  e q u i l i b r i u m  ~ V  = c o n s t a n t  

CT 8.3 X 10 s~ 2.1 X 10 so 1.7 X 10 ~~ 1.2 X 10 ~ 7.2 X 10 ~~ 4.3 X 10 is 9.2 X 10 is 
P+ 5.8 x 10 ~~ 1.9 x I0 ~~ 1.5 • I02~ I0 ~ 5.0 x 10 TM 2.5 x i0 ~9 7.0 x I0 Is 
e- 3.3 x i020 1.7 x i0 ~ 1.3 x i0 ~~ 7.9 x I0 TM 2.9 x I0 TM 5.0 • I0 Is I0 ~s 
V= 6.3 • l 0  is 1.6 x 1016 2.1 x 10 i6 3.1 x l 0  TM 6.3 x l 0  is 10 i~ 3.7 x 10 ~ 
V- 2.2 x lO is i . I  x lO TM 1.9 x I0 ~6 4.6 x I0 ie 2.5 x i0 TM 2.3 x i0 ~ 4.3 x lO TM 

V x 2.2 x I0 i~ 2.2 • i0  i~ 5.O • i0  il  2.0 x i0 TM 3.0 x i0 ~ 1,6 x lO is 1.43 X i0 i~ 
PV" 2.5 x I0 ~ 2.1 X I0 TM 2.1 X i0 TM 2.1 x I0 i~ 2.1 x I0 TM 1.7 x i0 i~ 1.75 X i0  ~s 
PV ~ 1.5 x i017 2.6 x i0 TM 3.4 x lO TM 5.6 X 10 ie 1.5 X i0  i~ 7.0 X I0 i~ 3,2 X i0 i~ 
P V + 9.7 x lO is 3.2 x I0 TM 5.6 X I0 TM 1,5 X I0 i4 I . i  X I0 ~ 2.9 X I0 TM 7.6 X I0 ie 

Cpv-ICT 1.6 x i0 -i 10-I 1.2 x I0 -i 1.8 x 10 4 3.0 x 10- i 4.0 x 10- z 1.9 x 10-I 

proved by a slight modification of the various con- 
stants. Even the result  as presented, however, seems 
sufficiently satisfactory to allow us to conclude that 
the ent i re  diffusion behavior  of P can be explained on 
the basis of P V -  as the only P- t ranspor t ing  species. 

R. B. Fair and J. C. C. Tsai:C The first point raised by 
Professor Kroger concerns the relationships between 
ionized phosphorus concentration, Cp+, the phos- 
phorus-double ionized vacancy concentration, Cpv-, 
and electron concentration, n, in P-doped Si. We have 
assumed Cp+ = n to derive the equilibrium relation 
between total P concentration, CT, and n. Therefore, 
Cp+ only res to the unpaired P+ atoms in the Si. 
Dr. Kroger's argument that this leads to an incon- 
sistency is not valid. The claim that CT ~ 2n is only 
true near n = 2 X i(~ ~~ cm -z (see Fig. 5). Thus, Cp+ 
= Cpv- only at this concentration indicating that 50% 
of the P atoms are paired with V = vacancies. The 
total P concentration is 

CT -- Cp+ -{- Cpv- [IA] 

At higher electron concentrations, Cpv- > Cp+ and 
the relation Cp+ ---- n cannot be proven wrong by say- 
ing Eq. [IA] above is invaliclated as Kroger argues. 

If one prefers to account for the ionized P through 
the relat ion 

Cp+ "- n ~ Cpv- [2A] 

as Kroger  proposes, the relat ionship be tween CT and 
n still turns  ou~ approximately the same. On this oasis 

2Kn~ 
CT -- n -k [3A] 

plots very nicely on our Fig. 5 with K = 8.3 • 10 - ~  
cm ~. However i~ one uses x~roger's relat ion for Cpv-, 
t h e n  

Kn3 
C p v -  - -  - -  

i -- Kn 2 

cc n s (n  ~ 1.5 • 102~ [4AJ 

Our Eq. [13] predicts Cpv-  c c n  3 which is supported 
by the ns ~ dependence of the tail  region diffusion co- 
efficient shown in  our ~ ig. 9. Therefore, the data would 
suggest that using Cp+ ---- n is still reasonable. 

In  order to make easier reference, the remaining  
comments will be numbered  to coincide wi th  the i tems 
in  Kroger 's  discussion. 

2. By using Eq. L4A] above it can be shown that  for 
CT > 7.5 X 10 ~U cm-~, Ci, v- > n. Thus, at high con- 
centrations, Fig. 13 is correct. 

3. Again, it all depends upon how you wish to do 
your  accounting. However, this a rgument  Kroger pre-  
sents is not valid since n = Cev-  is not general ly  true. 

4. The t ight ly bound P V -  pair  has a level at Ec -- 
0.39 eV. However at diffusion temperatures  the va- 
cancy can move to second and third neighbor sites 
without  completely dissociating from the P+ atom. 
This is a result  of the distr ibuted na ture  of the charge 
associated with a vacancy and the long-range  Coulomb 

8 Bell Laboratories, Reading, Pennsylvania 19604. 

binding of the pair. During these excursions the e f fec t  
of pair association on shifting the ionization energy of 
the vacancy's second acceptor level would be reduced. 
If the vacancy gives up an electron from this level 
while at a third neighbor site, the pair  binding e n -  
t h a l p y  would be reduced by ~0.3 eV and pair  dis- 
sociation would be assured. 

Equat ion [17] in  our paper is not r igorously derived 
because of the simplifying assumption that  the c o n -  
c e n t r a t i o n  of P V -  pairs at n ---- ne is proport ional  to 
the surmce electron concentrat ion (co ns~). The argu-  
ment  is that the P V -  concentrat ion is relat ively c o n -  
s tant  out to a distance that  is wi th in  " jumping  dis- 
tance" of n : he. Thus, we assume only a "quasi-  
equi l ibr ium" of P V -  pairs at n : ne which reflects the 
equilit)rium conditions near  the surface. 

5. ]?or the case of P in  Si the flux equat ion for P V -  
pairs must  include an electric field term since the P V -  
pairs are in  equi l ibr ium with Cp+ (and thus, n) .  One 
cannot dispute the fact that  a bu i l t - in  electric field 
exists in the diffused layer, since n decreases with in -  
creasing depth into the Si. Kroger 's  flux equat ion 
should be wr i t ten  as 

,8Cx oCT 1 an 
J r  -- Jx -- -- Dx - -  - -  DxCx--  [SA] 

aCT aX n Ox 
The total flux consists of P V -  (or P+V =) pairs, PV 
(or P ' V - )  pairs and PV + (or P§  • pairs. Thus 

JT "-- JPv -  -~ JPv Ac JPv+ [ O A ]  

At very high P concentrations, the dominant  d i f f u s i n g  
species is the P V -  pair. Thus 

JPV- =--D= [ aCPv- --ax ~ Cpv-n axOn ] 

[ O n ( C p v -  1 ) ]  oCT [7A] 
= - v =  0Z 

At values of CT <~ 7 • 1019 cm -3, On~OCT "~ I a n d  
Cpv- < <  n. Thus, JPv- ~ O. At CT ~> 3 • 1020 cm -3, 
an/aCT ~__ 1/3 (from Fig. 5 in  our paper) .  For the c a s e  
of no electric field 

8n ] OCT 
JPv- = --D= 1 -  [8A] 

OCT Ox 

The ratio of JPv- (with B field)/Jpv- (no field) varies 
from ~1.3 at CT = 3 X 1020 cm -3 to 2.7 at CT = 1 X 
1021 cm-~. Therefore, the effect of the bu i l t - i n  field on  
on the diffusion of P V -  pairs is impor tant  a n d  is ap- 
proximated by the field factor, h ___ 2, in  Eq. [2] a n d  
[7] from our paper. 

For the case of As in Si, if AsV-  were the dominant  
species t ranspor t ing As, an  n 2 dependence would be ob-  
served for As diffusivity at high concentrations. How- 
ever, As diffusivity increases l inear ly  with n, sup-  
port ing the AsV • (or As+V - )  pair  model. 

6. As we have just  shown, the equi l ibr ium dis t r ibu-  
t ion of electrons created by the unpaired  P+ a t o m s  
creates the bu i l t - in  field which, in  fact, influences P 
diffusion regardless of the charge state of the dotal-  
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nant  vacancy responsible for diffusion. Thus, for each 
kind of P-vacancy  pair, an equat ion similar  to Eq. 
[7A] above can be wri t ten.  

7. We disagree that  the format ion enthalpy of V -  
and V = should be less than for V x. True, energy is 
gained when  an electron attaches to V• However ,  be- 
cause a vacancy has no centra l  ion core, another  car-  
r ier  of opposite charge must  be created (in the 
valence band).  Thus, energy must  be added to take 
an electron f rom the valence band to the conduction 
band, and A H v -  and AHv= > h H v x  by the ionization 
entropies AH~- and AHI =, respectively.  Van Vechten 
and Thurmond have discussed this in recent  papers. 4,~ 

8. F igure  13 is only claimed as a simplified, ideal 
profile. 

9. We agree that  the binding energy for the P V -  
pair  may  be too low (ED = ~ 0.81 eV). Since we ar -  
r ived at Eb = f rom the expression 

Eb = .~ AHv= + QE = -- QI = 

where  AHv= = 3.93 eV is the format ion enthalpy of 
V = vacancies, QE = : 1.25 eV is the pair  migrat ion 
energy, and QI = : 4.37 eV is the phosphorus dif-  
fusion energy, we are subtract ing re la t ive ly  large 
numbers  f rom each other. With the uncer ta in ty  as- 
sociated with  these numbers,  i t  is not unreasonable to 
be off by 0.3 eV in the calculation of Eb =. 

10. It  is clear to us that  none of the examples p re -  
sented in Kroger ' s  Tables I, If, or I I i  are  correct. As 
Kroger  points out, the model  presented in Table I 
yields a decrease in n faster  than proport ional  to Cr, 
and the results in Table II cannot account for D = n -2, 
both contrary to what  is observed. However ,  the same 
can be said for the results in Table III  where  a large 
difference is calculated be tween  CT and n. Exper i -  
mentally,  Cw = n for all concentrations below --,5 • 
1019 cm -~ (see Fig. 5). The Table IH model  also pre-  
dicts that  P is only t ransported by P V -  pairs. This 
is unreasonable.  The data in Fig. 7 of our  paper  show 
t h a t  for high concentrat ion di~usions below 1000~ 
the tail region diffuses faster  than the surface region. 
For  example,  at 900~ the tail  diffusivity is ~-10 -13 
cm2/sec for a P profile wi th  Cs ~ 5 X 10 ~~ cm -3. The 
peak P diffusivity in the surface is 3 • 10 -14 cm2/sec. 
This result  suggests that  a different species is t rans-  
port ing P in the tail  which we contend is the P + V -  
(or PV x) pair  and which has approximate ly  a four 
times larger  intrinsic diffusivity than the P V -  pair  at 
900~ Also, the data in our Fig. 7 show that  below 
n ~ 7 • 1019 cm-~,  the diffusion coel~1icient of P no 
longer shows an n 2 dependence, w h e n  the surface con- 

centrat ion is also below N7 • 1019 cm -3 (or ns/ni  < 
7), Fig. 11 shows that  P diffusivity is constant (except  
for the electric field contr ibut ion) .  These two observa-  
tions support  our model  that  the P V -  pair  only exists 
a t  high P concentrations (n > ne).  When ns/ni  <~ 7, the 
dominant  diffusing pa i r  is the P -neu t r a l  vacancy 
(P+V • ) specie. 

In conclusion, we feel that  our model  is val id to the 
extent  that  we have assumed quas i -equi l ibr ium con- 
ditions at n = ne which reflects surface equil ibrium. 
It is clear to us that  this is the most consistent model  
to emerge  among the dozen or so P diffusion models 
proposed over  the past 20 years. However ,  our model  
does not predict  the "anomalous" reduct ion in junct ion 
depth with  increasing surface concentrat ion as ob- 
served by Duffy et al. 6 Recent  work  by one of us 
(RBF) has shown that  the misfit s train introduced by 
high concentrations of P causes the Si bandgap to be 
narrowed by as much as --0.13 eV at the P solubil i ty 
limit. This bandgap shr inkage results  in a reduct ion of 
P V -  pairs through mass action effects which can re-  
duce P diffusivity by as much as 70%. These results 

i j. A. Van Vechten  and C. D. Thurmond, Phys. Rev. B, 14, 3551 
(1976). 

~J. A. Van Vechten  and C. D. Thurmond, ibid., 14, 3539 (1976). 
6 M. C. Duffy, F. Barson, J. M. Fairfield, and G. H. Schwuttke, 

This Journal, 115, 84 (1968). 

are  explained with  our present  model  as a basis, a n d  
will be published in the near  future.  

Auger Analysis of Thermally Oxidized GaAs Surfaces 
I. Shiota, N. Miyamoto, and J. Nishizawa 

(pp. 1405-1409, Vol. 124, No. 9) 

R. W. Kee: 7 In the paper  under  discussion, there a r e  
several  impor tant  errors made by the authors in an- 
alyzing the Auger  depth profiles of thermal ly  oxi-  
dized GaAs. The init ial  s ta tement  was made that  the 
higher  energy states, L~lVI4.sM4.5, for Ga and As were  
used for in -depth  profiling in order  to avoid peak 
over lapping as observed in the lower  energy range 
(<100 eV) and to obtain precise peak- to -peak  values 
of their  Auger  signals. However ,  their  Auger  equip-  
ment  parameters ,  specifically the modulat ion ampl i -  
tude, t ime constant, and sweep rate  which were  5 eV, 
1 sec, and 6 eV/sec, respect ively are  such as to pre-  
vent  accurate peak measurement .  As shown in Fig. 1, 

Department of Electrical Engineering,  Colorado State Univer- 
sity, Fort Collins, Colorado 80523. 
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Fig. 1. Ga LMM Auger line progression from the outer anodically 
grown oxide, through the interfacial region, and into the GaAs 
substrate. 
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which was taken from work in  our  own laboratory 
on anodic oxide/GaAs structures,  peak overlap occurs 
because the Ga LMM line for Ga203 is some 4 eV 
lower than  that  for GaAs, and since both chemical 
states are distinct. 8 The Ga LMM line progression, of 
Fig. 1 was obtained by using a low modulat ion voltage 
of 2 eV, a reduced sweep rate of 1 eV/sec, and re-  
cording the individual  Auger  peaks for Ga while 
sput ter ing through the oxide and into the GaAs 
substrate.  

Several  researchers have found that  the "valley" 
wh~Lch occurs at the interface of a grown oxide/semi-  
conductorP, 10 or metal  n s t ructure  is merely  an artifact 
due to the s imultaneous addit ion of the Auger lines 
for a given element  in two d~stinct chemical states, 
and does not necessari ly indicate a depletion of that  
given element  in  or near  the interface. The depletion 
or even accumulat ion of an element  can only cor- 
rectly be deduced when a concentrat ion vs .  depth 
profile has been constructed by  taking into account 
the  relat ive Auger  sensitivities 12 for the elements 
involved and the effects of overlap of the two dis- 
t inct states. It  is impor tan t  to note that  the Auger  
sensit ivi ty for an element  can change with chemical ~== 
state, s,~a From Fig. 4 and 6 of the authors '  paper, one 
observes that  from simply considering the chemical 
configuration, e.g. ,  GasO3 ( thermal  oxide) and GaAs, 
Ga should occur in  concentrat ions of 40% and 50%, 
respectively, however, the Auger peak- to-peak height 
for Ga in  Ga208 is roughly  40% greater than that  of r n  
GaAs, which is not consistent with their statements.  

Upon construction of a concentrat ion vs .  depth 
profile by the authors, they will probably  find that  < 
t h e  occurrence of a Ga depletion at the oxide-GaAs 
interface is a phenomenon only observed in the 
Auger peak- to-peak  profile, and is not found in  the -=.J 
concentrat ion vs .  depth profile. < 

The authors '  technique of defining the oxide thick- , = ~  
ness based upon whether  the Auger peak ratio, 0/Ga, 
starts to decrease from the value of 1.75 for the bu lk  ~1~ 
oxide, is ra ther  unique  since most researchers define ==-  
the oxide thickness by drawing tangent  lines to the 
0 KLL peak- to-peak  ampli tudes and label ing the oxide 
thickness by either, w h e r e  the  0 KLL peak height 
reaches 10% of its original  value, 14 or where the 
tan,gent l ine in  the interfacial  region intersects the ELI 
tangent  l ine from the zero level of 0 KLL in  the t l ~  
substrate.S If ei ther of these conventions were em- 
ployed in  the present  article, the constructed data ===~_ 
values for the activation energy, Ea, would change 
due to the contr ibut ion of the increased interfacial  
width with increased oxide thickness. An addit ional 
complication would come from the Auger peak- to-  
peah: height profile which was given in  Fig. 5 for the < 
700~ thermal  oxide on GaAs ( l l l ) B .  If the depth I l l  
profile results of Fig. 5 were reproducible, then the  
si tuat ion is indeed interesting, however, a misal ign-  ~'~ 
men t  of the ion and electron beams can also give a 
similar  broadening of the interfacial  region. 9 O 

k=" 
L Shiota, N. Miyamoto, and  J. Nishizawa: 15 First  of 

all, we must  make a simple and impor tant  correction 
about a measur ing parameter  of AES; the t ime con- 
s tant  of the lock-in  amplifier was not 1 sec, which 
was stated erroneously in  the original  paper, but  
0.1 sec in all our AES measurements .  

Now, the main  point  of the rebut ta l  made by 
R. W. Kee is that  the Ga depletion observed 

s R. W. Kee, Masters Thesis. Colorado State University. Ft, Col- 
lins, Colorado (1977). 

9 j. S. Johannessen, W. E. Spicer, and Y. E. Strausser, J. AppL 
Phys., 47, 3028 (1976). 

x~ C. W. Wilmsen and R, W. Kee, J. Vac. Sci. TechnoI., 14, 953 
(1977). 

n j. S. Solomon and V. Meyers, Aml Lab., 8, 31 (1976). 
~L. E. Davi~. et el., "Handbook of Auger Electron Spectros- 

copy," 2nd ed., Physical Electronics Ind., Inc.. (1976). 
13 C. C. Chang, B. Schwartz, and S. P. Murarka, This Journal, 124, 

922 (1977). 
x~W. E. Spicer, I. Lindau, and C. R. Helms, Research~Develop. 

~nent, 28, 20 (1977). 
:5 Research Institute of Electrical Communication, Tohoku Uni- 

versity, Sendal, Japan 980. 
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Fig. 2. The Ga L2,3/vh,sM4,5 Auger spectra. Each spectrum in 
(a) was resulted correspondingly from each point on depth-profile 
as shown in (b). Argon sputtering voltage is 2 kV and a Ga 
L3M4,sM4,5 peak was monitored. 
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near  a thermal  oxide-GaAs interface is mere ly  an 
art i fact  characterist ic of in-depth  profiling by using 
peak- to -peak  Auger  height. It  is of course most 
suitable to discuss the mat te r  quant i ta t ive ly  f rom a 
concentrat ion vs. depth profile as indicated, but it is 
even possible to deduce some conclusions based on a 
qual i ta t ive and a careful  observat ion of the AES 
spectra and on the assistance f rom cor~crete phenom- 
ena concerned. In the case of S i Q - S i  interfaces, Si 
Auger  peaks such as KLL one show a clear split t ing 
into 1618 and 1606 eV in our spectrometerS6 leading 
to the apparent  decrease in concentrat ion of Si if 
only the over -a l l  peak- to -peak  height  is monitored. 
At the thermal  oxide-GaAs interface we could not 
observe any split t ing of the GaLsM4.sM4,5 peak as 
shown in Fig. 2. (Measuring parameters  are the same 
as those of original  depth profiling data and as follows; 
modulat ion ampl i tude  5 eV, scanning rate  6 eV/see,  
and t ime constant 0.1 sec. No peak split t ing was ob- 
served in the GaL3M~,sM4,5 peak even under  the more 
precise condition of MA 2 eV, SR 1 eV/sec, and ~ -- 
0.1 sec, while the lower part  GaM2,~M~M~ peaks showed 
a clear split t ing as seen f rom a spectrum 3 of the 
original  Fig. 3.) Auger  peak shape varies in a ra ther  
simple manner,  as going from oxide to GaAs and the 
posit ive peak suppression seen at the anodic oxide-  
GaAs interface is not so serious in our case. 

Peak - to -peak  width  AE takes a m a x i m u m  value  
around a point C located just  outside the bottom of 
the val ley and ~E is equal  at a point E and a point 
F. Therefore,  the region f rom the point C to D seems 
to be the one with a largest  chemical  effect to the 
GaLMM Auger  peak. Since the region~ E and F al- 
most consist of Ga and As, there seems to be l i t t le 
difference in Auger  sensitivity, especially in escape 
depth, comparing wi th  that  of GaAs bulk. This is 
supported from the fact  that  the appearance energy, 
AE, and the shape in Ga LMM peak are  almost the 
same in E and F point. 

F rom above qual i ta t ive  discussions the decreasing 
trend f rom F to E seems to be fundamental ,  while 
around the bot tom of the va l ley  the tendency may  be 
enhanced by the chemical  effect. The same conclusion 
is conducted f rom the behavior  of GaM2o3M~M4 peak 
seen f rom spectra 4 and 5 in the original  Fig. 3. 

Fur ther  supports are obtained f rom such actual 
phenomena that  there  is observed a large orientat ion 
dependence in the shape of the val ley  and that  the 
Ga val ley is closely related to the As accumulat ion 
near  the interface. We explained the reason of ap- 
pearance of the Ga val ley in the original  paper  as 
follows; it was responsible for a selective oxidation 
of GaAs with  a result ing product  of Ga.~O~ and an- 
other  consti tuent of As necessarily accumulated around 
the interface, in other  words, the depletion of Ga was 
accompanied. Therefore,  the Ga depletion at the in ter-  
face is more easily generated by thermal  oxidation 
than by anodic one because of a la rger  amount  of 
As incorporat ion in the oxide state in the latter. 

Finally, al though our method to determine  the oxide 
thickness is not always popular,  we could not deter-  

�9 ~ J. Ruzyllo, I. Shiota, N. Miyamoto, and J. Nishizawa, This 
Journal, 123, 26 (1976), 

mine the thickness definitely by the convent ional  
method because of a large dependence of the width  
of the interface region on oxidat ion conditions. 

Analyzing point is a center  of sput tered crater 
and so the edge effect can be safely ignored in our 
system. 

Electrolytic Etching of Aluminum from an AI-AI3Ni 
Two-PhuseMatrix in Aluminum Chloride 

Containing Molten Salts 

C. L Hussey, J. C. Nardi, L. A. King, and J. K. Erbacher 
(pp. 1451-1454, Vol. 124, No. 9) 

K. P. Quinlan  and J. J. HuttaP~ The paper  by  Hus -  
sey  et aI. describes an electrolyt ic  procedure  where  
a luminum is etched away from A13Ni fibers. These fi- 
bers are formed in an a luminum mat r ix  uti l izing a uni -  
directional  solidification technique. ~s These fibers, 
when  isolated, may  possibly have  wide applications 
extending f rom the area of catalysis 19 to microelec-  
tronic devices. In their  electrolyt ic  etching procedure,  
Hussey et  al. used two mol ten  salts containing a lumi-  
num chloride which requires  iner t  a tmospheres and 
high temperatures .  We have developed a procedure 
where  high qual i ty  A13Ni fibers can be obtained using 
1M potassium hydroxide  as the electrolyte.  The method 
is carr ied out wi th in  a t ime period where  the Al~Ni 
fibers are not a t tacked by the 1M KOH. The advan-  
tages of a 1M KOH electrolyte  over  mol ten  salts con- 
tai,ning a luminum chloride are obvious. 

Control potent ial  electrolyses were  accomplished 
wi th  a potent ios ta t /ga lvanosta t  (Pr inceton Applied Re-  
search Corporation, Model 173) equipped with  a cur-  
rent  to vol tage conver te r  (PAR, Model 176). A uni-  
versal  p rogrammer  (PAR, Model 175) controlled the 
vol tage output of the potentiostat .  The cell consisted 
of a reference saturated calomel electrode, a p la t inum 
counterelectrode,  and the aluminum-A18Ni ingot as the 
working electrode. The electrolyte  was the 1M KOH 
solution. An agar -sa tura ted  KC1 salt br idge was used 
with the calomel electrode. Contact to the A1-AI~Ni 
ingot was made by wrapping  p la t inum wire  around the 
ingot. Electrolyses were  carried out for 1 1/2 hr  at a 
potential  of --0.2V in unst i rred solutions. Maximum 
anodic current  was observed at --0.2V in the anodic po- 
lar izat ion curve  of the A1-A18Ni electrode. The current  
densi ty decreased f rom an init ial  value of 0.(}2 to 0.01 
A / c m  2 during the electrolyses. The ingot turned black 
and was composed of a mat ted  mass of A13Ni fibers. 
Scanning electron micrographs of the product  i l lus- 
t rated the preferent ia l  e tching of a luminum leaving 
well-defined fibers. Energy-d ispers ive  x - r a y  analysis 
verified their  composition of a luminum and nickel. 

The present  method has the addit ional  advantage of 
being applicable to a continuous pro~ess where  the 
fibers can be removed and the KOH replenished, 

17 Department of the Air Force, Rome Air Development Center, 
Deputy for Electronic Technology, Hansc0m AFB, Massachusetts 
01731. 

is R. W. Hertzberg, F. D. Lemkey, and J. A. Ford, Trans. Met. 
Soc. AIME, 233, 342 (1965). 

19 F. D. Lemkey, G. Golden, and C. S. Brooks, Annual Meeting 
Abstracts of the Materials Research Society, Cambridge, Massa- 
chusetts November 15-17~ 1976. 
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Stress Corrosion Crack Initiation Sites in Zirconium 
Alloys Exposed to Iodine Vapor 

D. D. Cubicciotti* and R. L. Jones 

SRI International, Menlo Park, California 94025 

Stress corrosion cracking (SCC), induced 

by fission products, is believed to be respon- 

sible for occasional service failures of the 

cladding of light water reactor fuel rods (1). 

It ihas been known for some time that iodine, 

an abundant fission product, is capable of pro- 

moting slow crack growth at cladding service 

temperatures in zirconium alloys (2). Both 

experimental results (2, 3) and theoretical 

considerations (4) indicate that the formation 

of a sharp crack in the metal surface is the 

key event in the overall iodine SCC failure 

process but it has proved difficult to eluci- 

date the crack initiation mechanism (2). 

We have recently completed an investiga- 

tion of iodine-induced crack initiation and 

have found that the crack nuclei responsible 

for iodine-induced SCC failure invariably form 

at sites in the metal surface that contain 

unusually large local concentrations of alloying 

elements or impurities (3). In our study, 

samples of nuclear grade zirconium alloy sheet 

or thin walled tubing were deformed at about 

600 K by pressing a 1.6 mm steel ball against 

them. As a result, a small region of the sur- 

face opposite the indenter was deformed to a 

strain of a few percent in biaxial tension 

while being exposed to a gas containing a small 

pressure of iodine vapor. After the test, the 

deformed region was cut out, cleaned by argon- 

ion milling, and examined for cracks in an SEM 

equipped with an energy dispersive X-ray 

analyzer. 

In the absence of iodine, cracks in the 

metal were observed only under very severe 

mechanical conditions and were probably due to 

creep-rupture failure. When iodine was present 

cracks occurred under much milder mechanical 

*Electrochemical Society Active Member. 
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conditions but not in the complete absence of 

strain. Therefore, we attributed the cracks 

formed in the presence of iodine to SCC. Two 

distinctly different types of iodine-induced 

cracks were observed in all materials tested 

(stress relieved Zircaloy-4, stress relieved 

Zircaloy-2, and annealed Zircaloy-2). Small 

cracks were observed in all samples strained 

in iodine, and in occasional samples relatively 

large cracks were also observed. 

The small cracks, which were rarely 

larger than one or two grain diameters, gener- 

ally formed at microstructural inhemogeneities 

(such as certain grain boundaries in recrystal- 

lized material) that would be expected to be 

associated with large local stress concentra- 

tions in an anisotropic material undergoing 

plastic flow. These crack initiation sites 

were not associated with any detectable chem- 

ical inhomogeneities. Some typical small 

cracks are shown in Figure I. The larger 

cracks, which ranged in size up to ten or more 

grain diameters, were observed in about 30% of 

the samples and differed from the small cracks 

in that they were consistently associated with 

local concentrations of impurities (A1, Si, or 

Ti) or alloying elements, i.e., Fe, Cr, Sn. 

To investigate the relation of these two 

types of cracks to iodine-induced SCC failure, 

two lengths of annealed Zircaloy-2 tube were 

pressurized for 30 minutes at 595 K with helium 

and iodine mixtures. 1~ne pressures were such 

that the nominal hoop stresses were 210 MPaand 

310 MPa which are respectively below and above 

the threshold stress for iodine induced failure 

of the tubing, (N 280 MPa, see Reference 3). 

Sections of the inner surfaces were ion cleaned 

and examined in the SEM. Small intergranular 

cracks similar to those in Figure i were 

observed in both samples. Larger cracks asso- 

ciated with chemical inhomogeneities occurred 
at many sites in the sample stressed at 310 MPa 
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but were not observed in the sample stressed at 

210MPa. An example of a larger crack is shown 

in Figure 2. The crack is associated with a 

local impurity concentration and follows the 

boundary of the impurity-rich region. The 

crack in Figure 2 is of exactly the same type 

as the larger cracks observed in the indenter 

tests. 

We interpret these results to indicate 

that initiation of the cracks that result in 

iodine-induced SCC failure occurs most readily 

at sites in the metal surface that contain 

higher-than-average local concentrations of 

alloying additives or impurities. It is pos- 

sible that microsegregation of alloying elements 

and impurities also plays an important role in 

crack initiation in other cases of SCC. If so, 

improved resistance to SCC failure may be 

achievable by devising treatments that eliminate 

microsegregation in component surfaces because 

the conditions required for crack initiation 

frequently define the SCC failure threshold for 

as-fabricated components. 
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Figure i: Annealed Zircaloy-2 Tubing Exposed 

to 40 Pa of Iodine at 590 K and Deformed ~ 5% 

in an Indenter Test. SEM Photograph of the 

Argon-Ion Cleaned Center of the Deformed 

Region Showing Typical Small Cracks. 

Figure 2: A Large Crack Observed in an Annealed 

Zircaloy-2 Pressure Test Specimen Stressed to 

310 MPa at 595 K with Iodine Present. The 

Ridge of Light Material Contains Abnormal 

Concentrations of Sn, Ti, and Fe. 



Reduction of Oxygen on Teflon-Bonded 
NiCo O /Graphite Electrodes 

A. C. C. Tseung* and K. L. K. Yeung** 
Department of Chemistry, The City University, St. John Street, London EC1, England 

i. INTRODUCTION 

King and Tseung (1)(2)(3) studied the 
reduction of 02 on freeze-dried NiCo204 and 
fom~d that it possessed high activity for the 
reduction of oxygen (~ 250 mA/cm 2 at 0.65V, 
5N KOH, iR corrected, 100% 02 room tempera- 
ture). However, the performance decreased 
to less than 2 mA/cm 2 within 2-3 hrs. X-ray 
and thermogravimetric measurements and solid 
state chemistry considerations suggest that 
the spinel NiCo204 phase, prepared by freeze- 
drying of the mixed nitrates, followed by 
thermal treatment at 4OO~ for IO hrs, has 
the following electronic structure: 

2+ 3+ (Ni~+9 .3+ Co3+ 2- Co0.9 Co0.1 . NI0.1 ) 03.2 05.8 
where cations outside the brackets are in 
tetrahedral sites and those inside the 
brackets are in octahedral sites. The 
existence of loosely bound 0- on the surface 
is most probably responsible for the high 
activity of NiCo204 at room temperature. It 
was thought that the decay in performance was 
associated with the substitution of OH into 
the lattice (2) and more probably the partial 
reduction of NiCo204 (4). 

Some further investigation on the 
mechanism of decay is presented in this paper. 

. EXPERIMENTAL 

Freeze-dried NiCo204 (I) was used as the 
catalyst in Teflon-bonded electrodes. The 
BET surface area was 40 m2/g and the specific 
resistivity of the powder Nico204 was less 
than i0 ohm-cm. A small number of NiCo204 
electrodes were prepared by immersing i00 mesh 
nickel screens into 2M Co(N03)2,6H20/IM Ni 
(NO3)2.6H20 solution, followed by thermal 
decomposition at 400~ in air, The process 
was repeated until the NiCo204 leading reached 
35 to 40 mg/cm z. These electrodes were 
examined by X-ray powder diffraction techniques 

before and after electrochemical testing. 

Electrochemical testing was done on a 
Ifloating' half cell. The potential of the 
working electrode was monitored with a 
Dynamic Hydrogen Electrode (DHE). A piece of 
Pt foil was used as the counter electrode. 
The potential of the working electrode was 
controlled by a Chemical Electronics 
Potentiostat. 

3. RESULTS AND DISCUSSION 

3.1. CTclic Voltammetric Studies.--Figure I 
shows the cyclic volt~mmogram of a Teflon- 
bonded NiCo2(h electrode operated in the 
floating mode in air, 5N KOH, room temperature. 
The electrode was continuously scanned from 
the open circuit voltage (Ca. i.i0 V) to 500 
mV vs DKE. 

There was a rapid decay over i hr. when 
the current density at 500 mV vs DHE decreased 
from 120 mA/cm 2 to 50 mA/cm 2. On the other 
hand, there is practically no change in the 
performance when the voltage is scanned 
continuously from open circuit to 750 mV. 
(Figure 2). 

511 Anodic 

2 Scan Rate 50 mV/sec. 

vs (DHE) 

u= ~ 0  cycles 

~ 40 cycles 

75 ~ O  cycles 
I0 ~ I 0  cycles 

Cathodic "~.~i cycle 

Fig. l, Cyclic Voltammogram of Teflon-bonded 
NiCo204 electrode from O.C.V. to 500 
mV vs DHE,Air, room temperature, 5N KOH 
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As it is difficult to get clear X-ray 
powder diffraction patterns of the catalyst in 
a Teflon-bonded NiCo204 electrode, the elect- 
rodes prepared by direct decomposition of the 
mixed nitrates on nickel screens were used in 
the X-ray studies. 

Table I. X-ray powder diffraction 
analysis of the NiCo204 electrode 
in 5N KOH at room temperature 

Electrode Potential Atmosphere Time Phases 
(mY) Present 

(vs DHE) 

1 500 Air 1 Co203,NiO , 
week CoO,NiOOH, 

CoO.H20 

2 750 Air 1 NiCo204 
week spinel 

3 open Air 1 NiCo204 
circuit week spinel 

4 500 N 2 3 Co203,NiO , 
days CoO, NiOO$ 

CoO.H20 

5 750 N 2 3 NiCo204 
days spinel 

The results clearly show that the NiCo204 
spinel is stable at potentials above 750 mV vs 
DHE. At 500 mV vs DHE, the NiCo204 spinel 
structure is destroyed completely and the 
resultant product is a mixture of Co208, NiO, 
CoO, CoO.H20 , NiOOH, none of which are active 
for 02 reduction. Therefore, it is reasonable 
to assume that if a Teflon-bonded electrode 
is operated at or above 750 mV vs DHE, the 
performance should be stable. This is indeed 
the case -- the performance of a Teflon-bonded 
NiCo204 electrode remained unchanged at 25 mA/ 
cm 2, 750 mV, 5N KOH, Air over a test period of 
130 hrs. 

201 J Anodi~ 
i0 L Scan rate 50 mV/sec 

900 800 700 600 

i0 ~ v s  (DHE) 

20. 

30 
~6OO cycles 

~300 cycles 40 ~ i  cycle Cathodic 

Fig. 2. Cyclic Voltammogram of Teflon-bonded 
NiCo204 electrode from O.C.V. to 700 mV vs DHE, 
Air, room temperature, 5N KOH. 

Controlled-potential coulometric studies 
at 500 mV in a stream of N2 showed that the 
reduction current is over 4 times greater than 
the amount required to reduce the loosely 
bound oxygen, thus giving additional evidence 
that the bulk of NiCo20~ is reduced. 

3.2. Performance of Teflon-bonded NiCo20#/ 
Graphite electrodes.--Since the current 
density of NiCo204 electrodes at or above 750 
mV vs DHE is only of the order of 30 mA/cm 2 
at room temperature, it is necessary to improve 
the performance by mixing NiCo204 with high 
surface area graphite (5OOm2/g). Previous 
work by Goldstein and Tseung (5) on the 
cobalt-iron oxide/graphite system showed that 
the reduction of oxygen can be treated as a 
two step process: 

(I) 02 + H20 + 2e = HO~ + OH- 

(2) 2HO~ = 02 + 2OH- (catalytic 
decomposition) 

The evolved 02 is then recycled for 
further reduction in (I). The maximum 
possible enhancement for a cobalt-iron oxide/ 
graphite electrode is a doubling of a graphite 
electrode's i . Cobalt-iron oxide is a non- 

O 

conductor which has good H202 decomposition 
activity but it cannot reduce oxygen. On the 
other hand, since NiCo204 is a good peroxide 
decomposition catalyst, as well as a relatively 
active oxygen reduction catalyst, we expect 
such combinations to be more active. The 
performance of Teflon-bonded NiCo204/graphite, 
and graphite electrodes at 20 and 70~ shows 
(Figure 3) that i0 wt% NiCo204/graphite 
electrodes give 2OOmA/cm 2 at 750 mV, signi- 
ficantly better than graphite electrodes. 
Further optimization should lead to more 
significant improvements. 

IIOO 

~iOOO 

9OO 

8OO 

70C 

a Graphite 20~ (5.57, mg of graphite) 
o iO wt% NiCo204/C 20Oc (0.53 mg of 

NiCo203, 5.25 mg of graphite) 
�9 Graphite 70~ (4.35omg of Graphite) 
�9 i0 wt% NiCo204/C 70 C (53 mg of 

NiCo204, 5.25 mg graphite). 

16o " "~0 ~-~0 - ~0o 
mA/em 2 

Fig. 3. V-i curves for Teflon-bonded IO wt% 
NiCo204/C , and graphite electrodes supported 
on IOO mesh nickel screen 5N KOH,Air,iR cor- 
rected. 
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ABSTRACT 

The influence of calcium, potassium, and i ron  impur i t ies  in sod ium-su l fu r  
cells on ~"-a lumina  e lect rolytes  were  studied. Sections of the ceramic were  
analyzed  wi th  the e lec t ron microprobe  af ter  cyclic e lectrolysis  of the  cells. 
No degrada t ion  by  iron was detected.  The dis t r ibut ion  of potass ium in the 
~"-a lumina  became more  un i form as e lectrolysis  proceeded,  and the cell im-  
pedance  increased by  factors of two or  three.  Calc ium was the most  
damaging  impur i ty ;  even in small  concentrat ions i t  caused la rge  increases  
in cell impedance  and calcium concentra ted  in the  gra in  boundar ies  of the  
~"-a lumina.  

Impur i t i es  can degrade  the per formance  and l ife 
of the ~" -a lumina  e lec t ro ly te  in a sod ium-su l fu r  cell  
(1-6).  In  the  absence of an electr ic  field potass ium 
exchanges  wi th  sodium in large  gra ins  in ~-a lumina  
in contact  wi th  a sodium source, and  cracks resul t  
(6).  In  th is  work  the influence of potassium, calcium, 
and i ron  impur i t i e s  on degrada t ion  of ~-a lumina  af te r  
cyclic e lectrolysis  was s tudied  wi th  the  e lect ron mi -  
c roprobe  and the scanning e lect ron microscope. Cal-  
c ium was found to be the  most  damaging  impur i ty ;  
even in smal l  concentra t ions  i t  causes la rge  increases 
in  the  res is tance  of p"-alumina, and can also cause 
i t  to crack.  

Exper imenta l  
Two different  cells were  used, as shown in Fig. I. 

In  one there  was sod ium inside the  ~" -a lumina  tube 
and su l fur -polysul f ide  outside;  in the  o ther  there  was 
Na2S4 in both chambers .  Impur i t i e s  were  added  to the  
outer  chamber  as sulfides. 

Two different  ~" -a luminas  were  used, one wi th  9.0% 
Na20 and 0.8% Li20 (9.0-0.8) and  the o ther  wi th  
8.85% Na~O and 0.75% Li20 (8.85-0.75). 

The  cells were  baked  a t  850~ for  12 hr  a t  0.02 m m  
Hg before  filling. Su l fur  (subl imed)  was dr ied  under  
a reduced  pressure  at  about  70~176 and sodium was 
f i l tered th rough  a glass f r i t  at  about  150~ Commer-  
cial Na2S4 (Al fa )  was washed  wi th  toluene and then  
dr ied  in vacuum at  130~ for  48 hr. Al l  reac tants  were  
p laced  into the  cell  under  a d ry  a tmosphere  and then 
mel ted  into the  cell. The cell  was sealed wi th  d ry  
argon at  a th i rd  of a tmospher ic  pressure.  For  the  N a / S  
cells 15g of Na and 30g of  S were  used. 

The  N a / S  cells were  first d ischarged unt i l  the  com- 
posi t ion of the  ou te r  chamber  reached about  Na2S4, 
and  then charged  and discharged in a 4 hr  cycle. The 
cur ren t  dens i ty  was 25-30 m A / c m  2 for  both charging 
and discharging,  and this va lue  was low enough to 
exclude the poss ib i l i ty  of degrada t ion  due to the high 
cur ren t  dens i ty  mechanism. The composit ion of the 
outer  chamber  was nea r  Na2S4, owing to the  shor t  

" E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
1Present address: Institute of Industrial Science, University of  

Tokyo, Tokyo, Japan. 
Key words :  ceramics ,  cell, cracking, energy s torage .  

cycle t ime and the low cu r r en t  density.  S imula t ion  
cells were  also opera ted  in 4 hr  cycles wi th  a cur ren t  
dens i ty  of 25-30 m A / c m  2. 

wir 
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32 
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~lun,. ,a ~ 1 1  
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Fig. I. Structures of Na-S cells and simulation cells 
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The temperature  of the cells was 350~ A conduc- 
t ivi ty bridge (Leeds & Northrup)  was used to mea-  
sure the impedance of the cell at 1000 Hz. After the 
cell was cooled down and disassembled, the ~"-alumina 
electrolyte was cut into pieces (or rings) and some 
samples were analyzed with the electron microprobe 
or SEM equipped with EDA. 

For microprobe (MAC-400) analysis a piece of the 
~"-a lumina  was mounted in  epoxy resin and polished 
through 1~ diamond; water  was used only for rough 
sanding and then any contact with water was avoided. 
The specimen was coated with carbon, distr ibutions 
of impuri t ies  were photographed directly, and several 
spots were analyzed for the impurities.  A back-scat-  
tered electron (BSE) image of the analyzed area was 
taken for identification in the optical microscope. 

Standard ~"-a lumina  samples containing known 
amounts  of each of the impurit ies were prepared. Mix- 
tures of Na2CO3, Li2CO3, CaCOs, and A1203 (Linde B) 
were calcined at about 1000~ and then pressed into 
pellets, 1 cm diam and about 2 mm thick. These pel- 
lets were sintered at 1550~176 for 10-20 min  and 
then annealed at 1400~ for 2-3 hr, all in powder of 
the same composition. 

Sample surfaces were observed in  the SEM 
equipped with EDA (AMR-1000); they were coated 
with gold for observation or carbon for EDA. Optical 
micrographs of the analyzed area were taken after 
etching in  HF-HNOs. 

An ion-exchar~ge exper iment  was performed to 
clarify the difference between the results with and 
without electric current.  A piece of ~"-a lumina  (9.0- 
0.8) was immersed in a melt  of either NaNO8 or Na2S4 
with impur i ty  and analyzed with the microprobe and 
optical microscope. 

Experimental  Results 
The results of cell operation are presented in Table I. 
The ~"-a lumina  from cell Fe-1 had fine crystals on 

its surface, as shown in Fig. 2. EDA showed much sul-  
fur  and some sodium and calcium in  these crystals 
and no iron in  them. Microprobe analysis of a cross 
section of the ceramic showed less than 0.05 weight 
percent  (w/o)  iron; thus iron does not penetrate  into 
the fl"-alumina. 

In  cell K-1 cracks were found on the surface of the 
~ ' - a l u m i n a  that  contacted Na~S4 containing K+;  the 
cracks ran  almost perpendicular  to the surface. A non-  
uni form distr ibut ion of K + was observed in the mi-  
croprobe in  sections of ~ ' - a l u m i n a  from cells K-1 and 
K-2. The correspondence of the K+- r i ch  area *~o par-  
t icular  grains was not clear; large grains did not con- 
ta in  more K + than the surroundings.  The K+- r i ch  
region contained about 0.6-1.0 w/o of K20, showing 

that  up to one t e n t h  of the Na + ions in ~"-a lumina  
conduction paths were replaced with K + ions. The 
concentrat ion of potassium in larger grains barely  ex- 
ceeded the detection limit, and it was estimated to be 
no more than  0.05 w/o. There were no appreciable 
differences in  potassium concentrations along cracks. 

In  cells K-3 and K-4 the dis tr ibut ion of potassium 
was more uni form than in cells K-1 and K-2, sug- 
gesting that the potassium becomes uni formly  dis- 
t r ibuted throughout  the ceramic after lon~ operation 
and that  any stress resul t ing from the init ial  nonun i -  
form dis t r ibut ion of potassium disappears gradually.  

The Na2S4 from cell Ca-1 was washed out with 
methanol,  and some whi te -gray  powder was found on 
the graphite electrode and felt. Analysis of the pow- 
der by EDA showed Na, Ca, and S. X- ray  diffraction 
of this powder showed complicated pat terns and some 
peaks were identified as CaS, but  most of them were 
not from CaS. This powder, therefore, was probably 
a mix ture  of CaS and some other compounds of Na, 
Ca, and S. 

A section of the ~"-a lumina  from cell Ca-1 was ana-  
lyzed by means of the electron microprobe. Figure 3 
shows the dis t r ibut ion of Ca and an optical micro- 
graph of the same region and shows that  Ca tends to 
take positions in grain boundaries or in smaller  grains 
and that the larger grains contain less Ca than  the 
surrounding regions. The Ca counts obtained for the 
large grains barely exceeded the background, indicat-  

F;g. 2. A scanning electron microgroph of crystals found on the Fig. 3. Distribution of Ca in the electrolyte taken out of the 
electrolyte of the cell Fe-1. cell Ca-1 and an optical micrograph of the same region. 
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Table I. Summary of cell designs 

Impurity Duration 
Name (w/o) Electrolyte Cell days Impedance  Cracks 

Fe-1 FeS 1 9.0-0.8 disk Na2S~ 28 
K-1 K~S~.s I 9.0-0.8 disk Na-.S4 9 

K-2 K~$3.5 0.2 9.0-0.8 disk Na~S4 6 
K-3 K2S3.~ 0.2 8.85-0.75 tube Na2S4 28 
K-4 KeSs.5 0.2 8.85-0.75 tube Na /S  33 
Ca-1 CaS 1 8.85-0.75 tube N a / S  6 

Ca-2 CaS 0.2 8.85-0.75 tube Na /S  16 

Ca-3 CaS 0.05 8.85-0.75 tube  Na /S  28 

i'r~g t h a t  t h e  c o n c e n t r a t i o n  of  CaO i n  l a r g e  g r a i n s  w as  
less  t h a n  0.05 w / o .  F o r  t h e  C a - r i c h  r e g i o n  t h e  CaO 
c o n c e n t r a t i o n  was  e s t i m a t e d  to be  a b o u t  3-4  w / o .  I f  
e a c h  Ca 2+ i on  r e p l a c e s  t w o  N a  + ions,  t h e  f o r m u l a  of 
t h e  i on  e x c h a n g e d  ~ " - a l u m i n a  c a n  b e  w r i t t e n  as 

(1 - -  x )  N a 2 0  �9 x C a O  �9 6.20A1~O3 

w i t h  a n  x fo r  t h e  C a - r i c h  r e g i o n  of  a b o u t  0.4-0.5. 
C r a c k s  w e r e  f o u n d  o n  t h e  e l e c t r o l y t e  f r o m  cel l  Ca -2  

t h a t  w e r e  d i f f e r e n t  f r o m  c r a c k s  in  t h e  cel ls  K -1  a n d  
K-2 ,  a n d  a s m a l l  p iece  of  t h e  e l e c t r o l y t e  c a m e  off f r o m  

Constant No 
Constant for 100 hr, then sharp increase Yes 

and unstable 
Nearly constant  
Slow increase to 3 times initial No 
Slow increase to 2 times initial No 
Rapid increase to 20 times initial in 50 No 

hr, then unstable 
Rapid increase to 20 times initial in 130 Yes 

hr, then unstable 
Slow increase to 8 times initial at 300 hr. No 

then con~ant  

a p a r t  of  su r face .  T h e  c r a c k s  r a n  d i a g o n a l l y  w i t h  r e -  
spec t  to t h e  su r face ,  u n l i k e  c r a c k s  f r o m  K + i m p u r i t y .  
M i c r o p r o b e  a n a l y s i s  s h o w e d  t h a t  Ca  2+ w as  n o t  d i s -  
t r i b u t e d  e v e n l y  a l o n g  t h e  c r a c k s  (Fig.  4 ) ;  t h e  c o n c e n -  
t r a t i o n  of  Ca w a s  a b o u t  t h e  s a m e  as fo r  cel l  Ca-1.  

P i eces  of ~ " - a l u m i n a  (9.0-0.8) w e r e  k e p t  in  t h e  
o u t e r  c h a m b e r s  of  t h e  cel ls  Ca-1  a n d  Ca-2 .  M i c r o p r o b e  
a n a l y s e s  of s ec t ions  of  t h e s e  p ieces  a r e  i n  Fig.  5 a n d  
6, a n d  s h o w  a h i g h  c o n c e n t r a t i o n  of  Ca  in  s m a l l e r  
g r a i n s  o r  g r a i n  b o u n d a r i e s .  T h e  c o n c e n t r a t i o n  of CaO 
i n  C a - r i c h  r e g i o n  w as  c lose  to  t h a t  of  C a O  �9 6A120~. 

Fig. 4. Distribution of Ca along the cracks found in the electro- 
lyte of the cell Co-2. 

Fig. 5. Distribution of Ca in a piece of fl"-alumina (9.0-0.8) 
which was kept in the sulfur chamber of the cell Ca-2. 
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di rec t ly  on the surface of ~" -a lumina  or pene t ra te  into 
it. Large  amounts  of i ron compounds are  found in the  
sulfide compar tments  of fai led cells wi th  stainless steel 
cases, and it is p robab le  tha t  these compounds in te r -  
fere wi th  cell opera t ion  and lead  to failure.  

In  the absence of an electr ic  field potass ium pene-  
t ra tes  into ~"-a lumina  only in large  grains  in contact  
wi th  the mel t  containing potassium; gra in  boundar ies  
appea r  to act as bar r ie rs  for potass ium penet ra t ion  
(6). In  contrast  the presen t  resul ts  show tha t  wi th  a 
cycling electr ic field the potass ium s lowly penet ra tes  
into the ceramic, becoming more  un i fo rmly  d is t r ibuted  
at  longer  cycle times. This resul t  suggests tha t  damage 
(cracking)  f rom potass ium impur i t y  is more l ike ly  
ea r ly  in cell life, when  the d is t r ibut ion  of potass ium 
in the ~"-a lumina  is nonuniform. Once this cr i t ical  
per iod is past, damage  from potass ium p robab ly  be-  
comes less l ikely.  Smal l  amounts  (0.2% in the mel t )  
of potass ium can lead to increases by  factors of two 
to th ree  in the cell impedance.  

Calcium was found in ~"-a lumina  f rom fai led so- 
d ium-su l fu r  cells in our  l abo ra to ry  (7),  but  has usu-  
a l ly  been ignored as a source of degrada t ion  of ~"- 
alumina.  The present  resul ts  suggest tha t  i t  can cause 
degrada t ion  in both  conduct iv i ty  and s t rength  of ~"- 
alumina.  F igures  3 and 5 show tha t  calcium concen- 
t ra tes  in gra in  boundar ies  in ~" -a lumina  e i ther  wi th  
or wi thout  an electr ic  field. Quite smal l  amounts  of 
calcium (0.05% in the  mel t )  can lead to large  in-  
creases in impedance  of the  ceramic. This concentra-  
t ion of calc ium in the gra in  boundar ies  can appa ren t ly  
also lead to cracking of the ceramic,  as shown in Fig. 
4. Thus calcium can ser iously  degrade  the  per formance  
of ~"-a lumina  in a sodium sulfur  cell. 

Fig. 6. Distribution of Ca in a piece of fi"-alumina (9.0-0.8) 
which was immersed in the melt of Na2S4 containing 1.0 w/o of 
CoS. The surface of the ceramic cut with a slow speed diamond 
sow is shown here. 

Discussion 
I ron has been suggested as a degrad ing  impur i t y  for 

f i"-alumina,  because sod ium-su l fu r  cells wi th  stainless 
steel  cases of ten fai l  at  shor te r  l i fet imes than  expected.  
The present  resul ts  indicate  tha t  i ron does not  deposi t  

Manuscr ip t  submi t t ed  Sept.  6, 1977; revised manu-  
scr ipt  received March  1, 1978. 

Any  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1979 JOUaNAL. 
All  discussions for the  June  1979 Discussion Section 
should be submi t ted  by  Feb.  1, 1979. 
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ABSTRACT 

Modeling studies have  been conducted to de te rmine  the t e m p e r a t u r e  f i e l d  
in a l ead -ac id  cell  contempla ted  for load- leve l ing  applicat ions,  wi th  da i ly  
du ty  cycles and a w e a k l y  equal izat ion charge. The resul ts  show that  under  t h e  
proposed da i ly  cycling and wi thout  a forced cooling, a m a x i m u m  t empera tu r e  
r ise  of 16~ can be expected at  the  center  of a proposed 9.76 k W - h r  cell  (48.26 
cm length  X 45.72 cm wid th  X 127 cm he ight ) .  Fo r  such ta l l  l ead -ac id  
cells, reduct ion  of cell  length  by  about  one-ha l f  would reduce the t empera -  
ture  r ise by  7~176 wi thout  employing  forced cooling. Convent ional  wa te r  
cooling at  the  cell  termirmls has l i t t le  effect in lower ing  the cell m a x i m u m  
tempera ture .  Moreover,  cooling m a y  induce a la rge  t empe ra tu r e  g rad ien t  in 
the  ver t ica l  direct ion of the  cell, which may  cause a nonuni form cur ren t  dis-  
t r ibu t ion  over  the  e lect rode leading to a g radua l  loss of cell capaci ty  and cycle 
life. Prac t ica l  cells in use often incorpora te  "a i r  l i f t  pump"  that  faci l i ta tes  
e lec t ro ly te  s t i r r ing or an e lec t ro ly te  c i rculat ion design to minimize  the ex-  
t r eme  t empe ra tu r e  gradients .  Gassing dur ing  the week ly  equal izat ion charge 
of load ing- leve l ing  cells m a y  also enhance in te rna l  heat  t ransfer ,  causing a 
more  un i form t empera tu re  dis t r ibut ion.  Af te r  the week ly  equal izat ion charge,  
the  cell  t empera tu re s  resume the i r  in i t ia l  values  at  the  end of the  res t  period.  

Thermal  behavior  in l ead -ac id  ba t te r ies  dur ing  cy-  
cling is an impor t an t  factor  affecting ba t t e ry  pe r fo rm-  
ance and cycle life. Tempera tu re  effects become even 
more  cr i t ical  for  the  advanced  bat ter ies  employed  in 
e lec t r ica l  vehicle  propuls ion  and u t i l i ty  load- leve l ing  
applicat ions.  Poor  ba t t e ry  design can resul t  in sig- 
nificant t empe ra tu r e  rise and t empe ra tu r e  grad ien t  
in the  ba t t e ry  dur ing  charge  and discharge cycles. 
This t e m p e r a t u r e  r ise  m a y  cause enough var ia t ion  in 
the  phys ica l  and chemical  proper t ies  of the ba t t e ry  
components  to lead  to a g radua l  loss of cell  capaci ty  
and cycle life. Baker,  Gidaspow, and Wasan (1) have  
given a review for the  t he rma l  phenomena  in fuel  
cells and ba t te r ies  as wel l  as the ma themat i ca l  t r e a t -  
ment  to obta in  the ana ly t ica l  solut ion for the t empera -  
ture  fields in  fuel  cells and  bat ter ies .  They  der ived  
genera l  solut ions for  m a x i m u m  c e l l  t empera tu res  at  
s teady  s tate  wi th  a bounda ry  condit ion of constant  
cell  wa l l  t empera tu re .  A s imi lar  approach  has also 
been. appl ied  for the  calculat ion of the  m a x i m u m  tem-  
pe ra tu re  in s i lver-z inc  ba t te r ies  at  s teady state and 
at  i so thermal  wal l  condit ions b y  Mered i th  and Uchi-  
yama  (2). The present  work  employs  finite difference 
method  to s tudy  t rans ien t  the rmal  phenomena  in load-  
level ing l ead-ac id  cells under  condit ions of va r i -  
able  cell  wa l l  t empera ture .  The same method  was ap-  
pl ied by  .us recen t ly  to a s tudy  of a t rans ien t  the rmal  
phenomena  in l ead-ac id  cells which  were  designed for  
e lectr ic  vehicle  propuls ion  (3). That  s tudy  (3) ad-  
dressed hea t  t ransfe r  behavior  across the  electrode,  
the  e lec t ro ly te  and thei r  in terface  for a PbO2 electrode;  
the  t empe ra tu r e  field in~ a composite l ead -ac id  ba t te ry ;  
and the proposed ba t t e ry  cooling methods.  However ,  
due to the  difference in the  ba t t e ry  specifications, con- 
s truct ion,  and use cycles for the  ba t te r ies  in e lect r ic  
vehicle  propuls ion  and in load- leve l ing  uses, i t  is ex -  
pected tha t  the t he rma l  behavior  of the  ba t te r ies  for 
t h e  two appl ica t ions  wil l  not  be the  same. 

In  the following,  the  t e m p e r a t u r e  field and its va r i -  
a t ion in the cell des igned for load- leve l ing  use dur ing  
da i ly  du ty  cycles and week ly  equal izat ion charge a re  
examined.  This s tudy  also examines  how the cell ge-  
ome t ry  and the cell  designs (wi th  and wi thout  wa te r  
cooling at  the  e lect rode t e rmina l )  affect the  t empera -  
ture  dis t r ibut ion.  The proposed u t i l i ty  cycles for these 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Me m b e r .  
Key words :  lead-acid cei ls ,  ut i l i ty  load-level ing,  t e m p e r a t u r e  dis- 

tr ibut ion,  t e r m i n a l  w a t e r  cool ing.  

calculat ions include five da i ly  du ty  cycles and one 
week ly  equal izat ion charge per  week. Three  proposed 
cell designs, designated by  Designs A, B, and C (wi th  
and wi thout  wa te r  cooling at  the  cell t e rmina ls )  were  
analyzed.  The design character is t ics  of the  cells are  
summar ized  in  Table  I which  compares  the  r a t ed  cell 
capaci ty  and the dimensions of the respect ive  cell de-  
signs (4, 5). The t e rmina l  wa te r  cooling was provided  
by  running  the coolant  th rough  cooling tubes nex t  to 
the  top of electrodes as shown in Fig. 1. The basic 
mathemat ica l  t r ea tmen t  is quite s imi lar  to tha t  of the 
previous  s tudy (3);  some modifications, however ,  h a v e  
been added  and wil l  be discussed in the next  section. 

Mathematical Treatment 
The e lements  wi th in  a single cell  conta iner  consist 

of posi t ive electrodes,  negat ives  electrodes,  separa tors  
and electrolyte .  There  are  e lec t ro ly te  reservoirs  a round  
the compact  e lect rode element.  As shown in Fig. 2 
for a two-d imens ion  cross section, region I represents  
the e lectrode e lement  which  is composed of the  posi-  
t ive electrodes,  negat ive  electrodes,  separa tors  and 
e lect rolyte ;  and region II  represents  the  e lec t ro ly te  
reservoi r  a t  the surrounding.  Previous  work  (3) has 
shown tha t  the compact  e lec t rode  e lement  m a y  be 
regarded  as a unit,  and  the averaged  t empe ra tu r e  m a y  
be assumed to represent  the local t empera tu re  at  any  
locat ion wi th in  the e lect rode element,  approx imate ly .  
Fol lowing  this approximat ion ,  Region I wi l l  be 
t rea ted  as a homogeneous medium wi th  the averaged  
phys ica l  pa ramete r s  (density,  specific heat, t he rma l  
conductivi ty,  and e lect r ica l  conduct iv i ty)  and the heat  
genera ted  wi th in  the  e lect rode e lement  m a y  be ave r -  
aged over  the whole region I. 

Table i. Design characteristics of proposed lead-acid cells for 
utility load-leveling 

Cell  de- Rated  ce l l  Cell 
s ign aes-  capaci ty  d imens ions  
ignat ion T y p e  proposed  by  (A-hr)a  (L x W x H c m )  

A ESB (4)  9760 48.26 x 45.72 • 127 
Type  VLL 45 

B P r e s e n t  s t u d y  b 4500 22.12 x 45.72 x 121.92 
C W e s t i n g h o u s e  (5) 2810 22.12 • 45.72 x 76.2 

A t  a 5 hr  d i scharge  rate .  
b Basical ly  a modif ied  ESB des ign  w i t h  a r e d u c e d  ce l l  l ength .  

I011 
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Fig. 1. Lead-acid cell for load-leveling application with a terminal 
water cooling design. 
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Fig. 2. Cell cross section in two-dimensions 

In  the previous study of the lead-acid cells for elec- 
tric vehicle (EV) propulsion use (3), the tempera ture  of 
the electrolyte in  the top reservoir was assumed un i -  
form because of l imited amount  of electrolyte in the 
reservoir. The numerical  calculation was thus simpli-  
fied. For the lead-acid cell in  load-level ing use, the 
cell dimensions are much larger than that  of the EV 
cells, and the energy density is not so critical as the 
EV cells. Genera l ly  there is large electrolyte reservoir 
a round the compact electrode element  so that the as- 
sumption of uni form temperature  for the electrolyte 
reservoir is no longer applicable. Therefore in  the fol- 
lowing treatment ,  the numerica l  solutions for temper-  
a ture  field were obtained by matching region I (the 
electrode element)  and region II (the electrolyte res- 
ervoir  in  the surrounding)  with suitable boundary  
conditions. The calculation method is as follows. 

For region I, the governing energy equation is wr i t -  
ten as 

OT 02T O2T OT 
p~ k + k p~ U 

o-Y = oX2 oy - - - T  - ~-y + ~ E ~ ] 

A 
where p, C, k are the average density, specific heat, 
and thermal  conductivi ty for the electrode element  
in  region I, respectively. If gassing occurred in the cell 
dur ing  charge cycle, the thermal  conductivi ty k is 

correlated s imilar ly to the t rea tment  in  Ref. [3] as 

k = /Co [1 + a(1 - -  ~)i] [2] 

where ko is the thermal  conductivity when  there is no 
gassing, a is the gassing correlation constant. ~ is the 
current  efficiency, i is the superficial current  density on 
the electrode. U is the superIicial velocity of the elec- 
trolyte in  y-direction,  which relates the electrolyte 
movement  due to the change of electrode porosity in 
region I. ~/ is the rate of in terna l  heat production per 
uni t  volume. The velocity gradient  may  be expressed 
a s  

OU O, 
= --  - -  [3] 

~y 0t 

where e is the porosity of the electrode element in  re- 
gion I. The derivative of �9 with respect to t ime is wr i t -  
ten as 

phase phase 
Oe 

= i 8i V i  - -  si V'i / ~  F Wt [4]  
~t  product reactant 

based on the general  expression for cell reaction as 

siMizi = ~ siMlzi [51 
reactant product 

si is the stoichiometer coefficient of species i; zi is the 
charge carried by species i; Vi is the part ial  molar  vol- 
ume of species i; n is the number  of electron t ransfer  
for the cell reaction; and wt is the total thickness of 
the positive electrode, the negative electrode and the 
separator. The rate of heat production per un i t  vol- 
ume ~/, is dependent  on the cell reaction, temperature,  
cycling condition, current  efficiency, and cell geometry. 
Following the derivat ion as in  the previous s tudy (3), 

may be expressed as a combinat ion of functions 

j r j 
follows 

(l : f ( i, ,, Wt, V, ~ ~Hj ~ ) 
J 

~- G ( i, ,, Wt, ~ ACp,j ) . ( T - - T o ) [ 6 ]  
J 

Funct ion  ] represents the heat production due to the 
ohmic drop and the heats of cell reactions at the ref- 
erence tempera ture  (To). Funct ion  G represents the 
heat production due to tempera ture  variat ion for the 
cell reactions. They may be expressed as 

f(i,~,Wt, V, ~AH] ~ 

and 

J 

n l F  ~ [7] 

i r hCp,r hCp.~ ] 
wt [ ~  + < 1 - o  ~2F 

[8] 

where AHr ~ and AHg ~ are the heats of reaction for the 
faradaic cell reaction and the gas evolution reaction, 
respectively; n l  and n2 are the number  of electron 
t ransfer  for the cell reaction and the gassing reaction, 
respectively; Cp.r and Cp.~ are the algebraic sums of 
species part ial  molar  heat capacities for the cell re- 
action and the gassing reaction, respectively. V is the 
cell voltage. Other symbols have their  init ial  mean-  
ings. For the electrolyte in  the reservoir  (region II) ,  
the energy equation is expressed as 
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^ __aT : (o r + C91 
~lCi 0t \ at2 0y2 / 

A 

where  pl, Cl, and ki a re  the  density,  specific heat,  and 
the rmal  conduct iv i ty  of the electrolyte ,  respect ively.  
S imi la r  corre la t ion  for the  the rmal  conduct iv i ty  due 
to gassing (Eq. [2] ) wi l l  also be appl ied  to the elec-  
t ro ly te  in region II. 

The in i t ia l  and  bounda ry  condit ions m a y  be wr i t t en  
a s  

A t t : O ,  anyx ,  andanyy ,  T : T o  [10] 
whe re  

To is the  ini t ia l  cell (outer  a tmospher ic)  tempera ture .  

OT 
Atx----  0, a n y y ~ - -  0 [ l l J  

Ox 
At; x -- Lz/2, any  y 

-- h ( T - -  To) [12J 

where  h, the  hea t  t ransfe r  coefficient f rom the cell 
wa l l  to the  ou te r  a tmosphere ,  1 is an inrini teiy smal l  
value.  

At  y : 0, any  x 

-- 6,y 
At y = Ly, any  x 

z -- 8,g 

At  the interface between the electrode element of re- 
gion I and the electrolyte of region II ,  the heat trans- 
fer across the two medium should be conserved. The 
boundary conditions at the interface may be wr i t ten as 

A t X = X l ,  y z < y < y ~  

At  y -- Yl, any  x 

O T ) I =  ~ T )  zz 

At. y = Y2, any  x 

(OT/Oy) z and (OT/Oy) I1 represen t  the  t e m p e r a t u r e  
gradients  at  region I and region II, respect ively .  

Fo r  the  design wi th  cooling at  the  top of the  elec-  
t rode  (at  y --  92) the  bounda ry  condi t ion may  be r e -  
w r i t t e n  as 

At, y : Y2, any  z 

-~y + ~ =~ (T -Te )  [18] 

where A is the averaged heat transfer coefficient across 
the  cooling tube which  re la tes  to the  ma te r i a l  p r o p e r -  
t i e s  and geometr ies  of  the  cooling tube.  

In the present calculation, constant values of h and To for a 
single cell were assumed. In a practical load-leveling battery plant 
which consists of hundreds of series-parallel connected single 
cells, the values of h and To will generally be affected by the beat 
transfer between the neighboring cells. However, the assumption 
of constant h and To will still be valid if proper air ventilation for 
cooling is provided for the space between the cells, 

N u m e r i c a l  C a l c u l a t i o n  
Numerical solutions for Eq. [1]-[4] and [9 ]  w e r e  

obtained,  subjec ted  to the ini t ia l  and bounda ry  condi-  
t ions (Eq. [10J-[18]) by  finite difference method.  Im-  
plici t  a l t e rna t ing -d i r ec t ion  (6, 7) techniques fol lowed 
by  an e l iminat ion  a lgor i thm were  employed.  The con- 
vergence cr i te r ion  was set so tha t  the  difference be-  
tween  two successive solutions at  al l  mesh  points  is 
less than  0.001%. 

Description of daily duty cycles and weekly  equaliza- 
tion charge.--The calculat ion was made  for five dai ly  
du ty  cycles and one week ly  equal izat ion charge.  Fo r  
each dai ly  du ty  cycle, the cell  was discharged a t  con- 
s tant  cur ren t  for 5 h r  to 100% of the  ra ted  capacity,  
fol lowed by  7 hr  constant  cur ren t  charge and 2 hr  
t aper  charge. The cell po ten t ia l  was assumed to reach 
2.35V at the end of the  7 h r  constant  cur ren t  charge  
and was ma in ta ined  at  2.35V for the  2 h r  t a p e r  charge. 
About  84% of da i ly  discharge capaci ty  was de l ivered  
back to the cell  at  the end of the 7 hr  constant  cur ren t  
charge. At  the end of the  2 h r  t ape r  charge,  100% of 
the da i ly  discharge capaci ty  was r e tu rned  to the ceil. 
Because the cell vol tage was not  a l lowed to exceed 
2.35V dur ing  the da i ly  charge, the  cur ren t  efficiency 
was assumed 100%. The week ly  equal iza t ion  charge 
was opera ted  r ight  af ter  the  end of the fifth da i ly  
Charge cycle, which was a 5 hr  constant  vol tage charge  
at  2.65V. About  20% excess of the  r a t ed  capaci ty  was 
charged to the cell dur ing  the 5 hr  week ly  equal izat ion 
charge. As most of coulombs dur ing  this equal izat ion 
Charge would resul t  in gassing,, the  cur ren t  efficiency 
was assumed to be 5%. The var ia t ions  of cell  potent ia l  
and cell cur ren t  dur ing  the da i ly  d ischarge  and charge 
were  represen ted  in Fig. 3. 

Physical parameters used in the calculation.--The 
heat  of reac t ion  (AHr) for the  cel l  fa radaic  react ion 

d ischarge  
) 

(PbO2 -t- Pb -t- 4H + -{- 2SO42- < 2PbSO4-l- 
charge  

2H20) varies  wi th  the  e lec t ro ly te  concentra t ion and 
the e lec t ro ly te  concentra t ion changes dur ing  cell  
cycling. An  empir ica l  corre la t ion  for the  dependence  
be tween  AHr and s tate  of discharge (or charge)  was 
made by  assuming that  the  specific g rav i ty  of the  elec-  
t ro ly te  was equal  to 1.12 at fu l ly  d ischarged state of 
the  r a t ed  capacity,  and equal  to 1.28 at  the  fu l ly  
charged  state. Based on the r epor ted  values  by  Vinal  
(8), this corre la t ion  m a y  be expressed as 

AHr(298K) = 367,422 -4- 20,900 Q -t- 11,520 Q2 J / m o l  [19] 

where  Q represen t  the  s ta te  of charge.  When  the cell  
is fu l ly  discharged ( the specific g rav i ty  of the e lec t ro-  

b-J I d Z'~: W> 

. .I  o 

W l l  I - -  
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Fig. 3. Variations of cell potential and cell current with time 
during the daily discharge and charge cycles. 



1014 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND T E C H N O L O G Y  July  1978 

lyte is about 1.12), Q is equal to zero. Q is equal to 0.5 
when the cell is charged to one-half  of its rated ca- 
pacity, and equal to 1.0 when the cell is fully charged 
(the specific gravi ty of the electrolyte is about 1.28). 

The gas evolution reaction dur ing  charge may be 
general ly expressed as 

H20 --> H2 + 1/2 02 [20] 

since the dependence of the heat of the gas reaction to 
the acid concentrat ion is quite small, the heat of gas 
reaction (~H~) was assumed to be constant  and is 
equal to 285,786.6 3 /mol  (9). The heat  generat ion due 
to the changes of the species part ial  molar  heat ca- 
pacities with concentrat ion and temperatures  are also 
small. Therefore, the algebraic sums of the species 
part ial  molar  heat capacities for the faradaic cell re- 
action (ACp,r) and for the gas reaction (ACp>g) were 
assumed constants, equal to --47.53 J / m o l - K ( 8 )  and 
--32.89 J / m o l - K  (10), respectively. 

The values of other parameters  and data for calcu- 
lations are listed below. 

a ---- 2500 cm2/A 
A 

pC ---- 2.85 J /cmS-K 
A 

plC1 = 3.8087 J /cm3-K 
ko ---- 0.04433 W / c m - K  
kz = 0.00521 W / c m - K  
VPb = 18.25 cm3/mole 

For Design A 
Lx = 48.26 cm 
Ly -- 127.0 cm 

For Design B 
L~ -- 22.12 cm 
Lu -- 121.92 cm 

For Design C 
Lx ---- 22.12 cm 
L~ ---- 76.2 cm 

VpbO2 = 25.54 cmS/mole 
VpbO4 ---- 48.9 em3/mole 
W t : 0.9779 cm 
h = 3.76 X 10 -4 J /cm2-sec-K 
A = 0.2 J /cm2-sec-K 

xl ---- 21.72 cm 
Yl ---- 10.16 cm 
Y2 = 111.76 cm 

xl = 10.06 cm 
Yz =- 8.13 cm 
Y2 = 109.71 cm 

xz ---- 10.06 cm 
YI = 5.08 cm 
Y2 = 68.58 cm 

Results 
The calculated tempera ture  profiles for Cell Design 

A under  the ut i l i ty  cycles (five daily duty cycles and 
one weekly equalization charge) are shown in Fig. 4 
for the case without  water  cooling. In  Fig. 4, curve 1 
represents the profile for the max imum cell tempera-  
ture near  the cell center; curve 2 represents the tem- 
pera ture  var iat ion at the top of the electrode element  
(at x : 0, y = Y2); curve 3 is the tempera ture  var ia-  
t ion of the reservoir electrolyte 5.1 cm above the top 
of the electrode element  (the height  of the electrolyte 
above the top of the electrode element  is 12.7 cm). These 
curves in Fig. 4 show that  the temperatures  profiles 
are similar throughout  the daily duty cycles. A maxi-  
mum temperature  near  the cell center (curve 1) may 
reach as high as 16~ above the ambient  temperature.  
The tempera ture  dis t r ibut ion in  the vertical  direction 

~ bhr C.C.D. 

~ -Thr C.C.C. + 2hr C.C.C. 

2 0 ~  ~ - ~ -  ~ -  ~ * - - - M O N .  TUE. WED. THU. ~'~1 F R I . ~  WEEKEND " I 

-vi~ I~, il I t I I I I I I I I I i i  I 1 I I I / 
RP.' i I I I I ,I 

X J / \ i  / \ I  J\ ' ,  J 
= i I I I 

0 8 16 24 0 16 74 8 16 74 8 16 74 8 16 24 8 16 24 8 16 74 
0 0 0 0 0 0 

TIME, hr 

Fig. 4. Temperature variation during utility cycles for the Cell 
Design A. 1, Cell center; 2, top of electrode element; 3, electrolyte 
5.1 cm above the top of electrode element. 

of the cell is not uniform, as shown by curves 1, 2, and 
3. During the 5 hr weekly equalization charge at 2.65V, 
the tempera ture  difference in the vert ical  direction is 
reduced somewhat due to vigorous gassing. After  the 
weekly equalization charge, the cell temperatures  re-  
tu rn  to near ly  their  ini t ial  tempera ture  at the end o f  
the 2 day rest period dur ing  the weekend~ Figure 5 
compares the profiles of ma x i mum cell temperature  for 
Cell Designs A, B, and C. Curve A is for the Cell De- 
sign A without cooling; curve A' is for the Cell Design 
A with water  cooling at the terminals.  The water  is 
circulated in such a rate that  the coolant temperature  
may be assumed to be constant. For curve A', the 
coolant tempera ture  is set equal to 298~ curve A" is 
for the same design with a coolant temperature  of 
283~ When water  cooling is used, the location of 
ma x i mum cell tempera ture  is no longer near  the cell 
center, but  shifts downward from the terminal.  Also 
shown in  Fig. 5 are the m a x i m u m  cell temperatures  
for Cell Design B (curve B) and for Cell Design C 
(curve C) without  water  cooling. Cell dimensions for 
the three cell designs were listed in  Table I. The re-  
sults with the Cell Design A showed that  the wate," 
cooling has li t t le effect in  reducing the max imum cell 
temperatures  (comparing curves A, A', and A" in Fig. 
5). The water cooling essentially reduces the tempera-  
ture  at the region near  the electrode terminals,  as il- 
lustrated in  Tables II and III. Tables II and III  are the 
maps to show a complete tempera ture  dis tr ibut ion 
over the one-half  of the cell for Cell Design A under  
the conditions wi th  and wi thout  water  cooling. How- 
ever, when the cell length of Design A is reduced from 
48.26 to 22.12 cm (that of Design B),  the ma x imum 
cell tempera ture  in the absence of forced cooling is 
correspondingly reduced by near ly  one-half,  or 5~176 
as shown in Fig. 5. When the cell height  is reduced 
from 122 cm (for Design B) to 76 cm (for Design C), 
the max imum cell tempera ture  is reduced by only 
about I~ Figures 6, 7, and 8 compare the temperature  
profiles in  the vertical  direction for Cell Designs A, B, 
and  C with and without  water  cooling. The results 
clearly show that a large tempera ture  difference in the 
vertical direction is induced by the water  cooling at 
the cell terminals.  

Discussion 
Cell Design A without 5orced water cooling.--Under 

the proposed ut i l i ty  cycles for load-level ing applica- 
tions, the numerical  results show that  a ma x i mum cell 
temperature  (near the cell center)  may rise by 16~ 
above the ambient  tempera ture  dur ing  daily charge 
cycles as shown by  curve 1 in  Fig. 4. The ma x imum 
temperature  near  the cell center is however not readi ly 
measurable  experimental ly.  In  practice, the electrolyte 
tempera ture  in  the top reservoir  is usual ly  measured. 
In  this calculation, the electrolyte tempera ture  5.1 cm 
above the top of the electrode element  (curve 3 in Fig. 

3o I I I I I I I I I ~ [  28 
2 6 - -  CURVE A = DESIGN A WITHOUT COOLING 
2 4 - -  CURVE A' = DESIGN A WITH COOLING, 

COOLANT TEMPERATURE 298 
2 2 -  CURVE A"= DESIGN A WITH COOLING, 
2 0  COOLANT TEMPERATURE 283 

u 18 - -  CURVE B = DESIGN B WITHOUT COOLING 
- CURVE C : DESIGN C WITHOUT COOLING 16-- . ~  

Ix 14 - -  A A ~ ~ / ~ . ~  - -  

i - 
~o-  / / . v \ ~ .  i . / / / . . ~ ,  \ ~ -  

" 0  5 I0 15 20 24 5 I0 15 20 24 
o 

TIME, hr 

Fig. 5. A comparison of the maximum cell temperature for Cell 
Designs A, B, and C during the first and second daily cycles. 
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Tabl~ II. Temperature distribution of Cell Design A (ESB cell) at the end of the second daily charge cycle, 
with no water cooling 

Top.~ I electrm# .e 
r e s e r v o i r  

Y == y 2  

o 
o 

Y =~i 
Bottom I 

e l e c t r o l y t e  
r e s e r v o i r  

y = O  

"~l 2.19 c m  t~- 
2.78 2.76 2.73 2.68 2.61 2,52 2.41 2.31 2.21 2.13 2.12 
4.04 4.02 3.98 3.89 3.78 3.64 3.47 3.28 3.07 2.88 2.65 
6.12 6.10 6.02 5.90 5.73 5.50 5.22 4.89 4.50 4.07 3.64 
9.18 9.16 9.04 8.85 8.62 8.30 7.89 7.37 6.73 5.79 5.01 

10.44 10.40 10.23 10.10 9.84 9.51 9.10 8.62 8.09 7.53 6.31 
11.56 11.52 11.41 11,22 10.95 10.61 10.20 9.71 9.20 8.64 7.32 
12.52 12.46 12.37 12.17 11.89 11.54 11.12 10.64 10.09 9.50 8.08 
13.32 13.28 13.16 12.95 12.67 12.30 11.87 11.36 10.79 10.16 8.66 
13.96 13.02 13.79 13,58 13.28 12.90 12.45 11.92 11.33 10.67 9.11 
14.45 14.41 14.28 14,06 13,75 13.37 12.90 12.35 11.74 11.06 9.44 
14.82 14.78 14.04 14.42 14.10 13.71 13.23 1267 12.04 11.34 9.69 
15.08 15,03 14.90 14.67 14.35 13.95 13.46 12.89 12.25 11.54 9.86 
15.24 15.19 15.06 14,83 14 51 14,10 13.60 13,03 12.38 11.67 9.96 
15.31 15.27 15.13 14.90 14 57 14.16 13.67 13.09 12.44 11.72 lO.O1 
18.30 15.25 15.11 14,83 14.56 14.15 13.65 13.08 12.43 11.71 10.00 
15.19 15.15 15.00 14,78 14.46 14.05 13.56 12.99 12.34 11.63 9,93 
15.00 14.95 14.81 14,58 14.27 13.87 13.38 12.81 12.17 11.47 9.79 
14.68 14.64 14.50 14,28 13.97 13.58 13.10 12.54 11.91 11.23 9.58 
14.24 14.20 14.07 13,85 13.55 13.16 12.70 12.16 11.55 10.88 9.28 
13~66 13.62 13.49 13,28 12.98 1261 12.16 11.64 11.05 10.41 8.87 
12.90 12.86 12.74 12,53 12.25 11.88 11.45 10.95 10.38 9.77 8.31 
11.96 11.92 11.80 11.60 11.32 10.97 10.55 10.06 9.52 8,94 7,56 
10.83 10.78 10.67 10.48 10.21 9.87 9.45 6.95 8.40 7.83 6.57 
9.54 9,51 9.40 9.22 8.97 8.63 8.21 7.68 7.02 5.90 5.26 
6.37 6.35 6.27 6.15 5.98 5.75 5.47 6.13 4.76 4.35 3.95 
4.33 4.32 4.27 4.18 4.07 3.92 3.78 3.66 3.37 3.23 3.19 

Electrode  e l ement  
�9 ) ~ - -  Side  - - ~  

Center  e l e c t r o l y t e  
axis  reservo ir  

x = O T - -  Toe C x =  z ~  :r = L~/2 

$ 
4.88 c m  

r 

Table III. Temperature distribution of Cell Design A (ESB cell) at the end of the second daily charge cycle, with water cooling 
at terminals (coolant temperature 298 ~ K) 

y = L~ ,-->[ 2.19 cm Z<-- 
T o p  ~ 0.08 0.09 0.09 0.09 0.09 0.1O 0.1O 0.U 0.12 0.14 0.15 

e l e c t r o l y t e  ~ 0.12 0,12 0.12 0,12 0.13 0,13 0.14 0.16 0.18 0.20 0.22 
r e s e r v o i r  0.17 0.17 0.17 0.17 0.17 0.16 0.19 0.21 0.25 0.32 0.40 

y = y2 0.21 0.21 0.21 0.21 0.21 0.20 0.20 0.19 0.20 0.39 0.83 
3.07 3.06 3.03 2.98 2.95 2.88 2.78 2.69 2.60 2.51 2.23 
6.65 5.54 5.49 5,42 5.31 5.18 5.01 4.82 4.60 4.36 3.72 
7.65 7.62 7.56 7.45 7.30 7.10 6.87 6.59 6.27 5.92 5.04 
9.36 9.34 9.25 9.12 8.93 8.68 8.39 8.04 7.65 7.21 6.14 

10.75 10.72 10.62 10.46 10.24 9.95 9.61 9.21 8.76 8.25 7.03 
11.85 11.81 11.70 11,53 11.28 10.96 10.58 10.13 9.64 9.08 7.74 
12.70 12.66 12.55 12.36 12.09 11.75 11.34 10.67 10.32 9.73 8.29 
13.36 13,32 13.20 12,99 12.71 12.37 11.92 11.42 10.85 10,22 8.72 
13.84 13.80 13.67 13.46 13.17 12.80 12.35 11.63 11.24 10.59 9.03 
14.17 14.13 14.00 13,79 13.49 13.11 12.65 12.11 11.51 10.84 9.25 

| 14.37 14.33 14.20 13.98 13.68 13.29 12.82 12.28 11.67 10.99 9.38 
14.44 14.40 14.26 14.06 13.74 13.36 12.8~ 12.34 11.72 11.04 9.42 

l 14.38 14.34 14.21 13.99 13.68 13.30 12.83 12.29 11.67 ll.O0 9.38 
14.19 14,14 14.01 13.80 13.50 13.11 12.65 12.12 11.51 10.84 9.25 
13.84 13.80 13.67 13.46 13.17 12.79 12.34 11.81 11.22 10.57 9,01 
13.33 13,29 13.17 12.96 12.67 12.30 11.86 11.35 10.78 10.15 8.65 
12.64 12.59 12.47 12.27 11.99 11.64 11.21 10.72 10.17 ~.57 8.13 
11.74 11.70 11.58 11.39 11.11 10.77 10.36 9.88 9.34 8,77 7.42 

y = y l  10.65 10.61 10.50 10.31 10.05 9.71 9.29 8.81 8.27 7.69 6.45 
B o t t o m  ~ 9.39 9.36 9,25 9.08 8.83 8.50 8.08 7.b6 6.91 5.97 6.18 

e l e c t r o l y t e  ~ 6.28 6.25 6.18 6.06 5.87 5.66 5.38 5.06 4.68 4.28 3,89 
reservoir  4.27 4.25 4.20 4.12 4.01 3.86 3.69 3.50 3.32 3.18 3.14 

y = 0  

Electrode  e lement  
�9 ) ( - - -  Side  - - ~  

Center e l e c t r o l y t e  
ax is  r e s e r v o i r  

x = 0 T -- TosC x ~ xl  x ~ Lx/2 

4.68 e m  
t 

4) was shown to r ise by  about  7~ re la t ive  to the  
ambien t  t e m p e r a t u r e  dur ing  the da i ly  charge cycles. 
Dur ing  the week ly  equal izat ion charge,  the  r igorous  
gassing enhances the  in te rna l  hea t  t r ans fe r  and gives 
the  r ise of the  e lec t ro ly te  t e m p e r a t u r e  in the top 
reservoi r  by  as much as 10~ The cell t empera tu res  
also become somewhat  more  un i form dur ing  the 
equal iza t ion  charge  due to the  gassing (compar ing 
curves 1, 2, and 3 in Fig. 4). The t e m p e r a t u r e  va r i -  
a t ion th roughout  the  da i ly  du ty  cycles is a lmost  iden t i -  
cal. This suggests tha t  for the s imi lar  system, com- 
puta t ion  of the  t e m p e r a t u r e  var ia t ion  for  one or two 
daily' cycles wil l  be adequa te  to es t imate  tha t  for the  
remain ing  days  of the  week.  Af te r  the  week ly  equa l -  
izat ion charge,  the  cell  t empe ra tu r e s  r e tu rn  to the i r  
in i t ia l  values  at  the  end of 2 day  res t  per iod  due  to 
the  na tu ra l  a i r  cooling. 

Cell Design A with ]arced water cooling.--The nu-  
mer ica l  results ,  which are  p lo t ted  in Fig. 5, indicate  
tha t  the  forced w a t e r  cooling is not  effective to reduce 
~he cell t empe ra tu r e  at  the  region away  f rom the 
terminals .  The locat ion of m a x i m u m  cell  t empe ra tu r e  
shifts f rom the cell  center  to the region near  the cell 

bo t tom as the  wa te r  cooling is appl ied  at  the  top 
te rmina ls  (see Fig. 6). The resul ts  fu r the r  show tha t  
the m a x i m u m  cell t empera tu re  is reduced  by  only 
about  0.8~ for  a coolant t e m p e r a t u r e  of 298~ and by  
about  2.6~ for  a coolant  t empe ra tu r e  of 283~ (Fig. 
5 and 6). This ineffective t e rmina l  cooling is r e la ted  to 
the l imi ta t ion  of in te rna l  hea t  conduction wi th in  the  
cell. The uneven  cooling was shown to y ie ld  la rge  
t empera tu re  difference over  the  e lec t rode  in the  ve r t i -  
cal d i rec t ion  (Fig. 6). The  t e m p e r a t u r e  difference 
across the e lect rode in ver t ica l  d i rec t ion  is about  12~ 
for a coolant  t empe ra tu r e  of 298~ and 27~ for a 
coolant t empe ra tu r e  of 283~ This t empe ra tu r e  differ-  
ence over  the  e lec t rode  m a y  induce a nonuni form cur -  
rent  d i s t r ibu t ion  because  of the  change of e lec t ro ly te  
proper t ies  such as conduct ivi ty,  viscosity, and species 
diffusivities. The nonuni form cur ren t  d i s t r ibu t ion  may  
fu r the r  cause a nonuni form gassing over  the  e lect rode 
dur ing  the charge cycles. Therefore  the  region of the  
e lect rode wi th  heav ie r  gassing, may  have a serious 
shedding and softening effects on the  active mater ia ls .  
Also the  ut i l iza t ion of act ive ma te r i a l  m a y  be ve ry  
nonuni form due to the  nonuni form cur ren t  d i s t r ibu-  
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TOP 
ELECTROLYTE . 

CURVE A = NO COOLING I I I  
CURVE A '=WITH COOLING t I ]  

 OO ANT TEM  29BK I / /  

 22:2, , , , . . - ,  , 
L =,,.,,, I0 15 20 25 .30 35 40 45 

BOTTOM TEMPERATURE, r 
ELECTROLYTE 

RESERVOIR 

Fig. 6. Temperature distribution across the ce41 in the y-direction 
at the end of the second daily cycle for Cell Design A, x = 0. 
Cell dimensions: 48.26 cm L X 45.72 cm W X 127 cm H. Initial 
cell temperature: 25~ 

TOP 
ELECTROLYTE 

E'-R!OIR I 

ELECTRODE 
CURVE B I= NO COOLING, FIRST DAY 

CURVE B2= NO COOLING, SECOND DAY 

CURVE B~ = WITH COOLING, FIRST DAY 
COOLANT TEMR 298 K 

I0 15 20 25 30 35 40 
BOTTOM 

ELECTROLYTE TEMPERATURE,~ 
RESERVOIR 

Fig. 7. Temperature distribution across the cell in the y-directlon 
at the ends of doily charge cycles for Cell Design B, x ---- O. Cell 
dimensions: 22.1 cm L X 45.72 cm W • ]2].92 cm H. Initial cell 
temperature: 25~ 

tion. The par t  of the e lec t rode  which has poor  u t i l iza-  
t ion of act ive mate r ia l  m a y  g radua l ly  become inactive.  
These effects as caused by the nonuni form t empera -  
ture  dis t r ibut ion,  a re  in te r re la ted  and cont r ibute  to the 
de te r iora t ion  of the  cell capaci ty  and cycle l ife as 
cycling continues wi thout  a p roper  the rmal  manage-  
ment.  

Cell Designs B and C with and without forced water 
cooling.--When the cell length  is s l immed f rom 48.26 

TOP 
ELECTROLYTE 

' F - -  c, 

C' I 

CURVE C! = NO COOLING, FIRST 

ELECTROOE CORVE C.= NO COOL,NG. SECO.O =YI  II 
CURVE C'I= WITH COOLING, FI 

COOLANT TEMP. 

I 
~BO-T ' I I - - - I o  ,~ 20 25 3o ~ 4o 

T O M TEMPERATURE, eC 
ELECTROLYTE 

RESERVOIR 

Fig. 8. Temperature distribution across the. cell in the y-direction 
at the ends of doily charge cycles for Cell Design C, x = 0. Cell 
dimensions: 22.1 cm L • 45.72 cm W • 76.2 cm H. Initial cell 
temperature: 25 ~ C. 

cm for Cell  Design A to 22.1 cm for Cell  Design B, the 
m a x i m u m  rise of cell t empe ra tu r e  is accordingly  r e -  
duced f rom 16 ~ to 9~ (curvesA and B in Fig. 5) under  
the  same proposed cycling condit ions wi thout  forced 
cooling. When the cell he ight  is reduced f rom 121.92 cm 
for Cell Design B to 76.2 cm for Cell  Design C, the  
m a x i m u m  cell t empe ra tu r e  is reduced  only by  I~ 
(curves B and C in Fig. 5). The resul ts  indicate  tha t  
the hea t  t ransfe r  is p re fe r r ed  in the  hor izonta l  d i rec-  
t ion (x -d i rec t ion)  than  the ver t ica l  d i rect ion ( y - d i -  
rect ion) because of the  longer  conduct ion pa th  in the  
ver t ical  direct ion of She ta l l  cells. For  Cell  Design B 
and Cell Design C, the  m a x i m u m  t empera tu re  differ-  
ence over  the e lect rode m a y  be about  3~176 under  the 
proposed du ty  cycles wi thout  forced cooling (curves  
B1 and B2 in Fig. 7; curves C1 and C2 in Fig. 8). This 
t empera tu re  dil~erenee is to le rab le  for prac t ica l  cell  
operat ion.  The resul ts  suggest  tha t  wi thout  the  forced 
cooling, the  cell geomet ry  p lays  an impor t an t  role for  
effective heat  t r ans fe r  and  for control  of the t empera -  
ture  field p rov ided  that  the  ambien t  t empe ra tu r e  could 
be p rope r ly  control led by  ai r  vent i la t ion.  When  the 
forced wa te r  cooling is appl ied  to the  terminals ,  s ig-  
nificant t empera tu re  gradients  a re  induced for al l  
three  cell designs, and ye t  wi thout  the  benefit  of r e -  
ducing signif icantly the  m a x i m u m  cell  t empera tures .  
The la rge  t empe ra tu r e  gradients  m a y  signif icant ly be 
reduced by  e lec t ro ly te  c i rculat ion (3) or  by  the  elec-  
t ro ly te  s t i r r ing effected by  an a i r  l ift  pump (4). 

The modeL- - In  this  study,  the  model  t rea ts  the com- 
posite of grid, active mate r ia l s  of nega t ive  and posi-  
t ive plates,  s epa ra to r ,  and the e lec t ro ly te  in the  elec-  
t rodes 'as a homogeneous medium.  The composite is 
called the e lect rode e lement  in the  text.  Since the 
grid has a much higher  the rmal  conduct iv i ty  re la t ive  
to that  of its sur rounding  (the grid sur rounding  con- 
sists of active mater ia l s  of posi t ive and negat ive  plates,  
separator ,  and e lec t ro ly te) ,  this often leads to a specu-  
lat ion that  the heat  genera ted  in the  cell  may  be 
effectively t r ans fe r red  th rough  the grid and is re leased  
f rom the grid t e rmina l  to the  outer  a tmosphere .  One 
may  therefore  quest ion the va l id i ty  of the predic t ion  
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based on the present model which did not treat  the 
heat transfer in the grid separately. What follows de- 
scribes the basis for assuming homogeneity of the com- 
posite as treated in the present model. 

In a lead-acid cell, most of the heat generated during 
cycling is contributed by the ohmic loss across the 
positive plate to the negative plate plus the activation. 
The contribution of heat due to the ohmic loss in the 
grid is relat ively small, which is about 10% of the 
total heat generated. Therefore the heat released 
through the grid terminal to the outer atmosphere 
will be governed by the rates of heat transfer from the 
grid surrounding to the grid, from the grid interior 
to the grid terminal, and from the grid terminal to 
the outer atmosphere. A parallel  but supportive model 
to describe the heat transfer processes in the grid and 
in its surrounding has been developed, and discussed 
in the Appendix. 

The results from the supportive model in Appendix 
indicate that the temperatures of the grid and the 
grid surrounding are almost identical for Cell Design 
A during a daily cycle. The results furthermore show 
that the heat released from the grid terminal to the 
outer atmosphere is pr imari ly  limited by conduction 
in the grid. The amount of heat released from the 
grid terminal during the 14 hr daily operation (5 hr 
discharge plus 9 hr charge) is only about 15% of the 
total heat generated in the cell. The heat remaining in 
the cell contributes to the rise of cell temperature 
(see Fig. A-2). Furthermore a large temperature 
difference in the vertical direction of the cell is in- 
duced by the cooling of the grid terminal  (see Fig. 
A-3). The results from the supportive model imply 
that (i) the heat released from the grid terminals 
in a tall cell design is not as effective as what has 
been commonly perceived, and (ii) temperatures of 
the grid and the grid surrounding are nearly identical 
so that they may be treated as a homogeneous medium 
in E~e heat transfer analysis of a whole cell. This 
assumption of a homogeneous medium was therefore 
adapted in the present model treatment. 

Conclusion 
Under the proposed uti l i ty cycles for lead-acid cells 

in load-leveling application, the daily cell temperature 
profiles are almost identical throughout the daily duty 
cycles. For a tall  cell design (122-127 cm height),  
without forced water cooling, the maximum rise of 
cell temperature near the cell center may be reduced 
by about one-half, from 16 ~ to 9~ if the cell length 
is reduced, e.g., from 48.26 cm for Cell Design A to 
22.1 cm for Cell Design B. Reduction of the cell 
height, e.g., from 121.92 cm for Cell Design B to 76.2 
for Cell Design C, has lit t le effect in reducing the 
maximum cell temperature. This preferential  heat 
transfer in the horizontal direction, i.e., through the 
cell case, than in the vertical direction, i.e., through 
the terminals, is simply reflecting the longer con- 
duction path in the vertical direction and that heat 
transfer within the cell is indeed limited by conduc- 
tion. The above predicted results are based on the 
assumption of constant heat transfer coefficient from 
the cell wall to the ambient atmosphere of constant 
temperature. This assumption will be valid provided 
that adequate air ventilation exists for cooling the 
space between the cells in the load-leveling bat tery 
plant. The forced water  cooling at  electrode terminal  
has no significant effect in reducing the cell tempera-  
ture at the region away from the terminal, but in-  
stead inducing a large temperature difference across 
the electrode. The large temperature gradients may 
cause a nonuniform current distribution over the elec- 
trodes leading to a gradual loss of cell capacity and 
cycle life. In practice, however, large bat tery cells, 
e.g., lead-acid submarine cells, often incorporate "air 
lift pump" or electrolyte circulation design to mini-  
mize the temperature gradients within the cells. The 

gassing during equalization charge of load-leveling 
cells further enhances the internal heat transfer lead- 
ing to a more uniform cell temperature distribution. 
After the weekly equalization charge, the 2 day rest 
period is enough to permit  the cell temperature to re-  
turn to its initial ambient temperature. 
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APPENDIX 

Heat Transfer in the Electrode Grids and 
Their Surrounding in a Lead-Acid Cell 

For a composite lead-acid cell, the arrangement of 
the electrode grids and their surrounding may be 
represented by Fig. A-1. Medium I in Fig. A-1 repre-  

y = L  
(TOP) 

y=O 

(BOTTOM 

ACTIVE MATERIAL 
PLUS SEPARATOR 
AND ELECTROLYTE 

I IT 
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J 2 
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.-j  
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il 

T 
Fig. A-1. A cross section for the arrangement of the electrode 

grids and their surrounding in a composite cell. 
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sents the e lec t rode  grid;  med ium II represents  the 
gr id  sur rounding  consist ing of the active mater ia l s  of 
posit ive and negat ive  plates,  separator ,  and e lect ro-  
lyte.  For  a ta l l  cell design, the p la te  thickness is 
much smal le r  compared  to the  pla te  height.  I t  is as-  
sumed that  the t empe ra tu r e  of the  grid and its sur -  
rounding is un i form in the  di rect ion of the pla te  th ick-  
ness. Only the t empe ra tu r e  var ia t ions  in  the ver t ica l  
d i rect ion are  considered. In  o rder  to invest igate  the  
effectiveness of the  hea t  being re leased through the 
gr id  t e rmina l  located at  the  top of the cell, the heat  
t ransfer  th rough  the side wal ls  of the  cell is not con- 
s idered here. The mathemat ics  a re  the re fore  s impl i -  
fied to a one-d imens ion  model. 

Dur ing  cell cycling, the  governing energy  equat ions 
for the grid (medium I) and for the  grid sur rounding  
(medium II) m a y  be expressed as 

A OT1 02T1 
#IC1 0t : kl  0y----- ~ + (11 [ A - l /  

and 
^ OT2 02Ts 

p~C2 0t : k20y------ ~ + (12 [A-2] 

A A 
respect ively,  pl and P2, C1 and C2, kl and ks represen t  
the  densities,  specific heats, and the rmal  conduct ivi t ies  
of the grid and the grid surrounding,  respect ively,  qi 
represents  the ra te  of heat  p roduct ion  in the  grid, 
which is cont r ibuted  by  the ohmic loss and the heat  
t r ans fe r red  ~rom the gr id  surrounding,  and is ex-  
pressed as follows 

Ch = \ - ~ i  / K i  + 2h(Ts - -  T1) /Wi  [A-3] 

where  j represents  the  apparen t  cur ren t  dens i ty  over  
the  plate. Wi is the thickness and Ki  is the  e lect r ica l  
conduct iv i ty  of the grid. T2 is the t empera tu re  of the 
grid surrounding,  h is the  hea t  t ransfe r  coefficient 
across the gr id  and the grid surrounding.  (12 represents  
the  ra te  of hea t  product ion in  the grid surrounding,  
which is the  ma jo r  hea t  source in the  cell, q2 is con- 
t r ibu ted  by  the e lect rochemical  and chemical  react ions 
plus the heat  t r ans fe r red  f rom the grid. ~2 m a y  be 
expressed as 

(12 = ( jV  -- ~ ji~H~niF ) / W 2 - -  2h(T2 -- T i ) / W 2  
i 

[A-4] 

where  V is the  potent ia l  difference be tween  the posi-  
t ive and the negat ive  grid, which m a y  be approx i -  
ma te ly  r ep resenmd by the cell  potential .  W2 is the 
thickness of the  grid surrounding.  Other  pa rame te r s  
have a l r eady  been described.  

At  the bot tom of the cell, the re  is an e lec t ro ly te  
reservoir .  By assuming tha t  the  hea t  t r ans fe r red  f rom 
the grid and f rom the gr id  sur rounding  to the  bot tom 
elect rolyte  reservoi r  is instantaneous,  the bounda ry  
conditions at  the  bot tom m a y  be expressed as 

A OT1 OT._..~I_ h* (T1 --  To) [A-5] y --- O, pICIVb T : kl  
OY 

OTs A 
OT_..~2 _ h* (T2 - To) [A-6] piCIVb---~- = k= 
OY 

A 
where  pz and C] are  respec t ive ly  the  dens i ty  and the 
specific hea t  of the e lectrolyte .  To is the  outer  a tmo-  
spher ic  t empera ture ,  h* is the  hea t  t r ans fe r  coefficient 
across the  bot tom cell wal l  to the outer  a tmosphere .  Vb 
is the reservoi r  volume at  the  bottom. 

At  the top of the  cell, the  gr id  t e rmina l  is subjec ted  
to wa te r  cooling. The t empe ra tu r e  of the  gr id  t e rmina l  
may  be assumed equal  to the  coolant t e m p e r a t u r e  
(Tc). The bounda ry  condit ion is then  

y : L ,  T I : T ~  [A-7] 
For  the  top of the  grid surrounding,  fol lowing the 

same t r ea tmen t  as tha t  for  the  bottom, the  bounda ry  
condi t ion is 

A OTs OTs 
y : L, p~CWt : --ks -- h* (Ts -- To) [A-8] 

8t 8y 
where  Vt is the  reservoi r  volume at  the  top. 

Equations [ A - l /  and [A-2] were  solved subjec ted  to 
the boundary  condit ions (Eq. [ A - 5 ] - [ A - 8 ] )  by finite 
difference method.  The Cran•-Nicolson impl ic i t  tech-  
niques (11) fol lowed by  e l iminat ion  a lgor i thm was 
used. The calculat ion was carr ied  out  for a da i ly  
charge (5 hr  discharge + 9 hr  charge -F 10 h r  rest  
per iod)  wi th  the Cell  Design A. The values  of phys i -  
cal pa ramete r s  for the calculat ion are  

pl = 11.34 g / cm 3 To = 298~ 
p2 = 2.884 g / c m  3 kl = 0.353 W / c m - K  
^ k2 = 0.004725 W / c m - K  
C1 = 0.2196 J / g - K  L = 101.6 cm 
A 
C1 = 1.054 J / g - K  Tc = 298~ 
W1 = 0.128 cm 
W2 = 0.85 cm 

The numer ica l  resul ts  show that  the  t empera tu res  of the 
grid and the grid sur rounding  a re  nea r ly  ident ical  at  
any posi t ion in the ver t ica l  direction.  F igure  A-2 shows 
the t empe ra tu r e  var ia t ion  of the  grid wi th  t ime dur ing  
the first dai ly  cycle. In the  figure, Qt represents  the total  
heat  genera ted  in the cell dur ing  the 14 hr  cell  opera-  
tion; Qgl represents  the  heat  re leased f rom the grid 
t e rmina l  to the  outer  a tmosphere  dur ing  the same 
period;  Qg2 represents  the to ta l  hea t  re leased  from the 
grid t e rmina l  to the  outer  a tmosphere  dur ing the en-  
t i re  day  (24 h r ) ;  r~ is the percentage  of the hea t  r e -  
leased f rom the gr id  t e rmina l  to the outer  a tmosphere  
re la t ive  to the  to ta l  hea t  genera ted  in the  cell  dur ing  
the 14 h r  cell operat ion;  r2 is the percentage  of  the total  
heat  re leased f rom the gr id  t e rmina l  to the  outer  a t -  
mosphere  re la t ive  to the  total  hea t  genera ted  in the 
cell dur ing the ent i re  day. I t  is shown that  the hea t  
re leased from the grid t e rmina l  is l imi ted  by  the heat  
conduction in the grid. Much of the  hea t  genera ted  re -  
mains in the  cell and contr ibutes  to the r ise of the cell 
t empe ra tu r e  as shown in Fig. A-2. F igure  A-3 shows 
that  a large  t empe ra tu r e  difference over  the gr id  wil l  
exist  as resul t  of the wa te r  cooling at the top grid 
terminal .  The t empe ra tu r e  d is t r ibut ion  profiles over  
the grid dur ing  the  da i ly  cycle are also i l lus t ra ted  in 
Fig. A-3. 

LIST OF SYMBOLS 
a gassing corre la t ion  constant  for the the rmal  

conduct ivi ty  
^ 
C average specific hea t  for the e lect rode e lement  

( J / g - K )  
A 
C1 specific hea t  of e lec t ro ly te  ( J / g - K )  
ACpj a lgebra ic  sum of species pa r t i a l  molar  hea t  ca-  

paci t ies  for react ion j ( J / m o l - K )  
F Fa raday ' s  constant  (96479-C/equiv.) 

in te rna l  heat  product ion as a function of cell 
potential ,  heats  of reaction, cur ren t  density,  
cur ren t  efficiency (J /cm3-sec)  

G in te rna l  hea t  product ion  per  degree  Kelv in  due  
to the contr ibut ion  of cur rent  density,  cur rent  
efficiency and specific heats  ( J /cmS-sec-K)  
convective hea t - t r ans fe r  coefficient on the cell 
container  surface ( J / cm2-sec -K)  
hea t  of react ion for  react ion j ( J / too l )  
apparen t  cur ren t  dens i ty  on the e lect rode sur -  
face ( A / c m  2) 
average  the rmal  conduct iv i ty  of the  e lec t rode  
e lement  ( W / c m - K )  
the rmal  conduct iv i ty  of e lec t ro ly te  ( W / c m - K )  
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Fig. A-2. Temperature variation of the grid with time at the 
cell center and the cell bottom during first daily duty cycle. 
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Fig. A-3. Temperature distribution over the grid during the first 
daily duty cycle. 

L~ 
L, 
Mi 

n l  

Q 
q 

$i 

t 
T 
T~ 
To 

thermal conductivity of the electrode element 
for the case without gassing (W/cm-K) 
length of the cell (cm) 
height of the cell (cm) 
molecular weight of species i (g/tool) 
number of electron transfer for the electrode 
reaction 
number of electron transfer for the cell reac- 
tion 
number of electron transfer for the gassing re- 
action 
state of charge 
rate of heat generated per unit volume (J /cm "~- 
sea) 
stoichiometric coefficient of species i in elec- 
trode reaction 
time (sec) 
temperature (K) 
coolant temperature (K) 
ambient temperature (K) 

Y 
Yl 

Y~ 

e 

P 
Pl 

subscript 
i species i 
1 electrolyte 
z x-direction 
y y-direction 

velocity of electrolyte in y-direction (cm/sec) 
cell potential (volt) 
partial molar volume of species i (cm3/mol) 
the combined thickness of positive electrode, 
separator, and negative electrode (cm) 
distance in x-direction (cm) 
the distance from the central axis of the elec- 
trode element to the boundary of the electrode 
element in x-direction (cm) 
distance in y-direction (cm) 
the distance from the cell bottom to the bottom 
of the electrode element in y-direction (cm) 
the distance from the cell bottom to the top of 
the electrode element in y-direction (cm) 
the average heat transfer coefficient across the 
cooling tube (J/cm2-sec-K) 
electrode porosity 
current efficiency 
density of the electrode element (g/cmS) 
density of the electrolyte (g/cmS) 
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Further Experimental Tests of the Convective Flow 
Theory of Zn Secondary Electrode Shape Change I 

Drannan Hamby* and Jeffrey Wirkkala 1 
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ABSTRACT 

Addi t iona l  exper imen t s  have been car r ied  out to test  the convect ive flow 
theory  of zinc electrode shape change. The assumptions impl ied  by  the theory  
~hat overpoten t ia l  and current  d is t r ibut ion  should be un i form over a flat 
r ec tangu la r  porous zinc electrode opera ted  wi th  severe ly  l imi ted  convecti:ve 
flow are  not suppor ted  by  these measurements .  Severa l  possible explanat ions  
of the  observed behavior  a re  suggested. Evidence of de te r iora t ion  of anodic 
per formance  oi the l imi ted  flow ~orous zinc electrode on cycling is presented.  
A flooded, non-ven ted  Hg-HgO reference e lect rode wi thout  head space is de-  
scribed. 

Choi, Bennion, and Newman  have descr ibed a one 
dimensional  mathemat ica l  model  of the porous zinc 
secondary  e lect rode wi th  "normal"  convection. 1,2 The 
model  is based on the hypothes is  tha t  l a te ra l  move-  
ment  of active ma te r i a l  over  the surface of the elec-  
trode, commonly called shape change, is de te rmined  
p r i m a r i l y  by  convective flow dr iven  by  membrane  
pumping  effects. In  exper iments  designed to test  the  
theory,  ma te r i a l  redis t r ibut ions  and volume average  
fluid flow rates  in a z inc-s i lver  oxide  cell wi th  "nor-  
mal" convect ion were  found to be in agreement  wi th  
predict ions  based on the model  (2). Zinc electrodes 
cycled in a cell designed to opera te  wi th  severe ly  l im-  
i ted convective flow in the zinc compar tment  showed 
insignificant ma te r i a l  red is t r ibu t ion  (2). Dur ing this 
l a t t e r  series of exper iments ,  severa l  questions arose 
concerning the behavior  of the  zinc electrode when 
opera ted  under  l imi ted  flow conditions. I t  was observed 
tha t  flooded, nonvented,  l imi ted  flow cells constructed 
f rom porous zinc and si lver  electrodes having 12 and 
6 A - h r  theore t ica l  capacities,  respect ively,  would ac-  
cept less than  1 A - h r  of charge at charging rates  f rom 
15 to 30 m A / c m  2 before  the  onset of severe  polar iza-  
tion. Quali ta t ive,  visual  observat ion  of used zinc elec-  
t rodes f rom cells wi th  l imi ted  convection in the zinc 
compar tmen t  indicated,  th rough  nonuni form zinc 
meta l  dis t r ibut ion,  tha t  cur ren t  and potent ia l  d is t r i -  
butions over  the  surface of the e lect rode were  not  un i -  
form as impl ied  by  the convective flow theory.  

I t  was found that  the  ini t ia l  charge accepting ca-  
pac i ty  of the  flooded, nonvented cells could be more  
than  doubled  by  vent ing and enlarging the s i lver  elec- 
t rode compar tment ;  however ,  capaci ty  de te r io ra ted  
wi th  cycling. These and other  observat ions indica ted  
that  the s i lver  e lect rode was responsible  for cer ta in  of 
the poor  per formance  character is t ics  of these cells. 
However ,  since the  cells were  constructed wi thout  
reference  electrodes i t  was impossible  to measure  
overpotent ia ls  at  each work ing  electrode,  and, thereby,  
re la te  measured  cell t e rmina l  potent ia l  differences to 
ind iv idua l  e lect rode behavior .  Since one object ive  of 
our  present  invest igat ions  is to obta in  informat ion  
which wil l  be useful  in de te rmin ing  how the convec- 
t ive flow theory  might  be useful  in the  design of long-  
l ived porous zinc secondary  bat ter ies ,  it  was decided 
to design and opera te  a modified l imi ted  convection 
cell, incorpora t ing  severa l  reference  electrodes,  which 
would  provide  informat ion  on the values  of zinc elec-  
t rode  overpoten t ia l  at var ious  points  over  the  zinc 
test e lect rode surface both on charge and discharge. In  
order  to avoid confusion wi th  phenomena  associated 

* Electrochemical  Society  Act ive  Member.  
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Key words:  battery,  si lver-si lver oxide, m e r c u r y - m e r c u r i c  oxide. 

Convect ion similar to that found in commercia l  cells. 

with the  s i lver  electrode,  i t  was decided to use a pre- 
charged zinc countere lec t rode  in the new cell. 

Equipment and Procedures 
Electrodes.--All electrodes used in this  work  to date  

have been furn ished  by  A F A P L  (Air  Force  Aero Pro-  
pulsion Labora tory ,  Wr igh t -Pa t t e r son  Ai r  Force  Base, 
Ohio).  The zinc electrodes come in the  discharged s tate  
wrapped  in Viskon (cellulose rayon)  paper  and con- 
sist of pressed, b lended ZnO, HgO, and Teflon b inder  
on expanded  s i lver  screen (3.23 • 10-2g of Ag/cma) .  
These electrodes are  p r epa red  according to the  p ro-  
cedure descr ibed by  Kera l l a  (3). They  are  approx i -  
mate ly  10.2 cm long, 6.4 cm wide, and 0.2 cm thick. 
Different  batches of e lect rodes  are  found to va ry  
s l ight ly  in composition, and different  electrodes wi th -  
in the same batch differ in in i t ia l  weight  by  as much 

as 8 %. Previous  analysis  of both  used and unused elec- 
t rodes indica ted  a l aye red  s t ruc ture  in the active ma-  
te r ia l  (2). By color, i t  appears  that  the  l aye r  near  the 
collector screen is r ich in HgO. This l ayer  also appears  
finer grained,  more  coherent ,  and more  f i rmly bound 
together  than  the ma te r i a l  which covers it. The quan-  
t i ty  of ZnO present  on each e lect rode is adequa te  to 
yield a theoret ica l  capacity,  at  100% uti l ization,  of 
approx ima te ly  12 A-hr .  In i t ia l  HgO content  in the 
electrodes is 33 mg HgO/g  ZnO as de te rmined  in ea r l i e r  
work  using an atomic absorpt ion  spec t rophotometer  
(2). The si lver  e lectrodes also come in the  d ischarged 
state. They have  a pp rox ima te ly  the  same apparen t  
surface area, 66 cm 2, a r e  0.4 m m  thick, and consist of 
porous s intered s i lver  (1% pa l l ad ium)  on expanded  
s i lver  screen. They  were  p repa red  according to the 
procedure  of Fa lk  and Fle ischer  (4). Es t imated  theo-  
re t ica l  capaci ty  of these e lec t rodes  at 100% ut i l iza t ion 
is 6.5 A-hr .  

Acrylic electrode holders.--In Cell I the  z i n c  test  
e lectrode faces a p recha rged  zinc countere lec t rode  
across two layers  of 0.001 in. th ick RAI P 2291 (40/20) 
separator .  3 F igure  1 i l lus t ra tes  the 1 in. th ick acryl ic  
holder  for the porous zinc test  electrode. The rec tangu-  
l a r  chamber  mi l led  into the  center  of the holder  is 
jus t  la rge  enough to contain the d r y  electrode.  The 
Hg, HgO reference electrodes designated,  a th rough  i, 
descr ibed more fu l ly  below, a re  located behind the test  
electrode. Sealed e lect r ica l  contact  is made  to the  test 
e lectrode th rough  the cell wall,  j, Fig. 1, and a, Fig. 2. 
Ports  m and k a re  used for vacuum evacuat ion and fill- 
ing of the  cell wi th  e lect rolyt ic  solution. In  the  exper i -  
ments  to be described,  the po~ts m and k are  sealed 
af ter  the  filling opera t ion  is completed  and the ~est 
e lect rode is normal ly  opera ted  flooded and not vented.  
Detai ls  of filling ports  and  por t  plugs are  shown in Fig. 

8 RAI Corpora t ion ,  225 Marcus Boulevard,  Hauppauge,  N e w  York 
11787. 

1020 



Vot. I25, No. 7 

o oes" ~af . ,~" 

\ 

o I~ ' ~b  " - "  f i -1-  

. 0 . 125 "  

o~5" 4i;i >o3T5' 

i . . . . . .  
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filling ports; j is the electrode lead exit port. 
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Fig. 2. (a) Schematic illustration of the arrangement for making 
sealed electrical contact to the electrode through the acrylic wall. 
(b) Filling port plug. (c) Attachment for vacuum filling through 
filling port. (d) The Hg-HgO electrode. Items labeled a, b, and 
c are silver plated brass, item d, the container of the Hg-HgO 
paste is #304  stainless steel. 
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e lec t rode  and its po lye thy lene  backing  p la te  due to 
pressure  bu i ldup  in ~he test  e lec t rode  chamber  i t  was 
necessary  to provide  addi t ional  backing suppor t  for 
the po lye thy lene  sheet. This was accomplished wi th  
addi t ional  sections of porous po lye thy lene  sheet  p laced 
in the  reservoir .  Evacuat ion  and filling por ts  and sealed 
electr ical  contact  are  as on the test  e lect rode side. 
Af te r  al l  p r epa ra t ive  procedures  a re  complete,  the cell  
is opera ted  wi th  the  zinc electrodes posi t ioned hor i -  
zontally,  the test e lec t rode  be low the counter,  wi th  the  
countere lect rode filling por ts  used to connect the  
countere lec t rode compar tmen t  to solut ion-f i l led rese r -  
voir  tubes, gas collection tubes and ex te rna l  Hg-HgO 
in glass reference  e lect rodes  above the cell. Dur ing  
cell operat ion,  the countere lec t rode  is a lways  flooded 
but  vented.  Cell  I in its normal ,  hor izonta l  opera t ing  
posi t ion is shown in Fig. 3. 

ReSerence electrodes.--It was des i red  tha t  convective 
flow be minimized  in the test  e lec t rode  chamber ;  
therefore,  a comple te ly  filled, nonvented  reference  
e lect rode wi thout  head  space was required.  Use of a 
re ference  e lec t rode  of o rd ina ry  design, i.e., an open 
e lect rode or  an e lect rode which  was vented  or  had  
head  space would, because of p ressure  var ia t ions  in 
the  cell,  resul t  in per iodic  flow of fluid be tween  the 
reference  and test  e lec t rode  chambers .  

In  p r e l i m i n a r y  exper imen t s  smal l  e lectrodes f ab r i -  
cated f rom Cd, ama lgama ted  Cd, commercia l  Cd nega-  
tives, and commercia l  n ickel  posi t ives  were  a l l  tes ted 
in the  cell  as re ference  electrodes;  none of these pe r -  
formed sat isfactori ly .  In  al l  cases large  differences 
(10-125 mV) in potent ia l  be tween  appa ren t l y  s imi la r ly  
p r epa red  electrodes were  observed  and the potent ia ls  
dr i f ted  e r ra t i ca l ly  wi th  t ime. The Hg-HgO system was 
then  adap ted  to fit the  needs of these exper iments .  The 
Hg and HgO used to p r epa re  the  electrodes were  
"Baker  Ana lyzed"  r eagen t -g r ade  chemicals  wi thout  
fu r the r  purification. P r epa ra t i on  of the Hg-HgO paste  
was done according to the  procedure  descr ibed by  F a l k  
and Salk ind  (5). The #304 stainless steel  e lect rode 
holders  shown in Fig. 2d were  washed  and then  r insed  
in dis t i l led wa te r  and dr ied  before  the  Hg-HgO paste  
was packed  into the  holders.  In  a p r e l im ina ry  exper i -  
ment  six of the  Hg-HgO in steel  references  were  p re -  
pa red  and placed in the cell wall.  The cell  conta iner  
wi thout  zinc electrodes was then  assembled and vac-  
uum filled wi th  the  ZnO-sa tu ra t ed  KOH solution. Two 
addi t ional  Hg-HgO electrodes in  glass H cells (5) 
were  p repa red  s imi la r ly  and connected to the  cell  con- 
ta iner  wi th  l a tex  tubing filled wi th  the  same e lec t ro-  
lyt ic  solution. In i t ia l  potent ia l  differences be tween  the  
eight  electrodes,  using one pa r t i cu l a r  e lec t rode  as a 

2. A large  O ring, la id  into the  V groove sur rounding  
the Zn electrode,  seals the  cell  when  the tes t  e lect rode 
ho lder  is bol ted  to the  countere lec t rode  holder  wi th  
six 0.25 in. bolts.  The l a rge r  0.5 in. holes a re  used to 
suppor t  the cell when  in operat ion.  Dur ing  cell  ope ra -  
tion, convect ive flow ra tes  in the  zinc test  e lec t rode  
compar tmen t  a re  low, l imi ted  b y  pressure  dis tor t ion 
of chamber  dimensions and changes in pa r t i a l  mola r  
volumes of mate r ia l s  par t ic ipa t ing  in the  cell  reaction.  

The acryl ic  ho lder  for  the zinc countere lec t rode  is 
s imi la r  to tha t  for  the  test  electrode.  I t  also provides  
a mi l led  r ec t angu la r  chamber  jus t  large  enough for 
i ts electrode.  However ,  a 0.125 in. deep rese rvo i r  space 
is p rov ided  behind  the countere lec t rode  and the com-  
p a r t m e n t  is no rma l ly  ven ted  th rough  pipes a t tached  to 
the  filling ports.  The countere lec t rode  and its reservoi r  
a re  separa ted  by  a 0.125 in. th ick  sheet  of porous p o l y -  
e thy lene  sheet.  4 To avoid d is tor t ion  of the  counter -  

6 Obtained f rom ERB and Gray Scientific, C u l v e r  C i t y ,  C a l i f o r n i a ,  

d e s c r i b e d  as h a v i n g  an a v e r a g e  p o r e  s ize  of  70 ~m,  d e s i g n a t e d  
F-13639. 

Fig. 3. Cell I in its normal, horizontal operating position. Gas 
collection burets are above the cell and above and to the left two 
external Hg-HgO in glass reference electrodes are visible. 
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reference, decreased with t ime to less than ___ 0.2 mV 
after 28 hr. Daily observations of the electrodes over 
a seven-day period indicated that  this level of agree- 
ment  was being main ta ined  over that period of time. 
Intent ional  polarizat ion of one of the references by 
0.25 mA indicated that the electrode had a fair ly high 
resistance, 150~; however, after polarization for 10 sec 
at 0.25 mA the electrode re turned  to wi thin  less than  
1 mV of its ini t ia l  potential  wi th in  about 1 sec. 

Electrical equipment.--All cell-cycling experiments  
were carried out at constant  current.  Power sources 
were commercially available galvanostats. Potent ial  
differences across the cell terminals,  i.e., between the 
zinc test and zinc counterelectrode, were recorded 
cont inuously using one channel  of a Hewlet t -Packard  
710OB two-channel  recording voltmeter.  A second, less 
sensitive, recording vol tmeter  was used in  conjunct ion 
with a power resistor in  series wi th  the cell to moni -  
tor cell current  to _ 25 mA. A Flexopulse Hg 108A6, 
repeat-cycle timer, was used as a reversing switch 
which allowed continuous var iat ion in cell charge and 
discharge times. The switch also allowed for brief in~ 
tervals of a few minutes  durat ion with no cell current  
between half-cycles. Potent ial  differences between 
the various Hg-HgO in steel reference electrodes and 
test, counter, or external ,  Hg-HgO in glass reference 
electrodes were monitored periodically using the other 
channel  of the Hewlet t -Packard  recorder connected 
sequential ly to different pairs of electrodes by an 
Eagle Signal Model MT-19 Step Switch controlled by 
another  repeat-cycle timer. 

Chemical analysis o] used electrodes.--The dis t r ibu-  
tions of metall ic zinc and zinc compounds over elec- 
trode surfaces after cycling were of interest.  The un -  
used electrodes consist of mixtures  of ZnO, HgO, and 
iner t  b inder  on expanded silver screen. Used elec- 
trodes contain, in  addit ion to the substances listed 
above, metall ic zinc and mercury,  possibly various 
amalgams of zinc and silver, potassium hydroxide, and 
probably several hydroxides and hydroxy complexes 
of zinc (6). Selective dissolution methods for analysis 
were tested but  found unsatisfactory because of air 
oxidation of electrolytic zinc. The following method 
wa.s subsequent ly  used to determine the dis tr ibut ion 
of zinc compounds over the electrodes. After  removal 
from the cell each electrode was sectioned into fifteen 
samples and each section was labeled. Care was taken 
to record the position which the sample occupied on 
the electrode with respect to the electrode lead and 
the reference electrodes. Each section was t reated with 
excess 6N HC1, the resul t ing solution filtered, buffered, 
and then t i t rated wi th  s tandard EDTA and the result  
calculated and reported in terms of ZnO. It was sub- 
sequent ly learned that  freezing the samples to prevent  
air oxidation of zinc and collection of the evolved He 
upon t rea tment  of the sample with acid would have 
permit ted determinat ion of both zinc metal  and zinc 
compounds; hovcever, at the t ime these electrodes were 
analyzed the rapidi ty of air  oxidation of the electro- 
lytic zinc was not realized, they were not frozen be-  
fore storage, and the zinc metal  informat ion  which 
was obtained from gas evolut ion data was not  repre-  
sentat ive of the electrodes at the end of cycling. 

Electrolytic solution.--The solution used for filling 
the cells was prepared from singly deionized distilled 
water  and reagent-grade chemicals. KOH was first dis- 
solved in water  to prepare  a concentrated solution. 
This solution was diluted to a specific gravi ty of L40 
at 20~ Fine grained reagent  grade ZnO was then 
added in  excess of the amount  required to saturate  the 
solution, and magnetic  s t i rr ing cont inued for several 
days. The solution wi th  excess crystall ine ZnO was 
stored in  t ightly capped polyethylene bottles. 

Ceil filling.--Filling of the cell was carried out wi th  
the electrodes positioned vert ical ly with respect to 
the earth 's  surface. The filling procedure in all cases 

involved evacuation of the cell and rubber  filling lines 
by mechanical  pumping followed by slow, s imul tane-  
ous vacuum filling of the compartments  wi th  solution 
from a common reservoir. Following r e tu rn  of pres-  
sure in the filled cell to atmospheric, the cell was left 
to soak for at least 24 hr before the appropriate ports 
were plugged and cycling was begun. 

Treatment o] data.--The dis t r ibut ion of total zinc 
as ZnO over used and unused electrodes was deter-  
mined. Because it is difficult to measure accurately the 
dimensions of the samples and because of total weight 
differences between different electrodes, the collector 
screen mater ial  is used to normalize the data. The 
normalizat ion ratio used for each sample is 

Qzno 
-~ [ W z n o i / ( W c s  i 66.0 cm2/~ W~s i) ] /  

Qzno* i 

[2 WZnOi/66.0 cm2] 

w h e r e  W z n o  i = weight  of total zinc expressed as zinc 
oxide, sample i, and Wcs i -- weight of collector screen, 
sample i. Assuming that  the weight per  uni t  area of 
the collector was uniform, the numera to r  of the nor -  
malizat ion ratio Qzno, is the weight of ZnO per uni t  
area of sample. Similarly,  the denominator ,  Qzno*, is 
the average weight of ZnO per uni t  area for the whole 
electrode. The ratio, Qzno/Qzno*, compares the ZnO per 
uni t  area at a par t icular  position on the electrode 
with the average value for the electrode as a whole 
and serves as a measure  of electrode uniformity.  

Comparisons of samples from used electrodes with 
samples from unused electrodes on the basis of the 
normalized data involves the assumption of uni formi ty  
of weight /area  for the used collector screens. 

Counterelectrode charging.--The zinc counterelec- 
trodes were charged by assembling the cell with the 
counterelectrode in its normal  position bu t  wi th  two 
porous silver electrodes in  the test electrode compart-  
ment  ra ther  than the test electrode. Charging of the 
counter was normal ly  carried out at 0.150A to a charge 
of 4.0-4.5 A-hr.  The cell was then drained, opened, the 
silver electrodes replaced with the test zinc electrode, 
new membrane  separator placed in  the cell followed 
by Cell closure and refilling. These operations were 
carried out as quickly as possible to avoid air  oxida- 
tion of the charged counterelect~ode. 

Specific precycling treatment, Cell / . - -P r io r  to 
counterelectrode charging the cell was vacuum filled 
with electrolyte and allowed to soak for 24 hr. Charg- 
ing was carried out with the cell attached to the filling 
pipes. The counterelectrode was charged 29.5 hr  at 
0.15OA and then 16.5 hr at 0.015A for a total of 4.67 
A-hr.  After  placing the test electrode in  the cell, the 
n ine  Hg-HgO reference electrodes in  steel containers 
were prepared as described above and placed in the 
cell wall  and the cell was again vacuum filled. The 
various reference electrodes were observed to be in  
agreement  with one another  to wi th in  + 4 mV when 
cycling began approximately  48 h r  after the final 
filling. 

While the cell was still in  the vertical position and 
attached to the filling tubes, it was taken through two 
complete cycles at 0.15A such that  when  the first- 
charge half-cycle started at the 1.0A rate there was 
nominal ly  0.63 A-hr  charge on the test electrode and 
4.04 A-h r  charge on the counterelectrode. 

Subsequent  to the ini t ia l  low current  densi ty cycles, 
the cell was vacuum-t rea ted  to remove gas and then 
carried through one complete cycle at 1.00A total cell 
current  while still mounted  in  the upright  position 
and attached to the filling pipes. This cycle was in-  
tended to provide data for comparison with cell data 
taken after the cell was placed in  the horizontal  posi- 
t ion and the test electrode closed (no noticeable dif- 
ference was observed in  the two cases). 
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Fig. 4. Cumulative volume of gas at 25~ and 1 atm pressure 
evolved from the vented counterelectrode as a function of time. 

The cell  was then  posi t ioned horizontal ly ,  the test  
e lec t rode  closed, and the cell  was cycled at  1.00A con- 
s tant  cur rent ;  in i t ia l  du ra t ion  of each ha l f -cyc le  was 
2.0 hr  but  ha l f -cyc le  lengths  were  decreased as cy-  
cling continued. Gas evolved f rom the countere lec t rode 
chamber  of the  cell  was t r apped  above  the cell  and  
the volume of evolved  gas was measu red  as a funct ion 
of t ime. 

Results 
The average  cumula t ive  amount  of gas evolut ion 

f rom the vented  countere lec t rode  was observed  a f t e r  
the  lower  e lec t rode  was closed. The da ta  a re  p lot ted  
in Fig. 4. The r a t e  was observed  to be ve ry  low d u r -  
ing  the in i t ia l  48 h r  a f te r  closure but  then  to increase.  
Af te r  twe lve  comple te  cycles of opera t ion  at  1.00A the  
cell  was subjec ted  to severa l  low cur ren t  cycles at  
0.150A ( labeled  per iod  A, Fig. 4),  to see if  this might  
decrease  the  r a t e  of gas evolution.  I t  d id  not. The 
average  r a t e  of gas evolut ion decreased  only  af te r  
cycling of the  cell  was s topped (B, Fig. 4). The  ra te  
of gas product ion  dur ing  cycling reached approx i -  
ma te ly  6.6 X 10 -6 m o l e s / h r  corresponding to a loss of 
4.3 X 10-4g of zinc pe r  hour.  
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Fig. 5. Summary of behavior of Cell I during the first thirty 
cycles. Cycles are numbered. Potential differences between the 
zinc test electrode and zinc counterelectrode are plotted as 
functions of time. 

A s u m m a r y  of Cell  I behavior  dur ing  the first t h i r t y  
1.00A, constant  cur ren t  cycles is shown in Fig. 5. As 
cycl ing continued, to ta l  cell  po lar iza t ion  increased  for  
both  half-cycles .  By ad jus t ing  ha l f -cyc le  lengths  to ta l  
polar iza t ion  was kep t  be low 200 mV and s y m m e t r y  of 
polar iza t ion  of the  cell dur ing  the ha l f -cyc les  was ap-  
p rox ima te ly  main ta ined;  however ,  as cycl ing con- 
t inued a t  constant  current ,  both  ha l f -cyc le  lengths  had  
to be shor tened to avo id  la rge  values  of cell  po la r iza -  
tion. 

The presence of the  Hg, HgO reference  e lect rodes  
a l lowed per iodic  measu remen t  of re ference  to t e s t  
e lectrode potent ia l  differences at  different  areas  over  
the test  e lect rode surface. Some selected values  of over -  
potent ia l  of the  test  e lec t rode  at  different  sites dur ing  
charge and discharge  are  shown in Tables  I and II. 
The da ta  in Table  I a re  f rom nea r  the  midd le  of the  
ha l f -cyc le  and near  the  end. The t r end  which  is i l -  
lns t ra ted  is tha t  the  overpo ten t ia l  behavior  of the test  
e lec t rode  on charge remains  essent ia l ly  the  same as 
cycle  number  increases. This was found to be so even 
though there  were  sharp  increases  in  some cases in  
the total  cell polar izat ion.  On test  e lec t rode  discharge,  
i.e., when  the test  e lec t rode  was behav ing  as an  anode, 
there  were  la rge  increases  in overpoten t ia l  nea r  the  
end of the  ha l f -cyc le  as cycle n u m b e r  increased,  and, 
la rge  differences in  overpoten t ia l  be tween  different  
sites on the e lec t rode  began  to appear .  Al though  a 
wel l -def ined  pa t t e rn  in the  magni tudes  of the  over -  
potent ia ls  was not  c lear ly  deve loped  in the  ea r ly  cycles, 
2-20, a p a t t e r n  did  develop be tween  cycles 20-23 (see 
Table  II)  which car r ied  th rough  for much of the  r e -  
maining  opera t ion  of  the  cell  (wi th  the  obvious ex -  
ception of e lect rode h) .  In  Fig. 6-9 potent ia l  d i f fer-  
ences be tween  the var ious  Hg-HgO reference  elec-  
t rodes and the  test  e lec t rode  have  been  p lo t t ed  to 

Table I. Test electrode overpotential (mV), Cell I 

Cycle 2 Cycle 2 Cycle 7 Cycle 7 Cycle 12 Cycle 12 Cycle 17 Cycle 17 Cycle 23 Cycle 23 
C h a r g e  Discharge  Charge  D i scha rge  Cha rge  D i scha rge  Cha rge  D i sch a rg e  Charge  Discharge  

Mid* E nd  Mid End  Mid End  Mid End  Mid* En d  Mid En d  Mid End  Mid En d  Mid E n d  Mid End  

a 

b 
e 
d 
e 
f 
g 
h 
i 

- 1 8  - 2 3  +19 +24 - 1 0  - 1 8  +20 +28 - 1 0  - 1 7  +19 +35 - 1 1  -20 .  +20 +35 - 1 0  - 1 8  
--17 - 2 3  +19 +23 - 1 0  - 1 7  +22 +27 - 9  - 2 2  +20 +29 - 1 0  - 2 1  +21 +28 - 8  - 1 7  
--19 - 2 4  +19 +25 - 1 1  - 2 1  +20 +30 - 1 3  - 2 1  +19 +48 - 1 3  - 1 9  +21 +42 - 1 2  - 1 9  
- 2 1  - 2 6  +22 +32 - 1 6  - 2 4  +23 +40 - 1 7  - 2 4  +22 +49 - 1 7  - 2 5  +24 +41 - 1 4  - 2 3  
- 2 0  - 2 5  +20 +25 - 1 2  - 2 0  +21 +28 - 1 2  - 2 2  +21 +35 - 1 4  - 2 4  +22 +29 - 1 2  - 2 0  
- 2 2  - 2 6  +20 +26 - 1 4  - 2 2  +21 +31 - 1 4  - 2 1  +20 +38 - 1 4  - 2 0  +22 +33 - 1 3  - 2 0  
--27 - 3 0  +20 +25 - 2 0  - 2 7  +24 +39 - 2 3  - 2 5  +22 +54 - 1 7  - 2 4  +20 +35 - 1 5  - 2 2  
- 2 7  - 3 0  +19 +25 - 2 1  - 2 6  +22 +34 - 2 2  - 2 6  +21 +49 - 1 6  - 2 5  +22 +34 - 1 9  - 2 5  
- 2 6  - 2 9  +20 +26 - 2 0  - 2 5  +22 +35 - 2 0  - 2 4  +22 +46 - 1 7  - 2 3  +21 +31 - 1 7  - 2 3  

+ 24 + 93 
+24 +41 
+ 23 + 103 
+29 +92 
+24 +35 
+ 24 + 78 
+ 22 + 52 
+26 +116 
+24 +76 

�9 The  va lues  in this  table are  dif ferences  b e t w e e n  r e s  to t e s t  e l ec t rode  vo l tages  w i t h  and  wi thou t  cell  current,  
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Table II. Test electrode overpotential (mV) near end of discharge 

Cycle 20 Cycle 21 Cycle 22 Cycle 23 

a 70 Tfi 85 93 
b 37 38 40 41 
c 90 89 99 103 
d 76 T6 84 92 
�9 37 37 15 35 
f 58 59 66 78 

42 45 47 52 
T5 86 105 116 

1 60 61 68 76 

emphasize the development  of differences in  anodic 
overpotential  between sites on discharge and the fact 
that  certain sites near  electrodes a, c, and d, and to a 
lesser extent  f and i developed higher anodic ov~rpo- 
tentials than  others as the exper iment  progressed. ~ 

The same pat te rn  of test electrode behavior  il- 
lustrated above was observed throughout  all stages of 
cell cycling; i.e., relat ively low overpotential  at all 
t imes and sites when the test electrode was acting 
as a cathode, even when total cell polarization was 
high, and large overpotential  with large differences in 
between sites developing when the electrode was act- 
ing as an anode and total cell polarization was high. 
This phenomenon has now been observed in the oper- 
ation of several s imilar ly prepared cells and is believed 
to be typical of the electrode-cell  design. Fur thermore,  
addit ional  measurements  on the counterelectrodes in 

See Fig. 1 and 10 to relate re ference  e lectrode number to 
placement  on the  test  e lectrode.  
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similar ly prepared cells indicate that  they behave in 
a similar manner ,  i.e., consistently low cathodic over-  
potential  on charge, consistently higher  overpotential 
on discharge, increasing in magni tude  as cycling con- 
tinues. 

Addit ional  features of the data taken dur ing opera- 
t ion of Cell I, which deserve ment ion  are (i) slow 
(hours) relaxat ion of the anodic overpotential  at the 
test electrode, at the end of discharge and (ii) the ob- 
servation of an i r regular  periodic fluctuation in  test 
electrode overpotential  after t e rmina t ion  of cell cur-  
rent.  

Cell I was operated through a total of 83 cycles at 
1.00A constant-cell  current.  Near the end of testing 
the cycle lengths were greatly reduced, e.g., discharge 
half-cycle 78 shown in  Fig. 9 was 44 min  in  length. 
The test electrode was removed from the cell in  the 
par t ia l ly  discharged condit ion after 83 cycles, sec- 
tioned, and analyzed by the gas evolution and EDTA 
t i t ra t ion technique described above. The results are 
summarized in Fig. 10. It  was found that  the reaction 
rate with HC1 for the used electrode samples was 
much slower than that  observed with pure  granular  
zinc samples used in  standardizing the method. Figure  
11 i l lustrates volume of hydrogen gas evolved as a 
funct ion of t ime for sample 2, test electrode, Cell I. 
These data are typical of the observed behavior. 

The reference electrodes were checked against one 
another, and against  the Hg-HgO in  glass electrodes 
after cell re laxat ion several t imes dur ing  the experi-  
ment  and at the end of the experiment.  Agreement  be-  
tween members  of the set was observed to improve as 
cycling continued, e.g., after re laxat ion of the cell for 
12 hr  after 83 cycles eight of the electrodes were in  
agreement  to _ 1 mV. 

Visual observations indicated a significant resistive 
effect in  the current  collector on the dis tr ibut ion of 
meta l l i c  zinc over tim electrodes on charge. This effect 
was most obvious  when, after charging the counter-  
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Fig. t0. Distribution of ZnO over the surface of a used (left) 
and on unused (right) electrode. Numbers given are ratios of 
Qzno/Qzno* as defined in the text. Positions of the reference 
electrodes are indicated by crosses Current lead is in the upper 
left corner, side shown for the used electrode is the side toward 
the counterelectrode. 
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Fig. 11. Cumulative volume of hydrogen gas evolved (298~ 
and 1.0 arm) as a function of time for sample 2, test electrode. 

electrode, the cell was opened and the counter  could 
be observed in  the charged condition. Zinc was most 
heavily plated near  the lead with the amount  per 
square cent imeter  aPI~arently diminishing with dis- 
tance from the tab. 

Discussion and Conc lus ions  
According to the ini t ia l ly  published one dimensional  

convective flow theory (1), mater ia l  redistr ibutions as 
well as differences in  potential  and current  dis t r ibu-  
t ion which develop longi tudinal ly  along porous zinc 
electrodes in cells with normal  convection are caused 
by the membrane  pumped flows. The theory im-  
plies that  these effects would not develop if the con- 
vective flows were stopped. These implications are 
only par t ia l ly  supported by the measurements  re- 
ported here. The development  of nonuni formi ty  of 
overpotential  has been directly demonstrated and non-  
uni formi ty  of current  has been indicated by qual i ta-  
tive observations of zinc metal  dis t r ibut ion after 
charge. 

Data concerning active mater ia l  dis t r ibut ion re-  
ported as ZnO over the test electrode surface, Fig. 10, 
are similar  to those reported previously for an elec- 
trode operated under  l imited flow condit ions (2) 
which reinforces our conclusions from the previous 
results that  the rate of la teral  shape change is sig- 
nificantly reduced by l imit ing convective flow parallel  
to the apparent  electrode surface. The s tandard upon 
which this conclusion is based is the data reported by 
Choi for the longi tudinal  redistr ibut ions of zinc over 
the surface of zinc electrodes operated in cells with 
normal  convection for periods of t ime and at operating 
currents  s imilar  to those reported here (2, 11). The 
redistr ibutions in  those cases were drastic and involved 
the depletion in zinc compounds to approximately 20% 
of their ini t ia l  values over the end of the electrode 
nearest  the cell reservoir. Thus, al though the data in 
Fig. 10 do indicate some redis t r ibut ion of material ,  the 
observed redis t r ibut ion is much less than  that  re-  
ported by Choi for the same kind of electrode, oper- 
ated under  similar  conditions of current  density and 
number  of cycles in  a cell with normal  convection. 

These experiments  indicate that some of the dif- 
ficulties previously reported with respect to cycling 
cells with flooded, nonvented  porous zinc electrodes 
with l imited convection were the result  of problems 
with the performance of the zinc electrode as an 
anode. Cycling of the flooded nonvented  AFAPL zinc 
electrodes at constant  cell current  to approximately  
15% of theoretical capacity in  an env i ronment  in  
which convective flow is severely l imited commonly 
results in the development  of an average anodic over-  
potent ial  which increases with number  of cycles. No 
corresponding change in  average cathodic overpoten- 

tial has been observed. This observation is quite dif- 
ferent  from that  reported by McBreen for a cell with 
normal  convection (10). His observations indicated 
increasing cathodic overpotential  on charge as cycling 
proceeded with large anodic overpotentials  develop- 
ing only after over 100 cycles. 

In  order to keep the anodic overpotential  of the zinc 
electrode below a preset value it was found necessary 
to shorten the half-cycle dura t ion as cycling con- 
tinued, i.e., the electrode capacity decreased, or the 
available zinc decreased. Vacuum refilling of the cell 
has some beneficial effect on capacity but  does not 
restore the electrode to its ini t ia l  state (2). The data 
indicate that  the anodic effect is not l imited to oc- 
currence at the l imited convection test electrode but  
occurs with equal severi ty at the vented counterelec- 
trode. The rate of H2 evolution from the cell is not 
great enough to explain the loss in available zinc. 

Certain areas of the test electrode of Cell I exhibited 
consistently higher overpotentials than other areas 
over much of the lifetime of cell operation, e.g., in -  
spection of Fig. 6-9 indicates that areas near  electrodes 
a, c, and d suffered, on the average, between cycles 
23 and 78, the highest overpotentials;  next, in order, 
were areas near  electrodes f and i. On the average, 
dur ing this same period, electrodes b, e, and h, those 
along the middle of the electrode, exhibited the 
smaller anodic overpotentials.  Thus,  a tendency to- 
ward greater overpotential  at the top and outer edges 
on the electrode is discernible. Those areas a, c, and 
d which consistently exhibited the highest overpo- 
tentials suffered the greatest mater ia l  loss; however, 
areas near  f and i which exhibited, on the average, 
the next  highest overpotentials,  actual ly appear to 
have gained material.  It  is, therefore, difficult to con- 
clude, on the basis of the data, that  a correlation 
exists between observed overpotential  and extent  of 
mater ia l  redistribution. The cause or causes of the 
observed increases in anodic overpotential  on dis- 
charge remain  a subject for fur ther  investigation. 
Passivation of porous zinc electrodes by thin film 
formation (called blockage of the second kind by 
some authors) has been suggested (7, 8) as has the 
development  of anodic overpotential  through plugging 
of the porous electrode through deposition of reaction 
products in the electrode pores (called blockage of 
the first kind by some authors) (12). Redis tr ibut ion 
of zinc and zinc oxide paral lel  to the electric current  
flow, termed x-direct ion shape change as opposed 
to lateral  shape change, has been suggested as an 
impor tant  l imit ing factor in  the performance of cer- 
ta in  porous zinc electrodes (12, 9). The separation 
of metall ic zinc from the current  collector has also 
been reported (2, 13) and serious concentrat ion over-  
potential  at the zinc electrode has been predicted 
(1). Data cur rent ly  available on the cells of interest  
are not adequate to allow identification of which or 
to what  extent  each of these various possible mecha-  
nisms is contr ibut ing to the l imita t ion of anodic per-  
formance of these par t icular  electrodes. 

Physical nonuniformit ies  of real electrodes and mem-  
branes may contr ibute to the deviation of cell per-  
formance from theoretical predictions. In  addition, 
the real electrodes differ from the original model 
in the resistive effect of the current  collector; i.e., the 
ini t ial  nonuni form zinc metal  distr ibutions observed 
on the charged counterelectrodes indicate a significant 
resistive effect in the current  collector of the elec- 
trode which was not taken into consideration in model-  
ing the electrode. 
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Microelectrode Studies of Electrochemically Coprecipitated 
Cobalt Hydroxide in Nickel Hydroxide Electrodes 
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and J. T. Maloy* 
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ABSTRACT 

The role of e lec t rochemical ly  coprecipi ta ted  cobalt  hydrox ide  and nickel  
hyd rox ide  has been inves t iga ted  at  a nickel  microe lec t rode  for  purposes  of 
e luc ida t ing  the effect of cobal t  hyd rox ide  on the e lect rode react ions of ba t t e ry  
act ive nickel  hydroxide .  Hydrox ide  films were  deposi ted onto the  electrode 
surface f rom boil ing e thanol  solutions of Ni(NO3)2 in the  presence and ab -  
sence of Co (NO3)2; thei r  behavior  in 30% KOH solut ion was s tudied by  cyclic 
vo l t ammet ry ,  chronoamperomet ry ,  and chronocoulometry.  In  general ,  the  
presence of coprec ip i ta ted  cobal t  hydrox ide  appears  to r ende r  the  charge-  
discharge react ion more  revers ib le  t he reby  a l lowing charging to occur at  less 
posi t ive potentials ,  this appa ren t ly  increases the  charging efficiency b y  min i -  
mizing concurren t  oxygen  evolution.  The microelec t rode  was also used to 
charac ter ize  the  cathodic deposi t ion process for  the  n ickel  hydroxide .  

The  effect of cobal t  hydrox ide  as a pe r fo rmance  en-  
hancing addi t ive  on the nickel  hydrox ide  e lect rode has 
been  known for some t ime (1). I t  has been repor ted  
tha t  Edison was aware  of the effect of cobal t  hyd rox ide  
addi t ion  as ea r ly  as 1908 (2). In  1925 it was confirmed 
tha t  an addi t ion of cobal t  increased the capaci ty  and 
l ife of the  posi t ive active ma te r i a l  in n icke l - i ron  and 
n i cke l - cadmium bat te r ies  (1). Cobalt  is now used by  
most  manufacturer$,  but  bar ium,  bismuth,  cadmium, 
and l i th ium have  been used as addi t ives  wi th  s imi lar  
effects. In  general ,  i t  has been thought  tha t  these ad-  
di t ives optimize the  la t t ice  imperfect ions  in the  elec- 
t rode act ive ma te r i a l  so that  conduct ivi ty  is increased 
and charging efficiency is improved.  

Recent ly  the re  have  been quant i t a t ive  empir ica l  
s tudies on the effect of cobal t  addi t ion  to s in tered pla te  
electrodes.  Ri t terman,  Lerner ,  and Seiger  found that  
about  20 a tom percent  (a /o )  of the act ive ma te r i a l  as 
cobal t  was op t imum for e lectrodes manufac tu red  using 
the chemical  vacuum impregna t ion  procedure  (3), 
whi le  Kroge r  found that  about  10% was op t imum for 
e lec t rochemical ly  impregna ted  electrodes (4). Workers  
a t  Bell  Labora tor ies  have  also shown that  addi t ions 
of about  5% cobal t  wil l  ex tend the cycle life of e lec-  
t rochemica l ly  impregna ted  electrodes s ignif icant ly (5). 

* Electrochemical Society Active Member. 
Key words: nickel hydroxide electrodes, alkaline cells, cobalt 

hydroxide additive, cyclic voltammetry, chronocoulometry. 

The Ai r  Force  process for e lect rochemical  impregna t ion  
(6) rou t ine ly  uses 7-15% cobal t  n i t ra te  in the ethanolic  
nickel  n i t ra te  solut ion used in the  p repa ra t ion  of posi-  
t ive plates  to improve  high t empe ra tu r e  charge ac-  
ceptance, ex tend the cycle life, and increase  charge  
capacity.  

This s tudy was unde r t aken  to gain a be t t e r  unde r -  
s tanding  of w h y  posi t ive p la te  improvemen t  should 
occur when cobal t  hydrox ide  is coprecipi ta ted  wi th  
nickel  hyd rox ide  in the deposi t ion process. Because the  
previous  studies, which were  conducted wi th  large  
electrodes in ac tual  work ing  cells, had y ie lded  l i t t le  
vo l t ammet r ic  da ta  about  the  effect of cobal t  hyd rox ide  
coprecipi tat ion,  it  was decided that  a microe]~ectrode 
would  be employed  in this s tudy  to gain  accurate  po-  
tent ia l  information.  Since nickel  hydrox ide  microe lec-  
t rodes were  fabr ica ted  by  cathodic deposi t ion (6), some 
p r e l i m i n a r y  vo l tammetr ic  studies were  conducted to 
be t t e r  under s t and  this process. Most of the  studies 
r epor ted  herein, however ,  were  conducted wi th  ca th-  
odical ly  deposi ted nickel  hyd rox ide  electrodes im-  
mersed  in 30% KOH. Charge-d i scharge  charac te r i s -  
tics were  s tudied by  slow scan cyclic vo l t ammet ry  
in a manne r  s imi lar  to that  of MacAr thu r  (7) and by  
double potent ia l  s tep ch ronoamperomet ry  and chrono-  
coulometry.  Both types  of exper iments  were  conducted 
in the presence and absence of coprec ip i ta ted  cobalt  
hydroxide .  
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Experimental 
All  exper iments  were  conducted at  a nickel  work ing  

e lec t rode  wi th  a Pr ince ton  App l i ed  Research Model 170 
e lec t rochemical  sys tem (PAR) .  The  work ing  micro-  
e lec t rode  was cons t ruc ted  b y  forcing a 0.05 in. n ickel  
wi re  th rough  a Teflon sleeve and gr inding  the end flat. 
The resul t ing  disk e lec t rode  was then etched wi th  
6M HC1 and subjec ted  to the  cathodic deposi t ion proc-  
ess to cover  i t  w i th  a un i form nickel  hyd rox ide  film. 
Al l  exper iments  were  conducted in a po lye thy lene  
cell  f i t ted wi th  a n ickel  aux i l i a ry  electrode. Al l  po-  
tent ia ls  were  measured  against  an aqueous KC1 sa tu-  
r a t ed  calomel  e lec t rode  (SCE) fitted wi th  a 20 cm side-  
a rm sal t  b r idge  wi th  a p in -ho le  junct ion  at  its end. 
Af t e r  eve ry  few hours  of exper imenta t ion ,  the  solut ion 
in the  s idearm was w i t h d r a w n  and rep laced  wi th  
f resh sa tu ra ted  KC1 solution; in this manner  i t  was 
possible  to use the  SCE reference  even in 30% KOH 
solution. 

Cathodic  deposi t ion of n ickel  hyd rox ide  was car r ied  
out in an almost  boi l ing e thano l -wa te r  [50 volume 
percen t  ( v / o ) ]  solut ion conta ining 1.8M Ni(NOs)2 
alone and in the  presence of 0.18M Co(NOs).2; t yp i -  
cally', the potent ia l  of deposi t ion was main ta ined  at  
--1.5V vs.  SCE. Af t e r  charge-d i scharge  studies in 30% 
KOH, the  e lec t rode  surface was g round  down and 
etched again  wi th  6M HC1 before  being subjec ted  to 
addi t ional  deposit ion.  In  o rder  to charac ter ize  the  vol-  
t a m m e t r y  of the  deposi t ion process, some cyclic vol-  
t a m m e t r y  exper iments  were  conducted on Ni(NO3)2 
solutions in e thano l -wa te r  mix tu res  containing KNO3 
as a suppor t ing  electrolyte .  These exper iments  were  
conducted at  an etched nickel  e lec t rode  in quiescent  
solut ion at  ambien t  t empera ture .  

Charge-d i scharge  studies were  conducted in 30% 
KOH solut ion using the cell  descr ibed above. I t  was 
soon discovered tha t  charge or mass t r anspor t  th rough  
the nickel  hyd rox ide  film was the cur ren t  l imi t ing step 
in the  cha rge -d i scharge  process;  thereaf te r ,  and for  
most  of this work  r epor t ed  herein,  cyclic vo l t ammet ry  
and double  potent ia l  s tep ch ronoamperomet ry  and 
chronocoulomet ry  exper iments  were  conducted in 
s t i r red  solutions. This technique  has been  used success- 
fu l ly  in previous  studies of m e m b r a n e  covered elec-  
t rodes (8, 9). Cyclic v o l t a m m e t r y  sweep rates  em-  
p loyed  were  v e r y  slow. Double  potent ia l  s tep exper i -  
ments  were  in i t ia ted  at the  rest  potent ia l  of a fu l ly  
d ischarged e lec t rode  and af te r  s tepping to the  desired 
charging potent ia l  for the  des i red  t ime per iod  of 
charge,  the  potent ia l  was r e tu rned  to the  ini t ia l  rest  
potent ia l  for d ischarge measurements .  

Cathodic Deposition Studies 
In  the A i r  Force  process (6) for cathodic deposi t ion 

of n ickel  hydroxide ,  s in tered  nickel  p la tes  a re  im-  
mersed  in  an e thano l -wa te r  solut ion of n ickel  n i t r a te  
a t  t empera tu re s  near  the  boi l ing point  of  the solution 
and cathodized at  a constant  cur ren t  dens i ty  (ca. 0.35 
A/ in .  2) for  a p rede t e rmined  t ime (ca. 100 min) .  The 
cu r ren t  dens i ty  tha t  is se lec ted  is sufficient to cause 
the  solvent  suppor t ing  e lec t ro ly te  sys tem to decom- 
pose to l ibe ra te  hyd rox ide  ions. This m a y  occur by  
t h e  direct  l ibe ra t ion  of hydrogen  gas at  the  e lec t rode  

H~O + 2e-> H2 + OH- [I] 

or by reduction of the nitrate ion 

H~O + NOB- + 2 e - - ,  NO~- + 2 O H -  

�9 [2] 

6H20 + NOB- + 8e ~ NH8 + 9 O H -  

where a variety of reduction products may form in 
addition to OH-. This hydroxide ion then diffuses away 
from the electrode and reacts with a nickel ion present 
m the bulk of the solution to precipitate battery active 
nickel hydroxide within the pores of the nickel plaque 

Ni +2 + 2OH- --> Ni(OH)~ [3] 

Of some concern in this process is the possible deposi- 
tion of metallic nickel within the pores of the plaque 
material 

Ni +2 + 2e-> Ni [4] 

because its presence would presumably exclude active 
material from the electrode. Initial experiments were 
directed towards the characterization of the deposition 
process to compare the relative likelihood of reactions 
[I] and [2] and reactions [3] and [4]. 
This was achieved by carrying out the voltammetry 

of a saturated KNOs solution at a nickel electrode. The 
results of multiple scans into anodic and cathodic back- 
ground are shown in Fig. la and 2a, respectively. Fig- 
ure la suggests that nickel ion reduction occurs at less 
negative potentials than hydroxide ion generation 
through solvent-supporting electrolyte decomposition. 
Note that the sweep into anodic background generates 
nickel ion which is electrodeposited in the vicinity of 
--I.0V vs. SCE (i0) during sweep 2 of curve la. (This 
is also illustrated in sweeps 2 and 3 of curve ib which 
were obtained from solutions containing a small 
amount of Ni +2. The absence of a reduction wave dur- 
ing the first sweep indicates that the nickel electrode 
must first be activated to electrodeposit metallic nickel 
from nickel ions in solution.) Extrapolation of this re- 
sult into the higher temperatures of the deposition 
process indicates that some care must be exercised 
during deposition to adjust the electrode potential suf- 
ficiently negative (at moderate current density in a 
galvanostatic deposition) to generate enough hydroxide 
ion to shield the electrode (by reaction [3]) from 
nickel deposition. Battery plates fabricated at low cur- 
rent densities by the Air Force process in preliminary 
experiments appeared gray in color and exhibited poor 
charging characteristics (ii). These voltammetric re- 
sults suggest that this was probably due to nickel 
deposi t ion at  potent ia ls  too posi t ive for  hyd rox ide  gen-  
eration. 

O 

I.O O.O -I .O 

Potential (Volts vs SCE) 
Fig. I. Multiple scan vo|tammetry into the anodic background 

process for ethanol-water mixtures saturated with KNCh. A bare 
nickel electrode was employed and the scan rate was 1 V/sec. 
Curve u: saturated KNO3; curve b: saturated KNO3 containing 
2 g/liter Ni(NO3)2. 
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Figure  l b  i l lus t ra tes  the  effect of adding a smal l  
amount  of Ni +2 to the  sa tu ra ted  KNO3. The large  oxi-  
dat ion wave  in the vic ini ty  of 0.4V vs. SCE on the re-  
versal  of sweep 2 is p robab ly  due to the  charging of 
Ni (OH)2  formed dur ing  hydrox ide  ion genera t ion  at  
the ac t iva ted  electrode.  The absence of a s imi lar  peak  
in curve 2b suggests  tha t  anodic act ivat ion of the  
nickel  surface (pr ior  to cathodic deposi t ion)  m a y  also 
be beneficial  to the  format ion  of act ive mater ia l .  

F igu re  2 shows the effect of scanning into cathodic 
background  wi thout  anodica l ly  ac t iva t ing  the nickel  
electrode.  Note tha t  even in the presence of small  con- 
cent ra t ions  of Ni +~ (Fig. 2b),  the reduct ion  wave  at 
--1.0V vs. SCE is absent,  jus t  as i t  was in the  first 
scans of l a  and lb.  This indicates tha t  if this  wave  has 
been correc t ly  assigned to the  d i rec t  reduct ion  of Ni +2, 
this reduct ion  r ead i ly  takes  place only at  an anodica l ly  
ac t iva ted  n ickel  electrode.  In  e i ther  the  presence or 
absence of the nickel  ion, however,  the  reduct ion of 
the  NO3- - so lven t  system genera tes  a p roduc t  tha t  oxi -  
d~es  in the  vic ini ty  of 0.6V vs. SCE. The only effect 
of n ickel  ion addi t ion is the  d isappearance  of the  re -  
versal  of this oxida t ion  wave  upon scan reversal ;  com- 
pare  the  second scan of 2b with  tha t  of 2a. This indi -  
cates tha t  the  oxida t ion  produc t  of the cathodical ly  
genera ted  species reacts  wi th  n ickel  ion. Since the  
same species forms in the  presence and absence of 
n ickel  ion, the  species tha t  oxidizes at 0.6V vs. SCE 
is p robab ly  one of the  products  of n i t ra te  reduct ion;  
see Eq. [2]. 

I t  has been proposed  that  n i t r i t e  ion formed dur ing 
n i t ra te  reduct ion  causes the oxidat ion  peak  at 0.6V vs: 
SCE (12). This hypothesis  was inves t iga ted  by  ob ta in-  
ing the  vo l t ammograms  shown in Fig. 3. Note tha t  
whi le  the  product  of n i t r a te  reduct ion oxidizes at  0.55V 
vs. SCE, n i t r i te  ion oxidizes at 0.85V vs. SCE under  
ident ical  conditions. Thus, whi le  it  appears  that  n i t ra te  
ion reduct ion  produces  the  hydrox ide  ion used in the 
deposi t ion process, i t  also seems un l ike ly  tha t  the  ni-  
t ra te  ion is reduced  to nitr i te .  No fu r the r  exper iments  
were  conducted to iden t i fy  the product  of n i t r a te  ion 
reduction.  

I i 

T 20~_ IJA 
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1 
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I 

2 

1.0 0 . 0  - 1.0 

Potent ia l  (Vo l ts  vs SCE) 
Fig. 2. Multiple scan voltammetry into the cathodic background 

process for ethanol-water mixtures saturated with KNO~. See 
Fig. 1 for experimental details. 
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0.8 0.4 0.0 -0.4 
Potential (Volts vs SCE) 

Fig. 3. An investigation of the products of nitrate reduction. 
Curve a, sweep 1, and Curve b: sweeps in saturated KNO3 with- 
out reaching cathodic limit. Curve a, sweeps 2 and 3: the oxidation 
of the product of nitrate reduction formed during the cathodic 
background limiting process (not shown). Curve c: scans over the 
same range as carve b with 0.010M NaNO~ added. The scan rate 
was 0.5 V/sec throughout, and the solution contained 2 g/liter 
Ni(NOs)2. 

These studies also revea led  deleter ious  effects if the  
cathodic deposi t ion potent ia l  was too negat ive  (at  
high galvanostat ic  cur ren t  densi t ies) .  When  ve ry  nega-  
t ive  potent ia ls  were  employed  (in the  v ic in i ty  of 
--2.0V vs SCE),  the green, hyd ra t ed  nickel  hydrox ide  
formed on the surface of the electrode.  This green  
hydrox ide  usual ly  dislodged f rom the electrode sur -  
face dur ing  charge-d i scharge  s tudies  and was, t he re -  
fore, unsa t i s fac tory  as an act ive mater ia l .  Apparen t ly ,  
the generat ion of too much hydrox ide  ion causes the 
prec ip i ta t ion  to occur at g rea te r  dis tances f rom the 
electrode.  Thus, deposi t ion occurs in a w a t e r - r i ch  en-  
v i ronment  and the hyd ra t ed  form of Ni (OH)2 is loosely 
deposi ted on the e lect rode surface. 

The above exper iments  suggest  tha t  potent ios ta t ic  
control  of the  deposi t ion process m a y  resul t  in su-  
per ior  loading of Ni (OH)2  in posi t ive plates.  I f  this  
is p rohib i ted  due to cost or  o ther  considerations,  g rea t  
care must  be exercised in  the  selection of an op t imum 
cur ren t  dens i ty  for galvanosta t ic  deposit ion.  

Charge-Discharge Studies 
Electrodes p repa red  by  the cathodic deposi t ion proc-  

ess were  p laced in 30% KOH solut ion for charge dis-  
charge  studies. The charging process for e lectrodes of 
this type  may  be v iewed as the conversion of Ni (OH)2  
(which exists  in ~ and ~ forms) to NiOOH 

charge  

Ni (OH)~  < ' > NiOOH + H + + e [5] 
d ischarge  

which  r emains  in the  charged  s tate  on the  e lec t rode  
surface (1). Al te rna te ly ,  one could wr i te  the charge-  
discharge react ion to emphasize  the  roles of O H -  and 
H20 mass t r anspor t  in r a t e - l imi t i ng  e i ther  process 

charge  
> 

O H -  ~- Ni (OH)2  < . NiOOH ~ H20 + e [6] 
discharge 

Al t e rna t e  react ions have  been proposed  (7, 13, 14) and 
proton diffusion has been proposed as the  r a t e - l imi t ing  
process (15). For  simplici ty,  and because i t  provides  
solut ion species to control  charge and discharge ra tes  
th rough  diffusion and migrat ion,  Eq. [6] has been  
adopted as the  model  for this  work.  
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In  p re l iminary  experiments,  the electrodes prepared 
by 'the deposition process were subjected to slow scan 
cyclic vo l tammet ry  in 30% KOH; the results are shown 
in  Fig. 4. In  this figure, the behavior  in the absence of 
coprecipitated cobalt hydroxide (curve a) is contrasted 
with the behavior  in its presence (curves b, c, and d). 
Ext remely  slow scan rates (0.5 mV/sec) were em- 
ployed in these studies; if rates much higher than 2 
mV/sec were employed, the current  maxima shown 
in  Fig. 4 were not observed. (It is anticipated that  a 
detailed discussion of the scan rate dependence at 
higher scan rates will  be the subject  of a future  com- 
municat ion.)  The appearance of current  maxima even 
though the solution was being stirred dur ing the ex- 
per iment  suggests that the rate of charge transfer  is 
mass t ranspor t  controlled (i.e., by diffusion or migra-  
tion) wi th in  the th in  layer  hydroxide film on the sur-  
face of the electrode. More importantly,  Fig. 4 i l lus- 
trates that  the coprecipitation of cobalt hydroxide 
frora a solution containing ca. 10% Co +2 allows the 
electrode to charge at a significantly less positive po- 
tent ia l  (0.13V instead of 0.23V vs. SCE). In  addition, 
the charging process appears to occur more reversibly 
in the presence of coprecipitated cobalt hydroxide than 
in  its absence (AEp is 75 mV instead of 150 mV).  Thus, 
the cobalt addit ive apparent ly  allows the charging 
process to occur more easily and more reversibly. 

Regardless of the presence or absence of cobalt hy-  
droxide, the vol tammograms of Fig. 4 all  exhibit  a 
considerable increase in recorder noise when the charg- 
ing process takes place. This 60 Hz noise persists so 
long as the active mater ia l  remains in the charged 
state, but  decreases upon discharge. This suggests that 
the impedance of the nickel hydroxide film increases 
appreciably in the charged state thereby increasing the 
probabi l i ty  of noise pickup. This hypothesis was veri-  
fied by  measur ing a sixfold increase in cell resistance 
when the microelectrode was in  the charged state in -  
stead of the discharged state. Thus, charge t ransfer  
appears to be controlled pr imar i ly  by  mass t ransport  
through a solid in  which the conduct ivi ty depends 
upon the state of charge. 

0.3 0.2 0.1 0.0 

Potential (Volts vs SCE) 

E 

. m  

(D 

Fig. 4. Slow scan cyclic voltammetry of 30% KOH solutions at 
the nickel hydroxide electrode. Curve a: containing no coprecipi- 
fated cobalt hydroxide. Curves b c, and d: containing cobalt 
hydroxide caprecipitated from 1.8M Ni(NO~)2 containing 0.18M 
Co(NOa)2. The scan rate employed was 0.5 mV/sec. The solutions 
were stirred during the recording of these scans. 

Typical quiescent solution cyclic vol tammograms for 
nickel hydroxide electrodes containing coprecipitated 
cobalt are shown in Fig. 5. Although there is a var ia-  
tion in peak height with scan rate, there is not signifi- 
cant difference between vol tammograms obtained using 
stirred or unst i r red solutions (see Fig. 4). This indi-  
cates that  convection is not an impor tant  mode of mass 
t ransport  and that  the mass t ransport  that governs the 
vol tammetry  shown in Fig. 4 and 5 occurs pr imar i ly  
in the active layer of nickel hydroxide film and not in 
the solution in the vicini ty of th e electrode. 

Characteristic cyclic vo l tammet ry  parameters  ob- 
tained from Fig. 5 are shown in Fig. 6 as a function 
of sweep rate. In  diffusion controlled cyclic vol tam- 
met ry  in  l iquid electrolytes, ipa/V 1/2 is constant re- 
gardless of sweep rate for a kinet ical ly uncomplicated 
redox reaction; for an adsorption process, ipa/V is ex- 
pected to be constant  at different scan rates. In this 
system, nei ther  condition is obtained, however, and 

Potential 

Fig. 5. Slow scan cyclic voltammetry of 30% KOH solution at 
a Ni(OH)2 electrode containing some coprecipitated Co(OH)s. 
Scan rates in mV/sec are shown associated with each figure. The 
solution was quiescent during the recording of these scans. 
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Fig. 6. The variation of cyclic voltammetry parameters with 
scan rate for a nickel hydroxide electrode (with cobalt hydroxide) 
in 30% KOH. The scan rate (in mV/sec) is shown logarithmically; 
other quantities have their usual electrochemical significance. 
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behavior  somewhere  be tween  these two ex t remes  
might  be  proposed to expla in  the  first two curves  
shown in Fig. 6. This behavior  seems reasonable  for 
a diffusion-control led adsorpt ion  mechanism which 
takes  place wi th in  the  hydrox ide  film containing a 
l imi ted  number  of chargeable  sites. That  the h a l f - p e a k  
potent ia l  (Epa/2) is f a i r ly  constant  indicates  tha t  the 
same process is tak ing  place  at  all  scan rates.  The peak  
to peak  separa t ion  (hEp ---- Epa --  Epc) genera l ly  in-  
creases at  h igh scan ra tes  f rom a min imum of 75 mV. 
Thus, on the  basis of l iquid e lec t ro ly te  revers ib i l i ty  
cr i ter ia ,  the react ion approaches  revers ib i l i ty  only at  
low sweep rates.  Since no a t t empt  was made  at  iR com- 
pensation,  increases  in ~Ep observed  at  h igher  sweep 
rates  m a y  be due to grea te r  uncorrec ted  potent ia l  d i f -  
ferences at  h igher  currents.  F ina l ly ,  i t  m a y  be observed  
tha t  the  d ischarging to charging peak  cur ren t  ra t io  
(i~//pa) genera l ly  decreases at  h igher  scan rates  f rom 
a near  ideal  value  of 0.95. This m a y  indicate  that  at  the  
h igher  cur rents  associated wi th  fas ter  sweep rates, the 
charging of the  e lec t rode  is essent ia l ly  complete,  t he re -  
by  a l lowing the genera t ion  of oxygen;  this cur ren t  
would  not  be recovered  upon discharge.  

Chronoamperomet r ic  studies genera l ly  suppor t  the 
observat ions  made  on the basis of cyclic vo l tammet ry .  
In  addit ion,  ch ronoamperomet ry  reveals  tha t  the pres-  
ence of coprec ip i ta ted  cobalt  hyd rox ide  may  cause 
charging to occur at  a fas ter  rate.  Cu r r en t - t ime  curves 
in the  absence of coprecipi ta ted  cobalt  are  shown at 
var ious  charging potent ia ls  in Fig. 7; Fig. 8 shows this 
behav ior  in i ts presence.  Whi le  curve 7a shows l i t t le  
more  than  double  l aye r  charging,  curves 7b and 7c 
show both  double  l aye r  charging currents  and faradaic  
currents .  At  the  potent ia ls  of curves 7e and 7f, the 
double  l aye r  charging cur ren t  can no longer  be dis-  
t inguished f rom the faradaic  cur ren t  because the l a t t e r  
cur ren t  is much h igher  at  these potentials .  At  the 
in te rmedia te  charging potent ia ls  of curves 7b, 7c, and 
7d, however,  one may  note tha t  a de lay  t ime is neces-  
sa ry  to achieve a m a x i m u m  rate  of charge. This m a y  
be contras ted  wi th  the  behavior  exhib i ted  by  all  curves 
in Fig. 8 where  no such de lay  t ime is observed in the 
presence of coprec ip i ta ted  cobalt.  Thus, at  in te rmedia te  
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Fig. 8. Single step chronoamperometry of KOH solution at a 

nickel hydroxide electrode containing ca. 10% cobalt hydroxide. 
Potential steps to 0.10, 0.15, 0.20, 0.24, 0.28, and 0.32V vs. SCE 
were used in curves a through f, respectively. 

potentials ,  it  appears  tha t  the  presence of coprecipi -  
tared cobalt  permi t s  the  charging  to occur at  a fas ter  
rate.  Moreover,  i t  also pe rmi t s  charging to occur at 
less posi t ive potentials .  (Compare  the charging po-  
tent ia ls  of Fig. 7 wi th  those in Fig. 8) This supports  
the observa t ion  made  p rev ious ly  on the basis of cyclic 
vo l tammet ry .  

Behavior  l ike  tha t  shown in Fig. 7 has been  repor ted  
b y  MacAr thu r  (15) for  s imi lar  electrodes;  however ,  
the  mathemat ica l  model  developed the re in  fa i led to 
expla in  the  unexpec ted  de lay  t imes observed in 7b, 
7c, and 7d. No sat is factory  model  for this chronoam-  
peromet r ic  behavior  has ye t  been proposed.  This thin 
l aye r  cell  p rob lem is not  unl ike  one considered r e -  
cent ly  in a s tudy  of immobi l ized  enzyme elect rodes  
(8, 9) in tha t  mass t r anspor t  and chemical  react ion 
a ppa re n t l y  t ake  place in a film deposi ted on an elec-  
trode. Digi ta l  s imula t ion  techniques employed in the 
deve lopment  of a ma themat i ca l  model  for the  enzyme 
sys tem appear  to be appl icab le  to this problem,  and 
work  is cu r ren t ly  u n d e r w a y  to model  this chrono-  
amperomet r i c  behavior  using this technique.  

Double  po ten t ia l  s tep chronocoulomet ry  was u l t i -  
ma te ly  used to character ize  the  poten t ia l  dependence  
of the  ra te  of charge  and the charging efficiency. A 
typical  cha rge - t ime  curve is shown Fig. 9. Here  i t  is 
impor t an t  to note tha t  the  ini t ia l  potent ia l  and  the 
potent ia l  of discharge were  a lways  ma in ta ined  a t  t h e  
res t  po ten t ia l  of a fu l ly  d ischarged electrode.  Wi th  
the  e lec t rode  in a fu l ly  d ischarged state,  then, the  
potent ia l  was s tepped to some p rede t e rmined  va lue  

A 
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E~ t- 
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Time (sec) 

Fig. 7. Single potential step chronoampero.metry of 30% KOH at 
a cobalt-free nickel hydroxide electrode. Curves a through f were 
obtained by stepping to 0.24, 0.26, 0.28, 0.30, 0.32, and 0.34V 
vs. SCE, respectively, to bring about the charging process. 

Time (sec) 

Fig. 9. Double potential step chronecoulometry using a nickel 
hydroxide electrode containing cobalt hydroxide. The potentia| was 
stepped from the rest potential (zero current) of a discharged 
electrode to +0.175V vs. SCE and then back to the rest potential 
after a 500 sec charge. 
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and the  de l ivered  charge  was recorded as a function 
of t ime for  a specified t ime in terval .  The l~otential 
was then  r e t u r n e d  to the  ini t ia l  va lue  and the  r e -  
covered charge  was measured  as a funct ion of t ime 
unt i l  sufficient t ime had passed to res tore  the zero 
cur ren t  condition. In  this  manner ,  the  charge de l ivered  
and the charge  recovered  could be measured  as a func-  
t ion of charging potent ia l  and t ime of charge. 

El iminat ion  of the  l a t t e r  quan t i ty  as a var iab le  of 
in teres t  was accomplished th rough  the resul ts  i l lus-  
t r a t ed  in Fig. 10. In  this exper iment ,  the  charging 
potent ia l  was a lways  ma in ta ined  at 0.175V vs. SCE, 
but  the  t ime of charge  was varied.  The t ime of dis-  
charge  was also var ied,  but  the  zero cur ren t  condit ion 
was a lways  obtained.  Thus, the  c h a r g e  tha t  was re -  
covered was a lways  the  m a x i m u m  tha t  i t  poss ibly  
could be. F r o m  the da ta  in Fig. 10 and s imi lar  expe r i -  
ments,  i t  soon became clear  tha t  complete  charging 
of the  microe lec t rode  took place in less than  500 sec. 
Even though longer  charging t imes were  employed,  
these resu l ted  in no addi t ional  recoverab le  charge  
when  the microe lec t rode  was discharged.  Thus, for 
the  e lec t rode  employed  in these  studies, 500 sec was 
found to be the  m a x i m u m  t ime necessary  to achieve 
ful l  charge.  This t ime of charge  was employed  in all  
subsequent  exper iments .  

The resul ts  of severa l  500 sec charges at various 
potent ia ls  a re  shown in Fig. 11. Panel  I shows charge 
de l ivered  as a funct ion of charging potent ia l  in the 
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-0 2 " c ~  Delivered 

. - 0 . 3  
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Fig. 10. A comparison of charge recovered to that delivered under 
potentiostotic conditions at various charging times. Experimental 
conditions are given in Fig, 9. 
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Fig. 11. Panel I: A comparison of charge delivered as a function 
of electrode charging potential in the presence and absence of 
coprecipitated cobalt hydroxide. Panel I1: A comparison of charg- 
ing efficiency under the same conditions. In either panel, curve a 
is for cobalt hydroxide absent; curve b, present. & 500 sec charge 
was employed throughout. 

absence (curve  a) and presence (curve  b) of copre-  
c ip i ta ted  cobalt.  F r o m  this panel ,  i t  is c lear  tha t  the  
presence of  coprec ip i ta ted  cobal t  a l lows charging to 
t ake  place at  less posi t ive e lec t rode  potent ials .  Pane l  
II  shows the charging efficiency (charge  recovered  
charge  de l ivered)  as a function of charging potent ial .  
In e i ther  curve, the charging  efficiency fal ls  off at  more  
posi t ive charging  potent ia ls  because of concomi tan t  
oxygen  evolution. Since coprec ip i ta ted  cobal t  (curve  
b) al lows charging to occur at less posi t ive potentials ,  
however,  less oxygen  is evolved and much h igher  
charging efficiencies a re  observed in its presence. Thus, 
the  presence of cobal t  hyd rox ide  al lows the e lect rode 
to be charged at  less posi t ive  potent ia ls  (as indica ted  
also by  the vo l t ammet ry )  and wi th  g rea te r  efficiency 
because concomitant  oxygen  evolut ion is minimized.  
(This evidence tha t  potent ios ta t ic  charging  is less than  
100% efficient even in the  absence of any  observable  
oxygen  evolut ion is most  intr iguing.  This aspect  of 
this  p rob lem is being inves t iga ted  .in more  deta i l  be -  
cause the  potent ios ta t ic  charging  efficiency should r ep -  
resent  the  m a x i m u m  efficiency tha t  can be  obta ined 
f rom an ind iv idua l  e lec t rode  wi th in  a cell.) 

Data  of the  form of  tha t  given in Fig. 10 pe rmi t  o n e  
to es t imate  the  thickness  of the Ni (OH)2  film using 
F a r a d a y ' s  l aw and the known dens i ty  of Ni (OH)2  (2.5 
g/cm3).  In  this case, the  film thickness  is ca lcula ted  to 
be 2.5 #m thick. 

Conclusions 
The microe lec t rode  techniques used in this  work  

have  been  shown to be useful  in the  s t u d y  of solid 
film electrodes of this  type.  Mass t r anspor t  (o ther  than  
convection) occurr ing  wi th in  the  nickel  hydrox ide  film 
has been found to de te rmine  the r a t e  of the  charge-  
discharge process. This observa t ion  suggests  that  the  
techniques developed above m a y  be super ior  to con- 
vent ional  (Tafei  plot)  methods  for  s tudying  e lect rode 
kinet ics  in this k ind  of electrode.  

Some insight  to the  improvemen t  of n ickel  hyd rox ide  
electrodes th rough  cobalt  hyd rox ide  coprecipi ta t ion 
has been prov ided  b y  this work.  In  general ,  coprecip i -  
ta t ion  increases  potent ia l  range  over  which charging  
m a y  occur and also makes  the  e lec t ron t rans fe r  proc-  
ess more  reversible .  Thus, coprec ip i ta ted  cobal t  hy -  
d roxide  m a y  be v iewed as an e lec t roca ta ly t ic  agent,  
but  the  mechanism of this  catalysis  is not  known. 
Careful  sc ru t iny  of the  v o l t a m m e t r y  in Fig. 4 might  
l ead  o n e  t o  propose tha t  the  presence of the  cobal t  
causes the  pr inc ipa l  charge  acceptor  to be  a - N i ( O H ) 2  
ins tead  of ~ -Ni (OH)2  as in the  absence of  cobalt,  bu t  
no ha rd  evidence exists  to p rove  this conclusively.  I f  
this is the  case, however ,  i t  appears  tha t  the  improve -  
ment  in revers ib i l i ty  cou ld  be due to the  increased 
revers ib i l i ty  seen in charge-d i scharge  studies of the  
a -Ni (OH)~  form (7). 
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Breakdown and Efficiency of Anodic Oxide 
Growth on Titanium 
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Department o$ Metallurgy and Materials Science, University oJ Nottingham, Nottingham NG7 2RD, England 

ABSTRACT 

The b reakdown  voltage,  as defined by  low coulombic efficiency of film 
formation,  increases  as the ra te  of anodie oxide  g rowth  on Ti increases.  
EUipsometr ic  de te rmina t ion  of film thickness  shows tha t  the  field across the  
oxide is not  constant  despite constant  ionic flux. Changes in the  ionic con- 
duc t iv i ty  of the oxide are  proposed to exp la in  the  nonl inear  vo l t age / t ime  be-  
havior,  and a range  of high ionic conduct iv i ty  is found at h igh g rowth  r a t e s  
preceding b r eakdown  and crystal l izat ion.  

The b r eakdown  of anodic films on va lve  meta ls  is 
usua l ly  accompanied by  a significant decrease in the 
vol tage g rad ien t  dur ing growth  at  constant  cur ren t  
dens i ty  and there  is gas evolution, spark ing  (1), crys-  
ta l l izat ion (2), or  a combinat ion of these depending 
on the metal .  The b r eakdown  vol tage  of most valve  
metals  depends on the me ta l  and  the e lec t ro ly te  used 
in anodizing. Also, in the  cases of A1 and Ta, which 
may  be considered typ ica l  va lve  metals ,  the b r e a k -  
down vol tage is independen t  of cur ren t  density,  and 
b r eakdown  usua l ly  occurs af ter  the  passage of a fixed 
amount  of charge  or  when a given thickness  is reached 
(3 ,4) .  

Ti tanium, which is also a valve  metal ,  is r epor ted  
to show indis t inct  b r eakdown  at  vol tages as low as 
,~5V (2) but  film growth  continues to h igher  vol tages 
wi th  the  format ion  of c rys ta l l ine  oxide  (2) and oxygen 
evolut ion (1). Crys ta l l i za t ion  is also associated wi th  
b r eakdown  of amorphous  anodic oxide  films on A1 and 
Ta but  genera l ly  at h igher  vol tages than on Ti. In  con- 
s ider ing the b r eakdown  behavior  of these th ree  va lve  
metals ,  Yahatom and Zahavi  (2) considered that  while  
the  l ink  be tween  crys ta l l iza t ion and b reakdown  was 
established,  cause and effect could not be dist inguished;  
the authors  assumed tha t  p r io r  to the  low vol tage  
b r eakdown  on Ti, the anodic films were  amorphous.  
The poor ly  defined b r eakdown  behavior  of Ti and the 
uncer ta in t ies  as to the  cause of b reakdown  and the 
p r e b r e a k d o w n  condit ion of the anodic film p rompted  
the present  work. There  is work  which  indicates  that  
the cause of b r e a k d o w n  of some anodic films is a 
change in the  oxide  film such as genera t ion  of compres-  
sive stresses (3), whi le  o t h e r ' r e p o r t s  show that  there  
is a s t rong dependence  on the  anodizing e lec t ro ly te  
(5). In  o rde r  to de te rmine  whe the r  there  are  any 
changes wi th in  the  oxide films on Ti dur ing  anodic 
growth,  which  might  lead  to breakdown,  e l l ipsometr ic  

1 Present  address: United Chemicon, Incorporated, Research and 
Development  Laboratory, West Springfield, Massachusetts 01089. 

Key words: amorphous, current  density, el l ipsometry,  film. 

and weight  gain measurements  were  made in the p re -  
b reakdown  growth  region to es tabl ish  the film th ick-  
ness and, therefore,  the field s t reng th  and the film den-  
sity. The coulombic efficiency of anodic film growth  
could then be determined.  

As a resul t  of the  findings presented  in this paper ,  we 
have considered it necessary to redefine the  b r eakdown  
vol tage (VB) in te rms of a change in efficiency of film 
growth  since convent ional  ways  to define it, such as 
by  the change in slope of the vo l t age / t ime  re la t ion  at  
constant  cur ren t  density, are  decept ive  in the case of 
Ti in tha t  such changes are  not a lways  accompanied 
by  a change in coulombic efficiency. 

Experimental 
Galvanosta t ic  anodic film g rowth  on Ti e lectrodes 

was measured  by  the change in cell  vol tage using a 
Cambr idge  po ten t iomet r ic  recorder  in conjunct ion wi th  
a Tek t ron ix  532 oscilloscope for the ini t ia l  response to 
current .  Appl ica t ion  of constant  cur ren t  to pol ished Ti 
electrodes gives an ini t ia l  vol tage  step fol lowed by  a 
vol tage t rans ient  wi th  slope (dV/dt) decreas ing wi th  
t ime to a s teady  value  (af te r  ,~2u Ex t rapo la t ion  to 
t ---- 0 f rom this p a r t  of the vo l t age / t ime  oscilloscope 
t race (of constant  slope) was used as the  origin for de -  
t e rmina t ion  of the  anodic film voltage. The  in te rcept  
was subt rac ted  f rom measured  cell  vol tages to give a 
"film vol tage"  which excludes series contr ibut ions  f rom 
sources such as e lec t ro ly te  res is tance and preexis t ing  
surface films. E l l ipsomet r ica l ly  de te rmined  film th ick-  
nesses and the weight  gains were  p lot ted  as a function 
of this fi lm vol tage in the  p resen t  work. 

Ellipsometry.--A m a n u a l l y  .operated e l l ipsometer  
was constructed using modified Glan-Thompson  po la r -  
izing pr isms moun ted  in d iv ided  circles which  could 
be read  to 2 min  of arc. A n  addi t ional  d iv ided  circle  
car r ied  a q u a r t e r - w a v e  p la te  mounted  be tween  the 
polar izer  and spec t romete r  stage. The l ight  source was 
a 100W h igh-pressure  Hg lamp. A na r row band  m e r -  
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cury  green fi l ter was incorpora ted  in the  telescope a rm 
of the  spec t romete r  and a pho tomul t ip l i e r  tube  was 
used to detect  the  in tens i ty  minima.  The a r r angemen t  
was a l igned and ca l ib ra ted  as descr ibed by  Arche r  (6). 

A n  expe r imen ta l  cell  machined f rom a solid "Pe r -  
spex"  cy l inder  had  an open top. Light  incident  no r -  
ma l ly  on an annea led  glass window mounted  in one 
side of the  cell  could also be inc ident  no rma l ly  on an-  
o ther  s imi lar  window af te r  70 ~ reflection at  a flat elec-  
t rode  surface. Soft  PTFE  washers  p rov ided  seals be -  
tween  the Pe r spex  and the glass windows,  which  were  
found to be s t r a in - f r ee  wi th in  the  expe r imen ta l  ac-  
curacy  of the  sys tem ( in tens i ty  min ima  de tec tab le  to 
be t t e r  than  ,~0.1~ The e lec t rode  surface could be 
centered  in  the  cell  (on the  e l l ipsometer  axis) and 
correc ted  for  t i l t  by  a finely ad jus t ab le  c lamp and 
stand.  

Spect roscopica l ly  pu re  Ti rod  (Table  I)  was cut, 
mi l led  and ab raded  to expose a 0.33 cm 2 flat surface 
pa ra l l e l  to the  rod axis at  m a x i m u m  rod width.  The 
end of a Ti contact  w i re  was inser ted  into a t ape red  
hole in the  curved surface of the  specimen which  p ro -  
v ided  good e lec t r ica l  contact. Af t e r  degreas ing in 
acetone the  spec imen and wire  were  anodized in 3 
weight  pe rcen t  ( w / o ) a m m o n i u m  hydrogen  t e t r abora t e  
at  a h igh  cu r ren t  dens i ty  (50 m A / c m  2) in o rder  to 
g row an anodic film to a h igh  vol tage  ~200V. 

The specimen and contact  wire  were  dried, coated 
wi th  Ara ld i t e  epoxy  resin, and hot  cured, which  gave 
a l e ak -p roo f  seal. Severa l  coatings were  appi ied  and 
cured. Seals  tes ted by  anodizing to high vol tage showed 
no color changes and, therefore,  no fu r the r  film growth  
be low the  ha rd  t r anspa ren t  r e s in -covered  surface. To 
reduce  the  r isk  of surface bevel ing  dur ing  subsequent  
polishing, the  specimen was moun ted  in thermose t t ing  
plas t ic  in  a s t anda rd  me ta l lu rg ica l  mount ing  press. 
The mounted  specimen was ab raded  unt i l  the meta l  
surface  emerged,  which  was finally pol ished using a lu-  
mina  powder  (5-30 nm par t i c le  d i ame te r ) .  Surfaces 
ob ta ined  in this  way  were  sa t i s fac tor i ly  flat. Surface 
t r ea tmen t s  involving HF were  avoided since this influ- 
ences the  film growth  (7). 

The cell  was filled wi th  e lec t ro ly te  and eight  r e a d -  
ings of the  az imuths  of the polar izer  (P) and ana lyzer  
(A) were  taken,  i.e. four  pai rs  of values for m in imum 
l ight  in tens i ty  a f te r  reflection f rom the  test  surface. 
The rat io  of the  resu l tan t  reflected ampl i tudes  in the 
p lane  of incidence and norma l  to this p lane  ( tan r and 
the change in phase  (h) were  ca lcula ted  f rom the mean  
P and A values  (6) for  the pol i shed  surface  and af te r  
each inc rement  in anodic film format ion  vol tage  under  
galvanosta t ic  conditions.  In  Fig. 1, po la r  plots (8) of 
the  vector,  Z = ( tan ~)e  ih, are  compared  wi th  those 
der ived  f rom the  Drude  equat ions for  theore t ica l  values  
of the  film thickness,  d, the  complex re f rac t ive  indexes  
of the  me ta l  subs t ra te  and film [ns : ns (i --  ~ks) and 
nf = nf (1 - - ik~) ,  respect ive ly]  and the  ref rac t ive  in-  
dex  of the  e lectrolyte ,  nm (de te rmined  to four  signifi- 
cant  figures by  Abb~ re f r ac tomete r ) .  The rap id  react ion 
of Ti wi th  t race  amounts  oi  oxygen  or wa te r  to form 
an oxide  l aye r  p rec luded  a t tempts  to measure  the 
"bare"  surface opt ical  propert ies .  Publ i shed  da ta  (9) 
for "a tomica l ly  clean" Ti surfaces (af te r  physical  
c leaning i n  UHV or  chemical  pol ishing)  were  unre -  
la ted to the  presen t  expe r imen ta l  results ,  giving da ta  
points  unrea l i s t i ca l ly  remote  f rom ext rapola t ions  of 
the in i t ia l  segments  of the  expe r imen ta l  po la r  plots in 
the direct ion of decreas ing film thickness.  Subs t ra te  
constants  ns and ks were  de t e rmined  by  comparison 
wi th  theore t ica l  po la r  plots  on the  assumpt ion  of a 

Table I. Ti rod composition (ppm) (Johnson Matthey Chemicals 
Limited) 

Cu 40 NI 8 
F e  20 Si  5 
Sn  20 Mn 4 
AI  10 Mg <=1 

(a) (b) (c) 
Fig. 1. Theoretical polar plots ( - - - )  of Z --'-- (tan ~)e ia for 

substrate with ns = 2.0, ks ~ 2.7, and films with (a) nf = 2.008, 
kf = 0; (b) nf = 2.10, kf = 0; (c) nf = 2.14, kf = 0. Experi- 
mental data ( e )  at each film formation voltage (indicated) for (a) 
1 mA/cm 2, (b) 10 mA/cm 2, (c) 50 mA/cm 2 anodic growth on Ti in 
carbonate buffer. X = 546.1 nm, angle of incidence = 70 ~ nm 
= 1.335. 

constant  film ref rac t ive  index  (to 1-3%) for different  
thicknesses.  This gave a good fit to the  da ta  (to VB) 
wi th  ns = 2.0 and ks ---- 2.7 at  wave leng th  k = 546.1 
nm (Fig. 1). The a l ternat ive ,  using as-pol i shed  P and 
A values  to calcula te  ns and ks, led to a la rge  increase  
then decrease in re f rac t ive  index wi th  increas ing film 
thickness, which seems un l ike ly  under  condit ions of 
ga lvanosta t ic  anodic growth.  Wi th  these subs t ra te  va l -  
ues, McCrackin 's  computer  p rog ram (10) was used to 
check for constant  film ref rac t ive  index and to de te r -  
mine  film thickness f rom the expe r imen ta l  data. 

In t e r rup t ion  of film growth  was necessary to a l low 
t ime for measuremen t  of P and A values  wi th  the  
manua l  el l ipsometer .  Some exper iments  were  pe r -  
formed using an automat ic  e l l ipsometer ,  but  its fol-  
lowing-speed  only a l lowed P and A values  to be 
recorded  dur ing  continuous anodic g rowth  at  --~ 1 
m A / c m  2. This equipment ,  which used a photoelect r ic  
detect ion sys tem wi th  F a r a d a y  effect modula t ion  and 
wi th  a Moir~ f r inge  count ing system, was sensi t ive to 
0.002 ~ changes and is descr ibed e lsewhere  (11). 

Weight gain.--Specimens were  weighed dur ing  film 
g rowth  in o rder  to de te rmine  the film dens i ty  using the 
e l l ipsometr ic  thickness data. 99.9% Ti foils (a rea  ~70 
cm 2) were  mechanica l ly  pol ished wi th  a lumina  pow-  
der  (par t ic le  d iamete r  < 0.1 #m) then anodized in 3 
w /o  ammonium hydrogen  t e t r abora t e  or  a carbonate  
buffer solut ion at  1-50 m A / c m  2. Foi l  specimens were  
removed  af te r  increments  in  film format ion  voltage,  
washed,  d r ied  in a i r  a t  ~,15O~ and weighed on a 
microba lance  to _+ 10 ~g. 

Optical microscopy.--Anodic growth  on the spec t ro-  
scopical ly pure  Ti specimen was observed in situ using 
a s t anda rd  me ta l lu rg ica l  microscope wi th  wa te r  im-  
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mers ion  objectives.  Crossed nicols were  used in this  
microscope to detect  the  fo rmat ion  of c rys ta l l ine  Tin2 
dur ing  g rowth  since the  th ree  c rys ta l l ine  forms of Tin2 
are  noncubic and, therefore,  b i refr ingent .  Cubic crys-  
tals or  isotropic noncrys ta l l ine  oxide  would appear  
da rk  under  crossed nicols. 

Elec t ro l y t e s . - -A l l  solutions were  made  f rom "ana-  
ly t ica l ly  pure"  reagents  and  doubly  dis t i l led water .  
Most work  was done using a 3 w /o  ammonium hyd ro -  
gen t e t r abora te  solut ion or  a carbonate  buffer solut ion 
(0.1M Na2CO3 + 0.1M NaHCO~). At  the highest  cur -  
ren t  densi t ies  used (100 m A / c m  2) the  ini t ia l  vol tage  
step is ,-~20V in an  ammonium hydrogen  t e t r abora te  
solution, which means  de te rmina t ion  of film vol tage  
is less accura te  owing to the  lower  oscilloscope ampl i -  
fication which  mus t  be used. The carbonate  buffer so-  
lut ion has an o rde r  of magni tude  h igher  conduct iv i ty  
so tha t  de te rmina t ion  of the film vol tage is inhe ren t ly  
more  accurate.  A constant  surface  pH was  also thought  
to be des i rable  in a s tudy  of film b reakdown  over  the  
wide  range  of cur ren t  densit ies used and anodic films 
of Tin2 are  known to be s table  at  the  buffered p H  of 
~9.7 (12). The film vo l t age / t ime  character is t ics  ob-  
ta ined  for fi lmed Ti in this  buffer solut ion were  s imi-  
la r  to those found in the  bora te  solution. Al l  exper i -  
ments  were  car r ied  out  at  room tempera ture .  

Results 
The film vo l t age / t ime  character is t ics  of the  mechani -  

ca l ly  pol ished Ti e lectrodes (Table  I) were  h igh ly  re-  
producib le  in e i ther  of the two e lec t ro ly tes  used 
(Fig. 2 and 3). In  Tables  II  and I I I  the  deta i l s  of 
these curves  are  shown in the form of the  charge per  
volt. These detai ls  va r i ed  s l ight ly  on repol ishing the 
specimen surface or be tween specimens,  i.e., charges 
pe r  vol t  could differ by  __ 12% and the  ex ten t  of the  
vol tage  ranges  of app rox ima te ly  constant  slope could 
also va ry  by  the same pe rcen t age ,  but  the  genera l  
character is t ics  r emained  the same. 

The to ta l  charge  passed, up to a pa r t i cu la r  voltage,  
can be de te rmined  f rom Fig. 2 and 3 where  the 
abscissae show a ra te  of 0.5 C/cm~/divis ion and 0.1 C/  
cm2/division, respect ively,  for  al l  cu r ren t  densities.  
I t  is then  c lear  f rom these figures that ,  for a given 
charge,  the film vol tage reached  is h igher  at  h igher  
cu r ren t  densi t ies  bu t  it  is not  obvious where  b r e a k d o w n  
occurs. The  typica l  anodic film growth  charac ter i s t ic  
of nea r ly  constant  s lope ( d V / d t )  af ter  in i t ia l  t rans ients  
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Fig. 2. Galvanostatic nnodic film growth on a Ti electrode in 
3 w/o ammonium borate solution at: 1 rnjkJcm ~ (t ----- 500 sec/ 
div), 10 mFJcm 2 (t = 50 sec/div), 100 mA/cm ~ (t = 5 
sec/div). 
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Fig. 3. Golvanostatic anodlc film growth on a Ti electrode in 
0.1M Na2COa ~ 0.1M NaHCOs solution at: 0.1 mA/cm 2 
(t = 1000 sec/div), ! mA/cm 2 (t ---- 100 sec/div), 10 mA/cn~ 
(t - -  10 s~.c/div), 50 mA/cm ~ (t = 2 sec/div), 100 mA/cm ~ 
t = I sec/div). 

at constant  current ,  only  extends over  a na r row ini t ia l  
vol tage  range  which  increases  wi th  cu r ren t  dens i ty  in 
both electrolytes .  There  are  significant changes of s lope 
before the  vo l t age / t ime  curves develop a nea r ly  con-  
s tant  gradient .  We were  concerned wi th  these changes 
in slope at  constant  cur ren t  dens i ty  since a decrease  
would normal ly  indicate  breakdown.  

Anodiza t ion  at  1, 10, and 50 m A / c m  2 was fol lowed 
by  e l l ips0metry  to es tabl ish  the  film thickness at d i f -  
fe rent  vol tages on the same surface. At  1 m A / c m  2, film 
growth  was fol lowed cont inuously  by  the au tomat ic  
eUipsometer  but  a t  10 and 50 m A / c m  2 changes were  
too fast  for  au tomat ic  ba lancing  and the growth  was 
in t e r rup ted  at  5V in tervals  whi le  readings  were  taken  
wi th  the  manua l  el l ipsometer .  

F igures  4-6 show the der ived  thicknesses,  f rom el-  
l ipsometr ic  measurements ,  of films grown on a f reshly  
polished surface anodized to the  vo l tage  shown, e i ther  
cont inuously  (Fig. 4) or  wi th  in te r rupt ions  (Fig. 5 
and 6). Changes in  g rad ien t  (nanometers  pe r  vol t )  oc- 
cur red  at  each  cur ren t  density.  Repea ted  exper iments  
on the same Ti specimen af te r  repol ishing the surface 
showed the same genera l  behav io r  of va r iab le  slope 

Table II. Coulombic charge per volt (per cm :z) and derived filn~ 
thickness from Eq. [1] (using optically derived densities from 
Table IV) during constant current anodization of Ti in 3 w/o 

ammonium borate) 

Film vol tage  
range  (V) mC/V nm/V 

(a) 100 mA/cm= 0-35 2.05 1.27 (p -- 3.35) 
35-100 4.16 2.57 

~100-130" 9.1 5.62 
200 + 133 + 

(b) 10 m A / c m  = 0-2 2.0 1.26 (p = 3.28) 
2-18 3.57 2.26 

18-35 2.78 1.76 
35"-t0 46 
40-49 22.5 
49-90 27 
90-200 12.5 

(C) 1 mA/cm = 0-2 2.0 1.34 (p = 3.09) 
2-9 5.5 3.68 

U + *  50+ 

(d) 0.1 mA/cm: 0-2 2.2 
2-3 11 
3 + *  20+ 

* Approx imate ly  the beginning of inefficient film growth  (VB). 
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Table IlL Coulombic charge per cm ~" (during continuous constant 
current anodization of Ti in 0.1M Na,2CO3 + 0.1M NaHCO3) 
and derived film thickness per volt from Eq. [1] with optically 

derived values of p 

F i l m  v o l t a g e  
r a n g e  (V) m C / V  n m / V  

(a)  100 m A / c m  s 0-56 2.38 
50-120 4.46 

~130"-150 22.76 
~ 1 5 0 - 2 5 0  ~ 1 0 0  

(b)  50 m A / c m  = 0-55 2.28 1.41 (D = 3.38) 
88-70 4.2 2.60 
73 *-78 12.5 
78-88 7.3 

(c)  10 m A / c m  = 0-2 2.0 1.26 (~ = 3.28) 
2-18 4.54 2.87 

18-26 2.85 1.80 
28*-36 12.5 

(d)  1 m A / c m  ~ 0-2.5 1.82 1.22 (p = 3.09) 
2.5-5,0 4.0 2.68 
5-7.5 6.0 4.02 
7.5* -9 .5  11 7.37 

(e)  O.1 m A / e m ~  0-1 2.3 
1-2 2.6 
2*-3 28 

( f )  1.0 m A / c m  ~ 0-2 2.1 
2-3 5.0 
3.5-11.5 4.5 ( 10 m A / c m = )  t 

11 .5+*  50+  (10 r n A / c m ~ ) f  

* A p p r o x i m a t e l y  t h e  b e g i n n i n g  of  inef f ic ien t  f i lm g r o w t h  (VB). 
$ C h a n g e  to  h i g h e r  c u r r e n t  d e n s i t y  d id  n o t  r a i s e  V~ to the  

v a l u e s  s h o w n  in  ( c ) .  

(rim/V) differing only in  the Ebsolute values of the 
gradients  by up to ~- 12%. The data at V ---- 0 in Fig. 
4-6 are for an as-polished surface before voltage is 
applied while all other  data are corrected to exclude 
all but  the voltage due to anodically grown film. The 
measurements  on as-polished surfaces with no applied 
voltage gave an ini t ia l  film thickness of 4.3 nm using 
nf == 2.008 (Fig. 4) which was used to derive thick- 
nesses of films grown at 1 m A / c m  2. There were no 
solutions for this ini t ia l  film using the higher anodic 
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film refractive indexes required in calculations for film 
growth at 10 or 50 mA/cm% The refractive index of 
this ini t ia l  surface film is more than  3% below that  of 
these  anodic films and so is outside the limits set for 
the calculation where nr is constant  to !-3%. Ext rap-  
olations from the first data points in Fig. 5 and 6 to 
V -- 0 (and the 1 m A / c m  2 data excluding the data 
point  at V -- 0) do not pass through the origin as would 
be expected. This is probably  due to overcorrection of 
the measured cell voltage because of extrapolat ion 
from the l inear  port ion of the vol tage/ t ime oscilloscope 
trace. 
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Table IV. Coulometric and ellipsometrically determined film thickness/volt during 10 and 50 mA/cm 2 (interrupted) growth and 
1 mA/cm 2 continuous growth in 0.1M No,CO3 + 0.1M NaHCO3 (from Fig. 4-6) 

(b) {e) % Coulombte 
Fi lm vol tage  (a) n m / V  n m / V  (ellip- efficiency 
range (V) mC/V ('4-5%) (coulometric)t sometric) (c) / (b) x 100 

(a) 50 m A / e m  2 1.8-26 2.2 (p = 3.35) 1�9 1.4 103 
26-29.5* 5.2 3.22 3.1 96 

(b) 10 m A / e m  ~ 2.5-10 3.8 (# = 3.28) 2.40 2.5 104 
10-20 2.0 1.26 1.2 9S 
20"-25 8.53 5.39 2.6 48 

(e) 1.0 m A / e m  ~ 2,5-5.2 4.0 (p = 3.09) 2.68 2.3 88 
5.2*-7.5 6.0 4.02 2.3 57 
7.5-9.5 11.0 7.37 1.6 22 

* VB. 
t Assuming  optical ly derived densit ies .  

Table IV shows the charge per volt passed dur ing 
each stage of film growth followed ellipsometrically. 
The film density was estimated from the refractive in-  
dex and weight gain (see Discussion section) so that 
the film thickness per volt could also be calculated 
from the charge passed. Comparison of this with the 
ell ipsometrically determined thickness per voit shows 
the efficiency of film growth in Table IV. VB is the 
voltage above which film growth proceeds at low 
coulombic efficiency. Ellipsometric experiments  in am- 
monium borate solution also gave changes in gradient  
of film thickness/voltage relationships�9 

The effect of a change in current  density on VB, dur -  
ing contimrous growth, is shown in Table III. After 
anodizing to only 3V at 1 m A / c m  2, an increase to 10 
mA/cm 2 resulted in  inefficient film growth above l l .5V 
which is considerably lower than  if anodization had 
been a t  10 m A / c m  2 throughout  (VB ~" 28V). Anodiz- 
ing history is therefore another factor in determining 
VB. 

The weight gain accompanying film growth is shown 
in  Fig. 7 and was subject to an error of +__ 0.3  ~g/cm 2 
in  weighing. 

At  ,-,VB, optical microscopy showed local variations 
in  color (indicative of different optical properties and /  
or thickness) and the presence of b i refr ingent  (non-  
cubic crystall ine) growths on which oxygen evolution 
was centered became apparent  as the voltage increased 
above VB. Below VB the color was more uni form and 
no birefr ingence was observed. 

Discussion 
Fi lm thicknesses derived from the ellipsometric mea-  

surements  were not a l inear  funct ion of film voltage 
(Fig. 4-6). There were changes in gradient  (nm/V)  
dur ing  growth at 1 and 10 mA/cm2 while at 50 m A /  
cm2 there was film growth over a wide voltage range 
at small  thickness per volt [column (c), Table IV]. 
These results suggest a variable oxide field s trength 
dur ing  growth at constant  current  density. In  the 10 
and 50 mA/cm~ experiments  there were voltage ranges 
where  the field s trength was different by a factor of 
~ 2 •  at the same current  density. This behavior for 
an anodic film on a valve metal  is usual ly  associated 
with a change in the coulombic efficiency of oxide film 
growth. We will  now t ry  to determine this efficiency 
and its constancy dur ing anodic growth, where a de- 
crease in  efficiency is l inked with breakdown. 

The ratio of the ell ipsometrically determined film 
thickness with that  expected from coulometry is a 
measure of coulombic efficiency of film growth. The 
calculation of coulometric thickness requires a knowl-  
edge of the film density and this we can derive in two 
ways: directly, from the refractive index of the film 
and, indirectly, from the weight gain data of the Ti 
foil assuming in the lat ter  case the same thickness/  
voltage relationships as in the ellipsometric experi-  
ments. We will  also consider the evidence in the pres- 
ent  results for an amorphous film prior to breakdown. 

Firstly,  the assumption in this work of a constant film 
refractive index should be justified. We have already 

ment ioned the exper imental  difficulty in obtaining a 
bare metal  surface on Ti owing to its high react ivi ty 
with oxygen or water  so that  substrate  optical con- 
stants cannot be determined directly. Immersion tech- 
niques cannot be used because suitable liquids for im-  
mersion have refractive indexes only up to ~1.7 and 
the lowest reported refractive index of TiO2 is greater  
than  2.0 (13). Using ns and ks values calculated from 
ellipsometric readings of the as-polished specimen sur-  
face, we obtained an increase then decrease in refrac- 
tive index from 2.27 to 2.29 to 2.07 for film growth at 
the 10 m A / c m  2 rate but  the shape of the thickness/  
voltage relationship was similar  to that  shown in Fig 
5, i.e., the gradients were: 2.5 n m / V  (2.5-10V), 1.2 
n m / V  (10-20V), and 2.8 n m / V  (20-25V). At 50 m A /  
cm2 there was also only a small  difference in gradient  
(1.35 n m / V  for the 0-26V range compared with 1.4 

n m / V  in  Fig. 6) when using the apparent  substrate 
constants derived from measurement  of the polished 
specimen surface. The refractive index in  this case 
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Fig. 7. Film voltage vs. weight gain of mechanically polished Ti 
sheet (annealed) during growth at 1 mA/cm ~ (O) ,  10 mA/cm ~ 
(e) ,  50 mA/cm 2 ( •  in 0.1M NaHCO8 + 0.1M Na2CO3. 
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varied from 2.26 to 2.16. The shape of the thickness/  
voltage curve at 1 mA/cm2 was also only slightly al-  
tered by the use of as-polished substrate data. Data 
points were moved in  the direction of greater  film 
thickness by 2-3 nm for the three different film growth 
ra~es when as-polished substrate  data were used. 

Because we are cognizant of the inappropr ia te  val-  
ues for substrate constants obtained from as-polished 
surface measurements  on Ti, we prefer to adopt the 
more reasonable assumption of a constant  refractive 
index dur ing  anodic film growth, al though it makes 
li t t le difference to the results. 

The relat ive insensi t ivi ty of nf to variat ions in the 
thickness/vol tage gradient  in  Fig. 4-6 is an interest ing 
and impor tan t  finding and is supForted by observations 
from ent i re ly  different anodic oxides on A1 (14). Here 
it was found that  a change from amorphous to crys- 
ta l l ine A1203 resulted in a 100% increase in growth 
field (at constant  current) ,  while the refractive index, 
as measured by  an immers ion technique, had only 
changed from 1.65 (15) to ,,1.70. St ructural  changes 
in the anodic oxide films on Ti dur ing growth might 
also be responsible for the changes in field strength. 

Direct s t ructural  informat ion on the anodic film on 
Ti is not easily acquired in  the early stages of film 
growth. Other authors (2) have assumed that at 
least dur ing the first 5V the film is amorphous, above 
this voltage they find crystal l ine TiO2 (anatase) by 
electron diffraction of stripped 85V anodic oxide films, 
they report  that the crystal l ini ty  in the films is ap- 
parent  in polarized light. However, the problems of 
s tr ipping very  thin films (<10V) and the chance of 
crystall ization in the electron microscope make con- 
vincing evidence for amorphous oxide prior to break-  
down on Ti difficult to obtain. 

In  the present  work, an in situ technique was used 
to test for amorphous oxide in the early stages of 
anodic growth. Optical microscopy of the s~ecimen 
surface dur ing  film growth showed no birefr ingence 
under  crossed nicols unt i l  gas evolution occurred. This 
must  indicate the growth of an optically isotropic film 
such as an amorphous oxide, since the reported crys- 
ta l l ine forms of TiO2 are all noncubic. Better  evidence 
that the growing film is ini t ia l ly  amorphous is the low 
refractive index and density (Table V) of films com- 
pared with crystal l ine forms of TiO2 which have re- 
fractive indexes in the range 2.49-2.90 (16) and densi-  
ties in  the range 3.90-5.5 g /cm 3 (16). 

In  discussing the breakdown of these anodic films 
dur ing  growth, we must  consider whether  the changes 
in  gradient,  dV/dt,  are accompanied by a change in 
efficienc$ of formation of the ~arrier oxide film. Fig- 
ures 2 and 3 show V/ t  curves where there are decreases 
in  gradient.  However, these would indicate breakdown 
only if accompanied by a decrease in  coulombic effi- 
ciency for bar r ie r  film growth. Figures 4-6 only indi-  
cate the effect of oxide field s t rength dur ing growth 
and provide no informat ion about coulombic efficiency. 
However, in  Table IV, the charge passed in each volt-  
age range of anodic growth is tabulated (as mC/V)  
for the three growth rates and is seen to vary  in the 
same direction as the thickness per volt, e.g., at 10 
mA/cm~ both the charge and thickness per voIt are 
decreased by  ,--50% in the 10-20V range compared 
wi th  the 2.5-10V range. The actual  film thickness, d, 
at a given voltage is given by the following equation 

Table V. Film densities derived from weight gain data (Fig. 7) 
and ellipsometric film thickness (Fig. 4-6) 

Film 
Current  vo l tage  Weight 
dens i ty  range  d gain TiO~ p 

(mA/cm~) (V) (nm) (/~g/cm 2) (~g/cm ~) (g/cm ~) 

1 0-7.5 14 1.6 4.0 2.86 ----- 9% 
10 2.5-25 44 5.35 13.37 3.04 -+- 3% 
50 2-29.5 43 5,20 13,00 3,02 • 2% 

qM 
d = ~ �9 ~ [1] 

4 ~  
and 

4dFp 
= [2]  

qM 

where M is the molecular  weight of the oxide, p its 
density, and q is the charge passed. ~ is the fractional 
coulombic efficiency of oxide growth. To calculate o, 
a knowledge of the film density is required. Assuming 
the oxide has the same densi ty as anatase [p = 3.9 g/  
cm 3 (16)] which has been reported in  anodic films 
on Ti (2) (though at higher film voltages than used 
here) the ma x i mum film thickness e x p e c t e d  i n  
the 2.5-5V range at 1 m A / c m  2 (i.e., assuming 100% 
efficiency) is 2.1 nm/V.  This is significantly below the 
ellipsometric value of 2.3 n m / V  (Table IV) and is con- 
t radictory since 100% efficiency was assumed. The film 
density must  be less than that of anatase. Similar  cal- 
culations for the 10 and 50 mA / c m 2 rates lead to the 
same conclusion. 

The optical polarizabil i ty of a crystal l ine oxide can 
be estimated (17) from the refractive index and den-  
sity using the Lorentz-Lorenz relationship 

3M ( n ~  - I) 

~m : ~4~Np (nr ~ + 2) [3] 

where ~m is the molecular  electronic polarizabil i ty a n d  
N is the Avogadro number .  There are three crystal-  
l ine forms of TiO2: anatase, brookite, and rut i le  which 
are tetragonal,  orthorhombic, and tetragonal,  respec- 
tively. For comparison with the anodic TiO2 which is 
optically isotropic, we will consider hypothetical  crys- 
tal l ine oxides made of randomly  oriented microcrys-  
tals of single crystal density so that average refractive 
indexes for the three crystal forms of TiO2 are 2.5246, 
2.6226, and 2.7545 (16) and densities are 3.9, 4.13, and 
4.23 g /cm z (16) for anatase, brookite, and rutile, re-  
spectively. The respective values for O~TiO2 from Eq. [3] 
are 0.522, 0.508, and 0.515 • 10 -23 cm ~ which, despite 
the different crystal systems and densities are r emark-  
ably similar. It  is reasonable, then, to suppose that  
CLTi02 for the anodic oxide is similar to an averaged 
value of 0.515 • 10 .23 cm 3 between the crystal forms. 
This value would be for wavelength,  k = 588.9 nm 
but the correction for k = 546.1 n m  is only ~,0.001 • 
10 -~3 cm 3 and will  be ignored. 

Using an average value of ~wio2 of 0.515 • 10 -2~ cm 3 
and values of nf as calculated in this work of 2.008, 
2.10, and 2.14, Eq. [3] gives the following estimates of p: 
3.09, 3.28, and 3.35 g /cm ~ for growth at 1, 10, and 50 
mA / c m 2, respectively. The value of nf for 1 m A / c m  ~ 
growth is more accurate since it is derived from mea-  
surements  with the automatic ellipsometer. Calcula- 
tions of film thickness/vol t  using these film density 
values in  Eq. [1] lead to the coulombic efficiencies 
shown in  Table IV. In  all the early stages of film 
growth, efficiency is near ly  100% and this is supported 
by the absence of gas evolution over these voltage 
ranges. 

The film density can be independent ly  calculated 
from the weight gains during anodization (Fig. 7) 
using the thicknesses per volt determined from ell ip- 
sometry shown in Table IV. Values derived in this 
way are shown in Table V and are wi th in  10% of the 
average density calculated from the refractive in-  
dexes. F i lm growth, therefore, is highly efficient in the 
early stages of growth. It  is impor tant  to note also that 
efficiency is ~100% over voltage ranges where the 
measured field s t rength is different by  a factor of ,~2 • 
at the same current  density. These changes in  the field 
are not due to changes in  ionic flux as might  be antici-  
pated from the we l l -known field-assisted ionic t rans-  
port equat ion for anodic film growth which to a first 
approximation, can be wri t ten  

i = io e x p -  (U/kT)  exp (qaE/kT) [4] 
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where  E is the field, U is the  act ivat ion energy,  q is the 
ionic charge,  and a is the  jump  distance. 

Coulombic da ta  for  continuous growth  (in Tables  II  
and I I I )  have  been used in Eq. [1] to calcula te  th ick-  
nesses per  volt  f rom the same densit ies  used in Table 
IV. The der ived  values show apparen t  changes in field 
s t rength  in s imi lar  sequences to those shown in Table 
IV. A more  r ap id ly  balancing e l l ipsometer  would be 
requi red  to de te rmine  film thicknesses and field 
s t rengths  dur ing continuous film growth  at  h igh  rates. 
However,  in common wi th  i n t e r rup ted  g rowth  data, 
Tables II  and I I I  also show a decrease  in mC/V at 10 
mA/cm~, which  implies  an increase in field s t rength  
(assuming ~ _-- 1) at  constant  cur ren t  density.  The a l -  
t e rna t ive  explana t ion  in the  case of continuous growth  
is tha t  there  is an increase in efficiency at h igher  vo l t -  
ages which is con t r a ry  to exper ience  of the b r e a k -  
down phenomenon.  In Tables  II  and  III,  h igh  values  of 
mC/V indicate tha t  V > VB. 

We shall  define b r eakdown  for Ti as the beginning 
of the vol tage range  in which the efficiency is signifi- 
cant ly  be low 100%. Such changes can be seen in Table  
IV and the vol tage at the beginning  of each range  is 
denoted by  VB. At  h igher  cur ren t  densi t ies  (10 and 50 
mA/cm2) ,  V~ appears  at h igher  vol tages than  at 1 
m A / c m  2. At  50 m A / c m  2 there  is a decrease  in field 
s t rength  before  b r e a k d o w n  (at  26-29.5V) and at  10 
m A / c m  2, a decrease in efficiency to 48% cannot  ex-  
plain,  in te rms of Eq. [4], a decrease  in field s t rength  
to less than  half. The decrease in field s t rength  at 
these cur ren t  densit ies m a y  not be a t t r ibu ted  to joule  
hea t ing  (18) since these were  i n t e r rup t ed  g rowth  ex -  
per iments  so that  heat  genera ted  in the film was r ap -  
id ly  diss ipated before  the  measurements  were  made.  
So, jus t  before  b r eakdown  at  50 m A / c m  2, and asso- 
ciated wi th  b reakdown  at  10 m A / c m  ~, there  may  be an 
increase in ionic mobi l i ty  such tha t  a constant  ionic 
flux is ma in ta ined  at a lower  field. This change in the  
intr insic  oxide field s t reng th  is de layed  to h igher  vol t -  
ages at fas ter  g rowth  rates  as is b r eakdown  and i t  may  
be tha t  the  increased ionic mobi l i ty  is a precursor  of 
breakdown.  

The reasons for changes in intr insic  oxide  field 
s t rength  at constant  ionic flux m a y  be s t ruc tura l  d i f -  
ferences in the films which could s ignif icant ly influence 
f ield-assis ted ionic t r anspor t  by, for  instance, changing 
the  ac t iva t ion  energy  (see Eq. [4]).  Such changes 
could occur wi thout  affecting bu lk  proper t ies  such 
as densi ty  or re f rac t ive  index by  more  than  a few 
percent  as has a l r eady  been observed for anodic A1203 
(14). However,  unl ike  A1203, the  s t ruc ture  dur ing effi- 
cient oxide  growth  at  h igh ra tes  is not  envisaged to 
be crys ta l l ine  at  any  stage, since the  film ref rac t ive  
index  is app rox ima te ly  15% below tha t  of the  least  
dense crys ta l l ine  phase, anatase,  and a c rys ta l l ine  ox-  
ide on Ti is associated wi th  breakdown.  

Evidence tha t  b r eakdown  is accompanied b y  crys-  
ta l l izat ion was p rov ided  b y  opt ical  microscopy which 
showed the presence of noncubic crys ta l l ine  oxide at  
voltages > VB. Oxygen  evolut ion was si ted on such 
crys ta l l ine  regions leading  to the  low efficiency by  
which b reakdown  was defined. This is not  unexpec ted  
as it  is genera l ly  recognized that  impur i t ies  have a 
g rea te r  influence on semiconduct ion in crysta ls  than  
in  noncrys ta l l ine  mate r ia l s  (19) and anodic films are  
known  to contain impur i t ies  such as e lec t ro ly te  anions 
incorpora ted  dur ing  anodic growth.  So crys ta l l iza t ion 
could resul t  in h igh  electronic conduct iv i ty  which 
would  enable  the observed gas evolut ion to occur. 

If  the  s t ruc tura l  reorganiza t ion  involved in fo rma-  
t ion of the  c rys ta l l ine  oxide  requi res  ease of ionic 

movement ,  then the increased ionic mobi l i ty  found at  
high growth  rates  jus t  before  VB could be  the  cause 
of b r e a k d o w n  on Ti. 

Summary 
The anodic film b r e a k d o w n  behav io r  of Ti is char -  

ae ter ized by  a change in film growth  such tha t  efficient 
g rowth  of amorphous  oxide gives w a y  to a new anodic  
behavior :  low efficiency oxide  growth  and gas evolu-  
t ion associated with  crys ta l l ine  oxide  in the film. 
Changes in the  slopes of the  vo l t age / t ime  re la t ions  
at  constant  cur ren t  densi ty  can occur at  ~100% 
efficiency for  g rowth  indica t ing  tha t  the re  is a v a r i -  
able oxide  field s t r e n g t h .  

Breakdown occurs at  h igher  voltages at  h igher  ra tes  
of film growth.  Jus t  p r io r  to b r eakdown  at  the  highest  
g rowth  rates there  is a decrease in field s t rength  in the  
oxide. 
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ABSTRACT 

Anodic  films on t i t an ium formed in a perchlor ic  ac id-acet ic  acid e lec t ro-  
pol ishing e lec t ro ly te  were  inves t iga ted  by  A u g e r  e lec t ron spectroscopy (AES)  
dep th  profile analysis.  F i lms  formed in IN HsSO4 a t  different  potent ia ls  were  
used as s tandards  for  de te rmin ing  sput te r  ra te  and stoiehiometry.  Obta ined  
resul ts  show l inear  film growth  to occur up to the  onset  of e leet ropol ishing 
when  film thickness  a b r u p t l y  decreases and becomes independen t  of potent ial .  
The e lec t ropol ishing film observed  by  AES contains chlor ide  ions, the concen- 
t ra t ion  of which  exhibi ts  a m a x i m u m  at the  meta l - f i lm interface.  

Perchlor ic  ac id-ace t ic  acid e lec t ro ly tes  a re  com- 
monly  used in meta l lu rg ica l  labora tor ies  for e lec t ro-  
pol ishing of t i t an ium (1). Anode potent ia ls  as high 
as 25-40V are  necessary  to achieve good pol ishing in-  
dicat ing tha t  anodic  films p l ay  an impor t an t  role. 
Recent ly  A u g e r  e lec t ron spect roscopy (AES)  has be -  
come ava i lab le  as a power fu l  t echnique  for  surface 
analysis  which al lows one to s tudy  chemical  composi-  
t ion of outermost  surface layers  wi th  h igh  resolut ion  
(2). By combining AES analysis  wi th  a tom laye r  re -  
moval  by  argon ion spu t te r ing  concentra t ion dep th  
profiles can be de termined.  The app l icab i l i ty  of this 
technique to the  inves t iga t ion  of thickness  and s toi-  
ch iomet ry  of t i t an ium oxide films has recen t ly  been 
inves t iga ted  (3) and i t  was concluded tha t  useful  in-  
fo rmat ion  can be  obta ined  prov ided  compl ica t ing  ef-  
fects resu l t ing  f rom beam-sur face  interact ions  and 
f rom i m p u r i t y  adsorp t ion  a re  t aken  into account p rop -  
erly.  

The purpose  of the presen t  s tudy  is to inves t iga te  the  
thickness and chemical  na tu r e  of anodic films formed 
on t i t an ium at different  stages of the  pol ishing process 
by  using AES. in  a subsequent  pape r  polar iza t ion  be-  
havior  and dissolution s to ichiometry  of t i t an ium in 
perchlor ic  ac id-acet ic  acid e lec t ropol ishing solut ion 
wil l  be discussed (4). 

Experimental 
A p r e l i m i n a r y  series of exper iments  were  pe r fo rmed  

wi th  films produced  by  anodizing in 1N sulfur ic  acid 
(5). Fo r  this  purpose  7 m m  d i am t i t an ium disks were  
e lec t rochemica l ly  pol ished in a solut ion of 30 ml 
NaC104, 270 ml  methanol ,  and 175 ml  bu ty l  cel losolve 
at  a potent ia l  of 25V and a t e m p e r a t u r e  of --10~C. 
Af te r  this the  samples  were  r insed  and t h e n  anodized 
for 5 min  at  constant  vo l tage  ranging  f rom 5 to 35V at 
a t e m p e r a t u r e  of 25~ This p rocedure  leads to the  
fo rmat ion  of TiO2 films, the thickness  of which in-  
creases l inear ly  wi th  potent ia l  at a ra te  of app rox i -  
ma te ly  25 A / V  (5, 6). 

Rota t ing  disk electrodes as well  as s ta t ionary  elec-  
t rodes were  employed  for anodizat ion in  perchlor ic  
ac id-acet ic  acid solution. The ro ta t ing  disk e lec t rode  
was fabr ica ted  f rom a 7 m m  d iam t i t an ium rod 
(99.97%, Mater ia ls  Research)  embedded  in a 15 m m  
diam Teflon cyl inder .  Rota t ion  ra te  was 1200 r p m  in 
al l  exper iments .  A cyl indr ica l  p l a t inum countere lec-  
t rode  of 45 m m  diam and a sa tu ra ted  mercu ry  sulfa te  
re fe rence  e lect rode wi th  a Luggin  cap i l l a ry  pe rpe n -  
d icular  to the  d isk  surface  were  employed.  The elec-  
t ro ly te  solut ion was p repa red  by  mix ing  1000 ml 
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glacial  acetic acid (p --  1.05) wi th  100 ml  70% p e r -  
chloric acid (p --- 1.67). E lec t ro ly te  composit ion cor-  
responded to 1.1 mo le / l i t e r  HC104 and 15.9 mo le / l i t e r  
CHsCOOH. The t empe ra tu r e  dur ing  exper imen t s  was 
25~C. Before each run  the t i t an ium anode  was me-  
chanica l ly  pol ished on 6 #m d iamond  paste,  then 
washed and r insed wi th  double  dis t i l led  water .  S t a r t -  
ing from open circuit  a vol tage  r a m p  of 20 mV/sec  was 
appl ied  unt i l  a prese t  po ten t ia l  was reached at  which  
the anodizat ion was stopped.  The t i t an ium ro ta t ing  
disk e lect rode was then  removed  f rom the cell  and 
was cut careful ly  pa ra l l e l  to i ts surface  such that  an 
app rox ima te ly  2 m m  thick disk was obtained.  S ta -  
t ionary  electrodes consisted of a th in  t i t an ium disk  in -  
sula ted  on th ree  sides and the re io re  no cut t ing opera -  
t ion was needed. The thin meta l  disks were  washed 
with  soap solution, r insed wi th  dis t i l led  water ,  and 
dr ied  wi th  acetone before  being inser ted  into the  
vacuum system for AES analysis.  

A potent ios ta t  (Amel  Type  552) wi th  funct ion gen-  
e ra tor  (Amel  Type  564) was used as power  supply.  To 
a l low potent ios ta t ic  opera t ion  at  anode  potent ia ls  of 
up to 50V an opera t ional  ampli f ier  wi th  vol tage  d iv ider  
was e m p l o y e d  in the  reference  e lec t rode  circuit.  Po-  
tent ia ls  were  measured  with  an e lec t rometer  and re -  
corded as funct ion of cur ren t  using an X - Y  recorder .  

AES analysis  was pe r fo rmed  using a commerc ia l  ap -  
pa ra tus  (Physica l  Electronics Model 545 A) inc luding  
UHV system and cyl indr ica l  m i r r o r  analyzer .  Af te r  in-  
ser t ion of the  samples  to be  analyzed,  the  appara tus  
was evacuated  to a base pressure  of a p p r o x i m a t e l y  
10 -9 Torr.  High pu r i t y  argon was then  leaked  in and 
the  pressure  was a l lowed to increase  to 5.0 • 10-~ 
Torr  for  in situ argon ion sput ter ing.  Ion beam energy  
was 2 kV in al l  exper iments .  AES  analysis  was pe r -  
formed at  a p r i m a r y  e lec t ron beam energy  of 5 keV 
and a cur ren t  of 3-20 ~A. 

Most concentra t ion dep th  profiles were  de r ived  f rom 
complete  Auger  spec t ra  recorded  at  different  sput te r  
times, but  in some cases peak  ampl i tudes  were  p lot ted  
d i rec t ly  as a funct ion of t ime using a mul t ip l exe r  
unit. The ampl i tudes  of the fol lowing peaks  were  
moni tored:  381 eV t i tan ium,  416 eV t i tanium,  508 eV 
oxygen, 181 eV chlorine,  270 eV carbon, and 145 eV 
sulfur. For  a more  de ta i led  discussion of the  Auger  
spect ra  of different  t i t an ium oxides the  r eade r  is r e -  
f e r r ed  to Ref. (3). 

Results 
Films formed in HzSO4.--Figure 1 shows AES con- 

cent ra t ion  dep th  profiles for oxygen,  t i t an ium (Til ~. 
381 eV peak,  Ti2 -- 416 eV peak) ,  sulfur,  and carbon 
for  a film produced  at  7.5V. The oxygen  p e a k - t o - p e a k  
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Fig. 1. AES concentration depth profile of titanium oxide film 
produced by anodizing in H2SO4 at 7.5V. h ~ peak amplitude in 
arbitrary units. 

amplitude exhibits a plateau within the bulk oxide, 
then decreases at the oxide-metal interface to become 
zero in the metal. The amplitudes of the two titanium 
peaks [Tii] and [Ti2] increase at the oxide-metal 
interface. In the oxide the [Till amplitude is higher 
than the [Ti2] amplitude but in the metal the inverse 
is true. This change in relative peak height is due to 
differences in the shape of the titanium peaks between 
oxide and metal (3). For the purposes of the present 
study the behavior is of no further consequence. Sul- 
fur and carbon are present at the outer oxide surface 
in noticeable amounts because of adsorption of sulfate 
from the electrolyte and of carbon compounds from 
the air or the UHV system. In the interior of the 
oxide the magnitude of the Auger signals for these 
elements is of the order of the background noise only 
and therefore essentially zero. 

Film thickness can be deduced from concentration 
depth profiles using the relation I = Voti, where l is the 
film thickness, Vo is the sputter rate, and t~ is the time 
needed for sputtering through the film. For oxide films 
one usually defines tL as the time at which the oxygen 
peak amplitude at  the metal-oxide interface has de- 
creased to 50% of its steady-state value in the oxide 
(3). 

In Fig. 2 measured tt values for titanium oxide films 
formed in 1N H2SO4 are given as a function of anodiz- 
ing potential. A linear increase in tz with potent4al is 
observed. Since film thickness is also a linear functiou 
of anodizing voltage it follows that the sputter rate vo 
is constant, i.e., independent of film thickness. Assum- 
ing a film formation constant of 25 A/V the sputter 
rate vo was evaluated from the slope of the straight 
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Fig. 2. Film spufter time, fi, and estimaterl thickness at ~ titanlunt 
oxide films produced by anodizing in H~SO4 as a function of 
potential. 

line and used for estimating film thickness from depth 
profile data. For the oxide film formed under open- 
circuit conditions (--0.3V vs. SCE) a value of 70A was  
thus obtained in satisfactory agreement with values 
published in the literature (6). 

For studying the stoichiometry of titanium oxide 
films by AES depth profile analysis it is usually prefer- 
able to use relative rather than absolute peak ampli- 
tudes (3). In Fig. 3 the amplitude ratio Q defined by 
Eq. [1] is plotted as a function of sputter time for 
different H~SO4 formed films 

Q = hi [1] 

In Eq. [1] ha is the amplitude of the 508 eV oxygen 
peak and hz the amplitude of the 381 eV titanium 
peak. The data of Fig. 3 show that the steady-state 
plateau value, Qp, is reproducible. For the given Auger 
analysis conditions its value, depends on oxide stoi- 
c hiometry which for sulfuric acid formed films cor- 
responds to TiO2 (3). Film thickness may be deduced 
from Q vs. time profiles by determining the film sput- 
ter time t~ which now corresponds to the time neces- 
sary for Q to reach the value Q~ given by Eq. [2] 

hop 

(hip + hm) 

Here ho, and hip are the amplitudes of the oxygen 
peak and the 381 eV titanium peak in the steady-state 
plateau region in the oxide and him is the steady-state 
381 eV titanium peak amplitude in the metal. In Fig. 3, 
Qp and Q are given by the broken lines. It may be 
noted that t~ defined by Eq. [2] does not exactly cor- 
respond to the t~ defined above in terms of oxygen 
amplitude only. The reason is that the increase in [Tit] 
peak amplitude at the oxide-metal interface is not 
symmetrical to the decrease in oxygen peak amplitude 
(~ee Fig. 1). In the present study differences in film 
thickness estimated by the two methods were within 
experimental error, however. A considerable advan- 
tage of the use of Q vs. time profiles is the possibility 
of using thick films exhibiting well-defined amplitude 
plateaus for evaluating Q~ which subsequently may 
serve for determining the thickness of thin films which 
do not exhibit a well-defined plateau (Fig. 3). 

Films ]ovmed in perchloric acid-acetic acid solu- 
t ion . - -The  anodic polarization behavior of titanium 
rotating disk electrodes in perchloric acid-acetic acid 
solution is illustrated by Fig. 4. Each point shown cor- 
responds to a different experiment performed by scan- 
ning from open circuit up to the potential indicated. 
Because each such experiment corresponded to a newly 
prepared anode surface, the points of Fig. 4 show con- 
siderable scattering. Anodic films formed during the 
different potential scan experiments were subjected to 
AES depth profile analysis and the amplitude ratio Q 

$V 
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TIME (MtN) 

Fig. 3. Relative oxygen amplitude Q as a function of sputter time 
for titanium oxide films produced by anodizing in H2S04 at differ- 
ant potentials or by immersion at open circuit (ocp). 
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Fig. 4. Potentiodynamic polarization curve (schematic) for titan- 
ium rotating disk anode in perchloric acid-acetic acid solution. The 
experimental points given correspond to the depth profile experi- 
ments of Fig. 5 and 6. 

was de te rmined  as a funct ion of spu t te r  t ime. Ob-  
ta ined resul ts  cor responding  to the  e x p e r i m e n t a l  points  
of  Fig. 4 a re  shown in Fig. 5. Also indica ted  in the  
figure is the s t eady- s t a t e  va lue  Qp for H2SO4 formed 
films. This value  corresponds qui te  wel l  to the  s t eady-  
state va lue  of  Q measu red  for  perchlor ic  ac id-acet ic  
acid formed films indica t ing  tha t  film s to ich iomet ry  is 
the  same in both  cases, name ly  TiO2. The p la teaus  
for  perchlor ic  acid fo rmed  films are  less wel l  defined, 
however ,  and t rans i t ion  zones at  the  oxide  meta l  i n t e r -  
face are  b roader  than  in case of H2SO~ formed films. 
This is in par t  due to the  different  pol ish ing p rocedure  
employed  in the  two sets of exper iments :  e lec t rode  
surfaces anodized in H2SO4 were  p repa red  by  e lec-  
t ropolishing,  whi le  those anodized in perchlor ic  ac id-  
acetic acid solut ion were  p repa red  by  mechanica l  
polishing. 

The film sput te r  t ime tz was de te rmined  f rom Q vs. t 
g raphs  as descr ibed above  and film thickness was es t i -  
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Fig. ,~. RelaHve oxygen amplitude Q as a function of sputter Hme 
for titanium oxide films formed in perchloric acid-acetic acid solu- 
tion at different potentials or formed in air. 

mated  by  assuming tha t  the  spu t te r  r a t e  for  HC104 
formed films is equal  to that  of H2SO4 formed films. 
This assumpt ion appears  just if ied in v iew of the s imi lar  
composit ion of the  films. Measured  film sput te r  t imes 
as a funct ion of anode poten t ia l  a re  g iven in Fig. 6. 
The da ta  indicate  tha t  above an anodizing potent ia l  
of 2-3V film thickness  increases  wi th  poten t ia l  in a 
l inear  fashion up to a po ten t ia l  of ca. 22V. At  this po -  
tent ia l  observat ion  of the  sample  surface  shows co- 
exis tence of th ick colored films and b r igh t  pits  (4).  A t  
h igher  potent ia ls  measured  spu t te r  t imes  decrease  
dras t ica l ly  and become independen t  of potent ia l .  The 
abrup t  change in measured  sput te r  t ime coincides 
wi th  the  onset of electropolishing.  The measurements  
shown in Fig. 6 were  pe r fo rmed  wi thout  the  s imul -  
taneous use of oxide s tandards  for ca l ibra t ing  sput te r  
ra tes  and therefore  no film thickness  values  a re  given. 
However ,  an ident ica l  series of measurement s  was ca r -  
r ied out wi th  a s t a t ionary  electrode.  Before each dep th  
profile the spu t te r  ra te  was newly  ca l ib ra ted  using 
H2SO4 formed t i t an ium oxide film. Resul ts  a re  g iven  
in  Fig. 7 in which film thickness  is p lo t ted  as a func-  
t ion of potent ial .  I t  fol lows tha t  film thickness  in-  
creases up to ca. 400A before  b r e a k d o w n  occurs at  a 
vol tage  of ca. 20V. Fo r  samples  polar ized  under  elec-  
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Fig. 6. Film sputter time as a function of anode potential for 
anodic films formed on rotating disk electrode in perchloric acid- 
acetic acid solution. 
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tropolishing conditions measured film thicknesses scat- 
ter considerably but they are always smaller than 
100A, i.e., of  the same order as that of natural oxide 
films formed in air. 

To characterize the chemical composition of the 
films, concentration depth profiles for Ti, O, C, and C1 
were determined using the multiplexing unit. Typical 
results are given in Fig. 8-10. The titanium amplitudes 
shown correspond to the larger of the two titanium 
peaks, i.e., to the 381 eV peak in the oxide an d to the 
416 eV peak in the metal (cf. Fig. 1). Figure 8 shows 
a film formed by scanning up to 12V. The data are 
typical for concentration depth profiles obtained with 
films in the prepolishing region where film thickness 
increases linearly with potential. The strong carbon 
signal at the outer oxide surface is due to adsorption 
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Fig. 8. Concentration depth profile of anodic film typical for the 
prepolishing region obtained by scanning to a potential of 12V. 
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Fig. 9. Concentration depth profile of anodic film formed for the 
electrapolishing region obtained by scanning to a potential of 28V. 
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Fig. lO. Concentration depth profile of natural oxide film on 
mechanically polished titanium. 

of carbon compounds taking place during or after the  
polarization experiments. Only a weak carbon signal 
is observed in the interior of the oxide. This signal 
could well be an experimental artifact (3) and will 
therefore not be considered for further interpretation. 
The same holds true for the carbon signals of Fig. 9 
and 10. Of particular interest is the behavior of the 
chlorine peak amplitude. At the outer oxide surface it 
exhibits a definite value indicating the presence of 
adsorbed species. After removing the outermost sur- 
face layers by sputtering the chlorine amplitude de- 
creases to a very small value which is of the same 
order of magnitude as the background noise. How- 
ever, on approaching the oxide-metal interface the 
chlorine amplitude increases again and a clearly de- 
fined maximum is reached before the amplitude de- 
creases to zero in the interior of the metal. It is con- 
cluded that chlorine species such as perchlorate or 
chloride ions may accumulate at the metal oxide in- 
terface, l~igure 9 shows concentration depth profile 
data for the electropolishing region. Compared to the 
data of Fig. 8 the chlorine amplitude is larger and 
chlorine species are present throughout the film. A 
pronounced maximum is again observed near the 
oxide-metal interface. For comparison, Fig. 10 shows 
concentration depth profiles of a thin oxide film formed 
by exposure of a mechanically polished sample to air. 
No chlorine ~ignal is observed in this case which 
proves that the chlorine observed in Fig. 8 and 9 is in- 
deed due to anodization in perchloric acid. 

Discussion 
The data of the present study show that when tita- 

nium is anodically polarized in a perchloric acid-  
acetic acid electropolishing electrolyte anodic films 
grow in a similar way as in H~SO4 anodizing solution. 
From the data of Fig. 7 one deduces a growth constant 
of 20 A/V which is somewhat lower than the growth 
constant of 25 A/V typical for H~SO4 formed films. 
However, the accuracy of the growth constant derived 
for perchloric acid-acetic acid formed films is limited 
because of the ill-defined transition zones in the Q vs. t 
profiles and, furthermore, growth conditions for per- 
chloric acid-acetic acid and H2SO4 formed films were 
not identical. Therefore no further interpretation of 
observed growth constants is warranted. 

According to the data of Fig. 3 and 5 the oxide 
formed in perchloric acid-acetic acid solution is TiO2 
because observed Qp values correspond to those of 
H~SO4 formed films measured under identical analyz- 
ing conditions. This conclusion is strictly valid for 
films anodized in the prepolishing region because they 
exhibit well-defined steady-state Qp values. However, 
comparing the Q vs. t plots (Fig. 5) for 24 and 22V 
films corresponding to electropolishing conditions with 
those for 5 and 3V films corresponding to the prepol- 
ishing region one observes a close similarity. This sug- 
gests that the oxygen-titanium ratio for electropolish- 
ing films corresponds also approximately to TiO~ How- 
ever, the electropolishing films contain much more 
chlorine than the films formed in the preelectropolish- 
ing region. This is illustrated by the data of Fig. 8 and 
9. A quantitative interpretation of these data taking 
into account matrix effects and possible preferential 
sputtering effects is not possible, but, following Ref. 
(7) a semiquantitative estimation of the chlorine con- 
centration can be made using Eq. [3] 

/h/sl 
Cj = ~ IS] = h,j/sj 

Here Ci is the concentration of element i (chlorine) 
in atomic percent, hi is the amplitude of the chlorine 
Auger signal, and s~ is the so-called "sensitivity fac- 
tor," an empirically determined parameter character- 
istic for each element (7). According to this the chlo- 
rine concentration at the interface is estimated to be 
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app rox ima te ly  1% for the  12V film of Fig. 8 and ap-  
p r o x i m a t e l y  4% for the  28V film of Fig. 9. 

To l ea rn  more  about  the  chemical  na tu r e  of the 
chlorine species detected by  AES analysis  samples  
polar ized  in the  prepol i sh ing  and in the  pol ishing re -  
gion were  subjec ted  to ESCA analysis.  The analysis  
was car r ied  out  using the equ ipment  and procedures  
descr ibed by  Augus t insky  et aI. (8, 9). 

In  the  p i t t ing  region chlor ine was found to be p res -  
ent  in form of C1- (b inding  energy  of C1 3/2 p at  205- 
207 eV wi th  respect  to C1 Is a t  290 eV) and C104- 
(b inding energy  of C1 3/2 p at  213-215 eV).  In  the  
pol ishing region, on the  o ther  hand, only  C1- but  no 
C104- could be detected in the  film. F rom the ESCA 
data  the  total  chlor ine  concentra t ion was es t imated  at  
1-2 atomic percen t  (a /o)  for  both  films in  reasonable  
agreement  wi th  the  AES results.  

Based on the different  da ta  ava i lab le  the  AES con- 
cen t ra t ion  depth  profiles for chlor ine in the  prepol i sh-  
ing region can be expla ined  by  pos tu la t ing  that  the 
prepol i sh ing  film contains  flaws which a l low the pe r -  
ch lora te  ion to pene t r a t e  up to the meta l  surface where  
i t  is reduced  to chloride.  Only  s t rongly  adsorbed spe-  
cies a re  de tec ted  in the  AES analysis  of anodized sam-  
ples because o ther  species will  have been removed  by  
washing  the anode af te r  polar iza t ion  exper iments .  Fo r  
this reason perch lora te  or  chlor ide  ion dissolved in the  
electrolyte ,  which  dur ing  anodizat ion fills the  micro-  
scopic flaws, do not  appear  in the  AES spect ra  and the 
observed  chlor ine  concentra t ion wi th in  the  film is 
therefore  negl ig ib ly  small .  On the o ther  hand, at  the  
me ta l -ox ide  in ter face  chlor ide  ion adsorbed  at  the  
meta l  give rise to a wel l -def ined  AES signal. The mea -  
sured signal  in tens i ty  corresponds  to the  average  chlo- 
r ide  concentra t ion on the analyzed surface area  but  
according to the  proposed flaw model  the  chloride con- 
cent ra t ion  should be h igh ly  localized. I t  is therefore  
concluded tha t  at  the  bot tom of flaws the chlor ide con- 
cent ra t ion  is much  h igher  than  the measured  average  
value  of 1%. 

AES analysis  of surfaces polar ized under  e lec t ro-  
pol ishing condit ions revea ls  the  presence  of a thin 
l aye r  con tamina ted  b y  chlorine species, the  concent ra-  
t ion of which is m a x i m u m  at the  meta l - f i lm interface.  
Only C1- but  no C104- was detected by  ESCA and 
therefore  i t  is concluded that  the  l a t t e r  ion upon en-  
te r ing  into contact  wi th  the  meta l  surface is reduced.  
This conclusion is suppor ted  by  s toichiometr ic  mea -  
surements  (4) and i t  is in agreement  wi th  observat ions  
made  dur ing  a luminum corrosion in presence of oxidiz-  
ing anions (9). Severa l  authors  have pos tu la ted  that  
e lec t ropol ishing requi res  the  presence of a thin porous 
film which is pe rmeab le  to cations (10-12) whi le  others  
(13, 14) proposed  tha t  e lect ropol ishing proceeds in 
presence of an anhydrous  l aye r  of adsorbed anions. 
The AES data  p resen ted  here  show tha t  e lec t ro ly te  
anions m a y  indeed enter  into contact  wi th  the me ta l  
surface  since the  chlor ine  s ignal  ampl i tude  there  goes 
th rough  a max imum.  AES depth  profile analysis  also 
reveals  the presence of an oxide film, the thickness of 
which corresponds rough ly  to the  thickness of the  
na tu ra l  oxide film formed in air. Since AES is not  a 
method pe rmi t t ing  in situ measurements  under  anodic 
polar iza t ion  condit ions i t  is ve ry  possible tha t  pa r t  of 
the  observed  AES signals are  the  resul t  of oxidat ion  
react ions which took place af te r  the  polar iza t ion  ex-  
per iments ,  i.e., in the e lec t ro ly te  solut ion af ter  cur ren t  
cutoff or  dur ing  the t rans fe r  of the anode f rom the 
e lec t rochemical  cell to the Auge r  appara tus .  The pres -  
ent  AES data  can there fore  be in te rp re ted  in te rms of 

the thin porous oxide  film concept  of e lectropol ishing 
as wel l  as in t e rms  of the adsorbed anhydrous anion 
l aye r  concept. 

Conclusions 
1. The present  s tudy  illustrates that AES depth pro -  

file analysis  is a useful  method  for the  inves t igat ion os 
the thickness and chemical  composi t ion of e lec t ro-  
pol ishing films as a function of fo rmat ion  conditions. 

2. Anodi~ polar izat ion of t i t an ium in perchlor ic  acid-  
acetic acid e lec t ropol ishing solut ion leads  to format ion  
of an anodic film of TiO~ which grows l i nea r ly  with 
potent ia l  up to 20-22V when  e lec t ropol ish ing sets in 
coinciding wi th  r emova l  of the prepol i sh ing  film. 

3. AES concentra t ion dep th  profile analysis  in the 
prepol i sh ing  region indicates  tha t  prepol i sh ing  film r e -  
moval  is in i t ia ted  by  pene t ra t ion  of C104- ions th rough  
flaws and reac t ion  to C1- under  s imul taneous  me ta l  
dissolut ion thus leading  to film remova l  by  u n d e r - c u t -  
ting. 

4. Af te r  e lect ropol ishing t h e - a n o d e  is covered by  a 
thin C1- contaminated  oxide  layer ,  the  th ickness  and 
na tu re  of which  is comparab le  to the na tu ra l  oxide  
film. Presen t  AES and ESCA exper imen t s  do not  in-  
dicate whe the r  this film is p resen t  under  e lec t ropol ish-  
ing conditions or  is fo rmed  only  af te r  complet ion of 
anodic polar iza t ion  exper iments .  
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ABSTRACT 

Anodic  polar izat ion behavior  and reac t ion  s to ichiometry  dur ing  electro- 
polishing of t i t an ium in perchlor ic  ac id-acet ic  acid solut ion has  been  in-  
ves t iga ted  using a ro ta t ing cy l inder  electrode.  Fo rma t ion  and b r e a k d o w n  of 
anodic films resul t  in s t rongly  t ime-dependen t  polar iza t ion  behavior .  The  
onset of e lectropol ishing coincides wi th  a cur ren t  p la teau  in the  potent ios ta t ic  
polar iza t ion  curve but  solut ion side mass t ransfe r  effects a re  masked  by  
the presence of a layer  of react ion products .  The apparen t  valence  of dis-  
solut ion in perch lora te -con ta in ing  solut ion is unusua l ly  low because per- 
chlorate ion is reduced at  the  anode. 

Electropol ishing includes smoothing and b r igh ten -  
ing of a meta l  surface by  anodic dissolution (1). 
Smoothing is usua l ly  associated wi th  a diffusion-con-  
t ro l led  dissolut ion process but  no agreement  exists in 
the l i t e ra tu re  as to the  na ture  of the  dif fusion- l imit ing 
species. According to some authors  diffusion of ac- 
ceptor  ions or wa te r  molecules  f rom the bu lk  toward  
the anode is ra te  l imi t ing (2-4) whi le  others  consider  
diffusion of anodic dissolution products  f rom the anode 
toward  the bu lk  solution to be the  ra te -cont ro l l ing  
process (5-7). According to both views smoothing oc- 
curs because the  diffusion pa th  f rom pro t rud ing  parts  
of a rough surface is smal ler  than  f rom receding par ts  
and hence dissolution of p ro t rud ing  par t s  is favored.  A 
diffusion-control led mechanism of smoothing is con- 
sistent  wi th  the  observat ion  tha t  e lectropol ishing oc- 
curs usual ly  in the presence of a h ighly  viscous l aye r  
at the anode (Jacquet  l ayer )  (8). The la t te r  has the 
effect of s lowing down diffusion processes, thus favor -  
ing the  es tabl i shment  of di f fus ion-control led dissolu-  
t ion conditions. According to Hoar  (9, 10) br igh ten ing  
requires  the  presence at the anode of a th in  solid film 
which is pe rmeab le  to meta l  cations. The film which 
covers the  surface un i fo rmly  suppresses the influence 
of c rys ta l lographic  or ienta t ion on dissolution and thus 
prevents  c rys ta l lographic  etching of the  anode. A s imi-  
lar  concept has  been  advanced by  Epelboin  and co- 
workers  (4, 11, 12) who postu la te  the presence of an 
anhydrous  l aye r  as a condit ion for br ightening.  The 
exis tence of th in  surface layers  responsible  for b r igh t -  
ening has been deduced f rom mercu ry  drop wet t ing  
exper iments  (9), polar iza t ion  curves (1), and imped-  
ance measurements  (4). 

The ma jo r i ty  of studies on the mechanism of e lec t ro-  
pol ishing have  been pe r fo rmed  wi th  copper  in phos-  
phoric  acid solut ion (1, 2, 5, 7, 13-19) but  r e la t ive ly  
l i t t le  is known about  the phenomena  leading to elec-  
t ropol ishing of va lve  meta ls  which are  capable  of 
forming th ick oxide films. Ga r r eau  and Epelboin  (20) 
s tudying  e lect ropol ishing of a luminum in pe rch lo ra te -  
e thanol  solution concluded that  e lectropol ishing oc- 
cur red  under  diffusion control  but  l imi t ing current  
p la teaus  were  masked  by  heat ing effects. On the other  
hand, Ippol i tova  and Korovin  (21) found no evidence 
for di f fus ion- l imited conditions dur ing  electropol ishing 
of t an ta lum in a solut ion of HF, H2SO4, and e thylene 
glycol. 

The most common electropol ishing e lect rolytes  for 
t i t an ium are  mix tures  of perchlor ic  acid and acetic-  
acid (8). Good e lect ropol ishing is ob ta ined  at  anode 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

potent ia ls  of 20-30V bu t  l i t t le  is known about  the  
mechanisms involved.  F romen t  (22) s tudying  the 
s to ichiometry  of dissolution of var ious  meta ls  inc lud-  
ing t i t an ium in perchlor ic  ac id-acet ic  acid e lec t ro ly tes  
found tha t  the  perch lora te  ion is being reduced  dur ing  
the dissolution process. He pos tu la ted  tha t  Ti + and 
Ti 2+ ions are  formed by  anodic dissolut ion and sub-  
sequent ly  react  wi th  the  perch lora te  ion. On the other  
hand,  it  is wel l  known tha t  usua l ly  in aqueous solu-  
t ion t i t an ium dissolves to Ti 8+ or Ti 4+ (23). Johnson 
and Shre i r  (24) measured  anodic polar iza t ion  curves 
for t i t an ium in 3M A1C13-diethyl e ther  solutions at  a 
s ta t ionary  electrode.  They found a cur ren t  p la teau  in 
the potent ia l  region where  e lectropol ishing occurred 
but  the  na ture  of this p l a t eau  was not  fur ther  inves t i -  
gated. Beck (25, 26) s tudying  pi t t ing  of t i t a n i u m  in 
different  chlor ide and b romide  e lect rolytes  f o u n d  
br ighten ing  to occur at  the  bot tom of pi ts  and he a t -  
t r ibu ted  this behavior  to the  presence of a salt  film. 
Powers  and Wilfore  (27) s tudying  ECM behavior  of 
t i t an ium also found evidence for p i t t ing  and b r igh ten -  
ing. According to these authors  br ightening  of the  en-  
t i re  surface occurs at  h igh cur ren t  densi t ies  when in-  
d iv idual  pits merge  together .  

In a previous  paper  (28) Auge r  electron spectros-  
copy was employed  to s tudy  chemical  composit ion and 
thickness of the  solid films formed anodical ly  on the 
t i t an ium in perchlor ic  ac id-acet ic  acid e lect ropol ish-  
ing solution. I t  was found tha t  a th ick TiO2 film grows 
l inear ly  wi th  appl ied  potent ia l  up to the potent ia l  
where  e lect ropol ishing sets in which  leads to an abrup t  
decrease in film thickness.  The anodic l aye r  observed 
af ter  complet ion of exper iments  is of the same na ture  
and thickness as the  na tu ra l  oxide  film and i t  contains 
subs tant ia l  amounts  of chloride. The a i m  of the  p res -  
ent  paper  is to invest igate  the  e lectrochemical  behavior  
of t i t an ium in perchlor ic  ac id-acet ic  acid e lec t ropol ish-  
ing e lect rolytes  in o rder  to e lucidate  the  processes 
leading to removal  of the  protec t ing  t i t an ium oxide 
film at h igh potent ia l  and to s tudy the role  of mass 
t ransfer  in the pol ishing process. For  this  purpose  po-  
tent iostat ic  and galvanosta t ic  polar iza t ion  measu re -  
ments  were  pe r fo rmed  under  control led  hydrodynamic  
conditions, and anodic reac t ion  s to ichiometry  as wel l  
as surface t ex tu re  resul t ing f rom dissolut ion were  in-  
vestigated.  

Experimental 
Polar iza t ion  measurements  were  pe r fo rmed  on a 

ro ta t ing cy l inder  e lect rode of 1 cm diam and 0.7 cm 
height.  Rotat ion rates ranged up to 6000 rpm. A cyl in-  
dr ica l  p la t inum wire  mesh e lect rode of app rox ima te ly  
3 cm d iam served as countere lect rode.  Anode poten-  
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t ials  were  measured  agains t  a m e r c u r y  sulfate  r e fe r -  
ence electrode.  

A potent ios ta t  (Tacussel  PRT 100-2) was used as  
cur ren t  source. To a l low potent ios ta t ic  opera t ion  at  
anode potent ia ls  of up to 50V an opera t ional  amplif ier  
wi th  a vol tage d iv ider  at  i ts  output  was inser ted  be-  
tween re ference  e lect rode and re ference  signal  input  
of the potent iostat .  Potent ios ta t ic  polar iza t ion  curves  
were  measured  using a s low sweep genera to r  Amel  
Type 564 to d r ive  the  potent iostat .  In addit ion,  po ten-  
t iostat ic  and galvanosta t ic  exper iments  were  pe r -  
formed by  apply ing  a potent ia l  or cur ren t  step whi le  
fol lowing the resul t ing  cur ren t  or  po ten t ia l  response 
of the anode  as a funct ion of time. 

Weight  loss measurements  a t  different  appl ied  po-  
tent ia ls  a n d / o r  currents  were  pe r fo rmed  in a sepa-  
ra te  cell  in  which  a s ta t ionary  cy l indr ica l  t i t an ium rod 
inser ted  f rom the bo t tom served as anode. The charge 
passed dur ing  an expe r imen t  was measured  using-~a 
cur ren t  in tegra to r  (Amel  Type  558). The appa ren t  
valence of dissolut ion was calcula ted using Eq. [1] 

MQ 
n = [1] 

AmF 

Here n ---- apparen t  valence  of dissolution, M --  mo-  
lecular  weight  of t i tanium,  Q = electr ic  charge passed, 
Am ---- measured  weight  loss of the  anode, F --  F a r a -  
day  constant.  

In  a few exper iments ,  the amount  of C1- ion pro-  
duced was de t e rmined  by  po ten t iomet r ic  t i t ra t ion.  A l l  
exper imen t s  were  pe r fo rmed  wi th  99.5% pure  t i t an ium 
(Kobe) .  The composit ion given by  the  suppl ie r  is: 
H, ~0.01%; O, --~0.2%; N, ~0.05%; Fe, --~0.25%; and Ti, 
remainder .  Perch lor ic  ac id-acet ic  acid e lectrolytes  
were  p repa red  by  mix ing  70% HC104 wi th  100% acetic 
acid (Merck) .  Unless o therwise  noted, exper iments  
were  pe r fo rmed  in a solut ion conta ining 10 cm~ conc 
HC104 per  100 cm ~ glacial  acetic acid which  corre-  
sponds to a HC104 concentra t ion of 1.1 mole / l i t e r .  P r e -  
l im ina ry  exper iments  had shown tha t  good e lec t ro-  
pol ishing can be achieved in  this  solution. The tem-  
p e r a t u r e  was ma in ta ined  at  25~ Before exper iments ,  
the  samples  were  mechan ica l ly  pol ished wi th  600 
e m e r y  paper ,  washed  and r insed  wi th  doub le -d i s -  
t i l led water .  

Results 
Figure  1 shows po ten t iodynamic  polar iza t ion  curves 

obta ined  at  a scan ra te  of 100 mV/sec  using a ro ta t ing  
cy l inder  anode at  var ious  ro ta t ion  rates.  The curves 
exhib i t  a pass ive  zone ranging  up to app rox ima te ly  
15V. THe cur ren t  then increases s teeply  unt i l  a max i -  
m u m  is reached at  app rox ima te ly  22u which corre-  
sponds to the  beginning  of electropolishing.  The va lue  
of the  cur ren t  at  or  be low the  m a x i m u m  was inde-  
penden t  of ro ta t ion  rate.  The e lec t rode  appearance  in 
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rating cylinder electrode at different rpm. Scan rate 100 mV/sec. 

the  passive region was ye l lowish  due to the  presence 
of an anodic film. Wi th  increas ing potent ia l ,  the  color 
tu rned  to clark b lue  and local  fi lm a t t ack  and gas 
evolut ion were  observed.  In  the  e lect ropol ishing re -  
gion white  solid reac t ion  products  spal led  off the  
anode. No wel l -def ined di f fus ion- l imi ted currents  were  
observed under  pol ishing condit ions but  the  shape of 
the cur ren t  vol tage  curves above the cur ren t  m a x i m u m  
at ca .  22V depended on rota t ion ra te  (Fig. 1). In  a 
second series of exper iments ,  a constant  potent ia l  was 
appl ied  to the anode and the cur ren t  was fol lowed as 
a function of time. Typica l  da ta  obta ined at  a ro ta t ion 
ra te  of 3000 r p m  are  given in Fig. 2. At  r e l a t ive ly  low 
potentials ,  the  cur ren t  decreases  wi th  t ime  due to 
growth  of an anodic film. At  h igher  potent ials ,  the 
current  decreases  first and then  increases whi le  ex-  
h ibi t ing i r r egu l a r  fluctuations. The behav ior  indicates  
tha t  film b reakdown  takes  place. To gain more  insight  
into the t ime-dependen t  polar iza t ion  behav ior  ga lvano-  
stat ic measurements  were  per formed.  Typical  da ta  
are  given in Fig. 3. At  low currents  (1.7 mA/cm2) ,  the  
potent ia l  increases l inea r ly  wi th  t ime up to a l imi t ing 
va lue  close to 20V. At  cur ren ts  > 10 mA/cm~, the  in i -  
t ial  potent ia l  rise is fol lowed by  a charac ter i s t ic  over -  
shoot and at  st i l l  h igher  cur ren t  densit ies,  correspond- 
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Fig. 2. Variation of current with time measured with rotating 
cylinder electrode at 3000 rpm at different constant potentials. 
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Fig. 3. Variation of anode potential with time measured with ro- 
tating cylinder electrode at 3000 rpm at different constant current 
densities. 
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ing to electropolishing,  per iodic  oscil lations occur. The 
oscil lat ion ampl i tude  is of many  volts and i t  depends 
on cur ren t  density.  This is i l lus t ra ted  by  Fig. 4 which  
gives average  s t eady-s ta te  potent ia l  values measured  
at  constant  cur ren t  for two different  ro ta t ion rates.  
Three zones corresponding to no vis ible  a t tack  of the  
anode surface, to pi t t ing,  and to polishing are  sche- 
mat ica l ly  indica ted  in the  figure. Measured  s t eady-  
state potent ia l  values in the  first zone are  20V, inde-  
penden t  of cur ren t  density.  Rotat ion ra te  did  not  af-  
fect obta ined resul ts  in a sys temat ic  way. 

The appearance  of the  anode surface  corresponding 
to prepol ishing and to pol ishing conditions is i l lus-  
t r a t ed  by  the scanning electron microscope p ic tures  of 
Fig. 5-7. Figures  5 and 6 show a sample  surface af ter  
polar izat ion for 100 sec at  a cur rent  dens i ty  of 45 m A /  
cm 2 and a ro ta t ion ra te  of 3000 rpm. Three  types  of 
surface t ex tures  are  visible;  passive, nonat ta~ked areas  
where  mechanical  pol ishing marks  are  st i l l  present ;  
areas  showing noncrys ta l lographic ,  more or less hemi -  
spher ical  pits;  and areas  covered by  loosely adheren t  
dissolution products .  The dissolut ion products  could 
be removed  easi ly by  scraping,  reveal ing  unde rnea th  
a b r igh t  p i t ted  surface  (Fig. 6). The products  were  of 
whi te  color, d is t inc t ly  different  from the ad jacent  pas-  
sive film. X - r a y  analysis  showed no diffraction pa t te rn ,  
indicat ing tha t  the  dissolut ion products  were  a m o r -  
phous. F igure  7 i l lus t ra tes  an e leet ropol ished surface 
obta ined by  polar iz ing anodica l ly  for 100 see at  200 
m A / c m  2 and 3000 rpm. The surface exhib i t s  i r r egu l a r  

Fig. 6. Same surface as Fig. 5 showing bright areas underneath 
film of loose reaction products; magnification 1500X. 
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Fig. 4. Approximate steady-state values for current-voltage curve 
measured by galvanostatic polarization at rotating cylinder elec- 
trode at 120 and 3000 rpm. 

Fig. 5. SEM micrograph of anode surface polarized at 45 mA/cm 2 
for 100 sec. Rotating cylinder electrode 3000 rpm; magnification 
300X. 

Fig. 7. SEM micrograph of electropalished anode surface polarized 
at 200 mA/cm 2 for 100 sec. Rotating cylinder electrode, 3000 rpm; 
magnification 300•  

waviness  reminiscent  of the  p i t t i ng - type  a t t ack  of Fig. 
5 and 6. 

The apparen t  valence  for  dissolution was de te rmined  
f rom weight- loss  measurements  pe r fo rmed  on a s ta -  
t ionary  e lect rode at  constant  appl ied  potent ial .  Resul ts  
are  given in  Fig. 8. In  perchlor ic  acid conta ining so-  
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Fig. 8. Apparent valence of dissolution measured with rotating 
cylinder electrode in HCIO4 and HCI containing acetic acid electro- 
lyte at different applied potentials. Electrodes were pretreated by 
mechanical ( � 9  e )  and by electrochemical (A)  polishing. 
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Table I. Stoichiometry 

Q, Am, 
charge weight 
passed loss 

( c oulomb ) ( mg ) 

QCI) 
mcl,  mass charge 

n, of CI- in correspond- ~teorrj 
apparent electrolyte ing to CI- corrected 
valence (mg) (coulomb) valence 

1 300 101.8 
2 300 107.8 
3 300 98 
4 300 102.1 

1.46 18.7 410 3.46 
1.39 22.2 480 3.61 
1.52 2'!.16 480 3.95 
1.46 21.17 460 3.69 

lu t ion a t  potent ia ls  be low 20V t h e  a p p a r e n t  valence  is 
ve ry  high indica t ing  tha t  l i t t le  dissolut ion takes  place.  
At  h igher  potent ials ,  on the  o ther  hand,  the  apparen t  
valence is 1.3-1.6 independen t  of potential .  Table  I 
shows tha t  the pe rch lora te  ion is reduced  dur ing  the 
anodic dissolut ion process in agreement  wi th  previous  
findings by  F romen t  (22). The da ta  were  obta ined by  
ca r ry ing  out  e lec t ropol ish ing exper iments  in a smal l  
e lec t ro ly te  volume and measur ing  the amount  of chlo- 
r ide  formed by  po ten t iomet r ic  t i t rat ion.  A corrected 
va lue  for  the  appa ren t  valence  of dissolut ion ncor r was 
ca lcula ted  using Eq. [2] 

M ( Q  + Qcl) 
ncorr - [2] 

AmF 

Here  Qcl is the  equiva len t  charge  corresponding to 
reduct ion  of pe rch lo ra te  to chlor ide  according to Eq. 
[3]. I t  was calcula ted f rom the amount  of chlor ide  ion 
found b y  chemical  analysis  

C104- + 8H + + 8e --  C1- + 4H20 [3] 

Numer ica l  values  for ncorr a re  given in the  last  col- 
umn of Table  I. For  al l  exper imen t s  ncorr is be tween  
3.5 and 4. A few exper iments  were  pe r fo rmed  in acetic 
acid e lec t ropol ish ing solutions in which  pa r t  or al l  of 
the  HC104 was rep laced  by  HC1. The apparen t  valence  
in an acetic acid solut ion containing 0.55M HC104 and 
0.55M HC1 was equal  to tha t  found for  1.1M HC104 
acetic acid e lec t ro ly tes  and the e lec t ropol ishing be-  
hav ior  was genera l ly  the same. In an  acetic acid solu-  
t ion containing 1.1M HC1 and no HC104, on the o ther  
hand, the  appa ren t  valence for  dissolut ion was n --  4. 
Obta ined  da ta  points  are  ind ica ted  in Fig. 8. 

Discussion 
It  was not  possible to measure  s t eady-s t a t e  po la r iza -  

t ion curves  in the  presen t  s tudy  because the  polar iza-  
t ion behavior  was found to be a funct ion of t ime. Ob- 
ta ined  resul ts  depended  on the  exper imen ta l  technique 
employed  as wel l  as to a lesser  ex tent  on surface t r ea t -  
ment  and e lect rode geometry .  The reason for this be-  
havior  lies in the  p rev ious ly  observed fo rmat ion  and 
remova l  of anodic films (28). Indeed,  if  t i t an ium in 
perchlor ic  ac id-ace t ic  acid solut ion is anodica l ly  po-  
lar ized to potent ia ls  be low a cr i t ical  brea.kdown po-  
ten t ia l  a th ick pass ivat ing  film of TiO2 is formed.  
Under  potent ios ta t ic  condit ions this leads  to a s t eady  
decrease of observed cur ren t  wi th  t ime (Fig. 2), under  
ga lvanos ta t ic  condit ions to a slow rise in potent ia l  
(Fig. 3). If the  anode  is po lar ized  above the cr i t ical  
b r eakdown  potent ia l  p i t t ing  occurs. This is evidenced 
by  the  SEM micrographs  of Fig. 5 and 6 as wel l  as by 
the polar iza t ion  da ta  of Fig. 1-3 which exhib i t  a cur -  
ren t  or  potent ia l  vs. t ime  behavior  typica l  for meta ls  
undergoing  p i t t ing  (29); under  potent ios ta t ic  condi-  
tions the  cur ren t  increases  au toca ta ly t i ca l ly  wi th  t ime 
whi le  under  galvanosta t ic  condit ions typical  potent ia l  
overshoots  are  observed.  Fol lowing  the cr i ter ia  de -  
fined by  Smia lovska  and Czachor (29) the  cri t ical  po-  
tent ia l  for pi t  nuclea t ion  in the  galvanosta t ic  and po-  
tent iosta t ic  step exper iments  is 20V ~ Enp ~ 25V while  
a somewhat  lower  value  is deduced f rom the  poten t io-  
dynamic  da ta  of Fig. 1. 

Dissolut ion f rom pi ts  proceeds  at  a h igh  ra te  l ead ing  
to fo rmat ion  of solid reac t ion  products  and to local 

surface br igh ten ing  (Fig. 7). The loose s o l i d  p r o d u c t s  
which appa ren t ly  consist of amorphous  TiO~ accumu-  
la te  near  the  anode surface  where  they  form a gela-  
t inous l aye r  reminiscent  of the  viscous l aye r  or ig ina l ly  
descr ibed by  Jacque t  (8). The exis tence of  a c u r r e n t  
pla teau  (Fig. 1) at  h igh  potent ia ls  suggests a diffu- 
s ion-control led  process, bu t  the  presence of the  viscous 
produc t  layer ,  as wel l  as the  heterogeneous  na tu re  of 
the  anodic a t t ack  tend  to mask  the influence of solut ion 
side mass t ransfe r  processes on l imi t ing  current .  As a 
consequence the  anodic polar iza t ion  behavior  depended  
only  l i t t le  on rota t ion ra te  of t h e  t i t a n i u m  c y l i n d e r  
elec t rode  except  for  the  fact  tha t  a t  sufficiently high 
ro ta t ion  ra tes  the  h igh ly  viscous l a y e r  could be  m e -  
c h a n i c a l l y  removed  by  shear  forces thus  lead ing  to an 
increase in observed  currents  (Fig. 1). 

The da ta  of Fig. 8 show a n  a p p a r e n t  v a l e n c e  of dis-  
solut ion for t i t an ium which  is unusua l ly  low. Different  
explanat ions  have  been advanced  in the  l i t e ra tu re  to 
exp la in  such low value. According to S t raumanis  a n d  
co-workers  (30, 31) a bno rma l ly  low valences  in m e t a l  
dissolut ion are  usua l ly  due to anodic dis integrat ion,  
i.e., select ive a t tack  of g ra in  boundar ies  l ead ing  to re -  
moval  of meta l l ic  par t ic les  f rom the anode. However ,  
such a mechanism can be exc luded  in the  presen t  case 
for different  reasons. F i r s t  of all, no select ive gra in  
bounda ry  a t t ack  is apparen t  in the  micrographs  in Fig. 
5-7 and no evidence of meta l l ic  t i t an ium could be 
found in the dissolut ion products  by  x - r a y  analysis.  
T i tan ium meta l  does not  corrode r ap id ly  in the solu-  
tions employed  here  and therefore  i t  is not  l i ke ly  that  
meta l l ic  par t ic les  a f te r  b reak ing  a w a y  from the  anode 
could have  comple te ly  corroded before  analysis  was 
carr ied  out. Ano the r  exp lana t ion  for unusua l ly  low 
valence of dissolut ion has been given by  Epelboin  a n d  
co-workers  (11, 32). According  to these authors  anodic 
dissolution of a luminum and be ry l l i um in anhydrous  
pe rch lora te  media  leads  to fo rmat ion  of monovalen t  
species which in tu rn  m a y  react  chemical ly  wi th  
perch lora te  ion in a homogeneous react ion fol lowing 
dissolution. Such a mechanism has been pos tu la ted  for 
t i t an ium dissolut ion in pe rch lora te  e lec t ro ly tes  by  
F romen t  (22). No direct  observat ion  of the subvalent  
species has been possible up to now, however ,  and i t  
must  be assumed tha t  if  they  exis t  they  a r e  e x t r e m e l y  
shor t  l ived (33). 

Recent ly  Neumann  and K l i m m e k  (34) s tudied the 
s to ichiometry  of anodic dissolut ion of mo lybde n um in 
mixed  organic  so lven t -wa te r  electrolytes .  They found 
an apparen t  valence  of 3 in the  presence of perch lora te  
but  an apparen t  valence of 6 in the  presence of chlo-  
ride. The presen t  da ta  for t i t an ium show a s imi lar  be -  
havior.  Under  o therwise  ident ica l  conditions,  an ap-  
pa ren t  valence of 1.3-1.6 is observed in acetic acid con- 
ta in ing 1.1M HClO4 or  0.55M HC104 -{- 0.55M HC1, but  
an apparen t  valence  of 4 in acetic acid containing 1.1M 
HC1. If  dissolution would  involve  fo rmat ion  of a dis-  
solved subvalent  species which subsequent ly  could r e -  
ac t  chemical ly  in the e lec t ro ly te  the  appa ren t  valence 
for  dissolution should be the same for HCIO4 and HC1 
containing acetic acid solut ion since homogeneous 
chemical  react ions fol lowing the charge  t ransfe r  s tep 
do not  affect weight  loss. In  v iew of the observed dif -  
ferences in apparen t  valence be tween  HC104 and HCI 
containing solutions i t  is the re fore  concluded t h a t  t h e  
perchlora te  ion in te rvenes  d i rec t ly  at  t h e  m e t a l  s u r -  
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face where  i t  appa ren t ly  reacts  wi th  adsorbed  reac-  
t ion in te rmedia tes  of the  dissolut ion process such as 
monovalen t  adsorbed ions or metal l ic  adatoms. Stoi-  
chlometr ic  measurements  do not  a l low us to ident i fy  
the reac t ing  t i t an ium species. The t e rm "anodical ly  
ac t iva ted  t i t an ium surface" wil l  therefore  be used in-  
dependent  of the  exact  na tu re  of the react ing species. 

I t  is in te res t ing  to note tha t  the  observed  low va l -  
ues for the  apparen t  valence  a re  apparen t ly  not  due 
to the  anhydrous  na tu re  of the  solut ion employed  but  
to the presence of pe rch lora te  ion. Indeed,  recent  ex-  
per iments  on high ra te  dissolut ion of t i t an ium pe r -  
formed in our  l abo ra to ry  showed tha t  s imi la r ly  low 
values  for the  apparen t  valence  of dissolut ion as in 
the present  s tudy  are  ob ta ined  in aqueous 5M NaCIO4 
solut ion provided  the cri t ical  potent ia l  for film b reak -  
down is exceeded.  

The proposed  reac t ion  of pe rch lo ra te  ion wi th  an 
anodical ly  ac t iva ted  t i t an ium surface poses an ap-  
pa ren t  pa radox  since for such a react ion to be t he rmo-  
dynamica l ly  possible the  anode poten t ia l  at  the me ta l  
surface must  be more  cathodic than  the  revers ib le  po-  
ten t ia l  for react ion [3], the  s t andard  potent ia l  of 
which is 1.386V (35). On the o ther  hand,  the  da ta  of 
Fig. 1-4 show tha t  measured  anode potent ia ls  under  
pol ishing conditions are  > 20V. To expla in  the dis-  
c repancy one has  to pos tu la te  tha t  the  ac tua l  po ten t ia l  
at  the  react ion sites is different  f rom tha t  measured  
exper imenta l ly .  I t  is wel l  es tabl ished tha t  local  po-  
tent ia ls  in corrosion pi ts  can be much  more  negat ive  
than  the  apparen t  ove r -a l l  anode potent ia l  (36, 25). 
Beck s tudying  p i t t ing  of t i t an ium in HBr observed 
hydrogen  evolut ion at  ove r -a l l  anode potent ia ls  of 
severa l  volts (25). He proposed tha t  the  pr inc ipa l  fac-  
tor causing the local potent ia l  differences was the  
ohmic resis tance of a th in  sal t  film. Since under  p res -  
ent  exper imen ta l  condit ions s imi lar  films of solid re -  
action products  were  present ,  i t  is ve ry  possible tha t  
local anode potent ia ls  at  the  meta l  surface were  in-  
deed much lower  than  those imposed external ly .  A 
separa te  expe r imen t  in a nons t i r red  e lec t ro ly te  was 
per formed  in which  anodica l ly  produced  gas was col- 
lected and subjec ted  to gas chromatographic  analysis.  
Hydrogen  as wel l  as oxygen  were  found. The to ta l  
amount  of gas evolved was small ,  however ,  and the re -  
fore did  not  affect the  ove r -a l l  charge balance  of Table  
I. 

The proposed hypothesis  involving reduct ion of pe r -  
chlorate  ion by  react ion wi th  a n  anodical ly  ac t iva ted  
t i t an ium surface is consistent  wi th  the  AES and ESCA 
da ta  descr ibed in a previous  s tudy  (28) which showed 
a chlor ide  ion to exist  at  the  f i lm-meta l  in terface  in 
the b r eakdown  and polishing region. According to 
presen t  resul ts  pass ive film b r e a k d o w n  is in i t ia ted  at  
discrete sites leading to dissolution by  pi t t ing.  I t  is 
l ike ly  tha t  these sites correspond to preexis t ing  flaws 
in the  anodic film which a l low the perch lora te  ions to 
pene t ra te  into the  film under  the  influence of the elec-  
tr ic field and to react  at  the  meta l  interface.  Wi th  in-  
creasing potent ia l  the  fract ion of the surface accessible 
to anions increases  and even tua l ly  the  protec t ing  TiO2 
film is comple te ly  removed  by  w a y  of undercu t t ing  
due to l a te ra l  g rowth  of pits. 

Conclusions 
1. To achieve e lectropol ishing of t i t an ium in p e r -  

chloric ac id-acet ic  acid solutions anode potent ia ls  in  
excess of 20V a re  requ i red  to cause b r e a k d o w n  of the  
anodic film of TiO2 which protects  the meta l  from dis-  
solut ion at  lower  potentials .  Electropol ishing is the  
resul t  of merg ing  together  of b r igh t  pits. 

2. Elect ropol ishing coincides wi th  the appearance  in 
the  cur ren t  vol tage curve of a cur ren t  m a x i m u m  or 
plateau.  Its value  depends  l i t t le  on hyd rodynamic  con- 
dit ions because a gelat inous ma t r ix  consisting of solid 
react ion products  covers the  anode and masks  the  in-  

fluence of convection on anodic mass t r anspor t  p roc-  
esses. 

3. Dur ing anodic dissolution under  e lectropol ishing 
conditions pe rch lo ra te  ion is reduced  to chlor ide 
which  leads to an apparen t  valence of dissolution of 
1.3-1.6 independent  of appl ied  cur ren t  or  potent ial .  

4. Dissolut ion exper iments  pe r fo rmed  in chlor ide  
and chlor ide  containing perch lora te  e lectrolytes  and 
previous  ESCA and AES analysis  of e lectropol ishing 
films provide  s t rong evidence that  perch lora te  r educ-  
t ion proceeds  by  a he terogeneous  reac t ion  on an 
anodical ly  ac t iva ted  t i t an ium surface. This suggests  
tha t  the  effective anode potent ia l  at  the  meta l  surface 
is much lower  than  tha t  measured  ex terna l ly .  

Manuscr ip t  submi t t ed  Dec. 20, 1977; rev ised  m a n u -  
script  received Feb.  6, 1978. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Sect ion to be pub l i shed  in the  June  1979 JOURNAL. 
Al l  discussions for  the  June  1979 Discussion Section 
should be submi t ted  by  Feb.  1, 1979. 

Publication costs of this article were assisted by the 
Swiss Federal Institute o] Technology. 
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Linear Defects Observed in Nickel Electrodeposits 
S. Nakahara Q 

Bel[ Laboratories, Murray Hffl, New Jer.~ey 07974 

ABSTRACT 

Dur ing  the course of a t ransmiss ion-e lec t ron  microscope charac ter iza t ion  
of nickel  electrodeposits ,  it  was found tha t  deposi ts  conta in  a high d e n s i t y  
(.~1 X 101~/cm 3) of l inear  defects  whose image  contras t  is not  the  same as 
is expected  f rom dislocat ion lines. A de ta i led  analysis  of these  defects  using 
e lec t ron diffract ion techniques showed tha t  these images  a re  s imi lar  to a l ine 
of di la tat ion.  I t  ~has been suggested tha t  these l inear  defects  p r o b a b l y  are  
genera ted  at  g rowth  steps as a resul t  of the  incorpora t ion  of hydrogen  dur ing  
e lect rocrysta l l izat ion.  

Recently,  the  inclusion of hydrogen  in the  form of 
gas bubbles  was found to cause a loss in the  duct i l i ty  
of electroless copper  films (1). This loss was a t t r ibu ted  
to high pressure  (.~104 a tm)  hydrogen  gas bubbles ,  
resul t ing in the so-ca l led  hydrogen  embr i t t l ement .  In  
most e lec t ropla t ing  systems in which  the cathodic re -  
actions involve both  meta l  deposi t ion and hydrogen  
evolution,  the  incorpora t ion  of hydrogen  into deposi ts  
is inevi tab le  as indica ted  by  the high hydrogen  content  
detected in e lec t rodeposi ted  meta ls  (2). Consequently,  
hydrogen  ~n e lec t rodeposi ted  films is known to g rea t ly  
influence thei r  mechanica l  p roper t i e s  such as duct i l i ty  
(3) and in te rna l  stress (4). A s tudy  of e lec t rodeposi ted  
films, therefore,  is of prac t ica l  impor tance  in unde r -  
s tanding the re la t ionship  be tween  incorpora ted  hyd ro -  
gen and mechanica l  proper t ies .  

A t ransmiss ion-e lec t ron  microscope (TEM) s tudy 
was made  on the s t ruc ture  of n ickel  e lectrodeposi ts  to 
de te rmine  if hydrogen  was  incorpora ted  as inclusions. 
During the course of this  invest igat ion,  we  discovered 
a high densi ty  of l inear  defects  whose image contras t  
was different  f rom tha t  of dis locat ion lines. In  o rde r  
to under s t and  the na tu re  of these defects, a de ta i led  
analysis  of the i r  image  contras t  was car r ied  out  using 
TEM. This p a p e r  repor ts  a p r e l i m i n a r y  account of 
this s tudy  and a t tempts  to discuss the  role  of hyd ro -  
gen in the  fo rmat ion  of these l inear  defects. 

Experimental 
Nickel  films were  e lect rodeposi ted  on a (001) cop- 

pe r  film, as wel l  as on a sheet  of annea led  OFHC po ly -  
c rys ta l l ine  copper. The composit ion of the  e lec t ro ly te  
was 0.43M NiSO4.6H20 and 0.5M HsBO~. The pH 
of the ba th  was ad jus ted  to 1.5. P la t ing  was carr ied  
out at room t e m p e r a t u r e  and at  cur ren t  densi t ies  of 5 
and 15 m A / c m  2. Nickel  films were  s t r ipped  off the  
subs t ra te  in  a copper - s t r ipp ing  solut ion (500 g / l i t e r  
CrOa and 50 g / l i t e r  H2SO4). Specimens for TEM ob-  
serva t ion  were  j e t  pol ished in an e lec t ro ly te  known  as 
Bor rmann  solut ion (5). Al l  TEM micrographs  were  
t aken  using a JEM 200 microscope opera ted  at  an 
accelera t ing vol tage of 200 kV. 

Results 
The s t ruc ture  of a (001) nickel  fi lm which  was 

p la ted  ep i t ax ia l ly  on (001) copper  film at a cur ren t  
dens i ty  of 5 m A / c m  2 was carefu l ly  examined  using 
severa l  reflections under  the  so-cal led  t w o - b e a m  con- 
dit ions (6) in TEM. F igure  l ( a ) ,  l ( b ) ,  and l ( c )  show 
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micrographs  of the  film t aken  wi th  reflecting vectors  
--  200, 250, and  "131, respect ively.  Dislocat ions and  

growth  twins are  seen to exhib i t  var ious  contras t  fea-  
tures  for  these th ree  reflections. Symbols  x, y, and  z 
indicate  images of dislocations.  In  addi t ion to the 
usual  images  of dislocations and g rowth  twins,  a h igh 
densi ty  of defects tha t  exhibi ts  a faint  s t ra in  contras t  
as indica ted  by  four fine ar rows is also seen in  Fig. l ( c ) .  
The exis tence of b l ack -whi t e  osci l la tory  fea tures  sug-  
gests that  the defects a re  l inear  along the di rect ion of 
the oscillation. These l inear  defects (LD's)  were  not  
read i ly  discernible  wi th  l ow-o rde r  g's such as 111, 
200, and 220. Imaging  wi th  311 type  reflections was 
found to be  most  useful  in obta in ing de tec table  images 
of these defects. A subsequent  charac ter iza t ion  of these 
defects, therefore,  was made  using 311 type  reflections. 
Typica l  resul ts  a re  shown in deta i l  in Fig. 2 where  
g ----- 311. Examples  of the LD's a re  indica ted  by  symbol  
C, while  that  of dis locat ion is shown by symbol  D. 
It  can be seen c lear ly  tha t  the s t ra in  contras t  asso-  
diated wi th  these LD's is much  weake r  than  tha t  
associated wi th  dislocat ion (compare  C wi th  D) .  I t  
also appears  tha t  the  image  topography  of the defects 
is different  f rom tha t  of dislocations. The dens i ty  of 
these LD's was found to be .~1 • 1015/cm ~, w h i c h  i s  
much higher  than  tha t  of g r o w n - i n  dislocations 
( ~ 6  • 10~/cm~) in these films. 

In  Fig. 2, a careful  examina t ion  of the  LD's  in  com- 
par i son  wi th  the  images  of dislocations indicates  tha t  
the  LD images  possess a b l ack -wh i t e  osci l la tory  fea-  
ture  which  has a per iod ic i ty  of the  o rder  of the  ex-  
t inct ion dis tance for the  opera t ing  reflecting vec tor  g. 
These oscillations, therefore,  indicate  tha t  the  LD's  
must  be incl ined in the  foil. Stereoscopic analysis  
Showed tha t  the  defects were  indeed incl ined in a fo rm 
of l inear  segments  which  appear  to be spacia l ly  dis-  
t r ibu ted  as a network.  Fur the rmore ,  i t  was found that  
most of the LD's t e rmina te  inside the foil, as opposed to 
dislocations which  except  for smal l  dis locat ion loops, 
t e rmina te  at the  top or bot tom surface of the  film. This 
evidence, therefore,  supports  the  hypothes is  tha t  the  
LD"s are  not  dislocations.  

In  order  to analyze  fu r the r  the  na tu re  of these LD's, 
in par t icu lar ,  re la t ive  to dislocations,  the  images  were  
taken  using _+g reflections. F igures  3(a)  and 3(b)  
show micrographs  taken  wi th  g _-- 311 and 311, r e -  
spectively.  The images of dislocat ions are  ind ica ted  by  
symbols  x and y. Changing the reflect ing vector,  g, 
f rom ~-g to - - g  resul ts  in the  invers ion  of t h e  i m a g e  
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Fig. 2. TEM micrograph of a (001) nickel film imaged with g - -  
311. Symbols C and D indicate the images of linear defects and 
dislocation, respectively. 

Fig. 1. TEM micrographs of a (001) nickel film imaged with (a) 
"-" 200; (b) 2~.0; and (c) 131. Symbols x, y, and z indicate dislo- 

cations. Four fine arrows in (c) mark the images of linear defects. 

of a th read ing  dislocat ion about  the  cen te r  of the 
image, i.e, the  image  is reversed  wi th  respect  to the 
top and bot tom surfaces of the  foil  and side for  side 
wi th  respect  to the  dislocation line. On the  other  hand, 
no such invers ion  occurs in the  images of LD's  as in -  
d ica ted  by  symbols  p and q. Fur t 'hermore,  i t  is seen 
that  the LD images  t aken  wi th  the  reflecting vec tor  
~ g  bear  no re la t ionship  to those ob ta ined  wi th  the  
reflecting vector  --g- In addi t ion  to the  _+g behavior  
of the image  contrast ;  the  images  of the  LD's contain 
a center  of invers ion (see Fig. 3). This s y m m e t r y  
proper ty ,  however ,  does not  exis t  for  images  of a dis-  
location. Based upon the  s y m m e t r y  proper t ies  of de -  
fect images obta ined f rom theore t ica l  micrographs  (7), 
it  can be concluded tha t  the observed  LD is not  a 
dislocation, but  a l ine of di la tat ion.  The condit ion for  
invis ib i l i ty  of  a l ine of d i la ta t ion  is tha t  the  reflecting 
vector  lies exac t ly  along the d i la ta t iona l  l ine (7). In  

Fig. 3. Structure of a (001) nickel foil imaged with (a) g - -  311; 
and (b) 311. The micrograph was taken along a zone axis near 103. 
The images of dislocations are indicated by symbols x and y; those 
of LD's are shown by symbols p and q. 

order  to achieve such inv is ib i l i ty  condit ion i t  was 
necessary  to de te rmine  the di rect ion of the  l ine of 
di la tat ion.  

The de te rmina t ion  of the  di rect ion of the  l ine of 
d i la ta t ion  was made  using the s t anda rd  s te reographic  
t race analysis.  F igu re  4 shows a mic rograph  of the  
(001) nickel  foil  imaged  wi th  g - -  311 along its p ro -  

jec ted  d i rec t ion  z ~ [ l i 4 ] .  Most of  the  observed  LD's  
were  found to pro jec t  a long th ree  m a j o r  direct ions.  In  
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Fig. 4. TEM micrograph of a (001) nickel film imaged with g ---- 
311. Three dotted lines indicated by symbols PP', QQ', and RR' 
correspond to the line direction of LD's denoted by Cz, C2, and C3, 
respectively, z ~- 114. 

Fig. 4, these three projected directions onto the (i]4) 
plane are indicated by symbols PP', QQ', and RR ~ 
which correspond to those of the LD's denoted by C~, 
C2, and C3, respectively. The (001) stereogram in Fig. 
5 shows the result of plotting great circles which cor- 
respond to the traces of the LD, C1, obtained from the 
projections along [001], [103], and [125] directions. As 
seen in Fig. 5, within the experimental accuracy, the 
LD, C1, lies approximately along the [001] direction, 
which is coincident with the foil normal. Similarly, the 
defects C2 and C~ were found to lie along the [1001 
and [010] directions, respectively. All the observed 
LD's in the (001) nickel foil are, therefore, found to 
lie primarily along <001> type directions. 

The condition for invisibility of a line of dilatation 
can be achieved if the reflecting vector is chosen to 
lie exactly along the line of dilatation. It was possible 
to obtain such reflecting vectors for LD's labeled C2 
and C3. For testing the invisibility condition h00 and 
0h'0 type reflecting vectors were chosen for LD's, Ce, 
and C3, respectively. The choice of 200 or 020 reflec- 
tion, however, failed to give an unambiguous condi- 

010 

,oo(' ,oli .,o, /,oo 
\\ Jile _e -1il / \ o,, / 

~e 

Fig. 5. A (001) stereogram showing the result of plotting great 
circles which correspond to the traces of the LD marked in Fig. 4, 
obtained from the projections along 001, 103, and 125. 

tion for invisibility, as the reflection itself does not 
produce detectable images of LD's. The use of 400 or 
040 reflection nearly satisfied the invisibility condition 
for defects C2 or C3, although such detectability was 
also found to be rather difficult due to the relatively 
high order reflection. The difficulties encountered f o r  
achieving an invisibility condition are discussed fur- 
ther in the following section. 

Discussion 
It is, to the best of author's knowledge, the first 

time that lines of dilatation l~ave been observed i n  
electrodeposited nickel films. The fact that low order 
reflections such as g -- 111, 200, and 220, do not pro- 
vide appreciable strain contrast from these defects 
undoubtedly accounts for the fact that they have not 
been observed. It is, however, rather surprising to 
find that LD's exist in such a high density (~1 • 
1015/cm3), which is about more than one order of mag- 
nitude higher than the density of grown-in disloca- 
tions (6 • 1013/cm3). 

The crystallographic alignment of the observed LD's 
along <001> in (001) nickel foils resembles that of 
organic molecules incorporated in copper electrode- 
posits. It was recently found (8) that a chain of 
O-phenanthroline molecules, which are deliberately 
added to an electrolyte as an addition agent, are in- 
corporated into (001), (011), and (103) copper foils 
along <001>. From morphological Studies, it was con- 
cluded that the molecules are adsorbed at growth steps 
(multi-atomic steps) during growth processes and are 
subsequently incorporated into the deposit at the steps. 
This result clearly suggests that the observed lines of 
dilatation must have been generated a t  the growth 
steps of (001) planes by the incorporation of impurities 
during the crystallization process. In fact, morphologi- 
cal studies using a scanning electron microscope have 
shown that (001) nickel foils contained primarily 
three growth facets which are bounded by (001), 
(010), and (100) planes. On these growth facets, 
therefore, there are three stair steps along [100], 
[010], and [001], respectively. It can be easily seen 
that these stair steps can serve as the most probable 
sites for trapping gaseous and/or organic impurities. 
In the present experiment, the former impurity is 
likely to be hydrogen; the latter could be a trace of 
organic contaminant which is left in the electrolyte. 
As the electrolyte has been highly purified, it is not 
likely that a high density of organic impurities is in- 
corporated in the form of lines of dilatation. Hence, 
impurities forming the observed LD's are most likely 
to be hydrogen. It should also be pointed out that the 
deliberate use of low pH(~l .5)  in the bath further 
increases the probability of incorporating hydrogen 
into the deposit. Figure 6 shows a proposed model 

Growth Steps on(O0]) 

t 
[001] 

(010) , ~  

Fig. 6. Schematic illustration showing how a line of hydrogen 
molecules can be trapped along [100], [010], and [001] and sub- 
sequently incorporated into (001) deposit. 
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which i l lus t ra tes  how l ines of hydrogen  molecules can 
be t r apped  and then  incorpora ted  at growth  steps 
along <001~. If  this proposed model  is correct,  i t  is 
expected tha t  the geomet ry  and d is t r ibut ion  of lines 
of d i la ta t ion  should closely follow the pa t t e rn  of 
g rowth  facets on the (O01) nickel  foil. Fur the rmore ,  
f rom this model  it  is easy to unders tand  why  such a 
high dens i ty  (,~1 • 1015/cm 8) of LD's  can be incorpo-  
ra ted  dur ing  the film growth.  

Since this model  predic ts  that  LD's are  genera ted  
at growth  steps, i t  might  be  possible to change the LD 
s t ruc ture  by  changing the s t ruc ture  of g rowth  steps. 
In order  to test  this  hypothesis ,  the deposi t ion ra te  
was var ied  by  rais ing the cur ren t  dens i ty  f rom 5 to 15 
m A / c m  2. F igure  7 shows the s t ruc ture  of a nickel  film 
pla ted  at a cur ren t  dens i ty  of 15 m A / c m  2 on a t ex tu red  
copper  foil. The image was taken  wi th  g ---- 311. F igure  
7 shows tha t  under  this condi t ion there  are  many  
features  s imi lar  to the images of spher ica l  inclusions 
whose s t ra in  field is indica ted  by  three  arrows.  A l -  
though the images of these r andomly  d is t r ibuted  in-  
clusions are visible in high density,  inclusions of the 
type found in tmhe (001) n ickel  films p la t ed  at  5 m A /  
cm 2 are  not observed.  These s~her ica l - l ike  inclusions 
were  s tudied under  so-cal led k inemat ica l  imaging con- 
dit ions (6) using the defocus contras t  technique (9). 
The defocus contras t  revea led  that  the images of in-  
clusions behave  effectively l ike  spher ica l  voids. In  
other words, the inclusions are  seen as whi te  dots 
sur rounded by  b lack  r ings in the underfocused con- 
dition, and as b lack  dots sur rounded  by  whi te  rings in 
the overfocused condition. This observat ion  led us to 
conclude that  the  observed inclusions are  pressur ized  
spher ical  voids, p robab ly  containing hydrogen.  The 
question then arises as to whe the r  or not these in-  
clusions bear  any  re la t ion to the  LD's. 

A fu r the r  close examina t ion  of the image  features  
in Fig. 7 revea led  tha t  the  images  of closely spaced 
spher ica l  inclusions somewhat  r e semble  those of LD's. 
This observat ion mot iva ted  us to consider  ~he possi-  
b i l i ty  tha t  LD's are, in fact, composed of s tr ings of 
closely spaced spher ical  voids. Based upon this as- 
sumption,  a (001) nickel  film was r eexamined  to see 
if the LD's a re  associated wi th  voids. Al though high 
resolut ion defocus contras t  technique was used, the 
presence of voids could not be assessed due to the 
resolut ion  l imi t  of the  microscope ( ~ 5 A ) .  Therefore,  
i t  was concluded tha t  if voids a re  present ,  ~hey must  

be less than 5A in size. If  the observed LD's are  s t r ings  
of spher ical  voids ra ther  than  l ines of di la tat ion,  they  
would not be invis ible  for a reflection which is pa r a l -  
lel  to them but  show strong contrast ,  as pointed out  by  
Borggreen and ThSl~n in the i r  compute r - s imula t ion  
work  (10). As descr ibed in the previous  section, some 
difficulties were  encountered  in obtaining an u n a m -  
biguous invis ib i l i ty  condit ion and this might  be re -  
la ted pa r t l y  to the fact that  the LD's are  not exact ly  
pure  lines of d i la ta t ion  but  are  s t r ings of spher ical  
voids in a microscopic sense. Another  possible ex-  
p lanat ion  for this difficulty is, of course, that  the  LD's 
do not lie exac t ly  along ~ 0 0 1 ~  directions.  Never the -  
less an increase in cur ren t  dens i ty  appears  to modify  
the  s t ructure  of g rowth  steps, and consequent ly  to 
change LD's into r andomly  d i s t r ibu ted  spher ica l  voids. 
These results  s t rongly  suggest  that  this type  of l inear  
defects might  be found in other  th in  films if  the  proc-  
ess of film format ion  involves the  incorpora t ion  of 
gaseous a n d / o r  organic  impuri t ies .  I t  should be 
pointed out, however ,  that  s t ra in  fields associated wi th  
these defects might  be ex t r eme ly  smal l  and the use of 
high order  reflections wil l  be essential  for thei r  detec-  
tion. 

The presence of such a high dens i ty  of LD's in 
e lec t rodeposi ted  films is cer ta in ly  expected to in-  
fluence the  level  of in te rna l  stresses and, therefore,  
the i r  contr ibut ion  to the  in te rna l  s t ress  in  e lec t ro-  
deposi ted films must  be considered. Al though  most of 
the in te rna l  stress analyses  in thin films has been 
based p r imar i l y  upon stress g rad ien t  tha t  is caused by 
var ia t ions  in the dens i ty  of g rown- in  dislocations 
along the di rect ion of g r o w t h  (11), the fact  that  the 
LD's are  d is t r ibuted  along specific c rys ta l lographic  di-  
rect ions <100~  suggests that  the LD's might  con- 
t r ibu te  even more  significantly to an anisot ropy of 
in terna l  stress in e lec t rodeposi ted  nickel  films than  do 
randomly  d is t r ibu ted  g rown- in  dislocations. 

Fu r the r  work  wil l  be requ i red  to de te rmine  whe the r  
the LD's a re  lines of expansion or l ines of compression. 
The fact that  the LD's were  not found in ve ry  thin  
(~300A) foils indicates  tha t  mobile  impur i t ies  in-  
corpora ted  along lines of d i la ta t ion  might  have escaped 
as the line segments  in tersect  the film surfaces. This 
evidence appears  to imp ly  tha t  gaseous impuri t ies ,  
such as hydrogen,  are  t r apped  along LD's  but  may  be 
re leased at  surfaces in thin areas  of the  film. A l -  
though the presence of hydrogen  along the  d i la ta t iona l  
l ine st i l l  must  be p roven  i t  is in teres t ing  to ment ion  
tha t  LD's stil l  were  found in (001) foils af ter  s torage 
for as long as four  years.  The rma l  s tab i l i ty  of the  LD's  
at  var ious  t empera tu re s  wil l  be the subject  of a 
fu tu re  publicat ion.  Present ly ,  a theore t ica l  analysis  
based on compute r - s imula t ed  e lect ron micrographs  is 
being car r ied  out  in o rder  to de te rmine  the compres-  
sive or  tensi le  na tu re  of these LD's. 

Fig. 7. TEM micrograph of a nickel film plated at a current 
density of 15 mA/cm ~ on a textured OFHC copper foil. The image 
was taken with g ~ 311. Arrows indicate ira,ages of spherical in- 
clusions. 
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ABSTRACT 

A s tudy  is presented  of the l iquid phase ep i tax ia l  g rowth  of the  qua t e r -  
na ry  mixed  crys ta l  Al~Gal- .~Asl-xSbz.  Samples  were  grown over  the com- 
posi t ion range  0 < x < 0.2, 0 < y < 0.6, at  t empera tu re s  from 785 ~ down to 
715~ be low which a misc ib i l i ty  gap in solid composit ion was observed.  
Wi th  the  inclusion of s t ra in  energy  terms,  a phase d iag ram calculat ion was 
found to descr ibe all  of the exper imen ta l  results.  A l though  s t ra in  effects on 
composit ion are  small ,  in general ,  using this model,  they  are  significant in the  
region  of the  misc ib i l i ty  gap. 

The  qua t e rna ry  mixed  crys ta l  A l y G a l - y A s l - ~ b z  
has found appl ica t ion  in such optoelectronic  devices 
as lasers (1, 2), LED's  (8), and photocathodes  (4, 5). 
I t s  p r epa ra t ion  was first r epor ted  by  Sug iyama  and 
Saito, who briefly descr ibed  its use in a double  
he te ros t ruc tu re  (DH) laser  (1). Advances  in the  
p repa ra t ion  of this ma te r i a l  have since pe rmi t t ed  such 
DH lasers  to opera te  cont inuously  at  room t e m p e r a -  
ture  at wave leng ths  near  1 ~m (2). 

Very  l i t t le  da ta  have so far  been avai lab le  on the 
g rowth  and charac ter iza t ion  of A l y G a l - y A s l - x S b ~  
(4, 5). In  one study,  l imi ted  to low Sb concentrat ions,  
x ~ 0.065, i t  was shown tha t  the  addi t ion of A1 to the  
t e rna ry  GaAs l -xSb~  sys tem had only  a smal l  effect on 
the Sb to As ra t io  in the  solid (4). A t  h igher  Sb con- 
centrat ions,  our  s tudy of the  A1-Ga-As-Sb  phase d ia-  
g ram demonst ra tes  tha t  the  addi t ion of A1 does signifi- 
cant ly  reduce the  incorpora t ion  of Sb into the  solid. 
In  this study,  l ayers  were  grown by  l iquid  phase epi-  
t axy  wi th  composit ions over  the  range  0 < x < 0.2, 
0 < y < 0.6, at t empera tu res  be tween  715 ~ and 785~ 
Below 715~ a misc ib i l i ty  gap was observed in the 
solid[ composit ions of the  g rown layers .  A phase  d ia-  
g ram calculat ion has been carr ied  out which provides  
good quant i t a t ive  agreement  wi th  al l  of the exper i -  
menta l  l iquidus  and solidus data. Lat t ice  s t ra in  en-  
e rgy  was found to s ignif icant ly affect the  resul ts  in 
the  v ic in i ty  of the misc ib i l i ty  gap under  the  present  
condit ions of ep i tax ia l  growth.  The bandgaps  of al l  
the  grown layers ,  along wi th  the  compositions,  have 
pe rmi t t ed  a mapp ing  of the  bandgap- l a t t i ce  constant  
space of the  AlyGa l -~As l -xSb~  mixed  crys ta l  system. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Experimental Methods 
Liquid phase ep i tax ia l  g rowth  was carr ied  out  in  a 

horizontal ,  mul t iwe l l  g raph i t e  boat  and s l ider  assembly  
in a flowing H2 ambient .  Solut ions were  p repa red  f rom 
e lementa l  Ga (99.9999% pure ) ,  Sb (99.9999% p u r e ) ,  
and A1 (99.999% pure ) ,  wi th  undoped  po lycrys ta l l ine  
GaAs as a source of As. The atomic f ract ion of A1 in 
the l iquid, XA1 ~, was var ied  over  the  range  0-0.007, 
whi le  XAs 1 was i n  the r ange  ~0.004-0.007. The As solu- 
b i l i ty  could only be es t imated  in these exper iments ,  
because an amount  of GaAs in excess of tha t  requ i red  
for sa tura t ion  was a lways  used. Al l  solutions were  p r e -  
pared  with  a fixed Sb to Ga weight  rat io  of 1.074, r e -  
sul t ing in XGa 1 ~0.62 and Xsb 1 ~0.37. 

The ep i tax ia l  qua t e rna ry  solid solut ions were  grown 
at a cooling ra te  of 0.6~ on subs t ra tes  consisting 
of th ree  composi t ional ly  s t ep -g raded  GaAsl-x ,Sbx,  
layers  which served to accommodate  the l a t t i ce -mis -  
match  with  the  GaAs (100) seed. The double  seed 
technique used for successful p repa ra t ion  of DH lasers  
(2) was used to equi l ib ra te  the  g rowth  solutions. In  
each case, the first two s t ep -g raded  GaAsl-x.Sb~.  
layers  were  grown wi th  x' --  0.03 (Xsb 1 = 0.09, 792 ~ 
790~ and x' = 0.06 (Xsb 1 = 0.18, 790~176 The 
th i rd  "matching"  l aye r  was then  grown wi th  Xsb 1 = 
0.27 f rom 788~ down to the  s ta r t ing  t empe ra tu r e  for  
the  qua t e rna ry  layer .  This l aye r  cont inuously  graded  
in composit ion and la t t ice  constant  dur ing  g rowth  and 
provided  a reasonable  la t t ice  ma tch  for  the qua ternary .  
Dur ing the growth  of the th i rd  layer ,  the  qua te rna ry  
solut ion was in contact  wi th  the  equi l ib ra t ing  seed 
and, therefore,  became pa r t i a l l y  deple ted  of A1. As a 
result ,  a l though the  in i t ia l  va lue  of XAI I was known  
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accurately, the exact value at the t ime of growth was 
not well known. Finally,  each qua te rnary  layer  was 
grown on such a graded substrate by cooling over 15 ~ 
to a final tempera ture  T between 715 ~ and 770~ 

The solid composition at the surface of each 
Al~Gal-yAsl-xSbx sample was measured with an x- 
ray microprobe analyzer. The compositions were de- 
te rmined using Colby's "MAGIC" computer  program 
(6) by comparing the x - r ay  intensit ies of the quater-  
nary  unknowns  to those of the same elements mea-  
sured on GaAs, Sb, and A1 standards. Room tempera-  
ture bandgaps for most of the samples were deter-  
mined from photoluminescence spectra, which were 
excited by a pulsed u.v. N2 laser (3371A) and analyzed 
with a % meter  spectrometer and S-1 photomultiplier .  
The bandgap Eg was taken as the peak of the photo- 
luminescence curve in  each case. 

Experimental Results 
Liquid and solid compo~itions.--Table I summarizes 

the exper imental  results for 14 different samples. The 
measured compositions x and y are given, along wi th  
the room temperature  bandgaps Eg, for different in i -  
tial XAi 1 and final growth temperatures  T. Using Ye- 
gard's  law (Eq. [B-2], Appendix B),  the lattice con- 
stants a of the quaternar ies  have been calculated and 
are included in the table. The values of XAi 1 are those 
of the ini t ial  solutions, which were then par t ia l ly  de- 
pleted by the equi l ibra t ing seed as discussed above. In  
one case, for the ini t ia l  growth (near  the interface 
with the substrate)  of sample B at 785 ~ this deple- 
tion amounted to only 3 ~ growth on the equi l ibrat ing 
seed and could be neglected. By microprobe analysis 
of an angle- lapped section of B, the ini t ia l  growth 
composition corresponding to XA11 - -  3.87 X 10 -~ and 
785~ was determined,  and is g iven as A in Table I. 
This part icular  data point was used to fit the phase 
diagram calculation described below. 

Several  conclusions can be drawn immediate ly  from 
the data of Table I. I t  is clear that  the addit ion of A1 
decreases the incorporat ion of Sb into the quaternary.  
By comparing the 760~ data of samples C, D, and E 
or the 730~ data of samples H, I, and J, a significant 
decrease of x with increasing y is evident. Such a 
strong dependence of x on y was not established in the 
earlier report  of epitaxial  growth in  this system (4). 
On the other hand, when  y was held approximately 
constant  and the growth tempera ture  reduced (for ex- 
ample in the series D, F, G, I, and L) x increased as it 
does in the l imit ing case of GaAsl-zSbx (7). Note that  
the apparent  decrease of y wi th  decreasing growth 
tempera ture  for a constant  s tar t ing value of XAi i ( in 
samples A, B, D, F, G, H, and K) is due to A1 deple- 

Table I. AI-Ga-As-Sb liquidus and solidus data* 

Sam- T XA,x(10 -~) a (tale) E= 
pie (~ (initial) x y (A) (eV) 

A 785 3.87 0.085 0.397 5.6954 - -  
B 770 3.87 0.090 0.350 5.6972 1.6926 
C 760 1.55 0.130 0.108 5.7122 1.3403 
D 760 3.87 0.107 0.313 5.7044 1.6260 
E 760 5.41 0.099 0.422 5.7021 1.8126 
F 750 3.87 0.114 0.316 5.7076 1.6207 
G 740 3.87 0.137 0.275 5.7175 1.5536 
H 730 3.87 0.183 0.206 5.7372 1.3462 
I 730 4.79 0.162 0.317 5.7294 1.5834 
J 730 7.73 0.138 0.575 5.7219 
K 725 3.87 0.182 0.208 5.7368 1.3946 
L 720 4.64 0.195 0.274 5.7436 1.5074 
M 715 8.41 0.190 0.353 5.7426 1.6926 
N ~715 5.41 0.189 0.311 5.7415 -- 

" All solutions had liquidus compositions XGa I ~-- 0.62, .Xsb I --~ 
0.37, and w e r e  saturated with As using excess GaAs. Except for  
sample  A,  the XAll'S were not equilibrium compositions, but were  
chosen initial values, as described in the text .  All samples were 
grown through 15 ~ to a final temperature T. The solid compo- 
sitions x,y at the sample surfaces were measured with an electron 
microprobe  and the lattice parameter a was calculated with 
Vegard's law. The bandgaps E~ were determined from photo- 
luminescence spectra at room temperature .  For  sample N, the  
composi t ion was  measured  just  before  the abrupt change corre- 
sponding to the miscibi l i ty  gap at ~715 ~ 

t ion by the equi l ibrat ing seed and is therefore only 
an artifact of the growth procedure. 

A str iking change in  the morphology of the samples 
occurred when growth was continued below 715~ 
Above this temperature,  the surfaces of the layers 
were shiny but  had a crosshatched appearance. This 
structure,  observed as well in graded GaAsl-~,Sbx, 
layers (7), consists of microscopic ridges and valleys 
aligned along the [110] directions and is believed to 
arise from spatial deposition rate  variat ions originat-  
ing in  misfit dislocation networks. Below 715~ the 
surface became very rough, and a microprobe ana ly-  
sis in the appropriately angle- lapped layer  revealed 
that the composition had changed abrupt ly  dur ing  
growth. Figure  1 shows the measured composition of 
this layer  as a funct ion of distance from the 
GaAsl-x,Sbx, "matching layer" substrate. At 725 ~ 
growth of the qua te rnary  first began with x -- 0 .189 ,  
y : 0.311. The composition remained near ly  constant  
for about  3 #m unt i l  a tempera ture  estimated to be 
about 715~ (given as sample N in  Table I).  Sl ightly 
below this point, the composition jumped to x ~ 0.8, 
y ~ 0.04, indicating the existence of a miscibil i ty gap 
at this tempera ture  under  these conditions of growth. 
The significance of this miscibil i ty gap region is dis- 
cussed later. 

Compositional dependence of the bandgap.--Figure 2 
shows the compositional dependence of the bandgap 
for the data of Table I, in  the form of Eg vs. lattice 
constant  a. The points are the measured values for the 
different samples, and the curves are calculated band-  
gap-latt ice constant  isoconcentration lines. They are 
shown solid in the region where the direct bandgap is 
lowest and dashed in  the region where an indirect  
bandgap has the lowest energy. The dotted curve is 
the boundary  between these two regions. The direct 
bandgap of the qua te rnary  has been approximated by 

Eg(X, y) = Eg(O, O) + Ax + Bx ~ ~- Cy + Dy 2 

+ Exy + Fxy 2 + Gyx 2 [1] 

The direct bandgap variat ions for three of the l imit ing 
ternaries  give Eg(0, 0) -- 1.43, A -- --1.9, B -- 1.2 eV 
for GaAsl-xSbx (7), C = 1.042, D -- 0.468 eV for 
AlyGal-yAs (8), and C + E + G = 1.129, D + F -- 
0.368 eV for AlyGal-ySb (9). The bandgap variation 
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Fig. 1. Composition x, y vs. distance for sample N (grown from 
725 ~ to 710~ obtained by electron microprobe measurements on 
an angle-lopped section. At a distance of 3/~m into the layer, the 
composition jumps abruptly, correspondin 9 to the miscibility gap 
at ,-~715~ 
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for  A1As~-~Sb~ being unknown,  a least  squares  fit of 
the  da ta  was used to de te rmine  E and G separa te ly .  I t  
is c lear  f rom Eq. [1] tha t  this  de te rmina t ion  cannot 
be ve ry  precise  for  a l imi ted  range  of x, but  the  va lues  
obtained f rom the fit give the  resul t  E ~ 1.0 and G 
--0.9 eV so tha t  in eV 

E ~ ( x ,  y )  - -  1.43 - -  1.gx n u 1.2x s -t- 1 .042y  W 0.468y 2 

+ 1.Oxy- O.lXy s - -  0.9xSy [2] 

The dashed curves for  the  indi rec t  bandgap  nea r  the  
Al~Gaz-~Sb l imi t  have  been  es t imated  f rom Ref. (9). 

Q u a t e r n a r y  Phase D i a g r a m  
The A 1 - G a - A s - S b  qua t e rna ry  phase  d i ag ram can be 

calcula ted us ing  the model  and computa t iona l  p ro -  
cedure out l ined  in  Append ix  A, as t aken  f rom the  
work  of I legems and Panish  (10) and Jo rdan  and 
I legems (11). Table  II  l ists the  pa rame te r s  used in the 
calculat ion,  inc luding the t empera tu res  of fusion T F, 
ent ropies  of fusion AS F, and in terac t ion  pa rame te r s  a 
for  t h e  b ina ry  pa i rs  in  the l iquid and /~ for  the  t e r -  
nar ies  in the solid. The in terac t ion  pa rame te r s  aAs-Sb 
a n d  /~GaAs-GaSb were  t aken  f rom previous  work  on the 

Table II. Parameters used in the phase diagram calculation* 

T ~ 5SF ~,~ a 
( ' K )  ( e u / m o l e )  ( e a l / m o l e )  (A)  

A1-As 2043 15.60 -12 .0T  + 600 5.6622 
Ga-As 1511 16.64 -9 ,16T  + 5160 5.65321 
A1-Sb 1338 14.74 - 6000t 6.1355 
Ga-Sb 983 15.80 - 6 . 0 T  + 4700 6.09593 
AI-Ga 104 
AS-Sb - 600$ 
A1As-GaAs O 
AISb-GaSb 0 
ALAs-AISb 4700t 
G a A ~ G a S b  4000t 

* P a r a m e t e r s  include the  t e m p e r a t u r e s  of fus ion T F, en t rop ies  
of  fus ion AS ~, b i n a r y  la t t ice  p a r a m e t e r s  e~, and  the  in t e rac t ion  
p a r a m e t e r s  a fo r  t he  l iquid and  ~ fo r  t he  solid.** Except  as noted ,  
all p a r a m e t e r s  a r e  f r o m  Ref. (13). 

** T he  in t e rac t ion  p a r a m e t e r s  B a r e  r e l a t ed  to ~ s  and  as~ s of 
Appendix A by 

a~2 = X/~AISb-G,Sb + (1 - X)/3AIA,-aaAs 
= y~AIA$-AISb "~ (1 - -  y)~GaAs-G~tSb 

t Present work. 
$ Ref. (7) .  

G a - A s - S b  sys tem over  the  same t empe ra tu r e  range  
s tudied here  (7). The pa rame te r  ;~AZAs-AlSD was obta ined  
from ~GaAs-GaSb by apply ing  the 8 - l a t t i c e -pa rame te r  
model  (12) and scal ing according to (Aa) 2.5. The o ther  
pa rame te r s  have  been t aken  f rom Panish  and I legems 
(13). 
The only parameter not known sufficiently well in 

this temperature range from other sources is ~eAi.Sb. It 
was therefore evaluated by fitting the experimental 
liquidus and solidus data of sample A (Table I) at 
785~ as shown in Fig. 3. A value of aAZ-Sb -" --6000 
cal/mole gives good agreement between calculated and 
measured (sample A) compositions y = 0.397 and XAI I 
---- 3.87 • 10 -3. Note f rom Fig. 3 tha t  y is only  weak ly  
dependent  on t empe ra tu r e  b~tween 785 ~ and 745~ 
This fea ture  could not  be  verified expe r imen ta l l y  be -  
cause of the  A1 deple t ion  a l r eady  discussed. 

A comparison of the  resul ts  of the phase d i ag ram 
calculat ion wi th  the  expe r imen ta l  solidus da ta  of 
Table  I is made  in Fig. 4. The  solid l ines a re  the  cam-  
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Fig. 3. Compositions y in the solid vs. XA11 in the liquid. The 
point corresponds to the measurements on sample A, and the curves 
ore calculated at two different temperatures. 
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Fig. 4. Section of the AI-Go-As-Sb phase diagram showing the 
solidus compositions x vs. y. The points correspond to the data 
of Table I. The dashed curves are obtained with the inclusion of 
strain energy effects. The solid curves are isotherms calculated in 
the strain-free case and are essentially unchanged by the inclu- 
sion of strain effects during continuous growth, as discussed in 
the text. 
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puted isotherms of x vs. y at temperatures  between 
725 ~ and 770~ The calculation follows the trends of 
the exper imental  results: x increases with decreasing 
temperature  for a fixed value of y, and at a given 
temperature  x decreases as y increases. Detailed com- 
parison of the data with the calculated curves shows 
good agreement  over the range 770~ ~ The epilayer 
compositions fall on calculated isotherms about 10~ 
lower than  the final growth temperatures,  bu t  this 
deviat ion is quite small  considering that no param-  
eters were adjusted to specifically fit the exper imental  
solidus points. This 10 ~ difference may in  fact be sig- 
nificant and due to a phenomenon previously observed 
in the Ga-As-Sb  system (7). There, 10 ~ of const i tu-  
t ional supercooling, arising from As-diffusion-l imited 
growth, was observed for the same cooling rate of 
0.6~ 

A str iking discrepancy between the calculated phase 
diagram and the data occurs at temperatures  below 
740~ Sections of the solid curves do not exist in this 
region of Fig. 4 since the calculation predicts a mis-  
cibility gap, with an abrupt  jump in composition 
toward the GaSb limit, as the tempera ture  is lowered. 
The compositional width of the predicted gap is a 
function of temperature:  For exarr~le at 730~ it exists 
for y > 0.2, while at 725~ it should occur for y > 0.1. 
Experimental ly,  however, seven epilayers (samples 
H-N) have been grown below 740 ~ in  this region 
where the phase diagram calculation shows no solid 
solution miscibility. For  instance, for a constant y 
0.3, the miscibil i ty gap has not been observed unt i l  a 
temperature  slightly below 715~ (Fig. 1). No changes 
in either the value of /~A~s-AlSb or the adjustable  pa-  
rameter  aAl-Sb could be made which would shift the 
calculated gap region from 7400 to the observed 715~ 
at y : 0.3 without  causing drastic disagreement wi th  
the known  y ---- 0 te rnary  boundary  (7) or with the 
data measured above 740~ 

Strain Energy Effects 
We propose that this discrepancy can be resolved by  

the inclusion of lattice mismatch strain energy effects 
in the phase diagram calculation (14, 15). The details 
of the calculation are described in  Appendix B. The 
mismatch s t rain energy is proport ional  to (a -- ao) 2, 
where a is the lattice parameter  of the growing layer  
and ao is that of the under ly ing  layer. The contr ibut ion 
of this te rm to the free energy should be especially 
impor tant  in  situations where solid compositions (and 
lattice parameters)  can vary  rapidly dur ing growth, 
as in the region near  a miscibil i ty gap. In  the neighbor-  
hood of such a gap there are two widely different 
compositional ranges of the solid in nea r -equ i l ib r ium 
with the l iquid phase at a given temperature.  With 
lowering temperature,  the crystal tends to grow near  
the composition which minimizes the s t ra in energy 
and thus continues to change composition slowly, 
rather  than  abrupt ly  jump across the miscibil i ty gap. 
At a sufficiently low tempera ture  the s t ra in energy 
term no longer dominates the free energy and a rapid 
change in  composition finally occurs. This phenome-  
non would be observable as an effective reduct ion in 
the miscibil i ty gap temperature,  in  agreement  with 
the exper imental  results. 

To quant i ta t ive ly  include this effect in  the calcula- 
tion, we note that  the s t ra in  energy te rm can be wr i t -  
ten in  the form 

( a - -ao  ) '  
G st : ~ cal mole -1 [3] 

ao 

where ~ is an elastic coefficient dependent  on the ma-  
terial. This term has been included in  the phase dia-  
gram calculation as described in  Appendix B. The cal- 
culat ion was carried out successively at small  tem-  
perature  intervals,  AT = 1 ~ beginning at a tempera-  
ture corresponding to the start  of exper imental  growth. 
At each step, ao was taken as the lattice constant  of 

the composition calculated at the previous step. In  this 
way the composition was calculated s tep-by-s tep for 
each tempera ture  as the crystal grew, accounting for 
the changing lattice parameter  of the under ly ing  ma-  
terial. The tempera ture  intervals  of 1 ~ used in the 
calculation were found to be adequately small  to de- 
scribe the continuous crystal growth. The calculation 
was continued to lower and lower temperatures,  unt i l  
an abrupt  change of composition occurred. For any  
nonzero value of ~, the tempera ture  at which this 
change occurs is lower than the miscibil i ty gap tem- 
perature  in the absence of the s t ra in energy term. 

The value of the elastic coefficient which lowers the 
calculated miscibil i ty gap tempera ture  to the observed 
range near  715~ was found to be r ~ 1 X l0 s cal 
mole -1. The computed results for this value are shown 
by the dashed isotherms in Fig. 4. For the region be- 
low 740 ~ down to 715~ the dashed isotherms are now 
in  good agreement  with the exper imental  data points. 
In  the region of the original solid isotherms, away 
from a miscibil i ty gap, the inclusion of the s t ra in 
energy has a negligible effect. This is because, as 
shown in Appendix B, the magni tude  of the strain 
energy contr ibut ion to the total free energy of mixing 
is, in  general, quite small. The inclusion of the s t ra in 
energy term, therefore, has only a small effect on the 
solid composition, except near  the miscibil i ty gap, 
where a small  change in  the free energy of mixing is 
sufficient to cause a large shift in  the solid composi- 
tion. The magni tude  of the elastic coefficient obtained 
by the above curve-fi t t ing procedure, ~ ,-~ 1 X 105 cal 
mole -1, is close to, bu t  somewhat smaller than, the 
value 6 >< 105 cal mole -1 estimated (Appendix B) 
from the elastic properties of the mater ia l  (16). This 
difference, however, is reasonable in view of the fact 
that the theoretical predict ion should give only an 
upper  l imit  to the s t ra in effects, since it ignores s t ra in-  
rel ieving mechanisms such as interracial  misfit dis- 
locations. 

ConClusions 
We have discussed the l iquid phase epitaxial growth 

of the qua te rnary  mixed crystal AlyGal-yAsl-xSbx 
over a wide range of compositions, 0 < x < 0.2, 0 < y 
< 0.6, at temperatures  between 715 ~ and 785~ An  
abrupt  Change in composition has been observed in 
samples grown through ~715 ~ corresponding to a 
miscibil i ty gap in the solid solution. The ent i re  growth 
region investigated, including the miscibil i ty gap, is 
successfully described by  a phase diagram calculation. 
It was found that s t ra in  energy contributions to the 
free energy of mixing  are required to br ing the cal- 
culated results into agreement  with the exper imental  
data for temperatures  in the region of the miscibil i ty 
gap. Except for the miscibil i ty gap region, the s t ra in 
energy is shown to have a negligible effect on the 
phase diagram of the A1-Ga-As-Sb system. This s train 
energy model should be general ly valid for all I I I -V 
solid solutions, but  it alone cannot explain the strong 
la t t ice-pul l ing effects reported in some of these sys- 
tems (14, 17, 18). 

Manuscript  submit ted Sept. 14, 1977; revised m a n u -  
script received Jan. 27, 1978. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1979 Joum~AL. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 

Publication costs of this article were assisted by Bell 
Laboratories. 

APPENDIX A 
Quaternary Phase Diagram Calculations in the 

Equilibrium (No S~rain) Case 
A general  technique for solving the solid-l iquid 

equi l ibr ium in qua te rnary  systems involving com- 
pound semiconductors forming continuous series of 
solid solutions of the type Au B l - ~  Cv Dl -~  was pre-  
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sented in  Ref. (10-11). (We retain the u, v notat ion 
here to be consistent with ReL (11), and note that  
u -- y and v -- 1 -- x.) Explicit  equi l ibr ium equations 
were obtained s the case where the qua te rnary  solid 
solution may be approximated by a regular  mix ture  of 
the atoms A, B, C, and D subject to the site restric- 
tions of the zinc blende lattice, and where the thermo-  
dynamic properties o~ the qua te rnary  l iquid may be 
approximated through the use of the s imple-solut ion 
model. 

The equi l ibr ium equations between l iquid and solid 
phases are writ ten,  in general  form, in  terms of the 
chemical potentials 

#us : ~il + #jl [A- l ]  
where 

ij : AC, AD, BC, BD 
or, equivalently,  

ij : 13, 14, 23, 24 

for the four b inary  components of the qua te rnary  solid. 
Of the four equations [A-lJ  only three are independ-  
ent because o~ the relat ion 

~18 s q- #24 s : ~14 s -F #23 s [ A - 2 ]  

The chemical potentials of the b inary  components, 
~js, can be expressed in terms of the chemical poten-  
tials of the pure b inary  compounds (superscript o) 
according to 

t~ijs(T) : #ijos(T) /-  RTlnxi~xj s + R T l n , ~  s [A-3] 

where xisxj s is the mole fraction of the b inary  com- 
ponent  ij in  the qua te rnary  solid ( random mixing on 
each sublatt ice) and ~ij s is the corresponding activity 
coefficient. The activity coefficients are obtained by 
part ial  differentiation of the excess free energy of 
mixing, GI~ e 

aGM e 
RT In  7ii s : [A-4] 

O% 

where nij represents the number  of moles of com- 
ponent  ij in  n moles of the qua te rnary  solid (n  : n18 
+ n ~  + n14 + n~.4). 

It  has been shown that  (11) 

1 
GM e : - -  [~12S~1n2 ~- a34s~%3n4 

+.ac s (n~4nm -- nlsn~) ] [A-5] 

where ni represents the number  of moles of component  
i. The quant i t ies  al~ ~ and a~  s are the interact ion pa- 
rameters  for mixing  on the Group III  and Group V 
sublattices, respectively, while a~ s is a combinat ion of 
the interact ion energies between elements residing on 
different sublattices. It can be verified that  the 7~s's 
obey the condition 

RT In [~14sh /23s /~ '13s724  s ]  --" ac s [A-6] 

After  making the appropriate substi tut ions for the 
cheraical potentials in  the four equi l ib r ium equations 
[A- l ] ,  and after combining (10) all terms which de- 
pend on the composition X ~ and parameters  of the 
l iquid phase together in  the quan t i ty  Qij, the equi-  
l ib r ium equations are obtained in  the simple form 

In ~ i j s ~ i s x j  s = Qij; ij : 13, 14, 23, 24 [A-7] 

Again, only three out of the four equations [A-7] are 
l inear ly  independent  in  accordance with the condition 
[A-2]. For  the computer  solution of the phase equi-  
l ibrium, these three independent  equations, rearranged 
in  an equivalent  symmetr ical  form as g~ven in  Ref. 
(10), are solved for u, v, X~ 1 for a given set of input  
values X~ ~, X~, and T using the numer ica l  constants  
listed in  Table II. 

APPENDIX B 

Quaternary Phase Diagram Calculation in the 
Elastic Strain Case 

When the epitaxial  layer  is elastically strained such 
that  its lattice constant  a is made to conform to the 
lattice constant  ao of the under ly ing  layer, there is 
an addit ional  s t ra in contr ibut ion to the total excess 
free energy of mixing  

GMe, total __= GM e ~_ GMSt [B- l ]  

The lattice constant of the qua te rnary  solid is given 
by Vegard's law 

a = uv a13 + u(1 -- v)al4 + (1 -- u)va~ 

+ ( 1 - -  u) ( 1 - -  v) a24 [B-2] 

Where the aij are the lattice constants of the b inary  
compounds ij, given in  Table II, and u = y and v = 
1 - - x .  

The strain, energy contribution,  evaluated per mole 
of epitaxial layer growth, can be estimated from the 
expressions given Dy Jesser and Kuh lmann-Wi l sdor f  
(15) 

( a - - n o ) 2  
GM st -'- r - -  [B-3] 

ao 
with 

1- t -v  
: 2C Vm [B-4] 

1 - - v  

where C is the interfacial  shear modulus of the layer  
[C : 1/2c44 for growth on the (100) plane],  v the 
Poisson ratio, and Vm its molar  volume. In  these equa-  
tions it is assumed that the thickness of the epitaxial  
layer  is much smaller  than that  of the under ly ing  
layer so that  the s t ra in energy contr ibut ion from this 
under ly ing  layer can be neglected. 

To quant i ta t ively  include the effects of s t ra in in 
the phase diagram calculation we evaluate the activity 
coefficients 7i; s in the solid solution, as in  [A-4] 

a 
RT In "/ij s = (GM e -I- GM st) [ B - 5 ]  

Oni] 

For the s t ra in contr ibut ion (superscript st),  one ob- 
tains 

RTln~[ijs,st: 0 [ ( a - - a ~  �9 - a [B-B] 
Onij ao 

Finally,  after differentiation 

RT In 7ij s,st : - -  (a -- no) (2aij -- a -- no) [B-7] 
ao 2 

In  order for the 7ijs,st's to satisfy condit ion [A-6], 
it is required that  

9/13s,st'F24s,st/(~,14s,st723 s,st) = 1 [B-8] 

or after subst i tut ion that  

ala + a24 : a14 + a23 [B-9] 

In  general, an exact equal i ty  is not expected in [B-9], 
in  view of the approximate formalism used to ex-  
press GM st. In  the A1GaAsSb system, however, ala 
az3, and a14 ~ a~, so that  the relat ion [B-9] is closely 
satisfied. Therefore, in the computer  calculation, which 
requires [B-9] to be an exact equality, the lattice con- 
stant  values used in  the evaluat ion of 7ij st [B-7] were 
replaced by average values: ala and a28 by (ala -F 
a2~)/2, a14 and a24 by (a14 -F a24)/2. 

An order of magni tude  estimate of the s t ra in con- 
t r ibut ion can be made taking the following values 
(16) to be representat ive of the AluGal -uAsvSbl -v  
qua te rnary  wi th  u ~ 0.3, v ~ 0.8, and T ,-~ 1000~ 

~ , =  0.3 
C44 : 5.1 • 10 il dynes cm -2 

--  1.22 • 104 cal cm -3 
Vm = 28.6 cm 8 mole -1 

which yields 
,~ 6 X 105 ca lmole  -1 

Since the ma x i mum lattice mismatch which can be 
elastically accommodated without  the generat ion of 
mismatch dislocations is expected to be well  below 1%, 
the ma x i mum strain energy contr ibut ion to the free 
energy of mixing  is, from [B-3] 

GM st ~<~  60 cal mole -1 

This value should be compared with the excess free 
energy of mixing in  the absence of strain, evaluated 
using [A-5] and the parameters  of Table II  
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GM e ~ 660 cal/mole 

Therefore, GM st < ~  GM e, so that this strain energy 
contribution generally will have only a minor effect 
on the equilibrium solid composition. In cases near a 
miscibility gap, however, such a small change in 
GM e't~ may lead to large shifts in solid composition. 
These conclusions are verified by the detailed cal- 
culations carried out for the AluGal-uAs~Sbl-v system 
as discussed in the text. 
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ABSTRACT 

A survey of the anedic electrochemistry of a number of ortho- and meta- 
substituted anilines in 6N H2SO4 at carbon paste and graphite cloth electrodes 
has been carried out. It was found that the electrogenerated cation radicals 
decompose to form the correspondingly substituted benzidines and 4-aminodi- 
.phenylamines by ta i l - to- ta i l  and head-to- ta i l  coupling routes, respectively, 
m agreement with previous studies. Steric restraints hinder or exclude benzi- 
dine formation in some systems. The 4-aminodiphenylamines undergo hydro-  
lytic degradation by different routes for the ortho- and meta-substituted de- 
rivatives, but in both cases 2-substituted p-benzoquinones are the end product. 
The quinones with electron-withdrawing substituents undergo a 1,4-addition 
of water to form substituted tr ihydroxybenzene derivatives which are also 
electroactive. Products and intermediates formed were verified, where possible, 
by comparison with authentic samples. Preparat ive-scale electrolyses resulted 
in substantial yields of some of the substituted p-benzoquinones of a mag- 
nitude comparable with chemical oxidations. A reaction mechanism is pro-  
posed which is consistent with the electroanalytical data and products formed 
for the series of compounds. 

Recent articles have contributed significantly to our 
understanding of the decomposition pathways of ring- 
substituted anilines. Bacon and Adams have found 
that para-substituted anilines couple head-to- ta i l  to 
form the corresponding diphenylamines and that ani- 
line and o-toluidine couple head-to- ta i l  and ta i l - to-  
tail to form the corresponding diphenylamines and 
benzidines in a pH-dependent  process (1). Wawzonek 
and McIntyre have shown that aniline and a number 
of r ing-substi tuted anilines couple head-to-head to 
form hydrazo compounds in acetonitrile with pyridine 
(2) and in aqueous alkaline solutions (3). These 
various coupling reactions are summarized below 

Aqueous, 
strong acid X = H ~ H2N NH2 

NHz 

X 

acid, neutral 
x: H, cJ, ocH3, ~ x NN2 
OCH2CH 3, COOH, 
CN, NO2 

Aqueous, strong base 
MeCN/pyrld}ne > X ~ N = N ~ X  

The reaction mechanism proposed by Bacon and 
Adams involved cation radical coupling reactions (or, 
alternatively, in view of considerable circumstantial 
but no conclusive evidence as to the existence of 
these cation radicals, a dication-parent aniline cou- 
pling reaction) to form the benzidines and diphenyl-  
amines. The reaction mechanism did not appear  to 
account for the observed pH dependence of the 
benzidine-to-diphenylamine ratio in the aniline and 
o-toluidine systems. 

* Electrochemical  Soc ie ty  Act ive  Member.  
I Presen~ address:  Al l ied  Chemical  Corporation,  Idaho Falls ,  

Idaho 8344)1. 
Key words:  organic,  e lectrode,  EPR, vo l tammetry .  

Wawzonek and McIntyre proposed initial generation 
of the cation radical via a one-electron oxidation. The 
cation radical was subsequently deprotonated (pyri-  
dine as the base in MeCN/pyridine and the parent 
aniline as the base in MeCN) to give the neutral  free 
radical. The neutral free radicals then coupled to form 
diphenylamines and hydrazo compounds which were 
further oxidized. The diphenylamine-to-hydrazoben- 
zene ratio was reportedly controlled by the ring sub- 
stituent present though no general conclusions as to 
substituent effects were presented or evident. 

A later study of N-alkylanil ines in MeCN and aque- 
ous solutions again demonstrated the formation of 
diphenylamines and benzidines (4). The diphenyl-  
amine-to-benzidine ratio was observed to increase 
with decreasing bulk of the alkyl substituent, increas- 
ing pH, increasing parent  concentration, and decreas- 
ing current density. To explain these observations, two 
discrete decomposition pathways were proposed for 
the electrogenerated aniline cation radicals. N-r ing 
coupling of a neutral free radical and parent  amine to 
give diphenylamines was proposed when the cation 
radical - to-parent  ratio was low (low curent density, 
high parent concentration) and deprotonation of the 
cation radical was facilitated (increasing pH). Direct 
coupling of cation radicals was proposed when t h e  
cation radical- to-parent  ratio was high (high current 
density, low parent concentration) and solution con- 
ditions were not conducive to deprotonation (low pH). 
The reaction mechanism is somewhat speculative but 
did account for the observed product distributions as 
a function of solution conditions. 

In an effort to relate these studies more clearly and 
to provide additional insight into the reaction mecha- 
nism through observations of steric and electronic 
ring substituent effects, we have investigated the elec- 
trochemistry of a series of ortho- and meta-substituted 
anilines in strong acid solution. The results of this 
study are reported herein. 

Experimental 
Solvents, supporting electrolytes, and reagents.mAll 

aqueous solutions were prepared from doubly distilled 
water and reagent grade H2SO4 or standard buffer r e -  

1059 



1060 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  July 1978 

agents, o -N,N-d imethy laminoan i l ine  hydroch lor ide  
(Eas tman) ,  o -pheny lened iamine  d ihydrochlor ide  
(Eas tman) ,  o -me thoxyan i l ine  (Eas tman) ,  o -me thy l -  
anil ine (Eas tman) ,  o-f luoroanil ine (Aldr ich) ,  o -ch loro-  
anil ine (Aldr ich) ,  o -bromoani i ine  (Columbia  Organic 
Chemicals) ,  o - iodoani l ine  (Aldr ich) ,  o -ace ty lan i l ine  
(Aldr ich) ,  e thyl  an th ran i la te  (Eas tman) ,  o- t r i f luoro-  
methy lan i l ine  (Maumee Chemical  Corpo ra t i on ) ,  and 
o-cyanoani l ine  (Aldr ich)  were  obta ined  commerc ia l ly  
and used wi thout  fu r the r ' pu r i f i ca t ion ,  o -Ni t roani l ine  
(Eas tman)  was obtained commerc ia l ly  and purified 
by  column chromatography .  2 -Aminobipheny l  was ob-  
ta ined  f rom Aldr ich  and purif ied by  benzene /a lumina  
(Woelm) ch romatography  and recrys ta l l iza t ion  from 
benzene/e thanol ,  m-N,N-d ime thy laminoan i l i ne  hyd ro -  
chloride (Eas tman) ,  m-me thoxyan i l i ne  (Aldr ich) ,  
m-ch loroan i l ine  (Aldr ich) ,  m-b romoan i l i ne  (Mathe-  
son, Coleman and Bel l ) ,  m- iodoani l ine  (Aldr ich) ,  
m- t r i f luoromethy lan i l ine  (Maumee Chemical  Corpo-  
ra t ion) ,  m-cyanoan i l ine  (Aldr ich) ,  and m-n i t roan i l ine  
(Eas tman)  w e r e  obta ined  commerc ia l ly  and used as 
received.  3 ,3 ' -Dimethoxybenzidine  (Aldr ich) ,  3,3 '-di-  
methylbenz id ine  ( E a s t m a n ) ,  and 3,3 ' -dichlorobenzi-  
dine (K and K) were  obta ined commerc ia l ly  and 
purified by  recrysta l l izat ion.  3,3"-Dinitrobenzidine was 
p repa red  by  a s t andard  method  (5), as were  2,2 '-di-  
chloroazobenzene and 3,3 ' -dichloroazobenzene (6). 
2,2 '-Dicyanoazo benzene and 2,2 ' -dini t roazobenzene 
were  p repa red  by  a hypochlor i t e  oxidat ion  of the  cor-  
responding anil ines in  neu t ra l  aqueous med ia  (7). 
Hydroquinone  (Aldr ich) ,  2 -methy lhydroqu inone  (Al-  
dr ich) ,  2 -chlorohydroquinone  (Pfal tz  and Bauer ) ,  
2 -bromohydroquinone  (Pfal tz  and Bauer ) ,  and cate-  
chol (Aldr ich)  were  obta ined  commerc ia l ly  and used 
wi thout  fu r the r  purification. 2 -Ni t rohydroquinone  was 
p repa red  by  a s tandard  l i t e r a tu re  method (8), as was 
the 2 -me thoxyhydroqu inone  (9). E thy l -2 ,5 -d ihydroxy-  
an th ran i la te  was p repa red  by  esterif icat ion of 2,5-di- 
hydroxybenzoic  acid (Pfal tz  and  Bauer ) ,  4 -Amino-3-  
methy lphenol  and 4 -amino-2 -me thy lpheno l  were  ob-  
ta ined  commerc ia l ly  (Eas tman)  and used wi thout  fu r -  
ther  purification. Al l  other  mate r ia l s  were  reagen t  
grade and used wi thout  fu r the r  purification.  

Instruments, cells, and electrodes.wThe ins t rument  
used for the  e lec t roanaly t ica l  s tudies was a s tandard  
opera t ional  ampl i f ie r -based  potent ios ta t -amperos ta~  
employing a th ree -e lec t rode  configuration. Cur ren t -  
vol tage and cu r r en t - t ime  curves were  moni tored  wi th  
a H e w l e t t - P a c k a r d  7030 X - u  recorder .  Coulometr ic  
n -va lues  were  obta ined wi th  a Wenking  68~R 0.5 
fas t - r i se  potent ios ta t  equipped wi th  a digi ta l  i n t eg ra -  
t ion system. P repa ra t ive  electrolyses  were  effected 
with  a "home-bu i l t "  •  ~-2.5A potent ios ta t  (10). 

Electro analytical studies.hThe e lec t roana ly t ica l  ex-  
per iments  were  conducted in  a one -compar tmen t  cell  
containing a carbon paste  work ing  electrode,  p l a t i num 
wire  aux i l i a ry  electrode,  and aqueous SCE re~erence 
electrode. The carbon paste  was p repa red  by  mixing  
4g of powdered  graph i te  (Ul t ra  Caroon Corporation,  
~r Lot  989-2) and 6 ml  of Nujol  mine ra l  o11. 
A new carbon paste  surface was p repa red  for each 
ind iv idua l  aqueous e lec t roana ly t ica l  exper iment .  

In  the ch ronoamperomet ry  exper iments ,  the  in i t ia l  
potent ia ls  were  a lways  at  least  200 mV cathodic of the 
peak  potent ia ls  of the subs t i tu ted  anil ines and the 
final potent ia ls  were  at  least  100 m.V anodic of the  
peak  potent ia ls  unless o therwise  stated. 

Coulometr ic  n -va lues  were  obta ined in a two-com-  
pa r tmen t  cell  using a carbon rod aux i l i a ry  electrode,  a 
carbon cloth work ing  electrode,  and a SCE reference  
electrode.  The work ing  and aux i l i a ry  compar tments  
were  separa ted  by  a porous s intered glass frit.  The 
coulometry  exper iments  were  t e rmina ted  when the 
electrolysis  cur ren t  was 1% of the  ini t ia l  cur ren t  or 
when a s t eady-s t a t e  cur ren t  was reached ( typ ica l ly  
1-5% of the  in i t ia l  current)~ Background correct ions 

were  obtained by  e lect rolyzing the appropr i a t e  solvent  
and suppor t ing e lec t ro ly te  for var ious  t imes at  the  ap-  
p ropr i a t e  potential .  In  al l  cases oxidat ion  potent ia ls  
were  at  least  100 mV anodic of the  pa ren t  peak  po-  
tential.  A typica l  cou lomet ry  expe r imen t  involved the 
oxidat ion o~ app rox ima te ly  o0 mg of subst i tu ted ani l ine  
in 50 ml of 6N H2SO4. Typical  in i t ia l  cur rents  were  
250 mA and typical  final cur rents  were  2.5 mA. 

Preparative eIectroIyses.--Preparative electrolyses 
were  conducted in a t w o - c o m p a r t m e n t  cell using a 
carbon rod aux i l i a ry  electrode,  a carDon cloth work ing  
electrode backed by  a p l a t inum foil  (10 • 20 cm) ,  
and a SCE reference  electrode.  The cells were  400 and 
600 ml beakers  and the aux i l i a ry  and work ing  com- 
pa r tmen t s  were  separa ted  by  a porous ceramic cup 
(25 mm diam, 76 m m  he ight ) ,  Coors Model  No. 70001. 
Electr ical  contact  to the  work ing  e lec t rode  was made 
at  severa l  points  to avoid local potent ia l  gradients .  
Oxidat ion  potent ia ls  were  at  least  100 mV anodic of 
pa ren t  peak  potent ials ,  and electrolyses  were  t e rmi -  
na.ted when a low s teady-s ta te  cur ren t  was reached.  
A typica l  p r e p a r a t i v e  e lectrolysis  involved the ox ida-  
t ion of lg  of subs t i tu ted  ani l ine  in 300 ml  of 6N H2SO4. 
Typical  in i t ia l  cur rents  were  2.5A and typica l  final 
cur rents  were  f rom 25-100 mA. Electrolysis  t imes were  
usua l ly  on the order  of 1 hr. 

Preparative chemical oxidations.--Chemical oxida-  
tions were  pe r fo rmed  under  the same solut ion con- 
dit ions as the  e lec t rochemical  oxidations,  i.e., l g  of 
subs t i tu ted  ani l ine  in 300 ml  6N H2SO4. (NH4)2- 
Ce(i~O~)6 and Ce(SO4)2 were  used as chemical  oxi -  
dants. The chemical  ox idant  was added  in excess or 
unt i l  the d isappearance  of the  pa ren t  ani l ine  peak  in 
cyclic vo l t ammograms  of the solution was observed.  

Product isolation.--Following elect rochemical  re -  
duct ion at  0.2V the 6N H2SO4 electrolysis  solut ions 
were  ex t rac ted  severa l  t imes wi th  benzene. The solu-  
t ion pH was then  ra ised to pH 2-3 wi th  Na2SO3 and 
the benzene ext rac t ions  were  repeated.  Ext rac t ions  
were  again  repea ted  at  p H  4-5, pH 7-8, and pH 10-1I. 
Re la t ive ly  smal l  amounts  of reasonably  pure  sub-  
s t i tu ted  hydroquinones  were  isola ted ~rom the 6N 
H2SO4 extracts.  P rom p H  2-3 to pH 7-8 subs t i tu ted  
hydroquinones,  increas ing quant i t ies  of subs t i tu ted  
benzidines,  increas ing quant i t ies  of ani l ine "polymers ,"  
and any remain ing  unoxidized pa ren t  ani l ine  were  
isolated. At  p~I lo-11, only  unident if ied in t rac table ,  
h ighly  colored "tars"  or  "polymers"  and smal l  amounts  
of subs t i tu ted  benzidines were  isolated. The benzene 
extracts  were  concentra ted and chromatographed  on 
neu t ra l  alumina.  Unoxidized anil ines were  e lu ted  wi th  
benzene, benzidines,  and then hydroquinones  wi th  
CHCI~ and hydroquinones  and po lymers  wi th  acetone. 

Results 
The e lec t rochemis t ry  of these compounds in  6N 

I-I2804 can be b road ly  character ized as involving cou- 
pl ing react ions  fol lowed by  a series of hydro lys i s  and 
subst i tut ion steps; the s fo rmed cat ion radica ls  
couple t a i l - t o - t a i l  a n d / o r  h e a d - t o - t a i l  to form sub-  
s t i tu ted benzidines a n d / o r  d iphenylamines .  The benzi-  
dines are  oxidized onto chemical ly  iner t  dicat ions 
for an over -a l l  two-e lec t ron  process. The d ipheny l -  
amines are  also oxidized to the  dicat ion state,  but  
these dicat ions undergo two succesive hydro lys i s  steps 
to genera te  a molecule  of the pa ren t  ani l ine  and one 
of the correspondingly  subs t i tu ted  p-benzoquinone,  an  
over -a l l  process involving four  e lect rons  pe r  pa ren t  
anil ine molecule.  In  some cases, the  2-subs t i tu ted  
benzoquinones undergo a 1,4-addit ion reac t ion  to gen-  
era te  a subs t i tu ted  t r ihydroxybenzene ,  which can 
then undergo an addi t ional  two-e lec t ron  step, leading  
to a m a x i m u m  n -va lue  of 6. The resul ts  and discus-  
sion given below i l lus t ra te  how and why  these proc-  
esses can be corre la ted  wi th  the  var ious  subst i tuents  
in the ortho- and meta-substituted anil ines studied.  
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Table I. Electroanalytical data for ortho- and meta-substituted 
anilines in 6N H2S04 

Conl- 
p o u n d  E p l 2  �9 iplV1/~-C b n it~l~lCo n Coul-n~ 

o-NH~ i 41.3-40.5 1.92-1.88 ~ 65.3-49.1 2.16,1.64 2.32 
o-NMe2 0.79 32.9-31.5 1.53-1.47 D 66.7-61.2 2 23-2.04 2.25 
o-OMe 0.79 39.9-38.1 1.86-1.77 R 59.6-55.0 1.99-1.83 2.48 
o-Phenyl  0.92 43.7-42.8 2.'03-1.99 R 91.3-74.9 3.04-2,50 2,83 
o-Me 0.90 51.2-2.49 2.33-2.29 R 78.4-66.7 2.61-2.22 3.20 
o-i-Propyl 0.89 43.1-41.4 2.01-1.93 R 69.5-60.2 2.32-2.01 3.04 
o-F 0.97 50.7-47.9 2.36-2.231{ 75.7-62 5 2.52-2.08 3.02 
o-C1 0.96 43.8-42.7 2.04-1.993 82.6-75.2 2.75-2.51 2.82 
o-Br 0.97 44.643.2 2.07-2.01~ 102-77.6 3.40-2 59 2.90 
o-I 0.95 39.7-38.6 1.35-1.803 99.4-78.1 3.31-2.60 3.05 
o-COMe 1.01 52.5-47.7 2.44-2.22 D 151-111 5.02-3.71 3.65 
o-COOEt 1.00 54.6,48.7 2.54-2.26 D 156,107 5.01-3.58 3.94 
o-CFs 1.06 58.8-52.1 2.74-4.421 126-84.0 4.19-3.02 3.67 
o-CN~ 1.02 63.4 2.95 138-107 4.58-3.55 4.08 
o-NO~ 1.07 90.5-83.4 4.21-&88 D 133-128 4.42-4.26 4.19 
m-NMe~ 0.90 26.4-20.6 1.24-0.97 D 76.5-58.1 2.55-1.94 4.54 
m . O M e  0.90 44.9-40.9 2.09-1.86 D 86.4-81.1 2 88-2.70 3.53 
m-Me 0.92 51.2-47.6 2.38-2.21D 99.0-76.5 3.30-2~55 3.80 
m-F 1.01 53.6,50.8 2.49-2.36~ 158-115 5.25-3.82 4.58 
m-C1 1.01 52.8-51.2 2.46-2.38 R 134-114 4.48-3.79 4.08 ~ 
m-Br  1.00 56.6-50.2 2.63-2.331 122-113 4.06,3.78 2.98 f 
m-I  0.97 52.5-47.6 2.44-2.211 96.3-85.3 3.21-2.84 2.99f 
m-CFs 1.08 55.9-50.7 2.60-2.361 116,84.5 3.86,2.82 221 ~ 
m-CN 1.12 56.1-54.4 2.61-2.54 R 102-85.4 3.40-2.84 2.20~.g 
m-NO~ 1.12 54.4-43.3 2.53-2.48 R s 3.07-2.86 2.48~.g 
Model  43.0 h 2.00 h 60.O h 2.00 h 

R R a n d o m  va r i a t i on  of data .  
D P e a k  c u r r e n t  quo t i en t  d e c r e a s e s  as  scan r a t e  increases .  

P e a k  c u r r e n t  quo t i en t  i n c r e a s e s  a s  s c a n  r a t e  increases .  
a In  vol ts  vs. SCE. 
b Data  t aken  f r o m  l inear-scan c h r o n o a m p e r o m e t r y  curves .  Scan 

r a t e s  w e r e  va r i ed  f r o m  2 to 25 V/rain .  
Da ta  t a k e n  f r o m  c h r o n o a m p e r o m e t r i c  c u r r e n t - t i m e  curves .  In  

all cases va lues  i nc reased  wi th  increas ing  t ime.  
d D a t a  t a k e n  f r o m  cont ro l led-poten t ia l  exhaus t ive  electrolyses .  
e Seve re  fi lming, da ta  f r o m  single scan r a t e  of 2 V/ra in .  

E lec t rode  f i lming was  obse rved  in these  systems.  
g B a c k g r o u n d  l imit  of 1.2V p r e v e n t s  exhaus t ive  electrolysis .  
h A v e r a g e d  da t a  t a k e n  f r o m  h y d r o q u i n o n e  and 2-methylhydro-  

qu inone  and  used  fo r  compar i son  as a mode l  two-e lec t ron  sys tem.  
i T w o  poor ly  defined anodm waves ,  E p / 2  a p p r o x i m a t e l y  0.65 and 

0.82. 

The electroanalytical data for the ortho- and recta- 
anilines in 6N H2SO4 are shown in Table I. The elec- 
troanalytical data for two model two-electron com- 
pounds, hydroquinone and 2-methylhydroquinone, 
were averaged and used as a basis for comparison. 
Electrode filming was encountered in long-term ex- 
periments for all but the electron-donating substitu- 
ents and signs of filming are evident in voltammo- 
grams of many of the substituted anilines. The extent 
to which filming affected the electroanalytical data is 
unknown, although the data presented in Table I are 
easily reproducible within the ___5% normally a t t r ib-  
uted to the reproducibil i ty of the carbon paste elec- 
trode surface. The onset of large background currents 
begins at 1.2V (vs. SCE) and therefore the maximum 
potential used for chronoamperometry and coulometry 
experiments was 1.2V. This limit resulted in chrono- 
amperometry and coulometry experiments being per-  
formed 80 mV anodic of the peak potential in the meta- 
trifluoromethylaniline and ortho-nitroaniline systems 
and 20 mV anodic of the peak potentials in the meta- 
cyanoaniline and meta-nitroaniline systems. 

The peak current data for the anilines generally in- 
dicate an n-value of near two at short times with a 
gradual increase as the ring substituent becomes more 
electron withdrawing. The n-value of two is consistent 
with the initial formation of benzidines and diphenyl-  
amines via a fast ECE process (4). 

The chronoamperometric data are more sensitive to 
changes in n-values caused by the hydrolysis reactions 
in these systems due to the 1-10 sec time gate avail- 
able. The chronoamperometric data in Table I reflect 
the relative amounts of benzidine and diphenylamine 
formed from the parent aniline. The n-values increase 
from near two for the electron-donating groups to 
over five for the electron-withdrawing groups. This 
trend reflects the increase in dephenylamine formation 
as the ortho substituent becomes more electron with- 
drawing, the decomposition of the diphenylamines, and 
the decomposition reaction of the quinones. The higher 

n-values for the corresponding recta-anilines reflect 
the increased diphenylamine formation in the meta 
systems. The low n-values for ~eta- t r i f luoromethyl- ,  
meta-cyano- and meta-nitroaniline reflect incomplete 
oxidation due to the + 1.2V background limit and film- 
ing. Filming could also be a factor for ortho-chloro- 
through ortho-nitroaniline and meta-chloro through 
meta-iodoaniline, as filming was observed in the 
longer term experiments in these systems. 

The coulometric data indicate the long-term be- 
havior of these systems. Again, the n-values increase 
as the ring substituent becomes more electron with- 
drawing, reflecting the increased diphenylamine for- 
mation and ensuing follow-up reactions. The higher 
n-values for the corresponding recta-anilines again 
reflect the increased diphenylamine formation in the 
meta systems. Incomplete electrolysis due to filming 
and/or  background limitations were observed for 
meta-chloro through meta-nitroaniline. Filming could 
also be a factor in the ortho-chloro- throug h ortho- 
nitroaniline systems. 

Following is a brief treatment of the various groups 
of compounds studied that could be lumped together 
as a result of similar electrochemical behavior. These 
data are critical to understanding the rationalizations 
forwarded in the Discussion section. 

o-Phenylenediamine, o-N,N-dimethylaminoaniline, 
m-N,N-dimethylaminoaniline.--The cyclic voltammo- 
grams and electroanalytical data for the phenylene- 
diamines indicate behavior markedly  different from 
the remainder of the ortho- and recta-substituted ani- 
lines. The decomposition pathways for the phenylene- 
diamines were not pursued. 

o-Methoxyaniline, m-methoxyaniline, o-methylani- 
line, m-methylaniline, o-isopropylaniline, and o- 
phenylaniline.--The ortho compounds in this group ex- 
hibited nearly identical behavior on cyclic voltammo- 
grams, an example of which is shown in Fig. 1 for the 
methoxy derivative. The couple labeled " r '  is assigned 
to the 2-substituted quinone/hydroquinone couple 
which can be generated by successive hydrolyses of 
the 2' ,3-disubstituted-4-aminodiphenylamines and 
the 2,3'-disubstituted-4-aminodiphenylamines resulting 
from head-to-tai l  coupling in the ortho- and recta- 
aniline systems, respectively 

NH~ NH 2 O NHZ NHz 

NH NH 

ON 

OH 

These quinone/hydroquinone couples were identified 
by matching of cyclic voltammograms (Fig. 1) and 
ESR spectra, in the case of the methyl derivative, with 
authentic samples. 

The couples labeled "2" are assigned to the substituted 
4-aminodiphenylamines generated by head-to- ta i l  
coupling or an intermediate in the two-step hydrolysis 
reaction which generates the 2-substituted quinone 
(see the Discussion section). Some uncertainty exists 
as to the identity of this couple as it was not possible 
to isolate the compounds responsible for it; compari-  
sons with authentic samples were not possible as the 
compounds which could be responsible for this couple 
are not commercially available and their preparations 
would be difficult and time-consuming, since the 
aminodiphenylamines are easily air  oxidized. 

The couple labeled "3" in Fig. 1 was assigned to 
the 3,3'-disubstituted benzidines generated by ta i l - to-  
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Fig. 1. Cycl|c voltammograms in 6N H2SO4 at carbon paste. 
Curve A, i.1 X 10 -3M o-methoxyaniline, sweep rate = 50 mV/  
sec; curve B, same, sweep rate = 450 mY/sec; curve C, o- 
methoxyhydroquinone; curve D, 3,3'-dimethoxybenzidine. 

tail coupling; this assignment was confirmed by match- 
ing of cyclic voltammograms (Fig. 1) and optical 
spectra of products isolated from mass electrolyses 
with authentic samples. The 3,3'-disubstituted ben- 
zidines, the substituted 4-aminodiphenylamines (or 
intermediates) and the 2-substituted hydroquinones 
are clearly visible on cyclic voltammograms and the 
quinone-to-diphenylamine ratio clearly increases as 
the scan rate is decreased. The short time gate (peak 
current) n-value of approximately two is consistent 
with the formation of benzidines and diphenylamines 
via a fast ECE process and hydrolysis of the diphenyl- 
amines (or intermediates). The benzidine/diphenyl- 
amine ratio is also affected by steric considerations; in 
going from methyl to isopropyl to phenyl as the ortho 
substituent the relative amount of benzidine increases 
due to the steric crowding involved in diphenylamine 
formation with a bulky ortho substituent. In addition, 
the diphenylamine in the phenyl system appears to be 
more stable than that in the methyl analog, due, pre- 
sumably, to the steric effect on the hydrolysis rate of 
the central nitrogen. 

Numerous preparative-scale mass electrolyses were 
performed on ortho-methoxy- and ortho-methylani- 
line. The n-values resulting from these electrolyses 
were slightly higher (2.9 vs. 2.48 and 3.4 vs. 3.20) than 
those obtained in the coulometry experiments. The n- 
values resulting from the reduction of the oxidized 
preparative-scale electrolysis solutions were 0.6 for 
ortho-methoxyaniline and 1.2 for ortho-methylaniline. 
Both reduction n-values are lower than would be ex- 
pected, indicating formation of electroinactive species, 
i.e., tars and polymers. Large amounts of an insoluble 
precipitate, reminiscent of those obtained in aniline 
electrolyses, were obtained in the ortho-methoxyani- 

line oxidations. Crude yields of isolable product aver- 
aging 25% for ortho-methoxyaniline and 40% for 
ortho-methylaniline were obtained from the electroly- 
sis solutions according to the work-up procedure de- 
scribed in the Experimental section; no attempts were 
made to maximize the product yields. The crude prod- 
ucts were purified according to the procedure in the 
Experimental section. Interestingly, chemical oxida- 
tion of o-methylaniline produced only 2-methylhydro- 
quinone in an approximately 40% yield. 

The cyclic voltammograms of meta-methoxyaniline 
indicate that the major product is the diphenylamine 
or intermediate, as shown in Fig. 2. In addition, two 
small couples are visible anodic of the diphenylamine 
couple; the less anodic corresponds in potential to the 
p-p-benzidine for this system and the minor redox pair 
(arrows) could be due to the o-p-benzidine, although 
the latter assignment is purely speculative. The cyclic 
voltammograms of meta-methylaniline (Fig. 2) show 
only the single product identified as the diphenylamine 
or intermediate. The higher n-values obtained in the 
electroanalytical experiments for recta-methyl- and 
meta-methoxyaniline reflect the increased diphenyl- 
amine formation (and subsequent hydrolysis reac- 
tions) over their ortho analogs. Preparative-scale mass 
electrolyses for these two compounds were similar to 
those for ortho-methyl- and o~ho-methoxyaniline. 
Forward n-values were slightly above those ebtained 
from coulometric determinations and reverse n-values 
were 0.8 for meta-methylaniline and 0.4 for meta- 
methoxyaniline, again indicating formation of electro- 
inactive species. Cyclic voltammograms following mass 
electrolysis indicated that the major product for meta- 
methoxyaniline was the same product obtained in the 
coulometry experiments. The product has not been 

ianodic 
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I L I , I , 
+ 0 . 8  + 0 . 4  O.O 

E, volts vs. SgE 
Fig. 2. Cyclic voltammograms in 6N H2SO4 at carbon paste. 

Curve A, 2.12 X 10 -3M m-methoxyaniline, sweep rate ~ 100 
mV/sec; curve B, 1.18 X 1 0 - 3 M  m-methyaniline, sweep rate 
150mV]sec. 
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positively identified but is presumed to be 2-methoxy- 
para-aminophenol. Cyclic voltammograms of meta- 
methylaniline following mass electrolyses indicate the 
final[ product in this system is 2-methylhydroquinone, 
whereas 2-methyl-para-aminophenol was found to be 
produced in the short coulometry experiments. This 
result is consistent with the known slow hydrolysis of 
2-methyl-para-aminophenol to 2-methylhydroquinone 
( I i ) .  

In addition to the products .identified and identifi- 
cation methods described in the above discussions, 
cyclic voltammograms of authentic samples of 2- 
methylhydroquinone, 2-phenylhydroquinone, and 3,3'- 
dimethylbenzidine matched product couPles in voltam- 
mograms of their respective amines. 

o-Fluoroaniline, o-chloroaniline, o-bromoaniline, o- 
iodoaniline, m-fluoroaniline, m-chloroaniline, m-bro- 
moaniline, and ~-iodoaniline.--The ortho-substituted 
compounds in this group exhibited nearly identical be- 
havior on cyclic voltammograms. The 3,3'-disubstituted 
benzidines, substituted 4-aminodiphenylamines (or in- 
termediates), and 2-substituted hydroquinones are 
clearly visible in the voltammograms and the quinone- 
to-diphenylamine ratio increases as the scan rate de- 
creases as shown in ~ ig. 3. The cyclic voltammograms 
of the meta-substituted compounds show little varia- 
tion with scan rate and, with the exception of m-fluoro- 
aniline, show only the single product couple identified 
as the diphenylamine or intermediate. The second prod- 
uct couple in the meta-fluoroaniline voltammogram 
corresponds in potential to that which would be ex- 
pected for the 2,2'-disubstituted benzidine. The similar 
behavior of the ortho compounds, and the similar be- 
havior of the meta compounds lead to the conclusion 
that there is little difference between the electronic 

2 1 
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Fig. 3. Cyclic voltammograms in 6N H2S04 at carbon paste, 
2.86 X 10-3M o-chloroaniline. Curve A, sweep rate = 17 mY/ 
sec; curve B, sweep rate : 100 mV/sec; curve C: sweep rote 
= 583 mV/sec. 

effects of the various halogens, and the absence of the 
2,2'-disubstituted benzidines in the meta-chloro-, meta- 
bromo-, and meta-iodoaniline systems is, therefore, 
attributed to steric effects. 

The higher short time-gate n-values reflect the in- 
creased diphenylamine formation for the ~ t a  com- 
pounds and the increased hydrolysis rates of the di- 
phenylamines in both the ortho and meta systems due 
to the electronegative halogen substituents. The higher 
long time-gate n-values for the recta-substituted ani- 
lines (meta-bromo- and meta-iodoaniline film the 
electrode) again reflect the increased diphenylamine 
formation and, in addition, some decomposition of the 
hydroquinone to the substituted trihydroxy compound. 

Cyclic voltammograms following coulometry experi- 
ments for the ortho-halogens indicate only benzidine 
and hydroquinone as products (Fig. 4). Similar volt- 
ammograms for the meta-substituted anilines indicate 
the presence of large quantities of hydroquinone, small 
amounts of the trihydroxy compound, and small 
amounts of the substituted para-aminophenol. The 
fact that the hydroquinone was the almost exclusive 
product indicates that the halogen-substituted para~ 
aminophenols hydrolyze faster than the methoxy- and 
methyl-aminophenols, which were the major products 
following coulometric determinations for the meta- 
methyl- and meta-methoxyanilines. The increased 
hydrolysis rate for the halogen-substituted para- 
aminophenols is consistent with the expected sub- 
stituent effect. 

Numerous preparative-scale mass electrolyses were 
performed on ortho- and meta-chloroaniline. Filming 
was severe for both of these compounds and meaning- 
ful n-values could not be obtained. Several electrode 
changes were required to effect even partial elec- 
trolyses (50-75%) of these anilines. Crude yields of 
isolable products averaging 35% were obtained by the 
work-up procedure described in the Experimental sec- 
tion; the crude products were purified according to 
the procedure in the Experimental section. 2-Chloro- 
hydroquinone was identified as the product from both 
ortho- and meta-chloroaniline electrolyses by match- 
ing ESR spectra of the corresponding semiquinone 
radical, generated by chemical oxidation in an 03- 
saturated aqueous NaHCO8 solution, with an authentic 
sample, and 3,3'-dichlorobenzidine was identified as a 
product from ortho-chloroaniline electrolyses by the 
same procedures described for the 3,3'-dimethoxyben- 
zidine. 

Chemical oxidations of ortho- and meta-chloroani- 
line produced approximately 40% yields of the 2- 
chlorohydroquinone. 

J I I I I i  
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Fig. 4. Cyclic voltammograms in 6N H~SO4 following exhaustive 
electrolysis. Curve A, 10-~M o-fluoroaniline; curve B, 10-3M 
o-chloroaniline; curve C, 10-~M o-bromoaniline; curve D, 10-4M 
o-iodoaniline. 
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o-Aminoacetophenone, ethyl anthranilate, o-tri- 
fluoromethylaniline, o-cyanoaniline, o-nitroaniline, m-  
trifluoromethylaniline, m-cyanoaniline, and m-nitro- 
aniline.--The compounds in this group exhibited simi- 
lar, though far from the nearly identical, behavior to 
the compounds in the previous groups. 

o-Aminoacetophenone and ethyl anthranilate are 
similar in the complexity of their cyclic voltammo- 
grams. This complexity makes interpretations difficult, 
but an inspection of these curves indicates that the 
amounts of couple "4" identified as the substituted tri- 
hydroxy compound, and couple "2," the diphenylamine 
or intermediate, vary with scan rate in a manner that 
suggests couple "2" decomposes to generate the tri- 
hydroxy compound, presumably through the quinone. 
The higher n-values for the peak-current data reflect 
the increased diphenylamine formation and the in- 
creased rate of the follow-up hydrolysis reactions. The 
chronoamperometric n-values of about 5 are consistent 
with partial formation of the trihydroxy compound via 
the 1,4-addition reaction mentioned previously. The 
cyclic voltammograms of ethyl anthranilate following 
electrolysis for coulometric determinations indicate 
the major long-term product is the trihydroxy com- 
pound, as shown by comparison with an authentic 
sample of ethyl-2,5-dihydroxybenzoate in Fig. 5; the 
small couple "4" is the trihydroxy compound, formed 
by hydrolysis of the quinone. 

Benzidine formation could not be verified for these 
compounds due to the complexity of the cyclic vol- 
tammograms and the absence of authentic samples, but 
redox couples are present whose potentials, based on 
comparisons with systems known to generate benzi- 
dines, would indicate benzidine formation. 

�9 lc lnodic  

, I , I , I , 
+ 0 . 8  + 0 . 4  0 . 0  

E, volts vs. SgE 

Fig. 5. Cyclic voltammograms in 6N H2SO4 at carbon paste. 
Curve A, 10-4M ethylanthranilate following exhaustive electroly- 
sis, sweep rate ---- 100 mV/s~c; curve B, 1.76 X 10 -~M ethyl- 
2,5-dihydroxybenzoate, sweep rate = 33 mV/sec; curve C, same 
as B, sweep rate = 350 mV/sec. 

o-Trifluoromethylaniline and m-trifluoromethylani- 
line exhibit the common product couple which has 
been characteristic of all of the ortho-meta pairs. The 
diphenylamine or intermediate is the o n l y  product 
couple visible in the meta system, while the substi- 
tuted benzidine and a small amount of the trihydroxy 
compound are also visible in the ortho system. Cyclic 
voltammograms of ortho-trifluoromethylaniline follow- 
ing electrolysis for coulometric determinations indi- 
cate the presence of the 2,2'-disubstituted benzidine, 
the diphenylamine (or intermediate), or hydroquinane 
(the voltammogram is not well defined), and the tri- 
hydroxy compound. Similar voltammograms for meta- 
trifluoromethylaniline indicate the major product is 
the substituted para-aminophenol with small amounts 
of the substituted trihydroxy compound. 

o-Cyanoaniline and m-cyanoaniline reinforce trends 
that were only vaguely apparent in the ortho- and 
meta-trifluoromethylaniline systems. Cyclic voltam- 
mograms of ortho-cyanoaniline show only the trihy- 
droxy couple at low scan rates, and small amounts of 
the diphenylamine or intermediate plus the trihydroxy 
couple at high scan rates. Cyclic voltammograms fol- 
lowing coulometric determinations indicate that the 
trihydroxy compound is the major product. Cyclic 
voltammograms of meta-cyanoaniline show large 
amounts of the diphenylamine or intermediate, small 
amounts of the trihydroxy compound, and small 
amounts of an unidentified low-potential product. 
Cyclic voltammograms folowing coulometry indicate 
two major products, 2-cyano-para-aminophenol and 
the trihydroxy compound. 

The identification of couple "2" as the diphenylamine 
or intermediate in both the trifluoromethyl- and 
cyano-systems was made on the basis of the difference 
in behavior of couple "2" between the ortho- and 
meta-systems. In both the m-trifiuoromethyl- and m- 
cyanoaniline systems, couple "2" appeared to be con- 
siderably more stable than the corresponding couple 
in the ortho systems. The difference in stability could 
not be explained if couple "2" were hydroquinone, as 
the same 2-substituted hydroquinone would result in 
both the ortho- and meta-systems. The identification 
of couple "2" as the diphenylamine or intermediate 
forces the conclusion that the substituted quinone, once 
generated, rapidly undergoes 1,4-addition to the tri- 
hydroxy compound, as a couple for this quinone is not 
visible in the cyclic voltammograms. This is consistent 
with the electrochemistry of the hydroquinones con- 
taining electron-withdrawing substituents (Fig. 5 and 
6), as well as their published rate-constant data (11, 
12). 

m-Nitroaniline exhibits behavior similar to the 
preceding compounds while o-nitroaniline appears to 
decompose by a different, as yet unidentified, pathway. 
Voltammograms of m-nitroaniline indicate the forma- 
tion of the diphenylamine or intermediate, small 
amounts of the quinone, the substituted trihydroxy 
compound, and an unidentified low-potential product. 
Cyclic voltammograms following coulometry show the 
substituted trihydroxy compound as the major prod- 
uct, as shown in Fig. 6. Cyclic voltammograms of 
ortho-nitroaniline indicate the major product is not 
the substituted trihydroxy compound. The product 
couple is cathodic of the trihydroxy couple in the 
m-nitroaniline system and the 2-nitrohydroquinone 
system. Voltammograms of various possible products, 
2,2'-dinitroazobenzene, 3,3'-dinitrobenzidine, 2-nitro- 
hydroquinone, o-benzoquinonedioxime peroxide, o- 
benzoquinonedioxime, and 2-nitrophenol failed to ac- 
count for the product couple. Further investigation of 
the various possible products, synthesis and investiga- 
tion of the diphenylamine, and investigation of other 
possible decompositio,n pathways will be required to 
establish the identity of the product couple in the 
ortho-nitroaniline system. 
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Fig. 6. Cyclic voltommogroms in 6N H~S04 or carbon paste. 

Curve A, 1.2 X 10-SM m-nitroaniline, sweep rate ---- 50 mV/sec; 
curve B, same solution as A following exhaustive electrolysis at 
-I-1.2V, sweep rate ~_ 100 mV/sec; curve C, 8.5 • 10-4M 
2-nitrohydroquinone, sweep rate ~ 250 mV/sec. 

The e lec t roana ly t ica l  da ta  for  al l  of the  or tho-  and 
meta-electron-withdrawing subst i tuents  a re  a bi t  sus-  
pect  because of fi lming and background  problems.  The 
peak  cu r ren t  da ta  for al l  but  ortho-nitroaniline indicate  
processes consistent  wi th  those of the  preceding  com- 
pounds. The h igher  n -va lues  s imply  reflect the  in-  
creased d ipheny lamine  format ion  and the increased 
rates  of the  fo l low-up  reactions.  The short  t ime-ga te  
n -va lue  for o r tho-n i t roan i l ine  indicates  a r ap id  four -  
e lec t ron  process. The chronoamperomet r ic  da ta  reflect 
the  same t rends  as the peak  cur ren t  da ta  but  are  com- 
pl ica ted  by  filming and background  l imits.  

P repa ra t i ve - sca l e  e lectrolyses  and chemical  ox ida-  
tions of severa l  members  of this  group were  qui te  un-  
successful. The only  e lect roact ive  species presen t  in 
solut ion fol lowing oxida t ion  were  unoxidized pa ren t  
ani]Line and a smal l  amount  of 3 ,3 ' -disubst i tu ted benzi-  
d ine  in the  ortho-trifluoromethylaniline system. F i l m -  
ing was severe  in all  cases, and numerous  e lec t rode  
Changes were  requ i red  to effect even pa r t i a l  ox ida -  
tions. Large  quant i t ies  of prec ip i ta tes  formed in these 
systems and, in  all  cases, vo l t ammograms  of the  p re -  
cipi tates  indica ted  they  were  electroinact ive.  A t t empt s  
to pur i fy  and iden t i fy  the  prec ip i ta tes  or const i tuents  
of the  prec ip i ta tes  were  unsuccessful.  The behav ior  of 
these compounds indicates  tha t  the  decomposi t ion 
products  a re  not  s table  to pro longed electrolysis  and 
are  p r e sumab ly  involved  in mul t ip le  coupling reac-  
tions to genera te  products  of an unknown composition. 

The fa i lure  to isolate products  f rom electrolysis  so- 
lut ions and the lack  of au thent ic  samples,  except  for 
severa l  of the  2-subs t i tu ted  hydroquinones ,  neces-  
s i ta ted considerable  specula t ion  for  identif icat ion of 
the  p roduc t  couples in fhis group of compounds.  The 

speculat ion was, however ,  based on the es tabl ished re -  
act ion pa thways  of the prev ious  groups of compounds 
and the es tabl ished 1,4-addit ion react ion of quinones 
wi th  e l ec t ron -wi thd rawing  subst i tuents  (11-13). A d -  
di t ional  s tudies involving synthesis  of the  subs t i tu ted  
d iphenylamines  and subst i tu ted  quLnones wil l  be nec-  
essary  to f i rmly es tabl ish  the  ident i f icat ion of the  v a r i -  
ous product  couples in this group of compounds.  For  
the  su rvey  purposes  of the  present  study,  however ,  
the i r  behavior ,  as wel l  as i t  could be elucidated,  is 
consistent  wi th  t rends  noted for  the  more  e lec t ron-  
donat ing subst i tuents .  

Discussion 

The chemis t ry  involved in these systems is complex  
bu t  orderly.  Summariz ing ,  the  couples labe led  "3" in 
the cyclic vo l t ammograms  can be assigned to the  sub-  
s t i tu ted  benzidines genera ted  by  t a i l - t o - t a i l  coupl ing 
of the  anilines.  Cyclic vo l t ammograms  indicate  tha t  
the  amount  of benzidines formed decreases as the  r ing  
subs t i tuent  in the  ortho series becomes more  e lect ron 
wi thdrawing,  in agreement  wi th  the  prev ious ly  p ro -  
posed mechanism (4) w he re by  as the amine  n i t rogen  
becomes more  acidic depro tona t ion  of the e lec t rogen-  
e ra ted  ca t ion radica l  is faci l i ta ted,  leading to d ipheny l -  
amine  formation.  Couples corresponding to the  2,2'- 
d isubs t i tu ted  benzidines a re  vis ible  only  in the  me th -  
oxy, methyl ,  and fluoro der iva t ives  in the meta-sub- 
s t i tu ted  anilines,  and the re la t ive  amounts  a re  con- 
sistent  wi th  the t r end  seen in the  ortho systems, but  
here  the overr id ing  considerat ion for  para-para cou- 
pl ing appears  to be s ter ic  in  nature .  

The couples labe led  "4" in the cyclic vo l t ammograms  
are  decomposi t ion products  of the  2-subs t i tu ted  para- 
benzoquinones ( the ' T '  couples) .  Inves t igat ions  of the  
2-subs t i tu ted  hydroquinones  have demons t ra ted  tha t  
mono-substituted hydroquinones  wi th  e l ec t ron -wi th -  
d rawing  subst i tuents  (--NO2, - -CHO,  - -COCHs,  
COOH) undergo a nucleophi l ic  1,4-addit ion of wa te r  
to form the subs t i tu ted  t r i h y d r o x y  compounds (14-16). 
The react ion mechanism is shown below 

OH 0 OH 0 

• X _ 
X 2e-~ + 2H + k120�9 

�9 ~ " ~ 2H + 
H OH 

OH 0 OH 0 

Of par t i cu la r  in teres t  is the  fact tha t  the product  of 
the  1,4-addit ion is a subst i tu ted hydroquinone  which  
is suscept ible  to fur ther  oxida t ion  giving an ove r - a l l  
four -e lec t ron  process. The end products  of the h y d r o l y -  
sis react ions in the  ortho- and meta-substituted ani l ine 
systems are  subs t i tu ted  para-benzoquinones which, ac-  
cording to the  react ion mechanism presen t  above, could 
undergo a 1,4-addit ion and a subsequent  two-e lec t ron  
oxidat ion.  The addi t ion of this  decomposi t ion p a t h w a y  
to the prev ious ly  es tabl ished mechanism indicates  tha t  
a m a x i m u m  n-va lue  of 6 e lectrons could be ob ta ined  
for anil ines wi th  an e l ec t ron -wi thd rawing  subst i tuent .  
The ra te  of the  1,4-addit ion react ion was found to 
increase  as the 2-subst i tuent  becomes more  electron 
wi thd rawing  (11, 12), and in al l  cases the ra te  is fast  
enough to be evidenced in coulometr ic  n - v a l u e  de te r -  
minations,  as can be seen in  Fig. 5 and 6. 

The couples denoted as "2" in  the  cyclic vo l t ammo-  
grams have been re fe r red  to as "d iphenylamines  or 
in termedia tes ,"  tha t  is as the  app rop r i a t e ly  subst i tu ted 
4 -aminod ipheny lamine  formed b y  h e a d - t o - t a i l  cou- 
pl ing or a der iva t ive  genera ted  by  hydro lys i s  of the  di-  
pheny lamine ;  a discussion of the  hydro lys i s  chemis t ry  
of tlhese systems follows. 

Studies  of the  hydro lys i s  mechanism and react ion 
rates  of a fami ly  of re la ted  compounds,  var ious  sub-  
s t i tu ted  para-aminophenols, have  produced  the  fo l low- 
ing react ion p a t h w a y  (14, 15, 17-19). 
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N.H~ NH 

OH 0 

NH 3 + 

0 

( 

0 

+ 
,N, H2 

" H+ �9 ~ 1  

H ~ H +  H + 

II 
0 

Correlations between hydrolysis rates and substituent 
effects for this general reaction have been successfully 
demonstrated only for N-(para-phenyl) substituted 
para-aminophenols (16, 20). For this class of amino- 
phenols, the hydrolysis rate was found to increase as 
the N-para-phenyl substituent became more electron 
withdrawing (see Table II) Correlations for the ring-. 
substituted para-aminophenols were largely unsuc- 
cessful (15, 21). One difficulty that possibly precluded 
establishing general substituent effects was that there 
were only a few substituted para-aminophenols in- 
volved in the correlation study. Inspection of the 
limited available hydrolysis rate data for para-amino- 
phenols collected in Table II  permits the following 
tentative conclusion: Substituents ortho to the N-C 
bond increase the hydrolysis rate, probably due to 
facilitating the formation of the tetrahedral carbinol- 
amine intermediate, and substituents meta to the N-C 
bond decrease the hydrolysis rate. In addition, from 
Leedy's work We would expect the hydrolysis rate 
to increase as the substituent becomes more electron 
withdrawing, as seen in Table II. 

In addition to the para-aminophenols, 4-aminodi- 
phenylamine (4-ADPA) and the various substituted 
derivatives resulting from head-to-tail coupling in the 
N-alkylanilines system have been shown to undergo 
hydrolyses to para-benzoquinone and aniline or an 
N-alkylaniline (4, 16). Leedy proposed that the hy- 
drolysis of 4-ADPA proceeds in a two-step mechanism 
as shown below 

( •  N : : ~ N H  

[ H30+ .-F 

O NH 3 

II 
0 

This proposal was based on HMO calculations of the 
fully protonated diimine and not on experimental ob- 
servations (16). Cyclic voltammograms of 4-ADPA 
and mass electrolysis of 4-ADPA show only aniline, 
para-benzoquinone, and 4-ADPA. The intermediate 
in this mechanism, N-phenyl-para-benzoquinone- 
imine, was not detected in solution. The only plausible 
alternative mechanism is shown below 

+ 

NH 3 NH 6 J II 

N NH ,, ~ + .,, " 

II 
O O 

Again, the intermediate in this mechanism, para- 
benzoquinoneimin% was not detected in solution (16). 
In view of the experimental evidence, or the lack 

Table II. Hydrolysis rates of substituted p-benzoquinoneimines 

Parent 
compound Medium K (sec-1) 

NH 2 1 

0.0194 
0.102 

CH 

I NH. 2 
I ; ~  CHS 

0.09 
0.30 

OH 

NH z 
I I 

~ C H  3 
OH 

R 

NF~ 
I 

OMe 
R = O M e  

R ---- H 
R = NO 2 

0 . 5 1 M  PI2SO* 
0 . 0 5 1 M  H ~ S O 4  

0 . 5 1 M  I-I~SO 4 
0 , 0 5 1 M  H ~ S O 4  

0.05M H~O~ 0.003 

50% aee tone /  
50% 1M HCIO~ 

0.010 
0.040 
0.063 

1 Data  t a k e n  f r o m  Ref. (19). 
Da ta  t ak en  f r o m  Ref. (20). 

thereof (especially t'he absence of either intermedi- 
ate), it was not possible to determine which mecha- 
nism was operative though the former was favored 
on the basis of HMO calculations. If the two decom- 
position pathways are drawn for the diphenylamines 
in the ortho- and meta-substituted aniline systems, 
the intermediates shown below would result 

O NH 2 
H30: Xf 

N ", 

O 

~ X  ~ (m) (Vrl) 
N NH 

% o ?  ..  o 

]1 O O 
(v) 0 NH2 

X 

0 
flV) (Vii) 

N NH 

H30 + ~ . / X  
' ,L2"Y 

0 0 

(VI) (VII) 
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If the decomposition pathways for diimines (I) and 
(II) are evaluated in terms of the somewhat specu- 
lative conclusions reached from the data in Table II, 
then path A would be favored for diimine (I) and 
path B for diimine (II).  Path A would be favored for 
diimine (I) because of the substituent ortho to the 
N-C'. double bond and path B would be favored for di- 
imine (II) for the same reason. Continuing along the 
same lines, the N-phenyl-para-benzoquinoneimine 
(III) would be expected to decompose faster than 
the para-benzoquinoneimine (VI) because of the in- 
fluence of the ortho substituent. 

The cyclic vottammetric data presented indicate that 
the ortho- and meta-substituted anilines appear to 
have a common product in couple "2." However, couple 
"2" in the meta systems appears to be considerably 
more stable than couple "2" in the ortho systems. 
Figure 7 shows the cyclic voltammograms of several 
of the ortho- and meta-substituted anilines following 
exhaustive electrolysis for coulometric determina.- 
tions. These voltammograms indicate the long-term 
behavior of the compounds and verify trends seen in 
Fig. 1-3 for couple "2." The compounds responsible for 
couple "2" in the ortho systems appear to have com- 
pletely hydrolyzed to to the quinones, while the hy-  
drolysis of couples "2" in the mesa systems varies 
from nearly none for the meta-methoxy and meta- 
methylanilines to nearly complete hydrolysis for the 
more electronegative substituents. The stabili ty of 
couple "2" in the meta-methoxy and meta-methyl  sys- 
tems provides additional mechanistic information 
when the coutometric n-values in Table I are con- 
sidered. The n-values for both of these compounds 
approach four, indicating that the formation of the 
substituted para-benzoquinones in these two systems 
are not necessary to reach this n-value. The n-value 
of near four eliminates the substituted 4-aminodi- 
phenylamine as couple "2" (unless, of course, the 
DPA has the same peak potential as the para-benzo- 

Fig. 7. Cyclic voltammograms in 6N H2SO4 at carbon paste fol- 
lowing exhaustive electrolysis of 1.0 X 10-~M solutions. Curve 
A, o-methoxyanillne; curve B, o-methylaniline; curve C, o-cyano- 
aniline; curve D, m-methoxyaniline; curve E, m-bromoaniline; 
carve F, m-trifluoromethylaniline. 

quinoneimine and is responsible for couple "2" prior  
to exhaustive electrolysis) and, if pathway A for the 
diimine (ID were followed, formation of the para-  
benzoquinone would be necessary to attain an n-value 
of four. The above considerations reasonably estab- 
lish path B as the decomposition pathway of the di- 
imine (II) generated in the meta-anilines systems. 
Additional verification is possible for the meta-  
methylaniline system, as a cyclic voltammogram of 
2-methyl-para-aminophenol  (Fig. 8) matches the vol- 
tammogram of meta-methylanil ine following elec- 
trolysis, both in peak potential and wave shape. 

The hydrolysis pathway for the ortho-anilines re-  
mains to be resolved. A cyclic voltammogram of 3- 
methyl-para-aminophenol  does not match with any 
couples seen in the voltammograms of or tho-methyl-  
aniline either before or after electrolysis, further  sug- 
gesting that pathway A is being followed for the 
ortho-aniline systems. As couple "2" is not visible for 
ortho-anilines in the cyclic voltammograms following 
electrolysis, and as there is no difference in n-values 
between the diimine (I) and the N-phenyl-para-ben- 
zoquinoneimine (III) ,  there is li t t le to choose from to 
identify one or the other as couple "2" in the ortho- 
aniline cyclic voltammograms. Based on the behavior 
of the meta-aniline systems, however, the para- 
benzoquinoneimine (III) would be expected to be 
responsible for couple "2" in the ortho-aniline systems 
[again, unless the diphenylamine has the same peak 
potential as (III) ]. 

Therefore it appears that the diimine (I), generated 
in the ortho-aniline systems, undergoes a rapid hy-  
drolysis to the N-phenyl-para-benzoquinoneimine 
(III) which slowly hydrolyzes to the substituted para- 
benzoquinone (VII),  and the diimine (II) ,  generated 

I , I , 
+0.8 +0.4 0.0 

E, volts vs. SgE 

Fig. 8. Cyclic voltammogroms in 6N H2S04 at carbon paste. 
Curve A, ! X I 0 - 4 M  solution of m-methylaniline following ex- 
haustive electrolysis, sweep rate ~--- |00 mV/sec; curve B, 6.8 X 
10-4M 2-methyl-p-aminophenol, sweep rate ~ 100 mV/sec. 
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in the  meta-aniline systems, undergoes  a rap id  hy -  
drolysis  to the para-benzoquinoneimine (VI) which 
s lowly hydrolyzes  to the para-benzoquinone (VII) .  

The a l te rna t ive  to tha t  proposed above would  in-  
volve ident i fy ing  the subs t i tu ted  dip henylamines  as 
couple "2" in the cyclic vo l t ammograms  presented.  
The decomposi t ion p a t h w a y  of d i imine (I) would  then 
involve a slow hydro lys i s  of the  4-amino group fol-  
lowed by  rap id  complet ion of the hydro lys i s  sequence 
to give the  subs t i tu ted  para-benzoquinone, and the 
decomposi t ion of di imine ( I I )  would  involve  a slow 
hydrolys is  of the  center  amine.  

The only difference in the  two proposals  is the  re -  
action ra te  of the  first hydro lys i s  step. If couple "2" in 
the  vo l t ammograms  is the  d iphenylamine ,  then  the 
first hydrolys is  is slow (more  rap id  for the  ortho's 
than  the meta's), whi le  if  couple "2" is the  N - p h e n y l -  
para-benzoquinoneimine ( ortho's ) or the para-be,nzo- 
quinoneimine  (meta's), then  the  first hydro lys i s  is 
rapid.  In  addit ion,  if the subs t i tu ted  d iphenylamine  is 
couple "2" this necessi tates that  the d iphenylamine  
and the subs t i tu ted  para-benzoquinoneimine in the 
meta sys tem have the same peak  potential .  

Resolut ion of this "fine" point  must  awai t  synthesis  
of the  d iphenylamines  and the in te rmedia tes  or gen-  
era t ion of more  da ta  on subst i tuent  effects on hyd ro l -  
ysis  rates.  

Wi th  the except ion of the low potent ia l  couple in 
the  ortho-cyano- and ortho-nitroaniline systems, the 
couples labe led  "1" th rough  "4" appear  to adequa te ly  
descr ibe  the  decomposi t ion pa thways  of the ortho- 
and meta-substituted anilines. For  the ortho-anilines, 
benzidine  format ion  decreases and d ipheny lamine  for-  
mat ion  increases as the  ortho-substituent becomes 
more e lec t ron wi thdrawing .  In  addit ion,  as the  ortho- 
subst i tuent  becomes more electron wi thdrawing ,  the 
diphenylamines  decompose more  r ap id ly  to the  qui -  
nones and the quinones begin decomposing to the  t r i -  
hyd roxy  compounds.  The same t rends  are  reflected in 
the meta systems, except  tha t  there  is much less ben-  
zidine fo rmat ion  and the d iphenylamine  or in t e rmed i -  
ate (subst i tu ted p -aminopheno l )  appears  to be more  
stable.  

The genera l  reac t ion  mechanism for the  ortho- and 
meta-substituted anil ines is shown in Fig. 9. This re -  
act ion mechanism is s imi lar  to tha t  proposed  for  the  
N-a lky lan i l ines  except  tha t  the hydro lys i s  react ions 
of the d iphenylamines  are  shown to occur by  two 
discrete pa thways  and the 1,4-addit ion react ion of the 
quinones wi th  e l ec t ron -wi thd rawing  subst i tuents  has 
been added. In  addit ion,  the d iphenylamines  de r ived  
f rom meta-substituted anil ines are shown hydro lyz ing  
to the corresponding subst i tu ted  p-qu inone imines  and 
thence to the  analogous p-benzoquinones .  The reac-  
t ion mechanism depicts  d iphenylamine  fo rmat ion  oc- 
curring by  depro tona t ion  of the  cat ion rad ica l  and r e -  
act ion wi th  a pa ren t  ani l ine molecule  in accordance 
wi th  our previous  observat ions  for the  N - a l k y l a n i -  
lines. The observed effects of subst i tuents  on the d i -  
pheny lamine - to -benz id ine  rat io  in this present  s tudy 
are  consistent  wi th  this  pa thway.  The d ipheny lamine -  
to-benzid ine  rat io  increases as the  subs t i tuent  becomes 
more  e lec t ron wi thdrawing ,  p re sumab ly  by  more  facile 
depro tona t ion  of the  p r i m a r y  cat ion radical .  

Subs t i tu ted  azobenzenes a n d / o r  subs t i tu ted  hydrazo-  
benzenes were  not  detected dur ing  the  course of this 
work  and ini t ia l  format ion  of the  hydrazobenzenes,  
fol lowed by  a benzidine rea r rangement ,  is not proposed  
as an over -a l l  mechanism, since product  d is t r ibut ions  
were  not  consistent  wi th  those obta ined f rom benzi -  
dine rea r rangements .  A pa r t i cu l a r ly  s t r ik ing  example  
involves the  oxida t ion  of meta-methylaniline in which 
no 3 ,8 ' -d imethylbenzid ine  was detected,  whereas  acid-  
catalyzed r ea r rangemnts  of 8 ,3 ' -d imethy lhydrazoben-  
zene resul t  in quant i t a t ive  yields  of  3 ,3 ' -d imethylben-  
zidine (22). Therefore,  r a the r  than  proposing ini t ia l  
format ion  of the  hydrazobenzene  in  a l l  solutions, and  

X X X 
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NH 2 

NIt 2 NH 

H30 low 

0 
OH 

OH 
OH 

OH 
O 

2HN NH 2 

Jr2o- 
2HN X ~  +H2 
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:a( 

slow [H30+ 

0 

Fig. 9. Proposed reaction pathways for the ortho- and meta-sub- 
stituted anilines in 6N H2SO4. 

NH 2 

subsequent ly  proposing tha t  the  s [abi l i ty  of the  h y d r a -  
zobenzene is the  factor  which affects product  d i s t r ibu-  
t ions as a funct ion of pH, we would  propose  tha t  as 
the  solutions become more  basic, depro tona t ion  is 
fac i l i ta ted and the resul t ing  free radicals  couple in 
basic solutions to form the hydrazo  compounds,  as in 
the work  of Wawzonek  (2, 3). 

I t  is ant ic ipated tha t  s tudies now under  way  wi l l  
show that  wi th  increas ing pH (compared  to 6N H2SO~) 
the ortho- and meta-anilines will, upon e lec t ro -ox i -  
dation, form less benzidines,  more  d iphenylamines  
(and a t t endan t  hydrolys is  p roduc ts ) ,  and, eventual ly ,  
azo- and hydrazobenzenes.  
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Studies of Ruthenium-Oxy Species in Basic 
Solutions by Cyclic Voltammetry 

Kim W. i.am, Keith E. Johnson,* and Donald G. Lee 
Department of Chemistry, University of Regina, Regina, Saskatchewan, Canada $4S OA2 

ABSTRACT 

Ruthen ium (~rI) solut ions in a lkal ine  media  have  been inves t iga ted  by  cyclic 
vo l t ammet ry  using p l a t inum and ru then ium dioxide  electrodes.  Fou r  pai rs  of 
peaks  were  observed.  The oxida t ion  states of the electrolysis  products  were  
eva lua ted  by  cou lomet ry  a n d  absorpt ion  spectra.  The first and second pairs  
of peaks  correspond,  respect ively ,  to the  oxida t ion  reduct ion  of R u ( V I I I ) /  
Ru (VII)  and Ru ( V I I ) / R u  (VI) wi th  a ca ta ly t ic  reaction.  The th i rd  pa i r  shows 
reduct ion of R u ( V I )  to R u ( I V )  wi th  a fol lowing react ion giving ru then ium 
dioxide.  The e lec t ron  t ransfe r  product  is pos tu la ted  as Ru(OH)6  -2. The las t  
or most cathodic pa i r  revea led  a reduct ion peak  composed of two waves. The 
first is f rom the reduct ion of the  e lec t rode  surface oxide  l aye r  or adsorbed  
oxygen  and the second, the reduct ion of Ru (IV) to Ru ( I I I ) .  The corresponding 
pai rs  of peaks  are  also observed f rom ru then ium dioxide  electrodes in sodium 
hydrox ide  solutions. 

Dur ing  the last  few years  the  ru then ium dioxide 
e lec t rode  has a t t rac ted  considerable  in teres t  due to 
its cor ros ion- res i s tan t  p roper t ies  and low overpoten t ia l  
for chlor ine  and oxygen  evolution.  However ,  l i t t le  is 
known about  i ts e lect rochemical  react ions  and for 
those (1-3) repor ted ,  the  e lect rode was used in acidic 
med ia  where  i t  exhibi ts  more  cor ros ion-res i s tan t  cha r -  
acteristics.  Difficulties in  examin ing  its electroc,hemi- 
cal surface propert ies ,  besides those encountered  in 
ident i fy ing  its ox ida t ion  or  reduct ion  products ,  ar ise  
f rom its i l l - r e so lved  cu r ren t -po ten t i a l  curve  and po-  
t en t i a l - t ime  charging curve. Here  we have ind i rec t ly  
charac te r ized  its surface react ions th rough  the inves t i -  
ga t ion of r u t h e n i u m - o x y  species in a lka l ine  solutions. 

The h igher  oxida t ion  states of ru then ium exis t  only  
as oxy-spec ies  in basic med ia  wi th  ru thena te  being 
most  stable.  However ,  a su rvey  of the  l i t e r a tu re  r e -  
vea led  tha t  few have  repor ted  on the vo l t ammet r i c  
behav ior  of ru thenate .  The ear l ie r  s tudies (4, 5) de-  
t e rmined  the s t anda rd  potent ia ls  of Ru ( V I I I ) / R u  (VII)  
and  R u ( V I I ) / R u ( V I )  couples and touched on the dis-  
p ropor t iona t ion  reac t ion  of ru thena te  (5) and pe r -  
ru thena te  (6), but  a t tempts  to follow ru thena te  reduc-  
t ion react ions  failed. Though two o ther  repor ts  (7, 8) 
have appea red  recently,  the resul ts  and conclusions 
d r a w n  were  con t rad ic to ry  because of uncer ta in t ies  in 
coulometr ic  resul ts  and cu r ren t -po ten t i a l  profiles. In  
one (7) i t  was pos tu la ted  tha t  ru th~nate  reduces first 
to ru then ium dioxide,  then to R u ( I I I ) ,  and finally to 
the  :metal itself; the  o ther  (8) p roposed  tha t  ru then ium 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
Key words :  cyc l ic  voltammetry, catalytic waves, ruthenium ox- 

ides, r u t h e n i u m  dioxide  e l e c t r o d e .  

dioxide,  the  final e lectrolysis  product ,  was formed v ia  
R u ( V ) .  We have  obta ined  expe r imen ta l  resul ts  f rom 
cyclic vo l t ammet ry  which offer a different  point  of 
v iew and which  resolve the  ear l ie r  uncertaint ies .  The 
present  pape r  repor ts  on the e lect roreact ions  of the  
var ious  r u t h e n i u m - o x y  species, whi le  the kinet ics  of 
the  proposed  mechanisms are r epor ted  in a l a t e r  paper .  

Experimental 
Stock ru thena te  solutions were  p repa red  by  oxidiz-  

ing ru then ium dioxide  (Ventron,  Alfa  Products)  wi th  
commercia l  bleach (9). The product  was ex t rac ted  into 
carbon t e t rach lo r ide  and washed  severa l  t imes wi th  
dist i l led wa te r  to remove traces of b leach and any 
wa te r - so lub le  inorganic  mate r ia l s  (10). The ru then ium 
te t roxide  was then  ex t rac ted  into por t ions  of f rom 0.1 
to 0.5M sodium hydrox ide  solutions in which i t  reac ted  
to give pe r ru thena te  (11). If pe r ru thena t e  was desired,  
the  solut ion was immed ia t e ly  s tored in a f reezer  where  
crystals  were  observed to form. To obta in  ru thena te  
the  solution was a l lowed to s tand at  room t e m p e r a t u r e  
for severa l  days or  hea ted  gent ly  overn ight  (12). Spec-  
t roscopical ly  pure  ru thena te  or  pe r ru the na t e  solutions 
of about  0.03M were  obta ined  by  this method.  The con- 
centra t ions  of solut ions p r e p a r e d  by  di lut ing the  stock 
wi th  sodium hydrox ide  solutions were  ca lcula ted  f rom 
the molar  absorpt iv i t ies  of 2150 at  385 nm for p e r r u -  
thenate  and 1730 at  465 nm for ru thena te  (13). The 
absorbance  values  were  measured  using a Unicam 
SP500 spec t rophotometer  whi le  spec t ra  were  t aken  on 
a Beckman DK-2A spect rophotometer .  The basici t ies  
of any  one series of solut ions were  e i ther  measured  
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by a pH meter  (Radiometer PHM-4d) with a high 
pH glass electrode (Beckman) or by t i t rat ion with 
potassium hydrogen phthalate  a f t e r  reduction of the 
oxidant  to el iminate any obscuring color. 

All electrochemical techniques were performed on 
a Princeton Applied Research Model 170 electrochem- 
istry system. The ins t rument  is equipped with an X-Y 
recorder having a rise t ime of approximately 0.3 sec 
such that ra ther  accurate vol tammograms with sweep 
rates as fast as 200-500 mV sec -1 can be obtained 
without  using an oscilloscope. 

The cell used was of convent ional  three-electrode 
design. The stabil i ty of the s i lver-s i lver  chloride ref-  
erence electrode was checked from t ime to t ime by 
comparing its potential  with other s i lver-si lver  chlo- 
ride electrodes or calomel electrodes. A double salt 
bridge was used in conjunct ion with the reference 
electrode. It consisted of 1M potassium chloride in con- 
tact with the electrode and whatever  electrolyte 
(whose ionic s t rength was also adjusted to 1M by ad-  
dit ion of sodium perchlorate) was being used in con- 
tact with the test solution. The tip of the second 
bridge was brought  as close to the working electrode 
as possible bu t  not close enough to interfere with dif- 
fusion. The use of a double salt bridge is a necessity 
since chloride ion can cause the decomposition of the 
ru thena te  solution (4). The counterelectrode was a 
coiled p la t inum wire. In  performing coulometric ex- 
per iments  it  was isolated in a separate compartment,  
one end of which was in  contact with the test solution 
through a fine frit ted disk. The working electrode was 
a p la t inum electrode or a ru then ium dioxide electrode. 
Though a gold electrode was tried, it did not seem to 
offer any advantage over plat inum. 

Ruthen ium dioxide electrodes were prepared follow- 
ing the procedure given in  the l i terature  (2) by ther-  
mal  decomposition of ru then ium trichloride in air at 
350~176 on a metal  support,  of either plat inum, 
tantalum, or t i tanium. Electrodes generated electro- 
chemically were also prepared. It  was found that films 
deposited by controlled potential  in  a quiescent solu- 
tion gave bet ter  adhesion than  with a small controlled 
current.  Better surface uniformity,  as evident  from 
observations with a microscope, was also obtained by 
cycling the electrode several times between its oxida- 
tion and reduction potentials with a fast sweep. How- 
ever, care was taken such that  the electrode was not 
allowed to be swept past its cathodic l imit  or the film 
could collapse ra ther  easily (2). 

All other working electrodes were made of p la t inum 
wire (0.02 in. diam) with exposed lengths of approxi-  
mate ly  4 and 7 mm. The electrodes were soaked in  
dilute nitr ic acid between use and cycled over the po- 
tent ial  range employed before r unn ing  the experiment.  
Any  ru then ium dioxide deposited on the electrode 
could be removed either by electrochemical or chemi- 
cal oxidation with permangana te  (14). In  coulometric 
experiments,  the electrode used was a p la t inum wire 
gauze. Its apparent  area was 43.2 cm ~. The solution vol- 
ume was 50 ml. St i r r ing  was achieved with a mag-  
netic s t i r r ing bar  and by bubbl ing  nitrogen. Before 
runn ing  the experiment,  the wire gauze electrode was 
subjected to oxidation or reduct ion in a b lank  solution 
depending on the potential  chosen for the experiment.  
Coulometric data were recorded as charge- t ime curves 
through an electronic current  integrator.  Whenever  the 
charge- t ime curve exhibited a sloping plateau, a l ine 
d rawn through the origin and paral lel  to the slope was 
used as the base l ine to measure the charge instead 
of using the b lank  recorded immediate ly  before the 
experiment.  

Results and Discussion 
A composite current -potent ia l  curve of ru thenate  

derived from several  vol tammograms with potential  
ranges of 1.0-0.1, 0.7- --0.25, 0.3- --0.8, and 0.1- --1.IV 
is shown in Fig. 1. Four  pairs of peaks are observed. 
The cathodic and anodic peaks are labeled correspond- 
ingly in  Roman numerals .  The cyclic vol tammogram of 
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Fig. 1. Composite diagram drawn from cyclic voltammograms of 
rnthenate. Scan rate was 50 mY/sac; - -  ruthenate concentra- 
tion was 2.56 X 10-4M in 2M NaOH; . . . .  blank, 2M NaOH; 
. . . . . .  ruthenate concentration was 2.56 X 10-4M in 8.5 X 
10-3M NaOH. 

the p la t inum electrode in  a b lank  solution is also re-  
produced for reference. However, it does not  represent  
the true b lank  when ru thena te  is added due to changes 
in  surface conditions which are discussed later. Thus, 
the magni tudes  of the we l l -kn0wn p la t inum oxide 
peaks should not be taken seriously. To avoid a promi-  
nent  p la t inum oxide peak overshadowing the ru the-  
nate  reduct ion peaks in  scanning toward the c a t h o d i c  
limit, the s tar t ing or ini t ia l  potent ial  was set at about 
+0.1V where oxidation of the electrode does not occur 
to an appreciable extent. 

Peak I.--The pair of peaks labeled I is observed 
only with less basic solutions (below approximately 
pH _--12) where the anodic l imit  of the p la t inum elec- 
trode is pushed to more positive potentials. Attempts 
to determine the number  of electrons t ransferred by 
coulometric oxidation of ru thena te  or perru thenate  so- 
lutions were unsuccessful. The charge- t ime curve, ex- 
cept for an ini t ial  exponent ial  rise, was cont inuously 
rising, making  measurements  impossible. The same 
t rend was also observed when  the electrolysis potential  
was set on the rising port ion of the oxidation peak 
which was more than  150 mV negative of the anodic 
limit. Thus, the cont inuing supply of charge was not 
due to the electrolysis of the support ing electrolyte. 
The u.v.-visible absorption spectrum of the electrolysis 
product  is s imilar  to that  of perruthenate .  Coulometric 
reductions of the electrolysis product  to per ru thena te  
required between 0.5 and le. 

Cyclic vol tammetry  of per ru thena te  solutions gives 
well-defined anodic and cathodic peaks for scan rates 
of 10 mV sec -1 or greater. However, the appearance 
of peaks is more l ikely to be observed at lower hy-  
droxide concentrations. For scan rates below 5 mV 
sec -1 peaks are not observed. Instead, the anodic wave 
rises to a sloping plateau which blends into the anodic 
limit, while on reversing the' scan, the cathodic wave 
simply re turns  to the foot of the anodic wave. The 
vol tammograms are shown in  Fig. 2 where the ini t ial  
scan is toward the anodic direction. The vol tammo- 
grams have been corrected for the blank. Two in te r -  
esting points can be observed from this figure: (i) the 
current  a round the switching potential  in the vol tam- 
mogram for 1 mV sec -1 curves back toward the zero 
current  l ine after reaching a m a x i m u m  current ;  and 
(ii) the anodic current ,  i /~/v  (v stands for scan rate) ,  
is higher for slower scan rates. The first effect is due 
to the subtract ion of the blank. Before the subtraction, 
the wave rises to a sloping plateau. 

The effect of scan rate on the anodic peak current  is 
shown in  Fig. 3. The shape of the vol tammograms and 
the effect of the scan rate (15) strongly suggests that  
per ru thenate  is catalyt ical ly regenerated after being 
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Fig. 2. Cyclic voltammograms of perruthenate oxidation. Initial 
sweep was in the onndlc direction. Perruthenate concentration was 
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Fig. 3. Effect of scan rate on anodic peak current of per- 
ruthenate oxidation. Perruthenate concentration was ,~ 2 X 
10-4M in 5 X IO-'~M NaOH and 1M NaCI04. 

oxidized.  This in tu rn  fits the  coulometr ic  observat ions.  
Fo r  the  ca ta ly t ic  case the  kinet ics  affect the  vo l tam-  

mogram less at  h igher  scan rates.  I t  is found that  for 
a hyd rox ide  concentra t ion of 1 X 10-3-1 X 10-2M, 
the vo! tammograms  for a scan ra te  of app rox ima te ly  
20 mV sec - i  fit those of a s imple revers ib le  case wi th  
one e lect ron being t ransfer red .  However ,  separa t ion  
be tween  the anodic and cathodic peaks  is about  80 
mV, which is g rea te r  than  that  p red ic ted  for  the  s im- 
ple  revers ib le  system. As the scan ra te  increases or  
decreases f rom approx ima te ly  10 or  20 mV sec - i ,  
anodic and cathodic peak  separa t ion  becomes larger .  
The rat io  of the cathodic to anodic peak  currents,  
though difficult to es t imate  because of uncer ta in t ies  in 
the  cathodic baseline,  is seen to be a pp rox ima te ly  one 
(using scan rates  of f rom 0.5 to 200 mV sec-1) .  The 
above  then  suggests the  fol lowing reac t ion  scheme 

RuO4-  <--> RuO4 + e- [ l a ]  

4RuO4 + 4 ( O H - )  ~ 4 R u O 4 -  + 2 H 2 0  + O~ [ l b ]  

~/hich is consistent  wi th  the  fact tha t  r u then ium t e t rox -  
ide  is known to react  wi th  hydrox ide  to give pe r ru the -  
na te  (11). The e lect ron transfer ,  though revers ible ,  
m a y  not  be as fast, since, as observed  b y  increas ing 
the scan rate,  anodic and cathodic peak  separa t ion  be-  
comes larger .  The separa t ion  increases  f rom about  80 
mV at 20 or  10 mV sec-1 to 100 mV at 100 mV sec - i .  
Likewise,  the  p e a k  wid th  (Ep -- Ep/2) increases f rom 
57 to 63 inV. 

F r o m  the  reac t ion  scheme, the curv ing  near  the  
anodic l imi t  for  s low scan ra tes  can be exp la ined  as 
follows. At  s lower  scan ra te  or  h igher  hydrox ide  con- 
centra t ions  the cata lyt ic  reac t ion  exer ts  more  effect. 
One of the products  of the  cata lyt ic  react ion is oxygen  
which  is also a product  of the  anodic l imi t  reaction.  
Thus, the  l ibera t ion  of oxygen  f rom the ca ta ly t ic  r e -  
act ion pushes the  anodic l imi t  to a s l igh t ly  more  posi-  
t ive potent ia l  which in effect means  the magni tude  of 
the  b lank  vo l t ammogram in this region decreases.  The 
vo l t ammograms  d rawn  in Fig. 2 had  only the i r  respec-  
t ive appa ren t  b lank  vo l t ammograms  sub t rac ted  f rom 
them and thus are  over ly  cor rec ted  giving the  curving  
shape. 

The formal  potent ia l  for  the  r edox  couple can b e  
de te rmined  f rom the potent ia l  m i d w a y  be tween  the 
cathodic and anodic peak  potent ia ls  or  whe re  no peaks  
are  observed  f rom the average  of the anodic and ca th-  
odic ha l f -wave  potent ials .  The average  resul ts  of five 
sets of exper iments  a re  given in Table  I. Wi th in  each 
set of exper iments ,  one to th ree  solutions were  used. 
The solutions had  the same in i t ia l  hyd rox ide  bu t  d i f -  
fe rent  ru then ium concentrat ions.  A number  of scan 
ra tes  were  used and each was repea ted  severa l  times. 
F o r  each scan ra te  the  resul ts  were  averaged.  The 
averaged  resul ts  for  all  scan rates  were  again  ave raged  
and these  ave raged  values  a re  given in Table  I. The 
reproduc ib i l i ty  of the  resul ts  wi th in  each set of exper i -  
ments  was genera l ly  good (wi th in  z 3  mV) .  However ,  
the  reproduc ib i l i ty  of the  anodic or  cathodic peak  po-  
tent ia ls  was --+6 inV. The potent ia l  thus de te rmined  
at  an ionic s t r eng th  of 1M is 1.00V vs. the  s t andard  
hydrogen  electrode.  This va lue  agrees  exac t ly  wi th  
tha t  of S i lve rman  and Levy  (4) whose va lue  was, 
however ,  a pp rox ima te ly  corrected for  ac t iv i ty  coeffi- 
cients. 

Peak / / . - - T h e  proper t ies  of peak  II  a re  s imi lar  to 
peak  I. Coulometr ic  oxida t ion  of the  ru thena t e  solu-  
t ion af te r  the  peak  potent ia l  also gave a cont inuously  
r ising cha rge - t ime  curve  preceded  by  an ini t ia l  expo-  
nent ia l  rise. However ,  the  rise, which  is dependent  on 

Table I. Determination of formal potentlal for RuO4/gu04- 

Number of solut ions 3 2 1 2 1 

NaOH, (M) ] x 10 ~ 1 x 10 -s 5 x 10 ~ 8.5 x 10 ~ 1 x 10 -2 
R u t h e n i u m  species  RuO4- RuO4- RuO~-, RuO~ -2 RuO~ -2 RuO,, RuO~- 
N u m b e r  of  scan r a t e s  used  5 S 6 6 5 
Average potential (V) 0.997 1.002 1.004 0.983 0.999 
Reproducib i l i ty  (mY)  -4-3 --1 -----2 ~-6 0 
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Fig. 4. Spectra of ruthenate electrolysis products. A, Ru(VII) 
in 8.5 • 1 0 - 2 M  NaOH; B, Ilu(VI) in 4M NaOH; C, II, u(IV) in 
4M NaOH; D, Ru(lll) and Ru(IV) in 4M NaOH. 

the amounts  of both hydroxide and ruthenate,  is so 
much slower than in the previous case that the charge 
can be determined after drawing a baseline parallel  to 
the sloping plateau. The n u m b e r  of electrons required 
was found to be 1.1 • Figure 4, curve A shows the 
spectrum of the electrolysis product. It  is identical to 
that  of per ru thenate  (13). The spectrum is shown here 
for comparison with other spectra to be discussed 
later. The spectra reproduced have not been corrected 
for ins t rumenta l  baseline and the molar  absorptivities 
are thus higher than the l i tera ture  values. 

The cyclic vol tammograms have properties similar to 
those of perru thenate  oxidation, except in this case the 
baseline (or the anodic l imited reaction) has a lesser 
influence and depending on the hydroxide or ru thenate  
concentrat ion a plateau instead of a peak may be seen 
on the oxidation wave. The shape of the vol tammogram 
and the effect of scan rate on the anodic peak current  
again indicate that  a catalytic reaction is involved. 
Thus, the reaction for peak II  may be wr i t ten  a s  

RuO4 -2 ~ RuO4- -~- e [2a] 

4RuO4- W 4 ( O H - )  --> 4RUO4-2 ~- 2H20 -~ O2 [2b] 

Besides the catalytic reaction, no other side reactions 
can be detected (except at low pH where  the decom- 
position of ru thena te  to ru then ium dioxide exerts an 
influence on the vol tammogram).  This is supported by 
the observation that  the ratio of the cathodic to anodic 
peak currents  has a value of unity.  (Baselines for mea-  
sur ing cathodic peak currents  were established by 
holding the electrode potential  at about -~0.6V before 
sweeping cathodically).  Thus, the only  difference be- 
tween reaction schemes [1] and [2] is that  in  the pres-  
ent system, the electron t ransfer  kinetics plays a more 
impor tant  role and the catalytic reaction rate is much 
slower. The slower electron t ransfer  rate can be ob- 
served from the wider peak separation. For the same 
scan rate the separation is about twice as wide. The 
current,  which is controlled by both electron t ransfer  
and chemical kinetics, is smaller  than that  of Ru (VI I ) /  
Ru(VII I ) .  For  example, in 8.5 • 10-3M sodium hy-  
droxide with 2.4 • 10-4M per ru thena te  or ruthenate,  
t h e  peak current  for Ru (VI I ) /Ru  (VIII) at a scan rate 
of 5 mV sec -1 is 3.2 times as large. Al though electron 
t ransfer  kinetics may have caused the peak current  
for R u ( V I ) / R u ( V I I )  to be smaller, the difference is 
so large that  it cannot be a t t r ibuted to the slower elec- 
t ron t ransfer  rate alane. Comparing the case where  
t h e  electron t ransfer  is completely reversible without  
chemical complications with the irreversible system 
and assuming the t ransfer  coefficient is 0.5, the peak 

current  for the reversible system is theoretically only 
1.27 times larger than for the i r reversible  case. Thus, 
the homogeneous reduct ion of per ru thenate  by hydrox-  
ide occurs at a slower rate than that  of the tetroxide. 

The average of the cathodic and anodic peak po- 
tentials of hal f -peak potentials should correlate to the 
s tandard potential  of the redox couple. However, un -  
like R u ( V I I I ) / R u ( V I I ) ,  the average potential  for 
R u ( V I I ) / R u ( V I )  is highly dependent  on the ionic 
s t rength of the solution. Fur thermore,  it is affected 
by both the hydroxide and ru thena te  concentrations. 
The effects do not  affect the over-al l  reaction scheme 
proposed above, but  do indicate a more  complicated 
mechanism for the catalytic reaction involving a ra te-  
de termining step in  which the stoichiometric ratio of 
per ru thenate  to hydroxide is not  equal  to one. (These 
results together with the detailed mechanism are re-  
ported in an upcoming paper.) It  suffices to say here 
that  the average potent ial  does fall in the same poten-  
tial region as reported in the l i tera ture  (4, 5) for 
Ru (VI I ) /Ru  (VI). 

Peak III .--The reduction of ru thenate  has raised a 
few questions in  the past; even the na ture  of the re-  
duction product has been uncer ta in  (4, 7, 8). It  seems 
appropriate at this time, with the recent  surge of in-  
terest in the ru then ium dioxide electrode, to reexamine 
the reduction of ruthenate.  

Coulometric reduct ion of ru thenate  solution, after 
first reducing the p la t inum electrode used, gave very 
well-defined charge-t ime curves with an ini t ial  rise to 
a horizontal plateau. The number  of electrons obtained 
for ten determinat ions with the electrode potential  set 
on the rising or decaying portions of the wave was 2.00 
___0.06. The electrolysis product was obtained s imul tane-  
ously in  three forms, as a film deposited on the elec- 
trode (the color can be an orange-brown,  purpl ish-  
blue, or black depending on the potential  chosen and 
the amount  of ru thena te  used),  as a black precipitate, 
and as a pale yel lowish-green solution. Prolonged elec- 
trolysis for 12 hr  or more did not change the yellowish- 
green solution or the number  of electrons obtained. 
The solution upon standing for a period of t ime gave 
a clear solution wi th  a black precipitate. Coulometric 
oxidation of either the film or the yel lowish-green so- 
lut ion gave the characteristic orange color of ru the-  
nate. (The yel lowish-green solution was subjected to 
either centr i fugat ion or filtration through a sintered 
glass crucible before oxidation.) The absorbances of 
the resul t ing ru thena te  solutions were measured and 
the number  of electrons obtained for both the film and 
the solution was between 1.70 and 1.85. The result  was 
expected to be low since the ru thena te  solution ob- 
tained was rather  dilute and error  was introduced in 
taking its absorbance value. Thus, the over-al l  reac- 
t ion for the reduction of ru thenate  involves two elec- 
trons and since no other complexing agent except hy-  
droxide was in  the solution, the ru then ium in  the final 
electrolysis product had an oxidation state of (IV). 
[The uncer ta in ty  associated with the coulometric oxi- 
dation of the products may  not account for the low 
electron value. The products, then, may have an oxi- 
dation state of sl ightly higher than  (IV).] 

The black precipitate, which also includes drop-offs 
from the film, showed no x - r a y  diffraction pattern.  
X- ray  diffraction was also taken of commercial  hy-  
drated ru then ium dioxide and as reported in  the l i tera-  
ture  (16), no pa t te rn  was observed. A diffraction pat-  
tern was not taken from the film since the authors 
have not developed a method to remove sufficient 
quanti t ies from the electrode. 

Figure 4, curve C, shows the u.v.-vis, spectrum of 
Ru(IV)  in  4M NaOH. The molar  absorptivi ty values 
should be wi thin  • The spectrum, though it re-  
sembles that  of perruthenate ,  is quite distinctive. Be- 
sides differences in molar  absorptivi ty and major  band 
ma x i mum positions, a small  band  max imum at 670 __. 
10 n m  is observed. The spectrum is that  expected for 
an octahedrally coordinated 4d 4 system (17). Thus, 
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dispropor t iona t ion  of ru thena te  to pe r ru thena te  and 
ru then ium dioxide  is not involved in the  reaction.  In -  
t e rp re ta t ion  of the  spec t rum ex tend ing  into the in f ra -  
red  region wil l  be r epor t ed  in another  paper .  

In  cyclic vo l t ammet ry ,  the  effects of scan ra te  on 
the vo l t ammogram are  shown in Fig. 5. On the cath-  
odic: sweep, where  ru thena te  is reduced,  the  peak  cur -  
rent,  ip/%/v, e i ther  increases or  decreases as the scan 
rate, increases,  depending  on the concentra t ion of ru -  
thenate .  The effect o f  scan ra te  on the cathodic peak  
cur ren t  is shown in Fig. 6. I t  can be observed tha t  for 
low ru thena te  concentrat ions,  the  peak  current ,  ip /x/v ,  
decreases as the  scan ra te  increases, whi le  at h igher  
concentrat ions  the  reverse  t rend  is observed.  The pa t -  
te rn  shown indicates  a chemical  react ion is involved 
fol lowing the e lec t ron t rans fe r  (15). The chemical  
react ion is i r r evers ib le  but  shows some l imi ted  re -  
vers ib le  character is t ics  for ru thena te  concentrat ions 
of g rea te r  than  4 • 10-4M. It  was also not iced tha t  
aged solutions showed increas ing i r r evers ib i l i ty  for the  
reaction.  A g radua l  shif t  of the  curves in  Fig. 6 into 
the  shape of curve A was observed.  The negat ive  slope 
of t:he curves  became s teeper  and s ta r ted  at  a s lower 
scan rate.  At  the  same time, solutions of low ru thena te  
concentra t ion showed increas ing visible signs of de-  

-20  

S_ 1 

Z 

" ~  10 1 

I 1 I ~ f 

3 2 1 0 - .1 -.2 

POTENTIAL IN VOLTS VS AgCI /Ag 

Fig. 5. Cyclic voltammograms of ruthenate reduction showing 
the effect of scan rate. Ruthenate concentration was 2.0 • 10-4M 
in 1M NaOH. Scan rate was: A, 100 mY/sec; B, 50 mV/sec; C, 5 
mV/sec. 
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Fig. 7. Effect of hydroxide concentration on the cathodic half- 
peak potential of ruthenate reduction. Ruthenate concentration 
was 1.7 • 10-4M. Scan rate was 50 mV/sec. 

composition. (Stock solutions can be s tored  for months  
wi thout  de ter iora t ion . )  

The  effect of the hydrox ide  concentra t ion on the  
vo l t ammogram is shown in Fig. 8. The reduct ion  wave  
shifts ca thodica l ly  on increas ing the hydrox ide  concen-  
t rat ion,  and a corresponding sl ight  increase  in peak  
cur ren t  is observed.  (For  low hydrox ide  concentrat ions,  
the  peak  cur ren t  also increases ve ry  sl ightly.)  The 
shift  of the  cathodic peak  or  ha l f -peak  potent ia ls  as a 
funct ion of hyd rox ide  concentra t ion is shown in Fig. 7. 
Two slopes a re  observed.  F o r  low hydrox ide  concent ra-  
tions (below ,-~1 • 10-2M), the  shift  is app rox ima te ly  
--120 mV per  decade increase  in hydrox ide  concen-  
trat ion,  while  at  h igher  concentrat ions,  the average  of 
the  least  squares  slopes of four  sets of exper iments  is 
--60 ___1.5 mV/deeade .  Though the  reproduc ib i l i ty  of 
the  l eas t - square  slope is good, the  reproduc ib i l i ty  of 
the  peak  or  h a l f - p e a k  potent ia ls  for the  same h y -  
droxide  concentra t ion f rom one set of exper iments  
to another  is r a the r  poor. A 10 mV shift  of the plot  
along the potent ia l  axis is not  uncommon. This poor  
reproduc ib i l i ty  was p robab ly  due to changes in the  
e lect rode surface condit ions and, more  impor tan t ly ,  
the different  degree  of de ter iora t ions  of the ru thena te  
solutions. Nevertheless ,  the  plot  indicates  that  at  high 
hydrox ide  concentrat ions  the  rat io of ( O H - )  / ( e - )  is 
unity,  whi le  at  low concentra t ions  the rat io  is two. 
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Fig. 6. Effect of scan rate on the cathodic peak current of 
ruthenate redaction. Ruthenate concentration was: A, 1.0 • 
10-4M in 1M NoOH; B, 4.0 X 10-4M; C, 6.0 X 10-r 
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Fig. 8. Cyclic voltammograms of ruthenate reduction showing 
the effect of hydroxide concentration. Ruthenate concentration was 
2.3 X 10-4M. Scan rate was 50 mV/sec. Hydroxide concentration 
was: ~ 4.0M; B, 0.6M; C, O.IM. 
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From the above coulometric and cathodic sweep re- 
sults, the reaction scheme for ru thenate  reduction may 
be wri t ten  as 

RuO4 -2 4- 4(H20) 4- 2e <--> Ru(OH)6 -2 -}- 2 ( O H - )  

[3a] 

Ru (OH) 8-2 -> RuO~ 4- 2 ( O H - )  4- 2H20 [3b] 

The proposed reaction scheme is fur ther  supported 
by the anodic waves of the cyclic voltammograms.  
Two peaks, instead of one, are observed. This con- 
firms that two electroactive products are produced as 
the result  of the reduction. The more cathodic (nega- 
tive) peak appears only at higher scan rates as shown 
in Fig. 5. (This anodic peak together With the cathodic 
composes the normal  cyclic vol tammogram for a chem- 
ical reaction following the electron t ransfer  when the 
chemical reaction does not fur ther  produce an electro- 
active product.) The appearance of the peak also de- 
pends on the concentrat ion of hydroxide and ruthenate.  
These effects are shown in Fig. 8 and 9 and are in ac- 
cord with the proposed reaction. T h e  more positive 
peak, however, appears under  any conditions but  is 
comparat ively very  small  when the ru thenate  concen- 
t rat ion is small  and the scan rate is fast. The shift of 
the peak potential  as a function of hydroxide concen- 
t rat ion is --125 --+3 mV/ log(OH)  for four sets of de- 
terminations.  The peak shows all signs such as the 
sharpness of the peak and the noisy characteristics of 
the current  of a deposit on a solid electrode being re-  
oxidized. The reaction for this peak is thus 

RuO2 4- 4 ( O H - )  --> RuO4 -~ 4- 2H~O 4- 2e-  [3c] 

Only  the above two-electron t ransfer  (no one-elec- 
t ron reaction) was detected. Though it has b e e n  
claimed (17) that  a ru then ium (V) species, Na~RuO4, 
can be produced chemically, at tempts to reproduce the 
exper iment  thus far in  this laboratory have failed and 
no NasRuO4 has ever been found. 

Peak IV.- -The  last pair  of peaks was usual ly ob- 
scured by a huge p la t inum oxide peak occurring im-  
mediately before it. To observe the cathodic peak, a 
reduced p la t inum electrode must  be used. 

Coulometric reduction of ru thenate  solutions gave 
charge-t ime curves with a sloping plateau after an 
ini t ial  rise. Baselines drawn paral lel  to the plateaus 
gave the number  of electrons as 2.8 -+ 0.15 for four 
determinations.  The forms of the electrolysis products 
are similar  to the previous case (reduction to ru the-  
n ium dioxide). The film deposited on the electrode can 
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Fig. 9. Cyclic voltammograms of ruthenote redaction showing 
the effect of ruthenate concentration. Scan rate was 50 mV/sec. 
Ruthenate concentrartion was: A, 4.0 • 10-4M in 1M NaOH; B, 
2.0 • 10-4M; C, !.0 • !0 -4M.  - - -  blank, 1M NaOH. 
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be dissolved in hydrochloric or nitr ic acid solutions 
but  not in  sulfuric acid. Coulometric oxidation of the 
film or the l ight green solution back to ru thena te  gave 
the number  of electrons between 3.2 and 3.4. The re-  
sults were high due to the oxidation of the p la t inum 
electrode itself, uncer ta in ty  in measur ing the small  
absorbance values of the resul t ing ru thenate  solutions, 
and the relat ively large ini t ial  charging current.  Thus, 
the number  of electrons involved in  the over-al l  reac- 
t ion is three and the oxidation state of ru then ium in 
the electrolysis product  is III or sl ightly higher. 1 The 
u.v.-visible spectrum of the l ight green solution is 
shown in  Fig. 4, curve D. The spectrum shows that  
the  solution contains a new species besides Ru( IV) .  
The products are susceptible to air oxidation since the 
solution, upon standing for a couple of days, gave a 
spectrum similar to curve C. 

In  cyclic vol tammetr ic  experiments,  the peak is 
ra ther  broad and usual ly  seems to have a shoulder on 
the rising port ion of the wave even though the plat i-  
n u m  electrode had already been reduced and no pla t -  
inum oxide peaks should occur. This shoulder can be 
diminished to an undetectable  level if a fast scan rate  
is used and the vol tammogram recorded immediate ly  
after a previous sweep. To examine whether  this is a 
composite peak of two or more waves, a slower scan 
rate was used and the solutions were st irred to e n -  
h a n c e  the shoulder even more. [These were the condi- 
tions used by a previous investigator (7) who first ob- 
served the shoulder wave.] The cyclic vol tammograms 
for a stirred and  a quiescent solution are shown in Fig. 
10. The reproducibi l i ty  of this shoulder wave is ex- 
t remely poor and no correlat ion with the other peaks 
or any t rend in exper imental  parameters  could be de- 
tected. However the magni tude  of the wave does in-  
crease with increasing s t i r r ing rate or ru thenate  con- 
centration. The same enhancement  effect can also be 
observed if the init ial  potent ial  is sl ightly more posi- 
tive or in  other words when the electrode is par t ia l ly  
oxidized. The vol tammogram recorded with a par t ia l ly  
oxidized electrode is shown in Fig. 11 where the 
shoulder wave is seen to merge wi th  peak IV. This 
merging of the shoulder wave with peak IV is gradual  
with a positive increment  of the ini t ial  electrode poten-  
tial from W0.1V. This huge composite peak IV was the 
one observed by another  investigator (8) who used a 
rotat ing electrode. The same huge wave can also be 
observed if a high ru thenate  concentrat ion (1 • 
10-~M) is used even though the ini t ial  potential  starts 
at a more negative value than  4-0.1V. Thus, all indi-  

1 I n  a p a p e r  by Trojanek  (18),  which  a p p e a r e d  d u r i n g  t h e  p r e p a -  
r a t i o n  of this manuscript ,  the  author compared the areas  of peaks  
I I I a  and IVa and found that  they  w e r e  in the ratio of 2:1. Hence ,  
the author  concluded that the  final product  of ruthenate  reduc- 
t ion probably has  a + III oxidat ion state,  
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Fig, 10. Cyclic voltammograms of ruthenate reduction showing 
the ruthenium dioxide reduction peaks. Sweep began at 4- 0.1V. 
Ruthenate concentration was 2.0 X 10-4M in 1M NaOH. Scan 
rate was 2 mV/sec. A, solution was stirred; current scale is on 
the left. B, solution was quiet; current scale is on the right. 
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Fig. 11. Cyclic voltammograms of ruthenate reduction showing 
the ruthenium dioxide reduction peaks. Sweep began at -I- 0.3V. 
Other parameters were the same as in Fig. 12. 

cations poin t  to the  poss ib i l i ty  tha t  ru thena te  in the  
solut ion oxidizes the  p l a t inum elec t rode  which in tu rn  
produces  the p l a t inum oxide peak. Oxida t ion  of the 
p l a t inum elec t rode  by  e lec t roact ive  species is not  un-  
common. In the  p resen t  case, the  reduct ion  of ru the -  
na te  to ru then ium dioxide  occurs at a potent ia l  s l ight ly  
more  posi t ive  than  the oxida t ion  wave  of the  p l a t inum 
electrode and thus the  poss ibi l i ty  of the  oxida t ion  of 
the  e lec t rode  b y  ru thena te  cannot  be discarded.  

F igu re  12 shows tha t  the  p l a t inum electrode is in-  
deed oxidized by  ru thenate .  Curves  A and B in Fig. 12 
are, respect ively ,  cyclic vo l t ammograms  for  an oxi -  
dized and a reduced  p l a t i num electrode.  I t  can be seen 
tha t  for  the reduced  electrode,  no sign of the  p l a t inum 
oxide  peak  is observed.  Curve  C is also a vo l t ammo-  
g r am of a r educed  electrode,  but  immed ia t e ly  af te r  
reducing the  e lec t rode  was soaked  in a quiet  1 • 
10-3M ru thena te  solut ion for about  2 rain and then  the 
e lec t rode  was washed  wi th  dis t i l led wa te r  before  re -  
cording the  vo l tammogram.  In this vo l t ammogram the 
p l a t inum oxide peak  reappears .  Thus, the  expe r imen-  
tal  resul ts  s t rong ly  suggest  tha t  the  shoulder  on peak  
IV is due to the  reduct ion of p l a t inum oxide. To fu r -  
the r  confirm this, vo l t ammograms  were  recorded f rom 
an e lec t ro ly t ica l ly  p la ted  ru then ium dioxide  e lec t rode  
in sodium hydrox ide  solutions. The  solutions were  
tho rough ly  deaera ted  wi th  n i t rogen to avoid fu r the r  
adsorpt ion  of oxygen  on the e lec t rode  [a process  
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Fig. 12. Cyclic ~ltammograms of platinum electrode in IM 
NaOH. Scan rate was 50 mV/sec. A, electrode was oxidized at 
-f- 0.SV before sweep; B, electrode was reduced at - -0.gv before 
sweep; C, same as B but the reduced electrode was soaked in 
1 X | 0 - 3 M  ruthenote for ,~ 2 rain and then washed in distilled 
water before sweep. 

favored by  ru then ium dioxide (16)] .  The  resul t ing  
vo l t ammograms  showed no sign of the shoulder  wave.  

T h e  var ious  expe r imen ta l  pa rame te r s  which affect 
the  peak  cur ren t  a re  not  discussed here  since the  the -  
o ry  for  consecutive react ions s ta r t ing  f rom solut ion to 
solid, then  f rom solid to solid (or a theory  s imply  f rom 
solid to solid) has not  been developed.  However ,  the  
effect of hyd rox ide  concentra t ion  on the peak  potent ia l  
can be observed easily. The average  leas t - squares  slope 
for plots of both  the  cathodic and anodic peak  po ten-  
t ia l  vs. log (OH) is 59 _ 2 mV for th ree  sets of exper i -  
ments  using a p l a t inum electrode,  a chemical ly  p r e -  
pa red  ru then ium dioxide e lect rode in hydrox ide  solu-  
t ion and in ru thena te  solution. The  measuremen t  of 
the  peak  potent ia ls  was in  fact  not  ve ry  accurate  due 
to the  somewhat  rounded  na tu re  of  the  peak  especial ly  
when  the ru then ium dioxide  e lect rode was used. The 
plots, s imi lar  to the  previous  sys tem for peak  III, shift  
10-15 mV along the potent ia l  axis f rom one to another .  
The reproduc ib i l i ty  of the  slope was surpr i s ing ly  good 
and the resul t  indicates  tha t  the  rat io  of O H - / e -  is 
one. F rom the above  coulometr ic  and vo l t ammet r i c  
observat ions,  the  ove r -a l l  react ion responsible  for peak  
IV is pos tu la ted  as 

2RuO~ ~- H20 ~- 2e <-> Ru~Os ~- 2 ( O H - )  [4 ]  

Ruthenium dioxide electrode.--Ruthenium dioxide 
electrodes f resh ly  p repa red  b y  chemical  methods  give 
ve ry  i l l -def ined vo l t ammograms  (Fig. 13, curve B) ex -  
cept  for a pa i r  of p rominen t  peaks  immed ia t e ly  fol-  
lowing the anodic l imit .  S l igh t ly  de te r io ra ted  elec-  
trodes,  however ,  p rov ide  more  defined vol tammograms.  
This was also not iced by  previous  inves t igators  (1, 2) 
who ran  the  e lect rode in acidic media.  The  s l ight ly  
de te r io ra ted  condi t ion can be achieved by  sweeping or  
holding the  e lect rode potent ia l  pas t  the  cathodic l imi t  
where  the  e lect rode on pro longed s tanding  can col-  
lapse  ve ry  easily. However ,  the  best  vo l t ammograms  
obta ined  were  not  ve ry  wel l  defined. On the o ther  
hand, running  the e lect rode in a ru thena te  solut ion 
enhances al l  the  i l l -def ined waves  so tha t  t hey  can be 
observed wi th  ease (Fig. 13, curve A) .  These waves  or  
peaks  coincide exac t ly  wi th  those discussed above for 
the  oxidat ion  and reduct ion  of ru thenate .  The first 
pa i r  of peaks  fol lowing the anodic l imi t  corresponds to 
the  redox react ion of the  RuO4- /RuO4 = couple. The 
second pa i r  corresponds to tha t  of RuO4-2/RuO~ and 
the th i rd  or  the  most  cathodic pa i r  corresponds to 
RuO2/Ru2Os. 

Once these waves  have  been identified, the i r  behavior  
can be fol lowed as was shown in the  discussion of 
the  RuO2/Ru208 reac t ion  above. The behavior  of the  
most  posi t ive pa i r  is a lmost  exac t ly  the  same as the  
RuO4- /RuOr  -9  couple  even though i t  can only be ob-  
served  qua l i t a t ive ly  due  to i ts close p rox imi ty  to the  
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Fig. 13. Cyclic voltammogram of ruthenium dioxide electrode. 
The scan rate was 50 mV/sec. The solution was: A, 5.4 X 10-4M 
ruthenate in 1M NaOH; B, 1M NoaH. 
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oxygen evolut ion limit.  The only difference be tween  
this pair  and that  of the ru thena te  oxidat ion  react ion 
is in the  shift  of the average  of the cathodic and anodic 
peak  potent ia ls  wi th  the hydrox ide  concentrat ion.  For  
the ru then ium dioxide  electrode,  the shift  is in the 
cathodic direct ion wi th  increas ing hydrox ide  concen- 
trat ions,  whi le  in the ru thena te  solutions, the shift  is 
in the opposi te  direct ion ( these effects wil l  be discussed 
in another  pal~er on the deta i led mechanism of ru the -  
na te  oxidat ion) .  The difference in this behavior  is p rob-  
ab ly  due to the  na tu re  of the surface as opposed to 
solut ion phenomena,  since adsorbed oxygen may  have 
been involved in the oxida t ion  of ru then ium dioxide.  
Nevertheless ,  the  ra te  of shifts for both, but  not the i r  
sign, are  app rox ima te ly  the same ( they  differ by  ~3  
mV).  At  low hydrox ide  concentrat ion,  however ,  the 
anodic peak  may  possibly be the  composite of the  
oxidat ion of ru then ium dioxide  to ru thena te  and then  
to pe r ru thena te  since in vo l t ammograms  obta ined with  
a p l a t inum electrode in ru thena te  solutions having  low 
hydrox ide  concentrat ions,  the  ru then ium dioxide oxi-  
dat ion peak  ac tua l ly  overshadows the ru thena te  ox ida -  
t ion wave  (Fig. 14). The wave  for the  RuO4-2/RuO2 
couple is r a the r  flat and broad,  and when freshly p r e -  
pa red  electrodes are  used i t  often blends wi th  tha t  of 
the  RuO2/Ru203 couple such that  one continuous wave  
is observed.  A few sweeps passing the anodic or  ca th-  
odic l imi t  disf inguishes the two waves  in t h a t  the  
magni tude  for the  RuO2/Ru203 wave  increases whi le  
the  RuO4-2/RuO2 wave  remains  the  same. This, to-  
ge ther  wi th  the observat ion  tha t  the  e lect rode can 
wi ths tand  severa l  sweeps past  the anodic l imit ,  indi -  
cates tha t  i t  can resis t  oxida t ion  or  dissolution much 
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Fig. 14. Cyclic voltammograms showing the overlap of the ru- 
thenium dioxide and ruthenate oxidation peaks. The scan rate was 
50 mV/sec. The solution was 1.7 >< 10-4M ruthenate in A, 0,32M 
NaOH; B, 3.8 X 10-3M NaOH. The ion strength of the solution 
was 1M by adding sodium perchlorate. 

bet te r  than  reduct ion or r ea r r angemen t  of the  c rys ta l  
lattice, provid ing  the e lect rode wi th  corrosion res is t -  
ant  characterist ics.  

Dur ing the course of the inves t igat ion it was ob-  
served that  hydra t ed  ru then ium dioxide can undergo 
par t i a l  a i r  oxida t ion  to ru thena te  in  high hydrox ide  
concentrat ion solutions ( >  1M). I t  is also known tha t  
in low hydrox ide  concentrations,  ru thena te  decomposes 
to ru then ium dioxide. Thus, wi thout  complexat ion  re -  
actions, the e lect rode should pe r fo rm longer  in lower  
pH media.  
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Some Electrocapillary-Type Behaviors of Gold Electrode 
Kaung-Far  Lin 

Department of Industrial Chemistry and Chemical Engineering, Natmnal Tsing Hua University, Taiwan, China 

ABSTRACT 

The effect of ac t iv i ty  on po ten t ia l  of in ter rac ia l  tension m a x i m u m  in 
aqueous solutions of I - ,  B r - ,  and C1- is inves t iga ted  for  gold electrodes.  I t  
is seen tha t  the potent ia l  decreases wi th  ion concentra t ion  at  a ra te  of  
- - & I V / d e c a d e  in ac t iv i ty  for  I -  and B r - .  E lec t rocap i l l a ry - type  curves  for  
0.1N N(CH~)4OH is found to a lmost  coincide wi th  tha t  for 0.1N KOH. Change 
in in te r rac ia l  tension for  I -  and B r -  is of the  same magni tude  in me thano l  
solut ion as in aqueous solution. 

The e lec t rocap i l l a ry  behavior  of mercu ry  is ve ry  
wel l  known  in the  l i te ra ture .  However ,  much less 
da ta  is ava i lab le  for solid metals.  E lec t rocap i l l a ry - type  
curves  ( in ter rac ia l  tension vs. potent ia l )  for solid 
meta ls  have been recen t ly  repor ted  by  Bockris et al. 
(1, 2) and Beck et al. (3, 4). A ra the r  thorough s tudy 
of the e l ec t rocap i l l a ry - type  phenomena  on gold elec-  
t rode has been made  by  Lin et al. (5). In format ion  
about  gokl e lec t rode  is complemented  in this s tudy 
by  showing the effect of ac t iv i ty  (or concentra t ion)  
on the observed potent ia l  of e lec t rocap i l l a ry  m a x i m u m  
and  compar ing  in te r rac ia l  tension curves  in  organic  
solut ion and aqueous solution, o 

Exper imental  

Gold r ibbon  (0.000127 X 0.318 • 50 era) wi th  pu r i ty  
99.9'9% is used. The in te r rac ia l  tension is measured  
by  an  extensometer .  The design and character is t ics  
of the  ex tensometer  have  been presented  prev ious ly  ~ 
(3-5) .  The expe r imen ta l  p rocedure  is the same as ~ 10 
those in the  previous  reports .  The potent ia l  is re la t ive  
to s t andard  hydrogen  e lec t rode  (Vshe). The potent ia l  
span is l imi ted  in the range  tha t  there  is no app re -  I 
c iable fa rada ic  cur ren t  and Joule  heat ing.  Fo r  smal l  
va lue  of l inear  s t ra in  (AL/L < 10-7) ,  bu lk  and sur -  
face elast ic  modul i  can be r ega rded  as a constant.  
Thus a l inear  re la t ionship  be tween  in te r fac ia l  tension 20 
and length  of gold r ibbon  is valid.  

Results and Discussion 

Activ.ity e~ect of anions.--It was observed  tha t  the  
surface act ive anions I - ,  B r - ,  and C1- shift  the po-  
ten t ia l  of in te r fac ia l  tension m a x i m u m  in a negat ive  
di rect ion for gold (5). A series of e l ec t rocap i l l a ry - type  
curves  are  measured  for  these ions in var ious  con- 
cent ra t ions  in a smal l  potent ia l  span  a round  the in te r -  
facial  tension m a x i m u m  and the potent ia l  of in te r -  
facial  tension m a x i m u m  is thus de termined.  F igures  1, 
2, and 3 show t h e  or ig ina l  e l ec t rocap i l l a ry - type  curves 0 
for 4, 1, 0.1, 0.01, and-0.001M aqueous solutions of 
KI,  KBr,  and KC1J The ac t iv i ty  coefficients of po tas -  
s ium salts in aqueous solut ion are  avai lab le  in the  
l i t e r a tu re  (6). The effect of ac t iv i ty  of anions on 
the potent ia l  of in ter fac ia l  tension m a x i m u m  is shown 
in Fig. 4. I t  can be seen tha t  the  poten t ia l  of in te r -  
facial  tension m a x i m u m  changes wi th  ac t iv i ty  at  a - 10 
ra te  of --0.1 V/decade  for  s t rong ly  adsorbed  I -  and 
B r - ,  l ike  tha t  observed on m e r c u r y  (7). However ,  <1 I 
the potent ia l  of in te r rac ia l  tension m a x i m u m  for C1- 
decreases  wi th  ac t iv i ty  non l inea r ly  on a semilog scale. 

Bode et al. obta ined  slopes of l ines of --0.050, --0.045, 
--0.040 V/decade  in ac t iv i ty  for  I - ,  B r - ,  and C1- by  
open-c i rcu i t  scrape  method  for  gold e lect rode (8). 20 
The potent ia ls  of in te r fac ia l  tension m a x i m u m  in Fig. 
1 a re  gene ra l ly  more  negat ive  than  o ther  repor ted  
values  (8-10). This t rend  is also observed for S O4 =, 

K e y  w o r d s :  e l e c t r o d e ,  c a p a c i t a n c e ,  s t r e s s - s t r a i n .  
T h e  e x t e n s o m e t e r  can m e a s u r e  t he  change  in In te r rac ia l  ten- 

sion, n o t  t h e  a b s o l u t e  v a l u e .  In  Fig. 1, 2, and 3. in te r rac ia l  t e n s i o n  
v a l u e s  a r e  a r b i t r a r i l y  s e t  a t  z e r o  f o r  i n t e r r a c i a l  t e n s i o n  m a x i m u m  
i n  v a r i o u s  s o l u t i o n s .  

C104-, and  NOa-  though measured  change in in t e r -  
facial  tension and charge  dens i ty  is in agreement  
wi th  the L ippmann  equat ion in electr ic  double  l ayer  
reg ian  (5). The reason for  this d iscrepancy is not  
exac t ly  known. 

Cation a&orption.--It was known  that  t e t r a - a l k y l -  
ammonium cations are  specif ical ly adsorbed on m e r -  
cury (11). A t e t r a - a l k y l a m m o n i u m  ion would be ex -  

4m lm ,lm ,01m ,O01m 

I , , I r I 
-1,0 -0,8 -0,6 - 0,4 

Vshe 

Fig. 1. Electrocapillary-type curves for 4, I ,  0.1, 0.01, and 
O.O01M aqueous solutions of KI. 

~m lm .lm ,01rn O01m 

-0.8 -0,6 - 0."- -0.2 
Vshe 

Fig. 2. Electrocapillary-type curves for 4, I ,  0.1, 0.01, and 
O.O01M aqueous solutions of KBr. 
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I t I ~ I 
-0,4 -0,2 0 

Vshe 

Fig. 3. Electracapillary-type curves for 4, 1, 0.1, 0.01, and 
O.O01M aqueous solutions for KCI. 

' ' ' ' ' " ' ]  , , l l J H ,  I , i i , . . , ,  I i J , . , l , , ]  = , l l H .  
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" - - - - ~  Br- 

-o, 6 ~ % 

0,8 13"-.... I -  
- 

"m--._. 
~.13.. 

-i 0 .4 10 .3 10 -2 10 -1 10 o 10 

ACTIV ITY 

Fig. 4. Effect of activity on potential of interfocial tension max- 
imum in potassium salt. 

pected to shift the potential of interfacial tension max-  
imum anodically if it is specifically adsorbed on gold 
electrode. However, experimental  interracial tension 
curves for 0.1N KOH and 0.1N N(CI~)4OH almost co- 
incide in Fig. 5. This anomaly can be explained by the 
fact that, for gold electrodes, adsorption of an anion is 
enhanced by the large tetramethyl  ammonium cation 
and the metal-anion interaction is stronger than the 
metal-cation interaction. Thus the anion is nearer to 
the metal than the cation and a metal-anion-cat ion 
bridge is formed. The over-al l  effect is that  there is not 
much difference in interracial tension curve for 0.1N 

I I ~  I I 

0.1N N(CH3)4 OH - 

200 

I t I I I I I I 
-1,2 -1,0 -0,8 -0.6 -0,4 -0,2 0 0,2 0.4 

Vshe 

Fig. 5. Interfaciol tension curve for aqueous 0.1N KOH and 
0.1N N(CH3)4OH. 

KOH and 0.1N N (CH3)4OH, just  l ike there is not much 
difference in potentials of zero charge for NaOH and 
N (CI4_~) 4OH in different concentrations (12). The en- 
hancement of anion adsorption by te t ra-a lkylammon-  
ium ion and the formation of metal-anion-cation 
bridges have been invoked in explaining observed 
peak potential for gold and silver electrodes (12) 
and some kinetic processes (13). 

Organic solvent.--Interfacial tension curves for 0.1N 
NaI and 0.1N NaBr in methanol (ACS reagent grade) 
are shown in Fig. 6. (The two curves are  matched 
at the negative potential side). It is seen that I -  is 
more strongly adsorbed on gold than Br - ,  with po- 
tential of interfacial tension maximum at --0.96 V~h e 
and --0.31 Vshe, respectively. The shift in potential of 
interfacial tension maximum is thus 0.65V, as com- 
pared to 0.2V for 1N I -  and B r -  in methanol on 
mercury (14). For a gold electrode, change in inter-  
facial tension with potential in methanol is of the 
same magnitude as that in aqueous solution, but shift 
in potential of interfacial tension maximum for I -  
and B r -  is 0.28V in an aqueous solution (5). 

7 .  

8. 

9. 

10. 

11. 

12. 

13. 
14. 

 00y   NoBr, 
~__ 2o0 - 

b~ 0.1N Nal 

,3 300- 
I 

400 - 

l, J, l, I, L, l, l, I,[, E ,~ 
-1,6 -1.4 - t 2  -1.0 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 

Vshe 

Fig. 6. Interfacial tension curve for 0.1N Hal and 0.1N NaBr i .  
methanol. 
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A Detailed Treatment of the Reaction Zone for 
Electron-Transfer Chemiluminescence 
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ABSTRACT 

Techniques of d igi ta l  s imula t ion  have been used to model  the  r e a c t i o n  
zone y ie ld ing  chemiluminescence  in convent ional  double  or t r ip le  potent ia l  
s tep exper iments .  Each s imula t ion  descr ibes  the  s teady state achieved wi th in  
a fixed volume into which  the reac tan t  rad ica l  ions are  in jec ted  at  a constant  
rate.  Thus each s imula t ion  depicts  a single point  along the luminescence decay 
curve. Other  points are  examined  via s imulat ions  involving different  ra tes  
of r eac tan t  injection.  Radical  ion annihi lat ion,  t r i p l e t - t r i p l e t  annihi lat ion,  f irst-  
o rder  t r ip le t  decay, and t r ip le t  quenching by  the radica l  ions are  al l  modeled  
direct ly .  Problems  associated wi th  the s imula t ion  of a s teady s ta te  a re  dis-  
cussed in detail .  The resul ts  of s imulat ions  for  var ious  sets of real is t ic  ra te  
pa rame te r s  are  compared  wi th  the predic t ions  of a simplified t r ea tmen t  of the  
reac t ion  zo,ne as a homogeneous region of constant  width.  The impact  of 
quenching by  rad ica l  ions is eva lua ted  quan t i t a t ive ly  for the  first t ime. T h e  
resul ts  show that  one can usua l ly  expect  t r ip le t  l i fe t imes to be control led  
by  these species at  t imes ea r ly  in the  l ight  pulse. The impor tance  of  th is  
conclusion to the usual  in te rp re ta t ion  of magnet ic  effects is discussed. 

L igh t  t rans ients  p roduced  in e lec t rochemical  step 
exper iments  have been carefu l ly  s tudied since F e l d -  
berg  first recognized the va lue  of thei r  shapes for 
mechanis t ic  diagnosis ( l ,  2). In  these exper iments  
(3, 4), two high energy  reac tants  (e.g., the anion and 
cat ion radicals  of an a romat ic  precursor)  are  gen-  
e ra ted  sequen t ia l ly  at  a p l ana r  microe lec t rode  in a 
quiescent  solut ion at  d i f fus ion-control led rates. The 
first r eac tan t  is deposi ted in the  diffusion l aye r  dur ing 
the fo rward  step, which  lasts for a per iod if. L ight  
arises dur ing  the reversa l  step, when the second 
reac tan t  is p roduced  at  the  electrode,  diffuses out -  
ward,  and  meets  the first reac tan t  in a react ion zone 
l o c a t e d  with in  the  diffusion layer .  If  energy permits ,  
the  emi t t ing  s ta te  can be p roduced  d i rec t ly  by  the 
r eac tan t  ann ih i la t ion  (S rou te ) .  Al te rna t ive ly ,  the  
chemis t ry  m a y  yie ld  t r ip le t  in termedia tes ,  which  can 
t h e m s e l v e s  annih i la te  to produce  emi t t ing  singlets  
(T rou te ) .  

Fe ldbe rg  noted tha t  these two mechanisms could 
be d is t inguished f rom the  form of the  l ight  decay,  
as reflected in the s lope of a l inear  plot  of log I vs. 
(tr/tf)'/2, where  I is l ight  in tens i ty  and tr is t ime 

measured  into the  second step f rom its s ta r t  (2). The 
p red ic ted  slope for  an S - rou te  sys tem requi res  no 
m o d e l  of the  reac t ion  zone and is wel l  defined by  
diffusion. The T mechanism is much more  complex,  
a n d  predic t ions  of the  corresponding decay funct ion 
requ i re  a model  of the reac t ion  zone. Fe ldberg  took 
this zone as a smal l  region of fixed thickness  into 
which  the reac tants  a re  in jec ted  at  a ra te  control led  
b y  diffusion (2). Tr ip le ts  were  r ega rded  as being 
un i fo rmly  d i s t r ibu ted  over  the  zone, and the i r  con- 
cen t ra t ion  was assumed to be at  a v i r tua l  s teady  state. 
This basis simplifies the  p rob lem great ly ,  and  the 
in tens i ty  decay  is r ead i ly  defined wi th in  its f r ame-  
work.  The slope magn i tude  of a Fe ldberg  plot  was 
expected  to exceed tha t  for  an  S - rou te  case, but  i t  
should never  be l a rge r  than  twice tha t  lower  limit.  
L a t e r  w o r k  by  others  sought  to develop quant i ta t ive  
techniques for ex t rac t ing  mechanis t ic  in format ion  
f rom the l ight  t ransients  (3-7).  

F ind ing  expe r imen ta l  systems tha t  a re  expl icab le  
in terms of the theory  has proved ve ry  difficult, 
despi te  the  fact  tha t  the  e lec t rochemical  features  are  
often qui te  wel l  behaved  (8, 9). Fe ldberg  slopes are  
f r equen t ly  4-6 t imes l a rge r  than  the S - rou te  value,  
and  on ly  r a r e l y  are  T- rou te  shape functions fol lowed 

* Electrochemical Society Active Member. 
Key words: chemiluminescence, diffusion, kinetics, simulation. 

over  a wide t ime range,  even when  react ion energy  
dictates a T mechanism (10-12). Pa r t  of the  p rob lem 
is tha t  Fe ldberg  plots a re  l inear  only  for  t r / t f  ~ 0.2, 
~when most  of the  l ight  pulse  has passed, and the 
reac tan t  levels a re  easi ly  pe r tu rbed  by  side react ions  
(13). Ano the r  aspect  is tha t  the simplif ications in t ro -  
duced in the  Fe ldbe rg  model  m a y  be too res t r ic t ive  to 
a l low an accurate  pred ic t ion  of decay functions,  except  
in special  cases. 

In  this paper ,  we presen t  a technique for obta in ing 
deta i led  models  of the  reac t ion  zone. Calculat ions 
for real is t ic  expe r imen ta l  s i tuat ions a l low an eva lua -  
t ion of the  assumptions  under ly ing  the simplif ied 
model.  In  addit ion,  they  provide  ra t iona le  for  a num-  
ber  of anomalous  observat ions,  and they  y ie ld  ins ight  
into the  fundamenta l s  of impor t an t  expe r imen ta l  me th -  
ods. 

The Simplified Model 
We consider  only  the case in which the two reac tan t  

ions are  produced  f rom the same precursor ,  P. The 
react ion scheme is g iven b y  [1]-[8]  

ket 
Ip* q_ p [i] 

[2] 

[3] 

[4] 

[5] 

[6] 

RI+R2 , > 3p* +p 

> P+P 

> Ip* + p 

~p*q_sp*  ka kt > 3 p * q _ p  

kg > P q - P  

8p* k1~ P [7] 

Ip* r 
. > P q- h~ [8] 

where  Rl and R2 are  the  reac tants  and  Ip* and 3p* 
are  exci ted singlet  and t r ip le t  precursors .  The pa -  
r a me te r  kl  is the  f i r s t -order  ra te  constant  for' t r ip le t  
decay,  and r is the fluorescence efficiency of ip*.  

Reactions [ I ] - [ 3 ]  t ake  place  at  a ra te  control led  
by  diffusion of RI and R2 into the  reac t ion  zone (2, 5). 
That  ra te  is N (moles per  second) ,  and the reac t ion  
zone volume is Vr. The kinet ics  of t r ip le t  format ion  
by  [2] and decay by  [4]-[7]  leads to an  ana ly t ica l  
express ion for  the t r ip le t  concentrat ion,  viz. 
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--1 ~- [1 -}- 8 ka(1 -- g)~2L/Vr]V2 
[3p*] = [9] 

4ka(1 -- g)T 

The steady-state approximation for 3p,  has been 
invoked, and the reaction zone has been taken as 
homogeneous. The various symbols in [9] are defined 
as follows: ka -~ ks -~- kt ~- kg, �9 = 1/kl ,  g =- kt/2ka, 
L = etN. The parameter  Ct is the tr iplet  yield of 
radical  ion annihilat ion.  Using the addit ional rela-  
tionships [10] and [11] 

I ~-~ Cf~ttka[Sp*]2Vr [10] 

Vr ---- fA (DtD '/' [11] 

one can develop a relationship for the T-route  intensi ty  
in dimensionless terms 

~i ---- p[1 -- (1 + ~ n / ~ )  v2] -~ 0.5 ~wn [12] 

Here ~,tt is the singlet production efficiency of t r iplet-  
tr iplet  annihi la t ion kJk~ ,  D is the diffusion coefficient, 
and A is the electrode area. Equat ion [11] essentially 
defines f as a dimensionless reaction zone thickness, 
which is taken as a constant throughout  the experi-  
ment.  In  [12], ~i ---- Itf'~/AD'/~CF* and is the d imen-  
sionless intensi ty;  ~n : Nt~'/~/ADV~C~* and is the 
dimensionless ion annihi la t ion rate;  a _= Ct~bLt~bf/(1 -- 
g);  fl -- ftrCfr _ g)2; and Cp* is the 
bu lk  precursor concentration. Since ~i can be deter-  
mined exper imenta l ly  and ~n can be readily calculated 
theoretically, the simplified t rea tment  allows the eval- 
uat ion of ~ and ~ from real data, in principle. Esti-  
mates of the t r iplet  yield ~t could be obtained from 
reliable ~'s. 

There are at least three impor tant  deficiencies in 
the t reatment :  (i) T ime-dependent  tr iplet  quenching 
by radical  ions is not considered. (ii) The reaction 
zone thickness is assumed to remain  constant  through-  
out the experiment.  (iii) The reaction zone is taken 
as a homogeneous region. 

The presence of radical ions in and around the 
reaction zone bears impor tant ly  on all three of these 
issues. These species have been shown to deactivate 
triplets readily (14, 15), and a detailed t rea tment  
must  implicate kinetics reflecting this activity. If 
radical ion quenching has a large influence on the 
tr iplet  lifetime, then that  l ifetime will show a time 
dependence as the radical ion concentrat ions decrease 
dur ing the course of the experiment.  Since the tr iplet  
l ifetime par t ia l ly  determines the size of the reaction 
zone, it is evident  that the radical ion concentrations 
will  also play a role in  controll ing the thickness of 
the zone, f, along the dimensionless diffusion axis. 
A t ime-dependent  lifetime would imply a t ime-depen-  
dent S. Finally,  we note that  the relative competit ive- 
hess, of quenching by radical ions and t r ip le t - t r ip le t  
annihi la t ion  changes across the reaction zone, be- 
cause both triplets and radical ions are inhomogen-  
eously distributed. One of our goals here is to use 
a detailed model to evaluate the practical impact 
of these factors on the l ight decay. 

Formula t ion  of the Problem 
Most aspects of the computer program developed 

to model the reaction zone involve we l l -known digital 
s imulat ion techniques (16, 17) and need not be dis- 
cussed. Most of the notat ion used here corresponds 
to common practice in  dealing with electrochemilu- 
minescence (ECL). There are, however, several fea- 
tures of this par t icular  s imulat ion that  are unique 
and require  amplification. These include: (i) the 
basic spatial features of the reaction zone, (ii) the 
means of ascertaining the stopping point for the 
simulation,  and (iii) the methods for evaluat ing the 
rates of ion and tr iplet  annihilat ion.  

Any consideration of the reaction zone begins with 
the concentrat ion profiles of the radical ions dur ing 
the second step of the experiment.  Figure 1 shows a 
typical case. The reaction zone is the region where 
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Fig. 1. Concentration profiles in the diffusion layer at t r / t f  -=  0.4 

the profiles for R1 and R2 meet. This region is very 
th in  compared to the thickness of the whole diffusion 
layer, hence the rate of ion inject ion into the reaction 
zone is dictated by the slopes of the essentially l inear  
profiles on either side (13). The time scale over 
which the profiles evolve is much longer than those 
of the steps in reac t ion  scheme [1]-[8], hence a 
steady-state condition essentially prevails wi thin  the 
zone (7). The rate of ion injection, therefore, equals 
the rate of ion annihi la t ion  N (or ~n, in dimensionless 
format) .  This parameter  is determined only by basic 
considerations of diffusion and is readily calculated 
(13). For any time tr/tf,  there is a corresponding 
~,~ value. 

Thus, the problem is to model the steady-state con- 
dition for a reaction zone into which reactants are 
injected from opposite sides at a fixed rate. The digital 
arrays representing various species are initialized ar- 
bitrarily, then they are manipulated according to the 
dynamic laws until a steady condition is reached. 

Initialization.--The starting concentration profiles of 
the reactants RI and R2 are chosen to be linear func- 
tions. Their concentrations are largest at opposite 
sides of the zone and decrease to zero at the center 
The concentration of the precursor P is chosen such 
that the sum of all fractional concentrations (fi --- 
Ci/Cp*, where i is any species) in any box is unity. 
This relationship always holds for the present case, 
in which all species have the same diffusion coefficient 
(13). 

Since the radical ion annihilation rate changes over 
a long time scale, a simulation at steady state yields 
a picture of the system for essentially a single experi-  
menta l  time. A series of s imulat ions for discrete 
values of ~n must  be carried out to cover a wide t ime 
range. Once one sets ~n for a given simulation, one 
has fixed the inject ion rates of R~ and R2 and, thus, 
the gradient  in  their concentrations at the two bound-  
aries. This gradient  is the slope used for the init ial  
l inear  profiles. It allows one to fix the ini t ial  difference 
in  fractional concentrat ion between adjacent  boxes 
in the simulation, if one first determines the size of 
the zone to be considered and the number  of boxes 
in that  zone. 

We have chosen to define the reaction zone size 
in  terms of the rates of diffusion and electron t rans-  
fer. Thus the actual  zone width, d, along the diffusion 
axis is given by 

( D y / ,  
d m v ketCp* [13] 

where D is the diffusion coefficient, ket is the over-al l  
rate constant for electron transfer,  and v is a scale 
factor to be optimized. It is easy to see that  ( • e t C p * ) - 1  
has the units  of t ime and defines a t ime scale for 
the electron t ransfer  reactio.n. Therefore, the value 
of v is the size of the reaction zone in terms of diffu- 
sion lengths on this t ime scale. This parameter  is a 
s imulat ion variable and can be selected at will, but  
it must  be large enough to accommodate all of the 
reaction events of interest. Ideally, it is no larger. 
Using this definition, that  of the model diffusion c o -  
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efficient, D~ 
DAt. 

DM -- - -  [14] 
AX 2 

and the dimensionless redox rate constant  K 

K : kettfCp* [15] 

we arr ive at useful expressions for the space and time 
increments,  AX and ht, that  characterize the s imulat ion 

v ( D t , ) ' / ,  
~x = ( j m ~ - -  1) - - 7  [16] 

v2DMtf 
At ~ K(~max - -  1) 2' [17] 

Here, it is understood that  the distance d is repre-  
sented by boxes numbered  from 1 to jmax, so that  d 
= (Jmax - -  X)Ax. 

The value of J, the difference in fractional concen- 
trat ions between adjacent  boxes in the ini t ial  l inear  
concentrat ion profiles of RI and R2, can now be de- 
te rmined to be 

wnV 
J "- [18] 

K'/2 (jmax - -  1) 

See the Appendix  for details. This relat ion provides 
the means for ini t ial izing the simulation. 

Let us note a few differences between the s imula-  
t ion technique presented here and that which is u t i l -  
ized in  the more famil iar  case of semi-infini te l inear  
diffusion. In  the la t ter  case, the t ime resolution is 
specified by the number  of i terations corresponding 
to some exper imental  period (16, 17), whereas the 
n u m b e r  of boxes required for spatial representat ion 
is not directly controlled. Therefore, the over-al l  size 
of the region to be described is ini t ia l ly  unknown.  
In  the steady-state  case presented here, the over-al l  
size of the reaction region and the number  of boxes 
represent ing it are specified at the start, thus the 
spatial resolution is in i t ia l ly  defined in direct terms. 
Time resolution is defined indirect ly through DM, and 
the n u m b e r  of i terations required to achieve steady 
state is completely unknown.  Whereas the number  of 
i terations is the chief s imulat ion variable in  the semi- 
infinite case, t h e  reaction zone scaler is the chief 
variable  for the present  model. Since the number  of 
i t e ra t ions  cannot  be preset in  this case, some other 
indicator  must  be devised for stopping the s imulat ion 
when steady state is reached. 

Boundary conditions.--The key constraint  on the 
model is that  the two radicals are injected from op- 
posite sides at steady rates corresponding to the value 
of "n chosen for the simulation. This condition is 
enforced for 1%2 by main ta in ing  its fract ional  concen- 
trat ions in  boxes 1 and 2 at the constant  difference J. 
After  each iteration, the fractional concentrat ion in 
box 1 is adjusted appropriately. For species R1, the 
boundary  condit ion is enforced in  boxes Jmax -- 1 and 
jmax in  exactly the same way. The zone width pa ram-  
eter v is always sufficiently large that radical ions 
do not diffuse through the zone and triplets do not 
diffuse out of it. 

Dynamics.--The chemical reactions that  must  be 
considered in the reaction zone are (i) electron t rans-  
fer, (ii) t r ip le t - t r ip le t  annihilat ion,  (iii) first-order 
tr iplet  decay, and (iv) quenching of triplets by radical 
ions. The expressions used to determine the changes 
in  the various fractional concentrations in each box 
dur ing  each i terat ion are listed below. They are de- 
r ived by conventional  techniques for t reat ing homo- 
geneous processes (16, 17) 

- -AIR 1 = --A~R 2 = MT/~bt = A l p / ( 2  - -  q~t) 

v2DMIRIfR2 e l e c t r o n  
- -  [ 1 9 ]  

(jmax -- 1) 2 t ransfer  

2v2D~ 
- - h i T = h i p - -  (~max--1) 2 ( l - - g ) (  k--~eat)/T'2 

t r ip le t - t r ip le t  
[20] 

annih i la t ion  

( ) f i r s t - o r d e r  V2DM kl  fT 

--A]T = A~p --- (Jmax - -  1)2 ketCp"-"---'~- t r iplet  decay 

[21] 

radical- ion 

quenching 
[22] 

--A]T --" A~p __ (~ max - -  1) 2 ~T]Q 

Here, the )~i's are fractional concentrat ions of species 
denoted by the subscripts, where T signifies the tr iplet  
ap. ,  and Q stands for both radical  quenchers R1 and 
R2, which are ass,umed to destroy triplets equal ly  ef- 
fectively by rate constant  kq, i.e. 

kq 
~P* + Q ----> P § Q [23] 

Thus, ]6 = JR1 § fR2- The singlet 1p. is not specifically 
modeled because its l ifetime is too short to permit  
significant concentrat ions at steady state. These re- 
actions are allowed to occur sequential ly in the s imu-  
lat ion at the end of each iteration, just  after diffusion 
of all  species. 

Steady-state criterion.--The s imulat ion is stopped 
at the earliest point  where  the values of the total 
radical ion reaction rate and the total t r ip le t - t r ip le t  
annihi la t ion rate cease to change significantly in suc- 
cessive iterations. The total electron t ransfer  rate is 
given by ~n, and the total t r ip le t - t r ip le t  annihi la t ion  
rate is given in  dimensionless terms by an analogous 
parameter  ot, which for a T- route  system is directly 
proport ional  to oi 

ot = wi/~bfttt [24] 

Both ~i and ot can be determined from the input  
parameters  for the s imulat ion and the concentrat ion 
profiles at the end of each iteration. It  was necessary 
to monitor  both functions, because they approached 
steady state at different rates. Their  values can be 
calculated at any  time from the following expressions, 
which are derived in  the Appendix 

w ' l , [ ~  
O n -  ( J m a x -  1) . ]RI (~)~R2(J)  

+ (jma,--1)~ ~ h(k)] [25] 
V2DM k 

The second term in [25] is introduced to account for 
those boxes in which the extent  of the redox reaction 
is l imited by the concentrat ion of R1 or R2. The frac- 
t ional concentrat ion ~1 refers to the l imit ing value 
JR1 or JR2. The summatior~ in  the first te rm runs over 
all boxes j where a l imit ing reagent is not found. The 
summat ion  in [26] runs over all boxes in  the zone. 

The val idi ty of using w t and on to determine the 
steady state was tested by moni tor ing the ratio of 
ot to ~n for a special case. In  the absence of tr iplet  
decay and radical ion quenching, all triplets must  
undergo t r ip le t - t r ip le t  annihilat ion,  and one obtains 
s imply from stoichiometric factors 

~t 0.5~ 0.5 t t  

Wn r t (I - -  g) [27] 

For the simulations considered here, where ~t = 1 
and g = 0.37, Eq. [27] produces the numeric  ratio 
~J~n = 0.794. A valid s imulat ion must  predict  this 
result. In  addition, the value of ~a calculated from 



1082 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  July  1978 

[25] ought  to agree wi th  the assigned value used to 
fix the inject ion rates of R1 and R2. 

In general, we found that  the ratio ~t/~n was quite 
independent  of model  variables and was very  close 
to 0.794. However ,  the individual  values of ~t and ~n 
were  significantly sensitive to the spatial resolution 
of the simulation. This effect is i l lustrated by the 
results in Table L The reasons behind it  are  not 
ful ly  understood. In part, it seems to stem from the 
ordered manner  in which diffusion and the chemical  
processes are effected in the model. The sequential  
handl ing of processes that  are actual ly concurrent  
may  lead to a sl ightly erroneous steady state, Still, 
the impor tant  ratio wt/w n is re l iab ly  predicted, and the 
zone width  paramete r  can be optimized so that  the 
assigned and calculated values of ~ agree very  
closely. The zone width  scaler values listed in Table 
II for various values of ~n yield agreement  wi thin  
1% for a 51 box simulation. These values of v were  
used to obtain results  reported below. They increase 
as ~n falls, because the react ion zone expands as the 
concentrations and the gradients of the radicals decline. 

Results  a n d  Discussion 
T h e  simplified v iew of the ECL reaction zone as 

a homogeneous region of l ight emission is a good first 
approximat ion for the case of (i) an infinitely fast 
ion annihi lat io~ rate, (ii) a very  short t r iplet  l ifetime, 
and (iii) no t r iplet  quenching by radical  ions. How- 
ever, the results of the simulations reported below 
indicate that  this t rea tment  cannot be extended to 
cases wi th  realist ic react ion parameters .  In our work, 
we have assumed that  the electron t ransfer  rate con- 
stant is on the order  of 1010 M-~ sec -L  This figure 
accords wi th  the few avai lable exper imenta l  measure-  
ments  (6, 18). For tf _-- 1 sec, and Cp* ---- 10-ZM, we 
ar r ive  at ~ = 10 ~, which is a constant for all s imula-  
tions. The rate  constants ka and kq are probably sig- 
nificantly smaller  than ket (14, 19-25), hence we have 
used ratios (ka/ket) and (kq/ket) equal  to 0.1 in our 
simulations. I t  is impor tant  to recognize that  the 
values of ~, (ka/ket), and (kq/ket) must  lie fa i r ly  
near  our choices, because the rate  constants deter-  
mining them are diffusion controlled (or near ly  so) 
and should not vary  much from system to system. 
In contrast, the rate  constant for f i rs t-order t r iplet  
decay, k~, has wide latitude. In careful ly  deaerated 
solutions, it probably  corresponds to a l i fe t ime ~m~x 
= 1/k~ of perhaps 100 ~sec. Under  more favorable  
conditions, "~max could approach or exceed 1 msec. 
Poor  pur i ty  could produce a va lue  as short  as 1 ~sec. 

Table I. Dependence of simulation performance on zone width* 

~ n  ~ t  ~ t / ~ n  

50 29.08 23.23 0.799 
60 34.74 27.75 0.799 
70 40.37 32.24 0.799 
76t 30.15 24.11 0.799 
80 31.67 25.33 0.800 
90 28.23 22.65 0.802 

100 26.34 21.21 0.805 

* ~ = 30 (ass igned) ,  jmax = 51, K = 10L (Ir ---- 0, 
( k ~ L k , , )  = zvo ., ( k ~ k ~ )  = O, r = 1, ~ = 0.37, D ~  = 0.45. 

u p t i m a l  . 

Table II. Optimal values of the zone width scaler* 

Assigned ~n Optimized v 

30 76 
15 92 
10 107 
6 129 
1 179 
0.1 291 

* J.-,z = 51, K = 107, (kllk~tCe*) = 0, (k~/k~t) = 10, (kq/ket) 
= 0, Ct = 1, g = 0.37, D~ = 0.45. 

Shorter  values would probably lead to complete loss 
of T- rou te  emission and are .not of interest .  I n  all  of 
our simulations, we assume that  the electron t ransfer  
react ion produces triplets wi th  efficiency r -- 1. 

Structure o] the reaction zone.--Figures 2a and 2b 
i l lustrate the inhomogenei ty  of the react ion zone under  
realistic conditions. The radical  ion profiles overlap 
considerably in the l ight emit t ing region, and the 
total  radical ion concentrat ion at the  center  is sizable. 
The i l lustrated case is for ~n ---- 30 and would apply 
at a point just  ear l ier  than tr/tr -- 0.001. These results 
indicate that  for a typical  ECL exper iment ,  where  
the bulk precursor  is present  at a 1 mmole  level, the 
radical ion concentrat ion is near  5 > 10-sM in the 
very  ear ly  part  of the l ight transient.  Such a concen- 
t ra t ion is large enough to completely  overshadow 
first-order decay, unless kl provides for t r iplet  l i fe-  
t imes less than 10 #sec. 

This conclusion is ve ry  impor tant  for its bearing 
on the in terpre ta t ion  of magnet ic  effects. The rat ionale 
now offered for the magnet ic  enhancements  that  are 
universa l ly  seen for energy deficient systems rests 
on the assumption that  t r iplet  disappearance (aside 
f rom annihilat ion) is almost total ly controlled by the 
radical  ions (3, 4, 14, 15, 26, 27). Our present  results 
s t rongly support  the val idi ty  of that  assumption, at 
least for the earl iest  exper imenta l  times, where  mag-  
netic measurements  have usual ly  been made. 

At la ter  times, when  ~n falls, the mean radical  con- 
centrat ion across the l ight emit t ing region also de-  
clines, and f i rs t -order  processes may  regain  control  
of t r iplet  decay. For  example,  ~n ---- 1 yields a mean 
concentrat ion near  5 • 10-SM. This level  would dom- 
inate t r iplet  deact ivat ion only in systems wi th  ~max 
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Fig. 2. Distributions across the reaction zone. (a) Concentration 
profiles: filled circles, R1; open circles, K2; squares, triplets. 
(b) Triplet-triplet annihilation rate; each point represents the 
contribution to ~t made in a single box. Parameters: ~t  ---- 1, 
K = 107, (ka/ket)  = 0.1, (kq/ket)  = 0.1, ( k l / k e t C p * )  =- 10 -8 ,  
jmax = 51, DM = 0.45, g = 0.37, ~n = 30. Distance axis is 
relative to the center of the reaction zone and is in units of Ax. 
For tf ---- 1 sec, Cp* ---- 10 -3M,  and ket = 1010 M - I  sac -1 ,  
this simulation corresponds to tr ~ 1 msec and a first-order 
triplet lifetime of 100 #sac. 
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= 1/kl  ~ 100 ~sec. The corresponding exper imental  
t ime is tr/tf -- 0.236. 

Also of interest  is the dis t r ibut ion of light emission, 
which for a T- route  system is directly proport ional  
to the rate of t r ip le t - t r ip le t  annihi lat ion.  The dis t r ibu-  
t ion for that  process is shown in  Fig. 2b. It  is sig- 
nificantly nar rower  than the over-al l  reaction zone, 
because there is a square dependence on [3p*], and 
because t r ip le t - t r ip le t  annihi la t ion  becomes uncom- 
petit ive in the wings of the tr iplet  distribution. For 
the conditions applicable to Fig. 2b, the width of the 
dis t r ibut ion at half -height  is on the order of 10(D/ 
ketCp*) V2, which amounts  to about 10 -5 cm for typ-  
ical values of D, ket, a n d  Cp*. At later  times, the 
zone widens considerably, as one sees in Fig. 3, which 
gives the distributior~ of in tens i ty  with distance from 
the center. To facilitate comparisons of breadth, the 
curves in  the figure have been normalized to un i t  
height. Of course, the absolute intensi ty  decreases 
with time, due to the steadily decreasing avai labi l i ty  
of RI. 

In. general,  the broadening of the emit t ing region 
results from three effects. The first of these is the 
increased overlap in  the profiles of RI and R2 as t ime 
proceeds. With decreasing ~n, the concentrat ions of 
the radicals in  the reaction region fall, hence the 
two reactants  can penetrate  their opposing profiles 
to greater  distances before annihi la t ion is assured. 

A second factor reflects an in terplay  between the 
first-order l ifetime ~max and the rate of t r ip le t - t r ip le t  
annihi lat ion.  Since the lat ter  factor depends on the 
square of the tr iplet  concentration, its effect decreases 
with t ime as ~n and the tr iplet  concentrat ion fall off. 
Tr ip le t - t r ip le t  annih i la t ion  in these systems is often 
competit ive with first-order decay; thus, the triplets 
live longer as the exper iment  proceeds and are able 
to diffuse fur ther  before deactivation. 

The third effect leading to a broadening of the 
in tensi ty  dis t r ibut ion is the t ime dependence of tr iplet  
quenching by radical  ions. This process also controls 
the actual  t r iplet  l ifetime to a significant degree. 
Since the ion concentrat ions decrease steadily dur ing 
the experiment,  the tr iplet  l ifetime again increases 
monotonically,  and the emission zone widens. 

The triplet  concentrations shown in  Fig. 2a approach 
the highest that can be achieved, because wn is very 
large, and Ct has been set to unity. The calculated 
level i s  on the same order as t h a t  of the radical ions 
and shows that  t r ip le t - t r ip le t  annihi la t ion can indeed 
be competit ive with other processes for deactivating 
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triplets, par t icular ly  at early times. Annih i la t ion  ef- 
ficiencies near  50% seem possible. At later  times, the 
competitiveness of annihi la t ion  always declines, hence 
light from the T route must  decay faster than ~n does. 

Effective width of the reaction zone.--The curves 
depicted in  Fig. 4-6 i l lustrate the effect of tr iplet  life- 
t ime on the effective size of the emit t ing region. The 
circles in each figure represent  simulations in which 
tr iplet  quenching by radical ions is deleted; i.e., 
(kq/ket) = O. In  those cases, the tr iplet  lifetimes are 
constant with time, aside from the effect of annih i la -  
tion, and the simplified t rea tment  can be tested by 
direct comparison with the simulations. 

Our test of the adequacy of that  t rea tment  is to 
examine the t ime dependence of the effective zone 
width parameter  S, which is defined in [11]. It is 
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easy to obtain the value of f for any  given reaction 
situation. The simulat ion yields ~t for a part icular  
set of dynamic parameters  and a single defined value 
of ~n. Equations [12] and [14] l ink  ~t and ~n in an 
explicit  manner  for any set of dynamic conditions. 
Only f is freely adjustable. One can, therefore, cal- 
culate it from the simulated wt corresponding to any 
~n. This job is readi ly accomplished by the Newton- 
Raphson technique. The time dependence of ] is 
important ,  because an assumption that it is constant 
underl ies  every proposed scheme for evaluat ing dy- 
namic parameters  from T-route  decay curves. 

The figures indicate that, in the absence of tr iplet  
quenching by radical ions, the effective size of the 
zone is s trongly t ime dependent.  It remains  constant  
wi th in  a factor of two unt i l  ~n reaches a value near 
5 (t~/tf ~-- 0.02). Smaller  values of ~n, applicable at 
later times, lead to drastic increases in etlective zone 
size. This result  in  itself precludes the use of Fe]dberg 
plots for extracting dynamic parameters,  because the 
plots utilize data only for values in the range 0.2 --~ 
tr / t f  ~ 1.0, where ] changes most rapidly. The frequent  
exper imental  observation of Feldberg slopes steeper 
than --2.90 may  manifest  the expanding ]. We shall 
address that  aspect in more detail below. 

It  is interest ing that changing the tr iplet  lifetime 
�9 m~x from 1 to 10O ~sec has little effect on the f func-  
tion. This result  suggests that the main  de terminant  
of effective zone thickness is not tr iplet  diffusion, but  
overlap of the reactant  profiles, unless ~ax  is very 
long. The details of the ] curve change from case to 
case, because the competitiveness of t r iple t - t r iple t  
annihi la t ion varies in a complex way across the zone, 
and f must  accommodate these spatial aspects. 

The squares in Fig. 4-6 correspond to simulations 
in which the triplets are quenched by the radicals 
with ( k q / k e t )  = 0.1. Simulated ~t values were obtained 
for various sets of conditions in a s traightforward 
manner ,  but  comparisons with [12] and [24] were 
complicated by the fact that  the triplet l ifetime T 
(which appears in ~) varies across the reaction zone 
in  a complex fashion. Our approach was to t reat  
the aggregate f(Tmax/~)2 as an adjustable parameter  
that  can be used to br ing the simulated results and 
the simplified t rea tment  into agreement.  Applications 
of the simplified approach demand only that  this ag- 
gregate be reasonably constant, and that is our con- 
cern here. The value of f(~max/~) ~ is readi ly caleu- 
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lated for any  set of conditions by the Newton-Raphson 
method. 

The behavior of this function depends markedly  on 
the value of the first-order lifetime ~max. For very 
short Zma~ (Fig. 4), radical ions are not competitive 
quenchers, hence (Tmax/~) ~ 1, and one obtains the f 
funct ion defined earlier without  quenching by radical 
ions. 

For in termediate  ~max (Fig. 5), the radical ions are 
effective quenchers at ear ly times. Thus (~max/~) > 1, 
and ](~max/~)2 lies well above the f curve obtained 
without quenching by radicals. At later times, the 
concentrations of R~ and R2 decline, and they become 
less effective quenchers. The value of (Tmax/T) then 
approaches unity, and the plot of f (Tmax/~)2 converges 
on that  of ]. Figure 5 is especially clear in  showing 
that the effect of tr iplet  quenching by the ions is 
greatest in the early part  of the experiment.  This 
point  bears significantly on the in terpre ta t ion of mag- 
netic effects, as we have noted above. Since the 
intensi ty  enhancement,  according to current  in ter -  
pretation, is dependent  on the degree of tr iplet  quench- 
ing by the reactant  ions, the largest positive field effect 
ought to occur on the height of the l ight pulse. 

Figure 6 shows that triplets with long Tmax will 
be dominated in  an ECL exper iment  by the radical 
ions. Since (Tmax/~) > >  1, I(~max/T) 2 lies far above 
the f curve obtained without  quenching by radicals. 
(Note that the squares have been scaled down, rela-  
tive to the circles, by a factor of 100.) As t ime pro-  
ceeds, (~max/~) becomes smaller, because the radical 
concentrations fail, and the curve of f(Tmax/Z) 2 ap- 
proaches that of f. Even so, t h e  rightmost square lies 
slightly above the corresponding circle. 

T rea tmen t  o] exper imen ta l  da ta . - -The  results of the 
previous section show clearly that  one cannot expect 
](Tmax/T) 2 to remain  constant  with t ime in any ex- 
periment.  Thus, Eq. [12] does not s t raightforwardly 
describe the decay of emission from the T route, and 
t reatments  based on it can general ly be expected to 
give only roughly approximate quant i ta t ive  results. 
This s tatement  is especially valid when a wide range 
of tr / t f  is to be considered. Figures 4-6 suggest that  
reasonably good behavior might be encountered for 
times earl ier  than perhaps ( tr/ t f )  = 0.1. 

In the region used for Feldberg plots (0.2 --~ tr/tf --~ 
1.0), S(~rnax/~) ~ general ly changes ra ther  rapidly, and 
/~ changes in the same manner.  One can expect to see 
nonl inear  plots or plots with slopes steeper than the 
predicted upper  l imit  of --2.90. Complications from 
side reactions may exacerbate these effects (13). 

We propose to replace the Feldberg slope, as a 
diagnostic criterion, with a plot of ~i/Wn vs. tr/tf. 
Since ~i/xn is the instantaneous chemiluminescence 
efficiency, it should start  at some finite value and 
decay to zero at long times, if light arises via the 
T route. For an S-route process, however, ~i/~n should 
be constant throughout  the experiment.  If a mixed 
ST process is encountered, ~i/~, ought to decay to a 
constant, nonzero value that  represents the S-route  
component. 

In  general, reliable quant i ta t ive efficiencies for the 
S route should be readily accessible from these plots. 
Useful estimates of T-route  parameters  might  be ob- 
tained from the extrapolated intercepts at tr ---- 0, 
but  a theoretical basis for that operation would have 
to be established beforehand. 
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A P P E N D I X  
Derivation of Eq. [18] . - -The radical  ion reactio.n 

ra te  N can be expressed as the produc t  of the area  
of the diffusion field A and the flux of RI at  the outer  
edge of the react ion zone 

AD 
N - - - -  [CRl( jmax)  - -  CR1(Jmax - -  i ) ]  

Ax 

ADCp* 
--" []Rl(Jmax) - -  SRl(jmax - -  1)] [ A - l ]  

Ax 

Subs t i tu t ing  for  Ax and defining J = ]Rl(Jmax) -- 
] a l ( J m a x -  1) one has 

AD'/~Cp*x'/~J (Jmax --  1) 
N ---- [A-2] 

vtf'/2 

Rear r angemen t  of [A-2] and subst i tu t ion according to 
the  definit ion of ~:n yields  [18]. 

Derivation o] Eq. [25] . - -The total  reac t ion  ra te  N is 
given by  the sum of the reac t ion  rates  in the boxes of 
the zone. The react ion ra te  in a given box is given by 
the produc t  of the  volume of the  box and the con- 
vent ional  react ion ra te  (moles pe r  second) wi th in  the  
box. This re la t ionship  is expressed 

N:AxA [ Yr ket~l%l(~)CR2(J) "~ ~4 Cl(k)/At ] k ,  
[A-3] 

The first summat ion  in [A-3] accounts for  all  boxes 
wi th in  the  zone in which the extent  of react ion is 
ra te  l imited.  In  some boxes, however ,  the extent  of 
reac t ion  is l imi ted  by  one of the radicals  whose con- 
cen t ra t ion  is less than  the product  ketCR1 (k) e r a  (k)  At. 
For  these cases, the  second summat ion  is required ,  
Where C1 is the  concentra t ion of the  l imi t ing rad ica l  
and the  index k runs only over  pe r t inen t  boxes. Equa-  
t ion [A-3] can be rea r ranged ,  wi th  app rop r i a t e  sub-  
st i tutions,  to 

N_.  vtf'lfAD1/feP* [ ~ ketCp*~ICl(j)~R2(j) 
(~ma~ --  1) ~'/~ j 

~ .  I f ( k ) K ( J m a x -  1) 2 ] EA-4] § 
f b  

Rear r angemen t  to give ~n yie lds  [25]. 

Derivation of Eq. [26] . - -Since  only the  T rou te  to 
emission is considered here,  the  in tens i ty  of emi t ted  
l ight  is g iven b y  

I = AxA~btt~bf ~ kaCw2(j) [A-5] 
J 

which can be expanded  to 

vtf Yf ADVfCp *2@ttr a 
I - -  s fTf( j )  [A-6]  

( j m a x -  1) ~'/2 

Fol lowing  the same procedure  as above  for  s implif ica-  
t ion and rea r rangement ,  we a r r ive  at  [26], which is 
wr i t t en  in terms of wt ---- Itfl/~/(AD'/fCp*r 
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ABSTRACT 

Holes, photogenera ted  in d - e n e r g y  bands  of covalent  semiconduct ing l aye r -  
type  group VI- t rans i t ion  meta l  dichalcogenides react  e lec t rochemical ly  differ-  
ent ly  from holes genera ted  in semiconductors  wi th  valence bands  based on 
p -o rb i t a l s  (e.g., CdS, ZnO, CdSe, GaAs) .  They do not cons t i tu te  b roken  crys ta l  
bonds and do therefore  not lead d i rec t ly  to an anodic photodecomposi t ion of 
the  electrode.  The chemical  charac ter  of these holes as missing d-electrons ,  on 
the  other  hand, gives rise to ve ry  specific e lect rochemical  surface react ions 
wi th  electron donors such as I - ,  B r - ,  and even O H - ,  for example .  The spe-  
cific na tu re  of the in ter rac ia l  charge t ransfe r  complexes formed,  the i r  ad-  
vantageous  effect on the potent ia l  d i s t r ibu t ion  in the  e lect rode surface, and 
thei r  favorable  oxidat ion  potent ia l  (in the case of the photoreac t ion  wi th  
O H -  ions),  respect ively,  may  be the clue to a promis ing new approach  to' 
severa l  unaccompl ished goals of photoelec t rochemical  research,  among them 
the construct ion of s table regenera t ive  e lect rochemical  solar  cells and the 
oxidat ion  of wa te r  wi th  visi01e light. Photoelec t rochemical  measurements  
pe r fo rmed  wi th  MoSe2 single crysta ls  as wel l  as exper iments  on solar  energy  
conversion and photoelec t rochemical  react ions wi th  wa te r  induced  by  vis ible  
and near  in f ra red  l ight  a re  descr ibed as exper imen ta l  evidence in  suppor t  of 
this finding. 

Recently,  there  have been considerable  efforts to im-  
prove  chemical  s tab i l i ty  of compound semiconductor  
electrodes (CdS, CdSe, CdTe, GaAs, GaP)  for solar  
energy conversion in semiconductor  l iquid junct ion  
cells (1-9).  Sulf ide-polysulf ides,  t e l l u r ide -po ly t e l l u -  
rides, or se len ide-polyse len ides  (7,8) in the e lec t ro-  
ly te  or u l t r a th in  nob le -me ta l  layers  deposi ted onto 
the semiconductor  e lectrode (6) have, wi th  some suc-  
cess (7),  been appl ied  to reduce photocorrosion of the 
e lect rode surface. 

The author ' s  approach  to the p rob lem of l i gh t - in -  
duced photodecomposi t ion was based on an en t i re ly  
different  idea; ins tead  of t ry ing  to rees tabl i sh  bonds 
b roken  by e lect ron exci ta t ion  i n meta l  chalcogenides 
of considerable  po la r  charac ter  or to p reven t  t r anspor t  
of react ion products,  a search was in i t ia ted  for new 
subst ra tes  which should provide  f a v o r a b l e  opt ical  
t ransi t ions  be tween  nonbonding orbi ta ls  which  would  
therefore  not affect the or iginal  bondi,ng s i tuat ion in 
the semiconductor  surface. Such a p rope r ty  of a photo-  
e lect rode would not only  appear  to be in teres t ing  for 
cont inuously opera t ing  redox-pho toe lements  but  also 
for solar  cells a imed at  a photoelec t rochemical  dis- 
sociat ion of wa te r  for the  purpose  of genera t ion  of 
fuel. 

A deta i led theore t ica l  analysis,  most ly  based on en-  
ergetic and kinet ic  considerations,  focused a t tent ion  to 
d -> d e lect ron exci ta t ion in t rans i t ion  meta l  compounds 
and an approx imat ion  procedure  to ident i fy  compounds 
with  sui table  energe t ica l ly  low- ly ing  d -bands  led to a 
s imple cr i ter ion:  to screen t rans i t ion  meta l  d ichalco-  
genides for those wi th  the  smal les t  me ta l -me ta l  dis-  
tances (10). The analysis  of 70 compounds showed 
that  su i tab le  ta rge t  subs t ra tes  had  to be searched for 
among la rge ly  covalent  l a y e r - t y p e  compounds and not  
among more  po la r  compounds of pyr i t e  s t ructure.  As 
theore t ica l ly  most promis ing  l aye r  compounds,  WS2 
and MoS2, and second in the  line, lV~oSe2 and WSe2 
were  identified. 

The expe r imen ta l  inves t iga t ion  of MoS2 confirmed 
good photoelec t rochemical  activity.  As expected,  elec- 

t rochemical  hole  react ions  f rom d-bands  of l a y e r - d i -  
chalcogenides belonging to nonbonding orbi ta ls  of the 
t rans i t ion  meta l  were  different  as compared  to hole  
react ions  f rom anion p -bands  in semiconductors  of 
more  po la r  bonding charac te r  (CdS, CdSe, PbS,  
GaAs) .  Ins tead of an anodic photodecomposi t ion  into 
meta l  ions and the  chalcogenide in molecular  form, 
upon i l lumina t ion  wi th  vis ible  l ight  be tween  400 and 
715 nm, MoS2 reacts  wi th  water .  The main  react ion 
product  is sulfate  (11), however ,  at  low anodic po-  
tent ia ls  the  l ibera t ion  of smal l  quant i t ies  of oxygen  
could be t raced  by  po la rographic  techniques (10). Ev i -  
dence was given, tha t  the  mechanism leading  to the  
photoelec t rochemical  oxida t ion  of  wate r  is in i t ia ted  
by a ho le -med ia ted  t rans i t ion  of mo lybde num from 
the fou r -va l en t  to the f ive-va lent  state. An  addi t ional  
bonding poss ibi l i ty  for  O H -  ions is thus crea ted  f rom 
which electrons can subsequent ly  be t r ans fe r red  to re -  
combine wi th  holes in the low ly ing  dz2-band of MoS2 
(10). Since the f la tband potent ia l  of •oS2 is found 
r e m a r k a b l y  far  in  the anodic range,  i t  became possi-  
b le  to construct  a regenera t ive  solar  cell, in  which  
p-MoS2 is opera t ing  as a photocathode at which  a su i t -  
able oxidizing agent  of a redox couple is reduced (12). 

The presen t  paper  extends inves t igat ions  to MoSe2. 
The basic scientific objec t ive  is an a t t empt  to gen-  
eral ize and test  the der ived  theore t ica l  considerat ions 
on photoelec t rochemical  hole react ions  f rom low-  
ly ing  d -bands  of t rans i t ion  meta l  compounds (10), the  
a t t empt  to construct  a r egenera t ive  solar  cell  wi th  
n - type  MoSe as well  as an inves t iga t ion  of whe the r  
l ight  quanta  of only 1.4 eV corresponding to in f ra red  
l ight  of up to app rox ima te ly  900 nm would  be suffi- 
cient to in i t ia te  an ox ida t ive  reac t ion  wi th  water .  

Experimental Methods and Materials 
MoSe2 crystals ,  grown by iod ine - t r anspor t  f rom the 

gas phase were  obta ined f rom the Kr is ta l lographisches  
Ins t i tu t  of the  Univers i ty  of F r e i b u r g  (Prof. R. 
Nitsche) .  The surface dimensions of the th in  l aye r  
crystals  d < 2 • 10 -1 m m  were  be tween  5 and 50 
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ram2. Their appearance was similar to that of MoS2, 
gray and metallic bright. They were contacted and 
embedded into a Teflon mounting according to a pro-  
cedure described in Ref. (11). The surface preparation 
occurred through mechanical cleavage of the crystals 
by means of an affixed and subsequently pulled off ad- 
hesive tape or through a method especially elaborated 
for layer crystals, which is based on the abrasive ac- 
tion of a controlled water  jet  (11). The experiments 
were performed in a standard three electrode electro- 
chemical glass cell with a saturated calomel reference 
elec.trode in water  (0.1M KC1) as an electrolyte and 
an Ag/0.01M AgC104 reference electrode in acetonitrile 
(0.1M LiC104). Electrochemical measurements were 
made with a potentiostat and current-voltage curves 
plotted dynamically with a scanning speed of 4 mV/ 
sec. Capacitive phase shift measurements were made 
with the lock-in technique. The light source was a 
xenon XBO-150W lamp. For the infrared portion of the 
photocurrent spectrum a 100W tungsten halogen lamp 
was used. The monochromator was a Bausch and Lomb 
high intensity model with interchangeable blazes for 
t'he visible and the infrared region. 

Solid-State Properties of MoSe2 
Transition metal dichalcogenides with two-dimen- 

sional layer  structures have received much attention 
from solid-state physicists (13-20). However, only 
partial  experimental  information is available for 
MoSe2 (20-23). The basic structural unit of this com- 
pound is a sandwich of three planes: selenium-molyb- 
denum-selenium. Within the planes the atomic align- 
ment is in hexagonal packing. The Se-Mo-Se sand- 
wiches are only loosely bound together through van 
der Waals forces. The most abundant hexagonal 2 
H-polytype has two sandwiches per unit cell along 
the c-axis. The bonding character of MoSe2 is mainly 
covaIent and indicated by short Mo-Se and Se-Se dis- 
tances. Hall measurements yielded electron mobilities 
of the order of 100 cm 2 V -1 sec-1 (16). Electrical mea- 
surements have been reported by several authors. 
P- type  conduction (doping with Nb) as well as n- type 
conduction (doping with Re) have been shown to exist 
(13,21). As in other layered transition metal  di- 
chalcogenides there is a pronounced anisotropy of 
electrical co,nduction. It is considerably (two to three 
orders of magnitude) larger paral lel  to the planes. 
Perpendicular to the planes, conduction occurs by a 
hopping mechanism (13). 

Detailed band calculations apparently do not yet  
exist for MoSe2. Sufficiently reliable information can, 
however, be deduced from theoretical work on MoSz 
(20, 24, 25) and from spectroscopic data on MoSe2 (13). 
In MoS2 the conduction band is approximately 3 eV 
wide and based on four of the six Mo 4d orbitals 
(4dzy, 4dx2-~2), with antibonding admixtures of S 3p 
orbitals (Fig. 1). Separated by a hybridization gap 
(20) and approximately 1.75 eV below (as determined 
from the anodic photocurrent spectrum measured in 
the electrochemical cell arrangement) there is the en- 
ergy' band derived from the nonbonding Mo 4d~ or- 
bital  holding two electrons per MoS2. It  is approxi-  
mately 1 eV wide (electrons in this energy band do 
not contribute to the transition metal-dichalcogene 
bonding; however, the width of the band indicates that 
there is some bonding interaction among transition 
metal  atoms). Below and slightly overlapping (0.1 eV) 
with the Mo d2-band is the principal 3p valence band. 
Optical excitation in the visible spectral range con- 
sequently involves d--> d transitions, a fact which 
has also been confirmed experimental ly by parametr ic  
resonance measurements of holes (26). Transitions from 
the sulfur 3p to the unoccupied molybdenum 4d bands 
are only expected to occur in the near ultraviolet  re-  
gion (20). A series of details on excitons and electron- 
transitions are known for MoSs (13) which are not con- 
sidered here for reasons of simplicity. 

The main difference between the energy scheme of 
MoS2 and MoSe2 is that the d-hydbridization gap in 
MoSe2 will be decreased to approximately 1.4 eV [a 
value determined from the electrochemical photocur- 
rent spectrum and somewhat larger than a value of 
1.1 eV deduced from solid-state measurements (23)] 
and the Mo dz2 band is more narrow due to weaker 
atomic interactions. This is shown in Fig. 1 together 
wi~h the energetic position of redox couples in an 
aqueous electrolyte which is in contact with these 
molybdenum compounds as determined electrochemi- 
cally by electron transfer studies in the dark  and dur-  
ing illumination (investigated redox couples were 
H+/H2, I - / I2 ,  Fe(CN)6-3/-% Quinhydrone, Fe 2+/3+, 
Br- /Br2,  Ce 3+/4+). Photoreactions in the near infra-  
red and in the red region of the MoSe2 spectrum have 
therefore to be expected to arise essentially from 
molybdenum d --> d transitions. Light of shorter wave- 
length will in addition involve electron excitation from 
Se 4p orbitals. Holes generated in MoSe2 electrodes 
will be available for surface reactions near the upper 
edge of the Mo 4 dz 2 band and consequently do not 
represent missing chemical bonds such as, for ex- 
ample, holes in CdSe. 

Experimental Results 
The current voltage dependence of covalent MoSe2 

crystals is characterized by a behavior which is quali- 
tat ively different from that obtained for well- invest i-  
gated semiconductor electrodes with valence bands 
aerived from p-orbitals of the electronegative compo- 
,nent such as znO, CdS, or GaAs (Fig. 2). The observed 
pronounced anodic photoeffect would appear to be 
typical for n- type semiconductors. However, when 
compared with the cathodic electrode behavior, there 
is no characteristic limiting behavior in the anodic re-  
gion. In addition there is a slow and small photoeffect 
in the cathodic region. Capacitive phase-shift  measure- 
ments (because of the difficulty of determining a re-  
liable representative electrical circuit, no attempt has 
been made to specify the absolute capacitance) also 
lead to results which are not consistent with the ex- 
perience from well-investigated semiconductors of 
similar bandgap since MoSes electrodes l ike MoS~ 
electrodes produce a pronounced capacitive minimum 
(Fig. 2). i t  is difficult to imagine an inversion of the 
space-charge layer within a narrow potential range in 
a semiconductor with a 1.4 eV bandgap. It is therefore 
suggested that kinetic phenomena and space-charge 
effects are jointly responsible for these capacitive 
properties. The clue to this peculiar electrochemical 
behavior of MoSe2 are hole reactions from Mo-4 dz ~ 
bands with water. They are clearly manifested by the 

i ! 0"" 0"" j3rv M~ 4d"y'4d"='Y2 I MO 4dxy,4dxLy2 

- -  2H20 ~ 02 +4H++ 4 e - ~  

I 
, MoS 2 MoSe 2 

Fig. 1. Simplified energy schemes of MoS~ and MoSe2 as com- 
pared with the energetic position of redox couples in an aqueous 
electrolyte (acid solution, pH !). 
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~. > 400 nm. Electrolyte, citrate buffer, pH 2/0.1M KCI. Potential 
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kind of e lect rochemical  reac t ion  products  which are  
obtained f rom the anodic reac t ion  as wel l  as evident  
f rom the cur ren t  vol tage  behavior  of MoSe2. When a 
MoSe2 elect rode was i l lumina ted  wi th  vis ible  and near  
in f ra red  l ight  (xenon lamp, ~ > 400 nm)  and a photo-  
cur ren t  d rawn  at  a potent ia l  of 0.6V (Fig. 2) for  a 
pro longed t ime to yie ld  a tu rnover  of 26C of electr ic  
charge, only  t races of e lementa l  se lenium were  found 
on the e lect rode surface. However ,  there  was an ac-  
cumula t ion  of soluble se lenium in the  e lec t ro ly te  
(c i t ra te /HCl-buffer ,  pH 2; 0.1M KC1) in the  form of 
selenic acid and a red  deposi t  of e lementa l  se lenium 
formed on the Pt  counterelect rode.  The l a t t e r  was 
found to be the  resul t  of an e lec t rochemical  reduct ion 
of selenic acid f rom the  e lec t ro ly te  to e lementa l  sele-  
nium. A quant i t a t ive  analysis  confirmed the fol lowing 
anodic photoe lec t rochemical  react ion as p redominan t  
reac t ion  pa th  (h+ --  holes)  

14hv 
MoSes + 6 Hg.O + 14 h+ ; Me (VI) 

Jr 2 SeO3--  -{- 12 H+ [1] 

Of 3.13 mg or ig ina l ly  crys ta l  bound selenit~m, 1.83 mg 
were  subsequent ly  found in soluble form in the  elec-  
t ro ly te  and s l ight ly  more  than  1 mg as e lementa l  se- 
l en ium on the counterelectrode.  (.Mo and soluble Se 
were  measured  pho tomet r ica l ly  wi th  th iocyanate  com- 
p lex  and diaminobenzidine ,  respect ively . )  The in-  
vo lvement  of wa te r  in  the  anodic hole react ion was 
thus  confirmed for MoSe2. In  addit ion,  the  anodic 
l ibera t ion  of soluble  S e O 3 - -  and its subsequent  ca th-  
odic rectuction to e lementa l  se lenium was recognized 
as the  mechanism essent ia l ly  responsible  for the small 
and re l a t ive ly  slow cathodic photoeffect,  observed d u r -  
ing the  cyclic plot  of cu r ren t -vo l t age  character is t ics  
(Fig. 2) ; i t  resul ts  f rom a th in  p -conduc t ing  deposi t  of 
se len ium wi th  an approx ima te  absorpt ion  edge of 1.9 

eV. It  could be confirmed, that ,  wi th  respect  to the  
photoeffect of MoSe2 (bandgap  = 1.4 eV),  its spec-  
t ra l  response was shif ted toward  shor te r  wavelengths  
and the cathodic pho tocur ren t  could be c lear ly  in -  
creased by  adding  S e O s - -  to the  electrolyte .  The 
mechanism of the anodic photoreact ion  of MoSe~ wi th  
wate r  is especia l ly  interest ing,  since i t  can proceed 
even wi th  near  in f ra red  l ight  up to 900 nm. 

Figure  3 shows the spectra l  dependence  of the anodic 
photocur ren ts  of MoSe2 on the wave leng th  of the 
incident  l ight  and compares  i t  wi th  the corresponding 
pho tocur ren t  spec t rum of MoS2. Wi th  both  systems 
the pho tocur ren t  output  g radua l ly  drops  toward  the 
u.v. region a l though the l ight  absorpt ion  in the  bu lk  
continues to increase  (13). I t  is suggested tha t  the  
photocurrents  of these l aye r  crys ta ls  essent ia l ly  arise 
f rom d ~ d photo t rans i t ions  (compare  Fig. 1 and 3) 
and are  for some unknown reasons suppressed if  sul-  
fur  p -o rb i t a l s  a re  involved.  In  o rde r  to get  some in-  
sight into the mechan i sm which  enables  holes f rom a 
d - b a n d  to react  wi th  O H -  ions at  ene rgy  levels  close 
to the  the rmodynamic  2-e lect ron t ransfe r  oxida t ion  
potent ia l  of wa te r  (1.23V) and cons iderab ly  more  neg-  
at ive than  the 1-electron t ransfe r  potent ia l  (,-, 2V) 
(Fig. 1), some exper imen t s  have  been pe r fo rmed  wi th  
organic  electrolytes .  If  MoSe2 is in  contact  wi th  aceto-  
n i t r i le  (0.1M LiC104) the  anodic photocur ren ts  are  
ve ry  smal l  and can be a t t r ibu ted  to t races of wa te r  in 
the  organic solvent.  They  sys temat ica l ly  decrease  wi th  
increas ing purif icat ion f rom wate r  (molecular  s ieve) .  

The photocur ren ts  can be made  to increase  if a su i t -  
ab le  reducing agent  such as hydroquinone  is added to 
the acetoni t r i le  (Fig. 4b).  Photocur ren ts  consequent ly  
only pass the  in ter face  if e lectrons are  t r ans fe r red  into 
the e lec t rode  to recombine  wi th  holes which  cannot  
leave the  e lect rode surface by  means  of l ibera t ing  ions 
f rom the solid. If  ins tead  of a typ ica l  reducing agent  
wate r  is added  to the  organic electrolyte ,  photocur-  
rents  are  produced in the  same way  (Fig. 4a).  Wi th  
p hotogenera ted  d-holes  i t  appa ren t ly  reacts  efficiently 
as an e lec t ron donor. This behavior  has not  been  ob-  
served wi th  non laye red  semiconductor  electrodes unt i l  
now. CdS, for example ,  the valence bandedge  of which 
is s i tuated at much more  posi t ive redox  potent ia ls  than  
that  of MoSe2 [its energy  band scheme approx ima te ly  
corresponds to tha t  of MoSe~ (Fig. 1) wi thout  the  
low- ly ing  4 dz2 band]  does not react  photoe lec t rochem-  
ica l ly  wi th  water .  Anodic  photocur ren ts  which resul t  
f rom a photodecomposi t ion of CdS continue to flow in 
presence of oxida t ion  res is tant  organic e lectrolytes  in 
contrast  to the  s i tua t ion  wi th  d - b a n d  conductors  such 
as MoS2 or MoSe2. Here  i t  is necessary tha t  a hole 
oxidizes an O H -  ion or wa te r  (or another  oxidizable  

11 / /  \ \  
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Fig. 3. Spectral dependences of anodical photocurrents of MoSe~ 
normalized to constant quantum density (citrate/HCI-buffer, pH 2, 
and MoS2 (0.1M KCI)). 
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agent) in the e lectrolyte  to produce charge transfer 
across the layer crystal -e lectrolyte  interface. The oxi -  
dation of O H -  ions or water  molecules  has therefore 
to be considered the primary step os the mechanism 
leading to the generation of anodic photocurrents,  al-  
though the principal oxidation product is not oxygen,  
but selenic acid (compare reaction [1] ) .  It is there-  
fore justified to conclude that holes  in energy bands 
derived from d-orbitals  are reacting e lectrochemical ly  
differently from holes in energy bands derived from 
p-orbitals.  Support for this conclusion may  also be 
found in the observation that ZrS% and HfSe2, which  
'have the same layer structure as MoSe2 but an empty  
dz2-band (compare Fig. 1) and consequently hole re-  
actions from Se p-bands, do anodically produce e le-  
mental  se len ium and not selenic acid. The peculiarity 
of hole reactions from d-bands is also evident  from 
the interaction of redox  couples of less posit ive redox 
potential  with  the MoSe2-electrode.  If an anodic po-  
tential is applied to an i l luminated n- type  semicon-  
ductor and if suitable electron donors are available in 
the electrolyte,  the migration of holes,  generated in 
the space charge layer, to the electrode surface should 
be the rate- l imit ing process controll ing the onset of 
anodic photocurrents.  With MoSe2 the onset of anodic 
photocurrents is, however ,  strongly dependent on the 
type of redox couple added to the electrolyte .  Redox 
couples, the oxidation potential  of which  is more  posi-  
t ive than that of water,  general ly  shift the onset of 
photocurrents and dark currents toward more nega-  
t ive electrode potentials.  Figures 5 and 6 demonstrate  
the effect of hydroquinone,  B r -  and I - .  They shift 
the photocurrent onset up to approximately  0.4, 0.25, 
and 0.6V, respectively.  Figure  6 shows how additions 
of I -  ions gradually suppress the photocurrent result-  
ing from the oxidation of water  and build up new 
photo and dark currents arising from the oxidation 
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of iodide. Most r e m a r k a b l y  the onset of the  new d a r k  
cur ren t  which leads to the format ion  of iodine is fin- 
al ly more  negat ive  than  the or ig inal  pho tocur ren t  
ar is ing f rom the oxida t ive  react ion wi th  water .  

The fact that  cer ta in  redox couples produce la rge  
photocurrents  th rough  MoSe2 electrodes at  potent ia ls  
which they  also would  produce  at  a meta l  electrode,  
the s t anda rd  redox potent ia l  of I - / I 2  in aqueous solu-  
t ion Which adjus ts  i tself  at the meta l  countere lec t rode 
is, for example ,  + 0.293V agains t  a SCE (compare  Fig. 
6), indicates  tha t  this  effect could be used to dr ive  
regenera t ive  e lec t rochemical  solar  cells. Since the 
photoreact lon wi th  wate r  only  s tar ts  at  more  posi t ive 
e lect rode potent ia ls  and since i t  is, in addit ion,  sup-  
pressed in the  presence of a sui table  redox  couple 
(e.g., I - / I 2 )  there  is also a good chance that  MoSe2 
photoelectrodes  would  be corrosion resistant .  Solar  
cells, based on d --> d e lect ron t ransi t ions  in combina-  
t ion wi th  anodic e lec t ron t ransfe r  f rom Fe  2+ and I -  
respect ive ly  have ac tua l ly  been  put  into opera t ion  and 
are  descr ibed e l sewhere  in more  deta i l  (27). Wi th  the  
MoSe2:I- /12 solar  cell  ( cu r ren t -vo l t age  behavior  in 
Fig. 6) pho tocur ren t  densit ies of 23 m A / c m  2 and 
photopotent ia ls  of 0.55V were  produced.  At  modera te  
l ight  in tensi t ies  (21 mW/cm2) energy  conversion ef-  
ficiencies be tween  4-5% were  found for i l lumina t ion  
with  red  and near  in f ra red  light.  Longt ime exper i -  
ments  ac tua l ly  suggest  an appa ren t ly  corros ion-f ree  
opera t ion  of the cell: Pho tocur ren t  densi t ies  be tween  
10 and 12 m A / c m  2 were  d rawn  over  a load resis tance 
of 100~ over  a per iod  of more than  120 days  wi thout  
any  vis ible  de te r iora t ion  of the per formance  of the  
app rox ima te ly  1/10 of a mm th ick  MoSe2 e lec t rode  
(Fig. 7). I t  seems tha t  only  electrons and no ions are  
passing the MoSe2/elect rolyte  -F I - / I 2  interface.  

An  impor t an t  p rob lem (it  is the  clue to the anodic 
s tab i l i ty  of the MoSe2 e lect rochemical  solar  cell) is 
the question, why  reducing agents  such as I -  or Fe  2+ 
are  pho to-ox id ized  at  more  negat ive  potent ia ls  t han  
O H -  ions a l though all  th ree  systems should energe t i -  
cal ly be placed above the Mo 4 dz2 "va lence" -band  and 
the oxida t ion  control led  by  the ava i lab i l i ty  of holes 
which  reach  the e lect rode surface. An  inves t igat ion of 
capaci t ive phase shifts at  MoSe2 electrodes [measure -  
ment  of U = (2Um/~) case ~ (2Um/~)r wi th  lock in 
technique]  has p rov ided  some in teres t ing  insight  into 
this  phenomenon (Fig. 8). When they  are  in contact  
wi th  neu t ra l  0.5M KC1 or NaeSO~ solut ion a p ro -  
nounced min imum is found be tween  +0.5 and ~-0.6V. 
When  I - / I 2  is added, this m in imum is gradual ly ,  wi th  
increasing concentra t ion of the  redox couple, shif ted 
toward  more  negat ive  potent ials .  At  a concentra t ion of 
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10-1M KI  and 10-2M I2 i t  is found at  +0.25 (for the 
curve p lo t ted  in anodic direct ion)  and at  --0.1V (for 
the curve  p lo t ted  in cathodic d i rec t ion) .  Concur ren t ly  
same ma jo r  changes of the  shape of the  curve occur 
and finally an addit ional ,  smal le r  m in imum appears  on 
the posi t ive potent ia l  side (Fig. 8). I t  was or ig ina l ly  
not en t i re ly  evident  why  an n - t y p e  semiconductor  
wi th  a forb idden  bandgap  as la rge  as 1.4 eV can have  
such a pronounced capaci t ive  phase  shif t  minimum. 
This would presuppose  that  the  charge in  the  space-  
charge layer  can be inver ted  wi th in  a surpr i s ing ly  
na r row potent ia l  range.  Since this is not  easi ly  pos-  
sible through the rma l  act ivat ion across a 1.4 eV gap 
f rom the Mo 4 dz2 to the Mo 4 d~,x2-y2 conduct ing 
band, i t  has to be examined  whe the r  the  min imum is 
obta ined by  the Combination of a space charge  effect 
and a kinet ic  phenomenon on the e lect rode surface. 
Such a s i tuat ion is ac tua l ly  confirmed exper imenta l ly .  
The capaci t ive phase  sh i f t -b ranch  at  more  negat ive  
potent ia ls  may  be considered r e l a t ive ly  stable,  whi le  
the posi t ion of the  posi t ive branch  is s t rongly  de-  
penden t  on the presence of the  reducing agent  ( iodide)  
in the  e lec t ro ly te  so tha t  the m i n i m u m  is not  only  
shif ted but  also becoming more  n a r r o w  wi th  increas -  
ing concentra t ion of I -  (compare  Fig. 8). The posi-  
t ive branch  of the  capaci t ive  phase  shift  m a y  therefore  
be r ega rded  a consequence of the  react ion of an  oxi-- 
dizable  agent  (e.g., O H - ,  I - )  wi th  the  e lec t rode  sur -  
face. A suppor t  for this conclusion is also the  fact tha t  
the capaci t ive  phase  shif t  m in imum is to be found near  
the onset  of anodic oxida t ion  currents  and corre-  
spondingly  shif ted wi th  increas ing concentra t ion of 
the electron donor  (compare  Fig. 6 and 8). A d d i -  
t ional  evidence m a y  also be deduced f rom the observa-  
t ion tha t  i l luminat ion,  in  absence of I - / I 2 ,  shifts the  
caPacit ive min imum to nega t ive  potent ia ls  (Fig. 2) 
and that  anodic polar iza t ion  of the  e lec t rode  in p res -  
ence of I - / I 2  is fol lowed by  a s imi lar  nega t ive  shift  
of the  capaci t ive  min imum (compare  scanning of ca-  
paci t ive  curves into posi t ive and negat ive  poten t ia l  
direct ions in Fig. 8). The in format ion  content  of the  
phase-sh i f t  measurements  is, as presented,  somewhat  
ambiguous.  At  the moment ,  i t  is not possible to deduce 
the real  in terface  capaci tance due to the  lack  of in for -  
mat ion  needed to design a r ep resen ta t ive  electr ical  
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circuit for layer  crystal interfaces. Necessary mea- 
surements of frequency behavior and the influence of 
redox agents are presently being performed. 

Several additional experimental observations seem 
worth mentioning. The reducible components of the 
redox couples investigated (12, Br2, quinone, Fe s§ 
always produce cathodic dark currents at the MoSe2 
electrode. They are generally overlapping the poten- 
tial range in which photocurrents are produced and, 
especially with 1-/12 and Br - /Br2  they directly pass 
over into the anodic dark current which arises from 
the oxidation of I -  and Br - ,  respectively (e.g., Fig. 
5a, curve 2). Cathodic dark currents and anodic photo- 
currents are therefore superposed on each other. If 12 
or Br2 is absent from the electrolyte and the electrode 
illumination switched off, a cathodic dark current, 
arising from the reduction of anodically formed I2 or 
Br2 will flow for a short time. There is also some 
photoenhancement of the cathodic reduction current 
in form of a very slow photo or temperature effect 
(observed with Br - /Br2) .  The superposition of anodic 
and cathodic reactions occurring in the same potential 
region makes the systems kinetically relat ively com- 
plicated. An indication fcr intricate reactions is also 
the occurrence of electrochemical current oscillations 
which have frequently been observed with the MoSe2: 
I - / I 2  system in the potential range between + 0.5 and 
+ 1.0V. They are a definite sign of proceeding auto- 
catalytic surface reactions. 

Discussion 
The experimental  observation that near infrared 

light leads to an anodic photoreaction of MoSe2 in 
presence of water  but not in presence of acetonitrile, 
and the fact that setenic acid is found to be the main 
reaction product leaves practically no doubt that  the 
formation of a chemical bond between the i l luminated 
semiconductor and water  ( O H - )  is involved in this 
reaction. Additional arguments against a following re- 
action of water  with a hypothetical photodissolution 
product of MoSes are that (i) photocorrosion does not 
occur if the oxidation reaction involves a reducing 
agent (e.g., I - )  which does not form a soluble com- 
pound with selenium (compare long time experiment 
of Fig. 7), (ii) the oxidation product (H2SeO3) does 
not form with CdSe although this compound photo- 
corrodes, and (iii) that elemental selenium, not selenic 
acid is found anodically at I-IfSe2 and ZrSe2 electrodes 
which have the same structure as MoSes but in which 
hole reactions occur from p-bands below the empty 
dz2 band (compare Fig. 1). A bond formation between 
i l luminated MoSe2 and OH-  ions is the only mecha- 
nism explaining the energetic feasibility of a reaction 
with water without having to postulate a theoretically 
ideal one-step 2-electron transfer  reaction near its 
thermodynamic standard redox potential (-t- 1.23V). A 
chemical bonding as an intermediate step also explains 
why a transition from MoS2 to MoSes, corresponding 
to a shift of the Mo 4 dz2 bandedge toward negative 
redox potentials by approximately 0.35 eV (compare 
also Fig. 3) is not reflected in a significant change of 
the semiconductors photooxidative reactivity with 
water. In both cases, with MoS2 as well as with MoSe2, 
there is apparent ly sufficient interaction energy to dis- 
charge OH-  ions: The chemical interaction of an OH-  
ion with a surface hole in the d-band will  result  in the 
formation of a complex which is apparent ly  charac- 
terized by an occupied electronic state situated above 
the edge of the 4 dz2 energy band. It can be further 
oxidized by an additional hole in the d-band. Why is 
there a formation of a chemical bond when a d-hole 
reaches the semiconductor surface? Is it  possible that 
missing d-electrons convert a layer crystal surface 
which only exhibits van der Waals interactions into a 
surface forming Chemical bonds with molecules capa- 
ble of donating electrons? Previous studies performed 
to analyze the photoelectrochemical reaction of water  

with MoS2 electrodes (I0) have yielded a reasonable 
qualitative explanation. In contrast to holes in energy 
bands derived from p-orbitals  (e.g., CdS, ZnO), which 
represent broken polar bonds, holes in d-bands of 
molybdenum dichalcogenides mean an increase of the 
valence state of molybdenum. A transition from 
Mo (IV) to Mo (V) + in the electrode surface, however, 
would be paralleled by a reorganization of electron 
densities leading to changes in the crystal geometry 
and to the liberation of an additional bond. O i l -  ions 
would interact with it to produce a Mo(V)- (OH)  
complex. The corresponding electronic level rises 
above the edge of the Mo 4 dz2 band and will serve 
as t rap for holes which further oxidize the complex 
(Fig. 9). The finding of this investigation that reduc- 
ing agents such as I - ,  B r - ,  hydroquinone, Fe(CN)6 4-, 
or Fe 2+ shift the anodic onset of MoSe2 photocurrents 
(in t~e presence of water)  and induce dramatic 
changes in the potential structure of the double layer 
(as measured with the 1-/12 redox couple) provides 
convincing additional support for the formation of 
complexes between electron donors and surface states 
produced by d-holes. OH-  ions are included in the list 
of complexing electron donors. Experimental  con- 
sequences are a pH dependent onset of anodic photo- 
currents and a pH and water-dependent  capacitive 
behavior. The peculiarity of individual complexes ex-  
plains the observations that potential shifts in the 
current voltage behavior do not reflect a simple re-  
lation with redox potentials and their specific impor- 
tance as transition states for photoactivated electron 
transfer makes it understandable why high photocur- 
rents can pass the electrode surface for a long time 
without leading to inhibition phenomena, typical for 
many electrochemical processes: If the Mo(V)-Red 
(Red -- reducing agent) surface complex is oxidized 
by holes from the lower Mo 4 dz2 energy band (Fig. 9), 
the bond of the original electron donor is simply 
broken and the oxidized reactant desorbed. (It is 
presently not yet known to what extent half crystal-  
line sites are favored in this complex formation). It 
is also relat ively easy to understand why the pres- 
ence of a reducing agent such as I -  suppresses the 
photoreaction of MoSes with OH-  ions. The potential 
drop, which the complex-formation of I -  with the 
surface produces, generates a relative shift between 
energy levels in the electrode surface and in the elec- 
trolyte (Fig. 9c). Electron transfer from O i l -  is thus 
suppressed while transfer from I -  is still possible and 
the generation of photocurrent is considerably facili- 
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Fig. 9. Complex formation between d-hole and electron donor 
(R- )  on the surface of a layer crystal (MoSe2). (a) Structural 
scheme of MoSe2-electrode surface, (the surface Se-Mo-Se sand- 
wich is interrupted to show possible electrochemical attack parallel 
to layers). (b) and (c), respectively, energy scheme visualizing its 
function during the photoelectrochemical oxidatlon of water ( O H - )  
and its role in the generation of a double layer and space charge 
layer favorable for electron transfer during regenerative solar en- 
ergy conversion. 
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ta ted th rough  the induced posi t ive charge in the  space-  
charge layer .  

These a rguments  provided  for  a complex format ion  
be tween  reducing agents  and vacant  d-s ta tes  in t r an -  
sit ion meta l -d icha lcogen ide  layer  crysta ls  receive sub-  
s tant ia l  suppor t  f rom the r e m a r k a b l e  c rys ta l -chemica l  
p rope r ty  of these compounds. ~hey  belong to a class of 
l ame l l a r  hosts capable  of in te rca la t ing  organic com- 
pounds be tween  the composite sheets of their  chalco.- 
gen ide- t rans i t ion  meta l -cha lcogenide  sandwiches (15, 
28-34). A most  in teres t ing  deta i l  is tha t  the  guest  
molecules have to be Lewis  bases (e.g., ammonia ,  py r i -  
dine) or e lect ron donat ing species (such as a lka l i  
meta ls)  and another  one tha t  the in te rca la te  format ion  
wi th  organic  molecules  works  wel l  wi th  l aye r  c rys ta ls  
belonging to Group  V t rans i t ion  meta ls  (TaS2, NbS2), 
in which  the low energy  d -bands  a re  only half  filled, 
giving them metal l ic  character ,  but  not  wi th  those be-  
longing to Group VI t rans i t ion  meta ls  (MoS2, WS2) 
which are  semiconductors  wi th  full  d -bands  (29). The 
exper imen ta l  observat ion  that  the ab i l i ty  to form 
organic  in te rca la t ion  complexes d isappears  wi th  the 
filling of the low energy d -band  (29) and the finding 
that  the  in terac t ion  responsible  for in terca la t ion  in-  
volves a donat ion of e lect ron charge f rom the n i t rogen 
of the organic or f rom the inorganic  e lec t ron donor to 
the l aye r  c rys ta l  (29, 33) leaves no doubt  tha t  vacant  
low lying d -orb i t a l s  p l ay  a crucial  role  as e lectron ac-  
ceptors aur ing  complex formation.  Since holes photo-  
genera ted  or anodica l ly  formed in mo lybdenum di-  
chalcogenide electrodes would crea te  the necessary 
precondi t ions  for this complex  fo rmat ion  wi th  elec-  
t ron  donat ing compounds i t  m a y  be concluded tha t  
the  complex- to rmat ion  descr ibed in our photoe lec t ro-  
chemical  s tudy  is deducible  to the  same k ind  of elec-  
t ronic in terac t ion  which is responsible  for in terca la te  
formation.  A deta i led  molecular  unders tand ing  of the 
electronic s t ruc ture  of these t rans i t ion  complexes wil l  
therefore  go pa ra l l e l  w i th  a be t t e r  unders tand ing  of 
in te rca la te  format ion  which is st i l l  ve ry  f ragmenta ry .  
An  obvious conclusion, which has a l r eady  been suc-  
cessfully tes ted exper imenta l ly ,  is tha t  e lec t rochemi-  
cal studies of the  react ion of t rans i t ion  meta l  d ichalco-  
genide l aye r  crysta l  e lectrodes wi th  in te rca la t ing  com- 
pounds wil l  be most ins t ruct ive  for. a be t te r  compre-  
hension of the  mechanism of intercala t ion.  

The finding tha t  pho togenera ted  holes f rom d-bands  
of Group VI t rans i t ion  meta l  l ayer - semiconduc tors  re -  
act wi th  oxidizable  agents by way  of format ion  of 
charge t r ans fe r - t r ans i t i on  complexes  could have majo r  
consequences for fu ture  deve lopments  in photoe lec t ro-  
chemis t ry  and photoelec t rochemical  energy conver-  
sion. One impor tan t  conclusion is that  photoassis ted 
or pho topowered  oxida t ion  of wa te r  wi th  visible l ight  
or even near  in f ra red  l ight  m a y  be an achievable  goal 
wi th  sui table  hole react ions f rom d-bands.  Exper i -  
men ta l  s tudies pe r fo rmed  wi th  MoS2 have demon-  
s t ra ted  photoe lec t rochemical  oxygen evolut ion  f rom 
water ,  a l though it  is only  a subordina te  process and 
in the  long run  mo~t of m e  l ight  energy  is channeled  
into sulfate  fo rmat ion  because of the  react ive  in t e r -  
media te ' s  a t tack  on crys ta l  bound sul fur  (10). Once 
the energe t ica l ly  efficient d - b a n d  mechanism of photo-  
e lect rochemical  oxida t ion  of wa te r  is thoroughly  un-  
derstood, i t  may  be t r ied  to produce  favorable  d -bands  
for  hole react ions in more  oxidat ion  res is tant  e lec-  
t rodes or i t  m a y  be t r ied  to improve  oxygen  evolution 
cata lyt ical ly .  A t t empt s  in  this d i rect ion have a l r eady  
been s ta r ted  wi th  MoS2 (1O). I t  is in teres t ing  to note 
that  a d -hole  med ia ted  valence increase  of a t r ans i -  
t ion meta l  compound to y ie ld  a t rans i t ion  meta l  hy -  
droxide  which can fu r the r  be oxidized to l ibe ra te  mo-  
lecular  oxygen  might  not  be a newly  discovered 
mechanism but  appl ied  in one of the  most  basic p roc-  
esses of life. Why exac t ly  a re  holes f rom react ion cen- 
ters  in photosynthe t ic  systems channeled  into an oxi -  
da t ion  complex  for  w a t e r  w h i c h  is based on a t r ans i -  

t ion meta l  (manganese)  which is appa ren t ly  being 
oxidized (35) (necessar i ly  by  an ex t rac t ion  of d -  
electrons) as in te rmedia te  step toward  oxygen evolu-  
tion? 

Exper iments  wi th  the  photooxida t ion  of wa te r  at  
MoS2 and MoSe2 electrodes suggest  that  such a mecha-  
nism is k ine t ica l ly  or energe t ica l ly  reproducib le  wi th  
hole react ions f rom d-bands  of a semiconductor  p ro -  
vided a secondary  des t ruc t ive  oxidat ion  by  react ive  
in te rmedia te  compounds is avoided by  appropr ia te  
chemical  bonding in the ne ighborhood of the  t rans i t ion  
meta l  react ion center.  

The inab i l i ty  of holes  in an ene rgy  band der ived  
f rom nonbonding d -orb i t a l s  to in i t ia te  anodic photo-  
corrosion, in combinat ion  with  thei r  specific charge 
t ransfe r  in terac t ion  wi th  reducing agents  have finally 
provided  a basis for regenera t ive  e lect rochemical  solar  
cells which seem to be sufficiently s table  to be de-  
veloped for prac t ica l  use (27). The exper imen ta l  evi-  
dence suggests tha t  it  is much  more  reasonable  not  to 
b reak  chemical  bonds in  a photoelect rode surface at  
all  than  to t ry  to repa i r  them by complicated suc-  
cessive chemical  react ions f rom the electrolyte .  

F rom theoret ica l  points  of v iew tungs ten  dichalco-  
genides will  photoe lec t rochemica l ly  behave  ve ry  s imi-  
l a r ly  to molybdenum dichalcogenides  and in teres t ing  
addi t ional  exper ience  on d - b a n d  e lec t rochemis t ry  wil l  
be obta ined  i r om Group IV and V t rans i t ion  meta l  
l ayer  crystals.  P r e l im ina ry  studies of severa l  among 
the  l a t t e r  compounds have confirmed u~nusual e lec t ro-  
chemical  mechanism also there.  For  example ,  anodic 
photocurrents  in the m A / c m  2 range have been ob-  
served with  2H-TaS2 (and NbS2) a l though its sol id-  
s ta te  behavior  is typ ica l ly  meta l l ic  wi th  hole concen- 
t ra t ions exceeding 1023 cm -~. Mixed l aye r  compounds 
which would pe rmi t  a g radua l  filling of d -bands  should 
be promis ing subst ra tes  for research into d-hole  r e -  
actions as well.  

There  is one impor tan t  c i rcumstance  to be con- 
sidered, when deal ing wi th  d-hole  react ions in which 
the format ion  of specific surface complexes is involved.  
It wil l  not  be admiss ible  to app ly  the  simplified theo-  
re t ica l  concepts developed for  e lect ron t ransfe r  be -  
tween  semiconductor  e lectrodes and redox  couples in 
the e lec t ro ly te  which neglect  chemisorpt ion  of the  
reactants .  The closest approach  to the  p rob lem of 
d-hole  react ions m a y  be a theore t ica l  model  which 
has been discussed as a special  react ion type  of elec- 
trocatalysis (36). I t  is the case of surface states on 
an e lect rode which s t rongly  in terac t  wi th  both the  
electronic bu lk  of the  e lect rode and the r edox  couple 
in the e lectrolyte .  

Acknowledgment 
This work  became possible th rough  a g ran t  on ap-  

p l ied  sulfide e lec t rochemis t ry  f rom the Deutsche 
Forschungsgemeinschaf t .  The author  thanks  Prof.  Ge-  
r ischer for suppor t ing  the pro jec t  and for in teres t ing  
discussions. The technical  help  received f rom Mrs. C. 
Lober  is g ra te fu l ly  apprecia ted .  

Manuscr ip t  submi t t ed  Oct. 26, 1977; rev ised  m a n u -  
script  r e c e ~ e d  ~walci~ ~, 1~78. 

A n y  discussion of this p a p e r  wi l l  appear  in  a Discus-  
sion Sect ion to be publ ished in  the June  1979 Joum~AL. 
Al l  aisCusslons for the June  1979 Discussion Section 
shoula Oe suOmitted by Feb. i, 1979. 

REFERENCES 
1. H. Gerischer,  J. Electroanal. Chem., 58, 236 (1975). 
2. H. Gerischer  and J. Gobrecht ,  Ber. Bunsenges. 

Phgs. Chem., 80, 327 (1976). 
3. B. Mi l le r  and A. Heller ,  Nature (London), 262, 

680 (1976). 
4. G. Hodes, J. Manasseh, and D. Cahen, ibid., 251, 403 

(1976). 
5. A. Heller,  K. C. Chang, and B. Miller,  This Journal, 

124, 697 (1977). 
6. Y. Nakato,  K. Abe, and  It.  Tsubomura ,  Bet. Bun- 

senges. Phys. Chem., 80, 1002 (1976). 



Vol. 125, No. 7 HOLE REACTIONS 

7. K. C. Chang, A. Heller, B. Schwartz, S. Menezes, 
and B. Miller, Science, 196, 1097 (1977). 

8. (a) A. B. Ellis, S. W. Kaiser, and M. S. Wrighton, 
J. Am. Chem. Soc., 98, 6418 (1976) ; (b) A. B. Ellis, 
S. W. Kaiser, and M. S. Wrighton, ibid., 98, 6418 
(1976); (c) A. B. Ellis, S. W. Kaiser, and M. S. 
Wrighton, ibid., 98, 6855 (1976). 

9. H. Gerischer, lecture given at International Con- 
ference on the Photochemical Conversion and 
Storage of Solar Energy, London, Ontario, Aug. 
1976. 

10. H. Tributsch, Z. Natur]orsch., 32a, 972 (1977). 
11. H. Tributsch and J. C. Bennett, J. ElectroanaI. 

Chem., 81, 97 (1977). 
12. H. Tributsch, Ber. Bunsenges Phys. Chem., 81, 361 

(1977). 
13. J. A. Wilson and D. A. Yoffe, Adv. Phys., 18, 193 

(1969). 
14. ]3. L. Evans and P. A. Young, Proc. R. Soc. London, 

Set. A, 284, 402 (1965). 
15. A. D. Yoffe, in Annual Review of Material Science, 

Vol. 3, R. A. Huggins, Editor, p. 147, Annual Re- 
view, Palo Alto (1973). 

16. R. Fivaz and E. Mooser, Phys. Rev. 163, 743 (1967). 
17. A. D. Sounder and D. E. Brodie, Can. J. Phys., 49, 

2565 (1971). 
18. A. R. Beal, J. C. Knights, and W. Y. Liang, J. Phys., 

C5, 3531 (1972). 
19. R. F. Fr indt  and A. D. Yoffe, Proc. R. Soc. London, 

Set. A, 273, 69 (1963). 
20. L. F. Mattheiss, Phys. Rev., 8D, 3719 (1973). 

FROM d-ENERGY BANDS 1093 

21. F. Levy, Ph. Schmid, and H. Berger, Phil. Mag., 
34, 1129 (1976). 

22. V. L. Kalikhman and L. L. Pravoverova, Inorg. 
Mater., 10, 1021 (1974). 

23. A. M. Goldberg, A. R. Beal, F. A. Levy, and E. A. 
Davis, Phil. Mag., 32, 367 (1975). 

24. R.V. Kasowski, Phys. Rev. Letts., 30, 1175 (1973). 
25. K. Wood and J. B. Pendry, ibid., 31, 1400 (1973). 
26. R. S. Title and M. W'. Schafer, ibid., 28, 808 (1972). 
27. H. Tributsch, Ber. Bunsenges. Phys. Chem., In 

press. 
28. F. R. Gamble, F. J. Di Sao, R. A. Klemm, and T. H. 

Geballe, Science, 168, 568 (1970). 
29. F. R. Gamble and J. H. Osiecki, J. Phys. Chem., 55, 

3525 (1971). 
30. B. G. Silbernagel and F. R. Gamble, Phys. Rev. 

Lett., 32, 1436 (1974). 
31. W. Riidorff and H. H. Sick, Angew. Chem., 71, 127 

(1959). 
32. A. Weiss and R. Ruthardt, Z. Natur]orsch., 24b, 355 

(1969). 
33. R. Schollhorn and H.-D. Zagefa, Angew. Chem., 

89, 193 (1977). 
34. M. Dines and Ricardo Levy, J. Phys. Chem., 79, 

1979 (1975). 
35. M. Calvin, Science, 184, 375 (1974). 
36. H. Gerischer, in "Electrocatalysis on Nonmetallic 

Surfaces," A. D. F rank l in  Editor, National 
Bureau of Standards, Gaithersburg, Maryland 
(1975). 

X-Ray Photoelectron Spectroscopic Studies of 
RuO -Based Film Electrodes 

Jan Augustynski, Lucette Balsenc, and Jean Hinden 
D~partement de Chimie Min~ra~e, Analytique et App~iqu~e, Universitd de Gen~ve, Geneva, Switzerland 

ABSTRACT 

The nature and relative amounts of the different species present in the sur-  
face region of RuO2 and RuO2-TiO2 film electrodes, before and after an anodic 
polarization in 4M aq NaC1 solution, have been determined by means of x - r ay  
photoelectron spectroscopy. The existence of a surface defect structure of 
RuO3, analogous to that found on RuO2 powder, has been confirmed for both 
the RuO2 and RuO2-TiO2 electrodes. Two different chlorine species, identified 
as chloride ions and adsorbed atomic chlorine, have been shown to be present 
on the surface of the electrodes used as anodes for the chlorine evolution. 

Successful industrial application of the dimensionally 
stable anodes (DSA) in chlor-alkali  cells during re- 
cent years (1-3) has attracted considerable interest to 
the electrocatalytic properties of transition metal ox- 
ides, especially those exhibiting metallic conductivity 
as  RuO2 or IrO2. A number of authors have studied 
the kinetics of chlorine evolution on RuO2-based elec- 
trodes (4-10). The low-slope l inear Tafel behavior 
up to very high anodic current densities has been gen- 
era l ly  reported for the lat ter  reaction on pure RuO2 
film electrodes as well as on mixed RuO2-TiO2 elec- 
trodes containing at least 20 mole percent (m/o) of 
RuO2 (7). However, apparently, some disagreement 
exists about the mechanism of this reaction and the 
nature of the rate-determining step (8, 10). 

.In the present paper, recent results obtained by 
x - r a y  photoelectron spectroscopy (XPS) concerning 
the chemical constitution of the surface region of RuO2 
film electrodes are discussed. Data are given for both 
pure RuO2 and mixed oxide RuO2-TiO~ films prepared 
by thermal decomposition in air of RuC13 and TIC18 
on metallic t i tanium supports. Spectra have been ob- 
tained for freshly prepared RuO2 and RuO2-TiO2 
electrodes and for electrodes being employed as anodes 

Key words: anodes, chlorine evolution, surface analysis. 

in the electrolysis of 4M aq NaCI solution. Distinct 
changes in the composition of the 20-30A outermost 
layer of the electrodes, subsequent to the polarization 
at anodic potentials and chlorine evolution, are to be 
expected. These changes could affect the oxidation state 
of ruthenium atoms, the degree of hydration, and the 
adsorption of chloride-chlorine species. 

The results of this study are, thus, l ikely to permit  
a better understanding of the peculiar features of 
RuO2-based electrode materials, i.e., of their low over- 
potential for chlorine evolution and excellent corro- 
sion resistance to anodic potentials. The lat ter  have 
been tentatively assigned (4) to the nonstoichiometric 
character of the thermally  deposited oxide films a n d  
also to chloride ion adsorption which is supposed to 
prevent the surface oxidation of the electrode. 

Experimental 
The photoelectron spectra were obtained with a 

Varian IEE spectrometer using MgK~,2 x-rays  at 1253.6 
eV. Basic pressure in the sample chamber was 10 -6-  
10 -T Torr. Binding energies were referred to the car- 
bon is electron peak due to residual pump oil on the 
sample surface and are given relative to the zero ki-  
netic energy level, taking 290.0 eV as the C ls binding 
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energy  in vacuo (11). The deconvolut ions of the  mul -  
t iple  signals were  pe r fo rmed  graph ica l ly  wi th  gaussian 
peak  shapes (12). The re la t ive  concentrat ions of the 
various species were  ca lcula ted  f rom the corresponding 
XPS peak intensit ies.  The re la t ive  photoelect ron l ine 
sensi t ivi t ies  r e fe r red  to the fluorine ls signal  (13, 14) 
were  used for this  purpose.  Measured  concentrat ions 
were  reproducib le  wi th in  15%. 

The electrodes were  p repa red  by  deposi t ing a thin 
film of RuO2 or RuO2-TiO2 on cyl indr ica l  t i t an ium sam-  
ples of about  6.5 cm 2 area.  Commercia l  99.5% Ti rods 
were  used. Al l  e lectrodes were  first e tched in 20% h y -  
drochlor ic  acid at  10O~ for 60 min, then  washed  wi th  
dis t i l led water ,  and dried. Coatings were  appl ied  using 
a brush, l ayer  by  layer ,  f rom solutions of the  corre-  
sponding chlorides.  The solut ion of RuC18 was p re -  
pared  b y  dissolving first RuC18 aq (F luka )  in 20% HC1 
aq and evapora t ing  to dryness  by  gent le  heating. The 
res idue was then  dissolved in isopropanol .  The solu- 
t ion containing both  ru then ium and t i t an ium chlorides 
was obta ined  by  adding to the RuCla solution a solut ion 
of 15% TIC18 in HC1 (Ana la r  grade,  Merck)  and a few 
drops of H202. The ind iv idua l  layers  were  first d r ied  
at  60~ and then  fired at  450~ for 10 min in an oven 
wi th  forced a i r  circulation.  The whole  electrode, coated 
wi th  6 layers  and having  a thickness of about  5 ~m, was 
finally annealed  at the same t e m p e r a t u r e  for 60 rain. 

The electrolyses  were  car r ied  out in a t w o - c o m p a r t -  
ment  cell  containing an acidified (pH 2) 4M NaC1 solu- 
tion. Ana l a r  grade  NaC1 and t r ip ly  dist i l led wate r  were  
used. The electrodes were  polar ized  anodica l ly  at  200 
mA (~,-30 m A  cm -2) for 4 hr  at  20~ Af te r  being re -  
moved f rom the cell, the  e lectrodes were  carefu l ly  
washed wi th  dis t i l led wa te r  and dr ied  in a desiccator  
for at  least  24 hr. 

Ba r ium ru thena te  BaRuO4.H20 was synthesized as 
descr ibed in (15). Al l  ru then ium compounds submi t -  
ted to XPS analysis  were  first charac ter ized  using 
x - r a y  diffraction. 

Results 

In the i r  XPS  s tudy of the surface chemis t ry  of a 
series of r u then ium-oxygen  compounds Kim and Wino-  
grad  (16) have repor ted  the  exis tence on the surface 
of RuO2 (both powder  and single crys ta l )  of an add i -  
t ional,  h igher  va lency ru then ium compound identif ied 
as RuOs. Their  observat ion  has been confirmed by  the 
presen t  authors  (17) in the  case of RuO2 and RuO~- 
TiO2 coatings on t i t an ium metal .  F igure  1 shows the  
photoelec t ron spect ra  of Ru 3p region for RuO2 pow-  
der  (Koch-Ligh t )  and RuO2 coat ing on t i t an ium ob-  
ta ined  by  the rma l  decomposi t ion of RuC13 in air. Both 
spect ra  (a and b)  a re  quite s imilar ,  each of them be-  
ing appa ren t ly  composed of double  signals. The corre-  
sponding O ls e lect ron spec t ra  are  even more  complex  
(Fig. 2) showing, besides two l a rge r  peaks  associated 
wi th  two Ru compounds,  two smal le r  signals due to 
wa te r  and adsorbed gases as a re  discussed later .  By 
compar ing the re la t ive  concentrat ions  of the Ru and 
O species (Table  I) a Ru /O atomic rat io  of about  1:2 
(corresponding to RuO2) is obta ined  for the la rges t  
signals, whi le  the Ru/O rat io  for Ru and O signals  
shif ted to h igher  b inding energies  agrees reasonably  
wel l  wi th  the  fo rmula  of RuO3. 

To ascer ta in  fu r the r  the  na tu re  of mul t ip le  Ru sig- 
nals  in the  RuO2 spect ra  we have  examined  by  means  
of XPS  a wel l -def ined  compound of Ru(VI) -BaRuO4.  
As shown in Table  II, the  posi t ion of the  smal le r  Ru 
peak  in the  RuO2 spect ra  corresponds indeed qui te  
well,  for var ious  e lect ron levels, to the b inding  energy  
of Ru(VI )  in  BaRuO4. 

Thus, the analysis  of XPS  spect ra  s t rongly  suggests 
tha t  the  surface region of f reshly  p repa red  RuO2 film 
e lec t rode  contains,  in an analogous manner  to RuO2 
powder,  an apprec iab le  amount  of RuO3. Assuming  
the  XPS  effective depth  in the  range  of 20-30A, the  
R u ( V I ) / R u ( I V )  atomic rat io  of about  1:2 could be 
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Fig. 2. Oxygen Is photoelectron signols for (a) RuO2 powder, and 
(b) RuO~ deposit on titanium. 

t en ta t ive ly  in te rp re ted  1 in te rms of a 7-1OA oute rmos t  
surface l aye r  of RuOs. This si tuation,  therefore,  would  
be s imi lar  to tha t  of some noble meta ls  covered wi th  
th in  oxide films, wi th  the  difference that,  in the pres -  
ent  case (of RuO2), the  meta l  is subs t i tu ted  by  the 
e lec t ronica l ly  conduct ing oxide. 

1 Another possibi l i ty is  that RuO~ exists on the  surface  in a mix.  
ture wi th  RuOi. 
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Table h Relative amounts of different Ru and 0 species identified Table Ill. Principal x-ray diffraction lines for Ru02, TiO~2-rutile, 
on the surface of RuO~ powder and Ru02 deposit on titanium TiO2-anatase, and RuO2-Ti02 mixed oxide 

RuO2/TiO~ TiO~ Ti02 
Ru ( V I ) / R u  (IV) O/Ru RuO~ mixed deposi t  fut i le  anatase  

RuO~ p o w d e r  0.47 2 (largest signals)  
3.13 (smal ler  s ignals)  3.17 3.23 3.25 3.52 

RuO~ deposit  2.55 2.30 2.487 2.378 
on Ti  0.49 2 ( largest  signals)  2.243 2.28 2.297 2.332 

3.06 (smal ler  signals)  1.685 1.687 1.6874 1.892 
1.586 1.615 1.6237 1.666 
1.349 1.355 1.360 1.481 

Since in indus t r ia l  appl ica t ions  the so-cal led  RuO2 
e lec t rode  consists most f r equen t ly  of a mixed  oxide  
RuO2-TiO2 film on Ti, i t  was also in teres t ing  to charac-  
ter ize  Ru species in TiO2 environment .  The mixed  
RuO2-TiO2 deposit,  containing about  22 atomic pe r -  
cent  (a /o )  of Ru as a meta l  and p repa red  in the  Same 
manne r  as RuO2 films, was first examined  by  x - r a y  
diffraction. As shown in Table  III, the pr inc ipa l  diffrac- 
t ion l ines for the  RuO~-TiO2 sample  are  placed be tween  
the values  re la t ive  to RuO~ and those of ru t i le  form 
of TiO2 indica t ing  tha t  the  deposi t  is constituted2 by  
the solid solut ion of both  oxides. As in the  case of 
pu re  RuO~, var ious  Ru levels in the XPS spect ra  of 
mixed  RuO2-TiO2 deposi t  are  composed of double  s ig-  
nals assigned above to RuO2 and RuO3. In  compar ison 
wi th  the  spec t ra  of pure  RuO2 film we observed ne i ther  
de tec tab le  shif t  in the  posi t ions of Ru peaks  (Table  
I I )  nor  a significant change in the  R u ( V I ) / R u ( I V )  
ratio.3 I t  must  be noted tha t  the R u ( t o t a l ) / T i  atomic 
rat io  obta ined  f rom the photoe lec t ron  peak  intensi t ies  
(about  0.15) is apprec iab ly  lower  than  the cor respond-  
ing mean  film composi t ion (0.28). This resul t  impl ies  
tha t  some pre fe ren t i a l  diffusion processes have  p rob -  
ably" t aken  place  dur ing  final h e a t - t r e a t m e n t  of the  
electrodes.  

The oxygen  ls e lec t ron signal  for  mixed  RuO2-TiO2 
film (Fig. 3a),  appears  to be less complex  than  tha t  of 
pure  RuO~ and can be resolved into two peaks.  F rom 
compar ison wi th  the  spec t ra  of pure  TiO2 and RuO2 
the l a rge r  O ls peak  is assigned to oxygen  s~ecies as-  
sociated wi th  Ti (IV) and Ru ( IV) ,  the  corresponding 
binding energies  being p rac t i ca l ly  the  same. The 
sma l l e r  O ls signal, 4 the posi t ion of which agrees wel l  
wi th  tha t  of the  hydra t ion  wa te r  peak  in the  TiO2 
spectrum,  is shif ted about  2 eV to lower  b inding  en-  
ergies wi th  respect  to the  O ls peak  a t t r ibu ted  to wa te r  
in the  RuO2 spec t rum (Table  ID.  

The  photoe lec t ron  spec t ra  ob ta ined  wi th  RuO2 and 
RuC~-TiO2 del~osits on Ti used as electrodes for anodic 
chlor ine evolut ion  show some significant differences 
wi th  respect  to those of f l e sh ly  p repa red  samples.  

In addit ion to the ruti le-type RuO2-TiO~ sol id solut ion we have 
also found some nontrans formed TiOs-anatase. 

aAlso the Ti 2p e lectron spectra from pure TiO2 (rutile) and 
f rom Ti  species  in the RuO~-TiO2 e lectrode were  fairly identical. 

Due to the smal l  re lat ive  concentrat ion of Ru(VI), the oxygen 
associated with  these  species  cannot  be dist inguished from the  
oxygen  of water .  

Table II. Ru and 0 binding energies of 

These differences essent ia l ly  concern the  spec t ra  of 
oxygen and chlor ine  levels,  the Ru b inding  energies 
and the  Ru ( V I ) / R u  (IV) and Ru /T i  rat ios remain ing  
prac t ica l ly  unchanged.  As could be expected,  the O Is 
signals assigned to wa te r  and adsorbed oxygen  are  
c lear ly  enhanced for both  RuO2 and RuO2-TiO2 elec-  
t rodes  (Fig. 3b).  

On account of except ional  character is t ics  of RuO2 
elect rode wi th  regard  to the anodic chlor ine  evolution,  
i t  was, of course, impor tan t  to obta in  some more  de-  
ta i led informat ion  about  the  na tu re  and the re la t ive  
concentrat ions  of chlor ine  species presen t  on the film 
surface. In  this connection i t  mus t  be ment ioned  tha t  
the f resh ly  p repa red  RuO2 deposi t  a l r e a dy  contains a 
cer ta in  quan t i ty  of chlor ine  (18, 19) resul t ing  f rom 
incomplete  decomposi t ion of RuCI~ dur ing  the hea t ing  
at  450~ As a ma t t e r  of fact, the photoelec t ron spec-  
t rum of C1 2p level  for f reshly  p repa red  RuO2 film 
(Fig. 4a) c lear ly  shows the presence of two different  
chlor ine  species. Since the  chlor ine 2p e lec t ron spec-  
t r um consists no rma l ly  of two signals, due to spin-  
orbi t  spli t t ing,  the l a rge r  2p ~/2 and the smal le r  2p 1/2 
p laced at h igher  b inding  energies,  the  middle  ( largest )  
peak  at  Fig. 4a must  resul t  f rom the superposi t ion  of 
the  2p 1/2 s ignal  ar is ing f rom first C1 species and the 
2p~/2 signal  character is t ic  of second C1 species. Accord-  
ing to the genera l ly  observed tendencies,  the  b inding  
energy  for a given e lec t ron level  increases  toge ther  
wi th  the oxida t ion  s tate  of the  element.  Consequently,  
the lower  b inding  energy  C1 2p 3/2 peak  originates,  in 
our opinion, f rom the chlor ide  ions 5 in RuO2 crys ta l  
latt ice,  whereas  the  second C1 2p 3/2 peak  is assigned to 
adsorbed (atomic)  chlorine.  6 This is suppor ted  by  the 
fact tha t  the h igher  b inding  energy C1 2p 3/2 peak  
s t rongly  increases a f te r  the  RuO2 elect rode has  been  
polar ized in the region of the  chlor ine  evolut ion po ten-  
t ia l  (Fig. 4b).  Whi le  the  amount  of adsorbed  atomic 
chlor ine rises f rom about  3 a /o  7 before  e lectrolysis  to 
near  15 a /o  ~ af te r  electrolysis,  the  chlor ide  content  
changes only  f rom 4 to 6 a /o  7 (Table  IV) under  t h e  

same conditions. 

The assignment of this  peak is based on the comparison  with 
the binding energ ies  obtained for  C1- species  incorporated into 
the oxide films on t i tanium or aluminum. 

In the Discussion sect ion w e  propose  an al ternative  ass ignment  
of this peak. 

Values reported to Ru (IV). 

various ruthenium-oxygen compounds 

Binding energy  (eV) 
-----0.2 eV 

Compound Ru 3d5/2 Ru 31~/~ Ru 3p~/~ O Is 

RuO~ p o w d e r  286.3 and 287.9 468.1 and 471.5 490.1 and 493.4 535.0, 536.8, and 538.4 
RuO2 deposit  on Ti  286.5 and 288.1 468.4 and 471.9 490.5 and 493.9 535.25. 536.8, and 538.35 
RuO~-TiO~ deposi t  on Ti  286.3 and 287.7 490.3 and (494.3) 534.5 and 536.3 
BaRuO4 �9 H~O 288.5 470.8 493.4 535.6 

Table IV. Binding energies and relative concentrations of CI species detected in Ru02 and RuO~-Ti02 film electrodes 

RuO~ film RuO2-TiO~ film RuO2 e lectrode RuO2-TiO2 e lectrode  
as prepared as prepared  after  e lectrolys is  after  e lectrolys is  

Binding energy  of C1 2p~/~ elec- 
t ron  (eV)  +_.0.2 eV 203.0 and 204.5 202.7 203.0 and 205.2 203.6 and 205.6 

Relative concentrat ions  ( a / o )  4* and 3* 4** 6* and 15 4** and 32** 

* Values  reported  to R u ( I V ) .  
** Values  reported  to  the  s u m  of  T i ( I V )  and R u ( I V ) .  
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Fig. 4. X-ray photoelectron spectra of CI 2p region for Ru02 de- 
posit on titanium: (a) as prepared, (b) used as an anode for chlorine 
evolution. 

The Cl 2p electron spectrum of a freshly prepared 
RuO2-TiO~ deposit shows the presence of a single 
chlorine species (Fig. 5a), which is characterized by  
the same binding energy as the 'one assigned to chlo- 
rides in RuO2 (Table IV). It  is interest ing to note that  
the relat ive concentrat ion of the residual chlorides in 
RuO2-TiO~ coating, calculated with respect to the sum 
of Ti ( IV)  and Ru (IV) concentrations, is equal to that  
found for pure RuO2 films (4 a /o) .  This result  suggests 
that the degree of chloride doping in  the RuO2-TiO2 
coatings obtained by thermal  decomposition of RuC13 
and TiCla ra ther  depends on the anneal ing tempera-  
ture  than on the ru then ium content. 

After  using the RuO2-TiO2-coated electrode as an 
anode for the chlorine evolution from 4M NaC1 solu- 

B I N D I N G  ENERGY (.eV} 

Fig. 5, X-ray photoelectron spectra of CI 2p region for RuO2-Ti02 
deposit on titanium: (a) as prepared, (b) used as an anode for 
chlorine evolution. 

tion, a strong addit ional  signal appears in the photo- 
electron spectrum; this is due to adsorbed atomic 
chlorine s (Fig. 5b). Rather  surprisingly,  the extent  of 
C1 adsorption found on the RuO2-TiO2 electrode is 
higher than that  on the RuO2 electrode: 32 a/o com- 
pared with 15 a/o. 

Discussion 
Notwithstanding the fact that  the XPS analysis is 

performed outside an electrochemical cell, under  high 
vacuum conditions, the existence of a RuO~ defect 
s t ructure on the surface of RuO2-based film electrodes 
seems to be definitely established: As a mat ter  of fact, 
the Ru (VI) species have been detected on the surface 
of all the kinds of RuO~ examined by photoelectron 
spectroscopy; i.e., single crystal of RuOa (16), com- 
mercial ly  obtained or freshly prepared RuO2 powder 
(16, 17), and RuO2 film electrode. The Ru(VI)  spe- 
cies have been equal ly identified on the surface of the 
mixed oxide RuO2-TiO~ film electrode, wherein  RuO~ 
forms a solid solution wi th  TiO2. Moreover, the rela-  
t ive amounts  of RuOa to RuO2 do not appear to be 
significantly influenced by such exper imental  condi- 
tions as the pressure in  the sample chamber of the 
spectrometer (16, 20) and the durat ion of x - ray  i r-  
radiation. Finally,  the same Ru(VI)  species are still 
present  on the surface of RuO2 and RuO2-TiO2 film 
electrodes which have been used as anodes for the 
chlorine evolution. 

All  these results suggest that  RuO3 may be the spe- 
cies responsible for the good stabil i ty of RuO2 elec- 
trodes at anodic potentials where, according to the 
thermodynamic  data (21), 9 formation of RuO4 should 
take place. 

Another  significant point  in  relat ion to the specific 
properties of thermal ly  deposited RuO2 electrodes is 
the substant ial  chemical shift of the O Is signal as- 
signed to water in RuO2 with respect to the corre- 
sponding signals for TiOz and for other hydrated OX- 

As shown in Table IV, this signal is placed at the same binding 
energy as in the case of RuOs electrode. 

9It must be noted, however, that the  known thermodynamic  
data concern actually a hydrated ruthenium dioxide RuO2 �9 2I-I~O. 
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ides such as A12Os.xH20. I0 This shif t  m a y  be in t e r -  
p re ted  in te rms of a pa r t i cu l a r ly  weak  bonding (i.e., 
of a nondissociat ive adsorpt ion)  of wa te r  by  the oxide. 

The photoe lec t ron  spectra  of C1 2p level  for the 
RuO2 and RuO2-TiO2 electrodes polar ized  anodica l ly  
in 4M NaC1 show the presence of a large  amount  of C1 
species which  have  been  assigned to adsorbed  atomic 
chlorine.  As a ma t t e r  of fact, the re la t ive  concentrat ions 
of these species given in Table IV seem to indicate  
tha t  the  degree  of surface coverage  by  Clads must  be 
roughly  equal  to un i ty  (o ~ 1), assuming one C1 a tom 
pe r  Ru or (and)  Ti atom. I t  is in teres t ing  to consider 
this resul t  in connection wi th  the pos tu la ted  mech-  
anisms of the C1- --  e ---- 1/2 C12 react ion at  RuO2 and 
RuO2-TiO2. According  to Ref. (4) and (10), the  ob-  
served low Tafel  slopes (b = dV/d In i = RT/2F  to 
2 RT/3F) are  consistent  wi th  the  

C1- ~ Clads + e [1] 

2Clads -'> C12 (rds)  [2] 

reac t ion  pa thway,  the  second step being the r a t e -  
de te rmin ing  step ( rds) .  In  the  case of radical  recom-  
binat ion control led kinet ics  (Eq. [2]),  dV/d In i ---- 
RT/2F corresponds to modera te  surface coverage con- 
ditions, whi le  for 0 --> 1 a t rans i t ion  of Tafel  slope to 
oo (the l imi t ing anodic cur ren t )  is expected.  The above 
mechanism (4) has been refu ted  by  Erenburg  et at. 
(8) on the basis of the  observed dependence  of the 
overpo ten t ia l  on the chlor ide concentra t ion and of 
the  anodic react ion o rde r  wi th  respect  to C1- ions 
equal  to +1.  Af te r  deta i led  analysis  of var ious  possi-  
b le  react ion schemes these authors  have  proposed an 
a l t e rna t ive  th ree - s tep  mechanism 

C1- ~--- Clads 4- e [3] 

Clads-> CI(+I) 4- e ( rds )  [4] 

CI (+I) 4- Cl- ~--- C12 [5] 

with the second charge-transfer step (Eq. [4]) as rate 
controlling. The rds is assumed barrierless at low over- 
voltages, corresponding to a ---- 1 with b = dV/d In i : 
RT/(~ 4- I)F, where ~ is the true transfer coefficient. 
At higher overvoltages, where a transition to normal 
process is expected, a Tafel slope of about 2RT/3F 
was obtained (9) in agreement with b -~ RT/(a 4- I)F 
for a _-- 0.5. However, the reaction mechanism sug- 
gested by Erenburg et al. clearly implies 8 << I, i.e., 
very low coverage by atomic chlorine on the electrode, 
which is in disagreement with our results. In this con- 
nection it must be pointed out that certain points of 
measurements carried out by the latter authors are 
subject to criticism. In particular, sulfuric acid added 
in excess to chloride solutions, in order to suppress 
secondary double layer ionic distribution effects in 
the determination of the reaction order, can hardly be 
considered in this case as a nonspecifically adsorbing 
supporting electrolyte. Indeed, as shown by prelim- 
inary XPS analyses, SO4 2- ions strongly interact with 
both RuO2 and TiO2. 

In any case, further experimental information is 
needed before definite mechanistic conclusions can be 
made. These must involve the examination of a pos- 
sible role which Ru(VI) species could play in the 
chlorine evolution process, e.g., through the following 
reaction sequence 

~o In the case of other oxide films analyzed in our laboratory 
(TiO2, AhOy, Cr~O~, and MoO.~+z) the binding energies (BE) at- 
tributed to adsorbed H~O species were compr,sed between 536 
and 537 eV; consequently the value of O Is BE for H~O~ds on the 
RuO~ electrode (538.4 eV) may be considered as anomalously high. 

2C1- 4- RuOa 4- 2I~O + ~ (RuO2)2Clads 4- 3H20 [6] 

and 
RuO2 4- 3I-I20--> RuO3 4- 2HI80 + 4- 2e [7] 

Final ly ,  the  poss ib i l i ty  that  the  chlor ine species de-  
tec ted  by  our XPS  measurements  a re  not  Clads atoms 
but  adsorbed C10-  ions cannot  be comple te ly  excluded.  
These species could be produced  in a secondary  chem-  
ical react ion or or iginate  (as in te rmedia tes )  f rom a 
react ion pa thw a y  of the k ind  

C1- + RuO3 --> (RuO2) C1Oads- [8] 
Eq. [7] and  

C1Oads- 4- Clads- (or Claq-)  4- 2H30 + "-> C12 4- 3H20 
[9] 

React ion [9] presents  an analogy wi th  the  th i rd  s tep 
(Eq. [5] ) in the mechanism pos tu la ted  b y  Erenburg  
et al. 
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of the Underpotential Deposition of Mercury on Gold 
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ABSTRACT 

The isotherm for the underpotential deposition (UPD) of mercury from 
0.2M PI2SO4 solutions of mercurous or mercuric ions is the same. At the 
equilibrium potential of a liquid mercury electrode in either of the solutions, 
the surface coverage,of mercury species is 1.9 X 10 -9 g'atom/cm 2. However, 
only faradaic charge sufficient to deposit 1.7 X 10 -9 g.atm/cm ~ of Hg(O) is 
consumed and .~2 X I0 i~ g'atm/cm 2 of (Hg(1))2 appear to be adsorbed along 
with the UPD Hg(O). 

Underpo ten t ia l  deposi t ion (UPD) involves the  depo-  
sition of a meta l  ion on a foreign meta l  subs t ra te  at  
potent ia ls  anodic to the equ i l ib r ium potent ia l  of the 
m e t a l / m e t a l  ion couple. UPD is usua l ly  observed  for 
the  first few a tom- laye r s  of the  meta l  (ada tom)  de-  
posi ted on the  e lect rode (1-28), and the  process is 
sometimes accompanied by  the adsorpt ion  of submono-  
layer  quant i t ies  of the  meta l  ion (adion)  (9, 10, 18, 26- 
28). Some authors  p re fe r  to consider  the  deposi t ion 
process to produce  a single species car ry ing  a pa r t i a l  
charge r a the r  than  a mix tu re  of adatoms and adions. 
Nei ther  view can be dis t inguished f rom the o ther  by  
e lec t rochemical  methods.  

We repor t  here  the  resul ts  of a s tudy  of the UPD of 
Hg on Au from di lu te  ( H g ( I ) ) 2  or H g ( I I )  in 0.2M 
H2SO4 solutions. The  issues to which  our  s tudy were  
d i rec ted  were  the  de te rmina t ion  of (i) the  me rc u ry  
coverage at the  Nernst  potent ia l  for the ( H g ( I ) ) 2 / H g  
couple, (ii) the  UP]9 i so therm in (Hg ( I ) )2  and Hg (II)  
solutions, and (iii) the  net  charge  of the  adsorbed  
species as a function of deposi t ion potential .  

Experimental 

Circuitry and electrodes.--The elect rochemical  equip-  
ment  and suppor t ing  c i rcu i t ry  used have been de-  
scr ibed e lsewhere  (29). Addi t iona l  c i rcu i t ry  was added  
to the  s tandard  four -e lec t rode  potent ios ta t  in o rder  
to pe r fo rm deposi t ion exper iments  at  0.1 mV anodic to 
the Nernst  potent ia l  (Fig. 1). Using a sa tu ra ted  calomel  
reference  electrode,  ten monolayers  of Hg were  de-  
posi ted on a gold electrode,  and then  the cur ren t  
was set equal  to zero b y  disconnect ing the aux i l i a ry  
electrode.  Af te r  the Hg-coa ted  e lec t rode  reached equi-  
l ibr ium, po ten t iomete r  P was ad jus ted  unt i l  the  output  
of inve r t e r  I was --10.0 mV. The output  of fol lower  F2 
was then injected th rough  a 104 ~ resis tor  into the  
input  of amplif ier  CA by closing switch S. The aux i l i -  
a ry  e lect rode was connected in o rder  to deposi t  Hg on 
a ro ta t ing  d isk  e lect rode at  0.1 mV anodic of the  Nerns t  
potent ial .  

The da ta  r epor ted  here  were  obta ined  using a ro t a t -  
ing gold d i sk-go ld  r ing  e lect rode RRDE. Its d imen-  
sions were  r l  - -  0.379 cm, r2 = 0.402 cm, and r3 = 0.484 
cm, N --  0.34 and S --  0.63. Al l  potent ia ls  are  r epor ted  
wi th  respect  to the  sa tu ra t ed  calomel  e lec t rode  (SCE).  

The surface roughness  of the gold disk was ca lcu-  
l a ted  by  the method  of B r u m m e r  and Makr ides  (30), 
which  gives the  charge  requ i red  to oxidize a 1.00 cm ~ 
gold surface at  1.2V. 

Mercu ry  surface coverage  was ca lcula ted  b y  a s -  
s u m i n g  tha t  one monolayer  of me rcu ry  on gold r e -  
quires  336 ~C/cm 2 to be oxidized to soluble H g ( I I ) .  
This assumpt ion  is just if ied in the  Resul ts  and Discus-  
sion section. 
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Experimental procedure.--The potent ia l  sequence 
used to obta in  the da ta  r epor ted  is g iven in Table  I. 
Digi tal  da ta  acquisi t ion and control  techniques are  
given e lsewhere  (29). Data  acquisi t ion was in i t ia ted  
at  s tep 6 and the ro ta t ion  speed, ~, set  to zero at s tep 5 
if s ta t ionary  anodic s t r ipp ing  da ta  were  desired.  The 
disk potent ia l  scan was pe r fo rmed  at  ~ _-- 0 if only  
disk e lect rode da ta  were  desired.  The s ta t ionary  d isk  
e lect rode potent ia l  scans were  pe r fo rmed  to minimize  
the s t eady-s t a t e  background  cur ren t  associated wi th  
the oxidat ion  of ( H g ( I ) ) 2  dur ing  the anodic poten t ia l  
scan. Step 8 resets the  digi ta l  sequencer  to s tep 1, a l -  
lowing signal  ave raged  da ta  acquisit ion, when  this is 
required .  Data  for the  po ten t i a l - cha rge  curves  were  
obta ined at  0.1V in te rva ls  near  the  anodic l imi t  of the  
underpo ten t ia l  region, and  at smal le r  potent ia l  in te r -  
vals near  the  cathodic l imi t  of the underpo ten t ia l  r e -  
gion. The 5 rain t ime in te rva l  a l lowed for unde rpo ten -  
t ia l  deposi t ion was sufficient to achieve equi l ib r ium 
coverage of Hg on Au at  the  deposi t ion potent ia l  of 
interest .  

Results and Discussion 
Determination of the Nernst potentiaL--The Nerns t  

potent ia l  for the  H g ( I ) / H g  couple in 2 • 10-sM 
(Hg ( I ) )2  --0.2M H2SO4 solution was de te rmined  using 
the gold disk of the  RRDE. First ,  the  Au disk was 
poten t ios ta ted  at  0.0V and ~ = 2500 rpm, where  the  
reduct ion of ( H g ( I ) ) 2  to Hg (O) occurs under  convec-  
t ive diffusion control.  Af te r  deposi t ion of more  than  
10 layers  of H g ( O ) ,  the  d isk  current ,  iD, was set equal  
to zero and the d isk  potent ia l  was monitored.  The rest  
potent ia l  a t ta ined  by  the gold disk is the  equ i l ib r ium 
potent ia l  for the  H g ( I ) / H g  couple, i.e., 0.398V in 2.0 
X 10-SM ( H g ( I ) ) 2  --  0.2M H2SO4 for our  pa r t i cu l a r  
SCE. 

In  o rder  to ver i fy  tha t  on the  gold disk mercu ry  
coverages g rea te r  than  10 layers  behave  as meta l l ic  
me rc u ry  for the  t ime of each exper iment ,  a m e r c u r y  
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Fig. 1. Circuit for UPD at 0.1 mV anodic to N'ernst potential 
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Table I. Sequence for underpotential deposition and stripping of Hg 

Ring 
Disk  poten- 

Step potent ia l  Purpose  tial  Purpose  
No. (V)  of s tep  (V)  of  step T ime  

Pre trea t  
I 1.9.0 m = 0 rpm 1.25 Pretreat  1 rain 

Reduce  Au 
2 0.00 e = 0 rpm 1.20 Pre treat  3 sec 

Depos i t  Hg 
= 2500 

3 Ev~P rpm 1.20 Pretreat  4 min 
Depos i t  Hg 

m = 2500 0.0 or  Stabil ize for  
4 EDI~P rpm 1.0 con.  I rain 

Depos i t  Hg 
m = 2500 0.0 or  

5 EDBP rpm 1.0 Set  rotat ion 5 sec 
Data  acq. 

Scan an- m = O or  0.0 or  Collect prod- A s  re- 
6 odtc 2500 rpm 1.0 ucts  quired 

Clean 
~ = 2500 

7 1.60 Si rpm 1.60 Clean 2 rain 
8 Reset  g. avg. Reset  Sig. avg. 1 msec  

pool was subs t i tu ted  for  the  SCE reference  electrode,  
and the po ten t ia l  of the  me rcu ry  coated gold e lect rode 
was measured  vs. the  m e r c u r y  pool. The  potent ia l  m e a -  
sured  in this  expe r imen t  was 0.0 inV. 

Hg(O)  layer th ickness  at the  Nerns t  potent ia[ .m 
Anodic stripping me thod . - -The  gold disk of the  RRDE 
was poten t ios ta ted  0.1 mV anodic to the  Nerns t  po ten-  
t ia l  for 5, 10, and 120 min. Then the amount  of m e r -  
cury  deposi ted for  each t ime was de te rmined  by  anodic 
s t r ipping.  No t ime dependent  increase  in s t r ipping  
charge  was noted, and al l  da ta  agreed  wi th in  2% of 
the  value  obta ined af te r  5 min, 340 ~C/cm 2 (1.76 • 
10-9 g . a t o m / c m  2 of mercu ry ) .  

The only  t ime effect found at  the  above potent ia l  
was tha t  the  s t r ipp ing  poten t ia l  shif ted 30 mV more  
anodic af ter  a 120 rain wait.  The t ime s tab i l i ty  of m e r -  
cury  in the gold surface  demons t ra tes  the  la rge  in t e r -  
ac t ion energy  of the  UPD process,  an  energy  which  
exceeds tha t  for bu lk  ama lgam formation.  

Deposi t ion at  potent ia ls  1.0 mV cathodic of the  Nerns t  
po ten t ia l  p roduced  t ime dependen t  anodic charges un -  
der  the  s t r ipp ing  peaks,  as would  be expected for 
o rd ina ry  meta l  deposit ion.  

The charge  c o r r e s p o n d i n g  to e lect rooxidiz ing one 
a tom l aye r  of me rcu ry  on gold as H g ( I I )  was ca lcu-  
l a ted  by  assuming tha t  the  ze ro -va len t  me rcu ry  a toms 
form a c lose-packed  a r r a y  on the gold surface. Thus 
the  m a x i m u m  coverage  for  one l aye r  of Hg a toms is 
p ropor t iona l  to the  rat io  of the  square  of the radi i  of 
Hg and Au. The atomic radius  of Au  is 1.44A. However ,  
the  r epor t ed  radi i  for  Hg v a r y  s cmewha t  be tween  
1.50 and 1.73A (23), and the  best  va lue  of rHg cannot  
be selected on the  basis of these data.  

Bowles (25) p resen ted  evidence tha t  mercu ry  de-  
posits on Pt  in a square  lattice.  Using this assumption,  
Hassan, Untereker ,  and Bruckens te in  (19) showed tha t  
if  the  rHg ---- 1.57A, the  charge ca lcula ted  for  s t r ipping  
one geometr ic  monolayer  of mercu ry  f rom a p l a t inum 
elec t rode  coincides wi th  the  amount  of mercu ry  re-  
qui red  to inhibi t  al l  hydrogen  adsorpt ion  on the same 
p t a t i num electrode.  Therefore,  i t  is assumed here  tha t  
1.57A is also the  correct  va lue  for the  radius  of UPD 
Hg on Au and tha t  a mono laye r  is 1.74 • 10 -9 g" 
a t o m / c m  2. We calculate,  then, tha t  the  charge  requ i red  
to s t r ip  one monolayer  of m e r c u r y  on gold as Hg (II)  
is 336 ~C/cm 2. This value  coincides, wi th in  expe r ime n-  
t a l  error ,  wi th  the amount  found above  for the  quan t i ty  
of H g ( I I )  s t r ipped  af te r  UPD 0.1 mV anodic of the 
Nernst  potent ial .  This r e m a r k a b l e  resul t  indicates  tha t  
one a tom laye r  of me rcu ry  on a gold subs t ra te  behaves  
as if  i t  were  bu lk  m e r c u r y  in a po ten t iomet r ic  exper i -  
ment.  

(Hg(I)  )z direct reduction m e t h o d . - - W h e n  an oxidized 
gold disk e lec t rode  is reduced  at  0.0V and ~ : 0 r p m  
and 'the poten t ia l  subsequent ly  s tepped to 0.40V at w --  
2500 r p m  in solut ion of 2.0 • 10-5M ( H g ( I ) ) 2  and 
0.2M H~SO4, the  disk current ,  iD, VS. t ime, t, curve  of 

i D (/JAMPS) 8 
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Fig. 2. RRDE-current-time responses during UPD of Hg. Curve 
A, disk; curve B, ring. Disk potential - -  0.40Y; ring potential 
= 0.{)V; c~ _ 2500 rpm; CH2SO4 = 0.2M; and CHgCI) ~ 2.0 
X 10-5M. 

Fig. 2, Curve  A, results.  The t ime  requ i red  to obta in  
99% of the equ i l ib r ium coverage of Hg is app rox i -  
ma te ly  30 sec. Af t e r  300 sec, iD had d iminished  to  7 
nA. In tegra t ion  of the  a rea  under  the  iD VS. t curve, 
yields  an apparen t  charge  dens i ty  of 164 ~C/cm 2 for  
react ion [1], i.e., 1.70 • 10 -9 g . a t o m / c m  2 o f  H g  were  
deposited.  

(Hg ( I ) )2  .9 2e ~ 2Hg (O) UPD [1] 

However ,  dur ing  the  ini t ia l  3 sec wa i t ing  per iod  
at  the  s ta r t  of the exper imen t  when w = 0 (step 2 in 
Table  I ) ,  we calculate  that  0.12 • 10 -9 g . a t o m / c m  2 of 
Hg (O)UPD forms as a resul t  of semi- inf ini te  l inear  di f -  
fusion to the s ta t ionary  d isk  electrode. Thus the  total  
Hg(O)UPD formed is 1.82 • 10 -9 g - a t m / c m  2. This cov- 
e rage  agrees  wel l  wi th  tha t  ca lcu la ted  using Eq. [2] 
to in t e rp re t  the  anodic s t r ipp ing  of  the  underpo ten t i a l  
deposi t  p roduced  poten t ios ta t ica l ly  at  0.899V. Equat ion 
[2] is shown below to descr ibe  the  anodic s t r ipping  
process. 

Hg (O) UPD ~ Hg (II) -9 2e [2] 

Ring shielding me thod . - -The  r ing  current ,  iR, VS. t 
response of a ro ta t ing  r ing  d isk  e lec t rode  correspond= 
ing to the  iD VS. t exper imen t  descr ibed above is shown 
in Fig. 2, Curve B. The r ing  e lec t rode  was po ten t io -  
s ta ted at 0.0V dur ing  this exper iment ,  and the  con- 
sumpt ion  of ( H g ( I ) ) 2  via react ion [1] was monitored.  
The  r ing  e lect rode remains  pa r t i a l l y  shie lded for  the 
first 15 sec, af ter  which  the r ing e lec t rode  cur ren t  ap-  
proaches  the  l imi t ing va lue  for  the  reduct ion  of 
(Hg( I ) )2 .  The  in tegra l  of the  ~R VS. t curve,  when  d i -  
v ided by  N, yields  a va lue  of 184 zC/cm 2 for  the  amount  
of ( H g ( I ) ) 2  consumed on the  gold disk of the  RRDE, 
only  in fair  ag reement  wi th  the anodic s t r ipping  and 
the d i rec t  reduct ion exper iments .  This exper imen t  in-  
dicates 1.91 • 10 -9 g - a t o m / c m  2 of me rc u ry  species 
has been consumed at  the  gold disk. 

F igu re  3 shows both iD VS. t and - - i a / N  vs. t curves 
for  the  expe r imen t  descr ibed above. In  the  absence 
of adsorpt ion  or  o ther  phenomena  tha t  consume 
(I-Ig ( I ) )2  at the  disk e lec t rode  via  a nonfarada ic  mech-  
anism, the  two curves of Fig. 3 should super im-  
pose. However ,  the  r ing e lect rode shie lding observed 
dur ing  the first 16 sec indicates  tha t  a nonfarada ic  
process is consuming ( H g ( I ) ) 2  at  the  d isk  electrode. 
The charge densi ty  under  the  shaded region of Fig. 3, 
Qads, equals  ( 3 6 8 -  328) or  40 ~C/cm 2. Evidence is 
given below that  this difference can be represen ted  
as the  adsorpt ion  of 2.1 • 10 -10 g . a t o m / c m  2 ( H g ( I ) ) 2  
that  occurs  on a reduced  Au e lec t rode  s imul taneous ly  
wi th  the  underpo ten t i a l  deposi t ion of Hg. 
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Fig. 3. Comparison of time dependence of the disk current and 
flux of (Hg(I))2 removed at the disk. Data of Fig. 2. Curve A, 
disk current; Curve B, current equivalent to flux removed at disk 
electrode calculated from - - iR/N.  

UPD in (Hg(I) )z solutions.--Anodic stripping charge. 
- - T o  obta in  the re la t ionship  be tween  charge and po-  
ten t ia l  in the  unde rpo ten t i a l  region, me rcu ry  was de-  
posi ted on var ious  potent ials ,  EDEP,  ( l : 0 0 V  ~" EDEP ~-- 
0.398V), and subsequent ly  oxidized f rom the e lect rode 
via  a l inear  anodic potent ia l  sweep. In  these exper i -  
ments, the  ro ta to r  was tu rned  off p r io r  to s t r ipping 
the UPD deposi t  to avoid in ter ference  due to the  
s t eady-s t a t e  oxida t ion  of (Hg( I ) )2 ,  since the  l a t t e r  
process occurs s imul taneous ly  wi th  the  oxidat ion  of 
Hg(O)  f rom the Au electrode.  F igure  4 shows a typical  
i-E curve obta ined  fol lowing deposi t ion at  0.42V. The 
anodic s t r ipping  charges obta ined fol lowing deposi t ion 
at var ious  potent ia ls  in the underpo ten t ia l  region are  
summar ized  in column 2 of Table  I I  and are  p lo t ted  in 
curve A of Fig. 5. Values obta ined  in  this manner  a re  
t e rmed  "QD,~=o." 

If, fol lowing deposition, the  in i t ia l  potent ia l  scan was 
made  in the  cathodic direction, a peak  (Fig. 4, peak  
"P")  was observed at  0.2V. The charge  under  this peak  
(Qads P) increased wi th  increas ingly  cathodic deposi-  
t ion potent ia ls  (column 6, Table  I I ) .  RRDE exper i -  
ments  showed tha t  the  disk reduct ion process asso- 
ciated wi th  the  cathodic peak  does not  consume or  p ro -  
duce any oxidizable  or reducib le  species. This resul t  
again  suggested the presence of an adsorbed species 
on the~electrode surface, such as (Hg ( I ) )2  (or Hg ( I I ) ) ,  
and fu r the r  RRDE anodic s t r ipping  exper iments  were  
conducted.  

Ring collection. The anodic s t r ipping exper iments  de-  
scr ibed in the preceding  section were  repea ted  at  ~ = 
2500 rpm, and both the  iD-ED and iR-ED responses 
were  recorded first at  ER ---- 0.0V and then at  0.80V. 
These da ta  a re  shown in Fig. 6 and 7. The disk elec-  
t rode s t r ipping curves for deposi t ion potent ia ls  of 0.60 
and 0.45V, and the corresponding r ing  e lec t rode  re -  
sponses at  0.0 and 1.0V demons t ra ted  tha t  Hg( I I )  was 
the sole product  of the  e lec t rooxidat ion  of underpo-  
ten t ia l  mercury .  
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Fig. 4. Current-potentlal curves at a stationary gold disk elec- 
trode following UPD of Hg at 0.42V. dE/dt ~ 50 mV/sec. CH.gso4 
~- 0.2M and CHg(D ----- 2.0 • 10-5M. 

r.......' p "o.. 
�9 . . .  . 

Ai ... . . . . .  .'"" B 

Table II. Charge data for underpotential deposition and adsorption 
from Hg(I) solutions 

Charge density,/tC/cm= 

QR j 
ED~P (V) QD,w---o a QD,a,---~ b QR .e QD,~ ---.~00d Q s.dsP ' 

0,90 18 16 23 7 8 
0.80 74 73 93 20 23 
0.70 138 134 173 39 42 
0.60 179 181 227 46 49 
0.50 255 250 301 51 ,54 
0.45 294 286 337 51 54 
0.44 300 297 349 52 53 
0.43 312 314 365 51 54 
0.42 326 322 374 52 55 
0.41 335 333 385 52 54 
0.40 339 340 392 52 54 

Qv,~=o: Disk  e l e c t r o d e  anod ic  stripping charge obtained at co = 
0 r p m .  

b QD,~=~0: Disk  e l e c t r o d e  a n o d i c  stripping charge obtained a t  
= 2500 r p m .  
c QR*: R i n g  e l e c t r o d e  collection data (divided b y  t h e  RRDE col- 

l ec t ion  eff iciency,  N)  o b t a i n e d  for disk e lectrode anodic stripping 
e x p e r i m e n t s  a t  ~ = 2500 r p m .  

d QR* -- QD,~=2~0o: T h e  d i f f e r e n c e  between the ring electrode and 
d i sk  e l e c t r o d e  c h a r g e  d e n s i t y  v a l u e s  f o r  a g i v e n  EDSP corresponds 
to  t h e  c h a r g e  e q u i v a l e n t  to  a d s o r b e d  ( H g ( I ) ) , ~ o r  H g ( I I ) .  

e Qads P: The c h a r g e  c o r r e s p o n d i n g  to  p e a k  " r "  in  Fig .  4; ag ree -  
m e n t  w i t h  c o l u m n  5 d a t a  i nd i ca t e s  t h e  peak results  f r o m  r e d u c -  
t i on  of adsorbed H g ( I )  o r  H g ( I I ) .  

The disk and ~ing e lec t rode  charges for  s imi lar  ex-  
per iments  a t  var ious  deposi t ion potent ia ls  a re  sum-  
marized,  respect ively,  in columns 3 and 4 of Table  If. 
QD,~=25oo is used to designate  disk e lec t rode  da ta  ob-  
ta ined  in the  above exper iments ,  and QR* designates  
the  corresponding r ing e lect rode data, d iv ided by  the 
RRDE collection efficiency (QR/N).  The r ing electrode 
da ta  are  p lot ted  in curve B of Fig. 5. 

Values of QR* are  al l  l a rge r  than  QD,~=2~0o. This 
difference indicates the collection at  the  r ing e lect rode 
of a reducible  species tha t  has been desorbed from the  
disk e lect rode via  a nonfaradaic  mechanism. This in-  
ference is consistent  wi th  the conclusion d rawn  ear l ie r  
tha t  e i ther  ( H g ( I ) ) 2  or  H g ( I I )  is adsorbed  on the re -  
duced gold e lect rode dur ing the UPD process. Two 
possible adsorpt ion  react ions are  given by  Eq. [3] and 
[4]. 

(Hg ( I ) )  2 ~ (Hg (I)):2ads [ 3 ]  

( H g ( I ) 2 ) 2 ~  (Hg( I I ) )ads  + Hg(O)u],D [4] 

Q 
(~coul/cm 2) 

4 0 0  

30C 

200 

I00 

I.O 

q 

o ~ / 
[] QD,O) = 2500 / 

o.e 0.6 0.4 

EDE P (Volts) 

Fig. 5. Potential dependence of charge density at gold disk of 
RRDE. Curve A, ring collection data divided by N, QR*; curve B, 
disk stripping data, QD,co=zsoo; curve C, charge equivalent to 
adsorbed mercury species, QR* - -  QD,~=~5oo. 
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Fig�9 6. Curves A and B as in Fig. 6. ER = 0.0V. 

These are  indis t inguishable  on the basis of the exis t -  
ing data, as is the  possible exis tence of a p a r t i a l l y  dis-  
charged Hg species p roduced  dur ing  the UP]:) process 

II01 

( H g ( I ) 2 ) 2  + (2 - -  2a)e ~ 2Hg a+ [5] 

The desorpt ion  pa th  is the  reverse  of the  adsorpt ion  
path.  If  the charge  associated wi th  peak  "P" (Qads P) 
of Fig. 4 is that  requ i red  to reduce the  adsorbed m e r -  
cury  species, and the difference be tween  the r ing  and 
disk e lec t rode  charges measured  in the  above exper i -  
ments  (QR* --  QD.~=25o0) is a t t r ibu ted  to the  desorp-  
t ion of the  same me rc u ry  species, then the re la t ionship  

QR* - -  QD,r "-" Qads P [6] 

should hold at  each deposi t ion potential .  Compar ison 
of the  above difference (column 5, Table  II  and curve  
C, Fig. 5) wi th  the  Qads P (column 6, Table  I I ) ,  indi -  
cates tha t  Eq. [6] is obeyed over  the ent i re  unde rpo-  
ten t ia l  deposi t ion range.  Again,  the  resul ts  do not  pe r -  
mi t  d is t inguishing be tween  the  var ious  mechanisms,  
a l though the exis tence of peak  "P" is suggest ive of a 
surface species undergoing  charge t ransfer ,  r a the r  
than  some double  l aye r  process. 

A n  excel lent  method  for visual iz ing the potent ia l  
region over  which the adsorbed me rc u ry  species de -  
sorbs is to compare  ID-ED curves wi th  {R/N-ED 
curves obta ined  s imul taneous ly  dur ing  the anodic 
s t r ipping of the  underpo ten t i a l ly  deposi ted Hg. Typica l  
curves for deposi t ion at 0.45V are  shown in Fig. 8. 
The shaded a rea  be tween  the curves  represents  the  
charge associated wi th  the  adsorbed me rc u ry  species 
presen t  on the  reduced  gold electrode.  

UPD Hg(II) solutions.--Experiments ident ica l  to 
those descr ibed in the  previous  sections for ( H g ( I ) ) 2  
were  also pe r fo rmed  using 2.0 X 10-sM H g ( I I ) .  The  
ze ro -cur ren t  rest  potent ia l  was de te rmined  to be 
0.399V using the methods  descr ibed in the  sect ion dea l -  
ing wi th  the  es tabl i shment  of the  Nernst  po ten t ia l  in 
( H g ( I ) ) 2  solution. Here,  as in the  ( H g ( I ) ) 2  case the  
rest  potent ia l  was independen t  of the  e lect rode ro t a -  
t ion ra te  over  the range  400-4900 rpm. Since the  po-  
ten t ia l  in  ( H g ( I ) ) 2  and H g ( I I )  solutions are  iden t i -  
cal for  prac t ica l  purposes  in our  exper iments ,  the  re -  
act ion 

( H g ( I ) ) ~  ~ H g ( l I )  + Hg(O)uPD 

must  be v e r y  fast at  the e lec t rode  surface, and lie far  
to the right.  This conclusion has been confirmed by  
coulostatic exper imen t s  r epor t ed  e l sewhere  (31). 

Anodic  s t r ipping  and r ing  collection curves obta ined  
af ter  potent ios ta t ing the d isk  e lec t rode  in  the  UPD 
region are  essent ia l ly  indis t inguishable  f rom those ob-  
ta ined  in ( H g ( I ) ) 2  solutions. Note tha t  the  s t r ipping 
da ta  obta ined at  ~, : 2500 r p m  are  not  compl ica ted  by  
the  background  oxida t ion  of (Hg ( I ) ) a  tha t  was presen t  
in the  previous  exper iments .  Peak  "P" (Fig. 4) is also 
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Fig. 8. Comparison of potential dependence of disk current aed 
flux of (Hg(I))r2 removed at the disk�9 Data of Fig. 6 and 7. 
Curve A, disk current; curve B, current equivalent to flux removed 
at disk electrode calculated from iR/N. 
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Table III. Charge data for underpotential deposition and 
adsorption from Hg(ll) solutions 

Charge density, ~C/em 2 

QR* -- 
EDEP ( V )  QD a QR* QD,~=23O0 Qads P 

0.90 16 24 8 6 
0.80 73 97 24 27 
0.70 139 175 36 39 
0.60 178 229 51 48 
0.50 249 299 50 53 
0.45 283 334 51 52 
0.40 341 392 51 53 

a QD is disk electrode anodic stripping data obtained at ~ = 2500 
rpm; all other charge values are as defined in Table II. 

observed dur ing  s ta t ionary  cathodic scans fol lowing 
the deposi t ion of Hg (O) at  underpo ten t ia l  f rom Hg (II)  
solutions. 

The po ten t i a l -charge  da ta  for the  H g ( I I )  exper i -  
ments  a re  t abu la t ed  in Table  III. The s imi la r i ty  be-  
tween these da ta  and corresponding ( H g ( I ) ) 2  da ta  
again  suggest  tha t  deposi t ion and adsorpt ion  f rom 
H g ( I I )  solutions proceed th rough  a common in t e r -  
mediate.  

Conclusions 
Jus t  anodic of the  Nernst  potent ial ,  one monolayer  of 

Hg deposits on gold at  underpo ten t ia l  f rom mercurous  
or mercur ic  solutions. UPD mercu ry  does not diffuse 
into the  bu lk  of the  gold e lec t rode  because of the 
s t rong interact ions  be tween  mercu ry  and surface gold 
atoms. ( H g ( I ) ) 2  (or  H g ( I I ) )  coadsorb wi th  Hg(O)  UPD 
on a reduced gold electrode in 0.2M H2SO4 over a 
wide potent ia l  range,  1.0V ~ EDEP ~--- 0.40V. This ad -  
sorpt ion increases at  more  cathodic deposi t ion po ten-  
tials, and i t  reaches  a m a x i m u m  of 54 ~C/cm 2 at  the  
Nerns t  potential .  

E lec t rooxida t ion  of Hg(O)  in the  underpo ten t ia l  re -  
gion produces  H g ( I I )  in four  over lapp ing  s t r ipping 
peaks. Deposi t ion of bu lk  Hg does not  occur unt i l  po-  
tent ia ls  cathodic of the Nernst  potential ,  and then only 
af ter  one monolayer  of Hg (O)UPD has been deposited.  
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The Kinetics of the Oxygen Reduction Reaction 
on Gold in Alkaline Solution 
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ABSTRACT 

The kinet ics  of the  O3 cathode have been examined  on Au  in a lka l ine  
e lec t ro ly tes  using the ro ta t ing  r i ng -d i sk  method.  Only  the  series mechanism 
is operat ive.  The cathodic and anodic kinet ic  da ta  for  the  O2/HO2- couple 
suppor t  the mechan i sm 

O3 ~- e -  -> 0 2 -  ( a d s )  

2 Oz-  (ads)  -t- H20 --> HO~- -t- 02 -]- O H -  

The  fu r the r  reduc t ion  of HO2- to O H -  is first o rde r  in HO2- and involves  a 
r a te -con t ro l l ing  step wi th  ve ry  l i t t le  po ten t ia l  d e p e n d e n c e ,  

Severa l  s tudies (1-4) indicate  tha t  02 reduct ion  on 
Au  in a lka l ine  solutions proceeds only by  the series 
mechanism wi th  HO2- (ads)  as an in t e rmed ia t e  in the 
reduct ion  process. Some questions persist ,  however ,  
r egard ing  the mechanism involved in the  reduct ion  
process to pe rox ide  (1-4) as wel l  as the  peroxide  
e l iminat ion  step. To resolve  some of these questions 
the  present  s tudy  has involved  kinet ic  me~isurements 
of 02 reduct ion  on Au  in a lka l ine  solut ion of h igh  
pur i ty .  

Experimental 
The exper iments  were  car r ied  out  in an al l -Teflon 

cell, using a Au  ro ta t ing  r ing -d i sk  electrode,  the  de -  
tai ls  of which  are  avai lab le  e l sewhere  (5). The gold 
was obta ined  f rom Alfa  Products  Division of the  
Vent ron  Corpora t ion  and had  a pu r i ty  of 99.999% ac-  
cording to the  supplier .  The  Au disk (0.5 cm diam, 
0.196 cm 2 area)  and r ing  (0.89 cm OD, 0.62 cm ID, 
0.32 cm 2 area)  e lectrodes were  mechanica l ly  pol ished 
in  successive stages wi th  the fol lowing mater ia ls :  (i) 
si l icon ca rb ide  paper ,  600 gr i t  (3M Company) ;  (ii) 
crocus cloth (Behr -Manning  Company) ;  (iii) AB alu-  
mina,  600 gr i t  (Buehler  L imi t ed ) ;  (iv) AB alpha  a lu-  
mina,  0.3# (Buehler  L imi ted)  ; and (v) AB gamma a lu-  
mina,  0.05~ (Buehler  L imi ted) .  When the electrodes 
a t ta ined  a mi r ro r  finish, they  were  soaked in 6M NaOH 
(16 h r ) ,  1:1 H2SO4-HNO~ (16 hr ) ,  1:1 HN02-H20 (12 
h r ) ,  and then  washed  and s tored in t r ip ly  dis t i l led  
water .  The e lect rodes  thus p repa red  are  p robab ly  in a 
s l ight ly  oxidized state. Tnerelore ,  p r io r  to the e lec t ro-  
chemical  measurements  the  Au  disk e lect rode was 
cycled severa l  t imes between -~0.9 and ~-0.25V vs. RHE 
at a sweep ra te  of 1 V/min .  Such t r ea tmen t  yields  an 
e lec t rode  surface which  is in t h e  reduced  state. L inear  
sweep v o l t a m m e t r y  for  Au  over  a sufficiently wide 
potent ia l  range in a lka l ine  solutions indicates  tha t  the 
anodic film is reduced  at  ~--0.85V vs. RHE. D iaph ragm-  
type  ~ P d - H  electrodes,  fed f rom the rea r  wi th  H2, 
were  used as the  reference  and counterelectrodes.  Un-  
less o therwise  indica ted  all  potent ia ls  are  expressed 
re la t ive  to the  ~ P d - H  electrode,  which exhibi ts  the  
revers ib le  hydrogen  e lec t rode  (RHE) potential .  

A 50% stock solut ion of NaOH was p repa red  f rom 
special  low carbonate  NaOH pel le ts  (J. T. Baker ) .  The 
solubi l i ty  and hence  m a x i m u m  concentra t ion of 
Na2C02 in this solut ion is ve ry  low (10-4M) . Over a 
per iod  of severa l  months  the  50% solut ion was de-  
canted severa l  t imes to remove  the p rec ip i t a ted  
Na2CO3. The 0.1M NaOH solut ion used in the  pres -  

* Electrochemical Society Active Member.  
** Electrochermcal Society Honorary Member.  
1 Present  address:  Ford Motor Company,  Research and Engineer-  

ing Center,  Dearborn, Michigan 48100. 
Key words:  metals, electrode, adsorption,  catalysis.  

ent  s tudy was p repa red  f rom this s tock solut ion wi th  
care to avoid recontamina t ion  wi th  CO2. 

Pree lec t ro lys is  of the  0.1M NaOH solut ion was  car-  
r ied out  wi th  two in terconnected  Au  foil  cathodes 
( total  a rea  ,~45 cm 2) in the  ma in  compar tmen t  of the 
cell. The m a x i m u m  cur ren t  dens i ty  dur ing  pree lec -  
t rolysis  was 10 ~A/cm 2. In  pr ior  s tudies many  worke r s  
have used Pt  for the  pree lec t ro lys is  electrodes.  Under  
anodie conditions,  however ,  even in  a lka l ine  solutions 
Pt  may  be in t roduced in  the  solut ion and subsequent ly  
redeposi ted  on the work ing  e lec t rode  dur ing  e lec t ro-  
chemical  measurements .  To check on this, var ious  
metals  were  used as pree lec t ro lys is  anodes, name ly  Pt, 
Au, Ni, and ~ P d - H  (H2 fed f rom the r ea r ) .  In  al l  
instances pree lec t ro lys is  was car r ied  out  for a min i -  
mum of 40 h r  wi th  purif ied He bubbl ing  th rough  the 
solution. The two pree lec t ro lys is  cathodes were  usu-  
a l ly  main ta ined  at  --0.40V, whereas  the  corresponding 
anode potent ia ls  were  for P t  -~l.5V vs. the  ~ P d - H  
reference,  Au ,-~1.7V, Ni ,-4.8V, and ~ P d - H  --~0.0V. 
In addi t ion  two unbiased  Au foil e lectrodes (-~22 cm "~ 
each) were  in t roduced in the  main  compar tmen t  of 
the cell at a res t  potent ia l  of +0.9V dur ing  pree lec-  
t rolysis  to adsorb impuri t ies .  

O2 reduct ion was then  s tudied wi th  the  solutions 
pree lec t ro lyzed  in the  presence of the  var ious  anodes. 
The Tafel  plots diffusion corrected a re  as shown 2 
in Fig. 1. The current  i l  indica ted  in Fig. 1 is tha t  po r -  
t ion of the  disk cur ren t  tha t  resul ts  in the  format ion  
of adsorbed HO2- and iD is the  di f fus ion- l imi ted cur -  
rent  for this  process. The method of ca lcula t ion  and 
significance of i i  are  discussed later .  The use of P t  as 
the preelect rolys is  anode yie lds  different  results.  This 
is a t t r ibu ted  to P t  contaminat ion  of the  solution. Fo r  
all  fu r the r  resul ts  p resen ted  in  this  art icle,  only  /~ 
P d - H  anodes were  used dur ing  preelectrolysis .  

Results 
Oz reduction.--The disk and r ing  currents  as a func-  

t ion of ~he d isk  potent ia l  for 02 reduct ion  on Au  in 
0.1M NaOH at 2500 r p m  are  shown in Fig. 2. The 
r ing was held  at ~ l . 0 5 V  where  pr io r  measurements  
indicate  t h a t  H202 oxidat ion  is diffusion controlled.  A 
smal l  res idual  r ing  cur ren t  ( ~ 5  #A) was observed 
wi th  the  disk in the  potent ia l  range  0.93-0.89V, even 
though the disk cur ren t  was essent ia l ly  zero. This 
res idual  r ing cur ren t  was ro ta t ion  dependent  and 
amounted  only to a few percent  of the r ing cur ren t  
in the cu r ren t -po ten t i a l  p la teau  region  for the  disk. 
This background  r ing cur ren t  is p robab ly  due to t races 
of HO2- in solut ion and was sub t rac ted  f rom the 
observed r ing currents  in the  da ta  shown in Fig. 2. 

Cathodic currents  are  taken  as posit ive.  

1 1 0 3  
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Fig. 1. Tafel plots for O~ reduction on Au measured at 2500 
rpm and 2 V/min in O=-saturated 0.1M NaOH preelectrolyzed 
with /~ Pd-H ( O ) ,  Au ( � 9  Ni (A) ,  and Pt (r-I) anodes with 
Au cathodes. Disk area, 0.196 cm2; temperature, 26~ iD = 
0.66 mA. 
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Fig. 2. Comparison of disk and ring currents with calculated 
current (il) for 02 reduction to HO9.- for Au disk electrode at 
various potentials in O~-saturated 0.1M NaOH at 26~ Rotation 
rate, 2500 rpm; sweep rate, 1 V/min; N, 0.43; disk electrode 
area, 0.196 cm 2. 

The hysteres is  in the  disk polar iza t ion  curves was 
negl ig ible  be tween  the  cathodic and anodic vol tage 
sweeps. The collection efficiency N for the  d i sk - r ing  
e lect rode system was calcula ted to be N = 0.43 f rom 
the geomet ry  of the disk and r ing electrodes,  using the 
t r ea tmen t  of A lbe ry  and Bruckens te in  (6). 

If  the series m e c h a n i s m  is assumed to be opera t ive  
for O2 reduct ion  on Au in a lka l ine  media,  the react ion 
sequence can be represen ted  as 

h h 
elec t rode  surface O2 > HO2- (ads)  . > products  

(HO2-)e 

{RIN 

bulk solution 02 H02- 

where  i2 is the  cur ren t  associated wi th  the  e lec t ro-  
chemical  reduct ion  of I-IO2-, iR is the  r ing current ,  i.~ 
and i~ are  the rates  of desorpt ion and adsorpt ion  of 
HO2- expressed as currents ,  and HO2- and (HOu-)e  
correspond to solut ion phase perox ide  in the  bu lk  and 

at the  e lect rode surface, respect ively.  This reac t ion  
scheme predicts  the  re la t ionship  (5) 

(2ks/k4) -{- 1 2k2kh(1.61v l/e) 
- -  : + [ 1 ]  

i R N k4NDp2/3m 1/2 

where  i is the  expe r imen ta l l y  measured  disk current ,  
Dp is the diffusion coefficient of HO2-,  v is the  k ine -  
mat ic  viscosi ty of the  e lectrolyte ,  m is the e lectrode 
rota t ion rate,  N is the collection efficiency, and the k's 
are  the  r a t e  constants  of the  steps ind ica ted  by  the 
subscripts.  

Equat ion [1] predic ts  a l inear  re la t ionship  be tween  
i/iR and ~-1/~ for a given potent ia l  and the in tercept  
can be grea te r  than  1/N depending on the r a t e  con- 
s tants  for steps 2 and 4. Damjanovic  et al. (4) have  
s ta ted that  i/iR VS. ~-1/2 plots having in tercepts  g rea te r  
~han 1/N are  proof  that  the  pa ra l l e l  mechanism is 
operat ive.  This analysis  shows that  such is not  a proof. 
Recent ly  Tarasevich  et al. (2) and Wrob lowa  et al. (3) 
have also a r r ived  at  the same conclusion regard ing  the 
analysis  of Damjanovic  et al. (4). 

If  2k~/k4 < <  1, then Eq. [1] r ea r ranges  to 

i 1 2k~ (1.61v 1/s ) 

TR -- "N Jr NDp2/3~l/s [2] 

where  ks : k2kh/k4. 
A plot  of i/iR vs. ~-1/~ obta ined  f rom the  exper i -  

menta l  da ta  of the  present  s tudy is shown in Fig. 3. 
The ex t rapola t ions  of the  l inear  plots in Fig. 3 to o, -1/0' 
= 0 yields  an in tercept  which is independen t  of the  
disk poten t ia l  and its magn i tude  (2.2) app rox ima te ly  
equals 1/N. Since this behavior  fits Eq. [2], the O2 r e -  
duct ion on Au in 0.1M NaOH appears  to proceed via  
the series mechanism. F u r t h e r m o r e  i t  confirms tha t  
k4 >> k2. 
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Fig. 3. Ratio of the disk to ring currents obtained for 02 reduc- 
tion for Au electrodes at various disk potentla~s in O~-saturated 
0.1M NaOH plotted against ~-V2. Disk area, 0.196 cm~; sweep 
rate, 1 Y/min; temperature, 26~ ring potential, 1.05V. 
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T:he expressions for  i l  a n d / 2  obta ined  f rom the  r e -  
act ion scheme presented  above  are  

+ (iRIN) 
ii = [3a] 

2 
and 

i2 = i - -  i~ [Sb]  

With  the d isk-r ing data obtained in  the present study, 
i l  can be calcula ted at  var ious  potent ia ls  for a pa r -  
t i cu la r  ro ta t ion  rate.  The resul ts  of such calculat ions 
at  2500 r p m  are  shown in Fig. 2 and indicate  tha t  at  al l  
cathodic potent ia ls  the  expe r imen ta l  d isk  currents  are  
l a rge r  than  the  ca lcula ted  i l  values. The difference is 
due to the  fu r the r  reduc t ion  of HO~- (i~). 

If the kinet ics  a re  first o rder  wi th  respect  to dis-  
solved 02, the  correc ted  disk cur ren t  i~ is re la ted  (7) 
to ro ta t ion  ra te  ~ b y  the  equat ion  

1 1 1 
= - -  { [ 4 3  

i l  ( iDk B X / J  

where  ( i l )k  is the  kinet ic  l imi t ing cur ren t  for O2 r e -  
duct ion to HO~- and iD = B~/~ is the  corresponding 
diffusion l imi t ing current .  F igure  4 shows a plot  of 
1/il vs. ~-1/~ obta ined  f rom the presen t  exper imen ta l  
data. The  l inea r i ty  of the  plot  indicates  tha t  O2 reduc-  
t ion is first o rde r  wi th  respect  to dissolved 02. The ex -  
pe r imen ta l  va lue  of B obta ined f rom Fig. 4 is 0.013 
m A  ( rpm)  -1/~ which  compares  favorab ly  wi th  the 
ca lcula ted  value  of 0.014 m A  ( r p m ) - l / ~  using New-  
man 's  (8) express ion for B and the da ta  of Gubbins  
and Walke r  (9) for the  solubi l i ty  and diffusion coeffi- 
cient of_ 02 in 0.1M NaOH. 

If the expe r imen ta l ly  measured  d isk  currents  are  
used d i rec t ly  to construct  Tafel  plots, the  slope turns  
out to be a funct ion of the ro ta t ion  rate.  This apparen t  
Change of Tafel  slope wi th  ro ta t ion  ra te  is caused by  
a fa i lu re  to consider  the  contr ibut ion made  to the  disk 
cur ren t  by  HO2- reduction.  When  the corrected disk 
cur ren t  (i~) is used, the  Tafel  s lope is independent  of 
ro ta t ion ra te  and h a s  a va lue  of --120 mV/decade  as 
shown in Fig. 5. The values  of iD for these plots were  
ca lcula ted  f rom the B va lue  obta ined  f rom Fig. 4 and 
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Fig. 4. Plot of I / i l  vs. ~ - � 8 9  for the reduction of 02 o,  Au at 
various disk potentials in 02-saturated 0.1M NaOH. Electrode 
area, 0.196 cm2; sweep rate, 1 V/rain; temperature, 26~ 
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Fig. 5. Tafel plots constructed from corrected disk currents (il) 
for 02 reduction on Au in O2-saturated 0.1M NaOH at 26~ Disk 
area, 0.196 cm2; sweep rate, 1 V/rain, G ,  6400 rpm; iD = 1.04 
mA. t ,  1600 rpm; iD = 0.52 mA. /% 900 rpm; iD = 0.39 rnA. 
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the  rota t ion rate.  Deviat ions f rom Tafel  l inea r i ty  begin  
at  a potent ia l  of +0.77V. These devia t ions  are  caused 
most l ike ly  by  a contr ibut ion  to the d isk  cur ren t  by  
the  back- reac t ion  of HO2- to 02, which  decreases the  
net  observed cathodic current .  The observed --120 
mV/decade  Tafel  slope impl ies  ra te  control  by  an 
ini t ia l  one-e lec t ron  t rans fe r  step. 

Inves t igat ions  of 0.1M NaOH solutions containing 
O2 and 8.8 • 10-4M HO~- were  car r ied  out  to detect  
possible coupling of the O2 and HO2- reduct ion  proc-  
esses and any inhibi t ion enects  of the  O2 reduct ion re -  
act ion caused by  the presence of HO2- in the  bu lk  
solution. The Tafel  plots for  O~ reduct ion  obta ined in 
this case super impose  wi th  the  ones obta ined  in the  
absence of any HO2- in the Tafel  l inear  range.  The re -  
fore, the  ro ta t ing  d i sk - r ing  da ta  do not  indicate  any  
kinet ic  coupling. 

The exper iments  wi th  peroxide  added  to the solu-  
t ion were  also used to eva lua te  the  s toichiometr ic  
number  ~ wi th  the  help  of the  equat ion  

( O ~ a ~ - - R T  , 

/o ~F (io)a [B] 

where  (O~la/Oil)o is the  act ivat ion po la r iza t ion  r e -  
s i s t a n c e  eva lua ted  at  ~ = 0 for  O2/HO2- couple, (io)a 
is the apparen t  exchange cur ren t  for  this couple eva lu -  
a ted f rom ~he Tafel  slope, and n is the  ove r -a l l  
number  of electrons t r ans fe r red  per  mole  of O.2 
(n = 2). The  act ivat ion polar iza t ion  resis tance was 
de te rmined  by  correct ing the  expe r imen ta l l y  de te r -  
mined  ove r -a l l  polar iza t ion  resis tance (0~]/0il)o f o r  
mass t r anspor t  by  the  equat ion 

The mass t r anspor t  res is tance (0~]J0il)o is d.efined by  

( O~d RT 1 1 

where  iD and id are  the  d i f fus ion- l imi t ing currents  f o r  
O2 reduct ion and HO2-  oxidat ion.  The  ove r -a l l  po la r i -  
zat ion resis tance (0~/0il)o was de te rmined  f rom a plot  
of ~] vs. il at smal l  ~] wi th  i l  ca lcula ted f rom the d isk-  
r ing  data. This p rocedure  for  the  eva lua t ion  of (0~]/ 
0/Do was used to e l imina te  contr ibut ions  t o - t h e  d isk  
current  f rom HOz-  reduct ion.  



1106 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  July 1978 

Table I. Parameters for the evaluation of the apparent 
stoichiometric number (~) for the reduction of 02 on Au in 
O2-saturated 0.1M NaOH containing 8.8 X 10-4M HO2- 

at 26~ Electrode area, 0.196 cm 2. 

rpm 900 2500 4900 

iD .(mA) 0.40 0.66 0.93 
ia ~mA) 0.20 0.33 0,47 
(to),t ( m A )  0.18 0.17 0.18 

(0.](v) 
"~-~ -o ~ '~  -O.lO -o.o6 -o.o4 

--~-1 ,,o ,, ~ - -  / -0 .14  -0 .15  -0 .13  

A p p a r e n t  ~ 2.0 2.0 1.8 

Values of the  s toichiometr ic  number  calcula ted by  
use of the  above  equations are  l is ted in  Table  I to-  
ge ther  wi th  values for  the  var ious  pa rame te r s  in-  
volved in the computat ions.  These resul ts  indicate  an 
apparen t  s toichiometr ic  number  of 2 for the O2/HO2- 
couple. 

The pH dependence  of the O2 reduct ion  was ex -  
amined in the  range  11.5-12.7 by  adding  HIC104 to the  
0.1M NaOH. At  constant  e lectrode potent ial ,  the  disk 
cur ren t  was essent ia l ly  independen t  of pH in this 
range and hence the  O2 reduct ion to peroxide  is con- 
s idered  to be  zero order  wi th  respect  to O H - .  

HO2- oxidation.--The oxidat ion  of HO2- on Au  in 
He- sa tu ra t ed  0.1M NaOH containing 1.34 X 10-2M 
HO2- exhibi ts  a wel l -def ined  l imi t ing current .  F igu re  
6 shows exper imen ta l  cu r r en t -po ten t i a l  curves foc 
HOs-  oxidat ion  at various ro ta t ion rates.  Hysteres is  
was negl igble  be tween  the curves measured  wi th  in-  
creasing and decreas ing anodic potent ials ,  p rov ided  the 
m a x i m u m  potent ia l  did not  exceed 1.1V. The rota t ion 
dependence  of the  potent ia l  corresponding to i --  0 is 
a t t r ibu ted  to the  heterogeneous  decomposi t ion of HO2- 
according to the  react ions 

HO2- -5 O H -  --> 02 -5 H20 -5 2 e -  [8] 

I I I I I I | I 

- 6 . 0  - 

// oo 
-4.0 ,600 

- 

~ -2.0 t~ 

0 
i 

O.2 I I I I I I I 
0.8 0.9 I.O I.I 

POTENTIAL~ V vs H / ~ - P d  

Fig. 6. Oxidation of HO~ at various rotation rates (rpm) on Au 
in He-saturated 0.1M NaOH containing 1.34 X 10-2M HO2- 
at 26~ Electrode area, 0.196 cm2; sweep rate, 1 V/min% 

HOz- -5 H20 Jr 2 e -  --> 3 OH- [9] 

or the  to ta l  reac t ion  

2HO~- --> 02 -5 2 O H -  [101 

When  the back- reac t ion  for  HHO2- oxida t ion  is neg-  
ligible,  the  kinet ics  at  constant  p H  and potent ia l  fol-  
low the re la t ionship  

i = --k[HO2-]e m 

where k is the rate constant and 
HO2- oxidation, w% is the reaction 
the concentration of HO2- at the 
With the use of the relation 

[II] 

the  cu r ren t  for  
order ,  [HO2-]e  is 
e lec t rode  surface. 

[ H I O ~ - ] e  ia - -  
= - -  [121 

[HO2-] ~d 

where  [HO2-]  is the bu lk  concentra t ion  of HO2-,  Eq. 
[11] becomes 

i ---- k [HO2- ]  m a ~ [13] 

By plot t ing log (i) vs. log [ (id --  i)/id] at different  
ro ta t ion rates  and constant  potent ial ,  the  slope m can 
be determined.  Such plots  a re  shown in Fig. 7 for  the 
oxidat ion  of HO~- on Au in He- sa tu ra t ed  1.34 X 
10-2M HO2- -5 0.1M NaOH. The plots for  0.95 and 
1.00V indicate  a react ion o rde r  of , ~  whi le  that  at  
0.90V indicates  ~1.  The  most  l i ke ly  exp lana t ion  for 
this apparen t  d iscrepancy is that  at  O.~0 V the i-102- is 
undergoing reduct ion  to O H -  according to Eq. [9], and 
O2 formed at  the e lect rode by  the  oxidat ion of HO2-  
is contr ibut ing  a cathodic current .  

If the oxidat ion  of HO~- is one -ha l f  order  wi th  r e -  
spect  to HO2-,  the  disk cur ren t  at  a g iven poten t ia l  is 
re la ted  to the  ro ta t ion  ra te  (7) by  

1 1 1 
-5 [14] 

where ik iS the kinetic limiting current for HO2- oxi- 
dation and B _-- B/[HO2-].'Plots of i/i s vs. I/iA/~for 
various potentials are given in Fig. 8 for the same set 
of experimental data. The linearity and parallel slopes 
at 0.95 and 1.00V provide further evidence of m ----- z/z 
at these potentials. While the plot is linear also at 
0.90V, the slope deviates from that at more anodie po- 
tentials. This deviation in slope at 0.90V is not sur- 
prising in view of the difference found also in Fig. 7 
at this potential. The values of B calculated from the 
plots in Fig. 8 are 7.7 and 7.8 in mA -z (rpm)-i/2 for 
0.95 and 1.00~% r as compared with a value of 7.6 deter- 
mined under conditions of pure diffusion HOg- con- 

trol from a plot  of 1/i vs. 1/N/~ for  a 2.5 X 10-3M 
I-IOz- -5 O.IM NaOH at 1.05V. The  va lue  of B cal-  
cu la ted  f rom Fig. 8 for  0.90V, however ,  is 6.1 which 
devia tes  subs tan t ia l ly  f rom the expected value.  
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Fig. 7. Reaction o~r~er (m) f o r  o x i d a t i o n  of  H a 2 -  on A u  in 
H e - s a t u r a t e d  0.1M NaOH containing 1.34 X 1 0 - 2 M  H a 2 - .  
E l e c t r o d e  a r e a ,  0.196 r temperature, 26~ s w e e p  r a t e ,  1 V/ ra in .  
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Fig. 8. Plot of I / ~  vs. (i~y=)-z for the oxidation of HO2- 
on Au at various potentials in He-saturated 0.1M NaOH con- 
taining 1.34 • 10-~M HO~- at 26~ Electrode area, 0.196 
cm2; sweep rate, 1 V/rain. 

I t  is unfo r tuna te  tha t  the  reac t ion  orders  can be 
examined  for  the  HCh-  oxida t ion  step only r e l a t ive ly  
close to the  HO~- di f fus ion- l imi t ing cu r ren t  using the 
ro ta t ing  d isk  data.  This makes  i t  difficult to obta in  
accura te  values  for m by  this approach.  Even so, the  
reac t ion  o rde r  da ta  in Fig. 7 and 8 suppor t  a va lue  of 
m = �89 wi th  respect  to HCh- .  In  the  l a t e r  discussion 
of mechanism i t  is shown tha t  a HCh-  react ion o rde r  
of one -ha l f  is compat ib le  wi th  the  stoichio%netric num-  
be r  of 2 eva lua ted  f rom the  combined  ro ta t ing  d isk-  
r ing  da ta  whereas  a HO~- reac t ion  o rde r  of 1 is not. 

The  pH dependence  of the  HOz-  oxidat ion  was also 
examined  o~ver the  range  11-12.7 at  0.95 and 1.00V 
by adding va ry ing  amounts  of concent ra ted  HC104 to 
an 02 sa tu ra ted  0.1M NaOH -5 7.8 X 10-4M HO2-.  The 
resul ts  are  shown in Fig. 9 in te rms of a function of 
the  cur ren t  dens i ty  i and  the  l imi t ing  cur ren t  densi -  
t ies iD and id corresponding to the  values  for 02 and 
HO2- t ranspor t ,  respect ively .  The use of this  func-  
t ion is p rompted  by  mechanis t ic  considerat ions dis-  
cussed later .  The O H -  reac t ion  order  corresponds to 
the  slope in the  log- log  plot  and is ,~�89 Measurements  
at  lower  pH's  than  11 gave er ra t ic  resul ts  p robab ly  
because of O H -  t r anspor t  problems.  The p K  of H202 
is ,~12, which also can lead  to complicat ions at  pH 
less than  this value.  

HO2- reduction.--Investigations of the reduct ion of 
HO2- on Au were  conducted in He - sa tu ra t ed  0.1M 
NaOH. Reproduc ib le  resul ts  were  difficult to obta in  
due to the  decomposi t ion of HO2-  which  in t roduced  
02 into the  solution. Nonetheless,  re l iab le  resul ts  for 
HO2- reduct ion  on Au  were  obta ined  by  pe r fo rming  
the exper iments  in r easonab ly  shor t  t ime. The resul ts  
obta ined in 0.1M NaOH solutions plus 2.5 X 10-3M 
HO2- a re  shown in Fig. 10 and 11. 
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Fig. 9. Dependence of oxidation of HO~- on pH for Au elec- 
trode in O~-saturated 0.1M NaOH and small amounts of 70% 
HCIO; -5 7.8 • 10 - 4  HO2-.  Electrode area, 0.196 cm2; rotation 
rate, 2500 rpm; temperature, 26~ 
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Fig. 10. Reduction of H 0 2 -  in He-saturated 0.1M NaOH con- 
taining 2.5 • 10-3M H 0 2 -  at 26~ Electrode area, 0.196 cm2; 
sweep rate, 4 V/min. 

The i vs. E plots  in Fig. 10 have  a r a the r  s t range  
shape. The 1/i vs. 1 / ~ / J  plot  in Fig. 11 indicates  tha t  
the current  even at the  most cathodic potent ia ls  ex -  
amined  is st i l l  under  combined kinet ic  and diffusion 
control. The  kinet ic  cur ren ts  (i2)k obta ined  f rom the 
in tercepts  in Fig. 11 have  ve ry  l i t t le  po ten t ia l  depen-  
dence over  a wide  range  of potent ia ls  (0.2-0.75V) and 
correspond to a value  of k2 - -  0.01 cm/sec.  The  lack  
of potent ia l  dependence  of k2 suggests  tha t  the  r a t e -  
control l ing step and any  step preceding i t  do not  in-  
volve e lec t ron t ransfer .  

Mechan is t ic  Considerat ions 
The kinet ic  da ta  for 02 reduct ion  and HO2-  ox ida -  

t ion on Au in a lka l ine  solut ion are  compat ib le  wi th  the  
fol lowing mechanism 

Step I 
02 -5 e -  --> 0 2 -  (ads)  [15] 

Step I I  

2 O2- (ads)  -5 H20 ~ (>2 -5 HO2- W O H -  [16] 



1108 J. EIectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY July 1978 

T 

E 

3.0 

2.0 

1.0 

I I I I 

0 . 6 0 v  
0.65v 
0.70V 

_ 0.75V 
0 . 5 5 V  

0 . 2 0 V  

~; //// 
i./ // 
/// 

_I"/ 
/ 

I I I I 
0 0.01 0.02 0.05 o.oz 

o j - I /2  (rpm)-1/2 

Fig. 11. 1/i vs. ~-V2 plots for the reduction of H O 2 -  on Au 
at various potentials in He-saturated 0.1M NaOH containing 
2.5 X 10-~'M H O ~ -  at 26~ Electrode area, 0.196 cm2; sweep 
rate, 4 V/rain. 

This mechanism satisfies the  r equ i remen t  of a Tafel  
slope of --120 mV/decade ,  a s toichiometr ic  number  of 
2, and the observed reac t ion  orders  wi th  respect  to O2 
(m : 1), O H -  (m : 0) for the reduction,  and HOe-  
(m : ~/2) and O H -  (m --  i/z) for  the  pe rox ide  ox ida-  
tion. Fu r the r  i t  does not  involve  the c leavage of the  
O-O bond pr ior  to the  format ion  of HOe- .  Isotopic 
exper iments  on var ious  surfaces (10, 2) provide  s trong 
evidence tha t  al l  of the  peroxide  oxygen  originates  
f rom the Oe and not  H20 or O H -  and tha t  the  O-O 
bond is not rup tured .  

The d ismuta t lon  step II  is r a the r  surprising.  Since 
the ra te  of the  reverse  of step I is negligible,  step i I  
is not  jus t  the s imple  e lect rochemical  oxidat ion of the  

superoxide  O 2 -  coupled wi th  i ts fu r the r  reductions.  
Fur ther ,  i t  is un l ike ly  tha t  s tep II  proceeds by  the de-  

sorpt ion of O e - ,  fol lowed by  the second-order  homo-  
geneous react ion 

2 O2- + H20-> HOe- + Oe + OH- [17] 

The slopes of the I/ii vs. I/k/~ plots in Fig. 4 cor- 
respond to those of 2e- per 02 transported through 
the Nernst layer. Consequently if Eq. [17] contributes 
significantly to the HO2- formation this reaction must 
proceed sufficiently fast to be essentially complete 
within a distance small compared to the Nernst diffu- 
sion layer thickness. Thermodynamics imposes an 

upper limit on the Oe-" concentration adjacent to the 
electrode. Recent estimates (Ii, 12) of the standard 
reduction potential for the reaction 

02 + e- -- O,~- [18] 

indicate E ~ = --0.28V vs. SHE or +0.55V vs. ~ Pd-H. 
At a potential of, for example, 0.75V vs. ~ Pd-H (see 

Fig. 4), ~he upper limit for the O2 ? concentration (cal- 
culated from the Nernst equation) is -~I0-3M. The 
upper limit for the second-order rate constant for Eq. 
[17], however, has been shown (13) to be 100 M -I 
sec-L Assuming that the reaction must occur in an 
electrolyte layer of X = I0 -~ cm thickness, the upper 

l imi t  on the  ra te  of Eq. [17] expressed in  units of cur -  
rent  dens i ty  is 

i = 2Yk ( C o ~ ) ~ V  = 2 X 10 -5 A/cm2 [19] 

where  F is the  Fa raday ,  k = 10 ~ M-1  sec-*, Co2- = 

10-~M, and V : (10 -~ cm) (1 cm 2) : 10 -6 l i ters.  The 
observed cur ren t  dens i ty  i l  at  this potent ia l  and a ro-  
ta t ion ra te  of 2500 r p m  is 1.8 X 10-~ A / c m  2 or two 
orders  of magni tude  greater .  Thus i t  appears  that  step 
II  is definitely a surface process involving the  d i rec t  

in terac t ion  of two 0 2 -  adsorbed radicals .  
Wi th  step I slow and step II  fast, the  cur ren t  for  Oz 

reduct ion  is 

i n  -- ~ --alF~ 
i = (io) I . exp  - -  

~D R T  

< id-}-i i D - - i  /1/2 (l--al)l~l ] 
-- : - -  exp [20] 

~d in RT 

where  (io)1 and al  are  the  apparen t  exchange cur ren t  
densi ty  and t ransfer  coefficient for step I, iD and id are  
the  diffusion l imi t ing curre,nt densi t ies  for 02 reduct ion 
and HOe-  oxidat ion  involving the  ove r -a l l  t ransfe r  
of two electrons, and ~1 ---= E --  Er, w i th  Er the  Teversi- 
b le  potent ia l  of the  O2/HO2- couple. Fo r  Eq. [20] the  
cur ren t  densi ty  i is nega t ive  for  net  oxida t ion  cur -  
rents  and posit ive for the reduct ion  currents.  Equa-  
t ion [20] also assumes tha t  the surface coverage of  O2- 
(ads)  is small .  

Fo r  ease in  test ing the  proposed  reac t ion  scheme 
Eq. [20] is r ea r r anged  to the fol lowing form 

2.3RT (io) 1 2.3RT 
~1 -- - -  l o g  - -  l o g  X [ 2 1 ]  

a l F  iD alF 
where  

i/(iD --  i) 
X . :  [21a] 

1 _  [ iD(id-~- i) ]lie F~I 
id  ( i n  - -  i) " exp RT 

Thus a plot  of '~ vs. log X should be l inear  over the  
whole potent ia l  range  in which  anodic and cathodic 
currents  are  observed and the l inear  plot  should have  
a slope of -- (2.3 RT/~IF)  = --120 mV when  ~i = 0.5. 

Plots  of ~I vs. log X are  given in Fig. 12 for  the  po-  
la r iza t ion  curves measured  at 900, 2500, and 4900 rpm 
for the  oxidat ion  of HOe-  and reduct ion of O2 on Au 
in O2-saturated 0.1M NaOH containing 8.8 • I0-4M 
HOe- .  The cathodic d isk  currents  were  corrected for  
HO2- reduct ion using the r ing current  da ta  and the 
appropr ia t e  equation. The l inear  plots  in Fig. 12 show 
the expected  t rans la t ion  wi th  ro ta t ion ra te  in the ra t io  
of the diffusion currents  iD and have  a s lope of ,-~ --120 
mV/decade  which  corresponds to al ---- 0.5. The plots 
in Fig. 12, therefore ,  a re  a good verif icat ion of the  
react ion mechanism represen ted  by  Eq. [15] and [16]. 
The exchange cur ren t  dens i ty  (io)l  ca lcula ted f rom 
Fig. 12 is ,-,0.9 m A / c m  2 for the O2-saturated 8.8 X 
10-4M HO2- -~ 0.1M NaOH solut ion at  26~ 

The observed pH dependence  of the  anodic ox ida -  
t ion of HOe-  to 02 (Fig. 9) can also be expla ined  on 
the basis of steps I and II. The oxida t ion  cur ren t  is 
re la ted  to the  molar  concentra t ions  of 02, HOe- ,  and 
O H -  at  the e lect rode surface by  the equat ion  

2Fk K 1 / 2 0  1/2 H 1/2 OH 1/2 i = - -  I n - [  2]e [ Oe- ]e  [ - ] e  [22] 

where  ki is the  reverse  ra te  constant  for s tep I and 
Kn  the equi l ib r ium constant  for step II. Correct ing 
for diffusion of HOe-  and Oe, Eq. [22] becomes 
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Fig. 12. Oxidation of H O ~ -  and redaction of 02 on Au in 02- 
saturated ~).IM NaOH containing 8.8 • 1 0 - 4 M  H 0 2 -  at 26~ 
Electrode area, 0.196 cm2; sweep rate, 2 V/rain; Er ~ 0.83V. 
O ,  4900 rpm; iD = 0.93; id ~- 0.47. t ,  2500 rpm; iD --~ 0.66; 
id ----: 0.34. A ,  900 rpm; iD ~ 0.40, id ~ 0.20 mA. 

i 

[(id -F i) (iD l { ) ] ~ ]~ 

=: kIKn-l/2(id �9 iD)l/2[O21112[HO2-]I/2[OH] 1/2 [23] 

where [02], [HO2-], and [OH-]  are the bulk concen- 
trations. The plot in Fig. 9 verifies the one-half order 
dependence on [OH-].  Equation [20] also predicts a 
one-half order dependence on 02 for the oxidation of 
HO2-. This reaction order was not checked in the 
present work. 

Only the reduction process could be studied for the 
HO2- /OH-  couple. The process is first order with re- 
spect to HO2-. A surprising result is that even at very 
cathodic potentials (O.2V) the process is still under 
partial kinetic control. The rate constant for the proc- 

ess has a very small potential dependence. This sug- 
gests that a chemical step proceeding the electron 
transfer is rate controlling. Such a step might be 

HO2- + H 2 0 ~  2 OH(ads) + OH-  [24] 

The small variation of the rate constant with potential 
may be just secondary changes due to the potential 
dependence of the state of adsorption of anions and 
other features of the surface. 
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Technical Note 

A Practical Electrochemical Transport Equation for 
Concentrated Solutions 

Aharon S. Roy *'z 
Energy and MetaZs and Ceramics Divisions, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

Most electrochemical energy-re la ted  processes em- 
ploy concentrated electrolytic solutions or fused salts. 
Notable are storage batteries and fuel cells. Analysis of 
the t ranspor t  behavior of the various species of the 
liquids involved is useful for optimizing the system. 
However, the conventional  t ransport  equations in the 
l i terature  for nondi lu te  solutions, either of the l inear  
phenomenological  or the friction-coefficients form, re-  
quire thermodynamic  data which is often difficult to 
obtain. When the convent ional  Stefan-Maxwel l  form 
is used, an addit ional  difficulty is involved when t rans-  
port  with respect to s tat ionary axes is needed as the 
mathematical  inversion required is quite complicated 
with mul t icomponent  liquids (1-4). It  would be very 
helpful if a practical, simplified t ransport  model could 
be devised which would relate to gradients of concen- 
trat ions and to the gradient  of the electrical potential  
as the driving forces and which would give directly a 
flux expression with respect to s ta t ionary axes. This is 
the purpose of the present  work. This approach (5, 6) 
constitutes a marked deviat ion from the conventional  
ones in  the field. 

Diffusional Fluxes, Velocities, and 
Transport Coefficients 

For simplicity, the molar  system (5, 6) is depicted 
for the present  work. For isothermal and isobaric con- 
ditions, the total electrochemical t ranspor t  Ni (mole/  
cm2-sec) of component  i will  be the sum of three fluxes 
of i. One is by vir tue of the bu lk  (molar-average)  
velocity v* (cm/sec) and the other two are diffusion 
fluxes (relative to v*) :  migration, Ji  $(E) and ordinary,  
Ji* ~x~, diffusion fluxes 

Ni - -  CiV* ~- Ji *(E) "~- Ji *(x) [1] 

where ci is the concentrat ion of component  i (mole/  
em~). The following relations hold (1-8) 

v* : ZkXkVk [2] 

SiC(E) --- CiWi* (E) - -  ~CXiUi* V~b [3] 

Jl *r : ciwi *r : czDi*k'VXk k = 3, 4 . . . . .  n)  [4] 

where Xk is the molar  fraction, Vk the velocity of com- 
ponent  k, c : ZkCk, and Zk stands for summat ion  for 
all components (k : 1 ,  2 . . . . .  n) .  Ni, v*, and vk are 
measurable  with respect to a fixed frame of reference 
(e.g., the porous disk of Fig. 1). Wi *(E) is the migrat ion 
diffusion velocity of i, measurable,  in  absence of con- 
centrat ion gradients, by 

wi *'(E) = vi - -  v* [ 5 ]  

which, with the electrostatic potential gradient [or 
(--) field], V~, as driving force, defines the mobility 
of i, ui*. wi* (x) is the ordinary-diffusion velocity of i, 
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measurable  in the absence of electric field by 

wi *cx) = vi -- v* [6] 

which, with the concentrat ion gradient, VXk, as dr iv-  
ing force, defines the ord inary  diffusivities DL*k'. 

Including the practical t ransport  coefficients ui* and 
Di*k', Eq. [1] takes the form of a practical electro- 
chemical t ransport  equation 

Ni "-  c iv*  ~ c]~Di*k'VXk - -  CiUi*Vr (k = 3,4 . . . . .  n)  

[7] 

Note that only one dr iving force is used for defining 
mobilities for all components, whereas m a n y  dr iving 
forces exist for the ord inary  diffusion of each compo- 
nent.  For migration, an n -component  l iquid (6) gives 
rise to n mobilit ies us of which n -- 1 are independent.  
This is because of the constraint  resul t ing from the 
definition of diffusion by which the summat ion  of the 
diffusional fluxes for all components is zero. For in -  
stance, for a 4-component  liquid, the constraint  is (by 
Eq. [3], [5], and [2]) 

~kXkUk * "-" XlUl* ~- X2U2* ~- X3U3 $ -~- X4?L4* ~--- 0 [8]  

For ordinary  diffusion the concentrat ion gradient  of 
any component is a driving force for all  components. 
This leads to mul t icomponent  or cross-term diffusivi- 
ties, Di*k', of which a certain number  are necessary in 
order to define the t ranspor t  system (8-10). n2 dif-  
fusivities may be wr i t ten  of which ( n -  2)2 are i n -  
d e p e n d e n t  [ (n -- 1) 2 for nonelectrolytes (10) ]. For in-  
stance, consider a four-component  fused-salt  solution 
composed of the components M, X, N, and Y, where  M 
and N are, say, monovalent  metals and X and Y a r e  
halogens. Indexing these components consecutively by 
1, 2, 3, and 4, one may wri te  an ordinary  diffusion flux 
ec~uation including four mul t icomponent  ordinary  dif- 
fusivities for the total ord inary  diffusion flux of com- 
ponent  1 

J1 *r : c (DI*I ')VXl "~- C(DI*2')VXS ~- 

"l- c(Dz*s')Vx3 + c(DI*4')Vx4 [9] 

With similar equations also for fluxes of components 
2, 3, and 4, sixteen diffusivities are thus writ ten.  How- 
ever, two restricting relationships reduce the number  
of the independent  gradients by two, so that  the n u m -  
ber of diffusivities decrease to eight [ n ( n -  2)]. O n e  
relationship is b y  definition of concentrat ion and their  
gradients: with n components there are only n -  1 
independent  concentrat ion gradients (summation of 
mole-fract ions is unity,  the gradient  of which is zero) 

~kVXk -= VXl  -~- VX2 "~ V x 3  -~- VX4 = 0 [10]  

The other is the condition of e lectroneutra l i ty  which 
leads to (zl = z~ = 1; z2 : z4 : --1) 

ZkZkVXk : VXl -- Vx~ d- Vx3 -- Vx4 : 0 [11] 

1110 
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Altogether ,  only  ( n -  2) grad ien ts  a re  independent .  
For' our  example ,  Eq. [10] and [11] y ie ld  

V x ~ = - - V x l  and V x 4 : - - V x 2  [12] 

Consequently,  the  to ta l  o rd ina ry  diffusion flux of com- 
ponent  1 is now represen ted  by  only  two diffusivit ies 
(w:~ch bea r  expl ic i t  re la t ionships  to those of Eq. [9]) 

Jz *(x) : cDI*I 'Vxz ~ cDI*2'Vx2 [13] 

S imi la r  equat ions hold  also for the  fluxes of components  
2, 3, and 4. Of the  resul t ing  e ight  diffusivit ies only  four  
[ ( n -  2) 2 in genera l ]  a re  independen t  due to two ad-  
d i t ional  res t r ic t ions  (Eq. [19], [22]). The  c ross - te rm 
diffusivit ies a r e  not  equal  in genera l  to the  b ina ry -  
Solution diffusivit ies of the  respect ive  components.  

The t r anspor t  coefficients ui* and Di*k' are a function 
of s ta te  (composi t ion and t empera tu re )  (8-11), i.e., 
they  are  not  a funct ion of the  magn i tude  of the  g rad i -  
ents for most prac t ica l  purposes  (for fields up to about  
10,000 V /cm and concentra t ion  gradients  of v i r tua l ly  
no l imi ta t ion) .  The p r o p e r t y  of being a funct ion of 
s ta te  holds equa l ly  wel l  i ndependen t ly  of how the 
gradients  a re  defined (11), whe the r  in te rms of t he r -  
modynamic  activit ies,  molar  or mass concentrat ions,  or  
fract ions of them, etc. I t  is this ve ry  p rope r ty  of being 
a funct ion of s ta te  which  is responsible  for the  add i t iv -  
i ty  of the  diffusion fluxes and thei r  measurab i l i ty  in-  
dependen t ly  of each other,  a p rope r ty  tha t  can be u t i l -  
ized for devis ing methods  for measur ing  the t r anspor t  
coefficients. 

A Method for Measuring Mobilit ies 
A n  expe r imen ta l  measuremen t  m a y  follow one of the 

convent ional  methods  for  measur ing  migra t ion  t r ans -  
por t  of which  the  Hi t tor f  method  is typical .  However ,  
a special  t r e a tmen t  of the  expe r imen ta l  resul ts  is nec-  
essary  (Eq. [16]) in o rder  to adap t  them for use wi th  
the  prac t ica l  t r anspor t  equation. F igure  1 i l lus t ra tes  
the  pr inc ip le  of the  Hi t tor f  method.  Wi th  un i form 
l iquid  composit ion (al l  Vci - -  0) a t  the  measur ing  zone 
( t he  porous disk) to enable  compliance wi th  Eq. [5], 
the t r anspor t  of a l l  components  i under  an electr ical  
field ( imposed by  the two electrolysis  e lectrodes 
shown) gives express ion to measurab le  migra t ion  
fluxes. The e lec t r ica l  field is defined by  the potent ia l  
difference across the  disk as is measurab le  by  two 
equal  re ference  e lect rodes  (12). 

However ,  due to volume changes occurr ing  in the  
two compar tments  across the disk dur ing  the t r anspor t  
exper iment ,  the  measured  veloci ty  of any  component  
i across the  disk wil l  include also a hydrodynamic  pa r t  
(which  depends  on expe r imen ta l  condit ions) .  Because 
this pa r t  is equa l ly  imposed on al l  components,  i t  is 
possible  to get  r id  of it  (and thus obta in  a t r anspor t  
coefficient which  is a funct ion of s tate)  by  resor t ing  
to re la t ive  migra t ion-ve loc i t i es  (and mobi l i t ies)  wi th  
respect  to an a rb i t r a r i l y  chosen reference  component  
s of the l iquid  

W k / s * ( E )  - -  W k * ( E )  N W s * ( E )  [14] 

Only  Wk/s *(E) is known f rom exper iment .  Wk *(E) is 
s t i l l  unknown.  The l a t t e r  can be der ived  by  use of the  
re la t ion  

~k ;TkWk $ ( E )  - -  0 [15] 

(by  definit ion of diffusion, Eq. [2] and [5]) wi th  the  
funct ion 

i 

Fig. 1. A schematic representation of a migration cell 

Wi*(E) = ZXk(Wi*(E) - -  Wk*(E)) 

"-- ~ X k ( W i / s  * ( E )  - -  W k / s  * ( E )  [16] 

F r o m  Eq. [16] u l  *(E) is d i rec t ly  o~btained b y  use of Eq. 
[3] (V@ across the  disk and ci a re  known) .  

One t r anspor t  expe r imen t  y ie lds  n migra t ion  fluxes, 
(velocit ies and mobi l i t ies ) ,  of which n --  1 a re  in -  
dependent ,  due to Eq. [15]. Being a funct ion of s ta te  
the  mobil i t ies  found in an expe r imen t  wi th  a un i form 
composi t ion and in a pa r t i cu la r  e lect r ica l  field wi l l  be 
appl icab le  for a wide range  of e lec t r ica l  fields and also 
usable  wi th in  a ve ry  wide range  of concentra t ion g rad i -  
ents for  a defined state. S imi la r  considerat ions  hold 
also for  diffusivities. 

A Method for Measuring Diffusivities 
.&, possible method  fol lows a typ ica l  convent ional  

technique,  e.g., the  diffusion cell  w i th  a porous disk. 
Here,  too a special  new t r ea tmen t  of the  expe r imen-  
ta l  resul ts  wi l l  r ende r  them appl icab le  for use wi th  the  
prac t ica l  t r anspor t  equation. F igure  2 represents  a 
schematic  of the  diffusion cell. The two compar tments  
on the two sides of the  disk contain  l iquids wi th  a 
defined difference in the i r  composi t ion and main ta in  a 
control led  concentra t ion grad ien t  across the  disk. Each 
compar tmen t  is kep t  mixed  at  a n e a r l y  un i fo rm com- 
posi t ion and the fluxes across the  d isk  dur ing  a cer ta in  
per iod  a re  measured  by  a ma te r i a l  ba lance  and chemi-  
cal analysis.  The concentra t ion  gradients  for our  e x a m -  
ple  system are  i l lus t ra ted  in ~ig. 3. Fo r  the  purpose  
of defining the s ta te  to which  the diffusivi ty  is as-  
signed, the  choice of the  average  composi t ion of the 
grad ien t  is fa i r  enough, as is i l lus t ra ted  by  point  0. 
The p lane  shown in the  middle  of the  g rad ien t  l ines 
thus specifies the  state. 

Each exper imen t  is pe r fo rmed  wi th  only  one inde-  
pendent  concentra t ion grad ien t  existing. For  our  e x a m -  
ple, Vxl  ( :  - - V x 3 )  is the  only  nonzero g rad ien t  (Vx2 
: Vx4 = 0)~ There  are  no electrolysis  e lectrodes in 
the two compar tments  and the re  is no net  electr ic  
cur ren t  crossing the disk (e lec t roneu t ra l i ty  forbids  
continuous accumula t ion  of subs tant ia l  electr ic charge  
i n a n y  macroscopic l iquid vo lume) ,  name ly  an over -a l l  
e lect r ica l  field - - V r  of zero value.  

The  e lect r ica l  field ( - - V ~ )  of our  considera t ion 
(for use in Eq. [7]) is defined by  the addi t ion of e lec-  
t r ic  po ten t ia l  difference over  the  cell  emf (13, 14) 

Fig. 2. A schematic representation of an ordinary diffusion cell 

X 4 

X 3 

X 1 

X 2 

Fig. 3. A schematic representation of mMar fraction gradients 
inside the porous disk (expanded) of the diffusion cell. 
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[measured by reference electrodes (12)] due to the 
passage of net  electric current  density i via two elec- 
trolysis electrodes. Both electric current  and potential  
difference are external ly  measured. 

As with the case of mobil i ty measurement ,  here too 
the observed velocity of component i across the disk 
includes an undesirable  hydrodynamic par t  due to 
volume changes which usual ly  accompany any t rans-  
port process. Again, this par t  is el iminated by record- 
ing only  relat ive velocities with respect to a reference 
component  s 

W k / s  * ( x )  ~ W k  * ( x )  - -  WS * ( x )  [17] 

Similar ly  to Eq. [14]-[16], the ord inary  diffusion ve- 
locity is derived by the appropriate summat ion func-  
t ion based on the relat ive t ransport  data 

wi *(x) = ZXk(Wi/s *cx~ -- Wk/s *(z>) [18] 

Each exper iment  for VXk r 0 yields n (i : -  1, 2, 
. . . .  n)  Di*k' diffusivities of which n -- 2 are indepen-  
dent, due to two restrictive relationships. In our first 
exper iment  for example, with Vxl as the only non-  
zero gradient,  only the first te rm on the right of Eq. 
[13] is nonzero and thus the measured flux J i  *(x) 
yields Di*l'. Similarly,  a measured J2 *(x~ will yield 
D2*l', etc. As the summat ion  of all these diffusion fluxes 
is zero, the resul t ing restrictive relationship between 
the derived diffusivities is 

DI*I' Jr D2*l' -t- D3*l' ~ D4"1' = 0 [19] 

Another  restrictive relationship is obtained from the 
constraint  that  no net  electric current  occurs 

ZziJi *(x~ = 0 [20] 

ziDl*s" -~ z2D2*i' ~- z3D3*i' ~- z4D4*l' ~- 0 [21] 

which, for the numerica l  values of z from our exam- 
ple, gives 

Ds*i' -- D2*l' ~- D3*i' -- D4*l' = 0 [22] 

From Eq. [19] and [22] it follows (compare Eq. [12]) 
that  

(a) D3*l' = --Di*l' (b) D4*l' : --D2*i' [23] 

This reduces the ar ray  of independent  diffusivities 
from eight to four (now only two equations of the 
type of Eq. [13] are independent)  requir ing only two 
ordinary  diffusion experiments  in  our example. In gen- 
eral this means (n -- 2) 2 independent  diffusivities and 
n -- 2 experiments.  Altogether, the n u m b e r  of experi-  
ments  required for obtaining both the mobilit ies and 
the diffusivities for each state point  is 1 -~ n -- 2 : 
n -- 1. As functions of state the diffusivities are not 
funct ion of the magni tude  of the gradients under  which 
they were measured and therefore they are applicable 
for any  mixed gradients condition. 

Conclusion 
Experience shows that t ransport  coefficients are gen-  

erally not supposed to depend on the magni tude  of the 
fluxes and of the forces within very wide ranges. I r -  
reversible thermodynamics,  which heavily depends on 
this concept, do not necessarily require the use of 
chemical or electrochemical potentials or friction co- 
efficients for all purposes. Separate t ransport  coeffi- 
cients for different dr iving forces, such as concentra-  
t ion and electrostatic potential  gradients, can be arbi-  
t rary  functions of state variables (9, 11). This enables 
both definition and p lanning  of measurement  of coeffi- 
cients, one type at a time, as demonstrated above. 

When we have all the independent ly  measured data 
concerning ui*, which are n -- 1 in number ,  and on 
Di*k', which are (n -- 2) ~ in number ,  the general  
t ransport  equation (Eq. [7]) becomes usable with all 
its necessary t ransport  coefficients known. Other sys- 
tems may be analyzed easily by following the pat tern  
used in  our example of the M, X, N, Y system. The 
n u m b e r  of experiments  required and the number  of 

Table I. The number of independently measurable transport 
coefficients for several systems 

System 

T h e r m o d y -  
n a m i c  m i n .  

N u m b e r  N u m b e r  ( O n s a g e r )  
G l o b a l  o f  i n d e -  o f  i n d e -  number of 

number  pendent  pendent  independent 
of corn- m o b i l -  d i f fu -  d i f f u s i v i t i e s  
ponents i t i e s *  s i v i t i e s  ( n  - 1) 

n n -- 1 ( n  -- 2) s ( n  - 2 ) / 2  

M , X  2 1 0 0 
M , N , X  3 2 1 1 
M , N , X , Y  4 3 4 8 
M , N , P , X , Y  5 4 9 6 
M , N , P , X , Y , Z  6 5 16 10 

* T h i s  c o l u m n  a l so  indicates the  total number of transport ex- 
periments  necessary for each state point. 

independent ly  measurable  t ransport  coefficients for 
several systems are demonstrated in Table I. 

The last column oh the r ight  of Table I gives the 
mi n i mum number  Of independent  diffusivities which 
can be arrived at by the use of Onsager's symmetrical  
reciprocal law, applicable when  appropriate thermody-  
namic driving forces are used. Though a smaller  n u m -  
ber of coefficients is obtained by this method, the ef- 
fort required in a t tempting to obtain thermodynamic  
data far exceeds that involved in  obtaining a few more 
simple experimental  data, as shown above for the prac-  
tical model. The inapplicabi l i ty  of Onsager's symmetr i -  
cal reciprocal law to the practical t ranspor t  coefficients 
is not a real disadvantage when it is realized how dif-  
ficult it  is, if at all possible, to measure chemical or 
electrochemical potentials for most nondi lute  systems. 
This may e~plain the l imited application of the sym- 
metrical-coefficients approach for solving practical 
problems in concentrated solutions for many  years 
(15). It seems that  both conceptual and experimental  
difficulties prevent  their  wide use (15). 

The practical electrochemical t ransport  equation has 
potential  advantages at least for some part icular  sys- 
tems. It is considerably simplified as compared to some 
other formalisms. It is related to single component 
concentrations, it is relat ively less dependent  on the 
complications involving both the definition and the 
elaborate measurements  of many  ionic activities, its 
coefficients are relat ively readi ly measurable,  it is di-  
rectly expressed with respect to s tat ionary axes, and 
it clearly reflects the different contr ibutions of the 
different dr iving forces to the t ransport  phenomena.  
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Erratum 
In reference to the paper "Preparative Electrolyses 

at Graphite Paste Electrodes," by K. D. Wolter and 
J. T. Stock, which appeared on pp. 531-533 in the April 
1978 JOUm~AL, Vol. 125, No. 4, several things should 
be noted. 

First, the authors overlooked the fact that a paper 
based on Colaruotolo's Ph.D. dissertation (Ref. 2) had 
actually appeared in This Journal, 120, 773 (1973). 

Second, it should have been stressed that Colaruotolo 
and co-workers were the first to show the feasibility of 

graphite paste as a material for preparative-scale elec- 
trolytes. 

Finally, a paper by Bobbitt, Colaruotolo, and 
Huang [This Journal, 120, 773 (1973)] should be added 
as Ref. (2a). This 1973 paper clearly shows for the 
first time that graphite paste can be used as electrode 
material for preparative-scale electrolyses and gives 
examples of actual products that were obtained at such 
electrodes. 
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ABSTRACT 

It  has been shown tha t  NO2 (2 ppm)  in air  at  room t e m p e r a t u r e  does not  
react  ( < 1 % )  wi th  Cu at  re la t ive  humidi t ies  < 65%. At  RH ~> 65% the  Cu 
appears  to act as a cata lys t  to reduce NO2 to NO. The m a x i m u m  act iv i ty  
occurs at  100% RH wi th  -~70% of the NO2 being reduced.  I t  is fu r the r  shown 
tha t  a t  65% < RH < 100%, NO (0-1.3 ppm)  and Cu do not  in te rac t  in  
air. At  the RH genera l ly  formal in a i r -condi t ioned  electronic equipment  areas,  
NO2 and NO should not  cause any significant de te r iora t ion  of exposed Cu. 

If  one reduces the  thickness of the  e lec t ropla ted  gold 
over  copper  on e lect r ica l  connector  contacts, more  Cu 
is exposed to the  a tmosphere  th rough  pores  in the  Au  
e lec t ropla te  and  by  diffusion th rough  the Au  (1).  The 
exposed Cu may  in te rac t  wi th  oxides of n i t rogen and 
wa te r  vapor  f rom the a tmosphere .  The combinat ion  of 
these compounds might  be expected  to form ni t r ic  acid 
and hence insulat ing corrosion deposi ts  on connector  
contacts over  a mu l t i yea r  l i fe  span. The reac t ion  of 
exposed Cu th rough  porous Au  to concent ra ted  HNO.~ 
vapor  is wel l  known  f rom the ni t r ic  acid p o r o s i t y  test  
(2). In  this  test  the  Cu reacts  th rough  the Au  pores 
and leaves a visible insula t ing product ,  provid ing  a 
measure  of Au porosi ty.  This test  is a h igh ly  ac-  
ce lera ted  condit ion as compared  to the  field si tuation,  
and the test  in al l  l ike l ihood does not  reflect field 
performance.  

This paper  repor ts  the inves t igat ion of the  in te rac -  
t ion of NO2, H~O vapor,  and Cu filings in air. Oxides 
of n i t rogen at  the  ppm level  were  cont inuously moni -  
tored  af ter  passing over  Cu par t ic les  a t  var ious  r e l a -  
t ive  humid i ty  (RH) levels.  The reduct ion of NO2 to 
NO as a function of RH wi th  no copper  n i t ra te  fo rma-  
t ion is repor ted .  These data, known RH da ta  in a i r -  
condit ioned electronic equ ipment  locations, and est i -  
mated  vapor  pressure  of HNO3 over copper  n i t ra tes  
a re  t aken  to indicate  a negl igible  ra te  of fo rmat ion  of 
copper  n i t ra tes  in  a i r -condi t ioned  electronic equ ipment  
areas. 

Experimental 
The appara tus  consisted of a Bendix  oxides of ni t ro-  

gen  analyzer ,  Model  No. 8101-B, and a gas flow system. 
The detector  measures  the  chemiluminescence occur-  
r ing dur ing  the  react ion of NO and i n s t rumen t -ge n -  
e ra ted  ozone. Different  oxides of n i t rogen a re  mea -  
sured  by  a l t e rna te ly  analyzing the gas s t ream for NO 
and then  a sample  in which al l  the  NO~ has been re-  
duced; a difference measuremen t  then  de te rmines  the 
amount  of NO2 in the  sample.  F igu re  1 is a schemat ic  
of the  system. 

To minimize  gas - sys tem interact ions,  glass and 
Teflon tubing  were  the  p r i m a r y  components  in  the  
flow system. However ,  there  were  stainless steel  fit- 
t ings on the f lowmeters  and  detector.  Connections be -  
tween  the glass and  Teflon were  made  by  using Tygon 

Key words: environment, metals, connectors, catalysis, corro- 
sion, 

tubing c lamped over  a glass-Teflon bu t t  jo in t  such 
that  a min imum of Tygon tubing  was exposed to the  
gas. 

Oxygen used in the  ozone genera to r  of the  photo-  
met r ic  detector  was 99.95% pure.  L a bo ra to ry  room air  
was used to ca l ibra te  the  zero point  of the  detector.  
Linde ze ro-grad  e a i r  (----- 1 ppm to ta l  hydrocarbons ,  
3 ppm H20) doped wi th  ~ 1.8 p p m  NO2 was used to 
inves t iga te  the  in terac t ion  be tween  NO2 and Cu. This 
concentra t ion was de te rmined  by  maximiz ing  the de-  
tector  reading  on the 5 ppm ful l  scale mode wi th  the 
t ank  gas flowing d i rec t ly  into the  detector.  Al though  
the absolute  value  is somewhat  a r b i t r a r y  since no fu l l -  
scale ca l ibra t ion  s t anda rd  was avai lable ,  i t  is bel ieved 
to be accurate  to wi th in  a factor  of 2 wi th  the  re la t ive  
values being accura te  to wi th in  ~_ 5% of the  fu l l - sca le  
reading.  Rela t ive  h u m i d i t y  in the  N O J a i r  mix tu re  was 
var ied  by  ad jus t ing  the percentage  of the  mix tu r e  
passing th rough  a f r i t t ed  glass wa te r  bubbler .  Direct  
RH measurements  were  deemed unnecessary  and the 
percentages  of RH l is ted  be low should be approx i -  
ma te ly  correct.  With  100% of the  test  a tmosphere  
passing th rough  the H20 bubb le r  a s l ight  fogging of 
the  tubing occurred,  indica t ing  sa tu ra ted  wa te r  vapor.  
Other  RH percentages  were  ca lcu la ted  as a p ropor t ion  

Ca,ibrato, 

Zero Calibrator--" T Total Flow 

I NOx Meter o ~RecorderJ o- 

Fig, I. Schematic of flow system. Dry flow and wet flow ore 
gas flow meters. The by-poss section of the opporotus is to 
insure that the apparatus is not oltering the doped gas before 
the exposure to the Ca filings. 
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of the dry- to-sa tura ted  air. As expected, no loss of 
NO~ was detected when  bubbl ing  the doped air  
through the water. 

Interact ion of the test atmosphere and  Cu w a s  
achieved by placing 2.6g of fresh Cu filings in  the base 
of a fri t ted glass bubble r  tube  (,-~ 5 m m  diam) and 
passing the gas up through the Cu at a flow rate of 
250 ml /min .  No at tempt  was made to prevent  the Cu 
from oxidizing before the exper iment  began since t h e  
exper iment  was being carried out in  air. The total Cu 
surface area is calculated to be well  in  excess of 2 X 
108 cm ~ from part icle  size de terminat ion  by  micro- 
scope photographs of samples of the powder. 

Data were taken  in  the following order: 0, 50, 100, 
75, 84, and 100% RH on the same Cu sample. At each 
of these RH's several cycles were carried out; all  
cycles were at 1.8 ppm NO2. A cycle consisted of 
setting the meter  zero with room air; sett ing the ful l  
scale span ad jus tment  wi th  dry  NO2/air; measur ing 
the NO and NO2 values passing through the system 
at a given RH; and finally measur ing the NO and NO2 
values passing through the equivalent  system with Cu 
particles. Typical ly 2-3 days were used for one com- 
plete cycle. All data were recorded dynamical ly  on a 
strip chart  recorder. Measurements  reported herein  
are after steady state was established, approximately 
2 hr  after any  change in  the cycle. 

Results and Discussion 
NO~ levels measured in  doped air  were 1.8 ppm 

when fed directly from the cyl inder to the detector. 
The same level of NO2 was found af ter  the gas stream 
had been bubbled  through the water  and through the 
bypass system without  Cu. No NO was detected ([NO] 
< 0.02 ppm) in  the NO2-doped air  at all RH's used. 

NO2-doped air was found to react with OFHC Cu 
particles at a rate which is very humidi ty  dependent.  
NO2 did not react at 0 and 50% RH as indicated by a 
constant  [NO2] of 1.8 ppm. Nor was NO ( <  0.02 ppm) 
detected at these RH's. At 100% RI-I more than  70% 
of the NO2 has interacted with the Cu to form NO. 
Both the increase in  [NO] and the decrease in  [NO2] 
as a funct ion of RH are plotted in  Fig. 2. Before in te r -  
acting with the Cu, 1.8 ppm NO2 was .present, and 
after the interact ion 0.53 ppm NO2 and 1.3 ppm NO 
were present  at 100 % RH; Thus the sum of NOx mole-  
cules appears to have been conserved in  the gas phase 
wi th in  the l imits of our ins t rumenta t ion .  

Upon inspection, the Cu particles appeared to have 
oxidized, as would be expected from exposure to moist 
air. They were slightly b rown in  color bu t  no trace 
of b~ue could be seen, which is the color of Cu (NOs)z �9 

H20. Tests with 1, 2, 4 phenol  bisulfonic acid, which 
is a specific n i t ra te  test, indicated no n i t ra teJ  The 
vapor pressure of HNO3 over Cu (NO3)2 �9 3H20 is esti- 
mated from vapor pressures of other organic and in-  
organic compounds with similar  mass and boiling point  
to be of the order of 500 ppm at room temperature.  2 
Thus, at the low par t ia l  pressures of our exper iment  it 
is expected that  if a copper ni t ra te  is formed it  would 
also rapidly  dissociate. Therefore, it appears that  in 
this case v i r tua l ly  no copper n i t ra te  is formed. 

The in teract ion of NC~ and H20 is described by 

3NO9+ H20-* 2HNO~ + NO [I] 

This reaction is very slow, if one assumes an ideal gas, 
since its rate is proportional to the cube of the [NO2]. 
It could have been observed in this experiment at 5% 
of the [NOz] by looking for an increase in the NO 

The 1, 2, 4 pheno l  b isul fonic  t e s t  is  capable of detection ~2 ~g 
of Cu(NOs)~ �9 n H20. Thus for our flow conditions we would have 
b e e n  able to  s ee  a t e s t  react ion  if  on ly  0.1% of the gas had re- 
acted w h e n  us ing  a t e s t  s a m p l e  of  Cu of 40 mg. 

If one  plots  the  vapor pressure vs. temperature for N204, N.~05, 
NI-I~H, C~I~NO, and H~SO~ the  s lopes  are  between 2 and 4. At 
17a~ the vapor pressure of HNOs over Cu(NOs)~ �9 3I-I20 is one at- 
mosphere. Using  t h e  above slopes and extrapolating to room tem- 
perature, the vapor pressure of interest is b e t w e e n  100 and 1000 
ppm. In all cases  t h e  vapor  pres sure  of  HNO3 over Cu(NO~)~ - 3H.0 
is m u c h  g r e a t e r  than  the  1.8 p p m  [NOel (4). 

NO= AND Cu 
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Fig. 2. Plot of concentration of NO and NO2 (ppm) in zero- 
grade air vs. relative humidity when it is passed over OFHC Cu 
particles. 

concentration. An  increase in  [NO] was not seen be- 
fore exposure to Cu and is in  agreement  with the 
other results of t ry ing to remove NO2 from stack gases 
by scrubbing (5). 

The reaction between Cu and nitr ic  acid fumes in 
the solid-gas case is 

3Cu + 8HNO8 <--> 2NO t 3Cu (NO3)2 + 4H2Ot [2] 

In  solution at low concentration, the reaction pro- 
ceeds slowly but  as (3) 

8H + + 2NO~- + 3Cu = 3Cu + + + 2NO~ + 4H20 [3] 

At the low partial pressures of our experiments it is 
not known whether the Cu is simply acting as a cata- 
lyst in the NO2 reduction or if the Cu is being oxi- 
dized by reaction [3]. 

It is difficult to dist inguish between reactions [2] 
and [3]. In  both cases NO is liberated. The fact that  
no copper ni t ra te  was seen does not rule out reaction 
[2] since the concentrat ion of NO2 and HNO3 is much 
less than the dissociation vapor pressure of HNO8 
from copper n i t ra te  (,~ 500 ppm).  Thus, it  is concluded 
that  either the solid-gas reaction or the quasisurface 
solution-solid reaction can explain our results. 

A small fraction of the evolved NO may  be lost in 
the air before the detector by  

2NO + 02 <-~ 2NO2 [4] 

This is believed to be negligible due to the short time 
path between evolution and detection, as well as a 
rate depend~nce on the square of the [NO], assuming 
ideal gases. 

The interaction of NO2/Cu/H20 is amply demon- 
strated in Fig. 2. The importance of RH affecting cor- 
rosion rates has been known to some extent for a long 
period of time (6), however, the published literature 
for low concentrations is scarce and generally on 
slightly different systems. Aziz and Godard (7) find 
that SO2 interacts with Cu to cause corrosion at RH > 
63%. Vernon (8) indicates that even with the inclusion 
of particles minimal corrosions occurred at RH < 80%. 
Abbott et aL (9) also find RH an important compo- 
nent of corrosion tests. Thus RH is an important con- 
sideration for control of sensitive electronic equipment 
corrosion. 

Recent studies of RH in eight locations which were 
air conditioned to handle  large amounts  of electronic 
equipment  show that  the RH was <60% RH for >90% 
of the t ime over a one year  cycle (10). This RH data 
coupled with Fig. 2 would seem to indicate that  NO2 
would not be a problem as far as Cu surfaces are con- 
cerned. This is reinforced by noting from Fig. 2 that, 
ra ther  than  copper n i t ra te  forming, the Cu acts as a 
catalyst in reducing NO2 to NO. 

Conclusions 
It is shown that  NO2 (1.8 ppm) does not interact  

with Cu surfaces at RH < 65%. Fur thermore,  even at 
higher RH the NO2 is reduced to NO without  appreci-  
able formation of Cu (NO3)2 �9 ~ H20. At the RH gen-  
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era l ly  found in a i r -condi t ioned  electronic equipment  
locations NO2, up to severa l  ppm, should not  cause 
any significant de te r iora t ion  of exposed Cu surfaces 
over  wha t  is no rma l ly  found in pure  air. I t  is also 
shown at  R t I  > 65% that  NO does not in te rac t  wi th  
Cu in any  read i ly  de tec tab le  amounts.  
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External Scales on Binary Allays 
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ABSTRACT 

Te rna ry  diffusion theory  is used to es tabl ish  a c r i te r ion  for  the  onset  of an  
in te rna l  oxidat ion  zone benea th  the  ex te rna l  scale when  oxidizing condit ions 
favor  format ion  of the oxide of the less noble meta l  in a b ina ry  alloy. The  
p rob lem is posed in te rms of t e rna ry  solut ion the rmodynamics  and diffusion 
and is cor re la ted  to the  locus of the v i r tua l  diffusion pa th  on the t e rna ry  
a l loy -oxygen  isotherm. Exte rna l  scale fo rmat ion  alone occurs when the v i r -  
tual  diffusion pa th  in the a l loy phase contacts the  oxygen solubi l i ty  curve for  
the  alloy. Ex te rna l  scale format ion  accompanied by  in te rna l  ox ida t ion  
occurs when the v i r tua l  diffusion pa th  for  the  al loy leads to oxygen  super -  
sa tura t ion  and oxide prec ip i ta t ion  by  cut t ing into and across the  two-phase  
a l l oy /ox ide  field. These assert ions can be used to define a l imit ing bu lk  a tom 
fract ion of the select ively oxidized solute, NA o*, in the al loy above which  
in te rna l  oxidat ion  does not  occur: NA o* satisfies 

{ I--F(u) [i+ /D~176 1,2] } ;(u) V j--.oA l+V(u)l 

(NA o*) + eoAF(u) -- ( 1 - - F ( u ) )  -- \--~-~AA F(u)  v 

where  ,o A is the  Wagner  in terac t ion  coefficient be tween  oxygen  and A in 
the alloy, DAA and Doo are the d i rec t  diffusion coefficients of A and oxygen  
in the  alloy, v is the atomic rat io  of oxygen  to A in the oxide  AO,, F (u)  is 
an aux i l i a ry  funct ion 

F(u) = =l /2uexp  (u2) erfc (u)  

and u replaces  (k/2DAA)1/2 wi th  k as the  corrosion constant  for  the  parabo l ic  
ra te  of recession of the a l loy / sur face  scale interface.  Typical  ranges  of pa -  
ramete rs  appl icable  to a va r ie ty  of a l loy systems are  used to show the 
effects of the  diffusion coefficients, scaling constants,  and in te rac t ion  p a r a m -  
eters  on the l imit ing value  NA ~ 

A l imi t ing condit ion has been de te rmined  b y  Wagner  
(1) f rom an analysis  of the diffusion processes for the  
onset of an in te rna l  oxidat ion  zone benea th  the  ex -  
te rna l  scale when oxidizing condit ions favor  the for-  
mat ion of the oxide of the less noble meta l  in a b ina ry  
alloy. In  this t rea tment ,  he assumed that  meta l  and 
oxygen diffuse down the i r  own ind iv idua l  gradients  

�9 Electrochemical  Socie%y Active Member. 
Department  of Metallurgy and Materials Science, McMaster 

University, Hamilton, Ontario, LSS 4M1 Canada. 
Key words: oxidation, alloys. 

es tabl ished by  the format ion  of the  pure  b ina ry  o x -  
i d e  and that  both meta l  and oxygen exhib i t  ideal  solu-  
t ion behavior  in the  alloy. The cr i te r ion  for defining 
the onset of in te rna l  oxidat ion  is when conditions 
exist  at the al loy side of the  sca le /a l loy  interface  for  
the product  of the meta l  and oxygen concentra t ions  to 
exceed the solubi l i ty  produc t  of the  b ina ry  oxide. By 
this means a min imum composit ion of the less noble 
meta l  in the b ina ry  alloy, above which in te rna l  ox ida -  
t ion wil l  not occur, can be ascer ta ined  in te rms of the 
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meta l  and oxygen diffusivit ies in the a l loy  and the 
parabol ic  ra te  constant  for ex te rna l  scale growth.  

The purpose  of this paper  is to expand  this analysis  
by  t rea t ing  the b ina ry  a l loy plus oxygen  as a t rue  
t e rna ry  system, since Whi t t l e  et al. (2) have shown re -  
cent ly  tha t  the oxygen flux into the  a l loy under  these 
ci rcumstances can read i ly  ar ise  f rom ei ther  or both  
the  oxygen  and meta l  gradients  in the  alloy, and de-  
pending on the the rmodynamic  proper t ies  of the a l -  
loy solid solution, the  l a t t e r  can be the  more  s igni-  
ficant. Thus the p rob lem is posed in te rms of the un-  
der ly ing  t e rna ry  solut ion the rmodynamics  and dif-  
fusion, and  using appropr i a t e  approximat ions ,  equa-  
tions are  then  der ived  for the  onset of in te rna l  ox ida-  
tion based on the fol lowing tw~ assert ions re la t ing  the  
locus of the  v i r tua l  diffusion pa th  on the t e rna ry  a l loy-  
oxygen isotherm:  (i) Ex te rna l  scale format ion  alone 
occurs when  the v i r tua l  diffusion pa th  in the  al loy 
phase contacts  the oxygen  solubi l i ty  curve  for the a l -  
loy. In this  case, the  v i r tua l  pa th  corresponds to the  
ac tual  diffusion pa th  dur ing  the oxidat ion  reaction. (ii) 
Externa l  scale fo rmat ion  accompanied by  in te rna l  oxi-  
dat ion occurs when the v i r tua l  diffusion pa th  for the  
al loy cuts into and across the two-phase  a l loy-ox ide  
field. This pa th  leads  to oxygen  supersa tu ra t ion  and 
oxide precipi ta t ion,  and, as a consequence, the  v i r tua l  
diffusion pa th  does not correspond to the  ac tual  pa th  
fol lowed dur ing  the oxida t ion  reaction.  

The  W a g n e r  Cr i ter ion for In ternal  Oxidat ion  
The parabol ic  g rowth  by  meta l  t r anspor t  of a scale 

AOv on an a l loy A - B  wi th  concurrent  diffusion of oxy-  
gen into the  al loy is shown schemat ica l ly  in Fig. la.  
The concentra t ion profiles in the  al loy phase  are  de-  
scr ibed by  the appropr ia t e  solut ions of Fick 's  second 
law, under  the  assumpt ion  of concen t ra t ion- independ-  
ent  diffusivit ies 

erfc X/2\/DABt 
NA----NA ~  (NA ~  e r f c ~ ;  x - - X  [1] 

Oxygen J AO J Alloy (A-B) 

.o o 
"*-Z 

i/ ~ Z 

(a)  

x 
x=O 

o 

.5 

N~..~N~ 
Distance 

x 

/d In NAI~ O .~ 
/ Supersaturation: ~ dx'~]x=X )0 

dln NANg 
----Saturation d---~---- =O 

Un~ersatu,ation (dl~N--~-~ <0 
"" \ dx x__] X 

x=X Distance 
(b) x 

Fig. 1. The oxide scale/alloy model with symbols corresponding 
to those in the text. (a) Cross-section showing concentrations 
of solute A and oxygen in the underlying alloy. (b) The product 
NANO v as a function of distance in the underlying alloy demon- 
strating the three possibilities, 

erfc x /2~ /Dot  
N o - - N o '  ; x ~ X  [2] 

erfc ~ k/-kT"2"~'o 

where  NA ~ NA', and NA are  the  a tom fract ions of A 
in the  bulk  alloy, at the  a l loy /sca le  interface,  and 
local ly at dis tance x and t ime t, respect ively,  where  
posit ion x is measured  f rom the or ig ina l  a l loy surface. 
No' and No are  the corresponding a tom fract ions of 
oxygen. DAB and Do are  the interdiffusion coefficient 
and the oxygen  diffusion coefficient in the  alloy, r e -  
spectively.  The posi t ion of the  ac tual  a l loy surface X 
at  any t ime  is r e la ted  to the  corrosion- constant ,  k, by  

X = k/2kt  [3] 

Since pure  oxide, AOv, is assumed to form, a mass 
balance  at  the a l loy / sca le  in terface  leads to 

1 dX NA' DAB ONA 
= - -  [4] 

VM dt VM VM OX z=X 

where  VM is the  molar  volume of the  alloy. Subs t i tu -  
t ion of [1] and [3] into [4] gives 

NA ~ --  F (U) 
NA' - -  [5] 

1 -- F(u) 

where u replaces A/k/2DAB and the auxiliary function 
F (u) is given by 

F (u) : ~/n u exp u 2 erfc u [6] 

The fol lowing equi l ib r ium defines the  re la t ionship  
be tween  the oxide and al loy components  at  the  a l l oy /  
oxide interface  

AOv = A ( a l l o y )  + rO (al loy)  [7] 

enabl ing a solubi l i ty  constant  K to be defined s u c h  
tha t  

K = N A ' . N o  '~ at  x = X  [8] 

Accordingly,  the  cr i te r ion  for in te rna l  oxida t ion  then  
becomes whe the r  the produc t  NA" No v exceeds the  
solubi l i ty  constant  a t  posit ions wi th in  the alloy, a w a y  

0 
f rom the interface.  Thus, the  va lue  of (NA. No v) 

Oz 
at  x --  X is examined.  Using [1], [2], [3], [6], and  [8] 

[ O ( N A . N O V ) ] - -  
~gX z=X 

2 1 [ NA ~ -- NA' exp (--k/2DAB) 

A/'~--2 Dv~BtABt K L NA' erfc~/k/2DAB 

( DAB ~1/~ exp (--k/2Do) 
- -  v \ - - D T  / e r f c  ~/k/2Do [9] 

If [O/Ox (NA �9 No v) ] x=x < 0: the  a l loy is u n s a t u r a t e d  
and there  is no in te rna l  oxidat ion.  

If [O/8X(NA �9 No~)]x=x -~ 0: the  a l loy  is s a t u r a t e d  
and at  the  l imi t  for in te rna l  oxidat ion.  

If  [8/ax(NA. No~)]x=x > 0: the  a l loy is s u p e r -  
s a t u r a t e d  di rec t ly  beh ind  the sca le /a l loy  in ter face  and 
in te rna l  oxidat ion is possible. 

These th ree  possibi l i t ies  are  shown schemat ica l ly  in 
Fig. lb.  

Equat ion [9] m a y  be simplif ied fu r the r  since in  
most systems 

Do > >  k and  DAB [10] 
and thus  

erfc (x/k/2Do)" �9 exp _ 1 [111 

The cr i ter ion for in te rna l  oxidai:ion the re fo re  b e c o m e s  

NA~ ( Do )1/2 exp(--k/2DAB) 
~/~A' DA"-----B erfc ~ / ~  > 1 

( in terna l  oxidat ion)  [12] 
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Equation [12] may be utilized to define the limiting 
atom for mole fraction of solute A above which inter- 
nal oxidation would not occur. Upon the use of [5] and 
[6] to define NA' and the auxiliary function F(u) with 
u replacing ~/k/2DAB, Eq. [12] becomes 

F(~) + T b-~-AB/ ~ . s  
NAO =~ 

1 ( D O ~  1/2 
1 + ~- \Y~-~AB J ~ ' ~  

(no  internal oxidation) [13] 

The Ternary Representation of the Wagner Criterion 
for Internal Oxidation 

The oxidation model considered by Wagner can be 
placed into a ternary thermodynamic and diffusion 
formalism using the A-B-O ternary isotherm and the 
placement of the representative diffusion paths on this 
isotherm. The previously discussed oxidation model 
corresponds to the phase diagram shown in Fig. 2. 
Diffusion path (Fig. 2, 1) corresponds to the formation 
of an external AOv scale only. In this case, the virtual 
diffusion path is constructed as tangenting the oxygen 
solubility curve in the alloy which is assumed to in- 
crease in slope with increasing B content of the alloy 
in accord with Eq. [8]. Here t~he virtual diffusion path 
corresponds to the actual diffusion profile in an alloy 
sample oxidizing by parabolic kinetics. Path (2, Fig. 2) 
corresponds to the case for external scale formation 
accompanied by internal oxidation. Here, the virtual 
diffusion path cuts into the two-phase AO~ + alloy 
field leading to oxygen supersaturation. The relief of 
this supersaturation causes formation of internal oxide 
precipitates in the alloy beneath the external scale. 
Consequently, the criterion of Wagner for the presence 
or absence of internal oxidation based on the concen- 
tration gradients of metal and oxygen and their rela- 
tionships to oxygen supersaturation now becomes a 
relationship between the diffusional composition path 
and fhe oxygen solubility curve in the ternary A-B-O 
isotherm. 

The equivalence of the Wagner approach to that de- 
scribed by a limiting application of ternary diffusion 
theory is now demonstrated. The slope of the solu- 
bility curve at the composition corresponding to the 
alloy/surface scale interface (NA', No') is obtained 
from Eq. [8] 

O 

B A 

Oxygen Oxygen 
AO u AOu 

Alloy ~ r  Internal AO v 
Alloy Precipitation 

( I ) - - -  Diffusion Path (2) Virtual Diffusion Path 

Fig. 2. The diffusion path for metal and oxygen superimposed 
on the A-B-O ternary isotherm. Diffusion path labeled (1) cor- 
responds to the formation of an external AOv scale only. Path 
labeled (2) corresponds to the case of external scale formation 
accompanled by internal oxidation. 

dNo )SoL No' 
~=x = ~NA' [14] 

In addition, the gradient of the virtual diffusion path 
(DP) at the alloy/scale interface 

( d N ~  DI' [15] 

dNA ==x 

can also be calculated to determine the manner in 
Which DP contacts the solubility curve at the in ter -  
facial composition 

dNo DP 

and using Eq. [1]-[3] 
introduced as Eq. [11] 

( dNo ~DP 

dNA ]x=x 

__( ONo 8NA ~ 

along with the approximation 

No' ( D A B ~  1/s 

N~J---'N~' \--b"g"o J 
erfc (k/2DAB) 1/2 

exp -- k/2DAB 
[17] 

These two gradients, Eq. [14] and [17] can n o w  be 
compared to define the conditions of oxidation. Thus, 
for internal oxidation to occur 

q ~ A - ~ = x -  ~--d-~-~=x ClS] 

or substituting Eq. [15] and [17] 

No' ._-~ No' ( DAB ~1/2 erfc (k/2DAB) x/2 
pNA' NA ~  NA' \ - - ~ o /  exp--k/ZDAB [19] 

Rearrangement of [19] shows it is identical to the  
Wagner criterion as given in [13]. 

Although both approaches arrive at the same result, 
it will now be shown that the ternary analysis is more 
appropriate for interpreting less restrictive models .  

Ternary Diffusional Analysis of the Transition from 
Internal Oxidation to External Scale Formation 

As has been emphasized, external scale formation 
accompanied by a zone of internal oxidation will occur 
when the calculated virtual diffusion paths cuts into 
and across the two-phase alloy-oxide field. On the 
other hand, external scale growth only occurs when 
the virtual diffusion path for the alloy phase contacts 
the oxygen solubility curve and in the limit becomes a 
tangent to it. Accordingly, in formulating more general  
expressions for this criterion, particularly where non-  
ideal  thermodynamic behavior prevails, two aspects 
are involved: firstly, the thermodynamics of o x y g e n  
solubility in the alloy, and especially the magnitude of 
the solubility and its variation with composition, and 
secondly, the effects of thermodynamic interaction on 
the diffusion profiles in the alloy, and hence an the 
shape of the diffusion path. These two calculations on  
oxygen solubility and ternary diffusion are then cou-  
p led  to describe internal oxidation and scale growth. 

Oxygen solubility in a binary alloy involving ternary 
interaction.--Liquid binary alloys, in Which one ele- 
ment is selectively oxidized from the solvent metal 
often exhibit a minimum in the oxygen solubility 
curve. Using the Wagner formalism for solution ther- 
modynamics involving ternary interaction, St. Pierre 
and Blackburn (3) and Feldman and Kirkaldy (4) 
have derived solubility relations to i~terpret the ex- 
perimental oxygen solubility curves in iron melts. A 
similar formalism is used here to interpret the oxygen 
solubility curves in solid binary alloys. 

Expressions derived from the Gibbs-Duhem rela- 
tionship, or from the equilibrium constant of the oxide 
with oxygen dissolved in the alloy describe the vari- 
ation of the oxygen solubility curve with alloy compo- 
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sition. The lat ter  method is used here as interest 
focuses on formation of an oxide containing negligible 
co,ncentration of the solvent metal. The oxide-al loy 
equilibrium may therefore be writ ten as 

AI-sB~Ov -- (1 -- 8) A + 6B + vO [20] 

where A, B, and O refer to alloy compositions and B 
is the solvent metal such that its concentration in the 
oxide is small (8 < <  1). Accordingly for a constant 
activity of the oxide AI-~B~Ov 

in K = In aA1-6aB~aO v = in NA ~-SNBaNo~ 

-{- In'yA1--67B870~ [21] 

where K is the equilibrium constant. The oxygen solu- 
bility curve for the alloy is then defined by 

d l n K  
= 0 [22] 

dNA 

If the dissolved oxygen concentration in the solvent 
metal B is very small, the activity coefficients in [21] 
can be expressed according to the Wagner formalism 

in ~/A = In 7A ~ + eAONo + eAANA [23] 

in 7o ---- In 70 ~ + ~o~ + eoANA [24] 

In 7B = 0; NB --~ 1 -- NA [25] 

Substituting [23]-[25] in [22] using [21] and remem- 
bering that eo A -- eA ~ gives 

<,~ ~ } 
" N-~ 1 - -  N------~ + (1  - -  ~ ) e A  A + , , .o  A 

{ v }dNo 
Jr" ~oo -}" (I --8)co A n u ueo ~ dNA -- 0 [26] 

It follows then, that the gradient of this solubility 
curve can be calculated at x :- X, the interface be- 
tween alloy and growing surface scale. Under the re- 
strictions that 6 << 1 and NK << i, Eq. [26] becomes 

(dN~ s~ N~ I+NA'eAA+uNA'eOA ) -  [26a] 

~A z=X NA' U -~ NO'cO A ~t. uNo'eo 0 

[26a] reduces to [14] earlier if eA A, eo~ and eo A are 
zero. 

Equation [26] can be utilized to define the minimum 
in the oxygen solubility curve since at this point 
dNo/dNA will be zero. Thus, again with ~ << 1 

1 
NA* = [27] 

,,co A + eA A 

where NA* is the atom fraction of A at the minimum 
in the solubility curve (3, 4). When A and B are 
'neighboring transition metals in the periodic table they 
often exhibit Henriaa solution behavior, and eA A = 0, 
thereby simplifying [27] to 

1 
NA* _____ v,o A [28] 

Oxygen solubility in a binary alloy involving Hen- 
rian and non-Henr~an solution behavior.--A distinction 
between Henrian and non-Henrian solution behavior is 
essential when coupling thermodynamic and diffusional 
parameters to interpret  reaction kinetics. I t  is only for 
the lat ter  case of non-Henrian behavior that the slope 
of the oxygen solubility curve and the coupling of dif- 
fusion fluxes on the two independent compositional 
profiles become significant. Equation [28] has demon- 
strated the role of a non-Henrian interaction parameter  
�9 o A in determining the existence of a minimum in the 
oxygen solubility curve, and it is appropriate here to 
compare Henrian and ,non-Henrian oxygen solubility. 

Equation [21] for the oxide equilibrium reaction as- 
suming the oxide to be essentially pure AO~ becomes 

for Henrian (H) and non-Henrian (NH) behavior 

In K = in (TA~ H (70~ VH [29] 

In K -- ]~n (7A~ NH (70~ VNH 

-~ (CA A -~- veoA)NA --~ (co A ~- veo~ [29a] 

Where the activity coefficients were defined in [23]- 
[25]. Because the oxygen solubility is very small 
(,~ i0-i000 ppm),  No < <  1 and also the solute ele- 
ment (A) in the binary alloy has been regarded as ex- 
hibiting Henrian behavior (cA A ---- 0), [29] and [29a] 
yield 

(No) NH 
- -  ---- exp (-- e0ANA) [30] 
(No) H 

If the Henrian activity coefficients were known, an 

equilibrium constant could be defined 

K 
KH -- [31] 

-zAO(7oO) v 
such that 

( KH ~ l/v 
(NO)NH ~- \--~A / exp ( - -  eoANA) [32] 

Expressions [31] and [32] allow, in principle, the oxy- 
gen solubilities for Henrian and non-Henrian solution 
behavior of oxygen in a binary alloy to be compared. 

A similar shape of oxygen solubility curve is ob- 
tained for IIenrian solution behavior since values of 
the activity coefficients remain constant irrespective of 
the composition of the alloy solid solution. Figure 3a 
presents the ratio of the non-Henrian oxygen solu- 
bility to that of Henrian oxygen solubility as given by 
Eq. 30. In this case component A is the less-noble 
alloying element in the solid solvent B. As can be 
seen, positive values of the interaction coefficient eo A 
decrease the solubility, the decrease being more pro- 
nounced, the larger the interaction coefficient. The 

50~/- 103 E~ = 0; +_ I0, fO 2, f03 

A 2 0 t  / ~ - 1 0 2  

,-.-I0 
0 _010 

z ic ~ ~ ~  

-5 zc 

30 103 
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I I I 

2OC s176 = -50 
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o IOC 
Z / / /  

- - ,  
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Fig. 3(a) The ratio of non-Henrian oxygen solubility to that 
of Henrian oxygen solubility as a function of alloy composition 
for different Wagner interaction parameters according to Eq. 
[30]. (b) The shape of the oxygen solubility curve for nonideal 
behavior as a function of the Wagner interaction parameter 
according to Eq. [32] and v ~ I. 
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converse is found when ,o A < 0, oxygen solubi l i ty  in-  
creasing wi th  l a rge r  negat ive  values of the in teract ion 
coefficient. F igure  3b i l lus t ra tes  the var ia t ion  and shape 
of the oxygen  solubi l i ty  curves for different  negat ive  
values of ,o A. These solubi l i ty  curves exhibi t  min ima  
of la rger  oxygen concentrat ions  which occur at  smal ler  
values of NA wi th  l a rge r  negat ive  values  of eo A. The 
absolute slopes of the  curves on e i ther  side of the 
min ima also m a r k e d l y  increase  as eo A increases in 
negat ive  value.  

The Ternary Oxidation Model 
The re la t ive ly  s imple diffusion model,  s imilar  to 

that  considered by Wagner  (1) is shown schemat ica l ly  
in big. 4: The t e rna ry  oxide AI-~B~O~ is assumed to 
correspond closely wi th  the  composi t ion of the b ina ry  
oxide (8 < <  1) and  the oxygen solubi l i ty  curve may  
exhibi t  a minimum. 

Oxygen is the only component  which is r ega rded  as 
diffusing on both its own and the meta l  gradient .  This 
assumption is real is t ic  in that  its cancentra t ion  is 
small ,  and it diffuses in te rs t i t i a l ly  at a ra te  much more  
rap id  than  the metal l ic  species by  subst i tu t ional  
vacancy mechanisms.  Accord ingly  

Doo > >  DAA and lONo/OX l < <  ]ONA/OX I [33] 

and the flux equations descr ibing diffusion in the  al loy 
m a y  be wr i t t en  as 

ONA 
JA "-- --DAA "-- [34] 

0x 

ONo ONA 
Jo = - - D o o - -  DOA- 

Ox Or 

(ONo ONA) [35 ] 
= --Doo Ox ' + e~176 0x 

where  fhe di lu te  solut ion approx imat ion  has been sub-  
s t i tu ted  for the off-diaganal  diffusion coefficient DoA 
(5) 

DOA = DooeoANo [36] 

Oxygen 

0 

~ B ) O v  
\ 

8 A 

. . . .  Virtual Diffusion Path 

(ABIOv[ Alloy (A-B) 

i 

No 

X Distance _~ 

x=O X 

Fig. 4. The ternary oxidation model 

The divergence of the fluxes may  be wr i t t en  

( ONA 0 ONA" = DAA [37] ........ ~_ DAA 
Ot OX OX / Ox ~'" 

ON_....~o = 0 Doo - -  -[- eoAATo 
Ot Ox Ox Ox / 

O2N~ "}- DOoeoA-~X No (gX [38] = Doo Ox----- ~ 

where  i t  has been assumed that  DAA and Doo a re  inde-  
pendent  of composition. 

Since t e rna ry  in teract ions  have been assumed not  to 
influence the  diffusion of A, the  solut ian of [37] is 
that  due to Wagner  (1) given ea r l i e r  in Eq. [1], wi th  
Eq. [5] giving NA', the  mole f ract ion of A at  the  
a l loy /sca le  interface,  x ~- X = (2kt) '/2. The solut ion 
of [38] gives the oxygen  profile in the  alloy. A modifi-  
cation of a solut ion presented  by  Bolze et ak (6), which 
assumes tnat  the  off-diagonal  coefficient, DOA, and the  
d i rec t  coefficient, Doo, are  constant,  gives 

DOA erfc (X/2~/DAAt) 
NO --~ ...... (NA ~ --  NA') 

Doo erfc (k/2DAA) 1/2 

erfc ( x/2~/Doot ) 
+ No' 

erfc (k/2Doo) i/2 

,DoA erfc (x/2~/Doot) 
-- -- (NA ~ -- NA') [39] 

Doo erfc (k/2Doo) 1/2 
No' is the mole f rac t ion of oxygen  at  the a l loy /sca le  
interface,  which  is also the oxygen  solubi l i ty  l imi t  for  
an al loy of composit ion NA'. Equat ion [39] can be used 
to give the  grad ien t  of the oxygen  profile at  this in te r -  
face, x = Z 

( ONo~ NA~ -- NA' < DOA 

-'~x J z = x -  (~D--'-oo--ti 1/'~ Doo 

DOA exp (--k/2DAA) 

(DooDAA) I/2 erfc (k/2DAA) I/2 

No' } [401 
NA ~ -- NA' 

where the approximation given in [11] has been used. 
The gradient of the metal profile at x -~ X is obtained 
from [I], and combining this with [40] provides an 
expression for the slope of the virtual diffusion path 
in the alloy at the point Where it contacts the surface 
scale 

( dNo )DP _ (  D_~o~oo~o)l/aerfc(k/2DAA)l/2 
z x-- exp (--k/2DAA) 

DOA D0A exp (--k/2DAA) 

Doo (DooDAA) 1/2 erfc (k/2DAA) I/s 

No' 1 [41] 
NA ~ -- NA' 

If ternary interaction were negligible, and DOA -- 0, 
[41] reduces  to [15] g iven ear l ier ,  wi th  D ~  equiva len t  
to DAB, the interdiffusion coefficient in the  b ina ry  alloy. 

Upon subst i tu t ion of [36] for the  constant  off -diago-  
nal  coefficient, at the  specific value  corresponding to 
No', the  a tom fract ion of oxygen at  the  a l loy / sca le  
interface,  [41] becomes 

( dNo ~DP __ 

dNA / ~=x 

( DAA ~I/2 erfc(k/2DA_~)I/2 < 1 

--  No' \ ' -~ -oo  / exp ( - - k / 2 D ~  NA ~ - -  NA' 

( D ~ 1 7 6  1/2 exp( -k /2DAA)  
-{- eoA \--~AA erfc (k/2DAA) 1/2 -- e~ [42] 
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This tangent  to the  composi t ional  profile of the  v i r -  
tual  diffusion pa th  has to be compared  to the  tan-  
gent  to the  so lubi l i ty  curve at  the  composi t ion of 
the  a l loy /sca le  in ter face  (NA',No')  as given by  
[26a]. Equat ion  [42] then  provides  the  l imit ing 
cr i te r ion  for  t rans i t ion  f rom ex te rna l  scale format ion  
accompanied wi th  in te rna l  oxidat ion,  to ex te rna l  scale 
format ion  only. Thus, for in te rna l  oxida t ion  to occur, 
condit ion [18] mus t  be satisfied, ' i r respect ive  of the 
compositio,n NA' on the solubi l i ty  curve:  NA' can  be 
ahead of the oxygen  min imum solubil i ty,  at  this min i -  
mum, or  on the ascending curve. Subst i tu[ ion  of [42] 
and [26a] into [18] gives 

NA~ < I"J~-NA'eAAJc~'NA"oA )< Doo ) 1Is exp(-k/2DAA) . . . .  
NA' u -~- /~O'eO A -{- uNO'eO 0 DAA erfc(k/2DAA) */2 

Doo ~ / 2  

Equat ion [43] m a y  be ut i l ized to define the l imi t -  
ing a tom fract ion of solute A above  which in te rna l  
ox ida t ion  of the  a l loy would  not  oceur, using [5] and  
[32], respect ive ly ,  to define NA' and No'. However ,  first 
it  is appropr ia t e  to in t roduce  the fol lowing simplif ica-  
tion, since ea A and eo ~ are  genera l ly  much less than  
eo A, NO' << NA' 

1 + eAANA ' -{- peoANA ' I -}- veoANA ' 
[44] 

v -~- eoANo ' ~- ueO~ ' v 

Thus r ea r r angemen t  of Eq. [43] gives 

a l loy /sca le  in ter face  cor responding  to Henr ian  and 
non-Henr i an  the rmodynamic  behavior ,  respect ively .  
Thus 

Jo (no in terac t ion)  (No') H 1 
m 

Jo ( in teract ion)  (No')  NH [1 --  eo A (NA ~ --  NA') ] 
[51] 

When t e rna ry  in teract ions  are  considered,  the  total  
oxygen flux, as g iven by  Eq. [47], consists of two par ts :  
that  along the oxygen grad ien t  itself, jo o, and that 
along the meta l  gradient ,  jo v~ 

(-- k/2DAA) __ 1 ] ~ >1 exp 
J J erfc (k/2DAA) 1/2 

[43] 

Jo ( in teract ion)  = jo ~ + jo M [52] 

jo  ~ = - Doo (ONo/~X)~=x [53] 

j0 M ~ -- DOoeoA(No')NII(ONA/OX)~=X [54] 

The latter contribution to the flux, of course, does not 
exist in the case of Henrian or noninteractive behavior. 
However, in the former, the flux of oxygen along its 
own gradient  has also been modified f rom tha t  of 
Henr ian  behavior  due to the  t e rna ry  in terac t ion  since 

[45] 

the oxygen concentra t ion gradients  are  different  in the 
two cases. Equations [48] and [49] give these gradients  
for Henr ian  and non-Henr i an  behavior ,  respect ively;  
an increas ingly  ,negative in terac t ion  p a r a m e t e r  eo A 
causes the  oxygen  grad ien t  to become more  posi t ive 
and thus re ta rds  the  i nward  diffusion of oxygen. The 
contr ibut ions  to the to ta l  oxygen flux by the oxygen 
and meta l  gradients  can be compared  for  the  t e rna ry  
oxidat ion  mode i  

I 1 n u veoANA ~ -- F(u) [i + reO A] 

v ooo ] 
~ (I--NA ~ - -  F (U) [eOA(1- -NA ~ -~- i 

Where the auxiliary function F (u) is defined by [6] 
and as earlier, u replaces N/k/2DAA. In the case of ideal 
behavior ,  when  eo A : -  O, [45] reduces  to [13] ear l ier ;  
that  given by  Wagner  (1). 

Oxygen flux into the alloy.--It is appropr i a t e  here  
to compare  the fluxes of oxygen  into the al loy in the 
two l imi t ing cases in which oxygen is free from, or 
includes t e rna ry  interact ion.  The meta l  concentra t ion 
grad ien t  has been assumed to be ident ica l  in each case. 

J~176 -- I i t- \-~oo( DAA )I/S erfc(k/2DAA)I/S~xp ----k/-7~-~ 
jo M 

eoA(NA -- NA') 

A comparison of Eq. [531 to [54] demons t ra tes  tha t  the 
above flux rat io  is negat ive  when  the influence of the 
in terac t ion  causes the oxygen grad ien t  at  the  a l loy /  
scale in terface  to become positive. Moreover,  the  oxy -  
gen flux along the meta l  g rad ien t  is a lways  g rea te r  in  
magn i tude  than  tha t  a lang the oxygen  grad ien t  ( the 
absolute  value  of the ra t io  in Eq. [55] is a lways  less 
than  1), and so the  ne t  oxygen  flux is a lways  into the  
alloy. 

The oxygen  fluxes are  as fol lows:  

No in te rac t ion  
Jo ---- Doo (ONo/OX) x=x [46] 

Including t e rna ry  in te rac t ion  

( ONo ,SNA) 
Jo = --  Doo Ox "~- eoANo --OX z=X [47] 

Using the approx imat ion  in Eq. [11], together  wi th  
Eq. [2], [40,] and [1] 

ONo) [no in terac t ion]  = - - ( N O ' ) H / ( ~ D o t )  I/2 
r x=x 

[48] 

In our  ear l ie r  pape r  (2) oxygen  diffusion under  the 
influence of i ts own grad ien t  was neglected,  and the 
oxygen flux into the al loy under  Henr ian  behavior ,  
Eq. [46], was compared  wi th  tha t  under  in terac t ive  
condit ions along the me ta l  g rad ien t  only, jo M in Eq. 
[54]. This comparison upon using Eq. [48] and [50] 
becomes 

Jo (no in terac t ion)  (No')  H 

jO M ( in terac t ion)  (No')  NH 

1 

�9 o A (NA o --  NA') 

_ _  D ,~  y / 2  

( D-j/ 
erfc (k/2DAA) I/s 

0No ~ [interaction] -- -- (No')NH 1 + 

,0A(NA ~ --  NA') [ \ -~AA / erfc(k/2DAA) 1/2 

[49] 

SNA > NA o- NA" exp --k/2DAA 

z=x ---- (~DAAt) I/2 erfc(k/2DAA) 1/2 [50] 

where (No')  H and (No')  NH are  the  oxygen solubi l i t ies  
at the particular metal concentration existing at the 

[56] 
exp --  k/2DAA 
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This is identical to the expression in  our earlier paper 
(2) for the special case when (No')H N (No')NH and 
k/2DAA is re la t ively small  

erfc ( k/2D AA ) 1/2 exp ( k/2D AA ) ~__ 1 

Discussion 
An extreme l imitat ion in at tempts  to apply conclu- 

sions from the preceding analysis to practical systems 
is the lack of data on oxygen solubilities in  solid 
b inary  alloys and of te rnary  interact ion parameters.  
Limited data are available for l iquid iron alloys and 
Table I summarizes these from Ref. (4): Ranges of 
values are given in some instances, and these repre-  
sent either exper imental  values [refer to Ref. (4) for 
the original reference] or values calculated theoreti-  
cally from oxygen solubil i ty curves. 

Table I and the value eo ~ = --13.9 indicate that  the 
neglect of eAANo ', ~oANo ' and v~o~ ' in  ar r iv ing at 
Eq. [45]-[44] is justified, par t icular ly  in view 
of the very low value of No', the atom fractio~ of oxy- 
gen at the alloy/scale interface, eo A, the interact ion co- 
efficient for oxygen with the alloying additions which 
would be selectively oxidized from transi t ion metal  
alloys can have high negative values, even at 1600~ 
extrapolat ion of known  values demonstrates  that  these 
become even more negative wi th  decreasing tempera-  
ture. 

The criterion then  which determines  whether  the 
vir tual  diffusion path contacts the oxygen solubil i ty 
curve for the alloy at a tangent  or cuts into and across 
the two-phase al loy-oxide field is given in Eq. [45]. 
This condition can be used to define a l imit ing bulk  
atom fract ian of the selectively oxidized solute, A, in 
the alloy above which in te rna l  oxidation would not 
occur. Equat ion [45] can be rear ranged as a quadrat ic  
in  NA o*, the critical atom fraction 

{ [ u r=oooy' l 1 -- F (u) 1 + 
eoA(NA~ "~ F(U) "~ \ - ~  / J 

--,oA[12r F(u)] }(NA~ + f ,A~  

u ( ~ D ~ 1 7 6  1/2 1 - F ( u )  }--0 [57] 

where as before u replaces (k/2DAA) 1/2 and F ( u )  rep-  
resents the auxi l iary function defined in Eq. [6]. Al- 
though exact calculation of Eq. [57] is not possible at 
this stage, it is nevertheless appropriate  to carry out 
order of magni tude  calculations to examine the influ- 
ence of the various parameters  involved. Clearly NA ~ 
depends on the interact ion parameter  eo A, the two dif- 
fusion coefficients DAA and Doo, and al loy/oxide in te r -  
face recession rate constant  k, which in  t u rn  is directly 
related to the diffusion coefficient of the ionic species 
responsible for scale growth. 

It is appropriate then to consider the ranges of val -  
ues which these parameters  can take. Pr imari ly ,  con- 
cern is with b inary  alloys composed of metals which 
have widely different affinities for oxygen: Fe, Ni, and 
Co-base alloys with solute additions of Cr or A1 which 
tend to form Cr203 or AI~O~ protective scales. The 
growth rates of these la t ter  two oxides depend mar -  
ginal ly on the part icular  alloy involved: However, 
typical parabolic rate constants at 1000~ may be taken 
as 1 • 10 - l ~  and 8 • 10 -14 g2 cm-4  sec-1, respectively 

Table I. Oxygen solubility data in liquid iron alloys at 1600~ (4) 

(7). These parabolic rate constants in terms of weight 
increase per uni t  surface area, the conventional  kp, a r e  

related to the alloy recessian rate constant  through 

k = (2VA/vMo)~kp [58] 

where "CA is the molar  volume of the alloy, Mo the 
gram molecular  weight of oxygen, and v the ratio of 
oxygen ions to metal  cations in  the oxide AOv. Thus, 
the rate constant k has values of approximately 8.0 X 
10 -12 and 6.4 • 10 -15 cm 2 sec -1 for Cr203 and A12Oa 
growth at 1000~ respectively. 

AlloY interdiffusion coefficients, which are essen- 
t ially equivalent  to DAA, are summarized in  Table II 
along with the appropriate oxygen diffusivities: Again 
the data are at 1000~ and are only in tended to repre-  
sent order of magni tude  values. 

Thus, approximate values of the ratios k/DAA and 
Doo/DAA per t inent  to the Cr20~ and A1203-forming 
systems are given in  Table III. 

As was seen in Table I, the interact ioa parameter  
~o A is l ikely to lie in the range --10 to --500. Positive 
values need not be considered since these would corre- 
spond to noble metals, with low oxygen affinities, 
and thus unl ike ly  to be selectively oxidized. 

Wagner  (15) and Whitt le (16) have derived the 
following relationship to define the l imit ing bulk  
mole fraction of A required to form the surface scale 
AOv 

NA ~ = F[  (�89 1/2] [59] 

upon assuming that  oxygen diffusion in the alloy can 
be ignored. Equat ion [57] also leads to Eq. [59] when 
eo A = 0 and Doo/DAA is ignored. Only the diffusion of 
the selectively oxidized solute is involved, and the 
condition represents the cri terion that  the concentra-  
t ion of the solute at the al loy/scale interface must  not 
fall below the value at which the oxide AOv becomes 
thermodynamical ly  unstable.  In  practice, where there 
is a wide difference in  stabili ty between the oxides of 
the various components, this concentrat ion at the 
alloy/scale interface is v i r tua l ly  zero. The l imit ing con- 
dition defined by Eq. [59] is shown as one of the 
curves in Fig. 5 where NA o* is plotted as a function 
of k/DAA for different ratios of Doo/DAA. For this 
l imit ing case, Doo/DAA -" 0, and wi th  increasing values 
of k/DAA, that is, either the scaling rate increases or 
the diffusio,n rate in  the alloy decreases, the l imit ing 
bulk  concentrat ion increases. 

One may develop a more realistic model by con- 
sidering finite oxygen diffusivities in  the alloy but  with 
no interaction. Equat ion [57] then reduces to Eq. [13] 
earlier: This is Wagner 's  pseudobinary model. NA o* is 
shown as a funct ion of k/DAA and Doo/DAA for this 
condition in Fig. 5. As would be expected, increase in  
the relative rate of oxygen diffusion in the alloy to 
that of the alloying element  increases the critical bulk  
atom fraction of A required for exclusive external  
oxidation. 

Table II. Alloy and oxygen interdiffusion coefficients at IO00~ 

System DAA (cm"-/sec) Doo (cm-~/sec) 

Fe-Cr 6 x 10 -1o (8) 7 • I0 -s (in Fe) (9) 
Ni-Cr 2 x 10 -n (I0) 4 • 10 -9 (inNi) (11) 
Co-Cr 4 • i0 -Is (12) 
Fe-AI 5 x I0 -g (13) 
Ni-AI 2 • 10 -I~ (14) 

Table Ill. Values of the ratios k/DAA and Doo/D~_~ for 
(Fe, Hi, Co)-(Cr, AI) systems 

System No sol. (min) NA (min) eA A eo A S y s t e m  k/D~A DOO/DAA 

VsOs/Fe-V-O 0.00055/0.00061 0.0273/0.0350 3.2 - -22 .0 / - -38  6 
Ti~Oa/Fe-Ti-O 0.00011/0.0019 0.0093/0.0122 9.0 - - 7 3 . 0 / - 2 2 2 . 0  
AI~O~/Fe-A1-O 0.00024 0.0010 5.3 - 3 6 0 . 0 / -  433.0 
Cr2Oa/Fe-Cr-O 0.00028/0.0010 0.0747/0.0906 0.0 - 7 . 0 / -  12.7 
NbO~/Fe-Nb-O 0.00060/0.00073 0.0097/0.0115 3.2 - 4 5 . 0 / - 5 4 . 0  

Fe-Cr 0.013 117 
Ni-Cr 0.4 2{}0 
Co-Cr 2 
Fe-A1 1.2 x 10 -6 14 
Ni-A1 3.2 • 10 -~ 20 
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Fig. 5. The critical atom fraction of A in the alloy, NA ~ for 

exclusive external oxidation as a function of k/DAA and Doo/DAA: 
no interaction. 
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Fig. 6. The critical atom fraction of A in the alloy, NA ~ 
for exclusive external oxidation as a function of k /DAA and the 
interaction parameter eo A. Doo/DAA ~ 100. 

Fina l ly  the t e rna ry  model  involving non-Henr i an  
in teract ion:  Fig. 6 shows NA o* as a funct ion of eo A and 
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k/DAA at a va lue  of Doo/DAA = 100. The cri t ical  atom 
fract ion NA o* lies on each ca lcula ted  curve  be tween  
two l imi t ing  values  depending  on eoA: The upper  va lue  
at ~o A = 0 corresponds to Henr ian  the rmodynamic  be-  
havior,  the  lower  l imi t ing va lue  at  eo A = - - ~  is iden-  
t ical  to Eq. [59] above. However ,  this  is not  because 
oxygen  diffusion in the  a l loy becomes insignificant bu t  
wi th  la rge  negat ive  values of eo A the min imum in the  
oxygen  so lubi l i ty  curve  decreases  to lower  a l loy solute 
concentra t ions  as shown in Fig. 6, and  the solubi l i ty  
rises more  sharp ly  af te r  this m i n i m u m  (Fig. 3b).  Thus, 
a l though the diffusianal  flux of oxygen  into the  a l loy 
may  be  substant ia l ,  the  oxygen  so lubi l i ty  curve is ve ry  
steep and the al loy does not  become sa tu ra t ed  wi th  
respect  to AOv because  the  diffusion pa th  does not  cut  
into the two-phase  a l loy and oxide field. 

Wi th in  the  reasonable  range  of in terac t ion  coeffi- 
cients, eo A, re fe r red  to ear l ier ,  --500 to --10, the  cr i t i -  
cal mole f ract ion of solute for exclusive ex te rna l  scale 
formatio,n, NA o*, is most affected by  non-Henr i an  be-  
havior.  Fur the rmore ,  as soon as oxygen diffusion in  
the al loy becomes significant, pa r t i cu l a r ly  when  the 
a l loy diffusion coefficient is smal l  and re l a t ive ly  la rge  
deple t ions  exist,  the  in terac t ion  be tween  dissolved 
oxygen and the solute mus t  be significant, o therwise  
only al loys r ich in the  solute A would be  able  to fo rm 
exclus ively  an ex te rna l  scale. The  two upper  curves  in  
Fig. 6 m a y  not  be pa r t i cu l a r ly  significant because  th~ 
s imple  model  of t he rmodynamic  behavior  based on 
Wagner  in terac t ion  coefficients is not  e x p e c t e d  to re -  
ma in  val id  at  solute concentra t ions  exceeding about  
30 atomic percent .  However ,  the  a l loy composi t ion 
near  the a l loy /sca le  in terface  is more  impor t an t  in 
de te rmin ing  whe the r  a d i lu te  solut ion approx imat ion  
can be used. This is shown in Fig. 7 for  the  cases 
Where the  bu lk  a tom fract ion is the cr i t ical  va lue  to 
p reven t  in te rna l  oxidat ion,  NA o* as shown in Fig. 6. 
The cr i t ical  concentrat ions  at  the  a l loy / sca le  interface,  
NA', are  ca lcula ted  as a funct ion of the  ra t io  k/DAA and 
r A wi th  Doo/DAA : 100, using Eq. [5]. Thus, the  
s imple in terac t ive  solut ion model  is p robab ly  va l id  for  
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Fig. 7. The atom fraction of A at the alloy/s:ale interface, 
NA',  corresponding to the transition from internal to external 
scale formation as a function of k /2DAA and the interaction pa- 
rameter eo A. Doo/DAA - -  100. 
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all the situations other than where k/DAA is relat ively 
large, and the interact ion is weak corresponding to 
small  negative values of eo A. Figrue 7 also indicates 
that i,n most instances the critical concentrat ion cor- 
responds to a point  on the solubil i ty curve to the right 
of the oxygen solubil i ty min imum,  that is, on the 
ascending par t  of the solubil i ty curve. 

The dist inction between Henr ian  and non -Henr i an  
thermodynamic behavior  of oxygen in the alloy on 
both the oxygen solubil i ty curve and the diffusion 
path is demonstrated s Fig. 8. The oxygen solubil i ty 
curves have been calculated according to Eq. [32] for 
different values of the interact ion parameter,  eO A, 
using a value for the Henr ian  solubil i ty product, K~, 
(defined in Eq. [31]) of 10 -12. As was pointed out 
earlier, the solubil i ty curves exhibit  min ima  of larger 
oxygen concentratio,ns and at smaller base metal  con- 
centrations as eo A becomes more negative. The absolute 
slopes of the curves behind the min ima also markedly  
increase as +o A increases in  negative value. The curve 
for Henr ian  behavior, ~o A = 0, shows no minimum.  
Diffusion paths are also included in Fig. 8. These have 
been calculated using Eq. [39] and [i]  to give the 
oxygen and metal  concentrat ion profiles, respectively, 
and then e l iminat ing the variable x /~ / t  from the two 
expressions; the following values of the diffusion pa-  
rameters were used: k = 10 -12, DAA = I0 -I0, Doo 
i0 -8, and ~, ---- 1.5. The diffusion cofficients and the 
alloy recession rate constant all have the same units. 
The diffusion paths correspond to a bulk  alloy com- 
postion, NA o, of 0.178 which is the critical value neces- 
sary to prevent  in te rna l  oxidation under  these condi- 
tions when eo A has a value of --I00: This is shown in 
Fig. 6. At  small  negative values of the interact ion 
coefficient, this par t icular  alloy composition is not 
sufficient to prevent  in terna l  oxidation and the slope 
of the diffusion path is greater than that of the solu- 
bil i ty curve at the point  corresponding to the a l loy/  
scale interface. Thus, the diffusion path cuts into the 
two-phase alloy and oxide phase field as shown in  
Fig. 8. Increase in the negative value of the interact ion 
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Fig. 8. The oxygen solubility curve according to Eq. [32] with 
k = 10 -10 and v = 1.5 with diffusion paths superimposed for 
an alloy of NA ~ = 0.178: k = 10 -12 , DAA ---- 10 - l ~  , Doo 
= lO-S.  

SCIENCE AND TECHNOLOGY July I978 

parameter  increases the slopes of both the diffusion 
path and the oxygen solubil i ty curve and it is the 
in terplay between these two factors which governs 
the critical atom fraction of solute in the alloy neces- 
sary to prevent  in te rna l  oxidation. 

Of course, it must  be remembered that  in ternal  
oxide and a surface scale are formed when the vi r tual  
diffusion path cuts i,nto the alloy and oxide phase field. 
This in ternal  oxide precipitat ion confines the actual 
diffusion path along the solubili ty curve in  the alloy. 
The effective removal  of a fraction of the solute A 
diffusing to the alloy/scale interface to form the sur-  
face scale must  then be taken into account. Certainly, 
this modified diffusion path leads to a reduced concen- 
trat ion of A at the al loy/scale interface. However, it  
may not necessarily be reduced such that other less 
stable oxides of the solvent metal  are formed. It is not 
possible to proceed fur ther  and calculate actual dif- 
fusion paths for these l imit ing cases without  detailed 
knowledge of the a l loy-oxygen solubil i ty curves. 

Equation [51] compares the flux of oxygen into the 
alloy from the alloy/scale interface under  the assump- 
tion of Henria,n and non -Henr i an  thermodynamic  be- 
havior. Figure 9 shows this ratio, jOH/JO NH, as a func-  
tion of the interact ion parameter,  eO A, with various 
values of k/DAA. The value of k/DAA determines the 
metal  concentrat ion profile in  the alloy and, in par-  
ticular, the concentrat ion of A at the alloy/scale in te r -  
face for a given bulk  alloy content  of A, NA o. The 
curves in Fig. 9 have been calculated for NA o : 0.2: 
this alloy content  is sufficient to prevent  in terna l  oxi- 
dation under  these conditions (k/DAA = 10 -2, Doo/DAA 
.~ 102) only when  eo A is less than a certain value, as 
indicated by the arrows in Fig. 9 for the various ratios 
of k/DAA. 

The concentrat ion of A at the alloy/scale interface, 
NA', is independent  of eOA; No', however, the concen- 
t ra t ion of oxygen, is s trongly dependent  on eo A in-  
creasing markedly  with increasing negat ive  values of 
eo A as shown in Fig. 8. Thus, there are two factors 
contr ibut ing to the decreased flux of oxygen into the 
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Fig. 9. The ratio of oxygen flux at the alloy/scale interface 
with Henrian thermodynamic behavior to that with non-Henrian 
behavior for an alloy of NA ~ = 0.2. The ratio of solubilities and 
the effective diffusion coefficient are also shown. Conditions to 
the left of the vertical arrows correspond to exclusive surface 
scale formation, and to the right, combined internal and external 
oxidation for the indicated ratio of k / D ~ .  Doo/DAA = 100. 



Vol. 125, No. 7 I N T E R N A L  O X I D A T I O N  ON B I N A R Y  A L L O Y S  1125 

a l loy under  Henr ian  behav ior  ( joH/jo NH) < 1: the  de -  
creased oxygen  so lubi l i ty  in  the  a l loy as r epresn ted  by  
the term,  (No')H/(No')NH, and a decreased effective 
diffusion coefficient because under  He~urian behav ior  
the  only dr iv ing  force for  oxygen  diffusion i nward  is 
its own concentrat ion.  These two factors a re  shown 
sepa ra t e ly  in Fig. 9. The former,  re la t ing  to the change 
in oxygen  solubil i ty ,  is the more  impor t an t  t e rm:  It  
decreases  as k/DAA decreases since as the meta l  
g rad ien t  decreases the diffusion pa th  contacts  the  
oxygen  solubi l i ty  curve at  h igher  oxygen  concent ra-  
tions. In  contrast ,  the  effective diffusion parameter ,  
1 / 1 - - e • ~ 1 7 6  increases  as k/DAA decreases 
since the  reduced  meta l  gradients  correspond to a re -  
duced dr iv ing  force for  oxygen  inward.  For  eo A values 
in the  range  of interest ,  --10 to --100, the oxygen 
flux under  in terac t ive  condit ions is a lways  ve ry  much 
l a rge r  than  when  Henr ian  solut ion of oxygen  in the  
a l loy prevai ls .  

A n  ex t r eme  limitatio,n in t ry ing  .to app ly  the  con- 
clusion of  the  p reced ing  analysis  is the lack  of oxy-  
gen so lubi l i ty  da ta  in b inary  al loys and of t e rna ry  
in terac t ion  pa ramete r s :  Sui tab le  the rmodynamic  mod-  
els of solut ion behavior  have also not  been developed 
to pe rmi t  o rder  of magni tude  calculations.  The mea-  
sured  oxyge~ solubi l i t ies  in pure  meta ls  whose oxides 
g row by  cat ion t r anspor t  are  exceedingly  small ,  of the 
o rder  of par t s  per  mil l ion,  and consequent ly  exper i -  
menta l  de te rmina t ion  is ex t r eme ly  difficult, pa r t i cu -  
l a r ly  since the  var ia t ion  of this  so lubi l i ty  as a func-  
t ion of the solute a l loy ing  e lement  content  is required .  
However ,  measuremen t  of oxygen  act ivi t ies  in sa tu-  
r a t ed  b ina ry  al loys m a y  be sufficient. Te rna ry  A - B - O  
phase  d iagrams  can be r ead i ly  re la ted  to oxygen ac-  
t i v i t y / a l l o y  d iagrams  in which log ao is shown as a 
funct ion of the  a tom fract ions of meta l  in al l  the pos-  
s ible phases. Moreover ,  diffusion paths  can read i ly  be 
super imposed  on these diagrams,  in the  same way  as 
on phase d iagrams re fe r red  to ear l ier .  Severa l  of these 
d iagrams  for t rans i t ion  meta l  a l loys -oxygen  are a l -  
reaaLy ava i lab le  (17), for  example :  Fe -Ni -O,  ~e -Cr -O ,  
and Ni -Cr-O,  having  been de te rmined  by  e lec t ro-  
chemical  and gas equi l ib ra t ion  methods.  

Defining the  oxygen  act ivi ty,  ao s, on the oxygen  
solubi l i ty  curve, accordng to the  Wagner  formal i sm 

In ao s : In No s + In 7o s 

--  In No s -t- In ~o o ~ ~oONo s ~ eoANA s [60] 

the  slope of the so lubi l i ty  curve is g iven by  

( dNo ) s~ daoS ~ No s 

 § 
) ] os  oO oS 

Thus, the  l imi t ing  cr i te r ion  separa t ing  the t rans i t ion  
f rom exclusive  ex te rna l  oxida t ion  to combined in-  
t e rna l  and ex te rna l  oxidatio,n as given in Eq. L18] using 
Eq. [42] for the  g rad ien t  of the  diffusion path,  and Eq. 
[61] in place of [26a] for  the  g rad ien t  of the  solubi l i ty  
curve, m a y  be wr i t t en  as 

exp  --  u 2 NA ~ --  NA' 

( D~176 ~ 1/~ e x p - - ~  2 } 
+ eoA \ "-D~AA / erfc U eAO 

[ 1 ( ooS  ] 
~--- ~ \ ~ / - - e o  A [62] 

u represen ts  the  ra t io  (k/2DAA) 1/~ as earl ier .  The 
different ia l  term,  1/ao s (daoS/dNA) can be de te rmined  
f rom the in ao as a funct i ion of NA data  r e fe r red  to 
ear l ier .  The in terac t ion  parameter ,  eo A, can be obtained 

if the  al loy composit ion at  the  m i n i m u m  oxygen  
solubi l i ty  is known. At  the  minimum,  (dNo/dNA) -" 0 
and thus Eq. [61] gives 

( d~oS 
eO A 1/ao s [63] 

= \ ~ / r  

Accordingly ,  i t  is not  necessary to know the  absolute  
value  of the  min imum oxygen solubil i ty,  but  only  the 
a tom fraction,  NA, at  which this m in imum occurs. 
Possibly,  e lect rochemical  t he rmodynamic  and coulo-  
met r ic  techniques using solid e lec t ro ly tes  could be 
used to de te rmine  these parameters .  

The concepts out l ined  in this  pape r  m a y  be ex tended  
to the  oxida t ion  of t e rna ry  alloys. For  example ,  i t  has 
been known for severa l  decades tha t  tt~e addi t ion of 
an a l loying e lement  which forms an oxide p re fe r -  
en t ia l ly  to the  solver~t meta l  of ten prevents  the  in te rna l  
oxida t ion  of the  a l loying eleme~nt in a b ina ry  al loy 
Which forms the most s table  oxide .The additio,n of Cr 
to Fe- ,  Ni-,  or Co-A1 alloys leads  to the  format ion  o~ 
A120~ solely as an ex te rna l  scale at  A1 concentrat ions  
much less than  requ i red  in the  b ina ry  alloys. Fo l low-  
ing a suggestion by  Wagner  (18) this phenomenon has 
usual ly  been descr ibed as due to a ge t te r ing  actio~ by  
the e lement  whose oxide is of in t e rmed ia te  s tabi l i ty ,  
even though only AluO3 is fo rmed dur ing  s t eady-s ta te  
oxidation.  The function of the  addi t ional  e lement  ac-  
cording to our  diffusional analysis  is to ensure tha t  the  
diffusion pa th  only co,ntacts or in the  l imi t  tangents  
the oxygen  solubi l i ty  surface  at  an a rea  where  A12Os 
exists  in equ i l ib r ium wi th  the alloy. 

Summary 
The pseudobinary  model  considered by  Wagner  for 

the onset of in te rna l  oxida t ion  benea th  the  ex te rna l  
scale based on the cr i te r ion  that  condit ions mus t  exis t  
at the al loy side of the sca le /a l loy  for  the  produc t  of 
the  se lect ively  oxidized meta l  and oxygen  concentra-  
tions to exceed the solubi l i ty  of the b ina ry  oxide has 
been expanded  into a t e r n a r y  the rmodynamic  and 
diffusional formal i sm using the A - B - O  iso therm and 
the p lacement  of the  represen ta t ive  diffusion paths  
on this isotherm. The Wagne r  fo rmal i sm for in te rac -  
t ion coefficients was ut i l ized to in t e rp re t  the  t e r n a r y  
solut ion the rmodynamics  and the F ick ian  type  diffu- 
sion. I t  was possible to demonst ra te ,  firstly, tha t  ex-  
t e rna l  scale formatio,n accompanied by  in te rna l  oxi-  
da t ion  occurs when  the v i r tua l  diffusion pa th  for the 
al loy cuts into and across the two phase a l loy-ox ide  
field and, secondly, tha t  a l imi t ing a tom fract ion of the  
se lect ively  oxidized solute a l loying e lement  for  ex-  
t e rna l  scale format ion  alone can be defined by  the 
diffusio,n pa th  in the  al loy which  tangents  the  oxygen 
solubi l i ty  curve for the alloy. Typica l  ranges  of in-  
te rac t ion  pa rame te r s  appl icable  to cobalt ,  iron, and 
n icke l -base  al loys were  used to show the effects of 
the diffusion coefficients, scaling constants,  and in-  
te rac t ion  pa ramete r s  on this l imi t ing  solute a l loying 
e lement  concentrat ion.  In  the  case of ~on -Henr i an  
solut ion behavior  of oxygen,  this cri t ical  a l loy com- 
posi t ion corresponds genera l ly  to a point  on the  solu-  
b i l i ty  curve to the  r ight  of the oxygen  solubi l i ty  min i -  
mum, tha t  is, on the  ascending par t  of the  solubi l i ty  
curve. 
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Chemical Mechanisms in Photoresist Systems 
Part II. Thermal Reactions of a Bisazide Resist 

Shigeki Shimizu 1 
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ABSTRACT 

We have  inves t iga ted  the the rmal  react ion of a negat ive  photores is t  
(cyclized poly isoprene  ~- bis (4-azidobenzal)  cyclohexanone)  by  in f ra red  spec-  
troscopy. Two ma jo r  the rmal  crossl inking react ions were  observed,  one is 
the  oxida t ive  po lymer iza t ion  of cyclized poly isoprene  and the other  is the  
decomposi t ion of bisazide. At  100~ the  oxida t ive  crossl inking in  a i r  p ro -  
ceeds about  th ree  t imes  fas ter  than  the bisazide crossl inking.  The  ac t iva t ion  
energies  of these react ions were  de te rmined  as 32 and 23 kca l /mole ,  respec-  
t ively.  Extens ive  crossl inking of cyclized poly isoprene  tends to r e t a rd  t h e  
bisazide decomposi t ion reaction.  This r e t a rda t ion  is a t t r ibu ted  to a cage effect 
of the  increas ing r ig id  matr ix .  

Thermal  fog stands in the  w a y  of any  organic  imaging 
systems (1). In  photoresis ts  the rmal  fog may  become 
a problem,  especia l ly  in the  process of prebaking.  P r e -  
bak ing  is gene ra l ly  thought  necessary  to get  ha rd  
films and good adhesion of po lymer  to the Si wafer ,  but  
i t  can also cause the rmal  fog at  h igher  t empe ra tu r e  or  
longer  p rebak ing  times. DeFores t  (2) shows a l lowable  
p rebak ing  t imes for  severa l  types  of commercia l  photo-  
resists  at different  p rebak ing  conditions. Naka~e (3) 
did  a more  quant i ta t ive  s tudy on a pos i t ive - type  resist,  
observing u.v. absorpt ion  and the rmal  decomposi t ion 
of quinone diazide. Work ing  wi th  a negat ive  pho tore -  
sist, Moreau et al. (4) s tudied photo crossl inking of 
b isaz ide-cycl ized  poly isoprene  and repor ted  enhanced 
sens i t iv i ty  at  h igher  tempera tures .  

We have  conducted a mechanis t ic  s tudy on the rmal  
react ions of a re la ted  nega t ive  resis t  (b i s (4 -az ido-  
benza l ) - cyc lohexanone  -t- cyclized polyisoprene)  by  
in f ra red  spectroscopy, thus gaining some informat ion  
on the ra te  of r emova l  of bisazide and the ra te  of po ly -  
mer  immobi l iza t ion  by  the t he rma l  reactions.  The de-  
creased impor tance  of d i rec t  bisazide crossl inking in 
the  ove r -a l l  t he rma l  react ions  in a i r  is exp lored  in 
detai l .  

Results and Discussion 
Comparison of crosslinking efficiency between the 

thermal reactions and the photoreactions o] bisazide 
resist.--When equal  amounts  of bisazide are  decom- 
posed t he rma l ly  and photochemical ly ,  we might  at  first 
assume that  t hey  form equal  amounts  of b i samine-  
crossl ink in a negat ive  photoresist .  We can obta in  the  

1 Present address: Mitsubishi Chemical Industries, Research Lab- 
oratory, 1000 Kamoshida, Midori-ku, Yokohama. Japan. 

Key words: film, infrared, oxidation, polymerization. 

informat ion on the ex ten t  of the  crossl inking react ion 
by  compar ing  the film thickness of photoresis t  before  
and af te r  deve lopment  (dissolve in benzene for 3 min) .  

F igu re  1 shows the percen tage  of  po lymer  re ten t ion  
af te r  development)  vs. the  percen tage  of decomposed 
bisazide. There  is a g rea t  difference be tween  the rmal  
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Fig. I. Crosslinking vs .  reacted bisazlde in photo and thermal 
reactions of photoresist. Photoresist: 3% bisazide, 1.2 #m coating 
on Si. A:thermal reaction at 100~ in air; B:photoreaction by 
365 nm dosing at 25~ at 3.6 rnJ/crn 2 rain under N2. 
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and photoreact ion.  At  100~ in a i r  and wi th  no ex-  
posure,  about  70% of the  cyclized poly isoprene  is r e -  
ta ined  a f te r  only  15% decomposi t ion of bisazide. The 
re ten t ion  of 70% of polymer ,  a f te r  t he rma l  react ions  
have decomposed only.15% of the  bisazide, c lear ly  in-  
dicates  tha t  a t  least  one addi t ional  t he rma l  cross l ink-  
ing reac t ion  is opera t ing  independen t  of the bisazide. 
To re ta in  this  f ract ion of the  po lymer  by  room tem-  
pe ra tu re  photocross l inking under  N2 requi res  55% re -  
ac t ion of bisazide (at  3%/wt .  load ing) .  

Thermal crosslinking of cyclized polyisoprene.--We 
made  severa l  coatings of cycl ized poly isoprene  (no 
bisazide added)  on Si wafers  and  observed the i r  cross- 
l ink ing  b y  compar ing  film thickness  before  and af te r  
development .  F igu re  2 shows the percentage  of po ly -  
mer  re ten t ion  (af te r  deve lopment )  at  different  t em-  
pe ra tu res  and hea t ing  times. I t  shows tha t  cyclized 
po ly i soprene  crossl inks t h e r m a l l y  wi thout  the  a id  of 
bisazide. This is the  main  reason w h y  the the rmal  
crossl inldng in Fig. 1 proceeds fu r the r  than  the photo 
crossl inking when  ident ical  amounts  of bisazide are  
decomposed.  The smal l  difference be tween  80% po ly -  
mer  re ten t ion  in film 2C (no bisazide)  vs. 97% re ten-  
t ion in film 2D (3% bisazide) on the t ime- independen t  
re ten t ion  p la teau  at  5 h r  (100~ is assigned to the  
effect of bisazide crosslinking.  

We observed  IR spect ra  of cycl ized polyisoprene  
upon  heat ing.  When  a film is hea ted  at 100~ in a i r  
for  24 hr, the  IR spec t rum shows a t remendous  change, 
ind ica t ing  the  format ion  of OH groups (3500 cm-1 ) ,  
i sola ted .~0 groups (1720 cm -1)  and conjugated  C--O 
groups (1690 c m - 1 ) ,  as in Fig. 3. The fo rmat ion  of 
these groups can be exp la ined  as the  t e rmina t ion  p rod -  
ucts of ox ida t ive  rad ica l  react ions tha t  a re  in i t ia ted  by  
the  t he rma l  decomposi t ion of peroxide.  The  peroxides  
are  uns tab le  and the i r  IR absorpt ion  cannot be iden t i -  
fied in Fig. 3. I t  is wel l  known tha t  oxygen  reacts  wi th  
polyolefins to form peroxide,  which  ini t ia tes  rad ica l  
cross l inking upon hea t ing  (5). 

Both crossIinking and chain scission react ions a re  
r epor ted  to occur in the  oxida t ive  hea t ing  of unsa tu -  
r a t ed  polyolefins, the  former  lead ing  to gels and the 
l a t t e r  decreas ing the viscosi ty (5).  In  the case of cy-  
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Fig. 2. Thermal crosslinking of cyclized polyisoprene in air as 
observed in terms of percent polymer retention on development 
with benzene for 3 min. A = 82~ 0% bisazide, 1.0 /~m coating 
on Si; B = 90~ 0% bisazide, 1.0 ~m coating on Si; C ~ 100~ 
0% bisozide, 1.0 Fm coating on Si; D = 100~ 3% bisazide, 
1.2 #m coating an Si. 
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Fig. 3. IR spectra of cyclized polyisoprene film on NaCI. 
100~ in air, 24 hr; . . . . .  control, no thermal treatment. 

clized polyisoprene,  ox ida t ive  crossl inking appa ren t ly  
p redomina tes  over  ox ida t ive  chain scission since hea t -  
ing in a i r  does immobil ize  the  po lymer  ins tead of in-  
creasing its solubil i ty.  

The crossl inking of cycl ized poly isoprene  also p ro -  
ceeds in vacuum, though at  a s lower  ra te  than  in air.~ 
This crossl inking can be a t t r ibu ted  to the smal l  amount  
of res idual  ca ta lys t  for  the  cycl izat ion (p- to luene  sul-  
fonic acid) ,  which might  in i t ia te  the  in te rmolecu la r  
react ion analogous to the  in t ramolecu la r  cyclizat ion 
(10). The crossl inking in vacuum can be reduced  to 
one- four th  b y  washing  the po lymer  solut ion (15% in 
xy lene)  in 0.1N NaOH aqueous solut ion for 3 hr. 

There  is also a r epor t  tha t  polycycl ized poly isoprene  
is fo rmed when poly isoprene  is hea ted  in vacuum be-  
tween  200 ~ and 300~ (6). This polycycl ized poly iso-  
p rene  shows no v inyl idene  absorpt ion  l ike  tha t  which 
is observed  in pa r t i a l l y  cycl ized poly isoprene  (7). The 
IR spect ra  of our  films of cycl ized poly isoprene  show 
no decrease  of the  v inyl idene  absorpt ion  (875 cm -1) 
af ter  heat ing in vacuum at l l0~  for 72 hr, indica t ing  
no fu r the r  in t r amolecu la r  cycl izat ion a round  this t em-  
pera ture .  

Thermal decomposition oi bisazide in photoresis ts .~ 
Figure  4 shows the plot  of the  logar i thm of IR azido ab-  
sorbance  vs. t ime of hea t ing  in  air.  The decrease  of 
azido absorbance  shows a r e t a rda t ion  as the  the rmal  
reac t ion  proceeds somewhat  s imi lar  to tha t  observed 
in the  photoreac t ion  (8). 

Making  severa l  coatings wi th  different  az ide  con- 
centrat ions,  we compared  azide decomposi t ion charac-  
ter is t ics  be tween  the rma l  and photoreact ion.  In Fig. 
5A, two coatings (I  vs. II)  w i th  different  azide con- 
cen t ra t ion  show different  r e t a rda t ion  character is t ics  
upon exposure.  F i lms  coated wi th  h igher  azide con- 
cen t ra t ion  show more  re t a rda t ion  because of g rea te r  
genera t ion  of b i s -amine  ( reac ted  bisazide) which 
works  as an energy  acceptor  for photoexc i ted  bisazide 
and lowers  the  quan tum y ie ld  of bisazide pho todecom-  
position. In  the rmal  react ion (Fig. 5B), two coatings 
at  different  azide concentrat ions  showed the same 
character is t ic  r e t a rda t ion  curve (I vs. I I ) ,  in g rea t  
cont ras t  wi th  the  photoreact ion.  I t  can be concluded 
immed ia t e ly  tha t  the  energy  t ransfer ,  character is t ic  
of the  photoreact ion,  is not opera t ing  in the  the rmal  
decomposi t ion re tardat ion .  

We made  ex tended  observat ions  on the  r e t a rda t ion  
of bisazide decomposi t ion at  90 ~ and 100~ in a i r  and 
compared  these wi th  the  da ta  on ox ida t ive  po lymer iza -  
t ion of cycl ized polyisoprene.  A t  90~ the re ta rda t ion  
of azide decomposi t ion becomes constant  on the  log 
(absorbance)  vs. t ime plot  a f te r  17 h r  (Fig. 6A), a 

We es t ima te  t ha t  the  reaction r a t e  of no rma l ,  u n w a s h e d  poly- 
m e r  fo r  cross l inking in v a c u u m  is about  one-fifth t h e  r a t e  fo r  oxi- 
da t ive  cross l inking in air. Th e  m e a s u r e m e n t  was  difficult to per-  
f o r m  in v a c u u m  since t h e  oven  d ev e lo p ed  t h e r m a l  g r ad i en t s  in 
the  absence  of a c i rcu la t ing  atmosphere ,  and film temperature  
was  poor ly  control led.  
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t ime corresponding to the t ime when the percentage 
of polymer re tent ion after development  reaches its 
saturat ion value (Fig. 2B). This same correlation can 
also be observed at 100~ after 3 hr by comparing the 
re tardat ion of azide decomposition in Fig. 6B with the 
oxidative crosslinking in Fig. 2C. 

Thus this re tardat ion can well be explained by the 
cage effect of crosslinked polyisoprene. The cage effect 
is an inhibi t ion of a dissociation reaction by a rela-  
t ively rigid solvent or polymer  medium which pre-  
vents that  degree of nuclear  motion necessary to ac- 
complish bondbreaking.  It is a famil iar  effect in  studies 
of photodissociation in glassy matrixes. Crosslinking 
makes the polymer mat r ix  more rigid and does seem 
to make the thermal  decomposition of bisazide in-  
creasingly difficult. 

Activation energy o] thermal reactions.--By assum- 
ing that the same amount  of thermal  and photodecom- 
position of bisazide produce the same amount  of bis- 
amine crosslinks we can compare the crosslinking re-  
action rates by bisazide decoml~osition and oxidative 
polymerization.  

]Hgure 1-B shows that 48% bisazide photodecomposi- 
t ion causes 60% (after development)  polymer re ten-  
t ion when the azide concentrat ion is 3% based on poly- 
mer. Oxidative thermal  polymerizat ion of cyclized 
polyisoprene can be neglected at room tempera ture  
over the elapsed time of the experiment.  From the 
ini t ial  slope of thermal  decomposition of bisazide in 
Fig. 4 and 6 we can obtain the reaction times that  are 
required for 48% decomposition of bisazide. 

The corresponding time for 60% polymer retent ion 
(.after development)  by oxidative polymerizat ion of 
azide-free polyisoprene can also be obtained from 
Fig. 2. 

~5 
HR 

Fig..5. Comparison of the concentration dependence of photo 
and thermal decomposition of bisazide in photoresists. A:photo- 
rea:tion at 365 nm at 25~ 5.0 mJ/cm~ min; B:thermal reaction 
at 100~ in air; 1:4.6% bisazide, 2.7 /~m coating on Si; 11:0.9% 
bisazide, 2.7 ~m coating on Si. 

The reciprocals of these times for 60% retent ion of 
polymer can be interpreted as solid-state reaction rate 
constants, and by plott ing the logari thm of rate con- 
stants vs. (1) tempera ture  we obtain the activation en-  
ergies of bisazide decomposition and oxidative self- 
polymerizat ion of cyclized polyisoprene. In  Fig. 7 the 
two reaction rate constants cross around 65~ indicat-  
ing that oxidative crosslinking causes more " thermal  
fog" than bisazide decomposition at the normal  pre-  
baking temperature  (80~ and at the normal  azide 
concentrat ion (3 %). 

The activation energy of bisazide decomposition is 23 
kcal/mole,  whereas that  of oxidative self-polymeriza-  
t ion is 32 kcal/mole, z The activation energy of bisazide 
looks very low, but  it is in accord with the previous 
work (9) on substi tuted 2-azidobiphenyls whose acti- 
vat ion energies can be as low as 25.5 kcal /mole when 
the azido group is conjugated with various electron 
donating groups in para-posit ion. This low activation 
energy is presumed to be the energy for rupture  of a 
single azide bond. (If two groups could be broken 
directly with 23 kcal of energy, a gross instabi l i ty  of 
the bisazide molecule would be implied.) This low 
value can also be used indirect ly to support  the ob- 
served single photon simultaneous cleavage of bisazide 
molecules (8). The input  of 80 kcal of optical energy 
plus the actual exothermal bond-breaking  of the first 
azido group can be considered as producing an energy-  
rich azidonitrene whose azide group is cleaved before 
vibrat ional  deactivation can occur. Our photochemi- 

3 This  oxidat ion cross l inking also includes  the  s lower  nonox ida-  
rive acid crossl inking m e n t i o n e d  above.  Measured  ac t iva t ion  ener-  
g i e s  fo r  the  n o n o x i d a t i v e  crossl inking f luc tua ted  b e t w e e n  27 and  
35 k ca l /mo le  because  of the  difficulty of ma in t a in ing  prec ise  tem-  
p e r a t u r e  cont ro l  in vacuum.  Since this is a minor i ty  r eac t ion  wi th  
an act ivat ion e n e r g y  comparab l e  to the  oxidat ive cross l inking re.  
action, no co r rec t ion  was  in t roduced  in d e t e r m i n i n g  t h e  e n e r g y  of  
32 kcal.  Any  such cor rec t ion  should have  a tr ivial  e f fect .  
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cally inclined friends all seem to be uneasy  wi th  the 
concept of a t ru ly  s imultaneous cleavage, but  are quite 
at home with a tr iggered second cleavage which is ex- 
per imenta l ly  indis t inguishable from a simultaneous 
bisazide photochemical cleavage (8). 

We conducted fur ther  studies of the thermal  decom- 
position mechanism of bisazide to confirm whether  both 
azido groups decompose in concert or stepwisely. How- 
ever, the self-crossl inking of cyclized polyisoprene 
made the extract ion of low molecular  weight azido 
compound much more difficult (8) and we could not 
obtain a clear answer. IR azido absorption (2110 cm -1) 
showed no shift in the course of thermal  decomposition 
of bisazide and we find no informat ion support ing the 
stepwise mechanism. 

Experimental  
The same materials  and chemicals (photoresist, Si 

wafer) ,  the same analyt ical  methods (IR expansion, 
u.v. specular reflectance) and the same exposing ap-  
paratus (Hg lamp, filter, photomult ipl ier)  were used 
as the previous work (8). Thermal  reaction was con- 
ducted in  a steel box (11 • 14.5 X 20 cm) wi th  heater  
(800W), fan, wafer holder, quartz window, and ther-  
mistor (Yellow Spring Company, Model-621). By 
combining thermistor  controller  (Yellow Spring Com- 
pany, Model-63RC) and variac, precise tempera ture  
control (__ 0.1~ was obtained. 

Two methods of optical thickness gauging were used. 
The first was measurement  of the interference fringes 
of the cast film on the Si wafer, as measured in a Cary 
Model 14 spectrophotometer with in tegrat ing sphere 
a t tachment  operat ing in the total reflectance mode. 
With the peak reflection wavelengths converted to re-  
ciprocal wavelengths (cm-1) ,  successive interference 

maxima are separated by h~" = ( 2 n t ) - I  where n is 
the refractive index of the film and  t is the thickness 
in centimeters.  The refractive index of par t ia l ly  cy- 
clized polyisoprene was taken to be 1.541 for this 
measurement.  Reflectance maxima should be measured 
at the longest convenient  wavelengths to minimize 
errors from optical phase shifts at the silicon surface. 
These same interference maxima can be observed from 
films coated on NaC1, though with much reduced am- 
plitude. 

The reflectance method was used to calibrate the 
in tens i ty  of the CH absorption as measured by the 
Pe rk in -E lmer  Model 521 spectrometer at a f requency 
of 2929 cm -1. The a t tenuat ion  constant obtained was k 
= 1.18 �9 103 cm -1 from the equat ion l og lo ( I J I )  = kt. 
Note that  this value is subject  to change as polyiso- 
prenes of different cyclicity are examined. When the 
polymer film has been coated on a silicon wafer, a zero- 
absorption basel ine must  be constructed between 3300 
and 2500 cm -1 to compensate for the low transmission 
of silicon in the near  infrared. Routine thickness mea-  
surements  were made by the infrared method, and are 
considered accurate to __3% relative, to •  absolute. 

Conclusion 
From the IR study on the thermal  reaction of bis- 

azide-cyclized polyisoprene photoresist, we obtained 
the following conclusions. 

1. Two major  kinds of thermal  reaction are ob- 
served in  this photoresist, one is oxidative self-poly- 
merization of cyclized polyisoprene and the  other is 
the expected bisazide reaction. 

2. The activation energies of these two reactions are 
32 and 23 kcal/mole,  respectively, and at the prebak-  
ing conditions of photoresist preparation,  oxidative 
crosslinking predominates  over bisazide crosslinking. 

8. The thermal  decomposition reaction of bisazide 
is retarded in  the later  stage of reaction, and this can 
be explained as a cage effect of crosslinked polyiso- 
prene. 
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Luminescence of Rare Earth-Activated Tellurate Perovskites 

R. R. Neurgaonkar,* L. E. Cross, and William B. White* 
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

M2~+R~+TeO6, where M ~+ : Ba, Sr, Ca, or Cd and R ~+ -- Ba, Sr, Ca, Cd, 
Mg, or Zn, crystallize with ordered (Fm3m) or ordered-distorted (P21) 
perovskite structures, and can be used as hosts for rare  earth activated lumi -  
nescence. Rare earths (Ln 3 + ) were introduced according to the subst i tut ion 
2R2+ -> Ln3+ -~ Na +, Ln 3+ : E u ~+, Tb 3+, Dy 8+, or Er3+. The Eu 8+ emission 
depends strongly on the ordering of the perovskite structure.  The ~D0 --> ~F1 
t ransi t ion is dominant  when  Eu 3 + occupies a site with symmet ry  Oh in  the 
Fm3m ordered perovskite, whereas the Eu 8+ emission is the ~D0 -* ~F2 t rans i -  
tion in  the ordered-distorted perovskite structure. Only Ca2MgTeO6 is an 
effective host for Tb 3+-, Dy ~+-, and ErS+-activated luminescence. 

The first report  of the subst i tut ion of Te 6+ in perov-  
skite was by Merz (1) in 1956. He synthesized Ba3TeO6 
and SrzTeO6 and reported that  they are isotypic with 
Ba~UO6. Subsequently,  Bayer  (2-5) prepared the Te 6+- 
containing M22+R2+TeO6 compounds where M ---- Ba, 
Pb, or Sr and R ~ Mg, Cd, Ca, etc., and it was he who 
put forward the idea that  some of these compounds 
are ferroelectrics. Sleight and Ward (6) also reported 
the synthesis of Ba2CaTeO6 and Ba2MgTeO6 types of 
perovskites. More recently, Politova and Venevstev (7) 
reinvestigated the crystal s t ructure  and dielectric prop- 
erties of the Te~+-containing perovskite compounds 
with compositions M22+R2+TeO6, (M3+M 2+)R+TeO6, 
and (M1+M~+)R2+TeO6, where M 2+ ---: Ba, Pb, St, Ca, 
or Cd, M s+ ---- Bi or La, M 1+ = Na, R + = Na or Li, 
R 2 + _-- Mn, Mg, Co, Zn, Cd, or Ca. Their  investigations 
show that all of these compounds belong either to or- 
dered (Fm3m) or ordered-distorted (P21) perovskite 
structures. Further ,  they confirmed that  most of these 
compounds exhibit  phase transit ions at high tempera-  
tures, some of which have large dielectric anomalies. 

Blasse and Bril (8) reported the luminescence of 
tungsten-act ivated tellurates. Corsmit et al. (9) also 
used the vibrat ional  spectra to characterize the order-  
ing schemes in these compounds. 

This paper reports on the fluorescence of Eu 3+-, 
Tb z+-, Dy 3+-, and Er 3 +-act ivated M22 +R 2 +TeO6, 
where M = Ba, St, Ca, or Cd and R _-- Ba, Sr, Ca, Cd, 
Zn, or Mg. The objective is to examine the effects of 
the two ordering schemes on the luminescent  emission 
of rare earth ions, especially Eu 8 +. 

Experimental 
The rare  earth activated M22+R2+TeO6 compounds 

were prepared by solid-state reactions as described by 

* Electrochemical Society Active Member. 
Key words: luminescence, rare earths, europium, perovskite 

structure, tellurates, ordered structures. 

Bayer (2). Compositions were first fired in air at 
800~ to oxidize the te l lu r ium to Te 6+. To avoid te l lu-  
r ium loss, the final firings were made in sealed silica 
tubes at I000~176 Each preparat ion was checked 
for phase identification and phase pur i ty  by x - r ay  
powder diffraction methods. In  all cases the powder 
pat terns were in good agreement  with the l i tera ture  
(1-7). 

The luminescent  emission spectra were measured 
using powder plaques excited by the 253.7 nm l ine of a 
150W mercury  lamp. The emission spectrometer was a 
l m  Jar re l l -Ash scanning monochromator  with an RCA 
31034 photomult ipl ier  cooled to --40~ The photo- 
mul t ip l ier  has a fair ly fiat response over the spectral 
range examined and no corrections for photomult ipl ier  
response were made. The spectra that  appear in  the 
figures are direct tracings from st r ip-char t  records of 
the photomult ipl ier  current.  Spectrometer slit widths 
were in the range of 30-60 #m. 

Several  exceptions to the findings reported in the 
l i terature  were uncovered in  the course of synthesis of 
the phosphors. Sr2MgTeO6 has been reported to crys- 
tallize in space group Fm3m. The results of the present  
work showed that the at tempted synthesis of this com- 
pound with or without  Eu ~+ and Na + resulted in a 
mixture  of two phases. There is some disagreement 
over the s tructure of Sr3TeO6 with earlier l i terature  
(1, 10, 11) assigning it to space group P21, whereas 
a recent paper  by Politova and Venevtsev (7) claims 
it belongs to Fm3m. The results of the present  x - ray  
analysis indicate that SrsTeO6 with or without  Eu s+ 
-~ Na + prepared at l l00~ could only  be indexed on 
space group P21. 

Complete replacement  of the octahedral  cation by  a 
combinat ion o f  Eu ~+ q- Na + was successful in 
M22+R2+TeO6, M = Ba or Sr. Both the Ba2[Eu.s0 
Na.6o]TeO6 and Sr2[Eu.~0Na.s0]TeO6 phases crystallized 
in the space group Fm3m. 
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Table I. Ltminescence of Eu s+ in M2 s+ R2+Te06 

Rela t ive  i n t e n s i t y  
Space  Lumi-  

Compos i t ion  group  n e s c e n c e  ~Do --> VFs SDo --> ~Fz 

BazlM:g~-~=Eu~Na~TeO~ Fm3m Orange (M) 1.5 10 
BasCaz-~EuzNa=TeO~ Fm3m Orange (M) 1.5 10 
Ba~Eu - soNa �9 ~oTeO~ Fm3m Orange (MS) 3 10 
Sr~Ca~-~Eu~Na~TeO~ Fm3m Orange (S) 2 10 
SrsEu �9 r~Na �9 ~TeO~ FmSm Orange (S) 3.5 10 
Ba~Baz-=zEu~Na=TeO~ P2z Red (M) 10 6 
Sr=Srz-~Eu~Na~TeO~ P2z Red (M) 10 2.5 
Ca~Ca~-~Eu=Na~TeO~ P2z Red (S) 10 2 
CdsCd~_==Eu=Na=TeOs P2z Red (S) 10 2 
SrsZn~-szEu=Na~TeO~ P2~ Red (M) 10 4 
Ca~Mgz-~Eu=Na~TeO~ P2z Red (VS)  I0 1.5 
CdsMgz-~Eu,~Na=TeO~ P2z Red (S) I0 1.5 

z -> 1-10 m/o, M = medium, MS = medium strong, S = strong, 
VS = very strong. 

Luminescence of  Eu~+-Act iva ted  Phosphors 
T h e  M22 + R 2 + TeO6: Eu~ + c o m p o u n d s  a r e  l u m i n e s c e n t  

u n d e r  253.7 n m  exc i t a t i on .  B o t h  F m 3 m  a n d  P2~ f o r m s  
a r e  l u m i n e s c e n t ,  b u t  w i t h  c o n s i d e r a b l e  d i f f e r ences  i n  
l u m i n e s c e n c e  b e h a v i o r .  T h e  r e s u l t s  f o r  t h e  c o m p o u n d s  
i n v e s t i g a t e d  a r e  s u m m a r i z e d  in  T a b l e  I. 

F i g u r e  1 s h o w s  s p e c t r a l  e n e r g y  d i s t r i b u t i o n  of t h e  
e m i s s i o n  of  E u ~ + - a c t i v a t e d  Ba2R2+TeO6 (R  = Ca o r  
M g )  a n d  Sr~CaTeO6.  T h e  s p e c t r a  of  E u  ~+ c o n t a i n  l i ne s  
w h i c h  c a n  b e  a t t r i b u t e d  to t h e  t r a n s i t i o n s  ~Do --> 7Fj, 
w h e r e  J = 0, 1, 2, 3, a n d  4. T h e  ~Do --> ~F~ m a g n e t i c  
d i p o l e  t r a n s i t i o n  is u n s p l i t  a n d  v e r y  i n t e n s e .  T h e  
t r a n s i t i o n s  c o r r e s p o n d i n g  to ~D0 -> 7F~, ~Do --> 7F~, ~D0 --> 
7F2, a n d  ~D0 -> 7Fo a r e  a l l  w e a k  a n d  b r o a d .  

T h e  s p e c t r a l  e n e r g y  d i s t r i b u t i o n s  of  E u  ~+ i n  
Sr2[Euo.~Na0.~]TeO~ a n d  Ba2[Eu0.~Na0.~]TeO6 a r e  g i v e n  
in  Fig. 2. I t  c a n  be  s e e n  t h a t  t h e  m a g n e t i c  d i p o l e  t r a n s i -  
t i o n  is d o m i n a n t  fo r  b o t h  t h e  phases .  

T h e  s p e c t r a  of  t h e  o r d e r e d - d i s t o r t e d  p e r o v s k i t e  
s t r u c t u r e s  a r e  e n t i r e l y  d i f f e r e n t  f r o m  t h e  s p e c t r a  o f  
t h e  o r d e r e d  c o m p o u n d s .  T h e  s p e c t r a l  e n e r g y  d i s t r i b u -  
t i o n  of  t h e  e m i s s i o n  of  1VI~+TeO6:Eu ~+ (M ---- Ba,  S r  
o r  C a ) ,  M~2+MgTeO~:Eu  ~+ ( M  - -  Ca  o r  Cd)  a n d  

1 
c 

Boz[Cqs2Euo4NOo4] TeOs 

t 

t 

m m  r--~ ~ o 

B~zCMq.s2Euo~Na043 Te06 

t 
J t o 

t ~ (D ~o ~-0 c~ ~ _~- 

m ~ l  c, lea  o 

Sl  2 [ Co.92 E~Jo 4 ~Jo 043 Te 06 

o 

t o 

? 

o 

u.- 

t 

t 

Lr} 

u_" ~ II o o ~ tL 

cue~ a~ c3 

@ - - I  I 
7000  6 5 0 0  6 0 0 0  5500 

Wovelengt h ~ ,1  

Fig. 1. Emission spectra of Eu ~+ in B(~'I~+Te06 (R = Co 
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S r 2 Z n T e O 6 : E u  ~+ a r e  g i v e n  i n  Fig.  3 a n d  4. S ince  e m i s -  
s i on  s p e c t r a  of  Ca3TeO6:Eu  8+ a n d  Cd3TeO6:Eu  8+ a r e  
s imi l a r ,  no  s e p a r a t e  f igure  is g i v e n  fo r  t h e  l a t t e r  c o m -  
p o u n d .  T h e  s t r o n g  E u  3 + e m i s s i o n  t h a t  a p p e a r s  f r o m  a l l  
c o m p o u n d s  is t h e  f o r c e d  e l ec t r i c  d ipo le  t r a n s i t i o n  5D 0 
7F2 as e x p e c t e d  f r o m  t h e  d i s t o r t e d  s t r u c t u r e .  T h e  t r a n -  
s i t ions  5D 0 --> 7F4, 5D 0 -> 7F3, a n d  5Do --> 7Fo a r e  w e a k  i n  
b o t h  t h e  s y s t e m s  a n d  a r e  no t  a f fec ted  b y  t h e  c h a n g e s  
in  c r y s t a l  s y m m e t r y .  

T h e  s p e c t r o s c o p i c  r e s u l t s  c o n f i r m  t h e  x - r a y  f ind ings  
c o n c e r n i n g  t h e  s t r u c t u r e  of Sr3TeO6. T h e  s i m i l a r i t y  of  
t h e  E u  z+ e m i s s i o n  i n  t h i s  h o s t  to  t h a t  of  t h e  o t h e r  
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ordered-distorted perovskites leaves little doubt that  
the space group is P21 ra ther  than  Fm3m. 

Luminescence from Other Rare Earth Activators 
Table  II  summarizes compositions and lumines-  

cence color for TbZ+-, Dye+-, and ErZ+-activated 
M~+R2+TeO6 (M 2+ = Ba 2+, Sr 2+, Cd s+ or Ca; R 2+ 
= Mg 2+ or Ca2+). The Dy e+-  and Er~+-activated 
phases showed luminescence under  365 n m  excitation. 

Ca2MgTeO6 was found to be the only effective host 
for Tb ~+-, Dy ~+-, and Er~+-activated luminescence. 
Dy ~+-activated Cd2MgTeO6 showed typical yellow lu-  
minescence. Although a very feeble green lumines-  
cence was noted for Tb ~ +- or Er ~ +-act ivated 
Sr2CaTeO~, the compounds belonging to the space 
group Fm3m do not exhibit  intense luminescence when 
activated with Tb ~ +, Dy ~ +, or Er ~ +. 

Figure  5 shows the spectral energy distr ibution of 
Tb ~+-, Er ~+-, and Dy~+-activated Ca~MgTeO6. The 
Tb 3+ spectra consist of the transit ions ~D~ -> 7F j, J = 
6, 5, 4, and 3. The t ransi t ion 5D~ --> ZF~ is stronger, while 
5D4-~ 7F6, ~D~--> 7F4, and ~D~-> 7F3 transit ions are weak. 
The t ransi t ion ~Da -+ 7Fa is not shown in Fig. 5 since it 
is very weak and can be seen only at much higher 
sensit ivi ty settings of the spectrometer. The Dye + 

Table II. Luminescence of TIO +, Dy ~+, and Er a+ in h~ '~+ R2+Te06 

Space M a i n  emis-  
C o m p o s i t i o n  group Luminescence  s ion  p e a k  

Ba2Cal-~Tb~Na~TeO8 F m 3 m  No l u m i n e s c e n c e  
Ba~Caz-~Dy~Na~TeO6 F m 3 m  No l u m i n e s c e n c e  
Ba~Cal-~ErxNa~TeO~ F m 3 m  No l u m i n e s c e n c e  
Sr~Cm-~Tb~Na~TeO~ F m 3 m  G r e e n  (VW) 
Sr2Cm-~Dy~Na=TeO6 F m 3 m  No l u m i n e s c e n c e  
SrsCal-a~Er~NaxTeO6 F m 3 m  G r e e n  (VW) 
Ca~Mgl-=TbxNa~TeO6 P21 G r e e n  (M) 6D4 -> ~F5 
C~mMg~-~Dy~Na~TeOe P21 Yel low (S) eFn/2 ~ eH~/~ 
Ca~Mgl-~Er~Na~TeOe P2~ G r e e n  (M) 4S~/2 -~ 4i~/s 
CdsMg~-~Tb~Na~TeO~ P2~ No l u m i n e s c e n c e  - -  
Cd~Mgl-~DyzNa=TeO~ P21 Yel low (M) eHll/2 "-> 6I-I1~/2 
CcbMg~-~=Er~NazTeO~ P2~ No l u m i n e s c e n c e  - -  

x = I-I0 m / o ,  V W  = v e r y  weak,  M = m e d i u m ,  S = strong. 

spectra arise from the two transit ions corresponding 
t o  6 F l l / 2  --> 6H13/2  and 6 F l l / 2  "-> 6H15/2.  The E r  s+ lumi-  
nescence spectra appear in the green region. All lines 
indicated in  the region 5400-5550A were identified as 
the t ransi t ion from 4S~/2 --> q15/2. Ozawa (12) also 
noted similar  spectra for Er 8 +-act ivated BaYb2Fs un -  
der infrared excitation. 

Discussion and Conclusions 
The discussion that  follows deals wi th  the Eu 8+- 

activated compounds, since only for these phosphors 
are systematic data available. 

The cubic compounds are a superstructure  buil t  on 
the perovskite s tructure by the ordering of the octa- 
hedral  cations. As a result  of the ordering, the point  
symmetry  of the 12-fold coordinated cations becomes 
4"3m. Although the 12 neares t -neighbor  anions still 
form a symmetric  array, the next -neares t  neighbor 
cations are a l ternate ly  Te 6+ and the R ~+ cation. The 
result ing configuration is that  of two in terpenet ra t ing  
cation tetrahedra, and the center of symmetry  is lost 
on the 12-fold site. The octahedral  site retains symme-  
t ry m3m and thus is strictly centrosymmetric  both 
with respect to the anion octahedron and with respect 
to the array of M 2+ next -neares t -ne ighbor  cations. 
The spectra of Eu 3+ in these structures is dominated 
by the magnetic dipole l ine which usual ly  appears only 
when Eu 3+ occupies a centrosymmetric  Site. It  can be 
concluded, therefore, that  the Eu ~+ activator enters 
these structures preferent ia l ly  on the octahedral site. 
The relat ive intensities of the 7Fi and 7F2 transit ions 
are known to be hypersensi t ive to the envi ronment  of 
the Eu ~+ ion (13). The possibility that  Eu 3+ might  be 
on the 12-fold site and exhibit  only the 7F1 magnet ic  
dipole l ine because of the regular  oxygen ar ray  can be 
excluded by the observations of Blasse (14) who 
showed that  the nex t -neares t -ne ighbor  cation symme-  
t ry  also profoundly affects the relat ive intensities when 
the cations have large differences in charge. 

Subst i tu t ion of the rare  earths in the six fold co- 
ordinated site of Ba2RJ+lVs R = rare-earths,  M = 
Nb, Ta, Re, etc., ordered perovskite s tructure is known 
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and repor ted  by  severa l  worke r s  (15-18). Blasse et at. 
(19) also r epor t ed  the  magnet ic  dipole  t rans i t ion  for 
Eu3+-ac t iva ted  Ba2GdNbO6 ordered  pe rovsk i t e  phase,  
indica t ing  tha t  Eu ~+ replaces  the oc tahedra l ly  coordi -  
na ted  Gd~+ ion. The l ine corresponding to the  t r ans i -  
t ion 5D0 -> 7F1 does not  spl i t  in Oh symmet ry .  The re-  
sults of the  presen t  invest igat ion are  in excel lent  agree-  
men t  wi th  ea r l i e r  findings. 

The  spec t ra  of the monoclinic s t ruc tures  are  more  di-  
verse  than  the cubic s tructures.  In al l  compounds the  
forced electr ic  dipole  t rans i t ion  is dominant .  In  four  
of tl~e compounds,  Sr~TeO6, Ca3TeO6, Ca2MgTeO6, and 
Cd2MgTeO6, the  7F2 level  appears  as a cluster  of sharp  
crys ta l  field lines. The 7F1 level  is separa ted  into three  
components,  the m a x i m u m  tha t  m a y  appear .  Deta i led  
s t ruc ture  de te rmina t ions  are  not ava i lab le  for the te l -  
l u ra t e  compounds,  but  the oc tahedra l  site in the iso- 
s t ruc tu ra l  a lka l ine  ea r th  urana tes  (1O) is known to 
be qui te  distorted.  In  Ba~TeO6 the magnet ic  dipole  l ine 
is much s t ronger  in propor t ion  to the o ther  compounds 
and appears  as a b road  band.  The  monoclinic s t ruc-  
tures  were  or ig ina l ly  descr ibed as pseudocubic and the 
b a r i u m  compound is pe rhaps  more  nea r ly  isometr ic  
than  the others. In two of the  compounds, Ca3TeO8 and 
Sr2ZnTeO6, the  nondegenera te  7F0 l ine appears  in at 
leas t  two components.  This can only be accounted for 
if Eu 3+ appea r s  on more  than  one site in these s t ruc-  
tures. F ina l ly ,  the  emission spec t rum of Sr2ZnTeO6 is 
d is t inc t ly  different  f rom the other  compounds.  The sep-  
a ra t ion  of the  c rys ta l  field levels  is much smaller ,  and 
the ind iv idua l  J -mul t ip l e t s  appear  as roughly  single 
r a the r  b road  lines. I t  is t empt ing  to a rgue  tha t  Eu 3+ 
is par t i t ioned  onto the  12-fold site in this s t ruc ture  wi th  
the  in tens i ty  of the forced electr ic  dipole l ine der ived  
f rom dis tor t ion of the  site. 

These  phosphors  provide  a useful  demons t ra t ion  of 
the  impor tance  of n e x t - n e a r e s t - n e i g h b o r  effects and 
the effects of s t ruc tu ra l  o rder  on luminescence be-  
havior .  They  also show tha t  the  Eu ~+ ion shows a 
p ronounced  si te preference  for  6 coordinated sites in 
these s tructures .  
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Investigation of Luminescence in Ge-Doped Sodalite Powders 
Lee T. Todd, Jr. 

Department oJ Electricat Engineering, University o] Kentucky, Lexington, Kentucky 40506 

ABSTRACT 

A new class of ea thodochromic  mater ia ls ,  ge rman ium-doped  soda l i te :Br ,  
a re  described.  They exhibi t  both  a b r igh t  luminescence at  room t e m p e r a t u r e  
and a long l ifet ime,  high contras t  colorat ion mode. The effect of hydrogen  
anneal ing  on the ini t ia l  reflectance, luminescent  intensi ty,  and FB loca-  
t ion are  studied. The FB energy is shown to in i t i a l ly  increase wi th  in-  
creasing ge rman ium concentra t ion  up to 9% and then  to decrease  with 
h igher  ge rman ium concentrat ion.  A technique is out l ined for de te rmin ing  the  
luminescence genera ted  wi th in  a powdered  sample  tha t  possesses an absorp-  
t ion band. This technique is used to de te rmine  the effect of e lect ron beam 
colorat ion on the luminescent  centers. I t  is shown tha t  the  fo rmat ion  of 
t he rma l ly  e rasab le  F centers  quenches luminescent  centers  whi le  the  fo rma-  
t ion of opt ica l ly  e rasab le  F centers  does not. 

The colorat ion proper t ies  of sodal i te  and the lumin-  
escent proper t ies  of doped synthet ic  sodal i tes  have  
been  ex tens ive ly  s tudied  (1-11).  Sul fur  (3-9),  oxygen  
(7, 8; 10), manganese  (7, 10), and i ron  (7, 10, 11) a re  
t h e  most common dopants  invest igated.  This paper  
discusses  ge rman ium-doped  sodal i te  powders  (12, 13) 
which  emi t  a b r igh t  green  luminescence under  u l t r a -  
v io le t  r ad ia t ion  and exhib i t  a long l i fet ime,  h igh  con- 

Key words: cathodochromismj emission spectra, reflectance 
spectra, F centers. 

t rast ,  and t he rma l ly  e rasab le  coloration. F igure  1 shows 
exci ta t ion and emission spect ra  of the  luminescence.  
The effect of ma te r i a l  p repa ra t ion  on the ini t ia l  r e -  
flectance, luminescence intensi ty,  and posi t ion of the  
FB peak  absorpt ion  is presented.  A method  of 
obta in ing  the luminescence in tens i ty  genera ted  wi th in  
colored powders  using observed luminescence in tens i ty  
measurements  is out l ined  and employed  to de te rmine  
the effect of FB colorat ion on g e n e r a t e d  l u m i -  
nescence .  



1134 J. EZeetrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY July 1978 

2 

t~ 
g 

g 

i 

I0 I I 

9 - 

8 

7 

6 

5 

4 

3 

2 

I 

0 I I I 
4500 5000 5500 o 6000 

Wavelength (A) 

I 

(a) 

6500 

o 

. Q  

v 

o j  

F= 
3 

2 0 0 0  

I I I I t 

(b) 

\ 
I [ I I I 

2500 3000 5500 4000 4500 
Wavelength(~)  

5000 

Fig. I. Luminescence (a) and excitation (b) spectra of Ge-doped 
sodalite:Br. 

Exper imenta l  
Materia~ preparation and measurement techniques.- 

Using a hydrothermal  method (14, 15), sodalite mate-  
rials were grown by combining chemicals according to 
the equation 

6NaOH + 6xSiO2 + 6(1 -- x) GeO2 + 3A1208 + 2NaBr 

-> NasA16 (SixGel-x) 6 024 Br2 -F 3H20 [1] 

where x is the atomic percent  (a/o) silicon. The sodium 
bromide and sodium hydroxide were reagent grade, 
while the SiO2, GeO2, and A1203 were three nines pure. 
The powders were identified as sodalite by x - r ay  pow- 
der diffraction; the amount  of germanium in each sam- 
ple was determined with an electron microprobe (15). 
Materials were grown containing 0, 1, 2, 3, 9, 28, and 
64 a/o ge rmanium substi tuted for silicon. Annea l ing  in 
a hydrogen atmosphere sensitized the powders to per-  
mi t  both coloration and luminescence. 

Samples made  by depositing the sodalite powders 
onto a luminum slides [using conventional  powder 
sett l ing techniques (16)], were colored by electron 
beam exposure in a demountable  CRT system and u.v. 
light. Diffuse reflecta.nce spectra were measured with 
a Cary-14 spectrophotometer equipped with a diffuse 
reflectance integrat ing sphere: Typical luminescent  
and excitation spectra, measured with equipment  de- 
scribed by 3enssen (17), are shown in Fig. 1. The ex- 
citation source was a 1000W Xenon lamp and a Bausch 
and Lomb high intensi ty  monochromator.  The detec- 
t ion system included a 400 Hz chopper, a McPherson 0.3 
meter  Model 218 Grat ing Monochromator, and an RCA 
C7164R photomultiplier.  

Determination of generated ~uminescence.--The F- 
center absorption band for the materials  studied was 
about 1000A wide and was centered at approximately 
5550A. Therefore, the absorption band overlapped the 
luminescent  emission band and caused the observed, 
or measured, emission to be less than  the emission 
generated by the luminescent  centers. Melamed's (18) 
theory of luminescent  powders was used to determine 
the generated luminescence from exper imenta l  mea-  
surements  of diffuse reflectance and luminescent  spec- 
tra. 

If the exciting radiat ion is very strongly absorbed, 
one may assume that  the excitation is consumed in  
a single layer. For this case, Melamed shows that  the 
observed luminescent  in tensi ty  J (E), can be corrected 
to give the in tensi ty  of the generated luminescence, 
J' (E), b:~ applying the formula 

( 1  - -  2xme)~ 
J'(E) = J (E)  [2] 

(R1 -- 2Xme) 

where R1 is the diffuse reflectance from the first layer  
of particles and the subscript E denotes that  the quan-  
t i ty in  parenthesis is measured at the energy of the 
emission. The value of me depends on the index of 
refract ion and is 0.10 for sodali te:Br,  n = 1.485. The 
parameter  x is given by 

xu 
x : C3] 

I-- (l--2zu)T 

where T is the percent transmission through a particle 
and Xu is a geometrical factor that depends on the 
characteristics of the powder particles. Faughnan et al. 
(19) have determined a value of Xu = 0.143 for settled 
screens of sodalite: Br. The general formula for RI cal- 
culated by Melamed is 

x(l -- 2Xme)T(l -- me/{) 
R1 = 2xme + [4] 

( 1  - -  meR) -- (1 -- x) (1 -- me)TR 

where R is the diffuse reflectance for all layers be-  
neath the first. Because the ma x i mum value of x is 
one-hal f  and because me is small, Eq. [4] can be re-  
duced, with only a small  error, to 

xT 
R1 "-- [5] 

1 -- (1 -- x)TR 

For an uncolored sample, R1 = R but  R1 < R when the 
sample is colored. F rom Eq. [3] and [5] and the value 
Xu ---- 0.143, an equation for T in  terms R1 and R can 
be obtained 

1 + 6RE1 + 5R1 
T =  

IORR1 

~ / [  l + 6 R R 1 + 5 R 1 ]  2 7 
- -  1 0 R R 1  - -  ~ [ 6 ]  

Using the measured values of R, R1, and J(E) in Eq. 
[2], [3], and [4], the value of generated luminescence 
intensity,  even in  the presence of an absorption band, 
can be obtained. Considering the accuracy with which 
the luminescence in tensi ty  and the diffuse reflectance 
can be measured, the generated luminescence is deter-  
mined within  _ 1%. 

Results 
Effect of hydrogen annealing on initial reflectance.- 

Although undoped sodalite powders remain  highly re-  
flective if annealed at 200~ above an op t imum value 
for n~aximum coloration efficiency of about 700~ ger- 
manium-doped  powders tu rn  dark  at relat ively low 
anneal ing  temperatures.  The degree of discoloration 
depends on the anneal ing temperature  and the amount  
of germanium in the sample. Figure 2a shows the dif- 
fuse reflectance at 5000A for five sodal i te:Br samples, 
containing different percents of ge rmanium annealed 
in  hydrogen at various temperatures  for 15 min. D e -  
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Fig. 2. Initial reflectance of Ge-doped sodalite:Br as a function 
of Ge concentration and anneal temperature for an annealing time 
of 15 min (a), and x-ray powder pattern of sample annealed at 
800~ for 15 rain (b). 

creased ref lectance is caused b y  the p o w d e r  da rken ing  
as the  anneal ing  t e m p e r a t u r e  increases.  That  is, the 
h igher  the  ge rman ium content,  the  lower  the  reflec- 
tance at  a given anneal ing  tempera ture .  This reduct ion  
is also influenced by  the la t t ice  pa r ame te r  increas ing 
wi th  ge rman ium concentra t ion (15) which affects d i f -  
fusion ra tes  and, therefore,  the sensit izing proper t ies  
of the  mater ia l .  Improved  sensi t izat ion can be achieved 
by  annea l ing  for a longer  t ime at  a t empe ra tu r e  be low 
the b reak  in the  reflectance curves of Fig. 2a. This im-  
p rovemen t  is l imited,  however ,  because  the  ini t ia l  r e -  
flectance also decreases wi th  increas ing anneal  t ime 
at  a fixed tempera ture .  

Black colorat ion of ove r - annea l ed  powders  is due to 
the  prec ip i ta t ion  of ge rman ium metal .  F igure  2b is an 
x - r a y  powder  p a t t e r n  of Na6A16(Sio.91G,eo.09)6.O2~. 
2NaBr annea led  in hydrogen  at  800~ for 15 min. In  
addi t ion  to the  s t rong sodal i te  peaks,  denoted by  S, 
there  a re  six o ther  lines. The th ree  lines, Ge, at  27.3 ~ 
(d ---- 3.280A), 45.2 ~ (2.006A), and 53.7 (1.708A) are  due 
to ge rman ium meta l  as indica ted  by  the excel lent  
ag reement  be tween  the  observed l ines and the s tan-  
da rd  l ines for germanium.  Ano the r  s t rong line, Crn, 
is shown in Fig. 2b at  20.9 ~ (d = 4.230A). This coin- 
cides v e r y  closely wi th  the  locat ion of the  s t rongest  
peak  of high carnegie i te  (17, 18). I t  is be l ieved tha t  
this  phase  occurs because  of excessive loss of NaBr  at  
h igh  anneal ing  tempera tures .  

Effects of hydrogen annealing on luminescence in- 
tensity.--The hydrogen  anneal ing  process also s t rongly  
affects the in tens i ty  of the  luminescence emission. F ig-  
ure  3 summarizes  the  resul ts  of an expe r imen t  in which 
mate r ia l s  wi th  the  composit ion Na6A16 (Si0mGe0.03)802~ 
�9 2NaBr were  annea led  at  var ious  t empera tu re s  for 15 
min. The luminescence in tens i ty  is negl igible  for an-  
neal  t empera tu re s  less than  600~ but  increases r ap -  
id ly  wi th  increas ing anneal  t empera tu re .  The observed 
emission must  be correc ted  for reabsorp t ion  since Ge 
prec ip i ta t ion  occurs upon annealing,  causing the ma-  
te r ia l  to darken.  Once corrected,  the  peak  emission oc- 
curs a t  750~ 20 ~ above the peak  of the  observed  in-  
tensi ty.  This correct ion explains  the  spec t rum shift  in 
Fig. 3. The observed  in tens i ty  begins to decrease  at  
730~ even though new luminescent  centers  a re  being 
crea ted  due to reabsorp t ion  caused by  ge rman ium 
precipi ta t ion,  whi le  the  correc ted  luminescence curve 
increases  be tween  these t empera tu re s  because the  e l -  
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Fig. 3. Luminescence intensity of Na.6AI6(Sio.97Geo.os)6024 
2NaBr as a function of H2 anneal temperature for an annealing 
time of 15 min. 
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Fig. 4. Luminescence intensity of NasAI6(Sio.97Geo.03)60~ 
2NaBr as a function of H2 anneal time at 700~ 

fect of r eabsorp t ion  has been removed.  Above 750~ 
the correc ted  luminescence also begins  to decrease.  I t  
is be l ieved that  this  is caused by  the conversion of the  
sodal i te  s t ruc ture  into e i ther  nephel ine  or high car -  
negiei te  (14, 21). H i g h  carnegiei te,  Na4Al~Si4016, has 
the  same chemical  fo rmula  as nephel ine  but  is cubic 
whi le  nephel ine  is hexagonal .  

Luminescence in tens i ty  is also affected by  hydrogen  
anneal ing  t ime at a given tempera ture .  F igure  4 shows 
the luminescence in tens i ty  of the  powder  discussed 
above at  var ious  anneal ing  t imes at  700~ The emis-  
sion increases almost  l inea r ly  be tween  0 and 25 rain 
and then saturates .  I t  appears  tha t  anneal ing  t imes 
above  45 min causes a decrease in the emission. F igures  
3 and 4 show that  the  anneal ing  tempera ture ,  not  the 
anneal ing  time, de te rmines  the  m a x i m u m  luminescence 
in tens i ty  because anneal ing  at  730~ for only  15 min 
resul ts  in a h igher  emission than  obta ined  when an-  
neal ing at  700~C for t imes much  longer  than  15 min. 
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The best luminescent  materials  contained less than 
9% germanium substi tuted for silicon. The .~trongest 
emission was observed using a mater ial  containing 3% 
germanium which was annealed in  hydrogen at 730~ 
for 30 min. When excited by a 20W ultraviolet  lamp, 
this mater ia l  exhibits a 14 f-L emission. Samples con- 
ta ining 28 and 54% germanium are difficult to sensitize 
because the mater ia l  darkens at very low anneal ing 
temperatures  and the luminescence in tensi ty  observed 
with these samples was almost negligible. 

Effect aS Ge concentration on F band absorption 
peak.--Though the positions of the excitation and 
emission bands are unaffected by germanium concen- 
tration, the location of the F band is s trongly af- 
fected by the germanium concentration. A study of 
the effect of germanium subst i tut ion in bromine soda- 
lite on the location of the F band peak is complicated 
by the fact that  the F band position is also a function 
of the hydrogen anneal ing tempera ture  and time. Fig-  
ure  5 shows that  the wavelength of the peak absorp- 
tion for a b romine  sodalite sample containing no ger- 
man ium varies from 5400 to 6300A when the anneal ing  
tempera ture  is varied from 600 ~ to 800~ Therefore, 
there is not a unique  F band peak wavelength for 
each ge rmanium composition, but  a range of values. 
To avoid this problem and obtain an F band peak 
wavelength characteristic of the ge rmanium content, 
the samples used in this part  of the investigation were 
annealed for 15 min  at 600~ to minimize the shift of 
the peak due to annealing.  The F band locations were 
determined from diffuse reflectance spectra of settled 
screen samples. The results are presented in Table I. 
These data indicate that the incorporat ion of Ge causes 
the lattice parameter  to increase almost l inear ly  start-  
ing from zero Ge concentrat ion (15). One would ex- 
pect that this lattice expansion would cause the F 
center  potential  well to expand and hence EF to de- 
crease. However, the data in  Table I show that  EF first 
increases and then decreases as germanium is added. 
Rizzo (22) observed this same behavior when using 
ESR to measure the effect of germanium subst i tut ion 
on the hyperfine constant  of the trapped electron. He 
found that the interact ion of the trapped electron with 
its sur rounding  sodium nuclei increased and then de- 
creased as germanium was added. Therefore, at low 
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Fig. 5. Sodalite:Br F band peak wavelength as a function of 
H2 annealing temperature. 

Table I. F band peak location as a function of Ge concentration 

EF (eV) 
hc 

A /o  Ge ao (A) TM X!oeak (A) Xpeak 

O 8.914 5420 2.294 
1 8.919 5400 2.302 
3 8.921 5375 2.313 
9 8.932 5365 2.317 

28 8.973 5515 2.253 
54 9.042 5800 2.143 

Ge concentrations another  effect must  be occurring to 
produce the energy shift in the opposite direction from 
the lattice expansion shift. This effect could, for exam- 
ple, be a per turba t ion  of the F center  wavefunctions 
which could cause a shift in the absorption band. The 
per turbat ion  may be less significant at higher  Ge con- 
centrat ions where EF decreases with lattice expansion. 
The data in Table I show that EF begins decreasing at 
a germanium concentrat ion of nine atomic percent. The 
logari thm of the energy of the trapped electron, EF = 
hc/kpeak  , is plotted in  Fig. 6 vs. the lattice parameter  
to show the exponential  dependence of EF on a0. Above 
9% Ge, EF can be represented by 

EF : (2.37 X 106) a0 -6'12 [7] 

The exponent ial  dependence in Eq. [7] is much 
stronger than that  observed in the alkali  halides which 
is represented by the Mollwo-Ivey relat ion 

EF : 17.7 a0 -1.s4 [8] 

However, the exponential  dependence in Eq. [7] is less 
than that observed for sodalite when substi tut ions are 
made into the halogen site. From the data of Taylor 
et al. (6), one can calculate for this case 

EF : (7.15 X 109) a0 - l ~  [9] 

Therefore, subst i tut ing into the cage f ramework rather  
than into the center of the cage produces a more subtle 
effect on the position of the F band peak. 

Effect of F band coloration on luminescent ~ntensity. 
- -Colora t ion of these materials greatly quenches the 
observed luminescence. Some quenching was expected 
because the F band and emission band overlap, but  the 
reduct ion in in tensi ty  was larger than  that due merely 
to reabsorption. To determine the cause of this reduc- 
tion, luminescence in tensi ty  as a funct ion of F band 
absorption was measured. First, init ial  reflectance and 
luminescence spectra of the uncolored slide were mea-  
sured. The slide was then l ightly colored with u l t ra -  
violet light and the resul t ing reflectance and lumin-  
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Fig. 6. The dependence of the F band peak wavelength on the 
lattice parameter of Ge-doped sodalite:Br. 



VoL 125, No. 7 G e - D O P E D  SODALITE P O W D ER S  

Table Ul. The dependence of the generated luminescence intensity on the degree of F band coloration 

1137 

Generated 
Measured Diffuse Absorption F band  neak  Diffuse lure. intensity 

lum. intensity reflectance 1 - R~ absorp t ion  re f lec tance  J (E) a t  5250A 
Number  of J ( E )  a t  5250A R~ at  5450A at  5450A at 5450A R~ at  5250A (arb.  uni t s )  
exposures  (arb. units) • • 0.002 • 0.002 • 0.002 • 1% 

0 3050• 20 0,656 0.344 0 0,645" 5000 
2 2610 -- 20 0.584 0.416 0.072 0,575 4860 
5 2250 • 20 0.504 0.496 0.152 0.495 4950 

12 1255 • I0 0.396 0.604 0.260 0.385 3670 
20 300 • 2 0.218 0,782 0.438 0.203 1860 

* T he  va lue  of R used  in Eq. [6]. 

escence spectra determined. This procedure was con- 
t inued by increasing the sample coloration and mea-  
sur ing the spectra after each exposure unt i l  the con- 
trast  saturated.  Darker  coloration was obtained by 
electron beam exposure. Table II lists the parameters  
used to calculate the corrected luminescence and the 
F band  absorption along with a few sample calcula- 
tions. The luminescence peak occurred at 5250A while 
the F band  peak was at 5450A. Figure  7 shows both 
the observed and corrected luminescence intensities as 
a funct ion of F band  absorption. The observed lumin-  
escence decreases almost l inear ly  with increased color- 
ation. The corrected in tensi ty  is essentially constant for 
low F band  absorption, however, and then  decreases 
almost l inear ly  with increasing absorption. The region 
in which the corrected luminescence in tensi ty  remains 
constant  coincides with the region of photoerasable 
coloration, i.e., that  port ion of the coloration that  can 
be erased by light, while the decrease in corrected in-  
tensi ty ~oincides with the region of thermal ly  erasable 
coloration. This correlation was confirmed by repeat ing 
the above exper iment  but, in  addition, thoroughly op- 
t ically bleaching the sample after each exposure and 
before measur ing the luminescence and diffuse re-  
flectance spectra. The results of this exper iment  are 
shown in  Fig. 8. In  this case, the corrected lumines-  

5000 r -  ~ 1 7 6 1 7 6  
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Fig. 7. Luminescence intensity as a function of F band absorp- 
tion for Na6Ale(Sio.ggG~0.ol)oO~ �9 2NaBr annealed at 700~ for 
30 rain. 

cence decreases over the entire range of coloration. 
These two experiments  indicate that  the reduction in 
observed luminescence due to photoerasable coloration 
results ent i rely from part ial  reabsorption of the gen- 
erated emission by the F centers. Thermal ly  erasable 
coloration causes the observed luminescence to de- 
crease not only due to reabsorption, but  also as a re-  
sult of an addit ional quenching mechanism. For exam- 
ple, in zero ambient  light and under  ul t raviolet  excita- 
tion, a sample with an emission of 14 f-L from an un -  
colored area emitted only about 0.1 f-L in a colored 
area giving a contrast  ratio of approximately 140: 1. 
This sample exhibits a reflective contrast  ratio of 15:1 
in high ambient  light. 

Summary 
Germanium-doped,  sodal i te:Br powders were pre-  

pared and shown to exhibit  luminescence at 5250A 
with an excitation band at 3465A. The materials  also 
possess a long lifetime, high contrast, cathodochromic 
coloration mode. The luminescent  intensi ty  depends 
strongly on both the hydrogen-annea l ing  tempera ture  
and duration. The luminescence ini t ia l ly  increases with 
increasing anneal ing  tempera ture  and then decreases 
at higher temperatures  due to s t ructural  collapse. The 
sample with the highest luminescent  intensity,  i.e., 14 
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Fig. 8. Luminescence intensity as a function of F band absorption 
(after optical bleaching) for Na6Ale(Sio.99Ge&ol)60~ �9 2NaBr 
annealed at 700~ for 30 rain. 
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f-L,  contained 3% ge rman ium and was annea led  at  
730~ for  30 min. 

The sensi t izing of ge rman ium-doped  powders  is 
complicated by  the prec ip i ta t ion  of ge rman ium at 
r e la t ive ly  low anneal  tempera tures .  This causes the 
powder  to appea r  b lack  and reduces the ini t ia l  reflec- 
tance. This effect becomes more  pronounced wi th  
h igher  ge rman ium concentrat ions.  Samples  containing 
less than  9% Ge have  ve ry  good luminescent  and 
cathodochromic proper t ies  'while  those above 9% are  
ve ry  difficult to sensitize. 

The F band energy  was shown to increase wi th  in-  
creasing ge rman ium concentra t ion  up to 9% and then  
to decrease wi th  h igher  concentrat ions.  Above 9% 
germanium,  the F band energy  was shown to obey the 
re la t ionship  

EF ---- (2.37 • 106) ao -6 .~  [10] 

Electron beam colorat ion of these mater ia l s  g rea t ly  
reduces the  observed luminescence.  While  some of this 
reduct ion resul ts  f rom absorpt ion  of the  genera ted  lu-  
minescence by  F centers, a fu r the r  reduct ion resul ts  
f rom the quenching of luminescent  centers. I t  was 
shown tha t  the  format ion  of t he rma l ly  erasable  F cen- 
ters  resul ts  in the quenching of luminescent  centers  
whi le  the  format ion  of opt ica l ly  e rasable  F centers  
does not. 

Exper iments  a re  being conducted to measure  the ef-  
fect of e lectron beam colorat ion on the  in tens i ty  of an 
absorpt ion  band tha t  is a t t r ibu ted  to the luminescent  
center.  Other  exper iments  are  being considered to 
de te rmine  a model  for  the  luminescent  mechanism. 
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Passivating CVD Molybdenum Films Against Infrared 
Reflection Losses Caused by Oxidation 

G. E. Carver, H. S. Gurev,* and B. O. Seraphin 
Optical Sciences Center ,  University o~ Arizona, Tucson, Arizona 85721 

ABSTRACT 

Thin film reflectors of mo lybdenum deposi ted by  CVD can be  pass iva ted  
against  oxida t ion  by  overcoat ing them wi th  ei ther  a th in  film of a luminum 
oxide (500A) or sil icon n i t r ide  (300A). A set of such molybdenum films were  
exposed to open air  at 5O0~ for 160 min wi thout  measurab le  de te r iora t ion  of 
the i r  in f ra red  reflectance. This demonst ra tes  the  feas ib i l i ty  of using re -  
f rac to ry  meta l  reflectors in high t empera tu re  pho to the rmal  conver ters  w i th -  
out  r isking reflectance losses caused by  oxidat ion.  I t  also es tabl ished the  
poss ibi l i ty  of in tegra t ing  the re f rac tory  meta l  reflector into the  deposi t ion 
sequence of conver ter  fabr ica t ion  by  CVD. 

The spect ra l  se lec t iv i ty  requi red  for pho to thermal  
solar  energy  conver ters  can be provided  by  a sequence 

* Electrochemical  Society Act ive  Member. 
Key words: refractory metal  reflector, photothermal  conversion. 

h igh temperature  anneals.  

of th in  films. Antiref lect ion coating and thin film ab -  
sorbers  opera t ing  in the  visible range,  covering a 
th in  film reflector opera t ing  in the in f ra red  are  the  
ma jo r  components  of a converter .  Previous  work  h a s  
demons t ra ted  the feas ib i l i ty  of fabr ica t ing  these th in  
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film stacks by  CVD (1). The method  is economical ly  
p a r t i c u l a r l y  a t t rac t ive  for  solar  technology since i t  
proceeds at  a tmospher ic  pressure,  t he reby  fac i l i ta t ing  
la rge  scale f low- through opera t ion  wi thout  the  re -  
s t r ic t ions and costs of vacuum-based  techniques.  In  
addit ion,  fabr ica t ion  by  CVD requires  exposure  of 
the  growing  s tack to t empera tu res  in excess of 700~ 
As a consequence, the  final sys tem is wel l  sui ted for  
l ong - t e rm  opera t ion  at  t empera tu res  of 500~ How-  
ever, the  high t empera tu res  of fabr ica t ion  and ope ra -  
t ion presen t  difficulties. If  h igh ly  reflective noble meta ls  
such as s i lver  a re  used, t h e  reflective film tends to 
agg lomera te  dur ing  fabr icat ion,  resul t ing  in reduced  
in f ra red  reflectance. As an a l ternat ive ,  r e f rac to ry  
meta ls  of super ior  t he rma l  s tab i l i ty  can serve as 
reflectors. In  contras t  to films p repa red  by  physical  
vapor  deposit ion,  thin films of mo lybdenum deposi ted 
by  CVD compete in the i r  in f ra red  reflectance wi th  
the  high reflectance of  the  bu lk  ma te r i a l  (2). Having  
profi ted f rom the the rmal  and opt ical  proper t ies  of 
molybdenum,  problems  st i l l  arose concerning the 
s t rong oxida t ion  tendency  of this r e f rac to ry  metal ,  
especia l ly  at  the t empera tu res  of conver te r  operat ion.  
We consequent ly  s tudied  methods of pass ivat ing  CVD 
molybdenum th in  films wi th  respect  to preserv ing  
the i r  in f ra red  reflectance. The resul ts  of tests in which 
a set of pass iva ted  mo lybdenum films was exposed 
to open ai r  at  500~ for 160 min  is repor ted.  Within  
ref lectometer  accuracy,  the  in f ra red  reflectance of 
the  pass iva ted  films remained  unchanged th roughout  
this per iod  of time. Two typica l  samples  were  fu r the r  
hea ted  and fai led to de te rmine  a l i fe t ime limit.  

Sample Set 
Twen ty -one  samples  were  deposi ted by  the rmal  de-  

composit ion of mo lybdenum carbonyl  [Mo (CO) 6]. An  
impor t an t  aspect  of this  process is the  possibi l i ty  of 
incorpora t ing  traces of oxide  and carb ide  phases wi th in  
the mo lybdenum matr ix .  Ant ic ipa t ing  tha t  these oxides 
and carbides  could a l te r  meta l lu rg ica l  in teract ions  
be tween  the meta l l ic  film, passivator ,  and atmosphere,  
we included deposi ts  of differing i m p u r i t y  content  
wi th in  our  sample  set. This was done by  vary ing  the 
deposi t ion t empera tu re  of the meta l l ic  films, as i t  is 
k n o w n  tha t  the end products  of the the rmal  decompo-  
si t ion of Mo(CO)6 are  a funct ion of t e m p e r a t u r e  (3). 
F i lms  were  deposi ted at  t empera tu res  ranging  f rom 
200 ~ to 350~ Al l  samples  were  depos i t ed  on fused 
sil ica and range  in th ickness  f rom 600-1800A. As ex~ 
p la ined  below, four  different  methods  of pass ivat ion 
were  tested. Sample  subsets were  assembled for use 
with each passivator ,  along wi th  an addi t iona l  subset  
which  was not  pass iva ted  for reasons of comparison.  
Each subset  includes samples  of different  deposi t ion 
tempera ture .  The top two rows of the figure sum-  
mar izes  this informat ion.  In addi t ion to var ia t ions  
of the  pu r i t y  amongst  the sample  set, the la rge  sur face-  

Fig. I. Ratios of the reflectance of passivated, annealed CVD 
molybdenum films to as-deposited reflectance values at 3 and 12 
~m for samples which have been annealed in air at 500~ for 
10, 40, and 160 min using different passivators. 

to- th ickness  rat io  of a thin film can force s t ruc tura l  
differences f rom the bulk.  In  o rder  to s tudy  the in-  
fluence of these pa rame te r s  on the passivation,  we 
included in our  test  samples  of bu lk  mo lybdenum 
which were  pol ished to a specular  finish. 

Choice of Passivators 
For  purposes  o ther  than  the s tabi l iza t ion of the 

opt ical  proper t ies ,  pass iva t ion  of mo lybdenum is rou-  
t ine ly  accomplished wi th  a few thousandths  of an 
inch of mo lybdenum silicides when  s t ruc tura l  s t rength,  
impact  resistance,  a n d / o r  the rmal  shock resistance 
of the  object  to be pass iva ted  is of in teres t  (4). The 
fact  tha t  our  appl ica t ion  requi res  p rese rva t ion  of the 
high in f ra red  reflectance of the pass iva ted  films places 
more  s t r ingent  requ i rements  on the passivators .  The 
high in f ra red  emit tance,  ranging  f rom 0.4-0.8 (5), 
of these sil icide layers  prec ludes  the i r  use as passi-  
vators  in solar  applications.  However ,  the  mechanism 
by  which the sil icides opera te  suggests a pass iva tor  
for our  applicat ion.  Dur ing  heat ing,  the  si l icide reacts  
wi th  oxygen  to form a thin layer: of SiO2 on the outer  
surface which acts as the pro tec t ive  l aye r  (6). Thus 
we coated one subset  of our mo lybdenum films wi th  
500A of SiO2 by  evaporat ion.  These layers  a re  thin 
enough to render  the  in f ra red  reflectance of the me ta l  
una l t e red  by  the passivator .  Other  subsets  were  pas -  
s ivated wi th  500A of A1203 which  was also deposi ted 
by  evaporat ion.  In addit ion,  a pass iva t ing  l aye r  of 
300A thickness  of SigN4 was appl ied  to a sample  sub-  
set by  chemical  vapor  deposi t ion f rom a S i H 4 / N H J H e  
gas mix tu re  at  a t empe ra tu r e  of 750~ It  is r e m a r k -  
able  tha t  the reflectance of the Mo films thus coated 
did not  change in the  CVD process, indica t ing  tha t  
the  absence of oxygen  in the  reac t ion  chamber  pe r -  
mi t ted  heat ing of the  Ylo films up to t empera tu res  
above 700~ wi thout  adverse  effects. In  o rder  to gua r -  
antee  the surv iva l  of the Mo films dur ing  SigN4 deposi-  
tion, we appl ied  500A of SiO2 to a subset  of metal 
films before  the CVD step. As ment ioned  above, bu lk  
mo lybdenum samples  were  also passivated.  S imi la r  
A120~ and SiO2 layers  were  used on the bu lk  samples. 

Testing Procedures 
Using a PE 137 spectrophotometer ,  we measured  

the n e a r - n o r m a l  incidence specular  reflectance of al l  
samples,  (i) a f te r  deposi t ion of the meta l ;  (ii) af ter  
passivat ion;  and (iii) af ter  each step of the  l i fe t ime 
test. Concerning the ver t ica l  scale of the  figure, Rinitial 
refers  to the reflectance before appl ica t ion  of the  
pass ivat ing  layer ,  and Ranneal to the  reflectance af te r  
anneal ing  the sample  for the t imes given. The quot ient  
is therefore  indica t ive  of conservat ion or  de te r io ra -  
t ion of the in f ra red  reflectance. Al l  samples  were  
hea ted  in a i r  in a furnace of near -cons tan t  t empera -  
ture  profile va ry ing  only f rom 502 ~ to 504~ over  
the  a rea  uti l ized. Reflectances were  measured  af te r  
exposure  to this condi t ion for  10, 40, and 160 min, 
respect ively .  

Results 
All  resul ts  for the meta l l ic  films are  summar ized  

in the  figure where  l ight  and  da rk  bars  indicate  values  
Of Ranneal over  Rinitial a t  3 and 12 /~m, respect ively,  
for  each sample  subset  af ter  each of the  three  anneal  
periods. Each bar  represents  an average  ca lcula ted  
over  al l  samples  in each subset, each sample  being 
character ized by  deposi t ion tempera ture ,  and conse- 
quent ly  by  impur i t y  content.  Changes in reflectance 
var ied  only  s l ight ly  among samples  wi th in  each sub-  
set. Therefore,  var ia t ions  of i m p u r i t y  content  wi th in  
the meta l l ic  films due to different  deposi t ion t empera -  
tures a re  seen to be of l i t t le  consequence concerning 
passivat ion.  

One sample  subset  and the bu lk  mo lybdenum sam-  
p le  were  pass ivated  by  500A of SiO2. They de te r io ra ted  
in the i r  reflectance af ter  40 min  of anneal  in open ai r  
a t  500~ In  addit ion,  measurements  of reflectance of 
these samples  in the vis ible  and near  in f ra red  indicate  
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a shift  of the first in ter ference  fr inge to longer  wave-  
lengths  dur ing  exposure.  This indicates an increase 
in the  opt ical  thickness of the dielectr ic  l ayer  above 
the meta l l ic  surface. I t  can be assumed that  the f r inge 
shift  is caused by  a g rowth  of mo lybdenum oxide at  
the meta l -d ie lec t r i c  in ter face  which in tu rn  eventuall"y 
consumes the meta l  and des t roys  the reflectance. In-  
complete  densification (7) of the silicon dioxide layers  
m a y  exp la in  the pa r t i a l  fa i lure  of these samples. 

S imi la r  f r inge  shifts a re  seen af ter  40 min of ex-  
posure in the reflectance measurements  on unpass i -  
va ted  bu lk  molybdenum.  In this case, the shifts resul t  
f rom an oxide g rowth  on the outer  metal l ic  surface. 
As the  dielectr ic  thickness increases, f r inge minima 
shif t  towards  the in f ra red  and reduce reflectance va l -  
ues. Oxide absorpt ion  bands also cont r ibute  to in f ra red  
reflectance losses for these unpro tec ted  bu lk  mo lyb -  
denum surfaces. I t  can be assumed tha t  the  unpas-  
s ivated subset  of mo lybdenum films was consumed 
by  oxide, g rowth  resul t ing  in complete  reflectance loss 
wi th in  10 min of exposure.  

The  A1208 and Si3N4 pass ivators  protec ted  thei r  
respect ive  subsets  th rough  at  least  160 min in a i r  
at  500~ wi thout  loss of in f ra red  reflectance. A lu -  
minum oxide preserves  the reflectance of bu lk  mo lyb -  
denum under  the  same conditions. No l i fe t ime l imi t  
was found as two typica l  samples  were  tested for an 
addi t ional  6 h r  wi thout  reflectance degradat ion.  Re-  
flectance measurements  in the  visible range  indica ted  
tha t  the dielectr ic  l ayer  overcoat ing these samples  
did  not  change in thickness as the  f i r s t  o rder  f r inge  
min ima  remained  at  the same wave length  throughout  
a l l  tests. In  some cases reflectance values increased 
s l ight ly  af ter  the first  anneal ,  indica t ing  a possible 
outgassing a n d / o r  s t ruc tura l  improvemen t  of the film 
caused b y  heating.  

Conclusions 
Both thin  layers  of A120~ and SisN4 can pass ivate  

thin mo lybdenum films deposi ted f rom the vapor  
phase wi thout  degrading  thei r  in f ra red  reflectance 
agains t  exposure  to a i r  at  5O0~ for 160 min. Thin 
layers  of SiO2 prese rved  the reflectance for nea r ly  
40 rain at 5O0~ These resul ts  es tabl ish the poss ibi l i ty  
of in tegra t ing  re f rac to ry  me ta l  reflectors into the 
deposi t ion sequence of pho to the rmal  conver ter  fabr ica -  
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t ion by  CVD. In addit ion,  in the event  of accidental  
exposure  of a pho to thermal  conver ter  to a i r  dur ing  
operation,  the metal l ic  reflectors would  easi ly  survive  
the ensuing cooldown per iod pr ior  to enclosure repa i r  
wi thout  suffering oxida t ion  induced reflectance losses. 
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Thickness Uniformity of GaAs Layers Grown 
by Electroepitaxy 
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Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The thickness profiles of GaAs layers  g rown b y  e lec t roep i taxy  (cur ren t -  
contro l led  l iquid phase ep i taxy)  were  inves t iga ted  in conjunct ion wi th  ex -  
pe r imenta l  g rowth  parameters .  I t  was found tha t  defect ive  e lec t r ica l  contacts 
to the subs t ra te  and var ia t ions  in the dissolution depth  of the subs t ra te  by  the 
ga l l ium contact  l ayer  lead to r andom fluctuations in the  ep i tax ia l  layers .  Con- 
vect ive flow in the  solut ion due to hor izonta l  gradients  in the  solut ion caused 
by  joule  heat ing leads to sys temat ic  var ia t ions  in the  th ickness  of the  epi-  
layers.  Expe r imen ta l  procedures  are p resen ted  for  mlmzmzlng or  essent ia l ly  
e l imina t ing  both  types  of thickness variat ions.  

Cur ren t -con t ro l l ed  l iquid  phase epi taxy,  r e fe r red  to 
f rom here  on as e lec t roepi taxy,  of semiconductors  and 
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lie Corporation, Tokyo, Japan. 
Key words: GaAs, LPE; electroepitaxy,  layer thickness,  uni- 

formity.  

other  compounds uti l izes cur ren t  flow through  the 
g rowth  in ter face  whi le  the t e m p e r a t u r e  of the sys tem 
is ma in ta ined  constant  (1). Growth  of semiconductors  
such as InSb (1), GaAs (2-6),  InP (7), and GaA1As 
(8-10) as wel l  as garne t  l ayers  (11) has been success- 
fu l ly  achieved by  e lect roepi taxy.  Fur the rmore ,  e lec t ro-  
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e p i t a x y  has been employed for the study of growth 
ki n e t i c s  of GaAs layers and Si segregation from Si- 
doped solutions; in these studies the amphoteric dop- 
ing behavior  of Si has been elucidated and a t t r ibuted 
to the formation of As-Si -Ga complexes in solution 
flora which Si can be incorporated into Ga or As sites 
dur ing  growth depending on tempera ture  (6). The 
electrical properties of GaAs layers and p -n  junct ions 
grown by electroepitaxy (i.e., mobility, minor i ty  car- 
r ier  diffusion length, and I - V  characteristics) were 
found to be as good as in layers (or p -n  junct ions)  
g r o w n  under  the same conditions by thermal  cooling 
(5) ; similarly, parameters  of DH GaA1As layers were 
found to be comparable to those prepared by classical 
methods (10). 

During electroepitaxy it  has  b e e n  f o u n d  that  joule 
heat ing can play a significant role and that  a.c. must  
be applied prior to the direct cur rent  for successful 
growth (8). Other investigators, on the other hand, 
have not encountered any interference from joule 
heat ing (2). Furthermore,  convection in  the solution 
was found to be very  significant in some experiments  
(12) ; however, its origin has not been clarified. 

I t  was the purpose of the present  work to study in 
detail the extent  of joule heat ing and its effects on the 
thermal  gradients in  the growth cell and on convec- 
t ion in the solution; it was also the purpose of this 
work to s tudy the thickness un i formi ty  of the epitaxial  
layers as affected by joule heating and other experi-  
menta l  parameters.  

Apparatus and Procedure 

The apparatus  employed in  the present  study is 
shown schematically in Fig. 1. The growth cell, oper- 
ated in a furnace with a t cyl indrical  gold reflector, is 
a modified version of that  commonly employed in 
LPE to permit  a controlled flow of electric current  
through the growth interface. Thus, two stainless 
s tee l  electrodes are threaded, one each into the top 
and bottom graphite segments; the two segments are 
electrically isolated with boron ni t r ide and current  can 
flow only when the seed is brought  into contact with 
the solution by  means of a boron ni tr ide slide. Moni- 
toring thermocouples are positioned 1 mm from the 
seed and the solution. During growth the controlled 
thermocouple can be either in  position C near  the seed 

or in  position B near  the  h e a t i n g  e l e m e n t  for  reasons  
to be discussed below. 

GaAs substrates (1.2 • 1.2 cm) with the (100) or ien-  
tat ion were employed; their  thickness varied from 200 
to 300 ~m; they were Cr doped (semi- insula t ing at 
room tempera ture) .  A uni form electrical contact on 
one side of the substrate was established with a 150 
a m  thick gal l ium layer  2 (details on this contact are 
discussed later) .  Depending on the dimensions of the 
solution well, the growth area was 1.4, 1.0, 0.5, and 0.2 
cm 2. The layers were Ge doped (p=type) to a level of 
about 1.0 • 101s; other dopants such as Te, Sn, and Si 
led to s imilar  results. The height of the solution was 
varied from 0.2 to 2 cm. 

In  a typical growth exper iment  the ceU was brought  
to the desired tempera ture  (from 800 ~ to 1000~ and 
the solution was equi l ibrated over a dummy substra te  
for a period ranging from 2 to 5 hr depending on the 
height of the melt. The substrate was then brought  
into contact with the melt  and electric current  was 
passed through the growth interface at a density of 
0.3-60 A/era2; the substrate  had a positive polari ty 
with respect to the solution. 

Interface demarcat ion (13) (for the determinat ion 
of the microscopic growth rate) was .introduced by 
passing through the growth interface 40A current  
pulses of 0.5 sec durat ion;  depending on the growth 
rate, the pulse f requency was varied for opt imum reso- 
lution. Growth was terminated  by switching the Cur- 
rent  off and the substrate was isolated from the solu- 
tion by moving the slide. The epitaxial  layer  ranged 
in thickness from 1 to 150 am and the growth t i m e  
from a few minutes  to a few hours. 

After growth the layers were cleaved along the 
diameter  parallel  to the horizontal direction of the cell, 
etched in AB etchant, and studied by  interference con= 
trast  microscopy. 

The total electrical resistance of the system at 900~ 
( including stainless steel electrodes, graphite segments, 
solution, and substrate) for a number  of runs was 
found to range from 0.19 to 0.25~. Upon removing the  
substrate and allowing the solution to make electrical 
contact between the two graphite segments, no change 
in resistance was observed; the resist ivity of the 

Electrical contacts made by evaporating metals such as Pt, Au, 
Ag, and Pb or by soldering In and Sn did not give satisfactory 
results. 

Fig. 1. Schematic diagram of 
the electroepitaxy apparatus. 
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graphite segments was estimated to be a few milliohms, 
taking the resistivity of the graphite to be 10 -3 ~-cm; 
the resistance of stainless steel electrodes was found 
to be 0.07-0.0912. Thus, there is resistance of about 
0.1-0.1612 unaccounted for which must  be a t t r ibuted 
to the stainless s teel-graphite  contacts. As is discussed 
below, this resistance leads to localized joule heating 
on the r igh t -hand  side of the growth cell. 

Exper imental  Results and Discussion 

Thermal ef]ects associated with electroepitaxy.--Ef- 
fect of joule heating on the temperature profile.--Tem- 
perature measurements,  after thermal  equi l ibrat ion of 
the growth apparatus, were carried out along a hori-  
zontal l ine 2 mm below the substrate employing a 
thermocouple as indicated in  Fig. 1. The results in 
the absence and presence of current  flow (20A) are 
plotted in Fig. 2. It is seen that  the temperature  profile 
(curve A) is significantly changed in  the presence of 
current  flow (curves B and C). 

In  the absence of current  flow the location of the 
control thermocouple (position B or C indicated in 
Fig. 1) does not affect the equi l ibr ium temperature  
profile. However, in the presence of current  flow the 
location of the 'control thermocouple plays an impor tant  
role. In  the presence of current  flow (20A) and with 
the control thermocouple in  position B, near  the heat-  
ing element, (curve B in Fig. 2) the substrate  tem- 
perature  increases by about 8~ and the thermal  gradi-  
ents on either side of the tempera ture  max imum be-  
come steeper; furthermore,  the tempera ture  max i mum 
is shifted to the right. This shift and the fact that  the 
gradient  to the le f t -hand side of the tempera ture  
max imum is greater than that  to the r igh t -hand  side of 
the max imum indicate that  joule heating is concen- 
trated in the graphite segments of the growth cell on 
the r igh t -hand  side of the substrate. Thus, the joule 
heating appears to be associated with the stainless 
steel electrode-graphite contacts which represent  half  
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temperature profile in the absence of current; curve B and C tem- 
perature profiles during current flow (20A) with the controlled 
thermocouple in positions B and C, respectively from Fig. 1. 

of the electrical resistance of the entire growth system, 
as pointed out above. 

With the control thermocouple in position C near  
the substrate (Fig. 1), the thermal  profile after equil i-  
brat ion in the presence of current  flow (curve C, Fig. 
2) indicates also significant joule heating at the stain-  
less steel electrode-graphite  contacts (different ther-  
mal  gradients about the max imum) .  However, the 
substrate and solution tempera ture  is changed to a re l-  
a t ively small  extent. The same curves as in  Fig. 2 
were obtained 4 mm above the solution (having a 
height of 0.5 cm) by t ravers ing a moni tor ing thermo-  
couple through a graphite plug resting on the solution. 

It is, thus, shown that  jouie heating in  electroepitaxy 
establishes a new thermal  equi l ibr ium characterized by 
steeper thermal  gradients than  the thermal  equil ib-  
r ium prior to the flow of electric current.  The new 
thermal  equi l ibr ium is established in about ~ r a i n  
after the current  flow is initiated, as shown in Fig. 3 
for an ini t ial  tempera ture  of 902~ and a current  of 
20A. 

In  the present  growth system the thermal  gradients, 
after thermal  equilibration, were found to be a func-  
tion of the electric power. The measured thermal  
gradient  across the solution as a function of electric 
power (resistance of the system 0.25~) is shown in 
Fig. 4. This horizontal  thermal  gradient  is a potential  
cause of thermal  instabi l i ty  in the solution and could 
lead to convective flow. The effects of such flow on the 
uni formi ty  of the epitaxial  layers are discussed below. 
E~ect o3 the joule heating on the growth process . -  
As was shown in Fig. 2, with the controlled thermo- 
couple near  the heating element  (position B in Fig. 1) 
the tempera ture  of the substrate and the solution in-  
creases by about 8~ dur ing  flow of 20A. Accordingly, 
in this case, it was possible to carry  out electroepitaxy 
only after a l ternat ing current  (a.c.) was passed 
through the system prior to direct cur rent  (d.c.) con- 
sistent with results reported previously (8). During 
a-c flow substrate  dissolution took place and the As 
concentrat ion in  the solution reached a new equil ib-  
r ium value, corresponding to the increased tempera-  
ture  brought  about by joule heating (910~ for a cur-  
ren t  of 20A). Thus, after subst i tut ing d.c. for a.c., 
electroepitaxy was carried out at 910~ i.e., 8~ higher 
than  set by the tempera ture  controller. When the con- 
trol thermocouple was near  the substrate (position C 
in  Fig. 1) the tempera ture  of the solution and the sub-  
strate did not  change dur ing current  flow as the con- 
trol thermocouple sensed the joule heat ing and thus 
reduced the power to the heat ing element.  Thus, in  this 
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case no subst ra te  dissolution took place and electro- 
epi taxy was carried out without  applying a.c. pr ior  to 
d.c. 

The above results can account for the discrepancy in 
electroepitaxy findings reported in the l i terature:  one 
group (8) found extensive backmelt ing of the sub-  
strafe upon passage of current  and could obtain growth 
only when  a.c. was applied prior to d.c.; a second group 
(2) experienced no difficulties in carrying out electro- 
epi taxy and found it unnecessary to introduce a.c. In 
the l ight of the present  results, differences in  the ef- 
fect of joule heat ing on the thermal  configuration of 
the growth cell resul t ing from differences in  experi-  
menta l  a r rangement  are the apparent  cause of this 
discrepancy�9 

Minimization of temperature gradients due to joule 
heating.rain order to decrease joule heat ing the cross 
section of the stainless steel rods was increased by  a 
factor of ten  (from 0.1 to 1 cma). In  addition, the con- 
tact area between the rods and the graphite was in -  
creased by welding  a 2 cm 2 stainless plate at the end of 
the rods. These modifications decreased the resistance 
of the system from 0.19-0.2512 down to 0.05-0.0812. In  
turn,  the horizontal  tempera ture  gradient  across the 
solution was reduced from 1.4 ~ to 0.4~ for a cur-  
rent  flow of 20A at 902 ~ C. 

In  order to decrease fur ther  the horizontal tempera-  
ture  gradient  across the solution, the following pro- 
cedure was employed. Prior  to growth the graphite 
segments were positioned in the furnace so that  the 
horizontal  tempera ture  gradient  in the solution was of 
the same magni tude  but  of opposite sign to the hori-  
zontal tempera ture  gradient  change caused by the 
joule heating. Thus, dur ing cur ren t  flow, the result ing 
horizontal  gradient  in  the solution was minimized. The 
smallest  gradient  achieved across the solution was 
0.05~ for a solution tempera ture  of about 900~ 
a current  flow of 25A, and a total system resistance, of 
0.0512. In  most exper iments  at this tempera ture  and 
for the same current  flow the horizontal  gradient  
ranged from 0.1 to 0.15~ (resistance range 0.05- 
0.0812) as shown in  Fig. 5. 
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Fig. 5. Horizontal temperature gradient in the solution while 
passing 25A a.c. (upper curve), 25A d.c. (middle curve), and no 
current (lower curve). Data obtained with Cr-doped 1 mm thick 
substrate. 

It  has been reported (12) that  Pelt ier  cooling can 
lead to horizontal tempera ture  gradient  changes (over 
and above those introduced by joule heat ing) .  No such 
effects were found in  the present  study. Thus, it is 
seen in Fig. 5 that  passing 25A a.c. (no Pel t ier  cooling) 
instead of d.c. under  identical exper imenta l  conditions 
the horizontal  temperature  gradient  in the solution re-  
mains the same, al though with d.c., the average tem- 
perature  decreased about 2.5~ due to Pelt ier  cooling. 

Layer thickness uniformity.raThe uniformi ty  of the 
layer  thickness was studied in conjunct ion with var i -  
ous growth conditions such as current  density, extent  of 
joule heating, solution height, and the na ture  of the 
electric contact to the substrate. Two types of thickness 
fluctuations were observed: random fluctuations asso- 
ciated with nonuni form current  flow through the sub-  
strate and systematic fluctuations associated with tem-  
perature  gradients or convective flow in  the solution. 

Random thickness ~uctuations.mRandom fluctuations 
of the layer "thickness associated with nonuni form 
current  density were found to originate in  nonuni form 
electric contacts to the substrate  and in variat ions of 
the substrate thickness. 

Thus, Fig. 6a depicts an epilayer grown in 1 hr under  
a current  density of 5 A / c m  2 at 850~ (substrate thick- 
ness 400 #m, n - type  10 TM carriers/cm~). On some areas 
of the substrate (identified by numbers )  essentially 
no growth took place. These areas correspond to areas 
of poor electric contact to the substrate,  where gal l ium 
did not wet the substrate. They are identified by n u m -  
bers in  Fig. 6b, corresponding to the numbers  on the 
epilayer of Fig. 6a. 

Fluctuat ions in substrate thickness were also found 
to originate in nonuni form dissolution depth of the 
substrate by the gal l ium layer  used for electric con- 
tact. These variations in the substrate thickness led to 
variations in the resistance across the substrate  and 
thus in fluctuations in layer  thickness. They were 
par t icular ly  pronounced in th in  substrates (of the order 
of 300 ~m) where dissolution by gal l ium represented 
a significant par t  of their  thickness, since a m i n imum 
thickness of about 150 #m of a gal l ium layer  was found 
to be necessary for a satisfactory spread of gal l ium over 
the substrate surface. 

Nonuniformit ies  in  the ohmic contacts were el im- 
inated by placing the layer of Ga on the substrate 
(,~150 ~m), then a Ta foil (N50 ~m thick),  and then 
a second th in  layer  of Ga which served as the contact 
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of a large horizontal temperature gradient (2.5~ at 900~ 
with a current of 30A; solution height: curve A, 0.3 cm; B, 0.6 
cm; C, 1.2 cm. 

Fig. 6. Defects in the e pilayer caused by a defective electric con- 
tact. The numbers indicate the defects (a) in the epilayers; and 
(b) in the corresponding defects in the electric contact. 

between the Ga foil and the graphite pedestal (Fig. 
1) (2). This assembly was heated at 940~ for 11/2 hr  
prior to the growth experiment.  At this tempera ture  Ga 
is quite soluble in Ta so that  the extent  of the dissolu- 
t ion of the substrate by the Ga layer is significantly 
decreased and the electric contacts become very un i -  
form as indicated by the el iminat ion of the random 
fluctuations of the epilayer thickness. Thus, the role 
of the Ta foil is to decrease the effective thickness of 
the gal l ium layer  involved in establishing the electric 
contact with the substrate. 

Systematic thickness variations. Large horizontal tem- 
perature grac~ients in solution.~Epitaxial layers were 
grown from solutions with a horizontal thermal  gradi-  
ent of 2.5~ at 900~ and a current  flow of 30A 
(resistance of the system 0.251~). The substrate was 
n - type  (2 • 10 ~7 carriers/cmS), its thickness was 450 
~m, and its area 1.2 cm 2. Three solution heights were 
used~0.3,  0.6, and 1.2 cm. The results are shown in 
Fig. 7. 

It should be first pointed out that the increased 
thickness near  the edge of the epilayers is due to the 
fact that the diameter  of the pedestal is larger than the 
diameter of the solution well, which leads to an irt- 
creased current  densi ty near  the wall  of the well. 
When the diameter  of the pedestal is smaller  than the 
diameter  of the solution well, the thickness of the lay-  
ers near  their per iphery is decreased (see below) due 
to decreased current  density. In  the subsequent  dis- 

cussion of thickness variations, the thickness near  the 
edges will not  be taken into consideration. 

A comparison of the layer  thickness after 10 min  of 
growth shows ' that  when the solution height increases 
from 0.3 to 0.6 cm, the growth rate increases by 15%; 
when the height increases from 0.6 to 1.2 cm the growth 
rate increases by 35%. This increase in growth rate 
with increasing solution height indicates increased 
transport  of As to the growth interface which is at-  
t r ibuted to increased convective flow (12). 

If the As t ransport  to the interface is controlled by 
convective flow, the thickness profiles B and C in  Fig. 
7 must  reflect the pa t te rn  of the convective flow (14). 
The thickness variations in  case A of Fig. 7 are not 
controlled by convective flow, as is discussed below. 

It is of interest  to consider the magni tude  of the 
Grashof number ,  Gr, (a cri ter ion of convective flow) 
for the above solution 

Gr = =g ~TM/w [1] 

where ~ is the coefficient of thermal  expansion (10 -4) 
(15) ; v is the kinematic viscosity (10 -3 cm2/sec) (15) ; 
g is the gravitat ional  constant  (10 s cm/sec 2) ; aT is the 
horizontal tempera ture  difference across the solution 
(~-2.5~ h is the solution height, and w is the width 
of the cell (1.2 cm). Thus, for h -- 1.2, 0.6, and 0.3, 
Gr is approximately 2 X 105, 5 • 104, and 2 • 10 ~, 
respectively. In  ~olutions with a Grashof number  of 
this magni tude  and a Prand t l  n u m b e r  (#%/~, where 
K is the thermal  conductivity, ~ is the absolute ~r 
ity, and cp is the specific heat) of about 10 -2, which is 
typical for metallic solutions (16), significant convec- 
tive flow should be present. Thus, for Gr of the order 
of 104 the flow velocity should be about 10 -2 cm/sec 
(16). 

It is of interest  to point  out that the growth rate and 
the .thickness profile of the layers grown from solu- 
tions with a height of 0.3 cm (Gr ~ 2  • 103 ) is the 
same as that  of layers grown from solutions with the 
same height under  the same current  density but  with 
a AT across the solution an order of magni tude  less 
(Gr ~ 102) than that  in  the above experiment.  As is 
seen below, the layers grown under  very  small  hori-  
zontal thermal  gradients exhibit  no thickness variat ions 
a t t r ibutable  to convective flow. Thus, in the case A 
of Fig. 7 (Gr ~ 2 X 103) convective flow (expected to 
be about 10 .3 cm/sec) (16) does not seem to cause 
variations in the layer thickness. 

On the basis of the exper imental  values and the 
above approximate calculations it appears that  the 
growth process in the present case is not affected by 
convective flow unt i l  Gr exceeds a value of the order 
of 104 . It  is not understood at this t ime why such a 
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r e l a t ive ly  high va lue  of Gr is necessary  before  signifi- 
cant ly  convective flow is present  in the solut ion to af-  
fect the  g rowth  process. I t  is possible  tha t  a s tabi l iz-  
ing solute (As) bounda ry  l aye r  is present .  However ,  
no quant i t a t ive  da ta  are  ava i lab le  at  this t ime to de-  
t e rmine  the  thickness  of such a s tabi l iz ing solute layer .  

Sys'~ematic thickness variations. Very small horizontal 
temperature gradients in solution.--Very smal l  hor i -  
zontal  t he rmal  grad ien ts  in the solut ion were  obta ined 
by  the p rocedure  descr ibed above  w h e r e b y  the posi t ion 
of the  g rowth  cell  in the  furnace  was so chosen as to 
compensate  the gradients  tha t  joule  hea t ing  would  
introduce.  Employing  this procedure,  layers  0.5 cm 2 
were  grown at  900~ on semi- i so la t ing  Cr -doped  sub-  
s t ra tes  350-450 ~m thick f rom solutions va ry ing  in 
height  f rom 0.5 to 1.2 cm under  cur ren t  densi t ies  of 
5, 25, 50, and 60 A / c m  2. The hor izonta l  gradients  ranged  
f rom 0.05~ for a cur ren t  dens i ty  of 5 A / c m  2 to 
0.15~ for cur ren t  dens i ty  of 60 A / c m  2 (the t em-  
p e r a t u r e  was h igher  at  the side of the  cur ren t  c a r ry -  
ing rods) .  

The resul ts  a re  shown in Fig. 8 and 9 for a solut ion 
height  of 0.7 cm. Excluding  the thickness near  the  
edges, for reasons pointed out  above, i t  is seen (Fig. 8) 
tha t  for a cur ren t  dens i ty  of 5 A / c m  2 there  is a de-  
crease in thickness f rom r ight  to left. As the  cur ren t  
dens i ty  increases  (Fig. 8) the  thickness becomes fa i r ly  
uniform. This fact and the  fact that  the  g rowth  rates  
were  found to be independen t  of the  solut ion height  
indicate  tha t  no convect ive flow was present  affecting 
the growth  process. 

The  decrease  in  thickness f rom r ight  to lef t  in Fig. 
8 is be l ieved to be associated wi th  the  sys temat ic  smal l  
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Fig. 8. Thickness profiles after 10 min of growth at 900~ with 

a current density of 5 A/cm 2 in the presence of a very small tem- 
perature gradient. Curves A and B were obtained with graphite 
pedestals of different diameters (see text). 
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Fig. 9. Thickness profiles after 10 min of growth at 900~ in 
the presence of a very small temperature gradient: current den- 
sit'/; curve C, 25 A/cm2; D, .SO A/cm2; E, 60 A/cm 2. 

var ia t ion  of the cur ren t  dens i ty  across the g rowth  in-  
ter face  due to the geomet ry  of the  system. Since both  
c u r r e n t - c a r r y i n g  rods are  located on one side of the  
g rowth  cell, it  is expected  tha t  the  resis tance to cur -  
ren t  flow wil l  be smallest ,  the  cur ren t  densi ty  wil l  be 
largest ,  and thus the  thickness  of the  l ayer  wil l  be 
larges t  on tha t  side of the  cell. 

At  increased cur ren t  densi t ies  (Fig. 9) appa ren t ly  
the  effect of the  cur ren t  dens i ty  g rad ien t  (an increase 
in growth  ra te  f rom r ight  to lef t )  is essent ia l ly  com- 
pensa ted  by  the effect of  the 0.15~ hor izonta l  
t he rmal  g rad ien t  (an increase  of the  growth  ra te  f rom 
lef t  to r igh t ) ;  another  compensat ing  factor  is perhaps  
diffusion of As from areas  of h igher  cur ren t  dens i ty  
[higher  As concentra t ion  due to e lec t romigra t ion  (4)]  
to areas  of lower  cur ren t  dens i ty  ( lower  As concen- 
t ra t ion) .  

Summary 
Although elect  roep i t axy  has been used for severa l  

years  for the  successful g rowth  of I I I -V  compound 
layers  and devices, the  role of var ious  expe r imen ta l  
pa ramete r s  on the character is t ics  of the  layers  has not 
as ye t  been ex tens ive ly  studied. The presen t  work  is 
concerned wi th  pa rame te r s  affecting the thickness  
un i formi ty  of the  layers.  

Two types  of ep i layer  thickness  var ia t ions  were  ob-  
served:  r andom fluctuations and sys temat ic  variat ions.  
The random fluctuations were  found to be associated 
wi th  nonuni form cur ren t  dens i ty  at  the  g rowth  in te r -  
face, resul t ing  f rom random defects  in the electr ic  con- 
tact  to the  substrate.  Random fluctuations were  also 
found to resul t  f rom fluctuations in the res is tance 
across the  substrate ,  which in tu rn  were  caused by  
fluctuations in the  depth  of subs t ra te  dissolution by  
the Ga contact  layer .  For  r e l a t i ve ly  thin subs t ra tes  
the  dissolution depth  rep resen ted  a significant f ract ion 
of thei r  thickness since a r e l a t ive ly  th ick l aye r  of Ga 
(,~150 ~m) is necessary for a sa t i s fac tory  spread.  These 
fluctuations were  e l iminated  by  placing a t an t a lum foil 
in contact  wi th  the  ga l l ium layer .  This foil dissolves 
par t  of  the  ga l l ium when the  assembly  is hea ted  to 
es tabl ish electr ic  contact. Thus, the  Ta foil essent ia l ly  
decreases the effective thickness  of the  ga l l ium laye r  
and thus the  extent  of dissolut ion of the  subs t ra te  by  
the gal l ium. 

In the  presence of convection in the  solut ion the 
thickness profile of the layers  was found to reflect the 
convective flow pa t t e rn  in the  solution. The p r i m a r y  
cause of convection was identif ied wi th  the  hor izonta l  
t empera tu re  gradients  resul t ing  f rom joule  heat ing 
which was found to be more  pronounced at the  con- 
tacts  of the  cur ren t  ca r ry ing  rods a n d  the  graphi te  seg-  
ments.  Convective flow affecting the g rowth  was ob-  
served for Grashof  numbers  g rea te r  than  about  104. 
Convective in ter ference  was e l imina ted  by  minimiz ing  
the t empe ra tu r e  grad ien t  across the  solut ion th rough  
reduct ion  of the  system's  resis tance and by  posi t ioning 
the solut ion wel l  in the furnace  so that  the hor izonta l  
g rad ien t  in the  solut ion pr io r  to cur ren t  flow was of 
the  same magn i tude  but  opposi te  sign to tha t  induced 
b y  joule heating.  The thickness  profiles of the layers  
grown wi thout  convective in te r fe rence  were  found to 
reflect the  g rad ien t  of the  cur ren t  dens i ty  across the  
growth  interface associated wi th  the  geomet ry  of the  
g rowth  sys tem and a ve ry  smal l  hor izonta l  t e m p e r a -  
ture  grad ien t  due to joule heat ing.  These two effects 
compensated  each o ther  at  h igh cur ren t  densities, and 
thus epi layers  wi th  the  most un i fo rm thickness  were  
obta ined  at  cur ren t  densi t ies  of 50-60 A / c m  2. 

Al though  random thickness fluctuations and con- 
vect ive i n t e r f e r e n c e  we re  minimized  or  essent ia l ly  
e l iminated,  w o r k  for achieving epi layers  wi th  pe r -  
fect ly  un i fo rm thickness  continues. 
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Silicon Oxidation Studies: The Oxidation of Heavily 
B- and P-Doped Single Crystal Silicon 

E. A. irene* and D. W. Dong* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

The presen t  ox ida t ion  s tudy covers the  780~176 t e m p e r a t u r e  rang.e 
using 0.001 ~ - c m  Si which  is heav i ly  B- and P -dope d  Si (6-8 • 10 TM cm -3) m 
d ry  02 (<1  ppm H20) .  Emphasis  is on the lower  t empera tu re s  t he r e by  ex-  
tending the scope of a l r eady  publ i shed  studies. Fo r  0.O01 ~ - c m  Si at t e m p e r a -  
tures  g rea te r  than  1000~ the over -a l l  oxida t ion  ra tes  were  found to conform 
to the o rde r  

B doped > P doped > STD 

(where  STD is 2 ~ - c m  B-doped  Si) ,  which is in agreement  wi th  publ ished 
resul ts  for the  h igher  tempera tures .  However ,  for the  lower  oxidat ion  t em-  
pe ra tu res  of the presen t  s tudy  (~1000~ the o rde r  for the  over -a l l  oxidat ion  
ra tes  was found to be 

P doped > B doped ~ STD 

The oxida t ion  da ta  was t aken  using an au tomated  e l l ipsometer  in situ and 
was analyzed using a l inea r -pa rabo l i c  oxida t ion  model. The resul t ing  l inear  
ra te  constants  could be corre la ted  wi th  w e l l - know n  B deple t ion  and P ac-  
cumulat ion  effects near  the Si-SiO2 in ter face  whi le  a considerat ion of the  
s t ruc tu ra l  roles of B and P in the SiO2 ne twork  was necessary  to expla in  
the  parabol ic  ra te  constants.  Phase  separa t ion  of B203 occurred  in the  SiO2 
grown on B-doped  Si and Si prec ip i ta t ion  was observed in all  the  oxides 
g rown at  1150~ but  ne i ther  of these phenomena  are  bel ieved to affect the  
oxida t ion  kinetics.  The ex tended  t e m p e r a t u r e  range  showed non -Ar rhen ius  
behavior  which could expla in  the  d ivergent  ac t iva t ion  energies  r epor ted  from 
publ i shed  studies.  

A n  unders tand ing  of the oxidat io  n kinetics for 
single c rys ta l  sil icon which has been heavi ly  doped 
(~I020 cm -3) wi th  donor or  acceptor  impur i t ies  is 
impor tan t  in the  pract ice  of p l ana r  technology. P re -  
vious studies on this topic ( i -5 )  have  shown that  a 
red i s t r ibu t ion  of the e lect r ica l ly  act ive impur i t ies  (As, 
B, P, etc.) occurs dur ing  the t he rma l  oxida t ion  of 
Si. Specifically, i t  was discovered (3, 4) tha t  dur ing  
oxidat ion  the acceptor  impur i t ies  s tudied (Al, B, Ga, 
a n d  In)  deple ted  near  the  Si surface whi le  the  donor 
impur i t ies  s tudied  (As, P, Sb) pi led up at  the Si 
surface. The ex ten t  to which the red is t r ibu t ion  occurs 
depends on the oxida t ion  t empera tu re  and ambien t  
3-5).  At  lower  t empera tu res  and in an H20-conta in ing  

* Electrochemical  Society  Act ive  Member.  
Key words:  oxidat ion kinet ics ,  impurities, thermal oxidation.  

oxidat ion  ambient ,  B depletes  more  and P accumulates  
more. In o rder  to unders tand  these observat ions sev-  
era l  factors are  impor tant .  Firs t ,  the  re la t ive  solubi l -  
i t ies of the i m p u r i t y  in Si and SiO2 are  impor t an t  
wi th  donor impur i t ies  usua l ly  being re l a t ive ly  more  
soluble in  Si (3). Second, the  diffusivi ty of the  im-  
pu r i ty  in SiO~ is impor t an t  wi th  B having  a s l ight ly  
la rger  value  than  P at  lower  t empera tu re s  (6) but  
in an H20-conta in ing  ambien t  the diffusivi ty  of B 
in SiO2 increases severa l  orders  of magni tude.  

By ut i l iz ing the l inea r -pa rabo l i c  model  for Si oxi -  
dat ion (7) in conjunct ion wi th  the  publ i shed  redis -  
t r ibut ion  effects and the fact tha t  the Si dopants  
increase the  oxida t ion  ra te  when they  affect i t  at  al l  
(5), the kinetics of the oxida t ion  of heav i ly  B-  and 
P -dope d  Si  can be qua l i t a t ive ly  predicted.  In  the  
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l inear-parabol ic  model, the l inear  rate constant, kL, 
is correlated with the reaction between the Si surface 
and oxidant,  while the parabolic rate constant, ke, is 
related to the diffusion of oxidant  through the SiO2 
film. Then, it is predicted that  at lower oxidation tem- 
peratures (<1000~ where P accumulates and B 
depletes maximal ly ,  an accumulat ion of P at the Si 
surface will  increase kL maximal ly  and the depletion 
of B from the surface should yield a min imal  effect 
on kL. At higher temperatures,  where the B depletion 
is less, the effect on oxidation of a heavily B-doped 
Si surface on kL should be observed. In  order to pre-  
dict changes in  kp values, the s t ructural  implications 
of B and P on the SiO2 network  must  be assessed 
(8, 9). The role of P in  SiO2 is to subst i tute for Si 
in  the network.  The P in  SiO2 is te t rahedra l ly  sur-  
rounded by O atoms s imilar ly  to Si in  Si-O~ tetrahedra,  
except that  in the P-O4 te t rahedra  one of the O atoms 
is doubly bonded to P which precludes that  O atom 
from br idging to an adjacent  tetrahedron. A loosen- 
ing of the SiO2 ne twork  results. The net  effect of this 
loosening on oxidation kinetics would be to increase 
kp and it would be more pronounced at lower ex-  
per imenta l  temperatures  where other network loosen- 
ing mechanisms are minimized (such as thermal  ex- 
pansion and thermal  v ibra t ion) .  The subst i tut ion of 
B in the SiO2 ne twork  is difficult in low alkali  SIO2. 
This is due to the fact that  B preferent ia l ly  forms 
a three coordinate p lanar  t r igonal  a r rangement  of O 
atoms which is s t ruc tura l ly  incompatible with the 
Si-O4 tetrahedra.  Consequently,  a s tudy aimed at 
defining the subliquidus miscibi l i ty gap in  the SiO2- 
B203 system (10) has shown that  phase separation 
extends to the Si phase boundary  with an upper  
consolute tempera ture  of ~520~ However, the effect 
of phase separat ion on the oxidation kinetics would 
be min imal  because the amount  of B203 phase is less 
than  1 mole percent  (m/o)  and the separation would 
not occur above 600~ i.e., dur ing  oxidation. An al-  
te rna te  mechanism has been proposed (11) in which 
a large n u m b e r  of oxygen vacancies are created when 
B cations enter  the SiO2 network. These defects occur 
as BO3 is oxidized to BO4 and are most l ikely to 
occur at higher temperatures  where thermal  v ibra-  
tions create the greatest number  of broken bonds. 
Therefore, the effect of B should be to increase kp 
p redominan t ly  at high temperatures.  

In  order to test these predictions of the effect of 
B and P on kL and ke values, the oxidation data al-  
ready published (5) needs to be extended to cover 
a broader  tempera ture  range, in part icular  lower 
temperatures.  Also, the data need to be generated in 
a well-defined ambient  and analyzed according to 
the l inear-parabol ic  model. For  these purposes an 
automated ell ipsometer which can observe oxidation 
in situ (12, 13) was used to obtain oxidation data 
in  pure dry  02 (<1  ppm H20) (13, 14) over the tem- 
pera ture  range 780~176 and with point by point  
measurements  up to 1150~ The resul t ing data were 
analyzed for kL and kp values using a previously 
developed i terat ive least squares technique (13). 
Transmiss ion electron microscopy (TEM) was used 
to survey whether  any obvious morphological changes 
could explain the kinetic results. 

Experimental Procedures 
Wafer preparation.--The B-, P-, and As-doped Si 

slices were commercial ly acquired 3.2 cm diam, 0.025 
cm thick, <100> oriented chem-mechanical ly  polished 
Si slices. They were purchased as having a nominal  
bu lk  resist ivi ty of 0.0008-0.0012 f~-cm. Measurements  
at our laboratory yielded average values of 0.0016 
~ - c m  for B-doped, 0.0009 for P-doped, and 0.0022 
for As-doped material ,  all values wi th in  ~-5% across 
the wafers. These resist ivi ty values correspond to 
concentrat ions of about  6 • 10 TM cm -8 for B-doped 
and 8 • 1019 cm -a for P-doped material .  

Pr ior  to oxidation the wafers were thoroughly 
cleaned by a previously detailed procedure (14). 

For  t ransmission electron microscopy observations, 
3 • 3 mm chips of Si with the SiO2 film on one side 
were prepared by a previously outl ined procedure 
(15). 

Gas purity.raThe moisture content  of 02 and its 
effect on Si oxidation kinetics has been the subject 
of several previous studies at our  labora tory  (13, 14, 
16). The gaseous O3 used for the present  s tudy is 
from boil-off of l iquid oxygen and has been purified 
by a previously published procedure (14) which re-  
moves hydrocarbons and thereby reduces the H20 
content  to less than  1 ppm as measured at the oxida- 
t ion tube exit under  oxidation conditions. 

Ellipsometry.--The automated ellipsometer which 
can measure oxide thickness while oxidation is oc- 
curring, in situ, has been described previously (12). 
The procedures for the use of the automated ell ip- 
someter, tempera ture  calibration, and optical con- 
stants used for el l ipsometry calculations have also 
been previously published (12, 13). The analyses of 
thickness (d) and t ime "(t) data have been done by 
a l inear  least squares technique (13). P re l iminary  
el l ipsometry measurements  made on oxide grown on 
heavily B- and P-doped Si have shown that  the doping 
does not al ter  the optical constants or procedures 
used for the el l ipsometry performed on undoped sil- 
icon. 

Results and Discussion 
Over-all oxidation rates.--From the thickness- t ime 

oxidation data presented in Fig. la-f ,  several observa-  
tions can be made. First, when  B and P affect the 
oxidation rate, both dopants enhance the rate  as pre-  
viously reported [see for example Ref. (5)].  At the 
higher exper imental  temperatures  (1040 ~ and 1150~ 
and for thicker films the heavily B-doped Si exhibits 
a higher over-a l l  rate than P-doped and l ightly doped 
Si, again in  nominal  agreement  with a previous s tudy 
(5). However, at lower oxidation temperatures,  the 
heavily P-doped Si exhibits the highest over-al l  r a t e  
and the heavi ly  B-doped Si has about the same rate 
as l ight ly doped material.  Although, this is not in 
agreement  with published results (5), our results are 
more extensive at the lower temperatures  and the 
trends in  our da t a  are predictable based on published 
depletion and accumulat ion effects (3-5) as presented 
below. The crossover in  the oxidation rates between 
the heavi ly  P-  and B-doped Si occurs for the 1040~ 
oxidation at about 2000A. Finally,  one exper iment  
using heavily As-doped Si displayed the same oxida- 
tion behavior  as for heavily P-doped Si but  with a 
slightly lower over-al l  oxidation rate. In  order  to 
gain fur ther  insight into the "crossover" behavior  be-  
tween P and B as a funct ion of tempera ture  the 
linear, kL and parabolic, kp rate constants need to 
be considered. 

Rate constants.--The kL and kp values are shown 
in Table I. The errors associated with the 780~176 
data are less than  10% and are p r imar i ly  due to the 
approximate na ture  of the l inear-parabol ic  model 
(13). For the 1150~ data the errors are estimdted 
to be larger but  less than  20%, and the increase is 
due to larger  curve fitting errors with the fewer 
available data points. In  accordance with the predic- 
tions made earl ier  which are directly deduced from 
previous impur i ty  redis t r ibut ion studies (3-5), the kL 
values for B at the lower oxidation temperatures  do 
not show any  enhancement  effect due to B, since B 
is expected to deplete maximal ly  at these tempera-  
tures; P shows an enhancement  effect on kL at all  
temperatures  due to the accumulat ion effect. Also 
as predicted, at the highest temperatures  of the pres-  
ent s tudy (1150 ~ ) where the B-deplet ion effect is 
min imum,  the kL is considerably higher than for P. 
The fact that  the over-a l l  rate for heavily P-doped 
Si is greater  than B for the th inner  films even at 
1040~ is clearly seen as a kL effect. For th inner  films 
kL is dominant  and kL for heavily P-doped Si is 
greater than  kL for heavi ly  B-doped Si up to 1040~ 
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Fig. 1. Plots of Si02 film thickness, d (A), vs.  oxidation time, t (min), for heavily B (X), and P (-I-) doped Si against lightly doped 
Si (0) showing every fifth data point at (a) 780~ (b) 893~ (c) 980~ (d) 1000~ (e) 1040~ and (f) 1150~ all the data are 
shown. 

Therefore, the crossover which occurs for larger thick- 
nesses at 1040~ must  be a kp effect. The observation 
that  both heavy B and P doping of Si causes an 
increase in kL may be related to the fact that  these 
impurities cause a substantial increase in the fotal 
(neutral  plus ionized) vacancy concentration in Si 
(17). An  enhanced vacancy concentration at the Si 

surface increases the number  of Si atoms exposed 
to oxidant (by forming ledges, steps, etc.) thereby 
enhancing the amount  of reaction at the surface. 

The kp for heavily P-doped Si is clearly greater 
than the standard at the lower temperatures as pre-  
dicted. The network loosening attr ibutable to P is 
lost at high temperatures where thermal vibrations 
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Table !. Rate constants obtained from linear least squares analysis of the oxidat}on data 

k,. (A/min) * kp (A2/min) * do (A) ** 
Oxidation 
temp (~ STD B P STD B P STD B P 

780 0.56 0.58 0.52 265 244 2.880 50 30 150 
893 2.2 2.4 3.9 4,350 4,000 6,900 340 210 190 
980 7.7 8.5 17 14,000 14,100 14,000 380 200 300 
1000 12 13 21 14,300 16.000 16,000 350 350 370 
1040 26 25 40 24,000 35,700 26,300 200t 200? 200t 
1150 90 170 140 53,000 60,000 52,000 200t 200? 200t 

* The  m a x i m u m  spread in kL and ke values is less  than --  10%. 
** The errors in ~o values are estimated to be ----- 50A for STD values and +_ 100A for B and P data. The 1150~ data has  a larger error  

os about ---+ 150A due to having only 10 data points per curve. 
$ 200A represents the maximum value considering a ]arge scatter,  

and expansion dominate. However, even larger amounts  
of P in  SiO2 than  in  the present  s tudy should extend 
the enhanced k p  to higher temperatures.  

In  addit ion to the enhanced kL for heavily B-doped 
Si at high temperatures  due to less B depletion, the !r 
for B is also enhanced. This la t ter  effect is consistent 
with Kang 's  arguments  (11) which are predicated on 
defect equi l ibr ia  being shifted toward larger defect 
concentrat ions at higher temperatures.  The B effect on 
kp requires many  network  bonds to be broken as B-O3 
changes coordination to become B-O4. This can most 
easily occur at higher temperatures  where the ne t -  
work vibrat ians  are largest and s imultaneously  dur ing 
interst i t ial  diffusion of oxidant  where there exist large 
forces exerted on the network.  The net  effect of B on 
kp is a large enhancement  at temperatures  above 
1000oC and hence gives rise to the crossover between 
P and B. 

It  is also interest ing to note the var ia t ion  of do values 
with temperature.  As defined in  the presemt study, do 
represents the upper  thickness l imit  of the ini t ia l  
oxidation regime which does not  conform to l inear  
parabolic kinetics (7, 13, 14). The values of do are 
found using the i terat ive l inear  least squares analysis 
previously described (13). From Table I it is seen that  
do values for all the samples increase with tempera-  
ture  in  the low tempera ture  regime as previously re-  
ported for l ight ly doped mater ia l  (13) but  at higher 
temperatures  the do values decrease. The smaller  
values of do mean  that  the oxidation data conform to 
l inear-parabol ic  kinetics earl ier  dur ing  oxidation. The 
observation that  do values go through a max imum near  
1000~ suggests a change in  oxidation mechanism near  
this temperature.  The values of do near  200A for 
higher tempera ture  oxidat ion data  agrees wi th  a previ -  
ous s tudy (7). 

Activation energies.--With kL and k p  values over an  
extended tempera ture  range, fur ther  insight  into the 
oxidation mechanism may be obtained by in terpre t ing  
the act ivat ion energies calculated according to an 
Arrhenius  equat ion of the form 

k - -  ko e-Ea/RT 

Figure 2 shows that neither the linear nor parabolic 
rate constants obey the above Arrhenius  equation. 
This probably  means that  bo th  kL and kp represent  a 
composite rate constant  ra ther  than  a kinet icat ly s im- 
ple step. Therefore, a s t raightforward in terpre ta t ion  of 
the ga values is not possible. 

The curva ture  of the Arrhenius  plots suggests that  
the discrepancies which exist between previous studies 

Table II. Arrhenius activation energies comparison for the high 
and low temperature regimes 

Earn (eV) Ea,P (eV) 

T e m p  range  STD B P STD B P 

980~176 (4 p o i n t s )  2.2 2.7 2.0 1.3 1.3 1.2 
780"-1000~ (4 po in t s )  1.6 1.6 1.9 2.1 2.2 2.1 
780~ (6 poin t~)  1.8 1.9 2.0 1.9 2.0 1.8 
D e a l  a n d  G r o v e  (7) 900 ~ 

1200~ 2.0 ~ m 1.2 - -  - -  

I r e n e  a n d  van  d e r  M e u l e n  
( 1 3 )  780~176 1 . 5  ~ - -  2.3 - -  - -  

(7,13) may be due to the different tempera ture  
ranges used. To clarify this situation, Ea values were 
calculated by least squares analysis of four k L  and 
kp values at the lower temperatures  (780 ~ 893 ~ 980 ~ 
and 1000~ and separately using four kL and kp values 
at the highest four temperatures  (980 ~ 1000 ~ 1040 ~ 
and 1!50~ These Ea values as well as the l i terature  
values are compared in  Table II. Since one s tudy 
considered main ly  higher tempera ture  data (7) and 
the other lower tempera ture  data (13), the discrepancy 
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Fig. 2. Arrhenius plots of (a) In kL vs I /T  and (b) In kp vs. 

1/T for the data from Table I. 
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is c lear ly  due  to the  non -Ar rhen ius  behavior .  Even 
though one s tudy  (7) used <111~  Si whi le  the other  
used ~ 1 0 0 ~  Si, i t  was prev ious ly  shown (14) tha t  
there  is less than  • eV difference: be tween  Ea values 
for ~111~  and ~ 1 0 0 ~  Si or ienta t ions  in  the same 
t empe ra tu r e  in terval .  

Transmission electron microscopy (TEM ).--Sarnples 
of SiO2 grown on heav i ly  P -  and  B-  doped Si  as wel l  
as l igh t ly  doped Si at  780 ~ and 1150~ were  compared  
by  TEM. The TEM invest igat ion was d i rec ted  at f ind- 
ing micros t ruc ture  (such as voids or  channels)  which 
could account for the differences in diffusion behavior .  
However ,  except  for  two observat ions  re la t ing  to the  
appearances  of microphases  and descr ibed below, 
there  were  ,no differences in the  different  films re -  
solvable  in the  presen t  TEM study. As to be discussed, 
the  microphase  phenomena  cannot exp la in  the  kinet ic  
results.  Therefore,  based  on this negat ive  TEM result ,  
i t  is concluded tha t  the  diffusion enhancement  caused 
by  P in SiO2 at  lower  t empera tu res  and B in SiO2 at  
h igher  t empera tu re s  is due to the creat ion of smal le r  
defects (~20A)  than  resolvable  in the presen t  s tudy 
by  TEM and p robab ly  involves ne twork  defects as 
hypothesized by  Kang  (11). 

As shown in Fig. 3, ce r ta in  areas  of the  SiOz films 
grown on heav i ly  B-doped  Si at  1150~ and to a lesser  
ex ten t  o,n 780~ grown SiO2 d i sp layed  an amorphous  
microphase.  Since B208 is expec ted  to phase separa te  
due to s t ruc tura l  incompat ib i l i t ies  (8-10), we bel ieve  
tha t  the microphase  is amorphous  B2Os. As es t imated 
f rom the micrographs  the  B203 phase comprises  about  
0.5% by  volume Of the  film. However ,  since the  re -  
gions of SiO2 film which d isp layed  phase separa t ion  
were  wide ly  separated,  a more  real is t ic  es t imate  would 
be about  0.05%. If all  the  B were  incorpora ted  in the  
SiO~, about  0.3 % B203 would  be expected.  Considering 

the la rge  er rors  in  es t imat ing  the volumes  f rom micro-  
graphs  and the poss ibi l i ty  of loss of B dur ing  oxidation,  
the  agreement  is reasonable.  Because phase separa t ion  
in the  amorphous  B203-SIO2 system occurs on cooling 
f rom the oxidat ion  t empera tu re  to about  520~ ( the  
upper  consolute t empe ra tu r e )  , there should be no effect 
on the oxidat ion kinetics.  

In  addi t ion to the  B20~ microphase  in B-conta in ing 
S i Q  samples,  Si is lands were  observed in al l  the SiO2 
films grown at 1150~ and an example  is shown in Fig. 
4. The d is t r ibut ion  is sparse  as most  areas  observed 
has no Si islands. Selected a rea  diffraction and da rk  
field techniques pos i t ive ly  identif ied the  is lands as 
c rys ta l l ine  Si (Fig. 4). Only  r a r e l y  was the same s t ruc-  
ture  seen for films grown at lower  tempera tures .  The 
fact that  this micros t ruc ture  occurs p redominan t ly  at  
the  high t empera tu res  suggests that  a d i spropor t iona-  
tion react ion wi th  chemical  t r anspor t  is t ak ing  place. A 
react ion such as 

S i ( s )  ~- SiO~(s) - -  2SiO(g)  

goes fu r the r  to the r ight  at h igher  t empera tu re s  near  
the Si-SiO2 in ter face  The gaseous SiO produced  d i f -  
fuses away  from the  in ter face  into the SiO2 film and 
equi l ibra tes  producing  S i ( s )  and SiO2(s) .  A t  the  high 
t empera tu re s  a l a rger  amount  of S iO(g)  is produced,  
and the  Si which  comes f rom SiO has enough mobi l i ty  
to form islands. Thermochemica l  calculat ions have 
shown tha t  at 1150~ the pa r t i a l  p ressure  of S iO(g)  
is about  10-.8 atm. That  p ressu re  of S iO(g)  would  
provide  a pressure  of S i (g)  of more  than  10 -6 a tm at 
1150~ At  1150~ the sa tura t ion  pressure  for  Si is 
about  2 • 10 -5 atm. Therefore  considering a nonideal  
system the condit ions for  the  product ion of free Si in 
Si, O2 can occur. However ,  since this effect was seen for 
the s tandard,  as wel l  as for B-  and P - d o p e d  SiO~ films 

Fig. 3. TEM micrographs show- 
ing B203 phase separation at 
(a) 1150~ and (b) 780~ in 
$i02 films grown on heavily B- 
doped $i. 

Fig. 4. TEM mi:rographs 
showing typical Si island forma- 
tion in SiO~ films grown at 
|150~ on lightly doped Si (a) 
bright field, (b) selected area 
diffraction, (c) dark field. 
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at ll5O~ no i m p u r i t y  d r iven  effect on oxida t ion  is a t -  
t r ibu ted  to the  Si precipi ta t ion.  

Since this s tudy  deals  wi th  the  oxida t ion  of heavi ly  
B- and P -doped  Si, the  B203 phase separa t ion  effect 
and the  Si p rec ip i ta t ion  effect wi l l  be discussed at  
g rea te r  dep th  in a fu tu re  publicat ion.  

Conclusions 
F r o m  an extension of the  oxida t ion  da ta  for  heavi ly  

B- and P -doped  Si to lower  t empera tu re s  and an ana l -  
ysis of the  da ta  in te rms of the  l i nea r -pa rabo l i c  model  
severa l  conclusions are  made:  

1. P p r i m a r i l y  increases the  ove r - a l l  ox ida t ion  ra te  
at lower  t empera tu re s  whi l e  B is more  effective at  
the  h igher  ox ida t ion  tempera tures .  

2. The accumula t ion  of P and deple t ion  of B at  the 
Si surface expla in  the  var ia t ion  of kL values  wi th  t em-  
pera ture .  

3. The enhancement  effect of P on kp is due to a 
loosening of the  SiO2 network.  When  P subst i tu tes  for 
Si in Si-O4 te t rahedra ,  fewer  b r idg ing  oxygens  are  
provided.  The net  loosening effect is most pronounced 
at  ]tower t empera tu re s  where  o ther  n e t w o r k  loosening 
factors a re  smaller .  

4. The enhancement  of kp due  to B is due to the  
creat ion of defects  when  B-O3 is oxidized to B-O4. This 
mechanism is favored  at  h igher  t empera tu re s  where  
bonds are  more  l ike ly  to be broken.  

5. TEM suppor ts  the  a tomist ic  a rguments  to expla in  
the  kp results ,  since no morphologica l  differences were  
found in the  var ious  oxides  which  could be cor re la ted  
wi th  an enhanced  diffusion of oxidant .  

6. Over  the  ex tended  t empe ra tu r e  range  of the  pres -  
ent  s tudy,  the  Ar rhen ius  re la t ionship  is not  obeyed. 
Hence there  is no s t r a igh t fo rward  in te rp re ta t ion  of Ea 
values.  However ,  d ivergent  resul t s  f rom two previous  
studies (7, 13) a re  expla ined  based on the Ar rhen ius  
plots. 
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High Oxygen Czochralski Silicon Crystal 
Growth Relationship to Epitaxial Stacking Faults 

L. E. Katz* and D. W. Hill 
Bell  Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

With  l a rge r  d iamete r  Czochra l sk i -grown sil icon crys ta ls  an increase  i n  
the  oxygen  content  is observed.  Oxygen  in excess of the  so lubi l i ty  l imi t  wi l l  
p rec ip i t a te  resul t ing  in bu lk  crys ta l  defects  which  can modi fy  ge t te r ing  of 
impur i t i es  known to degrade  e lect r ica l  characteris t ics .  In  this s tudy  we have  
inves t iga ted  crys ta l  g rowth  pa rame te r s  and re la ted  them to the  proper t ies  
o f - t h e  crystal .  Wafers  were  processed f rom crystals  grown under  var ious  
conditions. Defect  format ion  was eva lua ted  as a funct ion of processing and re -  
la ted  to the crys ta l  proper t ies :  By growing 2 in. d iam crys ta ls  at  h igh seed 
ro ta t ion  ra tes  so as to maximize  the  oxygen  content,  we were  able  to sup-  
press  saucer  etch pi t  format ion  and ep i tax ia l  s tacking faul t  formation.  The 
high oxygen content  crystals  behaved  in the  same manne r  as 3 in. d i am 
crys ta l s  wi th  respect  to defect  formation.  

Wi th  the  genera l  in t roduct ion  of l a rge r  d iamete r  
(3 in. or  g rea te r )  Czochralski  grown sil icon crysta ls  
the  oxygen  content  becomes of increas ing concern due 
to the  g rea te r  incorpora t ion  into the  crys ta l  dur ing  
crys ta l  g rowth  and subsequent  modification of defect  

* Electrochemical  Society Act ive  Member. 
Key words: crystal  growth,  epitaxial  stacking faults,  oxygen in 

silicon, sil icon defects. 

format ion  dur ing  processing. Recent ly ,  corre la t ions  
be tween  process- induced  defects and the  in te rs t i t i a l  
oxygen  content  of the  wafers  being processed have 
been made  (1-8).  Defects s tudied  have typ ica l ly  been 
saucer  or shal low etch pits, ox ida t ion- induced  s tacking 
faults,  bulk  s tacking faults,  ep i tax ia l  s tacking faults,  
and precipi ta tes .  
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The interst i t ial  oxygen content  can be controlled 
simply by selecting those crystals or wafers with the 
lowest oxygen content, by hea t - t rea tment  of the wafers 
to lower the interst i t ial  oxygen content  near  the wafer 
surface (4), or by crystal growth modification. 

Conceptually,  oxygen in silicon can be both bene-  
ficial and harmful.  Oxygen in  excess of the solubili ty 
l imit  can precipitate with the subsequent  io rma t ion  of 
bu lk  stacking faults bounded by part ial  dislocations. 
Such defects, if penet ra t ing  the active device area, 
may  prove harmful  to junct ion characteristics. On 
the other hand, proper control over the positioning of 
the oxygen- induced defects can be potent ia l ly  bene-  
ficial since they can act as gettering sites. Ideally, one 
might prefer to have the surface and perhaps the first 
20-30 ~m in depth void of bu lk  oxygen defects, while 
confining the bulk  oxygen defects to the central  port ion 
(in depth) of the wafer. This can be controlled by 
proper processing (4). 

It has been found that  epitaxial  stacking faults 
sometimes formed dur ing s tandard buried collector 
integrated circuit fabrication (3). The nucleat ion sites 
for the stacking fault  formation were suppressed in 
the regions which received an Sb buried collector 
diffusion. If the diffusion was carried out from an ion 
}mplanted source, subsequent  formation of the epi- 
taxial  stacking faults  was also suppressed in the non-  
Sb diffused regions. This was a t t r ibuted to implant  
damage lateral  get tering (3). A study of the epi stack- 
ing fault  nucleat ion and growth mechanism (5) for 
similar  s tandard bur ied collector transistor  process- 
ing as discussed above indicates the nucleat ion process 
to be complicated and involving precipitates, disloca- 
tion, and voids as well as Ni and /or  Cu contamination.  
The purpose of the work described in this paper was 
to: (i) investigate crystal growth parameters  and re-  
late these to the various characteristics of the crystal 
(interface shape, radial  resist ivity variation, and car- 
bon and oxygen content  using ASTM procedure F-121) ; 
(ii) process wafers from the various crystals through 
bur ied collector and epitaxial  deposition and evaluate 
defect formation following each high tempera ture  op- 
eration; and (iii) correlate the defect formation with 
the crystal properties. 

Experimental 
Dislocation-free silicon single crystals doped to 1015/ 

cm 3 range and of (111) or ientat ion were grown from 
5.5 kg melts. Typically, the seed and the crucible con- 
ta ining the mol ten silicon are counter  rotated. The 
crystal growth variables studied here were seed and 
crucible rotat ion rates which were varied from 5 to 40 
rpm (seed) and 2 to 20 rpm (crucible).  Following 
crystal growth, a section ~25 cm long from the seed 
end of each crystal was heat- t reated to annihi la te  
the donors formed during crystal growth. The re-  
mainder  of each crystal was in tent ional ly  not heat-  
t reated for comparative purposes. Following center-  
less grinding, slicing, and polishing, wafers were proc- 
essed through epitaxial deposition. An outl ine of the 
processing sequence is presented in Table I. Two 
lots of 100 wafers each were processed. Each lot con- 
tained random wafers from the first section (seed end) 
of each crystal. The first section consisted of two parts, 
A and B, where A was subjected to the oxygen 
stabilization hea t - t rea tment  and B was not. Wafers 
from each of the sections were removed for analysis 
following each high tempera ture  operation. 

Table I. Processing sequence 

1. Clean 
2. Initial oxidation 
3. Photores is t  
4. Open windows  
5. Clean 
6. Sb predeposi t ion from Sb205 
7. Glass removal  
8. Sb drive-in 
9. Clean 

10. Epi (~1 • 1016/em s n-type, 6-8/~m) 

Table II. Rotation rates and carbon and oxygen content of 
seed and rear end of crystal 

RPM Oxygen Carbon 

Seed Rear Seed Rear 
Seed Cruc (PPMA) (PPMA) 

40 20 58 37 0.37 1.35 
40 10 45 28 0.37 1.10 
40 2 52 33 N.D. 1.03 
20 20 51 33 0.36 2.00 
20 10 33 28 1.11 2.05 
20 2 41 26 0.57 2.42 
10 5 35 26 1.11 3.21 
5 2 34 27 0.57 2.02 

The crystals were evaluated with respect to (i) car- 
bon and oxygen content  using infrared techniques (6),2 
(ii) solid-l iquid interface shape using chemical etch- 
ing (8), (iii) radial  and longi tudinal  resistivity un i -  
formity using the spreading resistance technique, and 
(iv) defect formation and dis tr ibut ion using the Secco 
etch (9) for wafers processed up to epi and in ter fer -  
ence contrast  microscopy for the epi wafers. 

Experimental Results and Discussion 
Crystal properties.--Carbon and oxygen c o n t e n t . -  

Table II shows the seed and crucible rotat ion rates as 
well  as carban and oxygen content  at the seed and 
rear  end of the heat - t rea ted section of the crystal. 
The rear  in this case represents a distance approxi-  
mately  25 cm from the seed end represent ing ,~1/3 
of the solidified portion of the crystal. An oxygen 
stabilization hea t - t rea tment  was carried out prior to 
infrared analysis. This t rea tment  did not appreciably 
change the measured oxygen content. Carbon detec- 
t ion limits are ~,0.35 ppm with the technique used, 
whereas all oxygen levels reported are well above 
detection limits. It is apparent  that the oxygen con- 
centrations are highest at the seed end of each sec- 
tion. The high seed rotat ion rate increases the oxygen 
content  and the carbon behaves in an inverse manne r  
to oxygen. Oxygen profiles were also taken across 
wafers from the various crystals. Results are similar  
to those presented by Rozgonyi et al. (3) and show 
that the peripheral  regions of a wafer  have lower 
oxygen content  than  the center. 

The equi l ibr ium segregation coefficient of oxygen 
in silicon is ~1 (10, 11) while that of carbon in silicon 
is ,~0.07 (12). It is expected that  vigorous crystal ro- 
tat ion may result  in  a departure  from equil ibrium. 
Kaiser and Breslin (11) have determined that  the 
oxygen content  of l iquid silicon at its mel t ing point is 
proport ional  to the bare silicon surface. Carruthers  
et al. (4) have shown that  macro and microsegrega- 
t ion are dominated by thermal  convection flows in the 
melt. In  Czochralski growth, forced convection as ac- 
complished by crystal rotat ion is used to modify the 
effects of thermal  convection. Those authors (13) have 
discussed theoretically the effect of the thermal  con- 
vection flows on segregation behavior. Hrostowski and 
Kaiser (14) have shown that  crystals produced with-  
out rotat ion contain less oxygen than those which are 
rotated. This is presumably  due to the st i rr ing action 
of the rotat ing crystal supplying melt  with high oxy-  
gen concentrat ion to the growing interface (10). Their 
(14) observations are in l ine with the exper imental  
observations presented here. 
Interface shape.--Etching (8) of longi tudinal  sections 
taken from the seed end of the crystal after heat-  
t rea tment  revealed there was li t t le effect of seed or 
crucible rotat ion rate (over the range investigated) on 
the solid-l iquid interface shape which was concave to- 
ward the melt. No faceting was observed. Interface 
shape is important  since it is one factor related to the 
radial  solute distribution, i.e., radial  resistivity un i -  
formity. The lack of an interface facet is general ly  
necessary in  achieving good radial  resist ivity un i form-  
ity. 

2 For a more  complete  discussion see ,  Ref. (7). 
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Resistivity uni]ormity.--Radial resist ivity traces using 
the spreading resistance technique were taken across 
the ent i re  2 in. diam. of heat - t rea ted  (oxygen stabi l-  
ized) sections from each crystal. Readings were taken 
every 250 #m across the wafer. Results showed no clear 
cut trend. Fla t ter  resist ivity traces seemed to be as- 
sociated with the 20 and 40 seed rpm. Absolute values 
in  terms of concentrat ion correlated with the bu lk  
doping level. 

In  addition, longi tudinal  spreading resistance traces 
were taken  at 5 ~m intervals  on sections cut parallel  
to the growth axis. Typically, a distance ,~0.7 m m  was 
scanned. Generally,  the resistance profiles were flat to 
wi th in  a few percent. 
Processing results.--Wafers from each crystal were 
processed through bur ied  collector and epi. F igure  1 
af ter  ini t ial  oxidation and Secco etching (3) shows 
the various macroscopic etching pat terns  observed on 
wafers from three crystals. These are typical of the 
etching pat terns observed for all oxidized wafers ex-  
amined. The photographs were taken  in  dark field, 
hence regions which show up as light on the photo- 
g r a p h  appear as cloudy to the naked eye. These re-  
gions will  be referred to as cloudy etched regions. 
Regions which are dark in the photograph are clear 
to the naked eye and wil l  be referred to as clear 
etched regions. We define three types of etching pat -  
terns shown in Fig. 1 as: Type 1, uni form etch pattern,  
cloudy to the naked eye across the entire wafer; type 
2, radial  etch pattern,  clear and cloudy etch regions; 
type 3, edge etch pattern,  clear over most of the wafer 
and cloudy at the edge. The vast major i ty  of wafers 
grown at 40 seed rpm exhibited type 3 behavior shown 
in  Fig. 3. In  most cases such wafers were clear across 
the entire wafer. Pa t t e rn  type 1 and 2 were observed 
on wafers taken from crystals grown with a seed rota-  
t ion rate of 20 rpm and below with type 1 being more 
prevalent  at the lower seed rotat ion rate. There was 
no correlat ion wi th  crucible rotat ion rate. It  will  later  
be shown that  the clear etched regions do not result  
in  epitaxial  stacking faults whereas the cloudy regions 
do. In  ~ddition, wafers which were not subjected to 
the bur ied collector processing did not  result  in  epi- 
taxial  stacking fault  formation. 

Figure  2 shows higher magnification photographs 
of the clear and cloudy Secco etch regions for type 2 
wafer  from Fig. 1. The cloudy region, Fig. 2a, shows 
a high densi ty of "saucer pits" (,~107/cm 2) along with 

Fig. 1. Secco etched wafers after initial oxidation 

Fig. 2. Secco etched wafer after initia! oxidation, clear and 
cloudy regions (a, left; b, right). 

a lower density of oxidat ion- induced stacking faults 
(labeled A, B, C, and D). The saucer pits are general ly  
not observed in  the clear etch regions, bu t  stacking 
faults at a nonuni form density ,~102-108/cm 2 are often 
seen (Fig. 2b). The defects which we labeled A, B, C, 
and D in Fig. 2a have been identified by t ransmission 
electron microscopy as stacking faults (15). Type 1 
and 3 wafers also showed similar etching and defect 
behavior  as shown in  Fig. 2a for cIoudy regions and 
Fig. 2b for clear regions. 

In  order to determine whether  the stacking faults 
were present  in depth, 0.002 in. of mater ia l  was re-  
moved by  Syton polishing from a type 3 wafer. Re- 
sults after etching, showed that  stacking faults were 
still present  in  the clear etch regions. This demon-  
strates that  bu lk  stacking faults were present  in these 
wafers. Regions which etched cloudy still showed a 
high density of small  saucer pits along with an occa- 
sional bulk  stacking fault. Examina t ion  in  cross section 
of cleaved wafers confirmed these observations. 

The same gross etch pa t te rn  observed after ini t ia l  
oxidation (Fig. 1) followed through the buried layer  
processing with each high tempera ture  operation. Thus 
wafers showing type 3 behavior  after init ial  oxidation 
showed type 3 behavior after  predeposition and dr ive-  
in. Similar  wafers showing type 1 and 2 characteristics 
followed through the processing sequence showing the 
same behavior. As we show later, those areas etching 
"cloudy" on any type wafer resulted in epi stacking 
faults in the nondiffused regions. Those areas etching 
"clear" showed no epi stacking faults. 

Secco etch results after predeposit ion are shown in  
cloudy and clear area, both diffused and nondiffused 
in Fig. 3 for type 2 and type 3 wafers. A similar  s tudy 
following dr ive - in  is shown in Fig. 4. As is evident  a 
high density of saucer pits is observed in  cloudy etch 
regions, but  a much lower density or complete ab-  
sence is observed in  clear etch regions. 

Figure  5 shows the appearance of diffused and non-  
diffused regions, in  unetched samples, following epi- 
taxial  deposition. Those defects in  the photos which 
are V-shaped or t r i angular  in  appearance are epitaxial  
stacking faults. The photograph on the left was ob- 
ta ined from a type 1 sample whereas the one on the 
r ight  was obtained from a clear region in  a type 3 sam- 
ple. Examinat ion  of over 100 wafers led to the firm 
conclusion that regions which exhibit  cloudy etch be-  
havior, as evidenced by a high density of saucer pits, 
will  result  in  the formation of stacking faults in non-  
diffused regions dur ing  epitaxiaI deposition. In  addi-  
tion, regions which exhibit  clear etch behavior  do not  
reveal epitaxial  stacking faults. In  this par t icular  s tudy 
no deleterious effects were observed as a result  of 
the high oxygen content. 
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Fig. 3. Secco etched wafer 
after Sb predeposition. 

Fig. 4. Secco etched wafer 
after Sb drive-in. 

Fig. 5. Post e pitaxial surfaces, (a, left) shows stacking faults 
in the nondiffused regions and (b, right) shows no stacking faults. 

Correlation of deject formation with crystal charac- 
teristics.--Upon examination of wafers following epi- 
taxial deposition, five categories of epitaxial stacking 
fault severity were chosen; they are (i) none, (ii) 
stacking faults at edge, (//i) radial distribution (from 
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Fig. 6. Degrees of stacking fault formation as related to seed 
rotation rate. 
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edge pa r t  way  t oward  cen te r ) ,  (iv) r ad ia l  to un i fo rm 
distr ibut ion,  and (v) un i fo rm distr ibut ion.  Af te r  al l  
wafers  were  examined,  the effect of crucible  r p m  on 
s tacking faul t  format ion  was s tudied and no corre la t ion  
was obtained.  However ,  a s imi la r  s tudy  of seed r p m  
vs. s tacking faults,  Fig. 6, showed tha t  high seed rpm, 
i.e., 40 rpm, prac t ica l ly  e l imina ted  the  ep i tax ia l  s tack-  
ing faul t  p rob lem;  th i r ty -one  out of t h i r t y - s i x  wafers  
f rom six different  ingots showed no epi s tacking faul ts  
a t  all. Al l  wafers  ob ta ined  f rom crystals  g rown at  20, 
10, and 5 r p m  showed s tacking faults;  s ix ty - four  out  of 
s ix ty - fou r  wafers  examined  showed  epi s tacking faults.  
No difference was observed  be tween  hea t - t r e a t e d  and 
n o n h e a t - t r e a t e d  ingots for both  high r p m  and low r p m  
wi th  respect  to epi s tacking faul t  formation.  P r e sum-  
ab ly  the  ini t ia l  oxida t ion  equalizes the  "hea t - t r ea t ed"  
and "nonhea t - t r ea ted"  wafers  wi th  respect  to oxygen  
precipi ta t ion.  

The  rad ia l  oxygen  profiles f rom our  wafers  and also 
those of others  (3, 4) show that  a corre la t ion  exists 
be tween  rad ia l  s tacking faul t  dens i ty  and rad ia l  oxygen 
profile; namely ,  tha t  the  edge regions have lower  oxy -  
gen levels  than  the centra l  regions. In crysta ls  g rown at  
low tu rn  rates,  20 rpm and lower,  the  epi s tacking 
faul ts  a re  observed  most  p r edominan t ly  at  the  edge 
where  the  oxygen  is lowest.  Once the  oxygen  level  be -  
comes higher ,  even at  the edge such as in the 40 r p m  
crystals ,  a drast ic  reduct ion  in s tacking faul t  level  is 
observed.  I t  thus appears  tha t  a s t rong corre la t ion ex-  
ists be tween  ( low) oxygen  and s tacking faul t  fo rma-  
tion. This does not  p rec lude  a s imi lar  cor re la t ion  wi th  
(high) carbon. 

Since the  epi s tacking faul ts  genera l ly  were  not  
p resen t  in the  3 in. d iam crysta ls  where  the oxygen 
content  is t yp ica l ly  nea r  40 ppm, i t  appears  this  value  
of the  oxygen content  is app rox ima te ly  the  threshold  
above which the saucer  pi t  format ion  is suppressed,  
p r e sumab ly  due to a ge t te r ing  act ion by  oxygen - in -  
duced  defects. Thus b y  changing the  crys ta l  g rowth  
pa rame te r s  we were  capable  of g rowing  2 in. d iam 
crys ta ls  which  exh ib i ted  proper t ies  of no rma l  3 in. 
d iam crystals .  

In  analyzing the  defect  mechanisms involved,  we 
must  first consider  those defects appear ing  at  the ini t ia l  
oxidat ion.  In  lower  oxygen  content  regions a high 
dens i ty  of saucer  pits  was observed  (,--107/cm 2) along 
wi th  a much  lower  dens i ty  of s tacking faults.  In  high 
oxygen  regions the  p redominan t  defect  was the  s tack-  
ing faul t  which  appea red  in low density.  Based on 
evidence obta ined  when  0.002 in. of sil icon was re -  
moved  a f te r  oxida t ion  (which  indica ted  the  p r i m a r y  
defect  as s tacking faul ts  in high oxygen regions and 
saucer  pits  in low oxygen  regions) ,  it  must  be con- 
c luded tha t  at  least  some of the  s tacking faul ts  ob-  
served  p r io r  to the  0.002 in. r emova l  are  bu lk  s tacking 
faults.  These bu lk  s tackings a re  p r e sumab ly  nuclea ted  
b y  the bu lk  oxygen  prec ip i ta t ion  in high oxygen  r e -  
gions. In  addit ion,  the  high oxygen  concentra t ion p re -  
sumab ly  acts to suppress  the  saucer  pi t  format ion  to a 
l a rge  enough degree  tha t  on fu r the r  processing they  
do not  form. The high oxygen  content  is jus t  as ef-  
fect ive in p reven t ing  subsequent  epi s tacking faul ts  as 
imp lan t  bur ied  l aye r  get ter ing;  however ,  the  mech-  
anisms a re  different.  Wi th  imp lan ted  bur ied  layers  
the  ge t te r ing  of the  nondiffused regions takes  p lace  
l a t e r a l l y  whereas  the  oxygen  ge t te r ing  takes  p lace  
immedia t e ly  on the ini t ia l  oxidaUon ana  appears  to be 
a bulk  effect. 

A calcula t ion of app rox ima te  defect  densi t ies  of some 
of the  defects  observed shows: 

surface s tacking f au l t smlow 02 a rea  *-105-106/cm 2 
surface s tacking f a u l t s - - h i g h  O2 a rea  ~102-103/cm 2 
saucer  p i t s - - l o w  O= area  ,~107/cm 2 
ep i t ax ia l  s tacking f a u l t s - - l o w  O2 a rea  -,-104/cm 2. 

A separa te  t ransmiss ion e lec t ron microscope s tudy  has 
been car r ied  out  to de te rmine  the nuclea t ing  defects 
for the  ep i tax ia l  s tacking faul t  (5). This s tudy  showed 
that  the s tacking faul t  nuclea t ion  cor re la ted  wel l  wi th  
the presence of defect  centers  resul t ing  f rom meta l l ic  
contaminat ion  of the  ep i - subs t ra te  interface.  

Conclusions 
We have shown here  tha t  a l te r ing  crys ta l  g rowth  pa-  

r amete r s  can produce  crys ta ls  which have  significantly 
different  defect  propert ies .  Increas ing the oxygen con- 
tent  of 2 in. d iam wafers  suppresses ep i tax ia l  s tacking 
faul t  format ion  in nonbur ied  l aye r  regions, thus m a k -  
ing the  2 in. crys ta ls  behave  s imi la r ly  to 3 in. crystals .  
The high oxygen  concentra t ion prevents  the format ion  
of epi s tacking faul t  nuclei.  

As we emphasized ear l ier ,  h igh oxygen  content  w a -  
fers can  resul t  in the  fo rmat ion  of p rocess - induced  de-  
fects. Bulk oxygen  defects, p rope r ly  posit ioned,  can 
provide  a beneficial  ge t ter ing  effect. Hence when  using 
high oxygen  content  silicon an unders tand ing  and con- 
t ro l  over  the  d is t r ibu t ion  of oxygen  in dep th  is im-  
portant .  Addi t ional ly ,  control  mus t  be exercised as to 
whe the r  the  oxygen  is p resen t  in in te rs t i t i a l  form or  in 
a p rec ip i t a ted  form. 
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Output Stability of n-CdSe/Na S-S-NaOH/C Solar Cells 
A. Heller,* G. P. Schwartz, R. G. Vadimsky, S. Menezes, and B. Miller* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

When operated at the current  densities in  excess of 10 m A / c m  ~' that  a r e  
typical of efficient solar- i r radiated photovoltaic cells, n-CdSe/1M Na2S-1M S- 
1M NaOH/C semiconductor- l iquid junc t ion  cells deteriorate with time. In  
CdSe electrodes that  have lost activity, formation of a CdS-enriched film has 
been detected by means of Auger spectroscouy and electron beam-induced 
luminescence. Such a layer is a barr ier  to the flow of holes to the surface. The 
rate of deter iorat ion increases with light ~ux, usual ly decreases with stirring, 
and depends on the crystal face exposed to the solution. Addit ion of small  
amounts  of elemental  se lenium to the solution substant ia l ly  improves the 
stabil i ty by  preventLug excessive sulfide enr ichment  of the surface. For 
example, with 0.5M Se added, the output  of <I120> face electrodes r u n  at 
35 m A / c m  2 is essentially unchanged beyond 2 • 104 C/cm 2 charge passage. 

Although numerous  photoelectrochemical (1) and 
photochemical (2) systems have been cited as poten- 
t ial ly useful solar to electrical power converters, none, 
to the authors '  knowledge, has as yet s imul taneously  
achieved high efficiency, low cost, and long- te rm out-  
put  stability. Recently we have addressed some of 
these issues (3-10) and have shown that  7-9% solar 
to electrical conversion efficiency can be achieved 
with single crystal-based cells (3-6), that  semicon- 
ducting photoelectrodes can be formed by the rela-  
t ively economic means of metal  anodization (7) or 
of hot pressing and anneal ing a powdered semicon- 
ductor (8), that  cells with polycrystal l ine photoelec- 
trodes r e a c h  70% of the efficiency of cells with single 
crystals (8), and that  a stable power output  can be 
main ta ined  in a semiconductor l iquid junct ion solar 
cell by controlled, very slow etching of the surface 
of a photoelectrode (5). We noted, however, that  in 
some of the more interest ing cells, including the 
n-CdSe/Na~S-S-NaOH/C cell for which  we have ex-  
amined single crystal, pressure-s intered polycrystal-  
line, and anodically formed CdSe films, the power 
output  deteriorates dur ing  operation (5). While con- 
firming pract ical ly no weight change (9-11) in the 
photoelectrode upon prolonged use, we noted very 
substantial ,  and occasionally very rapid, drop in the 
power output  of the cell at solar i rradiance levels. 1 
The constancy of weight is only poorly predictive of 
the stabil i ty of an electrode. While the photoelectrode 
may not  dissolve, a film which blocks the flow of 
holes to the l iquid junct ion may form, causing both 
current  and voltage losses. 

In  this paper we examine how the output  current  
of the n-CdSe/Na2S-S-NaOH/C cell is affected by the 
interposi t ion of a blocking film and the conditions 
under  which this results. We find that a slight mod- 
ification in the composition of the aqueous solution 
diminishes the tendency to form an inhibi t ing film 
and stabilizes the power output  of the cells. 

Experimental 
The materials,  solutions, light sources, electrochem- 

ical cells, and ins t rumenta t ion  were similar  to those 
described earl ier  (4-8). Both single crystal (4) and 
polycrystall ine,  hot-pressed (8) CdSe electrodes were 
used. Their  surface t rea tment  was carried out in 
four steps prior to each run. First, the electrodes 
were etched for 30 sec in  4:1 HCI:HNO8 (stored in  
a glass-stoppered bottle to reduce escape of vapors),  
then r insed in  distilled water. Next they were im-  

* Electrochemical  Society  Act ive  Member.  
Key words:  semiconductors ,  photoe lectrochemistry ,  photoan- 

odes,  l iquid junctions.  
1 G. Hodes, J. Manassen,  and D. Cahen have  indicated that elec- 

trode to be long l ived at l ower  output levels  (eff iciencies) .  We 
are concerned with  maintaining the  initial h igher  values of 
which  w e  have  determined  this  sys tem to be capable. 

mersed 30 see in  a 10% aqueous KCN solution to 
dissolve any selenium that  may be present  following 
oxidation by the aqua regia. The electrode is then 
rinsed again in distilled water  and used. This sequence 
of t reatments  to which we now add the KCN step pro- 
vides a more reproducible electrode with a more con- 
sistent open-circui t  voltage and better  short-circuit  
cur rent  than those we previously observed. 

We find that  impuri t ies  introduced by storage of 
"analyt ical  grade" Na2S-9H20 crystals in dark glass 
bottles accelerate the deteriorat ion of the CdSe photo- 
anodes. Therefore, the crystals were purified unt i l  
the results obtained were identical  to those with Na~S 
solutions prepared by  bubbl ing  H2.S into an aqueous 
NaOH solution. Also, the solutions were best formu-  
lated from the components directly in  the electro- 
chemical cells under  a positive ni t rogen pressure. 
Prolonged exposure to air induces earlier deteriora-  
t ion and stabi l i ty  runs  were main ta ined  under  nitrogen. 

Runs to measure the effect of s t i r r ing were accom- 
plisl{ed with magnetic  bars; in  these cases the elec- 
trodes were stationary. The trends in  such data were 
verified by separate experiments  with CdSe rotat ing-  
disk electrodes (8), al though only curves with mag-  
net ical ly st irred or quiet solutions are cited here. 

In  extended runs the cells were operated with 1FL 
precision resistor loads between photoanode and car- 
bon cathode to approximate short circuit, and the 
voltage (0-I0 mV) across the resistor was monitored. 

The CdSe surfaces were prepared for the Auger /e -  
beam luminescence experiments  as follows: the photo- 
anode control specimens were etched as earlier de- 
scribed, then immersed in  a 0.5M Na2S solution and 
r insed with deionized water. The photoanodes which 
saw Na2S-S-NaOH solutions were rinsed with 0.5M 
Na2S and deionized water. The equipment  used for 
the Auger spectroscopy and for the luminescence 
experiments  consisted of a PHI ESCA/Auger  spec- 
t rometer  (Model 548). The 376 eV Cd, 153 eV S, a n d  
1315 eV Se Auger peaks were monitored. 

Results 
Figure 1 shows the dependence of the short-circuit  

cur rent  density on the charge per un i t  area passed 
through two s ta t ionary photoelectrodes of different 
crystal faces when individual ly  operated in  unst i r red 
1M Na2S-1M S-1M NaOH solution with a one ohm 
load to a carbon cathode. That  the drop in current  
density is due ent i rely t o  the photoelectrode, and not  
to the solution or to the counterelectrode, was shown 
by the fact that  mild etching of the semiconductor 
at any  time restores the cell output  to its ini t ia l  value. 
As seen in  Fig. 1, the relat ive rate of loss in current  
density for either crystal face depends on the ini t ia l  
current  density and thus the light flux. The stabil i ty 
is expressed in  coulombs/cm 2 rather  than  time. This 
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Fig. 1. Dependence of the short-circuit current stability of two 
n-CdSe photoanodes in o 1M Na2S-1M S-1M NaOH solution on 
the initial current density (light flux). Solid lines are for < 0 0 0 1 >  
face electrodes; dashed for < 1 1 2 0 ~ .  The solutions are not stirred. 

al lows us to compare  e lect rode s tab i l i ty  for different  
l ight  fluxes along an axis express ing charge  capaci ty,  
which  is the significant factor  for an energy source. 
Fo r  the  <0001> face electrodes,  l ight  fluxes producing  
>10 m A / c m  2 evince nea r ly  total  de te r iora t ion  in less 
than  400 C /cm 2. At  lower  fluxes s tab i l i ty  is be t te r  
main ta ined ,  and  at  2 m A / c m  2 no de te r iora t ion  is 
observed  up to 700 C/cm 2. The behav ior  of the <1120~ 
face is s imi lar  except  tha t  h igher  cur rents  a re  to le r -  
ated. The curves  for  e i ther  face cross over, showing 
tha t  in i t ia l  opera t ion  at  h igher  cur ren t  densi t ies  r e -  
sul ts  in  lower  ac t iv i ty  a f te r  the  passage of a sufficient 
charge  in spite  of the  h igher  l ight  flux. The <0001> 
and <000T~ planes  consist of e i ther  Cd or  Se atoms, 
the  ions of opposi te  charge ly ing  s l ight ly  below the 
plane.  The  <1120~ p lane  contains an equal  number  
of Cd and Se atoms. 

F igure  2 shows the effect of s t i r r ing  on the s tab i l i ty  
of the  shor t -c i rcu i t  cu r ren t  dens i ty  of a f reshly  etched 
photoanode.  The resul ts  shown are  for the <0001> 
face, which  de te r iora tes  more  r ap id ly  (see above) .  
Improved  s tab i l i ty  upon s t i r r ing  is observed th rough-  
out  the range  of cur ren t  densi t ies  s tudied (to 45 m A /  
cm~) and is most pronounced  for r ap id ly  de te r io ra t -  
ing electrodes.  The l ong - t e rm  drop of the output  
cannot  be s imply  ascr ibed  to deple t ion  at  the elec-  
t rode  surface of e lec t roact ive  species (which m a y  be 
in s luggish equi l ib r ium)  since recovery  of a prev ious ly  
uns t i r r ed  cell  wi th  a de te r io ra ted  e lect rode cannot  
be  achieved by  st irr ing.  

F igure  3 shows the effect on s tab i l i ty  of the add i -  
t ion of e lementa l  se lenium to the  1M Na2S-1M S-1M 
NaOH solution. Smal l  concentra t ions  of se lenium dra -  
ma t i ca l ly  improve  the constancy of the  shor t -c i rcu i t  
cu r ren t  density,  even at  a l ight  flux sufficient to 
genera te  over  40 m A / c m  2. At  0.05M Se concentrat ions 
(not  shown) there  is v i r t ua l l y  no change f rom the 
in i t ia l  35 m A / c m  2 shor t -c i rcu i t  cu r ren t  dens i ty  of a 
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Fig. 2. Dependence of the short-circuit current stability on an 
n-CdSe < 0 0 0 1 >  face photoanode in a 1M Na~S-1M S-1M NaOH 
solution on stirring. 
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m 
s ta t ionary,  uns t i r r ed  <1120> photoanode run  to 20,000 
C/cm 2. 

Auger  analysis  of the  near  surface region was per -  
fo rmed on f reshly  etched and de te r io ra ted  photoanodes.  
The near  surface depth  f rom which  95% of the  Auger  
in tens i ty  emanates  is given by  3k cos 42.3% where  
is the  mean  free pa th  for an e lec t ron and the cosine 
t e rm accounts for  the  collection geomet ry  of our  
cy l indr ica l  m i r ro r  analyzer .  Publ i shed  values  (12) 
for  the  dependence  of ~ on the electron 's  kinet ic  
energy  a l low us to es t imate  detect ion depths  ranging 
f rom roughly  l l A  for su/fur  LVV (153 eV) to 40A 
for se lenium LMM (131~ eV) transi t ions.  

De te r io ra ted  photoanodes evidenced an apprec iab le  
sul fur  in tens i ty  ( typ ica l ly  S(153 eV) /Cd(376  eV) 
1.5) even af te r  repea ted  r ins ing to remove the phys ic-  
a l ly  adsorbed  electrolyte .  None of the  surfaces was 
ion spu t te red  pr ior  to measurement ,  and  to ta l  con- 
t aminan t  levels due to carbon, oxygen,  and  Na~S 
(detected by  Na) var ied  f rom prac t i ca l ly  zero to an 
es t imated  40% of the surface composi t ion on var ious  
electrodes.  The conversion of contaminant  intensi t ies  
into an atomic percentage  of the  detected volume 
is quite app rox ima te  because of e r rors  in sensi t iv i ty  
factors and  the  assumpt ion  of a homogeneous dis-  
t r ibu t ion  of e lements  in the  surface. 

However ,  the  measurements  sys temat ica l ly  revea led  
a reduct ion  in the  Se /Cd  in tens i ty  ra t io  on de te r io r -  
a ted  e lec t rode  surfaces. The s ta r t ing  etched surface 
(Se X 10) /Cd ra t io  was  0.85, which  is close to tha t  of 
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samples  of pu re  CdSe powder  (0.83 __. 0.06). The 
corresponding rat ios  for samples  run  a t  l ight  in ten-  
sities which  produced cur ren t  densi t ies  of 2.5 a n d  
20 m A / c m  2 were  0.61 and 0.34, respect ively.  This 
reduct ion  in the  observed S e / C d  ra t io  cannot  be ex-  
p la ined  by  a deposi ted sul fur  or  contaminant  over -  
_layer because the  energy  dependence of the inelast ic  
mean - f r ee  pa th  for e lect rons  scales rough ly  as ~ / E  
(for E ~ 50 eV) (12). A n y  such blocking l aye r  would 

thus a t t enua te  the  low kinet ic  energy Cd in tens i ty  
(376 eV) r e l a t ive ly  more  than  the Se signal  (1315 
eV),  thus increas ing the Se /Cd  ra t io  in contras t  to 
wha t  was observed.  

Dur ing  the Auge r  measurements ,  e lec t ron beam-  
s t imula ted  luminescence in the  red  was observed.  
Of  the  m a n y  products  whose exis tence was p robab le  
on the surface (CdSe, CdSz-=Se=, CdS, CdO, Cd(OH)2,  
Na2S, free S) ,  CdS and CdSi -xSex  (wi th  x < <  1) 
a re  unique in  luminescing in the  red. This  lumin-  
escence was observed on samples  s imply  immersed  
in the 1M Na2S-1M S-1M NaOH solution, indica t ive  
of a CdSe ~ CdS rep lacemen t  react ion even wi thout  
passage of current .  Qual i ta t ive  visual  observat ion  of 
the luminescence in tens i ty  indica ted  a dis t inct  increase 
in br ightness  on de te r iora ted  e lect rode surfaces. Thus, 
both  e lec t ron beam-s t imu la t ed  luminescence and Auger  
studies are  consistent wi th  extens ive  surface sub-  
sti;tution of CdS for CdSe in de te r io ra ted  electrodes.  

The observat ion  of luminescence on f reshly  etched, 
work ing  electrodes which  were  immersed  in sulfide- 
polysulf ide so lu t ions  indicates  tha t  some rep lacement  
of the  CdSe b y  CdS can be tolerated.  Fo l lowing  pas -  
sage of 1000 C/cm ~, the thickness of the zone in which  
CdS i s  detected is about  50-80A, as es t imated  f rom 
the s ignal  a t t enua t ion  of the Se in tens i ty  and an 
e lec t ron inelast ic  mean  free pa th  of 15-25A at  1315 eV. 

Surfaces of e lectrodes run  in 1M Na2S-1M S-1M 
NaOH solutions containing 0.075M Se (in which they  
are  s table)  main ta in  the i r  se lenium surface content.  
Thus, whi le  passage of 1000 C/cm ~ at  a l ight  flux 
producing  an in i t ia l  cu r ren t  dens i ty  of 20 m A / c m  2 
reduces the  Auger  Se /Cd  peak  in tens i ty  rat io  by  a 
factor  of 2 on a <1120> face, there  is no change in 
the  same ra t io  when  the solut ion contains 0.075~M Se. 
Fur the rmore ,  the (Se X 10) /Cd peak  in tens i ty  ra t io  
drops f rom 0.83 to ,~0.34 when 150 C /cm 2 are  passed 
in ~he 1M Na2S-1M S-1M NaOH at 20 m A / c m  ~ th rough  
a po lycrys ta l l ine  photoanode,  which deter iora tes  in 
tha t  period.  At  low cur ren t  densi t ies  (2.5 m A / c m  ~) 
at  which the  po lycrys ta l l ine  e lectrode remains  active, 
the (Se X 10) /Cd rat io  is 0.61 fol lowing the passage 
of the same charge. 

F igure  4 compares  the  t ransmi t tance  of the 1M- 
Na2S-1M S-1M NaOH and the 1M Na2S-1M S-1M- 
NaOH-0.075 Se solutions. F igure  5 compares  the  ef-  
ficiencies ( cu r ren t -vo l t age  curves)  of two cells, one 
wi th  a llVI-Na2S-1M S-1M NaOH solution, and another  
wi th  the same solut ion to which 0.075M Se has been 
added.  As expected  f rom Fig. 4, addi t ion  of Se de-  
creases the sbor t -c i rcu i t  current .  This >12% loss is, 
however ,  p a r t l y  compensated  for by  an increase in 
the  fill fac tor  ( f rom 0.50 to 0.55) and in the open-  
circui t  vo l tage  ( f rom 0.755 to 0.765V). The net  resul t  
is that  97% of the or iginal  solar  to e lect r ica l  conver-  
sion efficiency of 7.1% for the  crys ta l  used is re ta ined  
in the solut ion of sha rp ly  improved  output  s tabi l i ty.  

Exposure  of the  sul fur-sul f ide  solut ion to a i r  dur ing  
(or  before)  CdSe cell  opera t ion  causes p r ema tu re  
fa i lure  of the  semiconductor  electrode.  Etching of 
the  surface restores ac t iv i ty  for only  a ve ry  br ief  
t ime (a few coulombs /cm 2) in  such an a i r  exposed 
solut ion af te r  in i t ia l  fai lure.  Al though quant i ta t ive  
measurements  of ox ida t ive  conversion of the solutions 
were  not  made,  l i t t le  or  no visible bleaching of color 
could be detected af te r  a i r  exposures  sufficient to 
make  the cells de te r iora te  rap id ly ;  these effects can-  
not  be repressed  by  se len ium addi t ions  and ai r  access 
mus t  be r igorous ly  excluded.  
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Polycrys ta l l ine  ho t -p ressed  CdSe photoanodes (8) 
de te r io ra te  less r ap id ly  than  electrodes made  wi th  
single c rys ta l  electrodes wi th  <0001> faces exposed 
to the  solution, but  m o r e  r ap id ly  than  electrodes 
wi th  exposed <1120> faces. Improvements  upon add i -  
t ion of Se to the solutions pa ra l l e l  those descr ibed 
for <1120> electrodes,  both  for  po lycrys ta l l ine  and 
<0001> photoanodes.  

Discussion 
Surface processes at  CdSe in sulf ide-polysulf ide 

solut ion depend on the equi l ibr ia  and kinet ics  of 
exchange processes typified by  

CdSe(s) + S=--> CdS(s) -h Se = [I] 

These will be modified by reactions 

X = + X,---~Xn+, = [2] 

for  both  sul fur  and se lenium and the existence of 
mixed  complexes such as SpSeq =, as wel l  as incorpora -  
t ion of O H - .  L i t e ra tu re  tabula t ions  of the  free energy  
of format ion  for CdS (13-15) and CdSe (16-19) show 
var ia t ions  in excess of 5 kca l /mole .  I f  we adopt  the 
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NBS thermochemical  compilat ion value of ~G~ (CdS) 
(15) . :  --37.4 kcal /mole  and use the average of Ref. 
(16-19) for hG~ _-- --24 kcal/mole,  then the 
reaction 

CdSe(s) + S(s) -~ CdS(s) + Se(s) [3] 

is favored by -~13 kcal/mole. However, from standard 
electrode potentials of chalcogen/chalcogenide couples 
(--0.92V, Se and --0.50V, S) (20), the reaction 

Se + S = = Se = + S [4] 

is thermodynamically unfavorable by 19 kcal/mole. 
Addition of Eq. [3] and [4] would imply that Eq. 
[I] is unfavorable by roughly 6 kcal/mole. Other 
sources however quote --0.78V for the Se/Se = couple 
(21), which reduces the instability of Eq. [4] by 
6.5 kcal/mole. Our own potential measurements in 
fact are close to this more positive value. In view of 
the uncertainties in the tabulated free energies for 
reactions [3] and [4] and our omission of equi l ibr ia  
implied by Eq. [2], one cannot make a compelling 
a rgument  concerning the relat ive thermodynamic  sta- 
bi l i ty  of either bu lk  CdS or CdSe under  the condi- 
tions of these experiments.  

However, our Auger / luminescence  observations in-  
dicate that  exposure of an area of CdSe crystals to 
a volume of pure (i.e., selenium-free)  polysulfide will  
cause some exchange at the surface (with Se = either 
t ransported to the bulk  or oxidized to the elemental  
state) un t i l  an over-al l  equi l ibr ium is reached. A 
molecular  layer  contr ibutes approximately  10 -9 moles/  
cm 2 and therefore to a 10 cm 3 volume 10 -~ molar 
concentrat ion of the dissolved species. From the s tan-  
dard potential  difference dr iving reaction (4) the 
concentrat ion of Se = in the presence of excess poly-  
sulfide must  be small  if the total selenium content  
results from the CdSe crystal and any  impur i ty  con- 
tent  of the polysulfide solution. Auger spectroscopy 
data here and electron microprobe and x - r ay  dif- 
fraction results by  Manassen et al. (11) point to 
sulfur  and CdS on the surface when CdSe is removed 
from sulfide solutions. That  the sulfur  represents 
more than  absorbed or occluded mater ia l  and is ac- 
tua l ly  bound as CdS is substant ia ted here by the red 
luminescence seen when the previously immersed 
n-CdSe specimen is s t imulated by electron bombard-  
ment. The luminescence of freshly etched n-CdSe is 
pract ical ly undetected by the human  eye which is 
insensit ive at the 1.7 eV bandgap energy correspond- 
ing to 720 rim. The presence of 2.4 eV bandgap CdS 
shifts the emission into the visible. 

The su l fur -conta in ing  layer resul t ing solely from 
immers ion of n-CdSe in sulfide-polysulfide solution 
is very  thin. In  these th in  films, electrons may tunne l  
front the solution to the semiconductor to enable 
photoanodic oxidation of electrolyte ions. However, 
development  of thick layers of CdSel-~Sx, as mea-  
sured by Auger  spectroscopy, is associated with a 
blockage of current  flow through the photoanode of 
the ('.ell. 

Two possible reasons for this blocking action are 
the following. First, and most important ,  a heavily 
doped large bandgap n - type  semiconductor on a simi- 
lar  semiconductor of smaller  bandgap blocks the 
passage of holes to the surface. From the electron 
affinities of CdS and CdSe, it is known (22) that  the 
conduction band of CdS is closer to the vacuum level 
by about 0.2 eV. Under  short-circuit  conditions, the 
Fermi  levels of the four phases are equal relative 
to vacuum, as shown in  Fig. 6. At the interface of 
CdS and CdSe band  bending of about 0.2 eV may exist, 
depending on the relat ive doping level. (We ignore 
the band bending due to the solution interface since 
the depletion layer  is much  thicker than  the scale 
of this figure.) The major  consequence of the pres-  
ence of a CdS layer  will, however, be the bar r ie r -  
to-hole t ransfer  between the valence bands (and u l -  
t imate ly  to the solution interface) which amounts  to 

CS(CdSe) / I I ~ 

2.4 eV 
I.Tev 

VB (cdse) 

I. \ 
VB (cds) 

Cd se ~CdS -z----SUL-O-Tib-N ~ - - -  ~ \ \ ~  - =  = = - _  
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Fig. 6. Schematic diagram showing a barrier for hole transport 
from an n-CdSe photoanode to a redox couple solution by an 
n-CdS surface layer under short-circuit conditions. To keep the 
diagram simple, the band bending in the depletion region is not 
shown. 

0.7-0.2 eV. This bar r ie r  is progressively lowered as x 
decreases in  the series of compounds CdSel-xSx, ac- 
counting for our observation that  the current  is not 
blocked unless x is high. Liquid junct ion  cells with 
CdSet-~S~ photoanodes were recent ly studied by 
Noufi, Kohl, and Bard (23). 

A second reason for current  blockage is lattice 
mismatch. If a layer of CdS is deposited on CdSe 
there is an abrup t  shr inkage in  the interatomic dis- 
tance. The resul t ing stresses are known to be relieved 
by the formation of nonstoichiometric compounds in 
which the e lement  forming stronger bonds with itself 
(i.e., is more metall ic) dominates. In  the case of cad- 
mium sulfide, the interface is l ikely to be Cd rich. 
Such a layer  would introduce a discontinuity and 
block the flow of holes to the l iquid interface even 
if the bandgaps of CdS and CdSe were equal. Fu r the r -  
more, even in the absence of this interface the defects 
at the interface may  be traps and thus sites for carrier 
recombination.  

Passage of current  appears to promote the exchange 
of ions that  results in a current  reducing film (Fig. 
l ) .  At  low levels of i l luminat ion  (cell cur rent  density 
- -  2 m A / c m  2) no decline in  current  is observed, bu t  
at levels normal  to solar i l lumina t ion  (--~i0 m A / c m  2 
cell output)  blocking layers are eventual ly  formed. 
An explanat ion may  lie in the possibility that at 
sufficiently high light intensities the concentrat ion 
of the kinet ical ly most active electron donor-hole 
acceptor species at the electrode surface may become 
depleted due to slow equil ibr ia  in  spite of a relat ively 
small  reduct ion of the total S = containing species 
concentrat ion in these molar  solutions. The rates of 
reactions like Eq. [2] may  become limiting. Photo- 
corrosion may then become competit ive and be fol- 
lowed by reprecipitat ion of the more prevalent  chal- 
cogenide 

Sa ~- 4- CdSe 4- 2H + -~ Cd ~+ 4- S~Se 2- [5] 

Cd 2+ -5 2Sn 2- --> CdS 4- $2n-12- [6] 

Such depletion at high current  densi ty may  also ac- 
count for the fact that  s t i r r ing or rotat ion of elec- 
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trodes decelerates the degradation process (Fig. 2 and 
3). Finally, however, this sort of inhibition produces 
a less active surface for which stirring no longer 
improves the current. 

Our model for current blockage predicts that main- 
tenance of an adequate amount of selenium in the 
surface film should reduce or eliminate the photo- 
anode deterioration problem; it is also obvious from 
thermodynamic arguments that  the film will become 
richer in Se as the concentration of the element in 
the solution increases. These conclusions are sup- 
ported by the plots in Fig. 3 in which the deteriora- 
tion at 0-0.O2M Se ~ concentrations in a 1M Na2S-1M 
NaOH solution is shown. Cell life increases dramat i -  
cally with the Se concentration. Our data indicates 
that with 0.0520.075M Se added, runs at solar i r ra -  
diance levels ought to have a stable output well 
beyond our 2 • 104 C/cm ~ cutoff. 

As seen in transmittance data of Fig. 4 and in the 
12% drop of short-circuit  current in Fig. 5, some 
quantum efficiency loss results upon addition of 0.075M 
Se. However, this is practically compensated by a 
slightly higher open-circuit  voltage and a significantly 
better fill factor in the presence of selenium. Possible 
sources of these positive features of the Se stabilized 
solution are a higher open-circuit  voltage caused by 
a negative shift of the flatband potential, faster rates 
for the electrochemical oxidation, and reduction of 
losses due to hole transfer across the sulfide contain- 
ing barrier, the lat ter  two leading to fill-factor im- 
provement. 

In summary, we show in this paper that (i) absence 
of weight loss is not adequately predictive of stabili ty 
o~ photoelectrodes; (ii) the deterioration of n-CdSe 
in sulfide-polysulfide solutions derives from a CdS- 
rich film which blocks the flow of current; (iii) if 
the CdS film contains an adequate amount of CdSe 
the flow of current is not blocked; and (iv) an ade- 
quate amount of CdSe in the film that  is formed can 
be assured by adding a small amount of elemental 
selenium to the sulfide-polysulfide solution. 

Acknowledgments 
The authors wish to thank K. C. Chang for his 

participation in early phases of the stabili ty studies, 
M. Robbin.s for his cooperation in supplying CdSe 
specimens, and J. L. Bernstein for structural inter-  
pretation. 

Manuscript submitted Dec. 19, 1977; revised manu-  
script received March 14, 1978. This was Paper 416 pre-  
sented at the Seattle, Washington, Meeting of the So- 
ciety, May 21-26, 1978. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1979 JOURNAL. 
All discussions for tl~e June 1979 Discussion Section 
should be submitted by Feb. 1, 1979. 

Publication costs o] this article were assisted by 
Bell Laboratories. 

REFERENCES 
1. "Semiconductor Liquid Junction Solar Cells," 

A. Heller, Editor, The Electrochemical Society, 
Softbound Symposium Series, Princeton, N.J. 
(1977). 

2. "Photochemical Conversion and Storage of Solar 
Energy," Proceedings of an International Confer- 
ence at London, Ont., J. R. Bolton, Editor, 
Academic Press, New York (1976). 

3. A. Heller, K. C. Chang, and B. Miller, in "Semicon- 
ductor Liquid Junction Solar Cells," A. Heller, 
Editor, p. 186, The Electrochemical Society Soft- 
bound Symposium Series, Princeton, N.J. (1977); 
J, Am. Chem. Soc., 100, 684 (1978). 

4. A. Heller, K. C. Chang, and B. Miller, This Journal, 
124, 697 (1977). 

5. K. C. Chang, A. Heller, B. Schwartz, S. Menezes, 
and B. Miller, Science, 196, 1097 (1977). 

6. B. Miller and A. Heller, in "Proceedings of the 
Symposium on Materials and Processes for Pho- 
tovoltaic Energy Conversion," The Electrochemi- 
cal Society, Princeton, N.J. May (1977). 

7. B. Miller and A. Heller, Nature (London), 262, 680 
(1976). 

8. B. Miller, A. Heller, M. Robbins, S. Menezes, K. C. 
Chang, and J. Thomson, Jr., This Journal, 124, 
1019 (1977). 

9. A. B. Ellis, S. W. Kaiser, and M. S. Wrighton, 
J. Am. Chem. Soc., 98, 1645 (1976). 

10. A. B. Ellis, S. W. Kaiser, and M. S. Wrighton, ibid., 
98, 1635 (1976); ibid., 98, 6855 (1976). 

11. G. Hodes, J. Manassen, and D. Cahen, Nature 
(London), 26A, 403 (1976). 

12. C. J. Powell, Sur]. Sci., 44, 29 (1974). 
13. Gmelin, "Handbuch der Anorganischen Chemie," 

Cadmium System No. 33, p. 594, and references 
therein, Verlag Chemie, Weinheim/Bergstrasse, 
Germany (1959). 

14. J. G. Gibson and J. L. Sudworth, "Specifc Energies 
of Galvanic Reactions and Related Thermody- 
namic Data," pp. 159-168, Chapman and Hall, 
Ltd., London (1973). 

15. D. D. Wagman, W. H. Evans, V. B. Parker, I. Ha- 
low, S. M. Bailey, and R. H. Schumm, NBS 

Tech. Note 270-3 (1968). 
16. V. A. Kireev, J. Gen. Chem. (USSR), 16, 1569 

(1946). 
17. Gmelin, "Handbuch der Anorganischen Chemie," 

Cadmium System No. 33, p. 133 and references 
therein, Verlag Chemie, Leipzig-Berlin (1925). 

18. J. Drowarf and P. Goldfinger, J. Chim. Phys., 55, 
721 (1958). 

19. P. Goldfinger and M. Jeunehomme, Trans. Faraday 
Soc., 59, 2~51 (19(~3). 

20. L. G. SilI~n, "Stabil i ty Constants of Metal-Ion 
Complexes," The .Chemical Society, London 
(1964). 

21. "Lange's Handbook of Chemistry," 10th ed., p. 1226, 
McGraw-H•, New York (1969). 

22. A. H. Nethercot, Phys. Rev. Lett., 33, 1088 (1974). 
23. R. N. Noufi, P. A. Kohl, and A. J. Bard, This 

Journal, 125, 375 (1978). 



Growth Kinetics and Catalytic Effects in the 
Vapor Phase Epitaxy of Gallium Nitride 

S. S. Liu*,' and D. A. Stevenson** 
Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

The kinetics of the  he te roep i t ax ia l  film growth  o f  G a N  o n  s a p p h i r e  b y  
chemical  vapor  deposi t ion was inves t iga ted  under  a va r i e t y  of expe r imen ta l  
conditions. The g rowth  ra te  was observed to be l inear  wi th  t ime for  a l l  con- 
di t ions s tudied  and was found to be signif icantly influenced b y  the fol lowing 
factors:  composi t ion of the  reac tants  in the  vapor,  t e m p e r a t u r e  in  the  re -  
act ion zone, subs t ra te  orientat ion,  and dopant  concentrat ion.  The  Gibbs free 
energy  change for the  main  deposi t ion react ion was eva lua ted  as a funct ion 
of t empe ra tu r e  and reac tan t  composit ion using ava i lab le  the rmochemica l  da ta  
and compared  wi th  the  observed deposi t ion rate.  A n  appa ren t  d iscrepancy 
be tween  pred ic ted  and observed deposi t ion ra te  was a t t r ibu ted  to local differ-  
ences in NI-!3 composi t ion due to decomposi t ion a n d / o r  to the  unce r t a in ty  in  
ava i lab le  thermochemica l  data.  Significant observat ions  are  r epor t ed  con- 
cerning the decomposi t ion kinetics of NH8 in different  g rowth  ambients .  

Ga l l ium n i t r ide  (GaN) ,  a I I I -V  compound semicon-  
ductor,  has a direct  bandgap  of 3.4 eV at room t em-  
pe ra tu re  (1, 2) and crystal l izes  in the  wur tz i te  s t ruc-  
ture. Nomina l ly  pu re  GaN is i nva r i ab ly  an n - t y p e  con-  
ductor  wi th  the  ca r r i e r  concentra t ion in the  1018-1019 
cm -8 range  and res is t iv i ty  in the  10-2-10 -8 ~ - c m  
range  (3-7), the  donors p r e sumab ly  being nat ive  de-  
fects such as n i t rogen vacancies (3, 5, 8, 9) or  ga l l ium 
inters t i t ia ls .  A t t empt s  to change the car r ie r  type  by  
p - t y p e  doping have been unsuccessful,  p r e sumab ly  
due to se l f -compensat ion;  however ,  addi t ion  of group 
II  e lements  such as Mg (3) and Zn produce  insula t -  
ing ma te r i a l  (10-12). The la rge  direct  bandgap  has 
p rompted  in teres t  in this ma te r i a l  for  optoelectronic  
devices and recen t ly  GaN me ta l - i n su l a to r - semicon-  
ductor  (MIS) l ight  emi t t ing  diodes have  been repor ted  
tha t  emit  violet  (13), b lue  (10), green (11), and ye l -  
low (12) light.  In  addit ion,  the  piezoelectr ic  p rope r -  
t ies and high acoustic velocit ies in this ma te r i a l  make  
i t  a t t rac t ive  for acoustic devices (14). A ma jo r  p rob -  
lem encountered  in these device appl icat ions  has been 
the  qua l i ty  of the mater ia l ,  pa r t i cu l a r ly  the reproduc i -  
b i l i ty  in the  synthesis  of ma te r i a l  su i table  for devices. 
The p repa ra t ion  of this  ma te r i a l  is an in t r iguing and 
chal lenging problem.  

Ga l l ium ni t r ide  is chemical ly  iner t  but  t he rma l ly  un-  
stable;  GaN decomposes into the  component  e lements  
p r io r  to mel t ing  (15-18) ( the no rma l  decomposi t ion 
t e m p e r a t u r e  is ,~800~ and the high t empe ra tu r e  and 
pressure  for the  coexistence of solid and l iquid [est i -  
ma ted  to be 2000~ and 105 arm (19)] make  mel t  
g rowth  unfeasible.  Al l  prac t ica l  methods  for the syn-  
thesis  of GaN ut i l ize an act ive source of ni trogen,  such 
as ammonia ,  NH3. The most  promis ing  growth  tech-  
nique for device ma te r i a l  has been the he te roep i tax ia l  
chemical  vapor  deposi t ion ut i l iz ing NH~, a vapor  source 
of Ga (usual ly  GaC1), and a sapphi re  substrate .  A sig- 
nificant fea ture  of this process is the  use of NH8 as an 
act ive n i t rogen source under  condit ions where  NH3 is 
t he rmodynamica l l y  unstable.  Thus, factors influencing 
the kinet ics  of NH3 decomposi t ion are  h igh ly  re l evan t  
to this  deposi t ion process. 

The presen t  work  was unde r t aken  to in t e r r e l a t e  the  
g rowth  conditions,  the g rowth  kinetics, and the film 
character is t ics  for the  he te roep i tax ia l  deposi t ion of 
GaN films. We presen t  the fol lowing re levan t  observa-  
t ions and analyses:  a deve lopment  of the  t h e r m o d y -  
namics for  the  deposi t ion reaction, measurements  of 
the  ca ta ly t ic  decomposi t ion of NH3 in typica l  g rowth  
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environments ,  and measurements  of g rowth  kinet ics  
under  a var ie ty ,  of expe r imen ta l  conditions.  These 
exper imen ta l  observat ions  are  discussed in te rms of 
the op t imum condit ions for GaN film growth  for device 
applications.  

Gallium nitride growth apparatus.--A previous  s tudy  
(20) has es tabl ished the main  GaN deposi t ion react ion 
to be 

GaCl(g) + NH3(g) = GaN(s) + H2(g) + HCI(g) [1] 

for the condit ions used in the presen t  invest igat ion.  The 
g rowth  appara tus  is a convent ional  hot  wa l l  open flow 
reac tor  and is d i ag rammed  schemat ica l ly  in Fig. 1. The 
essential  zones of the  reac tor  a re  a source zone where  
GaCl(g) is genera ted  by  passing HC1 over  Ga, a mix ing  
zone where  GaOl(g) is mixed  wi th  NH3(g), and the 
deposi t ion zone where  the  react ion mix tu re  produces  a 
deposi t  of GaN on the subs t ra te  as wel l  as on the re -  
actor  walls.  A s idearm, containing a crucible  filled wi th  
Mg, is used to in t roduce  Mg vapor  into the  mix ing  
zone for the  purpose  of Mg doping. The t empe ra tu r e  
of the Mg source and the ca r r i e r  gas flow rate  de te r -  
mine the  re la t ive  amount  of Mg introduced.  A stop-  
cock and fo rechamber  accommodate  the  in t roduct ion  
and w i thd ra w a l  of the subs t ra te  wi thout  cooling the 
system to room tempera tu re ,  thus faci l i ta t ing severa l  
successive runs wi th  a m in imum of in ter rupt ion .  Pa l -  
l ad ium-di f fused  hydrogen  was the  ca r r i e r  gas for al l  
components.  Thermocouples  were  used to moni tor  the  
t empe ra tu r e  of the  Mg source crucible  and the sub-  
strate.  Sapphi re  subs t ra tes  of e i ther  basal  p lane  or ien-  
ta t ion (00Ol) or R-p lane  or ienta t ion  (1]'02) were  used. 
F u r t h e r  detai ls  of the process, such as specific t em-  
pera tu res  and flow rates, are  given in the  discussion 
be low and in a previous  publ ica t ion  (13). 

Basic reaction.--There are  four react ions of cent ra l  
in teres t  for the GaN deposit ion,  two concerning the 
supply  of reactants  to the  react ion chamber  and  two 
concerned, respect ively,  wi th  the format ion  and deple -  
t ion of GaN. The Ga source react ion is its conversion 
to GaC1 by the react ion 

~Ga(D + HCI(g) - -  ~GaCl(g) + ~/2 H2(g) 

+ (i -- ~) HCI(g) [2] 

where ~ is the conversion efficiency. At the tempera- 
ture in question, the equilibrium conversion efiicmncy 
is essentially unity; however, the extent of attainment 
of equilibrium depends on several factors, principally 
the residence time of the HCI(g) over the liquid Ga 
source, the Ga surface area, and the nature of the stir- 
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r i n g  of  t h e  ga seo us  e n v i r o n m e n t  in  t h e  s o u r c e  zone.  
T h e  o t h e r  r e a c t i o n  t h s t  c o n c e r n s  t h e  s o u r c e  of r e a c t a n t s  
is t h e  d e c o m p o s i t i o n  of  NHs(g) 

NHs(g) - -  (i - -  a)NHs(g) ~- a/2 N2(g) -~- -~- H2(g) [3] 

w h e r e  a is t h e  d e g r e e  of  d i s s o c i a t i o n  a n d  is i n f l u e n c e d  
p r i n c i p a l l y  b y  t h e  t e m p e r a t u r e ,  p a r t i a l  p r e s s u r e - o f  
NI~(g) ,  t h e  r e s i d e n c e  t i m e  of  NH3 i n  t h e  r e a c t i o n  
zone,  a n d  t h e  c a t a l y t i c  n a t u r e  of t h e  e n v i r o n m e n t  in  
t h e  r e a c t i o n  zone.  T h e  m a i n  f o r m a t i o n  r e a c t i o n  of G a N  
was  g i v e n  i n  Eq.  [1].  As  w as  a l r e a d y  m e n t i o n e d ,  G a N  
is u n s t a b l e  a t  e l e v a t e d  t e m p e r a t u r e s  a n d  t e n d s  to  d e -  
c o m p o s e  i n to  t h e  e l e m e n t s  

1 
GaN(s) : Ga(D -l- ~-N2(g) [4] 

It is informative to compare the standard Gibbs free 
energy changes for the last three reactions, as given 
in Fig. 2. It is obvious from this figure that the decom- 
position of NHs and GaN is overwhelmingly favored 
in the temperature regime of interest (growth temper- 
atures ca. 1200~176 The fact that epitaxial growth 
actually occurs at these temperatures is a consequence 
of the sluggishness of the NHs decomposition. It is ap- 
propriate to consider the influence of the extent of am- 
monia decomposition, a, and the conversion efficiency 
to GaCI, ~, on the driving force for the deposition re- 
action by applying the reaction isotherm to Eq. [1] 

AG = AG ~ -{- R T  in(aGaNaHczaH2)/(aGaclaNH3) [5] 

w h e r e  a ' s  a r e  t h e  a c t i v i t i e s  of  t h e  d i f f e r e n t  spec ies  d e -  
n o t e d  b y  t h e  s u b s c r i p t s  a n d  AG a n d  AG ~ a r e  t h e  c h a n g e  
in  G i b b s  f r e e  e n e r g y  a n d  t h e  s t a n d a r d  G i b b s  f r ee  e n -  
e rgy ,  r e s p e c t i v e l y .  

A s s u m i n g  t h a t  t h e  ga s eous  spec ies  a r e  i d e a l  a n d  G a N  
is a p u r e  p h a s e ,  t h e n  

aGaN --" 1, aHCl --" (1 - -  ff)PHCb aGaCl = ~PHCl, 

all2 = P H 2  -[- j3/2 PHCl 2C 3a/2 PNH3, aNH3 = (1 - -  a)PNHs 
T h e  f low r a t e  of  HC1 is  m u c h  s m a l l e r  t h a n  t h a t  of  
NH~ or  H2, or  

PHCl < <  PNH3 PH2 

a n d  t h e  t o t a l  p r e s s u r e  is 1 a tm,  t h u s  

PH2 = 1 - -  PNH3 
a n d  w e  m a y  w r i t e  

AG = AG o + R T  { ln (1  --/~//~) 

-b In  [1 -b (3~/2  - -  1 )PNH3] / (1  - -  a ) P N H 3 }  [6] 
H e r e  

AG ~ : (AG~ -}- AG~ --]- AG~ 

-- (AG~ -t- AG~ 

a n d  AG~ a r e  t h e  s t a n d a r d  G i b b s  f r ee  e n e r g y  of  f o r m a -  
t i o n  fo r  e a c h  spec ies  in  ques t ion .  L i t e r a t u r e  v a l u e s  fo r  
h G  ~ as  a f u n c t i o n  of  T ( in  ~  a r e  

AG~ = 1.34 X 10 - 2  T 2 --  15.27T % 1.48 (15) 
AG~Gacl = 2.14 • T in  T --  29.42T - -  1.68 • 104 (21) 
AG~ = 1.41 •  -- 12.71T - - 2 . 0 8  • 104 (21) 

w i t h  AG~ = 0 a n d  AG~ t a u l a t e d  in  t h e  J A N A F  
t a b l e  (22) .  

AG ~ a n d  AG c a n  t h e r e f o r e  b e  p l o t t e d  as a f u n c t i o n  of 
T w i t h  d i f f e r e n t  v a l u e s  of  a a n d  /~, as  s h o w n  in  Fig.  3 
a n d  4. As  c a n  b e  s e e n  in  t h e s e  f igures ,  AG ~ a n d  a l l  
AG's go t h r o u g h  a m a x i m u m  as t e m p e r a t u r e  changes .  
T h e  p e a k  sh i f t s  t o w a r d  t h e  l o w e r  t e m p e r a t u r e  s ide  
w i t h  d e c r e a s e d  v a l u e  as e i t h e r  ~ i n c r e a s e s  or  ~ d e -  
c reases .  Th i s  i n d i c a t e s  t h e  e x i s t e n c e  of a n  o p t i m u m  
t e m p e r a t u r e  as  f a r  as t h e  loca l  t h e r m o d y n a m i c  aff in i ty  
is c o n c e r n e d .  T h e  b r o k e n  l i ne s  in  t h e  f igures  i n d i c a t e  
t h e  t e m p e r a t u r e  r e g i m e  c o m m o n l y  u s e d  fo r  g r o w t h .  
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It  should be noted that  the affinity in  question is the 
ini t ia l  affinity and as the reaction proceeds the con- 
centrat ion of HC1 increases and causes the affinity to 
decrease in  accord with Eq. [5]. 

Exper imenta l  
It  is obvious from the foregoing discussion that the 

concentrat ions of GaCl(g) and lq~Is(g) are key factors 

2 0 0  4 0 0  6 0 0  8 0 0  I 0 0 0  1200 1400 1600 1800 2 0 0 0  

T (~  

Fig. 4. Plot of ~G vs. T for p ~  = 0.42 atm 

i n  de termining  the basic thermodynamic  dr iv ing force 
for the deposition reaction. Hence, factors affecting 
their  concentrat ion will. cer tainly influence the na ture  
of the GaN deposit. In  this section we describe the 
t~chniques that were employed to s tudy the conversion 
efficiency of Ga(D to GaCl(g) and the parameters  in -  
volved in  the decomposition of NH3. In  addition, we 
describe techniques tha t  were used to measure the 
growth rate of the deposits unde r  a var ie ty  of experi-  
menta l  conditions. 

Determination of the Ga-GaCl conversion and the 
extent of NHs decomposition.--Both the Ga-GaC1 con-  
version and the extent  of NH8 decomposition were ac- 
complished by a s t raightforward acid-base t i t ra t ion 
technique. For all determinations,  the actual  growth 
system was used (Fig. 1) with the addit ion of a 
manometer  connected to the s idearm to monitor  the 
pressure of the system and the addit ion of a series of 
three traps at the outlet  to t rap the effluent gases for 
analysis. The three traps were used to ensure that  there 
was complete t rapping of the gas in  question. The con- 
ditions of temperature,  gas composition, and gas flow 
rates spanned the range of interest  for the actual  epi- 
taxial  growth procedure. In  the case of the Ga-GaC1 
conversion, a mix ture  of HC1 and H~ gases was flowed 
over the Ga boat in  the source zone and the unreacted 
HC1 collected in  a series of three aqueous traps. The 
total HC1 collected was determined by t i t rat ion with 
a s tandard 0.1N NaOH solution. The actual HC1 flow 
rates were checked by r unn i ng  the exper iment  without  
t h e  presence of Ga, thus, no conversion of the HC1. A 
cross check on the Ga-GaC1 conversion was obtained 
by measurement  of the weight loss of the Ga boat in  
the source zone. In  the case of the NI-I3 decomposition 
study, the approach was similar except that in this 
case a NI-I3-H2 gas mixture,  after passing through the 
furnace, was passed through a series of traps containing 
HC1; the first t rap contained a standardized 5N HC1 
and the second and third 1N HC1. The respective flow 
rates of NH8 and H2 were 1060 and 1440 m l / m i n  and 
the back pressure caused by  the traps was approxi-  
mately  0.8 psi, a pressure well  below the level c o r r e -  
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sponding to any  significant l eak  rate.  The amount  of 
NH8 t r apped  was de te rmined  by  t i t ra t ion  of the  r e -  
main ing  HC1 in al l  th ree  t raps  using a s t anda rd  1N 
NaOH solution. In  these exper iments ,  an apprec iable  
amount  of t ime was a l lowed for the  sys tem to reach  
a s teady  s ta te  before  sampl ing  of the effluent was be-  
gun. The NaOH and the  HC1 solutions were  Standard-  
ized using potass ium b iph tha la te  weighed  on a Met t le r  
microbalance.  The indicators  used in the  s t andard iza -  
t ion and the HC1 t i t r a t ion  were  o-c reso lphtha te in  and 
me thy l  red, respect ively.  S imi l a r  to the H'C1 case, the 
ac tua l  flow of NI-I3 was checked by  flowing the gases 
th rough  a cold furl~ace under  condit ions such tha t  no 
decomposi t ion would  occur. 

Growth rate determination.~The growth  of GaN was 
de te rmined  by  ,weighing the sapphi re  subs t ra te  on a 
Met t le r  microba lance  pr io r  to and subsequent  to the  
GaN deposi t ion for a g iven t ime of deposi t ion wi th  
specified deposi t ion conditions.  The growth  rate,  ex -  
pressed in  te rms of micrometers  p e r  minu te  was ob-  
ta ined  by  conver t ing  the  weight  gain to thickness.  The 
l a t t e r  assumpt ion  was just if ied as reasonable  by  ob-  
servat ions  of the deposi t  using both opt ical  and  scan-  
ning e lect ron microscopy.  The growth  ra te  was also 
de te rmined  by  direct  thickness measurements  by  f rac -  
tur ing  the sample  and viewing the l aye r  in cross section 
wi th  a ve rn ie r  lens, using opt ical  microscopy. 

E x p e r i m e n t a l  Results  
Conversion efficiency of HCI to GaCl (#) and the ex- 

tent ol decomposition o$ NHs (=) . - -The  quanti t ies  fl 
and = a re  essential  for the  predic t ion  of the affinity 
of the  main  deposi t ion reac t ion  and were  de te rmined  
for  a va r ie ty  of exper imen ta l  condit ions in the  range  of 
in teres t  for ac tual  deposi t ion systems. F igure  5 shows 
the resul ts  of the  de te rmina t ion  of the  HC1 conversion 
efficiency as a funct ion of the  HC1 flow rate  at  a t em-  
pe ra tu re  of 950~ As expected,  the conversion effi- 
c iency decreases as the  flow ra te  increases, p r e sumab ly  
due to a decreased res idence time. For  the highest  flow 
ra te  studied, the  conversion efficiency was ~97% as 
compared  wi th  ~99% for the  slowest  flow ra te  (which 
was ,,-1/10 of the m a x i m u m ) .  Thus, for a l l  the condi-  
t ions used in  the  presen t  s tudy,  the conversion may  be 
r ega rded  as complete.  
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The degree  of N I ~  dissociation was de te rmined  as a 
function of t empe ra tu r e  for severa l  different  envi ron-  
ments  and the resul ts  a re  summar ized  in Fig. 6. As 
shown by  this figure, if  the  NH~ contacts  only  pu re  
quar tz  tubes (vitr if ied or  devi tr i f ied)  or  a new graphi te  
l iner  (Grafoi l )  the degree  of dissociat ion is l inear  
wi th  t e m p e r a t u r e  and ranges be tween  2 and 6 and 5 
and 10%, respect ively,  for  the  t empe ra tu r e  in te rva l  
of 900~176 If, however ,  GaN is p redepos i ted  on 
the Grafoi l  l iner,  the  the rmal  h i s tory  of the  l iner  be -  
comes impor tant .  When  the predepos i ted  GaN was 
annea led  in an ambien t  of NI-t8 sufficient to p reven t  
decomposi t ion of GaN, the  ex ten t  of decomposi t ion was 
the  same as for  the  pu re  g raph i t e  environment .  When 
GaN is annealed  in pure  N2 or  pure  H~ pr io r  to expo-  
sure  to NH3, a significant enhancement  in = occurs at  
e levated tempera tures ,  wi th  an apparen t  threshold  
t empe ra tu r e  of ~1050~ for the H2 anneal ing  case. To 
ascer ta in  the reason for  the  enhanced ca ta ly t ic  effect 
and the significance of an apparen t  threshold  t empera -  
ture,  the  surfaces of GaN were  examined  by  scanning 
electron microscopy (SEM) af te r  appropr i a t e  anneals  
and the resul ts  a re  shown in Fig. 7. Af te r  anneal ing Jn 
a pu re  H2 ambien t  at  1000~ for I hr, the  appearance  
of Ga drople ts  due to the  decomposi t ion is easi ly de-  
tected. Subsequent  anneal ing  in a NH~-containing 
ambien t  resul ts  in a un i fo rm t e x tu r e  if anneal ing  is 
carr ied  out  at  a t empe ra tu r e  be low the threshold  t em-  
pera ture ,  p r e sumab ly  due to the  re format ion  of GaN 
f rom the Ga droplets.  By contras t  the  drople ts  wi l l  
pers is t  if the  anneal ing  wi th  NI-I8 is pe r fo rmed  above  
the threshold  tempera ture .  The supposi t ion of the pres -  
ence of Ga in the SEM micrographs  was confirmed 
using x - r a y  diffraction. Since GaN i tself  was shown to 
have l i t t le  influence on the decomposi t ion of NI-Is, there  
a re  two possible reasons for  the  anomalous  enhance-  
ment  in the  ca ta ly t ic  decomposi t ion of N I ~  caused b y  
the pa r t i a l  decomposi t ion of GaN: the presence of pure  
l iquid Ga, or the  coexistence of Ga-GaN-. 

To de te rmine  the role of l iquid Ga, a sample  of pure  
Ga was placed in a boat  located at  the  NI-I~ inlet.  
There  was no significant influence on the NH3 decom- 
posi t ion for t empera tu res  be low 1000~ and a thin coat 
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Fig. 7. Secondary emission micrographs of GaN-predeposlted GrafoJl liner: (a, left) after annealing |n Ha-only ambient for 1 hr at 
about 1000~ after passing NH8 through the liner shown in (a) for 30 min; (b, right) at temperatures below the "threshold" point; and 
(c, bottom) at temperatures above the "threshold" point. 

of GaN formed on the Ga. Above  1025~ however ,  a 
d ramat ic  change occurred;  s ignif icant ly more  ~ was 
decomposed and the Ga reac ted  to form a la rge  amount  
of da rk  g r ay  spongy ma te r i a l  which tilted the  tube  
but  did  not b lock  the  gas flow. Between 1000 ~ and 
1025~ a golden spongy ma te r i a l  was genera l ly  formed 
wi th  no enhancement  in the  ex ten t  of NH~ decomposi-  
tion. The fact  tha t  pu re  Ga reacts  wi th  NH8 at al l  
t empera tu re s  inves t iga ted  implies  tha t  i t  does not  de-  
compose NH3 rapidly ,  o therwise  NH8 would  not  be 
ava i lab le  for the  fo rmat ion  of GaN. 

The  ma te r i a l  obta ined  above 1025~ was analyzed 
by  x - r a y  diffract ion and by  chemical  analysis.  I t  was 
found to be a conglomerate  containing about  60% Ga 
and 40% GaN in po lycrys ta l l ine  form. The SEM micro-  
graphs  of this  mater ia l ,  Fig. 8, demons t ra ted  the  gen-  
e ra l  poros i ty  of the  mate r i a l s  (Fig. 8a) which was the  
resul t  of the  fo rmat ion  of numerous  fine dendri t ic  c rys-  
ta l l i tes  (Fig. 8b).  The  Ga in the  conglomera te  was re 
moved wi th  aqua regia  exposing mic romete r - s i zed  
GaN dendr i tes  (Fig. 8c). The cata lyt ic  na tu re  of this 
conglomera te  ma te r i a l  was inves t iga ted  by  placing a 
sample  near  the NH~ inle t  and pe r fo rming  the t i t r a -  
t ion analysis  as p rev ious ly  described.  The results ,  
shown in Fig. 6, show a s imi la r  behavior  to the  hyd ro -  
gen -annea led  GaN ma te r i a l  except  tha t  the  " thres -  
hold" t e m p e r a t u r e  is lower.  This confirms tha t  the  co- 
exis tence of Ga and GaN has a significant ca ta ly t ic  ef-  
fect  for  the decomposi t ion of NH3. The lower  th resho ld  
t e m p e r a t u r e  for the  conglomera te  ma te r i a l  is p r e sum-  
ab ly  the  resul t  of more  to ta l  surface area. 

For  compar ison purposes,  the  ca ta ly t ic  ac t iv i ty  of a 
we l l - known  cata lys t  for N I ~  decomposi t ion was eval -  
ua ted  in our  system. The ca ta lys t  was fine F e  par t ic les  
obta ined by  decomposi t ion of FeCla on Grafoi l  in a 
hydrogen  ambien t  and caused v i r t ua l ly  comple te  de -  
composit ion of the  NHa at  1150~ as seen f rom Fig. 
6, and it is known tha t  this ca ta lys t  is of comparab le  
effectiveness at  lower  t empera tu re s  as well.  I t  mus t  
be emphasized tha t  the  G a N - G a  conglomerate  would  
not be an effective commercia l  ca ta lys t  for ammonia  
synthesis;  however ,  its ca ta ly t ic  effect would  ce r ta in ly  
influence the chemical  vapor  deposi t ion of GaN. 

Growth rate studies.--The growth  ra te  of he te roep i -  
t ax ia l  GaN depends  on the fol lowing pa ramete r s :  the  
growth  tempera ture ,  the  flow ra t e  of reactants ,  sub-  
s t rafe  or ientat ion,  g rowth  envi ronment ,  and Mg-dop-  
ing. 

To s tudy  the influence of these growth  var iables ,  d i f -  
ferent  t empe ra tu r e  profiles, p rovid ing  growth  t e m p e r a -  
tures  wi th in  the  range  of in teres t  as indica ted  in Fig. 
2-4, were  inves t iga ted  and two represen ta t ive  profiles 
selected for more  extens ive  examinat ion.  The  resul ts  
a re  summar ized  in Fig. 9 and 10 for  average  t e m p e r a -  
tures  of 1050 ~ and 950~ respect ively.  The  modest  in-  
crease in the furnace  t e m p e r a t u r e  dur ing  actual  g rowth  
(the dashed curve)  as compared  to the  profile when 
only  Ha ca r r i e r  gas is passed th rough  the furnace  
(the solid curve)  is a t t r ibu ted  to the  exothermic  na-  
ture  of the  reaction. Since i t  was es tabl i shed  tha t  the  
g rowth  ra te  is l inear,  for  g iven g rowth  condit ions (Fig. 
11), the  g rowth  ra te  for each ind iv idua l  condit ion m a y  
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Fig. 8. Secondary emission micrographs of Ga-GaN mixture: (a, left) at 5 0 •  (b, right) at 2 5 0 0 •  and (c, bottom) at 2 5 0 0 •  
after removing Go. 
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be obtained from the layer  thickness after 30 min  of 
growth. Several impor tant  t rends that are apparent  
from these graphs may  be summarized as follows: 
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(i) Growth ternperature.--Comparison of identical 
substrate  positions for the high and low tempera ture  
cases established that  the growth rate decreases with 
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increasing tempera ture  wi thin  the tempera ture  regime 
of interest  for both R-p lane  and basa l -p lane  substrates. 
The tempera ture  gradient  at a specific growth site is 
general ly  not a major  factor unless it is ex t remely  
shallow or steep. For shallow gradients, the heat of 
reaction is not conducted away as rapidly  and the tem- 
pera ture  increases as growth proceeds with a conse- 
quent  influence on the growth rate and the surface 
morphology. For steep gradients, there is evidence of 
a homogeneous reaction in the gas s t ream prior to the 
heterogeneous reaction at the substrate. 

(ii) Flow rate.--The influence of gas flow rate concerns 
the total flow rate, the carr ier  gas flow rate, and the 
flow rates of the reactant  gases (HC1 and NH~). The 
influence of changing the individual  reactant  gas flow 
rates was most extensively studied. The results for 
two sets of NH~ and HC1 flow rates, with the hydrogen 
carr ier  gas flow rate kept constant, are shown in Fig. 
9 and 10, and the influence of varying individual  re- 
actant  gas flow rate is described in Fig. 11 and 12. It 
is evident  that  the growth rate increases with increas- 
ing flow rates of the reactant  gases if either one or 
both rates are increased. 

(iii) Substrate position.--As shown in Fig. 9 and 10, 
the growth rate  decreases as the substrate position is 
moved downst ream from the NI-I~ inlet, p resumably  
due to the depletion of the reactant  species caused by 
deposition on the Grafoil l iner  prior to encounter ing 
the substrate. 

(iv) Substrate orientation.--The growth rate on the 
(1[02) or R-p lane  or ientat ion was observed to be 
greater  than that  on the (0001) or basa l -p lane  or ien-  
ta t ion for all  the conditions invest igated in this study, 
as shown in  Fig. 9-12. 

(v) Growth environment.--The enhanced NI-I~ de- 
composition caused by the coexistence of Ga-GaN, as 
described in  the previous section, has a direct influence 
on the growth rate at temperatures  where  part  of the 
system is above the threshold tempera ture  of .~1000~ 
for enhanced ammonia  decomposition (cf. Fig. 6). 
Thus, for the higher tempera ture  series, described in 
Fig. 9, there is a significant decrease in  the growth 
rate if the growth env i ronment  includes Ga-GaN co- 

PN. 3 (atm)  

Fig. 12. Plot of undoped GaN layer thickness vs. PNH3 for con- 
stant PGaCl. 

existence, as the result  of the annea l ing  of pregrown 
GaN in a H2 ambient.  For  the low tempera ture  series, 
however, where there is no par t  of the system above 
the threshold tempera ture  (Fig. I0), there is no dif- 
ference observed for two different growth envi ron-  
ments. 

(vi) Mg-doping.--A previous study (1) had shown that 
the rate of GaN deposition was lower during Mg dop- 
ing than during growth prior to the doping. This im- 
plied that  ei ther  IVIg doping re tarded the growth rate  
or the growth rate was not l inear  with t ime (i.e., the 
growth rate was smaller  at la ter  times when  Mg dop- 
ing was occurring).  The present  s tudy has established 
that  the growth rate of the undoped layer  is l inear  with 
time, thus Mg doping must  decrease the growth rate. 
This decrease was established experimental ly,  with 
the results shown in Fig. 13. As can be seen from this 
graph, there is a substant ia l  decrease in  growth rate 
for either substrate or ientat ion as the part ial  pressure 
of the Mg (as controlled by  the tempera ture  of the 
Mg reservoir) is increased in the growth system. 

Discussion 
Catalytic e~ect . - - I t  has been established in  this study 

that  the growth env i ronment  can significantly influence 
the extent  of NH~ decomposition; l imited decomposi- 
t ion occurs in  quartz and graphite  envi ronments  (up 
to ...10%) whereas more extensive decomposition oc- 
curs (up to .-.60%) above a threshold tempera ture  of 
950~ if Ga and GaN coexist. It  is appropriate 
to compare these results with previous investigations 
and to speculate on the causes and implications of this 
behavior. Other workegs (20, 23) have reported that  
graphite and devitrified quartz exhibit  catalytic effects 
for NHs decomposition in  various vapor growth sys- 
tems. As established in  the present  study, however, 
their  influence is relat ively modest compared to the 
Ga-GaN mixture.  Recently, Raman  spectroscopy has 
been applied to profile the NH8 composition in  the 
vicini ty of a graphite susceptor in  a CVD system and 
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undoped) for doped GaN layer vs .  Mg source temperature. 

t h e  catalytic effect of graphite confirmed (24). (This 
la t ter  work, which measures the NHs concentrat ions at 
indiv idual  points, should be contrasted to the integral  
effects obtained in the previous studies and in the pres-  
ent  work.) Our results of the modest catalytic effect 
of quartz and graphite for the decomposition of NH3 
are thus in agreement  wi th  the present  l i terature.  

Our significant finding, however, concerns the more 
pronounced enhancement  of NH3 decomposition with 
the coexistence of Ga-GaN above a threshold tempera-  
ture. The need for the coexistence of both Ga and GaN 
clearly implies a critical interact ion between the two 
components. This is analogous to the interact ion be-  
tween metal  and support  in  the case of supported-  
metal  catalysts (25, 26) except that  there is no clear 
definition of which component  plays the role cf sup- 
port in the present  case. Two types of interact ion might  
be possible: ei ther a "bifunctional" catalyst (27) in 
which one reaction occurs on one component  to yield 
an in termediate  product which fur ther  reacts on the 
other component, with nei ther  one capable of produc- 
ing the enhanced effect alone, or a modification of the 
chemical properties of one of the components at the 
interface (28). For the la t ter  case, the enhancement  
might  be caused by a modification of one or more of 
the following at the interface: the electronegativity 
of the metal, the surface composition, and the surface 
structure.  There is no clear evidence to allow an 
evaluat ion of the relat ive merits  of possible mecha-  
nisms and detailed account of catalytic mechanisms is 
beyond the scope of this study. 

The implications of these results are obvious. Since 
several runs are made in  succession in the same reac- 
t ion zone in a typical growth system, the t rea tment  of 
this zone between runs  will clearly influence the basic 
driving force for the deposition reaction, par t icular ly  
in the early stages of the deposition. Furthermore,  the 
early stage of the deposition is critical since the ini t ial  
nucleat ion will  have a pronounced influence on the 
deposition in general. I t  was found that  the morphol-  
ogy of the GaN is changed if GaN is grown in  the pres-  
ence of coexisting Ga-GaN as would be expected from 
the decrease in  the affinity for the reaction that  re- 
sults f rom the NH~ decomposition. Another  example 

is the procedure established to improve the micro- 
s t ructure  for GaN light emit t ing diodes by use of 
higher affinities at the early stage of growth. This was 
achieved by the use of Ar  gas instead of H2 gas as a 
carrier gas (29). Fur thermore ,  if n i t rogen vacancies 
a r e  the dominant  donors in  GaN that  are responsible 
for the large intr insic  electron concentration, their  
concentrat ion would be expected to va ry  wi th  a change 
in the chemical potential  of ni t rogen which is clearly 
a funct ion of the N H JH 2  ratio. Obviously, in  cases 
where  one wishes to maximize the affinity of a reaction 
involving ni t rogen as a reactant, one should avoid con- 
ditions conducive to the decomposition of NH3. The 
general  concept of catalytic potency of the reactor en-  
v i ronment  will  cer tainly be impor tant  for other CVD 
processes, such as the s:~nthesis of GaAs and  GaP, 
especially when NH3 is used as a dopant. 

Growth kinet ics . --The exper imental  observations 
concerning the growth rate of GaN heteroepitaxial  
layers can be summarized as follows: (i) the growth 
rate is constant with respect to time; ({/) the growth 
rate decreases with increasing tempera ture  wi thin  the 
tempera ture  range of 850~176 (//i) the growth 
rate increases with increased flow rate of NI-I3 and /or  
HCI, and genera l ly  saturates;  (iv) the growth rate is 
a funct ion o f  the su,bstrate position in  the gas stream, 
it decreases as the substrate  position is moved fur ther  
downstream; (v) the growth rate depends on the cata-  
lytic na ture  of the growth env i ronment  and decreases 
under  conditions of greater NI-I8 decomposition; (vi) 
the growth rate is significantly more rapid on R-p lane  
substrates as compared to basa l -p lane  substrates; (vii) 
the concurrent  incorporat ion of Mg in  the deposit, pro-  
duced by the presence of Nig vapor in  the growth zone, 
decreases the growth rate substantial ly.  

The tempera ture  dependence of the growth rate is 
an apparent  contradict ion to predictions based on ther-  
modynamics,  as i l lustrated in  Fig. 3 and 4. Since, in  the 
major i ty  of the growth runs studied, the extent  of NH3 
decomposition in the bulk  stream was less than 10%, 
one would predict an  increase in  the equi l ibr ium ex- 
tent  of reaction with increasing tempera ture  in  the 
tempera ture  range studied. One would also expect the 
relative a t ta inment  of equi l ibr ium to increase with in -  
creasing tempera ture  since the detailed kinetic proc- 
esses involved should be enhanced with increasing tem- 
perature. This apparent  contradict ion may be the re-  
sult of a combinat ion of two or more factors: inaccu- 
rate l i tera ture  values for the thermodynamic  data and 
the discrepancy be tween the bu lk  extent  of decompo- 
sition of NH3 and the local extent  of decomposition in  
the vicinity of the reaction interface. The weakest 
factor in the development  of the thermodynamics  of 
the deposition reaction is the s tandard Gibbs free en-  
ergy of formation for GaN (15). These values were 
estimated since direct measurements  of the s tandard 
enthalpy of formation, entropies, and heat capacities 
are not available at present. Thus, a discrepancy in the 
values that  would displace the ma x i mum in the curves 
in Fig; 3 and 4 downward by -~250~K is not an unrea-  
sonable expectation. Fur thermore,  it must  be noted that  
the extent  of decomposition of NHs that  was experi-  
menta l ly  determined in  the present  study was an inte-  
grated effect. It  is possible and indeed probable, based 
on the recent work of Sedgwick (24), that the local 
extent  of decomposition would shift the maxima in  
these curves to lower temperatures.  It is obvious that  
in nonuni form reacting systems, such as CVD reactors, 
an in  s/tu analysis technique for composition and tem- 
perature,  with fine space resolution, is necessary to 
rigorously establish the thermodynamics  near  an in te r -  
face. 

The relative importance of two ra te- l imi t ing  mecha-  
nisms in the epitaxial growth, mass t ransfer  and sur-  
face reaction, cannot be clearly established for the 
present  CVD system, but  there is some evidence that 
it is a mixed controlled case. While there is a definite 
dependence of growth rate on the substrate  and crys- 
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tal orientation (item vi), an observation commonly 
used to imply the existence of a surface reaction-con- 
trolled process, there is a dependence on the rate of 
supply of the reactants (items iii through v), com- 
monly associated with mass transfer control mecha- 
nism. It is certainly clear that the reaction is not sur-  
face catalyzed since the deposition is not restricted to 
a definite surface and nucleation is easily accom- 
plished. (These two conclusions are based on the fact 
that  the deposition of GaN is not surface sensitive; 
for conditions used in typical growths, polycrystall ine 
GaN can be deposited on practically any surface in the 
growth chamber, such as the fine textured Grafoil liner 
and fused quartz substrate holder.) I t  appears that 
there may be a homogeneous reaction producing a 
precursor for the GaN deposit. Indeed, in the presence 
of steep temperature gradients, noncoalescent ran-  
domly oriented GaN clusters appear on single crystal 
sapphire substrates and, for extreme conditions, ul t ra-  
fine powders (~100A) of GaN are formed (30). 

The pronounced decrease in the growth rate caused 
by  Mg doping, as i l lustrated in Fig. 13, might arise 
for two reasons: the displacement reaction between Mg 
and GaC1 to produce a less reactive source of Ga, and 
the poisoning of the growth surface by the adsorption 
of Mg or MgC1. The Gibbs free energy of formation 
of  GaC1 is a~bout --35 kcal /mole at the growth tem- 
perature (21), whereas it is --110 kcal/mole for MgC12 
(22). Thus the displacement reaction 

Mg(G) -t- 2GaCI(G) = MgC12(G) -t- 2Ga(G) 

should be complete in the vapor, if kinetic factors are 
favorable. From the geometrical configuration of the 
growth reactor (Fig. 1) the reaction will  take place 
between the sidearm entrance and the NH3 inlet tube; 
thus, GaC1 will  be depleted before mixing with NI-I3. 
Since in the growth of insulating layers, it is necessary 
to have a part ia l  pressure of Mg that is 10-20% of the 
value for the part ial  pressure of GaCI in order to fully 
compensate the native donors in GaN, the depletion 
of the GaC1 concentration due to this reaction can be 
significant. 

One may calculate the decrease in the growth rate 
due to the addition of Mg, making the assumption that 
the above reaction goes to completion and that the re-  
duced Ga does not react to form GaN. Comparison of 
such calculations with observations for the R-plane 
substrates (Fig. 13) shows good agreement at lower 
Mg concentrations, whereas the actual growth rate is 
depressed even further at Mg concentrations corre- 
sponding to full electrical compensation. This implies 
a surface poisoning effect at these higher concentra- 
tions, in addition to the depletion effect. It is. also 
noticed in this regime of Mg concentration that there 
is a change in the surface morphology (31), as migh t  
be expected for a surface poisoning effect. The pro-  
posed surface poisoning effect correlates to a detri-  
mental change in the substrate surface. This change 
may be caused either by a high Mg concentration in 
the lattice inducing a change in the GaN layer surface 
morphology or the presence of adsorbed Mg species on 
the growth surface. For growth on the basal plane, a 
pronounced effect was observed even at low Mg source 
temperatures, which is consistent with our observation 
that  surface morphologies are altered with low Mg 
concentration for the basal-plane substrate (31). 

Summary 
The nature of the growth ambient in the chemical 

vapor deposition of GaN was found to influence the 
extent of NI-I3 decomposition. Pure quartz, graphite, 
and GaN surfaces had a minor influence on the decom- 
position (up to a maximum of ~10%) whereas the 
coexistence of Ga and GaN caused extensive decom- 
poSition (up to ,~60%) for the temperature range of 
950~176 The catalytic effect of the growth en- 
vironment is thus a significant variable when NHs is 
used as a reactant or dopant in chemical vapor depo- 
sition processes. 

Several significant trends in the growth rate of GaN 
are reported for typical growth conditions: (i) The 
growth rate is l inear with time. (ii) The growth rate 
decreases with increasing temperature,  in the range 
850~176 (iii) The growth rate increases with in- 
creasing reactant composition. (iv) The growth rate 
decreases as the substrate is located further down- 
stream. (v) The growth rate decreases when the 
growth environment favors the catalytic decomposition 
of NHa. (vi) The growth rate is more rapid on R-plane 
sapphire substrates than on basal plane sapphire sub- 
strates. (vii) The growth rate decreases substantially 
when Mg is concurrently incorporated in the deposit. 

An apparent  discrepancy between the temperature 
dependence of the growth rate and the Gibbs free en- 
ergy is noted and it is postulated that  the discrepancy 
arises from local variations in NI-h concentration 
caused by decomposition and/or  by incorrect thermo- 
dynamic data for the reactant species. 

,Manuscript submitted Nov. 30, 1977; revised manu- 
script received March 1, 1978. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1979 JOURNAL. 
All discussions for the June 1979 Discussion Section 
should be submitted by Feb. 1, 1979. 
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High Speed Implementation and Experimental 
Evaluation of Multilayer Spreading Resistance Analysis 

Donald C. D'Avanzo,* Robert D. Rung,**, 1 Arnon Gab and Robert W. Dutton 
Department of ElectricaZ Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

An efficient implementation of mult i layer  potential analysis for s p r e a d -  
i n g  resistance measurements is described. A precalculated part ial  integral 
technique reduces computation time by a factor of 20 with no significant loss 
of accuracy. Spreading resistance measurements on beveled samples are com- 
pared to spreading resistance and four-point  probe measurements on anodi- 
cally sectioned samples and to Schottky C-V measurements. The results 
demonstrate the accuracy, versatility, and limitations of the technique. 

Spreading resistance measurements on beveled sam- 
ples allow convenient, high resolution determination 
of arbi{rary impurity profiles in semiconductor devices 
(1, 2). Mechanical manipulation of the probes, probe 
tip design, bias conditions, and sample preparation have 
been optimized so that repeatable contacts can be 
achieved over a wide range of resistivities (1). Cali- 
bration curves can be generated from measurements 
on homogeneous samples to account for nonideal con- 
tact phenomena such as piezoresistive effects, coatact 
potentials, and noncircular contact area, so that the 
resistivity of a homogeneous sample can be inferred 
directly from the spreading resistance measurement. 
However, for nonuniformly doped semiconductors the 
resistivity profile distorts the potential distribution 
beneath the probes resulting in a spreading resistance 
measurement which depends on the resistivities 
throughout the structure. A relationship between sur-  
face resistivity and measured spreading resistance 
which incorporates the effect of the nonuniform pro- 
file must be utilized to derive an impuri ty  profile from 
the measured data. 

Several methods have been developed for calculat- 
ing spreading resistance "correction factors" on non- 
uniform samples. The simplest approach utilizes a two- 
layer  model in which a single homogeneous layer  of 
finite thickness is separated from a semi-infinite sub- 
strate by a perfectly insulating or perfectly conducting 
boundary. Analytical  expressions for the correction 
factor can be derived for this idealized geometry by 
solving for the potential distribution with the method 
o f  images (3, 4). This approach is attractive for con- 
centration profiles which change a negligible amount 
in a distance comparable to the contact radius, a p -  
p r o x i m a t e l y  3 ~n.  However, a more sophisticated 
model is essential for the accurate analysis of mea- 
surements on the shallow diffusions, implantations, and 
epitaxial  layers characteristic of modern integrated 
circuit technology. 

Recent correction factor schemes have utilized a 
mult i layer  model in which the continuous concentra- 
tion profile is approximated by a staircase function, 
F i g .  1. Each layer is assumed to have uniform concen- 
trat ion and finite thickness, equal to ~ the distance be- 
tween measurement points. If a p -n  junction exists 
within one probe radius of the surface then a differen- 
t ial  spreading resistance technique, analgous to four- 
point probe incremental  sheet resistance, can be a p -  
p l i e d  (5, 6). The resulting correction factors a r e  e x -  
p l i c i t  functions of the profile slope .and are fair ly a c -  
c u r a t e  for  Shallow structures. A second approach 
solves for the potential distribution in the mult i layer  
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structure by the image method (7). Calculation of 
the correction factors requires a summation over the 
infinite series of image charges generated by each 
probe. The accuracy and range of applicabili ty of this 
technique have yet to be established. 

Of all the correction factor algorithms mult i layer 
analysis (8-11) most nearly reflects the true physical 
nature of spreading resistance measurements on non- 
uniformly doped samples. It is basically a technique 
for solving Laplace's equation for the idealized multi-  
layer geometry of Fig. 2. The semiconductor is assumed 
to be planar and of infinite extent in the Z and r di- 
rections. The sample is divided into layers of homo- 
geneous resistivity and finite thickness ~h where ~h 
usually corresponds to the distance between mea- 
surememt points. The probes are separated by a dis- 
tance D and are assumed to make ideal contacts with 
the semiconductor surface, i.e., tt~e contact area is 
fiat and circular of radius a, and all barr ier  potential 
and  piezoresistive effects are neglected. These effects 
are often incorporated into the correction factor cal- 
culation empirically through a calibration curve (1, 2). 
With these assumptions Laplace's equation can be 
solved for the potential distribution in each of the 
layers. The expression for the correction factor, CF 
is derived directly from the surface potential V1 
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Fig. 1. Mul t i layer  approximation to an impurity concentrat ion 
profile. 
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Fig. 2. Idealized multilayer geometry. D is the distance between 
the probes, a is the contact radius, Ah is the layer thickness, Vl 
are the potentials at each interface, and pi are the resistivities of 
each layer. 

The zero and f i r s t -o rder  Bessel ftmctions,  ~0 and :/1, a re  
charac ter i s t ic  of solut ions to Laplace ' s  equat ion for  
p rob lems  wi th  cyl indr ica l  symmetry .  The in tegra t ion  
factor,  0, is de r ived  f rom the bo tmdary  condit ions of 
cur ren t  and  vol tage  cont inui ty  at  each in ter face  and is 
the re fo re  dependent  on al l  the  res is t iv i t ies  pl th rough  
pN as wel l  as the  l aye r  thickness and the in tegra t ion  
var iable ,  L. The infinite in tegra l  is r equ i red  to sat isfy  
the  bounda ry  candi t ions at  each in ter face  and the  sur -  
face. 

Mul t i l aye r  potent ia l  analysis  is gene ra l ly  appl icable  
to any type  of res is t iv i ty  profile and its accuracy for  
measu remen t  in beveled  samples  is l imi ted  main ly  by  
the assumpt ions  of p l ana r  geomet ry  and charge  neu-  
t ra l i ty .  Genera l  appl ica t ion  of this me thod  has been  
inhib i ted  b y  the complex i ty  of the  calculations.  Or igi -  
nal ly,  over  10,000 in tegrand  evaluat ions  were  requ i red  
to insure  convergence of the  in tegra l  resu l t ing  in ex-  
cessive computa t ion  t ime and l imi t ing  the usefulness  
of this approach.  Severa l  au thors  s implif ied the  com- 
puta t ions  by  l imi t ing  or  parti t io,ning the number  of 
layers  ( l l - 1 4 ) . - O t h e r s  simplif ied the  calcula t ion of 0 
(which  or ig ina l ly  requ i red  the solut ion of a 2N by 2N 
ma t r ix )  first by  power  l aw in te rpo la t ion  (11, 14) and  
la te r  by  the  der iva t ion  of exact  recur rence  formulas  
(15~ 16). Recent ly  an in tegra t ion  scheme has been de-  
vised which  signif icantly reduces  the  ,number of in te -  
g rand  evaluat ions  (17). The  foregoing methods  in -  
crease the  efficiency of mu l t i l aye r  analysis  but  st i l l  
inc lude  the  t ime-consuming  eva lua t ion  of the  infinite 
integral .  The fol lowing section descr ibes  an approach  
which  removes  the  res i s t iv i ty  dependence  f rom the 
in tegrand  so tha t  the  in tegra ls  can be p reca lcu la ted  and 
stored. This  pa r t i cu la r  implementa t ion ,  cal led p r e -  
ca lcula ted  pa r t i a l  integrals ,  reduces  the  computa t ion  
t ime by  a factor  of 20 as compared  to an i m p l e m e n t a -  
t ion inc luding the recur rence  fo rmula  calculat ion of 0. 

Spread ing  resis tance measurements  on beveled sam-  
ples a re  compared  to spreading  resis tance and four -  
point  probe  measurements  on anodica l ly  sect ioned 
samples  and Schot tky  C-V measurements .  The resul ts  
indicate  severa l  l imi ta t ions  inheren t  in the  appl ica t ion  
of mu l t i l aye r  potent ia l  analysis  to spreading  res is t -  
ance measurements  on beveled  samples.  

Precalculated partial integrals.--The in tegra t ion  fac-  
tor, 0, is a w e l l - b e h a v e d  funct ion of h and can be 
read i ly  approx ima ted  by  interpolat ion,  o is eva lua ted  
exac t ly  at  severa l  judic ious ly  chosen values  of ~ ( the 
M's in the  fol lowing discussion) whi le  in the  in terva ls  
be tween  Xi's 0 is app rox ima ted  by  the  in te rpo la t ion  
function. F igu re  3 shows the  exact  eva lua t ions  of 1 + 
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Fig. 3. Spline interpolation of the integration factor, 1 + 20, for 

2 and 33 layers. ~, is the integration variable and a is the contact 
radius. 

20 (open circles) and a cubic na tu ra l  spl ine in te rpo la -  
t ion (solid l ine)  for 2 and 33 layers.  Fo r  these ex -  
amples,  the  in te rpo la t ion  e r ror  does not  exceed 1% and 
is less than  the e r ro r  resul t ing  f rom power  l aw in-  
terpolat ion.  For  the  cubic spl ine approximat ion ,  a dis-. 
t inct  cubic po lynomia l  is de t e rmined  in each in te rva l  
wi th  the  first and  second der iva t ives  const ra ined to be 
continuous at  the  boundaries .  The express ion for  the  
in tegra t ion  fac tor  becomes 

1 -t- 20(L) = Ai~ ~ + Bik 2 -[- Ci~, -~- [1 -~- 29(ki)] 

for ki ----- ~. < ki+l. Ai, Bi, and Ci a re  the  cubic po ly -  
nomial  coefficients and are  constant  over  the  in te rva ls  
be tween  ki and ki+z. 

The spl ine approx ima t ion  for  (1 + 20) can be sub-  
s t i tu ted  into the  express ion for  the  correct ion factor  
and the in tegra l  can be d iv ided  into pa r t i a l  in tegra ls  
wi th  l imits  of in tegra t ion  corresponding to the  in te rpo-  
la t ion in te rva l  boundaries .  The resul t ing  express ion is 

m--i f 4 ~ F~ti+ 1 

i=l i 

f hi+l ~,2](~.) d~, ~- Ci f ki+l 
-]- Bi ,~, ~i ,v ki 

where  

L ~a 

J00.D) ~ sin 0.a) 

~.1 "-- 0 

and ~m, the  upper  in tegra t ion  l imit ,  is chosen to insure  
convergence of the  integrals .  The spline coefficients a re  
constant  over  the  in te rpo la t ion  in te rva ls  and can be 
removed  f rom the  integrat ion.  The  resul t ing  in te -  
grands  are  independent  of res is t iv i ty  and l aye r  th ick-  
ness and can therefore  be  preca lcu la ted  and s tored for  
any given contact  rad ius  and probe  separat ion.  

The method of p reca lcu la ted  pa r t i a l  in tegra ls  s ig-  
nif icantly reduces  computa t i an  t ime  wi thout  compro-  
mising the inheren t  accuracy of mu l t i l a ye r  potent ia l  
analysis.  F igu re  4 shows the  uncor rec ted  and correc ted  
profiles for an ep i -bu r i ed  l aye r  s t ructure .  A ful l  mu l t i -  
l aye r  implementa t io  n including the recur rence  fo rmula  
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Fig. 4. Comparison of full multilayer and precalculated partial 
integral analysis of an epi-buried layer structure, including the 
corrected and uncorrected impurity profiles (a), and tabulated ex- 
ecution times and maximum percent deviation, (b). 

Max. de- 
Exocu- viation of Limiting 

tion impurity computation 
time concentra- step per 
(m~n tion (%) iteration 

July 1978 

Full maltilayer 50 0.1 10,000 integrand eval- 
uations 

Precalculated par- 2.5 0.1 Calculation of 280 
tial integrals spline coefficients 

calculat ion of # requ i red  over  50 ra in  on an HP 2100 
minicompute r  wi th  a m e m o r y  cycle t ime of 1 #see. In  
comparison,  use of p reca lcu la ted  pa r t i a l  in tegra ls  r e -  
duced the execut ion t ime by  a factor  of 20 to less than  
2.5 rain whi le  in t roducing  a m a x i m u m  devia t ion  in  
concentra t io~ of only 0.1%. 

The e r ror  in t roduced b y  spline in te rpola t ion  of 
1 4- 2e is appa ren t ly  negligible.  However ,  the  approx i -  
mat ions  inheren t  in mu l t i l aye r  potent ia l  analysis  can 
be a source of inaccuracy in  isolated por t ions  of 4zer- 
ta in types  of i m p u r i t y  profiles. The compara t ive  r e -  
sults of the  nex t  sect ion demons t ra te  some of these  
l imi ta t ions  as wel l  as the  genera l  u t i l i ty  of the  mu l t i -  
l aye r  method.  

C o m p a r a t i v e  Resul ts  
To ver i fy  the  accuracy  of mu l t i l aye r  potent ia l  ana l -  

ysis on beveled samples,  severa l  impur i t y  profiles have  
been measured  by  a l t e rna t ive  methods  including four -  
point  p robe  inc rementa l  sheet  resistance,  two-po in t  
probe  incrementa l  spreading  resistance,  and  Schot tky  
C-V. 

Fo r  the  incrementa l  sheet  resis tance method  mate r i a l  
is r emoved  in 500~- l ayers  by  anodic sectioning. Suc-  
cessive sheet  resis tance measurements  are  made  wi th  a 
four -po in t  probe  and the res is t iv i ty  is ca lcula ted  f rom 
the  s t anda rd  incrementa l  conductance model  (18). 

Inc rementa l  spreading  resis tance also ut i l izes anodJe 
sectioning to remove  mater ia l .  However ,  in this case, 
measurements  are  made  wi th  a two-po in t  spreading  
resis tance probe  and the da ta  a re  analyzed  wi th  mu l t i -  
l aye r  potent ia l  theory.  The inc rementa l  spreading  re -  
sistance technique offers an excel lent  test  of mu l t i -  
l ayer  theory,  since the  p l ana r  geomet ry  and absence of 
junct ion space charge  regions in the auodiea l ly  sec- 
t ioned samples  a re  co,n, s is tent  wi th  the  assumptions  of  
the  mul t i l aye r  model  

The a l t e rna t ive  measuremen t  techniques are  com~ 
pared  to the  s t andard  two-po in t  probe  spreading  re -  

sistance on beveled surfaces, correc ted  by  mu l t i l aye r  
analysis.  The beveled  samples  we re  pol ished wi th  
wa te r  soluble  abras ives  (Metadi ,  Quso, o r  Syton)  on 
Plexig las  in an SSM LP Machine.  2 Angles  on the o rde r  
of 16' to 1 ~ were  measured  wi th  the  smal l  angle  mea -  
surement  technique (SAM) (19) or mu l t i beam in te r -  
ferometry .  The spreading  res is tance measurements  
were  made  wi th  a commerc ia l ly  avai lab le  au tomat ic  
probe,  the  ASR 100. ~ 

The first example  is a f a i r ly  deep phosphorus  emi t t e r  
diffusion into a 4 s  p - t y p e  substrate.  F igu re  5 com- 
pares  the  concentra t ion profiles measured  by  incre-  
menta l  spreading  res is tance and incrementa l  sheet  r e -  
sistance. Agreemen t  in  profi le  shape and absolute  con- 
cent ra t ion  va lues  is excel lent .  F i g u r e  6 compares  in -  
c rementa l  spreading  resis tance on an anodica l ly  sec- 
t ioned surface to spreading  resis tance on a beveled 
surface. Agreemen t  is good th roughout  most  of the  
diffusion, including junc t ion  depths  and peak  concen- 
t ra t ions  as well  as in the  fami l ia r  dip due to concen- 
t r a t ion -dependen t  diffusivity. However ,  significant 

Available from Solid Measurements, MonroeviUe, Pennsylvania. 
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sheet resistance ( 0 )  for a phosphorus diffusions. 
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Table I. Calculated and measured sheet resistance 
for 2 ~m phosphorus diffusion 

S P R E A D I N G  R E S I S T A N C E  A N A L Y S I S  

1020 I I 

Sheet  resist- 
Calculated f rom ance ( ~ / 0 )  

7.5 
6.3 
6.5 
6.3 ~ 5% 

Beveled  spreading res is tance  
Incrementa l  spreading res is tance  
Incrementa l  shee t  res is tance  
Measured by four-point  probe  

discrepancy exists at the surface where the  concen- 
t ra t ion on the beveled sample falls below the concen- 
trat:ion on the anodically sectioned sample. This effect, 
which has been observed by others (11), is in  some 
way caused by the bevel geometry and is consistently 
present  as is shown in  the following examples. Prob-  
able causes of the surface anomaly  are discussed in  a 
later  section. 

As an addit ional  verification of the measurement  ac- 
curacy sheet resistance values were calculated by in te-  
grat ing the corrected conductivi ty profiles and com- 
pared to the sheet resistance measured by a four-point  
probe, Table I. The calculated values for both the i n -  
c r e m e n t a l  spreading resistance and incrementa l  sheet 
resistan.ce profiles are in excellent  agreement  with the 
measurement  The slightly higher  value for beveled 
spreading resistance is a result  of the decreased sur-- 
face concentrations. 

The second sample  is a three layered s t ructure  
which forms the source, channel,  and drift  regions 
in VMOS and DNIOS transistors (20). The channel  
region is formed by boron implantatio.n into an n -  
substrate  while the source region is diffused from an 
arsenic-doped oxide. Incrementa l  spreading resistance 
is compared to incrementa l  sheet resistance in  Fig. 7 
and beveled spreading resistance hi  Fig. 8. Agreement  
between the two incrementa l  profiles is excellent  
throughout  the n + source, bu t  both demonstra te  a con- 
s iderably higher surface concentrat ion than  the beveled 
spreading resistance. In  the channel  region beveled 
spreading resistance falls below incrementa l  spread.- 
i n g  resistance near  the source junct ion  but  follows it 
closely throughout  the rest of the p diffusion. The dis- 
crepancy near  the junct ion  may be caused by  the pres-  
ence of the space charge region in  the beveled 
sample. Since all the n - type  mater ia l  has been removed 
by anodic sectioning there is no space charge region 
extending into the channel  for the incrementa l  case. 
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Fig. 7. Incremental spreading resistance (-- ) ,  and incremental 
sheet resistance (<)) for the source-channel region of o DMO$! 
VMOS transistor. 
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Fig. 8. Incremental spreading resistance (--) ,  and beveled spread- 
ing resistance (ZX) for the DMOS/VMOS process. 

The channel  concentrat ions from incrementa l  sheet 
resistance are approximately 30% higher than  the 
values derived from the two spreading resistance 
methods. To fur ther  evaluate these results calculated 
sheet resistance is compared to measured values in 
Table II, where  channel  resistance is measured an a 
pinched base resistor. Incrementa l  spreading resistance 
agrees best with the measured values, both in  the 
source and channel  regions, while  beveled spreading 
resistance is high in both regio,ns due to the low con- 
centrat ion at the surface and at the source junction.  
The high concentrat ions of the incrementa l  sheet re-  
sistance profile result  in  a calculated channel  sheet re-  
sistance which is about 30% lower than the measured. 
The discrepancy may be a t t r ibuted to the inaccuracy 
of the four-point  probe measurement  for narrow, 
l ightly dolled layers with sheet resistance on the order 
of 10 k~/[~. Table III  compares the calculated (from 
beveled spreading resistance) and measured sheet re-  
sistance values for several channel  implants  and drive-  
in schedules. The difference never  exceeds 15% for 
chan~el lengths between 0.5 and 2.0 #m. 

The third example is a high f requency bipolar  t r an-  
sistor with a diffused phosphorus emitter  and a boron 
base result ing in  an  emit ter  junc t ion  depth and base 

Table II. Calculated and measured sheet resistances 
for VMOS/DMOS profile 

Sheet  resist- 
anee  ( # / 0 )  

Calculated f rom Source  channel  

Beve led  sheet  res istance 139 16.6 x 103 
Incremental  spreading res istance 93 14.7 x 10 ~ 
Incremental  sheet  res is tance  117 9.4 x 10 ~ 
Measured 99 --4--- 5% 14.0 x 10 s ----- 15% 

Table III. Channel sheet resistance 

Wafer 

Channel  shee t  res is tance  

Integrated  
spreading P inched  

Channel  res is tance  base  % 
length  profile res is tor  Differ- 
(~m) (kf l /O)  ( k # / O )  ence  

1 0,48 15.8 13.90 12 
2 0.82 - -  6.86 - -  
3 1.05 36.7 31.30 15 
4 1.98 10.0 9.50 6 
5 2.20 6.9 9.50 13 
6 1.90 7.6 7.10 7 
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Fig. 10. Incremental spreading resistance (- - ) ,  and beveled 
spreading resistance (Z&) for the bipolar transistor. 

width of approximately 0.4 #m. The comparisons in 
Fig. 9 and 10 demonstrate the same regions of dis- 
crepancy and correspondence observed in the pre- 
vious example. Comparisons of the calculated and 
measured sheet resistance values, Table IV, again 
verify the excellent accuracy of multilayer potential 
theory applied to anodically sectioned structures and 
demonstrate the limitations of the measurement on 
beveled samples 

The over-all repeatability of the spreading resist- 
ance method on beveled samples is demonstrated in 

Table IV. Measured and calculated sheet resistance 
for the bipolar transistor 

Sheet  resistance (rUE]) 
Calculated s Emitter  Base 

Beveled  s p r e a d i n g  r e s i s t a n c e  38.3 6.9 x l08 
Incrementa l  spreading res istance 17.2 4.5 x 108 
Incrementa l  sheet  r e s i s t a n c ~  ~ 4.7 x 108 
Measured 16.1 ~- 5% 
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Fig. 11. Comparison of beveled spreading resistance measure- 
ments on samples taken from the same bipolar wafer. The tabulated 
results are the average ( <  > ) ,  and standard deviation in percent 
of the average (6), for the emitter (XjB) and base (XjB) junction 
depths and the calculated sheet resistances in the emitter (pB), 
and in the base (PB). 

Fig. 11. For this experiment a single high frequency 
bipolar wafer was chosen, from which one sample 
per week was scribed, beveled/, measured, and ana- 
lyzed. As can be seen from the tabulated statistics 
repeatability in junction depths and calculated sheet 
resistances is very good. As can be expected the re- 
gions demonstrating the least repeatability are at 
the surface and in the base near the emitter junction. 

The final example, Fig. 12, compares Sehottky C-V 
and beveled spreading resistance measurements for a 
shallow n -  epitaxial layer on an n+ buried layer. The 
two step epitaxial layer process was designed to mini- 
mize autodoping. The resulting dip in concentration at 
the epi-buried layer interface is detected by both 
profiling techniques. This structure demonstrates the 
over-all range and versatility of the spreading re- 
sistance method which is capable of measuring the 
epitaxial layer, and the buried layer while the C-V 
technique is limited by breakdown to the lightly doped 
epitaxial layer. 
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Fig. 12. Beveled spreading resistance ( 0 ) ,  and Schottky C-V 
( - - )  for an epi-buried layer profile. 
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Discussion 
The  preceding comparative measurements demon- 

strate the uti l i ty and accuracy of the spreading resist- 
an, ce technique in combination with mult i layer  poten- 
t ial  analysis. The comparisons of incremental spread-  
ing resistance with incremental  and total sheet re-  
sistance measurements suggest that  the mult i layer  
model accurately (to within 10%) describes spread- 
ing resistance measurements on idealized planar struc- 
tures with junction depths on the order of 0.5 ~m and 
larger. However, measurements on beveled s a m p l e s  
indJ[cate that the bevel geometry introduces second- 
order effects which result  in significant tmderest ima- 
tio~ of diffused profiles near the Si-SiO2 ]n%erface and 
in the vicinity of junctions. Several probable causes 
for these discrepancies are discussed. 

The  mult i layer  model assumes a semi-infinite planar  
geometry so that  cylindrical symmetry can be invoked 
in the solution to Laplace's equation. The bevel geom- 
etry only approximates this situation in the l imit  of 
small bevel angles. The two dimensional asymmetry in 
a beveled structure will distort field and potential 
distributions as insulating interfaces are approached. 
This phenomenon can be expected to effect the results 
similarly at material  interfaces such as Si-SiO~ and Si- 
air and metallugical junctions. In both cases the  
sampling volume of the measurement is diminished 
due to the presence of an insulating boundary resulting 
in higher values of measured resistance and lower 
corrected concentrations. While exact analysis of t h e  
edge effect would require three-dimensional solutions, 
two-dimensional analysis of limiting cases in con- 
junction with empirical corrections may prove useful. 

In practice the bevel geometry is never ideal in the  
sense that  two fiat planes intersect at an obtuse angle. 
Instead the beveled surface tends to curve or round, 
especially at the Si-SiO2 interface. Figure 13 shows 
surface profiilometer plots for two beveled samples, 
one prepared with mechanical diamond polish, Metadi, 
in an aqueous medium and the other with the chem- 
mechanical, silica polish, Syton. Roanding extends 
several micrometers into the beveled surface for both 
samples and is more pronounced in the case of the  
chem-mechanical polish. The relat ively high viscosity 
of the Syton mixture may be responsible for the ex- 
cessive rounding. The analysis procedure assumes a 
fixed vertical distance between each measurement 
point, which is derived from a bevel angle measure- 
ment and the horizontal stepping distance. For the 
curved bevel surface actual vertical spacing will in- 
crease with increasing depth. In general, the bevel 
angle measurement will be an average over the surface 
so that the distance between points will tend to be 
overestimated near the bevel edge and corrected con- 
centrations will be diminished. Possible solutions to 
this part icular  problem include optimization of the  
beveling process to minimize rounding and quantita- 
tive measurement of the bevel contour. 

As previously mentioned, the presence of space 
charge in beveled samples may be responsible for the 
discrepancy on the lightly doped side of p-n  junctio,ns. 
Multi layer potential analysis, which is a solution to 
Laplace's equation, inherently neglects the effects 
of space charge. Since spreading resistance is an 
electrical measurement, anly mobile carriers can be 
detected resulting in an underestimation of impuri ty 
concentrations in space charge regions. 

An additional source of inaccuracy arises for mea- 
surements of p- type profiles due to the nonideal na- 
ture of the calibration. Figure 14 is a typical p- type 
calibration for samples polished in Metadi. The curve 
is generated by measuring spreading resistance on a 
number of uniformly doped samples of varying resistiv- 
ities. The effective contact radius is derived from a 
power law fit to the measured data so that R m  = Cp m 
and a = 1/(2C). An exponent of 1.0 would imply 
a constant contact radius as is assumed in the mult i -  
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Fig. 13. Surface profilometer plats for samples with 34' angles 
beveled in Metadi (a), and Sytan (b). 

layer model. For n- type calibrations m is consistently 
on the order of 0.95 while for p- type  it decreases to 0.85. 
The deviation from unity results in underestimation 
of p- type concentrations greater  than 10 TM crn-~. The  
degree of nonlinearity in the calibration curve is 
highly dependent on sample preparat ion and is con- 
sistently higher for mechanical polishes such as Metadi 
in comparison to chem-mechanical abrasives, includ- 
ing Syton and Quso (2). The trends indicate that the 
effects of nonideal contact phenomena, such as barr ier  
potentials, and piezoresistance, increase with increas- 
ing surface damage. The nonlinearity in the calibration 
curve can be compensated by including an empirical 
barr ier  resistance into the correction algorithm (2, 6). 

Finally, finite probe penetration and surface ex- 
tent will  ul t imately l imit  the achievable vertical reso- 
lution. For this work probe loading was a nominal 
20g resulting in a contact radius of about 3.0 ~m. Con- 
siderable error can be expected from profile smear- 
~ng at this load for junction depths less than 0.2-0.3 
~m. Lighter loads on the order of 6g reduce the con- 
tact radius to less than a micrometer significantly in- 
creasing potential resolution. 
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Conclusion 
The spreading resistance technique is a potentially 

powerful tool for measuring arbitrary impurity pro- 
files in semiconductors. An accurate data analysis 
scheme is essential for t~he determination of shallow 
profiles. Of the methods currently available, multilayer 
potential analysis is most consistent with the physical 
nature of the measurements An implementation of 
multilayer analysis has been presented which reduces 
computation time by a factor of 20 with no significant 
loss of accuracy. Comparative results demonstrated the 
excellent accuracy of the model for junction depths 
of 0.5 ~m and larger as well as limitations for the 
application of the method to beveled structures. Pro- 
posals for future development include theoretical in- 
vestigation of three dimensional bevel edge effects, 
quantitative measurement of the bevel contour, anal- 
ysis o'f space charge effects, and physical investigation 
of the metal probe-semiconductor contact and its 
effect on calibration measurements. 
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ABSTRACT 

The etching of go'ld films deposi ted on chromium adhesion layers  in 
iodine solut ion creates cavit ies at  the  base of the  films. These cavi t ies  or  
abnormal  undercu t t ing  are  revea led  and s tudied by  means  of the  scanning 
e lec t ron microscope. The  abnormal  undercu t t ing  causes the  l i f t ing of gold in 
the  etching of high resolut ion pat terns .  The a lka l i  cyanide  etching solut ion 
creates  normal  undercu t t ing  and its use is recommended.  I t  is suggested tha t  
the  abnormal  undercu t t ing  resul ts  f rom the fo rmat ion  of an e lec t rochemical  
cell  in the final s tage of the  e~ching process when the  chromium l aye r  and 
the gold l aye r  are  s imul taneous ly  exposed to the  electrolyte .  The pa r t i a l  oxi -  
da t ion  reac t ion  of gold dissolut ion at  the  gold surface is ba lanced b y  t r i -  
iodide reduct ion  at the  chromium surface as wel l  as at  the gold surface. The 
e lec t rochemical  cell fo rmat ion  accelerates  the e tching of gold near  the  chro-  
mium-go ld  bounda ry  and causes the  format ion  of cavities.  The mechanisms 
for the  normal  and abnorma l  undercu t t ing  processes a re  discussed. 

One of the most  commonly  used meta l  systems in 
so l id -s ta te  technology is C r - A u  layers.  This combina-  
t ion is of ten used for  micros t r ip  MIC's  for  mu l t i l aye r  
thin film MIC's  as wel l  as for  h y b r i d  c i rcu i t ry  in gen-  
e ra l  (1). C r - A u  is also of ten used as meta l l i za t ion  for 
interconnect ions  and bonding pads  in semiconductors  
o ther  than  Si (2). 

Because of its grea t  technological  impor tance  and the 
common t roub le  of gold l i f t ing in the  etching of high 
resolut ion  pat terns ,  the  s tudy of the undercut t ing  of 
etched gold l ines was under taken .  The  etchants  which 
were  employed  are  the  commonly  recommended,  com-  
merc ia l ly  ava i lab le  etchants,  i.e., the  iodine etch and 
the a lka l i  cyanide  solutions. 1 

I t  was found tha t  whi le  the  a lka l i  cyanide  solut ion 
crea ted  no rma l  undercut t ing ,  the  iodine etch caused an 
abnorma l  undercut .  At  h igh  magnif icat ion the optical  
microscope revea led  wha t  appea red  to be a smal l  de-  
gree  of undercut - - - seemingly  ve ry  favorable  for fine 
lines. However ,  the  scanning e lec t ron microscope 
(SEM) showed tha t  na r row  but  deep pene t ra t ing  cavi-  
t ies were  formed at the  base of the  e tched lines. 

The damag ing  na tu re  of t h e  phenomenon manifes ts  
i tself  in the l i f t ing  of the  gold where  fine l ines in pa t -  
terns  of high resolut ion a re  etched. The gold is l i f ted 
ma in ly  dur ing  the second s tage of the  etching process. 
The chromium etching solution pene t ra tes  th rough  the 
cavit ies  and etches away  the  ent i re  ch romium adhe-  
sion l aye r  f rom undernea th  the  gold. 

In  this pape r  the  undes i red  phenomena  of cavit ies  
under  etched gold are  s tudied  by  means  of the SEM. A 
mechanism for the  abnorma l  undercu t  of gold films on 
chromium wi th  the  iodine etch is proposed.  In  the  dis-  
cussion the  various etching processes of gold are  theo-  
re t i ca l ly  evaluated.  

Experimental 
Pat tern etching.mGold was etched wi th  the  iodine 

etch in the  presence of convent ional  posi t ive pho to re -  
sists and wi th  a lka l i  cyanide  solutions containing pe r -  
oxide  in the  presence of convent ional  negat ive  pho tore -  
sists. Nega t ive  photoresis ts  were  employed  because  of 
t h e  high pH of the  solution. Iodine  etch is m a d e  f rom 
400g KI, 100g Is, and 400 ml  of water .  A lka l i  cyanide  
powder  wi th  the  p rope r  amount  of pe rox ide  is ava i l -  
ab le  commercia l ly .  Chromium was etched wi th  e i ther  
concent ra ted  HC1 and  hydraz ine  or  wi th  an  a lka l ine  

Key words: films, circuits, corrosion, etching. 
Z Source os sodium cyanide mixture; MacDermit, Waterbury, 

Connecticut. 

fe r r i cyan ide  etch (3). For  both layers  the  etching is 
selective. 

Subs t r a t e s . - -The  layers  used for the  etching exper i -  
ments  were  f rom var ied  origin:  Spu t t e red  or  evapo-  
ra ted  C r / A u  films wi th  a chromium l aye r  of 500-1000A 
and a gold l aye r  about  0.5 #m thick and commerc ia l ly  
Cr -Au-coa t ed  subs t ra tes  wi th  an addi t ional  e lec t ro-  
p la ted  gold l aye r  of severa l  microns. The layers  were  
deposi ted on glass, sapphire ,  and alumina.  Whi le  the  
t ex tu re  of the  films was dependent  on the na tu re  of the  
substrate ,  the  observed phenomena  were  genera l  and 
independent  of the  subs t ra te  or  the  photoresist .  Normal  
or abnormal  undercu t  developed only as a direct  resul t  
of the  specific etching solut ion which  was used. 

Results and Discussion 
Figure  1 shows the profile and surface of 6 ~m th ick  

gold film etched at  room t empera tu r e  wi th  iodine solu-  
tion. The  cavi ty  which is formed at  the  base of the  gold 
1.ine is c lear ly  seen. F igu re  2 shows a schematic  d i ag ram 
o~ the film cross section showing the deep cavit ies 
which are  r e fe r red  to as abnormal  undercut t ing.  

In  order  to measure  quan t i t a t ive ly  the  depth  of the  
cav i ty  in re la t ion  to the  film thickness and t ime of ex-  
posure to the  etching solution, the  etched films were  
overexposed to the  ch romium etching solution. The 
l ines lifted, were  tu rned  over, and pho tographed  again.  

Fig. 1. SEM micrograph of a gold line edge etched with iodine 
solution. A deep cavity is seen underneath. 

1177 
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Fig. 2. A schematic cross section showing the abnormal under. 
cutting of a Cr/Au line etched with iodine solution. 

Fig. 3. SEM micrograph of the base of the gold line etched with 
iodine solution. 

.Figure 3 is a top v iew of the  base of the  e tched line. 
Ano the r  technique which was employed  was to evapo-  
ra te  C r / A u  films on glass subs t ra te  and then  measure  
the  degree  of abnormal  undercu t  th rough  the backside  
of the  t r anspa ren t  subs t ra te  using an opt ical  micro-  
scope. The cavit ies  exten<ded quite of ten 10 #m unde r -  
nea th  the  gold film. 

Final ly ,  Fig. 4 shows the successive stages of the  
etching process of a 6 ~m th ick  gold film. F igure  4 was 
obta ined b y  in te r rup t ion  of the etching at  different  
stages of the  process, r emova l  of the  photoresist ,  and 
recording the resul t  by  the  SEM. F igure  4a shows the 
morphology  of the  gold edge when  the  e tchant  has not  
y e t  reached  the chromium. No cavit ies a re  observed  at  
this stage. F igure  4b shows the edge shor t ly  a f te r  the  
e tchant  reached the ch romium interface.  The chromium 
is first seen at the  gold edge bu t  some holes can be seen 
e l sewhere  in the  film. Subsequent ly  more  holes appea r  
in the  field and a cav i ty  develops a round  each hole and 
the film edge. When  the  ent i re  gold is f inally e tched 
away,  a deep cavi ty  remains  under  the  gold edge (Fig. 
4e). 

F igure  5 shows the profile and surface of gold film 
etched wi th  the  a lka l i  cyanide  solution. I t  c lear ly  ind i -  
cates the  proper  w a y  of etching f ine-l ines of gold. The 
etching process is r e fe r red  to as no rma l  undercu t t ing  
because of the un i form slope at  the  film edge devoid  of 
any  r een t r an t  slopes or cavities.  

The ra te  of the  etching process in the  iodine solut ion 
was then  compared  wi th  tha t  of a pure  gold surface 
and a couple of gold wi th  chromium. The exposed a rea  
of the  l a t t e r  was about  ten t imes l a rge r  than  tha t  of 
gold. The etching ra te  increased f rom 30 to 200 nm/sec  
by  the  couple, the  gold being the  anode. In  the  ac tual  
etching process (see Fig. 4) the  etch ra te  of gold at the  
final s tage is increased signif icantly since the  a rea  of the 
chromium surface which is exposed to the  etching solu- 
t ion r ap id ly  increases (8). 

The ac tua l  behavior  of the  couple C r / A u  dur ing  etch-  
ing in the  iodine solut ion indicates  tha t  the  gold acts 
as the  anode  in  r e spec t  to the  exposed chromium. The 

Fig. 4. The development of holes and cavities during successive 
stages of the etching process with iodine solution: (a) Film edge 
just before reaching the Cr interface; (b) holes form at the film 
edge and in the field; (c) after completion a deep cavity formed 
under the gold edge. 

potent ia l  of the  chromium surface which  was measured  
agains t  the  gold surface at  open circui t  was found to 
be app rox ima te ly  3 mY. The re l a t ive ly  act ive potent ia l  
of the  gold could poss ibly  be the  resul t  of format ion  of 
a complex,  iodoaura te  (AuI~- )  as the  anodic product .  
The chromium is expected  to be pass iva ted  at  the  p r e -  
vai l ing mixed  potent ia l  when  both are  in contact  and  
exposed s imul taneous ly  to the  soltltion. The galvanic  
cell  c rea ted be tween  the gold and the exposed chro-  
mium thus enhances goid e tching nea r  the  junct ion  and 
causes the  observed undercu t  if  f ree gold dissolut ion is 
assumed in the  electrolyte .  

The open-c i rcu i t  condit ions lead ing  to the  observed  
po la r i ty  be tween  chromium and gold is schemat ica l ly  
i l lus t ra ted  in Fig. 6. 



Vol. 125, No. 7 E T C H E D  C r / A u  F I L M S  1179 

Current 

C~/-~/Cr .6. 3e 

~Emix  of Cr at open circuit Potential 
2Pl-I~ ~ -  H20 z *2e 

I 

Fig. 5. SEM micrograph of gold film etched with alkali cyanide 
solution showing normal undercutting. 
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Fig. 6. Schematic diagram of the current-voltage curves for etch- 
ing of gold and the passivation of chromium in iodine solution. 

In  the  cyanide  solution, whe re  no undercu t t ing  took 
place, the gold was never the less  st i l l  found to be at  a 
more  negat ive  potent ia l  than  the chromium. The po-  
tent ia l  of a ch romium surface agains t  a gold surface at 
open circui t  in the  a lka l i  cyanide  solut ion was found to 
be +250 mV. The act ive poten t ia l  of gold is due to the  
fo rmat ion  of s table  complexes.  The cathodic depola r ize r  
is hydrogen  peroxide.  Under  such condit ions the  ex-  
posed chromium is aga in  expected to be pass iva ted  (7). 
The  complete  se lec t iv i ty  in the  etching of gold which 
was observed  would  indicate  pass iv i ty  for  the chro-  
m i u m  layer .  The fact  tha t  no enhancement  of dissolu-  
t ion occurred  in this  case at  the  gold adjacent  to the  
ch romium l aye r  in spite  of the  galvanic  cell  c rea ted 
be tween  them should indicate  l im i t i ng -cu r r en t  condi-  
t ions at  the  gold surface. The cu r ren t  in this  case is con- 

Current 
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I 
I 

I 

- Potential 

_ t 

J ~ d ~ E  ~ix of Au limiting current 

2OH--- H20~, 2e 
Fig. 7. Schematic diagram of the current-voltage curves for the 

etching of gold in the alkali cyanide solution. 

t ro l led  by  the diffusion of the  cyanide  ions. The open- 
circuit s i tua t ion  is schemat ica l ly  i l lus t ra ted  in Fig. 7. 

Summary 
I t  has  been shown tha t  the  iodine  e tchant  for  gold 

films which are  deposi ted on chromium adhesion layers  
forms cavit ies  a t  the  base of the  films. This abnorma l  
undercu t t ing  causes the  l i f t ing of gold in the  e tching of 
high resolut ion  pat terns .  

I t  is be l ieved tha t  the  cavit ies a re  c rea ted  at the  final 
s tage of the  etching process when  the chromium and 
gold layers  a re  s imul taneous ly  exposed to the e lec t ro-  
lyte.  The gold acts as the  anode and the  chromium be -  
comes the cathode. The e lec t rochemical  cell  format ion  
accelerates  the  etching of gold near  the  ch romium-go ld  
bounda ry  and causes the  format ion  of cavities. 

In  the  a lka l i  cyanide  e tchant  abnorma l  undercu t t ing  
is avoided due to the  l imi t ing  diffusion of the cyanide  
ions. The use of a lka l i  cyanide  solut ion is therefore  
r ecommended  for  the  etching of fine lines. 

Manuscr ip t  submi t t ed  Sept.  23, 1977; revised manu-  
script received Feb.  15, 1978. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus-  
sion ~ection to be publ i shed  in the  June  1979 JOURNAL. 
Al l  discussions for the  June  1979 Discussion Section 
should be submi t t ed  by  Feb.  1, 1979. 
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ABSTRACT 

A f requent  observat ion  in meta l  oxidat ion  is the deve lopment  of sub -  
parabol ic  kinetics,  va r ious ly  descr ibed as cubic or quartic.  Al though  a num-  
ber  of deta i led  mechanisms have been proposed to account for this effect, 
none seem genera l ly  applicable.  This pape r  presents  a model  of the  oxidat ion  
process which is d ivorced f rom such restr ict ions.  I t  is a rgued  that  dev i -  
a t ions f rom parabol ic  behavior  occur as a resul t  of the  concurrent  develop-  
men t  of stresses wi th in  the  oxide. I t  is shown tha t  the  presence of stress 
fields can influence signif icant ly the ra te  of t r anspor t  of vacancy defects 
wi th in  the oxide  such tha t  tensi le  stresses produce posi t ive devia t ions  and 
compressive stresses, ,negative deviat ions f rom parabol ic  behavior .  The model  
is appl ied  in deta i l  to Zi rca loy-2  oxida t ion  at  773~ I t  is p red ic ted  tha t  the  
kinet ics  should be insensi tve  to the  oxygen  potent ia l  of the  env i ronment  
and this has been confirmed by  previous  exper imenta l  work. In  addit ion,  the  
absolute  value of the  oxidat ion ra te  is closely pred ic ted  using measured  values  
of diffusion coefficients and the observed g radua l  depa r tu re  f rom parabol ic  
kinet ics  wi th  increas ing oxide  thickness is accounted for. 

S imple  models  for  the  pro tec t ive  oxidat ion  of meta ls  
based on react ion control  by  the diffusion of species 
across the oxide  layer  predic t  parabol ic  kinetics,  vim 

= kptl/, [1] 

where  ~ is the  oxide  thickness,  t is" e lapsed t ime, and  
kp is the  parabo l ic  ra te  constant .  However ,  there  are  
many  instances where  reac t ion  rates  decline more  
r ap id ly  than  parabol ic  kinet ics  predict ,  e.g., on zir-  
conium (1), Zi rca loy-2  (1), n ickel  (2-4),  t i t an ium 
(5), t an t a lum (5),  and  copper  (5). No en t i re ly  sat-  
i s fac tory  explana t ion  has been given of this behavior .  
Thus, both  Mott  (6) and Anderson  (7) have argued 
tha t  the exis tence of space-charge  effects wi th in  the 
oxide could produce  such a depa r tu re  f rom parabol ic  
kinet ics  but  this is l ike ly  to be impor t an t  only for 
th in  films. I rv ing  (8) using Whipple ' s  analysis  (9) 
for  diffusion in a polycrys ta l l ine  aggregate  a t t empted  
to demons t ra te  tha t  cub ic - type  kinetics could occur 
if  the  dominant  diffusion pa ths  were  gra in  boundaries ,  
but  Gibbs (10) has emphasized the shortcomings of 
this approach.  There  is good evidence,  however ,  tha t  
mass t r anspor t  in growing oxides can occur p r e dom-  
inan t ly  along shor t -c i rcu i t  paths  [e.g., (11,12)]  and 
any  var ia t ion  wi th  t ime in the densi ty  of such paths  
wi l l  lead  to depar tures  f rom parabol ic  kinetics. 

On this basis a number  of authors  (13-16, 18) have 
developed a "decay" hypothesis  which accounts for 
subparabol ic  kinet ics  by  a decrease in the  densi ty  
of paths.  More explici t ly,  observat ions  of a tendency 
for increased oxide gra in  size wi th  increas ing oxide 
thickness (15-17) combined wi th  the  assumpt ion that  
g ra in  boundar ies  a re  the  on ly  impor t an t  shor t -c i rcu i t  
routes can account for cubic (18) or  even quar t ic  
(19) ox ida t ion  kinetics.  This v iew gives r ise to two 
reservat ions.  The first is the  assumpt ion tha t  gra in  
boundar ies  a re  the  only  significant shor t -c i rcu i t  paths,  
whereas  calculat ion (14) and observat ion  (15, 16) 
show tha t  both  dislocations and subboundar ies  are  
also impor tant .  The second reserva t ion  is tha t  the 
evidence for an increas ing oxide  gra in  size is based 
on compara t ive ly  few observat ions for Zircaloy (17, 
18), where  da ta  for  on ly  one pre t rans i t ion  film were  
presented.  An  addi t ional  difficulty wi th  these mea -  
surements  is tha t  the scat ter  in gra in  size in any 
one t ransverse  section was ve ry  la rge  and resul ted  
in  considerable  over lap  of size ranges  f rom one pa r t  
of  the  film to another .  Bear ing  in mind  tha t  observa-  

Key words: metal, oxidation, oxide layer stress, 

tions of  subparabol ic  kinet ics  a re  a f requent  occurrence 
[for a s u m m a r y  of da ta  on Zi rca loy  see Ref. (19)] 
the purpose  of this  paper  is to present  an a l te rna t ive  
theory  which does not  requi re  a sys temat ic  var ia t ion  
of s t ruc ture  wi th  extent  of oxidat ion.  I t  is s t i l l  rec-  
ognized tha t  shor t -c i rcu i t  diffusion can occur, but  
the  ove r -a l l  dens i ty  of such pa ths  (e.g., dislocations, 
subboundar ies ,  and gra in  boundar ies)  is t aken  as con- 
stant.  

An  addi t iona l  factor  in the r epor ted  examples  of 
nonparabol ic  behavior  seems to be the deve lopment  
of compressive stress wi th in  the  oxide. Thus, Pawe l  
and Campbel l  (20) a t t r ibu te  at  least  pa r t  of the i r  
observed curva tures  in specimens of t an ta lum and 
n iobium to stresses wi th in  the oxide  film; Tylecote 
and A pp le by  (21) consider  tha t  low t empera tu re  
oxides grown on copper  contain  stresses which Borie 
et al. (22) a t t r ibu te  to epi taxy;  Engel l  and Wever  
(23) have suggested the  presence of s t rong compres-  
sive stresses in films of NiO and FeO; Roy and Burgess 
(24) have  measured  average  stress levels of 1.7 • 109 
nm -2 in films grown on Zirca loy-2  in  oxygen  and 
1.1 X 109 nm -2  in films grown on zirconium. Accept -  
ing tha t  the defects which control  oxida t ion  are  in 
equ i l ib r ium at the  ox ide /me ta l  and ox ide / env i ron -  
ment  interfaces,  the presence of stress may  influence 
defect  migra t ion  in two ways. The first arises because 
oxidat ion  genera l ly  causes changes in solid volume 
at  one or  both  of the  interfaces.  In  the presence of 
stress such volume changes involve  mechanica l  work  
and so displace the equ i l ib r ium posit ions of the in te r -  
facial  reactions.  Defect concentrat ions  at  e i ther  in te r -  
face consequent ly  va ry  wi th  stress. This aspect  is 
considered in this paper  for the example  of vacancy  
defects. The second arises because the  volume occupied 
by  a defect  is different  f rom tha t  of a no rma l  la t t ice  
site. The presence of a stress g rad ien t  wi th in  the 
oxide therefore  imposes a bias on the r andom mig ra -  
t ion of defects. This is considered in the present  work  
when the genera l  t r anspor t  equat ion is solved for 
pa r t i cu la r  d is t r ibut ions  of stress. A comparison of the 
t 'heory is then  made  wi th  expe r imen ta l  da t a  on Zi r -  
caloy-2 since reasonable  measurements  of stress exis t  
for  this mater ia l .  

Because of this, the  theory  is developed for a me ta l  
M forming a s table  dioxide MOo which  grows by  the 
format ion  of oxide at  the o x i d e / m e t a l  interface.  The 
volume increase so produced  resul ts  in the accumula-  
t ion of compressive stresses wi th in  the  oxide. The 

1180 



V o L  125, No .  7 PARABOLIC K I N E T I C S  1181 

oxide ions are t ransported to this interface by  a 
vacancy-exchange mechanism. It  is assumed that  de- 
par tures  from stoichiometry are accommodated by 
single vacancies and that  space-charge effects are 
negligible. I t  should be pointed out that  the choice 
of this specific example does not  detract from the 
general i ty  of the concepts used. A fur ther  purpose 
of this paper is to make a numer ica l  evaluat ion of 
the effect for this par t icular  case. 

I n f l u e n c e  of Stress on V a c a n c y  Equi l ibr ia  
At the oxide/meta l  interface diffusing oxide ions 

are incorporated into the metal  lattice to form a sub-  
stoichiometric oxide, MO2-y, and an anion vacancy 
wi th in  the original  oxide layer. This is i l lustrated 
in  Fig. 1. The over-a l l  reaction may be wr i t ten  

NI + ( 2 - -  y ) O o . ~ M O 2 - y +  ( 2 - -  y)Vo" + 2(2 -- y ) e  

[ la]  

For convenience, this reaction can be split into two 
parts, the first describing the formation of gaseous 
oxygen by dissociation of the oxide, i.e. 

Oo ~ Vo'" + 2~ + ~'202 [Ib] 

and the second, describing the oxidation of the metal 
by oxygen 

M + ~/z(2 y)O2--" MO2 [lc] 

Here Oo is a lattice oxygen ion, Vo'" is a doubly 
charged anion vacancy, e is an electron, and O2 is a 
molecule of oxygen in  the gaseous phase. 

At  the oxide/atmosphere  interface, vacancies react 
with oxygen and are replaced by oxide ions; this is 
the reverse of reaction [ lb] .  This model assumes that  
the vacancy concentrat ion at oxide interfaces is dic- 
tated by the local oxidation potent ial  and that  the 
concentrat ion arising from extrinsic factors (e.g., im-  
puri t ies)  is negligible. 

Since the rate  of oxidation is l imited by  vacancy 
diffusion through the oxide, the chemical reactions 
in  which vacancies are formed are in  equi l ibr ium 
at both the inner  and outer interfaces. The respective 
volume changes for the reactions [ lb]  and [lc] are 

~'~B = (0,0o -- ~Vo") and A~2A = (~'~MO2--y - -  ,,O-'M) 

where ~M is the volume of a metal  atom; ~Mo2-u the 
volume of the oxide per meta l  atom; ~oo the volume 
of an anion in  the oxide and ~Vo- the volume of a 
doubly charged anion vacancy. The over-al l  volume 
change ~(~ is then  

~12 = AC~A -- (2 -- y)I2AB 

When A~ is positive (volume increase) the oxide 
experiences a compressive stress of hydrostatic com- 
ponent  (--~) and fur ther  oxide growth has to do work 
against  this stress. 

Under  these conditions the chemical potentials  of 
the various consti tuents are 

R~xt ion  M + ( 2 - y ) 0  o . t MO2.y + ( 2 - y ) V  o + 2 ( 2 - y ) e -  

$1~ecir 

Atm~c 
Volume 

Metal Oxide Metal Oxide 

From L,e to n~t* AS1 �9 ( ~ . y -  n. M ) - (2-y)(.%o -s ) : A n , -  (2-y)h~ls 

Fig. |. Model of the oxidation process at the metal~oxide inter- 
face; 

[0o] 
~Oo = ~~ + k T  l n - -  ~Ooo [2a] 

[0o]  ~ 

[Vo"] 
too" -- ~~ -I- k T  In - -  cnvo'" [2b] 

[Vo"]~ 

[m] 
#e - -  ~~ + k T  In [2c] 

[m] ~ 

P 
#o2 = ~~ o2 + k T  In [2d] p~ 

where the subscripts are se l f -explanatory and the 
superscript "o" represents a s tandard s~ate which is 
stress free and contains concentrat ions of oxide ions, 
vacancies, and electrons in  equi l ibr ium with an oxygen 
pressure p~ These concentrat ions are related by  the 
equations 

[Oo] + [Vo'-] = N 

where N is the number of lattice sites, and 

[m] -- 2[Vo"] 

where [m] is the concentrat ion of electrons. I t  should 
be noted that  r in  Eq. 2 is negative if compressive. Ex- 
pression [2b] is obtained by envisaging the vacancy 
as being created by removal  of an inter ior  ion to a 
surface step, thereby increasing the total number  of 
lattice ~ites by 1. 

Applying the equi l ibr ium condition that  z #idni -- 0 
to Eq. [2] and not ing that  [ m ] / [ m ]  ~ = [Vo"] / [Vo"]  ~ 
and that, for realistic stoichiometries, [Oo]/[Oo] ~ ~-. 
1 it can be shown that  the equi l ib r ium vacancy con- 
centrat ion is given by 

--r 
[Vo"] -- K[Vo"] ~ (p/p~ -1/e exp - -  [3] 

3kT 

where K = exp(-- Z #%dni/3kT) and p is the local 
value of the oxygen pressure. Since the standard state 
is also at equilibrium, K = I. 

In particular, at the oxide/metal interface the oxy- 
gen partial pressure is set by the dissociation pressure 
of the oxide via the equi l ibr ium of reaction [lc].  
If r is the value of r at the interface, the chemical 
potentials of the constituents of reaction [lc] become 

~MO2--y = #~ - -  OI~M02--~  [4a] 

~M = ~~ -- ~If~M [4b] 

#02 -- #~ + k T  In p / p ~  [4c] 

Here again r is negative if compressive and the #~ 
refer to stress-free, standard states. Applying the 
equilibrium condition ~ #idni = 0 to Eq. [4] it can 
be shown, after some algebra, that the oxygen partial 
pressure, pa, in the presence of a stress is related to 
the stress-lree value, Pdiss., by 

P~ = Pdiss. exp [5] 
k T  

At the ox ide /env i ronment  interface, the stresses in  
the oxide will  have a negligible effect on the oxygen 
part ial  pressure. The la t ter  will  be the equi l ibr ium 
value set by the env i ronment  and is designated Ps. 

T h e  T r a n s p o r t  Equat ion 
Genera~ so Iu t ion . - -The  driving force for anion va -  

cancy diffusion is the negative gradient  of the differ- 
ence (gvo'" -- ~Oo). The flux of vacancies, Jr, is ob-  
tained from the Nerns t -Eins te in  equat ion 

Dv[Vo"] a 
J, = -- (#Vo'" - #Oo) [6]  

k T  ax  

where x is the distance coordinate originat ing at the 
ox ide /env i ronment  interface. D~ is an effective va-  
cancy-diffusion coefficient which allows for short-  
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circui t ing paths,  and the  ensuing t r ea tmen t  assumes 
tha t  l a t e ra l  diffusion a t  the  o x i d e / m e t a l  interface is 
so r ap id  tha t  the oxide continues to grow uniformly.  
The preceding  der ivat ions  of chemical  potent ia ls  wi l l  
st i l l  app ly  to diffusion along such paths  provided  tha t  
the  process is one of v a c a n c y / a t o m  exchange.  This 
is considered a reasonable  assumption.  

~Substitution of the genera l  Eq. [2a] and [2b] in 
Eq. [6] then gives 

Dr/V~ 0 { ~o, +,~%B + kTln [V~ } 
jv -: -- kT Oz [Vo"] ------C 

[7] 

where ~~ = #~ -- ~~ h~B -~ i%Oo -- ~Vo'" and for 
real is t ic  s toichiometr ies  [Oo]/[Oo] ~ ~ i. in orcLer to 
preserve the convention of expressing vacancy con- 
centrations in terms of oxygen partial pressure, Eq. 
[3] can be substituted in the form 

[Vo"] (§ = -Z/6exp [8] 
[Vo"] ~ 3kT 

Inser t ion  of this  into Eq. [7] and different ia t ing gives 
the  t r anspor t  equat ion 

_ [Vo"] / p ~ -I/6 ( --~,O,B ) 3 k T  Jr= - O v T  ~ --~- ) exp 

( 2  0r kT alnp ) 
-~ ~n~ Ox 6 Ox [9] 

This equat ion describes the vacancy  flux in terms ,of 
both  a stress g rad ien t  and a concentra t ion gradient ,  

The da ta  a re  not  sufficiently extens ive  to a l low the 
fitting of a meaningfu l  d i s t r ibu t ion  function, bu t  do 
show that  a model  of the  oxide in which the stress is 
considered zero eve rywhere  except  at  the ox ide /me ta l  
interface,  may  not  be unreasonable .  This is shown 
d iag ramat i ca l ly  in Fig. (2a).  Under  these c i rcum- 
stances, the  denomina tor  of Eq. [13] reduces to 
and the equat ion becomes 

Jv = _ _ _ D r  (P*I --  P ' s )  [14] 

where,  f rom Eq. [5] and  [10] 
Pdiss -116  ~ exp ~I " 

P*I --  [V<,"] p----V-- exp 3 k ~  - ~  

AI'~A 

and { ( 3 ( 2 - - y )  2 c A I ~ B ) )  

~)s -- 1/6 
P*s -'- [Vo"] ~ - -  

po 

[15] 

where  Ps is the  oxygen  pa r t i a l  pressure  at  the surface 
of the oxide. 

The flux of oxygen  ions a r r iv ing  per  uni t  a rea  of 
meta l  surface is then the negat ive  of Eq. [14] so that,  
as the volume of oxide produced per  ion is 
(l%MO2_y/2), the oxide  growth  ra te  is 

Dvn 
(d~/dt) ---- . (P*z --  P ' s )  [16] 

2~ 

where  the  symbol  12MO2-~ has been abb rev ia t ed  to ~. 
but  these cannot be easi ly  separa ted  because the  con- 
cent ra t ion  grad ien t  is also a funct ion of stress. If we 
now define a new var iab le  O'| ~ " 

P.=  [ o.. oL7 ) expL-- -- ) [101 
then 

OP* / 2~AaB '~ / p '~-1/6 [V.o"] 
Ox = exp ~ , - - - ~ - .  ,} I~ ~ , }  

, , - - 5 - - ' ~ - x - 7  ax J [11] 

Subst i tu t ing  Eq. [9] in [11] gives 0 

0P* Jv / r h 
,Ox -- -~v exp k ' - ~  ) [12] 0 

:X: - - - - - - -~ -  
This can be in tegra ted  not ing that,  as pseudos teady-  I 
s tate condit ions are  assumed, Jv is constant  wi th  x ~ a i 
for any  given oxide  thickness ~. Thus 

- -Dv(P*I-  P%) ~ a ,  
jv = [zs] 

exp 

where  P*I is the  va lue  of P* at  the  inner  oxide in t e r -  
face, x = 4, and P*s is the  corresponding value at  
the surface x = 0. To obta in  expl ic i t  expressions for -->" 
the  oxida t ion  rate,  it  is necessary to know the va r i a -  
t ion of ~ wi th  x and examples  are  considered below. "r, 
In the  l imi t ing case of un i form or zero s tress  th rough-  
out  the oxide Eq. [13] rever ts  to parabol ic  form. 

Speci]~c solutions.--Stress concentrated at the inner .~ 0 
(oxide~metal) interlace, (Case / ) . - -Measu remen t s  of 
stress d is t r ibut ion  th rough  an oxide layer  are  pa r -  b 
t i cu la r ly  difficult to make.  Roy and Burgess (24) have 
a t t empted  to do so wi th  both z i rconium and Zirca loy-2  
by  de te rmining  the change in average  stress on solu-  ( b )  
t ion of par t  of the oxide dur ing  annealing.  The tech-  
nique is crude, but  the  results  indicate that  a pp rox -  
ima te ly  70% of the stress may  be associated wi th  
the 10% of the oxide  thickness adjacent  to the metal .  

0' = ~. 

I 
o 

3C - ~ - - I m -  

Fig. 2. Assumed stress distribution in oxide layers. (a) Stress 
concentrated at inner interface; (b) linear stress gradient with 
zero stress at oxide/environment interface. 
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Noting, in addit ion,  tha t  Roy and Burgess (24) find an 
app rox ima te ly  l inear  re la t ionship  be tween  oxide th ick-  
ness and stress, i.e., in the context  of this a p p r o x i m a -  
t ion 

r = #~ [17] 

where # is an empir ica l  constant ,  the  oxida t ion  ra te  
can be obta ined  f inal ly as 

(~~t)--~Dv~[V~176 ~rlA~'~B )3kT 

{.,o[ ,,o. ]}  } 
exp " ~  3 ( 2  --  y)  + ~2B -- ps -1/6 [18] 

I t  is c lear  tha t  wi th  compressive stresses at  the ox ide /  
me ta l  interface,  (i.e., # is negat ive)  the  oxida t ion  ra te  
decreases  be low parabol ic  wi th  time. Parabol ic  k ine t -  
ics pe r t a in  in a s t ress - f ree  oxide  (# _: 0) and with  
tensi le  s tresses presen t  the  ra te  wil l  be h igher  than  
parabol ic .  

A l~near compressive ~tress gradient, (Case II).--Cal- 
culat ions [e.g., (25)] of the stress d i s t r ibu t ion  
wi th in  anion deficient oxides inev i t ab ly  predic t  a 
l inear  gradient .  The compressive stress at  m e  inner  
in ter face  decreases in va lue  th rough  the oxide and 
acquires  tensi le  values  at  the outer  surface depending 
on the  stress borne  by  the meta l  substrate .  S imply  for  
compara t ive  purposes  wi th  the  resul t  of the  p reced-  
ing section, the ou te r  surface stress is again  taken  as 
zero and the  stress vi is assumed to obey Eq. [17] 
(wi th  # nega t ive ) .  The stress d i s t r ibu t ion  wi th in  the  
oxide  is then  

r  
= , = LZ [19] 

and. this is shown d i ag rama t i ca l ly  in Fig. (2b).  The 
denomina tor  of Eq. [13] is now 

f ~  exp k T /  

- - -  exp - -  1 [20] 
~A~'~ B L T ] 

Since the  values  of P*I and P*s are  the  same in both 
Case I and  Case II, the rat io  of the rates  for the two 
cases is  

Case I I  

Case I k, { } 
exp , T j  - 1 

[21] 
~.e. 

R - -  ., where  A - - - -  [22] 
(exp A)  --  1 kT 

I t  fol lows f rom Eq. [18] and [22] tha t  the  oxida t ion  
ra te  for  the  l inea r -compress ive -s t ress  case is 

Dv~[Vo"]  kA~B { Pdiss._l/6 exp ( 

(d_~)= 2kT(p~ 

=1- 
I I  

Q: 

4-0 

3"0 

2"0 

1 "0' i I I I I 
-1 -2 -3  - 4  - 5  

A = O'I A~B 
WT 

Fig. 3. Ratio of rates for Case II and Case I, vs. A 

Vol. 125, No. ? 

(--'z) ----- [24] 
~QA 2~(~B 

3d- ) + 1 
Application to Zircaloy-2 

There  must  be some uncer ta in ty  over  the  correct  
value  of m B  ---- (9,% -- ~vo") ,  but  if  the  vacancy vol-  
ume is taken,  reasonably,  as 0.7 of tha t  of the ion, 
~QB becomes 0.3 • 10 -29 m 3. Using Roy and Burgess '  
(24) measurements ,  the m a x i m u m  value  of ( - -~ i )  
obta inable  at  773~ (at  least)  is _~1.7 • 109 n m  -2, 
so tha t  the m a x i m u m  value  of A at  this t empe ra tu r e  

,UA~B) { #~ [ ~nA ]t-ps-I/8} 3kT exp -~ 3(2--y) ~AflB 

exp L - - - E ~  J - -  1 

The rat io,  R, of ra tes  (express ion [22] ) is p lo t ted  as 
a funct ion of A in Fig. 3 for 61 compressive.  Clearly,  
the  two solutions predic t  ra tes  which are  negl ig ib ly  
different, say --~ 20% in ratio,  .for - - A  --~ 0.38, the  ra te  
in Case I I  being the larger .  The error ,  however ,  be-  
comes increas ingly  la rge  wi th  h igher  values  of ~i and 
the rat io  is ~ 2  at  - - A  _-- 1.6. 

An in teres t ing  fea ture  in both cases (Eq. [18] 
and [23] is tha t  the  p red ic ted  oxida t ion  ra te  wi l l  be -  
come zero when  the (compress ive)  in te r rac ia l  stress, 
( - - 6 0  is 

[23] 

is ~0.45. Reference to Fig. 3 shows tha t  the  rat io  
of oxida t ion  ra tes  for the  two stress d is t r ibut ions  
prev ious ly  discussed is ,~1.25 for this pa r t i cu la r  value.  
Since this e r ror  exists only  dur ing the late  stages of 
pro tec t ive  oxidat ion,  i t  seems adequate  to use the 
simplif ied stress d is t r ibut ion  of Case I. 

Taking  a typical  value  of AG ~ for the oxida t ion  
react ion of 950 kJ  mole  O2 - I  (26) gives Pdiss. -1 /6  
2 • 101% -1/6. I t  is clear  tha t  the  first pressure  t e rm 
in the  ma in  b racke t  of Eq. [18] is dominant  and the 
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s e c o n d  may therefore be neglected for all  l ikely values 
of Ps. I t  follows that  the inhibi t ion condition of Eq. 
[24] is unl ike ly  to apply to Zircaloy oxidation a n d  
t h e  oxidation rate will  be essentially independent  of 
t h e  oxidation potential  of the environment .  The lat ter  
is in  fact found exper imenta l ly  (cf. the data sources 
s~own in Fig. 5). In addition, the large values 
of Pd~ss. -~/6 will  dominate any  extrinsic effects due 
to trace impuri t ies  and permits  application of the 
present  analysis to Zircaloy oxidation. 

The expression for the oxidation rate now becomes 

2~ - " P ~ o  / 

( r  [25] 
exp 3kT 

w h e r e  

The term (D,~/2)  [Vo"] o (Pdiss./Po) - 1 / 6  exp (--  =ih~n/  
3kT) may be rewri t ten  using Eq. [8] when it becomes 
(Dye/2) [Vo"] diss. where [Vo"] diss. is the vacancy con- 
centrat ion in equi l ibr ium with the oxygen potential  at 
the oxide metal  interface. The quant i ty  (12/2) [Vo"] dLs~. 
is the fractional vacancy concentrat ion Nv so that  the 
product DvN, is equivalent  to the diffusion coefficient 
for anions, Do diss., at the inner  interface. The rate 
expression thus becomes 

d~ Do diss. 
~ _  - -  exp (~A12~) [26] 
dt 

This can be integrated using the ini t ial  condition that  
- - - - 0 w h e n t = 0 t o g i v e  

(1 -{- }A12c,) exp (--~A12~) = 1 - -  DodiSs'(A12(r)21 [27] 

This relationship between oxide growth and time can 
be evaluated if Do diss- is known. Because of the low 
values of Pdiss. there are no direct measurements  on 
bulk  specimens, but  an adequate compromise would 
be to obtain values from oxide films. This has the 
advantage that since Do diss. has a large contr ibut ion 
from short-circui t  paths (11) the value obtained from 
films will reflect accurately the oxide s tructure exist- 
ing dur ing the oxidation process. Cox and Pemsler  
(11) present  a number  of measurements  of Do, but  of 
these the one obtained by Cox and Roy (27) is 
deemed to be the most rel iable since it was obtained 
by a method which measured the t ransport  of oxygen 
directly. At 773~ the value i s  1.0 • 10 -16 m s sec -1. 

Comparison with experimental reaction rates.--A 
direct check of the present  theory may be made only 
at 773~ since it is only for this t empera tu re - tha t  
may be established from the data of Roy and BurgesS. 
The dependence of oxide stress on thickness is very 
var iable  but  three cases are presented in Fig. 4 for 
different values of ~ and compared with the simple 
parabolic case where ~ = 0. The ~ values of --6.5 • 
1014 and --2.5 • 1014 nm -3 present  the extremes of 
the data presented by Roy and Burgess (24). The 
in termediate  value of --3.4 • 10 ~4 nm -3 represents 
a subjective average value of /3 for specimens of a 
thickness similar  to fuel tube material.  As expected, 
the departure  from parabolic kinetics increases with 
increasing compressive stress (i.e., increasing --/~). 
The value of ~ applicable to pretransi t ion behavior 
may be derived if it is assumed that  the oxide fractures 
at the kinetic t ransi t ion at ~ 34 g .dm -2 (2.3 ~m). 1 
If Young's modulus (E) for ZrO2 is taken as 2.1 • 
1011 nm -2 (28) and the fracture ducti l i ty ~f as ,~0.01 
(25) then the uniaxia l  rup ture  stress is ~f ---- E~f = 2.1 
• 109 rim-2. For a 2.3 #m oxide thickness this gives 
~max ---- 6.1 • 10 ~4 nm -3 if a biaxial  stress state is as- 
sumed. This value is in  good agreement  with t h e  

To convert  X/~m to W mg �9 dm -~ the  formula 0.0675W = X has 
been used. 
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Fig. 4. Theoretical plots of thickness against time from Eq. [28] 

upper value deduced from the data of Roy a n d  
Burgess (24) for relat ively th in  oxides, and is used in  
the comparison below. Other numerica l  data used in  
these calculations are A12A = (f~ZrO2-y -- 12Zr) = 1.0 
• 10-29 m3 and y -- 0.04 giving a stoichiometry of 
ZRO1.96 at the inner  interface. 

Figure 5 shows 500~ (773~ exper imental  data 
for oxide thickness plotted against t ime determined 
by a number  of different authors for Zircaloy-2. The 
solid l ine on this graph is a plot of Eq. [27] with ~ -- 
--6.5 • 1014 nm -3. Clearly, the theory is capable of 
predict ing not only the absolute rate, bu t  also the 
gradual  deviat ion from parabolic behavior  with in-  
creasing oxide thickness up to the point  of the kinetic 
t ransi t ion at 34 mg. dm -2. 

C o n c l u s i o n s  
A model has been developed which describes the 

effect of a stress field wi th in  the oxide film on the 
rate of vacancy transport.  

The oxidation kinetics for oxides which accumulate 
compressive stress dur ing growth are predicted to 
be slower than parabolic; those for oxides which ac- 
cumulate  tensile stress will  be faster than parabolic. 

When applied to Zircaloy-2 corrosion at 773~ the 
model yields kinetics in good agreement  with experi-  
menta l  data predicting both the absolute rate and the 
increasing deviat ion from parabolic kinetics with ox- 
ide thickness. Comparison of theory with exper iment  
at other temperatures  is not possible due to lack of 
data. 

The model predicts that  Zircaloy-2 corrosion rates 
should be independent  of the oxidation potential  of 
the envi ronment  while the ra te-control l ing step re-  
mains anion diffusion wi thin  the oxide. This is i n  
agreement  with experiment.  

10@ n = 1-0x 1() 16 m 2 S ''1 Kinetic Tro~dfion - ~  oO~~ v ~  

p = 6.6xlO".~-' ~ oO% ~-.'~ ~ 

ParoboHr �9 �9 v 

r ~ & COx 1973 

0 Kiff 1977 

O COX 1962 

c~ �9 Cox 1973 

~-, ,!o ,6 & 
Oxidation Time (h) m 

Fig. 5. Comparison of theoretical line from Eq. [28] with ex- 
perimental Zircaloy corrosion data at 773~ 
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Notes 

Localized Avalanche Breakdown on GaAs 
Electrodes in Aqueous Electrolytes 

J. C. Tranchart, L. Hollan, and R. Memming I 
Laboratoires d'Electronique et de Physique Appliqu~e, 94450 Limeil-Br~vannes, France 

GaAs electrodes have been the subject of various 
electrochemical studies (1-4). I t  has been shown that  
the basic anodic process in aqueous electrolytes is the 
anodic dissolution of the GaAs electrode (2) whereas 
the cathodic process is mainly due to hydrogen evolu- 
tion (2, 4). The first process occurs via the valence 
band, i.e., holes are consumed. Using n- type  electrodes 
in the dark, the corresponding anodic current is limited 
to a very low value since only few holes are available. 
In the case of hydrogen evolution, aprocess  involving 
electrons from the conduction band, a corresponding 
limiting cathodic current is expected for p- type  elec- 
trodes. 

These effects, typical for semiconductor electrodes, 
have been found with many other materials. It is in- 
teresting to note, however, that in all cases reported 
in the literature, the limiting currents at GaAs elec- 
trodes controlled by the diffusion of minority carriers 
toward the surface, remain at low levels only for small 
electrode potentials ( <  1-2V). At higher potentials a 
steep current rise has always been observed. In the 

I Permanent  address: Phillps Forschungslaboratorium GmbH~ 
2000 Hamburg 54, G e r m a n y .  

Key words: defects,  doping, semiconductor.  

present paper the mechanism of this c u r r e n t  r i s e  is 
studied in more detail. 

Experimental 
The samples used in this study are grown in our  

laboratory by vapor phase epitaxy on (100) n + sub- 
strates (5). The layers are sulfur doped in t h e  r a n g e  
of 1015-10 is cm-~ and their thicknesses are chosen 
greater than 10 #m in order to avoid any substrate or 
interface effects. These layers show a much lower den- 
sity of defects than the more often studied bulk m a -  
t er ia l  and, also, lower carrier  concentration layers are  
available. Tin ohmic contacts are soldered by shor t  
annealing (<  1 rain) in pure H2 atmosphere at 400~ 
The samples are etched in a H2SO4, H202, H20 (5: 1:1) 
solution just before mounting in a classical electro- 
chemical cell where the sample area is l imited and  
defined by an  O-ring. The commonly used electrolyte 
is a 1N NaOH solution. 

Results and Discussion 
Typical current potential curves, as obtained with 

epitaxial layers of n-GaAs, are shown in Fig. 1. The 
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Fig. 1. Current-potentlal curves for n GaAs (epitaxial layers on 
GaAs substrates in IN NaOH). 

l imit ing anodic current  could be kept at a very  low 
level for layers of a ra ther  small carrier density. In  
the case of a doping level of 101~ cm -s ,  an extremely 
low anodic current  has been observed up to about 20- 
30V. The breakdown occurs at lower potentials for 
electrodes of higher carrier densities (Fig. 1). 

Breakdown ~teoe 
V A (volts 

1 0  

I , [ I 

1014 1015 K]I6 [017 iO B 

N D . NAlCm'3 ) 

Fig. 2. Breakdown voltage vs.  concentration of GaAs. Continuous 
line, calculated values; *, experimental values from anodic polar- 
ization. 

The question arises whether  the increase of the 
anodic current  at n - type  is due to a tunne l ing  of elec- 
trons through the space-charge layer  or to an ava- 

electrolyte 

t 4: 

microdefect 

-dislocation 

Ga As (a) before avalanche (x 9 0 )  

Fig. 3. Schematic presentation 
of defects in n GaAs electrodes 
during anodic dissolution and 
anodic oxidation. 
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lanche breakdown.  Both mechanisms can occur if  the 
band bending  is l a rge r  than  the  bandgap  of 1.4 eV. 
This condi t ion is fulfi l led for  V > 0 since the  f la tband 
potent ia l  occurs at  --1.4 V/SCE, as de te rmined  f rom 
capaci ty  measurements .  The thickness  of the  space-  
charge layer ,  however ,  is of the  o rder  of severa l  hun-  
dred  angs t roms for  ND ---- 10 TM cm - s  (6, 7) so tha t  
any' tunnel ing process has to be ru led  out  at dopi,ng 
levels  N D ~: 1018 cm -3. 

The ava lanche  process was inves t iga ted  in more  de-  
tail. In  Fig. 2 the  potent ia ls  at  which  b reakdown  oc- 
curs vs. the  ca r r i e r  dens i ty  are  represented.  These 
values  are  lower  than  the calcula ted bu lk  avalanche  
values r ep resen ted  by  the  continuous l ine (8). These 
calcula ted values have been confirmed expe r imen ta l ly  
by  severa l  authors  using so l id-s ta te  diodes (9) and in 
our  l abo ra to ry  using Schot tky  diodes and ep i tax ia l  
ma te r i a l  (10) Fur the rmore ,  the  values  obta ined by  
anodic oxida t ion  a re  the  same (11, 12). We assume, 
therefore,  a localized ava lanche  mechanism s tar t ing  at  
surface defects,  dislocations,  or  dopant  var ia t ion,  as 
schemat ica l ly  shown in Fig. 3a and 3b. According to 
this model,  a mic rob reakdown occurs which  induces a 
shor t  e tching a round  the defect  (Fig. 3b).  The l a t t e r  
process is  confirmed by  the occurrence of etch pits  
a f te r  the  ava lanche  b r eakdown  as shown on the micro-  
scopic pic tures  in Fig. 3b and also observed  by  others  
(13). A fur ther  suppor t  for this  mechanism is give.n 
by  the cu r ren t -po ten t i a l  curve itself. Fo r  example ,  an  
n - t y p e  GaAs elect rode of ND ---- 1015 cm -3 can be in i -  
t ia l ly  polar ized  up to 25V before  avalanche  b r eakdown  
occurs (Fig. 4). As the  potent ia l  is then  decreased,  
the  cu r ren t  r emains  at a h igher  level.  A low cur ren t  
is only  obta ined again  be low about  2V. As the potent ia l  
is increased again, the  cur ren t  r ises at  about  2V (see 
curve  3 in Fig. 4). Thus, as soon as some defects  have  
been developed avalanche  b r eakdown  occurs at  much 
lower  potentials .  Accordingly,  the  presence of defects 
de te rmines  the  avalanche  breakdown,  the i r  density,  
and the l imi t ing anodic cur ren t  at  n - G a A s  electrodes.  
Since the  qua l i ty  of the  ma te r i a l  p lays  such a domi-  

3 
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- 2 -  

I m A ] ~ 2  
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/ 0 

Fig. 4. Current potential curve for n GaAs (ND ~ 2"1015 cm -3)  
in 1N NaOH. (1) First anodic potential scan; (2) breakdown; (3) 
second scan. 

nant  role, smal l  currents  up  to ve ry  large  potent ia ls  
can only be observed by  using ep i tax ia l  l ayers  in  
which the d~nsity of defects  could be kept  at  a suf-  
ficiently low level.  

I t  should be emphasized tha t  the  s i tuat ion is qui te  
different  for e lect rolytes  of neu t ra l  pH .values. In  this  
case, anodic oxidat ion  occurs  which is an au to l imi t ing  
process:  any ini t ia l  avalanche,  localized on a defect, 
leads immedia t e ly  to an  oxide formation,  as shown 
schemat ica l ly  in Fig. 3c. The local resis tance is 
s t rongly  increased and etching at the  defect  is stopped. 
So, in this case the ava lanche  is not  contro l led  any 
more by  the  defects but  only  by  the  bu lk  proper t ies ,  
as has  been observed  by  Colquhoune and Har tnage l  
(11) and by  ourselves (12). As ment ioned above, in 
these condit ions the exper imen ta l  va lues  fit wel l  wi th  
the  theore t ica l  curve ca lcula ted  for  a bu lk  ava lanche  
process (Fig. 2). 
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Stabilized Fused-Quartz Tubes with Reduced 
Sodium Diffusion for Semiconductor Device Technology 
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and R. Ruthardt 

Heraeus Quarzschmelze GmbH, Postiach 463, D-6450 Hanau, Germany 

Fused quartz can be produced with a sodium con- 
tent  below 1 ppm. But  for high tempera ture  applica- 
tions it is not only the amount  of sodium in a mater ial  
that matters  but  also the velocity with which it dif- 
fuses through the tube walls. The importance of the 
diffusion coefficient becomes evident  when considering 
that the hot ceramics of a furnace present  a near ly  
inexhaust ible  source of sodium. The diffusion coeffi- 
cient of sodium in fused quartz depends very much on 
the type of fused quartz and can vary  three orders of 
magni tude  (1-3). In  addition, due to its specific struc- 
ture, fused quartz offers the advantage of permit t ing 
modification by replacing some of the four l~ositively 
charged silicon atoms by atoms with lower positive 
charge which can equal ly well  be incorporated into the 
spatial ne twork  of the silicon dioxide. These defect 
points with a deficit of positive charge then serve as a 
kind of t rap for the diffusing sodium. 

As the latest stage in  fused-quartz  diffusion tube de- 
velopment  stabilized fused-quar tz  diffusion tubes 
(CFQst) obtain a high tempera ture  stabil i ty from a 
layer  of crystobalit  on their outside. The patent  l i tera-  
ture  (4, 5) points out that  in  these mater ia ls  the diffu- 
sion of impuri t ies  is reduced. The results of invest iga-  
tions of this phenomenon are the subject of this paper. 
A more detailed report  will be given elsewhere. Pr inc i -  
pal ly we have chosen a mass spectroscopic method to 
compare the sodium diffusion through stabilized fused- 
quartz CFQst with other vitreous silica materials  for 
which the diffusion coefficients are a l ready known. 

Experimental 
A test tube, 25 mm diam, was closed at one end and 

fused to a metal  flange at the open end. It  was con- 
nected to a vacuum chamber  with a quadrupole mass 
spectrometer and an ionization pressure gauge (Fig. 
1). The tube to be tested was surrounded by a larger 
tube made of regular  CFQ-type fused quartz. Within  it  
sodium vapor was guided along the surface of the test 
tube by a n i t rogen gas stream. All parts could be de-  
gassed by heat ing to 120~ In  a well-degassed state 
the pressure in the system was 1 �9 10 - s  Torr. The con- 
centric glass tubes were positioned in  a furnace whose 
temperature  profile was determined for a nominal  tem- 
pera ture  of 1000~ To immerse the test tube in sodium 
vapor dur ing the diffusion exper iment  a molybdenum 
boat filled with metall ic sodium was deposited at an 
exactly known tempera ture  zone of the outer fused- 
quartz tube. By this means sodium will appear at the 
ionizer of the mass spectrometer if its vapor pressure 
at a given tempera ture  is higher than the part ial  pres- 
sure of sodium in the vacuum system, provided it is 
not held by any  mechanism to the surface at which it 
appears by the diffusion process or by condensation. 
To confirm that  the prerequisites of the exper iment  
are given, the following test was performed: A few 
pieces of a sodium containing silicate glass were 
placed in  a fused quartz tube identical  to the actual 
test tubes. Then  the silicate glass was slowly heated 
and the sodium arr iving at the mass spectrometer ob- 
served. When the tempera ture  was raised, a spontane-  
ous increase in  the  amount  of sodium was observed 

Key words: semiconductors, fused-quartz, sodium diffusion. 

which dropped again after passing through a maxi-  
mum (Fig. 2). This drop can be explained by the proc- 
ess first being governed by a desorption process of the 
sodium at the surfaces of the soft glass and afterwards 
by the outdiffusion of sodium from the bulk. A better  
picture was obtained when the sample cooled off 
whereby the sodium level decreased corresponding to 
the lowering temperature  (Fig. 3). This result  proved 
that  the sodium already leaves the surface at moder-  
ately high temperatures,  a necessary condition for the 
feasibility of the actual experiment.  

For  a quant i ta t ive comparison of all contr ibutions 
to the total pressure it is required that  in the mass 
range of interest  the sensit ivi ty of the spectrometer re- 
mains the same. The mass spectrometer employed per-  
mit ted ad jus tment  of the sensitivity by applying a 
bias to opposite po}es of the mass filter. Fur thermore  
it is imlcortant for the comparison of the spectra that  
dur ing the experiments  all parameters  that do not l in-  
early affect the signal ampl i tude must  be kept con- 
stant. This refers tO resolution, pole bias, AM, SEM 
voltage, ionization- and extraction-voltages.  

QUATRUPOLE I I MASS-SPECTROMETER 

IONISATIOIV- I I 
GAUGE I I 

\ I I NITROGEN 
TEST CHAMBER J 

L.) F SAMPLE TUBE / 
S ORPTION- IGETTEI~ SODIUM SOURCE 
PUMP ~ _ J  

Fig. I. Schematic of the apparatus used for the measurements 
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Fig. 2. Emanation of sodium from moderately heated soft glass 
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Fig. 3. Decrease of sodium level with decrea,ing temperature of 
the soft glass. 

F U S E D - Q U A R T Z  T U B E S  

A mass spectrum was taken before exposing the t e s t  
tube to sodium, and then the sodium level was moni-  
tored cont inuously dur ing  the exposure unt i l  a second 
total spectrum was recorded for the purpose of cali- 
bration. The ampli tudes of all the lines in the spectra 
were measured in  mil l imeters  from the recorded 
graphs, divided by the ionization cross section to de- 
te rmine  the part ial  pressure of sodium from the total 
pressure readings. 

Kinetic gas theory yields the molecular  velocity 

.~/  3 k T  

V = ' rr ~ ' 

where k is Bol tzmann's  constant, T absolute tempera-  
ture, m molecular  mass of Na. The gas density of each 
componant  present  is 

3 p  p m  

V 2 k T  

where p is its part ial  pressure. Then  the number  of 
particles causing this part ial  pressure is 

P P 

m k T  

We can therefore plot the number  of sodium atoms 
in  the vacuum chamber  dur ing the t ime sodium vapor 
is sur rounding  the sample tube. It is necessary to point  
Out that  the tempera ture  to be used in this equation is 
room temperature,  and not the tempera ture  of the 
fused-quartz  tube, because only a relat ively small  sur-  
face of the total system is at a higher tempera ture  
than 30~ 

For a quant i ta t ive  evaluat ion of the mass spectra 
not only equal sensit ivi ty for all masses is required, but  
also the ionization probabi l i ty  of the various molecules 
or atoms has to be considered. For some atoms, espe- 
cially the noble gases, ionization probabili t ies have 
been measured (6), but  for our range of interest  such 
measurements  are not available. Therefore we used the 
calculated theoretical values for ionization cross sec- 
tions of Mann (7) to correct the ampli tudes of the 
measured spectral lines. 

Results 
The n u m b e r  of sodium atoms per cubic cent imeter  in 

the vacuum chamber  is plotted in Fig. 4 against the 
t ime beginning  with zero at the moment  the molyb-  
denum boat filled with sodium is moved into the zone 
where  the furnace is be tween 500 ~ and 600~ The 
three types of fused quartz tubes tested were of the 
type CFQ, made of na tu ra l  quartz crystal, of Suprasil,  
made from synthetic vitreous silica, and finally of 
CFQst, made from na tura l  quartz and stabilized as 
ment ioned before. 

For the CFQ-tube  the increase of the sodium part ial  
pressure is most pronounced. It begins at 1208 cm -a, 
reaches a max imum of 2243 cm -a, and at the end 
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Fig. 4. Increase in time of the sodium level in the vacuum chem- 
ber after the sodium source has been placed at a predetermined 
temperature zone of the furnace. 

stands at 1680 cm-~. The Suprasi l  tube started with 
1150 cm -a sodium atoms. After  exposure to the sodium 
vapor the level increased to 1442 cm -a and dropped 
then to 1225 cm -a. The mater ia l  CFQst clearly wi th-  
stood the sodium diffusion best. The sodium level only 
increased from 295 to 377 cm -a. 

The behavior  with t ime was s imilar  with all tubes. 
General ly  30-35 min  after exposure to sodium the level 
reached a maximum.  For demonstrat ive purposes we 
made the simplifying assumption that  the level rises 
l inear ly  and calculated the increase of sodium atoms 
per minute.  This showed even more clearly the advan-  
tage of the CFQst tube. The rate of increase with 
Suprasil  was less than half found with CFQ material ,  
and CFQst was another  factor 1/7 lower than  Suprasil.  
Altogether stabilization brought  a reduct ion by  a fac- 
tor of 1/15. After  30-35 min  the sodium supply had 
evaporated and the sodium level decreased again to 
settle sl ightly higher than it was prior to the ex-  
periment.  

Conclus ion  
The results obtained for CFQ and Suprasil  are as ex- 

pected from their different diffusion coefficients. 
Stabilized clear fused-quartz  CFQst exhibits even 

lower permeabi l i ty  for sodium than  Suprasil.  This is to 
be expected because the stabilization is achieved by in-  
fusing a metal  oxide into the quartz which according to 
a hypothesis of Ligenza (8) forms a sodium-metal  com- 
plex which diffuses as an entity. If, for example, a 
sod ium-a luminum-oxide  complex has the diffusion co- 
efficient of a luminum,  the diffusion coefficient of which 
has been measured by Frischat  (9) to be 1 .3 .10 -13 
cm2/sec at 998~ then a sodium atom attached to 
a luminum affords a t ime longer by a factor of 30,000 to 
diffuse through a given fused-quar tz  thickness than  
a sodium attached to silicon and oxygen only. This 
fact gives CFQst-type diffusion tubes especially favor-  
able properties for application in semiconductor de- 
vice manufacture.  This becomes dist inctly clear when 
comparing the diffusion coefficient of sodium at 1000~ 
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through CFQ 9 �9 10-~ cm2/sec (2), through silicon 4.45 
�9 10-~ cm2/sec (10), and through Suprasil 9 . 1 0  - s  
cm2/sec (3). Because the measurements presented in 
this paper show the superiority of CFQst over Suprasil  
one must conclude that as far as diffusion of sodium is 
concerned diffusion tubes made of fused-quartz type 
CFQst are presently singularly preferable for the 
manufacture of integrated circuits. 
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A Device of Electrostatic Lens for Electron Microscopy 

S. Yamaguchi* 
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One can charge up a dielectric 
substance with electrons in vacuum. 
Strength of the electrostatic field 
produced at the surface of this di- 
electric is very high, to wit, a- 
bout lO000 kV/cm in the case of di- 
electric ruby (1). It was attempt- 
ed here to turn this field to ac- 
count for microscopy. 

Construction of an electrostatic 
lens for microscopy is illustrated 
in Fig.1. This lens is a small 
brass cylinder (outside and inside 
diameters: 3 and 2 mm, height: 
2 mm) which is filled with dielec- 
tric substance. There are disposed 
here the two electrodes of aluminum 
sheets with mirror surfaces. There 
are pinholes along the central axis 
of the lens. The electrostatic 
field realized in this lens remain- 
ed stationary, insofar as station- 
ary monochromatic electron beam was 
running along the central axis of 
the lens. The focal length of the 
lens could be changed by controll- 
ing the current density and the 
accelerating voltage of the elec- 
tron beam applied. Amorphous glass~ 
paraffin or polyethylene served as 
the dielectric for the lens illus- 
trated in Fig.1. A brass wire 
gauze with standard mesh size has 
been employed as an object for 
testing electron optical ability 
of the device concerned. 

The electron micrograph observed 
from the object with a single lens 

ELECTRONS 

L 
r 3mm 

OBJECT 

BRASS 

Dn  C EC 

" ALUMINUM 

Fig. i Electrostatic lens which 
works only when an electron beam is 
running along its central axis. 

~Electrochemical Society Active 
Member. Key words: electrostatic 
lens~ dielectrics, electron dif- 
fraction. 

Fig. 2 Electron micrograph of a 
wire gauze. 
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is reproduced in Fig.2. This figure 
is referred to the photomicrograph 
of the same object that is seen in 
Fig.3. Fig.2 demonstrates that the 
electrostatic lens here devised per- 
formed well for microscopy. Here 
the beam current, the potential dif- 
ference for accelerating the elec- 
trons and the diameter of the elec- 
tron flux were 0.05 mA, 75 kV and 
O.1 mm. 

It was possible to observe dif- 
fraction pattern from an object 
placed on the gauze support. Only 
the lens was removed out of the 
electron path in the microscope by 
a mechanical means, and so the ob- 
ject alone remained in situ. This 
was easy to do~ since the lens of 
interest was small and light enough 
to be moved. The diffraction pat- 
tern observed from a thin foil of 
gold that was placed on the support 
is sho~,m in Fig.4. This figure was 
precisely analysed, because the dis- 
tance between the object and the 
photographic emulsion was fixed to 
be 50 cm. It is impossible, on the 
other hand, for the conventional 
magnetic lens microscope to carry 
out this diffraction procedure. 

In the present study, a simple way 
for observing electron microscopic 
and diffraction figures was devised, 
in which solid state properties of 
dielectrics were utilized in order 
to give rise to a strong electro- 
static field for microscopy. 
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Fig. 5 Photomicrograph of the 
gauze. 

Fig. ~ Diffraction pattern from 
a gold foil placed on the object 
support in Fig.l. 
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Steady-State Composition Profiles in Mixed 
Molten Salt Electrochemical Devices 

I. Lithium/Sulfur Battery Analogs 

C. E. Vallet and J. Braunstein* 
Oak Ridge National Laboratory, Chemistry Division, Oak Ridge, Tennessee 37830 

ABSTRACT 

During charge or discharge of batteries with a b inary  mol ten salt mix ture  
as t~he electrolyte, composition gradients are produced by the electrode re-  
actions and the differences in mobilities of the electroactive and nonelectro-  
active ions. The effects of current  density, electrode separatioa, and ini t ia l  
composition of the electrolyte are predicted by an analyt ical  solution of the 
flux equations derived with t ransport  properties s imilar  to those of LiCI-KC1 
mixtures.  Numerical  solution of the flux equations predicts the composi- 
t ion profiles in l i th ium sulfur  bat tery  analogs with LiC1-KCI mixtures  of 
differing compositions. Either complete depletio,n of the electroactive con- 
s t i tuent  at one electrode, or precipitat ion of a solid phase at  the electrodes, 
could result  from the predicted composition gradients. Changes in  electrolyte 
composition at the electrodes may also affect J -phase  formation at the sulfur  
electrode dur ing  discharge. 

Electrochemical devices employing mixed electro- 
lytes and operated at high cur ren t  densities, such as 
molten salt batteries and fuel cells (1, 2), are subject 
to composition gradients resul t ing from the faradaic 
and migrat ional  processes occurring at the electrodes, 
a phenomenon we have referred to as migrat ional  po- 
larization. Since such composition gradients can have 
significant effects on the performance of mol ten salt 
batteries and fuel cells, an unders tanding  of the phe- 
nomenon  and its characterization is impor tant  to de- 
sign and modeling studies (3). 

In a previous paper (2), the t ime evolution of com- 
position at the electrodes and simulated composition 
profiles were computed by finite difference solutio,n of 
the nonl inear  part ial  differential equat ion of t rans-  
port (3) for a mol ten salt bat tery  analog and for a 
molten salt fuel cell analog. For both cases considered 
a l imit ing s teady-state  composition gradient  was indi-  
cated. In  this paper we present  an analyt ical  solution 
of the flux equations for the s teady-state  composition 
gradient  in  b inary  molten salt mixtures  analogous to 
mol ten salt bat tery electrolytes (LiC1-KC1). Porosity 
of electrodes and of the electrolyte support  must  have 
impor tant  effects and will  be treated in  subsequent  
work, as will  coupling of the mass flows to thermal  
energy flows. Here we concentrate on the effects of 
current  density, ini t ial  electrolyte composition, elec- 
trode separation, and ion mobilities on steady-state 
migrat ional  polarization and on possible phase separa- 
t ion in  mixed electrolytes at high current  density. 

Flux Equations and Boundary Conditions 
The electrochemical flux equations for a b inary  elec- 

trolyte designated LC-KC have been derived pre-  
viously (2) for the cases where: (i) one of the two 
l ike-charged ions is produced at one electrode and 

* Electrochemical Society Active Member. 
Key words: LiC1, KCI, battery, diffusion, migration. 

consumed at the other [Ref. (2), Equatio~n 3]; and (ii) 
the common ion is produced at one electrode and con- 
sumed at the other [Ref. (2), Equat ion 14]. The gen-  
eral one dimensional  flux expressions may be wr i t ten  

- - J L *  = D 0 e L  - -  ML* I / F  [1] 
0} 

--JK* = DOCK _ ME* I /F  [2] 
0} 

where the Ji*'s are the flows of ions i ( in equivalents)  
relative to the reference frame*. D is interdiffusion co- 
efficient of L and K, the Ci's are the equivalent  concen- 
trations, the Mi*'s are migrat ional  terms related to the 
transference numbers  in  the appropriate reference 
frame, and flows, concentrations, and migrat ional  
terms also satisfy the relations 

I /F = JL* -~- JK* - -  J c * ;  CL -~- CK "-  Cc ;  

ML* -~ MK* = 1 -~ MC* [3] 

where I is the current  density. ~ is a distance variable, 
which in a pseudoconstant  volume system is the dis- 
tance from an electrode. For systems of variable vol- 
ume, ~ can be defined such that equal  distance incre-  
ments  contain equal numbers  of the common ion, in 
order to compensate for the volume change of the 
electrolyte with composition change (3). In a system 
with fixed electrodes, this volume change may s 
duce an addit ional flow te rm or stress t e rm which wil l  
be dealt with in  subsequent  work, a l though the gen-  
eral features of the shapes of the composition profiles 
will remain.  

For the case where  the electrode reactions consume 
and produce one of the two l ike-charged ions (rather  
fhan the common ion C), as for an Li electrode in  an 
LiC1-KC1 melt, the common ion C is convenient ly  
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taken as ~he reference frame. The migrat ional  terms 
in  this case become simply the Hittorf  t ransference 
numbers ,  i.e., the t ransference numbers  of ions L and 
K relat ive to the common ion C 

ML c = tLC; ~ /K c = tKC; MC c = 0 [4] 

For the case where the common ion, C, of the mix-  
ture  reacts at electrodes, as for a chlorine electrode in 
an LiC1-KC1 melt  or a CO2-O2 electrode in  a carbonate 
melt, the fluxes are more convenient ly  taken relat ive 
to the electrode surface (2), which in  a constant vol- 
ume system is simply related to the common ion ref-  
erence frame. In  this case, Jc v = -- I /F and the mi-  
grational terms are 

ML v = tL c -- XL; MK v -- tK c -- XK and Mc v -- -- 1 
[ 5 ]  

The boundary  conditions at the two electrodes sepa- 
rated by a distance ~, are, when the cation L reacts at 
electrodes 

JL c = I /F at ~ = 0 and ~ = 

JK c = 0 at ~ = 0 and ~ = ~ [6] 

When the common anion C reacts at electrodes the 
boundary  conditions are 

JL V -- JK V -- 0 at  ~ ---- 0 and ~ = ~ [7] 

In  a constant volume system, XL -- VCL, where 
V is the equivalent  volume. Here V will represent  
the mean  part ial  equivalent  volume of L and K. 
The use of equivalents  ra ther  than moles in Eq. [1] 
makes the equation general  for charge symmetr ic  or 
charge unsymmetr ic  mixtures  (4). 

The Steady State 
The concentrat ion changes with time are given by 

OCK OJ~* 
- -  - -  [ 8 ]  

0t 0f 

Equat ion [6], wri t ten  with the fluxes from Eq. [1] and 
[4], is a nan l inear  part ial  differential  equation whose 
solutions we have computed by finite difference meth-  
ods (3). Sta t ionary composition profiles with respect to 
t ime were found (2) numer ica l ly  in  some cases, and 
an analyt ical  solution for the steady state is possible. 
In the steady state the concentrations remain  un -  
changed at all points between the electrodes, and Eq. 
[8] becomes 

OCK OJK* 
= 0 = - ~  [ 9 ]  

~t 0~ 

Since the flux of K vanishes (Eq. [6] and [7]) at the 
electrode surfaces for the cases where either L or C 
reacts at electrodes, Eq. [9] requires that it vanish at 
all points between the electrodes 

JK* = 0; 0 ~ ~ ~ ~ [10] 

The differential equat ion of the s teady-state  composi- 
tion profile becomes, by Eq. [2] 

0CK MK*I 
- -  _ - -  [ 1 1 ]  

0f FD 

S~l~ce MK*, D, and CK are functions of composition 
only, Eq. [11] is an ord inary  differential equat ion 
Which can always be integrated if the functions MK* 
and D are known. However, some simple but  plausible 
forms of composition dependence of ME and D lead to 
especially simple analyt ical  solutions which provide 
insight into the effects of various parameters  on the 
composition gradients between the electrodes. 

Lithium/Sulfur Battery Analog 
In  a l i th ium/su l fu r  bat tery with an LiC1-KC1 mix-  

ture  as the electrolyte, l i th ium cations are produced at 

one electrode and are consumed at the other electrode. 
Consequently, the migrat ional  te rm in  Eq. [2] is the 
t ransference number  of potassium relat ive to chloride 
ions. During charge the sulfur  electrode is the positive 
anode, at which the l i th ium cations enter  the electro- 
lyre; l i th ium cations leave the electrolyte at the nega-  
tive l i th ium alloy cathode. Dur ing  discharge, the nega-  
tive l i th ium alloy electrode becomes the anode a t  

which l i thium cations are produced in  the electrolyte; 
l i th ium ions leave the electrolyte at the positive sul-  
fur cathode. Thus, dur ing  either charge or discharge, 
the flows of ions are in  the same directicm relat ive to 
anode or cathode ra ther  than  relat ive to the positive 
or negative electrode. Calculated composition gradi-  
ents from anode to cathode, therefore, refer  to gradi-  
ents from the negative (Li) electrode to the positive 
(S) electrode on discharge and in the reverse direc- 
t ion Ol/charge. 

Steady-state composition profiles.--AnaIytical solu- 
tion.--A very simple case to treat, which is a not u n -  
reasonable approximation of the LiC1-KC1 system, is 
that of a constant  volume system with a constant  in te r -  
diffusion coefficient and with a transferenrce number  of 
potassium equal to the mole fraction XK. Equat ion [11] 
becomes 

d in  CK d In XK VI 
- -  = q [ 1 2 ]  

d~ df FD 

which is readily integrated to give 

CK = CK' eqe [13] 

where CK' is the concentrat ion of K at the anode (~ = 
0). It  is thus seen that the predicted composition gradi-  
ent with this model is not l inear  but  exponent ial  (al- 
though not far from l inear  in  appearance for small  
electrode separations).  

The value of the steady-state concentrat ion at the 
anode, CK', can be obtained from the conservation con- 
dition, since the n u m b e r  of equivalents  (NK) of K 
between the electrodes remains constant  

NK = "~o CKd~ = C-~ [14] 

where C is the ini t ial  uni form melt  composition. The 
steady-state  composition profile (Eq. [13]) may thus 
be wr i t ten  in terms of the ini t ia l  (X, C) and steady- 
state (X(D,  C ( D )  values of the equivalent  fraction 
or volume concentratio~ of K 

C(D X(D q = .  
- -  e . e  [15a] 

C X eq --- -- 1 

Numerical solution.--A more exact description of 
t ransport  in LiC1-KC1 can be provided by using the 
part ial  equivalent  volumes VL ----- 28.4 cm 3 and VK : 49 
cm 3 obtained from densi ty measurements  (5) and the 
Hittorf measurements  (6) of the t ransference number  
of potassium relat ive to chloride, which can be repre-  
sented over the ent i re  composition range by 

tK C :-- Z g  ~- ( X K  - -  0.2) XK -- 0.8 XK a 0 "~ XK "~ 1 [16] 

The transference number  is equal, wi th in  10%, to the 
mole fraction XK. The interdiffusion coefficient of the 
melt  probably varies little with composition, as in 
similar  melts (7). We assumed in our calculations the 
value of 1 X 10 -5 cm2 sec-1 for the interdiffusion co- 
efficient of l i th ium and potassium. Although the 
steady-state differential equat ion (Eq. [11]) and the 
conservation condition (Eq. [14] ) can also be readi ly 
integrated, they result  s a pair  of t ranscendenta l  
equations whose solution requires numerica l  methods. 
In  such cases it is more reasonable to solve the part ial  
differential equat ion (Eq. [8] ) numer ica l ly  since this 
solution can provide the composition profiles at any 
t ime rather  than at steady state only. 
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Fig. | .  Steady-state composition profile numerically calculated 
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transference number of LiCI-KCI, - - - -  with constant equivalent 
molar volume V ---- 37 cm 3 equiv. - 1  and tK C ~ XK, �9 analytical 
solution with V ~ 37 cm '~ equiv. - 1  and tK C ~ XK. 

Figure  1 shows s t eady-s t a t e  composit i~u profiles ca l -  
cula ted  for a 0.42 KC1-0.58 LiC1 mix tu re  wi th  constant  
cu r ren t  dens i ty  of 50 m A  cm -2  and e lect rode sepa ra -  
t ion of 6.2 cm. The  profile ca lcula ted  ana ly t i ca l ly  by  
Eq. [15a] wi th  a constant  volume (37 cm 3 equiv. -1)  
and t rans fe rence  number  equal  to the  mole  f ract ion 
coincides wi th  the  numer ica l ly  ca lcula ted  profile for 
the  same volume and t ransference  number .  Even the 
profile ca lcula ted  numer ica l ly  wi th  unequal  equiva lent  
volumes,  and  wi th  the  t rans fe rence  number  given by  
Eq. [16], differs by  less than  5% from the analy t ica l  
solut ion for  equal  equ iva len t  volumes.  The s imple 
analy t ica l  solut ion (Eq. [15a]) thus provides  a ve ry  
useful  approx imat ion  to the s t eady-s t a t e  composit ion 
profile for  eva lua t ion  of the effects of cur ren t  density,  
e lec t rode  separat ion,  and  in i t ia l  composit ion on con- 
cent ra t ion  gradients .  

E~ect  o] current  densi ty  and electrode separation on 
concentration gradients . - -Equation [15a] m a y  be  r e -  
wr i t t en  in te rms of a dimensionless  parameter ,  Q _-- 
VI=./FD, and a f rac t ional  dis tance be tween  the elec-  
t rodes 0 ~ 0 = ~/~ ~ 1 

X(O) -- X'eeO [17a] 

wi th  the  composit ions at  e lectrodes 
XQ 

(anode)  ~ = 0; X ' _  - -  [17b] 
e ~ _  1 

xQ 
(cathode)  ~ = E; X " - -  - -  e Q [17c] 

e Q -  1 

The effects of cur ren t  dens i ty  and e lect rode separa t ion  
thus appear  th rough  the value of the i r  p roduc t  in the  
p a r a m e t e r  Q. Fo r  a fixed cur ren t  density,  the  slope of 
the s t eady- s t a t e  profile remains  nea r ly  unchanged  as 
the dis tance be tween  the e lect rodes  is changed, but  
the  difference of concentra t ion be tween  the two elec-  
t rodes wi l l  decrease  wi th  decreas ing e lect rode sepa ra -  
tion. This can be seen read i ly  f rom a l inear  ap -  
p rox imat ion  of Eq. [15a]. Fo r  ve ry  low cur ren t  densi -  
t ies and ve ry  smal l  e lec t rode  separat ions,  Eq. [15a] can 
be approx ima ted  by  expans ion  of the  exponent ia l ,  as 

X ( D  --> X(0)  [1 + q~] 
or 

y)] 
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Even for  values  of q~, for  which the  t runca ted  expan -  
sion is not  s t r ic t ly  valid,  the  profiles in m a n y  cases do 
not, in fact, differ g rea t ly  f rom l inear i ty ,  as seen in 
profiles A and B in Fig. 3, for  which  q~ _~ 1. Increas -  
ing cur ren t  at fixed e lect rode separatio,n leads  to in -  
creased slope and increased  composi t ion differences 
be tween  the electrodes.  

E~ect  of  initial composition; chronopotentiometric  
t rans i t ion . - -An  example  of the  magni tude  of the  com- 
posi t ion gradie,ut is g iven  in the  fol lowing calculation.  
Since in LiC1-KC1 mel ts  the  diffusion coefficient is 
p robab ly  of the  o rde r  of 10 -5, the  quan t i ty  FD is ap -  
p rox ima te ly  one, hence Q ~ v I~ .  A mean  va lue  of the  
equiva lent  vo lume is about  35 cruz equiv. -1, so tha t  a 
plausible  approx imat ion  to the  s t eady-s t a t e  concen-  
t ra t ion  profile for  the  f ree  e lec t ro ly te  case, neglect ing 
canvection, would  be  

X (0) 35I~ e351~e 
X e 35I ~ - -  1 

F o r  ~ of the  order  of 0.2 cm and for  a cur ren t  d e n s i t y  
of 200 m A  cm -2, the composit ions along the s t eady-  
state profile fal l  wi th in  the range  

0.46X < X(0)  < 1.86X [18] 

In a real  sys tem X cannot  exceed unity.  Equat ion  [18] 
ir~dicates tha t  before  a t t a inment  of a s teady  state,  the  
composit ion X _-- 1 would  be a t ta ined  at  the  cathode 
(0 ---- 1) at this  cur ren t  dens i ty  and e lec t rode  sepa ra -  
t ion and for ini t ia l  equiva len t  f ract ions XK > 0.538; i.e., 
the  vic ini ty  of the  cathode would  be comple te ly  de-  
p le ted  of the  e lect roact ive  const i tuent  L, and  ma in te -  
nance of co,nstant cur ren t  would  requi re  the  potent ia l  
to be increased to where  another  e lec t rode  process 
would  t ake  place. This is the  analog of a chronopo-  
ten t iometr ic  t rans i t ion  (4, 8). A t  low tempera tures ,  
however,  prec ip i ta t ion  of the  const i tuent  being en-  
r iched (K) might  occur before  the  chronopotent io-  
met r ic  t rans i t ion  could be reached.  The increase  in XK 
(and corresponding decrease in XL) occurs a lways  at  
the cathode, where  Li + is being consumed from the 
electrolyte ,  i.e., at  the  sul fur  (posi t ive)  e lect rode in 
the  L i /S  ba t t e ry  on discharge and at  the l i t h ium (neg-  
a t ive)  e lectrode on charge. 

Conditions 5or a t ta inment  oi steady s ta te . - -A t ta in -  
ment  of the  s teady  state r a the r  than  a chronopotent io-  
met r ic  t rans i t ion  requi res  tha t  X",  as ca lcula ted  in Eq. 
[17c], be less than  unity,  which leads  to 

_ _  eQ - -  1 
X < QeQ [19] 

For  a given va lue  of the  p a r a m e t e r  Q (or of the  p r o d -  
uct I~ ) ,  the  calculat ion indicates  a decreas ing s teady-  
s ta te  composit ion difference be tween  the electrodes wi th  
decreas ing in i t ia l  concentra t io~ of the  nonelect roact ive  
component.  Since the ini t ia l  ra te  of change of compo- 
sit ion is p ropor t iona l  to the current ,  whi le  the  s t eady-  
s ta te  composit ion is de te rmined  by  the  p a r a m e t e r  Q 
(or product  I~) ,  high cur ren t  favors  a r ap id  approach 
to the s teady s tate  (or t rans i t i an) .  A t  a given ini t ia l  
composition, fur thermore ,  low cur ren t  densi t ies  and 
smal l  e lectrode separat ions  (i.e., low values  of Q) 
favor  the s teady s tate  r a the r  than  transi t ion.  When 
inequal i ty  [19] is not satisfied (i.e., for h igher  in i t ia l  
composit ion or for h igher  values of Q),  the  composi-  
t ion at the  cathode (4 --  ~)  becomes pure  nonelec-  
t roact ive  const i tuent  before  the  s teady  s tate  can be 
reached,  and this complete  deple t ion  of the e lec t ro-  
act ive const i tuent  f rom the cathode region is the  ana -  
log of a chronopotent iometr ic  t ransi t ion.  F igure  2 is 
the  plot  of the r i gh t -ha nd  side of inequal i ty  [19] vs. 
the values of the  p a r a m e t e r  Q calcula ted  wi th  a pa r t i a l  
equiva lent  vo lume of 35 cm ~ equiv. -1. The plot  dis-  
t inguishes the  values  of Q and of the  ini t ia l  composi-  
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Fig. 2. Conditions for phase separation, transition, or steady 
state in analog of L i /L iCI -KCI /S battery. A, XKC] ~ 0.2; I ~--- 
0.15 A cm-~;  -= = 0.2. cm. B, XKCl = 0.5; I ---- 0.15 A cm-~;  

- -  0.2 cm. C, XKC1 : 0.9; I ---- 0.15 A cm-2; ~ : 0.2 cm. 
D, XKCl = 0.5; I ~ 0.3 A cm-2 ;  ~ = 0.2 cm. Curve 1, left- 
hand side of inequality [20 ] ;  curve 2, right-hand side of inequality 
[ 2 0 ] .  

t ion leading to the  es tabl i shment  of a s t eady-s ta te  
composit ion g rad ien t  f rom those lead ing  to a chrono-  
potent iometr ic  t rans i t ion  by  complete  deple t ion  of LiC1 
at  the  cathode. A and B represen t  condit ions for  which  
a s teady s ta te  is predicted,  while  C and D are  cases of 
transit ion.  Composi t ion profiles in these four cases a re  
shown in Fig. 3. The two numer ica l ly  obta ined  s teady-  
s ta te  profiles A and B a re  ident ica l  to the  corre-  
sponding ana ly t ica l  profiles. The profiles C and D show 
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Fig. 3. Effect of initial composition and current density on compo- 
sition profiles with V ---- 37 cm "~ equiv. - 1  and tK c ~ XK. A, Steady 
state: numerical ( . . . .  ); analytical ( O ) ;  XKCl = 0.2, I ---- 0.15 
A cm -2 .  B, Steady state: numerical ( . . . .  ); analytical (O ) ;  
XKCl ~ 0.5, I - -  0.15 A cm -2 .  C, Transition numerically calcu- 
lated for XKC] ---- 0.9, I ---- 0.15 A cm -2 .  D, Transition numerically 
calculated for XKCl ~ 0.5, I - -  0.3 A cm -2 .  

the  chronopotent iometr ic  t ransi t ions  p red ic ted  in  Fig. 
2. 

Conditions for avoidance of phase separation.--In ex -  
pe r imenta l  devices, p rec ip i ta t ion  of a solid phase  at  
one e lect rode could l imi t  the  cur ren t  dens i ty  and other  
pe r fo rmance  characteris t ics .  In  mol ten  salt  bat ter ies ,  
the  in i t ia l  composi t ians a re  often eutect ics  [or o ther  
mix tures  chosen to opt imize mel t ing tempera tures ,  
conductance, and o ther  physical  and  chemical  p rope r -  
ties (9, 10)]. The  composi t ion g rad ien t  be tween  the 
two e lect rodes  mus t  be  kep t  in a range  where  the mix -  
ture  is l iquid in o rde r  to avoid the  prec ip i ta t ion  of a 
solid phase. Thus the  composit ions at  the  two elec-  
trodes,  X' and X" in Eq. [17b] and [17c], must  fal l  
wi th in  the  range  of ~he l iquidus composit ions,  des ig-  
nated X1 and Xn, respect ively,  a t  the  t empe ra tu r e  in 
question. The ini t ia l  composit ion must  the re fo re  sat isfy  
the  inequal i t ies  

e ~ - -  1 ~ e a _  1 
XI ~ X ~ Xii - -  [20] 

Q QeQ 

Comparison of the  th i rd  t e rm  in Eq. [20] wi th  the  
r i gh t -hand  side of Eq. [19] shows, since Xiz < 1, that  
phase separa t ion  may  preven t  a t t a inment  of the  s teady 
s tate  even though the condit ions for  avoidance  of a 
t rans i t ion  are  satisfied. Prec ip i ta t ion  of the  component  
being enr iched at  the  anode is p red ic ted  if  the  le f t -  
hand  side of the inequa l i ty  Eq. [20], p lo t ted  in curve 1 
in Fig. 2, is violated,  i.e., for points  be low curve 1; and 
prec ip i ta t ion  of the  o ther  component  is p red ic ted  at  
the  cathode if the  r i gh t -hand  side, p lo t ted  in curve 2, 
is violated,  i.e., for points  above curve  2. Only in the  
region be tween  these two curves and the  ord ina te  
would  the s teady  s ta te  be p red ic ted  r a the r  than  t rans i -  
t ion or phase separat ion.  In  the  LiCI-KC1 eutectic com- 
posi t ion at  450~ phase separa t ion  would occur (11) 
for Q ~ 0.22, e.g., with  e lec t rode  separa t ion  of 0.15 cm, 
phase separa t ion  is expected at  cur ren t  densi t ies  
g rea te r  than  40 mA cm -2. At  t empera tu re s  above  the 
mel t ing  point  of KCI, wi th  the  same elect rode sepa-  
ration,  a s teady  s ta te  would  be p red ic ted  a t  currents  
below 240 mA cm -2, and a h igher  cur ren t  would  re -  
sult in transi t ion.  Thus the blocking of the approach  
to the s teady state might  resul t  at  e i ther  e lect rode 
depending  on the condit ions of cur rent  density,  elec-  
t rode  separat ion,  in i t ia l  composition, and opera t ing  
tempera ture .  At  a t empera tu re  of 400~176 wi th  
LiC1-KC1 eutectic, Askew and Hol land  (12) r epor ted  
that  the l i th ium elec t rode  was m a r k e d l y  polar ized  at  
cur ren t  densi t ies  exceeding 500 mA cm -2. They  con- 
j ec tu red  that  this polar iza t ion  was caused b y  prec ip i ta -  
t ion of solid LiC1 at  the  anode. Our  calculat ions sug-  
gest tha t  under  the  condit ions of the exper imen t  both 
LiC1 prec ip i ta t ion  at  the  anode and KC1 prec ip i ta t ion  
at  the  cathode might  be expected,  but  KC1 p rec ip i t a -  
t ion at  the  cathode would  p robab ly  occur first as the 
cur ren t  dens i ty  is increased.  

Example of development of steady state, transition, 
or phase separation.--Figure 4 shows composi t ion p ro -  
files numer ica l ly  calcula ted for LiC1-KC1 melts  of the 
same composit ions as in Fig. 3 but  wi th  the  t r ans fe r -  
ence number  given by Eq. [16] and the different  equi -  
va lent  volumes of LiC1 and KC1. A '  and B' are  com- 
posi t ion profiles for in i t ia l  composit ions of 0.2 and 0.5 
mole  f ract ion KC1, respect ively ,  at a cur ren t  dens i ty  
of 0.15 A cm -2. Fo r  both cases, A '  and B', the  s imple 
analy t ica l  expression (Fig. 2) is consistent  wi th  a 
s teady state. The calculat ion wi th  var iab le  volume and 
mobil i t ies  shows the  expected s teady s tate  for case A '  
but  a chronopotent iometr ic  tr~.nsition for B' occurr ing 
af te r  about  6 min  in a s i tua t ion  where  the values  of 
Q and X" are close to the  condit ion for a t t a inment  of 
s teady state. The numer ica l ly  ca lcula ted  profile B' ex-  
hibits  only  upward  curvature ,  s imi la r  to the  shape of 
the numer ica l  s t eady-s t a t e  profile A'. E' is a s t eady-  
s ta te  profile ca lcula ted for  X : 0.5 and a lower  cur-  
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Fig. 4. Steady-state profiles ( . . . .  ) and profiles at transition 
(-+----) numerically calculated with differing partial equivalent 
volumes and transference number from Ref. (6). A', XKCl - -  0.2; 
I ---- 0.15 A cm -2 .  B', XKCl ---- 0.5; I - -  0.15 A cm -2 .  C', XKC] 
: 0.9; I : 0.15 A cm -2 .  D', X K C l  --= 0.5; I : 0.3 A cm -2 .  E', 
XKC! : 0 . 5 ;  I : 0.1 A c m  - 2 .  

rent  density of 0.1 A cm-~. As shown in  curve B of 
Fig. 3, the calculation for the ini t ial  composition and 
current  densi ty of curve B', bu t  with the mean  equiva-  
lent  volume and t ransference number  tg c = XK, leads 
to prediction of a steady state, but  one close to t rans i -  
tion. Thus the effect of disparity of V values is small  
and appears only near  the border  between t ransi t ion 
and steady-state.  

The profile C' in Fig. 4 corresponds to the composi- 
t ion 0.1LiC1-0.gKC1 at a current  density of 0.15 A 
cm -2. It is calculated at the t ransi t ion time, which is a 
l i t t le more than  4 sec. The simple analyt ical  expression 
(Fig. 2) also predicts t ransi t ion at this composition and 
current  density. The t ransi t ion shown in  D', corre- 
sponding to X _-- 0.5 and I _-- 0.3 A cm -2, is at tained 
after  85 sec, the profile showing downward curvature  
near  the anode and upward  curva ture  near  the cath- 
ode. A transi t ion also is predicted from the valise of the 
parameter  Q with the mean equivalent  volume of 37 
cm 8 equiv. -z. The simple calculation in terms of the 
parameter  Q, a mean  equivalent  volume and a t rans-  
ference n u m b e r  equal to the mole fraction is thus use-  
ful  and rel iable for predict ing conditions for steady 
state or transit ion.  Only small  differences from the nu -  
merical  solution appear, and these only near  the border 
between t ransi t ion and steady state. 

Relaxation of composition gradients and chemical 
e~ects.~Composition gradients in operat ing cells have 
received l i t t le attention. Postoperat ive examinations,  
conducted after a slow cooling of the cell, may show 
little composition change. In  Fig. 5, our  calculation 
simulates the re laxat ion of compositions at anode and 
cathode after cessation of current  flow following estab- 
l i shment  of a s teady-state  composition profile. The ini-  
tial composition is 0.SKC1-0.5LiC1, the current  density 
for establishing the gradient  is 100 mA cm -2, and the 
electrode separat ion is 0.2 cm. The electrolyte compo- 
sition be tween the electrodes extends from 0.28 to 0.96 
mole fraction of KC1 on cessation of current  flow. The 
gradient  relaxes after 2.5 min  to a composition range 
0.36-0.69; after 10 min  the range is 0.45-0.56. Since cool- 
ing and disassembly of cells may take even longer, 
these gradients  may be difficult to detect by chemical 
analysis. A relaxat ion in agreement  with that  predicted 
has been  observed (13) by means of potential  changes 
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Fig. 5. Composition changes with time at the cathode and at 
the anode (during charge or discharge) followed by relaxation on 
open circuit. 

of both electrodes in  an  analogous system, Ag/AgNO3- 
K N O JA g .  

The composition profiles we predict  by considering 
diffusion and migrat ion in  the electrolyte are consistent 
with observations made on the formation of J-phase 
(possibly LiK6Fe24S~6C1) at the cathode of Li /S  cells on 
discharge (10). A recent  report  (14) on the effects of 
electrolyte composition on the formation of J -phase  
dur ing the discharge of FeS electrodes shows that  in -  
creasing the LiC1 concentrat ion from 58 to 70 mole 
percent (m/o)  el iminated the J-phase.  Figure  6 shows 
predicted steady-state composition profiles in  the mix-  
tures 0.58LiC1-0.42KC1 and 0.7LiC1-0.3KC1 with elec- 
trode separation of 0.2 cm and cur ren t  densi ty of 0.05 
and 0.1 A cm -2. In  the first mixture,  where J-phase  has 
been reported (14), the s teady-state  composition of the 
melt  near  the cathode is calculated to be about 0.5LiC1 
at 0.05 A cm-2;  in the other mixture,  where  no J-phase 
is reported, the calculated composition at the cathode 
is 0.64 mole fraction LiC1 at the same current  density. 
This is consistent with recent thermodynamic  calcula- 
tions (15) indicat ing that  J -phase  formation could be 
prevented by increasing the ratio of the activities of 
LiC1 to KC1 in the electrolyte. Choice of ini t ial  compo- 
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sition alone, however, independent of current density 
and electrode separation, may be insufficient to elimi- 
nate J-phase formation. An increase of the current 
density or of the electrode separation may lead to com- 
positions at the cathode in the range favoring J-phase 
formations even for melts with the higher l i thium 
chloride content. For example, in Fig. 6 the dashed 
curve is the steady-state composition profile calculated 
for the melt with the higher LiC1 content but at 0.1 
A cm -2. The composition of about 58 m/o LiC1 pre-  
dicted at the cathode is close to the value predicted 
at the lower current in the melt of lower LiC1 content. 
Doubling the electrode separation, instead of the cur-  
rent density, would lead to a similar composition at  the 
cathode. 

Conclusions 
Composition gradients in analogs of L i /S  batteries 

(with LiC1-KC1 as the electrolyte) are predicted to re-  
sult from the faradaic, migrational, and diffusive proc- 
esses. A simple, usefu l  analytical expression has been 
derived for s teady-state composition profiles in terms 
of a single parameter,  Q, incorporating the current 
density, the mean equivalent volume, the electrode 
separation, and the interdiffusion coefficient. A steady- 
state composition gradient, a chronopotentiometric 
transition, or phase separation are  predictable from 
the value of Q, together with the initial composition 
and the phase diagram of the system. Numerical solu- 
tion of the diffusion-migration equation has been used 
to calculate profiles at the transition time, at other 
times prior to reaching the steady state, or for unequal 
equivalent volumes of the mixture components and un- 
equal mobilities of the two l ike-charged ions. However, 
comparison of computed steady-state profiles shows 
litt le difference between results from the simple ana- 
lytical expression and from the numerical solution with 
equivalent volumes and mobilities corresponding to 
LiCl-KC1. 

,Composition gradients have been recognized in aque- 
ous fuel cells (16, 17) and electrolyzers (18-20), but 
have received litt le prior  attention in connection with 
molten salt batteries. Since they may result in the de- 
pletion of the electroactive constituent at one electrode, 
or in phase separation, they must be taken into account 
in the chemistry and phase equilibria of the electro- 
lytes. Fur ther  refinements in the predictions will re-  
quire attention to convection and to the porosity of the 
electrolyte matrix. 
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LIST OF SYMBOLS 
C common anion C1- 
C initial concentration (equiv. cm -3) 
Ci concentration of i (equiv. cm -3) 
Ci' concentration of i at the anode (equiv. cm -3) 
D interdiffusion coefficient 
F Faraday (96,487C) 
I current density (A cm -2) 
Ji* flow of i relative to the reference frame * 
K potassium chloride, or potassium 
L lithium chloride, or l i thium 

Mt migrational term relat ive to i 
Mi j migrational term relat ive to i in the reference 

frame j 
Ni number of equivalents i 
Q parameter  = VI~/FD 
q parameter  = VI/FD 
t time 
tiJ Hittorf transference number of ion i relative to j 
V mean value of the equivalent volume (cm 3 

equiv.-  1) 
part ial  equivalent volume of i (cm ~ equiv. -1) 
initial composition (mole fraction) 
composition at anode (mole fraction) 

X" composition at cathode (mole fraction) 
Xi mole fraction of component i 
X1 and XIz liquidus compositions 
0 fractional distance -- ~/~ 

electrode separation 
distance variable 

Vi 
X 
X' 
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ABSTRACT 

The anodic and cathodic polar iza t ion  behavior  of t i t an ium and four  com- 
merc ia l  al loys (Ti-5A1-2.5Sn; Ti-6A1-4V; T i - 8 A I - I M o - I V ;  Ti-13V-11Cr-3A1) 
has been inves t iga ted  in boi l ing acidic chlor ide  solutions (0.1M HC1; 0.1M 
HC1 ~- 0.SM NaCI; 0.1M HC1 -t- 5M NaC1) and in 0.1M H2SO4 solut ion as a 
funct ion of tensi le  stress (,equal to 0.9ay). Al l  ma te r i a l s  exhibi t  an  act ive to 
passive t ransi t ion.  P i t t ing  corrosion was observed at  ve ry  noble potent ia ls  for  
the  Ti-5A1-2.5Sn; Ti-6AI-4~ r, and T i - S A I - I M o - I V  alloys, and a t ranspass ive  
behav ior  was observed for the  Ti-13V-11Cr-3A1 alloy. The kinet ics  of the  h y -  
d rogen  evolu t ion  reac t ion  (HER) is subs tan t ia l ly  faci l i ta ted by  increas ing 
the chlor ide  concentra t ion and by  going f rom the  most  d i lu te  chlor ide  solu-  
tions to d i lu te  sulfur ic  acid solutions. The tensi le  stress does not  modi fy  in  
our  expe r imen ta l  condit ions (of aggress ive  medium,  tempera ture ,  surface 
state,  and stress type  and level,  etc.) the  e lec t rochemical  behavior  of a l l  
ma te r i a l s  examined.  

T i t an ium and its al loys have  found, despi te  the i r  
h igh cost, f a i r ly  ex tens ive  appl ica t ion  in the naval ,  
aeronaut ic ,  and chemical  indust r ies  thanks  to the i r  
h igh  s t r eng th /we igh t  rat io  and to the i r  good res is tance 
to genera l  and  local ized corrosion in var ious  env i ron-  
ments. T i t an ium and its al loys are  charac ter ized  by  
the t endency  to be eas i ly  passivated,  by  s table  pass iv-  
i ty  over  a wide range  of potent ia l  and tempera ture ,  
and by  insens i t iv i ty  to the  de t r imen ta l  effect of 
ae ra t ed  or o ther  oxygen-conta in ing  chlor ide  solutions. 

However ,  i t  is wel l  known tha t  these mate r ia l s  are  
suscept ible  to p i t t ing  and crevice corrosion (1-5) in the  
hot  concent ra ted  solutions employed  in desal inat ion 
p lants  and to stress corrosion cracking (6-9).  In  p a r -  
t icular ,  stress corrosion cracking is p romoted  by  
crevices, as Brown and col labora tors  have  c lear ly  
demons t ra ted  (9). 

Many  au thors  have  s tudied ~he corrosion behavior  
of t i t an ium and its al loys in sulfur ic  acid (11-17), in 
acidic sul fa te  solut ions (16), in hydrochlor ic  acid 
(10, 19), and in ha l ide  solutions of var ious  pH (20-24), 
most ly  a t  ambien t  t empera ture .  Most s tudies concern 
the  anodic dissolut ion mechanism in the act ive and 
passive range,  the  ac t ive -pass ive  t rans i t ion  vs. t em-  
pera ture ,  acidi ty,  and aggressive anions of the solution, 
and also the effect of a l loy composi t ion and micro-  
s tructures.  The corrosion and p r i m a r y  pass ivat ion  po-  
tentials ,  the cri t ical  and  pass iva t ion  cur ren t  densi ty,  
and the  cr i t ical  p i t t ing  poten t ia l  va lues  have  been 
repor ted  in these papers .  

Other  studies (17, 23) have  examined  the cathodic 
hydrogen  evolut ion process on these mate r ia l s  wi th  
the  de te rmina t ion  of the  r a t e -con t ro l l ing  step and of 
pa rame te r s  such as the  exchange  cur ren t  density,  the  
t ransfe r  coefficient, the  react ion order,  and the  Tafel  
slope. 

With  reference  to wha t  has been repor ted  above  i t  
appears  tha t  the  tensi le  stress effect cm the e lec t ro-  
chemical  behav ior  of t i t an ium and i ts  al loys in boi l ing 

Key words: hydrogen evolut ion  reaction,  localized corrosion, 
passivity, tensile stress, t i tanium and t i tan ium alloys, trans- 
passivity. 

acidic chlor ide  solutions has not  been sys temat ica l ly  
examined  apa r t  f rom some resul ts  of W i j m a n  in 10% 
H2SO4 + 8% HC1 at room t e m p e r a t u r e  (25) and  f rom 
the paper  of Levy  (5) which is, however ,  res t r ic ted  
to the  0.17M sodium chlor ide  solut ion ( approx imate  
NaC1 concentratio,n in blood, plasma,  and l ymph)  and 
to Hank 's  physiological  solut ion (a f a i r ly  close imi ta -  
tion, f rom the chemical  viewpoint ,  of the  fluid in 
muscle  and bone)  at  a t empe ra tu r e  of 37~ 

The presen t  inves t igat ion was unde r t a ke n  to obta in  
a more  complete  ande r s t and ing  of the  role of the  t en-  
sile stress on the  anodic  dissolut ion process (in the  
active condi t ion) ,  on the  fo rmat ion  and s tab i l i ty  of the  
pass ivat ing  films, hence on localized corrosion, i.e., on 
pit t ing,  crevice, and stress corrosion cracking,  and on 
the cathodic hydrogen  evolut ion process. For  this r ea -  
son, the  e lec t rochemica l  behavior  of t i t an ium and four  
commercia l  a l loys (Ti-5AI-2.5Sn; Ti-6A1-4V; Ti-8A1- 
1M o- lu  Ti-13V-11Cr-3A1) was inves t iga ted  in boi l -  
ing acidic chlor ide  solutions wi th  s t ressed specimens 
to 90% yie ld  s t rength  and uns t ressed tensi le  specimens 
as electrodes,  and was ex tended  to boi l ing 0.1M HC1 
and 0.1M H2SO4 solutions for  comparisor~ 

Experimental 
Materials.--Chemical composition, f ac to ry  hea t -  

t rea tment ,  micros t ructures ,  and y ie ld  s t rength  of the  
t i t an ium Cont imet  35 and  of the  al loys used in this  
work  are  given in Table  I. The convent ional  test  speci-  
mens were  cut from 1.0 m m  thick sheet, degreased  for 
15 min  in 90% ethanol  ( reagent  g rade  chemical ) ,  
washed in boil ing dis t i l led  water ,  and then dr ied  wi th  
pure  ethanol.  The specimen surface area, equal  to 
nea r ly  9 cm a, was accura te ly  out l ined  wi th  two sil icon 
rubbe r  gaskets  (see detai ls  in ~ig. 1) and  was mea -  
sured af ter  every  exper iment .  

Solutions.--The fol lowing solutions were  used at  
the i r  boil ing t empera tu re  (100~176 0.1M HC1 ( I ) ;  
0.1M HC1 -t- 0.5M NaC1 ( I I ) ;  0.1M HC1 W 5.0M NaC1 
(TII); 0.1M H2SO4 (IV).  Reagent  g rade  chemicals  and  
bidis t i l led  wate r  (3 ~ specific conduct iv i ty)  were  

1199 
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Table I. Chemical composition, heat-treatment, and microstructure of titanium and the allays 
used (1.0 mm sheet) 

C h e m i c a l  c o m p o s i t i o n  ( w e i g h t  p e r c e n t )  

M a t e r i a l  H e a t - t r e a t m e n t  F e  C N O H A I  V M o  S n  Cr  

Y.S .  ( a t  
100~ 

T i  ( m n / m  ~) 

T i  ( a )  10 m i n ,  7 0 0 ~  0.06 0.026 
Ti-SA1-2.5Sn (a) 15-20 rain, 780~ 0.25 0.022 
Ti-6A1-4V (u + ~) 30 min, 750~ 0.13 0.024 
Ti-SAI-IMo-IV a(+8) 1 hr, 790~ 0.04 0.024 
Ti-13V-11Cr-3A1 (8) 15-20 rain, 7~0~ 0.15 0.028 

employed. Molar concentrat ions are referred to 25~ 
without  taking in to account var iat ion in densi ty with 
temperature.  The solution volume, referred to 1 cm 2 of 
the electrode surface area, was equal to approximately 
50 ml. 

Cell and electrode arrangements.--The stressed spec- 
imen polarization cell is a Pyrex glass s tandard cell 
(26). It consists of two compartments  joined by a bridge 
containing a frit ted glass disk. The first compar tment  
is a 0.5 l i ter  spherical flask with five necks to introduce 
the working electrode, the gas inlet  and outlet tubes, 
the thermometer,  the condenser, and the Haber -Luggin  
probe; the second compar tment  is a cylindrical  flask 
containing the p la t inum auxi l iary  electrode. It  was 
necessary to design the special electrode a r rangement  
shown i.n Fig. 1, which is able to apply an uniaxial  
tensile stress on the plate working electrode and to 
minimize or avoid the crevice effect. 

Teflon, Vyton, and silicon rubber  were the insulat ing 
materials selected because of their chemical inertness 
in hot acidic solutions. The cell and all the Teflon parts  
in contact with the solutions were washed in  hot 
chromic solution, r insed several  times in  distilled 

0.008 0.12 0.003 - -  - -  - -  Bal .  170 
0.010 0.18 0.006 5~'7 - -  2~'4 - -  Bal .  695 
0.010 0.13 0.009 6.0 ~..2 - -  - -  - -  Bal .  850 
0.010 0.09 0.010 8.0 1.0 1.0 - -  Bal .  850 
0.028 0,13 0.04 3.1 13.5 - -  - -  1~'.6 Bal .  790 

water, and dipped in  the test solution with the Vyton 
and silicon rubber  parts. 

Electrochemical procedure.--The electrochemical cell 
and the electrode assembly were mounted  in  the ten-  
sile machine (Model Unisteel with arm 1:30 length 
ratio) keeping the specimen unstressed. The solution 
was poured into ~he cell at room tempera ture  and then 
high pur i ty  ni t rogen was bubbled through the solu- 
t ion at a rate o~ 10 l i te rs /hr  for 24 hr to ensure a very 
low oxygen concentrat ion in the solution. During this 
t ime the specimen was in  the passive state. 

The solution cell was then  heated with a glass wool 
mante l  and the electrode potential  recorded. The po- 
tential  of the unstressed specimen at first decreases 
slowly and then falls quickly in  the active direction. 
The specimen in  the active state was then stressed at 
a tensile stress level equal to 90% of yield s trength 
and after 5 min  (carefully controlled) was polarized. 
The applied stress v i r tua l ly  does not change the speci- 
men potential. 

For anodic polarization, the potent iodynamic method 
was used at a sweep rate of 20 m V / m i n  up to 2V vs. 
SCE; for cathodic polarization, the potentiostatic 
met'hod was used (steps of 20 mV for 30 sec). At each 
step the polarization was in ter rupted  for 5 sec. All  
polarizations were performed in triplicate. The elec- 
tronic device (i.e., potentiostat, electrometer,  recorder, 
and so on),  have previously been described (27). All  
potentials are referred to the saturated calomel 
electrode (SCE), which was kept at room tempera ture  
and joined with a potassium chloride agar-agar  salt 
bridge to a Luggin probe positioned 1-2 mm from the 
specime,n surface. The potential  values were not cor- 
rected for the small  ohmic drop and for Sorel thermal  
potential  errors. 

Results and Discussion 
The anodic polarization curves of the unstressed and 

stressed t i tan ium and Ti -SAI-IMo-IV alloy are given 
in Fig. 2 and 3 as examples of the behavior  of the 

Fig. 1. Electrode assembly used for electrochemical measurements: 
1, upper polypropylene seal; 2, Vyton O-ring; 3, neoprene O-ring; 
4, Teflon seal; 5, silicon rubber gasket; 6, AISI 304 hold-down nut; 
7, specimen; 8, Pyrex glass cell. 

Fig. 2. Anodic polarization curves of unstres.~ed and stressed ti- 
tanium in various deaerated solutions at boiling point (Y.S. --- 
yield strength). 
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Fig. 3. Anodic polarization curves of unstressed and stressed Ti -  
8 A I - 1 M o - I V  alloy in various deaerated solutions at  boiling point 
(Y.S. = yield strength). 

tested materials. The most impor tant  parameters  for a 
quant i ta t ive  classification of the corrosion behavior  of 
active-passive metall ic materials  are summarized in 
Table II. 

The anodic curves were plotted up to + 200 mV vs.  
SCE since the current  densi ty was practically constant  
and less than 19 #A/cm 2 at more noble potentials,  e.g., 
up to 2000 mV vs. SCE for t i t an ium and up to the po- 
tent ia i  values, summarized in  Table III, for the t i ta-  
n ium alloys. The potential  above which the t i t an ium 
alloys' anodic current  densi ty  markedly  increased 
is reported in  Table III; this potential  indicates 
the breakdown of passivity, that  is, the onset 
of pi t t ing in  the case of Ti-5A1-2.5Sn, Ti-6A1-4V, 
and T i -8AI- IMo-IV alloys, and for the onset of the 
transpassive corrosion in the case of the Ti-13V-11Cr- 
3A1 alloy. The pi t t ing occurs general ly  on the edges, 
i.e., on the t ransversal  cut surfaces and never  beneath  
the silicon rubber  gasket. The data are in  good agree- 
ment  with the values reported by  Griess (1) and Levy 
and Sklover (10) for the same t i t an ium alloys. 

From the examinat ion of all the anodic polarization 
data, we can formulate  the following remarks.  

T i t a n i u m . - - I n  solutions I and II, t i t an ium exhibits 
only a slight active-passive t ransi t ion (Fig. 2a and b) 

Table I I I .  Breakdown potential (mV vs. SCE) of unstressed 
and stressed specimens 

Solut ion  

Alloy 
Ti-SAI- Ti-6AI- Ti-SAI- Ti-13V- 
2.5Sn 4V 1Mo-IV 11Cr-3AI* 
(~) (a + ~) (a + /~) (~) 

0.1M HCI US* * 1650 1625 1580 N.D. 
S 1800 1570 1430 N.D. 

0.1M HCI + US 1540 1570 1360 725 
0.SM NaC1 S 1590 1565 1290 725 

O.tM HC1 + U S  1300 1485 1170 825 
5.0M NaCI S 1140 1470 1020 825 

* For this al loy  the  va lues  r e p o r t e d  r e f e r  to  the  ini t iat ion of  
transpass ive  behavior .  

** US = u n s t r e s s e d  s p e c i m e n ;  S = s t r e s s e d  s p e c i m e n .  

but  a more pronounced one is observed in  solutions III  
and IV (Fig. 2c and d). In  solutions I and II, there  w a s  
a n  ini t ia l  t rans ient  drop in corrosion potential  fol- 
lowed by an increase as the passive film was reformed 
(see Fig. 4). A similar  activation and repassivation 
phenomenon was observed by the authors in  0.1M 
H2SO4 at 40~ (28). 

From the Fig. 2 it  is also noted that  the active anodic 
loop spreads out when  the chloride anion concentrat ion 
increases. This effect is more evident  when  solution II 
is compared with solution III. In  O.IM H2SO4 (solu- 
t ion IV) the anodic loop is practically equal to that  
of the most concentrated chloride solution (III) ,  but  
shifted in  the less noble direction. 

Therefore, it is impor tant  to point  out that  accord- 
ing to Griess (1) the chloride anion catalytic effect on 
fhe t i t an ium active-passive t ransi t ion is not only 
direct [i.e., by increasing the water-complex reactivi ty 
through the subst i tut ion of coordLnation water  with 
the anion or by means of anion preferent ia l  adsorption 
on the metall ic surface, the anion funct ioning as a 
"bridge" between the metal l ic  phase and the solution 
(29)], but  above;al l  indirect  by increasing the activity 
or react ivi ty  of the other ions in  the solution which 
are operating in  fhe heterogeneous charge t ransfer  re-  
action, i.e., in this par t icular  case, H + ions. In  fact 
comparing solution II with solution III, the chloride 
anion concentrat ion is increased by  near ly  10 times 
and the pH value is decreased from 1.0 to 0.1 [and so 
the H + activity is increased by near ly  8 times (1)].  
On comparing Fig. 2a with d (the solutions have the 
same pH),  it is evident  that  the SO42- anion has a 
stronger acceleration action on the t i t an ium active 
dissolution than  the C1- anion. 

Table  I I .  Summary of corrosion potential Ecorr (mV vs. SCE) of primary passivation potential 
Epp (mV vs. SCE) and critical current density icp ( # A / c m  2) for unstressed and 

stressed specimens* 

Material 
Solution Ti Contimet 35 Ti-5AI-2.SSn T~6AI-4V T~8AI-IMo-IV TI-13V-11Cr-3AI 

O.IM HCI (I) US Eco,r .  
E p p  
i c p  

S Ecorr. 
Epp 
icp 

0.1M HC1 + 0.SM NaCI US Ecorr. 
Epp 
Sep 

S E c o r r .  
Epp  
$cp 

0.IM HCI + 5.0~I NaC1 US Eeorr. 
Epp  
Zcp 

S E c o r r .  
E v p  
~cp 

0.1M I-IsSO4 (lV) US Ecorr. 
Epp 
~cp 
E c o r r .  

S gpp 
$cp 

- 6 3 0  - 6 3 5  - 6 4 5  - 6 2 0  - -  
- 595 - 575 - 575 - 560 M 

5.3 13.5 26.4 11.0 
- 660 - 635 - 620 - 600 n 
- 5 8 5  - 5 7 5  - 5 7 5  - 5 6 0  - -  

3.6 11.0 7.0 6.0 - -  
- 6 0 5  - 6 5 5  - 6 7 5  - 6 4 0  - 6 5 5  
--550 - 5 8 5  - 5 7 5  - 5 6 5  --585 

5.4 63 85 50 125 
- 6 0 8  - 6 6 0  - 6 6 0  - 6 4 0  - 6 5 5  
- 5 5 0  - 5 7 5  - 5 9 0  - 5 5 5  - 5 9 5  

7.6 9O 7O 45 145 
- 6 8 0  - 6 8 5  - 7 2 5  - 6 8 0  - 7 0 0  
--550 --550 --575 --545 --580 

650 1115 725 740 1345 
- 6 7 5  --685 --735 --685 --700 
--565 --565 --570 --550 --580 

645 950 80O 745 1440 
- 7 7 5  - 7 5 0  - 8 4 0  - 7 5 0  - 8 0 0  
- 6 3 5  - 6 0 0  - 6 3 5  - 6 2 0  - 6 3 5  

590 1220 1075 915 1240 
- 7 6 5  - 7 5 0  - 8 3 5  - 7 5 0  - 7 7 5  
- 6 4 0  - 6 2 0  - 6 4 5  - 6 2 0  - 6 4 5  

625 1135 1065 920 1330 

* Pass iv i ty  c u r r e n t  dens i ty  (at 0 m V  vs.  SCE) __< 10 #A/cm~. US = unstressed specimen; S = stressed specimen. 
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Fig. 4. Potential-time curves of unstressed titanium and un- 
stressed Ti-5AI-2.5Sn, Ti-6AI-4V, Ti-SAI-]Mo-iV, and Ti-13V- 
I lCt-3AI  alloys in deaerated 0.]M HCI at boiling point. 

The effect of the appl ied  tens i le  stress on the t i t a -  
n ium anodic behavior  is p rac t ica l ly  negligible,  the  di f -  
ference observed being due to scat ter  in the  exper i -  
menta l  data. In any  case, the  t i t an ium remains  passive 
up to a potent ia l  of 2V vs. SCE in the acidic chlor ide 
solutions tested. 

Ti-5A1-2.5Sn.--This al loy has an  ev ident  ac t ive -pas -  
sive t rans i t ion  behavior  in a l l  solut ions tested. The 
chlor ide and sulfate  anions and the appl ied  tensi le  
stress effects are  s imi la r  to those observed and dis-  
cussed for t i tanium.  Unl ike  t i tanium,  the  Ti-SA1- 
2.5Sn al loy is suscept ible  to p i t t ing  corrosion in al l  the 
acidic chlor ide  solutions tested. A n  impor t an t  point  is 
the  lack  of tensi le  stress effect on the p i t t ing  res is tance 
eva lua ted  as b reakdown  potent ia l  (see Table I I I ) .  

Ti-6Al-4V and T i -8A l - lMo- lV . - -These  alloys have, 
as shown in Fig. 3 for  the  T i - 8 A I - I M o - I V  alloy, the  
same anodic behavior  as the  Ti-5A1-2.5Sn discussed 
above (see also Tables I I  and I I I ) .  
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Ti-13V-11Cr-3Al.--This al loy  has the  same anodic 
p r i m a r y  loop as the  al loys discussed above. In  pa r t i cu -  
lar  this a l loy is not  suscept ible  to p i t t ing  corrosion iu  
a l l  the acidic ch lor ide  solutions tested, according to  
Levy  and Sk lover  (10), bu t  i t  is suscept ib le  to t r a n s -  
passive dissolution, as shown in Fig. 5 and repor ted  in 
Table  III. 1 This a l loy does not  spontaneously  shif t  to  
the  ac t ive  s ta te  in 0.1M HC1 (Fig.  4). 

F igures  6 a~d 7 show, for  example ,  the  cathodic 
polar iza t ion  curves of the  Ti-6A1-4V and Ti-5A1-2.5Sn 
alloys vs. the  chlor ide  or sulfate  concentra t ion and t h e  
appl ied  tensi le  stress. A compar ison of the  curves  a l -  
lows the fol lowing r e ma rks  to be made  concerning t h e  
cathodic hydrogen  process. 

(i) The t i t an ium and Ti-6A1-4V al loy (Fig. 6) have 
subs tan t ia l ly  the  same kinet ics  of the  hydrogen  evolu-  
t ion reac t ion  (HER),  i.e., charac ter ized  for equal  Do- 
la r iza t ion  by  the same cathodic cur ren t  dens i ty  values  
and b y  the presence of a l inear  Tafel  region wi th  slope 
of 200 mV/decade  in boi l ing chlor ide  solutions (I, II, and 
I I I )  and of 400 mV/decade  in boi l ing 0.1M H2SO4 (IV).  
These high values of the  Tafel  slopes suggest  the-pres-  
ence of a mixed  oxide film of  TiO2 and Ti208, as shown 
by Tomashov et al. (30), on the  t i t an ium and on t h e  
Ti-6A1-4V al loy surface. 

The cathodic polar izat ion,  measured  as hE = E 
(/cat.) - -  Ecorr. at i c a t .  ~ - - -  103 # A / c m  2, decreases  wi th  
increas ing chlor ide  concentra t ion ( I :~E  : 250 mV; 
II: ~E : 180 mV; III :  AE : 75 mV) and going f rom the 
most d i lu te  solutions (I  and II )  to 0.1M H~SO4 solu- 
t ion (IV:AE = 50 mV) .  I t  has been obse rved  in the  
cathodic polar iza t ion  of t i t an ium in 0.1M HCI + 0.5M 
NaC1 solut ion that,  at app rox ima te ly  --  1.1V vs. SCE, 
devia t ions  f rom l inear  Tafel  behavior  commenced wi th  
an anomalous increase  in the  cathodic cur ren t  density.  
In  agreement  wi th  the  in t e rp re t a t ion  repor ted  by  
Thomas and Nobe (17) a possible exp lana t ion  of this 
pT~enomenon is the  complete  reduct ion  of the  oxide 
film or the possible h y d r i d e  fo rmat ion  f rom the oxides 
at  this potent ia l  and the subsequent  hydrogen  ion dis-  
charge on ox ide - f ree  t i tanium.  

(ii) The Ti-5A1-2.5Sn (Fig. 7), Ti-8AI-llVIo-IV, and 
Ti-13V-11Cr-3A1 have the same kinet ics  of hydrogen  
evolut ion reac t ion  (HER),  i.e., character ized for  equal  
polar izat ion by  the same cathodic cur ren t  dens i ty  va l -  
ues and by  the  absence of  a l inear  Tafel  region. The 

1 The complex formed by the hexavalent chromium ion and di- 
phenylcarbazide was spectrophotometricaUy detected at the end 
of each anodic polarization. The presence of this complex was 
particularly evident in 0.1M H~SO, solution. 

Fig. 5. Anodic polarizatlon 
curves of unstressed and stressed 
Ti-13V-11Cr-3AI alley in vari- 
ous deaerated solutions at boil- 
ing point. (Y.S. ~ yield 
strength). 
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Fig. 6. Cathodic polarization 
curves of unstressed and stressed 
Ti-6AI-4V alloy in varioas de- 
aerated solutions at boiling point 
(Y.S. - -  yield strength). 
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Fig. 7. Cathodic polarization 
curves of unstressed and stressed 
Ti-5AI-2.SSn alloy in various 
deaerated solutions at boiling 
point (Y.S. - -  yield strength). 

cat~nodic polar izat ion,  measured  in ( i ) ,  decreases wi th  
increas ing  c~lor ide  concentra t ion  and going f r o m  the 
most  d i lu te  chlor ide  solutions (I  and II )  to 0.1M H2SO4 
solut ion ( IV) .  Moreover  the  HER of these  al loys tends  
to t a k e  p lace  more  easi ly.  

(i i i)  T h e  cathodic behav ior  of t i t an ium and the a l -  
loys s tudied is i ndependen t  of the  tensi le  stress ap-  
p l ied  in al l  the  solutions. 

Conclus ions 
The s tudy  of the  e lect rochemical  and corrosion be-  

hav ior  of t i t an ium and the al loys (Ti-SA1-2.5Sn, Ti -  
6AI-4V, T i - 8 A I - I M o - I V ,  and Ti-13V-11Cr-3A1) under  
tensi le  stress in boi l ing sulfur ic  acid and acidic chlo- 
r ide  solutions ind ica ted  that :  

1. Al l  the  mate r i a l s  exhib i t  an act ive anodic loop 
(except  the  Ti-13V-11Cr-3A1 in 0.1M HC1) wi th  an 
ac t ive-pass ive  t rans i t ion  charac te r ized  b y  the  same 
p r i m a r y  pass iva t ion  po ten t i a l  values.  The cr i t ical  cur -  
ren t  densi t ies  increase  in the  order :  Ti < T i - 8 A I - I M o -  
1V <Ti-SA1-2.5Sn <Ti-6A1-4V <Ti-13V-11Cr-3A1. 

Pass iv i ty  charac ter ized  by  d low cur ren t  dens i ty  va lue  
( ~  10 ~A/cm 2) indicates  the  format ion  of a ve ry  p ro -  
tect ive film. 

(ii) Unl ike  t i tan ium,  the  al loys Ti-5A1-2.5Sn, Ti-6A1- 
4V, and T i - 8 A I - I M o - I V  are  suscept ible  to p i t t ing  cor-  
rosion (genera l ly  on the  sample  edges) and the al loy 
Ti-13V-11Cr-3A1 to t ranspass ive  anodic dissolution. 
Since the  p i t t ing  phenomena,  in absence of crevices, 
appear  at  ve ry  high potent ia ls  ( ~  1000 mV vs.  SCE),  
tha t  is, an aggress ive  env i ronment  wi th  a ve ry  high 
oxidizing power  is required,  the  a l loys have the same 
resis tance to p i t t ing  corrosion as t i t an ium but  be t te r  
mechanical  propert ies .  

(ii i)  The kinet ics  of cathodic hydrogen  evolut ion is 
subs tan t ia l ly  fac i l i ta ted  by  increas ing chlor ide  concen- 
t ra t ion.  Therefore ,  i t  is  poss ible  to conclude tha t  the 
act ive corrosion ra te  of t i t an ium and the al loys ex -  
aminecl increases  wi th  the  chlor ide  anion content  in 
acidic solutions. 

( iv)  Tensi le  stress has no apprec iab le  effect on anodic 
and cathodic behav ior  in the  expe r imen ta l  condit ions 
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tested (i.e., of aggressive medium,  tempera ture ,  sur -  
face state, and stress  type  and leve l ) .  

Manuscr ip t  submi t ted  Nov. 17, 1977; rev ised  m a n u -  
scr ip t  received March  27, 1978. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1979 JOURNAL. 
Al l  discussions for the  June  1979 Discussion Section 
should be submi t t ed  b y  Feb.  1, 1979. 

Publication costs of this article were assisted by 
L.T.M.-C.N.R. Laboratory Cinisello Balsamo. 
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Effect of Molybdenum on the Pitting Potential 
of High Purity 18% Cr Ferritic Stainless Steels 

J. R. Galvele, *'1 J. B. Lumsden, 2 and R. W. Staehle* 

The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

The anodic behavior  of high pu r i t y  18% Cr ferr i t ic  s tainless steels, wi th  
a content  f rom 0 to 5% molybdenum,  was s tudied in 1N NaC1 and in 1N HC1 
solutions. The studies were  complemented  by  Auger  e lect ron spectroscopy 
analysis  of the  films in HC1 solutions. I t  was found tha t  the  effect of m o l y b -  
denum on the pi t t ing potent ia l  of these al loys in NaC1 solutions could be 
ra t ional ized assuming tha t  pi t  in i t ia t ion is re la ted  to localized acidification 
at  the meta l - so lu t ion  interface.  The A u g e r  analysis  showed a high con- 
cent ra t ion  of chlor ide  ions in the films formed in HC1 solutions. No mo lyb -  
denum enr ichment  was found in the  films. The anodic behavior  of these al loys 
in HC1 solutions was re la ted  to the fo rmat ion  of a s lowly  dissolving sal t  l aye r  
of CrCI~ on the a l loy surface. The resul ts  suggest  that  mo lybdenum exer ts  i ts 
influence by  reducing the dissolution ra te  of the  sal t  layer .  

I t  is wel l  documented in the l i t e ra tu re  (1-4) that  
mo lybdenum has a beneficial  effect on the  resis tance 
of stainless steels to p i t t ing  in NaC1 solutions. I t  was 
first assumed (5, 6) tha t  mo lybdenum was enr iched in 
the  surface film, increasing its chemical  resistance.  
Nevertheless,  recent  Auge r  e lec t ron spectroscopy 
(AES)  analysis  (7, 8) has shown tha t  no mo lybdenum 

" E l ec t r o ch emi ca l  Socie ty  Ac t ive  Member .  
1 P r e s e n t  address:  Comis ion  Nac iona l  E n e r g i a  Atomics ,  Buenos  

Ai res ,  A r g e n t i n a .  
S P r e s e n t  address:  Nor th  A m e r i c a n  Rockwe l l ,  Sc i ence  Center ,  

Thousand  Oaks, Cal i fo rn ia  91360. 

was enric'hed in the oxide  film of mo lybdenum con- 
ta in ing stainless steels. 

Recent  work  on the p i t t ing  of meta ls  (9) has indi -  
cated that  many  of the  var iables  that  affect the pi t t ing 
potent ia l  can be re la ted  to localized acidification. Ac-  
cording to this mechanism the a l loying e lements  exer t  
the i r  effects b y  changing the anodic behav io r  in  the  
acid solutions which  exist  inside pits. Then, the effect 
of mo lybdenum should not be found in enr ichment  in 
the oxide  film, but  r a the r  in changing the  anodic k i -  
netics of the al loys in  the  p i t - l i ke  solutions. 
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In  the  work  r epor t ed  herein,  i t  was a t t emp ted  to 
ver i fy  such a mechanism. P i t t ing  poten t ia l  measu re -  
ments  obta ined by techniques such as scra tching the 
meta l  surface (10) give the  potent ia l  at  which pits  
s ta r t  f rom ve ry  smal l  dimensions and grow to vis ible  
sizes. In  t h e  in i t ia l  steps of p i t  g rowth  no subs tant ia l  
changes of the  e lec t ro ly te  concentra t ion  should be 
found (9, 11); i t  was concluded tha t  the  chlor ide  con- 
cen t ra t ion  inside the  pits  at  the  in i t ia l  stage, for  sur-  
faces exposed to a IN NaC1 solution, should  also be 1N. 
The pH inside pits  has  been  measured  for  la rge  pits  
only  (12, 13) and values  be tween  0 and 1 have  been 
repor ted .  No measurements  have  been  repor ted  for the  
in i t ia l  s tages of p i t  growth.  Thus a 1N HC1 solut ion 
was chosen in  the  p resen t  w o r k  to represen t  the  p i t -  
l ike  solution. 

Very  good corre la t ion  was found be tween  the  values  
of p i t t ing  potent ia l  p red ic ted  b y  the  acidification 
mechanism and those repor ted  by  Lizlovs and Bond 
(3) for  the  same al loys in a 1N NaCI solution. 

Mater ia ls  
The mate r i a l s  employed  were  high pu r i t y  fer r i t ic  

s tainless steels hav ing  18% Cr and containing 0-4.75% 
Mo. Al l  the  steels were  annea led  at  t empera tu res  
which avoid  the  format ion  of chi and s igma phases. 
The al loys conta ining 0, 1, and  2% Mo were  hea t -  
t r ea ted  for 1 h r  a t  815~ and then wa te r  quenched.  The 
al loy containing 4.75% Mo was hea t - t r e a t ed  for  1 hr  
at 980~ fol lowed by  wa te r  quenching.  Meta l lographic  
examina t ion  did not  show the presence of i n t e rme ta l -  
lic phases in any of the  mater ia ls .  The  chemical  com- 
posi t ion of the  a l loys is g iven in Table  I. 

Experimental  
The samples  for the e lect rochemical  measurements  

were  mounted  in bake l i te  meta l lograph ic  mount ing and 
medhanica l ly  pol ished;  the  final pol ish was a lumina  
No. 3. An  epoxy  was used to mask  the borders  of the  
samples  leaving  exposed an area  of app rox ima te ly  1 
cm e. Elec t r ica l  contact  was made  by  dr i l l ing  a hole  
th rough  the mounting.  The solutions were  p repa red  
with  a n a l y t i c a l - g r a d e  reagents  and double  dis t i l led 
wa te r  and were  deaera ted  wi th  high pu r i t y  argon. Al l  
the  measurements  were  made  at room t empera tu re  
(24~ Potent ia l s  were  measured  wi th  respect  to the 
sa tu ra ted  calomel  electrode.  

The  polar iza t ion  curves were  de te rmined  in s teps of 
50 mV wi th  the  potent ia l  he ld  constant  for  10 rain be -  
fore the  cur ren t  was recorded.  Genera l  dissolut ion oc- 
cur red  at  potent ia ls  be low -0 .200V SCE. Above  this 
potent ia l  pi ts  were  found on the  surface. 

P i t t i ng -po ten t i a l  values  were  measured  b y  the 
scratch t e c h n i q u e  descr ibed b y  Pessal  and Liu (10). 
While  the  samples  were  kep t  at  constant  potent ia l ,  the  
surface of the  meta l  was scra tched wi th  an SiC point  
moun ted  on the Luggin  capi l lary.  The  change of cur -  
rent  wi~h t ime was recorded to de te rmine  the r epas -  
s ivat ion time. A f t e r  repass iva t ion  the poten t ia l  was 
charged 25 mV and the surface  was again  scratched.  
This p rocedure  was repea ted  unt i l  a potent ia l  was  
reached  at  which  repass iva t ion  no longer  occurred,  ~.e., 
the p i t t ing  potent ial .  

Pi ts  were  a l lowed to g row at constant  potent ia l  and 
the mean  cur ren t  dens i ty  inside the  pits  was ca lcu-  
lated. Al l  the  pi ts  observed were  hemispher ica l ;  most  
of t hem were  covered  by  a th in  oxide  film. This film 
was removed  by  l ight  mechanica l  po l i sh ing .  Measure -  

Table I. Chemical composition of the ferritic stainless steels 

E l e m e n t ,  w / o  
Sta in less  

s tee l  t y p e  Cr Mo C N 

lSCr-0 Mo 17.35 ~0.01 0.002 0.003 
18Cr-IMo 17.53 1.14 0.003 0.004 
18Cr-2Mo 17.61 2.02 0.004 0.004 
18Ca-4.75Mo 17.38 4.75 0.004 0.004 

merits of the d i ame te r  of the  p i t s  were  made  unde r  a 
microscope at  100 times. Assuming  tha t  the  p i t  g rew 
at a constant  rate,  the cur ren t  dens i ty  inside the  pi ts  
was calcula ted 

rdY 
Cur ren t  dens i ty  ( A / c m  2) - -  [1] 

tE 

where  r is the  p i t  rad ius  ( in  cm),  d is the  a l loy  den -  
s i ty (in g/cm3),  F is the  F a r a d a y  constant,  t is the ex -  
posure t ime ( in seconds) ,  and  E is the  equiva len t  
weight  of the  alloy. Assuming  that  i ron  dissolves as 
Fe 2+ and chromium as Cr 3+, the mean  equiva len t  
weight  is E --  25 g-equiv.  

Results 
The pi t t ing  potent ia l  of these al loys in 1N NaC1 so-  

lut ion has been repor ted  prev ious ly  by  Lizlovs and  
Bond (3, 4). However ,  some of the  measurement s  were  
repea ted  in the presen t  work.  F igure  1 shows a typical  
example  of the  results .  This figure gives the  cu r ren t -  
t ime response of the  18Cr-lMo alloy. The a l loy was 
exposed at  constant  po ten t ia l  to a 1N NaC1 solution. 
Up to ~-0.175V SCE, a cur ren t  t rans ient  was observed  
af ter  scra tching the surface which  r e tu rned  to the  
ini t ia l  va lue  af ter  10-15 sec. Al though  the  potent ia l  
was kept  constant  for  another  5-10 min ,  no fu r the r  
c ha nge s  in the  cur ren t  were  observed.  This behav ior  
was independent  of the  number  of t imes  the  surface 
was scratched.  At  +0.200V SCE and af ter  scratching,  
the  cur ren t  dens i ty  was fo l lowed by  a cu r ren t  increase,  
which  af ter  1 min was 6 X 10-~A, af te r  5 rain reached 
1.5 X 10-4A, and was st i l l  increas ing af te r  30 rain. 
Microscopic observa t ion  of the  samples  showed tha t  
pits  were  nuclea ted  along the  scratch line. 

The pi t t ing  potent ia l  va lues  found in these  exper i -  
ments  were  in accordance wi th  those r epor t ed  by  
Lizlovs and Bond. Af t e r  the cur ren t  s ta r ted  to in-  
crease, samples  were  kept  at  constant  potent ia l  for ap-  
p rox ima te ly  20-30 min  to a l low the pi ts  to grow. Then 
they  were  removed  from the  cell  and the mean  radius  
of the  pits  was measured  under  the microscope~ The  
cur ren t  densi ty  inside the  pi ts  was ca lcula ted  wi th  
Eq. [1], and the values  found are  given in T a b l e  IL 
The value  ob ta ined  at  the  p i t t ing  potent ia l  was ap -  
p rox ima te ly  5 X 10 - I  A / c m  2 for a l l  the  al loys tested. 

Another  impor t an t  observa t ion  f rom these expe r i -  
ments  is that  in the  range  of 25 mV a t rans i t ion  f rom 

F e - 1 8  C r - 1  Mo 

1.0 M NaCI 

11 
I Ill [ L J I| : 

t !~, I,l : ! I, II ' 
60  sec  - 1 ~ ' ~ " m 7 / -  - i -  " i ~ - ~ -  

+0150 V(sce) .0175 V(sc e) 

_ _ _ l ~  ~1_2- L _ L  

+0200y(sce)  

Fig. !. Typical current-time curves recorded after scratching the 
metal surface with an SiC point, at constant potential. Type 18 
Cr-]Mo ferritic stainless steel in deaerated 1N NaCI solution at 
24~ 
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Table II. Calculated current density inside the pits, at constant 
potential, deaerated 1N NaCI solution at 24~ 

P o t e n t i a l  C u r r e n t  d e n s i t y  
S t a i n l e s s  s t e e l  t y p e  V (SCE)  ( A / c m  2) 

18Cr-0 Mo + 0.200 7.43 x I0 -t 
18Cr-IMo +0.200 3.55 x I0 -~ 
18Cr-2Mo +0.300 5.11 x 10 -~ 
18Cr-4.75Mo +0.525 4.37 x 10 -~ 

repass ivat ion  af ter  scra tching to p i t t ing  af ter  scra tch-  
ing takes  place. I t  is concluded that  no pits  a re  nu-  
cleated, for example  in Fig. 1, a f te r  scratching +0.175V 
SCE. Otherwise,  even if  the  cur ren t  dens i ty  inside the  
pits was one order  of magni tude  lower  than  at  +0.200V 
SCE, cur ren t  changes should have been observed af ter  
a 5-10 min exposure  at  constant  potent ial .  

Anodic Behavior in lN HCI Solution 
Anodic polar iza t ion  curves were  measured  for  al l  

the  al loys in  deae ra ted  1N HC1 solut ion at  24~ (Fig. 
2). The corrosion potent ia l  was found to increase  wi th  
the  molybdenum content,  as shown in Fig. 3. The al loy 
with  4.75% Mo had a corrosion potent ia l  app rox ima te ly  
100 mV higher  than  tha t  of the  18Cr-0 Mo alloy. 

As the potent ia l  was i n c r e a s e d  above the corrosion 
potential ,  the cur ren t  dens i ty  also increased and the 
surface of the  samples  showed general ized etching. 
The current  dens i ty  cont inued to increase  wi th  po ten-  
t ia l  up to app rox ima te ly  --0.300V, above which i t  be -  
gan to decrease.  At  --0.200V the cu r ren t  dens i ty  
reached a min imum value,  increasing again  at  h igher  
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Fig. 2. Anodic polarization curves for Type 18Cr-X Me ferritic 
stainless steels in deaerated 1N HCI solution at 24~ 
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Fig. 3. Corrosion-potential values measured for Type 18Cr-X 
Mo ferritic stainless steels in deaerated 1N HCI solution at 24~ 
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potentials.  Cur ren t  densit ies which did not v a r y  w i th  
t ime were  found be tween  the corrosion potent ia l  and  
--0.200V. For  h igher  potent ia ls  the  cur ren t  densi ty  in -  
creased wi th  time. Al l  the  samples  exposed at  po ten-  
t ials h igher  than  --0.200V pi t ted.  

This  t ime-dependen t  behavior  at  h igh  potent ia l  was 
confirmed wi th  fhe scratch technique.  A n  18Cr-lMo 
al loy was exposed to the 1N HC1 solut ion at  constant  
potential .  I t  was observed  tha t  at  --0.400 and --0.300V 
the s ta t ionary  current  dens i ty  was not  affected by  
scratching the  meta l  surface. The cu r ren t  dens i ty  was 
also s table  at --0.200V. Af te r  scratching the surface at  
this  potential ,  the  cur ren t  increased but  r e tu rned  
almost  immedia t e ly  to the  ini t ia l  value.  At  --0.100V, 
on the o ther  hand, the  cur ren t  increased a f te r  scra tch-  
ing, and cont inued to increase  wi th  time. Pi ts  were  
observed along the scratch. 

These resul ts  show tha t  curves l ike  those in Fig. 2 
a re  real  polar iza t ion  curves  wi th  t rue  cur ren t  densi t ies  
only  be tween  the corrosion potent ia l  and --0.200V. For  
h igher  potent ia ls  the t rue  polar iza t ion  curve is not  
g iven by  Fig. 2. To overcome this difficulty, constant  
potent ia l  exper iments  were  pe r fo rmed  wi th  al l  the  
al loys at  potent ia l s  h igher  than  --0.200V. Af te r  ex-  
posure  the  pits  were  measured  wi th  a microscope, and 
the  cur ren t  dens i ty  inside the pits was calcula ted using 
Eq. [1]. F igure  4 shows the composite polar izat ion 
curves obta ined by  direct  measuremen t  below 
--0.200V, plus ca lcula ted  cur ren t  dens i ty  values  for 
h igher  potent ials .  

F igure  4 shows tha t  the 18Cr-X Mo alloys unde r -  
went  active dissolut ion be tween  the corrosion po ten-  
t ia l  and  --0.200V. The cur ren t  dens i ty  in this zone, as 
r epor ted  by  Lizlovs and Bond (3),  was s t rongly  
affected by  the mo lybdenum content  of the  al loy;  the  
dissolution ra te  for the 18Cr-4.75Mo al loy was ap-  
p rox ima te ly  two orders  of magni tude  lower  than  that  
for the 18Cr-0 Mo alloy. The  active dissolution zone 
was fol lowed by  a reduct ion  in  the  cur ren t  dens i ty  
which could not  be t aken  as a t rue  pass ivat ion  because 
of the high cur ren t  densi t ies  involved.  Above --0.200V 
(SCE) a process of localized corrosion en te red  into 
compet i t ion with  the pseudopassivi ty .  This t rans i t ion  
took place at  the  same potent ia l  for all  the al loys 
tested;  thus i t  was not  affected by  the  m o l y b d e n u m  
content  of the  alloy. The cur ren t  densi t ies  calculated,  
on the  o ther  hand, were  s t rongly  affected by  the mo lyb -  
denum content  being almost  two orders  of magni tude  
lower  for the 18Cr-4.75Mo al loy than  for the 18 
Cr-0 Mo alloy. The cu r ren t  dens i ty  in this  region 
fol lowed a logar i thmic  law, wi th  a slope ranging  f rom 
150 to 200 mV. 
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Fig. 4. Composite anodic poJarizatlon curves for Type 18Cr-X 
Mo ferritic stainless steels in deaerated 1N HCI solution at 24~ 
Below --0.2V SCE direct current density measurements; above 
--0.2V SCE current density calculated with Eq. [1]. 
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AES Analysis of Films Formed in HCI Solutions 
AES analysis  was used to iden t i fy  the  products  re -  

sponsible for the  pseudo-pass iv i ty  found in the anodic 
polar iza t ion  curves.  The samples  were  polar ized  in the 
act ive zone to dissolve any  a i r - fo rmed  film, and then  
the  poten t ia l  was swi tched  to --0.200V. Two different  
techniques were  used to remove  the samples  f rom the 
cell. In  one the  potent ios ta t  was swi tched off and  the 
sample  was removed,  and washed  wi th  dis t i l led water .  
I t  was then  dr ied  wi th  hot  air. In  the  second p ro -  
cedure,  the  technique  used b y  Ve t te r  and S t rehb low 
(14) was applied.  In  this tedhnique a l aye r  of benzene 
is poured  over  the  e lec t ro ly te  in ~he cell. The  sample  
is s lowly  removed  f rom the  e lec t ro ly te  into the  ben-  
zene l aye r  wi thout  switching off the  potent iostat .  They 
were  then  washed wi th  acetone and dried.  The AES 
resul ts  were  the  same for both  procedures .  

F igures  5 and 6 Show typica l  examples  of the  r e -  
sults found wi th  AES analysis.  The resul ts  are  given 
as in  previous  publ ica t ions  (7, 15). I t  is assumed tha t  
the  normal ized  peak  he ights  a re  app rox ima te ly  p ro -  
por t iona l  to the  e lementa l  concentrat ion.  F igure  5 
gives the  Auger  analysis  of the  18Cr-4.75Mo al loy 
which was polar ized  for 90 min  at  --0.400V. F igure  6 
ghows the  A u g e r  resul ts  for  the  same al loy which  
was polar ized  for  90 rain at  --0.400V, fol lowed by  10 
min  at  --0.200V. 

The  spu t te r ing  technique  used removed  about  3A/  
min. No enr ichment  in m o l y b d e n u m  was found in the 
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films on any of the  al loys tested. There  was a s l ight  
deple t ion  of i ron in the  film p lus  a smal l  enr ichment  in  
chromium. The oxygen  content  decreased un i fo rmly  
f rom a high va lue  in the  nea r - su r face  layers  unt i l  the 
me ta l -ox ide  interface  was reached.  One impor t an t  fea-  
ture  found in this  analys is  was  the  h igh  content  in 
chlor ide in films fo rmed  at  --0.200V and above. This is 
different  f rom tha t  which was r epor t ed  for  these al loys 
in NaC1 solutions (8). The amount  of chlor ide  in  the  
film increased wi th  potent ia l  for  potent ia ls  h igher  
than  --0.200V. There  was also a t endency  for  al loys 
wi th  h igher  Mo contents to have  l a rge r  amounts  of 
chlor ide in  the  film. However ,  the  l a t t e r  conclusion 
must  st i l l  be t aken  as tenta t ive .  A few examples  were  
found in which the re  was no change in the  chlor ide  
content  wi th  Mo concentra t ion in the  alloy. 

Theoretical Pitt ing-Potential  Calculation 
According to the  mechanism of localized acidification 

(9), the  p i t t ing  potent ia l  of a meta l  or  a l loy  in a neu-  
t r a l  solut ion can be  eva lua ted  f rom the anodic be -  
havior  of the  same meta l  or  a l loy in a low pH solution. 
The pi t t ing  potent ia l  in the  neu t ra l  solut ion is g iven by  

Ep : Ec* -I- ~I -}- ~ -[- Einh [2] 

where  Ep is the p i t t ing  potent ia l ,  Ee* is the  corrosion 
potent ia l  in the  acidified solution, n is the  polar iza t ion  
necessary  to obta in  a cur ren t  densi ty  high enough to 
main ta in  ac idi ty  inside the  pit,  r is the poten t ia l  drop  
inside the  pit,  and Emh is the  cont r ibu t ion  to the 
pi t t ing potent ia l  due to inhibi tors  in the  media.  

Ec* was t aken  f rom Fig. 3, and  ~l was t aken  f rom 
Fig. 4, assuming tha t  the  cur ren t  dens i ty  inside the pi ts  
at  the  p i t t ing  potent ia l  was 0.5 A / c m  ~ (Table  I I ) .  The 
values  f rom Fig. 4 include the  poten t ia l  d rop  inside 
the pi t ;  a h igh  r arises because of the  technique used 
to eva lua te  the  cur ren t  dens i ty  values.  Einh is ignored 
since no inhibi tors  were  used in the  measu remen t  of 
the  p i t t ing  potent ia l  in NaC1 solutions. 

Table  I I I  shows the ca lcu la t ed  p i t t ing  potent ia l  
values,  as given by  Eq. [2], compared  wi th  the  exper i -  
men ta l  values  r epor ted  by  Lizlovs and Bond (3, 4). 
A ve ry  good corre la t ion  was found be tween  the cal -  
culated p i t t ing  poten t ia l  values  and the exper imen ta l  
ones. 

Discussion and Conclusions 
Very  good agreement  was found be tween  the  p i t -  

t ing potent ia l  values  p red ic ted  by  Eq. [2] and those 
found experimenCally.  I t  is in te res t ing  to note tha t  the  
pseudopass iv i ty  found in the polar iza t ion  curves of the  
s tainless  steels in HC1 solutions resul ts  in  a h igh  con- 
t r ibu t ion  of ~ to the  p i t t ing  potent ial .  In  some systems,  
l ike  high pu r i t y  i ron  (16), h igh pu r i t y  zinc (17), 
high pur i ty  cadmium (18), A1-Cu al loys (19), and 
A1-Zn al loys (11) in NaC1 solutions, h igh  cur ren t  den-  
si t ies a re  obta ined in acid  solutions wi th  smal l  po la r i -  
zations. In  these cases the  cont r ibu t ion  of ~ to the  p i t -  
t ing potent ia l  was small ,  and the p i t t ing  potent ia l  was 
found to be close to the  corrosion potent ia l  inside the  
pit,  Ec*. In  other  systems, for  example  pure  n ickel  
(20), pure  a luminum (19), A1-Mg (19), and 18 C r - X  
Mo alloys in NaC1 solutions, sizable polar izat ions had  
to be appl ied  to obta in  the necessary  cur ren t  density. 

In  fhe sys tem s tudied in t'he presen t  work,  ~ is an  
impor t an t  component  of the  p i t t ing  potential .  The ex-  

Table Ill. Pitting-potential values for 18Cr-X Mo alloys in IN 
NaCI solution, calculated with Eq. [2], and compared with the 

experimental values reported by Lizlovs and Bond (4) 

Experimental 
pitting potential 

Stainless steel t y p e  Ec* +.  ~ = Ep V ( S C E )  

18Cr-0 Mo - 0 . 5 5  + 0.67 = 0.12 0.10-0.14 
18Cr - lMo - 0 . 4 9  + 0.74 = 0.25 0.16-0.22 
18Cr-2Mo --0.48 + 0.88 = 0.40 0.22-0.34 
18Cr-4.75Mo - 0 . 4 5  + 1.00 = 0.55 0.52-0.56 
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per imen ta l  resul ts  descr ibed above could be  used to 
a t t empt  an explarmtion for  this  behavior .  Lizlovs and 
Bond (3) repor ted  that  mo lybdenum had  a big effect 
on the  p i t t ing  potent ia l  of the  fer r i t ic  s tainless steels, 
and that  the  h igher  the  chromium coritent of the  al loys 
the more  pronounced the effect of molybdenum.  F r o m  
the AES analysis  i t  was found tha t  there  was a high 
chlor ide  content  in  the  film formed in the  pseudo-  
passive region in HC1 solutions. The pseudopass iv i ty  
could be due to the  accumulat ion  of a sal t  film of 
chromic chlor ide on the a l loy surface. I t  is known tha t  
the  dissolution ra te  of CrC18 is ve ry  slow (21, 22). The 
mo lybdenum could act by  reducing  this r a t e  st i l l  
further .  The deta i led  mechan i sm by  which  this proc-  
ess occurs is not ye t  clear,  but  i t  is k n a w n  tha t  the  
presence of cer ta in  meta l  ions can change the  dis-  
solut ion ra te  of CrCI~. For  example ,  i t  was r epor ted  
that  in the presence of e i ther  Cr 2+ or  SnC12, the  dis-  
solut ion ra te  of CrCI~ is s ignif icantly acce lera ted  (21, 
22). I t  is possible tha t  mo lybdenum re ta rds  the  dis-  
solut ion ra te  of CrC18. According to Hedinfor  et al. 
(21) the  presence of oxidizing agents  reduces  the  dis-  
solut ion ra te  of CrCI~. This agrees  wi th  recent  pub -  
l ications (23) where  i t  was r epor ted  tha t  p i t t ing  cor-  
rosion of stainless steels was inhib i ted  by  the pres-  
ence of MoO42- ions in the  solution. 

F r o m  the  above resul ts  i t  can be concluded tha t  
there  a re  two ways  by  which the  res is tance of an al loy 
to p i t t ing  can be improved.  One is by  increas ing Ec*, 
e.g., by  accelera t ing  the  cathodic react ion inside the 
pit,  and the o ther  one is by  increas ing the value  of ~1, 
i.e., by reducing the dissolut ion ra te  of the  meta l  in the  
acid solution. 

Two processes of p i t t ing  were  descr ibed in the pres -  
ent work. One was found in neu t ra l  NaC1 solutions. 
There  p i t t ing  s ta r ted  as the  resul t  of localized acidifi- 
cation, and Eq. [2] accounted for the effect of molyb," 
denum on t h e p i t t i n g  potent ia l  of the alloy. The other  
one was observed in HC1 solutions. The p i t t ing  in i t ia -  
t ion potent ia l  was not  affected here  by  the mo lybde -  
num content  of the  alloy. Molydenum changed the 
ra te  of pi t  propagat ion.  The potent ia l  of pi t  in i t ia t ion 
for 18Cr-X Mo alloys in HC1 solutions could be re la ted  
to e i ther  the  potent ia l  of format ion  of CrCls or to a 
po ten t i a l -dependen t  dissolution ra te  of CrC18. 
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ABSTRACT 

The e lect rochemical  behavior  of the  calcium anode in mol ten  n i t ra tes  was 
de te rmined  using constant  cur ren t  methods.  Inves t igat ions  were  made  in both 
LiNO3 and KNO3 at 350~ and in KNO3-LiNO3 (60-40 mole  percent )  over  a t em-  
pe ra tu re  range  of 250~176 Different ial  scanning ca lo r ime t ry  s tudies  were  
also made  on calc ium in many  n i t ra te  mixtures .  No exothermic  react ions were  
de tec ted  for  calcium in any  pure  a lka l i  meta l  n i t r a t e  melt ;  however ,  chemical  
react ions  were  apparen t  for many  ca lc ium-mol ten  n i t ra te  systems which  
canta lned  added ha l ide  salts. The ra te  of the calcium elec t rode  reac t ion  is 
de t e rmined  l a rge ly  by  the  pass ivat ing oxide  film formed on calc ium in mol ten  
ni t ra tes .  The addi t ion  of hal ides  tha t  p romote  breaks  in the  film can g rea t ly  
improve  both the  e lec t rode  kinet ics  and the open-c i rcu i t  potent ial .  Wi th  
sufficient b r e a k d o w n  of the  pass ivat i~g layer ,  h igh cur ren t  densi t ies  can be 
obta ined for the  calc ium anode  wi th  ve ry  l i t t le  polar izat ion.  The  effective- 
ness of the  added hal ides  in reducing polar iza t ion  genera l ly  decreased in  the  
o rde r  I -  > B r -  > C1- > F - .  The expe r imen ta l  resul ts  can be exp la ined  by  a 
pass ivat ing  l aye r  model  involving specific adsorpt ion  of anions a t  the  CaO/  
solut ion interface.  

Molten n i t ra tes  a re  a t t r ac t ive  for  poss ible  use in 
t he rma l  ba t te r ies  due to the i r  favorab le  phys ica l  p rop -  
er t ies  which  include low mel t ing  points and high elec-  
t r ica l  conductivit ies.  In  addit ion,  a lka l i  meta l  n i t ra te  
mel ts  a re  s table  over  a reasonable  t empe ra tu r e  range,  
have low volat i l i ty ,  and have a viscosi ty and surface 
tension s imi lar  to aqueous solutions (1,2) .  Thermal  
bat ter ies  fulfill un ique  mi l i t a ry  appl icat ions  which re -  
quire  r ap id  ac t iva t ion  and high discharge ra tes  for 
shor t  t ime per iods  (3). Genera l ly ,  t he rma l  ba t te r ies  
opera te  at  t empera tu res  be tween  500 ~ and 600~ using 
the LiC1-KC1 [59-41 mole  percent  ( m / o ) ]  eutectic 
which  mel ts  at  352~ Much lower  mel t ing  points  are  
possible wi th  n i t ra te  e lect rolytes ;  for example ,  KNO3- 
LiNO3 (57-43 m/o )  melts  at  132~ and KNO3-LiNOs- 
NaNO3 (53-30-17 m/o )  mel ts  at  120~ (1, 2). F u r t h e r -  
more,  p roblems  associated wi th  fo rmat ion  of a cal-  
c ium- l i t h ium alloy, CaLl2, at  the  calcium anode in 
LiC1-KC1 mel ts  (3, 4) could be e l iminated  or  pe rhaps  
control led  wi th  the  use of mol ten  ni trates .  

Since mol ten  n i t ra tes  a re  s t rong oxidizing agents  
(5),  a pass iva t ing  film on the  calcium surface is r e -  
qui red  to res t r ic t  the corrosive  react ion of the  mol ten  
n i t r a t e  wi th  the  calc ium anode. This pro tec t ive  l aye r  
mus t  also pe rmi t  the  passage of calc ium ions into the  
solut ion dur ing  ba t t e ry  operat ion.  Ideal ly ,  this  film 
would  act as a solid e lec t ro ly te  in te rphase  be tween  the 
.metal and solut ion and would  be a good electronic in-  
sula tor  (6, 7). The fo rmat ion  of such pass ivat ing  layers  
has been r epor t ed  for the  magnes ium elect rode in 
th ionyl  chlor ide  solut ions (6) as wel l  as for the  l i t h ium 
anode i n  aqueous e lec t ro ly te  (8, 9). 

Alhough calcium anodes are  of ten used in  the rmal  
bat ter ies ,  the re  is ve ry  l i t t le  l i t e ra tu re  da ta  on the dis-  
solut ion process for calcium in mol ten  salts  or in any 
o ther  type  of solut ion (10-14). The  e lect rochemical  be-  
hav ior  of calc ium meta l  is repor ted  in this paper ,  and 
expe r imen ta l  condit ions are  defined which y ie ld  p r o m -  
ising resul ts  for the  use of this anode in mol ten  n i -  
t rates .  The  addi t ion  of cer ta in  salts  is r equ i r ed  to a t -  
t ack  the pass ivat ing  film sufficiently to pe rmi t  high 
cur ren t  densi t ies  wi th  ve ry  l i t t le  polarizat ion.  

Experimental 
The e lec t rochemical  cell  and  electrodes are  shown 

in Fig. 1. The calc ium elec t rode  was cut  f rom sheet  
(ROC/RIC) ,  99%, 0.5 m m  th ick  and genera l ly  had  a 

* Electrochemical Society Active Member. 
Key words: calorimetry, current efficienciesj corrosion, haUdes, 

Dasslvating layer. 

geometr ica l  a rea  close to 1 cm% The m a j o r  i m p u r i t y  
in the  me ta l  is magnesium.  The  calc ium sample  was  
cleaned by  t r ea tmen t  wi th  d i lu te  n i t r ic  acid in di-  
me thy l  fo rmamide  (DMF) unt i l  a br ight ,  meta l l ic  sur -  
face was obtained and then  r insed in DMF. Connection 
to the  work ing  e lec t rode  was made  by  spo t -we ld ing  
the calcium meta l  to the  a luminum lead  wire.  T h e  
back side and edges of the  calcium elec t rode  and the  
por t ion  of the a luminum wire  exposed to the  solut ion 
were  masked  off by  using a th in  layer  of Sauere isen  
cement  (No. 1) which  was quickly  dr ied  wi th  use of a 
hea t  gun. The calcium surface  was then rec leaned  wi th  
the  n i t r ic  acid in DMF jus t  p r io r  to use. When  the ca l -  
cium elect rode is p laced  in  mol ten  ni t ra tes ,  a da rk  
oxide  forms on the  e lec t rode  surface. By use of the  
ex te rna l  n ickel  lead  wire ,  the  ca lc ium elec t rode  was 
posi t ioned wi th in  1-2 m m  of the  t ip of the  Luggin  
capi l lary.  A magnes ium e lec t rode  cut  f rom sheet  
(ROC/RIC) ,  99.8%, was p repa red  in a s imi lar  m a n n e r  
and used in  severa l  exper iments .  

Al l  potent ia ls  were  measured  agains t  a Ag/AgNO8 
(0.1m) reference  e lec t rode  in KNOa-NaNO3 (50-50 
m / o ) .  A Tesla coil spark  was used to fo rm a minute  
hole th rough  the glass t ip of the reference  e l e c t r o d e .  
This hole p rov ided  contact  whi le  a l lowing only  min i -  
mal  e lec t ro ly te  leakage.  The  e lec t ro ly t ic  r e s i s t a n c e  
through this opening was genera l ly  g rea te r  than  
10,000~. Smal l  asbestos fibers sealed in glass were  also 
used wi th  good resul ts  When the  fibers were  kep t  smal l  
to minimize e lec t ro ly te  leakage.  The N i / A g  junc t ion  
of the reference  e lec t rode  and the N i /AI  junc t ion  of 
the  work ing  e lec t rode  were  posi t ioned at  about  the  
same level  in the  cell to cancel thermocouple  effects 
due to t empe ra tu r e  gradients .  A series of reference  
electrodes was kep t  for in te rna l  checks which  gen-  
e ra l ly  gave potent ia l  readings  wi th in  10 mY. A p la t i -  
num wire  coil sealed to the  cel l  wa l l  se rved  as the 
counterelectrode.  

Tempera tu re  control  was main ta ined  by  p lac ing  the 
e lectrochemical  cell in a fiuidized sand ba th  (Tecam) 
and measur ing  the t e m p e r a t u r e  of the  ba th  ad jacen t  
to the cell wi th  both a d igi ta l  thermocouple  t h e r m o m -  
eter  and a dial  thermometer .  The t empe ra tu r e  r e a d -  
ings genera l ly  agreed wi th in  5~ The e lect rochemical  
measurements  were  made  using a Beckman Elec t ro -  
scan 30 ins t rument .  

Molten sal t  solutions were  p repa red  f rom reagen t  
grade  chemicals  which were  dr ied  overnight  in  a 
vacuum oven at  150~ Exac t ly  28g of n i t ra te  sal t  w e r e  
used in each exper iment .  When  not  in use, these  sal ts  

1209 
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Fig. 1. Sketch of the electrochemical cell. 1, Reference electrode; 
2, working electrode lead; 3, 7/25 standard tapered joint; 4, Tef- 
lon valve; 5, 29/26 standard tapered joint; 6, counterelectrode 
lead; 7, nickel lead wires; 8, Ni/Ag junction; 9, Ni/Ai junction; 
10, calcium electrode; 11, Luggin capillary; 12, platinum coil 
counterelectrode. 

were  s tored in a des iccator  containing anhydrous  cal-  
c ium sulfa te  ( indica t ing  Dr ie r i t e ) .  

The  chemical  reac t iv i ty  of calcium wi th  the  var ious  
mol ten  sal t  mix tures  was de te rmined  using a differ-  
ent ia l  scanning ca lor imete r  ( P e r k i n - E l m e r  D S C - l b ) .  
A t e m p e r a t u r e  scan ra te  of 10~ was selected, 
and the resul t ing  endotherms and exo therms  were  
recorded using a s t r ip  char t  r ecorder  (Honeywel l  
Elec t ronik  194). Fo r  sa fe ty  reasons, small  samples  were  
tested by  this method before  studies on l a rge r  samples  
in e lec t rochemical  cells were  made.  However ,  v io lent  
react ions  of calc ium wi th  pu re  a lka l i  meta l  n i t ra tes  
were  never  observed,  in  contradic t ion to resul ts  r e -  
por ted  b y  Brough and Ker r idge  (15). 

Results 
The e lec t rochemical  behavior  of the  calcium anode 

in mol ten  n i t ra tes  was de te rmined  galvanosta t ica l ly .  
Potent ia l  measurements  were  recorded at  cur ren t  se t -  
t ings of 100, 30, 10, 3, 1, and 0.3 m A / c m  2. Open-c i rcu i t  
potent ia ls  were  also de termined.  The potent ia l  was 
genera l ly  recorded over  a t ime per iod  of 30-100 sec 
and was usua l ly  qui te  s teady;  however ,  the  var ia t ion  
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Fig. 2. Current density-potential measurements for the calcium 
anode in molten KNO3 at 350~ Effects of addition of 5 m/o 
LiCI, LiBr, Lil, or Hal to molten KNO3. 

was often g rea te r  at  the  h igher  cur ren t  densities.  Re-  
sults for  the  calc ium anode in mol ten  KNOa at  350~ 
are  shown in Fig. 2. The po ten t i a l - cu r ren t  dens i ty  l ine 
for  calcium dissolut ion in  pu re  KNO3 represen ts  the  
average  resul ts  of  n ine  different  exper iments .  T h e  

s t andard  devia t ion  for  the  measured  potent ia ls  ranged 
f rom +_0.14V at 100 m A / c m  2 to +_0.040V at  1 m A / c m  2. 
The  o ther  po t en t i a l - cu r r en t  dens i ty  l ines in  Fig. 2 show 
how addi t ions  of 5 m / o  LiC1, LiBr,  LiI, or  NaI  to the  
mol ten  KNOB improve  the per formance  of the  calcium 
anode. For  example ,  the  addi t ion  of 5 m / o  NaI  changes 
the  potent ia l  at  100 mA/cm2 by  more  than  1.3V. The 
resul ts  shown for the  addi t ion  of NaI  represen t  t h e  

average  of four  di f ferent  exper iments .  The  good r e -  
p roduc ib i l i ty  of these exper imen t s  is reflected by  the 
smal l  s t andard  devia t ions  of • a t  100 m A / c m  2 
and _0.025V at 1 m.A/cm~. The resul ts  shown in Fig. 2 
for solut ions conta ining 5 m / o  LiC1, LiBr,  or  Li I  w e r e  

obta ined  f rom single exper iments  which  were  repea ted  
at least  once to check for reproducib i l i ty .  Table  I sum-  
mar izes  the  effect of o ther  added  sal ts  on the  ca lc ium 
anode. 

Constant  cur ren t  inves t igat ions  of the  calc ium anode  
in mol ten  LiNO3 systems at  350~ are  shown in Fig. 3. 
The addi t ion  of  e i ther  LiC1 or  LiBr  reduces the  po la r i -  
zation. The amount  of added  sal t  also has a marked  
effect; i.e., 10 m / o  LiC1 is much more  effective in r e -  
ducing polar iza t ion  than the  5 m / o  LiCI. In  LiNO3 
containing 10 m/o  LiC1, the  open-c i rcu i t  po ten t ia l  for 
the  calc ium anode  was --2.83V at 350~ and the po-  
la r iza t ion  was smal l  at  the  lower  cu r ren t  densities.  
The cu r ren t -po ten t i a l  l ine for  calc ium in pure  LiNO~ 
represents  the  average  of four  different  expe r imen t s  
wi th  s tandard  devia t ions  of __0.056V at 1O0 m A / c m  ~ 
and • at  1 m A / c m  2, whi le  the resul ts  for  solu-  
tions conta ining 10 m/o  LiC1 represent  the  average  
of five exper iments  in which  the s tandard  devia t ion  
was _0.155V at  100 m A / c m  2 and •162 at  1 mA/cm~. 

F igure  4 shows the t e m p e r a t u r e  effect on the  po ten-  
t i a l - cu r ren t  dens i ty  measurements  for the calcium 
anode in KNO3-LiNO3 (60-40 m/o )  containing 10 m / o  
LiC1. At  the h ighe r  cur ren t  densit ies,  the polar iza t ion  

Table I. Effect of potassium salts on the calcium anode in 
molten KNO3 at 350~ 

Electrolyte 

E l e c t r o d e  p o t e n t i a l s  v s .  A g §  ( V )  

Open 
I00 mA/cm z 10 mA/cm 2 1 mA/cm ~ c i rcu i t  

KNOs + 5 m/o KF --0.2 --1.2 -1.68 --2.7 
KNOs + 5 m/o KCI -1.6 -2.16 -2.22 -2.22 
KNOs + 5 m / o  K B r  - -1 .84  - -1 .81 - 1 . 8 5  - 1 . 8 5  
KNOa + 5 m / o  I l l  - 2 . 2 0  - -2 .82 - 2 . 4 1  - 2 . 4 1  
P u r e  K N O s  - 1.02 - 1.71 - 1.81 - 1.81 
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Fig. 4. Effect of the temperature on current denslty-potential 
measurements for the calcium anode in KNO~-LiNOs (60-40 m/o) 
containing 10 m/o LiCI. 

is g rea t ly  reduced  as the  t empe ra tu r e  is increased f rom 
250 ~ to 400~ The t empe ra tu r e  effect is smal l  at  low 
cur ren t  densi t ies  except  for  a notable  improvemen t  in  
the  pe r fo rmance  of the  calc ium elec t rode  be tween  350 ~ 
and 400~ 

C o n s t a n t  c u r r e n t  e x p e r i m e n t s  a t  100 m A / c m  2 w e r e  
u s e d  to d e t e r m i n e  t h e  l o n g - t e r m  b ~ h a v i o r  of  t h e  ca l -  
c i u m  a n o d e  as  w e l l  as  t h e  c u r r e n t  ef f ic iency f o r  t h e  
d i s s o l u t i o n  process .  P o t e n t i a l  v s .  t i m e  p lo t s  a r e  s h o w n  
in  Fig. 5 f o r  t h e  c a l c i u m  a n o d e  in  m o l t e n  K N O s  con -  
t a i n i n g  5 m / o  of  v a r i o u s  sal ts .  R e s u l t s  in  p u r e  K N O s  
a r e  a l so  i n c l u d e d  f o r  c o m p a r i s o n .  W h e n  d i s s o l u t i o n  of  
t h e  c a l c i u m  a n o d e  is c o m p l e t e ,  a s u d d e n  s h i f t  i n  t h e  
p o t e n t i a l  to l a rge ,  p o s i t i v e  v a l u e s  is o b s e r v e d .  T h e  
m o s t  e l e c t r o n e g a t i v e  p o t e n t i a l s  a r e  o b t a i n e d  w h e n  5 
m / o  of N a I  o r  K I  is a d d e d ;  h o w e v e r ,  t h e  s h o r t  d i s s o l u -  
t i o n  t i m e  p e r i o d s  i n d i c a t e  e x t e n s i v e  r e a c t i o n  of  c a l -  
c i u m  w i t h  t h e  e l e c t r o l y t e  w h e n  iod ides  a r e  p r e s e n t .  
S i n c e  t h e  c a l c i u m  e l e c t r o d e  w e i g h t  w as  i n  t h e  n e i g h -  
b o r h o o d  of 70 m g / c m  2, t h e  e l e c t r o c h e m i c a l  d i s s o l u t i o n  
of  t h e  e l e c t r o d e  a t  100 m A / c m  2 w o u l d  r e q u i r e  a b o u t  
3400 sec i f  t w o  e l e c t r o n s  p e r  c a l c i u m  a t o m  w e r e  o b -  
t a ined .  T h e  a c t u a l  e l e c t r o n  y i e l d s  p e r  c a l c i u m  a t o m  i n  
v a r i o u s  e x p e r i m e n t s  a r e  p r e s e n t e d  i n  T a b l e  II .  B o t h  
t h e  t y p e  of  a d d e d  s a l t  a n d  t h e  e x p e r i m e n t a l  t e m p e r a -  
t u r e  a f fec t  t h e  n u m b e r  of  e l e c t r o n s  o b t a i n a b l e  p e r  ca l -  
c i u m  a tom.  I t  is  i n t e r e s t i n g  to n o t e  t h a t  c a l c i u m  i n  
K N O s  + 5 m / o  KC1 g a v e  e x a c t l y  one  e l e c t r o n  p e r  ca l -  
c i u m  a t o m  v / b i l e  s m a l l e r  y i e l d s  w e r e  o b t a i n e d  i n  a l l  
o t h e r  e x p e r i m e n t s .  In  a n  e x p e r i m e n t  u s i n g  a m a g n e -  
s i u m  e l e c t r o d e  i n  m o l t e n  K N O s  a t  350~ h o w e v e r ,  
a n o d i c  d i s s o l u t i o n  a t  100 m A / c m  2 g a v e  a y i e l d  of  1.8 
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KNO3. Effects of addition of .5 m/o Hal or 5 m/o LiCI. 

electrons per magnes ium atom. The experimental  po- 
tentials obtained using magnes ium were general ly  
about 0.SV less negative than those obtained with cal- 
cium. 

Figure  6 shows different ia l  scanning ca lo r ime t ry  
(DSC) resul ts  for calcium in KNO3 systems when  a 
t e m p e r a t u r e  scan ra te  of 10~ is used. The ac tua l  
basel ine  has been ad jus ted  in  this f igure to make  i t  
horizontal .  For  calc ium in pure  KNO3 (solid l ine) ,  a 
la t t ice  t rans i t ion  occurs at  120~C (129~ l i t . ) ,  and the 
KNO3 mel ts  a t  about  338~ (334~ l i t . ) .  No exo-  
thermic react ion of calc ium wi th  mol ten  KNOs is ob-  
served. In  the  presence of 5 m/o  NaI  (dashed l ine)  
or 5 m / o  LiC1 (dot ted  l ine) ,  exo thermic  react ions  are  
easi ly detected beginning  at  about  350~ 

Table I I I  presents  a pa r t i a l  s u m m a r y  of many  o ther  
DSC studies of calcium in mol ten  n i t ra te  systems. No 

Table II. Electron yield per calcium atom in molten nitrate systems 

T e m p e r -  
E l e c t r o l y t e *  ature (~ e-/Ca atom 

LiNOa + 10 m/o LiC1 350 0.15 
KNOs + 5 m/o NaI 350 0.22 
KNO~ + 5 m / o  KI 350 0.22 
KNOs-LiNOs + 10 m/o LiC1 400 0.38 
KNOs-LiNOs + 10 m/o LiC1 350 0.50 
KNO~ 350 0.52 
KNO3 + 5 m / o  K F  350 0.52 
KNO3 + 5 m / o  KBr 350 0.62 
KNOs-LiNOs + 10 m/o LiCI 300 0.75 
RbNOa-KNOs (70-30 m / o )  350 0.79 
KNO3-LiNOs + 5 m/o KC1 250 0.80 
KNOs-LiNO8 + 10 m/o LiC1 250 0.88 
KNOs + 5m/o KC] 350 1.0 

* KNO~-LiNO8 mixture was 60-40 m/o. 
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Table III. DSC studies of calcium in nitrate/halide mixtures 

Halide Endotherms  Exotherms  
Nitrate  Halide ( m / o )  ("C) ~ (~ t 

LiNO~ KF 10.2 115, 125, 240 None  
LiC1 10.0 230 372, m 
KCI 10,2 164, 240 None  
KBr ~0.2 220 365, s 
KI 10.3 240 340, s 

NaNOa NaF 10.0 305 385, m 
KF 10.8 290 400, m 
CaF~ 9.9 310 414, w 
KC1 10.3 218, 282 415, m 
CaCI~ 10.3 280 350, s 
NaBr 10.2 300 395, m 
KBr 10.2 220, 285 405, s 
NaI 10.0 300 345~ s 
KI 10.2 280 345, s 

KNO~ KF 10.9 118, 315 370, s 
KCI 10.5 120, 330 None  
KBr 10.3 116, 340 None  
KI 9.2 120, 345 386, s 

Nao.~I~.~NOs KF 12.4 115, 220 390, m 
LiC1 10.5 114, 220 405, m 
KC1 12.7 118, 220 390, m 
NaBr 9.5 115, 214 398, s 
KBr 11.5 118, 215 410, s 
KI 10.1 120, 230 400, s 

RbNO~ NaF 1L1 160, 235, 317 388, m 
KF 11.0 150, 160, 260 357, s 
CaF~ 10.5 163, 235, 294, 320 None  
KC1 10.3 160, ~2a None 
KBr 10.3 160, 290 435, w 
KI 10.2 165, 295 394, m 

* Highest temperature is that of the melting endotherm; others 
are latt ice transitions.  

The temperature  given is that of the highest peak of the exo- 
therm. Most exotherms were  broad and many had several peaks. 
s = strong, m =moderate, and w = weak. 

exothermic reactions were observed for calcium in 
any  pure  alkali  meta l  n i t ra te  melt. Exothermic re-  
actions, however, were apparent  for many  calcium- 
ni t ra te  systems which contained halide salts. Gener-  
ally, with 'halide present  but  calcium absent, no exo- 
thermic reactions were detected in  the molten nitrates;  
therefore the reactions involve the calcium metal. The 
magni tude of the exotherm usual ly  increased with 
increasing concentrat ion of the halide salt. In  fact, at 
salt concentrations much above 10 m/o  LiC1 in  LiNOs, 
explosive reactions with calcium were observed near  
400~ Calcium with si lver n i t ra te  gave a violent  re- 
action with a flash of light as soon as the silver 
ni t ra te  melted. Evidence for metallic silver shows that 
this was simply the reaction of calcium metal  with 
silver ions; Ca + 2Ag+ --> Ca + + + 2Ag. This reaction 
becomes slower and controllable in  KNO3-AgNO~ mix-  
tures containing lower concentrations of silver ions. 

Discussion 
Examina t ion  of Fig. 2 and 3 and Table I suggests 

that both kinetic and thermodynamic  properties are 
influenced by the passivating film on the calcium elec- 
trode. For example, Fig. 2 shows that  the overvoltage 
at high current  densities is greatly reduced when NaI 
or LiI is added to mol ten  KNO3 and a more negative 
open-circui t  potent ial  (OCP) is also established. In  
the absence of resistive films, most meta l -meta l  ion 
electrode reactions in mol ten salts show high exchange 
cur ren t  densities and very li t t le t rue polarization (10). 

The experiments  show somewhat erratic t rends on 
addition of halide salts to the mol ten nitrates. Judging 
from the potentials measured at 100 m A / c m  2 (Fig. 5 
and Table I),  the effectiveness of the added salt de- 
creases in the order KI  > KC1 ~ KBr > KF while the 
current  efficiencies (Table II) decrease in the order of 
KC1 > KBr > KF > KI. The DSC studies (Table III)  
indicate that the abil i ty of the halide salt to promote 
exothermic reactions with calcium decreases in the 
order KF  ,.~ KI > >  KBr  ,~ KC1 in mol ten KNO~ while 
the order is KI  ,-, KBr > >  KC1 ,-, KF  in  mol ten LiNO~. 
Figure 2 shows that the effectiveness of l i th ium salts 
added to mol ten KNOs decreases in the order LiI > 
LiBr > LiC1. 

The exper imental  results for the calcium anode in  
mol ten nitrates can be interpreted in  terms of the 

~ ~ C a  ~ ~ N O  _ ' ~ ' ' ' ' ! ' : -  ++ ...... a~:i. 
~"/~~}i~'~i]:::"~'t'~t':"~"':Y:""'~?-~(%'i!S$ NO 33 

~ ! ~ { ~  NO3 ......... Ca -:~.., ,.... ..... 

Fig. 7. Passivating layer model for the calcium anode in pure 
molten nitrates. The passivating layer is positively charged due to 
the excess concentration of calcium ions v~ithin the film. An excess 
of anions are electrostoticaHy attracted to the pao.sivating layer/ 
electrolyte interface. Only anions at the interface ore shown. A 
nonuniform distribution of anions is expected due to tl~e prefer- 
ential transfer of calcium ions through cracks or other imperfec- 
tions in the passivating layer. 

passivating layer  model proposed in  Fig. 7. A similar  
model has been used by Peled and Straze (6) to ex- 
plain the behavior  of the magnesium electrode in  
thionyl  chloride solutions. Two interfaces are present  
in this model; the calc ium/pass ivat ing layer  interface 
involving the formation of calcium ions and the pas- 
sivating layer /solut ion interface involving the passage 
of calcium ions into the solution. For calcium in mol ten 
nitrates, the passivating layer  l ikely consists of CaO 
since electrodes which had become completely pas-  
sivated in  molten nitrates yielded the characteristic 
precipitate of Ca(OH)2 when placed in  water. Studies 
of the reaction of calcium in the LiNO~-KNO~ eutectic 
indicate that the net  reaction is 

14Ca + 6NOs- -> 14CAO$ + 2N2~ + N20? + 3 0 = [1] 

according to analyses of the precipitate and gaseous 
products (15). In  m a n y  experiments  in  this study, the 
slow evolution of colorless gas could be detected at 
the calcium electrode. This reaction also accounts for 
the relat ively large exotherms shown in  Fig. 6 since 
about 2900 cal are evolved per gram of calcium r e -  
a c t e d  compared with only 28 cal per gram for the heat  
of fusion of KNO~. 

Corrosion of a metal  requires both an anodic area 
where metal  ions are t ransferred and a cathodic area 
where the surplus electrons can be t ransferred (16, 
17). In bat tery systems, the corrosion rate of active 
metal  anodes depends on the solubil i ty of the protec- 
tive film and on the transference n u m b e r  of the film 
for electrons (7). The slow corrosion rate for calcium 
in pure molten nitrates indicates a small  transference 
number  for electrons in the passivating layer as would 
be expected for an ionic compound such as calcium 
oxide. Assuming mol ten ni trates  form ideal solutions 
(18), an unusua l ly  low solubili ty of 0.04 m/o  is cal- 
culated for CaO at 350~ The low solubil i ty observed 
in mol ten nitrates for the CaO formed on the electrode 
surface indicates approximate agreement  with this 
calculated value. 

Oxidizing agents such as nitrates can act as anodic 
corrosion inhibitors by repair ing faults in protective 
oxide films (16). As sketched in  Fig. 7, the negative 
ni t ra te  ions would normal ly  be favorably positioned 
adjacent to the positively charged film. The adsorption 
of anions on electrodes, however, decreases in  the 
order I -  > B r -  > C1- ,-~ NO8- > F -  (19-21). The 
added I -  would displace NO~- from the electrode sur-  
face, thereby prevent ing  the repair ing of the film when  
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a b reak  occurs. P i t t ing  corrosion,  which  was usua l ly  
observed wi th  the  effective salts, is be l ieved to be 
caused by  the inab i l i ty  of anodic inhibi tors  to rec t i fy  
eve ry  faul t  in the  pro tec t ive  oxide  film (16). Other  
studies on act ive  meta l s  have  also shown tha t  hal ides  
have a t endency  to p romote  p i t t ing  (22). 

The effectiveness of iodide  ions in reducing the po-  
la r iza t ion  of the  calc ium anode m a y  also be enhanced 
b y  the i r  t endency  to become oxidized in  mol ten  
n i t ra tes  (1) 

2 I -  + NOa-  --> NO2- + 0 = + Is [2] 

In fact, iodide  sal ts  could not  be used in mol ten  LiNOz 
at  350~ due  to the  r ap id  product ion  of violet  iodine 
fumes. In  mol ten  KNO~, however ,  the react ion was 
much slower.  Some ye l low colorat ion deve loped  at  
350~ as the  iodide  salt  dissolved to give regions of 
high local concentrat ions  of iodide  ions, bu t  this  g r a d -  
ua l ly  dissipated.  Specific adsorpt ion  of iodide  ions at  
the e lec t rode  surface giving high local  concentrat ions  
could lead to reac t ion  wi th  n i t ra te  ions to fo rm I2 or  
I~-.  Faul t s  developing in the  pass ivat ing  film enabl ing 
the iodine to react  d i rec t ly  wi th  calcium meta l  could 
account for the low cur ren t  efficiencies (0.22 e - / C a  
a tom) obta ined in the  presence of NaI  and KI. 

Since fluoride ions have a smal le r  t endency  for anion 
adsorpt ion  than  n i t r a t e  ions, the i r  addi t ion  to the mol -  
ten n i t ra te  would  have l i t t le  effect on the  pass ivat ing  
l aye r / so lu t ion  interface.  Breaks  in the  oxide  film would  
be read i ly  r epa i r ed  by  the  chemical  react ion of cal- 
c ium wi th  adsorbed  n i t ra te  ions leading  to h igh  over -  
voltages.  In Fig. 5 the  anodic dissolution of calcium in 
KNOB + 5 m/o  K F  is s imi la r  to tha t  obta ined in pure  
KNO3. Both exper iments  gave la rge  polar izat ions and 
low cur ren t  efficiencies of 0.52 e - / C a  a tom (Table  I I ) .  
No p i t t ing  of the  e lec t rode  surface took place in e i ther  
expe r imen t  and a thick, b r i t t l e  film g radua l ly  formed 
which  had a final weight  g rea te r  than the ini t ia l  
weight  of the  calcium. The increase  in both  the  film 
thickness and the anodic polar iza t ion  wi th  the  dis-  
charge  t ime suggests tha t  anions are  in jected into the 
pass iva t ing  l aye r  dur ing  d ischarge  (7).  In  the  presence 
of o ther  salts  such as KI  or  KC1, the  calcium elect rode 
was comple te ly  consumed so tha t  only  the Sauereisen 
backing remained.  Exper iments  using KNO~ + 5 m/o  
K F  gave the  e lec t ronega t ive  open-c i rcu i t  potent ia l s  
expected for calcium, but  these were  uns table  and un-  
usua l ly  la rge  polar iza t ions  occurred on d rawing  anodic 
currents.  This may  resul t  f rom the  pene t ra t ion  of the 
smal l  f luoride ions into the  film la t t ice  and p rec ip i t a -  
t ion of CaF2 clogging the pores of the film dur ing  
anodic dissolut ion of the  calcium. 

The addi t ion of chlor ide  and b romide  ions to mol ten  
n i t ra tes  genera l ly  gave resul ts  in t e rmed ia te  to those 
found for iodide and fluoride ions. Both appa ren t ly  dis-  
place adsorbed n i t ra te  ions sufficiently to pe rmi t  
b reaks  to exis t  in the pass ivat ing  film. I t  is in teres t ing  
to note tha t  in f ra red  studies in mol ten  KNO3-Ca (NO3)2 
mix tures  show tha t  C1- ions can also displace NOs-  
ions f rom the Ca 2+. .ONO2- complexes (23). The h igh-  
est cur ren t  efficiency observed (1.0 e - / C a  atom) in-  
volved the use of 5 m/o  KC1 in KNO3. A possible ex-  
p lana t ion  is tha t  chlor ide ions displace n i t ra te  ions at  
the  surface of the calcium oxide film which prevents  
the chemical  react ion of calc ium me ta l  wi th  n i t ra te  
ions when breaks  in the  film occur. Fur the rmore ,  the 
chlor ide  ions are  not  oxidized by  n i t ra te  ions, hence, 
unl ike  iodide ions, t hey  do not  cont r ibute  to any o ther  
Chemical reac t ion  of calcium. In  LiNO3-KNO~ melts ,  
i t  is r epor ted  that  iodide was oxidized by  n i t ra te  ions 
at  147~ bromide  ions reac ted  at  300~ whi le  chlor ide  
ions did  not  react  unt i l  470~ (1). The reac t iv i ty  of 
the  ha l ides  would  be even less in pu re  KNO~ since the 
l i th ium ion is a s t ronger  L u x - F l o o d  acid than  the 
l a rge r  po tass ium ion (1, 24). The low cur ren t  efficiency 
found for  LiNO~ 4- 10 m / o  LiC1 (0.15 e - / C a  a tom) 
may  reflect the  possible  fo rmat ion  of the  l iquid  CaLla 

a l loy (mp = 230~ where  b reaks  in  the  pass ivat ing  
film occur causing rap id  corrosion. 

The fact tha t  exac t ly  1.0 e - / C a  a tom was obta ined 
for the calcium anode in KNOs + 5 m / o  KC1 suggests  
tha t  Ca + m a y  be  involved  in the  e lec t rode  reaction.  
Other  exper imen te r s  have  also proposed  this poss ibi l -  
i ty  (12, 13, 25). The calcium elec t rode  react ion in  mol -  
ten n i t ra tes  may  then involve  the  steps 

ka0 
Ca ~- (Ca+)pl  ~- e -  [3] 

kr o 

k4 
2(Ca+)p l  ~ (Ca)p1+  (Ca++)p l  [4] 

k - 4  

k5 
( C a + + ) p l +  solv ~ Ca ++ " solv [5] 

k-5 

where  the  parentheses  denote a substance wi th in  the 
pass ivat ing  layer .  If  the  calc ium atoms produced  by  
the d ispropor t iona t ion  react ion become isola ted f rom 
the e lect rode and reac t  wi th  the  so lvent  or solute,  then  
the m a x i m u m  current  efficiency expec ted  would  be 
1.0 e - / C a  atom. 

According to the  above reac t ion  mechanism,  the  
cur ren t  dens i ty  would  be given b y  

= F �9 ka0 �9 exp --  F �9 kc o �9 (aca+)pl  

�9 e x p [  - ( 1 - a ) F E  ] [6] 
RT 

where  ka o and kc o a re  the  formal  anodic and cathodic 
ra te  constants at  zero potent ia l  (26). The open-c i rcu i t  
potent ia l  (OCP) where  i = 0 would then  be 

RT RT in kc~ + - -F - - - l n  
EocP = F ka 0 (ac~+)pl [7] 

When react ion [5] reaches equi l ibr ium,  then  

((ZCa+)pl= ( a c a + + " 6 ~  V' [8] 
K4K5 

hence the equi l ib r ium poten t ia l  is 

RT kc ~ RT RT 
in  -- -- In K4K5 + In aca+ +..solv 

Eeq : F ka 0 2F 2F 
[9] 

where  K4 and K5 are  the equi l ib r ium constants  of the  
corresponding reactions.  Equat ion  [9] is s imply  the  
Nernst  equat ion for the calcium elect rode reac t ion  
wi th  the  first two terms represen t ing  the s t andard  po-  
tential .  The difference be tween  the open-c i rcu i t  po-  
t en t ia l  and the t rue  equ i l ib r ium poten t ia l  is g iven  by  

RT RT 
In (aca+)pl  + lnK4K5 AE : EOCP -- Eeq : F 2F 

RT 
-- - -  In aca+ +..~olv [10] 

2F 

Although the pass ivat ing  film does not affect the  equ i -  
l i b r ium potential ,  i t  can make  the  kinetics of react ion 
[5] so slow tha t  t rue  equi l ib r ium cannot be r ead i ly  
a t ta ined  dur ing  open-c i rcu i t  potent ia l  measurements .  
The activi t ies of Ca + and Ca ++ in the  pass ivat ing  
layer ,  therefore,  bui ld  up to unusua l ly  high levels p ro -  
ducing a posi t ive shift  in the  open-c i rcu i t  potent ial .  
Judging  f rom the la rge  shifts observed  (Fig. 2 and 3),  
the ac t iv i ty  of Ca + in the  pass ivat ing  l aye r  m a y  be-  
come 5-8 orders  of magni tude  la rger  than  its equi l ib-  
r ium value. Addi t ion  of hal ides  which  produce  b reaks  
in the  pass iva t ing  film al lows the excess calcium ions 



1214 J. Eleetrochem. Sot.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY August  1978 

to pass into the solution, thereby restoring the true 
equilibrium potential. 

Chronopotentiometric studies of the lithium anode 
in aqueous electrolytes indicate that a concentration 
gradient of Li+ ions exists across the oxide layer even 
at open circuit (9). Investigations of the calcium elec- 
trode in aqueous electrolytes show that the addition of 
chloride ions affects both the passivation and the ob- 
served open-circuit potential (14). The kinetic study of 
the magnesium electrode in thionyl chloride solutions 
shows that the migration of Mg + + through a passivat- 
ing layer is the rate-determining step (6). 

Conclusions 
The protecti.ve oxide film formed by calcium in mol- 

ten nitrates greatly influences the kinetics of the anodic 
reaction. The slow step appears to be the migration of 
calcium ions across the passivating film and into the 
solution. The addition of I -  and other halides capable 
of displacing NO3- ions from the passivating layer/  
solution interface promotes breaks in the film to give 
faster kinetics and more electronegative open-circuit 
potentials. High current densities can then be obtained 
with very little polarization. Therefore, the calcium 
anode in molten nitrates looks promising for applica- 
tions in high discharge rate thermal batteries operating 
at temperatures between 300 ~ and 400~ A maximum 
current efficiency of 1.0 e - / C a  atom observed experi- 
mentally suggests the involvement of monovalent Ca + 
in the electrode reaction. Results in molten LiNO3 were 
often quite different from those in KNO3 due to the 
stronger oxidizing power of the LiNOj, and also, per- 
haps, to the formation of the liquid CaLl2 alloy in 
molten LiNOj. 
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ABSTRACT 

Two batches  of SnNi electroplate ,  expected to be composed of equal  a tomic 
amounts  of Sn and Ni, have been  examined  by  secondary  ion mass  spec t rom-  
etry,  ion sca t ter ing  spec t rometry ,  and  Ruther fo rd  backscat ter ing.  Tin oxides  
and hydrox ides  were  found in the  surface region,  which is Sn- r ich ;  no Ni 
oxides or hydrox ides  were  seen. The Sn /Ni  ra t io  for the  two batches  was 
45/55 and 52/48 a/o.  Af te r  A r + - s p u t t e r  cleaning, films of the  type  which  occur 
dur ing  and immed ia t e ly  af te r  e lec t ropla t ing  could not  be reproduced  in 10 .8  
Torr  O3. The regenera ted  films contained subs tant ia l  amounts  of n ickel  oxides 
and hydroxides .  

E lec t rop la ted  me tas t ab le  SnNi is of technological  
in te res t  for  a b road  range of meta l l ic  coat ing appl ica-  
tions. I t  is su i table  as a decora t ive  coating and as a 
pro tec t ive  corrosion ba r r i e r  (1). Usage as one of the  
e lec t ropla ted  components  of e lect r ica l  components  has 
also been proposed (2). Its ma in  a t t r ac t ive  fea tu re  is 
tha t  surface films on e lec t ropla ted  SnNi form rap id ly  
in a i r  or  most  aqueous solutions and exhib i t  a h igh 
degree  of pass iv i ty  to fu r the r  corrosion (3-5).  In  o rder  
to unders tand  the na tu re  of these films, a de ta i led  
analysis  is impor tan t .  

Wi th  reasonable  ca re  dur ing  electroplat ing,  the  de -  
posit  is expec ted  to have equia tomic composit ion (3),  
a l though a b road  range  of composit ions can be p la ted  
(6). Cur ren t  knowledge  of the surface film composi t ion 
has been obta ined  th rough  Auger  e lec t ron spectroscopy 
(AES) ,  e lec t ron  spectroscopy for chemical  analysis  
(ESCA),  and pass iva t ion  potent ia l  curves. AES studies 
show the surface to be a t in - r i ch  oxide (7) or  a n ickel  
po lys tanna te  (8). These two resul ts  are  not  in  con- 
flict since AES does not  detect  hydrogen  nor  chemical  
bonding in  general .  The  ESCA s tudy  has reached a 
s imi lar  conclusion (9). Pass iva t ion-po ten t i a l  tech-  
niques indicate  tha t  the  surface is nickel  s tannate  (3, 
4), however ,  wi th  films tha t  are  only  tens of angst roms 
th ick (7, 9), e lec t rochemical  techniques are  not  suffi- 
cient  to give an unambiguous  analysis.  

This p a p e r  descr ibes  the  surface analysis  of SnNi 
e lec t ropla te  by  th ree  techniques;  Ru ther fo rd  back-  
scat ter ing (RBS) ,  ion-sca t te r ing  spec t rome t ry  ( ISS) ,  
and secondary  ion mass spec t rome t ry  (SIMS) .  

Experimental 
The SIMS exper iments  were  car r ied  out  in  a s ta in-  

less s teel  ion pumped  UHV system. These included 
molecu la r  composi t ion  dep th  profiles and film regen-  
e ra t ion  wi th  02 exposure.  A 2 keV focused A r  + ion 
source wi th  var iab le  cur ren t  densi ty  has been  de-  

K ey  words :  corros ion,  su r f ace  films, de p th  profies,  oxidat ion.  

scr ibed prev ious ly  (10). Detect ion of secondary  ions is 
made  th rough  an energy  filter and quadrupole  mass  
spec t rometer  equipped wi th  an e lec t ron mul t ip l ie r ;  
this has also been prev ious ly  descr ibed (11). 

Ion-sca t te r ing  spectroscopy exper imen t s  were  done 
on a commerc ia l ly  avai lab le  3M ISS machine.  2 keV 
4He+ ions were  used as the  p r i m a r y  beam wi th  the 
scat tered  ions being de tec ted  a t  138 ~ to the  inc ident  
ions. Ru ther fo rd  backsca t te r ing  wi th  2 MeV 4He+ ions 
was also car r ied  out  on the same samples  used for  the  
ISS measurements .  Both of the techniques complement  
the  SIMS measurements .  RBS yie lds  quant i t a t ive  (12) 
e lementa l  da ta  ( _  5% of component  values)  from a 
depth  of a p p r o x i m a t e l y  1000A, thus provid ing  a 
quant i ta t ive  bu lk  analysis  to check the s t eady-s ta te  
ISS values af ter  sput te r ing  th rough  the surface film. 
One can now use these bu lk  values  to find quant i ta t ive  
e lementa l  da ta  wi th  dep th  profi l ing as the  low energy 
ions sput te r  into the  sample.  

E lec t rop la ted  SnNi samples  were  p r e p a r e d  at  two 
separa te  times. Both sets of samples  were  p la ted  in  a 
convent ional  fluoride ba th  (18) wi th  the  cur ren t  den-  
s i ty (20 mA/cm~) ,  ba th  t e m p e r a t u r e  (75~ t ime and 
ba th  pH moni to red  and controlled.  One set of samples  
was p la ted  on stainless steel  s t r ips  (SnNi /SS)  which 
y ie lded  chips (~15  m m  2) of SnNi  when  a bending  
(14) stress was appl ied  to the  p la ted  stainless steel. Al l  
measurements  were  made  on the surface opposite tha t  
in contact  wi th  the  stainless steel. The second set  of 
samples  was ba r re l  p la ted  on Cu coupons (SnNi /Cu) .  
P la t ing  thickness  was severa l  micron~ In  addit ion,  pure  
Ni. and pure  Sn samples  were  used to ca l ibra te  the  
spect rometers  for re la t ive  sens i t iv i ty  and oxida t ion  
studies. 

Results 
Typical  re la t ive  intensi t ies  of the  posit ive and nega-  

t ive Ni and posi t ive Sn containing secondary  ions f rom 
na tu ra l  a i r - fo rmed  surface  oxide films are  l is ted in 
Table  I for  pure  mater ia l .  Also l is ted are  the  re la t ive  

Table I. Relative* intensities of Ni- and Sn-containing secondary ions from pure Ni and Sn 

~SNi+ ~SN~+ ~sNiOH+ 5sNiO- ~sNiOr ~oSn+ ~oSnH+ ~oSnO+ ~oSnOH+ 

Air-oxidized n a t u r a l  fi lm 
pure  m e t a l s  91 3.2 ~0.65 17 23 1000 3.7 8 12 

A f t e r  sput ter  c leaning  82 ND ND ND ND 64 ND ND ND 
A f t e r  O~ exposure  of l l00L 1500 7.8 10 NM NM 128 ND 3.2 ND 
A f t e r  O.2 exposure  of 3300L 256 ND 4 ND 

N D - - n o t  d e t e c t e d .  
N M - - n o t  meas ured .  
* Relat ive  to  ~~ oxidized natura l  film. 

1215 
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Table II. Relative* intensities of Ni- and Sn-containing secondary ions from SnNi/SS electroplate surface 

~SNi+ ~sNiO§ ~sNIOH+ ~sNiO- ~NiO=-  ~oSn+ ~2~ ~~247 ~oSnOH* 

Natural film from plating bath 
and air 380 ND ND ND ND 1000 10 11 24 

After  sputter cleaning ~ 19 ND ND ND ND 29 ND ND ND 
After O~ exposure of 6000L 680 15 18 NM NM 140 T 9.6 37 
After 02 exposure of 19,000L 1040 34 2G NM NM 150 T 9.6 59 

ND--not detected. 
NM--not  measured.  
T--trace.  

Relative to ~ S n * - - n a t u r a l  film from plating bath and air. 

intensities of posit ive ions formed af ter  the  surfaces 
were sput tered clean. For  sput ter -c leaned data, the 
precision of the data is + 50%. Exposure for up to 3.3 
• 10 -3 Torr  sec of 02 in the vacuum system was made. 
The SIMS ion beam was on dur ing the O2 exposure,  
however ,  its effect is negligible since the ar r iva l  ra te  
of O2 to Ar  ions is ,~10 ~. During oxygen exposure, 
H20 and H2 were  less than 1% of the total  pressure of 
2 • 10-6 Torr. S imi lar  results are presented for SnNi /  
SS electroplate in Table II. 

Depth profiles of both batches of SnNi electroplate 
were  made with  posit ive ion-detect ion SIMS. Six seg- 
ments  of the mass range f rom 1 to 140 were  scanned 
repeatedly  using a 6 amu width. These segments were  
at amu's 1-7, 12-18, 57-63, 73-79, 118-124, and 134-140. 
By scanning segments of the mass range one could 
check for the proper  isotopic abundance and chemical  
combinations wi th  hydrogen. Segment  scanning also 
allows one to skip the mass ranges Where there  are no 
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Fig. I. Positive SIMS depth profile of electroplated SnNi on 
stainless steel. No NiH + or NiOH + were seen in the positive spec- 
trum, nor were N i O -  or NiO2-  seen in the negative spectrum. 
Primary 2 keV Ar+ beam density was 0.065 ~A/cm 2 which equals 
4 X 10 TM Ar+/sec-cm 2. The surface monolayer of material was 
lost during sample alignment and beam stabilization. Data has 
been adjusted for isotopic abundances. 

masses of interest.  Depth  profiles of H, CH, Ni, Sn, 
120SnH, 119SnOH and ~20SnO, and 120SnOH are shown 
for SnNi /SS  and SnNi /Cu  in Fig. 1 and 2, respectively.  
NiH +, NiO +, or  NiOH + were  not seen in posi t ive SIMS 
in the samples with natura l ly  formed films, nor was 
N i O -  or NiO~- seen by using negat ive  SIMS. The 
above data are typical  of three  samples f rom each 
electroplat ing batch. 

Impur i ty  r be tween the two electroplated 
sample batches exist. SnNi /Cu  samples had approxi-  
mate ly  10 times more  Ca and CaOH present  than the 
SnNi/SS.  The total Ca impur i ty  was still  only a f rac-  
tion of a percent. Higher  Ca concentrations are a t t r ib-  
uted to a leak be tween the electrodeposit ion bath  and 
the cooling system bath. 

Two samples of each batch were  also analyzed by 
RBS using 2 MeV 4He+. Results showed different 
amounts of Sn and Ni in the two batches. The SnNi /Cu  
had a Sn /Ni  = 45/55 atomic percent  (a /o)  and the 
SnNi /SS  had a Sn /Ni  = 52/48 a/o. This is a greater  
difference than the ___2% precision of the samples ana-  
lyzed and the accepted component  accuracy of --+5% 
for the RBS technique (12). 

The same two samples were  then sput ter  profiled 
by ISS with  a sput ter ing ra te  of ,-,0.5 A/min .  As ex-  
pected, only Sn and Ni peaks were  dist inctly seen. A 
typical profile (__.2% precision) f rom each electroplate 
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Fig. 2. Positive SIMS depth profile of electroplated SnNi on 
OFHC Cu coupons. Comments of Fig. 1 are applicable here also. 
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Fig. 3. Depth profiles determined by I'SS on electroplated SnNi. 
Signals were normalized from RBS data on Cu-backed samples 
sucl~ that the total signal was 100%. Assuming a sputtering rate 
of unity, the sputtering rate is calculated as ~0 .5  A/min.  
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batch is shown in  Fig. 3. The data were normalized 
such that  the Sn /Ni  ratio of the samples on Cu at 
steady state was the same as for RBS and the total 
was 100%. The same normalizat ion factor was then 
applied to the SnNi /SS sample and the Sn /Ni  ratio 
was found to be 52/48 after steady state was achieved, 
indicating consistency between ISS and RBS tech- 
niques. 

The lack of ISS signal for the ini t ia l  times in  Fig. 
3 is very normal  for air-exposed samples which have 
not been cleaned in  UHV. ISS (4He+) does not detect 
H at all. The sensit ivi ty to C is also ext remely  poor. In  
general,  hydrocarbons and other air contaminants  neu -  
tralize the reflected beam and shadow the under ly ing  
metal  atom (15). 

Discussion 
Pure Sn  and Ni.- -Al l  the data in  Tab!es I and II are 

normalized to a 120Sn+ signal of 1000 for a na tura l  
a i r - formed film. The effects of oxygen on the ion yields 
of pure Ni samples are in agreement  with other work 
(16), but  no data could be found for Sn. It  is impor-  
tant  to note the different surface chemistry occurring 
in  samples that  have been sputter  cleaned and then  
exposed to O2 as compared to a i r - formed films. In  
Table I one sees that  the 5SNi+ signal from an air-  
formed film on Ni is approximately 16 times lower than 
the signal f rom an  02 exposure after sputter  cleaning. 
It  is well known that  oxygen strongly enhances the 
secondary ion yields of most elements (17). This is an 
electronic surface s tructure or chemical -bonding effect 
due to the interact ion with the electronegative oxygen. 
Table I also shows that  the 120Sn+ signal behaves sub-  
s tant ial ly d i f fe rent  than the Ni. The Sn + yield is 
greatest after a na tu ra l  air film has formed. Obviously 
the interact ion of the other gases contained in air 
also plays a role in  the film formation since the SIMS 
signals are so different between air and oxygen formed 
films. Al though the exposure is much smaller  in  this 
exper iment  as compared to the air exposure of the 
nat ive  film, it is not probable that  the oxides formed 
would decrease with longer exposures and reach the 
low Ni + yield of a i r - formed films. The data in  no way 
suggest that  there is more or less metal  present  at the 
surface, but  ra ther  that  the surface matr ix  is a differ- 
ent chemical ent i ty  for the two formation conditions. 

SnNi electroplate.--This matr ix  effect is also very  
evident  in  the SnNi electroplate. In  the ini t ial  film the 
Ni SIMS signal was higher than the signal from the 
pure  Ni, whereas by ISS, as discussed below, and 
Auger  (7, 14) the Ni concentrat ion was actual ly less 
than 50 % i n  the near  surface region. Conversely, sub-  

s tant ial ly  greater Oz exposures are needed to enhance 
the Ni + signal from the electroplate as compared to 
the pure  mater ia l  when  normalized to the 120 S n  
signal. The Sn + is also less enhanced by O2 exposure 
when it  is in  the SnNi matrix.  However, the Ni and Sn 
hydroxide signals were much larger in  the regener-  
ated film than  in the ini t ial  film, even though less 
than  1% of the gas was H20 and H2. As expected, 
Table I and II do not have a one- to-one  correspon- 
dence, but  the trends of both a n  and Ni are similar  
with regards to ion yields even though their  matr ixes 
are substant ia l ly  different. 

From the above discussion it  is evident  that  caution 
must  be used when in terpre t ing  results of cleaned sur-  
faces as compared to electroplated and a i r - formed 
surfaces, as has been reported by  others (18). 

Sharma and Tl~omas (18) have reported that  sput-  
ter ing of the surface and later  exposure to air  and 
O3 does not reproduce the nat ive surface films. Re- 
cently, Ant le r  (19) has reported that  part ial  etching 
in  a HC1 bath  vs. complete etching appears to have 
different regrowth kinetics of films as determined by 
contact-resistance measurements.  This paper shows 
that  Ni compounds form much more readi ly  on the 
sput ter-c leaned surface than  on the nat ive  electro- 
plate. 

Typical SIMS depth profiles shown in  Fig. 1 and 2 
from the two batches of electroplated mater ia l  indi -  
cate that the batches are not the same. Looking at 
the figures one sees that  the bu lk  ratios of Sn to Ni 
are different. However, the ratio differences are much 
greater than  the precision of +--2% per component  
from RBS, ISS, and AES measurements  (7,8,14). 
(Sn/Ni)  Cu is 2/1 and ( S n / N i ) S S  is N6/1. Since SIMS 
data derived from an Ar+ beam are not quant i ta t ive  
with present  theories (20-22), the aIMS depth pro- 
files indicate only relat ive depth, chemical compounds, 
and approximate concentrations.  

Figures 1 and 2 also show a hydrocarbon signal. 
Only mass 13 is plotted, al though many  others are 
present. They appear to be surface contaminants  as i s  
found on all samples which have been  in  room air. 
The H + signal is much higher at deeper levels from 
the surface in the Cu-backed film as is the SnOH+ sig- 
nal. It  cannot be said what  percentages of the H+ sig- 
nal  were due to free hydrogen  in  the film, decomposi- 
t ion of hydrocarbons,  or to decomposition of t in  hy-  
droxide. At no t ime could NiO + or NiOH+ ions nor  
any negative Ni oxide ions be detected in  the nat ive  
film. It is calculated from Table I, Row I [also Ref. 
(15) ] that the rout ine lower detection l imit  of nickel 
oxides with SIMS is of the order of 0.5% of the surface 
concentrat ion of Ni. This work  is in  agreement  wi th  
ESCA results (9) which required signal t ime averag- 
ing of >6.5 • 104 sec to indicate nickel hydroxides. 

The conclusion drawn from the above discussion i s  
that  the two batches of electroplate have different 
compositions and surface films after electroplating. 

It is very questionable if the differences are a t t r ibut -  
able to the two different substrate materials (Cu and 
stainless steel),  since in both batches the electroplate 
is several microns thick. Similarly,  length of t ime in  
the laboratory env i ronment  should not be a factor 
since the SnNi /SS film has less oxide but  is 12 months 
older. Atomic surface composition and possibly surface 
chemical s t ructure (i.e., the different Sn/Ni  ratios re-  
ported above),  appear to play a major  role. 

Conclus ions 
Two batches of electroplated SnNi were  carefully 

plated under  controlled conditions and expected to 
have equal atomic percentages of Sn and Ni. They 
have subsequent ly  been examined by SIMS, RBS, and 
ISS. RBS has shown the Sn/Ni  ratio to vary from 
45/55 to 52/48 a/o. In  both cases the surface regions 
were Sn rich as found by ISS. Natura l  surface f i l m s  
were shown to be pr imar i ly  Sn oxides and hydroxides; 
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no Ni oxides or hydroxides were found. Surface films 
formed in 10 -B Torr of 02 after removal of native films 
by Ar+ sputter cleaning were not the same as the 
original films since they contain substantial amounts 
of nickel oxides and hydroxides. 
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On the Functioning and Malfunctioning of 
Dimercaptothiadiazoles as Leveling Agents in Circuit 

Board Plating from Copper Pyrophosphate Baths 
Dennis Tench* and Cameron Ogden* 

Rockwell  International Science Center, Thousand Oaks, CaIilornia 91360 

ABSTRACT 

Foldback of copper e lec trodepos i t s  to form lines of demarcation and voids 
in circuit board through-holes plated from pyrophosphate baths containing 
dimercaptothiadiazole brightening additives has been studied on rotating 
planar  electrodes prepared from cross sections of actual mult i layer  circuit 
boards. The macro surfaoe roughness of deposits was used as a quantitative 
measure of foldback to show that this problem results from a deficiency of the 
brightener at the electrode surface. Cyclic voltammetric data for a ro-  
tating Pt-disk electrode are presented which show that higher concentrations 
of the brightener inhibit or decelerate the copper deposition rate, whereas 
lower concentrations exert  an accelerating effect. A mechanism is proposed 
to explain how acceleration of deposition occurs and how the brightener 
functions to induce leveling or malfunctions to produce foldback. Scanning- 
electron micrographs revealing deposit morphology are presented in support 
of this mechanism. 

A key process in the manufacture of mult i layer  cir- 
cuit boards is the plating of through-hole interconnec- 
tions, which involves both electroless and electrodep- 
osition methods. When high rel iabil i ty is required, as 
in mil i tary and space applications, through-holes are 
frequently electroplated from copper pyrophosphate 
baths (1). An organic leveling additive widely used is 
proprietary brightener PY61-H (2, 3), whose active in- 
gredient is a dimercaptothiadiazole. To our knowledge, 
the mechanism by which this additive functions to pro- 
duce leveling has not previously been reported. 

An important problem in through-hole plating from 
pyrophosphate baths is foldback of copper electrode- 

* Electrochemical SocieCy Active Member. 
Key words: electroplating, copper pyrophosphate, dimercapto- 

thiadiazoles, leveling mechanism, foldback. 

posits to form lines of demarcation and voids, as i l lus- 
trated by the cross section in Fig. 1. In addition to b e -  
ing cosmetically undesirable, folded-back deposits may 
fail on thermal cycling or be too thin to meet specifi- 
cations. This problem occurs predominantly at the in- 
sulator-conductor boundaries, especially after positive 
etch-back. The lat ter  procedure recesses the insulating 
layers relative to the conducting sheets, forming ring- 
shaped pockets where conventional solution agitation 
is expected to be less effective in maintaining adequate 
concentrations of solution species. This suggests that 
mass transport in the electrolyte is an important  factor 
in the foldback problem. Irregular  deposition of cop- 
per can result from Cu + + depletion within substrate 
recesses, and this effect has recently been t rea ted  



Vol. 125, No. 8 D I M E R C A P T O T H I A D I A Z O L E S  1219 

~ VOID 

LINE OF 
~ DEMARCATION 

F:-:~'.'!::.:.:.:.:.:.:.:.:.:.:.:...:.:.:.:.:.:.~.:.:.: 

Fig. 1. Representation of foldback of the copper electrodeposit 
in a circuit board plated through-hole. 

quan t i t a t ive ly  for the  acid copper  sulfate  sys tem in the  
l i t e ra tu re  (4, 5). However ,  our resul t s  show tha t  f o l d -  
back  is a special  case involving b r igh tene r  deplet ion,  
wi th  Cu + + ion t r anspor t  p l ay ing  only a secondary  
role. 

Exper imental  Detai ls  
Rotating circuit board electrodes.--Electrodes were  

p repa red  for fo ldback studies by  mount ing  3 m m  2 
ci rcui t  boa rd  cross sections (having 12 copper  l ay -  
ers) flush wi th  the  ends of 12 m m  diam Teflon r ight  
cy l inders  which  could be  ro ta ted  for  accura te  mass 
t r anspor t  control  in the  solution. This type  of elec-  
t rode  is i l lus t ra ted  schemat ica l ly  in  Fig. 2, whe re  
para l l e l  l ines on the  c i rcui t  board  mate r i a l  r ep resen t  
a l t e rna te  copper layers  of N0.05 m m  thickness  sepa-  
r a t ed  by  0.1-0.3 m m  of epoxy-f iberg lass  insulator .  The 
mount ing  mate r i a l  (Hysol  epoxy  R9-2039/H9-3469) 
used to seal the  circui t  board  cross sections in the 7 
m m  d iam holes in the  Teflon cyl inders  was chosen be-  
cause of i ts s imi la r i ty  to the  G-10 epoxy  (Mica Corpo-  

~'~ ̂ '=S CONNECTOR 

~llNG PIN 

S L E E V E ~ /  

-GLASS R E S I N Q  

. . . . . . . .  BOARD MATER IAL 
Fig. 2. Representation of a planar rotating circuit board electrode 

ra t ion)  used in c i rcui t  boa rd  construction.  Elec t r ica l  
contact  was made  to a ro ta t ing  shaft  th rough  the  
th readed  brass  connector,  which  was  bonded to t h e  ci r -  
cuit board  e lect rode by  low t e m p e r a t u r e  soldering.  

Circuit board electrode pretreatment.--After fabr i -  
cation, e lectrodes were  pol ished on 600 gr i t  SiC paper  
before  undergo ing  e tch-back,  condit ioning,  and  ac t i -  
va t ion  t r ea tmen t s  ident ica l  to those genera l ly  used to 
process ac tual  c ircui t  boards.  Al l  baths  used for these 
t r ea tments  were  p r o p r i e t a r y  formula t ions  of Enthone,  
Incorporated,  e x c e p t  the  deionized wa te r  rinses, cop- 
pe r  py rophospha te  p la t ing  ba ths  (M&T Chemicals,  
Incorpora ted) ,  and H2SO4 and H F  solutions. Al l  baths  
opera ted  at  room tempera tu re ,  except  Enpla te  453 and 
copper pyrophosphate ,  which  were  ma in ta ined  at  55~ 
During the  p r e t r e a tme n t  procedure,  the  e lect rode w a s  
always  ro ta ted  at  ~-200 rprn. Detai ls  of this  p rocedure  
follow. 

The e t ch -back  p rocedure  removes  epoxy-f iberg lass  
insula tor  ma te r i a l  smeared  onto the  Copper layers  by  
pol ishing (dr i l l ing  in the  case of th rough-ho les ) ,  and  
recesses the insula t ing layers  re la t ive  to the  conduct-  
ing sheets. The  e t ch -back  sequence is 60 sec in  >94% 
H2SO4, r inse;  30 sec in  >42% HF, r inse;  and 5 sec in 
>94% H2SO4, which is fol lowed by  a rinse. Posi t ive  
e tch-back  is accomplished by  repea t ing  the normal  
e tch-back  sequence. The former  p rocedure  fu r the r  re -  
cesses the  epoxy-f iberglass ,  resul t ing  in  an in te r lock-  
ing s t ruc ture  wi th in  the  p la ted  through-holes .  Unless 
otherwise  indicated,  only  the  normal  e t ch -back  p ro -  
cedure  was used in the  studies descr ibed  here.  This 
leaves the  surface reasonably  flat, so tha t  the  elec-  
t rode  more  closely approx imates  a ro ta t ing  disk as 
descr ibed by  Levich  (6).  

The condi t ioning procedure  used af ter  e tchback  is 
150 sec in the Er~plate 453, 60 sec rinse, and 60 sec in 
AD 481, which is fol lowed by  a 60 sec rinse. Enpla te  
453 is a s t rongly  a lka l ine  solut ion which condit ions and 
cleans the  th rough-ho les  and outsides of the  circui t  
board. Enthone AD 481 is an a m m o n i u m  persu l fa te  
solut ion tha t  reduces and etches the  copper  layers ,  
leaving  clean active surfaces. 

The insula t ing surfaces a re  p r epa red  for  e lect ro-  
p la t ing by  electroless Copper deposit ion.  This involves 
a c leaning and condi t ioning sequence of 180 sec in  
Enpla te  453, rinse, 180 sec in Enpla te  50104 (concen- 
t r a ted  HC1 solut ion) ,  rinse, 60 sec in AD 481, rinse, 
60 sec in  Enpla te  11105 (HCl-ch lor ide  solution) and 
60 sec in another  Enpla te  11105, fol lowed by  ac t iva-  
tion. The l a t t e r  involves  adsorpt ion  of reduced Pd on 
the epoxy-f iberglass  and  copper  surfaces f rom a mixed  
P d - S n  chlor ide  solut ion (18{} sec in Ac t iva to r  443), 
fol lowed by  a rinse, r emova l  of excess me ta l  chlor ides  
in Acce lera tor  09043 (180 sec),  and  then  another  rinse. 
The adsorbed Pd catalyzes  the electroless reduc t ion  of 
Cu +2 by  fo rmaldehyde  in the  electroless copper  ba th  
Cu 404 (360 sec),  producing  a thin l aye r  of Cu over  the  
surface (,--1.5 gm th ick) ,  in  the  l abo ra to ry  studies,  any  
electroless Cu deposi ted on the Teflon mount ing  m a t e -  
r ia l  was  removed  by  scraping.  

Circuit board plating conditions.--Copper elec t ro-  
deposi t ion on the ro ta t ing  electrodes was pe r fo rmed  
f rom a i r - s a tu r a t ed  copper  pyrophospha te  solutions 
p repa red  f rom pla t ing  ba th  concentrates  C10XB, 
C l l X B ,  and PY61-H obta ined f rom M&T Chemicals,  
Incorporated.  Baths typ ica l ly  had a pH of 8.3 and 
contained 22.5 g / l i t e r  Cu + +, 173 g / l i t e r  ( P 2 0 7 ) - 4  and 
2.25 g / l i t e r  NHs. Before use, ba ths  were  condi t ioned 
for 16 h r  at 50~ and the t empe ra tu r e  was main ta ined  
at 55 ~ __ I~ dur ing  e lec t rodeposi t ion by  wate r  c i rcu-  
la ted  a round  the  150 ml  j acke ted  glass cell  f rom a 
Haake  FT c i rcula tor-control Ier .  The OFHC copper  coil 
anode was d ipped d i rec t ly  into the  bath.  Elect r ica l  con- 
tact  to the cathode was made  v ia  s i lve r -g raph i t e  
brushes  and the  e lec t rode  ro ta t ion  was contro l led  by  a 
Motomat ic  E-550M control ler  and d.c. motor.  Cell  
cu r ren t  was main ta ined  at  38 m A / c m  2 (35 A S F )  by  a 
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Keithley  Model 227 constant  current  source. Pla t ing 
t ime was 60 min  so that  the average deposit thickness 
was 0.05 ram. 

Crass section preparat ion . - -Af ter  electroplating, a 
1-2 mm slice was removed from the plated end of the 
cylindrical  electrode using a low speed diamond saw. 
The disk obtained was mounted  in  Buehler  Epoxide 
resin (20-8130) to protect the electroplate. A section 
of the disk was then cut perpendicular  to both the 
plated surface and the paral lel  laminated  copper 
sheets. This procedure exposed a cross section of the 
electroplate across a l ternat ing copper and epoxy-fiber-  
glass circuit board layers. The surface of the cross sec- 
t ion was then polished on successively finer aqueous 
a lumina  powder s lurr ies  to a i ~m particle size to 
facilitate examina t ion  of the macro features of the 
deposit and substrate. For  microstructure examination,  
samples were then etched for 2-3 sec in  a mix ture  of 
concentrated acids (65% acetic, 34% nitric, and 1% 
hydrochloric).  

Rotat ing P t  disk electrode s tudies . - -The  effect of 
br ightener  concentrat ion on the rate of copper electro- 
deposition was investigated by vol tammetr ical ly  cy- 
cling a rotat ing (2500 rpm) Pt disk electrode at 50 
mV/sec from --0.700 to +I.000V vs. SCE (saturated 
calomel electrode) in  a i r -sa tura ted  copper pyrophos- 
phate baths at 55~ Typical  vol tammetry  curves are 
shown in Fig. 3 for baths containing 0.0 and 1.8 ml / l i t e r  
PY61-H. Deposition of copper occurs be tween --0.3 and 
--0.7V for both sweep directions and the copper de- 
posit is removed from the iner t  electrode by oxidation, 
i.e., stripped, on the anodic sweep between --0.3 and 
--0.05V vs. SCE. The area under  the str ipping peak 
corresponds to the charge required to oxidize the cop- 
per deposit and is proport ional  to the average dep- 
osition rate  for that  cycle (7). At a concentrat ion of 
1.8 ml/ l i ter ,  it is evident  from Fig. 3 that  the br ight-  
ener decelerates Cu deposition. 

The test electrode was a 99.95% Pt  disk of 0.13 cm 2, 
which was mounted concentric and flush with the end 
of a 12 m m  diam K e l - F  cylinder by compression mold-  
ing at elevated temperature.  After  mounting,  the elec- 
trode was polished on successively finer aqueous alu-  
mina  powder slurries to 1 ~m particle size and then 
potential  cycled to steady state in  a bath containing no 
PY61-H. Both the Pt-40% Rh counterelectrode and 
commercial SCE were dipped directly in  the cell. The 
indicator electrode potential  was controlled relat ive to 
the SCE reference with a PAR Model 173 Potent iosta t /  
Galvanostat  in  conjunct ion with a PAR Model 175 
Universal  Programmer.  Steady-state  vol tammograms 
were general ly obtained after 3-5 cycles. Anodic cur-  
rent  peaks were integrated electronically to --0.05V 
vs. SCE using a PAR Model 179 Digital Coulometer. 

Results and Discussion 
The cause of ioldback.--Cross  sections of electrode- 

posits obtained on rotat ing circuit board electrodes at 
low (45 rpm) and moderate (95 rpm) rotat ion rates in  
baths containing 2.0 ml / l i t e r  of PY61-H are shown in  
Fig. 4 and 5, respectively. It is evident  from these 
figures that  foldback can be studied on rotat ing p lanar  
electrodes and that  increased mass t ransport  (faster 
electrode rotation) mitigates the problem. Similar  ex- 
periments  with positively e tched-back electrodes show 
an increased incidence of foldback at the insula tor-  
conductor boundaries,  in agreement  with studies of ac- 
tual  circuit board through-holes.  

Since the activity of the br ightener  increases with 
bath heating t ime and varies by as muc1~ as 60% for 
different PY61-H batches (7), only  the relat ive con- 
centrat ions are rea]ly significant. To minimize errors 
caused by variat ions in br ightener  activity, baths were 
always prepared fresh using the same PY61-H batch 
and were heat - t rea ted  at 50~ for a specific amount  of 
t ime (16 hr)  before use. Time at operat ing tempera-  
ture  may be necessary to promote formation of a cop- 
per complex or polymerizat ion of the br ightener  to 
an active form. 

To facilitate data handl ing and display, a quant i -  
tat ive measure of foldback is desirable. To generate 
such numbers ,  advantage can be taken of the disrup-  

Fig. 4. Optical micrograph at 225 times of a planar circuit board 
electrode cross section after plating at 55~ from a copper pyro- 
phosphate bath (2.0 ml/liter PY61-H) at 45 rpm (light areas are 
copper). 
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Fig. 3. Steady-state linear sweep cyclic voltammograms at 50 
mV~/sec for a Pt disk electrode rotating at 2500 rpm in copper 
pyrophosphate plating baths at 55~ containing 0.0 and 1.8 ml/ 
liter of PY61-H. Fig. 5. Same as Fig. 4 except at 95 rpm 
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tions in the  e lec t rodeposi t  contour  which  resul t  f rom 
foldback.  Refer r ing  to Fig. 6, we define the  fo ldback 
rat io  (RFB) as the length  (L)  along the contour  of the 
e lectrodeposi t  surface divided by  the  corresponding 
dis tance (D) a long the substrate .  Thus, RFB is l a rge r  
as fo ldback  becomes more  severe  and approaches  un i ty  
as the  p rob l em disappears .  Fo ldback  rat ios  were  m e a -  
sured f rom 330 t imes en la rgements  of e lect rodeposi t  
cross sections. 

Values of RFB are  p lo t ted  in Fig. 7 as a funct ion of 
e lec t rode  rota t ion ra te  (~) for var ious  concentrat ions  
of PY61-H. I t  is ev ident  f rom these curves tha t  fo ld-  
back  is caused by  insufficient b r igh tene r  at  the  elec-  
t rode  surface. At  the  h ighest  bu lk  b r igh tener  con- 
cent ra t ion  (3.0 m l / l i t e r ) ,  fo ldback is apprec iab le  only 
at  the lower  ro ta t ion ra tes  (<40 rpm)  for  which  mass 
t r anspor t  is slow, resul t ing in b r igh tene r  deple t ion  at 
the  surface. For  the  lowest  bu lk  b r igh tene r  leve l  (0.5 
m l / l i t e r ) ,  fo ldback is apprec iab le  even at  the  highest  
ro ta t ion  rate.  This in t e rp re t a t ion  is based on the as-  
sumpt ion  tha t  b r igh tene r  is consumed at  the  e lectrode 
by  inclusion in the  deposit,  which  was shown to be the  
case by  XPS  analysis  of deposits  obta ined on a Cu 
disk e lec t rode  ro ta t ing  at  2500 r p m  in baths  at  55~ 

L 

D 
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Fig. 6. Representation of a rotating circuit board electrode cross 

section illustrating the foldback ratio (RFB). 
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containing 2.0 m l / l i t e r  of PY61-H. A n  apprec iab le  con- 
cen t ra t ion  of sul fur  (0.3-0.6 a tom percent )  was de -  
tected. 

The re la t ionship  be tween  fo ldback and b r igh tene r  
concentra t ion is more  c lear ly  i l lus t ra ted  b y  the  topo-  
g raph  of fo ldback  rat io  vs. br igh tene r  level  and cur-  
rent  dens i ty  shown in Fig. 8 for an e lec t rode  ro ta t ion  
of 100 rpm. This topograph  is based on about  75 da ta  
points. Since b r igh tener  is consumed more  r ap id ly  at 
higher  deposi t ion rates,  RFB increases  sha rp ly  wi th  
current  dens i ty  for the  lower  bu lk  b r igh tene r  levels.  
Above 2 ml / l i t e r ,  however ,  b r igh tene r  deple t ion  is less 
severe  and fo ldback is suppressed  even at  the  h igher  
cur rent  densities. The increase in RFB wi th  increas ing 
current  dens i ty  and decreas ing PY61-H concentra t ion 
is much more  pronounced for  s imi la r  plots  a t  lower  ro -  
ta t ion rates .  Dashed l ines are  used at  the  lower  
PY61-H concentrat ions since the  da ta  scat ter  is con- 
s iderable  in this  region.  Also, as the  b r igh tene r  con- 
cent ra t ion  approaches  zero, i r regula r i t i es  in the  de -  
posit  contour  resul t  more  f rom the absence of l eve l -  
ing than  f rom the  effects of insufficient b r igh tene r  
which are  discussed below. This change of mechanism 
also accounts for the  appa ren t  decrease  in  RFB at 
lower  b r igh tene r  concentrat ions.  

Because of decreased mass t r anspor t  of b r igh tene r  to 
recessed areas  of the  electrode,  fo ldback  is genera l ly  
more  pronounced for  pos i t ive ly  e t ched -back  surfaces  
and less evident  for unetched samples,  as shown in 
Fig. 9. Thus, a t  a g iven bu lk  b r igh tene r  concentrat ion,  
more  vigorous agi ta t ion is requi red  to p reven t  fo ld-  
back  when  posi t ive e t ch -back  is used. 

A mechanism proposed.--The mechanism by  which  
the PY61-H br igh tene r  funct ions to induce un i fo rm 
deposi t ion of copper  ( level ing)  and malfunct ions  to 
produce  fo ldback  can be unders tood f rom the  vo l t am-  
metr ic  resul ts  for a ro ta t ing  P t  d isk  e lec t rode  sum-  
mar ized  in Fig. 10. As exp la ined  above, the  copper  
s t r ipping  peak  area  (At) is a measure  of the  ra te  of 
copper electrodeposi t ion.  Since the  absolute  magn i -  
tude of Ar depends  somewhat  on the e lec t rode  p re -  
t rea tment ,  only the  re la t ive  values  are  significant. I t  is 
ev ident  tha t  the  b r igh tene r  accelerates  the  r a t e  of 
e lect rodeposi t ion at  lower  concentrat ions,  but  exer ts  a 
dece lera t ing  effect at h igher  levels.  In  actual  circuit  
board  plat ing,  f reshly  p repa red  ba ths  genera l ly  con- 
ta in  2.0 m l / l i t e r  of PY61-H, so tha t  the  b r igh tene r  
p re sumab ly  induces dece le ra t ion  when  funct ioning 
proper ly .  

The resul ts  above are  consistent  wi th  t~he view tha t  
the  effectiveness of the  b r igh tene r  in  producing  l eve l -  
ing resul ts  f rom its ab i l i ty  to e i ther  dece lera te  or ac-  
celera te  deposi t ion of copper.  Thus, as b r igh tener  is 
deple ted  at  the  e lec t rode  by  inclusion in  the  deposit,  
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Fig. 7. Plots of foldback ratio (RFB) VS. rotation rate ((~) of 
planar circuit board electrodes plated at 55~ from copper pyro- 
phosphate baths containing Yarious concentrations of PY61-H. 

Fig. 8. Topographical plot of foldback ratio (RFB) vs. current 
density and PY61-H concentration for planar circuit board elec- 
trodes rotated at 100 rpm during plating at 55~ from copper 
pyrophosphate baths. 
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Fig. 9. Plots of foldback ratio (RFB) VS. rotation rate (~) of 
planar circuit board electrodes receiving various pretreatments be- 
fore plating at 55~ from copper pyrophosphate baths containing 
2.0 ml/liter of PY61-H. 
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tha t  ve ry  efficient leve l ing  results .  Of course,  e i ther  
accelerat ion or  decelera t ion  a lone would also level  t h e  
deposit  by  the  genera l ly  accepted mchanism (8),  bu t  
the two opera t ing  toge ther  should be most effective. 

Foldback,  then, occurs when  solut ion agi ta t ion  or  
the  PY61-H level  becomes inadequate ,  resul t ing  in suf-  
ficient deple t ion  of b r igh tener  concentra t ion at  the elec-  
t rode  to produce  accelera t ion  of deposi t ion at peaks  in 
the  substrate .  At  the same time, enhancement  of depo-  
sit ion in recesses is reduced  because  of even more  
severe  b r igh tene r  deplet ion.  In  this  case, the  b r igh tener  
concentra t ion is a lways  in the  "accelera t ing"  range,  
but  at  surface prot rus ions  i t  is nea re r  to the  m a x i m u m  
accelera t ion  in Fig. 10. Thus, subs t ra te  peaks  grow 
more  r ap id ly  than  recesses, folding back  over  the  
lat ter .  As  fo ldback  proceeds,  the  p rob lem is com- 
pounded by  increas ingly  res t r ic ted  fluid flow to the  
recesses, perhaps  resul t ing  in severe  deple t ion  of cop- 
pe r  pyrophospha te  ions. Deplet ion of the  l a t t e r  species 
m a y  also p l ay  some role in the ea r ly  stages of foldback.  

Addi t iona l  insight  is p rovided  b y  compar ison of e lec-  
t ron  micrographs  t aken  along fo lded-back  deposits  
wi th  those obta ined  on flat copper  disk electrodes 
ro ta t ing at  2500 r p m  in baths  containing known con- 
centra t ions  of br ightener .  Our  da ta  of the  la t te r  type 
show tha t  deposits  a re :  coarse -gra ined  when  the 
b r igh tener  concentra t ion  at  the  e lec t rode  surface is 
too smal l  to app rec i ab ly  affect the  e lec t rodeposi t ion 
ra te ;  composed of fine nodules less than  1 #m in d i am-  
e ter  when the b r igh tene r  exer ts  an  acce le ra t ing  effect; 
and e x t r e m e l y  f ine-gra ined  when  the  effect is de -  
celerat ing.  In  Fig. 11 and 12, typica l  e lec t ron micro-  
graphs  are  shown, respect ively,  for the  bo t tom of a 
crevice and the  top of a peak  on the same fo lded-back  
deposit  p la ted  wi th  e lec t rode  ro ta t ion  of 45 r p m  f rom 
a ba th  conta ining 2.0 m l / l i t e r  of PY61-H. Al though  the 
bu lk  addi t ive  concentra t ion fal ls  in the  dece lera t ing  

Fig. 10. Brightener concentration dependence of the steady-state 
Cu stripping peak area (Ar) far a rotating (2500 rpm) Pt disk 
electrode cycled at 50 mV/sec between --0.700 and 1.000V vs. 

SCE in copper pyrophosphate baths at 55~ Inserts represent 
micro or macro surface roughness of substrates during plating. 

its concentra t ion at  micro and macro peaks  remains  
sufficient to inhibi t  deposit ion,  as long as solut ion agi-  
ta t ion and bulk  b r igh tener  level  a re  adequate.  At  the  
same time, because of reduced  solut ion agi ta t ion in 
recesses, the b r igh tener  concentra t ion becomes suf-  
ficiently deple ted  tha t  accelera t ion of deposi t ion oc- 
curs. Refer r ing  to Fig. 10, the  b r igh tene r  concentra t ion 
at  subs t ra te  peaks remains  in the "dece le ra t ing"  range,  
whi le  that  at  recesses moves to the "accelerat ing"  re -  
gion. Hence, peaks are  p la ted  more  s lowly than wi thout  
b r igh tener  and recesses a re  p la ted  more  rapidly ,  so 

Fig. 11. Cross-sectional scanning electran micrograph at 4000 
times of the bottom af a crevice on a folded-back deposit plated 
on o circuit board electrode rotating at 45 rpm in a copper pyro- 
phosphate bath at 55~ containing 2.0 ml/liter of PY61-H. 
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Fig. 12. Cross-sectlonal scanning electron micrograph at 4000 
times of a peak on a folded-back deposit plated under the same 
conditions as for Fig. 11. 

range,  it  is evident  f rom the coarse -gra ined  s t ruc ture  
in  Fig. 11 tha t  the  b r igh tene r  is severe ly  dep le ted  
wi th in  subs t ra te  recesses and has l i t t le  effect on the 
e lec t rodeposi t ion rate.  On the other  hand,  the fine 
nodula r  s t ruc ture  in Fig. 12 indicates  tha t  the  fo lded-  
back peaks  resul t  f rom local ly  accelera ted  e lec t rodepo-  
si t ion caused by  less severe  b r igh tene r  deple t ion  at the  
surface protrusions.  This provides  addi t ional  suppor t  
for the  mechanism proposed to exp la in  foldback.  

A possible mechanism by  which  the b r igh tene r  can 
accelera te  copper  deposi t ion at one concentra t ion whi le  
inhibi t ing  i t  at  another  can also be in fe r red  f rom the 
deposi t  morphology  observed  under  var ious  p la t ing  
conditions.  In  the absence of organic  addi t ion  agents, 
which  would  in t e r rup t  gra in  growth,  l a rge -g ra ined  
deposi ts  (see Fig. 11) a re  typ ica l ly  obta ined  f rom cop- 
per  pyrophospha te  ba ths  (9). Likewise,  bachs contain-  
ing organic addi t ives  have genera l ly  been  found to 
produce  ex t r eme ly  f ine-gra ined deposi ts  (3), p r e sum-  
ab ly  because  the  organics adsorb at  normal  growth  
sites (k inks  and steps) and force renuclea t ion  (10). 
I t  is p roposed  here  tha t  accelera t ion of e lec t rodeposi -  
t ion occurs when  the coverage of g rowth  sites by  
b r igh tene r  molecules is in  the  in t e rmed ia t e  range,  re.- 
sui t ing in a la rge  number  of isolated growth  centers.  
In this case, ind iv idua l  grains  resemble  dendr i tes  or 
nodules growing  out  into the  solution. The ra te  of 
e lect rodeposi t ion is enhanced b y  the concomitant  in-  
crease in the  ac tual  surface area  of the  e lect rode and 
because solut ion mass  t r anspor t  is increased by  spher i -  
cal diffusion to the  t ips of the  prot rus ions  (11). The 
resul t ing  fine nodula r  deposi t  s t ruc ture  is evident  in 
Fig. 12. At  h igher  b r igh tene r  concentrat ions,  nodules  
do not  form since most  g rowth  sites are  b locked by  
adsorpt ion  of b r igh tene r  molecules soon af ter  nuc lea-  
tion. In  this case, renuc lea t ion  must  occur much more  
often, so tha t  f ine-gra ined  deposits  a re  obta ined  and 

the deposi t ion ra te  is decreased at a g iven  electrode 
potent ial .  

Nodules  formed at  h igh ro ta t ion  ra tes  (~2500 rpm)  
when the bu lk  b r igh tene r  concent ra t ion  is in the  ac-  
ce lera t ing  range  a re  a lways  an order  of magni tude  
smal le r  than  those ob ta ined  b y  lower ing  the e lec t rode  
rota t ion ra te  at  constant  bu lk  b r igh tene r  level  to 
achieve the  same concentra t ion  of b r igh tene r  at the  
e lect rode surface. This resul t  indicates  tha t  the  de-  
ple t ion of Cu + + ions also contr ibutes  s ignif icant ly to 
the g rowth  of nodules  when  the solut ion mass t rans-  
por t  ra te  is low. 

It  is in teres t ing  to note that ,  a l though level ing is in -  
duced only at  b r igh tene r  concentrat ions  g rea te r  than  
that  producing m a x i m u m  accelera t ion  of deposit ion,  
some br ighten ing  is p roduced  over  the  ent i re  concen- 
t ra t ion  range. The l a t t e r  occurs because  specular  r e -  
flection is increased b y  gra in  refinement,  which  is ob-  
served even for the  lower  b r igh tene r  concentrat ions  
that  produce  fine nodular  deposits. F o r  leveling,  how-  
ever,  the  deposi t ion r a t e  wi th in  surface recesses mus t  
be fas ter  than  at  surface pro t rus ions  where  the  b r igh t -  
ener  concentra t ion is genera l ly  higher .  

Al though fo ldback has been shown to resul t  f rom a 
deficiency of b r igh tene r  at  ~he e lect rode surface, o ther  
factors m a y  also contr ibute  ind i rec t ly  to the  problem.  
Fo r  example ,  the  qual i ty  of the e lectroless  deposi t  m a y  
be impor t an t  since flaws in  the  conduct ive  l a y e r  could 
act as centers  for  the  in i t ia t ion  of foldback.  The qua l i ty  
of the electroless  deposi t  m a y  in t u rn  depend  on the 
na tu re  and p r e t r ea tmen t  of the  l amina te  used. 

Conclusions 
In th rough-ho le  p la t ing  from copper  pyrophospha te  

baths,  fo ldback of the  e lect rodeposi t  to fo rm lines of 
demarca t ion  and voids has been  shown to resul t  f rom 
a deficiency of b r igh tener  at  the  e lec t rode  surface. 
Fo ldback  can be unders tood f rom the vo l t ammet r i c  r e -  
sults which show tha t  h igher  concentra t ions  of b r igh t -  
ener  dece le ra te  the  deposi t ion rate,  whereas  lower  
concentrat ions exer t  an accelera t ing  effect. I t  is  p ro-  
posed tha t  accelera ted  deposi t ion resul ts  f rom nodular  
g rowth  of centers  isolated by  pa r t i a l  coverage of 
g rowth  sites by  b r igh tene r  molecules. When funct ion-  
ing proper ly ,  the b r igh tene r  induces level ing b y  in-  
hioi t ing deposi t ion at peaks  where  its concentra t ion 
remains  high, and enhancing deposi t ion in recesses 
where  its concentra t ion becomes deple ted  as i t  is in-  
c luded in the deposit.  Fo ldback  occurs when insuf-  
ficient e lec t ro ly te  agi ta t ion  or  addi t ive  level  resul ts  in 
a low br igh tener  concentra t ion  at  the  e lec t rode  sur -  
face, producing  accelerat ion of deposi t ion at the  peaks.  
Thus, the  p rob lem can be control led  by  main ta in ing  
an adequate  b r igh tener  level  and efficient solut ion 
agitat ion.  
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Surface Properties of Nickel after Each Step of the 
Activation Process for Nickel Plating 
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ABSTRACT 

The surface properties of nickel, after each step of the activation p r o c e s s  
for nickel plating, have been measured with ellipsometry, surface potential  
difference (SPD),  photoelectron emission (PEE),  water  contact angle (r 
and Auger electron spectroscopy (AES). The unique  properties of properly 
activated nickel are compared with those for improper ly  prepared nickel a n d  
reveal the requi rements  for proper activation. 

Proper ly  activated nickel (anodic etch in  H~PO.~, 
rinse, cathodic activation in H2SO4, rinse) yields strong 
adhesion of the electrodeposited nickel to the sub- 
strate. A properly activated surface allows a uniform 
layer of nickel plate with a strong bond, whereas on 
an improperly  activated surface, nickel is deposited in 
patches in the early stages of nucleation. The detailed 
description of the physical and chemical properties of 
the metal  surface after each step of the activation proc- 
ess and the relationship of surface properties to suc- 
cessful plat ing has not been known. 

Linford et al. (1) have prepared a l i terature review 
of the effects of contaminat ion films (organic and in-  
organic, e.g., oxides) in  electroplating. They concluded 
that due to the active na ture  of metals that  have been 
cleaned of all contamination,  it  is v i r tual ly  impossible 
to place an absolute clean surface in the electroplating 
bath. There will always be a thin layer of oxide or 
oxide and other contaminants.  Although the presence 
of oxide films is general ly  considered to be detr imental  
to plating, Linford et al. (1) indicate the presence of 
an oxide film may either prevent  or promote adhesion 
depending on the circumstances. Almost all of the 
conclusions concerning the presence or absence of ox- 
ide between the substrate and the plate are based on 
indirect  ra ther  than direct observations. 

Proposed mechanisms for plat ing at the interface in -  
clude reduction of the oxide in the plat ing bath fol- 
lowed by plat ing on bare metal,  plat ing on top of or in  
the pores of the oxide or lack of plating, depending 
on the conductivi ty of the oxide. Linford et al. state 
"there is no direct evidence to substantiate any of 
these mechanisms" (1). There is also little conclusive 
evidence as to whether  very thin films are reduced by 
cathodic reduction in  electrolysis or plat ing baths. 
They conclude that the structure of electrodeposits is 
controlled by the relat ive rates of crystal nucleat ion 
and growth and that  the early stage of nucleat ion is 
dramatical ly affected by substrate topography and 
electric fields associated with sharp points, ledges, and 
ridges (i.e., roughness on an atomic scale). 

A more recent investigation (2) reveals that  con- 
tamina t ion  from exposure to air  causes isolated 3-D 
nuclei to form as well as larger  blocklike growths, in  

Key words: ell ipsometry, Auger  spectroscopy, surface potential  
difference, photoelectron emzssion. 

contrast to smooth monolayer- type  growths for un -  
contaminated surfaces. No effort was made to discover 
the nature  of the contamination.  

The lack of informat ion available from the l i terature  
concerning detailed analysis of the state of metal  sur-  
faces prior to plat ing is due to the difficulty in the past 
of analyzing the region of interest,  i.e., the first few 
atom layers on the surface. Recent advances with re-  
spect to surface analysis make it possible to make  such 
a study. The surface tools that  have been used in  this 
investigation are: light scattering, ellipsometry, sur-  
face potential  difference (SPD), photoelectron emis- 
sion (PEE),  water  contact angle (r and Auger 
electron spectroscopy (AES).  In  addition, a technique 
has been developed for s imultaneous el]ipsometry a n d  
Auger spectroscopy dur ing removal of films (EARF) 
by heating samples in u l t ra -h igh  vacuum to evaporate 
the films, layer by layer, from the outer surface. The 
properties that  are probed by these tools are listed in  
Table I. Interpretat ions of the exper imental  param-  
eters revealed by these tools are given in  Ref. (3). 

The physical and chemical state of the nickel surface 
after each step of the proper activation process for 
plat ing nickel on nickel have been evaluated with these 
surface physics tools. Investigations were also made 
dur ing and after steps that are not used in  the proper 
t reatment ,  but  may be involved by inadver ten t  errors 
in the activation process. 

Pr ior  to the activation process, the electrodeposited 
nickel (EDNi) samples were wet-polished with silicon 

Table I. Surface tools and the physical properties they probe 

Tool Properties  

Profi lometer Roughness,  topography 
Light scattering Roughness  
Elhpsometry Film thickness,  film refractive in- 

dex 
(SPD) surface potential dif- Dielectric properties (outer  di- 

ference pole layer) 
(r water  contact angle Surface energy  (outer  atom lay- 

er) 
(PEE) photoelectron emission Film electron emission and atten- 

uation properties  
(AES) Auger electron spec- Elemental composition in outer 

troscopy 20A 
(EARF) el l ipsometry and Au- Depth profile of film thickness,  

ger spectroscopy during re- optical properties and chemical  
moval of films composition 
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carbide and cleaned in  a mild alkal ine cleaner (21g 
Vitro. Klene  1 in  400 ml  water, referred to as VK) a t  
80~ for 10 min. The first act ivat ion step is anodic etch 
(AE) in 81.5% by  volume HsPO4, for 90 sec at 100 
m A / c m  2 and room temperature,  followed by a r inse i n  
deiordzed water. The second activation step is cathodic 
act ivat ion (CA) in 25% by volume H2SO4, for 90 sec 
at 100 mA/cm2 and room temperature,  followed by  a 
rinse in  deionized water. VK alone or one of the a c t i -  
v a t i o n  steps by itself yield poor nickel adhesion (4). 

Exper imental  Results 
Film properties a~ter each step.--Table II gives re-  

producible values (within ,-~ 10%) of equivalent  film 
thickness (from el l ipsometry) ,  SPD, PEE, ~H20, and 
Auger  peak- to -peak  heights (APPH) for carbon, 
phosphorus, sulfur,  and silicon, relat ive to the  A P P H  
for the 850 eV peak of nickel. The te rm "equivalent  
film thickness" refers to an equivalent  nickel oxide 
film of refractive index 2.6 and absorption index of 
zero. The nickel samples were rinsed and dried in  
flowing ni t rogen after each step to prepare  them for 
analysis with the surface tools. 

No activation, VK only.--All  samples were cleaned 
in Vitro Klene. "No activation" indicates the samples 
were polished but  not activated. According to Table II  
the VK samples have an oxide film which is about  
22A thick. Removal  of this oxide is indicated by the 
drift  of the triangles in  Fig. 1, up and to the left. 2 

The lowest value of A for the tr iangles corresponds 
to about  20A of oxide. The highest value of ~ corre- 
sponds to a porous film of pure metal. For  the porous 
film of pure  metal, the ell ipsometer cannot dist inguish 
between a 20A layer  with about 50% porosity and a 
layer  of about 300A with about 5% porosity. 

After VK, Table II reveals SPD to be approximately 
zero; this is because the reference electrode is also a 
nickel foil with na tura l  oxide. That  is, the work func-  
t ion of the sample and reference are about the same. 
The absolute value of SPD is difficult to in terpre t  but  
the change from one t rea tment  to another  can be 
interpreted in  terms of the changes in  the outer dipole 
layer  (3). The photoelectron emission has previously 
(3) been shown to come from the nickel oxide rather  
than  the under ly ing  metal.  The a t tenuat ion index  for 
nickel oxide (3) is ,-, 71A. The nickel oxide thickness 
calculated from the emission cur ren t  proves to be ap- 
proximately  that  from eUipsometry, 22A. The low 
contact angle for water  on VK nickel indicates that  
the surface is clean of low energy contamination.  

One must  not in terpre t  the magni tude  of the APPH 
ratio in  Table II as relat ive surface concentrat ion of 
one element  with respect to another. The magni tude  is 
s t rongly dependent  on the position of the peak in the 
spectrogram. However, there is direct relat ive relat ion 
between the magni tude  of the APPH ratio, for a given 
element,  from one surface t rea tment  to another,  and 
the surface concentrat ion of that  par t icular  element.  
For  example, the fact that  A P P H ( X ) / A P P H ( N i )  is 
15 for X ---- Si and 3.5 for X _-- C does not mean  that  

TURCO Products, Wilmington, California, 
2 It should be noted in comparing  A, $ values in EARF with 

those not  in EARF, that the angle of incidence is 79.2 ~ in EARF 
as compared to 70 ~ for other experiments, h is the phase shift  
and ~ is the  arctan of the amplitude ratio, respectively, of the 
orthogonal components  of reflected polarized l ight f rom ellipsom- 
etry. 
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Fig. 1. h vs. ~, plots for the removal of films in EARF 
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there is about four times as much Si as C. However, 
the ratio of 15 for Si in  the VK t rea tment  and 4 in the 
CA t rea tment  indicates that  there is about four t imes 
as much Si on the surface after the VK t rea tment  as 
after the CA treatment .  The large silicon and carbon 
APPH ratios may be due to SiC particles f rom the 
mechanical  polishing. As noted in  Table II the AE 
t rea tment  seems to remove these particles (APPH 
Si = 0). 

The results for surface topography, from profilom- 
etry and light scattering measurements ,  are not  re-  
ported in  Table II, bu t  indicate that  compared to 
smooth polished nickel, the Vitro Klened samples 
which had been polished wi th  600 SiC paper  are ve ry  
rough (rms roughness ,-~ 0.25 #m for VK vs. 0.0005 ~m 
for smooth nickel) .  

Cathodic activation only.--If  a Vitro Klened sample is 
subjected to cathodic activation without  prior anodic 
etch, the equivalent  oxide film thickness and optical 
properties have not been changed (see Table II  and 
open squares, Fig. l )  bu t  the na ture  of the film has. 
The outer dipole layer  has changed to increase SPD to 
0.46V (due to a dipole layer  with positive end point ing 
away from the surface),  the emission yield has 
doubled, and the contact angle cannot  be reduced be-  
low 20 ~ Most of the silicon (but  not all) has been re-  
moved and sulfur  has been increased. The ratios of the 
sulfur, carbon, and chlorine peaks in  the CA film to 
that  for a proper t rea tment  (AE + CA) are plotted as 
a funct ion of depth into the oxide film in Fig. 2. For 
CA only, oxygen and chlorine are in  the outer atomic 
layer, whereas sulfur  and carbon are found throughout  
the 20-30A film. It is concluded that  the sulfuric acid 
cathodic act ivation of a Vitro Klened sample has 

Table II. Surface properties of films on nickel after each activation step 

Surface properties 
A P P H / A P P H  (Ni) 

Surface  treatment  
Fi lm thick- PEE r 
ness  (A) SPD (V) (A x 10 n)  (deg)  C P S Si 

No  activation (VK) 
Cathodic activation (CA) 
Anodic  etch (AE) 
AE + CA 

22 --0.10 100 4 3.5 0.0 0.4 
22 0.46 200 20 1.4 0.0 1.0 
65 0.20 400 3 1.2 1.2 0.0 
65 0.46 400 7 0.7 0.0 0.1 

15.0 
4,0 
0.0 
0.0 
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Fig. 2. Auger peak-to-peak height (APPH) profile for elements 
of the outer atomic layers of the film formed during cathodic ac- 
tivation of nickel to that formed in AE + CA. 

c'hanged the a i r - formed oxide film to a sulfide-carbide 
film, with resul tant  changes in SPD, PEE, and r 
bu t  essentially no change in  thickness or optical prop-  
erties. 

The surface roughness, as measured by profilometry 
and light scattering, is essentially unchanged by CA, 
which has to be expected since no metal  removal  
should occur dur ing  application of a cathodic current. 

Anodic etch only.--If a Vitro Klened sample is sub-  
jected to anodic etch but  not cathodically activated, a 
new equivalent  film (,-, 65A) is observed after the AE 
step. Note that  this 65A film is measured in situ in the 
phosphoric acid but  remains unchanged if the sample 
is removed, rinsed, and dried. It  is only slightly 
changed (remove 3 or 4A) by exposure to vacuum. 
Figure 1 (solid circles) shows the I vs. ~ results ob- 
tained by EARF for another  AE sample. The lowest 
value of h and the largest value of ~ correspond to 
about 50A of oxide on or wi th in  a porous layer of pure 
nickel. Heating to about 500~C in the UHV system 
drives off the oxide, following the theoretical curve 
for 50-0A, at which point  almost no oxygen is observed 
by AES. Fur the r  heating drives ~ and ~ toward the 
value for smooth clean nickel due to some sintering. 
The ell ipsometer indicates that  the porous nickel  film 
remaining  after heat ing has a thickness between 50A 
with about 75% porosity and 440A with just  a few per-  
cent porosity. In  contrast continued heating after re-  
moval of oxide from VK or VK + CA treated samples 
does not drive • ~ toward the smooth-clean values, 
indicating that  these surfaces are rough but  not porous. 

The SPD for the AE sample (see Table II) i s only 
increased half as much as for CA, but  the PEE is 
doubled due to the increased oxide thickness. Although 
the surface is very wettable  (r ,~ 3~ the carbon 
and phosphorus peaks are large. There is no sulfur  or 
silicon at the outer surface of the oxide. 

Figure 3 shows a profile after anodic etch alone, 
which is similar to Fig. 2. Relative to the proper t reat-  
ment  (AE + CA), sulfur and chlorine are only in  the 
outer  atomic layer, phosphorus and carbon are pre-  
dominant  in  the outer 20-30A whereas oxygen remains  
fairly un i form throughout  the 60-80A films. It is con- 

Carbon 

/ - O x y g e n  
2 ~ ,  . . . . . . . . . . .  - ~ ' ~ - - - -  d 

~-Chlorine 
0 I I 

0 I0 20 30 ~ 6 5 A  

Outer Oxide Layer (A) 

Fig. 3. APPH profile for elements in the outer atomic layers of 
the film formed during anodic etch of nickel 

cluded that AE leaves an oxide that  is pr imar i ly  nickel 
phosphate in  the outer  par t  of the film. 

The anodic etch has l i t t le effect on the rms surface 
roughness, but  does increase the autocorrelat ion length 
(roughness wavelength)  and thus smooths the s u r f a c e  
with respect to VK only. 

Proper  treatment (AE + CA).--If  a Vitro Klened 
sample is subjected to proper t reatment ,  i.e., anodic 
etch followed by cathodic activation, the anodic film 
is either changed in  physical and electrical character 
but  not removed or, if it is removed, another  film of 
about the same average thickness but  different prop- 
erties replaces it. The film formed by AE -p CA is ob- 
served in situ in the activation solutions and is only 
slightly changed upon r insing and drying and under  
vacuum. The EARF results are seen in  Fig. 1 (open 
circles). 

The CA t rea tment  following AE produces an outer 
dipole layer similar to that for CA after VK in  the 
absence of AE. The change in  dielectric properties is 
noted by the change of SPD from 0.2V (AE) to that  
of a CA-type outer surface (0.46V). The lack of Change 
of PEE due to CA after AE is fur ther  confirmation of 
a film of thickness similar  to that  existing after AE. 
However, CA has reduced the carbon and phosphorus 
levels, and there is very little sulfur  in  the film after 
AE and AE + CA (see Table II) .  The low contact 
angle indicates a low level of nonpolar  organic con- 
tamination,  i[i~e most significant effect of the CA treat-  
ment  after AE is t o  remove phosphorus which had 
been deposited in the AE step and to substant ia l ly  de- 
crease the carbon content  in the outer layers. 

Surface roughness, as measured by profilometry and 
light scattering, is unchanged by the CA t rea tment  
after AE. This is to be expected, since although the 
film chemistry was changed to CA, the film thickness 
was not, and even if it had been removed, 60-80A re-  
moval would have li t t le effect on topography. 

Surface contamination from process solutions.--It 
had been noted that  reproducible  water  contact angles 
were obtained on Vitro Klened samples (~bI-I20 ~ 3 ~ 
always wettable) ,  whereas i rreproducible contact 
angles were obtained for AE, CA, or AE -~ CA. Table 
III shows the effect of t ransfer  of organic contamina-  
t ion from the surface of process solutions to the nickel 
sample upon removal  of the sample. A series of ex-  
periments  was performed in  which the organic s u r -  
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Table Ill. Surface properties of EDNi after each activation step. Effect of surface 
contamination from process solutions 

Surface properties 

Film thick- PEE r 
Sample Treatment A (deg) ~/ (deg) ness (A) SPD (V) (A • 10 u) (deg) 

13 Samples Polish and Vitro Klene 117.6 34.9 22 -0.12 112 4 

Anodic  e t ch  only 
1 Standard preparat ion  16 
2 Clean solut ion sur faces  107.5 34.8 65 0.25 400 3 
3 Clean so lut ion  surfaces + 

tr iple  dist i l led H~O 109.5 35.0 58 0.19 360 3 
3 5 h r  la ter  10 

Cathodic  act ivat ion only  
4 Standard preparat ion  30 
5 Clean solution surfaces 23 
6 Clean solution surfaces 33 
7 Clean so lut ion  surfaces 18 
8 Clean solution surfaces 22 
9 Clean solution surfaces 117.7 35.6 22 0.46 210 20 

10 Clean solution surfaces 118.2 34.3 19 0.40 210 23 
11 Clean solution surfaces + 

tr ip le  dist i l led H20 22 
11 After 5 hr  39 

Anodic  etch + cathodic  ac- 
t ivat ion  

12 Standard preparat ion  34 
13 Clean so lut ion  sur faces  109.3 35.0 58 0.49 480 7 
14 Clean so lut ion  sur faces  + 

tr iple  dist i l led HH~O 7 
14 After 5 hr 16 

f ace  c o n t a m i n a t i o n  f r o m  t h e  s u r f a c e  of  t h e  a c t i v a t i o n  
s o l u t i o n  was  r e m o v e d  b y  s u c t i o n  p r i o r  to  s a m p l e  e n -  
t r a n c e  a n d  exi t .  I t  is s e e n  in  T a b l e  I I I  t h a t  e x c e p t  fo r  
C A  a lone ,  a d r a m a t i c  d e c r e a s e  i n  r  r e s u l t e d  ( s a m -  
p les  2, 3, 13, a n d  14). E x p o s u r e  of t h e  s a m p l e s  to  l a b -  
o r a t o r y  a i r  fo r  5 h r  c a u s e d  a n  i n c r e a s e  of  a b o u t  10 ~ i n  
~H20  in  e a c h  case, i n d i c a t i n g  s l ow  c o n t a m i n a t i o n .  T h e  
c o n t a c t  a n g l e  fo r  C A  o n l y  is i n v a r i a b l y  20 ~ r e g a r d l e s s  
of  c l e a n i n g  p r o c e d u r e s .  E i t h e r  t h e  su l f ide  f i lm h a s  a 
l o w e r  s u r f a c e  e n e r g y  or  t h i s  f i lm a t t r a c t s  c o n t a m i n a -  
t i o n  m u c h  f a s t e r  a n d  m o r e  s t r o n g l y  t h a n  t h e  o the r s .  

T a b l e  IV  g ives  r e s u l t s  f o r  a Ni  s a m p l e  t h a t  h a d  b e e n  
p r o c e s s e d  t h r o u g h  A E  ~ C A  b u t  w a s  h i g h l y  c o n t a m i -  
n a t e d .  T h e  u n u s u a l l y  h i g h  c o n t a m i n a t i o n  r e s u l t e d  f r o m  
t h e  V K  s tep ,  as  e v i d e n c e d  by" t h e  l a r g e  c o n t a c t  
a n g l e  ( ~ H 2 0  = 26~ a n d  a f t e r  t h e  A E  ~ C A  s tep  
(~bH20 : 46~ T h e  A u g e r  c a r b o n  p e a k  w a s  so l a r g e  
t h a t  o t h e r  e l e m e n t s  cou ld  n o t  b e  o b s e r v e d  a n d  t h e r e -  
fo re  t h e  a c t u a l  p e a k - t o - p e a k  h e i g h t s  a r e  r e p o r t e d  
r a t h e r  t h a n  t h e  r a t i o  w i t h  r e s p e c t  to  t h e  Ni  850 eV 
peak .  A f t e r  30 m i n  of  A r  + s p u t t e r i n g ,  t h e  c a r b o n  p e a k  

w a s  60. T h e  s a m p l e  w a s  m o v e d  d u r i n g  t h e  n e x t  A u g e r  
sweep ,  w h i c h  i n c r e a s e d  t h e  c a r b o n  p e a k  o b s e r v e d  o n  
t h e  n e w  a r e a  to 180. E x p o s u r e  to t h e  e l e c t r o n  b e a m  
r a p i d l y  d e c r e a s e d  t h e  c a r b o n  peak .  T h i s  i n d i c a t e s  t h a t  
fhe  gross  o r g a n i c  c o n t a m i n a t i o n  is ea s i l y  r e m o v e d  b y  
t h e  e l e c t r o n  b e a m .  A m e a n s  fo r  d e t e c t i n g  t h e  t y p e  of  
c a r b o n  o n  t h e  s u r f a c e  h a s  t h e r e f o r e  b e e n  d i s c o v e r e d  
b e c a u s e  t h e  r a t e  of d e c r e a s e  of  t h e  c a r b o n  p e a k  is d i -  
r e c t l y  r e l a t e d  to t h e  h e a t  of a d s o r p t i o n  of t h e  c o n -  
t a m i n a t i o n .  F i g u r e  4 is a p lo t  of  A vs. ~ fo r  t h e  con -  
t a m i n a t e d  s amp le .  T h e  d a t a  f a l l  a l o n g  t h e  t h e o r e t i c a l  
c u r v e  b e t w e e n  zero  a n d  60A of  n i c k e l  o x i d e  o n  o r  
w i t h i n  a n i c k e l  film, b u t  t h e n  f o l l o w  t h e  t h e o r e t i c a l  
c u r v e  fo r  a n  o r g a n i c  f i lm of  a b o u t  50A o n  t op  of  t h e  
oxide .  

F o r  s o m e  sample s ,  t h e  r e g r o w t h  of o x i d e  a f t e r  
c l e a n i n g  b y  E A R F  w a s  m o n i t o r e d  b y  e l l i p s o m e t r y  d u r -  
i ng  e x p o s u r e  of  t h e  c l e a n  m e t a l  to  air .  F i g u r e  4 s h o w s  
t h a t  j u s t  p r i o r  to  A E  ~ C A  ( a f t e r  V K )  t h e  o x i d e  f i lm 
was  a b o u t  14A a n d  a f t e r  e x p o s u r e  to  a i r  a b o u t  10A. 
Al l  s u c h  m e a s u r e m e n t s  r e v e a l  t h a t  e x p o s u r e  of  c l e a n  

Table IV. EARF surface properties of EDNi after activation (AE -I- CA) 
but contaminated in the process 

Time 
(total 
rain) History  

Ellipsometry 

Film 
A ~ thick-  

(d e g )  (deg) ness (A) Ni 0 

A u g e r  s p e c t r o s c o p y  
APPH 

C S P N C1 Si Ca Other  

Vitro Klene 76.8 33.0, 
AE + CA 63.7 35.2, 
Evacuate  UHV 64.5 35.0 

10 A r  § 3 ~A 66.6 33.9 

30 Ar + 3.5/zA 67.7 33.5 

Move s a m p l e  
30 Ar + 3.5/~A 68.0 33.4 
O Heat 

26 355~ 69.8 33.5 
29 355~ 70.5 33.1 
34 420~ 72.3 32.8 
39 4200C 74.5 32.5 

48 420~ 74.4 32.5 
52 420~ 75.4 32.3 
56 420~ 75.8 32.2 
61 420~ 76.8 32.1 
73 460~ 77.5 32.0 
76 460~ 77.8 31.8 
81 500~ 78.4 31.8 

116 Ar+ 3.5/zA 78.0 31.8 
16 hr Ar t 3.6/~A 76.1 31.4 

E x p o s e  to  air 77.4 32.5 
72 hr 75.7 32.7 

r = 26 ~ SPD = 0.06, PEE -- 1O0 • 1O-nA 
r 46 ~, SPD 0.46, PEE 290 x 10-hA 

O O Lge. 0 0 0 

0 0 Lge. 0 0 0 

5 25 60 O 0 O 
0 7 180 6 0 3 

16 8 30 220 O O 

23 0 0 600 0 0 

8 25 30 0 O 0 

r  = 43 ~ SPD -- 0.02, PEE -- 130 x 10 ~u 

0 o o o 

0 o O o 

o o o o 
10 O O 0 

0 O 0 O 

0 O O O 

O 0 O O 



1228 J. Eleetrochem. Soc.: ELECTROCH EMI CA L SCIENCE AND TECHNOLOGY August  1978 

l O l  I I I I 

Clean Smooth N1 

\ 
\ 
\ 

90 \ 

\~E 

8o \ \ 
\ 

~o " ~ & . , - - - ~ - " " 1  
7 6 

oo 7 

5O 
29 

CA \ .40A 

I~~ ' ..... ~ in  , ~  
\ .8ox 

~ ' . ~  CA St i r red  / 
/ Fresh H3PO 4 / 

I I I I I 
30 31 32 33 34 35 

(deg) 

Fig. 5. A & vs. ~, plot, tracking the film formation and rough- 
ening of nickel during AE and CA in HaPO4, and H.~SO4, re- 
spectively. 

Fig. 4. A A vs. ~/ plot for the removal of films formed before 
and after AE -{- CA on electrodeposited nickel. 

nickel to air produces a film of oxide about 10A thick 
wi th in  seconds, after which very l i t t le fur ther  film 
growth occurs in many  hours. This result  is consistent 
with reported (5) oxidation of clean nickel and con- 
firms the in terpre ta t ion  of the ellipsometric results. 

In situ ellipsometry during activation.--Ellipsomet- 
ric measurements  were performed in situ as the ac- 
t ivat ion steps were made in  the acid solutions. Figure 
5 is a h-~ plot t racking a nickel surface from VK 
into HsPO4 followed by CA, AE, and CA again (with 
and without  s t i r r ing) ,  a The drastic variat ions in  
dur ing these steps led us to make  a careful study of 
the in terpre ta t ion  of eUipsometry dur ing polarization. 
The results of this study are given in Ref. (6). The 
significant conclusion is that  changes in  ~ reflect 
changes in  film thickness, whereas changes in ~ reflect 
changes in thickness and surface roughness, bu t  pre-  
dominant ly  in  surface roughness. Values of ~ move to 
the left of the dashed curve for oxide on a smooth 
nickel surface (labeled S in  Fig. 5) with increased 
roughness. 

After  VK, the sample had a film about  40A thick. 
The coordinates of such a film in  H3PO4 ambient  are 
identified as the open crosses along curve S in  Fig. 5. 
Figure  6 tracks the estimated film thickness that  cor- 
responds to Fig. 5. The first measurement  in  solution 
corresponds to point  1 at 1 min  (Fig. 5). On the basis of 
the s tudy in  Ref. (6), exposure of the 40A film to 
H3PO4 for 2.5 rain (Fig. 5) has greatly roughened the 
surface, i.e., the surface is dissolving. Cathodic t reat-  
men t  in  I4_~PO4 between 2.5 and 5.7 rain (point 2) 
produces no decrease in film thickness, only continued 
roughening. Anodic etch between 5.7 and 7.5 rain 
moved the A-~ coordinates to point  3. The shift of r 
to higher values indicates smoothing of the surface at 
the submicroscopic level and the decrease in A indi -  
cates formation of a film dur ing  or immediate ly  fol- 

The experiments described in this section do not correspond 
to the  correct  activation procedure but were considered to evalu- 
ate the  react ion occurring during the  individual steps of the 
Process.  

~- 179 
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Fig. 6. Changes of ~ and corresponding film thickness during 
activation of Ni in H3PO4 and H2SO4. 

lowing AE. It  should be noted that measurement  of ,~ 
and ~ cannot  be performed dur ing AE or CA due to 
the copious gas bubble  evolution. It  is emphasized that 
after AE, the surface is still quite rough, otherwise 
point 3 would have moved to the dashed curve for film 
growth on a smooth substrate  (curve S). These results 
are consistent with the analysis of Fig. 1 after AE. 
The formation of a rough surface (from recrystall iza- 
tion of dissolved nickel by cathodic reduct ion of dis- 
solved nickel) ,  as indicated by the large decrease in  
to point  4 in Fig. 6, is evidence of a s imilar  condition, 
but  to a lesser extent, at point 3 after AE. 

Removing the nickel  from the H3PO4, rinsing, and 
placing in  H2SO4 moves the h-~ coordinates to point  
5 (Fig. 5), which is only slightly changed from posi- 
tion 3 in  the H3PO4. Exposure to H2SO4 moves ~-'k 
along the dashed l ine to position 6. This corresponds to 
the formation of a porous film somewhat s imilar  to 
that observed after CA in  uns t i r red  H3PO4 (point 4), 
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i.e., H2SO4 is dissolving and reprecipitating a corrosion 8o 
product film. The cathodic activation treatment  be-  
tween  points 6 and 7 has l i tt le  effect on the h-~  co- 
ordinates, but has changed the film from a growth mode  

7O 
to a dissolution mode,  as indicated by m o v e m e n t  to 
position 8. Anodic etch moves  ho~ to 9, which  cor- 
responds to a thin but very  rough film. Exposure to 
H2SO4 after AE drives  A-~ to a higher value (point 60 
10, a smoother  surface) but an additional CA step 
roughens it to point 11. Subsequent  exposure to H~SO~ 
tends to smooth  the surface again, moving  A-@ to posi-  ~ 50 
tion 12. At this point the experiment  was  terminated.  # 

E 

E~ect of acid exposure.~Since exposure to acids in 
the absence of applied currents after the activation 40 
treatment  may  be detrimental  to the plating process, 
nickel  samples  were  Vitro Klened, treated wi th  AE, 
CA, or AE H- CA, and then exposed to H2SO4 or H~PO4 
to establish the effect of exposure  to acid on the sur- ~0 
face activity.  Figures 7, 8, 9 show h, @, and est imated 
film thickness  changes as a function of t ime in these 
acids after each treatment.  After  VK the 30~  air- ~0 
formed oxide layer dissolves  in H~PO4 but a porous 
nickel  fi lm of corrosion products deposits  in H~SO~ as 
noted by the decrease in h and @. The behavior in 
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E 

Fig. 7. A and ~ plot for EDNi in H~SO4 and H3PO4 after VK, 
showing estimated change in film thickness and roughness. 
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Fig. 8. ~ and ~ plot for nickel in H~SO4 and H~PO4 after AI~, 
CA, and AE -J- CA, showing estimated changes in film thickness 
and roughness. 

H2804 is about the same after CA (Fig. 8) as after 
VK only (Fig. 7). After AE, exposure to I-IaPO4 dis-  
solves about 30A of the 80A film, i.e., the outer layer of 
nickel  phosphate may  be removed.  Figure 9 tracks h, ~, 
film thickness,  and corrosion potent ia l (corrected)  in 
H2804 after various treatments.  About 30A of the 80A 
formed in AE dissolves in H2SO4 as it did in HsPO4, 
i.e., the H2SO4 may  also remove  the phosphate layer 
and then al lows the continued formation of oxide or 
corrosion product layers.  If  cathodic activation is per-  
formed after AE, the phosphate layer is replaced by  an 
oxide which does not dissolve in H2SO4. This film con-  
t inues to grow in H2SO4 as it did after AE (but after 
dissolution of the phosphate layer) .  This interpre-  
tation is in need of verification by surface analysis by 
EARF after exposure to these acids. If  this interpreta-  
tion is correct, the large decrease in corrosion potential  
in the first 2 min (after AE, Fig. 9),  which  from an 
electrochemical  standpoint results from breakdown of 
a passive film, corresponds to dissolution of the outer 
phosphate layer. The trend of film growth in H2SO.t 
is the same as for the sample  in Fig. 8, but somewhat  
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Fig. 9. EDNi in H2SO4 after AE, CA, and AE H" CA 

faster.  The film on a VK sample  is in i t ia l ly  th inner  
than  for the  other  t r ea tments  and s lowly grows in 
H2SO4. 

Exposure  to acids a lways  increases SPD and ~H20. It  
may  increase  or  decrease  the  film thickness  and cor-  
responding PEE's  depending on the act ivat ion t r ea t -  
ment,  as seen above. Light  scat ter ing revea ls  l i t t le  
change in surface roughness  due to acid exposure,  
whereas  changes in r indicate  roughening  on a sub-  
microscopic scale (porous film deposi t ion)  by exposure  
to H2SO4. 

Solubility in nickel suISamate.--It has been shown in 
the preceding  tha t  each step of the  act ivat ion process 
produces a film wi th  unique  surface propert ies .  I t  is 
supposed tha t  the  unique proper t ies  of the correct  
t r ea tment  (AE + CA) are  responsible  for  i ts  unique 

nickel  p la t ing success, but  the  reason is s t i l l  obscure. 
One hypothesis ,  proposed in the  l i t e r a tu re  (1),  is tha t  
p roper  p la t ing  occurs only  if  the  p la t ing ba th  and 
pla t ing current  first remove  any  films so tha t  n ickel  is 
p la ted  on clean, bare  nickel. Another  hypothes is  (1) is 
that  nickel  can p la te  on oxide films if they  have cer ta in  
propert ies .  We have  a t t empted  to de te rmine  if  the film 
formed on p r o p e r l y  t r ea ted  (AE -t- CA) nickel  is 
removed  in the  p la t ing  bath,  whereas  the  film formed 
on imprope r ly  p repa red  nickel  (AE only)  is not. 

This is a ve ry  difficult p rob lem to resolve wi th  e l l ip-  
sometry,  because the nickel  su l famate  ba th  is opaque 
to the  red  laser  light,  mak ing  in si~u measurements  
impossible.  To avoid these problems,  nickel  t rea ted  
wi th  AE only  was placed in nickel  su l famate  p la t ing  
ba th  for  various lengths  of t ime wi thout  cu r ren t  flow, 
removed,  r insed,  dried,  and  examined  wi th  e l l ipsom- 
e t ry  to see if the  film had dissolved. The  same ex-  
pe r imen t  was conducted wi th  a p rope r ly  t r ea ted  (AE 
-t- CA) nickel  sample.  F igure  10 indicates  that  there  is 
no dramat ic  difference be tween  the change in film 
thickness for  exposure  to the  Ni su l famate  ba th  af ter  
AE only  and AE § CA. The sl ight  t endency  for the  
p rope r ly  t r ea ted  surface to exhib i t  s low dissolution of 
the  film as compared  to the  tendency  to increase  the  
film thickness for the  imprope r ly  t rea ted  surface may  
be g rea t ly  accentuated  by  app ly ing  the  p la t ing  cur -  
rent.  Unfor tunate ly ,  e l l ipsomet ry  cannot d is t inguish 
be tween  reduct ion of oxide film on nickel  and g rowth  
of a nickel  deposi t  on the  oxide. The resolut ion  of this 
p rob lem mus t  awai t  careful  exper imen t s  to moni tor  
the  presence or  absence of oxide be tween  the p la te  
and subs t ra te  by  spu t te r ing  th rough  the pla te  and 
moni tor ing  wi th  AES or  ESCA. 

Summary and Conclusions 
Each step of the p repa ra t ion  of n ickel  for e lec t ro-  

p la t ing  involves complex phys ica l  and chemical  
changes that  we have a t t empted  to e lucidate  wi th  va -  
r ious sophis t icated surface tools. Based on al l  resul ts  
the  schematic  represen ta t ion  of the  condit ion of the  
surface af ter  each step of the  act ivat ion process is 
given in Fig. 11. 

Mechanical  pol ish and VK of the  samples  leave 
them wi th  about  20A of oxide,  some embedded  si l icon 
carb ide  pol ish part icles ,  but  l i t t le  organic  contami-  
nation. If  the  VK sample  is t r ea ted  wi th  CA in H~SO~, 
the film is rep laced  by  nickel  sulfide of about  the 
same thickness.  However ,  if  the  sample  is t rea ted  wi th  
AE af ter  VK, the  oxide is dissolved. Rapid  dissolution 
of nickel  (N5 ~m/hr )  (4) leaves par t ic les  of n ickel  
and a sa tura ted  solut ion of n ickel  ions near  the  n ickel  
surface. Turning  off the anodic current ,  or  removing 
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the sample from the solution, causes precipitation of 
small particles of nickel and precipitation of a porous 
layer of nickel phosphate, particularly at the outer 
surface. Rinsing removes phosphoric acid from the 
porous layer and oxidizes the porous nickel, particu- 
larly within the layer. 

If the sample with AE treatment only is placed in 
the sulfamate plating bath, the phosphate layer cannot 
be reduced and plating occurs only at a few active 
points where reduction can occur. Nonuniform nu- 
cleation and growth of the deposit yield a weak inter- 
face and poor bonding. However, if the CA is carried 
out after A.E, the phosphate film is reduced and per- 
haps the oxide film is also reduced, but upon stopping 
the current and rinsing of the sample, the porous nickel 
surface is reoxidized. The reoxidized nickel surface 
can, however, be reduced in the plating bath and plat- 
ing occurs within and on the porous nickel. The result 
is a uniform plate with strong, tough bonding. 

There appear to be three requirements for achieving 
a satisfactory deposit with a strong bond to the sub- 
strate: (i) a large concentration of nucleation sites, 
provided by the roughening and precipitation of nickel 
nuclei during and following AE (revealed by ellipsom- 
etry), (ii) reduction of ~he phosphate layer and re- 
formation of an oxide that can be reduced in the plat- 
ing bath (revealed by AES), and (iii) organic con- 
tamination must be reduced below some critical level. 

If this mechanism is valid, other experiments could 
reveal possible alternative activation procedures that 

may be simpler and therefore less expensive and 
perhaps more reliable. 
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Catalysis of the Electroreduction of Allyl Chloride by 
Cobalt 2,2'-Bipyridine Complexes 

Shlomo M a r g e l  and Fred C. A n s o n *  

Arthur Amos Noyes Laborato~'y, California Inst i tute  of Technology, Pasadena, California 91125 

ABSTRACT 

The electrochemical reduct ion of allyl chloride is s t rongly catalyzed in  
the presence of cobalt complexes of 2,2'-bipyridine. A prominent  reaction 
product of the catalyzed reduct ion is 1,5-hexadiene. Voltammetry,  coulometry, 
and gas chromatographic data are presented and analyzed and a mechanistic 
scheme proposed t o  account for the catalytic action of the cobalt-2,2 '-bi-  
pyr id ine  complexes. 

Recently we reported studies (1) which examined a 
previous claim (2) that the electroreduction of acrylo- 
ni t r i le  in acetonitri le was catalyzed by a complex of 
cobalt with 2,2'-bipyridine. These studies demonstrated 
the absence of such catalysis for acrylonitr i le  and a 
number  of other vinyl  monomers but  one substrate, 
ally1 chloride, did exhibit  a very large enhancement  
in its reduction rate in  the presence of cobalt 2,2'-bi- 
pyr id ine  complexes. This report  summarizes our  ex- 
per imental  observations with this system and presents 
a possible reaction scheme to account for the observed 
catalysis. 

Exper imenta l  
Reagents.--The solvent was prepared from spectro- 

scopic grade acetonitrile which was stirred over CaH~ 
for 24 hr, distilled near  room tempera ture  under  re-  
duced pressure, and stored under  argon. Polarographic 
grade t e t rae thy lammonium perchlorate (TEAP) 
(Southwestern Analyt ical  Company) was vacuum 
dried and used as the support ing electrolyte without  
additional purification. 

Co(bipy)s(C104)3, Co(bipy)3(C104)2 (bipy - 2,2'- 
b ipyr idine) ,  and Co(phen)~(C104)2 (phen - 1,10- 
phenanthrol ine)  were prepared as previously de- 
scribed (1). Solutions of Co(bipy)2(C104)2 were pre-  
pared by mixing Co(C104)2 and 2,2'-bipyridine in  a 
molar ratio of 1:2 in  acetonitrile. Allyl  chloride (East- 
man)  and allyl alcohol (Aldrich) were distilled just  
prior to their use. 

Apparatus.--Cyclic voltammograms were obtained 
with a Pr inceton Applied Research (PAR) Model 173 
potentiostat  dr iven by a PAR Model 175 programmer.  
Current -vol tage  curves were recorded with a Tek- 
t ronix  Model 564 storage oscilloscope and photographed 
with a Tetronix Model C-12 camera. Controlled po- 
tent ial  coulometry was conducted with the same po- 
tentiostat  equipped with a Model 179 digital coulom- 
eter. A three-compar tment  electrochemical cell was 
employed with double isolation of the Ag/0.1M Ag + 
reference electrode against which all potentials are 
quoted. Solutions were deoxygenated with prepurified 
argon which was passed successively through aqueous 
chromous chloride solution, a calcium chloride drying 
tower, and purified acetonitri le before enter ing the 
test solution. Concentrat ions of allyl chloride and 1,5- 
hexadiene were monitored gas chromatographical ly 
with a Hewlet t -Packard  Model 5830 chromatograph us-  
ing a 12 ft column packed with Carbowax 2OM on 
C hromosorb W. 

Results 
Of the three characteristic vol tammetr ic  waves ex- 

hibited by Co(bipy)33+ in  acetonitri le (1, 2) the sec- 
ond is the first to be affected by the presence of allyl 
chloride. In  addition, as was true for acrylonitr i le  (1), 
a new wave appears between the original  second and 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c a t a l y s i s ,  7r-coordina t ion ,  i n t r a m o l e c u l a r .  

third waves. These features are shown in  Fig. 1. The 
peak current  of the new wave with a peak potential  
near  --1500 mV increases at the expense of the third 
wave (Ep _ --1950 mV) as the concentrat ion of added 
allyl chloride is increased (Fig. 1). At a fixed concen- 
t rat ion of allyl chloride the ratio of peak current  to 
square root of scan rate for the new wave at first in -  
creases as the scan rate decreases (Fig. 2) bu t  eventu-  
ally decreases again at very low scan rates. The mag-  
ni tude of the wave is also suppressed by the presence 
of excess 2,2'-bipyridine (Fig. 2). 

The behavior  is ra ther  similar  to that  obtained wi th  
acrylonitr i le  and is consistent with an analogous in -  
terpretat ion of the origin of the new wave (1) : It  cor- 
responds to the reduction of a mixed allyl chloride, 
2,2 '-bipyridine complex of cobal t ( I )  that  is the prod- 
uct of reaction [1] 

Co (bipy)3 + q- CHfCHCHfCI 

.~- Co(bipy)2(CHuCHCH2CI) + q- bipy [I] 

However, in contrast with the cobalt(1) aerylonitrile 
system, the mixed complex with allyl chloride is un- 
stable with respect to intramolecular reduction of 
the coordinated allyl chloride by the cobalt(I). This 
reaction, which results in the regeneration of co- 
balt(II) at the electrode surface, is the reason that the 
addition of allyl chloride causes the peak current of the 
wave corresponding to the reduction of cobalt(ll) to 
cobalt(l) to exceed its value in the absence of allyl 
chloride (Fig. 2) except at scan rates high enough to 
prevent reaction [lJ (and the subsequent intramolec- 

1 2~A 

hi  

Or" 
D 
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I 

I I, I I 
0 

- ~_, 

Fig. 1. Effect of allyl 
1 mM Co(bipy)3 3+ in 

\ 

I I I I I I I I I 
1.0 2.0 

volts vs Ag/O.I M Ag + 

chloride on linear scan voltammograms for 
acetonitrile. Allyl chloride concentrations: 

curve 1, 0; curve 2, 1 mM; curve 3, 5 mM; curve 4, 30 
raM; curve 5, 0.1M. Supporting electrolyte: 0.1M TEAP. Scan 
rate: 0.5 V sec -1.  Platinum electrode area: 0.43 cm 2. 
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Fig. 2. Effect of allyl chloride on cyclic voltammograms for 0.S 
mM Co(bipy)32+ in acetonitrile. Allyl chloride concentrations: 
A, 0; B, 10 raM; C, 10 mM + 2 mM 2,2'-bipyridine. 
Supporting electrolyte: 0.1M TEAP. Platinum electrode area: 1.6 
r 2, 
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Fig. 4. Scan rate dependence of the ratio of voltammetric peak 
current, ip, to square-root of scan rate for reduction of Ca(bipy)32+ 
to Co(bipy)3 +. | 0.5 mM Co(bipy)~2+; I ,  0.5 mM 
Co(bipy)32+ -f- 10 mM allyl chloride. Other conditions as in 
Fig. 2. 

ular  reduct ion reaction) f rom proceeding significantly 
from left to right. 

The ins tabi l i ty  of the mixed cobalt ( I ) - a l ly l  chloride 
complex made it  impossible to evaluate  the equi l ib-  
r ium constant  for reaction [1] from cyclic vol tam- 
metric  data  as was done for the acrylonltr i le  complex. 
However, f rom the qual i ta t ive observation that  larger  
concentrat ions of al lyl  chloride than  of acrylonitr i le  
are required to cause the formation of the new wave, 
it seems l ikely that  the equi l ibr ium constant is smaller  
for the allyl chloride complex. 

The vol tammograms in  Fig. 3 show that  subst i tut ion 
of Co (bipy) 2 + for Co (bipy) s + significantly increases 
the rate at which reaction [1] proceeds from left to 
r ight  (the same is t rue for the analogous reaction 
involving acryloni tr i le) .  In  the case of Co(bipy)8 + 
the slow step is apparent ly  the loss of one of the 
coordinated 2,2 '-bipyridine ligands. 

No evidence of the formation of a mixed complex 
was obtained when  Co(bipy)8 + was exposed to al lyl  
alcohol or when  Co(phen)~ + was exposed to even 
large excesses of allyl chloride. 

Note that the rate of the reduct ion of the coordinated 
allyl chloride is apparent ly  slower than  the rate at 
which it  coordinates to Co(bipy)a + or Co(bipy)2 +. 
Otherwise, the new wave in Fig. 2 and 3 arising from 
the reduct ion of the mixed complex would not appear. 
Instead, the wave corresponding to the reduction of 
cobalt (II) to cobal t ( I )  would merely  increase in mag- 
ni tude as all of the allyl chloride was reduced. 

The ratio of peak current  to square root of scan rate 
for the reduct ion of Co(bipy)32+ to Co(bipy)3 + be-  

A B C D 

I J I I I I I I I I I J I I f L I I L I I I I I 
1.0 2.0 Lo 2.o 1.0 2.0 LO 2.O 

-E,volts vs Ag/Ag + 

Fig. 3. Comparison of cyclic voltnmmograms for Co(bipy)32+ 
and Co(bipy)22+ in the presence of allyl chloride. Concentrations 
of cobalt complex: 1.0 raM; A, Co(bipy)22+; B, Co(bipy)22+ + 
1 mM allyl chloride; C, Co(bipy)82+ + 1 mM allyl chloride; 
D, Co(bipy)~ 2+ ~ 11 m M allyl chloride. The small upper volt- 
ammograms in ea:h case show the response obtained if the po- 
tential scan is reversed just after the first (Co(ll) ~ Co(I)) peak. 
Scan rate: 0.S V sec -z .  Other conditions as in Fig. 2. 

comes strongly dependent  on scan rate in  the presence 
of allyl chloride as shown in  Fig. 4. Only at scan rates 
high enough to prevent  reaction [1] from proceeding 
does the ratio of ip to v 1/2 decrease to its value in the 
absence of allyl chloride. 

The behavior  of the anodic half  of the cyclic vol tam- 
mograms in ]~ig. 2 and 3 is also unders tandable  on this 
basis: Little or no wave is observed for the oxidation of 
Co (bipy) 3 + and Co (bipy) 2 + under  conditions where 
the mixed complex is formed because the product of 
its fur ther  reduct ion is apparent ly  not oxidizable. The 
anodic wave for Co(I)  --> Co (II) appears only under  
conditions where most of any allyl  chloride present  
has been consumed so that Co (bipy)8 + or Co (bipy)2 + 
can persist at the electrode surface and be reoxidized. 

By using a mercury  electrode it proved possible to 
use the anodic depolarization of mercury  at +400 mV 
to monitor  the concentrat ion of chloride ion released 
as the al lyl  chloride was reduced. There was a good 
correlat ion between the magni tude  of the anodic wave 
due to chloride and the increase in  the peak cur ren t  
of the wave for the reduct ion of cobalt (II) to cobalt (I) .  

Cont ro l l ed  Potent ia l  C o u l o m e t r y  
Electrolysis of solutions of Co(bipy)~ 2+ in  aceto- 

ni t r i le  at --1400 mV result~s in  the quant i ta t ive  forma-  
t ion of the intensely blue Co(bipy)8 + ion (1). If al lyl  
chloride is present  dur ing such an electrolysis, the 
deep blue color does not develop dur ing  the ini t ia l  
stages of the electrolysis. Gas chromatographic ana ly-  
sis of the solution shows that the allyl chloride is con- 
sumed and 1,5-hexadiene is produced as the electroly- 
sis proceeds (Fig. 5). The blue color of the Co (bipy)3 + 
ion persists in  the solution only after all  of the allyt 
chloride has been removed. The yield of 1,5-hexadiene 
and the quant i ty  of charge required to reduce the allyl 
chloride are functions of the relat ive amounts  of allyl 
chloride and cobalt complex present. Table I sum-  
marizes the coulometric data. When the ratio of allyl 
chloride to Co(bipy)3 + is small, e.g., exper iments  1 
and 2 in Table I, the reduction consumes precisely 
one electron per molecule Of allyl chloride and a 
prominent  reaction product  is 1,5-hexadiene (the other 
reaction products were not determined) .  As this ratio 
increases allyl chloride disappears from the solution 
before one electron per molecule is consumed (experi-  
haents 3 to 7, Table I),  the more so the higher the con- 
centrat ion of al lyl  chloride. Gas chromatograms of the 
solutions resul t ing from such electrolyses (Fig. 6) 
contain a series of i l l-defined peaks corresponding to 
components with high re tent ion times as would be ex- 
pected for oligomers of allyl chloride. 
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Fig. 5. Gas chromatogroms of electrolysis solution before (lower 
chromotogrom) and after (upper chromatogram) exhaustive elec- 
trolysls at --1.4V vs. Ag/0.1M Ag + at a platinum gauze elec- 
trode. Initial solution compesition: 10 m'M Co(bipy)32+, 10 
mM allyl chloride, 0.2M TEAP. The small peak with o retention 
time near 3 min was obtained in oil chromatogroms and may be 
on impurity in the solvent. 
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Fig. 6. Gas chromatograms of electrolysis solutions before (lower 
chromatogram) and after (upper chromatogrom) exhaustive elec- 
trolysis at - -1.4V vs. Ag/0.1M Ag § Initial .~olution composition: 
4 mM Co(bipy)32+, 5.7M allyl chloride, 0.2M TEAP. Other 
conditions as in Fig. 5. 

During the electrolysis for exper iment  7 in Table  I 
a small  amount  of a white,  pastel ike solid precipi ta ted 
f rom the solution. The solid was collected, washed with  
water,  and vacuum dried at room temperature .  Ele-  
mental  analyses of the solid showed: (percentages)  C, 
47.5; H, 6.3; C1, 44. Calculated for (CH2CHCH2C1)n:C, 
47.1; H, 6.5; C1, 46.4. Thus, at high ratios of allyl  
chloride to cobal t ( I )  polymerizat ion of the al lyl  chlo- 
r ide ensues and is the ma jo r  pa thway  by which  it is 
removed from electrolysis solutions. 

It is not necessary for the allyl  chloride to be pres-  
ent  dur ing the electrolyt ic  reduct ion of Co(bipy)32+ 
to Co(bipy)3 + in order  to achieve the reduct ion of 
allyl chloride. For  example,  the addition, under  ar-  
gon, of 0.1 mM of allyl  chlori0e to 1O ml of a 10 mM 
solution of Co(bipy)8 + prepared by the electrolytic 
reduct ion of Co(bipy)~ 2+ resulted in the rapid fading 

Table I. Coulometric data for the catalyzed reduction of a!lyl 
chloride in the presence of Co(bipy)3 +* 

Yield of  
[Co (bipy) a ~+] [CH~CHCH~I] 1,5 hexa- 

Expt. No. (miVl) (mM) harp** diene (%) 

1 10 5 1.0 53 
2 10 10 1.0 50 
3 2 10 0.89 41 
4 2 30 0.63 26 
5 2 100 0.32 4 
6 2 500 0.11 ~1 
7 4 5700 0.01 ~ 1  
8 0 105 2.0 w 

* Reduction at a platinum gauze electrode maintained at -1400 
mV vs. Ag/0.1M Ag+ in acetonitrile. Supporting electrolyte: 0.1M 
tetraethylammonium perchlorate; solution volume: 10 ml. 

** napp is the ratio of the charge consumed up to the point at 
which the blue color of Co(bipy)3 + first appeared to the calcu- 
lated charge for the one-electron reduction of the allyl chloride 
present. 

t The fate of the reduced allyl chloride which did not appear 
as 1,5-hexadiene was not determined. 

$ Electrode potential  was -2608 inV. 
w Products were not monitored. Allyl chloride is reported to 

be reduced to a mixture os 1,5-hexadiene and 1-propene under 
these  condit ions  (3, 4) .  

of the intense blue color of the solution. Gas chroma-  
tographic analysis showed that  all of the allyl chloride 
had been consumed and about 50% had been converted 
to a 1,5-hexadiene. Cyclic vo l t ammograms  of the re-  
sult ing solution were  indist inguishable f rom those ob- 
tained with a fresh solution of Co(bipy)~ 2+. 

The cobalt catalyzed reduct ion of allyl  chloride may  
also be carr ied out chemical ly  using borohydride as 
the reductant  since sodium borohydr ide  rapidly re-  
duces Co(bipy)8 or 22+ to Co(b ipy)s  or s +. 

Discussion 

The reduct ion of allyl  chloride in the  absence of 
cobalt complexes at mercu ry  electrodes occurs near  
--2.6V (vs. Ag/0.1M Ag +) in nonaqueous solvents and 
the polarographic l imit ing current  corresponds to two 
electrons per molecule  of al lyl  chloride (3). Never -  
theless, the p r imary  reduct ion product  of nonexhaus-  
rive electrolysis in which the concentrat ion of allyl 
chloride is mainta ined re la t ive ly  high is 1,5-hexadiene 
(4) which requires  only one electron per allyl chlo- 
r ide molecule  (1-propene is also formed) .  These re-  
sults have  been rat ionalized (4) in terms of a chemi-  
cal reaction be tween  allyl chloride and allyl  carban-  
ion, the pr imary,  two-e lec t ron  reduct ion product. 

In exhaustive,  control led potent ial  electrolysis of 
10 mM solutions of allyl  chloride wi th  p la t inum 
electrodes we obtained rapid, clean, two-e lec t ron  re-  
duction at --2.6V in acetonitr i le  which we presume 
leads to the quant i ta t ive  format ion of 1-propene (no 
1,5-hexadiene was detected by gas chromatography) .  
The essential difference produced by the addition of 
cobalt-2,2 ' -bipyridine complexes to the electrolysis 
solution is the conversion f rom the two-e lec t ron  re-  
duction which yields allyl  carbanion to a one-e lec t ron 
reduct ion yielding the allyl  radical. The Scheme sum- 
marizes the proposed course of the reduct ion of allyl 
chloride both in the presence and in the absence o f  

cobalt-2,2 '-bipyridine complexes. 
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Co(-[) 

c a t a l y t i c  Co(bipy)~ 2+ + CH~CHCH2' + C1- 

(CH~=CHCH2)~ ol~gomers, 

CH2-~ff 

In  the  absence of cobal t  a ve ry  negat ive  e lect rode 
potent ia l  (--2.6V) is requ i red  for  the  reduct ion  of 
a l ly l  ch lor ide  but  quant i t a t ive  reduct ion  can be 
achieved at  --1.4V in the presence of Co (bipy)32+ (or 
Co(bipy)22+) .  In  the  cata lyt ic  cycle which  leads to 
the  reduc t ion ,  Co (bipy)32+ is r egenera ted  and this ac-  
counts for  the  enhancement  of the  reduct ion wave  for 
this complex  in the  presence of a l ly l  chlor ide (Fig. 
I-3)o 

The proposition that the catalytic reduction involves 
an intermediate in which the allyl chloride is bonded 
to a complex of cobalt(1) and 2,2'-bipyridine is sup- 
ported by several pieces of evidence: (i) Addition of 
2,2'-bipyridine inhibits and eventually eliminates the 
catalytic reduction of a11yl chloride (Fig. 2) even 
though the production of Co (bipy) 8 + is not impeded; 
(//) the rate of the catalyzed reduction (as measured 
by  the  ex ten t  of the  enhancement  of the  coba l t ( I I )  
reduct ion  wave  in  cyclic vo l tammograms)  is much 
h igher  when Co(b ipy)2  + is used as ca ta lys t  (Fig. 3);  
(iii) the  new vo l t ammet r i c  wave  at  --1500 mV p ro -  
duced by  the addi t ion  of a l ly l  chlor ide  to solutions of 
Co (b ipy)s  2+ resembles  in a l l  regards  the  s imi lar  wave  
produced  by  ac ry lon i t r i l e  which  is be l ieved  (1) to 
correspond to a stable,  ~-bonded,  mixed  complex in 
which  the coba l t ( I )  is reduced  to cobalt  ( - - I )  . Wi th  
acryloni t r i le ,  the  mixed  complex  is s table  toward  an 
in t ramolecu la r  ox ida t ion- reduc t ion  reaction,  but  wi th  
the  more  r ead i ly  reducib le  a l ly l  chlor ide  the  mixed  
complex decomposes as depicted in the  Scheme. 

The re lease  of chlor ide  anion in the  decomposi t ion 
of the mixed  complex  was confirmed by  the  a ppe a r -  
ance of an  anodic wave  at  -~400 mV when  a m e r c u r y  
e lec t rode  was used to record  cyclic vo l tammograms.  
That  the  o ther  ini t ia l  decomposi t ion produc t  is a l ly l  
rad ica l  is suppor ted  by  the coulometr ic  da ta  (Table  I ) .  
One e lec t ron  per  a l ly l  chlor ide  molecule  is consumed 
in control led potent ia l  e lectrolyses  at  ra t ios  of a l ly l  
chlor ide  to cobal t  near  unity.  In addit ion,  the  appea r -  
ance of ol igomers  of a l ly l  chlor ide  at h igher  ra t ios  
(Table  I)  is a s trong indicat ion that  a l ly l  radicals  are  
present  s ince the  po lymer iza t ion  of a l ly l  chlor ide  re-  
quires  radica l  (or cationic) in i t ia t ion  (5). 

A r iva l  mechanism for the decomposi t ion of the  
mixed  complex might  involve the  fo rmat ion  of a ~- 

a l ly l  anion complex of Co(HI )  s imi la r  to a species 
p r e p a r e d  b y  Bercaw e~ aL (6) f rom reac t ion  of a l ly l  
alcohol wi th  a mixed  cyano and phosphine  complex  of 
coba l t ( I ) .  Such a reac t ion  sequence seems less a t t r ac -  
t ive for the  cobal t  2 ,2 ' -b ipyr idine  complexes  because 
Co(b ipy)2  ~+ is a r a the r  s t rong oxidant  (El ,-, --70 mV 
vs. Ag/0.1M Ag+)  and a l ly l  anion is so power fu l  a 
reduc tan t  (E~/2 ,~- -2 .OV vs. Ag/0 .1M Ag +) (3) tha t  
rap id  decomposi t ion of such a complex  to Co(bipy)22§ 
and a l ly l  rad ica l  would  be favored  unless  ex t r ao rd i -  
n a r y  s tab i l i ty  were  a t t r ibu ted  to the  bond be tween  
cobalt  ( I I I )  and the  ~-a l ly l  anion. 

Conclusions 
The p r i m a r y  purpose  of  this  communica t ion  was  to 

poin t  out  the r e ma rka b l e  effectiveness of cobal t-2,2 ' -  
b ipyr id ine  complexes  as cata lys ts  in the  e lec t roreduc-  
t ion of a l ly l  chloride.  The poten t ia l  where  the  reduc-  
t ion commences becomes ca. 1.2V less nega t ive  in the  
presence of the  catalyst .  The mechanism proposed for  
the  catalysis  includes the  in i t ia l  fo rmat ion  of a ~-com- 
p lex  be tween  a l ly l  chlor ide  and Co(b ipy)2  + which  
para l le l s  the  recen t ly  descr ibed coordinat ion chemis t ry  
of Co (bipy)2 + and acry lon i t r i l e  (1).  In  the  l a t t e r  case, 
the  lower  reac t iv i ty  of acry lon i t r i l e  t e rmina tes  the  re-  
action sequence With the  coordinat ion  bu t  w i th  a l ly l  
chlor ide  an  in t r amolecu la r  ox ida t ion - reduc t ion  reac-  
t ion ensues. Al ly l  b romide  is i tsel f  reduced  at  po ten-  
t ials  only  s l ight ly  more  negat ive  than  tha t  at  which  
C o ( b i p y ) s  e+ is reduced  bu t  addi t ion  of the  l a t t e r  does 
resul t  in  the  ca ta lyzed reduct ion  of a l ly l  bromide.  

The abi l i ty  of a number  of ac t iva ted  olefins to form 
~-bonds wi th  low va len t  coba l t -2 ,2 ' -b ipyr id ine  com- 
plexes  (1) suggests  tha t  these complexes  m a y  serve  a 
genera l  role  as ca ta ly t ic  agents  for  the  reduct ion  of 
sufficiently ac t iva ted  (e.g., al ly l  chlor ide  but  not a l ly l  
alcohol or ac ry lon i t r i l e )  coordina ted  molecules.  
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ABSTRACT 

The adsorpt ion  of D-ribose,  2 ' -deoxy-D-r ibose ,  and D-r ibose  5 ' -phosphate  
at  the  mercu ry  e lec t rode-e lec t ro ly te  solut ion interface  at  pH 8.0 (0.5M NaF 
plus 0.01M Na2HPO4) has been s tudied by  e lec t rocap i l l a ry  measurements .  
Each of these compounds is only  weak ly  adsorbed  wi th  the  free sugars  being 
adsorbed at  potent ia ls  close to the  potent ia l  of zero charge  (e lee t rocapi l la ry  
m a x i m u m  poten t ia l ) .  D- r ibose  5 ' -phosphate ,  being ex tens ive ly  ionized at  p H  
8.0, is adsorbed ma in ly  at a pos i t ive ly  charged electrode.  The areas  occupied 
by  these molecules  at monolayer  surface sa tura t ion  suggest  tha t  they  are  al l  
adsorbed wi th  the average  p lane  of a toms of the 5 -membered  sugar  r ing 
para l l e l  to the e lec t rode  surface, i.e., in a fiat surface or ientat ion.  In format ion  
about  the in ter rac ia l  behavior  of these sugars  and sugar  phosphate  has been 
used to in t e rp re t  in more  deta i l  the  in ter fac ia l  conformat ion of pur ine  and 
pyr imid ine  nucleosides and nucleot ides  adsorbed at an e lec t rode  surface. 
I t  appears  that  pyrimidi~ne nucleosides and nucleotides,  such as ur id ine  and 
u r id ine  5 ' -monophosphate ,  a re  adsorbed  wi th  the  p l ana r  py r imid ine  base 
adsorbed  in a fiat or ienta t ion  on the electrode.  The sugar  residues must  be 
adsorbed  pe rpend icu la r  to the e lec t rode  surface. Since py r imid ine  nucleo-  
sides and nucleot ides p re fe ren t i a l ly  adopt  an anti conformation,  these mole-  
cules occupy significantly more  surface area  than  the  base. On the other  hand,  
pur ine  nucleosides and nucleotides,  such as those of adenine,  adopt  a syn 
cauformat ion  in the  adsorbed s tate  at  monolayer  surface saturat ion.  Aga in  
the  pur ine  base is adsorbed  in a fiat or ienta t ion  on the electrode.  This re -  
sults in the sugar  or sugar  phospha te  residues being l a rge ly  ro ta ted  out of 
the  p lane  of the  e lect rode surface so tha t  the  adenine moiet ies  can pack  
closely together .  I t  is for this reason tha t  the  areas  occupied by  adenine,  de -  
oxyadenosine,  and deoxyadenos ine  5 ' -monophosphate  are  close to those ob-  
served  for the  free pur ine  base. 

Recent  reports  from this l abo ra to ry  have  descr ibed 
the in ter rac ia l  behavior  of adenine (1), t hymine  (2), 
and uraci l  (3) and the i r  nucleosides and nucleot ides at  
the  mercu ry -aqueous  solut ion interface  at  pH 8-9. 
These pur ines  and pyr imid ines  a re  found na tu ra l ly  in 
all  l iving organisms,  pa r t i cu l a r ly  as components  of 
nucleic acids. We are  a t t empt ing  to in t e rp re t  the  in-  
terfacia l  behavior  of the pur ine  and pyr imid ine  con- 
s t i tuents  of nucleic acids wi th  a view to u l t ima te ly  
unders tand ing  the in ter fac ia l  behavior  of the complex 
nucleic acids themselves.  There  is considerable  l i t e ra -  
ture  evidence tha t  the nucleic acids are  ex tens ive ly  
associated wi th  charged biological  surfaces, such as 
the  surfaces of m a m m a l i a n  cells and o ther  biological  
membranes  (4-7).  There  are  indicat ions tha t  in te rac -  
tions of nucleic acids wi th  biological  interfaces (ad-  
sorpt ion and subsequent  eonformat ional  changes)  a re  
a prerequis i te  for the  manifes ta t ion  of the biological  
effects of these polynucleot ides  in mammal i an  sys tems 
in vivo and in vitro (8-10). I t  has also been known for 
some t ime that  electr ic  fields having magni tudes  equi-  
va lent  to those exis t ing wi th in  the  inner  double l ayer  
at  a charged cell  surface-biological  fluid in terface  af-  
fect the  conformat ion of var ious  polynucleot ides  in 
solut ion (11-13). 

Recent  work  by  Brabec  and Palecek  (14) s t rong]y 
suggests  tha t  var ious  doub le - s t r anded  polynucleot ides  
unfold at  cer ta in  potent ia ls  at  a mercu ry  electrode.  

We are  employing  a me rcu ry  e lec t rode-e lec t ro ly te  
solut ion in ter face  as a model  of a biological  surface-  
biological  fluid in ter face  to s tudy the in ter fae ia l  be -  
havior  of the const i tuents  of nucleic acids and, u l t i -  
mately,  of na tu ra l  and biosynthet ic  polynucleot ides.  

Al l  of the compounds tha t  we have s tudied exhib i t  
an ini t ia l  adsorpt ion  region where  they  are  adsorbed 
wi th  the  v i r t ua l ly  p l ana r  pur ine  or  py r imid ine  res idue 
in a fiat or ienta t ion  on the e lec t rode  surface. This re -  
gion has been re fe r red  to as the d i lu te  adsorpt ion  re -  
gion (1-3, 15). In  the case of thymine  and uraci l  a 

surface reor ien ta t ion  process occurs at  cr i t ical  concen- 
t ra t ions  and potent ia ls  such tha t  the  molecules  adopt  
a pe rpend icu la r  s tance on the e lect rode (3, 16). We 
suspect  tha t  a s imi lar  reor ien ta t ion  occurs wi th  the 
adenine der ivat ives  a l though this is cu r ren t ly  being in-  
vestigated.  

In  o rder  to faci l i ta te  fu r the r  discussion some resu!ts 
re levan t  to this paper  for adenine and uraci l  and the i r  
nucleosides and nucleot ides  in the  d i lu te  adsorpt ion  
region are  presented  in Table  I. I t  wil l  be noted tha t  
in the  adenine  series the areas  occupied by  adenine 
and its nucleosides and nucleot ides  a re  ve ry  similar.  
This has been in te rp re ted  (1) as indica t ing  tha t  p r i m -  
ar i ly  the  adenine res idue is adsorbed  to the e lect rode 

Table I. Adsorption parameters for adenine, uracil, and their 
nucleosides and nucleotides in the dilute adsorption region 

A r e a / A  2 
5G~ p e r  Refer-  

Compound  Buffer  s y s t e m  ca! m o l e c u l e  e n c e  

Aden ine  Borate ,  pH 9.0* *,~ -4428  55 -- 4 (1) 
D e o x y a d e n o s i n e  Borate ,  pH 9.0 -5695 55 -- 4 (1) 
D e o x y a d e n o s i n e  5'- 

m o n o p h o s p h a t e  Bora te ,  pH 9.0 -4948  67 • 0 (1) 
Aden ine  Fluor ide ,  pH 8.0~ --4413 53 ---+ 3 w 
Adenos ine  Fluor ide ,  pH 8.0 --5832 55 ---+ 3 
Adeno s ine  5'-mono- 

phospha te  Fluor ide ,  pH 8.0 -4887 63 ----- 2 w 
Urac i l  F luor ide ,  pH 8.0t. t - 2996 64 -- 3 (3) 
Ur id ine  Fluor ide ,  pH 3.0 -4177  104 + 4 (3) 
Ur id ine  5'-mono- 

phospha te  Flu oride,  pH 8.0 - 3863 120 • 4 ( 3 ) 

* S t a n d a r d  f r ee  e n e r g y  of adsorp t ion  a t  the  e lec t rocap i l l a ry  
m a x i m u m  po ten t i a l  f o r  p u r e  b a c k g r o u n d  e lec t ro ly te  solut ion,  
based  on infinite di lut ion s t a n d a r d  s ta tes  fo r  t h e  adsorba te ,  both  
in solut ion (a t  uni t  mola r i ty )  and  on the  sur face  (a t  un i t  va lue  
of 0/1 -- 0). In  f luoride buffer  the  ECM occurs  at  -0.433V; for  
the  borate  buffer  the  ECM poten t ia l  is --0.500V. 

** Na.~B~OT, KC1, HC1 buffer  pH 9, ionic s t rength  0.5. 
T h e r e  is no significant di f f erence  b e t w e e n  the  adsorpt ion re- 

sul ts  at  pH 8.0 in fluoride solut ion and  pH 9.0 borate  buffer  (15). 
* 0.5M NaF wi th  0.015I Na,~HPO4, pH 8.0. 
w F r o m  work  in p rog re s s  in th i s  laboratory.  
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surface with subst i tuent  ribose, deoxyribose, r ibose- 
phosphate, or deoxyribosephosphate groups being 
largely ti l ted away from the electrode surface at sur-  
face saturation, i.e., as 0 --> 1. However, in  the case of 
the uracil  series, the areas occupied by the nucleoside 
and nucleotide are significantly larger than  for the free 
base. This has been in terpre ted (3, 16) as indicat ing 
that subst i tuent  sugar or sugar-phosphate groups re-  
main  in  the vicini ty of the electrode surface at surface 
saturation.  

The s tandard free energy of adsorption of these 
various pu~:ine and pyr imidine  derivatives reveal that 
the nucleosides and nucleotides have significantly 
larger negative hG ~ values than  the free bases (Table 
I).  The hG ~ values reported in  Table I are those at the 
ECM potential  for the support ing electrolyte. The same 
general  t rend  is also noticed at the potentials of maxi-  
m u m  adsorption of each species, which are normal ly  
wi thin  ca. 50 mV of the ECM potential  for pure sup- 
port ing electrolyte solution. These observations imply 
that the sugar and sugar phosphate residues enhance 
the adsorption of these compounds at potentials in  the 
region of m a x i m u m  adsorption. 

This invest igat ion was initiated, therefore, to eluci- 
date the interfacial  behavior  of D-ribose, 2 ' -deoxy-D- 
ribose, and D-ribose 5 '-phosphate at the mercury-so-  
lu t ion interface. The very high cost of 2 ' -deoxy-D- 
ribose 5'-phosphate precluded an invest igat ion of this 
material ,  a l though we expect it  to paral le l  D-ribose 
5'-phosphate. 

Experimental 
Chemica l s . - -D-R ibose ,  2'-deoxy-D-ribose,  and D- 

ribose 5 '-phosphate were obtained from Calbiochem 
and were used without  fur ther  purification. All  mea-  
surements  were performed in  0.SM sodium fluoride 
with 0.01M Na2HPO4, pH 8.0. Samples were weighed 
directly into this support ing electrolyte solution and, 
after dissolution, deaerated with water -sa tura ted  ni -  
trogen before study. 

D~fIerential capaci tance measuremen t s . - -D i f f e r en t i a l  
capacitance measurements  were obtained by the phase- 
selective a-c polarographic method outl ined in  previ-  
ous reports (1, 2). Differential capacitance vs. poten-  
tial (C vs. E)  curves for D-ribose, 2 ' -deoxy-D-ribose,  
and D-ribose 5'-phosphate were not coincident with the 
C vs. E curve of pure background electrolyte solution 
at very  negat ive potentials. It was not possible, there-  
fore, to use the double back- in tegra t ion  method of 
Grahame et al. (17) to calculate interracial  tension 
values. 

D~rect interracial  t ens ion  ~neasuremen t s . - -An  ap- 
paratus for interfacial  tension measurements,  similar 
to that  used by Hansen et al. (18) and described in de- 
tail  elsewhere (16), was utilized. A J-shaped Pyrex 
capil lary was employed; this capillary was siliconized. 
With this capillary, the pressure at a par t icular  applied 
potential  necessary to cause mercury  drops to form at 
the capil lary tip was measured with a Mensor Corpo- 
ra t ion Quartz Manometer  pressure gauge. This method 
is, of course, a max imum bubble  pressure experiment.  
The in te rna l  radius, r, of the J-shaped capillary at its 
tip was 0.004105 cm; hence, the total measured pres-  
sure, ~p, is directly proport ional  to the interracial  ten-  
sion, 7, by the relat ionship 

~P 
"-- - -  [1] 

2r 

The value of r was determined with 0.10N HC10~ 
where the interracial  tension at --0.500V at 25~ is 
425.56 dyne cm -1 (18). All potentials are referred to 
the saturated calomel electrode at 25~ 

Measurements of interracial  tension were normal ly  
taken at 50 mV intervals  between --0.2 and --1.8V. 

In  order to obtain charge values from interracial  
tension measurements ,  the electrocapil lary data were 

first fitted to a s ixth-order  polynomial  of the type v = 
A I ( E  -- EECM) 2 -I- A 2 ( E  -- EECM) z -5 . . .  A s ( E  -- EECM) t~, 
Where EECM is the potent ial  of the electrocapil lary 
maximum. A nonl inear  least squares procedure was 
employed to obtain op t imum values of all parameters.  
The root mean  square (rms) deviat ion observed over 
all concentrat ions for each adsorbate never  exceeded 
0.1 dyne cm -1. The use of polynomials  of higher de- 
grees did not improve the 7 vs. E fit. Charge, q, vs. 
potential, E, curves were then  obtained by analytical  
differentiation of the fitted electrocapillary curves with 
respect to potential.  

Results and Discussion 
Because it was necessary to employ quite high con- 

centrat ions of the sugars studied in  order to obta in  
significant changes in  interracial  tension, the activities 
of each compound were measured over the ent i re  con- 
centrat ion range of interest  in  fluoride buffer pH 8.0. 
Solute activities were inferred from surface spreading 
pressure-surface charge data by methods which have 
been outl ined elsewhere (19). In  the case of D-ribose, 
2 '-deoxy-D-ribose,  and D-ribose 5'-phosphate there 
was no evidence for activity being different from con- 
centrat ion even at the highest bulk-solu t ion  concen- 
trations used (v ide  in f ra ) . .  

Typical electrocapitlary curves (-y vs. E)  for D- 
ribose, 2 ' -deoxy-D-ribose,  and D-ribose 5'-phosphate 
are shown in  Fig. 1. These curves indicate that  all 
three compounds are adsorbed, i.e., decrease interracial  
tension compared to pure support ing electrolyte solu- 
tion. D-ribose 5 '-phosphate is adsorbed extensively 
only at potentials more positive than about --0.6V. 

From 7 vs. E data of the type presented in  Fig. 1 the 
surface spreading pressure, ~, as a funct ion of elec- 
trode potential, E, and solute activity, a, was calculated 
from Eq. [2] 

: 7w(E) -- 7(E)  [2] 

where 7w is the value of the interracial  tension for the 
pure background electrolyte solution at a -- 0. 

For each compound studied, plots of = vs. the loga- 
r i thm of the solute activity had the same geometrical 
shape at different potentials and, hence, were super-  
imposable by abscissa t rans la t ion (Fig. 2). The cal- 
culated curve in  Fig. 2 represents the least squares fit 
of ;~, a, and E data to the empirical  equation 

=A{In[l+Ba]} I+ (l+Ba)~ 

-~ ( 1 - S B a )  3 ~ ' ' ' ' - -  [3] 

In this equation A is equal  to rmRT,  where rm is the 
surface excess of the solute at o _-- 1. The detailed 
method of applying this equat ion has been outl ined in  
previous reports (2, 3, 16). 

Once a composite fit was obtained for data at several 
potentials, the same funct ional  form was used to fit 
data at fixed potentials. In performing these fits it was 
assumed that  the value of FmRT (or A in Eq. [3]) was 
constant, which is quite reasonable considering the ex- 
cellent composite n vs. in a fits. Analyt ical  differentia- 
tion of the = vs. In a fits obtained at fixed potentials 
gives, according to the Gibbs equat ion (Eq. [4] ) 

1 d;c 
r -- - -  [4] 

R T  d l n a  

the value of r R T  corresponding to each activity at each 
electrode potential.  

The congruence of adsorption isotherms with respect 
to both potent ial  and charge was tested for in the fol- 
lowing fashion (2, 3, 16). In  order to test for con- 
gruence with respect to potential  plots of charge, q vs. 
r R T  were prepared at fixed potentials. Throughout  
ranges of potential  where q vs. r R T  plots are l inear  the 
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Fig. i. Electrocapillary curves for (A) D-ribose (0-300 raM), 
(8) 2'-deoxy-D-ribose (0-100 mM), and (C) D-ribose 5'phos- 
phate (0-200 mM) in 0.SM NaF with 0.01M Na2HPO4 buffer 
pH 8.0. Interfacial tension, % was measured by the maximum bub- 
ble pressure method. 

isotherms must  be congruent  with respect to potential.  
Charge values at each potent ia l  and solute activity 
were obtained by analyt ical  differentiation of electro- 
capil lary curves (see Exper imenta l ) .  The values of 
FRT at the same potential  and solute activity were ob- 
tained by analytical  differentiation of individual  ~ v.~. 
In a curves and hence are independent  of any adsorp- 
tion model. Typical q vs. rRT  data for D-ribose, 2'- 
deoxy-D-ribose,  and D-ribose 5'-phosphate are shown 
in Fig. 3. It is clear that  for D-ribose and 2 ' -deoxy-D- 
ribose (Fig. 3A and B) the isotherms are congruent  
with respect to potential  between at least --0.2 and 
--1.1V. In  the case of D-ribose 5'-phosphate (Fig. 3C), 
however, the congruence conditions prevail  be tween 
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Fig. 2. Composite ~ vs. In a plots for (A) D-ribose, (B) 2'deoxy- 
D-ribose, and (C) D-ribose-5'-phosphate in 0.5M NaF with 0.01M 
Na2HPO4 pH 8.0. Potentials for each point are indicated in the 
figure. Data were obtained from maximum bubble pressure experi- 
ments. The solid line is the best least squares fit of all ~, a, E 
data. 3"he rms deviation in ~; from the calculated curve for (A) 
is 0.094 dyne cm -1,  (B) 0.133 dyne r -1 ,  and for (C) 0.096 dyne 
r  
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--0.1 and ca. --0.4V. At potentials more negative than 
--0.4V rRT  values become ext remely  small. It is pos- 
sible that the reason for the apparent  noncongruence 
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Fig. 3. Test of congruence of electrosorption isotherms with re- 
spect to potential in 0.$M NaF with 0.01M Na2HPO4 pH 8.0 for 
(A) D-ribose, (B) 2'-deoxy-D-ribose, and (C) D-ribose 5'-phosphate. 
Potential values are shown in the figure. Data obtained from max- 
imum bubble pressure results. 

of the  isotherms of D-r ibose  5 ' -phosphate  at --0.05V 
(Fig. 3C) is tha t  at this posi t ive potent ia l  significant 
ox ida t ion  of the  m e r c u r y  e lec t rode  begins to take  
place. 

Nevertheless ,  the  plots shown in Fig. 3 indicate  that,  
over  the  range  of accessible potent ia ls  were  the  com- 
pounds adsorb  to an apprec iab le  extent,  the  adsorp-  

t ion isotherms are  congruent  wi th  respect  to potent ia l .  
Plots  of potent ial ,  E vs. FRT at fixed charge values  

were  p repa red  to decide whe the r  the  e lec t rosorpt ion  
isotherms were  congruent  wi th  respect  to charge  (2, 3, 
16). Excel len t  l inear  re la t ionships  be tween  E and r R T  
were  noted over  a r e l a t ive ly  la rge  range  of charge 
values (Fig. 4) which  impl ies  tha t  the  e leet rosorpt ion 
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Fig. 4. Test of congruence of electrosorption isotherms with re- 
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D-ribose, (B) 2'-deoxy-D-ribose, and (C) D-ribose 5'-phosphate. 
Charge values are shown in the figure. Data obtained from maxi- 
mum bubble pressure results. 
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of the sugars and sugar  phosphate is apparent ly  con- 
gruent  with respect to charge. 

The observation that  the adsorption isotherms o f  
these compounds are congruent  with respect to both 
potential  and charge has been noted for other com- 
pounds (16). Such behavior  is expected for organic 
solutes having relat ively large C' values [where C' is 
the capacitance at complete monolayer  sa turat ion and 
which is assumed to be constant  and independent  of 
potential  (20)], at re lat ively low surface activity (21). 

Since the electrosorption isotherms of D-ribose, 
2 '-deoxy-D-ribose,  and D-ribose 5'-phosphate are all 
congruent  wi~h respect to potential,  ~, E, and a data 
were fitted to the F rumkin  isotherm model. The fixed 
potential  form of the F r u m k i n  equat ion is shown be-  
low (Eq. [5]) 

- -  Ba exp 2a0 [5] 
1--~ 

where e is the =fractional surface coverage, and B and 
are constants depending on interactions between the 

adsorbed molecules and the electrode surface and on 
lateral  in termolecular  interactions between the ad- 
sorbed organic molecules, respectively. The constant  B 
is dependent  on potent ia l  according to Eq. [6] (22) 

B ---- Bo exp -- [r [6] 
where the function ~b is defined in Eq. [7] 

C,E~ 
= [Tw(O) -- 7w(E)] + C'EEN [7] 

2 

In this expression E is the potential relative to the 
ECM potential for the pure supporting electrolyte 
solution, EN is the ECM potential for 8 _-- I, and 7w is 
the interracial tension for the pure electrolyte solution. 
The term Bo in Eq. [6] is the value of the constant B 
at the ECM potential for pure electrolyte solution. 
Combination of Eq. [5] and [6] gives the generalized 
form of the Frumkin equation (Eq. [8] ) 

# 
-- Boa exp (2a8) �9 exp -- [@/FmRT] [8] 

1--8 

The parameters C', EN, a, Bo, and l'm are evaluated from 
Eq. [7] and [8] by a nonlinear least squares method 
described extensively elsewhere (I, 2, 16). 

Some reduced isotherms for all three solutes studied 
are shown in Fig. 5. Experimental TRT values were 
obtained by differentiation of ~ vs. in a plots at in- 
dividual potentials. The solid curve is the best fit 
of all x, E, and a data to the Frumkin model. The in- 
dividual experimental points, which were obtained 
without assuming an adsorption model, were in ex- 
cellent agreement with the calculated Frumkin iso- 
therm, The superimposability of the isotherms at 
various potentials shown in Fig. 5 may also be re- 
garded as a test of congruence of the electrosorption 
isotherms as a function of potential (23). 

Detailed results of analysis of x, E, and a data for 
D-ribose, 2'-deoxy-D-ribose, and D-ribose 5'-phos- 
phate are presented in Table If. A number of conclu- 

5.ot A ~ ~  

3,o4"~ ~ "  �9 -1.1v 
J ~" O -1.ov , , f  , -o.gv 2ur- ~ -  , -o.sv 
I ~ �9 - Q . 7 V  l_,' _0.0v 

1,0 ~ - 0 . 5 V  
r r - 0 . 4 V  

- 0 , 3 V  

0 
110 2 .0  C / C C R T  = 3 .0  3 . 0  4.0 5 .0  

6 .0  

B ~ 
5.0 

4.0 

~ 3.0 

�9 -1.1V 
O -1.0V 

2.0  �9 - 0 . 9 V  
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�9 - 0 . 7 V  

1.0 r - O . 6 V  
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i i z i i i 
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2 .0  r - 0 , 3 5 V  
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1.0 ..~ 0 - 0 . 1 5 V  
o - 0 . 1 0 V  

J i i i r 
0 r 2,.0 4 .0  C / C C R T  = 2 .0  6 .0  8 .0  10 ,0  

Fig. 5. Reduced adsorption isotherms in 0.SM NaF with 0.01M 
NaeHPO4 pH 8.0 for (A) D-ribose,  (B) 2 ' -deoxy-D-ribose ,  and 
(C) D-ribose 5'-phosphate. The solid line is the best fit of all ~, 
E, and a data to the general ized Frumkin equation with (A) a 
= 0.28, Bo = 16.45 X 103, FmRT = 6.76, C' --~ 17.42 ,~F cm -2 ,  
EN = --0.414V; (B) ,~ = 0.41, Bo = 20.83 X 103 , s = 7.47, 
C' = 17.86 :p,F cm -2 ,  EN = --0.395V; and (C) c~ = --0.91, Bo = 
3.83 X 103, rmRT = 5.86, C' ---- 33.68 ,=F cm -2 ,  EN = --0.539V. 
Potentials are shown in the figure. 

sions may be drawn from these results and those pre-  
sented elsewhere in  this report. First, the free energy 
of adsorption, hG ~ at the ECM potential  indicates 
that in  the potential  regions where adenine, uracil, 
and their  derivatives are most strongly adsorbed (ca. 
- 0 . 4  to --0.6V) the sugar and sugar phosphate groups 
are significantly less strongly adsorbed than the mole-  
cules which contain a pur ine  or pyr imidine  base resi-  
due. The sugar and sugar phosphate groups are not 
appreciably adsorbed at very negative potentials. 

Table II. Parameters of the generalized Frumkin equation for D-ribose, 2'-deoxy-D-ribose, and 
D-ribose 5'-phosphate determined from maximum bubble pressure measurements at pH 8.0* 

C'** (/~F AG~ E~t  (vo l t  s  A r e a  per  
Compound  a cm -2 cad (cad vs. SCE) (cm -2 x 10 lo) m o l e c u l e  

D-ribose - 0 . 2 8  ~- 0.11 17.42 -- 1657 - 0 . 4 1 4  - -  0.002 2.73 61 - -  4 
2'-deoxy-D-ribose 0.41 - -  0.11 17.85 --1796 --0.395 ~ 0.005 3.01 55 + 6 
D-ribose 5'-phosphate - 0.91 ---+ 0.35 33.68 -- 794 - 0.539 --4--- 0.023 2.37 70 ~- 11 

* 0.5M NaF w i t h  0.01M Na~I-IPO~, pH 8.0. 
** Capacitance of m o n o l a y e r  c ove r e d  e l e c t r o d e  surface. 
t Standard f r e e  e n e r g y  of adsorption at the ECM potential for  pure  background  e l e c t r o l y t e  so lut ion based  on infinite di lut ion stan- 

dard s ta tes  for  the  adsorbate  both  in so lut ion  (at unit molarity) and on the  sur face  (at unit value of 0/1 - 8). AG ~ = -RT In Bo. 
$ ECM potent ia l  w h e n  e = 1. 
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~ ] e  a rea  occupied b y  D-r ibose  is 61A ~, b y  2 ' -deoxy-  
D-r ibose  55A 2, whi le  tha t  occupied b y  D- r ibose  5'-  
phosphate  is 70A s (Table  I I ) .  

In  o rde r  to decide f rom the  l a t t e r  values  the  p r o b -  
able  surface or ienta t ion  of each of the  molecules,  p ro -  
j ec ted  areas  were  ca lcula ted  based  on the i r  c rys ta l  
s t ruc tures  (24). These areas  were  ca lcula ted  for  each 
molecule  in two orientat ions.  The first was the  a rea  
tha t  the  molecule  would  be  expected to occupy when 
the app rox ima te ly  p l ana r  sugar  r ing  sys tem is in  a flat 
or ien ta t ion  on the  e lect rode surface [specifically, wi th  
the  p lane  formed by  the  C ' (1) ,  O ' (1) ,  and C ' (4)  a toms 
pa ra l l e l  to the  e lec t rode  surface] .  The second was the  
area  the  molecule  should  occupy when  the approx i -  
ma te ly  p l ana r  sugar  r ing  is pe rpend icu la r  to the  e lec-  
t rode  surface  [i.e., the  p lane  fo rmed  by  C ' (1) ,  O ' (1) ,  
and C ' (4)  atoms].  These  areas  were  calcula ted using 
the ORTEP programs  of Johnson (25). Some typica l  
p ro jec ted  areas  for D-r ibose,  2 ' -deoxy-D-r ibose ,  and  
D-r ibose  5 ' -phosphate  wi th  the  sugar  r ing  in a flat 
surface  or ienta t ion  a re  shown in Fig. 6. P ro jec ted  areas  
for the  same molecules wi th  the  sugar  r ing  in  a pe r -  
pendicu la r  surface or ien ta t ion  a r e  presented  in Fig. 7. 
I t  should be  noted tha t  the  areas  shown in Fig. 5 and 
7 are  based on the C'(3)-endo conformat ion of D - r i -  
bose and the C'(2)-endo conformat ion  of 2 ' -deoxy-  
D-r~bose. These conformat ions  were  used because  in 
RNA D-r ibose  is in  the  C'(3)-endo fo rm whi le  in  the  
common form of DNA (B-DNA)  the 2 ' - d e o x y - D - r i -  
bose occurs in  the  C ' ( 3 ) - e n d o  conformation.  An  ex -  
cel lent  r ev iew of the  conformat ion  of pur ine  and p y -  
r imid ine  bases, nucteosides,  and  nucleot ides  has  been  
p repa red  by  Ts'o (26). 

The  p ro jec ted  areas  occupied by  D-r ibose,  2 ' -deoxy-  
D-r~bose, and  D-r ibose  5 ' -phosphate  in the  flat surface 
or ienta t ion  are  52, 39, and 59-~ 2, respec t ive ly  (Fig. 6). 
When  in a pe rpend icu la r  surface or ienta t ion  the  p ro -  
jec ted  areas  occupied by  D-r ibose  and 2 ' - deoxy -D-  
r ibose are  43 and 45• 2, respect ively ,  whi le  for  D-r ibose  
5 ' -phosphate  the a rea  wi th  the  pe rpend icu la r  o r ien ta -  
t ion of the  sugar,  61A ~, is  essent ia l ly  ident ica l  to tha t  
observed for  the  flat or ientaGon of the  sugar,  59A ~ 
(Fig. 7). 

Compar ison of the  p ro jec ted  a reas  shown in Fig. 6 
and 7 wi th  the  measu red  areas  a t  the  e lec t rode  surface  
at  surface sa tu ra t ion  (Table  I I )  c lear ly  supports  the  
view tha t  in the  case of D-r ibose  the  molecule  is p rob -  
ab ly  adsorbed at  the e lec t rode  surface in a flat o r ien ta -  
tion. 

Since the  p ro jec ted  a rea  of 2 ' - deoxy-D- r ibose  in the  
flat and pe rpend icu la r  or ienta t ions  (39 and 45A~, r e -  
spect ive ly)  a re  so s imi lar  i t  is difficult to be cer ta in  of 
the  real  surface or ienta t iom However ,  by  analogy wi th  
D-r ibose  i t  seems reasonable  to assume tha t  the  fiat 
o r ien ta t ion  is more  l ikely.  The p ro jec ted  a rea  of D - r i -  
bose 5 ' -phosphate  is also v i r t ua l ly  the  same when  the  
sugar  res idue is flat or pe rpend icu la r  to the  e lec t rode  
and both  areas  a re  close to tha t  observed f rom ex -  
pe r imen ta l  measurements .  However ,  in v iew of the flat 
surface or ienta t ion  of the  free sugars,  i t  is p robab le  
tha t  the  sugar  phosphate  is also adsorbed  wi th  the  
sugar  in a flat or ientat ion.  

Interracial behavior of nucleosides and nucleotides.-- 
The resul ts  p resented  in this  r epor t  indicate  tha t  D - r i -  
bose, 2 ' -deoxy-D-r ibose ,  and D-r ibose  5 ' -phosphate  
a re  re la t ive ly  weak ly  adsorbed  (Table  I I )  and  only at  
potent ia ls  close to the ECM potent ia l  for pure  sup-  
por t ing  e lec t ro ly te  solution. The e lect rode areas  oc- 
cupied by  these molecules  at  surface sa tu ra t ion  have  
been measured  expe r imen ta l l y  and indicate  tha t  they  
are  p robab ly  adsorbed wi th  the  sugar  r ing  in  a fiat 
surface or ientat ion.  

These resul ts  may  be used to be t t e r  unde r s t and  the 
surface conformat ion  of pur ine  and py r imid ine  nucleo-  
sides and nucleot ides  at  the  e lec t rode /so lu t ion  i n t e r -  
face. Typica l  adsorpt ion  pa rame te r s  for  adenine  and 

o,< 

rZ 

I 

rZ 

A 51.8A2 

i 

6.9 

O_C3,J Cd 

5.4 A 

<>,,~ 

, /~ I 

8.6 .'~ 

Fig. 6. Projected areas occupied by (A) D-ribose, (B) 2'-deoxy- 
D-ribose, and (C) D-ribose 5'-phosphate when the sugar ring is 
in a flat surface orientation. The projections refer to the C(3) 
endo conformation oE the ribase residue and C'(2) endo conforma- 
tion of deoxyribose. 

urac i l  and the i r  nucleosides and  nucleot ides  a r e  p r e -  
sented in  Table  L 
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0 
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Fig. 7. Projected areas occupied by (A) D-ribose, (B) 2'-deoxy- 
D-ribose, and (C) D-ribose 5'-phosphate when the sugar ring is 
in a perpendicular surface orientation. The projections refer to 
the C'(3) endo conformation of the tibose residue and C'(2) endo 
conformation of the deoxyribose residue. 

In considering the  adsorp t ion  of such pur ine  and  
pyr imid ine  nucleosides and nucleot ides  it seems rea -  
sonable to conclude tha t  the base res idue wil l  p r e fe r -  
en t ia l ly  adsorb wi th  the  planes  of the  r ings para l l e l  to 

the surface. This is so because the base is always more 
strongly adsorbed than the sugar or sugar phosphate 
res idue  (compare  ~G ~ values  in Tables  I and I I ) .  If  
the  pur ine  or py r imid ine  base res idue  is adsorbed  wi th  
p lane  of the r ing pa ra l l e l  to the  e lec t rode  surface, 
then i t  is c lear ly  impossible  for the  sugar  res idue to 
adopt  a s imi lar  surface or ienta t ion  because the average 
p lane  of a toms in the  sugar  r ing  is a p p r o x i m a t e l y  pe r -  
pendicu la r  to the  base  r ing  sys tem (26). 

The conformations of pur ine  and py r imid ine  nu-  
cleosides and nucleot ides  can be be t te r  unders tood 
by  considerat ion of the  suga r -base  torsion angle, ~bCN, 
and the re la ted  syn and anti conformat ions  which  are  
defined in Fig. 8. 

O 
H N3~51 NH2 

o LJ 
.oc.  o I o I 

�9 ~cz c2"l/' "Nc3' c2'~" 
I I I I 
OH OH OH OH 

H1 

03' C 2 

' ~ . ~  . . . . .  H~_,, ~ ~3, 

C5' ~H k'---')O1, ' 

Anti Conformation, ~CN Negative 

C 5 ' ~ O  O5' 

o• 

Syn Conformation, ~CN Positive 

Fig. 8. Schematic illustration of the torsion angle in a pyrimldine 
or purine nucleoside [after Ts'o (26) and Hashemeyer and Rich 
(27)]. The plane of the base is viewed end-on with the glycosyl 
bond between C'(1) and N(1) (for a pyrimidine) or N(9) (for a 
purine) of the base perpendicular to the page. The torsion angle, 
r is the dihedral angle between the plane of the base and the 
plane formed by the C'(1) to N(1) bond. The torsion angle is 
zero when O'( I )  lies directly in front of C(6) [or C(8) for a 
purine] and positive angles are measured when C'(1) to O'( I )  is 
rotated in a ciocl~wise direction when viewing from C'(i)  to N. 
When r162 is negative (ca. --300 ) the system is in an anti con- 
formation. When ~PCN is positive (ca. +150  ~ the system is in a 
syn conformation (28). 
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Extensive x - r ay  diffraction studies have revealed 
that  pyr imidine  nucleosides and nucleotides, including 
those of uracil, have negat ive values of r  and exist 
in  the anti conformation (26). In  the case of thymidine  
r is --390 (29) while for ur id ine  the value is prob-  
ably similar  (26). In  the case of deoxyadenosine [r 
---- --3 ~ (30)] the anti conformation is also adopted. 
However, the extensive studies of Haschemeyer and 
Rich (27) and others (31,32) indicate that  for the 
pyr imidine  nucleosides and nucleotides the barr iers  
between the syn and anti conformations are large. 
On the other hand,  the steric bar r ie r  to the in tercon-  
version between syn and anti conformations in  pur ine  
nucleosides and nucleotides is very low. The difference 
in  energy between the syn and anti forms in the pur ine  
systems is probably  quite small, al though somewhat 
larger energy differences may exist for the pyr imidine  
systems. 

In  the anti conformation wi th  a va lue  of ~CN of 
about --30 ~ and fhe base plane parallel  to the electrode 
surface molecular  models reveal that  the surface area 
occupied by ur id ine  should be equal to the projected 
area of the base [53A 2 (3)] plus the projected area of 
fhe D-ribose moiety in a perpendicular  or ientat ion 
[43A 2 (Fig. 7)] for a total area of 97A 2. This is very 
close to the area occupied by ur id ine  measured by 
capacitance and m a x i m u m  bubble  pressure techniques 
[104A ~, Table I (2)].  Similarly,  the area occupied by 
ur id ine  5 '-monophosphate should, on the basis of the 
above conformation, be the area of base [53A 2 (3)J 
plus that  of the perpendicular  sugar with attached 
phosphate [61A z, Fig. 7] or l14A~, Which again com- 
pares very  well with the exper imenta l ly  determined 
surface occupied of 120A 2 (Table I) .  

Thus, these results seem to support  the general  con- 
cIusion that  the nucleosides and nucleotides of uracil  
adopt the expected anti conformation on the elec- 
trode surface. It should also be stressed that in the 
lat ter  conformation the almost perpendicular  sugar 
residue and  the phosphate residue are in  close vicini ty 
to the electrode surface and occupy projected areas 
very similar to that  shown in  Fig. 7C. Although we 
have not presented the data in this report, the in te r -  
facial behavior  of thymine,  thymidine,  and thymidine  
5'-rnonophosphate may be rationalized by the same 
arguments  presen~ted for the ur id ine  systems. 

In  the case of adenine and its nucleosides and n u -  
cleotides, exper imental  measurements  (Table I) reveal  
that the nucleotide occupies only about 20% more 
surface than  the nacleoside which in  t u rn  occupies an 
area very similar  to the parent  base. This behavior  
can be rationalized by  the fact that  little energy is re-  
quired to cause rotat ion about the N ( 9 ) -  C'(1) gly-  
cosyl l inkage; i.e., adenosine or adenosine 5 '-monophos- 
phate can readily adopt ei ther the syn or anti con- 
formations. In  t h e  syn conformation (i.e., positive 
values of ~CN) molecular  models reveal  ~hat the sugar 
r ing oxygen (O ' (1) )  and the C'(5)H2OH or C ' (5 ) -  
H2OPO8 groups can be moved completely out of the 
plane of the surface. The net  result  is that  in  the 
closely packed monolayer  (at 0 --> 1), the adsorbed 
nucleoside or nucleotide molecules attach with C'(1) 
and C'(2) in close proximity  to the plane of the sur-  
face and with C'(3) ,  C ' (4) ,  and C'(5) and the r ing 
oxygen elevated above the plane of the electrode. This 
a r rangement  permits  the adenine moiety to ha~e maxi-  
mum contact with the mercury  and to adsorb in a two- 
dimensional  array with relat ively little increase in 
the area over that of the pur ine  itself. 

Some addit ional comments may be made relat ive to 
the values of AG ~ for the sugars, sugar phosphates, 
nucleosides, and nucleotides. As has been noted above, 
it seems unl ike ly  on s t ructural  grounds that both the 
pur ine  or pyr imid ine  r ing  and the average plane of the 
sugar r ing will s imul taenously lie in  the plane of the 
surface. Therefore, it is somewhat  surpris ing that the 
sum of AG ~ values for the sugar (or sugar phosphate) 

and the free bases near ly  equals AG ~ for the nucleo-  
sides (or nucleotides).  Thus, the increase in  --AG ~ 
(from base to nucleoside) is on average about 1290 
cal /mole for the three systems, compared to - - a G  ~ -- 
1700 cal /mole for D-ribose and 1800 cal /mole for 
2 '-deoxy-D-ribose,  and the increase in  - -hG ~ from 
base to nucleotide averages 620 cal, compared to --AG ~ 
: 800 cal for D-ribose 5'-phosphate. It may be that  
the free energy of adsorption for ribose and ribose 
phosphate is not very different if these molecules ad-  
sorb in  the plane of the Hg or near ly  perpendicular  
to it, with the r ing oxygen and 5' polar groups close to 
the surface. 

The fact that the nucleosides and nucleotides of 
adenine have values of AG ~ significantly more negat ive 
than adenine, but  near ly  the same molecular  areas 
as adenine, requires fur ther  explanation. Note that  AG ~ 
refers to the s tandard free energy of adsorption at low 
degrees of coverage, in  the region where the adenine 
moiety of the nucleoside or nucleotide will  not be able 
to displace sugar and sugar-phosphate groups from 
the surface. We propose, therefore, that at small  
values of 0 the nucleosides and nucleotides of adenine  
adsorb s imilar ly to ur id ine  and ur id ine  5 '-monophos- 
phate, with the sugar oxygen and the C' (5)CH2OH or 
phosphate ester groups near  the surface. At large 
values of 0, rotat ion about the N (9)-C'  (1) bond  occurs 
to permit  as large a fraction of the surface as possible 
to be covered with the pur ine  rings. Thus, values of 
rr, ax and area per molecule (which reflect the de- 
pendence of ~ on In activity in  the l imit  as 0 --> 1) 
do not vary great ly in  the series base-nucleos ide-nu-  
cleotide for adenine even though the sugar and sugar 
phosphate groups contr ibute to the adsorption free en-  
ergy at low values of 0. The reorientat ion which sup- 
posedly occurs as 0 increases does not  lead to sizable 
deviations from the F r u m k i n  equation; this relat ion 
applies wth a single set of Bo, ~, a n d  rmax values 
throughout  a wide range of potentials and surface con- 
centrations. 
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Measurement of Electrochemical Reactions 
at the Anodized Tantalum Electrode 

R. B. Diegle* and C. R. Hassler 
Battelle, Columbus Laboratories, Columbus, Ohio 43201 

ABSTRACT 

Elect rochemical  ac t iv i ty  occurr ing at  anodized t an t a lum and p l a t i num 
electrodes was eva lua ted  in vitro dur ing pulsed d -c  s t imulat ion.  The pH of 
physiological  sal ine was used as an indica tor  of e lect rochemical  charge  t r ans -  
fer  at  the  electrodes,  pH change being p ropor t iona l  to the  amount  of re -  
act ion products  created by  electrochemical  processes. The pH changes p ro -  
duced by  p l a t i num were  la rge  and p red ic tab le  by  e lect rochemical  theory,  
whereas  no de tec table  changes occurred at  e i ther  t an t a lum anode or  cathode. 
I t  has thus been demons t ra ted  that  anodized t an t a lum can be used as a 
nea r ly  ideal  capaci tor  electrode,  and therefore  i t  is sui table  for s t imula t ing  
t issue in vivo in the  absence of undes i rab le  fa rada ic  reactions.  

Heal ing of bone in l abo ra to ry  animals  and in hu-  
mans has been shown to be acce lera ted  if  the  f rac ture  
site is subjec ted  to e lect r ica l  s t imula t ion  by  means  of 
implan ted  electrodes (1-6).  Inves t iga tors  have also 
demons t ra ted  tha t  rap id  heal ing can occur if  the f rac -  
tu red  region is me re ly  exposed to an  e lec t romagnet ic  
field f rom a coil placed near  the  f rac ture  but  ex t e rna l  
to the  body (7-9).  Resul ts  f rom the fo rmer  group of 
exper iments  suggest  that  the cause of accelera ted hea l -  
ing may  be re la ted  to e i ther  (i) the  presence of an 
electr ic  field wi th in  the t issue; or (ii) al te red  body 
fluid chemis t ry  near  the  electrodes.  Concerning i tem 
(i i) ,  fa rada ic  e lect rode react ions occur which may  in-  
clude oxygen  reduct ion and hydrogen  ion reduct inn 
leading to a pH increase at  the  cathode, and  acidifi- 
cation at  the  anode due to oxidat ion  of water .  (The 
ex ten t  of such changes on local chemis t ry  and the 
resu l tan t  effects on bone growth  p resen t ly  are  not  
wel l  character ized,  bu t  such changes conceivably  could 
be  impor tant . )  Because invasive electrodes are  not 
used in the  technique employing  e lec t romagnet ic  fields, 
resul ts  f rom this technique suggest  that  hea l ing  can be 
produced  solely by  the presence of an e lec t romagnet ic  
field, and in the  absence of changes in body fluid 
chemis t ry  produced  by  electrochemical  charge t r ans -  
fer  in  the  classical sense. 

This  present  work  complements  ea r l i e r  research  
which sought in par t  to de te rmine  whe ther  acce lera ted  
hea l ing  results  f rom an electr ic  field or  an a l te red  
body fluid chemis t ry  (6). The ea r l i e r  p rogram used 
both p l a t inum electrodes,  which  pe rmi t t ed  fa rada ic  r e -  
actions and hence changes in  e lect rolyte  chemistry,  

* Electrochemical Society Active Member. 
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and also anodized tanta lum.  Anodized t an ta lum w a s  
used as a capaci tor  e lec t rode  to p reven t  e lec t rochemi-  
cal react ions  by  insur ing charge t ransfe r  in a capaci -  
t ive mode only. That  is, a capaci tor  e lec t rode  causes 
ionic current  flow in the body fluids due to the elec-  
t r ic  field present ,  but  i t  p revents  classical  e lec t ro-  
chemical  react ions  f rom occurr ing at the anode a n d  
cathode and a t t endan t  la rge  changes in chemis t ry  of 
the  fluids. 

At t empts  have  been made  prev ious ly  in recent  years  
to pass cur ren t  in a capaci t ive  r a the r  than  fa rada ic  
mode. The under ly ing  pr inc ip le  is that  e lectr ical  
charge  t ransfer  across the me ta l - e l ec t ro ly t e  in ter face  
is suppressed because cur ren t  is passed by  t rans ien t  
charging and discharging of the double  l aye r  across a 
dielectric.  The first r epor ted  example  of an insulated,  
or capaci tor - type ,  e lec t rode  was by  Mauro in  1960 
(10); his e lect rode consisted of TeflonR-coated wire  
coiled wi th in  a plast ic  chamber,  which  was filled wi th  
Ringer ' s  solut ion and had a smal l  opening at  the  s t imu-  
la t ion site to concentra te  the  ionic current .  An  im-  
proved capaci tor  e lect rode was devised by  Schaldach 
(11) for cardiac  pacemakers .  I t  consisted of an in :  
sula ted  metal l ic  t ip on the end of a t ransvenous  
catheter ;  the t ip was covered wi th  a thin l aye r  of 
t an ta lum pentoxide ,  Ta205, which is a good dielectr ic  
mater ia l ,  possessing ex t r eme ly  high electr ical  res is t -  
ance and a large  dielectr ic  constant. Guyton  and H a m -  
brecht  (12) improved  the charge-s to rage  capaci ty  of 
the t an ta lum elect rode st i l l  fu r the r  by  using a porous 
s intered electrode, which increased the total  surface 
area  by  a factor  of nea r ly  90 over the  p ro jec ted  area. 
These porous electrodes were  used for  surface s t imu-  
la t ion of the human  visual  cortex.  Other  inves t igators  
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have used capacitor electrodes to electrically augment  
the heal ing of bone (6, 13, 14). In  two studies (6, 14), 
anodized t an ta lum electrodes were implanted wi thin  
osteotomies to effect accelerated healing in  the absence 
of det r imenta l  faradaic reactions which can destroy 
bone, especially near  the anode. 

Relat ively few investigators have under taken  to 
characterize in vitro the performance of the anodized 
t an ta lum electrode, specifically, its effectiveness in ac- 
complishing the desired objectives of suppressing elec- 
trochemical reactions. Pil la (15) performed an in vitro 
comparative evaluat ion of tanta lum,  t i tanium, stainless 
steel, and p la t inum by using a potential  sweep method 
to determine overvoltages for faradaic activity. He 
demonstrated that  t an ta lum and t i tanium, unl ike  stain-  
less steel and plat inum, exhibit  l i t t le faradaic current  
over a near ly  2V potential  range in  Ringer 's  and Mc- 
Coy's tissue cul ture media. He concluded that these 
metals, therefore, would be bet ter  suited for pulsed 
current  s t imulat ion and minimizat ion of tissue dam- 
age. Guyton  and Hambrecht  (12) used pH paper  to 
show that  the level of electrochemical activity at po- 
rous anodized t an ta lum anodes was significantly re-  
duced relat ive to that  occurring at p la t inum.  Again, no 
quant i ta t ive  comparison was made, and an  indifferent  
metal  electrode was used as cathode. 

In  the earl ier  s tudy (6) it  was demonstrated that  
healing of rabbi t  calvaria can be accelerated by using 
anodized t an ta lum as well as p la t inum for electrodes. 
It was therefore ini t ia l ly  concluded that  the electric 
field alone is responsible for healing. However, dur ing 
these in viva experiments,  anodized t an ta lum had been 
used not only  as the anode but  also as the cathode. It 
has been demonstrated (16, 17) that t an ta lum pent -  
oxide is an ext remely  leaky dielectric under  forward 
(metal  negative)  bias, and the question arose as to 
whether  the desired objective of prevent ing  electro- 
chemical reactions had been achieved. Therefore, the 
in vitro research reported here in  was performed to 
determine the degree to which t an ta lum electrodes ac- 
tual ly  suppress electrochemical activity under  experi-  
menta l  conditions s imulat ing those used in  the previous 
in vivo studies. 

Experimental 
Material and preparation.--Tantalum for the earl ier  

in vivo research and for this s tudy was obtained 
from Materials Research Corporation as 0.25 m m  diam 
wire of 99.996+% purity.  High pur i ty  mater ia l  was 
used to minimize  flaws in  the TarO5 dielectric and 
therefore to maximize its electrical resistivity. Before 
anodization the wire was coiled in  the form of a helix 
of 1 cm 2 surface area and etched for 10 sec in  a chemi- 
cal polishing solution consisting of a 5:2:2 (volume) 
mix ture  of commercial  s t rength analyt ical  reagent  
grade H2SO4, HNO~, and HF (18). This etch was fol- 
lowed by a 10 sec immers ion in  48% HF to remove the 
chemical polishing residue, a quick water  rinse, and 
anodization in  0.2N H2SO4. Anodizat ion was performed 
at a constant  current  density of 1 m A / c m  2 unt i l  a total 
cell voltage of 20V was reached, at which t ime the 
current  was allowed to decay at constant applied volt-  
age to 2 �9 10 -5 A /cm 2. The electrode was removed 
without  mechanical  contact with the anodized region 
and inserted into a glass electrode holder for mount ing  
in the cell. 

Capacitance of the anodized electrodes was measured 
at a f requency of 60 Hz with a General  Radio Model 
1650-B impedance bridge and General  Radio Model 
1310.-A external  oscillator. Measurements  were made 
in 0.9% NaC1 solution (physiological saline) by using 
a p la t inum counterelectrode of many  square centi-  
meters area, to minimize its series capacitance con- 
tr ibution.  

Electrolytes were prepared with analytical  reagent-  
grade chemicals and distilled water. Ringer 's  solution 
was a commercial  preparation.  

Electrochemical ceiL--Change of pH as funct ion of 
charge passed was used to measure  the degree to 
which t an ta lum prevented electrochemical charge 
transfer  dur ing  current  flow. For this purpose an  
electrochemical cell was constructed from Teflon R as 
shown in  Fig. 1. The separate anode and cathode com- 
partments,  which were connected by a str ing bridge 
saturated with electrolyte, permit ted measurement  of 
pH of anolyte and catholyte in  the absence of diffu- 
sional mixing. Figure  1 (b) shows the placement  of the 
helical wire and pH electrodes (Corning semi-micro 
combinat ion electrode) wi th in  one of the chambers. In  
practice, the str ing br idge was thoroughly rinsed to 
remove electrolyte from the previous experiment;  and 
the cell was filled with 0.75 ml  electrolyte in  the cham- 
ber  in which pH was to be measured and 1 ml  in  the 
other chamber. If an  anodized t an ta lum electrode was 
used, it had been reanodized after insert ion into the 
cell to heal  any damaged areas to the dielectric created 
dur ing mount ing  in the glass capil lary and positioning 
within the cell. The pH electrode was careful ly in -  
serted into one chamber and the pH reading was 
allowed to stabilize. Pulsa t ing direct current  was 
next  applied and the pH was cont inuously recorded on 
a strip chart recorder connected to the proport ional  
output  of the meter. 

Electrica~ circuitry.--The circuitry used to deliver 
the current  consisted of a pulse genera tor /cons tant  
current  generator  combinat ion adjusted to give square 
wave d-c pulses. When tan ta lum electrodes were used, 
a reed relay microswitch was placed in  the circuit  to 
short the electrodes between pulses and thereby dis- 
charge them from the previous pulse. The waveform 
used throughout  most of this work consisted of a 
square wave with an ampli tude of 1 mA, dura t ion of 
5 msec, and repet i t ion rate of 60 Hz. The waveform was 
adjusted and monitored by means of an oscilloscope 
connected to the electrochemical cell prior to and dur -  
ing each experiment.  This waveform, therefore, pro-  
vided a current  density of 1.0 m A / c m  ~ with a duty 
cycle of 30%; i.e., the current  was applied for 30% of 
the durat ion of each experiment.  

Dielectric resistance.--Electrical resistance of the 
Ta205 dielectric layer  was measured under  forward 

Teflon --~ ~-I.00 cm c y l i n d e r ~  
Separated anode ~ I " ~ .  String 
and cathode ~ / ~  ) ; � 9  bridge 

Glass capillary J 
tubing a. 

Combination pH 
~ , ~  electrode 

- - ~ ~  Electrolyte 
[ [  ~ ~-~r~---~-~-r---~ level 

I 

I "!; ~'~"- I lacquer 
I itl  I 

l ~ n s i o n l i l l  of helical 
\ electrode 

b. 

Fig. 1. Schematic diagram of the electrochemical cell used for 
electrode evaluation. (a) Top view, illustrating separated anode 
and cathode compartments and string bridge; (b) side view il- 
lustrating placement of spiral electrode and combination pH elec- 
trode. 
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bias by  potent ios ta t ica l ly  polar iz ing an anodized t an ta -  
lum elect rode in a s tepwise manne r  to ever - increas ing  
cathodic potent ia ls  and recording the s t eady-s ta te  or 
n e a r - s t e a d y - s t a t e  cur ren t  flow th rough  a mic roam-  
meter.  Potent ia ls  were  measured  re l a t ive  to a sa tu ra ted  
calomel  e lec t rode  (SCE) wi th  a h igh  i m p e d a n c e  
Kei th ley  e lect rometer .  

Miscellaneous measurements . - -Addi t ional  exper i -  
ments  included measur ing  the impedance  of the  s tr ing 
bridge,  developing  an equiva len t  circui t  model  of the  
e lectrochemical  cell, and  measur ing  in si tu electrode 
potent ia ls  dur ing di rec t  cur ren t  pulsing. Electrode po-  
tent ials  were  measured  be tween  the  anode  or cathode 
and an  SCE immersed  d i rec t ly  in  the  anoly te  or 
catholyte.  The leads were  connected d i rec t ly  to an 
oscilloscope different ia l  amplif ier  to p reven t  d is tor-  
t ion by  interface  circui t ry ,  such as an e lect rometer .  

Results 
pH measurements . - -Resu l t s  of pH measurements  

made  on p l a t i num and anodized t an ta lum in phys io-  
logical  sal ine are  shown in Fig. 2. 

The curves des ignated  " theoret ica l"  were  calculated 
on the basis tha t  all  charge produces  e lectrochemical  
react ions at  the  anode and cathode. I t  was assumed 
that  the  only possible react ions in ca tholyte  and ano- 
ly te  were  

H20 + e --  1/2 H2 + O H - ,  ca thode [1] 

~/4 O3 + u HaO + e --  O H - ,  cathode [2] 

H20 -- I/4 03 -k H + + e, anode [3] 

The possibility of another anodic reaction 

C l -  = V2 C12 + e, anode [4] 

was considered, but  exper imen ta l  resul ts  indica ted  
that  i t  did not pa r t i c ipa te  to a de tec table  degree  in the  
react ion scheme, p re sumab ly  because i t  occurs at  a po-  
tent ia l  wel l  anodic to tha t  r equ i r ed  for  reac t ion  [3]. 
Inspect ion of Eq. [1]-[3]  shows tha t  the  passage of 
current  produces,  in physiological  saline, only  reac-  
tions which d i rec t ly  Change the pH (see "Discussion" 
for fur ther  t r ea tmen t ) .  In  addit ion,  an equiva lent  pH 
change is produced in the ca tholyte  regardless  of how 
the charge is appor t ioned  be tween  react ions [1] and 
[2]. Therefore,  e lect rochemical  charge t ransfe r  in 
physiological  sal ine produces  changes in an  easi ly 
moni tored  and we l l -unders tood  quanti ty,  namely,  pH. 

To ca lcula te  the  expected pH change if al l  of the  
charge enters  into the  e lect rochemical  react ions shown 
above, we proceed as follows. The charge Q passed in 
any t ime in te rva l  is 

Q = Ira [5] 
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Fig. 2. pH vs. time (or charge) for platinum and anodized tanta- 
lum electrodes in physiological saline, Waveform: square d.c.; am- 
plitude i mA; duration 5 msec; repetition rate 60 Hz. Theoretical 
curves were calculated for reactions [ 1 ] - [ 3 ] ,  see text. 

in which I is the  cur ren t  and ~ is the du ty  cycle of the  
wave  form, i.e., the  fract ion of t ime dur ing  which the 
pulse is applied.  The moles reacted,  M, is 

Q 
M =  

n F  

Ira 
: [6] 

n F  

in which n is the  number  of equivalents  pe r  mole a n d  
F is the Fa raday ,  96,500C per  equivalent .  The resul t ing 
concentrat ion,  m, of react ion produc t  is 

M o +  M 

V 

M 
= ~ C7] 

V 

in which M o is the  ini t ia l  amount  of product  at  t ime 
t = 0, M is the  amount  produced  by  cur ren t  flow, Eq. 
[6], and V is the e lec t ro ly te  volume. F o r  the condit ions 
used in this study,  M (the amount  of H + or O H - )  
grea t ly  exceeded M o wi th in  a few seconds af ter  ap-  
pl icat ion of current ,  so tha t  the  approx imat ion  in Eq. 
[7] is justified. 

For  the  anoly te  m gives the  concentra t ion of H +, 
such that  

pH ---- --  log all+ 

---- - -  l o g  m 

I t , ,  
- l o g  [8]  

VnF 

(It  was found that  for  the  concentra t ion of e lect ro-  
ly te  used, a good approx imat ion  of pH was obtained by  
subst i tut ing the  molar  concentrat ions  of H + and O H -  
for the activit ies,  an+ and aOH-).  For  the  ca tholyte  
the  expression for p H  is 

Kw 
pH = --  log 

(OH-) 

VnF 
~-- 14--1og Ira [9] 

Kw is the ionizat ion constant  of water ,  which at  22~ 
is 1.0 �9 10 -14. 

As evident  in Fig. 2, agreement  be tween  the theo-  
retical ,  or calculated,  pH curves and those produced  
with  p la t inum electrodes is ve ry  good for  t imes ex-  
ceeding about  1000 sec. Poor  agreement  at  shor ter  
t imes  is due s imply  to the  de lay  in diffusive mix ing  of 
react ion products  fo rmed  at  the p l a t inum-e lec t ro ly t e  
interface wi th  the bu lk  of the  electrolyte .  This de lay  
in mix ing  was demons t ra ted  by  shut t ing the current  
off at  shor te r  t ime  in te rva l s  and moni tor ing  pH: i t  
cont inued to dr i f t  unt i l  i t  approached  the theore t ica l  
value. Likewise,  reappl ica t ion  of the cur ren t  was fol-  
lowed by  a sl ight  de lay  in pH change whi le  the r e -  
act ion products  were  mig ra t ing  toward  the pH elec-  
trode. 

The curves obtained wi th  anodized t an t a lum indicate  
tha t  no pH change, outside of exper imen ta l  drift ,  o c -  
c u r r e d  at t imes exceeding 7000 sec. 

Results  of s imilar  exper iments  conducted in lac ta ted  
Ringer ' s  and Dulbecco's  t issue cul ture  media  are  shown 
in }'ig. 3. The change in pH produced  by  p l a t inum in 
these cul ture  media  at  a pa r t i cu la r  t ime was less than  
that  in physiological  sal ine because not only  were  the 
former  e lectrolytes  s t rongly  buffered, but  e lec t ro-  
chemical  react ions were  possible  o ther  than  those 
which d i rec t ly  affect pH. Examples  include oxidat ion  
and reduct ion of carbonate,  bicarbonate ,  phosphate,  
and sulfate ions, and in addition, organic species in 
Dulbecco's. There  was again  no evidence of pH change 
produced by  anodized tantalun~ 
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Fig. 3. pH vs. time (or c~arge) for platinum and anodized tanta- 
lum electrodes in lactated Ringer's and Dulbecco's tissue culture 
media. Waveform: square d.c.; amplitude 1 mA; duration 5 msec; 
repetition rate 60 Hz. 
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The effect wi th  t an t a lum electrodes of increasing the 
dura t ion  of the  cur ren t  pulse  f rom 5 to 15 msec is 
shown in Fig. 4. I t  is evident  tha t  some pH change 
occurred at  t imes exceeding 400 sec, a l though the ra te  
of change is s t i l l  cons iderab ly  less than  tha t  for p la t i -  
num, Fig. 2. 

Electrode potential me~urements.--Electrode po- 
t en t i a l - t ime  t races  of t a n t a l u m  anode and cathode are  
shown in Fig. 5 together  wi th  the squa re -wave  cur-  
ren t  pulse  used to produ, ce them. The anode reached 
a potent ia l  of 7V (SCE) by  the end of the  pulse, and i t  
was not  comple te ly  d ischarged be tween  pulses. [The 
potent ia l  of d ischarged t an t a lum in physiological  sal ine 
was about  0 __ 0.2V (SCE)] .  The cathode reached 
- 2 . 6 V  (SCE) dur ing  pulse appl ica t ion  and was com- 
p le te ly  d ischarged be tween  pulses. 

Dielectric resistance.--Anodic potent ios ta t ic  po la r -  
izat ion of anodized t an t a lum in physiological  sal ine to 
potent ia ls  exceeding 10V (SCE) did not produce de-  
tec table  cur ren t  flow (>10 -7 A/cm2).  Therefore  the  
d i rec t  cur ren t  leakage  resis tance of the  Ta205 under  
reverse  bias exceeded 10s~, which is in agreement  wi th  
previous ly  publ i shed  values  (17). 

Resul ts  of cathodic polar iza t ion  are  i l lus t ra ted  in 
Fig. 6 for two electrolytes .  Physiological  sal ine was 
used because  it was the  work ing  e lec t ro ly te  th rough-  
out  most of this s tudy.  In  addit ion,  a 0.1M Ce(SO4),.,/ 
1M H2SO4 solut ion was used to e l iminate  polar iza t ion  
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Fig. 4. pH vs. time (or charge) for anodized tantalum cathode 
in physiological saline. Waveform: square d.c.; amplitude 1 mA; 
duration 15 msec; repetition rate 60 Hz. 

Fig. 5. Current-time and potential-time behavior of anodized 
tantalum electrodes in physiological saline. Potentials measured 
relative to the saturated calomel electrode. (a) Tantalum anode: 
Current, 200 ~A/vertical division; potential, 5V (SCE)/vert|cal di- 
vision; time, 5 msec/horizontal division; (b) tantalum cathode: 
As in (a), except 1V ($CE)/vertical division. 

due to charge t ransfe r  involved in react ions 1-3 (17); 
such polar izat ion is min ima l  for react ions involving 
the change of valence of a meta l l ic  ion, e.g., ceric to 
cerous ion. The 0.6V cathodic shif t  of the  curve for 
physiological  saline was p re sumab ly  caused by  the 
overvol tage  requi red  to d r ive  react ions  [1] and  [2]. 

Discussion 
It  should be emphasized at  this poin t  tha t  phys io-  

logical  sal ine was chosen as the  work ing  electrolyte ,  
r a the r  than  a more complex tissue cul ture  medium,  
because it pe rmi t t ed  quantif icat ion of l eakage  cur ren t  
th rough  the Ta205 dielectr ic  film. That  is, any  cur ren t  
Which passed th rough  the  dielectr ic  produced e lec t ro-  
chemical  changes which of necessi ty  changed the  pH. 
Therefore,  s imply  moni tor ing  pH enabled  quantif ica-  
t ion of this leakage  current .  I t  is not  impl ied  that  pH 
is a l l - impor t an t  in producing  acce lera ted  bone growth,  
nor  tha t  e lect rochemical  react ions occurr ing in vivo 
would  not include oxida t ion  and reduct ion  of species 
o ther  than  those shown in react ions [1]-[4] .  Phys io -  
logical  saline was used mere ly  to enable  convenient  
detect ion of electronic charge t ransfe r  in vitro; be-  
cause such charge t rans fe r  does not  occur in vitro for  
anodized tanta lum,  i t  can be s ta ted wi th  considerable  
confidence tha t  i t  also does not  occur in vivo, a n d  thus 
ne i ther  do the many  e lec t rochemical  react ions  which  
o therwise  would  be possible. 
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of tantal.m anodize~ to 20V, then polarized in cerir sulfate ~olu- 
tion and physiological saline. 

The major  observation from this research is that  
anodized tantalum, used both as anode and cathode in  
pulsed d-c circuitry, funct ions as a near ly  perfect 
capacitor electrode. This fact is evident  from the lack 
of significant pH change created by  t an ta lum elec- 
trodes, Fig. 2. Leakage through the dielectric of even 
1% of the total charge passed in 7000 sec would have 
produced a pH change of over 3 units.  The excellent 
capacitor behavior  of anodized t an ta lum is reinforced 
by the results obtained in  Ringer 's  and Dulbecco's 
tissue culture media, Fig. 3. 

The absence of electrochemical activity at the tan ta-  
lum anode was expected, in  l ight  of the excellent di- 
electric properties of Ta205 under  reverse bias and the 
results of previous research. Indeed, Guyton  and 
Hambrecht  (12) demonstrated semiquant i ta t ively  that  
anodized t an ta lum behaves well  as a capacitor anode; 
but  they used an indifferent  p la t inum electrode as 
cathode in their  work on the presumption that  anod- 
ized t an ta lum does not function well as a cathode. 
However, this present  research has demonstrated that  
anodized t an ta lum can also funct ion effectively as a 
capacitor when used as a cathode. 

It is not clear why there was no net  charge transfer  
through the cathode dielectric. Figure 5 indicates that 
the electrode at tained a potential  of --2.6V (SCE) at the 
completion of the 5 msec current  pulse. Reference to 
Fig. 6 shows that, at near -s teady state, a current  den-  
sity in physiological saline of 1 m A / c m  2 was at tained 
at --1.93V (SCE). It is apparent  that  cur rent -potent ia l  
dependence between the t rans ient  (pulse) and steady- 
state measurements  do not  agree. This differing be- 
havior was presumably  not due to unusua l  properties 
of the part icular  Ta205 films grown in this study, be- 
cause the film conductivi ty as measured in  ceric sulfate 
electrolyte was quite similar  to that  determined in 
previous work (19). It is concluded that  the conduc- 
t ivi ty of the TarO5 may be time dependent  under  for- 
ward bias such that  insignificant cur ren t  passed wi thin  
5 msec, or perhaps a symmetric oxidat ion-reduct ion 
reaction occurred at the cathodic electrode-electrolyte 
interface. Such a reaction would involve oxidation, 
dur ing  electrode shorting, of chemical species pro- 

duced by reduction reactions occurring during ap- 
plication of the current pulse, such that no net change 
occurred in catholyte chemistry. 
The reason for the slight pH shift illustrated in Fig. 

4 is that the charge-storage capacity of the electrodes 
was exceeded by the 5 msec pulse. That is, the maxi- 
mum amount of charge, Qm, which can be stored in 
an anodized metal electrode is 

Qm = Ya" C [10] 

in which Va is the voltage to which the film was grown 
(the anodization voltage) and C is the capacitance. 
Anodization of the tanatalum wire to 20V produced a 
total capacitance for 1 cm 2 electrode area of 0.6-0.8 
/~IF, in  good agreement  with published values (20). 
Therefore, taking C as 0.7 ~F 

Qm = 20V ' 7 �9 10-~F 

= 14 �9 lO-SC 

= 14 #C 

In  practice, an anodized electrode is usual ly  operated 
at no more than about 80% of Va to prevent  addi-  
tional film growth and to minimize  electronic leakage 
current.  Thus, a more conservative value for Qm is 
about 11 #F. The charge contained in  each 15 msec 
pulse was 15 #C, which exceeded Qm by 34%. The pH 
shift in Fig. 4 was therefore caused by  electrochemical 
reaction produced by a small  rate of anodization in  the 
anolyte and electronic leakage in  the catholyte. The 
preceding analysis indicates one of the basic l imi ta-  
tions of the capacitor electrode, namely,  that  the quan-  
t i ty of charge which can be passed per pulse is l imited 
by the electrode capacitance. The total capacitance of 
an electrode of given outside dimensions can be great ly  
increased by using a porous s t ructure  (12). 

The equivalent  model circuit of the electrochemical 
cell is shown in Fig. 7. The anode capacitance, Ca, is 
0.7 ~F, and the string bridge resistance, Rb, is 20,000,Q. 
The diode in  parallel  with Cc simulates the low elec- 
t ronic  resistance of Ta205 under  forward bias. No re-  
sistance was required in parallel  with Ca due to the 
extremely low leakage under  reverse bias. Use of the 
preceding values, which were determined from mea-  
surements  of the individual  components of the actual 
electrochemical cell, resulted in  excellent s imulat ion 
of the waveforms shown in  Fig. 5 and of the waveform 
across the entire cell (not shown).  

The behavior of anodized t an ta lum was measured 
at only one frequency, namely,  60 Hz. This is because 
~he pr imary  objective of this research was to simulate 
in vitro the behavior  of t an ta lum in the previous in  
vivo study, for which the frequency of stimUlation was 
predominant ly  60 Hz. A more complete indicat ion of 
the behavior of anodized tan ta lum as a capacitor elec- 
trode can be acquired by using a range of frequencies, 
and this is recommended for future  research involving 
tantalum. 

Conclusions 
It has been quant i ta t ive ly  demonstrated that  anod-  

ized t an ta lum behaves as a near ly  ideal capacitor when 
used within  its charge storage capabili ty in a pulsed-  
current  circuit. This supports the premise of earlier 
in vivo research (6) and suggests that heal ing is the 
result  of an applied electric field, not of changes in  
local electrolyte chemistry. Significantly, anodized 
tan ta lum can be used as a cathode as well as an anode, 
thereby el iminat ing the need for an indifferent metal  
electrode or the use of a continuous positive bias volt-  
age on the cathode. (It is emphasized that  this la t ter  
conclusion has been demonstrated only for the specific 
circuit and frequency used in  this research.) Absence 
of pH change at the cathode may be due either to sig- 
nificant capacitive behavior  of the t an ta lum cathode for 
short times upon cathodic polarization, or to symmetric  
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oxidation-reduction reactions resulting in no net 
change in catholyte chemistry. 
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ABSTRACT 

The e lec t roreduct ion  of f e r r iheme  was invest igated by  control led  poten t ia l  
coulometry,  polarography,  and cyclic vo l t ammet ry  in solvent  systems r ang -  
ing f rom pure  w a t e r  to e thano l  wa te r  mix tures  containing as much  as 75% 
ethanol.  In  pure  water ,  fe r r iheme was d imer ized  and was reduced  by  a one 
e lec t ron  t ransfe r  to a mixed  fe r r i c - fe r rous  in te rmedia te  whose d i spropor t iona-  
t ion y ie lded  a d imer ie  fe r roheme product .  Redox react ivi t ies  of hemoprote ins  
and relev~,nt e lect rochemical  kinet ics  a re  in te rcompared  cr i t ica l ly  wi th  the  
a id  of R, A. Marcus '  unified theory  of e lec t ron t ransfer .  

E lec t ron- t rans fe r  react ivi t ies  of hemoglobin,  myo-  
globin, and cytochrome c are  of ev ident  in teres t  in the  
context  of the i r  biological  relevance.  The first two 
funct ion in vivo as oxygen  t r anspor t  (or s torage)  
moieties,  whi le  cytochrome c is ou ts tandingly  efficient 
as an "elect ron t ransferor"  (1,2). The ve ry  fact  that  
oxymyoglob in  and oxyhemoglobin  a re  capable  of 
existence for apprec iab le  t ime per iods  is due to s lug-  
gish redox kinetics;  the  heme i ron  in oxyhemoglobin  
remains  d iva len t  even though the rmodynamics  (i.e.) 
differences in the  s t andard  potent ia ls  of the  redox 
couples hemoglob in /me themoglob in  and myog lob in /  
me thmyoglob in  on the one hand  and w a t e r / o x y g e n  on 
the  o ther  ~and)  r equ i r e  v i r tua l ly  complete  conversion 
to the  ferr ic  s ta te  (3). 

The e lec t roreduct ion  of fe r r iheme has been s tudied 
ex tens ive ly  in aqueous and nonaqueous media  (4-9).  
Ta i lo r -made  synthet ic  "model  ol igohemochromes" 
(2-3 heme units  l inked  by  poly-4  v iny l imidazo le  or 
po ly -L-h i s t i d ine  chains) exhibi t  f e r rous - fe r r i c  e lect ron 
t ransfe r  react ivi t ies  decreased (9) by  a factor  of 1018- 
102s. On t'he other  hand, e lec t roreduct ion  of fe r r iheme 
i tself  is diffusion control led  at  the  dropping  me rc u ry  
electrode in aqueous solut ion and involves d imer ic  
or monomer ic  species depending on p H  (8). 

In  a p re l imina ry  communcat ion  (10) we have  re -  
por ted  the  format ion  of the t rans ien t  f e r rous - fe r r i c  
hybr id  II, viz. 

OH OH H20 OH 

..F~_-}--_.-F_.',',','H2o~..~ ~ K i .  . i . . - - .  . - - .  ) . o .  

- " i "  " i "  
H20 H20 H20 H20 

z = [1] 
where  the t e t r apyr ro l e  r ing  denotes p ro toporphyr in  I X  
wi th  i ts normal  side chains. 

Results  are  presented  and discussed in this p a p e r  
subs tant ia t ing  tha t  the d ispropor t iona t ion  reac t ion  

.20 H~ 
k, .N~---"~ N N-~D,. N 

2 rr ' I 4" ( .Fe%'} -~  Fe.. | 
N,,. .F N N~ . .~  N 

H20 H20 
z= [~,] 

was the  r a t e -de t e rmin ing  step in the over -a l l  process 

" E lec t rochemica l  Society Ac t ive  Member .  
�9 P r e s e n t  address: Department of Chemistry, Unive r s i t y  of 

Houston, Houston ,  T exa s  77.004. 
K ey  words: ferriheme, dispropor t iona t ion ,  cyclic v o l t a m m e t r y ,  

Marcus theory. 

O H O H H20 H20 

",,.T'rr "~"~ +2a 2H 0 "--'~ '~ "~'r -I-2OH" (, ,Fe ~.')'-]C .Fe~. ~ + 2 ~ (  .Fe. ~ - -~ .Fe .  ) 

"'r" " t "  " t "  
H20 H20 H20 H20 

I vrr 
[3] 

occurring in aqueous solutions of pH 9.5-12.5. 
The formula t ion  of the  severa l  species in pure  wa te r  

solvent  in Eq. [1]-[3]  was pred ica ted  by  assignments  
of the  two axia l  l igands which  have  been subs tan t ia ted  
conclusively in previous  r e l evan t  work  (8),  viz., in the  
case of F e ( I I I ) ,  O H -  coordinated  at  one Z posi t ion 
and H20 at  the  other;  in the  case of F e ( I I ) ,  w a t e r  
coordinated at both Z positions. The na tu re  of the  
d imer  bond in the compounds I, II, and I I I  is not  
known in aqueous solution. Oxo-br idg ing  (4a) is in-  
consistent wi th  the  es tabl ished axia l  l igand ass ign-  
ments. Apparen t ly ,  two discrete  types  of d imers  may  
prevail ,  depending on pH (8). However ,  the quest ion 
of the  d imer iza t ion  bond is only  of pe r i fe ra l  in teres t  
in the  context  of the  presen t  paper .  

In  this work  we repor t  an es t imate  of the e lec t ro-  
chemical  s t andard  ( formal)  ra te  constant  of react ion 
[1] which p reva i l ed  at  the  appropr ia t e  s t andard  
( formal)  potent ia l  E ~ where  k+z ---- k -1  ---- kz ~ Like-  
wise, we have  measured  the ra te  of the  reac t ion  

OH EtOH 

{NFe..N,) + ,  + etOH ~ ( ~F~ ) 
N ~ . . N  k.. 4 N ~ .~ .  N 

EtOH EtOH 

+ O H -  

: C4J 
and found that  the specific r a t e  constants  kz ~ and kt ~ 
were  of the same order  of magni tude  as the  specific 
ra te  constant  k5 ~ of the  d icyanohemochrome couple 

CN CN 

N ~ '~ .  N _ ~  k 5 N - - ~ T  ]. 
(N,.r.e-~N1 -I-e > ~ . 'Fe .  -r '(k_ 5 N T 

CN CN 

N ) 
N 

C5] 

1 2 5 0  
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which has been previously determined in another  lab-  
oratory (7). 

We have calculated ra t ional ly  comparable hypothet i -  
cal rate assignments (vide inSra) for hemoglobin, myo-  
globin, and cytochrome c based on the unified electron 
t ransfer  theory, developed by  Marcus (11). A critical 
assessment of these data (presented later  on in  this 
wri teup)  revealed remarkable  features of in te rna l  
consistency. This led us to postulate that  in compounds 
I-VII, as well  as in myoglobin and hemoglobin, etec- 
tro a t ransfer  occurred through s imilar  "hindered 
paths" via the porphyr in  plane. 

Experimental Methodology 
Apparatus and procedure.--All measurements  were 

made with a three-electrode system using a controlled 
potential  polarograph, assembled from operational 
amplifiers (Heath Company, Benton Harbor,  Michi- 
gan) .  A hanging mercury  drop electrode, HMDE, of 
Kemula ' s  design (Model E-410, Metrohm Limited, 
Herisau, Switzer land)  served as the indicator elec- 
trode. The capil lary was Kemula ' s  Model EA-842, hav-  
ing a 12 cm length and drop diameter  to 0.83 mm. The 
reference electrode was a commercial  saturated calo- 
mel half-cell,  and p l a t inum served as counterelectrode. 
The voltage waveform was generated with the aid of 
a variable  f requency funct ion generator  (Wavetek, 
San Diego, California) ,  which could be dialed directly 
and measured to an accuracy of 0.5%. The waveform 
from the signal generator  consisted of the first arm 
of a t r i angular  wave for l inear  sweep and both arms 
for cyclic sweep; l inear i ty  of the potential  scan was 
verified by subst i tu t ion of a s tandard resistor for the 
cell. 

One of two detectors was used as a readout device 
depending on the sweep rate employed. For voltage 
scans less than  150 mV/sec, vol tammograms were re-  
corded with a Model 7000A X-Y recorder (Hewlett  
Packard, Pasadena, California),  while for sweeps 
greater  t h a n  120 mV/sec, the detector was a Model 503 
oscilloscope (Tektronix,  Beverton, Oregon),  which was 
equipped with a camera for recording the trace. 

For  peak polarography (l inear sweep and cyclic vol t -  
ammetry)  a 100 ml  jacketed reaction flask served as 
the electrolysis cell into which the three electrodes 
were placed. A tube was inserted into the cell for bub -  
bling ni t rogen through the solution, thus facil i tat ing the 
removal  of dissolved oxygen. After deaeration, the 
bubbler  was raised above the solution and a ni t rogen 
atmosphere main ta ined  in the supernate  dur ing  elec- 
trochemical experiments.  Nitrogen was prepurified by  
passing it through two vanadous scrub solutions, a 
basic wash solution, and finally through a port ion of 
the test solution before enter ing the cell. The last bub-  
bl ing step prevented the cell from losing or gaining 
volatile components dur ing deaeration. The lid of the 
cell was made of Teflon and machined to fit the cell. 
Holes were drilled in  the lid to allow inser t ion of the 
three electrodes along with the ni t rogen inle t  tube. 
The lid was fur ther  equipped with an orifice for the 
insert ion of a dropping mercury  electrode so that con- 
vent ional  s teady-state  d-c polarograms could be r un  
on the same test solution. The electrolysis cell was 
main ta ined  at 25.00 ~ _ 0.05~ by circulation of water  
through the cell jacket from a constant tempera ture  
bath controlled by a thermistor  thermoregulator .  In  
order to e l iminate  uncompensated IR losses resul t ing 
from the resistance of the HMDE capillary, a "positive 
feedback" circuit was used in which par t  of the cur-  
rent  output  was re turned  to the potential  input  (12). 
If IR drop was not compensated for, a distortion or 
shift in  the position and height of the peak would oc- 
cur at high scan rates (13). Since mechanistic se- 
quences of electrode reactions were diagnosed in this 
s tudy with the aid of the shifts of peak potential  with 
scan, it was essential that  no IR drop remain  uncor-  
rected. 

The over-al l  n u m b e r  of electrons (faradays per  mole 
of elect~oreduced ferr iheme) t ransferred in  reactions 
[3] and [4] was determined by  controlled potential  
coulometry. A modified Wenking Model 61-TR poten-  
tiostat (supplied by Brinkrnann,  Westbury, New York) 
was used to control the potent ial  at which experiments  
were run. Electronic integrat ion of the cur ren t - t ime  
curve was achieved by means of an operational  ampl i -  
fier difference integrator  (14) yielding a voltage out-  
put  that was recorded on a strip chart  recorder (sup- 
plied by Varian Associates, Palo Alto, California).  The 
coulometric cell was similar to that  used for peak 
polarography and described in the preceding para-  
graph. A large coiled p la t inum wire  s e rved  as the 
anode and was separated from the catholyte compart-  
ment  by means of a fr i t ted disk which fitted into the 
center of the~cell. A st irred mercury  pool, area 7 cm ~, 
served at the cathode and a saturated calomel elec- 
trode was the reference electrode. St i r r ing of the solu- 
t ion was achieved by  means of a magnet ic  s t i r r ing bar  
positioned atop the mercury  pool and actuated by a 
motor beneath the cell. Deaerat ion of both the anodic 
and cathodic chambers was rigorously controlled be- 
fore beginning the experiment,  and n i t rogen was 
passed over the solution in  both compartments  dur ing 
the exper iment  with the aid of a Y tube  connector. 

Chemicals.--Several buffer solutions (15) were em-  
ployed in the pI-I range 9.5-12.5, viz., in  the systems 
potassium bicarbonate-carbonate ,  potassium biphos- 
phate-phosphate,  and potassium hydroxide, the pH 
ranges were 9.5-11, 10.9-12, and 12-12.5, respectively. 
pH was monitored with the aid of a Model 801 digital 
pH meter  (supplied by Orion Research, Cambridge, 
Massachusetts) using a Beckman glass electrode and 
a f iber-type saturated calomel reference half-cell.  Re-  
agent grade chemicals and t r iply distilled water  we re  
used throughout  this investigation. Hemin chloride 
(FW 651.59, Nutr i t ional  Biochemical Corporation, 
Cleveland, Ohio) served as the source mater ia l  for 
prepar ing ferr iheme solutions in  the range of concen- 
trations between 5 X 10 '-4 and 10-3F. Exper iments  
were advisedly restricted to this nar row concentra-  
tion range in  order to minimize interfer ing complica- 
tions due to adsorption at the electrode interface (8). 
The ionic s trength was main ta ined  in  a range between 
0.1-0.2 by adding potassium chloride when necessary. 

Units, sign conventions, etc.--Potentials reported in  
this paper  are re~erred to the normal  hydrogen elec- 
trode (NHE) in  accordance with the 1972 Manual  of 
Physico Chemical Nomenclature  of the In terna t ional  
Union of Pure  and Applied Chemistry (IUPAC) (16). 
The re levant  sign convention is the reverse of the one 
used in  Lat imer  (17), i.e., a more positive potential  is 
more anodic (oxidizing) and a more negative potential  
more cathodic (reducing).  

Electric double layer and speci~c adsorption e~ects. 
--Specific adsorption effects were negligible under  the 
experimental  conditions due to the prevai l ing high 
ionic strength. Results reported in  this paper have been 
advisedly restricted to those ranges where  specific ad- 
sorption could be ascertained to cause no appreciable 
distortions of the current-vol tage  curves. At high scan 
rates (v > 1 V/sec in  e thanol -water  mixtures  and, 
v > 12 V/sec in pure water)  adsorption effects were 
evident  and could be identified by the variat ion of 
peak currents  as a funct ion of scan rate ( l inear de- 
pendence on sweep rate, etc.). Since it is known  that  
adsorption distorts cur ren t  voltage curves, these high 
scans were not employed in  the measurement  of elec- 
trochemical rate constants (and were indeed not  
needed in  the determinat ion of the mechanism de- 
scribed in  this paper) .  Thus, higher  values of Nichol- 
son's (18) dimensionless parameter  % (Eq. [7] below) 
were not used where interpretat ions  would be open to 
question due to the presence of adsorption. 
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Table I. Controlled potential coaiometry of 6.00 X lO-4M 
ferriheme a in various ethanol-water mixtures containing O.IM KOH 

Ethanol present  Faradays Faradays per mole  
(percent  by  found of Fe(III) con- 
volume) ( x i0 5) verted to Fe (II) b 

b= 
z 
t~ 

0.0 5.9 • 0.2 0.98 "r 0.03 n- 
25.0 5.9 ~ 0.1 0.98 +-- 0.02 cc 
75.0 5.8 --+- 0.2 0.97 • 0.03 "~ O 

a 100 m l  s a m p l e s  of  6.0 x 10-~F f e r r i h e m e  w e r e  e l e c t r o l y z e d  a t  
potentials corresponding to 99.9% c o n v e r s i o n  of Fe ( I I I )  to  F e ( I I ) .  

b Corrected for background (residual  c u r r e n t )  e f fec ts ;  p r e e m i o n  
expressed as standard deviation of the mean  of three  replicates. 

Results 
Coulometric verification o# "over-all" electrode proc.- 

ess.--It has prev ious ly  been subs tan t ia ted  (6, 8) t ha t  
fe r r iheme y ie lded  di f fus ion-control led  s t eady-s ta te  
po la rograms  at  the  DME, both  in pu re  wate r  and in 
e t hano l -wa t e r  mix tures  containing 25-30% EtOH. The 
re levan t  cu r ren t -vo l t age  curves had  the s igmoid shape  
of classical po la rographic  waves  whose ma themat i ca l  
analysis  i nva r i ab ly  suggested the t ransfe r  of 1 f a r aday  
per  g r am a tom of iron. This correspondence has p re -  
viously  been verified in our  labora tor ies  by  control led 
potent ia l  coulomet ry  in  aqueous solutions over  a range  
of pH 8-13. In  the presen t  inves t igat ion this re la t ion-  
ship was re inves t iga ted  and again  verified over  the  
b roader  domain  of solvent  composit ions ranging  f rom 
pure  wa te r  to 25% water -75% ethanol.  The re levan t  
cu r ren t  t ime  in tegra ls  a re  l is ted in Table  I. 

Cyclic volta~nmetry in ethanol-water mixtures.--  
Cyclic vo l t ammograms  of f e r r iheme  were  obta ined at  
Kemula ' s  HMDE in the  presence of 25-75% ethanol,  at 
potent ia l  sweep rates  in the  range  be tween  0.01-1.0V/ 
sec. A typical  cyclic vo l t ammogram of fe r r iheme is 
i l lus t ra ted  in Fig. 1. The analy t ic  geomet ry  of t h e  re le -  
vant  curves was invar ian t  up to scan ra tes  of v ---- 0.1V/ 
see. The corresponding peak  currents  were  a l inear  
funct ion of v z/a and the anodic and cathodic peaks  
were  separa ted  by  0.057V (2.2 RT/nF, where  n = 1). 
However ,  at  h igher  scan rates  the  separa t ion  be tween 
the anodic and cathodic peak  potent ia ls  ( E p , a ;  Ep ,c )  ap-  
peared  to increase  sl ightly,  viz., to the  t).061-0.0~2V 
range. At  any  given scan ra te  peak  potent ia ls  var ied  
as a funct ion of pH in accordance with  Eq. [6] 

0 

- T  

! 1 I I I 
- 0 . 1 5  -0.25 -0 .35  -0 .45  -0 .55  

POTENTIAL,VOLT VS. NHE 

Fig. 1. Cyclic voltammogram of 5 X 10-4F ferriheme in 50% 
ethanol-water mixture: pH - -  9.96 (carbonate-bicarbonate buffer); 
ionic strength = 0.14; scan rate = 0.21 V/sec. 

Ep 

7 
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2 /  -"/2 T 
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POTENTIAL, VOLT VS. NHE 

Fig. 2. Cathodic peak voltammogram of 9.1 X 10-4F ferriheme 
in aqueous carbonate-bicarbonate buffer of pH 9.96, ionic strength 
: 0.14. 
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Fig. 3. "Diagnostic plots" of ip/V 1/2 VS. scan rate. The value 
of ip/v 1/2 is proportional to the current function maximum XP. 

AEp,c AEp,a --2.3RT 
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Peak polarography in aqueou~ solutions at pH 9.5- 
12.5.--Cathodic l inear  sweep vo l t ammograms  of f e r r i -  
heme var ied  be tween two ex t reme  analyt ic  geometr ies  
depending on potent ia l  scan rates. Represen ta t ive  cur-  
rent  vol tage curves are  shown in Fig. 2 [s imi lar  r e -  
sults obta ined under  somewhat  different  exper imen ta l  
condit ions have been repor ted  in Ref. (12)].  Plots  of 
var ia t ion  of the quant i ty ,  ip/vl/2, as a funct ion of v (in 
a given solut ion of fe r r iheme)  y ie lded  in teres t ing  sig- 
mold curves are  i l lus t ra ted  in Fig. 3. The quan t i ty  
ip/v 1/2 is an expe r imen ta l ly  accessible p ropor t iona l  
measure  of the w e l l - k n o w n  "peak cur ren t  funct ion" 
which was used in this inves t igat ion as an impor tan t  
diagnost ic  cr i ter ion for  ident i fy ing  react ion mecha-  
nisms (see Discussion Sect ion) .  

The difference be tween  the peak  potent ia l  (E~) and 
the h a l f - p e a k  poten t ia l  (Ep/~) is a convenient  p a r a m -  
e ter  for character iz ing re levan t  ana ly t ic  geometries.  
Observed Ep/2-Ep assignments  a re  l isted as a function 
of scan in Table II. Peak  potent ia ls  were  essent ia l ly  
invar ian t  at  potent ia l  scan ra tes  in a range  be tween  3 

Table II. Variation of Ep - -  Ep/2 with potential scan rate a,b 

2.2 R T  
Potential  s c a n  Ev - Ep/~ 
rate (V / see )  (V) F (Ep  - Ep/2) 

= n  

0.02 0.028 2.00 
0.09 0.034 1.65 
0.15 0.040 1.40 
0.50 0.047 1.19 
6.00 0.058 0.97 

a F r o m  c a t h o d i c  p e a k  p o l a r o g r a m s  exempl i f i ed  in  Fig .  2. 
b T h e  d i m e n s i o n l e s s  q u a n t i t y  l i s ted  in t h e  l a s t  c o l u m n  is e q u a l  

to  t h e  " a v e r a g e  n u m b e r  of  e l e c t r o n s "  t r a n s f e r r e d  p e r  m o l e c u l e  
of t h e  e l e c t r o r e d u c i b l e  spec ies  ( see  D i scus s ion ) .  
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Fig. 4. Experimental cathodic peak potentials for the reduction 
of ferriheme plotted vs. log v and log v/C. Different curves are 
obtained for each concentration in domain I while in domain II and 
III all concentrations yield the same curve. 

and 12 V/sec  (Fig. 4). However ,  Ep became g radua l ly  
more  posi t ive  as scan ra tes  decreased in the range  be-  
tween  1.0 and 0.01 V/sec  and shif ted to progress ive ly  
more  negat ive  values  when  scan rates  were  increased 
beyond 12 V/sec. Thus a plot  of Ep vs. log v had 
th ree  discrete  domains,  as is apparen t  in ~ig. 4 and 
out l ined  below. 

In  the  "s low scan domain" r epor ted  qua l i t a t ive ly  
in Ref. (12) the  plot  of Ep vs. log v (see upper  abscissa 
scale) y ie lded  a fami ly  of para l l e l  l ines of slope 0.020V 
(2.3 RT/3F) ,  e a c h c o r r e s p o n d i n g  to a specified concen- 
t ra t ion  of ferr iheme.  Two of these (C ---- 0.54 m F  and 
0.91 m F  fe r r iheme)  are  shown in the  figure. Using as 
abscissa log v /c  ( lower  scale) in l ieu of log v, caused 
these discrete  l ines  to coalesce into a single l ine of the  
same slope. 

In  the  " in te rmedia te  scan domain" the  peak  po ten-  
t ial  was independen t  of the  concentrat ion of fer r iheme,  
as wel l  as of scan rate.  Cyclic vo l t ammograms  re -  
corded in the  " in te rmedia te  scan domain"  y ie lded  nor -  
mal  di f fus ion-control led anodic and cathodic peaks  
separa ted  by  0.057V. In  this  range  the  pH dependence  
of the  current  vol tage curve was the  same as de -  
scr ibed by  Eq. [6]. 

In the "fast  scan domain,"  peak  potent ia ls  were  in -  
dependent  of fe r r iheme concentra t ion (but  var ied  
s l ight ly  wi th  scan r a t e ) .  

Discussion 
Kinetics and mechan~svns o~ electroreduction o~ 

JerTiheme to ]erroheme.--Our expe r imen ta l  findings 
are  accounted for by the fol lowing in terpre ta t ion .  Con- 
s ider ing solely in i t ia l  (s table)  reac tan ts  and u l t imate  
products  (i.e., dis regard ing  t rans ien t  in t e rmed ia te s ) ,  
one f a r aday  of e lect r ic i ty  was t rans fe r red  per  mole  of 
i ron  under  al l  expe r imen ta l  condit ions p reva i l ing  in 
this invest igat ion.  

The main  contr ibut ion  of the  exper iments  descr ibed 
in this paper  was to unrave l  mechanisms and est i -  
mate  ra te  constants of e l ec t ron- t rans fe r  and coupled 
chemical  reactions.  Our  in t e rp re t ive  ra t ionale  re l ied  
on the  fact  tha t  an  e lec t rode  react ion involved in-  
va r i ab ly  at least  two types  of compet ing ra te  proc-  
esses, viz., diffusion to and f rom the e lec t rode  surface  
on the one hand and e lec t ron  t ransfe r  on the  other  
hand. Under  the  expe r imen ta l  conditions,  diffusion 
rates  were  inverse ly  propor t iona l  to the  thickness of 
the  concentra t ion polar iza t ion  layer  5 --  (;~Dt)l/2. In 
classical po l a rog raphy  at  the  dropping  mercu ry  elec- 
t rode  (3 < t < 6 sec) diffusion was the  r a t e -con t ro l -  
l ing "slow step" y ie ld ing  "Nerns t  revers ib le"  cu r ren t -  
vol tage  curves whose shapes were  de te rmined  solely 

by  the in i t ia l  reac tan ts  and  final products .  Conse-  
quently,  our  p rev ious ly  r epor ted  s t eady-s t a t e  po la ro-  
grams of hemin  (8) were  not  i l lumina t ing  wi th  r e -  
spect to e lec t roox ida t ion- reduc t ion  kinet ics  and 
mechanisms.  In  the presen t  inves t iga t ion  we made  
judicious use of r ap id  potent ia l  scan rates  at  a HMDE 
to minimize  t, thus provid ing  " t ime  windows" suffi- 
c ient ly  smal l  to pe rmi t  measurements  p r io r  to increase  
of 5 to levels  where  diffusion takes  over  as the  s low 
r a t e -de t e rmin ing  step. 

Rate  constants  of e lec t ron t rans fe r  effective at  the  
formal  potent ia l  were  eva lua ted  f rom the  express ion 
(18) 

Diiia ~ k~ )i/2 ~v k~ ,)i/2 ['] 
r  Dn ] Q r t D I I I ~ T  v / ;~D RT 

In Eq. [7], ko is the  s t andard  ( formal)  ra te  constant  
expressed  in cent imeters  pe r  second and is cor re la ted  
as follows wi th  the actual  e lec t rooxida t ion  and e lec t ro-  
reduct ion r a t e  constants  effective at  any  potent ia l  E 

( - - a n F  ) 
k~od = ko exp ~, ~ [E -- Eo] [8] 

kox = k ~ exp [1 --  a] ~ [E --  E ~ [9] 

where  0 < ~ < 1 is the  t ransfe r  coefficient and Eo de-  
notes the  formal  potent ia l  (18). In  accordance wi th  
the  concepts of the  Marcus theory  (11) we have  elected 
to use ko for in te rcompar ing  ra tes  of different  e lec-  
t rode  reactions.  The o ther  symbols  in Eq. [7] have  the  
fol lowing connotat ion:  D, diffusion coefficient (cm2/ 
sec) of the  re levan t  f e r r i -  and fe r roheme species  
(identified by  the subscripts  I I I  and II, r e spec t ive ly ) ;  
v, the potent ia l  scan ra te  expressed  in V/sec;  r 
Nic'holson's dimensionless  p a r a m e t e r  (vide infra),  
which was accessible f rom anodic and cathodic p e a k -  
potent ia l  separat ions  and recorded as a funct ion of the  
scan rate,  v. The l a t t e r  was man ipu la t ed  as an expe r i -  
menta l  var iable .  

The approx imat ion  Dni = Dn ---- D, incorpora ted  in 
Eq. [7] was w a r r a n t e d  by  the s imi la r i ty  in molecu la r  
size be tween  fe r roheme and ferr iheme.  The r a t e - d e -  
te rmining  step of the e lec t roreduct ion  of f e r r iheme  in 
the  presence of e thanol  was found to be ind is t inguish-  
able f rom the over -a l l  react ion [4]. The l a t t e r  has 
been  unambiguous ly  subs tan t ia ted  in  p rev ious ly  pub-  
l ished work  (7, 9) and was verified in this  paper .  

Appl ica t ion  of Eq. [7] y ie lded  the es t imate  k4 o --~ 0.2 
cm/sec. This ass ignment  holds for the  ent i re  range  
of solvent  composit ion invest igated,  i.e., between  25% 
ethanol-75% wate r  to 75% ethanol-25% water .  F r o m  
Eq. [6] it  appears  tha t  h y d r o x y l - e t h a n o l  l igand ex -  
change occurred concomitant ly  wi th  the  e lect ron 
t ransfer  and was k ine t ica l ly  inseparab le  (i.e., the  
l igand exchange per  se was fast, compared  to e lec t ron 
t rans fe r ) .  

I t  was prev ious ly  shown (8) tha t  both fe r r iheme  and 
fe r roheme were  d imer ized  in the  aqueous solutions 
used in t:he present  inves t igat ion and that  the  ove r -a l l  
react ion 3 was diffusion contro l led  at  the  DME. This 
was confirmed in the  " l imi t ing  case" when slow scan 
rates  (0.01 V/sec)  at  the  HMDE were  used (Fig. 2, 
solid curve) ,  y ie ld ing  a separa t ion  be tween  h a l f - p e a k  
(Ep/2) and peak  potent ia l  (Ep) which  corresponded 
indeed to a Nerns t - r eve r s ib le  two-e lec t ron  t ransfer :  
the quan t i ty  

2.2RT 
n = [10] 

F(Ep/2 --  Ep) 

l is ted in the last  column of Table  I I  represents  a m e a -  
sure of the number  of f a radays  pe r  mole  involved  
in a dif fusion-control led reac t ion  of the  type:  Ox -t- 
ne -- Red. 
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As can be seen in  Table II the apparent  value of n 
decreased gradual ly  with increased potential  scan 
rates. At a scan rate of 0.02 V/sec, Eq. [10] yielded 
n _-- 2.00 while at scan rate e f  6 V/sec, Eq. [10] yielded 
n ---- 0.97, corresponding to a diffusion-controlled one- 
electron transfer.  This is remarkable  behavior, ac- 
counted for as follows: With in  the ' t ime window" of 
slow potential  scans, reaction [3] was completed in 
toto, the ra te -de te rmin ing  step being the di~usion of 
the ferr iheme dimer  I from the bu lk  of the solution 
to the HMDE surface. Diffusion of that  species re-  
mained the ra te -de te rmin ing  ~ process at fast scan rates 
as well. However, when  v -- 6 V/sec the small  "time 
window" effectively isolated reaction [1] and excluded 
from "peak polarographic visibili ty" a slower follow.- 
up process necessary to complete the two-electron re- 
duction. Evidence for the fol low-up reaction and a 
conclusive clue as to its na ture  transpires from Fig. 3 
and 4. Peak potentials plotted in  Fig. 4 were invar i an t  
in domain II where n -- 1. In  contradistinction, E, 
shifted anodicalty with decreasing scan rates in do- 
ma in  I. Such behavior is known  to be a diagnostic 
cri terion for the occurrence of a chemical reaction 
following charge t ransfer  (19). Such sequences in -  
clude an electrochemical reaction followed by a ra te-  
de termining chemical reaction (EC); and an ECE 
(electrochemical-chemical-electrochemical reaction se- 
quence) or ED (electrochemical reaction followed by 
a ra te -de te rmin ing  disproport ionation step). Figure 3 
is based on a special analog of the Randles-Sevcik Eq. 
(20), viz. 

iv -- (niFA) (~DniF/RT)I/2vl/~Cxp [11] 

where ni denotes the number  of electrons involved in  
the init ial  electrochemical reaction; A and  C denote 
the area of the electrode and the bu lk  concentrat ion of 
the electroactive species, respectively, xP is a di- 
mensionless "current  funct ion maximum" which is 
accessible on the basis of theoretical calculations. In  
a given solution at a given electrode area, A and C are 
constant and therefore 

ip/v 1/2 is proport ional  to xP [12] 

Equat ion [12] is the rat ionale for the choice of ordi- 
nates in Fig. 3. In  the in termedia te  scan domain, sub-  
st i tut ion of ni ---- 1 (based on the exper imental  n, 
Table Ii, Column 3) into Eq. [11] yielded xp -- 0.45 
which is in excellent  agreement  for a diffusion-con- 
trolled process (20-21) and thus eminent ly  compatible 
with Eq. [1]. A drastic increase in  ip/V 1/~ with the de- 
creasing scan rates is s t r ikingly apparent  in  Fig. 3. At 
slow scans a l imit  corresponaing to xP ~ 1.0 was at-  
tained. This assignment  of xP is compatible only with 
the sequences ECE and ED (22,23), e l iminat ing all 
other al ternat ives (19, 24-28). Of these, ECE can be 
counted out on the basis of the exper imental  finding 
that  in  scan domain I of Fig. 4 

~Ep 2.3RT 
. . . . .  0.020V at 25~ [13] 

log v 3F 

This finding is compatible with the following theoreti-  
cal relationships appropriate  for an ED sequence (22, 
23) viz. 

RT 
ni(Ep -- E ~ ---- - (lnp2 -- const.) [14] 

8F 

RT k2C 
p~ = -- -- [15] 

nF v 

where k2 is the appropriate second-order dispropor- 
t ionation rate constant  and ni denotes the number  of 
electrons involved in  the electrochemical step which 
precedes the disproportionation. In contradistinction, 
for an ECE mechanism where the "interposed chemi- 
cal reaction" has first-order kinetics, theory predicts 
(22) 

because 

hEp 2.3RT 
- -  : - -  _ --0.030V at 25~ [16] 

4 log v 2F 

RT 
ni(Ep -- E ~ : ~ ( l n m  -- const.) [17] 

RT kl 
pl = [18] 

nF v 

where kl is the first-order rate constant of the inter- 
posed chemical reaction. The /s in Eq. [15] and [18] 
are dimensionless parameters  which differ by the fac- 
tor C (concentration, which appears in Eq. [15], but  
is conspicuous by its absence in  Eq. [18]). The reason 
for the difference between ~i and p2 is inheren t  in  the 
second-order kinetics of the disproportionation proc- 
ess. A consequence of Eq. [15] and [18] was that  plots 
of Ep vs. log v for two different ferr iheme concentra-  
tions were parallel  and separated by an intercept  of 2.3 
RT/3F log C. The two lines merged when Ep was plot-  
ted vs. log v /C  in  lieu of log v (Fig. 4, lower curve) .  
The in te rna l  consistency of these findings established 
unambiguous ly  the sequence of reactions [I] and [2] 
as the mechanism of the over-al l  react ion [3]. It  should 
be noted that  the ra te -de te rmin ing  step was the dis- 
proport ionat ion process 2 (k2 -- 6 X 10 5 M - I  sec -I) .2  
Nevertheless, we succeeded in  est imating the s tandard 
rate constant for the faster reaction [ i] .  This was ac- 
complished wi th  the aid of Eq. [7] yielding a kl o - -  0.8 
cm/sec. 

Comparison of electron transfer reactivities o~ simple 
heine moieties and o] hemoproteins.--Data presented 
in  this paper have enriched somewhat the informat ion 
available on the electrode kinetics in aqueous media 
( including e thanol -water  mixtures  up to 75% ethanol)  
of the process Fe ( I I I )  + e ~--- Fe ( I I )  occurring in  low 
molecular  weight (MW < 1500) heme entitles. Com- 
bined with earlier exper imenta l  findings reported in  
the l i terature,  we now have estimates of re levant  elec- 
trochemical rate constants for systems ranging in  com- 
plexity from the simplest monomers  with symmetr i -  
cally coordinated axial (Z) ligands (e.g., the dicyano- 
hemi (o) chromes, VI and VII, through monomeric 
hemes with asymmetric  Z ligands (e.g., the hydroxy 
ethanolato ferriheme, IV) to the dimeric ferr i -  and 
ferr0heme moieties I, II, and III. 

It is of evident  interest  to correlate these electro- 
chemical rates with the kinetics of the ferrous-ferr ic  
redox processes as it occurs in  macromolecular  hemo- 
proteins (104 < MW < 10~). However, no direct com- 
parison of electrode kinetics is current ly  feasible. The 
reason for this is inheren t  in  the fact that  any  elec- 
trode reaction involves as a competing-rate  process 
the t ransport  of the electroreactive (electrooxidizable 
or electroreducible) species from the bu lk  of the elec- 
trolyte to the electrode interface. The rate of the t rans-  
port process depends on the diffusion coefficient of the 
electroreactive species, which is necessari ly small  for 
macromolecules. Consequently, any  currents  result ing 
from the electrooxidat ion-reduct ion of i ron in  hemo- 
proteins are bound to be diffusion controlled, and thus, 
noni l lumina t ing  as far as electron t ransfer  kinetics are 
concerned [diffusion-controlled polarograms of cyto- 
chrome c have indeed been recent ly described (29)]. 

On the other hand, rates of oxidation by ferr icyanide 
of divalent  i ron in  hemoglobin, myoglobin, and cyto- 
chrome c have been measured (30, 31). Rates of cross- 
reactions of this type, viz. 

ki2 
Cyt-c ( F e I I ) +  Fe (CN) 6 s -  ~ Cyt-c (FeIII)  

k21 
-t- Fe(CN) 64- [19a] 

The value of this rate constant is not of central interest in 
the context of the principal emphasis of the present paper. Its 
determination depended on Eq. [14]-[15], using assignments tabu- 
lated by Nicholson (23) and Saveant and co-workers (22) as a 
function of XP whose experimental values as a function of v were 
taken from Fig. 3 and similar experimental data. 
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1/4Hb(FeII)  + Fe(CN)6 ~- ~ 1/4Hb(FeIII)  
k2t 

+ Fe (CN) s 4- [19b] 

k12 
Mb(FeII)  + Fe(CN)s  ~- ~--- Mb(FeII I )  + Fe(CN)s  4-" 

[19c] 

can be correlated via the Marcus theory (11) with the 
kinetics of the isotopic electron self-exchange of the 
two redox couples involved, viz .  

k n  
Cyt-.c(Fe*II) + Cyt -c(FeI I I )  -~ Cyt-c(Fe*II I )  

+ Cyt-c (FeII) [20a] 

kn  
1/4Hb (Fe*II) + 1/4Hb (FeIII)  --> 1/4Hb (Fe*III)  

+ 1/4Hb (FeII) [2Ob] 

ki t  
Mb(Fe*II)  + Mb(Fe l I I )  -> Mb(Fe*III )  + Mb(FeI I )  

[20c] 
k= 

Fe* (CN)s 4- + Fe(CN)s  8- --> Fe* (CN)s 3- 

+ Fe(CN) s 4- [21] 

Recently, the Marcus theory has been successful in 
correlating the rate constants for reaction of ferri-  and 
ferrocytocl~rome c with several oxidants and reduc- 
tants (32-35), including Ru(NH3)s "~+, Co(phen)33+, 
Fe (CN)s 3-, ]~e (EDTA) ~- as well as the peroxide com- 
plex of cytochrome c peroxidase. 

The relationship between cross reactions as given in 
Eq. [19a]-[19cJ and the self-exchange reaction rate 
constants given in Eq. [20a]-[20c] and Eq. [21] can be 
formulateci as follows 

k12 ~ 
kn  = [22] 

Kr2k22 

where K~2 is the equilibrium constant for the cross 
reactions given in Eq. [19] and kn is the homogeneous 
isotopic electron exchange reaction rate constant. 
When the work terms are negligible, kn can be related 
to the standard electrochemical rate constant k o by the 
following equation (11) 

( k l l  ~ 1/2 k ~ 
= ~ [ 2 3 ]  

\ ~hom / Zhet 
where Zhom and Zhet a r e  the collision frequencies of 
the chemical and electrochemical reactions, respec- 
tively, (10n 1 mole -1 sec :1 and 104 cm sec-1).  

Assuming, as a p r o  t e m p o r e  working hypothesis, 
that the Marcus correlations hold for Reactions [19]- 
[21], Eq. [22] and [23] can be combined and rear -  
ranged to explicit k o 

k12 
k o = [24] 

(K12k~2103) 1/2 

If one assumes that  the Marcus theory holds for a 
comparison between the cross reaction [19a]-[19c] on 
the one hand and the isotopic exchange processes 
[20a]-[20c] on the other hand, electron-transfer rate 
constants can be calculated from Eq. [24] for the hypo- 
thetical electrode reactions [25a]- [25c] 

1r 
Cyt -c(FeII I )  - t - e -  ~ -  Cyt -c(FeII )  [25a] 

ko 
1/4Hb(FeIII)  - t - e -  ~-- 1/4Hb(FeII)  [25b] 

ko 
Mb(FeII I )  + e -  ~ Mb(FeII )  [25c] 

An il luminating comparison of these hypothetical 
rate parameters  of hemoproteins vs.  their  analogs de- 
termined experimental ly in simpler less molecular 
weight heme couples is presented in Table III. Pre-  
sentation of the rates in terms of k o is equivalent to 
expressing the same information in terms of k n  (i.e., 
via a hypothetical self-exchange rate) .  In a recent 
authoritative review aimed at inorganic chemists 
Wherland and Gray (35b) have indeed elected to use 
that alternative form of presentation. We have ad- 
visedly chosen to use the electrochemical k o instead 
because it is more appropriate for an electrochemical 
audience. Naturally, the two types of presentation are 
readily interchangeable. 

Equilibrium parameters K~  for reactions [19a]-[19c] 
were evaluated from relevant redox potentials avai l-  
able in the l i terature (30, 36) with the aid of the equa- 
tion 

aG ~ : -- n F ~ E  o : R T  In K~2 [26] 

where ~Eo denotes the difference in formal potentials 
between the couples involved in reactions [19a]-[19c]. 

For comparison we have also calculated the hypo- 
thetical rate constant for reaction [25a] utilizing Eq. 
[23] directly and the experimental  self-exchange rate 
of horse heart  cytochrome c (103-105 M -1 sec -1) 
obtained by Gupta (37) using NMR techniques. Ex- 
perimental self-exchange rates are not available for 
hemoglobin or myoglobin. 

Table III  reveals a surprising similari ty between the 
ferrous-ferric electron-transfer  rate  parameters  of 
simple heme compounds on the one hand, and hemo- 
globin and myoglobin on the other hand. This invar i -  
ance is part icularly impressive because the upper l imit  
os the calculated comparable rate constants for cyto- 
chrome c is three orders of magnitude faster, i.e., k o 
1.4 • 102 cm/sec. 

The rate constant assignments for Eq. [25a]-[25c] 
are admittedly based on a comparison of experimental  
measurements with values calculated from the Marcus 
theory which implies that all the relevant (actual and/  
or hypothetical) electron transfer processes (reactions 
[25a]-[25c]), isotopic exchange reactions (Eq. [20a]- 
[20c], and cross-redox reactions (Eq. [19a]- [19c]) pro-  
ceeded via similar transition states. We postulate, ac- 
cordingly, that all the one-electron transfer processes 
which are schematized in Fig. 5 proceeded through 
similar mechanisms regardless of whether the elec- 
tron was transferred at an electrode interface, by iso- 
topic self-exchange, or in a chemical cross reaction 

Table Ill. Comparison of theoretical and experimental formal rate 
constants, k ~ for the electrooxidation reduction of various 

heme moieties a 

Experi- 
HYpothetical m e n t a l  

Electrode r eac t ion  k O ( c m s e c  -1) ko(cmsec -D  

e 
Cyt -cFe( I I I )  ~- Cyt -cFe( I I )  0.1-1.4 x 10 ~ b _ 

(1-10} �9 
e 

1/4HbFe(IH) ~ V4HbFe(II) 0.05-0.2 d - -  

MbFe ( I I I  ) ~ MbFe ( H ) 0.2-0.5 d 
e 

P F e ( I I I ) - F e ( I I I ) P  ~- P . F e ( I I ) - F e ( H I ) P  - -  ~-~0.8 
(aqueous ,  p H  10) 

e 
P F e ( I I I )  ~ P F e ( I I )  - -  ~0.2 

(50% EtOfi)  
e 

PFe  (I I I )  CN ~ PFe  ( I I  } CN - -  4.0, 

T h e  symbol  P denotes the  protoporphyrin IX equatorial  l igand 
of heine. 

b Calcula ted  f r o m  Eq. [24] us ing  t h e  e y t o e h r o m e  c ex- 
c h a n g e  r a t e s  ca lcu la ted  in Ref. (35) ~rom cross  reac t ions  wi th  
Co(phen)~+ ,  Fe (CN)e  ~- and  F e ( E D T A )  e-. 

Calcula ted f r o m  Eq. [23] us ing  the  experimental  self-exchange 
r a t e s  in Ref. (37). 

d Calcula ted f r o m  Eq. [24] us ing  k a  = 5-50 • 10~ for eytochrome 
e (43). 

e Ref.  (7).  
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ON ON OH EtOH 

N ~ N  e N~ ~ I ]  ~N N~-~II] "N e N~ _ ~ I 1  ~N 
~'Fe..... ) ~ = ~ , I Fe.~ ~ N~ ' ~ N  N ~ . ~ N  tN,~NFe..~ / EtOH+ N ~ . ~ N  " " I "Fe .~. , . 1 - O ~  H 

CN CN EtOH EtOH 

OH OH H20 OH 

/ / 
H20 H2O H20 H20 

+OH 

I f 4 H b ( F e I i I )  , e �9 I / 4 H b  ( F e l l } ;  Mb (FeIIII e Mb (FelI} 

Fig. 5. Moieties exhibiting kinetically comparable electron-trans- 
fer behavior. 

with another  redox  couple. Fur the rmore ,  the inva r i -  
ance of the ra tes  in al l  these instances  (in contradis-  
t inct ion to cytochrome c, vide infra) suggests a com- 
mon "react ion  pa th"  via the po rphy r in  p lane  (which 
was ident ical  in al l  moiet ies  of Fig. 5) r a the r  than 
th rough  the Z orbi ta ls  which  had wide ly  different  
l igand coordinat ion (cyanide,  water ,  ethanol,  hydroxyl ,  
imidazole  n i t rogen) .  Indeed,  e lect ron t rans fe r  pa ths  
via the  ~ bonded  t e t r apyr ro l e  po rphy r in  p lane  have 
been suggested (32, 33, 35, 38-40). The over -a l l  conclu- 
sion which  emerges  f rom the exper imen ta l  evidence 
in toto is that  (wi th in  a first approx imat ion)  the  elec-  
t ron donor -accep tor  r eac t iv i ty  of heme i ron was the 
same (at  least  for the first e lect ron t ransfer  step) in 
al l  the  compounds and react ions  shown in Fig. 5. In  
o ther  words,  the  behavior  of heine i ron was essent ia l ly  
invar iant ,  i r respect ive  as to whe the r  the  home was 
monomer ic  (as in the  presence of e thanol)  or d imer ic  
(as in  aqueous solution) or imbedded  in the  prote in ic  
mat r ices  of hemoglobin  o r  myoglobin.  

On the other  hand, our  es t imate  of the  e lec t ron-  
t ransfer  r eac t iv i ty  of the  home iron in cytochrome c 
was 1-3 orders  of magni tude  fas ter  and corresponded 
to an upper  k o ass ignment  which approx imated  the 
l imi t ing ra te  of 104 cm/sec  wi th in  two orders  of mag-  
n i tude  (41). This is in complete  agreement  wi th  re -  
la ted conclusions (on the efficiency of cytochrome c as 
an e lect ron t ranspor te r )  by  Ur ry  and Eyr ing  (42). The 
prosthet ic  group of cytochrome c differs by  two 
cysteine l inkages  be tween  the equator ia l  po rphyr in  
l igand and the po lypept ide  chain of the  pro te in  moiety.  
One is t emp ted  to speculate  tha t  invo lvement  of sul fur  
atoms m a y  provide  e lec t ron- t rans fe r  pa ths  of g rea t ly  
enhanced reac t iv i ty  which account for the  fundamenta l  
difference be tween  cytochrome c and the home com- 
pounds  in Fig. 5. 
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Polaromicrotribometric (PMT) and Spectroscopic (Infrared- 
XPS) Study of the Formation and Modifications of 
Films Formed on a Polarized Platinum Electrode in 

THF-LiCIO  Medium 
I. Cathodic Polarization 

Jacques-Emile Dubois and G6rard Tourillon 
Laboratoire de Chimie Organique Physique de l'Universit~ Paris VII, associ~ au C.N.R.S., 75005 Paris, France 

and Pierre-Camille Lacaze* 
Universit~ de Picardie, UER de Saint-Quentin, 02100, Saint-Quentin, France 

ABSTRACT 

The mechanism of formation and the changes of different deposits ob- 
ta ined on a Pt  cathode in THF-LiC104 medium are studied by means of 
polaromicrotr ibometry (PMT).  Their  chemical na ture  is determined by in-  
frared and x - r ay  induced photoelectron spectroscopy (XPS).  For a polariza- 
t ion between --1.6 and --2.5V, a th in  porous homogeneous film of l i th ium 
hydroxide occurs, which is characterized by a low friction coefficient 5 = 0.7 
fo, where fo is the value in the absence of polarization. Small  amounts  of 
carbon dioxide in  solution react on l i th ium hydroxide and convert  it into 
l i th ium carbonate. This chemical change provokes a strong increase in the 
friction coefficient ($ rises from 0.7 to 2 fo) and is marked by the appearance 
of a very regular  stick-slip phenomenon.  Under  galvanostatic control and at a 
weak electrolysis current,  the format ion of l i th ium hydroxide and then 
l i th ium metal  is successively observed. The fr ict ian curves clearly show that  
Li+ ions migrate  through the porous l i th ium hydroxide layer  and are reduced 
on the metal  surface. When electrolysis is continued over a longer period of  
t ime the l i th ium hydroxide layer  is coated with l i th ium metal. At a higher 
current  density and at a lower water  concentration, a layer of metall ic l i th ium 
can be obtained in the electrode surface without  the prior formation of l i th ium 
hydroxide. 

The use of organic solvents and metall ic electrodes 
in  electrochemistry general ly  leads to a demetall iza-  
t ion of the electrode surface, produced by the formation 
of organic or minera l  layers (1). Such phenomena have 
recent ly been observed in  hexamethylphosphoramide 
(HMPA) (2, 3) and their  effects on electrochemical 
catalysis have been determined especially in the case 
of the reduct ion of qua te rnary  ammonium salts (3). 
The obtent ion of homogeneous organic or inorganic 
films by an electrochemical method presents a practical 
value in the area of mater ial  protection and microelec- 
tronics, and knowledge of these phenomena is very 
impor tant  in  the elucidation of organic electrochemical 
reactions. 

In  the case of an electrolytic medium composed of 
an organic solvent and an alkal ine salt we show that  
some electrode reactions which can lead to i rreversible 
changes in the surface occur in  the medium. Such ob- 
servations have been noted in  reduct ion and in  the 
case of dimethylsulfoxide (DMSO), acetonitrile, pro-  
pylene carbonate, or te t rahydrofurane  (THF),  when  a 
salt such as LiC104 is added to the solvent. 

* Electrochemical Society Active Member. 

The THF-LiC104 electrolytic medium is very  often 
used in  organic electrochemistry, and several studies 
have already been devoted to the reduct ion of Li + ions 
on a p la t inum electrode in this solvent (4-7). Thus, 
Burrows and Ki rk land  (4) and Dey (5) have described 
the behavior  of Li+ ions in  the presence of water  and 
have indicated the formation of a l i th ium hydroxide 
layer. As far as we know, however, the chemical na -  
ture  of these layers has not been proved. We thus 
propose to s tudy the s t ructural  modifications of the 
metal -solut ion interface in  an at tempt  to elucidate the 
chemical na ture  and formation mechanism of the dif-  
ferent  layers. 

Aside from infrared and XPS spectroscopies, we have 
developed a new means of analyzing the meta l -solu-  
t ion interface, called polaromicrotr ibometry or PMT 
(8, 9). This technique, based on the measurement  and 
recording of a friction coefficient be tween the electrode 
surface and a microslider, has proved to be par t icu-  
lar ly  well adapted to the s tudy of the formation of  
oxide layers (10), o rganic  films (11, 12) and, more re-  
cently, to adsorbed layers (13, 14). This sys tem en-  
ables one to follow in situ the format ion and behavior 
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of films as a funct ion of time, and electrical and  
physicochemical parameters.  

E x p e r i m e n t a l  
Reagents and solvents.--The THF solvent (Baker) 

was purified according to the following process: (i) 
The peroxides were destroyed by  reaction of potassium 
hydroxide on the solvent over several weeks. The sol- 
vent  was then  distilled under  atmospheric pressure. 
(ii) The distilled solvent was dried over naphthalene  - 
sodium for 8-10 days and then  redisti l led as previously. 
(iii) A final dist i l lat ion of the THF was carried out in 
the presence of LiA1H4 and the middle  fraction of the 
distilled solvent was kept  under  iner t  atmosphere. 

Li th ium perchlorate (Fluka grade) was dried at 
100~ under  vacuum for several days before being 
used. 

All the experiments  were carried out in  a glove box 
with a strictly controlled argon atmosphere. All  oxy- 
gen, carbon dioxide, and water  traces were removed by 
t rapping all these impuri t ies  with suitable filters. All  
the THF-LiC104 3 �9 10-ZM solutions were degassed for 
10 min  in an argon stream. The water  content  of the 
solution was around 120 ppm. 

E~ectrodes.--Depending on the surface analysis tech- 
nique, different electrode models were used. 

PMT.--The PMT cell is composed of a previously de- 
scribed three-electrode assembly (8). The working 
electrode was a PTFE embedded p la t inum pellet (Pt 
Lyon-Al lemand  pure grade).  The active surface of the 
electrode was a 0.6 cm 2 disk, polished with a 1# dia- 
mond paste (Struers) ; it was rinsed by ultrasonic agi- 
tat ion in  acetone (RP grade) and dried under  ni t rogen 
before each experiment.  The reference electrode was 
an Ag-Ag + 10-~M system in THF-LiC104 (7). A sin-  
tered glass tube provided electrolyte contact between 
the working and reference electrodes. All  the poten-  
tials were measured with respect to this reference. The 
counterelectrode was a large surface cylindrical  plat i-  
n u m  grid centered on the working electrode. 

Inirared absorption, x-ray photoelectron spectroscopy 
(XPS) . - -The  working electrode used to obtain inf ra-  
red and XPS spectra was composed of a rectangular  
glass plate on which a layer  of p la t inum with  a thick- 
ness of about 5000A was obtained by sput ter ing (Bal- 
zers Model Sput ron  II) according to a previously de- 
scribed process (15). 

Analysis techniques and layer characterization.-- 
PMT.--The apparatus used in  this work had the same 
characteristics as the one previously described (8, 9); 
the applied load on the microslider was 10g. 

Multiple reflection infrared absorption spectroscopy.-- 
We used a Perk in  Elmer  225 spectrophotometer fitted 
with a Wilks device (Wilks Scientific Corporation, 
Model 49). The spectra were recorded after the inf ra-  
red beam had been reflected several t imes between two 
parallel  fiat metall ic mirrors  facing each other which 
have been coated with the film. 

Electron ~pectroscopy (XPS).---Spectra were recorded 
on an AEI ES 200 slcectrometer with FRR adaptat ion 
using a Mg anticathode. 

Results 
PMT curves under potentiodynamic contro~ (rate 

polarization 1 V/min).--Current-potential and fric- 
t ion-potent ia l  curves between 0 and -- 1.6V show no 
appreciable changes. The current  is negligible and the 
friction coefficient remains constant and has the same 
]o value as in  the absence of polarization (Fig. 1) ($o -" 
0.17). However, be tween -- 1.6 and -- 3.5V, several 
electrode reactions are observed. A first current  peak, 
whose max imum is located at -- 2.3V, appears. The 
corresponding integrated electricity value is an in -  
creasing function of the water concentrat ion (8000 
~C/cm 2 for (H20) ---- 8 �9 10-~M). This electrode reac- 

loo' 1 

I i 
�9 - . . . . . .  = .  _ 2 . : _  I 

o -I -2 -a E/Ag, Ag § (vo~)- 

Fi 9. 1. Patentiadynamic and Ph4.T curves obtained on a platinum 
electrode in THF-LiCIO4 0.3M medium (water content, 8 �9 10 -3M;  
sweep rate, 1 V/min). 

t ion is accompanied by major  variat ions in  ] which 
rises to 1.8 So and then decreases and becomes constant  
at a value less than  So (S = 0.7 S,). 

Between -- 3 and -- 4V, the friction coefficient has 
the constant value 0.7 fo, al though two small current  
peaks are observed at -- 3.25 and -- 3.5V. At potentials 
below -- 3.7V, the reduct ion potential  of Li + ions is 
reached; the current  in tens i ty  increases very rapidly, 
but  S remains constant  at 0.7 ]o. This constant  value of 
f ---- 0.7 So is also observed in the back sweep, al though 
several oxidation peaks appear. The height of one of 
them, located at -- 3.6V, increases as the cur ren t  in -  
tensi ty for the reduct ion of Li+ ions increases. 

PMT curves under galvanostatic control.--For an-  
hydrous solutions (water  content  less than 5 �9 10-SM) 
with an applied constant current  between 120 and 1500 
~A/cm 2, the polarization of the cathode occurs at 
-- 3.7V. The friction coefficient increases considerably 
and is characterized by a great  i r regular i ty  whose 
mean value is near ly  2.5 ]o (Fig. 2). However, for hy-  
drated solutions (HRO = 8 �9 10-RM) with the same 
current  density values as above, the potent ia l - t ime 
curves are very different and are characterized by a 
first reduction wave at -- 2V, followed by a second one 
at -- 3.7V (Fig. 3). 

In  contrast, the friction curves are quite similar  to 
those obtained dur ing  polarization sweeps; there is a 
fast increase in  the friction coefficient to S = 1.3 ]o 
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0 4 - -  
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a2 ~ 

0.1 

0 

?. 
> 

2. 4 6 8 T i m e  ( ~ }  

Fig. 2. Galvanostafic and PMT curves obtained on a platinum 
electrode in THF-LiCIO4 0.3M medium (water content, less than 
5 �9 10 -3M;  i = 1500 ~A/cm2). 
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Fig. 3. Galvanostatie and PMT carves obtained on a platinum 
electrode in THF-LiCIO4 0.3M medium (water content, 8 �9 I0 -2M;  
i - -  1500 ~A/cm2). 

when the electrode is polarized, followed by a decrease 
to 0.7 fo. This value of f remains  constant  for several 
minutes  (2-3 min)  and rises again to a mean  value of 
2.5 Io, with very i r regular  variat ions of f. It  should be 
noted that  this new increase in  the friction coefficient 
appears well  after the electrode potential  has reached 
--3.7V (Fig. 3). 

PMT curves under potentiostatic controL--As with 
the potent iodynamic curves, a very  fast passivating ef- 
fect is observed unde r  potentiostatic control when  the 
p la t inum electrode is polarized at -- 2.5V (for a water  
concentrat ion of 5 �9 10-3M, the current  density de- 
creases from 1500 to 200 ~A/cm 2 after a 3 min  elec- 
tro]Lysis) (Fig. 4). The friction curves have the same 
characteristics as previously:  an increase in  the fric- 
tion coefficient of fo to 1.7 fo, then  a decrease to the 
constant  value of 0.7 fo which, moreover, remains  con- 
s tant  when  the circuit is opened after a 10 min  polari-  
zation. It  is noteworthy that  the decrease from 1.7 to 
0.7 Io in  the friction coefficient is also independent  of 
the applied potential.  If the polarization is in te r rupted  
when  the fr ict ion has at tained its max imum value (I = 
1.7 fo), it  then decreases to f = 0.7 fo as previously ob- 
served. This t ransi t ion of the friction coefficient is 
highly dependent  on the water  concentrat ion (Fig. 5). 
For  a water  concentrat ion of 10-3M the ma x i mum 
value ]M of the friction coefficient is 2 io; it is only 1.3 
fo for a water  content  of 8 �9 10-2M. 

0 100 r(s) 0 100 t~s) 0 

Fig. 5. Variation of the PMT curves maximum vs. the water con- 
centration of the THF-LiCIO4 0.3M medium in the case of a 
platinum electrode polarized at --2.5V. Water concentration: A, 
10-3M; B, 5 �9 10-3M; C, 10-2M; D, 8 �9 10-2M. 

Friction changes observed with a THF-LiCI04 solu- 
tion containing C02 traces.--Other very different fr ic-  
t ion variat ions are observed if the potentiostatic ex-  
per iments  are conducted in  air or in  presence of CO2. 
We just  showed that, when  the p la t inum electrode is 
polarized at -- 2.5V in  a water  concentrat ion of 5 �9 
19-3M, the friction coefficient rises to 1.7 fo, then  de- 
creases and stays constant  at 0.7 ]o. If the same experi -  
ment  is operated in air, the friction coefficient remains  
constant  for only a few minutes.  There is a new in -  
crease in  f whose mean  value is about 2 fo and which 
is accompanied by a stick-slip phenomenon (9). 

Another  exper iment  performed wi th  the same highly 
degassed solution, from which oxygen and COn have 
been totally removed, also gives the constant  friction 
coefficient of 0.7 fo. If COs is reintroduced into the so- 
lu t ion by  bubbl ing,  the increase in  the fr ict ion coeffi- 
cient from 0.7 fo to a mean  value of 2 $o is very fast 
(less than 30 sec) and is again accompanied by a very  
regular  stick-slip phenomenon (Fig. 6). 

Identification of layers by multiple reflection infra- 
red spectroscopy and electron spectroscopy ( X P S ) . m  
Analysis o~ the layer whose 5fiction coefficient i8 I - "  

0.7 ]o.--A large surface th in  layer  p la t inum electrode 
was polarized at -- 2.6V for 10 rain in a THF-LiC104 
solution in  a very pure N2 atmosphere. This led to the 
formation of a film whose fr ict ion coefficient was also 
0.7 fo. 

The infrared absorption spectrum of this film is com- 
posed of several peaks located at 3580, 1580, 1000, 850, 
630, 680 cm -1, and of a wide one centered at 2900 cm -1 
(Fig. 7a). This spectrum is identical to the one ob- 
tained for a layer  of chemically prepared hydrated  
l i th ium hydroxide (16, 18). 

1 

0.3 

el2 

0.1 

6 8 Time ( rain ) 

Fig. 4. Potentiostatic and PMT curves obtained on a platinum 
electrode in THF-LiCIO4 0.3M medium (water concentration, 5 
| 0 -3M;  applied potential, --2.5V). 

0 2 4 6 8 T'mne (rain) 

Fig. 6. PMT curves obtained on a platinum electrode after 
bubbling of CO~ in THF-LiCIO4 0.3~ medium (the electrode is 
polarized at --2.5V for 3.5 min, then placed in open circuit be- 
fore COn bubbling; the water concentration is around 5 �9 10-~M). 
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Fig. 7. Multiple reflection infrared absorption spectra obtained 
from thin platinum layers polarized at - 2 . 5 V  for 10 min. A. In 
THF-LiCIO4 0.3M H20 ~ 5 �9 10-2M medium; lithium hydroxide 
film. B. In THF-LiCIO4 0.3M saturated with CO2, H20 ~ 5 �9 
10-2M; lithium carbonate film. 

The XPS spec t rum composed of peaks  at 285, 531.9, 
74, 55.3, and 70.8 eV (Fig. 8a) confirms the hypothesis  
of a l i th ium hydrox ide  layer .  The peak  at 531.9 eV is 
r e l a t ed  to  O ls, the  peaks  at  74 and 70.8 eV to p la t inum 
4 f doublet ,  the one at  55.3 eV to Li ls,  and the peak  
at  285 eV to C ls, resul t ing  f rom na tu ra l  contaminat ion  
of the samples. 

Identification of the ~ayer obtained in presence of CO~. 
- - T h e  sal ient  fea tures  of these layers  a re  a r egu la r  
s t ick-s l ip  phenomenon wi th  a dynamic  fr ict ion co- 
efficient whose mean value  is f : 2 fo. 

The in f ra red  spec t rum was obta ined wi th  e lectrode 
surfaces t r ea ted  in the same condit ions as prev ious ly  
except  for bubbl ing  of CO2 in the THF-LiC104 solu-  
tion. The peaks  at  1510, 1450, 870, and 730 cm -1 (Fig. 
7b) are  character is t ic  of a l i th ium carbonate  l ayer  
(16, 17). 

The XPS  spec t rum is composed of the  same signals 
as previously :  285, 531.9, 55.3, 74, and 70.8 eV with,  
however ,  a new peak at 289.8 eV corresponding to ca r -  
bon l s  of l i th ium carbonate  (Fig. 8b).  The shift  in 
energy observed for this new peak  is in  to ta l  ag ree -  

A 

Li Pt C 0 

X'x.SO ~x3 

I 

X'• 

~C 

I )\ 
/C 

55 74 71 290 285 532 
El (eV) 

Fig. 8. XPS spectra obtained from thin platinum layers polarized 
at --2.5V for 10 min. A. In THF-LiCIO4 0.3M, H20 ~ 5 �9 
10-2M medium; lithium hydroxide film. B. In THF-LiCIO4 0.3M 
saturated with CO2, H20 ~ 5 �9 10-2M; lithium carbonate film. 

ment  wi th  the resul ts  obta ined by  S iegbahn  et aL (19) 
in the  case of sodium carbonate.  

Discussion 
The resul ts  o~btained by  PMT and b y  in f ra red  and 

XPS spectroscopies c lear ly  show the  format ion  of 
different  layers  on the p la t inum electrode surface. 
Thus, a first cur ren t  peak  centered  at  --2.3V whose 
in tens i ty  increases wi th  the wa te r  concentra t ion is ob-  
served. As proposed by  Burrows  and K i r k l a n d  (4), 
this react ion is due to wa te r  reduct ion and is fol lowed 
by  the format ion  of l i th ium hydrox ide  according to 
the d i ag ram 

H~O + e ~  O H -  ~- ~ H~ 

O H -  ~ Li+ -~ LiOH 

The l i th ium hydrox ide  is adsorbed on the p l a t i num 
surface, and the in f ra red  and X P S  spectroscopy re -  
sults confirm tha t  i t  is indeed a l i th ium hydrox ide  film, 
character ized by  a low fr ic t ion coefficient (f  = 0.7 So). 
However ,  it  must  be not iced tha t  the f r ic t ion curve 
obta ined under  potent ios ta t ic  control  is composed of 
two dist inct  zones. In  the  first one the  fr ic t ion coeffi- 
cient goes th rough  a m a x i m u m  value,  fM ~ $o, whose 
ampl i tude  decreases  as the  wa te r  concentra t ion in-  
creases, and in the second one, ] has the  s teady  va lue  
of 0.7 fo which  is independen t  of the  appl ied  potential .  

The first pa r t  of the f r ic t ion curve cannot  be a t -  
t r ibu ted  to adsorpt ion  of genera ted  e lect rode species. 
Wi th  a carefu l ly  degassed solut ion the only genera ted  
chemical  species are  O H -  and H2. Hydrogen  adsorp-  
t ion must  be set aside because we have  seen tha t  on 
p l a t inum it  entai ls  a decrease  in fr ic t ion (10); the 
presence of O H -  ions in THF also has no effect on the  
f r ic t ion coefficient, as was verified in  the case of basic  
solutions. 

I t  thus .seems l ike ly  tha t  this r ise in the  f r ic t ion co-  
efficient is r e la ted  to the  f r ic t ion of si l ica on bare  
plat inum. This resul t  is in agreement  wi th  the  fact  
that  f r ic t ion on a per fec t ly  clean metal l ic  surface gen-  
e ra l ly  entai ls  h igh fr ic t ion coefficients (20). 

This phenomenon is ve ry  pronounced in the  case of 
an anhydrous  medium. If  the  wa te r  concentra t ion is 
about  5 �9 10-3M, the f r ic t ion coefficient r ises f rom io 
to 2 $o and remains  constant  for  30 to 45 sac before  
fa l l ing to 0.7 fo 120 sac later .  Wi th  a h igher  wa te r  con- 
cent ra t ion  (H20 ~ 10-2M) the m a x i m u m  value  IM is 
only  1.5 fo and the t ime necessary to a t ta in  the  0.7 ]o 
value is shor ter  (75 sec).  

These fr ict ion var ia t ions  are  schemat ica l ly  shown in 
Fig. 9a. I t  can be supposed that  at  --2.5V the p l a t inum 
surface is comple te ly  f ree  of any  adsorbed  species; 
this provokes  a fast r ise  of f along CD f rom ]o to ]i, 
where  fi is supposed to correspond to the theore t ica l  
value of  f r ic t ion on bare  Pt. Af te rward ,  the O H -  ions 
combine wi th  Li + ions to give l i t h ium hydrox ide  which 
is adsorbed onto the P t  surface. This new deposi ted 
layer  provokes  a decrease  in the  fr ic t ion coefficient 
f rom fl to 0.7 ]o along AB, and this l a t t e r  va r ia t ion  is 
independent  of the  polarizat ion.  

For  a very  high wa te r  content,  the concentra t ion  of 
l i th ium hydrox ide  in the  ne ighborhood of the  surface 
is also h igher  and, therefore,  the  film format ion  occurs 
more  quickly.  The decrease in f r ic t ion wil l  be quicker  
a long A'B' para l le l  to AB and the m a x i m u m  va lue  fM 
wil l  be much smal le r  than  51. Indeed,  this is wha t  we 
have qua l i t a t ive ly  observed (Fig. 9b).  Thus, the  po-  
la r iza t ion  appl ied  at  --2.5V t empora r i l y  cleans the  sur -  
face electrode and involves an  increase  in the  f r ic t ion 
coefficient, fol lowed by  l i th ium hydrox ide  adsorpt ion  
which causes the  decrease  in the  f r ic t ion coefficient 
f rom fM to 0.7 fo, 

When this l i th ium 'hydroxide l aye r  is observed wi th  
an optical  microscope i t  appears  to be porous and wi th  
a poor  homogenei ty.  For  smal l  wa te r  concentrat ions,  
this l aye r  is ve ry  thin  and its thickness  is less than  
100A. This observat ion  is confirmed by  XPS  analysis  
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Fig. 9. Water concentration effect on the variation of the fric- 
tion maximum observed after polarization at --2.5V of n platinum 
electrode in THF-LiCIO4 0.3M medium. A. Theoretical variation. 
B. Experimental variation. 

which shows the  70.8 and 74 eV peaks  character is t ic  
of the p l a t i n u m  4 /doub le t .  

This  poros i ty  and lack  of homogene i ty  in the  LiOH 
layer ,  which  never the less  has some pass iva t ing  p r o p -  
erties,  exp la in  the  fact  tha t  for  a second cathodic 
sweep there  is again  a reduct ion  cur ren t  peak  which is 
less high than  for the  first sweep, but  whose f r ic t ion 
character is t ics  r ema in  unchanged.  They  fu r the r  ac-  
count for  the  fact  tha t  a l l  the  MIM sandwich devices 
rea l ized  wi th  these l i t h ium hydrox ide  films are  shor t -  
circuited.  

This l i th ium h y d r o x i d e  l aye r  does not  p reven t  the  
reduct ion  of the  Li  + ions f rom occurring.  The PMT 
resul ts  ob ta ined  unde r  galvanosta t ic  control  p rove  tha t  
the  discharge occurs th rough  the pores  of the  film. 
Burrows and  K i r k l a n d  (4) have  advanced  s imi lar  
ideas  in the i r  s tudy  of a po lar ized  p l a t i num cathode 
in THF or  p ropy lene  carbonate  medium.  

In the  case of a ve ry  anhydrous  m e d i u m  (H~O --  
5 �9 10-~M), the  appl ica t ion  at  the  cathode of a constant  
cur ren t  (120 < i < 1500 ~A/cm 2) provokes  the  ins tan-  
taneous fo rmat ion  of a meta l l ic  Li layer ,  which  entai ls  
a high and i r r egu l a r  f r ic t ion coefficient and the po-  
la r iza t ion  of the  e lect rode at  --3.7V corresponding to 
the  L i / L i  + equ i l ib r ium poten t ia l  (6,7) (Fig.  2). 
Ident ica l  resul ts  ( f r ic t ion and poten t ia l )  are  obta ined  
wi th  mass ive  Li. 

However ,  the  same expe r imen t  in a h y d r a t e d  me-  
d ium gives qui te  different  results .  A first po ten t ia l  
p la teau  observed  at  --2.3V corresponds to the  wa te r  
reduction.  As previously ,  the  f r ic t ion coefficient in-  
creases to the  SM value  and then decreases to 0.7 ]o, the  
character is t ic  f r ic t ion of the  l i t h ium hydrox ide  film. I f  
the  polar iza t ion  of the  cathode is continued, a second 
p la teau  appears  at  --3.7V, character is t ic  of the  L i / L i  + 
redox  system, a l though the f r ic t ion coefficient r emains  
at  0.7 fo. I t  is only  2 rain af te r  the  poten t ia l  has reached  
--3.7V tha t  the  f r ic t ion r ap id ly  increases again,  to 
a t t a in  the  same value  as in the  previous  exper imen t  
(mean  ~f va lue  : 2 ~o). 

The nons imul tane i ty  of the  fr ic t ion and the poten t ia l  
rises cannot  be  a t t r ibu ted  to the  response t ime of 
the  appara tus ,  because  i t  is about  1 sec (9). I t  seems 
more  l i ke ly  tha t  Li  + ions a re  diffusing th rough  the 
l i t h ium hydrox ide  l aye r  and are  reduced  on the me ta l  
surface.  

The hypothesis  of the  fo rmat ion  of a L i  depos i t  on 
the l i th ium hyd rox ide  l aye r  mus t  be ru l ed  out, be -  
cause in this case a r ap id  increase  of the  f r ic t ion co- 
efficient would  occur. These resul ts  a re  qui te  s imi la r  
to the  ones we have  observed  in  the  case of a p l a t i num 
elec t rode  coated by  a po lymer ic  film which is pe r -  
meab le  to Li  + ions (12). 

Thus i t  appears  tha t  the s t rong increase  in the  f r ic-  
t ion coefficient mus t  be a t t r i bu ted  to a Li coat ing of 
the  l i th ium hydrox ide  layer ,  af ter  i t  has  been sa tu ra ted  
by  Li. Fur the rmore ,  if  the  e lectrolysis  is ca r r ied  out  
under  ambien t  a tmosphere  o r  in  the  presence of CO~ 
traces,  the  l i t h ium hydrox ide  is r ap id ly  t r ans fo rmed  
into l i th ium carbonate  which  provokes  a s t rong in -  
crease in the fr ic t ion coefficient (mean  f va lue  = 2 So) 
and a s t ick-s l ip  phenomenon.  These  resul ts  a re  also 
confirmed by  in f ra red  and XPS  analysis.  Successive 
etchings of the  l aye r  surface by" means  of an  Ar+  ion 
beam show, moreover ,  tha t  the  l i t h ium hydrox ide  was 
comple te ly  changed into l i th ium carbonate  as is ex -  
pressed  by  the  s imul taneous  d i sappearance  of XPS  
energy  peaks  for Cls (carbonate)  and  Li  ls .  
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ABSTRACT 

The surface changes occurring when a p la t inum electrode is anodieally 
polarized in  THF-LiC104 or in THF-LiCIO~-9,10 dip 'henylanthracene (DPA) 
are detected and investigated by means of polaromicrotr ibometry (PMT).  The 
formation of a 'homogeneous film on the metal  surface is associated with a 
very small  value of the friction coefficient. The thickness of this film, de s ig -  
na ted  by the general  symbol PtITHF, LiC104, Oxl, may be adjusted from 100 
to 5000A. It appears as a very pure variety of polyTHF, uncontaminated  by t h e  
electrolyte. Multiple-reflection infrared spectroscopy and x - r ay  photoelectron 
spectroscopy (XPS) are used to determine its structure. Its formation results 
from the polymerizat ion of THF via an ionic mechanism ini t iated by C104" or 
DPA" + radicals. It  only occurs if the water  content is less than  250 ppm. This 
film has well-defined physical properties: a marked hydrophobicity,  very  
strong adherence on the p la t inum surface, and great homogeneity;  al though 
it  is a nonconductor  out of the solution, its porous s t ructure  makes it  a con- 
ductor in  electrolyte solution. 

The development  of the technology in the area in 
microelectronics and, more recently, in  that of in te-  
grated optics is more and more dependent  on different 
methods of elaborat ing organic or minera l  films (1). 
In  the case of organic films, numerous  techniques for 
deposition on metall ic surfaces have been described. 
The most common methods are based on vapor dep- 
osition or subl imat ion (1), adsorption (2) or polymeri -  
zation of an organic vapor subjected to electronic 
bombardment  (3) or to an electric discharge (4). 
Electrochemical techniques can also be used for the 
elaborat ion of minera l  or organic films, applicable to 
the previous areas. The film qual i ty  (purity,  adher-  
ence, and homogeneity)  depends on the Chemical sys- 
tem chosen, on the polarization conditions, and also on 
the choice of the chemical medium in  which the elec- 
trode reaction is occurring. 

Genera l ly  speaking, it is possible to obtain an or- 
ganic polymer film adsorbed on a metallic surface by 
oxidizing or reducing a compound which produces 
polymerizable radical or ionic species. The chosen re-  
agent may either be a monomer  dissolved in  a solvent, 
or the solvent itself. The THF example belongs to this 
la t ter  case, and in  a previous work (5) we show that  
several minera l  films are formed on the electrode 
under  cathodic polarization. 

The polymerizat ion of THF by chemical (6) or 
electrochemical (7-10) means has already been de- 
scribed in the l i terature,  but  it is only related to the  
formation of the dissolved polymer in solution. As far 
as we know, no study has been devoted to the phenom- 
ena which occur on the electrode surface for an anodic 
polarization. 

By using the PMT technique (11, 12), we have been 
a~ble to show important  modifications of the p la t inum 
surface in  the anodic zone. These are related to t h e  
appearance of a deposit which could not be detected 
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by analysis of the i-E curves alone. This first ob-  
servation is confirmed by means of other analyt ical  
techniques such as mult iple-reflect ion infrared ab-  
sorption and x - r ay  photoelectron (XPS) spectroscopy. 
We have studied the mechanism by which this deposit 
is formed, its chemical structure,  and its physical prop-  
erties. 

Experimental 
Reagents and solvents.--THF (Baker pure  grade) 

and the l i th ium perchlorate (Fluka)  were purified as 
previously described (5). All  experiments  were per-  
formed in  THF-LiC104 0.3M solutions or in  THF-  
LiC104 0.3M diphenylanthracene  (DPA) 0.03M solu- 
tions which were degassed by bubbl ing  argon through 
them for 15 min. Before measurements ,  the water  
content  of these solutions was about 120 ppm. 

Film detection and analysis techniques.--Polaromi- 
crotribome$ry (PMT).--As previously out l ined for the  
cathodic THF study, the film formation was followed 
m s~u Dy means of PMT. The electrolysis cell, the  
electrodes, and the apparatus used for fr ict ion mea-  
surements  were the same as those described in  the  
preceding work (5). The Pt  working electrode was 
always polished with diamond paste before each ex-  
per iment  and rinsed in  acetone. 

Spectroscopic measurements.--Chemical identification 
of the electrode films was obtained as previously by 
means of x - ray  photoelectron spectroscopy (XPS) and 
by multiple-reflection infrared spectroscopy. The same 
apparatuses were used under  the same conditions as 
described in  the preceding work (5). 

Physical characteristics o] the f i lm.--Wettabili ty.--  
The hydrophobic properties of the surface were char-  
acterized by measur ing the contact angle between 
water  and the film surface (13) from the projected 
image of a water drop resting on the film. 
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Thickness.--The thickness was measured by  an optical 
method with a Tolansky in ter ferent ia l  device mounted  
on a Leitz meta l loplan microscope or by  the capacity 
of a sandwich (Ptlf i lm[metal)  device. 

Capacity and conductivity.~A (Ptlfilmtgold) device 
was realized by evaporat ing a th in  gold counterelec- 
t rade (1000A) on the film unde r  a vacuum of 10-6 
Torr. Its conductivi ty under  a-c polarization and its 
capacity were measured with a Wayne Kerr  impedance 
bridge (Model B 641) at a residual  pressure of 10 -5 
Torr  and at constant  tempera ture  (25~ The d-c 
conduct ivi ty  was measured by  application of Ohm's 
law, V ---- Ri, where V is the applied potent ia l  be- 
tween the two electrodes and  i is the current  intensity.  

Results and  Discussion 

PMT curves under potentiodynamic control (po- 
larization rate 1 V/min) . - - In  the case of a THF-  
LiC104 0.3M solution, the current -potent ia l  curves 
obtained be tween 0 and +4V show two distinct zones: 
the first is located between 0 and q-0.7V where the 
current  in tensi ty  is small, and the second beyond 
+0.7V where it increases rapidly (Fig. 1). In  con- 
trast, f keeps a steady value, fo, from 0 to q-3 or 
+3 .5u  which is the value of f on the p la t inum elec- 
trode surface before polarization. Beyond 3 or 3.5V, f 
increases s l ightly and reaches 1.25 fo. On the back 
sweep, no hysteresis is observed on the cur ren t -po ten-  
tial curve, but  f remains  constant at 1.25 fo from + 4  
to OV. 

With successive potential sweeps between 0 and 
+4V, the current-potential curves remain the same as 
with the first sweep. However, after three cyclic po- 
tential sweeps, the friction-potential curve is seriously 
modified: after f has increased toward 1.25 fo, it slowly 
decreases to 0.2 fo and then remains constant, even 
if the electrode is in open circuit. 

]in the case of TI-IF-LiCIO4 0.3M solution with di- 
phenylanthracene (DPA) 0.03M, the current-poten- 
tial curves obtained between 0 and H-2.5V have the 
same features as in the previous case. However, the 
appearance of a blue color near  the surface is observed 
when the polarization reaches -f 1.8V. The friction co- 
efficient stays at the constant  value fo, and it is only 
after three cyclic potent ial  sweeps that  f increases to 
1.25 ]o which is reached at the same t ime as the blue 
color near  the electrode surface disappears. If the po- 
tent ial  sweeps are pursued (around 10), f decreases 
and reaches the same constant  value as that observed 
in  TI-IF-LiC104 ($ ---- 0.2 fo). This proves that  the layer  
which has formed in  the presence of DPA is the same 
as the lat ter  one, but  was obtained for smaller  po- 
tentials. 

PMT curves under potentiostatic controL--When the 
p l a t inum electrode is polarized at -F3.5V in  THF-  
LiC104 medium, the current  in tens i ty  is ins tan tane-  
ously 1.8 m A / c m  -2 and remains  steady at this value 
as :long as the electrolysis continues (Fig. 2). The fric- 
t ion coefficient remains  constant  for 1 or 2 rain and 
then increases to 1.25 fo. After a 3 rain electrolysis, it 
decreases slowly and stabilizes at the low value of 
0.2 fo. This value remains constant when the elec- 
trode is placed in  open circuit. If the electrode is 
disconnected after 3 min  of polarization at -t-3.5V 
where $ is at a maximum,  a slow Oecrease of f toward 
0.2 fo is observed as in  the lat ter  case (Fig. 3). 

In  the case of a THF-LiC104 medium with DPA, an 
applied potential  of 1.SV at the p la t inum electrode en-  
tails a current  density of 1.2 mA/cm~ and the appear-  
ance of a blue color. In  contrast  to the previous case, 
the current  in tens i ty  decreases slightly and stays at 
0.5 mA/cm 2 after 30 rain. The t ime-fr ic t ion curve in 
this case is identical  to the one observed in  THF-  
LiC104, i.e., f increases to 1.25 fo and then  decreases 

Ii ...... : ! 1  17.1 i 

0 I 2 3 4 V (volts) 

Fig. 1. Potentiodynamic and EMT curves obtained an a plati- 
num electrode in THF-L~CI04 0.3M medium (water content, IO-~M;  
sweep rate, 1 V/min. 

0.2 , 

0 2 4. 6 8 17 19 Time (re,n) 

Fig. 2. Potentlostatic and PMT curves obtained on a platinum 
electrode in THF-LiCI04 0.3M medium (water content; 10-3M;  
applied potential, -I-3.5V). 

open circuit 

0.1 

2 & 6 8 10 Time (min~ 

Fig. 3. PMT curves obtained in THF-LICIO4 0.3M medium in 
the c a s e  of a platinum electrode polarized for a short time at 
@3.5V and then placed in open circuit. 

and stabilizes at 0.2 fo. The initial increase of f is also 
accompanied by the disappearance of the blue color 
near the electrode surface. 

Film identification and formation mechanism.-- 
Spectroscopic analysis.--The deposit characterized by 
the small value of the fr ict ion coefficient (f = 0.2 fo) 
is analyzed by  mult iple-reflect ion infrared absorption 
and XPS spectroscopy. 

The infrared spectra of the film obtained in  the 
THF-LiC104 and THF-LiC104-DPA media are ident i -  
cal and correspond to the po ly-THF spectra obtained 
in solution chemically (14). They are characterized 
by several absorption peaks centered at 2940, 2860, 
1460, 1360, and 1110 cm -1, and by a peak at 1720 cm -1 
which is not observed in  the bu lk  polymer spectrum 
(Fig. 4). The peaks located at 2940 and 2860 cm -1 
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Fig. 4. Multiple-reflection infrared absorption spectrum obtained 
from a thin platinum layer polarized at +3.5V for 50 min in 
THF-LiCIO4 0.3M. 
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Fig. 5. XPS spectrum obtained from a thin platinum layer polar- 
ized at +3.5V for 50 rain in THF-LiCIO4 0.3M. 

are  due  to s t re tching  CH vibra t ions ;  those which  a r e  
centered  at  1460 and  1360 cm -~ a re  CH bending v ib r a -  
tions, and the  one at  1110 cm -1 corresponds  to the  C- -O  
v ibra t ion  of an a l iphat ic  ether.  The  peak  at  1720 cm -~ 
is due to the ca rbonyl  C----O s t re tching  vibra t ion.  

In  the  case of XPS,  the  spec t rum is composed only 
of peaks  at  532.8, 289, 286.2, and  285 eV (Fig. 5). I f  
we suppose tha t  the  film is made  of po ly -THF,  two 
different  carbons can be dis t inguished in the  po lymer  
fo rmula  [O- - (CH2)4- - ]n :  one of them is bound to 
two ne ighbor  carbons, the  o the r  to a carbon a tom 
and an  oxygen.  Therefore,  two peaks  wi l l  be observed  
in the  photoelec t ron energy  spectrum,  which  are  in -  
deed the two peaks  at  286.2 and 285 eV. The first 
one corresponds to the  carbon in the  a posi t ion wi th  
respect  to the  oxygen  atom, the  second one to the 
C - - C  bond. However ,  i t  should be noted tha t '  these 
two carbon peaks  do not have the same intensi ty ,  
but  are  in the  propor t ion  1:1.2. The 1.2 eV energy 
difference be tween  these two carbons,  which was also 
observed  b y  o ther  workers  (15), can be calcula ted by  
considering the  e lec t ronega t iv i ty  of each e l e m e n U  
The peaks  located at  532.8 and 289 eV a re  respec-  
t ive ly  due to Ols and Cls of the  carbonyl  group. 

The film appears  to be ve ry  pure  and uncon-  
t amina ted  by  e lec t ro ly te  e lements;  the  analysis  resul ts  
a re  s imi lar  to those obta ined in the  case of bu lk  po ly -  
THF. 

Formation mechanism.raThe resul ts  obta ined  b y  
XPS,  inf rared ,  and  PMT confirm the  deposi t ion on the  
electrode surface of a ve ry  adheren t  p o l y - T H F  film 

1 I t  i s  p o s s i b l e  i n  XPS  to correlate  the peak e n e r g y  v a l u e s  of  a n  
e lement  with  the  partial  e lectric  charge located  o n  t h i s  e l e m e n t .  
T h i s  partial  charge,  q, i s  c a l c u l a t e d  i n  t h e  e l e c t r o s t a t i c  t h e o r y  by 
the relat ionship q = Q + ~I,  w h e r e  Q i s  the charge of  t h e  e le .  
m e n t ,  a n d  ~I  the  added ionic partial  character  of the  b o n d s  at- 
t a c h e d  a t  t h e  e l e m e n t  (16) :  A c c o r d i n g  t o  t h e  P a u l i n g  t h e o r y  (16),  
for t h e  C / O  l i n k a g e .  I = 1 -- e-  0.25 (• - • w h e r e  xc a n d  • 
are respect ive ly  the C and O e l e c t r o n e g a U v i t i e s .  B y  s e t t i n g  xc 
equal  t o  2.5 a n d  xo t o  3, w e  compute ,  in the  case o f  p o l y - T H F ,  a 
partial  i on i c  c h a r a c t e r  o f  0.22 f o r  t h e  C- -O  b o n d  a n d  t h e r e f o r e  a 
partial  charge  of  0.22 for  the carbon which  e n t a i l s  a n  e n e r g y  s h i f t  
b e t w e e n  1 a n d  2 eV (17) .  

Characterized b y  a v e r y  smal l  f r ic t ion coefficient. The 
appearance  of this  deposi t  depends  on the  appl ied  po-  
ten t ia l  and on the  composit ion of the  e lect rolyt ic  
medium. 

In  THF-LiC104, i t  is necessary  to polar ize  the  elec-  
t rode  at  ve ry  posi t ive potent ia ls  (+3.5V)  in o rder  to 
observe  the film formation.  In  contrast ,  b y  addi t ion of 
DPA to the l a t t e r  solution, the same resul t  is obta ined 
by  app ly ing  only  a po lar iza t ion  of + 1.8V. 

When  the po lymer iza t ion  is s tar ted,  i t  can continue 
if  the polar iza t ion  is suppressed.  This resul t  c lear ly  
appears  on the f r i c t ion- t ime  curves obta ined in  open 
circui t  a f te r  a polar iza t ion  has been appl ied  for  a shor t  
t ime (Fig. 3). These observat ions  tend  to p rove  tha t  
po lymer iza t ion  is in i t ia ted  via  e lect rochemical  species 
and then proceeds via  a chemical  chain process which  
no longer  depends  on the e lec t rogenera ted  precursors .  

The film format ion  c lear ly  appears  to be due  to the  
presence of radicals  a t  the  e lec t rode  level.  The ve ry  
posi t ive potent ia l  of + 3.5V l ike ly  involves the  oxidat ion  
of perch lora te  anion into C104" radical ,  and tha t  of 
+ l . 8 V  the oxida t ion  of D P A  to DPA" +. In  this  l a t t e r  
case, the  oxidat ion  of DPA is confirmed by  the appea r -  
ance of a blue  color in the  e lect rode vic in i ty  which 
m a y  be a t t r ibu ted  to the presence of the  DPA'  + radica l  
cation. Thus i t  may  be considered tha t  C104" and 
DPA '+ radicals  in i t ia te  the  THF polymerizat ion,  a 
ve ry  l ike ly  hypothesis  as we know tha t  D P A  is v e r y  
of ten used for  cat ionic po lymer iza t ion  (18). This h y -  
pothesis  is also confirmed by  the work  of Nakahama  
et al. (8) but  is in opposi t ion to the  mechanism p ro -  
posed by  Dey et al. (10), who assume tha t  the  p o l y m -  
er izat ion is in i t ia ted  by  the  THF electrooxidat ion.  

Nakahama  et al. have proposed a reac t ion  pa th  in 
which C104' rad ica l  reacts  on a THF molecule  and 
gives HC104, which  in tu rn  induces the po lymer iza t ion  
according to the  d i a g ra m 

CIO 4 + ClO" 4" + e 

H 

A s imi lar  mechanism may  be considered in the  c a s e  
of THF-LiC104 wi th  DPA. The anodic polar izat ion 
produces  DPA" + radica l  cation which reacts  on THF 
and gives H + which, as previously,  ini t ia tes  the  
polymerizat ion.  As added  proof, i t  mus t  be noted tha t  
in each case, a f te r  the e lect rode was anodica l ly  po-  
larized, we observed a reduct ion  peak  at  --0.5V, 
character is t ic  of H + ions. In  this last  case we propose 
the  fol lowing react ion d iag ram 

DPA + DPA "+ + e 

DPA "+ + 

H 

+ DPA + H + + 

�9 H 

* HO- (CH2) 4-[-0 (CH2) 4~---~ O ~ 

The polymer iza t ion  process can fai l  in the  presence 
of nucleophil ic  species such as wa te r  (6). Indeed, this  
has been observed when the wa te r  content  of the solu-  
t ion was above 250 ppm. It  is possible that  wa te r  
des t roys  the  radicals  which in i t ia te  the  po lymer iza t ion  
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or reacts  on the cationic adduct  and stops the  chain 
propagat ion.  

It mus t  also be not iced tha t  the in f ra red  and X P S  
spect ra  revea l  some a ldehydic  bonds  which m a y  be 
a t t r ibu ted  to the  po lymer  pe rox ida t ion  by  air. Such re -  
actJLons have been  observed  wi th  the  bu lk  po lymer  in 
contact  wi th  a i r  (19). These a re  oxida t ion  react ions 
which en ta i l  a f r agmenta t ion  of the  chain and the 
fo rmat ion  of a ldehyde  f r agmen t s  (19). These a ldehydic  
groups may  also or ig inate  f rom a secondary  po lymer i -  
zation process be tween  the ~ / c a t i o n  and the THF 

+ 
molecules  (20, 21). 

F ina l ly ,  i t  should also be not iced tha t  the  PMT 
curves show two different  f r ic t ion coefficient values;  
the one observed at  the beginning  of the  polar iza t ion  
is high (] ---- 1.25 to), the  o ther  one is weak  and inde-  
penden t  of the  potent ial .  Up to now this observat ion  
has not  been c lear ly  explained.  We th ink  it is p robab ly  
only due to a difference of f r ic t ion be tween  the first 
growing po lymer  layers  and those corresponding to the 
th ick  deposit .  

Physicochemical and electrical properties of PtlTHF, 
LiCl04, Ox I l~Ims.--Physicochemical properties.--The 
film analysis  by  means  of XPS shows tha t  the  film is 
ve ry  pu re  and does not contain impur i t ies  such as 
l i thium, chlorine, and perchlorate .  Moreover,  it  is ve ry  
homogeneous,  a fea ture  not  found wi th  o ther  e lec t ro-  
chemica l ly  formed polymers ,  which  are  ve ry  of ten 
unhomogeneous  [surface formed of smal l  spheres (22) ] 
or contaminated  by  the suppor t  e lec t ro ly te  (23). A n  
optical  microscopic view of the  surface at  1300 magni -  
fication does not  show any defects (Fig. 6). 

This film homogenei ty  is also revea led  by  the s teady  
va lue  of the fr ic t ion coefficient at  0.2 fo wi thout  any  
i r r egu la r  fluctuation. Moreover,  this  va lue  is the  same 
when the measuremen t  is opera ted  in the  solut ion or  
outs ide af ter  t~he film has been r insed  wi th  acetone and 
dr ied  in a s t r eam of ni t rogen.  

This homogene i ty  is only  observed with  a film th ick-  
ness less than  200OA. Wi th  ve ry  th ick  films (1 or 2~) 
obta ined  for a l engthy  polar iza t ion  (more  than  120 
ra in) ,  the  top layers  a re  less adheren t  and  they  r e a r -  
range  when  the film is r insed to give an unhomogene-  
ous surface aspect. The film thickness  is genera l ly  in-  
dependent  of the  na tu re  of the  e lec t ro ly te  bu t  is ve ry  
sensi t ive to smal l  var ia t ions  in wa te r  content.  

These films have  m a r k e d  hydrophobic  proper t ies :  
The contact  angle  be tween  the surface and a drop of 
wa te r  increases f rom 8 ~ to 70 ~ f rom ba re  to f i lm-coated 
pla t inum.  When  hea ted  in a i r  be tween  100 ~ and 120~ 

Fig. 6. Optical microscope view of a poly-THF film obtained 
after polarization of a platinum surface at -I-3.7V for 40 min. 
THF-LiClO4 0.3M, H20 ~ 10-'~M. Magnification 1300• 

the  films are  des t royed;  this resul t  mus t  be re la ted  to 
the  reci t ing poin t  of bu lk  p o l y - T H F  which  has a s imi -  
l a r  value  (19). 
Electrical characteristics.--They a re  measured  f rom 
(Pt]f l lmlgold)  sandwich devices. For  a film thickness  
of 1200A obta ined af ter  e lectrolysis  of P t  at  -53.5V in 
TI-IF-LiC104 for 20 rain, the  device capaci ty  is 25 n F -  
cm -2, the  loss (tgS) is 8 �9 10 -8, the  b r eakdown  field is 
2.5 �9 106 V -  cm-1;  the  die lect r ic  constant  measured  at  
10 mV a-c  wi th  polar iza t ion  at  a f requency  of 104 
rad  �9 sec -1 is 3: The film conduct iv i ty  is ve ry  weak:  
under  a -c  polar izat ion,  ~1000Hz 25~ ~ 2 �9 10 -9 ~2 �9 cm-1;  
under  d -c  polarizat ion,  r 25~ _-- 10 -14 ~2 �9 cm -1. These 
l a t t e r  resul ts  show tha t  the  film conduct iv i ty  in solu-  
t ion is not electronic but  is due to ion diffusion th rough  
the po lymer  matr ix .  We have  indeed checked tha t  the  
presence of the film oh the e lect rode surface does not  
d is turb  the d ischarge  of a lka l ine  cations such as Li +, 
Na +, which migra te  th rough  the film before  being r e -  
duced at  the  f i lm-meta l  in terface  (24). 

This film pe rmeab i l i t y  to ions is p robab ly  due to the 
fact that  the po lymer  chains a re  pa ra l l e l  and r egu la r ly  
spaced, thus having  a pa r t i a l l y  c rys ta l l ine  character ,  
as has been shown in the case of bu lk  p o l y - T H F  (25, 
26). Exper iments  on this point  a re  cu r ren t ly  under  
way. 

Conclusion 
The resul ts  obta ined by  spectroscopic analysis  and 

by PMT confirm the poss ib i l i ty  of deposi t ing an or -  
ganic film in THF-LiC104 or THF-LiC104-DPA me-  
dium. This film obta ined on a p l a t i num electrode is 
thin, homogeneous,  free of impuri t ies ,  and ve ry  ad-  
heren t  to the  surface. I t  has  been shown wi th  the  help  
of PMT and e lect rochemical  techniques tha t  its fo rma-  
tion is slow, in i t ia ted  by  radicals  C104" or  D P A  "+, and  
needs an anhydrous  medium. This film is a nonconduc-  
tor, but  i ts pe rmeab i l i t y  to ions makes  i t  a conductor  
in solution. This l a t te r  poss ib i l i ty  even tua l ly  could be 
used for doping and for making  organic semiconductor  
films. 
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The Activation and Deactivation of Iridium 
Electrodes in Acid Electrolytes 
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Instituto de Investigaciones F~sicoquimicas TeJricas y Aplicadaz, 
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ABSTRACT 

The electrochemical behavior of the Ir/IM H2SO4, Ir/96% H2SO4, and It/ 
KHSO4(melt) interfaces at different temperatures was investigated using 
potentiodynamic techiques, covering the potential range between the H2- 
evolution reaction and t~he O2-evolution reaction. Electrodes with different 
degrees of activation were employed. The surface electrooxidation is ex- 
plained by a sequence of reactions involving oxo-hydroxo species and IrO2 
elect roformat ian.  The act ivat ion effect, pa r t i cu l a r ly  not iced wi th  1M H2SO4 
at  25~ is assigned to an accumula t ion  of oxo-hydroxo  species on the elec-  
t rode  and the occurrence of p ro ton  t rans fe r  reactions.  The act ivat ion effect 
is p rac t ica l ly  absent  in the KHSO4 melt ,  but  instead, i t  exhibi ts  an aging 
of the  e lec t roformed oxygen-co~n.taining species, which under  a complete  cover-  
age p r o b a b l y  entai ls  an IrO2 monolayer .  Resul ts  w i th  96% H2804 correspond 
to an in t e rmed ia te  s i tuat ion be tween  1M H2SO4 and mol ten  KHSO4, depend-  
ing on the tempera ture .  

The potent iodynamic  polar iza t ion  of I r  e lectrodes in 
acid e lect rolytes  using symmet r ic  t r i angu la r  potent ia l  
pe r tu rba t ion  f rom 0.4 to 1.4V and vice versa, reveals  
the  e lec t roformat ion  and e lec t roreduct ion  of oxygen-  
containing layers  (1-8). These processes appa ren t ly  be -  
have in a manner  cons iderably  different  f rom most of 
the  o ther  meta ls  of the Pt  group. Under  cer ta in  exper i -  
menta l  condit ions the  amount  of charge tha t  the  Ir  
surface can store in the  oxide region increases du r -  
ing cycling. The  e lect rode act ivat ion depends  on the 
l imits  of the potent ia l  excursion,  on the  r a t e  of the  
potent ia l  per turba t ion ,  and on the e lec t ro ly te  composi-  
t ion (8-23). 

The anodic and cathodic po ten t iodynamic  c u r r e n t /  
potent ia l  (I/E) profiles of I r  e i ther  in acid aqueous 
e lec t ro ly te  at  room t empera tu r e  or  in mol ten  potass ium 
bisulfa te  e lec t ro ly te  show ve ry  l i t t le  hysteresis .  Never -  
theless, the  oxide  charge  capac i ty . increase  observed in 
the aqueous e lec t ro ly te  at room t empera tu r e  is d ras t i -  
ca l ly  reduced in the  mol ten  e lec t ro ly te  (24, 25). Then, 
the  I r /KHSO4 (mel t )  in terface  behaves  more  l ike other  
P t / a c id  solut ion interfaces.  This means  tha t  both  the 
composit ion and the  t e m p e r a t u r e  should be included in 
the  number  of var iables  p lay ing  a pa r t  e i ther  in the  
act ivat ion or deac t iva t ion  of the I r  electrode.  

Various explana t ions  have been advanced  for the  
e lec t rochemical  behavior  of I r  in aqueous solutions 
such as an expanded  la t t ice  theory  for oxide growth  on 
noble meta ls  (5), an i r r evers ib le  oxide format ion  wi th  
subsequent  s to ichiometry  changes (16), oxide-f i l led 
p i t t ing  formation,  and format ion  of a po lymer ic  l aye r  
of oxygen -b r idged  hyd ra t ed  o x y - h y d r o x o  species (18, 
19). These at tempts ,  however ,  are  only  qual i ta t ive  and 

* Electrochemical Society Active Member. 
Key words: iridium, oxide layers,  molten salts, e lectrode acti- 

vation. 

res t r ic ted  to a r e l a t ive ly  l imi ted  range  of expe r imen ta l  
conditions. They are  unable  to expla in  tha t  the  elec-  
t rode  ac t iva t ion  observed in the potent ia l  region of the  
oxygen-conta in ing  e lec t rosorbed species is absent  in 
the  potent ia l  region of the  hydrogen  e lec t rode  reac-  
tions. The resul ts  r epor ted  so far  therefore  indicate  
the  complex i ty  of the  e lect rochemical  processes at the  
I r / a c id  e lec t ro ly te  in ter face  and suggest  the  impor -  
tance of a t t empt ing  fu r the r  research  of this  sys tem 
under  a wider  range  of exper imen ta l  condit ions wi th  
the  a im of a t ta in ing  a more  ex tended  mechanis t ic  in-  
t e rp re ta t ion  of these processes. 

Experimental 
The electrolysis  cell  sys tem was  the  same one p re -  

viously descr ibed (26). The work ing  e lec t rode  con- 
sisted of an I r  wi re  (spectroscopical ly  pure,  Johnson, 
Mat they  and Company)  of 1.5 cm 2 appa ren t  area. A P t  
countere lec t rode and a Pt /H2 (1 a t m ) / e l e c t r o l y t e  re f -  
erence e lec t rode  completed the  electrolysis  cell a r -  
rangement .  The fol lowing e lect rolytes  were  used: 1M 
H2SO4 (at 25~ 96% H2SO4 (at  25 ~ and 90~ and 
KHSO4 (mel t )  (at  230~ Ana ly t i ca l  grade  reagen t  
chemicals  and t r ip le  dis t i l led wa te r  were  employed.  
Exper iments  were  made  under  cont inued N2-sa tura-  
tion. Two basic exper imen ta l  techniques were  used, 
namely,  the  t r i angu la r  potent ia l  sweep (TPS)  tech-  
nique, e i ther  single (STPS)  or r epe t i t ive  (RTPS) ,  also 
employing  o ther  po t en t i a l / t ime  pe r tu rba t ion  functions, 
and the t r i angu la r  modula ted  l inea r  potent ia l  sweep 
technique (TMLPS) ,  e i ther  single sweep (TMLPS)  
or  t r i angu la r  sweep (TMTPS) .  

The corresponding c i rcu i t ry  was essent ia l ly  the  same 
as in  previous  publ icat ions  (27, 28), including a fast  
r ise t ime potent ios ta t  (Tacussel  Type  PIT  20-2 X, rise 
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time 0.2 ~sec) and an ohmic drop compensator (Tacus- 
sel Type CDCO). 

Results 
Types o~ Ir electrodes.--The electrochemical response 

of the Ir  electrode is strongly dependent on the history 
of the electrode. The types of electrodes are charac- 
terized as: (i) clean wire electrodes "as received" 
previously t reated with HNCh-HeSO4 mixture (type 
I) ;  (ii) electrodes potentiodynamically activated by 
cycling the potential between 0.0 and 1.6V (type I I ) ;  
(iiii) electrodes of type II anodically deactivated at E 
= 1.6V in 1M H2804 at 25~ (type III) ;  (iv) electrodes 
of type II deactivated by.heat ing in vacuo at 300~ for 
2 hr (type IV); and (v) electrodes of type II me- 
chanically deactivated by rubbing its surface with a 
filter paper or more effectively with very  fine A120~ 
powder ( type V). Activated surface electrodes (ac- 
tiw~ted electrodes) mean electrodes with a high charge 
capacity in the potential region where the oxygen-con- 
taining species are electroformed and electroreduced. 
The reverse corresponds to the so-called deactivated 
electrode. 

The rest potential of the Ir/1M H2S04 interface.-- 
The rest potential, Er, of type I electrodes immersed 
in 1M H2SO4 at 25~ is ca. 0.85V. The Er value is at-  
tained spontaneously both from the anodic potential 
side and from the cathodic potential side. They require 
17 min to reach Er from 1.3V and only 90 sec from 
0.03V. Type II electrodes require about twice that time 
to at tain Er start ing from 1.3V. 

The E/ I  voltammograms obtained wi th  symmetric 
triangular potential scans.~Electrodes of type III  in 
1M I-I~SO4 at 25~ exhibit  repetit ive voltammetric E/I  
displays in which the amount of charge, part icular ly 
that  involved in the processes occurring in the 0.4- 
1.50V potential range (Fig. 1), depends on the per-  
turbation conditions. The current peaks located in the 
0-0.4V range mainly pertain to the hydrogen electrode 
reaction (peaks Ia, IIa, IIIa, IIc, and IIIc) while those 
found in the 0.4-1.6V range correspond to the electro- 
formation and electrodesorption of oxygen-containing 
species on Ir  (peaks IVa, Va, Via, VIIa, VIlIa, IVc, 
VIc, VIIc, and VIIIc).  The anodic current beyond 1.6V 
principally corresponds to the oxygen evolution on the 
oxidized surface (22, 29-31). The first TPS swept from 
--0.07 to 1.62V at Y -- 0.15 V/sec (Fig. la)  involves a 
total apparent  anodic charge density, Qa, equal to 0.95 
mC,/cm2 which increases to 2.7 mC/cm2 beyond the 
100th cycle, the Qa/Qc ratio remaining always very 
close to one. The charges required both in the hydro-  

gen region and in the region of formation of oxygen- 
containing species are in agreement with previous re-  
sults (22, 29). 

During the RTPS an increase of the total charge in 
the 0.8-1.6V range is observed, but the charge change 
in the hydrogen electrode reaction region is relat ively 
small. The time, t, required to obtain a fixed charge 
increase is, in principle, proportional to V. The number 
and location of the current  peaks are strongly depen- 
dent on the degree of activation of the electrode sur-  
face as well as on Exa and Exo the anodic and cathodic 
potential limits (switching potentials),  respectively. 

Dependence o~ the electrode activation and deactiva- 
tion on E~a and E~r II electrodes show a rela-  
t ively high degree of activation when dipped into a 
1M HaSO4 solution at 25~ (Fig. 2). Under a I:tTPS 
covering the 0.060-1.4V potential  range at 0.3 V/sec 
they exhibit a further  and continued increase of acti- 
vation even after a RTPS lasting 10 min (Fig. 2a). 
But if Exa is decreased down to 1.25V (Fig. 2b), a net 
decrease of the over-al l  charge is observed. The de- 
activation process operates even after a RTPS of 90 
min. In both cases no appreciable change is observed 
in the hydrogen electrode potential range. 

A change of Ex~ during the RTPS (Exr : 0V) 
from 1.35-0.62V and the RTPS continued for 10 min 
(Fig. 3a) produces a decrease of the cathodic profile 
and an increase of the hydrogen adatoms electrooxida- 
tion current. But the following potential excursion 
run again between 0.0 and 1.35V involves a charge 
equal to that  observed during the initial sweep. A 
continuing RTPS during another 10 min between the 
lat ter  potential limits exhibits a part ia l  inhibition for 
the hydrogen adatoms electrooxidation together with 
an increasing electrode activation. 

Electrodes of type IV previously perturbed for 80 
min by RTPS in the 0.60-1.45V range show a very slow 
increase of the electrode activation (Fig. 3b), but 
when Exc is changed to 0.18V and the RTPS continued 
between the new switching potentials, the  first RTPS 
presents a small current contribution of current peaks 
IVa and IVc which increases during the following 
RTPS simultaneously with the electrode activation. 
The anodic charge, under the present circumstances, 
attains a l imiting value beyond the 100th cycle. 
These effects are again observed as E~c is fixed at more 
cathodic potentials. The characteristics of Fig. 3a and 
3b are independent of the type of electrode. There are 
just slight modifications in the electrode activity within 
the corresponding range of potentials either with small 
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Fig. 1. E/I displays (KTPS). Influence of the perturbation time at different V. 1M H~SC)4, 25~ type Ill electrode (I .4 cmS). (a) V 
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Fig. 2. E/ I  displays (RTPS) at 
0.3 V/sec. 1M H2504, 25~ 
type II electrode (1.4 cm2). (a) 
The full trace is the initial rec- 
ord. The dashed line corresponds 
to a record after 30 min RTPS. 
(b) E l i  displays recorded after 
O, 30, and 90 min RTPS. 
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Fig. 3. (a) E / I  displays at 0.15 V/see. 1M H2SO4, 25~ type 
II electrode (1.4 cm2). The dashed trace is the initial record. The 
full trace is obtained after 10 min RTPS within the 0-0.65V range. 
The dotted trace results after another 10 min RTPS in the 0-1,35V 
range. (b) E/ I  displays at 0.3 V/sec. 1M H2SO4, 25~ type IV 
electrode (1.5 cm2). The full trace corresponds to the first record 
and the dashed line to the following record after changing Ext. 
The dotted trace is obtained after 15 min RTPS. 

variat ions in  the switching potentials or with the t ime 
spent dur ing  cycling. 

The current  peak IVa is clearly observed with an 
in termedia te  degree of the electrode activation but  it 
is practically unnot iced with highly activated elec- 
trodes. The contr ibut ion of the anodic current  Via 
dur ing  the first RTPS is quite large after the previous 
cathodization at 0.03V for 25 min, but  no increase of 
the activation degree is noticed. 

Type I electrodes unde r  RTPS, with Exa stepwise 
either decreasing or increasing, show that in the former 
case there is a net  decrease of the cathodic current  
peaks IIc and IIIc. The reverse is noticed for current  
peak IIa. Nevertheless, when  EXa becomes larger than 
1.1V the cathodic profiles between 0 and 0.45V change 
appreciably. Furthermore,  because there is a clear ~o- 
tential  difference between the anodic and cathodic 
current  peaks of the hydrogen electrode reaction at 
0.150 V/sec, the lat ter  exhibits an appreciable degree 
of irreversibil i ty.  On the other hand, the jump of the 

c u r r e n t  at  the switching potent ia l  seems to indicate 
that  the processes related to the electroformation and 
electroreduction of the oxygen-conta in ing  species are 
quite reversible under  the per turba t ion  conditions al- 
ready mentioned.  When the TPS is ini t ia ted from 
0.43V upward  no appreciable change of charge is 
found either as Exa increases stepwise from 0.53 to 
1.33V or as it decreases from 1.3V downward.  When 
the Ir  electrode is under  a RTPS in the 0-0.35V range 
at 0.150 V/sec no charge increase is observed when E~.a 
is af terward extended up to 1.35V. 

Electrode capacitance.--The apparent  electrode ca- 
pacitance at 25~ obtained for type I electrodes in 1M 
H2SO4 is 0.39 m F / c m  2 at 0.350V, in  good agreement  
with previously reported results (22, 23). This value, 
however, largely exceeds that  of the same electrodes 
in  the KHSO4 melt  which is equal to 0.09 m F / c m  ~ at 
230~ (24). 

Triangular potential runs with changing EXa using a 
highly activated electrode.--The runs  in 1M H2SO4 at 
25~ with type II  electrodes of different degrees of 
act ivation depend on V as has been well  established 
(22, 23). Qa and Qc involve two contributions, namely,  
that of the reactions related to the oxygen-containing 
species (Qo) and that  corresponding to the hydrogen 
adatoms (QH), so that  Q~ = Qoa -~- QHa and Qc = Qoc 
-t- QHc. The Eli  records show that  for a par t icular  V, 
Qa = Qc (at V = 0.3 V/sec, Qa = Qc = 11.3 mC/cm 2 
and at V = 3.0 V/sec, Qa = Qc = 7.0 mC/cm 2) but  
Qoa > Qoc while QHc > QHa. Fur thermore,  the E/I 
characteristics at 0.3 V/sec are more reversible in  
spite of more accumulat ion of charge than those re-  
corded at 3.0 V/sec. Any  possible distortion of the Eli  
profiles by an ohmic polarization contr ibut ion have 
been eliminated. Anyway,  the ini t ial  slope of the cath- 
odic scans which increases when  Exa increases, indi-  
cates that  at 3 V/sec the electrochemical process ex-  
hibits some degree of irreversibil i ty.  

Electrochemical deactivation: Activation of ther- 
mally deactivated electrodes.--The E/ I  profiles r un  
with type III  electrodes in  the 0.30-1.40V potential  
range at 0.150 V/sec are very similar  to those recorded 
with type I electrodes. The two anodic current  peaks at 
ca. 0.9 and 1.3V and the two cathodic ones reproduce 
very well after a RTPS of 10 rain. When Ex~ reaches 
0.11V and after another  RTPS of 10 min  in that range 
of potentials the anodic current  scarcely increases and 
finally, when Ex~ is 0.010V, there is a net  increase of 
the charge involved in  the potential  region exceeding 
0.4V with a s imultaneous definition of the current  
peaks related to the redox system at ca. 0.5V. 

An electrochemical deactivation of a type II elec- 
trode is achieved after a prolonged anodic polarization. 
The Eli  display obtained be tween 0.65 and 1.30V 
after polarizing at 1.625V dur ing  10 min  (i = 95 mA) 
involves Qa = Qc = 2.2 mC/cm 2, bu t  a second anodiza- 
t ion at the same potential  for another  10 min  (i = 
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115 mA)  yields  a sma l l e r  E/I disp lay  and lower  
charges,  namely,  1.48 m C / c m  2. The  second d i sp lay  
also shows an anodic shif t  of both  cur ren t  peaks.  

The potent ia l  cycl ing of type  IV electrodes be tween  
0.65 and 1.25V involve  in i t ia l  Qa and Qc values  of the  
o rde r  of 0.250 mC/cm2 wi th  no apprec iab le  change of 
the  profile dur ing  10 min  bu t  can be s lowly  ac t iva ted  
by  RTPS be tween  0.65 and 1.46V at  0.3 V/sec.  Af te r  
20 min  Qa becomes 0.865 m C / c m  ~ and Qc, 0.685 m C /  
cm a. The increase  of Qa is due to an accumulat ion  of 
an anodic  product  which  is on ly  pa r t i a l l y  e lec t rore -  
duced dur ing  cycl ing wi th in  the  0.65 and 1.46V range.  
Then, the  a rea  remains  a lways  smal l  but  the  shape of 
the  Eli  contour  changes sl ightly.  The cathodic cur ren t  
a t  E ~  decreases  dur ing  cycl ing whi le  the  reverse  oc-  
curs wi th  the  cathodic cu r ren t  at  Exa. 

A type  IV e lec t rode  can be r ap id ly  ac t iva ted  by  
runn ing  RTPS from 0.85V toward  cathodic potent ia ls  
down to 0.03V, then  continuing upward  to 1.47V, and 
f inal ly fol lowing the poten t ia l  cycl ing be tween  the 
l a t t e r  potent ia l  l imits.  If  the  Eli  display  is a rb i t r a r i l y  
d iv ided  in  two regions at  0.4V and the area  be tween  
0.4 and 1.3V is assigned to a reac t ion  involving the  
oxygen-sur face  species, then  Qoa ~ Qoc whi le  QHa 
QH~. The  charge  involved in the  anodic scan is, how-  
ever, equal  to tha t  involved in the  cathodic scan. This 
c lear ly  reveals  tha t  a f ract ion of the  oxygen-con ta in -  
ing species anodical ly  formed is most  l ike ly  e lec t ro-  
reduced in  the  hydrogen  e lec t rode  react ion region since 
any  cont r ibu t ion  of molecu la r  oxygen  or  molecular  
hydrogen  is discarded.  

Triangularly modulated linear potential scans.--Un- 
der  the  TMTPS pe r tu rba t i on  condit ions of Fig. 4 in 
1M H2SO4 both  the  anodic and the cathodic excursions 
are  quite symmet r i c  wi th  respect  to the ~otent ia l  
( t ime)  axis. The Eli  disp lay  wi th in  the  0-0.4V poten-  
t ia l  range  contains the  cur ren t  peaks  re la ted  to hy -  
drogen  ad:atoms, toge the r  wi th  the  hydrogen  ion dis-  
charge cur ren t  and the  anodic cur ren t  associated wi th  
hydrogen  dif fus ion-control led electrooxidat ion.  With in  
the 0.4-1.4V potent ia l  range  there  a re  th ree  anodic 
and th ree  cathodic cur ren t  peaks  c lear ly  dis t inguished 
which  appa ren t l y  pe r t a in  to th ree  redox  systems. Their  
kinet ic  behavior  appears  to be r a the r  i r r evers ib le  un-  
de r  the  p reva i l ing  pe r tu rba t ion  conditions. Ano the r  
poin t  wor th  not ing is tha t  dur ing  the anodic excurs ion 
(Fig. 4a), Qa is l a rge r  than  Qc, whi le  the  reverse  occurs 
dur ing  the cathodic excursion (Fig. 4b).  

The Ir/96% H2S04 interface.--RTPS runs wi th  type  
I e lectrodes at  0.3 V/sec in the  --0.34 to ~ l . 5 0 V  
range  a t  25~ exhib i t  poor ly  defined anodic and ca th-  
odic cu r ren t  peaks  (Fig. 5), bu t  when Exa extends 
s tepwise  to -t-1.55V, over lapp ing  the poten t ia l  of the 
net: evolut ion of oxygen,  a fu r the r  RTPS produces  a 
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ne t  increase  of the  charge involved  and a c lea re r  defi- 
ni t ion of the  anodic and cathodic cu r ren t  peaks  re la ted  
to the  oxygen-con ta in ing  species at  ca. 0.6V. S imul -  
taneously,  the  basel ine  wi th in  the  --0.34 to ~-0.4V 
range  changes downward  due to the  e lect rochemical  
reduct ion  of molecu la r  oxygen.  Those cur ren t  peaks  
are  associated wi th  a revers ib le  ove r - a l l  reaction.  The 
increase  of the  cur ren t  peaks  a t  ca. 0.6V shows more  
c lear ly  the  anodic and the  cathodic cur ren t  con t r ibu-  
tions in the  0.8-1.4V range  unt i l  the  Eli  profile finally 
comprises at  leas t  th ree  redox couples in good agree-  
men t  w i t h  the  TMTPS descr ibed la ter .  Dissolved oxy-  
gen has no apprec iab le  influence in the  potent ia l  range  
involving the  fo rmat ion  of oxygen-con ta in ing  species. 
The degree  of surface  ac t iva t ion  is, however ,  in p r inc i -  
ple, unchanged  when  the e lec t rode  is po ten t ios ta ted  at  
cathodic potent ia ls  such as at  --0.35V for about  1 hr. 
To achieve a net  ac t iva t ion  of the  e lec t rode  surface 
the  potent ia l  cycling requires ,  therefore,  an anodic 
poten t ia l  l imi t  l a rge r  than  1.5V a t  25~ On the o ther  
hand, if  EXa is fixed at  1.SV and Exc is l a rge r  than  
0.15V, the  RTPS produces  p rac t i ca l ly  no change in the 
vo l tammogram.  But  if Exa < 1.SV and Ex~ is kep t  at  
--0.35V (Fig. 5c) a s l ight  bu t  s t eady  deac t iva t ion  of 
the  e lect rode is noticed. 

The effect of increas ing  Eka dur ing  successive STPS 
wi th  type  II  e lect rodes  (Fig. 5b) is p rac t i ca l ly  the 
same e i ther  for  E• increas ing or  E• decreasing.  The  
charge involved be tween  0.5 and 0.6V is r e la ted  to the  
pseudofaradaic  processes occurr ing in the  0.4-0.8V 
range.  The anodic and cathodic peaks  located there in  
correspond appa ren t l y  to a single redox  couple (Fig. 
5c). The increase  of the  cathodic cur ren t  be tween  0.8 
and 1.2V when  Exa increases  is r e la ted  to the  appea r -  
ance of two anodic cur ren t  peaks  at  1.10 and 1.35V and 
two cathodic cur ren t  peaks  at 0.95 and 1.20V, approx i -  
mate ly .  

Final ly ,  once the  d i sp lay  shown in Fig. 5b is a t -  
t a ined  the fol lowing RTPS be tween  --0.35 and -l-1.37V 
(Fig. 5c) exhibi ts  a decrease  of Qa and Q~, a large  
decrease  of the  cu r r en t  peak  heights  located at  ca. 0.6V, 
and a sl ight  decrease  of those located at  h igher  po-  
tentials .  The cont r ibut ion  of the  redox  couple located 
at  ca. 0.95V is also enhanced.  The e lec t rode  surface  be -  
comes first increas ingly  act ive wi th  respect  to the oxy-  
gen evolut ion reac t ion  but  f inal ly i t  tu rns  in the  re -  
verse  way. This change is also c lea r ly  reflected in the 
potent ia l  range  where  the oxygen  e lec t roreduct ion  
takes  place. A n  ove r - a l l  deac t iva t ion  effect is observed.  
The shape of  the  final Eli  disp lay  shown in Fig. 5c 
coincides wi th  the  first Eli  profile depic ted  in Fig. 5a 
for  a p rac t i ca l ly  deac t iva ted  electrode.  

The STPS E/I profiles run  at  25~ f rom E~r ---- 
0.35V to a s tepwise changing  E~a (0.1V ~ E~.a ~ 1.38V), 
a t  0.3 V/sec (Fig. 6), exhib i t  p rac t i ca l ly  no anodic cur -  

Fig. 4. TMLPS E/I displays. 
1M H~SO4, 25~ type I elec- 
trode (1.0 cm2). V(guide) 
0.15 V/sec; V(modulation) ~ 2 
V/sec; amplitude of the modu- 
lating signal ~ 0.18V. (a) An- 
odic scan. (b) Cathodic scan. 
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Fig. 6. E/I displays at 0.3 V/sec. 96% H2SO4, 25~ type I elec- 
trode (1.0 cm~'). (a) STPS Exa decreasing from 1.5 to 1.0V. The 
dotted trace corresponds to RTPS between --0.35 and 1.5V. (b) 
RTPS with Exa stepwise increasing. 

ren t  in the  --0.35 to 0.4V range  but  ins tead four humps 
at  ca. 0.75, 1.0, 1.15, and  1.35V. The anodic cur ren t  du r -  
ing the  anodic scan increases  when Exa increases;  the 
effect, however ,  is less obvious when Exa moves in the 
decreasi~g direction.  The cathodic potent ia l  excursion 
shows a cathodic l imi t ing  cu r ren t  a t  ca. 0.85V and two 
e~thodic cu r ren t  peaks  at  0.7 and 0V, the  l a t t e r  only  
being dis t inguished when  Exa > 0.9V. This suggests 
tha t  some species e lec t roformed at  high anodic po ten-  
t ials  a re  e lec t roreduced at  the  cathodic potent ia l  ex-  
t reme.  At  --0.35V a net  hydrogen  evolut ion takes  place. 
In  e i ther  c i rcumstance no hydrogen  adatoms are  c lear ly  
depicted in the E l i  records,  except  the small  couple at 
--0.3V (Fig. 5a). Qa, which is of the  o rder  of 2.0 m C /  
cm 2, is a lways  l a rge r  than  Qc. Af te r  an RTPS of 15 
min the ove r - a l l  charge  increases s l ight ly  and s imul -  

taneous ly  the  definit ion of both  the  anodic and cathodic 
cur ren t  peaks  are  apprec iab ly  improved.  Most of the  
fea tures  jus t  descr ibed a re  also observed dur ing  the 
TPS  pe r tu rba t ion  of the  I r /KHSO4 (mel t )  in ter face  as 
descr ibed later .  

STPS E l i  records  be tween  --0.120V and Exa, where  
the l a t t e r  is e i ther  increased  or  decreased s tepwise 
f rom 0.08 to 1.0V at 0.05 V/sec  and 25~ (Fig. 7a and 
7b),  show the fol lowing features:  When  Exa > 0.55V, 
two anodic cu r ren t  peaks  at  ca. 0.3V and ca. 0.5V 
are  recorded  dur ing  the anodic poten t ia l  excursion to-  
ge ther  wi th  a hump at ca. 0.8V and dur ing  the ca th-  
odic scan a cathodic cur ren t  peak  is also observed at 
ca. 0.25V toge ther  wi th  a hump at ca. 0.45V. When  0.3V 

Exa - -  0.55V on ly  the  anodic cur ren t  peak  at 0.3V is 
seen. Final ly ,  no cur ren t  peaks  a re  d is t inguished for 
lower  Eha values.  These responses suggest  tha t  the  
cathodic cu r ren t  peak  at  ca. 0.30V comes f rom a p r o d -  
uct  fo rmed  dur ing  the  anodic poten t ia l  excurs ion at 

0 04 O~ 0 0.4 0.8 
Po'l'en'tia[l(V) 

Fig. 7. E/I displays (STPS) at 0.05 V/see. 96% H2SO4, 25~ 
type I electrodes (1.0 cm2). (a) EXa stepwise increasing. (b) Exa 
stepwise decreasing. 
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high potentials.  F rom the kinetic s tandpoint  the over-  
all process becomes sl ightly more  i r reversible  the 
larger  the E~a values are. Fur thermore  the Qa and Qc 
values confirm that  some product  anodically formed 
is electroreduced, at least in  part, in the hydrogen 
evolution region. The resul t ing metal  surface remains  
covered by some oxide species since no hydrogen 
adatom electrooxidation is observed. 

The E/I  profiles r un  at 90~ between --0.58 and 
1.2V depend also very marked ly  on V (3 V/sec --~ V 

10 V/sec) and on the charge playing a part  at the 
cathodic potential  extreme. Nevertheless the si tuation 
becomes somewhat involved as the electroreduction of 
the oxygen-conta in ing  species occurs at more cathodic 
potentials as V increases. Then, the shape of the Eli  
profile approaches that  of a type I electrode in 96% 
H2SO4 at 25 o C, 

The El i  profile run  be tween 0.09 and 1.0V involves 
Qa ~- 0.55 mC/cm 2 and Qc = 0.41 mC/cm 2 (Fig. 8a). 
When Exa decreases the current  peaks disappear and 
at the cathodic potent ial  side there is a part ial  but  sys- 
tematic electroreduction of the surface species yielded 
by the anodic process. 

The same profiles recorded after keeping a RTPS 
between fixed limits dur ing  10 min  (Fig. 8b) with Exa 
decreasing stepwise, exhibit  approximately  the same 
features described for Fig. 8a, but  there is no coinci- 
dence among the El i  lines in the potential  region of 
the anodic cur ren t  peak. 

A n  electrode, which has at ta ined a Qa/Qc ratio equal 
to one through RTI~S between 0.09 and 1.0V, is then 
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successively per turbed  with RTPS be tween  0.09 and 
0.2V dur ing  5 min  and is finally per turbed  with three 
TPS between 0.09 and 1.0V (Fig. 8c), presents the 
following characteristics. The first of the three scans 
involves Qa ~ Qc, but  the second and the third scans 
repeat the El i  profile as already known. The most 
abrupt  current  decrease occurs in  the 0.4-0.8V potential  
range. This effect becomes more evident  at the highest 
tempera ture  and increases in going from 1M I-t2SO4 to 
the KHSO4 melt. 

Triangularly mo,dulated triangular potential sweeps 
with the Ir/96% H2SO4.--The TMTPS at 95~ Changes 
quite markedly  with the cathodic potent ial  l imit  of the 
base signal (Fig. 9a-b).  The current  peaks existing 
wi thin  the 0-1.2V range for the anodic excursion dif- 
fer from those recorded dur ing the cathodic excursion 
(Fig. 9b). Thus, the anodic excursion exhibits an 
anodic peak at 0.5V and two small humps at 0.8 and 
1.OV with the corresponding complementary  cathodic 
current  contributions.  The over-a l l  anodic profile is 
somewhat  symmetric with respect to the potential  
axis. The cathodic excursion presents an anodic en-  
velope which is very similar  to that  already described 
for the anodic excursion but  the cathodic envelope 
presents, in  addition, a net  cur ren t  peak at 0.2V. The 
display is much more complex when i t  initiates from 
--0.4V. Then, the anodic envelope dur ing the anodic 
excursion comprises a small  l imit ing cur ren t  at ca. 
--0.3V, a first hump at 0V, a second hump at 0.3V, a 
net  current  peak at 0.5V, a small  one at 0.75V, another  

F , , L~ , 

, , i , 1 '0 .  02 0.6 
Potent ial.l (V~ 

0.2 Fig. 8. E/I profiles. 96% 
H2SO4, 90~ type I electrodes 
at 0.1 V/sec (1.0 cm2). 
(a) STPS, E~a successively 

3.1 decreased from 1.0 to 0.2V. 
(b) RTPS. The E/i records 
correspond to the first TPS at 
the preset E;~a value but the in- 
terface is previously perturbed 

D by a RTPS during 10 min at the 
preceding (higher) E~a. (c) RTPS 
between 0.09 and 0.2V followed 
by three RTPS between 0.09 and 

"01 1.0V. The full trace corresponds 
to the first scan, the dotted 
trace belongs to the second scan, 
and the dashed trace is the third 
s o o n .  

Fig. 9. TMTPS displays. 96% 
H2S04, 95~ type I electrode 
(1.0 cm2). V(guide) = 1.5 V /  
sec; V(modulation) = 20 V /  
sec; amplitude of the modulat- 
ing signal ~ 0.12V. (a) Exc 
--0.4V and Exa = 1.2V. (b) E• 
= --0.04V and E~.a = 1.2V. 
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net  cu r ren t  peak  at  0.9V, and a hump at 1.1V. The 
cathodic  envelope contains  a cu r ren t  peak  at  0.95V, a 
wel l -def ined  peak  at  0.8V, and two cur ren t  peaks  at 0.4 
and 0.25V, respect ively.  

Now, the  anodic envelope of the  cathodic excursion 
exhibi ts  smal l  humps at 1.0 and 0.8V, and a cur ren t  
peak  at  ca. 0.5V, and the  rest  of detai ls  a l r eady  re -  
f e r r ed  to for  the  anodic potent ia l  excursion.  The cath-  
odic enve lope  contains p rac t i ca l ly  the  same charac te r -  
istics as before  a l though the peaks  are  apprec iab ly  re -  
duced and a new wide  cathodic  cu r ren t  peak  appears  
a t  --0.15V thereabouts .  The cur ren t  peaks  at  0.3, 0.75, 
and 0.9V a re  i n t ima te ly  re la ted  to the  high ini t ia l  
cathodic potential .  The same occurs wi th  cur ren t  peaks  
at 0.SV. The cur ren t  peak  at  --0.15V is d i rec t ly  p ro -  
duced by  the h igh  anodic potent ia l  l imi t  reached.  The 
anodic cur ren t  involved dur ing  the cathodic excursion 
is l a rge ly  magnif ied in the  0V poten t ia l  region.  P rob -  
ab ly  these cur ren t  peaks  a re  re la ted  to surface prod-  
ucts y ie lded  b y  the e lec t ro ly te  e lec t rooxida t ion  at  high 
anodic potent ials .  

Characteristics oS activated electrodes.--An elec-  
t rode  tha t  has been ac t iva ted  by  RTPS in 1M H~SO4 
and kep t  in  the  solut ion main ta ins  its ac t ivat ion s tate  
a f te r  the  circuit  is open for a cer ta in  t ime, as confirmed 
by  the reproduc ib le  E/I profile observed  a f te rward .  
The same occurs if the e lec t rode  is removed  f rom the 
solut ion and p laced  back  into the  cell. Fur the rmore ,  
no deac t iva t ion  occurs even af te r  keeping the  e lect rode 
for var ious  days  at  open circuit.  The degree  of ac t iva-  
t ion of the  I r  e lec t rode  main ta ined  in solut ion for 5 
days  a t  open circui t  in a N2 a tmosphere  remains  p rac -  
t i ca l ly  unal te red .  The ac t iva t ion  s ta te  persis ts  longer  
in 1M H~SO4 than  in the  concent ra ted  acid. 

The RTPS E/I profiles a t  25 ~ involv ing  an Exa 
1.24V in 1M H#SO4 and Exa ~ 1.38V in concentra ted  
H~SO4 produce  the  deac t iva t ion  of an  ac t iva ted  e lec-  
trode. The deac t iva t ion  is def ini te ly  more  m a r k e d  for 
the  concent ra ted  acid and under  these  ci rcumstances 
i t  is even  fas ter  than  tha t  occurr ing under  open circuit.  
In  1M H~SO4 the ac t iva t ion  d isappears  when  the elec-  
t rode  is p laced in contact  wi th  96% H~SO4. The  degree  
of deac t iva t ion  reached depends  on the t ime elapsed 
in the  concent ra ted  electrolyte .  But  an e lect rode p re -  
viously ac t iva ted  in 1M H~SO4 placed  in contact  for 5 
min  wi th  any  of severa l  solutions (1:1 HC1; 1M NaOH; 
65% HNOa; 85% HsPO4; absolute  e thyl  alcohol; dis-  
t i l led wa te r )  remains  unal te red .  If  an e lect rode is ac t i -  

va ted  in concent ra ted  H2SO4, it behaves  as a deact i -  
va ted  one a f te r  potent ia l  cycl ing in 1M H2SO4. The 
reverse  is also true. An  e lec t rode  ac t iva ted  in 96% 
H2SO4, af ter  a r inse in dis t i l led water ,  behaves  as a 
deac t iva ted  e lec t rode  when  i t  is d ipped again in the  
same electrolyte .  The act ivat ion is newly  gained by  
RTPS. The  same e lec t rode  d ipped for  5 rain in one of 
the  fol lowing media:  85% H~PO4; 65% HNO3, or  ab-  
solute e thyl  alcohol, presents  only  a smal l  deactivation.  

The Ir/KHSO4 (melt) interSace.--The E/I displays  
obta ined wi th  STPS wi th  decreas ing Exa (Fig. 10a) at  
6 V/sec show dur ing  the  anodic excursion the anodic 
cur ren t  peak  at  ca. 0.4V whi le  dur ing  the  cathodic ex-  
cursion the  cur ren t  peaks  are  seen in the  0-0.2V po-  
t en t i a l  range.  For  Exa of  0.3V, a l though a low surface 
coverage degree  is at tained,  the  amount  of surface 
species anodica l ly  formed is enough to ir~hibit the  elec-  
t ro format ion  of e i ther  hydrogen  atoms or  molecules.  
The Eli  curves run  wi th  RTPS be tween  --0.2 and 
+0.30V are  apprec iab]y  distorted.  They  exhib i t  a 
s teady  decrease  of the  cathodic cur ren t  associated wi th  
the  e lec t roreduct ion  of the  oxygen-con ta in ing  surface 
species and an enhancement  of both  the  cathodic and 
anodic cur ren t  associated wi th  the  hydrogen  electrode 
reactions.  Undoubtedly ,  the comple te  e lec t roreduct ion 
of the  oxygen-con ta in ing  surface species takes  place at 
the  cathodic potent ia ls  where  the  hydrogen  electrode 
react ions should proceed.  

The first TPS a lways  involves a Qa tha t  is a lmost  
twice  Qo (Fig. 10b). Af te r  a few TPS, Qa approaches  
Qa/Qr = 1 (Qa = Qc = 0.4 mC/cm~).  This suggests 
tha t  for  the  present  sys tem there  is also a pa r t i a l  r e -  
duct ion of the  anodic product  at the  cathodic potent ia l  
reached.  When  the in ter face  is pe r tu rbed  first wi th  
RTPS be tween  --0.075 and +0.16V dur ing  5 min and 
then  wi th  four  successive RTPS up to Exa = 0.52V, 
the  changes of the  Eli profile a t  the  cathodic potent ia l  
ex t reme  are  less pronounced  at 0.05 V/sec than  at 
6 V/sec. For  the  l a t t e r  the  potent ia l  r ange  of the  elec-  
t roreduct ion  of the  oxygen-conta in ing  species over -  
laps l a rge ly  the  hydrogen  ion discharge potent ia l  r e -  
gion. However ,  the  effect at  6 V/sec  (Fig. 10a) can 
be  equal ly  reproduced  at 0.05 V/sec by  main ta in ing  
the RTPS for a longer  t ime. 

Al though  the first TPS a lways  involves Qa > Qe, 
the  Qa - -  Qc condit ions can, however ,  be  achieved 
dur ing  the  second RTPS for Exa ~ 0.550V. Otherwise,  
if the  runs are  made  b y  changing Exa s tepwise from 

Fig. 10. E/i profiles. Molten 
KHSO4, 230~ type I electrodes 
(1.0 cm2). (a) STPS at 6 V/sec, 
EXa stepwise decreasing from 0.9 
to 0.3V. The dashed trace cor- 
responds to RTPS in the --0.2 
to 0.3V range. (b) RTPS during 5 
rain in the --0.075 to 0.16V 
range followed by four RTPS in 
the --0.075 to 0.52V range. 
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0.16V upward ,  the  successive scans involve  anodic 
cur ren ts  increas ingly  exceeding  those reached for  a 
s tabi l ized Eli profile on ly  unt i l  Exa becomes equal  to 
the  anodic cur ren t  peak  potent ial .  F u r t h e r  increases 
of EXa t end  to decrease  g r adua l l y  this effect, which 
f inal ly d isappears  when  E;~a ~ 0.55V. The sum of the  
excesses of Qa corresponding to the  anodic excursion 
with  increas ing E ~  are  p rac t ica l ly  equal  to the  Qa 
change obta ined  be tween  the first and  the second 
anodic scans run  be tween  Ei and Exa > 0.55V. This 
fea tu re  of the  I r /KHSO4 in ter face  resembles  that  a l -  
r eady  descr ibed for  the  Ir/H2SO4 96% at 25 ~ and 90~ 
and to a lesser  ex ten t  for the  I r /1M H2SO4 at 25~ The 
lat ter ,  however ,  impl ied  the  act ivat ion of the electrode.  

Consider  the  Eli  profiles in the case of an e lec t rode  
which  has p rev ious ly  a t ta ined  a s table  Eli profile and 
is pe r tu rbed  w}th RTPS by a s tepwise  decreas ing of 
Eka (Fig. l l a ) .  As Exa decreases,  it  is qui te  c lear  tha t  
Qa ~ Q~ and the  locat ion of the  cathodic cur ren t  peak  
is more  anodic unt i l  f inal ly d i sappear ing  when  Exa 
0.1V. However ,  if the  Eli  profiles a re  recorded af ter  
5 rain RTPS at each prese t  E ~  va lue  (Fig. l l b ) ,  one 
also observes a net  decrease  of the  anodic Eli con- 
tour. The reverse  s i tuat ion is seen when E~a increases 
(Fig. l l c ) .  The Eli  records  in this  case are  obta ined  
successively af te r  an ini t ia l  RTPS from --0.075 to 
0.52V fol lowed by  another  5 min  of RTPS from --0.075 
to 0.16V. A f t e r w a r d  each successive E/I record  in-  
volves a s tepwise  increase  in E},a. Now as E~a increases 
there  is a s teady  s l ight  decrease of the  anodic charge 
in the  0-0.2V range  and a m a j o r  cur ren t  increase  at 
the  anodic current  peak. The ra te  of increase of the  
l a t t e r  diminishes  for the  fol lowing potent ia l  sweeps 
involv ing  E~a values  l a rge r  than  0.36V. The descr ibed 
effect is enhanced if the  RTPS at E~,a --~ -t-0.150V is 
pro longed  for  40 min  (Fig. l l d ) .  The broadening  of the  
anodic cu r ren t  peak  as Ex~ increases might  be due to 
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Fig. 11, E/I displays at 0.05 V/see. Molten KHSO4, 230~ type 
I electrode (I cm2). (a) STPS, Exa stepwise decreasing as in Fig. 
10a. (b) The system is initially cycled (RTPS) in the --0.075 to 
0.52V range to attain a Qa/Qe ratio equal to one. Then the am- 
plitude is stepwise decreased but the Eli profile is only recorded 
after 5 m|n RTPS at each E~a. (c) The same as (b) but the ampli- 
tude is directly decreased to E~.a = 0.16V and the RTPS contin- 
ued during 45 min before the following record involving the higher 
E~a value. (d) The same as (c) but the RTPS lasts for 40 min. 

an increas ing interact ion.  If  i t  were  due to hydrogen  
a tom accumula t ion  one would expect  the  effect to be 
independen t  of the  di rect ion of changing Exa. 

Discussion 
Preliminary considerations.--The resul ts  a re  s t rongly  

dependent  both  on the e lec t ro ly te  composit ion and 
tempera ture .  Thus, under  constant  pe r tu rba t ion  con- 
ditions the  act ivat ion of I r  electrodes,  as measured  
f rom the increase  of Qa and Qc dur ing  the RTPS, is 
more  mani fes ted  in 1M H2SO4 acid at  room t e m p e r a -  
tu re  than e i ther  in the  concent ra ted  acid or in the  
KHSO4 mel t  at h igher  tempera tures .  In  the  former  
solut ion the two potent ia l  l imits  for the  act ivat ion,  
one located in the  hydrogen  ada tom elec t rosorpt ion  
region (cathodic ac t iva t ion  l imit)  and the o ther  in 
the  region preceding  the oxygen  evolut ion  (anodic 
ac t iva t ion  l imi t ) ,  coincide wi, th  those repor ted  ear l ie r  
by  o ther  authors  (22, 23). The s t rong dependence  of 
the  po ten t iodynamic  Eli profiles run  under  RTPS on 
V is at  the same t ime confirmed (9, 22, 23). Besides, 
two e lect rochemical  deac t iva t ion  potent ia l  l imits  a re  
observed  which correspond, respect ively,  to the  po ten-  
t ials  of the  net  hyd rogen  and oxygen  evolut ion  reac-  
tions. Nevertheless ,  ne i the r  the  e lec t rode  act ivat ion 
nor  its deac t iva t ion  a re  sensi t ive to the hyd rogen  gas 
sa tu ra t ing  the electrolyte .  The  accumula t ion  of charge  
in the  potent ia l  range  preceding  the oxygen  evolut ion 
dur ing  the  RTPS is a ppa re n t l y  bound to an increase  
of i r r eve r s ib i l i t y  of the  var ious  processes e i ther  anodic 
or cathodic, as noticed th rough  the  shifts of the  cor re -  
sponding cur ren t  peak  potent ia ls  wi th  cycling at  con- 
s tant  V. Fu r the rmore ,  the locat ion of the  var ious  cur -  
ren t  peak  potent ia ls  depends  on V. Thus, the  potent ia l  
of cur ren t  peak  Va, which emerges  when  the  poten t ia l  
excurs ion extends  into the  hydrogen  ion d ischarge  re -  
gion, becomes more  posi t ive when  V increases.  This 
same shif t  is not iced for  the potent ia ls  of the  anodic 
cur ren t  peaks  located at h igher  potentials .  The reverse  
influence is found for  the complemen ta ry  cathodic 
cur ren t  peaks.  The  anodic cur ren t  peaks,  however ,  
move more  r ap id ly  wi th  V than  the cathodic ones. 
There  is also a net  shift  of the  anodic cur ren t  peaks  
toward  more  anodic potent ia ls  as n, the  number  of 
potent ia l  cycles, increases. This is independen t  of Exc 
and entai ls  an appa ren t  increas ing i r r eve r s ib i l i t y  of 
the  o v e r - a l l  anodic processes as n increases.  Both E~c 
and E~a are  ve ry  impor t an t  in defining the  changes of 
the  Eli contour recorded  under  RTPS. Thus, when  
E~r lies wi th in  the  potent ia l  range  of the  hydrogen  
ada tom it  has influence on the  anodic process occur-  
r ing  at  h igher  potent ials .  On the o ther  hand, when  E},a 
is about  1.4V the re  is an accumula t ion  of anodic reac-  
t ion products  which are  not  r ead i ly  e lec t roreduced  
dur ing  the cathodic scan, not  even when  the hydrogen  
ion d ischarge  takes  place, and consequent ly  this  cer -  
t a in ly  res t ra ins  the  sites for hydrogen  adatoms. No 
c lear  aging effect of the  anodic film is noticed for  the 
ac t iva ted  electrode.  

The o ther  ex t r eme  s i tuat ion is found in the  case of 
the  I r /KHSO4 (melt)  in ter face  which  shows prac t ica l ly  
no ac t iva t ion  effect, but  i t  does exhib i t  a net  aging of 
the  e lec t roformed film (24). The resul ts  corresponding 
to the  96% I-I2SO4 e lec t ro ly te  a re  i n t e rmed ia t e  be tween  
those of the  1M I-I~SO4 and the KHSO4 melt,  depend-  
ing on the tempera ture .  

On the basis of these resul ts  the  fol lowing discussion 
deals  first wi th  the  p robab le  react ions  involved in the  
range  of the  monolayer  fo rmat ion  and a f t e rward  the 
bu i ldup  of the  th icker  l aye r  re la ted  to the  e lec t rode  
ac t iva t ion  f rom the monolayer  film e i ther  complete  or  
incomplete.  For  the  l a t t e r  the  amount  of charge  is 
wi th in  the o rde r  of an oxygen -mono laye r  thickness,  
the  s to ichiometry  of the  s table  oxidized surface p rob -  
ab ly  corresponding to an I r /O  rat io  equal  to 0.5 (24, 
25). 

The probable surface species anodically formed in 
the monolayer thickness film.--The fol lowing equi l ibr ia  
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and the  corresponding s t andard  potent ia l  (E ~ of 
I r  m e t a l / I r  oxide  systems a re  r epor ted  (7, 22, 32) 

I r  ~- H20 --  IrO § 2H + -p 2e, E ~  = 0.870 [1] 

I r - ~ 2 H a O ~ - I r O 2 §  + - ~ 4 e ,  E~  --  0.928 [2] 

Ir~Os -t- H20 : 2IRO2 ~- 2H + -~ 2e, E~ : 0.926 [3] 

Therefore,  s to ichiometr ies  such as IrO and IrO2 are, 
in pr inciple ,  t h e r m o d y n a m i c a l l y  possible.  However ,  
t ak ing  into account  tha t  the  e lec t rochemical  react ion 
in 1M HzSO4 and 96% H~SO4 at room t empera tu r e  in-  
volves at  leas t  three  anodic  and three  complemen ta ry  
cathodic cur ren t  peaks  wi th in  the  potent ia l  range  of 
the  ac t iva t ion  process, var ious  different  surface  species 
must  exist.  These redox  systems a re  c lear ly  detected 
th rough  the .TMTPS exper iments .  Various successive 
processes are  qui te  reasonably  a l r e a d y  s ta r t ing  from 
a pu re  I r  surface d ipped into the  pure  acid solutions. 
In  this  case the  s t ruc ture  of the  me ta l / so lu t ion  in te r -  
face m a y  be r e l a t ive ly  compl ica ted  since adsorpt ion 
of water ,  the  eventua l  format ion  of hydrogen  ada tom 
and OH-species,  and, to a less extent,  anion adsorp-  
t ion are  possible.  Dur ing  the in i t ia l  anodic STPS from 
the hydrogen  e lec t rode  poten t ia l  upward ,  the hyd ro -  
gen adatoms,  if present ,  a re  first e lectrodesorbed.  Then, 
on the  same surface the  OH-species  a re  electrosorbed.  
The ve ry  ini t ia l  steps can be ideal ized as follows 

n [Ir]  -t- H~O -~ [ I r ]n (OH)  ~ H + ~ e [ la ]  

fol lowed by 

[Ir]~(O~I) + H20 -~ [ I r ] , ( O H ) ~  + H + + e [ lb]  

[ I r ]n (OH)n-1  + H~O -~ [ I r ]~(OH)n  + H + + e [ lz]  

where  n is the  number  of surface sites ava i lab le  on 
the metal .  Steps [ l a ]  to [ lz]  involve  the  e lec t rosorp-  
t ion of wa te r  on a surface  increas ingly  covered by  the 
OH-species.  S tep  [Iz]  impl ies  the  idea l  s i tua t ion  of the  
meta l  surface  covered by  a mono laye r  of e lectrosorbed 
OH-species.  Fo l lowing  the reac t ion  sequence, the 
l a t t e r  undergoes  a fu r the r  ox ida t ion  at  h igher  poten-  
t ials  which can be genera l ized  as 

[ I r ]n(OH)~ ~_ [ I r ]n(O)  ( O H ) ~ - I  § H + ~- e [2a] 

[ I r ] n ( O ) y - l ( O H )  : [ I r ]n (O)y  + H + + e [2z] 

where  0 ~ y ~ n and again  y --  n when  the degree 
of surface coverage  expressed  in terms of the IrO 
s to ichiometry  is one. In  this case the  overa l l  react ion 
agrees  wi th  reac t ion  [1]. 

A fu r the r  oxida t ion  must  be associated wi th  a h igher  
oxida t ion  s ta te  of I r  which can be achieved according 
to 

[ I r ]n (O)n  + H20 : [ I r ]~ (O)n+l  + 2H + + 2e [3a] 

[ I r ]n (O)(2n- l )  ~- H20 : [ I r ]~(O)2u-~ 2H + ~- 2e [3z] 

Eventual ly ,  the  ( n ~ - 1 ) / n  rat io would  approach  3/2 
when a monolayer  of  Ir~O3 is formed.  The reac-  
t ion pa thway  [ la ]  to [3z] implies,  in principle,  
tha t  var ious  OH- and O-conta in ing  species a re  
possible on the I r  surface  in the  absence of any  
act ivat ion.  The presence of nonstoichiometr ic  ox-  
ides (hydra t ed  oxides)  in the  anodic film has a l -  
r e a d y  been considered as p robab le  (22, 23). Fo r -  
mal ly ,  the  proposed  react ion pa thway  resembles  
those ea r l i e r  pos tu la ted  for  P t  and Au  in  aqueous acid 
solutions (33, 34) and qui te  r easonab ly  can be  ex tended  
to the I r /KHSO4 (mel t )  interface.  But i t  fails  to ex-  
p la in  the charge increase  re la ted  to the Ir  ac t iva t ion  
process. I t  should be r e m a r k e d  that  the  advance of the 
process f rom step [ l a ]  to s tep [3z] implies  the  ox ida-  
t ion of I r  and the concomitant  decrease  of the  b inding 
energy  of the  I r  a tom to the bulk  metal ,  so that  when 
the  Ir  a tom is comple te ly  sa tu ra ted  e i ther  wi th  OH- 
species or  O-a toms i t  becomes de tached from the l a t -  
tice, the  meta l  undergoing  electrodissolution.  As a ma t -  

te r  of fact, the  anodic dissolut ion ra te  of I r  on po ten-  
t ia l  cycl ing in 1M H2SO4 is c la imed to be ca. 8-9 t imes 
tha t  found for P t  under  the  comparab le  expe r imen ta l  
condit ions (20). The meta l  corrosion, therefore,  should 
be considered as the  ini t ia l  s tage y ie ld ing  the fo rma-  
t ion of a mu l t i l aye r  anodic film, which is responsible  
for the  e lec t rode  act ivat ion.  

The charge increase at the I r /HzSO 4 (aq) interface. 
- - V a r i o u s  in te rp re ta t ions  have  been  advanced  to ex-  
p la in  this  effect: (i) The  accumula t ion  of an oxide  
species, p robab ly  IrO2, that  is i r r eve r s ib ly  e lec t rore-  
duced at  potent ia ls  over lapp ing  those of the  hydrogen  
ion d ischarge  (16). A n  IrO2 covered meta l  surface 
can p robab ly  st i l l  adsorb  an apprec iab le  amount  of 
water .  (ii) Oxygen  absorp t ion  th rough  the surface ox-  
ide  film (5), Compar ing  radius  of I r  and o x y g e n - s p e -  
cies, i t  is difficult to see, as a l r eady  pointed out  (22), 
how oxygen  could be adsorbed or  desorbed th rough  
an oxide  film of ca. 100 atoms thickness  r ap id ly  enough 
to give a revers ib le  response in the  case of an ac t iva ted  
Ir  electrode.  (iii) A possible, a l though unl ikely ,  oc- 
currence  of a roughness  factor  tha t  manifests  p re fe ren -  
t ia l ly  in the  region of the  e lec t roformat ion  and e lec t ro-  
reduct ion  of the  oxygen-conta in ing  species. (iv) Mi- 
gra t ion of hydrogen  ion into the  oxide l aye r  wi th  fur -  
ther  e lec t rochemical  react ion in the bu lk  of the  solid 
phase. In  t e rms  of hydrogen  ion migra t ion  the effect 
should become more  unnot iced when  the e lec t rode  
potent ia l  is posi t ive wi th  respect  to the  potent ia l  of zero 
charge  of the  me ta l  and i t  becomes enhanced in the 
reversed  s i tuat ion (32). The fo rmat ion  of e i ther  an 
IrO and an  IrO2 surface or  an IrO mul t i l aye r  results.  
This explanat ion,  in pr inc ip le  d is regarded,  seems to 
be  more  l ike ly  for  the oxygen  layers  formed on Pt  at 
h igh anodic potent ia ls  (9, 15). (vi) A possible dissolu-  
t ion of hydrogen  atoms into the  bu lk  of the meta l  
which  may  react  e lect rochemical ly .  This is un l ike ly  
as a major  cont r ibut ion  since the  expe r imen ta l  da ta  
(35) which  sustains the  idea  of I r  dissolving an a p -  
p rec iab le  amount  of hydrogen  is quest ionable  because 
most of t hem were  obta ined  wi th  powdered  meta l  (36). 
(vii) Final ly ,  p i t t ing  corrosion is assumed to be a ma-  
jo r  cont r ibut ion  in the  anodic charge increase dur ing  
the RTPS (18, 19). 

The var ious  explanat ions  brief ly summar ized  only  
deal  wi th  pa r t i a l  aspects  of the e lec t rochemical  p roc-  
ess. Thus, the  exis tence of potent ia l  l imits  for the  so- 
cal led "act ivat ion s ta te"  of Ir,  the  influence of acid 
concentra t ion and t empera tu re ,  and the appa ren t  dis-  
c repancy  in charge accumula t ion  in the  hydrogen  
e lect rode reac t ion  region in contras t  wi th  the  po ten-  
t ia l  region of the  oxo-  and hydroxo-spec ies  fo rma-  
t ion are  not c lear ly  explained.  

The l ine of thought  to develop a model  for  exp la in -  
ing the  e lec t rochemical  behavior  of the Ir/H2SO~ (aq) 
in ter face  is based on the fol lowing evidence:  (i) In  
H2SO 4 (aq) the potent ia l  region of I r  ac t ivat ion in-  
volves at  leas t  three  clear  anodic cur ren t  contr ibut ions,  
which are  complemented  by  the corresponding cathodic 
currents .  The pe r t a in ing  redox couples exhib i t s  a ve ry  
revers ib le  behav ior  which  is pa r t i cu l a r ly  obvious in 
the  TMTPS exper iments .  (ii) X - r a y  analysis  of the  
surface products  formed dur ing  the e lec t rooxidat ion  
of I r  in 0.1N H~SO~ solutions reveals  IrO2 as the only 
surface compound in the 0.5-2.2V potent ia l  range  (37). 
This compound in aqueous solutions exists as I r  (OH)4, 
tha t  is, IrO2.2H20 in agreement  wi th  the  x - r a y  dif -  
f rac tometry .  Compounds of this type  involving po ly -  
meric  films of h y d r a t e d - o x y - h y d r o x i d e  species a re  
of ten pos tu la ted  dur ing  electrodissolut ion and pass iva-  
t ion of some meta ls  in aqueous e lect rolytes  (38) and 
the  e lect r ica l  conduction opera tes  th rough  a pro ton  
t ransfe r  mechanism (39-41). On the o ther  hand, the  
fo rmat ion  of a compound such as I r (OH)4  means  tha t  
the  b inding  forces lef t  on Ir  in re la t ion  to the meta l  
la t t ice  have  been p rac t i ca l ly  canceled out  and, instead, 
the  meta l  a tom becomes pa r t  of a complex  I rOH lat t ice  
on the surface of the  metal .  (iii) The ac t iva t ion  effect 
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decreases  as the  dehydra t ing  power  of the  e lec t ro ly te  
increases, the  l a t t e r  being re la ted  e i ther  to the  acid 
concentra t ion  increase  or to the  t e m p e r a t u r e  increase.  
Cer ta in ly  the  la rges t  dehydra t ing  effect is expected 
in the  KHSO4 (mel t ) .  (iv) The ac t iva t ion  effect occurs 
in different  acid e lect rolytes  independen t ly  of the pres-  
ence of SO4 -2 ions (42). 

Therefore,  the  charge  increase  of the  I r /H2SO 4 (aq)  
in ter face  dur ing  the RTPS comes out  f rom a s imul tane-  
ous occurrence of s teps [ la ]  to [3z] and pro ton  t r ans -  
fer  react ions  re la ted  to the  I r ( O H ) 4 - t y p e  species 
y ie lded  by  the meta l  electrodissolution.  Hence, as steps 
[ l a ]  to [ lz]  occur  s ta t is t ical ly ,  the sa tura t ion  condi-  
t ion corresponding to the  s table  I r (OH)4  s t ruc tura l  
configurat ion should be a t ta ined  in some places before  
achieving a ful l  coverage of the  surface by  the OH- 
species. There fo re  

[Ir]~(OH),,----- [ I r ] n - l ( O H ) m - 4  + I r (OH)4  [4] 

where  n ~ m. React ion [4] yields  s imul taneous ly  a 
surface  species and free meta l  sites. When  the amount  
of I r (OH)4  exceeds tha t  of a monolayer ,  the  e lec t ro-  
chemical  in ter face  fo rmer ly  defined in  te rms of the 
me ta l / so lu t ion  p lane  (;~1), embraces  now another  p lane 
(~2) corresponding to the  I r (OH)4 / so lu t i on  interface.  
Both planes  =1 and n2 are, in pr inciple ,  charge  t rans fe r  
planes,  e i ther  for  e lec t ron t ransfe r  or for ion t ransfer ,  
and the region be tween  them corresponds to the  
h y d r a t e d - o x y - h y d r o x i d e  phase where  the  fol lowing 
a re  feasible processes 

I r ( O H ) 4  + H + + e ~ I r ( O H ) s  �9 H~O [5a] 

I r ( O H ) s  �9 H20 + H + + e c - - I r ( O H ) ~  �9 2H20 [5b] 

I r ( O H ) z  �9 2HzO + H + + e ~  I r ( O H )  �9 3H20 [5c] 

React ions [5a] to [5c] a re  depro tona t ion  processes 
which  t ake  place both at  nl and in the region be tween  
=1 and n2. These react ions exp la in  the  th ree  r e l a t ive ly  
revers ib le  redox  couples appear ing  at the act ivat ion 
potent ia l  range.  They occur at  potent ia ls  lower  than  
the the rmodynamic  threshold  to form IrO2 according 
to reac t ion  [2] and  involve  a pro ton  t rans fe r  process 
be tween  =1 and ~2. The poss ib i l i ty  of a proton t rans-  
fer  mechanism in the  film formed on I r  in aqueous 
H2SO4 has recen t ly  been proposed (22). Such a mech-  
anism has also been considered by  o ther  authors  for 
o ther  meta l s / f i lm systems in aqueous solutions (38- 
43). 

The hydrogen  a tom elect rosorpt ion and e lec t rode-  
sorp t ion  mus t  occur p r inc ipa l ly  on the  ~1 plane. I t  
can be  represen ted  as th ree  l imi t ing  possibi l i t ies  

[Ir]  [ I r ( O H ) . 3 H 2 0 ]  + H + + e 

--" { [Ir]  (H) -Ir  (OH) .3H~O} 

__- [Ir]  (H) + I r ( O H )  .3H.~O [6a] 

[Ir]  [ I r ( O H ) ]  + 3H20-"  [Ir]  [ I r (OH)4]  + 3H + + 3e 

[7a] 

[Ir]  [ I r (OH)4]  + 4H + + 4e 

- - [ I r ]  (H) + I r ( O H )  .3H20 [7b] 

and 

[Ir]  [ I r (OH)  .3H20] + H + + e--" [Ir]  I r  + 4H20 
[8a] 

[Ir]  I r  -}- H + + e ~ [Ir]  I r ( H )  [8b] 

React ion [6a] implies  tha t  the  react ion produc t  of step 
[4], a l though it ma in ly  contr ibutes  to the film, st i l l  
leaves  the  poss ibi l i ty  tha t  .a new meta l  p lane  becomes 
covered  by  hydrogen  adatoms.  React ions [7a] and 
[7b] p romote  a th ickening  of the  h y d r a t e d - o x y -  
hydroxo  l aye r  and  react ions  [8a] and  [8b] involve  a 
comple te  e lec t roreduct ion  of the  surface wi thout  l aye r  
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thickening.  The energet ics  of these processes a re  p rob-  
ab ly  s l igh t ly  different  so tha t  the  ex ten t  of the  contr i -  
but ion of each poss ib i l i ty  depends  on the e lect rode 
potent ial .  React ion [7b] expla ins  the  cathodic po-  
ten t ia l  l imi t  for the e lec t rode  activation.  Moreover ,  
the  amount  of charge  p lay ing  pa r t  in the  hydrogen  
ada tom region when  no IrO~ has been formed is con- 
fined to the  adsorp t ion  capac i ty  at  the  ~1 p lane  and 
i t  is ce r ta in ly  independen t  of the  amount  of hydroxo  
compound ly ing  be tween  planes  ~1 and ~2. Hence, the  
e lec t rode  roughness  factor  should be ac tua l ly  re la ted  
to the  ;~1 plane.  The fo rmat ion  of e i ther  I r (OH)4  or 
some equiva lent  h y d r a t e d - o x y - h y d r o x o  species p ro-  
duces the en la rgement  of the  m e t a l - m e t a l  bond 
through  the in t roduct ion  of a new coordinated  oxygen 
atom. But the  reduced  species Ir(OH)-3I-I~O produced  
from Ir(O~)4 will not begin to form the film until 
the potential makes possible a reaction such as [6a]. 
When the latter takes place it is possible the Ir(OH) �9 
3H20 reduction and also the adsorption of a hydrogen 
atom interacting with an Ir atom of the second layer 
and the concomitant  d isp lacement  oT the I r ( O H ) .  
3H20 species form the film. 

On the o ther  side when the anodic  potent ia l  jus t  ex-  
ceeds that  of reac t ion  [2], the  IrO~ format ion  begins 
to t ake  p lace  at  the  ~1 p lane  and this process again 
should enhance the increase  of charge. As a ma t t e r  of 
fact  the  the rmodynamic  potent ia l  for such react ion 
comes close to the  anodic potent ia l  l imi t  r equ i red  for  
ac t ivat ing the  electrode.  The complete  e lec t roreduct ion  
of the  IrO~ surface species should only  be achieved 
at  cathodic potent ia ls  of net  hydrogen  evolution,  p rob -  
ab ly  th rough  a series of react ions such as [7b] to [Sb]. 

On the  basis of the  proposed  model  any  process 
which e i ther  produces  a net  corrosion of the  meta l  as 
IrO~ or  leaves a new reduced meta l  surface contr ibutes  
to the  I t ( O H ) 4  format ion  wi th in  the  nl and =2 planes.  
Therefore,  the  two potent ia l  l imits  to achieve the  
increas ing e lect rode act ivat ion are  re la ted  to the  proc-  
esses jus t  described.  Under  these circumstances,  the  
potent ia l  change of the  ac t iva ted  e lect rode kep t  wi th in  
those l imits  is p r edominan t ly  bound to react ions [4] 
to [5c]. The change  of the  e lect rode ac t iv i ty  wi l l  de -  
pend on the ra te  of shifts of the =1 and  32 planes  caused 
by  the var ious  possible steps a l r eady  discussed. 

Fur the rmore ,  one reasonably  admits  that  at  the  p lane  
~2 ei ther  a dissolution of the hydroxo  species or a 
dehydra t ion  or both  s imul taneous ly  t ake  place. The 
l a t t e r  is p robab ly  favored  by  the  dehydra t ing  power  
of the e lectrolyte .  

The proposed  explana t ion  involves the  net  meta l  
e lectrodissolut ion af te r  a continuous RTPS and the  
format ion  of a r e l a t ive ly  loosely a t tached  l aye r  be -  
tween  the =1 and =2 planes.  This renders  possible e i ther  
a pa r t i a l  or  to ta l  mechanical  de tachment  of the  layer ,  
thus account ing for e i ther  the  anodic or  cathodic elec-  
t rode  deac t iva t ion  limits.  Otherwise,  at  high anodic 
potent ia ls  a change to a valence s tate  + 6  and a b r eak -  
ing of the  film s t ruc ture  m a y  occur but  this is far  f rom 
proved.  

The ac t iva t ion  process in concentra ted  H2SO4 ex-  
hibi ts  a m a j o r  cont r ibut ion  of the  first redox couple to 
the  de t r iment  of the  others. Then, the film composit ion 
m a y  approach  a p redominan t  I r (OH)2  s to ich iomet ry  
due to a competence be tween  the film format ion  and 
the dehydra t ion  of the  hydroxo-con ta in ing  species by  
the concentra ted  acid. Final ly ,  no hyd ra t ed  species can 
exist  in the  mol ten  KHSO4 so tha t  no charge increase  
is observed.  

The react ion model  also expla ins  that  a direct  oxi-  
da t ion  of the surface to IrO2 entai ls  the format ion  of 
a difficulty reducib le  surface species since the  hydrogen  
ada tom cur ren t  peaks  p rac t i ca l ly  disappear .  As ear l ie r  
presumed,  this indicates  tha t  a complete  surface r e -  
duction can only be achieved af ter  a drast ic  e lec t rore-  
duction a t  cathodic potent ia ls  exceeding by  far  that  of 
the  hydrogen  e lec t rode  potent ial .  This is perhaps  more  
c lea r ly  observed in the  case of the  I r /KHSO4 (mel t )  
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interface where no hydrogen adatom contributions are 
seen for an electrode attaining a stable Eli  profile and 
where the potential excursions are limited to the 
monolayer oxygen electrosorption region. Only after a 
drastic electroreduction the current peaks related to 
the hydrogen adatoms are then recorded. The complete 
surface reduction would imply the electroreduction of 
I r-O-Ir  species or related ones which have already 
been assumed by other authors (23). 

Finally, aging effects such as those described for 
monolayers of oxygen-containing species in other noble 
metal/acid electrolyte interfaces (26,  34) become 
clearly evident when there is no electrode activation 
interference and the charge involved in the process is 
of the order of one monolayer, as recently reported 
for the Ir/KHSO4 (melt) interface (24). 
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The Theoretical Energy Conversion Efficiency of a 
High Temperature Fuel Cell Based on a Mixed Conductor 
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ABSTRACT 

We have calculated the voltage vs. current  characteristic and the e n e r g y  
conversion efficiency of a fuel cell based on a mixed ionic-electronic conductor. 
The t ransport  equations for the electrolyte are solved exactly and the mate-  
rial  parameters  which determine the shape of the characteristic are deter-  
mined. The equations are then applied to the special case of doped ceria, which 
becomes a mixed conductor only at low oxygen pressures. We then show 
that  for the purpose of efficiency calculations, the finite bu t  small  ratio of ionic 
to electronic mebi l i ty  valid far ceria can be safely taken as zero, and we com- 
pare the resul t ing simple equations with the equivalent  circuit approach to a 
fuel cell. The characteristic is fou,nd to be curved instead of being a straight 
l ine and for typical operating conditions the best energy conversion efficiency 
is, for the t ransport  theory approach, 50% higher than  for the equivalent  
circuit one. We conclude from the calculated new values of conversio,n 
efficiency that the equivalent  circuit underest imates  the conversion efficiency 
of a mixed conductor seriously and that  doped ceria as a solid electrolyte is a 
more serious contender  to doped zirconia than believed up to ,now. 

A very  impor tant  factor in judging the economic 
performance of a fuel cell is its energy conversion 
efficiency, ~1, defined as (power delivered to the l o a d ) /  
(rate of conversion of chemical energy) .  A fuel cell 
based on a pure ly  ionic conductor and operat ing under  
a very l ight  load can have an efficiency close to 100%. 
This, however, is not an  economical way .of using 
the fuel cell because it implies a very small  cur rent  
density. For  a fuel cell based on a mixed ionic-elec- 
tronic conductor, ~1 will  never  be 100% because of 
the in terna l  short by  the electronic current.  How- 
ever the efficiency of a pure ly  ionic conductor under  
actual  working conditions wil l  also be much less than 
100%, and we need, therefore, a detailed analysis 
to judge the relative sui tabi l i ty  of a given purely  
ionic conductor vs. a given mixed conductor. It  may 
well happen that  in spite of a slightly smaller  ~1 
the mixed conductor will  be more suitable because 
its in te rna l  resistance is smal ler  or because it  has 
less electrode problems. 

The calculation should start  from the exper iment -  
al ly determined mater ia l  properties of the mixed 
conductor and result  in  the m a x i m u m  obtainable 
energy conversion efficiency under  given external  
conditions. Takahashi  (1) has done such a calcula- 
t ion but  his analysis is based on averaged mater ial  
properties which lead to a simple equivalent  circuit 
and to a l inear  current -vol tage  characteristic of the 
fuel cell. A more rel iable calculation of the efficiency 
should start  from the t ranspor t  relations for ions 
and electrons in the material ,  this has never  been 
done. A similar  physical problem is that  of migrat ion 
of ions and electrons dur ing oxidation of a metal  
under  the influence of an electric field, an approximate 
solution is given by  Kroeger (2). The approxima-  
tions used by Kroeger, when applied to a fuel cell 
material ,  lead to a l inear  dependence of current  on 
voltage, i.e., to the equivalent  circuit used by Taka-  
hashi. 

The purpose of this paper is to present  a detailed 
calculation of the m a x i m u m  theoretical energy c ~ -  
version efficiency for a fuel cell based on a mi~ed 
conductor and working under  given external  condi- 
tions. The result  of this calculation, which starts from 
the t ransport  equations, is of interest  because it de- 
fines an upper  l imit  which can be reached, given the 
r ight  technology. It  serves a similar  purpose as the 

Key words: fuel  cell, transport theory, energy conversion, 
cerium dioxide. 

theoretical energy conversion efficiency of a silicon 
solar cell, in  both cases the reason why the theoretical 
l imit  is not easily reached is connected with the 
electrodes which collect the current.  

We shall not  do the calculation in the most general  
form but  shall base our terminology and the applica- 
t ion of our results on the properties of doped CeO2 
(3). This mater ia l  is a competitor to doped ZrO2, the 
mater ia l  on which most of the development  of high 
tempera ture  fuel cells has been concentrated. Doped 
zirconia is a pure ly  ionic conductor at any  oxygen 
pressure of interest  in fuel cells, but  because of its 
re la t ively low conductivi ty it has to be used near  
1000~ to get a reasonable current  density. Doped 
ceria has a somewhat higher conduct ivi ty  and can 
therefore be used near  800~ it also seems to have 
less aging and polarization problems than doped 
zirconia. Its one disadvantage is that  it becomes a 
mixed ionic-electronic conductor at the low oxygen 
pressures which prevai l  on the fuel side of a fuel cell. 

After  defining the system mathemat ica l ly  we first 
solve the set of t ransport  equations. Among our 
assumptions is that  of electrical neutral i ty ,  but  we 
arr ive at a solution with a small  space charge. We 
show in  Appendix A that  for the mater ia l  properties 
of doped ceria the space charge is so small  that 
the approximat ion of neut ra l i ty  is justified. We then 
apply the general  solution to doped ceria, where the 
electronic conductivi ty at the cathode can be neg- 
lected, and calculate for this mater ia l  the charac- 
teristic and m a x i m u m  efficiency. In  the last section 
we compare the calculated efficiency with that  ob- 
tained from the equivalent  circuit solution, and find 
that  ~ for the t ranspor t  model is considerably larger. 
We conclude that  the equivalent  circuit does not 
represent  the system very well and specifically that  
doped ceria should be considerably more suitable as 
a fuel cell mater ia l  than believed up to now. 

In  our analysis we assume that  the power delivered 
by the fuel cell is l imited by bulk  properties and 
not  by electrode or surface reactions. 

The results of this paper can be applied, with 
slight modifications, to fuel cells based on mixed 
conductors other than  doped ceria. 

Description and Defining Equations of the System 
In  this and the next  section we calculate the re la-  

t ionship between the load current,  in, the electronic 
loss current,  Je, and the load voltage, EL, of a fuel 
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cell made of a solid electrolyte which becomes a mixed 
ionic-electronic conductor at low oxygen pressure. 
From the 3L(EL) and je(EL) curves we then find the 
energy conversion efficiency. We base our terminology 
on doped CeO2, the calculation however is quite 
general. 

The electrolyte, a membrane  of doped CeO2, is 
typical ly at 800~ and extends from x ---- 0 to x ---- 1 
(see Fig. l a ) .  The oxygen part ial  pressure is Po2 I 
(normal ly  about 10 -20 atm as in  H2/H20 ---- 10/1) 
a t  m -- 0 and po2 II (normal ly  0.21 arm) at x - :  I. The 
electrolyte is doped subst i tu t ional ly  with a lower 
valent  metal  ion, which we take for definiteness to 
be Ca 2+, in  the range [Cace"] ---- 10% molar  concen- 
tration. This doping creates oxygen vacancies, Vo", 
with an effective double positive charge, in addit ion 
to those which already exist in  the undoped material .  
These charged vacancies conduct the ionic current.  
At x -- 0 and at x : I there are electrodes and we 
assume that  the electrode-electrolyte interface pre-  
sents a negligible resistance to the t ransfer  of elec- 
trons or ions, i.e., that the reaction 

2e § Vo'" + %/2 O2(gas) <--> zero [1] 

is in  equi l ibr ium near  each of the electrodes. There-  
fore, even when current  flows, the concentrat ion of 
electrons, n, and of vacancies, [Vo"], obeys near  x 
-- 0 the equation 

(~%I)2[V O. .] I (Po2i) ,/2 ._: Ko (T) [2] 

while near  x -- l 

(nn)"[Vo.-]H(Po2n) '/2 :_ Ko(T)  [2a] 

Ko(T)  is the equi l ibr ium constant of reaction [1] at 
temperature  T. Equations [2] and [2a], together with 
the condition of local neu t ra l i ty  

2[Vo"] = 2[Cace"] -+- n [3] 

d e t e r m i n e  n and" [Vo"] near  each of the electrodes, 
t h e s e  concentrat ions will  subsequent ly  serve as bound-  
ary conditions. In  doped ceria the value of n ~ is such 
that the electronic conductivi ty at x ---- 0 competes 
with the ionic conductivity. The val idi ty  of the neu-  
t ra l i ty  condition [3] will  be discussed in Appendix A. 

An expression for the load voltage may now be 
derived. For convenience we use the formalism of 
electrochemical potentials, for the electrons these are 

(~e I) and ~e n in the two electrodes. The load voltage 
is given by 

- -  c/EL = ~eI - -  "~e I I  [ 4 ]  

Anode 
P~z 

Dopad 
CeOz 

RLOAD 

Cell Cathode Anode . . . . . . . . . . . . . .  CathOde 
p~ I t 

I h I 

IJL 

a} b) 

Fig. 1. (a) Schematic cross section of a fuel cell based on doped 
ceria. The directions of the electric currents and of the gradients 
correspond to normal operation of the cell. The thickness I is 
typically 1 ram. The electronic current is seen to be negative. The 
ratio po2II/po21 is typically 1020. (b) Equivalent circuit of a fuel 
cell with mixed conductivity. Eth is the theoretical open-circuit 
voltage of the ideal fuel cell. c,i and ce are specific ionic and elec- 
tronic conductivities. The current directions are drawn for all cur- 
rents positive, as defined after Eq. [10]. 

The electrochemical potential  ~e is the same in the 
electrode and in the outer layer of electrolyte next  
to it, since we assumed nonblocking electrodes. For  

electrons ~e ---- ~e -- q@, Eq. [4] is therefore equivalent  
to 

- - q E L =  (~e I I - ~ e  I) -- q(~b I I -  ~b I) [5] 

Here #e is the chemical potential  and r the electrical 
potential  in  the electrolyte, and q is the e lementary 
charge, defined positive. 

We can calculate A~e for the electrolyte from ~e 
: kT  In n -t- const, which gives 

7~II 
pe H -- #e I : kT in  nI [6] 

The ratio nII/nZ is determined by Eq. [2] and [3] and, 
in order to calculate EL(3L), we are left with the 
problem of expressing (~ii _ r in  terms of the 
load current  JL. 

To do this we have to solve the set of coupled 
t ransport  equations for the ionic current  density Ji 
and for the electronic current  density Je. These are 

d[Vo"]  d~ 
Ji -- - - 2 q D i -  2qvi[Vo"] [7] 

dx dx 
and 

dn d~, 
Je -- qDe- '~--  x -- qven d--'x- [8] 

Here Di is the diffusion coefficient of vacancies and vi 
their  mobili ty;  De is the diffusion coefficient of elec- 
trons and Ve their  mobility. The mobilit ies and diffu- 
sion constants are connected through the Einstein rela-  
tions 

kT  
Di -- - ~ q  vi [9] 

kT 
De = Ve [9a] 

q 

and we assume that  the mobilit ies do not depend 
on the defect concentrations. The currents  in Eq. 
[7] and [8] are electric, not particle, currents. As 
usual  the field currents flow in the direction of de- 
creasing ~ while the diffusion currents  flow toward 
low concentrations for the positive vacancies and 
toward high concentrations for electrons. Part icle 
conservation demands that both 3e and 3i are inde-  
pendent  of x. The current  per uni t  area delivered by 
the fuel cell to the load is given by 

jL = Ji + Je [103 

We define the direction from the anode to the cathode 
as positive and shall see later  that Je is negative under  
normal  operat ing conditions, and therefore, jL < Ji. 
In  Fig. la  we show the directions under  normal  oper-  
at ing conditions of the various currents  and gradients 
introduced above. 

Calcu la t ion  of  Cel l  Character is t ic  and Eff ic iency 
We first derive a differential equation for the de- 

pendence of n on x. Subst i tut ion of [9] and [10] into 
[7] gives 

JL = Je -- kTvi  d[Vo"] 2qvi[Vo"] d~ d-------~-- ~ [Ii] 

Equation [3] leads to 2d[Vo"] /dx  : dn/dx,  and 
Eq. [8] together with [9a] to 

d~, Je kT dn 
q - -  -- - -  + - -  [12] 

dx yen n dx 

Subst i tut ion into Eq. [11] gives 
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kTv i  dn [Vo"] dn 
JL = ~, 2kTvi  - -  

2 dx  n d x  

[Vo"] v i .  
+ 2 - - -  3e [13] 

Ve 

We subs t i tu te  now Eq. [3] and get  the  fol lowing 
di f ferent ia l  equat ion  

( A+ Cn "-~-x -- (I + D)n-- B = O [14] 

where we have defined 

2kTv~ 
C =_ - - ,  A - [ C a c j ' ] C ,  

Vl ~e 
D ~ - - ,  B -  2[Cace"]D 

v~ j o -  ~ 
To calcula te  ( ~  - -  ~i) we  s t a r t  f rom Eq. [12], which  

can be wr i t t en  

[ d~ kT ] dn  Je [15] 

q dn n dx  --  Yen 

We subs t i tu te  d n / d x  f rom Eq. [14] and get  a f te r  some 
a lgebra  

d~ 1 -  �89  
q , -  k T  [16] 

dz B + (i + D)n 

In tegra t ion  gives 

q ( ~ I  - - , ~ )  - -  k T  I-- �89 In B + (i + D)n n 

1 -{- D B -l- (I q- D)n ~ 
[17] 

and we wr i t e  this  in  te rms of the  ma te r i a l  p roper t ies  
in the  form o, ( o r  

k T  2v"--~ -- y 1 + + y ~~ 
~r = -- In [lfl] 

- - - ~ - y  I+ +y ' 
Ve ~ri ~ 

Here  we have  defined 

a r 1 6 2  y = _ _ ,  
J. 

,r e ---- qVe n, 

ai ~ -- 2qvi[Cacj ']  

F r o m  Eq. [5], [6], and  [18] we can now calcula te  
E L ( y )  

kT  n I 
E, . (y)  --  l n - -  + h e ( y )  [19] 

q n n 

The charac ter i s t ic  of the  fuel  cell, EL(jLt,  wil l  sub-  
sequent ly  be descr ibed  pa rame t r i ca l l y  by EL(H) and 
JL(~'t. 

For  la te r  use in this pape r  we note tha t  Eq. [19] 
can be wr i t t en  

k T  1 -~ (r176 
EL -- Eth -~- In + he [20] 

2q 1 + (,;eIVl/,;i~ 

Here  Em is the  theore t ica l  open-c i rcu i t  vo l tage  of 
the ideal  fuel  cell, which  is in our  case 

k T  lnPO2 H, 
Em= [21] 

4q po~ I 

To der ive  Eq. [20] we add  and subt rac t  Eta to Eq. 
[19] and use the  re la t ion  

Ko 
n2po2'/, _ [22] 

n 
[ C a c j ]  +- 

2 

which  is der ived  f rom Eq. [2] and  [3]. This gives 

k T  2[Cace"] + n n 
EL -- Eth n u In + ~V [23] 

2q 2[Cace"] -t- n I 

which is easi ly  conver ted  to [20]. 
In  o rder  to calcula te  EL(jLt we st i l l  need an  ex -  

press ion for  jL (y ) .  In tegra t ion  of Eq. [14] and use 
of the  boundary  values  for  n leads to 

3 C 
I = -- (rill _ nD 

4 I+D 

1 - -  �89 B +  ( l + D ) n  II 
+ A in [24] 

(1 + D) ~ B + ( l - t -  D ) n  I 
o r  

1 ( 3  (~blI-- ~bI) } 
l --.~ - -  - ~  C ( n  n - -  nit  ~- Aq [ 2 5 ]  

I + D  k T  

This converts  easi ly  to 

~i~ ~ 3 ~ Vi kT } 
Je--  1 +  2 ve qh4, t (  vi + y  ) 'n~ 

Ve 
[ 2 6 ]  

Equat ions  [18] and [26] pe rmi t  calculat ion of ~r 
and  je as a funct ion of the  pa rame te r s  o'i~ vi/Ve, 
~en/ai ~ CeI/ai ~ T, and  the d u m m y  var iab le  y. Note 
tha t  Je --~ 0. The numer ica l  re la t ion  JL(Y) is now 
descr ibed  by  Eq. [26] and jL -~- (1 - -  Ytje- 

We would  l ike  to show now tha t  the  shape of the  
character is t ic  EL(JL) is de te rmined  only by  four  pa -  
rameters .  We normal ize  the  toad vol tage  EL by  divis ion 
by Eta and get  f rom Eq. [18] and [20] 

- -  [27] 
Eth in  (po2II/po2D 

For  given values  of the  three  ma te r i a l  pa rame te r s  
and Po2II/Po2 I, EL equals  zero at  a cer ta in  Yo; this Yo 
de te rmines  the shor t -c i rcu i t  current ,  js.c.. I t  fol lows 
then  f rom Eq. [18], [26], and  the  re la t ion  JL = 
(1  - -  Y)Je tha t  

JL g ' - -  - - '  y ,O.i o ~ o.i o 
__ = [28] ) Js.c. g , - - ,  __ yo 

O-i ~ O'i ~ 

The re la t ion  be tween  the normal ized  values  EL~Eta 
and jL/Js.c, depends,  therefore ,  only  on  the  three  m a -  
te r ia l  pa rame te r s  and on Po2n/po21 but  not  expl ic i t ly  
on the tempera ture .  The same is t rue  for the  re la t ion  
be tween  EL/Eth and Je/Js.c.. 

Wi th  these re la t ions we are  r eady  now to calculate  
the  energy  conversion efficiency 0, which is of centra l  
in teres t  in this work.  The va lue  of o, which  is defined 
as (power  de l ivered  to the l o a d ) / ( r a t e  of conversion 
of chemical  energy)  is g iven by  

ELJL ELgL y - -  1 EL 
n - - -  - [29] 

Ethji  Eth(JL - -  je t  y Eth 

Equat ion  [29] impl ies  tha t  ~lmax, the  m a x i m u m  fuel  
conversion efficiency for a given mater ia l ,  also de -  
pends only  on the three  ma te r i a l  pa rame te r s  and  on 
the  ra t io  po2n/po2 I. 

Up to this point  the  calculat ion is exact,  except  
for  the use of the neu t r a l i t y  condi t ion which  is dis-  
cussed in Append ix  A. 

The open-c i rcu i t  vol tage  ca lcula ted  f rom Eq. [18] 
and  [19] wi th  y ---- 1 agrees  wi th  tha t  ca lcula ted  by  
Wagner  (4) f rom more  genera l  t he rmodynamic  con- 
siderat ions.  This is shown in A p p e n d i x  B. 
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Application to Doped Ceria 
We n o w  c a l c u l a t e  t he  cha rac te r i s t i c  and  e f f i c iency  f o r  

doped ceria used under  the conditions described earlier. 
We note that  for this system the ratio Gen/ai ~ is 
about  10 -4 and ~.I/~i ~ is of order 1. The ionic con- 
duct ivi ty  of (CeO2)0.90(La~O3)o.10 at 800~ is ~i = 
10-1 ~ - 1  cm-1 (1, 5), which corresponds to vi = 1.2 
X 10-4 cm2/V-sec, and Ve at 800~ is reported to be 
about  3 X 10-~ cm~/V-sec (6). For doped ceria the 
mobil i ty ratio is therefore about  0.04. 

We can neglect therefore all  the terms containing 
Ce n in  Eq. [18J, [20], and [26] and get with the help 
of the relation jL = (I -- Y)Je 

Vi 

A r  In 1 +  + y  [30] 
q Vi / @i ~ J 

~ + y  
Ve 

k T i n  1 + - -  + ~  [31] 
EL = Eta -- 2q o ' i~  

and 
3L -- ~i~ -- Y) ( I  -- 3 ~ e l v i k T )  [32] 

The shape of the characteristic EL(JL) is now de- 
termined by the two mater ial  parameters  Vi/Ve and 
CeI/ai ~ and by  the ratio Po2II/Po21 and is expressed 
by the above equations in  terms of the parameter  y. 
The conversion efficiency ~ is calculated from Eq. [29] 
and is maximized by  varying y. 

In  Fig. 2 we have plotted the characteristics for 
various mobil i ty  ratios and in  Fig. 3 the max i mum 
conversion efficiency ~lmax VS. o'el/o'i ~ again for various 
mobil i ty  ratios. We see from Fig. 2 that  at ~eI/~i ~ = 5 
the characteristic calculated for vi/ve < <  1 describes 
the behavior of doped ceria still quite well. Figure 3 
shows that  even at ~ ' e I / o ' i  ~ = 15, corresponding to 
l~max --" 0.5, the characteristic for Vi/Ve ~ 1 can be 
safely used to calculate ~max. This value of nm~x is 
about  the l imit  where the fuel cell stops being of 
interest. We shall therefore base the cont inuat ion of 
our  discussion and the comparison with the equivalent  
circuit o n  Vi/Ve << 1, this simplifies the equations 
considerably. 

Comparison with Equivalent Circuit 
,In this section we compare the characteristic cal- 

culated with vi/ve ~ 1 with that  calculated by 
Takahashi  (1), who used an equivalent  circuit to 

1.0 

0.8 

0.6 
E 

0.4 

0.2 

v~/v, : 0.00 
' 

I I 
0.1 1.0 10 100 

Fig. 3. Maximum fuel conversion efficiency vs. r ~ for a 
'fuel cell based on doped ceria. The thick full line is calculated 
from transport theory with n < <  Ve,-the two thin lines correspond 
to two finite values of n/Ve. The dashed line follows from the 
equivalent circuit approach, po2II/po21 is taken as 1020. 

describe the fuel cell. The use of such a circuit ac- 
tual ly  goes back to Jost, see, for instance, Kroeger 
(2). To make the comparison meaningful  we assume 
that  we have measured ~i ~ by measur ing the con- 
ductivi ty of the mater ia l  in  air, and we have also 
measured the total conductivi ty at po2 I. We calculate 
the characteristic and ~]m~x by both methods. 

In  order to facilitate the comparison, we now 
assume that  Vi*eI/ve*i ~ = nI/[Cace ''] < <  1. This 
permits  us immediate ly  to neglect the second term 
in  Eq. [31]. We have seen in  Fig. 3 that  the practical 
l imit  of use of fuel cells made from doped ceria is 
CeI/eq ~ ~--- 10 so that  even with vi/ve = 0.04 this as- 
sumption is almost always very  good. It implies, 
together with Eq. [6] and the fact that  n(x)  < n I, 
that [Vo"] ~ [Cace'] throughout  the electrolyte, and 
therefore that  ~i(x) = ~i ~ From the total conductivi ty 
at the anode we can then calculate the ratio ~eI/~i ~ 
which we need in  Eq. [30] to [32]. 

The open-circui t  voltage expected from the fuel 
cell may now be calculated under  the simplifying con- 
ditions assumed above. This then is used to set up 
the equivalent  circuit. 

Under  normal  operat ing conditions y --~ 1 and we 
can, therefore, neglect the term vi/v~ in Eq. [30] and 
[32]. Furthermore,  it is easy to show that  the second 
term in the parenthesis of Eq. [32] is of order vi/v~ 
and can, therefore, also be neglected. Equations [30] 
to [32] now simplify fur ther  to 

kT [ .J ] 

t q J 

1.0 - - -  Eth 

0.8 
V i / V  e [] 0 . 0 0  

. / 0 . 0 4  
0 6  

" '  0.4 

0.2 

I I I I "~k \ 
40 80 120 160 200 240 

JL (mA)  

Fig. 2. Transport theory characteristic of a fuel cell mode of 
doped ceria for various ratios of ionic to electronic mobility. The 
calculation is based on the following parameters: T = 735~ 
po2II/po21 = 10 ~~ ~io/I = 0.2 ~ - 1  cm-~, and ~eI/ai o = 5. 
Eta = 1V under these conditions. 

EL = Eta + Ar [34] 

~i~162 (1 -- y) 
JL = [35] 

ly 

and the open-circuit voltage is 

kT [ ~J] 
Eo.c. : Eta -- In 1 + [86] 

q ~i ~ J 

We introduce now the t ransport  fraction defined by 
t i  --- r -~- ~re) and get 

kT( p~ ) 
Eo.c. -- -~q In + 4 in ti I [37] 

PO2 I 

With the fur ther  definition ~i -- Eo.c./Eth this leads to 
the following relat ion between the average t ransport  
fraction ti and the t ransport  fraction at the anode, ti I 

4 In ti I 
= 1 + [38] 

In (po2II/po2 I) 
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The equiva len t  c i rcui t  used by  Takahash i  (1) is 
of the  form shown in Fig. lb.  In  Takahashi ' s  nota t ion 
Em is, as before,  the  open-c i rcu i t  vol tage  of the  idea l  
fuel  cell, ~i/l is the ionic conductance per  uni t  a rea  
of the e lectrolyte ,  and  ~e/l is the  electronic one. 

The character is t ic  of this circui t  is 

O" i O" e 
3L "-- ~ (Eth -- EL) - -  ~ - -  EL [ 3 9 ]  

and its open-c i rcu i t  vol tage is, therefore,  Eo.c. ---- 
Ethai/(ai + O'e). Since the  equiva lent  circui t  should 
give the  same Eo.~. as the  exact  theory  we have to t ake  

=' --  ~ [40] 

where  ~ is given by  Eq. [38]. 
The character is t ic  jL(EL) (Eq. [39]) is ev iden t ly  

a s t ra igh t  line, and so is the  re la t ion  Je (EL) 

~r e 
~e = -- -- EL [41] 

In  Fig. 4 we plot  these lines and compare  them wi th  
the  corresponding lines for  the t r anspor t  model  cal -  
cu la ted  wi th  the  same values  of open-c i rcu i t  vol tage  
Eo.c. and shor t -c i rcu i t  cu r ren t  ~s.r Since the  ca lcula-  
tions of ~ which  fol low re ly  only  on the rat io  jL/Je 
i t  is not  r ea l ly  essential  to choose the same J~.c. for 
both  models,  but  i t  faci l i ta tes  the  graphica l  comparison.  

We see f rom Fig. 4 tha t  at  any  pa r t i cu l a r  va lue  of 
EL, JL comes out  s l ight ly  l a rge r  in the  t r anspor t  model, 
and  tha t  Je, which  de te rmines  the in te rna l  loss cur ren t  
of the  fuel  cell, is cons iderab ly  smaller .  Since the  
fuel  conversion efficiency is de te rmined  by  the ra t io  
JL/je (see Eq. [29]),  the t r anspor t  model  predic ts  a 
l a rger  va lue  for  this efficiency than  the equivalent  
circui t  model. The values  of ~max are  0.59 and 0.44 
for  the  pa rame te r s  of Fig. 4. 

To make  the compar ison quant i t a t ive  we use in 
the  case of the  equiva lent  c i rcui t  an equat ion for 
~n~x der ived  by  Takahash i  (1) 

1 - -  (1 - -  ~) ' /= 
71max = [42] 

1 + (1 - ~ ) ' ~  

The dashed l ine in Fig. 3 descr ibes  this  equation, u 
is connected wi th  the  abscissa scale, ~reI/~i~ , th rough  
Eq. [39] and the re la t ion  ti I --  ~i~ ~ + ~e~). 

~ m a x . ~  ~ 

~ a X  

I I I I 
O. 2 0.4 0.6 0.8 0 

1.0 

O.8 =. 
w 

0.6 "~J 
Lal 

0.4 

0.2 

I I 
-0 .4  -0 .2  1.0 

Je/Js.c. JL/Js.c. 

Fig. 4. Load current JL and electronic loss current Je against 
output voltage EL of a fuel cell made of doped ceria. The scales 
are normalized by division with Js.e. and with Eth, respectively. 
The full lines are calculated from transport theory with vi < <  
re; the dashed lines follow from an equivalent circuit approach. 
The current values at ~lmax are shown for both models. 71max iS 
0.59 for the transport model vs. 0.44 for the equivalent circuit. 
The conductivity ratio at the anode is taken as qeZ/Cq ~ ~ 5 (h I 

0.166) and the ratio po.2II/po2 z is 10 '2~ Negative values of JL 
imply an outside current source. 
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I t  is seen f rom Fig. 3 and 4 tha t  the  equiva len t  c i r -  
cuit  is not  a good approx ima t ion  to the  fuel  cell  under  
load. The m a x i m u m  efficiency pred ic ted  by  the t r ans -  
por t  calculat ion is, for typica l  opera t ing  condit ions 
of a cer ia  fuel  cell, about  50% higher  than  tha t  p re -  
dicted by  the equiva lent  circuit.  The ma in  reason 
for  the  difference is tha t  in the  t r anspor t  model  the  
electronic cur ren t  decreases ve ry  much fas ter  wi th  
decreasing EL than  pred ic ted  by  the equiva len t  circuit.  

~ ince  for doped ceria used at  8O0~ in H20/H~ = 
10/1, CeI/.~i ~ is a p p r o x i m a t e l y  9, and Fig. 3 gives then  
nmax = 55%, we expect  tha t  this ma te r i a l  wi l l  now 
be considered more  ser iously  than  before  as an elec-  
t ro ly te  in  fuel  cells. 
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APPENDIX A 
In the process of solution of our equations we 

assumed the validity of the local neutrality Eq. [3] 
throughout the electrolyte. This assumption is not 
quite exact, since the solution which it generates 
implies a small space charge. We really should have 
used Poisson's equation in the form 

eo dZ~ 
2[Vo"]  --  2[Cace"] - -  n --  8 (x )  - -  - [ A - l ]  

q dx ~ 

this however  leads to the ex t r eme ly  compl ica ted  dif -  
fe ren t ia l  equations.  

We now show tha t  the approx ima t ion  of local  neu-  
t r a l i ty  is justified, i.e., tha t  the  space charge 5 is 
negligible.  

In  Eq. [11] we subst i tu ted  2d[Vo"] /dx  = dn/dx ,  
i.e., we assumed tha t  dS/dx  < <  dn/dx.  In Eq. [13] 
we subst i tu ted  2[Vo"]  ---- 2[Cace"] + n, this is j u s t i -  
fied if 5 < <  n. 6 is given by  8 --  - - ( e o / q ) d 2 r  2 
and we calcula te  an upper  l imi t  for  5 as fol lows 

d~ d~ dn kT  1 -- �89 
-- ---- -- [A-2] 

d= d~dx q A+~C~ 

(see Eq. [151 q- [171) 

d~r ( d d r  

d ~  ' =  x 'g '~  -~'~ ,, 

3 k T ( 1 - -  � 8 9  [ B +  ( l + D ) n ]  
-- -- -- [A-3] 

4 q ( A  + s/4 Cn) 2 (A + a/4 Cn) 

We use D < <  1 and get  

t Ce J -~'- g 
d=r 3 j$  Ve Y 

[A-41 
dx 2 -  16 qkTv~  ([Cace"] + a/4n)3 

We use now n < <  [Cace ' ]  in the  denomina tor  and 
subst i tu te  [Cace"] for the parenthes is  in the  nomina-  
tor, which is a ve ry  rough  upper  l imit .  This gives 

d~r 8 ji ~ 
< [A-5] 

dx~ 16 qkTvi~[Cace "] 

Subst i tu t ion  of the fol lowing values  typica l  for  CeO2 
under  normal  opera t ing  condit ions 

ji = 0.2 A / c m  2, v~ ---- 10-4 cme/V-sec,  

kT_--O.leV,  [Cace"] " - 2 X  10 ~ lcm - a  
gives 

,8 < l0 s (charge  c a r r i e r s ) / c m  a 
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Since n var ies  f rom ,~1021 at  the anode to 10 TM at  the  
cathode, we get  8 < 10-Sn. 

A s imi lar  calculat ion gives dS/dx < 10 -12 dn/dz. 
Our assumptions  are, therefore,  just if ied by  the solu-  
tion. 

A P P E N D I X  B 
We now show tha t  the open-c i rcu i t  vol tage Eo.c. ca l -  

cula ted  f rom Eq. [19] wi th  y = 1 agrees wi th  Eo.c. 
ca lcula ted f rom the genera l  equat ion der ived  b y  Wag-  
ne r  (4) wi thout  the use of the  neu t r a l i t y  condit ion 

kT "f ;s ti (Po, Eo.c. = ~ dlnpo~ [B-l] 

We substitute in Eq. [B-I] 

"2"C "~ r t L ace l ' t - n ) v l  
ti - - -  [B-2] 

ai "F ~e ( 2 [ C a c j ]  + n )v i  + nve 
a n d  

( I n P o 2 : l n K o - - 4 I n n  21n t ce J + [B-3] 

(see Eq. [22] ). The resul t  of the in tegra t ion  is 

Vl 
- - - -  1 

kT n I kT 2re ai I + ~'e I 
Eo.c. = -- In --~ + In [B-4] 

q q Vi 0"i n ~- ~'e II 
- - - ~ -  1 
2re 

This agrees wi th  Eq. [19], since ~i : ~i ~ + ~e(Vi/Ve). 
In  Eq. [B-2] and [B-3] we have used the neu t ra l i ty  
condit ion 2[Vo"]  : 2[Cace"] -{- n, so the  agreement  
is perhaps  not  surpris ing.  

A P P E N D I X  C 
We collect here  some addi t ional  ma themat i ca l  r e l a -  

t ions which  i l lus t ra te  the  ma in  text.  
( i)  In  the case of the  section on Comparison wi th  

Equiva len t  Circuit  we get  f rom Eq. [34] and [35] the  
fol lowing r a the r  in tu i t ive  express ion for EL 

EL = Eth --  J i - -  [C- l ]  
# i  o 

which agrees wi th  the equiva lent  circui t  model  if  we 
set ~i o : ~i. 

(ii) From Eq. [33] to [35] one can der ive  an ex -  
pl ic i t  express ion for JL (EL) 

~'i ~ a'e I (Eth --  EL) 
JL ---- -T (Eth -- EL) -- 

I [exp q (Eth- -EL) ._ l ]  
kT 

[C-2] 
This should be compared  wi th  Eq. [39] for the  equi -  
va len t  circuit.  For  ~e = 0 both  models  give, of course, 
the  same s t ra igh t  line. 

'(iii) For  the  equiva lent  circui t  we get f rom Eq. 
[39] Js.c. ---- Ethr For  the t r anspor t  model  we have 
to a ve ry  good approx ima t ion  Js.r = Eth~i~ (see Eq. 
[C-2]. In  o rde r  to get for bo th  models  not  only  the 
same Eo.~. but  also the same Js .... we  set ~ equal  to ai o. 
I t  is easy to show tha t  once we have  done this both  
approaches  give for  Jn --  0 Je = ( ~ -  1)Eth~/l .  This 
intersect ion point  of the two models  can be seen in 
Fig. 4. Fur the rmore ,  both  models  give Je : JL when 
EL --  Eth. This last  condit ion happens,  of course, only  
when  a negat ive  load cur ren t  is impressed  on the cell  
f rom an outside cur ren t  source. 

(iv) A useful  w a y  to i l lus t ra te  the  calculat ion is to 
plot  ~max for the  two models  vs. po~ I, the  oxygen  pres -  
sure  at  the anode. As ma te r i a l  p a r a m e t e r  we take  here  
Poe*, the  oxygen pressure  where  ~'e/O' i  = 1. This oxy-  
gen pressure  is of ten called the l imi t  of the  ionic do-  
main. 

In  Fig. 5 we  have  plot ted  ~,~x for represen ta t ive  
values  of Poe* and compared  again wi th  the  equiva lent  
circui t  calculat ion,  where  t-~ was calcula ted f rom the 
fol lowing equation, first der ived  by  Schmalzr ied  (7) 

ln[  (Po2*) w + (Po2 n )  V4] __ ln[  (Po2*)  '/4 .~ (Po2 I) ~/4] 
Ti= 

u [ln Po2 n --  In po~ I] 
[0-3] 

We see f rom the figure tha t  the oxygen pressure  at  

1.O 

/I Po~ = I0 "'6 
_ 

Po~- 0.2 

Po; : 10 -''~ ".. ~ 

0 I I I I I I I I I 1 I I I I 
10 12 14 16 18 20 22 24 

- log Po~ 

Fig. 5. Maximum fuel conversion efficiency vs. oxygen pressure at 
the anode for a fuel cell based on doped ceria. The oxygen pres- 
sure at the cathode is taken as 0.2 atm and po2* is the oxygen 
pressure at which the ionic transport number, ti, equals 0.5. The full 
lines are calculated from transport theory with vi < <  re, the 
dashed lines are calculated from an equivalent circuit approach. 

0.6 
E 

0 .4  

which ~lmax ----- 0.5 is for  the  t r anspor t  model  four  
orders  of magni tude  lower  than  for  the  equiva len t  
circuit.  

LIST OF SYMBOLS 
A, B, C, D constants  defined af te r  Eq. [14] 
[Cace"] concentra t ion of Ca 2+ ions on Ce 4+ sites 
De diffusion coefficient of electrons 
Dl diffusion coefficient of ions 
EL vol tage of fuel  cell  under  load 
Eo.c. open-c i rcu i t  vol tage  of fuel  cell  
Eth theore t ica l  open-c i rcu i t  vol tage of fuel  cell  
Je e lectronic  cur ren t  dens i ty  
~i ionic cur ren t  dens i ty  
~.L load cur ren t  pe r  uni t  a rea  of fuel  cell 
3 s . c .  shor t -c i rcu i t  cur ren t  pe r  uni t  a rea  of fuel  

cell  
l thickness of e lec t ro ly te  
Ko (T) equ i l ib r ium constant  in Eq. [2] 
n concentra t ion of electrons 
Po~. pa r t i a l  pressure  of oxygen  
Po2 oxygen  pressure  at  which ti -- 0.5 
q absolute  value  of  electronic charge 
T t empe ra tu r e  
ti t r anspor t  f ract ion of ions 

average  of ti, defined af te r  Eq. [37] 
[Vo"] concentra t ion of vacancies on oxygen  sites 
ve mobi l i ty  of e lectrons 
vi mobi l i ty  of vacancies 
x d imension th rough  e lec t ro ly te  
y rat io  (je - -  jL)/Je 
~e electronic conduct iv i ty  
~i ionic conduct iv i ty  
~i o ionic conduct iv i ty  for zero e lect ron con- 

cen t ra t ion  
~i average  ionic conduct iv i ty  in the equ i -  

va len t  circui t  model  
Ce average  electronic conduct iv i ty  in the  

equiva lent  circui t  model  
energy  conversion efficiency 

#e e lec t rochemical  potent ia l  for  electrons 
~e chemical  potent ia l  for  e lectrons 

e lect r ica l  potent ia l  
I, II  ( superscr ip ts)  re fer  to the immedia te  

ne ighborhood of anode and cathode, r e -  
spect ive ly  
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ABSTRACT 

NaC1 is inges ted  into opera t ing  gas turbines.  The effect of this  sal t  on 
the  h igh  t e m p e r a t u r e  surface s tab i l i ty  p roper t i e s  of tu rb ine  h a r d w a r e  is 
not  wel l  understood.  The invo lvement  of NaCl (g )  1 in  the  h igh  t e m p e r a t u r e  
oxida t ion  of NiA1, a pr inc ipa l  component  in many  high t e m p e r a t u r e  en-  
v i ronmenta l  coatings, is here in  examined.  The resul ts  of this work  indicate  
tha t  NaCl (g )  present  in an oxidiz ing a tmosphere  affects the  fo rmat ion  of 
A12Oa whiskers  on a dense  A12Oa layer .  Such whisker  growth,  a t t r ibu ted  to 
vapor  t r anspor t  processes th rough  an o therwise  dense A12Oa scale, increases  
the  a luminum deple t ion  of the  NiA1 substrate .  

Mater ia ls  for  hot -sec t ion  gas tu rb ine  appl icat ions  
m u s t  be s t rong enough to phys ica l ly  suppor t  the  me-  
chanica l  loads impressed  upon them wi thout  failing, 
and they  mus t  also exhib i t  sufficient surface s tab i l i ty  
to the  hot  combust ion gases. In  cur ren t  h igh t e m p e r a -  
ture  superal loys,  i t  is f r equen t ly  difficult to s imul tane-  
ously  obta in  sufficient s t reng th  and surface  s tab i l i ty  
character is t ics .  The presen t  solut ion to this  problem,  
therefore ,  involves the use of high s t rength  mate r i a l s  
which  are  subsequent ly  coated to impa r t  sufficient 
h igh t empe ra tu r e  oxida t ion  and corrosion resistance.  

Cur ren t ly  used coatings involve  e i ther  the s imple  
a lumin ides  or  one of the  many  MCrA1 (Y) chemistr ies  
or  a combinat ion  of the  two. A cr i t ical  component  in 
these coatings is the  cubic ~-NiA1 or -CoAl  formed in 
the  n ickel -  or  coba l t -based  systems,  respec t ive ly  (1). 

The presence of the ~ phase  in such coating composi-  
t ions is p r inc ipa l ly  responsible  for  the  fo rmat ion  of an 
adheren t  A1203 scale, thus accounting for the  ab i l i ty  of 
such coatings to afford sui table  surface pro tec t ion  ( i ) .  

In  service, these  a lumin ide  coatings are  be l ieved to 
degrade  by  the deple t ion  of a l u m i n u m  f rom the coat-  
ing l aye r  as a resul t  of both  h igh  t empe ra tu r e  ex-  
posure and the rma l  cycl ing (1-3).  This effect is man i -  
fes ted in two ways.  In i t ia l ly ,  a luminum in the  coating 
forms a pro tec t ive  a lumina  scale, however ,  the spa l l a -  
t ion of this  film on the rmal  cycl ing and its r ep len i sh -  
ment  even tua l ly  deple tes  the  coating composi t ion of 
a luminum at the  gas -ox ide  interface.  In  the  second 
place, a l u m i n u m  diffuses f rom the coating into the 
substrate .  Therefore  the  coating loses pro tec t ive  effi- 
ciency f rom both gas-coa t ing  and subs t ra te -coa t ing  
interact ions.  

Both the  a i r  and fuel  which  en te r  the gas tu rb ine  
can contain  minu te  quant i t ies  of impur i t ies  such as sea 
salt. Sodium chlor ide  is the  p r inc ipa l  const i tuent  of 
sea sal t  crysta ls  which can be car r ied  far  in land by  
p reva i l ing  winds. Depending  on wind  conditions,  the 
concentra t ion  of sea salt  in the  a i r  can v a r y  f rom less 
than  one ten th  to more  than  5 ppm (4, 5). 

Bessen and F r y x e l l  have shown tha t  the  compressors  
of gas tu rb ine  engines are  effective phys ica l  separa tors  
of the  chlor ide  and sulfate  components  of sea salt  (6). 
They repor ted  constant  levels of Na2SO4, ~0 . i  r ag /  
cm 2, present  on al l  s tages of the  compressors  of an LM-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  a l loys ,  coa t i ngs ,  w h i s k e r s ,  co r ro s ion .  
1 In  t h i s  r e p o r t  the  b r a c k e t e d  c impl i e s  the  p h a s e  is p r e s e n t  in 

the  c o n d e n s e d  s t a t e ,  sol id ,  o r  l iquid. Th e  b r a c k e t e d  g sirrf i lar ly 
r e f e r s  to  the  g a s e o u s  s t a t e .  

2500 engine which had been opera ted  for over  7000 hr. 
NaC1, on the  o ther  hand, was found to va ry  f rom 0.1 
m g / c m  2 at  the  first s tage of compressor  to ~0.02 r ag /  
cm 2 at the  seventh  stage. Af t e r  this  s tage and th rough  
the s ix teenth  stage, no meaningfu l  chlor ide  levels  were  
detected,  i.e., ~ 0.01 m g / c m  2. Fur the rmore ,  the i r  su r -  
veys of the  high pressure  tu rb ine  components  f rom 
severa l  engines fa i led to reveal  the  presence  of any  
condensed chlorides. 

The depos i ted  sal ts  p resen t  on the  compressor  com- 
ponents  can per iod ica l ly  shed. The  composi t ion of the  
sal t  en ter ing  the bu rne r  wi l l  be dependent  upon  the  
compressor  locat ion f rom which  i t  was shed. The con- 
densed sal t  par t ic les  shed f rom compressor  sections in 
passing th rough  the bu rne r  can (i) react  wi th in  the  
burner ;  (ii) vaporize;  or  (iii) impac t  the  tu rb ine  com- 
ponents  as pa r t i cu la te  mat ter .  The h igh  vapor  pressure  
of NaC1, e.g., 0.35 Torr  at  800~ would  be expected to 
lead to i ts r ap id  r emova l  (7). This would  account for  
the  v i r tua l  absence of chlor ides  in  deposi ts  found on 
tu rb ine  surfaces (6). 

Al though  some NaC1 ingested into the  tu rb ine  
bu rne r  sect ion may  be conver ted  to Na2SO4, equi l ib-  
r ium the rmodynamic  calculat ions indicate  tha t  for  gas 
tu rb ines  opera t ing  under  condit ions favor ing  Na2SO4- 
induced hot  corrosion at tack,  the  engine hot  section 
envi ronment  is r e l a t ive ly  r ich in the  contaminant  gases 
NaC1, HC1, and NaOH (8). 

In tens ive  work  by  many  inves t iga tors  has shown 
that  condensed NaC1 or  NaCI-Na2SO4 mix tu res  can be 
ve ry  corrosive (9-25). Addi t iona l ly ,  severa l  inves t iga-  
tions have  shown tha t  gaseous NaC1 is not innocuous. 
Hancock, using a v ib ra t iona l  technique,  has r epor ted  
that  NaCl (g )  adverse ly  affects i so thermal  oxide  scale 
adherence  wi th  respect  to elements ,  s imple alloys, and  
supera l loys  (9, 10, l l b ) .  S tearns  et al. (26) and F r y -  
burg  et al. (27) have  repor ted  enhanced ra tes  of chro-  
mium t ranspor t  loss for  cer ta in  mate r i a l s  oxidized in 
an a tmosphere  containing NaCl (g ) ,  however ,  none of 
the  studies involving gaseous NaC1 repor t  how the ob-  
served resul ts  manifes t  themselves  micros t ruc tura l ly .  

The work  repor ted  here  is p r i m a r i l y  a micros t ruc-  
tu ra l  s tudy  of the effects of NaC1 vapor  on the ox ida -  
t ion behavior  of NiA1, an a lumina  former.  The levels  
of NaC1 vapor  examined  range  f rom 100 to less than  1 
ppm. The l a t t e r  level  approx imates  t'he concentra t ion 
of NaC1 vapor  ant ic ipa ted  to be found in the  combustor  
and high pressure  tu rb ine  sections of mar in ized  or  in-  
dus t r ia l  gas turbines.  

1283 
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Exper imenta l  Procedures 
The NiA1 alloy was prepared by rf mel t ing the de- 

sired nomina l  composition in  an argon atmosphere and 
pour ing the melt  into an  a lumina  mold. The ingot was 
then 'heat-treated in  a hydrogen atmosphere at 1350~ 
for two days. Subsequent  chemical analysis of a sec- 
t ion of the ingot was found to contain 31.06 _ 0.09 
weight percent  A1. The annealed ingot was found to be 
single phase by metal lographic examination.  

Sample specimens cut from the ingot measured ap- 
proximately  2.5 • 1.0 • 2.0 cm. These samples were 
then ground to 600 grit  SiC. A p la t inum wire was 
welded on one end for sample support. The samples, 
prior to insert ion into the exper imental  apparatus, 
were washed and degreased; the final r inse was given 
with absolute ethanol. The air used in  these experi-  
ments  was taken from the laboratory service strip. 
The water  content  of this air  was brought  to a con- 
stant  level by passage over anhydrous calcium sulfate 
(Drieri te) .  The air flow rate for all the experiments  
was 300 sccm as determined from a calibrated flow 
meter, and the flow velocity was 0.18 cm/sec. 

A l l  oxidation experiments  were conducted using 
an Ainsworth  Type RV-AU-1 balance which is read-  
able to 0.01 mg and reproducible to __.0.03 mg. The 
specimens were introduced into a quartz  tube (2.5 in. 
OD) which was wi thin  a heated furnace. The tempera-  
ture inside the three-zone Marshall  furnace was main-  
tained to wi thin  • 5~ by a Leeds and Northrup pro- 
portional controller series 60. 

The NaC1 vapors were generated from condensed 
NaC1 in  a p la t inum crucible fixtured to a movable 
pedestal in  the oxidation tube. The temperature  of the 
crucible was measured by a thermocouple fixtured into 
a quartz tube and lying immediate ly  adjacent  to the 
NaCl-containing p la t inum crucible. The NaC1 used 
here was an u l t rapure  grade obtained from Alfa-Ven-  
tron. The data of Ewing and Stern  (7) were used to 
calculate NaC1 vapor pressures and gas-phase compo- 
sitions. Thus the temperatures  of the NaCl-containing 
Pt crucible and the "anticipated" nominal  gas phase 
compositions used here were 802~ 1000 ppm; 710~ 
100 ppm; 630~ 10 ppm; and 566~ 1 ppm. However, 
recognizing that equi l ibr ium may not have been estab- 
lished between NaC1 in the condensed and vapor states, 
the actual NaC1 part ial  pressure was determined from 
the difference in weights of p la t inum crucible before 
and after each experiment.  From these calculations, it 
was found that the empirical vapor pressures were 
lower than those expected by a factor of about 10 at 
the three higher temperatures  used here, i.e., 802 ~ 
630 ~ and 710~C. However, good agreement  was ob- 
served at the lowest temperature,  566~ Accordingly, 
the empirical (as opposed to theoretical) gas-phase 
compositions for atmospheres involving NaCI vapor 
are herein  cited. The weight change data for samples 
exposed to NaC1 vapors at concentrations above 10 
ppm were corrected for condensation of NaC1 onto the 
Pt  suspension wire. No correction was made for sam- 
ples oxidized in  atmospheres with NaC1 vapors at con- 
centrat ions of less than 10 ppm. 

Subsequent  to oxidation, selected samples were ex- 
amined by optical metallography, scanning electron 
microscopy (SEM), and transmission electron micro- 
scopy techniques. Examinat ion  of the oxidized coupons 
by x - r ay  diffraction techniques indicated only the 
presence of the ~-NiA1 structure because the AI~O~ 
scale was so thin. 

=; 
"~ 0'301 144 PPM"--? I 

% o 2oL o.61P~M--~ I 

Time (hours) 

Fig. I. Thermogravlmetric data for NiAI oxidized in air with 
and without NaCI vapors present at 900~ 
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Fig. 2. Thermogravimetric data for NiAI oxidized in air with 
and without NaCI vapors presen't at 1050~ 

SEM studies.--During 1050~ oxidation, an adherent  
dense A1203 layer  is formed, Fig. 3. Occasionally an 
area of the NiAI substrate can be seen where the A1203 
oxide layer  locally spalled on cooling to room tem- 
perature, Fig. 4. Such rup tur ing  did not occur iso- 
thermal ly  since the substrate  would have at tempted 
to reform a protective oxide scale and no indicat ion of 
any such healing oxide scale was observed. The undu -  
lations of the NiA1 substrate seen where the scale has 
locally spalled derive from the final polish (600 grit  
SiC) used to prepare the specimens. T h e s a m p l e  oxi- 
dized in air at 900~ also formed a dense A120~ layer  
similar to that exhibited by the sample oxidized at 
1050~ 

Oxidation (NaCl-containing air).--Thermogravi. 
metric studies.--The thermogravimetr ic  data for sam- 
ples oxidized at 900 ~ and 1050~ in atmospheres con- 
taining approximately 1-140 ppm NaC1 is also shown in  
Fig. 1 and 2, respectively. On the basis of the experi-  

Exper imenta l  Results 
Oxidation (NaCl-lree air) .--Thermogravimetr~c 

studies.--NiA1 is a classical a lumina  former, and the 
rate of weight gain for NiA1 oxidized in pure  air at 
900 ~ and 1050~ is shown in Fig. 1 and 2, respectively. 
These data a r e  in agreement  with data reported by 
Pett i t  (28). Fig. 3. NiAI oxidized in air at 1050~ for 24 hr 
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Fig. 4. NiAI oxidized in air at 1050~ for 24 hr showing a break 
in the compact oxide layer. A, protective AI203 scale; B, NiAI 
substrote. 

surface,  in  the  NiA1 substrate ,  or a t  the gas-oxide  in-  
terface of the  dense AI2Oa layer .  The A12Os whiskers  
g rew from the dense A1203 l aye r  which, i n  turn,  
formed on the  NiA1 substrate ,  Fig. 6. 

The surface of the  sample  oxidized for 24 hr  a t  900~ 
in the  presence of 16 p p m  NaC1 is shown in Fig. 7. The  
dense oxide l aye r  has ex tens ive ly  spal led  upon cooling. 
The spa l la t ion  d id  not  occur at  t empera tu re s  dur ing  
oxida t ion  because there  is no evidence of oxide  re fo r -  
mat ion  in any of the  spal led areas. Fur the rmore ,  this 
type  of spal la t ion  was  not  observed in the  samples  
oxidized in  a i r  alone at 900~ 

In  an a t t empt  to de te rmine  if  ve ry  low levels  of 
NaC1 had a s imi lar  effect on the  oxidizing substrate ,  an 
NiA1 sample  was oxidized at  900~ in an  a tmosphere  
containing 0.61 ppm NaC1. The genera l  surface of the  
oxidized sample,  Fig. 8, appears  as if at  t e m p e r a t u r e  the  
oxide scale were  in the cont inual  process of local ly  
forming,  breaking,  and then  reforming.  In  some areas  
of the  surface, A1203 whiskers ,  as seen earl ier ,  cf. Fig. 
5, abound.  In o ther  areas, the  compact  A1203 oxide 
scale has  spal led  and was in var ious  s tages of r e fo rm-  
ing and heal ing when the exper imen t  was te rmina ted ,  
Fig. 9-11. 

menta l  techniques used here,  no significance is a t -  
tached to the  differences in the  the rmograv ime t r i c  da ta  
be tween  samples  exposed to pure  a i r  and those ex-  
posed to NaCl-conta in ing  ai r  a tmospheres .  However ,  
this does not indicate  tha t  NaC1 vapors  a re  innocuous. 
The effect of NaC1 vapor  on the weight  gain  da ta  is 
fu r the r  discussed in the  fol lowing section. 

SEM studies.--In the  presence of NaC1 vapors,  m a r k e d  
differences are  seen in the  morphologies  of the  A1203 
oxide  scales formed on NiA1. At  1050~ whiskers  were  
formed on the  surface of samples  of NiA1 exposed to 
10 and  130 p p m  NaC1, Fig. 5. Subsequent ly  these 
whiske r s  were  shown by  t ransmiss ion e lec t ron m i -  
croscopy techniques to be a-A1203. No dramat ic  di f -  
ferences are  seen in the  whiskers  g rown wi th  two d i f -  
fe rent  NaC1 vapor  concentrat ions (10 and 130 ppm)  
except  tha t  the h igher  NaC1 level  produces  whiskers  
Which a re  more  b l ade - l i ke  While the  lower  leve l  r e -  
sults in more  need le - l i ke  A120~ crystals.  EDAX tech-  
niques ind ica ted  only  the  presence of a lumina  in these  
fibers. Even though they  were  ex tens ive ly  sought  for, 
ne i ther  sodium nor  chlor ine (above background  levels)  
were  de tec ted  e i ther  in the whiskers  growing on the 

Fig. 6. ~-AI~O~ fibers growing from dense AI203 found on NiAI 
oxidized at 1050~ for 24 hr. A, AI203 whiskers; B, protective 
AI203 scale; C, NiAI. 

Fig. 5. Surface of NiAI oxidized at I050~ for 24 hr with 10 Fig. 7. NiAI oxidized for 24 hr at 900~ in air containing 16 
ppm NaCI vapor present, ppm NaCl(g). A, NiAI; B, protective AI203 scale. 
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Fig. 8. NiAI oxidized at 900~ for 24 hr in air with 0.61 ppm 
NaCI vapor present. A, overturned dense oxide layer; B, spalling 
protective oxide scale. 

Fig. 10. NiAI oxidized at 900~ for 24 hr in air with 0.61 ppm 
NaCl(g) showing AI20~ scale reforming over spalled oxide region. 
A, NiAI; B, original protective AI203 scale; C, reforming pro- 
tective AI20~ scale. 

Fig. 9. NiAI oxidized at 900~ for 24 hr in air with 0.61 ppm 
NaCI vapor showing a region where the compact AI203 oxide 
spalled. A, remains of spalled dense AI203 layer. 

The black appearing regions in  Fig. 12, cf. Fig. 8, 
represent  areas where the oxide scale has broken and 
fallen back to the compact oxide surface showing the 
side of the oxide scale which was ini t ia l ly  attached to 
the substrate metal, Fig. 13. By comparison, Fig. 13 
shows that  A120~ whiskers are growing from the in -  
verted base (or original surface) of a similar  spalled 
A12Q oxide layer. The sample shown in Fig. 13, how- 
ever, had been oxidized at 1050~ in  air  containing 128 
ppm HC1, not NaC1 (29). The EDAX technique ap- 
plied to the sample oxidized in an HCl-a i r  atmosphere 
indicated no chloride in  the fibrous A12Os growths 
either on the original surface or on the up tu rned  sec- 
tions. Furthermore,  no chloride was detected at the 
surface of the exposed substrate.  

Addit ional ly fine A1203 fibers have formed on the 
blackened surface, Fig. 14. This result  suggests that the 
compact oxide spalled at temperature  and that  spal- 
lat ion occurred long enough before the exper iment  was 
terminated to allow for the A1208 fibrous growth to 
occur. 

Fur thermore,  examinat ion of the base of the over-  
turned oxide in regions where A120~ growths were not 

Fig. 11. NiAI oxidized at 900~ for 24 hr in air with 0.6t 
ppm NaCI showing AI203 reforming over spalled oxide region. A, 
original AI203 scale; B, pegs from spalled oxide; C, protective 
AI20~ scale reformed over spalled oxide region. 

present  indicated the presence of both Na and C1, Fig. 
15. Regions of the over turned dense oxide surfaces 
examined by EDAX techniques where  AleO~ whiskers 
are not present  are the only areas where Na and /or  
C1 have been detected in samples oxidized in  NaC1- 
bearing atmospheres. The detection of Na and C1 on 
such over turned surfaces was not l imited to the par-  
t icular  area of the spalled surface shown here. Such 
an analysis was typical of numerous  separate over-  
turned oxide surfaces. However this appearance of Na 
and C1 only on this kind of surface is difficult to under -  
stand. Questions arise such as: Why it was observed 
there and not on the original surface of the oxidizing 
sample; and How it could have survived any period of 
t ime at that site without vaporizing since at 900~ the 
partial  pressure of NaC1 is approximately 2.5 mm (7)? 
Thus it seems that the Na and C1 found here may be 
incorporated at reduced activities (but  not necessari ly 
as NaC1) into the dense A1208 layer  itself. Similar  ef- 
fects involving isothermal dense a lumina  scale spal- 
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Fig. 12. NiAI oxidized at 900~ for 24 hr with 0.61 ppm NaCI(g) 
showing regions with: A, adherent-scale and A1~O3 fibers grow- 
ing on it; B, NiAI substrate on which a protective oxide scale is 
reforming; C, overturned spalled oxide. 

Fig. 14. AI20~ fibers growing from the upturned s|de of the 
spalled AI203 segment. A, base of overturned oxide; B, Al203 
whiskers growing on surface of overturned oxide; C, hole in over- 
turned oxide showing AI20~ whiskers from the surface of the 
scale below. 

Fig. 13. NIAI oxidized at 1050~ for 24 hr in air with 128 ppm 
HCI showing a region of the spa[led overturned oxide. Note the 
AI203 fibers growing from the original surface of the spa[led 
oxide segment. A, NiAI; B, AI~O~; C, spalled protective oxide sur- 
face originally attached to the NiAI substrate; D, AI208 whiskers 
growing on the original surface of overturned oxide. 

lat ion have been observed by  SEM techniques for 
other NiA1 samples oxidized at 900~ in  atmospheres 
containing ~ 1 ppm NaC1 (g). 

Exper iments  were conducted to determine if the 
a lumina  in the A1203 whiskers in the work reported 
here in  derived from a rea r rangement  of the surface 
A120~ at the gas-oxide surface or from a luminum at 
the metal-oxide interface. Both impure  (a Coor's 
a lumina  crucible of o rd inary  commercial  qual i ty)  and 
high pur i ty  dense (99.5% from Western Gold and 
P l a t i num Company) a lumina  were exposed to both 
pure air and to air containing NaC1 vapors. The con- 
centrat ions of NaC1 examined were in the range of 
100-200 ppm, at a tempera ture  of 1050~ for 24 hr. 
Subsequent ly  both samples were examined by SEM 
techniques. In  all cases whiskers were not observed. 
Thus, the a luminum source for the A1203 whiskers 
does not lie at the surface of the oxidizing NiA1 
coupons. The A1203 whiskers are not forming simply in 

Fig. 15. Investigation of the oxide s..rface adjacent to the sub- 
strate. (a) EDAX of white crystals showing high AI (AI208) and 
low Na and CI peaks; and (b) EDAX of the dense black scale 
showing high Na and CI levels (samples Au-coated to prevent sur- 
face charging). 

response to a drive to lower the free energy of the 
surface A1203 layer. The inabi l i ty  to grow A120~ 
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whiskers  on A1203 subst ra tes  under  the "mild"  ex-  
pe r imen ta l  condit ions used here  is in full  agreement  
wi th  l i t e ra tu re  repor ts  descr ibing the p repa ra t ion  of 
such whiskers  where  subs tan t ia l ly  h igher  t e m p e r a -  
tures  (~1300~ and more  vigorous a tmospheres  a re  
requ i red  (30, 31). 

Occasional ly  a c i ta t ion is observed in the  l i t e ra tu re  
briefly ment ioning observing a few A1203 whiskers  
which formed on oxide scales in the  course of an oxi -  
dat ion study,  e.g., Kuenz ly  and Douglass (32). Because 
such whisker  g rowth  is not concomi tan t ly  associated 
wi th  a large  difference in the  the rmograv imet r i c  
weight  change data, the i r  presence is l a rge ly  ignored.  
Sodium chloride is an t ic ipa ted  to be a ubiqui tous  con- 
t aminan t  at  low levels unless precaut ions  are  t aken  to 
exclude i t  f rom the expe r imen ta l  environment .  The 
fact that  such whiskers  have  not  been observed more  
f requent !y  l ike ly  resul ts  f rom two factors. In the first 
place, equipment  used for oxida t ion  exper iments  is 
f requent ly  kep t  ve ry  clean. This i tself  would  tend  to 
minimize  the concentra t ion of NaC1 which  would  cause 
such effects. In  the second place, oxida t ion  studies gen-  
e ra l ly  emphasize opt ical  me ta l log raphy  as a tool to 
examine  ox ide -subs t ra te  interfaces.  Al though  me ta l -  
lographic  techniques can be used to see whiskers  under  
favorable  circumstances,  i t  is r ea l ly  not  the op t imum 
ins t rument  for examining  fea tures  such as the  A1203 
blades  discussed here.  

Discussion 
The resul ts  of these exper iments  show that  gaseous 

products  i n t e r ac t  wi th  oxidizing NiA1. A product  of 
this in terac t ion  is A1203 whiskers  which  form on the 
dense A1203 scale. These whiskers  are  not observed 
unless ~he envi ronment  contains gaseous NaC1. 

A number  of mechanisms involving the A120~ fiber 
g rowth  effects observed here  can be specula ted on. 
Potent ia l  g rowth  mechanisms can involve compact  ox-  
ide g rowth  stresses or chemical  t r anspor t  processes. 
Chemical  vapor  t ranspor t  processes m i g h t  resul t  f rom 
react ions involving e i ther  A1203 (c) alone or  A12Oa(c) 
wi th  the gas-phase  corrodent ,  NaCl (g ) .  In  turn,  
NaC1 (g) could react  wi th  A12Q ei ther  d i rec t ly  as NaC1 
or ind i rec t ly  as its hydrolys is  products ,  NaOH and 
HC1. These possibil i t ies a re  discussed fur ther .  

Kuenz ly  and Douglass (32) have suggested tha t  
A1203 whiskers ,  observed in oxida t ion  exper iments  in-  
volving Ni3A1 specimens, grew by a cat ion-diffusion 
mechanism resul t ing f rom growth  stresses in the  com- 
pact  oxide scale. If  this is the  case in the work  dis-  
cussed here, then i t  might  be expected tha t  if oxide 
scale g rowth  stresses and cation, i.e., A1 +8, diffusion 
th rough  A1203 were  the  dominant  factors in A120.~ 
whisker  growth,  A1203 whisker  g rowth  should have oc- 
cur red  independen t ly  of the presence or in the absence 
of NaCl (g )  in the  oxidizing atmosphere .  Fur the rmore ,  
differences in NaCl (g)  concentrat ions should have no 
effect on whi ske r  morphology.  However ,  differences, 
though subtle,  in A1203 whisker  morphology  are seen 
for samples  oxidized at  the  same t empera tu re  and wi th  
different  levels  of NaCl (g )  in the  oxidizing a tmo-  
sphere.  Thus, this  mechanism does not exp la in  the 
effects repor ted  here.  

With  respect  to the possible chemical  vapor  t r ans -  
por t  processes, a conceptual  react ion for the A120~ fiber 
g rowth  might  involve the d i spropor t iona t ion-vapor iza -  
t ion of A1203 (c) 

A1203(c) --  A10(g )  -t- A1Of(g) [1] 

However ,  the  b lank  exper iments  involving dense A120~ 
fai led to show any whisker  growth.  This resul t  is 
r ead i ly  ant ic ipated  since at  1300~ the ca lcula ted  Kp 
for the  above react ion is app rox ima te ly  10 -43 (33). 
Therefore,  a d i spropor t iona t ion-vapor iza t ion  mecha-  
nism is again not applicable.  

Ano the r  chemica l - t ranspor t  process could involve 
the reac t ion  of HCI(g)  wi th  A1203. The HC1 vapors  for 

such react ions could be in ten t iona l ly  present  in the  ox-  
idizing a tmosphere  or der ive  f rom the hydro lys i s  of 
NaC1, i.e., 

NaCl (g )  -}- H20(g)  ~- NaOH(g)  d- HCI(g)  [2] 

The HCI(g)  presen t  would  then  diffuse th rough  the 
dense A120~ scale formed on the oxidizing NiA1 sam-  
ple. At  the  me ta l -ox ide  l aye r  interface,  the  HC1 could 
react  e i ther  wi th  the  A1203 scale i tself  or wi th  the 
a luminum in the substrate .  Examples  of the former  
equi l ibr ia  a re  

A1203(c) -{- 2HCI(g)  --  2A1OCI(g) -{- HfO(g)  [3] 
and 

A120~(c) d- 6HCI(g)  : 2A1C13(g) d- 3HfO(g) [4] 

The free energy values  for these react ions  a t  1300~ 
are posit ive and qui te  large,  i.e., 142 and 77 kcal  for re -  
act ion [3] and [4], respect ive ly  (33). S imi lar ly ,  the 
react ion involving the subs t ra te  can be represen ted  
by  

A1 (in NiA1) d- nHC1 (g) = A1CI,,(g) 

IA 

+yH~(g), n=1,2,3 [5] 

The free  energies for these react ions at  1300~ are  
--13, --27, and --50 kcal  for  the  format ion  of the  
monochloride,  dichloride,  and t r ichloride,  respect ively ,  
(33). 

Thus, if the  dense A1203 oxide l aye r  can keep  the 
oxygen potent ia l  sufficiently low at the me ta l -ox ide  
interface  and if the  HC1 and a luminum hal ides  and 
oxyhal ides  can diffuse th rough  the dense A1203 scale, 
then A1203 whiskers  could form f rom the appropr ia t e  
d ispropor t ionat ion  reactions.  Such a mechanism would 
not a l low for easy "short  circuit"  diffusion of a lumi -  
num hal ide  gaseous species th rough  cracks in the p ro -  
tect ive A1203 scale, because if HC1 and the appropr ia t e  
a luminum vapor  species can diffuse th rough  such 
cracks, so could oxygen. Such oxygen  would  then  in-  
teract  wi th  the  t r anspor t ing  a luminum vapor  species 
forming  A1208 wbhch would  be expected to plug up 
such easy diffusion paths. Gra in  bounda ry  diffusion 
would not be prec luded  by  such a model  as long as 
the diffusivi ty of the oxygen was much less than  that  
for the responsible  halogen and a luminum-ha logen  
vapor  species. 

A mechanism such as this  would suggest  extensive 
and v i r tua l ly  continuous dense oxide scale rup ture ,  
spallat ion,  and re format ion  at  constant  tempera ture .  
As more  and more  ma te r i a l  was removed  from the 
sca le -meta l  interface,  the oxide scale would become 
local ly  nonadherent .  Cracks then would local ly develop 
in the scale because of heterogeneous  dense scale 
growth  kinetics.  Gross oxida t ion  of the subs t ra te  im-  
media te ly  be low the local ly  spal led a rea  would then 
proceed rap id ly  as a pro tec t ive  scale t r ied  to reform. 
This type  of behavior  was seen here  for NiA1 oxidized 
at  900~C in an a tmosphere  containing 0.61 ppm 
NaC1 (g).  

The t ranspor t  of a luminum to form A1208 blades  has 
been descr ibed in terms of a cycle involving a luminum 
chlor ide  or a luminum-oxych lo r ide  vapor  species de-  
r ived  f rom HC1 vapors. S tearns  et al. (26) and F r y -  
burg  et al. (27) have  observed the  gaseous specms 
(NaC1)I.2.3 CrO3, (NaOH)I.2 CrO3, (NaC1)l.2 (MoO3)~, 
and (NaOH) MOO3. These vapor  species may  be 
v iewed as vola t i le  complexes of NaC1 (or its hydro l -  
ysis product  NaOH) and a meta l  oxide. If s imi lar  but  
as ye t  unident if ied species exist  in case of alumina,  the  
over -a l l  in te rpre ta t ion  of the t ranspor t  effect suggested 
above in the  case of HC1 remains  the same whi le  the 
specifics, e.g., the vapor  species responsible  for trans-- 
port,  wil l  obviously  differ. Al te rna t ive ly ,  i t  might  be 
specula ted that  only  the  chlor ide  component  of the  
NaC1 species diffuses th rough  the dense a lumina  scale 
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to form volatile aluminum chloride species at the sub- 
strate-protect ive scale interface. However such an ex- 
planat~on alone would not account for the sodium 
found at the base of the dense alumina scale, c]. Fig. 15. 

On the basis of the surface structures seen for NiA1 
samples exposed to slowly moving oxidizing atmo- 
spheres containing NaC1 vapors, the thermogravimetric 
data for such samples should not yield net weight 
losses. The aluminum removed from the alloy by such 
vapor processes is part ial ly redeposited on the outer 
surface of the oxide layer. However, in a rapidly mov- 
ing gas stream, the fine A120~ whiskers would not be 
expected to form on the substrate surface. Rather the 
chemical species responsible for their growth would 
be swept down the turbulent gas stream. Accordingly~ 
examination of turbine hardware would only fortui- 
tously be expected to show the presence of such A1203 
fibers. 

Furthermore,  from empirical observations of the fac- 
tors leading to A1203 whisker formation, the higher 
the temperature the more effective will be the diffu- 
sivity of pertinent vapor species through the dense 
A1203 oxide layer and so aluminum will be increas- 
ingly more rapidly removed from below the dense 
A1203 scale. Again, NaC1 for such processes need not 
be reformed in the chemical cycle. In the 1 ppm NaC1- 
air  composition range, the NaCl(g) should be lost to 
and gained from the atmosphere of a marine or in- 
dustrial gas turbine, in the absence of an unidentified 
chloride sink, at approximately equal rates (4). Al-  
though these experiments dealt  strictly with NiA1, 
similar NaCl(g) effects are expected with other coat- 
ing and alloy compositions which are also Al~.O3 form- 
ers. 

The description here of aluminum transport  effects 
has been admittedly both speculative and qualitative 
because of our present lack of knowledge of specific 
factors controlling this effect. The precise nature 
(composition and properties) of the pertinent chemical 
species and the diffusion mechanism (s) responsible for 
transport  through an otherwise dense alumina scale 
are unknown. 

Summary and Conclusions 
NaC1 has been known to be an effective corrodent in 

the liquid phase with and without condensed NaeSO~ 
(9-25). However, the work presented herein has shown 
NaC1 vapor present at low concentrations substan- 
t ial ly modifies the high temperature oxidation be- 
havior of the alumina former NiA1. The role of NaC1 
vapor in the oxidation of NiA1 is two-fold. In the first 
place aluminum is removed from a dense protective 
A12Oa scale and redeposited on the surface of the scale 
as A1203 whiskers. Secondly, the NaC1 vapor effects 
isothermal protective A12Q scale spallation. Such 
effects are contrary to those reported for Na2SO4 
which, to be an effective corrodent, must be present 
in the condensed phase (34). 

The interaction of NaCl(g) with NiA1 is not ex- 
pected to be unique and likely occurs with other alu- 
mina-forming coating and substrate compositions. 

Thermodynamic and kinetic treatments of oxidation 
phenomena in actual turbine atmospheres should, in 
order to be accurate, take NaCl(g) effects into 
account. The presence of NaCl(g) in the tenths of a 
ppm range in turbine atmospheres is anticipated to 
be vir tual ly ubiquitous resulting from either fuel or 
atmosphere contamination. The effects of NaCl(g) in 
the absence of condensed Na2SO4 will contribute to 
the high temperature degradation of alumina-form- 
ing protective coatings used in gas turbines. 
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Chromate Passivation Protection of Zn-and AI-Zn-Coated 
Steel Sheet Against Wet-Storage Stain 
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Bethlehem Steel Corporation, Homer Research Laboratories, Bethlehem, Pennsylvania 18016 

ABSTRACT 

The results  of l abo ra to ry  w e t - p a c k  tests show tha t  ch romate -pass iva t ion  
t rea tments  p rovide  t empora ry  protec t ion  for both  Zn-  and A1-Zn-coated 
steel  sheet  against  we t - s to rage  staining. Compared  wi th  Zn coatings, the  A1-Zn 
coating requires  about  half  as much chromium deposi ted on the surface  to 
achieve a given level  of protect ion.  Also, chromate  pass ivat ion  of the A1-Zn 
coating is consis tent ly  more  effective and less sensi t ive to appl ica t ion  condi-  
t ions than  chromate  pass ivat ion  of zinc coatings. Unl ike  the  da rk -co lo red  
a luminum- r i ch  corrosion products  (most ly  a luminum hydrox ide)  tha t  form 
on unpass iva ted  A1-Zn-coated sheet, the  corrosion products  tha t  even tua l ly  
form at  long exposure  t imes on pass iva ted  A1-Zn-coated  Sheets a re  r icher  
in  zinc and l igh te r  in  color. 

Zinc coatings a re  wide ly  used to protect  steel  from 
atmospher ic  corrosion (1). The pro tec t ive  qual i t ies  of 
the  zinc coatings on galvanized steel  resul t  f rom the 
fo rmat ion  of a pro tec t ive  l aye r  of insoluble  basic zinc 
carbonate  tha t  forms on the surface of the  zinc coating 
dur ing  bold exposure  (2). However ,  in the absence of 
air  and in the  presence of moisture,  zinc coatings cor-  
rode wi th  the format ion  of a r e l a t ive ly  nonprotec t ive  
zinc hydroxide,  often cal led "white  rust"  (1, 3). These 
condit ions can occur dur ing  sh ipment  or  s torage of ga l -  
vanized steel  if wa te r  is a l lowed to enter  the capi l la ry  
channels tha t  fo rm when sheets a re  coi led or stacked.  
The resul t ing  phenomenon,  re fe r red  to as "wet  s torage 
staining," usual ly  produces  only superficial  a t tack  of 
the  coating and thus is object ionable  only in te rms of 
esthetics. In  ex t r eme  cases, however ,  significant 
amounts  of coating may  be consumed, thus reducing 
the longevi ty  of the product  upon subsequent  exposure  
to the  a tmosphere  (4). 

Pass ivat ion  of Zn-coa ted  steel  in chromate  solutions 
provides  t empora ry  protec t ion  against  we t - s to rage  
staining. Many types of chromate  passivat ion t r ea tmen t  
have been descr ibed (1, 5, 6). Chromate  passivat ion 
produces  a thin film on the surface of the  sheet  tha t  
contains hexava len t  and t r iva len t  chromium com- 
pounds.  Most inves t igators  be l ieve  tha t  the  t r iva len t  
chromium presen t  as chromium hydrox ide  or  zinc 
chromate  acts as a p ro tec t ive  barr ier ,  whereas  the  sol- 
uble hexava len t  por t ion of the film serves to repa i r  
the ba r r i e r  at  areas  of localized breakdown.  

An  A1-Zn-al loy  [weight  percent  (w/o)  55 A1-43.4 
Zn and 1.6 Si] coat ing that  is at  least  2-4 t imes more  
res is tant  to a tmospher ic  corrosion than  zinc coatings 
of equivalent  thickness has been developed for steel  
sheet  by Be th lehem Steel  Corpora t ion  (7). The coated 
produc t  is cu r r en t ly  being marke t ed  in the U.S. under  
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the  name Galva lume sheet  steel. L ike  Zn, the  A1-Zn- 
a l loy coating is subject  to we t - s to rage  staining, bu t  the  
corrosion product  on unpass iva ted  sheet  is cha rac te r -  
i s t ical ly  black.  The expe r imen ta l  p rog ram descr ibed in 
this paper  demons t ra ted  that  chromate  pass ivat ion is 
effective in p revent ing  corrosion, i.e., "black staining," 
on the A1-Zn-coated sheet  dur ing  sh ipment  and s tor-  
age. 

Experimental 
Zn- and A1-Zn-a l loy-coa ted  steel  sheets  produced 

wi thout  chromate  pass ivat ion  on a continuous ho t -d ip  
product ion  faci l i ty  were  ch roma te - t r ea t ed  in the  l ab -  
o ra to ry  af te r  so lven t -vapor  degreasing.  Chromate -  
t r ea tmen t  consisted of p rehea t ing  the coated sheet  in 
air  to the t empera tu re  of the  chromate  bath,  immers ion  
in the  chromate  solution for t imes tha t  were  var ied  in 
the  range  1-5 sec, r emova l  of excess solut ion by  pass-  
ing the  t r ea ted  sheet  th rough  rubbe r  squeegee rolls, 
and dry ing  in a i r  a t  165~ Tempera tu res  of the  
chromate  ba th  were  va r ied  in the  range 120~176 
Chromate  baths  were  p repa red  f rom a p r o p r i e t a r y  
mix tu re  ava i lab le  as I r id i te  9L6.1 This mix tu re  is de-  
scr ibed by  its suppl ie r  as a fluoboric ac id -ac t iva ted  
chromate  passiva~ion t r ea tmen t  comprised  of app rox -  
ima te ly  10% hexava len t  chromium, 8% fluoride com- 
pounds, and 1.6% boron compounds.  Fo r  our  exper i -  
ments,  the  mix tu re  was d i lu ted  wi th  dis t i l led wa te r  to 
produce  solutions wi th  hexava len t  chromium concen- 
t ra t ions  which  were  var ied  in the range 1.3-7.7 g / l i t e r  
and wi th  pH 2-3. 

The  amounts  of chromium deposi ted on the passi-  
vated sheet  were  de te rmined  by  s t r ipping  the film and 
analyzing the s t r ipping solution by  use of e i ther  color-  
ime t ry  or  atomic absorption.  Wate r - so lub le  chromium 
was de te rmined  by  pa r t i a l l y  s t r ipping the film in boi l -  

1 Trademark of the Richardson Company, Des Plaines, Illinois. 
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ing dis t i l led  water .  Tota l  chromium was de te rmined  by  
s t r ipp ing  the  ent i re  film in a d i lu te  solut ion of phos-  
phoric  and sulfuric  acid. 

Tota l  chromium deposi ted  on the  s t r ip  was found to 
increase  sys temat ica l ly  wi th  increas ing solut ion con- 
centrat ion,  solut ion t empera tu re ,  or  immers ion  t ime. 
Thus i t  was possible  to control  the  amount  of chro-  
m i u m  deposi ted  in  ,several  ways  th rough  select ion o f  
different  combinat ions  of these parameters .  

Resis tance to we t - s to rage  s ta ining was de te rmined  
in l abo ra to ry  pack  tests conducted as follows. The 
surfaces of 8 X 10 X 0.02 in. sheets were. we t t ed  wi th  
dis t i l led  wa te r  and the sheets were  p laced in s tacks to 
s imula te  seve re ly  corrosive (complete  wetness)  s torage 
conditions. Each s tack  comprised  50 sheets and had  a 
25 lb weight  p laced on top to assure  un i fo rmi ty  of 
spacing be tween  sheets f rom top to bottom. Once each 
week,  the  s tacks were  opened for  visual  eva lua t ion  of 
degree  of stain, then wet ted  and s tacked again. Visual  
ra t ings  a re  based on a scale of 0-10, where  0 corres-  
ponds  to 100% of the  surface a rea  s ta ined and 10 to no 
staining. The nonl inear  scale (Table  I) is defined in 
o rde r  to emphasize  differences when only  small  
amounts  of s ta ining have  occurred.  We consider  a 
r ank ing  of 6 or  more  to represen t  acceptable  pe r -  
fo rmance  in the  w e t - p a c k  test. 

Corrosion products  formed on A1-Zn-coated  sheet  
were  analyzed  by  severa l  techniques,  inc luding x - r a y  
d i f f rac t ion  (XRD),  secondary  ion mass spec t romet ry  
(SIMS) ,  and ene rgy-d i spe r s ive  x - r a y  fluorescence 
(EDXRF) .  

Results and Discussion 
Wet-pack test results.--The resul ts  of w e t - p a c k  

tests on the  Zn-coa ted  sheets af ter  4 weeks  exposure,  
Fig. 1, show tha t  the  level  of protec t ion  increases  r ap -  
id ly  wi th  increas ing amounts  of chromium appl ied  up 
to about  8 #g/ in.  ~. Wi th  fu r the r  increases  in  chromium 
above  8 #g/in.  2, the  degree  of protec t ion  does not  in-  
crease as qu ick ly  and there  is cons iderable  va r i ab i l i t y  
in the  results.  We observed tha t  for a given amount  of 
chromium above  8 #g/in.  2 sa t i s fac tory  resul ts  (i.e., a 
ra t ing  of 6 or  more)  were  obta ined  only  w h e n  the 
sheets were  t rea ted  in ho t te r  (T"~--150~ and more  
concent ra ted  (hexava len t  chromium ~4.1 g / l i t e r )  so-  
lutions. Longer  contact  t imes to produce  equivalent  
ch romium levels in cooler, less concent ra ted  solutions 
did  not p rovide  sa t i s fac tory  passivation.  Thus above 8 
~g/in. 2 the  protec t ion  is dependent  more  on appl icat ion 
condit ions than  on chromium level  for ga lvanized 
sheet. 

F o u r - w e e k  w e t - p a c k  test  resul ts  for  A l -Zn-coa t ed  
sheet, Fig. 2, show increas ing  pro tec t ion  wi th  increas-  
ing chromium unt i l  complete  protec t ion  is achieved at  
about  4 ~g/in. 2, a value  roughly  half  that  requ i red  to 
reach  sa t i s fac tory  behavior  for the  Zn-coa ted  ~heet. 
Above  the  4 ~g/in.~ level,  complete  protec t ion  against  
we t - s to rage  s tain was achieved by  chromate  pass iva-  
t ion of the A1-Zn-coated sheet, regardless  of appl ica-  
t ion condit ions such as solut ion t e m p e r a t u r e  and con- 
centrat ion.  Thus, chromate  pass ivat ion  of A1-Zn coat-  
ings is consis tent ly  more  effective and less  sensi t ive to 
appl ica t ion  condit ions than  chromate  pass ivat ion  of 
zinc coatings. 

Typica l  t ime dependence  for w e t - p a c k  corrosion of 
ch roma te - t r ea t ed  sheets, Fig. 3, shows tha t  the p ro tec -  

C H R O M A T E  P A S S I V A T I O N  P R O T E C T I O N  
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Fig. 1. Effect of total chromium on the resistance of a Zn-caated 
steel sheet to wet-storage stain in a four-week test. 
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Fig. 2. Effect of total chromium on the resistance of an AI-Zn- 
coated steel sheet to wet-storage stain in a four-week test. 
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Fig. 3. Typical time dependence of storage staining for a 
chromate-treated steel sheet. 

t ion afforded b y  chromate  pass ivat ion  diminishes wi th  
longer  exposure  time. Compared  to unpass iva ted  sheet, 
which wi th in  a few days  in the w e t - p a c k  test  exhibi ts  
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severe  s torage  s tain ra t ings  (of 3 or  less) ,  the pro tec-  
t ion impar t ed  by  chromate  ( ra t ings  of 6 or  more)  
las ts  for  severa l  weeks. 

Soluble chromium content of passivation ]ilms.--The 
film tha t  forms on a chromate -pass iva ted  sheet  con- 
tains va ry ing  amounts  of wa te r - so lub le  and w a t e r -  
insoluble  chromium compounds.  We observed  that  
the  wa te r - so lub le  f rac t ion decreases  s lowly  with  t ime 
as the film ages. The re la t ive  amounts  of wa te r - so lub le  
and total  (wa te r - so lub le  plus wa te r - inso lub le )  p resen t  
in the  film two weeks  af ter  appl ica t ion  a re  shown in 
Fig. 4. We note tha t  soluble  chromium is not observed  
in the  pass ivat ion  film unt i l  the  to ta l  chromium ex -  
ceeds 4 and 8 #g/in.  2 for  Zn-  and Al -Zn-coa t ed  sheet, 
respect ively.  Above  these levels,  the amounts  of w a t e r -  
soluble chromium increase  wi th  increas ing to ta l  chro-  
mium. The coincidence of these values wi th  those re -  
qui red for a t t a inment  of sa t i s fac tory  behav io r  in the 
w e t - p a c k  tests suggests tha t  ava i l ab i l i ty  of wa t e r - so lu -  
ble  chromium for film repa i r  is needed to achieve the  
h igher  levels  of protect ion.  

Analysis of corrosion products on AI-Zn-coated 
sheet.--Corrosion products  formed on the surface of an 
unpass iva ted  A1-Zn-coated sheet  in the we t -pack  test  
a re  gene ra l ly  black in  color. Ano the r  s tudy prev ious ly  
repor ted  that  the  da rk  corrosion product  is comprised 
of b e t a - A l ( O H ) 3  (bayer i te )  (8). Our  XRD analysis  
of the da rk  corrosion product  found evidence of be ta -  
AI(OH)8  and also t race  amounts  of a l p h a - A l ( O H ) 3  
(gibbsi te) .  Al though  gibbsi te  is the most commonly  
occurr ing mine ra l  fo rm of AI(OH)~,  its presence in 
corrosion products  is r ega rded  as unusual  (9). By use 
of SIMS and EDXRF, we also found the presence of 
smal l  amounts  of zinc in the b lack  corrosion product .  

Analyses  of the l igh t -co lored  corrosion products  tha t  
even tua l ly  form on the pass ivated  A1-Zn-coated sheet  
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Fig. 4. Relationshlp of water-soluble chromium to total chromium 
on Zn and AI-Zn-coated steel sheet (film aged for 2 weeks 
prior to analysis). 

at long exposure  t imes indicates  a much h igher  content  
of zinc. In  view of the fact tha t  the A1-Zn coating is a 
two-phase  s t ruc ture  comprised  of about  80 volume 
percent  a l uminum- r i c h  cored dendr i tes  wi th  z inc-r ich  
al loy occupying the in te rdendr i t i c  regions (7), this r e -  
sult  suggests tha t  chromate  pass ivat ion is more  effec- 
t ive on the a luminum- r i c h  por t ion of the  coating. Thus, 
the z inc-conta in ing por t ions  of the pass iva ted  sheet  
a re  the  first to be a t t acked  at longer  exposure  t imes 
and l igh t -co lored  zinc corrosion products  a re  formed. 
Conversely,  the  da rk  color associated wi th  a luminum 
corrosion products  tha t  'form on unpass iva ted  sheet  is 
avoided. 

Summary 
1. For  both  the Zn-  and A1-Zn-coated sheet  steel, 

chromate  pass ivat ion provides  severa l  weeks  pro tec-  
t ion against  wet  s torage staining. 

2. Compared  wi th  Zn coatings, A1-Zn coatings re-  
qu i re  about  ha l f  as much chromium to achieve this 
level  of protection.  

3. Chromate  pass ivat ion of A1-Zn coatings is con- 
s is tent ly  more  effective and less sensi t ive to appl ica-  
t ion condit ions than  chromate  pass ivat ion of zinc coat-  
ings. 

4. Corrosion products  formed on the A l - Z n - c o a t e d  
sheet under  w e t - p a c k  conditions a re  b lack  and a lumi -  
num- r i ch  on unpass iva ted  sheet  but  are  l igh t -co lored  
and z inc-r ich  on pass iva ted  sheet. 
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ABSTRACT 

The character is t ics  of heav i ly  i on - imp lan ted  photores is t  films were  s tudied  
in re la t ion  to types  of photoresist ,  io,n species, accelera t ing  energies,  and dose 
levels.  By high energy,  high dose ion implan ta t ion  i t  was observed tha t  the  
opt ical  t ransmiss ion of the resis t  film was exceed ing ly  decreased  and the 
res is t  becomes more  mechanical ly ,  thermal ly ,  and chemical ly  resistant .  Severa l  
expe r imen ta l  da t a  ind ica ted  tha t  these resul ts  a re  due to the  change of photo-  
res is t  to d i sordered  graphite .  As an appl ica t ion  of this i on - implan ted  resist,  a 
new photomask  fabr ica t ion  process is developed.  

Photores is t  films a re  commonly  used as a mask  
agains t  ion implan ta t ion  in MOS in teg ra ted  circuits 
product ion.  For  prac t ica l  appl icat ions  at  present ,  the  
implan ta t ion  dose ranges  f rom 1011 to 1014 ions/cm~ 
(1,2) .  In  this  dose level,  the  photores is t  films are  
eas i ly  r emoved  af te r  ion implanta t ion .  As the  dose 
level  increases,  however ,  they  cannot  be s t r ipped  off 
comple te ly  by  chemical  s t r ippers ,  hot  ni t r ic  acids, or  
hot  sulfur ic  acids; the  chemical  du rab i l i t y  and h a r d -  
ness of the  res is t  films a re  increased.  The scratch r e -  
sistance and t he rma l  du rab i l i t y  are  also increased and 
the opt ical  t ransmiss ion is decreased.  This pape r  de -  
scribes (4) the  character is t ics  of h igh  energy  and 
high dose i on - imp lan t ed  resis t  films; (ii) the  reason 
for such a drast ic  change in the  character is t ics  by 
heavy  ion implan ta t ion ;  and (iii) the  appl ica t ion  of 
these character is t ics  to a new pho tomask  fabr ica t ion  
me thod  (3).  

Experiments and Results 
Photores is t  films (Ship ley ' s  AZ-1350, Tokyo Oka  

Kogyo 's  OMR-83 or OSR) wi th  thickness of 0.2 ~ 1 
#In were  spin  coated on si l icon wafers  or  on glass sub-  
strates.  The name and s t ruc ture  of the  base po lymers  
and sensi t izers  of these photoresis ts  a re  shown in 
Table  I. The photores is t  was then  pa t t e rned  th rough  
the steps of prebaking ,  exposure,  development ,  and 
postbaking.  A n  argon (4~ phosphorus  (~ ip+) ,  
or boron (ZlB+) ion beam wi th  an energy  of 20 ,~ 180 
keV and a cur ren t  dens i ty  of 0.16 ,~ 1.25 #A/cm 2 was 
imp lan ted  into the  res is t  film at  the  dose level  of 10 t4 
,~ 1016 ions /cm 2. Es t imated  ion ranges  in the  un -  
reac ted  resists  a r e  shown in Table  II  (4-6).  The  
or ig inal  character is t ics  of the  photores is t  film changed 
dras t ica l ly  by  this t r e a t m e n t  (7),  

F igu re  1 shows the in f ra red  l ight  absorpt ion  peak  of 
the nega t ive  photores is t  l aye r  (OMR-83, 8000A), 
which  was 11B+ ion imp lan ted  to a dose level  of 
3 X 1014 ions / cm 2 at var ious  accelera t ing  energies.  
There  is an absorpt ion  peak  at  a wave  n u m b e r  of 2800 
cm -z  which  corresponds to the  C-H bonds in the  
resist.  The  peak  decreases  as an  acce lera t ing  energy  
increases.  But, i t  is c lear  f rom Fig. 1 tha t  ion beam 
dens i ty  has no effect on the  des t ruct ion  of the  C-H 
bonds. 

F igure  2 shows the opt ical  t ransmiss ion var ia t ion  of 
the  posi t ive  photores is t  l aye r  (AZ-1350, 4300A), which  
was 31p+ ion implan ted  at  120 keV wi th  a dose level  
of 10 ~5 ~ 10 ~6 ions /cm 2. The opt ical  t ransmiss ion in  an  
u l t rav io le t  r a y  and in vis ible  lig1~t zones was decreased 
g rea t ly  wi th  increas ing dose level.  Corresponding to 
the  increase  of dose level,  the  color of the  resis t  l aye r  
changed f rom b rown  to black.  The tendency  of these 
two resul ts  shown in Fig. 1 and 2 was observed  wi th  
any  types  of photoresist ,  posi t ive or negat ive,  and 
wi th  any ion species, e.g., 31p+, 40Ar+, 11B+, or  49BF2+. 
The efficiency in changing the character is t ics  of photo-  
resis t  fi lm was found to depend  on the  ion species; i t  

K e y  words: polymers, integrated circuits, dissociation. 

was r anked  in the  o rde r  of 40A.r+ > ~tp+ > lIB+ in 
our  exper iments .  On this basis, the  fol.lowing expe r i -  
ments  were  conducted,  using AZ-1350 as the  posi t ive  
photoresist ,  OSR as the negat ive  photoresist ,  and 
40Ar+ as the  ion species. F igure  3 shows the  chemical  

Table I. Base polymers and sensitizers of photoresists 

OMR-83 Base  polymer cyclized polyisoprene (I)  
SG 0.99 

Sensitizer: bis-azide (II) 
OSR Base  p o l y m e r  p o l y ( - v i n y l o x e t h y l  e i n n a m a t e )  (III) 

SG 1.19 

AZ-1350 Base polymer cresol novolac r e s i n  (IV) 
SG 1.22 

Sensitizer naphthoquinene-l,2-dlazide-5-sulfonic ester (V) 

CH3 
CH3 I 

........~ C H 2 ~ -  CH2 - I ' v ' J  ~ N3 - R -  N3 

(1) (]I) 

.4-- 
CH2 

I 
CH- o cm2 CH2 0 C CH=CH~ 
"-~n 0 

(IlI) 

OH 0 
" 

I 
CH3 S02 R 

(IV) CV) 
Table II. Estimated proiected ion ranges in the unlmplanted 

photoresists 

Ion  species Ar + P§ B § 

E n e r g y  (keV)  50 100 150 200 50 150 50 150 
OMR-83 650 1300 2000 2700 790 2500 2600 7200 
OSR 540 llU0 1700 2300 650 2100 2200 6000 
AZ-1350 530 1100 1600 2200 640 2000 2100 5800 

(Unit  A) 

1 2 9 3  
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Fig. 1. The variation of infrared light absorption peak of nega- 
tive photoresist by ion implantation. 
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Fig. 2. Optical transmission variation of the negative photoresist 
layer with 31p+ ion implanted at 120 keV. The photoresist bs- 
comes opaque to ultraviolet and visible light by the ion imp!anta- 
tion. 

durability against 49% (hydrofluoric acid). The nega- 
tive photoresist layer (OSR of 4000A initial thickness) 
could not endure for less than a few minutes in the 
solution, while the 4OAr+ ion-implanted resist with a 
dose of 10 le ions/cm~ at 170 keV endured for more 
than 1 hr in the same solution. 

Figure 4 also shows the chemical durability against 
hot nitric acid and hot sulfuric acid. The manufacturing 
conditions of the sample for this test were the same as 
shown in Fig. 3, except that a transparent glass was 
used as a substrate. At first the initial transmission 
was measured to be 0.5% at a wavelength of 405 nm. 
Then the sample was subjected to a series of HNO3- 
H2SO4 cleaning; in which the following cycle was 
repeated: (i) dipping the sample in 75% HNO3 at 
90~ for 2 min; (ii) dipping the sample in 85% H2SOt 
at 120~ for 2 min; (iff) dipping the sample in 75% 
HNO3 at 90~ for 2 rain. After five cycles of this 
chemical treatment, no variation was observed in the 
transmission at 405 nm wavelength. 

Figure 5 shows the optical density variation (at a 
wavelength o~ 405 nm) of the photoresist layers on a 
transparent glass substrate at increasing doses and at 
constant accelerating energy. The initial photores~st 
thickness for this evaluation was 4300 and 3000A for 
AZ-1350 and OSR, respectively. The optical density in- 
creases in proportion to the logarithm of the dose 
level. 

Figure 6 shows the optical density variation (at a 
wavelength of 405 nm) of photoresist layers, having 
the same initial thickness as the preceding evaluation 
in Fig. 5 with a constant dose and with increasing 
accelerating energies. Figure 6 shows that optical den- 
sity increases linearly with increasing accelerating en- 
ergies. From the two experiments shown in Fig. 5 and 
6 it may be concluded that the optical density increases 
as a function of the total energy which is effectively 
conveyed to the photoresist layer from the implanted 
ions. 

Figure 7 shows the variation of the photoresist 
thickness before and after ion implantation (150 keV, 
1016 ions/em~). Tt is evident from Fig. 7 that the initial 
photoresist thicknesses are decreased by about half as 
a result of the ion implantation. Figure 8 shows the 
etching rate of the photoresist film by O2 gas plasma. 
The etching rate of unimplanted photoresist was about 
150.0 A/min, and it decreased as dose level increased; 
about 300 A/min at a dose level of 101~ ions/cm s and 
about 200 A/min at 1016 ions/cm s. 

Figure 9 shows the variation of pattern width by ion 
implantation to the positive photoresist (AZ-1350, 
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Fig. 3. The chemical durab|lity of negative photoresist (OSR) 
against 49% hydrofluoric acid. (A) Unimplanted, dipped for 5 
min in HF; (B) implanted (40At+, 170 keV, 1 • 10 TM ions/cmS), 
dipped far 1 hr in HF. 

CLEANING CYCLES 

Fig. 4. Chemical durability against hot HNO~-H2SO4. The resist 
on a transparent glass substrate was ion implanted and its optical 
transmission was measured after each cleaning cycle. 
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4300A as ini t ia l  thickness).  The var iat ion of the pat-  
tern width before and after ion implanta t ion  (170 keV 
1016 ions/cm 2) is wi th in  +--0.2 ~m, which is wi th in  per-  
missible measurementa l  error. Therefore it may pos- 
sibly be concluded that no measurable  var iat ion oc- 
curred in  the pa t te rn  width of photoresist by the ion 
implantat ion.  

Figure  10 shows the scratch-resistance var ia t ion of 
the photoresist layers by ion implanta t ion  at a constant  
accelerating energy and at increasing dose levels. The 
ini t ia l  photoresist thickness of AZ-1350 and OSR was 
4300 and 3000A, resFectively. The scratch resistance 
was expressed by the weight at Which a sapphire 
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Fig. 7. Variation of the film thickness before and after ion 
implantation. 
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Fig. 8 '. Film thickness as a function of time in oxygen gas plasma 

needle could scratch the sample surface. A sapphire 
needle of 0.6 mm diam was positioned straight above 
the sample surface and then lowered downward with a 
weight. For comparison, the scratch resistance of 
chromium-oxide  (CrzO~) by the same measurement  
method was also shown in this chart. The figure shows 
that  the scratch resistance for ,~Z-1350 and  OSR in-  
creases to the level of chromium oxide as the dose 
level is increased. However in case the ini t ia l  thickness 
is thick enough, i.e., more than 1 #m, the scratch re-  
sistance stays very weak even after the ion implan ta -  
t ion of the same conditions as ment ioned above. This 
is a result  of the insufficient ion range and the ion im-  
p lanta t ion  did not  harden the bottom of the resist. 

Figure  11 shows the thermal  durabi l i ty  of the photo- 
resist layer  in  dry 02 atmosphere. The photoresist 
(OSR, 2600A as ini t ia l  thickness) was pat terned on a 
silicon substrate in this case. Argon ions were im-  
planted into the sample at 170 keV to a dose level of 
101~ ~ 10 TM ions/cm 2. The photoresist film thickness 
was decreased to 1200A by this implantat ion.  Then 
the sample was exposed to dry O2 atmosphere in a 
variable temperature  furnace for 15 rain. After  each 
hea t - t rea tment  the film thickness was measured by a 
Talystep. Figure  11 shows that the thermal  durabi l i ty  
of the resist films gradual ly  increases with increasing 
dose levels. 

Figure 12 shows the same evaluat ion as in  Fig. 11 in 
dry N2 atmosphere. The thermal  durabi l i ty  of un im-  
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Fig. 10. The scratch resistance variation as a function of dose. 
The thickness of unimplanted photoresist was 4300A (AZ-1350) 
and 3000A (OSR), and 4~ was implanted at 170 keV. 

planted photoresist layer  was very weak  and the film 
thickness was decreased exceedingly at a cer ta in  tern- 
perature between 250 ~ and 350~ In  contrast, the film 
thicknesses of ion- implanted  photoresist did not de- 
crease even at 1100~ but  after hea t - t rea tment  o.f 
more than 600~ it was observed that the film became 
fragile and was easily scratched by a pincette. This 
result  indicates that some change in  qual i ty  occurred 
dur ing the heat - t rea tment .  

Graphi t i za t ion  by Ion Implanta t ion  
In our exper imental  activity, we noticed t'hree phe.- 

nomena which characterized high dose ion- implanted  
photoresist layers; (i) the color changed to b rown or 
black according to the dose level; (ii) the thermal,  
physical, and chemical resistances were greatly im-- 
proved; and (iii) the only way to strip the film off 
from the substrate was to combine it with oxygen. As 
these Characteristics resemble those of graphite (dis- 
ordered),  we deduced that  these phenomena by ion 
implanta t ion  were a result  of graphitization. 
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Fig. 11. Thermal durability of the photoresist film in dry 02 
atmosphere. 

a ~  

G) 
03 
W 
Z 
Y 
u 
i.-i 
I 

_J 

W 

2000 

I000 

0 O ~  

OSR 

Nz 15min .  

~ - - U N I M P L A N T E D  

o l  o 

IMPLANTED 

I0 '~  106(ions/c~) 4~  170keY 
/ 

/ /  ~ ~ ~ o . . . . .  

I I ~ Q  I I | { I 

0 200 400  600 800 I0(%) 1200 

TEMPERATURE (~ 

Fig. 12. Thermal durability of the photoresist film in N2 atmo- 
sphere. 

In  order to confirm this assumption, the ion- im-  
planted photoresist was subjected to infrared absorp- 
tion spectrum analysis and gas chromatographic anal-  
ysis. Figure 13 shows the infrared light absorption 
spectrum of the photoresist layer  before and after ion 
implantat ion.  The ion- implan ted  photoresist was 
scraped off from the surface of silicon wafers using a 
diamond point and then it was collected for evaluation. 
The major  absorption peaks of the un implan ted  photo- 
resist correspond to certain organic radicals, e.g., 
--CH3, --C6Hs, and - -C~O,  which characterize the 
base polymer of the photoresist. They decreased by 
the ion implanta t ion and finally they disappeared com- 
pletely as shown in  the figure at a dose level of 1O 16 
ions/cm ~. This phenomenon suggests that the photore- 
sist layer was converted from organic to inorganic 
material  by the ion implanta t ion  and that  the reaction 
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Fig. 13. Infrared light absorption spectrum of the photoresist 
layer before and after ion implantation. 

had more to do with the base polymer than with the 
photoactive sensitizers. 

Figure 14 shows the result of gas-chromatographic 
analyses for the resist layer before and after ion im- 
plantation. The sample preparat ion was the same as 
in the case of Fig. 13. The analyses were performed 
under the following conditions: thermal decomposition 
temperature,  720 ~ C; column, molecular sieve, 50 o C; car-  
rier gas, He 0.8 kg/cm2; detector, FID. The large peak 
for the unimplanted resist is clue to poly (-vinyloxy-  
ethylcinnamate) (the composition of OSR). This peak 
became negligibly small by the ion implantation. For 
corriparison, pure graphite (disorder) was subjected to 
the same analysis described above. A small peak ap- 
peared after the same retention time as in the case of 
OSR. Because of this resemblance of the peaks, we 
concluded that the ion-implanted resist was changed 
to nearly the same material  as disordered graphite. 
This chemical change of photoresist, i.e., graphitization, 
was supposed to be caused either by thermal or by 
mechanical effect of the  ion implantation. The former 
possibility, however, was excluded because of the fol- 
lowing two reasons: (i) Ion beam density (heat-gen- 
eration rate) has no effect on the change of photoresist 

layer  (Fig. 1); (ii) Unimplanted resist evaporates even 
in an inactive gas atmosphere at a certain temperature 
between 250 ~ and 350~ (Fig. 12). Therefore we at- 
tr ibuted the graphitization of photoresist to the me- 
chanical bombardment effect by ions. According to 
this model, incident ions break the chemical bonds 
within photoresist ,  and successively scatter hydrogen 
and oxygen atoms away from the major radicals of 
the resist. As a result, the resist becomes relat ively 
richer in carbon. 

Application to a New Photomask 
As one of the most profitable applications of ion- 

implanted resist, a new photomask manufacturing 
process is explained in detail. 

In Fig. 15(A) a conventional process for making a 
photomask is described. A film of metal or metal oxide, 
e.g., chromium oxide, is evaporated to a thickness of 
1000-5000A on the surface of a t ransparent  glass sub- 
strate. Photoresist is patterned by  using a conventional 
photolithographic technique. Then the film of metal or 
metal oxide is etched selectively using photoresist as 
a protective mask against an etching solution. Finally, 
the p hotoresist is removed and a conventional hard-  
type photomask is obtained. 

Figure 15 (B) shows a new photomask manufactur-  
ing process. At first, photoresist is patterned on a 
transparent glass substrate by using a conventional 
photolithographic technique. Then the entire top sur- 
face of the glass substrate is implanted with some 
suitable ions, such as sip+, 40Ar+, etc. By this t reat-  
ment ion-implanted photoresist becomes opaque to 
ultraviolet light. On the other hand, the glass substrate 
remains transparent to ultraviolet  and to visible light. 
As a result, a high quality photomask can be readily 
obtained. In order to obtain a hard- type  photomask 
by this method, it is necessary that  the initial thick- 
ness of photoresist be less than 4000A, accelerating 
energy be more than 120 keV, and the dose level be 
more than 3 X 10 i5 ions/cm 2. A requirement of in- 
creased optical density is easily achieved by thicken- 
ing the photoresist and increasing the accelerating 
energy. 
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This new process has completely eliminated the 
etching process. Accordingly, so-called "over-etching" 
will not appear at all. Therefore, the dimensional ac- 
curacy of photomask patterns is much improved. In 
addition, the production cost of photomask can be de- 
creased due to the process simplicity. 

Summary 
The characteristics of heavily ion-implanted photo- 

resist films are studied. Optical density increases in 
proportion to accelerating energy and to the logarithm 
of dose level. Other properties such as chemical dura-  
bility, thermal resistance, scratch resistance, and ad- 
herence to a substrate are also improved greatly. No 
conventional stripping method can effectively remove 
the resist from the substrate except a forced recom- 
bination of the resist with oxygen. Moreover, no varia-  
tion o3 the resist pat tern is caused by ion implantation. 
Visible and ultraviolet  light spectrometric and gas 
chromatographic experiments indicate that these char- 
acteristics are due to the change of photoresist to dis- 
ordered graphite. By using ion-implanted resist as the 
dark portion of a photomask, economical yet  excellent 
photomasks are successfully obtained. 
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Deposition of Fluorine-Doped Silica Layers from a 
SiCIJSiFJO  Gas Mixture by the Plasma-CVD Method 

D. Kiippers, J. Koenings, and H. Wilson 
PhiIips GmbH Forschungslaboratorium Aachen, 5100 Aachen, Germany 

ABSTRACT 

Silica layers doped with fluorine have been deposited inside a quartz glass 
tube from a SiC14/SiF4/O2 gas mixture. The oxidation reaction was initiated 
by a nonisothermal microwave plasma maintained at pressures of about 10 
Torr and wall temperatures in the region of 1O00~176 From the experi-  
ments it was formal that fluorine was incorporated in the silica deposit, pro-  
ducing layers with a lower refractive index than that of pure silica. Although 
the reaction to form SiO2 from a SiF4/Os gas mixture  is different from that 
with SIC14/O2, the efficiency of the deposition reactior~ with SiCl4/SiF4/Os 
is comparable to that  with SIC14/O2. 

Various techniques for the fabrication of low loss 
optical fibers have been described (1-3). To date, one 
of the most promising procedures utilizes a local re -  
action zone to deposit glassy layers of varying refrac- 
tive indexes on the inner surface of a silica tube. To 
yield homogeneous deposition over a considerable 
length, the reaction zone must be moved to and fro. In 
a subsequent step the tube is collapsed to a rod called 
the preform, and a fiber is drawn (Fig. 1). 

In order to guide light, the fiber core must have a 
refractive index slightly higher than that of the pure 
silica and, therefore, the deposit has to be doped. 
Hitherto the dopants most used have been GeO2, P20~, 
and B203, because they introduce negligible absorption 
losses in the wavelength region of interest, viz., 0.8-1.3 
~m. While nearly all dopants increase the refractive 
index of silica, the addition of B203 decreases it. 

Commonly used dopants have been found to give 
rise to some unfavorable properties, such as: (i) the 
small change in refractive index on increasing the 

Key words: doping, glass, plasma chemistry. 

dopant concentration (B20~); (ii) the quenching de- 
pendent nature of the change in the refractive index 
of silica on doping (B203); (iii) the formation of 
large stresses on doping (Ge02) ; (iv) the depletion of 
the dopants from surface adjacent layers on collapsing 
of the tube to a rod (P20~, GeO2); and (v) the large 
decrease of the softening point of the glass when doped 
with the oxide (B208, P20~). 

Recently it has been pointed out that doping with 
fluorine might be very attractive (4) since all these 
disadvantages are avoided. However, the application of 
the so-called modified chemical vapor deposition 
(MCVD) to fluorine containing gases gave rise to seri- 
ous problems. Here, thermal reactions in the gas phase 
led to soot particles which fused into a compact layer  
at about 1400~176 It was found that the total 
deposition rate of fluorine-doped silica decreased re-  
markably, the more silicon tetrafluoride present in the 
gas phase (5). Fur ther  it  would be desirable to in- 
corporate more fluorine into the deposit in order to 
obtain a greater variation of the refractive index. The 
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Fig. 1. Preparation steps in the optical fiber production route 

core region of an optical fiber usual ly  has a refractive 
index about 1% higher than  the cladding glass. This 
implies that  a fluorine content of at least 3 atomic 
percent  (a/o) should be present  (5, 6). 

The plasma-act ivated CVD process (PCVD) had 
previously been applied successfully to the deposition 
of pure  silica from a gas phase of composition SiCldO~ 
(7) and for deposition of doped silica from S i C l d  
GeCldO2 (3) for the preparat ion of optical fibers (8). 
The question arose whether  it is also capable of fab- 
r icating fluorine-doped fibers. 

From earlier work (9) it was known  that  oxyfluo- 
rides were formed by a SiF4/O2 nonisothermaI plasma 
at temperatures  of about 100~ and at pressures o f  
about 0.8 Torr. Polymers were obtained of the ap-  
proximate composition (SiO1.sF)n. The refractive in-  
dex of the polymers was found to be less than  1.4, 
considerably lower than  that of pure silica. In  our 
plasma experiments  the conditions normal ly  differ 
from those ment ioned above in  that the total pressure 
is in  the 1-30 Torr region and that the substrate tem- 
pera ture  is typically 1000~176 

pl, asma 
solid grass layer ~_/~---~/~/--sil ica tube 

/ / / / / / /  i / / / / / / / / / / / / /  

L ~ \ \  \ \  \ \  ~ \ \  \ \  \~ \ \  \ \  \ \ .  \ \  ~ \ 

microwave cavity --~ stationary furnace 

Fig. 2. Microwave reactor set up for the inside coating of a 
quartz tube. 

and a microwave cavity. The furnace heats the tube  
to a tempera ture  Tf of about ll00~ The microwave 
plasma is main ta ined  with the aid of a microwave 
cavity which is connected to a power supply capable 
of del ivering Em = 200 W at 2.45 GHz. The water-  
cooled cavity together with the furnace is mounted  on 
a slide and can be moved rapidly to and fro. For  me-  
chanical reasons the m a x i m u m  speed in  our experi -  
ments  was 17 cm/sec and the deposition length was 
30 cm. 

A sorption pump filled wi th  a synthetic zeolite and 
cooled by liquid ni t rogen was used to ma in ta in  an oil- 
and water- f ree  atmosphere. Typical gas flows dur ing  
the experiments  were Qo2 = 100 sccm, Qsic~ -- 9-25 
s c c m ,  a n d  QSiF4 : 0 -5  s c c m ,  While the pressure in  the 
reaction zone was normal ly  between 10 and 20 Torr, 
as  indicated by a capacitance manometer ,  

Results and  Discussion 
Microwave reactor stationary.--In the first experi -  

ments  the reactor was held s ta t ionary and constant gas 
mixtures  were supplied for a certain period of time. 
The results are discussed by means of Fig. 3. The up-  
per photograph shows the results  of an exper iment  in 
which oxygen together with silicon tetrachloride en-  
ters the tube  from the left. The detailed experimental  
data are given in  the legend to the figures. The result  
has been discussed earlier in detail (7). Silica is de- 
posited in a small  zone about 10 mm long, shifted in  
the direction of the incoming gas flow and 45 mm from 
the middle of the resonator cavity, which is indicated 
by a mark. The deposit is t ransparen t  and free from 
cracks. 

The photograph in  the middle  is from an exper iment  
in which silicon tetrachloride was replaced by silicon 
tetrafiuoride at a lower flow rate. The other experi -  

Exper imenta l  

The exper imental  setup consisted of a gas-supply 
system, a reactor, and a pumping  system. The gas- 
supply system was made of stainless steel tubing and 
connectors. Mass flow controllers for SiCl4, SiF4, and 
O~ allowed gas flow measur ing and control. Prior  to 
the measurements  the gas supply system was checked 
for leakage, which was found to be less than  10 .9  
Torr  �9 liter/sac. The SIC14 of electronic grade was oh- 
tained from Wacker Chemie. Oxygen of 99.998% 
pur i ty  (H20 < 2 ppm) was used. The SiF4 was ob- 
tained from Matheson and had the impur i ty  specifica- 
t ion of 0.3% air and 0.04% sulfur  dioxide. 

The reactor is shown schematically in Fig. 2. It con- 
sists of a silica tube  with inner  and outer diameters of 
r ---- 8 mm and ~oa = 10 mm, respectively, a furnace 

Fig. 3. Stationary deposition experiments, with the experimental 
conditions: ~od = 10 mm, ~id = 8 mm; Tf = 1100~ p = 8 
Tort, Em = 170W. (a) Qsic]4 = 9 sccm, Qo2 = 110 sccm; (b) 
QSiF4 = 4 sccm, Qo2 = 110 scorn; (c) OSiCl4 ~ g seem, QSiF~ 
---- 4 sccm, Qo2 = 110 sccm. 
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Fig. 5. Michelson interference micrograph of a preform core 
showing the decrease of refractive index with increasing fluorine 
content in the gas phase. (Wavelength, 550 nm; sample thickness, 
200 ~rn). 

Fig. 4. SEM photograph of the opaque part of the deposit 

menta l  conditions remained unchanged. Now the de-  
posit was mi lky and opaque, it  extended over a length 
of about ten times the inne r  diameter  of the tube and 
it was approximately symmetr ical  about the middle of 
the resonator cavity. 

The result  of the third experiment,  which is a com- 
binat ion of the former two, is given in  the lower 
photograph. It is not a simple superposition of the two 
preceding photographs. The local deposit of silica ap- 
pears at the same position as in  the first exper iment  
followed by a region which is t ransparent  to the mid-  
dle of the resonator. Thereafter  the deposit is opaque 
again and even more extended than  the deposit f rom 
SiF4 alone. Figure 4 shows the consistency of the de- 
posit in the opaque areas. It  has a granular  appearance 
and looks as though it was sintered from small  spheri-  
cal particles. 

From these experiments  it  is clear that the deposi- 
t ion reaction from SiF4/O2 and SiF4/SiC14/O2 gas mix-  
tures differs from that occurring with SIC14/O2. No 
measurements  characterizing the plasma itself have 
been carried out and therefore no detailed description 
of the processes occurring in  the gas phase can be 
given. One may  speculate, however, that  the different 
gas-phase compositions lead to different species in the 
plasmas and also to different deposition kinetics. 

Microwave reactor moving.--The exper iment  in  
which the deposition was studied from a mixture  of 
SIC14 and SiF4 was repeated with the reaction zone 
moving to and fro along the tube. About  1000 layers 
were deposited over a length of 30 cm. During the 
deposition the flow ratio of SiF4/SiC14 was main ta ined  
at four increasing levels. The result ing deposit looked 
uniform and t ransparent  apart  from an opaque  layer 
downstream from the main  layer. This result  is not 
to be expected from considerations of the static ex- 
periments.  It is reminiscent  of the case of a SiC1J 
GeC14/O2 gas-phase composition (3) where it  was 
found that  the deposition profiles of SiO2 and GeO2 did 
not coincide in  the static experiments.  Instead they 
led to a part ial  separat ion of both oxides. When a 
mul t i layer  s tructure was formed by moving the re-  
actor rapidly to and fro to make the individual  layers 
less than 1 ~m thick, the separation was no longer 
detectable either in  the collapsing behavior or in  the 
optical properties of the preform. By analogy it is as- 
sumed that  in the case of fluorine doping the mul t i -  
layer s tructure also leads to a seemingly homogeneous 
layer  when  the individual  layers are thin enough. 

After  deposition of the f luorine-containing layers, 
the tube was collapsed to a rod, with the core consist- 
ing of the deposited material .  Slices were cut from the 
rod and viewed by Michelson interference micros- 
copy. Figure 5 shows the result ing interference pattern.  
It is obvious that fluorine has been incorporated dur ing 
deposition, leading to a remarkable  decrease in refrac-  
tive index. The influence of the flow ratio changes can 
be seen very clearly. Each of the steps consists of some 
hundreds  of layers corresponding to the number  of 
passes of the reaction zone. The increase in the refrac- 
tive index at the center, as indicated by the concentric 
rings, reflects the fact that fluorine evaporates from the 
layers near  the surface during collapsing. This is very 
similar  to what  happens wi th  GeO2 as the dopant. In  
practice, this effect is not of importance for the fabr i -  
cation of optical fibers, since, in  contrast to most other 
dopant materials,  f luorine-rich layers must  first be 
deposited, followed by layers containing less fluorine. 
This is a direct consequence of the fact that the refrac- 
tive index of silica is lowered when fluorine is used as 
the dopant material.  

Figures 6 and 7 give the results of two experimental  
runs, (x) and (.),1 where the SiF4/SiC14 ratio was 
changed, although the volumetric  flow Qsix4 : QsicJ4 
-f- QsiF4 remained constant. In  Fig. 6 the decrease in  
the refractive index is plotted vs. fhe ratio q ---- QsiF,l/ 
Qsix4. The greatest change in  refractive index obtained 
under  these experimental  conditions is Anmax : --2.1 
X 10 '-2, corresponding to a change of 1.5% relat ive to 
pure silica. A first a t tempt with 50 mole percent  (m/o)  
SiF4 in the gas phase to get even greater changes in  
refractive index failed. Although the layer  was of good 
appearance after deposition, bubbles developed on col- 
lapsing of the tube into a rod. It is thought that this 
is due to fluorine being released in the deposit at high 
temperatures.  Analogously to the case of chlorine dop- 
ing (4), we found that the curve is sensitive to changes 
in the deposition temperature.  

The two experiments  were made with two different 
microwave cavities. The cavity Which gave the curve 
indicated by crosses ( •  had an inner  length of 30 
m m  with a hole in the side walls of 30 m m  diam which 
was off the cavity axis. The other cavity, with data 
designated by dots ( . ) ,  had an inner  length of 10 mm 
with a 'hole of 15 mm diam on the axis of the cavity. 

The efficiency of the deposition process with SiCI~ 
part ial ly substi tuted by SiF4 has been studied. The 
total volume of silica deposited per uni t  t ime 
dVsio2/dt is given by 

1 With different microwave cavities as described later. 
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Fig. 6. Change of refractive index with increasing silicon tetra- 
fluoride content in the gas phase for two separate runs, Ostx4 
= 10 sccm. 
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Fig. 7. Cross section of the rings as obtained for an increasing 
number of individual layers: Qsi:o, ---- 10 sccm, VR = 2 m/rain 
(X), and VR ---- 3.5 m/min ( ' ) .  

f . L  
dVsio2/dt -- ~ = aF/NF • VR [1] 

whe re  L is l ength  of the deposi t ion zone, ] is cross- 
sect ion area  of one layer ,  t is t ime for  one pass, VR is 
the react ion zone velocity,  NF is the  number  of layers,  
and a F  is the  cross-sect ion area  of NF successive l ay -  
ers, AF ---- NF X ~. 

The m a x i m u m  volume of SiO2 that  can be deposi ted 
if all  SiF4 and SIC14 is conver ted  into SiO2 is given 
by  the fo rmula  

dVsio2/dt = (Qsix4 x Msi02)/(/~ X T • psi02) [2] 

where  M s i o 2  : molecular  weight  of silica, R ---- gas 
constant  pe r  mole, T ---- 273~ and psio2 : 2.201 g/cm~, 
the  mass dens i ty  of silica. 

In Eq. [2] the  influence of the  incorpora t ion  of flue- 
r ine  on the dens i ty  of the  deposi t  has been  neglected.  

F rom Eq. [1] and [2] we get  

hF "- Msio2/(R X T X psio2) X (NF X Qsix4)/VR [3] 

F rom photographs  s imi la r  to tha t  of Fig. 5 ~F can 
be obta ined  by  measur ing  the radius  of each ring. The 
number  of layers  NF in each a rea  is known from the 
exper iments .  Thus the theore t ica l  curve of Eq. [3] 
for comple te  reac t ion  can be ca lcula ted  and is given 
in Fig. 7 as the ful l  curve together  wi th  the measured  
values  of two exper imen ta l  runs. 

There  is no drast ic  decrease in the  efficiency of the  
over -a l l  react ion when SiF4 is added  to the  gas flow, 
in contras t  to the  resul ts  of the MCVD process (6). 
In  Fig. 7 it  can be seen tha t  the  cavi ty  wi th  the  g rea te r  

Fig. 8. Etch relief of a fluorine-doped graded index fiber 

field s t reng th  ( . )  gives complete  reac t ion  wi th in  e x -  
p e r i m e n t a l  error .  The o ther  cav i ty  ( •  reflects a 
s l ight ly  lower  yield.  

A graded  index  p re fo rm was p repa red  b y  coat ing 
the inner  surface of a quar tz  tube  wi th  400 layers  of 
pu re  silica, fol lowed by  1070 si l ica layers  wi th  con- 
s tant  fluorine concentrat ion,  and finally by  820 layers  
wi th  decreasing fluorine content.  The total  flow of 
sil ica hal ides  was up to 30 sccm in these exper iments .  
Af te r  the collapsing of the  tube  into a rod, a fiber w a s  
drawn.  F igure  8 shows a cross sect ion of the  fiber 
etched in H F  solution. The f luor ine-doped areas  of the  
fiber are  c lear ly  visible due to the g rea te r  etch rate.  

F i rs t  fibers d r a w n  f rom pre forms  p repa red  by  the 
method descr ibed above show a m i n i m u m  to ta l  loss 
~f  about  5 d B / k m  at  1050 nm wavelength .  This ind i -  
cates tha t  the f luor ine-doped layers  are  of good optical  
qual i ty .  

Summary 
Highly  t ransparent ,  th ick  glass layers  doped wi th  

fluorine have been obta ined by  means  of the  p l a sma-  
ac t iva ted  CVD method.  Al though  the s ta t ionary  e x -  
per iments  gave nonuni form layers ,  good resul ts  were  
obta ined when  the  react ion zone was moved  repea t -  
edly  over  some length  of the subs t ra te  tube.  

The ove r -a l l  efficiency of the deposi t ion process is 
not  g rea t ly  influenced when  silicon te t raf luor ide  is 
added  to silicon te t rachlor ide .  Under  the expe r imen ta l  
condit ions applied,  the  greates t  change in re f rac t ive  
index  is found to be An = --0.021 with  respect  to pure  
silica. 

Manuscr ip t  submi t ted  Dec. 6, 1977; rev ised  m a n u -  
scr ipt  received March 17, 1978. 

Any  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ ished in the June  1979 JOURNAL. 
Al l  discussions for  the  June  1979 Discussion Section 
should be submi t ted  by  Feb.  1, 1979. 

Publication costs o] this article were assisted by 
Philips GmbH Forschungslaboratorium Aachen. 
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Room Temperature Instabilities of p-Channel 
Silicon Gate MOS Transistors 

Haruo Nakayama, Yoshihiro Osada, and Masahiro Shindo 
Mitsubishi Electric Corporation, Kita-Itami Works, 4-1 Mizuhara, Itami, Hyogo, Japan 

ABSTRACT 

New unusua l  phenomena such as a rapid negative shift of a t h r e s h o l d  
voltage due to positive bias t reatment ,  a t ime-dependent  increase of a j tmction 
leakage current,  and a fast recovery of a breakdown voltage after walk-out  
are observed on specially processed p-chamuel silicon gate MOS transistors. 
Fur the rmore  the charge decay in specially processed FAMOS devices is found 
to be very fast compared with that  in correctly processed devices. Process 
conditio,r~s inducing the instabi l i ty  are investigated and it is found out that 
400~176 hea t - t rea tment  with a trace of ethyl alcohol or acetone after 
metal l izat ion induces the instabi l i ty  if a gate oxide contains a large quant i ty  
of boron. The activation energy of the mobile species which cause the threshold 
voltage shift is found to be 0.54 eV. A new model to explain these phenomena 
is p r o p o s e d .  

A room tempera ture  instabi l i ty  of p-channel  silicon 
gate MOS devices has been reported by Faggin et at. 
(1) and by Shimakura  et al. (2). This instabi l i ty  ap- 
pears as a rapid negative shift of a threshold voltage 
when positive bias is applied on a gate electrode even 
at room temperature.  A breakdown voltage degrada- 
t ion (1) and an increased junct ion leakage current  (2) 
have also been reported. The instabi l i ty  is observed 
only on silicon gate devices the gate oxide of which 
contains a large quant i ty  of boron diffused from a 
boron-doped polysilicon electrode. Therefore, the ex- 
istence of boron in the gate oxide must  be an impor-  
tant  factor of the instability. This alone, however, does 
not induce the instabili ty,  as is seen from the fact that  
correctly processed p-channel  silicon gate devices are 
stable. Therefore, there must  be other factors. Faggin 
et al. have reported that  the instabil i ty occurs when 
devices are "prealloyed," that  is, annealed at 500~ 
before metal  mask so that a l uminum covers the entire 
device. Shimakura  et al., on the contrary, observed the 
instabi l i ty  on the devices which were not "prealloyed." 
According to Shimakura  et al., the other factor of the 
instabil i ty is boron dr ive- in  ambients.  

In  our work, process conditions inducing the insta-  
bi l i ty are investigated and it is found out that  a 400 ~ 
500~ hea t - t rea tment  after definition of a luminum,  
with a trace of ethyl alcohol or acetone attached to 
the wafers, induces the instabili ty.  Neither "prealloy" 
nor boron dr ive- in  ambients  are the maior  factor of 
the instability. Furthermore,  various electrical charac- 
teristics of unstable  devices are investigated in detail. 
And besides the threshold voltage shift, new unusua l  
phenomena are observed on unstable  devices: a t ime-  
dependent  increase of a junct ion  leakage current,  a 
fast recovery of a breakdown voltage after walk-out ,  
and a fast charge decay in FAMOS devices. Final ly  a 
new model to explain the instabi l i ty  is proposed. 

Process Conditions Inducing the Instability 
N-type  (111) silicon wafers of 4-6 ~cm resist ivity 

were used. A 1200A gate oxide was grown in a dry O~ 

Key words: threshold voltage shift, junction leakage, walk-out, 
alumina silica catalyst. 

ambient  at ll00~ A 4000A polysilicon film was de- 
posited and defined by photolithographic technique. 
Boron predeposition was carried out for 20 rain with 
B2Hs as a source gas, tempera ture  being changed over 
a range from 950 ~ to 1030~ Subsequent  boron drive-  
in  was carried out in  dry N2 at ll00~ in dry O~ at 
ll00~ or in  H20 at 950~ As a result  of boron-diffu-  
sion processes, source regions and drain  regions were 
formed and gate electrodes were heavily doped with 
boron. The parameters  of boron diffusion processes 
were decided in order to get a wide range of the boron 
concentrat ion in the gate oxide. A 3000A oxide was de- 
posited and contact holes were defined. An a luminum 
film was evaporated, defined, and then alloyed in dry 
N2 at 500~ Finally,  the wafers were subjected to 
400~ hea t - t rea tment  in  H.2 to reduce surface-state 
densities. Some wafers were dipped in  ethyl alcohol 
prior to metallization. Some wafers were "prealloyed" 
for 10 rain at 500~ in dry  N2 immediate ly  after a lu-  
m i num evaporation, that  is, before definition of a lu-  
minum. The flow of sample preparat ion is i l lustrated 
in Fig. 1. 

Table I summarizes the exper imental  parameters  
and threshold voltage shifts, AVth , which were mea-  
sured after 1 rain BT t rea tment  of Vg ----- ~ 20V at room 
temperature.  Threshold voltage shifts were not un i -  
form within  a wafer, therefore the averages of 10 t r an-  
sistors are shown in  Table I. It can be seen that  ethyl 
alcohol attached to the wafer prior to metal l izat ion 
plays an impor tant  role. Negative shifts of threshold 
voltages were observed on all the samples treated with 
ethyl alcohol (Flows A and B), while the samples not 
treated with ethyl alcohol (Flows C and D) were 
all stable. Boron diffusion parameters  were not the 
major  factor of the instabili ty.  "Prealloy" did not in-  
duce the instabi l i ty  either. 

In  the second experiment,  all the samples were fab- 
ricated without  ethyl alcohol dip (Flow D), and there-  
fore no threshold voltage shift was observed at the 
final stage of the usual  wafer process. After  the AVth 
measurement,  the samples were dipped in  ethyl alco- 
hol, acetone, toluene, trichloroethylene, freon, or de- 
ionized water, and baked for 30 min at temperatures  
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Fig. 1. Flow of sample preparation 
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Vth Vth Vth Vth Vth Vth 
measurement measurement  measuremen t  measurement  measurement  measurement 

Fig. 2. Flow of sample preparation after usual wafer process 

of 250~176 and AlZth were  measured again (Fig. 2). 
The experimental  results are shown in Fig. 3, in  which 
AIZth after 1 min BT treatment (IZg = +20V,  room 
temperature) are plotted against the baking tempera- 
ture. It can be seen that ethyl  alcohol and acetone 
induce the instabil i ty  at temperatures above 400~ 
It is deduced, therefore, that in the case of the first 
experiment  shown in Fig. 4 the instabil i ty was induced 
during the 500~ al loying step. Toluene, trichloroeth- 
ylene,  freon, and deionized water did not induce the 
instabil i ty over the experimented temperature range. 

Alkal i  ion contaminations in ethyl  alcohol or in ace- 
tone may  be suspected to induce the instability, but 

v 
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Fig. 3. Generation of the Vth drift instability due to heat-treat- 
ment with some kinds of chemicals attached to the wafer (Fig. 2). 
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Fig. 4. Typical Vth shifts due to positive bias treatment 

t h i s  is no t  t h e  case;  e t h y l  a l coho l  d i p  p e r f o r m e d  p r i o r  
to i m p o r t a n t  p roces se s  s u c h  as ga t e  o x i d a t i o n ,  b o r o n  
p r e d e p o s i t i o n ,  a n d  b o r o n  d r i v e - i n  d i d  n o t  i n d u c e  t h e  
i n s t a b i l i t y .  

I n  shor t ,  400~176 h e a t - t r e a t m e n t  a f t e r  m e t a l l i z a -  
t i o n  i n d u c e s  t h e  i n s t a b i l i t y  i f  t h e  ga t e  o x i d e  c o n t a i n s  a 
l a r g e  q u a n t i t y  of b o r o n  a n d  i f  e t h y l  a l coho l  or  a c e t o n e  
is a t t a c h e d  to t h e  w a f e r .  T h e  m e c h a n i s m  is d i s cus sed  
l a t e r .  

Table I. Process conditions and Vth shifts due to 1 rain bias treatment of + 2 0 V  at room temperature 

Process  condit ions  
F low of sam- Vtn shifts  

Boron pie preparat ion 
predepos i t ion  Boron drive-in (Fig. 1) AVt~* (V)  

950~ 20 min l l00~ N2 30 min B --4.5 -10 .2  -13 .7  
~oP+ ~ 60 ~/E]) 1100~ N2 30 min D 0.0 0.0 0.0 

1000~ 20 min 1100~ N~ 30 rain A - 0 . 2  - 0 . 8  - 8 . 1  
(pap + ~ 30 ~/E]) l l00~ N~ 30 min B -- 1.0 - 4 . 9  -22 .7  

ll0O~ N2 30 min C 0.0 0.0 O.0 
I100~ N2 30 rain D 0.0 0.0 0.0 
l l0~~ N2 60 min D 0.0 0.0 0.0 
l l00~ O2 30 min D 0.0 0.0 0.0 
950~ H~O 20 rain + C 0.0 0.0 O.O 

ll00~ N2 30 min D 0.0 0.0 O.0 
1030~ 20 rain 

( p , P +  ~ 20 ~ / O )  1100~ N~ 60 rain D 0.0 0.0 0.0 

* Each A'-Vth is the  average  A~rth Of 10 transis tors  in a wafer  (Three  wafers  for  each process  condit ions) .  
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Electr ical  Character ist ics 
Some interes t ing characteristics were observed on 

"unstable" MOS devices. The sample preparat ion con- 
ditions were as follows; boron predeposition at 1030~ 
for 20 rain, boron dr ive- in  at l l00~ in dry N2 for 30 
rain, and ethyl alcohol dip prior  to metal l izat ion (Flow 
B). 

Threshold voltage shift .--The dependence of a thres- 
hold voltage shift, hVth, on a biasing t ime and a tem- 
pera ture  is shown in Fig. 4 for an applied gate bias 
of + 20V. A large negat ive  shift of a threshold voltage 
is observed. This shift is a t t r ibuted  to the change in  
the positive charge dis tr ibut ion in a gate oxide; posi- 
tive charges move to the S i O J S i  interface dur ing posi- 
tive bias t reatment .  The activation energy for the dif- 
fusion coefficient of the positive charge is calculated 
to be 0.54 eV. 

Threshold voltage shifts were not uni form even 
within  a wafer. An example is shown in  Fig. 5, in 
which a large var ia t ion of hVth is seen and  contour 
lines can be drawn. This large var ia t ion of aVth cannot  
be a t t r ibuted to the var iat ion of the boron concentra-  
t ion in  a gate oxide, for the boron concentrat ion was 
rather  un i form wi th in  a wafer. The dis t r ibut ion of ~Vth 
seems to be related to evaporat ion of liquid, probably 
ethyl alcohol. 

Time-dependent increase of a junction-leakage cur-  
rent .--A dra in - junc t ion  leakage current  was measured 
with a gate electrode grounded. Figure 6 shows the 
exper imental  results. A reverse bias of --15V was ap-  
plied to a dra in  and the leakage current  was observed 
to increase rapidly. The rate of the increase depends 
on temperature.  In  the case of a measurement  at 100~ 
the leakage current  after 10 min  became two orders as 
much as the ini t ial  value. Then suddenly, the drain  
bias, Vd, was changed to --1V, and the leakage cur ren t  
was observed to decay to its sa turat ion value for Vd -- 
--1V. 

The mechanism of this increase of a junct ion  leak-  
age current  is considered to be as follows. Since the 
gate electrode is grounded and  a negative bias is ap-  
plied to the drain, the electric field in the gate oxide 
moves the positive charges to the vicini ty of the drain. 
These positive charges in the vicinity of the drain  en-  
hance the electric field across the junct ion  and increase 
the leakage current.  The junc t ion  leakage current  IR 
is given by  

IR = MIRo 

where M is a mult ipl icat ion factor (3) 
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Fig. 6. Increase and decay of a junction leakage current ob- 

served on an "unstable" device. 
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Fig. 5. Distribution of Vth shifts within a wafer due to 1 min 
bias treatment of +20V  at roam temperature. 
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where E is the electric field across the junct ion;  EB is 
the electric field across the junct ion  which induces an 
avalanche breakdown;  and n is 3 ~ 6. If E is not negl i -  
gible compared to EB, as is the case of the exper iment  
shown in  Fig. 6, a small  increase of E causes a large 
increase of a leakage current.  

The mechanism proposed above was verified experi-  
menta l ly  as is shown in  Fig. 7. A reverse bias of --15V 
was applied to a dra in  of a "stable" MOS device and 
the dependence of the leakage current  on a gate bias 
was investigated. A strong dependence can be seen for 
positive gate biases; the leakage current  with a gate 
bias of +20V is two orders as much as that  with the 
gate grounded. This positive gate bias simulates the 
effect of the positive charges near  the dra in  of "un-  
stable" gate-grounded devices because both enhance 
the electric field across the drain  junction. This phe- 
nomenon is considered to correspond to a junct ion 
breakdown voltage degradation reported by Faggin 
et al. (1). 
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Fig. 7. Effect of a gate bias on a junction leakage current of a 
"stable" device. 

Fast recovery ol a breakdown voltage alter walk- 
o u t - I t  is well  known that  a junct ion breakdown vol t -  
age, VB, shifts to a higher  value  when a high voltage 
enough for an avalanche breakdown is applied to a 
drain. This phenomenon is called walk-out .  In the 
case of a p -channe l  MOS transistor, wa lk-ou t  is con- 
sidered to be caused by an inject ion of hot electrons, 
which are  generated dur ing avalanche, into the gate 
oxide near  the drain (4). Af te r  avalanche has ceased, 
VB wil l  remain  at its high value ini t ial ly but  af ter  
a long period of t ime it will  recover  to its ini t ial  value, 
VBo. This recovery  is considered as a consequence 
of the escape of the t rapped electrons. This recovery  
character is t ic  was studied for "unstable"  MOS t ran-  
sistors as well  as "stable" devices. 

Breakdown voltages were  measured with  the gate 
electrodes grounded. Init ial  b reakdown voltages, VBo, 
were  --30V for all samples. Then walk-ou t  was carr ied 
out wi th  the gates grounded, a reverse  bias of --50V 
being applied to the drain electrodes for 1 min. As a 
consequence of walk-out ,  b reakdown voltages became 
--50V. In other  words, the breakdown voltage shifts 
immedia te ly  af ter  walk-out ,  AVB(0), were  20V. In 
the next  step, the  samples were  stored at tempera tures  
of :i00~176 for t ime t. Then breakdown voltages 
were  measured again. In Fig. 8 AVB(t)/AVB (0) are 
plotted against  storage t ime t for  various temperatures .  
Here  AVB(t) are the differences be tween the initial 
Vso and VB af ter  high t empera tu re  storage. The re-  
covery  of wa lk -ou t  is described by 

AVB(t)/~VB(O) oc t - x  

where  ~ is a function of t empera tu re  and varies for 
different devices (5). F rom Fig. 8 it is found that  the 
recovery  is ex t r eme ly  fast for "unstable"  devices. This 
means that  t rapped electrons escape much faster  in 
"unstable"  devices than in "stable" devices. 

Charge decay in p-channel FAMOS devices.--In a p- 
channel FAMOS device, the electrons t ransported from 
substrata across a gate oxide by an avalanche inject ion 
are stored in a floating polysilicon gate and induce a 
channel  be tween  a source and a drain. The storage of 
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Fig. 8. Recovery of a junction breakdown voltage after walk-out 

electrons in the floating gate needs no power  supply, 
therefore  a FAMOS device is a kind of a nonvolat i le  
memory.  

The re tent ion characterist ics were  studied for cor- 
rect ly processed FAMOS devices and for FAMOS de- 
vices t rea ted wi th  ethyl  alcohol (6). The memory  re -  
tent ion t ime Tret depends on t empera tu re  exponent ia l ly  

�9 oc exp(AE/kT) 

In the case of correct ly  processed FAMOS devices, 
Tret(250~ is an order  of 106 sec and AE is 2.8 ~ 3.2 
eV, therefore,  the electrons wil l  be stored for more 
than 10 years at a t empera tu re  lower  than 150~ On 
the other hand, the re tent ion capabil i ty of FAMOS 
devices t reated wi th  ethyl  alcohol was found to be 
very  poor; Tret(250~ is 103 ,-~ 105 sec and AE is 0.8- 
2.2 eV. 

Mechanism of the Instability 
This instabi l i ty  is considered to be due to posit ive 

charges wh ich  move  fast in a gate oxide. In Faggin 's  
model, H + ions are generated dur ing preal loy and 
these H + ions are the moving  species. One of the rea-  
sons is the agreement  of the diffusion constants as 
shown in Fig. 9, which is cited f rom Fig. 11 of the Ref. 
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(1). But this model  cannot  expla in  the reason the in-  
s t ab i l i ty  appears  only  on p -channe l  sil icon gate  MOS 
devices. An  explana t ion  proposed by  Sh imakura  et al. 
is based on an assumption tha t  H + ions move much 
fas ter  in a boron-doped  oxide  than  in a nondoped 
oxide. According  to the i r  model, the  amount  of a 
threshold vo l t age  shif t  depends  on the thickness  of a 
boron-doped  oxide  l aye r  which  is formed in the  upper  
region of a gate  oxide dur ing  the boron d r ive - in  proc-  
ess. But our  expe r imen ta l  resul ts  showed no depen-  
dency on the  boron diffusion conditions, which mus t  
be re la ted  to the  thickness of the  boron-doped  oxide  
layer ,  as shown in Table  I. 

An  a l t e rna t ive  model, which is based on our  ex -  
pe r imenta l  results,  is as follows. H + ions or  H atoms 
are  genera ted  f rom ethyl  alcohol at  t empera tu re s  of 
400 o-500oC. 

Al~03-Si02 
2C2HsOH , > CH2=CH--CH--CH2 

-~- 2H20 -~ 2H 

A120~-SiO2 is known to be an effective ca ta lys t  of the 
chemical  react ion and considered to exist  at  the A1/ 
SiO~ interface  (Fig. 10). The hydrogen  genera ted  must  
be in a reac t ive  form to induce the  ins tabi l i ty ,  because 
our  exper imen t  showed tha t  h e a t - t r e a t m e n t  at 4000C 
in an H~ ambien t  does not  induce the ins tabi l i ty  if the 
sample  is processed correc t ly  (Flows C and D of Fig. 
1). The  reac t ive  hydrogen  diffuses to a gate oxide  
which contains a large  quan t i ty  of boron. Boron is a 
k ind  of ne twork  former,  and a r ea r r angemen t  of the  
SiO2 ne twork  m a y  take  place  wi th  the a id  of react ive  
hydrogens,  and hole t raps  m a y  be genera ted  as i l lus-  
t ra ted  in Fig. 10. Holes which are  in i t ia l ly  located near  
the  poly-Si /SiO~ interface  dr i f t  to the SiO2/Si in te r -  
face by  posit ive bias and induce the instabi l i ty .  The 
amount  of a threshold vol tage shif t  depends  on the 
number  of hole  t raps  in the gate  oxide, which in tu rn  
depends on the amount  of hydrogen  genera ted  f rom 
ethyl  alcohol or  acetone. 

Al203-SiO 2 
2C2H50H m CH2=CH-CH=CH 2 + 2H20 + 2H 

1 
J 0+ j 

n 

p+ 

A~-0-d~- -t~-0-i~- -~i-0-'~- 
I ~  H [ 

0 B 0 
i -~-o-~- ? o-?- ~-o-~i- 

Fig. 10. Proposed model for the generation of hole traps 

The mobi l i ty  of hole in an oxide film 'has been mea -  
sured by  R. C. Hughes and found to fol low ~ = 20 
exp( - -0 .6  eV/kT)  cm/Vsec.  The diffusion constant  D 
can be  calcula ted f rom ~ using Einstein 's  re la t ion  

D = kT~/q 

and it  is p lo t ted  in Fig. 9. F a i r l y  good agreement  is 
recognized. 

Summary 
A room t e m p e r a t u r e  ins tab i l i ty  has been found to 

occur if  the  fol lowing condit ions are  satisfied: (i) a 
la rge  quan t i ty  of boron is contained in the gate oxide;  
(ii) a t race  of e thyl  alcohol or  acetone is a t tached  to 
the wafer ;  and (iii) h e a t - t r e a t m e n t  of 400~176 
The l a t t e r  two suggest  the  chemical  react ion tha t  h y -  
drogen is genera ted  f rom e thyl  alcohol or acetone with  
AleOs-SiO2 catalyst .  To exp la in  w h y  the first condit ion 
is necessary,  a new model  has been proposed;  tha t  is, 
hole t raps  are  genera ted  in a boron-conta in ing  gate 
oxide  wi th  the  aid of hydrogen  and holes a re  the mov-  
ing species of the instabi l i ty .  

New unusual  phenomena  are  observed on the un-  
s table devices besides the a l r eady  repor ted  Vth drift .  A 
junct ion l eakage  cur ren t  increases wi th  time. A junc-  
t ion b r eakdown  vol tage af te r  wa lk -ou t  recovers  to its 
in i t ia l  value  much fas ter  t han  s table  devices. The 
charge  decay of p -channe l  FAMOS devices is ve ry  fast. 
Al l  these phenomena  are  re la ted  to charge  t r anspor t  in 
a gate  oxide. 
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ABSTRACT 

Phosphorus diffusion into germanium is carried out at 600~176 by  u s i n g  
red phosphorus powder as a diffusion source. Source temperatures  are main-  
tained at 240 ~ and 430~ corresponding to low and high surface concentra-  
tions, respectively. At low surface concentration, Cs 3-7 X I0 is cm -8 (Cs ~-, hi, 
ni; intr insic  carrier  concentrat ion at the diffusion tempera ture) ,  concentrat ion 
profiles agree well with the erfc curves, showing the behavior  of Fick's law. 
While at  high surface concentration, Cs 5-8 X 1019 cm -'a (Cs > hi), profiles 
deviate from the erfc curves. Diffusion coefficients depend both on the loca l  
and surface concentrations, represent ing the same result  as that  of phosphorus 
diffusion into silicon. 

There is little informat ion regarding diffusions of 
group I l l  and V elements into germanium. As for 
phosphorus diffusion into germanium,  three  researches 
by  Dunlap  (1), Meer et al. (2), and Lehovec et al. 
(3) have been reported. It  is not clear in  these experi-  
ments, however, except in  those by Lehovec et al. 
whether  diffusions were carried out under  low surface 
concentrat ion or under  high surface concentration. The 
precise concentra t ion profiles of phosphorus were not 
given in those reports. Moreover, tlle concentrat ion 
dependence of the diffusion coefficient of phosphorus 
in  ge rmanium has not been repor ted  yet. 

In  this article, in  order to investigate the concentra-  
tion dependence of the diffusion coefficient of phos- 
phorus in germanium,  diffusions are carried out both 
at low and high surface concentrations and the diffu- 
sion coefficients of phosphorus are determined for 
the respective cases. Furthermore,  the mechaitism of 
the phosphorus diffusion in  ge rmanium is discussed 
by comparison with the phosphorus diffusion in silicon. 

Experimental procedure.--Substrates used were 
(111.) oriented p- type germanium single crystals of 
resist ivity 1.9-2.7 ~2.cm and of thickness 200 ~m. They 
were chemically polished by etching with CP-4A solu- 
tion. Phosphorus diffusions into ge rmanium were 
carried out from the vapor phase with red phosphorus 
powders as a diffusion source. Red phosphorus pow- 
ders were placed at one end of a vacuum-sealed  quartz 
tube and a ge rmanium substrate on the other end. 
The range of the diffusion tempera ture  was from 
600 ~ to 750~ In  order to carry out phosphorus diffu- 
sions under  conditions of low and high surface con- 
centrations, the source temperatures  of red phosphorus 
were held at 240 ~ and 430~ respectively. The tech- 
nique with the anodic oxidation and sheet resistivity 
measurement  was used to determine the concentration 
of phosphorus in germanium. The anodic oxidation 
was done in the solution of N-methylacetamide 
(CH3CONHCHs) and 0.04N potassium ni t ra te  (KNOs). 
The thickness of ge rmanium dioxide (GeO2) formed 
by the anodic oxidation was controlled by the oxidiz- 
ing time. GeO2 on the substrate  was washed by de- 
ionized water  and sheet resist ivity was measured by 
the four-point  probe method at each step. The thick- 
ness of the removed thin layer  by one step was pre-  
viously determined by the repeti t ion of the anodic 
oxidation of a dummy sample. Phosphorus concen- 
trat ions at various depths from the surface were 
determined by using the relat ion between resistivity 
and impur i ty  concentrat ion (4). 

Results and  Discussion 
Figure 1 shows a typical concentrat ion profile of 

phosphorus, which was obtained at a source tempera-  
Key words: vapor phase phosphorus diffusion, germanium, con- 

centration-dependent diffusion coefficient. 

ture of 240~ and a diffusion temperature  of 700~ 
In  the diffusion tempera ture  range of the present 
work, 600~176 the values of the surface concentra-  
tion of phosphorus obtained at the source temperature  
of 240~ are 3-7 • 10 TM cm -~. The values of the in-  
trinsic carrier concentrat ion ni corresponding to this 
diffusion temperature  range are 3-7 • l0 is cm -a (5). 
Therefore, at the source temperature  of 240~ diffu- 
sions are carried out under  condition of low surface 
concentration. A full  l ine in Fig. 1 is a theoretical 
curve (erfc), showing a good agreement  with the 
measured points. From this result, Fick's law is obeyed 
under  condition of low surface concentration. At low 
surface concentration, concentrat ion profiles obtained 
at other diffusion temperatures  also agree well with 
the erfc curves. 

Figure 2 shows typical concentrat ion profiles of  
phosphorus which were obtained at a source tempera-  
ture of 430~ and a diffusion tempera ture  of 700~ 
for 2 and 10 hr. In  the case of a source tempera ture  

lo 9 

X " ' ~  X 24h 
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xN 
m X 
2 erfc 

1 J 5 / ,  ' , ,  I I I I I I I 

0 0.5 1.0 
Depth (pm) 

Diffusion temp. 700~ 
Source temp. 240~ 

I L 

Fig. 1. Concentration profile of phosphorus in germanium. A 
full line is a theoretical curve (erfc). 
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Fig. 2. Concentration profiles of phosphorus in germanium 

such as this, the values of the surface concentrat ion 
are 5-8 • 10 TM cm -8 at the diffusion temperature  range 
of the present  work. The surface concentrations are 
much larger than ni's at the diffusion temperatures.  
Therefore, in the case of 430~ diffusions are carried 
out under  condition of high surface concentration. 
Unlike the profile at low surface concentration, the 
concentrat ion profiles in Fig. 2 do not agree with the 
erfc curves. For the diffusions at high surface con- 
centration, the concentrat ion profiles at other diffu- 
sion temperatures  also do not agree with the erfc 
curves. Since the diffusion coefficients cannot be de- 
termined with ease in such case, Bol tzmann-Matano 
analysis (6) can be used to determine them. In Fig. 3, 
phosphorus concentrations in Fig. 2 are plotted as a 
function of x/t'/2, where x is the depth and t is the 
diffusion time. As shown in  Fig. 3, phosphorus con- 
centrations are a funct ion of x / t  1/~ only, and then the 
applying condition of the analysis is satisfied. For the 
other diffusion temperatures  in addition to 700~ 
this applying condition is also satisfied. 

The diffusion coefficients calculated by Bol tzmann-  
NIatano analysis are shown in Fig. 4 as a function 
of the local phosphorus concentrat ion for respective 
diffusion temperatures.  Diffusion coefficients are near ly  
constant at lower phosphorus concentrat ion but  in-  
crease rapidly with the phosphorus concentrat ion for 
every diffusion temperature.  Diffusion coefficients at 
the concentrat ion of 1 X 1017 cm -3 where no local 
concentrat ion dependence of the diffusion coefficient 
is seen in Fig. 4, D~'s are tentat ively chosen. Dh'S are 
plotted in Fig. 5 as a function of the reciprocal of 
absolute diffusion temperatures.  Diffusion coefficients, 
D], which are obtained under  conditions of low surface 
concentration, are also shown in Fig. 5. Dl and Dh 
are expressed by the following equations 

D1 ---- 3.3 • 102 exp (--3.1 eV/kT)  cm2/sec [1] 

Da ---- 1.0 X 10-2 exp (--2.1 eV/kT)cm2/sec [2] 

Equation [1] is determined by the present  results, 
including the data by Lehovec et al. (3). It should be 
noted that  the diffusion coefficients in Fig. 4 are larger 
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than D] not only at higher phosphorus concentrat ion 
but  also at lower ones. Results by Dunlap (1) and 
Meer et al. (2) are also shown in the figure, though 
their experimental  conditions were not clear. 
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Af te r  diffusion, the l aye r  wi th  a thickness of 20- 
30#m was lapped  f rom the surface to invest igate  the  
influence of the the rmal  t r ea tmen t  of the  sample.  The 
change in conduct iv i ty  type  was not  seen th rough  the 
diffusion. L i t t l e  change was observed in res is t iv i ty  
th rough  the diffusion wi th  the high surface concent ra-  
tion, though a l i t t le  change was observed at  the low 
surface  concentrat ion.  Therefore,  the  influence of the 
the rmal  t r ea tmen t  of the sample  was negl ig ib ly  small .  

The theore t ica l  curve in Fig. 1 is based on a constant  
surface  concentra t ion th roughout  the diffusion. I t  is 
wel l  known tha t  the  surface ba r r i e r  is p resen t  a t  the 
surface of ge rman ium for i m p u r i t y  diffusion f rom the 
vapor  phase (7) though. I t  is, however ,  confirmed 
tha t  the  diffusion t imes used in the  presen t  w o r k  are  
long enough to es'tablish the s ta te  of equ i l ib r ium at 
the  surface. I t  is shown in Fig. 2 tha t  the  surface 
concentra t ion  does not  change wi th  the diffusion times. 

F rom the resul ts  of  Fig. 4 and 5, i t  is found tha t  the  
diffusion coefficients in ge rman ium depend not only  
on the local concentra t ion but  also on the surface 
concentrat ion.  This is the same resul t  as tha t  of 
phosphorus  diffusion into silicon. The present  resul t  
seems to indicate  tha t  the  diffusion mechanism of 
phosphorus  in ge rman ium is the same as that  of  phos-  
phorus in silicon. Recently,  a model  on the basis of 
E center  (phosphorus -vacancy  pa i r )  diffusion has been 
proposed to exp la in  the dependence  of the diffusion 
coefficient of phosphorus  in sil icon on the local and 
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Fig. 5. Diffusion coefficient vs. reciprocal absolute temperature. 
D1 ( X )  are obtained at source temperature 240~ and Dh (I-l) 
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the surface concentrat ions  (8). Al though the presence 
of E centers  is not  identif ied in germanium,  i t  is in-  
f e r red  tha t  E centers  m a y  control  the  phosphorus  
diffusion in germanium.  Fur the rmore ,  i t  has been 
made  c lear  tha t  the local  concentra t ion dependence  
of the  diffusion coefficient of phosphorus  in silicon 
is a t t r ibu ted  to the diffusion-induced s t ra in  (9). The 
r e ma rka b l e  increase  of the diffusion coefficient at  the 
h igher  concentra t ion in Fig. 4 is also considered to 
be due to the  s t ra in  effect by  the difference of the 
covalent  rad i i  of ge rman ium and phosphorus.  

I t  is wel l  known  tha t  a t  phosphorus  diffusion in 
sil icon wi th  high surface concentrat ion,  a k ink  is found 
in the concentra t ion profile at  r e l a t ive ly  ]ow diffu- 
sion t empera tu re s  (below a pp rox ima te ly  1000~ (8). 
The k ink  is, however ,  not found in the concentra t ion 
profile in the  present  w o r k . . O n  the o ther  hand,  a 
diffusion "tai l"  was repor ted  by Lehovec et al. (3). 
I t  is, however ,  considered tha t  this taiI  has no re l a -  
t ion wi th  the mechanism of the k ink  format ion  in 
sil icon because i t  was observed at  ve ry  low concent ra-  
t ion region and at  low surface concentra t ion unl ike  
the case in silicon. F u r t h e r  inves t igat ion must  be re-  
qui red to decide whe the r  the k ink  format ion  is pecul ia r  
to phosphorus  diffusion into silicon. 

Summary 
Phosphorus  diffusion into ge rman ium is pe r fo rmed  

under  condit ions of low and high surface concent ra-  
tions. At  low surface concentra t ion Fick 's  law is obeyed, 
whi le  at  h igh surface concentrat ion,  concentra t ion p ro -  
files dev ia te  f rom the  erfc curves. Diffusion coefficients 
in  this case depend both on the local and on the sur -  
face concentrations.  This resul t  is the same one as 
tha t  of phosphorus  diffusion into silicon, indica t ing  
tha t  phosphorus  in ge rman ium diffuses via  the  diffu- 
sion of E centers. 
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Growth of Ga,lnl_,As/InP Heterostructures 
by Molecular Beam Epitaxy 

B. I. Miller* and J. H. McFee* 
Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

La t t i ce -ma tched  layers  of Ga~Inl -~As (y --  0.47) have  been g r o w n  at 
510~ on (100) InP subst ra tes  by  molecular  beam epi taxy.  Ep i tax ia l  layers  
of h igh ly  un i form composit ion were  achieved by  mix ing  Ga and In together  
in a single source, Reproduc ib le  flux control  was achieved by  careful  use of 
a quadrupole  mass  analyzer .  In  addit ion,  the morphology,  reflection e lec tron  
diffraction, and electr ical  p roper t ies  of Ga~T,nl-.~As ep i tax ia l  layers  w e r e  
s tudied as funct ion of y. When  y ~ 0.47 the  ep i tax ia l  layers  exhib i t  m i r r o r -  
smooth, featureless  morphology  devoid of misfit d is loca t ion- induced cross- 
hatching.  Such crosshatching becomes p rominen t  when  y : 0.41 and y ---- 0.50. 
Fur ther ,  those ep i tax ia l  layers  ,which are  under  tensi le  stress (y > 0.47) t e n d  
to exhib i t  c racking when the rma l ly  cycled. The best  un in ten t iona l ly  doped 
epi tax ia l  layers  had Nd --  Na N 2 X 1017 cm -3 and tZ77 = 6500 cm2/Vsec. 
InP/Ga0.47In0.58As/lnP double  he te ros t ruc tures  have also been fabr ica ted  and 
made  to lase at  77~ under  opt ical  exci ta t ion  conditions. These lasers  have 
a th reshold  of 6.2 kW/cme and  an output  wave leng th  of about  1.425 #m. 

Recent ly  the re  has  been a great  deal  of in teres t  in 
sources and detectors  in the  1.5-1.0 ~m range  for 
possible appl ica t ion  to optical  fiber communications.  In  
this wave length  range  the opt ical  fibers exhibi t  less 
loss (1,2) and zero d ispers ion (3). LED's  and lasers  
have been made  cover ing this wave leng th  range  
using the  double he te ros t ruc tu re  (DH) G a I n A s / I n P  
(4,5) G a I n A s / G a I n P  (6), G a I n P A s / I n P  (7-9),  and 
A1GaAsSb/GaSb  (10, 11) systems. Al l  these double  
he te ros t ruc ture  devices were  g rown e i ther  by  l iquid-  
phase  ep i t axy  (LPE)  or  vapor -phase  ep i t axy  (VPE) .  
To our  knowledge  no such DH devices in this  range  
have been fabr ica ted  by  molecular  beam ep i taxy  
(MBE).  The unique  capabi l i t ies  of MBE, such as 
al lowing ab rup t  a tomica l ly  smooth interfaces  and the 
ab i l i ty  to use masks, make  i t  a t t rac t ive  as a method  
of g rowth  for  these systems. A fu r the r  advan tage  of 
MBE is the ab i l i ty  to grow la t t i ce -ma tched  he te ro-  
s t ruc ture  al loy systems which  are  difficult or impos-  
sible to grow by  LPE or  VPE. An  example  of such 
a sys tem is (AlzGal-x)0.47In0.53As/InP where  an exact  
la t t ice  match  is possible over  a wave leng th  range  f rom 
1.44 to 0.85 ~m at 300~ 1 The first s tep in growing 
epi tax ia l  layers  in this a t t rac t ive  al loy sys tem by MBE 
is to successful ly grow the la t t ice  matched  t e rna ry  
sys tem Ga0.47In0.53As/InP. The g rowth  of la t t ice-  
matched  Ga0.47In0.53As onto InP requires  tha t  the flux 
rat io  of G a / I n  be prec ise ly  controlled,  whereas  in the 
case of b ina ry  or even A1GaAs compounds this p rob -  
lem does not exist.  We have  developed a technique 
for precise  flux control  which  al lows us to grow such 
l a t t i ce -matched  layers  reproducibly .  Also, by  evap-  
ora t ing Ga and In from a single source, GayInl -~As 
ep i tax ia l  layers  of  h ighly  un i form composit ion have 
been grown. These advances  have  pe rmi t t ed  a sys-  
temat ic  s tudy of the morphology  and e lect r ica l  p rop-  
er t ies  of Ga~Inl-~As grown on InP as a funct ion of the  
degree  of la t t ice  mismatch.  F ina l ly ,  InP/Ga0.47In0.53As/ 
InP l a t t i ce -matched  double  he te ros t ruc tures  have  been  
grown which  exhib i t  lasing under  optical  pumping  at 
77oK. 

Experimental 
The MBE system and its use in growing homo-. 

ep i tax ia l  layers  of InP has been descr ibed prev ious ly  

* Electrochemical  Society Act ive  Member.  
Key words:  epitaxy,  semiconductors ,  mobi l i ty ,  pho to lumines -  

cence ,  lasers.  
1 T h i s  w a v e l e n g t h  range was  determined by us ing  the  b a n d g a p s  

corresponding to  t he  end  po in t s  of Gao.~TIno.~3As and  Alo.~vh.o.~As, 
which  lattice-match InP. For Gao.47Inv.~As we  u s e d  the  r e su l t s  of 
Ba l iga  et  at. (12)o and  fo r  Alo.4~Ino.~As we used  the  r e su l t s  of 
Lorenz and Onton (13). 

(14). In  the  present  work,  GaInAs  layers  were  grown 
ep i tax ia l ly  on (100) and (111) InP subst ra tes  which 
were  cut f rom s ing le -c rys ta l  boules g rown by 
Buehler  using the l iqu id -encapsu la ted  Czoehralski  
(LEC) method descr ibed by  Bachmann e t  al.  (15, 16). 
In  most g rowth  runs  Sn-doped  (n N 101s c m - 3  and 
also F e - d o p e d  semi- insu la t ing  subs t ra tes  w e r e  
mounted  side by  side on the sample  block. The  semi-  
insula t ing subs t ra tes  were  inc luded so that  the elec-  
t r ica l  p roper t ies  of the  ep i tax ia l  l ayers  could be mea -  
sured. A typical  subs t ra te  size is 1 cm 2. 

The subst ra tes  were  ind ium-so lde red  to a mo lyb -  
denum sample  block and chemical ly  pol ished to a 
mi r ro r  finish on a dext i lose paper  lap sa tu ra ted  with  
weak  b romine -me thano l  solution. The sample  block is 
then p rompt ly  loaded into the MBE sys tem which  is 
pumped  and mi ld ly  baked  (150~ overnight  to a 
typical  base pressure  of 1 • 10 -9 Torr  or less. In the  
morning  the sample  block (which  had remained  at  
ambien t  overn ight )  is hea ted  to 365~ and the sub-  
s t ra tes  a re  sput te r  e tched for about  5 rain in 5 • 10 -5 
Torr  of a rgon at  3 kV and about  5 / ~ / c m  2 cur ren t  
density.  Fol lowing this sput te r  c leaning the samples  
are  annealed at 365~ for at  least  1 hr  behind a shut ter  
which shields the subs t ra tes  f rom the di rec t  source 
fluxes. Dur ing  the anneal ing  per iod the Ga, In, and As 2 
source ovens are  brought  to opera t ing  t empe ra tu r e  
and fluxes ad jus ted  to the des i red  values.  The source 
fluxes are  moni tored  by  a UTI Model 100C quadrupole  
mass ana lyzer  which is s i tuated so tha t  i t  has d i rec t  
l ine of s ight  to the  source ovens at  all  t imes. A chopper  
wheel  is p laced be tween  the source ovens and mass-  
ana lyzer  ionizer  cage and synchronous detect ion is 
used to enhance the s igna l - to-noise  rat io  of the  mass  
analyzer .  Epi tax ia l  l aye r  g rowth  is in i t ia ted  by  rais ing 
the sample  t empe ra tu r e  to 510~ ( typical  for GaInAs)  
and then olcening the sample  shutter .  

In i t ia l ly  we a t t empted  to grow Ga~Inl -yAs  of 
l a t t i ce -matched  composi t ion (y ~ 0.47) by  using sepa-  
ra te  Ga and In sources. This method gave erra t ic  re -  
sults which we bel ieve  were  due to spat ia l  nonuni-  
fo rmi ty  in the composit ion of the  ep i tax ia l  layers .  Fo r  
example ,  the GaInAs layers  exhib i ted  significant va r i -  
ations in photo luminescent  efficiency and l ine shape 
over  the surface of the layers.  Also, the  surfaces were  
not smooth but  r a the r  had  compl ica ted  morphologies  
not typical  of good epi taxy.  Composi t ional  analysis  of 

2 T h e  Ga u s e d  was  99.9999% p u r e  and  ob ta ined  f r o m  Alusu i sse ,  
F o r t  Lee,  N e w  Je r sey .  T h e  In  and  As  w e r e  99.9999% p u r e  and  sup- 
p l ied  by Kawecki  Berylco,  Incorporated.  
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these Ga~In~-~As layers us ing a scanning electron 
microscope (SEM) equipped to perform energy dis- 
persive x - r ay  spectroscopy (EDS) disclosed var ia-  
tions in y as large as 10% between positions separated 
by only 5 mm. The sources in this case were open 
cylindrical  crucibles situated 6.5 cm distant  from the 
substrates. Actual  invest igat ion of the angular  dis- 
t r ibut ion of flux by evaporat ing Ga and In  onto glass 
slides mounted  on the sample block confirmed that  the 
observed nonuniformit ies  in the GaInAs layers could 
easily be explained in  terms of the angular  d is t r ibu-  
t ion of flux from the two separate sources. The si tua-  
t ion can be improved by moving the two sources closer 
together and /or  by increasing the source-to-substrate  
distance, but  ei ther  of these options can be pursued 
to only a l imited extent. Moreover, there is another  
serious disadvantage in  the case of separate Ga and In 
sources: A small  change in  the melt  configuration or 
tempera ture  of one source oven dur ing a growth r u n  
can change the Ga / In  flux ratio significantly and cause 
a compositional gradient  in the direction of film thick- 
ness. Both of the foregoing disadvantages are v i r tual ly  
el iminated by use of a common source containing a 
homogenous Ga - In  mixture.  The Ga / In  flux ratio will  
then  be exactly the same in  all directions and will  be 
independent  of the melt  configuration. Also, a change 
in the single source oven tempera ture  will cause only 
a second-order change in  the G a / I n  flux ratio. 

For all of the foregoing reasons we found it ad-  
vantageous to change over to a single source crucible 
in  which Ga and In  are premixed in proper proportion 
to achieve the desired film composition. Through use 
of this technique, and by careful use of the mass 
analyzer  to monitor  the G a / I n  flux ratio, we have 
been able to grow GaInAs layers of precisely con- 
trolled and highly un i form composition. For a typical 
source tempera ture  near  800~ (corresponding to a 
growth rate  ~_1 ~m/hr )  the evaporation rate of In  is 
more than  an order of magni tude  greater  than that  of 
Ga. A calculation based on tabulated evaporat ion rates 
shows, and exper iment  verifies, that  a mass ratio 
MGa/MIn ~ 10 in  the crucible yields the approximately 
equal Ga and In fluxes required for a lattice matched 
composition in  the growing layer. The vapor pressure 
of Ga varies slightly more rapidly with temperature  
than does the vapor pressure of In. Thus, raising the 
tempera ture  of the single source will increase the 
G a / t n  flux ratio, and vice versa. Changing the source 
tempera ture  is a convenient  way to make fine adjus t -  
ments  in  the GaInAs film composition to achieve pre-  
cise lattice match. The range of ad jus tment  is eventu-  
ally l imited by the much larger changes produced in  
the growth rate. For  example, at a source tempera ture  
of 800~ the Ga / In  flux ratio increases by ,-,0.5%/~ 
while the individual  Ga and In  fluxes increase at a rate 
of ~3%/~  

The required 10:1 MGa/Mn, mixture  means tha t  only 
a relat ively small  amount  of In  will be present  in the 
single source. Thus, if the source volume is small, In 
depletion in  the source dur ing film growth will lead to 
a nonuni formi ty  in  the film composition. Our s tandard 
oven crucibles hold about 1.5 cm 3 of charge. In  this 
case, for a growth rate of 0.8 ~m/hr  the G a / I n  flux 
ratio is observed to increase 2.5%/hr due to In  de- 
pletion. For an ini t ia l ly  la t t ice-matched GayIn~-~As 
film this increase means that  y would vary  from 0.470 
to 0.476 from bottom to top of a 2 #m thick film. How- 
ever, even this small  amount  of change in  the G a / I n  
ratio can be compensated by reducing the source tem- 
pera ture  gradually,  as explained above. Also, of course, 
the effects of In  depletion could be made negligible by 
substant ia l ly  increasing the source volume. 

In  order  to grow te rna ry  layers of precise composi- 
tion, a rel iable means of measur ing the Ga / I n  flux 
ratio before and dur ing growth is almost a necessity. 
The UTI mass analyzer  can serve this purpose pro- 
vided it is properly used. During growth of a GaInAs 

layer  a background pressure of order 10 -e  To r t  of 
As is present  in  our MBE system. The presence of 
this much As has several effects on the performance 
of the mass analyzer  when  used in  the Faraday Cup 
mode without  the electron multiplier .  Firstly,  the 
basic sensit ivi ty of the analyzer  for any given mass 
n u m b e r  is increased, but  the magni tude  of the in -  
crease is a funct ion of mass number .  Thus if the Ga 
(M ---- 69) and In  (M ---- 115) fluxes are measured with 
the analyzer, the current  r a t io  i69/i115 obtained will 
be a funct ion of the As background pressure. Secondly, 
we have  observed occasional abrupt  changes in  the 
basic sensi t ivi ty of the analyzer  which take place 
without  apparent  cause. For tunate ly ,  these abrupt  sen- 
sit ivity changes appear to be independent  of mass 
number  and do not alter the cur ren t  ratio i69/i11~. 
Finally,  we find that setting the mass analyzer  to read 
the As (M ---- 150 or M =- 75) flux will  cause the basic 
sensit ivi ty to change drastically. Following a reading 
of the As flux the basic sensit ivity gradual ly  relaxes 
toward its original value over a period of about  1 hr. 
Thus, when precise G a / I n  flux measurements  are de- 
sired, As flux readings must  be avoided~ 

In order to demonstrate  that  the mass analyzer  can 
be re l iably  calibrated in  terms of the G a / I n  ratio in  
the epitaxial  layer, a series of five GayInl-yAs epi- 
taxial layers were grown on InP  substraes as listed in 
Table I. Each layer  was grown on a separate day's 
run. The Ga~Inl-~As layer  composition was Changed 
from decidedly In  rich in the first r un  (071877), 
through approximately la t t ice-matched composition 
(072577), to decidedly Ga rich in the final growth 
r un  (072977). In all of these runs the Ga and In  were 
mixed together in a single source and the y values 
given in Table I for each grown layer  were measured 
with the SEM equipped to do compositional analysis 
via EDS. Each y value is the average of repeated 
readings made at two different points (separated by 
~1 cm) on each sample. These average values typi-  
cally agree to wi thin  1%, which demonstrates the im-  
proved spatial uni formi ty  of the GaInAs layers grown 
from a common Ga- In  source. Indeed, the spatial un i -  
formity of composition may be bet ter  than  these fig- 
ures indicate because the relat ive error in  the EDS 
measurements  is estimated to be 1%. The i69/i11~ values 
in  Table I represent  an average of many  readings 
taken with the mass analyzer  during the growth of 
each GaInAs layer. In  all growth runs  listed in  Table I 
the As background pressure was main ta ined  at or near  
6.0 X 10 -7 Tor t  to e l iminate  the effect of a changing 
As background on the measured current  ratio. The ac- 
curacy of the current  ratios given is estimated to be 
about 2%. 

It is most reveal ing tO plot y / 1  -- y for the five runs  
listed in  Table I vs. the corresponding i69/i115 ratio as 
measured by the mass analyzer. This is done in Fig. 
1. If the mass analyzer  is l inear ly  indicat ing the G a / I n  
flux ratio, one would expect a simple l inear  re lat ion-  
ship between y /1  - - y  and i69/i115. From Fig. 1 it ap- 
pears that y / 1 -  y is, wi thin  exper imental  error, a 
l inear  funct ion of i69 / i~ .  The straight l ine d rawn in  
Fig. 1 is t'he best least squares l inear  approximation 
to the data, and has slope ---- 2.0. The vertical  error 
bars correspond to the 1% uncer ta in ty  in the y values 
as measured with the SEM. If it is assumed that  the 
mass analyzer  behaves l inearly,  a "theoretical" value 
for the constant relat ing y /1  -- y and the i~9/i115 current  

Table I. Summary of mass analyzer and SEM data on Gaylnl-yAs 
growth runs 

Sample grown ~9/i1~ y (SEM) yl l  - -  Y 

071877 0.30 0.39 0.64 
072777 0.36 0.414 0,706 
072577 0.41 0.46 0.85 
072177 0.50 0.50 1.0 
072977 0.75 0.59 1.44 
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Fig. I. Ga/In ratio, y/1 - -  y in Ga~lnl-yAs epitaxial layers (as 
measured by SEM,) ~s. mass analyzer current ratio, i69/i115, re- 
corded during layer growth. 

ratio can be calculated from the ionization efficiency 
(I) and quadrupole  t ransmission (T) data given for 
M : 69 and M -- 115 in  the UTT 100C inst ruct ion 

manual .  The relat ive masses and isotopic abundances 
of M : 69 and M ---- 115 also come into this calculation. 
We fur ther  assume uni ty  sticking coefficients for Ga 
and In, and get the result  y / 1  -- y -- 1.5 X i69/it1~. 
This calculated slope of 1.5 is surpris ingly close to the 
exper imental  slope of 2.0 (Fig. 1) when  one considers 
the substantial  uncer ta int ies  in  the I and T data and, 
part icularly,  when  one recalls that  the mass analyzer  
operates in  an ambient  of 6 • 10 -7 Torr  of As which, 
as we have noted, significantly alters its basic sensi- 
tivity. 

In  summary,  then, Fig. 1 gives a cal ibrat ion of our 
mass analyzer. If we are careful to reproduce the con- 
ditions under  which the data of Fig. 1 were obtained, 
namely  the same As ambient  and  a single source for 
Ga -t- In, we can use Fig. 1 to determine the mass ana-  
lyzer current  ratio which corresponds to any desired 
value of y. When this i69/il.i5 ratio is main ta ined  
throughout  the growth period, the composition of the 
resul t ing Ga~Ini-~As layer  will  be wi th in  about 1% 
of the desired value. In  this way lat t ice-matched 
GaInAs can be grown reproducibly.  

Results 
G a y I n l - y A s  g~own on I n P . - - I n  order to demonstrate  

how the degree of lattice mismatch affects the various 
epitaxial  film parameters  such as morphology, surface 
s t ructure  (as revealed by reflection electron diffrac- 
t ion),  carrier concentration, etc., the series of five epi- 
taxial layers listed in  Table I was investigated in  some 
detail. 

M o r p h o l o g y . - - T h e  resul t ing morphology is shown in  
Fig. 2. The polished substrate  is also shown for refer-  
ence. When y _-- 0.39 and y ---- 0.41 there  appears a 
strong crosshatching, stronger for the larger lattice 
mismatch. This type of crosshatching has been ob- 
served in other la t t ice-mismatched epitaxial systems 
(17) and is believed to be associated with arrays of 
misfit dislocations. In  Fig. 2, where  y ---- 0.46, there is 
essentially a lattice match (y : 0.468 according to 
Vegard's law) and the morphology of the grown layer  
is near ly  indis t inguishable from the substrate. There 

Fig. 2. Nomarski interference- 
contrast photographs of (100) 
Ga~lni-~As epitaxial layer sur- 
faces, showing effect of lattice 
mismatch on surface morphology. 
Measured composition, y, given 
at upper left of each photo- 
graph. The Nomarski photograph 
of a polished InP substrate also 
shown for reference. 
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appear  to be a few defects scattered about whose den-  
sity is roughly  ,~ 104/cm -2. This suggests that  these 
defects may  be related to or generated by dislocations, 
since the dislocation count in the LEC-grown  InP 
crystals used for substrates is typical ly ~ 104 (15). 

When y : 0.50, the crosshatching appears as before. 
It  is in teres t ing to note here  that  when y ---- 0.39 and 
y __- 0.41 the GalnAs layer  is under  compression since 
its latt ice constant is la rger  than the InP substrate. 
When y : 0.50 and y ----- 0.59, however ,  the epi taxial  
layer  is under  tension and, in fact, when y ---- 0.59 the 
layer  has so much tension that  i t  becomes ve ry  rough 
and fragmented.  Examinat ion  of this la t ter  surface 
with  an SEM shows a grain size N 1-2 #m, ra ther  than 
a cont inuum as for the other  surfaces. 
Rel~ection electron diJ/raction (RED).--Figure 3 shows 
the RED pat terns taken f rom these five surfaces. In 
Fig. 3 the RED pat tern  f rom the polished InP substra*.e 
is shown for reference.  In this case the electron beam 

is along the (110) azimuth and a typical  C(2 • 8) 
pa t te rn  (18) is seen. The arrows point to the streaks 
corresponding to the bulk lat t ice spacing, and the one- 
half  order lines corresponding to the surface recon- 
s truct ion can also be dist inctly observed. When there  
is a lat t ice match  (y ---- 0.46), a s imilar  pa t te rn  can be 
seen~, wi th  the major  s t reak spacing corresponding to 
t~he bulk lat t ice spacing of Ga0.46Ino.54As. However ,  in 
this case we notice that  the one-ha l f  order  lines are 
not quite  as distinct as in the case of the InP substrate, 
but are somewhat  fuzzy and broadened. This may re-  
flect the lack of order  in our crystal, as this is a mixed  
I I I -V alloy system. Locally there  is a large degree of 

disorder in the crystal  due to the difference in lat t ice 
constants be tween InAs (19) and GaAs (20). When 
this same Ga0.46In0.54As layer  is subsequent ly  covered 
by a top layer  of InP, the RED pa t te rn  recovers  and 
often becomes sharper  than the pa t te rn  f rom the sub- 
strate. For  InP, of course, there  is no disorder. It is 
interest ing to note that  in the AIGaAs system this de-  
gree of disorder does not occur since AlAs and GaAs 
have very  near ly  the same lat t ice constant. 

The RED patterns coming f rom the lat t ice mis-  
matched samples show the lack of la t t ice  perfect ion in 
their  spotty, less s t reaked character,  and also the al-  
most complete lack of the one-hal f  order  lines. The 
y ---- 0.59 layer  shows almost  no RED pat tern  at all 
indicat ing the granular  na ture  of this film. 
Cro,ss sections.--The cleaved cross section of the five 
samples of Table I are shown in Fig. 4 in the same 
sequence as before. The cleaved cross section of the 
la t t ice-matched epi taxial  layer  (y ---- 0.46) appears to 
be as s t ra in- f ree  and smooth as a homoepi taxia l  layer.  
The epi taxial  layers shown for y ~ 0.39 and y ~ 0.41, 
a l though latt ice mismatched and under  compression, 
also show li t t le evidence of lat t ice strain. For  the slight 
mismatch where  y ~ 0.41 the cross section is as 
smooth as when y ~_ 0.46, while  for the grea ter  mis-  
match (y ~ 0.89) the slight roughness is an indication 
of some latt ice strain. When y -- 0.50 the epi taxial  
layer  is under  tension, the cleaved cross section is 
considerably rougher,  and the epi taxial  surface itself 
is also rough. Yet the magni tude  of the latt ice mis-  
match is less than when  y ~ 0.41 where  the cleave is 
featureless. When y ~ 0.59 the epi taxial  layer  is under  

Fig. 3. Reflection electron 
diffraction (RED) patterns (3 
keV) obtained from the 
Gaulnz-yAs epitaxial layers of 
Fig. 2. Primary beam direction 
is along (110) azimuth. The 
corresponding RED pattern ob- 
tained from a polished (100) InP 
substrate is shown for reference. 

Fig. 4. Cleaved cross section 
of Gaulnz-yAs epitaxial layers 
of Fig. 2. The layers, approxi- 
mately 2 ~m thick, are grown 
on (100) InP substrates. 
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much greater tension than when y : 0.50. This is re-  
flected in the great roughness of the cleave and epi- 
taxial  surface. In  general, it appears that  the epitaxial 
layer  will tolerate a lattice mismatch in  the direction 
of compression (y < 0.47) much more readily than 
tension (y > 0.47). These findings have also been ob- 
served by others (17, 4). 

It should be noted that  those epitaxial  layers which 
are under  tension tend to crack and peel upon tem- 
perature  cycling from 300 ~ to 77~ and back, while 
those under  compression do not. 

Scattered light.--The film smoothness dur ing growth 
is monitored by observing the nonspecular  scattered 
light coming from the epitaxial  surface which is i l-  
luminated by a He-Ne laser beam. In Fig. 5 the non-  
specular scattered laser light output  is plotted vs. 
growth time for some of the samples shown in Fig. 2 
to 4. At t ime t ---- 0 rain, just  before ini t ia t ing epitaxial  
growth, the scattered light comes from the uncoated 
substrate. All  three curves are plotted unnormal ized 
and thus at t = 0 the scattered light is a measure of 
the reproducibil i ty of the substrate smoothness from 
run  to run. Curve 3 corresponds to the lat t ice-matched 
epitaxial layer  (y ---- 0.46) and remains  relat ively un-  
changed dur ing the growth period. The y -- 0.41 epi- 
taxial layer, the layer unde r  slight compression, has a 
curve (not shown) similar  to 3. Curve 2 corresponds 
to the y -- 0.39 epitaxial  layer  and increases by almost 
two orders of magni tude  during the growth and curve 1 
corresponding to the y ---- 0.59 epitaxial  layer increases 
by over three orders of magnitude.  The scattered light 
curve from the y -- 0.50 epitaxial  layer  (not shown) 
lies somewhere between curves 1 and 2, having their  
same general  shape. 

The most noteworthy feature of these curves be- 
sides their  sensit ivity to lattice match is the ini t ia l  dip 
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Fig. 5. Time evolution of nonspecular scattered laser light from 
surface of the growing epitaxial layer for some of the samples 
shown in Fig. 2-4. Growth starts at 0 min. Curve 1, Gao.591no.4tAs 
on InP; Curve 2, Gao.~olno.6iAs on InP; curve 3, Gao.461no.54As 
on InP. 

in the scattered light at the onset of growth. This dip in 
light output  lasts for approximately 5-15 min. Assum- 
ing an average growth rate of 0.75 ~/hr, the dip cor- 
responds to a 600-1900A thick layer or 120-360 mono-  
layers. It  appears that  the dip is caused by  the ac- 
commodation to the substrate of the epitaxial layer, 
Which is under  s t ra in but  smoother than  the substrate. 
After a certain thickness the epitaxial  layer can no 
longer accommodate itself to the substrate,  and the 
strain is relieved by dislocations which cause the 
cross'hatching and surface roughness seen in Fig. 2. 
Even the "lat t ice-matched" layer y ---- 0.46 (curve 3) 
shows a slight increase of scattered light after the 
init ial  dip, however, the final scattered light in tensi ty  
is about the same as that coming ini t ia l ly  from the 
substrate. The slight drop in the scattered light output  
in curves 1 or 2 dur ing the lat ter  par t  of the r un  may 
be due to a specular component  of the scattering com- 
ing from the crosshatching and from surface faceting. 
As the run  progresses these surface features may 
change with t ime and cause more or less specular 
scattering. In  many  instances the scattered light does 
not change at all dur ing the lat ter  half  of the run.  

Electrical properties.--Table II is a summary  of the 
electrical properties of the various Ga~Ini-~As layers 
grown on InP, The first five samples correspond to the 
same growth runs referred to in Fig. 1-5. All these 
layers were grown un in ten t iona l ly  doped. The purest  
mater ial  grown to date is n - type  with n ---- 2 X 10 iT, 

---- 5300 at 300~ and n _-- 1.8 X 1017 , ~ ~- 6500 at 
77~ The mobil i ty of Ga0.75In0.25As grown by vapor 
phase epitaxy on GaAs has been reported by Glicks- 
ma n  et al. (21) to be 5950 at 300~ and 17,700 at 77~ 
for n : 1015. At the impur i ty  levels reported in  Table 
II one would expect the mobil i ty  to be dominated by 
impur i ty  scattering as the following considerations 
show. Glicksman et at. (21) wri te  the mobil i ty  of 
Ga~Inl-~As as 

1/# ---- 1/#ph ~ i/~d ~ 1/#I [1] 

where ~ph is the phonon contr ibut ion to mobility, 
~a the disorder contr ibut ion arising from the alloy 
composition y, and ~i the impur i ty  contr ibut ion com- 
ing from both ionized donors and acceptors and the 
number  of free electrons. Both ~I and #ph are im-  
plicitly dependent  only upon the alloy composition y, 
through the effective mass (m*) var iat ion with y. In  
addition to its implicit  dependence on m*, ~md varies 
as [y(1 -- y ) ] - l .  For y ---- 0.47 we find, using formulas 
given in Ref. (21), that  at room tempera ture  #ph --  
13,200 and ~d = 41,000. For our best sample (041377, 
see Table II) ;~ _-- 5300 so that  from Eq. [1], ~ I -  
11,300. Similar ly at 77~ #ph ---- 310,000 and ;~d -- 
80,000; thus using the 77~ mobil i ty  of ~ ---- 6500, we 
get ~i -~ 7700 for this sample. 

From these considerations it is obvious that  in  the 
samples listed in Table II the major  contr ibut ion to the 
mobil i ty comes from impur i ty  scattering. Any varia-  
t ion of mobil i ty  with alloy composition would not be 
expected to play a significant role at these impur i ty  
levels. In  fact, this is borne out by comparing the t o o -  

Table II. Electrical properties of Gaylnl-yAs epitaxial layers 

300~ 77~ 

/~ (cm2/ ~ (cm~/ 
S a m p l e  y n ( c m  -~) V s e c )  n ( c m  -s) V s e c )  

071877 0.39 4.8 x 10 TM 3500 4.8 x 10 is 4000 
072777 0.41 5.2 x 10 TM 3200 5.2 x lO TM 3700 
072577 0.46 4.7 x l0  TM 3100 4.7 x l0  ts 3500 
072177 0.50 1.4 x 10 is 230* 2.4 x 10 TM 140" 
072977 0.59 6.2 x 10 is 410" 6.4 • I0 ~8 440" 

041177 ~ 0 . 4 2  3.4 x 10 i7 5000 3.3 • 1017 6000 
041377 ~ 0 . 4 2  2.0 x 1017 5300 1.8 x 10 ~7 6500 

* Sample cracked after i m m e r s i o n  in l i q u i d  nitrogen. 
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bilities in  Table II for the first five samples, which 
have similar  carr ier  concentrations, where  y ranges 
from 0.39 to 0.59. The mobili t ies are essentially the 
same except for those samples under  tension (y > 0.47) 
where cracking had occurred while  undergoing a 77~ 
tempera ture  cycle prior  to the Hall  test. The carrier  
concentrat ions even for the purest  samples is ra ther  
high, ~ 2  X 1017. The fact that  there is v i r tua l ly  no 
carrJ:er freezeout from 300 ~ to 77~ implies that  the im-  
purilLies are coming from shallow donors and we esti-  
mate  that  any deep impuri t ies  are contr ibut ing ~10 TM 

donors or less. I t  is in teres t ing to note that  on (111} 
oriented samples grown s imultaneously  along wi th  
the (100) samples Shown in  Table II, n is general ly  
2-5 times greater. At present,  we have made no sys- 
tematic effort to reduce the carrier  concentration. 

Double heterostructure.--In order to test the optical 
quali ty and potential  application for LED's and hetero- 
s t ructure  lasers, a la t t ice-matched I n P / G a ~ I n l l A s /  
InP  double heteros t ructure  was grown for optical 
pumping  purposes. It  is common practice to grow a 
buffer layer  between the substrate and the active layer. 
In  this case the buffer layer  would be InP grown on 
the InP  substrate  followed by the GauInl-~As active 
layer. We have grown such buffer layers but  have 
found that prior to changeover from InP to GaInAs 
growth, the small  background pressure ( < 10 -7 Torr)  
coming from the shuttered As source was sufficient to 
cause InAsP growth because of the much greater stick- 
ing coefficient of As compared to P. In  order to avoid 
this, the InP  growth must  be te rminated  prior to the 
heat ing of the As source~ This requires that  the 
freshly grown InP  surface be exposed to the ambient  
background behind  the sample shut ter  for .~15 mi n  
while t'he As oven is heated and stabilized. For this 
reason some of the advantages of growing a buffer 
layer  are negated. 8 In  the present  case, in  order  to 
minimize complications in  growing, the buffer layer  
was omitted and the substrate  served as one of the 
cladding layers. Only the GayInt-~As layer  and top 
InP  layer were grown by MBE. The resul t ing morph-  
ology was mir ror  smooth as seen in  Fig. 6. The cross 
section of the double heterostructure is shown in Fig. 
7. The active layer  thickness of 1 #m Was chosen as a 
compromise between the m a x i m u m  optical absorption 
of tbLe Nd:YAG (1.06 ~m) pump  and the opt imum 
carrier confinement. The wafer of Fig. 6 was cleaved 
into bars of various cross sections, typically 400-800 #m 
spacing be tween Fabry -Pero t  faces. A Nd:YAG laser 
(either cm or Q-switched) was focused normal  to the 

8 Possibly  a bet ter  isolated A s  source,  w h e r e  the  background A s  
pressure  is  <10 -s Torr w h e n  shuttered,  would  allow a more rapid 
changeover  ( < 1  rain) .  

Fig. 6. Lattice-matched, MBE-grown InP/Gao.471no.ssAs/InP 
double heterostructure, rMirror-smooth InP cladding layer is shown. 
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Fig. 7. Cleaved cross section of the lattice-matched InP/ 
Ga.o.471no.~,As/InP double heterostructure shown in Fig. 6. 

surface of the cleaved bar. The pump light was able to 
penetrate  the I nP  (),~ap = 9000A) cladding layer and 
optically excite the Gao.47In0.53As layer. The beam was 
focused through cylindrical  optics and had a cross 
section of 3 X 0.3 ram. The pumping  configuration was 
such that the 3 mm dimension of the beam lay per-  
pendicular  to the Fabry -Pe ro t  faces. In  this way the 
beam can be centered on the bar  with very  uni form 
excitation along the direction of lasing. At low ex- 
citation the pump was operated cw, bu t  at the higher 
power necessary for lasing, the pump was Q-switched, 
put t ing out 0.25 ~sec wide pulses at a repet i t ion rate 
of ~500 Hz. The resul t ing signal was passed through 
a 1/2 m Jar ra l l -Ash  spectrometer, detected with a Ge 
detector (cooled for cw measurements)  and  ampli -  
fied and integrated by a boxcar integrator.  

At low cw excitation the resul t ing photolumines-  
cence of the Ga0.4vIn0.~3As layer  at 77~ is as shown in  
Fig. 8. The peak is at 1.368 #m (0.907 eV) and a 
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Fig. 8. Photoluminescent spectrum of Gao.471no.53As layer of the 
double heterostructure shown in Fig. 6 and 7. The GulnAs ~ayer 
was excited through the InP cladding layer by means of a Nd:YAG 
(1.06 #m wavelength) laser. 
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shoulder appears at 1.425 ~m (0.870 eV). The half-  
width is ra ther  broad, -~E/E ~_ 0.084, typical  of most of 
these GalnAs  layers. The ha l f -width  varies from h E / E  
= 0.047 to h E / E  = 0.15 and roughly correlates with 
t:he carrier concentrat ion of the t e rnary  layer. All sam- 
ples grown from the single Ga- In  source show little 
spatial variat ion of the photoluminescence over the 
epitaxial  surface ~-1 cm 2. For comparison, in bulk  GaSb 
(p ~ 1017-10 is) at 77~ the photoluminescent  peak oc- 
curs at 1.57 #m and h E / E  = 0.030. Also the photo- 
luminescent  peak height for the y --_ 0.46 epitaxial  
layer  is about  the same as for the bu lk  GaSb. If one 
assumes a l inear  relat ion for Eg vs. y in the GayInl-~As 
(22) system and takes the bandgaps of GaAs (23) and 
InAs (24) at 77~ for end points, one gets the relat ion 
between alloy composition and badgap that  

Eg = 0.410 4- 1.094y [2] 

Assuming the 1.368 ~m photoluminescent  peak is com- 
ing from a band- to -band  transition, then from Eq. [2] 
we derive y = 0.455 in agreement  with the SEM micro- 
probe which gives y -- 0.45 for this sample. This fair ly 
close lattice match is also confirmed by the smoothness 
of the cleaved cross section (Fig. 7) and smooth sur-  
face morphology (Fig 6). 

A shoulder appears at 1.425 #m in  the photolumines-  
cence spectrum of Fig. 8. This represents a level ,,~40 
mV deep. This kind of level is quite common in GaAs 
at 30 mV (25) and in InP  at 40 mV (26), and is usual ly 
associated with an acceptor such as Zn. 

Under  high power pulse conditions at 77~ the 
double heterostructure bar  lases with the spectrum 

shown in Fig. 9. Three peaks appear at 1.420, 1.428, 
and at 1.437 ~m approximately 85A apart. It  is in ter -  
esting to note that  the lasing peaks coincide with the 
broad shoulder at 1.425 ~m in  Fig. 8, corresponding to 
the 40 meV acceptor level. The widths of the peaks are 
l imited by the resolution of the spectrometer, which in 
this case is 16A. The peaks are not exactly evenly 
spaced nor are they quite symmetrical ;  the reason for 
this, we believe, is that  the lasing is very  unstable  due 
to the inherent  instabi l i ty  of the Q-switched Nd: YAG 
laser and also because of vibrat ions which displace the 
beam along the bar  causing different areas of the bar  
to lase in a random fashion. By sitting on the 1.428 ~m 
line we were able to plot the laser power out vs. pump 
power (Fig. 10). Above 6 kW/cm 2 lasing occurs and 
the power output  rises rapidly. By extrapolat ing the 
power output  to zero power (dotted l ine in  Fig. 10) 
we can get a measure of the threshold which in  this 
case is ~6.2 kW/cm a. Although it is difficult to com- 
pare this threshold directly to a GaAs/A1GaAs DH 
laser, a typical optically pumped threshold reported in 
the l i terature  (27) for this system is ~104 W/cm 2 at 
300~ It appears then  that this mater ia l  may hold 
some promise for LED's and lasers. 

Discussion 
We have shown that it is possible to grow lattice- 

matched te rnary  layers of GaInAs on InP  substrates 
by MBE at substrate temperatures  of 510~ Layers 
having a high degree of spatial uni formi ty  of composi- 
t ion result  f rom premixing  the Ga and In  in  a single 
source. The mass analyzer  has been successfully used 
to accurately monitor  the G a / I n  flux ratio and thereby 
achieve the desired lat t ice-matched composition re- 
producibly. Typically, we are able to grow a 
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Ga~Inl -yAs  l a y e r  where  y --  0.47 ___ 0.005. Fo r  com- 
parison,  the  la t t ice  mismatch  be tween  A10.sGa0.TAs and 
GaAs, the  composi t ion most  commonly  used for laser  
and LED's, is about  0.04%. Since the  la t t ice  constants  
of GaAs and InAs differ by  7%, a 0.04% mismatch  in 
the  G a y I n l - y A s / I n P  sys tem impl ies  that  y ---- 0.47 
0.006. Thus we are  able to obta in  the same degree  of 
l a t t i ce -ma tch  as is commonly  achieved in the  A1GaAs/  
GaAs system. 

We have  also demons t ra ted  the  dependence  of the  
morphology  of the GauIn l -yAs  ep i tax ia l  layers  on 
devia t ions  f rom the l a t t i ce -ma tched  composition. For  
example  (100) layers  for  which  y _-- 0.41 and y ---- 0.50 
are  covered wi th  the crosshatching known to be as-  
sociated with  a r r ays  of misfit dislocations. F u r t h e r -  
more,  those layers  having y > 0.47 are  under  tensi le  
stress because the i r  la t t ice  constants  a re  smal le r  than  
that  of the  InP substrate ,  and these layers  tend to be 
discontinuous or  develop cracks. When  y ( 0.47, the  
ep i tax ia l  layers  are  under  compression and do not ex-  
h ibi t  these dele ter ious  effects. Fo r  these reasons i t  is 
des i rab le  to a im for the  In - r i ch  side of the  la t t ice-  
matched  composit ion,  i.e., y --_ 0.46-0.47. 

Except  for  those l ayers  which  exh ib i ted  cracking or 
discontinuous morphology,  the  e lect r ica l  p roper t ies  
( ca r r i e r  concentra t ion  and mobi l i ty )  showed l i t t le  
cor re la t ion  wi th  composit ion y. The h igh  car r ie r  con- 
cent ra t ion  (n ~ 1027 cm -3) found in our  un in ten t ion-  
a l ly  doped. GaInAs  layers  i s  due to the  presence of 
shal low donors which p robab ly  come from contami-  
nants  in the  G a - I n  source. Pro longed  degassing of this  
source might  be beneficial  in this respect;  a pro longed 
b a k e - o u t  of the In source oven in the  case of MBE- 
grown InP resul ted  in decreas ing the ca r r i e r  concen- 
t ra t ion  of the  un in ten t iona l ly  doped layer  f rom n 
3 • 1026 cm -~ to n ,~ 5 • 1016 cm -a,  and increas ing 
the mobi l i ty  f rom #77 ~ 8000 to ~77 ,-~ 20,000 cm2/ 
Vsec. 

Double  ~heterostructures were  made  by  growing a 
c ladding l aye r  of InP on top of the  l a t t i ce -ma tched  
GaInAs  ep i tax ia l  layer .  Such a s t r u c t u r e  was opt ica l ly  
pumped  and found to lase  at  a pump level  of 6.2 
k W / c m  2. This threshold  p u m p  power  is comparable  
to that  repor ted  for A1GaAs/GaAs DH lasers. Thus 
our  InP/GaInAs/InP double  he te ros t ruc tu re  appears  to 
be a promis ing  candida te  for l ong -wave l eng th  LED's  
or in ject ion lasers. Work  toward  this goal  is in p rog-  
ress. 
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Evaluation of S- and Se-lmplanted GaAs by Contactless 
Mobility Measurement 

B. Molnar* and T. A. Kennedy 
Naval Research Laboratory, Washington, D.C. 20375 

ABSTRACT 

Implan ta t ion  of S and Se into GaAs 'has been s tudied  wi th  a novel  con- 
tact less  mobi l i ty  measurement .  The method,  in which  the mobi l i ty  is obta ined 
f rom a microwave  measuremen t  of the  conduct ing l ayer ' s  magne toconduc-  
t ivi ty,  is descr ibed  in detai l .  Comparisons wi th  Hal l  mobi l i ty  are  provided.  
Eva lua t ion  of different  GaAs subs t ra te  ma te r i a l  is described.  A wide range  of 
implan ta t ion  and anneal ing  conditions for  S and Se in  GaAs have  been ex-  
plored.  S implan ta t ion  of 5 • 1012/cm~ wi th  a 850~ 20 min  anneal  is found 
to produce  FET qual i ty  layers .  

As i on - imp lan t ed  GaAs FET's  (1-3) approach  the 
qual i ty  of those made by  ep i tax ia l  growth,  ion 
implan ta t ion  is being used more  to produce  semicon-  
ductor  devices. The implan ta t ion-process ing  steps 
must  be opt imized  and t igh t ly  contro l led  in o rde r  to 
produce  uniform, h igh  qua l i ty  layers.  In  o rder  to as-  
sure the  qual i ty  of pa r t i cu l a r  processing steps, l aye r  
charac ter iza t ion  mus t  be car r ied  out. In  the  presen t  
work,  a new charac te r iza t ion  technique (4, 5) has been 
used to s tudy  the implan ta t ion  of S and Se into GaAs. 

Since ca r r i e r  mobi l i ty  d i rec t ly  affects FET t ranscon-  
ductance  and high f requency  cutoff, a mobi l i ty  mea -  
surement  provides  a r e l evan t  character izat ion.  The 
t rad i t iona l  res is t iv i ty  and Hal l  method provides  two 
parameters ,  the  sheet  res is t iv i ty  and the Hal l  mobil i ty,  
bu t  the  measuremen t  requi res  a l loyed contacts. P rob-  
lems associated wi th  contacts  have led to inves t igat ion 
of var ious  noncontact ing (6-8) methods.  In  the  present  
work,  the  implan ted  l aye r  mobi l i ty  is obta ined  f rom a 
mic rowave  measuremen t  of the magnetoconduct iv i ty .  
Since contacts  are  not  necessary,  the  method  is r ap id  
and nondestruct ive.  

Employing  the mobi l i ty  character izat ion,  a va r i e ty  of 
GaAs implan ta t ion  pa rame te r s  have been evaluated.  
Choice of qualified subs t ra tes  and Se implan ta t ion  have  
been examined.  A full  s tudy of dose and anneal ing  for 
S implan ta t ion  has been car r ied  out and r ecommenda-  
tions are  provided  for opt imizat ion of the parameters .  

Experimental 
Mobility determination.--The microwave  mobi l i ty  

measuremen t  was made  in an 11 GHz reflection mi -  
c rowave spec t rometer  employing  an IMPATT diode 
source (see Fig. 1). The samples were  p laced a quar te r  
wave leng th  f rom the short. The microwave  Fower  re -  
flected f rom the  shor ted  waveguide  section is moni tored  
and recorded on the y axis of an X-Y recorder .  The 
d-c  magnet ic  field was provided  by  the NRL 14 Tesla 
Bi t te r  solenoids wi th  the  x axis der ived  f rom the mag-  
netic field. The or ientat ions  of the magnet ic  field and 
the mic rowave  E field wi th  respect  to the  sample  are  
shown in the  inser t  in Fig. 1. 

The results  of the  microwave  measurement ,  the  re -  
flected mic rowave  power  as a funct ion of magnet ic  
field B for th in  n - t y p e  layers  on semi- insu la t ing  GaAs, 
a re  shown in Fig. 2. The change in detected power  for 
each sample  re la t ive  to the  empty  waveguide  was 
small .  When  the sample  produces  only a smal l  p e r -  
tu rba t ion  on the fields in the waveguide,  the detector  
output  is l inea r ly  propor t iona l  to the  f r ee -ca r r i e r  
power  absorption.  The f r ee -ca r r i e r  power  absorpt ion  is 
d i rec t ly  p ropor t iona l  to vV, where  a is the semiconduc-  
tor  conduct iv i ty  and V is the volume. In two- l aye r  
s t ructures  the  conduct ivi t ies  add l inear ly .  However,  in 
the semi- insu la t ing  substrate,  the conduct ivi ty  is 
negligible.  Therefore,  the measurement  represents  only 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: semiconductor, m i c r o w a v e ,  G a A s  s u b s t r a t e .  

the  contr ibut ion  of the  conduct ive  n - t y p e  layers.  One 
condition, however ,  must  be satisfied. The skin  depth  
at  the  opera t ing  f requency has to be large  compared  to 
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A D J U S T A B L E  
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Fig. 1. Diagram of the microwave mobility-measurement apparatus 
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the thickness of the layers. This condition is always 
satisfied in  implanted layers for FET's. 

The mobil i ty  of the free electrons is de termined from 
the magnetic  field B dependence of the conductivi ty r 
Since the f requency-scat ter ing t ime product, ,~T, is 
much less than  one at 11 GHz, the simple Drude theory 
conductivi ty in  a magnetic  field B can be approximated 
by the expression 

~(0) eB 
~(B) - -  a : 

1 + a2~ ~ m* 

where a(0)  is the zero magnetic  field conductivity, 
m* is the effective mass, e is the magni tude  of the elec- 
tronic charge, and ~ is the Larmor  frequency. Note 
that  ( in MKS units)  ~z = #B where ~ is the electron 
mobili ty.  The Drude theory describes the change of 
conductivi ty with ~ (B) / r  (0) equal to 1/2 when the mo- 
bi l i ty times magnet ic  field B is equal  to 1. The inverse 
of B at the half -power  point, therefore, gives the mo- 
bi l i ty  of the free carriers. The microwave mobil i ty  
values in  Fig. 2 have been determined in the way de- 
scribed above. The exper imenta l  curves are well de- 
scribed by the simple 1/[1 W (#B) 2] formula. Some 
deviation, however, is present  for the low mobil i ty  
case. A t  low mobilities, the asymptotic value deter-  
mination,  and therefore, the half -power  point  deter-  
mination,  is h indered by the available magnet ic  field. 
The 14 Tesla magnet  l imits this technique to mobilit ies 
greater  than  1000 cm2/Vsec. 

While it is not necessary to know the exact re lat ion-  
ship between the microwave mobil i ty  and  the Hall mo-  
bi l i ty in  order  to use the microwave measurements  for 
s tudying processing parameters,  the relat ionship must  
be known in order to compare our results with the Hall 
mobilit ies reported by other  workers. Therefore, ex- 
per imenta l  comparisons of the microwave and the Hall 
mobilit ies on two sets of samples have been made. For 
one set, the GaAs samples were subjected to identical  
implanta t ion  and anneal ing  treatments.  The Hall mo- 
bi l i ty and the microwave mobil i ty  were measured for 
each sample. The reproducibi l i ty  on a single sample of 
ei ther mobil i ty  measurement  is about  2.5%. The aver-  
age microwave mobil i ty  is 20% smaller  than the aver-  
age Hall mobi l i ty  with s tandard deviations for each 
around 13%. 

A comparison between the Hall mobil i ty  and the 
microwave mobil i ty  on some thin epitaxially grown 
layers with a wide range of doping levels is shown in 
Fig. 3. The doping concentrat ion of the n - type  layers 
varied between 1 X 1014/cm ~ and 1 X 1017/cm z and 
the thickness varied between 0.2 and 10.0 #m. For con- 
venient  reference, the Hall  mobil i ty  as a funct ion of 
impur i ty  concentrat ion in n - type  GaAs from Sze and 
I rv in  (9) is also shown. The microwave mobil i ty  fol- 
lows the same type of concentrat ion dependence as the 
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Fig., 3. The mobilities of a set of epitaxial layers on GaAs as 
measured by microwave (A)  and Hall (I-I) measurement at 300~ 
vs. impurity concentration. The curve is the bulk mobility vs. con- 
centration for GaAs (9). 

Hall mobility. However, differences of up to 20% are 
found. Differences between the two mobilities arise 
from differences in  the effect of low and high magnetic  
fields on the impor tant  electronic scattering processes, 
effects of sample geometry, and effects of sample in -  
homogeneities, such as doping gradients. Thus, relat ing 
the microwave mobil i ty  to the i /a l l  mobi l i ty  by a s im- 
ply proport ional i ty factor is only possible under  t ight ly 
controlled conditions. In  most cases, the mobilit ies 
measured by the two methods are fair ly  close. 

Implantation procedure.--GaAs slices with (100) 
surfaces were cut from different, often Cr-doped, semi- 
insula t ing ingots. The wafers were chemical -mechan-  
ically polished. Each wafer was cleaved into several 
5 X 5 mm 2 samples, which were etched in  5 H2SO4:1 
H~O2:1 H20 solution. Immedia te ly  after etching the 
samples were implanted  with S + or Se + ions. The im-  
planted samples were then coated with approximately 
1500~i of Si3N4 using either plasma or react ive-sput-  
ter ing deposition and annealed between 600 ~ and 
900~ in  forming gas. The implanta t ion  process pro- 
duced a submicron thick n - type  layer  on a 0.3-0.5 m m  
semi- insula t ing  GaAs substrate.  After  anneal ing  the 
microwave mobili t ies were determined either with or 
without  the Si3N4 encapsulat ing layers. 

Results 
The microwave mobil i ty  has been used as a control 

parameter  for the evaluat ion of the influence of sub-  
strate, implantat ion,  and anneal ing  conditions on GaAs 
FET- type  n -channe l  layers. 

The influence of the semi- insula t ing  substrate on the 
implanted layer  mobilities is shown in Table  1. Three 
different Cr-doped semi- insula t ing  ingots were tested. 
The wafers were implanted at room tempera ture  with 
1 X 101~/cm 2 120 keV S + ions, and were annealed at 
900~ for 60 min  with a Si3N4 cap. Since all condi- 
tions except ~he star t ing wafers were identical, the 
large difference in  the microwave mobilities originates 
from the different semi- insula t ing substrates. 

A complete unders tanding  of the influence of the 
s tar t ing semi- insula t ing GaAs substrate on the sulfur  
implanta t ion  has not yet  been achieved. Eisen (10) 
observed little var iat ion in the carrier  concentrat ion 
and mobil i ty when  he used different semi- insula t ing  
GaAs substrates. On the other hand, Stolte (11) did 
find significant substrate dependence.  Kel lner  (3) has 
shown that the electrical activation of sulfur  depends 
critically on the substrate material.  Lower mobil i ty 
may indicate an excessive carrier concentrat ion which 
might  come from the pi le-up of the implanted sulfur  
at the surface dur ing  anneal ing (12). When processing 
is identical, the critical factor controll ing the sulfur  
redis t r ibut ion should be related to the presence of re-  
sidual impuri t ies  in the GaAs substrates. Stolte (11) 
correlated the excess carriers with the amount  of Cr 
and Si found in  the substrates. The result  of a high 
resolution chemical spectroscopy on our s tar t ing ma-  
terial is also shown in Table I. As in  the case of Stolte, 
the decreased mobilit ies correlate with increased con- 
centrat ions of Si and Cr. 

The microwave mobil i ty  has been used for examina-  
t ion of the influence of other implantat ion-processing 
steps, such as the dose level, ion type, anneal ing time, 
and anneal ing temperature.  As an example of these 
experiments,  the influence of the anneal ing  tempera-  

Tablel.  Mobilities of S-implanted layers on different semi- 
insulating GaAs substrates 

Substrates  

Microwave mobil i ty  
(cm-~/Vsec) 

Emiss ion spectros- 
copy impurity  

Si 
Cr 
Mg 
Cu 

1 2 3 

3400 2400 1000 

In ppm (wt) 
0.01 0.02 
0.04 0.57 
0.008 0.014 
0.004 0.02 

0.05 
0.40 
0.04 
0.03 
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Table II. The influence of annealing temperature on the mobility 
of sulfur-implanted layers 

Annealing temperature (~ 620 700 800 900 
Microwave mobility (cm~/Vsec) 3100 3400 3800 4000 

ture  on S - imp lan t ed  layers  is shown in Table  II. Mo- 
bi l i t ies  less than  t h o s e  shown in Table  II  were  found 
when  samples  were  annealed  at  less than  600~ The 
mobi l i ty  increases wi th  t empe ra tu r e  up to 900 ~ C. 

These observed microwave  mobil i t ies  represent  good 
values  for implants  in Cr doped semi- insu la t ing  sub-  
strates.  Such subs t ra te  ma te r i a l  contains up to 
5 X 1015/cm 3 Cr  atoms as wel l  as a round 10~/cm ~ 
oxygen  and carbon atoms (13). Therefore,  i t  is not  
surpr is ing  that  the  inabil i t ies  a r e  not g rea te r  than  4000 
cm2/Vsec. The mobi l i ty  vs. anneal ing  t empe ra tu r e  on 
su l fu r - imp lan t ed  MESFET s t ruc tures  has p rev ious ly  
been examined  (3) by  van  der  Pauw measurements .  
The presen t  findings are  in ag reemen t  wi th  thei r  r e -  
sults. For  shor t  anneals,  one expects  the  mobi l i ty  to 
increase wi th  anneal ing  t empera tu re ,  indica t ing  that  
the  damage  is being removed.  Such behavior  has been 
observed  by  Sanbu ry  (14), who examined  the iso- 
chronal  anneal ing  behavior  of n - t ype  dopant  of GaAs. 
He found tha t  the  600~ anneal  g rea t ly  increased 
both the  mobi l i ty  and the ca r r i e r  concentra t ion and 
that  both  increase  s lowly above  600 ~ C. 

The  diffusion which occurs dur ing  the  high t empera -  
ture  anneal  mus t  also be considered.  Thus, the influ- 
ence of the  annea l ing  t ime was studied. At  800-C, by  
increas ing the anneal ing  t ime from 20 to 120 min, the 
mobi l i ty  increased f rom 3800 to 4200 cm2/Vsec. The 
diffusion of sulfur  leads  to a decreased ca r r i e r  concen- 
t ra t ion  level  which could account for the increased mo-  
b i l i ty  found at  longer  anneal  time. Such diffusion of 
the implan ted  sul fur  has cont r ibu ted  to the high mo-  
bil i t ies on su l fu r - imp lan t ed  Gunn devices (15). How- 
ever, as far  as FET devices a re  concerned, the  doping 
leve l  and  the l aye r  thickness cannot be a l lowed to 
change by  diffusion. 

The  microwave  mobi l i ty  vs. Se concentra t ion is i l -  
lus t ra ted  in Fig. 4. Double  implan ta t ion  has been used 
in  o rder  to achieve a flat se lenium concentrat ion.  The 
implanta t ions  were  car r ied  out  at  260~ wi th  480 and 
160 keV Se + ions wi th  fluences necessary to achieve 
the indica ted  concentrat ions.  The samples  were  capped 
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Fig. 4. The microwave mobilities for different concentrations on 
implanted Se. The triangle and square signs indicate two starting 
materials. The solid points were obteined at 300~ while the un- 
filled points were measured at 77~ The curve is the bulk mobility 
(9). 

with  SigN4 and were  annea led  at  800~ for 30 min. 
The two different  semi- insu la t ing  subs t ra tes  in t ro -  
duced only s l ight  differences. We see that  the  im-  
p lan ted  samples '  mic rowave  mobil i t ies  compare  favor -  
ab ly  wi th  Sze - I rv in  (9) Hal l  mobil i t ies  except  at  
h igher  ca r r i e r  concentrat ions.  But  such an effect is in 
l ine wi th  the  increased compensat ion f rom radia t ion  
damage,  which should be presen t  at  increased doses. 
Note also tha t  the  presence of compensat ion  is more  
pronounced  at  77~ where  the  impur i t y  sca t ter ing  is 
dominant .  

Conclusions 
We have  shown tha t  the  microwave  mobi l i ty  is a 

va luab le  p a r a m e t e r  'for rapid,  contactless evaluat ion  
and control  of many  implan ta t ion  processing steps. 
Evalua t ion  of s ta r t ing  wafers  has been described.  Op- 
t imizat ion  of the  processing pa rame te r s  for su l fur -  
imp lan ted  layers  for FET's  s t ructures  leads to the  con- 
clusion tha t  a t  a round  5 • 1012/cm 2 dose level  an an-  
neal  at 850~ for about  20 min  is optimal .  Different  
encapsulat ion procedures,  which are  observed to af-  
fect the mobil i ty ,  are  now under  inves t igat ion using 
the contact less mobi l i ty  technique.  
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The Fabrication of High Precision Nozzles 
by the Anisotropic Etching of (100) Silicon 

E. Bassous* and E. F. Baran 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Arrays of nozzles of uniform size (~-~25 • 25 ~m ~) and spacing (~-~0.3 mm) 
suitable for high quality and high speed ink- je t  printing have been fabricated 
by the anisotropic etchi~ng of holes through (I00) Si wafers using conventional 
Si-processing techniques. The etchant used is a mixture of pyrocatechol, 
ethylene diamine, and water. The nozzles are well-defined truncated, square 
pyramidal  cavities bounded by 4 convergent {111} planes. The square orifice, 
side Wo, is given by Wo ~ WB -- ~/2 tsi, where WB is the side of the square 
base and tsi the wafer thickness. Successful fabrication of these silicon micro- 
structures requires the application of well-controlled patterning and etching 
processes and the selection of a uniform, defect-free, accurately oriented 
single crystal substrate. 

Arrays of nozzles of uniform size and spacing are 
required to generate drops of ink with uniform char- 
acteristics for high speed and high resolution ink- je t  
printing using binary, deflected, electrostatically 
charged ink jets (1-5). In ink- je t  printing, fine jets of 
conductive ink are formed by forcing the pressurized 
ink through an array of nozzles; the jets break up into 
uniform streams of droplets by vibrating the nozzle 
array at a fixed frequency by means of a piezoelectric 

* Electrochemical Society Active Member. 
Key words: silicon nozzles, nozzle fabrication, 3-D microstruc- 

tures, ink-jet printing, anisotropic etching. 

transducer. In one method of printing, unwanted drops 
are selectively charged and deflected electrostatically 
from the main streams, and the uncharged drops are 
allowed to strike the paper to form the required char- 
acters (1, 6). 

Arrays of nozzles with square orifices of potential 
usefulness in ink- je t  printing have been fabricated 
by etching holes through single crystal silicon wafers 
of (100) orientation (4-5, 7) using an anisotropic 
(crystallographically preferential)  etching solution 
containing pyrocatechol, ethylene diamine, and water 

Fig. I. Anisotropic etching of 
holes in single crystal silicon of 
(100) orientation. (a) SEM 
photomicrograph of a nozzle 
etched through a silicon wafer 
200 ~m thick; (b) SEM photo- 
micrograph of a cross section 
through the nozzle shown in 
(a); (c) Self-limiting {111} etch 
planes define the side walls of 
holes etched through openings 
in the surface masking film 
(SiO~). The sides of the rec- 
tangular holes at the surface are 
parallel to the [110] directions; 
(d) Cross section through a 
nozzle showing the relationship 
between base hole side WB, ori- 
fice side Wo, and Si wafer thick- 
ness tsi. 

1321 
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(8-12). Each nozzle in the array is a truncated square 
pyramidal  cavity bounded by 4 convergent {111} 
planes and 2 {10.0} surface planes as shown in Fig. 1. 
The high degree of symmetry exhibited by these three- 
dimensional microstructures results from the crystal-  
lographic perfection of the starting wafer and the well-  
controlled, high etch rate of the {100} planes relative 
to the {111} planes. 

The size and shape of the holes etched in single 
crystal Si depend on the geometry and orientation of 
the openings in the surface masking film, e.g., SiO2, 
the duration of etching, and the wafer thickness. As 
shown in Fig. 1, a small opening forms a cavity with a 
rectangular base hole on the Si surface which encloses 
the original opening in the SiO2 film. The sides of the 
rectangle represent the intersections of the {111} planes 
with the (100) surface plane and are parallel  to the 
<110> direction. Because the etch rate of {111} planes 
is very low, cavities and nozzles bounded only by ex- 
posed {111} planes are self-limiting and thus do not 
change significantly in size or shape even after pro-  
longed etching. 

In a perfect crystal the angle between the {111} 
planes and the (100) surface is 54.74 ~ (Fig. 1). Assum- 
ing no misorientation of the Si wafer, the side dimen- 

Fig. 2. Sequence of steps in the fabrication of silicon nozzle 
arrays using conventional photolithographic techniques and aniso- 
tropic etching of the silicon substrate. 

Fig. 3. SEM photomicrograph of an 8 nozzle array etched in 
silicon. The array is 0.25 cm long, the base hole 290 X 290 #m ~, 
the orifice 28 X 28/~m 2, wafer thickness 185 #m, and the center- 
tc~center spacing is 305 #m, 

Fig. 4. SEM photomicrographs 
of uncoated Si nozzle orifices 
30 X 30 #m s. The knife edge 
corners of the orifice in (a) and 
(c) can be rounded by succes- 
sive thermal oxidation and strip- 
ping. Rounding shown in (b) and 
(d) is obtained after growing 5 
#m SiO~ 
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sion Wo of the square orifice which results after etch- 
ing through a wafer  of thickness tsi is given by  the 
expression Wo : WB -- -~/2 tsi, where WB is the side of 
the square-base hole etched in  the Si surface. The 
processing conditions and the results obtained in fab-  
r icating uni form nozzle arrays in (100) Si are de- 
scribed below. 

Exper imenta l  
The fabricat ion of Si nozzle arrays is carried out 

using convent ional  Si-processing techniques. The se- 
quence of steps in the process are shown in Fig. 2. 
Czochralski-grown, p-  or n - type  Si wafers 32 mm 
diam, 200 ~m thick, (10O) orientation, chem-mechani -  
cally polished on both sides are cleaned in ammonia  
peroxide and acid peroxide solutions, then  thermal ly  
oxidized in  s team to form an SiO2 film 0.5 ~m thick. 
Photoresist  is applied to both surfaces of the wafers 
and using s tandard photolithographic methods, arrays 
of square openings are defined and etched in the SiO2 
film on one side of the wafers. The wafers are then 
etched in  an aqueous solution containing 4 mole per-  
cent (m/o)  pyrocatechol C6I~(OH)2, (P),  46.4 m/o  
ethylene diamine NH2(CH2)2NH2 (ED), and 49.6 
m/o  water. The  P-ED solution is used at its boil ing 
point  118~177 I~ in  a quartz flask fitted with a con- 
denser to ma in ta in  the composition constant  and N2 
gas is bubbled through the solution to prevent  it from 
oxidation. The total etching time required is 3-4 hr 
based on an average etching rate of ,~50 #m/hr  on the 
(100) plane. Etching is stopped when  orifices appear 
on the opposite side of the wafers. After  cleaning, the 
oxide is etched off, and the wafers are oxidized in 
steam to form a un i form coating of thermal  SiOs on 
the nozzle surfaces. 

Results and Discussion 
Axrays of silicon nozzles possessing uni form physical 

characteristics suitable for ink - j e t  pr in t ing  were fab-  
ricated reproducibly by the above procedure. An array 
of 8 identical  nozzles with square orifices ~ 25 • 25 
~m~. on 0.3 m m  centers and with smooth well-defined 
defect-free surfaces is shown in  Fig. 3. St ructural  sym- 
met ry  and uni formi ty  as well as the absence of visible 
defects in the nozzles are necessary requirements  for 
high qual i ty  pr in t ing  at high speed. Surface i r regular i -  
ties or contaminants  and variat ions in orifice d imen-  
sions alter the flow characteristics of the streams of 
droplets generated across an array, resul t ing in a 
degradation of pr in t ing  performance (4). The tapered 
geometry of each nozzle is a useful feature which per-  
mits by  means of a simple microscopic examinat ion to 
determine the sui tabi l i ty  of an ar ray  of nozzles for 
p r in t ing  purposes. Due to the bri t t le  properties of 
single crystal silicon and the small size of the orifices, 
the nozzles are subject  toch ipp ing  and clogging if they 
are poorly handled. By t reat ing these structures in  the 
same way as microelectronic devices they can be proc- 
essed and tested with relat ive ease. Ink- je t  pr in t ing  
experiments  are performed by mount ing  an ar ray  of 
nozzles on a printhead,  forcing ink  under  pressure (,~2 
atm) through each nozzle, and s imultaneously  v ibra t -  
ing the pr in thead at high f requency (,~100 kHz) by 
means of a piezoelectric crystal. To protect the silicon 
from attack by the corrosive inks a layer  of SiO2 ~1 
~m thick is thermal ly  grown on the nozzles. The square 
orifice has sharp knife-edge corners and edges which 
are susceptible to s t ructural  damage from stress con- 
cer~trations resul t ing from the induced oscillations and 
the pressurized ink in  the printhead.  To overcome this 
potential  problem, rounding  of the orifice corners and 
edges was at tempted by a technique which uses re-  
peated thermal  oxidation and oxide-str ipping cycles. 
In  each cycle a thickness of silicon is removed equiva-  
lent  to ~44% of the thermal ly  grown SiO2 thickness. 
Since thermal  oxidation is a surface diffusion proc- 
ess, rounding of corners and edges occurs symmetr i -  
cally and uni formly  in each nozzle across an array. 
Figure  4 shows the rounding  obtained after growing a 

Fig. 5. SEM photomicrographs of an uncoated Si nozzle which 
was rounded by etching ~ 5 ~-m Si in a mixture of HF, HNO3, and 
HAc. (Upper) nozzle viewed from the base hole side: (middle) 
nozzle viewed from the orifice side; (lower) edge of orifice show- 
ing nonsymmetrical etching. 
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total of 5 ~m thermal  SiO~ in  steam at 1000~ in  5 
successive oxidation and str ipping cycles. This tech- 
nique causes orifice dimensions to increase incremen-  
tal ly with each cycle and therefore allows orifice area 
to be controlled with a high degree of precision. An 
etching method for rounding  nozzles using a mixture  
of HF, HNOs and acetic acid was also attempted. This 
method yielded a geometry which was not as sym- 
metrical  and un i fo rm as the oxidation and str ipping 
technique. Figure  5 shows SEM photomicrographs of 
a nozzle which was rounded by etching ~5  ~m of Si 
from the (100) Si surface. The lack of symmet ry  is 
mostly due to the differential etch rate of the various 
Si planes exposed to the etchant and to the nonun i -  
form flow of etchant through the nozzles dur ing  the 
etching process. Under  s imilar  operat ing conditions, 
the performance of square and rounded nozzles is 
identical provided the orifice areas are equal (4). 

The successful fabrication of arrays of nozzles with 
predictable dimensions is accomplished by selecting an 
appropriate substrate,  defining and al igning the ar ray  
pat tern  accurately on the wafer  surface, and control l-  
ing the anisotropic etching conditions. Orifice d imen-  
sions are determined by the size of the base hole WB 
and wafer thickness only. In  practice, the required base 
hole for a wafer of a given thickness is obtained by 
control l ing the underetching U of the cavity formed 
in the Si surface (Fig. 6). This is a critical factor in 
the fabricat ion of microstructures which require pro- 
longed etching in  anisotropic etchants. The undere tch-  
ing shown in  Fig. 6, given by  U ---- R(l t l) t /s ine where 
R(1~1) is the etch rate of the {111} planes and t the 
etching time, is the m i n i m u m  which can be achieved 
under  ideal processing conditions. Factors which con- 
t r ibute  to variations in underetching and hence to var i -  
ations in orifice dimensions are discussed below. 

Substrate.--The orientat ion of the {100} surface 
planes and the <110> fiat are critical and should be  
accurate wi thin  +_ 1 ~ in  order to control the symmetry,  
size, and relat ive a l ignment  of the arrays of nozzles. 
Wafer orientation, though critical, is seldom a problem 
in practice because a precision ----- _ 1 ~ is rout inely  ob- 
ta ined in commercial ly available wafers. The variat ion 
in wafer thickness (tsi) affects orifice size uni formi ty  
for the same base hole dimensions. A change Atsi across 
an ar ray  results in %/2 Atsi variat ion in  the orifice side 
dimension Wo (Fig. 1). Defects originating at the Si 
surfaces, due, for example, to poor polishing or clean- 
ing, induce pinholes in the surface masking film (SiO2) 
which result  in characteristic square etch pits in  the 
Si surface. These defects are dist inguishable from proc- 
ess-induced defects in the SiO2 by the formation of 
both square and rectangular  etch pits in  the Si surface 
as shown in  Fig. 7. Any small  defect at the Si-SiO2 
interface located On the per imeter  of the etched-base 
hole causes enlargement  or merging of adjacent holes 
(Fig. 7). 

c= W s  i -~', 
' ' 8 = 5 4 . 7 4  ~ , 

< 1 0 0 >  _., I ' ._~U=R(II I)  t / s ine  i 
i 

1 ' 
_ Z ~ ' Z ~ Z : > < ] ' ~ , ~ . ~  I 

~,,-. W o =..~/~"-~ 

R(IO0) 

Fig. 6. Nozzle dimensions are critically dependent on control 
of the underetching U below the edge of the surface etch mask. 
Under ideal conditions U ~ R(I l t )  t/sin~, where R(111) is the 
etch rate of the {111} planes, and t the etching time. 

Fig. 7. Characteristic ~uare and rectangular etch pits on Si 
surfaces after anisotropic etching in pyrocatechol-ethylene d|amine- 
water mixture using thermal Si02 as the surface etch mask. Upper 
photomicrograph: square etch pits result from pinholes in the 
Si02 induced by defects |n the Si surface. Middle photomicro- 
graph: rectangular etch pits result from process-induced defects 
in the SiO~. Lower SEM photomicrograph: defect an the perimeter 
of the base hole leads to an enlargement of the nozzle. 

Pattern definition.--A square opening, side W, in 
the surface masking film produces m i n i m u m  under -  
etching if it is precisely aligned parallel  to the <110> 
direction (Fig. 1). A misa l ignment  0 ~ results in an in -  
crease to W' ~ W (sin~ + cose) which reaches a maxi -  
mum at 9 _-- 45 ~ as shown in Fig. 8. 

Small circular openings in the SiO~ surface film form 
octagonal base holes which eventual ly  became a 
square pyramidal  cavities after prolonged anisotropic 
etching of the substrate. A circular opening and an ac- 
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Fig. 8. The size of an etched hole (solid lines) increases in 
proportion to the misalignment of the original square opening 
(dashed lines) in the surface-masklng film and reaches a maxi- 
mum a t 0 = 4 5 %  
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Fig. 10. Staggered square-etched holes (solid lines) resulting 
from a misalignment of an array of square openings (dashed lines) 
along the vertical and horizontal [110] directions. 

Fig. 9. Photomicrographs of nozzles formed in (100) Si by etch- 
ing through circular and square openings in the surface-masking 
film (SiOs). The nozzles are identical if the side of the square is 
accurately aligned and equal to the diameter of the circular 
opening. 

curate ly  aligned square opening form identical nozzles 
when  the side of the square and the diameter  of the 
circ]e are equal (Fig. 9). Smal l  openings of any geom- 
e t ry  form nozzles which are staggered in  the vert ical  
and horizontal  directions if the arrays are not accu- 
ra te ly  aligned paral lel  to the <110> direction (Fig. 
10 and 11). 

Fig. 11. Photomicrographs of a single array of nozzies etched 
through an Si wafer showing the staggered orifices resulting from 
misalignment of the array relative to the < 1 1 0 >  direction. 

Anisotropic etching.--Solutions of KOH (13-17), P-  
ED (8-12), and hydrazine N2H4 (18-20) are commonly 
used anisotropic etchants for single crystal silicon. 
Of the 3 etchants, KOH is the most stable and the most 
convenient  to use; however, it attacks SiO2 at a rapid 
rate especially at defect sites, and thus SiO2 films can-  
not be used as etch masks in the fabrication of Si 
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devices which requi re  pro longed  etching in KOH. De-  
spite  the  fact  tha t  o ther  mask ing  films could be used 
with  KOH, e.g., Au, they  are  not  as prac t ica l  as the r -  
ma l ly  grown SiO2 films for  the fabr ica t ion  of prec i -  
sion nozzles. P -ED and N2H4 solutions a t tack  SiO2 at a 
ve ry  low and comparab le  etch rate,  but  N2I~ tends to 
etch (100) Sz nonumfo rmly  b y  forming pyramzda l -  
shaped crys ta l l ine  hi l locks (13-15) on {100} surfaces in 
deeply  etched cavities. Hi l lock format ion  also occurs 
wi th  the  P-ED etch composi t ion used by Finne  and 
Kle in  (8), pa r t i cu l a r ly  at  t empera tu re s  be low l l0~ 
In a solut ion containing 4 m / o  (P) .  46.4 m/o  (ED), 
and 49.6 m/o  water ,  used at  its boi l ing point  118 ~ • 
I~ hi l lock fo rmat ion  is inh ib i ted  and (100) Si is 
etched at  a high, uniform, and reproducib le  etch ra te  
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with  an  anisotropic  etch ra te  rat io  R(loo)/R(uz) ---- 50/1. 
Solutions containing h igher  concentrat ions of (ED) at  
110~176 are  equal ly  effective in p revent ing  hi l locks 
on {100} surfaces. Hil locks are  s t ructures  bounded  by  
4 {111} planes  (Fig. 12) which e tch ve ry  s lowly in P -  
ED and often cause a pa r t i a l  or to ta l  b lockage of 
nozzles dur ing  the fabr ica t ion  process (Fig. 13). The 
hil locks tend to fo rm read i ly  on poor ly  cleaned sur-  
faces and in etchants  containing excessive amounts  of 
dissolved silicon; thus i t  is l ike ly  that  they  resul t  f rom 
local masking  by  contaminants  or f rom react ion p rod-  
ucts of the  etching process (8). Al though P-ED solu- 
tions etch (1O0) Si uniformly,  chem-mec 'hanical ly  pol -  
ished surfaces tend to develop a fine wavy  t ex tu re  
which becomes coarser  as etching progresses  (Fig. 14). 
As the surfaces remain  c lean and specular  th roughout  
the  etching react ion the i r  topography  does not  affect 
the nozzle fabr ica t ion  process. A s imi la r  e tching be-  
hav io r  has been observed wi th  KOH (13, 16) and 
N2H4 (19). 

The average  etch ra te  of the  (10O) p lane  in the  P -  
ED etchant  of the given composit ion at  118" • I~ is 

50 ~m/h r  based on measurements  of the to ta l  e tch-  
ing t ime requ i red  to etch nozzles th rough  200 ~m thick 
wafers.  The etch ra te  of the  (111} plane is ~ 1 ~m/h r  
de t e rmined  f rom measurements  of the  oxide  overhang  
or  "undere tching"  of the base hole in the  Si  surface. 

Fo r  consis tent ly  good etching resul ts  the  Si surface 
should be  h igh ly  pol ished and free f rom contaminants  
such as photores is t  and oxide residues.  Pr io r  to aniso-  
t ropic etching, the  subs t ra tes  a re  etched in buffered 
H F  to ensure complete  r emova l  of the  nat ive  oxide  on 
the Si surface. S imi lar ly ,  wafers  a re  etched in buffered 
H F  af ter  r emova l  f rom P-ED solut ion to dissolve the  
deposi t  which forms on etched surfaces. P -ED solutions 
are  s table  in the  absence of oxygen  and oxidizing 
agents  and  can be used over  per iods  of 2-3 weeks  p ro -  
v ided  the  amount  of dissolved si l icon is small .  A solu-  
t ion conta ining a la rge  concentra t ion  of silicon forms 
a heavy  whi te  prec ip i ta te  of a pyrocatechol -s i l icon  
complex  (8) when it  is cooled to room tempera ture .  
Such solutions are  genera l ly  not  sui table  for making  
precision s t ruc tures  which requi re  e tching of deep cav-  
ities. 

Conclusions 
Sil icon nozzle a r rays  wi th  un i form orifice dimensions 

sui table  for i n k - j e t  p r in t ing  appl icat ions  have  been 
fabr ica ted  r ep roduc ib ly  by  the anisotropic etching of 

Fig. 12. Pyramidal-shaped crystalline hillocks formed on aniso- 
tropically etched {100} surfaces. Upper, array etched 30 F,m deep, 
showing single hillocks in 2 holes; middle, magnified image of a 
single hillock; lower, SEM photomicrograph of a cross section 
through a partially etched nozzle with a hillock on the (100) 
plane. The hillock is a mesa with side walls parallel to the con- 
vergent {111} crystal planes of the nozzle. 

Fig. 13. SEM photomicrograph of a nozzle with the orifice totally 
blocked as a result of poor etching conditions. Base hole is 300 
• 300 ~rn 2. 
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Fig. 14. Photomicrographs using phase-contrast illumination 
(Nomarski) of (100} Si surfaces before and after anisotropic etch- 
ing. (a) Original unetched chemically polished back surface of a 
wafer; (b) same surface after etching 25 ~m of Si; (c) same sur- 
face after etching 65 #m of Si. Chem-mechanically polished wafers 
also yield wavy textured surfaces after anisotropic etching. 

holes through Si wafers of (100) orientation using 
standard Si-processing methods. The successful fab- 
rication of these novel three-dimensional microstruc- 
tures which require unusually long etching times is 
strongly dependent on the crystallographic perfection 
and the physical uniformity of the silicon wafer and 
on the control exercised in the patterning and etching 
processes. A key factor in the fabrication process is the 
use of an anisotropic etching solution containing pyro- 

catechol 4 m/o ethylene diamine 46.4 m/o, and water 
49.6 m/o, at its boiling point 118 ~ _ I~ 
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ABSTRACT 

In20~-Si, In203-Ge, Ir~203-GaAs, and I,n203-InP he te ro junc t ion  solar  cells 
have been fabr ica ted  and  the i r  photovol ta ic  p roper t ies  have been invest igated.  
Al l  devices show rec t i fy ing and photovol ta ic  effects. The expe r imen ta l  r e -  
sults can be exp la ined  by  a s imple he tero junct ion  energy band diagram.  In 
order  to match  the expe r imen ta l ly  observed polar i t ies  of the  open-c i rcu i t  
vol tage  and shor t -c i rcu i t  cur ren t  of these he te ro junc t ion  solar  cells, the  elec-  
t ron affinity of In203 mater ia l s  is de te rmined  to be 4.45 eV. The subs t ra te -  
res i s t iv i ty  dependence  of open-c i rcu i t  vol tage is consistent  wi th  the  energy  
band  d i a g r a m  using the e lec t ron affinity va lue  of 4.45 eV for In203. 

The format ion  of he terojunct ions  be tween  conduct-  
ing glasses, sil icon (1-3),  and o ther  mater ia l s  (4) has 
prev ious ly  been reported.  The cu r r en t - t r anspo r t  mech-  
anism of In203-Si he tero junct ion  solar  cells has gen-  
e ra l ly  been expla ined  by  a s imple heterojunct ion  
model  or  by a meta l  insu la tor - semiconduc tor  model. 
In  both models, the  value  of the  electron affinity of 
the oxide semiconductor  is one of the most impor t an t  
factors in de te rmin ing  the photovol ta ic  propert ies .  
Very  few studies, however ,  have been repor ted  (5-7) 
on the proper t ies  of In203: its e lec t ron affinity was 
uncer ta in  and its es t imated  value  was about  4.31 eV, 
0.3 eV grea te r  than  that  of Si (1). 

In  this  paper ,  we repor t  the first successful fo rma-  
t ion of In203-Ge, In2Os-GaAs, and In203-InP he te ro-  
junct ions th rough  the chemical  vapor  deposi t ion 
method. These he te ro junc t ion  cells show the photo-  
vol taic  effects. Based on the s imple heterojunct ion  
energy band diagram,  an e lect ron affinity of  4.45 eV 
was obta ined for In203 in o rder  to match  the exper i -  
men ta l ly  observed polar i t ies  of the open-c i rcu i t  vol t -  
age and the shor t -c i rcu i t  cu r ren t  of these he te ro junc-  
t ion solar  cells. B u i l t - i n  potent ia l  values  f rom con- 
s t ructed he tero junct ion  energy  band d iagrams agree  
wi th  exper imenta l  VD values  f rom capaci tance and 
cu r ren t -vo l t age  measurements .  Results  on photovol ta ic  
cells using var ious  subs t ra te  res is t ivi t ies  of Si and Ge 
mate r i a l s  a re  also consistent  wi th  the  energy band  
d iag ram using electron affinity value  of 4.45 eV for 
In20s. 

Experimental 
Cell Jabrication.--4VIechanically pol ished semiconduc-  

tor  wafers,  p -  and n - t y p e  Si, Ge, GaAs, and n - type  
InP, were  used in this exper iment .  Wafers  were  
cleaned with  d i lu ted  HF, acetone, and methanol  solu-  
tions. The deposi t ion of thin film In203 was car r ied  
out  by  hydrolys is  of InC1s. InC13 powder  was formed 
by  boi l ing ind ium wire  (99.999%) in concentra ted  
HC1 solution. The react ion took place ups t ream from 
a boat, containing a mel ted  InC13 powder  source 
placed in  the zone close to the  inlet.  The semiconductor  
subs t ra te  was placed on a holder  in the center  zone 
of the furnaces (about  500~176 wi th  he l ium or  
oxygen bubbled  th rough  deionized wa te r  as the car r ie r  
gas to form the In2OJsemiconduc tor  he te ro junc t ion  
cells. In  the i nd ium-oxygen  system, In203 is the only 
s table c rys ta l l ine -ox ide  phase (8). The t empera tu re  
of the op t imum hetero junct ion  format ion  was different  
for  various subs t ra te  mater ia ls .  I t  was 500~ for Si 
and Ge; 450~ for GaAs and InP. The f ront  contact  
to the In208 l aye r  was made  with  a luminum evapo-  
r a t ed  th rough  a finger mask. For  back  contacts, I n - A g  
was appl ied  for p -GaAs,  n-GaAs,  and p-Ge;  Sn -Ag  

Key words: heterojunct ion solar cell, indium oxide, electron 
affinity. 

for n-lnP and n-Ge. For better ohmic contacts, cells 
were.sintered at 500~ for 8 min. 

Results.--Photovoltaic properties.--Figure 1 shows 
the cur ren t -vo l t age  character is t ics  on a l inear  scale 
both in the  da rk  and under  i l lumina t ion  for the (n -p)  
In203-Si he tero junct ion  solar  cell. Under  a i r  mass 
zero (AM0) i l luminat ion,  a shor t -c i rcu i t  cur ren t  (Jsc) 
of 22 m A / c m  2, open-c i rcu i t  vol tage  (Vow) of 0.34V 
and fill factor  (FF) of 45% are  obtained.  Its s imple 
he tero junct ion  energy  band  is also shown in Fig. 1. 
Under  i l luminat ion,  the  polar i t ies  of Voc and Isc 
(negat ive  for the In203 side and posi t ive for the  Si 
side) a re  in accordance wi th  the direct ion of the 
ene rgy -band  bending.  Obviously,  the  construct ion of 
a he te ro junc t ion  energy  band d iag ram depends on 
the Fe rmi  level  EF. We take  the  F e r m i  level  of In203 
in equ i l ib r ium to be 0.05 eV below its conduct ion 
band. This is supposed by  the expe r imen ta l  evidence 
of ohmic- tunne l ing  behavior  for In203 deposi t ing on 
0.0003 ~%-cm p - t y p e  ge rman ium subs t ra te  and rec t i fy -  

(p = 7.0 • I015 ~-3) ,/ 
n'In203 / ~  -- ~ ! 

f 4iOl ~v | 4.45 eV / 

r ~ ~ ' - - " - ~ 2  Voc = 0.34 V 

I 20 Jsc = 22 mA/cm 2 

FF ~ 48% 

E V ..... 
dark 

0.2 1 0.2 / 0.4 0!: .... 
Volt 

under illumination 

-30 

Fig. I. Current-voltage characteristics for the (n-p) In203-Si 
heterojunction solar cell in the dark and under illumination (AM0). 
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z 

.... 0 bare silicon homoj~crion 

- - 6  In203.Si h e t e r o 3 ~ e r l o n  

W~velength ~micrometers) 

Fig. 2. Spectral response of (n~p) In203-Si heterojunction and 
Si homojunction solar cell. 

ing behavior  for 0.0.04 p - type  silicon substrate. Also, 
conduct ivi ty  measurements  on In203 thin film depos- 
i ted on glass slides indicates that  the In203 film is 
a heavi ly  doped, near  degenerate,  n - type  semicon- 
ductor. 

The spectral  response of a typical  (n-p)  In20~-Si 
he tero junct ion  solar cell under  AM0 condition is shown 
in Fig. 2. The m a x i m u m  sensi t ivi ty occurs near  a 
wave leng th  of 0.9 #m. The spectral  response of the 
bare  3 f~-cm silicon homojunct ion cell  fabr icated in 
the normal  diffusion process is superimposed on the 
same plot  for comparison. There  is a clear increase 
of the spectral  response in the short  wave leng th  
region for he tero junct ion  solar cells. The junct ion 
depth of the homojunct ion  is about  0.2 ~m for silicon 
homojunct ion  cell. For  a heterojunction,  the In203 is 
t ransparent  and junct ion begins at the interface of 
the In203 and the semiconductor.  The decrease of 
spectral  response in  the long wave leng th  region is 
probably  due to the difference of the minor i ty  carr ier  
l i fe t ime in the base material .  Results on other  he tero-  
junct ion solar cells including both (n-p)  and (n-n)  
In203-semiconductor heterojunct ion devices are sum-  
mar ized  in Table  I. 

Capacitance measurements .~Figure  3 shows the ca- 
pacitance results for some of the typical  (n-p)In203-  
Si and In203-GaAs solar cells. The capacitance results 
seem to fit the s t raight  lines of the C -2 vs. V plot. 
Bui l t - in  potent ial  Vb is 0.4V for an (n-p)In20~-Si  
he te ro junc t ion  (1.4 • 1015 cm -z  Si substrate)  and 
0.86V for an (n-p)In203-GaAs heterojunct ion (5 • 
1017 cm -3 GaAs substrate) .  It was difficult to apply 
the capacitance measurement  technique to the capac- 
i tance of the In203-Ge hetero junct ion  solar cell be-  
cause of its high junct ion leakage current.  Values of 
bui l t - in  potent ial  deduced f rom the heterojunct ion 
energy band d iagram listed in Table  I are also in 
good agreement  wi th  the values through the l inear  

p-GaAs 
(p - 5 * 1017 -3 )  

3xio I 

u m i,I013_ 

l 
- i .o -o.s -o.6 - o4  -o 2 

o p-Ss 
(p ~ 1 4 ~ 1o 15 ~-3 )  

15xlo 15 & 

9.1o15 o 

) 

- 3.1015 

I J I I [ 
0,2 04 O~ 0.S i0 

R~s Volta: (vol ts )  

Fig. 3. 1/C 2 vs. bias voltage plot of (n-p) In20~-Si and (n-p) 
In~O3-GaAs heterojunction cells. 

extrapola t ion of the I -V  characteris t ics  at high for-  
ward  current  and capacitance measurements .  
Resistivity dependence o] Voc.--The bending direct ion 
of heterojunct ion energy band is dependent  on the 
electron affinity of semiconductors and the Fermi  
level  (ED in the base materials.  For  example,  as 
the Ef-Ev increase, we expect  a change of polar i ty  
for Voc and Isc in the p- type  substrate.  Therefore,  
10, 3, 1, and 0.004 f~-cm p- type  silicon were  used 
to fabricate  the (n-p)In2Os-Si  heterojunct ion solar 
cells. Their  open-ci rcui t  voltages (Voc) increase in 
accordance with  the decrease of resis t ivi ty value. 
Tables II  and III show the results for (r~-p) and 

Table II. Resistivity dependence of Voc for p-type germanium 
material 

Built-in volt- 
p-type age from Polar- 
Ge heterojunc- ities Experimenbal 

res i s -  t i o n  band w.r.t Js~ 
tivity diagram sub- Voc (mA/ Jo 
(~-cm) Vb ( m V )  strate ( m V )  cm=) (A/cm 2) 

R ~  

(~) 

37 15 + + 2 , 7  + 0 . 3  1.8 • 10 -~ 11 
20.5 15 -- - -0 .538  - 0 . 8  2 x 10 -~ 6 
10 50 - - 4 . 5 2  - 1 . 6  4 • 10~" 3 

1 100 - - -5 .58  - 3  1.52 • 10 --~ 1.7 
0.1 170 - - 9 . 0  - -2 .1  2 • 10 -s 4.1 
0.0003 200 T u n n e l i n g  

Table III. Resistivity dependence of Voc for n-type germanium 
material 

Built-in volt- 
n-type age from Polar- 

Ge heterojunc- ities Experimental 
resis- tion band w.r.t. Jse 
tivity diagram, sub- Voc (mA/ R, Jo 
(fl-cm) Vb ( m Y )  strate ( m V )  cm s) (~) (A/cm=) 

10 70 + 4 0.7 8.4 9 • 10 -~ 
3 100 + 5.7 3.6 11 9.4 • 10 -~ 
0.1 200 + 10 2.3 12 8.5 x 10 -~ 

Table I. Summary of results for In203/semiconductor heterojunction solar cells 

Built-in voltage 
Substrate impurity Polarity of Experimental J.c, Voc, obtained from heterojunction Built-in voltage 

c o n c e n t r a t i o n  Vco, I~c w.r.t. (~ AM0 condition) energy band dia- from I-V charac- 
Heterojunction (cm -~) substrate Jsc (mA/cm~) Voc (mV) gram, Vb (mV) teristics, Vb (mV) 

( n - p ) I n ~ O s / G a A s  5 • 10 ~z - 6.17 84 850 500" 
( n - n ) I n ~ O 3 / G a A s  8.7 • 101~ + 1.2 82 320 280 
( n - p ) I n 2 O s / G e  I x 19 ~ 3.0 5.5 80 75 
(n -n ) Ir -n~8 /Ge  1.5 • l0  TM + 3.6 5.7 120 120 
(n-n)InsOMInP 3 • 1016 + 0.6 18 60 80 
( n - p ) I n s O ~ / S i  7 • 10 ~ 22.0 340 430 430 
( n - n ) I n ~ O s / S l  2,1 x 10 ~ + 1.5 1O0 220 210 

O p e r a t i n g  temperature = 300~ 
T h e  InsO~ film was formed by the CVD method and all devices had good rectifying characteristics. 
E l e c t r o n  affinity values are 4.01 eV for Si; 4.13 eV for Ge; 4.07 for GaAs; and 4.36 eV for InP (9), 
* T h e  e n e r g y  b a n d  diagram indicates that an inversion layer might exist at the interface as the device behaves like a homojunction. 

H o w e v e r ,  d i r e c t  c o m p a r i s o n  m a y  n o t  b e  valid. 
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(n -n ) In203-Ge  he te ro junc t ion  solar  cells wi th  sub-  
s t ra tes  o f  var ious  resistivities.  There  is a c lear  po la r i ty  
change of Vor and Isc be tween  37 a - c m  and 20 ~2-cm 
p - t y p e  Ge substrates.  The he te ro junc t ion  energy band 
diagram, which was constructed by  using the In203 
elect ron affinity value  of  4.45 eV, fits this resul t  r ea -  
sonably  well. 

Discussion and Conclusion 
According to the  (n -p )  he tero junct ion  energy band  

d i ag ram in Fig. 4, under  the  i l lumina t ion  conditions, 
the  e lec t ron-hole  pai rs  c rea ted  by  the photons wil l  
be separa ted  by  the bu i l t - i n  electr ic  field. A negat ive  
vol tage  wi th  respect  to the  semiconductor  subs t ra te  
wi l l  exis t  a t  the (n -p )  he te ro junc t ion  bar r ie r .  Ei ther  
e lect rons  f rom the  semiconductor  side wi l l  flow down-  
hi l l  to the conduct ion band of In~Oa, or  there  wi l l  
be thermionic  emission of holes f rom the valence 
band of the  semiconductor  subs t ra te  into the in terface  
s tate  where  they  recombine  wi th  the electrons f rom 
the conduct ion band of In20~ to give the observed  
shor t -c i rcu i t  current .  Those interface  states exis t  un i -  
fo rmly  be tween  the in ter face  of In203 and the semi-  
conductor  substrate .  The electrons at  the  in terface  
states a re  suppl ied  by the nea rby  conduct ion band of 
In203 because of thei r  p rox imi ty  to the in terface  
states. There  is ve ry  l i t t le  band bending on the In208 
side because of the  high e lect ron concentra t ion in 
In20~, The expe r imen ta l  observat ions  in this paper  
also confirm this finding. For  (n -n)  he tero junct ion  
devices (Fig. 5), the da rk  cur ren t  is ma in ly  due to 
the m a j o r i t y  carr iers ;  however,  the main  factor  l ead-  
ing to the  shor t -c i rcu i t  cu r ren t  has to be the  recom-  
b ina t ion  of electrons f rom the conduct ion band of 
In203, wi th  holes f rom the semiconductor  subs t ra te  
a t  the in ter face  states. If the holes at  the in terface  
s tates  recombine  wi th  the  electrons in semiconductor  
side, i t  wil l  be a loss mechanism and contr ibutes  no 
shor t -c i rcu i t  current .  The o ther  loss mechanism is 
p robab ly  due to the  recombina t ion  process in the 
deple t ion  region. 

Al l  In20~-semiconductor  he tero junct ion  solar  cells 
show photovol ta ic  effects and rec t i fy ing cha rac te r -  
istics except  the 0.0003 n - c m  ge rman ium subst ra te  
mater ia l .  The resul ts  of Voc and I~  are  infer ior  to 
those of homojunct ion  devices. The l imi t ing factors 

p-Si 

- + 

E va~,~ -- Eva e 

f x 2 = 4. Ol eV 

x I - 4.45 eV 

Ef ......... I OI~ 9~) .... -] .... EF 

II ~-I 
/ 

Eg I = 3.0 eV ! 

Evl --- ~ 

--~ depleti~on 
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Fig. 4. Energy band diagram of an .-p hetero]unct~on showing 
possible processes contributing to the generation of photocurrent 
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Fig. 5. Energy band diagram of an n-n heterojunction with pos- 
sible processes contributing to the generation of photocurrent. 

are  high series resis tance (Rs) and  junct ion leakage  
current .  In  this work, no a t t empt  is made  to optimize 
the energy  conversion efficiency of solar  cell. The 
ma in  objec t ive  is to de te rmine  the e lec t ron affinity 
of in208 based on the polar i t ies  of Voc and Isc f rom 
the In2Oa-semiconductor he te ro junc t ion  energy band 
diagrams.  

In conclusion, we have successful ly de te rmined  the 
e lect ron affinity value  of IntO3 f rom i ts  photovol ta ic  
propert ies .  In  addit ion,  we bel ieve tha t  we have re -  
por ted  for the first t ime the success of In20~-Ge, 
in203-GaAs, and In2Os-InP he tero junct ion  fo rmat ion  
by  the chemical  vapor  deposi t ion method.  Based on 
the de te rmined  e lec t ron affinity value  of In208, we can 
construct  the  he te ro junc t ion  energy band at  equi l ib-  
r ium. F rom this, we have successful ly expla ined:  (i) 
tha t  the observed polar i t ies  of Voc and Isc of the 
he tero junct ion  devices a re  consistent  wi th  the band 
bending in the  energy  band d iagram;  (ii) tha t  the  
bu i l t - i n  potent ia ls  a re  in good agreement  wi th  those 
deduced f rom the capac i tance-vol tage  and the cu r ren t -  
vol tage results ;  and (iii) tha t  the  semiconductor  sub-  
s t ra te  res is t iv i ty  dependence of the Voc resul ts  is 
consistent  wi th  he te ro junc t ion  energy band diagram.  

Manuscr ip t  submi t ted  June  23, 1977; revised m a n u -  
scr ipt  received Feb. 24, 1978. 

Any  discussion of this  p a p e r  wil l  appea r  in a Discus- 
sion Sect ion to be publ i shed  in the June  1979 JOURNAL. 
Al l  discussions for  the  June  1979 Discussion Section 
should be submi t ted  by  Feb. 1, 1979. 

Publication costs of this article were assisted by 
Wayne State University. 
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Color-Band Generation during the High Dose 
Ion Implantation of Silicon Wafers 
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ABSTRACT 

Color -bands  m a y  be observed on silicon wafers  fol lowing high dose ion 
implanta t ion .  The implan ta t ion  condit ians which  give rise to color band gen-  
e ra t ion  are  described.  The t e m p e r a t u r e  var ia t ions  occurr ing across the  wafe r  
dur ing  implan ta t ion  are  shown to be of p r i m a r y  impor tance  in genera t ing  
color b~nds. The  colors observed resul t  f rom in te r fe rence  effects when l ight  
is reflected f rom subsurface  interfaces  of amorphous  and crys ta l l ine  silicon; 
the  surface l aye r  may  be amorphous  or  c rys ta l l ine  silicon. The dep th  and 
na tu re  of the  surface  l aye r  de te rmines  the  color observed.  The dep th -co lo r  
re la t ionship  for  these  layers  is discussed together  wi th  the var ia t ion  of color-  
bands wi th  implan ta t ion  conditions. Exper imen ta l  resul ts  show that  the  color-  
bands  are  evidence of damage  nonuni fo rmi ty  across the  wafer.  This damage  
nonuni formi ty  may  also be evident  a f te r  h igh t e m p e r a t u r e  anneal ing.  

Color -bands  on i on - imp lan t ed  sil icon wafers  were  
first r epo r t ed  b y  F r e e m a n  et aL (1) who used high 
beam cur ren ts  whi le  s tudying  sheet  res is tance uni -  
fo rmi ty  for high dose implanta t ions .  They  also showed 
tha t  the  colored regions were  associated wi th  c rys ta l -  
l ine  surface  l ayers  and the  effect was due to var ia t ions  
in t e m p e r a t u r e  across the  wafer  dur ing  high cur ren t  
implanta t ions .  Csepregi  et al. (2) qua l i t a t ive ly  associ- 
a ted  the  thickness  of the  surface c rys ta l l ine  layers  
wi th  visual  color changes. Seidel  et al. (3) quan t i t a -  
t ive ly  cor re la ted  thickness  measurements  of the  sur -  
face c rys ta l l ine  l aye r  wi th  "opt ica l - th icknesses"  de-  
r ived  f rom peaks  in the  vis ible  opt ica l  reflectance spec-  
t rum. They  also cor re la ted  thicknesses  of th icker  
(mos t ly  bur ied)  amorphous  layers  wi th  peaks  in the 
nea r  in f ra red  reflectance spectrum.  Their  i n t e rp re t a -  
t ion is based p r i m a r i l y  on the fact  tha t  amorphous  
and crys ta l l ine  si l icon have  different  indexes  of re -  
f ract ion and absorption.  

In  the  presen t  work  i t  is po in ted  out  that  vis ible  
in te r fe rence  colors m a y  also be genera ted  when the 
amorphous  l aye r  is cont inuous to the  surface. A more  
genera l  model  has been developed to expla in  this (4). 
The co lor -bands  are  only  evident  on implan ted  speci-  
mens  when  the  condit ions dur ing  implan ta t ion  are  not  
ident ica l  at  a l l  points  on the  specimen.  E lec t ros ta t ica l ly  
scanned wafers  exper ience  the  same the rma l  condit ions 
at  al l  points  dur ing  implan ta t ion  and consequent ly  wi l l  
not  exhib i t  co lor -bands  unless a t he rma l  grad ien t  is 
es tabl i shed  by  nonuni form cooling (3) or  as a resul t  
of nonuni form doping. Simi lar ly ,  co lor -bands  are  not  
p roduced  on wafers  bonded to a constant  t e m p e r a t u r e  
hea t -s ink .  

To enable  high dose implan ts  to be  completed  wi th in  
a reasonable  t ime, h igh beam cur ren ts  a re  commonly  
util ized, but  the  beam heat ing  then  becomes significant 
(5). The  t e m p e r a t u r e  r ise of the  wafe r  can be reduced  
b y  increas ing the scan a rea  if a mechanica l  scanning 
technique is employed.  This approach  has an associated 

advan tage  of improved  dose uni formity .  However ,  the  
resul t ing  t empe ra tu r e  changes ca-use sections of the  
wafers  to be imp lan ted  at  different  t empera tu re s  wi th  
a consequent damage  nonuni fo rmi ty  across the  wafer .  

The co lor -bands  of a typica l  wafer  a re  shown sche- 
ma t i ca l ly  in Fig. 1; however ,  many  var ian ts  on this 
form are  possible, as is exp la ined  later .  In  most  cases 
a sha rp ly  defined co lo r -band  is ev ident  ( region 2, 
Fig. 1). I t  is obviously  a region of the  wafer  in which 
the condit ions for amorphous  zone genera t ion  are  pa r -  

TOP 

/ 4 

2 

BOTTOM 

TYPICAL COLOUR-BANDED WAFER 

Fig. 1. Schematic diagram of color-bands formed on a silicon 
wafer implanted to high dose with mechanical scanning. 
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t icular ly  sensitive to tempera ture  changes for the im- 
p lanta t ion  parameters  employed. 

The damage created by implanta t ion  into silicon and 
described by the color-bands is the result  of the dis- 
ordering processes caused by the deposition of the en-  
ergy of the incident  ions and the dynamic  anneal ing  
which occurs dur ing the implanta t ion process. The 
anneal ing  is strongly dependent  on the implanta t ion  
temperature  (6). This effect can be considered as a 
shift of the amorphous threshold as a funct ion of im- 
planta t ion temperature.  Nelson and Mazey (7) dem- 
onstrated for 60 keV Ne + implants  that  the amorphous 
threshold, as determined by the "milkiness" criterion, 
rose from approximately 1 X 1014 cm -2 at 20~ to ap-  
proximately  4 X 1015 at 200~ Morehead and Crowder 
(8) showed a s imilar  var iat ion for the amorphous 
thresholds of B +, P+, and Sb + implants,  as determined 
by EPR data. They also proposed a model for this be-  
havior. 

Experimental Conditions 
The silicon wafers were 5 cm diam and of <111> 

orientation. All were implanted in the Mk IV Harwel l -  
Lintot t  isotope separator (9) which uses double-axis  
mechanical  scanning (10) to scan the wafers through 
the s ta t ionary 3 cm high l ine focus ion beam. The 
wafers move with a horizontal stroke of 17 cm and 
then drop a small  distance, as determined for the beam 
current  and the total dose required, before again 
sweeping through the beam. 

A number  of analysis techniques were used to ana-  
lyze the color-bands formed dur ing  high dose implan-  
tation. The conditions used are presented with the re- 
sults in the following section. The details of the im- 
plantation conditions for the various wafers discussed 
in this paper are presented in Table I, together with 
the maximum temperature calculated to have been 
reached by the wafer during implantation. It should 
be noted that  the examples discussed throughout  this 
paper are related to the par t icular  scanning system 
employed. The data and discussion can be applied to 
other scanning systems only if the re levant  implan ta -  
tion conditions are carefully noted. 

Results and Discussion 
Temperature variation during imp~antation.--The 

ion-beam power density, which determines the tem- 
pera ture  rise of the wafer, has been defined as the ir-  
radiance (1) 

I.E 
I r radianze -- 

A 

where  I is the beam current ,  E is the energy of the 
incident  ions, and A is area scanned by the beam. 

F reeman  et al. (1) measured the tempera ture  rise of 
silicon targets implanted at various irradiances and 
showed that  the wafer  has an effective average emis- 
sivity, e, of approximately 0.45. The relationship they 
obtained be tween  tempera ture  rise and i rradiance is 
shown in  Fig. 2. It assumes that the entire target  area 
is being scanned. The heat loss from the silicon is 
almost ent i re ly  by radiation. Par ry  (11) has shown the 
back surface to be a less efficient radiator than the 
front surface but  has obtained a similar average emis- 
sivity i o r a  silicon wafer mounted  on a plate by a 

Table I. Implantation conditions 

Maximum 
Beam temperature  

Ion cur- Irradio during 
Ion energy Dose rent ance implanta- 

species (keV) (cm ~) (i~k) (W/m -~) tion (~ 

P 40 2 x I0 ~e 500 3900 220 
P 60 1 x 10 TM 660 7800 290 
P 80 i x 10 TM 500 7800 290 
P 118 I x l0  ~ 340 7800 290 
P 154 1 x l0  TM 260 7800 290 
Ne  80 i x I0 ~6 500 7800 290 
P 80 2 x 10 ~6 500 7800 <290 

clamping mechanism without  the use of a thermal  
bonding agent. The equi l ibr ium tempera ture  rise of 
the wafer thus varies as the fourth root of the i r radi -  
ance 

/ I r radiance ~1/4 

where Tw is the wafer temperature,  Ta is the ambient  
temperature,  ~ is the S tephan-Bol tzmann constant, 
and 2e is the effective total emissivity, assuming heat 
conduction from the wafer  to the holder to be negligi-  
ble (11). 

The equi l ibr ium tempera ture  r ise- i rradiance rela-  
t ionship of Fig. 2 assumes that  the ion beam is scan-  
n ing the entire area of the target  specimen. In  the 
NIk IV Harwel l -Lin to t t  separator, a 3 cm high beam 
is used to progressively scan across a 5 cm diam sili- 
con wafer. The percentage area of the target  being 
scanned by the ion beam is thus a funct ion of the rela-  
tive location of the ion beam centerl ine and the wafer. 
It  increases to a ma x i mum when the ion beam is scarL- 
n ing the center of the wafer; the relat ionship is shown 
in Fig. 3. The beam power t ransmit ted  to the wafer 
is proport ional  to the area of the wafer  being scanned. 
The heat deposited into the wafer  is conducted through 
it with a t ime constant of approximately 20 sec (11). 
Heat dissipation only occurs by radiat ion from the 
entire surface area, since conduction to the mount ing  
plate  is negligible. If it is assumed that  the lateral  
conduction t ime constant is negligible compared to the 
total  t ime taken by the implanta t ion  cycle, the "equi-  
l ibr ium" temperature  rise as a funct ion of the ion beam 
centerl ine position can be calculated as a percentage 
of the tempera ture  predicted in Fig. 2 when complete 
scanning of the wafer occurs. The result  is shown in 
Fig. 4. Each horizontal  strip on the wafer has a unique 
tempera ture- t ime profile as the scan proceeds across 
it. Strips at the bottom are ini t ia l ly  at a low tempera-  
ture  with an increasing tempera ture  dur ing implan ta -  
tion, strips at the center have high and relat ively con- 
sistent temperatures  dur ing implantat ion,  while strips 
at the top of the wafer have an ini t ia l ly high tempera-  
ture  which decreases as the implanta t ion  cycle is con- 
cluded. This tempera ture  var iat ion during implan ta -  
t ion is shown in  Fig. 5 for some points on the wafer. 
These results, however, assume that implanta t ion  has 
proceeded sufficiently slowly for lateral  heat conduc- 
t ion to ma in ta in  a uniform tempera ture  across the 
wafer and that the wafer has negligible thermal  ca- 
pacity, so that  cooling is equal ly efficient. It is known 
that  wafer cooling has an appreciable t ime constant  
and this effect has been estimated to determine the 
more realistic tempera ture  variat ion curves of Fig. 6. 
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Fig. 2. Equilibrium temperature rise as a function of irradiance 
[after Freeman et al. ( I ) ] .  
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The thermal conditions of a wafer scanned by such 
a mechanical  scanning system are thus seen to vary in 
a complex manner during implantation when  beam 
heating is significant. Each horizontal strip of the 
wafer has a unique thermal behavior during implanta-  
tion. The temperatures attained, in addition to being 
determined by the ion beam irradiance, are also modi-  
fied by the efficiency of the thermal contact with the 
mounting,  the duration of the implantation cycle, and 
the efficiency of radiation to the surroundings. 
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Fig. 6 (top). Temperature variation of horizontal strips across 
the wafer during implantation with estimated thermal capacitance. 

Fig. 7 (bottom). Fluence variation as a function of implantation 
temperature (with no thermal capacitance). 

Generation of amorphous regions during varying 
temperature implantation.--As was noted earlier, the 
amorphous threshold increases with implanta t ion  tem- 
pera ture  because the dynamic anneal ing process be-  
comes more efficient. The amorphous threshold is not, 
however,  a concept which is readily applicable to 
implanta t ion  at varying temperatures.  A more general 
concept of an amorphizing fluence, ~bam , is required to 
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account for the  va ry ing  t empera tu re s  dur ing  the im-  
p lan ta t ion  cycle. 

The effective amorphiz ing  fluence, which is a func-  
t ion of the  implan ta t ion  t e m p e r a t u r e - t i m e  cycle, is 
less than  the ac tual  fluence because of the  t empe ra tu r e -  
t ime dependen t  dynamic  anneal ing  

f ~ ( 0 ,  t)  = {z - k(r  e, t )} 

whe re  r = fluence, t = t ime, and 0 = tempera ture .  
In  addit ion,  the  amorphous  threshold  should be re -  

la ted to a volumetr ic  d i sorder  dens i ty  r a the r  than  a 
surface fluence. Since, at the present  t ime. inadequa te  
da ta  exists  to enable  a more  adequa te  considerat ion to 
be made,  a simplified discussion based on amorphous  
threshold  var ia t ion  is presented.  I t  must,  however ,  be 
noted tha t  i t  on ly  represents  an approx imat ion  to the  
more  complex  ac tua l  si tuation.  

In  the  iYIk IV Harwe l l -L in to t t  separa to r  the  beam 
cur ren t  dens i ty  is app rox ima te ly  constant  along the 
height  of the  l ine focus beam. Therefore,  as the sweep 
proceeds the fluence, r increases  at. Since the  e-t  r e -  
la t ionship  has  a l r eady  been es tabl ished (see Fig. 5) 
the 0-r re la t ionship  can be read i ly  der ived  for the va r i -  
ous hor izonta l  s t r ips  of the wafer .  These are  p lo t ted  
for points A - E  in Fig. 7 using a logar i thmic  scale for 
the  fluence. The  numer ica l  scale is for  a 2 X 1018 cm -~, 
40 keV P + implan t  at  500 ~A. Also p lo t ted  in Fig. 7 is 
the  var ia t ion  of amorphous  threshold  wi th  imp lan t a -  
t ion tempera ture ,  for 280 keV P+ implants  using the 
EPR da ta  of Morehead  and Crowder  (8), who p re -  
dicted tha t  for  t empera tu re s  above 430~ the P+ im-  
p lants  wi l l  not  be amorphous  at  any  dose. Even though 
this da ta  cannot  be expected to predic t  the "milkiness"  
threshold  accurately,  it  exhibi ts  the expected  re la t ion-  
ship wi th  t empera ture .  

Al though  the  approach  of Fig. 7 is approximate ,  
some in teres t ing  t rends  are  indicated.  For  implan ts  
which commence at  low tempera tures ,  i.e., point  A at  
the  bo t tom of the  wafer ,  i t  is r e l a t ive ly  easy to gen- 
e ra te  an amorphous  layer .  (An amorphous  layer  is 
cer ta in ly  genera ted  when a r  cycle crosses the  
amorphous  threshold  curve f rom a lower  t empera ture .  
An amorphous  layer  wi l l  be genera ted  at  a dose lower  
than  that  p red ic ted  by  the amorphous  threshold  curve 
because of the in tegra ted  effect of the  damage  as the 
implan ta t ion  proceeds.)  For  a point  such as B an 
amorphous  l aye r  may  be es tabl ished if the  in tegra ted  
damage,  as the t e m p e r a t u r e  increases, is sufficiently 
high. The damage  occurr ing before  the t empe ra tu r e  in-  
creases signif icantly is the  de te rmin ing  factor. For  
point  C on the wafer  the t empe ra tu r e  is too high, when 
it  is implanted ,  for an amorphous  l aye r  to be created.  
Amorphousness  could be crea ted  at  D, but  i t  is un-  
l ike ly  as i t  approaches  the  amorphous  threshold  curve 
wi th  much less damage  than  a constant  t empe ra tu r e  
implant ,  since the  ma jo r i ty  of the  damage  has been 
genera ted  at  high t empera tu re .  I t  is, however ,  l ike ly  
tha t  amorphousness  is c rea ted  at  point  E as the wafer  
cools. 

The steepness of the  amorphous  threshold  var ia t ion  
with  t empe ra tu r e  can be seen to be of fundamenta l  
impor tance  in de te rmin ing  the genera t ion  of a m o r -  
phous regions of va ry ing  thickness across a wafer  im-  
p lan ted  wi th  the condit ions jus t  considered.  The amor -  
phous l aye r  genera t ion  is p r i m a r i l y  de te rmined  by  the  
behavior  of the  wafer  dur ing  its lowest  t empe ra tu r e  
phases of the implan ta t ion  process. 

Typical color-bands.---The color -bands  observed  on 
the  silicon wafers  a f te r  implan ta t ion  have  infinite v a r i -  
at ions because the  depth  of the amorphous -c rys ta l l ine  
sil icon in ter face  which  de termines  the color (see sec- 
t ion on In ter ference  colors) and the posi t ion of the  
bands  is also effected by  al l  the  implan ta t ion  p a r a m e -  
ters  (see section on Var ia t ion  of co lor -bands) .  They 
do, however,  exhibi t  a genera l  form, as shown in Fig. 
1, which is now explained.  

The bo t tom of the  wafer ,  being implan ted  first at  a 
low, bu t  r ising,  t empera tu re ,  is l i ke ly  to genera te  a 
deep amorphous  l aye r  ex tend ing  to the  surface. The 
dep th  of the  amorphous  l aye r  is reduced  in the  suc-  
cessive hor izonta l  s t r ips  of the  wafe r  which  are  irn- 
p l an ted  at  p rogress ive ly  h igher  tempera tures .  This 
corresponds to region 1 in Fig. 1. The colors a re  r e l a -  
t ive ly  diffuse and change to indicate  layers  of r educ-  
ing depth. 

This is usua l ly  fol lowed b y  a n a r r o w  br igh t ly  colored 
band (region 2). F o r  low vol tage implan ts  this cor re-  
sponds to a region of  rap id  reduct ion of  amorphous  
l aye r  thickness.  In  this case, region 3 may  e i ther  have 
a thin amorphous  l aye r  or  be heav i ly  damaged  bu t  
c rys ta l l ine  silicon, depending  on the implan t  conditions. 
In  this region, the  implan t  t empe ra tu r e  is h igh bu t  
r e l a t ive ly  constant  and r e l a t ive ly  un i form colors a re  
l ike ly  when  a thin amorphous  l aye r  results.  

For  h igh  vol tage  implants ,  which  have  a peak  en-  
e rgy  deposi t ion dens i ty  some dis tance  be low the sur -  
face, region 2 is a narrow,  more  b r igh t ly  colored band 
in which the o rde r  of colors is reversed.  I t  is the  re -  
gion in  which  the amorphous  l aye r  is bur ied  below a 
l aye r  of c rys ta l l ine  silicon. The  colors a re  b r igh te r  
because of the  grea te r  opt ical  t r anspa rency  of c rys ta l -  
l ine silicon. The color o rde r  is reversed  because the  
depth  at  which  the colors a re  genera ted  now increases 
as the  implan ta t ion  t e m p e r a t u r e  is increased.  Fo r  such 
implants  region 3 is then  crys ta l l ine  silicon. 

Regions 4 and 5 m a y  not  be evident  if  insufficient 
cooling of  the wafer  occurs. When  they  are  evident ,  
region 4 is a b r igh t  band;  i t  is less dis t inct  than  region 
2 because it has been  formed on cooling and the amor -  
phous-s i l icon in ter face  is appa ren t ly  less abrupt .  Re-  
gion 5 is s imi lar  to region 1, exhib i t ing  diffuse colors 
ar is ing f rom deep amorphous  layers  cont inuous to 
the  surface. 

Experimental evaluation oy "'color-band" wafers.--In 
this section, exper iments  conducted  on the wafers  to 
de te rmine  the p roper t i e s  of the  co lo r -band  regions of 
the  wafers  are  discussed. The discussion has been 
main ly  res t r ic ted  to exper iments  re la t ing  to the 40 
keV P+ implan t  to 2 • 1016 cm -~ at  500 ~A, a l though 
observat ions  have been made  on wafers  implan ted  un-  
der  m a n y  different  conditions.  

Sheet resistance.--The sheet  resis tance (Rs) var ia t ion  
across the  d iamete r  of the  P+ implan ted  wafer,  in a 
di rect ion normal  to the color-bands ,  was measured  
using the four -po in t  probe  technique fol lowing 30 min 
isochronal  anneals  at  t empera tu res  to 1100~ The re -  
suits a re  shown in Fig. 8, together  wi th  the  color -bands  
on the "as implan ted"  wafer.  A large  sheet  resis tance 
var ia t ion  exists across the  wafe r  a f te r  implanta t ion ,  
due to the  amorphous  layers  being of g rea te r  dep th  in 
the high Rs regions at  the  top and bo t tom of the 
wafer.  This var ia t ion  is ma in ta ined  throughout  the an-  
neal ing cycle, bu t  is r educed  to a m a x i m u m  var ia t ion  
of 14% af ter  anneal ing  to l l00~ The cent ra l  section 
of the wafer,  which was implan ted  at  app rox ima te ly  
200~ exhibi ts  the  lowest  sheet  res is tance af ter  each 
anneal ing  cycle. 

I t  should also be noted tha t  the sheet  resis tance an-  
neal ing character is t ics  v a r y  d rama t i ca l l y  at  different  
par ts  of the wafer.  The anneal ing  character is t ics  for 
points  A, B, and C (as denoted  in Fig. 8), a re  shown 
in Fig. 9. Curve  D was ob ta ined  on a wafe r  implan ted  
wi th  the  same implan ta t ion  parameters ,  but  wi th  the 
t empe ra tu r e  increas ing f rom room t e m p e r a t u r e  to 
220~ dur ing  implanta t ion .  Also inc luded  in Fig. 9. is 
the  resul t  of Shannon et al. (12) ob ta ined  fol lowing 
room t empera tu r e  implanta t ion .  I t  wi l l  be  seen tha t  
the  room t e m p e r a t u r e  implan t  anneals  more  effi- 
c ient ly  dur ing  the ep i tax ia l  r eg rowth  phase  at app rox i -  
ma te ly  600~ but  tha t  the  implan t  at  app rox ima te ly  
200~ is much more  efficient than  the implan ts  which  
are  unde r t aken  over  a range  of t empera tu res  f rom 
room t empera tu r e  to 200~ I t  is considered tha t  under  
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Fig. 8. Sheet resistance profiles across wafer implanted with 2 
X 10 le cm -~  P+ at 40 keV, 500 #A and isochronally annealed. 
Bottom of wafer at the right. 

such conditions (curves B, C, and D) the dynamic an-  
nealing, which reduces the depth of the amorphous 
layer, permits  disorder, generated dur ing  the low tem- 
pera ture  phase  of the implanta t ion  process to remain  
in  the deep subamorphous layers. 

Anodization and stripping.--Areas of the color-banded 
P+ wafer were oxidized using a cal ibrated anodization 
facility. The oxide was removed with a buffered HF 
solution and the depth of silicon removed confirmed 
by optical interferometry.  I n  the stripped region the 
color-bands moved since they then were generated 
by a th inner  surface layer. By this method the colors 
generated by th inner  surface regions were confirmed 
and. for par t icular  differences in depth the color 
changes were observed (refer to section on In ter fer -  
ence colors). 

Scanning electron microscopy.--The electron channel -  
ing pat terns (ECP's) (13) generated by the surface 
layers of the color-banded specimens were observed 
in  the SEM after implantat ion,  The clari ty of the chan-  
nel ing pat terns gives a quali tat ive indicat ion of the 
crystal qual i ty in  the 500A surface layer. 

In Fig. 10 the ECP's from various positions on a 
color-banded wafer  implanted with i • 1016 cm -2, 80 
keV Ne + at 500 ~A are shown. The section of the wafer 
implanted first is at the top. It  will  be seen that  the 
crystal qual i ty of the surface layers changes abrupt ly  
wi thin  a distance of 0.5 cm across the wafer. At posi- 
tion 1, the amorphousness extends to the surface. At 
position 2, there is a th in  surface crystal l ine region 
above a bur ied amorphous layer. This is also t rue at 
position 3, but  the surface crystal l ine layer  is thicker. 
The ECP obtained from position 4 is of much better  
quality. In  this region there is no surface coloration 
and no bur ied amorphous layer. Since the wafer was 
not annealed  the ECP qual i ty from the crystal l ine sili- 
con is l imited by the disorder generated in  the im-  
planted layer. 
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Fig. 9. Isochronal anneal characteristics of sheet resistance for 
40 keV P+ implant to 2 X 10 le cm -2  at 500 ~A with varying 
implant temperature conditions. 

Transmission electron microscopy.--Specimens from 
different regions of the 2 X 1016 cm -2 40 keV P+ at 
500 ~A implanted wafers were examined by TEM. 
The specimens were ul trasonical ly cut from implanted 
wafers, annealed  at 800~ for 30 rain in a vacuum, and 
then jet  th inned (14) from the back. The defect s truc-  
ture resul t ing in different regions of the color-banded 
wafers showed considerable variation. The micrographs 
of Fig. 11 enable a comparison of the damage in speci- 
mens near  the bottom and the center of the wafer. The 
specimen from a "pink" region near  the bot tom of 
the wafer  had been implanted with increasing tem- 
pera ture  and a thick amorphous layer  continuous to 
the surface formed. The micrograph showed a dense 
dislocation network with extensive twinning.  The 
specimen from the "purple" central  region had been 
implanted at a relat ively uni form and high tempera-  
tu re  and a very  th in  amorphous layer  formed. The 
result ing dislocation s t ructure  is much less dense with 
less twinning.  This is consistent with the sheet re-  
sistance observations reported in section on Sheet re-  
sistance which showed this lat ter  region to have a 
much lower sheet resistance after anneal ing at 800~ 

Rutherford backscattering analysis.--The Rutherford 
backscattering (RBS) channel ing technique was ap- 
plied to various points on the 2 X 10 t6 cm -2 40 keV 
P+ at 500 ~A implanted wafer. During analysis a 2.9 
MeV He + beam was used in  a <111> direction. The 
thickness of the damaged layer on the surface of the 
Si was examined at various points on the wafer. In  
each case the damage depth observed was approxi-  
mately  2000A. It is evident  that  the damage below 
the amorphous layer  was too large to permit  the 
amorphous layer  thickness to be measured with this 
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Fig. 11. Transmission electron micrographs of 2 X 1026 cm - i ,  
40 key P+ at 500 #A implanted into Si and annealed for 30 rain 
at 800~ Upper specimen was from the bottom of wafer and lower 
specimen was from the center. 

Fig. 10. Electron channeling patterns from various regions of 
a color-banded wafer implanted with 1 X 1016 cm -2  80 keV, 
Ne + at 500 FA. Section of wafer implanted first is at the top. 

technique at this dose of P+ ions since RBS cannot 
dist inguish between amorphous and heavily damaged 
regions (15). (An identical  region with 300A re-  
moved by anodic str ipping indicated a depth of ap- 
proximately  1700A.) 

RBS measurements  were also under t aken  on a wafer 
with less damage. The disorder produced at various 
points on a color-banded wafer  implanted  to 2 • 1015 
cm -2 with 80 keV P+ at 500 ~A was measured. A 2.0 
MeV He + beam was directed in  the <111> direction 
to four points each spaced at a distance of 1 m m  from 
the previous point, as shown in  Fig. 12. The RBS spec- 
tra are also given in Fig. 12. The "clear" region can 
be seen to have very little disorder. The "blue" and 
"purple" bands are confirmed to have bur ied amor-  
phous layers beneath  a surface crystal l ine region, while 
the "green" region has a deep amorphous layer  which 
is continuous to the surface. The RBS measurements  
of the crystal l ine layer  depth are 500 and 375A for 
the "blue" and "purple" regions. These thicknesses 
can be compared to the approximate depth predicted 
on the basis of interference colors (section on In te r -  
ference colors), of 410 and 340A, respectively. The 
depth of the amorphous layer  in the "green" region 
is 1375A by  RBS as compared to 1200A by in ter fer -  
ence color prediction. The agreement  is quite reason- 
able, in  each case, considering the approximations in -  
volved. 
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Ellipsometry.--The method of el l ipsometry (16) was 
used to s tudy the properties of the various regions of 
the color-banded wafers. El l ipsometry can be used to 
measure the refractive index and thickness of un i form 
absorbing layers on a substrate of known optical con- 
stants. Unfor tunately ,  implanted layers do not have 
uni form optical properties and the substrate properties 
are also modified by the implanta t ion  process�9 In  ad- 
dition, a thin oxide layer  is formed on the surface 
of the wafer. Complete analysis of the layers is possi- 
ble if the mul t ip le-angle-of - inc idence  method of 
Adams and Bashara (17) is u s e d .  

Single angle measurements  only were taken and, al-  
though accurate depth determinat ions  cannot  be made 
for the reasons stated above, it is possible to identify, 
because of the ent i re ly  different results, when the 
amorphous layer  is buried and when it is continuous 
to the surface�9 Also the results obtained for regions 
of various colors are consistent with large changes of 
thickness occurring in  the surface layer. 

Sur]ace height measurements.--The change of surface 
height of the silicon wafer in  the  region of various 
color-bands was measured using a surface profilome- 
ter on a masked 2 • 10 TM cm -~, 40 keV P+ at 500 ~A 
implant�9 The increase in surface height was of the or- 
der of 25A and no significant changes, correlated with 
the color-bands, were o b s e r v e d .  

Co,or changes during annealing.---The color-bands dis- 
appear after annea l ing  to 650~ At this tempera ture  
the epitaxial  recrystal l izat ion of the amorphous region 
is known to be complete (7). The color-bands are ob- 
served to move as the amorphous layer  anneals  in the 
tempera ture  range 400~176 The color movement  
is consistent with the epitaxial  regrowth, of amorphous 
layers continuous to the surface, occurring from the 
crystal l ine substrate. The anneal ing of the bur ied 
amorphous layer  shows a color shift in the direction of 
increasing surface layer  depth, i.e., the crystal l ine 
surface layer  grows into the amorphous layer. The 
colors may also br ighten considerably dur ing annea l -  
ing. 

lnter]erence colors as a function o~ depth.--The ob- 
served colors result  from the interference of l ight re-  
flected from the surface with that  reflected from the 
subsurface interface at which the refractive index 
change occurs. The par t icular  wavelength at tenuated,  
~., is dependent  on the depth of the surface layer, d, 
and is given by  (18) 

4 - - n  
~ _ = ~ d  

2 k - -  1 

where k = 0, 1, 2, 3, . . . ,  and n = refractive index of 
surface layer�9 

Since the interference is subtractive, the color ob- 
served is the complement  of the wavelength  a t tenu-  
ated. Using n = 3.865 -- j 0.14 for crystal l ine silicon 
and n = 4.25 -- j 0.45 for amorphous silicon, which 
are consistent wi th  exper imental  results which have 
been reported by other workers (17, 19, 20), the colors 
l ikely to be observed have been calculated for both 
amorphous and crystal l ine silicon surface layers of 
various depths; they are given in  Fig. 13. These depths 
must  be considered approximate because the damage 
var iat ion throughout  the surface layers can cause the 
optical constants of the layers to be nonuni form and 
phase shifts (3) can result  in an error of approxi-  
mate ly  25% for the first-order colored layers�9 

Color assessment is also somewhat  subjective and 
depends on the light source. It  is also affected by the 
absorption of the surface layer, par t icular ly  for amor-  
phous surface layers�9 The colors associated with sur-  
face crystal l ine layers are usual ly  br ighter  and more 
distinct. It is difficult to  assess the order of the in te r -  
ference color; colors up to fourth order have been 
observed. However, if an approximate damage profile 
is known,  the depth of the damage peak is a con- 
venien t  reference point  for wafers which show color- 
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and crystalline silicon surface layers (1st and 2nd and 3rd order)�9 

bands in  addit ion to having a "clear" crystal l ine region 
on the wafer�9 The color at the interface between the 
color-band and the "clear" silicon represents the depth 
of the damage peak. Also the region at the bottom of 
the wafer, which is implanted cold, can be used as a 
reference point by uti l izing the theoretical damage 
profile in conjunct ion with room tempera ture  data of 
the amorphous threshold. 

For P+ implants  at various voltages the depth of 
the peak of the damage profile can be determined 
from the color-band table  (Fig. 13) and compared t o  
the calculated damage profile peak (21). The results 
are compared in Table II. The agreement  is very 
good considering the l imitat ions discussed above. 

Variation of color-bands with implant conditions.-- 
The color-bands observed on silicon wafers are a func-  
t ion of the implanta t ion  tempera ture  and the total en-  
ergy deposition function. The implanta t ion  tempera ture  
is a function of the ion energy, the ion beam current,  
the scan cycle used in the implanta t ion  process, and 
the radiat ive and conductive cooling of the wafer�9 
The total energy deposition function is dependent  on 
the ion energy, the ion dose, and the ion species�9 With' 
so many  variables there are obviously m a n y  possible 
variat ions of color-bands. Some brief general  com- 
ments  are now given to describe the variat ions which 
have been observed over a wide range of conditions. 

The range of colors observed on a par t icular  wafer is 
determined pr imar i ly  by the depth scale of the damage 
profile, i.e., by the ion species and its energy. The posi- 

Table II. Comparison of damage peak depths determined by 
color-bands, with calculated values 

Ion 
energy 
(keY) 

Approx, depth 
of damage Calculated 
peak from depth of 

Color at color-band damage 
damage peak (.k) peak (A) 

40 
60 
80 

118 
154 

( P e a k  no t  observed)  - -  220 
Y e l l o w  240 280 

Blue 390 440 
Red 950 800 

Light blue 1150 1140 
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t ion of the  color -bands  is de te rmined  p r i m a r i l y  by  the 
t e m p e r a t u r e  rise of the  wafer.  The implan ta t ion  t em-  
p e r a t u r e  is more  cri t ical  than the peak  damage  density,  
as can be seen f rom Fig. 7. The t e m p e r a t u r e  r ise at  
the  beginning  of the  implan ta t ion  process is pa r t i cu-  
l a r ly  impor tan t  for  high dose implants ,  as is the  final 
t e m p e r a t u r e  at  the  end of the  implan ta t ion  cycle. 
Wafers  wi th  the  sam~ m a x i m u m  tempera tu re ,  but  a 
different  ra te  of r ise of t e m p e r a t u r e  wil l  consequent ly  
produce  different  color-bands .  

The var ia t ion  of the  amorphous  threshold  as a func-  
t ion of t empe ra tu r e  is an impor tan t  p a r a m e t e r  which 
re la tes  to the  co lor -band  posi t ion for  different  ion spe-  
cies. For  a species such as B +, which wil l  not produce  
amorphous  silicon if  the  implan ta t ion  t empe ra tu r e  
rises more  than  app rox ima te ly  20~ Color-bands wil l  
only  arise when the t empe ra tu r e  r ise  dur ing  imp lan t a -  
t ion is ve ry  small .  Fo r  m a n y  species a m a x i m u m  tem-  
pe ra tu re  r ise of app rox ima te ly  200~176 wil l  gen-  
e ra te  b r igh t  co lor -bands  as this  t empe ra tu r e  wi l l  p ro -  
duce c rys ta l l ine  silicon i r respect ive  of dose. Color-  
bands are  only genera ted  when  the the rmal  behavior  
varies  across the  wafer  dur ing  the implan ta t ion  cycle. 

Conclusions 
The observat ion  of the co lor -bands  formed dur ing  

the implan ta t ion  of si l icon wafers  to high doses, wi th  
condit ions which resu l t  in significant t e m p e r a t u r e  rises, 
can quickly  provide  useful  in format ion  about  amor -  
phous layer  formation.  I t  is possible  to tel l  whe the r  
the  amorphous  l aye r  is continuous to the  surface or 
bur ied  and to obta in  an app rox ima te  es t imate  of the 
depth  of the surface l aye r  which  wil l  be amorphous  or  
c rys ta l l ine  silicon, respect ively.  A knowledge  of the 
t e m p e r a t u r e  var ia t ions  unde r t aken  by  each section of 
the  wafe r  dur ing  implanta t ion ,  for the  pa r t i cu la r  scan-  
ning system employed,  is advantageous  in assist ing 
such in te rpre ta t ion .  

Tempera tu re  rises dur ing  implan ta t ion  of 200~ or  
more  f rom room t empera tu re  wil l  genera te  co lor -bands  
on high dose implan ts  of med ium mass ions if the  
the rmal  behavior  var ies  across the  wafer.  Mechanical  
scanning systems, which are  often used for h igh  dose 
implan ts  because they  reduce the  t e m p e r a t u r e  r ise of 
wafers  implan ted  with  high beam currents ,  are  l ike ly  
to genera te  color-bands.  The co lor -bands  indicate  a 
damage nonuni formi ty  across the  wafer ,  and, even 
a f te r  annea l ing  to high tempera tures ,  an e lec t r ica l  
ac t iv i ty  nonuni formi ty  m a y  result .  For  appl icat ions 
where  a high degree  of implan t  un i fo rmi ty  is requ i red  
across the wafer,  care should be t a k e n  to avoid im-  
p lan t  condit ions which  genera te  co lo r -banded  wafers.  
If Rs measurements  a re  made  on such a wafer,  or  
TEM specimens examined,  the  exper imenta l  resul ts  can 
v a r y  considerably  depending on the area  of the wafer  
examined.  

Bake r  and Ogden (22) discussed such a case where  
nonuni formi ty  of crys ta l  imperfec t ions  was observed 
in the  ep i tax ia l  layers  g rown on a subs t ra te  implan ted  
wi th  i50 keV As § to 1 • 1018 cm-2  at  1 mA and an-  
nealed at 1200~ for 2 hr. The implan ted  wafers  ex-  
hibi ted color -bands  and the densi ty  of defects observed 
was g rea te r  in the implan ted  regions which produced 
the th icker  amorphous  layers.  

Considera t ion  should be given to the deve lopment  
of ion implan ta t ion  scanning systems which are  sui t -  
ab le  for high dose, h igh dose ra te  implants  and resul t  
in un i fo rmly  low disorder.  

Al though the genera t ion  of co lor -bands  can be ade-  
quate ly  explained,  the  predic t ion  of the i r  locat ion on 

a wafe r  is difficult wi thout  much be t te r  informat ion  on 
the genera t ion  of amorphous  regions in si l icon under  
condit ions o f  va ry ing  tempera tures .  I t  is, however,  
much easier  to predic t  the implan t  condit ions which 
wil l  resu l t  in the i r  generat ion.  
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Structure of Porous Silicon Layer and Heat-Treatment Effect 

Takashi Unagami and Masahiro Seki 
Nippon Telegraph and Telephone Public Corporation, 

Musashino Electrical Communication Laboratory, Musashino-shi, Tokyo, 180, Japan 

ABSTRACT 

The structure of an as-grown and  heat - t rea ted  porous silicon layer  (PSL) 
and silicon epitaxial  growth on PSL are investigated. M a n y  micropores a r e  
formed inside of PSL and zig-zag in  the thickness direction. The crystal l ine 
s t ructure  of PSL is single crystal, but  there is a polycrystal  sil icon on the 
surface and lattice s t ra in  exists. The s t ructure  of PSL is changed by high 
tempera ture  heat - t rea tment .  At 1000~C, PSL is a mosaic crystal. Above 1070~ 
PSL is a single crystal. After  heat - t rea tment ,  PSL remains  porous and both 
the pore dis t r ibut ion and the pore size are changed. The surface roughness 
and the pore size become large wi th  rising hea t - t rea tment  temperature.  F rom 
the exper imental  results of silicon epitaxial  growth on PSL it is found that  
good epitaxial  layers grow on PSL. 

T h e  anodic reaction of silicon in  hydrofluoric acid 
solution was investigated by Uhlir  (1) and Turne r  
(2). They found that  a porous silicon layer (PSL) 
is formed by anodization below the critical cur rent  
density. PSL is very  chemically reactive and con- 
sists of silicon with a small  amount  of fluorine, hydro-  
gen, and oxygen (3, 4). Recently Watanabe et al. 
noticed that  PSL can be oxidized much more easily 
than  silicon single crystal and suggested the applica- 
t ion of oxidized PSL to dielectric isolation in  in te-  
grated circuits (5). 

The authors carried out silicon epitaxial  growth 
on PSL and found that  epitaxial  layers of good qual i ty 
grow on PSL. The qual i ty  of the epitaxial  growth 
layer  s t rongly depends on the surface morphology 
and the crystall ine s t ructure  of the substrate. In  
order to investigate the epitaxial  growth on PSL, 
the s t ructure  of PSL used as a substrate of epitaxial  
growth needs to be known. In  this paper, the de- 
pendence of the s tructures of as-grown and heat-  
treated PSL on both the hea t - t rea tment  condition 
and the PSL formation condition and the result  of sili- 
con epitaxial  growth on PSL are described. 

Experimental 
Formation oi PSL.--Silicon wafers were anodized 

in  50% hydrofluoric acid solution with the equipment  
shown in  Fig. 1. Silicon wafers were cut from (111) 
oriented p- type  single crystal grown by the Czochral- 
ski method (boron doped). The wafer surfaces were 
metal lographical ly polished, cleaned, and etched. Etch 
pit density of each wafer was less than  500/cm 2. Before 
anodization, a l uminum alloy layers were formed on 
the back of silicon wafers as the low resistivity con- 
tact layer  in  order to make the anodic current  dis- 
t r ibut ion  uniform. The wafer was coated with acid- 
proof wax to prevent  current  flow from the a luminum 
alloy layer  to hydrofluoric acid solution and to per-  
form anodic reaction selectively on the wafer 's  sur-  
face. Bubbles  are produced on the surface of PSL, so 
an ultrasonic oscillator source was used to prevent  
the sticking of bubbles at the PSL surface. 

Observation of PSL structure.--The surface mor-  
phology of as-grown and heat - t rea ted PSL was ob- 
served by the scanning electron microscope (SEM). 
The inner  s t ructure  of PSL was investigated by the 
observation of th in  PSL with the transmission elec- 
t ron microscope (TEM) and the observation of the 
cleaved thin film of PSL was made using SEM. The 
crystal l ine s t ructure  of PSL was examined by re-  
flection electron diffraction (ed) and x - r ay  diffraction. 

Preparation of the PSL thin film for TEM and SEM 
observation.--Thin films of PSL were formed in  order 

Key words: porous silicon, film structure, heat-treatment. 

to investigate the inside s t ructure  of PSL, in par t icu-  
lar, the dis tr ibut ion of pores in  PSL. A fabricat ion 
process is shown in Fig. 2. The p -  type layer  in  (a) 

P' _El 
WAX 

_ ._..TEFLON C E L L  

ULTRASONIC OSCILLATOF 

Fig. 1. The equipment for anodizatlon in hydrofluoric acid so- 
lution. 

,P .  P-. .... Above 1 ~2-en, (a) Ip  + P+ ..... 0.001 ~ O.O03S2-cm 

(b) [ A~ deposition and alloying 
1 IzWAX Sticking a sample on teflon plate ! 

(c) ['-, ._.~1 with wax 
I TEFLON 

(d) Etching with HF:HNOa :CHsCOOH=1:3:8 solution 
(Leaving P- epitaxial layer alone) 

(e) Etching with HF:HNOs = 1:60 

SILICON THIN FILM 
(f) ~ Formation of electrode 

A X ,  
(g) Wax coating outside anodized 

region 
l 

(h) Anodization 
(i) Taking off the thin Film from teflon plate 
(j) Removing A~ with dilute HF solution 

Fig. 2. Fabrication process for the thin film of PSL 
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is an epitaxial  layer  whose thickness is 0.6 ~m. In  
(b),  300A a luminum is deposited and then alloyed. 
,~100A a luminum alloy layer  is formed on the p -  type 
epitaxial  layer. After that, thick a luminum is addi-  
t ional ly  evaporated in vacuum. The I4_.F: HNOs: 
CHsCOOH -- 1:3:8 solution in  (e) is the solution 
which has selectivity of etching rate against  impur i ty  
concentrat ion in  silicon crystal (6). Thereby this 
solution can leave the p -  layer  alone, p -  layer is 
etched fur ther  in  HF:HNOs -- 1:60 solution in  order 
to be about  0.4 ;~m in  thickness. In  final process, this 
th in  p -  layer  is anodized in hydrofluoric acid solu- 
tion. In  the case of forming the th in  film of PSL to 
observe the cleaved cross section, p type substrate 
was used instead of p -  on p+ wafer, and the etching 
processing (d) was omitted. 

Results and Discussion 
PSL region.--A cross-sectional view of PSL is shown 

in  Fig. 3. The sample was angle lapped with a plane 
inclined from the surface and slightly etched in an 
etchant (HF:HNO3 _-- 1:60 solution).  The region of 
PSL is observed to be black and the boundary  of 
PSL and the silicon substrate region is clearly re-  
vealed. The PSL thickness is determined by this 
angle- lapping method. The surface step between the 
surface of PSL and that of the unreacted region is 
shown in Fig. 4. An interference microscope was used 
to observe it. The surface step does not appear;  that  
is, PSI_, keeps the original surface contour. 

Structure o] PSL.--Some investigations about the 
s tructure of PSL have been reported (5, 7-9). How- 
ever, those observations were not directed toward 
invest igat ion of the detailed s tructure of PSL. In  this 
section~ the results of the detailed s tructure of PSL 
observed by TEM and SEM as well as the crystal l ine 
s t ructure  of PSL are reported. Figure  5 shows ED 

Fig. 3. Cross-sectional view of PSI. observed by angle lapping 

Fig. 4. Interference micrograph of the surface after anodization 

and x - ray  diffraction pat terns of PSL. Figure 5(a) 
is the ED pat te rn  of the PSL surface immediate ly  
after anodization. PSL was 15 ~m in  thickness and 
formed at 1O0 m A / c m  2 in  anodic cur ren t  density. 
Figure 5(b) is the x - r ay  diffraction pa t te rn  of PSL 
which is about 60 ~m in  thickness. Both Kikuchi 's  
line and r ing pa t te rn  are observed in ED pattern.  
However in the x - r ay  diffraction pattern,  only the 
peak of the (111) plane is observed. The breadth 
of the x - r ay  diffraction l ine becomes broad in  com- 
parison with bu lk  single silicon. In  the case of PSL 
in another  orientat ion of single silicon crystal, the 
x - r ay  diffraction pa t te rn  shows only the  peak of its 
or ientat ion and the breadth  of l ine also becomes broad. 
X- ray  line broadening seems to be caused by the 
strain in  PSL from the following three results: (i) 
The existence of the strain in PSL is confirmed by 
x - r ay  topograph observation (Lang method) (10); 
(ii) The transmission ED of PSL th in  film does not 
show the pa t te rn  of mosaic s tructure but  shows the 
pa t te rn  of single crystal s tructure;  (iii) No grains 
which have the size (about 0.13 #m)  equivalent  to 
the broadening of the hal f -peak breadth  of x - r ay  l ine 
can be observed in  a t ransmission electron micrograph 
of PSL thin film given in  the following paragraph. 
Consequently, PSL is thought  to be a single crystal 
from the results of x - ray  diffraction, but  polycrystal  
silicon is observed only on the surface of PSL by ED. 

Figure 6 shows the surface feature of PSL ob- 
served by SEM. Figure 6(a) indicates the surface 
immediate ly  after anodization, and Fig. 6(b) indi-  
cates the surface which was etched in  HF:HNO~ = 
1:300 solution for 4 sec. The surface immediate ly  
after anodization, as shown in  Fig. 6,(a), has micro- 
unevenness,  but  pores cannot be observed. In  the 
case of Fig. 6 (b),  m a n y  pores of some 10-300A appear 
below the surface. These pores are disorderly located 
and have various shapes. The inside s tructure of PSL 
was examined by TEM observation of PSL thin film 
which was prepared by the method shown in Fig. 2. 
The anodic current  density and the reaction t ime were 
30 m A / c m  2 and 10 sec, respectively. The results of 
observing an  ~0.4 ~m thick PSL fitm in  the br ight  

Fig. 5. Electron and x-ray dif- 
fraction pattern of PSL formed 
in (111) single crystal silicon. 
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Fig. 6. Scanning electron mi- 
crograph of the surface of PSL. 
(a) Immediately after anodiza- 
tion; (b) after slightly etching. 

Fig. 7. Transmission electron mlcrograph of the thin film of 
PSL. (a) Vertical view; (b) tilted view at 40 ~ 

field image by TEM is shown in  Fig. 7. Figure 7 (a) 
indicates t ransmission image of PSL observed ver-  
tically. Figure 7(b) is the t ransmission image of 
PSiL observed with ti l ted i l luminat ion  at 40 ~ The 
bright  and dark-s t r iped image is observed, but  the 
image does not have the regular  pattern.  The con- 
t rast  of brightness and darkness in  Fig. 7 (b) is more 
intense than  that  in  Fig. 7(a) .  The i r regular i ty  of 
the pa t te rn  becomes increased with increasing the 

tilt  angle of observation. As shown in  Fig. 6 (b),  there 
are m a n y  pores in  PSL. However, definite image 
corresponding to these pores is not observed in  t rans-  
mission micrograph. As a result, it can be said that  
the pores distr ibute at random in PSL and the pores 
are not formed straight, that  is, the pores are formed 
zig-zag in the thickness direction of PSL. This result  
is quite different from that  of a l u m i n u m  anodic 
oxide film. In  the case of a l u m i n u m  anodic oxide 
film, a definite (bright  and dark) image correspond- 
ing to straight pores formed by anodization was ob- 
served (11). 

To prevent  the s t ructure  of PSL from changing by 
chemical and mechanical  t reatment ,  the samples were 
prepared by cleavage of PSL th in  films. PSL was 
roughly  cleaved when  silicon substrate unde r  PSL 
was thicker than  PSL. PSL has the same crystal l ine 
s t ructure  as silicon substrate (see Fig. 5), but  the 
cleavage direction of PSL becomes different from that  
of silicon substrate. P~SL is cleaved toward the thick- 
ness direction, that is, the cleavage plane of PSL 
is perpendicular  to the surface. In  order to prevent  
PSL from being cleaved roughly, the sample, in  which 
the unreacted region of silicon substrate was suf- 
ficiently th inner  than  PSL, was prepared by the 
method shown in Fig. 2. PSL was about 17 ~m thick 
and the unreacted region under  PSL was about 3 #m 
thick. The cleaved cross section of PSL observed by 
SEM is shown in  Fig. 8. As shown in  Fig. 8 (a), the 
cross section of PSL is uni form from the surface to 
the boundary  between PSL and the silicon substrate. 
It  means that  the anodization is achieved uni formly  
toward the thickness direction. In  Fig. 8(b)  the ver-  
tical striations corresponding to the straight pores, 
which are perpendicular  to the silicon substrate, can 
be observed near  the boundary  between PSL and 
the silicon substrate. But no straight striations con- 
t inu ing  from the surface of PSL to the boundary  can 
be observed by the enlarged cross section of PSL as 
shown in Fig. 8 (c). 

From the investigation of structures of PSL, the 
obtained results are following. PSL is formed uni -  
formly in the thickness direction, so it can be said 
that  silicon is dissolved uni formly  by anodization 
toward the thickness direction. PSL is a single crystal  
and is cleaved perpendicularly,  and it seems that  
silicon is dissolved locally and vert ical ly in PSL for 

Fig. 8. Scanning electron mi- 
crograph of cleaved cross section 
of PSL. (a) Total view; (b) view 
at the boundary between PSI. 
and the silicon substrate; (c) en- 
larged cross-sectional view of 
PSL. 
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the most part. Pores are not formed straight, that  is, 
they are formed zig-zag and the pore dis tr ibut ion is 
irregular.  

Changes o] PSL by heat-treatment.--In the case of 
epitaxial  growth, PSL is heated at high temperature.  
It  is therefore impor tant  to investigate the changes 
of the dis tr ibut ion of pores and crystal l ine s t ructure  
of PSL. These changes were observed by SEM and 
ED. Hea t - t rea tment  was performed in  a hydrogen 
atmosphere. Hydrogen gas was purified by  passing 
through a pa lad ium filter because PSL is very sus- 
ceptible to oxidation. Figure 9 shows the hea t - t rea t -  
ment  conditions, scanning electromicrographs, and ED 
patterns of heat - t rea ted PSL. The silicon substrates 
were 0.2-0.4 ~ - c m  in  resistivity. PSL was 4 #m in  
thickness. The anodic current  density and the reaction 
t ime were 30 m A / c m  2 and 140 sec, respectively. On 
the surface of PSL heat- t rea ted at 1000~ lit t le pits 
and cracks are observed. The crystal l ine s t ructure  
is a mosaic pat tern.  By the hea t - t rea tment  above 
1070~C, the crystal l ine s t ructure  of PSL is changed 
to a single crystal. But on the surface of PSL, large 
pits begin to appear. As shown in Fig. 9, the surface 
roughness becomes violent  with the rise in hea t - t rea t -  
ment  temperature.  Figure 10 shows the cross section 
of heat - t rea ted PSL which was prepared by cleavage 
of PSL heat- t rea ted at 1070~ It can be seen that  
there are pores inside corresponding to pits observed 
on the surface. 

The migrat ion of silicon in  PSL occurs by high 
temperature  heat- t reatment ,  so the crystal l ine s t ruc-  
ture  becomes a single crystal and the dis tr ibut ion of 
pores is changed. Heat- t reated PSL has larger pores 
than  as-grown PSL. Heat- t reated PSL has the third 
dimensional  mesh structure which consists of single 
crystal grains associated with neighbors. 

In  order to investigate the dependence of pore dis- 
t r ibut ion of heat - t rea ted PSL on both the anodic 
current  density and the substrate resistivity, the 
surface of heat- t reated PSL was observed by SEM 
(Fig. 11). The tempera ture  of hea t - t rea tment  was 
1070~ and PSL was 4 ~m in  thickness. The surface 
roughness becomes larger both at high resistivity 
region and at high anodic current  density. This ten-  
dency seems to depend on the change of the silicon 
density in  PSL (9). 

Silicon epitaxial growth oS PSL (12).--From the 
results ment ioned above, for the purpose of epitaxial  

Fig. 10. Scanning electron mlcrograph of the cleaved cross sec- 
tion of PSL heat-treated at 1070~ 

growth of good qual i ty  on PSL, PSL needs to be 
recrystallized by the hea t - t rea tment  above 1070~ 
and it is profitable to use a low resist ivity silicon 
substrate. Therefore, a p- type  (111) single silicon 
wafer, which was 0.004-0.15 ~ - c m  in  resistivity, was 
used as a silicon substrate for anodization. The anodic 
current  density and the anodic reaction t ime were 
50 mA/cm2 and 6.0 sec, respectively. Epitaxial  silicon 
was grown at 1170~ by the commonly used thermal  
decomposition of SIC14 with hydrogen. The growth 
rate of epitaxial  silicon was 0.4 ~m/min  and the 
nondoped epitaxial  layer  was grown to be about  5 
~m in  thickness. Figure 12 shows the surface mor-  
phology and the crystall ine s tructure of silicon epi- 
taxial  layer  grown on PSL. The surface morphology 
was obtained from observation of shadowed carbon 
replicas by TEM. It is clear that  the surface is flat 
and the crystall ine s t ructure  observed by ED is single 
crystal. Figure 13 shows the cross section of this 
sample. The cross section was obtained by angle 
lapping and etched for several seconds in I-IF:HNO~ 
---- 1:60 solution. Three layers can be observed, these 
being an epitaxial  layer, PSL, and silicon substrate. 
Observation of etch pits by Sirtl  etching makes it 
clear that  stacking faults are very few. From these 
results, it is revealed that  silicon epitaxial  layer of 
good qual i ty can be grown on PSL. 

Fig. 9. Heat-treatment condi- 
tion, scanning electron micro- 
graph, and electron diffraction 
pattern of heat-treated PSL. 
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Fig. 11. Dependence of the 
surface roughness of heat-treated 
PSL on both the resistivity of 
the silicon substrate and the 
anodic current density. 

Fig. 12. Electron micrograph (a) and electron diffraction pat- 
tern (b) of silicon epitoxial layer grown on PSL. 

Fig. 13. Cross-sectional view of the sample of s~{icon epitaxial 
layer grown on PSL observed by angle lapping. 

Conclusions 
The s t ructures  of PSL  formed by  anodizat ion and 

the change by  h igh  t e m p e r a t u r e  h e a t - t r e a t m e n t  were  
inves t iga ted  by  SEM, TEM, ED, and x - r a y  diffraction. 
PSL  is fo rmed un i fo rmly  in the  thickness direction.  

Pores cannot  be  observed on the  surface  by  SEM, 
bu t  m a n y  pores  a re  observed  inside. These pores  a re  
formed z ig-zag in the thickness  direction.  The c leav-  
age p lane  of P S L  is pe rpend icu la r  to the  surface, so 
sil icon dissolution b y  anodizat ion seems to be pe r -  
fo rmed ver t i ca l ly  in  the  sil icon substrate .  The  c rys ta l -  
l ine s t ruc ture  of PSL is a single crystal ,  but  there  
is a po lycrys ta l  si l icon on the surface and the s t ra in  
exists  in  PSL. 

High  t empera tu re  hea t - t r ea tmen t  modifies the  micro-  
s t ruc ture  of PSL. Sil icon migra tes  dur ing  the hea t -  
t rea tment ,  changing the pore  size and d is t r ibu t ion  of 
the  pores. Af te r  h e a t - t r e a t m e n t  at  a t empera tu re  
grea te r  than  1O70~ P S L  is single c rys ta l l ine  and por -  
ous. The surface roughness  and pore  size increase 
wi th  h e a t - t r e a t m e n t  tempera ture .  

Fo r  the  purpose  of growing single c rys ta l l ine  sil icon 
on PSL, PSL needs to be a single crystal .  In  the  
method  of ep i tax ia l  growth,  which includes  hea t -  
t r ea tmen t  above  1O70~ P S L  is recrys ta l l ized  to be  
a single crys ta l  when  si l icon ep i tax ia l  g rowth  is pe r -  
formed.  So single c rys ta l l ine  si l icon can be g rown 
on FSL.  But  in spite  of the rough surface of h e a t -  
t rea ted  PSL, the surface of the  ep i tax ia l  l ayer  is 
fiat as shown in Fig. 12. This is a v e r y  in teres t ing  
phenomenon,  bu t  the reason is not  c lear  now. So it 
is expected  tha t  the reason becomes clear  in the  
fu ture  by  the  inves t iga t ion  of  si l icon ep i t ax ia l  g rowth  
mechanism.  
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Electrochromism in Anodically Formed Tungsten Oxide Films 
A. Di Paola, F. Di Quarto, and C. Sunseri 
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ABSTRACT 

By anodization of tungsten  in  acid solutions, oxide films were obtained 
Whose compositio,n depended on the working temperature.  In  particular,  the 
composition .of the films was WO~ at 25 ~ and 50~ but  WO3 �9 H20 at 70~ 
Studies of electrochromism in these films seem to show that  the electro colora- 
t ion occurs with different mechanisms according to the oxide chemical com- 
position. For WO3 films the coloration is due to a simultaneous inject ion of 
electrons and H + ions with formation of hydrogen tungs ten  bronzes H=WO3. 
For W~ �9 H20 films the coloration could occur as a result  of the inject ion 
of electrons and oxygen ion vacancies with formation of blue oxide hydrate  
WO~-= �9 H~O. 

The phenomenon of electrochromism in WO~ films 
is under  active investigation because of its potential  
u s e  for passive a lphanumer ic  displays. 

Electrochromism in WO3 films was first reported by 
Deb (1). A reversible blue coloration was generated 
at the cathodic area on applying a d-c electric field 
across an  evaporated WO3 film. Deb has proposed 
(2) that  the coloration occurred as a result  of the 
formation of F or F + color centers in oxygen ion 
vacancies. Chang et al. (3) have at t r ibuted the blue 
color to the formation of reduced oxides of general  
formula WOs-x according to the electrochemical re-  
action 

mWO8 -]- 2ni l  + ~ 2ne- -> W,nO3m-n + nH20 [1] 
(blue) 

Other authors (4-8) have suggested the formation of 
hydrogen tungs ten  bronzes by double inject ion of 
protons and electrons 

WO3 + n H  + + x e -  --> HxWO~ (O ~ x "~ 0.6) [2] 
(blue) 

In  this hypothesis the phenomenon of coloration was 
explained by Faughnan  et al. (8) as an intervalence 
t ransfer  absorption 

W 5+ (A) -F W 6+ (B) + by--> W 6+ (A) + W 5+ (B) [3] 

Recent studies (9-11) have confirmed the model pro- 
posed by Faughnan  and co-workers. 

In  almost all previous investigations, the WO8 films 
were prepared by evaporat ion of WO3 onto t rans-  
parent  substrates (general ly quartz or glass). The 
films were amorphous and with an unknown  water  
content. 

Al though all the authors have recognized the im-  
portance of the water  presence, only Hurdi tch (12) 
has studied the dependence of the coloration phenom- 
enon on the water content  of the films. For the case 
of hydrated oxides represented as WO~.aq, Hurdi tch 
has proposed the formation of blue hydrogen tungsten  
bronzes of general  formula W Q - m  (OH)m'aq.  The 
H20 molecules provide H + ions which are reduced 
at the cathode giving rise to active hydrogen atoms, 
which form a reduced tungsten blue phase 

WO3.aq - F  mH-> WOa-m(OH)m'aq  [4] 

This tungsten  blue phase does not correspond to any 
of the phases studied by Glemser et al. (13, 14), who 
have obtained blue tungsten  compounds by reduct ion 
of WO8, WO~.H20, and WOs'2H20 by means of 
nascent  hydrogen. 

Key words: tungsten oxide films, electrochromism, hydrogen 
tungsten bronzes, blue tungsten oxide hydrates. 

In  this paper we report  some results on the electro- 
chromism of anodically formed tungsten  oxide films. 
The experimental  results indicate that  different colora- 
t ion mechanisms can occur, depending on the oxide 
chemical composition. 

Experimental 
The electrodes were obtained from spectrographic- 

ally pure tungsten sheets 0.1 mm thick. They were 
electropolished in  15% NaOH at room temperature,  
r insed with distilled water, and dried in  a ni t rogen 
stream. The anodization was performed at three dif- 
ferent  temperatures  (25 ~ 50 ~ 70~ but  always at 
the same constant current  density of 8 m A c m  -2. The 
current  was supplied by  a Keithley Model 227 con- 
s tant  current  generator. 

After  the oxidation the electrodes were either sub-  
mit ted to x- ray  analysis or inserted into an electro- 
chemical cell containing H2804 1N at room tempera-  
ture to investigate the coloration process. Nitrogen w a s  
bubbled  through the solution before and dur ing the 
experiments.  The auxi l iary  electrode was Pt. The 
electrode potential  was measured with respect to a 
Hg/Hg2SO4 (1N H2SOD reference electrode with a 
Keithley Model 610 C electrometer. Cyclic vol tam- 
metry measurements  were carried out with a Amel 
Model 557 potentiostat  and a Sys t ron-Donner  Model 
410 funct ion generator. All  potentials reported are 
referred to the s tandard hydrogen electrode at 25~ 

Direct x - ray  diffraction pat terns of the films on 
the tungsten  sample were obtained using a Philips 
Model PW 1130 generator  and PW Model 1050 goni- 
ometer. Copper Ks radiat ion was used and the scan- 
ning rate of 2~ l~  Measured d spacings 
were compared with the ASTM index values. The 
data reported by Glemser et al. (13, 14) were used 
main ly  for the identification of the hydrated  oxides. 

Results and Discussion 
Oxide film formation.--In previous works (15, 16) 

it has been shown that  the temperature  and the 
electrolyte composition strongly influence the anodic 
behavior of tungsten in acid solutions. 

1N H2.SO4 solutions were used for the anodization 
at 50 ~ and 70~ 1N HNO3 solutions were preferred 
at 25~ since a poor mechanical  stabili ty of the layers 
was observed in H2SO4 solutions at high potentials 
(15). 

Figure 1 shows the influence of tempera ture  on 
the anodic charging curves at constant C.D. During the 
first instants  of anodization, the shape of the curves 
is the same for every tempera ture  investigated. With 
the increase of time all curves reach a maximum. 
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Fig. l. Effect of temperature on anodic-charging curves at 8 
mA cm - 2  (pen recorded): (a) 1N HNO~ at 25~ (b) I N  H2S04 
at 50~ (c) 1N H2SO4 at 70~ 

However ,  whi le  a t  25 ~ and 50~ the e lec t rode  po ten-  
t ia l  r emains  p rac t i ca l ly  constant  thereaf ter ,  at  70~ 
i t  decreases unt i l  a quas i s t eady-s ta te  va lue  is ob-  
tained.  This last  va lue  is about  50V smal le r  than  
the max imum.  In any  case by  increas ing the anodiza-  
t ion t ime the oxide  films thicken.  This oxide  g rowth  
indicates  tha t  a corrosion process is opera t ing  wi th  
fo rmat ion  of a th icker  porous l aye r  outside a ba r r i e r  
layer .  This process depends  on the t e m p e r a t u r e  and 
the e lec t ro ly te  composit ion (17). The t imes of ano-  
d iza t ion were  selected so as to produce  comparab le  
thickness and weight  of the  films. 

At  the  end of the  exper iments ,  a t  25 ~ and 50~ 
the e lect rodes  were  n o r m a l l y  covered by  a whi t i sh -  
g r ay  oxide  film, while  a ye l l ow-g reen  film was ob-  
ta ined  at  70~ Al l  the  oxide  l aye r  have  shown a good 
adherence  to the  meta l l i c  subst ra te .  

X-ray analysis o~ the oxidation products.--Recent 
invest igat ions  (17) have  shown tha t  the  t e m p e r a t u r e  
p lays  a fundamen ta l  role  in de te rmin ing  the chemical  
composi t ion and the morpho logy  of the  oxide  layers.  

F igures  2a, 3a, and 4a, show the x - r a y  diffract ion 
pa t t e rns  of the  films ob ta ined  at  different  t e m p e r a -  
tures.  The expe r imen ta l  da ta  were  compared  wi th  
the  ASTM and Glemser  et al. (14) d spacings, which 
are  r epor ted  in the  Tables  I and II. 

Both at  25 ~ and 50~ the  composit ion of the  anodic 
films is ma in ly  WOa. At  25~ the diffract ion pa t t e rn  
shows two peaks  for  20 values nea r  13 ~ and 27 ~ which 
could be a t t r ibu ted  to the s imul taneous  presence of 
WO~-2H20. 

The w h i t i s h - g r a y  color of the  e lectrodes does not 
seem due to the  presence of whi te  WOs.2H~O (18) but  
to the  morpho logy  of the  layers .  In  fact  whi t i sh  films 
of ten do not  show peaks  charac ter i s t ic  of WO3.2HaO. 

At  70~ the diffract ion da ta  have shown tha t  the 
composi t ion of the  films is WOs.H20. Also at  this 
t empe ra tu r e  there  a re  somet imes v e r y  weak  reflec- 
tions of the  d ihyd ra t e  phase. 

In  conclusion, by  means  of the  x - r a y  analys is  the  
fol lowing aspects  can be emphasized:  (i) in eve ry  
e lec t ro ly te  solut ion and for work ing  t empera tu res  
up to 50~ the oxide  film is mos t ly  composed of WO31; 
(ii) the  increase  of t empe ra tu r e  above 50~ causes 
the fo rmat ion  of WO~.H20. This compound is p rac -  
t i ca l ly  the  only  phase  presen t  above  70~ and  for 1N 
I-I~SO~ solutions. WOs-2H~O can be found in the  films, 
especia l ly  in those formed at  25~ 

Coloration of the fi lms.~The colorat ion process of 
the  anodic oxide  films was s tudied  by  cathodic po la r -  
izat ion of the  specimens at  different  cur ren t  densities.  
The shape of the po t en t i a l / t ime  curves  was s imi lar  
for  any  chemical  composi t ion of the  s ta r t ing  films. 

z O n  t h e  b a s i s  o f  t h e  a v a i l a b l e  d a t a  o n e  c a n n o t  d e f i n i t e l y  e x c l u d e  
t h e  p r e s e n c e  of  H~O, t h o u g h  a t  v e r y  l o w  l e v e l s ,  i n  t h e s e  f i lms .  

Also the final va lue  of the potent ia l  was prac t ica l ly  
equal  for  a l l  e lectrodes at  the  same C.D. In any  
case the  final process was hydrogen  evolut ion as 
evidenced b y  gas bubb le  genera t ion  at  the  electrode.  

Dur ing  the cathodic reduct ion  the e lect rode surface 
became more  and more  blue wi th  the  increase  of 
the in jec ted  charge.  Colored electrodes exposed to 
a i r  showed a different  ra te  of bleaching depending  
on the i r  chemical  composition. Genera l ly ,  reduced  
hyd ra t ed  oxides  b leached faster.  

In  Fig. 5 and 6 the  cyclic v o l t a m m e t r y  measure -  
ments  of WO~ and WOs.H20 are  repor ted.  The vo l tam-  
mograms  show significant differences both in the 
anodic and cathodic portions.  In  the  cathodic curve 
two peaks  were  observed.  Fo r  WO3 electrodes,  the 
fo rmer  (more  anodic)  can be a t t r ibu ted  to the  fo rma-  
t ion of hydrogen  tungsten bronzes (7);  the  l a t t e r  is 
obviously  due to the  hydrogen  evolut ion process�9 
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Fig. 2. X-ray diffraction patterns: (a) film obtained by oxida- 
tion in 1N HNO:3 at 250C for 10 min; (b) the same film after re- 
duction in 1N H2SO4 at 25~ 
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Fig. 3. X-ray diffraction patterns: (a) film obtained by oxida- 
tion in 1N H2SO4 at 50~ for 15 min; (b) the same film after 
reduction in 1N H2SO4 at 25~ 
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~  
Table lI.Glemser et al. d-spacings far hydrated tungsten 

oxides (14) 

was �9 H~O WO~.ss �9 H~O was �9 2H20 WO2.~* - 2H~O 
d (A) I d (A) I d (A) I d (A) I 

~ 5.34 70 5.27 70 6.80 100 6.70 1O0 
�9 3.80 20 3.77 30 3.67 80 3.67 80 

~ , , l  3.48 100 3.48 1O0 3.37 30 3.37 40 
2.92 30 2.90 l0 3.21 100 3.23 100 
2.70 30 - -  3.00 10 - -  
2.62 50 2.83 ~ 50 2.~ 60 �9 _ 2,58 
2.56 70 2.56 50 2.51 30 2.49 40 
2.37 80 2.34 50 2.43 20 2.43 30 
2.31 40 2.27 10 2.27 10 2.29 20 

o 

I I ] I I f 

lO, ~,o ~ ~ o  4,o ~ 

2 O  

Fig�9 4�9 X-roy diffraction patterns: (a) film obtained by oxida- 
tion in 1N H~SO4 at 70~ for 60 min; (b) the same film after re- 
duction in 1N H2504 at 25~ 

i / m A  cm -2 
10 

- 0 ,5  e 1.5 

--5 E / V ,  sh 

I 

- 2 5  

Fig. 5. Cyclic voltammetry measurement of a W03 film in 1N 
H2$(A at 25~ sweep rate 210 mV rain - l .  

value was about  1.4V. This color was main ta ined  even 
though an anodic potent ial  of 5V was applied for a 
few seconds. Instead, electrodes obtained by reducing 
WO~.H20 were  completely bleached already about 1V. 

The relat ive heights of the two peaks of cathodic 
cur ren t  show fur ther  differences. In  fact for WO3 
electrodes the ratio Ip2 -- Im/Ipl is about  1.25, while 
for WO3.H20 this ra t io  is one. 

X-ray analysis o~ the reduction products.--After the 
coloration process the electrodes were r insed with 
distilled water, dried rapidly in  a n i t rogen stream, 
and immediate ly  submit ted to x - r ay  analysis. 

Figures 2b, 3b, and 4b show the x - r ay  diffraction 
pat terns  of the electrodes after cathodic reduction. 
When  the composition of the formed film was WO3, 
the reduction products were hydrogen tungsten  
bronzes, whose hydrogen content  changed with change 
of the charge injected dur ing the cathodic polariza- 
tion. For bronzes with a high hydrogen content  (x 
> 0.1), the diffraction pat terns  proved difficult to 
index (see Table I) as a l ready reported by Chevrier 
et al. (7). 

Instead, sharp peaks a t t r ibutable  to Ha.tWOs were 
exhibited by the pat terns of the same electrodes ana-  
lyzed after wai t ing a t ime sufficient for a part ial  
reoxidation to air (see Table I I I ) .  Ho.tWO3 was also 
the composition of the films at the end of the anodic 
sweep in the cyclic vo l tammetry  measurements  of 
WO3 electrodes. 

For  cathodic reduct ion of WO3-H~O films, a " tung-  
s ten-blue"  phase was ob ta ined  whose diffraction pat-  
te rn  could be interpreted in  terms of the reduced 
oxide hydrate  WOz.ss'H20. I t  was the only phase 
found also after a prolonged cathodic polarization 
at constant  C.D. The a t t r ibut ion  was made by com- 
parison of the d spacings with the index values (see 
Table II) reported by Glemser et al. (14). This con- 
clusion was supported by the diffraction pat terns 
of the electrodes reoxidized to air. In  fact these last 
d spacings matched those obtained by Glemser (14) 
for reoxidized WO3.H20. 

For  WOs.H20 electrodes both peaks were found at 
more anodic potential values. In this case, the former 
could be attributed to the formation of a reduced 
hydrate  tungsten  oxide (see below). 

The vol tammograms were not significantly mod- 
ified by repetit ive cycling�9 The different bleaching 
rate of the electrodes was evident  also dur ing  the 
cyclic vo l tammet ry  measurements.  Electrodes ob- 
tained by reducing WO3 were pale blue even at the 
end of the anodic sweep when the electrode potential  

Table I. A S T M  d spacings for W03 and hydrogen 
tungsten bronzes 

WOI Ho.~WOa Ho.eWO8 
d (A) I d (A) I d (A) ! 

3.83 100 8.79 80 3,68 50 
3,76 95 2.69 80 2.63 50 
3�9 100 2.19 10 2.16 10 
3.41 5 1,91 20 1.87 30 
3.34 50 1.87 10 1.68 100 
3,11 50 1.69 100 1,53 80 
3.08 50 1.68 20 
2�9 75 1.55 100 
2.68 60 
2.62 90 

I 
- 0.5 

i / m  A c m  -2 

1 0  

  E/v 

- 1 5  

- - 2 0  

I , I 
1 1,5 

, s h e  

Fig. 6. Cyclic voltammetry measurement of a WO3 �9 H20 film 
in 1N H2SO4 at 25~ sweep rate 210 mV rain -1.  
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Table III. X-ray diffraction data 

( a )  f i l m  o b t a i n e d  in  1N  H N O ~  a t  25~  ( b )  t h e  s a m e  f i l m  a f t e r  
c a t h o d i c  r e d u c t i o n  in  1 N  I-I~O4; ( c )  t h e  ( b )  f i l m  a f t e r  p a r t i a l  
r e o z i d a t i o n  to  a ir .  

E x p e r i m e n t a l  v a l u e s  A S T M  v a l u e s  
a b c Ha. ~WO3 

d (A) I d (A) I d (A) I a r I 

6.89, m 7.00 m 6.93 s - -  - -  
3.82 s 3.79 v s  3.84 s 3 .84 60 
3.74: v s  3.27 m 3.67 v s  3.64 100 
3.65 s 2,66 s 3.25 w - -  - -  
3.27 w 2.17 m 3.09 w 3.11 10 
3.13 v w  1.90 w 2.67 s 2.67 60 
3.16 v w  1.87 v w  2.60 m 2.61 20 
2.69 w 1.69 m 2.16 w 2.16 10 
2.65 m 1,55 m 2.00 v w  2.00 10 

1.85 w 1.84 40 

I n t e n s i t y  k e y :  v s  ~ v e r y  s t r o n g ,  s = s t r o n g ,  m = m e d i u m ,  w = 
w e a k ,  v w  = v e r y  weak. 

Reduced d ihydra t e  oxides  were  obta ined  for ca th-  
odic reduct ion  os WO3" 2H20 in those specimens where  
this species was present .  Mention should be made  tha t  
the same reduct ion products  were  obta ined  by  reduc-  
ing t h e  films wi th  ind ium in 20% H2SO4 solut ion (19). 

Conclusions 
By anodizat ion  of tungs ten  at  var ious  tempera tures ,  

different  oxide  ~ilms are  ob ta ined  which exhib i t  the  
e lec t rochromism effect as w a s  evapora ted  films. The 
colorat ion occurs wha teve r  is the  composi t ion of the  
s t a r t i n g  oxide, but  the bleaching seems revers ib le  
only  for the hydra t e  oxides.  

Two different  mechanisms can be suggested for the 
colorat ion process of tungsten oxide films according 
to the i r  chemical  composition. The most direct  evi-  
dence is g iven by the x - r a y  analysis  and the cyclic 
v o l t a m m e t r y  measurements .  In fact, different  r educ-  
t ion products  and different  cathodic processes a re  
ob ta ined  depending on the s ta r t ing  oxide  film. F o r  
WO~ anodic films the colorat ion can be a t t r ibu ted  to 
t h e  fo rmat ion  of blue  hydrogen  tungsten bronzes of 
fo rmula  HxWOz, as a resul t  of a diffusion of H + 
ions f rom the e lec t ro ly te  into the W Q  lat t ice  and a 
s imul taneous  inject ion of electrons f rom the oxide-  
me ta l  in ter face  (8-11). 

Otherwise,  for  anod ic -hydra t ed  oxide films of fo rm-  
u la  WO3"H20 or  WO3.2H20, the colorat ion could 
occur as a resul t  of the  inject ion and t rapp ing  of 
electrons in oxygen  ion vacancies 0[3"' (where  the 
square  indicates  a vacancy  and the dots the number  
o f  posi t ive charges) .  

These vacancies are  l ike ly  or ig ina ted  by  the reac-  
t ion of H + ions in the e lec t ro ly te  wi th  the oxide 
s u r f a c e  

WO3.H20 -5 2xH + --> xO[3" (in WO~.H20) Jr xH20 
[5] 

(ye l low-green)  

Then the vacancies 0[3"' diffuse in the  bulk  of the 
oxide l aye r  and capture  the electrons in jected from 
t h e  ox ide -me ta l  in terface  according to the react ion 

xO[~" (in WO3"H20) -5 2xe -  -> WO3-x 'H20  
(blue)  

T h e  over -a l l  react ion is 

[6] 

WO3"H20 -5 2xH + -5 2 x e -  --> WO~-x 'H20  -5 xH20 
(ye l low-green)  (b lue)  

( O - -  x--~ 0.12) [7] 

In  conclusion, two different  mechanisms of colora-  
t ion seem possible in tungsten oxide  films depending 
on the i r  s ta r t ing  composition. 

Fo r  anhydrous  oxides  of fo rmula  WO~ the  a ppea r -  
ance of color centers  is due to the  format ion  of the  
HxWO3 phase (wi th  x ~ 0.6), whi le  for hyd ra t e  oxides  
of fo rmula  WO~.H20, F or  F+ centers  in oxygen  i o n  

vacancies a re  involved.  In  WOs 'H20  oxides the pres-  
ence of H20 in the WO3 ma t r i x  l ike ly  h inders  the  
diffusion of H + ions into the  o therwise  "open" crys ta l  
s t ruc ture  of WO3, and therefore  the  colorat ion takes  
place wi th  format ion  of blue  WOa-x 'H20.  

This in te rp re ta t ion  is in agreement  wi th  the h y -  
pothesis  repor ted  by  Witzke (10), who found tha t  
a l r e a dy  blue WO3-~ films, which therefore  contain 
large  densit ies  of oxygen  vacancies,  m a y  be colored 
to a deeper  blue according to the  react ion 

WOs-y  + xH + -5 x e -  --> HxWO3-y [8] 
(c lear)  (blue)  

A diffusion of the H + ions f rom the  e lec t ro ly te  wi th  
format ion  of hydrogen  tungsten bronzes of fo rmula  
HxWOs-y seems so possible also for anhydrous  oxides 
substoichiometr ic  but  not for hyd ra t ed  oxides. The 
expe r imen ta l  evidence is consistent  wi th  this i n t e r -  
pretat ion,  but  fu r the r  work  seems necessary to ver i fy  
the  va l id i ty  of this model.  In  v iew of technological  
applicat ions,  the anodic WO3.H20 films could be a 
new in teres t ing  ma te r i a l  for d isp lay  devices. 

Manuscr ip t  submi t ted  June  23, 1977; rev ised  m a n u -  
scr ipt  received Apr i l  3, 1978. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1979 JOURNAL. 
Al l  discussions for the  June  1979 Discussion Section 
should be submi t ted  by  Feb. 1, 1979, 

Publication costs of this article were  assisted by the 
University of Palermo. 
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The Defect Structure of Pure and Doped ZnSe 
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ABSTRACT 

Measurements of Hall effect and Zn self-diffusio,n on single crsytals of 
ZnSe doped with various amounts of A1 or As were performed at 800% 900 ~ 
and 1000~ when the crystals were in  equi l ibr ium with atmospheres of wel l -  
defined zinc pressures; Hall effect measurements  were also performed on 
crystals cooled after high tempera ture  equilibration. Analysis of the resul ts  
leads to the conclusion that  Schottky disorder is the main  type of atomic dis- 
order. Values of the parameters  for various equi l ibr ium constants are deter-  
mined. 

ZnSe has potential  as a mater ia l  for e lectrolumin-  
escent diodes and windows for high power infrared 
lasers. Knowledge of the high temperature  defect 
s t ructure is impor tant  for predicting the properties 
of materials  made under  different preparat ive condi- 
tions. A considerable amount  of work has been de- 
voted to the determinat ion of the position of energy 
levels of various defects in  the forbidden gap. Some 
levels are unambiguous ly  assigned to certain foreign 
defects, while others are at t r ibuted to nat ive defects, 
the exact na ture  of which (vacancies or interstitials, 
state of ionization) is not known. So far efforts to reach 
an unders tanding  of the defect s t ructure of ZnSe have 
been limited. High tempera ture  Hall  effect and conduc- 
t ivi ty measurements  (1, 2) and self-diffusion measure-  
ments  (3) were interpreted differently and no single 
model has emerged on the basis of which all the ob- 
servations on ZnSe can be explained. In  this investiga- 
tion we at tempt to determine the defect s t ructure of 
ZnSe by high tempera ture  measurements  of the Hall 
effect and zinc tracer self-diffusion for A1- and As- 
doped ZnSe crystals. Measurements  of the electron 
concentrat ion at room tempera ture  on-ZnSe  crystals 
quenched from high tempera ture  after equil ibrat ion 
with atmospheres with well-defined zinc pressures pro- 
vide informat ion on the processes taking place dur ing 
cooling. 

A1 subst i tut ing for Zn acts as a single donor with a 
level close to the conduction band. Solubilit ies of 2 X 
1019 cm -8 (4) and 1.5 • 102o cm -3 (5), reached by 
in-diffusion, have been reported. In  the lat ter  case 
the samples are degenerate. Implanta t ion  also gives 
rise to large A1 concentrations (6). Often the electron 
concentrat ion is a small  fraction (10%) of the A1 con- 
centrat ion as a result  of self-compensation with forma- 
t ion of (AlznVzn)' (4, 7). The largest electron concen- 
trations are found after anneal ing in  zinc vapor (8, 9). 
As subst i tut ing for Se acts as a single acceptor (10, 
11) with an Asse' acceptor level at Ev +0.5 eV (12). 
Another  level caused by As is found at Ev +0.22 eV; 
the na ture  of the center responsible for this level is 
not known (12). Asse' is believed to be involved in 
luminescence at 1.67 eV (11) and 2.328 eV (12). 
Whereas the lat ter  fits the level at Ev +0.5 eV, the 
former  does not. 

Samples and Experimental Procedures 
Crystal boules of ZnSe grown from melts contain-  

ing 3, 10, 30, or 300 ppm A1 or 50 ppm As were ob- 
tained from the Eagle Picher Company. Plates of 10 
X 10 X 1 mm were cut from the boules for the electri-  
cal measurements  and blocks of 10 X 8 X 1.5 mm for 
the diffusion experiments.  The samples are referred to 
as sample No. 1, 2, 3, 4 in sequence of A1 content;  
ZnSe:As is sample No. 5. After cutting, the samples 
were etched for 5 rain in a boiling aqueous solution 

* Electrochemical  Society Act ive  Member .  
1Present  address: IBM T h o m a s  J. Watson Research Center, 

Yorktown Heights, New York  10598. 
Key words: ZnSe:A1, ZnSe:As,  Hai l  effect, self-diffusion. 

of NaOIt and were then rinsed with deionized water. 
Measurements of Hall effect and resistivity were per-  
formed at temperatures  from 800 ~ to 1000~ in an 
apparauts as described by Hershman and Kr6ger (13) 
which allowed establishment of well-defined zinc p res -  
sures. The van der Pauw method (14) was used with 
a magnetic field of 0.35 Weber /m 2 ( =  3.5 kilogauss) 
and d-c currents  ranging from 0.5 to 50 mA depend-  
ing on the resistivity of the sample. Ohmic contacts 
were "writ ten" on the etched crystal surface with the 
aid of an ind ium wire dipped in a (In, I-Ig) alloy; 
the crystals were then heated for 2-3 rain to 300~ in 
a hydrogen atmosphere and then cooled to room tern- 
perature  (15). Electron concentrat ions were calculated 
from [e'] ---- (Rq) -1, R being the Hall  constant  and 
q the electronic charge. 

For z inc ' t racer  diffusion measurements ,  Zn~,..% 1.12 
MeV tracer was obtained from the New England Nu- 
clear Corporation in the form of ZnC12 in 0.5N HC1. 
The tracer was dissolved in normal  zinc by the pro- 
cedure described for Cd by Kumar  and KrSger (16). 
After diffusion anneal, tracer penetra t ion profiles were 
determined by the procedure reported by Kumar  and 
KrSger (16). 

Experimental Results 
High temperature Hall measurements.--Figures 1, 

2, 3, and 4 show the var iat ion with Pzn of high tem- 
perature resistivity and electron concentrat ion of sam- 
ples i, 2, 3, and 4, respectively. For samples 1, 2, and 
3, containing the lowest amounts of A1, the electron 
concentrat ion and resistivity were independent  of Pzn 
at high zinc pressures. Under  these conditions the elec- 
t ron concentrat ion was also independent  of tempera-  
ture. Electron concentrat ion was proportional to pzn '/2 
arid resistivity to pzn-V2 at low zinc pressures. For 

900o C I O 0 0 ~  

2 X 

I e ' ]  ' 0  '~ - 

(cm- z) 8 

t 6 10_ I 

~ o o o o c /  
2 ~ l ~ I I i J i i 

i 0  -2  lO - I  

---P" Pz~ ( a t m )  

Fig. 1. Resistivity (p) and electron concentration of sample 1 as 
a function of Pzn at 800 ~ 900 ~ and 1000~ 
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I lO 17 
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Fig. 2. Resistivity (p) and electron concentration of sample 2 as 
a function of PZn at 800 ~ 900% and 1000~ 
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Fig. 3. Resistivity (p) and electron concentration of sample 3 as 
a function of PZn at 800 ~ 900 ~ and IO00~ 

sample 4, containing a large concentrat ion of A1, elec- 
t ron concentrat ion varied as pzn 1/2 and resistivity as 
pzn -~/2 over the ent i re  zinc pressure range invest i-  
gated. In  all ZnSe:A1 samples electron concentrat ion 
decreased and resist ivity increased with increase in 
temperature.  Electron concentrat ion in the low Pzn 
region was found to be proport ional  to the square root 
of A1 added in the melts from which crystals were 
grown. The activation energy of electron concentrat ion 
in  this region was --0.5 eV. 

Figure  5 shows the var iat ion of high temperature  re-  
sistivity and electron concentrat ion of ZnSe:As (sam- 
ple 5) as a funct ion of Pzn. At all temperatures  the 
electron concentrat ion is proport ional  to pzn 1/2 and 
resistivity to pzn -1/=. in the zinc pressure range invest i -  
gated. Different from what  was found for ZnSe:A1, 
the electron concentrat ion increased and resistivity 
decreased with increase in temperature.  The activa- 
t ion energy of electron concentrat ion was 0.9 eV. At 
a given tempera ture  and Pzn the electron concentra-  
t ion of the ZnSe:As sample was less than that of the 
ZnSe: A1 samples. For  all samples, the accuracy of the 
Pz, exponents is _ 0.03. 

Room temperature  Hall m e a s u r e m e n t s . i F i g u r e s  6 
and 7 show room tempera ture  electron concentrations 
of ZnSe:A1 samples when quenched from 800 ~ and 
90O~ respectively. _At high Pzn, room tempera ture  
electron concentrations are the same as those at high 
temperature.  At medium Pzn, the electron concentra-  
t ion follows a pzn V2 law over a fair ly wide zinc pres-  
sure range. For each sample there is a critical Pzn at 
which there is a sharp cutoff of the electron concentra-  
tion. Crystals quenched after equi l ibrat ion at Pzn lower 
than Pzn, cutoff have a high resistivity at room tem- 
perature.  

ZnSe:As crystals always have a high resist ivity at 
room temperature,  independent  of Pzn and tempera-  
ture at which they have been equilibrated. 

Di#usion exper iments . - -Z inc  tracer diffusion coeffi- 
cients measured in ZnSe:A1 crystals at 900~ and Pzn 
= 10 -2 atm are shown in Fig. 8. Dzn* is seen to be 
proportional to [All for medium and high A1 concen- 
trations. Figure 9 shows Dzn* of samples 4 and 5 as 
a funct ion of tempera ture  at Pzn : 10-2 alum. The 
diffusion coefficients of Zn are represented by 

4 

900~ ~ E 

8 ~ IO-t  " ~  

8 

6 

4 

[e'] # 800~ . 900~ 

/ , , , J  , , , 
4 6 8 10 -~ 2 4 6 

pzn ( a i m )  

Fig. 4. Resistivity (p) and electron concentration of sample 4 as 
a function of PZn at 800 ~ 900% and 1000~ 
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Fig. 5. Resistivity (p) and electron concentration of ZnSe:As as 
a function of @zn at 800 ~ 900 ~ and 1000~ 
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Fig. 6. Room temperature electron concentration in samples I ,  
3, and 4 cooled after equilibration at 800~ 

#4 

IO ta - #3~ 

[e,]'O '7- 
(crfi 3) 

l 10~, ~ / ~  

IOta / 

IO~' t 

I I I 
)G 4 pO -3 I0 -z lO -t i 

PZn, anneal (aim) 

Fig. 7. Room temperature electron concentration in samples 1, 
3, and 4 cooled after equilibration at 900~ 
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Fig, 8. Zinc tracer diffusion coefficients at 900 ~ as a function 
af [AI] in the crystals, pzn -- 10-2 otto. 
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Fig. 9. Temperature dependence of zinc tracer diffusion co- 
efficients for ZnS: 1.7 X 10 TM crn -~  AI and ZnSe: 7 X 10 z7 
cm-~ As. 

(Dzn*)A1 -- 8.4 X 10 -4 exp -- (1.70 _ 0.05 eV/kT) 

cm 2 sec -1 [ 1 ]  

(Dzn*)As = 5.0 • 10 -5 exp -- (1.65 • 0.05 eV/kT) 

c m ~  s e c  - 1  [ 2 ]  

Discussion 
H~gh temperature Ha~ e~ect measurements.--ZnSe: 

AL--Al l  our observations on ZnSe: A1 can be explained 
with the aid of defect chemistry, which consists of ion- 
ization and incorporat ion reactions and the correspond- 
ing mass action relations combined with the neut ra l i ty  
relat ion 

2[Vse"] + [Vse'] -t- 2[Zni"] + [Zni'] 

+ [Alzn'] + [h'] -- 2[Vzn"] + [Vzn'] 

+ [Sei'] + 2[Sei"] 4- [(AlzaVzn) ']  4- [e'] [3] 

and the a luminum balance relat ion 

[AlJ total -- [Atzn x] + [Alza'] + [(AlznVzn)']  

+ [(AlznVzn) x] [4] 

The symbols used here follow the convention pro- 
posed by KrSger and Vink, on- l ine  symbols indicat ing 
species (atoms or vacancies, V), subscripts indicating 
the site occupied by the species (an inters t i t ia l  site 
being indicated by i),  while superscripts dot ( . ) ,  dash 
('), and mult ipl icat ion sign ( •  indicate positive, neg- 
ative, or zero effective charges with the electronic 
charge Iql as the unit.  Square brackets indicate con- 
centrations in numbers  per cubic centimeter.  

When the neut ra l i ty  and mass balance relations are 
approximated by their dominant  members  (17) the 
concentrations of all species can be expressed as 
[A1]mpzn n where m and n can be integers or simple 
fractions. In principle 36 neut ra l i ty  approximations can 
be made from Eq. [3]. Only 11 of those need to be 
considered as a possibility for ZnSe doped with A1. 
Schottky disorder will be assumed to be the dominant  
disorder process in ZnSe. The justification of this as- 
sumption is given later. Defect concentrat ions for var i -  
ous neut ra l i ty  and A1 balance approximations are 
shown in Table I. By comparing exper imental  results 
wi th  the expressions in  Table I, it is found that  at low 
zinc pressures all Al-doped ZnSe crystals are in range 
8 whereas at high zinc pressures samples 1, 2, and 3 
are in  range 10 but  sample 4 is still in  range 8. The 
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Table I. Defect concentrations as oc [Al l  mpznn for various 
approximations in the neutrality and mass balance relations 

DEFECT S TRU CTU R E OF ZnSe  

Range Defects  m n 

1 [ V z . " ]  ~ [ V s e " ]  0 0 
[A lzn ' ]  ~ [A1] 1 0 
[ e ' ]  0 1/2  
[ h ' ]  0 - 1 / 2  
[Vzn ' ]  0 - 1/2 
[Vs~" ] 0 1/2 

2 [ V s e ' ]  ~. [e'] 0 1/2 
[ A l z . ' ]  ~ [Al l  1 0 
[Vs~ ' "  ] 0 0 
[ V z . " ]  0 0 
[ h ' ]  0 - 1 / 2  
[Vzn ' ]  0 - 1 /2  

3 2 [ V s ~ " ]  ~ [ e ' ]  0 1/3  
[ A l z . ' ]  ~ [A1] 1 0 
[ h ' ]  0 - 1 / 3  
[Vz."] 0 - 1 /3  
[VZn'] 0 - 2 / 3  
[Vse" ] 0 2 /3  

4 [Vzn ' ]  ~ [ h ' ]  0 - 1 / 2  
[ A l z . ' ]  ~ [AI]  1 0 
[ e ' ]  0 1/2  
[ V z . " ]  0 0 
[ V s e ' "  ] 0 0 
[Vs~" ] 0 1/2  

5 2 [ V z n " ]  ~, [ h ' ]  0 -1/3 
[A lzn ' ]  ~ [A1] 1 0 
[ e ' ]  0 1/3 
[Vse" "] 0 1/3  
[Vz~']  0 - 2 /3  
[Vse" ] 0 2 /3  

6 [Vzn']  ~ 2[Vso" "] 0 - - 1 / 3  
[ A l z n ' ]  ~ [A1] 1 0 
[ V z a " ]  0 1/3  
[e'] 0 2/3 
[ h ' ]  0 - 2 / 3  
[Vse" ] 0 1/3  

7 [ V s e ' ]  ~-, 2 [Vzn" ]  0 1/3 
[Alzn '  ] -~ [A1] 1 0 
[ e ' ]  0 2/3  
[ h ' ]  0 - 2 / 3  
[Vse" �9 ] 0 - 1/3 
[Vzn ' ]  0 - 1/3 

8 [Alzn'] ~ 2[Vz."] ~-. [All 1 0 
[ e ' ]  1 /2  1/2 
[ h ' ]  - 1 / 2  - 1 / 2  
[Vza ' ]  1 /2  - 1 /2  
[Vse" ] -- 1/2 1/2  
[Vso"] - 1 0 

9 [ A l z a ' ]  ~-, [ ( A l z n V z n ) ' ]  
'/2 [AI]  1 0 

[Vzn"] 0 0 
[e'] 0 i/2 
[ h ' ]  0 - 1 / 2  
[Vzn ' ]  0 - 1/2 
[ V s e ' ]  0 1/2 
[Vse"] 0 0 

i0 [Alz.'] ~ [e'] ~ [Al l  1 0 
[ h ' ]  - I  0 
[ V z a " ]  2 -- 1 
[ V s e " ]  - 2  1 
[Vz.'] 1 - i 
[Vse" ] -- 1 1 

II [ A l z a ' ]  ~ [Vzn']  ~ [A1] 1 0 
[e ' ]  1 1 
[ h ' ]  - i  - I  
[Vse'] - - i  0 
[Vzn"] 2 1 
[ V s e " ]  - -2  - - I  

neut ra l i ty  conditions 1, 2, and 9 which would also give 
[e'] c< pzn*/2 are rejected because for them the electron 
concentrat ions are independent  of A1 concentration. 
Electron concentrat ion at any Pzn can be determined 
by considering the incorporat ion reaction 

Vzn" -5 Zn(g)  ~--Znzn • -5 2e'; Kznv [5] 

[e'] = Kz~v'/~ [Vz~"]'/~ Pzn'/~ [6] 

In  range 8, the neut ra l i ty  condition is 

[Alzn'] = 2[Vzn"] and [Alzn'] = [A1]total 

[7] 

therefore 

[e']Al, S = 2 -'/~ Kznv '/~ [A1] V~ pzn~/~ 

In  range 10, the electron concentrat ion is given by 

[e'] = [ A l J t o t a l  [ 8 ]  
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The zinc pressure at which t ransfer  from range 8 to 
range 10 takes place is found by equat ing the expres-  
sions for [e'] in the two regions 

2[A11 
PZnCS,10~ = ~ [9] 

Kznv 

Therefore at a given temperature, transfer from range 
8 to range I0 takes place at a value of Pzn that is the 
higher, the higher the A1 concentration. This explains 
why sample 4 was never in range I0. The A1 concen- 
tration in ZnSe can be found from the electron con- 
centration if the sample is in the range where [Alzn'] 
= [e']. In this manner sample 1 was found to contain 
1.6 • I0 IT A1 cm -8. Aluminum concentrations of sam- 
ples 2, 3, and 4 were computed from the electron con- 
centration in range 8 using [7] and were found to be 
5.2 • 1017, 1.5 • I0 Is, and 1.7 • 1019 cm -3 AI, respec- 
tively. Comparison with the corresponding A1 contents 
of the melt shows that the distribution constant kAl = 
[A/]znse/[Al]1 = 0.44 • 0.03. Spectrographic analysis 
of sample 4 gave an A1 concentration of 1.44 X I019 
cm -8 close to the value mentioned above, thus sup- 
porting the assumptions underlying the estimate. The 
A1 concentrations of other samples were below the 
detection limit of the spectrographical analysis. The 
constant Kznv in [71 as f(T) was determined from 
the temperature dependence of the electron concentra- 
tion of a ZnSe:AI sample at a particular Pzn. It can be 
represented by 

Kznv -- 4.65 X I013 exp (I.0 eV/kT) atm -I cm -~ [101 

ZnSe:As.--Sample 5 showed [e'] cc p. znl/2 in the entire 
zinc pressure range investigated. It is a priori uncer: 
tain whether this sample is acceptor dominated or 
shows intr insic behavior because of compensation Let 
us first consider the last possibility. In  this case the 
defect s t ructure of the sample in the zinc pressure 
range investigated would correspond to range 1 or 2 
of Table I. If the sample would be in  range 1, then 
[e'] is given by 

[e'] = Kznv V2 Ks "V4 pzn V2 [11] 

Here Ks" is the equi l ibr ium constant  of Schottky dis- 
order 

0 ~ Vzn" -5 Vs"; Ks" = [Vzn"] [Vs"] [121 

The measured activation energy for the electron con- 
centrat ion in sample 5 was 0.9 eV. With Kznv = 
Kznv o exp (--Hznv/kT) and Ks" = Ks ~ exp (--Hs"/  
kT) then according to Eq. [11], % HZnV -5 u Hs" = 
0.9 eV. Or, with Hznv = --1.0 eV, Hs" = 5.6 eV. As 
we shall see, such a high value of Hs" is unacceptable.  

If the defect s t ructure of sample 5 would correspond 
to range 2, then the room tempera ture  electron concen- 
trat ion of crystals quenched to room tempera ture  af ter  
anneal ing  at high tempera ture  with different Pzn 
should be almost equal to that  at high tempera ture  
because the Vse x level is only 0.008-0.02 eV below the 
conduction band (18-20). This was not observed for 
sample 5: It had almost no free carriers after cool- 
ing. Therefore, it must  be concluded that  the sample 
is acceptor dominated, As being the acceptor. 

Our  exper imental  results indicate that  As is not in -  
corporated according to [Asse'] = [Vse'], because in 
that  case [e'] would be proport ional  to Pzn. On the 
other hand, incorporat ion of As as [As]total = [Asse'] 
= 2[Vse"] leads to the observed dependence [e'] oc 
pznV~. Subst i ta t ing [Vzn"] in Eq. [61 by [Vzn"] = Ks"/  
[Vse"] -- 2Ks'/[Asse'], we get 

[e']As -- 2V2 Kznv~2 Ks"~/~ [AsSe']- ~ pzn'/~ [13] 

Hence 1/z Hznv -5 u = 0.9 eV, the observed acti- 
vat ion energy. We found earl ier  Hznv = --1.0 eV; 
therefore, Hs" = 2.8 eV, an acceptable value. 

If [Asse'] would be known, it  would also be possible 
to determine Ks ~ Unfor tuna te ly  the As content  of 
the sample was below the detection l imit  by spectra- 
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graphic analysis. It is possible, however ,  to est imate 
the As concentrat ion indirect ly  by comparing our re-  
sults wi th  those obtained by Smith  (1). This author  
measured the high t empera tu re  electron concentrat ion 
in ZnSe crystals containing 1017 to 3 X 10 is cm -3 
electr ical ly active impuri t ies  and found an activation 
energy of 0.8 __ 0.1 eV, almost the same as that  found 
by us for sample 5. He also found that  crystals 
quenched af ter  a high t empera tu re  anneal  had a high 
resistivity, again similar  to what  we found for sample 
5. This suggests that  Smith 's  sample was not undoped 
(as bel ieved by him) but acceptor dominated with an 
acceptor concentrat ion ~ 10 TM cm-a.  The electron con- 
centrations found by us were  two t imes larger  than 
those of Smith 's  sample, indicating a four times smaller  
acceptor concentrat ion in our sample. We shall assume 
sample 5 to contain 7 X 1017 cm -~ As. Since the mel t  
f rom which the crystal  was grown contained 50 ppm 
or 2.2 X 10 TM cm -3 As, this corresponds to kAs : [As] /  
[AS]l ---- 0.32. We can now compute Ks "~ Rather  than 
do this using Eq. [13] which tends to add the errors in 
[e'] and Kzny, we calculate Ks" f rom 

[Alzn'] [Asse'] 
Ks" = [14] 

4 [e'] Al2/[e'] As s 

an expression obtained by combining [7] and [13]. 
Here  [e']A1 and [e']As are values of the electron con- 
centrat ion in A1- and As-doped samples at the same 
tempera ture  and zinc pressure. [e']A1/[e']As values for 
each ZnSe:A1 crystal  at one tempera ture  were  com- 
puted at different zinc pressures. The average value 
was used in the calculat ion of Ks". Each ZnSe:A1 
sample yields values of Ks" at various temperatures .  
In Fig. 10 values of Ks"'/, obtained in this manner  are 
plot ted against 1/T. Ks" is found to obey the relat ion 

Ks" ---- 4.84 • 1044 exp {-- (2.9 +_ 0.1) e V / k T }  cm -6 

-- 1 X exp { - -  (2.9 __+ 0.1) eV /kT}  s i t e f r  2 [15] 

Electron concentrations at room temperature . - -  
ZnSe:Al . - -A t  high tempera tures  electrons are minor i ty  
species compared to atomic defects. It wil l  be assumed 
that  during cooling from the annealing t empera tu re  
to room temperature ,  atomic defects are frozen in, 
but that  electron and hole equi l ibr ia  are maintained,  
excess of electrons over  holes remaining free or 
changing the charge of atomic defects. At  high Pzn, 
room tempera ture  electron concentrations are the same 
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Fig. 10. Temperature dependence of Ks "1/2 

as those at high temperatures .  This indicates that  
Alzn • is a shallow donor, consistent wi th  the observa-  
tion of Aven  and Segall  (19) who found Ed ~ 0. It 
also shows that  precipi tat ion of donors does not occur. 
The cutoff in electron concentrat ion at low Pzn can 
be due to recombinat ion with  holes or to t rapping of 
electrons at Vzn' or some transi t ion meta l  impuri ty  
which gives rise to a deep acceptor level  inside the 
bandgap. 

If the cutoff in electron concentrat ion is caused by 
recombinat ion with  holes, the Pzn at which this takes 
place is given by the condition [e'] : [h'] ~- Ki 1/2 at 
high temperature ,  K~ being the equi l ibr ium constant of 
intrinsic electronic disorder. Using Eq. [7] this zinc 
pressure is given by 

Pzn( ~e'] = [h'~ } ---- 2Ki/(  Kznv [All  ) [16] 

Thus the zinc pressure at which the cutoff in electron 
concentrat ion takes place should vary  inverse ly  wi th  
[All.  If  at high t empera tu re  [Vzn'] > [e'], electrons 
would be t rapped by Vzn' centers at room tempera -  
ture, t ransforming these centers to Vzn" centers. The 
zinc pressure at which the cutoff in electron concentra-  
tion takes place is g iven by the condition [Vzn'] = 
[e'] at high temperature .  U s i n g  

[Vzn'] [e'] 
Vzn" ~-- Vzn' + e'; -- Ka2' [17] 

[Vzn" ] 
we find 

PZn,cutoff  - -  K~2'/Kznv [ 1 8 ]  

i.e., the cutoff should be a mater ia l  constant, indepen-  
dent of [All .  As seen in Fig. 6 and 7, Pzn.cutoff follows 
nei ther  relat ion [16] nor [18]. Apparen t ly  the third 
possibility, t rapping at t ransi t ion metal  impuri t ies  has 
to be invoked. In samples with small  A1 concentration, 
[Vzn'] may  be lower  than the transi t ion metal  impur -  
ity concentrat ion and the cutoff in electron concen- 
trat ion takes place by t rapping of electrons at the im- 
purities. Only  in the sample wi th  the highest A1 con- 
centrat ion the cutoff may  be caused by t rapping of 
electrons at Vzn'. Since Kznv is known, t h e  t empera -  
ture dependence of Pzn,.cutoff for this sample gives us 
Ka2' as f (T ) .  In te rpre t ing  the results in terms of 

Ka2' -- 4(2;cme*kT/h2) z/2 exp (--  Eaa' e V / k T )  cm -~ 
[19] 

wi th  me* ---- 0.1m (21) gives Ea2' = 1.1 eV, i.e., the Vzn" 
level  is 1.1 eV below the conduction band. Calculation 
of the ratio [Vzn']/[e'] at Pzn, cutoff for sample 4 from 
[Vzn']/[e'] -- Ka2'/(KznvPzn) gives values in the 
range 0.63-0.66 (i.e., close to 1), thus indicating the 
val idi ty  of our model.  In this sample 4, the cutoff in 
electron concentrat ion does not take place due to re-  
combination wi th  holes because the calculated electron 
concentrat ion for sample 4 at 900~ and Pzn,.cutoff is 
7.8 • 1016 cm -~. Equat ing this wi th  KiY2 would  make 
Ki 1/2 greater  than Ks"/2 which is inconsistent wi th  the 
exper imenta l  results. 

ZnSe:As.--Arsenic-doped ZnSe crystals, when  
quenched f rom high temperature ,  had a high resis t iv-  
i ty at room tempera ture  which was independent  of 
Pzn and the equi l ibrat ion t empera tu re  f rom which the 
crystals were  quenched. Smith  (1) also found that  the 
electron concentrat ion dropped from 1016 cm -3 at 
1000-C to 1010 cm -3 or less at room temperature .  This 
is due to the fact that  at h igh tempera ture  [e'] < <  
[Vse"]:  During quenching electrons are  t rapped at 
some Vse" centers. If  the Vse" level  is fair ly deep the 
electron concentrat ion at room tempera tu re  would be 
very  low. We can est imate the Vse" level  position f rom 
Smith 's  results. Let  us assume the acceptor concentra-  
t ion of Smith 's  sample was 3 X 10 TM cm -~, i.e., [Vse"] 
. :  1.5 • 10 is cm -~ 

[Vs~"] [e'] 
Vs~" -* Vs~'" + e'; -- Kd2 [20] 

[Vs~'] 
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�9 . e p [Vs .  ],o00~ ]1000oc 
[Vs~']loo0~ = 

(Kd2) 1000~ 

1.5 X l0 is X I0 i6 
--  [21] 

(Kd2) i000~ 

V [ s~"]27oc[e 127oc 
[Vs~']~voc = 

(Kd~) 27~ 
Wi th  

[Vse"]2v~ = [Vse"]  io0o~ -- [e ']  lo0ooc = 1.5 X 10 TM cm -a  

and 
[e,]27oe - -  1010 c m - 3  

1.5 X I0 ~s 
[Vse']27oc = [22] 

(KaD ~7~ 
But: a lso 

[Vse.]27oc - -  [VSe']1000oc 21- [e']1000oc 

- -  [Vse']1000oc -{- 1 0 i s . . .  [23] 

C o m b i n i n g  Eq. [21]-[23]  w e  ge t  

1.5 X 1028 1.5 X I0 ~4 
-t- 10 TM [24] 

(Kds) 27~ (Kds) 1000~ 

A n a l y t i c a l  so lu t ion  of [24] w i t h  Kd2 = (2nme*kT/hS) 3/2 
exp(--Eds/kT) and  me* = 0.1m (21) g ives  Ed2 = 0.4 
eV. 

The major type o~ atomic d b o r d e r . - - A t  this  po in t  i t  
is necessa ry  to j u s t i f y  t he  a r b i t r a r y  choice  of  S c h o t t k y  
o v e r  F r e n k e l  d i so rde r  as t he  m a i n  d i so rde r  mechan i sm .  

Hs", t he  e n t h a l p y  of  S c h o t t k y  d i so rde r  w i t h  f o r m a -  
t ion of  d o u b l y  cha rged  defects ,  is r e l a t ed  to t he  co r r e -  
spond ing  e n t h a l p y  for  f o r m a t i o n  of  n e u t r a l  defects ,  
Hs  • t h r o u g h  (22) 

Hs x __ Hs"  -{- 2Ei - -  Ed --  Ed2 --  Ea - -  Ea2 [25] 

Ei be ing  the  w i d t h  of  t h e  bandgap ,  Ed and  Ed2 the  first 
and  second ion iza t ion  e n e r g y  of  Vse x, and  Ea and  Ea2 
t h e  first  and second ion iza t ion  e n e r g y  of Vzn x- Ed is of  
t he  o r d e r  of  0.01 eV (18-20).  Va lues  r e p o r t e d  for  Ed2 
v a r y  w i d e l y  (23, 24);  w e  sha l l  use  Ed2 = 0.4 eV as 
found  in  t he  p r e v i o u s  sect ion.  Va lues  r e p o r t e d  for  Ea 
v a r y  f r o m  0.5 to 0.75 eV (18, 24). We shal l  use Ea = 
0.65 eV and  for  Ea2 we  shal l  t ake  Ea2 - -  Ei --  Ea2' = 2.7 
(25) --  1.1 = 1.6 eV ( w i t h  Ea2' as d e t e r m i n e d  in t he  
p r e v i o u s  section.  T h e n  Hs x ---- 2.9 -}- 2 • 2.7 - -  2.66 
5.6 eV. V a n  V e c h t e n  (26) ca l cu la t ed  Hs  x = 6.18 eV. 
A c c o r d i n g  to th is  a u t h o r  his  va lues  a r e  ~ 12% too 
high,  g iv ing  5.4 eV as the  co r rec t ed  value .  A second 
e s t i m a t e  for  Hs  x is ob t a ined  f r o m  Hs x .~ Hatom, Hatom 
be ing  the  e n t h a l p y  of  a tomiza t i on  of Z n S e  (27). C o m -  
b in ing  Hznse, t he  h e a t  of  s u b l i m a t i o n  of  Z n S e  w i t h  
f o r m a t i o n  of  Z n ( g )  and  S e s ( g )  (28), w i t h  HD, t h e  h e a t  
of  d issocia t ion  of Se2(g)  (29) we  find 

Hatom = Hgnse -]- I/2 HD = 3.75 + 1.71 = 5.46 eV 

Thus  the  obse rved  Hs x is l a r g e r  than,  bu t  close to, 
bo th  e s t i m a t e s  of Hatom. I f  F r e n k e l  d i s o r d e r  w o u l d  be 
the  d o m i n a n t  t ype  of  a tomic  d isorder ,  w i t h  HF" ~ Hs" ,  
ou r  resul ts ,  i n t e r p r e t e d  on the  basis of  th is  d isorder ,  
w o u l d  g i v e  HF x = 5.6 eV w i t h  Hs  x > 5.6 eV, m a k i n g  
the  d i s c r epancy  w i t h  the  e s t i m a t e d  Hs  x e v e n  la rger .  
The re fo r e ,  i t  m a y  be  conc luded  tha t  S c h o t t k y  d i so rde r  
is t h e  m a j o r  t ype  of  a tomic  d isorder ,  t h e  sma l l  d is-  
c r e p a n c y  b e t w e e n  Hs x and Hatom p r o b a b l y  be ing  
caused  b y  e r ro r s  in  t he  e n e r g y  l e v e l  posi t ions  used  m 
Eq. [25]. 

Diffusion.--In genera l ,  t r a c e r  di f fus ion of  zinc is t he  
s u m  of con t r ibu t ions  by  the  zinc defec ts  Vzn and  Zni in  
va r ious  s ta tes  of  ionizat ion.  U n d e r  t he  condi t ions  of 
our  expe r imen t s ,  i.e., p z ,  = 10 -2  a tm,  our  e l ec t r i ca l  
m e a s u r e m e n t s  s h o w  tha t  [Vzn"] > >  [Vzn'] and  [Vzn • ] 
in  ZnSe :A1  and  [Zni" ]  > >  [Zni ' ]  and  [Zni • in  

ZnSe :  As. On  the  o t h e r  hand,  t he  l i n e a r  r e l a t i on  b e -  
t w e e n  Dzn* as )~[A1] s h o w n  in Fig.  8 ind ica tes  t ha t  on ly  
one  species is i n v o l v e d :  [Vzn"] > >  [Zni" ]  and  

(Dzn*)a l  "-- ~vDv[Vzn"] = J v D v [ A l z n ' ] / 2  [26] 

Sv be ing  the  co r r e l a t i on  cons tan t  and  Dv the  di f fus ion 
cons tan t  of Vzn". F o r  ZnSe :  As w h e r e  [ A s s j ]  ~ 2 [Vse"]  

(Dzn*)As = :fiDi[Znf'] + ]VDV[Vzn"] [27] 

fi be ing  the  co r r e l a t i on  cons tan t  and  Di the  di f fus ion 
cons tan t  of Zni" .  Bu t  [Vzn"]As = r[Vzn"]A1 w i t h  r = 
4 K s " / [ A l z n ' ]  [Asse'] and  thus  

(Dzn*)As -- fiDi[Zni"] -}- r(Dzn*)Al [28] 

As seen  f r o m  [14], r = ( [e"]As/ [e ' ]At)2 ;  i ts v a l u e  was  
d e t e r m i n e d  ear l ier .  W i t h  this  v a l u e  and  the  v a l u e  of  
(Dzn*)A1 we  find tha t  the  second t e r m  in  [28] is equa l  
to 1.5 X 10 -15 cm 2 sec -1  ~ (Dza*)As = 5 X 10 -12 
cm 2 sec -1. Thus  

(Dz~*)A~ ~ l iDi [Zn i" ]  = fiDl(KF"/Ks") [Asse ' ] /2  [29] 

S ince  bo th  [Alzn ']  ~ [A1]total and  [Asse'] ~ [AS]total 
a r e  known,  Eq.  [26] and  [29] c o m b i n e d  w i t h  [1] and  
[2] g ive  

]~Dv = 2.17 e x p  --  {1.70 __ 0.05} eV/kT  cm 2 sec -1  [30] 

5iDiKF"/Ks" = 3.14 exp  {--1.65 

__ 0.05)} eV/kT  c m  2 sec -1 [31] 

S ince  the  two  en tha lp ie s  a r e  a p p r o x i m a t e l y  e q u a l  

Hv = Hi + HF" - -  Hs"  -'- 1.65 eV [32] 

w h e r e  Hv and Hi a re  t he  e n t h a l p y  of  m i g r a t i o n  of  Vzn" 
and  Zni" .  S ince  HF" > / / s "  ( r e q u i r e d  to m a k e  F r e n k e l  
d i so rde r  less i m p o r t a n t  t h a n  S c h o t t k y  d i so rde r )  Hv  > 
Hi. Dzn* of u n d o p e d  Z n S e  m e a s u r e d  at  a Pzn such  tha t  
[Vza"J = [Vse"]  = Ks "~/~ is g i v e n  by 

Dz,*  = fvDv[Vzn"]  + 1iDi[Znl"]  

( ]iDiKF" )Ks"V" 
= fvDv + Ks"  

T a k i n g  the  ac t i va t i on  ene rg ies  for  Dv and DiKF"/Ks" 
to be  equa l  at  1.65 _ 0.05 eV, l e av ing  p r e e x p o n e n t i a l s  
u n c h a n g e d  

Dzn* = 5.3 exp  {-- (3.1 -+- 0.1 eV/kT} cm 2 sec -1  [34] 

This  is a lmos t  exac t l y  t he  exp re s s ion  

Dzn* = 9.8 e x p  {--3.0 eV/kT} cm 2 sec -1  [35] 

found  by  H e n n e b e r g  and S t e v e n s o n  (3) fo r  c rys ta l s  
con ta in ing  2.9-10 X 1016 cm - s  A1 and  1-25 X l0 is cm -8  
Cu. A p p a r e n t l y  these  crys ta ls  w e r e  e x a c t l y  c o m p e n -  
sated.  

De~ect isotherms for ZnSe, ZnSe:AI, and ZnSe:As.~ 
Express ions  for  the  v a r i o u s  e q u i l i b r i u m  cons tants  a r e  
s u m m a r i z e d  in Tab le  II. Values  ca lcu la ted  at  800 ~ 900 ~ 
and  1000~ a re  g i v e n  in  Tab l e  III. Approx ima te ,  de fec t  

Table II. Expressions for various defect constants 

Ks" = [Vzn"][Vse"] = 4.84 • 10 ~ exp {-(2.9 --0.1) eV/kT} crn-6 

Kz~v = [e']~/(tVzn"]Pz~) = 4.65 X 10 m exp 1.0 eV/kT atm -1 cm -~ 
Kd~- = [e'][Vse"]/[Vse'] 

= 2.42 X 10 ~ (me*/rn)~/~T ~/~ exp (-0.4 eV/kT) cm -z 
Kay" = [e'][Vzn']/[Vz,"l = 9.7 x 10 z5 (me*/~n)a/sT 8/~ exp (-1.1 eV/kT) cm -3 

{ me*rob* ~/~ 
K, = te'~tU'l = 1 x 1 ~  ~ , ~ }  T~ exp (--.2.S ~V/kT) cm-~ 

me* = 0.1m (21) 
mu* = 0.6m (21) 
Ei = (2.8-7.2 x s eV (25) 
KP = 5.45 x 10 -~-~ exp (~0.45 eV/kT) 
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Table III. Values of various constants at 800 ~ 900 ~ and 1000~ 

K z ~  
T e m p  ( a t m  -~ Kd2 /~aa" Ks"1/~ K 11/a 

( ~  cm-~)  ( c m  -~) (cm-~)  ( c m - a )  ( cm-~)  

800 2.3 x 10 TM 3.65 x 10 TM 7.3 x 10 ~3 3.3 x 10 ~ 3.6 x 10 ~ 
900 9.2 x 10 ~ 5.97 x 10 TM 2.3 x 10 ~ 1.3 x 10 TM 1.5 x 10 ~ 

1000 4.25 x 10 ~7 9.0 x 10 ~ 6.1 x 10 ~ 4.0 x 10 TM 5.0 x 10 ~ 

isotherms for ZnSe, ZnSe: 1.6 X 101~ cm -3 A1 and 
ZnSe: 7 X 1017 cm -3 As at 800~ are shown in  Fig. 11, 
12, and 13. The fact that both the electrical measure-  
ments  and the diffusion measurements  do not indicate 
the presence of pairs (AlznVzn)' at [A1] = 1.7 X 1019 
cm -3 at 800~ indicates that [ (AlznVzn)'] = Kp [Alzn'] 

i0 m 

iO P̀  

I IOMt 

I0~ I 

PHASE ( BOUNDARIES "~ 

vzo,v : 

! v,. ', I 

10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 I0 -2 Id b I 

~- Pzn (arm) 

Fig. 11. Defect isotherms for undoped ZnSe at 800~ 

IOta- ( i  PHASE BOUNDARIES i-,,, I 

A I z n , V I  ', Alan ! le ' ,AIz.  

! " > .  ,, .... 
.'~ VZ I I~J  =1 ~ , Vzn . /  '1 WZrl  / "  

! 2 < .  
, i i Se 

| I i / I  I I I I I ~ 1  I I 
I0 -8 10 -7 10 -6 10 -5 I0 -4 I0 3 I0 -z I() I I 

PZ. (otrn) 

Fig. 12, Defect isotherms for ZnSe: 1.6 X 1017 cm-3 AI at 800~ 

i i 

IE I0 I~ II ~ "  V" ~ i  / .~ [ ~ Se ~ [ 

IOJ~ - .. . . . .  _ 

)o~Zl I I I I I I [ ~ ]  1 I 
[0 -8 {O -7 10 -6 10 -5 10 -4 I0 -$ I0 -a I0 -I I 

PZn [otto) 

Fig. 13. Defect isotherms for ZnSe: 7 X 1017 cm -a  As at 800~ 

[Vzn"] < 1019 cm -3 or the pai r ing constant Kp < 6.92 
X 1 0  - 2 0  c m  3. If H p  i s  the enthalpy of pairing, K p  = 

Kp ~ exp (Hp/kT) with Kp ~ = Z/N = 12/2.2 • 1022 
cm -3 = 5.45 • 10 -22 cm 3. Here Z is the number  of 
nearest  neighbor metal  sites and N is the number  of 
molecules ZnSe per cubic centimeter.  Then  --Hp 
0.45 eV. With the relat ive dielectric constant er = 8.1 
(21) and rA1.V = ~'Zn-Zn = 8.01A, ( H P ) c o u l o m b  "-- --2q2/ 
4~errA1.V = --0.44 eV. Thus practically no pairs wil l  be 
formed at high temperature;  pairs at room tempera-  
ture must  have largely been formed dur ing cooling 
(4, 7). On the basis of Fig. 11, the expected room tem- 
perature electron concentrat ion for undoped ZnSe 
equil ibrated at 800~ with mol ten zinc is ~ 101'0 cm -3. 
Values reported for undoped ZnSe after the so-called 
zinc extraction process (to remove impuri t ies  such as 
copper) are indeed in  the range 0.6-2 • 1016 cm -~ 
(19, 21). 

Figure 11 also indicates that it should be possible to 
make undoped ZnSe p- type  by anneal ing in  a Se2 
atmosphere. It would, however, be a poor hole con- 
ductor, the Vzn' level being far from the valence band. 
Similar ly  with the help of Fig. 12 we can explain that 
at high Pzn the room tempera ture  electron concentra-  
t ion must  be the same as that  at high temperature,  but  
at Pzn below Pzn.cutoff (i.e., where [Vzn'] = [e'] at high 
temperature)  ZnSe:A1 will  have a high resistivity at 
room temperature.  ZnSe:As will have a high resistiv- 
i ty at room temperature  at all Pza because Vse', Asse • 
and Vzn' levels are all deep, even though there is a 
t ransi t ion from n to p type at the relat ively large Pzn 
where [e'] = [h-] at high temperature.  

S u m m a r y  
Measurements of the Hall effect, resistivity, and zinc 

self-diffusion of crystals of ZnSe doped with A1 or As 
at high temperatures,  where the crystals are in  equi-  
l ib r ium with zinc vapor, and of the Hall  effect of crys- 
tals cooled after equi l ibrat ion are used to determine 
the defect s t ructure of pure and doped ZnSe. Schottky 
disorder wi th  doubly charged defects dominates the 
defect s t ructure  of undoped ZnSe at medium zinc 
pressures. Table II gives parameters  of various equi-  
l ibr ium constants determined in the analyses, with the 
aid of which properties of crystals equil ibrated under  
various conditions can be predicted. 
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The Defect Structure of ZnSe:Ga 

A. K. Ray *'1 and F. A. KrUger* 
Department of Materia{s Science, University of Southern California, Los Angeles, California 90007 

ABSTRACT 

Hall effect and resistivity measurements  on single crystal samples of 
ZnSe doped with various amounts  of gal l ium were performed both at high 
tempera ture  while t~he crystals were m equi l ibr ium with atmospheres of 
known zinc pressures and after cooling to room temperature.  At high tem- 
peratures,  gal l ium present  at a low concentrat ion behaves as a luminum and 
acts as a single donor. At high concentrations and high zinc pressures, the 
do,nor efficiency is strongly reduced. This reduction is a t t r ibuted to the pre-  
cipitation of a fraction of the gal l ium as GaSe. Cooled crys.tals with low Ga 
concentrations show a similar  behavior, the only difference being a sharp 
reduct ion in electron concentrat ion at low Pzn when [Vzn'] ~ [e']. At high Ga 
concentrat ions and high zinc pressures, black precipitates are formed near  the 
surface dur ing  cooling. In  addition, changes take place in  the ZnSe phase 
which strongly reduce the electron concentration. These changes are be-  
lieved to consist of the t ransfer  of Ga from Zn to Se sites with formation of 
centers acting as mult iple  .acceptors and electron traps. 

Tr iva lent  metal  atoms subst i tut ing for zinc in  ZnSe 
are expected to act as donors. Such a behavior  was 
actual ly found for Ah at high zinc pressures free elec- 
trons are formed with [e'] ~- [Alzn],  at low zinc 
pressures self-compensation occurs, with 2[Vzn"] ~-~ 
[Alzn'] (1-4). A different behavior  was reported for 
Ga, In, and TI: Samples doped with Ga were found 
to contain fewer free electrons than undoped samples 
prepared under  the same conditions (5). Gazn, Inzn, 
and Tlzn are believed to be deep donors as opposed to 
Alzn which is a shallow donor (6). ZnSe: 5 X 1019 Ga /  
cm 3 grown from (Ga(1) had p ---- 250 _+ 50 n cm and 
was thus heavily compensated (7). With increasing 
concentrat ion of Ga or In, electronic conductivi ty de- 
creases and the Fermi level drops to Ec -- 0.2 eV (8). 
Heating of Ga-doped crystals in zinc vapor leads to 
the formation of black precipitates (8). N- type  con- 
ductivi ty with 2 • 1016 to 5 X 10 iv electrons/cm3 was 
found for ZnSe equi l ibrated with dilute (Zn, Ga) al- 
loys (9). P - type  conductivi ty was found in  the surface 
of an iodine donor-doped crystal after in-diffusion of 
Ga or In from a molten (Ga, Zn) or (In, Zn) alloy at 
560~ followed by a 30 min  anneal  of crystal plus alloy 
in a closed capsule at 950~ (10, 11). The p- type be-  
havior was at t r ibuted to the tendency of Ga, In, and T1 
to form monovalent  positive ions which were believed 

* E lec t rochemica l  Society Act ive  Member .  
1Present  address:  IBM T h o m a s  J. Wa t son  Resea rch  Center ,  

York town  Heights ,  Ne w York  10598. 
Key words:  Hall  effect,  res is t ivi ty ,  p rec ip i ta tes .  

to be the acceptors, divalent  ions being donors (and 
t r ivalent  ions ionized donors) (10). This explanat ion 
can, however, not be Correct. Since Gazn' contains one 
electron more than Gaz~ • the energy level of Gazn' 
must  be above the level of Gazn • Since the lat ter  is a 
donor level close to the conduction band at Er -- 0.028 
eV (12), the Gazn' level must  be even higher and thus 
cannot give rise to appreciable hole conduction. 

In the present  paper we report  on an invest igat ion 
of the semiconductor properties of ZnSe:Ga,  both at 
high temperatures  where the crystals are in  equi l ib-  
r ium with atmospheres of well-defined zinc pressure 
and at low temperatures  after high tempera ture  equi-  
l ibration. 

Experimental 
Single crystals of ZnSe grown from melts containing, 

respectively, 1.6 X 10 TM, 4.8 X l0 is, 1.6 X 102~ and 1.6 X 
1021 Ga cm -'~ were obtained from the Eagle Picher 
Company. Electrical analysis of the first two crystals 
assuming Ga to be a single donor gives for the Ga con- 
tent  of these crystals 5 X 10 '17 and 2.0 X 10 'is Ga cm -3. 
Spectrographic analysis of the last two, using the other 
ones as a standard, yielded values of 5.2 X 10 I9 and 
6 • 10 ,20 Ga cm -8 indicat ing a dis t r ibut ion coefficient 
k : Cs/C, ---- 0.3 _+ 0.05. Samples of 10 • 10 • 1 r a m  
were cut from the crystals for measurement  of Hall  
effect and resist ivity by the van der Pauw technique 
(13). High temperature  measurements  with the crys- 
tals in  equi l ibr ium with  atmospheres of known  zinc 
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pressures were  per formed in an apparatus described 
ear l ier  (14). Room tempera tu re  measurements  on crys-  
tals cooled af ter  equi l ibrat ion with  a known Pzn at t em-  
peratures  from 800~176 were  per formed in air. 
Electron concentrations were  calculated f rom the Hall 
constant R by the formula  Ce = (Rq) - l ,  q being the 
electronic charge. 

Experimental Results 
Figure  1 shows values of [e'] and p for ZnSe: 5 X 

1017 Ga cm-~ as a function of Pzn at 800 ~ , 900% and 
1000~ Simi lar  results were  obtained for ZnSe: 2 X 

10 Is Ga cm -~. Figures  2, 3, and 4 show the Pzn de-  
pendence of samples wi th  different amounts of gal-  
l ium at 800% 900% and 1000~ respectively.  F igure  5 
shows [e'] as a function of gal l ium concentrat ion for 
samples annealed under  Pz,  = 2 X 10 -2 atm at 900 ~ 
and 1000~ Figure  6 shows the corresponding be- 
havior  of [e'] for Pzn = 0.7 arm. Both figures show for 
comparison data for ZnSe:A1. Crystals quenched af ter  
annealing at h igh  tempera tures  at low zinc pressures 
were  orange to red in color, the density of the colora- 
tion increasing with  [Gal.  Samples wi th  [Ga] - -  2 X 
10 TM cm -~ quenched after  anneal ing at high Pzn were  

[e'] 
(cm -3] 

1017 

6 
1 I I I I I I ~ I I 

I0 H IiO 
pzn(atrn) 

Fig. 1. High temperature resistivity (p) and electron concentra- 
tion of ZnSe: 5 X I017 Go cm -'8 as a function of pzn- 

6 
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5xlO 1 7 ~  
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iO -2 i0 -I 
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Fig. 4. Electron concentrations in different ZnSe:Ga crystals as 
a function of pzn at 1000~ 
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Fig. 2. Electron concentrations in different ZnSe:Ga crystals as 
a function of pzn at 800~ 
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Fig. 3. Electron concentrations in different ZnSe:Ga crystals 
as a function of PZn at 900~ 
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Fig. 5. Electron concentrations as a function of dopant concen- 

tration in ZnSe:Ga at 900 ~ and 1000~ (solid lines) and in ZnSe:AI 
at 1000~ (dashed line); all at Pzn = 2 X I0 -B atm. 
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Fig. 6. Electron concentration as a function of dopant in ZnSe:Ga 
at 900 ~ and 1000~ (solid lines) and in ZnS:AI at 1000~ (dashed 
line); all at pzn = 0.7 arm. 
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black;  only  the sample  wi th  5 • 107 Ga cm -3 remained  
yellow. Inspect ion of the  samples  showed the b lack  
colorat ion to be l imi ted  to a sur face  l aye r  tha t  is the  
th icker  the  h igher  Pznanneal, [Ga],  and Tanneal. 

The two most  s t rongly  doped samples  quenched 
af te r  anneal ing  at  1000~ Pzn : 2.25 atm were  b lack  
throughout .  For  a pa r t i cu la r  Tanneal, the  lowest  Pzn at  
which b lackening  occurs decreases wi th  increas ing 
[Gal .  Observat ion  under  an optical  microscope in 
t ransmiss ion of a b lack  sample,  th inned by  j e t  pol ish-  
ing with  40 HCI-10 H20~-lH20 showed the presence of 
b lack  star=shaped precipi ta tes ,  5-8 ~m in size (Fig. 7) ; 
s imi lar  prec ip i ta tes  were  repor ted  in Ref. (8). The 
prec ip i ta tes  were  not  visible in reflection. At t empts  to 
de te rmine  the  na tu re  of the prec ip i ta tes  by  electron 
microscopy failed,  p robab ly  because the  e tchant  used 
to thin the  samples  etched away  the precipi tates .  
Whereas  i t  is c lear  that  the  b lackening  is due to the  
presence of d a r k  precipi ta tes ,  the facts that  the p re -  
cipi tates  are  genera l ly  res t r ic ted  to surface layers  and 
a re  only fo rmed  af ter  anneal ing  at high Pzn sugges~ 
that  the prec ip i ta tes  a re  not p resen t  dur ing  the high 
t empe ra tu r e  anneal ,  but  a re  formed dur ing  cooling. 
Since the  degree  of b lackening  depends  on [Ga],  the  
prec ip i ta tes  a lmost  cer ta in ly  contain gal l ium. Thei r  
p robab le  na tu re  is discussed later .  

Electron concentra t ions  in crystals  quenched af ter  
annea l ing  at  var ious  t empera tu re s  and Pzn are  shown 
in Fig~ 8-10 (as a funct ion of Pz,)  and Fig. 11 (as a 
function of [Ga] ) .  For  samples  that  were  b lackened  
af ter  quenching, the  e lect ron concentra t ion de te rmined  
f rom the Hall  effect measured  at  room t empera tu re  
was a funct ion of the  thickness of the  sample  and de-  
pended on whe the r  the b lack  surface l aye r  was or was 
not removed.  In Fig. 8-10, points of such samples  mea -  
sured wi thout  remova l  of the  b lack  surface l aye r  are  
connected by  dashed lines. Points  given in Fig. 11 are  
the  resul ts  of measurements  a f te r  r emova l  of the  black 
surface layer  (if  any ) .  
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Fig. 8. Electron concentration at room temperature in ZnSe:Ga 
crystals cooled after annealing under different PZn at 800~ 
solid lines, homogeneous crys)als; dashed lines, partly blackened 
crystals. 
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Fig. 9. Electron concentrations at raam temperatures in ZnSe:Ga 
crystals cooled after annealing under different PZn at 900~ 
Solid lines, homogeneous crystals; dashed lines, partly blackened 
crystals. 

Fig. 7. Optical micrograph in transmission (magnification 200X) 
of ZnSe: 5.2 X 10 TM Ga cm -3 cooled after an anneal at 1000oC, 
PZn := 2 arm. 

Discussion 
High temperature results.--Inspection of Fig. 1 and 

2 shows that  at  low Pzn and smal l  [Ga],  [e'] ~ pzn'/~; 
[e'] approaches  a constant  level  that  is a lmost  equal  
to [Ga] at high Pz,. Note the  negat ive  t empe ra tu r e  
dependence  of [e'] at  low Pz.. The behavior  is s imi lar  
to tha t  observed for ZnSe:A1 (1). In t e rp re t a t ion  of 
the resul ts  at low Pzn on this basis, assuming Gazn to 
be a single donor wi th  

[Ga]total = [Gazn'] --  2[Vzn"] [1] 
leads to 

[e'] = 2-'/2 Kznvl/~ [Gaz~ ' ]~  pz,'/2 [2J 

H e r e  Kznv is the equi l ib r ium constant  of the  reac t ion  

Vzn" + Z n ( g )  ~ Z n z n  x + 2e' [3] 

Kznv = [e']2/[Vz~"] Pz,  [4] 
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Fig. 10. Electron concentrations at room temperatures in ZnSe:Go 
crystals cooled after annealing under different pzn at 1000~ 
Solid lines, homogeneous crystals; dashed lines, partly blackened 
crystals. 
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Fig. i l .  Electron concentrations in ZnSe:Ga crystals annealed at 
Pzn = 2 X 10 -2 arm, 900~ or PZn = 10 -1 atm, 700~ at 
temperature (dashed lines) and after cooling (solid lines). 

Use of the  va lue  of Kznv as de t e rmined  in Ref. (1) in 
Eq. [2] leads to Ga contents of the weak ly  doped sam-  
ples of 5 X 1017 and 2 X 10 '18 Ga cm -3 as ment ioned  
earl ier .  

A t  h igher  ga l l ium concentrat ions at  Tanneal "- 800~ 
[e'] is a lmost  independen t  of [Ga] and Pzn (Fig. 2). 
At  h igher  Tanneal the  Pzn dependence  is res tored  (Fig. 
3 and 4), but  a decreased dependence  of [e'] on [Ga] 
at  high [Ga] st i l l  per ta ins  for Tanneal - -  900~ (Fig. 3). 

S imi la r i ty  in behavior  of Ga and A1 at  low [Ga] 
and low Pz,  is also seen in Fig. 5, Eq. [2] being sat is-  
fied. At  high Pzn, [e'] ~ [Ga] at  smal l  [Ga],  but  [e'] 
< [Ga] at  la rge  [Ga] (Fig. 6). A t  low Pzn and [Ga] 

1019 cm -a,  [e'] cc [ G a l l  wi th  m : 0.15 to 0.22 (Fig. 
5). At  large  Pzn, [e'] is independen t  of [Ga],  but  
dependent  on t empe ra tu r e  (Fig. 6). 

These facts s t rongly  suggest  that  pa r t  of the  Ga pre -  
cipi tates at a r e la t ive ly  low anneal ing  t empe ra tu r e  
(800~ less at  med ium anneal ing  t empe ra tu r e  

(900~ and less again at  the h ighest  anneal ing tem-  
pe ra tu re  (1000~ precipi ta t ion,  if  occurring,  occurs 
above a cer ta in  cri t ical  value of Pzn which decreases  
wi th  increasing [Gal .  As we shall  see, the  observat ions  
can, in fact, be expla ined  on this basis if Gazn is as-  
sumed to be a single donor, the p rec ip i ta ted  phase  
being GaSe. F igure  12 shows a schematic  i so thermal  
phase d i ag ram in which  it is assumed tha t  of the com- 
pounds of the  Ga-Se  system, GaSe  (red)  and Ga2Se 
(black)  can coexist  wi th  ZnSe;  in addi t ion  ZnSe can 
coexist  wi th  ZnGag.Se4 and wi th  al loys (Ga, Zn) which 
are  mol ten  at  ~he t empera tu res  of our  exper iments .  Co- 
exis tence wi th  Ga2Se is quest ionable  for  two reasons:  
Al though  the exis tence of this compound was repor ted  
by  K l e m m  and van  Vogel (15) and Rus tamov et al. 
(16), a different  compound (Ga3Se2) was found by  
Ter'hell and Lie th  (17) whi le  Susuki  and Mori  (18) 
found no compot~nd at  all  be tween  GaSe and Ga. The 
second reason is that,  even if  Ga2Se exists,  coexistence 
wi th  ZnSe may  not  be possible. In  this  case the  tie 
l ines be tween  Ga2Se and ZnSe have  to be. rep laced  by  
tie lines GaSe(Ga ,Zn) ,  i.e., f rom GaSe  to point  a 
in Fig. 12. Various  th ree -phase  regions ( t r iangles  in 
Fig. 12), val id  for the  t ie  l ines as drawn,  a re  m a r k e d  
with  the  type of coexist ing condensed phases. Wi th  
modified t ie  lines the  two upper  t h r ee -phase  regions 
change to ZnSe 4- GaSe  4- (Ga-Zn) l , a  and GaSe 4- 
Ga2Se 4- (Ga-Zn)  1,a,. 

The act ivi t ies  of Zn and Se in ZnSe are  var iab le  be-  
cause of ZnSe(s )  --> Zn(g )  + u Se2(g) ,  giving 

PznPse~ I/2 : Kznse [5] 

When another condensed phase is present, a similar 
relation exists for the components of that phase; e.g., 
for GaSe 

GaSe(s) --> Ga(1) + �89 See(g) 
or 

aGaPSe21/2 = KGaSe [ 6 ]  

If ZnSe and GaSe coexist, both  [5] and [6] have  to be 
satisfied and thus 

age : KGaSeKZnSe-lpzn [ 7 ]  

i.e., the re  is a re la t ion  be tween  age and pzn. Simi lar ly ,  
for coexis tence of ZnSe wi th  ZnGasSe4 or Ga2Se 

aGa 2 --  KznGasseIKznse-4Pzn 3 [8] 

aGe 2 : KGa2SeKZnse-lpzn [9] 

A re la t ion s imi lar  to [8] would be  obta ined  if Ga~Se3 
ra the r  than  ZnGa2Se4 would  occur as the  phase  co- 
exist ing wi th  ZnSe. 

If the  constants  Kznse, KGa2Se3, KZnGa2Se4, KGaSe, and 
KGa2Se w e r e  known, i t  would  be possible to construct  
a d i ag ram wi th  log age and log Pzn as ordinates  con- 
sisting of s ing le -phase  regions and regions of co- 
existence of two and three  condensed phases. In  the 
absence of such deta i led  knowledge  i t  is only  possible 
to d raw a schematical  figure. F igure  13 shows such a 
figure. In  this figure single phase  regions are  areas:  

Ga 

ZnGe2Se 4' 

ZnGazSe 4 

ZnGa2Se 4 

ZnGaeSe 4- 

Se ZnSe Zn 

Fig. 12. Schematic isotherm of the Ga-Zn-Se system 
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Fig. i& aGa IS. PZn isothermal phase diagram of the system 
Ga-Zn-Se showing phase boundaries (heavy solid lines), range 
boundaries (thin solid lines), and lines of constant [Ga] (dashed 
lines). At the top aGa - -  1, log a6a ---- 0. 

A B C D E F is the  ZnSe area;  areas  to the lef t  of CD, 
DE, EF, and FSe are, respect ively,  the areas  of Ga2Se, 
GaSe,  ZnGa2Se4, and So. Owing to the  low solubi l i ty  
of Se in (Go, Zn)l,  the  l iquid  a l loy phase  is represen ted  
by  a l ine A B C H. Lines separa t ing  ne ighbor ing  areas  
represen t  coexis tence of two condensed phases. Meet -  
ing points  of phase  boundar ies  represen t  coexis tence of 
th ree  condensed phases (corresponding to the t r iangles  
of Fig. 12). Thus, point  E represents  coexistence of 
ZnSe, ZnGa2Se4, and GaSe. If the  defect  s t ruc ture  con- 
sists of var ious  ranges dominated  by  different  app rox i -  
mat ions  to the  neu t r a l i t y  condit ion a n d / o r  mass  ba l -  
ance, range  boundar ies  a re  r ep resen ted  by  s t ra igh t  
lines inside the  single phase  areas;  1, 2, 3, and 4 in-  
dicate  such ranges for ZnSe;  for  the charac te r iza t ion  
of these  ranges  see Table  I. I so therms for constant  
ga l l ium concentra t ion  are  represen ted  by  straight ,  
dashed l ines inside the s ing le-phase  fields. The l ines 
change slope when  a range  b o u n d a r y  or a phase  
bounda ry  is reached,  i.e., when  a second phase is 
formed.  The fo rmer  give a gradual ,  the l a t t e r  a sharp 
change of slope. The l ines xyz, pqr,  and abc correspond 
to increas ing ga l l ium concentrat ions.  As is shown be-  
low, abc corresponds to the  expe r imen ta l  specimens. 

As shown earl ier ,  at  low gal l ium concentrat ions  and 
low Pzn, the  behavior  is descr ibed by  Eq. [1] and [2]; 
this corresponds to region 4 in Fig. 13. At  h igher  Pz~ 
the neu t r a l i t y  and Ga balance change to [Ga]total 
[Gazn'] ~ [e'] ( region 3 in Fig. 13). The concentra t ion 
of Gazn' in ZnSe is re la ted  to the ac t iv i ty  of ga l l ium 
as measured  in an outer  phase  by  

Gaoutside "+" Znzn x ~ Gazn" "['- e' + Zn(g) [I0] 
or 

[Gazn'] [e'] o~ aoaPzn -I [11] 

Thus in region 3 

[Gazn']  : [e'] oc aoaZ/~pzn-1/2 [12] 

El iminat ion  of [e'] f rom [11] and [4] gives 

[Gazn']  2 [Vzn"] cc aGa2Pzn -~ [13] 

Thus in region  4 

[Gazn'] : 2[Vzn"] cc aGa2/3pzn -1 [14] 

Table I. Characterization of the defect structures in the 
various ZnSe regions of Fig. 13 

Region Neutrality condition [Ga] total 

1 [Gazn" ] = 2[Vzn"] 1/2[ (2GaznVzn) • 
2 [Gazn' ] = [e'] 1/2[ (2Gaz,Vz~) • 
3 [Gazn' ] = [e'] [Gazn" ] 
4 [Gazn' ] = 2[Vzn"] [Gazn' ] 

A t  the  bounda ry  be tween  regions 3 and 4 both  [12] 
and [14] hold, i.e. 

(ao~)~,4 ~ pzn 8 [15] 

Isofherms for [Gazn'] --  [Go]total --  constant  fol low 
fhe pa th  xyz in  Fig. 13 as defined by  [14] and [12]; 
point  y shifts to h igher  Pzn for  h igher  ga l l ium con- 
centrations.  

In region 4 associates (GaznVzn)' and (2GaznVzn)x 
increase thei r  concentra t ions  wi th  increas ing ga l l ium 
concentrat ion.  The proper t ies  of ZnSe:  Oa at  high ga l -  
l ium concentra t ions  can be expla ined  if  the t r ip le t  be -  
comes the dominan t  Ga species before  the pa i r  ( the 
pa i r  gives a dependence  on Pzn tha t  is not  in  agree -  
ment  wi th  exper imen t ) .  This leads  to a new region 1 
domina ted  by  

[Go]total - -  �89 [ (2GaznVza) x] [16] 
and 

[Gazn'] - -  2[Vzn"] [17] 

It  is easi ly  shown tha t  both  the  b o u n d a r y  1, 4, and the  
i sotherm pa th  ab inside region 1 sat isfy ago cc pzn3/2, 
i.e., both  are  pa ra l l e l  to xy,  FE; and JK.  This means  
tha t  i t  is impossible  to move  f rom 4 into 1 or f rom 
1 into the  ZnGa~Se4 region by  increasing pzn; i t  can 
only be done by  increas ing [Go]total. On the o ther  hand  
ab intersects  the  phase  bounda ry  ZnSe-GaSe  wi th  
increasing Pzn at  point  b; beyond b the  phase bounda ry  
bcd is followed. For  in t e rmed ia te  Ga concentrat ions 
(path  pq in region 1) a change in the neu t r a l i t y  con- 
di t ion to [12] occurs before  the  phase bounda ry  is 
reached.  A new region 2 governed by  Eq. [16] and [12] 
is reached in which ago cc PZn. With  increas ing Pzn the 
sys tem follows the pa th  pqrs  (a t rans i t ion  f rom 2 to 3 
occurr ing at point  r. Defect  i sotherms along pa th  
abcd are  shown in Fig. 14. Three  ranges  occur:  I -- ab, 
If - bc, and I I I -  cd. Since 2Gazn" -t- Vzn" "-> 
(2GaznVzn) x wi th  

[ (2GaznVzn) x ] 
= KT [18] 

[Gazn'] 2 [Vzn '~] 

in range  I (as in the w h o l e o f  region 1) 

[Gazn'] ----- 2[VZn"] : [Go]total 1/3 KT -1/3 
and 

[e'] oc [Vzn"]l/2/[Vzn• I/2 oc [Ga]total 1/6 pzn 1/2 [19] 

In  range  II, where  GaSe is p resen t  as a second-phase 

Znzn x + 2GaSe(s )  ~ (2GaznVzn) x "t- Z n ( g )  W 2Sese x 
[20] 

and thus 
[2 (GaznVzn) x ] oc acase2 pzn-1 [21] 

which for aGase ---- 1 is independen t  of [Go]total 

Log[ ] 

t 

RANGE T RANGE "iT RANGE TIT 

log 2 i 
�9 - • k (2GaznVzJ I [Ga]toto, 
T (2Gazyzn) [x~ I 

Gain I I 
_ _  - -  G "  n 

__ - -  ~ ~ Gazw e' 
% ! V z ~  " \  I z 

a b c d 
log pzn(aim) 

Fig. 14. Defect isotherms corresponding to the path abcd in Fig. 
13 (schematical) of ZnSe:Ga with large [Ga] at 900~ 
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[Gazn'] = 2[Vzn"] : 21/3Kw-1/~pzn -1/3 
and 

[e'] oc pznl/3 [22] 

independent  of [Ga]total. In  range  I I I  [21] st i l l  holds. 
F rom [18] and [21], [Gazn'] 2 [Vzn"] cc pzn-1. With  
[e']2 oc [Vzn"]/[Vzn • and [Vzn • oc pzn-1, [Gazn'] 
[e'] = constant,  independen t  of both  [Ga]total and pzn. 

Ranges I, II, and II I  show the behavior  observed in 
Fig. 2-6 for ZnSe wi th  h igher  Ga contents and, t he re -  
fore, may  be accepted as the  defect  model  for such 
crystals.  As can eas i ly  be verified, the region boundary  
1, 2 has the same slope as the bounda ry  3, 4, whi le  
the  bounda ry  2, 3 has (aGa)2.3 oc pzn5/3. Table  I sum-  
marizes  the character izat ions  of regions 1 to 4 in  Fig. 
13. I t  is conceivable  that  wi th  increasing [Ga],  the  
pa i r  (GaznVzn)' becomes dominant  before  the  t r ip le t  
(2Gazn Vzn)• In  that  case a region 5 domina ted  by  
[(GaznVzn) ']  ~ [Gazn'] wi l l  occur be tween  regions 
1 and 4 wi th  boundar ies  1, 5 and 4, 5 para l l e l  to the 
present  bounda ry  1, 4. Since no exper imen ta l  evidence 
for such a region was obtained,  i t  was not  introduced.  

Interpretation of low temperature results.--Precipi- 
rate ]ormation.--Formation of b lack  precip i ta tes  a t  
high [Ga] and high Pzn dur ing  cooling can be ex-  
p la ined  on the basis of a phase d iag ram such as Fig. 
13, but  d r a w n  for the lower  t e m p e r a t u r e  at which  
precip i ta t ion  occurs. F igure  13 was d r a w n  wi th  the 
assumption that  coexistence of ZnSe and Ga2Se is pos-  
sible. If this is indeed the  case, the  prec ip i ta tes  can be 
ei ther  Ga2Se (which is b lack)  (15) or (Ga, Zn) alloy. 
If coexistence with  Ga2Se is not  possible the bounda ry  
CD in Fig. 13 would be missing, and the only possible 
black second phase  would be (Ga, Zn) alloy. Both phase  
boundar ies  DC and CBA have the p rope r ty  tha t  they  
can be crossed wi th  increas ing Pzn (or wi th  increase 
of Zn incorpora t ion  dur ing  cooling) as requ i red  for 
the format ion  of precipi ta tes .  GaSe is not  considered 
as a possible b lack  prec ip i ta te  because of its red  color. 
Al though the color might  poss ibly  da rken  wi th  dev i -  
a t ion from stoichiometry,  the model  fitt ing the  elec-  
t r ical  proper t ies  discussed ear l ie r  requi res  format ion  of 
almost  invis ible  prec ip i ta tes  at  zinc pressures  tha t  a re  
lower  than  those requ i red  for b lackening  to occur. 
These prec ip i ta tes  are  bel ieved to be GaSe,  the  b lack  
precip i ta tes  oeing Ga2Se or  a (Ga,Zn) alloy. P r e -  
c ipi ta t ion of an al loy (In, Cd) was previous ly  proposed  
for CdTe : In  (19). 

Electrical properties.--Comparison of the e lect ron con-  
centra t ions  in cooled crysta ls  wi th  those in the  same 
samples  at  high t empera tu res  (e.g., ~ig. 8 and 2, Fig. 
9 and 3, Fig. 10 and 4) shows that  in the  two samples  
wi th  the lowest  Ga content  the e lec t ron concentrat ions  
are  app rox ima te ly  the same as long as Pzn anneal ~" 
PZn, cutoff (10 -3  atm in Fig. 10). Sucll a cutoff occurs 
in al l  ctonor doped I I -VI  compounds and is well  unde r -  
stood. I t  is due to t rapp ing  of electrons at  the empty  
Vzn" level  and occurs when  [e'] --~ [Vzn']. In  the  sam-  
ples wi th  the  la rges t  Ga content  there  is a m a r k e d  re -  
duction in the e lect ron concentra t ion on cooling, the 
concentrat ions in  the  cooled crystals  being even 
smal le r  than  those in the samples  wi th  less gall ium. 
This is also evident  f rom Fig. 11. Since the points of 
Fig. 11 were  measured  af~ev remova l  of the black 
surface layer ,  the reduct ion  in e lec t ron concentra t ion 
of the  samples  wi th  la rge  gal l ium concentrat ions can-  
not be due to format ion  of the b lack  precipi ta tes .  A l -  
though format ion  of less conspicuous red  (15, 20, 21) 
prec ip i ta tes  of GaSe is possible and is even l ikely,  
since such prec ip i ta tes  were  a l r eady  assumed to be 
formed at high tempera tures ,  reduct ion  of the  elec-  
t ron  concentrat ion in this manner  can be ru led  out  by  
the fact  that  the  largest  concent ra t ion  reduct ion  (to 
~-~1014 e' cm -3) was found for  the crys ta l  wi th  the  
larges t  ga l l ium concentra t ion af ter  an anneal  at  h igh 
Pzn at the lowest  t empe ra tu r e  of anneal ,  700~ Once 

prec ip i ta t ion  occurs there  should no longer  be a de -  
pendence on gal l ium concentrat ion.  Ev iden t ly  proc-  
esses other  than par t ic ipa t ion  must  occur in the  crys-  
tals dur ing  cooling. The decrease  of [e'] wi th  increas-  
ing [Ga] observed at 700~ at  Pzn = 0.1 a tm (Fig. 11) 
indicates that  these processes occur to a cer ta in  extent  
even at the anneal ing  tempera ture .  

One possibi l i ty  is the t ransfer  of Ga from zinc sites 
where  it is a donor to se lenium sites where  it is a 
mul t ip le  acceptor  

Gazn" ~ 4e' -4- 2Zn(g) ~ Gase'" ~ 2Znzn • [23J 

The high charge of Gase'" makes  pa i r ing  wi th  Gazn 
l ike ly  

Gazn" -t- Gase'" ~ (GaznGase)" [24] 

or, combining [23] and [24] 

2Gazn" ~ 4e' d- 2Zn(g)  ~ (GaznGase)" d- 2Znzn • 
[23] 

[ (GaznGase)"]  = Koa" [Gazn'] 2 [e']4Pzn 2 [26] 

Fo r  a neu t ra l i ty  condi t ion 2[ (GaznGase)"]  ~ [Gazn'] 
and a Ga balance  [Ga]total = [Gazn'] + 2[ (GaznGase)"1 
= 2[Gazn'] ,  the  equ i l ib r ium elect ron concentra t ion is 
given by  

[e'] = KGa "-1/4 [Ga]total - I /4  pzn -1/~ [27] 

showing that  the e lect ron concentra t ion decreases wi th  
increasing ga l l ium concentra t ion and zinc pressure.  
Since Zn(g)  is involved,  this process involves in te rac -  
t ion be tween crysta l  and a tmosphere  and depends on 
diffusion of Zn from the crys ta l  surface to the in te r io r  
(or of Se in the opposite d i rec t ion) .  Nevertheless ,  the 

process may  occur at T < Tanneal. Simi la r  react ions and 
mass action relat ions can be formula ted  for Gase" and 
(GaznGse)' ,  wi th  3 ra the r  than  4 electrons as in Eq. 
[23] and [25]. This leads  to 

[ (GaznGase) '] = KGa' [Gazn'] [e']3 pzn~ [28] 

which combined wi th  [27] and the Ga balance  gives 

[ (GaznGase) '] = 1/a KGa'KGa"-a/4 [Ga] totall/4pzn 1/2 [29] 

(GaznGase) '  must  be expected to be a deep e lect ron 
t rap  and may  be responsible  for  the  loss of electrons 
beyond that  cor responding to [27]. Such t rapping  is 
indicated by  the observat ion of a large  act ivat ion en-  
e rgy  of conduct ion in the samples  wi th  a low elect ron 
concentra t ion (8). 

Summary 
Measurements  of Hal l  effect and res is t iv i ty  were  

per formed  for ZnSe crysta ls  doped wi th  var ious  
amounts  of gal l ium, both  at h igh t empera tu re  when  
the crystals  were  in equ i l ib r ium wi th  zinc vapors  of 
known pressures  and on crystals  cooled af ter  the  high 
t empera tu re  equi l ibrat ion.  Crystals  wi th  low Ga con- 
centra t ions  behave  as ZnSe:A1, Gazn • act ing as a 
single donor. S t rongly  doped crystals  annealed  at  high 
zinc pressures  show a different  behavior .  At  h igh  t em-  
pera tures  this is expla ined  by format ion  of GaSe p re -  
cipitates. At  low t empera tu res  both the format ion  of 
b lack  prec ip i ta tes  of Ga2Se or (Ga, Zn) al loy and 
processes inside the ZnSe phase a re  involved.  Transfer  
of Ga f rom Zn to Se sites wi th  format ion  of mul t ip le  
acceptors  Gase"'  and clusters (GaznGase)" and 
(GaznGazn)'  act ing as e lec t ron t raps  is proposed as a 

possible mechanism. 
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Technical Note 

The Possibility of Black Zinc Oxide as Spectrally Selective 
Coating for low Temperature Solar Collectors 

M. van der Leij 
Department of Applied Physics, Delft University of Technology, Delft, The Netherlands 

The ut i l iza t ion of solar  energy  for  space heat ing 
requires,  especia l ly  at  h igher  la t i tudes  where  a sea 
c l imate  dominates ,  solar  collectors wi th  high efficiency. 
That  means  tha t  for a flat absorber  p la te  in the  first 
ins tance the  to ta l  solar  absorp t iv i ty  (~) should be 
near  one and secondly the in f ra red  to ta l  emiss iv i ty  
(e) should be near  zero. Such a surface is cal led 
spec t ra l ly  selective.  A more  deta i led  descr ipt ion about  
this can be found in the  pape r  of Mat tox  and 
Sowell  (1). The solar  spec t rum concerned at  h igher  
la t i tudes  is mos t ly  confined in the wave leng th  region 
0.3-2.4 ~m, whi le  the t he rma l  rad ia t ion  spec t rum has 
i ts m a x i m u m  in tens i ty  at  about  9 ~m for a b lack  
body  at  60~ and extends  f rom about  2 ~m to infinity. 
The smal les t  over lap  of these two spect ra  is at  about  
2.2 ~m, this is also cal led the  cutoff wavelength .  I t  is 
of ten convenient,  in research ing  spec t ra l ly  select ive 
surfaces, to work  wi th  spect ra l  reflectivit ies ins tead 
of spect ra l  absorpt ivi t ies .  The re la t ion  be tween the 
di rect ional  spect ra l  absorp t iv i ty  or  emiss iv i ty  and the 
d i rec t ional  hemispher ica l  spect ra l  ref lect ivi ty  (p) a t  
t empe ra tu r e  T is, fo l lowing Kirchhoff 's  l aw (2), br ief ly 
given by  

~(~, T) = e(~, T) = 1 --  p(~, T) 

in  which  % is the  wave leng th  in ~m. 
The ideal  spec t ra l ly  select ive ref lect ivi ty  curve is 

shown in Fig. 1. A s imple spec t ra l ly  se lec t ive  absorber  
consists of a meta l  subs t ra te  covered wi th  a th in  
semiconductor  film. This semiconductor  must  then 
have  a high absorp t iv i ty  for wavelengths  shor te r  than 
2.2 ~m and a high t ransmiss iv i ty  for wavelengths  longer  

Key words: solar, absorptivity, emissivity, durability, anodic. 

than  2.2 ~m. The mechanism concerned was ear l ie r  
descr ibed by  Christ ie  (3). An  example  of such a 
semiconductor  is meta l  oxide, but  only  cer ta in  types  
of meta l  oxides wil l  have sui table  spec t ra l ly  select ive 
proper t ies .  The chemical  compound and, therefore,  
the opt ical  and e lect r ica l  p roper t ies  are  s t rongly  de-  
t e rmined  by  the w a y  these oxides are  produced.  In  
other  words,  the  process pa ramete r s  and the work ing  
circumstances are  of grea t  importance.  In  this paper  
the  effect of different  process pa rame te r s  as wel l  as 
the effect of aging tests on the  solar  absorp t iv i ty  and 
the the rmal  emiss iv i ty  a re  discussed. 

1.0 ' ' ' ' ' ' 1  ' I ~  " " ' ' ' ' ' ]  ' ' ' 

ideal spectr, sel. rve ~J~- " 

0.5 

/" 
// 

. t t i t t i t l  t t i 

0.3 l |0 20 40 

WAVELENGTH (Hm) 

Fig. 1. Near-normal hemispherical spectral reflectivity of zinc 
oxide on leaf-zinc prepared by anodic treatment of the substrate 
in a solution containing 30 g/I NaOH and 20 g/I NaNO3 at 40~ 
bath temperature, with current density of 20 (a.c.) A/dm 2 during 
1 min (curve i) and 3 min (curve 2). 
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Table I. Effect of different process parameters on the normal total solar absorptivity 
an and the normal total thermal emissivity en for 60~ 

Bath Current  Pro ces s  
S a m p l e  NaOH NaNOa NaCIO~ t emp.  dens i ty  V o l t a g e  t i m e  
n u m b e r  ( g / l )  ( g / l )  ( g / l )  (~ (A/dm~)  (V)  (rain) an r (6O~ 

1 30 20 - -  40 20 2.2-1.6 VAC 1 0.92 0.10 
2 30 20 - -  40 20 2.2-1.6 VAC 3 0.94 0.13 
3 30 20 ~ 60 20 2.2.1.6 VAC 1 0.82 0.21 
4 30 20 ~ 40 40 2.2-1.6 VAC 1 0.94 0.13 
5 10 20 ~ 40 20 5-4 VAC 1 0.94 0.08 
6 10 20 ~ 40 20 5-4 VAC 1.5 0.96 0.16 
7 30 20 5 40 20 3 VAC 1 0.96 0.12 
8 30 20 ~ 40 20 5 VDC 1 0.93 0.17 

Exper imenta l  T e c h n i q u e s  
Optical measurements.--In the solar spectrum (here 

from 0.35 to 2.5 ~m) an integrat ing sphere according 
to Saftwat 's design (4) attached to a spectrophotom- 
eter has been used to measure the nea r -normal  hemi-  
spherical spectral reflectivity in  steps of 0.05 or 0.1 
~m, depending whether the in tensi ty  of the solar 
energy is high or low. The coating of the inner  wall  
of the sphere consists of BaSO4. The rel iabil i ty and 
reproducibil i ty were first checked with some refer-  
ence s tandard samples as Minnesota 101-C10-3M Nex- 
tel velvet  black coat paint, vacuum-evapora ted  gold 
film, diffuse white s tandard ceramic mater ia l  No. 
22614 from Zeiss, and a pressed-pure BaSO4 powder. 
In  the thermal  radiat ion spectrum (from 2.5 to 40 
~m) a Beckman Acculab VI infrared spectrophotom- 
eter has been available to measure the nea r -no rma l  
specular spectral reflectivity. A vacuum-evapora ted  
gold film has always been used as a reference. 

The connection between the two reflectivity curves 
at 2.5 #m was rather  close because our surfaces always 
have mirror l ike  appearance in the visible region so 
that  the nea r -no rma l  specular reflectivity can be 
considered as nea r -normal  hemispherical reflectivity. 
The normal  total solar absorptivity, ~n, was calculated 
by numerica l  in tegrat ion of the normal  spectral ab-  
sorptivity mult ipl ied by the normalized spectral dis- 
t r ibut ion of solar energy. Here a s tandard direct 
spectral solar energy dis tr ibut ion of Moon (5) for 
air  mass 2 (in accordance with a zenith angle of 
60 ~ was taken as a weight factor. The integrat ion 
boundaries  are 0.3 and 2.2 ~m. The same procedure 
was carried out on calculation of the normal  total 
emissivity ~n, only here the black body radiat ion func-  
t ion at tempera ture  of 60~ was taken as a weight 
factor. The total experimental  and numerical  relative 
error of ~n was less than 2%; that  of ~n was about 10%. 

Preparation techniques.--The basic materials  for the 
anodic t reatments  are commercial leaf-zinc (1.5% 
Pb -t- Si) and plate steel 37 (0.12%C). All the samples 
have a diameter of 28 m m  and a thickness of 2 mm. 
These samples were ini t ia l ly  ground with grit  400 
and 600, then polished with 3 ~m diamond paste, and 
finally polished after with 1 ~m diamond paste unt i l  
a mirror l ike surface appeared. The root mean  square 
roughness measured was less than 0.5 #m. The chem- 
ical and electrochemical t reatments  of the samples 
were done by the Dutch Organization of Applied 
Scientific Research (T.N.O.) at Apeldoorn, The Neth- 
erlands. 

After  polishing, the steel samples received a 2 min  
hot anodic and a cold cathodic pre t rea tment  (TNO 
recipes). In  between they were rinsed in cold tap 
water  and dipped in  50% hydrochloric acid solution. 
The final pre t rea tment  consisted of r insing the steel 
samples in  cold tap water and dipping them in a 
10% sulfuric acid solution. The clean steel samples 
now were electroplated with bright  zinc for about 

hr in  an electrolyte containing: 75 g/1 zinc cyanide, 
125 g/1 sodium cyanide, 85 g/1 sodium hydroxide, 2 
g/1 TNO organic brightener,  at pH ~ 13, temperature  
of 25~ and with a current  density of 4 A/d in  2. A 
zinc anode was used. There was no st irr ing in the 
bath. The zinc thickness is approximately 20 ~m. The 

pre t rea tment  of the leaf-zinc samples consisted only 
of degreasing with calcium hydroxide, dipping in  1% 
sulfuric acid solutiofl and, r insing in  cold tap water. 
All the zinc substrates received an a-c (50 Hz) anodie 
t rea tment  in  solutions with NaOH and NaOH~ as 
used by Encheva (6). The concentrat ion of the bath 
components, the bath temperature,  and the current  
density were chosen such as to obtain the best corro- 
sion resistance as reported extensively by Eneheva 
(6), namely:  20-30 g/1 NaOH, 15-20 g/1 NaNO~, 25 ~ 
40~ bath temperature,  10-140 A / d m  2, t rea tment  time 
of 8-15 min, and coating thickness of 4-6" ~m. As far 
as the last two requirements  are concerned, they are 
hard to fulfill because thick coatings usual ly  have 
high emissivities, which are not suitable as spectrally 
selective coatings. Our process times are mostly near 
1 min. 

In  Table I all the different process parameters  used 
are summarized. In this table the zinc oxide coatings 
on br ight  zinc-electroplated steel are not included. 
It  concerns samples prepared on the same way as 
No. 5 and 8. I t  was not our in ten t ion  in  the first 
instance to optimize zinc oxide coatings by varying 
all the parameters  involved, bu t  we are interested in 
the effect of some process parameters  on the spectral 
selectivity, taking into account the corrosion resistance 
recommendations as reported by  Encheva (6). In  a 
few cases these recommendations were not wholly 
followed, see No. 3, 5, 6, and 8 in Table I. The pur -  
pose of these deviations was to examine the effect 
of gas evolution, higher a-c voltage, and the use of 
d-c voltage, respectively, on the radiat ion properties 
an and ~n. In  one case (No. 7 in  Table I) 5 g/1 NaC102 
were added. This was done because, following Push-  
pavanam's  (7) suggestion, the coating would have a 
deep black color and would have high corrosion and 
abrasion resistance. After the anodizing process all 
the samples were washed in  a s t ream of cold tap 
water and then rinsed after in hot deionized water. 

Temperature and ultraviolet aging.--Some of the 
samples (see Table II) were exposed to air heat ing at 
80~ for two weeks and at 180~ for one week at a 
stretch. 80~ was chosen because these surfaces are 
supposed to work beneath this temperature,  while 
180~ is the ma x i mum temperature  of a s tagnating 
flat plate collector which must  be avoided anyhow. 

The same samples were also exposed to a u.v. 
radiat ion test of 120 W / m  2 for about  72 hr. The aim 
of these tests was to get a rough idea about the 

Table II. Effect of heating and u.v. tests on ~n and en (60~ 

Sam- 
ple  an en an en an en 

num- an ~n After 80~ After 180~ After u.v., 
ber  B e f o r e  t e s t  2 w e e k s  1 week 72 hr 

1 0.92 0.10 0.91 0.10 0.84 0.09 0.91 0.19 
4 0.94 0.13 0.93 0.13 0,87 0.10 0.94 0.13 
5 0.94 0.08 0.94 0.08 0.93 0.07 0.94 0.08 
5a* 0.98 0.08 0.92 0.12 0.86 0.47 0.92 0.13 
7 0.96 0.12 0.96 0.12 0.95 O.ll 0.96 0.12 
8 0.93 0.17 0.93 0.17 0.92 0.14 0.93 0.16 
8a* 0.93 0.17 0.92 0.16 0.89 0.13 0.93 0.15 

" On br ight  zinc-plated s t e e l  37. 
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stabi l i ty  of the radia t ion properties an and ~n for the 
short term. 

Results and Discussion 
The normal  hemispherical  spectral reflectivity curves 

of zinc oxide on leaf-zinc samples of number  1-8 
are presented in  Fig. 1-4. In  Table I the process pa-  
rameters  are given with the normal  total solar ab-  
sorpt ivi ty an and normal  total thermal  emissivity ~n 
values concerned. Zinc oxide coatings on zinc-plated 
steel produced in  the same way as No. 5 and 8 are 
not included in the figures as well as in Table I, 
because the optical properties are not different from 
No. 5 and 8, respectively. In  Table I[ the effect of 
shor t - te rm heat ing and u.v. tests on an and en of some 

] . 0  ' ' ' ' ' ' l  r . . . . .  ' 1  J 
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Fig. 2. Near normal hemispherical spectral reflectivity of zinc 
oxide on leaf-zinc prepared by anodic treatment of the substrate 
in a bath with 30 g/I NaOH and 20 g/I  NaNO8 for 1 rain with 
20 (a.c.) A/dm 2 at 60~ (curve 3) and with 40 (a.c.) A/rim ~ at 
40~C (curve 4). 
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Fig. 3. Near normal hemispherical spectral reflectivity of zinc 
oxide on leaf-zinc produced by treating the substrate anodically 
in an electrolyte with 10 g/I NaOH and 20 g/I NaNO~ at 40~ 
with 20 (a.c.) A/dm ~ and for a process time of 1 rain (curve 5) and 
1.5 rain (carve 6). 
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F|go 4. Near normal hemispherical spectral reflectivity of zinc 
oxide on leaf-zinc produced by anodic treatment of the substrate 
in a solution with 30 g/I and 20 g/I NaNO3 at 40~ with 20 (d.c.) 
A/dm 2 for 1 rain (curve 8); for curve 7, 5 g/ I  NaCIO2 was added 
and an a-c current density of 20 A/drn ~ was used. 

surfaces is shown including those (No. 5a and 8a) 
wi th  a zinc-electroplated substrate.  

In  general  most of the zinc oxide coatings invest i -  
gated here have a black color and mirror l ike appear-  
ance. Unfor tunate ly  the blackness is not uniform;  some 
of the surfaces show t iny  white dots sparsely spread, 
perhaps white zinc oxide or zinc which was not  af-  
fected by the anodic t reatment .  

The black color  is, according to the l i tera ture  (7, 8), 
due to nonstoichiometric effects. Usual ly an excess of 
zinc has been found (7-9), but  here we have found in  
our zinc oxide coatings a deficit of zinc. (Analysis  was 
carried out with a MeV-Van de Graaff-accelerator.)  
Sample No. 5 reveals an atomic ratio of z inc/oxygen 
of 0.86 and sample No. 8 a ratio of 0.95. 

Each sample or set of samples wil l  be discussed 
successively from the s tandpoint  of spectral selec- 
t ivi ty  and corrosion resistance (6, 7). 

Sample No. 1 and 2, Table I, Fig. / . - - The  spectrally 
selective proper ty  is not bad in the first instance. Be- 
cause of corrosion resistance longer t rea tment  times 
are desirable, but  this was not possible due to ad-  
hesion problems. 

Sample No. 3, Table I, Fig. 2.-- I t  has been found 
that  a higher  bath  tempera ture  seems to damage the 
surface too much, resul t ing in  a poor spectral selec- 
tivity. 

Sample No. 4, Table I, Fig. 2.--This  surface has 
near ly  the same optical properties as surface No. 2, 
as can be expected. In  practice, however, high current  
densities are usual ly  not attractive. 

Sample No. 5, Table I, Fig. 3.--Reflectivity curve No. 
5 approaches the ideal spectral selective curve (Fig. 1) 
best. The coating thickness is 0.38 #m. A thicker coat- 
ing was obtained by r a l i t t le longer t rea tment  t ime 
(No. 6), bu t  then the normal  total  emissivity raised 
very strongly. Besides this, following Encheva's  corro- 
sion test results, the concentrat ion of NaOH is ra ther  
low and therefore high corrosion resistance can not 
be assured. 

Sample No. 7, Table I, Fig. 4.--The addit ion of 5 g/1 
NaC102 to the electrolyte, as suggested by Pushpava-  
ham (7), resulted as expected in  a deep black coating 
with good spectraUy selective properties. A t rea tment  
t ime of 40 sec yielded a normal  total emissivity of 0.10. 
The expectation is that  a t rea tment  t ime of 1.5 min  
will  give an En of 0.15. This value is still acceptable 
for low tempera ture  solar collectors. For corrosion 
resistance it  is bet ter  to have the thickest coating as 
possible. 

Sample No. 8, Table I, Fig. 4.-- In  Fig. 4 we see that 
a d-c current  reveals a capricious form of the spectral 
reflectivity curve with poor an and ~n values. The 
thickness of this coating is 0.46 #m. 

If we consider the short term heat ing and u.v. test 
results, we may say in general  that the low tempera-  
ture  aging as well as the u.v. aging have not changed 
the radiat ion quanti t ies an and ~n very much. This 
is in  contrast with the 180~ test, after which different 
results have been obtained: the anodized zinc-plated 
steel sample of No. 5a shows the largest change in  an 
and  en, while  the corresponding sample No. 5 with leaf- 
zinc as a substrate and also sample No. 7 show the 
smallest  change. The cause of these different results 
has not yet been understood. 

Conclusion 
The best spectral ly selective surface, taking into ac- 

count corrosion resistance considerations and thermal  
and u.v. stability, seems to be zinc oxide on polished 
leaf-zinc prepared by  anodic t rea tment  of the sub-  
strates in  a solution containing 30 g/1 NaOH, 20 g/1 
NaNO3, and 5 g/1 NaC10~ at 40~ bath temperature  
with 20 (a.c.) A / d m  z for 1 rain or sl ightly longer 
t rea tment  time. Before applying this oxide even in 
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low t empera tu re  collectors, l ong- t e rm durab i l i ty  tests 
should be carr ied  out  first. 
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Heinz Gerischer--Palladium Medalist 

Charles W. Tobias 1 

The Pa l lad ium Medal of the Society, established in  
1951, is given for dist inguished contributions to the 
field of electrochemical science and corrosion. What 
this award is designed to recognize was clearly demon-  
strated already in 1951 by the selection of Carl Wagner  
as the first medalist. The 13th recipient of this award, 
Professor Heinz Gerischer, follows a list of eminent  
scientists: Wagner,  Furman,  Evans, Bonhoeffer, F r u m -  
kin, Uhlig, Hackerman,  Delahaye, Hoar, Brewer, 
Levich, and Pourbaix.  A commendable  lack of chau- 
vinism has been evident  in  the selection of the med-  
alists: eight of the 13 recipients were foreign nationals.  

Heinz Gerischer 's career started out under  what  one 
could call less than auspicious circumstances. A series 
of near ly  miraculous t u rn  of events are responsible for 
his having been admit ted at all, in 1938, to any un i -  
versity in  Germany.  No sooner did he complete his 
first year  as a s tudent  in chemistry in  Leipzig, then in 
1939 he had to join the German  army, only to be 
ejected as a ha l f -a ryan  in  1941. Allowed to r e tu rn  to 
cont inue his studies in  Leipzig, obviously a serious 
mistake on the part  of Nazi authorities, he obtained his 
chemistry diploma in  1943. Then, with another  forced 
in te r rup t ion  dur ing war  t ime in  "Arbeitsdienst," he 
stayed on as a researcher in  Kar l -Fr iedr ich  Bonhoef- 
fer 's laboratory.  

In  1946, after obtaining his doctorate, he followed 
Bonhoeffer to the Univers i ty  of Berlin. According to 
Gerischer, Bonhoeffer, a great scientist and an excep- 
t ional human  being, was perhaps the greatest single 
influence in his life. At a time when all intel lectual  
and human  values crumbled Bonhoeffer saved not only 
h u m a n  lives, he was among the few who succeeded in  
main ta in ing  a thin thread of cont inui ty  in  the great 
t radi t ion of science in Germany.  

In 1949, dur ing  the blockade of Berlin, Gerischer 
again followed his mentor,  this t ime to Gottingen, 
where Bonhoeffer was named the director of the newly 
created Max Planck Inst i tute  ffir Physikalische 
Chemie. 

During the five years Gerischer spent in Gott ingen 
he developed a definite interest  in  an academic career. 
As a consequence of the somewhat  rigid s t ructure  of 
the German  academic scene, he had to move on to 
work toward his habi l i ta t ion to achieve the status of a 
dozent. In 1954 he joined the Max Planck Inst i tute  ffir 
Metallforschung in  Stuttgart ,  heading a small  depar t -  
ment  of corrosion science. In  Stut tgar t  Gerischer en-  
joyed a considerable degree of freedom in the selection 
of research topics and in  accepting students working 
on their doctoral dissertations. In  1955 he became a 
dozent at the Univers i ty  of Stut tgar t  and began to 
lecture there, and in  1960 he was advanced to full  
membership  of the Max Planck  Gesellschaft. Soon 
thereafter,  in  1962, he accepted an invi ta t ion to the 

z Introductory remarks by C. W. Tobias, Department of Chemi- 
cal Engineering, University of California, Berkeley, on the occa- 
sion of the presentation of the Palladium Medal Award to Heinz 
G e r i s c h e r  o n  O c t o b e r  11, 1977, at the Atlanta Meeting of the So- 
ciety. 

Technische Hochschule in  Munich as a Professor Ex-  
traordinarius.  

Seven years later, in 1969, after he had advanced 
in academic rank, and following service in  various 
impor tant  academic adminis t ra t ive  positions, he ac- 
cepted an invi ta t ion to become the director of the 
Fritz Haber Inst i tute  of the Max Planck Gesellschaft 
in Berlin. Since 1970 he resides in the director's vil la 
on Faradayweg and heads an  ins t i tu t ion of great re-  
nown, one that  was directed earlier by Fri tz Haber, 
under  whose guidance Bonhoeffer obtained his doc- 
torate. The series of events that  led to Gerischer 's di-  
rectorship of this famed inst i tu t ion involved many  im-  
probable turns, m a n y  near  miracles. It is indeed for- 
tunate  for Germany  and for science that today a man  
of Gerischer 's intel lectual  caliber and integr i ty  oc- 
cupies this very influential  post. 

Gerischer's early work addressed various problems 
in  the area of kinetics and mechanisms of electrode 
processes. Numerous papers originat ing from the 1950's 
and early 1960's concern the elucidation of mechanisms 
of anodic and cathodic reactions involving simple and 
complex ions, others per ta in  to corrosion and electro- 
catalysis. His papers on electrode reactions of complex 
ions and on electrocrystall ization processes are ex- 
amples of the best work published on these subjects in  
the fifties and sixties. 

Gerischer made impor tant  contr ibutions to the de- 
velopment  of new exper imental  techniques for the 
investigation of fast electrode reactions. Among these 
the potential-s tep and current-s tep  methods, and the 
invent ion of the double-pulse method deserves par-  
t icular  mention. He designed and employed a special 
flow cell for the s tudy of fast homogeneous reactions 
and also developed a tempera ture  step method for 
similar purposes. 

These earlier investigations were based on classical 
concepts, macroscopic t reatments  of electrode phe-  
nomena, in which Gerischer 's contr ibut ions were par-  
t icular ly significant through the introduct ion of new 
exper imenta l  techniques, resul t ing in impor tan t  im-  
provements  in the accuracy with which kinetic pa ram-  
eters could be obtained. 

Already dur ing his s tudent  days in Leipzig, Geris-  
cher, after reading Gurney 's  book, "Ions in  Solutions," 
thought of the desirabil i ty of employing electronic 
energy levels to the description of electrode reactions. 
However it was only in  the mid-fifties, after he came 
across Brat ta in  and Garret t ' s  work involving the first 
electrochemical experiments  with germanium,  that  he 
realized the opportuni ty  offered by semiconductors for 
the application of electronic states in  the in terpre ta-  
t ion of electrode reactions. His first paper  on the anodic 
dissolution of n -  and p- type  germanium,  coauthored 
with his s tudent  Fritz Beck, was published in  1957, and 
some 70 papers concerning semiconductor electrodes 
have followed since. When Gerischer moved to Munich, 
his nascent interest  in photoelectrochemistry received 
a strong boost by the long t radi t ion in spectroscopy 
and photochemistry in  the inst i tute  he joined. Here he 
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began to use semiconductor and  insulator  electrodes to 
study the reactions of excited molecules, especially of 
dyes. Finally,  in  Berl in he extended his work to in -  
clude photoreactions at metal  electrodes, specifically 
photoelectron emission into electrolytes and photo- 
oxidation of electrolyte components. 

Thus, Gerischer is realizing the dream he had as a 
student in  Leipzig; the analysis of electrode reaction 
mechanisms from an atomistic point of view, using 
atomic and electronic energy schemes. Many of you 
already know that  his work established the founda-  
tions on which some of the present, very exciting de- 
velopments in the area of photogalvanic cells are based. 

It is evident  that  the recipient  of the Pa l lad ium 
Medal of 1977 has covered in  his research activities a 
large part  of electrochemical science, and that  he has 
made significant contributions to a number  of disci- 
plines represented in  the various Divisions of this So- 

ciety. To the surprise of no one his nomina t ion  to the 
Pa l lad ium award was cosponsored by an unprece-  
dented large number  of Divisions of the Society. 

In  concluding my int roduct ion of the Pa l lad ium 
Medalist I only want  to add a brief  personal note. I 
studied Professor Gerischer 's papers far before I met  
h im in  the early sixties. In  subsequent  years I have 
seen him on many  occasions, and had the opportuni ty  
for close interact ion wi th  him dur ing his stay as a 
visit ing scientist in  the Lawrence Radiation Labora-  
tory in 1967-1968. This personal knowledge of the man  
allows me to say that  Professor Gerischer's great 
talent  and fine contr ibut ions to science are matched by 
his qualities as a h u m a n  being. 

For this reason it is with the greatest of pleasure 
that  I present  to you Professor Heinz Gerischer, the 
Pa l lad ium Medalist of 1977. 

Electrochemistry of the Excited Electronic State 
Heinz Gerische~ 

Since the Pa l lad ium Medal of The Electrochemical 
Society is one of the greatest honors an electrochemist 
can be awarded with, I feel very pleased and honored 
to be the th i r teenth  recipient of this medal. I want  to 
express my  sincere thanks to you, Mr. President,  as 
the representat ive of the society and par t icular ly  to 
you, Charles, for your  so very  kind and fr iendly in -  
troduction. You have ment ioned therein how decisive 
my personal contact with K. F. Bonhoeffer was for my 
life, scientifically and otherwise. It  was 20 years ago 
that this medal was awarded to him, but  he tragically 
passed away before he received the message. I~ow, I 
am standing here in  his succession being strongly re-  
minded of his unforget table personality. This is a very  
personal reason for me to acknowledge this medal 
par t icular ly  highly and to be so especially touched at 
this occasion. 

I would not be s tanding in this place if I should not 
have found, over the years, the cooperation of a n u m -  
ber of highly ta lented co-workers. Most of my con- 
t r ibut ions to various fields of electrochemistry have 
been made possible by their enthusiasm and their de- 
votion to research. Without ment ioning individual  
names, I w i s h  to express my grat i tude to all of them 
for their personal contributions.  

The subject of my lecture has li t t le to do with the 
problems which I have studied 10-20 years ago. Al-  
though it was apparent ly  my contr ibut ions to these 
areas--according to the published apprecia t ion--which 
should be acknowledged by ' this  award, I have del iber-  
ately chosen a different subject  for my presentation.  
This not only corresponds to my more recent interests , 
it also demonstrates that  electrochemistry is still 
widening its objectives and far from being exhausted 
al though it has a very long history. 

Most of the electrochemistry work is still done in 
the dark  and the electrochemists hope to enl ighten 
themselves to unders tand  the complicated systems 
with which they have to deal. However, more than a 
century  ago, Becquerel had already i l luminated the 
electrodes of Galvanic cells and detected photovoltaic 
effects (1). This created great exci tement among the 
then very small  and exclusive scientific community,  
but  it cer tainly did not promote the unders tanding 
of electrochemistry. On the contrary, the speculations 
about such photoelectrochemical phenomena con- 
t r ibuted to the fact that  some parts of electrochemistry, 

Palladium Medal Ad d r e s s  de l ivered  October 11, 1977, at the  
Atlanta, Georgia, Meeting of The Electrochemical Society. The  
meda l  was struck from palladium supplied by the international 
Nickel Company, 67 Wall Street, New York, New York 10005. 

especially the nonthermodynamic  ones, appeared to the 
scientists of neighboring fields for a long period of 
t ime as quite obscure. 

This s i tuat ion has changed since the t ime when 
electrochemists could profit from the development  of 
solid-state physics and photochemistry and have 
learned to combine these experiences with their 
classical electrochemical knowledge. This has demon-  
strated once more that electrochemistry is an in ter -  
disciplinary science and that a competent  electro- 
Chemist must  be alert  to developments in various 
fields. We know today that  all these photoelectro- 
chemical effects are caused by the generat ion of ex- 
cited electronic states, and my in tent ion is to explain 
in this lecture the basic phenomena which are due 
to the presence of excited electronic states. I am espe- 
cially pleased that  I can address this lecture to a 
society which has combined in its development  so 
closely the interests bf electrochemists and solid-state 
physicists. The topic I will discuss today demonstrates 
forcibly how necessary it  is to connect these two fields. 

Reactivity in the Excited State 
Electron transfer  between a donor and an acceptor 

is one of the most common of electrochemical reac- 
tions. In  Galvanic cells the donor or the acceptor is the 
electrode. It is obvious that this type of electrochemi- 
cal reaction must  be affected by electronic excitation. 
Figure 1 shows in a very simple picture how electronic 
excitation influences electron t ransfer  processes. 

Energy 

E) 

excited 
system 

e _  

electron 
acceptor 

reactants 

electron 
donor 

Fig. I. Energy scheme for electron transfer between excited 
system and electron donor or acceptor. 
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Electron t ransfer  occurs between an occupied and a 
vacant electronic quan tum state. Light absorption 
Changes the dis tr ibut ion of electrons over the available 
electronic energy levels. As a consequence, electrons 
at higher energy levels are created s imultaneously  
with vacant  electronic states at low energies. The 
electrons of the high energy levels can  be t ransferred 
to electron acceptors in  this energy range. The vacant  
electronic states at low energy levels can be filled by 
electron donors with electronic energies in  this region 
as is indicated in l~ig. 1. We see immediate ly  that, in  
electrochemical language, cathodic redox processes 
will be accelerated by light absorption and also anodic 
redox reactions will be enhanced. If the excitat ion 
energy is large enough, r e d o x  processes will become 
possible which cannot occur in the dark. 

]?here are other possibilities of generat ing excited 
electronic states, for example, the application of very 
high electric fields to solids. We shall, however, l imit  
our discussion with one exception to the generat ion of 
excited states by light absorption only. 

What happens in  an electrochemical system after 
light absorption depends both on the light absorber, 
which can be the electrode or one component of a 
redox couple, and on the reaction partner ,  which can 
be a redox couple or an electrode. In Fig. 2 three typi-  
cal cases are shown which we shall later  discuss in 
more detail. The excited molecule corresponds to the 
excitation of a redox system, and a possible conse- 
quence is, as we see, electron t ransfer  in  two opposite 
directions in  contact with an electrode. In  case of an 
electronic excitat ion in the electrode we shall dis- 
t inguish between a metal  and a semiconductor elec- 
trode. At both types of electrodes, cathodic and anodic 
e lect ron- t ransfer  processes can be induced by light 
absorption as is indicated in this figure. We shall dis- 
cuss this in more detail later. 

The other type of electrochemical reaction which 
occurs at interfaces is ion transfer. How electronic ex- 
citation affects an  ion t ransfer  process is much less 
obvious than for electron transfer.  One can, however, 
expect that  ion- t ransfer  reactions also can be ac- 
celerated by electronic excitation. The reasons are 
given in ~ig. 3. Ion t ransfer  at the interface between 
an electroae and electrolyte must  involve an energy 
barrier.  If the ini t ial  state of this process is elec- 
t ronical ly excited, the energy of this state will  be 
increased. How much depends on the localization of 
the excitation energy. The influence on the t ransi t ion 
state will be much smaller, and there is no influence 
on the final state. Figure  3 shows schematically that 
the activation energy ~or the ion- t ransfer  process will 
be reduced by electronic excitation, and in  some cases, 
as we shall later discuss, this el~ect even controls the 
possibility of ion transfer.  

We will make a brief  est imation of how large these 
effects might  be. It must  be taken  into consideration 
that excited electronic states have a l imited lifetime. 
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Influence of electronic excitation on ion transfer reaction 

The efficiency will therefore depend on the relat ion 
between the l ifetime of the excited state and the t ime 
needed for completing the electrochemical reaction. 
Table I gives some characteristic t ime constants for 
electron transfer, ion transfer, and the lifetimes of 
excited states. 

It is obvious that the chance to see the effect of elec- 
tronic excitation is much larger for an e lec t ron- t rans-  
fer process than for ion transfer, because electron 
transfer  is so much faster. On the other hand, the effi- 
ciency of electronic excitation in metal  electrodes will 
be very low because of the ext remely  short l ifetime of 
excited states in metals. This is quite different for 
semiconductors and insulators where we therefore can 
expect to find very pronounced effects. In  the follow- 
ing we shall discuss a typical case for every kind of 
excitation. 

Excited Molecules as Redox Reactants 
To unders tand  the action of an excited molecule a s  

an electron donor or electron acceptor we must  get 
some idea of the redox potential  of an excited redox 
system (2). This depends clearly on whether  the re- 
duced or the oxidized component  of the redox sys- 
tem is excited. For this discussion we shall use the 
so-called absolute scale of redox potentials which is 
closely related to the electronic energy level system of 
solid-state physics (3, 4). The relat ion between the 
electrochemical redox scale and this absolute scale is 
given in the definitions and the energy scheme shown 
in  Fig. 4. A comparison of the two scales is shown in  
Fig. 5. 3 

What happens with the redox potentials of a mole- 
cule in the excited state is shown in  the follow- 
ing two figures. Figure 6 describes this in a very sim- 
plified molecular  orbital picture. We consider a mole- 
cule in  its singlet state and assume that  the lowest 
vacant  molecular orbital is t he  acceptor orbital  for the 
reduction of this molecule w h i l e  the highest occupied 
orbital  is the donor orbital. By electronic excitation 
to the lowest excited singlet state an electron will  be 
promoted from the donor orbital to the acceptor 
orbital. We see that the si tuation is just  inver ted now. 
The previous donor orbital  becomes an acceptor orbital 
while the previous acceptor orbital  has become the 
donor orbital. This means that  the redox potent ial  

3 It should be  m e n t i o n e d  that  the  position of the NHE, located 
in this  p ic ture  at  E N ~  = --4.5 eV, is still open to discuss ion 
(31, 32) .  

Table I. Comparison between reaction time and lifetime 

excited excited excited 
molecule metal semiconductor 

Fig. 2. Energy scheme for electron transfer between excited 
molecule and metal, excited metal, or excited semiconductor and 
redox couples. 

E l e c t r o n  t r a n s f e r  10-12-10 -1~ s e c  
I o n  t r a n s f e r  10-1o-10 - ~  s e c  

E x c i t e d  s i n g l e t s  10 -s 10 - 2  s e c  
M o l e c u l e s  E x c i t e d  t r i p l e t s  10~-10 -~~ s e c  
M e t a l s  E x c i t e d  e l e c t r o n s  10-~-10  - ~  s e e  
S e m i c o n d u c t o r s  1 E x c i t e d  e l e c t r o n s  

a n d  i n s u l a t o r s  J~ o r  h o l e s  10~-10 -1~ s e c  
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Conventional and Absolute Scale of Redox Potent ia ls 

conventional: Ox*.sotv + e-(NHE) --~ Red.soN -hGc~ = eo s176 

a b s o l u t e :  Ox+-so[v,e'(vecuum)--~Red-solv &G~bs = E~ 

Free Energy (motecuiar units) 

redox system1 redox system 2 

IE 
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o I&G(e-] ~GN~I E~edox 2 
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Fig. 4. Conventional and absolute scale of redox potentials de- 
rived from the free-energy changes in the corresponding redox 
reactions. 
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Fig. 5. Comparison of conventional and absolute scale of redox 
potentials. 
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Fig. 6. Energy position of redox orb~tals of a molecule in the 
ground state and the excited state according to simplest M O- 
picture. 
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Fig. 7. Shift of redox potentials by electronic excitation of the 
reduced or the oxidized species of a redox couple derived from the 
free-energy changes. 

of an excited molecule is shifted in  two directions. Its 
reductive power has been increased s imultaneously 
with its oxidative power. Figure 7 shows this more 
concretely in  a free energy scale for a redox system 
with two components where either the reduced species 
is excited or the oxidized species. This picture dem- 
onstrates that  the shift of the redox potential  be-  
tween the reaction in  the ground state and in the 
excited state is just  given by the stored excitation en-  
ergy in the molecule. If the reduced component  is 
excited, the free energy for electron abstraction is re-  
duced by this amount  and the redox potent ial  is 
shifted in  the negative direction in  the conventional  
electrochemical scale while excitat ion of the oxidized 
component  increases the energy gained by electron 
addition, this meaning  that  the redox potential  of 
the system is shifted in  the positive direction of the 
conventional  electrochemical scale. 

What  happens when  such an electronic excitation 
occurs exactly at the interface between the electrolyte 
and an  electrode? The various possibilities are shown 
in Fig. 8 where metals, semiconductors, or insulators 
are assumed as the electrode mater ia l  (5, 6). The posi- 
tions of the electronic energy levels in  the excited 
molecule are represented again in  the simplified molec- 
ular  orbital  picture. The figure shows that  in  contact 
with a metal  in a s i tuat ion where no dark reaction is 
possible, electron t ransfer  in  both directions will  be 
opened after excitat ion of the molecule. This means 
that  no external  current  can  be observed in  such cases 
since both processes will  compensate each other. This 
is a mechanism of energy quenching by mutua l  elec- 
t ron exchange. Even if one of these processes should 
be faster than  the other, the reverse process wil l  
occur in  the dark as a consecutive reaction. The chance 
that such photocurrents  can be found a t  metal  elec- 
trodes is, therefore, very dim. Only in  cases where  a 
very fast chemical react ion follows one of the elec- 
t ron- t ransfer  steps which prevents  the reverse process 
can photocurrents  be observed in  such systems. If 
photoeffects are found, they are usual ly  caused either 
by the existence of nonmetal l ic  surface layers on the 
electrode or by photochemical reactions in  the elec- 
trolyte which generate species wi th  a different redox 
potential  which can either be oxidized or reduced at 
the electrode dur ing their lifetime. 

The attractive cases involve contact between an ex- 
cited molecule and a semiconductor as shown in  (b) 
and (c) of l~ig. 8. What happens in  such a case depends 
on the relat ive position be tween the energy bands and 
the redox orbitals of the excited molecules. In  case 
(b) electron inject ion into the conduction band  is pos- 
sible and can be observed as an anodic photocurrent.  
In  case (c) electron extraction from the valence band 
equivalent  to hole inject ion will  occur, and a cathodic 
photocurrent  is found. Case (d) shows a system 
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Fig. 8. Typical situations for electron transfer between an 
excited molecule and various solids. 

where the bandgap is too wide to permi t  any  k ind  of 
electron transfer.  

In  this picture we have not  yet  discussed another  
possibility of energy quenching which is very  efficient 
at a contact with metals, that is, energy transfer.  This 
is found whenever  the absorption spectrum of the elec- r 
trode overlaps the fuorescence spectrum of the ex- E u 
cited molecule (7, 8). To avoid this, the bandgap of 
the semiconductor must  exceed the energy stored in  =Z 
the molecule after excitation. This is another  reason -2 why photocurrents  at metal  electrodes are usual ly  not 
caused by direct electron t ransfer  i n  the excited "~ 
state, c r  

Figures 9 and 10 give examples of cases (b) and (c) -~ 
of Fig. 8. Figure 9 shows a comparison between the 
absorption spectrum of a dye molecule in  solution ~ -1 
and the action spectrum of the photocurrents  if this 
dye is brought  into contact wi th  a ZnO electrode 
which is sui tably polarized to collect all injected charge u 

O 
carriers (9). This requires an anodic bias in  case of 
electron injection, as found at the ZnO electrode. r 0 
Figure  10 shows hole inject ion by the same excited ~- 400 dye molecule at a p- type  GaP-electrode (10) where 
we have the s i tuat ion of Fig. 9 (c). Since the bandgap 
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Fig. 9. Photocurrent spectrum for electron injecHon from crystal- 
violet into a ZnO electrode in comparison with absorption spectrum 
of the dye in solution. 
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Fig. 10. Photocurrent spectrum for hole injection from crystal- 
violet into a GaP electrode in comparison with absorption spectrum 
of the dye in solution. 

of GaP is not wide enough, only the long range par t  
of the dye absorption spectrum can be used for this 
kind of sensitization. 

Such experiments  provide sensitive tests of models 
for the spectral sensitization of solid materials  (11), 
which has long found wide technical application in 
photography. This demonstrates again the close re la-  
t ionship of electrochemistry and solid-state physics. 

Electronically Excited Metals 
Now we consider electronic excitation in  metals. 

Although we have stated earl ier  in  the paper that  we 
should not expect large effects due to the short l ifetime 
of excited states in  a metal, we are all aware that 
photoemission from metals into vacuum is a process 
well known for a long time. The reason that there is 
any chance to observe an effect of electronic excita- 
tion despite the short l ifetime is the fact that  elec- 
trons have an enormous velocity and therefore a 
chance to reach the surface in  a very short t ime after 
excitation. Photoemission from a solid into vacuum 
is l imited by the height of the energy barr ier  for 
leaving the solid material .  For a metal  in contact with 
the electrolyte the si tuat ion is not different. Only the 
shape of the energy barr ier  and its height are modified. 
In  case of an aqueous electrolyte there is some in ter -  
action be tween the free electrons and the solvent 
which reduces the energy barrier.  In  addit ion to this, 
the electric potent ial  drop in  the electrical double 
layer at the interface influences the barr ier  height 
drastically and gives the means to alter it systemati-  
cally. 
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Photoe lec t ron  emission into e lect rolytes  has been 
s tudied in recent  years  qui te  in tens ive ly  by  the Russian 
School (12, 13), centered in the  Ins t i tu te  of the  Acad-  
emy  of Sciences which was headed  by  the  la te  P ro -  
fessor Frumkin ,  af ter  i t  had  been s ta r ted  by  the 
pioneer ing work  of Barke r  (14). Some recent  inves t i -  
gat ions in our  inst i tute,  ma in ly  done by  J. K. Sass, 
have demons t ra ted  tha t  this  technique is especia l ly  
useful  for s tudying  the exci ta t ion  and emission mecha-  
nism of electrons f rom solids in energy ranges  which  
are  not accessible to exper iments  in vacuo (15, 16). 

F igure  11 shows the modification of the threshold  for 
photoelec t ron emission by  the presence of a condensed 
med ium l ike an aqueous solution. The magni tude  of 
the  pho tocur ren t  depends  on the quan tum energy of 
the light,  on the  electrode mater ia l ,  and on the elec-  
t rode  potential .  Two typica l  resul ts  are  shown in Fig. 
12 for a gold electrode.  One sees, however ,  tha t  not  
only cathodic photocur ren ts  can be observed but  also 
anodic ones (17). I t  can be concluded that  the anodic 
photocurrents  mean the oxida t ion  of wa te r  by  vacant  
electronic states at  deep energy levels. These are  ex-  
cited holes in the metal .  
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Fig. 11. Energy barrier for photoelectron emission from a metal 
into an electrolyte in comparison to the barrier against vacuum. 

t-- 
O 

e"  

1 

u l  

f2 .  

0 

E 

Cl  

(3- / 
/ 

/ 
x 

/ 

-2 

/ 
x 

/" i . o /  
~ h v  =4.4 eV 

0 0.5 1.0 

electrode potential USCE['V] 

-0.5 

Fig. 12. Photocurrent-potential curves for a gold electrode in 1M 
H~S04 for two different light energies. 

May 1978 

e - ,  Product ( 1 | ~- ,~_ ," ~02+ 2H +) 
~'--~,~ TIntermediate 

hv .l 
~ ~ Donor(H20) 

Fig. 13. Water oxidation by excited holes at the metal-electrolyte 
contact in terms of energy levels. 

Figure  13 shows the mechanism of this react ion 
which ends in molecular  oxygen.  The potent ia l  de -  
pendence of the cathodic and anodic photocurrents  
c lear ly  indicates  tha t  there  is an energy  threshold  for 
both processes, photoe lec t ron  emission and wate r  oxi-  
dat ion,  which varies  wi th  the  appl ied  potential .  If  we 
assume that  the potent ia l  drop be tween  the e lect rode 
and the e lec t ro ly te  is located exclus ively  in the He lm-  
holtz double layer ,  a var ia t ion  of the e lect rode poten-  
t ia l  means that  the  Fe rmi  level,  r e la t ive  to the  energy 
levels in solution, is shif ted up or  down by  the ap-  
p l ied  voltage,  and both  thresholds  are  shif ted in 
paral le l ,  bu t  in opposite direction.  This is shown in 
Fig. 14. 

Photoelec t ron emission studies at  single crys ta l  faces 
demons t ra te  that  the crys ta l  or ienta t ion  p lays  an im-  
por tan t  role  for the  quan tum yield.  One knows from 
thermodynamics  tha t  the  energy  threshold  be tween  
the bulk  of a meta l  and the e lec t ro ly te  is the  same for 
any face at a given electrode potent ial .  Nevertheless ,  
photoemission quan tum yie ld  var ies  dras t ica l ly  wi th  
or ienta t ion as shown in Fig. 15 (18). This effect is 
most pronounced  if polar ized l ight  is used (19). One 
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orientation on the single crystal cylinder surface for h v ~ 3.45 eV. 
A schematic illustration of the experimental geometry is shown on 
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sees in  Fig. 15 considerable differences in the efficiency 
for the two modes of polarization. This can be under -  
stood by correlating the different excitation condi- 
tions with the band  s t ructure  of a metal. The momenta  
of the excited electrons and the chance to pass the 
bar r ie r  depend on crystal l ine direction. 

As ment ioned at the beginning  of the paper, one 
should expect also that  ion t ransfer  should be ac- 
celerated by electronic excitation. There is, however, to 
my knowledge only one case where this effect has been 
observed at a metal  electrode in  the absence of a sur-  
face coverage with an oxide layer or other surface com- 
pound (20). This case is shown in  Fig. 16. The gold 
electrode tends to dissolve in  the presence of halide 
ions in  a na r row range of electrode potentials just  
before an oxide layer is formed on the surface. The 
figure shows that  in  this range the dissolution rate 
is somewhat  enhanced by i l luminat ion.  The mechanism 
of this phenomenon,  however, is still somewhat ob- 
scure and needs fur ther  studies. 

Electronic  Exc i ta t ion  in Semiconductors  
As we expect from our est imation earl ier  in the pa-  

per, semiconductors show much more pronounced 
photoeffects than  metals if l ight is absorbed beneath  
the surface. Quantum yields close to 1 can be obtained 
if the light is absorbed exclusively in a space-charge 
layer  undernea th  the surface where a high enough 
electric field provides full  separation Of the electron 
hole pairs generated by light absorption. Such a s i tu-  
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ation can be reached at n -  or p- type  semiconductors 
by applying a suitable voltage which creates a de- 
plet ion layer  of large enough depth (21, 22), as is 
shown in  Fig. 17. if  electron donors or acceptors are 
present, the minor i ty  carriers reaching the surface 
will undergo redox reactions with these components 
of a redox couple. This wil l  create a photovoltage of 
opposite sign to the ini t ia l ly  present  voltage across the 
space charge layer  as is indicated in Fig. 17. Such 
photovoltages are the dr iving force for any kind of 
photoelectrolysis as in  photoelectrochemical solar cells 
based on light absorption in  semiconductors. 

If no suitable components of a redox couple are 
present  the minor i ty  carriers will  accumulate  in the 
surface and the chance for ion- t ransfer  reactions is 
enhanced (23). In  most semiconductors the accumu- 
lat ion of holes means the weakening of bonding states 
and the preformation of a cationic state in  the surface 
(24). Such cationic states react easily with nucleo- 
philic reagents from the electrolyte and form re-  
action products which can be soluble in  the form of 
ions or may be deposited as another  compound on the 
surface. 

The accumulat ion of electrons in  the surface also 
usual ly results in the weakening of the surface bonds 
by the occupation of ant ibonding or nonbonding  states. 
The consequence is a preformation of an anionic state 
in the surlace which easily can react with electro- 
philic components of the electrolyte. Decomposition of 
the semiconductor is the result. Table If summarizes a 
number  of such reactions. 

The quan tum yield of all these photoreactions by 
excitation of the semiconductor depends on the pene- 
tration ciepth of the light and the extension of the 
space charge layer. The penetration depth of the 
light decreases drastically as the photon energy ap- 
proaches the bandgap energy. The extension of the 
space-charge layer increases with applied voltage. 
These two effects are clearly shown in Fig. 18 for 
an n-type ZnO-electrode, where the photocurrents are 
compared at equal light intensities for different wave 
lengths and at different voltages. If one measures the 
photocurrent at a given voltage, the action spectrum 
of the semiconductor is revealed in the photocurrents. 
Some examples are given in Fig. 19 for two n-type and 
one p-type material. 

These large effects of photoexcitation in semicon- 
ductors have in recent years found great interest for 
the purpose of solar light to energy conversion (25- 
27). In such systems the sensitivity of semiconductors 
to decomposition reactions in  contact with electro- 

Table II 

Anodic oxidation 

CdS + 2 h +  + aq--)  Cd  ~ §  + S 
ZnO + 2 h + + aq--> Z n  2+. aq  + Y20~ 
G a A s  + 6 h +  + aq--> G a  a + . a q  + A s O 2 - . a q  + 4 H + . a q  

Cathodic reduction 

CdS + 2e-  + aq--> Cd  + S ~ - . a q  
ZnO + 2e-  + aq--> Z n  + 2 O H - . a q  
Cu20 + 2e-  + aq--> 2Cu + 2 O H - . a q  
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lytes is the largest obstacle (28) Many research groups 
are working hard to overcome these difficulties and to 
develop devices by which either hydrogen or electric 
power can be generated in a photoelectrochemical cell. 
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Fig. 20. Generation of a photovoltage in illuminated Schottky 
barrier. 

The common bases of all these devices is the fact that  
semiconductor/electrolyte  contacts form a Schottky 
barr ier  if the electrolyte contains a suitable redox 
system. I l luminat ion  of this Schottky barr ier  gen-  
erates a photovoltage which acts as the dr iving force 
for electrolysis. As shown in  Fig. 20, the source of 
the power and the mechanism of l ight to electrical 
energy conversion is the same as in photovoltaic solid- 
state devices. Therefore, semiconductor/electrolyte 
systems a re  subject to the same l imitat ions in  energy 
conversion efficiency as are the usual  solid-state de- 
vices. The advantage of the electrochemical systems is 
the fact that  this type of Schottky barr ier  can be 
formed very easily and without  any problems with 
regard to the epitaxial  conditions to avoid lattice mis-  
fit at the contact between two solids. The price one  
pays, however, is a susceptibili ty of the mater ia l  to 
decomposition. The future  will show whether  tech- 
nically rel iable and efficient devices c a n  b e  bui l t  on 
this principle. 

Generation of Excited States by Electrolysis 
Finally,  we discuss somewhat the inverse of the 

processes discussed earlier, i.e., the electrolytic gen- 
eration of excited states. I shall not include the gen-  
erat ion of excited states in homogeneous electrolytes 
which leads to luminescence and where  the reaction 
par tner  can be generated by electrolysis. The discus- 
sion shall be restricted to the direct generat ion of ex- 
cited states by electrode reactions. 

Again, this can only be observed at semiconductors 
since the signal which indicates the generat ion of an 
excited electron state is light emission. How this is 
accomplished at the semiconductor electrode is shown 
in  Fig. 21. If conditions can be found where the redox 
system injects minor i ty  carriers into the surface, they 
will recombine with the major i ty  carriers. This is often 
a radiat ive process. Figure  21 shows this schemati-  
cally for electron inject ion into a p- type  semicon- 
ductor and hole inject ion into an n-type.  In  Fig. 22 are 
given fhe spectra of the emitted light from various 
electrodes where the conditions of Fig. 21 were met  
(29). These spectra for various n - type  semiconductors 
show that the emitted light not only stems from band-  
to-band recombination,  but  sometimes contains l ight 
with smaller  energy. It can be assumed that  this light 
comes from recombinat ion via surface states according 
to a mechanism which is shown in Fig. 23. Similar  re- 
sults have been obtained by  electron inject ion into 
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p-type GaP (30). Such experiments  can be very 
u~eful for elucidating the mechanism of electrochemi- 
cal reactions at semiconductors  and also for char-  
acterizing the electronic si tuat ion at a semiconductor 
electrolyte contact. 
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Fig. 23. Energy terms for luminescence by recombination from 

band-to-band or via surface states. 

Summary 
I have treated in my brief  review only the simplest 

cases. As usual, the problems are in  real i ty  much more 
complicated and many  questions are still open to dis- 
cussion. There  are m a n y  more applications of elec- 
tronic excitation as a sensitive tool for s tudying the 
mechanism of electrode reactions or the properties 
of surface layers formed in an electrochemical process. 
I hope that  the few examples given have demonstrated 
that the study of excited electronic states in electro- 
chemistry is an exciting subject and I am convinced 
that many  more electrochemists will be fascinated by 
this field in years to come. I am sure that  this subject  
will contr ibute  fur ther  to improving the unders tand-  
ing between electrochemists and solid-state physicists. 
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The Electrothermics and Meta l lurgy Division of The 
Electrochemical Society has a re la t ively broad mission 
in  the subject  mat ter  which it considers as its province, 
and  in the past 25 years much has t ranspired here. 
Referen:e  is made to the period 1952-1977, the first 
year  of which coincides with this wri ter 's  graduat ion 
as a metal lurgis t  from Columbia University.  Progress 
in these areas has had a major  influence in  much that  
is related to materials  and materials  processing today. 

L e t  us begin by examining  the scope of interests of 
the Division b y  considering the definition of the scope 
of its mission. By definition meta l lu rgy  is the science 
and art  of extract ing metals f rom their  ores, refining 
them, and prepar ing them for use, while electro- 
thermics in  its broadest  connotat ion is the use of 
electrical energy for heat generat ion and the applica- 
t ion of this heat to a wide range of metal  and nonmeta l  
processing operations. 

A thorough examina t ion  and review of all develop- 
ments  which took place in the last 25 years and which 
have had impact upon our Division will  exceed the 
scope of this article. The wri ter  instead will concentrate 
on the more impor tant  events of the period which 
affected materials  processing technology of interest  to 
our Division. He will  also make passing reference to 
evolut ionary changes in  this technology and to areas 
which, though in most general  terms fall wi th in  the 
definition of our Division's mission, have never  been 
made par t  of its activities. 

Perhaps the single most impor tant  development  
affecting activities of our Division in the period is the 
fact that  vacuum and vacuum processes have become 
v i r tua l ly  an inseparable  component  in  the preparat ion 
of an impor tan t  n u m b e r  of materials  today. To quote 
Winkler  (1) of Balzers: "Almost all  metals  in  the 
periodic table nowadays belong to the vacuum metals 
and are thus produced by vacuum methods, or to those 
that  undergo vacuum processes at some stage in their  
manufacture ."  

Today by a wide var ie ty  of pumping  schemes we can 
readi ly produce vacuums from 10 to 10 -10 Torr. Much 
of the t remendous growth and advances of vacuum 
technology are both a product  and fallout of effort to 
m e e t  t h e  needs of both the nuclear  energy and aero- 
space fields, the la t ter  tr iggered by that  eventful  
October 4, 1957, when  the Russian Sputnik  appeared in 
the sky. Requirements  of these two impor tan t  domains 
of nat ional  scientific and engineer ing thrusts made 
possible the development  of capabilities for the genera-  
t ion of vacuum on an industr ia l  scale unheard  of in 
the past. By vir tue  of this t remendous growth in scope 
and  scale, costs have come to levels deemed well 
acceptable to the economics of the prevai l ing indus-  
trial  climate, and as a consequence vacuum has made 
t remendous inroads in  all  kinds of industr ia l  opera-  
tions and is an in tegra l  part  of the materials  process- 
ing and indust r ia l  scene. 

* Electrochemical Society Active Member. 

Extractive Metallurgy, Materials Purification, 
and Crystal Growth 

The advances in vacuum technology have played an  
impor tant  role and influenced the field of extractive 
meta l lurgy  in this period. They made it possible to 
effect major,  though real ly only evolutionary,  ad- 
vances (2) in  the carbothermic and metal lothermic 
reduction processes for V, Nb, Ta, Cr, Mo, W, Mg, Ti, 
Sm, Eu, La, Co, and Ca. Not only metal  product ion h a s  
benefited here, benefits were also derived in  the pro-  
duction of a variety of carbides of these metals. 

Advances of vacuum technology have played an 
equal ly impor tan t  role in the area of metals  refining 
as manifested in a number  of ways. There was major  
growth in dist i l lat ion techniques for metal  purification 
on metals produced in  large tonnage. For example in  
the case of lead almost the total  world production (3) 
is subjected to the so-called vacuum dezincing process. 
An in termediate  product  in the refining of lead bullion, 
the so-called reichshaum (silver crust) ,  is also proc- 
essed by disti l lat ion (4) to separate such noble metals 
as Ag and Au which lead readi ly collects. Disti l lat ion 
processes for production of commercial pur i ty  ind ium 
and cadmium as well as the rare  earth, alkali, and 
alkal ine earth metals have equal ly  benefited from the 
advances of vacuum technology. 

The beginning of the 25 year period being considered 
here saw also the first paper  (5) on the subject  of zone 
melting, a technique which revolutionized the concept 
of realistic mater ia l  pur i ty  a t ta inable  by those work-  
ing in or with materials.  I am now talking of produc- 
tion on much smaller  scale than materials  just  men-  
tioned. Perhaps the most significant ini t ial  application 
of Pfann 's  discovery was its application to the refining 
of ge rmanium (6), the first impor tant  solid-state device 
material.  This led to explosive adoption of the tech- 
nique, where today its application is first and foremost 
for purification of silicon, and then for other materials  
for solid-state devices. Subsequent  to this we saw its 
application for the purification of many  metals. Work 
for purification of ionic compounds with activities 
directed to the alkali  halides followed, though this 
work was by no means l imited to these compounds. 

In  1957, through uti l ization of electron beams by 
Calverley and his associates (7), the zone-mel t ing 
technique was also adopted for the refining of the 
refractory metals and for single crystal growing. This 
was of considerable importance because of the role 
these metals were to play in the aerospace indus t ry  
and in the conquest of space. While it will  be discussed 
later, one should ment ion  here that  electron beams, 
through evaporative purification in cold-mold dr ip-  
mel t ing techniques, also made impor tant  advances in  
the purification of refractory metals on a large indus-  
trial  scale. Another  mat ter  to be discussed briefly 
later  is the problem of vacuum and related p r o c e s s e s  
for the purification and refining of steels for the pur -  
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pose of p r o p e r t y  beneflciation. I t  should also be s ta ted 
tha t  in the mid-1960's organic compounds jo ined  the 
list of mate r ia l s  ava i lab le  in u l t r apure  condition, as a 
resul t  of purif icat ion by  zone-ref ining techniques.  

In  addi t ion  to mak ing  so l id-s ta te  devices possible, 
this new genera t ion  of mate r ia l s  obta ined th rough  
appl ica t ion  of the  new refining technique,  i.e., zone 
refining, has he lped  improve  our  unders tand ing  of ma-  
ter ia ls  on one hand and also es tabl ished new uses for 
some of these mater ia ls .  U l t r apu re  mate r ia l s  have 
shown proper t ies  differing f rom those of the  ve ry  same 
mate r ia l s  of lesser  pur i ty .  In  metals ,  for example ,  
plast ic  deformat ion  studies revea led  as expected much 
lower  values for  cr i t ical  resolved shear  stresses. In  
some organics  (8) odors be l ieved to be typica l  of 
cer ta in  compounds were  es tabl ished to be  ac tua l ly  due 
to the  presence of t race  impur i t ies  wi th in  the com- 
pounds. In  o ther  cases of organic compounds,  some 
bel ieved to be by  the i r  na tu re  se l f -oxidiz ing in air  
ac tua l ly  were  s table  a f te r  zone refining. Many  o ther  
such examples  (9) showing majo r  changes in the  p rop -  
er t ies  of zone refined mate r ia l s  could be re fe r red  to. 

Zone-mel t ing  techniques have  ac tua l ly  had  b roader  
appl icat ions  than  s imply  for the  purif icat ion of m a t e -  
rial.  This technique has also been adopted to the  so- 
cal led zone- level ing  process, a method  tha t  makes  i t  
possible  for us to d is t r ibute  un i fo rmly  th roughout  the  
volume any  t race  impur i t ies  left. 

Of much impor tance  to the  semiconductor  indus t ry  
were  also the ideas of Dash (10-12) which led  to the  
g rowth  of essent ia l ly  d is loca t ion-f ree  crystals .  These 
ideas have  been  wide ly  adap ted  to indus t r ia l  crys ta l  
growing techniques and by  in tegra ted  circuit  mate r ia l s  
manufac turers .  By v i r tue  of the  considerable  com- 
pet i t ive  impor tance  of growing d is locat ion-f ree  crys-  
tals  to those in device manufacture ,  not  al l  facts here  
have reached the l i te ra ture .  While  single crys ta l  g row-  
ing techniques proceeded by  many  years  the  per iod 
which we are  looking at, one must  s ta te  that  the  most 
impor tan t  advances  wi th  f a r - r each ing  commercia l  im-  
pl icat ions were  made  in this period.  

When  in 1955 the Bell  Sys tem l icensed electronic 
companies to manufac tu re  the  most  e l emen ta ry  of the  
so l id -s ta te  devices, the  poin t  contact  t ransis tor ,  the 
l icensing agreement  brought  b luepr in ts  and ins t ruc-  
tions for a ge rman ium single c rys ta l  growing ins ta l -  
lation. I became fami l ia r  wi th  the Sprague  sys tem 
bui l t  under  this l icense in 1955 and 1956. This company  
was growing 2-2.5 cm d iam crys ta ls  using induct ion 
heat ing for the mel t ing of the ge rman ium in a carbon 
vessel. Both the growing crys ta l  and the mel t  were  
contained under  iner t  a tmosphere .  We were  aware  of 
dislocations and were  suspicious that  they  could lead  
to problems  in the  s imple devices which Sprague,  l ike 
most  o ther  companies in the field, manufac tu red  at  
tha t  t ime. Yet in 1956 and 1957 we were  a long w a y  
from a thorough unders tand ing  of the  role of imper -  
fections in electronic devices. Today silicon r a the r  than  
ge rman ium dominates  the semiconductor  indus t ry  and 
the bu lk  of commercia l  or capt ive  silicon crys ta l  
growers  produce  7.5 cm d iam silicon crystals .  Some 
can grow up to 10 cm and for tha t  ma t t e r  l a rge r  dia-  
me te r  crystals ,  but  wi th  the  l a rge r  d iameters  a host of 
p roblems  a re  encountered  including those brought  by  
the economics of this t ime. The crysta ls  p roduced  often 
reached 1O kg in weight  and up to l m  in length;  not 
only can we grow crysta ls  of such size, but  as indica ted  
we can grow crysta ls  wi th  control led  dislocation dis-  
t r ibut ions,  grow these crysta ls  v i r tua l ly  dis locat ion-  
free, and grow them wi th  almost  no impuri t ies .  The 
highest  documented  p u r i t y  ever  reached in any  ma-  
te r ia l  (2 • 10 TM defec t s /cm 3) was r epor t ed  in 1974 by  
Hall  of GE for ge rman ium (13). We not only  grow 
e lementa l  single crysta ls  f rom the mel t  today,  bu t  also 
crysta ls  of compounds of e lements  wi th  impor tan t  
d ivergence  in the i r  vapor  pressures,  and of contro l led  
s toichiometry,  p roblems  also resolved in this period. 
Today we have read i ly  ava i lab le  commercia l  crys ta l  

growers  capable  of growing crysta ls  f rom notab ly  low 
pressure  ambients  up to iner t  a tmosphere  envi ron-  
ments  wi th  pressures  reaching  150 arm (see Fig. 1 and 
2). Units of this type,  of units powered  by  diverse heat  
sources, produce single crystals  of v i r t ua l ly  any 
e lementa l  or compound ma te r i a l  and at  a lmost  any  
pur i ty  level.  

We should add tha t  these 25 years  also saw the 
deve lopment  of a single c rys ta l  growing industry,  an 
indus t ry  producing a t remendous  va r i e ty  of mate r ia l s  
in single c rys ta l  form. Crysta ls  a re  made  for: sol id-  
s tate devices including IC's, t ransducers ,  fundamenta l  
studies of any type, and opt ical  e lements  wi th  p rope r -  
ties ta i lored  for  a wide d ivers i ty  of applications.  We 
also produce  organic crysta ls  wi th  l a rge  in tera tomic  
spacings for focusing and deflection of x - r a y s  and, 
last  but  not  least,  crystals  for decora t ive  and j ewe l ry  
uses. Al l  these crystals  are  not g rown from the melt ,  
though the la rges t  pa r t  p robab ly  are. The single c rys-  
tal  indus t ry  of the  1970's uti l izes d iverse  techniques 
which, among others,  grow crysta ls  f rom the mel t  by  
vapor  condensat ion (expi tax ia l  l ayers ) ,  in the  solid 
state,  by  the  hydro thermic ,  and  by  the Verneui l  proc-  
esses. Because of its d ivers i ty  and nonre la ted  final 
appl ica t ion  of its products ,  it  is difficult to place a 
dol la r  va lue  on the to ta l  product  of this industry,  but  
i t  is quite considerable.  

New Heat Sources and New Processes 
Another  ma jo r  deve lopment  which has had  p ro -  

found effect upon mate r ia l s -p rocess ing  technology has 
been  the d iscovery  and per fec t ion  of new heat  sources 
to be used e i ther  in conjunct ion wi th  the now more  
read i ly  avai lab le  vacuum envi ronment  or  wi thout  it. 
These heat  sources have  led to the deve lopment  of 
numerous  new processes and these in tu rn  have be-  
come an in tegra l  pa r t  of our indus t r ia l  scene. 

In  the  pages to follow I would  l ike  to look at  two of 
these heat  sources and the innovat ive  processes and 
systems which  t hey  b rought  into our  technology.  I wi l l  
i l lus t ra te  m y  discussion wi th  an occasional  example  of 

Fig. 1. Single crystM silicon growing furnace, 75 mm diam ca- 
pacity. Courtesy: Ham Company. 
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Fig]. 2. "Melbourne" gallium phosphide single crystal growing 
system capable of maximum working pressure of 150 atm. Courtesy: 
Dr. J~ Sarret, Cambridge-lman Company. 

systems which embody these processes coming out of 
the manufac turers '  l ines today. 

The electron beam, which is a collimated beam of 
highly accelerated electrons, has unusua l  character-  
istics which have made it  a powerful  tool for a diverse 
range of applications. These beams, which in principle 
had been proposed for some of these applications long 
before the period which we are considering, are best 
suited to vacuum operations. The now readily avail-  
able vacuum made possible the development  of a whole 
new technology, "The Electron Beam Technology." 
This is a technology with far- reaching consequences 
which encompasses a broad spectrum of applications. 
Our Division has closely monitored progress here since 
1964: (14), and will again be taking pulse of the si tua-  
tion in May 1978 in Seattle. I would like to refer to the 
more impor tant  achievements in  the areas where elec- 
t ron beams have made major  contr ibutions and give 
some reasons for the level of developments here. 

Though in  principle the first application of electron 
beams for metal  mel t ing and purification was proposed 
in  1907 (15), electron beams did not real ly  begin to 
make a real contr ibut ion here unt i l  1957 when their  
successful application to metal  purification was real-  
ized by the then newly established Temescal Meta l lur-  
gical Corporation. This was a company devoted to ex- 
ploitat ion of electron beams as heat sources for metal  
processing. Short ly after this modest beginning the 
wr i te r  had a 2 cm Ta ingot processed by an early 
Ternescal electron beam furnace in 1958 for subsequent  
rol l ing to capacitor foil. Electron beams in melting, 
refining, and welding have since moved far (16-19). 
Their  success in  the first two fields is a consequence of 
their  abil i ty to efficiently melt  any metal  including 
tungs ten  without  contaminat ion  in  a cold-wailed ingot 

mold which permits  evaporat ive removal  of v i r tual ly  
all impuri t ies  as already mentioned.  Electron beams 
today are responsible for most of the tonnage of reac- 
tive and refractory metals and alloys reaching the 
field. Typical analyses from various sources for sev- 
eral electron beam processed materials  are given in  
Table I (20-24). This today is a mature  process which  
t ru ly  developed in  the period in review, bu t  a p r o c -  
e s s  which, by vir tue of costs and other competit ive 
processes, has not  made inroads in  the processing of 
ferrous metals which still remains  the largest tonnage 
in the metal lurgical  field. Nevertheless, it has captured 
v i r tua l ly  all the reactive and refractory metal  and al-  
loy-processing business, as well  as a very small  ton-  
nage fraction in  the product ion of specialty steels f or  
corrosion resistance, tool, die, and bear ing applications. 
Some of the steel work has been carried out in  hy-  
brid vacuum induct ion/e lec t ron beam installations. 

A diversi ty of gun  types and configurations exist, 
and instal lat ions which ini t ia l ly were capable of only 
mel t ing a few pounds have developed into systems 
capable of mel t ing ingots of several  tons. Specifi- 
cally for a long t ime the simple Temescal-developed 
transverse guns competed with the von  Ardenne-  
developed, LEW-buil t ,  axial ly deflected, differentially 
pumped, sophisticated electron optical system. The rel-  
at ively inexpensive Temescal type guns made impor-  
tant  contr ibut ions to the state of the art  because of 
their  cost-effective performance at low power levels. 
To this wri ter  it appears that they also had res t ra ining 
effects on the over-al l  U.S. industr ia l  development  at 
the upper  power levels because of inheren t  ins tabi l i ty  
of systems based on these guns at high power levels. 
For  rel iable and stable performance at the high am-  
bient  pressures typical of electron beam melt ing in-  
stallations the differentially pumped guns certainly 
have excelled in the past and cont inue to do so. In  fact 
they have displaced the unsophisticated electron guns 
from melting installations where such conditions pre- 
vail. I believe that the hybrid 6 MW Airco/Temescal 
steel-refining installation for production of E-Brite 
stainless steel in Berkeley, which is now out of 
commission, could probably have continued to produce 
today. It would have produced in a much more trouble- 
free fashion and more efficiently had its multitude 
(over 20) of transverse electron guns which powered 
its cold-wall refining trough, been powered by pro- 
grammed, axial deflection, differentially pumped guns. 
To appreciate what has happened here one need only 
look at a 1200 kW installation available as a standard 
product today, see Fig. 3. 

With the energy pinch and the EPA's continued 
tightening of environmental standards, the writer sees 
a new potential for the highly efficient and extremely 
clean electron beam melting and refining installations. 
As a matter of fact, plans for electron beam furnaces 
capable of producing 30 and 150 ton ingots are in 
the making (25). 

Electron beams were responsible indirectly for a 
major advance in our understanding of refractory 
metals by making it possible to grow refractory metal 
single crystals as already mentioned. While used on a 
routine basis today virtually without notice, these 
systems and the work done with them were in the 
headlines of many a meeting where metalllirgists and 
solid-state physicists gathered in the mid-sixties. 

The evaporation area is another area where electron 
beams played and continue to play a most impor tant  
role. Today their applications span the gamut  from 
thin film components and related production activities 
through major  instal lat ions for coating for corrosion 
protection; from items as down to earth as a l uminum-  
coated steel strip used in  the manufac ture  of sardine 
cans (see Fig. 4) to as sophisticated an application as 
coated components for gas turbines  and jet engines. 
A number  of installat ions using electron beam evapor-  
ation for R-C circuit manufac ture  have been produced. 
These systems actually utilize electron beams both for 
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Fig. 3. 1200 kW electron beam melting system. Courtesy: Dr. 
Schiller, Institute M. yon Ardenne. 

Fig. 4. Strip-coating installation. Courtesy: Dr. S. Schiller, Insti- 
tute M. yon Ardenne. 

evaporat ion of the resistance film and thermal  ma-  
chining, an a l ternate  electron beam application, for 
t r imming of these circuits�9 

Thermal  electron beam machining then is another  
area where electron beams have made major  contri-  
butions. It has, however, had a relat ively slow growth. 
Since its original  entry  in 1959 as a commercial  elec- 
t ron beam machine, these have been used for dri l l ing 
of jeweled bearings, dri l l ing of breathable  jet engine 
blades, for dri l l ing of plastics, and even for cut t ing of 
green ceramics�9 The electron beam thermal  machining 
system of today is a major  piece of capital equipment  
with costs approaching $.300,000 and we can perhaps 
count a world populat ion of only 20 units, if indeed 
that  many. An example of such a machine produced by 
Steigerwald Strahl techn/k can be seen in  Fig. 5. 



Vol. 125, No. 6 E L E C T R O T H E R M I C S  A N D  M E T A L L U R G Y  245C 

J~ig. 5. Micro machining installation. Courtesy: Mr. Jack Drew, 
Steigerwald Strahltechnic-Farrel Corporation. 

Perhaps  the  most  consequent ia l  cont r ibut ion  of 
the rmal  e lec t ron beams to today ' s  technology and 
affecting the wides t  possible  n u m b e r  of people  has 
been  the i r  appl ica t ion  in welding.  The e lec t ron beam 
(EB) weld ing  process was inven ted  independen t ly  in 
1957 and a lmost  s imul taneous ly  by  Stohr  (26) at  the  
Sac lay  labora tor ies  of  the  F rench  Atomic  Energy  Com- 
mission, and by  F rance  and W a y m a n  (27) at  the  Gen-  
era l  Electr ic  Company,  Hanford,  Washington.  Both 
invent ions  arose f rom efforts fos tered by  the  needs of 
the  atomic power  field in the  mid-fif t ies.  T h e  ensuing 
yea r s  have  seen t remendous  g rowth  in acceptance of 
EB welding,  subs tant ia l  b roadening  of its capabil i t ies ,  
and  the  deve lopmen t  of most  sophis t ica ted  systems. 
Today  the s imple  work -acce l e r a t ed  e lect ron beam 
welders  of S tohr  and W a y m a n ' s  t ime have  been re -  
p laced  by  w o r k - a c c e l e r a t e d  we ld ing  systems which 
operate ,  depending  on the u l t imate  application,  in th ree  
ranges  of pressure,  i.e., 1 arm., 10 -2 and 10-4 Tort ,  and 
below. These are  the  so cal led IAEBW, the commerc ia l  
or  so f t -vacuum process and the h a r d - v a c u u m  process. 
The s imple  manua l  control  systems of ye s t e rday  have 
been rep laced  by  sophis t ica ted  NC, fu l ly  p rog ramab le  
ins ta l la t ions  capable  of high product ion  rates  and out -  
s tanding  qua l i ty  of we ld ing  operat ions.  The  ea r ly  
producers  and sucessors of the  impor t an t  p ioneer ing 
entr ies  in e lec t ron  beam equipment  a re  v e r y  much  
sti l l  pa r t  of the  manufac tu r ing  scene today.  Sciaky,  
L e y b o l d - H e r a e u s  (as successor of Zeiss) and  Hami l ton  
S t a n d a r d  and S te ige rwa ld  S t r ah l t echn ik  ve ry  much 
domina te  the  scene wi th  la rge  weld ing  systems, whi le  
the  Torvac-EBTEC al l iance  has t aken  the lead  in the  
smal l  systems field. Despi te  the  high in i t ia l  capi ta l  
cost of e lec t ron beam weld ing  equipment ,  the re  is no 
segment  of the  me ta l  processing indust r ies  where  the  
process has not  made  m a j o r  inroads  by  v i r tue  of i ts  
pe r fo rmance  capabi l i ty ,  speed of  welding,  and cost 
e f fec t iveness- - th is  despi te  the  high in i t ia l  capi ta l  in-  
vestment .  Examples  i l lus t ra t ing  the  s tatus today  a re  
seen in Fig. 6, 7, and 8. 

Pe rhaps  the  most  exci t ing and sophis t icated e lec t ron 
beam appl ica t ion  which  emerged  in the  per iod  is tha t  
which  uses the  e lec t ron  beam as an ionizing rad ia t ion  
source r a t h e r  than  as a hea t  source. Reference  is made  
to the  technique  cal led e lec t ron  beam l i thography,  
which  has  a l l  bu t  revolu t ion ized  product ion  of IC's. 
The "crown jewels"  of this  revolu t ion  are  systems of 
the  type  deve loped  by  IBM (28), Bell  Labora to r ies  
(29), and  the  commerc ia l  vers ion of the  EB]~S p ro -  
duced by  its two licensees, Ex t r ion  and ETEC, to name 
a few (see Fig. 9, 10, and  11). These sys tems are  capable  
e i ther  of manufac tu r ing  masks  for IC product ion,  or  of 
ac tua l ly  producing  ind iv idua l  IC's on si l icon chips. 
The in t eg ra t ed  c i rcui t  which  has changed the face of 
the  free wor ld ' s  e lectronic indus t ry  continues to shr ink  
in size, improve  in r e l i ab i l i ty  and decrease  in cost. 
The e lect ron beam systems re fe r red  to above have 
made  r ead i ly  possible  the  genera t ion  of 1-2 ~m device 
s t ruc tura l  detai ls .  I be l ieve  tha t  machines  wi th  the  

Fig. 6. A multistation CV electron beam welding system for the 
manufacture of automotive transmissions. Fully computer controlled 
(cabinet at the right). Courtesy: Dr. S. Solomon, Sciaky Brothers. 

Fig. 7. Electron beam welder, 150 kV. Courtesy: Mr. R. Samuel- 
son, Leybold-Heraeus. 

Fig. 8. Small components electron beam welder, 60 kV. Courtesy: 
Mr. L. Derose, EBTEC Corporation. 

capabi l i ty  to produce  0.1 ~m detai ls  a re  not  r ea l ly  tha t  
far  in the  fu tu re  and a re  ce r ta in ly  p resen t  in research  
h a r d w a r e  at  hand in the  labora tor ies  of the  leaders  of  
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Fig. 9. Vector scan---electron beam lithography system. Cour- 
tesy: Dr. P. Chang, IBM Corporation, Yorktown Heights. 

Fig. 10. EBES electron beam lithography system. Courtesy: Dr. D. 
Herriot, Bell Telephone Laboratory. 

sponsored b y  the  Amer i can  Vacuum Socie ty  and the 
IEEE (30). 

Pe rhaps  one of the  most  exci t ing invent ions  to be 
made  in the  las t  25 years  is tha t  of the  laser.  I t  was 
ac tua l ly  independen t ly  proposed  by  a number  of in-  
vest igators  (31-37). Las t  Oc tobe r  (1977) the  U.S. 
Pa ten t  and T r a d e m a r k  Office, however,  g ran ted  a 
pa ten t  to R. Gordon Gould dea l ing  wi th  the  funda-  
menta l  technology of lasers. This pa ten t  is being issued 
18 years  a f te r  Gould 's  invention.  If  i t  survives  in a 
l ike ly  court  challenge,  it  wi l l  confirm Gould as one of 
the  laser ' s  p r i m a r y  i n v e n t o r s - - a  dis t inct ion long denied 
to h im by  the fame of others.  Today  the developments  
emanat ing  f rom laser  work  have  had  f a r - r each ing  
repercussions in the  wor ld  of science and technology.  
The laser  by  now is a f i rmly es tabl ished measur ing  
tool, and it has cont r ibu ted  much to spectroscopy as i t  
has to holography.  Str ides  wi th  the  laser  in the  com- 
municat ions  field have been made  but  the i r  ful l  po ten-  
t ia l  in this field has ye t  to be developed.  

The laser  is also an impor t an t  hea t  source wi th  
dis t inct ive  character is t ics ,  and i t  is its appl ica t ion  as a 
mate r ia l s  processing tool tha t  is of pa r t i cu l a r  in teres t  
to us. The finely col l imated laser  beam is capable  of 
producing  effects s imi lar  to those of the e lect ron gun 
even though by  a much different  mechanism. The 
grea tes t  plus of the laser  in compar ison to the  e lec t ron 
beam is the  fact  tha t  i t  does not  need vacuum for i ts 
operat ion.  Thus, despi te  the  fact tha t  the laser  is at  
best  only  about  10% efficient when  contras ted  wi th  the  
be t te r  than  95% conversion efficiency of the e lect ron 
beam, i t  does offer unique capabil i t ies ,  and i t  is a most  
power fu l  ma te r i a l -p rocess ing  tool. The p r i m a r y  ap-  
pl icat ions here  have been in welding,  machining,  and, 
more  recently,  hea t - t rea t ing .  Let  us look at  weld ing  
first because we  have had  the  la rges t  g rowth  here.  
F r o m  ini t ia l  work  wi th  pulsed r u b y  and neodymium 
glass lasers wi th  output  of 100-200W, we have moved 
today  to the r ead i ly  ava i lab le  mu l t i k i l owa t t  lasers  wi th  
the  upper  power  l imit  oi  commerc ia l ly  avai lab le  lasers  
for weld ing  being 25 kW. Vi r tua l ly  all  of these high 
power  lasers  in weld ing  are  opera t ing  in the  continuous 
du ty  mode, and  in most cases they  are  CO2 lasers  (38). 
F rom simple manua l ly  control led  lasers, we have gone 
to NC insta l la t ions  for r e l i ab ly  high ra te  pa r t  p roc-  
essing. This g rowth  of power  capabi l i ty  has seen the 
re la t ive ly  l imi ted  upper  thickness capabi l i ty  of 0.005- 
0.010 in. bypassed  wi th  today 's  lasers  weld ing  ma te -  
r ials  exceeding 1.00 in. in thickness.  Many  of the laser  
weld ing  ins ta l la t ions  of today use iner t  gas assist  for 
jo ining of some mater ia ls .  The laser  in a weld ing  
system is but  the power  source and much effort has 
been inves ted in the sys tem design and system control  
to develop the capabi l i t ies  of the  systems which we 
have on the m a r k e t  today (see Fig. 12). Often weld ing  
sys tem designers  acquire  the  laser  f rom a laser  m a n -  

Fig. 11. EBMG 20 electron beam lithography system. Courtesy: 
Dr. A. A. Witkower, Varian Extrion. 

the  industry.  When  one ta lks  of an  e lect ron beam 
microfabr ica t ion  system, a 2 mi l l ion  dol lar  pr ice tag  is 
wel l  in the  range  of real i ty .  In  closing m y  discussion on 
e lect ron beam technology I wish to remind  readers  of 
the  cont inued publ ica t ion  of our  Society 's  proceedings 
(14) in this field and those of conferences jo in t ly  

Fig. 12. NC-controlled laser welding syste~. Courtesy: Mr. I.. 
Derose, EBTEC Corporation. 



VoL 125, No. 6 E L E C T R O T H E R M I C S  A N D  M E T A L L U R G Y  247C 

ufacturer ,  but  they  a re  the  sel lers  of the  in t eg ra ted  
system. The acceptance of the laser  as a weld ing  tool 
also has led to expanded  use in ~ a n y  indust r ies  in-  
c luding aerospace,  electronics,  and automotive.  

The capab i l i ty  of the  laser  to ab la te  mate r ia l s  has led 
to its adopt ion as a machin ing  tool. Today we have  
extens ive  laser  machin ing  appl icat ions  including:  ex-  
tens ive  thin film appl icat ions  in res is tor  t r imming,  
j e w e l - b e a r i n g  dri l l ing,  cu t t ing  of quar tz  tubing,  cu t -  
t ing of  meta l l ic  mate r ia l s  inc luding t i t an ium and 
super -a l loys  ( these are  of ten pe r fo rmed  wi th  an oxy -  
gen assist) ,  cut t ing of mate r ia l s  for  the  packag ing  and 
the ga rmen t  industr ies ,  and  m a n y  more.  

A th i rd  qui te  in teres t ing  and recen t ly  developed 
mate r i a l s -p rocess ing  appl ica t ion  for  lasers  has been 
the  a rea  of hea t - t r ea t i ng  of mater ia ls ,  specifically 
h igh ly  localized hea t - t rea t ing .  I t  t akes  advan tage  of 
phase - t r ans fo rma t ion  responsiveness  of some alloys to 
the  r ap id  hea t  cycles which  lasers  can produce.  Essen-  
t i a l ly  we  are  ta lk ing  of the  pe r fo rmance  of a task  
equiva len t  to the  case -ha rden ing  produced  by  more  
convent ional  approaches.  In  this  case the  laser  tech-  
nique permi t s  local or se l ec ted -a rea  hea t - t rea t ing .  One 
can also ca r ry  out  surface a l loy ing  by  deposi t ing m a -  
ter ia ls  on the  surface of par t s  to be a l loyed and then 
pe r fo rming  laser -ass i s ted  local-diffusion t rea tments .  

The  laser  as a hea t  source has also made  impor tan t  
inroads  in su rge ry  and specia l ly  optha lmic  surgery  
and of course the  laser  is i n t ima te ly  t i ed  to fusion 
research  and wil l  most  l ike ly  t r igger  most, if not  all, 
fusion react ions  of the  future.  Last  bu t  not  least,  the  
laser  has t remendous  poten t ia l  for destruct ion,  these 
appl icat ions  of course being in  the  province  of the  
mi l i ta ry .  There  has been a v i r tua l  to r ren t  of pub l i ca -  
tions in the  laser  field and numerous  references  on al l  
possible aspects  of lasers  can be found. A few of 
genera l  u t i l i ty  a re  suggested here  (39-41). 

Our  Division has usua l ly  s t ayed  a w a y  from covering 
s tee l -process ing  act ivi t ies  of  any  sort, bu t  as these are  
r e l a t ed  to much a l r eady  re ferenced  in the  paper ,  a 
br ie f  re ference  to this a rea  of ma te r i a l s  processing is 
made  here. Produc t ion  difficulties wi th  the  manufac -  
ture  of la rge  forgings in the  mid-f i f t ies  and the rea l iza-  
t ion tha t  h igh gas content  was one of the  main  causes 
for these problems  acted as ca ta lys ts  for much of the 
deve lopments  that  affected specia l ty  steel  processing. 
The in t roduct ion  of the  now more  read i ly  obta inable  
vacuum for the  processing of these steels was one of 
the  first deve lopments  which  l ed  to a va r i e ty  of 
processes. Many  of them have  been  wel l  publ ic ized 
whi le  specific detai ls  of o thers  have remained  in the  
r ea lm of "company  confidential ." Whi le  new ins ta l l a -  
t ions based on these deve lopments  have  been bui l t  in 
the  U.S., it  is be l ieved tha t  much  l a rge r  inves tments  in 
this a rea  have been made  by  overseas manufac tu re r s  
inc luding those in Japan,  France ,  and  Germany .  The  
Elect rochemical  Society 's  in te res t  in  this a rea  is evi-  
denced b y  the  1975 symposium (42) on me ta l - s l ag -gas  
reactions.  

In  addi t ion  to var ious  degassing schemes for  the  
specia l ty  steels, the  vacuum-a rc  process and the 
vacuum- induc t ion  process which combine both the  
mel t ing  and degassing opera t ion  have  made  impor t an t  
strides.  Today ins ta l la t ions  exceeding 100 tons capac i ty  
have become ava i lab le  as s t andard  indus t r ia l  products .  
Ano the r  high qua l i ty  s tee l -process ing  technique,  the  
so-ca l led  e lectroslag remel t ing,  became so identif ied 
in the  mid-f i f t ies  by  the  Soviets  (43). Whi le  the  w r i t e r  
has not inves t iga ted  the  origins of the  process, there  is 
considerable  evidence that  processes of refining steel  
under  a s lag b l anke t  wi th  an electr ic  arc as the  power  
source were  prac t iced  in the  U.S. under  different  
names since the  forties, this of course being the essence 
of the  e lectroslag processing as defined today.  I t  is 
qui te  conclusively demonst ra ted ,  however ,  that  w i th  
the in t roduct ion  of the t e rm "electroslag mel t ing"  by  
the Soviets in the  mid-fif t ies,  a new phase  in the  
deve lopment  of this s tee l - ref in ing  process was ini t ia ted.  

In  1963 the w r i t e r  vis i ted the  Paton  Ins t i tu te  for Elec-  
t roweld ing  in Kiev  and inspected wha t  was considered 
one of the  ea r ly  e lect ros lag remel t ing  ins ta l la t ions  in 
the  Soviet  Union. Today we  have  reached and ex-  
ceeded 100 tons size capaci ty  e lect ros lag (ESR) in-  
stal lat ions.  These are  p resen t ly  manufac tu red  b y  a 
number  of companies  both in the  U.S. and abroad.  
A 165 ton furnace  produced  by  Leybo ld -Heraeus  is 
i l lus t ra ted  in  Fig. 13. Elec t ros lag  r eme l t ing  has seen 
an acceptance and s teady  growth  b y  v i r tue  of its 
ab i l i ty  to produce  a high quali ty,  cost-effective produc t  
wi th  compet i t ive  p roper t ies  mee t ing  a d ive r s i ty  of  
u l t imate  applications.  The e lect ros lag process appears  
to have surpassed the growth  ra tes  of vacuum arc and 
vacuum induct ion for the  specia l ty  steel  processing 
in the  Soviet  Union and has also achieved ma jo r  in-  
dus t r ia l  significance in the  U.S. where  two compre-  
hensive reviews of the  process have  jus t  appea red  in 
pr in t  (44, 44a).  

In  1960, among o ther  activit ies,  the  w r i t e r  became 
involved in wha t  at  the  t ime was re fe r red  to as vapor  
phase  meta l lurgy ,  the  technique  of producing  metal l ic  
mate r ia l s  th rough  the  decomposi t ion of inorganic  or  
organometa l l ic  compounds.  This technique was used 
then as now ei ther  to p r epa re  ve ry  pure  metals ,  meta l  
coatings, or  d iverse  f r ee - s t and ing  meta l  shapes (45-48). 
The subject,  which has since been renamed  chemical  
vapor  deposi t ion or CVD, has been another  impor tan t  
a rea  of act ivi t ies  of the  Elec t ro thermics  and Meta l lu rgy  
Division wi th  a number  of meet ings  he ld  under  i ts 
auspices since 1955 (49-54). Its appl ica t ion  to the  
electronics field was rev iewed  in some deta i l  a few 
years  ago by  Tie t jen  (55). 

Al though  the electr ic arc has been used indus t r i a l ly  
since the  tu rn  of the  century,  and  for weld ing  since 
about  the  t ime of Wor ld  W a r  I, only  in the  1960's was 
this energy  source used ex tens ive ly  for deposi t ion of 
metal l ic  and re f rac tory  compound coatings. In  the  
p l a sma-a rc  sp ray  process, powdered  ma te r i a l  is fed, 
together  wi th  a gas, th rough  an electr ic  arc where  i t  is 
hea ted  sufficiently to cause mel t ing  and then  to be 
deposi ted on a cool substrate.  Electrons  f rom the  arc 
cause substant ia l  ionizat ion of the gas atoms, and  the  
resu l tan t  s ta te  is re fe r red  to as a plasma,  a l though 
100% ionizat ion does not  occur. Such p l a sma-a rc  
sp rayed  coatings have been appl ied  as the rmal  barr iers ,  
solid lubricants ,  corros ion-  or  ab ras ion- res i s t an t  su r -  
faces, ab la t ive  layers,  or  for sp ray  forming;  bu t  few of 
these are  ye t  impor t an t  commercia l ly .  P l a sma  sp ray ing  
competes wi th  both  oxygas  flame sp ray ing  and de tona-  

Fig. 13. 165 ton electro slag remelting installation. Courtesy: 
Dr. W. Dietrich, Leybold-Heroeus, and Stahlwerke, Rochllng Bur- 
bach, GmbH. 
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t i on  coa t ing ,  no t  u s u a l l y  o n  a n  e c o n o m i c  bas i s  b u t  
w h e r e v e r  t h e  q u a l i t y  of  t h e  deposi t ,  t h e  d i v e r s e  r a n g e  
of m a t e r i a l s  t h a t  c a n  be  s p r a y e d ,  t h e  f e a s i b i l i t y  of  
l a r g e  sca le  app l i ca t i on ,  a n d  t h e  s u i t a b i l i t y  of  p l a s m a  
arc  s p r a y i n g  to b o t h  m e t a l l i c  a n d  n o n m e t a l l i c  s u b -  
s t r a t e s  g ive  i t  u n i q u e  a d v a n t a g e  o v e r  t h e  o t h e r  p r o c -  
esses. F i s h e r  (56) h a s  p r o v i d e d  a r e c e n t  r ev i ew .  

T h e  c o m b i n a t i o n  of  v a c u u m  a n d  h e a t  s ou r ce s  h a s  l ed  
to t h e  d e v e l o p m e n t  of  a n o t h e r  i m p o r t a n t  a r e a  of  c o n -  
c e r n  to o u r  D i v i s i o n  w h i c h  can  b e  r e f e r r e d  to as t h i n  
f i lm t e c h n o l o g y .  Th i s  t e c h n o l o g y  p l a y s  a k e y  ro l e  in  
d i v e r s e  s e g m e n t s  of  i n d u s t r y  today ,  b u t  h a s  d e v e l o p e d  
to i ts  g r e a t e s t  l e v e l  of  s o p h i s t i c a t i o n  i n  t h e  e l e c t r o n i c s  
i n d u s t r y .  In  t h e  l a s t  25 y e a r s  a n d  m o s t  i m p o r t a n t l y  
in  t h e  l a s t  15 years ,  w e  h a v e  s e e n  t h i s  i n d u s t r y  a d o p t  
e v a p o r a t i o n  a p p r o a c h e s  f o r  m a t e r i a l  d e p o s i t i o n  in  
l a r g e  sca le  m a n u f a c t u r i n g  o p e r a t i o n s ,  a n d  of  r e c e n t  
d a t e  d i v e r s e  s p u t t e r i n g  a p p r o a c h e s  a r e  g a i n i n g  g r o u n d  
h e r e  r e l a t i v e  to t h e  f o r m e r  type .  T a b l e  II  (57) s h o w s  a 
c o m p a r i s o n  b e t w e e n  e l e c t r o n  b e a m  e v a p o r a t i o n  a n d  
h i g h  r a t e  s p u t t e r i n g  (15 k W  sou rce s )  fo r  t h i n  f i lm 
depos i t ion .  T a b l e  I I I  (57) s h o w s  t h e  t y p e s  of  v a r i a t i o n  
t h a t  a r e  e n c o u n t e r e d  in  t h e s e  p roces se s  a n d  t h e  r e a s o n s  
fo r  t h o s e  v a r i a t i o n s .  T h o r n t o n  (58) d i scusses  t h e  a p -  
p l i c a t i o n  of  t h e  s p u t t e r i n g  p r oce s s  to t h i c k  f i lm g r o w t h .  

W h e n  s m a l l  a m o u n t s  of  m a t e r i a l  a r e  to b e  e v a p o r a t e d  
one  c a n  e i t h e r  u s e  d i r e c t  w i r e  e v a p o r a t i o n  o r  foi l  
e v a p o r a n t  c o n t a i n e r s .  Spec i a l  c e r a m i c s  or  c e r a m i c -  
c o a t e d  vesse l s  b e c o m e  c o n t a i n e r s  as t h e  sca le  of  
a p p l i c a t i o n s  grows.  Of  g r e a t e s t  i m p o r t a n c e  f o r  a s s u r i n g  
depos i t  p u r i t y  a n d  p r e v e n t i o n  of  c o n t a m i n a t i o n  of t h e  
m e l t  is t h e  n a t u r e  of  t h e  l i q u i d  m e t a l  c o n t a i n e r .  De -  
p e n d i n g  o n  t h e  m a t e r i a l  to b e  e v a p o r a t e d  a n d  f ina l  use  

of  t h e  film, w e  c a n  f ind as t h e  c o n t a i n e r :  r e f r a c t o r y  
me ta l s ,  oxides ,  bo ron ,  n i t r i des ,  a n d  c a r b o n .  T h e s e  a r e  
s e l ec t ed  in  o r d e r  to a s s u r e  no  or  m i n i m u m  r e a c t i o n  of  
t h e  e v a p o r a n t  w i t h  t h e  c o n t a i n e r .  T h e  c o n t a i n e r  c a n  
be  e i t h e r  w a t e r  coo led  or  hea t ed ,  t h e  l a t t e r  u s e d  w h e n  
h i g h e r  r a t e s  a re  n e e d e d .  R e s i s t a n c e  h e a t i n g  a n d  e lec -  
t r o n  b e a m s  of  d i v e r s e  c o n f i g u r a t i o n  h a v e  b e c o m e  t h e  
b a c k b o n e  of  e v a p o r a t i o n  p roces se s  w i t h  e a c h  specif ic  
m a t e r i a l  a n d  u l t i m a t e  a p p l i c a t i o n  d e t e r m i n i n g  t h e  
s e l ec t i on  of t h e  h e a t  source .  

P e r h a p s  one  of  t h e  e a r l i e s t  l a r g e  sca le  c o m m e r c i a l  
e v a p o r a t i v e  a p p l i c a t i o n s  w a s  t h e  m e t a l l i z a t i o n  of p a p e r  
w i t h  zinc, a n d  t h e n  m y l a r  w i t h  a l u m i n u m  fo r  t h e  
m a n u f a c t u r e  of  f i lm capac i to r s .  I n  t h e  e l e c t r o n i c s  i n -  
d u s t r y  t h e  n e x t  t h r u s t  was  b r o u g h t  a b o u t  b y  r e q u i r e -  
m e n t s  in  m a n u f a c t u r e  of p a s s i v e  m i c r o c o m p o n e n t s ,  
spec i f ica l ly  r e s i s t o r s  a n d  capac i to r s .  A s t e a d y  g r o w t h  
in  t h e  a p p l i c a t i o n  of  t h i n  f i lms i n  t h e  a r e a s  of  a c t i v e  
c o m p o n e n t s  ha s  o c c u r r e d  i n  t h e  l a s t  f ive y e a r s  w i t h  
b o t h  m a g n e t i c  a n d  s e m i c o n d u c t o r  dev ices  p a r t i c i p a t i n g .  
T h e  e l e c t r o n i c s  a p p l i c a t i o n s  a r e  b u t  o n e  of  t h e  a r e a s  
w i t h i n  w h a t  is r e f e r r e d  to as t h i n  f i lm t e c h n o l o g y  (59) .  
W e  m u s t  also m e n t i o n  h e r e  t h e  w i d e s t  v a r i e t y  of  t h i n  
f i lms fo r  t h e  c o a t i n g  of  op t i c a l  l e n s e s  f o r  d i v e r s e  
a p p l i c a t i o n s  a n d  i n c l u d i n g  a l l  t y p e s  of o p t i c a l  f i l ters.  
F r o m  h e r e  w e  can  go to t h i n  f i lms in  g lass  p a n e l s  in  
s i m p l e  or  t h e r m o p a n e  c o n f i g u r a t i o n  fo r  b o t h  d e c o r a t i v e  
a n d  f u n c t i o n a l  uses.  L a s t  b u t  no t  leas t ,  w e  c o m e  u p o n  
t h i n  f i lms fo r  c o r r o s i o n  p r o t e c t i o n  in  spec i a l i zed  s i t u a -  
t ions .  W h e n  c o r r o s i o n  a n d  o x i d a t i o n  r e s i s t a n c e  a r e  t h e  
m a i n  r e a s o n  fo r  a p p l i c a t i o n  of  t h e s e  coa t ings ,  m u c h  
t h i c k e r  coa t ings  a r e  o f t e n  u s e d  ( m i c r o m e t e r s  r a t h e r  
t h a n  a n g s t o m s ) .  

Table II. Comparison of parameters for electron beam evaporation and high rate sputtering 

Electron beam 
Parameters  evaporation High rate sputtering 

Deposition materials  
Condensation rate 
Evaporation r a t e / s p u t t e r  rate 

Particle source characterist ic  
Energy utilization 
Material utilization 
Uninterrupted operating t ime 

Mean particle energy on substrate 
Thermal load on substrate 
Irradiation of substrate by 

Residual gas effects 
Impurity sources 
Adaptability to substrate fixture 
Extending feasibilities of basic processes 

Instrumental expenditure 
.source and power supply 
process control 
extended process variants 

Very restricted Somewhat restricted 
Equal magnitude 

av = 1 a~ = 0.2-0.Say 
av* = 5-10av 

Small area source Large area linear source 
Less favorable with hr-sputtering 

Equal magnitude 
Comparable in case of eb-evaporator with feed and 

hr-sputtering source 
0.1-0.2 eV 0.2-10 eV 
0.1 Wcm -~ 0.2-1 Wcm -~ 
X-rays, (electrons) Photons, low energy  electrons,  

ions (low) 
Higher in case of sputtering 

Crucible reactions* Sputtering of source components  
Favorable with hr-sputtering 

Generally by additional Generally by parameter selection 
equipment 

Referred to equal power: low in case of hr-sputtering 

* Hot crucible evaporation. 

Table III. (57) Process variations of evaporating and sputtering techniques 

Processing variants 

Basic process 

Goal Evaporation Sputtering 

High vacuum deposition 

Gas-scattering deposition 

Reactive decomposition 

Electron-activated or  plasma- 
activated reactive deposition 

Ion-aided deposition, interme- 
diate 

Avoidance of resid- 
ual  gas interac- 
tions 

Particle scattering 
step coverage 

Chemical reaction 

Activated conden- 
sation 

Internal HV or UHV evaporation 

Pressure plating (PP) (inert gas inlet) 

Reactive evaporation (RE) (reactive 
gas inlet) 

Activated reactive evaporation (ARE) 
(reactive gas inlet and electron or 
plasma geueration) 

Ion plating (IP) (gas inlet and ion 
generation) 

With ring-gap sources mean-free path 
>h  (the distance between source 
and substrate) working pressure p 
= 5 x lO-~Pa or 1 x I0-~ Torr 

Internal sputtering in inert gas 

Internal 

Reactive sputtering in reactive gas 

Internal bias sputtering 

Plasma plating 
Plasma pretreatment and EB-evaporation 
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I wish to close my discussion on sources and 
processes by referring briefly to ion implantation. For 
a long time high temperature diffusion treatments were 
the only means available to the manufacturers for 
composition modification of semiconductor materials 
in device production. These diffusion treatments which 
by their very nature necessitate high temperature led 
to substantial control difficulties, high costs, and often 
low yields. This was a situation ripe for a take-over  by 
a superior technique. But not only were the difficulties 
of the existing techniques favorable to the advent of a 
new technique, the requirements evolving from the 
very direction of development of solid-state devices 
and integrated circuitry, i.e., much tighter specifica- 
tions, higher frequencies, and in general ever increas- 
ing demands from this circuitry could be better  served 
with the new technique of ion implantation. 

Ion implantation then had a ready stage for its 
development and growth. Yet initial  costs and limits 
on early implantation equipment capabilities (in par-  
ticular the slow rates of material  processing) led to 
slower than expected progress in adopting this tech- 
nique. Nevertheless ion implantation is here to stay 
and is slowly but i rreversibly replacing the gaseous 
diffusion process as a manufacturing tool for both 
individual and integrated solid-state devices. 

1 believe that ion implantation will eventually lead 
to complete displacement of gaseous diffusion for a 
number of reasons. If we consider composition uni- 
formity we are capable of reducing variation from 
+_ 15% to better  than ___ 1%. Ion implantation permits 
a much better  lateral  spread for most practical pur-  
poses and there is vir tual ly no contamination from it. 
We have by far superior delineation techniques and, 
of course as we already mentioned, it is a clean vacuum 
operation against an operation in an alien high tem- 
perature environment. We can also implant  a consider- 
able variety of impurities with relative ease. Today 
cost of an ion implantation system depending on type 
is up to 2-3 times higher than a comparable diffusion 
system. While this cost differential is still important  
today, its importance will decrease in the future as the 
requirements of IC's and devices become such that 
dif/usion techniques would no longer be capable of 
meeting them. A commercial ion implantation system, 
vintage 1977, is seen in Fig. 14. Progress in ion im- 
plantation has been recorded in both monographs (60- 
62), conference proceedings (63-66), and review 
articles (67). 

Summary 
The wri ter  has at tempted to convey an impression 

of what has happened in the last 25 years in the areas 
delineated within the mission of the Electrothermics 
and Metallurgy Divimon of the Society. He also brought 
into the discussion items related to these, even though 
they have not been considered in the customary 
proceedings of the Division. It was felt that bringing 

Fig. 14. The model 200-20 A2 ion implantation system with way 
flow end station. Courtesy: Dr. A. Witkower, Varian Extrion. 

these into the discussion will help round up the im- 
pression of the happenings here. Under no circum- 
stances should this be considered as a thorough reveiw 
of the subject. The author also wishes to express 
sincere thanks to the companies which provided the 
illustrations. 
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Progress in Electroanalytical Chemistry 19S2-1977 
H. A. Laitinen* 

Department of Chemistry, University oS Flo~rida, Gainesviffe, Florida 3261I 

Even though electroanalytical chemistry was not 
covered in the series of technical reviews published in 
1952, the present article will cover events only during 
the past 25 years. The early history was covered in 
1971 by Kolthoff (1). The subject has gradually broad- 
ened from analytical measurements and titrations 
based upon electrode potential, conductance, and 
coulombic charge to include a diversity of measure- 
ments based upon interaction between charge transfer, 
mass transport, and heterogeneous and homogeneous 
chemical processes preceding or following charge 
transfer. A classification and systematic nomenclature 
of electroanalytical methods was suggested by Delahay, 
Laitinen, and Charlot (2). Three main categories are 
recognized: those for which electrode reactions, if any, 
need not be considered; methods involving only double 
layer phenomena at zero faradaic current; and methods 
involving faradaic electrode reactions. These three 
categories will be considered in turn. 

Methods for Which Electrode Reactions, 
If Any, Need Not Be Considered 

Conductance measurements and conductometric 
titrations have seen relatively few analytical applica- 
tions during the past 25 years. Early in this period, 
there was a flurry of activity in the area of high 

* Electrochemical Society Active Member. 

frequency titrimetry, in which a combination of di- 
electric constant changes and conductance changes 
gives rise to changes in electrical characteristics of a 
high frequency oscillator. These methods have not 
found wide application, evidently because simpler al- 
ternative methods are usually available. Direct mon- 
itoring of dielectric constant changes to detect traces 
of polar materials in nonpolar solvents does find 
occasional application. 

Methods Involving Double Layer Phenomena 
at Zero Faradaic Current 

Under carefully controlled conditions, the differential 
capacity of the double layer can be related to surface 
excess. Limited examples of analytical application to 
adsorption, especially at mercury electrodes, are avail- 
able. Similarly, interfacial tension, a closely related 
quantity, can in principle be used for analysis, although 
only in limited cases because of the lack of specificity. 

The term "tensammetry" was introduced by Breyer 
and Hacobian to the measurements of pseudocapaci- 
tance corresponding to the adsorption and desorption 
of organic substances at a dropping mercury electrode 
without the passage of faradaic current. Such measure- 
ments are often useful as a diagnostic test in the study 
of electrode processes but have found l imited  use 
in analysis. 
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Methods Involving Faradaic Electrode Reactions 
Potentiometry at zero curren t - -By  the  beginning of 

our  rev iew period,  1952, classical  po ten t iomet ry  had  
long since reached a s ta te  of matur i ty .  The glass 
e lect rode had l a rge ly  replaced  o ther  pH electrodes,  
and had  been wide ly  used in nonaqueous  as wel l  as 
aqueous solutions for ac id-base  t i t ra t ions.  

The most  impor t an t  advances  dur ing  the  pas t  25 
years  have been in the  area  of ion-se lec t ive  electrodes,  
which have  been  rev iewed  by  Buck (3). These fal l  into 
severa l  classes (4). 

Glass electrodes.--They have  been developed wi th  
va ry ing  degrees  of se lec t iv i ty  for var ious  univa len t  
cations: H +, Na +, K +, NH4 § In  par t icular ,  glasses 
respondi~ng to Na + in preference  to K +, and to a lesser  
degree,  the  reverse,  a re  ava i lab le  (5). 

Solid-state electrodes.--Although the  pr inciples  of 
using s i lver  ha l ide  membranes  for ha l ide  ion ac t iv i ty  
measurements  had  been  demons t ra t ed  as ea r ly  as 
1937 (6), the  mode rn  era  was s t imula ted  by  the work  
of Pungor  and associates in the  1960's (7). Thei r  e lec-  
t rodes consisted of par t ic les  of an  insoluble  solid im-  
bedded  in an iner t  m a t r i x  such as sil icone rubber .  
More recent  versions have  emphasized s i lver  sulfide 
wi thout  a b inder  as an tonical ly  conduct ive m e m b r a n e  
responsive  to s i lver  ion and sulfide ion. Composite 
membranes  incorpora t ing  o ther  heavy  meta l  sulfides 
(e.g., CdS, PbS, CuS) into a s i lver  sulfide m e m b r a n e  
have been found responsive to the  corresponding heavy  
meta l  ions. Other  composite s t ructures  involve  s i lver  
hal ides  wi th  s i lver  sulfide and selenite.  St i l l  another  
form tha t  has seen l imi ted  appl ica t ion  consists of ar~ 
insoluble  film di rec t ly  on a meta l  surface. 

The ou t s t and ing ly  successful so l id-s ta te  e lec t rode  is 
the  doped LaF3 single c rys ta l  fluoride ion e lect rode 
descr ibed by  F r a n t  and R o s s  (8). This e lect rode re -  
sponds specifically to fluoride ion ac t iv i ty  over  a wide 
range,  and  has found m a n y  the rmodynamic  as wel l  as 
ana ly t ica l  applicat ions.  

Liquid membrane electrodes.--A fami ly  of electrodes 
consist ing of a l iquid organic  m e m b r a n e  has emerged  
in severa l  forms. The l iquid i tself  m a y  be select ive to 
a given species of cat ion or  anion th rough  react ion and 
extract ion,  or  it  m a y  serve  as a solvent  for  a select ive 
reagent .  The l iquid may  be conta ined in a sui table  
s t ruc ture  to contact  two solutions, or  it  m a y  be placed 
in direct  contact  wi th  an electronic conductor  such as 
a me ta l  or  graphite .  A commerc ia l  form uses g raph i te  
impregna ted  wi th  poly te t ra f luoroe thylene .  

By select ing appropr i a t e  combinat ions  of select ive 
reagent  and solvent,  a la rge  va r i e ty  of membranes  
responsive to cations, anions, and neu t ra l  species is 
possible:  Elect rodes  of this t ype  are  ac t ive ly  being 
studied, and new var ie t ies  continue to be repor ted.  

Gas-sensing electrodes.--Glass electrodes have long 
been used as indi rec t  sensors of CO2 and NH3 th rough  
thei r  pH-dependen t  equi l ib r ia  in  water .  More recently,  
such electrodes have been r ende red  t ru ly  responsive to 
gas tension th rough  the in terposi t ion of hydrophobic  
membranes  pe rmeab le  to the gas. In  addit ion,  this 
a r r angemen t  permi ts  measurements  in complex  sys-  
tems such as biological  fluids by  prevent ing  access of 
macromolecu la r  and colloidal  species to the  surface. 
An  impor t an t  gas-sens ing e lec t rode  opera t ing  on an 
en t i re ly  different  pr inc ip le  (amperomet r ic )  is dis-  
cussed below. 

Enzyme electrodes.--Incorporation of an enzyme 
onto a membrane  coupled with a sui table  ion-se lec t ive  
or gas-sensing m e m b r a n e  permi t s  the moni tor ing  of a 
subs t ra te  th rough  its genera t ion  or consumpt ion of a 
de tec table  species such as H +, CO2, or  NH3. Conversely,  
enzyme concentrat ions in solut ion can be moni to red  
by  using a fixed concentra t ion  of substrate .  An  ex ten-  
sion of the  use of specific b iochemical  in teract ions  is 
represen ted  by  the use of a s i lver  sulfide sensor for 
sensing proteins,  and ind i rec t ly  for  moni tor ing  an t i -  
body-a~ t igen  react ions  (9). 

Methods based on transitory electrode phenomena.-- 
Polarography.--By 1952, the  beginning  of our r ev iew 
period,  classical  po l a rog raphy  was wel l  es tabl ished as 
an ana ly t ica l  method  for many  inorganic,  organic,  
and biochemical  species. Severa l  cu r ren t - l imi t ing  
pro~esses were  recognized (diffusion, migrat ion,  con- 
vection, charge t ransfer ,  reac t ion  kinetics,  adsorpt ion)  
at  the dropping  m e r c u r y  electrode,  and some, such as 
diffusion or pu re ly  k ine t ica l ly  l imi ted  currents ,  could 
be t r ea ted  in an adequa te  w a y  theore t ica l ly .  I t  r e -  
mained  for Kou tecky  (10) to der ive  the ma themat i ca l  
solut ion of the in te rac t ion  be tween  diffusion and re -  
act ion kinet ics  for the  case of the d ropp ing  m e r c u r y  
electrode. This t r ea tmen t  pe rmi t t ed  a quant i ta t ive  
in te rp re ta t ion  of i r r evers ib le  po la rographic  waves,  in 
which cha rge - t r ans fe r  ra te  controls  the  cu r ren t  at  the  
foot of the wave  and diffusion at  the plateau.  I t  also 
pe rmi t t ed  a calculat ion of ra te  constants  of homo-  
geneous react ions  coupled wi th  charge  t ransfe r  r e -  
actions under  pa r t i a l  diffusion control.  The 1954 book 
by  Delahay  (11) was a milestone in acquaint ing  elec-  
t roana ly t i ca l  chemists  gene ra l ly  wi th  this t r ea tmen t  
as wel l  as severa l  o ther  techniques to be discussed" 
below. 

Dur ing  the 1950's, the ins t rumenta t ion  group at  Oak 
Ridge Nat ional  Labora tory ,  headed  by  D. J. F i she r  
and M. T. Kel ley,  made  severa l  ref inements  in po la ro-  
graphic  ins t rumenta t ion .  These included a precis ion 
drop  t imer,  a t h ree -e l ec t rode  measu remen t  system, a 
means  of measur ing  ins tantaneous  currents ,  and c i r -  
cuits for reg is te r ing  first and second der iva t ives  of 
cu r ren t -vo l t age  curves as a function of potent ia l  (12). 

Various modifications of classical  po l a rog raphy  have 
appeared  over  the  years.  In  "Tast" po larography,  the  
ins tantaneous cur ren t  is measured  r e l a t ive ly  la te  in 
drop life to minimize  the nonfaradaic  charging current ,  
which decreases dur ing  drop growth,  and to maximize  
diffusion or k ine t ic -cont ro l led  cur ren t s ,  which  increase  
dur ing  drop life. 

Super impos ing  per iodic  potent ia l  changes on a g rad-  
ua l ly  increas ing appl ied  potent ia l  leads to severa l  types  
of modified polarography.  The s implest  form, in which  
a smal l  s inusoidal  vol tage  signal  is appl ied  and the  
rectified a-c  component  is recorded,  has been exploi ted  
especial ly  by  Breye r  and his co -workers  (13). La t e r  
modifications include the measu remen t  of cur ren t  at  
second and h igher  harmonics  of the  appl ied  f requency  
to minimize  charging currents,  and  the use of phase-  
sensi t ive amplif iers  for the  same purpose.  A typica l  
modern  min icompute r  contro l led  circui t  has been de-  
scr ibed by  Glover  and Smi th  (14). The square  wave  
po la rograph  of Barke r  (15) has l a rge ly  been sup-  
p lan ted  by  the pulse po la rograph  (16) in which a single 
vol tage  pulse is appl ied  at  some ins tant  in drop life, 
and the cur ren t  measuremen t  is made  re l a t ive ly  la te  
dur ing  the pulse to a l low charg ing  cur ren t  t rans ients  
to decay. The or iginal  Ba rke r  c i rcui t  (16) was g rea t ly  
s implif ied by  P a r r y  and Osteryoung (17). A com- 
mercia l  ins t rument  in t roduced b y  Pr ince ton  Appl ied  
Research Corporation,  opera t ing  both in the  direct  
and der iva t ive  modes, has done much to popular ize  
the appl icat ions of pulse  po larography.  An  au tomated  
version opera ted  by  means  of a microprocessor  is also 
available.  

Li t t le  ana ly t ica l  appl icat ion has been made  of severa l  
types of po larographic  methods  involving a-c  t ech-  
niques, such as fa radaic  rect if icat ion ( low and h igh  
levels,  depending upon the  magn i tude  of the  a -c  
s ignal) ,  r ad io - f r equency  polarography,  i n t e rmodu la -  
t ion polarography,  and po l a rog raphy  wi th  complex 
p lane  analysis  of cell  impedances.  These techniques 
have p r i m a r i l y  found use in the  s tudy  of e lec t rode  
react ion mechanisms.  A s u m m a r y  is ava i lab le  in sev-  
era l  reviews (18-20). 

Chronopotentiometry.--The concept of t rans i t ion  
time, mark ing  the ins tant  of a t ta in ing  zero surface 
concentra t ion under  di f fus ion-control led constant  cur -  
ren t  electrolysis ,  dates  back  to Sand  in 1901. Some 
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mechanistic studies had been made with the technique 
in  the 1930's and 1940's. However, the modern  era 
dates back only to 1953, when  Gierst and Ju l ia rd  (21) 
applied the technique to a dropping mercury  electrode 
under  conditions such that the cur ren t  pulse was ap- 
plied relat ively late in  drop life, and  of sufficient 
magni tude to yield t ransi t ion times of 1-100 msec. In  
that same year, Berzins and Delahay (22) presented 
the theory of the method as applied to several types 
of electrode processes. The present  name was suggested 
by Delahay and Mamantov (23) and in  an adjoining 
paper Reilley and co-workers (24) described several 
exper imental  studies. The method received a flurry of 
a t tent ion dur ing the late 1950's and early 1960's. 
Re inmuth  (25) listed criteria for various kinetic 
schemes, based upon measurement  of potent ia l - t ime 
transients  and t ransi t ion times. The popular i ty  of the 
method, both for theoretical and practical studies, has 
waned more recently because of some inherent  prob- 
lems. Of these, two meri t  special mention. First, there 
is the problem of adequate correction for charging 
current,  which limits the accuracy of t ransi t ion t ime 
measurements.  Second, the influence of adsorbed re-  
actants, which becomes relat ively more impor tant  at 
short t ransi t ion times, is dependent  upon the sequence 
of events, i.e., whether  the adsorbed reactant  is re-  
duced first, last, or cont inuously dur ing the electrolysis. 
For certain applications, e.g., the est imation of diffusion 
coefficients in molten salts, and the use of current  
reversal  technique to dist inguish between soluble or 
insoluble reaction products, chronopotent iometry still 
merits consideration because of its inherent  simplicity. 

Linear sweep vo l tam~e t ry  (single scan and cyclic). 
- - T h e  technique of applying a single l inear  voltage 
sweep to a dropping mercury  electrode re la t ively late 
in the formation l~eriod of the drop and observing the 
cur ren t - t ime  trace with a cathode ray tube was in t ro-  
duced in 1947 by Randles (26). A related technique, 
consisting of a t r i angular  vol tage-t ime signal applied 
cont inuously dur ing the formation of mercury  drops, 
was independent ly  introduced by Sevcik (27). Both 
authors gave theoretical interpretat ions  of the cur ren t -  
t ime relationship for reversible processes. The book 
of Delahay (11), describing both reversible and total ly 
i rreversible processes, greatly s t imulated research into 
this technique. One of the earlier applications to trace 
analysis was the technique of anodic str ipping using a 
stat ionary hanging mercury  drop for the deposition of 
one or more metals at a constant  cathodic potential, 
followed by a l inear  scan anodic str ipping cycle. In  
recent years this technique has been applied in the 
form of thin-f i lm mercury  coatings, usual ly  on graph-  
ite, with a greatly increased sensit ivi ty due to the use 
of electrodes of larger area (30). By using exceedingly 
thin films, the diffusion rate of amalgamated metals 
can be increased to the point  that  quant i ta t ive  anodic 
dissolution occurs, and the method can also be applied 
in a coulometric mode by measur ing peak area rather  
than  height. Commercial  apparatus permi t t ing  anodic 
str ipping to be operated in the derivative as well as 
direct mode has s t imulated applications of the tech- 
nique to trace analysis. 

A l andmark  paper was that  of Nicholson and Shain 
(31), who presented a comprehensive theory of l inear  
scan vol tammetry,  both single scan and cyclic, as 
applied to reversible and irreversible charge transfer, 
including those coupled with preceding or following 
chemical reactions. This paper  greatly s t imulated ap- 
plications of the technique, which has become accepted 
by organic and physical chemists as a diagnostic tool, 
as well as an analyt ical  method. 

Christie and Osteryoung (32) presented a theory of 
staircase vo l tammetry  to replace l inear  sweep vol- 
t ammet ry  for s tr ipping analysis using the th in  film 
mercury  electrode. They concluded that the decrease 
in faradaic sensit ivi ty is more than compensated by 
the decrease in  charging current.  The theoretical ex- 
pectation was verified by Osteryoung and co-workers 

(33), who concluded that  the method is s imilar  in  
sensit ivity to that  of differential pulse stripping, but  is 
much faster. Both techniques were applied to trace 
metal  determinat ions in the 0.1-10 #g/1 concentrat ion 
range. 

Thin-layer electrochemistry.--Anson (34), in  s tudy-  
ing the chronopotent iometry of i ron (III) at p la t inum 
electrodes, found that  the redox behavior  persisted 
even after electrodes that  had been soaked in acidic 
iron (III) solutions were r insed and immersed in acid 
solutions containing no iron (III) .  He at first believed 
he was observing the behavior  of adsorbed i ron (III) ,  
but  la ter  concluded that  the redox behavior  was due to 
a thin film of solution t rapped in  a faulty seal of the 
p la t inum into glass. 

Later  work by Chris tensen and Anson (35) using 
uni form th in  films of solution established the technique 
as a form of constant current  coulometry on a t ime 
scale of the order of a few seconds. Hubbard  and Anson 
(36) devised improved electrodes and Reilley and co- 
workers (37) carried out electrochemical studies using 
controlled potential  as well  as controlled current.  By 
measur ing t ransi t ion times at sufficiently high current  
densities, diffusion coefficients can be estimated without  
a knowledge of the solution concentrat ion or electrode 
area if the thickness of the solution layer is first 
evaluated. The status of this subject  was reviewed by 
Hubbard  (38) in 1973. A more recent  development  is 
the optically t ransparent  th in - layer  cell of He ineman  
and co-workers (39) which was used to measure formal 
potentials of enzyme systems by controll ing the ratio 
of oxidized to reduced forms by applying a potential  
and monitor ing the corresponding concentrat ion ratio 
optically. 

Chronocoulometry.--The technique of chronocou- 
lometry involves the determinat ion of coulombic 
charge, Q, as a function of t ime under  specified con- 
ditions of potential  change. The first version as de- 
scribed by Osteryoung, Lauer, and Anson (40) involved 
application of a l inear  voltage scan. Because the shape 
of the current  t ime t ransient  depends upon charge 
t ransfer  rate except for reversible systems under  pure 
diffusion control, the applicabil i ty of this method 
proved to be quite limited: By using a potential  step 
of relat ively large magnitude,  Christie et al. (41) 
showed that  even for i rreversible systems the intercept  
of a plot of Q vs. t 1/2 (which is l inear  for diffusion- 
controlled processes) allowed the detection of surface 
films or adsorbed layers. Still  another  refinement by 
Anson (42) was the introduct ion of a double potential  
step method, in which the potential  was re turned to 
its ini t ia l  state after a definite t ime T. In  this way, any  
effect of double layer charging could be el iminated 
because the ini t ial  and final states of the double layer 
should be the same. The method permits  an evaluat ion 
of adsorbed reactant  by extrapolat ion to el iminate the 
diffusion controlled reduction and reoxidation of re- 
actant. It is, however, l imited to reversible charge- 
t ransfer  processes. 

Semiintegral and semidifJerentiaI e lectroanalysis . -  
In 1972, Oldham (43) introduced a technique called 
semiintegral  electroanalysis which has the property of 
being independent  of the form of the applied voltage- 
t ime signal, provided that the electrode, during an 
excursion of potential  in a t ime in terval  T, proceeds 
from a condition of no reaction to a condition of com- 
plete concentrat ion polarization, under  semiinfinite 
diffusion control. Thus, the method in principle is 
insensit ive to imperfections in the shape of the applied 
signal, as, for example, a finite rise t ime in a potent ial-  
step method. The method involves a mathematical  
device called the semiintegral  of the cur ren t - t ime  
function, in termediate  between the current  itself and 
its t ime integral,  the coulombic charge. A plot of the 
semiintegral,  M, vs. E is termed a neopolarogram. 
Shapes of neopolarograms have been theoretically and 
exper imental ly  examined for reversible and i r revers-  
ible processes by~ Goto and Oldham (44). 
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A related technique, semidifferential electroanalysis, 
generated by semidifferentiation of the current, 
produces a quantity e which is the time derivative of 
M. The plot of e vs. potential has the same relationship 
to a neopolarogram as a derivative polarogram has to 
a classical polarogram, and is therefore called a 
derivative neopolarogram (45). The characteristics of 
this technique in qualitative and quantitative analysis, 
using a stat ionary hanging drop electrode and a 
ramped voltage-time signal, have been described (45). 

Steady-State Processes 
Voltammetry and amperometric titrations.--Earlier 

versions of vol tammetry with stationary electrodes in 
unstirred solutions have largely fallen into disuse be- 
cause of the slowness with which steady-state mass 
transport  is attained, and because of the sensitivity of 
the steady-state condition to disturbances such as 
vibration. Nevertheless, Blaedel and Jenkins (46) 
noted that with glassy carbon electrodes steady-state 
vol tammetry has the distinct advantage of smaller 
residual currents as compared with scanning vol- 
tammetry because of the slow adjustment of surface 
states to changes of potential. Blaedel and Iverson (47) 
have recently studied steady-state vol tammetry using 
tubular  electrodes. By using pulsed flow at constant 
potential, the response time was shortened considerably 
and sensitivity in tne mlcromolar concentration range 
was achieved. 

Steady-state vol tammetry with rotated wire micro- 
electrodes were at first interpreted in terms of a simple 
Nernst diffusion layer  moaei. Later  work showed that, 
owing to complications such as turbulent  flow, such 
electrodes are not favorable for mechanistic studies. 
Nevertheless, many analytical applications, especially 
amperometric tltratlons, continue to be made (48), 
because of the inherent simplicity and sensitivity of the 
method. All classes Of reactions, i.e., acid-base, precipi- 
tation, complexation, and redox, operated in the 
classical volumetric mode as well as by coulometric 
generation of reagents are represented in titrations 
involving single indicator electrodes as well as in 
biamperometnc titrations (49). The lat ter  is the ul t i -  
mate in simplicity, because only a pair  of polarized 
electrodes, without a salt bridge or reference electrode, 
needs to be used. 

By attaching a membrane to the electrode surface, 
the disturbing effects of convection can be eliminated, 
but the nature of the diffusion process is altered (50). 
A fundamentally different membrane system is the 
lyophobic gas-diffusion membrane, introduced in 1956 
by Clark (51) for sensing oxygen amperomet-  
rically. Because oxygen diffuses across the membrane 
in the gas phase, its diffusion rate is not affected by the 
viscosity of the solution, and the response is t ruly an 
oxygen tension independent of salt effects upon solu- 
bility. A great many applications are being made, for 
example, in clinical chemistry and oceanography. 

The rotat ing-disk electrode, described theoretically 
by Levich in 1942, yeas experimental ly studied by 
several investigators, especially in the U.S.S.R., in the 
1940's. The book o~ Jgemnay ~11) stimulated applica- 
tions to analytical chemistry. Among the earlier pub- 
lications in the analytical l i terature are papers by 
Adams and co-workers (52) and by Azim and Riddi- 
ford (53) in 1962. The rotating ring-disk electrode, 
introduced by the Frumkin school in the U.S.S.R., has 
been studiea exmnslveiy Dy Bruckenstein and co- 
workers. Albery and Bruckenstein (54) refined the 
calculation of the collection efficiency at the ring for 
soluble species generated at the disk. The rotat ing-disk 
electrode is of analytical importance because the l imit-  
ing current can be accurately related to hydrodynamic 
quantities (55). The effective diffusion layer thickness 
has a known relationship to rotation speed, so calibra-  
tion need not be done on a purely empirical basis. 

Hydrodynamic modulation of r o t a t i ng -d i sk  elec- 
trodes as a means of avoiding interfering currents 

that are mass t ransport- independent  was suggested by 
Miller and Brucken~tein (o0). The ring-disk electrode 
is pr imari ly  useful in mechanistic studies and is not 
discussed further. 

Hydrodynamic techniques have proven to be useful 
in monitoring effluents from chromatographic columns. 
Johnson and Larochelle (57) have reviewed past de- 
signs of flow-through cells, operating both in the am- 
perometric and coulometric modes. Blaedel, Olson, and 
Sharma (58) confirmed the theoretical Levich equation 
for convective-diffusional mass transport  under con- 
ditions of negligible consumption o f  electroactive 
species, and B~aedel and Boyer (59) applied a tubular  
platinum electrode at concentrations down to 10-SM. 

Coulometry.--Steady-state coulometry, both in the 
controlled-potential  and controlled-current  modes, was 
well established as an electroanalytical method by 
1952, the beginning of the present survey. Many ap- 
plications continue to be reported (60), generally as 
adaptations of well-established principles to new 
situations. Monitoring of chromatographic column 
effluents by coutometric determination using flow- 
through cells is an active field of application. An 
example is the packed tubular  platinum electrode 
which was shown to operate at 100% electrolytic 
e~ciency for copper(II)  and iron(II1) in microgram 
quantities (57). Thin-layer  electrochemistry has al-  
ready been mentioned above as a form of coulometry 
on a short-t ime scale. 

Another modern form of coulometry is represented 
by the measurement of peak areas rather than peak 
heights in anodic (or cathodic) stripping voltammetry. 
This version of stripping analysis has already been 
mentioned above in connection with thin mercury 
film electrodes operated under slow scan rate so that  
quantitative electrolysis can occur. The method is so 
sensitive for solid deposits that fractional monolayers 
can readily be detected. In fact, Andrews and Johnson 
(61) reported quantitative results for stripping se- 
lenium from a rotating gold-disk electrode only when 
less than a monolayer equivalent layer had been de- 
posited. Laitinen and Watkins (62) were clearly able 
to distinguish fractional monolayers of PbO2 on a sub- 
strate or conductive SnO2 and to determine the total 
PbO2 by cathodic stripping coulometry. 

Spectroelectrochemistry 
Many spectroscopic techniques have been applied to 

the examination of electrode surfaces. Strictly speak- 
ing, these are not electroanalytical techniques and 
therefore will not be covered m this review, but men- 
tion may be made of ellipsometry, infrared absorption, 
x - ray  photoelectron spectroscopy (XPS or ESCA), 
ultraviolet photoelectron spectroscopy (UPS), Auger 
electron s~ectroscopy (AES), low energy electron dif- 
fraction (LEED), and scanning electron microscopy 
(SEM), which are primari ly aimed at the study of 
electrode surfaces and thin films on them. Similarly, 
electrochemilumineseence has received considerable 
attention from electroanalytical chemists, but the 
technique is rarely, if ever, used for analytical pur-  
poses as such, and is not discussed further. 

The use of spectrophotometric techniques to study 
species generated at the electrode or products of their  
reaction in solution represents analysis at least in an 
enlarged if not in the traditional sense. The use of 
optically transparent electrodes coupled with u.v.- 
visible spectrophotometry has been an established 
technique since 1964 (63). The subject has been more 
recently reviewed by Kuwana and Winograd (64). By 
using rapid scanning spectrophotometry, it is possible 
to follow the kinetics of homogeneous reactions follow- 
ing the charge-transfer  step. The use of thin- layer  
optically transparent electrodes has already been men- 
tioned (39). 

An elegant application of laser-Raman spectroscopy 
was described by Van Duyne and co-workers (65). 
Taking advantage of the resonance Raman effect, they 
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were able to procure vibrational information about 
species generated electrochemically during a short 
voltage pulse. Using double laser beams, the technique 
has recntly been extended to include electronically 
excited states. 

Electron spin resonance has become well established 
as a technique to determine radicals generated at 
electrodes. A review by Kastening (66) in 1974 sum- 
marized experimental  techniques and results. Kinetic 
experiments using ESR coupled with constant current  
pulses have been described by Goldberg and Bard (67). 
A new coaxial cavity ESR cell using a helical gold-wire 
working electrode surrounding an auxil iary electrode 
and Luggin capillary reference electrode probe has 
been described (68) as being especially advantageous 
for solutions of high resistivity using potential sweep 
and pulse experiments. 
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The past twenty- f ive  years have  seen many  changes 
in p r imary  batteries.  Al though the Leclanch~ cell 
celebrated its 100th Anniversa ry  in 1966, it is still the 
main  commercial  p r imary  cell. Table  I shows the 
growth  of dry bat ter ies  over  the past 25 years. The 
growth  rate  is 8-12% per year,  depending on the year  
and country  (U.S.A., Japan,  and Western  Europe) .  
Total  dry cell  product ion in Japan  is roughly 1/3 the 
total  product ion of that  in the U.S.A., and the total 
production in Western Europe (West Germany,  France, 
Great  Britain, Switzerland,  etc.) is roughly the same 
as that  in the U.S.A. Dry  cell consumption is about 8-15 
cells per  person annual ly  in the U.S.A., Japan,  and 
Western  Europe in recent  years. The steady growth of 
the dry cell industry  is mainly  due to the increase of 
electronic or electr ical  devices using dry cells. 

The key to this growth has been the advent  of low 
cost consumer  devices such as watches, transistor 
radios, tape recorders,  and calculators which require  
small portable  power  sources. Table II shows produc-  
tion figures of several  devices using p r imary  cells in 
Japan  f rom 1956-1976. This figure is a good indicator 
of the wor ldwide  t rend regarding devices using p r im-  
ary  cells. 

Growth has been due in par t  to new systems which 
have  increased abi l i ty to store and del iver  energy. New 
bat tery  systems which have been established com- 
mercia l ly  are: (i) zinc chloride, (ii) alkaline MnO2-Zn 
(h igh- ra te ) ,  and (iii) si lver-zinc (minia ture) .  

Many other  systems have been developed, but  they 
have  reached only l imited commercial  production. 
Some of the more publicized systems in this group in- 
clude: (i) l i th ium-iodine  (charge- t ransfer  complex) ,  
(ii) l i th ium-su l fur  dioxide, (iii) l i thium-CFx, (iv) 
l i thium-MnO~, (v) Ca-CaCrO4 thermal  battery,  (vi) 
magnesium-MnO2, (vii) divalent  si lver-zinc,  (viii) 
l i th ium-oxyha l ide  (SOC12 and SO2C12), and (ix) l i th-  
ium-AgeCrO4. 

While growth  has emphasized smaller  size and 
higher  e n e r g y  density, two large-size systems, the 
Zn-CuO and Zn-a i r  box cells, have decreased or al- 
most disappeared f rom the commercial  market .  

In addit ion to the systems listed above, many  new 
anode and cathode combinations and ba t t t e ry- re la ted  
fundamenta l  discoveries have been reported in the 
l i terature.  At  the risk of omit t ing a n impor tant  future  
system, only those systems for which significant pub- 
lished informat ion exists are discussed below. Severa l  
excel lent  books and symposium volumes which rev iew 
the status of p r imary  batteries have been published 
recent ly  (1-5). The reader  is re fe r red  to these re fe r -  
ences for more  detai led discussions of specific bat tery  
systems. 

Zinc-MnO~ Batteries 
F r o m  1920 to 1950, flashlights using C and D size 

cells were  the major  devices using dry cells. Today, 
many  other  devices such as tape recorders,  hand-he ld  
calculators, electric clocks, and radios are being used. 

* Electrochemical  Society  Act ive  Member.  

Table I. Growth* of dry battery industry 
(Unit: million dollar.~) Reference (6-8) 

1950 1960 1970 1977 

U.S.A. 95 153 400 (e)  600 (e)  
Japan - -  43 105 2 0 0 ( e )  

* Approximate value of dry batter ies  shipped from manufac-  
turers.  

(e) : estimated values. 

Table II. Production of devices using dry ceils in Japan 
(Unit: mil l ion units)  Reference  (8) 

1956 1966 1976 

1. Battery operated toys 20 20 45 
2. Hand held calculators -- -- 40 
3. Tape recorders 1 6 27 
4. Dry ceil operated clocks 0.3 1.6 18 
5. Flashlights 10 21 13 
6. Transis tor  radios 2 25 9 

Because of this, many  new smaller  cells ( the AA, AAA, 
and N sizes) are becoming popular. 

Table III  summarizes  Zn-MnO2 cells on the marke t  
today. The Leclanch~ (or type I) in Table  III  is the 
t radi t ional  regular  cell which was introduced in the 
late 1860's. It  is still the least expensive of the ba t te ry  
systems. The heavy-du ty  Leclanch~, zinc chloride, and 
alkal ine cells (types II, III, and IV) are the cells which 
were  developed after  1950 in Japan  and are now being 
produced in large quantities. Type II cells were  pro-  
duced ear l ier  in the United States. The major  changes 
in the cell 's design are shown in Fig. 1. In 1977, about 
70% of the total cell production in Japan  was of types 
II, III, and IV. In the United States, about 50% of cell 
production was made up of new types of cells; per -  
centage-wise,  more alkal ine cells are used in the U.S. 
than in Japan. One impor tant  raw mater ia l  which is 
common in the three  new cells is EMD (electrolytic 
manganese dioxide).  EMD is made by electrolysis of 
MnSO4 in a near-boi l ing solution. 

Table III. Four types of MnO2-Zn cells on the market today 
(See the performance s~own in Fig. 1, 2, and 3) 

Type I: 

Type II: 

Type III: 

Type IV: 

A natural MnO~ ore* cell using a starch paste separator. 
N-H4C1 electrolyte and zinc can. (Production started in 
late 1800's.) Example: Eveready 950, Ray-O-Vac 1D. 
An EMD** cell using a starch paste separator, NH4C1 
electrolyte containing some ZnCle, and a zinc can. (A 
large production started in Japan around 1960-1963.) Ex- 
ample: Hi-Top in Japan. 
An EMD** cell using a coated paper separator liner in a 
zinc can, and ZnC12 electrolyte usually containing some 
NH4C1. (A large scale production started around 1970.) 
Example: Eveready 1250, Ray-O-Vac 6D. 
Alkaline MnO.o-Zn cell using KOH electrolyte and a 
gelled zinc powder as anode and a mixture of graphite 
and EMD as a cathode molded in a steel can. Examples: 
Eveready E95, Ray-O-Vac 813, Mallory Duracell. 

* Cells I, II, and III use a mixture of acetylene black and MnO2 
powder as the cathode. 

** EMD = Electrolytic manganese dioxide made by electrolysis  
of MnSO4 solution.  
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Fig. la. Schematic presentation of the progress in cell design, type I and II since late 1800. (A bobbin cathode cell using asphalt seal, 
paste separator and natural MnO2 ore.); b. Type Ill since a~'ound 1970. (A paper lined ZnCI2 electrolyte cell using plastic seal and 
EMD.); c. Type IV since around 1960. (An alkaline KOH electrolyte cell using plastic seal and EMD). 

In the  t rad i t iona l  Leclanch~ cells, na tu ra l  ~nO2 ore 
(1VInO2 content:  70-75%) is used in the bobbin  ca th-  Type 
ode. In  the  new cells mos t ly  EMD (MnO2 content:  91- 
93%) is used in  the  cathode. A la rge-sca le  EMD pro -  Type 
duct ion s ta r ted  a round  1960 in J apan  (in two plants  
having a capaci ty  of 500 tons /mon th ) .  Because of the  
use of E1VLD, the new cells ( types  II, III, and IV in Type 
Table  I I I )  have  a discharge capaci ty  of two to five 
t imes grea te r  than  that  of the r egu la r  cell  ( type  I in Type 
Tab le  I I I ) ,  as noted in Fig. 2-4. Deta i l s  of the new 
cells 'have been descr ibed e l sewhere  (9-12). Therefore,  
only  the ma in  technical  fea tures  of each type  are  
pointed out here.  

The h e a v y - d u t y  Leclanch~ (or type  II  cell) has the Fig. 
same cell s t ruc ture  as the r egu la r  ( type  I) cell bu t  day to 
uses EMD in the  cathode r a the r  than na tu ra l  MnO2 ore 
as wel l  as a more  ox ida t ion- res i s t an t  chemical ly  
t rea ted  s ta rch  (10). The chemical ly  t rea ted  s ta rch  
wi ths tands  the low pH concent ra ted  zinc solution. In  

T y p e  1 

Type  2 

T y p e  3 

Type  4 

I I I i I t I 

95 Minutes 

190 Minutes 

435 l~inutes 
735 Minutes 

I I I I I I I 

100 200  300 400  500  600 700  800  

P e r c e n t  % 

Fig. 2. Discharge capacity of D-size cells at 2.259, continuous 
discharge to 0.9V. 

Type i 

I 

340 ~inutes 

I I 

Type  2 

T y p e  3 

Type  4 

520 ~linutes 

~ 730 ~|inutes 

I I i I I 
50 lOO 15o 200 250 300 

Percent % 

Fig. 3. Discharge capacity of D-size cells at 2.2512 LIF test to 
0.9V. (LIF test: 5 min discharge every hour for 8 hr period per 
day.) 
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4. Discharge capacity of D-size cells at 25~ tes t  (4 hr per 
0.90V.) 

this cell, the  solut ion produced  on discharge nea r  the  
zinc anode has a very  low p i l a f  0-1, and the  s ta rch-  
gel l aye r  hydrolyzes  and becomes liquid. This com- 
binat ion enhances the tendency  to l eak  th rough  the 
per fora t ion  of the  zinc can. 

The zinc chlor ide ( type  I I I )  cell  uses, in p lace  of 
the  s tarch gel layer ,  a pape r  separa tor  which is coated 
e i ther  wi th  a c ross- l inked s ta rch  (10-14) mixed  wi th  
a b inder  (15) such as po lyv iny l  alcohol, h y d r o x y e t h y l  
cellulose, v inyl  acetate,  etc., or wi th  a cross- l i~ked 
po lymer  such as po lyac ry l amide  (16). Since the paper  
is much th inner  than  the  s ta rch  layer ,  the  cell contains 
about  10% more  capac i ty  than  the type  II  cell. Another  
significant difference is t]~e use of ZnCI~ solutio,n (about  
28-30% ) as the electrolyte.  In  NI-I4C1 e lec t ro ly te  cells, 
when  the cell is discharged,  pa r t i cu l a r ly  at  a con- 
ti,nuous high rate,  an e lec t ro ly te  solut ion cal led "spew" 
is pushed into the  upper  space of the  cell. By using 
ZnC12 electrolyte ,  the  cell leakage  is cons iderably  re -  
duced because the solut ion produced on discharge is 
absorbed in the cathode and does not  en ter  the  top 
space of the  cell (15). 

The  a lka l ine  (or  type  IV) cell is the so-cal led a lka -  
l ine manganese  cell. Union Carbide  in t roduced  this in 
1959, and its construct ion differs considerably  f rom the 
"Crown" cell  descr ibed by  Herbe r t  (17, 18). The cell  
uses concentra ted  KOH elec t ro ly te  and, wi th  about  
10.4 A - h r  of EMD (for a D cel l )  based on the one-  
electron reaction, MnO2 -t- I-I20 -F e --> MnOOH + OH. 
This type  of cell is excel lent  for  h igh  ra te  d ischarge  
applications.  Also, the  re l i ab i l i ty  is g rea te r  and l eak-  
age is fa r  less than  for the  other  cells. 

I t  is most convenient  to compare  the cell  pe r fo rm-  
ance of the var ious  cells in the  D size (R20 cell in IEC 
des ignat ion) .  Since the cells a re  used in var ious  ways  
( low rate,  high ra te  in termi t ten t ,  and high ra te  con- 
t inuous) ,  th ree  types  of d ischarge  tests  (2.25~ cont inu-  
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Fig. $. Discharge curves of D-size cells on 2.25~ continuous test 
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ous,, 2.2512 in te rmi t ten t ,  and 2512) to a cutoff vol tage  o f  
0.90V are  p resen ted  in Fig. 2-4, and the re la t ive  va lue  
(%)  was ca lcula ted  based on the discharge capaci ty  
of type  I cells (1{>0%). F igu re  5 shows typ ica l  d is -  
charge curves for  the four cell types  on a continuous 
d ischarge  test. I t  can be seen f rom the  da ta  s the  
above figures tha t  r ea l ly  significant progress  has oc- 
cu r r ed  in the  pas t  25 years.  Since the size and shape 
of d ry  cells have remained  the  same since the  la te  
1800% (for example ,  a D size cell is 3.5 cm in d i am and 
5.8 cm in he ight ) ,  such g rea t  technical  progress  has 
not  been recognized b y  the  genera l  public.  Major  re -  
cent progress  in d ry  cells in J a p a n  has been  s u m m a r -  
ized by  Watanabe  (13). 

As ment ioned  earl ier ,  the ma te r i a l  responsible  for 
the  r e m a r k a b l e  improvement s  of the  cell  capaci ty  is 
EMD. I ts  product ion  process and proper t ies  have been 
descr ibed in deta i l  (11). I t  is, however ,  wor th  ment ion-  
ing a few key  proper t ies .  Today ' s  EMD is ve ry  pu re  
(most of the meta l l ic  impur i t ies  are  of the o rde r  of 
less than  a few ppm)  and the  ave rage  par t ic le  size is 
10-15 #m and the  net  MnO2 is 91-93% (7-9% being 
wa te r ) .  The par t ic les  have  numerous  micropores  of 
d i ame te r  40-50A and the BET surface area  is 40-60 
m2/g depending  on the p repa ra t ion  conditions. Elec-  
t rochemical  polar iza t ion  of ~.M'D is much less than  
tha t  of na tu r a l  MnO2 ore  as shown in Fig. 6. CMD is 
a MnO2 produced  b y  a chemical  process for d ry  cel l  
use. CM_D is equiva len t  or  super ior  to EMD in cer-  
tain. types  of cells. The  to ta l  MnO2 used for d ry  cells 
in the  wor ld  is about  350,000 tons pe r  y e a r  (1976). Of 
this amount  about  60,000 tons are  EMD and about  
20,000 to,ns a re  CMD. The increase  in  the  EMD produc-  
t ion for  J a p a n  is shown in Fig. 7. 

Significant progress  in unde r s t and ing  the reduct ion  
processes of MnO2 has been  made.  Kozawa et al. (19- 
21) have  shown tha t  the  e lec t ron-pro ton  mechanism 
is the  m a j o r  d ischarge  react ion pa r t i cu l a r ly  in KOH 
electrolyte .  The resul ts  show tha t  ~-MnO2 (EMD) 
which  is most  impor t an t  for  d ry  cells is a homoge-  
neous phase  solid r edox  sys tem as Brenet  (22) and 
Vos,burg (23) proposed  in the 1950's. The theory  and 
the  expe r imen ta l  resul ts  on the  discharge mechanism 
of MnO2 were  summar ized  recen t ly  by  Kozawa  (11, 
24).. Miyaski  (25) and Leger  and Brodd  (26) have  
repor ted  he t e ro ly t e  format ion  re la t ing  to the  crys ta l  
s t ruc tu re  of the  MnO2. The discharge  process beyond  
MnOOH (Mn +z) in KOH elec t ro ly te  is not  wel l  es tab-  
l ished and i t  was res tudied  b y  McBreen (27, 28). 

Despi te  the  numerous  previous  studies of MnO2, 
many  unsolved  problems  on MnOs remain,  pa r t i cu l a r ly  
concerning the intr insic  ac t iv i ty  a n d  the surface and 
the  pore  s t ructure .  The Ba t t e ry  Division and the Cleve-  
land  Sect ion of the  Elec t rochemical  Society  es tabl ished 
the  I.C. Sample  Office in 1971 in o rder  to promote  the 
s tudy  of the character is t ics  of MnO2. Cur ren t ly  12 
different  MnO2 samples  a re  kep t  and d is t r ibu ted  upon 
r e q u e s t  I t  is ex t r eme ly  difficult to r eproduce  exac t ly  
the  same MnO2 ma te r i a l  even when  the  condit ions de -  
scr ibed in the  l i t e r a tu re  a r e  fol lowed closely. There -  
fore, the  use of  common samples  for  s tudies  is not  only  
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convenient but almost essential in order to compare 
results from one laboratory to those of another. The 
proceedings of a symposium on MnO2 held in Cleve- 
land in 1975 was printed (5). 

Mercury and Silver Miniature  Cells 
The mercury cell is essentially unchanged in con- 

struction concept since its introduction in the 1940's. 
Of course, many new sizes have since been introduced. 
Ruetschi (29) reported that the reaction proceeds 
through a soluble intermediate 

HgO + H20 = Hg(OH)2 

Hg(OH)2 + 2e-  = Hg + 2 OH-  

The species Hg(OH)2 rather  than HHgO2- is postu- 
lated because of an apparent  lack of dependence of 
HgO solubility on the OH-  concentration. 

The mercury cell discharges at a constant voltage of 
1.35V (1.4-1.35, if MnO2 is added to the cathode). For 
many applications, a higher voltage discharge is de- 
sirable. To satisfy this need, the Zn/KOH/Ag20 cell 
system was developed and introduced by Union Car- 
bide in 1961. The cell has a similar design to that of 
the present mercury cell, except that Ag20 is used in- 
stead of HgO in the cathode. Figure 8 shows a typical 
construction. The silver cell discharges at a constant 
1.65-1.5V, depending on current drain. It can handle 
pulses upward to 50 mA/cm 2. The coulomhic capacity 
is about 10% lower than the equivalent size mercury 
cell. 

Divalent silver oxide (AGO) has higher energy den- 
sity and essentially twice the coulombic capacity/gram 
of Ag20. AgO is metastable and should, thermodynam- 
ically, spontaneously decompose with oxygen evolution. 
As a result, it has not been suitable for use in sealed 
cells because 

2AgO-> AgfO + 1A 02 

Considerable effort has been expended to render AgO 
stable for use in sealed miniature cells. This effort 
consummated in 1976 when ESB introduced the di- 
valent silver cell. Cells being marketed contain both 
Ag20 and AgO and provide about a 20% increase in 
capacity over monovalent Ag-Zn cells. 

The rate of AgO decomposition can be reduced by 
the presence (and adsorption) of small amounts of 
impurities or additives. Cahan (30) showed that PbO 
additions reduced significantly the decomposition rate. 
Amlie and Ruetschi (31) found Cd and Zn additions 
decreased the decomposition rate. Tvarusko (32) re- 
ported that Ni and Co additives increase the rate of 
decomposition while Cd, Zn, A1, and Pb decrease the 
rate of decomposition. He also found that stability de- 
pended on the mode of preparation of AgO. Davis 
(33) has reported the beneficial effect of gold addi- 
tives. A common thread underlying these studies is the 
thought that stability results from a protective coating 
of AgfO on the surface of the AgO particle. 

Fig. 8. Schematic of HgO-Zn and Ag:20-Zn miniature cells 

AgO has a monoclinic crystal habit with four AgO 
in the unit cell (34). There are two nonequivalent 
silver sites which are postulated to be Ag + and Ag +~. 
The dual valency accounts for the observed diamagne- 
tism and unusually high conductivity. The so-called 
divalent silver oxide is really a combination of Ag + 
and Ag +3 although the formula is still written AgO. 

AgO normally discharges with a two-step discharge. 
Certain applications require substantially constant 
voltage discharge. Krebs (35) has reported a tech- 
nique for stabilization of AgO which results in dis- 
charge at the constant Ag20 voltage (monovalent 
voltage) but with the coulombic capacity essentially 
that of AgO. Dawson (36) disclosed a construction in 
which the monovalent oxide provides the contact to 
the current collector and isolates the AgO from the 
collector and the electrolyte. During discharge an ex- 
change takes place to regenerate the monovalent ma- 
terial 

AgfO + H~O + 2e -* 2Ag ~ + 2 0 H -  

Ag ~ + AgO--> Ag20 

Thus the cell discharges at the monovalent voltage 
but the exchange permits utilization of coulombic ca- 
pacity of AgO. The isolation of AgO can be obtained 
by reducing the surface of the AgO particles chemi- 
cally or electrochemically. 

Organic Depolarizers 
Organic cathode materials or depolarizers have been 

studied for possible replacement of MnO2 in primary 
bat ter ies .  Because of their low operating potential, 
magnesium anodes have been used to give an accept- 
able unit cell voltage. Of all the depolarizers metadi-  
nitrobenzene (MDB) has been the most extensively 
studied (37, 38). Figure 9 shows a comparison of the 
performance of MDB with MnO2. The results are typi-  
cal of most organic depolarizers. To high voltage cut- 
off (1.1V) the performance is poor but to the lower 
cutoff (0.65V) the organic depolarizers give excellent 
service compared to MnO2. Best performance has been 
obtained with high surface area carbons and MgC104 
electrolyte (39, 40). Andre and Reilly (41) reported 
that catalysts influenced the reaction path and effi- 
ciency in practical cells with acetylene black conductor. 
With V205 and Fe208 catalyst, the principal products 
are m-nitroaniline and m-nitrophenylhydroxylamine,  
respectively, Other products form depending on the 
current drain, pH, etc. 

Workers at American Cyanamid (41-43) identified 
several high voltage organic depolarizers based on 
benzofuroxan oxide and azodicarbonamides which do 
not require the use of a magnesium anode to obtain 

1.8 L I I 
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Fig. 9. Discharge curves of magnesium and zinc A-size cells on 
16-2/3~ test. Discharge curves for dry cells tested at 70~ (A 
cel|s), 16-2/3~ drain, m-DNB represents meta-dinltrobenzene. Ref- 
erence (40), with permission from PSC Publ|cation Committee. 
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Fig. 10. Discharge curves through 150~ of AA size cells com- 
paring standard MnO2 cathods cells with BBFOS organic depolar- 
izer in two electrolytes. Reference (42). 

a sa t is factory  cell  emf. A comparison of the  pe r fo rm-  
ance is shown in Fig. 10 for s imi la r  cell construct ions 
wi th  zinc anodes. Longer  service to low cutoff vol tages 
was obta ined  when the e lec t ro ly te  contained MnCI2 
(42). Because benzofuroxans  have l imi ted  solubil i ty,  
modification of the  s t ruc ture  such as BBFOS (5, 5' sul -  
fonyl  b i sbenzofurazan  3, 3' d ioxide)  is p r e fe r r ed  for 
its low solubil i ty.  Unl ike  MDB, cata lys ts  have  no effect 
on the pe r fo rmance  of BBFOS. 

Ano the r  series of compounds azobisdicarbonamides ,  
also have  as good ac t iv i ty  as cathodes. Subst i tu t ion  
improves  the i r  chemical  and the rmal  s tab i l i ty  as wel l  
as lowers  the  solubil i ty.  The compound 1,1'azobis (N-n -  
bu ty l  fo rmamide)  gave the best  per formance  (43). 
This coml0ound also exhibi ts  rechargeabi l i ty .  Cells 
made  wi th  the  reduced product ,  biurea,  have excel -  
lent  s tab i l i ty  and can be s tored for pro longed periods, 
then charged  for use (44). 

Magnesium and Aluminum 
Magnes ium bat te r ies  Mg/MgC104/MnO2 (40, 45, 46) 

have been produced  for the mi l i t a ry  since 1971. The 
use of pe rch tora te  e lec t ro ly te  reduces  the  de lay  over  
the  older  MgBr2 electrolyte .  BaCrO4 inhibi tor  i s  usu-  
a l ly  added  to reduce was tefu l  corrosion. F igure  11 
shows typica l  construction.  Once put  into service, the 
ba t te r ies  must  be used to exhaust ion,  This contro l led  
appl ica t ion  c i rcumvents  the difficulties of commercia l  
applicat ion,  e.g., vol tage de lay  (less than  1 sec),  ex -  
cess H2 evolut ion on discharge,  and very  poor in te r -  

mi t t en t  service. Magnes ium anodes have  also found 
considerable  appl ica t ion  in seawate r  ba t te r ies  wi th  
CuC12 or AgC1 cathodes (47). 

A l u m i n u m  has not  p roved  to be a sa t i s fac tory  anode 
for aqueous e lec t ro ly te  ba t te r ies  (48). A l u m i n u m  can 
compete  wi th  Zn and Mg only on continuous discharge.  
The pro tec t ive  film which  stabil izes a luminum in the  
env i ronment  contr ibutes  to i ts fa i lu re  as a ba t t e ry  m a -  
terial .  The anode shows de lay  character is t ics .  The ac-  
t iva t ion  of the cell  des t roys  the  passive film and leads 
to poor  in te rmi t t en t  service, excessive H2 evolution,  
a n d  r ap id  per fora t ion  on discharge (49). Alcoa has 
developed a t w o - l a y e r  zinc a l loy  anode  which min i -  
mizes but  does not  solve the problems  (50). Other a l -  
loys, electrolytes ,  and inhibi tors  have been repor ted,  
but  none fu l ly  solve the  a luminum anode p rob lem 
areas.  

Reserve Batteries 
Therma l  ba t te r ies  a re  reserve  ba t te r ies  which a r e  

act iva ted  by  heat ing f rom a pyrotechnic  device. On 
reaching  the  mel t ing  point  of the  e lec t ro ly te  (usua l ly  
KC1-LiC1 eutectic,  mp 352~ the cell  is r eady  to de -  
l iver  current .  The act ivat ion t ime is 0.5 sec or  less. 
Thermal  bat ter ies  find appl ica t ion  m a i n l y  in mi l i t a ry  
ordnance devices. Goodrich and Evans (51) rev iewed  
the ear ly  work  up to 1952. Other  reviews have also 
appeared  (52-54). The first t he rma l  ba t ter ies  of Ca- 
WO~ were  produced about  1948. The ear ly  cells were  
of the "cup" or c losed-cel l  design in which the ca th-  
ode faces both sides of the anode and the ent i re  cell  
is enclosed into a can construction.  

McKee (55) descr ibed the Ca-CaCrO4 sys tem which  
gave be t te r  high ra te  pe r fo rmance  than  the C a - W Q  
bat tery .  However ,  the  se l f -d ischarge  react ion of the 
CaCrO4 cathode accelerates  wi th  t empera tu re  and, 
above 600~ can lead to the rmal  r u n a w a y  conditions. 
This is thought  to be due to the increased solubi l i ty  
of the  salt  wi th  increased tempera ture .  Other  the rmal  
ba t ter ies  of the  cup type  included Ca-K2CrO4 and Ca-  
V20~ in which the V205 and boric acid formed a glaze 
coating on the cathode (56). Heat  pads of Zr-BaCrO4 
were  used in the  cup bat ter ies .  The problems  of the  
cup or  c losed-cel l  construct ion include short  ac t iva ted  
s tand (5 min  or  less) ,  and in t r ica te  ba t t e ry  design 
( intercel l  connections, etc.) .  Also, the  hea t  pad  can 

induce the rmal  shocks which damage  ba t t e ry  ope ra -  
tion. 

Workers  in the United States  and England developed 
a b ipolar  construct ion shown in Fig. 12 which has been 
used in subsequent  the rmal  ba t t e ry  designs (57-59). 
The cells are  const ructed wi th  three  layers  or pel lets :  
a heat  pellet ,  a combinat ion depo la r i ze r -e l ec t ro ly t e -  
b inder  (DEB) pellet ,  and  a calc ium anode on an ion 
collector. 

A kaol in  or powdered  sil ica b inder  holds the e lect ro-  
ly te  in place to reduce short ing and to pe rmi t  opera -  
t ion in high spin appl icat ions  (60). The KC1-LiC1 eu-  
tectic is the e lect rolyte  for most  cells, a l though LiBi-  
KBr  has been used in some instances. The heat  pe l le t  
of powdered  i ron and potass ium perch lora te  has ex-  
cess i ron to serve as the  in terce l l  connector  a f te r  pe r -  
forming its hea t ing  function. The pel le ts  a re  s tacked 
one on top of each other, hea t  pad,  anode, DEB tablet ,  
heat  pad,  etc, to give the  b ipolar  construct ion which 

Fig. 11. Cross-section view, Mg/Mg(CIO4)2/MnC~ dry cell. With 
permission from PSC Publication Committee. Fig. 12. Cross-section of typical thermal battery. Reference (58) 
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i s  e f f i c i e n t  a n d  s imple  to construct .  A BeO sleeve or  
conta iner  is used as an e lect r ica l  insulator ,  but  i t  has 
g o o d  t he rma l  conduct iv i ty  to ma in ta in  hea t  balance.  
T h e  heat  pad  is usua l ly  ac t iva ted  wi th  an electr ical  
match. Typica l  construct ion is shown in Fig. 12. The 
or ig inal  pe l le t  or open-ce l l  construct ion was appl ied  
to the  Mg~V20~ system, but  the Ca-CaCrO4 system 
gives be t te r  performance.  Go ldman  and Smith  (61) 
demons t ra ted  tha t  the pel le t  construct ion gave supe-  
r ior  pe r fo rmance  to tha t  of the  cup construct ion f o r  
the same chemical  combination.  They  also repor ted  
t h a t  the depolar izer  wi th  best  per formance  was 
CaCrO4. Thow (59) showed tha t  the open-ce l l  con- 
s t ruct ion  gave fas te r  act ivat ion.  

The chemis t ry  of c a l c i u m h a s  severa l  fea tures  which 
c a n  lead to poor cell  performance.  The calcium anode 
reacts wi th  the  l i th ium elec t ro ly te  to form the alloy, 
CaLi2. The a l loy  tends  to collect a t  the edges of the 
anode and leads to in te rmi t t en t  shorts  and electr ical  
noise, especial ly  in spin applicat ions.  I t  is thought  tha t  
the format ion  of the a l loy m a y  cont r ibute  to good 
anode performance.  I t  is r epor ted  tha t  acetic acid 
t r ea tmen t  reduced a l loy  format ion  (62). Chromate  i n  
the  e lec t ro ly te  can also form a protec t ive  anode film. 
Calcium chloride formed by  anode react ion forms an  
insoluble  double  sal t  CaCI~ �9 KC1, mp  575~ This 
compound can prec ip i ta te  and p r e m a t u r e l y  pass ivate  
the calcium anode. In  spite of these problems  the cal-  
cium anode is p re fe r r ed  because of its high electrode 
potential ,  excel lent  energy  density,  and high discharge 
ra te  capabi l i ty .  

Longer  l ived the rmal  ba t te r ies  have been repor ted  
(63) as has the  use of o ther  cathode reactants ,  e.g., 
Fe203, CuO (64, 65). Ammonia  and SOs reserve  ba t -  
ter ies  have also been developed for use in mi l i t a ry  
ordnance  devices (54). Other  systems wi th  good s tor -  
age and ac t iva ted  life include Cd/HgO (66-68) and 
s o l i d  elect rolyte  cells discussed below. 

S~lid Electrolyte 
The in teres t  in solid e lect rolytes  wi th  high conduc-  

t iv i ty  was s t imula ted  by  the d iscovery  of the super  
ionic conductor  s i lver  rub id ium iodide by  Brad ley  and 
Green  (69) and Owens and Argue  (70). Solid e lect ro-  
ly te  cells offer the advantages  of low shelf discharge 
rates  and thus long shelf  life, wide t empera tu re  range  
of operat ion,  absence of leakage,  and ease of min ia -  
tur izat ion.  Table  IV lists severa l  p roper t ies  of solid 
e lec t ro ly te  systems which have been developed. The 
s i lve r -based  e lect rolytes  have the  d i sadvantage  of low 
energy dens i ty  and low vol tage bu t  can have  good 
high ra te  performance.  The l i th ium iodide and ~-A1203 
cell systems based on l i th ium or sodium conduction, 
respect ively,  have high unit  cell  vol tages and high 
energy  densi ty  but  are  r e l a t ive ly  poor conductors at  
room tempera ture .  They  pe r fo rm sat is fac tor i ly  where  
low currents  and long life are  required ,  such as in 
hea r t  pacers.  The incorpora t ion  of A1203 in the Li-  
PbI2PbS cell  is an example  of the improvement  of the 
conduct iv i ty  by  inclusion of an iner t  ma te r i a l  to en-  
hance surface conduct iv i ty  (76). Severa l  of the iodine 
cathode systems use a cha rge - t r ans fe r  complex to en-  
hance cathode ac t iv i ty  (73, 77). The LiI  cells have the 
d i sadvantage  of increased in te rna l  resis tance as the 

Fig. 13. Cross-section of the air electrode de- 
signed by Siller (Pertrix, 1961), Reference (85). 
A, electrode seal; B, air-access space; C, con- 
ductive foil with holes; D, aluminum foil; E, car- 
bon plates; F, cellulose acetate film; G, paper 
spacer. 

discharge progresses.  The l i th ium iodide  forms at  the 
in terface  be tween  l i th ium and the iodine cathode. 
Thus the contact  develops a thin l ayer  of LiI  e lect ro-  
ly te  which also serves as the  separator .  I t  is sufficiently 
th in  so tha t  the  poor  LiI  conduct iv i ty  does not  con- 
t r ibu te  significant vol tage loss at  the  current  drains  
of normal  opera t ion  (e.g., 10-100 #A).  

When low s teady  dra ins  over  ex t r eme ly  long pe-  
riods, e.g., 10 years,  a re  required,  atomic ba t te r ies  
g rea t ly  exceed the capabi l i t ies  of chemical  systems. 
Atomic  bat ter ies  convert  the heat  f rom radioac t ive  de-  
cay, e.g., Pu ~s, Po 21~ etc., by  use of thermoelec t r ic  
converters .  The cells are  ve ry  rugged and can wi th-  
s tand inc inera t ion  at  about  1300~ for 2 hr  or  direct  
impact  f rom a 0.44 magnum pistol  wi thout  rupture .  
Systems have been developed for long l ived pacemaker  
appl icat ions  and for  power  in remote  areas  (81, 82). 

Z i n c - A i r  Cells 
A strong effort was made at  the Per t r ix ,  A.G. (now 

Var ta  Batterie,  A. G.) to improve  the neu t ra l  e lec t ro-  
ly te  cells by subst i tu t ing  manganese  chlor ide and 
magnes ium chloride for the usual  ammonium and zinc 
chlor ide  e lect rolytes  (83). Si l ler  a t t empted  to adap t  
the vapor  pressure  of the solut ion to the re la t ive  hu-  
mid i ty  ranges of the ambient .  S i l le r  also used thin 
carbon plates  for large  cells to improve  the cur ren t  
output.  F igure  13 shows the air  e lectrode as manufac -  
tu red  in 1961 (84, 85). 

The a lka l ine  cells wi th  th in-wal led ,  mo lded - type  a i r  
cathodes shown in Fig. 14 and 15 were  manufac tu red  

Table IV. Performance of solid electrolyte battery systems 

Ag/Ag~Rblh/ A g / 4 A g I / K C N /  Li/LiI,AI~O~,LiOH/ Na,Hg/  
Sys tem R4NI~ perylene-I2 PbI2,PbS Li/LiI/I~ ~-AI-~Os/Br2 

OCV 0.66 0.64 1.9 2.6 3.77 
W-hr/ in.~ 0.6-1.2 ~0.6-1.2 3.4-8.0 4.1 3.9-5.4 
Typical  currents  obtain- 10-3-10-~A cont. 10-~-10-~A cont. 10-4-10-~A 10-4-10-~A 10~-10-~A 

able 100 m A  pulse  1A pulse  
Electrode  conduct iv i ty  at 0.21 0.14 10 -~ 10 -~ t0-~-10 -~ 

room temp. ,  (~-cm) -~ 
Storage life,  years  10 10 ~ 8 - -  
Reference  (71) (72-74) (75, 76) (77-79) (80) 
Deve loped  by Gould Union Carbide Mallory Catalyst Research General  Electric 
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Fig. 14. The Eveready 1005 zinc-air cell (1952). A, housing; 
B, carbon electrode; C, air holes; D, metal plates; E, carbon layer; 
F, air space; G, inner seal; H, negative contact; I, electrolyte; J, 
zinc electrode; K, separator; L, positive seal. 

Fig. 15. The Eveready 1002E zinc-air cell (1955), A, air space; 
B, electrolyte paste; C, wound wire zinc; D, steel case; E, air hole; 
F, zinc powder; G, carbon electrode; H, separator. 

in  the early 1950's (86-88) as hearing aid cells. These 
cells reached energy densities of 200 W-hr /kg ,  which 
was more than  any  p r imary  cell of previous aqueous 
types. Like the neut ra l  electrolyte cells in Europe 
which had far lower current  densities, they became 
obsolete when  the current  demanded by radios and 
other portable electronic devices rapidly  dropped into 
the low mil l iampere  range with the advent  of the 
transistor. 

The designs shown in  all three air  ceil figures have 
one common feature: the use of th in  plates with im-  
proved oxygen- t ranspor t  capabilities. The high am-  
pere-hour  capacities were achieved + because most of 
the remain ing  cell volume was occupied by the anode 
and the electrolyte. The neut ra l  salt electrolyte cells 
manufac tured  by Pertrix,  A.G. used solid zinc anodes, 
while the alkal ine cells made by Union Carbide Cor- 
porat ion used large surface powder zinc anodes and 
wire coils along with gelled sodium hydroxide. Earlier, 
large box air  cells using l iquid NaOH were improved 
by the addit ion of calcium hydroxide (89) which re-  
duced the electrolyte requi rement  from 9 to 4 ml /A-h r .  
The small  hearing aid cells described in  Fig. 14 and 15 
reduced this value to less than  1 ml /A-h r .  Both cells 
were sealed in  plastic which was opened before use. 

Figure 16 shows a D-size cell which was manufac-  
tured in  1951 by the Aust r ian  firm W. I. F. (88) and 
was based on uti l ization of the spinel-catalyzed carbon 
electrodes invented  a few years earl ier  by Marko and 
Kordesch (90). This cell could deliver 200 mA con- 
t inuously  for 75 hr  and more than equaled the output  

Fig. 16. The D-size zinc-alr cell of 
W. h F. (1951). a, Metal cap; b, 
spacer; c, steel can; d, electrolyte 
paste with zinc particles; e, separator; 
f, carbon tube; g, spacer; h, bottom 
contact. 

of a (R-20) mercuric oxide cell. The electrolyte used 
was potassium hydroxide gelled with sodium carboxy- 
methylcellulose, and zinc was distributed in the form 
of very small leaflets (less than 0.05 mm thick) which 
were produced by breaking up arnalgamated zinc foil. 
A reserve cell of this type but with the carbon tube 
as the outside shell gave 500 mA current and had a 
capacity of 18 A-hr. However, this cell suffered from 
carbon dioxide pickup as well as drying out or wetting 
up after the seal was broken. The cell was soon 
abandoned. Even so, the design of the modern alkaline 
MnOs-zinc cell with its outside cathodic sleeve is 
strongly related to the above-mentioned outside car- 
bon-air cell 

Even though no commercial interest developed for 
the small zinc-air cells for use in portable devices, 
the unexcelled capacity of these cells was attractive 
for military applications and several versions (mostly 
reserve-type) of thin plate cells were produced using 
air electrodes from fuel cell technology (91, 92). A 
mechanically rechargeable zinc-air battery was de- 
veloped by Leesona-Moos Laboratories for the U.S. 
Army Electronics Command (93). This "bicelr' con- 
struction, shown in Fig. 17, was capable of delivering 
up to 160 W-hr/kg. For "recharging," the zinc plates 
were renewed, and one set of cathodes permitted up 
to 50 refillings. An air-blower was incorporated to sus- 
tain high rates and to provide air cooling. The anode 
packages, which were activated with water, contained 
powder zinc and dry KOH. A similar battery was de- 
veloped by Energy Conversion, Limited, in England. 

Several large air cells have been constructed. Gen- 
eral Motors built an experimental vehicle in 1969 
which included a 20 kW mechanically rechargeable 
zinc-air battery (94). The sodium-amalgam/(carbon) 
oxygen cell gained recognition as a high power, high 
voltage system, and considerable effort went into its 
technical realization by the M. W. Kellogg Company 
(95) in the mid-1950's. 
Realizing that aluminum-air is a galvanic element 

with theoretically 7900 W-hr/kg metal consumed, 
many attempts were made to reduce such a system to 
practice. Zaromb Research Corporation (96) reported 
in 1967 that a 2 kW system with provisions for the 
exchange of the spent alkaline electrolyte was feasible. 
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Fig. 17. Zinc-air bicell construction (Leesona Moos, 1968) 

Magnesium-ai r  systems operate with neut ra l  elec- 
trolytes. However, the achieved current  densities are 
low (97). An ai r -sodium amalgam cell combined with 
a mol ten sal t - l iquid sodium "supply" half-cell  to op- 
erate at temperatures  above 100~C was proposed by 
Atomics In terna t ional  (98). 

In  recent years, there have been attempts to revive 
small  size air-zinc pr imary  cells. An experimental  
high capacity zinc-air  D-size cell produced by Energy 
Conversion Limited, England,  is pictured in a 1972 air 
cell review by Gregory (99). The capacity was claimed 
to be 22 A-hr.  The air cathode is on the outside (Tef- 
lon-coated and screen protected),  and the powder zinc 
anode is in  the center of the cell. In all likelihood, the 
"old problems" encountered with alkal ine cells once 
again manifest  themselves. A powerful  air cell needs 
the thin electrode with good diffusion properties, but  
if this is achieved then the cell suffers from exposure 
to air. For this reason, it is unders tandable  why an-  
other recent a t tempt  to build a nonreserve- type  high 
power alkal ine zinc-air  cell (100) achieved no real 
breakthrough in technology despite excellent packag- 
ing prior to self storage. 

The Russian Krona cell version of small  alkal ine 
zinc-air  cells constitutes a compromise. The carbon 
electrode is kept ra ther  thick (2-3 mm) and serves as 
a barr ier  to protect the zinc from air access. In addi-  
tion, MnO2 is added to the carbon to provide peak 
power capabilities for a short period, while the re-  
charging action of the air electrode is utilized to re- 
generate the MnO~. 

Recently, minia ture  cell applications for hearing aids 
were found for the hybr id  zinc-air  MnO2 (alkaline~ 
pr imary  system. The approach at Gould (101) is to 
restrict  air  access to the m i n i m u m  needed to provide 
the average current  ( in the order of m.A and ~A) and 
thereby minimize the exchange of CO2 and water  
vapor. These cells are claimed to have about twice the 
ampere-hour  capacity of corresponding mercuric ox- 
ide-zinc cells. A cross section of a Gould No. 675 cell 
is shown in  Fig. 18. Air  access is l imited through the 
use of very small  holes. Activated (open) shelf life 
is quoted to be satisfactory in the hearing aid as well 
as for calculator and watch applications. 

Lithium Batteries 
Nonaqueous cell systems have received increasing 

at tent ion dur ing the past 25 years, s tar t ing with the 
use of l iquid ammonia  for reserve cells (54). Since 
l i th ium has the highest potential  on the emf scale, it 
is one of the highest available energy anode systems. 
Its low equivalent  weight makes l i th ium batteries very 

Fig. 18. Schematic of zinc-alr miniature cell. Courtesy of Gould, 
Incorporated. A, Zinc powder; B, cathode casing; C, cathode; D, 
porous Teflon; E, current collector; F, absorbent material; G, sep- 
arator; H, gasket. 

l ightweight  and enhances their aerospace and mi l i tary  
applications. The lightness of weight, together with 
good low temperature  operation, was responsible for 
much of the early interest. For most ear th-based ap- 
plications, the volume energy density is more impor-  
tant. In  this case, the low density of l i th ium detracts 
from the energy density of l i th ium bat te ry  systems. 
Of the l i th ium bat tery  systems listed in Table V, only 
the l i thium-SOCl2 system has clearly superior volume 
energy density over those of the commercial silver and 
mercury  aqueous systems shown in Table VI. The real 
advantages for l i th ium batteries are in their excellent 
storage life, their abil i ty to operate over a wide tem- 
perature  range, and, in some cases, in  their  high uni t  
cell voltage. Eichinger and Basenhard (102, 103) have 
surveyed the large l i terature of l i th ium bat tery reac- 
tions. The be t t e r -known systems are discussed below. 

The early SOu batteries were developed as reserve 
batteries for the m i l i t a r y ,  in which the SO2 served 
only as the ionizing solvent base for the electrolyte 
(54). In the early 1960's, a group at American Cyana-  
mid observed an emf generated by SO2 in  an elec- 
trolysis cell. This discovery led directly to the devel- 
opment  of li thium-SO~ cells where the SO2 served a 
dual purpose: as the ionizing solvent for the electro- 
lyte and as the cathode reactant  (104-106). This new 
concept of a l iquid cathode cell led to higher energy 
density through greater efficiency of uti l ization of the 
cathode material.  A solvent, e.g., acetonitrile, propyl-  
ene carbonate, is sometimes added to lower the vapor 
pressure of SO2 to help control the l i th ium-pass iva-  
t ion problem, and to provide a conductive solution for 
greater SO2 efficiency. The preferred solute is LiBr. 

One would expect l i th ium and SO2 to react spon- 
taneously in the cell. The formation of a thin protective 
film of SOs reduct ion product  (LiS204?) on the sur-  

Table V. Primary cell systems (nonaqaeous base) 

Nominal  Nominal  
vo l tage  W-hr/in.8 Comments  

Li-SOe 
Li-CuO 
Li-CF~ 
Li-CuS 
Li-Ag2CrO~ 
Li-I2 
Li-SOC12 
Li-V~O~ 
Li-MoO8 

2.9 8.0 Military, safety  
1.6 10.0 C-Zn rep lacement  
2.8 10.0 High unit cel l  voltage 
2.0 8.0 Low rate 
3.3 10.0 Pacemakers  
2.8 4.1 Pacemakers  
3.5 15.0 Safety,  high rate 
3.4 11.0 Electronic  
2.9 10.0 Electronic  

Table VI. Primary cell systems (aqueous base) 

Nominal  Nominal  
vol tage  W-hr/ inY Comments  

Lec lanchg 
Zinc chloride 
Alkal ine  
Magnesium 
Mercury 
Si lver 
Divalent  s i lver 
Zinc-Air 

1.5 2.5 Low cost 
1.5 2.6 Medium cost,  h igher  rate 
1.5 2.7 High rate,  low leakage 
1.7 4.1 High rate cont inuous  
1.35 9.5 High energy  densi ty  
1.5 8.8 High energy  density  
1.6 10.0 Leakage,  stability 
1.4 12.0 Shel f  problems  
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face of the l i thium electrode inhibits the internal self- 
discharge. This film is responsible for the observed 
voltage delay during cell discharge, but it also pro- 
vides the protection for good shelf life of the cell. 

Power Conversion, Incorporated first marketed the 
Li-SO2 cells in 1972. Typical discharge characteristics 
and cell construction are shown in Fig. 19 and 20. 
Lithium passivation effects are noted during the ini- 
tial portions of the discharge. The cells exhibit good 
performance, especially at low temperatures. This is 
due to the good transport  properties of the SO2 elec- 
trolyte and the extended surface area electrode con- 
struction. Figure 21 shows the performance of Li-SO2 
compared with present commercial and mil i tary bat-  
teries as a function of temperature. The good per-  
formance at low temperature is especially attractive 
for mil i tary applications. Safety is still an unresolved 
problem area (110). 

The discovery of oxyhalides, thionyl chloride, and 
sulfuryl chloride as liquid cathodes represents another 
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Fig. 21. SEM-52N. Working hours with various battery systems. 
With permission from Reference (109). Copyright by Academic 
Press, Incorporated (London) Limited. 

recent advance in bat tery technology (111-113). The 
lithium cells with oxyhalide cathode reactant have 
been reported to deliver 18 W-hr/in.a; this is signifi- 
cantly better that any other l i thium battery. As with 
the Li-SO2 cell, the soluble cathode construction re- 
sults in increased efficiency in cell performance. 

The oxyhalide cell construction for high rate cells 
is very similar to that of the Li/SO2 in Fig. 19. Typical 
cell performance of the high energy construction is 
shown i,n Fig. 22. Film formation in lithium, mainly 
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Fig. 19. Schematic diagram of cell. Reference (107). Courtesy 
of Po R. Mallory & Company, Incorporated. 
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Fig. 20. Lithium-sulfur dioxide system, D cells, service vs. cur- 
rent from --40 ~ to 70~ Reference (108). 

Fig. 22a. Voltage-current characteristics of AA cells. High en- 
ergy type cell with thionyl chloride electrolytic solution. With per- 
mission from Ref. (115). Copyright by Academic Press, Incorporated 
(London) Limited; b. Schematic of high energy cell construction. 
Reference (114). Courtesy of GTE Laboratories, Incorporated. 
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3.0 LiC1, dur ing  open-c i rcu i t  s tand  resul ts  in a severe 
vol tage  de lay  in some cases (116, 117). The film f rom 
se l f -d ischarge  reac t ion  effectively blocks the  surfaces. 
Various techniques have been repor ted  to e l iminate  
this  problem,  including purif icat ion of the e lec t ro ly te  �9 2.0 
and pro tec t ive  plas t ic  film on the l i th ium (118-120). 
The ionizing solute is LiA1C14. A wide spec t rum has 
been repor ted  of cell sizes which range  f rom 40 m A -  
h r  bu t ton  cells to severa l  thousand a m p e r e - h o u r  high 
cur ren t  power  supplies.  Larger  cells have some un-  1.0 
resolved safe ty  problems,  and Mal lo ry  has repor ted  
on the rmal  r u n a w a y  condit ions (121-122). 

Two types  of l i th ium anode-nonaqueous  cells, Li -  
CFx (123, 124, 126) and Li-MnO2 (125), were  deve l -  
oped in Japan  and were  in t roduced commerc ia l ly  in 
1973 and 1976, respect ively.  Polycarbonmonof luor ide  
(or CFx), having an x va lue  close to 1.0, is usua l ly  

used. The advan tage  of using CFx is tha t  the ma te r i a l  
does not dissolve in the organic e lec t ro ly te  and also 
produces  carbon (a conduct ive mate r i a l )  upon dis-  
charge:  CF~ ~- x e -  -~ C Jr x F - .  

Six  types  of Li-CFx cells are  being offered, wi th  
capabi l i t ies  rang ing  f rom 500 to 5000 mA-hr .  A smal l  
cy l indr ica l  cell  (BR-435 cell, shown in Fig. 23), 4 m m  
d iam • 30 m m  long, is the  most  popular ,  and about  
4 mi l l ion such cells were  p roduced  in 1977. The BR- | 3.0 
435 cell is being used mos t ly  to power  a l igh t -emi t t ing  
diode to i l lumina te  fishing floats in Japan.  F igure  24 
shows a comparison of the  discharge capac i ty  of C- ~ 2.0 
size cells agains t  r egu la r  MnO2-Zn type  cells. The L i -  
CFx cell  h a s a  c losed-ci rcui t  vol tage  of 2.8V, and its 1.0 
energy dens i ty  is 4 to 5 t imes grea te r  than  tha t  of the  
Leclanch~ cells. F igure  25 shows tha t  the cell  vol tage  
dur ing  the discharge depends on the tempera ture .  

Li-MnO2 cells are  being offered in sizes f rom 30 to 
5000 m A - h r  capaci ty  (125). Among  these cells, a thin 
(2.8 mm tl~ick) co in- type  cell is in l imi ted  commercia l  
production,  ma in ly  for h a n d - h e l d  calculators.  The 
typical  discharge curves of the thin co in- type  cell 
(LF-1/2W) are  shown in Fig. 26. Manganese dioxide 
used for  Li-MnO~ cells is e lect rolyt ic  MnO2 which is 
p rope r ly  hea t - t r ea t ed  in o rder  to remove the wa te r  3.o 
and to modi fy  the crys ta l  s t ructure.  F igure  27 shows 
the effect of h e a t - t r e a t m e n t  on the MnO2 reactant .  I t  
was confirmed by  x - r a y  s tudy  (128) tha t  the MnO2 
la t t ice  expands  when it  is discharged.  This is bel ieved .~ 
to be due to Li + ion pene t ra t ion  into the MnO2 l a t -  ~ 2.0 
tice, s imi lar  to the  proton pene t ra t ion  (20) in the case 
of discharge of 7-MnO2 in aqueous solution. This was 
suppor ted  f rom the cell  vol tage by  the shape of the  
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Fig. 24. Comparison of C-size cells. A, Li-CFx cell (8D, continu- 
ous discharge); B, alkaline MnO~-Zn cell (4C~ continuous dis- 
charge); C, Leclanch~ type MnO2-Zn cell (4D, intermittent dis- 
charge). With permission from Reference (123). Copyright by Aca- 
demic Press, Incorporated (London) Limited. 
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Fig. 25. Discharge of BR 435 cell through 2.5KD, Reference (124) 
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Fig. 26. Discharge curves of Sanyo pressed type cell (LF-~W) 
with various loads. Reference (125). 

Fig. 23. Li-CFz Matsushita. Reference (124). 

discharge curve. The cell vol tage  is ca lcula ted  based 
on the fol lowing react ion:  2Li ~- 2MNO2 ---- Mn202 -t- 
Li20; the  expected vol tage is only  2.69 ( ---= E~ Ac-  
tual  cell  vol tage is 3.0-3.4V. To exp la in  this, Ikeda  
et  al. (127) assumed tha t  Li + ion incorpora t ion  into 
the MnO2 la t t ice  is s imi lar  to the fami l ia r  mangani te  
and he taero ly te  react ions in aqueous media.  

A low dra in  Li/Ag2CrO4 cell  sys tem has been deve l -  
oped by  SAFT (129). Cell  construct ion is ve ry  s imi lar  
to that  of the min ia tu re  s i lver-z inc  in  Fig. 8. They re -  
por t  excel lent  s tab i l i ty  wi th  the  organic  LiC104 elec- 
t rolyte .  The cells de l iver  the i r  in i t ia l  f resh capaci ty  
a f te r  4-years '  s torage at  45~ The  cells a re  sui table  
for electronic appl icat ions  requi r ing  low s teady cur -  
rents,  and at  pacemaker  dra ins  the cells de l iver  cur -  
ren t  a t  a s teady  3.0V for 6-8 years.  

Lehmann  et al. (130) have repor ted  a low cost L i /  
CuO cyl indr ica l  cell of nonspi ra l  construction.  F igure  
28 depicts  typ ica l  cell  pe r formance  wi th  a comparison 
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Fig. 27. Discharge characteristics of MnO~ heat-treated at var- 
ious temperatures. The current density was 1.2 mA/cm 2. Reference 
(127), 
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Fig. 28. Energy density of ~ size cells under continuous loads. 
With permission from Reference (130). Copyright by Academic 
Press Incorporated (London) Limited. 

to Leclanch6 and alkaline cell systems. Although the 
cell has a thermodynamic voltage of 2.4V, it dis- 
charges at 1.4-1.0V depending on current drain. The 
system has good storage properties and delivers 95- 
100% of its original capacity after six months and has 
no meas~urable loss after 3 weeks at 70~ 

Other lithium cell systems in advanced states of de- 
velopment include Li/CuS, Li/MoO~, and Li/V20~ 
(131-133). 
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Reports on Electrochemical Society Summer 
Fellowship Awards 

During  the  summer  of 1977 the fol lowing gradua te  s tudents  rece ived  
$1000 each, represen t ing  the three  S u m m e r  Fel lowship  A w a r d s  of The Elec-  
t rochemical  Society.  

Mr. Pau l  A. Kohl, Univers i ty  of Texas, Aust in,  Texas, was a w a rde d  the 
Edward  Weston Fel lowship.  

Mr. Pau l  D. Tyma,  Michigan Sta te  Univers i ty ,  was des ignated  as the  
rec ip ient  of the Colin Garfield F ink  Fel lowship.  

Mr. Harold  C. F a u l k n e r  IIl ,  Univers i ty  of California,  Riverside,  California,  
rece ived  the Joseph W. Richards  Fel lowship.  

The S u m m e r  Fe l lowshp Awards  are  made  "wi thout  r ega rd  to sex, ci t izen- 
ship, race, or financial need, to a fe l low or teaching assis tant  pursu ing  work  
be tween  the  degrees of B.S. and Ph.D. on a subject  in  a field of  in te res t  to 
The  Elect rochemical  Society." They a re  in tended  to cover  a per iod  dur ing  
which  the rec ip ient  has no financial  suppor t  for the  cont inuance of his or 
her  work.  

The Edward Weston Summer 
Fellowship Report 

Mr. Kohl ' s  r epor t  is g iven below. 

The Photoelectrochemical Behavior of Semiconducting 
n- and p-GaAs and InP Electrodes in 

Acetonitr i le Solutions 
Semiconductor  e lect rodes  have recen t ly  shown 

promise  as a means  of e lec t rochemical ly  conver t ing  
l ight  energy  into chemical  a n d / o r  e lect r ica l  energy.  
Since the  photoass is ted  oxida t ion  of wa te r  into hy -  
drogen and oxygen on n-TiO2 was suggested (1), an 
increas ing amount  of research  has been a imed at  
u t i l iz ing smal le r  bandgap  semiconductors  which absorb 
a g rea te r  f ract ion of the  solar  spec t rum than  TiO2 and 
ex tend  the  concepts of e lect ron t ransfe r  in semico,n- 
ductors  to new systems such as different  solvents,  
photocatalysis ,  and solut ion kinetics.  

The semiconductor -so lu t ion  in ter face  (2) is ana-  
logous to a semiconduc tor -meta l  junct ion  where  l ight  
of energy  g rea te r  than  the bandgap  (Eg) can promote  
electrons f rom the valence band (VB) to the conduc-  
t ion band  (CB) as shown in Fig. 1. Pho togenera ted  
minor i ty  car r ie rs  (electrons in p - t y p e  semiconductor  
or holes in n - t y p e  semiconductor)  can be forced to the  
solut ion in ter face  and be consumed by e lec t roact ive  
species in solut ion wi th  the  gross work  avai lab le  given 
by  IEfermi - -  Eredox]. However ,  key  factors in the  u t i l i -  
zat ion of semiconductor  e lectrodes in e lec t rochemical  
cells a re  knowledge  of the  re la t ive  locat ion of the en-  
e rgy  levels in the  semiconductor  and solut ion and an 
unders tand ing  of the ro le  sur face  s tates  or i n t e r -  
media te  levels  wi th in  the  bandgap  p lay  in charge-  
t ransfe r  processes. 

In  this work,  the  e lec t rochemical  behavior  of the  
smal l  bandgap  semiconductors  ,n- and p - G a A s  (Eg = 
1.35 eV) and InP (Eg : 1.27 eV) was inves t iga ted  in 
ace toni t r i le  (ACN) solutions which  contained var ious  
one-e lec t ron  Nerns t ian  redox couples. The use of ACN 
not only  al lows the  use of a l a rge r  work ing  po tea t i a l  
range  (5V) than  wa te r  (1.23V) and a g rea te r  n u m b e r  

of revers ib le  redox  couples, bu t  also the  ra te  of dis-  
solut ion of the semiconductor  (Eq. [1], [2]) ,  which 
read i ly  occurs in aqueous solutions at potent ia ls  where  
holes a re  forced to the  interface,  is decreased  because 
of the poor  solvat ion of the  products  of  dissoIut ion 

GaAs ~ h + --  Ga +~ ~ As (III)  [1] 

InP -I- h + - -  In  +~ -l- P ( I I I )  [2] 

where  h + represents  a hole in the  VB of the  semi-  
conductor  

The cyclic vo l tammet r ic  cu r r en t -vo l t age  curves  (3) 
suggest  th ree  ma in  conclusions in this work.  The first 
is that  the dissolution of the  semiconductors  (Eq. 
[1], [2]) is decreased and does not  occur unt i l  the  
e lec t rode  potent ia l  is more  posi t ive than  observed in 
aqueous solutions. This enables  e lect roact ive  solut ion 
species to compete more  f avorab ly  wi th  dissolut ion 
for pho togenera ted  holes in the  n - t y p e  semiconduc-  
tors over  a wider  potent ia l  range.  

n type 

I:'Ferm' t----:---- "J --'~ 

b l  

Solution 

ERedox(2} ~ 

ERedox(1) 

p type 

by 

.EFermi 

Fig. 1. Energy level representation of an n-type and p-type semi- 
conductor in contact with a solution containing a redox couple 
located within the bandgap [Eredox (1)], and negative of the CB 
edge [Eredox (2)]. CB and VB are the conduction, and valence 
bands, respectively, Efermt is the Fermi level, and Eg is the band- 
gap. 
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Secondly,  redox couples ly ing  wi th in  the  bandgap 
region (Fig. 1) seem to fol low prev ious ly  proposed  
models  for  e lect ron t r ans fe r  via  in t e rmed ia te  levels  
wi th in  the  bandgap  region (4, 5). Reduct ion of solu-  
t ion species ly ing  below the midgap  region occurred at 
potent ia ls  ,near the  middle  of the  gap th rough  the in-  
t e rmedia te  level.  Photoass is ted reduct ions  (on p - t y p e  
mate r ia l )  and oxidat ions (on the n - type  mate r ia l s )  
were  observed wi th  underpoten t ia l s  (negat ive  over -  
potent ia ls  due to the ut i l iza t ion of l ight  energy)  up 
to 700 inV. The magn i tude  of the  underpo ten t ia l  ap-  
peared  to be l imi ted  by  the posi t ion of the  in te rmedia te  
level, IEflatband- Eintermediatebandl. That  is, the  under -  
potent ia l  observed upon photooxida t ion  was l imi ted  
by  the potent ia l  of the  reduct ion  of oxidized species 
(or back  reac t ion) .  

The th i rd  and most  unique  resul t  was the  photo-  
assisted electron t ransfer  observed wi th  redox couples 
located negat ive  of the  CB edge. Ideal ly ,  degeneracy  
and meta l - l i ke  behavior  is observed as seen wi th  
n-ZnO, n -CdS (4), and n-TiO2 (5). Photooxidat ions  
(wi th in -GaAs)  a re  observed at  potent ia ls  more a e g a -  

t i r e  than  observed wi th  a P t  disk electrode,  and 
photoreduct ions  are  observed  (on p - G a A s  and InP)  
at potent ia l  more  posi t ive than  P t  s imi la r  to that  ob-  
served wi th  redox couples located wi th in  E s. Reason-  
able  evidence for  the  format ion  of surface layers  
which produce a photovol tage  when i l lumina ted  ana-  
logous to a semiconduc to r -meta l  junc t ion  exists. Thus, 
the potent ia l  range  of photoass is ted e lec t ron t ransfe r  
is a t  least  twice  the  size of the  bandgap  While a 1.35 
eV or  l a rge r  photon  can be used. 

The s implest  i l lus t ra t ion  of photoassis ted e lect ron 
t ransfe r  and  its possible uses is in regenera t ive  photo-  
e lect rochemical  cells such as 

n -GaAs  ]0.01M BQ, 0.OlM B Q - ,  O.IM TBAP (ACN) I P t  

where  BQ is p-benzoquinone  and TBAP is the sup-  
por t ing  e lec t ro ly te  t e t r a - n - b u t y l a m m o n i u m  perch lo-  
rate. Upon i r r ad ia t ion  of the  n-GaAs,  the radical  

anion is oxidized to BQ and BQ is reduced  to B Q :  at 
the Pt  electrode. The dr iv ing  force and cur ren t  in the  
ex te rna l  circuit  are  produced  by  l ight  of energy  
g rea te r  than  the  bandgap.  A n  open-c i rcu i t  photo-  
vol tage of 700 mV was measured  and when  the GaAs 
was i r r ad ia t ed  wi th  96 ~W/cm 2 of 600 ,nm light,  the  
m a x i m u m  power  was produced  at 28 ~A/cm 2 and 0.4V, 
y ie ld ing a 12% conversion of l ight  to electr ici ty.  While  
the in tens i ty  was correc ted  for solut ion absorpt ion,  
no a t tempts  were  made  to opt imize the cell  concen- 
t ra t ions  or intensi t ies  to the  m a x i m u m  power-. 

The e lect rochemical  behavior  was also found to be 
very  dependent  on the co,ndition and p re t r ea tmen t  of 
the semiconductor  surfaces. The densi ty  and posi t ion 
of the  in te rmedia te  levels wi th in  the bandgap  which 
can provide  a mechanism for %he back react ion and 
thus a recombinat ion  or quench ing  of pho togenera ted  
minor i ty  car r ie rs  in  the  semiconductor  can be changed 
by  chemical  p re t rea tments .  

In  general ,  nonaqueous invest igat ions of the mecha-  
nism of e lect ron t ransfe r  at  the  semiconductor  sur-  
face can be used as a basis to predic t  the  behavior  of 
o ther  photoassis ted react ions for possible photocat  a-  
lyt ic  synthet ic  work, photoelec t rochemical  cells, up-  
conversion of l ight  (6), or behavior  in other  solvents. 
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Determination of Kinetic Parameters from 
Polarographic Data Obtained at Short-Sampling Times 

An ove r -a l l  objec t ive  of our  research efforts is to cor-  
re la te  e lect rochemical  react ivi t ies  wi th  the s t ruc ture  of 
both  the  reactants  and the in te rphas ia l  region. S tudy-  
ing ra te  responses to sys temat ic  changes in solut ion 
composit ion can lead, for example ,  to de te rmin ing  
whe ther  the  ac t iva ted  s ta te  pr ior  to e lec t ron t ransfe r  
leaves the  inner  coordinat ion sphere of the  reac tan t  
unchanged (ou te r - sphere  mechanism)  or  whe the r  the  
react ion proceeds via an in te rmedia te  which involves 
specific interact ions  be tween  reac tan t  l igands and the 
electrode surface ( inner - sphere  mechanism)  (1). Such 
exper iments  can also p rov ide  in format ion  concerning 
the posit ion of the  reac t ion  si te for e lec t ron t rans fe r  
(2). In  the case of a l iquid me ta l  electrode,  one can 
charac ter ize  the  in te rphas ia l  s t ructure ;  therefore,  rate 
responses to changes in the s t ruc ture  of the  in terface  
brought  about  by  var ia t ions  in solut ion composit ion 
can be monitored.  This process can  then  be tu rned  
around so tha t  these "kinet ic  probes" yie ld  informat ion  
about  in terphas ia l  s t ruc ture  f rom ra te  da ta  for solid 
electrodes for which the former  is not  r ead i ly  accessi-  
ble. 

The s implest  method  of po la rographic  da ta  analysis  
to ex t rac t  the e lect rochemical  ra te  constants  as a func-  
t ion of overpoten t ia l  is to record  the  rat io  of the cur -  
ren t  measured  at a t ime t fol lowing drop b i r th  to the 
cur ren t  measured  at  t ime t when  the reac t ion  is com-  
p le te ly  di f fus ion-control led and to use the  Kou tecky  
t r ea tmen t  of i r revers ib le  po larographic  waves  (3). 
There  are, however,  two types of systems for which this 
approach  wil l  not succeed. Because i t  is necessary to 
correct  vo l tammetr ic  da ta  of l imi ted  precis ion for di f -  
fusion polar izat ion at  potent ia ls  beyond the foot of the 
wave, a na tu ra l  l imit  of about  10 -2 cm/sec  is imposed 
upon ra te  constants de te rmined  in this manner  via 
convent ional  po la rography ;  po la rograms  of fas ter  sys-  
tems appear  reversible .  Fur the rmore ,  systems which 
give max ima  are  not amenable  to this technique.  The 
theory  of Koutecky  predicts  that  the upper  l imi t  to 
ra te  constants ascer ta ined  by  the polarographic  method 
should increase  an order  of magni tude  for each hun-  
dredfold  decrease  in the  t ime at  which  the currents  a re  
measured  (3). Moreover,  i t  may  be possible to ou t run  
max ima  if the phenomena  leading  to the i r  occurrence 
develop in the  la te r  stages of drop- l i fe .  Cover and Con- 
nery  have shown (4) that  m a x i m a  can be reduced or  
e l imina ted  f rom polarographic  concentra t ion de te r -  
minat ions  by  measur ing  the cur ren t  at  the  end of the 
l ife of a drop which is forc ibly  dis lodged f rom the 
capi l la ry  at frequencies as high as 210 Hz. For  na tu ra l  
d rop- t imes  down to 1.25 sec and forced d rop - t imes  as 
low as 160 msec i t  has been demons t ra ted  that  the  
I lkovic equat ion is appl icable  (5). The purpose  of the 
present  s tudy is to develop ins t rumenta t ion  sui table  for 
de te rmin ing  under  wha t  condit ions the Koutecky  the-  
ory  can be appl ied  to the  potarographic  da ta  obta ined  
at t imes shor t ly  af ter  .the b i r th  of the  drop. 

Two genera l  approaches  to this  technique have  
evolved. The first, and by  far  the  more  common, is to 
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Secondly,  redox couples ly ing  wi th in  the  bandgap 
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t e rmedia te  level.  Photoass is ted reduct ions  (on p - t y p e  
mate r ia l )  and oxidat ions (on the n - type  mate r ia l s )  
were  observed wi th  underpoten t ia l s  (negat ive  over -  
potent ia ls  due to the ut i l iza t ion of l ight  energy)  up 
to 700 inV. The magn i tude  of the  underpo ten t ia l  ap-  
peared  to be l imi ted  by  the posi t ion of the  in te rmedia te  
level, IEflatband- Eintermediatebandl. That  is, the  under -  
potent ia l  observed upon photooxida t ion  was l imi ted  
by  the potent ia l  of the  reduct ion  of oxidized species 
(or back  reac t ion) .  

The th i rd  and most  unique  resul t  was the  photo-  
assisted electron t ransfer  observed wi th  redox couples 
located negat ive  of the  CB edge. Ideal ly ,  degeneracy  
and meta l - l i ke  behavior  is observed as seen wi th  
n-ZnO, n -CdS (4), and n-TiO2 (5). Photooxidat ions  
(wi th in -GaAs)  a re  observed at  potent ia ls  more a e g a -  

t i r e  than  observed wi th  a P t  disk electrode,  and 
photoreduct ions  are  observed  (on p - G a A s  and InP)  
at potent ia l  more  posi t ive than  P t  s imi la r  to that  ob-  
served wi th  redox couples located wi th in  E s. Reason-  
able  evidence for  the  format ion  of surface layers  
which produce a photovol tage  when i l lumina ted  ana-  
logous to a semiconduc to r -meta l  junc t ion  exists. Thus, 
the potent ia l  range  of photoass is ted e lec t ron t ransfe r  
is a t  least  twice  the  size of the  bandgap  While a 1.35 
eV or  l a rge r  photon  can be used. 

The s implest  i l lus t ra t ion  of photoassis ted e lect ron 
t ransfe r  and  its possible uses is in regenera t ive  photo-  
e lect rochemical  cells such as 
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where  BQ is p-benzoquinone  and TBAP is the sup-  
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rate. Upon i r r ad ia t ion  of the  n-GaAs,  the radical  

anion is oxidized to BQ and BQ is reduced  to B Q :  at 
the Pt  electrode. The dr iv ing  force and cur ren t  in the  
ex te rna l  circuit  are  produced  by  l ight  of energy  
g rea te r  than  the  bandgap.  A n  open-c i rcu i t  photo-  
vol tage of 700 mV was measured  and when  the GaAs 
was i r r ad ia t ed  wi th  96 ~W/cm 2 of 600 ,nm light,  the  
m a x i m u m  power  was produced  at 28 ~A/cm 2 and 0.4V, 
y ie ld ing a 12% conversion of l ight  to electr ici ty.  While  
the in tens i ty  was correc ted  for solut ion absorpt ion,  
no a t tempts  were  made  to opt imize the cell  concen- 
t ra t ions  or intensi t ies  to the  m a x i m u m  power-. 

The e lect rochemical  behavior  was also found to be 
very  dependent  on the co,ndition and p re t r ea tmen t  of 
the semiconductor  surfaces. The densi ty  and posi t ion 
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can provide  a mechanism for %he back react ion and 
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Polarographic Data Obtained at Short-Sampling Times 

An ove r -a l l  objec t ive  of our  research efforts is to cor-  
re la te  e lect rochemical  react ivi t ies  wi th  the s t ruc ture  of 
both  the  reactants  and the in te rphas ia l  region. S tudy-  
ing ra te  responses to sys temat ic  changes in solut ion 
composit ion can lead, for example ,  to de te rmin ing  
whe ther  the  ac t iva ted  s ta te  pr ior  to e lec t ron t ransfe r  
leaves the  inner  coordinat ion sphere of the  reac tan t  
unchanged (ou te r - sphere  mechanism)  or  whe the r  the  
react ion proceeds via an in te rmedia te  which involves 
specific interact ions  be tween  reac tan t  l igands and the 
electrode surface ( inner - sphere  mechanism)  (1). Such 
exper iments  can also p rov ide  in format ion  concerning 
the posit ion of the  reac t ion  si te for e lec t ron t rans fe r  
(2). In  the case of a l iquid me ta l  electrode,  one can 
charac ter ize  the  in te rphas ia l  s t ructure ;  therefore,  rate 
responses to changes in the s t ruc ture  of the  in terface  
brought  about  by  var ia t ions  in solut ion composit ion 
can be monitored.  This process can  then  be tu rned  
around so tha t  these "kinet ic  probes" yie ld  informat ion  
about  in terphas ia l  s t ruc ture  f rom ra te  da ta  for solid 
electrodes for which the former  is not  r ead i ly  accessi-  
ble. 

The s implest  method  of po la rographic  da ta  analysis  
to ex t rac t  the e lect rochemical  ra te  constants  as a func-  
t ion of overpoten t ia l  is to record  the  rat io  of the cur -  
ren t  measured  at a t ime t fol lowing drop b i r th  to the 
cur ren t  measured  at  t ime t when  the reac t ion  is com-  
p le te ly  di f fus ion-control led and to use the  Kou tecky  
t r ea tmen t  of i r revers ib le  po larographic  waves  (3). 
There  are, however,  two types of systems for which this 
approach  wil l  not succeed. Because i t  is necessary to 
correct  vo l tammetr ic  da ta  of l imi ted  precis ion for di f -  
fusion polar izat ion at  potent ia ls  beyond the foot of the 
wave, a na tu ra l  l imit  of about  10 -2 cm/sec  is imposed 
upon ra te  constants de te rmined  in this manner  via 
convent ional  po la rography ;  po la rograms  of fas ter  sys-  
tems appear  reversible .  Fur the rmore ,  systems which 
give max ima  are  not amenable  to this technique.  The 
theory  of Koutecky  predicts  that  the upper  l imi t  to 
ra te  constants ascer ta ined  by  the polarographic  method 
should increase  an order  of magni tude  for each hun-  
dredfold  decrease  in the  t ime at  which  the currents  a re  
measured  (3). Moreover,  i t  may  be possible to ou t run  
max ima  if the phenomena  leading  to the i r  occurrence 
develop in the  la te r  stages of drop- l i fe .  Cover and Con- 
nery  have shown (4) that  m a x i m a  can be reduced or  
e l imina ted  f rom polarographic  concentra t ion de te r -  
minat ions  by  measur ing  the cur ren t  at  the  end of the 
l ife of a drop which is forc ibly  dis lodged f rom the 
capi l la ry  at frequencies as high as 210 Hz. For  na tu ra l  
d rop- t imes  down to 1.25 sec and forced d rop - t imes  as 
low as 160 msec i t  has been demons t ra ted  that  the  
I lkovic equat ion is appl icable  (5). The purpose  of the 
present  s tudy is to develop ins t rumenta t ion  sui table  for 
de te rmin ing  under  wha t  condit ions the Koutecky  the-  
ory  can be appl ied  to the  potarographic  da ta  obta ined  
at t imes shor t ly  af ter  .the b i r th  of the  drop. 

Two genera l  approaches  to this  technique have  
evolved. The first, and by  far  the  more  common, is to 
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record  the  cur ren t  th roughout  the  ent i re  drop  and to 
ob ta in  the  va lue  at  a des i red  t ime by  knocking  off the  
drop  at  tha t  t ime th rough  sui table  mechanica l  means. 
Since the  m a x i m u m  cur ren t  for  each drop occurs p r io r  
to the  forced drop-fa l l ,  the  envelope of the  pQ!arogram 
const i tutes  the  cu r r en t -vo l t age  curve at  the~specified 
t ime. However ,  since the  cap i l l a ry  is in mot ion  jus t  
af ter  the  drop  is knocked  off, convect ion in the  vic ini ty  
of the  e lec t rode  is enhanced and the cu r ren t  increased 
ea r ly  in the  drop- l i fe .  This enhancement  becomes r e l a -  
t ive ly  l a rge r  as the  forced d rop - t ime  is decreased,  
and  the f requency- response  requ i rements  of the  r e -  
cording sys tem correspondingly  become more  str ingent .  
Wha t  remains  to be de t e rmined  is whe the r  there  is a 
significant difference be tween  kinet ic  pa rame te r s  mea-  
sured  by  tha t  approach  and those ob ta ined  by  the sec- 
ond method,  which  is to use cur ren ts  sampled  a t  shor t  
t imes fol lowing the na tu ra l  b i r th  of the drop. 

S ince  the  accout rements  for the  fo rmer  technique 
are  f ami l i a r  and r ead i ly  assembled,  a t ten t ion  was 
focused on the deve lopment  of the  lat ter .  A p r o g r a m -  
mable  s a m p l e - a n d - h o l d  sys tem was constructed for  use 
wi th  a Pr ince ton  Appl ied  Research  (PAR) Model 174 
Po la rographic  Ana lyze r  and a H e w l e t t - P a c k a r d  Model  
7045 XY Recorder ;  a schematic  represen ta t ion  is shown 
in Fig. 1 and 2. Ra the r  than  being used to d r ive  the  Y 
axis of the r ecorde r  direct ly ,  the  ou tpu t  of the  po ten-  
t iostat 's  cu r r en t - t o -vo l t age  conver ter  is appl ied  to the  
analog input  of the  s a m p l e - a n d - h o l d  amplif ier  (Fig. 2) 
whose output ,  which  no rma l ly  t racks  i ts input,  is 
connected to the  recorder .  At  the  appropr i a t e  t ime 
fol lowing the b i r th  of the  drop, an ENABLE nega t ive -  
going logic pulse  t r iggers  two monostables  wi th  per iods  
of 100 and 600 msec. The l a t t e r  causes the  s a m p l e - a n d -  
hold amplif ier  to hold its cur ren t  value  and act ivates  
the  Y axis servo~ which  is no rma l ly  d isengaged to 
minimize  unnecessary  pen  t ravel .  Af te r  the de lay  p ro-  
v ided  b y  the former,  a th i rd  monostable  is t r iggered,  
momen ta r i l y  d ropping  the pen to plot  the measuremen t  
and rese t t ing  the  de lay  logic. At  t he -hea r t  of the t im-  
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Fig. 2. Sample-and-hold sequencer. Monostables are 74121, and 
capacitor is a low-leakage type (polystyrene). 

ing c i rcu i t ry  (Fig. 1) is a Mostek M:K5009 t ime-base  
chip which divides a 1 MHz mas te r  osci l la tor  f requency  
by  the number  of decades selected by  a b ina ry - coded  
decimal  (BCD) thumbwhee l  switch or  remote  f re-  
quency-se lec t ion  lines which m a y  be dr iven  by  a com- 
pu te r  interface.  At  the  beginning  of each measu remen t  
cycle, a two-d ig i t  BCD counter  is loaded f rom switches 
or  remote  l ines wi th  the  number  of scaled osci l la tor  
pulses necessary to achieve the desired t ime de lay  be-  
tween  the detect ion of d rop- fa l l  and the sampl ing  of 
the  cell  current .  Once a de tec tor  pulse is received,  the  
counters  count down to zero and a n ' E N A B L E  pulse is 
generated.  

In  o rder  to synchronize  the  cu r ren t - sampl ing  wi th  
drop-fa l l ,  some sort  of detect ion sys tem is required .  
Whi le  m a n y  approaches  have  been  taken  on this aspect  
of the p rob lem [see, for example ,  the  ci tat ions in Ref. 
(6)] ,  we in i t ia l ly  chose the  optical  method of Hahn 
and Enke  (6) based upon its lack  of in terac t ion  wi th  
the  potent ios ta t  c i rcu i t ry  and s impl ic i ty  of imp lemen-  
tat ion;  Fig. 3 presents  a schematic  diagram.  The sud-  
den change in l ight  sca t te red  up the  cap i l l a ry  when 
the drop falls  is conver ted  to an electr ical  s ignal  which 
is d i f ferent ia ted and amplif ied to provide  a de tec tor  
pulse which is compat ib le  wi th  t r ans i s to r - t r ans i s to r  
logic. P r e l im ina ry  measurements  produced ra te  con- 
stants which decreased monotonica l ly  as the  sampl ing  
t ime increased and which were  inconsis tent  wi th  p re -  
viously r epor ted  values  (7), and efforts were  unde r -  
t aken  to de te rmine  if sys temat ic  er rors  were  in t roduced 
by  any por t ion of the  measuremen t  system. 

Upon closer scru t iny  it was found that  the  signal  p ro -  
duced by  the d rop- fa l l  de tec tor  occurred no less than  
80 msec fol lowing the fal l  of the drop. What  appeared  
to be the  source of the de lay  was tha t  the  or ig inal  de-  
s igners did not  reckon wi th  the  invers ion produced in 
the  compara tor  s tage of the level  shi f ter  [amplif ier  A4 
in Fig. 2 of Ref. (6)] .  The des i red  nega t ive-going  logic 
t rans i t ion  occurred only as the  resul t  of noise in the  
di f ferent ia tor  ou tpu t  on the  t ra i l ing  edge of i ts ou tput  
spike. Once this l eve l - invers ion  d iscrepancy was rec t i -  
fied, however,  a nonreproduc ib le  20 msec de lay  re -  
mained.  Since one of our  design goals was the  capa-  
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Fig. 3. Optical drop-fall detector [full details in Ref. (6)] 

bi l i ty  to sample  currents  af ter  50 msec, this pe r fo rm-  
ance remained  unacceptable.  

To meet  this goal, i t  is necessary  tha t  the detector  
e r ror  be less than 1 msec. For  it  to be capable  of this, 
however,  it  must  have  p re fe ren t i a l  f requency response 
in the 1-10 kHz region. Examina t ion  of the or iginal  
passive components  of the di f ferent ia tor  (6) showed 
tha t  they  l imi t  f requency response to be tween  0.16 
and 3 kHz (un i ty -ga in  l imi ts ) ,  wi th  m a x i m u m  gain at  
22.5 Hz and gain in excess of 10 at the a rche typa l  
noise frequencies 60 and 120 Hz. Even wi th  more  ap-  
p ropr i a t e  passive components,  however ,  insufficient 
s ignal  ampl i tude  was present  in the necessary  f re -  
quency range;  efforts to remove sources of s t r ay  l ight  
by  opt ical  shielding and to increase  the gain of the  
amplif icat ion s tage proved  equa l ly  unsuccessful.  Be- 
cause the l ight  is a t t enua ted  apprec iab ly  by  the fiber 
optic system, even wi th  the r ecommended  pol ishing of 
t h e  cap i l l a ry  groove and fiber optic ends, we t r ied  a t -  
taching a more  sensi t ive pho todar l ing ton  t rans is tor  
(2N5777) d i rec t ly  to the  cap i l l a ry  groove with  the die 
facing the Hg drop. The buffer amplif ier  in the detector  
was rep laced  by  a cu r r en t - t o -vo l t age  conver ter  (10 
~A/V) ;  the  a-c  component  of a typica l  di f ferent ia ted 
output  is shown in Fig. 4. Whi le  the  s igna l - to-noise  
ra t io  would  undoub ted ly  be increased if the cu r ren t -  
to -vo l t age  conversion were  pe r fo rmed  d i rec t ly  at  the  
phototransis tor ,  the necessary  mount ing  considerat ions 
v i t ia te  such an under taking .  Fur the rmore ,  inspection 
of Fig. 4 wi l l  revea l  tha t  the r ise t ime of the differen-  
t i a tor  spike produced  b y  the fal l  of the  drop is app rox i -  
ma te ly  20 msec. This resul t  is not  surpr i s ing  in view 
of the  fact  tha t  the  drop continues to reflect l ight  a f te r  
de tachment  unt i l  i t  fal ls  be low the l ight  path,  and a 

o ov k 

ov 

I second 

Fig. 4. Differentiated representation of photodorlington current 

20 msec de lay  corresponds to the  t ime requi red  for  a 
2 m m  disp lacement  of a f ree ly  fal l ing object.  

The inevi tab le  conclusion is that  the  opt ical  detect ion 
system is inappropr i a t e  for  this or any  o ther  appl ica-  
t ion where  inaccuracies  of 20 msec cannot  be tolerated.  
I t  is st i l l  useful  in systems such as its or iginal  u t i l iza-  
t ion (8) where  a precise  a lbe i t  inaccura te  t ime de lay  
fol lowing the b i r th  of the  drop is all  tha t  is required.  
Subsequent  measurements  were  made  wi th  an a-c  
tuned ampl i f ie r -based  detect ion system to be descr ibed 
e lsewhere  (9). Fea tu res  of  the  de tec tor  include a self-  
contained s t robable  osci l la tor  and a response t ime of 
less than  150 ~sec. 

The large  number  and t ime-consuming  na tu re  of the 
exper iments  and  da ta  analysis  requ i red  for the sa t is -  
fac tory  scru t iny  of this p rob lem makes  i t  an excel lent  
candida te  for automation.  To place this and o ther  DME 
studies under  on- l ine  control,  a l abo ra to ry  microcom-  
pu te r  based upon the Digi ta l  Equipment  Corpora t ion  
LSI-11 microprocessor1 was constructed f rom commer -  
c ia l ly  ava i lab le  modules  and those of our  own design, 
including a versat i le ,  ind i rec t ly  address ing digi ta l  in-  
terface which  subs tan t ia l ly  reduces the  number  of por ts  
requ i red  on the compute r  bus to service  numerous  
digi ta l  devices (9). 

Typica l  t ime- reso lved  po la rograms  of 2 mM 
Cr(H20)68+ in 1M NaC104 at  pH 4 and 24~177176 wi th  
an Hg f low-ra te  m of 17.0 mg/sec  are  shown in Fig. 5. 
Kinet ic  pa rame te r s  ex t rac ted  f rom these da ta  are less 
d ispara te  f rom repor ted  values (7) than  those obta ined 
above; a sys temat ic  decrease  in ca lcu la ted  ra te  con 
stant,  a l though smal le r  than  before,  s t i l l  occurs as the  
sampl ing t ime increases. 

An impor tan t  advan tage  of measurements  at  shor t  
sampl ing  t imes is i l lus t ra ted  in the l imi t ing cur ren t  
region. According to Koutecky  theory  (3), the  cur -  
rents  at  the  top of the Cr(H20)68+ wave  due to  
Cr(H20)6  ~+ reduc t ion  va ry  as t 1/~ (diffusion-con- 
t ro l led) ,  whereas  those in the  same region which  resul t  
f rom proton  reduct ion depend on t 2/~ (k ine t ica l ly  con- 
t ro l led) .  As the sampl ing  t ime approaches  zero (below 
1 sec),  the  contr ibut ion  f rom the k ine t ica l ly  control led 
succeeding wave  should become smal le r  re la t ive  to 
that  f rom the wave  which  is diffusion-control led,  and 
this is borne out exper imenta l ly .  The theory 's  assert ion 
tha t  the  l imi t ing cur ren t  follows the I lkovic equation 
does not work, however ,  at  the large  Hg flow rates  
necessary to make  the area  sufficiently large  to assure  
reasonable  s igna l - to -noise  rat io at the shortest  sam-  
pl ing times. In Fig. 6 plots a re  p resen ted  of l imi t ing 

1 Trademark of Digital Equipment Corporation, Maynard, Massa- 
chusetts 01754. 
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Fig. 6. Comparison of Ilkovic equation predictions (lines) and 
experimental results (curves). The upper line and curve are for m 
= 17.0 mg/sec, the lower ones for m = 10.3 mg/sec. 

currents  vs. t 1/6. The upper  curve and l ine are  the  
expe r imen ta l  da ta  and theore t ica l  predict ion,  respec-  
t ively,  for  2 mM Cr (HeO)~3 + reduct ion  for  an Hg flow- 
ra te  of 17.0 mg/sec;  and the lower  ones are for a flow- 
ra te  of 10.3 mg/sec.  That  the  l imi t ing currents  are  
subs tan t ia l ly  l a rge r  than  wha t  the  I lkovic  equat ion 
predic ts  is reasonable  when  one considers tha t  in the  
der iva t ion  of the  I lkovic  equat ion one assumes that  
the  m e r c u r y  surface  veloci ty  has only  rad ia l  compo- 
nents  (10). However ,  it  has been shown tha t  Hg drops 
in 1M KC1 solut ions have apprec iab le  tangent ia l  mo-  
t ion be tween  --0.5 and --1.5V vs. SCE (11). This ad- 
ditional convection in the  en t ra ined  solut ion enhances 
the  cur ren t  over  and above tha t  due to the convective 
diffusion p h e n o m e n a  which lead  to the  I lkovic equa-  
tion. Since Bond has demons t ra ted  tha t  under  some 
condit ions of na tu ra l  drop fal l  at  comparab le  flow- 
ra tes  the  l imi t ing  cur ren t  is less than  tha t  p red ic ted  
by  the  I lkovic  equat ion (5), i t  should therefore  be 
possible to de te rmine  the appropr ia t e  combinat ion  of 
f low-ra te  and d rop - t ime  where  I lkovic behavior  should 
be observed.  F u r t h e r  s tudies a re  in progress.  
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Electrochemical Studies of Oxo- and 
Sulfido-Bridged Molybdenum (V) Dimers 

Dimeric  mo lybdenum (V) complexes  wi th  cysteine 
(1), d i th iocarbamate  (2),  and EDTA (3) l igands have  
been s tudied as react ion models  for m o l y b d e n u m -  
containing enzymes. EPR evidence indicates  tha t  the  
l igand field sur rounding  the  mo lybdenum atoms at  
the  act ive sites of these  enzymes contains sulfur  donors 
(4, 5). X - r a y  s t ruc tura l  analyses  have been pe r fo rme  d 
on severa l  d i th iocarbamate  complexes in which  the 
t e rmina l  l igands bound to mo lybdenum and the b r idg -  
ing l igands be tween  the molybdenums  have  been both 
oxygen  and sulfur  (6-10). Elect rochemical  studies in 
aprot ic  solvents have been pe r fo rmed  on two d ie thy l -  
d i th iocarbamate  compounds (2) and aqueous studies 
have been  car r ied  out  on both  the  EDTA and cysteine 
complexes of mo lybde num (V) (1, 3). In  addit ion,  
in f ra red  studies have been made  of d i -# -oxo-b i s [N ,N-  
d i a lky ld i t h ioca rbama tooxomolybdenum (V)]  and t~- 
oxo - # - sulfido - bis [N, N-  d ia lky ld i th ioca rbamatooxomo - 
l y b d e n u m  (V)]  wi th  the  intent  to observe  and as-  
sign the bands due to the br idg ing  oxygen  and sul fur  
l igands (11). The presen t  s tudy summarizes  the  resul ts  
of a sys temat ic  inves t igat ion of the  influence of a sul-  
fu r  vs. an oxygen  l igand field on m o l y b d e n u m  (V) d i -  
a lky ld i th ioca rbamate  compounds.  The groups tha t  have  
been included in the inves t iga t ion  are  

0 0 0 0 ~ 0 0 S 0 0 S S S S S 

/Mo o/Mo \ , MO ~'Mo I 

with  d i e thy ld i th ioca rbamate  (dedtc)  and d i - n - b u t y l -  
d i th iocarbamate  (nbudtc)  as the  ligands. 

Al though inf ra red  spectroscopy has been a ma jo r  
tool for the  charac ter iza t ion  of the  compounds,  the  
effects of the  sys temat ic  subst i tu t ion of sul fur  for oxy -  
gen have been observed by  cyclic vo l t ammet ry  and 
u.v.-vis, spect roscopy for solut ions of the compounds 
in d ime thy l fo rmamide  (DMF) and d ime thy lace tamide  
(DMA).  

Experimental 
Preparation of the complexes.--t~-Oxo-~-sul]~do-bis 

[N,N-di-n-butyldithiocarbamatooxomolybdenum (V) ] 
and di-~-sulfido-bis [N,N-di-n-butyldithiocarbamato- 
oxo,molybdenum (V)].--"Sulfurized molybde nu m di-  
n -bu ty ld i th ioca rbama te"  was p repa red  according to the 
l i t e r a tu re  (12). TLC of the  product  exhib i ted  two spots. 
0.3g of this product  y ie lded  two bands on a d r y - p a c k e d  
column (descr ibed be low) .  Af te r  r o t a ry  evapora t ion  of 
the  solvent  at  30~ and recrys ta l l iza t ion  the  first band 
exhib i ted  in f ra red  peaks  at  967, 955, 478, and 338 cm -1 
[corresponding to Mo202S2(nbudtc)~],  and the second 
band had  peaks  at  970, 951, 711, 513, 460, and 350 cm -1 
[corresponding to Mo203S(nbudtc)~] .  

Di-#- sulfido - { IN,N- di-n-butyldithiocarbamatooxomo- 
lybdenum (V) ]- [N,N-di-n-butyldithiocarbamatosul~d- 
omolybdenum (V) ]} and di-~-sulfido-bis-[N,N-di-n- 
butyldithiocarbamatosulfidomolybdenum (V) ] . - -10g of 
the  "sulfur ized mo lybde num d i - n - b u t y l d i t h i o c a r b a -  
mato"  was added to 8g of P4S10 in 100 ml of xyle~e.  The 
mix tu re  was s t i r red  for  15 h r  at room t empera tu r e  and 
then refluxed for an  addi t ional  2.5 hr. The xy lene  was 
removed  by  ro t a ry  evaporat ion.  TLC of the  produc t  
exhib i ted  three  spots, lg  of the  [oroduct was e lu ted  wi th  
benzene f rom a s l u r ry -pa c ke d  column (descr ibed be-  
low) to yie ld  two bands. Af te r  ro t a ry  evapora t ion  of 
the  solvent  and recrys ta l l iza t ion  the  first band exh ib -  
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i ted peaks  at  549, 533, 467, and 335 cm-1  [correspond-  
ing to Mo2S4 (nbudtc)~] and the second band exhib i ted  
peaks  at  960, 538, 470, and 333 cm - t  [corresponding to 
Mo~OSa (nbudtc) 2]. 

Di-~-oxo-bis- [N,N-diethyIdithiocarbamatooxomolyb- 
denum (V)] .~The  procedure  used was a modification 
of that  of Newton and Corbin  (13). Under  a n i t rogen at- 
mosphere, 4g of MoCI~ (1.5 • 10-~ moles  was dissolved 
in 25 ml  HeO. A solut ion of lg  of sodium d ie thy ld i th io -  
ca rbamate  (5.8 • 10-~ moles) in 10 ml H~O was then 
s lowly added.  The purp le  p rec ip i ta te  was refluxed for  
2 hr, at  which t ime it  had changed to a b rown  color. 
The brown prec ip i t a te  was isolated b y  vacuum fi l t ra-  
t ion in air. A t t empts  at  the  synthesis  of Mo~O4 (dedtc)~. 
wi th  a 1:1 mix tu re  of mo lybdenum pentachior ide  and 
sodium d ie thy ld i th ioca rbamate  as descr ibed by  Newton 
a n d  Corbin (13) y ie lded  ma in ly  Mo2Oa (dedtc)  4. When  
the rat io  was increased to 2:1 (molybdenum pentach lo-  
r ide  to sodium d ie thy ld i th ioca rbamate )  the  pure  d i -  
oxobr idged  compound was obtained.  The in f ra red  spec-  
t rum of this compound is given in Table  I and Fig. 1. 
The da ta  agree  wel l  wi th  tha t  of Newton  and Mc-  
Donald (11). 

Di - ~-sulfido - his [N,N- diethyldithiocarbamatooxomo - 
lybdenum (V) ] and di-~-sulfido-{ [N,N-diethyldithio,- 
carbamatooxomoIybdenum (V) ]- [N,N-diethyldithio- 
carbamatosulfidomolybdenum (V)]}.--lg of Mo2Oa 
(dedtc)4 (13) was added  to 50 ml CHCla. H2S was bub -  
bled th rough  the solut ion for 20 rain. The prec ip i ta te  
was then  isolated and gave two spots upon TLC. 0.3g 
of this p roduc t  was then  added  to the  column. Elut ion 
wi th  benzene d ich loromethane  solvent  gave two bands. 
The in f ra red  spec t rum for the  ma te r i a l  in the  first band 
had peaks  at  955, 541, 470, and 335 cm-~  [correspond-  
ing to Mo2OSs(dedtc)~] whi le  the  peaks  for  the  sec- 
ond band were  at  967, 953, 479, and 338 cm -1 [corre-  
sponding to MoeO~S~(dedtc)~]. 

Al l  of the compounds were  recrys ta l l i zed  by  slow 
evapora t ion  of a CH2C12 solut ion except  Mo~O4 
(dedtc)2, which  was recrys ta l l i zed  by  adding  pe t ro-  
l eum e ther  (30~ ~ bp)  to a CH2C12 solution. 

Materials and measurements.~TLC plates  were  
prepa red  with  EM Sil ica Gel A and spread  to 0.25 m m  
thickness.  The column used for separat ions  measured  
6.6 • 71.8 cm and was d r y - p a c k e d  wi th  EM Sil ica Gel 
60 except  for the  separa t ion  of Mo2OS~(nbudtc)~ and 
Mo2S~(nbudtc)2. Fo r  these l a t t e r  EM Sil ica Gel 60 
was s lur ry  packed wi th  benzene into the  column and 
the mix tu re  of complexes  in t roduced  as a solution. In 
the o ther  separat ions  the  compound was ro t a ry  evap-  
ora ted  into a sample  of si l ica gel tha t  weighed 25-50 
t imes more  than  the  sample. This was then  in t roduced 
at  the top of the  column pr ior  to elution. In  the case 
of Mo2S4(nbudtc)2 and Mo2OS~(nbudtc)2 the  sol-  
vents  were  benzene and methanol  for both  the column 
and TLC separat ions.  In al l  o ther  cases the  best  sol-  
vent  was found to be a 5:2 (vol :vo l )  mix tu re  of ben -  
zene and CH2C12. 

The electrochemical  exper iments  were  car r ied  out 
wi th  a PAR Model  173 Po ten t ios ta t /Ga lvanos ta t ,  Model  
174 Digi tal  Coulometer,  and Model 175 Universa l  P ro -  
grammer .  A th ree -e lec t rode  system was ut i l ized in al l  
cases. The reference  e lect rode was an Ag-AgC1 elec-  
t rode  in  aqueous t e t r a m e t h y l a m m o n i u m  chlor ide  

Table I. Infrared bands 

/~Mo-O t PMO'St vMo'Ob ~MO'Sb 
C o m p l e x  ( e r a  -~) ( c m  -1) ( c m  -~) ( c m  -~) 

M o ~ 4 ( d e d t c ) 2  973vs,  956s 730m, 709w, 
472m 

Mo20~S2(dedtc )~  967s, 953s 479m,  338m 
Mo~OS3(dedtc)  2 9SSs 541s 470m,  335m 
M o ~ O a $ ( n b u d t c ) 2  970s, ~51s 711m, 513m 460m,  ~50w 
Mo~O~S~(nbudtc)~ 967s, 955s 478m,  338m 
Mo~OS~(nbudtc)~  960s 538s 470m,  333m 
Mo~S~ ( n b u d t c )  ~ 549s, 53~m 467m,  8.~5s 
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Fig. 1. Infrared spectra of 0.3% KBr disks of, (a) Mo~04 (dedtc)2; 
(b) Ma203S(nbudtc)2; (c )  M~O~(nbudtch; (d) M~OS8 
(~budtc)~; (e) Mo~S4(nb,,dtc)2. 

(0.00V vs. SCE) in a cap i l l a ry  tube wi th  a c racked-  
glass bead junct ion  for contact  wi th  the  solution. The 
aux i l i a ry  e lect rode was a P t  flag electrode,  whi le  the 
working  electrode was a Beckman Pt  in lay  e lect rode 
for cyclic vo l t ammet ry  and a P t  gauze e lec t rode  for 
coulometry.  The suppor t ing  electrolyte,  t e t r a e th y l am-  
monium perchlorate ,  was synthesized and purif ied by  
es tabl ished methods (14). 

Cyclic vo l tammet r ie  and coulometr ie  studies of al l  
the compounds were  car r ied  out  in DMF and DMA. 
The e lect rochemical  behavior  was ident ica l  in both sol-  
vents  wi th  the except ion of the  Mo204(dedtc)2 com- 
p lex  which seemed to decompose in DMA. At t empt s  
were  made  to use DMSO and acetoni t r i le  as solvents, 
but  the  compounds decomposed in DMSO and were  too 
insoluble  in acetoni t r i le  to get  re l iab le  data. Revers i -  
b i l i ty  of the first cathodic peaks  was also de te rmined  
as a function of scan rate.  

Transfers  of reduced  species to a i r t ight  spec t rometer  
cells were  made  inside a Vacuum Atmospheres  Corpo-  
ra t ion  D r y - L a b  glove box. U.V.-vis. spect ra  were  re- 
corded on a Cary  Model 14 spec t rophotometer  in quar tz  
cells that  ranged  f rom 0.01 to 1.0 cm in pa th  length.  
EPR spect ra  were  recorded on a Var ian  Model 4500 
X - b a n d  spec t rometer  by  use of a Var ian  V-4548 solu-  
t ion cell. In f ra red  spect ra  were  recorded wi th  e i ther  a 
P e r k i n - E l m e r  621 or  P e r k i n - E l m e r  283 spectrometer. 
All  spect ra  were  run  as 0.3% KBr  pellets.  D ime thy l -  
fo rmamide  (DMF) was purif ied by  ref luxing 2 liters 
over  200g P205 for two days,  fol lowed by  dis t i l la t ion  
at  a pressure  be tween  8-12 Torr.  Dimethy lace tamide  
(DMA) was purif ied by  the same procedure.  
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Results 
Infrared.--Two bands are obtained when "sulfurized 

molybdenum d i -n-bu ty ld i th iocarbamate"  is eluted 
from the column. The infrared spectrum of the first 
band displays a sharp doublet  at 967 and 955 cm -1 
and also contains stretches at 478 and 338 cm -1. The 
spectrum from the second band  a lsohas  a well-resolved 
doublet  at 970 and 951 cm -1 as well  as stretches at 711, 
513, 460, and 350 cm -1, with the stretches at 711 and 
513 cm -1 not  being observed in  the spectrum of the 
first band. These two compounds are identified as 
Mo202S2 (nbudtc)  2 and Mo203S (nbudtc)  2. 

The product  of the reaction be tween  P4S10 and "sul- 
furized molybdenum di -n-bu ty ld i th iocarbamate"  has 
three components. The first band eluted displays a 
finely resolved doublet  a t  549 and 533 cm -1 besides 
stretches at 467 and 335 cm -1. The seco,nd band eluted 
has two strong singlet  peaks at 960 and 538 cm -~ be-  
sides two stretches at 470 and 333 cm -1. Finally,  the 
third band  eluted exhibits the same infrared spectrum 
as the first band of "sulfurized molybdenum d i -n -  
butyldi thiocarbamate."  These three components are 
identified as Mo2S4 (nbudtc)  2, Mo~OS3 (nbudtc)  2, and 
Mo20~$2 (nbudtc)  ~. 

The product  of the reaction between H2S and 
Mo203 (dedtc)4 has two components. An infrared 
spectrum of the first compound has two strong stretches 
at 955 and 541 cm -~ besides the two stretches at 470 
and 335 cm -~. A spectrum of the second band  exhibits 
four stretches, besides those associated with the ligand, 
a sharp doublet  at 967 and 953 cm -~, and stretches at 
479 and 338 cm -~. These two comuounds are identified 
as Mo2OS3 (dedtc) ~ and Mo20252 (dedtc) 4. 

Final ly,  the compound Mo~O~ (dedtc) ~ prepared by 
a modified procedure (13) exhibited five stretches in 
the infrared spectrum not related to the ligand. The 
first two are a wel l - resolved doublet  at  973 and 956 
cm -~, and the other three are at 730, 709, and 472 cm -~. 

The infrared spectral data are displayed in Table I 
and Fig. 1. 

U.v.-vis. spectra.~Mo~O~(dedtc)2 exhibited a fea- 
tureless u.v.-visible spectrum with a single peak at 268 
n m  (e : 3.12 • 10~). For  compounds with the core 
structure,  Mo20~S and Mo202S2, shoulders were exhib-  
ited at 370 and 350 nm, as well as peaks at 280 and 250 
nm in  DMF. The Mo2OS3 core exhibited peaks at 397 
n m  (e = 3.37 • l0 s ) and 260 n m  (e = 3.85 • 10 ~ for 
Mo2OeS~ (dedtc) ~) while  Mo~S~ (nbudtc)  ~ exhibits 
peaks at 441 nm (e = 5.20 • 1O ~) and 293 n m  (~ -- 
4.33 • 10~). 

Electrochemistry.--Init ial  reduct ion scans showed all 
the compounds to be electroactive, but  none of them 
exhibited peaks on an ini t ia l  oxidation scan. A sum-  
mary  of the electrochemical results is contained in 
Table II. 

Except for Mo204(dedtc)2 and Mo2S~(nbudtc)2, an 
oxidation peak is exhibited 80-150 mV more anodic 
than the reduct ion peak following reversal  of the scan 
direction, i.e., the reductions are quasireversible.  Two 
compounds exhibit  this reoxidation peak at scan rates 

Table II. Electrochemical data 

C o m p l e x  E r , c  a E p , a  a n a  

M 0 2 0 ~  ( d e d t c )  ~ - 1 .41  2 
M o 2 O s S  ( n b u d t c )  2 - -  1 .40  - -  1 .30  1 
M o 2 0 ~ S e  ( d e d t c )  ~ - 1 .32  - -  1 .22  1 
M o 2 0 ~ S ~  ( n b u d t c )  ~ - -  1 .33  - -  1 .23  1 
M o 2 O S ~  ( d e d t c )  2 b - -  1 . 0 0  - 0 . 8 8  1 
M o 2 O S s ( n b u d t c ) ~  - 0 . 9 8  - 0 . 8 7  1 
M o 2 S 4  ( n b . u d t c )  ~ - 0 . 8 9  - 0 . 8 3  1 
M o ~ S ~  ( n b u d t c  ) 2 ~ - -  1 .52  - 1 .44  1 

, Ep ,c  c a t h o d i c  p e a k  p o t e n t i a l .  E p , a  a n o d i c  p e a k  p o t e n t i a l  a t  200 
m V / s e c ,  n is t h e  n u m b e r  of  e l e c t r o n s  p e r  d i m e r i c  m o l e c u l e  a f t e r  
c o u l o m e t r y  f o r  t h e  f i r s t  r e d u c t i o n  p e a k .  

S c a n  r a t e  i s  500  m V  sec .  
e S e c o n d  r e v e r s i b l e  p e a k  w h i c h  is o b s e r v e d  f o r  M o . ~ S ~ ( n b u d t c ) 2  

b e f o r e  c o u l o m e t r y .  

slower than  100 mV/sec and they are MoeO2S~(nbudtc)~ 
and Mo~O2S2 (dedtc)2. Mo2S4 (nbudtc)  2 behaves revers-  
ibly at scan rates of 200 mV/sec while the reduct ion 
peak for Mo20~(dedtc)2 seems to be total ly irreversible,  
since there is no reoxidation peak exhibited at any scan 
rate. The first reduction peak for all  the complexes 
is a one-elect ron reduction, except for Mo204(dedtc)2 
which is a two-electron reduct ion as shown by the 
coulometry and peak height data. 

Two compounds exhibited a prominent  second re-  
duction peak in the vol tammograms;  Mo202S2 (dedtc)2 
displays a peak at --1.62V vs. SCE while  Mo20~$2 
(nbudtc)2 displays a peak at --1.67V vs. SCE, which 
is shown to be a two-electron reduct ion by coulometric 
and peak-height  data. Mo2OS~ (dedtc)2 has a second re-  
duction peak at --1.72V vs. SCE, while Mo20~S 
(nbudtc)2 has a second reduct ion peak at --1.78V vs. 
SCE, and Mo2OSs(nbudtc)~ has one at --1.75V vs. 
SCE. Mo~S4(nbudtc)2 definitely exhibits a second, 
quasireversible reduct ion peak at --1.52 V vs. SCE but  
Mo204(dedtc)2 exhibits no distinct reduct ion peaks 
following the one at --1.41V vs. SCE. 

Coulometry performed at a potential  just  negative 
of the first cathodic peak indicated that  the com- 
pounds are reduced by one electron. There  is no evi- 
dence of the reverse oxidation peak for any  of the 
complexes and all of the second reduct ion peaks ex- 
hibited by the compounds in  the vol tammograms 
prior to coulometry have disappeared. The color of 
the solutions after reduct ion by one electron per mole-  
cule is dark red, and u.v.-vis, spectra were feature-  
less. Attempts were made, using both l i th ium amal-  
gam and sodium amalgam, to chemically reduce the 
compounds on a larger  scale in  the hope of isolating 
the reduct ion product. However, the vol tammetry  of 
the chemically reduced product did not reproduce the 
vo l tammetry  of the electrochemically reduced product. 
For all the complexes, except Mo204(dedtc)2, ini t ial  
anodic scans on the solutions after coulometry yield 
three peaks, one at ~-0.09V due to l igand oxidation, and 
small  broad peaks at -~0.65 and W0.90V. Coulometry 
at the potential  of the l igand oxidation peak regen-  
erates some of the s tar t ing material ,  while coulometry 
at ~I .00V regenerates up to 60-80% of the s tar t ing 
material.  

Mo204(dedtc)2 is reduced 'by two electrons. An 
anodic scan of the reduced solution shows peaks at 
--0.24, 40.10 (due to l igand),  -t-0.42, and a small  broad 
peak at W0.80V. Coulometry at a potential  just  posi- 
tive of the first oxidation peak yields about 25% re-  
generat ion of the start ing mater ia l  while oxidation at 
a potential  just  positive of the l igand peak yields about 
50% regenerat ion of the s tar t ing complex. 

The electrochemical data are displayed in  Table II  
and Fig. 2. 

Discussion 
InJrared spectra.--All  the complexes in  this s tudy 

exhibit  ei ther Cs or C2v symmetry,  and these symme-  
t ry  groups have been used to predict the n u m b e r  of 
expected infrared active bands. In  all cases two ter -  
minal  oxygen-  or su l fu r -molybdenum stretches are 
predicted to be infrared active, with an addit ional  
three  or four infrared-act ive  bridge stretches also 
expected. 

Mo204 (dedtc)2 has C2v symmetry,  requir ing two ter -  
minal  and three bridge stretches. These are all ob- 
served and are in good agreement  with those reported 
by Newton and McDonald (11). There is a lowering 
of symmet ry  to Cs in going from the Mo204 uni t  to the 
Mo202(~-O) (~-S) unit. For this complex four bridge 
bands are predicted as w e l l  as the two terminal  
stretch bands. The four bridge bands are observed at 
711, 513, 460, and 350 cm -1, in good agreement  with 
the results of Newton and McDonald (11). The Mo202 
(~-S)2 uni t  exhibits C2v symmetry,  again requir ing 
two terminal  stretches and three bridge stretches. Only 
two bridge stretches are observed, however, the third 
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Fig. 2. Cyclic voltammograms at 200 mV/sec of 1 mF solutions 
of: (a) Mo~O4(dedtc)2; (b) Mo203S(nbudtc),2; (c) Mo202S2 
(.budtc)2; (d) Mo2OSs(nbudtc)2; (e) Mo2S4(nbudtc)2. 

one possibly coming below 300 cm -1 which is the l imit  
of our spectra. The bridge stretches for Mo204 (dedtc)2, 
appearing at 730, 709, and 472 cm-1, while those for 
MO202(]~-S)2 appear at 478 and 338 cm -1. Comparing 
these to the bridge bands observed for Mo2 (s-O) (~-S) 
(nbudtc)2, it appears that the 711 and 513 cm - I  
bands are associated main ly  with the oxygen bridge 
atom, and that the bands at 460 and 350 cm -1 are as- 
sociated main ly  with the sulfur  bridge atom, again in 
good agreement  with Newton and McDonald (11). In 
all of the complexes so far the te rminal  mo lybdenum-  
oxygen s t r e t ch  has been a doublet at approximately 
970 and 955 cm -1. The next  uni t  of the series, MoOSs, 
however, has a new terminal  atom as well as a descent 
in symmetry  to Cs. Two terminal  stretching bands are 
required and observed, one at 960 cm -1 for the ter-  
mina l  molybdenum oxygen stretch, and one at 540 
cm -1 for the te rminal  molybdenum sulfur  stretch. 
Of the four predicted bridge stretches only two are 
observed, at 470 and 334 cm -1, againzpresumably be-  
cause two stretches may be of lower energy than can 
be observed in  a KBr medium. The final complex in 
the series Mo2S4(nbudtc)2 is C2v. The two terminal  
stretches are represented by a doublet at 549 and 533 
cm -1. Only two bridge stretches, at 467 and 335 cm -1, 
of the three required are observed. 

Electro,chemistry.--Mo204(dedtc)~ is reduced by a 
two-electron process, in agreement  with results pub-  
lished previously (2). The reduced species has lost 
one or more l igand molecules as evidenced by the pres- 
ence of a l igand oxidation peak in the cyclic vol tammo- 
grams after coulometry. The peak at +0.42V corre- 
sponds to the oxidation of MoIvO(dedtc)2 (2). This 

implies that  at least some of the binuclear  molybdenum 
core has decomposed into a monomeric species which 
has then combined with free l igand to form Mo Iv 
O(dedtc)2. This accounts for only 10% of the molyb-  
denum in solution, however. Two possibilities exist 
for the oxidation peak at  --0.24V. Either  it is the 
oxidation of [MoIV204(dedtc)212- to the start ing ma-  
terial  Mo204(dedtc)2, or it is the oxidation of a spe- 
cies due to the decomposition of reduced M0204 
(dedtc)~. In  this case after the decomposition product 
is oxidized it must  somehow regenerate start ing ma-  
terial, possibly by reaction with free l igand in solution. 
Oxidation at a potential  positive of the l igand oxida- 
t ion peak produces te t raalkyl thiuramdisulf ide (15). 
Regenerat ion of star t ing mater ia l  after l igand oxida- 
tion is probably due to oxidative addition of the te t ra-  
alkylthiuramdisulf ide to the major  reduction product  
of Mo204 (dedtc) 2. 

Subst i tu t ion of one sulfur  into the Mo~O4 core causes 
a significant change in the electrochemical behavior. 
Although the reduct ion potential  is not  changed dra-  
matically, the first reduct ion peak is only a one-elec- 
t ron process and it  has become quasireversible. In t ro-  
duction of the second sulfur  atom into the bridge posi- 
tion causes a fur ther  change in the electrochemistry. 
The one-electron reduct ion product of this Mo20282 
core is the most stable reduct ion product  of all the com- 
plexes studied. Even at 50 mV/sec, it  still exhibits a 
quasireversible reoxidation peak. The complex also 
appears to be capable of a fur ther  two-electro,n i r re-  
versible reduction, probably to a molybdenum ( IV) -  
molybdenum (III) dimer Which then  decomposes. When 
these complexes are reduced by controlled potential  
coulometry, both the first and second reduction peaks 
disappear and a vol tammogram for the resul t ing solu- 
t ion has three oxidation peaks in a positive scan. 

Int roduct ion of a sulfur into a te rminal  position of 
the binuclear  molecules causes a fur ther  anodic shift 
in  the potential  of the first reduct ion peak to --0.99V. 
There is a second reduction peak observed at --1.75V 
which is also observed for Mo2OsS (nbudtc)2, which is 
the size of the ini t ial  reduction peak. Because both 
of these compounds decompose at a much faster rate 
than  the Mo202S~ compounds, this peak at --1.75V 
may be a two-electron reduction of Mo2OsS(dtc)2- 
and Mo2OS3 (dtc) - .  

Mo2S4(nbudtc)2 exhibits the most positive first- 
reduction potential  and in  this case it  is reversible 
at a scan rate of 200 mV/sec. Also a second quasire-  
versible one-electron reduction is observed at --1.52V 
(see Table II) .  In  this case the first peak probably is 
due to reduction to (MoVMo[vS4(nbudtc)2)- and the 
second peak is due to reduct ion to the dianion 
(MoLv2S4(nbudtc)2)-2. Coulometry after the first re-  
duction peak causes the disappearance of both the first 
and second reduct ion peaks. A vol tammogram on the 
result ing solution exhibits three oxidation peaks on an 
anodic scan which are discussed below. 

On all complexes with sulfur  subst i tuted into the 
Mo20~ core, coulometry after the first reduct ion peak 
yields a solution which is dark  red. For the solutions 
containing the reduction products coulometry at a po- 
tential  just  positive of the l igand oxidation yields 
about 50% regenerat ion of the start ing material.  This 
probably is due to oxidative addit ion of te t raa lkyl -  
thiuramdisulfide to the major  reduct ion product. Since 
coulometry at +I .00V can regenerate 60-80% of the 
start ing material,  the peaks at +0.65 and +0.90V may 
be minor  products of the decomposition which when 
oxidized produce start ing material.  

The sul fur-subst i tu ted core uni ts  do not appear to 
be broken up into monomeric units because the initial 
reduction does ,not exhibit catalytic behavior, even 
during coulometry, and no signal is observed by EPR. 
Further substantiation is provided by the fact that 
the reaction of coulometrically reduced product yields 
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only the original starting material  and not a mixture 
of products. 

U.V.-vis. spectra.--Perkins and Brown (16, 17) have 
shown that the Mo~O2S2 core has more delocalization 
than the Mo204 core as well as a smaller formal positive 
charge on the molybdenum. This has been at tr ibuted to 
sulfur "d" orbitals allowing more delocalization 
in the Mo~O2S2 unit than can be achieved in Mo204. 
The electrochemical data substantiate these results 
because Mo~O2S~(dedtc)2 is more easily reduced than 
MoeO4(dedtc)2. Introduction of additional sulfur into 
the terminal  position appears to reduce the energy of 
the lowest unoccupied molecular orbital  still further. 
This is consistent with the anodic shift in reduction 
potential of the Mo2S4 and Mo2OS3 cores with respect 
to the Mo~OeS2 core [44 and 34 mV, respectively (see 
Table I]. Also the energy of the first electronic transi-  
tion is lowered for those compounds that exhibit dis- 
tinct peaks in the visual region specifically 397 nm for 
Mo~OS3 and 441 nm for Mo~S4. 

The chromatographic elution of the compounds also 
is in accord with the reduction of the formal charge 
on the molybdenum upon replacement of oxygen by 
sulfur. The compound which elutes first is Mo2S4 (dtc)~., 
followed by Mo~OSs, Mo202S2, and Mo203S. Ap-  
parent ly the more oxygens present the more polar the 
compound, with even the bridge oxygens having a 
significant effect. 

Conclusions 
The data in this paper indicate that there is li t t le 

coupling between molybdenum terminal atom stretches 
and molybdenum bridge atom stretches as demon- 
strated by the constancy of the frequency of the in- 
frared bands. Even when  the bridge atoms are differ- 
ent, the bridge stretches appear almost independent of 
each other as can be seen by comparison of the in- 
frared bands for M0204 (dedtc) 2, M02OsS (nbudtc) 2, 
Mo~O2S2(nbudtc)2, and Mo2OeS2(dedtc)2. These ob- 
servations make it possible to determine both the num- 
ber and the position of different atoms in binuclear 
molybdenum (V) compounds. The presence of two 
bridging sulfur atoms between the molybdenum (V) 
ions appear to be a requirement (at least in this sys- 
tem) for fast electron transfer with no subsequent de- 
composition of the complex. Additionally it is clear 
that binuclear molybdenum (V) complexes in an e~- 
vironment consisting mainly of sulfur donors can un- 
dergo reversible one-electron transfer reactions and 
that completely surrotmding the molybdenum atoms 
with sulfur donors allows a binuclear molecule to 

undergo two consecutive one-electron transfers with-  
out appreciable decomposition. We conclude that an 
oxygen ligand field most l ikely could not support fast 
enzymatic redox reactions, and that the ligand field 
around the molybdenum atoms in redox enzymes, 
therefore most l ikely contains all sulfur donors. 
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In the 25 years since the Society's 50th anniversary  
review,  there  have  been many  changes in the designs, 
manufac tur ing  processes, and markets  for secondary 
batteries. Some developments  which were  promising 
and disclosed in the Golden anniversary  rev iew in 
1952 have been successful, while  others failed. This 
paper  will  r ev iew briefly the major  changes that  have  
occurred and current  research and development  efforts 
that  may  lead to fu ture  progress in secondary ba t t e r -  
ies. 

Review of the Industry 
The secondary ba t te ry  industry has grown great ly  

in the past 25 years; however ,  it is still dominated by 
the au tomot ive  starting, l ighting, and ignit ion (SLI)  
battery.  A major  impetus  for this g rowth  has been the 
increase in popular i ty  of in ternal  combustion engine-  
powered automobiles and trucks. This is effectively il-  
lus t ra ted in Table I which shows for the United States 
and for the free marke t  countries of the world  the 
growth in motor  vehicle registrat ions and SLI ba t te ry  
shipments.  These figures, in mill ions of units, are in-  
dicated in lines A and B. The dollar  values of all major  
secondary ba t te ry  shipments are  shown in the subse- 
quent  lines. The data in Table I are based on the best 
avai lable  informat ion f rom various sources; however ,  
in some cases, the data had to be interpolated or es- 
t imated. The data are useful to i l lustrate  trends and 
there  are several  in teres t ing observations based on 
Table  I. SLI ba t te ry  shipment  growth closely paral lels  
the growth in vehicle  regis t ra t ion and seems to have 
leveled off at about one ba t te ry  annual ly  for 2.2 to 2.4 
vehicles registered. There  has been a significant de- 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  Me m b e r .  

velopment  since 1952 of consumer (nonautomotive)  
applications for secondary batteries;  principally,  small  
main tenance- f ree  units for hand and garden tools, 
personal care products, calculators, and l ight ing de-  
vices. While inflation has contr ibuted significantly to 
the dollar  growth, normal izat ion to constant dollars 
would still show substantial  increase in shipments 
as evidenced by the SLI uni t  growth. Perhaps surpris-  
ing to some is the indication that  worldwide,  a lkal ine 
secondary batteries have mainta ined a ra ther  s teady 
8 to 10% of the total secondary ba t te ry  business. This 
re la t ive ly  constant marke t  share, even with  the deve l -  
opment  of new applications, reflects the l imit ing effect 
of the higher  cost of the a lkal ine  systems on marke t  
penetrat ion.  

Product and Process Changes, 1952-1977 
From an over -a l l  viewpoint,  the general  thrusts of 

the secondary ba t te ry  industry  can be summarized as 
follows: 

Research--The research thrust  has been largely  de- 
voted to the application of modern  scientific methods 
and ins t rumenta t ion  for a be t ter  unders tanding of the 
reaction mechanisms which control  per formance  and 
life. 

Development--The deve lopment  effort has been 
aimed at improvements  in per formance  per unit  weight  
and volume, reduct ion of maintenance,  improved  
charge acceptance, and use of new materials .  

2~anufacturing--New and improved processes and 
equipment  have permi t ted  increased product iv i ty  
through mechanizat ion and automation. Recently, 
much at tent ion has been paid to changing manufac tu r -  

Table I. Estimated growth of the secondary battery business in U.S. and worldwide (free market countries) 
(All values in millions) 

U. S. W o r l d w i d e  incl. U. S. 

Calendar year  1952 1960 1969 1976 1952 1960 1969 1976 

Units Units Units Units Units Units Units 
A, Motor  veh i c l e  reg-  

i s trat ion  53 74 105 134 75 122 220 

B. Lead-acid,  SLI 28 34 47 60 35 54 90 
Ratio  A / B  1.9 2.2 2.2 2.2 2.1 2.3 2.4 

Units 

322 

143 
2.3 

Dollars Dollars Dollars Dollars Dol lars  E) ollars 
C. Lead-acid,  SLI 260 330 510 1040 320 520 

D. Lead-acid, o t her  
Industr ia l  60 70 105 260 160 140 
C o n s u m e r  0 < 1 3 10 0 1 

E. N i c k e l - c a d m i u m  
I naus t rml  6 12 16 30 30 45 
C o n s u m e r  O 5 20 60 2 20 

F. Others  
Nt-Fe, Ag-Zn, 

N~-Zn 8 18 24 28 16 24 

Dollars 
1040 

3O0 
8 

86 
50 

33 

Dollars 
2750 

710 
18 

150 
140 

6O 

G. T ota l  va lue  334 436 678 1368 468 750 1511 3828 
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ing processing to min imize  personnel  and faci l i ty  en-  
v i ronmenta l  problems.  

The extent  of wha t  has been achieved is best  unde r -  
s tood by  considering each of the secondary  ba t t e ry  sys- 
tems in product ion today.  

Lead-acid system.--The publ ished research  activi t ies 
in the  l ead -ac id  system up to 1970 are  covered in de-  
tai l  in an excel lent  r ev iew a r t i c le  by  Burbank,  Simon, 
and Wil l ihnganz (1). They  point  out a number  of chal-  
lenging questions tha t  r ema in  unanswered  and to 
which the answers,  unfor tunate ly ,  a re  st i l l  being 
sought  today.  Auger,  SEM, x - r a y  microprobe,  and 
other  modern  techniques a re  beginning to del ineate  
definite areas  of a t tack  for resolut ion  of some of the  
questions; however,  today  many  impor t an t  questions 
r ema in  unanswered.  Typical ly ,  but  in no way  com- 
plete, the  questions are: 

1. The exact  na tu re  of the in terface  be tween  posi t ive 
active ma te r i a l  and  the grid, and the influence of grid 
composition, addit ives,  etc., on the  in ter face  and the 
changes which  occur when cycling. 

2. How to improve  act ive ma te r i a l  u t i l iza t ion beyond 
the 25-35% typ ica l ly  exper ienced  in commercia l  ba t -  
ter ies  and main ta in  or increase cycle life. 

3. How to main ta in  par t ic le  morpho logy  in posi t ive 
active ma te r i a l  to max imize  per formance  and life. 

4. The mechanism of e x p a n d e r  act ion in the nega t ive  
active mater ia l .  

While  these and other  questions st i l l  occupy the sci- 
entist  today,  the  last  25 years  have seen significant 
changes in the  product .  Basically,  the  products  de -  
scr ibed in the  Society 's  1952 review art icles  st i l l  exist  
today;  however ,  most  of them have undergone  dramat ic  
changes which a re  in some cases apparen t  and in 
other  cases perhaps  invis ib le  but  never the less  equal ly  
as impressive.  

Starting, lighting, ignition.--The 1952 rev iew ar t ic le  by  
Wil l ihnganz (2) indicates  the typica l  SLI ba t t e ry  was 
6V with  a 20 hr  d ischarge  ra t ing  of about  100 A-hr .  
The average  ba t t e ry  weighed about  40 lb (18 kg) and 
had a dens i ty  of about  138 l b / f t  3 (2.2 kg / l i t e r ) .  The 
ba t t e ry  was made  in a hard  rubbe r  conta iner  wi th  a 
soft asphal t  cover seal. The grid al loys were  high an-  
t imonia l  al loys (above 6% Sb) ,  specific g rav i ty  of the 
e lec t ro ly te  was 1.285, and there  was a 50% or be t te r  
chance that  the  separa tors  were  t r ea ted  wood. The 
charger  in the  car  of the per iod was a ro ta t ing  gener -  
a tor  which did not charge the  ba t t e ry  be low an engine 
r p m  tha t  was cons iderab ly  above the idle  speed. 

A comparison of the fea tures  of the  typical  1952 SLI 
ba t t e ry  wi th  the ones found in the 1977 product  is i l -  
lus t ra ted  in Table  II. Significant is the change dur ing  

Table II. SLI batteries: 1952-1977 

Componen t  or  
charac te r i s t i c  1952 1977 

Conta iner  R u b b e r  Po lyp ropy lene  
Cover  R u b b e r  Po lyp ropy lene  
Seal Aspha l t  Heat -sea led  
In t e r ce l l  connec-  Over  cove r  Thru -pa r t i t i on  

for  
Vol tage  6V 12V 
Specific g r a v i t y  1.285 1.260 
Sepa ra to r s  Wood T r e a t e d  p a p e r  

T r e a t e d  p a p e r  Microporous  r u b b e r  
Microporous  rub- Microporous  plastic 

b e t  
Grid alloys >6% Sb <4% Sb or ca lc ium 
W e i g h t  40 lb (18 kg)  35 lb (15 kg)  
Dens i ty  138 lb / f t  ~ (2.2 kg /  118 l b / f t  s (1.9 k g /  

l i te r  ) l i ter )  
W a t e r i n g  inter-  7-30 days  6 m o n t h s  to s eve ra l  

va l  ye a r s  
C h a r g e r  G e n e r a t o r  A l t e r n a t o r  
Capaci ty  (20 h r  

ra te )  100 A-hr  48 A-hr* 

* T h e  20 h r  d i scharge  ra t ing  which  was  in use in 1952 is no 
longe r  used  for  SLI ba t t e r i e s  and  the  va lue  shown fo r  1977 is for  
c o m p a r a t i v e  purposes .  

the per iod  f rom rubbe r  conta iner  and  cover  to ba t t e ry  
cases that  usua l ly  consist of thermoplas t ic  po lypro-  
pylene.  Use of this ma te r i a l  permi t s  the  container  and 
cover to be  hea t - sea led  together  wi th  a pe rmanen t ly  
bonded seam, e l iminat ing  most  of the  problems  as-  
sociated wi th  the  former  asphal t  compound seal ing 
method.  

The use of po lyp ropy lene  also al lows the  in t roduc-  
t ion of dis t inct ive  colors into SLI  packaging  to make  
the one- t ime,  so-cal led  "small  b lack  box" a fa r  more  
a t t rac t ive  product  and adding a new dimension to its 
marke tab i l i ty .  The change, too, f rom exposed o v e r - t h e -  
cover  in terce l l  connectors  to concealed t h r o u g h - p a r t i -  
t ion connectors,  as wel l  as the reposi t ioning of t e rmina l  
posts f rom the top to the  side of the  ba t t e ry  in la te  
models  of the  period, also enhanced p roduc t  a ppea r -  
ance whi le  reducing safe ty  hazards  tha t  p rev ious ly  
existed. 

Perhaps  most significant is the recent  (1974) in t ro -  
duct ion of  the  ma in tenance - f r ee  (MF) SLI  ba t t e ry  
which  theore t ica l ly  requi res  no addi t ion of wa te r  
th roughout  its service  life. Wa te r  loss in s t andard  SLI 
ba t te r ies  gene ra l ly  is the resul t  of e lectrolysis  dur ing  
charging.  Manufac turers  of M F / S L I  ba t te r ies  have 
prac t ica l ly  e l imina ted  wa te r  loss by  changes in the  
al loys used in the  grids. 

One approach  is the use of a l ead -ca l c ium al loy gr id  
(usual ly  below 0.08% calc ium),  which not  only  resul ts  
in lower  se l f -d ischarge  rates  but  also in an increase in 
the hydrogen  evolut ion potent ia l  of the  nega t ive  elec-  
trode. As a consequence, at  the usual  vol tage  regu la to r  
set t ing less cur rent  is ava i lab le  to decompose the  wa te r  
content  of the e lectrolyte .  

Wa te r  loss in s tandard  SLI ba t te r ies  also can be di-  
rec t ly  re la ted  to the  bui ldup o f - an t imony  deposi ts  on 
the sponge lead  of negat ive  plates  dur ing  o/~eration. 
Ano the r  approach  to the  M F / S L I  ba t t e ry  is a reduct ion 
of the  an t imony  content  of gr id  alloys. Lower ing  the 
an t imony  content  f rom 4-6% to 2-3% has cut the 
w a t e r  loss drast ical ly .  

Another  ma jo r  deve lopment  adopted  nea r ly  uni -  
versa l ly  th roughout  the  SLI ba t t e ry  indus t ry  dur ing  
the 25-year  per iod  is the  "d ry  charge" process. Basi-  
cally, this involves the use of negat ive  plates  in 
which, af ter  formation,  the  wa te r  content  is reduced 
to a m in imum wi thout  a corresponding increase  in  
the oxygen content  of the plates.  

Since ba t te r ies  can be s tored for an extens ive  per iod 
in a d ry  charge  condit ion wi thout  de t r imen ta l  effect 
and then eas i ly  ac t iva ted  by  the addi t ion  of s t anda rd  
e lec t ro ly te  to the  cells fol lowed by  a br ie f  charging 
period, the  process g rea t ly  simplifies the shipping and, 
in par t icu lar ,  the warehous ing  of SLI bat ter ies .  

The recen t ly  developed M F / S L I  bat tery ,  however ,  
now offers economic as wel l  as prac t ica l  advan tage  
over  the  d ry  charge var ie ty .  Because of its much lower  
se l f -d ischarge  rate,  the M F / S L I  ba t t e ry  can be  shipped 
as wel l  as s tored in a wet, ac t iva ted  s tate  for a r e l a -  
t ive ly  long time. This e l iminates  the  cost of the  d r y  
charge process dur ing  manufac tu re  and also the chore 
of adding acid e lec t ro ly te  at  the poin t  of sale, an often 
unpleasant  job not wi thout  danger.  

One of the deve lopments  associated wi th  the in t ro-  
duct ion of the M F / S L I  ba t t e ry  has been the inves t iga-  
t ion of techniques for producing  grids o ther  than  by  
the t r ad i t iona l  casting method.  At  least  one manufac-  
tu re r  is in la rge  scale product ion using grids manufac -  
tu red  by  expanding  thin, cont inuously  cast, l e ad -ca l -  
cium al loy sheet. Techniques such as this  offer the  op-  
por tun i ty  for continuous product ion  of plates  and sig- 
nificant reduct ion in the weight  of the  grid. 
Industrial.--Lead-acid indus t r ia l  s torage bat ter ies ,  
which bas ica l ly  are  larger ,  wi th  stronger,  be t t e r  qua l -  
i ty  construct ion than  SLI  bat ter ies ,  fal l  into three  gen-  
eral  appl icat ion categories.  Compris ing about  55% of 
the indus t r ia l  l ead-ac id  m a r k e t  are  the mot ive  power  
types that  propel  ma te r i a l  handl ing lift  trucks,  t ractors ,  
and motor ized hand  trucks;  mining  rai lcars ,  t ractors ,  
and special ized types  of se l f -p rope l led  mining  veh i -  
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cles; indus t r ia l  power  sweepers  and floor scrubbers ;  
some electr ic  s t ree t  vans, buses, and autos  (most ly  ex-  
pe r imen t a l ) ;  and to a l imi ted  extent,  golf carts  and 
personnel  car r ie rs  ( the m a j o r i t y  in service  use au tomo-  
t i v e - t y p e  ba t te r ies ) .  

}I ighl ight ing technological  improvements  in mot ive  
power  ba t te r ies  du'ring the  per iod  is the  deve lopment  
of : improved seal ing methods  for cell covers and con- 
tainers .  Trad i t iona l  in the  indus t ry  has been the use of 
ha rd  rubbe r  cell covers and containers  sealed toge ther  
wi th  an aspha l t - l ike  compound. Since this  asphal t  seal  
could be adverse ly  affected by  hot and cold ambien t  
tempera tures ,  in te rna l  cell  stresses dur ing  ba t t e ry  op-  
eration, and phys ica l  shocks to which the vehicle  
was subjected,  the leakage  of acid electrolyte ,  wi th  
subsequent  damage  to both  b a t t e r y  and vehicle,  was 
not  uncommon. 

The first s tep in improvemen t  of  the  seal ing method  
came wi th  the in t roduct ion  of an epoxy  sealant  in the 
mid-1960's which  proved  to be an effective means  of 
bonding cell  cover and conta iner  together.  I t  was, how-  
ever,  a t ime-consuming  process in manufac tur ing .  
This was fol lowed in the  ea r ly  1970's by  in t roduct ion  
of the faster,  fa r  more  simplif ied ( f rom the  s tandpoin t  
of manufac tur ing)  hea t  bonded seal  made  possible by  
the use of thermoplas t ic  po lypropy lene  cell  covers 
and containers.  

The per iod  also saw the  phasing out  of s lot ted plast ic  
tubes in t ubu la r -pos i t i ve  p la te  ba t t e ry  types. These 
have  been replaced  en t i re ly  by  tubes made  of woven 
glass fiber and  synthet ic  po lymer  which are  stronger,  
les.~, costly, and offer g rea te r  porosity.  

Ano the r  ma jo r  appl ica t ion  for l ead-ac id  indus t r ia l  
ba t te r ies  ( a p p r o x i m a t e l y  30% of the  marke t )  is in s ta-  
t ionary  service:  te lecommunicat ions  systems; electr ic  
utili t ies,  opera t ing  circui t  breakers ,  switches, a larms,  
and o ther  power  d is t r ibu t ion  controls;  emergency  
lighting, and fire, securi ty,  and s imi lar  s t andby  power  
systems; and  un in t e r rup t ib l e  power  systems (UPS) 
which have come into wide use in the  past  decade, 
provid ing  precise  a -c  power  to back  up r ea l - t ime  com- 
puters  and o ther  cr i t ical  processing and control  equip-  
ment.  Addi t iona l ly ,  ra i l roads  use s ta t ionary- tyl3e  lead-  
acid ba t te r ies  for signals and t r ack  controls, in pas-  
senger  car  power  systems for a i r  condit ioning and 
l ighting,  and to supplement  ax l e -gene ra to r  systems on 
caboose cars for l ight ing and communicat ions.  Dur ing  
the period,  the  use of t empered  glass j a r s  for s t a t ionary  
ba t t e ry  cell  conta iners  v i r t u a h y  ceased. These have 
been replaced  by  l ighter ,  more  durab le  and less costly 
units made  f rom polys tyrene ,  polyearbonate ,  and s im-  
i l a r  mater ia ls .  

Ano the r  m a j o r  appl ica t ion  ca tegory  for l ead-ac id  in-  
dus t r ia l  ba t te r ies  is tha t  of diesel  locomotive engine 
s tar t ing.  These ra i l  diesel  c ranking  ba t te r ies  and s im- 
i la r  units used for various engine s ta r t ing  chores in in-  
dus t ry  account for app rox ima te ly  7% of the  l ead-ac id  
indus t r ia l  market .  The so-cal led  "uni t ized" container  
was'. b rought  out  dur ing  the per iod  for diesel  locomo- 
t ive bat ter ies .  Normal ly ,  such a ba t t e ry  consists of 32 
cells in eight  4-cell  ha rd  rubbe r  monoblock containers.  
The uni t ized container,  however ,  holds 16 cells so that  
only  two of these are  requ i red  to make  up a bat tery ,  
g rea t ly  reducing handl ing  and maintenance  work. 
When  first in t roduced in the  la te  1960's the uni t ized 
conta iner  consisted of .a steel  t ray ,  usua l ly  wi th  a p las-  
tic insula t ion coating, wi th  hard  r u b b e r  cell containers.  
This was fol lowed by  po lypropy lene  t rays  and t r ay  
covers  as wel l  as cell covers and containers ,  the  l a t t e r  
being heat -sea led .  

Also in the  ra i l road  field, the  per iod  wi tnessed the 
debut  of the  l ead -ac id  rap id  t rans i t  ba t t e ry  to replace  
the waning  n i cke l - i r on -a lka l i ne  ba t t e ry  (see below) 
which at  one t ime  was used v i r tua l ly  100% on rap id  
t rans i t  l ines in the United States. To wi ths tand  the 
r igors  of this service, the l ead-ac id  r ap id  t rans i t  ba t -  
tery,  in t roduced in 1975, uti l izes a conta iner  made  of 
po lycarbona te  and incorpora tes  o ther  fea tures  for 
addi t ional  physical  s t rength.  

Not to be over looked  is a miscel laneous group of 
l ead-ac id  indus t r ia l  ba t te r ies  tha t  include those for  
such appl icat ions  as submar ine  service, miners '  cap 
lamps, and rese rve  power  in mar ine  service. The  de-  
mand  for submar ine  ba t te r ies  decl ined dur ing  the pe -  
r iod wi th  the  d iminish ing  use of d i e se l -ba t t e ry  boats;  
bat ter ies ,  however ,  wi th  smal le r  numbers  of cells st i l l  
a re  a necessi ty  in nuc lear  submar ines  for  reactor  
s t a r t -up  and emergency  power.  

Lead -ac id  indus t r ia l  ba t te r ies  are  ava i lab le  wi th  
three  different  posi t ive pla te  configurations:  t ubu la r  
and pas ted  fiat p la te  designs used in mot ive  power,  
s ta t ionary  and diesel crankir~g bat ter ies ,  and  Plant~ 
designs, charac ter ized  by  act ive ma te r i a l  areas  tha t  
are  formed f rom pure  lead, found p r i m a r i l y  in s ta -  
t i o n a r y - t y p e  bat ter ies .  F l a t  p la te  ba t te r ies  add i t iona l ly  
a re  classified as to whe the r  the  grids a re  cast f rom 
l e a d -a n t imony  or  l ead-ca lc ium alloys. The la t ter ,  how-  
ever, a re  used most ly  in s ta t ionary  indus t r ia l  ba t te r ies  
because  of the  inab i l i ty  of calc ium al loy grids to w i th -  
s tand the r igors  of the deep discharging associated wi th  
motive power  and c ranking  service. I t  should be 
pointed out that  the  t rend  in recent  years  has  been 
away  from P lan t~ - type  ba t te r ies  in s ta t ionary  service, 
because of the i r  h igher  in i t ia l  cost, in favor  of ca lc ium-  
a l loy units. Smal l  ma in tenance - f r ee  l ead-ca lc ium al loy 
bat ter ies  have been ava i lab le  since the mid-1960's for 
emergency  l ight ing and s imi lar  applicat ions.  

Al l  of the  above  l ead -ac id  bat ter ies ,  including the 
SLI  types, are  pr i smat ic  in s t ruc ture  wi th  flat, pa ra l l e l  
plates.  A new configuration, the  " round cell," was de-  
veloped for the te lephone indus t ry  a round  the begin-  
ning of the presen t  decade. Designed for a goal of 
t roub le - f ree  long life, this unique ba t t e ry  design fea-  
tures grids cast of pure  lead  in a shallow, conical shape 
which are  s tacked as finished posi t ive and negat ive  
plates  one above s o ther  ver t i ca l ly  in a cy l indr ica l  
cell container.  

Consumer.--Nonexistent in the  marke tp l ace  25 years  
ago, l ead-ac id  consumer  or  "sealed" ba t te r ies  have  
grown in United States  sales from less than  $1 mil l ion 
in 1960 to more  than $10 mil l ion by  the  end of 1977. 
The wor ldwide  sales of sealed l ead -ac id  bat ter ies  
reached a total  exceeding $18 mil l ion by  tha t  year.  

Sealed l ead-ac id  ba t te r ies  come in two genera l  con- 
figurations, p r i smat ica l ly  shaped  units wi th  pa ra l l e l  
p la te  construction,  ranging  in capaci ty  f rom 1 to 30 
A-hr ,  and cy l indr ica l ly  shaped units, s imi lar  in phys i -  
cal appearance  to severa l  of the more  popular  d ry  cell 
types, having sp i ra l ly  wound grids and capacit ies  
ranging from 1 to 5 A-hr .  

Al though sealed l ead-ac id  ba t te r ies  can be opera ted  
in any posit ion wi thout  danger  of leakage,  the  t e rm 
sealed is r ea l ly  a misnomer.  The e lec t ro ly te  is e i ther  
in a gel form or as an aqueous solut ion absorbed  in the 
plates  and in h ighly  porous separators .  The ba t te r ies  
also make  us e of chargers  tha t  incorpora te  vol tage-  
l imi t ing c i rcu i t ry  to reduce wa te r  decomposi t ion to a 
minimum. Too, the bat ter ies  have a one -w a y  vent ing 
sys tem that  releases any gases that  might  poss ibly  
form on ly  when  a p rede te rmined  pressure  is exceeded.  

The grids employed  in sealed l ead-ac id  bat ter ies  
genera l ly  are  of l ead-ca lc ium alloy. Some cyl indr ica l  
types, though, use grids of pure  lead and have an in-  
te rna l  design tha t  successful ly contr ibutes  to the re-  
combinat ion of any  gases which might  evolve. Sealed 
l ead-ac id  bat ter ies  a re  used as power  sources in 
emergency  l ight ing equipment ,  cordless te levis ion sets, 
por tab le  ins t ruments  and tools, and a l a rm and secur i ty  
systems. 

In  many  respects "the e lec t ro ly te  re ta in ing (ER) and 
charge  re ta in ing  (CR) types of ba t te r ies  rev iewed in 
1952 were  the predecessors  to today 's  sealed l ead -ac id  
bat ter ies .  In teres t ingly ,  usage of both  ER and CR 
types decl ined dur ing  most of the  last  25 years;  how-  
ever, in recent  years  there  has been a resurgence  of 
sales of the CR type  for use wi th  solar  photovol ta ic  
energy conversion systems. 
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Nickel-cadmium system.--Although n icke l - cadmium 
ba t te r ies  r epresen t  only  s l ight ly  over  7% of the  value 
of a l l  secondary  ba t te r ies  p roduced  in the  noncommu-  
nist  world,  they  comprise, nevertheless ,  a significant 
market .  N icke l - cadmium ba t t e ry  sales in 1977 tota led 
more  than  $300 mil l ion or app rox ima te ly  82% of the 
to ta l  value  of al l  a lka l ine  secondary  ba t te r ies  p ro -  
duced. The to ta l  wor ld  figure for n i cke l - cadmium ba t -  
ter ies  p robab ly  is as high as $60.0 mi l l ion since they  
are  known  to be manufac tu red  in la rge  quanti t ies  in 
China (People 's  Republ ic) ,  the  U.S.S.R., and in o ther  
communis t  areas  from which no confirming m a r k e t  
da ta  are  p resen t ly  obtainable .  

N icke l - cadmium secondary  bat ter ies  a re  avai lab le  in 
a wide va r i e ty  of e lectrode and cell  design types  as 
wel l  as sizes. Most famil iar ,  since its in t roduct ion 
at the  beginning of the  century,  is the  n i cke l - cadmium 
couple wi th  its act ive mate r ia l s  contained in th in  
perfora ted,  n icke l -p la ted  steel  pockets.  A modification 
of this is the use of perforated,  n i cke l -p la t ed  steel  
tubes (ac tua l ly  the  Ed ison- type  posi t ive wi th  act ive 
mate r ia l s  consist ing of metal l ic  nickel  flake and nickel  
hydra te )  wi th  s t andard  pocket  negatives.  

Ano the r  e lec t rode  design is the  s in tered type  that  
makes  use of meta l  wire  screens or  pe r fo ra ted  meta l  
sheets which have s intered meta l  powder  appl ied  to 
the surfaces. St i l l  another  technique is to combine the  
active ma te r i a l  wi th  a conduct ive substance, such as 
carbon, and a plast ic  to serve as a binder.  This mixture ,  
a f te r  being hea ted  or made  fluid by  addi t ion  of a sol-  
vent, is pressed into or  pas ted  on a conduct ive grid. 
A more  recent  deve lopment  is to make  the plates  by  
e lec t rodeposi t ing the  ac t ive  ma te r i a l  on a conduct ive  
sheet  or meta l l ic  fiber. 

In  addi t ion  to the  va r i e ty  of e lect rode structures,  
n i cke l - cadmium bat te r ies  are made  wi th  so-cal led  
"flooded and vented" cells and wi th  "s ta rved  and 
sealed" cells, the  l a t t e r  containing only enough elec-  
t ro ly te  to ma in ta in  the  plates  and separa tors  in a 
sa tu ra ted  condition. Besides the  convent ional  s teel  cell 
containers,  n i cke l - cadmium bat te r ies  also are  made  
wi th  plast ic  containers,  consist ing of such mate r ia l s  
as po lyv iny l  chloride,  nylon  polyamide,  polys tyrene ,  
polyethylene,  and polypropylene .  Metal  cell containers  
genera l ly  a re  used for ba t te r ies  subject  to the  in-  
t e rna l  stresses of deep cycling opera t ions  or  mechanical  
abuse. 

In addi t ion to pr i smat ic  cell  configurations, n ickel -  
cadmium bat ter ies  also are  avai lab le  in some of the 
fami l ia r  d ry  cell configurations, such as "AA," "C," 
and "D" shapes and sizes. These are  sealed types  hav-  
ing s intered plates  tha t  a re  sp i ra l ly  wound for  inser -  
t ion in the cyl indr ica l  containers.  N icke l - cadmium 
batter ies ,  addi t ional ly ,  are made in a but ton cell  con- 
f iguration to power  cameras,  calculators,  and other  
electronic devices. These are  genera l ly  made  wi th  elec-  
t rodes consist ing of pressed powder  pellets.  

The n i cke l - cadmium system has undergone  three  
dist inct  per iods  in its evolution. The first per iod cov- 
ered roughly  the  first 50 years  of the present  cen tury  
and is the era  of the n i cke l - cadmium ba t t e ry  as deve l -  
oped by  Waldemar  Jungne r  and his associates. This 
ba t t e ry  is constructed nea r ly  en t i re ly  of n i cke l -p la t ed  
steel  wi th  pocke t - type  plates.  I t  is used p r imar i l y  in 
heavy  du ty  indus t r ia l  appl icat ions  such as mot ive  
power  in ma te r i a l  handl ing  trucks, mining vehicles,  
and s t reet  de l ivery  vans ( the l a t t t e r  two most ly  in 
Europe) ,  and for r a i lway  signals, emergency  l ighting,  
s tandby  power,  and diesel engine s tar t ing.  

The second per iod of evolut ion began about  1950 
wi th  the deve lopment  of s intered plates  which re-  
sui ted in significant increases in power  de l ive ry  ca-  
pab i l i ty  and specific energy content.  S in te red  nickel -  
cadmium bat ter ies  are  used in a i rcraf t  engine s t a r t -  
ing, communications,  and electronics. 

The ea r ly  1960's ushered in the th i rd  per iod of 
n i cke l - cadmium evolut ion wi th  in t roduct ion  of the  
sealed cell. This is made  possible by  using a surplus  of 
uncharged act ive ma te r i a l  in the negat ive  electrodes.  

This e l iminates  hydrogen  gassing and permi t s  con- 
t ro l led  recombinat ion  of oxygen  evolving f rom the 
posi t ive electrodes.  Addi t ional ly ,  the amount  of e lec-  
t ro ly te  in sealed cells genera l ly  is lower  than  tha t  
which can no rma l ly  be absorbed in the  electrodes and 
separators .  

Sealed n i cke l - cadmium bat ter ies ,  which can be 
charged or d ischarged in any position, are  used for 
por tab le  power  tools and appliances,  emergency  equip-  
ment,  and smal l -eng ine  s tar t ing,  such as the  recen t ly  
in t roduced a l t e r n a t o r - b a t t e r y  equipped,  gasol ine-  
powered  l awnmower  for example.  The sintered,  sea led  
type  is by  far  the  most wide ly  produced  n icke l -cad-  
mium ba t t e ry  at  the  presen t  time. 

Nickel-iron-alkaline systems.--From its in t roduct ion 
in 1908 unt i l  the  cessation of its United Sta tes  p roduc-  
t ion in 1974, the n i cke l - i ron -a lka l ine  ba t t e ry  waged  a 
losing contest  in the  marketp lace ,  pa r t i cu l a r ly  when-  
ever  it  came into direct  compet i t ion  wi th  the  indus-  
t r ia l  l ead-ac id  system. Conceived or ig ina l ly  by  its in-  
ventor,  Thomas A. Edison, as a power  source for  the  
early,  but  shor t - l ived  electr ic auto, the n icke l - i ron  
ba t t e ry  even tua l ly  saw service in ma te r i a l  handl ing  
trucks,  mining tractors,  and o ther  unde rg round  work  
vehicles, r a i lw a y  car  l ight ing and ai r  condit ioning,  
r ap id  t rans i t  cars, and in s t a t ionary  appl icat ions  such 
as emergency  l ighting,  c ircui t  b r e a ke r  control,  and 
ra i lway  signal  systems. 

The n icke l - i ron  ba t te ry ,  wi th  major  cell components  
of n icke l -p la ted  steel, is ex t r eme ly  durab le  in con- 
s t ruct ion and exhibi ts  bas ica l ly  s table  the rmodynamic  
reactions,  both  of which contr ibute  to i ts long life. 
However ,  the n icke l - i ron  system's  lower  emf  (1.37 vpc) 
and lower  specific energy  (~0.8 W-hr / i n .  ~) along wi th  
its h igh  cost of manufac ture ,  in compar ison wi th  the  
l ead-ac id  system, led to its u l t imate  decl ine in usage. 
As a resul t  of  the  depressed m a r k e t  for the n ick l - i ron  
bat tery ,  the sole Uni ted  States  suppl ie r  recen t ly  t e r -  
mina ted  its production.  The ba t t e ry  st i l l  is being 
manufac tu red  on a l imi ted  basis elsewhere,  notably  
in West  Germany,  and ve ry  possibly  in the  U.S.S.R. 
and other  communis t  nat ions f rom which accurate  
in format ion  is not avai lable .  

Recent  in teres t  in electr ic  vehicles has led to inves t i -  
gations of new approaches  to the  manufac tu re  of 
n icke l - i ron  ba t te r ies  in the United States  and in Eu-  
rope. These approaches  differ sigif icantly f rom the Edi-  
son design and are  based on sintering,  press ing or th in-  
foil techniques for producing electrodes.  St i l l  exper i -  
menta l  these designs offer promise  of good pe r fo rm-  
ance and life; however,  the  cost of manufac tur ing  m a y  
preclude their  commercial izat ion.  

Silver-zinc and silver-cadmium systems.--The si l-  
ver -z inc  ba t t e ry  is noted for its high energy  density,  in 
fact, the highest  a t t a inab le  of any secondary  system 
in use today. I t  also has a very  low in te rna l  resis tance 
(matched only by  the s in tered n i cke l - cadmium couple) 
wi th  a very  flat vol tage d ischarge  Characteristic which 
is des i rable  in many  h igh - r a t e  applications.  Among its 
shortcomings is the  fact tha t  the s i lver-z inc  system has 
a somewhat  l imi ted  cycle life, capable  no rma l ly  o.f less 
than  200 cycles of c~ischarge and charge  wi th  an over -  
all  ac t iva ted  l ife of no more  than  two years.  Most sig- 
nificant among i ts  shortcomings,  however ,  is the high 
cost of the silver.  

Since the United States  government  removed  con- 
trols on s i lver  bul l ion  prices in the  late  1960% si lver  
has r isen s teadi ly  from $1.35/troy ounce to as high as 
$5/ t roy  ounce. S i lver  has since leve led  off a t  about  
$4.50/troy ounce. This high cost of the act ive s i lver  
material, in add~ition to the high cost of manufacture 
associated with silver-zinc batteries, because of the 
preponderance of manual operations resulting from 
low production demand, has limited application of this 
system almost entirely to military and aerospace pro- 
grams where the emphasis is on the performance 
rather than the economic factor. These include space 
satellites, missile power, submarine and torpedo pro- 
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pulsion, and some types of portable mi l i ta ry  communi-  
cations. 

Si lver-zinc cells general ly  are prismatic in construc- 
tion with flat paral lel  plates, using a restricted amount  
of electrolyte. They also general ly  make use of a pres-  
sure- type  vent  which permits  the escape of gases bu t  
prevents  continuous en t ry  of the atmosphere. 

Si lver-zinc cells have mlver emctrodes with grids or 
substrates made exclusively of silver in  the form of 
expanded sheet, wire mesh, or perforated silver sheet 
or, in  some cases, made of s i lver-plated copper. The 
silver oxide active mater ia l  is applied as a s lurry  past-  
ing of fine particles followed by a s inter ing operation, 
by pressing the dry mater ia l  into a grid s t ructure  and 
then sintering, or by incorporat ing a plastic bonding 
mater ia l  with the silver powder particles, pressing 
this to the grid strudture,  heat ing to fire off the plastic, 
and then sintering. 

Zinc electrodes utilize a substrate of either expanded 
metal, screen or perforated metal  either of silver, 
which is preferred, or of s i lver-plated copper. The 
zinc oxide active mater ia l  is applied as a dry powder 
and[ pressed, as a s lu r ry  paste which is then dried and 
pressed, or by a electroforming process in  which zinc 
is deposited from solution. 

Typical si lver-zinc cells make use of a regenerated 
cellulose separator (unplasticized cellophane) which, 
whJLle sufficient, has not been ent i rely successful. The 
cellophane is hydra ted  by the caustic electrolyte and 
expands. This, in  turn,  exerts a small  in te rna l  pressure 
that  helps to res t ra in  the zinc anode mater ia l  making  it 
less available for dissolution. Since it is hydrated, the 
cellophane separator  also is susceptible to oxidation 
and. degradation which can lead to short circuits be-  
tween positive and negative electrodes, often made 
worse by dissolved si lver in  the electrolyte forming 
conductive paths through the separators or by pene-  
t ra t ion of zinc nodules or dendrites. 

Several  approaches have been used in  efforts to ex- 
tend the life of si lver-zinc separators. One is the use 
of a regenerated cellulose which includes a fibrous ma-  
terial  that  adds to the s t rength o,f the separator. An-  
other is to impregnate  the cellulose separator mater ial  
with a silver salt which helps it to resist degradation. 

The requi rement  of the aerospace program in  the 
late 1960's for a heat  steril izable si lver-zinc cell led to 
the development  of an improved separator material .  
It  was found that cellophane would degrade drastically 
with the application of steril ization temperatures  of 
about  250~C. The new organic- inorganic  separator, 
taken from fuel cell technology, consists of an asbestos 
mat  base impregnated  on one side with an organic 
resin and on the other side with a metal  oxide such as 
zirconia or magnes ium oxide. This separator is able 
to resist the high heat  of steril ization and offers good 
zinc stopping characteristics. It  does, however, have a 
relat ively high resistance per layer  that  limits the sys- 
tem to medium or low rates of discharge. The separa- 
tor also is expensive to manufac ture  which fur ther  
adds to the high cost of the si lver-zinc system. 

Silver-cadmium.---Historically, the s i lver -cadmium 
bat tery  goes back to the beginning  of the century  
when Jungne r  conceived such a bat tery  to power early 
electric autos. He soon dropped the idea because of the 
high cost of silver. The system lay dormant  unt i l  the 
late 1950's when  interest  was revived in  the s i lver-cad-  
mium system as an energy source for appliances and 
power tools and for scientific satellites. Two factors 
made the s i lver -cadmium system promising for these 
applications: its relat ively high energy density and 
its nonmagnet ic  property. The la t ter  was par t icular ly  
a requ i rement  for the satellites which were con- 
structed of nonmagnet ic  compone~nts since they carried 
magnetometers  to measure radiat ion and the effects 
of magnet ic  fields of energetic particles. Also, sealed 
batteries were required by the satellites. Today the 
system has a very l imited use in  special applications 
which are not expected to increase. 

Silver-iron.--Recently the s i lver- i ron secondary sys- 
tem has been introduced in  a special te lecommunica-  
tions application. As with the other silver systems, the 
cost and life considerations are expected to l imit  this 
system to very special applications (3). 

New systems--The energy crisis that  became pa in-  
fully apparent  to the public toward the mid-1970's 
has spurred an unpara l le led  interest  in the develop- 
men t  of new, more advanced secondary ba t te ry  sys- 
tems. The quest centers, in part icular ,  on systems for 
electric road vehicles and electric ut i l i ty  load leveling. 

The ubiquitous lead-acid system, despite its com- 
mercial  dominance and its present  (and, quite possibly, 
foreseeable) state of development,  is not ideally suited 
to these applications. Lead-acid batteries have a low 
energy densi ty that  restricts the operat ing range of 
electric road vehicles; present  lead-acid designs are 
too costly to be economically applied to load leveling. 

Nevertheless, since the lead-acid system is the only 
commercial ly available system which comes close to 
meet ing the load leveling and electric vehicle requi re-  
ments, there are major  development  programs based 
on novel approaches to improving the performance and 
costs of the lead-acid system for these applications. 
Thus the potential  of the lead-acid ba t te ry  for these 
systems cannot be ignored in  view of the problem of 
the new systems discussed below. 

Advanced systems current ly  under  s tudy fall into 
two general  groups. One consists of ambient  tempera-  
ture systems that  make use of active materials  which 
are stable to water, such as iron, zinc, and nickel, and 
can be utilized with aqueous electrolytes. The other 
group includes systems which use alkali  metals as 
active materials  that  require a nonaqueous electrolyte 
for room temperature  operation, either based on or- 
ganic solvents or molten salt or ceramic electrolytes, 
operat ing at temperatures  ranging from 200 ~ to 
600~ 

Included among the aqueous electrolyte types are 
the nickel-zinc, nickel- iron,  z inc-air  (oxygen),  i ron-  
air (oxygen),  nickel-hydrogen,  s i lver-hydrogen,  and 
zinc-chlorine systems. The status of development  of 
these systems has been described in  some detail  in 
many  recent publications. Strict ly speaking, the nickel-  
zinc and nickel- i ron systems are not "new" systems; 
and the recent development  programs involve new 
approaches to resolving old problems. There are many  
development  problems which remain  to be resolved 
before these systems can become significant commer-  
cial products. 

The meta l -a i r  systems are l imited in  life as a result  
of the deteriorat ion of the air electrode on the charg- 
ing par t  of the cycle. The meta l -hydrogen  systems 
seem likely to be l imited to space applications unt i l  a 
reliable, low cost method is established for storing hy-  
drogen at low pressure. 

The most promising of the aqueous systems for 
electric vehicles is the nickel-zinc system; however, 
the tendency of the zinc electrode to densify and to 
form dendrites has not been solved in the conventional  
approaches to cell design. A novel approach to cell 
design which el iminates both the separator and zinc 
electrode problems by vibrat ing the zinc electrode 
dur ing the charging par t  of the cycle has recently been 
described (4). The cost of any of the systems using 
nickel electrodes will depend marked ly  on developing 
a high performance electrode with a high ratio of 
active mater ia l  to nickel support. 

Another  aqueous system of promise is the zinc- 
chlorine system in which the chlorine is stored as a 
solid in chlorine hydrate  (5). Because of the need for 
refrigeration, separation, and circulation systems, this 
system appears to be of most interest  in large instal la-  
tions such as load level ing and perhaps the larger elec- 
tric vehicle systems. 

The nonaqueous secondary bat tery  systems under  
development  are those which operate at room tempera-  
ture using an electrolyte dissolved in an organic sol- 



316C J. Electrochem. Soc.: REVIEWS AND NEWS August 1978 

vent or which operate at elevated temperatures and 
use either molten salt or ceramic electrolytes. 

The room temperature systems appear likely to be 
limited to low rate applications in view of the low 
conductivity of the electrolyte and do not appear to be 
candidates for either electric vehicles or load leveling. 
There are several systems under investigation using 
lithium anodes (6, 7). 

The high temperature systems receiving significant 
development are the lithium-molten salt-metal sulfide 
system which operates at 450~ (8), the sodium- 
ceramic electrolyte-sulfur system which operates at 
300 ~ ~ (9), and the sodium ceramic-molten 
salt-metal chloride system operating at 200~ (10). 
If problems of seals, life, and scale-up can be resolved 
and low cost manufacturing methods are developed, 
these systems can be candidates for the electric vehicle 
and load-leveling applications. 

Conclusion 
While the next 25 years are likely to see the intro- 

duction of one or more advanced secondary battery 
systems, the lead-acid battery seems likely to remain 
the dominant system for most, if not all, of the period. 
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ABSTRACT 

Proper t ies  of Corning thin-f i lm SnO2 electrodes in contact  wi th  0.005-0.5M 
solutions of sulfur ic  acid in aqueous solvents  containing 0-50 v /o  CH3CN 
were  character ized.  Scho t tky -Mot t  plots gave. f la tband potent ia ls  (EFB) in the 
range  0-0.2V vs. SCE and charge car r ie r  densi t ies  in the range  4-7 • 103~ 
cm -~ in 0.01M sulfur ic  acid, independen t  of solvent  composition. S t anda rd  re -  
duct ion potent ia ls  vs. SCE in 0.01M acid at  room t empera tu r e  were  calcu-  
l a ted  f rom equi l ib r ium composit ions to be --0.04V for TH+/ .TH2  +, 0.33V for 
-Tt~2+/TH4 ~+ and 0.14V for TH+/TH42+ in wa te r  and --0.06V for TH+/-TI-I2 +, 
0.28V for .TH2+/TH42+ and 0.11V for TH+/TH42+ in 50 v / v / o  aq. CH3CN. 
Vol tammet r i c  da ta  show tha t  es tabl i shment  of protonic  equ i l ib r ium is r ap id  
compared  wi th  cathodic reduct ion  of TH + at  SnO2 in wa te r  and in 50 v /o  
aq. CH3CN. In  contrast ,  protonic  equi l ib ra t ion  be tween  the two e lec t ron-  
t ransfe r  s teps is slow for th ionine- l - su l fonic  acid. Vol tammet r ic  da ta  show 
that  reduct ion  of TH + and oxida t ion  of TH42+ are  k ine t ica l ly  contro l led  
at  both  SnO2 and Pt  electrodes wi th  revers ib i l i ty  g rea te r  a t  p l a t inum than  at 
SnO2. Revers ib i l i ty  is s l ight ly  reduced  by  addi t ion of CI-I~CN to the  solvent.  
Rectif ication ( inhibi t ion of oxida t ion  of TH4 ~+) is not  severe  enough to p r e -  
vent  the  use of SnO2 as a select ive anode but  may  reduce efficiency of photo-  
galvanic  conversion. Weak  but  pers is tent  adsorpt ion  of TH + on SnO2 act ivates  
photogalvanic  conversion. Adsorp t ion  of TH42+ var ied  cons iderab ly  f rom 
sample  to sample  of SnO2 and was s t rong in some cases. Both oxida t ion  and 
reduct ion  of the Fe+8 /Fe  +~ couple are  much less revers ib le  at  SnO2 than  at 
P t. Rectification ( inhibi t ion of oxida t ion  of Fe  2+) is pronounced.  Both ox ida-  
t ion and reduct ion on SnO2 become more  revers ib le  wi th  increasing f ract ion 
of CI-I~CN; the ma jo r  effect is enhancement  of oxid_ation of Fe  2+ but  even 
wi th  50 v /o  CI-IaCN the couple is much  less revers ib le  than  at  Pt. Impl icat ions  
of the  da ta  wi th  respect  to efficiency of to ta l ly  i l lumina ted  t h i n - l a y e r  i ron-  
th ionine photoga lvanic  cells are  discussed. 

A to ta l ly  i l luminated ,  thin l aye r  i ron- th ion ine  photo-  
galvanic  cell has been descr ibed in recent  publ icat ions  
( I -3 ) .  I t  differs f rom many  other  photoelec t rochemical  
cells, which are  essent ia l ly  so l id- l iquid  junc t ion  photo-  
vol taic  cells (4), because  l ight  is absorbed  by solut ion 
species, in i t ia t ing a pho to redox  react ion which  p ro -  
duces high energy  products .  The energy  conversion 
process is revers ible ,  in t he  sense tha t  the  e lect rode 
react ions re fo rm the photoredox  reactants .  Thus, the  
cell can be opera ted  continuously.  

The photogalvanic  cell anode is a l a rge  bandgap  n -  
type  semiconductor  wi th  a high charge  car r ie r  density,  
which  is t r anspa ren t  to the exci ta t ion  radiat ion.  Tin 
ox ide  is commonly  used (1-3, 5), a l though h ighly  r e -  
duced TiO2 thin films have  also proved  sui table  (6). 
As discussed in an ear l ie r  paper  ( I ) ,  the two photo-  
galvanic  cell couples d ischarge  at  the semiconductor  
e lect rode at  wide ly  differing rates. Consequently,  un-  
de r  i l lumina t ion  a photopotent ia l  is es tabl ished wi th  
respect  to a metal l ic  cathode. 
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Other  means of es tabl ishing a photopotent ia l  differ-  
ence be tween  photogalvanic  cell  e lectrodes m a y  be 
used. The ear l ies t  method (7, 8) involved i l lumina t ing  
only one electrode.  The photopoten t ia l  was thus a Te- 
sult  of the  difference in e lect rochemical  potent ia ls  of 
the  redox  components  at  the  two electrodes.  A theo-  
re t ical  analysis  for  this type  of cell has recen t ly  ap-  
peared  (9). Gomer  (10) has suggested that  efficient 
opera t ion  of the  cell should be achieved if  the  cell 
contains a m e m b r a n e  impermeab le  to one of the  photo-  
chemical ly  produced species, e.g., al lowing t rans fe r  of 
small  inorganic  cat ions but  not of large  dye molecules. 
Efficiency should be improved  if  a second membrane  
of opposi te  pe rmeab i l i t y  is also used. However ,  the  
deve lopment  of cells wi th  sui table  membranes  has not  
been repor ted  in the  l i te ra ture .  Indeed,  as Gomer  
points  out, such an approach  presents  fo rmidable  tech-  
nical  problems.  The select ive semiconductor  anode, 
whi le  not wi thout  problems,  is an effective and s imple 
way  to es tabl ish a potent ia l  difference in the  i ron-  
th ionine cell. To date, i t  has produced  the best  energy 
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conversion efficiencies (1, 2) and also allows the de- 
sign of simple, area- type cells. 

1Vfany aspects of thin layer  cell performance can be 
related to the unique properties of the th in  film semi- 
conductor anode. The present  paper, therefore, ex- 
amines the electrodic phenomena in more detail. The 
electrode reactions of the th ionine/ leucothionine  couple 
at SnO2 are described. Additionally,  the adsorption of 
dye species at the SnO2 anode and consequent activa- 
t ion of thin layer  cells is reported for the first time. 
The importance of solvent effects on the electrode re-  
actions of th ionine/ leucothionine  and Fe+2/Fe +~ is 
discussed, and it is shown that when mixtures  of ace- 
tonitr i le and water  are used as solvent, anode selectiv- 
i ty is highly dependent  on the proport ion of aceto- 
ni t r i le  present  in the photogalvanic cell electrolyte. 
Another  publ icat ion cur ren t ly  in  press reports the re-  
lationship of photostat ionary state solution composi- 
tion and electrode phenomena to detailed current  and 
potential  measurements  for i ron- th ionine  cells and 
~half-cells. 

Experimental 
Thionine was obtained as th ionine acetate (99% 

purity,  MCB) and was used without  fur ther  purifica- 
tion or was converted to the free base form from the 
chloride salt and purified by recrystallization. Thio- 
n ine - l - su l fon ic  acid was synthesized using the method 
of Havemann  et a t .  (11). The dye content of solutions 
was anaIyzed spectroscopically. Reagent  grade FeSO4 �9 
7H20 and Fe2(SO4)3 �9 9H20 were used without fur ther  
purification, and acetonitri le was u.v. grade, distilled in  
glass (Burdick and Jackson Laboratories) .  

Tin oxide (SnO~) th in  film electrodes on low alkali 
glass substrates were obtained from Corning Glass 
Works. These were cut to approximately 1 • 2 cm for 
olectrochemical measurements.  The active electrode 
area (--~ 1 cm 2) was obtained by masking off the re-  
mainder  of the SnO2 film with silicone rubber  or pres-  
sure-fit  Teflon masks. Electrical connections were 
made to the masked area of the electrode using con- 
ductive silver paint. Before using the SnO2 electrodes to 
investigate electrode processes in the i ron- th ionine  cell, 
several of them were characterized as follows. The 
fiatband potential  and charge carrier density were de- 
termined from capacitance v s .  potential  data, which 
were used to construct Schottky-Mott  plots ( 1 / C  a v s .  

E) (12). The best s t ra ight- l ine  fit was obtained by 
computer. The flatband potentials (EFB) Of the SnO2 
electrodes in  10-2M H2SO4 varied from sample to 
sample, but  were all near  --0.1 to --0.2V v s .  SCE. This 
is, as expected, somewhat negative of EFB values re-  
ported for SnO2 with lower charge carrier densities 
(12), but  positive of values recently obtained (13) 
for highly conducting SnO2 films similar  to those used 
in the present  study. Charge carrier densities were 
mostly in the range 4-7 • 1020 cm -3. The values ob- 
tained were not greatly affected by addition of aceto- 
ni t r i le  to the electrolyte. 

The counterelectrode was a large p la t inum mesh 
and the reference electrode was a commercial  satu-  
rated calomel electrode, against which all potentials 
are reported. The SCE was separated from the work-  
ing solution compartment  by a short salt bridge. 

Current  v s .  potential  measurements  were made using 
a PAR Model 170 electrochemistry system. The in te r -  
nal  resistance of the SnO2 electrodes caused some dis- 
tortion of voltammetric waves, giving erroneous results 
at the higher scan rates used. Accordingly, the feed- 
back circuitry of Model 170 was used to compensate 
for ohmic losses where necessary in the data reported 
below. P hotogalvanic cell short-circuit currents and 
open-circui t  voltages were measured using the ap- 
paratus and methods described previously (1, 2). The 
photogalvanic cell assembly and solutions have also 
been described (1, 2). 

Reactions of Thionine/Leucothionine at Sn02 
The equi l ibr ium potential  of the thionine/ leucothio-  

n ine  (TH+/TH4 +2) 1 couple depends on solution pH. 
In  acid media, the two-step reduct ion of th ionine to 
leucothionine proceeds through a one-electron in te r -  
mediate (semithionine, �9 TH2 + ) and hydrogen ions are 
incorporated into the molecule. In  neat  water  as sol- 
vent  the equi l ibr ium electrode potent ial  fits Eq. [1] 
(14) 

[TH + ] 
ET = 0.321 --  0.09 pH + 0.03 log [1] 

[TH4 +~] 

The pH dependence has been explained in terms of the 
acid-base equilibria which obtain. We have found 
(14a) that in 50 v/v percent (v/v/o) acetonitrile/ 
water in the pH range 1-3, E ~ = 0.321 is replaced in 
Eq. [I] by E ~ = 0.29. 

The potential for each reaction step (TH+/�9 TH2 + 
and �9 TH2+/TH4 +2) can be determined if the equilib- 
rium concentrations of TH +, �9 TH2 +, and TH4 +2 are 
known. The case in Which Fe+2/Fe +~ is not present is 
considered to eliminate alternate pathways of convert- 
ing one dye form to another via redox reactions with 
Fe+2/Fe +3. The equilibrium concentrations are ob- 
tained by considering the disproportionation of semi- 
thionine and the reverse process. At equilibrium, 
therefore 

[. TH2+]~[tt  + ] = ~ d  d [ TH+ ] [TH4 +~] [2] 

where kd is the rate constant  for disproportionation 
and k - d  is the rate constant for the reverse reaction. 
In  aqueous sulfuric acid at pH -- 2.0 the rate constants 
are  kd = 1.0 X 109 M -1 sec -1 and k - d / [ H  + ] ---- 1.2 _+_ 
0.4 • l0 s M -1 sec -1 (14a). In  50 v / v / o  acetoni t r i le /  
water  with 0.01M sulfuric acid, the solvent composition 
of recently reported photogalvanic cells (1, 2), we 
have found kd ---- 1.4 • l0 s M -1 sec -1 and k - d / [ H  +] _-- 
7.5 _+ 2.5 • 10 .2 M -1 sec -1 (10a). Inser t ing these values 
in  Eq. [2] for an init ial  dye concentrat ion of 10-~M 
and 50% bleaching, the concentrations of the three dye 
species in water at pH 2 are [TI-I42+ ] ---- 5 • 10-4M, 
[ .TH2 +] = 3.9 X 10-TM, and [TH42+] ---- 5 X 10-4M 
while in 50 v / v / o  acetoni t r i le /water  at pH 2 [TH + ] ---- 
5 • 10-4M, [.TI-I2 +] = 8.2 • 10-TM, and [TH42+] = 
5 • 10-4M. Thus almost all of the dye exists in either 
the totally oxidized or totally reduced forms. 

The potentials for each of the reaction steps are 

R_/_r In  EH+_I El' = EF' + [3] 
F [" TH2 + ] 

E2 ---- E2 ~ + RT in [" TII2+] [H+]2 ' [ 4 ]  
F [TI-I4 +2] 

where El' is the pH-dependent equilibrium potential 
of the first reaction step, etc. Combining [3] and [4] 
gives 

RT [. THz+ ]2[If + ] 
El ~ -- E2 ~ = (El' -- E2') + --In [5] 

F [TH + ] [TH4 +2] 

and at equil ibrium, El' = E2'.  A similar t rea tment  was 
used by Memming and MSllers for the qu inone /hydro-  
quinone system (15). Insert ing the calculated concen- 
trations of TH +, �9 THe +, and TH42+ into Eq. [5] for 
the equi l ibr ium condition at pH 2 gives E2 ~ -- E1 ~ : 
0.37V in  water  and E2 ~ - -  E1 ~ = 0.33V in 50 v / v / o  
acetonitr i le/water .  The value in water is substant ia l ly  
larger than an earlier estimate of 0.14V based on then-  
available solution kinetic data (16). The potential  E T  ~ 
for the TH+/TH4 + couple is the average of the poten- 

E .... 2 Table I tials for each step, ET ~ ---- ( E l  ~ + 2 J /  �9 

1 The  symbol  THs + has  b e e n  u s e d  f o r  ] euco th ion ine  in e a r l i e r  
w o r k  (2) to r e p r e s e n t  a g e n e r a l  p r o t o n a t e d  f o r m  of l euco th ion ine  
in  acidic media .  H o w e v e r ,  in  t he  fo l lowing  d i scuss ion  it  is nec- 
e s s a r y  to  cons ide r  t h a t  f o r m  of l euco th ion ine  p r e d o m i n a t i n g  in  
the  pH  r a n g e  0-3. 
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Table I. Standard reduction potentials of redox states of thionine 
in water and in 50 v/v/e acetonitrile/water at pH 2 and 

room temperature 

E ~ v s .  SCE in 
E ~  v s .  SCE 50 v / v / o  

Redox couple  in  w a t e r  (V)  CH3CN/I4_~O (V) 

E r  ~ TH+/TH4-'+ 0,142 0.110 
Ez ~ TH§ + - 0.04 - 0.06 
E~ ~ "TH2+/TH~ 2~ 0.33 0.28 

Table II. Variation of ip,c/V 1/2 with sweep rate for thionine 
reduction at SnO2 electrodes* in aqueous acetonitrile solutions** 

ip,c/V 1/2 in  

v ( m Y  sec  -z) 0% CH3CN~ 20% CH~CNt 50% CH~CNt 

1O 0.81 0.79 0.82 
50 0.82 0.84 0.83 

200 0.90 0.85 0.83 
500 1.10 0,94 0.92 

*nD = 7.2 X 10 ~o cm-3, EFB = --0,16V VS .  SCE. 
** Solu t ions  con ta ined  2.6 • 10-SM th ion ine  ace t a t e  and  O.5M 

su l fu r i c  acid. 
? V o l u m e  p e r c e n t  CHsCN in  w a t e r .  

summarizes values of ET ~', E1 ~ and E2 ~ calculated 
from the data at pH 2. These potentials are compared 
to EFB for SnO2 in  Fig. 1. 

Protons are incorporated into the molecule dur ing 
reduction, i.e., the heterogeneous redox reactions in-  
volve electron transfers coupled with chemical steps. 
The protonations represent  possible l imitat ions in  elec- 
trode reaction rate. For an ECE mechanism with a slow 
chemical step, for example, the funct ion ip,c/v 1/2, in  
which i~,~ is the cathodic peak current  and v is the 
potential  sweep rate, decreases with increasing sweep 
rate (17). Table II shows that ip~c/V 1/2 for thionine in 
acid media at SnO2 increases with sweep rate, for rea-  
sons which are discussed below. Also the distinctive 
morphology of cyclic sweeps for E-slow C-E mecha- 
nisms with highly positive AE ~ was never  observed, 
even when sweeps were extended ~O.6V positive of 
the anodic peak. Rapid establ ishment  of proton equi-  
l ibria  is also found in  similar systems, e,g., methylene  
blue (18) and qu inone /hydroqu inone  (19). 

Thus, the electrochemistry of th ionine/ leucothionine  
in protic solvents is, as expected, s imilar  to that re-  

- - -0 .2  

EFB RA NG E//,~ 

0.0 

- 0.2 

O.4 

O.6 

El ~ 

0 S ET 

E O' 

E pss 
Fee+/FeS+ 

EFe2+/FeS+ 

E,V.vs.SCE 

Fig. 1. Electron energy levels at the SnO2 anode in the iron- 
thionine photogalvanic cell at pH 2. Solid lines, aqueous H2SO4; 
dashed lines, H2S04, 50 v/v/o water/acetonitrile. 

ported for methylene  blue (18). In  both cases, the re-  
action proceeds through an intermediate,  with E2 ~ 
more positive than E1 ~ Under  the conditions studied, 
AE ~ = (E2 ~ -- El ~ is considerably higher for thio- 
nine than for methylene blue (18) and hence the in- 
termediate concentration is much lower. The proton 
exchanges are very rapid, so that the process can be 
described in terms of the E-E mechanism (20). The 
electron transfers for methylene blue at Pt are re- 
versible. However, the reduction of thionine and the 
oxidation of leucothionine at Pt and SnO2 electrodes 
are kinetically controlled. The anodic and cathodic 
waves are broader than reversible waves and there is 
a steady positive shift of Ep,a and a negative Shift of 
Ep,c as the sweep rate is increased from 2 to 500 mV 
s e e - 1 .  

The vol tammetry  of th ionine/ leucothionine  was ex- 
amined in  H2SO~ concentrat ions ranging from 5 • 10 -3 
to 0.5M, with CHaCN present  from 0 to 50 volume per-  
cent (v/o) .  In  all cases, behavior  was similar  to that  
described above. The observed effect of changing 
[H2SO4] was a shift of the ent i re  current -potent ia l  
curve to more negative potentials with increasing pH, 
as predicted by Eq. [1]. The effects of acetonitri le are 
discussed below. 

The th ionine/ leucothionine  electrode reactions are 
less reversible at SnO2 than  at plat inum, as seen f rom 
the greater shifts of Ep,c and Ep,a as a funct ion of sweep 
rate (Table III). The potentials of dye couple reduc- 
tion and oxidation waves (Fig. 2) vs. EFB for SnO2 are 
such that  both processes are subject  to tunne l ing  l imi-  
tations (21). Some degree of rectification is expected 
at SnO2, because reduced states of the dye lie fur ther  
b e l o w  EFB than oxidized states and, hence, overlap less 
favorably with the conduction band. The greater  shift 
of Ep,a than Ep.c in  Table III  shows that  the oxidation 
process is indeed more strongly affected by SnO2. Since 
the anode react ion in  the i ron- th ion ine  th in  layer cell 
is leucothionine oxidation at SnO2, the fact that  rectifi- 
cation is not severe is critical to successful operation 
of the device. Ideally, a bet ter  match of the dye couple 
to the semiconductor conduction band would result  in 
greater reversibi l i ty  and the el iminat ion of a possible 
efficiency loss at the photogalvanic cell anode. 

The most efficient i ron- th ionine  cells have used an 
aqueous sulfuric acid electrolyte with up to 50% aceto- 
ni t r i le  by volume (1-2). Accordingly, cyclic potential  
sweeps were performed in  aqueous H2SO4 containing 
0, 20, and 50% acetonitri le to determine its effect on 
the reactions of th ionine/ leucothionine  at SnO2. A 
slight decrease in  reversibi l i ty  was noted as the frac- 
tion of acetonitri le was increased (Fig. 2). To deter-  
mine whether  the decrease in  reve~:sibility was perhaps 
caused by a negative EFB shift associated wi th  the pres-  
ence of acetonitrile, EFB was determined for SnO2 elec- 
trodes in  aqueous sulfuric acid solutions containing 0 
and 50% CHsCN. No significant shift in  EFB was seen. 
Thus, the decreased reversibi l i ty  is apparent ly  caused 
by the influence of CI-IsCN on the properties of the dye 
couple. 

The behavior of th ion ine- l - su l fon ic  acid i l lustrates 
the effect of poor dye reaction characteristics at SnO,, 

Table III. Variation in peak potentials (mV vs. SCE) with sweep 
rate at Sn02 and Pt electrodes 

Pt*  SnO=? 
Sweep rate 
( m V s e e  -z) Ep,e Er,= Ep,c Ep,, 

2 207 237 

50 150 295 
lOO ~ 2~ 
200 193 246 13% 3 ~  
500 182 250 115 365 

* [TH § = 4.2 • 10-~M, [H~SO4] = 0.5M, 50% CHsCN. 
| T H  § = 2 6 • 10-5M, [H~SO~] = O.5M, 50% CH~CN. 

E l e c t rode :  EFs = --0.16V, nD = 7.2 • 102o c m  -~. 
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[ " 2~Acm -a 

I I I 

0.7 0.5 0.3 O. I -0.1 
E,V. vs. SCE 

Fig. 2. Yoltammetry of th[onine acetate (2.6 • 10-5M) at 
SnO2(nD ~ 7.2 X 102o cm -~', EFB ~- --0.16V vs. SCE). Sweep 
rate ---- 50 mV s.~c-L Solid line, aqueous O.5M H2S04; dashed 
line, 0.5M H2S04, 50 v/v/o water/acetonitrile. 

on th in  layer  celI performance. Although a previous 
invest igat ion established that  photochemical redox ac- 
t ivi ty was similar to thionine (22), photogalvanic cells 
containing the sulfonie acid derivative produced much 
lower response. In  identical  aqueous cells (10-2M 
H2SO4 electrolyte),  thionine produced open-circuit  
voltages of ,-,140 mV, while th ion ine- l - su l fon ic  acid 
gave Voc N75 mV. The difference was more pronounced 
in mixed solvent cells (10-2M H2SO4, 50% CI-t~CN) in 
which Vo~ ~150 mV for thionine and Voc ,-,20 mV for 
th ionine- l - su l fonic  acid. Correspondingly lower short- 
circuit currents  were also obtained with the sulfonic 
acid derivative in  both cases. The explanat ion for re-  
duced photogalvanic response is obtained from the 
cyclic vol tammetry  of th ion ine- l - su l fon ic  acid at SnO~ 
(Fig. 3). The oxidation of leucothionine- l -sul fonic  acid 
occurs via two well-separated waves, the second of 
which is very positive. This behavior is more pro- 
nounced in  the presence of 50% CI-i3CN, corresponding 
to the very low open-circui t  voltages obtained in  the 
mixed solvent photogalvanic cells. Peak potential  shifts 
vs. sweep rate for the cathodic and first anodic waves 
were slightly greater than those of thionine/ leucothio-  

I I I 
0.7 0.5 0.:3 0.1 -0 .  

E,V.  vs. SCE 

Fig. 3. Vol tammetry  of thionine- l -sulfonie acid (1.1 • I 0 -5M)  
at Sn02. Sweep rate ~ 50 rnV sec - 1 .  Solid line, aqueous O.SM 
H2SO~; dashed line, O.5M H2S04, 50 v/v/o water/acetonitrile. 

nine. However, the positive ~hift of the second anodic 
peak was much greater, increasing as the fraction of 
CH3CN in the electrolyte increased. The quant i ty  
ip,c/V 1/2 decreased as the sweep rate increased, char-  
acteristic of a slow chemical step between charge 
transfer. Thionine- l - su l fon ic  acid is thus a poor can-  
didate for the thin layer  photogalvanic cell because of 
activation overpotential  limitations. 

Reactions of Fe+2/Fe +~ at Sn02 in 
Photogalvanic Cell  Electrolytes 

The potentials of Fe+2/Fe +S in  various acid electro- 
lytes were measured by Miller (7) as part  of an in-  
vestigation of the l imitat ions of the i ron- th ionine  cell 
photopotential. Miller reported E ~ = 0.426V vs. SCE 
for Fe+2/Fe +~ in aqueous sulfuric acid. The anion con- 
centrat ion was reported to be not critical. 

In  the thin layer photogalvanic cell, the ini t ial  con- 
centrations of Fe +2 and Fe +8 are typically 10 -2 and 
5 X 10-4M, respectively. In  a cell containing 1 mmole 
thionine which is 50% bleached under  i l lumination,  
the photostat ionary state concentrations are [Fe+2]pss 
~- 9 X 10-3M and [Fe+~]pss -- 1.5 X 10-3M. Using 
these concentrations, the photostat ionary state Fe+2/ 
Fe +3 potential  is E T M  ---- 0.39V vs. SCE (10a). This is 
very close to the 0.385V observed at the thin layer  
cell cathode in the photostat ionary state (1). A more 
rigorous study of the relationship between the photo- 
s tat ionary state and half-cell  potentials in the i ron-  
thionine cell will be reported in  a subsequent  publ ica-  
t ion (23). The equi l ibr ium and photostat tonary state 
potentials for Fe+2/Fe +3 are compared to the dye 
couple potentials and EFB for SnO2 in  Fig. 1. 

A high degree of rectification for the Fe+2/Fe +S re- 
actions at SnO2 was found by Memming and MSllers 
(24). This was par t icular ly  t rue at lower SnO2 charge 
carrier densities where the oxidation of Fe .2 was sup- 
pressed due to low tunnel ing  probabili ty.  Raising the 
charge carrier density caused an increase in anodic 
current  as the space charge layer  became th inner  and 
hence more penetrable  to tunnel ing  electrons. How- 
ever, even at the highest charge carrier  densities in-  
vestigated (~,5 • 1019 cm -~) rectification was sig- 
nificant. 

The present  work with SnO2 electrodes with high 
charge carrier density has shown that s imilar  behavior 
is observed even at n D >  5 • 1020 cm -3. This result  
is consistent with the fact that  tunne l ing  probabil i ty 
changes less rapidly with nD as the charge carrier den-  
sity becomes large (21). Limit ing anodic currents  were 
eventual ly  obtained in slow positive potential  scans, 
but  the current  rise with departure from equi l ibr ium 
was much more drawn out than for the cathodic proc- 
ess (Fig. 4, curve A). [['he effect of acetonitrile on the 
Fe+2/Fe +~ reactions at SnO2 is much greater than  on 
thionine/ leucothionine,  and oppositely directed. A 
marked increase in reversibi l i ty  was observed as the 
fraction of CI~CN in the solvent was raised from 0 to 
50% in 10% increments.  Results for solutions contain-  
ing 0, 20, and 40% CHzCN are presented in Fig. 4. Both 
the oxidation and reduct ion became more reversible, 
but  the major  effect was a strong enhancement  of the 
Fe +2 oxidation. A curious feature which emerged from 
the current -potent ia l  curves at SnO2 electrodes with 
high charge carrier density was the s t ructure  of the 
anodic wave when CH~CN was present. A well-defined 
reproducible current  peak was observed to shift to 
more negative potentials with increasing acetonitri le 
content. Peak potentials are listed in Table IV. No at- 
tempt was made to explain the presence of current  
peaks or the wave structure in the l imit ing current  
region. 

The cyclic vol tammetry  of Fe+2/Fe +s (Fig. 5) for 
solutions containing 0 and 50% CH~CN also shows en-  
hanced Fe +2 oxidation in the lat ter  solvent, as seen 
from the large negative shift of Ep.a and the large in -  
crease in anodic current. In  addition, the ratio of 
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Fig. 4. Effect of fraction of acetonitri le in solvent on current vs. 
potential behavior of F e 2 + / F e  ~+  at Sn02. [Fe +2] ---- [Fe +3] = 
0.0SM; [H2SO4] : 0.SM; 0, 20, and 40 v/v/o acetonitrile/water. 
Sweep rate = 5 mY sec -1.  
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Fig. 5. Voltammetry of Fe~'+/Fe ~+ at SnO2, showing effect of 
fraction of acetonitHle in solvent, lee 2+]  = [Fe ~+]  = 10-~M; 
[H2SO4] = 0.SM. SnO2: nD = 7.4 • 102o cm -~,  EFB = 
--0.07V vs. SCE. 

anodic to cathodic peak current  increased as the frac- 
t ion of CH~CN in the solvent was raised. As with the 
slow scan current -potent ia l  curves, a smaller  effect 
was also noted for the reduct ion wave. Even in 50% 
CH3CN, however,  the couple is much less reversible 
than  at p la t inum electrodes, hence, considerable anode 
selectivity in  the thin layer  cell is still preserved�9 

In  an earl ier  study, Miller (7) reported electrode 
activation in the i ron- th ion ine  cell, i.e., prior exposure 
of p la t inum electrodes to thionine solution, increased 
photovoltages from those electrodes. Fur thermore ,  t h e  
activation persisted even after the electrodes were  
washed and dried several times. Miller proposed that  
a layer  of dye adsorbed on the electrode either en-  

Table IV. Peak potentials for Fe +2 oxidation at Sn02 

P o t e n t i a l  o f  c u r r e n t  
% CH3CN p e a k  ( V  v s � 9  S C E )  

0 N o  p e a k  
10 1.08" 
20 1�9 
30 0.90 
40 0�9 
50 0.79 

* C u r r e n t  w a s  e r r a t i c  n e a r  p e a k .  
[ F e  +'~] = [ F e  ~3] = 0.05M, [H2SO4] = O�9149 
SnO~: EFB = - 0 . 2 6 V ,  n D =  9�9 X 10 ~o c m  -~, A = 0.60 cm-~�9 

hanced leucothionine oxidation or suppressed the re-  
action of Fe +s. A detailed s tudy of dye adsorption was 
not made, however. I t  was also reported that  activated 
electrodes were not able to generate a photopotential  
when exposed to an acidic solution of Fe +2 reducing 
agent. 

Similar  act ivation has been observed at SnO2 elec- 
trodes in the i ron- th ionine  th in  layer  cell. The pos- 
sibili ty of markedly  increasing the concentrat ion of 
electroactive mater ial  in the vicini ty of the anode, and 
thereby the efficiency of the th in  layer cell, was 
pursued through a more detailed s tudy of the adsorp- 
tion of dye species at SnO2. Evidence for the weak ad-  
sorption of thionine at SnO2 is obtained from the in -  
crease of ip,c/V 1/2 with sweep rate shown in Table II. 
This is consistent with thionine adsorption wi th  a low 
free energy and its reduct ion in  the same potent ial  
range as th ionine from the bu lk  solution. The peak 
current  funct ion (,~ip.c/V 1/2) is thus larger than pre-  
dicted from diffusion l imitat ions and increases with 
sweep rate due to the larger fraction of adsorbed dye 
part icipat ing in the reaction (25). The quant i ty  of 
adsorbed thionine at equal bu lk  concentrat ions in-  
creases as the fraction of CH3CN in the electrolyte is 
decreased, as shown in  Table II by the greater increase 
in  ip,c/V 1/2. This is expected, because the addition of 
acetonitri le increases thionine solubil i ty considerably. 

Strong leucothionine adsorption occurred at some 
SrlO2 electrodes. A cathodic prewave (often poorly 
defined) was observed on negative potential  sweeps 
(Fig. 6). A corresponding rise in anodic current  posi- 
t ive of the principal  oxidation wave was also observed 
on the reverse sweep. Adsorption peaks were greatly 
affected by the par t icular  SnO2 electrode used. Elec- 
trodes with near ly  identical  EFB and nn  f requent ly  
showed large differences in  leucothionine adsorption~ 
The wide variat ion in  leucothionine adsorption under  
thin layer cell conditions may explain the near ly  two- 

I 20pA cm -z ~ ' ~  

I I I 

0.7 0.5 0.3 0�9 -0�9 
E,V.  vs. SCE 

Fig. 6. Vo]tammetry of thionine acetate (1.1 X 10-4M) at 
SnO2, showing strong adsorption of leucothionine. Sweep rate = 
100 mV sec -z .  5 X 10 -3M H2SO4, 50 v/v/o water/acetanitrile. 
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fold variat ion in short-circuit  cur rent  obtained from 
seemingly similar SnO2 anodes (2). 

Miller's observation (7) that  p la t inum electrode ac- 
t ivat ion persists is also t rue of SnO2 electrodes. The 
adsorbed dye is very resistant  to removal  by water  and 
a large portion survives washing with organic solvents 
such as isopropanol. This is shown in  Fig. 7. After  pro- 
longed exposure to thionine solution, an SnO2 electrode 
showed an increase in reversibi l i ty  and peak current  
(curves A and B) which is characteristically obtained 
when a new hydrophobic SnO2 electrode is wet  by the 
solution (26). Par t  of the peak current  increase can 
l ikely be ascribed to thionine adsorption. In  addition, 
a prewave indicating strong leucothionine adsorption 
was obtained. The electrode was then removed from 
the solution, washed with isopropanol, and replaced in  
solution. Taken immediate ly  following re-insert ion,  
curve C shows that much of the adsorbed dye was 
retained. In  a similar  experiment,  the washed elec- 
trode was inserted into electrolyte containing no thio- 
nine. At slow sweep rates, small  reduct ion and oxida- 
tion waves of retained adsorbed dye were clearly seen. 

The contr ibut ion of adsorbed dye to i ron- th ionine  cell 
photogalvanic activity was substant iated in  the follow- 
ing way. Three th in  layer cells were constructed with 
new (previously unused)  SnO2 anodes. Ini t ia l  mea-  
surements  of Voc and Isc were made, exposing the SnO2 
electrodes to the photogalvanic cell solution for the 
min imum time necessary for s teady-state  outputs. The 
SnO2 anodes were then removed and cleaned. One 
electrode was soaked in  the photogalvanic solution, 
while a second was soaked in  a similar solution con- 
ta ining no dye. The third electrode was soaked in dis- 
tilled water. After  24 hr, the electrodes were dried and 
used to obtain new measurements  of Voc and Isc. Elec- 
trodes 2 and 3 showed small (<3%)  increases in  Voo 
and Isc, presumably  due to increased wet t ing of the 
SnO2 surface. Electrode 1, soaked in  dye solution, 
showed much greater enhancement  of photogalvanic 
activity. A 10% increase in Voc and a 20% increase in  
Isc were obtained. 

In a second experiment,  a t in  oxide anode was used 
to make a pre l iminary  measurement  of Voc and Isc 
after prolonged exposure to photogalvanic solution 
(Table V). The cell was then taken apart, cleaned 
thoroughly with distilled water, and blotted dry. The 
cell was reassembled and filled with a photogalvanic 
b lank  solution, containing all components except thio- 

/ I O F A  cm- 1] ~,~.. 

\ / 
\ ]  

I i I I 

0.6 0.4 0.2 0.0 
E,V.vs. SCE 

Fig. 7. Yoltammetry of thionine acetate (1.1 X 10-4M) at 
SnO2, showing activation and adsorption of leucothionine. Sweep 
rate ~ 20 mV sec-L A, New SnO2; B, SnO2 electrode from A, 
after prolonged exposure to dye solution; C, SnO2 electrode from 
B, after isopropanol wash. 

Table V. Output of photogalvanic cells showing influence 
of dye adsorption 

Cell s o l u t i o n  Vo~ (V) I ~  (/~A) 

P h o t o g a l v a n i c *  0.102 320 
B l a n k t  0.021 25 
Blank ,  r e p e a t  0.004 5 

* 10-~M t h i o n i n e ,  10-~M H~SO~, 10-2M FeSO4,  F e  +s a s  i m p u r i t y ,  50 
v / v / o  CI-I~CN. 

t P h o t o g a l v a n i c  s o l u t i o n  W i t h o u t  t h i o n i n e .  
Cel l  a r e a  = 5.5 c m  e. I l l u m i n a h o n :  t u n g s t e n ,  35 m W  c m  -~ solar 

e q u i v a l e n t .  

nine. As Table V shows, a photogalvanic response was 
obtained and furthermore,  persisted over the course 
of the measurement  (~5  min) .  The cell was then 
drained, dried, and filled again with b lank  solution. A 
smaller  but  still noticeable photogalvanic response was 
measured. These data are consistent with the re tent ion 
of adsorbed thionine at SnO2 reported above. Miller 's 
observation that activated Pt  electrodes were unable  
to generate a photogalvanic response by themselves is 
thus not supported by results with SnO2 electrodes. 

In  several  of the highest output  thin layer  cells, the 
photovoltage was established rapidly but  Isc rose 
slowly for I-2 rain or more, f requent ly  to double the 
ini t ial  value. The current  rise is much too slow to be 
ascri0ed to photochemical kinetics (27) and is not 
l ikely due to establ ishment  of s teady-state  concentra-  
tion gradients by diffusion, because most cells reached 
steady-state wi thin  a few seconds. It  is possible that 
the current  rise is caused by slow formation of the ad- 
sorbed dye layer  at certain SnO2 electrodes, as dis- 
cussed above. 

A film of adsorbed dye provides charge transfer  
species localized at the anode, which can be photo- 
chemically reduced and electrochemically oxidized 
without appreciable bulk motion. In addition, a more 
subtle effect is probably also present. For anodic band 
bending, the t ransi t ion probabi l i ty  for tunnel ing  de- 
pends not only on the band bending and energy posi- 
tions of the donor electrons, but  also on electronic 
coupling between the electrode surface and redox 
species. Thus, tunne l ing  currents  for the dye species 
sl~ould be enhanced relat ive to those for Fe+2/Fe+;L 
This factor operates in  addit ion to those causes of 
selectivity which have been discussed previously (l ,  
2). 

The use of aqueous acetonitri le in  the th in  layer  cell 
may appear questionable on the basis of the results 
presented here. However, addit ion of acetonitri le pre-  
vents formation of photoinactive thionine dimers and 
increases the solubil i ty of thionine, and hence the 
number  of charge carriers in  solution can be greatly 
increased. Enhancement  of the efficiency of photo- 
chemical reduct ion of TH+ by Fe +2 in  bulk  solution is 
also observed (27). The net  result  of using solvents 
containing CH3CN is an increased cell efficiency aris- 
ing almost ent i re ly  from greater  current  flow. 

The most obvious factor de termining the reversi-  
bil i ty of the i ron- th ionine  cell redox processes at SnO2 
is EFB -- Eredox. The redox potential  difference be-  
tween the dye and Fe+2/Fe +~ couples is not  large, 
however, and other redox couple pairs with similar 
potential  separations and relationships to EFB show 
smaller differences in  reversibi l i ty  at SnO2 electrodes, 
even when nD is much lower. The couple Fe (CN)s -4 /  
Fe (CN) 6-3, for example, has a redox potential  near ly  
equal to Fe+2/Fe § in  sulfuric acid but  is considerably 
more reversible at SnO2 (24). The contr ibut ion of the 
large Fe+2/Fe +3 rea r rangement  energy to the SnO2 
anode selectivity has been pointed out in  previous 
publications (I, 2). 
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The Stability of the Secondary Lithium Electrode 
in Tetrahydrofuran-Based Electrolytes 

V. R. Koch* and J. H. Young 
EIC Corporation, Newton, Massachusetts 02158 

ABSTRACT 

The s tab i l i ty  of t e t r ahyd ro fu ran  ( T H F ) - b a s e d  e l ec tro ly te s  t o w a r d  bu lk  
and e lec t ropla ted  Li has been assessed. Those e lect rolytes  incorpora t ing  LiAsF6 
were  least  react ive  to Li at  e levated t empe ra tu r e  and gave the best  cycl ing 
efficiencies. These efficiencies could be fu r the r  improved  by  aging the elec-  
t ro ly te  at 71~ and by  the addi t ion  of O~ or  N2. Conversely,  CO2 degraded  
the per formance  of the secondary  Li electrode.  Smal l  quant i t ies  of Na + and 
the  var ia t ion  of iner t  meta l  subs t ra te  had  li t t le,  if  any, effect on cycling 
efficiencies. Pree lec t ro lyz ing  the e lec t ro ly te  improved  the cycling charac te r i s -  
tics ini t ia l ly ,  but  l engthy  pree lec t ro lys is  resul ted  in e lec t ro ly te  degradat ion.  A 
recontact  phenomenon,  whe reby  p rev ious ly  isola ted Li is recouped in sub-  
sequent  cycles, was noted. The in te rven t ion  of films is proposed  to account  
for  these observat ions.  

T e t r a h y d r o f u r a n  (THF) is an aprot ic  cyclic e ther  
wi th  a va r i e ty  of phys ica l  and chemical  p roper t ies  
which  favor  its use in a secondary  Li ba t te ry .  I t  has, 
for example ,  a wide l iquid range  (--108 ~ to ~-65~ at  
1 a tm) ,  and low viscosi ty (0.461 cp at 25~ I t  forms 
conduct ive  solutions wi th  Li salts, and THF itself  is 
expected  to manifes t  low chemical  reac t iv i ty  to reduc-  
ing environments .  Wi th  respect  to the  Li electrode,  this 
las t  fea ture  is of cr i t ical  importance.  

Al ipha t ic  cyclic e thers  l ike  THF are  ve ry  res is tant  
to r ing  opening. The energy  of the  C - - O  bond is on the  

* Electrochemical Society Active Member. 
Key words: organic, electrolyte, lithium battery. 

order  of 85-91 kca l /mole ,  s imi lar  to tha t  of an sp 3 C- -C  
bond (1). Whi le  THF is rou t ine ly  used as an iner t  sol-  
vent  for dissolving meta l  reduct ions employ ing  Li or 
Na (2) and reduct ions  wi th  LiA1H 4 (3), e lectrolytes  
p repa red  f rom it  are  known to anodica l ly  po lymer ize  
(4) and react  wi th  Li foil at e leva ted  t empera tu re s  (5). 
In the  la t te r  instance, i t  was suggested that  e lec t ro ly te  
react ions wi th  Li were  in i t ia ted  by  impuri t ies .  

The impor tance  of e l imina t ing  (or at least  min imiz-  
ing) solvent  impur i t ies  has been considered by  But le r  
and co-workers  (6). They de te rmined  tha t  1 ppm H20 
in 1 ml  of solvent  led to a 1000A oxide film on 1 cm ~ of 
a clean Li surface;  and in d imethy lsu l fox ide  (DMSO),  
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Li20 appears to promote solvent reduction. Work in 
these laboratories with methyl  acetate (MA) (7) and 
propylene carbonate (PC) (8, 9) has established that 
the cycling efficiency and open-circuit  stabil i ty of the 
Li electrode is in t imate ly  dependent  on the kinds and 
quanti t ies of reactive contaminants  present. Usual ly 
this reaction leads to formation of a surface film which 
protects the metal  from fur ther  attack (10). Such films 
confer practical s tabil i ty in a number  of p r imary  bat-  
teries. With a secondary battery, the consequence of 
this filming reaction is more serious: If Li is not plated 
smoothly, the rate of filming will be enhanced, and the 
effects will be very damaging. Individual  Li grains 
can become encapsulated by ( insulat ing) film. This 
"encapsulated" Li cannot be discharged. Subsequently,  
Li tends to plate at places where there is no such en-  
capsulated material .  This causes dendrit ic growth, 
which enhances fur ther  encapsulation, and speeds up 
ul t imate failure. 

In this paper, we assess the stabil i ty of the Li elec- 
trode in THF-based electrolytes under  a variety of 
static and dynamic experiments.  Static tests involved 
the incubat ion of Li foil with electrolytes at 71~ Dy- 
namic conditions were achieved by galvanostatically 
cycling Li to and from an iner t  substrate  at 25~ The 
effects of various support ing electrolytes, purification 
procedures, metal  substrates, and gaseous additives on 
the cycling efficiency of the Li electrode are also ex-  
plored herein. 

Exper imental  
GeneraL--All purification procedures and the elec- 

trochemical experiments  themselves were conducted at 
room tempera ture  under  an Ar atmosphere in  a Vac- 
uum/Atmospheres  Corporation dry box equipped with 
a Model He-493 Dri-Train.  The dry box atmosphere 
was cont inuously recirculated through a column con- 
ta ining molecular  sieves and an activated Cu gettering 
mater ial  (BASF catalyst R3-11) which scavenged 
moisture and oxygen. The qual i ty  of this atmosphere 
was such that an exposed 25W light bulb filament 
burned  for 3 days on line voltage. This is quali tat ively 
indicative of 02 concentrations of from 1-5 ppm (11). 

Ultraviolet  spectra were recorded with a Pe rk in -  
Elmer 124D spectrophotometer. Sodium analyses were 
carried out on a Pe rk in -E lmer  Model 460 atomic ab- 
sorption spectrophotometer. 

Materials.--Tetrahydrofuran (THF) (Burdick and 
Jackson, dist i l led-in-glass) ,  l i th ium hexafluoroarsenate 
(LiAsF6) (U.S. Steel Agri-Chemicals,  electrochemical 
grade),  and l i th ium tetrafiuoroborate (LiBF~) (Foote 
Mineral  Company) were used as received. Li th ium 
perchlorate (LiC104) (Alfa, anhydrous)  was dried 
in vacuo for 2 hr  at 230~ prior to use. Li th ium foil (15 
mid  was obtained from Foote Mineral  Company, 
sealed under  Ar. 

Ar  (99.99%), CO2 (bone dry, 99.8%), N~ (99.999%), 
and O2 (99.99%) were obtained in lecture bottles from 
Matheson Gas Products. 

Activated neut ra l  a lumina  (Fisher, Brockman Ac- 
t ivi ty 1) and molecular  sieves (Linde, 4A) were used 
as received and exposed only to the dry box atmo- 
sphere. Approximate ly  lg  desiccant per 5 ml of elec- 
trolyte was used in  each purification procedure. The 
first 10% elut ing through a column was always dis- 
carded. 

Electrolyte preparatio~z and storage.--All electrolytes 
were prepared with cooling (d0~ to minimize possi- 
ble decomposition. The following abbreviat ions are 
used to represent  purification procedures: A, solvent 
through alumina,  then the Li salt added in the cold; S, 
solvent through molecular  sieves, then the Li salt 
added in  the cold; APA, A followed by preelectrolysis, 
then passage through a th in  plug of a lumina  to remove 
Li fines. 

Storage tests were conducted in 16 • 100 mm cul ture  
t u b e s  (Corning C9826) equipped with Teflon-lined 
screw caps. Li th ium foil, 5.0 • 6.35 cm, was spiral 

wound after which 8 ml of electrolyte was added to 
the tube, yielding an a rea /volume ratio of 8 cm - I .  
The outer surface of Li was scratched with a glass rod 
and immediately immersed in the electrolyte. This i n -  
s u r e d  that  a source of fresh Li was available to the 
electrolyte at the outset of the experiment.  The Li 
was mainta ined below the surface of the electrolyte 
by weighting it with a 2 cm length of 6 mm diam glass  
rod. Teflon tape was wrapped around the cul ture tube 
threads prior to capping to insure a tight seal. T h e s e  
tubes were stored in a Blue M bacteriological incubator  
thermostated at 71 ~ ~- 2~ The average rate of weight 
loss from this system was found to be 3.9 mg /day  over 
a 30-day period. 

Criteria for Li-electrolyte reaction were twofold: 
visual signs of corrosion on the Li ribbon, and colora- 
tion of the electrolyte was noted by comparison with a 
tube containing fresh electrolyte. In  all cases, electro- 
lyte stored in  the absence of Li remained clear and 
colorless over the 30-day storage period. 

Electrolyte aging was accomplished at 71~ in the  
culture tubes described previously. The Li, of course, 
was omitted dur ing storage. 

Cells and electrodes.--Glass rectangular  cells (10 X 
40 • 60 mm, Vitro Dynamics)  were used for the 
galvanostatic plat ing and str ipping of Li, as shown in 
Fig. 1. Spacers and tops were machined from poly-  
propylene stock. The working electrode was a 5.5 c m  
• cm • 5 mil  strip cut from Ni 200 sheet (Rob- 
l inger) .  A Ni wire lead was spot-welded to the strip. 
The surface of the working electrode was cleaned by 
t rea tment  with methanol  followed by acetone. The de- 
greased surface was then treated with dilute HCI, 
r insed with twice distilled H~O, and dried. This pro- 
cedure was also employed for other substrate metals; 
A1, Cd, Cu, Fe, Nb, Mo, and Zr (Al fa -Vent ron) ;  cold- 
rolled steel, and stainless steel (Roblinger) .  With the 
exception of a 9 cm area, the rest of the electrode 
was masked with Teflon tape. The Teflon was bonded 
to the Ni substrate by pressing the assemblage at 16,000 
psig on a Carver hydraulic  press for 3-4 rain between 
plates heated to 100~ The counterelectrode was fab- 
ricated from 15 mil  Li ribbon. 

The reference capillary was constructed from 4 mm 
OD glass tubing through which a Li strip made con- 
tact wit:h the electrolyte (volume ~ 17 cm3). All po- 
tentials are quoted vs. Li+/Li .  

Galvanostatic preelectrolysis was conducted in a 4 
oz snap-cap bottle between two 15 mil  Li electrodes. 
Both the anode and cathode had surface areas of about 
20 cm 2. An electrolyte solution was electrolyzed with 
st i rr ing for 16-24 hr  at current  densities of either 1.5 
or 3.0 m A / c m  ~ (vide in]ra). At the end of preelec- 
trolysis the cathode was covered with dendrit ic Li, 
some of which had broken off and floated to the sur-  
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Fig. I. Glass rectangular cell (10 X 40 • 60 ram) for c;oulo- 
metric cycling experiments. (Side view; not drawn to scale.) 
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face. The anode was smooth and uni formly  b rown in  
color. The electrolyte itself was clear and colorless. 

Electrochemical instrumentation.--Chronopotentio- 
metric plat ing and str ipping were conducted with 
either a Wenking LT 73 potentiostat  in the galvano- 
static mode, or with a constant current  power supply 
(constructed in-house) .  Long- te rm experiments  ut i l -  
ized an automatic cycler (constructed in-house)  which 
allowed plat ing for a given period of time, then 
stripped to a preset  potential  (+ I .0V) .  Upon reaching 
this potential, s tr ipping was terminated  and the cell 
reverted to OCV unt i l  plat ing again commenced. 
Cycling exper iments  were conducted at 25 ~ ___ 2~ 

Results and Discussion 
Cycling studies.--Cycling the Li electrode in a half-  

cell configuration mimics the charge and discharge 
characteristics of the negative in a secondary battery. 
In  a given cycle, Li was plated and stripped galvano- 
statically. The over-al l  efficiency of a cycle was taken 
to be the ratio of charge stripped to charge plated 
(Qs/Qp). Each plate consisted of a 5 mA/cm 2 current  
for 225 sec, yielding a 1.125 C/cm 2 charge of Li. While 
~-1 C/cm 2 plates do not accurately reflect the amount  
of Li normal ly  cycled in a secondary battery, they are 
useful in  rapidly assessing the quali ty of a given elec- 
trolyte. Cycling of thin plates many  times accelerates 
conditions leading to inefficiencies and failure. After  a 
series of 1.125 C/cmU cycles, a final 30 C/cm 2 charge 
was plated and stripped. 

All cycling experiments  were conducted in the rec- 
tangular  glass cell i l lustrated in Fig. 1. Typical Ni 
working electrode areas employed in this cell were 
9 cm 2, as opposed to the 1 cm 2 area for the snap-cap 
vial cell used previously (7-9). It was found that for 
a given electrolyte, efficiency values decreased more 
rapidly in  the vial cell than  in  the rectangular  cell. 
Table I compares cycling efficiencies obtained in 1M 
L i A s F d M A  for these two cells (12). Beyond the 6th 
cycle, efficiencies in  the vial cell (A ---- 0.85 cm ~) 
rapidly fall off, while those in the rectangular  cell (A 
= 9 cm 2) diminish at a more moderate rate. 

Earlier work conducted in the snap-cap cell (13) 
revealed that  edge effects played a significant role in 
terms of cycle inefficiencies. Thus, on going to thick 
(30 C/cm 2) plates most of the Li dendrit ic growth was 
found to occur along the per imeter  of the Ni electrode. 
The per imeter  to area ratio (P /A)  for a 1 cm ~ Ni 
working electrode is 4 cm-1;  for a 9 cm 2 area, P/A : 
1.3 cm -1. Besides reducing P/A,  the rectangular  cell 
enforces the parallel  placement  of the Ni working and 
Li counterelectrodes. Carefully machined tops and 
spacers constrain the Ni and Li sheets flat against the 
walls of the glass cell. This leads to a more uniform 
electric field, and, therefore, a more uni form current  
density at any  point  on the working electrode surface. 

The Li cycling efficiencies of three THF-based elec- 
trolytes were ini t ia l ly  surveyed. Solutions 1M in 
ei ther  LiAsF6, or LiBF4 were prepared from THF 
passed through a lumina  (A electrolytes).  As seen in 

Table I. The effect of Ni working electrode area on Li 
cycling efficiency* 

Cycl ing  eff ic iency (%). 

Cycle  0.85 c m  2 9.0 c m  2 

1 86 86 
2 95 92 
3 94 92 
4 95 91 
5 91 90 
6 82 87 
7 61 85 
8 36 89 
9 -- 87 

10 -- 78 

~ ip = i ,  = 5 m A / c m 2 ;  Qp f f i  1 C/cme; 1M LiAsF~/MA. 
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Fig. 2. Variation of efficiency with cycle number for ip ~ i s = 5 
mAJcm 2, Qp = 1.125 C/cm2 (cycles I-5); Qp = 30 C/cm 2 
(cycle 6). o ,  1M LiAsF6/THF; A ,  1M LiCIO4/THF; I I ,  1M LiBF4/ 
THF; A - -  purification. 

Fig. 2, somewhat higher values were achieved using 
the LiAsF6 salt compared to those obtained with LiC104 
as the support ing electrolyte. In  both cases, the effi- 
ciency for the 30 C/cm 2 plates was markedly  superior 
to that of the 1 C/cm 2 plates. Conversely, the LiBF4 
solution afforded very poor efficiencies. Data Obtained 
over the first 10 cycles were reproducible to bet ter  
than  5%. In  parallel  exper iments  involving LiAsF~ and 
LiC104 electrolytes, the efficiency curves of the former 
salt were always higher than those of the latter. 

Electrolyte storage with Li at 71~ results of 
the cycling studies were complemented with data from 
static tests at 71~ In  Table II, the reactivities of THF 
and three THF-based electrolytes toward bulk  Li are 
tabulated as a function of purification procedure. The 
first en t ry  in each column represents the nUmber of 
elapsed days after which Li corrosion was noted; the 
second ent ry  in parenthesis represents the number  of 
elapsed days at which solution coloration was detected. 
Corrosion invar iab ly  started on the scratched Li sur-  
face as well as on the edge of the freshly cut Li foil. 
All  of the electrolytes yellowed with time. 

We note that the static react ivi ty of A electrolytes 
toward Li roughly parallels their dynamic reactivity, 
as exemplified by decreasing cycling efficiencies (Fig. 
2). Indeed, 1M L i A s F d T H F - A  is seen to be most re-  
sistant to Li-electrolyte degradation while electrolytes 
prepared from LiBF4 are essentially insensit ive to dif- 
ferent  purification procedures. While t rea tment  with 
a lumina  helps stave off reaction with Li, electrolytes 
incorporat ing LiC104 or LiAsF6 manifest  a greater  
tendency to react when purified by the more elaborate 
APA procedure. 

Variations of preelectrolysis time.--Earlier work (9) 
dealing with electrolyte purification procedures ad- 
dressed itself to PC-based solutions. The effects of 
desiccants and preelectrolysis on the cycling efficiency 
of the Li electrode were noted. These efficiency values 
were highest and most long-l ived when an a lumina-  

Table II. The onset of I.i reaction with THF-based 
electrolytes at 71~ 

Time (days)  
Purifi- 
cat ion 1M 1M 1M 

pro- LiAsF6/ LiC104/ LiBF4/ 
cedure  THF THF THF THF 

N o n e  1 (3 )*  2 (16) 1 (4) 1 (9) 
S 1 (7) 1 (7)  7 (19) - -  
A 4 (7)  25 (28) 9 (17) 1 (8)  
A P A  - -  4 (7) 4 (16) 1 (8) 

* Not iceab le  Li corros ion  a f t er  1 day; not iceable  e l e c t r o l y t e  
co lorat ion  a f ter  3 days. 
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Fig. 3. Variation ef efficiency with cycle number for ip = 4 
= 5 mA/cm 2, Qp = 1.125 C/cm 2. 1M LiAsF6/THF-APA aliquots 
taken at various preelectrolysis times. 

preelectrolysis-alumina sequence was employed. In  
order to more fully unders tand  the effect of preelec- 
trolysis on electrolyte behavior, a variety of parame-  
ters was monitored as a function of preelectrolysis 
time. To this end, 100 ml  of 1M LiAsF6/THF was 
preelectrolyzed at our s tandard current  density of 3 
mA/cm 2. Aliquots were taken at various intervals  and 
subjected to spectrochemical analysis as well as half- 
cell cycling studies. Figure 3 presents the cycling effi- 
ciency of the first ten 1.125 C/cm 2 cycles. The efficiency 
dramatical ly  improved on going from no electrolysis to 
2 hr of electrolysis. Small improvements  are gained at 
4 and 7.5 hr. The efficiency then decreased after 24 
hr. On the basis of these data, subsequent  preelec- 
trolyses were run  at current  densities of 3 mA / c m 2 
for 8 hr, or 1.5 mA/cm 2 for 16 hr. Loss of good cycling 
efficiency as the result  of extended preelectrolysis is 
presumably  due to electrolyte degradation. As elec- 
trolysis continues, the surface area of the cathode in-  
creases as Li dendrites build up. Dendrit ic growth is 
thought to arise from Li - impur i ty  reactions, which pro- 
ceed at a high rate, and Li-solvent  reactions, which 
are somewhat slower (9). We believe that  reaction of 
Li with THF itself eventual ly  dominates on going to 
longer preelectrolysis times and therefore degrades the 
electrolyte. 

Some evidence is available to support  this hypothe-  
sis. Table III compares the u.v. cutoff and absorption 
in tensi ty  at 258 nm for electrolyte aliquots taken at 
several preelectrolysis times. Although the solvent 
cutoff l imit  increases only slightly after 7.5 and 24 hr, 
the intensi ty  at 258 nm first decreases and then in-  
creases with time. The na ture  of the species absorbing 
in this region is unknown.  However, its intensi ty  seems 
to correlate with cycling efficiency, i.e., higher concen- 
trations are reflected in poorer cycling efficiencies 
(Fig. 3). 

Since Foote Li is known to contain small  amounts  of 
Na, we sought to determine if Na + increased with 
preelectrolysis time. Duplicate samples from each 
aliquot were analyzed by atomic absorption spectros- 
copy and the results are shown in  Table IV. After  2 
hr of preelectrolysis, [Na +] drops from about 8 to 5.5 
ppm and remains  essentially constant  thereafter.  Thus, 

Table Ill. U.V. absorptions of IM LiAsF6/THF electrolyte as a 
function of preelectrolysis time 

Charge  Cutoff  A b s o r b a n c e  
T i m e  (hr )  ( C / c m  3) ( n m )  at 258 n m  

0 O 210 0.09 
1 2.16 210 0.09 
2 4.32 210 0.03 
4 8.64 210 0.04 
7.5 16.20 212 0.04 

24 51.84 215 0.11 

Toble IV. Sodium ion concentration of 1M LiAsF6/THF electrolyte 
as a function of preelectrolysis time 

Charge Sample A Sample B 
T i m e  (hr) (C/cm~) ( p p m )  ( p p m )  

O 0 7.78 7.70 
1 2.16 6.48 7.15 
2 4.32 5.35 5.22 
4 8.64 5.50 5.51 
7.5 16.20 5.29 5.35 

24 51.84 5.45 5.30 

Na + is both a small  and invar ian t  contaminant  in  the 
electrolyte. Accordingly, we do not expect Na + to play 
a role in  either solvent purification or electrolyte deg- 
radat ion on cycling. 

The efIect o~ dif]erent metal substrates on cycling 
ef~ciency.--To date, our cycling studies with the Li 
electrode have used Ni substrate exclusively. The fol- 
lowing metals, representat ive of different groups in 
the Periodic Table, were surveyed: Nb, Mo, Fe, Cu, Cd, 
and A1. Two alloys were also tested: cold-rolled steel 
(CRS) and stainless stem (SS). These data are pre-  
sented in  Fig. 4 and compared with efficiencies achieved 
on Ni for 1M L i A s F d T H F - A P A  electrolyte. Other than 
metals known to alloy with Li, i.e., A1 and Cd (14, 15), 
there were no dramatic changes in  cycling efficiencies. 
In  general, the efficiency plots paral leled each other, 
giving ,--90% on the 1st cycle and between 60-73% 
on the 5th cycle. It would seem, therefore, that  major  
improvements  in both cycle efficiency and life must  
begin with the electrolyte itself. 

Electrolyte aging at 71~ effort was made to 
determine if exposure to elevated tempera ture  would 
degrade L i A s F d T H F  electrolyte (yielding poorer cy- 
cling efficiencies). Thus, 10 ml of APA was stored in  
a screw-cap culture tube for 26 days at 71~ When 
this electrolyte was brought  into the dry box and 
cycled, the best results to date in this electrolyte 
were achieved. Figure  5 compares these data to those 
obtained for unstored APA electrolyte. Instead of 
rapidly decreasing to 50% on the 5th cycle, the cy- 
cling efficiencies of the stored APA electrolyte main-  
tained values near  80% out to the 18th cycle. After  a 
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Fig. 4. Variation of efficiency with cycle number for ip = is 
5 mA/cm 2, Qp ~ 1.125 C/cm 2. 1M LiAsF6/THF-APA at 

various working electrodes. 
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Fig. 5. Variation of efficiency with cycle number for ip : is 
= 5 mA/cm ~, Qp ~ 1.125 C/cm2; Qp ___~ 30 C/cm 2. 1M 
LiAsF~/THF-APA. 

60 min  pause at OCV, the 19th cycle yielded 100% 
cycling efficiency. Subsequent  cycles decreased in  effi- 
ciency to 85% on the 23rd cycle. The 24th cycle gave 
a 94% efficiency for a 30 C/cm 2 plate, after which the 
cell was disassembled and the Ni working electrode 
examined. A very adherent  and uni formly  thin plate of 
residual Li remained. No gross dendri t ic  growth was 
noted after a total of 54 C/cm 2 (28.6 C/cm~) Li had 
been shut t led to and from the i'r This is indeed a re-  
markable  observation in that  earlier results incorporat-  
ing only  5 >< 1 C/cm 2 cycles yielded highly dendrit ic 
residual  Li. 

A second batch of APA electrolyte was prepared and 
stored for 9 days at 71~ The cycling results are 
shown in  Fig. 6. After  the 6th cycle, efficiency values 
remained near ly  constant  at 88% out to the 40th cy- 
cle. The 6th, 17th, and 26th cycles reflect slight im-  
provements  in  efficiency due to pauses of 17, 15, and 
30 min, respectively, between cycles. On the 41st cycle 
a 1.125 C/cm 2 charge of Li was plated onto the Ni, 
and the cell switched to OCV. After  44 min, the Li 
was stripped and an efficiency value of 73% was ob- 
tained. The 42nd cycle was run  as usual  and a 91% 
value was achieved. The 43rd cycle yielded the "base- 
l ine" value of 85%~ On the 44th cycle 1.125 C/cm 2 
was plated, and the cell switched to OCV overnight.  
Sixteen hours later  the Li was stripped, yielding only 
60% efficiency. The 45th cycle, however, gave a value 
of 107%! Clearly, some of the Li isolated from the Ni 
electrode on overnight  s tand was recouped on the 45th 
cycle. The 46th cycle gave 83%, after which the cell 
was disassembled and inspected. As in  the earlier r un  
with stored APA, the Ni electrode revealed compact, 
un i formly  th in  residual Li. The electrolyte solution i t-  
self was clear but  very  slightly tan in color, indicative 
of degradation products. A new Ni working electrode 
was inser ted and a 30 C/cm 2 cycle yielded a 75% effi- 
ciency. The residual  Li was dendrit ic in  nature.  Fresh 
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Fig. 6. Variation of efficiency with cycle number for ip - -  is 
5 mA/cm 2. Qp = 1.125 C/cm2; Qp = 30 C/cm 2. 1M LiAsF6/ 

THF-APA stared 9 days at 71 ~ 

electrolyte and another  new Ni electrode gave 95% 
efficiency on a 30 C/cm 2 cycle. This difference in cy- 
cling efficiencies clearly reflects the deleterious effect 
of degradation products on the Li electrode. 

Li th ium isolation rates calculated from the 41st and 
44th cycles gave 57 #A/cm2 over 44 min  and 5 #A/cm ~ 
over 16 hr. These values are similar  to those reported 
earl ier  for LiAsF6/PC electrolytes (9) and reflect the 
ini t ia l ly  rapid reaction of electrolyte with as-plated Li. 
The novel ty  of this result  lies in the abil i ty to recover 
some isolated Li in  a subsequent  cycle. This suggests 
a m e c h a n i s m  in  which Li, electrochemically insulated 
from the Ni electrode, becomes reattached and thereby 
available for anodic dissolution. 

Other investigators have invoked Li+-conduct ive  
films to account for the behavior  of the Li electrode 
in aprotic media. Dey (16) indicated that  in PC the 
Li electrode is coated with a Li+-conduct ing  film 
composed of Li2CO3. More recently, Peled and Straze 
(17) have proposed a simple model of alkali and al-  
ka l ine-ear th  metal /e lect rolyte  films in terms of their  
ionic and electronic t ransport  properties. A key com- 
ponent  of these films is an insoluble metal  salt, the 
cation of which migrates through the film on polariza- 
tion. Others (18, 19) have compared corrosion and 
exchange currents  of the Li electrode in  a variety of 
media. They found that  after  ini t ial  Li-electrolyte con- 
tact, the corrosion rate became 1000 times slower than 
the rate at which the Li /Li  + equi l ibr ium was estab- 
lished. This implies the presence of a Li +-conduct ing 
film which acts as a barr ier  to the reactive electrolyte. 
Finally,  Besenhard (20) suggests that  the conductivi ty 
of Li + through encapsulat ing films is enhanced when 
Li is electrodeposited in the presence of I - .  The I -  
anion is presumed to be incorporated in the film thus 
providing high mobi l i ty  for Li +. 

The effect of storage t ime at 71~ on cycling effi- 
ciency was assessed for APA electrolyte samples re-  
moved at 1, 3, 5, 7, 9, and 11 day intervals.  The long- 
lived cycling efficiencies in  Fig. 4 could only be re-  
produced when the electrolyte had been stored for 9 
or more days. Electrolytes stored for shorter periods 
of t ime manifested in i t ia l ly  higher efficiencies, which 
rapidly declined after the first few cycles. For exam- 
ple, the 5th cycle of APA-1, 3, 5, and 7 gave efficien- 
cies of from 35-59%. The 5th cycle efficiencies of 
APA-9 and 11 were never  less than  76%. The 71~ 
storage must  chemically alter the electrolyte with time. 
Whether  this a l terat ion involves the formation of a 
stabilizing agent or the removal  of an impur i ty  is 
present ly open to question. 

The effect o,] various gases on electrolyte cycling effi- 
ciency.--Formidable efforts have been made to remove 
or minimize contaminants  in the electrolyte. Distil la- 
tion, adsorption of organic impurit ies on alumina, pre-  
electrolysis at the Li potential, and aging electrolyte 
in  glass have dramatical ly  improved the cycling effi- 
ciency of the Li electrode. Litt le attention, however, 
has been directed toward the presence of dissolved 
gases in the electrolyte. Burdick and Jackson u.v. 
grade THF used in  all our THF-based  electrolytes is 
packed under  N2 as received. Fur thermore,  when  sol- 
vent  is percolated through alumina,  N2, O2, and CO2 
absorbed on the a lumina  particles surely dissolve into 
the THF. We set out to assess the effect of electrolyte 
perfused with Ar, CO2, N2, and O~ on subsequent  cy- 
cling experiments.  

Gasification was achieved by  passing the gas under  
s tudy from a lecture bottle through an  in te rven ing  
Drieri te column and then through a coarse glass frit 
immersed in  electrolyte. Approximate ly  40 ml of elec- 
trolyte was perfused at any one time, and the gas under  
s tudy was allowed to slowly bubble  through the elec- 
trolyte for 5.0 rain. Figure  7 presents the efficiencies 
of the first 10 cycles obtained in  the presence of these 
gases. Each r un  was conducted on a new Ni electrode 
in  freshly gasified electrolyte. Perfusion with Ar im-  
proved the cycle life of the Li electrode perhaps by 
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replac ing  o ther  gases a n d / o r  vola t i le  organic contam-  
inants  dissolved in the electrolyte .  Oxygen  and N2 
helped main ta in  cycle life re la t ive  to A r  while  CO2 
and nongassified e lec t ro ly te  did not. While  d ry  02 does 
not  r ead i ly  react  wi th  Li at room tempera ture ,  d ry  
N2 and CO2 form the n i t r ide  and carbonate  (21). That  
N2 was found to be super ior  to Ar  is indeed  surpr i s -  
ing. We had thought  tha t  an Li~N film would r e r t u r b  
the morphology  of the e lectrodeposi t  so as to a l low the 
rap id  genera t ion  of dendrites.  This would in tu rn  lead 
to e lectrode fai lure.  However,  recent  work  wi th  Li3N 
single crysta ls  has shown them to be pure  Li- ionic 
conductors  giving high conduct iv i ty  at modera te  t em-  
pe ra tu res  (22). Polycrys ta l l ine  LisN also manifests  
similar,  though a t tenuated,  conduct iv i ty  values (22, 
23). Thus the  Li3N film m a y  pa r t i a l l y  protect  Li from 
a t t ack  by  res idual  impur i t ies  or THF itself, and there  
is some precedent  for this hypothesis.  Carbon dioxide 
in 1M LiC104/THF has been used to improve  the self-  
d ischarge character is t ics  of Li p r i m a r y  cells (10). Ap-  
parent ly ,  CO2 forms a pro tec t ive  (Li2CO~) which then 
allows Li + migra t ion  into solut ion on discharge.  Oxy-  
gen afforded the highest  cycl ing efficiencies over  10 
cycles. While  Li and 02 are  essent ia l ly  iner t  on open 
circuit,  p ro tec t ive  oxide films could form as Li is p la ted  
down on Ni. Indeed,  we observe that  the OCV of 
Ni vs. Li in f reshly  oxygena ted  e lec t ro ly te  is 300-400 
mV higher  than  the OCV's in the  other  perfused elec-  
t rolytes.  The OCV is a mixed  potent ia l  reflecting the 
midpoin t  be tween  Li reduct ion and e lec t ro ly te  oxida-  
tion. Thus, its shift  to more posit ive OCV values 
(4-2.60V--> 2.95V) in the presence of 02 suggests that  
02 can be reduced at  potent ia ls  posit ive of Li. When 
Li  is p la ted  (reduced)  on Ni, a concurrent  reduct ion of 
O2 to 0 -2 m a y  occur. Subsequent  react ion with  f reshly  
p la ted  Li may  then lead to a film which affords p ro-  
tection. If an oxide film is the  source of h igher  cy-  
cling efficiencies and la rger  cycle life, its effect can 
only be shor t - l ived.  Li20 cannot  be e lec t rochemical ly  
conver ted  back to Li and 02. Thus, af ter  severa l  cycles 
the film must  u l t ima te ly  pe r tu rb  the  Li morphology,  
leading  to dendr i t ic  g rowth  and subsequent  e lect rode 
failure.  In this regard,  we note that  cycling efficiencies 
in e lect rolytes  perfused wi th  02 and N2 r ap id ly  de-  
g rade  beyond the 10th cycle. 

Summary and Conclusions 
The results  of cycl ing and s torage indicate  that  elec- 

t rolytes  incorpora t ing  LiAsF6 are  more  s table  to Li. 
This may  be due to the high pur i ty  of this salt, or  r e -  

flect a s tabi l iz ing p rope r ty  afforded by  the AsF6-  anion. 
In fact, we have  found tha t  THF and AsF6-  react 
concur ren t ly  at  a Li anode to form a brown coating 
(24). This film m a y  provide  some protect ion agains t  

fu r the r  reaction.  The s torage tests also indicate  that,  
on going to more  s t r ingent  purif icat ion procedures,  the 
reac t iv i ty  of e lec t ro ly te  to bu lk  Li  increases. Whi le  
some contaminants  a re  known to degrade  cycling effi- 
ciency, e.g., CO2 and organic e lec t ro ly te  degradat ion  
products,  others  l ike  H20 (8), N2, and 02 help, a lbei t  
t emporar i ly .  

Pree lec t ro lys is  of the  e lec t ro ly te  improves  its "in- 
er tness" wi th  respect  to the Li electrode, p re sumab ly  
by  scavenging react ive  impuri t ies .  However ,  continued 
preelect rolys is  degrades  the  electrolyte,  as evidenced 
by  poor  cycl ing efficiency and the appearance  of con- 
taminants  in the  u.v. spectrum. This suggests that  im-  
pur i t ies  react  wi th  Li at  a fas ter  ra te  than  e lect rolyte  
itself, as has been noted prev ious ly  (9). Nei ther  smal l  
Na + concentrat ions nor  the use of different  meta l  sub-  
s t rates  have any significant effect on the  cycling effi- 
ciencies of a given electrolyte .  This indicates  that  sol-  
vent, salt, and impur i t ies  contained there in  p lay  a 
ma jo r  role in de te rmin ing  the over -a l l  reac t iv i ty  of an 
e lec t ro ly te  wi th  Li. 

Elec t ro ly te  aging at  71~ and the recontact  phenom-  
enon mer i t  more  study. Subt le  changes in the e lect ro-  
ly te  i tself  and in the s t ruc ture  of the encapsula t ing film 
d ramat i ca l ly  affect the number  of high efficiency cycles 
obtained.  The unders tand ing  and subsequent  control  
of these phenomena  are  requ i red  if  a THF-based  elec-  
t ro ly te  is to be employed  in a prac t ica l  Li secondary 
bat tery .  

The in t roduct ion of gases into the  e lec t ro ly te  d ra -  
mat ica l ly  a l ters  the cycling efficiency. Apparent ly ,  the  
in situ genera t ion  of LisN and Li20 films protects  the 
under ly ing  Li from paras i t ic  e l ec t ro ly t e / impur i t y  re -  
actions. Conversely,  a Li2CO3 film e i ther  affords no 
protect ion or ser iously per tu rbs  the pla te  morphology  
f rom the outset, l eading  to dendri t ic  growth  and rapid  
react ion with  the e lec t ro ly te  medium. 

When taken  together,  these resul ts  point  up the im-  
por tance  of films in u l t ima te ly  de te rmin ing  the rate  of 
L i / e l ec t ro ly t e  react ivi ty .  The specific na tu re  of the re -  
act ion of Li wi th  THF-based  electrolytes ,  the kinds 
and dis t r ibut ion  of products ,  and a mechanism ac- 
counting for the i r  format ion  wil l  be the subject  of a 
for thcoming publ ica t ion  (24). 
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Thermodynamic Properties of Liquid Na-Sn Alloys by emf 
Measurements with Beta-Alumina Electrolytes 

M. Rivier and A. D. Pelton 
Ddpartement de Gdnie M~tallurgique, Ecole Polytechnique, 

Universitd de Montrdal, Montrdal, Qudbec, Canada 

ABSTRACT 

The fhe rmodynamic  proper t ies  of l iquid Na-Sn  alloys have  been mea -  
sured over  the t empe ra tu r e  range  250 ~ < T < 450~ and over  the composit ion 
range  0 < XN~ < 0.3 by  means  of concentra t ion cells employing  be t a - a lumina  
solid electrolytes .  Composit ions were  va r ied  by  coulometr ic  t i t ra t ion  over  the  
ent i re  range  from 0 to 30% Na. Enthalpies  and entropies  were  obtained f rom 
the t empe ra tu r e  dependence  of the  emf's. The resul ts  indicate  that  the  al loys 
a re  s t rongly  ordered  and of pa r t i a l  ionic character .  

Al though  a g rea t  deal  of a t ten t ion  has been re -  
cent ly  accorded to b e t a - a l u m i n a  because of its im-  
por tance  in the  deve lopment  of the sod ium-su l fu r  
ba t t e ry  (1, 2), the  appl icat ions  of this  solid e lec t ro ly te  
for  the rmodynamic  measurements  have only begun 
to be exp lored  (3-7).  To a large  ex ten t  this has been 
due to the unava i l ab i l i ty  of an inexpensive  source of 
impermeab le  tubes of be ta -a lumina .  

A new, simple,  and inexpens ive  s l ip-cas t ing  tech-  
nique of making  impe rmeab le  crucibles and tubes of 
b e t a - a l u m i n a  has recen t ly  been developed in this 
l abo ra to ry  (8). The crucibles used in the  present  
inves t igat ion were  made  by  this technique.  

In  the  presen t  s tudy,  the emf of the  cell 

Na ( l iquid)  I b e t a - a l u m i n a ] N a - S n  ( l iquid al loy)  

has been measured.  The t r anspor t  number  of Na + 
ions in the be t a - a lumina  is unity.  (This fact  has been 
verif ied in  the  present  s tudy  as is discussed below.)  
The emf of the cell  is thus given by  

RT 
E _ - -  in aNa [1] 

F 

where  aNa is the  ac t iv i ty  of Na in the alloy. 
The high se lect iv i ty  of the be t a - a lumina  for  con- 

duct ion by  Na + ions, as wel l  as the comple te ly  sealed 
cell  design used in the present  study,  enables  h ighly  
reproduc ib le  and stable emf's  to be obtained.  In  add i -  
tion, the ve ry  low res is t iv i ty  of the solid e lect rolyte  
( ~ l g  in the  presen t  s tudy)  permi t s  the concentra-  
t ion of the  a l loy to be var ied  by  coulometr ic  t i t ra t ion  
over  a composit ion range  of 30 mole  percent  (m/o ) .  
This is to be compared  to the  composit ion var ia t ions  
of fract ions of 1 m/o  which are  the m a x i m u m  ob-  
ta inable  by  coulometr ic  t i t ra t ion  wi th  convent ional  
solid e lect rolytes  such as s tabi l ized zirconia. 

Key words: beta-alumina, sodium-tin system, liquid alloys--ther- 
modynamics, liquid alloys----structure, alloy concentration cells. 

The N a - S n  sys tem was chosen for this s tudy because 
of the in teres t ing  the rmodynamic  proper t ies  of these 
s t ruc tu ra l ly  h igh ly  ordered  l iquid al loys and the scat -  
te r  in the repor ted  da ta  (9-15). 

Experimental 
The appara tus  is shown in Fig. 1. A tube of be ta -  

a lumina  (1 cm diam, 5 cm long, wal l  thickness 0.2 
mm)  is jo ined to a Py rex  tube by  a Corning KOVAR 
7056 graded seal. This jo int  can be used under  vacuum 
to 450~ In order  to remove  al l  t races of water ,  
the be t a - a lumina  is hea ted  for 24 hr  at  150~ in a 
vacuum oven. The tube is then filled wi th  high pur i ty  1 
Sn, and this inner -e lec t rode  compar tmen t  is sealed 
under  vacuum in o rde r  to avoid any oxidat ion  of 
the al loy or  any losses of Na f rom the a l loy by  
volat i l izat ion.  The outer  reference electrode compar t -  
ment  contains pure  1 Na which has been pref i l tered 
th rough  a glass frit.  Dur ing  the course of the  sub-  
sequent  exper iment ,  high pu r i t y  argon gas is c i rcu-  
la ted  over  the sodium. 

Emf measurements  are  made  by  a TACUSSEL mi l l i -  
vo l tmete r  via tungsten electrodes.  The t empera tu re  
is measured  by  a thermocouple  dipping into the Na. 

The se lect iv i ty  of the e lect rolyte  for  Na + ions, as 
wel l  as its ve ry  low res is t iv i ty  (the appara tus  in Fig. 
1 has a resis tance of about  1~ at  350~ permi t s  
the composit ion of the al loy to be conventient ly,  accu-  
ra te ly ,  and rap id ly  a l te red  by the passage of a mea-  
sured current  (coulometr ic  t i t ra t ion) .  The constant  
cur ren t  ( m a x i m u m  500 mA)  is furnished by  a Koslow 
Scientific coulometer .  

The composit ion of the al loy was var ied  in this 
way  from 0% Na up to more  than 25 m/o  Na and 
back again. Whenever  the cur ren t  was in te r rup ted  
to make  an emf measurement ,  the equ i l ib r ium emf 
was a lways  a t ta ined  wi th in  less than  10 sec. F igure  2 
shows a measured  curve of emf vs. composit ion at  

ALFA Inorganics Company. 
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constant T - 360~ Some of the points shown were 
obtained upon increasing the composition and others 

T u n g s t e n  
e l e c t r o d e s  

h e r m o c o u p l e  
in p y r e x  s h e a t h  

r a n i a - g l a s s  seal 

o v a r  7 0 5 6  g lass  
sea l  

a-Sn l i q u i d  a l loy 

?-AI203 c r u c i b l e  

E M F  

. . . . . .  ~ , , d  Na r e f e r e n c e  

Fig. !. Experimental apparatus 

70C 

60C 

500 

400 

-4  

o 

log X., 

m -~ -1' -3 

Fig. 2. Emf vs.  log of sodium mole fraction in Na-Sn liquid 
alloys at 360~ Composition varied by coulometrie titration. 

upon decreasing it. The points obtained as the com- 
position was increased were wi thin  ___0.5 mV of all 
those obtained as the composition was decreased. Fu r -  
thermore, analysis of the sample by  atomic absorption 
after the coulometric t i t ra t ion showed that  the com- 
position agreed with that  given by the coulometry. 
Finally,  at low concentrat ions of Na, the curve of 
emf vs. log XNa is linear. Thus, Faraday 's  law is obeyed 
with a t ranspor t  number  of Na + of unity.  

Three separate samples were studied over the range 
of tempera ture  from 250 ~ to 450~ and from 0% Na 
up to the phase boundary  (20-30% Na). At all  com- 
positions and temperatures,  e m f s  from the three 
samples were in agreement  wi thin  --+0.5 mV. 

During one week at 400~ the emf was stable to 
wi thin  ___0.5 inV. This s tabil i ty results from the fact 
that  changes of composition by volati l ization of the 
Na are prevented by sealing the inner  electrode com- 
par tment  near  the meniscus of the alloy. 

Results 
~Measurements were made at several compositions 

at 360~ The excess free energy of Na, gNa E, at 360~ 
calculated from the measured emf via the equation 

gNa E = R T  In aNa -- R T  in  XNa -" - -FE -- R T  In X~a 
[2] 

(where  XNa is the mole fraction of Na in  the ahoy)  
is plotted in  Fig. 3. Points shown are from all three 
samples. 

At several composition, e m f s  were measured as a 
funct ion of tempera ture  over the range 250~176 
The curves of E vs. T deviated very slightly from 
linearity,  thus indicat ing a slight temperature  de- 
pendence of the entropy. However, for the tempera-  
ture  range 250~176 it was not deemed possible to 
determine the curvature  with any  precision. Hence, 
points obtained dur ing  both heating and coolin~ were 
fitted to straight lines by least squares regression. 
The resul tant  entropy and enthalpy values are thus 
"averages" for this tempera ture  range. The equations 
of E vs. T and the roo t -mean-square  deviations are 
listed in  Table I, in which data obtained from all 
three samples are shown. Par t ia l  enthalpies, hhNa, 
and part ial  entropies, A~Na , of mixing of Na, calcu- 
lated from the tempera ture  dependence of the emf, 
are plotted in  Fig. 4 and 5. The excess entropy of Na 

$Na E ~--- ASNa -~- R In XNa [3] 

is plotted in Fig. 6. 
Error  l imits may be estimated from the reproduci-  

bi l i ty  (,~ +_0.5 mV) and the tempera ture  range 
(,~200~ of the measurements .  The error in d E / d T  
is thus ,., ___2(0.5)/200 = 0.005 mV/K.  The lower 
limits for random errors are thus ~0.5F or -+50J for 

2 3~s o 
E 

i i , J 
/ 

J ./. 
/ 

�9 / / "  

/ 
/ . / "  

~  
/ 

P / 
0% o!,o 0[,15 0120 0'25 0130 

XNa 

Fig. 3. Partial excess free energy of sodium in liquid Na-Sn 
alloys at 360~ calculated via Eq. [2] from experimental measure- 
ments. Curve is given by Eq. [10]. 
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Table I. Least squares linear fits of emf vs. temperature 
for range 250 ~ < T < 450~ 

E (mY) =A + BT 
rms devi- 

X~a A = -AhNalF B = AsNalF ation (mV) 

0.0327 447.31 0.108 0.080 
0.0445 447.72 0.076 0.001 
0.0679 451.21 0.032 0.107 
0.0869 459.87 - 0.005 0.205 
0.0962 452.05 -0.002 0.006 
0.1097 452.29 - 0.016 0.004 
0.1196 446.73 - 0.017 0.051 
0.1326 448.47 - 0.032 0.990 
0.1452 430.71 - 0.014 0.094 
0.1513 455.69 - 0.056 0.379 
0.1574 448.16 -0 .048 0.265 
0.1693 453.66 - 0.074 0.535 
0 , 1 8 0 8  449.13 -- 0.065 0.420 
0.1921 458.92 --0.087 0.753 
0.1976 450.43 -0.089 0.308 
0.2030 463.72 - 0.100 0.486 
0.2084 469.16 - O . l l l  0,159 
0.2136 470.44 - 0.116 0.342 
0.2240 469.41 -0.121 0.275 
0.2341 471.79 -- 0.130 0.451 
0.2439 480.86 --0.149 0.327 
0.2488 476.81 --0.146 0.219 
0.2535 474.98 -- O. 146 O. 148 
0.2582 474.27 - 0.148 0.176 

gNa E, O.005F or  ~0.5 J / K  for SNa E, and  (50 + 0.5T) 
or  _650J  for AhNa. 

Discussion 
A di rec t  compar ison  of the present  resul ts  wi th  

those of o ther  workers  (9-15) is difficult because of 
the wide ly  different  ranges of t empera tu re  and com- 
posi t ion studied. F igure  4 shov<s the curve of ASNa 
ca lcula ted  by  Morachevski i  and Lan t ra tov  (15) f rom 
the t empera tu re  dependence  of the emf's  of e lec t ro-  
chemical  cells containing Na-glass  membranes  for a 

4 

�9 o i 

�9 \ \ \  

-lo "<'*~ 

""%.,, 
-1~ 0!10 ol20 �9 ~ 0.130 

XNa 

Fig. 4. Partial entropy of mixing of sodium in liquid Na-Sn alloys 
calculated from temperature dependence of emf's. ~ O ~ O ~  
Present study; ~ ( 2 ) ~ 0 - -  Ref. (15), 600~ 

- -  i i ~ 1  I i i 

- 4 2 0  

43C 

~44C 

2 
<3 

- 4 5 (  

- -  0 0 5  010  015 0 2 0  2 O!30 
XNa 

Fig. 5. Partial enthalpy of mixing of sodium in liquid Na-Sn al- 
loys calculated from temperature dependence of emf's. Curve is 
given by Eq. [4]). 
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Fig. 6. Partial excess entropy of sodium in liquid Na-Sn alloys 
calculated from temperature dependence of emf's and Eq. [3]. 
Curve is given by Eq. [5]. 

range  of t empera tu res  a round  600~ The curve is 
in qual i ta t ive  agreement  wi th  the present  results.  As 
suggested by  Bar t le t t  and Crowther  (12), the dis-  
c repancy  m a y  be due to a t tack  on the Na-glass  elec-  
t rolytes ,  however ,  the difference could also be ex-  
p la ined  by  a t empera tu re  dependence  of the entropy.  

The excess free energy,  gNa E, and enthalpy,  AhNa, 

of Na are  both  qui te  negat ive,  indica t ing  that  the  
l iquid al loys are  ve ry  stable.  The excess entropies  
a re  also very  nega t ive - - so  negative,  in fact, that  the 
pa r t i a l  en t ropy  of mix ing  in Fig. 4 is negat ive  for  
X N a  ~ 0.1. This indicates tha t  the  s t ruc ture  of these 
l iquid al loys is h ighly  ordered.  Fu r the r  informat ion  
can be obta ined f rom an examina t ion  of the pa r t i a l  
p roper t ies  of Sn and the in tegra l  p roper t ies  of mix ing  
which  m a y  be calcula ted f rom in tegra t ion  of the 
Gibbs -Duhem equation. To this end, the curves in 
Fig. 3, 5, and 6 were first fitted to ana ly t ica l  expres -  
sions. For  the  curves of AhNa and 8Na E in Fig. 5 and 
6, three  coefficient equations were  used. The  equations 
obta ined  by  least  squares regress ion analysis  of the 
exper imen ta l  points  a re  

AhNa : --77.282 + Xsn 2 (123.702 --  90.689 Xsn) k J / m o l e  
[4] 

SNa E --" --82.429 + Xsn ~ (215.962 --  153.162 Xsn) 

J / m o l e - K  [5] 

Appl ica t ion  of the G ibbs -Duhem equat ion then gives 
the fol lowing expressions for ~hsn and 8Sn E which are 
plot ted  in  Fig. 7 

Ahsa --  XNa2(78.358 --  90.689 Xsn) k J / m o l e  [6] 

SSnE - -  XNa2(139.381 -- 153.162 Xsn) J /mo le=K [7] 

The curve for /~SNa d rawn  in Fig. 4 was calcula ted by  
combining Eq. [3] and [5]. F igure  8 shows the in tegra l  
mola r  en t ropy  of mix ing  

as : - -R  (XNa In X N a  -~ X S n  in Xsn) 

-11- (XNaSNa E -~- X s n s s n  E) [8] 

where  SNa E and Ssn E are  given by  Eq. [5] and [7]. 
Also shown in Fig. 8 is the in tegra l  en tha lpy  of mix ing  

Ah : XNaAhN a -~ X s n A h s n  [9] 

w'here AhNa and ahsn are  given by  Eq. [4] and [6]. 
For  the curve of gNa in Fig. 3, the precision of the 

resul ts  mer i ts  a 7-coefficient expansion.  For  an o r -  
d ina ry  power  series expansion with  this many  terms,  
about  13 significant figures would  have  to be re ta ined  
in each coefficient in o rder  to avoid round-off  errors.  
This p rob lem can be avoided th rough  the use of an 
or thogonal  series. The curve d rawn in Fig. 3 is r ep re -  
sented by  the fol lowing 7-coefficient Legendre  or thog-  
onal  expans ion  
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Fig. 7. Partial enthalpy of mixing and excess entropy of Sn in 
liquid Na-Sn alloys calculated by integration of the Gibbs-Duhem 
equotion. 
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Na-Sn alloys calculated by integration of the Gibbs-Duhem equa- 
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6 

gNa E : X sn  2 ~ anPn(Xsn) [10] 

where  the coefficients an are given in Table II  and 
w h e r e  P n ( X s u )  is the  n th  or thogonal  Legendre  po ly-  
nomial.  The first few terms in the series are  

a n P n ( X s n )  : a0 + al (2Xsn --  1) 4- a 2 (6X sn  2 - -  6Xsn 

4- 1)  + a ~ ( 2 O X s n  ~ - -  3 0 X s n  ~ + 1 2 X s n  - -  1 )  + . . .  
Ill] 

The genera l  recurs ion re la t ionship  is 

(2n --  1) (2x --  1) 
Pn(X)  -~ P n - 1  (x )  

I I 

(n - 1) 
- -  Pn-~Cx) [12] 

I% 

The advantages  of or thogonal  Legendre  series for 
represent ing  the rmodynamic  solut ion proper t ies  have 
been discussed (16). 

In tegra t ion  of the Gibbs -Duhem equat ion then gives 
the  fol lowing expansion for gsn E 

6 

gsn E : X s a  2 ~ b a P n ( X s n )  [13] 
n = 0  

where  the  coefficients bn are  l isted in Table  II. 
The in tegra l  en tha lpy  of mixing  in Fig. 8 is nea r ly  

a s t ra ight  line. The par t i a l  en tha lpy  of mix ing  of 
Sn in Fig. 7 is nea r ly  zero (and even becomes very  
s l ight ly  posi t ive at  h igher  concentra t ion of Na).  The 
en t ropy  of mix ing  in Fig. 8 deviates  very  nega t ive ly  
f rom ideali ty.  Both the en tha lpy  and en t ropy  are  thus 
indicat ive  of the format ion  of a l iquid "compound" 
or "complex." That  is, s t ruc tu ra l  or  electronic o rde r -  
ing is indicated.  

Studies  of b ina ry  a l loy systems formed be tween 
two components  wi th  l a rge ly  different  e lec t ronega-  
t ivi t ies show that  there  m a y  be e lect ron t ransfer  from 
one component  to the o ther  to form pa r t i a l ly  ionic 
species. Wagner  (17) first suggested such behavior  
for mol ten  Mg-Bi  alloys. In this system there  is an 
inflection point  in gMg E n e a r  the composit ion Mg3Bi2 
(18) as wel l  as a deep min imum in the electr ical  
conduct iv i ty  near  this  same composi t ion (19). Recent  
studies (20, 21) of the Cs-Au system have shown that  
at  the  50-50 composition, the l iquid "compound" CsAu 
has a ve ry  s trong ionic character .  The system L i -Pb  
exhibi ts  a min imum in electr ical  conduct iv i ty  and in 
molar  volume (22, 23), and an inflection in gLi E (24) 
near  the composit ion Li4Pb. 

The ionic character ,  IC, of an al loy can be es t imated 
using the empir ica l  cr i ter ion of Paul ing 

1C ---- 1 --  exp( - -0 .25  d 2) [14] 

where  d is the difference in e lect ronegat iv i t ies  of the 
two metals.  For  Mg-Bi,  Cs-Au, and  Li -Pb ,  ionic c h a r a c -  
t e r s  of 11, 51, and 15%, respect ively,  are  calculated.  
For  Na-Sn,  an ionic charac te r  of 18% is predicted.  
F rom the valencies of Na and Sn i t  would  be expected 
that  the anomalies  would  occur near  the  comp3sit ion 
Na4Sn which, however,  is not wi th in  the range of 
the presen t  study.  

Table II. Coefficients of Legendre series expansions (Eq. 
[10] and [13])  for gNa E and gsn E (k J/mole) 

an bn 

o 7167 -32 
I - 16872 -541 
2 16871 1791 
3 - 10531 -2377 
4 4241 1710 
5 - 1017 -671 
6 110 110 
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In this model,  then, the negat ive  en tha lpy  of mix ing  
resul ts  f rom the local izat ion of electrons which occurs 
progress ive ly  as Na is added  to mol ten  Sn. This occurs 
app rox ima te ly  l inea r ly  wi th  added  Na, such that  AhNa 

constant  and Ahsn ~ 0 as observed.  The negat ive  
deviat ions in en t ropy  would  resul t  f rom shor t - r ange  
s t ruc tu ra l  o rder ing  (a preference  of Na to have Sn 
as neares t  ne ighbor  and v ice-versa  as in an ionic 
mel t )  or  f rom electronic order ing  as the densi ty  of 
free electrons is decreased as Na is added. At  low 
Na concentrat ions it would be expected that  the  de-  
crease in f ree -e lec t ron  densi ty  would occur a pp rox -  
ima te ly  l inea r ly  wi th  added Na. Hence, the electronic 
o rder ing  would, at  low Na concentrations,  give SNa E 

constant  and ssn E ~ 0 as observed (Fig. 7 and 8). 
At  h igher  concentrat ions of Na, local izat ion of elec-  
t rons on Sn atoms begins to occur. Electrons can 
then exist  in localized bound states or  in f ree-e lec t ron  
gas states. A posi t ive en t ropy  contr ibut ion arises f rom 
the d is t r ibut ion  of the  electrons be tween these two 
states, thus account ing for the posi t ive values of SSn E 
at  higher  Na concentrat ions  observed in Fig. 7. Shor t -  
range  s t ruc tu ra l  ordering,  on the  o ther  hand, would 
be expected to give negat ive  values of Ssn E at  al l  
compositions. Hence, the  resul ts  suggest  that  electronic 
order ing  is occurr ing in these alloys. 

A useful  function 1or examining  the the rmodynamic  
behavior  of melts  is the s tab i l i ty  function 

XNaXsn d2g E 
= 1 + [15] 

RT " dXsn s 

which, as has been discussed by  Darken  (25), gives 
an indicat ion of the  s tab i l i ty  of the mel t  and passes 
th rough  m a x i m a  at  composit ions of pa r t i cu la r  s ta-  
b i l i ty  (composit ions where  gE has an inflection point ) .  
For  example ,  r passes th rough  sharp  max ima  at  the 
app rox ima te  composit ions Mg~Bi2 (18) and Li4Pb 
(24) in the Mg-Bi  and L i - P b  systems. 

The s tab i l i ty  funct ion plot ted  in Fig. 9 was ca lcu-  
la ted for the N a - S n  system at 360~ from the Legendre  
series expans ion  for  gNa E. AS expected,  ~ is ve ry  
positive, and increases r ap id ly  wi th  XN a at h igher  
values  of XNa. 

What  is more  interest ing,  however ,  is the  small  
m a x i m u m  in ~ observed a round  XNa ~--- 0.16, corres-  
ponding to the inflection point  in the  curve of Fig. 3. 
Resolut ion here  is near  the l imi t  of precis ion of the 
measurements .  The m a x i m u m  in Fig. 9 occurs near  
the composit ion NaSns(XNa = 0.167) or NaSn6(XNa 
= 0.143). There  exists a solid in te rmeta l l i c  phase wi th  
the composit ion NaSn6. It  may  be tha t  in the l iquid 
s tate  shor t - r ange  order ing  at  specific composit ions is 
also energe t ica l ly  favored.  

C o n c l u s i o n s  
The be t a - a lumina  solid electrolytes ,  which were  

fabr ica ted  in this l abo ra to ry  in the form of i m p e r m e -  
able  tubes by  a new s l ip-cas t ing  technique (8), have 
been shown to have a t r anspor t  number  of Na + ions 
equal  to unity.  This solid e lec t ro ly te  works  ve ry  wel l  
in a l iquid sodium al loy concentra t ion cell. Emf 's  are  
ve ry  s table  and reproducible .  The fact tha t  imper -  
meable  tubes of the e lec t ro ly te  are  ava i lab le  permi t s  
the  use of a sealed e lec t rode  compar tment .  This p re -  
vents  Na losses by  vola t i l iza t ion and contr ibutes  to 
the high s tab i l i ty  and reproduc ib i l i ty  of the measu re -  
ments. The cells were  sealed by  a P y r e x - t o - b e t a -  
a lumina  seal which  is l imi ted  to t empera tu res  be low 
about  450~ Aluminosi l ica te  joints  wi th  much h igher  
mel t ing  points  a re  cu r ren t ly  being developed,  as are  
methods of fabr ica t ion  of longer  tubes of be ta -a lumina .  

The ve ry  low res is t iv i ty  and high se lect iv i ty  for 
Na + ions of the be t a - a lumina  permi ts  the concent ra-  
t ion of the a l loy to be convenient ly  changed over  
a wide concentra t ion range by  the method  of coulo-  
met r ic  t i t rat ion.  Thus, one exper imen ta l  cell can be 
used to s tudy  the ent i re  composit ion and t empe ra tu r e  
range.  

For  the l iquid N a - S n  alloys,  the en tha lpy  of mix ing  
and the excess free energy and excess en t ropy  are  
all  ve ry  negative,  indica t ing  a ve ry  s table  o rdered  
melt.  The pa r t i a l  en tha lpy  of mixing  and pa r t i a l  
excess en t ropy  of Sn, Ahsn and ssa E, a re  ve ry  smal l  
and s l ight ly  positive. The resul ts  are  in te rp re ted  in 
terms of a model  of e lec t ron t ransfe r  from Na to Sn. 
Final ly ,  a smal l  m a x i m u m  in the s tab i l i ty  funct ion is 
observed near  Xsn = 0.16, indica t ing  shor t - r ange  or -  
der ing  near  this composition. 
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Occurrence of Salt Films during Repassivation 
of Newly Generated Metal Surfaces 
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ABSTRACT 

A mathemat ica l  model  is deve loped  to descr ibe the processes by which 
t rans ient  appearance  of salt  films occurs dur ing  ini t ia l  stages of corrosion of 
ox ide - f ree  meta l  surfaces. The model  describes t r anspor t -con t ro l l ed  processes 
which lead  to supersa tura t ion  by anodic dissolution, to prec ip i ta t ion  of a salt  
film, and even tua l ly  to dissolul ion of the  sal t  film af ter  oxide  pass ivat ion  of 
the subs t ra te  mater ia l .  Exper imen ta l  observat ions  on i ron repass ivat ion  in 
6N H2SO4 were  used to test predic t ions  of the  model.  Measurements  of the 
l i fe t ime of the salt  film on the. i ron surface were  in agreement  wi th  the model  
predict ions;  measurements  of the extent  of supersa tura t ion  pr io r  to p rec ip i t a -  
t ion and of the moment  of prec ip i ta t ion  were  in agreement  wi th  previous  
studies. In  apply ing  the model  to predic t  the behavior  of t i t an ium in 3N 
HC1, calculat ions indica ted  that  sal t  films of 2O-100A would be expected  to 
form and then d isappear  wi th in  the  t ime per iod  of 10-5-10 -8 sec af te r  gen-  
era t ion of the ox ide - f r ee  surface;  dur ing this per iod  of time, the  anodic d is -  
solut ion ra te  of t i t an ium would be expected to exceed 150 A / c m  2 if  the  sal t  
film hypothesis  is valid. The model  presented  here  should be useful  in guid-  
ing fu tu re  exper imen ta l  work  into cri t ical  regions of p a r a m e t e r  space. 

Dur ing stress corrosion cracking,  v i rg in  meta l  sur-  
faces a re  c rea ted  and a sequence of e lec t rochemical  
processes then  takes  place. In  aqueous solutions, these 
processes would include meta l  dissolution, format ion  of 
a passive oxide film, and  hydrogen  ion reduction.  While  
conduct ing fundamenta l  invest igat ions on repass ivat ion  
processes, it  has been found that,  for some metals,  the  
ini t ia l  meta l  dissolution ra te  is so high tha t  a sal t  film 
precip i ta tes  pr ior  to oxide passivation.  The inves t iga-  
t ion repor ted  here  uses a ma themat i ca l  model  to c la r i fy  
condit ions under  which salt  films may  p lay  a role  in 
repass ivat ion processes. 

The awareness  of sal t  films dur ing  meta l  pass ivat ion 
is not new. In 1927, Mii l ler  (1) repor ted  observat ions  
on the existence of sal t  films dur ing  the pass ivat ion of 
i ron and nickel. His work  on these and o ther  meta ls  
inspi red  a large  number  of invest igat ions  (2) which 
have cont inued for severa l  decades (3). Various in-  
t e rpre ta t ions  of passivat ion processes were  rev iewed 
by  Hoar  (4) in a work  of broad  scope and, more  re -  
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cently,  by  Galvele  (5). Vet te r  and S t r ehb low (6) and 
Isaacs (7) have recen t ly  given persuas ive  evidence 
that  p i t t ing  processes are  closely re la ted  to the  fo rma-  
t ion of salt  layers  at  the interface.  

For  i ron dissolution in sulfuric acid, the format ion  
of a ferrous  salt  film was descr ibed by  Ser ra  and Felifi  
(8) who concluded tha t  supersa tura t ion  of the  e lect ro-  
ly te  occurred pr io r  to precipi ta t ion.  Schwabe (9) 
indica ted  tha t  a p r i m a r y  salt  l ayer  was a necessary 
precursor  in the passivat ion of i ron in sulfuric acid. 
More recently,  A b a k u m o v a  and Mi lyut in  (10) sug- 
gested tha t  the  sal t  film creates condit ions under  which 
subsequent  pass ivat ion by  oxide films can occur. 

For  n ickel  pass ivat ion  in sulfur ic  acid, ear ly  studies 
by  Turner  (11) and by  Landsberg  and Hol lnagel  (12) 
suppor ted  the view that  pH changes occur in addi t ion 
to accumulat ion  of nickel  ions in the anolyte.  A num-  
ber  of authors  (13-18) have used continuous mechani -  
cal scraping to s tudy b roader  aspects of repass ivat ion  
phenomena  on bare  surfaces of iron, nickel,  chromium, 
gal l ium, and t i tanium.  These studies,  however ,  d id  not  



Vol.  I25,  No.  9 OCCURRENCE OF SALT FILMS 1383 

lend themselves to quant i ta t ive  analysis because of the 
dis tr ibut ion of residence times exhibited by  the con- 
t inuously  abraded rotat ing anode. An improved tech- 
nique was developed by Ambrose and Kruger  (19) 
who used tr iboel l ipsometry to investigate repassivation 
of freshly abraded t i t an ium surfaces in NaC1; they con- 
cluded that  the first monolayer  of oxide was completed 
about  40 msec after cessation of abrasion. Using a dif- 
ferent  method to generate bare metal  surface, i.e., 
rapid fracture, Beck (20) showed that  repassivation of 
t i t an ium begins wi thin  1 msec following fracture;  the 
sequence of l ikely events following fracture would in  
this s i tuat ion include formation and collapse o5 a cavi- 
ta t ion bubble,  charging of the electrical double layer, 
anodic dissolution of the bare  metal  (accompanied by 
hydrogen reduct ion) ,  and eventual ly  formation of a 
protective oxide film. Beck postulated that t ransient  
salt films were responsible for the p r imary  passivation 
of bare t i t an ium surfaces. 

Salt films can also occur dur ing  the dissolution of 
nonpassivat ing metals (1). Lorenz (21) used un-  
s teady-state  experiments  at constant current  to demon-  
strate that  supersaturat ion occurred prior to salt film 
precipitation; invest igat ing several metals, he found 
that  precipitat ion occurred with anolyte concentrat ions 
ranging between 1.4 and 5.0 times the saturat ion con- 
centration. In  a s imilar  manner ,  Beck (22) reexamined 
the earlier data of Mfiller (1) and calculated super-  
saturat ion levels in the range of 1-5 times the sa tura-  
tion concentrat ion for a variety of meta l / sa l t  systems. 
Alkire  et at. (23) carried out dissolution experiments  
on artificial copper pits and observed precipitat ion 
when the anolyte concentrat ion exceeded 2.2 times 
the saturat ion value. 

Whereas the foregoing investigations were mostly 
carried out under  diffusion-controlled transport,  salt 
films have also been reported in the presence of con- 
vection past the anode. Ross et al. (24) studied anodic 
behavior  of i ron and steel in flowing sulfuric and 
hydrochloric acids and found that mass t ransfer  be- 
havior at high current  densities was complex owing to 
a surface layer  of ferrous precipitates. Kolotyrkin  et al. 
(25) describe various salt film effects which accompany 
iron corrosion in phosphate solutions. ~Chin (26) re- 
ported precipitat ion on nonprotect ive anodic films dur -  
ing controlled mass t ransfer  studies on electrochemical 
machining systems. Landolt  and co-workers (27) s tud-  
ied the role of convective mass t ransfer  on high rate 
i ron and nickel dissolution under  nonpassivat ing con- 
ditions and have emphasized the role of salt precipita-  
t ion layers on system behavior. 

The l i te ra ture  cited above indicates clearly that  salt 
films play a major  role in many  t ransient  repassivation 
processes as well as in both t ransient  and steady-state  
nonpassivat ing processes. Accordingly, it seems rea-  
sonable that a more quant i ta t ive  t rea tment  of salt film 
precipitat ion phenomena under  both diffusive and con- 
vective t ransport  situations would be useful for the 
clarification of fundamenta l  aspects of many  anodic 
dissolution processes. 

The purpose of this invest igat ion is to develop a 
mathemat ical  model for the formation and disappear- 
ance of salt films dur ing  early stages of diffusion-con- 
trolled metal  passivation. An original objective was to 
determine whether  pr imary  passivation of t i t an ium 
wi th in  1 msec (20) could be a t t r ibuted to formation 
of a salt film. As will be shown below, the model de- 
veloped for this purpose predicts that the salt film, if 
formed on t i tanium, would develop and then disappear 
in the t ime period of about 10-5-10 -s  sec after forma- 
tion of the bare surface. However, present  exper imen-  
tal methods are unable  to provide direct verification 
wi th in  this t ime scale. Therefore an addit ional ob- 
jective of this work has been to test the theoretical 
model against  exper imental  observations on metals 
which passivate more slowly than t i tanium. Experi-  
menta l  results on i ron in  6N H2SO4, reported elsewhere 

(28), provided a convenient  set of data for testing the 
mathematical  model. 

Experimental 
The exper imental  procedures used in the investiga- 

t ion of i ron repassivation (28) are summarized briefly 
here. Cylindrical  and rectangular  anodes of high pur i ty  
i ron were cast in epoxy resin so that only the end was 
exposed to electrolysis. Prior  to study, the metal  was 
recessed by 1-2 m m  below the resin surface by means 
of anodic dissolution in chloride media. By recessing 
the anodic surface, the current  distr ibution is near ly  
uni form over the recessed surface, and one-dimensional  
t ranspor t  equations can thereby be used. The anode 
was positioned facing upward  in the cell in order to 
minimize na tura l  convection effects. 

Experiments  were performed in  6N H~SO4 contain-  
ing various concentrat ions of ferrous sulfate. A poten- 
tiostatic power supply was programmed to apply a 
step change in electrode potential. Prior  to the step 
change, the potential  was held in the active region at 
low anodic current  ( -0 .47V vs. SCE) under  which 
conditions there is no surface film. Following the step 
change, the potential  was held constant  in a region 
where the metal  eventual ly  passivated (~-0.4 to ~ I . 0V  
vs. SCE). Current  t ransients  were recorded with a 
storage oscilloscope while s imul taneously  viewing the 
surface with a 60• binocular  microscope. 

Theoretical Model 
The model developed below is designed to deal wi th  

diffusion-controlled salt film phenomena which might 
occur at bare metal  surfaces exposed to electrolyte 
under  an applied potential.  The model is therefore 
capable of being used to inquire  whether  the proposed 
existence of salt films is consistent with exper imental  
observations, as in the case of t i t an ium investigated 
below. 

The model does not deal specifically with the method 
by which bare metal  is generated, common methods 
being abrasion, shearing .or fracturing, stretching, and 
electrochemical reduction. Only anodic processes are 
taken into account; al though it is clear that  s imul tane-  
ous cathodic processes occur dur ing repassivation, it 
is assumed that such cathodic processes would not in-  
fluence the course of the anodic processes other than  
by providing addit ional  current  for oxidation over and 
above the measured anodic current.  Thus, for example, 
the model would not apply to situations where copious 
hydrogen evolution would stir the electrolyte and 
thereby influence diffusion processes which accompany 
anodic dissolution. 

Following a sudden appearance of oxide-free metal, 
the sequence of events which is to be described by 
the model is: 

1. Rapid metal  dissolution under  IR-l imited constant  
current  conditions causes an increase in metal  salt 
concentrat ion near  the corroding surface. 

2. Nucleation occurs on the surface of an adherent  
salt film which then grows by continued precipitat ion 
from the supersaturated electrolyte and also by con- 
t inued anodic dissolution of the metal. 

3. Growth of the salt layer  is accompanied by a 
rapid decrease in the anodic current .  Format ion of a 
passive oxide layer occurs under  the salt layer. (The 
precipitated salt layer is assumed to have an equil ib-  
r ium quant i ty  of water of hydrat ion which is thereby 
available for oxide formation.) The region of super-  
saturated electrolyte becomes dissipated, and the salt 
film thereby attains a ma x i mum thickness. 

4. The salt film begins to dissolve, eventual ly  to dis- 
appear altogether, leaving only the passive oxide film 
on the metal  surface. 

The period of t ime up to the ins tant  of precipitation 
is denoted as stage I, and the period of t ime during 
which the salt film exists on the surface as stage II. 

The exper imental  studies were designed to simplify 
the mathemat ical  t rea tment  as much as seemed rea-  
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sonable  whi le  st i l l  p reserv ing  the sal ient  fea tures  of the 
corroding system. The assumptions which have been 
made  are:  (i) Only  one e lect rochemical  react ion is 
t aken  into account, i.e., anodic meta l  dissolution; (ii) 
diffusion of the  react ion product  away  from the sur -  
face obeys semi-inf ini te  one-d imens iona l  diffusion 
wi thout  migra t ion  or convection effects; (iii) the di f -  
fusion coefficient is constant;  (iv) the anodic dissolu-  
t ion ra te  is constant  pr ior  to sal t  film precipi ta t ion,  and 
decreases thereaf te r  according to the empir ica l  re la t ion 
given by  Eq. [9]; (v) prec ip i ta t ion  of the sal t  films 
occurs onto the e lec t rode  surface and not homogene-  
ously in the e lec t ro ly te  phase. Concerning migra t ion  
effects, Se r ra  and Felifl  (8) have provided  strong evi-  
dence tha t  proton and anion diffusion effects a re  negl i -  
gible in i ron pass ivat ion in sulfuric acid. Assumpt ion 
(iv) implies  tha t  the  current  needed to form the pas-  
sive film is negligible.  

The diffusion of meta l  ions in the presence of excess 
suppor t ing  e lec t ro ly te  obeys Fick 's  second law 

Oc 02c 
- -  = D - -  [1 ]  
,or oy 2 

Because the side conditions on Eq. [1] dur ing  stage I 
are  different  f rom those dur ing  stage II, i t  is conveni-  
ent  to discuss these stages separate ly .  

Diffusion during stage L - - A t  the ins tant  of genera-  
t ion of fresh surface, it  is assumed that  the e lec t ro ly te  
composit ion is uniform. The anodic dissolut ion process 
commences wi th  a constant  rate.  The side conditions 
on Eq. [1] are  therefore  

c(oo, t)  = cb 

c(y,  O) : cb 

0c i 
- -  (O, t )  - -  - [ 2 ]  
~y nFD 

The we l l - known  ana ly t ica l  solution of Eq. [1] and [2] 
is given by  Cars law and Jaeger  (29) 

c(y~ t)  
---- Cb + ,~,c •D \ 4Dr 

nFD 

Stage I continues up to the moment  of precipi ta t ion,  
denoted by  t*, at  which t ime the concentrat ion at  the 
e lectrode surface is denoted by  CSeptn. At  the ins tant  of 
precipi ta t ion,  Eq. [3] shows that  

C%ptn = c ( 0 ,  t * )  = cb + ~ [4 ]  

Diffusion during stage / / . - -Fo l l owing  the ins tant  of 
precipi ta t ion,  the concentra t ion d is t r ibut ion  in the 
e lec t ro ly te  is given by  Eq. [3] except  at  the surface, 
where  the prec ip i ta ted  salt  film is in equ i l ib r ium with  
sa tu ra ted  solution. For  stage II, the side conditions on 
Eq. [1] are  therefore  

c(oo, t)  : c b  

2 i / t *  ( y ~ )  
c (y, t*) = Cb -}- ~-~ ~--~ exp . . . .  4Dt* 

Y 

nFD 

c ( 0 ,  t > t * )  = csat [5 ]  

The ana ly t ica l  solution of Eq. [1] subject  to side con- 
dit ions of Eq. [5] is given in Cars law and Jaeger  (30) 

[ f0" c ( y , t )  = Csat 1 + I(Y') 

( e x p  _ ( y  _ y,)2 exp _ ( y  + y,)2 ) 
4Dt 4Dr 

where  
Cb 

] ( y ' )  - - - - - - l + - -  
Csat 

dy' [6] 

2i / ,  
+  -ff exp - --4Dt 

y'  
iy e r f c ( ~ )  [7] 

nFcsatD 

Equations [3] and [6] provide  a complete  h is tory  of 
the concentra t ion profile in the solut ion dur ing  stages 
I and II. 

Salt film existence during stage// .--During stage II, 
a sal t  film appears  on the meta l  surface. Growth  of the 
salt  film occurs via two routes  by  which meta l  ions a r -  
r ive  at the surface: (i) anodic oxidat ion  of the meta l  
by  e lectrochemical  reaction,  and (ii) diffusion from 
supersa tu ra ted  solut ion near  the meta l  surface. The 
thickness of the salt  film is therefore  

d(t)  =- m \ n F  -- D - -  dt [8] 
* 0Y y=o 

The anodic react ion ra te  dur ing stage II  was exper i -  
men ta l ly  observed (28) to decrease  according to 
( t i m e ) - s  where  s has a constant  value  dur ing  the 
ini t ia l  stages of decrease,  that  is 

Equat ion [8] has two terms wi th in  the integral ,  the 
first of which is a lways  posi t ive (anodic film growth)  
but  which decreases in the course of time. The second 
te rm is in i t ia l ly  posi t ive (film growth  by  prec ip i ta t ion)  
but  changes sign dur ing  the course of s tage II (film 
dissolut ion) .  Because the  film dissolution ra te  can 
eventua l ly  exceed the anodic format ion  rate,  the salt  
film thins and even tua l ly  disappears .  

Al though the mathemat ica l  model  takes specific ac-  
count only  of the salt  film, it  is tac i t ly  presumed that  
addi t ional  pass ivat ion processes also occur dur ing  the 
exis tence of the  salt  film to such extent  that, by  the  
t ime the salt  film dissolves, the surface is sufficiently 
passive that  large anodic dissolution currents  would 
not be observed.  A mathemat ica l  t r ea tmen t  of the 
growth  of oxide films would requi re  considerat ion of 
the potent ia l  d is t r ibut ion  in addi t ion to the mass t rans-  
fer aspects t rea ted  here. 

Method of solution.--Equation [8] was in tegra ted  by  
a numer ica l  procedure.  It was found necessary to use 
different methods of in tegra t ion  over  var ious  ranges 
of t ime in order  to avoid overflow and underf low diffi- 
culties. 

0 < t/t* < 10-6: The complemen ta ry  er ror  function 
in Eq. [7] was approx ima ted  by  

er fc  

10-6 < t/t* < 1: The der iva t ive  t e rm in Eq. [8] 
was first r ea r r anged  wi th  use of Leibni tz '  rule, and 
the resul t ing in tegra l  (which extends  to infinity) was 
evalua ted  wi th  use of twe lve-po in t  Gauss -Laguer re  
quadra ture .  Equat ion [8] was then in tegra ted  wi th  use 
of the  t rapezoida l  rule. 

t/t* > 1: Equat ion [8] was in tegra ted  with  use of 
the t rapezoida l  rule. The Leibni tz '  integral ,  which ex-  
tends to infinity, was t runca ted  when the area  of the 
final t rapezoid  was less than  0.01% of the accrued va lue  
of the integral .  
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Table I. Physical properties of systems under study 

Ti tan ium 
P r o p e r t y  Iron s y s t e m  R e f  s y s t e m  

n, g-equiv./g-mole 2 3 
p,ol~, g / c m  3 1.294 (31) 
c,~t, g-mole/liter 0971 (32) 4t 
D, cm~/sec  5.5 • 10 -6 (33-35) 10-~t 
Crystal  Fe~O~ �9 7H20 (31) TiClz 
pxt 1, g / cm~  1.898 (36) 2.64 
m, cmS/g-mole 146.0" 58.5t 
c,~Jd, g-equiv./liter 6N H2SO4 3N HC1 
E l e c t r o d e  area,  c m  ~ 0.5 0.5 

* CalcuIated.  
t Est imated .  

C o m p a r i s o n  of  E x p e r i m e n t s  w i th  T h e o r y  
Invest igat ions were conducted with two different 

systems: i ron in  6N H2SO4 and t i t an ium in 3N HC1. 
In  the iron system, the purpose of the investigation was 
to test model predictions in a system for which the 
parameters  are reasonably well known. In the t i tan ium 
system, the purpose was to predict conditions under  
which salt films might  be expected and to compare 
those conditions with exper imenta l  observations re-  
ported to date. The parameters  of both systems are 
listed in  Table I. 

I r o n  s y s t e m . - - S i n c e  the passive film on iron is re- 
ducible, oxide-free metal  surfaces were obtained by 
controll ing the metal  potential  at values at or slightly 
cathodic to its rest potential  (--0.46V V st" S e E )  . The 
process of repair  following rup ture  was s imulated 
by suddenly  changing the control potential  from the 
above value to a more anodie potent ial  (between -50.4 
and -51.0V vs.  SCE) at which passivity is eventua l ly  
gained. A typical cur ren t - t ime  response following a 
potential  step to -50.5V vs.  S CE is shown in Fig. 1. 
The current  rapidly increased to a plateau level and 
then decreased. Light green crystals were first ob- 
served growing inward  from the edges of the specimen 
at the t ime indicated by t* on Fig. 1. Crystal  growth 
continued inward  unt i l  the sharp drop in current  
shown. At -50.4V, the entire i ron surface became cov- 
ered with green crystals; at -F 1.0V, approximately 20% 
of the surface was covered with green crystals at the 
t ime of the sharp drop in current.  No other changes 
were visible unt i l  the crystals dissolved at t,.  

t i 

/ 0  ! 

['~ i0 o 

/o-I 

# =0.3 V 

~=o5v 

/ 0 " 1  i , I .... i 

I ~ /  i0 ~ 70 / i0 z 

7-~ME, s 

Fig. 1. Current decay curves for zone-refined iron in 6N H2SO4 
at potentials below and above passivation potentials (anode area 
- -  0.050 cm2). 

A transient  current  curve for a potential  step to 
-50.3V, just  below the passivation potential, is also 
shown in  Fig. 1. For this condition a salt film forms but  
does not redissolve. The mi n i mum in current  for the 
-50.3V curve corresponds to a visible change in  the salt 
crystal morphology. Flushing the pit with a jet  of 
electrolyte for a period of 10 sec or longer reactivates 
the pit and repeats the sequence at -50.3V but  has no 
effect at W0.5V. In  the la t ter  case the passive oxide film 
has formed. 

The time dur ing which lateral  growth or dissolution 
of crystals occurred may be compared to the t ime 
constant  characteristic of diffusion processes in the 
lateral  direction, D / r  2. For pits of about  0.2 cm diam 
and for D = 5.5 • 10 -6 cm2/sec, one finds a t ime con- 
stant  of roughly 104 sec. Since this t ime constant  is 
much greater than the t ime dur ing which repassivation 
events occur, it is proper to claim that the one-d imen-  
sional diffusion equation can be applied locally along 
the surface. That  is, although the model does not ac- 
count for crystal growth processes, it is still appropri-  
ate to compare the average t ime to film formation and 
average t ime to film dissolution to predictions based on 
a one-dimensional  model. 

In  Fig. 1, the plateau region is identified as stage L 
The plateau current  density is taken to be i in Eq. [5], 
and the t ime at which the cur ren t  decreases sharply is 
taken to be t* in Eq. [5]. With these values, the super-  
saturat ion ratio at the moment  of precipitat ion has 
been calculated with use of Eq. [8]. Figure  2 gives re-  
sults for various magni tudes  of potential  jump and for 
various solutions. Each data point represents the aver-  
age of about four separate measurements;  measure-  
ments  agreed among each other to wi thin  2% of the 
value displayed. It  is seen that the supersaturat ion ratio 
is slightly lower for the saturated solutions and for 
the larger potential  jumps (higher plateau currents) .  
These data support  the in terpre ta t ion  that  the ini t ial  
plateau region in Fig. 1 corresponds to stage I. 

Figure 3 gives the t ime at which dissolution of the 
salt film was observed in experiments  on two unsa tu -  
rated solutions. The ini t ial  plateau current  was deter-  
mined from the ini t ia l  pla teau region of the oscillo- 
scope trace (see Fig. 1), and the dissolution process 
was observed with a microscope dur ing the course of 
the experiment.  It was difficult to see the surface salt 
as clearly at the highest cur rent  densities. Disappear- 
ance of the salt film did not occur un i formly  over the 
surface at a part icular  instant.  The salt film was ob- 
served to disappear from various parts of the surface 
over a range of time. In  Fig. 3, each data point corre- 
sponds to the average of the beginning  and the end of 
that t ime period; the vertical  lines indicate the range 
of times over which disappearance was observed. Each 
data point is the average of about four separate ex- 
per imenta l  observations. In  Fig. 3, it is seen that  dis- 

5 

3 

2 

I I I I [ I I [ 

o x x x 
x 

= x 
o = = g x 

c~ o o n x x 
e o  

Fe sO~ 
SATURATION 

X 0~6 
50 ~ 

0 IO0~ 

I I I I I I J I 
/ 2 3 4 

Plateau Current Dens/ty, •/cm z 

Fig. 2. Evidence for super.~aturation processes during iron passi- 
vation in 6N H2SO4 containing various amounts of ferrous sulfate. 
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Fig. 3. Duration of existence of salt films during iron passivation 
in 6N H2SO4; solid lines give theoretical results with s ~ 4. 

solution behavior  in both solutions is correlated with 
use of the plateau current  density. 

In  order to compare the data in Fig. 3 with calcula- 
tions, it is necessary to specify the parameter  s which 
appears in Eq. [9], and the parameter  ~ which is pro- 
portional to the supersaturat ion ratio. For  the iron sys- 
tem, the current  decreased approximately at t -4  after 
the ini t ial  plateau period (28) as seen in Fig. 1. Cal- 
culations were therefore carried out with s = 4 and 
with various values of CSpptn/Csat (supersaturat ion 
rat io) :  3.5, 4.0, and 4.5. Calculated results are shown 
by the three diagonal solid lines in Fig. 3. By compari-  
son with average exper imental  values (symbols) it is 
seen that  data fall into a range of supersaturat ion 
ratios between 3.3 and 4.3, about 15% lower than the 
range found previously in Fig. 2. The data in  Fig. 3 
exhibit  lower supersaturat ion ratios at larger values of 
plateau current  density, in  agreement  with the trends 
seen in Fig. 2. 

The theoretical model was also used to calculate the 
max imum salt film thickness which would be expected 
dur ing stage II of dissolution in the iron system. Re- 
sults are given in Fig. 4 for s _-- 4 and various super-  
saturat ion ratios. The max imum film thickness was 
found to vary  inversely with the plateau current  den-  
sity. For  the supersaturat ion ratios reported here (3.5- 
5.0) and for the observed range of plateau current  
densities (1.4-3.8 A/cm2), it was found that  the maxi-  
m u m  film thickness would be expected to be between 
2 and 25 #m. The difficulties in observing films at the 
higher current densities may therefore be owing to the 
thinness of the film being less than  the wavelength of 
light. 

Titanium system.--The iron system is well poised 
for comparison between exper imental  data and theo- 
retical calculations because the parameters  which char-  
acterize the system are reasonably well known. On the 
other hand, making theoretical calculations for the 
t i tan ium system is less satisfying since many  of the 
system parameters  are unknown.  However, as indi-  
cated by the introductory remarks, it is nevertheless 
possible to estimate the range of several impor tant  
parameters  from exper imental  studies to date. The 
purpose of conducting theoretical calculations on the 
t i t an ium system is, therefore, to determine whether  
or not, wi th in  reasonable constraints, it  is possible for 
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Fig. 4. Calculated results for iron system under study, with s : 4 

a salt film to form dur ing init ial  moments  of corrosion 
following generat ion of a virgin surface. 

In  order to carry out theoretical calculations, it is 
necessary to specify the ini t ia l  plateau current  density, 
the supersaturat ion ratio at the moment  of precipita-  
tion, and the parameter  s in Eq. [9]. For the t i t an ium 
system, rapid fraction experiments  (20) have suggested 
that  the ini t ial  anodic current  density may  be as high 
as 101-10 ~ A/cm2; current  decay was observed to begin 
at about 1 msec after fracture, and to decrease ini t ia l ly 
as t -2. Because the supersaturat ion ratio had not been 
reported independently,  calculations were carried out 
for various ratios between 1.0 and 3.0. Other values of 
parameters  in  the t i t an ium system were given in Table 
L Calculated results are given in  Table II for s -- 2, 
102 < i < 10 ,3, and 1.0 < CSpptn/Csat ~ 2.82. 

Table II. Predicted behavior for titanium system for s : 2 
and a range of parameter values 

CSpptn 

Csat 100 A / c m  2 200 A / c m  ~ 500 A / c m  -~ 1000 A / c m  ~ 

Par t  I: Time to salt film f o r m a t i o n  in milliseconds 
1.02 ~ 0,27 0.04 O.01 

1.07 i i  1 1 . 2  0.30 0.05 0.01 1.13 1.3 0.34 0.05 0.01 
1.24 1.5 0.41 0.06 0.02 
1.35 1.9 0.48 0.08 0.02 
1.47 2.3 0.57 0.09 0.02 
1.69 0.75 0.12 0.03 

l l , c ~  / 4.3 " / 2.03 t ~l.lt; e~,~ 0,17 0.04 
2.26 5.4 1.3 ~. 0.21 0.05 
2:48 6.5 1.6 ~ 0.26 0.06 
2.82 8.4 2.1 0.34 0.08 

P a r t  II: Time to salt film dissolution in m i l l i s e c o n d s  
1.02 1.5 0.38 0.06 0.02 
1.07 2.2 0.56 0.09 0.02 
1,13 3.0 0.74 0.12 0.03 
1.24 4.4 1.11 0.18 0.04 
1.35 6.8 1.7 0.27 0.07 
1.47 ~ r ~ ' ~  t 2.6 0.42 0.10 
1.69 10 4.7 0.75 0.19 
2.03 ~r ~ t ,  110.8 d,~l 1.7 0.43 
2.26 63 16 ~] 2.5 0.63 
2.48 107 27 "J 4.3 1.1 
2,82 195 49 ~ 7.8 ~ 2.0 

Pa r t  HI: M a x i m u m  salt  film t ~ l } ~ " i ~  ' ~ ( r o m s  
1.02 ? ~ ' ~ F r r ~ .  13 5 3 
1.07 104 ""'~"t'~2~" ~ t ~ ' "~" t, ,,21~ ,, ,,~. I0 

1.13 T+' 206 HII~_ 103 41 "~"'e t~20"~ 

�9 t, �9 �9 ~ 237~J,,~ 94 47 1.24 473 
l 

1.35 819 409 -,Jr ,,,, 153,u,,~_ 82 

1.47 1.243 621 249 - t , , , , ,  124~,, 
1.69 2,331 1,165 466 233 
2.03 4,572 2,286 914 457 
2.26 6,475 3,238 1,295 648 
2.48 6,723 4,362 1,745 872 
2.82 12,743 6,371 2,547 1,274 
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In  the body of Par t  I of Table II, the t ime is given 
at which a salt film would form for each combinat ion 
of supersaturat ion ratio and ini t ial  cur rent  density in -  
dicated. Since it  is known that  the ini t ial  cur ren t  
plateau does not persist for more than 1 msec, certain 
regions of parameter  space clearly do not conform to 
exper imental  observations; these regions lie below the 
solid l ine drawn between entries in  Par t  I. In Par t  II 
of Table II, the t ime at which dissolution is complete 
is listed for the various combinations of parameter  
va lues  indicated. The ellipsometric measurements  of 
Ambrose and Kruger  (19) imply that  if a salt film 
existed, it  must  a l ready have disappeared wi thin  the 
10 msec needed to ini t iate  ellipsometric observations, 
since these authors did not observe salt films. The re-  
gion below the solid l ine drawn in Par t  II corresponds 
to regions of parameter  space which do not conform 
to the Ambrose and Kruger  observation. Finally,  Par t  
III of Table II lists the max imum film thickness which 
may be expected for the different parameter  values. 
Coulometric measurements  dur ing repassivation have 
indicated (20) that  if a salt film exists, its thickness 
would range be tween 20 and 100A. As seen in Par t  I i I  
of Table II, this cri terion is by far the most s t r ingent  
since it blocks out all but  a nar row band of parameter  
space, contained between the solid lines. 

By comparing the three parts of Table II, the view 
emerges that if salt films indeed form during the init ial  
moments  of t i t an ium corrosion, then the ini t ial  plateau 
current  density would exceed 150 A/cm 2, the super-  
sa turat ion ratio would lie between about 1.1 and 1.3, 
and dissolution of the salt film would be complete 
wi th in  0.03 to 1.0 msec following generation. 

Discussion: T h e o r e t i c a l  M o d e l  
A l imit ing case of behavior  is encountered when all 

of the salt film originates by  precipitat ion from the 
solution phase, that is, s _~ co. Pursu i t  of this l imit ing 
case provides a method for tabula t ing  computer  results 
so that  users can, with simple algebra, estimate the 
salt film thickness and the l ifetime of the film on the 
surface. 

To achieve more general  results, Eq. [8] will  be cast 
into dimensionless form by defining 

t -- t* 
T -- 

t* 

C 

8 -- 
Csat 

Y 
- ~ / ~ - V  

d 
8 --  

k / D t *  

/ ~  ~ W%Csat 

By disregarding the anodic growth contr ibut ion to Eq. 
[8], the dimensionless form which results is 

8 (T) ~T 0e (0, T) dT [to] 
M .,o 0~ 

The r igh t -hand  side of Eq. [10] can be evaluated upon 
specification of the value of the parameter  

i V t* 
~ l -  n F c s a t  

The integrat ion indicated by Eq. [10] has been carried 
out numerical ly,  and dimensionless results are tabu-  
lated in  Table  III  where in  the m a x i m u m  value of the 
r igh t -hand  side of Eq. [10] is given for various values 
of ~1~ As shown by the example calculation which fol- 
lows, these results can be used to estimate the maxi-  
mum thickness which a salt film will at tain dur ing its 
l ifetime in  any  system which conforms to the model 

Table III. Dimensionless salt film thickness and lifetime for 
the limiting case of s ---- oo 

~max 
(7) 

M Tp (7) 

0.9 0.00083099 1.0004 
1.0 0.0053905 1.0263 
1.2 0.035369 1.1630 
1.5 0.116730 1.5842 
2.0 0 30972 2.7444 
2.2 0.40091 3.0932 
2.5 9.54880 4.0143 
3.0 0.81755 6.2089 
3.2 0.93071 7.2506 
3.5 1.1067 8.5007 
4.0 1.4136 11.801 

assumptions. If anodic film growth also occurs dur ing 
precipitation, then the film will actual ly be thicker 
than the value computed from Table III. 

The dimensionless t ime at which the salt film dis- 
solves completely, Tp, is that nonzero value for which 

j-0 o 00 -~ (o, T) dT = 0 [11] 

The integrat ion indicated by Eq. [11] has been per-  
formed numer ica l ly  for various values of n, and the 
result ing function Tp(~l) is tabulated in Table IIL As 
i l lustrated by the following example, these results can 
be used to estimate the l ifetime of the salt film on the 
surface for any system which the model describes. If 
anodic film growth also occurs after salt film precipi-  
tation, then the film will actual ly exhibit  a longer 
l ifetime than would be computed from data in  Table 
III. 

To demonstrate  use of Table III, consider events for  
an iron system in which the electrolyte contains no 
iron salt (Cb = 0). For  sake of example, suppose that  
exper imental  data indicate that the ini t ial  plateau cur-  
rent  density is 2 A/cm 2 and that  precipitat ion sets in 
0.6 sec after polarization. By Eq. [4], one finds that  the 
surface concentrat ion at the moment  of precipitat ion is 
0.0039 gmole/cm 3, or 4.0 t imes the sa tura t ion  concen- 
tration. Also, ~ is found as 

~ / ~ "  CSpptn 
~-- ~ "- 3.5 

2 Csat 
F r o m  Table III, find 

8raax 
- ---- 1.1067 

M 
where 

nFcs2D~m 
d----1.1067 - - 2 . 8 3 •  10 - 4 c m ,  or 2 . 8 3 # m  

i 

This value may be compared wi th  the value reported 
in  Fig. 4 (4 ~m). The difference corresponds to the ef- 
fect of anodic film growth which is not considered in 
the l imit ing case under  discussion. 

From Table III, also find 

Tp ---- 8.50 

whence 
~l~n2F2csat2D 

tp -~ (Tp -{- 1) - -  5.62 sec 
i2 

This value may be compared with the exper imental  
value reported in  Fig. 3 (5-18 sec). The difference may 
be owing to anodic current  flowing dur ing precipita-  
tion. 

S u m m a r y  and Conclusions 
A theoretical model has been developed to evaluate 

the hypothesis that  salt films appear dur ing  repassiva- 
t ion of newly generated surfaces of certain metals. The 
model was tested by conducting experiments  with iron 
in  6N H2SO4 under  controlled ranges of system pa-  
rameters. The model provided a correlation between 
the extent  of supersaturat ion prior to salt precipitation, 
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the  moment  at which prec ip i ta t ion  occurs, and the 
moment  at  which salt  film dissolution occurs. The same 
model  was then used to predic t  condit ions under  which 
a salt  film would be expected on f reshly  genera ted  
t i t an ium in 3N HC1, should such a film form. Com- 
par ison  of ca lcula ted results  wi th  prev ious ly  repor ted  
exper imen ta l  observat ions  indicates  that  the  possible 
existence of salt  films on t i t an ium cannot  be eva lua ted  
with  data  which are  to date  available.  The inves t iga-  
t ion demonst ra tes  how a ma themat i ca l  model  can be 
used to test  hypotheses  and to guide exper imenta l  
work  into regions of pa r ame te r  space where  definit ive 
exper iments  can be car r ied  out. 

The model  presented  here  does not include potent ia l  
field effects or potent ia l  dependent  aspects of charge-  
t ransfer  or crys ta l l iza t ion processes. To do so would  
requi re  fu r the r  clarif ication of var ious  t ranspor t  mech-  
anisms which are  incomple te ly  unders tood at present.  

The assumptions on which the model  rests have been 
chosen p r i m a r i l y  for the  specific appl icat ions discussed 
here. The assumptions  could be modified with  re la t ive  
ease to include addi t ional  effects such as convection, 
migrat ion,  hydrolysis ,  var iab le  t r anspor t  proper t ies ,  
and mul t ip le  reactions.  
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SYMBOLS 
concentra t ion of salt, gmole /cma 
bu lk  concentra t ion of salt,  gmole/cma 
surface concentra t ion at  moment  of p rec ip i ta -  
tion, gmole/cmZ 
sa tura t ion  concentra t ion of salt,  gmole / cm 3 
thickness of sal t  film, cm 
diffusion coefficient, cm2/sec 
F a r a d a y ' s  constant  
cur ren t  density, A/cm~ 
molar  volume, cm3/gmole 
mCsat, dimensionless  molar  volume 
number  of electrons in dissolution react ion 
p a r a m e t e r  defined by use in Eq. [9] 
time, sec 
dura t ion  of s tage I, sec 
total  dura t ion  of s tage I and stage II, sec 
(t -- t* )/t*, dimensionless  t ime 
dis tance var iable ,  cm 
d/~/Dt*, dimensionless  salt  film thickness 
y/~/Dt*, dimensionless  dis tance var iab le  
c/csat, dimensionless  concentra t ion var iab le  
i~/-~/nFcsat~/D, dimensionless  cur ren t  
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ABSTRACT 

The coulostat ic method was successful ly appl ied  to a rap id  eva lua t ion  of 
meta l  corrosion ra te  in solution, where  a known amount  of smal l  charge was 
suppl ied  to the test  piece, and the potent ia l  decay curve recorded was ana -  
lyzed  to obta in  the corrosion rate.  According to the theory  developed,  po-  
la r iza t ion  resis tances of mi ld  steels in subur ic  acid and in dis t i l led wa te r  were  
obtained,  which agreed fa i r ly  well  wi th  resis tances measured  by  usual  me th -  
ods. The  coulostatic method developed in this  s tudy can be useful  wi thout  
ohmic drop correction, even in a high impedance  solution. The t ime needed 
for measurement  is cons iderably  shorter ,  compared  to the w e l l - k n o w n  l inear  
polar iza t ion  method.  

The pr inc ipa l  advan tage  of the  polar iza t ion  res is t -  
ance technique (1-3) is its rapidi ty ,  compared  to the 
weight  loss method,  in corrosion ra te  measurement .  
However ,  the  measurements  become m a r k e d l y  t ime 
dependent  in the case of very  low corrosion ra te  and 
the method  involves a series p rob lem in ohmic drop 
correction. Jones in t roduced a b r idge  circui t  in o rder  
to correct  the ohmic resis tance of the solut ion (4). I t  
is an excel lent  method,  which we use regular ly ,  but  
has severa l  defects. Fo r  instance, i t  is useful  only  for 
galvanosta t ic  measurement .  I t  seems to be difficult, 
wi thout  severa l  assist ing devices, to app ly  the method 
to the  solut ion of especia l ly  high ohmic resistance,  
such as dis t i l led w a t e r  or organic solvent.  Fur ther ,  the 
technique for detect ing the ba lancing  point  by  e l imi-  
nat ing only the  solution resis tance f rom the po la r iza -  
t ion resis tance requi res  a delicate,  exper t  touch. To 
overcome this defect, an a t t empt  was made  to app]y 
the coulostat ic technique to the  corrosion study. This 
was proposed by  De lahay  (5, 6) for the  kinet ic  s tudy 
of a usual  e lect rode system, Where redox species are  
in solution. In  the coulostatic method,  a known  amount  
of small  charge was appl ied  to the  test  e lect rode at 
equ i l ib r ium state  and the potent ia l  decay curve was 
recorded for analysis.  In  the  present  paper ,  the authors  
descr ibe  the  coulostat ic method appl icab i l i ty  to a r ap id  
meta l  corrosion ra te  eva lua t ion  f rom the theore t ica l  
point  of v iew and its prac t ica l  appl ica t ion  to mi ld  
steels in 1N H2SO4 and in dis t i l led  water .  

Theoretical 
When a smal l  amount  of charge pulse is suppl ied  to 

the  e lect r ica l  double  l aye r  of a me ta l  test  piece at  a 
corrosion poten t ia l  Ecorr, the potent ia l  jumps  to an-  
o ther  potent ia l  Era. It is assumed that  the  charging t ime 
is so short  tha t  l eakage  by  the  charge t ransfe r  reac-  
t ion (corrosion react ion)  can be neglected.  Overvol tage  
~10 of the  test  piece immed ia t e ly  af ter  charging of the 
double  l aye r  is g iven by  t~he equat ion 

~]0 : Em --  Ecorr [1] 

Assuming  that  the  different ia l  capaci ty  pe r  uni t  a rea  
of test  piece Ca is essent ia l ly  constant  wi th in  a small  
vol tage  domain  (In01 <5 mV) ,  the amount  of charge  
densi ty  Aqt consumed from t ime 0 to t, due to the  
corrosion reaction,  is wr i t t en  by  the  equat ion 

Aqt = Cd(n0 - -  nt) [2] 

where  nt is the overvol tage  at  t ime t, name ly  the  di f -  
ference be tween  the  polar ized  potent ia l  and the cor-  
rosion potential .  The increment  of charge suppl ied to 

K e y  w o r d s :  c o r r o s i o n  r a t e ,  r a p i d  evaluation, coulostatic method. 

the  e lect rode is consumed progress ive ly  by  the corro-  
sion react ion and the potent ia l  dr if ts  back  to i ts  ini t ia l  
corrosion potential ,  Ecorr. If  i t  is assumed tha t  the  
charge  in i t ia l ly  added  is consumed only by  the corro-  
sion react ion of the test  piece and that  the  concent ra -  
t ion polar izat ion is negl ig ib ly  smal l  in the  corrosion 
process, the  re la t ion  be tween  overvol tage  ~t and  the 
faradaic  cur ren t  dens i ty  It for discharge at  t ime  t is 
given by  the next  equa t ion  

It/Icorr : exp{ (a +n+u  

- -  exp 

where /corr  i s  corrosion cur ren t  

{-- (~ -n -Fn t ) /RT}  [3] 

densi ty,  a+ and a -  a re  
t ransfe r  coefficients of anodic and cathodic reaction, 
and n+ and n -  a re  the  numbers  of e lectrons concern-  
ing anodic and cathodic reactions,  respect ively.  R, T, 
and  F are  gas constant,  absolute  t empera ture ,  and 
faradaic  constant ,  respect ively .  When  the absolute  
value  of ~lt is less than  a few mil l ivol ts ,  Eq. [2] can be 
simplified to the fol lowing S t e r n - G e a r y  equat ion (1-3) 

It ---- 2.3 Icorr( (fla -{- ~Se)/flaflc}nt [4] 

where  ~a ---- 2.3 RT/(n+a+F), tic ---- 2.3 R T / n - a - F ) .  
The amount  of charge dens i ty  Aqt defined by  Eq. [2] is 
also expressed by using Eq. [4] 

f f Itdt ---- 2.3 {(fla -~ ~c)/fla~c)nt " Icorrdt [5] Aqt ---- 0 0 

The combinat ion of Eq. [2] and [5] y ie lds  the fol -  
lowing different ia l  equat ion 

--Cdd~lt/dt : 2.3( (~a -~/~e)//~a~c}nt " Icorr [6] 

Solving Eq. [6] under  the ini t ia l  condit ion tha t  ~t 
= n0 at t ~_ 0, the  next  equat ion is de r ived  

~t ~- n0 exp {--2.3Icorr " t~ (CdK)} [7] 

where  K ~- ~a~c/(~a ~- ~c). 
Equat ion [7] suggests that  overvol tage ~lt(t) decays 

exponent ia l ly  wi th  t ime t. Equat ion [7] is s implif ied by  
using polar iza t ion  resis tance Rp in place of K/2.3Icorc 
(2) 

'lt ~- no exp (--t/(CdRp)} [8] 

Polar iza t ion  resistance Rp is considered to be  one of 
the  most impor t an t  pa rame te r s  concerning corrosion 
rate,  which is inverse ly  propor t iona l  to the  corrosion 
current .  If K values,  namely  the  Tafel  slopes for the  
anodic and the cathodic process, are  known a l r eady  
or can be obta ined  by  an appropr i a t e  method,  cor-  
rosion cur ren t  densi ty  Icorr is r ead i ly  computed f rom 
Rp by the definition. Even if the Tafel  slopes are  un-  

1 3 8 9  
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known, the  value  of the reciprocal  of Rp is useful  as 
an indica tor  of the corrosion ra te  f rom a prac t ica l  
s tandpoint .  Equat ion [8] is r ewr i t t en  into a logar i th -  
mic equat ion 

log ~]t ---- log 00 --  t/(2.3CdRp) [9] 

which shows tha t  a plot  of log ~]t against  t is l inear.  By 
ex t rapo la t ing  log ~]t plot  to t - -  0, ~]0 can be obtained.  
Differential  capaci ty  Cd, which is needed in po lar iza-  
t ion resis tance computat ion,  is obta ined s imply  f rom 
the next  equat ion 

Cd = ~ql~o [10] 

where  • means  a known amount  of charge densi ty  
suppl ied at  first to the  double  l ayer  of the  test  piece 
from capaci tor  Ci of the  equipment  (see Fig. 1). Thus, 
polar izat ion resis tance Rp is ca lcula ted  f rom Eq. [9] 
slope. 

As Ca usual ly  takes  the va lue  of 10-5-10 -4 F / c m  2, 
~o m a y  be wi th in  1-10 mV, if  Aq is chosen as 0.1 
~C/cm 2. 

Experimental  
Instrument.--The circuit  of the  ins t rument  supply ing  

known quant i t ies  of e lectr ic  charge and recording  
var ia t ion  of potent ia l  is shown in Fig. 1. This circuit  is 
separa ted  into two parts .  One of them, the lef t  side of 
the test  cell, is composed of capaci tor  C1, r e l ay  RL, 
ba t t e ry  Bi, ba t t e ry  Bs, and var iab le  resis tor  VRi that  
acts as a source of known quant i t ies  of electr ic charge 
supply.  The  other  is composed of ba t t e ry  B2, va r iab le  
res is tor  VR2, opera t iona l  amplif ier  OA, and vol tage 
recorder  D that  follows potent ia l  var ia t ion  of a test  
piece, called work ing  e lect rode (WE).  Before the mea -  
surement ,  a test  piece was set wi th  counter  (CE) and 
reference electrodes (RE) in a test cell containing 
test  solution. Measurement  was made  as follows: At  
first, capaci tor  Ci was charged up to a cer tain vol tage 
Vi, as was requi red  to change the potent ia l  of the test  
piece a few mil l ivol ts  f rom Ecorr. Capaci tor  C1 was 
then ab rup t ly  discharged across the cell by  the  act ion 
of re lay  RL, in o rder  tha t  the charge in C1 was sup-  
pl ied to the  test  piece. In  this  equipment ,  three  differ-  
ent  capaci tors  are connected to a ro ta ry  switch so tha t  
the most sui table  va lue  can be selected. Capaci tor  Ci 
is chosen sufficiently small ,  compared  to the  double  
l ayer  capaci ty  of the test  piece, so that  the  almost  
whole charge s tored in Ci flows into the test  piece. 

The overvol tage  (~ t ) - t ime  (t)  curve shown in Fig. 
2 was recorded with  an Iwasaki  SS-5003 Synchro -  
scope, shown as D in Fig. 1. Before  supply ing  the 
charge, the  potent ia l  difference be tween  WE and RE 
was canceled by  the po ten t iomete r  composed of va r i -  
able  resis tor  VR2 and ba t t e ry  B2 in o rder  to record  
only overvol tage  ~lt. The Te ledyne  F i lb r i ck  1026 opera -  
t ional  amplif ier  was used as a vol tage follower.  

Test pieces and other electrodes.--Commercially 
avai lab le  mi ld  steel plates  ( J IS  SS41 and SB46), 
Whose chemical  composit ions are  given in Table  I, 

B3 

__.. t~, ., Be 

Fig. 1. Coulostat circuit. WE, test piece as working electrode; 
RE, reference electrode; CE, counterelectrode; OA, operational 
amplifier; D, voltage recorder; RL, relay; Ci, capacitor. 

Table I. Compositions of mild steels tested in this work 

M a t e r i a l s  C M n  S P $1 

ss41 0.12 0.58 0.02 0.03 
SB40 0.18 0.65 0.014 0.009 0.23 

were used as test  pieces. They  were  pol ished by  0.05 
~m Al~O3 and were  degreased  in acetone. The surface 
of the specimen was coated wi th  Paraf i lm (Amer ican  
Can Company)  for an a rea  of 9 cm2 for SB46 and 5 
cm2 for SS41. About  10 cm 2 p la t inum plates,  p la ted  by  
p la t inum black, were  used as counter  and reference  
electrodes,  respect ively.  Potent ia l  of the  p la t inum 
pla te  as a reference  e lect rode was sufficiently s table  to 
observe the  potent ia l  change in the  test  piece dur ing  
measurement .  A sa tu ra t ed  calomel e lect rode was used 
for polar izat ion curve measurement .  

The solutions used in exper iments  were  made  f rom 
reagent  grade  chemicals  wi th  doubly  dis t i l led  water .  
The conductance of dis t i l led  wa te r  was less than  1 • 
10 -6 ~ cm -1. Al l  measurements  were  car r ied  out  a t  a 
room t empera tu r e  (28 ~ +_. 1~ unde r  a tmospher ic  
pressure  wi thout  expe l l ing  dissolved oxygen  in the  
solution. 

Results and Discussion 
Mild steel in 1N HzSO~.--The anodie overvol tage-  

t ime curve, resul t ing  f rom the appl ica t ion  of 5.82 ~C 
of charge to the SB46 elect rode immersed  in 1N H2804 
for 2 hr, is reproduced  in Fig. 2. The corrosion po ten-  
t ia l  Ecorr of SB46, jus t  before  charging the  double  
layer ,  is --0.5V vs. SCE and the  end value  of the  po ten-  
t ia l  decay curve  coincided wi th  the ini t ia l  Ecorr value.  
The log ~lt-t plot,  obta ined f rom the po ten t ia l  decay 
curve of ]~ig. 2, indicates  a good l inea r i ty  in agreement  
wi th  Eq. [9] (see Fig. 3). By ex t rapo la t ing  log ,It p lot  
to t _-- 0, the value  of ~10 was obta ined as 3.0 mV, f rom 
which different ia l  capaci ty  Cd was ca lcula ted  as 216 
~F/cm 2. Al though  the va lue  of ~10 was changed by  
Changing the quant i ty  of charge  being suppl ied  to the  
electrode the  different ia l  capacity,  ca lcula ted by  Eq. 
[10J, is a lmost  constant  as long as n0 is less than  t0 inV. 
Polar iza t ion  res is tance Rp was deduced as 7.9 12 cm 2 
f rom the  slope of log ~]t plot, shown in Fig. 3, wi th  the 
aid of Cd value. 

For  comparison,  s t eady-s t a t e  polar iza t ion  curves 
were  measured  for the  same test  piece (Fig. 4), f rom 
Which 2.8 m A / c m  2 and 50 and 128 mV were  obta ined 
as the  values  of Icorr, fla, and tic, respect ively .  F r o m  
these parameters ,  Rp was computed  as 5.6 ~ cm 2 by  
using the definit ion Rp : K/2.3Icorr, which agreed 
very  closely wi th  tha t  obta ined by  the coulostat ic 
method. The fact tha t  the obta ined Cd value  is con- 
s iderab ly  larger ,  compared  to tha t  of a smooth elec-  
trode, such as mercu ry  drop (7) (10-40 ~F/cm2),  sug-  
gests an increase  in  the  surface roughness  of the  test  

4 0  I i 

3 0  

+- 2 0  c- 
G) 

1.0 
O 

0 0 I 0.4 0.8 1.2 

Time (ms) 

Fig. 2. Polarization potential (~lt)-time (t) curve for SB46, ob- 
tained after immersion in 1N H2S04 for 2 hr. Applied charge was 
5.82 #C. 
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Fig. 3. Log ~lt-t relationship for SB46, according to Fig. 2 
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Fig. 4. Polarization curve for SB46 after immersion in 1N H2SO4 
for 2 hr. E and I mean the potential of the test piece and faradaic 
current density, respectively. 
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Fig. 5. Log Vlt-t relationship for SS41 after immersion in dis- 
tilled water for 45 hr. Charge applied was 1.83 ~C. 

piece due to corrosion reaction,  pseudocapaci tance 
caused by  adsorpt ion  (8), a n d / o r  film format ion  (9).  

Mild stee~ in distilled water.--The overvo l t age - t ime  
curves for  SS41 were  also measured  at  var ious  i m -  
mers ion  t imes in  dis t i l led water .  The re la t ion  be tween  
log ~t and t for the  anodic process is shown in Fig. 5, 
which shows the case for  45 h r  immersion.  F r o m  Fig. 5, 
i t  is shown tha t  the  plots  af ter  about  200 msec indicate  
a fa i r ly  good l inear i ty ,  while,  at  the ini t ia l  s tage of the  
decay  curve, they  devia te  f rom the l inear  relat ionship.  
These deviat ions f rom the l inear  re la t ionship  may  be 
due to the  large  resis tance of dis t i l led  water .  Since the  
charging  process d id  not  t e rmina t e  ins tantaneously ,  
due to the la rge  resis tance of the  solution, i t  cont inued 
to proceed s imul taneous ly  wi th  the  discharge process 
at  the  ini t ia l  pa r t  of the  decay curve. Thus, du r ing  
charging of the double  layer ,  the  overvol tage  due to 
the  ohmic drop  be tween  the reference  and work ing  
electrodes was super imposed  on the ac t iva t ion  over -  
vol tage  due to the  corrosion reac t ion  which  w e  wan ted  
to measure.  In  such a case, the ~10 va lue  was obta ined  

by  ex t rapo la t ing  the l inear  par t s  of the  log ~lt plots  to 
t = 0 .  

The va l id i ty  of this t r ea tmen t  and an in te rp re ta t ion  
of the  devia t ion  were  confirmed by  the fol lowing 
exper iment ,  using the G r a h a m - t y p e  equiva lent  circuit  
(F ig  6.) for ~he corrosion cell sys tem composed of r e -  
sistors, Rs', Rp', and capaci tor  Cd', which  were  solut ion 
resistance,  polar iza t ion  resistance,  and double  l aye r  
capacity,  respect ively .  When  charge  Aq, s tored in ca-  
paci tor  C1 of the  equipment ,  is t r ans fe r red  to capaci tor  
Cd', cur rent  i, flowing th rough  Rs', is g iven  by  

( , )  exp [11] 
i = Rs'C1 Rs'C 

where  C = CzCd'/Cz + Cd'). This equat ion expla ins  
that  the t ime constant  for charging  capaci tor  Cd' be -  
comes larger ,  wi th  increas ing Rs" values.  Fo r  the  d i s -  
c h a r g i n g  process in the equiva len t  circuit,  the  fol low- 
ing re la t ions  also hold  ( ' )  

Vt = Vo exp Cd'Rp' 012] 

Aq = Cd'Vo 013] 

where  V0 means  the  vol tage  difference in t e rmina l s  (a 
and b in Fig. 6) immedia t e ly  af te r  charging the equ iv -  
a lent  c ircui t  by  an ex te rna l  e lec t r ic i ty  source, Vt is 
vol tage difference at  t ime t, Aq is a known  amount  of 
c h a r g e s t o r e d  in capaci tor  C1. If  a large  res is tor  value,  
such as 97.7 k~,  was used as Rs', devia t ion  was ob-  
served, as expected,  in log Vt plots of Eq. [12], whi le  
no devia t ion  was observed  in  the  case of Rs' -= 0. T h e s e  
fea tures  a re  shown in Fig. 7 as plots  a and b. 

o 

TiO  
Fig. 6. Equivalent circuit for the test cell where Rs', Rp', and 

Cd' correspond to solution resistance, polarization resistance, and 
double layer capacitance, respectively. 
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Fig. 7. Log Vt-t relationship for equivalent circuit. (a) Rs' ---- 
97.7 kD,, RI/ ---- 29.5 kD,, Cd' = 9.87 .~F; (b) Rs' z O.D.,, Rp = 
29.5 k~, Ca' ~ 9.87 ~F. Charge applied was 0.370 ~C for both 
cases. Voltage values Vt were observed between terminals a and 
b in Fig. 6. 
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Table II. Rp' and Cd' data observed at various Rs' values 

Used values Observed values Reliability 
~q" (~C) R . '  (k~) Rp' (k~) Cd' (~LF) Vo (mV)  Rp' (k~) Cd' ($F)  (Rp')obs/Rp (Cd')obs/Cd" 

0,128 0 2.94 7,40 16.3 2.95 7.87 1.003 1,064 
0,370 0 1.29 7.40 48,2 1.~5 7.68 1.046 1,038 
0.370 0 29.5 9.87 37.4 20.4 9.90 0.963 1.003 
0.370 0.509 29.5 9.87 36.9 28.9 :lO.O 0.980 0,993 
0,370 3.00 29.5 9.87 37.1 28.8 9.96 0.976 1.011 
0.370 97.7 29.5 9.67 37.0 28.7 10.0 0.973 1.013 

The potent ia l  decay curve b in Fig. 7 can be  re -  
garded as being control led by  two different  successive 
processes, indica ted  by  Vt : (~q/C1) exp {--t/(C1Rs')} 
and Vt : V0 exp {--t /  (Cd'Rp') }, if Cd' > >  C1. The first 
equat ion corresponds to the C1 discharging process, the 
second to the Cd' d ischarging process. As t ime constant  
Cd'Rp' is f rom a few t imes to ten t imes la rger  than 
C1Rs', fhe C1 discharging process effect (Rs' effect) 
appears  only at the ini t ia l  pa r t  of the po ten t ia l - t ime  
curve. Therefore,  the  l a t t e r  pa r t  is control led only by  
the large  t ime constant  C d ' R p ' ,  resul t ing in the la t te r  
pa r t  being unaffected by  Rs'. In Table II, V0 values  
obtained by ex t rapola t ing  the l inear  par ts  of log Vt 
plots to t _-- 0 at var ious  combinat ions of Rs', Rp', and 
Cd', Cd' values calculated by  Eq. [13], and Rp' values  
calculated from the slope of log Vt plots by  using Eq. 
[12] are  t abu la ted  in comparison with  actual  values 
of resistors  and capacitors  used. This table  shows the 
observed values  of Ca' and Rp' are  nea r ly  equal  to the 
ac tual  values  used and are almost  constant,  even if the 
Rs' values are  changed. F r o m  these results,  it  is shown 
tha t  h igh resis tance (Rs' in the equivalent  c i rcui t ) ,  in 
series to the l eaky  condenser,  has v i r tua l ly  no effect 
in de te rmining  capaci ty  Ca' and resistance Rp' values, 
a l though it delays the charging process. In  an actual  
corrosion sys tem wi th  large  solut ion resistance, the 
s i tuat ion seems to be similar.  

Thus, polar izat ion resistances obta ined in dist i l led 
wa te r  wi th  high solut ion resis tance seem to be correct.  
These values are  t abu la ted  in Table I I t  wi th  differen-  
t ia l  capacit ies at  var ious  immers ion  times. On the 
other  hand, a value of 21 mdd was obta ined by the 
weight  loss method for the same test  piece af ter  75 
hr  immersion.  To confirm the va l id i ty  of ~the coulostat ic 
method, this 21 mdd (8.4 ~A/cm 2) corrosion ra te  was 
t rans formed to an Rp va lue  by  using the fol lowing 
relat ions 

corrosion ra te  - -  (M/nF)Ieorr 

Rp = K'/Icorr 

where  M is atomic weight  of iron, and K' = ~a~c/ 
2.3 (~a -~ fie). Constant  K'  used was 0.018V de te rmined  
prev ious ly  in this l abora to ry  wi th  a galvanostat ic  
l inear  polar izat ion method using Jones '  circuit  (4) 
and the corrosion ra te  by  the weight  loss method for 
nea r ly  equal  immers ion  t ime in dist i l led water .  In  the  
authors '  experience,  the  K' value seems to be almost  
constant, even if  the Tafel  slopes changed to some ex-  
tent  wi th  the immers ion  time. Al though many  com- 
binat ions of ~ and ~ on the  K '  value of 0.018V may  be 
possible, some reasonable  combinat ions are  60 mV 
(~a) and 134 mV (~c) or 70 mV (fin) and 105 mV (~c), 
which are in good agreement  wi th  values repor ted  in  
severa l  papers  (10-1z). F rom this K'  value (0.018V), 
the  average Rp value was thus calcula ted to be 2.2 k ~  

Table III. Double layer capacity and polarization resistance for 

SS41 in distilled water for various immersion times t 

Aq ~7o Ca Rp 
t ( h r )  (C /c In  '2 ) (mV)  ( ~ F / c m  e ) (k~ c m  2) 

46 0.366 2.16 169 2.4 
51 0.364 1.83 199 2.1 
74 0.376 1.67 239 1.1 

cm 2. This value  seems to be in good agreement  wi th  
the values t abu la ted  in  Table  III, showing the u s e f u l -  
n e s s  of the coulostatic method. 

The Cd values given in Table I I I  are  also wor th  not -  
ing. Observed values are  larger,  compared  to those 
for a smooth electrode (7), and tend  to increase  wi th  
increasing immers ion  time. Surface roughness,  oxide 
film format ion  (9), adsorpt ion of some charged species 
or hydrogen  (8), etc., may  be considered as factors 
that  affect the Cd .values. The stainless steel  double  
l ayer  capaci ty  value is s t rongly  affected by  specimen 
pre t rea tment ,  such as p ickl ing tempera ture ,  t ime, 
and precathodizing (8). Recently,  Azzerr i  r epor ted  a 
large Cd value for mi ld  steels covered by  corrosion 
product  layers  (13). Though the physical  meaning  of 
the large Cd value  is not c lear  at the  present  t ime, an 
increase in its value  wi th  increasing immers ion  t ime 
(Table TIT) may  suggest  that  the  surface roughness 
and the corrosion film format ion  of the test  p iece  in-  
crease as the corrosion progresses.  

F rom a prac t ica l  s tandpoint ,  i t  is useful  if the 
forms of corrosion are  detectable,  e.g., genera l  or  
localized. By using the coulostatic technique,  i t  m a y  
be possible to de te rmine  whe ther  i t  is genera l  or 
p i t t ing  corrosion by  compar ing a pa i r  of Cd and R~ 
values for each corrosion system. For  instance, the 
Cd and Rp of Type  304 stainless steel  in a i r - s a tu ra t ed  
1N H2SO4 were  50 /~F/cm~ and 610 k12 cm 2 af ter  54 hr  
immersion,  while  those of Type  304 stainless steel  in 
10% FeC13 solut ion af ter  19 hr  were  40 #F /cm 2 and 0.14 
k ~  cm 2, respect ively.  If  the  Tafel  slopes in both solu- 
tions are not so different  f rom each other,  the corro-  
sion ra te  is about  4000 t imes fas ter  in FeCI~ solution 
than  in tt2SO4, whi le  the Cd values in both solutions 
are quire similar ,  and suggests that  the  meta l  surfaces 
are nea r ly  equal  in area, roughness,  and /o r  state. 
Namely  localized corrosion is expected to be occurr ing 
in ]~-eCl3 solution. In actual i ty ,  corrosion pits were  ob-  
served  on the test  piece in FeC13 solution, while  the 
surface, except  the  pits, main ta ined  a metal l ic  lus ter  
s imi lar  to tha t  in H2SO4. 

The advantage  of the present  method is tha t  the 
overvol tage  var ia t ion  is measured  wi thout  app ly ing  
current  be tween working  and counterelectrodes.  
Therefore,  the method  is easi ly appl icable  to a high 
impedance  solution, such as dis t i l led water ,  wi thout  
considerat ion of the ohmic drop correction. The coulo- 
static method is a sort of r e laxa t ion  method,  where  
measurement  may  be carr ied  out wi th in  a much 
shor ter  t ime under  more  na tu ra l  conditions, compared  
to the usual  l inear  polar iza t ion  method. To reduce the  
t ime-consuming defect  of the l inear  polar izat ion 
method,  especial ly when measur ing  a low corrosion 
rate,  Jones and Greene (14) der ived  a new charging 
curve analysis  technique. In  this method,  however ,  
the surface state of a specimen may  change, owing to 
a constant  cur ren t  flow th rough  the test  piece surface. 
I t  is difficult to obta in  a unique t ime constant  and re -  
qui r ing much longer  time, compared  to the coulostatic 
method. 

F rom the above resul ts  and discussion, i t  may  be 
concluded tha t  the coulostatic method  is useful  for a 
rap id  corrosion ra te  eva lua t ion  for mi ld  steel  in sul-  
furic acid and in dist i l led wa te r  wi th  high ohmic re -  
sistance. Exper iments  concerning o ther  combinat ions 
of meta ls  and solutions are  in progress.  
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Inhibition of Corrosion of Iron in Acids by Thiourea 
and Derivatives 
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Department o~ Chemistry, Indian Institute of Technology, Madras 600 036, India 

ABSTRACT 

The inhibi t ion of corrosion of i ron (0.13%C) in hydrochloric acid by  
thiourea and its derivatives has been investigated. Inhibi t ion is due to ad- 
sorption of the molecular  species. The max imum of efficiency with low con- 
centrat ions of thiourea and its N-subst i tuted derivatives is a t t r ibuted to the 
protonat ion of the inhibi tor  with consequent acceleration of the hydrogen 
evolut ionprocess .  Protonat ion is high with the simple thiourea and increases 
with the concentration of the inhibitor and hydrogen ion concentration. 
S-substituled derivatives show an increasing efficiency with concentration and 
a r e  safe inhibitors. 

Thiourea (TU) has been studied as a corrosion 
inhibi tor  by several groups of workers (1-14), and 
the reports are conflicting. Some workers finding TU 
to be a cathodic or anodic inhibi tor  depending on 
the concentrat ion of TU (1, 7, 9) while others have 
observed a corrosion-st imulat ing effect by TU (4-6, 
8). Where the TU is reported to be an inhibitor,  it 
is a general  observation that  the effective inhibi t ion 
is restricted to a small  range of concentrations, the 
m a x i m u m  efficiency being observed with 1-3 mM 
concentrat ion of TU. No clear explanat ion is given 
for this m a x i m u m  in efficiency. Several derivatives 
of TU have also been studied periodically and reported 
as moderately  good inhibitors (15-18). Hence it was 
proposed to s tudy TU and its derivatives for their 
inhibi t ion of corrosion of a par t icular  composition 
of the metal,  vary ing  other parameters  like pH, oxy- 
gen content, etc. The objective was to correlate the 
s t ructure  of the inhibi tor  with its inhibi t ing action. 
Thiourea, te t ramethyl  thiourea (TMTU), and ethyl-  
ene thiourea (ETU) as representat ives of N-sub-  
st i tuted derivatives, and S-methyl  isothiourea (SMTU) 
and S-benzylisothiourea (SBTU) as S-subst i tuted de- 
r ivatives were chosen for the study. 

Experimental 
C.orrosion rates were followed by gravimetr ic  mea-  

surements  and also by estimation of the Fe 2+ in 

Key words: metals,  acid, corrosion, inhibition. 

so lu t i on  by spectrophotometry, as the complex of 
O-phenan thra l ine  or dipyrydyl.  Thin  0.2 mm plates 
(3.5 cm 2) were immersed in 150 ml of the corroding 
solution. Deaeration was carried out with deoxygen- 
ated ni t rogen when necessary. The electrochemical 
studies were main ly  measurements  of the rest po- 
tentials and potentiostatic polarization using a 3 
electrode combinat ion of a p la t inum counter, a calomel 
reference with suitable bridge solution, and a test 
electrode with approximately 1 cm 2 circular face 
being exposed for corrosion. The mild steel test elec- 
trode had the following composition (percentage) 
0.13 C, 0.032 S, 0.14 Si, 0.025 P, 0.48 Mn. All potentials 
are quoted with respect to the saturated calomel 
electrode. Tensammetr ic  and drop times measure-  
ments  were made with a dropping mercury  electrode 
to observe the variat ion of the adsorption of the 
inhibitors at the metal  solution interface. 

Results 
The inhibi t ion efficiency of the inhibi tor  is calcu- 

lated as (rl -- r2/rl) X 100 where r l  ---- corrosion 
rate in  mg cm -2 without  inhibi tor  and r~ ---- corrosion 
rate in  mg cm -2 with inhibitor,  and rl and r2 are 
the mean  of four values. The mean deviation of the 
reported results is --+5%. 

Figures 1, 2, and 3 show the var iat ion of the inhib i -  
t ion efficiency with concentrat ion of the inhibi tor  in  
1 MHC1, 3 MHC1, and in  a solution of pH 2.5 (KC1 
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Fig. 3. Variation of inhibition efficiency in solution of pH2 

+ HC1). The efficiency goes through a max imum for 
TU, ETU, and TMTU while it increases cont inuously 
with concentrat ion to a l imit  with SMTU and SBTU 
in deaerated 1M HC1 and 3M HC1. TMTU shows a 
higher efficiency than  TU and ETU at higher con- 
centrations. The inhibi t ion efficiencies are low in the 
solution of pH 2.5, low concentrat ion of the inhibitors 
even s t imulat ing corrosion. The sharp m a x i m u m  in 
efficiency is observed only with TU. 

The Icorr has been obtained from the polarization 
curves at the Ecorr, which is the point of intersection 
of the extrapolated l inear  regions of the cathodic and 
anodic curves. Where a l inear  cathodic Tafel region 
alone could be observed this has been extrapolated 

and the current  corresponding t o  the Erest has been 
taken as the /corr. The inhibi t ion efficiency is then 
calculated and the variat ion is generally similar to 
those observed with the gravimetric  measurements .  
The E log i variat ions in  1M HC1 are shown in Fig. 
4-8. 

The Erest potentials (Tables I - I I I )  show an init ial  
negative shift with increasing concentrat ion of TU, 
ETU, or TMTU and then a positive shift with higher 
concentrations. The concentrations corresponding to 
the ma x i mum negative shift are the same as those 
which exhibit  m a x i m u m  inhibi t ion efficiencies. The 
Erest shifts cont inuously to cathodic values with in-  
creasing concentrat ions of SBTU. The Ecorr values 
are more positive than  Erest, but  changes in Ecorr 
parallel  the Erest changes. Similar  observations are 
made in deaerated 3M HC1 solutions. The polarization 
of the cathodic process increases to a ma x i mum with 
increasing concentrat ion of TU, ETU, or TMTU and 
subsequent ly  decreases with higher concentrations. 
The changes in  the Tafel slopes are shown in Tables 
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I-III.  The ba or slope of the anodic Tafel region 
goes through a m a x i m u m  with increasing concentra-  
t ion of TU, ETU, and TMTU. The polarization of the 
anodic process by TU, ETU, and TMTU is not very 
large. SBTU and S.MTU polarize both the cathodic and 
anodic processes increasingly as their concentrat ion 

Table I. Electrochemical parameters~mild steel with TU ,n 
deaerated 1M HCI 

Corrosion 
T U  c u r r e n t  

concn. -Erest -Ecorr (mA, cm -2) -be ba 
(m~Vl �9 1 -I) (mY) (mY) Icorr (mV) (mY) 

0.0 497 486 1.65 135 47 
0.1 526 512 1.30 140 46 
0.5 532 515 0.95 150 47 
1.0 533 513 0.67 156 46 
2.0 530 505 0.445 165 51 
4.0 530 514 0.48 167 80 

i0.0 531 520 0.62 167 65 
40.0 526 516 1.05 165 80 
70.0 523 515 1.10 164 92 

100.0 519 513 1.05 164 92 

Icorr obtained at Ecorr. 

Table II. Electrochemical parameters--mild steel with ETU in 
deaerated 1M HCi 

Table III. Electrochemical parameters--mild steel with TMTU 
in deaerated 1M HCI 

TMTU Corrosion 
concn.  --Erest -Ecorr  c u r r e n t  - b e  b,  

(mM �9 1-1) ( m V )  ( m V )  ( m A ,  c m  -s) ( m V )  (mV} 

0.0 497 486 1.65 135 47 
0.1 501 472 0.365 172, 50 
0.5 508 480 0.23 150 63 
1.0 511 477 0,165 150 65 
2.0 515 480 0.155 150 65 
4.0 507 478 O.ll 150 89 

10.0 505 496 0.11 150 65 
40.0 503 483 0.17 150 79 

100.0 489 465 0.20 150 80 

is increased. SBTU has a greater  polarizing effect 
than SMTU. 

Discussion 
Several  workers have reported the m a x i m u m  in 

corrosion efficiency with 1-2 ram thiourea in  acid 
solution (8, 19, 20). The inhibi t ion is ascribed to 
adsorption of thiourea. The ini t ial  increase in inhib i -  
t ion efficiency can be associated to the increased 
surface coverage by the adsorbed species, which 
appears to be a molecular  form of thiourea (8). The 
fall in  efficiency at higher concentrations should be 
the result  of desorption of thiourea or due to modifica- 
tion in  the adsorbed species. Other studies have shown 
that thiourea is adsorbed on several metals over a 
wide potential  and concentrat ion range (up to even 
0.5M). Desorption is un l ike ly  with iron at the corro- 
sion potential  (--0.25V) which is only a l i t t le positive 
to the pzc (--0.3V). 

St imulat ion of corrosion by H2S obtained from the 
reduction of TU (8, 20) and through a negative 
effect (5, 25) from the presence of H S -  have been 
suggested while Antropov (21) showed that  H2S 
actually increased the inhibi t ion efficiencies of cer- 
tain thiourea derivatives. H2S could be detected pres- 
ent ly  only on prolonged contact of the i ron with the 
solution while the high acid concentrat ion used re-  
duces H S -  concentrat ion to negligible values. 

We therefore propose that aosoroed miourea  under -  
going a modification accelerates the hydrogen evolu- 
tion reaction (HER) and hence exerts a lower inhib i -  
t ion effect. Polarographic studies show that  the hydro-  
gen overvoltage on mercury  is lowered considerably 
by the presence of even small quanti t ies of TU, ETU, 
or TMTU in solutions of pH less than 4 (Table IV).  
Mauree and Gierst (22) had shown that  TU reduces 
the overvoltage of several reduction processes at 
mercury. These could general ly be accounted for by 
a ~ effect, but  they indicated that  the much g r e a t e r  
acceleration of the HE~ requires a diRerent catalytic 
mechanism. The kinetic parameters  of the HER on 
iron in the present studies follows the Volmer mecha- 
nism. Thus the discharge of H30 + is the ra te -de te r -  
min ing  step, both with mercury  and iron electrodes, 
and this step is catalyzed by the adsorbed TU. Pro-  
tonated thiourea is inferred to be the catalyst. The 
proton is attached to the sulfur  and hence is brought  
closer to the metal  since the adsorption of TU is 
through the metal  sulfur  interaction. The charge 

Table IV. Decomposition potential (mV) of deaerated 1M HCI 
in presence of TU and derivatives, at a mercury electrode 

Corrosion 
E T U  c u r r e n t  

conch.  - E r e s t  --Ecorr (mA,  c m  -r - be 
(ram �9 1 -I) (mV) (mV) Icorr (mV) 

ba 
(mV) 

Concen- 
tration 

(ram - 1 -I) TU ETU TMTU SMTU SBTU 

0.0 497 486 1.65 135 47 
0.1 520 497 0.82 145 47 
0.5 523 500 0.445 155 45 
1.0 524 493 0.20 155 50 
2.0 527 500 0.20 155 60 
4.0 531 506 0.225 156 63 

10.0 522 503 0.185 155 55 
40.0 517 503 0.23 155 58 
70.0 515 502 0.25 155 58 

100.O 510 503 0.23 155 58 

0.0 - - I120~5  --1120-----5 --1120-----5 --1120+5 --1120+---5 
0.i -- 1015 --940 --835 
0.5 -- 985 -- 8 0  -- 790 
1.0 --950 --863 --768 
5.0 --885 -- 790 -- 740 

10.0 --850 -- 785 -- 740 -- 1110 -- 1058 
20.0 --815 --755 --740 --1110 --1055 
40.0 -- 1105 -- 1045 
60.0 --1105 --1035 

100.0 --1005 --1025 
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t ransfer  process can thus go through with a lower 
activation energy. The thiourea after adsorption may 
undergo protonat ion or may  be prot0nated in the 
bu lk  and then adsorbed. With increasing concentra-  
t ion of TU in  bulk, the interracial  concentrat ion of 
the protonated species will  increase at the cost of 
molecular  thiourea. The former accelerates the HER 
while the lat ter  inhibi ts  the process. The two oppos- 
ing effects lead to a m a x i m u m  in the inhibi t ion 
efficiency. 

The concentrat ion of the adsorbed thiourea and 
the protonated species will  be higher at the mercury 
solution interface than  with the i ron solution in ter-  
face for the following reasons: (i) the general ly 
greater adsorption of organic compounds on mercury  
(23, 24); and (ii) the higher hydrogen overvoltage 
on mercury  resul t ing in  greater  protonat ion process 
(23). Hence the acceleration of the HER is observed at 
mercury  electrodes even with very small  concentra-  
tions of TU. 

The inhibi t ion efficiency is a max imum with 10 mM 
TU in  a solution of pH 2 with 4 mM in ]M HC1 and 
with 2 mM in 3~lVI HC1. The relat ive reduction in 
inhibi t ion efficiencies are also greater in 3M HC1. 
These are due to the higher H30 + concentrations re-  
sul t ing in greater protonat ion of TU in the more 
concentrated acids. However at any of the concentra-  
tion studied, the concentrat ion of molecular  TU is 
apparent ly  greater than that of the protonated species 
and net inhibi t ion only is observed. The polarization 
curves show that  the cathodic process is ini t ia l ly  po- 
larized by the molecular  form. With higher concen- 
trations, more and more of the protonated species 
take part  in catalyzing the HER and the polarization 
becomes smaller. 

The Erest shift and cathodic polarization by ETU 
and TMTU are similar  to those observed with TU. 
The polarizing effects are however greater while the 
accelerating effects on the HER by protonated species 
are much smaller. Similar ly  the anodic depolarizing 
effects are largest with TU. There are some depolariz- 
ing effects with ETU at 10 mM concentrat ion while 
TMTU exerts at 20 mM or higher concentrations, a 
small  par t  but  a definite polarizing effect. The inhib i -  
t ion efficiency curve shows a clear max imum with 
TU while a flattening out of the curve is. observed 
with TMTU (Fig. 1). 

The drop- t ime potential  curves which are similar 
in  1M HCI, 1M KC1, and in solution of pH 2 show 
that  TU, ETU, and TMTU are specifically adsorbed 
at the mercury-solu t ion  interface. The negative shift 
of the pzc indicate the strong Hg-S interaction. The 
order of adsorption is TMTU > ETU > TU. The 
dipole moments  calculated by the CNDO method is 
~ E T U  ~ ~ T U  ~ P-TMTU (Table V). The more extensive 
adsorption of TMTU causes a greater shift of the pzc. 
If this order of adsorption also holds good with iron 
[Antropov (26)], the inhibi t ion effect will also in-  
crease in the order TMTU > ETU > TU. The pro- 
tonat ion process, on the other hand, will be controlled 
by the electron density of the sulfur  atom and avail-  
abil i ty of a proton adjacent  to this atom, the lat ter  

Table V. Dipole moments (~) of TU, ETU, and TMTU 
calculated by "CNDO" method 

Thiourea Electron density on 
d e r i v -  
a t i v e s  ]zcalculated C N S /trepor ted 

ETU TMTU 

g 
SBTU SMTU 

o!6 ,% 0!2 ~ 1!o o!2 0J~ ~!o ~ oL6 1% 
-E/V -E /V  -E /V  --E/V 

H OmMj X-----X 5mM~ ~ 10raM, o~o  20raM 

Fig. 9. Drop time-potential plots in pH2 solution with additives 

factor being impor tant  if the protonat ion is a surface 
process. Steric factors will  thus come into play. The 
order of protonat ion will be TU > ETU > TMTU. 
Hence TMTU with the greatest adsorption and least 
protonat ion will have the m a x i m u m  inhibi t ion effi- 
ciency, while the relative lowering in  efficiency will 
be largest wi th  TU. 

The near -symmetr ica l  na ture  of the drop- t ime curves 
(Fig. 9) and the tensammetr ic  studies (27) shows 
that both SBTU and SMTU are nonspecifically ad- 
sorbed over a wide range  of potentials. The small  
positive shifts of the pzc are due to the adsorption 
of positively charged isothiouronium species. The 
adsorption increases cont inuously with the concentra-  
tion. Studies with urea (27) showed very li t t le adsorp- 
tion and hence the absence of meta l -n i t rogen  in ter -  
action. Thus SBTU and SMTU are adsorbed through 
the sulfur. This adsorption is not high, due to the 
subst i tuent  present  on the sulfur. SBTU is more 
extensively adsorbed than SMTU, due to the metal-II  
electron interactions and a probable flat orientat ion 
of the aromatic ring. The subst i tut ion will also reduce 
protonat ion of the sulfur. The proton is attached to 
the ni t rogen as these are isotb-ioureas. Hence catalysis 
of the HER is not to be expected as with the other 
thioureas. Very little lowering of the hydrogen over-  
voltage is observed on mercury  while the cathode 
processes on iron are increasingly polarized (Fig. 7 
and 8). Inhibi t ion alone is expected and found. 

The mechanism of anodic dissolution in  the pres-  
ence of protonated thioureas, the s t imulat ion of corro- 
sion with very small  addition (<10.-4 MI-1) of the 
thioureas, and the influence of oxygen on these 
processes are to be dealt with separately. 

Conclusion 

The ma x i mum in the inhibi t ion efficiency of thiourea 
and N-subst i tuted derivatives is the result  of two 
opposing effects--an inhibi t ion by adsorbed molecular  
species and an acceleration by adsorbed protonated 
species. The cathode polarization by these additives 
is greater than anode polarization. Subst i tut ion in  
the parent  thiourea modifies meta l - su l fur  interact ion 
and protonation. Alterations in the bulkiness, solu- 
bility, and symmetry  of the s tructure due to subst i tu-  
t ion change the adsorption characteristics. TMTU with 
least protonat ion and with max imum adsorption thus 
is a bet ter  inhibi tor  than  ETU and TU. SMTU and 
SBTU increasingly polarize the cathode and anode 
process and are safe inhibitors even at high c o n c e n -  
trations. 

TU 4.23 + 0.2777 - 0.1744 - 0.4101 4.89 ~ 
E T U  5.98 + 0.2853 - 0.1297 - 0.4101 5.51b 
T M T U  3.69 + 0.2688 - 0 .1209 - 0.4086 

The dipole moments  w e r e  c o m p u t e d  b y  t h e  " ' c o m p l e t e  n e g l e c t  
o f  d i f f e r e n t i a l  o v e r l a p  ( C N D O ) "  m e t h o d  p r o p o s e d  b y  P o p l e  e~ al. 
(30) ,  w h i c h  i s  a n  a p p r o x i m a t e  v e r s i o n  o f  s e l f - c o n s i s t e n t  F i e l d  
( S C F ) - L C A O - M O  t h e o r y .  

a I n  d i o x a n e  (28) .  
b I n  d i o x a n e  (29) .  

Manuscript  submit ted Aug. 19, 1977; revised manu-  
script received Feb. 20, 1978. This was Paper  7 pre-  
sented at the Philadelphia, Pennsylvania ,  Meeting of 
the Society, May 8-13, 1977. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1979 
JOURNAL. All discussions for the June  1979 Discussion 
Section should be submit ted by Feb. 1, 1979. 
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The Voltammetric Behavior of Some Viologens at Sn02 
Electrodes 

J. Bruinink and C. G. A. Kregting 
Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

The reduct ion peak  of a l inear  potent ia l  sweep vo l t ammogram of 1,1'-di- 
hep ty l -4 ,4 ' -d ipyr id in ium d ib romide  in water ,  was found to be ve ry  steep 
wi th  E, --Ep/2 ~- 0.020V at a scan speed less th sn  0.1 V/,cec. This behavior  was 
discussed on the basis of a model  consist ing of a revers ib le  e lec t ron t rans fe r  
and a coupled chemical  react ion in analogy wi th  revers ib le  meta l  deposit ion.  
Wi th  modified viologens s imi lar  resul ts  have been obtained.  The role of the 
coupled chemical  react ion was under l ined  by  the observed Nerns t ian  de-  
pendence  on cation a n d / o r  anion concentrat ions of both first and second re -  
duct ion peak  potential .  The observed anodic peak  of the first reduct ion  step 
differs f rom the peak  expected f rom the dissolution of a bu lk  deposit.  

The use of viologens in redox  chromic displays  is 
wel l  known  (1-3).  I t  has been demons t ra t ed  tha t  wi th  
a sui table  combinat ion of viologen cation A 2+ and 
anion X - ,  e.g., 1,1 ' -diheptyl-4 ,4"-dipyr idinium d ibro-  
mide, the  first reduct ion  step in wa te r  is fol lowed b y  
a chemical  react ion causing a solid deposit  on the  
electrode.  The fol lowing react ion scheme in an aque-  
ous solut ion has been proposed on the basis of po-  
l a rographic  and conductometr ic  exper iments  (2, 3) 

A 2+ § e ~ , ~ +  (first step) [1] 

,~+ § X -  ~ AX$ [2] 

AX § e ~ A $  § X -  (second step) [3] 

The react ion produc t  AX is deposi ted as a solid purp le  
film on the electrode.  The produc t  A is also a solid de-  
posit  but  wi th  a ye l l owi sh -b rown  color. 

Previous  vo l tammet r ic  measurements  on tin dioxide 
electrodes revea led  that  the  rat io of the charges in-  

Key words: deposition, nucleation, dipyridinium compound. 

volved in reduct ion and oxidat ion  of hep ty l  viologen 
b romide  is about  un i ty  for the  first reduct ion  step. F u r -  
ther,  i t  was found tha t  the first reduct ion  step gives a 
ve ry  steep cur ren t  peak, whereas  the corresponding 
oxida t ion  peak  showed a ve ry  fast  drop of the cur ren t  
a f te r  dissolution was comple ted  (4). 

The  presen t  s tudy presents  the resul ts  of some 
vo l tammetr ic  invest igat ions  of the first reduct ion  and 
oxidat ion  steps of f i lm-forming viologens on t in d i -  
oxide  wi th  the  emphasis  on 1,1'-diheptyl-4,4'-dipyri- 
dinium d ibromide  (HV-Br) .  The resul ts  are  compared  
wi th  a theore t ica l  model.  

Theoretical 
Cathodic current voltage curve.--The theory  of 

l inear  potent ia l  sweep v o l t a m m e t r y  (LSV) at solid 
electrodes for a revers ib le  meta l  film deposi t ion has 
been presented  by  Berzins and Delahay  (5), whereas  
Nicholson and Shain descr ibed this theory  for var ious  
other  reduct ion schemes involving soluble reac tants  
and products  (6). When  consider ing the redox  reac-  
t ion of  viologens, i t  was necessary  to ex tend  this theory  
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to an electrochemical reaction with a coupled chemical 
reaction yielding an insoluble deposit on the electrode. 
In  a simple approximation this can be done by consid- 
ering reaction [1] as being reversible under  the ex- 
per imenta l  conditions. This assumption is very reason- 
able, as appears from l i terature  (7, 8). Fur ther  it is 
assumed that  the. precipitat ion reaction [2] proceeds 
fast and quant i ta t ive ly  thus yielding an equi l ibr ium 
concentrat ion of the monocation CA+ equal to K s / C x  
(2, 9, 10), where Ks represents the solubili ty product 
of the viologen radical salt AX and Cx the anion con- 
centration. All activity coefficients are assumed to be 
unity.  

Semi-infini te  diffusion to a plane electrode is as- 
sumed to be responsible for mass t ransport  in the solu- 
tion. For the cathodic sweep, E = Ei  --  v t ,  where v is 
the scan rate. The ini t ial  potential  Ei at t = 0 is given 
by the equi l ibr ium potential  of the electrode covered 
with at least one monolayer  of deposit 

R T  
Ei = Eo + In ( C *A 2+ Cx / K s )  [4] 

nF  

where C'A2+ represents the bu lk  concentrat ion of A s+. 
The present  si tuation is identical with that of re-  

versible deposition of a metal  film on a solid electrode, 
which was solved by Berzins and Delahay (5). The 
reduction current  was given by them as 

1 -  AC* A2+ DA2+I/2Vl/2r -R--T--vt 

[5] 
where 

s r  = e x p ( - -  ~2) e x p ( z 2 ) d z  [6] 

A is the surface area. The function r defined by [6] 
has a max imum value of 0.5410 at ~ _-- 0.9241, as can 
be found in  tables (11). The peak current  at 25~ is 
then proport ional  to the square root of the scan rate 

Ip = 367n3/2AC* A2+ DA2+l/2vl/2 [7] 

At the peak potential  Ep, v t  = 0.022/n (V) at 25~ 
so that  

Ep ---- El -- 0.022/n (V) [8] 

The concentrat ion dependence of the first reduction 
peak potential  of HV-Br at solid electrodes follows di- 
rectly from Eq. [4] and [8], namely,  at 25~ 

Ep(1) _-- Eo(1) + 0.059 log {C*A2+Cx/Ks}  --  0.022 
[9] 

Fur the r  it  is found that  

Epl2 = Ei -- 0.002/n (V) 
and 

hE = Ep --  Ep/2 ---- 0.020/n (V) [10] 

From the simple model used it is clear that very steep 
reduct ion peaks are expected. They are shifted an-  
odically in  comparison with a reduction in which both 
reactant  and product  are soluble as follows directly 
from [4]. In  the lat ter  case Ip is also proport ional  to 
v 1/2, but  ~E is about 0.056/n (V) at 25~ (6). Devia- 
tions from this metal  deposition theory such as a 
cathodic shift of the peak potential  at increasing scan 
rate have been observed by Hills et al. (12). Their  
origin has been ascribed to the occurrence of nu -  
cleation effects. 

These nucleat ion effects dur ing electrochemical for- 
mat ion and growth of a metal  deposit have been dis- 
cussed by Fle ischmann and Thirsk for the case where 
the depositing metal  is the same as the electrode (13). 
An extension to nucleat ion and growth on iner t  sub-  
strates was presented by Astley, Thirsk, and Harr ison 
(14). It  was shown that if l inear  diffusion is the rate-  
controll ing process in the three-dimensional  growth of 
ins tantaneously  formed hemispherical nuclei, the ob- 
served cu r ren t - t ime  t ransient  due to a potentiostatic 

step has a dependence of the form 

I oc tl/2 [ii] 

Anodic current-voltage curve.--The electrochemical 
dissolution of a bulk viologen radical salt deposit dur- 
ing the anodic sweep is considered to be a reversible 
oxidation process preceded by a fast chemical reaction 
as presented by [2] and [i]. In this case, too, the 
concentration of the deposit is assumed to have unit 
activity until complete dissolution occurs at tmax. With 
these assumptions, the dissolution can be compared 
with the anodic dissolution of a bulk metal deposit as 
discussed earl ier  by Nicholson (15). In  the anodic case 
E : Ei -}- v t  in which Ei is given by [4]. The expres-  
sion for the current  is obtained after subst i tut ion of 

n F  
/~ = -- . vt in [5]. The expression for the anodic 

R T  
cur ren t  is then 

I = - -  nFAC*A2+ (~DA2+) ~/2exp (;~t) err[  (~t) 1/2] [12] 

The total charge qo involved in  the anodic dissolution 
is obtained by integration.  As a result  of this theory 
one obtains a ra ther  steep anodic peak, while at t ---- 
tmax the current  drops abrupt ly  to zero. 

Experimental  
The vol tammetr ic  experiments  were performed with 

a PAR 173 potentiostat  system and electronic I R  com- 
pensat ion was used. A Hewlett  Packard 7000 AM re-  
corder and a Philips PM 3330 oscilloscope with a 
polaroid camera were used for signal monitoring. The 
electrode mater ia l  employed was t in  dioxide coated 
glass (10 ~ / O )  made by pyrolitic decomposition of 
SnCI4 in  n-buty lace ta te  using an t imony  as dopant. 

The electrode area was 0.2 cm% All experiments  were 
carried out in  a vessel thermostated at 25~ The elec- 
trolyte solutions were deoxygenated by passing argon 
through them (5 ppm 02). The reference and counter-  
electrodes used were Ag/AgC1 electrodes separated 
from the cell solution by Luggin capil lary and glass 
frit, respectively. The 1 ,1 ' -diheptyl-4-4 ' -dipyr idinium 
dibromide (HV-Br) and other d ipyr id in ium deriva-  
tives were of the same pur i ty  as described in a previ-  
ous paper  (4). 

Results and Discussion 
Cathod ic  p e a k . - - T h e  LSV behavior of the first re-  

duction step of HV-Br on t in dioxide is shown in Fig. 
1, which is typical of this viologen at scan speeds less 
than 0.1 V/sec. The same figure gives theoretical values, 
calculated using Eq. [5]. The value of Ks used was cal- 
culated with aid of Eq. [9], while the value of the dif- 
fusion coefficient was obtained from the exper imental  
value of Ip and Eq. [7]. It  can be seen that the calcu- 
lated values fit the exper imental  data very well, if at 
least one monolayer  has been formed. In  addit ion it is 
obvious that the vol tammogram is very steep with 
hE ~-- --0.O2V in  agreement  with the simple model. 

An indicat ion about monolayer  completion can be 
deduced from Fig. 2 in which the charge involved in 

�9 E vs Ag/Ag CI (V} 

' -o16o -o.ss ~ 

Fig. 1. Linear potential sweep voltammogram for 8.8 X 10 - 4 M  
diheptyl viologen dibromide in an aqueous solution of 0.3M KBr. 
Scan rate 0.1 V/sec. Q ,  Values calculated with D = 6.4 X 10 -6  
cm 2 sec - i  and Ks ---- 6 X 10 -7. m indicates monolayer completion. 
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Fig. 2. Charge vs. potential of LSV for 8.8 X 10-4M diheptyl 

viologen dibromide in an aqueous solution af 0.3M KBr. Scan rate 
0.1 V/sec. Aq(d.1) is integrated charging current in 0.3M KBr. 
Starting point of the sweep 0V (Ag/AgCI). 
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Fig. 3. Ip vs. v z / 2  plot for 10-8M diheptyl viologen dibromide 
in an aqueous solution of 1M KBr. 

film format ion has been indicated. In general  the 
predicted l inear  Ip - -  v 1/2 behavior  is also found (Fig. 
3). F rom this figure, and using the geometr ical  elec-  
trode surface area, a diffusion coefficient of 7.4 • 10 -6 
cm 2 sec -1 for the diheptyl  viologen cation was calcu- 
lated. In all exper iments  a reasonable agreement  be-  
tween the measured values of the diffusion coeffi- 
cients was found, wi th  values vary ing  between 6 • 
10 -6 and 10 -5 cm ~ sec -1 for HV-Br.  Deviat ions f rom 
this ideal behavior  have been observed at h igher  scan 
rates. In this respect  it can be seen f rom Fig. 4 
that  the peak potent ial  Ep varies  wi th  the scan rate  
if v is la rger  than 0.1 V/sec. In the same region (0.1 
V/sec)  it was found that  Ep/2 was constant wi th in  the 
exper imenta l  error. This means that  the value  of AE 
var ied f rom 0.02V at low scan speeds up to about 
0.05V at 1 V/sec. Severa l  reasons for this deviat ion 
f rom the s imple model  can be given. Since an un-  
compensated ohmic drop would be responsible for 
only a few mil l ivol ts  deviation, o ther  possibilities have  

Ep vs.Ag/Ag CI 
(V) 

i~ -0.55_0.53_05/. o ~ , ~ , , ~  ~ 1 7 6  o 

-0.52 o ,o j 

-051 0.25 0.;0 0.75 
I I I I - I  I �9 v 2(V 2s2} 

Fig. 4. Variation of the peak potential Ep with v 1/2 for 0.94 X 
10-3M diheptyl viologen dibromide in an aqueous sMution of 1M 
KBr. 
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to be considered. Also the ro]e of the film resistance 
can be neglected as followed from galvanostat ic  step 
measurements  of films deposited with  a charge den-  
sity of 2 m C / c m  2. 

A reason for the observed deviat ion can be the ra te-  
de termining character  of the coupled chemical react ion 
at h igher  scan speed. This case is difficult to invest i -  
gate since one has to make  assumptions about the 
act ivi ty  of the deposit at par t ia l  electrode coverage. 
Al though some ra te -de te rmin ing  role of the chemical  
react ion cannot be precluded, it is known that  forma-  
tion of a meta l  deposit on an iner t  electrode usual ly 
requires  an overpotential ,  causing similar  effects (12). 
Similarly,  an explanat ion of the dependence of the 
peak potential  on the scan rate  is probably  given by a 
ra te -de te rmin ing  nucleat ion as ment ioned earlier.  

N u c l e a t i o n  p h e n o m e n a  d u r i n g  r e d u c t i o n . - - T h e  first 
stage in the electrodeposit ion of a hepty l -v io logen  
bromide radical film was studied by applying a poten-  
tial step to the electrode. Af te r  measur ing  the equi-  
l ibr ium potent ial  of the radical  film, the cur ren t - t ime  
dependency was de termined  at several  small  over-  
potentials. The  results are represented in Fig. 5, which 
gives the I - -  t - 1 /2  plot. At s~ort t imes (milliseconds) 
the usual double layer  charging is found (not indi-  
cated in the figure),  fol lowed by a rising part  of the 
cur ren t  which is proport ional  to t I/~. After  some t ime 
the usual I - -  t 1/2 diffusion behavior  is observed as 
was repor ted  in an ear l ier  paper  (16). The I --.  t 1/2 
behavior  can be observed only if small  overpotent ia ls  
are used and care is taken to avoid the presence of 
traces of radical  film on the electrode. With very  
small  amounts of radical  film present, only the diffu- 
sional behavior  is observed. As an explanat ion of the 
observed behavior  it is proposed that  a diffusion proc-  
ess controls the growth of nuclei formed by instan-  
taneous three-d imensional  nucleat ion in analogy with  
meta l  deposition. Af te r  some t ime over lapping of 
nuclei  would occur and the I -  t - t /2  behavior  is ob- 
served. It  can also be seen f rom Fig. 5 that  in the I cc 
t I/2 region, slopes as well  as intercepts  are dependent  
on the overpotential .  An explanat ion of this depen-  
dence is thought  to be that  the number  of act ive sites 
avai lable  for nucleat ion is potent ia l  dependent,  whi le  
in addition some induction period for the format ion 
of these sites must be considered. The cathodic shift 
of the peak potent ial  (Fig. 4) at increasing scan rates 
might  be due to these nucleat ion effects. 
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Fig. 5. Potentlostatle I - -  t 1/f~ dependence for the deposition 
of diheptyl viologen radical bromide at tin dioxide. O.01M diheptyl 
viologen dibromide in an aqueous solutian of 0.3M KBr. Overpo- 
tentials (mV) indicated in figure. 
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Fig. 6. Anodic peak due to the oxidation of a diheptyl viologen 
radical bromide film during a linear potential sweep voltammo- 
gram of 10-3M diheptyl viologen dlbromide in an aqueous solution 
of 0.3M KBr. Scan rate 0.1 V/sec. Total charge involved 0.679 X 
10-4C. Solid line, experimental curve; broken line, bulk theory. 
The value of the diffusion coefficient used was D = 6 X 10 -6  
cm2/ser 

Anodic peak.--The predicted dissolution behavior  
[12] of a bulk  deposit is compared with exper imental  
data in  Fig. 6 for a diheptyl  viologen radical bromide 
film deposited dur ing a voltage sweep at 0.1 V/sec. 
It  is clear that  there is a considerable discrepancy 
between the theoretical dissolution behavior  of the 
bulk  film and the exper imental  curve al though the 
current  still drops very rapidly. It  is l ikely that  the 
observed discrepancy is due to a change in activity 
of the solid radical salt film just  as occurs when dis- 
solving metal  films (15). With the viologen radical salt 
film dissolution this change in  activity might be due 
to reorientat ion of the molecules as already ment ioned 
in an earlier paper (4). 

Reduction of modified viologens.--The exper imental  
and calculated cathodic peaks of the two electron re-  
duction of the modified viologen te t ramethylen  bis- 
[4(1-ethyl  py r id in -4 ' -y l )pyr id in ium]  perchlorate or 
ED-C104 with n = 2 are shown in Fig. 7. The mea-  
sured hE is about 0.013V which was found to be syste- 
matical ly larger than the 0.010V expected from theory. 
Also with this mater ia l  nucleat ion phenomena were 
found comparable to those observed with heptyl  viol- 
ogen dibromide. Similar  results were obtained with 
the modified viologen te t ramethylen  b is - [4(1-benzyl  
pyr id in-4 ' -y l )  pyr idinium] tetrafluoroborate. 

Concentration dependence of the reduction peak po- 
tentials o] HV-Br.--The expression for the concentra-  
t ion dependence of the reduction peak potential  [9] 
holds only at relat ively low scan rates for which ED is 
not much affected by nucleat ion effects. From Fig. 8 
and 9 it  can be concluded that  the expected Nernst ian 
dependence of both C'A2+ and Cx is found exper imen-  
tally. These results are in good agreement  with those 
found at mercury  electrodes (2). From the present  

- E vs Ag/AgC[ (V} 
-o e5 -o8o -o55 -o~o -o~s 

. ~ ~  CATHODIC I 10pA 

Fig. 7. Linear potential sweep voltommogram of 5 X 10-4M 
of tetramethy[ene bls-[4(1-ethyl pyridin-4'-yl) pyridinium] per- 
chlorate in an aqueous solution of 0.1M NaCIO4. Scan rate 0.02 
V/sec. (!), Calculated with D = 6.3 X 10 -6  cm2/sr Ei = 
--0.539V (Ag/AgCI), and n = 2. 
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Fig. 8. Peak potentials of first and second reduction steps of 
HV-Br as a function of the diheptyl viologen concentration. Scan 
rates are indicated in the figure. The solid lines represent the 
Nernstian slope. 
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Fig. 9. Peak potentials of first and second reduction steps of 
HV-Br as a function of the bromide concentration. Scan rates are 
indicated in the figure. The solid lines represent the Nernstian 
slope. 

experiment  it can be concluded that the value of the 
solubil i ty product of HV-Br is between 10 -7 and 10 -6. 

The expression for the second reduction peak poten- 
tial of HV-Br is somewhat difficult to derive, since 
we are dealing here with the reduct ion of an insoluble 
deposit yielding an insoluble reaction product. At 25~ 
the equi l ibr ium potential  of the second reduction step 
product is equal to Eo(2) + 0.059 log(1/Cx) ,  [see 
(2)], so it is expected that the second reduction step 
peak potential  will also obey this dependence. From 
Fig. 8 it follows that Ep[2] is indeed almost indepen-  
dent  of C$A2+ whereas Fig. 9 shows an anion depen-  
dence in  agreement  with theory. These results under -  
l ine the role of the coupled chemical reaction and 
confirm the model proposed for the HV-Br reduction 
and oxidation. 
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Syntheses with Electrogenerated Halogens 
Part III. Oxidation of Primary Alcohols to Acetals of 2-Haloaldehydes 

Donald A. White* and James P. Coleman* 
Monsanto Company, St. Louis, Missouri 63166 

ABSTRACT 

Elect rolys is  of p r i m a r y  alcohols having one or more  E-hydrogen a toms 
in the  presence of anhydrous  hydrogen  hal ides  affords acetals  of 2 -ha loa lde-  
hydes.  

:Direct e lect rochemical  oxida t ion  of anhydrous  p r i -  
m a r y  alcohols has been inves t iga ted  by  severa l  workers  
(1-6) and affords a ldehydes  (1, 4 ,6) ,  aceta ls  (1,3, 6), 

or  esters (6). Ind i rec t  oxida t ion  has been inves t iga ted  
less extensively.  With  sodium iodide as the e lec t ro-  
lyte,  formate  esters a re  obta ined f rom methanol  and 
ethanol  (7) and  oxida t ion  of methanol  containing 
anhydrous  hydrogen  chlor ide  has been repor ted  to 
give fo rma ldehyde  (8). The oxida t ion  of alcohols 
containing anhydrous  hydrogen  chlor ide  is also the 
subject  ma t t e r  of the present  paper .  The object ive  
of this  work  has been the conversion of alcohols 
(RR'CHCH2OH) having  one or  more  E-hydrogen 
atoms to the acetals  of the corresponding 2-chloro-  
a ldehydes  [RR'CC1CH(OCH2CHRR')2].  These acetals 
have been obta ined prev ious ly  by  the react ion of 
alcohols wi th  chlor ine (9-13). This chemical  react ion 
proceeds sa t i s fac tor i ly  but  produces  three  moles of 
hydrogen  chlor ide  per  mole  of acetal  (1). Disposal  
of or  recycle  of this byproduc t  must  be arranged.  
On the otherhand,  the  indi rect  e lect rochemical  reac-  
t ion offers the  poss ibi l i ty  of a process which consumes 
hydrogen  chlor ide  and gives innocuous coproducts,  
hydrogen,  which  m a y  be burned  to water ,  and wa te r  
i tsel f  (2). 

3RR'CHCH2OH + 2C!2--> RR'CC1CH (OCH2CHRR')2 

+ 3HC1 + H20 [1] 

4F 
3RR'CHCH2OH + HC1 > RR'CC1CH (OCH,~CHRR:)2 

+ 2H~ + H20 [2] 

Experimental 
A Sorenson Model  DCR 80-6B power  supp ly  (Ray-  

theon Company,  Manchester ,  New Hampsh i re ) ,  9Per-  
a t ing in its constant  cur ren t  mode, was used for the 
e lec t rochemical  reactions.  The cell used was a 500 
ml  th ree -necked  flask equipped wi th  two g raph i t e -  
rod  (12 • 1/4 in. diam, Labo ra to ry  Supp ly  and Equip-  
ment  Company,  Chevy Chase, Mary land)  electrodes 
which were  para l l e l  and ca. 2 cm apart .  The remain ing  
necks were  used for the a t t achment  of a the rmomete r  

* Electrochemical Society Active Member. 
Key words: organic, electrolysis, oxidation. 

and a wa te r -coo led  condenser.  The cell contents were  
s t i r red  magnet ica l ly .  

Anhydrous  alcohols were  obta ined f rom Fisher  Sci-  
entific Company, Fa i r lawn,  New Jersey,  or Mal l in-  
ckrodt  Chemical  Works,  St. Louis, Missouri,  and an-  
hydrous  hydrogen  hal ides  f rom Matheson Gas Com- 
pany,  East  Rutherford,  New Jersey.  They were  used 
as supplied.  

Reactions were  fol lowed and the produc t  d i s t r ibu-  
tions (Table  I) de te rmined  by  observat ion  of the  
NMR resonance due to the acetal  pro ton  [RCH(OR')2]  
which could be easi ly  observed in the  acidic solutions 
and by  GLC of neut ra l ized  (calcium carbonate)  solu-  
tions. For  the methanol  react ion (Table  I) the GLC 
column was a 7 ft  X 1/8 in. stainless steel  column 
packed  wi th  P o r a p a k  Q (40~ ~ and for the o ther  
react ions a s imi lar  2 ft X 1/8 in. column packed wi th  
5% OV101 on 100/120 Chromosorb G - H P  (40~176 
NMR spectra  were  recorded at  60 MHz on a Var ian  
Model A56/60 or T60 machine.  

The products  from methanol  oxida t ion  (Table  I, 
l ine 1) were  de te rmined  by  the NMR and GLC meth-  
ods but  were  not isolated. The products  f rom the 
o ther  react ions were  isolated by  neut ra l iza t ion  of the  
react ion mix tu re  wi th  excess calc ium carbonate,  f i l t ra-  
tion, and a tmospher ic -p ressure  dis t i l la t ion of the  a l -  
cohol to give a mix tu re  of the crude product  and 
calcium chloride. This was par t i t ioned  be tween e ther  
and wa te r  and the e ther  l ayer  was separated,  washed 
wi th  water ,  dr ied  over  a n h y d r o u s  calcium sulfate, 
filtered, and evapora ted  to give the crude product .  
This was dis t i l led at  a tmospher ic  pressure  (ethanol  
and isobutanol oxidat ions)  or in vacuo (n -bu tano l  
oxidat ions) .  

The isolated haloacetals  were  identif ied via the i r  
NMR spectra,  which, in the case of the e thanol  ox ida -  
t ion products  (Table  I, l ine 2), were  ident ical  to 
publ i shed  spectra  (14). The spect ra  of n -bu tano l  
oxida t ion  products  (Table  I, l ines 3-7) are  su mmar -  
ized in Table II. 2-Chloroisobutyraldehyde dimethyl  
acetal  ( f rom Table  I, l ine 8) showed NMR bands at 
1.50, 3.53, and 4.13 ppm downfield from in terna l  
(CH3) 4Si reference  in CDCls solution, due to C-methyl ,  
O-methyl ,  and acetal  protons,  respect ively.  

The e lec t rochemical  react ions were  car r ied  out  wi th  
the quanti t ies  shown (Table  I) in the cell, which was 
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Table I. The formation of acetals via electrolysis of anhydrous alcohols in the presence of hydrogen halides 

Elec- Acetals formed Selee- 
tricity [mmoles (current efficiency) ] tivity 

Current Temp.  passed to monob 
Alcohol  (Moles)  Solventa Halide (Moles) (A) (~ (F) Unsubs.  Monohalo Dihalo (%) 

1.C 
2. 
3. 
4a. 
4b. 
4e. 
4d. 
4e. 
4f. 
5. 
6. 
7. 
8. 

CH3OH (8.0) HC1 (0.98) 4.0 28 1,60 40 (5) 
C~I~OH (5.0) HC1 (1.04) 2.0 32-3 1.00 4 (1) 201 (80) 7 ~ )  
n-C4HgOH (4.0) HC1 (0.55) 1,0 30-2 0.50 6 (2) 103 (82) trace 95 
I~-C~H~OH (4,0) HC1 (1.10) 1,5 35-40 0,40 trace 8~ (83) 4 (6) 95 

0,80 trace 154 (77) 15 (11) 91 
1.20 trace 204 (68) 31 (16) 84 
1.68 trace 268 (64) 44 (16) 86 
2 00 trace 276 (56) 51 (15) 84 
2.36 trace 282 (34) 56 (10) 84 

n-C~H~OH (4.0) HC1 (2.06) 1.5 35-6 0.40 trace 76 (76) 8 (12) 90 
n.C4HgOH (4.0) HBr (0.50) 1.0 58-60 1.00 trace 57 (23) 13 (8) 81 
n-C4HoOH (1.0) CH~CI2 d HCI (satd.)  0.8 38-40 0.10 trace 20 (80) 0.3 (2) 99 
iso-C4HgOH (1.0) CH~OH e HC1 (2.08) 4.0 35-40 4.0 nd ~ 610 (61) g - -  - -  

Apart  f rom excess  alcohol.  
b Monosubst i tuted acetal  as a percentage  of all  three  (mole  bas i s ) .  
c Methyl  formate ,  19 mmoles (5% curt. eft.), also formed.  
d 200 ml. 
e 256g, (8.0 mole). 
f No attempt made  to detect  this  compound.  
s Product  is the  d imethyl  acetal  of 2-chloroisobutyraldehyde.  

Table II. NMR spectra of CH3ACH2BCXYCHc(OCH2DCH2ECH2ECH3F)2 

Proton chemical  shiftsa 

X Y H A H B X H c H D H E H F 

H C1 1,03 c a .  1.5 ca .  3.7 4.42 ca. 3.7 ca .  1.5 0,93 
t, 7 m m d, 5.5 m m t, 7 

CI CI 1.20 2.18 - -  4.60 ca. 3.8 c a ,  1.6 0.93 
L 7  q, 7 s m m t, 7 

H Br 1.05 ca. 1.5 ca .  3.7 4.53 ca .  3.7 ca. 1.5 0.93 
t, 7 m m d, 6 m m t, 7 

Br Br 1.23 2~35 ~ 4.62 ca. 3.8 ca. 1.5 0.93 
t, 7 q, 7 s m m t, 7 

Measured in CDCh solution at 60 MHz and reported in ppm downfield from internal tetramethylsilane reference signal. 
Multiplicity of s ignals (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplee) and coupling constants (Hz) are shown be- 

l ow the chemical  shift.  

par t ia l ly  immersed  in a bath of flowing cold water.  
In this pre l iminary  work  current  density effects were  
ignored, and a current  which would generate  an 
electrolyte  t empera ture  in the desired range (30 ~ 
40 ~ was used. Since the expected anode (chloride 
discharge) and cathode (proton discharge) reactions 
tolerate  a wide range of current  densities, this ap- 
proach may not be unreasonable.  A typical example  
follows. 

2-Chlorobutyraldehyde dibutyl acetal.--Electro]ysis 
(1.0A for 13.4  hr =- 0.hF) of a solution of anhydrous 

hydrogen chloride (20g, 0.55 mole)  in n-butanol  (296g, 
4.00 mole) afforded a clear, colorless solution con- 
taining the quanti t ies .of  acetals shown in Table I, 
l ine 3. Butyl  butyra te  was also detected by GLC but 
not measured.  Work-up,  as described above, gave a 
colorless oil (28.5g) which was distil led in vacuo. 
Two fractions were  collected: (i) a colorless liquid, 
bp 65~ ~ (0.05 ram),  12.0g; and (ii) a colorless 
liquid, bp 72~ ~ (0.04 ram),  13.5g. The lat ter  was 
identified by its NMR spectrum (Table II, line 1) as 
2-chlorobutyra ldehyde dibutyl  acetal. Found: C, 60.9; 
H, 10.9%. Calculated for C12H28C102: C, 60.6; H, 
11.0%. The presence of t h e  chlorine substi tuent was 
evident  f rom its mass spectrum, obtained via chemical  
ionization, which sho~ved parent  ion peaks at m/e  
--_ 236 and 238 in the expected 3:1 ratio. Fract ion ({) 
was the same compound containing ca. 10 mole per -  
cent (m/o)  of butyra ldehyde  dibutyl  acetal. This 
impur i ty  was identified by combined GLC/mass  spec- 
troscopy and measured using an authentic sample 
prepared by acetalization of n -bu tyra ldehyde  with  
n-butanol  in the presence of anhydrous hydrogen 
chloride. 

A port ion (2.37g, 0.01 mole) of fraction (ii) was 
st irred with  a solution (0.05M, 200 ml, 0.01 mole) of 
2,4-dini t rophenylhydrazine in concentrated aqueous 
hydrogen  chloride for 3 hr. The orange solid formed 

was removed by filtration, washed with  water,  and 
dried by suction on the filter. The dry solid (1.16g) 
was recrystal l ized from cyclohexane (100 ml) to give 
2-chlorobutyra ldehyde 2,4-dini t rophenylhydrazone as 
orange needles (0.75g), mp 93~ ~ l i ter  15 mp 93~ ~ 

Results and Discussion 
The electrolysis of some typical  al iphatic p r imary  

alcohols containing anhydrous hydrogen chloride has 
been examined using a constant current  in an undi-  
vided cell wi th  graphi te  electrodes. Pr ior  to examining 
its h igher  homo!ogs the previously reported (8) reac-  
t ion of methanol  was reexamined.  The products were  
found to be methyla l  and methy l  formate,  each in 
ca. 5% current  efficiency. Throughout  most of the 
electrolysis period the green color of anodically gen-  
erated chlorine was evident  in the solution. Its cath-  
odic reduct ion explains the low current  etficiencies 
and the drop, f rom the init ial  theoret ical  value, of 
the rate  of cathodic hydrogen evolut ion observed by 
the previous workers  (8). The discrepancy in the 
product  formed may be an art i fact  of the different 
ana ly t i ca l  methods used- -GLC and NMR in the pres-  
ent work  and react ion wi th  ammonia  to form hexa-  
methy lene te t ramine  in the previously reported work 
(8). 

In contrast to the behavior  observed with methanol,  
solutions of anhydrous hydrogen chloride in e thanol  
or n-butanol  stayed absolutely colorless on electrol-  
ysis. The desired monohaloacetals  were  obtained with  
high current  efficiencies (Table I, lines 2-5). Byprod-  
ucts included the unsubst i tuted acetal and the dichlor-  
oacetal (also traces of the t r ichloroacetal  f rom eth-  
anol).  The re la t ive  importance of these byproducts 
depends on reaction temperature ,  hydrogen chloride 
concentration, and alcohol conversion. Low tempera-  
tures (<30 ~ favor  the unsubst i tuted acetal as do 
low hydrogen chloride concentrations (c]. Table I, 
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l ines 3, 4a, 5). The effect of conversion is a little more 
complex. As it increases, selectivity to the mono-  
chloroacetal decreases due to increased dichloroacetal 
formation (Table I, lines 4a-4c). However, a constant 
selectivity is reached (Table I, lines 4c-4f) which, 
in  the example shown, is still quite high (84%). How- 
ever, there is a progressive decline in current  efficiency 
(Table I, l ines 4a-4f) which makes it desirable to use 

fair ly low conversions. The corresponding ester, ethyl 
acetate, or bu ty l  bu tyra te  is also a minor  byproduct.  
This became the major  product when concentrated 
(37%) aqueous hydrogen chloride was substi tuted 
for the anhydrous  material .  

These results are consistent with a mechanism in-  
volving the anodic generat ion of chlorine (Eq. [3]), 
which oxidizes the alcohol to the aldehyde (Eq. [4]), 
acid-catalyzed conversion of the aldehyde to the 
acetal (Eq. [5]), and chlorination of the acetal (Eq. 
[6]). 

4C1- -~ 2C12 -5 4e -  [3] 

C12 -5 RR'CHCH2OH--> RR'CHCHO -5 2H + -5 2C1- 
[4] 

2RR'CHCH2OH -5 RR'CHCHO 

~<-~-RR'CHCH(OCH2CHRR')2 -5 H20 [5] 

RR'CHCH (OCHfCHRR')~ -5 CI2 

-> RR'CC1CH(OCHfCHRR')2 Jr H + -5 C1- [6] 

4H + -5 4e -  --> 2H2 [7] 

RCHC1CH (OCHfCHfR) 2 -5 C12 

--> RCC12CH(OCH2CHfR)2 -5 H + -5 C1- [8] 

RCC12CI-I(OCHfCH2R)2 -5 2e-  -5 H + 

-> RCHC1CH(OCH2CH2R)2-5 C1- [9] 

RR'CHCHO -5 RR'CHCH2OH -5 C12 

-~ RR'CHCOOCH2CHRR' -5 2H + -5 2C1- [10] 

The cathodic reaction is hydrogen evolution (Eq. [7]), 
and the summat ion  of these reactions [3-7] is the 
over-al l  reaction [2]. The dichloroacetal byproduct  
arises from fur ther  chlorination of the product  (Eq. 
[8]). The fact tha t  it builds up to a constant percent-  
age of the acetal product  mix ture  suggests that  it may 
be cathodically reduced back to the monochloroacetal 
(Eq. [9]). Added water  displaces equi l ibr ium in Eq. 
[5] to the left. The aldehyde is then present in 
greater abundance and its oxidation (Eq. [10]) leads 
to  ester formation. This becomes the major  reaction 
when concentrated aqueous acid is used instead of 
the anhydrous  material .  

For  satisfactory isolation of the acetals unreacted 
hydrogen chloride must  be neutralized. This is con- 
venient ly  done by st i rr ing with calcium carbonate 
(sodium carbonate became coated with sodium chloride 
and was not so effective). If it is not done, the acetal 
is found to distill over with the solvent alcohol, even 
though its boil ing point is much higher than  that of 
the alcohol. In  the case of ethanol, the "solvent" dis- 
tilled at 77~ ~ and chloroacetal (bp 157 ~ (13) was 
found in the distillate. The acetal may distill over 
in the form of chloroacetaldehyde (bp 850 ) (13), 
which could be present  in  an acid-catalyzed equi l ib-  
r ium with the acetal (cf. Eq. [5]) and reform the 
acetal in  the collected distillate. After neutral izat ion,  
only normal,  minor  losses of the product  into the 
solvent were found. 

Electrolysis of n -bu tano l  containing anhydrous hy-  
drogen bromide has also been examined. In this case, 
bromine accumulated in the solution from the moment  
the current  was turned on. In order to speed up the 
chemical reactions the tempera ture  was allowed to 
rise to ca. 60 ~ . In  spite of this, bromine still remained 
in  solution throughout  the electrolysis period. As 
expected, the current  efficiency was low and the 

product  was a mix ture  of the bromo- and dibromo- 
acetals (Table I, l ine 6). 

To extend the scope of the present  reaction, the 
possibility of using a solvent other than excess alcohol 
has been examined. This would permit  oxidation of 
higher molecular  weight alcohols wl{ich have low 
dielectric constants and may be solids at appropriate 
reaction temperatures.  Due to the presence of anhy-  
drous hydrogen halides, several of the usual  electro- 
chemical solvents cannot  be used, e.g., amines, ethers, 
cyclic carbonates. Both d imethylformamide and ace- 
tonitr i le reacted with a mix ture  of anhydrous hydro-  
gen chloride and  an alcohol. Methylene chloride, how- 
ever, was usable and gave results comparable with 
those obtained when using excess alcohol as solvent 
(cf., Table II, lines 4a and 7). Though its volati l i ty 
is useful in work-up,  the low dielectric constant  of 
methylene  chloride is a disadvantage. However, meth-  
anol has a high dielectric constant and, as shown 
(Table I, l ine 1), is oxidized only with difficulty hy 
anodically generated chlorine. This suggested its use 
as a solvent for the oxidation of higher alcohols to 
dimethyl  acetals (Eq. [11]). This reaction is exempli-  
fied by the 

RR'CHCH2OH + HC1 -5 2CHaOH 

4F 
> RR'CC1CH(OCH3)2-5 H20 + 2H2 [11] 

RR'CC1CH (OCH2CHRR') 2 -5 CHsOH 

~--_ RR'CC1CH (OCH2CHRR') OCHa -5 RR'CHCH2OH 
[12] 

RR'CC1CH (OCHfCHRR') OCH8 -5 CH~OH 

~__RR'CC1CH(OCH4)2-5 RR'CHCH2OH [13] 

oxidation of isobutanol (Table I, l ine 8). The forma-  
tion of the dimethyl  acetal depends pr imar i ly  on 
the use of a large excess of methanol,  but  also on 
the acid-catalyzed equi l ibr ia  Eq. [12] and [13] be-  
tween the three acetals which may be formed. As 
the reaction progresses, consumption of the substrate 
alcohol will displace these equil ibria  to the right. 

In  summary,  the present  procedure offers a con- 
venient  route to acetals of 2-chloroaldehydes. High 
current  efficiencies are obtained using a simple cell 
with inexpensive graphite electrodes. From the in-  
dustrial  point of view, the tendency, discussed above, 
of the product acetal to distill with the solvent alcohol 
is regret table as it necessitates neutra l izat ion (or, 
perhaps, dehydrat ion)  of the reaction mixtures. 

Manuscript  submit ted Jan. 9, 1978; revised m a n u -  
script received March 15, 1978. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be publ ished in  the June  1979 
JOURNAL." 'All discussions for the June  1979 Discussion 
Section should be submit ted by Feb. 1, 1979. 

Publication costs 05 this avticte were assisted by 
Monsanto Company. 
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The Metal-Liquid Insulator Interface in Presence and Absence 
of an Applied Electric Field 

Ikram Morcos* 
Institute of Research of Hydro-Quebec, Varennes, Quebec, Canada JOL 2PO 

ABSTRACT 

The meniscus rise of different  insulat ing l iquids at  a p a r t i a l l y  immersed  
copper rod and copper  and gold plates  was measured  both in the absence 
and presence of d ine ren t  appl ied  d-c  voltages. Variat ions in contact  angle in 
the  absence of the field are  qua l i ta t ive ly  in te rp re ted  in the l ight  of the  
Young and Dupr~e equation. Discrepancies  be tween  the expe r imen ta l ly  ob-  
servect meniscus height  vs. vol tage curves  and theore t ica l  curves calcula ted 
on the basis of an e lec t r ica l - Iorce  mechanism are  pointed out  and a new 
mechanism envisaging the el~ect of in te r lac ia l  forces is suggested. 

The s tudy  of e lectr ic-f ie ld dependence  of the  in te r -  
act ion be tween  a solid meta l  and an insulat ing l iquid 
is complicated by  the fact  that  the e lectrochemical  pa-- 
ramete rs  of the sys tem are  ne i ther  wel l  defined nor 
accessible by  p resen t ly  avai lab le  exper imen ta l  tech-  
niques. Among the methods  developed to s tudy me ta l -  
l iquid e lect rolyte  interfaces,  the meniscus-r ise  method 
(1-5) offers some promise  in the s tudy of me ta l - l iqu id  
insula tor  interfaces.  The l a t t e r  method  has two cri- 
te r ia  which make  i t  a t t rac t ive  to use wi th  l iquid in-  
sulators  notwi ths tanding  the other  problems with  
such systems. Firs t ,  the  method provides  direct  in-  
format ion  on a single polar ized interface  which is es- 
sent ial  for unders tanding  the effect of electr ic field 
on the in ter rac ia l  forces. Second, the  meniscus height  
is measured  by optical  techniques which do not de-  
pend on the res is t iv i ty  of the inves t iga ted  system. 

Observat ions  on meniscus r ise at high vol tage elec-  
t rodes date  back  to F a r a d a y  (6) who repor ted  in 1836 
tha t  if two high voltages leads are  d ipped into a d isk-  
containing turpent ine,  the  l iquid wil l  r ise along the 
posi t ive electrode. The same phenomenon was re -  
discovered by Sumoto (7) who noted tha t  the magni -  
tude of r ise and its dependence  on the field di rect ion 
are  re la ted  to the type  of l iquid used The Sumoto 
effect was subsequent ly  s tudied by  P icka rd  (8), Mid-  
dendorf  and Brown (9), K r a w i n k e l  (10), and Pohl  
(11), and the subject  has been  more  recent ly  rev iewed  
by  P ickard  (12). 

In te rpre ta t ions  of the Sumoto effect have  centered 
in the past  a round  e lec t r ica l - force  mechanisms (12-15). 
In  the present  s tudy the effect of in ter rac ia l  forces, not  
deal t  wi th  in previous  work, is considered. The s tudy 
involves measurement  of meniscus rise in both ab-  
sence and presence of appl ied  d-c  vol tage  using in-  
sulat ing l iquids of different  chemical  s t ruc ture  and 
test electrodes c~f two different  geometries.  In  add i -  
t ion t o i t s  intr insic  scientific in teres t  this p rob lem was 
unde r t aken  wi th  two pract ica l  appl icat ions  in mind. 
Firs t ,  fhe da ta  should be useful  in the unders tanding  
of mechanisms of p r eb reakdown  phenomena  in t rans-  
former  oils. Second, i t  is hoped tha t  the measur ing  
technique  can be even tua l ly  developed into an ana-  
ly t ica l  tool for detect ing surface active impur i t ies  
a n d / o r  degrada t ion  products.  

Four  insulat ing l iquids were  used in this study.  
These included t'he two a lkylbenzene  cable- insulants  

* Electrochemical Society Active Member. 

known as dodecylbenzene  and decylbenzene,  the  t r ans -  
former  oil Voltesso 35 (chemical  composit ion dis-  
closed l a te r ) ,  and po lyd imethy l s i loxane  which  is a 
silicone oil known as the Dow Corning 200 fluid (elec-  
t r ica l  g rade) .  

Both a lkylbenzenes  contain homologs wi th  side 
chain ranging  f rom C9 to C12. The main  component,  
one with  a side chain of C12 (dodecylbenzene)  in one 
case and the other  wi th  C~0 (decylbenzene)  in the 
other  case, consti tutes only about  50% of the product .  
The dodecylbenzene is an e lect r ica l  grade  product  
commercia l ly  known as Chevron a lky la t e  21 (provided  
by  Dussek ]~rothers) and is oota ined by  two vacuum 
dist i l la t ions of the normal  grade.  The decylbenzene 
was provided  by Pire l l i  Indust r ies  of Canada and was 
obtained ~rom t'he normal  grade by  t rea t ing  the l a t t e r  
product  wi th  Fu l le r ' s  earth.  Both the normal  and elec-  
t r ical  grades of decylbenzene but  only the electr ical  
grade  of dodecylbenzene were  used in this study.  The 
dielectr ic  constant  and d-c  res is t iv i ty  of dodecylben-  
zene were  2.3 and 3.9 • 1014 12-cm, respect ively.  These 
a lkylbenzenes  are in t r ins ica l ly  s table  compounds and 
impur i t ies  if present  resul t  f rom sources other  than  
processes such as chemical  r ea r rangement ,  degrada-  
tion, or oxidation.  Being good solvents for a wide  
var ie ty  of po la r  mater ia ls ,  these re la t ive ly  low molecu-  
la r  weight  a lkylbenzenes  are prone to contaminat ion 
dur ing  t ransference  f rom one container  to another.  
The a lkylbenzenes  are  produced by  the F r i e d e l - K r a f t s  
synthesis  which involves the  a lky la t ion  of benzene  
with  the al iphat ic  ch loro-der iva t ives  of the  hydroca r -  
bons in the presence of a luminum t r ich lor ide  as a 
catalyst .  

Po lyd imethy l s i loxane  has the  chemical  s t ruc ture  
R~SiO(R2SiO)SiR3 where  R is a - -CH8 radical .  I t  is 
an ex t r ao rd ina r i ly  s table  product  wi th  a volume re -  
s is t ivi ty at 23~ and 500V d.c. of 1.0 • 1014 ~-cm,  d i -  
electr ic constant  at 23 ~C and 100 Hz of 2.7, and nominal  
viscosity at  25 ~ of 20 centistates.  

The Voltesso 35 is a minera l  naph then ic -based  oil in 
which the great  ma jo r i t y  of molecules  are  made  up of 
one to three  condensed cycloal iphat ic  a n d / o r  aromat ic  
r ings subst i tu ted with  a l iphat ic  side chains of var iab le  
lengths. Duval  and L a m a r r e  (16) s tudied the  average 
molecular  size d is t r ibut ion  by  l iquid-sol id  chromatog-  
r aphy  (LSC) and gel pe rmea t ion  chromatography  
(GPC) of the Voltes~o 35 oil and repor ted  the fo l low-  
ing chemical  constituents.  
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80% saturates with 25A average molecular  size with 
one or more of the s t r u c t u r e s  

Cr 
15% monoaromatics with 25A average molecular  s i ze  

with one or more of the s tructures 

~/~ clO 
013 0 0  el2 

and 

5% diaromatics and tr iaromatics wi th  19 and 12A 
average molecular size, respectively, with one or more 
of the structures 

c 6 

and  

The Voltesso 35 contains a 0.08% by weight, 2,6-all- 
ter t iary  butyl -p-cresol  as an antioxidant.  The Voltesso 
35 has a volume resistivity of 101;3 l%-cm and a dielec- 
tric constant of 2.2. The Voltesso 35 was used without  
any fur ther  t reatment .  

Water contents are approximately 40, 30, and 110 
ppm in dodecylbenzene, Voltesso 35, and polydimethyl-  
siloxane. 

Experimental Section 
Experiments  with each liquid were carried out with 

both cylindrical ly shaped and plate electrodes. The 
former electrode was in  the form of a co ,per  rod of 
2.3 cm diam and the lat ter  consisted of bright  smooth 
2 • 4 cm gold plate of 99.99% purity.  Some experi-  
ments  were also carried out with copper plates of 
99.9% purity.  

Sur ,ace roughness was measured by a Dekkak in-  
s t rument  provided by Sloan Ins t ruments  Corporation. 
The copper rods and plates were mechanical ly polished 
to produce a very bright  surface with an average sur-  
face roughness of less than  0.1 ~m. The plates were 
polished with a luminum oxide paste on a fel t-covered 
wheel and the rod with a red-rouge polishing com- 
pound on a cotton-covered wheel. Pr ior  to polishing 
the copper plates and rods were ground with different 
grade sandpapers. When  the copper electrodes were 
not polished but  chemically treated in  a concentrated 
solution (1 part  H20, 1 par t  H N Q )  of H N Q  in water, 
their roughness was ,~1.0 ~m. Some experiments  were 
also carried out with the la t ter  electrodes. All  e l ec -  
trodes were cleaned in  methanol  followed by drying 
at l l0~ prior to the measurement .  

Figure 1 shows a sketch diagram of the cell and type 
of electrodes used in  the study. The measurement  was 
made in a Teflon cell which has an ID of 12.3 cm and 
a height of 3.9 cm. The counterelectrode has the form 
e r a  cylindrical  cage that consists of a 6 cm diam r ing 
supported on four 4 cm long strips. 

The l eve l  of the meniscus edge at the metal  surface 
and the level of the l iquid surface in the cell were 
measured with a cathetometer with a +_ 0.001 cm sensi- 
tivity. To facilitate the measurement  of the l iquid sur-  
face level in  the cell the lat ter  was completely filled 
with the liquid unt i l  the liquid climbs forming a flat 
top. Before the measurement  was started the electrode 
was lowered into and raised from the l iquid several 
times to permit  the establ ishment  of equi l ibr ium be-  
tween the l iquid vapor and the adsorption layer  at the 
metal  surface. With both gold and mechanical ly po]- 
ished copper, the l iquid meniscus forms a well-defined 
straight and horizontal  edge with the metal  surface 
(which is diagnostic of a surface free of macroscopic 

2 

Fig. 1. Sketch diagram of cell and electrode. 1, Metal box; 
2, glass window; 3, glass needle; 4, counterelectrode; 5, test 
electrode; 6, Teflon cell. 

roughness or heterogeneity)  and consequent ly  its mea-  
surement  could be carried out without  much difficulty. 
In  the case of chemically treated copper, however, the  
metal surface was observed to be covered above the 
proper meniscus with a l iquid film which had prob-  
ably resulted from the high surface roughness which 
by its capillary forces retains the l iquid in the iso- 
lated depressions of the surface. The work with the 
lat ter  electrodes was therefore discontinued. 

For the s tudy of electric field dependence of the 
meniscus height, a high voltage power supply 
"LABTROL" provided by Universal  Votronics Corpo- 
rat ion was used. The voltage was increased in  steps of 
1 kV from 0 to the cathodic l imit  and from 0 to the 
anodic limit. Unless indicated otherwise, the voltage 
applied in each case ranged from 0 to + 8 kV. No mea-  
surements  were possible, however, at voltages higher 
than about 10-14 kV (depending on the l iquid and 
polari ty)  because of the start  of vibrat ions in  the l iq-  
uid meniscus. The equi l ibr ium advancing meniscus 
height at a fixed voltage was measured after each volt-  
age adjustment.  After a series of measurements  w a s  
completed between 0 and the cathodic or anodic limit, 
the voltage was reversed and a series of measurements  
for the receding meniscus height as a funct ion of the 
decrease in voltage was carried out. 

No at tempt was made to measure  the contact angle 
directly, but a technique used by Bascom et al. (17) 
was applied to determine whether  zero and nonzero 
contact angles in  the absence of the field remain  or 
not as such in the presence of the electric field. This in- 
volved the use of monochromatic illumination and the 
same cathetometer used to measure the meniscus 
height. As indicated by Bascom et al., a zero contact 
angle shows a diffuse wide zero-order fringe at the 
meniscus edge followed by narrow bands of higher 
order; a behavior that is not observed with a nonzero 
contact angle. This information was found to be useful 
in the discussion of the data as is demonstrated later. 

Results and Discussion 
In the absence of an external ly  applied voltage the 

meniscus height h at a part ial ly immersed vertical  
plate is related to the contact angle 8 by the exact 
equation 

sin e ---- 1 -- (pghe/27LV) [i] 

where p and 7LV are the liquid density and surface ten- 
sion and g the acceleration of gravity. Equation [i] is 
derived (18) for an infinitely wide plate but the re- 
quirement of infinite width is experimentally satisfied 
if t'he plate width is only about 2 cm (19). There is no 
exact equation analogous to Eq. [1] for a part ial ly 
immersed wire or rod but  it  has been exper imenta l ly  
demonstrated (20) that the meniscus height at a p a r -  
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Table I. Meniscus rise and contact angles for gold and copper in insulating liquids 

Advancing Receding Average con- 
meniscus meniscus tact angle 

Metal Liquid rise (cm) rise (cm) (degrees) 

Copper cylinder Dodecylbenzene 0.220, 0.223 0.224, 0.220 
Gold plate Dodecylbenzene 0.249, 0 251 0.249, 0.251 3"-.8 
Copper cylinder Decylbenzene (treated with 0.214, 0.211, 0.211 0.215, 0.212 -- 

Fuller's earth) 
Copper plate Decylbenzene (treated with 0.220 0.219 10.5 

FuUer's earth) 
Gold plate Deeylbenzene (normal grade) 0.268 1.2 
Cop,per plate Deeylbenzene (normal grade) 0.247, 0.246 0.248, 0.249 6.4 
Copper cylinder Voltesso 35 0.232, 0.234 0.231, 0.235 
Copper plate Voltesso 35 9.235, 0 241, 0.236 0.238, 0.242, 0.234 1~.5 
Gold plate Voltesso 35 0.250, 0.246, 0.249 0.238, 0238, 0.250 7.5 
Copper cylinder Polyd~methylsiloxane 0.186, 0.190 0.186, 0.193 
Golcl plate Polydimethylsiloxane 0.203, 0.208, 0.204 0.209, 0.206, 0.210 O- 

t ial ly immersed glass rod increases with the increase 
in the diameter of the rod unt i l  it asymptotically ap- 
proaches the meniscus height observed at a plate 2 
cm wide. The higher the surface tension of the liquid 
the larger will be the rod diameter  required to provide 
conditions approaching that  of a plate (20). But even 
with liquids with low surface tensions from 20 to 30 
dynes /cm the conditions of infinite width are not ap- 
proached unt i l  the rod diameter  is considerably larger 
than 2 cm. If the rod diameter  is only 2 cm the menis-  
cus height will be less by about 15% than  the corre- 
sponding meniscus height observed at a 2 cm wide 
plate. Consequently,  under  the present  exper imental  
conditions accurate value of e can be only obtained 
from h measured at a plate. 

Table I shows the meniscus height and correspond- 
ing contact angle data obtained with different systems 
in the absence of electric field. The contact angles are 
calculated by means of Eq. [1] from h values mea-  
sured at metal  plates. Both advancing and receding 
data are shown. With many  systems several measure-  
ments were made to test the reproducibil i ty.  Each set 
of measurements  has been obtained with one and the 
same metal  plate but  at different levels. The data are 
general ly reproducible and exh ib i t  very li t t le hystere-  
sis. Contact-angle magni tude  vary between zero and. 
16.5 ~ depending on the surface tension, of the liquid, 
its chemical composition, and probably on whether  or 
not the surface is covered with adsorbed, oxygen or 
other impuri t ies  left over from the polishing process. 
A discussion of the manne r  in  which these factors af- 
fect contact angles is given below. 

The contact angle between a solid and a l iquid is 
determined by the Young and Dupr6e equation (21) 

'YLV COS 8 ~- "YSV -- ')'SL [9.] 

where 7sv, 7SL, and 7LV are the me%al/vapor, metal/ 
liquid, and liquid/vapor interracial tensions, and 

"ysv = "ys - -  = [3 ]  

where 7s is the metal  surface tension in  vacuum and 
is the film pressure (22) of the adsorbed vapor film. 

The system will exhibit  a zero or nonzero contact 
angle depending on whether  7sv -- "YSL is --~ 7LV or 
< 7LV. A nonzero contact angle probably results from 
the presence at the metal  surface of a l iquid film 
which converts the high energy metal  surface into a 
low energy surface with a lower 7sv (23). In  the pres-  
ence of such film, a zero contact angle may be estab- 
lished only if the l iquid (such as polydimethylsi lox-  
ane) has a very low surface tension (23). On the other 
hand,  the effect of adsorbed films on the magni tude  of 
7sv and consequently on o will depend on the configura- 
t ion of the film (23). Zieman (23) has concluded from 
extensive studies that  the reduct ion in  ~'sv will be 
more if the iilm comprises unoranched long-chain  
close-packed molecules te rminat ing  with groups such 
as --CHs, --CF3, or - -CF2H than if the adsorbed mole- 
cules exhibit  cyclic or branched structures. The ad-  
sorption of molecules of aromatic rings wi th  aliphatic 

nonbranched side chains is probably responsible in  the 
case of Voltesso 35 and the alkylbenzenes for the non-  
zero contact angle. 

Adsorption layers of oxygen usual ly  exist on all  
metal surfaces except that  of gold. Such layers are 
known (24) to increase contact angles. This probably 
explains the larger e observed wi th  copper than  with 
gold. 

Smaller  contact angles are observed with the nor -  
mal-grade  decylbenzene than  with the same l iquid 
after t rea tment  with Ful ler 's  earth. The difference 
must  be due to the presence in the normal -grade  sam- 
ple of polar impurit ies which adsorb at the metal  
surface and decrease "YSL. 

The experimental  meniscus height vs. voltage curves 
for different insulat ing liquids are plotted in  solid 
heavy lines in Fig. 2-11. In  most cases there is l i t t le  
hysteresis between the advancing and receding menis-  
cus height. Figures 2-3 show the results with the vac- 
uum-dis t i l led  dodecylbenzene, Fig. 4 and 5 with Ful ler 's  
ear th- t rea ted  decylbenzene, and Fig. 6 for decylben- 
zene without the lat ter  t reatment .  Figures 2 and 4 are 
for the copper rod electrode and Fig. 3, 5, and 6 are 
for the gold and copper plate electrodes. Figure 7 is 
for Voltesso 35 with a copper rod and Fig. 8 and 9 are 
for the same l iquid with copper and gold plate elec- 
trodes, respectively. Figures 10 and 11 are for poly- 
dimethysi loxane with copper rod and gold plate, re-  
spectively. 
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32 f 
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2 0 r  = I ~ I J I I J I J I 
-42  - 8  -4 O 4 8 42 

Applied voltage / kV 

Fig. 2. Voltage dependence of meniscus height for dodecyl- 
benzene on a copper rod. Q ,  Experimental advancing curve and 
. . . . .  theoretical curve. 
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Fig. 3. Voltage dependence of meniscus height for electrical- 
grade dodecylbenzene on a gold plate. � 9  Experimental advanc- 
ing curve and - - -, theoretical curve. 
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~ig. 4. Voltage dependence of meniscus height for electrical- 
grade decylbenzene on a copper rod. O and A ,  Experimental 
advancing and receding curves and - - - ,  theoretical curve. 
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Fig. 7. Voltage dependence of meniscus height for Voltesso 35 
on a copper rod. C) and A ,  Experimental advancing and receding 
curves and - - -, theoretical curve. 
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Fig. 5. Voltage dependence of meniscus height for electrical- 
grade decylbenzene on a copper plate. C) and A ,  Experimental .24 
advancing and receding curves and - - -, theoretical curve. 
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Fig. 6. Voltage dependence of meniscus height for normal-grade 
decylbenzene on (a) gold plate and (b) copper plate. O and A ,  
Experimental advancing and receding curves and - - - ,  theoretical 
curve. 

Figures 2-11 show that in  the presence of electric 
field the meniscus height is a funct ion of the applied 
voltage, the chemical composition of the insulat ing 
liquid, and the polari ty of the field. With the a lky lben-  
zene the voltage dependence of h appears to be a func-  
tion. of the technique applied to pur i fy  the oil before 
use. A smaller  increase of h with voltage is observed 
with a dodecylbenzene sample treated with vacuum 
disti l lation than with a decylbenzene sample treated 
with Ful ler 's  earth. A greater increase is observed 
with a decylbenzene sample not t reated with Ful ler ' s  
eart~ than with one subjected to such treatment .  With 
the alkylbenzenes the increase in  h with the applied 
voltage is larger with the rod than with the plate 
electrode. With Voltesso 35 and polydimethyls i loxane 

t I I I t I r I I I I 

.20  L I I I f I I I I I I 

-12 -8 -4 0 +4 +8 +t2 
Apptied voltage / kV 

Fig. 8. Voltage dependence of meniscus height for Voltesso 35 
on a copper plate. Z~, Experimental receding curve and - - - ,  
theoretical curve. 
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Fig. 9. Volta.are dependence of meniscus height for Vohesso 35 
on a gold plate. G and A ,  Experimental advancing and receding 
curves and - - -, theoretical curve. 

h dependence on the voltage is slightly greater with 
the plate than with the rod. 

There is exper imental  evidence that  the change of 
meniscus height with the applied voltage is not ac- 
companied by any  significant change in the contact 
angle. The use of reflection microscopy and mono-  
chromatic i l luminat ion  has indicated that  the type of 
interference bands observed at the meniscus edge does 
not change with the electric field regardless of t h e  
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Fig. 10. Vol tage dependence of meniscus height for poly- 
dimethylsiloxane on a copper rod. Q and A ,  Experimental ad- 
vancing and receding curves and - - -, theoretical curve. 
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Fig. 11: Vol tage dependence of meniscus height for polydimethyl-  
silexane on a gold plate. �9 and A ,  Experimental advancing and 
receding curves and - - -, theoretical curve. 

init ial  value of contact angle in  the absence of the 
field. For example, with a copper plate in Voltesso 35, 
the contact angle is 10.5 ~ in the absence of the field 
and the meniscus edge appears as a dark line. In  the 
presence of the field such behavior does not change 
regardless of the increase in  meniscus height. A gold 
plate in polydimethylsi loxane gives a zero contact 
angle in the absence of the field and the meniscus edge 
in both absence and presence of the field shows a dif-  
fuse wide zero order f r inge followed by nar row bands 
of higher order. 

The voltage dependence of meniscus height in the 
case of Voltesso 35 was found to be influenced by the 
t ime of exposure to light. This effect is negligible for 
a series of experiments carried out wi thin  the first few 
days after a fresh sample was taken from the metal-  
storage tank but becomes significant in a few weeks' 
time. Light is known to accelerate the oxidation proc- 
ess of the oil. 

A l inear  variat ion of the current  with the applied 
voltage was indicated (5) in the case of Voltesso 35. A 
similar current-vol tage relationship was observed with 
the alkylbenzenes. 

For in terpret ing the experimental  curves of Fig. 
2-11, it is appropriate to consider first the electrical- 

force mechanisms previously (13-15) mentioned.  One  
may first assume that  the insula t ing liquid is a perfect 
dielectric free of any space-charge zones. An electric 
field applied parallel  to the l iquid surface in  the test 
cell will exhibit  a mechanical  stress directed normal ly  
to the l iquid surface of the meniscus. Acting to min i -  
mize the mechanical  potential  energy of the system, 
the dielectrophoretic forces of the l iquid will  raise the 
meniscus upward. At equi l ibr ium the vertical  com- 
ponent  of the ment ioned mechan ica l  force can be 
equated with the hydrostatic pressure due to the liquid 
head. The result  (15, 25) will  be 

e - - e  O 
hh -- - -  E 2 [4] 

2pg 

where ~h is the var iat ion in  meniscus height, E the  
field s t rength at the top of the meniscus, p the l iquid 
density, g the acceleration of gravity, and �9 and eo 
are the permitt ivit ies of the l iquid and the vapor. 
Theoretical plots for the variat ion of h with the volt-  
age are given in  dotted lines in Fig. 2-11. In  each case  
h at a given voltage is obtained by adding hh cal- 
culated by means of Eq. [4] to the exper imenta l ly  
measured h in the absence of the field. For a cylin-  
drically shaped rod electrode E is calculated from the  
voltage V by means of 

V 
E = - -  [G] 

a In b/a 

where a and b are the radii  of the rod and coaxial 
cylindrical  cage. For a rectangular ly  shaped (plate) 
electrode the field can be assumed to be ell iptically 
shaped and is therefore calculated from 

V 
E -- [6] 

flnc ~- d/~ 

where the plate  width is 2] and c and d are the semi- 
axes of the surrounding elliptically shaped outside 
electrode. For a cylindrically shaped outside electrode, 
the term c ~- d can be approximately obtained from 

e + d  
b ~ - -  [73 

2 

The theoretical curves shown in Fig. 2-11 are both 
parabolically shaped and polari ty independent .  At a 
given E value Ah at the plate is approximately 38% its 
corresponding value at the rod. An examinat ion  of 
all the data of Fig. 2-11 shows however considerable 
discrepancy between the exper imental  and theoretical 
curves. The most marked discrepancy is observed with 
polydimethylsi loxane with which the experimental  
curves are strongly polari ty dependent  and contrary to 
theoretical predictions Ah is slightly higher with the 
plate than with the rod. A far smaller discrepancy is 
observed with the alkylbenzenes,  where with both the 
vacuum-dis t i l led  dodecylbenzene and Ful ler ' s  ear th-  
treated decylbenzene, the exper imenta l  curves are 
parabolically shaped and, as predicted by theory, hh 
at a given voltage is greater with the rod than with 
the plate. However, normal -grade  decylbenzene shows 
more deviation from theory than electric-grade decyl- 
benzene. With Voltesso 35 the exper imental  curves 
are slightly asymmetric  but  as in  the case of polydi-  
methylsi loxane ~h is sl ightly greater  with the plate 
than with the rod. 

Pickard (8) reported a voltage dependence of 
meniscus height in  excess of that  expected on the 
basis of perfect-dielectric theory with a molybdenum 
wire cathode in acetone. This phenomenon was at-  
t r ibuted (13) to the formation of an ionic specie 
charge zone with an associated potential  drop near  the 
cathode. In  Pickard 's  view, the potent ial  drop occurs 
only near  the cathode because the ion responsible for 
its formation is a positively charged metal  ion elec- 
trochemically produced by the anode. Expressed more 
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quant i ta t ive ly ,  the  presence of space-charge  zone near  
the cathode means  a l a rge r  E than  tha t  p red ic ted  at  a 
given vol tage  by  Eq. [5] or  [6] and consequent ly  a 
l a rge r  Ah. A la rge r  E at the  ca thode reduces  E at the 
anode which leads to a smal le r  Ah at  the  l a t t e r  e lec-  
trode. The in te rp re ta t ion  provided  by  P icka rd  (13) 
m a y  wel l  be val id  for the mo lybdenum/ace tone  sys tem 
but  it  is doubtful  tha t  i t  can be genera l ized  for  o ther  
systems as well.  Firs t ,  the  e lec t rochemical  mechanism 
suggested for producing  the ions cannot expla in  
~imilar  phenomenon observed wi th  o ther  l iquids  
such as chloroform at the anode (7) or  as in the  pres -  
ent  work  wi th  Voltesso 35 at  both the  cathode and 
anode. Second, a space charge  zone produced  near  
the  cathode implies  that  e lectrons are  in jec ted  f rom 
the cathode but  the  l inear ly  shaped cur ren t -vo l t age  
curves observed in the presen t  w o r k  indicate  tha t  the 
conductance cur ren t  is st i l l  ohmic in na tu re  in the low 
field region (26). The  explana t ion  given by  P ickard  
also suffers f rom the lack of exper imen ta l  evidence 
tha t  meta l  ions do indeed exis t  in  the  insula t ing 
liquids. 

A more  genera l  mechanism based  on in ter fac ia l  
forces m a y  be used to expla in  the  d iscrepancy be tween  
the  expe r imen ta l  and theore t ica l  curves of the  p resen t  
work. This is based on the assumpt ion tha t  an elec-  
tr ic double  l aye r  p robab ly  exists be tween  the meta l  
surface and or iented l iquid dipoles. The magni tude  of 
dipole or ien ta t ion  depends  on the i r  dipole moment ,  
the magn i tude  and po la r i ty  of the  appl ied  voltage,  the  
na tu re  of the  solid substrate ,  and the s t rength  of the  
in te rmolecu la r  b inding forces in the  l iquid. The effect 
of po la r i ty  should be pa r t i cu l a r ly  impor tan t  wi th  
l iquids whose molecules  a re  na tu ra l ly  or ien ted  at  the  
phase boundary .  An  increase in the  appl ied  vol tage  
wil l  increase  the potent ia l  drop across the double  l aye r  
p rovided  tha t  the  po la r i ty  of the  field is favorable  for 
the na tu ra l  or ien ta t ion  of the  dipoles. This increase  
in potent ia l  difference wil l  be associated wi th  an in-  
crease in the charge  densi ty  at the  meta l  sur face  (as 
in the  case of an idea l ly  polar izable  e lectrode)  and an 
increase  in the  or ienta t ion  and polar iza t ion  of t h e  l iq-  
uid molecules in the  ne ighborhood of the l iquid side 
of the  double  layer .  The first effect causes a decrease 
in the  me t a l / l i qu id  in te r fac ia l  tension (as indica ted  
by  the L ippmann  equat ion)  and the second causes 
an increase  in the l iquid surface tension. The increase  
in "YLV resul ts  according to Eq. [1] in an increase  in h. 
An  increase  in "YLV alone should, according to Eq. [2], 
increase o, but  this does not  t ake  place because of the 
decrease in ~SL. 

The var ia t ion  in ~SL and ~LV wi th  the  appl ied  vol tage 
should not  depend on the geomet ry  of the e lect rode 
and were  it not for the condit ions of infinite wid th  r e -  
qui red by  Eq. [1], &h caused by  a change in "YLV would  
be equal  wi th  both the rod and plate.  However ,  as 
p rev ious ly  expla ined,  the  p la te  satisfies the  condit ions 
of infinite width  and the rod does not  and, therefore,  
the  same increase  in ~LV causes a smal ler  Ah wi th  the 
rod than  wi th  the plate.  

The s t ruc tura l  proper t ies  of po lyd imethy l s i loxane  
appear  to sat isfy the requ i rements  for the in ter fac ia l  
tension mechanism descr ibed above. Firs t ,  the  s i loxane 
bond includes an apprec iable  po la r  component  which 
is known  (27) to in terac t  wi th  other  surfaces by  
dipole or hydrogen  bonding. Second, the molecule  as 
a whole a t ta ins  a hel ical  conformat ion in which the  
s i loxane dipole  is in te rna l ly  compensated  by  another  
dipole  of opposite polar i ty .  The in te rmolecu la r  b ind-  
ing forces are, therefore,  pa r t i cu l a r ly  weak,  a fact 
which enhances the  affinity be tween  po lyd ime thy l -  
s i loxane molecules  and other  surfaces (27). This pa r -  
t icu lar  s t ructure,  however ,  p robab ly  resul ts  in s t rongly  
or iented molecules  even in the absence of the field. On 
the basis of the present  exper imen ta l  data, this na tu ra l  
or ienta t ion  is a ided by  the field d i r ec t ion  at the ca th-  
ode. A s te r ica l ly  h indered  reor ien ta t i an  process ap-  

pears,  however ,  to impede  the format ion  of a double  
l ayer  at the anode. 

In  the  case of a lkylbenzenes  the resul ts  indica te  tha t  
the  double l aye r  is formed by  polar  impur i t ies  r a the r  
than  by  any const i tuent  of the pure  l iquid. Voltesso 35 
has a ve ry  complex chemical  na tu re  and,  therefore,  
it  is difficult even to specula te  on the na tu re  of the  
species responsible  for es tabl ishing the double layer .  

A confirmation of the  ideas suggested above would  
requi re  some expe r imen ta l  knowledge  of the  po ten-  
t ia l  drop across the  me ta l / l i qu id  in ter face  and an in-  
dependent  s tudy of the field dependence  of the  l iquid  
surface tension. Unfor tunate ly ,  however ,  the  men-  
t ioned potent ia l  drop cannot  be measured  because 
reference electrodes convenient ly  used in e lec t ro-  
chemical  systems cannot  be used in ion- f ree  liquids. 
Wire  probes which a r e  occasional ly used in the  s tudy 
of the d is t r ibut ion  of charge  car r ie rs  in  insula t ing  
l iquids cannot be p laced wi th  sufficient p rox imi ty  f rom 
the e lec t rode  to detect  the potent ia l  drop in the in te r -  
facial  region. Informat ion  provided  by  these probes  
on charge d is t r ibut ion  in the bu lk  have been both 
qual i ta t ive  and subject  to cr i t ic ism (26). The resis-  
tivi~ty of the insula t ing l iquid also changes as a func-  
t ion of the field and, therefore,  the  or ig inal  res i s t iv i ty  
(in the absence of the field) cannot  be  used to calcu-  
late  IR drops in the presence of the  field. No definit ive 
conclusions are  avai lab le  ye t  from studies of field de-  
pendence  of l iquid surface tensions (25, 28-30). The 
exper imenta l  da ta  appear  to depend  on the  technique 
appl ied  p robab ly  because different  techniques measure  
different  parameters .  

Conclusions 
Contact  angles be tween  a sufficiently smooth solid 

meta l  surface and insula t ing  l iquids can be conven-  
ien t ly  and accura te ly  obta ined f rom the l iquid menis-  
cus rise measured  at  a pa r t i a l l y  immersed  p la te  in the  
liquid. Nonzero contact  angles most p robab ly  resul t  
f rom the presence at  the  meta l  surface of a l iquid film 
which conver ts  the  high energy meta l  surface into a 
low energy  surface wi th  a lower  7sv. The l iquid 
meniscus height  at a pa r t i a l l y  immersed  rod of a 
r e l a t ive ly  smal l  d iamete r  (,-~2 cm) is less than  the 
corresponding height  at  a plate,  2 cm wide, because 
the  rod does not  sat isfy the condit ions of infinite w id th  
requi red  by  Eq. [1]. 

Meniscus height  vs. vol tage  curves measured  wi th  
dodecylbenzene,  decylbenzene,  Voltesso 35, and po ly -  
d imethyls i loxane  show that  the  var ia t ion  of h wi th  
the vol tage  depends on the magni tude  of the  voltage,  
the polar i ty ,  and  the chemical  composit ion of the  
insula t ing liquid. The var ia i ion  of h wi th  the  vol tage 
is not accompanied by  any significant change in the  
contact  angle. The var ia t ion  of h wi th  the  vol tage is 
discussed in the  l ight  of an e lect r ica l  force mechanism 
and i t  is shown that  such a mechanism can sat isfac-  
tor i ly  expla in  only those resul ts  obta ined wi th  vac-  
uum-d i s t i l l ed  dodecylbenzene.  A mechanism based on 
the format ion  of a double  l ayer  be tween  the meta l  
surface and l iquid dipoles and associated var ia t ion  in 
7SL and 7LV is suggested to expla in  the discrepancies  
be tween  the exper imen ta l  resul ts  wi th  other  l iquids 
and theoret ical  predict ions  based on an e lec t r ica l - force  
mechanism. 
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Anodic Process Kinetics on the Passive Surfaces of 
Titanium, Nickel, and Titanium-Nickel Alloys 

E. N. Paleolog, A. Z. Fedotova, O. G. Derjagina, and N. D. Tomashov 
The Institute of Physical Chemistry, The USSR Academy of Sciences, Moscow, U.S.S.R. 

ABSTRACT 

The anodic oxidat ion kinet ics  and e lect rochemical  p roper t ies  of the p a s s i v e  
surfaces of Ti, Ni, and  Ti -Ni  a l loys (0�9 w /o )  in 1N Na~SO4 (pH 5.6 and 
10.6) solutions wi th  and wi thout  redox couples have been inves t iga ted  by  
electrochemical  methods.  Measurements  have  been made also on single crys-  
tals  of TiO2 (n - type )  and NiO (p - type )  wi th  known e lec t rophysica l  pa -  
rameters .  I t  was found that  the  passive surface of pu re  Ti and Ni electrodes 
having a th in -phase  oxide  film shows specific fea tures  of semiconductor  
electrodes.  The e lect rochemical  behavior  of passive meta l  e lectrodes depends 
on the potent ia l  d is t r ibut ion  at  the  passive me ta l / so lu t ion  interface.  The  ra te  
of anodic oxidat ion  of Ti-Ni  al loys is close to tha t  of pure  Ti. The solut ion 
ion oxidat ion  react ions are  g rea t ly  fac i l i ta ted  on the oxidized alloys as com- 
pa red  to Ti. To expla in  the resul ts  obta ined a specific model  of the  a l loy 
oxide layer  s t ructure  has been adopted.  

Today,  one m a y  consider  i t  to be a p roven  fact  tha t  
the  s ta r t ing  meta l  pass ivat ion stage is associated wi th  
the adsorbed  oxygen  monolayers  set t l ing on the 
surface and d ras t i ca l ly  reducing the ra te  of e lec t ro-  
chemical  meta l  dissolut ion (1-5).  The oxide  layers  
formed dur ing  fu r the r  passivation,  however,  produce  
a m a r k e d  effect on the  passive me ta l  surface p rope r -  
t ies and, in many  cases, de te rmine  the s tab i l i ty  of 
passive meta l  condition. 

The e lect rochemical  proper t ies  of phase -ox ide  layers  
formed dur ing  anodic pass ivat ion  have a big signifi- 
cance in developing  commercia l  processes for p roduc-  
ing contro l led  p rope r ty  surface oxide layers  and in 
developing  a l loy  composit ions for cathodic protec t ion  
or the  electrolysis  industry.  The l a t t e r  s t imula tes  
research  to establ ish anodic oxide layer  growth  laws 

Key words: anodic oxidation kinetics, oxide films, Ti-Ni alloys. 

and to study anodic oxide layer structure and prop- 
erties. Much attention has been focused on these 
problems at present with the major programs being 
deployed on iron, aluminum, titanium, and stainless 
steels (6-18). 

The present  work  studies by  e lect rochemical  me th -  
ods the  growth  kinetics of th in -phase  oxide  layers  
formed dur ing  anodic pass ivat ion of Ti, Ni, and Ti -Ni  
alloys, and also the  redox react ion kinetics on these 
electrodes defined by  the semiconductor  proper t ies  
of the passive surface�9 At  the same time, measure -  
ments  were  made  on single c rys ta l  compact  oxides, 
i.e., on TiO2 (ruti le,  n - t y p e  conductance,  n ~ 5.10IS 
cm -~) and NiO (p- type ,  p ---- 1.3.1020 cm-~) ,  wi th  
known e lec t rophysica l  parameters �9  The above oxides 
possess the  proper t ies  of semiconductor  electrodes and  
are  a model  to s imula te  the oxidized metals.  
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Experimental E,~" 
The measurements  were  made  on ro ta t ing  electrodes 

in  an  argon env i ronment  at  25 ~ • 0.1~ Systems /~,~. 
wi th  one-e lec t ron  transfer ,  i.e., Fe (CN) 64- /Fe  (CN) 68- 
and Fe2+ /Fe  ~+, were  used as a redox  system. The 
suppor t ing  solutions were  1N Na2SO4 wi th  pH values  
of 5.6 for Ti and 10.6 for  Ni. There  was no anodic 
dissolut ion of Ti or  Ni in these solutions. The elec-  
t rodes  were  anodica l ly  oxidized in the suppor t ing  4,~' 
solut ion at  a constant  potent ia l  for  60-150 min, then  
redox  substances were  added  to the solut ion and the 
e lec t rode  was immed ia t e ly  polar ized  in cathodic or  
anodic direct ions at  a potent ia l  sweep ra te  of 60 
V / m i n  (Ti) or  4.8 V /min  (Ni) .  The Fe (CN)84-  or  
Fe  2+ oxidiz ing cur ren t  on Ti e lec t rode  was assessed t ,5 '  
f rom anodic  E, i curves by  the difference of the  
ove r -a l l  anodic  cur ren t  (obta ined in a r educ ing-agen t  
solut ion)  and  the anodic cur ren t  on Ti in the  sup-  
por t ing  solution. 

The oxide l aye r  increments  were  es t imated  by  
coulometr ic  measurements  and depending on the oxide 
fo rmat ion  potent ia l  changed in the range  of 20-40A. 

Po ten t i a l  values  a re  cited in re la t ion  to the NHE. 

Results and  Discussion g,v 
Figures  1 and 2 i l lus t ra te  the potential ,  cu r ren t  

dens i ty  re la t ionship  for the  oxida t ion  react ion of 
Fe (CN)64-  and Fe 2+ on Ti and Ni pass iva ted  under  
different  potent ials .  -0, 5 

The above processes occur on these electrodes in a 
r ad ica l ly  different  way. They tend to be s t rongly  
inhib i ted  on the passive Ti e lect rode (the overvol tage  
of the  Fe (CN)64-  -> Fe (CN)6  ~-  react ion is grea t  
and  E, log i l ines have  unusua l ly  steep slopes) .  0 

The oxide  format ion  potent ia l  shif t  in the posi t ive 
di rect ion increases  the inhibi t ion  of the subsequent  
oxidiz ing reaction,  and the E, log i l ine slopes become 
steeper.  I t  should be noted tha t  the  E, log i c u r v e  
slope for one and the same oxide film p rac t i ca l ly  
does not depend on whe the r  Fe (CN)64-  or Fe  2+ 
is oxidized on the electrode.  No oxygen  is found to 
evolve on Ti up to ,-,3V. 

For  oxidized Ni, a t  the oxide l aye r  thickness  
approaching  that  of Ti, the  oxidizing anodic- reac t ion  

V 

0,5  �84 

2 

i 

2,0 

Fig. I. Anodic E, log ; plots in 1/~ Na2SO4 @ 0.05N KsFe(CN)8 
0.05N K4Fe(CN)6 for Ti oxidized at curve (1) 0.25V; curve (2) 

0.95V; curve (3) i.40V; and in curve (4) I N  Na2SO4 ~- 0.05N 
Fe2(SO4)~ -f- 0.05N FeSO4 at 0.95V. 
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| ! - -  

Fig. 2. Anodic E, log i plots in I N  Na2SO~ for curve (1) Ni oxi- 
dized at 0.50V; curve (2) for Pt; and in curve (3) 1N Na~SO4 
0.005N K3Fe(CN)6 ~- 0.005N K4Fe(CN)6 for Ni oxidized at 0.50V; 
curve (4) for Pt. 

2 

Fig. 3. Cathodic E, log i plots in 1N Na2SO4 
K~Fe(CN)6 d- 0.05N K~Fe(CN)e for Ti oxidized at curve 
curve (2) 0.95V; and in curve (3) 1N Na2SO4 -I- 0.005N 

0.005N K4Fe(CN)e for Ni oxidized at 0.30V; curve 
curve (5) 0.70V; curve (6) for Pt. 

///1' 

+ 0.05N 
(1) 0.25V; 

KsFe(CN)6 
(4) O.05V; 

ra te  ( the l a t t e r  inc luding oxygen  evolut ion)  is much 
greater ,  being close to tha t  on Pt, and does not de-  
pend on the oxide forming conditions. 

The other  re la t ionships  a re  observed for ca thodic-  
reducing  react ions (Fig. 3):  normal  E, log i curve 
slopes and thei r  independence  on the f i lm-forming 
potent ia l  for  Ti, and a marked  react ion inhibi t ion 
in the  potent ia l  range  of < 0.30V for Ni, showing 
the sooner, the less posi t ive is the  potent ia l  to form 
the film (19). 

The E, log i curves shown in Fig. 4 for compact  
oxides point  to the complete  qua l i ta t ive  s imi la r i ty  
of the e lectrochemical  behavior  of semiconductor  (TiO2 
and NiO) and passive meta l  e lectrodes wi th  a th in  
surface oxide layer .  

Basing our  considerat ion on the e lec t ron t ransfer  
theory  for e lec t rochemical  react ions on semiconductors  
(20), we can expla in  the special  fea tures  of r edox-  
process kinet ics  on single crys ta l  oxides,  and  p r i -  
mar i ly ,  abnorma l ly  steep E, log i curve slopes in a 
cer ta in  potent ia l  range  in terms of potent ia l  local -  
izat ion in the  solid phase, p rovided  the e lect ron ex-  
change takes place th rough  the conduct ion band for 
fu t i l e  I and va lent  band for NiO. 

This fact finds an exper imen ta l  proof  in capaci tance 
changes. F igure  5 shows tha t  the l inear  re la t ionship  
1/c 2, E indica t ing  the presence of a space-charge  
region in the semiconductor ,  is val id  in a broad  range  

1 An  ind i rec t  indicat ion of this  m e c h a n i s m  is the tendency  to 
i nc reased  t r a n s f e r  coefficient of f e r r o c y a n i d e  r educ t ion  reac t ion  
( f r o m  0.5 to 0.7) with  the rise of the TiO~-electrode polarization 

rate. 
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Fig. 4. Anodic and cathodic E, log i plots in curve (I.]') ]N 
Na2SO4 -I- 0.05N K3Fe(CN)6 ~ 0.05N K4Fe(CN)6 for TiO2; curve 
(2.2') in 1N Na2SO4 ~ 0.005N K3Fe(CN)6 ~ 0.005N K4Fe(CN)6 
for NiO; curve (3.3') for Pt; and curve (4) in 1N Na2SO4 for NiO; 
curve (5) for Pt. 
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Fig. 5. The dependence of C and 1/C 2 on potential in curves (1, 2) 
1N Na2SO4 for TiO2; curves (3, 4) and NiO, respectively. 

of posi t ive potent ia ls  for TiO2 and in the potent ia l  
range  f rom about  --0.35 to 0.30V for NiO, i.e., at  the 
very  potent ia ls  where  the redox react ions are  inhib i ted  
on these electrodes.  

Assuming the redox react ion mechanism for a pas -  
sive meta l  surface and corresponding compact  oxide 
to be the  same, the d is t r ibut ion  of the in ter rac ia l  
potent ia l  difference for the  passive t i t an ium elect rode 
was es t imated (20, 21) f rom the expe r imen ta l ly  ob-  
ta ined E, log i curves slope for  the  oxida t ion  react ion 
of Fe (CN)64-  (Table  I ) .  

We can see tha t  the potent ia l  drop par t  occurr ing 
in the oxide  l aye r  dur ing  anodic Ti polar iza t ion  is 
f a i r ly  la rge  and increases as Ef shifts in the posi t ive 
direction.  In  the range  of Fe (CN)6  a -  reducing po-  
tentials ,  the  main  potent ia l  drop is p robab ly  con- 
cent ra ted  in the Helmhol tz  layer .  These da ta  a re  
in agreement  wi th  the  resul ts  of s tudy  (22). The 
potent ia l  local izat ion in the  Helmhol tz  l aye r  for Ni 
occurs at  potent ia l  > 0.30u 

Toble I. Estimation of interfacial potential difference distribution 
for TiO2 and oxidized Ti 

Potent ia l  
drop part  in 

Oxide layer  oxide layer  
forming  condit ions  Qoxia. 1 - lOO 

Elec- Et t (mC/  ba " F ' !  " 
trode  pH (V) (min)  cm ~) (%) 

Ti  5.6 0.25 120 2.5 66 
Ti  5.6 0.95 120 5.1 86 
Tt 5.6 1.40 120 6.7 88 
TiOs 5.6 -- -- -- 90 

I t  is the different  charac te r  of potent ia l  d i s t r ibu-  
t ion tha t  expla ins  the  differences in e lectrochemical  
proper t ies  of oxidized Ti and Ni surfaces. 

To find out which  of two f ac to r s - - the  film thickness 
or  film na tu re - -de t e rmines ,  for ins tance for  T i ,  t h e  
f i lm/solut ion potent ia l  drop ratio,  t i t an ium was oxi-  
dized at  two different  potent ia ls  (0.25 and 0.95V) 
so as to main ta in  the amount  of e lect r ic i ty  spent  for 
the  surface oxida t ion  (equivalent  to film thickness)  
at  a close level  in both cases. The Fe (CN)04-  ox ida -  
t ion ra te  a t  these electrodes was found to be different  
and the anodic E, log i slope descr ib ing potent ia l  
local izat ion in the oxide l aye r  to be la rger  when 
the film was formed at  a more  posi t ive potent ia l  
(Fig. 6). Consequently,  i t  is the  oxide na tu re  which 
depends on the oxide fo rmat ion  potent ia l  tha t  in the  
given range  of film thicknesses p r i m a r i l y  controls  
the  e lect rochemical  proper t ies  of oxidized Ti. The 
more  posi t ive format ion  potent ia l  leads to a smal le r  
concentra t ion of oxygen  vacancies. Since these act 
as e lect ron donors, this, in turn, leads to a smal le r  
free e lect ron concentrat ion,  and hence, to a l a rge r  
potent ia l  drop  across the  oxide film. 

In  contras t  to Ti, the ma jo r i t y  charge  carr iers  in 
the  surface oxide on Ni a re  holes. Fo r  the film fo rma-  
t ion potent ia l  shif t  in the posi t ive direct ion (>0.30V) 
or  dur ing  anodic polar iza t ion  of electrode, the hole 
concentra t ion increases,  clue to the increase  in acceptor  
i m p u r i t y  (Ni 8+ ) concentra t ion in the film. The l a t t e r  
factor  decreases potent ia l  local izat ion in the oxide 
layer  and leads to the "meta l l iza t ion"  of the  passive 
nickel  surface in re la t ion  to the anodic oxidat ion  
of solution ions. 

Due to the different  charac te r  of potent ia l  d i s t r ibu-  
t ion for oxidized Ti and Ni electrodes,  i t  was of 
in teres t  to invest igate  the oxide growth  kinetics on 
these metals.  F igure  7 shows the change in the anodic 

~v 0.5 

~ Y  

~ 2  

2.(} 
i ! 5 § _ ~S~ ' ,,/.,~2 

Fig. 6. Anodic E, log i plots in 1N Na2SO4 -I- 0.05N K3Fe(CN)6 
0.05N K4Fe(CN)6 for Ti, Ef curve (1) 0.25V, Qoxid. 2.5 mC/cm2; 

curve (2) 0.95V, Qoxid. 3.1 mC/cm 2. 



VoL 135, No. g A N O D I C  P R O C E S S  K I N E T I C S  1413 

5§ 

- /  2 

, , , //e=-O,#8) 

; b ; ) ~ t  ,.~ 

~v 

f. 

20, 

r 

2,O 

2~ 

6 

5 

Fig. 8. Anodic polarization plots (A) and E, log i plots for 
the reaction of Os evolution (B) in 1N Na2S04 for oxidized 
(at 0.95V) titanium curve (1) and Ti-bo~ed alloys with various nickel 
concentrations (w/o): curve (2) 0.2; curve (3.3') 0.5; curve (4.4') 
1.0; curve (5.5') 5.0; curve (6.6') 11.0 and curve (7.7') 37.5. 

Fig. 7. A, The variation of T i /Ni  anodic oxidation current in 
1N Na2S04 with time: curve (1) Ti, Ef 0.25V; curve (2) 0.95V; curve 
(3) Ni, Ef 0.30V; curve (4) 0.70V; curve (5) 0.70V without agitation. 
B, 1/Qoxid. - -  log t plot in 1N Na2S04 for Ti Ef 0.95~V curve (2'). 

oxidat ion  cur ren t  of Ti and Ni surfaces in t ime under  
a constant  potent ia l  in double  logar i thmic  coordinates.  
The inverse  logar i thmic  oxide  film growth  law, 1/Qoxid 
---- A --  B log t, is val id  for Ti oxidized in the  given 
poten t ia l  range.  The  l a t t e r  is in agreement  wi th  the  
presence of e lectr ic  field in the  film and suggests the  
dominat ing  role of ion genera t ion  and migra t ion  in 
the  anodic surface oxida t ion  processes (23). The t ime 
effect of Ni oxida t ion  a t  film thicknesses approaching  
those of Ti depends on the oxide format ion  potential .  
At  Er -~ 0.30V, nickel  oxidizes according to the  log- 
a r i thmic  law. 2 For  the oxida t ion  at  more  posi t ive 
potent ia ls  the  logar i thmic  law is val id  only dur ing 
the first minutes  of anodic oxidat ion,  and then  is 
rep laced  by  the parabol ic  one, indicat ing the domina-  
t ion of f ree -par t i c les  diffusion in the  film dur ing  its 
growth,  since the  solut ion agi ta t ion  does not  produce 
any effect on the  oxida t ion  rate.  Oxygen  evolves on 
the Ni e lect rode in the potent ia l  range  >I.0V, and 
fu r the r  th ickening of the  oxide  film v i r tua l ly  stops. 

Summing  up the results,  i t  is possible to conclude 
tha t  the  main  difference in anodic behavior  of oxidized 
Ti and Ni is caused by  the difference in the  in terface  
potent ia l  drop dis tr ibut ion.  The ma in  potent ia l  drop 
for  Ti under  the  condit ions of developing anodic 
react ions  is concent ra ted  in the oxide layer ,  for 
oxidized Ni, in the Helmhol tz  layer .  These differences 
are  exp la ined  by  the different  na ture  of the ma jo r i t y  
car r ie rs  in the oxides formed and the change in the i r  
concentra t ion  when the oxide l aye r - fo rming  potent ia l  
is changed and, in some cases, too, in the  process of 
anodic e lect rode polarizat ion.  

I t  was in teres t ing  to find out how the proper t ies  of 
the  passive Ti e lectrode wil l  change when  it  is 
g r adua l l y  a l loyed wi th  Ni. To s tudy this quest ion 
represen t ing  also an independent  in teres t  (24-26), 
measurements  were  made  on the Ti -Ni  al loys conta in-  
ing different  amounts  of Ni changed f rom 0.2 to 37.5 
w /o  of Ni. The al loys were  tes ted as annea led  (600~ 
1 h r ) ,  and  had  a heterogeneous diphase s t ruc ture  
(a -5 Ti2Ni), excluding 37.5 Ni al loy corresponding 
to the  monophase  in te rmeta l l i c  compound Ti2Ni. The 
test  condit ions were  the  same. The potent ia l  sweep 
ra te  dur ing  polar iza t ion  measurements  on the  al loys 
was 4 V/min .  

We s u p p o s e  that  for  Ni (o r  Ti-Ni alloys) t he  inverse  logari th-  
mic  d e p e n d e n c e  in anodic  o x i d a t i o n  m a y  also be val id,  h u t  i t  w a s  
not; s p e c i a l l y  t e s t ed .  

Figure  8 shows the anodic polar iza t ion  curves  for 
Ti and the al loys af te r  film pre forming  at  0.95V in 
the suppor t ing  solution. In  contras t  to Ti, the  oxygen-  
evolut ion reac t ion  on Ti -Ni  al loys can develop at  
r a the r  significant rates,  depending on Ni concentra-  
tion. F o r  the  more  Ni content  in the a l loy (5.0, 11.0, 
and 37.5% Ni) the 02 evolut ion commences at  po ten-  
t ials  up to the secondary  surface oxida t ion  of the  
e lect rode and is r a the r  faci l i tated.  At  low Ni con- 
cent ra t ion  in the a l loy (0.2, 0.5, 1.0%), oxygen evolves 
s imul taneous ly  wi th  surface oxidat ion  and the H 2 0  
--> 02 reac t ion  is g rea t ly  inhib i ted  in time. The O2 
evolut ion s ta r t ing  potent ia l  depends on Ni concentra-  
t ion in the  a l loy  and shifts to the  less posi t ive values  
as Ni concentra t ion  increases. The  clearest  p ic ture  
of the  differences in the  oxygen evolut ion kinetics 
on different  al loys is obta ined  f rom the E, log i curves 
bui l t  f rom the ove r - a l l  anodic cur ren t  dens i ty /ox ide  
growth  cur ren t  densi ty  difference, assuming tha t  the 
oxide layer  g rowth  currents  are  the  same for the 
al loys and Ti. For  the Ti-0.SNi and Ti- l .0  Ni al loys 
E, the  log i curves slopes are  r a the r  s teep and become 
even s teeper  dur ing  polarizat ion.  

For  grea te r  n ickel  concentra t ion (5.0, 11.0, and 
37.5%) the slopes of E, log i curves are  much smaller ,  
however,  they, too, increase  wi th  the  a t t a inment  of 
the secondary  surface oxida t ion  potent ial .  

The resul ts  shown in Fig. 9 indicate  tha t  the 
Fe (CN)64-  oxidat ion,  not accompanied by  the oxide 
film growth,  is g rea t ly  faci l i ta ted as compared  to the 

~v 

Fig. 9. Anodic E, log i plots in 1N Na2S04 ~ 0.05N K~Fe(CN)6 
-5 0.05N K4Fe(CN)8 for oxidized (at 0.95V) Ti-based alloys 
containing Ni at: (1) 0.2; (2) 1.0; (3) 5.0; (4) 11.0; (5) 37.5%. 
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process of O2 evolution, e.g., on the T i - lN i  alloy 
(curve 4 Fig. 9). For the less Ni content in the alloy 
(Ti-0.2 and Ti-0.5 Ni),  this process facilitation covers 
only the potential  range up to the secondary electrode 
oxidation. The overvoltage of the ferrocyanide oxida- 
t ion reaction, in like manne r  to the overvoltage of 
the oxygen evolution process, depends on the Ni 
content  in  the alloy, having a tendency to diminish 
with the increased Ni concentration. 

Figure 10 shows anodic polarization curves for pure 
Ti and  alloys pr imar i ly  oxidized at Ef = 0.25V. The 
f i lm-forming potential  shift to the less positive values 
makes it possible to divide the potential  ranges cor- 
responding to the oxide growth and oxygen evolu- 
t ion processes (sections ab and cd, respectively),  thus 
providing addit ional  informat ion on the alloy surface 
oxidation kinetics. It  follows that  the secondary sur-  
face oxidation rate (Fig. 10, B) is not practically 
affected by the alloy composition. The dependence 
of the current  for surface oxidation on the potential  
for both pure Ti and the various alloys has the same 
slope and, in  fact, the curves v i r tua l ly  coincide. When 
plotted in double logarithmic coordinates the var ia-  
t ion of current  density with t ime (at a constant  poten- 
tial) gives a straight l ine with a slope close to --1. 
This indicates that  the anodic oxide growth on Ti-Ni  
alloys proceeds by a law similar to that  observed on 
pure Ti. Thus it follows that  the law and the rate of 
anodic oxidation of the Ti-Ni alloys are identical  
to the oxidation of pure Ti, whereas oxidation reac- 
tions of solution ions are greatly facilitated on the 
alloys. 

The s imilar i ty  between the surface oxidation kinetics 
for the alloys and pure t i t an ium suggests that  in both 
cases a large part  of the potential  drop occurs through 
the surface oxide film. 

In  order to explain the results obtained, an alloy 
oxide layer s t ructure  model has been adopted includ-  
ing a provision for considerable oxide film composition 
variat ion across the film thickness. In  agreement  with 
this model Fig. 11 sketches the hypothetical  changes 
in nickel content across the film thickness and inter-  
facial potential  drop distribution, depending on Ni 
concentrat ion in the alloy at the same oxide-forming 
potential. The oxide zones adjacent to the metal  
(dl, d2 . �9 .) are assumed to be enriched in Ni, with 
the amount  and penetra t ion depth of the enr ichment  
increasing with increasing Ni content in the alloy. 
At the f i lm/solution interface, the film zone (dl', de', 
�9 . .) is approaching TiO2 in composition, its thickness 
correspondingly diminishing with the increase in Ni 
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Fig. 10. A, Anodic polarization plots in 1N Na~SO~ for curve (1) 
preoxidized (at 0.25V) T]; and curve (2) Ti-Ni alloys containing Hi 
(%) 0.5; curve (3) 1.0; curve (4) 5.0; curve (5) 11.0; and curve (B) 
37.5. 
B, E', log i plots for Ti and Ti-(0.2-11.0%) Ni alloys curve(1'-5') 
and Ti-37.5 Ni curve (69. 
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Schematic presentation of Hi concentration variation 
film thickness and interfac|al potential difference 

distribution depending on Ni concentration in the alloy (at 
the same Ef). 

concentrat ion in the alloy. The film composition var ia-  
tions across the film thickness may have resulted 
from the predominant  Ti 4+ ion migrat ion as com- 
pared to that of Ni 2+ to the outer surface during 
oxide formation. The outer film part  composed of 
TiO2 and having a thickness changing depending 
on the alloy composition is an energy barr ier  and 
probably determines the electrochemical properties 
of Ti-Ni electrodes. The facili tation of solution ions 
oxidation can be caused, for the more alloyed com- 
positions, by both the increased potential  drop part  
in  the Helmholtz layer and the lowering of the outer 
barr ier  layer  thickness and corresponding increase in 
the probabil i ty  of electron tunne l ing  through the 
oxide layer (27, 28). The oxide growth rate on the 
surface is independent  of alloy composition since 
the electric field s t rength in the bar r ie r  film of varying 
thickness remains at a constant  value (potential  range 
up to the oxygen evolution is implied here) .  

Summing  up the results obtained, it is possible 
to conclude that the passive surface of pure Ti and 
Ni electrodes having a thin phase oxide film possesses 
the peculiarities of the semiconductor electrodes. The 
dual  electrochemical properties of the oxidized alloys 
are probably  determined by their  specific film struc-  
ture. 

S u m m a r y  
1. The anodic oxidation kinetics and electrochemical 

properties of passive surfaces of t i tanium, nickel, and 
t i t an ium/nicke l -based  alloys in sulfate solutions have 
been investigated. 

The anodic oxidation of solution ions are strongly 
inhibi ted for oxidized t i t an ium (at an oxide layer  
thickness of 30-50A). The kinetics parameters  of 
these reactions depend on the oxide layer - forming 
conditions. The kinetics of the oxidizing reactions 
for passive nickel does not practically differ from 
that  of p la t inum electrode. The main  potential  drop 
under  conditions of anodic polarization for Ti is con- 
centrated in the oxide film, and for oxidized nickel, 
in the Helmholtz layer. 

2. The rates of anodic oxidation of Ti-Ni alloys 
(0.2-37.5 w/o Ni) are identical to those of pure 
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t i tanium.  A significant difference is observed in r e l a -  
t ion to the  solut ion ion oxida t ion  react ions which are  
g rea t ly  faci l i ta ted on the oxidized alloys as compared  
to Ti. The resul ts  a re  in te rp re ted  using an assumption 
tha t  the oxide  film composi t ion on the a l loy changes 
across the  film thickness.  The oxide  zone adjoin ing 
meta l  is enr iched wi th  nickel,  and the zone border ing  
on solut ion approaches  TiO2 in its composit ion and 
represents  an energy  ba r r i e r  for the solution ion 
oxida t ion  reaction.  The reduct ion of the  thickness of 
the  outer  film pa r t  wi th  the  increase of Ni content  
in the  a l loy resul ts  in a faci l i ta ted anodic solut ion 
ion oxida t ion  on the Ti -Ni  al loys wi th  e levated nickel  
concentrat ion.  

Manuscr ip t  submi t ted  Aug. 29, 1977; rev ised  manu-  
scr ipt  received Feb.  15, 1978. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  June  1979 
JOURNAL. Al l  discussions for t he  June  1979 Discussion 
Section should  be submi t ted  by  Feb.  1, 1979. 
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EiectrochemicaI-Ellipsometric Studies of Oxide Film 
Formed on Nickel during Oxygen Evolution 
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ABSTRACT 

The time var ia t ion of current  densi ty at constant potentials for oxygen 
evolution on metals or alloys is one of the most difficult problems needing a 
solution in commercial water electrolyzers. The mechanism of this phenomenon 
on nickel electrodes was studied in 1N KOH using el l ipsometry to analyze the 
na ture  of anodic oxide films. Effects of electrochemical pre t rea tment  of oxide 
films on the kinetics of the oxygen evolution reaction were investigated. 
Nickel oxide films, formed potentiostatically at 1.5V, are more active than  
ur~treated nickel for this reaction. The t ime variat ion of current  density for 
oxgen evolution at constant  potentials (above 1.56V) is essentially due to the 
gradual conversion of Ni~+ to Ni 4+ ions in the oxide film on the surface of t h e  
electrode. The electrocatalytic activities of aged electrodes are regained by 
re juvenat ing  the electrodes at 1.5V. The re juvenat ion  of aged oxide films is 
essentially a t t r ibuted to the recovery of active sites on the very  top layers of 
the films, ra ther  than  the d iminut ion  of the film thickness. The higher the 
electrolyte temperature  the shorter the period of t ime required for ap-  
proaching a stable current  density. In  addition, with increasing temperature,  
there is a more significant improvement  of t'he electrocatalytic activity by re-  
juvena t ion  on aged electrodes. Tafel plots for oxygen evolution on nickel 
preanodized or re juvenated  at 1.5V exhibit  only one l inear  region with b ~ 40 
mV, while dual Tafel regions are observed on nickel prepolarized at 1.8 or 
2.0V: b ~ 40 mV at l o w ~  and b ~ 170 mV at high 0. In  comparison with 
the thickness of oxide films, the chemical ident i ty  of the very  top layers of 
oxide films plays a more significant role in de termining the kinetics of the 
oxygen evolut ion reaction. 

One of the s igni fcant  factors contr ibut ing to the 
performance degradation with t ime in water  electroly- 
sis cells is due to the increase of overpotential  for 
oxygen evolut ion with t ime at a constant current  
density, which occurs over a period of two years or 
even more. This phenomenon has been observed on 
p la t inum in the potential  range of 1.6-2.0V (1), on 
i r idium (2), and on nickel (3). The authors of the 
work on i r idium (2) and nickel (3) suggested that 
the decay of current  with t ime is ascribed to the con- 
t inuous growth of poorly conducting oxide films, which 
in re tu rn  retard the electron transfer.  Fur ther  con- 
firmation of this suggestion, based on the na ture  of the 
oxide film, is needed. 

According to thermodynamic  data (4), the insoluble 
oxygen-conta in ing species of the highest oxidation 
state of Ni, formed in the potential  region for oxygen 
evolution, is hydra ted  NiO2. Al though x - ray  crystal-  
lographic studies of nickel oxide films yield no direct 
evidence for the presence of NiO2 in the films (5), 
many  authors (6-9) have found oxides with ratios 
of O/Ni in the range of 1.7-1.9. Thus, fur ther  oxida- 
t ion of Ni beyond the oxidation n u m b e r  of ~-NiOOH 
(O/Ni : 1.5) is possible. The only direct evidence to 
demonstrate  the existence of Ni 4+ ions has been re-  
ported by Labat and Pacault  (10, 11), who investigated 
the al terat ion of the magnetic susceptibili ty of Ni (OH) 
subjected to electrochemical oxidation and reduction. 
It is general ly  accepted that, in the potential  region 
for oxygen evolution, a certain number  of Ni 3+ ions 
in  the ~-NiOOH lattice is fur ther  oxidized to Ni 4+ 
ions, thus, resul t ing in a nonstoichiometric oxide film 
essentially composed of Ni 8+, Ni 4+, OH- ,  and O 2- ions 
(9, 12). The ratio of Ni -3+ to Ni 4+ ions is strongly 
dependent  on the anodization potential  (9), Similar  
results have also been reported for Pt  anodes from 
ESCA measurements,  which show that the amount  of 
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PtO2 in oxide films increases with the polarization 
potential  (13). 

Oxide films on nickel in alkal ine solutions have 
been extensively studied using el l ipsometry (14-16), 
specular reflection spectroscopy (17), and x - r ay  pho- 
toelectron spectroscopy (18), only in the potential  
region for the formation and conversion of oxides. It 
is of interest  to examine the na ture  of nickel oxide 
films, formed at higher potentials in the oxygen evolu- 
tion region, using optical techniques. A possible ex- 
planat ion for the lack of such investigations is that  
at sufficiently high potentials, the vigorous generat ion 
of oxygen bubbles on an electrode surface may in ter -  
fere with the measurement  of optical parameters.  Re- 
cently, Vinnikov and co-workers (19) have proposed 
a method to carry out ellipsometric measurements  on 
oxide films formed in  the oxygen evolution reaction. 
In  this method, a p la t inum electrode was main ta ined  
in a potential  region for oxygen evolution (about 2.0- 
2.3V) for a desired period of time. E1]ipsometric 
measurements  were then  taken after decreasing the 
potential  to 1.6V, under  which conditions the rate of 
oxygen generat ion was low enough so as not to influ- 
ence optical readings. 

In  spite of the extensive studies of nickel oxide films 
(14-18), informat ion on the effect of the na ture  of the 
films on the kinetics of the oxygen evolution reaction 
from alkal ine solutions is relat ively sparse (12, 20). 
The present  paper deals with this subject as well as 
the mechanism of the current  decay for this reaction 
with t ime by an ellipsometric examinat ion of the 
na ture  of oxide films formed on Ni at various poten-  
tials in  the oxygen evolution region. Effects of elec- 
trochemical p re t rea tment  of oxide films on the elec- 
trode kinetics of this reaction are also elucidated. In  
addition, efforts are made to develop methods for re- 
act ivating oxide films for oxygen evolution on aged 
nickel electrodes. It was recent ly proposed (21) that  
the electrocatalytic activity for oxygen evolution on 
aged Ir electrodes can be regained by applying a 
cathodic potential  scan back to 0.25V and then re tu rn-  
ing to 1.50V. 

1416 
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Exper imenta l  
Electrode preparation.~The electrode was fabricated 

by  mount ing  a nickel rod of pur i ty  99.999% into a 
Teflon holder. Thus, only  a single face with a geometric 
area of ~0.33 cm 2 was exposed to the electrolyte. Prior  
to each measurement ,  the electrode was mechanical ly 
polished to a mir ror l ike  finish as described elsewhere 
(22). The oxide film on the electrode surface, arising 
from the polishing process, was removed with dilute 
HC1 solution. The electrode was then rinsed thoroughly 
with distilled water. Since oxide films on nickel elec--  
trodes are not removed by electroreduction (16, 17), 
the clean electrode surface could be obtained only 
by repolishing after each experiment.  A cylindrical  
electrode made of p la t inum gauze was employed as 
the counterelectrode. 

Electrolyte preparation and purification.--The 1N 
KOH solution was prepared from Baker analyzed re-  
agent grade potassium hydroxide and tr iply distilled 
water. The electrolyte was purified by anodic preelec- 
trolysis at a current  density of 2 mA/cm2 for at least 
24 hr. Before each experiment,  the electrolyte wi thin  
the cell (about 120 ml) was deaerated by bubbl ing  
purified nitrogen. 

Electrochemical measurements.--A cylindrical  cell, 
made by inser t ing a Teflon sleeve into a brass en-  
velop, was used to carry out the combined electro- 
chemical and ellipsometric study. The electrochemical 
measurements  were made using a PAR Model 173 
potentiostat. Electrode potentials were measured with 
respect to the Hg/HgO electrode with KO,H of the 
same concentrat ion as the measur ing solution. The 
potentials quoted in this paper are referred to the 
reversible hydrogen electrode (RHE) which is --926 
m V  vs. Hg/HgO electrode as determined in a pre-  
vious study (23). Tafel plots for oxygen evolution on 
various pretreated nickel electrodes were determined 
by use of the s teady-state  potentiostatic method. In  
general, cur rent  densi ty-potent ia l  measurements  were 
made in the direction of decreasing current  for the 
electrodes preanodized at 1.8 or 2.0V, and in the op- 
posite direction for those pretreated at 1.5V. In  all 
cases, the observed currents  were reasonably stable at 
potentials below 1.56V. At higher potentials, readings 
were taken after the varying  rate of current  density 
was less than 0.2%/rain. Ohmic overpotentials be- 
tween the working and reference electrodes were 
determined using an in te r rup tor  technique (24). 

Ellipsometric measurements.--In situ optical analy-  
sis of oxide films was conducted by use of a Rudolph 
Model RR20O0 automatic ellipsometer. The combined 
ellipsometric and reflectometric measurements,  as de- 
scribed in  detail in  the work of Gottesfeld and Sr ini -  
vasari (21), were made at an angle of incidence (r 
of 65 ~ using a monochromatic light of wavelength (~) 
5461A. The three-parameter  (i.e., 5, ~, and 5R/R) 
method of solution was employed to determine the 
thickness (dr) and optical constants (nf, kf) of oxide 
films. The optical readings of the bare surface were 
taken by main ta in ing  a freshly prepared electrode at 
--50 mV for about 5 min. The ellipsometric and re-  
flectometric measurements  on oxide films grown in 
the oxygen evolution region were conducted by step- 
ping the potent ial  to 1.5V and then passing a stream 
of purified ni t rogen gas over electrode surfaces to 
remove oxygen bubbles. A computer program, based 
on a system for function minimizat ion (25), was used 
for' the quant i ta t ive  analysis of optical data. The 
film thickness observed unde r  a fixed condition was 
ascertained by measur ing a separate set of optical data 
with a l ight source of wavelength 6328A. 

Results and  Discussion 
E~ects of electrochemical pretreatment on current 

density-time relations at canstant potentials.--The in-  
fluence of preanodizat ion of nickel electrodes at 1.5V 
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F|g. 1. Effect of preanodizution at 1.5V on the current density 
for oxygen evolution on nickel electrodes in 1N KOH at 23~ 

on the kinetics of the oxygen evolution reaction is 
shown in Fig. 1. On polarization at 1.8V, the ini t ial  
current  densities for oxygen evolution on preanodized 
electrodes are 4-5 times larger than  on the freshly 
prepared electrodes. (The current  density, recorded 
after the polarization of an electrode at 1.8V for 6 
rain, is referred to as the ini t ial  cur rent  density.) 
Similar  results have been reported in  the recent  work 
of Shumilova and co-workers (26), who found that  
thermal ly  oxidized nickel or cobalt oxide films are 
more active for oxygen evolution than  pure metals. 

Since oxide films on preanodized electrodes are 
thicker than on the freshly prepared one, it is ex- 
t remely unl ike ly  to correlate the considerable en-  
hancement  of init ial  current  densities arising from 
preanodizat ion (see Fig. 1) with film thickness. In -  
stead, as it has been shown for the oxygen evolution 
reaction on i r id ium oxides (21) and on ru then ium 
oxides (27), the improvement  of electrocatalytic ac- 
tivities for this reaction on preanodized nickel elec- 
trodes is apparent ly  associated with the formation of 
the "right type of oxide." In  the l i tera ture  (15, 17, 28), 
it has been reported that  preanodizat ion of nickel at 
1.5V yields oxide films essentially composed of 8- 
NiOOtt. On fur ther  oxidation at higher potentials, non-  
stoichiometric oxide films containing Ni ~+ and Ni 4+ 
ions are formed (6-9). The ratio of Ni 8+ to Ni 4+ ions in  
the films is dependent  on the potential  (9, 29) as 
well as the polarization t ime (29). Thus, the direct 
polarization of a freshly prepared nickel electrode at 
1.8V produces an oxide film enriched in Ni 4+ ions, 
which probably inhibi t  the oxygen evolution reaction, 
as discussed in a later  section. Therefore, in compari-  
son with the si tuat ion on the freshly prepared elec- 
trode, the significant increase of ini t ial  cur rent  densi- 
ties on preanodized electrodes is essentially a t t r ibuted 
to the presence of ~-NiOOH, which is the so-called 
"right type of oxide" to activate the oxygen evolution 
reaction. 

Fur ther  anodization of preoxidized nickel electrodes, 
by stepping the polarization potential  from 1.5 to 
1.8V, results in  the gradual  d iminut ion  of the concen- 
t rat ion of Ni 3+ ions in oxide films (9, 29). The current  
densities for oxygen evolution on these electrodes may 
thus be anticipated to decay with time, as supported 
by the exper imental  evidence shown in Fig. 1. Fu r -  
ther, an increase of preanodizat ion t ime at 1.5V causes 
an enhancement  of the film thickness, which in tu rn  
produces an increase of resistance for the electron 
transfer. Consequently, as seen from Fig. 1, the per-  
formance for oxygen evolution on nickel preanodized 
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for 20 hr  is poorer  than that  on the one preanodized 
for only 4 hr. 

Despite the method of pre t rea tment ,  the oxygen 
evolut ion react ion on various electrodes exhibits  ap- 
p rox imate ly  the same current  dens i t ies  af ter  20 hr  of 
polarizat ion at 1.8V (see Fig. 1). As i l lustrated in Fig. 
2, however,  the electrocatalyt ic activities of aged elec- 
trodes are r e juvena ted  by stepping the potent ial  back 
to 1.5V. Af ter  mainta in ing aged electrodes at 1.5V for 
2 hr, the initial current  densities for oxygen evolut ion 
at 1.8V increase 3-7 times, but  decrease wi th  t ime 
again. The extent  of improvement  in electrocatalyt ic  
activities of oxide films is s t rongly dependent  on the 
re juvenat ion  t ime as demonst ra ted  in Fig. 2. Re juve-  
nation of an electrode at 1.SV for 12 min  only doubles 
the initial current  density. However ,  increasing the 
re juvenat ion  t ime to 2 hr  results in an enhancement  
of about 7 times in the  current  density. Corresponding 
to the increase of re juvena t ion  t ime from 12 min  to 2 
hr, the period in which current  densities on r e juve -  
nated electrodes are h igher  than the in i t ia l  current  
densities, increases f rom 2.2 to 11.5 hr. 

Optica! analysis o~ occide d/ms . - -F igure  3 gives the 
var ia t ion of thickness (dD and optical constants (n~, 
kf) of oxide films wi th  the electrochemical  t r ea tment  
applied to a nickel  electrode. The complex  ref rac t ive  

^ 
index (nr) on the bare nickel surface is 2.47-3.05i. 
Preanodizat ion of the nickel  electrode at 1.5V for 4 
hr  yields an oxide film with  thickness of ~-lg0A and 
an absorption coefficient typical  for semiconductors 
(nf _ 1.42-0.15i). It has been reported that, at �9 ---- 
60 ~ and k ---- 6328A, #-NiOOH film exhibits  a complex 
re f rac t ive  index of 1.6-0.117i in 5N KOH (15) and of 
1.46-0.165i in 0.1M Ni(NO3)2 (30). F rom the observed 
optical constants in the present  work, one confirms 
that  the oxide film formed on nickel preanodized at 
1.5V is #-NiOOH. The species #-NiOOH is a reason- 
ably good electron conductor (20). 

When this preanodized electrode is fur ther  oxidized 
at 1.8V for 20 hr, the film thickness increases to 

^ 
~690A wi th  its n~ value ~ al ter ing to 1.36-0.063i and the 

2 By use of the three parameter method of solution, no difficulty 
^ 

w a s  e n c o u n t e r e d  in d e t e r m i n i n g  n f  v a l u e  f o r  a m i x e d  o x i d e  f i l m  
containing Ni~+ and Ni 4+ ions from the measured optical param- 
eters. 

FRESHLY POLISHED Ni, PERIOD IN WHICH THE PER" I 
8 0 -  1"8V' IN KOH' 23 ~ FORMANCE IMPROVED --I 

(COMPARED WITH INITIAL | 
REJUVENATION PERFORM ANCE_~AT O. I h r ) . ]  

ELECTRODE TIME, hr 
70 A 0.2 2.2 hrs / 

~Eo B 0.5 8.8 hrs ] 
�9 60 C 2.0 11.5 hrs 

E 
50 REJUVENATION AT 1.5V --~ 

_F- 

4 0  
E3 

c L,J 30 Q: 

B 
o 20 A 

I 
I I t I I I I I I 
4 8 12 16 20 24 28 32 36 40 

POLARIZATION TIME, hr 

Fig. 2. Ti le dependence of tile extent of improvement in the 

electrocatalytic activity of oxide films for oxygen evaluation on 
the rejuvenation time. 

current  density decreases f rom initial 79 to 13.3 m A /  
cm 2 (see Fig. 1). Fur the r  polarization of the preano-  
dized nickel electrode results in the t ransformat ion of 
Ni ~+ ions in the #-NiOOH latt ice to Ni 4+ ions (9, 12, 
28). As has been pointed out by Vijh (31), the ap- 
p rox imate  relat ionship be tween  the electronic conduc- 
t iv i ty  (~) and heat  of format ion per  equivalent  (AHe) 
of intrinsic b inary  semiconductors may  be represented 
by the equat ion 

---- ~o exp ( - -AHe/kT)  [1] 

where  k is Bol tzmann's  constant, T is the absolute 
temperature ,  and Vo is the l imit ing electronic conduc- 
t iv i ty  as T approaches zero. Apparent ly,  Ni 4+ oxide 
has a la rger  ~He va lue  than  the Ni 3 + oxide. Hence, the 
conversion of Ni 3+ to Ni 4+ ions may  induce a decrease 
in the electronic conduct ivi ty  of the oxide film and 
thus results in a considerable change in the k~ value 
of this film, as observed in the present  work. 

Af te r  polarizat ion at 1.SV, the electrocatalyt ic act iv-  
i ty of the aged electrode is r e juvena ted  by stepping 
its potent ial  back t o  1.SV. 8 As shown in Fig. 4, el l ip-  
sometric and reflectometric parameters  remain  ap- 
p rox imate ly  constant during the rejuvenat ion.  Af te r  
2 hr  of re juvena t ion  at 1.5V, the thickness of oxide 

^ 
film decreases sl ightly to ~680A, having nf = 1.36- 
0.065i. Apparent ly,  the re juvenat ion  process causes no 
significant change in the thickness and optical con- 
stants of the oxide film. Subsequently,  an increase 
of the potent ial  of this re juvena ted  electrode to 1.8V 
results in an enhancement  of only ,,,15A in the film 
thickness in the first 20 hr. However ,  the current  den-  
sity for oxygen evolut ion at this potential  diminishes 
remarkab ly  f rom init ial  41 to 6 m A / c m  2 in the same 
period of time. 

Influence o~ e~ectrochemical treatment on Ta~e~ pa- 
rameters.--Tafel plots for oxygen evolution on various 
pre t rea ted  nickel electrodes are shown in Fig. 5. On 
electrodes which are preanodized at 1.8 or 2.0V, it 
always takes 1-2 hr  to obtain a single current  density 
with vary ing  rate  less than 0.2% per  minute,  par t icu-  
lar ly  in the transi t ion region between 1.56 and 1.7V. 
Above the potent ial  1.56V, Tafel  plots for oxygen  evo-  
lution on nickel  electrodes preanodized or re juvena ted  
at 1.5V deviate f rom l inear  regions. For  the oxygen 
evolut ion react ion on i r id ium in acid solution, a sharp 
break in the Tafel  plot  has been observed at 1.57V 
(2). Kinetics parameters  for this reaction, as well  as 
the thickness of oxide films, on various pre t rea ted  
nickel  electrodes are summarized in Table I. 

Tafel  plots for the anodic evolut ion of oxygen on 
the electrodes preanodized or re juvena ted  at 1.5V ex-  
hibit  only one l inear region with b ~ 40 mV, while  
dual  Tafel  regions are observed on those preanodized 
at 1.8 or 2.0V: b ~ 40 mV at low ~ and b ~ 170 mV 
at h igh ~l (b and ~ represent  the Tafel  slope and oxygen 
overpotential ,  respect ively) .  F rom optical analyses, 
the preanodizat ion of nickel  at 1.8 or 2.0V yields 
oxide films with  low kr ( ~  0.06) values and thus 
poorer electronic conductivity.  The films, in turn, lead 
to ba r r i e r - l aye r  effects (32) on the react ion kinetics, 

It may be more efficient to rejuvenate an aged electrode at 
less anodie potentials. However, it is found that the thickness of 
oxide films, grown at potentials above 1.56V, is greatly decreased 
when the potential is subsequently lowered below 1.35V, as shown 
by the significant reduction in the alteration of eUipsometric and 
r~eflectometric parameters with respect to the bare nickel surface. 
Also the conversion of Ni 8+ to NP ions takes place below this po- 
tential (17). To eliminate the complications arising from these 
factors in the optical analysis of oxide films formed in the oxy- 
gen evolution region, the aged electrode is rejuvenated only at 
I.SV. 

Fig. 3. Variation of the thick- 
ness (df), refractive index (nf) 
and absorption coefficient (kf) 
of oxide film with anodization 
potential in 1N KOH at 23~ 
(~ = 65 ~ and ~. = 5461A). 

nm=2.47 I^=,PRE;,~n,=I.42 I o2t 1o,=l.36 I I, I,,R~A-T,~In' =L36 
~:~.o~ I . . . . . . . . . .  ] ~ , - o . , ~  ] I ~'-~176 I . . . . . . . . .  " l ' ~ 1 7 6 1 7 6  

o2t 

i:6.0 mA/cm 2 
df = 695/~ 
nf= 1.362 
Kf :0,066 



VoL 125, No. 9 

-13.C 

- - r2 .5  

OXIDE FILM FORMED ON N I C K E L  

N i , l N  KOH,23~ REJUVENATION AT 1.5V AFTER POLARIZED AT I.SV FOR2Ohrs 

-12. 
-1.45 F 

-15 r -14 ~ 
re" -12 

- - I I  
.< - s ~  

- 2 0  I0 20 30  40  50 6 0  70 80 ' i ' I00 I 0 120 910 

REJUVENATION T I M E ,  min 

1419 

Fig. 4. Variation of ellipso- 
metric (~A, ~ )  and reflecta- 
metric parameters [(SR/R)p, 
(SR/R)s] with the rejuvenation 
time. 

2.0 

1.9 

I ' I 
NltIN KOH,23~ (IR DROP CORRECTED} 

-6 
>- 1.7 

7- 

1.6 

1.4 
.001 

--o-- PRE-ANODIZATION AT I.SV, 2hrs. 
--,-- PRE-ANODIZATION AT I,SV, 24hm, 
- - , " , - -  PRE-ANODIZATION AT2,0V, 6 hrs. 
--I-- REJUVENATION AT 1,5",/, ~ hrs. 

~/ / ' /  
S . /  

o/ ./  ~: I,B 

1.5 

/ 

I 
,01 I 0,I I O I0 

CURRENT DENSITY, mA crn -2 

IOC 

Fig. 5. Tafel plots for the 
oxygen evolution reaction on var- 
ious pretreated nickel electrodes 
in 1N KOH at 23~ 

as fur ther  supported by the unusua l ly  high Tafel 
slopes of ~170 mV observed at high 0. 

In  comparison with the case of pre t reat ing nickel 
electrodes at 1.8V, preanodizat ion of an electrode at a 
higher potential  (e.g., 2.0V) simply shifts the Tafel re-  
gion at high ~l to a lower current  density range in a 
paral lel  direction (see Fig. 5). Because the ratio of 
Ni z+ to Ni 4+ ions in  oxide films is dependent  on the 
polarization potential  (9, 29), the decrease in current  
density for oxygen evolution at high ~] can be a t t r ibuted 
to the d iminut ion  of the concentrat ion of Ni ~+ ions 
in the films. Preanodizat ion at 2.0V produces an oxide 

film of thickness ~I400A, 4 which is much thicker than 
those formed on the electrode preanodized at 1.8V, 
being ~620A in thickness. At potentials below 1.56V, 
however, Tafel plots for oxygen evolution on all the 
preanodized electrodes are in fair agreement with one 
another, in spite of the considerable difference in the 
electrode pretreatment. 

As seen from Fig. 5, the Tafel plot for oxygen 
evolution on the re juvenated  electrode substant ia l ly  
coincides with that on the electrode preanodized at 

A c t u a l l y ,  t h e  e l e c t r o d e  w a s  f i r s t  p r e a n o d i z e d  a t  1.8V f o r  72 h r  
a n d  t h e n  a t  2.0V f o r  6 h r .  

Table I. Kinetic parameters for oxygen evolution on pretreated nickel electrodes 

T a f e l  s l o p e ,  b ( m Y )  E x c h a n g e  c .d. ,  io ( A / c m  2) 
P r e t r e a t m e n t  d~, ( A )  H i g h  ~ L o w  ~ H i g h  w L o w  

1. P r e a n o d i z a t i o n  a t  1.SV, 2 h r  
2. P r e a n o d i z a t i o n  a t  1.8V, 24 h r  
3. P r e a n o d i z a t i o n  a t  2.0V, 6 h r  
4. R e j u v e n a t i o n  a t  1.5V, 2 h r  

~230  - -  39 - -  3.8 • 10 - ~  
~ 6 2 0  170 4.2 x IO-Q 43 1.1 x 10 -~  

~ 1 4 0 0  167  40  6 .2  x 10 -7 2.2 x 10 - ~  
~ 6 2 0  - -  38  - -  I . i  x 10 -~ 
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1.5V. It is clear that  the re juvenat ion  of an aged 
electrode causes the reappearance of the so-called 
"right type of oxide" in the film. Further ,  the film 
thickness on the re juvenated  electrode is much larger 
than that on the preanodized electrode (see Table I).  
However, the oxygen evolution reaction exhibits ap- 
proximately  equal Tafel slope and exchange current  
density on the two electrodes. These observations imply 
that the chemical na ture  of oxide films plays a more 
important  role than the film thickness in the deter-  
minat ion  of the kinetic parameters  for this reaction. 

By in tent ional ly  extending the re juvenat ion  t ime to 
12 hr, the influence of re juvena t ion  on Tafel plots for 
oxygen evolution on a nickel electrode is shown in 
Fig. 6. After  preanodizat ion of a freshly prepared 
nickel electrode at 1.8V for 4 hr, a Tafel plot for the 
anodic evolution of oxygen was determined. This aged 
electrode was then re juvenated  at 1.5V for 12 hr. Sub-  
sequently, the re juvenated  electrode was polarized at 
1.8V for 20 hr, and a second Tafel plot for oxygen 
evolution was finally determined.  The re juvenat ion  of 
a preanodized electrode results in the remarkable  shift 
of the TafeI plot at high .~ to a higher current  density 
range, in spite of the fact that the preanodization t ime 
has been increased from 4 to 20 hr. At potentials be- 
low 1.56V, however, the two Tafel plots are in ex- 
cellent accordance with each other. 

EJJects of temperature on the rate of current decay. 
- - T h e  rate of the conversion of Ni a+ to Ni 4+ ions in 

2.0 l I I I l i l l  I I I l l l l l l  I I I l l l l l l  I ] I I I I I I I  I I I I I I [ I I  

j Ni, INKOH,25~ 
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PRE-ANODIZ ED AT 1.8V, 4 hrs. #/  
i ~  1.8 - --~-REJUVENATED (E=l.5V, 12hrs) , /  ~ - 

rr ELECTRODE, PRE-ANODIZED _/- .p/ 

~  ~ ! _ �9 , �9 

L D O ' )  

,,mt- 
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b . I  
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Fig. 6. Effect of rejuvenation (at 1.SV) on Tafel plots for the 
oxygen evolution reaction on a nickel electrode which is pre- 
anodized at i.8V. 

oxide films increases with increasing temperature.  In 
general, higher oxides such as NiO2 are less stable at 
higher temperature.  Thus, if the t ime variat ion of 
currents  under  constant  potential  conditions is real ly 
asso,~iated with the fur ther  oxidation of Ni ~+ ions. one 
is able to confirm this by invest igat ing the variat ion 
of the rate of current  decay with temperature.  

The ini t ial  current  density varies significantly with 
the electrolyte temperature.  With a view of compar-  
ing the rate of current  decay at various temperatures,  
the ratios of the current  density to its init ial  value 
rather  than  the apparent  current  densities, are plotted 
as a funct ion of t ime in Fig. 7. The higher the elec- 
trolyte temperature,  the shorter the period of t ime 
required for approaching a stable current.  Also, the 
t ime variat ion of current  density becomes a less serious 
problem at higher temperatures.  For instance, after 
the polarization of preanodized electrodes at 1.8V for 
20 hr, the current  density diminishes to ~1 /6  of its 
init ial  value at 23~ Under  the same conditions, how- 
ever, the current  density drops only about 50% at 80~ 
After the re juvenat ion  of an aged electrode at 1.5V for 
2 hr, the current  densi ty for oxygen evolution on this 
electrode at 1.8V regains 100% of its ini t ial  value at 
80~ but  only 64% at 23~ From these observations, 
it is obvious that the t ime variat ion of current  for 
oxygen evolution is closely correlated with the chemi- 
cal conversion of Ni a+ to Ni 4+ ions. 

Mechanism of current decay.--As has been confirmed 
in the present  work, the preanodizat ion of a nickel 
electrode at 1.5V yields ~-NiOOH film, which is the 
"right type of oxide" providing active sites, i.e., Ni ~+ 
ions, for the oxygen evolution reaction. On fur ther  
anodization of this electrode at potentials above 1.56V, 
it is assumed that  same Ni 8+ ions are converted to 
Ni 4 + ions by an equat ion of the form 

.~-NiOOI-I(latt) 4- OI-I- --> NiO2(latt) + I-I20 --{- e-(latt) [2] 

where the formation of lattice, ra ther  than in te rme-  
diate, Ni 4+ ions takes place in the bu lk  as well as on 
the surface layers of oxide films. 

The oxygen evolution reaction occurs only at the 
surface of the films. For this reaction on nickel in 
alkal ine solutions, the general ly  accepted mechanism 
(20), modified from the one suggested by Krasi l ' sh-  
chikov (33), involves the following steps 

OH-(ads) ~ OH(ads) ~ e-(latt) [3] 

OH(ads) -~- O H -  ~ O-(ads) + H~O [4] 

Ni IN KOH, 1.8V 

R =C_~D AFTER POLARIZATION FOR ~ HRS 
C.D~ AFTER POLARIZATION ~-R OII ~ "  

Fig. 7. Effect of temperature 
on the rate of current decay for 
the oxygen evolution reaction on 
preanodized and rejuvenated 
nickel electrodes. 
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2~-NiOOH(surf) + O-(ads) ~ 2NiO2(surf) 

-}- H20 + e-(iatt) [5] 

2NiO2(surf) -kH20 ~ 2;~-NiOOt-I(surf) + O ( a a s )  [6] 

O(~d~ + O~a~ ~ 02 [7] 

Despite the pre t rea tment  on each electrode, the ob- 
served Tale1 slopes of 2RT/3F (i.e., ~40 mV, see Table 
I) at potentials below 1.56V support that Eq. [5] is 
the ra te -de te rmin ing  step for oxygen evolution on 
nickel at low ~. It  is noted that  NiO2 formed via Eq. 
[5] is an in termediate  species on the film surface only. 
According to thermodynamic  data (4), the fur ther  
anodization of Nio2 to form insoluble solid species on 
the electrode surface is not possible. When an active 
species, i.e., Ni ~+ ion, on the film surface is anodized 
to Ni 4+ ion, an in termediate  step, s imilar  to Eq. [5] 
cannot take place on the lat ter  site and all the follow- 
ing steps in  the over-al l  reaction for oxygen evolution 
may be completely inhibited. Thus, NiO2, which is an 
in termediate  in  the oxygen evolution reaction, cannot 
funct ion as an electroeatalyst for the over-al l  reac- 
tion. Therefore, the generat ion of each lattice Ni 4+ 
ion on the film surface creates an iner t  site for oxygen 
evolution. On the other hand, the formation of lattice 
Ni 4 + ions in the bu lk  of the oxide film, ini t ia l ly com- 
posed of ~-NiOOH, results in a remarkable  decrease 
in the electronic conductivity of the film itself as in-  
dicated by  the significant drop of its absorption coeffi- 
cient from 0.15 to 0.063 (see Fig. 3). 

Figure 8 i l lustrates a possible mechanism for the loss 
and regain of electrocatalytic activities on oxide films. 
On fur ther  oxidation of one Ni 3+ ion via Eq. [2], one 
proton migrates across the oxide-electrolyte interface 
accompanied by an electron t ransfer  through the 
oxide-metal  interface. The extent  of the loss of elec- 
trocatalytic activity is dependent  o n  the amount  of 
protons ejected from the film into the electrolyte. 
Therefore, on polarization of pretreated nickel elec- 
trodes at 1.8V, the current  decay with t ime is pre-  
sumably  a t t r ibuted to the slow migrat ion of protons 
from the oxide film into the electr61yte. In  other 
words, the t ime variat ion of current  density is essen- 
t ial ly due to the gradual  conversion of I~i 3+ to Ni 4+ 
ions in  the bu lk  or on the surface of oxide films. 

Possible reason for the rejuvenation of electrocata- 
lytic act ivi ty . --As shown in Fig. 2, the current  densi-  
ties for oxygen evolution on nickel are considerably 
increased after re juvena t ion  of aged electrodes at 1.5V 
for different periods of time. The significant enhance-  
ment  in  current  density, arising from the rejuvenat ion,  
is possibly ascribed to (i) the decrease of thickness of 
oxide films, and thus the d iminut ion  of resistance for 
the electron transfer;  (it) the al terat ion of microstruc-  
ture  of film surfaces, or more specifically, the increase 
of real surface area of oxide films; and (iii) the elec- 
trochemical reduct ion of Ni 4+ to Ni ~+ ion in oxide 
films. 

During rejuvenat ion,  the observed ellipsometric pa-  
rameters  are practically independent  of t ime as shown 

in  Fig. 4. After  2 hr of re juvenat ion,  the thickness of 
oxide film decreases slightly from ~690 to ~680A 
(see  Fig. 3). Fur thermore,  repolarization of this re- 
juvenated  electrode at 1.SV for 20 hr  results in a sig- 
nificant current  decay, i.e., from init ial  41 to 6 m A /  
cm 2, but  only a slight increase of ,-,15A in the film 
thickness. Thus factor (i) hard ly  influences the current  
density for oxygen evolution at the potential  of 1.8V. 

The ellipsometric parameters,  /, and ~, are sensitive 
to the variat ion of surface roughness of specimens (34). 
On re juvenat ion  of an aged electrode at 1.5V, these 
parameters  remain  substant ia l ly  constant  with time, 
as demonstrated in Fig. 4. Roughening of an oxide film 
causes an increase of real surface area and conse- 
quent ly  results in a remarkable  shift of Tafel plots 
for oxygen evolution on a re juvenated  electrode to a 
higher current  density region. As shown in Fig. 6, 
however, in tent ional  extension of the re juvenat ion  
t ime to 12 hr  causes no detectable shift of Tafel plots 
at low ,1. These observations strongly support  that 
factor (it) is unl ike ly  to be the reason for the con- 
siderable enhancement  of current  density caused by  
the rejuvenat ion.  

After  the e l iminat ion of factors (i) and (it) by the 
stated exper imental  evidence, chemical t ransforma-  
tion of Ni 4+ to Ni 3+ ions, i.e., factor (iii), 5 is the only 
possible reason for the increase of current  density on 
re juvenated  electrodes. This t ransformat ion could in-  
duce two effects: (i) enhancement  of active sites for 
oxygen evolution on the film surface; and (it) increase 
of the electronic conductivi ty of the oxide film. 

As demonstrated in  Fig. 8, the electroreduction of 
Ni 4+ to Ni 3+ ions involves the migrat ion of protons 
from the oxide-electrolyte interface onto the film 
surface and /or  into the bulk  of the film. Thus, at a 
constant  potential, tempera ture  and re juvenat ion  t ime 
are the essential factors controll ing the extent  of the 
electroreduction. Although the oxide film on the re- 
juvenated  electrode exhibits no remarkable  change in  
optical properties compared to that on the aged elec- 
trode (Fig. 3), the extent  of improvement  in  the ini t ial  
cur ren t  density is strongly dependent  on the length of 
re juvenat ion  t ime as well as on the tempera ture  (see 
Fig. 2 and 7). Therefore, the electroreduction reaction 
does occur dur ing re juvena t ion  in spite of the fact 
that  no str iking al terat ion of optical constants is de- 
tected. This peculiar phenomenon  is elucidated below. 

When an aged electrode is re juvenated  at such a 
high anodic potential  (e.g., 1.5V), it seems reasonable 
to assume that protons cannot migrate  deeply through 
the oxide film because of the lack of sufficient field 

5 T h e r e  is poss ib ly  a n  a l t e r n a t i v e  e x p l a n a t i o n  t h a t ,  d u r i n g  re-  
j u v e n a t i o n ,  t he  l a ck  of  c h a n g e  in  op t i ca l  p a r a m e t e r s  is d u e  to  a 
c o m p e n s a t i n g  c h a n g e  in  i n c r e a s e d  s u r f a c e  r o u g h n e s s  f o r  a de- 
c r e a s e  in  fi lm t h i c k n e s s .  In  t h i s  case ,  r e j u v e n a t i o n  s h o u l d  a r i s e  
d u e  to  d e c r e a s e  of  f i lm th i cknes s .  F i g u r e  2 s h o w s  t h a t  t he  init ial  
cur re~ , t  Oenmtms on  r e j u v e n a t e d  e l e c t r o d e s  i n c r e a s e  w i t h  t h e  
l e n g t h  of  r e j u v e n a t i o n  t ime.  Th i s  r e s u l t  wil l  t h e n  i n d i c a t e  t h a t  
t h e  f i lm t h i c k n e s s  d e c r e a s e s  w i t h  i n c r e a s i n g  r e j u v e n a t i o n  t ime .  
Ce r t a in ly ,  t h i n n i n g  of ox ide  f i lm c o u l d  c a u s e  a s u r f a c e  r o u g h e n -  
ing.  H o w e v e r ,  i t  wil l  be  p u r e l y  c o i n c i d e n t a l  t h a t ,  desp i t e  t he  
l e n g t h  of r e j u v e n a t i o n  t ime ,  c h a n g e s  in  op t i ca l  p a r a m e t e r s ,  re-  
su l t i ng  f r o m  s u r f a c e  r o u g h e n i n g ,  wil l  a l w a y s  b e  e q u a l  to  a n d  t h u s  
c o m p e n s a t e  t h e  c h a n g e  c a u s e d  b y  t h e  d e c r e a s e  in  f i lm th i cknes s .  
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METAL METAL  

Fig. 8. Schematic illustration 
of deactivation and rejuvenation 
of active sites for oxygen evolu- 
tion in the top few layers of 
nickel oxide films. 

(A) GENERATION OF AN 
A C T I V E  S ITE  BY 
PREANODIZAT ION 
AT 1 .5V 

(B) FORMATION OF AN INERT 
S ITE  BY FURTHER OXIDATION 
OF OXIDE AT P O T E N T I A L S  
HIGHER THAN 1 , 5 6  V 

(C) R E J U V E N A T I O N  OF AN 
ACTIVE SITE AT I .SV 
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assistance. Thus, the  e lec t roreduct ion of Ni 4+ ions 
poss ibly  takes place only on the very  top layers  of 
the  surface oxide. No significant change of the chemi-  
cal iden t i ty  in the  bulk  oxide is inirolved. The el-  
l ipsomet ry  detects only the  average  proper t ies  of ox-  
ide  films. Since th ick films (,~700A) are  presen t  in 
the  potent ia l  range  for evolving oxygen, any possible 
change of optical  p roper t ies  in the top few layers  of 
the films, ar is ing f rom the e lec t roreduct ion of Ni4+ 
ions, results  in no de tec table  effect on the ove r -a l l  
film propert ies .  Therefore,  the re juvena t ion  of e lect ro-  
ca ta ly t ic  ac t iv i ty  is essent ia l ly  a t t r ibu ted  to the in-  
crease of active sites, i.e., Ni ~+ ions, on the  ve ry  top 
layers  of oxide  films. 

Conclusion 
Nickel  oxide films formed by  the preanodizat ion  of 

the  electrodes at  1.5V a re  more  act ive than un t rea ted  
nickel  for oxygen  evolution.  This is essent ia l ly  as- 
c r ibed  to the  presence of the  so-cal led  "r ight  type  of 
oxide,"  i.e., Z-NiOOH, on the e lec t rode  surface. The 
~-NiOOH film wi th  thickness  of ~190A exhibi ts  an 

A 
absorpt ion coefficient typical  for  semiconductors  ( nf = 
1.42-0.15i). F u r t h e r  increase  of potent ia l  on this p re -  
anodized e lec t rode  to h igher  values  (say 1.8V) re -  
sults in the  g radua l  conversion of Ni '3+ to Ni 4+ ions 
on the surface layers  of oxide  films, Consequently,  i t  
causes a considerable  enhancement  of the film th ick-  
ness and a r e m a r k a b l e  drop  in the  electronic conduc-  
t iv i ty  of the  films, as de te rmined  using e l l ipsometr ic  
techniques. The t ime var ia t ion  of cur rent  densi ty  for 
the  oxygen  evolut ion react ion at  a constant  potent ia l  
above  1.56V is due to the continuous t ransformat ion  
of active (i.e., Ni ~+ ion) to inact ive  (i.e., Ni 4+ ion) 
sites. 

F r o m  a prac t ica l  point  of view, the  e lec t roca ta ly t ic  
act ivi t ies  of aged electrodes are  rega ined  by  r e j u v e -  
nat ing the electrodes at  potent ia ls  be low 1.56V. The 
re juvena t ion  of aged oxide films is subs tan t ia l ly  a t -  
t r ibu ted  to the recovery  of act ive sites on the very  
top layers  of the  films. The t ime var ia t ion  of cur ren t  
densi ty  for the oxygen evolut ion react ion at constant  
potent ia l  is less at h igher  temperatures .  The  h igher  
the  e lec t ro ly te  t empera ture ,  the  shor ter  the per iod of 
t ime requ i red  for approaching  a s table cur ren t  densi ty  
and the more  significant the  improvemen t  of the elec- 
t roca ta ly t ic  ac t iv i ty  of aged electrodes by  re juvenat ion.  

Al though  the  oxide film on the r e juvena ted  elec-  
t rode  is much th icker  than  tha t  on the  one p reano-  
dized at 1.5V, the  Tafel  plots for oxygen evolut ion 
on the two electrodes exhibi t  s imi lar  Tafel  slopes 
(N40 mV) and exchange cur ren t  densit ies (~10 -12 
A/cm~).  On the electrodes which are  preanodized  at 
1.8 or  2.0V, dua l  Tafel  regions are  observed:  b ~-- 40 
mV at low ~1 and b ~ 170 mV at high 0. I t  is concluded 
that  the chemical  na tu re  of the top few layers  of 
the  films p lays  a more  impor tan t  role  than the film 
thickness in the e lectrocatalysis  of the  oxygen evolu-  
t ion react ion on nickel.  Methods to overcome the prob-  
lem of per formance  degrada t ion  on anodes in wa te r  
e lectrolysis  cells include (i) increase of opera t ing  t em-  
pe ra tu re  to reduce the  equi l ib r ium rat io  of Ni 4+ to 
Ni 3+ ions in the  surface film, (ii) use of high surface 
electrodes to main ta in  the  anode potent ia l  below the 
cr i t ical  va lue  of 1.56V at desi red current  densities, and 
(iii) in t roduct ion  of a s table  secondary  cat ion into 
nickel  oxide film (e.g., NiCo~.O4). 
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ABSTRACT 

Electrogenerated chemiluminescence (ECL) arising from direct electron 
t ransfer  from semiconductor electrodes to solution species was examined. The 
reduct ion of the oxidized forms of several luminescent  species [ R u ( b i p y ) ~ + ,  
thianthrene,  9,10-diphenylanthracene,  and rubrene]  on several n - type  semicon- 
ductor electrodes (CdS, ZnO, TiO2, SiC, GaP) was investigated. Only for 
reduction of rubrene  radical cation on n -ZnO and n-CdS was unequivocal  
evidence found for production of an excited state (triplet)  by direct hetero- 
geneous electron t ransfer  at potentials where homogeneous redox processes 
producing excited states were not possible. Curren t  in te r rup t ion  techniques 
were employed to study the emission decay and an unusua l  emission at 
open circuit following a cathodic potential  step was found. A model for direct 
t r iplet  generat ion based on reduction via surface states wi th in  the bandgap 
region and quenching of excited states by the electrode is proposed and con- 
straints on the exper imental  observation of direct excited state formation a r e  
suggested. 

Many examples of the electrogenerated chemilu-  
minescence (ECL) of aromatic molecules and rare 
earth chelates have been reported over the last decade 
and several reviews have been published (1-8). Usu- 
al ly these studies involve generat ing excited states 
(triplets and singlets) via homogeneous electron t rans-  
fer between electrogenerated oxidized and reduced 
forms, f requent ly  radical  anions and cations ("radical 
ion annih i la t ion") ,  e.g., for rubrene  (R) 

+ 
R '  + R V --> 3R* -~ R [1] 

3R* ~- ~R* -> 1R* -P R [2] 

1R* --> R § hv [3] 

or for Ru (bipy)~ 2+ 

Ru (bipy) 3 ~ + + Ru (bipy) z + 

ZRu(bipy)~2+* 4- Ru(bipy)32+ [4] 

3Ru(bipy)a2+*--> Ru(bipy)32+ + by' [5] 

Recent papers however have reported that  excited 
states may also be formed by direct heterogeneous 
electron t ransfer  at a semiconductor electrode surface 
(9, t0). Gleria and Memming (9) observed emission 
upon reduct ion of Ru(b ipy)8~+(bipy  = 2,2'-bipy- 
r idine) at n-SiC and n - G a P  semiconductor electrodes 
in  H20 or acetonitr i le (ACN) solutions and proposed 
the reaction sequence 

Ru (bipy)88+ -~ e -  (CB) -~ 8Ru (bipy)a 2+* [6] 

followed by  [5], where e -  (CB) represents an electron 
in the conductor band of the semiconductor. Yeh and 
Bard[ (10) reported singlet emission from rubrene  
produced by direct heterogeneous generat ion of the 

+ 
t r iplet  state by reduct ion of R '  at an n -ZnO elec- 
trode followed by t r ip le t - t r ip le t  annihi la t ion in ben-  
zene-benzoni t r i le  mixed solvent, i.e. 

+ 
R" + e -  (CB) --> 8R* [7] 

followed by  [2] and [3]. In  both studies it was pro- 
posed that  the electron t ransferred from the con- 

* E l e c t r o c h e m i c a l  Soc ie ty  Student Member. 
* �9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key  w o r d s :  l u m i n e s c e n c e ,  e n e r g y  t r a n s f e r ,  o rgan ic ,  vo l t am-  

merry. 

duction band to the oxidized solution species to form 
the excited tr iplet  species. This is shown schematically 
in  Fig. I. Direct electron transfer  to produce the ground 
state molecule should be less probable when the 
redox potential  of t he  ground state molecule corre- 
sponds to an energy level wi th in  the bandgap of the 
semiconductor. 

On a metal  electrode an electron can be t ransferred 
from an isoenergetic state in  the electrode to a lower 
orbital  to produce the ground state of the molecule 
and no emission is expected. Moreover, excited state 
species are both more easily oxidized and more easily 
reduced at metal  electrodes compared to the ground 
state species and metals are consequently good quench- 
ers of excited states via electron t ransfer  ( l l ,  12). 
Quenching of excited state species by energy transfer  
to a metal  is also well known (13). Although the 
direct heterogeneous production of tr iplet  states at 
metal  electrodes has been claimed (14), the emission 
observed in such cases has been a t t r ibuted to a 
"preannihilation" type of ECL which involves reac- 
tions of impuri t ies  or electrogenerated products in 
the ECL solution (15, 16). Several other authors have 
been unable  to observe evidence for the direct hetero-  
geneous production of excited states on semiconductor 

a b 

hv 

E~.,(WR. +) 

\ 
\ 

Fig. 1. Electron transfer from electrodes to oxidized sMution 
species: (a) on a semiconductor, (b) on a metal electrode. 
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electrodes (17, 18). Moreover, in the studies report-  
ing the direct heterogeneous production of excited 
states at semiconductors a rigorous examinat ion of 
the possibility of preannihi la t ion  ECL contr ibut ing to 
the observed emission and of the extent  of ECL 
arising from a homogeneous electron transfer  involv-  
ing inadver tent ly  generated reduced forms of the 
emit t ing species was not undertaken.  We report here 
a more detailed study of the ECL emission mechanism 
in these systems and examine other possible systems 
for excited state production by direct heterogeneous 
electron transfer  from semiconductor electrodes. 

Experimental 
Acetronitr i le  (ACN) (Spectro Grade, Matheson, 

Coleman, and Bell; MCB) was purified by repeated 
vacuum dist i l lat ion from P205 and f reeze-pump- thaw 
cycles to remove 02 as described by Park  and Bard 
(19). Benzonitri le (BZN; MCB) was fractionally dis- 
tilled under  part ial  vacuum from CaSO4 and again 
from P205. It was then refluxed over, and fractionally 
distilled from, Call2 under  high vacuum. Oxygen 
was removed by three f reeze-pump-thaw cycles and 
the solution was stored over activated neutra l  alumina. 
Benzene (Spectro Grade MCB) was stored over a 
sodium mir ror  for more than one week, then was 
vacuum distilled, and underwen t  four f reeze-pump- 
thaw cycles to remove O2. 

Tris (2,2' b ipyridyl)  ru then ium (II) perchlorate, 
[Ru(bipy)3(C104)2] was prepared by metathesis of 
Ru (bipy) 3C1~'6H20 (G. F. Smith) with excess NaClO4 
in H20. The crystals were washed with H20, recrys- 
tallized once from ethanol and twice from ACN, and 
dried under  vacuum at 90~ for 24 hr. Thianthrene  
(TH) (Aldrich) was recrystallized twice from ben-  
zene and sublimed. Rubrene (R) (Aldrich) was 
recrystallized three times from xylene-methanol  under  
ni t rogen in subdued light and dried under  vacuum 
at 80~ 9,10-Diphenylanthracene (DPA) (Gold Label, 
Aldrich) was recrystallized from xylene-methanol ,  
sublimed, and zone refined. 

T e t r a - n - b u t y l a m m o n i u m  perchlorate (TBAP) (Po- 
larographic Grade, Southwestern Analyt ical  Chemi- 
cals) was purified by filtering a warm ethanolic solu- 
tion of the electrolyte containing activated carbon 
and repeated recrystall ization from an e thanol -water  
mixture.  A final recrystall ization was done from ben-  
zene and the crystals were dried under  vacuum at 
50~ for 36 hr. All samples, solvents, and electrolytes 
were t ransferred to a Vacuum Atmospheres dry box 
in  which the solutions were prepared and the elec- 
t rochemical/ECL cells were filled. 

The n- type  single crystal semiconductor electrodes 
were prepared and mounted as previously described 
(20, 21). Ohmic contacts were made to them by 
electrodepositing ind ium on one side and attaching 
a lead with si lver-epoxy cement. Silicone adhesive 
(Dow Corning) was used to insulate the electrical 
contact from the electrochemical solution. A p la t inum 
foil working electrode of similar  area and geometry 
was fabricated in a similar manner .  The electrodes 
were polished with 0.5 ~m a lumina  and had geometric 
areas of 0.3-0.5 cm 2. N-CdS (National Lead) and 
n - G a P  (Atomergic) were etched in l lM HC1 for 
30 see. N-TiO2 (National Lead) and n-SiC z were 
etched in an HF/HNO3 mixture  for 30 sec. N-ZnO 
(Atomergic) was first etched in H3PO4 and then in 
concentrated HC1, each for 15 sec. The flatband 
potentials of these semiconductor electrodes have 
previously been determined from the onset of the 
anodic photocurrent  in ACN (9, 20, 21) and are given 
in Table I. 

The electrochemical/ECL cell was of conventional  
design with the reference compartment  separated by 
a porous Vycor (Corning Glass) glass plug and the 
auxi l iary  electrode separated by dual frits of medium 

z C o u r t e s y  o f  P ro f .  R. M e m m i n g ,  Ph i l l ips  R e s e a r c h  Laboratories, 
H a m b u r g ,  G e r m a n y .  

Table I. Semiconductor electrode properties 

E l e c t r o d e  E~ ( e V ) ,  V~b b 

n - C d S  2.45 - 0.85 c 
n - Z n O  3.1 - 0 . 7 6  c 
n-TiO2 3.2 - 0.8 a 
n - G a P  2.25 - 1.5 c 
nSIC 3.0 - 1.5 e, ~ 

Bandgap energy. 
b Flatband potential, V vs .  SCE in  ACN. 
c R e f .  (21}. 
d Ref .  (20).  
e Ref .  (22).  

P.  Kohl ,  private communication. 

porosity. The auxi l iary  electrode consisted of a very 
large piece of p la t inum foil or wire mesh. Controlled 
potential  waveforms for ECL and cyclic vol tammetry  
were obtained with a PAR Model 175 programmer 
and Model 173/176 potentiostat. Cur ren t - t ime  and 
ECL in tens i ty i t ime curves were obtained with a Nico- 
let 1090A digital oscilloscope and recorded on a 
Houston 2000 X-Y recorder. An Aminco-Bowman 
spectrophotofluorometer was used to obtain ECL and 
fluorescence spectra. The ECL and fluorescence de- 
tectors used were RCA 1P28 and RCA 4832 photomul-  
tiplier tubes incorporat ing an RCA 3140 operational 
amplifier as a current  follower. The intensi ty response 
of the emission detectors was adjusted, as necessary, 
by the selected input  sensit ivity of the Nicolet oscillo- 
scope or by expansion of the digitized data in the 
oscilloscope. The current  interrupter ,  fabricated with 
a silicon p-channel  field effect t ransistor  (Archer, No. 
276-2037) dr iven  by a Wavetek Model 114 signal 
generator, had a switching time of less than 3 ~sec. 
The oxidized form of the electroactive species studied 
was produced by part ial  (25-75%) in situ controlled 
potential  bu lk  electrolysis of the solution (about 20 
rain) on a large p la t inum foil electrode prior to the 
ECL studies. 

Results 
Experimental approach.--In demonstra t ing direct 

excited state production via heterogeneous electron 
transfer  at the electrode care must  be taken to assure 
that the emission does not arise from the homogeneous 
radical ion annihi la t ion path (Eq. [1]-[5])  or from 
a "preannihi lat ion" or impur i ty  pathway. In  this 
lat ter  case emission arises from the electrogeneration 
of a reactant  from a small  amount  of impur i ty  (X). 
For  example, if X is reducible the following sequence 
is possible 

X + e  , ~ X -  [8] 

+ 
X - + R "  ) 3 R ~ - X  [ 9 ]  

followed by reactions [2] and [3]. Because light levels 
1,0-3-10 -4 times below the annihi la t ion level are de- 
tected readily, impur i ty  concentrations at the 10 -6 .  
10-7M level can contr ibute appreciable preannih i la -  
tion emission. X can represent  either an impur i ty  
ini t ia l ly present or one generated from a small  amount  

+ 
of decomposition of 1%" (or other electrogenerated 
reactant  in the ECL annihi la t ion reaction).  The pos- 
sibili ty of these paths was not studied in depth in 
the previous investigation of ECL at semiconductor 
electrodes (9, 10). 

The approach employed to distinguish the direct 
route from the annihi la t ion and preannihi la t ion  paths 
involved examining the electrochemical behavior  and 
emission observed with a p la t inum electrode (which 
we assume will not show direct excited state forma- 
t ion),  under  careful potential  control, with that of 
the semiconductor electrode. A solution containing 

+ 
the oxidized precursor [e.g., R" or Ru(bipy)3  ~+] was 
prepared and the potent ial  of the working electrode 
was scanned l inear ly  in  a negative direction at 2 
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Fig. 2. EEL-potential and current-potential profiles obtained 
by cathodic potential scans at 2 Y/sec 1.5 mmoles Ru[bipy)3 3+ 
in 0.1M TBAP/ACN on platinum. 

V/sec  f rom potentials where  the oxidized percursor  
was stable. Plots of the cathodic current  (i) and the 
ECL intensi ty (I) as a function of potent ial  (E) were  
thus obtained with  different photomult ip l ier  sensi- 
tivities. Typical  results for a p la t inum electrode and 
Ru(bipy)33+ in A C N / T B A P  solution are shown in 
Fig. 2. The current  scan shows two maxima,  corre-  
sponding to the fol lowing electron t ransfer  reactions 
at the electrode 

Ru(b ipy ) s  8+ d- e ~ R u ( b i p y ) 3 2 +  (Ep ---- d-l.3V) [10] 

Ru(bipy)~ 2+ d- e ~ R u ( b i p y ) ~  + (Ep ---- --1.3V) [11] 

Homogeneous electron t ransfer  between ionic species 
giving exci ted states occurs when  the electrode po- 
tential  becomes sufficiently negat ive  to produce the 
reduced form of the ground state species; thus essen- 
t ia l ly  all of the emission observed beyond --1.0V vs.  
SCE in this system can be a t t r ibuted to annihilation. 

Some residual emission is seen, however ,  at high 
sensitivities at potentials where  the concentrat ion of 
the e lect rogenerated d-1 reduced species should be 
quite  small. For  example,  the concentrat ion of 
Ru(bipy)~ + at the electrode surface at --1.3V vs.  
SCE is approximate ly  1.5 mmole;  f rom the Nernst  
equat ion one calculates the concentrat ion of 
Ru(b ipy ) s  + at the electrode surface at --0.5V. vs.  
SCE to be less than 2 • 10 -13 tamale. This is too 
low to cause the residual  emission observed at this 
potential. Thus this residual  emission could not arise 
f rom homogeneous electron t ransfer  but  would nec- 
essarily arise from a preannih i la t ion- type  mechanism 
or conceivably, but  not probably, by direct he tero-  
geneous electron t ransfer  at the meta l  electrode. Sim- 
i lar  preannihi la t ion emission was observed with  all 
of the systems examined. Rigorous purification of 
solvent and support ing electrolyte  would great ly  re-  
duce this emission but never  ent i re ly  e l iminate  it, 
indicating at least some contr ibution to the ECL 
emission by impuri t ies  in the solvent  and electrolyte.  

Another  possible approach to discriminate among 
the possible paths involves studying the t ime depen- 
dence of the ECL emission. Al though at tempts  have 
been made to use the t ime dependence of the emis-  
sion intensi ty during the potent ial  step for this pur-  
pose (9, 10), the effects of possible quenching by 
radical ions and the complexi ty  of the predicted 
annihi lat ion results for t r iplet  in termediates  (2) sug-  
gest that  unambiguous assignment by this approach 
may  be difficult. An a l ternat ive  method involves ob- 
servat ion of the intensi ty  decay fol lowing rapid cur-  
rent  interruption.  Quali tat ively,  under  these condi- 
tions, the intensi ty would decay with the l i fe t ime of 
the excited state for direct heterogeneous production. 
For  homogeneous annihi lat ion ECL the electrode wouId 
not reduce or oxidize the reactant  ions at open circuit  
and the intensi ty decay should be governed by the 
rates of diffusion of the reactants. 

E x p e r i m e n t a l  r e s u l t s . - - A  summary  of the results 
obtained using various compounds and semiconductor 

+ + 
electrodes is given in Table H. For  TH �9 DPA ' ,  and 
Ru(b ipy)a  ~+, no emission which could be a t t r ibuted 
unambiguously  to direct heterogeneous product ion of 
exci ted states at the semiconductor  electrodes was 
found. Ei ther  no emission was observed at potentials 
sufficient to produce exci ted states or  the low levels  
of emission which were  found at these potentials 
occurred at similar  intensities and at the same poten- 
tials at a pla t inum electrode. Moreover,  in these cases 
the decay times of the emission upon current  in te r rup-  

Table II. Summary of electrochemical and ECL data 

§ 

E1/~ ( R"/~R) b E m i s s i o n  § 

C o m p o u n d  �9 ET 1 (eV) E1/~(R'IR) b (calc.) Electrode Ep ~,c onset b,d 

R U  ( b i p y )  a a+ 2 .0 3  e 1 .30  - 0 . 73  P t  1 .26  - 0 .5  
n-CdS 0.O -0.6 
n - Z n O  - 0 . 05  - 0 .65  
n - T i O ~  0 . 2 8  - 0 .6  

TH'* 2 .585  1 .23  - -  1 .36  P t  1 .19  - -  1.9 
n - S i C  - 0.751 - 2 .0  
n - t ~ a P  - 0 . 95  t - 2 .0  

D P A  .+ 1 .8~ 1 .22  - 0 . 58  P t  1 .18  - 0 .9  
n - Z n O  0 .46  - 0 .9  
n - C d S  0 .25  - 0 . 9  

R .+ 1 .2  b 0 . 9 4  - 0 . 2 6  P t  0 . 9 0  - -  0 .6  
n-TiO~ - 0.15 - 0,7 
n - Z n O  0 . 4 5  - 0 .2  
n - C d S  - 0 .13  - 0 .25  

§ + 

J ACN solutions approximately 1 tamale compound and 0.1M TBAP (TH-, DPA', and R +" are radical c a t i o n s  o f  thianthrenej 9,10-di- 
phenylanthracene, and rubrene, respectively). 

b V vs. SCE. c Reduction of compound. Cathodic current peak potential obtained by linear potential sweep voltammetry at 2 V/sec. 
d O n s e t  o f  ECL emission obtained with cathodic potential scans at 2 V/sec. 
e Ref. (26). 

Ref. (27) 
Ref. (28). 
Ref. (29). 

i B r o a d  c u r r e n t  p e a k s  o b s e r v e d .  
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t ion were much longer than those expected from the 
excited state lifetimes. These results suggest then 
that  the observed emission at  the semiconductor elec- 
trodes could be a t t r ibuted main ly  to preannihi la t ion  
ECL rather  than direct excited state formation. Dif- 
ferent  results were obtained upon reducing rubrene  
radical cation on n-CdS or n-ZnO, however. In  these 
cases the behavior  at p la t inum and at the semicon- 
ductors was very different and the ECL emission on 
current  in te r rupt ion  showed unique and previously 
unobserved features. Details of these experiments  are 
given below. 

Because of the low solubil i ty of R in ACN, ECL and 
electrochemical studies of R were carried out in ben-  
zonitrile (BZN) or in the mixed solvents benzene-  
BZN or benzene-ACN. A cyclic vol tammogram of R 
in  0.1M TBAP/benzene-BZN is given in  Fig. 3. 
R is reversibly oxidized and reduced in  one electron 
transfer steps at 0.94 and --1.45V vs.  SCE, respectively, 
in  these solvent systems. Although phosphorescence 
of R has not been reported, energy transfer  experi-  
ments  indicate that  the energy of the first t r iplet  
state is ,~1.2 eV (23), approximately that of its parent  

+ 
molecule, naphthacene.  Thus reduction of R '  to the 
tr iplet  state should occur at about --0.26V vs.  SCE 
and n-Tie2,  n-ZnO, and n-CdS are suitable semicon- 
ductor electrodes to s tudy the direct production of 
~R. Ideally the semiconductor electrodes should have 
a flatband potential,  Vfb, negative of the potential  
needed to form the triplet, yet considerably removed 
from the thermodynamic  potential  for the reduction 

of R to R -  to discriminate between reduction of R + 

to the excited tr iplet  state and production of R Y 
and annihi la t ion ECL. 

+ 
Current -potent ia l  curves for the reduction of R 

at n -ZnO and n-CdS by l inear  single sweep vol tam- 
met ry  are given in  Fig. 4. In  the absence of in ter -  
mediate levels or surface states wi thin  the bandgap 
region reduction of couples with redox potentials 

+ + 
deep in the gap (e.g., R ' / R  or R ' / S R )  should occur 
only at potentials near  or negative of V~b. However, 
studies of a number  of redox couples in nonaqueous 
solutions at these semiconductors (20, 21) have shown 
reductions to occur significantly positive of Vfb at 
potentials characteristic of some intermediate  levels 
or surface states. The current  peak for the reduction of 

+ 
R '  at about  0.SV vs. SCE (Fig. 4a) agrees quite well 
with the intermediate  level proposed for n -ZnO (21). 
For potentials more negative than Vfb, the n -ZnO 
becomes degenerate, the electrode behavior approaches 
that  of a metal  (24) and reversible reduct ion of R to 

R ' -  is observed. 
The ECL intensi ty-potent ia l  profiles obtained dur ing 

+ 
reduct ion of R '  at  Pt, n-CdS, and n -ZnO upon cath- 

~ ~ : I 5 0  pA 

i I 
1 0 

V vs SCE 

! I 
- 1  - 2  

Fig. 3. Cyclic voltammogram of 1.5 mmoles R in 0.1M TBAP/ 
benzene-BZN on platinum. Scan rate is 200 mV/sec. 

T I  

I I I I 
1 0 - 2  T -1 

F ~ A R : / ' e  ) 
V vs SCE 

Fig. 4. Linear potential sweep voltammogram obtained with ca. 
+ 

1 mmole R' in O.1M TBAP/BZN on (a) n-ZnO, (b) n-CdS. 
Scan rate is 2 V/see. 

+ 
odic l inear  potential  scans from potentials where R" 
is stable, well positive of the flatband potential  of the 
semiconductor electrodes, are shown in Fig. 5. Note 

+ 
that  reduct ion of R" on n-CdS and n -ZnO yields 
considerable emission at potentials positive of those 
where emission is observed on the p la t inum electrode. 
The potential  sweep at the n-ZnO semiconductor 
electrode resulted in an emission peak at ca. --0.35V 
vs.  SCE (in addit ion to the emission at ca. --1.5V 
due to the homogeneous ion annihi la t ion  reaction of 

+ 
R" and the R - ) .  Similarly,  a peak at ca. --0.50V 
was obtained on the n -CdS semiconductor electrode. 
In  both cases, the emission occurred at potentials 
where the tr iplet  state is energet ical ly  just  accessible 
yet at potentials positive of the fiatband potential. 
This emission at ra ther  positive potentials was quite 
reproducible over several hours and was found to 
be as large as 2-3% of the homogeneous annihi la t ion 

ECL 

JL 

c 

X 2 5 3  

a 

I 
- 2  

I i I 
1 O t - 1  

E,/2(Rt"/~R) 

V vs SCE 
+ 

Fig. 5. ECL-potenfial profiles obtained with co. 1 mmole R" 
in 0.1M TBAP solution at 2 V/sec. (a) Platinum electrode in 
benzene-ACN, (b) n-ZnO in benzene ACN, (c) n-CdS in BZN. 
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'IECL 

Fig. 6. ECL-fime profile obtained concurrently with cathodic 
+ 

potential scan from 1.18V vs~. SCE with ca. 1 mmole R" in 
0.1M TBAP/BZN on n-CdS. Scan rate is 2 V/see. (0) Potential 
ramp terminated at --0.SV ~s. SCE (at curve maximum); (b) 
scan to --1.1V vs. SCE. 

E L E C T R O G E N E R A T E D  C H E M I L U M I N E S C E N C E  

0 .25  s e c  

I 

ECL emission produced  at  --1.SV under  these condi-  
tions. That  the  peaked  shape of the emission observed 
on the potent ia l  sweep at  --0.35V (n-ZnO) and 
--0.50V (n-CdS)  was caused by  a potent ial ,  r a the r  
than  a time, dependence  was shown by the exper imen t  
of Fig. 6. When  the potent ia l  r amp  was s topped at  
potent ia ls  of the  emission peak, the decay of the 
emission was r a the r  slow (curve a) .  However ,  if 
the potent ia l  was scanned beyond the peak  potent ial ,  
the  emission decayed a b r u p t l y  (curve b) .  

To s tudy  the cont r ibut ion  to the  emission by  t r ip le t  
states via t r i p l e t - t r i p l e t  annihi lat ion,  the  t ime depen-  
dence of the  ECL emission was examined  using a 
potent ia l  s tep excitat ion.  Typical  resul ts  obta ined by  
s tepping the potent ia l  f rom +1.1 to --0.7V vs. SCE 
at  n -ZnO or  to --0.62V at n -CdS  are  shown in Fig. 7. 
In  both cases the cathodic current  decay was p ropor -  
t ional  to t-'/2, as expected for  the di f fus ion-control led 

+ 
reduct ion  of R ' .  The ECL in tens i ty  decay, however,  
was p ropor t iona l  to t -z,  or  the square  of the  current ,  
indica t ive  of t r ip le t  genera t ion  fol lowed by t r ip le t -  
t r ip le t  annih i la t ion  (assuming a t r ip le t  l i fe t ime con- 
t ro l led  by  quenching) .  Note tha t  a l though a homo-  
geneous annih i la t ion  product ion  of ~R could lead to 
a s imi lar  t -1  decay, the  potent ia ls  employed  in the  
s tep exper iments  p rec lude  apprec iab le  genera t ion  of 

R 7 and emission f rom the R + / R  - react ion route. 

In  fact, potent ia l  steps to potent ia ls  where  R ' -  was 
genera ted  at  the  semiconductor  showed an emission 
decay wi th  a dependence be tween t -1/2 and t -z. 

Cur ren t  in te r rup t ion  techniques were  also in fo rma-  
t ive and showed ve ry  different  behavior  for P t  and 

12.2 m s e c  
I I 

.J 

b,J 

o 
e~ 1 . 
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.J 
j . /  
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Fig. 7. ECL-time and current time profiles obtained with ca. 
+ 

i mmole R" in 0.1M TBAP/benzene-BZN by a cathodic poten- 
tial step from + I .0V  vs. SCE to --0.7V vs. SCE on n-ZnO. 
Current, III; emission, * 

"[ . . . . . .  b 

Fig. 8. ECL-time profiles obtained by cathodic potential steps 
+ 

to --1.1V vs. SCE with 1.5 mmoles R' in 0.1M TBAP/benzene- 
BZN on platinum. (a) Current interruption was employed after 
30 msec. (b) Anodic potential step to 0.0V vs. SCE was employed 
after 30 msec. 

the semiconductor  electrodes.  ECL in tens i ty  t ime 
curves for  a P t  e lect rode for  potent ia l  steps of 30 
msec to - - l . l V  (the p resumed preann ih i l a t ion  re -  
gion) a re  shown in Fig. 8. When  the cur ren t  was 
in t e r rup ted  at  the  end of the step (curve  a) ,  the 
emission decay t ime was ca. 5 msec. In  contrast ,  when  
the potent ia l  was s tepped back  to +0.0V af te r  the  
cathodic s tep the emission decay was much fas ter  
(ca. 5 #sec) (curve  b) .  In  this case, b r ing ing  the 

electrode potent ia l  to posi t ive potent ia ls  caused oxi-  
da t ion  of the species responsible  for emission and 
p robab ly  also 8R; this resul t  suggests that  the  emis-  
sion occurs at  or  ve ry  near  the e lect rode surface. Very  
different  resul ts  were  obta ined upon cur ren t  i n t e r rup -  
tion with  the  semiconductor  electrodes;  typ ica l  r e -  
sults a re  shown in Fig. 9 and 10. When the in i t ia l  
potent ia l  step was to a potent ial ,  El, corresponding 
to the  emission pe~k (Fig. 9c or 10a), the  emission 
showed a slow decay dur ing  the peak  and a decay 
in 0.4-3.6 msec to zero upon in ter rupt ion.  However ,  
when the potent ia l  was s tepped to values beyond the 
emission peak  (but  before  potent ia ls  where  p r ean -  
n ih i la t ion  EC1 is observed)  a large  peak  which r ap id ly  
decays to low emission intensi t ies  dur ing  the s tep is 

2 4 . 4  m s e c  

I I 

~/~ECL II. o u . . .  

Fig. 9. ECL-time profiles obtained by cathodic potential steps 
+ 

n-CdS with ca. 1 mmole R" in 0.1M TBAP/BZN. Current inter- 
ruption employed after 60 msec. Cathodic potential: (a) --0.92V 
vs. SCE, (b) --0.62V v.~. SCE, (c) --0.47V vs. SCE, (d) --0.27V 
vs. $CE. 
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IECL 

Current  
n ter rupt ion  

Fig. 10. ECL-time profiles obtained by cathodic potential steps 
.t- 

on n-ZnO with P," in 0.1M TBAP/benzene-BZN. Current inter- 
ruption was employed after 30 msec. Cathodic potential: (a) 
--0.3V vs. SCE, (b) - -0.4V vs. SCE, (c) - -0.5V vs. SCE, (d) 
--0.6V vs. SCE, (e) - -0.7V vs. SCE. 

observed (Fig. 9a and b, Fig. 10b-e). Upon in te r rup-  
t ion the emission decays or remains small  for a time, 
but  then a new emission peak, which occurs while 
the electrode is at open circuit, appears. This second, 
"echo" peak occurs at progressively later times after 
current  interrupt ion,  the more negative is El. If, 
ra ther  than  using current  interrupt ion,  the electrode 
was stepped to more positive potentials following 
the cathodic step, the emission would decay abrupt ly  
when  the final potential  was well  positive of the 
emission peak potential  (e.g., 0.0V). However, when 
the second potential  step was to a value at or near 
the emission peak, a second emission on the positive 
potential  step occurred. Thus, for example, when E1 
---- --0.7V on n -ZnO the effective decay time of emis- 
sion on in te r rup t ion  was as long as 14 msec. How- 
ever, when the potential  was stepped to -FI.IV, the 
emission decayed in about 95 #sec. Similar behavior 
was found with the semiconductor electrodes with 
t r iangular  potential  ramps (i.e., cyclic vol tammetry)  
(Fig. 11). When the scan direction was reversed 
following the emission peak, the emission again in-  
creased (although the cathodic current  decreased 
on reversal) at potentials near the original emission 
maximum. 

Discussion 
The results obtained can be rationalized based on 

the known energetics of the rubrene  system and the 
band structure of the semiconductors (Fig. 12). In 
this model there are different potential  regions of 
the semiconductor electrode of interest. At positive 
potentials, just  above the E ~ of the R + / R  couple, 
the number  of electrons at the electrode-solution in-  
terface is small  and no overlap between semiconductor 
levels and solution levels exists. Here no current  flow 
or emission is observed. At somewhat more negative 
potentials the Fermi energy of the electrode is suf- 
ficient to populate an intermediate  level or surface 

+ 

states, which leads to reduction of R" to the ground 

I I 4F I 
1 0 / - 1  

Ex/2(e~/3e) 

V vs SCE 

Fig. 11. ECL-potential profile obtained with concurrent cyclic 
voltammetry from ~-1.2V vs. SCE to --0.7V vs. SCE on n-CdS 

+ 
with ca. 1 mmole R " in 0.1M TBAP/BZN. Scan rate is 2 V/see. 
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Fig. 12. Model for reduction of R" on n-ZnO. The current 
+ 

is proportional to the diffusion-limited redaction of R" to the 
ground state species and the ECL commences at potentlals where 
~R* is accessible (a) by electron transfer from the surface state. 
At more negative potentials (b) the excited states are more 
effectively quenched by the increased density of states at the 
electrode-solution interface. 

state molecule, and a cathodic current  is observed. 
The potential  in  this region is not sufficient to pro- 
duce excited states, however. At more negative po- 
tentials the excited tr iplet  species is thermodynamic-  
ally accessible via surface states (the potential  is 
still well positive of Vfb). Current  continues to flow 

+ 
and is proport ional  to the flux of R '  to the electrode. 
ECL emission is observed as the tr iplet  species an-  
nihi late  to yield the emit t ing singlet species. At still 
more negative potentials, however, as the surface 
states become more populated and the Fermi  level 
approaches the conduction bandedge, the electrode 
becomes an effective quencher of the tr iplet  states 
and the emission intensi ty  increases. This explains 
the peak-shaped emission curve found on potential  
sweeps where the emission ma x i mum occurs at po- 

+ 

tentials just  at the I:L'/SR potential. This model also 
explains the in ter rupt ion  experiments  and the echo 
signals which appear at open circuit. Upon a poten- 
tial step to potentials beyond the emission ma x imum 
the electrode is in a quenching mode and the emis- 
sion decays to low levels. Upon in ter rupt ion  the 
Fermi  level in the semiconductor begins to relax to 

+ 
that  of the solution governed by  the R "/R couple, by 

+ 
transfer  of electrons to R '  (coulostatic discharge). 

+ 
When EF passes through the region of the R ' / 3 R  
potential, emission is observed. This potential  drift  
was verified by  independent ly  monitor ing the open- 
circuit potential  of the n-ZnO electrode after a po- 
tential  step to --0.93V vs. SCE followed by current  
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in ter rupt ion.  Thus, the t ime dependence  of emission 
and the potent ia l  a t  open circui t  moni tors  the  ra te  
of equi l ib ra t ion  of the  semiconductor  e lect rode wi th  
the solution. The model  fu r the r  suggests that  a semi-  
conductor  e lectrode can also act as an efficient quencher  
of exci ted s tates  via surface or  in te rmedia te  levels 
as wel l  as via  the conduct ion and valence band. The 
final potent ia l  region of in teres t  is tha t  wel l  negat ive  

of Vfb where  the  e lect rode becomes degenerate .  R -  is 
p roduced  and emission via  annih i la t ion  ECL in the 
bu lk  solut ion wel l  away  from the quenching e lect rode 
surface is observed.  

That  ECL emission by  direct  heterogeneous produc-  
t ion of exci ted  states on semiconductor  e lectrodes is 
not  observed  wi th  the other  systems examined  can 
also be ra t iona l ized  by  this model.  The cr i t ical  r e -  
s t ra in ts  for exci ted  s tate  product ion and emission on 
semiconductor  e lectrodes are  (i) the  oxidized form of 
the pa r en t - emi t t i ng  species must  be reducib le  at  a su r -  
face s ta te  at  energies wi th in  the~gap at  a potent ia l  to 
provide  sufficient energy to popula te  the exci ted state 
species and (ii) this reduct ion  must  occur at  potent ia ls  
wel l  posi t ive of the  f la tband potent ia l  where  the 
e lect rode is not  degenera te  and quenching by  the elec-  
t rode  is less favorable .  Compet i t ive  reduct ions  of the 
oxidized species to ground state species by  surface 
states must  also be considered in eva lua t ing  the lack  
of observable  ECL emission by  the direct  he terogene-  
ous product ion of exci ted  states on semiconductor  elec-  
t rodes  in some systems. Moreover,  evidence for  d i rec t  
exci ted s ta te  product ion  p robab ly  requires  a suffi- 
c ient ly  s table  oxidized species which  is reducib le  to a 
t r ip le t  s ta te  undergoing  t r i p l e t - t r i p l e t  annih i la t ion  to 
form the emi t t ing  singlet,  since direct  reduct ion  to a 
singlet  s ta te  wil l  f r equen t ly  occur at potent ia ls  nega-  
t ive to Vfb and near  potent ia ls  where  annih i la t ion  ECL 
is possible. We conclude that  i t  wil l  be difficult to find 
many  examples  of direct  exci ta t ion  a l though the proc-  
ess is possible and that  the  efficiency of emission via 
this route  wil l  be small .  

We might  comment  on o ther  possible explana t ions  
for the  resul ts  presented  here. One might  suggest  p ro-  
duct ion of 8R via  a discrete surface level  of energy,  ET, 
which is on ly  r ap id ly  filled when  EF is near  this level. 
At  more  negat ive  potent ia ls  one would  have to invoke 
a s lower filling of the level  and hence decreased emis-  
sion, even when EF ~ ET. However ,  this model  does n o t  
agree  wi th  past  resul ts  on reduct ions of couples wi th  
potent ia ls  located in the gap region (20, 21), wi th  the 
observed reduct ion  of R + to the ground s tate  at more  
posi t ive potentials ,  and wi th  the  lack of pe r tu rba t ion  
of l~he cathodic cur ren t  for  potent ia l  steps into this re -  
gion. 

A second possible exp lana t ion  for the potent ia l  de-  
pendence of the  emission invokes the e lec t rogenera t ion  
of quenchers  at  potent ia ls  just  negat ive  of where  the 
emission is observed.  In  this case, however ,  the  
quencher  concentra t ion would be expected to be large  
enough a f te r  the  cathodic po ten t ia l  s tep to d iminish  
s ignif icant ly the  emission upon a subsequent  anodic 
pulse or  sweep. This is con t ra ry  to expe r imen ta l  
observations.  Moreover,  the genera t ion  of quenchers  
might  shift  the  emission potent ia l  or  a l te r  the emission 
peak  shape in separa te  exper iments  at  different  r ub -  
rene concentrations,  but  this  was not  observed.  

The model  predic ts  tha t  the  quenching of exc i ted  
states at  a semiconductor  e lect rode should be potent ia l  
dependent  and this could p robab ly  be tested in photo-  
exci ta t ion  exper iments .  Moreover,  observa t ion  of the 
ra te  of r e laxa t ion  of an e lec t rode  at  open circui t  fol-  
lowing a potent ia l  step m a y  be useful  in de te rmin ing  
the ex ten t  to which surface states media te  e lect ron 
t rans fe r  at  the l iqu id / semiconduc tor  junction. 
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Electrogenerated Chemiluminescence 
XXXll. ECI. from Energy-Deficient Aromatic Hydrocarbon Acceptor 

and Tetrathiafulvalene Donor Systems 

William I.. Wallace and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78713 

ABSTRACT 

The ECL emission from energy-deficient mixed aromatic hydrocarbon 
(AHC) acceptor and tetrathiafulvalene (TTF) donor systems has been in- 
vestigated in acetonitrile. Radical ion annihi la t ion involving TTF radical 
cations and AHC radical anions was found to result  ent i rely in  acceptor 
fluorescence emission. Energy considerations show that  AHC triplet  forma- 
t ion followed by t r ip le t - t r ip le t  annihi la t ion  to produce the AHC first ex-  
cited singlet state is the mos t  probable  mechanism for the observed ECL. The 
intermediacy of exciplexes in  the ECL process was not observed experi-  
mental ly .  

Tetra thiafulvalene (TTF) has been the subject of 
intense investigation for its role as a donor in  highly 
conducting one-dimensional  solid-state complexes 
(1-3), such as, for example, its simple salt with te t ra-  
cyanoquinodimethane (TTF-TCNQ) (4). These con- 
ducting salts form a class of ground state organic 
charge t ransfer  complexes. Less is known about the 
potent ial  of TTF as a donor in  excited state reactions 
such as: (i) the formation of excited state complexes 
(exciplexes) via direct photoexcitation; and (if) the 
formation of excited states via radical ion annihi la t ion 
involving electron transfer  f rom acceptor radical 

+ 
anions (A- ' )  to donor radical cations ( D ' ) ,  electro- 
generated chemiluminescence (ECL). As judged from 
its ionization potential  (6.95 ~- 0.1 eV) (5) and oxi- 
dation potential  ( +  0.33V vs. SCE, 0.1M TEAP in aceto- 
nitr i le)  (6) the donor s t rength of TTF should be 
comparable to that of amines (e.g., IP : 6.86 eV 
for t r iphenylamine  and 7.50 eV for t r ie thylamine)  
(7) which as a donor class have been observed to form 
exciplexes efficiently in both the photoexcitation 
(8-11) and ECL (12-17) modes. Many examples of 
ECL generat ion in  mixed systems using amines as 
donors have been investigated (12-15) and on a purely  
speculative basis, behavior similar to that  using 
N,N,N' ,N ' - te t ramethyl -p-phenylenediamine  (TMPD) 
as a donor (Ep,a ~-~ +0.24V vs. SCE, 0.1M TBAP in  
DMF) (12) might  be expected for TTF. 

In  addition a major  goal in  ECL studies has been to 
search for donors and acceptors which form highly 
stable radical ions in an at tempt to extend the long- 
term lifetime of ECL systems (18, 19). The stabil i ty 
of the TTF radical cation by controlled potential  re-  
versal bulk coulometry on a t ime scale of a few hours 
has previously been observed (20) which makes it 
considerably more stable than amine oxidation in gen-  
eral [TMPD (16) and t r i -p- to ly lamine  (TPTA) (17) 
are exceptions]. The stabili ty of mixed TTF donor-  
acceptor ECL systems is ~herefore of interest. The 
following work represents a survey of mixed ECL sys- 
tems consisting of TTF as the donor and various aro- 
matic hydrocarbons as acceptors in  acetonitri le solu- 
t ion under taken  as an ini t ial  effort to characterize TTF 
as a donor in  excited state reactions. 

Experimental 
Chemicals.--Rubrene (Aldrich) was dissolved in hot 

xylene and precipitated with cold ethanol under  ni-  
trogen in subdued light twice. Ru (bipy) 3 (C104) 2 was 
prepared by metathesis with excess NaC104 in  a water -  

* Electrochemical Society Active Member. 
Key words: chemiluminescence, ECLj organic free radicals. 

ethanol mix ture  from Ru (bipy) 3C12 �9 6H~O purchased 
from G. F. Smith Chemical Company. Fur the r  purifi-  
cation of Ru (bipy) 3 (C104) 2 was accomplished by  two 
recrystall izations from acetonitrile. Anthracene 
(Matheson, Coleman, and Bell) was recrystallized once 
from benzene and sublimed twice. Diphenylanthracene 
(DPA; Aldrich) was subl imed twice and then zone-re-  
fined. Dimethylanthracene  (DMA; Aldrich, 99%) was 
subl imed twice under  vacuum at 120~ Trans-stil- 
bene was subl imed twice before use. Tet ra th iaful -  
valene (Aldrich) was either subl imed twice under  
high vacuum at 60~ or was first recrystall ized once 
from dry, degassed hexane and then subl imed twice. 
No difference in exper imental  results was observed 
between the two purification procedures. T e t r a - n -  
bu ty l ammonium perchlorate (TBAP) purchased from 
Southwestern Analyt ical  Chemical Company was used 
as received after drying under  vacuum at 1O0~ for 
24 hr. Benzonitr i le  and acetonitri le were both pur -  
chased from Matheson, Coleman, and Bell. A pre-  
viously reported procedure was used to purify benzo- 
ni t r i le  (21). Acetonitri le was dried and degassed by  
three transfers from dry P205 under  vacuum. The sol- 
vent  was stored under  vacuum or in  an iner t  hel ium 
atmosphere. Benzene (Fisher) and te t rahydrofuran  
(Matheson, Coleman, and Bell) were refluxed over 
sodium-benzophenone and subsequent ly  distilled and 
stored in  an iner t  n i t rogen or hel ium atmosphere. 

Apparatus and procedures.--Cyclic vol tammetry  and 
ECL experiments were carried out in  the controlled 
potential  mode using a Pr ince ton  Applied Research 
(PAR) Model 173 potentiostat  and a Model 175 un i -  
versal programmer.  The voltage analog output  from 
a PAR Model 176 current  follower was ei ther  re-  
corded directly using a Houston Ins t rument  Model 
200'0 X-Y recorder or monitored and subsequently 
recorded via a Nicolet Model 1090A digital oscilloscope. 
Electrochemical cells of a conventional  three-electrode 
design were used for cyclic vol tammetry  and ECL and 
were similar to ones previously described (22,23). 
Emission spectra, fluorescence, and ECL were ob- 
tained using an Aminco-Bowman spectrophotofluo- 
rometer. 

Solutions were prepared under  an iner t  he l ium 
atmosphere in a Vacuum Atmospheres Model HE-43-2 
dry box. Since TTF was found to undergo photode- 
composition in  dry degassed solutions of acetonitrile, 
ECL solutions were exposed to a m i n i m u m  of room 
light. A background cyclic vol tammogram was taken  
of the solvent-support ing electrolyte (0.1M TBAP) 
system before each study to insure  the absence of 
residual oxygen and electroactive trace contaminants.  
ECL was generated in  the pulse mode (cyclic double 
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Table I. Electrochemical parameters for various accepters in the 
presence and absence of TTF 

Oxidationa Reduction~ 

Epa Agp Epc AEp 
(V) b (mY)  ipc/ipa (V) b (mV)  i,~lipc 

Compound • + 5  ~ 5 %  + 0.02 ~ 5  •  

A n t h r a c e n e  + 1.22 - -  - -  - 2.12 70 0.91 
( + 1.25) - -  (-2.09) (70) (0.87) 

Rubrene e + 0.83 1~'0 0.99 -- 1.8~ 100 0.92 
(+0.83) (i00) - -  ( -1 .65)  (i00) (0.93) 

DI~A + 1.07 80 0.83 - 2.12 70 0.93 
(+1.07) (80) (0.87) (-2.14) (80) (0.94) 

DPA + 1.17 70 0.93 - 2.04 70 0.99 
(+ 1.17) (70) (0.79) (-2.03) (70) (058) 

t r a n s . s t i l b e n e  d + 1.43 - -  - -  - 2.37 70 0.98 
( + 1.45) ~ (-2.30) (00) (0.66) 

RU (bipy) a +s + 1.28 70 I.-0 - 1.41 70 0.90 
( + 1.25) (70) (0.94) ( -1 .46)  (70) (0.85) 

Values in p a r e n t h e s i s  are  for  the  acceptor  in the  presence of 
TTF. Solutions contain 0.1M TBAP in acetonitrile unless other-  
wi se  noted. Acceptor c o n c e n t r a t i o n s  are  in  the  range 3.4 • 10 -s- 
1.2 x 10~M. TTF c o n c e n t r a t i o n s  are  in the  range 2.1 • 10-~-7.1 x 
IO-~M. 

b Cyclic v o l t a m m e t r i c  peak potentials using a Pt disk e l ec t rode  
in V vs. Ag QRE c o r r e c t e d  to  V vs. SCE using Epa(TTF+/TTF) = 
+ 0.34u vs. SCE. 

c In benzoni tr i l e .  
a [Trans.stllbenel = 8.2 x 10-~M; [TTF] = 2.1 x 10-3M. 

p o t e n t i a l  s tep w a v e f o r m )  and  in  g e n e r a l  E C L  e x p e r i -  
men t s  w e r e  ca r r i ed  ou t  on  the  s a m e  so lu t ions  p r e -  
v ious ly  cha r ac t e r i z ed  by  cycl ic  v o l t a m m e t r y .  

Results 
E t e c t r o c h e m i s t r y . - - T h e  e l e c t r o c h e m i c a l  p a r a m e t e r s  

l i s ted  in Tab le  I s h o w  tha t  e x c e p t  for  t he  case of  
t rans - s t i l bene  and  TTF,  t h e  i n t e r a c t i o n  of donor  and  
accep to r  n e u t r a l  and  rad ica l  ion  species on the  cycl ic  
v o l t a m m e t r i c  t i m e  scale  is small .  Va lues  of Ep and 
AEp, cycl ic  v o l t a m m e t r y  p e a k  po ten t i a l s  and  p e a k  
separa t ions ,  and  ipc/ipa or  ipa/ipc, p e a k  c u r r e n t  ra t ios  
for  o x i d a t i o n  and  reduc t ion ,  r e spec t ive ly ,  w e r e  m o n i -  
t o r e d  for  the  accep to r  in  the  p r e sence  and absence  of 
T T F  and show on ly  s l igh t  va r ia t ions .  Dev i a t i ons  f r o m  
idea l  e l e c t r o c h e m i c a l  b e h a v i o r  (e.g., AEp > 60 m V )  or  
s l ign t  shif ts  in  v a m e s  of Ep can  De a t t r i b u t e d  to: ( i)  
u n c o m p e n s a t e d  cel l  r es i s tance  as in  the  case of us ing 
benzon i t r i l e  as a so lven t ;  or  (if)  t h e  use  of  an  u n -  
sh i e lded  Ag  q u a s i r e f e r e n c e  e l ec t rode  in  con tac t  w i t h  
t he  b u l k  e l e c t r o c h e m i c a l  solut ion.  F o r  'most  of t h e  
sys tems  e x a m i n e d ,  i n c l u d i n g  t rans - s t i l bene  and TTF,  
v a l u e s  fo r  AEp and  ipc/ipa for  t he  two  r e v e r s i b l e  o n e -  
e l ec t ron  ox ida t ions  of  T T F  w e r e  70 m V  and  1.0.0 + 0.02, 
r e spec t ive ly ,  b o t h  in  t h e  absence  and  p re sence  of t he  
va r i ous  acceptors .  T h e  on ly  e x c e p t i o n  o c c u r r e d  fo r  
T T F  in benzon i t r i l e  in w h i c h  the  second T T F  ox ida t ion  
w a v e  o v e r l a p p e d  w i t h  t he  first  o x i d a t i o n  w a v e  of 
r u b r e n e  and  a l a rge  ca thodic  c u r r e n t  sp ike  was  ob-  
s e r v e d  for  d ica t ion  r e d u c t i o n  u p o n  po t en t i a l  r eve r sa l .  
L a r g e  ca thod ic  c u r r e n t  sp ikes  for  the  r e d u c t i o n  of the  
T T F  d ica t ion  w e r e  f r e q u e n t l y  o b s e r v e d  in  nonpo la r  
so lven t s  and  n o n p o l a r  so lven t  m i x t u r e s ,  such  as t e t r a -  
h y d r o f u r a n  and  b e n z e n e - a c e t o n i t r i l e  (50:50) .  U n -  
f a v o r a b l e  e l e c t r o c h e m i s t r y  fo r  T T F  ox ida t ion  p r e -  
v e n t e d  E C L  e x p e r i m e n t s  in  p u r e  t e t r a h y d r o f u r a n .  
U n d e r  t he  e x p e r i m e n t a l  condi t ions  of  cel l  des ign  and 
at  a po t en t i a l  scan r a t e  of  200 m V  sec -z ,  a v a l u e  of 70 
m V  rep re sen t s  the  p e a k  s epa ra t i on  e x p e c t e d  fo r  a 
r e v e r s i o i c  o n e - e l e c t r o n  t r ans f e r  in  ace ton i t r i l e .  

E x a m i n a t i o n  of Tab l e  I r evea l s  t ha t  in some  cases 
v a l u e s  of  ipa/ipc for  r e d u c t i o n  of  t h e  acceptor  in  t h e  
pre sence  of  T T F  a re  s ign i f ican t ly  less t h a n  in  t he  a b -  
sence  of TTF.  S u c h  b e h a v i o r  is r e p r e s e n t e d  in  the  e x -  
t r e m e  case by  the  t r a n s - s t i l b e n e - T T F  sys t em in  w h i c h  
inc reas ing  the  c o n c e n t r a t i o n  of T T F  resu l t s  in  i n -  
c reas ing  va lues  of ipr and  dec reas ing  va lues  of  ipa/ipc. 
L i m i t i n g  b e h a v i o r  for  [TTF]  > [ t rans-s t i lbene]  is 
c h a r a c t e r i z e d  by  the  comple t e  absence  of  anodic  cu r -  
r e n t  upon  po t en t i a l  r e v e r s a l  f o l l owing  t rans - s t i l bene  
r e d u c t i o n  and  by  v a l u e s  of i ~ / v  1/2 w h i c h  a re  a p p r o x i -  

m a t e l y  2.8-3.0 t imes  l a r g e r  t h a n  those  in  t he  a b s e n c e  
of TTF.  A p lo t  of ipc/V 1/2 vs.  log v was  a p p r o x i m a t e l y  
l i nea r  ( s l igh t  c u r v a t u r e  was  o b s e r v e d  for  e x t r e m e  
h igh  and  low va lues  of  v)  for  a so lu t ion  consis t ing  
of 5.4 • 10-3M TTF,  1.2 X 10-2M trans-stil~oene, and  
0.1M T B A P  in ace ton i t r i l e .  The  r e a c t i o n ( s )  r e p r e -  
sen ted  by  these  resu l t s  h a v e  no t  b e e n  t h o r o u g h l y  i n -  
ve s t i ga t ed  bu t  the  e l e c t r o c h e m i c a l  da t a  is cons i s ten t  
w i t h  a r eac t ion  of the  t rans - s t i l bene  rad ica l  an ion  
w i t h  T T F  n e u t r a l  as a first  s tep f o r m i n g  a p roduc t  
Which u n d e r g o e s  f u r t h e r  reduc t ion .  A s imi l a r  r eac t i on  
m a y  occur  to a m u c h  l o w e r  d e g r e e  in  s o m e  of t he  
o the r  a roma t i c  h y d r o c a r b o n  a c c e p t o r - T T F  sys tems.  

F igu re s  1 and  2 i l l u s t r a t e  t he  cycl ic  v o l t a m m o g r a m s  
r e su l t i ng  f r o m  the  t w o  e x t r e m e  cases of e l ec t ro -  
c h e m i c a l  b e h a v i o r  o b s e r v e d  in  th is  i nves t iga t ion :  (~) 
s l igh t ly  in te rac t ing ,  a n t h r a c e n e - T T F ;  and  (if)  s t r o n g l y  

t \  I ~- 

./r--,,:-,: I,oo. -% 
I |  | 

t~ - I I I I I I t 
~1.0 ~0.5 O~ -0.5 -1.0 -1~5 -2.0 

it, volts vs Ag wire 

Fig. 1. First scan cyclic vMtammograms of ( ) 1.2 X I0 - 2 M  
anthracene and ( - - - )  1.2 X 10-2M anthracene and 7.1 X 
10-3M TTF in a 0.1M TBAP-acetonitrile supporting electrolyte- 
solvent system using a scan rate of 200 mV sec -1. 

I leo ~A 

J 

I I I I l I f t 
,1~ 610 t0.5 0.0 -0.5 -1.0 -L5 - 2 0  

E, volts vs AE wire 

Fig. 2. First scan cyclic voltammograms of (A) 1.1 X 10 -2M 
trans-stilbene; and (B) 1.1 X 10 -2M trans-sti[bene and 4.9 X 
I 0 - 3 M  TTF in u 0.1M TBAP-acetonitrile supporting electrolyte- 
solvent system using a scan rate of 200 mV sec -1.  
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interacting,  trans-stilbene-TTF. In  Fig. 1 and 2 a small  
cathodic wave in the range 0.0--~0.50V vs. Ag QRE is 
observed upon potential  reversal following the anodic 
scan in the absence and presence of TTF. These waves 
can be at t r ibuted to the reduction of an  oxidation 
product of the unstable  anthracene and trans-stilbene 
radical cations. An anodic wave at --0.4V vs. Ag QRE 
found after potential  reversal  following trans-stilbene 
reduction is also observed for trans-stilbene in  the 
presence of TTF. For all of the systems examined 
except trans-stilbene and TTF no addit ional  product 
waves are observed when the applied potential  limits 
are set to allow only the one electron oxidation of the 
donor (TTF) and the one electron reduct ion of the 
acceptor (AHC). 

ECL.--Of the six donor-acceptor systems examined 
in  this work, four exhibited ECL. The ECL was 
generated in the controlled potential  mode employing 
a cyclic double potential  step waveform al ternate ly  
generat ing the acceptor radical anion and the donor 
radical cation. The ECL spectra obtained for three 
of the systems in Table II are shown in  Fig. 3. The 
luminescence in all three cases can be at t r ibuted en-  
t irely to DPA, DMA, and rubrene  fluorescence when  
reabsorption at the appropriate donor-acceptor con- 
centrations is taken into account. In  the case of DMA 
an addit ional  component due to excimer emission con- 
t r ibutes to the ECL spectrum. The observed spectral 
distributions, relat ive peak intensi ty  ratios, and peak 
energies compare well with previously published ECL 
spectra of the isolated acceptors (12, 24, 25). The ECL 
spectra also essentially match the fluorescence spectra 
taken of the original electrochemical bulk  solutions 
either at full  concentrat ion or diluted by a factor of 
1/10 in a 1.00 cm path length fluorescence cell taken 
using a r ight  angle i l luminat ion  geometry. In  addit ion 
fluorescence spectra of the bulk  electrochemical solu- 
tions compare well in spectral dis t r ibut ion and peak 
energies with fluorescence spectra of the isolated ac- 
ceptors taken in acetonitri le or other solvents (24, 26). 
The ECL spectrum of TTF and DMA was also taken 
in a relat ively nonpolar  acetoni t r i le- te t rahydrofuran 
(40:60) solvent mixture,  and wi th in  exper imental  
error it was identical in spectral dis t r ibut ion with the 
spectrum obtained in pure acetonitrile. A complete 
ECL spectrum of an th racene-TTF could not  be ob- 
tained due to rapid decay of the ECL emission; how- 
ever, emission was observed at a wavelength of 400 
nm when the working electrode was pulsed between 
potential  limits corresponding to the generat ion of 

+ 
TTF" and the anthracene radical  anion. 

In all cases where ECL is observed, emission is clearly 
the result  of TTF radical cation-acceptor radical 
anion annihi la t ion as the anodic potential  is varied 
from a point  where no faradaic oxidation processes 
occur toward more positive potentials. The onset of 
spectrophotofluorometric detection of ECL always cor- 
responded to the onset of anodic current  for TTF oxi- 

L I i [ ~ I I 
550 600 650 

h I , [ , I L I 
400 450 SO0 

c} , j , l , I 
4 0 0  4 5 0  500  

WAVELENGTH (nm) 

Fig. 3. ECI. spectra of (a) 5.0 X 10 -3M rubrene and 2.2 • 
10 -~M TTF, pulse width ~ 500 msec; (b) 2.4 X 10 -3M DMA and 
1.9 X 10 -3M TTF, pulse width ~ 500 mse:; and (c) 4.3 X 
10 -3M DPA and 5.9 X 10 -4M TTF, pulse width ~-- 500 msec; all 
in aeetonitrile containing 0.1M TBAP; spectrophotofluorometer 
bandpass ~ $ nm. 

dation. Extending the anodic potential  l imit  to values 
which cause TTF dication or acceptor radical cation 
formation resulted in  either a rapid decrease in  the 
peak ECL intensi ty  as a funct ion of potential, as in  the 
case of DPA-TTF,  or in a gradual  decrease in ECL in -  
tensity, as in the case of DMA-TTF. Intensi ty  en-  

+ 
hancements at potentials more positive than TTF" 
production were never  observed. 

Peak ECL intensit ies for all the TTF-aromat ic  hy-  
drocarbon systems monitored under  continuous puls-  
ing conditions on a t ime scale of a few minutes  to 1 hr  

Table II. Electrochemical and excited state energy parameters for TTF-acceptor ECL systems 

- -  AH o 
Ep ( A + / A )  a E~ ( A / A - )  a E ( ~ A .  )b E (~A*)d ( A - . . . D + )  f 

C o m p o u n d  i V  v s .  SCE) (V vs .  SCE)  (eV)  (eV)  ( e V )  E C L  

A n t h r a c e n e  + 1.25 - 2.09 3.3 1.8 2.27 Y e s  
( u n s t a b l e )  

R u b r e n e  + 0.83 - 1.65 2.2 1.2 1.83 Y e s  
D M A  + 1.07 -- 2.14 3.10~ 1.80c 2.32 Y e s  
D P A  + 1.17 - 2.03 3.0 1.8 2.21 Y e s  
T r a n s - s t i l b e n e  + 1.45 - 2.30 3.8 2.0 2.48 No  
R u  ( b i p y )  ~ +2 + 1.25 -- 1.41 ~ 2.04 e 1.59 No  

a Cycl ic  v o l t a m m e t r y  p e a k  p o t e n t i a l s  f r o m  T a b l e  I. 
S i n g l e t  e n e r g i e s  f r o m  Ref .  (33) ,  u n l e s s  o t h e r w i s e  n o t e d .  

c R e f e r e n c e  (13).  
a T r i p l e t  e n e r g i e s  f r o m  Ref .  (31) u n l e s s  o t h e r w i s e  n o t e d .  
e R e f e r e n c e  (39).  
f F r e e  e n t h a l p y  f o r  r a d i c a l  i on  a n n i h i l a t i o n  in  eV t a k i n g  Epa(D+/D)  f o r  T T F  as  +0.34V v s .  SCE i n  a c e t o n i t r i l e  (0.1M T B A P )  a n d  us- 

i n g  - A H  ~ = Ep(D+/D)  -- E r ( A / A - )  -- 0.15, see  Ref .  (15).  
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decayed to zero in tensi ty  in a few hundred  pulses or 
less. ECL emission in  these mixed systems in aceto- 
ni t r i le  was always observed to occur on only one pulse 
polari ty which was usually, but  not consistently, 
anodic. Emission could not  be observed on the op- 
posite polar i ty  pulses except under  the most sensitive 
spectrophotofluorometric conditions. Observation of 
emission only on anodic pulses might be a t t r ibuted to 
instabi l i ty  of the TTF radical cation relat ive to that 
of the aromatic hydrocarbon radical  anion;  however, 
on the cyclic vol tammetr ic  t ime scale such instabi l i ty  
is not observed. Only the aromatic hydrocarbon radical 
anions exhibited significant instabi l i ty  as judged by 
peak current  ratios (see Table I).  Correlated to the 
decrease in ECL intens i ty  with t ime under  continuous 
pulsing conditions was the bui ldup of a layer  of 
colored mater ia l  in the solution sur rounding  the work-  
ing: electrode�9 Cyclic vol tammetry  showed no new 
peaks or product  waves associated with the colored 
mater ia l  and presumably  it arises from the accumula-  

+ 

t ion of excess stable radical ion (TTF" or AHC-: )  
with time. Prolonged pulsing resulted in  product  for- 
mat ion observed as a gray precipitate of un know n  
composition in the TTF-DMA and TTF-DPA systems. 

Discussion 
Listed in Table II are the cyclic voltamrnetric peak 

potentials for the first oxidation and reduction waves 
of several acceptor compounds deemed suitable for 
study in this work. Also tabulated are the acceptor 
singlet and triplet  energies and the enthalpies for 
radical ion annihi la t ion for the reaction between the 
TTF radical cation and the acceptor radical anion to 
produce ground state products. The calculated en-  
thalpies for radical ion annihi la t ion are based on ex- 
per imenta l  data obtained in  this work and represent  
the max imum excess energy available for donor or ac- 
ceptor excited state production in the radical ion an-  
nihi lat ion reaction. 

Examinat ion  of the data in  Table II  reveals several  
impor tant  aspects of ECL production using TTF as a 
donor�9 Note that  the cyclic vo l tammetry  peak poten-  
tials for the first oxidation wave of all the acceptors 
fall well  outside the first oxidation wave for TTF; 
therefore, no interference is to 0e expected ~rom the 

+ 

acceptor in generat ing T T F ' .  In  only one case (TTF-  
rubrene)  does overlap occur between the acceptor 
first oxidation and TTF second oxidation waves. In  
addition, TTF is not reduced within  the potential  range 
available for the acetoni t r i le-TBAP solvent-support ing 
electrolyte system and therefore cannot interfere  with 
acceptor reduction�9 These conditions insure  that  with 
the appropriate selection of potential  l imits the re-  
action between the donor radical cation and the ac- 
ceptor radical anion may be probed exclusively. 

Comparison of ~H ~ values with the excited state 
energies listed in  Table II shows that  in  no case is 
the energy release dur ing radical ion annihi la t ion 
sufficient to populate the acceptor excited singlet 
state; however, in  most systems (the first five in 
Table II) the acceptor first excited tr iplet  state may 
be attained. The si tuat ion for TTF is less clear since 
the excited state singlet and tr iplet  energies for this 
molecule are not well defined. To our knowledge 
fluorescence and low tempera ture  phosphorescence 
studies of TTF are absent  in the l i terature.  Our own 
fluorescence studies at room tem~perature show weak 
emission from 10 -8 to 10-4M deaerated acetonitri le 
solutions of TTF in the range 300-500 rim. The spectral 
dis t r ibut ion of this emission was dependent  on excita- 
t ion wavelength and i r radiat ion t ime (photolysis of 
10-4M acetonitri le solution via the unfil tered output  
of a 450W Xe lamp) and can be at t r ibuted pre-  
dominant ly  to impur i ty  fluorescence. The disappear-  
ance of TTF as a funct ion of i r radiat ion t ime can be 
followed by absorption spectroscopy and correlates 

with increasingly efficient Rayleigh scattering and 
formation of cloudy photolysis solutions. Results of a 
low tempera ture  phosphorescence study of 10-411//TTF 
in methyl te t rahydrofuran  at 77~ were similarly in-  
conclusive. Although phosphorescence was observed, 
the spectral dis t r ibut ion of the emission was again 
a function of excitation wavelength and i r radiat ion 
time. It should be ment ioned that  the fluorescence ob- 
served in  TTF solutions was too weak to contr ibute 
significantly to fluorescence spectra of mixed TTF-  
acceptor solutions and was never  observed in ECL 
spectra. 

At tempt ing  to estimate the singlet  energy of TTF 
from its absorption spectrum also presents problems. 
The longest wavelength low molar absorptivi ty coeffi- 
cient band of TTF at 450 nm has been variously as- 
signed to: (i) an n --> ~* t ransi t ion of the sulfur  lone 
pair electrons (27) ; (it) a symmetry  forbidden singlet- 
singlet n --> n* t ransi t ion of Big symmetry  (28); and 
(iii) a composite of two weakly allowed spin-forbid-  
den s inglet- t r iple t  ~ --> ~* transi t ions of B2u and B8~ 
symmetry  (29). Self-consistent  statistical exchange 
mult iple-scat ter ing calculations also lead to the pre-  
diction of a spectroscopically unobserved tr iplet  state 
at approximately 1.7 eV (29). The discrepancy in  the 
assignments for the low energy TTF absorption band 
has so far not  been resolved by spectroscopic means. 

If indeed the lowest lying excited singlet state in  
TTF can be correlated with the lowest energy absorp- 
t ion band (Es = 2.a8-2.8 eV), then  the  TTF singlet 
will be inaccessible in  all the ECL systems examined 
in this study. The TTF triplet, which has been esti- 
mated to be 0.20-0.68 eV lower than  the singlet by 
X~-scattered wave calculations (30), could be acces- 
sible in  several systems. If, however, the lowest energy 
TTF absorption band correlates with the lowest en-  
ergy triplet, then nei ther  the TTF singlet or tr iplet  
states could be populated in  the systems examined. 
Populat ion of a TTF excited state cannot be probed by 
ECL since no emission which could be a t t r ibuted to 
TTF (or an impur i ty)  was ever observed in  the ECL 
spectra monitored in  acetonitri le solution. 

The observed ECL behavior  for the six systems in 
Table II can be divided into two categories: (i) ECL 
is observed and corresponds ent i rely to emission from 
the aromatic hydrocarbon acceptor (first four sys- 
tems) ;  and (it) ECL is not observed [TTF- t rans-s t i l -  
bene and TTF-Ru  (bipy) ~ (C104) 2]. Of the systems in  
the first category the absence of emission other than  
acceptor fluorescence in the ECL rules out the forma- 
t ion of stable emit t ing excited state complexes (exci- 
plexes) (al though not exciplex formation itself). Exci-  
p l e x  emission in the long wavelength region of the 
TTF-DMA ECL spectrum in acetonitri le can be ruled 
out by the observation that wi thin  exper imental  error  
the spectral dis t r ibut ion is identical to that in  the ECL 
spectra of DMA alone in acetonitri le and DMA-TTF in 
an acetoni t r i le - te t rahydrofuran  (40:60) solvent mix-  
ture. An enhancement  in  the exciplex/monomer  in ten-  
sity ratio and a blue shift in  exciplex emission would 
otherwise be expected in  the less polar solvent (e = 
7.4 for te t rahydrofuran  and e = 36.7 for acetonitrile) 
(15). Excimer emission is considerably less affected by 
solvent polarity. The DMA excimer emission observed 
in the TTF-DMA ECL spectra is produced probably 
via t r ip le t - t r ip le t  annihi la t ion of 3DMA* as in the pre-  

viously studied D M A ' - / T P T A  + �9 (15) and D M A - /  
+ 

TMPD - (16) systems�9 In addition, fluorescence studies 
of 10-3-10-4M aromatic hydrocarbon solutions con- 
ta in ing  10-8-10-1M concentrat ions of TTF in aceto- 
nitrile, benzene, and te t rahydrofuran  failed to pro- 
duce definitive evidence for exciplex emission. Al-  
though apparent  long wavelength  emission was ob- 
served in solutions containing the highest TTF con- 
centrations, reabsorption of acceptor fluorescence emis- 
sion by TTF, not exciplex emission, was found to be 
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responsible. Both competitive absorption and reab-  
sorption caused serious exper imental  difficulties in  
carrying out energy t ransfer  studies in  these systems. 

Since the acceptor excited tr iplet  states are accessi- 
ble in all systems exhibi t ing ECL tr iple t - t r iple t  an-  
nihi lat ion is adequate to account for acceptor fluores- 
cence in every case. Numerous investigations, includ-  
ing the study of magnetic  field effects and energy de- 
ficient systems, have demonstrated the intermediacy of 
triplets in  the ECL of rubrene  (31, 32), DPA (31, 33), 
DMA (13, 16), and anthracene (31, 33) mixed systems. 
An over-al l  mechanism for ECL emission can be repre-  
sented as follows 

+ 

A -  + D " --> SA* + 1D [1] 

+ 

A -  -5 D " --> 1A -5 ~D* [2] 

3A* -5 SA* ~ ]A* -5 1A --> 21A -5 hv [3] 

Again note in Eq. [1] that  the formation of acceptor 
excited singlet states can be omitted on the basis of 
energy considerations. Equat ion [2] necessarily in-  
cludes the possibility of forming donor triplets; how- 
ever, formation of TTF singlets cannot occur in  the 
four systems exhibi t ing ECL. 

The relat ively rapid degradation of ECL intensi ty  
over a period of time under  continuous pulsing con- 
ditions makes it amply clear that  the reactions in Eq. 
[1]-[3] are not the only pathways available for donor- 
acceptor interaction. Numerous possibilities exist for 
chemical reactions leading to ECL degradation inc lud-  
ing: (i) direct interact ion of neut ra l  donor and ac- 
ceptor molecules to form ground state complexes or 
other products; (it) chemical reaction of radical ions 
either by first-order degradation processes or by reac- 
tion with neutra l  donor and acceptor molecules or 
other solution consti tuents including impuri t ies;  (iii) 
chemical reactions via radical ion annihi la t ion;  and 
( iv)  photochemical reactions of donor and acceptor 
excited states produced by radical ion annihilat ion.  
The formation of ground state complexes incorporat ing 
TTF as a donor are well  known and as previously men-  
tioned form an impor tant  and highly studied class of 
conducting solid-state DA complexes. Format ion  of 
such DA complexes, commonly occurs via reaction of 
the neutral substituents but can also occur as a radical 
ion reaction as, for example, in the reaction of electro- 

+ 
generated TTF' with X- to form TTF halide salts 
(34, 35). Ground state complex formation by eithe~ - 
method, however, or any other reaction between 
neutral donor and acceptor molecules is unsupported 
in the systems examined in this study by the electro- 
chemical evidence. In addition, formation of strong 
DA complexes with the ac~eptors in this study is un- 
likely due to their relatively weak electron accepting 
ability. Furthermore, electrochemical data Show that 
donor radical cations in the presence of neutral accep- 
tor and acceptor radical anions in the presence of 
neutral donor are stable on a cyclic voltammetric time 

scale, with the one exception of trans-stilbene- in the 
presence of TTF neutral. However, even though evi- 
dence for a chemical reaction cannot be observed in 
initial mixed donor-aeceptor solutions, product forma- 
tion is observed after electrochemistry, possibly indi- 
cating the contribution of radical ion reactions on a 
long-time scale. The possible contribution of photo- 
chemical reactions to over-all ECL degradation can- 
not be easily probed; however, the reactivity of TTF 
excited state(s) appears to be established in this and 
other studies (5, 36) and must be taken into account. 
An analysis of the products formed in the ECL systems 
examined in this study will be necessary to elucidate 
precisely the specific pathway(s) involved in the ob- 
served degradation behavior. It should be noted that 
in general studies defining the stabilities of radical ions 

on a cyclic vol tammetr ic  or even bulk  coulometric t ime 
scale will not  necessarily be of use in  predict ing the 
stabil i ty of ECL systems. 

Of the two systems which did not exhibit  ECL the 
TTF-trans-s t i lbene  system was chosen as a possibility 
for exhibi t ing exciplex emission. Observation of exci- 
plex emission in the ECL from t rans-s t i lbene radical 
anion and amine radical cation annihi la t ion  has been  
observed (15) enhancing the possibility of observing 
exciplex emission using TTF as a donor. The com- 
plete absence of emission from the t rans -s t i lbene-TTF 
system seems to rule out the formation of a stable 
emit t ing exciplex. The t rans-s t i lbene  tr iplet  state is 
accessible in this system; however, the short t r iplet  
l ifetime at room tempera ture  in  fluid solution (37) is 
adequate to expla in  the absence of s t i lbene fluores- 
cence via t r ip le t - t r ip le t  annihi lat ion.  The most com- 
pell ing reason for not observing E CL is the extreme 
reactivity of the t rans-s t i lbene radical anion in  the 
presence of TTF. A new product- forming route is 
opened for the radical  anion which competes with 
radical ion annihi la t ion  and excited state formation. 
As stated previously, the evidence at this point  indi-  
cates a reaction of the sti lbene radical anion with 
neut ra l  TTF forming a fur ther  reducible product  

e -  

A -  + D ~ -~ P --> P' [4] 

The Ru(bipy)3(CIO4)2-TTF system was chosen as 
a test case. No ECL was expected for reaction with the 
TTF radical cation, a l though react ion wi th  TTF +2 
would just  barely be energetic enough to produce the 
R u ( l l )  tr iplet  state. No ECL is observed, however, 
pulsing between potential  l imits sufficiently anodic to 

+ 
produce T T F ' ,  TTF +~, or the Ru( IH)  complex. The 
lack of emission from the R u ( I ) - R u ( I I I )  reaction in  
the presence of TTF indicates that efficient quenching 
of either the R u ( I ) - R u ( I I I )  radical ion annihi la t ion 
and/or  of the Ru(II)  excited tr iplet  state takes place. A 
possible explanat ion for the lack of emission in the 
TTF+~-Ru(I )  annihi la t ion reaction is the presence of 
the TTF radical cation in  the solvent cage complex 
immediate ly  after electron t ransfer  leading to efficient 
quenching 

+ + 

D + 2 + A - - >  (D" . . .SA*)  ~ D "  + A  [5] 

Acknowledgment 
The support of this research by the Army  Research 

Office is grateful ly  acknowledged. 

Manuscript  submit ted Feb. 27, 1978; revised m a n u -  
script received April  I0, 1978. 

Any discussion of this paper will appear in  a Dis- 
cussion Section to be published in ~ne June  1979 
JOURNAL. All discussions for the June  1979 Discussion 
Section should be submit ted by Feb. 1, 1979. 

Publication costs o~ this article were  assisted by 
The Universi ty  o] Texas at Aust in.  

REFERENCES 
1. B. A. Scott, S. J. LaPlaca, J. B. Torrance, B. D. 

Silverman, and B. Welber, J. Am.  Chem. Soc., 99, 
6G31 (1977). 

2. E. M. Engler, Chem. Technol., 274 (1976). 
3. A. F. Garito and A. J. Heeger, Acc. Chem. Res., 7, 

232 (1974). 
4. J. Ferraris,  D. O. Cowan, V. Walatka, Jr., and J. H. 

Perlstein, J. Am.  Chem. Soc., 95, 948 (1973). 
5. C. E. Klots, R. N. Compton, and V. F. Raaen, J. 

Chem. Phys., 60, 1177 (1974). 
6. D. L. Coffen, J. Q. Chambers, D. R. Williams, P. E. 

Garrett,  and N. D. Canfield, J. Am.  Chem. Soc., 
93, 2258 (1971). 

7. J.-P. Blanchi and A. R. Watkins, Chem. Comm., 
265 (1974). 

8. H. Knibbe,  D. Rehm, and A. Weller, Bet.  Bunsenges.  
Physik .  Chem., 72, 257 (1968). 

9. D. Rehm and A. Weller, Isr. J. Chem., 8, 259 
(1970). 



Vol. 125, No. 9 ELE:CTROGENERATED CHEMILUMINESCENCE 1435 

10. J. Saltiel, E. E. Townsend, B. D. Watson, P. Shan- 
non, and S. L. Finson, J. Am. Chem. Soc., 99, 
884 (1977). 

11. N. C. Yang, D. M. Shold, and B. Kim, ibid., 99, 6587 
(1977). 

12. J. T. Maloy and A. J. Bard, ibid., 93, 5968 (1971). 
13. C. P. Keszthelyi, N. E. Tokel-Takvoryan, H. Tachi- 

kawa, and A. J. Bard, Chem. Phys. Lett., 23, 219 
(1973). 

14. H. Tachikawa and A. J. Bard, ibid., 26, 568 (1974). 
15. S. M. Park and A. J. Bard, J. Am. Chem. Soc., 97, 

2978 (1975). 
16. A. Weller and K. Zachariasse, Chem. Phys. Lett., 

10, 197 (1971). 
17. A. Weller and K. Zachariasse, ibid., 10, 424 (1971). 
18. :S. M. Park and A. J. Bard, J. Electroanal. Chem., 

77, 137 (1977). 
19. D. Laser and A. J. Bard, This Journal, 122, 632 

(1975). 
20. M. R. Suchanski, Ph.D. Dissertation, Northwest- 

ern University, Evanston, Ill. (1977). 
21. R. C. Larson and R. T. Swamoto, J. Am. Chem. 

Soc., 82, 3239 (1960). 
22. N. E. Tokel, C. P. Keszthelyi, and A. J. Bard, ibid., 

94, 4872 (1972). 
23. T. H. Teherani, L. A. Tinker, and A. J. Bard, Paper 

submitted to J. Electroanal. Chem. 
24. T. C. Werner, J. Chang, and D. M. Hercules, J. Am. 

Chem. Soc., 92, 763 (1970). 
25. C. P. Keszthelyi and A. J. Bard, This Journal, 120, 

241 (1973). 

26. C. P. Keszthelyi, N. E. Tokel-Takvoryan, and A. J. 
Bard, Anal. Chem., 47, 249 (1975). 

27. R. Zaradnik, P. Carsky, S. Hunig, G. Kiesslich, 
and D. S. Scheutzow, Int. J. Sulfur Chem., C, 6, 
109 (1971). 

28. R. Gleiter, E. Schmidt, D. O. Cowan, and J. P. Fer- 
raris, J. Electron Spectrosc. Relat. Phenom., 2, 
207 (1973). 

29. B. I. Bennet and F. Herman, Chem. Phys. Lett., 32, 
334 (1975). 

30. P. S. Bagus and B. I. Bennet, Int. J. Quant. Chem., 
9, 143 (1975). 

31. L. R. Faulkner, H. Tachikawa, and A. J. Bard. 
J. Am. Chem. Soc., 94, 691 (1972). 

32. H. Tachikawa and A. J. Bard, Chem. Phys. Lett., 
26, 246 (1974). 

33. L. R. Faulkner and A. J. Bard, J. Am. Chem. Soc., 
91, 209 (1969). 

34. J. Q. Chambers, D. C. Green, F. B. Kaufman, E. M. 
Engler, B. A. Scott, and R. R. Schumaker, 
Anal. Chem., 49, 802 (1977). 

35. F. B. Kaufman, E. M. Engler, D. C. Green, and J. Q. 
Chambers, J. Am. Chem. Soc., 98, 1596 (1976). 

36. B. A. Scott, F. B. Kaufman, and E. M. Engler, ibid. 
98, 4342 (1976). 

37. A. Weller and K. Zachariasse, Chem. Phys. Lett., 
24, 300 (1974). 

38. D. J. Freed and L. R. Faulkner, J. Am. Chem. Soc., 
93, 2097 (1971). 

39. N. E. Tokel-Takvoryan, R. E. Hemmingway, and 
A. J. Bard, ibid., 95, 6582 (1973). 



A Study of Anodic Dissolution of Gold 
Aqueous Alkaline Cyanide 
D. W. Kirk,* F. R. Foulkes,* and W. F. Graydon* 

Department of Chemical Engineering and Applied Chemistry, 
University of Toronto, Toronto, Ontario, Canada MSS 1A4 

in 

ABSTRACT 

The rate of dissolution of gold in  aqueous a lkal ine  cyanide solutions w a s  
studied as a function of potential  within the  range --0.9 to +0.4V vs. SCE. 
The dissolution rate  was found to exhibit  three maxima at --0.66, +0.04, and 
+0.38V vs. SCE. These maxima corresponded to three current  peaks found 
in anodic potential  sweep measurements.  Data from weight loss measure-  
ments were used for the determinat ion of the stoichiometry of the electro- 
chemical dissolution reaction and showed that for the region --0.9 to +0.6V 
vs. SCE, n ~ 0.85 ~ 0.01; for the region --0'.1 to +0.15V vs. SCE, n ~ 0.95 

0.01; for the region +0.2 to +0.38V 'vs. SCE, n = 1.05 • 0.06. The depen- 
dence of the dissolution rate on the concentrat ion of potassium hydroxide 
and potassium cyanide was determined in  the two more anodic regions. At 
+0.38V vs. SCE the dissolution was directly proportional to the cyanide con- 
centrat ion and independent  of hydroxide concentration. At +0,04~ r vs. SCE 
the dissolution rate was approximately l inear  with cyanide for low concen- 
trations (<0.1M) and decreased with increased hydroxide concentration. At 
moderate hydroxide concentrat ions (0.1M) the dissolution rate decreased for 
cyanide concentrations greater than 0.2M. Several of the mechanisms sug- 
gested in  the l i terature to account for the reactions in these two reglons 
were shown to be incorrect in some way; instead, the following sequence was 
proposed 

Au + CN- = AuCNads- 

AuCNads- = AuCNads + e- 

AuCNads + CN- = Au(CN)s- 

The dissolution rate was controlled by step 2 in  the region of --0.1 to +0.15V 
vs. SCE and by step 3 in  the region of +0.2 to +0.38V vs. SCE. The above 
reaction sequence appeared to account for the dissolution over the complete 
potential  region investigated. The decrease in current  between the peaks in 
the potential  sweep measurements  was discussed in  terms of the formation of 
films which in ter rupt  the dissolution process. At potentials anodic to +0.38V 
vs. SCE dissolution by the above sequence was suppressed by a gold oxidation 
reaction with n > 1. 

The use of an alkal ine cyanide electrolyte for gold 
plat ing was recorded in  1840 with a patent  filed by 
Elkington (1). Since that time, this medium has been 
used extensively for gold electrodeposition, refining, 
and cyanidization. The la t ter  remains  the most impor-  
tant  process for gold recovery (2). Despite the wide-  
spread use of alkal ine cyanide, the electrochemistry of 
gold in  this medium has not been studied extensively. 
Some disagreement  exists in  the l i terature  concerning 
the na ture  of the complex gold dissolution process (3, 
4). The potential  sweep and weight loss experiments  
reported below were under taken  to study the electro- 
chemical reactions of gold in  alkaline cyanide, which 
is of interest  in both the electrochemical recovery and 
the refining of gold. 

Experimental 
Solutions, prepared from analytical  grade reagents 

and doubly distilled water, were deoxygenated by 
bubbl ing  with oxygen-free ni t rogen dur ing the ex-  
periments.  Pure gold foil was used for both the work-  
ing and the counterelectrodes. The experimental  cell 
is shown in Fig. 1. The working electrode, spot 
welded to a gold wire, was suspended 0.2 cm below the 
surface of the electrolyte. Two counterelectrodes set 
1.25 cm to either side of the working electrode were 
contained in  glass f l i t ted tubes. The reference elec- 
trode was a microsaturated calomel electrode. A Lug-  
gin capillary housing the reference electrode was posi- 
t ioned wit'h the 0.1 cm diam capillary tip located 0.17 

* Electrochemical Society Active Member. 
Key words: anode, dissolution, kinetics, metals. 

cm from the electrode. This configuration has b e e n  
shown to distort the current  density at the point  of 
measurement  by less than 1% (5, 6). The data were 

L 

A - -  
H 

8 ~  

~ 5 

Fig. 1. Electrolytic cell. A, Working electrode; B, counterelec- 
trede; C, reference electrode compartment; D, electrolyte; E, geld 
wife; F, glass capillary tube; G, Teflon cop; H, glass frit~ed tube; 
I, nitrogen inlet; J, nitrogen outlet. 
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not corrected for IR drop. The calculated max i mum 
IR drops for peaks 1, 2, and 3 were 0.3, 5, and  22 mV, 
respectively. The absence of a visible skew at the top 
of peak 3 (greatest IR drop) indicates that  the actual  
IR drops were eyen less than  the above valuem 

The Pyrex beaker used to hold the electrolyte (60 
cm 3) was fitted with either a machined Teflon cap or 
a No. 11 rubber  stopper which had provisions for hold-  
ing the electrodes and a glass fri t ted tube for ni t rogen 
bubbling.  No difference could be found in  the potential  
sweep curves using either the rubber  stopper or the 
Teflon cap. The solution was st irred by a magnetic  
s t i r rer  located benea th  the cell. 

Exper iments  to determine the effect of s t i r r ing rate 
on peak height showed that  the s t i rr ing rate had no 
effect on peak 2, whereas peaks 1 and 3 increased at 
higher  s t i rr ing rates. With the aid of a digital tachom- 
eter it was shown that  the reproducibi l i ty  of the st ir-  
r ing rate used was such that  all measured peak heights 
were reproducible to wi thin  less than  +_ 1%. The tem- 
pera ture  of the electrolyte was found to vary  less than 
• I~ dur ing an experiment.  

The electronic components consisted of a Wenking 
potentiostat  (70TS1), voltage scan generator  (VSG72), 
and an integrator  (SS170). A Hewlet t -Packard  
70004Bx4 recorder was used for the potent ial  sweep 
measurements .  

Gold dissolution rates were determined from weight 
losses and electrode surface areas. Each exper imental  
r un  was cont inued for sufficient t ime to allow a min i -  
m u m  weight loss of 200 ~g, which was measured using 
a semimicrobalarme with an accuracy of • 10 ~g. The 
shortest r u n  was 1 rain and the longest 2 hr. The sur-  
face area of the electrode was determined from poten- 
tial scan measurements ,  using the l inear  relat ion be-  
tween the current  peak height and the square root of 
the voltage scan rate for the oxidation of F e ( C N ) 6 - t  
The relat ion given by Nicholson and Shain  (7) is 

b ---- 0.4463 
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where Co is the concentrat ion of Fe(CN)6 -4 (mole .  
dm-~) ,  Do is the diffusion coefficient of Fe(CN)~ -~ 
(cm 2 �9 sec-1),  ip is the peak current  (A),  A is the area 
of the electrode (cm2), n is the number  of electrons 
t ransferred in  the oxidation, v is the scan rate (V-  
sec-1) ,  and F, R, and T have their  usual  meanings. 
The electrode area was found not to change during an 
exper imental  run.  

A. s tandard pre t rea tment  of the electrode was neces- 
sary to achieve reproducioili ty.  The electrode was first 
heated to redness in  air, then etched in hot aqua regia 
for 10 sec, washed in  doubly distilled water, dried, and 
weighed. It was immedia te ly  given a fur ther  t rea tment  
consisting of a 5 min  reduct ion period in  the electro- 
lyte at --1.2 V. 1 This la t ter  procedure was found to 
improve the reproducibil i ty of the weight loss and 
potent iodynamic measurements  bu t  did not affect the 
measured weight  of the electrode. At the end of an 
experiment,  the electrode was thoroughly washed in  
doubly distilled water, dried, and weighed. 

Results and Discussion 
Figure 2 shows the potent iodynamic sweep profiles 

for three electrolyte compositions. Within the potential  
range of --1.2 to +0.6V, it can be seen that  there are 
three cur ren t  peaks referred to in  the figure as peak 1, 
peak 2, and peak 3. Three current  maxima were also 
observed for gold in aqueous cyanide by Cathro and 
Koch (3) using a potentiostatic technique. Their  three 
current  maxima corresponded to the three peak re-  
gions found in  our work, al though the relat ive magni -  
tudes of the peak current  densities were different. In  
our work, at concentrat ions comparable to those used 

1 A l l  p o t e n t i a l s  a r e  r e p o r t e d  v s .  t h e  s a t u r a t e d  c a l o m e l  e l e c t r o d e .  

- a  

peak 1 assumed a much greater significance relat ive to 
peaks 2 and 3, with a current  ma x i mum of 1.2 m A .  
cm -2 compared with 1.5 mA �9 cm -2 for peak 2 and 4 
m A .  cm -~ for peak 3 for a 0.038M C N -  + 0.063M 
KOH solution. The difference could result  from the 
different measurement  technique and the lower con- 
centrat ion of cyanide. 

For the first peak region, Cathro and Koch proposed 
the following react ion scheme 

Au + C N -  ~ AuCNads -t- e -  [1] 

AuCNads + C N -  ~ A u ( C N ) 2 -  [2] 

At low surface coverage, using Tafel data, step [!] 
was identified by them as the ra te -de te rmin ing  step. 
Anodic to the current  maximum,  the formation of a 
basic cyanide film (Au( I )  (OHCN)x) was considered 
to cause passivation. The conversion of the 
Au (I) (OHCN) x basic cyanide film to an Au (III) basic 
cyanide film, according to the following reaction 
scheme, was thought to cause peak 2 

X = 4- [ A u ( I ) O H  �9 CN-]ads 

--> [ A u ( I I I ) O H  �9 CN �9 X-lads + 2e-  [3] 

where  X = is any anion except OH- .  
No reaction scheme was proposed for peak 3, but  

anodic to peak 3 passivation was considered to arise 
from the formation of a surface layer of AutO3. In a 
more recent work, McIntyre and PeLk (8) have also 
observed three peaks in the region of our study but 
did not discuss these peaks in detail. 

In a study of gold reduction and oxidation in aque- 
ous solutions, MacArthur (4) observed two peak re- 
gions for gold in alkaline cyanide electrolytes, using 
a cyclic voltammetric method. The first current peak 
was associated with the peak 1 of Cathro and  Koch's 

by Cathro and Koch, peak 1 had a much smaller  cur-  
ren t  density (0.096 mA �9 cm -2) than  peak 2 (5.0 mA �9 
cm -2) or peak 3 (11 mA �9 cm -2) for the 0.05M C N -  -k 
0.1M KOH electrolyte. In  the work of Cathro and Koch, 

Fig. 2. Potentiodynamic anodic sweep profile in aqueous alkaline 
cyanide, a, 0.1M KOH + 0.2M KCN; b, 0.1M KOH~+ 0.1M KCN; 
c, 0.1M KOH + 0.05M KCN. Scan rate 1.0 mV �9 sec -1, tempera- 
ture 23.5~ 
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work, al though the potential  of the peak occurred at 
--0.3V rather  than  the --0.6V observed by both 
Cathro and Koch and ourselves. The reaction in the 
region of --0.6 to --0.3V was considered to occur via 
reaction scheme [1] and [2] with step [2] being the 
ra te -de te rmin ing  step. An identical dissolution process 
had also been proposed earlier by Maja (9). The sec- 
ond peak observed by MacArthur,  which corresponded 
in magni tude and potential  to our peak 3 was stated to 
be of a complex nature,  perhaps composed of two 
overlapping peaks. It was thought to be the result  of 
a reaction involving either the direct oxidation of 
gold to a soluble species (Au (CN)2- )  or the oxidation 
of Au to an Au (IlI)  complex which then reacted with 
CN-  to give A u ( C N ) 2 - ,  either reaction being com- 
plicated by the formation of gold oxide which caused 
eventual  passivation. B~sed on the work of Cathro 
and Koch, and more recent ly McIntyre  and Peck (8), 
which showed three peaks, and that  of MacArthur,  
which showed two peaks, it is not clear whether  gold 
exhibits two or three potential  regions where signifi- 
cant electrochemical reactions take place. In  addition, 
the reactions corresponding wi th  peaks 2 and 3 have 
not been adequately described. Therefore, experiments  
to measure directly the dissolution rate of gold in  
alkal ine cyanide as a funct ion of potential  and elec- 
trolyte composition were conducted, as previously de- 
scribed in  the exper imental  section. The results, 
weight loss per uni t  area per uni t  t ime ( m g - m  -2 
�9 sec -1) as a funct ion of potential  for three electro- 
lyte compositions, are shown in  Fig. 3. During t h e  

measurements,  a very  slight darkening of the gold 
surface was noted near  peak 1. In  the region of peak 
2, a film was formed which grew darker in color as the 
the voltage became more anodic. This film could not 
be due to surface roughening, since electrode area did 
not vary. Attempts to measure the weight of the film 
in a manne r  similar  to that  made by Franken tha l  and 
Thompson (10) in  the case of gold hydroxide films in  
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Fig. 3. Dissolution rate in aqueous alkaline cyanide. -I- 0 . IM  
KOH + 0.2M KCN, O 0.1M KOH + 0.1M KCN, A 0.1M KOH 
+ 0.05M KCN. Temperature 23.5~ 

acid media were not successful, apparent ly  b e c a u s e  

of insufficient surface product. The weight loss mea-  
sured for the dissolution rate de terminat ion  include3 a 
small error (<10 ~g) resul t ing from the weight of the 
film, since the film was not removed during the wash 
with doubly distilled water. No change in  the color of 
the surface was noted dur ing gold dissolution ex- 
periments  in the region of peak 3. 

From Fig. 3 it can be seen that  there are three re-  
gions of high dissolution rate and that  these regions 
correspond, both in relat ive magni tude  and  potent ial  
range, to peaks 1, 2, and 3 found in  the potential  sweep 
measurements  (Fig. 2). Thus, the current  measured 
in the potential  sweep experiments is the result  of 
charge t ransfer  in a gold dissolution process. In  order 
to identify the dissolution process, the number  of 
coulombs passed dur ing  each dissolution exper iment  
was measured and combined with the weight loss of 
the electrode to give the number  of Faradays per 
mole of gold dissolved. The results are presented in  
Table I as a function of potential.  As can be seen from 
the table, the values of n range from somewhat less 
than 1 at potentials near  --0.9V to values slightly 
greater than 1 at potentials near  0.3V. The averages 
for the regions of peak 1, peak 2, and peak 3 are 0.85, 
0.95, and 1.05, respectively. 

In  the region of peak 1, most of the dissolution oc- 
curs by a one-electron transfer  step. The n values in  
this region are less than  1 so that  it is possible t h a t  

some gold might  dissolve Chemically, perhaps by a 
reaction such as 

Au + HCN + CN- --> %/z H2 -5 Au(CN)2- [4] 

Free energy calculations (see Appendix) indicate that 
such a reaction is just barely thermodynamically 
possible under the prevailing experimental conditions. 

In the region of peak 2, the dissolution process is 
clearly the result of a one-electron transfer step. 
Therefore, the reaction at peak 2 cannot be the con- 
version of a Au(1) salt to a Au(III) salt via reaction 
[3], as suggested by Cathro and Koch. 
In the region of peak 3, the dissolution process also 

involves a one-electron transfer step; and, in addition, 
appears to show the onset of a dissolution process 
with n > i at more anodic potentials. Indeed, the few 
measurements taken at potentials greater than +0.4V 
indicate an n = 3 electron transfer reaction. Thus the 
dissolution occurring in the region of peak 3 is the 
oxidation of gold to Au(I) and not to Au(III). At 

Table I. Number of Fcradays (n) per mole of gold dissolved 

P o t e n t i a l  N u m b e r  of M e a n  
V vs .  S C E  m e a s u r e m e n t s  n*  

- 0 . 9 0  2 0 . 9 4 •  0.36 
-0.80 4 0.80 • 0.6 
-0.75 4 0.89 • 0.35 
-0.70 10 0.79 + 0.13 
- 0 . 6 8  5 0.02 - -  0.05 P e a k  1 a v e r a g e  
- -0 .66  2 0.81 ~ 0.72 = 0.85 ----- 0 .01"* 
- 0 . 6 5  17 0.85 - -  0.11 
- -0 .63  6 0.87 - -  0.17 
- -0 .60  8 0.92 ---- 0.20 
- -0 .50  3 0.76 ----- 0.5 
- -0 .40  7 0.94 - -  0.14 
- 0 . 3 0  4 0.97 • 0.17 
- -0 .20  9 0.92 • 0 .04 
- -0 .15  2 0.93 • 1.52 
- -0 .10  6 0.91 ~ 0.21 "t  
- -0 .00  8 0.94 ---- 0.14 L + 0.05 38 0.95 - -  0 .04 P e a k  2 a v e r a g e  
+ 0 . 1 0  10 0.98-----0.04 | = 0.95 __+ 0.01"" 
+ 0 . 1 5  2 0.95 - -  1.52 J 
+ 0 . 2 0  7 1.01 - -  0 0 7  "~ 
+ 0 . 2 5  3 1.13 • 0.72 L + 0.30 22 1.04 ---+ 0.05 P e a k  3 a v e r a g e  
+ 0 . 3 8  10 1 . 0 7 •  | = 1.05 ___ 0.06*" 
+ 0.40 6 1.47 ~ 0.17 J 
+ 0.50 1 3.11 
+ 0.60 1 2.65 
+ 0.80 1 3.10 

* 95% c o n f i d e n c e  l i m i t s .  
** 95% c o n f i d e n c e  l i m i t s ;  b a s e d  o n  

f l e d  d a t a  ( 2 2 ) .  
m e t h o d  o f  a n a l y s i s  o f  s t ra t i -  
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potent ia ls  more  anodic than  +0.4V an oxidat ion  p roc -  
ess involv ing  a th ree -e l ec t ron  t r ans fe r  appears  to 
dominate .  The fo rmat ion  of Au ( I I I )  oxide is known  to 
occur at  anodic  potent ia ls  (11-13). In  acid media,  the  
potent ia l  of Au  ( I I I )  oxide  fo rmat ion  on a po lyc rys t a l -  
l ine  gold surface was found to b e  close to + I . 2 V  (14), 
which corresponds to +0.33V in 1M KOI-I. The  form of 
this oxide  recen t ly  has been shown (10) to be 
Au(OH)8 .  This oxide  peak,  corresponding to the  re -  
action 

A u  + 3 O H -  --> Au(OH)3  + 3 e -  [5] 

can be read i ly  seen  in Fig. 4, which  is a po ten t io -  
dynamic  sweep profile in  an a lka l ine  e lec t ro ly te  wi th  
no cyanide  present .  Thus, a t  potent ia ls  anodic to peak  
3, the  dissolut ion reac t ion  is most  l ike ly  superceded 
and t e rmina ted  by  the  format ion  of a pass iva t ing  
gold hydrox ide  l aye r  via react ion [5], which would 
correspond to n --  3. The fact  tha t  the  n values  were  
s l ight ly  g rea te r  than  1 in the  region of peak  3 m a y  
indica te  tha t  some Au(OH)3  was a l r e a d y  s ta r t ing  to 
be formed at  the  more  posi t ive potent ials .  

Peak 3 . - - In  o rder  to de te rmine  the  effect of cyanide  
and hydrox ide  concentrat ions  on the react ion occurr ing 
at  peak  3, the  dissolut ion ra te  was de te rmined  for  four  
concentrat ions  of cyanide,  each at  th ree  concent ra-  
tions of hydroxide .  The results ,  shown in Fig. 5, c lear ly  
demons t ra te  that  the  react ion is first o rde r  wi th  re -  
spect  to cyanide  concentra t ion  and independen t  of hy -  
d rox ide  concentrat ion.  L inear  regress ion analys is  
y i e lded  a corre la t ion  coefficient of 0.99 for the  data.  Di-  
rect  oxidat ion,  as suggested by  MacAr thu r  

Au + 2CN- -* Au(CN)2- + e- C6] 

must, therefore, be ruled out, because such a reaction 
would be expected to be second order with respect to 
cyanide. 

In addition, the effect of diffusion on the dissolution 
process was studied. Figure 6 shows two anodic poten- 
tial sweeps in an alkaline cyanide solution with a 1.0M 
KCI supporting electrolyte added to ensure diffusion 
control. One sweep was conducted with the electro- 
lyte unstirred, the other with rapid stirring. It can be 
seen that the dissolution rate for peak 3 was enhanced 
by s t i r r ing;  hence, in the  uns t i r r ed  case, the diffusion 
of the cyanide  ion p lays  a significant role in the re -  
act ion r a t e  for  peak  3. The same resul ts  were  obta ined  
when  KNO3 was used as the  suppor t ing  electrolyte .  

Since the  dissolut ion process  involves  the  reac- 
tion of gold and cyanide  th rough  a one-e lec t ron  t r ans -  
fe r  s tep and since the  A u ( I )  cyanide  complex  is ex -  
t r eme ly  s table  (Kdissoc ia t ' :on)  : 2.5 X 10 -29) (15), the  
fo l lowing mechanism is p roposed  
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ks 
AuCNads- ~ AuCNads n u e -  [8] 

4<-- 

. , )  

ks 
AuCNads + CNsoin- ~ - A u  (CN)2so]n- [9] 

For  each step of the reac t ion  sequence, the  dependence  
of the react ion ra te  on the bu lk  cyanide  concentra t ion 
can be calcula ted and is presented  in Table II  (see 
Append ix  for der iva t ions) .  

F rom Table II  it  can be seen tha t  for step [7] as 
the r a t e -de t e rmin ing  step, the  react ion ra te  increases 
l inea r ly  wi th  Cyanide concentra t ion and decreases 
wi th  hydrox ide  concentrat ion.  

For  step [8] as the r a t e -de t e rmin ing  step, the  re -  
action ra te  increases l inear ly  wi th  cyanide concentra-  
t ion only .for low surface coverage of AuCNads-.  Since 
the surface coverage  (0') of AuCNaas-  should follow 
an adsorpt ion  isotherm, and since the react ion ra te  
is p ropor t iona l  to t:he surface coverage,  devia t ion  of 
the  react ion ra te  f rom l inear i ty  wi th  cyanide concen- 
t r a t ion  is expected at  high cyanide  concentrations.  The 
concentrat ion of hydrox ide  ion, according to 

Au  + O H -  ~ AuOHads- [10J 

also affects the  react ion ra te  because of the com- 
pet i t ion for surface sites on the gold e lect rode (r 
increases wi th  [ O H - I ) .  

For  step [9] wi th  low surface coverage, (1 --  0 --8') 
1, and the react ion ra te  is second order  wi th  re -  

spect to cyanide concentrat ion.  At  high surface  cov- 
erage,  the react ion ra te  is d i rec t ly  p ropor t iona l  to cy-  
anide concentra t ion and, since ~ is h igh and ap -  
p rox ima te ly  constant,  the re  is no dependence  of the  
reac t ion  ra te  on hydrox ide  concentrat ion.  

In  view of the above, it  reasonably  can be concluded 
tha't for peak  3, step [9] is the r a t e -de t e rmin ing  step, 
since from Fig. 5 the react ion ra te  at peak  3 is l inear  
wi th  cyanide concentrat ion and independent  of hy-  
droxide  concentrat ion.  Step [9] w o u l d a l s o  account for 
the influence of s t i r r ing  on the react ion ra te  at  peak  3, 
observed in Fig. 6. 

Peak 2.- -The effect of cyanide  and hyd rox ide  con- 
cent ra t ion  on the  dissolution ra te  for the react ion at  
peak  2 was s tudied using six levels of cyanide and .four 
of hydroxide.  The results,  shown in Fig. 7, demons t ra te  
that  at  low cyanide concentrat ions the dissolution ra te  

Table II. Theoretical dependence of gold dissolution rate on 
cyanide concentration 

Rate- 
deter- 
mining 

step 

[7] ~ ---, ~ ~[CN-][Au] "> ~-)  = ~ kI[CN-] (i - 

--> -~ [ ~F~r ] 
[ 8 ]  i~ i==k=8"expL-- -~- -  J 

-.>--> 

kz~=[CN-] ( i  - 8 - -  8 " )  

..) 
+ k~[CN-] 

[9] i --/8 = ~s[CN~]0 

k l k 2 k s [ C N - ] = ( 1  - ~ - -  0 ~) 

e x p  L ' ~ ' - -  J 

F A r  ] 

e x p  a - -R 'T ' - -  ~ 

W h e r e  8 = f r a c t i o n a l  s u r f a c e  c o v e r a g e  o f  A u C N a ~ ,  8 '  = f r a c -  
t i o n a l  s u r f a c e  c o v e r a g e  o f  A u C N a d s - ,  a n d  8" = f r a c t i o n a l  s u r f a c e  
c o v e r a g e  o f  A u O H a d , - .  
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Fig. 7. Dependence of dissolution rate on cyanide and hydroxide 
concentration for peak 2. Q 1.0M KOH, + O.IM KOH, A 0.01M 
KOH, []  O.0001M KOH. Temperature 23.5~ 

is app rox ima te ly  l inear  wi th  cyanide concentra t ion 
and tha t  the dissolution r a t e  decreases wi th  increas-  
ing hydrox ide  concentrat ion.  At  modera t e  hydrox ide  
cor~centrations, the react ion ra te  decreases  for cyanide 
concentrat ions g rea te r  than  0.2M. In addit ion,  the  
voltage scans in Fig. 6 indicate  tha t  the  reac t ion  ra te  
is not  influenced by s t i r r ing  and hence is not  af-  
fected by cyanide diffusion. 

The react ion at  peak  2 is a dissolution react ion in-  
volving a one-e lec t ron  t ransfer  step and should fol-  
low the react ion scheme [7], [8], and [9]. Al though 
ea.ch of the  steps can exhib i t  a react ion ra te  which  is 
l inear  wi th  cyanide  concentrat ion,  only  s tep [8] can 
account for  the  decrease in the react ion ra te  at  h igh  
cyanide concentrat ions and for the  lack  of depen-  
dence of the  react ion ra te  on the  diffusion of cyanide 
ions. As seen f rom Table  II, the  react ion rate,  if step 
[8] is the r a t e -de t e rmin ing  step, depends  on the con- 
centra t ion of AuCNads- on the surface and  would, 
therefore,  account for the  lack  of dependence of 
the react ion rate  wi th  st irr ing.  At  low surface coverage 
(0, 8' smal l )  the concentra t ion of AuCNads- can be 

.-> <- 

s h o w n  to be k l / k l  [ C N - ]  (1--  8") when step [7] is in 
pseudoequi l ibr ium,  and thus the reac t ion  ra te  is di -  
z'ectty propor t ional  to the cyaniae  ~oncen~ra~mn. An 
increase  in hydrox ide  concentrat ion causes a decrease 
in the react ion ra te  as a resul t  of the t e rm ( 1 -  8") 
decreasing. 

At  h igher  cyanide and hydrox ide  concentrat ions the  

express ion given in Table II  for ~ can be shown to 
have  a m a x i m u m  if  the  concentra t ion of AuCNads in-  
creases wi th  cyanide  concentrat ion.  In  the potent ia l  
region near  peak  3 the surface concentra t ion of 
AuCNads is known to be high ( f rom previous  dis- 
cussion of peak  3);  also, f rom the fact  tha t  surface 
concentrat ions of adsorbed species tend to fol low 
L a ngmui r - t ype  adsorpt ion  isotherms,  i t  is reasonable  
to assume that  the surface concentra t ion  of AuCNaas 
will  increase wi th  cyanide concentrat ion.  Therefore,  a t  
sufficiently h igh  cyanide  concentrat ions,  t he  t e rm  
(1 --  0 -- r  begins to decrease and causes a lower ing  
of the react ion rate.  It is concluded tha t  reac t ion  [8j 
is the  r a t e -de t e rmin ing  step for  peak  2. 

Peak, / . - - T h e  react ion at  peak  1 has been found to 
be a dissolution process wit:h n = 0.85. The vol tage  
scans in Fig. 6 show that  the dissolut ion ra te  is affected 
by  st irr ing;  hence, the  diffusion of the  cyanide ion in-  
fluences the reac t ion  ra te  in the uns t i r red  electrolyte .  
These da ta  and the work  of Cathro and Koch and 
MacAr thu r  indicate  that  the  e lect rochemical  d issolu-  
t ion proceeds via  sequence [7], [8], and [9]. Fu r the r  
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work  is cu r ren t ly  being conducted to iden t i fy  the  r a t e -  
de te rmin ing  step and addi t ional  processes tak ing  place. 

F r o m  the da ta  presented,  i t  is ev ident  tha t  th rough-  
out  the  potent ia l  range  --0.9 to +0.4V in a lka l ine  cy-  
anide, gold dissolution ra te  are  consistent  wi th  the  re -  
act ion sequence [7], [8], and  [9]. The  r a t e -de t e rmin ing  
step for  the  dissolut ion process depends  on potential ,  
wi th  s tep [9] control l ing the  reac t ion  ra te  in the  re -  
gion of peak  3, and step [8] control l ing in  the  region 
of peak  2. Despi te  the fact tha t  the dissolution proceeds 
by" the reac t ion  sequence [7], [8], and [9] th roughout  
the potent ia l  region invest igated,  the  presence  of the  
three  peaks  in  the po ten t iodynamic  sweep profiles 
(Fig. 2) as wel l  as in the  po ten t ia l -d i sso lu t ion  ra te  
de te rmina t ions  (Fig. 3) indicates  tha t  the  dissolution 
process must  be compl ica ted  by  surface blockage or  by  
the format ion  of a pass ivat ing  surface film. 

The  change in  color of the e lect rode surface ob-  
served  in our  w o r k  in the  regions of peak  1 and peak  2 
and a corresponding change in  reflectance measu re -  
ments  of a gold sur face  in a lka l ine  cyanide  presented  
by' Cathro  and Koch are  clear  indicat ions of film for -  
mation.  The format ion  of s imple oxides  or hydrox ides  
genera l ly  may  be ru led  out, because  calculat ions made  
using s tandard  e lec t rode  potent ia l s  (16) indicate  tha t  
in a lka l ine  med ia  (1M KOH) AuOH should fo rm at  
~1.26V, AuO at +0.302V, Au(OH)3  at  +0.382V, and 
AuO2 at  +0.682V. These potent ia ls  genera l ly  a re  in -  
consistent  wi th  the  poten t ia l  regions where  surface 
colorat ion was observed.  There  is, however ,  the  possi-  
b i l i ty  of fo rmat ion  of more  complex species involv ing  
adsorbed hyd rox ide  and cyanide  ions, since both spe-  
cies can be adsorbed  on a gold surface (17, 18). 

The potent ia l  of zero charge for  gold in a lka l ine  
solutions is known  to be _ 0 V  (19) and independen t  
of hyd rox ide  concentra t ion (20, 21). Therefore,  anion 
e lec t rosorpt ion  in the region of peak  1 wil l  be r e l a -  
t ive ly  weak  and the  pass ivat ing  l aye r  need not  be 
s t rongly  bonded to cause in te r fe rence  wi th  the  dis-  
solut ion reaction. At  potent ia ls  nea r  peak  2, the  elec-  
t rosorpt ion  of anions is much s t ronger  and compet i t ion  
for  surface sites be tween  cyanide and  hydrox ide  ions 
takes  place. This can be seen f rom Fig. 7 since the  re -  
act ion r a t e  decreases wi th  an increase  in  hydrox ide  
concentrat ion.  At  st i l l  more  anodic potent ials ,  the  dis-  
solut ion r a t e  decreases and this decrease coincides 
wi th  the  fo rmat ion  of a d a r k  surface film. Therefore ,  
i t  would  appear  tha t  this surface film is the  pass iva t -  
ing layer .  Work  is now being carr ied  out  to iden t i fy  
the  surface product .  A t  potent ia ls  near  peak  3, the  
e lec t rode  is s t rongly  posit ive,  and  the  cyanide ion is 
p re fe ren t i a l ly  adsorbed and, as e i ther  AuCNads- or  
AuCNa~s, occupies most  of the  avai lab le  sites on the 
gold surface. The concentra t ion of hyd rox ide  has no 
effect on the  react ion ra te  in this region (Fig. 5) and 
the dissolut ion is control led  by  step [9], as discussed 
earl ier .  Anodic  to peak  3, the  fo rmat ion  of Au(OH)3  

b e c o m e s  favored  and the cyanide  reac t ion  is t e rmi -  
nated.  

Conclusions 
1. Dissolut ion of gold in a lka l ine  cyanide  was found 

to occur v ia  a one-e lec t ron  t r ans fe r  step in  the po ten-  
t ial  range  --0.4 to +0.38V vs. SCE. At  less anodic po-  
tent ia ls  the  dissolut ion proceeds wi th  n < 1. 

2. The peaks  found in potent ios ta t ic  weight  loss 
measurements  and po ten t iodynamic  sweep exper i -  
ments  at  low sweep rates  are  the resul t  of a single 
over -a l l  dissolution reac t ion  wi th  different  r a t e - con -  
t ro l l ing steps. 

3. The react ion at  peak  3 (40 .2  to +0.38V vs. SCE) 
is consistent  wi th  the  sequence [7], [8], and [9] wi th  
step [9] as the  r a t e -de t e rmin ing  step. I t  cannot  be the  
direct  oxida t ion  by  react ion [6] as suggested in  the  
l i te ra ture .  

4. The  reac t ion  at  peak  2 (--0.1 to +0.15V vs. SCE) 
involves  the  same dissolut ion scheme as for  peak  3, 
but  wi th  step [8] as the r a t e - d e t e r m i n i n g  step. I t  

cannot be expla ined  as the conversion of an A u ( I )  to 
an Au (III)  saR as suggested by  previous  workers .  

5. The  format ion  of peaks  in t he  potent ios ta t ic  
weight  loss measurements  and po ten t iodynamic  m e a -  
surements  arises because of b lockage  of the  dissolut ion 
react ion by  adsorpt ion  or  the  fo rmat ion  of pass ivat ing  
surface species. 

6. The dissolution of gold in a lka l ine  cyanide by  the 
reac t ion  sequence [7], [8], and  [9] is t e rmina ted  at  
potent ia ls  more  posi t ive than  +0.38V (peak  3) by  the  
format ion  of Au  (OH) s. 
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A P P E N D I X  A 

Rate Equations 

An + CN - ~--AuCNads- 

kl 

k2 
AuCNads- ~ AuCNads + e- 

ks 
AuCNads + C N - ~ - - A u ( C N ) e -  

AU + O H -  ~ AuOHads- 
<.- 

kl '  

Step [A-l]  is rds 

i _~ i l  = [CN-] [Au] 

: ~I[CN-] (i --o -- 0' -- 0") 

il ~-~ ~I[CN-] (i --,8") since # -~ 8' ,-~ 0 

rate of dissolution oc [CN-] 

rate of dissolution decreases as 0" increases 

From step [A-4] 

.-> @- 

k1'(1 --  0" --  o --  o9 [ O H - ]  = k{o" 

~ i ' ( I  --  0 --  09 [ O H - ]  
8 "  " - "  

o" inereases as [OH] increases 

[ A - l ]  

[A-2] 

[A-3J 

[A-4]  

ra te  of dissolution decreases  as [ O H - ]  increases 

Step [A-2] is rds 

i ,-~ i2 -" .v~v' exp  \ ~ /  
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s t ep  [ A - i ]  

k l ( 1  - -  0 --  O' - -  0") [ C N - ]  = kzo' 

~I[CN-] ( I  - -  O - -  Y') 
r 

;, + <Eel-1 

�9 " i . ' ~ i 2 :  e x p \ ~ /  

+ 
F o r  l o w  [ C N - ]  

8_.~0 

r a t e  of  d i s s o l u t i o n  cc [ C N - ]  

r a t e  of  d i s s o l u t i o n  d e c r e a s e s  wi~h  [ O H - ]  

F o r  h i g h  [ C N - ]  
r0~O 

�9 �9 (1 - -  o - - ,0 " )  decreases,  and  r a t e  o f  d i s s o l u t i o n  d e -  
creases as [ C N - ]  i nc reases  

Step [ A - 3 ]  ~s rds  

= DCCN-j 

-~ ( ~Fa~ 

exp Fa, ) r o - -  ~ ( 

f r o m  s t ep  [ A - l ]  

$ i ' - -  I1 

~I[CN-I ( 1  - o - o") 
0p --- 

+  lrCN-I 

/ F a ,  '~ [ C N - ] ' ( 1  - -  0 - -  0 '9 

exp +  'IECN-1 

F o r  l o w  c o v e r a g e  of , adsorbed  i n t e r m e d i a t e s  

I--0-- 0' -- O" --~ l -- O" 
-) 

i3 --  ~80[CN-] 

-*____. ( F a ,  ~ --0'9 =k. ~ ~ exp - - ~ /  (1 ECN-]~ 

kl  k2 

d i s s o l u t i o n  r a t e  d e c r e a s e s  w i t h  i n c r e a s e  in  [ O H - ]  

d i s s o l u t i o n  r a t e  oc [ C N - ] 2  

F o r  h i g h  c o v e r a g e  of  a d s o r b e d  in%ermedia tes  

~ " _ ~ 0  

o+o'___I 

= ~o[CN-] 

d i s s o l u t i o n  r a t e  oc [ C N - ]  

o --~ c o n s t a n t  

d i s s o l u t i o n  r a t e  i n d e p e n d e n t  of  [ O H - ]  

A P P E N D I X  B 

Thermodynamic Possibility of Chemical Dissolution 

H C N  ~-- H + + C N -  KA = 4.93 �9 10 -1o 

a G  ~ --  - - R T  lnKA --  - -  (2.30258) (8.3143) (298.15) 

l og  (4.93 �9 10 - i o )  
---- +53 ,124 .16J  

H C N  ~-- H + + C N -  

H +  + e -  ~__ 1/2 H 

H C N  + e -  ~---- 1/2 H + C N -  

A u ( C N ) ~ -  + e -  ~-----Au + 2 C N -  

aG ~ = 53,124.16 

AG ~ = 0 

aG ~ ---- +53,124.16 

A e  ~ = - - 0 . 6 0 V  

�9 �9 a G  ~ = --n]Fa~ ~ = --  (1)  (96,486.7) ( - -0 .60)  

= +57,892.02, /  

�9 �9 f o r  a n o d i c  d i r e c t i o n ,  a G  o = --57,892.02 

HCN + e- ~- �89 H2 + CN- AG ~ : +53,124.16 

A u  + 2 C N - ~ - - - - A u ( C N ) 2 -  + e- a G  ~ = --57,892.02 

A u  + H C N  + C N -  ~--- �89 I-Iz 
+ A u ( C N ) 2 -  AG ~ = --4,767.86 

s p o n t a n e o u s  r e a c t i o n  
u n d e r  s t a n d a r d  
c o n d i t i o n s  [ A - 5 ]  

a G  ~ - -  ( - -4767.86)  
ae~ - -  - -  n F  ---- ( I )  (96,486.7) ---- 0.049415V 

a ,  = a ,  ~ --  0.59157 l o g  ...p.H2" aA, (cN) -  [ A - 6 ]  
aHCN �9 aCN-- 

T y p i c a l  s o l u t i o n  c o m p o s i t i o n  is  0.10M K O H  + 0.10M 
K C N  

T o t a l  ion ic  s t r e n g t h  is _~ 1/2 ZMizi s --1/2 (0.1 + 0.1 
l 

+ 0.1 + 0.1)  : 0.20 

Modi f i ed  D e b y e - H f i c k e l - G i i n t e l b e r g - D a v i e s  e q u a t i o n  
(23) 

A/zlz~/X/-f 
l og  7 •  - -  1 + X/I- + O . i / z l z ~ / l  

- -0 .50841 (1 )  ~ /0 .2  
= t- 0 . 1 ( 1 )  (0 .2 )  

1+x/~ 
= --0.13711 

7• = 0.729 _~ 7H + --~ 7cN- ----- 7Au(CN)~-- [A-7] 

PH2" [Au (CN) 2-] 
�9 �9 a e  ---- 0.049415 --  0.059157 log  

7_* [HCN]  [ C N - ]  
[A-8] 

From KA 
[HCN] 2 

[HCN] [CN-] = (4.93 �9 10 -Io) 
[H+] 

A t  p H  13 

[ C N - ]  KA 4,93 �9 10 - l o  
- -  = - -  = 4 . 9 3  �9 103 
[HCN] [H + ] 10 -13 

�9 �9 [CN-] = 4.93 �9 I0 ~ [HCN] 

mass balance 

[HCN] + [CN-] = 0.10 

[HCN] + 4.93 �9 10 s [HCN] = 0.1 

[HCN] = 2.028 �9 10 -s 

(4.93 �9 10 -lo) (2.028 �9 10-5)6 
�9 �9 [I-ICN] [CN-] = 

10-1a 

-- 2.0276 �9 10 - e  [A-9] 
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Subs t i tu t ing  [A-7] and [A-9] in [A-8] 

PH2" [Au (CN)~- ]  
he --  0.049415 --  0.059157 log 

(0.729) (2.0276 �9 l0 -e )  

---- --0.29549 -- 0.059157 log (PH2 " [ A u ( C N ) 2 - ] )  

Hydrogen  wil l  be formed at  PH2 ---- 1 atm, therefore  the  
cr i te r ion  for  spontaneous chemical  dissolut ion accord-  
ing to react ion [A-5] is tha t  ~e ~ 0, i.e. 

--0.29549 
log [Au ( C N ) ~ - ]  ~ --~ --4.995 

0.059157 

[Au(CN)  2- ]  --~ 1.01 �9 10 -5 m o l e / d m  ~ 

----- 2 mg A u / d m  8 

The m a x i m u m  dissolved gold concentra t ion at  the  end 
of a potent iosta t ic  dissolut ion run  was 4 m g / d m  3, so 
that  the  concentra t ion of A u ( C N ) 2 -  was <2 mg/dmS 
for a considerable  t ime  dur ing  a run, hence chemical  
dissolut ion was the rmodynamica l ly  possible. 

LIST OF SYMBOLS 
A elec t rode  area  
Co concentra t ion  of Fe (CN) e -4  
Do diffusion coefficient of F e ( C N ) e  -4  
F the F a r a d a y  
ip peak  cur ren t  

ra te  constant  of fo rward  reac t ion  

ra te  constant  of backward  reac t ion  

K equi l ib r ium constant  - -  k / k  
n number  of electrons t r ans fe r red  in ove r -a l l  r e -  

act ion 
R gas constant  
T absolute  t e m p e r a t u r e  
v vol tage  scan ra te  
;~ anodic s y m m e t r y  fac tor  
~r potent ia l  difference across electrode/solution 

in ter face  
8 f ract ional  coverage of AuCNads 
0' f ract ional  coverage of AuCNads-  
0" f ract ional  coverage of AUOHads- 
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An Impedance Interpretation of Small 
Amplitude Cyclic Voltammetry 

I. Theoretical Analysis for a Resistive-Capacitive System 

Digby D. Macdonald* 
SRI International, Materials Research Center, Menlo Park, California 94025 

ABSTRACT 

The t rans ient  response of an equiva lent  circuit  for an e lec t rode/so lu t ion  
in ter face  to a sma l l - amp l i t ude  t r i angu la r  potent ia l  exci ta t ion is der ived  by  
use of t rans form analysis.  The response consists of both t rans ient  and steady.- 
s ta te  contributions.  The pred ic ted  s t eady-s ta te  response yields  a hysteres is  
loop that  is qua l i t a t ive ly  s imi lar  to those exhib i ted  by  rea l  systems under  
sma l l - amp l i t ude  cyclic vo l tammet r ic  conditions. Numer ica l  analysis  i l lus t ra tes  
~he dependence  of the  response on the  vol tage sweep rate,  and the analysis  
of exper imen ta l  da t a  for  corroding 90: 1O Cu:Ni  a l loy in flowing seawate r  is 
described.  

S m a l l - a m p l i t u d e  cyclic v o l t a m m e t r y  (SACV) (1), 
in which a t r i angu la r  potent ia l  exci ta t ion  funct ion is 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key words: cyclic v o l t a m m e t r y ,  l i n e a r  po l a r i z a t i on ,  e q u i v a l e n t  

circuit, impedance, transform analysis. 

imposed across an e lec t rode/so lu t ion  interface,  has 
been used for both  fundamenta l  s tudies of the s t ructure  
and capaci tance of the double l aye r  and for eva lua t ing  
the corrosion rates  of meta ls  in condensed systems. At  
high vol tage sweep rates, the  capaci t ive  components  
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f requent ly  dominate the interfacial  impedance, and the 
observed current  response can be used to estimate the 
capacitance of the surface (1). Conversely, at low 
sweep rates the capacitive current  is usual ly  negligi-  
ble compared with the faradaic contribution.  In  this 
case, the SACV response is pr incipal ly  determined by 
the charge- t ransfer  (polarization) resistance of the in-  
terface. 

The SACV technique is used extensively in  corrosion 
research for est imating the polarization resistance of 
a meta l -solut ion interface at the corrosion potential  
(2). Typically, a 10-20 mV peak- to-peak t r iangular  
excitation is imposed across a corroding interface by 
use of a potentiostat. The current  response is then re-  
corded over one or more cycles, and the polarization 
resistance is estimated f r o m  the gradient  of the po- 
tential  (E) vs. current  (I) plot at the corrosion poten- 
tial. The E vs. I plot is f requent ly  nonlinear,  but more 
impor tant  for the present  analysis, the plot may ex- 
hibit  considerable hysteresis. The nonl inear  response 
has been discussed (2, 3), and it appears that  this phe- 
nomenon can be used to obtain informat ion on the na-  
ture of the corrosion process. On the other hand, little 
a t tent ion has been focused on the origin of the hys- 
teresis, even though this property plays a central role 
in the in terpre ta t ion  of data from the closely related 
a-c impedance technique (1). 

In  this paper, the origin of the hysteresis in current  
vs. potential  as observed under  SACV conditions is 
analyzed in  terms of the impedance of an equivalent  
electrical circuit. It  is shown that the degree of hys- 
teresis is sensitive to the potential  sweep rate, and that 
the observed current  response can be used to estimate 
values for the resistances and capacitances at the in-  
terface. 

Impedance Operators 
Provided that the ampli tude of the excitation voltage 

is sufficiently small, the components of the impedance 
at a meta l /solut ion interface can be regarded as l inear;  
that is, the impedances of the individual  components 
are independent  of voltage. Accordingly, the interface 
may be represented by an equivalent  electrical circuit 
consisting of l inear  components only, and the response 
of the system to an excitation signal E( t )  can be ob- 
tained by application of Eq. [1] 

I ( t )  = E ( t ) / Z ( p )  [1] 

where p is the impedance operator defined as 

p :- . d /d t  [2] 

1/p = f d t  [3] 

The impedance function Z ( p )  is chosen so that  Z ( p )  
• I ( t )  is equal to the voltage drop across the device 
in  question. For instance, the drops in voltage across 
resistive, capacitive, and induct ive components are 
given by 

Resistive: E ( t )  = RI, Z ( p )  - - R  [4] 

Capacitive: E ( t )  : ( l /C)  f I d t ,  Z ( p )  : 1~pC [5] 

Inductive:  E ( t )  ~ - L ( d I / d t ) ,  Z ( p )  : L p  [6] 

Furthermore,  the total voltage drop across a series 
combinat ion of components is given by 

E ( t )  = Y~Ei(t) [7] 

whereas the total cur rent  through a parallel  network is 

I ( t )  = ~I i ( t )  [8] 
i 

Accordingly, the impedance functions for series and 
paral lel  combinations of components are given by Eq. 
[9] and [10], respectively 

Z ( p )  -~ Y~Z~(p) [9] 
i 

I / Z ( p )  ---- Y (p) = ~ [ 1 / Z ( p )  ] -- ~ Y i ( p )  [10] 
l l 

The parameter  Y ( p )  is commonly termed the admit-  
tance function for the circuit under  consideration. 

Inspection of Eq. [1], [4]-[6],  [9], and [10] shows 
that if the impedance (or admittance) operator of a 
complex circuit is known, then predict ion of the cur-  
rent  response to a specified excitation voltage function 
E ( t )  will involve solution of one or more in tegra l /  
differential equations. One of the most effective meth-  
ods for handl ing this type of problem is by use of 
Laplace (or Fourier)  transforms. The application of 
these integral  t ransforms for predicting the t rans ient  
responses of electrical circuits is known as t ransform 
analysis. Although Pil la (4) and others (1, 5, 6) have 
used numerical  t ransformat ion techniques in  the anal -  
ysis of the a-c impedance characteristics and potentio- 
static responses of electrochemical systems, t ransform 
analysis of either exper imental  data or equivalent  elec- 
trical circuits does not  appear to have been employed 
extensively in the s tudy of SACV. 

Transform Analysis 
It can be shown (7) that  upon t ransformat ion of 

Eq. [1] into Laplace space, that is 

I ( s )  = E ( s ) / Z ( s )  [11] 
with 

f /~[~(t)] = f ( s )  = f ( t ) e - s t d t  [12] 

the impedance funct ion Z ( s )  has the same analyt ical  
form as Z ( p )  with the impedance operator, p, re-  
placed by the Laplace variable, s. This convenient  
property permits the s traightforward derivat ion of an 
expression for the Laplace t ransform of the current  in 
terms of the variable s. Inverse t ransformat ion (ana-  
lytically or numerical ly)  therefore yields the required 
current  response in terms of real time. 

By way of i l lustration, we consider a simple series 
R - C  circuit. The impedance operator for this circuit 
is obtained from Eq. [4] and [5] as 

Z (p) ~- R ~- 1~pC [13] 

The current  response to a voltage step applied at t : 
0 is therefore given in Laplace space as 

I ( s )  -- E C / ( 1  + sRC)  [14] 

where the Laplace t ransform of E (t) is (8) 

~ [ E ( t ) ]  = E / s  [15] 

Inverse t ransformat ion of Eq. [14] is s t raightforward 
by use of s tandard tables (8) to yield the famil iar  ex- 
ponent ial  decay of current  with t ime 

I ( t )  = ( E / R ) e  - t /Rc  [16] 

Simulated Metal/Solution Interface 
The simplest general  electrical equivalent  circuit for 

a meta l /solut ion mter~ace is a paral lel  combinat ion of 
a resistor (Rp) and a capacitor (C) in series with a 
second resistor (Rs) as shown in ~ig. la. The resist- 
ance Rp may be identified with the charge- t ransfer  (or 
polarization) resistance, whereas Rs is commonly as- 
sociated with any pure  resistance (e.g., from the solu- 
t ion or low capacitive films) between the metal  and 
the tip of the reference electrode probe. Although at 
first sight this equivalent  circuit may appear to be un-  
realistically simple, it can f requent ly  s imulate the re- 
laxat ion behavior of a real interface, par t icular ly  if a 
single relaxat ion process dominates the electrochemi- 
cal behavior over the range of f requency of interest. 
In  the complex plane representat ion of the impedance, 
this behavior is characterized by a single first quadrant  
semicircle centered on the real axis. Although other 
relaxat ion processes may exist at other frequencies, 
their contr ibutions to the over-al l  impedance of a 
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Fig. 1. Equivalent circuit and voltage-excitation function for the 
model considered for the metal-solution interface. 

series combinat ion of elements of the type shown in 
Fig. l a  will  be small, provided that  the relaxat ion times 
are sufficiently well  separated. 

With these l imitat ions in  mind, the impedance of 
the interface under  l inear  conditions is given by 

Rp 
Z(p)  -- Rs + [17] 

1 Jr pRpC 

The excitation voltage applied in the controlled po- 
tent ial  mode across the interface is in the form of the 
t r iangle shown in  Fig. lb  and is represented mathe-  
matical ly by Eq. [18] 

Ern[ ~. 

E =  
t 

2 n ~ < t <  ( 2 n + l ) X  
(forward sweep) 

(2n -f- 1)~ < t < (2n -I- 
2) ~ (reverse sweep) 

[18] 

where Em is the max imum value of the excitation 
voltage, k is the time of reversal  of the voltage scan, 
and n = 0, 1, 2 . . . .  is the cycle number .  The Laplace 
t ransform of Eq. [18] is given in  t ransform tabies (8) 
a s  

E-(s) = Era(1 -- e-Xs)/ks~(1 + e-ks)  [19] 

Subst i tut ion of Eq. [17] and [19] into Eq. [11] with 
p = s therefore yields the Laplace t ransform of the 
response current  as 

I ( s ) /Em - "  [ ( 1  - -  e-~s) /bks(1 + e ~ X s ) ]  

a 

where 
a = Rs + Rp [21] 

b = RsRpC [22] 

Inverse t ransformat ion may  be accomplished by use of 
the convolut ion theorem (7, 8) 
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~o t ~ - ~ [  T(s)/Em] - F ( x ) G ( t  -- x ) d x  [23] 

where F(x)  and G ( t - - x )  are the inverse t ransfor-  
mations of f(s)  and g (s) given below 

](s) = (1 -- e-Xs)/s(1 -t- e -xs) [24] 

+ 1  ~ 2 n ~ < x <  ( 2 n + l ) ~  

F(x)  -- f [25] 
--1 (2n + l)~ < x < (2n + 2)~ 

( ~  g(s) : l /s  s +  + RpC/ s + - ~  [26] 

G (t -- x) : b/a + Ke ax/b [27] 
with 

K ~" ( R p C  - -  b/a) e - a t / b  [28 ]  

Subst i tut ion of Eq. [25] and [27] into Eq. [23], fol- 
lowed by integrat ion over successive forward and 
reverse sweeps, yields 

If(t) -- (Em/a~) t t -  2n~ - ( R p C -  b/a) 

X 2 ( - - 1 )  m e - a ( t - m k ) / b  - -  e - a t / b  - -  I [29 ]  

m = 0  

for the current  on the forward sweep with 2nk < t 
(2n Jr 1)i~, and 

I t ( t )  = (Em/a~) t 2(n  -F 1):~ -- t + (RpC -- b/a) 

X 2eak /b  ~ ( - - 1 ) m  e--a( t - -mX)/b e - a t / b  - -  1 

m = O  

[30] 

for the reverse sweep with (2n -F 1)~ < t < (2n + 2)L 
The summations contained in  Eq. [29] and [30] are 
geometric progressions. Summat ion  over the indicated 
limits therefore yields 

If(t)  = (Em/a~.)( t-  2n~.- ( R p C -  b/a) 

X [2e-at(  1 -{- e(2n+l)a~/b)/(1 -~ ear/b) -- e--at/b ~ 1 ] }  

[31] 
and 

I t ( t )  = (Em/a~.){2(n + 1)~ --  t + ( R p C  - -  b/a) 

X [2e-(t-x)a/b( 1 -~- e(2n+l)aX/b)/ 

(1 -~ e ah/b) - -  e - a t / b  - -  1 ]}  [ 3 2 ]  

for the forward [2n~ < t < (2n -t- 1)~] and reverse 
[2n + 1)~ < t < (2n ~ 2)k] sweeps, respectively. 

It is convenient  to redefine the t ime scales so that 
zero t ime for the forward sweep coincides with 2n~ 
(i.e., with the start  of the n th  forward sweep) and 
with (2n + 1)~ for the reverse sweep. This is accom- 
plished by use of the following t ransformations 

t '  = t --  2n~ [33] 

t" = t - -  (2n + 1)~ [34] 

Thus, subst i tut ion for t in Eq. [31] and [32] using Eq. 
[33] and [34J, respectively, yields the following ex- 
pressions for the current  t ransients  for the forward 
and reverse sweeps 

I f ( t ' )  = (Em/a~) (t' -- e-at'/b(RpC -- b/a) 

X [2 ( e  - 2 a a x / b  -[- e ax/b)  / (1  J r  e a~/b) - -  e - 2 n a x / b ]  

+ (Rpc- b/a)} [~3 
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I r ( t  ") : (Em/aX){k -- t" + e-at"Zb(RpC -- b /a )  

X [2 (e-~a;~/b + eaX/b) / (1 4- e ax /b)  -- e -  (2n + 1)aX/b] 

- -  (RpC -- b /a )  } [86] 

Equations [35] and [36] demonstrate  that  the cur-  
rent  response contains both steady-state  and t ransient  
components. Of principal  interest  in this work is the 
steady state that  is established when na}~/b --> oo. Un-  
der these conditions e -2nah/b and e - ( 2 n + l ) a ~ / b  --> 0,  SO 

that  Eq. [35] and [36] reduce to 

Issf(t  ') " - "  (Em/a~.){ t ' - -  ( R p C -  b /a )  

X [(2ea(X-t')/b/[ 1 4- eaX/b]) -- 1]} [37] 

I , s ~ ( t  - )  = (Em/aX){}~  - -  t" + ( R p C  - -  b / a )  

X [(2eaOt--t")/b/[ 1 4- ea}'/b]) -- 1]} [38] 

Because SACV experiments  are normal ly  carried out 
with potential  sweep rate as the independent  variable, 
a fur ther  t ransformat ion of Eq. [37] and [38] is neces- 
sary. Thus, subst i tut ion of ~ = Em/v,  where v is the 
potential  sweep rate, into Eq. [37] and [38] yields 

I J ( t ' )  = ( v / a ) { t ' - -  ( R p C - - b / a )  

,X [(2eaCE~-vt')/vb/[1 4- eaEm/vb]) -- 1]} [39] 

Issr(t ") -- ( v / a ) { E m / V -  t" 4- ( R p C -  b /a )  

X [(2ea(E~--vt")/vb/[1 4- eaEm/vb]) - -  1]} [40] 

Equations [39] and [40] therefore give the complete 
s teady-state  response of the equivalent  circuit shown 
in  Fig. l a  as a funct ion of t ime and sweep rate as the 
independent  variables. 

Numer ica l  Analysis 
Equations [39] and [40] show that  the steady-state 

response of the equivalent  circuit shown in Fig. la  to 
a t r iangular  voltage excitation is a complex funct ion of 
the resistances and capacitances of the circuit elements, 
the max imum voltage, Era, and the voltage sweep-rate, 
v. The relationships given are sufficiently complex that 
the dependence of the response on the independent  
variables is best i l lustrated by numerical  analysis; that 
is, the current  on the forward and reverse sweeps is 
calculated from Eq. [39] and [40] for selected values 
for Rs, Rp, C, Era, and v. 

Typical s teady-state  current-vol tage  curves as a 
function of voltage sweep rate are shown in Fig. 2. In 
general, the polarization curves exhibit  hysteresis be-  
tween the forward and reverse sweeps, with exponen- 
t ia l - type  decays at the start  of both sweep directions. 
The curves plotted in Fig. 2 show that  the degree of 
hysteresis is sensitive to the voltage sweep-rate, and 
only at the lowest sweep-ra te  considered is the degree 
of hysteresis negligible. The amount  of exponential  de- 
cay at the start  of both the forward and reverse sweeps 
depends upon the value for the series resistance Rs. 
Thus, if the series resistance is not present or has been 
compensated for by positive feedback, no exponential  
decay is predicted as can be shown from Eq. [39] and 
[40]. These calculated vol tammograms are similar in 
both form and response to the independent  variable, v, 
as those f requent ly  observed ior real systems (see next  
section). 

In practice, it is possible to obtain reasonably precise 
data for the gradient  of the current /vol tage  curve at 
the end of both the forward and reverse sweeps. Fu r -  
thermore, the hysteresis current,  ~I, defined as 

AI = I j ( t '  : )~/2) -- Issr (t " = 1/2) [41] 

is also convenient ly  measured from the observed cur-  
rent  response (see Fig. 2). Differentiation of Eq. [39] 
and [40j with respect to t '  and t", and subst i tut ion of 
t '  ---- t" = ~, therefore yields 
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Fig. 2. Cyclic voltammograms for the electrical equivalent cir- 
cuit shown in Fig. l(a) as a function of voltage sweep rate. Rs 
= 10 ~ ,  Rp = 1000 ~ ,  C = 1000 ~F, Em = 20 inV. 

1/Rapp = 1/(Rs 4- Rp) 4- 2Rp/Rs(Rs  4- Rp) (1 4- e aEm/vb) 
[42] 

where the apparent  polarization resistance, Rapp, is 
equal  to (OE/~Iss)t=},; that is, it is equal to the slope 
of the polarization curve at t '  = k for the forward 
sweep and at t" = )~ for the reverse sweep. Similarly, 
subst i tut ion of Eq. [39] and [40] into Eq. [41] yields 
the following expression for the hysteresis current  

hi  _ 2Rp2 C{1 -- 2eaEm/2vb/(1 4- e aEm/vb) } V/(Rs 4- Rp) 2 

[43] 

A third equation may be derived by noting that the 
diagonal resistance, Ra, is given by 

1/Rd = [Issf(t ' r-- )~) _ Issr(t" = k)]/Em [44] 

This parameter  is determined exper imenta l ly  as the 
gradient  of the line joining points A and B of the 
vol tammogram shown in Fig. 2 for a sweep rate of 80 
mV/sec. Subst i tu t ion of Eq. [39] and [40] into Eq. [44] 
therefore yields 

1/Rd ---- 1/(Rs 4- Rp) 4- {2Rp2C(eaEm/bv -- 1)/Era (Rp 

4- Rs)2(eaEm/bv + 1)}V [45] 

The variat ion of 1/Ra,p and 1/Rd with voltage sweep 
rate (or frequency v/4Em) for the indicated values for 
Rs, R m C, and Em is shown in Fig. 3. At low sweep 
rates, both Rapp and Rd tend toward the total d-c re-  
sistance of the circuit, that is Rs 4- Rp. This l imit  is 
also approached at low frequency for sinusoidal excita- 
tion as used in the a-c impedance technique (1). At 
very high voltage sweep rates both curves approach 
the value for the series resistance, Rs. This expected 
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Fig. 3. Variation of 1/Rapp and l/Rd with voltage sweep rare 
for SACV. Note the two limits given by 1/Rs and 1/(Rs 4- Rp). 
Rs =: 10 D,, Rp - -  1000 ~ ,  C ~- 1000 #F, Em : -  0.020V. 

resul t  also para l l e l s  the w e l l - k n o w n  high f requency 
behav ior  under  s inusoidal  exci ta t ion (1). 

The sweep ra te  dependence  of the hysteresis  cur -  
ren t  p lo t ted  in  Fig. 4 shows tha t  hi  at  first increases 
wi th  v due to the  increased conductance of the para l le l  
capacitor.  A t  h igher  sweep rates, however ,  the im-  
pedance  of the  in ter face  becomes increas ingly  de te r -  
mined  by  the series res is tance so that  the hysteresis  
cur ren t  decreases.  At  ve ry  low sweep ra tes  (in the 
range  for most  l inear  polar iza t ion  resis tance measure -  
ments ) ,  AI is p red ic ted  to va ry  monotonica l ly  wi th  v 
wi th  a l imi t ing  g rad ien t  equal  to 2CRp2/(Rp 4- Rs) 2 
as shown by the  expanded  scale plot  in Fig. 4. This 
p r o p e r t y  is used la te r  in  this  pape r  for  the  analysis  of 
expe r imen ta l  data.  

Analysis of Experimental  Data 
The essential  fea tures  of the  p rocedure  for analyzing 

expe r imen ta l  da ta  a re  i l lus t ra ted  by  reference  to 
the  SACV's  for  corroding 90:10 Cu: Ni al loy in flowing 
seawate r  shown in Fig. 5. The expe r imen ta l  detai ls  of 
this work  wil l  be publ i shed  in a subsequent  paper  (9). 
Comparison of these curves  wi th  those ca lcula ted  theo-  
re t ica l ly  (Fig. 2) shows tha t  the  responses are  qual i -  
t a t ive ly  similar ,  in tha t  both  exhib i t  hysteres is  be-  
tween the fo rward  and reverse  sweeps, and both show 
exponen t i a l - type  r e l axa t ion  phenomena  at  the s ta r t  of 
the  scans in both directions.  

Plots  of 1/Rapp and 1/Rd against  sweep ra te  for 90:10 
Cu: Ni a l loy in flowing seawate r  a re  shown in Fig. 6. 
These  curves agree  wi th  the  theore t ica l  p red ic t ion  tha t  
the  plots  should be a pp rox ima te ly  parabo l ic  (Eq. [42] 
and [45]), and  tha t  1/Rd is more  dependent  on sweep 
ra te  than  is 1/Rapp. In both cases, ex t rapo la t ion  to zero 
sweep rates  yields the  same value  of 1316 ___ 25~ for  
Rs 4- Rp. The dependence  of the  hysteresis  current ,  
hi, on sweep rate,  is shown in Fig. 7. Again,  the  theo-  
re t ica l  predic t ion  of an app rox ima te ly  parabol ic  func-  
t ion tha t  ex t rapo la tes  to hi  ---- 0 for  vanish ingly  smal l  
sweep ra tes  is observed.  The g rad ien t  of the hi vs. v 
plot  at  v -----0 is re la ted  to the  values of the  equiva lent  
circui t  components  th rough  Eq. [46] 

(d AI/dv) - -  2Rp2C/ (Rp 4 -  Rs) ~ [46] 
v--~0 

Assuming tha t  R v >> Rs (see be low) ,  this expres -  
sion yields an in ter fac ia l  capaci tance of 2500 _+ 200 #F. 

The va l id i ty  of the  values  for Rp and C as de te r -  
mined by  SACV can be assessed by  compar ison wi th  
da ta  obta ined  by  the more  convent ional  a -c  impedance  
technique (1). Typical  impedance  d iagrams for  90:10 
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Fig. 4. Dependence of the hysteresis current (AI) on voltage 
sweep rate (v) for SACV. The arrows indicate the appropriate 
sweep rate axes, Rs ~ 10 ,Q, Rp : 1000 12, C ~ 1000 /~F, Em 
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Fig. 6. Plots of Eq. [42] and [45] for 90:10 Cu:Ni alloy in flow- 
ing seawater. Experimental conditions as listed in Fig. 5. 
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Cu: Ni al loy in the same expe r imen t  at three  different  
exposure  t imes are  shown in Fig. 8. These da ta  were  
obta ined  by  analysis  of the Lissajous figures genera ted  
by  s imul taneous ly  imposing the sinusoidal  exci tat ion 
vol tage  and response cur ren t  across the  X and Y axes, 
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Fig. 8. Complex plane-impedance diagrams for 90:10 Cu:Ni alloy 
in flowing seawater as a function of exposure time. Experimental 
conditions as listed in Fig. 5. Numbers next to each point refer 
to frequency in Hz. 

respect ively,  of an oscil loscope ( f requency  > 1 Hz) 
or fas t - response  X - Y  recorde r  ( f requency < 1 Hz) (1, 
9). F o r  al l  three  exposure  times, the  impedance  plots 
take  the  form of d is tor ted  semicircles,  or  combinat ions 
of semicircles.  At  sufficiently low frequency,  all  the  
impedance  d iagrams exhib i t  pa r t i a l l y  resolved semi-  
c i rcular  plots, as expected for dominance  of the  im-  
pedance by  a single re laxa t ion  process having an 
equivalent  circui t  of the type  adopted  in this theore t i -  
cal analysis  (Fig. l a ) .  Other  r e laxa t ion  processes a re  
evident  at  h igher  frequencies,  as shown c lear ly  by  the 
impedance  d iagram for the  longest  exposure  time. 
Thus, semicircles wi th  m a x i m a  at  ,~ 0.025 and ~, 60 Hz 
are  evident,  in addi t ion  to the  low f requency  semi-  
circle wi th  its m a x i m u m  at ,~ 0.0025 Hz. We have ob-  
ta ined extens ive  impedance  data  for both  90:10 and 
70:30 Cu: Ni al loy in flowing seawater  as a function of 
oxygen and sulfide concentrations.  The analyses  of 
these d iagrams  will  be presented  in a la te r  publ ica-  
t ion (9). 

In  a l l  th ree  cases shown in Fig. 8, the impedance  
plots ex t rapo la te  at  high f requency  to ve ry  smal l  
values for the  real  component  R', as expected for 
small  values for  the  series resistance,  Rs. The low 
f requency  in te rcept  wi th  the  real  axis is equal  to the  
impedance  of the d-c  path;  that  is, equal  to Rs + Rp. 
Fur the rmore ,  the f requency (~) at  which the semi-  
circle is at  a m a x i m u m  is given by  

= 1/RpC [47] 

Thus, subst i tu t ion for Rp in Eq. [47] using the low 
f requency  in tercept  wi th  the  real  axis permi t s  an 
es t imate  to be made  of the in ter fae ia l  capacitance.  

A comparison of the  values  for Rs + Rp and C, as 
der ived  by  use of the  a-c  impedance  and the SACV 
techniques is shown in Fig. 9. Excel lent  agreement  is 
obta ined be tween both exper imen ta l  methods,  t he reby  
demons t ra t ing  the usefulness of SACV for inves t iga t -  
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Fig. 9. Variation of Rp 4- Rs (upper plot) and C (lower plot) 
with exposure time for corroding 90:10 Cu:Ni alloy in flowing sea- 
water. Experimental conditions as listed in Fig. 5. 

ing the  impedance  proper t ies  of a meta l / so lu t ion  in-  
terface.  In teres t ingly ,  the  capaci tances  measured  in 
this  work  for  90:10 Cu:Ni  a l loy in flowing seawate r  
a re  much l a rge r  than  the expected double  l ayer  ca-  
pac i tance  (200-400 #F for a specimen area  of 11 cm 2) 
and increase  wi th  t ime. The observed values  p re -  
sumab ly  reflect pseudocapaci tance  associated wi th  the 
deposi t ion of a surface film (1). 

A t  this point  i t  is wor thwhi le  to comment  upon 
the  re la t ive  mer i t s  of the  SACV and a-c  impedance  
techniques for measur ing  corrosion ra tes  for meta ls  
in condensed media.  A l though  the  SACV technique 
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is used ex tens ive ly  in corrosion research,  and indeed 
forms the basis of an ASTM recommended  pract ice  
for measur ing  polar iza t ion  resistance,  the present  
work  demonst ra tes  that  a full  impedance  i n t e rp re t a -  
t ion of the  da ta  is ve ry  complex, even if  only  a single 
re laxa t ion  is assumed to occur at the  interface.  Con-  
t rar iwise ,  the a-c  impedance  technique provides  a 
powerfu l  method for not only  es t imat ing the polar iza-  
t ion resistance,  but  also for  mechanis t ic  invest igat ions  
by  analysis  of the  form of the  complex  p lane  plot  
(10). Nevertheless ,  i t  is l ike ly  tha t  the  SACV technique 
wil l  cont inue to be used ex tens ive ly  for rout ine  mea-  
surement  of polar izat ion res is tance because of the ex-  
pe r imenta l  s impl ic i ty  and because for many  systems 
the SACV response at  low vol tage sweep is almost  
en t i re ly  resis t ive in character .  
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ABSTRACT 

The hydrolysis  of chromium (III) in mol ten LiC1-KC1 eutectic has been 
studied by varying the ratio of H20 to HC1 vapor pressure in  equi l ibr ium 
with the melt  using cyclic vol tammetry  at a glassy carbon indicator elec- 
trode. The ini t ial  process is a reversible hydrolysis to form an electroactive 
species, believed to be CrC15(OH) -8, followed by slower polymerizat ion 
reactions culminat ing in the i rreversible formation of an insoluble phase. 
Raising the tempera ture  from 450 ~ to 500~ causes the ini t ial  reversible 
hydrolysis to be less pronounced, and to increase the rate of the subsequent  
i rreversible processes. 

In view of the difficulty of completely dehydrat ing 
molten LiC1-KC1 eutectic, the behavior  of water  is of 
special interest.  Hydrolytic decomposition dur ing  mel t -  
ing according to the reaction 

H~O + CI- ~+~- HCI + OH- [i] 

is suppressed by gaseous HCI and promoted by sub- 
stances such as metal ions or acidic oxides which react 
with OH- or O = ions to form soluble species or insolu- 
ble phases. Fusion of a moist salt mixture in glass or 
silica vessels leads to an instantaneous etching, which 
can be prevented by pumping off most of the water 
from the solid salts and fusing under dry HCI atmo- 
sphere (I). Previous studies of water in LiCI-KCI 
melts have been concerned with measurement of its 
dissociation constant (2) and with the effect of mois- 
ture on the mechanism of the cathodic reduction of 
chromate (3, 4). In the latter work, it was found that 
no etching of glass occurred in the presence of mois- 
ture if excess HCI was present. 

Previous studies of the chromium (III)-chromium 
(If) system have included a measurement of the re- 
versible potential (5), steady-state voltammetry (6), 
and cyclic voltammetry (7). In the latter study, the 
first reduction step was interpreted in terms of a rapid 
charge-transfer reaction 

Cr+3 + e -  ~ Cr +2 [2] 

followed by a slow precipitat ion of CrC12 

Cr +2 -~- 2C1- --> CrC12 [3] 

This mechanism appears implausible, in  view of the 
fact that our previous potentiometric and voltammetric  
work (5, 6) had been carried out with solutions of 
chromium (II).  

Spectrophotometric studies of CrC13 have indicated 
an octahedral coordination to produce CrCI6 -~ in  LiC1- 
KC1 eutectic~at temperatures  of 392 ~ and 444~ (8) 
and also in molten CsC1 at temperatures  of 650~ 
(9). Divalent  ions such as Ni( I I ) ,  Co(II) ,  Cu(I I )  were 
found to have te t rahedral  coordination, corresponding 
to MCI~ =. Gruen  and McBeth (10) found that  V(I I I )  
and V(II )  in LiC1-KC1 melts showed octahedral co- 
ordinat ion at 400 ~ while at higher temperatures  a 
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t ransi t ion to te t rahedral  coordination took place. Ac- 
cordingly, it appeared probable that  the first step of 
electroreduction should best be written 

CrCls -~ + e- ~ CrCl6 -4 [4] 

and the second, slow step as the dissociation reaction 

CrCle -4--> CrCI4 -2 -~- 2C1- [5] 

The simplest hydrolysis reaction of Cr( I I I )  may  be 
wr i t ten  

H20 + CrCle -~3 ~ CrCI~ ( O H ) - s  + HC1 [6] 

By equi l ibrat ing an inert  carrier  gas with aqueous HC1 
solution, a variable ratio of PHcl-PH20 could be main-  
tained in  the gas phase, and correspondingly the con- 
centrat ion ratio of HC1 to H20 could be varied in  the 
solution phase. 

The present investigation was carried out using cy- 
clic vol tammetry  to monitor  the progress of reaction 
[6] and subsequent  polymerizat ion reactions to produce 
an insoluble product. 

Experimental 
Reagents.--The LiC1-KC1 eutectic was obtained from 

Anderson Physics Laboratories, Incorporated, Urbana,  
illinois, where it was prepared and purified by the 
method outl ined by Lai t inen et al. (1). 

Anhydrous  CrC13 was prepared by heat ing CrCI~ 
(Research Organic/Inorganic  Chemical Corporation) to 
650-C in a s t ream by CCI~ vapor (11). The product  was 
refined fur ther  by subl imat ion between 700~176 in  
an anhydrous HC1 gas (12). The other chemicals were 
used without  fur ther  purification. 

Electrodes.--Platinum reference electrodes and spec- 
troscopic grade graphite counterelectrodes were used 
as in previous studies (13). 

Glassy carbon electrodes (Beckwith Carbon Corpo- 
ration) were used as working electrodes. Rods of 3 
mm (1/s in.) diam were sealed into Pyrex by two 
techniques which were evaluated by measurements  of 
double layer  capacity and steady-state  residual  cur-  
rents and by cyclic vol tammetry  of the purified solvent. 
For comparison, measurements  of the same type were 
carried out with a p la t inum flag electrode having a 
geometrical area of about i6 mm 2. The glassy carbon 
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electrodes, designated as GCE-I  and GCE-II, were pre-  
pared as follows. 

GCE-I.--A glassy carbon rod, provided with a knotted 
p la t inum contact wire at one end, was placed in  a 
Pyrex  glass tube, closed at one end, and provided with 
a th in-wal led  section slightly larger  than the carbon 
rod. By lowering the pressure at the open end and 
heat ing the th in -wal led  section to the softening point, 
the rod was coated with glass, taking care to avoid bub-  
bles at the carbon-glass interface. The th in-wal led  
section was s t rengthened by welding it into a commer-  
cial glass tube, again under  reduced pressure, and 
pul l ing off the thick-wal led tube in  the flame. After 
cooling in an oven main ta ined  at 160~ the end was 
cut off to expose the flat circular cross section of the 
glassy carbon which was polished to a mir ror  finish 
using fine a lumina  powder on a glass plate. The elec- 
trode was stored in  an oven regulated at 160 ~ unt i l  its 
use in electrochemical experiments,  because glassy car-  
bon has a coefficient of thermal  expansion close to that  
of Pyrex glass at temperatures  above 100QC (14). 

GCE-II.--To improve the seal between glassy carbon 
and Pyrex  glass, the rod was first t reated with a silica 
coating, prepared by soaking in 20% sodium silicate 
solution, drying in an oven at 160~ exposing it to dry 
HC1 gas at 200 ~ for 30 rain, washing with deionized 
water  several  times to remove NaC1, and dehydrat ing 
by heat ing to red heat. The rod was treated in  this 
manne r  five times and then sealed into Pyrex using the 
same technique as described above for GCE-I. 

Apparatus.--Double layer  capacity measurements  
were made with a Wayne Kerr  Universal  Bridge B221 
using 1000 Hz signal source. A Universal  Programmer  
Model 175 (Princeton Applied Research Corporation) 
was used as a potential  source, a 241 A Oscillator 
(Hewlet t -Packard)  as an  a.c. sine wave source, and 
a Type 1232, A Tuned  Amplifier and Null  Detector 
(General  Radio Company) as a zero detector were 
used. 

'Cyclic vol tammetr ic  scan waves were obtained with 
a Polarographic Analyzer  Model 174A (Princeton Ap-  
plied Research Corporation) coupled to a Universal  
P rogrammer  PAR (Model 175), and the cur ren t -  
voltage curves were recorded on a Moseley Model 7000 
AM: X-Y Recorder (Hewlet t -Packard) .  

Procedure.--All electrochemical experiments  were 
performed at 450~ A Hevi -Duty  MK 3012-S Verti-  
cal Split  Tube Furnace  (Hevi -Duty  Electric Company) 
was used. The tempera ture  was regulated with a 
Wheelco Pane l -Mount  Capacitrol Tempera ture  Con- 
trol ler  (Wheelco Ins t rument  Company) .  The proce- 
dures employed for cleaning glassware and handl ing 
the molten salt with special glass devices were de- 
scribed in  detail by Johnston (15). The melt  solution 
of Cr( I I I )  was prepared by dissolving a known  weight 
of anhydrous  CrC13 in the mol ten LiCI-KC1 eutectic 
saturated wi th  dry HC1 gas. 

Moist HC1 gas was prepared by passing Ar gas 
through a series of two gas washing bottles fitted with 
frit ted glass dispersion tubes to assure equi l ibr ium 
between aqueous HC1 and carr ier  gas (3). Concentra-  
tions of H20 and HC1 were expressed in terms of their  
part ial  pressures in Ar  gas, using tabulat ion o~f the par-  
t ial  pressures in equi l ibr ium with aqueous solutions 
at various temperatures  (16). For  the three aqueous 
HC1 concentrations, 12, 11, and 10M, the values of 
PH20/PHC1 were, respectively, 0.0173, 0.0467, and 0.134 
at 30~ 

After  replacing the gas in  the cell containing the 
melt  with moist HC1 gas by blowing at least 30 min, it 
was bubbled  into the melt  for the desired time. After  
t e rmina t ion  of an electrochemical experiment,  the 
salt was dissolved in  deionized water. The volume of 
melt  was calculated from the amount  of chloride ion 
determined by argentometry  and the density. 

Research and Discussion 
Evaluation o~ glassy carbon electrodes.--Measure- 

ments of double layer capacity revealed that  GCE-I 
showed an apparent  differential capacitance of the 
order of 100 _ 20 ~F/cm 2 over a potential  range of 
0---1.6V vs. 1M P t ( I I ) / P t .  At more negat ive poten-  
tials the capacitance gradual ly  increased several-fold 
evident ly  because of faradaic processes. In  comparison, 
GCE-II  showed a much lower capacitance, of the order 
of 40 +__ 10 ~F/cm ~ over the same potent ial  range, once 
more increasing without  apparent  l imit  at potentials 
more negative than -- 1.6V. 

Cyclic vol tammetry  and steady-state  residual current  
measurements  l ikewise indicated lower blanks  for 
GCE-H, presumably  because the silica layer  provided 
superior bonding to glass. Both types of measurements  
indicated a useful potential  range of 0---1.8V for 
GCE-II. The residual  current  was slightly anodic at 
potentials near  zero vs. Pt, presumably  because of a 
slow anodic oxidation of the carbon surface, in agree- 
ment  with the observation of Levy and Reinhardt  (7). 

Cyclic vo,ltammetry of chromium(III) in dry HCl.-- 
Cyclic vol tammetry  experiments  were carried out at 
450~ at three concentrat ions of Cr( I I I )  prepared by  
the addition of anhydrous CrCI~ to melts saturated 
with HC1 gas at seven voltage scan rates ranging from 
1.000 to 0.010 V/sec. Typical vol tammetr ic  curves are 
shown in Fig. 1. 

Plots of the cathodic peak cur ren t  vs. square root of 
the voltage scan rate were l inear  through zero. The 
diffusion coefficients of Cr( I I I )  calculated from the 
slopes of these plots ranged from 0.8 to 1.0 • 10 -5 cm 2 
sec -1, somewhat larger  than those reported 15y Levy 
and Reinhardt  (7). 

The ratios of cathodic to anodic peak currents  were 
measured for each scan, using the empirical expression 
developed by Nicholson (17) 

~a/~c • iap/icp ~- 0.485 ~sp/~cp "~- 0.086 [7] 

when iap and icp are the measured anodic and cathodic 
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Fig, 1. Cyclic voltammograms for reduction of Cr(lll) to Cr(ll) 
in melt solution saturated HCI gas. Curve (1) Voltage scan rate of 
O.SO0 V/see; curve (2) 0.200 V/sec; curve (3) 0.050 VTsec; curve 
(4) 0.020 V/sac; curve (5) 0.010 V/sec. 
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peak currents  and isp is the cathodic current  at the 
switching potential.  The values of ia/ic plotted against 
voltage scan rate are shown in  Fig. 2. In  agreement  
with the observations of Levy and Reinhardt  (7), the 
ratio ia/ic is near  un i ty  at high scan rates (0.10 < V < 
1.00) and decreases with decreasing scan rate at lower 
scan rates (0.01 < V < 0.10). The peak separation AEp 
between cathodic and anodic peaks was close to the 
theoretical value of 140 mV, indicat ing a reversible 
charge t ransfer  reaction. The variat ion of ia/ic indicates 
a relat ively slow chemical step following charge t rans-  
fer. This slow step was in terpre ted by Levy and Rein-  
hardt  in terms of the formation of "insoluble" CrC12, 
with a rate constant  of 0.028 sec -1 at 500~ In view 
of the spectrophotometric  evidence cited above, and 
in  view of our experience in prepar ing solutions of 
Cr(I I )  by electrochemical reduction of Cr( I I I ) ,  we 
prefer  to write Eq. [4] and [5] to represent  the elec- 
trode process in a dry  melt. 

Confirmation of a soluble Cr (II) species in dry melts 
was provided by carrying out a coulometric t i t rat ion 
of Cr( I I I )  by electrolytic reduct ion at constant current  
(5, 18), using a glassy carbon electrode as a cathode 
and in te r rup t ing  the current  periodically to register 
a potentiometric t i t rat ion curve. Such a t i t rat ion curve, 
for 26 mM Cr (III) ,  in comparison with the theoretical 
curve, is shown in Fig. 3. 

The two curves show close s imilar i ty  dur ing the first 
2/3 of the ti tration, but  no endpoint  could be detected. 

1 , 0 0  - /o ~176 ~ 

0 . 5 0 '  
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I I I 
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Fig. 2. Anadic ta cathodic peak current ratio (ia/ic) vs. voltage 
scan rate (V) for melt solution saturated HCI gas. 
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Fig. 3. Patentiametric titration curve for reduction af Cr(lll) to 
Cr(ll). Amount af Cr(lll) added shown by arrow. Curve (1) Titration 
curve af 85.3 ~equiv. Cr(lll) in 3.3 ml melt solution; curve (2) 
Titration curve calculated theoretically. 
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To ensure that no hydrolysis of Cr( I I I )  could occur, 
the melt  was continuously stirred by a stream of HC1 
gas bubbles dur ing the titration. The lack of an end-  
point is no doubt due to the fact that  the reduction 
potential  of HC1 is close enough to that  of Cr( I I I )  (5, 
19) 

Cr(I I I )  + e -  ~ C r ( I I ) ,  

E ~ ~- --0.525V vs. 1M P t ( I I ) / P t  [8] 

2HC1 + 2e-  :~(-~- H2 + 2C1-, E ~ = --0.694V [9] 

so that  quant i ta t ive reduction of Cr( I I I )  could not b e  
achieved before some HC1 reduction took place. A color 
change corresponding to reaction [8] could be observed 
near  the equivalence point al though the potential  
change was obscured by mixed potential  behavior. 

Cyclic voItammetry 05 chromium(III) in moist HCk 
- -To  determine the effect of moisture on the electro- 
chemical behavior  of the C r ( I I I ) - C r ( I I )  couple, a 
series of cyclic vol tammograms was run, vary ing  the 
ratio of PH2o/PHcl by equi l ibrat ing the Ar carrier  gas 
with 12, 11, and 10M aqueous HC1, and using dry HC1 
gas as a comparison. The curves shown in  Fig. 4 were 
run  after bubbl ing  for 20 min  in  each experiment.  
It is evident  that  the principal  change is a marked 
lowering of the peak currents  of both the cathodic and 
anodic branches. 

By varying the voltage sweep rate, it was found that  
the cathodic peak current  was proport ional  to the 
square root of sweep rate (Fig. 5), as would be ex-  
pected for an essentially reversible mass- t ranspor t  
controlled process. We are led to the conclusion that  
an increasing fraction of the electroactive Cr( I I I )  spe- 
cies is converted to an electrochemically inact ive spe- 
cies by hydrolysis. We believe that  the first step of hy-  
drolysis 

CrC16-~ + H20 --.CrC15 ( 'OH)-~ + HC1 [10] 

is reversible and does not lead to an electroinactive 
species, but  that subsequent  polymerizat ion reactions 
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Fig. 4. Cyclic voltammagrams for reduction Cr(lll) to Cr(ll) in 
melt solution equilibrated with dry HCI gas and moist HCI gas 
for 20 rain. a) Voltage scan rate of 0.500 V/sec. Curve (1) Bubbling 
dry HCl gas; curve (2) bubbling moist HCI gas-I (12M HCI); curve 
(3) bubbling moist HCI gas-II (11M HCI) curve (4) bubbling moist 
HCI gas-Ill (10M HCI). 
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Fig. 5. Cathodic peak current (icp) VS. square root of voltage 
scan rate (v 1/2) for melt solution equilibrated with dry and moist 
HCI gases. Curve (1) Dry HCI gas; curve (2) moist HCI gas-I (12M 
HCI); curve (3) moist HCI gas-II (11M HCI); curve (4) moist HCI 
gas-ill (10M HCI). 

form bridged species such as through irreversible re- 
actions 

2CrC15(OH)-3-> [C15Cr-O-CrC15]-e -5 H~O [11] 

The final product would be an insoluble' oxychloride of 
Cr (III) .  

To look for evidence for a slower charge- t ransfer  
reaction such as 

CrCl~(OH) -~ -5 e -  _-- CrCI~(O'H)-4 [12] 

in a moist solution, we calculated the charge t ransfer  
rate constant  ks as wel l  as a first order rate constant  kf 
for' the homogeneous chemical reaction subsequent  to 
the pr imary  charge t ransfer  (reaction [4]). These pa-  
rameters, calculated for four melt  t reatments  are pre-  
sented in  Table I. The apparent  decrease in D actually 
reflects a decrease in concentration, as mentioned 
above, whereas the changing ks indicates a slower ef- 
fective charge- t ransfer  rate due to a greater part icipa-  
t ion of Eq. [12] as compared with Eq. [4] with increas- 
ing moisture content. 

It was of interest  to r un  a few experiments  at 500~ 
to allow a direct comparison with the work of Levy 
and Reinhardt  (7) and to compare the hydrolysis ef- 
fects at the two temperatures.  P re l iminary  experiments  
showed a relat ively rapid precipitat ion upon equi l ibra-  
tion wi th  10M HC1, so this condition was omitted. The 
results are presented in Table II. 

Comparing the two tables, we can conclude that  the 
first hydrolysis reaction is less pronounced at 500 ~ than 
at 450~ evident ly  because of the lower solubil i ty 
of water  in relat ion to HC1. However, the subsequent  

Table I. Calculated parameters of Cr(lll) reduction in LiCI-KCI 
eutectic treated with dry and moist HCI gases for 20 min 

at 450~ 

D )< 105 
T r e a t m e n t  (cm2/sec )  kt  ( sec  -1) k ,  ( c m / s e c )  

dry  HC1 0.81 0.009 0.052 
12N HC1 0.72 0.012 0.050 
l l N  HC1 0.52 0.013 0.026 
10N HC1 0.33 0.014 0.022 

Table II. Calculated parameters of Cr(lll) reduction in LiCI-KCt 
eutectic treated with dry HCI and moist HCI g.s for 30 

min at 500~ 

D • 105 
( cm2/ sec )  kt  (sec-1) ko ( c m / s e c )  

dry  HC1 0.92 0.021 0.098 
12N HC1 0.85 0.018 0.022 
l l N  HC1 0.85 0.014 0.095 
dry  A r  f lush,  

10 m i n  0.33 0.016 0.039 

i r reversible polymerizat ion reactions are more rapid 
at 500~ This is i l lustrated by the effect of a short 
Ar flush, which results in a rapid change in  calculated 
D and ks due to the removal  of HC1. 

Comparing the data with dry HC1 t rea tment  at 500~ 
with those of Levy and Reinhardt ,  we observed a kf 
value close to theirs, but  larger D and ks values. These 
differences imply that  their  experiments  were done in  
the presence of a trace of moisture. 

The polymerization veaction.--At 450~ in  moist 
melts, it  was found that  a relat ively rapid change in  
peak current  and kinetic parameters  occurred dur ing 
the first 20 rain, as described above, and that  subse- 
quent  changes occurred much more slowly. These 
changes ul t imately lead to the appearance of a solid 
phase, at a rate increasing with moisture content. The 
irreversible na ture  of this slow reaction was demon-  
strated by re tu rn ing  from the moist HC1 to dry HC1 
bubbling.  Instead of the vol tammetr ic  curves re tu rn ing  
to their  original heights, the peak continued to de- 
crease in height. 

A similar  exper iment  at 500 r C, in  which the solution 
that had been flushed with dry Ar after equi l ibrat ion 
with l l M  HC1 was t reated v~ith dry HC1 gas, showed 
increased calculated values of D and ks, bu t  the recov- 
ery was not complete even after 2 hr. We conclude that  
the hydrolysis reactions can be reversed at higher tem-  
pera ture  but  the reverse reactions are quite slow. 
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The Electrochemical Behavior of Selenium and Selenium 
Compounds in Sodium Tetrachloroaluminate Melts 

J. Robinson and R. A. Osteryoung* 
Department o~ Chemistry, Colorado State University, Fort Collins, Colorado 80523 

ABSTRACT 

The electrochemistry of se lenium and various selenium compounds in 
A1C18:NaC1 melts has been investigated by a variety of techniques including 
pulse and cyclic vol tammetry,  coulometry, and the rotat ing-disk electrode. 
It  was found that selenium can be reduced, in both acid and basic melts, by  
a single two-electron step to selenide whic'h exists in  the melt  as ei ther  
A1SeC1 or A1SeC12- (or their  analogous solvated species A12SeC15- and 
A12SeC162-) depending upon the acidity. The mechanism for the oxidation of 
se lenium to Se(IV) was found to be dependent  upon the melt  acidity. In  basic 
melts, selenium was first oxidized by a two-electron step to an Se( I I )  species 
and then by a fur ther  two-electron step to Se(IV) .  In  acid melts the oxidation 
was a single quasireversible four-electron step. The reduct ion of Se(IV) to 
selenium was a single four-electron step at all melt  acidities. The kinetics of 
these oxidation and reduction processes were investigated extensively. F rom 
studying SeC14 solutions, it was found that  there were two Se(IV) species in 
the melt, SeC162- and SeC15-, l inked by the ac id i ty-dependent  equi l ibr ium 

SeCI~- -}- C1- ~ S e C I ~ -  

for which the equi l ibr ium constant was calculated to be 6.0 _ 1.0 • 108 on the 
mole fraction scale. 

In  recent years there has been considerable interest  
in  the use of fused-salt  media as electrolytes for high 
energy density batteries and fuel cells. In  view of this, 
there have been several papers dealing with the elec- 
trochemical behavior  of chalcogens and their  com- 
pounds in these systems. Sulfur  has been studied in  a 
var ie ty  of these molten salts including most recent ly 
sodium tetrachloroaluminate,  both in  this laboratory 
(1) and by Mamantov and co-workers (2, 3). Studies 
of se lenium are, however, much fewer. Bodewig and 
Plambeck (4) have investigated its electrochemistry in 
fused LiC1-KC1 melts and observed that  it undergoes 
oxidation and reduct ion to Se2C12 and Se 2-, respec- 
tively, while Shimotake and Cairns (5) have invest i-  
gated a Li /Se  ba t te ry  using a t e rnary  eutectic of LiF, 
LiC1, and LiI as the electrolyte. Recently, while screen- 
ing cathode materials  for use in  an A1C18:NaC1 bat -  
tery, Marassi et al. (2) studied the electrochemistry 
of Se. They ran  cyclic vol tammograms on a saturated 
solution of Se in  a 68-37 mole percent  (m/o)  A1C13: 
NaC1 melt  at a p la t inum electrode and observed a 
quasireversible oxidation couple close to the anodic 
l imit  of the melt  and a reduction process at about 1V 
ws. an A1 wire in  the melt. They also observed a sec- 
ond, irreversible, reduct ion wave that  appeared only 
on p la t inum electrodes. No coulometric studies were 
under taken  in  this study; therefore, it is un know n  
what  the reaction products were. 

This lat ter  paper appears to be the only published 
electrochemical s tudy of Se in  tetrachloroaluminates.  
There have, however, been a few studies of stabiliza- 
t ion of low oxidation states of Se in these melts. It has 
been established that  the large anions, A1C14- and 
A12C17-, present  in acid tetrachloroaluminates  are ca- 

* Electrochemical Society Active Member. 
Key words: fused salts, voltammetry,  electrolysis, kinetics. 

pable of stabilizing low oxidation states of metals such 
as Cd22+, Sn22+, Pb +, and cluster cations of Te (6, 7), 
and recent ly Bjer rum et al. (8) identified a variety of 
low oxidation state species of Se such as Se42+, Ses 2+, 
Sel~ 2+, and Sel62+. These were observed spectrophoto- 
metr ical ly  in  mixtures  of Se and SeC14 in  acid te t ra-  
chloroaluminate  melts and the natures  of the species 
were found to be dependent  upon the relative amounts  
of Se and Se(IV) present. Corbett  et al. (9) have also 
studied similar  systems, Se-(SeC14 § A1C13) mixtures,  
and have identified the species Se42+ and Ses 9'+ as be-  
ing present. 

Selenide anions are known to exhibit  interest ing 
chemistry in A1C18:NaC1 melts. Metal oxides and chal- 
cogenides have been observed to react with A1Cla in 
closed tubes at temperatures  around 800 ~ to yield the 
species A1OC1 (10), A1SC1 (10), A1SeC1 (11), and 
A1TeC1 (12) as the products of reactions such as 

A1C13 -t- ZnSe ~ A1SeC1 -t- ZnCle [1] 

In a recent study in this laboratory (13), it was shown 
that  s imilar  reactions occur in  acidic A1CI~:NaC1 melts 
where the oxide and chalcogenide ions behave as t r i -  
bases reacting with the melt  to yield the same species. 
In basic melts these anions were shown to be dibases 
and the product  of reaction with the melt  was then a 
species such as A1SeC12-. The relat ive strengths of the 
tribases were found to be 

Te 2-, Se 2- ~ S 2- ~ 0 2- 

The papers discussed above are the only published 
studies of se lenium and its compounds in tetrachloro- 
a luminate  melts. This paper is concerned with the 
electrochemistry, pr incipal ly  at 175~ of these species 
with par t icular  a t tent ion being given to its acidity de- 
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pendence. In  order to examine this the acid-base prop- 
erties of the solvent must  be ful ly  understood. The 
three principal  equil ibria  l inking the major  species 
present  are (14) 

2A1CI~(1) ~,~--A12C16(1) Ko = 2.86 X 107 [2] 

A1C14- 4- A1C13 ~--- A12C17- K2 = 2.4 X 104 [3] 

2A1C14- ~A12C17-  + C1- K m =  1.06 • 10 -7 [4] 

where Ko, /<2, Km are the mole fraction equi l ibr ium 
constants at 175~C. The dominant  acid-base equil ib-  
r ium is that  described by Eq. [4] with C1- as the Lewis 
base and A12C17- the Lewis acid. The pC1- of the 
neut ra l  melt, 50 m/o  A1Cla, is 3.5 on the mole fraction 
scale; however,  a melt  of any  desired acidity can be 
made (15) by anodizing an A1 wire into the melt  unt i l  
the desired value, as indicated by an a luminum wire 
electrode, is reached. 

Experimental  
Melt preparation and purification.--The preparat ion 

of pure NaCl-sa tura ted NaA1C14 melts by the preelec- 
trolysis of a mol ten mixture  of A1C13 (A. G. i ron-free 
F luka)  and an excess of NaCI(A. C. S. Fisher) be-  
tween two a luminum electrodes has been described 
elsewhere (15). After  purification, a sample of the 
melt  was filtered through a medium porosity frit  to 
remove any  excess NaC1 or suspended a luminum par-  
ticles and was then t ransferred to the small  Pyrex 
glass exper imenta l  cell. 

The melt  preparat ion and all subsequent  electro- 
chemical exper iments  were performed in  a dry box 
(Vacuum Atmospheres Company) unde r  an argon 
atmosphere. This dry box was fitted with a purification 
system (Vacuum Atmospheres d r i - t r a in  HE 193-2) that  
recycled the atmosphere through activated copper and 
molecular  sieves to remove oxygen and water, respec- 
tively. The level of oxygen in the atmosphere was de- 
terrnined by burn ing  a 25W tungsten  lamp filament 
(General  Electric Company) exposed to the atmo- 
sphere (16). A bulb  l ifetime of several days, indicat ing 
an  atmosphere containing around 1 ppm of oxygen, 
was considered satisfactory. 

Experimental cells and electrodes.--The cells were 
made of Pyrex  glass, with a volume of approximately 
75 cm 3, and had a fitted Teflon cap. This cap was 
drilled to facilitate the mount ing  of the secondary- and 
reference-electrode compartments,  which consisted of 
fine porosity frits mounted  on Pyrex  glass tubes, 
the thermocouple well, and t'he working electrode. 
The working electrode compar tment  coulct readily be 
st irred using a glass-coated magnetic  st irrer bar. The 
assembly was mounted  in a tube furnace and the tem-  
pera ture  was main ta ined  within  _ 1~C by a controller  
(Thermo-Electr ic  Model 32422) in conjunct ion with a 
Chromel -Alumel  thermocouple. 

For all  experiments,  the reference electrode was a 
coiled a luminum wire (Alfa Inorganics m5N) im- 
mersed in an NaCl-sa tura ted melt  at 175~ Through-  
out this paper, all potentials are referred to this elec- 
trode. The secondary electrode was also a coiled a lu-  
m i n u m  wire. 

The electrodes in  the vol tammetr ic  studies were 
either tungsten  (% in. diam Alfa Inorganics m3N8) or 
vitreous carbon (3 mm diam Atomergic Chemetals V25 
or 2,.5 m m  diam Tokai GC 30), mounted  in  l~yrex glass. 
These were ground flat on an emery wheel and then 
polished to a mir ror - l ike  finish using a lumina  (Type 
B Fisher) .  Rotat ing-disk studies were carried out on 
a vitreous carbon disk electrode (5 mm diam Tokai 
GC 30) mounted  and prepared in the same way as the 
above electrodes. This electrode was rotated by a 
servocontrolled motor- tachometer  (Pine Ins t rument  
Company Type ASR 2), the rotat ion rate of which 
could be controlled between 50 and 10,000 rpm with an 
accuracy of greater than  1%. 

Exhaust ive controlled potential  coulometry was car-  
ried out in either a tungs ten  crucible (Research Or- 
ganic / Inorganic  Chemical Corporation Wl20) or a vi t -  
reous carbon crucible (Atomergic Chemetals Company 
V25-16) used both as the cell and working electrode. 
Adequate mass t ransport  was achieved by s t i r r ing with 
a glass-coated magnetic  s t i rr ing bar  and the total 
charge passed in  these exper iments  was measured by  a 
coulometer (Acromag Incorporated).  

Electrochemical instrumentation.--All cyclic vol tam- 
met ry  and rotat ing-disk studies were made with a 
mult ipurpose ins t rument  (17) constructed in this lab-  
oratory and the data were recorded on an  X-Y re-  
corder (Hewlett  Packard Model 7046A). Pulse vol tam-  
metric studies were performed on a pulse polarograph 
(PARC Model 174), modified (18) to permit  para-  
metric studies. The melt  acidity was adjusted by  the 
anodization of an a luminum wire (Alfa Inorganics 
m5N) into the melt  using a constant  current  source 
(Sargent  Model IV coulometric current  source) as has 
been discussed previously (13). 

Chemicals.--NafSe (Cerac Pure, Incorporated) ,  
NafSeO4, NafSeO3, SeCL~, and Se2C12 (Alfa Inorganics)  
were all used without  fur ther  purification. The most 
readi ly soluble type of selenium was found to be the 
red amorphous form, presumably  due to its structure,  
long chains, as compared to the r ing s t ructure  of the 
vitreous form. This was prepared by reducing a solu- 
t ion of Na2SeO8 in 9M HC1 with SO~ (Matheson Gas 
Products) (25). The red precipitate was then filtered 
and washed, dried with diethyl ether, and finally dried 
under  a Vacuum. 

Results and Discussion 
A cyclic vol tammogram of 1.18 X 10-3M selenium 

in an NaC1 saturated melt  at 175~ is shown in Fig. 1. 
It can be seen that  there is a reduct ion peak at 0.880V 
on the cathodic going sweep from the electrode rest 
potential.  On the r e tu rn  sweep there is a very slight 
shoulder at about 0.950V followed by a peak at 1.140V; 
there are then two oxidation peaks close to the anodic 
l imit  of the melt, at 1.88 and 2.02V. Finally,  on the re-  
tu rn  sweep there is a peak at 1.80V. Successive sweeps 
are identical  to the first. Figure 2 is a cyclic vol tam- 
mogram of a solution of sodium selenide, also in  an 
NaC1 saturated melt, showing the same features as Fig. 
1. As the acidity is increased, Fig. 2b and 2c, the be-  
havior changes significantly. The peaks previously seen 
at 0.880 and 1.140V in an NaCl-saturated melt  move 
together and also in an anodic direction while the fea- 
tures close to the anodic l imit  of the melt  change con- 
siderably. The cyclic vol tammogram in  the most acid 

~2 

2.0 1.5 1.0 0.5 0.0 
E /VvsA t  

Fig. 1. Cyclic voltammogram of Se in NaCI-saturated melt (pCI 
1.9) at o glassy carbon electrode. Temperature ~ 175~ 

sweep rate ~ 100 mV sec-1; concentration of Se (as monomer) 
1.18 mM. 
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Fig. 2. Cyclic voltammogram of 3.6 mM Na2Se at a glassy car- 
bon electrode. Temperature ---- 175~ sweep rate ---- 200 mV 
sec-L Melt pCI. (a) 1.9; (b) 2.9; and (c) 5.2. 

melt, Fig. 2c, closely resembles that  observed by Ma- 
rassi et al. (2) for selenium on a pla t inum electrode in 
an acid melt, except  that  the second selenium reduc-  
tion peak seen on p la t inum is not seen here, eithei: for 
a vitreous carbon or tungsten electrode. The vol tam-  
mograms shown here were  all made wi th  a vitreous 
carbon electrode. The behavior  of a tungsten electrode 
was, however,  very  similar  except  that  selenium, as 
evidenced by the shape of the cyclic vol tammetr ic  
peak, appeared to adsorb strongly. For  this reason all 
subsequent  work was carried out at a vitreous carbon 
electrode. 

To facil i tate this discussion the electrochemistry of 
selenium is considered in two parts. The first deals 
with the selenium reduction, observed at 0.880V in an 
NaCl-sa tura ted  melt, and the subsequent  oxidation of 
the product, which, as is shown later, is the selenide 
ion. The second part  considers the oxidation of sele- 
n ium to selenium cations and their  reduction back to 
selenium. 

The selenium-selenide couple.--Exhaustive constant 
potential  coulometry was performed on a ~olution of 
selenium in both basic and acidic melts at a potential  
corresponding to the diffusion plateau of the reduction 
peak. It was found that  for basic melts (pC1 _-- 1.9) 2.03 
_ 0.05 e lec t rons /se lenium atom were passed, while the 
corresponding value in an acidic melt  (pC1 ---- 6.0) was 
1.99 _ 0.05. A cyclic vo l t ammogram of the resul t ing 
solution was identical  to that  of a solution of sodium 
selenide. In the same way, sodium selenide was oxi-  
dized by a two-e lec t ron  step to give a solution behav-  
ing like a solution of selenium. It can therefore  be 
concluded that  selenium is reduced by a two-elec t ron 
step to selenide which itself can be oxidized back to 
selenium, again by a single two-elec t ron transfer.  

To obtain more informat ion about the nature  of the 
selenium and selenide species in the melt, the depend- 
ence o2 the equi l ibr ium potential  of a vitreous carbon 
indicator electrode on the concentrations of selenium 
and selenide ion present was investigated. A solution 
of known concentrat ion of sodium selenide was pre-  
pared in a vitreous carbon crucible. A small amount  of 
the selenide ion was then oxidized to selenium using 
the crucible as a working electrode and the rest poten-  
tial of the indicator electrode was measured. The con- 
centrations of selenium and selenide ion were readi ly  
determined from the number  of coulombs passed. This 
procedure was repeated many  times unti l  all the sele- 
nide had been oxidized to selenium. The potential  of 
the crucible was then changed and the selenium was 
reduced, in a stepwise fashion, back to selenide with  
equi l ibr ium potential  measurements  again being made. 

Figure 3 shows three at tempts  at fitting this data to 
possible redox reactions. Curve (a) corresponds to the 
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Fig. 3. Nernst plots for various Se/Se 2 -  redox couples at a pCI 
of 5.7 and at 175~ using a glassy carbon electrode. The units 
of the abscissa are (a) Ioglo[Se]/ [Se2-];  (b) Iogzo[Se2]/ 
[Se~-]2; and (c)Ioglo[Ses]/[Se2-]  s. 

plot for the equi l ibr ium 

Se + 2e -  ~ Se 2- [5] 
curve  (b) to 

Se2 + 4 e -  ~ 2Se 2- [6] 
and curve (c) to 

Se8 + 16e- ~ 8Se 2- [7] 

It can immedia te ly  be seen that  while  plots (a) and 
(c) are curved, plot (b) is a straight line and fur-  
thermore,  its slope is 22 mV which is in agreement  
wi th  the value predicted, 22.3 mV at 175~ by the 
Nernst  equation for this process 

RT [Sef] 
E -- E ~ + 2.303 log [8] 

3F [Se f - ]  2 

This implies that  the potential  de termining selenium 
species is the dimer Se2, as was observed previously 
for the sulfur-sulfide couple (1). The above data were  
obtained in an acidic mel t  (pC1 ---- 5.7); however,  
s imilar  results, indicating the Se2 dimer to be the 
potential  de termining species, were  obtained for all 
the melt  acidities invest igated (pC1 ---- 1.9-6.0). This 
is perhaps surprising in v iew of the fact that  Se2 is 
not normal ly  stable except as a vapor  at temperatures  
greater  than 900~ The thermodynamica l ly  stable 
form of selenium at 175~ is the gray form, which 
consists of long chains (15) between 1'03-104 units 
long. This is not, however,  known to be soluble in 
any solvents. At room tempera ture  there  are two 
unstable allotropes, both of which consist of puckered 
Ses rings. These forms, which are soluble in several  
solvents such as CSf, rapidly convert  to the gray form 
on heating. Since the tempera ture  of the melt  is 
above this t ransi t ion temperature,  any Se added 
will  rapidly  convert  to the gray form; the mel t  must 
then have the effect of split t ing off Se2 groups which 
it stabilizes. This probably explains the very  slow 
solubilization of Se observed in this present work. 

These potent iometr ic  exper iments  were  carried out 
at a range of mel t  acidities and it was found that  the 
standard potential  for the couple showed a very  strong 
dependence on the pC1. This observat ion has been 
discussed in an ear l ier  paper  (13), and, as outl ined 
in the introduction to this study, is due to the basic 
propert ies  of the selenide ion. In melts more acidic 
than a pC1 of 3.5, on the mole fract ion scale, the 
selenide ion behaves as a tribase and reacts with the 
acid species in the melt, A12C17-, to form the species 
A1SeC1, or, more probably, the solvated species 
A12SeCI~-. Similarly,  in basic melts the selenide ion 
behaves as a dibase and is present  ei ther  as A1SeCI2- 
or A12SeC162-. The redox reaction should therefore  be 
wr i t ten  as 
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Se2 + 4e-  + 2A1C14- ~ 2A1SeC1 + 6C1- [9] 

in  acid melts, and 

Se2 + 4e -  + 2A1C14- ~_- 2A1SeC12- + 4C1- [10] 

in  basic melts. 
It  has been shown (1) that  the basic properties of 

the sulfide ion result  in  very high solubilities of 
metal  sulfides, for example CuS, in  acidic melts. 
Very similar  behavior was observed for selenides; in 
a 60 m/o  AICI~:NaCI melt  the solubil i ty of CuSe was 
found to be 0.32M. Oxides and tellurides were also 
found to be solubilized to the same degree, which 
suggests that  acidic te t rachloroaluminate  melts may 
have some application in the processing of metal  ores. 

The oxidation of selenide ions, or more precisely 
the species AISeC1 and A1SeC12-, to selenium was 
investigated ini t ia l ly  by pulse vol tammetry.  Figure 4 
shows such a pulse vol tammogram in  an NaCl-satu-  
rated melt. The first wave is due to the oxidation 
of selenide to selenium and there is also a slight 
indicat ion of waves due to the oxidation of selenium, 
as observed in  cyclic vol tammetry  (Fig. 1 and 2a). 
These la t ter  waves, however, are very  small. The first 
wave, when analyzed by the method of Oldham and 
Par ry  (20), yielded a l inear  plot f rom which an~ 
was calculated to be 0.59. The l imit ing current  for 
the wave also showed a l inear  dependence on selenide 
ion concentration, and the diffusion coefficient of the 
diffusing species, probably the solvated form of 
A1SeC12-, was calculated to be 2.3 __ 0.2 X 1O -6 cm 2 
sec -1. While the position of the wave was strongly 
dependent  upon the pC1 of the melt, the values of 
ana and D were ,  despite the change in  the na tu re  
of the selenide species, independent  of the acidity. 

Pulse vol tammetry  proved to be a fair ly successful 
technique for invest igat ing the kinetics of the oxida- 
t ion process; however, the method of choice is the 
use of the rota t ing-disk electrode (RDE). Very large 
currents  are obtained for low concentrations of elec- 
troactive mater ia l  and, since the measurements  are 
made at a steady state, there is no charging current  
adding to the background. 

Figure 5 shows some results of a series of RDE 
experiments  carried out on a solution of sodium sel- 
enide. These plots were obtained by sweeping the 
electrode potential  at a rate of 2 mV sec - t  at various 
fixed rotat ion rates. A plot of the diffusion current,  
measured at a steady state, as a funct ion of the 
square root of the rotat ion rate, ~'/~, is a straight line 
at all melt  acidities, indicat ing that  the oxidation of 
selenide is diffusion controlled. The diffusion current  
also varies l inear ly  with the concentrat ion of sodium 
selenide. From the i vs. ~'/2 plots, the diffusion co- 
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Fig. 4. Normal pulse of 5.2 mM Na2Se at a glassy carbon elec- 
trode. Melt pCI ~_1.9; pulse width 48 msec; sweep rate 5 mV 
sec-1; temperature ~ 175~ 
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Fig. 5. RDE experiment for 2.06 mM Na2Se at a glassy carbon 
electrode. Melt pCI ..~ 4.5; rotation rates are (a) 400; (b) 900; 
(c) 1600; (d) 2500; (e) 3600; (f) 4900; (g) 6400; and (h) 8100 
rpm; temperature - -  175~ 

efficient of the selenide species is readi ly calculated 
(21) and values at a range of melt  acidities are 
shown in  Table I. These are in  close agreement  with 
the values obtained earlier from the pulse vol tammetry  
and are independent  of the melt  acidity. 

The rising portions of the plots in  Fig. 5 are fairly 
d rawn out; this behavior  is typical of a process for 
which the rate is being controlled by a slow electron 
transfer,  and the rate constant  for this step can be 
determined (21). Figure 6 shows a kinetic plot 
(1 / i  vs. I /~ I/2) for a sodium selenide solution under  
the same conditions as Fig. 5, the steady-state cur-  
rents at various potentials within the rising portion 
of the waves being determined for a range of rota-  
t ion rates. The plots are a series of paral lel  lines as 
would be expected for a slow electron- t ransfer  step. 
If these lines are extrapolated to Where ~-I/2 equals 
zero, that  is to an infinite rotat ion rate, the intercept  
on the y-axis  then corresponds to the pure kinetically 
controlled current  since the rate of mass t ransfer  is 
infinite. From these intercepts the forward rate con- 
s tant  can be calculated, and Fig. 7 shows a plot of 

logl0-k vs.  potential. This plot is a straight line and 
the value of ana can be calculated from the slope. 
Knowing the value of the s tandard  potential, Eo, from 
potentiometry,  the s tandard rate constant, ko e, c a n  

be determined.  The values of ko ~ and an~ obtained 

Table I. Kinetic parameters and diffusion coefficients, obtained 
from RDE experiments, for oxidation of Na2Se at 175~ 

pC1 a ko o x 105b ~n~ D x 10 er 

1.9 4.6 0.53 1.99 
2.7 6.3 0.53 1.95 
3.5 8.9 0.55 2.03 
4.5 7.1 0.58 2.01 
6.2 17.8 0.55 2.04 

- Mole fraction scale. 
b c r f l  s e c  - I .  
e CEB2 sec-l. 
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Fig. 6. Kinetic plot for 2.06 mM Na2Se at 175~ in a melt with 
pCI ~ 4.5. Potentials (a) 1.5V; (b) 1.55V; (c) 1.6V; (d) 1.65V; 
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Fig. 7. Plot of the potential dependence of log "~ for the oxi- 
dation of Na2Se at 175 ~ in a melt with pCI = 4.5. 

at  var ious  pCl 's  are  given in Table  I. The values  of 
aria are  independen t  of pC1 and are  in good agreement  
wi th  those calcula ted f rom pulse vo l tammet ry .  The 
values of ko e show a sl ight  increase  wi th  mel t  acidity.  

Tt was observed ear l ie r  on the cyclic vo l t ammograms  
of sodium selenide (Fig. 2) tha t  the peaks  corres-  
ponding to the reduct ion of se lenium and the sub-  
sequent  reox ida t ion  of selenide moved  closer wi th  
increas ing pC1; tha t  is, the  react ion appeared  to be -  
come more  reversible .  The RDE exper iments ,  how-  
ever,  show tha t  changing the pC1 has only a s l ight  
effect on the ra te  of oxida t ion  of selenide, cer ta in ly  
not  enough to account for the apparen t  increase  in 
revers ib i l i ty .  The observed decrease in peak  separa -  
t ion must, therefore,  be due to the increased acidi ty  
affecting the reduct ion of selenium. Both pulse vo l tam-  
m e t r y  and RDE exper iments  were  a t t empted  as a 
means  of  inves t iga t ing  this, but  no kinet ic  in forma-  

l ion could be obta ined as se lenium was found to 
adsorb s l ight ly  at  the vi t reous carbon electrode. This 
adsorption,  which is greates t  in basic solutions, can 
also be seen on cyclic vo l t ammograms  (Fig. 1) where  
the reduct ion peak  for se lenium is h igher  and sharper  
than  the corresponding oxida t ion  peak. 

In te res t ing  qual i ta t ive  informat ion  was, however,  
obta ined f rom the t empera tu re  dependence of the 
cyclic v o l t a m m e t r y  of se lenium solutions. F igures  8a, 
8b, and 8c show cyclic vo l t ammograms  at  175 ~ 225 ~ 
and 275~ respect ively,  of a se lenium solut ion with  
al l  the  potent ia ls  ad jus ted  to the same reference 
electrode;  an A1 wire  in an NaCl - sa tu ra t ed  mel t  at  
175~ The mel t  used was of fixed composition, that  
of an NaCl - sa tu ra t ed  mel t  at  175~ The increase 
in t empera ture ,  therefore,  caused a reduct ion in the 
mel t  ac id i ty  due to the  increased dissociat ion of 
A1C14-. These pC1 changes were,  however ,  much too 
smal l  to account for the  gross changes observed on 
the cyclic vo l tammograms.  The se lenium reduct ion 
potent ia l  changes f rom app rox ima te ly  0.840V at 175~ 
to 0.985V at 225~ and to 1.090V at  275~ The corres-  
ponding selenide oxida t ion  potent ia ls  a re  1.16, 1.13, 
and 1.15V. Thus, i t  can be seen that,  wi th in  exper i -  
menta l  error ,  the posi t ion of the  selenide oxidat ion  
peak  h a r d l y  changes wi th  t empera tu re ,  whi le  the 
se lenium reduct ion potent ia l  moves anodica l ly  250 
mV for a t empe ra tu r e  increase  of 100~ the peak  
separa t ion  decreasing f rom 320 to 60 mV, which is 
close to the value  for a two-e lec t ron  revers ib le  process 
at  75~  (54 mV).  The most  p robab le  exp lana t ion  
for  this behavior  is tha t  there  is a chemical  step 
involved in the reduction,  the ra te  of which is grea t ly  
affected by  tempera ture .  One such possible chemical  
step could be the monomer iza t ion  of the se lenium 
dimer.  The apparen t  increase in revers ib i l i ty  as the 
pC1 is increased,  Fig. 2a, 2b, and 2c, may  also be 
expla ined  by  the increased ra te  of the same chemical  
step. 

At  this point, i t  should be ment ioned  tha t  the  na ture  
of the  s l ight  shoulder  seen at  about  0.950V on an 
anodic going sweep of a s e l en ium solution, Fig. 1 
and 8a, is uncer ta in ,  though i t  m a y  be associated 
with the  se lenium adsorpt ion  discussed earl ier .  I t  
only appears  on cyclic vo l t ammograms  in the most 
basic melts  and d isappears  as the  t empe ra tu r e  is in-  
creased, Fig. 8b and 8c. 

The electrochemical oxidation of selenium and the 
behavior o] selenium cations.--From Fig. 1 and 2 i t  
can be seen tha t  the oxidat ion  of se lenium and the 
reduct ion  of the  products  of this  ox ida t ion  a re  fa i r ly  Ilom  

15 10 05  
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Fig. 8. Cyclic voltammogram of 1.18 mM Se (as monomer) in a 
basic melt (NaCI saturated at 175~ at a glassy carbon elec- 
trode. Sweep rate ~- 200 mV sac -1.  Temperature (a) 175~ 
(b) 225~ (c) 275~ 
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complex in  these melts. Considering first the behavior  
in  the most basic solutions, there are two rather  
poorly defined oxidation peaks for se lenium at 1.88 
and 2.02V with a corresponding reduction wave at 
1.79V. If the potential  scan is reversed after the first 
oxidation peak, there is still a single reduction wave 
at 1.79V. In  order to determine the over-al l  stoichiom- 
etry, exhaust ive coulometry was carried out on a se- 
l en ium solution in  a vitreous carbon crucible. If the 
coulometry was performed at about 1.9V in an NaC1- 
saturated melt  (pC1 --_ 1.9) a total of 2.03 _ 0.05 
electrons/selenium atom were passed to yield an 
Se(II )  species. Continued coulometry at about 2.05V 
gave a fur ther  two electrons, after correction for 
the background current  which was ra ther  large due 
to the proximity  of the anodic l imit  of the melt. The 
final oxidation product, therefore, appears to be an 
Se(IV) species. These coulometry experiments  could 
be carried out fair ly rapidly (about  15 min  each), 
and therefore no problem of product volat i l i ty was 
encountered. When potentiometric measurements  were 
made on these couples, it  was found that both the 
Se(IV) and Se(II )  species were slowly lost from 
the melt, the lat ter  being lost more rapidly. It was, 
therefore, not possible to make any Nernst  plots. 
As it  was found the Se (IV) was the highest oxidation 
state of selenium as formed SeC14 was added to the 
melt. A cyclic vol tammogram of a solution of this 
showed all the same features as one of selenium or 
sodium selenide, and coulometry at about 1.7V showed 
that 4.1 +_ 0.05 electrons were passed for each molecule 
of SeC14 added. Sodium selenite behaved in exactly 
the same way as SeC14, showing the high affinity of 
the melt  for oxide ions (13). Sodium selenate, when 
added to the melt, first evolved chlorine and then 
behaved as SeC14 while Se2C12 appeared to decompose 
when added to the melt. 

As the pCl is increased, Fig. 2b, the si tuation be- 
comes more complex. The oxidation peaks formerly 
at 1.88 and 2.02V and the reduct ion .peak at 1.79V 
are all still present but  have shifted in the anodic 
direction and there is now a new oxidation wave at 
2.19V with its corresponding reduction wave at 2.14V. 
As the acidity is increased further,  Fig. 2c, the picture 
simplifies, there being a single oxidation peak and 
corresponding reduction peak. Coulometry at such 
an acidity shows that  both the oxidation and reduc-  
t ion are four electron steps. It is therefore clear that, 
as in  basic melts, the highest oxidation state formed 
is Se(IV) ,  but  the oxidation of se lenium to Se(IV) 
now goes by a different route. 

The cyclic vo l tammetry  of an SeCI~ solution of 
in termediate  pC1, such as the pC1 of Fig. 2b (pC1 
_-- 2.9) shows two reduction waves. I-lowever, if 
coulometry is carried out on the first wave at about 
2.1V four electrons/SeCl~ molecule are passed with 
the formation of a solution of selenium. It therefore 
appears that  there are two Se (IV) species in the melt  
l inked by a pCl-dependent  equil ibrium. This is sup- 
ported by the fact that  the more anodic wave grows 
at the expense of the other as the melt  is made more 
acidic. The equi l ibr ium constant  for this equi l ibr ium 
is calculated later  from RDE results. The oxidation 
of selenium in very  basic melts can therefore be 
summarized as the oxidation to Se(II )  and then to 
an Se(IV) species followed by the subsequent  four-  
electron reduct ion back to selenium. This changes 
in  acid melts to a single quasireversible four-electron 
oxidation to a different Se(IV) species while at 
in termediate  acidities both mechanisms are seen to 
operate. 

Attempts to investigate more closely the oxidation 
of selenium in  basic melts by either pulse vol tammetry  
or RDE's proved fruitless. This was due in  part  to 
the proximity  of the waves to the anodic l imit  of 
the melt  bu t  pr incipal ly  to the fact that the currents  
observed for these processes were very much less 

than would be predicted for a diffusion-controlled 
process. It can be concluded from this that ei ther a 
very slow electron- t ransfer  step is occurring or more 
probably  that  there are chemical steps involved in 
these processes. From the cyclic vo l tammetry  it can 
be seen that  the peaks for the Se- to-Se (II) and Se ( I I ) -  
to-Se(IV) oxidations both move in an anodic direc- 
tion as the acidity increases, indicat ing that  chloride 
ions are involved in both these steps. It  is a reason- 
able assumption, therefore, that  both the Se(II )  and 
Se(IV) species are chloro-complexed. It  was observed 
that the cyclic vol tammetry  peak potentials for the 
reduction of solutions of Se (IV) and Se (II) (prepared 
by potentiostatic oxidation of a Se solution) were 
identical (1.79V at a pC1 of 1.9). This suggests that 
the Se(II)  species undergoes a chemical step prior  
to reduction, either a disproport ionation into Se(IV) 
and Se or, a l ternat ively  it is a polymeric species that  
undergoes decomposition to Se(IV) and Se. Such a 
chemical step is supported by the observation that  
the acidification of Se(II )  solution with A1C13 results 
in  the formation of Se and Se(I.V) by ei ther  a dis- 
proport ionation or decomposition mechanism. Similar  
instabi l i ty  of the Se(II)  ion to disproport ionation is 
observed in fluoroacetic acid solutions (22). 

In  contrast  to the behavior  of basic melts, the 
oxidation of selenium in acid melts is readi ly studied, 
and Fig. 9 shows a normal  pulse vol tammogram at a 
pC1 of 5.23 at three pulse widths. Plots of the diffu- 
sion current  vs. 1/ t  1/2 and concentrat ion are both 
linear, indicat ing the process to be diffusion controlled, 
and the diffusion coefficient of selenium was calculated 
to be 3.0 _.+ 0.3 • 10 -6 cm 2 sec -1. 

The reduct ion of Se(IV) was studied using an 
RDE, and Fig. 10 shows a series of slow voltage scans, 
a t-f ixed rotat ion rate, for three pC1 values. In the 
most basic melt  there is a very small  wave followed 
by a much larger one, but  as the acidity is increased 
the first wave grows at the expense of the other unt i l  
in  the most acid melts there is only one wave. 
This type of behavior  is identical  to that seen in 
the cyclic vol tammetry  and is a t t r ibuted to there 
being two Se(IV) species in  an acid-dependent  equi-  
l ibrium. At all pCl's the relat ive heights of the two 
waves are independent  of the rotat ion rate and of 
the Se(IV) concentration, which indicates that the 
interconversion of the two species is slow and that  
there is no difference in the degree of polymerizat ion 
between them. The diffusion current  for the wave 
in the most acid melt  varies l inear ly  with ~1/2 and 
Se(IV) concentration, showing the reduction to be 
diffusion-controlled and the diffusion coefficient of 
the Se(IV) species was calculated to be 6.9 • 10 -6 
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Fig. 9. Normal pulse voltammograms for the oxidation of !.78 
mM Se (as monamer) at a glassy carbon electrode in an acid melt 
(pCI ~ 5.25); temperature ~ 175~ Pulse widths (a) 20 msec; 
(b) 50 msec; (e) 100 reset. 
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oxidation of se lenium in acidic melts where they have 
been observed spectrophotometrically (7). This may 
be due to the much lower concentrat ions used in  the 
present  work; in  this present  s tudy the solubil i ty of 
se lenium (as the monomer)  was found to be about 
3 • 10-3M, whereas in Bjer rum's  s tudy (8) the 
combined Se and SeC14 concentrat ion was 10-100 
times greater than  this. It  is, however, possible that  
the species of formal oxidation state 4-2 formed dur -  
ing oxidation of Se in basic melts is polymeric, though 
electrochemical studies of the reduct ion of Te(IV)  
in  s imilar  melts  (24) suggest that  TeCls-  and TeC12 
are the predominant  Te( I I )  species present  in this 
case and Se(II )  might be expected to behave in  a 
similar  manner .  
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Fig. 10. RDE experiments for the reduction of Se (IV) at a 
glassy carbon electrode. Rotation rate = 4900 rpm; temperature 
---- 175~ pCI = (a) 1.9; (b) 3.5; (c) 5.8. 
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cm 2 sec -1. The reduct ion wave was analyzed in  the 
same way as the oxidation of Na2Se and ~1, was 
calculated to be 0.70. The s tandard potential  for the 
process is not known, so ko e could not be calculated. 
The rate constant at the rest potential, 2.32V, was, 
however, determined and was found to be 4.8 • 
10 -4 cm sec -1 at a pC1 of 5.8. The reduction process 
in a basic melt  was analyzed in the same way. The 
process was found to be diffusion controlled and by 
assuming that  the value of D calculated for the acid- 
favored Se(IV) species did not va ry  with pC1. The 
diffusion coefficient of the species favored in  basic 
melts was found to be 1.94 • 10 -6 cm 2 sec -1, avle 
was calculated to be 0.36, and the rate constant at 
the rest potential  (2.04V) in an NaCl-saturated melt  
(pC1 ___= 1.9) was determined to be 3.8 • 10 -4 cm sec -1. 

Knowing  the diffusion coefficients for both Se(IV) 
species and the heights of the two waves at various 
pCl's it was possible to fit the data to various equi-  
l ibria  and the one that appears to operate is shown 
below 

Se(IV) (C1)z C4-z)+ + C1- ~ Se(IV) (C1)z+lr 3-~)+ 
[11] 

with an equi l ibr ium constant  of 6.0 ___ 1.0 • 108 on 
the mole-fract ion scale. From other studies in chloride- 
rich media (23) it was found Se(IV) is usual ly  pres- 
ent as the hexachloro complex. The probable equi-  
l ib r ium in the present  case is therefore 

SeC15- + C1- ~__ SeC162- [12] 

though comparable equil ibria  between SeC15- and 
SeC14 or SeC15 and SeC13 + cannot be ruled out. 

The stoichiometry of the electrochemical oxidation 
of selenium and reduct ion of se lenium cations in 
A1C13:NaC1 melts can be summarized as follows 

(a) In  acid melts 

Se~ + 10C1- ~ 2SeC15- + 8e -  [13] 

(b) In  basic melts 

nSe2 + 2yCI-  --> 2SenCly(~-2~)- + 4ne- [14] 

Se,Cly C~-en)- + (6n -- y) C1- --> nSeC162- 4- 2ne- El5] 

25eC162- + Be- --> Se2 + 12C1- [16] 

where the values of n and y are either zero or integral.  
It is interest ing that  no evidence is found for the 

formation of polymeric selenium cations dur ing  the 

Publication costs of this article were assisted by 
Colorado State University. 

REFERENCES 

1. K. A. Paulsen and R. A. Osteryoung, J. Am. Chem. 
Soc., 98, 6866 (1976). 

2. R. Marassi, G. Mamantov, and J. Q. Chambers, 
Inorg. Nucl. Chem. Lett., 11, 245 (1975). 

3. R. Marassi, G. Mamantov, and J. Q. Chambers, 
This Journal, 123, 1128 (1976). 

4. F. G. Bodewig and J. A. Plambeck, ibid., 117, 618 
(1970). 

5. H. Shimotake and E. J. Cairns, Abstract  282, p. 674, 
The Electrochemical Society Extended Abstracts, 
Spring Meeting, Boston (1968)'. 

7. T. C. F. Munday  and J. D. Corbett, Inorg. Chem., 
5, 1263 (1966). 

8. R. Fehrmann,  N. J. Bjerrum, and H. A. Andreasen, 
ibid., 14, 2259 (1975). 

9. D. J. Prince, J. D. Corbett, and B. Garbisch, ibid., 
9, 2731 (1970). 

10. P. Hagenmuller ,  J. Rouxel, J. David, A. Colin, and 
B. LeNeidr, Z. Anorg. Allg. Chem., 323, 1 (1963). 

11. P. Palvadeau and J. Rouxel, Bull. Soc. Chim. Fv., 
2698 (1967). 

12. J. Rouxel and P. Palvadeau,  ibid., 2044 (1967). 
13. J. Robinson, B. Gilbert, and R. A. Osteryoung, 

Inorg. Chem., 16, 3040 (1977). 
14. L. G. Boxall, H. L. Jones, and R. A. Osteryoung, 

This Journal, 120, 223 (1973). 
15. L. G. Boxall, H. L. Jones, and R. A. Osteryoung, 

ibid., 121, 212 (1974). 
16. I. D. Eubanks  and  F. J. Abbot, Anal. Chem., 41, 

1708 (1969). 
17. G. Lauer, H. Schlein, and R. A. Osteryoung, ibid., 

35, 1789 (196.3). 
18. R. H. Abel, J. H. Christie, L. L. Jackson, J. G. 

Osteryoung, and R. A. Osteryoung, Chem. 
Instrum., 7, 123 (1976). 

19. A. Eisenberg and A. V. Tobolsky, J. Polymer Sci., 
46, 19 (196{)). 

20. K. B. Oldham and E. P. Parry,  Anal. Chem., 40, 
65 (1968). 

21. A. C. Riddiford, in "Advances in Electrochemistry 
and Electrochemical Engineering,"  Vol. 4, P. Del- 
ahay and C. W. Tobias, Editors, p. 47, In t e r -  
science, New York (1966). 

22. M. Herten, A. Thiebaut,  and G. Adhan, Ann. Lett., 
5, 305 (1972). 

23. N. N. Greenwood and B. P. Straughan,  J. Chem. 
Soc. A, 962 (1966). 

24. F. W. Paulsen  and N. J. Bjerrum, J. ElectroanaL 
Chem., 79, 327 (1977). 

25. K. W. Bagnall, "The Chemistry of Selenium, Tel -  
l u r ium and Polonium," p. 19, Elsevier, New 
York (1966). 



Mass Transfer to an Impinging Jet Electrode 
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ABSTRACT 

A study has been made of mass t ransfer  to a circular disk electrode Ioo 
cated in  the stagnation region of an impinging jet. A semiempirical  solution 
of a convective diffusion model is presented in  the form of an asymptotic series 
to permit  an estimate of the t ransfer  rate for 0.7 ~ Sc < ~ .  Exper imenta l  
results reveal that the electrode possesses a property of "uniform accessibility" 
to the diffusing species if the electrode radius is less than 1 nozzle diameter  
for tu rbu len t  je t  and Y2 nozzle diameter  for l aminar  jet. With in  this region, 
the  mass t ransfer  is re la t ively independent  of radial  positions, and  the  semi- 
empirical correlations are presented for both laminar  and tu rbu len t  flows over 
a range of nozzle heights from 0.2 to 6 nozzle diameters. The result  indicates 
that  the impinging jet  electrode is a feasible tool for electroanalytical ap- 
plications. 'I ~ s  geometry can be easily adopted in  process streams and closed 
systems at a pressure other than the ambient  atmosphere. 

The impinging jet  electrode is commonly used in  
electrochemical machining,  erosion corrosion, and 
other industr ia l  processes. It is composed of a sub- 
merged circular jet  of electrolyte incident  on a flat 
plate normal  to the direction of flow. The electrode is 
a circular disk embedded on the flat plate at the stag- 
nat ion point  as shown in Fig. 1. This geometry is at-  
tractive because of a high mass t ransfer  rate. 

The flow characteristics of the impinging jet  has 
been extensively studied in  the past two decades. A 
l i terature  survey of the subject can be found in Ref. 
(1). When a submerged jet  collides perpendicular ly  
with a flat plate in  a s tat ionary electrolyte, there forms 
four distinct flow regimes as i l lustrated in  Fig. 1: 
Region I is called the potential  core region in which 
t h e  velocity profile of the jet  changes from pipe flow 
to a free jet  flow. As the flow discharges from the sub-  
merged nozzle, the electrolyte in the jet  starts to mix 
with the surrounding fluid. The mixing  zone grows in 
width along the downst ream direction of the jet. This 
leaves a conical potential  core wherein  the fluid prop- 
erty and the velocity are relat ively constant. This core 
length  varies from 4.7 to 7.7 nozzle diameters (1). 
Region II is the established flow region in which the 
velocity profile is well  developed. In  this region, the 
center l ine velocity of the jet  starts to decrease; its 
magni tude  is inversely proport ional  to the distance 
from the nozzle exit and becomes zero near  the stagna- 
tion point. This region covers a distance from the apex 
of the potential  core to a height of 1.6 ,-~ 2.2 nozzle 
diameters from the surface of the flat plate (2). Region 
III is the s tagnation region. This is a layer  of fluid, 
about 1.6 ~ 2.2 nozzle diameters thick and 0.6 N 1.4 
nozzle diameters  in  radius, on the flat plate in  which 
the jet  is deflected from the axial direction to a radial  
flow. The flow in  this region is of an axisymmetric  in -  
viscid i r rotat ional  type, and the thickness of the bound-  
ary layer is relat ively independent  of the radial  posi- 
tion near  the s tagnat ion point (2-3). According to 
Homann  (4), the axial and the radial  velocity compo- 
nents  in the region can be described by v =- --2az and 
u : ar, respectively, where a is a hydrodynamic con- 
stant. Region IV is called the wall  je t  region. This is a 
region adjacent  to the flat plate at some distance from 
the  stagnation point  where the radial  velocity starts 
to decay and the thickness of the boundary  layer in-  
creases with radial  positions. The flow in  this region 
can be divided into two sublayers. They are the inner  
layer  Where the flow is influenced by the wall  and the 
outer layer where the flow is influenced by the sur-  
rounding fluid. The m a x i m u m  velocity occurs at the 
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cessibility. 

boundary  of the two sublayers;  its magni tude  is in -  
versely proportional to the radial  distance from the  
stagnation point (5). 

Heat and mass t ransfer  from the impinging jet  to 
the flat plate has been studied by a n u m b e r  of invest i -  
gators (6-19). Works published before 1973 were re-  
viewed by Livingood and Hrycak (20). Most of these  
studies were confined to the low Schmidt numbers  of 
less than 2.45. The local t ransfer  rate at the flat plate 
has been found to depend on the nozzle Reynolds n u m -  
ber of the fluid, Re, the Schmidt n u m b e r  of the dif- 
fusing species, Sc, the dimensibnless nozzle height, 
H/d, and the dimensionless radial  position from the 
stagnation point, r/d. In  the wall jet  region (7, 9-10, 
16) the t ransfer  rate is proport ional  to the nozzle 
Reynolds number  raised to a power of 0.75 and is in -  
versely proport ional  to the dimensionless radial  posi- 
tion. m the stagnation region, the mass t ransfer  rate 
depends on Re 1/2 (7-8, 14-16, 18, 20). Several  experi-  
ments with evaporat ion of naphtha lene  to an air je t  
(6, 8) and dissolution of trans-cinnamic acid to a 
water  jet  (7, 10-11) have found that the local mass 
t ransfer  rate in the stagnation region is relat ively in-  
dependent  of the radial  position for r / d <  1. The evi- 
dence is supported by the analyses of Sparrow and Lee 
(19), and Scholtz and Trass (8), who confirmed that  
mass t ransfer  rate should be constant in  the neighbor-  
hood of the stagnation point. This property is s imilar  
to mass t ransfer  to a rotat ing disk where the local 
mass t ransfer  rate is independent  cf the radial  posi- 
t ion in laminar  flow (21). It appears that  if one limits 
the electrode radius to less than 1 nozzle diameter,  the 
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Fig. 1. The impinging jet electrode 
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system would possess a "uniform accessibility" to the 
diffusing species in  the electrolyte, and a constant  sur-  
face concentrat ion could be main ta ined  throughout  the 
electrode. This part icular  feature would make the im-  
pinging jet  electrode a useful tool for electroanalytical 
applications. It has the advantage over the rotat ing 
disk electrode that  there is no mechanical  movement  
and the electrode can be easily adopted to monitor  
the concentrat ion of ionic species in a process stream. 

Electrochemical study of the impinging jet  has been 
made by Yamada and Matsuda (22) and Coeuret (23). 
Yamada and Matsuda measured the l imit ing current  
for the reduction of ferr icyanide ions in the wall  je t  
region. Coeuret 's exper iment  was confined to an elec- 
trode size of r / D =  0.5 ~ 3; his empirical  correlation 
basically confirmed the concept of uniform accessibil- 
i ty near  the stagnation point. 

In  this study, a mathematical  model is presented for 
mass t ransfer  to a circular disk electrode located with-  
in the stagnation region of an impinging jet. The con- 
vective diffusion equation is solved with a per turba t ion  
method. The resul t ing rate equation expressed in the 
form of an asymptotic series of the Schmidt numbers  
is shown to be valid over a range of Sc from 0.7 to 
infinity. To determine precisely the region of uniform 
accessibility, a potassium ferr icyanide/ferrocyanide 
system has been used to measure the l imit ing current  
density at the electrode for the reduction of ferr i -  
cyanide ion. Mass t ransfer  rates wi th  both laminar  and 
tu rbu len t  impinging jets are presented for a range of 
electrode radii varying from 0.02 to 6 nozzle diameters 
and for the nozzle heights from 0.2 to 6 nozzle diam- 
eters. 

Analysis 
This analysis is concerned with mass t ransfer  to a 

circular disk electrode located wi th in  the stagnation 
of the impinging jet. Since there is a strong interac-  
tion between mass t ransfer  and fluid flow, the la t ter  
is briefly considered here. 

A mathematical  solution describing the boundary  
layer flow in  the stagnation region of a uni form flow- 
ing field inc iaent  on an iniinite plate was first obtained 
by Homann  (4). Homann 's  solution has been ex- 
tended to the case of a un i form impinging jet by 
Scnrader  (24), who showed that there existed a bound-  
ary layer of a constant thfckness having a radius of ap- 
proximately 1.1 nozzle diameter  in the stagnation re-  
gion. The experiments with evaporat ion of naphthalene 
and dissolution of t r a n s - c i n n a m i c  acid (6-11) also 
demonstrate  that the mass transfer rate at the im-  
pinged surlace is relat ively uniform for R / d  < 1. The 
measurements  of velocity and pressure distr ibutions 
(8, 25) have confirmed the existence of an inviscid 
flowing field just  outside the 0oundary layer. Accord.- 
ing to Homann~s axisymmetric  s tagnation flow (4), the 
raaial  and the vertical velocity components in  this in-  
viscid flowing field can 0e aescrioed oy u = ar and 
v = - - za z ,  respectively. Here, the constant  a is an un-  
specified hydrodynamic constant. For a nonuni form 
impinging jet  (a), the radial  velocity component in  
the inviscia flowing field becomes u = ar + br ~ + . . .  ; 
however, in  the nelghaorhood of the s tagnation point, 
the series can be simplified to u ~ ar. Thus, Homann 's  
inviscid solution is valid in  the neighborhood of the 
s tagnation point for both uni form and nonuni fo rm 
impinging jets. Also, exper imental  evidences have in-  
dicated that Homann's  solution is t rue whether  the 
flow at the nozzle exit is l aminar  or turbulent .  These 
different flow conditions are reflected by the different 
values of the hydrodynamic constant, a; they will not 
affect the mathematical  derivat ion in  this analysis. 

M a t h e m a t i c a l  m o d e l i n g . - - F o r  the simplicity of the 
analysis, we shall make the following assumptions: 
(i) The diffusion domain is confined to a region in 
which the boundary  layer thickness is uniform; ( i f )  
the cell diameter  is large enough so that  the effect of 

the cell wall  on the flow boundary  layer  is negligible; 
( i i i )  the electrolyte flowing through the nozzle has 
the same physical properties as the sur rounding  elec- 
trolyte; ( i v )  the solution has sufficient iner t  salt to 
insure that  the migrat ion flux of the diffusing ion in  
the electric field can be neglected; (v) physical prop- 
erties of the electrolyte are constant;  and (v~) the 
effect of the gravi tat ional  force on the diffusion field. 
is negligible. For a steady-state axisymmetric  im-  
pinging jet, the system can be described by a cyl in-  
drical coordinate system with the origin located at the 
s tagnat ion point as shown in  Fig. 1. The coordinate, r, 
is the radial distance from the stagnation point, and z 
is the perpendicular  distance from the electrode sur-  
face. Under  the assumption of a un i form boundary  
layer  thickness in the neighborhood of the s tagnation 
point, there is no concentrat ion var iat ion in  the radial  
direction. The steady-state convective diffusion equa-  
tion for mass t ransfer  in  the diffusion domain takes 
the form 

d C  d2C 
. =  D . [1] 

v d z  d z  ~ 

with boundary  conditions 

z ---- 0 C = Co ] 
[ 2 ]  

Z-> oo C----C| 

Here, v is the velocity component of the boundary  
layer  flow in the z-direction; C and D are the con- 
centrat ion and the diffusivity of the diffusing ion. 

To solve Eq. [1] and [2], v must  be known. As men-  
tioned in the foregoing paragraph, Homann 's  axisym- 
metric s tagnation flow exists just  outside the boundary  
layer in  the stagnation region where the velocity com- 
ponents in  the radial  and the axial directions are 
given as u = ar  and v - -  - - 2az ,  respectively. For the 
flow inside the boundary  layer, Homann  (4) made an 
assumption that  

u - -  ar~ 'O1) ,  v = --2:~/av ~(~) [3] 

Here, a is the unspecified hydrodynamic constant hav-  
ing a dimension of sec -1, u and v are the velocity 
componenLs in  the radial and axial directions, respec- 
tively; ~l = ~ / a / v  z is a dimensionless variable;  r 
is tl~e first derivative of a stream funct ion r 01) with 
respect to ~; and v is the kinematic  viscosity of the 
electrolyte. 

A dimensionless concentrat ion may be defined as 

C-C~ 
-C - [ 4 ]  

Co -- C| 

Where C~ is the bulk concentrat ion of the diffusion 
ion, and Co is the concentrat ion at the electrode sur-  
face. Subst i tut ing Eq. [3]-[4] into Eq. [1]-[2],  the 
convective diffusion equat ion can be reduced to a sec- 
ond-order  ordinary  differential equat ion 

+ 2Sc r (n) = 0 [5]  
d~l 2 d~l 

with the boundary  conditions 

, 1 = 0  C = l  ~ [6] 

J ~l-> ~ C : O  

Here, Sc is the Schmidt number  defined as Sc = v / D .  
To solve Eq. [5]-[6] analytically,  one needs a mathe-  

matical expression for the stream funct ion r  Ho- 
m a n n  (4) obtained a power series solution of r An 
improved numerical  solution was obtained by Froess- 
ling (26) and was tabulated in Schlichting (4). Using 
Froessling's results, the Taylor series expansion of 
the function r near  the electrode surface, i .e.,  
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: o, can be found as 

r  : 0.656~I ~ - 0.16667~1 ~ q- 3.6444 X 10-8~  

- 3.9682 X 10-~1 ~ q - . . .  [7] 

Asymptotic solution.~The Schmidt numbers  for 
electrochemical applications are high. In  order to find 
a simple solution for the convective diffusion, Eq. 
[5]-[6], we carry out successive per turbat ions of the 
parameter,  Sc. The procedures h a v e ' b e e n  i l lustrated 
by Chin (27-31). Following the procedures, the con- 
centrat ion profile can be represented by an asymptotic 
series in the descending powers of Sc 

1 1 1 

1 1 
q- Sca/~ c a q -  ~/-c~:Z ~ + " "  ( f o r S c > >  1) [8] 

Here, C--0 . . . . .  C~ and C---~ are called the zeroth . . . . .  the 
fourth and the fifth-order concentrations, respectively. 
They are functions of a stretched coordinate, Z, defined 
a s  

Z : Sc~/~I : Sc ~/z ~/a/~ z [9] 

Subst i tu t ing Eq. [7]-[9] into Eq. [5]-[6],  and equating 
the terms having the like powers of Sc in  the resul t ing 
equation, we have 

d~Co dCo 
q -  1 . 3 1 2 Z  ~ : 0 [ 1 0 ]  

dZ~ dZ 

dC~ 
-~- 1.312Z 2 : 0.33333Z ~ ~ [11] 

dZ 

d~C1 
dZZ 

d~C~ 
dZZ 

d ~  
aZ~ 

d~C4 
+ 1.312Z ~ 

dZS 

dZ 

q- 1.3i2Z 2 : 0.33333Z 3 ~ [12] 
dZ dZ 

dC3 dC~ 
q- 1"312Z2 dg  = 0'33333Z3 d '-~ [13] 

dC 4 dCz 
dz -- ~ dZ 

de0 
- -  0.007288Z8 [14] 

dZ 

d C% 
-t- 1.312 Z2 -- 0 .33338Z3 

dZ~ dZ dZ 

--0.007288Z~ 
dC1 

+ 0.00079365Z r dCo. [15] 
dZ dZ 

with the new boundary  conditions 

Z : 0  C o : I ,  C I : C ~ = . . . : C s : 0  ~ [16] 

J Z--> ~o C o :  C 1 : . . . =  C 5 : 0  

This set of s imultaneous l inear  ord inary  differential 
equations can be integrated to give the following 
solutions 

s; Co : 1 -- 0.85002 e -0.43783z~ dZ [17] 

C'-1 = e-0.4~733zz(--0.070835Z4 q- 0.071906)dZ [18] 

C2 : e -  ~ ( -- 0.0029515Z s 

-}- 0.0059922Z 4 q- 0.013913)dZ [19] 

C8 = e-~ • 10-sZm 

q- 2.4968 • 10-4Z s q- 1.1594 • 10-sZ 4 

q-4.879 X 10.-8)dZ [20] 

fo' C'4 = e-~ X 10-6Z 16 + 6.935 X 10-6Z 1~ 

q- 4.8309 • 10-sZ s q- 8.85 • 10-4Z 7 

q- 4.0658 • 10-4Z 4 -  1.2145 • 10-a )dZ [21] 

- g  C~ : e-0.43733z~(--2.8467 X 10-sz2o 

q- 1.4449 • 10-rZ16 q- 1.3419 X 10-6Z Iz 

q- 7.4053 • 10,-sZn -- 6.7386 • 10-sZ 8 

- -  7.4873 • 10-sZ ~ -- 1.0121 • 10-4Z 4 

- -  1.1125 • 10-3)dZ [22] 

Equations [17]-[22] give the concentrat ion profile in  
the diffusion layer. 

The local mass t ransfer  rate, j, is related to the 
concentrat ion gradient  at the surface by 

j=--D(O~COz ) :k(Co--C| [23] 
z = O  

where k is the local mass t ransfer  coefficient. The con- 
centrat ion gradient  at the surface can be obtained by  
differentiating Eq. [8] and Eq. [17]-[22]. Since the 
concentrat ion is independent  of r due to the assumed 
uniform boundary  layer  thickness, the average mass 
t ransfer  coefficient over the electrode surface is essen- 
t ial ly equal to the local value of k 

K : k : 0.85002 Dk/a/r Sc 1/~ g (Sc) [24] 

Here, the funct ion g(Sc) is an asymptotic series of Sc 

0.084593 0.016368 0.0057398 

g (Sc) : 1 -- Sc ~/3 Sc '2/8 Sc 

0.0014288 0.0013088 ] 
+ Sc4/3 + Sc5/~ b . . .  [25] 

The Sherwood number ,  Sh, defined as Kd/D, can be 
calculated from the following equation 

Sh : O.85002dk/a/~ Sc 1/3 g (Sc) [26] 

where d is the nozzle diameter. At large Sc, the func-  
tion g(Sc) is one and Eq. [24] can be simplified to 

Sh : 0.85002d~c/a/v Sc 1/3 [27] 

Comparison with numerical solutions.--By solving 
Eq. [5j and [6], the exact concentrat ion profile can be 
expressed as 

s  
C = 1 [28] 

fo~exp [--2Sc f:~O1)dn ] dn 

The numerical  solutions of Eq. [28] for different 
Schmidt numbers  have been obtained with a fourth-  
order Runge-Kut t a  method and a six-points Gaussian 
quadrature  formula on a digital  computer. Figure 2 
shows a comparison between the asymptotic concen- 
t rat ion profiles calculated from Eq. [8] and [17]-[22] 
and the numerica l  concentrat ion profiles calculated 
from Eq. [28]. For Sc ~ 2.45, their  agreement  i s  

wi thin  8% for C ~ 1.0 • 10 -3 . F i g u r e 3  is a l o g - l o g  
plot of Sh/dk/a/v vs. Sc for the asymptotic solution of 
Eq. [26] and the numer ica l  solutions calculated from 
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O k l l  i 1  - 

7 = (a/;)~/Zz 

Fig. 2. Concentrar distributions on the impinging jet electrode 
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Fig. 3. Comparison for the mass transfer rate between the asym- 
totic and the numerical solutions. 

Eq. [28]. Table  I presents  the  numer ica l  values  for the 
comparison. The present  asymptot ic  solut ion is based 
on Se > >  l;  however ,  at  Sc _~ 0.7 and I, the a symp-  
totic solutions agree wi th  the  numer ica l  solutions to 
wi th in  0.6 and 0.3%, respect ively.  The slope of the 
curve is 1/3 at  large Schmidt  numbers .  

Evaluation o:f hydrodynamic  constant . - -For prac t i -  
cal appl icat ion of Eq. [24]-[27],  the  hydrodynamic  
constant,  a, must  be  known. 

For  a c i rcular  d isk  immersed  pe rpend icu la r ly  in a 
un i fo rm flow, Lamb (32) has found that  the  veloci ty  
component  of the  potent ia l  flow along an inf ini tely th in  
disk surface wi th  radius  R can be expressed  as 

~ r  
u "-" U' [29] 

8R 

Here, U' is the bu lk  veloci ty  of the  un i form flow. The 
hyd rodynamic  constant,  a, for this sys tem is essen-  
t i a l ly  nU'/8R. Subst i tu t ing  the va lue  of a into Eq. [24], 
the  mass t ransfe r  ra te  equat ion becomes 

K R  
ShR --  = 0.5327Re '1/2 Sc 1/3 g (Se) [30] 

D 

Here, Re'  is the  Reynolds  number  defined as U'R/v. For  
la rge  Sehmidt  numbers ,  g (Sc) becomes 1, and Eq. [30] 

Table I. Values of Sh/d~/a/v at different Schmidt numbers 

Sh/ d\/a/ p 
Asymptotic Numerical 
solution of solution of % dif- 

So Eq. [26] Eq. [28] terence 

0.1 0.3061 0.3373 9.25 
0.7 0.6646 0.6687 0.62 
1.0 0.7616 0.7639 0.30 
2.45 1.0618 1.0623 0.04 

10 1.7521 1,7521 0 
lOO 3.8703 3.8703 0 

1090 8.4269 8.4269 0 

agrees wi th  the  analysis  of Matsuda  and Yamada  (33) 
who obtained a numer ica l  coefficient of 0.5325. 

For  the case of an impinging  jet,  the potent ia l  flow 
field outs ide of the  bounda ry  l aye r  depends  not  only 
on the nozzle exi t  flow but  also on the nozzle height,  
H. In t roducing a dimensionless  hydrodynamic  con- 
s tant  defined as 

a*  = ~ / t J  [31]  
E q .  [ 2 6 ]  becomes 

Sh ---- 0.85002Sc 1/3 Re l/z ~ / a *  �9 g(Sc )  [ 3 2 ]  

where  Re is the Reynolds  number ,  Ud/v, based  on the  
nozzle d iameter ,  d, and the  average  nozzle exi t  veloc-  
i ty,  U. According to the  publ i shed  data,  the  d imen-  
sionless hydrodynamic  constant,  a*, is only  a func-  
t ion of the  dimensionless  nozzle height,  H, defined as 
H/d. In this s tudy,  an a t t empt  has been made  to 
corre la te  severa l  theore t ica l  and empir ica l  resul ts  
(2,6,8, 13, 17, 19) of a* wi th  a least  squares  curve 
fitting method.  The resul ts  are  t abu la t ed  in Table II  
for var ious  ranges of H/d. The flow condit ions at  the  
nozzle exit ,  as repor ted  in the corresponding reference,  
a re  indica ted  in column 4. Since this analysis  is s imi-  
la r  to tha t  of the impinging  rec tangu la r - s lo t  jets ,  the 
table  also lists a number  of correla t ions  of a* obta ined 
f rom the slot geometry.  The range  of H/d  for the  a*'s 
given in  the  tab le  var ies  f rom 0.05 to o0. Subs t i tu t ing  
these a~'s into Eq. L32], the  corresponding ra te  equa-  
tions for  mass t rans fe r  near  the s tagnat ion  point  a re  
t abu la ted  in Table lII .  In  this way, a to ta l  of 13 equa-  
tions have been obta ined  for var ious  ranges  of H/d;  
they  are  numbered  f rom [III-1]  to [III-13] in  the  las t  
column of TaDle II1. As i t  can be seen, the ra te  equa-  
tions have a genera l  fo rm 

Sh = aRe 1/2 Sc 1/a g (Sc) J (H/d)  [ 3 3 ]  

where  ~ is a constant  coefficient. F igure  4 is a log- log 
plot  of S h / R e  1/~Scl/3g(Sc)  vs. H / d  for the equations 
in Table 111 and the expe r imen ta l  da ta  repor ted  in 
ReL (6, 8, and 23). The numbers  in the  figure r ep re -  
sent the equat ion numbers  in Table I tL It  is noted tha t  
there  is no single equat ion which  satisfies the  m e a -  
sured t ransfer  ra te  over  the ent i re  range  of H/d.  For  
0.1 ~ H/d  ~-- 0.5, Eq. [III-1]  shows a fair  agreement  
wi th  the  da ta  obta ined  by  Scholtz and Trass for the 
evapora t ion  of naph tha lene  to a nonuni form laminar  
jet.  Fo r  high Schmidt  numbers ,  Coueret ' s  e lec t ro-  
chemical  measurements  wi th  an impinging  j e t  elec-  
t rode of a radius  r /d  ---- 1.4, agrees fa i r ly  wi th  the  p re -  
dictions of Eq. [III-2]  and [I I I -3]  at  H/d  _-- 1.1. How- 
ever,  his resul t  wi th  a smal ler  e lec t rode  of r /d  = 
0.45 is twice higher  than  the predict ion.  For  1.0 < H/d  
< 10, the  da ta  of Chia et el. (6) at  Re = 34,000 fal l  into 
the region predic ted  by Eq. [I11-5], [ I I I-8] ,  and [III-9] .  
I t  seems that  there  is no sat isfactory agreement  be-  
tween the corre la t ions  and the repor ted  exper imenta l  

.c:-o 

1.0 

0.3 I l i l t  
0.05 0. I 

SYMBOL So Re REF. R/d 
- -  0 ( 6 8 6 0  129 23 1.4 

0 6570 300 23 1,4 
1040 588 25 0.45 
2417 845 23 1.4 

�9 2.45 54000  6 0 
�9 2 .45 507-1740 8 0 

A 
- - - - - - - 4 r  I - �9 o w 

~z--~---~. ,m 'm mml~ �9 

"mm~44 5 ~ m ( 

l.O I 0 40 
NOZZLE HEIGHT, H/el 

Fig. 4. Comparison between the mass transfer correlations listed 
in Table III and the published experimental data. 
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Table II. Correlations for the hydrodynamic constant, a* 

1465 

D i m e n s i o n l e s s  
Refe r -  nozzle h e i g h t  Nozzle ex i t  Nozzle 
e n e e  a* ca) r a n g e  flow c o n d i t i o n  g e o m e t r y  R e m a r k s  

(8) a* -- 2.464 - 1.0629H + 1.5794H ~ 0.05 --~H--~ 0.5 N o n u n i f o r m ,  l a m i n a r  C i r c u l a r  T h e o r e t i c a l  

(19) a* = 1.5129H -~ 0.5 -----H - -  1 N o n u n i f o r m ,  l a m i n a r  Slot  T h e o r e t i c a l  

(.19) a* = 1.5129 1 ~--H --~ 3 N o n u n i f o r m ,  l a m i n a r  Slot  T h e o r e t i c a l  

(19) a* = 1.5852 - 0.76385 + 0.12926H ~ 1 -----H-- 3 U n i f o r m ,  l a m i n a r  S lo t  T h e o r e t i c a l  

[ 1.004 - 0.03H ] 1.2 ~--'H--~ 5.5 T u r b u l e n t  C i r c u l a r  S e m i t h e o r e t i e a l  (6) c~* = 1.038 ~ .  " ~(H) (~ 
L 0.493 + 0.006H J 

(13) a* = 1.5(H) ~~ 2 ~--H --~ 6 Mach  No. = 0.05 C i r c u l a r  E m p i r i c a l  
7=1.4 

(2) a* = 1.0Ol + 0.065749H -- 9.6249 • 10-Z'H -~ 4--~'H----12 T u r b u l e n t  C i r c u l a r  E m p i r i c a l  

[ 1.35-- 0.066H ] 
(6) a* = 1.038 . �9 $(H)  5.5 - -  H--~ 6.8 T u r b u l e n t  C i r c u l a r  S e m i t h e o r e t i c a l  

0.493 7 0006~ 
[ 1 . 3 5 -  0.066H ] 

(6) a* = 1.038 L 0.069 (1 + H)  f ( H )  6 . 8 - - H ~ 8  T u r b u l e n t  C i r c u l a r  S e m i t h e o r e t i e a l  

[ 1.35 - 0.05  1 
( 6 )  a* = 0.953 c 0.069 (1 + H)  a 8 - - ~ H ~  10 T u r b u l e n t  C i r c u l a r  S e m i t h e o r e t i c a l  

(17) a* = 7.82H -~'~ 8 --~ H T u r b u l e n t  S lo t  E m p i r i c a l  

(6) a* = 101.8 10--~H T u r b u l e n t  C i r c u l a r  S e m i t h e o r e t i c a l  
(0.67 + /~ ) (1  + 

(19) a* = 0.3931 H ~  oo U n i f o r m ,  l a m i n a r  S lo t  T h e o r e t i c a l  

(a) ~" is  t h e  d i m e n s i o n l e s s  nozzle  h e i g h t ,  H / d  o r  H / B .  
(b) f (H ' )  = 0.62156 -- 0.25948H + 0.12607H s - 0.019049H s + 9.9051 • 10-~'H -~. 

Table III. Mass transfer correlations 

D i m e n s i o n l e s s  
nozzle  h e i g h t  Nozzle ex i t  E q u a t i o n  

Sh  r a n g e  flow c o n d i t i o n  No. 

S h - -  1.2021Re~/-~Sc~/~[2.464 - 1.0629H + 1.5794He]l/~g(Sc) * 

Sh = 1.0455Rel/~Scl/SHH-~176 ( Sc ) 
Sh = 1.0455Re~ /eSc~/Zg ( Sc  ) 
Sh = 0.85002Re~/~Scl/~(1.5852 - 0.76385H + O.12926He)~/eg(Sc) 

S h =  0.83414Re~/~Sc~/~"[( 1 . 0 0 4 -  0.03H i~/~g ( Sc ) 
0.493 + 0.006~ ~ ~ $ ( ~ )  

Sh  = 1.0411Re~/2Sc~/~H-~ 

Sh = 0.85002Re~/"-Sc~/S[1.001 + 0 . 0 6 5 7 4 9 / u  9.6249 • lO-3H~]~/~-g(Sc) 

[( 0000  ) 7 
Sh = 0.83414Rel/eSc ~/~ f (H)  g (Sc) 

0.493 + 0 .006~ 

1.55 - o.o66~ ) f ( ~ ) J  g(Se) 
S h  = 0.83414Re~/2Sc~/~ 

0.069 (1 + H)  

1.35 -- 0.066 1 ~/2 
Sh  = 0.81442Re~/~Sc~/'~ J 0 ( S c )  

0.069 (1 + ~ )  

S h  = 2.377Re*/2Sc~/~-~ (Sc) 

1 1~/~ 
Sh = 8.5772Re~/USc~l~ ~ )  J g ( S e )  

(0.67 + H ) ( I  + 

Sh  = 0.53294ReV~Sc~/:~o(Sc) 

0.05 ~ H'----- 0.5 N o n u n i f o r m ,  l a m i n a r  [III-1] 

0.5 --~ H ~ 1 N o n u n i f o r m ,  l a m i n a r  [III-2] 

1 ~--H--~ 3 N o n u n i f o r m ,  l a m i n a r  [III-3] 

1 ~--H --~ 3 U n i f o r m ,  l a m i n a r  lIII-4] 

1.2 --~H--~ 5.5 T u r b u l e n t  [III-5] 

2 --~H------ 6 M a c h  No. = 0.05 [III-6] 
7 = 1 . 4  

4 - -  H --~ 12 T u r b u l e n t  [III-7] 

5.5 --~ H ~ 6.8 T u r b u l e n t  [III-8] 

6.8 ~/~----- 8 T u r b u l e n t  [III-9] 

8 ~-- H ~-- l0  T u r b u l e n t  [III-10] 

8 ----- H T u r b u l e n t  [III-11] 

10 --~ H T u r b u l e n t  [III-12] 

-~ ~ U n i f o r m  l a m i n a r  [IlI-13] 

0.084593 0.016368 0.0057398 0.0014288 0.0013088 
* g ( S e )  = 1 - -  + - -  + ~ + . . . .  

SCU3 SC~I ~ SC SC ~/8 Sc ~18 
t T h e  w i d t h  of t h e  s lo t  j e t  is r e p l a c e d  b y  t h e  d i a m e t e r  of  t h e  c i r c u l a r  jet .  

data over the entire region of the dimensionless 
nozzle heights. The discrepancy is probably due to an 
inaccuracy in  the reported dimensionless hydrody-  
namic constants, a*, as well  as the experimental  faults. 
The mass t ransfer  experiments  with dissolution of a 
trans-cinnamic acid disk or evaporation of a naph-  
thalene disk tend to roughen and deform the surface. 
Coueret 's electrode of a radius r/d = 1.4 was greater  
than  the s tagnat ion region, and the measured mass 
t ransfer  rate must  be influenced by the flow in  the 
wall  jet  region. It  seems that  more  elaborate experi -  

menta l  work is needed to determine the hydrodynamic  
constant required for the t ransport  equations. 

Experimental 
The purpose of the present  exper imental  work is to 

determine the region of "uniform accessibility" on the 
impinged surface and to investigate the feasibility of 
the impinging jet  electrode for electroanalytical  ap- 
plications. It also intends to fur ther  contest the rate 
equations listed in  Table III  with an  electrochemical 
mass t ransfer  experiment.  
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ELECTROLYTE EXIT 

COUNTER ELECTRODE 

.~CE LL WALL 

<-- NOZZLE 
~.MALE CONNECTOR, ~I~THERMOMETER 

i .............. ; !  
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~ ~ N G  EPOXY 

, l 
DIRalNAGE WORKING ELECTRODE BOTTOM PLATE 

Fig. 5. The experimental cell used in this study 

The experimental  cell used is shown schematically 
in  Fig. 5. It consisted of a section of a Plexiglas pipe, 
20.3 cm ID by 7.6 cm long, and a set of Plexiglas top 
and bottom plates of 25.4 cm diam. They were bolted 
together a~ the circumferences of the top and the bot- 
tom plates and were sealed with O-rings. 

The impinging jet  electrode (or the working elec- 
trode) was located on the bottom plate; it was a cir- 
cular nickel disk embedded on a replaceable Plexiglas 
electrode disk attached to the underside of the bottom 
plate as shown in  Fig. 5. Eight different sizes of the 
impinging jet  electrode were prepared;  the radii  of 
these electrodes were: 0.0127, 0.0495, 0.0787, 0.157, 
0.265, 0.634, 1.27, and 1.91 cm. The electrodes with 
radius smaller  or equal to 0.634 cm were made of 
either a nickel wire or a cylindrical  nickel rod in -  
serted through the central  hole on the Plexiglas elec- 
trode disk and held in place with an epoxy glue. For  
the larger electrodes, a circular nickel foil was ce- 
mented  to a shallow dent  at the center of the electrode 
disk. The disk was then machined and smoothed un -  
til the nickel surface became flush with the Plexiglas 
surface. The counterelectrode was a circular nickel 
foil of 10.2 cm diam glued on the underside of the top 
plate, i t  had a very large surface area compared to the 
working electrodes to ensure that  the over-alI  cell 
reaction was controlled by the reaction at the working 
electrode under  the l imit ing current  conditions. 

The electrolyte nozzle was a Plexiglas tube inserted 
perpendicular ly  through a central  hole on the top 
plate and held in  place with a male tube connector. 
Two different nozzle sizes were used in the experi-  
ment ;  they had an inside diameter  of 0.635 and 0.313 
cm, respectively. Both nozzles were either 20.3 or 63.5 
cm long. The nozzle height, which is the distance be-  
tween the nozzle exit and the surface of the working 
electrode, could be adjusted by moving the nozzle 
tube up and down through the top plate and by t ight-  
ening up the nu t  of the male tube  connector. A mi-  
crometer depth gauge was used to measure the nozzle 
height when the cell was assembled. 

There were two other tube connectors on the top 
plate. One was for accommodating a thermometer  in  
the cell and the other was connected to an electrolyte 
exit tube. A small tube connector on the bottom plate 
was used for drainage. While in operation, the as- 
sembled cell was mounted on a sturdy bench to avoid 
any mechanical  vibrations.  

The flow system used in this experiment  is shown 
in  Fig. 6. It consisted of a solution tank, a gear pump, 
a set of rotameters,  a flow damper, and the impinging 
jet  cell. These componen, ts were connected together 
with 1/2-in. polypropylene tube and 1/2-in. nylon tube 
fittings. The solution tank  was an 11 li ter PVC tank, 
and an epoxy gear pump with a I~astelloy-C shaft and 
a Buna-N impeller  was used to circulate the electro- 
lyte. A bypass nylon needle valve and three other 
nylon needle valves in  the upstream of three retain- 

;'VENT 

I ROTAMETER 

VENT! 

i-- 
S )LI ON 

GEAR PUMP 

ql.-N 2 

Ip ~ YENT 

U 
FLOW DAMPER 

I , ANOOE 

:>~ J CATHOOE 

Fig, 6. The flow system used in this study 

eters were used to control the flow rate of the eleco 
trolyte. Three Gi lmont  F-1500 shielded rotameters 
were used to measure  the flow r~te; they were com- 
posed of a glass tube  and a glass bal l  to avoid the cor- 
rosion problems. The Plexiglas flow damper  in the 
downstream of the rotameters was used to el iminate 
any turbulences in  the electrolyte before it flowed into 
tl=e impinging jet  cell. The electrolyte flowed into the 
cell through the nozzle tube. It  impinged normal ly  on 
the working electrode and then re turned  to the storage 
tank  via the exit on the top plate of the cell. All the 
components in the flow system were rigidly fastened on 
an a luminum rack to avoid vibrations. 

The reduct ion of ferr icyanide ion at the working 
electrode was used for the l imit ing current  measure-  
merit. The solution used was composed of 0.01M po- 
tassium ferricyanide, 0.01M potassium ferrocyanide, 
and 1.0M sodium hydroxide. An iodimetric titration 
method was used to determine the ferr icyanide con- 
centration. An Ostward viscometer was used to deter-  
mine  the viscosity of the electrolyte. The density of 
the electrolyte was measured with a specific gravi ty 
bottle and the diffusivity of ferr icyanide ion was 
determined wi th  a rotat ing disk electrode. The typical 
properties of the solution with 9.774 • 10-4M ferr i -  
cyanide ion at 23~ were as follows: 

density: 1.042 g /ml  
viscosity: 1.06 cp 
diffusivity of ferr icyanide ion: 6.54 • 10 -6 cm~/sec 
Stokes-Einstein parameter :  D~/T = 2.34 X 10 -~~ 

cm2poise/sec~ 

The above Stokes-Einstein parameter  agreed with 
the measurement  by Gordon et al. (34), who obtained 
a value of 2.36 • 0.05 • 10 -10 cm2poise/sec~ 

To obtain reproducible l imit ing current  data, the 
working and the counterelectrodes were polished 
with 600 grade emery paper before the run. They were 
fur ther  degreased in methanol  and cathodically ac- 
t ivated in a 5% NaOH solution for 15-30 rain before 
put t ing into the impinging jet  cell. The so lu t ion  was 
bubbled with ni t rogen gas for at least 2 hr  to remove 
any dissolved oxygen before the experiment.  During 
the run, a ni t rogen atmosphere was mainta ined in the 
storage tank. A Lambda LT-2095 d-c power supply 
was used as a d-c source for the cell reaction. The ap-  
plied potential  drop across the cell was controlled by 
a 10-turn potentiometer.  Tl~e cell cur rent  for the re-  
duction of ferr icyanide ion at the working electrode 
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was obtained by measur ing the voltage drop across a 
s tandard resistor wi th  a Hewlet t -Packard  3476A digital 
mult imeter .  To obtain the l imit ing current  at a specific 
flow rate, a complete curve of cell cur ren t  vs. cell 
voltage was measured by increasing the applied volt-  
age across the cell. As the applied voltage increased, 
the current  flowing through the cell first increased, 
then leveled off to form a plateau, and finally in -  
creased sharply. The current  plateau was taken as the 
l imi t ing cur ren t  for the reduct ion of ferr icyanide ion. 
The present  system had a negligible background cur- 
rent  and a wide l imit ing cur ren t  region which existed 
over the cell voltages varying from 0.3 to 1.2V. All the 
runs  were made at a constant  room tempera ture  of 23 ~ 
• I~ The details of the exper imental  setup and pro-  
cedures are given in Ref. (35). 

Results and Discussion 
Uniform accessibi[ity.--To determine  the region of 

"uniform accessibility" at the impinging jet  electrode, 
the l imit ing current  density for the reduct ion of 
ferr icyanide ion was measured as a funct ion of elec- 
trode radius. The results for H / d  ~_ 1 are presented in  
Fig. 7 for four different nozzle Reynolds numbers.  The 
curves represent  the typical behavior  observed in this 
study. The results with other nozzle heights exhibited 
the same characteristics. It is seen that  for each curve 
there is a region where  the l imit ing current  density 
was relat ively constant. This uniform mass t ransfer  
region varies from R / d  --_ 0.1 to 1.0 for tu rbu len t  jets 
and from 0.1 to 0.5 for l aminar  jets; wi th in  this region, 
the var ia t ion in the l imit ing current  density for differ- 
ent  electrode sizes was less than  __.10% of the average 
value. At the radial  positions greater  than  the uni form 
accessible region, the l imit ing current  density started 
to decrease with increasing electrode radius. A sur-  
prise feature revealed by this s tudy is the nonun i -  
formity in mass t ransfer  for R / d  < 0.1. Each curve 
reached a m a x i m u m  value at the s tagnation point  as 
represented by the smallest  electrode wi th  R / d  -- 0.02. 
It (except at Re :- 1210) also exhibited a m i n i m u m  
at R / d =  0.078. This par t icular  behavior  has not been 
reported in  any  previously published l i terature.  The 
high mass t ransfer  rate at the smallest electrode (R -- 
0.0127 cm) can probably  be a t t r ibuted to the mass 
t ransfer  enhancement  of the edge effect. The fact that  
it might be located slightly away from the centerl ine 
of the impinging jet, because of mechanical  misal ign-  
ments  in the cell assembly, could also contr ibute to 
the higher rate at the smallest electrode (36). How- 
ever, the result  of a m i n i m u m  mass transfer  rate for 
the electrode with R / d  _~ 0.078 cannot be explained. 
This m i n i m u m  did not occur for all the nozzle heights 
tested; it gradual ly  disappeared with increasing nozzle 
distance. At H/d  ---- 6, the l imit ing current  density 
for this electrode became consistently higher than  

~1 o -= 

i0-1 - -  

,o-' 
0.01 

NOZZLE 
SYMBOL Sc Re H/d LENGTH 

/x 1519 788 I 20.3 CM 
A 1519 12765  I 20 .5  
0 1862 1 2 0 9  I 65.5 
�9 1682 5 5 6 9  I 63 .5  

I F L J , I , , I  I I I J l l l l J  I I I l l l l l  
O.l I I 0  

ELECTRODE RADIUS, R/d 

Fig. 7. Variation of the lim|ting current density with the dimen- 
sionless electrode radius. 

that in  the uni form accessible region. Since there have 
not been any  published data showing the variat ion 
of mass t ransfer  rate for R / d <  0.1, this problem will 
be left to future  studies. 

Effect o~ nozzle l~ow ra tes . - -The  l imit ing cur ren t  
densities at the eight working electrodes were mea-  
sured for five different nozzle heights over a range of 
the nozzle Reynolds numbers  from 500 to 16,000. This 
covered the laminar,  the transit ional,  and the tu rbu-  
lent  flow conditions in the impinging jet. Since the 
l imit ing current  density for the reduct ion of ferr i -  
cyanide ion is related to the average mass t ransfer  co- 
efficient by ilim : KFC~, according to Eq. [32] a plot 
of into vs. ~/Re should result  in a straight l ine passing 
through the origin with a slope equal to 0.85 FDC| Sc ~/3 
a*l/2/d. Figure 8 is the typical of such a plot obtained 
with a 0.635 cm diam nozzle at H/d  = 1.0. Also shown 
in the figure are two vertical l ines which separate the 
nozzle flow into the laminar  and the tu rbu len t  flow 
regimes. The behavior of the data points can be 
classified into three categories according to whether  
the electrode radius was smaller, within,  or greater 
than the un i form accessible region shown in  Fig. 7: 

(i) For R / d  less than 0.1, the typical behavior  can 
be repreEented by the l imit ing cur ren t  at R / d  ~_ 0.02. 
For this electrode, a straight l ine passing through 
the origin can be drawn through the data points lo- 
cated in the t ransi t ional  and the tu rbu len t  regimes. 
The laminar  data at the lower end of the Reynolds 
numbers  can also be correlated with a straight l ine 
through the origin; however,  its slope is greater  than 
that at the higher Reynolds numbers .  

(it) For the electrode radii located wi thin  the un i -  
form accessible region, the data points for three 
different size electrodes (R/d  ---- 0.124, 0.247, and 
0.417) fall together as a single curve. An  at tempt  has 

20 
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Fig. 8. Typical behavior of the limiting current density vs. the 
square root of the nozzle Reynolds numbers. 
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also been made to correlate these data with a straight 
l ine passing through the origin at the lower and the 
higher ends of the Reynolds numbers.  It is seen that  
there is an excellent  correlation for the data in the 
laminar  region. The tu rbu len t  data can be correlated 
to wi thin  ___10% with a straight l ine passing through 
the origin. Again, the slope of the straight line in  the 
laminar  region is greater  than that in  the tu rbu len t  
region. At the moment  we do not have any  suitable 
explanat ion of this phenomenon.  Probably  it was 
caused by a difference in  behavior  of the hydro-  
dynamic constant, a*, between the l amina r  and the 
tu rbulen t  impinging  jets. 

(iii) For the electrodes whose radii  are greater than 
the outer l imit  of the uni form accessible region (R/d  

0.5 for l a m i n a r  jet  and 1.0 for tu rbu len t  je t ) ,  the 
l imit ing current  density started to decrease with in-  
creasing electrode radius. The behavior  in  this region 
can be typically represented by the data obtained 
with R / d =  3.0. For this electrode, the data points in 
the laminar  and the tu rbu len t  regimes can also be 
correlated with two separate straight lines; however, 
they cannot be extrapolated to the point  of origin as 
shown in  Fig. 8. 

During the measurements,  the l imit ing current  was 
found to fluctuate. For the smallest electrode, the 
fluctuation was ___2% of the average l imit ing current  
in  the laminar  flow regime, •  in the tu rbu len t  re- 
gion, and was • in  the t ransi t ional  regime. Thc 
fluctuations decreased with increasing electrode sizes. 
The reproducibil i ty for the smallest electrode with 
R/d  _~ 0.02 was about ___8%. For the larger electrodes, 
the reproducibi l i ty  of the l imit ing current  measure-  
ment  was better  than ___3%. 

To fur ther  contest the one-half  power dependence 
of the mass t ransfer  rate on the nozzle Reynolds n u m -  
bers, the l imit ing current  densities were converted 
to the Sherwood number ,  Kd/D, and the results were 
plotted against the Reynolds number  in a log-log 
scale. Two such plots for H/d = 1.0 with two different 
nozzle sizes (one with a 0.318 cm diam nozzle and the 
other with a 0.635 cm diam nozzle) are given in  Fig. 
9 and 10, respectively. Again, the general feature of 
the data depends on the electrode sizes. For the small-  
est electrode and the electrodes located wi thin  the 
uniform accessible region, the data can be represented 
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Fig. 9. Sh vs. Re for a 0.318 cm diam nozzle 

, o  ~ 

Sh 

102 

IC 

/', 0 .02  
�9 O.O78 
0 0 ,124  
�9 0 . 2 4 7  
0 0 .417  
�9 I 
[] 2 
�9 3 

, I , , , , I  , , , I , , , , I  
iO~ ~04 

Re 

Fig. 10. Sh vs. Re for a 0.635 cm diam nozzle 

by the three s t ra ight- l ine segments. The two break-  
points at the intersections of the segments correspond 
more or less to the point  of instabi l i ty  (Re ,,, 1500) 
and the t ransi t ional  Reynolds number  (Re ,~ 3500) 
of pipe flow. The slopes of the straight lines in  both 
laminar  and tu rbu len t  flow were approximately equal 
to one-half.  This result  agrees with those of Scholtz 
and Trass (8), Giralt  and Trass (7), and Belove 
et al. (14). These authors found that  the one-half  
power dependence on the Reynolds number  was true 
ior both laminar  and tu rbu len t  jets. The data points 
for different size electrodes located wi thin  the un i -  
form accessible region (0.1 < R/d  < 0.5 for l aminar  
flow and 0.1 < R / d <  1 for tu rbu len t  flow) have a 
tendency to merge together even though there is still 
a slight variat ion with the radial  position. In  gen-  
eral, these data could be correlated to wi thin  __.10% 
with a straight l ine of slope one-half.  

For the electrodes with R/d  greater  than the un i -  
form accessible region, there is a strong dependence 
of the Sherwood number  on the dimensionless radius. 
For each electrode, the data points can also be cor- 
related with three separate l inear  segments repre-  
sent ing laminar ,  t~ansitional, and tu rbu len t  flows. 
However, the slopes in  the laminar  and the tu rbu len t  
regimes are greater than  one-halL Also the break 
points become less distinguished and the width of the 
transi t ional  regime seems to diminish with increasing 
electrode radius. For R / d  _-- 6, for instance, the t ransi-  
tional regime completely disappeared, and the flow 
seemed to change directly from laminar  to tu rbu len t  
flow. An  at tempt has been made to correlate the data 
in this region with the following empirical  equation 

Sh - - / R e  m SC 1/~ [34] 

where the proportional constant, l, and the exponent,  
m ,  depend upon the electrode Sizes. The results of a 
least squares curve fitting for Re greater  than 4000 and 
H/d between 0.2 and 6 are listed i n  Table IV. I t  is 

Table IV. Summary of the least squares curve fittings for the 
data with R/d ~ 2, Re ~ 4000, and 0.2 ~ H/d ~ 6 

E m p i r i c a l  e q u a t i o n :  S h  = ~ R e  '~ Scl/~ 

R/d l m 

2 0.342 0.59 
3 0.133 0.66 
4 0.0635 0.73 
6 0,0316 0.77 
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seen that the value of I decreases with increasing R/d. 
On the other hand, the exponent  m increases asymp- 
totically with R/d; the values at R/d  -- 4 and 6 are 
seen to agree with the work of Yamada and Matsuda 
(22), who obtained an exponent  of 0.75 for mass 
t ransfer  in the wall je t  region. This result  clearly 
demonstrates that  the wall  je t  region begins approxi-  
mately  at R/d  ---- 4. Between R/d ---- 1 and 4, there is 
an in termediate  region, where the tu rbu len t  impinging 
jet  changes from the s tagnat ion flow to the wall  jet  
flow. 

Mass trans]er correlation Jar the uniJorm accessible 
region.--To compare the exper imental  data with the 
predictions of the equations listed in  Table III, the 
values of S:h/Re~/~Sc ~/~ were calculated for the elec- 
trodes located in the uni form accessible region for 
both laminar  and tu rbu len t  jets. The results are 
plotted in Fig. 11 against  the dimensionless nozzle 
height, H/d. Each data point  represents the average 
value of several electrodes in  the uni form accessible 
region over a range of Reynolds numbers  indicated 
in the figure. Two different nozzle diameters and two 
different nozzle lengths were used to collect the data. 
Also plotted in the figure are the 13 equations listed in  
Table III. They are represented by the th in  curves 
and identified by the corresponding equation n u m -  
bers. It is seen that the present  experimental  results 
fall  into the general  area predicted by the equa-  
tions. The agreement  is poor for most equations. Only 
Eq. [III-1] is close to the laminar  data; however, the 
prediction is at least 20% higher than  the exper imental  
value. For  the tu rbu len t  data there is a satisfactory 
agreement  between the data points and those pre-  
dicted by Eq. [III-2] and [III-3] even though they 
were based on an analysis of a nonuni form rectangular  
l aminar  jet  (19). 

The data in Fig. 11 can be correlated in  the form of 
Eq. [33]. A least squares curve fitting of the results 
gives the following equations: 
(i) for the laminar  data (Re < 2000, and 0.1 < R / d <  
0.5) 

Sh = 1.51Re 1/2 Sc 1/3 g (Sc) (H/d) -o.o54 [35] 

(it) for the tu rbu len t  data (4000 < Re < 16,000 and 
0.1 < R/d  <1)  

Sh _-- 1.12Re 1/2 Scl/~g(Sc) (H/d) -o.o57 [36] 

where the asymptotic series g (Sc) is given by Eq. [25]. 
Equations [35] and [36] are plotted in  Fig. 11 as the 
t'hick solid lines; the s tandard deviation of these cor- 
relations from the exper imental  data is +--10%. It 
should be noted that  these equations are valid for 
0.2 - -  H/d ~-- 6. 

I 0 - -  

I - -  

O.piL 
0.05 

NOZZLE NOZZLE 
SYMBOL LENGTH DIAMETER Re 

A 20,32 CM 0.6~5 CM 
�9 20.32 0.63~ 
O 63.5 0.635 
�9 63.5 0.635 
0 20.32 0.318 
�9 20.32 0.318 

-- & �9 �9 

4 0 0 0 - 1 6 0 0 0  
<2000 

4000 -16000  
<2oo0 

4 0 0 0 - 6 0 0 0  
<2000 

~ - ~  A w ~1~ LAMINAR 

- . . <  

0.1 I I 0 40  
NOZZLE HEIGHT, H/d 

Fig. 11. Mass transfer rate as a function of the dimensionless 
nozzle height. For comparison the equations listed in Table I I I  
are also plotted as the thin curves; they are identified by the 
corresponding equation numbers. The thick solid lines are the least 
squares correlations of the present experimental results, Eq [3.5]- 
[36]. 

Electrochemical applications.--This result  has proved 
that the impinging jet  electrode is a feasible tool for 
electrochemical applications because of the existence 
of a uniform accessible region. This geometry can be 
adopted for the process streams and the closed sys- 
tems requir ing a pressure other than the ambient  at-  
mosphere. Since the electrode can be used for both 
laminar  and tu rbu len t  flows, the upper  l imit  in kinetic 
measurement  is determined only by the pump size. At 
a nozzle Reynolds number  of 10 s, for instance, Eq. 
[36] indicates that a first-order rate constant  on the 
order of 1 cm/sec can be determined wi th  the imping-  
ing jet. This is about one order of magni tude  higher 
than the rotat ing disk electrode. It  is suggested that  
a cell with a fixed ratio of nozzle height to nozzle 
diameter, H/d, be constructed, and the radius of the 
electrode be l imited to less than  1 nozzle diameter. A 
convenient  choice for the electrode size is R/d  _-- 0.5, 
for which the nonun i fo rm central  core of R/d  < 0.1 
constitutes less than 4% of the total surface area; this 
is an  acceptable error for most exper imental  work. In  
view of the complexity of mass t ransfer  at the im-  
pinging jet  electrode, the semiempirical  equat ion in 
the form of Eq. [33] s:hould be used for any kinetic, 
diffusivity, and concentrat ion measurements .  For  a 
cell with fixed H/d and R/d  ratios, the quant i ty  
~](H/d) in Eq. [33] becomes a simple empirical  cell 
constant which may be calibrated with a known redox 
reaction such as the reduct ion of ferr icyanide to ferro-  
cyanide ions. The present  results of Eq. [35] and [36] 
can be used as a guideline to Check the accuracy of 
the calibrations. 

Conclusions 
A theoretical and exper imental  study has been made 

of mass t ransfer  to a circular disk electrode located 
wi thin  the stagnation region of an impinging jet. Using 
the method of perturbat ion,  an asymptotic series is 
presented for the Sdhmidt n u m b e r  corrections over 
the range of Sc from 0.7 to oo. The ma x i mum de- 
viation of the asymptotic series from the numerica l  
solution is less than 0.7%. It is found that  the elec- 
trode possesses a "uniform accessibility" to the diffus- 
ing ions wi thin  a range of dimensionless electrode 
radius, r/d, from 0.1 to 1.0 for tu rbu len t  nozzle flow 
and from 0.1 to 0.5 for l aminar  nozzle flow. Within  
this uni form accessible region the mass t ransfer  rate 
is relat ively independent  of the electrode size, and 
the sen /empir ica l  correlations are presented in  both 
laminar  and tu rbu len t  flow regimes for 0.2 --~ H/d ~-- 6. 
Beyond the uni form accessible region, the mass t rans-  
fer rate decreases with the radial  position, and the 
wall  jet  region is found to begin approximately at 
R/d -= 4. 

Manuscript  submit ted March 21, 1978; revised manu-  
script received May 1, 1978. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be publis~hed in the June  1979 JOURNAL. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 

LIST OF SYMBOLS 
a a hydrodynamic  constant, sec -1 
a* dimensionless hydrodynamic constant, de- 

fined as ad/U 
C concentrat ion of the diffusing ion, g-mole /  

cm 3 or kg-mole/m3 
Co concentrat ion of the diffusion ion at the elec- 

trode surface, g -mole /cm ~ or kg - mo le /m  3 
C| bulk concentrat ion of the diffusing ion, 

g -mole /cm 3 or kg - mo l e / m  a 
dimensionless concentrat ion of the diffusing 
ion 

Co.. �9 C5 the zeroth order . . . . .  5th order concentration, 
dimensionless 

D di~usivi ty of the diffusing ion, cm2/sec or 
m2/sec 

d diameter  of the circular  nozzle or the width 
of the rec tangular  slot nozzle, cm or m 
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F 
f (H /d )  
g(Sc )  
H 
H 
ilim 
J 

K 

k 

n 

R 
r 

U 

U' 

u 

v 

Z 

F a r a d a y  constant,  96,487 C /g  equiv. 
an empir ica l  funct ion of H/d, see Eq. [33] 
a ser ies  express ion of Sc given by  Eq. [27] 
nozzle height,  cm or  m 
dimensionless  nozzle height,  H/d 
l imi t ing cur ren t  density,  A / a m  2 or A / m  2 
local mass t ransfe r  flux at  the  e lec t rode  su r -  
face, g - m o l e / a m  2 sac or  k g - m o l e / m  2 sac 
average  mass t ransfe r  coefficient, cm/sec or 
m/ see  
local mass t rans fe r  coefficient, am/see  or  
m/ sea  
number  of electrons t rans fe r red  in the elec-  
t rode reaction,  g - equ iv . / g -mo le  
radius  of the d isk  electrode,  cm or m 
rad ia l  coordinate  measured  f rom the s tag-  
nat ion point,  cm or m 
average  veloci ty at the  nozzle exit ,  am/see  or  
m/see  
bu lk  veloci ty  of the  un i fo rm flow, am/see  or  
m/see 
velocity component in the radial direction, 
am/see  or m/see  
veloci ty  component  in the  axia l  direction,  
am/see  or m/see  
a s t re tched coordinate  for the  diffusion 
boun___dary l aye r  defined as Sc 1/3 n or Sc~ 
~/a/v z, dimensionless  
a coordinate  pe rpend icu la r  to the e lectrode 
surface, cm or m 

Greek letters 

a an empir ica l  constant  in Eq. [33], d imen-  
sionless 
the adiabat ic  exponent  in Table  I, d imen-  
sionless 
boundary  layer  thickness  in Fig. 1, cm or m 
a dimensionless  var iab le  defined as ~/a/v z 
viscosity of the e lectrolyte ,  poise or  Pa  �9  

v k inemat ic  viscosity of the  e lectrolyte ,  am2/ 
see or  m2/sec 
s t ream function, dimensionless  

Dimensionless groups 
Re Reynolds  number ,  dU/v 
Re'  Reynolds number ,  RU'/v 
Sc Schmidt  number ,  ~/D 
Sh Sherwood number ,  Kd/D or kd/D 
ShR Sherwood number ,  KR/D 
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Reversibility and Growth Behavior of Surface 
Oxide Films at Ruthenium Electrodes 
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ABSTRACT 

Exper iments  are described in  Which the na ture  of surface oxidation proc- 
esses at Ru electrodes are investigated and compared with those of other 
noble metals. Surface oxidation of Ru is much more irreversible than  at Pt, 
Au, or Rh and the oxide formed in  sweeps taken to 1.4V can only be reduced 
in  the H region, usual ly  wi th  some coevolution of Hf. However, surface 
oxidation already begins at potentials  in, or close to, the H region; this be-  
havior is somewhat similar  to that of P t  in  alkal ine solutions. Upon repeated 
cycling into the oxide region up to 1.4V EH, a new state of t'he oxidized Ru 
surface is generated which exhibits remarkable  reversibi l i ty of the i - V  profile 
in anodic and cathodic sweeps taken to any potential  in  the range 1.4V. This 
effect is associated with a reversible redox process in  the oxide film, probably 
between Ru(IV)  and Ru (III) ,  but  reduction back to the metallic surface does 
not occur as it does in the ini t ial  sweeps. The behavior  is somewhat  s imilar  
to that previously observed with Ir. T ime-dependent  growth of the oxide film 
at Ru is observed, as at Other noble metals, and the direct logarithmic law 
applies. Similari t ies to the surface oxidation behavior  of other noble metals, 
especially iridium, are pointed out and depend on anion adsorption. 

Ruthen ium is of current  interest  as an electrocata- 
lyst material,  especially in  combinat ion with an oxi- 
dized Ti substrate, as an anode mater ia l  for C12 
evolut ion (1-3). From an electrochemical point of 
View, this metal  has, however, been less well charac- 
terized than  most other hoble-metaI  materials,  es- 
pecially with regard to the state of adsorbed H at  
its surface near  the reversible H2/H + potential  and 
the na ture  of surface oxidation processes that  occur 
at more positive potentials. In the case of Pt, Rh, Ir, 
and Au, the general  surface oxidation characteristics 
were studied in some detail by Brei~er et al. in a 
number  of papers (4-6) using the potent iodynamic 
sweep method of Will and Knorr  (7), and by Vetter 
and  Berndt  (8), and Schultze and Vetter (9), using 
galvanostatic conditions. Apart  from ~he l i terature 
quoted in an earl ier  p re l iminary  communicat ion on 
Ru (10), re lat ively little work has been Carried out 
on the surface oxidation behavior of Ru. An extended 
abstract  (11) of a paper presented at the same meet-  
ing as that  at which the present  paper was given, 
reports comparisons between the properties and elec- 
trochemical  behavior  of oxide films on Ru and Ir  
and confirms the main  features of the results given 
in  our p re l iminary  communicat ion (10) in 1975. 

In  the previous short communicat ion (10) we showed 
(i) that  a region of H deposition and re- ionizat ion 
could be dist inguished at Ru electrodes, (ii) that  a 
region of surface oxidation occurred over a broad 
potential  range, and (iii) that the processes of forma- 
t ion and reduct ion of surface oxide showed much 
more hysteresis than  at I r  (12), Pt  (13), Rh (13), 
or Au (14), depending on the positive potential  l imit  
in the anodic sweep (13) in cyclic vo l tammetry  ex- 
periments.  

It  is the purpose of this paper to give an account 
of fur ther  work [cf. (10)] that  has been carried 
out in  order to characterize more ful ly  the formation 
and reduction of thin oxide films at Ru electrodes 
and to relate the observed behavior in a general  
way to that  of Pt, Ir, and Au. 

Experimental 
Method.- -Cycl ic  vol tammetry  experiments  were car- 

ried out by we l l -known procedures. Anodic and cath- 

1 Present  address: Faculty os Technology and Metal lurgy ,  Uni- 
ve r s i ty  of Skopje, Skopje, Yugoslaxia.  

2 Present  address: Ruder Boskovi~ Institute, Zagreb ,  Yugoslavia .  
Key words: metals ,  electrode,  chargej adsorption. 

odic sweeps at various rates could be applied to the 
electrode in  a repeti t ive mode or indiv idual ly  after 
holding the potential  for a controlled t ime [cf. (13)] 
at a par t icular  value. 

In  the cyclic vo l tammetry  experiments,  it is found 
to be useful to take the potential  successively to a 
series of increasing or decreasing values in  the anodic 
or cathodic sweeps and thus generate a family of 
i -V  profiles which i l lustrate the progressive changes 
of properties of the electrode, or oxidized electrode, 
surface in relat ion to the reversibi l i ty of the processes 
involved, as was done previously (13, 15) at Pt. 

All experiments were conducted in solution bubbled 
with Of-free N2 as described previously (16). 

Electrode preparat ion.--Most  experiments  were con- 
ducted at ruthenized Pt  or Au, or a ruthenized Ru 
electrode prepared by the electroplating of the sub-  
strate metal  from a recrystallized ammon ium ru then i -  
chloride solution. The Ru layer was electrodeposited 
at ca. 100 mA ini t ial  apparent  current  density at 300~ 
unt i l  an average Ru loading of ca. 5 • 10 ~ atoms Ru 
per substrate  Pt, Au, or Ru atom was obtained, as 
described previously (10). Some experiments were 
conducted on the ground and polished surface of a 
2.5 mm diam • 2 cm long zone-refined Ru rod sup- 
plied by Research Organic and Inorganic Chemical 
Corporation, Sun  Valley, California. The behavior of 
an electroplated layer on the Ru itself was not dif- 
ferent  from that on Pt or Au. 

The rea l /apparen t  area ratio of the electroplated 
electrodes was ini t ia l ly ca. 100 after plat ing but  in 
some experiments  (see below) the real areas became 
diminished due to electrode dissolution upon cycling. 
Exact real areas cannot, however, be electrochem- 
ically determined,  e.g., through electrodeposited H ac- 
commodation measurements,  as at Pt, due to the 
appreciable absorption of H that  occurs s imultaneously 
with H adsorption as described elsewhere (10, 17). 

In other experiments,  a chemically formed Ru elec- 
trode was prepared by paint ing a strong solution 
of (NH4)fRuC16 on a cleaned glass tube and firing 
it, in  air, at ca. 723~ A P t  contact had previously 
been sealed into the side of the tube. 

Solutions.--O.1 or 1N aq. H2SO4 (B.D.H. Aristar  
grade) solutions, made up in pyro-dist i l led water  
(18), were employed as electrolytes. The cell was 
periodically washed with pure H2SO4 and then with 
the pyro-dist i l led water. 

1471 
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Potential scales and reference electrodes.--Measured 
potentials were referred to an H2/Pt (reference) elec- 
trode in the same solution as that used for the working 
electrode and are referred to as EH in the text which 
follows. 

Currents and current densities.--Owing to the prob- 
lem of defining real areas of electrodes in the case 
of Ru by H accommodation, because of H absorption 
[as we (17) and others (19) have found previously],  
it will  not be possible to give real current  densities 
on most of the graphs in  this paper. Similar problems 
arise in evaluations of charges per uni t  area. How- 
ever, for convenience and possible comparison with 
other published data, current  densities and charges 
are recorded per geometric square centimeter  of sub- 
strate electrode or the ini t ial  geometric area of an 
electrode. The time dependence of electrode areas 
upon anodic/cathodic cycling, mentioned above, is 
a fur ther  complicating aspect of this question. 

Results and Discussion 
Processes in the H region at ruthenium.--In previous 

papers (10, 17), it was demonstrated that a potential  
range (0.05-0.2V EH) exists at Ru electrodes over 
which processes of H deposition and ionization arise, 
as at Pt, Rh, and Ir. In  order to be able to describe 
and interpret  the surface oxidation behavior  which 
is observed at more positive potentials, it is first 
necessary to recapitulate briefly the conclusions (10, 
17) regarding the H processes at Ru since at Ru, 
unl ike  Pt, there can be appreciable overlap between 
the processes of surface oxide formation and reduc- 

t ion with those of H ionization and deposition, re- 
spectively; also appreciable absorption as well  as 
adsorption of H occurs. 

Several  aspects of the behavior at Ru indicate that  
the processes in the H region do not correspond 
simply to underpotent ia l  deposition of H in a series 
of four or five mult iple  states below monolayer cov- 
erage,-as  at polycrystal l ine Pt (20). The situation 
is complicated on the cathodic side by overlap with 
irreversible surface-oxide reduction processes in or 
near  the t t  deposition region and facile H2 evolution, 
and on the anodic side by H2 reoxidation and reforma- 
t ion of a surface oxide species already at low positive 
potentials (17), 0.2 ~ 0.3V EH. 

A number  of characteristics of the process in the 
H region indicated that  H deposition and sorption 
into Ru, as well as adsorption onto its surface, occurs. 
H diffusion into Ru, as at Pd, is, e.g., mentioned in 
early l i terature (21), and was demonstrated in a 
previous pa pe r  (17) by (i) cyclic vol tammetry  ex- 
periments  where currents in the H region were shown 
to be dependent  on square root of sweep-rate, s, ra ther  
than  on its first power as for a surface process, e.g., 
at Pt. Similar conclusions were reached by Bagotskii 
and co-workers (19); and (ii) by microcurrent-~f-  
ficiency measurements  for H2 evolution at bulk Ru 
electrodes. These results indicate that  a substant ial  
fraction, if not all, of the H deposit ion/ionization 
charge measured in the H region at Ru electrodes 
is to be' associated with H absorbed into the metal  
near  its surface. 

The general current-potential profile for formation 
and reduction o] surJace oxide at Ru.- -Figure  la  shows 

'r 8 

E 
I-- 
Z 
W 
n- 
n~ 

C) 

0.5~ 

0.2 

0.1 

0 

0.1 I-- 

0.3 

0.4 

0 . 5 - -  

0 . 6 - -  

Ru on Pt wire (0.08 cm z) 
1N H2SO 4 85~ 
S= 0.015 Vsec -1 

H Region S u r f a c e  
ox ida t ion  

(a) 

0.2 0.4 1 IQ6 I /0,8 / . / tO / . 1:2 

A / /~ 
(b) / o  

- -  Sur face  oxide / /  
reduction o 

/ ~ o oS 
_ _ !; 3_ __]  oio. oiOi~176176 

01-0 
1 . I0""  I I ,  I I I I I I I I I 

0.2 0.4 0.6 0.8 1.0 1.2 

1.4 
J EH,  V 

-3 0 

_2 ~a" 
Q~ 

F- 
Z 
~ 0  

X 
0 

1.4 0 

Fig. 1. (a) Cathodic and anodic potentiodynamic i-V profiles taken up to various potentials at ruthenized Pt, showing the H region and 
the progressive irreversibility between formation and reduction of surface oxide. Sweep-rate 13 mV sec-1; 0.5M H2S04; 358~ Figures 
on cathodic curves indicate positive potential limit of previous anodic sweep. (b) Inset shows charge vs, potential profile obtained by in- 
tegration of the i-V curves giving apparent degree of surface oxidation in e per atom. 
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OXIDE FILMS A T  R U T H E N I U M  ELECTRODES 
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Fig. 2. Comparison of a series 
of potentiodynamic i-V curves 
for ruthenized Pt in 1N aq. 
H2S04 taken over a range of 
0.05-1.4 and 0.05-0.7 Eft, il- 
lustrating the region of almost 
reversible oxide formation and 
redaction if the anodic poten- 
tial limit is < 0.SV. Tempera- 
tares 273 ~ 298% 318 ~ , and 
355~ sweep rate 13 mV sec -1.  

the general  behavior  of Ru surfaces subjected to a 
small  number  of anodic and cathodic sweeps. The 
characteristic features to be emphasized are (i) the 
early onset of surface oxidation, overlapping with 
the H region as ment ioned above; (ii) a more or less 
reversible behavior  in  the processes of formation and 
reduct ion of the surface oxide when  the extent  of 
oxidation of the Ru surface is small  (Fig. 2) [cf. the 
behavior of Pt  (15)], (iii) development  of a stage 
of higher oxidation of the Ru surface beyond 0.8V 
EH (Fig. 1), and (iv) increasing hysteresis, much 
more than  at Pt, Pd, Rh, or Au, between the processes 
of surface oxide formation and reduction when the 
potential  of Ru has been taken  above ca. 0.6V EH 
and especially in  the range 1.1 ,~ 1.4V EH (Fig. 1). 

From curren t -poten t ia l  profiles, such as those in 
Fig. la, the integrated charge for surface oxidation 
can be obtained as a funct ion of potential  as shown 
in  Fig. lb.  Similar  data at four temperatures  are 
shown in  Fig. 3. The second main  region has a slope 
twice that  of the first, suggesting that  an oxide film 
involving twice the valence change of Ru compared 
with that  in  the first region is involved. 

The t rue extents of surface oxidation per square 
cent imeter  up to any  given potential  cannot be re-  
l iably evaluated, as they can at Pt, owing to the 
uncer ta in ty  (10, 17) of the significance of the charge 
measured in the H region on account of substant ial  
H absorption ment ioned earlier. However, relat ive es- 
timates, based on a fast sweep in  the H region, are 
shown in  the inset of Fig. 1 (marked b).  The apparent  
degree of surface oxidation at tained at 1.4V would 
then correspond nomina l ly  to "RuO2" but  this should 
be taken only as an  approximate figure, not reliable 
to bet ter  than 30%. 

From various i-V profiles similar  to Fig. la  but  
taken on a more sensitive current  scale, it appears 
that  the region between ca. 0.2 and 0.65V EH corre- 
sponds to at least two broadly overlapping stages of 
surface oxidation, which are resolvable with difficulty 
below 0.65V in  the anodic and  cathodic sweeps. This 
region is evident ly  comprised of at least two-non-  
Langmui r  peaks [cf. (22, 23)] for the ini t ial  stages 
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Fig. 3. Charges for surface oxide formation beyond 0.25V s 
showing the two or three principal stages of oxidatlon (the first 
region is probably resolvable into two overlapping components; 
see Fig. la and 2). 

of surface oxidation of Ru, but  these stages are better  
resolved in the cathodic sweeps (Fig. l a ) .  

Irreversibffity in ]ormation and Teduction of the 
oxide l~lm at Ru.- -The  hysteresis observed between 
the i-V profiles of Fig. la  for the anodic and cath- 
odic sweeps increases with the positive potential  l imit  
in  the anodic sweep, as it does at other noble metals 
(7, 13), but  the effect is much greater than at Pt 
or Au. 
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From Fig. 1 it is evident  that  the surface oxide 
formed when the potential  of a Ru electrode is taken 
progressively to values > 0.8V EH in the anodic sweep 
is only incompletely reduced in the cathodic sweep. 
In  fact, i n  repeti t ive sweeps between 0.05 and 1.4V, 
the surface oxide formed is never  reduced so that 
the full  currents for its reformation are not required 
on a following anodic sweep. Then an uns t ruc tured  
i -V  profile, of the kind reported in earlier work s 
(10, 24), over a 1.4V range at pure bulk Ru is ob- 
served. In  a restricted range cycling exper iment  (0.05- 
0.7V EH) on bulk  Ru, the H region can be resolved 
after some cycling. 

The slow process of reduction of surface oxide 
formed at appreciable positive potentials (1.1-1.4V 
EH) can be followed by br inging  the sweep back in  
a cathodic direction to the H region (to 0.05V EH) 
and then holding the potent ial  constant. During this 
potential-hold,  the current  can then be recorded as 
a function of time; it corresponds to slow reduct ion 
of the oxide film formed on the previous anodic sweep. 
In  fact, the oxide film reduction is only completed 
in the H region or with Ha evolution as at some other 
metals, e.g., in  the reduction of NiO, and the experi-  
menta l  behavior observed is shown in  Fig. 4a and b. 

Figure 4a shows the current -potent ia l  and cur ren t -  
t ime responses of a ruthenized Pt  wire in 1N H2SO4 
to the potential  program shown in  the inset of Fig. 
4 a :  The potential  of the electrode is swept at 0.1 V 
sec -1 to 0.7, 1.0, or 1.35V and then re turned to 0.05V 
at which it is then held constant. The subsequent  
cur ren t - t ime  t rans ient  is then recorded as shown to 
the right of the zero of t ime on the X axis of Fig. 4a. 

After  oxidation of the Ru to 0.7 or 1.0V, the cathodic 
sweep already shows a normal  peak corresponding 
to oxide film reduction. Then  the following cathodic 
cur ren t - t ime  transients  at 0.05V EH are almost iden-  
tical and extend over ca. 25 sec. However, when the 
electrode has been oxidized to ~ 1.35V, there is almost 
no main  oxide film reduction peak on the cathodic 
sweep and the reduction occurs on the cathodic cur-  
ren t - t ime  transient.  This exhibits a max imum which 
may correspond to a nucleat ion-control led reduction 
of the oxide film with codeposition of H. 

In  Fig. 4b, the results of a somewhat different but  
related exper iment  are shown. For this case, the po- 
tential  program is as shown below the X axis. The 
potential  is swept from 0.05 to 1.5V and then held 
for 0, 10, or 100 sec in successive experiments  at that  
potential. The potential  is then re turned to 0.05V 
in a cathodic sweep at 0.1 V sec -1, held at 0.05V, 
and then the cathodic cur ren t - t ime  transient  is re- 
corded as shown to the r ight  of the 0 on the X axis 
of Fig. 4b. Longer anodic holding (0 -> 10 --> 100 sec) 
produces a longer delay in  the cathodic cur ren t - t ime  
t ransient  corresponding to slower reduction of the 
oxide film in the H region. After  100 sec holding at 
1.5V, the oxide film requires about 90 sec to become 
ful ly reduced. Hence, in repetit ive sweeps between 
0.05 and 1.35 ~ 1.5V, the oxide film is only incom- 
pletely reduced in the cathodic sweeps, unless very 
low sweep rates (<0.01 V s e c - ' )  are employed. 

The reversibil i ty of the process of formation and 
reduction of the oxide is i l lustrated in another way 
by the ratios, QA/Qc, of charges Q measured in the 
anodic (A) and the cathodic (C) sweep, respectively. 
QA/Qc remains almost equal to un i ty  (Fig. 5) up to 
a potential  of ca. 0.SV. If the sweep is taken beyond 
this potential, then QA/Qc > 1 as seen in that figure. 
The effect is due main ly  to incomplete reduction of 
the oxide in the cathodic sweep but  also significantly 
to some dissolution (see below) of Ru toward the 
positive end of each anodic sweep. 

Induction o5 a reversible  process in oxide 1~lm ]orma- 
tion and reduction upon mult ipIe cyc l ing . - -Very  in-  
teresting behavior arises at Ru after many  (~25-50) 

In a paper just published by Trasatti  e t  al. (48), similar be- 
havior is found. 
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Fig. 4. Current-tlme transients for potentiostatic completion of 
reduction of oxide films on Ru after an anodic potentiodynamic 
sweep: (a, top) for sweeps to 0.7, 1.0, and 1.35V; (b, bottom) for 
sweeps to i.4V with O, 10, and 100 sec holding. 

anodic/cathodic cycles up to 1.4V EH. Initially,  the 
behavior is as in  Fig. i with much hysteresis between 
the processes of formation and reduction of the oxide; 
unless the potential  is held at ca. 0.05V at the end of 
the cathodic cycle, the oxide formed in the previous 
anodie sweep will  not be completely reduced, as was 
indicated with respect to Fig. 1, 2, and 4a and b. 

However, upon repeated cycling, the behavior  shown 
in Fig. 6 develops where, at any potential  in  the 
sweep, an almost reversible behavior is observed (25) 
as the direction of the sweep is changed. This is 
characterized by a sudden change of direction of 
current,  from anodic to cathodic, at a magni tude  
almost the same as that  on the immediate ly  previous 
anodic sweep. The kinetic relaxat ion characteristics 
[cf. (26)] are then those of an almost reversible 
process, like the behavior of H at Pt  (20, 26) or of 
the ini t ial  stage of surface oxidation of Pt  (15), 
especially in alkal ine solution. The changed state of 
the surface is ini t iated when sweeps are taken beyond 
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Fig. 5. Values of QA/Qc as a function of the reversal potential 
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(Compare oxidation charge isotherms of Fig. 3.) 
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Fig. 6. Behavior of a Ru electrode in anodic and cathodic sweeps 
taken to various potentials after repetitive cycling ( ~  S0 cycles); 
(note development of almost reversible cathodic and anodic sweep 
behavior but absence of reduction peaks or H deposition region 
shown in Fig. la). Sweep-rate 200 mV sec -1 .  

the 0.8V potential  where the higher stage of oxidation 
sets in  (Fig. 3). 

During repeti t ive cycling at a ruthenized electrode, 
some mater ial  is lost by dissolution (see below). This 
results in some d iminut ion  of currents  at a given 
sweep rate  bu t  coupling with the effect ment ioned 
above, gives i - V  profiles (Fig. 6) with much in-  
creased reversibi l i ty  at any potential.  An electrode 
which has reached this state of surface conditioning 
no longer exhibits (Fig. 6) a resolvable region of 
H deposition and ionization, as it did ini t ia l ly (Fig. 1). 
This is because cycling to 1.4V produces the i r revers-  
ibly oxidized surface that  is not reduced in the H 
region in cathodic sweeps. At Ir, ellipsometric experi-  
ments  (27) show that the oxide film which is s im- 
i lar ly  generated upon  cycling (12) and which ex-  
hibits (12, 13) reversible redox behavior like oxidized 
Ru, is also not reducible to Ir  metal  in the H region 
[cf. (11)]. 

We have suggested (25) that  the remarkable  re-  
versibi l i ty wi th in  the i - V  profile at any  potential, 
as demonstrated by Fig. 6, is due to establ ishment  of 
an oxide film in which a rapid redox process. 4 e.g., 
formally 2RUO2 + 2H + -5 2e r Ru208 Jr HeO, can 
occur with kinetic facility. This process is probably,  
in  reality, more complex involving Ru-O-Ru bridges 
(28, 29) dependent  on the valence state of Ru and 

4 T h e  species  shown in this  react ion are intended only  to re~re- 
sent the  probable  wel l -known valence  states  involved [Ru(IV) 
and Ru(II I ) ] .  The  formulas  probably do not  correspond to bulk  
compounds  for  the case  of the thin films. 

on protonat ion (30, 31). The special state of the sur-  
face is only generated, however, by  repetit ive cycling 
without  reduct ion of the anodically generated oxide 
back to the metal  at the end of each cathodic sweep. 
In  this respect, the behavior  is s imilar  to that  of 
Ir  in  the exper iments  of Visscher (12) and of Rand 
and Woods (32), where an oxide film grows on cycling 
and exhibits remarkab ly  reversible behavior  as noted 
f i r s t  by Stonehart,  Kozlowska, and Conway (q3). Even 
at Pt, somewhat similar  effects of cycling have been 
reported (33). 

Presumably,  in  the state of oxidation generated by 
cycling, there is a mixed valency [Ru(I I I )  and 
R u( I V ) ]  oxide on the Ru surface at all potentials 
but  the R u ( I I I ) / R u ( I V )  ratio, which characterizes 
the oxide film, evident ly  depends in  a continuous way 
on the potential  of the electrode. In this respect, the 
surface-oxide redox behavior  is analogous to the 
t i t ra t ion behavior  of a polyelectrolyte or ion-exchange 
resin where the ionizable groups, al though having 
the same individual  pK values, give rise to a broad 
t i t ra t ion curve over a wide pH range without  the 
inflections characteristic of t i t rat ion of di- or t r i -  
basic acids. The reason for this behavior  is that in ter -  
action effects destroy the individual i ty  of the pK 
value. Similarly/, in  a redox system involving two or 
more charged (ionic) states, interact ion effects will  
broaden the electrode potential  degree of oxidation 
(reduction) relation. Addressing an oxide redox sys- 
tem with a l inear  potential  sweep is analogous to 
effecting a redox t i t ra t ion of the surface oxide ma-  
terial. We suggest that  this is what  is observed in 
Fig. 6, where the individual  stages of surface-oxide 
formation and reduction, which are resolved in  init ial  
sweeps (Fig. l a ) ,  are no Ionger observable in  the 
mul t ip ly  repeated i -V  profile. 

It is interest ing that  a similar  state of reversibly 
reducible/okidizable oxide can be generated on the 
surface of Ru by thermal ly  forming a Ru film on 
glass in  air  at ca. 450~ from (NH4)sRuC16. The be- 
havior of this k ind of film is i l lustrated in  Fig. 7 and 
is to be compared with that generated on cycling 
the nonthermal ly  formed film (Fig. 6). 

Fffm growth  behav ior . - -A t  the noble metals, hold- 
ing the potential  at a value where surface oxidation 
can occur results in growth of the oxide film and /o r  
change in  the state of oxidation of the metal  in  the 
film. The growth is convenient ly  measured by the 
charge, Qc, recovered in a slow cathodic sweep. Qc 
is usual ly  (34, 35) a direct logari thmic function of 
the duration, t, of the growth period, al though direct 
and inverse log laws of film growth are sometimes 
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Fig. 7. Reversible anodie/cathodie i-V profiles for a Ru film 
(presumably oxidized) formed by thermal decomposition of 
(NH4)aRuCI6 on glass in air at 450~ (Compare Fig. 6.) Sweep- 
rate 200 mV sec -1 .  
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difficult to dist inguish unless data over a wide range 
of time is available. The ini t ial  oxidation, e.g., of 
Pt, in  an anodic sweep is a fast process as indicated 
by the large value of its reversibi l i ty parameter,  So 
(36, 37); [So is the max imum value of sweep rate, s, 
up to which a surface process remains  reversible, i.e., 
peak potentials for electrodeposition of O-species, or 
of H, remain  independent  of s. When s > so, Tafel- type 
behavior  arises, viz., peak potentials are displaced 
logari thmical ly in  s, see Ref. (23) and (34)]. The 
growth process, logarithmic in t, is associated with 
a slow rear rangement  of the film in a step following 
the ini t ial  deposition of OH/O species, by place-ex-  
change (38-40) between Pt and OH or O species. The 
continuing deposition of OH and O species is made 
possible at the holding potential  by the rear range-  
ment  process, as discussed in more detail below. 

At Ru, very similar  behavior to that at Pt (34) 
is observed; both at the bulk  Ru rod (Fig. 9) a n d  
at ruthenized Pt (Fig. 9), the oxide film growth is 
logari thmic in time (except at short t imes),  with a 
slope dQc/d log t which increases with the holding 
potential  EA, as shown in the inset  of Fig. 9; also Qc, 
measured after a given holding time (100 sec), is 
almost l inear  in E~ (inset of Fig. 8). Results for two 
temperatures are shown in Fig. 8. 

A n  interest ing characteristic of the growth process, 
found first at Pt  (41), is that  i~ the potential  is held 
for a short t ime (1 ,-- 100 sec, for example) dur ing 
the anodic sweep, and then the sweep is continued, 
the result ing i-V profile will  fall on the fast cont inu-  
ous-sweep profile determined previously, after an 
in terval  in  the potential  scan, dependent  on the t ime 
of holding during the sweep. This behavior is also 
found for Ru as shown in  Fig. 10a and b for various 
holding potentials. Figures 10a and b show that  this 
behavior  commences at Ru already at quite low 
potentials, ca. 0.35V EH. 

The behavior of Ru shown in Fig. 10a and b ap- 
pears to be a general  feature of ini t ia l  stages of oxide 
film growth at noble metals as it is also found at Au, 
Pd, and Rh as well  as at Pt  (41). The following pro- 
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posal for the origin of this behavior can be made. 
Although of a tentat ive nature,  it provides a basis 
for unders tanding  a number  of features of the init ial  
stages of oxidation of Ru and other metals, and the 
i r revers ibi l i ty  between oxide film formation and re- 
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duction processes which is notable characteristic of 
films formed at coverages e > ca. 0.15. 

In  a fast anodic sweep, rapid (high so) underpoten-  
tial deposition of OH and O species first occurs 5 on 
noble metal  surfaces and at low extents of oxidation, 
e.g., o ~ ca. 0.75, the coverage 0 at any potential  in 
a fast sweep over this range of surface oxidation is 
a reproducible funct ion of that potential. Relatively 
successful at tempts have been made to represent  this 
behavior  by an additive combinat ion of two or three 
electrochemical isotherms of the form [1], e.g., at 
Pt  (23, 40) 

0 / ( I  -- 0) --.: K exp (--go) .C exp V F / R T  [I] 

where g is an interact ion parameter,  V the potential, 
and C the reactant  concentration, e.g. of O H -  or 
H20. Usually, for electrodeposited OH and O films 
wi th  0OH/O < 0.75, the isotherms contain repulsive 
terms, i.e. g > 0 [cf. Ref. (23, 42)], so that occupancy 
of the surface by OH and O species is spread over a 
wider range of potentials than in  the Langmuir  case 
(g -- 0). Usually, dist inguishable mult iple  states of 
adsorption (i.e., ranges of 0 wi th  different /C values) 
can be resolved below monolayer  coverage, as at 
Pt  (15), and probably  also here with Ru. 

As potential  and time progress in the anodic sweep, 
it has been proposed (40) that  a relat ively slow proc- 
ess of place-exchange between metal  atoms and OH/O 
species in  the surface occurs. This is directly indicated 
by the results of Arvia  (43) on open-circui t  t ime- 
effects in  the change of state of oxide films at Pt and 
by effects of holding the potential  constant  in the 
film formation region, followed by cathodic reduction 
(13, 15). 

As the place-exchange process progresses, repulsive 
interactions existing between the ini t ia l ly  electrode- 
posited OH/O species in the developing monolayer  
(due to the "MOH" or "MO" surface dipoles) can 
become locally relieved due to MOH or M-O dipole 
inversion, so that fur ther  deposition of OH or O can 
occur at a potential  below that  which would be de- 
fined by a 0 ~ V relat ion such as Eq. [1] for deposi- 
t ion of OH or O species in  a regular  monolayer  on the 
metal  surface. Thus a greater coverage can be at-  
tained by holding at some potential  Eh in the sweep in 
the surface oxidation potential  region than the equiva-  
lent  coverage at tained in a continuous sweep. Coupled 
desorption of previously adsorbed anions occurs as 
the film growth continues. 

Eventual ly,  (see Fig. 10a and b) as the continued 
sweep, after holding at a potential  Eh, progresses to 
sufficiently high potentials Es in the sweep s, the same 
coverage and state of the surface is reached after 
holding as in the regular  continuous sweep. This is 
because the same state of surface oxidation is achieved 
by holding the potential  at Eh for a time zh as in a 
continuous sweep up to the potential  Es, where Es 
> Eh to an extent  dependent  on ~h (see Fig. 10a and b).  

That  the same degree of surface oxidation is at tained 
when this condition obtains, is indicated exper imen-  
tal ly [cf. (41)] by the fact that  the cathodic i - V  profile 
following the anodic sweep is identical for the con- 
t inuous sweep as for the sweep with in termediate  
holding at Eh for t ime ~h provided that  the anodic i - V  
curve for the continued sweep, after holding, has 
reached a potential  where the i - V  profile coalesces 
with that for the continuous sweep, e.g., at points V, 
V', V" in  Fig. 10a for Ru oxidation. 

These results lead to the conclusion, as at Pt, that  
a given extent  of oxide film growth at Ru can be 
achieved in  a "holding" exper iment  at a potential  Eh, 
as in  a continuous sweep to higher potentials, Es > Eh, 
where the field for cont inuing oxidation by place- 

This  react ion  i t se l f  is found  k inet ica l ly  to be  h igh ly  revers ib le  
(15). However, as shown elsewhere (34), the over-all process of 
surface oxidat ion of  Pt always exh ib i t s  hys teres i s  due to trans- 
formation of  the  "PtOH" spec ie s  into a place-exchanged oxide  
fi lm. This  is equiva lent  to an i rrevers ib le  c h e m i c a l  s tep fo l l o wing  
the  revers ib l e  e l e c t r od e p os i t i on  p r oc e s s  of  OH or O species (37). 

exchange at Es is larger than that  at Eh in the holding 
experiment.  During the holding time, Th, the growth 
of the film is logari thmic in ~h as described earlier. 

Some place-exchange always occurs, of course, in  
a continuous sweep due to lateral  interact ion and 
field effects; the extent  of this na tura l ly  depends on 
the sweep rate. The holding effects are hence best 
observed when ~h > >  At where At = A V / s  is the 
t ime interval  in a sweep at rate s for t raversal  of a 
potential  excursion ~V in  the surface oxidation region. 

Unl ike  the behavior  of Pt  or Au in  acid solution, 
however, the growth of surface oxide at Ru commences 
already at potentials a round 0.2 ,~ 0.3V EH. This is 
apparent  in  Fig. 10a as well as in  the logari thmic 
plots in  Fig. 8. 

In  order to investigate the growth of the surface 
oxide film at low potentials, the effect of holding the 
potential  in  the range 0.4-0.2V E~ was investigated 
at a ruthenized Pt  electrode that  had been subjected 
only to a few init ial  condit ioning cycles, as for the 
electrode which gave the results in  Fig. la. The be-  
havior is shown in the oscilloscope photographs of 
Fig. 11. Even at these low potentials, the extent  of 
surface oxidation of Ru increases with Th as indicated 
on the successive cathodic i - V  profiles of Fig. 11. 

Bagotskii et al. (19) observed a cathodic peak at 
0.27V similar  to those in Fig. 11, but  a t t r ibuted it to 
deposition of H which became sorbed into the Ru. 6 
Since the charge under  these i - V  profiles increases 
with increasing Th at 0.45V EH (i.e., at a potential  
where adsorbed or absorbed H would be readily 
oxidized) it seems that  the observed cathodic current  
peak must  be assigned to growth of surface oxide in  
the early stages of development  of the oxide film at 
Ru ra ther  than to H deposition. This is confirmed 
by the observation (Fig. 11) that  there is constancy 
of the anodic i - V  profiles following the cathodic sweeps 
after  various holding times at 0.45V. This seems to 
support  the conclusion that  the cathodic process at 
these potentials is surface oxide reduction since if 
the cathodic currents  and the current  dur ing holding 
were associated with H deposition in  a sorbed state, 
then more H should be available for the following 
anodic sweep, which is not the case. This question 
has been dealt with in more detail elsewhere (17) 
in a paper on the state of electrodeposited H at Ru. 

Rela t ion  to surhace oxidat ion  behavior  of o ther  noble 
m e t a l s . - - W h i l e  the oxidation behavior  of Ru surfaces 
is ~n some respects unusual ,  it is useful to point out 
some of the features which are basically similar  to 
those for other metals. The hysteresis between forma- 

Other evidence, e.g., the sweep-rate dependence of the anodie  
peak current in the H region,  does  indicate  (17) H diffusion from 
the  bulk of  Ru. However, such e v i d e n c e  is no t  obta ined f r o m  the  
cathodic  s w e e p  behavior at 0.27V. 
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Fig. 11. 0scillo_=cope i-V profiles for cathodic sweeps from 0.45V 
EH after various holding times ~h from 10 - 2  to 102 sec. Anodic 
and cathodic sweep rates 20 V sec -1 .  
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t ion and reduction of surface oxide in ini t ial  sweeps 
is greater  than  at Pt, Rh, or Au but  similar to that 
at  Pd. It increases, as at most metals (13), with 
increasing potential  in the anodic sweep, i.e., with 
increasing extent  of surface oxidation and con- 
sequently greater place-exchange (13, 15). Almost 
reversible surface oxidation of Ru in  aq. H2SO4, we 
have shown, a l ready commences at, or close to, the 
H region. While this is different from the behavior 
of Pt  in  acid (15), it  is s imilar  to that of Pt  in  a lka-  
line (NaOH) solution where a reversible region of 
surface oxidation is already observable at ca. 0.4V 
EH. This is i l lustrated for comparison in Fig. 12 for 
fast anodic and cathodic sweeps at Pt  in NaOH solu- 
tion. Under  these conditions, the H region is moved 
to appreciably more positive potentials in the anodic 
sweep and to appreciably more negative ones in  the 
cathodic sweep due to i rreversibi l i ty  of H ionization 
and deposition processes in  alkal ine solution (36). 
The surface oxidation and reduct ion processes are 
more reversible in alkal ine than in  acid, so are ob- 
served in  a well-resolved way as seen in  Fig. 12. 

The difference between the acid and alkal ine solu- 
t ion behavior is due in part  to the lack of anion 
adsorption in the lat ter  case because the potential  
of surface oxidation (relative to the H2 electrode 
potential  for the same solution) is much less positive 
with respect to the potential  of zero charge than in 
acid solution (44). Thus, in  acid media, it is known 
that SO42- concentrat ion has a substant ial  effect at 
Pt  and especially at Au on the potential  for onset of 
surface oxidation. This is because, in  the deposition 
of OH species in the ini t ia l  stages of surface oxidation 
of Pt  and Au, previously adsorbed anions must  be 
displaced. At Ru, SO42- anion adsorption is evident ly  
less competitive with regard to surface oxidation. 
Despite conclusions (45) that C1- does not depress 
oxygen adsorption at Ru very much, we find that in 
strong C1- solutions (SM NaC1), anion adsorption 
effects at Ru become more comparable to those at Pt  
with SO42-; then the H region becomes displaced 
cathodically and the ini t ial  surface oxidation region 
anodically [as is well known at Pt  (44)], so that 
a "double-layer" charging region with a smaller  and 
more normal  capacitance becomes revealed in  the 
potent iodynamic i -V profile which then is seen to be 
more s imilar  to that  at Pt  in aq. H2804 where strong 
SO42- adsorption prevails. These results i l lustrate the 
importance of anion adsorption in  determining the 
shapes of the i -V profiles for H deposition and surface 
oxidation at noble metals, as shown in the early work 
of Breiter (46). 

In  other respects, e.g., effects of cycling, Ru behaves 
somewhat like It, as we have shown above and as 

was noted by Rand, Woods, and Michell at the 1977 
Spring Electrochemical Society meeting (11). 

Dissolution accompanying surface oxide formation 
and reduction.--The stabil i ty of oxidized Ru surfaces 
is of interest  in  relat ion to the performance of con- 
t inuous anodic reactions, e.g., C12 evolution, at such 
electrodes. A number  of experiments  were conducted 
at oxidized bulk  Ru rod electrodes in order to evalu-  
ate rates of dissolution in  1N aq. H2SO4 and NaC1 
solutions under  steady-state and cyclic anodic polar-  
ization. Weight losses were determined directly by 
wi thdrawing the electrode periodically from the cell, 
washing and drying it, and then recording weight 
changes by means of a microbalance. 

The experiments  on extents of dissolution were 
conducted in  two ways: (i) by cycling -the electrode 
for various numbers  of cycles up to various anodic 
potentials Ea -- 0.7, 0.9, 1.1, and 1.3V EH and record- 
ing the losses of weight after 5, 10, 15, 20, 25, and 30 
cycles as shown in  Fig. 13a, and (ii) by establishing 
an anodic current  in  the range 6-16 mA and following 
weight changes, if any, over a period of 4 hr. None 
was observed (Fig. 13b). The same electrode was 
then subjected to anodic/cathodic cycling over the 
range 0.05-1.3V EH at 16 mV sec -1 for 55 min. During 
this time, a substant ia l  loss of weight occurred as 
shown in Fig. 13b. The electrode was then re turned 
to a continuous anodic polarization mode at 8-14 mA. 
The rate of weight loss was then much diminished 
in  comparison with that  in the cyclic mode but  sig- 
nificant fur ther  weight loss did occur over the next  
5 hr  (Fig. 13b) and more than  in the first 4 hr prior 
to cycling. 

After the period of intermediate  cycling (Fig. 13b), 
a change of state of the electrode had evident ly  taken 
place, as described earlier. The electrocatalytic prop- 
erties for anodic reactions are then found to be 
changed al though the real area of the mater ial  is, 
in the short term, not diminished by more than 5 %. 

It is to be concluded that  the stabil i ty of a Ru 
electrode in acid is much less under  cyclic polarization 
conditions than under  continuous anodic current  oper- 
ation. This is probably due to the repeti t ive reorganiza-  
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t ion of the surface which accompanies  cyclic po lar iza-  
t ion and is associated wi th  the p lace -exchange  proc-  
esses re fe r red  to ear l ie r  and with  possible accompany-  
ing depro tona t ion  and repro tona t ion  (31). Genera l ly ,  
i t  seems tha t  dissolut ion depends  on: (i) the posi t ive 
potent ia l  in the anodic sweep (Fig. 13a); (ii) the 
number  of sweep cycles to which the e lect rode has 
been subjec ted  (Fig. 13b), and  (iii) whether  the 
e lec t rode  has been polar ized only in continuous anodic 
cur ren t  mode or  o therwise  in a cyclic reg ime (Fig. 
13b). 

The dissolution is found to be quite appreciable ,  
especia l ly  dur ing  an anodic /ca thodic  cyclic t r ea t -  
ment,  when  the anodic potent ia l  l imi t  exceeds 0.8V. 
This is the potent ia l  at  which a h igher  s ta te  of surface 
oxida t ion  begins to arise (see Fig. lb  and 3). The 
effect of C1- ion is to enhance the dissolution ra te  
in comparison wi th  that  in aq. H2SO4 alone. On ac-  
count of the dissolut ion which occurs on repe t i t ive  
cycling, a Ru rod e lect rode wil l  become "au toru then-  
ized" and wil l  suffer significant increase  in real  area. 
On the o ther  hand,  a ru thenized  P t  e lect rode progres -  
s ive ly  loses Ru by  dissolut ion under  such conditions, 
wi th  a decrease of real  area,  as ment ioned earl ier .  

The extents  of dissolut ion are  subs tan t ia l ly  grea ter  
than  those which are  found at  P t  (47) and Ir  (32). 
In  a lka l ine  solution, e lect rochemical  oxida t ion  leads 
d i rec t ly  to dissolution of Ru as so lu t ion-soluble  ru -  
thena te  which can be easi ly  observed on account 
of its da rk  red  color. 

These resul ts  emphasize  the  impor tance  of s tabi l iz -  
ing RuO2 elect rode mate r ia l s  by  combinat ion,  e.g., 
with  a T i O J T i  subst ra te .  

Conclusions 
Studies  on the fo rmat ion  and reduct ion of surface 

oxide  on Ru lead  to the fol lowing conclusion: (i) At  
low potent ia ls  (0.2-0.4V EH) ini t ia l  stages of surface 
oxida t ion  arise which are  a lmost  revers ib le  and over -  
lap  wi th  the process of H (absorbed and adsorbed)  
ionization. (ii) Beyond ca. 0.SV, a h igher  state of 
oxida t ion  of the surface arises and its format ion  and 
reduct ion is p rogress ive ly  more  i r revers ib le  the more 
posi t ive i s  the  potential .  Fo rma t ion  of oxide at  1.3- 
1.4V resul ts  in a film t h a t  is only  s lowly reducib le  
in the  H region. (iii) Repet i t ive  cycling to ~ 1.3V 
causes an i r revers ib le  t ransformat ion  of th~ behavior  
of the  surface oxide to a state in which the film 
appa ren t ly  undergoes  a r e m a r k a b l e  redox process over  
a wide range  of potent ia ls  ye t  is not  reducib le  back  
to the  meta l l i c  state. The role of a R u ( I I I ) / R u ( I V )  
redox couple in the  oxide film is suggested. (.~v) Ap-  
prec iab le  anodic dissolution of Ru occurs on cycling 
over  a potent ia l  range  ~0.7V from 0.05V EH, es- 
pec ia l ly  to h igher  posi t ive potentials .  Dissolution on 
s t eady-s t a t e  anodic polar iza t ion  is much less rapid.  
(v) In the  presence of s t rong ly  adsorbed  anions, 
e.g., CI- ,  the cu r ren t -po ten t i a l  profiles for Ru become 
more  l ike  those of P t  in aq. H2SO4. (vi) The over -a l l  
behavior  of Ru is more  l ike  that  of I r  than  tha t  of 
P t  or Rh, a l though some impor t an t  s imilar i t ies  to the 
l a t t e r  meta ls  are  apparent .  
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STEM/EDAX Analysis of the Cell Walls in 
Porous Anodic Films Formed on Aluminum 

G. E. Thompson, R. C. Furneaux, and G. C. Wood 
Corrosion and Protection Cent~'e, University of Manchester, 

Institute o] Science and Technology, Manchester M60 IQD, England 

and R. Hutchings 
Department oi Physical Metallurgy and Science of Materials, 

University o] Birmingham, Birmingham B15 2TT, England 

Recently,  u l t r amic ro tomy (1) and ion beam thinning 
of films (2), a l l ied wi th  t ransmission e lect ron micros-  
copy and secondary  ion mass spec t romet ry  (SIMS) 
(3), have  provided  g rea te r  resolut ion of film morpho l -  
ogy and composition. Fur the rmore ,  the completeness  
of the appa ren t ly  neat  but  s imple explana t ion  of 
s t eady-s ta te  lcorous film format ion  involving field- 
assisted dissolut ion (4,5) has now been quest ioned and 
an addi t ional  mechanism involving direct  loss of AI~ + 
ions to solut ion proposed (6). A model  of film growth  
has been developed (7) which considers so l id-s ta te  
growth  of r e la t ive ly  pure  a lumina  at  the  me ta l /ox ide  
interface,  together  wi th  the  deposi t ion of microcrys ta l -  
line, acid an ion- incorpora ted  film mate r ia l  at  the  f i lm/  
solut ion interface.  This outer  l aye r  of film ma te r i a l  is 
der ived  f rom impure,  colloidal  a lumina  which resul ts  
f rom the eject ion of A13+ ions, not consumed in sol id-  
s tate film formation,  at the  f i lm/solut ion interface.  The 
two types  of film ma te r i a l  (dis t inguished by  acid 
anion incorporat ion)  have been detected by  SIMS for 
ba r r i e r  (3) and porous films (8). Cell  bounda ry  bands, 
poss ibly  depict ing the re la t ive ly  pure  a lumina  region, 
have been observed by  t ransmiss ion e lect ron micros-  
copy of ion beam thinned porous anodic films formed 
in oxal ic  and phosphoric  acids (2). The purpose  of this 
note is to dis t inguish fu r the r  be tween the r e l a t ive ly  
pure  a lumina  bounda ry  bands and the outer,  po re -  
ad jacen t  acid an ion- incorpora ted  ma te r i a l  [observed 
using convent ional  t ransmiss ion and scanning t r ans -  
mission microscopy (STEM) al l ied wi th  energy  dis-  
pers ive  x - r a y  analysis  (EDAX) ]. 

Key words: anion, anode, x-rays, sputtering. 

The porous anodic films were  formed for 10 min on 
electropol ished a luminum at a constant  vol tage of 
150V in v igorously  s t i r red  O.4M phosphoric  acid. The 
films were  s t r ipped  f rom the subs t ra te  in the  usual  
manner  (5) and ion beam th inned f rom both sides un-  
til  a sui table  thickness for t ransmission e lect ron mi -  
croscopy was achieved. The films were  genera l ly  ex-  
amined in a Phi l ips  301 e lect ron microscope and ana-  
lyzed in a Phi l ips  400 e lect ron microscope wi th  scan-  
ning t ransmission and energy dispers ive  x - r a y  analysis  
facilities. 

The convent ional  t ransmission e lect ron micrograph  
of the  ion beam th inned film shows a dis tor ted cell  
pa t t e rn  and the pore  section shapes appear  to follow 
the i r r egu la r  cell  morpho logy  (Fig. 1). The cell  bound-  
a ry  bands are  read i ly  apparen t  f rom the onset  of 
examinat ion  but  become more sharp ly  defined wi th  
exposure  to the e lect ron beam. Wi th  cont inued expo-  
sure  to the e lect ron beam, r e m a r k a b l e  changes in the  
film mate r i a l  subs t ruc ture  a re  observed and are  p rob-  
ab ly  re la ted  to a d ry ing  out  process, s intering,  or  ag-  
g lomera t ion  and crys ta l l iza t ion in the  e lect ron mi -  
croscope (2). The micrograph  i l lus t ra ted  in Fig. 1 was 
taken  as soon as possible to avoid the  changes discussed 
above, but  some change in appearance  is l ike ly  since 
the specimen was exposed, under  the  vacuum, to the 
e lect ron beam. 

For  STEM analysis  a nominal  probe  d iamete r  of 25 
nm was selected in o rder  to optimize spat ia l  resolut ion 
and count ra te  for  x - r a y  analysis.  The x - r a y  spec t rum 
from the cell ma te r i a l  remote  f rom the cell bounda ry  
band and tha t  f rom an area  associated wi th  the  junc-  
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Fig. I. Transmission electron 
micrograph of the ion beam 
thinned film, formed for 10 min 
on aluminum at 150V in phos- 
phoric acid at 20~ showing the 
cell boundary bands and the 
typical probe areas employed 
for STEM/EDAX analysis. 

Fig. 2. Typical x-roy spectra (a) for the film material away from the cell boundary band and (b) for the film material associated with the 
cell boundary band. 

t ion of the cell boundary  bands are displayed in Fig. 
2a and 2b, respectively.  The energy-dispers ive  analysis 
shows aluminum, phosphorus and argon, a much 
larger  phosphorus yield being detected in the cell ma-  
ter ial  away f rom the cell boundary  bands than that  as- 
sociated wi th  the cell  boundary  bands. 

A similar  analysis was carr ied out on several  micro-  
areas of the cell mater ia l  be tween  two pores, and the 
results are shown in Table I. Posit ion 1 represents  an 
area adjacent  to one pore and positions 2-5 represent  
successive probe areas moving inwards f rom the pore. 
The probe positions are shown wi th  respect  to a com- 
parable  pore in the convent ional  t ransmission electron 
micrograph of Fig. 1. X - r a y  spectra obtained f rom 
positions 2 and 6 are shown in Fig. 2a and 2b, respec-  
tively. The results indicate that  the P/A1 ratio de-  
creases as the probe area moves inwards f rom the pore 
to the cell boundary  band and increases beyond the 

cell boundary band. The cell boundary  band is located 
be tween  the probe positions 3 and 5. 

The detection of a low phosphorus yield within the 
cell boundary band may  be genuine or may be due 
to x - r a y  source overlap into the adjacent  anio~-i~cor-  
porated material .  The distr ibut ion of phosphate may  

Table I. Comparison of the x-ray counts for aluminum, 
phosphorus, and argon 

Posi- Alu- Phos- P/A1 ratio Ar/A1 ratio 
tion minum phorus • 103 Argon • 103 

1 2,232 207 93 364 163 
2 4,951 359 73 368 74 
3 7,811 395 51 325 41 
4 10,902 149 14 236 22 
5 11,206 318 28 175 16 
6 11,385 37 3 265 23 



1482 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  

also be shif ted dur ing  ion beam th inning  and associated 
heat ing of the anodic film. 

Argon  and silicon were  detected for probe  areas  very  
close to the pores. Argon  ion beams were  employed  for 
ion beam thinning and so the  detect ion of argon may  
be ant ic ipated;  sil icon may  ar ise  f rom contaminat ion  
from vacuum greases dur ing  ion beam thinning or  
f rom the g lassware  dur ing  specimen prepara t ion .  

The Ar /A1 rat io decreases as the  probe  area  moves 
inwards  f rom the pore  to the cell  bounda ry  band (as 
does the  P/A1 ra t io) .  This var ia t ion  is thought  to r e -  
flect the degree  of "openness" of the  film across the  
cell mater ia l .  The film ma te r i a l  ad jacen t  to the  pore 
( formed or ig ina l ly  by  deposi t ion of impure  colloidal  
a lumina)  and in contact  wi th  the  aggressive e lec t ro-  
ly te  is more  hydra t ed  than  the film mate r i a l  compris -  
ing the  cell bounda ry  band ( formed or ig ina l ly  by  ionic 
migra t ion  th rough  an exis t ing film). Thus, as the  probe 
area  moves inwards  the  compactness of the  ceil ma te -  
r ia l  increases in addi t ion  to the  composi t ional  changes, 
wi th  respect  to acid an ion- incorpora t ion  recorded.  

The resul ts  of the  presen t  inves t igat ion confirm that  
the cell boundarY bands are  composed of r e l a t ive ly  
pure  alumina,  whereas  the  cell ma te r i a l  ad jacent  to the  
bands contains incorpora ted  phosphate  species f rom 
the anodizing electrolyte .  These direct  resul ts  are  
in genera l  agreement  wi th  the  work  of Takahash i  and 
Nagayama  (9), who de te rmined  the d is t r ibut ion  of the  
phosphate  species ind i rec t ly  by  dissolution in sulfuric  
acid of the porous anodic film formed in phosphor ic  
acid. 
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Corrosion of the Ruthenium Oxide Catalyst 
at the Anode of a Solid Polymer Electrolyte Cell 

J. L. Weininger* and R. R. Russell 
General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

New and significant deve lopments  in ion-exchange  
technology have  been repor ted  recen t ly  in a sympo-  
sium on f luorocarbon ion exchange membranes  (1). 
Nafionml membranes  have aiso found appl ica t ion  as 
the solid po lymer  e lec t ro ly te  (SPE) in fuel  (2) and  
electrolysis  cells (3). Clearly,  prospects  for hydrogen  
product ion by  electrolysis  of wa te r  wil l  be enhanced 
if the  cost of the e lec t rocata lys ts  and thei r  loading in 
the  e lect rode s t ructures  can be reduced (4). For  this 
reason, it  is of in teres t  to s tudy the behavior  of the  
e lectrocatalyst ,  especia l ly  at  the anode. As an example ,  
in electrolysis  i r id ium anodes exper ienced  slow corro-  
sion dur ing  oxygen evolut ion (5). S imi la r  behavior  of 
a ru then ium oxide (RuOx) anode in an SPE cell 
p rompted  the presen t  work, in which the  e lec t rode  
and e lec t ro ly te  s t ruc ture  was examined  by  e lect ron 
microscopy and o ther  ana ly t ica l  techniques. 

Structure of the Electrocatalyst and SPE Ceil 
The s t ructures  of the e lect rocata lys ts  and of the  

e l ec t rode /SPE interface  were  examined  by  microscopic 
means, especial ly e lect ron microscopy, and by  energy  
dispers ive  analysis  (EDA) and optical  microscopy. 

F igure  1 is a micrograph  of the  SPE cell, which con- 
sists of a 0.010 in. thick Nation R membrane ,  covered 

* Electrochemical Society Active Member. 
Key words: ion exchange membrane, electrocatalyst, electroly- 

sis, electron microscopy. 
$ulfonated perfluoro polyethylene (du Pont). 

respect ive ly  by a RuOx powdered  anode and P t  ca th-  
ode. The figure represents  the  cross sect ion of a mi -  
crotomed, approx ima te ly  2000~k thin, sample  of a SPE 
cell  at the end of l ife test. Folds in the  sample  on the 
cathode side and the torn  appearance  of the  RuOx 
cata lys t  (anode)  are  ar t i facts  of sample  prepara t ion .  
Impor t an t  observat ions,  which  were  fu r the r  explored  
in e lect ron microscopy, are:  (i) A sub layer  "skin," 
about  10 ~m into the SPE from the e lect rode interface.  
This skin has no par t ic les  or foreign inclusions; (ii) 
Beyond this sublayer ,  par t ic les  appear  a t  the  anode 
side. Those closest to the in ter face  are  largest .  They 
decrease in number  as wel l  as size as they  go into 
the  in ter ior  of the membrane  (see e lect ron microscopy 
be low) ;  (iii) Some ca ta lys t  is torn  away  from the in-  
terface,  but  there  is no smear ing  so that  the  subsurface 
par t ic les  are  real ,  not  art ifacts.  These fea tures  as wel l  
as a poros i ty  in the  surface l aye r  of the SPE are  
brought  out by  e lect ron microscopy. 

Electron Microscopy 
In the  p repa ra t ion  of the  SPE cell, catalysts  p ro -  

duced by the Adams  method (6) were  used in com- 
binat ion wi th  the Nation R m e m b r a n e  as a P t  cathode 
and a RuOx anode. Samples  of the  cells were  e x a m -  
ined at  the s ta r t  and end of the  l ife test. The l a t t e r  
corresponded to the  t ime at which the oxygen over -  
vol tage had increased app rox ima te ly  10%. A s t a n d a r d  
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Fig. 1. Optical micrograph of 
SPE cell. Top electrode, RuOx; 
bottom electrode, Pt black. 

procedure  ut i l iz ing u l t r amic ro tomy  for p repa r ing  elec-  
t ron  microscopic samples  was used (7),  

The SPE/e lec t rode  in ter face  of a new cell  is shown 
in Fig. 2. The m e m b r a n e  immed ia t e ly  be low the in-  
ter face  is free of foreign par t ic les  but  contains pores  
which are  1 ~m in d iamete r  or  smaller .  A l though  the 
total  poros i ty  m a y  be only  1-5%, the  pores a re  nu -  
merous.  They  were  seen on all  samples,  new and old, 
and at  both  sides. At  the  anode side the locat ion of 
the  pores corresponded to the  si te of the  l a te r  fo rma-  
t ion of par t ic les  in the  SPE (Fig. 3). 

Al l  fu r the r  e lec t ron micrographs  of SPE cell  com-  
ponents  dea l  wi th  used cells. Thus, in the  used SPE 
cell  (Fig. 3) there  a re  foreign inclusions at  the  anode 
side, s ta r t ing  at  a dis tance of about  2 ~m f rom the 
interface.  Par t ic les  appear  at  tha t  distance, becoming 
progress ive ly  smal le r  and  fewer  for a dis tance of about  
22 ~m into the in te r io r  of the  membrane .  S t ruc tu ra l  
deta i ls  of the  par t ic les  a re  shown in Fig. 4. The la rges t  
ones, 1 #m in diameter ,  a re  agglomera tes  of smal le r  
entit ies.  

Many  more  e lec t ron micrographs  of the  SPE cell  
could be shown, but  for  the  purpose  of this  r epor t  i t  
m a y  suffice to show the overv iew of the  cathode (Fig. 
5) and detai ls  of the  P t  ca t a lys t / ca thode  (Fig. 6) and 
RuOx ca t a lys t / anode  (Fig. 7). Note tha t  there  is a 
difference in magnif icat ion be tween  Fig. 6 and 7 of 
165,000 and 15,000 times, respectivelY, wi th  the  Pt  hav -  

Fig. 2. Electron micrograph of a new SPE cell, RuOJSPE inter- 
face. Note the porosity in the 15-20 ~m surface layer of the 
membrane. 

Fig. 3. Electron micrograph of an SPE cell. interface of RuO~ 
electrode and SPE. Note inclusions in membrane. 

ing such fine s t ruc ture  tha t  the  smal les t  d iscernible  P t  
gra in  has  a d imension  of app rox ima te ly  10 i .  Tha t  this  
is the case for a sample  at  the  end of l ife test  proves  
tha t  no SPE de ter iora t ion  occurs at the  cathode. This 
de te r iora t ion  is due to the  increas ing oxygen  over -  
vol tage  at  the  anode, which  in t u rn  can be t raced  to 
corrosion and subsequent  s in ter ing  of the  RuOx s t ruc-  
ture~ As for s intering,  the Ru'Ox elect rode of Fig. 7 
shows severa l  large  rhombohedra l  crysta ls  as wel l  as 
fine par t ic le  s t ruc ture  down to about  150A. A compar i -  
Son wi th  the  or ig inal  powder ,  p r e p a r e d  by  the Adams  
method,  indicates that  some of the  fine par t ic les  a re  
ident ical  wi th  those of the or ig inal  p repa ra t ion  (Fig. 
8), bu t  on the  average  there  is some increase  in size 
in the  old sample  and there  are  also more  of the  
rhombohedra l ,  la rge  part icles ,  al l  of which  m a y  be the 
resul t  of sintering.  

Energy Dispersive Analysis 
In EDA, an e lec t ron beam hits a sample  and pro-  

duces x - r a y s  which are  conver ted  to vol tage pulses in 
a detector.  As in the  case of t ransmiss ion e lec t ron  mi -  
croscopy (TEM),  many  c o m h i n ~  SEM views and EDA 
measurements  were  obta ined  on the SPE samples.  F ig -  
ures 9 and I0 are  charac ter i s t ic  of these, the  fo rmer  
being an SEM of the  anode area,  the  l a t t e r  giving 
the fluorescence spec t rum f rom par t ic les  1 and 2 in 
Fig. 9. There  are  1 ~ la rge  inclusions in the  m e m -  
brane.  The spect ra  (Fig. 10) show peaks  only f o r ' R u  
and Cu, the  l a t t e r  ar is ing from the copper grid which 
supports  the  SPE sample  in the  microscope. The  Ru 
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Fig. 6. Electron micrograph of u Pt cathode. 

Fig. 4. Electron micrograph of inclusions close to the SPE/elec- 
trode interface. 

Fig. 5. Electron micrograph of a Pt cathode. 

spectra are identical to the spectrum coming~ directly 
from the electrocatalyst. It  could arise either from Ru 
particles or, more likely, from a Ru oxide or salt. 
The possibility of the presence of RuOx particles in  the 
membrane  cannot be excluded by EDA analysis. 

Other EDA observations were: (i) In  the old cell, 
the Ru spots were clearly identified by short x - r ay  
counts; (ii) Longer counts over larger areas show with 
greater ins t rumenta l  sensitivity the presence of trace 
amounts  of Ca, Si, Mg, A1, Fe, Ti, S, and C1 near the Ru 
particles and in  the bulk  of the membrane.  Their  
sources are not visible either in SEM or TEM and must  
be assumed to be part  of the ion-exchange polymer; 
(iii) In  contrast  to the above, a new SPE cell shows 

Fig. 7. Electron mlcrograph of RuG~ catalysto 

nei ther  mul t iva lent  ions nor Ru particles in  its mem-  
brane.  

Summary of Experimental Observations 
New cell. - - ( i )  The new membrane  has a clear ap-  

pearance, without  impurities,  bu t  there is a surface 
region, about 20 ~m wide, which differs in  texture  and 
porosity from the bu lk  of the membrane ;  (ii) The 
porosity is estimated to be about 1%, with pore sizes 
ranging up to 1500A, average pore size about  100A; 
(iii) There are a few large rhombohedral  particles in  
the RuOx catalyst prepared by the Adams procedure. 

Old cell .--(i)  The new and old SPE cathode and its 
Pt  catalyst appeared to~ be identical, including the re-  
maining  surface layer porosity; (ii) On the anode side, 
the RuOx particle size, on the average, appeared to be 
slightly increased over its original condition, roughly 
150-100A; (iii) Ru-conta in ing  particles appear in  the 
membrane  at a distance of 2-8 ~m from the interface. 
The subsurface area is clear of Ru; (iv) Beyond the 



VoI. 125, No. g R U T H E N I U M  O X I D E  C A T A L Y S T  1485 

Fig. 8. Electron micrograph of RuOz powder before use in SPE. 

Fig. 9. Scanning electron micrograph of the RuOz cathode/SPE 
interface; 7600 times. Note location of particles 1 and 2. 

Fig. 10. X-ray spectra from particles 1 and 2, identified as Ru 

subsurface  region the Ru par t ic les  a re  located in the  
m e m b r a n e  wi th  a r ap id ly  decreas ing dis t r ibut ion,  in 
te rms of size and number ,  t oward  the  in te r ior  of the  
membrane ;  (v) Other  mul t iva len t  meta ls  (Ca, Mg, A1, 
Si, Fe, and Ti) and nonmeta ls  (S and C1) also appea r  

in  a qua l i t a t ive ly  homogeneous  d is t r ibu t ion  in the  
membrane .  

Interpretation of Observations 
A specula t ive  in te rpre ta t ion ,  consis tent  wi th  the 

a b o v e  observat ions,  is based on regu la r  ion-exchange  
~rocesses plus  the  corrosion of the  RuOz catalyst ,  as 
follows: (i) The membrane  in terac ts  wi th  contaminant  
cat ions (o ther  than  H +) and re ta ins  them to some ex-  
=tent pa r t i cu l a r ly  mul t iva l en t  ions, b y  exchange  wi th  
H + ions at  counter - ion  sites; (ii) By contrast ,  Ru dis-  
~olves s l ight ly  under  the acidic condit ions of the  anode, 
p roduced  by  the e lect rode reac t ion  

H20 = 2H + § 1/2 02 + 2 e -  

Ru prec ip i ta tes  on the  ca ta lys t  par t ic les  or  finds its 
way, e i ther  in ionic form or  by  e lec t rophoret ic  action, 
into the  m e m b r a n e  where  it is also p rec ip i t a ted  and 
deposi ted;  ( i i i)  Ru +~ ions which  m a y  be eomplexed,  
even to the negat ive  ionic form, back-dif fuse  f rom the  
cathode, e i ther  dissolved in the  swol len  m e m b r a n e  or  
in cracks or  gas passages.  The l a t t e r  a re  exemplif ied 
by  the porous s t ruc ture  of the  m e m b r a n e  ad jacent  to 
the  electrodes.  These gas passages can faci l i ta te  access 
of hydrogen  gas f rom the cathode to the  diffusing Ru +z 
species in the  wate r - f i l l ed  pores. These pores  a re  in 
the region where  la rge  and most numerous  Ru p a r t i -  
cles a re  located. They  must  be d is t inguished f rom the  
"capi l lar ies"  of the  ion exchange membrane ,  wi th  sizes 
of the o rde r  of 10A, which  are  the  si te of the  elec-  
t ro ly te  in the  membrane ;  ( iv) Once Ru is nuclea ted  
at  a pore  wall,  the reac t ion  

Ru + x ~_ x/2 H2 = Ru ~ xH + 

will  proceed autoeata ly t ica l ly ,  leading  to the  observed  
large  part icles.  These inclusions are  s imi la r  to the  cal -  
c ium prec ip i ta tes  in Nafion R membranes  used in  elec-  
t rolysis  of br ine  which contains calc ium impur i ty  (8);  
(v) RuO~ is known  to corrode in acid (9). Al though  
the ra te  of this process m a y  be ve ry  small ,  e leva ted  
t empe ra tu r e  should increase  it. There  also exists a pH 
grad ien t  f rom grea te r  ac idi ty  at  the RuOx par t ic le  r e -  
action site to lesser  ac idi ty  in the  membrane .  If  the 
solubi l i ty  of the Ru-con ta in ing  species is an inverse  
funct ion of pH, i t  wi l l  come out  of solut ion at  a l ine 
para l l e l  to the  e l ec t rode /SPE interface,  where  the con- 
cen~ration exceeds its solubil i ty.  At  tha t  place and 
time, reduct ion processes m a y  also t ake  place. 

Thus, the  de ter iora t ion  of the  RuOx ca ta lys t  is due 
to corrosion and sintering.  The Ru par t ic les  in the  
membrane ,  pe r  se, m a y  not  be dele ter ious  but  point  up 
the  corrosion process. More or  less un i fo rm deposi t ion 
of o ther  meta l  ions, in a d i s t r ibu t ion  dic ta ted  by  the 
e lec t roneu t ra l i ty  of the  membrane ,  wi l l  increase the  
LR drop in the SPE, hence lead  to poorer  cell  pe r -  
formance.  
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ABSTRACT 

The guidelines are established for conducting an accelerated env i ronmenta l  
test at 75% RH and 85~ with a set of mul t iple  known pol lutants  from the at-  
mosphere. The conditions for such a test are based on atmospheric upper 
limits (AUL) based on measured pollutants  and meteorological conditions in 
the cont inenta l  U.S. The actual concentrat ion of the test pol lutant  is increased 
above the AUL by considering the tempera ture  dependence of the adsorption 
of each pollutant.  The la t ter  is approximated at 75% RH to be s imilar  to the 
tempera ture  dependence of the solubil i ty of each specific gas in  water. 

Many  forms of tests are util ized to evaluate the long- 
te rm rel iabi l i ty  of electronic materials  or devices or 
subsystems (labeled M / D / S  in  this paper) .  Conven-  
t ional ly when  these tests have been chemically or 
corrosion oriented, they have relied main ly  on ele- 
vated tempera ture  and high humidity,  with the test 
at 85~ and 85% RH being the prime example for 
many  device studies (1). 

In  recent  years, chemically oriented testing has 
started to include individual  or combinations of chem- 
ical gases to evaluate the sensit ivi ty of the M/ D / S  to 
known  envi ronmenta l  pollutants.  Such testing for 
electronic M/D/S  had earlier been concentrated on 
films, s tar t ing wi th  the dynamic testing with about 1 
ppm chlorine at low relat ive humidit ies in the tem- 
pera ture  range of 100~176 (2). Static testing in 
sealed bulbs with water  and a pol lutant  also has 
been used extensively (3). A Brit ish Post Office test 
for contacts is based on the dynamic SO2 test to 
s i m u l a t e L o n d o n  smog conditions (4), More recently, 
other tests (5, 6) have been developed using mult iple  
pol lutants  in  flow systems while s imul taneously  con- 
troll ing the humidi ty  and with the tempera ture  being 
in  the range of 25~176 The lat ter  workers (6), in 
particular,  have observed that  synergistic effects exist 
in  the tarnishing of silver and copper when SO2, NO2, 
and C12 are added to the active H2S agent. Experi-  
ments  of this sort have also been a part  of a long 
term program (7), which has also concentrated on 
the s tudy of aerosols (8), on which the adsorption 
of pol lutants  may be predominant .  More recently, 
dynamic single pol lu tant  testing at 85~ and 85% RH 
on thin and thick films has been performed (9, 10) 
u t i l iz ing the permeat ion tube technique for generat ing 
low concentrat ion pollutants  (6). 

Table  I lists some of the conditions used in previous 
studies (5, 6) in  tests pr imar i ly  oriented to metallic 
contact performance. In many  of these studies it is not 
completely clear what  guidelines de termined the par-  
t icular  set of conditions used or how stated accelera- 
t ion factors (6) were obtained. 

The present  paper is meant  to state the conditions 
and general  equipment  design for a mul t iple  pol lutant  
envi ronmenta l  test for M/D/S.  The philosophy of such 

* Electrochemical  Society  Act ive  Member .  
1 Temporary  address:  c /o  Pacific Te l ephone  and T e l e g r a p h  Com- 

pany,  San Francisco ,  California 94105. 
Key words: corrosion, pollutants. 

a test, called SEAT (simulated env i ronment  accel- 
erated test),  and the assumptions on which the test-  
ing conditions are based are given. 

Normal Ambient Conditions 
In  order to realist ically establish test conditions, it is 

first necessary to evaluate the average env i ronment  
that the M / D / S  will be exposed to .in a 10-30 year life 
interval .  The test is in tended to s imulate the design 
life and not temporary  exposure to excessive adverse 
conditions. Considerable effort, therefore, has been 
involved in establishing normal  AUL (i.e., atmospheric 
upper limits) for a variety of atmospheric pollutants 
(I0). Table IIA lists these AUL values as well as the 
stable components of the atmosphere. These values 
may change with time as various measures to change 
the environment become effective, but they represent 
the best evaluation at the present time of the 
maximum average concentration of these pollutants 
that the M/D/S will be exposed to in a 10-30 year 
life. These AUL are based on outdoor measurements 
but good reasons exist, in many instances, to expect 
these to reflect indoor air quality (I0). 

Table I. Conditions for some multiple gas tests and industrial 
requirements 

IBM tes t  (5) 
( e s t ima t ed )  Bat te l le  t e s t  ( 6 ) 

T e m p e r a t u r e ,  ~ 25 + 
RH, % 70-95 
Time ? 

Po l lu tan t  (ppb)  
Hydrocarbons 19,000 
I-hS 300 
SOs 1,600 
(NO)x 
NOs 700 
NO 1,700 
CO 63,000 
Cl~ 50 
NH8 X 
Os 

Par t i cu la tes ,  # g / m  3 None  
Ni t r a t e s  in par t icu-  

l a t e s , / z g / m  a None 

Type  of t e s t  Urban,  
business 

Acceleration factor 

30-60 
90 
? 

200 200 
200 200 

200 200 

50 

None None  

None None  

Indus t r i a l  
Viedium Severe  

(30-40)X 
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Table II. Stable and pollutant components of the atmosphere 

A B 
Atmospher ic  Atmospher ic  

upper  upper  
l imits l imits 

23.3~ 85~ 
75% RH 75% RH 

A. Stable 

B. Pollutants  

C. Particulates  

N~ 78.1% (vol)  76.7% 
02 20.9% 22.3% 
Ar 0.9% 0.88% 
CO~ 0.033% 0.065% 
CH4 2000 ppb 3500 ppb 
H2 500 ppb 540 pph 
N~O 500 ppb 1900 ppb 

pph ppb 
NMH* 1400 1700 
CO 2000 2500 
SO~ 70 340 
NO~ 72 [1500]__ 
NO 70 L 100 J 
O~ 45 120 
Aldehydes  20 
NH3 15 35 
HfS 10 30 
CI~ 3 8 

185 ~ g / m  3 

* NMH AUL is 3100 ~glm s, but this has been converted to ppb 
by  assuming it is  primari ly  C4 hydrocarbons.  

Accelerated Test ing 
Temperature.---The best known factor associated 

with  the accelerat ion of  almost all fundamenta l  chem- 
ical reactions is temperature ,  which is character ized 
by the Arrhenius  funct ion 

kp = P' e -AE/kT [1] 

where  kp is the rate  constant of the process, P '  is the 
preexponential ,  ~E is act ivat ion energy, k is the Boltz-  
mann  constant, and T is the absolute temperature ,  

There  may  be hesi tancy in basing accelerat ion on 
a rise in t empera tu re  alone (i.e., util izing Eq. [1]), 
because the basic mechanism may change over  large 
t empera tu re  intervals  or P' may be t empera tu re  de- 
pendent.  However ,  if these la t ter  two factors can be 
eliminated,  then Eq. [1] represents the best description 
of the change in rate of a process wi th  respect to tem-  
perature.  

Table I IA lists 23.3~ as the AUL for temperature .  
Since much M / D / S  testing has a l ready been performed 
at 85~ (1), an a rb i t ra ry  "small"  t empera ture  accel- 
erat ion in terva l  is to be contrasted with  some "large" 
intervals  of 75~176 that  have been used in some 
ear l ier  tests (2, 3). 

It  is instruct ive to t ry  to relate  the significance of 
a posit ive or negat ive result  in an 85~ test to the 
basic act ivat ion energy of the degradat ion process, 
the length of the test, the t ime dependence of the 
degradat ion process, and the predicted life at 23.3~ 
A degradat ion process, P, can be considered which 
starts as some vi rg in  state, Po, at t ime equal  to zero, 
to, and ends up at some failed state, Pf, at some later  
time, tf. Equat ion [2] gives a general  equation for this 
process 

Pf -- Po : kp~(Ci)s ni (CHfo) s f ( t )  [2a] 
~0 

In order  to use tempera ture  acceleration as a sig- 

nificant tool, it is impera t ive  that  the factors ( ~ ) s  '~, 
and (CR~o)s remain  constant as the t empera tu re  is 
raised. If these factors change markedly,  as they 
surely will  because of the heats of adsorption asso- 
ciated with  the process, then there  is no clear way  to 
evaluate  the accelerat ion factor, which is difficult 
under  any circumstances. The t empera tu re  depen- 

dence of (Ci)s n, and (CHfo)s is discussed in the next  
section. 

In many  diffusion, corrosion, and oxidat ion proc- 
esses be tween a gas and solid phase, the t ime de- 
pendence 2 of the reaction may be e i ther  direct ly pro-  
port ional  to t ime (associated with  spalling of the sep- 
arat ing grown phase) or proport ional  to the logar i thm 
of t ime (associated wi th  the separat ion of charge in 
the separat ing phase).  Other t ime dependences can 
exist, but  these wil l  be considered as examples  
in a t tempt ing to evaluate  the significance of a result  
on an 85~ test. Equat ion [2b]3 will  be used wi th  
these different t ime dependencies, where  the de- 
sign life wil l  be assumed to be 20 years, and where  
the test t ime at any e levated t empera tu re  will  be 200 
to 1000 hr. With these assumptions, the results in 
Table  III are calculated. Table III  indicates that  it 
takes a 10,000~- hour test at 85~ to e l iminate  proc- 
esses down to 0.4 eV for a l inear  t ime dependence. 

It is obvious f rom this s imple analysis that  an 85~ - 
200 hr  test is most effective for a (log t) process, since 
there  are not many  degradat ive  processes wi th  ac- 
t ivat ion energies below about 0.1 eV. Table IV lists 
some typical act ivat ion energies for a var ie ty  of 
processes. 

This discussion indicates that  for impor tant  M / D / S  
intended for final manufacture  and use, some effort 
should be devoted to determining the t ime dependence 
and activation energies of the fai lure process. In a 
general  test at 85~ however,  the absence of a fa i lure  
in test t imes of 200-1000 hr has a high probabi l i ty  of 
e l iminat ing processes wi th  act ivat ion energies of 0.5 
eV or higher. 

SEAT assumption I: Tempera tu re  will  be used as 
the accelerat ion factor. The t empera tu re  in terva l  wil l  
be re la t ive ly  "small"  in order  to encompass the same 
mechanism. 

Testing t ime . - - In  the previous section, it was stated 
that  200-1000 hr  is a reasonable test time, and these 

2 The time dependence  discussed here  is  the integrated func- 
tion 

r ff 
f ( t )  = ~.-|,o f ( t )  

a For the present calculations, the concentration factors are pre- 
sumed to he constant  with a change in temperature. 

Table III. :Activation energies of the degradation process 
eliminated for 20 year life at 23.3~ in tests at 85~ 

Activat ion energies, eV 
Time 

dependence 200 hr 1000 hr 5000 hr 
of process  test test test 

10,000 hz 
test 

t -1.0 ~0.8 ~0.54 ~0.44 
tl/~ --~0.5 --~-0.4 - -  
log t --~0.12 --  --  --  

ftt , 

-- Ao~(,~) s ni (CH2o) s e--AE/kT ~to I (t) [2b] 

where  Ao = tempera ture  independent  preexponent ia l ;  
(Ci)s n, ---- product  of the average  concentrat ion of 
individual  pollutants  adsorbed in the surface, each 

raised to some chemical react ion order;  (CH20)s : 
similar  funct ion for the adsorbed water  on the surface; 

Y: and f ( t )  = unknown t ime dependence of the 

p r o c e s s .  

Table IV. Activation energies for different processes* 

Process  AE, eV 

Diffusion limited corrosion (solution) 
Grain boundary diffusion 
Hopping transport on dry surfaces 
Electron transfer at surfaces 
Oxidation of metals 
Bulk diffusion 

0.1-0.2 
0.25-0.50 

1-2 
0.7-1.5 

0.75-2 
1-3 

* Values not to be taken  too literally; obtained by  discussion 
with various  individuals  knowledgeable  in the field. 
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times are to be contrasted to "short" intervals  (i.e., 
20-60 rain) and "long" in tervals  (i.e., year) .  The 
la t ter  t ime is more suitable for a product  which has 
a definite commitment  to manufacture,  but  it is im-  
possibly long dur ing  the active development  of a 
M/D/S.  For such activities, there is a strong pressure 
for immediate  informat ion and "short" t imes are 
considered. Degradat ion can be accomplished under  
these la t ter  conditions only by applying excessive ele- 
vated temperatures,  fields, or pollutants.  Under  these 
conditions there may be a serious danger  of s tudying 
degradat ion processes which normal ly  might not be 
per t inen t  dur ing  the design life of the M/D/S.  More- 
over, in  re l iabi l i ty  testing, there is the we l l -known 
phenomenon of very early failures, perhaps associated 
with manufac tu r ing  sports, followed by  a slower fall-  
out due to var ious  slow fai lure mechanisms. In  
"short" t ime testing, there may  be a tendency to de- 
tect only the early fallout, without  being able to de- 
tect the later  failures. 

Times of the order of 200-1000 hr  are an a rb i t ra ry  
compromise to the above "short" and "long" times. 
However, if the informat ion portrayed in  Table III is 
considered, there is a definite relationship, for such 
"intermediate"  test times, of the absence or presence 
of a fai lure to the activation energy of the process. 
If some prior-  or post- insight  is hvailable on the proc- 
ess involved, then some quali tat ive judgments  can be 
made on the rel iabi l i ty  of the M/D/S,  based on 200- 
1000 hr testing. 

,SEAT assumption II: A reasonable t ime for an  ac- 
celerated test is 200-1000 hr. 

H u m i d i t y . - - I t  is well established that  humidi ty  is 
an aggressive agent in  corrosion processes and accel- 
erates most degradation at a given temperature.  This 
proper ty  is associated with the adsorbed layer  on sur-  
faces, which acts as a medium for electrolytic and 
electrochemical processes. 

In  Eq. [2], the surface water  factor is given as 
(CH2o)s, which might  be expressed-.as the weight of 
the adsorbed layer per uni t  area of exposed surface. 
In  any general  test, where many  different materials  
might  be exposed, this factor is specific for the indi-  
vidual  mater ia l  mechanism. In  order~ to establish ab- 
solute rel iabi l i ty  criteria for a par t icular  M/D/S,  then 
the ent i re  mechanism has to be determ4ned, and the 
tempera ture  dependence of the adsorption isotherms 
must  be considered. These same comments apply to 
the pol lutant  concentrat ion factors, ~ (Ci)s n~, of Eq. [2]. 

Another  semiquant i ta t ive  approach is utilized in this 
s tudy in  order to establish a general  test for a wide 
var ie ty  of M/D/S.  In  this approach, an at tempt is 
made to hold the surface concentrat ion of these species 
re la t ively constant  as the tempera ture  is raised to ac- 
celerate the process. In  order to achieve such a min i -  
mization of the change in chemical surface concentra-  
tions with a rise in temperature,  it is necessary to in-  
troduce some other s implifying assumptions. 

An i l lus t ra t ion of the dependence of the adsorbed 
water  surface concentrat ion on etectroplated gold 
with respect to the gas phase pressure and tempera-  
ture  is given in  Fig. 1 (11). The weight of the water  

a d s o r b e d  is determined by  the shift in frequency of 
a quart~z crystal balance (Fig. 1, le f t -hand side), which 
can be converted directly into a mass gain (Fig. 1, 
r igh t -hand  side); if a density of about 1 is assumed 
for the adsorbed water, then a nominal  thickness can 
be determined (Fig. 1, r igh t -hand  side). The dashed 
vertical  l ine indicates how the water  surface concen- 
t ra t ion varies with tempera ture  with an a rb i t ra ry  
choice of pressure of 10 Tort. With a change in tem- 
pera ture  from 15.5 ~ to 39~ the surface concentrat ion 
decreases by a factor of ,~7. This change in surface 
concentrat ion is equivalent  to an  enthalpy change of 
about 0.6 eV/mole, which is probably composed of a 
small  adsorption energy and a much larger heat of 
condensat ion of water  when  the results are analyzed 
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Fig. 1. Adsorption of water vapor on electroplated gold (11) 
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according to the BET equation (11). A ny  failure proc- 
ess, as defined in Eq. [2b] and l inear ly  dependent  in  
(CHeo)s, with a real act ivation energy, E, of about 1 
eV, would demonstrate  an apparent  act ivation energy 
of 0.4 eV when investigated near  the test tempera ture  
of about 85~ if the process were investigated at a 
constant  water  vapor pressure of 10 Torr. 

It is instruct ive to consider how these numbers  
might  affect the extrapolat ion of fai lure data from 
higher tempera ture  accelerated testing. Assume that  
the desired fai lure rate is 1% in  20 years 4 at the AUL 
tempera ture  and humidi ty  of 23.5~ and 75% RH, re-  
spectively, and that  the actual  E in  Eq. [2b] is 1 eV. 
For the same surface coverage of water  at the test 
tempera ture  of 85~ the calculated expected failure 
rate in  200 hr would be 1.1 X 10-~%. The actual 
fai lure rate would be lowered to a value of 1.9 X 
10-~%, since the water  surface coverage would be de- 
creased by a factor of 1.76 X 10 -2 because of the 0.6 
eV/mole entha lpy  change. This observed fai lure rate 
when  combined with the 0.4 eV/mole activation en-  
ergy would lead to a predicted t ime of 300 years to 
achieve the desired 1% failure rate. If such a result  
did not lead to a change of design, then the M / D / S  
would have the expected rel iabil i ty in service, with 
no safety margin.  If due to economic penalties for 
such a conservative design, the M/ D / S  were altered 
to give an extrapolated failure rate of 1% in 40 years, 
then the M/D/S  will eventual ly  be underdesigned 
from a rel iabi l i ty  viewpoint. 

The immediate  above discussion is only i l lus t ra-  
tive, since most accelerated testing is done at con- 
stant  relat ive humidity.  The minimizat ion of the error, 
due to varying surface water  concentrat ion as the tem- 
pera ture  is raised when  tests are performed at con- 
stant  relat ive humidity,  is demonstrated in Fig. 1 by 
the approximately horizontal dotted line. This l ine is 
calculated for a RH of 32% and indicates that the 
water  concentrat ion changes by only 40% in the same 
tempera ture  interval  that  resulted in a 700% change 
at a constant pressure of 10 Torr. 

This sort of result  might  indicate that  the sorbed 
water  layer  has something "l iquid-l ike" about its 
s t ructure  since the relat ive constancy in its concen- 
t rat ion as a funct ion of tempera ture  depends on the 
equi l ibr ium l iquid water  vapor pressure. This possi- 
ble assumption is verified to some extent  by the "thick- 
ness" axis of Fig. 1, which indicates on gold at 23~ 
(i.e., the AUL) and 15 Torr  (i.e., ,~70% RH, close to 
the AUL) that  the water  layer  has a nominal  thick- 
ness of 120A or about 40 monolayers.  This water  may 

T h i s  a s s u m e s  a S($) w h i c h  i s  l i n e a r .  
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be condensed in  pores or at hygroscopic impurities, 
bu t  these may also act as "liquid water  sinks" for 5.0 corrosion processes. 

.SEAT assumption III: Accelerated testing will be 
done at a constant relat ive humidi ty  and from Table 4.0 
II, this value will  be 75% RH. 

Gas phase pollutant  concentrations (single addi- 
t ions ) . - -The  same considerations about adsorption en-  
ergies discussed for water  in the previous section apply 3.o 
to the adsorption of pol lutant  gases to account for the o 
~(Ci)sni te rm in Eq. [2]. It  will  be assumed, consid- "~ 
ering the possible "l iquid-l ike" character of the ad- 
sorbed water, that  the solubilities of gases in water "~ 
can be used to make corrections as the temperature  z.o 
is raised. 

SEAT assumption IV: Pol lu tant  gas pressures at any 
test tempera ture  will be increased over the AUL by 
a factor proport ional  to the decrease in  solubil i ty of 
that  gas in water. 

It is assumed that, as the surface concentrat ion of 
the adsorbed pol lutant  decreases as the temperature  is 
raised, the decrease can be compensated for by an ap- 
propriate increase in  gas phase pressure, s imilar  to 
the Henry 's  law pressure dependence of the solubili ty 
of gases in  liquids (12). Moreover, the magni tude  of 
the pressure compensation as a funct ion of temperature  
can be estimated from the known tempera ture  de- 
pendence of the solubil i ty of that gas in water. This 
procedure will minimize the error  associated with a 
change of tempera ture  but  will not correct for it ab-  
solutely. Again in any critical application, specific 
studies will  have to be performed to evaluate these 
factors. 

The application of SEAT assumption IV will be i l-  5.0 
lustrated first wi th  the stable components of air: 
n i t rogen (78.1%), oxygen (20.9%), argon (0.93%), 
carbon dioxide (0.033%), methane  (2000 ppb),  hydro-  4.0 
gen (500 ppb),  and ni t rous oxide (500 ppb) (13). 

The solubilities of all of these gases are given in 
terms of Henry 's  law (14) 

5.0 
Ka Tl : PaTt/Xa Tl [3] 

where Ka T~ is the Henry 's  law constant for a part icu-  ,~ 
lar gas at a given temperature,  Ti; Pa T~ is the part ial  
pressure of the gas at Ti; and Xa T~ is the mole frac- ~" 

v 2.0 t ion of the dissolved gas at Ti. For  i l lustrat ive pur -  
poses, T will be taken as 23.3~ (296.5~ the AUL, 
while Ti will  be any  elevated temperature.  SEAT 
assumption IV requires that  at any elevated temper-  1.5 
ature XaT~ will remain  constant  relat ive to its value at 
T, so that 

KaTi 
Pa Tl -- Pa T ' [4] 

Ka T 

where Pa T is the value of the AUL at 23.3~ Pa Ti is 
the increase in tempera ture  and KaT~/Ka T ratio of 
Henry 's  law constants to be used as correction factors. 

These ratios of Henry 's  law constants are given in 
Fig. 2 for all of the relat ively stable components of 
air and in  Fig. 3 for all of the pollutants  in air. The 
slopes of this ratio should be proportional to the heat 
of solution according to Eq. [5] 

Ka T* hHs [ 1  1 ] 
log - -  - -  - -  [5] 

Ka T 2.303R Ti T 

Because of the expected dependency of Eq. [5], Fig. 
2 and 3 are plotted as semilogari thmic with respect 
to the reciprocal absolute temperature,  al though the 
upper  ordinate is given in  degrees centigrade. The solid 
vert ical  l ine gives the results for the assumed test 
tempera ture  of 85~ and all values start  at one at the 
AUL of 23.3~ ~ The values at 85~ are used to calcu- 
late, according to Eq. [4], the test temperature  values 
given in Table IIB. Figures 2 and 3 show a high de- 

5 T h e  do t t ed  l ines  in  Fig .  2 and  3 a r e  e x t r a p o l a t i o n s  of k n o w n  
data given by the solid lines at lower temperatures. 
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Fig. 2. Ratios of Henry's law constants for the solubilities in 
water of the stable components of air as a function of temperature. 
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Fig. 3. Ratios of Henry's law constants for the solubilities in 
water of the pollutants in air as a function of temperature. 

gree of nonlineari ty,  indicat ing that  the heat of solu- 
t ion is not constant  over this tempera ture  range. 

In  Fig. 2, the pressure correction factor at 85~ 
is ra ther  insignificant for He (i.e., 1.08), moderate for 
CH4, N2, Ar, and 02 (i.e., ,,~1.6), and ra ther  large for 
N20 and CO2 (i.e., ,~3.5). For  trace gases, Fig. 3, the 
corrections for NH.-, NO, CO, C2H4, 6 and C2H26 are 
small to moderate while those for C12, 03, H2S, and 
SO2 in particular,  are quite large. 

In  general, the tempera ture  dependence of these gas 
solubilities are related to simple heats of solution 
where not too strong interactions exist with water, 
al though some heat of reaction occurs for SO2 and 
C12 due to the formation of acids. NO2 represents a 

6 These were chosen as perhaps being typical of NMItC (non- methane hydrocarbons). 
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special case since no tabulated solubil i ty data exist 
because of the formation of nitr ic acid. Many studies 
(15) indicate that  in  flow systems the solubil i ty of 
NO~ in  water  is kinet ical ly  slow, presumed to be as- 
sociated with the need to form the dimer, N204. At  
the parts per bil l ion levels of the NO~ AUL, it can be 
calculated that  N204 does not exist and NO2 con- 
ceivably may be very slow to dissolve in water. An-  
other report  (16) exists, however, which indicates that  
a l though at moderate  concentrat ions the solution of 
NO~ is slow and incomplete, there is a tendency for 
NO2 to dissolve more completely at low part ial  pres-  
sures. In  this paper  we assume that  the lat ter  observa-  
tion is per t inen t  and that  the equi l ibr ium reactions 
take place at the AUL. 

The reaction (17) when  I~O2 dissolves in  water  is 
given by Eq. [6], and the equi l ibr ium constant by 
Eq. [7] 

8NO2(g) "}" H20(1) ~ 2HNO3(aq) + NOcg) [6 ]  

(P~o) ri  
Kri = [h~NOs]Ti 2 [Ta] 

(PNo2) ri 8 

[HNOs] ri 2 -- KTi (PNo2)ria/(PNo) ri [7b] 

The le f t -hand  side of Eq. [Tb] is a funct ion of the 
part ial  pressures of both NO2 and NO, and, making  
the same assumption as previously that the concen- 
t ra t ion of the species in solution (or adsorbed) must  
remain  constant  as the temperature  is raised, then Eq. 
[8] results 

(PNo2) Ti 8 (PNo2) T 3 KT 
- - -  [8] 

(PNo) Ti (PNO) T KTi 

where T is the value at the AUL, Ti is any elevated 
test temperature,  and (PNo2)T and (PNo)T are the 
AUL values. 

The ratio KT/KTi can be evaluated from the usual  
Eq. [9] 

l o g K r , _ _ _ _ _ - - A H ~  [ 1 1 ] [9] 
KT 2.303R Ti T 

where  the enthalpy,  AH ~ is calculated from the s tan-  
dard heats of formation (18), and the value of --31,000 
kcal (i.e., --1.34 eV) is calculated for this reaction. 

Values of the part ial  pressure of NO2 to be used at 
any elevated tempera ture  can be calculated using 
Eq. [8] and [9], but  only  for given values of the part ial  
pressure of NO at the test temperature.  Figure 4 
shows the value of NO2 to be used at different tem- 
peratures for three fixed values of NO: 70 (AUL), 
100, and 200 ppb. It  is assumed that the middle value 
of 100 ppb of NO will be easy to control at any test 
temperature,  and for this concentrat ion the part ial  
pressure of NO2 at 85~ is about 1700 ppb. This is 
the largest correction for all the pollutants  listed in 
Table IIB, since the AUL for NO2 is only 72 ppb. 

Gas phase pollutant concentrations (multipZe addi- 
tions).--The above discussion represents semiquant i -  
tative corrections for the addit ion of single gaseous 
components, or at most pairs of components such as 
NO2/NO. There are various complications to be con- 
sidered when mult iple  additions are made. Some il- 
lustrat ions are: 

(i) Catalytic conversion of SO2 in the presence of 
NO2 

NO2 
2S02 + 02 ) 2SO~ 

(ii) Catalytic disappearance of 03 with H20 or NO 

08 + H20 ---> H202 + 02 

NO + 03 ---> NO2 + 02  

(iii) Neutral izat ion reactions 

2NHa Jr 3NOz Jr H20 ----> 2NH4NO3 Jr NO 
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Fig. 4. Calculated partial pressure of NO2 to be used at various 
test temperature for fixed NO partial pressures. 

All of these chemical reactions, and others, can po- 
tent ia l ly  change the tempera ture  dependence associ- 
ated with elevated tempera ture  testing. However, 
these represent  such a sophisticated degree of anal -  
ysis and specification that no consideration will  be 
attempted unt i l  fu ture  experiments  indicate the de- 
gree to which they exist. 

Ini t ia l ly  all of these tests will  be performed in the 
dark to avoid photochemical complications. Eventu-  
ally, however, they cart easily be performed in the 
presence of visible and ul t raviolet  light. 

Operation of the System 
The basic control factors associated with a SEAT 

facil i ty are temperature,  humidity,  and pol lutant  con- 
centrations. 

Temperature and humidity.--It was desired to have 
a relat ively large facility to allow the simultaneous 
testing of large numbers  of M/D/S,  and in common 
with another  test (6), a commercial tempera ture-  
humidi ty  cabinet  was chosen. A single pass tempera-  
tu re -humid i ty  oven (Fig. 5) was quite appropriate, 
since the air  s t ream is first humidified over a heated 
water  pan, then heated to the test temperature,  then 
passed into the test chamber, and then exhausted. The 
air does not recirculate, and the pollutants  can be 
added just  before enter ing the test chamber. 

Due to the corrosive na ture  of some of the poten- 
tial pollutants, a Teflon box is therefore utilized in -  
side of the test chamber. To get the most efficient 
evaporative cooling of the wet and dry  bulb ther-  
mometer,  air flows in  the range  of 100 to 200 slpm 
were used. Such high gas flows are also desirable 
since a previous s tudy (19) showed that the tarnish-  
ing of metals in  H2S is dependent  on the cube root of 
the gas flow. 

Pellutant concentral controL--Permeation tube rates 
(6, 7, 9, 10) are not quite high enough for total flow 
rates of 100-200 slpm, and it was decided to use 0.75% 
of the pol lutant  in ni t rogen in  s tandard gas tanks at 
700-2400 psi. Such a concentrat ion can be made quite 
accurately by a gas supplier  and is high enough that 
possible reactions with the walls of the t ank  represent  
an insignificant change in  concentration.  

In  order to accurately meter  mul t iple  gases in the 
range of 0.2-20 sccm each, a gas b lender  consisting of 
electronic mass flow controllers was selected. 
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Fig. 5. Over-all diagram of Teflon box in humidity oven. Arrows 
show single pass air flow from inlet (A), pass blower motor (B), 
oven humidity tray (C), oven dry bulb heaters (D) into Teflon box 
(E), and out exhaust (F). 

SOl-air dilution characteristics.--The SEAT system 
was operated with  an original  source in the tank of 
4.9% SO2/nitrogen and at various flow rates of clean 
air. The concentrat ion of SO2 in the Teflon box was 
measured by extract ion with  a pump and then opti-  
cally analyzed. 7 The solid curve  in Fig. 6 shows the 
SO2 concentrat ion as a function of the clean air flow 
rate, while  the dashed l ine is the calculated concentra-  
t ion based on the known SO2 concentrat ion and known 
gas flow rates. At very  high air fl0w rates, the calcu- 
lated and measured concentrations are identical, but  
at flow rates below about 120 slpm they depart  
markedly.  This data can be in terpre ted  to mean that  
at the selected operat ing condition of 100 slpm, the 
actual  dilution air consists of about "80% of added 
clean air  and about 20% of ambient  a i r .  This la t ter  
factor is of no great  concern since this ambient  air 
has been measured to have a low part iculate  content  
and very  low SO2 and NO2 levels compared to the 
levels controlled within the SEAT system. 

SOe concentration at different humidities.--Figure 7 
shows the concentrat ion of SO2 inside of the Teflon 
box at different flow rates of the 4.9% SO2/N2 mix ture  

SO~ P u l s e d  Fluorescence Optical Monitor, Thermoelectron Cor- 
p o r a t i o n ,  W a l t h a m ,  l~ lassachuse t t s .  
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Fig. 6. Measured S O 2  concentration in SEAT facility as a func- 
tion of the air flow rate. 
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Fig. 7. Measured SO2 concentration in SEAT facility at 85~ with 
and without water, as a function of the SO2/N2 flow rate. 

with  a constant flow rate  of I00 slpm of air. The solid 
curve is for measurements  at 85~ with no wa te r  in 
the humidifying tray, and the re la t ive  humidi ty  was 
about 5-10%. The concentrations of SO2 are essentially 
linear, as expected, wi th  SO~ flow rate;  an essentially 
identical  l ine was obtained for measurements  at about 
30~ 

A major  difference appears when the same set of 
measurements  was made in the presence of moisture 
(i.e., dashed line, Fig. 7, 85~ 75% RH).  The  same 

flow rate of SO2 yields gas phase concentrat ions which 
are from 10 to 30% of the values measured in the 
absence of moisture. In order  to protect  the optical 
SO2 monitor  f rom moisture, a condenser is put  in to 
t rap out the wa te r  f rom the air  sample. Some SO2 
is known to condense with the moisture and it is 
l ikely that  this is a major  cause of the discrepancy. 
Fur the r  tests must  be made to obtain SO2 concentra-  
tions. These over -a l l  effects demonstra te  concretely 
that  pol lutant  monitors  are necessary in such a sys- 
tem to accurately define the conditions of the test. 

There are many mechanisms that  can be proposed 
for the net equi l ibr ium decrease of SO2 with the ad- 
dition of moisture such as a react ion to form SO3 
or a react ion with  the Teflon walls or t rapping in 
the condensate. Fu r the r  character izat ion of this process 
wil l  be deferred to another  paper  when more analy-  
ses have been taken. 

Summary 
What  has been described in this paper  are the gen- 

eral  principles and assumptions under ly ing a proposed 
test of M / D / S  with  respect to their  l ife of 10 to 30 
years in an average high polluted environment .  Other 
tests will  have to be uti l ized to evaluate  short t ime 
exposure to aggravated  conditions of temperature,  
humidity,  and specific high pol lutant  levels. 

It is recognized that  many  subsystems and systems 
are not designed to survive  at 85~ test for even 216 
hr  (9 days) at 75% RH. It  is possible that  these sys- 
tems will  requi re  auother  sort of test where  more 
moderate  t empera tu re  accelerat ion is utilized, but 
compensated for wi th  some pol lutant  concentrat ion 
acceleration. Future  work in the proposed SEAT sys- 
tem may  provide the guidelines for establishing such 
a test. 

It  is also recognized that  many ad hoc assumptions 
have been uti l ized in establishing the guidelines for a 
SEAT program. Some tests in the past have been ini-  
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tiated, where subsequent  users were not quite aware 
of what  guidelines determined the conditions and what  
assumptions were implici t  in the test. This paper, at 
a min imum,  is a source of such statements with re- 
spect to the SEAT mode of testing. 
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Selective Site Laser Excitation and ESR Studies 

of Nd 3§ Ions in Cas(PO4) F 

F. M. Ryan,* R. W. Warren, R. H. Hopkins, and J. Murphy* 
Westinghouse Research and Development Center, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Single crystals of Cas(PO4)3F activated with Nd ~+ were studied by high 
resolution selective site laser spectroscopy. The optical properties of Nd 3+ 
ions located at various inequivalent  sites were correlated with Nd 3 + site sym- 
metries obtained from electron spin resonance (ESR) measurements  and also 
with the polarizations predicted by group theory. Two types of Nd 3+ sites 
were observed with C3 site symmetry,  two with Clh, and one with no sym- 
metry. Models for these centers are proposed, and the effect of growth con- 
ditions on the dis tr ibut ion of Nd 8 + among these various sites is discussed. 

Calcium fluorophosphate is of interest  because of 
its use as a fluorescent lamp phosphor and as a laser 
host. In  its phosphor application it is activated with 
Sb 3+ and  for laser applications it  is activated with 
Nd 3+. There are two inequivalent Ca ~+ sites in the 
structure, denoted Ca(1) and Ca(II). The Ca(I) site 
is axially symmetric, C3, with each calcium ion sur- 
rounded by six oxygen nearest neighbors forming 
a slightly twisted triangular prism. Three Ca(II) 
sites form an equilateral triangle centered on an F- 
ion with reflection symmetry C,h (Cs) perpendicular 
to the crystalline C axis. Sb 3+ and Nd 3+ substitute 
for Ca 2+ in the apatite lattice with charge compensa- 
tion required to preserve neutrality. The two calcium 
sites and the variety of possible compensation models 
make the analysis of the optical properties of trivalent 
activator ions in this structure very difficult. The 
most useful technique for determining site symmetries 
of activator ions is electron spin resonance (ESR), 
which unfortunately is useful only in studying para- 

* Electrochemical  Society  Act ive  Member.  

magnetic  ions like Nd 3+, al though in  certain cases 
the location of the nonparamagnet ic  ion Sb 3+ can be 
deduced from its superhyperflne interact ion with near-  
by paramagnet ic  defects of known configuration (1). 
However, Nd 3+ and Sb ~+ probably  form the same 
types of centers so that identification of Nd 3+ centers 
should by analogy yield informat ion on Sb ~ + centers. 

In  earlier work Ohlmann e ta l .  (2) suggested that  
Nd ~+ ions occupy only Ca(II )  sites in calcium fluoro- 
phosphate because no strongly polarized fluorescent 
or excitation transit ions were observed. Group theory 
predicts 100% polarization for many  of the transit ions 
of Nd 3+ located on a site of symmetry  C3 while 
none of the transit ions of Nd ~+ on a site of symmetry  
Clh (C~) would be strongly polarized. The crystals 
studied in that  work were grown from stoichiometric 
melts and the neodymium was introduced as Nd203. 
Eaglet e ta l .  (3) conducted x - r ay  s tructure and op- 
tical investigations on crystals pulled from stoichio- 
metric melts. They concluded that  almost all  of the 
neodymium would locate on Ca(I I )  sites with a 
compensating oxygen replacing an adjoining fluorine 



1494 J. Electrochem. Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  September 1978 

ion. If neodymium was introduced as NdF3, however,  
they  indicated that  both Ca(I)  and Ca(I I )  sites were  
l ikely  to be occupied. However ,  no evidence was given 
to support  these conclusions. Darasel iya et al. (4) 
observed the ESR spectrum of Nd 3+ located on a 
site of Clh (Cs) symmetry.  Growth  conditions of 
the crystals were  not stated in their  paper. Kaplyanski i  
and Kuzminov (5) pe r fo rmed  piezospectroscopic mea-  
surements  on crystals pulled f rom stoichiometric melts 
with neodymium added as Nd203. They also concluded 
that  the neodymium preferent ia l ly  located on a Ca (II) 
site wi th  the probable  method of compensation being 
an oxygen substi tut ing for an adjacent  fluorine. 

Since these earl ier  studies were  completed a use- 
ful  new tool has been developed for s tudying the 
optical propert ies of ions in crystals containing mul -  
tiple sites, the technique of selective site exci tat ion 
with  a tunable  laser (6). In this paper we have com- 
bined selective site laser spectroscopy with ESR to 
ident i fy the site symmetr ies  and optical propert ies  
of Nd ~+ in calcium fluorophosphate crystals and also 
the effect of mel t  composition on the distr ibution of 
Nd 3 + among these sites. 

Experimental Details 
Crystal preparation.---The single crystals of Nd ~+- 

act ivated Cas(PO4)3F for this work were  pulled f rom 
the mel t  by a technique reported previously (7). 
Nd 3+ was introduced as Nd203 and crystals were  
grown from melts wi th  both stoichiometric and non- 
stoichiometric composition. The crystals studied are 
listed in Table I which indicates the Nd mel t  doping 
and mel t  s toichiometry;  the Nd ~+ incorporated into 
the crystals was approximate ly  half  that  added to 
the melt.  

The melts were  made by combining various prop-  
erties of Luminescent  Grade CaF2, CaHPO4, and 
CaCao. The CaCO8 is equivalent  to CaO since CO2 
evolves during melting. Variations in mel t  s toichiom- 
e t ry  may  be expressed as excesses or deficiencies of 
CaF~, CaO, or CaHPO4. In previous work  (1, 8-11) 
it  was found that  crystals pulled f rom stoichiometric 
melts  are deficient in fluorine, producing large num-  
bers of fluorine vacancies which are occupied by 
various configurations of electrons and substi tutional 
oxygen ions. The concentrat ion of substi tutional oxy-  
gen ions can be great ly  reduced by growing crystals 
from melts  deficient in CaO; the number  of fluorine 
vacancies is increased when the melts are deficient 
in CaF2 (9). It was not possible to study an extended 
series of crystals in which only one parameter  had 
been changed at a t ime (e.g., Nd s+ concentrat ion and 
stoichiometry)  because of the crystals available, many 
contained Nd ~+ concentrations too high to permit  
the separat ion of individual  centers by ESR. 

The crystals were  oriented by Laue photography, 
cut, and optically polished. ESR and optical measure-  
ments were  per formed on the same piece of crystal  
for each boule. 

ESR.--The ESR measurements  were  per formed with  
a conventional  x -band  apparatus. To achieve adequate  
resolution measurements  were  per formed at both 
77 ~ and 4.3~ The apparatus was constructed to 
al low rotations of the crystals re la t ive  to the external  
magnet ic  field. This permit ted  a precise determinat ion 
of the symmet ry  of each neodymium site in the 

crystal. No details of the ESR spectra are shown 
because they are not impor tant  to this work. 

Selective site laser excitation.--Selective site laser 
exci tat ion permits  unrave l ing  the optical propert ies 
of ions located on each of a number  of inequivalent  
crystal lographic sites (6). The composite optical spec- 
t rum of these inequivalent  ions is normal ly  very  com- 
plex and the separat ion into the individual  compo- 
nents quite difficult. The selective site laser technique 
uses a tunable  dye laser as an exci tat ion source to 
excite the luminescence of the ions. The energy 
emit ted in the nar row l ine-wid th  of the dye laser 
is very  large compared to that  of more conventional  
exci tat ion sources, so that  the s ignal /noise ratio is 
great ly  enhanced, and ul t rahigh resolution excitat ion 
spectroscopy becomes possible. In previous work  (6) 
the ion studied was Er  ~+ and the fluorescent emissions 
of Er 3+ at various sites were  resolvable, al lowing 
the individual  exci tat ion spectra to be easily obtained. 
The comparat ive ly  broad (~1 nm) l inewidth of Nd 8+ 
in calcium fluorophosphate leads to a more confusing 
overlap of the fluorescent emissions of the various 
site contributions. By obtaining a series of exci tat ion 
spectra when  viewing at various portions of the 
fluorescence envelope, and by varying the polarizat ion 
of the exci tat ion source and the fluorescence detector, 
it was still possible to sort out the individual  site 
contributions. 

The exper imenta l  a r rangement  used in per forming 
our selective site exci tat ion is shown on Fig. 1. A 
1 MW Molectron Model U-V 1000 pulsed ni t rogen 
laser is used as a u.v. exci tat ion source for a tunable  
dye laser. The ni t rogen laser produces 10 nsec long 
pulses at a repet i t ion rate  of 50 Hz to al low rapid 
scanning of the dye laser output  for obtaining exci ta-  
t ion spectra. The tunable  dye laser used was a Molec- 
tron Model DL-20 which produced an output  tunable 
be tween 570 and 590 nm of approximate ly  25 kW 
peak, consisting of 7 nsec long pulses. The FWHM 
resolution of the dye laser output  was 0.01 nm and 
Rhodamine 6G was used as the dye. The output  of 
the tunable  laser  passes through a polarizer  to the 
crystal  which is immersed  direct ly  in the ref r igerant  
in the optical cryostat. The measurements  were  per-  
formed at 77~ in order to sharpen the optical 
spectra as an aid in separat ing the spectra of t h e  
various inequivalent  neodymium sites. Fur ther  cooling 
of the crystal  to 1.8~ gave no measurable  improve-  
ment  over  77~ 

The infrared Nd ~+ fluorescence passes through an 
IR polar izer  to a 0.25m Ja r re l l -Ash  monochromator .  
An S-1 photomul t ip l ier  cooled to 77~ was used as 
a detector  and coupled to a Pr inceton Applied Re- 
search Box Car In tegra tor  to increase the s ignal /  
noise ratio of the fluorescence pulses. Due to the 
re la t ive ly  slow decay t ime of the Nd 3+ centers (~0.25 
msec) gate widths in the order of 1 msec or longer  
were  required.  All  of the Nd 3+ centers studied had 
approximate ly  identical  decay t imes so that  no site 
discrimination by decay times was possible. 

The Site Symmetry Dependence of the Transitions 
of Nd 3* in Cas(PO~)3F 

A part ia l  energy level  d iagram of Nd 3+ is shown 
on Fig. 2. Nd ~+ has three 4f electrons which form a 
419/2 ground state. The fluorescence studied in this 

Table I. A description of the crystals studied and the distribution of Nd 3+ ions among various 
inequivalent sites as determined by ESR 

ESR concentrations 

Crystal Growth conditions Nd(I) Nd (II) Nd(III) Nd(IV) Nd(V) 

0.01% Nd Stoichiometric Med. 

0.005% Nd 10% CoO clef, Large Med. Med. Small 

0.1% Nd 2% def. CaF2 Large V. large V. large Small 
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Fig. 1. The experimental arrangement used to perform selective 
site laser excitation. 

Ca (I) SITE, DOUBLE GROUP C 3 

! C 3 C2 R RC 3 RC 2 Basis Functions 
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419/2 

Fig. 2. A partial energy level diagram for Nd ~ + 

work is at 1.06 am and is an electric dipole t ransi t ion 
from the 4Fa/~ level to the 4In/~ level (2). This is 
also the laser t ransi t ion for Nd a+. Fluorescence exci- 
tat ion was between 17,000 and 17,500 cm -1, the use- 
ful  range of the dye Rhodamine 6G. Nd 3+ has four 
~G7/2 and three 4G5/2 levels in  this energy range. 
Transi t ions from the ground state 419/2 levels to the 
2G7/2 are spin forbidden so that to first order only 
the three transi t ions to the 4G5/2 levels should be 
observable in the excitation spectra for each inequiva-  
lent  Nd 3+. 

The selection rules for the allowed electric dipole 
transi t ions in  the Ca(I)  and Ca(II )  sites are deter-  
mined  from the character tables in  Fig. 3 and 4. 
Since the higher symmet ry  (Ca) of the Ca(I)  site 
leads to a table with more structure, it will  be in-  
structive to analyze the consequences of Ca symmetry  
after which the properties of the Ca(II)  table will 
be self-evident.  

The symmet ry  operations E, Ca, C3 e, R, RCa, RCa ~ 
are the t ransformations performed on the crystal l ine 
axes that  leave the env i ronment  of the Nd a+ ion 
unchanged.  The origin of coordinates is taken to be 
at the Nd a+ center. E is the ident i ty  operat ion and 
amounts  to no operat ion at all. Its presence is re-  
quired in  order that  the group be complete. Ca and 
Ca2 represent  rotations through 120 ~ and 240 ~ re-  
spectively, about the crystall ine C axis. The operation 
R represents a rotat ion through 360 ~ about the C axis. 
Its effect is the same as the identity operation when 
one is dealing with the transformation properties 
of (i) the states of systems with an even number 
of electrons, e.g., Pr a+ and Eu a+, or (it) the operators 
that represent the interaction energies between sys- 
tems, e.g., electron-photon, electron-crystalline field. 
On the other hand, for the states of a system with an 
odd number of electrons, R changes the sign of the 
state function. Therefore, whenever one is dealing 

O O, 'g 'IT 0 

- S 

- 01/2 

Selection Rules 

Fig. 3. The character table for transitions involving N'd 3+ ions 
located on sites of C3 symmetry. 

A 1 

A 2 

D t/2 

Ca II SITE, DOUBLE GROUP C lh 

E o h R R_o h Basis Fcns. 

1 1 1 1_ (x, y) 

1 - I  1 - 1  z 

1 -1 - i  e ir e "3ir e 5 i~ /2 ' ' ' "  

- i  - 1  i e-ie/2, e3ir e -5 i r  - - ,  

., bl/2 

O, 1I 

�9 0 1 / 2  

SELECTION RULES 

Fig. 4. The character table for transitions involving Nd 3+ ions 
located on sites of Clh symmetry. 

with an odd electron system, such as Nd a+, the opera- 
t ion R must  be included in the point group. 

The eigenstates of any system must  t ransform as 
one of the representations of the group of operations 
that  leave it invar iant .  The functions with which we 
are concerned are (i) the three components of the 
electric dipole moment  of Nd a+ ion since that is what  
couples to the electric field through an interact ion 
of the form 

- - e E . r  -~ - -e(Ezx -l- E~y + Ezz)  - -  --e{(E~ + iE~) 

( x  - -  i y )  + (Ex--  iEv) ( x  + i y )  -5 Ezz} [1] 

where plane polarized and circular polarized descrip- 
tions of the interact ion are given; and (i t)  the angu-  
lar  momen tum wave functions of the Nd 3+ ion which 
are various l inear  combinations of functions of the 
form e imp, 11% being the component  of the total angu-  
lar  momen tum along the C axis. The quan tum me-  
chanical expression for the t ransi t ion probabi l i ty  
includes a factor of the form 

] < ~ f l  H'] ~ i >  [2 [2 ]  

where H'  ~- - - e E . r  and ~i and Cf are the ini t ial  and 
final Nd a + wave functions. 
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Since the t ransi t ion probabi l i ty  is just  a number ,  
i ts  value cannot depend on any  t ransformat ion of 
the crystal that  leaves the crystal in  exactly the 
same condition. If we carry out all of the symmetry  
operations on the functions contained in the matr ix  
element,  some piece of it must  remain  unchanged, 
otherwise the t ransi t ion described by that  matr ix  
element is zero. There is always one representat ion 
of a group that  is invar ian t  under  all of the opera-  
tions and  it is conventionalIy labeled A1 ( r l  i n  s o m e  
circles). 

The previous paragraph requires that the matr ix  
element  remain  unchanged under  all  symmetry  opera- 
tions. Therefore 

<Op~f lOp( - -eE .r )  lOp,i> _-- <~fj - -eE-r l~i  > [3] 

where Op is any  symmetry  operation. But the charac- 
ter  table in Fig. 3 tells what  happens to the states 
of Nd 3§ for all  Op's. 

For all states that  have z components of angular  
momen tum given by m : 1/2 ~- 3n, n : 0, 1, 2, 3, 
etc., the effect of the symmetry  operators in Fig. 3 are 

Eeim~ = eimd~ 

C3 eim~ : eim(~+2~r/3)  = gi~/3e~va~ .-- _ _ w 2 e ~ m $  

C32eirn~ = efm(~-2~/3) = e-iTr/3e~m~ = --wefm~ 

Re ~m~ : e im(~+ 2v) = eive ~m~ .= --e imp, etc. 
[4] 

where 

w = e $~ue 

Therefore the states with m = 1/2 • 3n t ransform as 
the first row of the representat ion D~/e in Fig. 3. 

The Hermit ian  conjugate states, i.e., those wi th  
m : --1/2 • 3n can be shown by the same procedure 
as in  Eq. [4] to t ransform as the second row of D~/~_. 
Those states that  have m : • (3/2 ~ 3m) t ransform 
as the representat ion S in  Fig. 3. 

Using the table in this way we derive the selection 
rules i l lustrated in Fig. 3 and 4 for Nd 3+ in Ca(I)  
(Ca) sites and Ca(II )  (Cs) sites, respectively.  The 
set of equations corresponding to Eq. [3] with ~i = 
ei~/2(D1/2), r : eSir coupled together by (Ex 
- - i E y )  (xWiy)  

C3: <--e3i~/2]W(X -~ iy)I--w~ei~/2> : <e~/21x  + JulePS~2> 

Ca2: <--e3i~/2[w2(x + i y ) I - -we~ /2>  : <e  ~/2[x + iyle~*/2> 

R: <--e:3~121x Jr iyI--e~12> : <e~*/~lx -b iylei~12> 

RC32: <e3i~/2lw2(x Jr iy) [we ~ / 2 )  : <e~i~/2[x -b iy[e ~ / 2 )  

Every operat ion leaves the matr ix  unchanged and 
therefore the t ransi t ion is allowed from e ~/2~ to e ~/2~ 
with a r ight  circular polarized photon travel ing paral-  
lel to the C axis. 

It is not necessary to write out the t ransformations 
as indicated, we can get the answer by mul t ip ly ing 
the corresponding table entries for the three quan-  =~ 
tities in  the matr ix  element  being careful to use the r 
complex conjugate of the final states representation. 
If the product of the representat ions carried out in 
this way contains the A~ representation,  the t rans i -  
t ion is allowed, if not it is forbidden. 

The result  of this group theoretical t rea tment  is, 
therefore, the following. A N d  3+ ion located on a 
Ca (I) site will  exhibit  some strongly polarized t rans i -  
tions such as the unmixed  ~ ( l  to C axis) and :t(ll to 
C) transit ions shown on Fig. 3. Charge compensation 
for the Ca(I)  Nd s+ ion which is located on the 
tr igonal axis will  not alter the site symmetry  or 
polarization. A N d  ~+ ion located on a Ca(IT) site will  
exhibi t  the polarized transi t ions shown on Fig. 4. 
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CENTERS WITH Nd 3+ AT A Ca (If) SITE 

I 
I 

Nd3+___ ~___ _[~ Nd3+_. ~)_ 2=_ Nd3-+ -'i . . . .  Mirror 
i 1 ' Plane 
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, 

Nd(III}.ClhSymm. Nd(IV),ClhSymrn. NdV, NoSymm. 

Fig. 5. Proposed models for Nd ~+ centers located substitu- 
tionally at a Ca(li) site. 

A N d  3+ center formed with charge compensation for 
the Ca(II )  Nd 3+ located out of the reflection plane 
(thus destroying the Cth (C~) symmetry)  would also 
be unpolarized and would be undis t inguishable  from 
an ClhNd 3 + center from polarization measurements.  

Experimental  Results and Discussion 
The relat ive ESR concentrations of the various Nd 3 + 

centers observed in  our crystals are listed in  Table 
I. In  the "stoichiometric melt" sample only one Nd 3+ 
center was observed in ESR, labeled the Nd(IV)  
center. It  has Clh symmetry  which means that  it 
consists of a Nd ~+ ion replacing a Ca(ID ion pre-  
sumably with charge compensation, ( 02 -  replacing 
F - )  located in the reflection plane. The most prob-  
able model for this center is shown on Fig. 5. The 
corresponding fluorescence and excitation spectra of 
the Nd(IV) center are shown on Fig. 6 and 7 and 
show the lack of strong polarization expected for a 
C~h symmetry  Nd ~+ center. What is not expected in  
the excitation spectrum of Nd(IV) on Fig. 7 is the 
appearance of at least five energy levels between 
17,000 and 17,500 cm whereas only three are expected 
for a single type of Nd 3+ center (see Fig. 2). All 
of the crystals we studied showed such "extra" energy 
levels with as many  as 20 levels observed in one case. 
One explanat ion for these "extra" lines could be that 
we are observing spin forbidden transit ions to the 
2G7/~ levels. An excitation spectrum does not weigh 
heavily against weak absorptions as does an optical 

Resolution = 0.6 nm 
77OK 

~> tO 

'~_ I. 8 ~ N d  (II) 
/ \ ' .  \ No,_ -../// / 

1064 1063 11/62 
Wavelength, nm 

Fig. 6. The fluorescence envelopes of the Nd(I), Nd(ll), Nd(lll), 
and Nd(IV) centers. 
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Fig. 7. The fluorescence excitation spectra of the Nd(ll l)  and 
Nd(IV) centers. 

absorption measurement .  Unfortunately,  our  s ignal /  
noise did not permi t  optical absorption data to be 
taken as a check of this point. However, a more prob- 
able explanat ion for these "extra" lines is that  while 
ESR is capable of ident ifying only one Clh type of 
Nd 3+ center in  the "stoichiometric melt" crystal, 
selective laser excitation shows that  indeed more 
than  one related type of Nd(IV)  center exists. We 
have been unable  to sort out the excitation levels 
of each of these centers due to the broad 1 nm 
fluorescence envelope of Nd '3+. Excitat ion into each 
of the five energy levels on Fig. 7 yielded fluorescence 
envelopes indis t inguishable from one another. In  this 
respect an  ion exhibi t ing much sharper fluorescence, 
such as Er ~+, is a more suitable candidate for a 
selective laser excitation exper iment  than  Nd 3+ and 
ambiguit ies of this type should not arise. 

In  t h e  "10% CaO deficient" sample the Nd(IV)  
center was no longer observed in  ESR or optically. 
In  its place ESR displayed four distinct types of Nd s+ 
centers labeled Nd( I ) ,  Nd( I I ) ,  Nd( I I I ) ,  and Nd(V) .  
Selective laser excitat ion resolved three sets of Nd 3+ 
centers which we have correlated with the Nd( I ) ,  
Nd( I I ) ,  and Nd( I I I )  centers seen in  ESR. I t  has 
been observed if one grows Cas(PO4)jF crystals from 
a melt  deficient in  CaO that oxygen no longer locates 
subst i tu t ional ly  for fluorine vacancies (9). The dis- 
appearance in  this crystal of the Nd(IV)  center (at-  
t r ibuted  to a Nd 3+ subst i tut ional  for a Ca(II )  with an 
adjacent  oxygen compensator) is consistent with this 
observation. In  its place ESR shows a different type 
of Clh center labeled Nd( I I I ) .  As this center possesses 
reflection symmet ry  the charge compensator for the 
Nd 3+ must  either be very distant  from the Nd 3+ or 
located in the reflection plane (such as an adjacent  
Ca(I I )  vacancy as suggested in  Fig. 5). The fluor- 
escence envelope of the Nd( I I I )  center is shown on 
Fig. 6. It  is indis t inguishable from the Nd(IV)  center 
and is not s trongly polarized, typical of a Clh neo- 
dymium center. The excitat ion spectrum of the Nd (III)  
center is shown on Fig. 7. It is very similar in  ap-  
pearance to the Nd(IV) spectrum but  is displaced 
slightly to higher energy. 

In  addit ion to this Clh type of Nd 8+ center, two 
distinct types of Nd 8+ centers of Ca symmetry  are 
observed, labeled Nd(I )  and Nd(I I ) .  Models for these 
centers are shown on Fig. 8 and involve the sub- 
s t i tut ion of Nd 3+ for a Ca(I)  on the 3-fold rotat ion 
axis (C8) with various types of on-axis  charge com- 
pensation. In  Fig. 8 the Nd(I I )  center is pictured 
as one for which charge compensation is achieved 
by an adjacent  Ca(I)  vacancy while the Nd(I )  has 
more distant  charge compensation. Justification for 
the assignment  of "distant compensation" for the 
Nd(I )  center and "nearby  compensation" for the 

CENTERS WITH Nd 3+ AT A Ca (I) SITE 
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Fig. 8. Proposed models for Nd 3+ centers located substitutionally 
at a Ca(I) site. 

Nd(I I )  center will  be given in  the discussion of the 
"2% CaF2 deficient" crystal. The correlation between 
the centers labeled Nd(I )  and Nd(I I )  in  ESR and 
the corresponding optical properties is exact as the 
absence of the Nd(I )  center and presence of the 
Nd(I I )  in  the "2% CaF2 deficient" crystal permit ted 
on unambiguous  assignment. 

The fluorescent emissions of the Nd(I )  and Nd( I I )  
centers are shown on Fig. 6 and their  respective 
excitation spectra on Fig. 9 and 10. Both fluorescences 
are highly polarized paral lel  to the crystal C axis. 
In  the absence of  crystall ine imperfections and if 
perfect a l ignment  had been achieved it is l ikely that 
100% fluorescence polarization would have been ob- 
served for these C8 centers. The excitation spectra 
of both centers show some strongly polarized t rans i -  
tions as well  as some that  are relat ively unpolarized, 
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Fig. 9. The fluorescence excitation spectra of the Nd(I) center 
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exactly what  one would expect for Nd 3+ in C~ sym- 
metry. Both spectra are very complex, again indicating 
that  the centers we have labeled Nd( I )  and Nd(I I )  
are in fact two families of Nd 3+ centers involving a 
var ie ty  of similar but  distinct axial compensation 
mechanisms. 

The final type of center seen in ESR in the CaO 
deficient crystal has no symmetry  and is labeled 
Nd(V) .  A typical model for such a center is shown 
in  Fig. 5 where an (unspecified) charge compensator 
for Nd 3+ is located nearby  and out of the reflection 
plane, destroying the Clh symmetry.  We have been 
unable  to separate the optical spectra of this center 
probably because (i) it is present in relat ively low 
concentrations and (ii) it would exhibit  unpolarized 
spectra very similar  to the Clh centers. 

The third crystal studied was grown from a melt  
deficient in  CaF2 and containing a high neodymium 
concentration. One would expect several modifications 
to occur in  the dis tr ibut ion of Nd 3+ among the var i -  
ous possible sites in such a crystal. One would expect 
again to observe the Nd(IV)  center, since oxygen 
compensation centers are no longer discriminated 
against  as they were in the CaO deficient crystal. At 
this higher concentrat ion of Nd 8+ and of calcium 
vacancies one would also expect that centers such as 
the Nd(I)  center might disappear as the higher Nd ~+ 
concentrat ion would decrease the average Nd-Nd and 
Nd-Ca vacancy separation and decrease the proba- 
bi l i ty of forming isolated Nd~+ centers with accom- 
panying distant Ca vacancy compensation. The dis- 
appearance that  we do observe of the Nd(I )  center 
in  this crystal and the accompanying increase in 
Nd(H)  is in  fact the best a rgument  for the relative 
assignment of models between the Nd(I )  and Nd(I I )  
centers previously given. The optical properties of 
the Nd(I I ) ,  Nd( I I I ) ,  and Nd(IV) centers were ob- 
tained by selective laser excitation in  this crystal 
and were identical  to their counterparts observed 
in the other crystals. Consistent with the ESR mea-  
surement,  no Nd(I)  was observed. For reasons men-  
tioned previously, no Nd(V) could be identified op- 
tically. 

Conclusions 
When calcium fiuorophosphate crystals are grown 

from stoichiometric melts containing low Nd2Q con- 
centrations (~0.01%),  the neodymium locates on the 
Ca(I I )  site and forms a center that  preserves the 
local Clh site symmetry.  We label this the Nd(IV) 
center. The most l ikely model for this center involves 
Nd on the Ca(II)  site and a charge compensating 
oxygen located on the adjacent  fluorine site in the 
reflection plane. This center has been observed in 
ESR and its optical excitation and fluorescence spectra 
were obtained. The Nd ~+ transi t ions of this center 
are essentially unpolarized, in agreement  with the 
selection rules expected for this Clh site. This model 
is consistent with the assignments given in  previous 
work (2-5). 

If crystals are pulled from a melt  deficient in CaO, 
formation of the Nd(IV) center is suppressed and 
four new types of Nd 8+ centers are observed in ESR: 
the Nd(I I I )  center which has C1~, symmet ry  but  
differs from the Nd(1V) center, the Nd(V) center 

which has no symmetry,  and two centers with Ca 
symmetry,  the Nd(I )  and Nd( I I ) .  Probable models 
for the centers are: Nd( l I I ) ,  a Nd ~+ ion subst i tu-  
t ional for a Ca(I I )  With an adjacent  Ca(II)  vacancy 
in the reflection plane, Nd(V) ,  a Nd 3+ ion subst i tu-  
t ional for a Ca(I I )  wi th  nearby charge compensation 
located out of the reflection plane, Nd(I ) ,  a Nd 3+ 
ion subst i tut ional  for a Ca(I)  with a distant on axis 
charge compensating Ca(I)  vacancy, and Nd(I I ) ,  a 
Nd 8+ ion subst i tut ional  for a Ca(I)  with an adjacent  
charge compensating Ca(I)  vacancy. The excitation 
and fluorescence spectra of the Nd( I ) ,  Nd( I I ) ,  and 
Nd(I I I )  centers were obtained and the Nd( I )  and 
Nd(I I )  centers exhibit  s trongly polarized transit ions 
as expected for Nd 3+ in a Ca site. No optical spectra 
could be obtained for the Nd (V) center. 

When a crystal is pulled from a melt  which is 
deficient in  CaF2 and contains a much higher Nd ~+ 
concentrat ion (~0.1%),  the formation of the Nd(I )  
center is suppressed as Nd(I )  type centers are con- 
verted to the Nd (I[) type. 

The effect of the growth conditions on the Nd 3+ 
dis t r ibut ion occurred in  a very predictable fashion 
in our crystals. A deficiency of oxygen makes oxygen 
compensation for Nd 3 + more difficult, and high concen- 
trat ions of Nd ~+ reduces the concentrat ion of isolated 
centers involving distant compensation. Although the 
electronic configurations of Sb 3+ and Nd 3+ are dif- 
ferent it is very  l ikely that  analogous Sb 3+ centers 
would be formed in  Cas(PO4)3F under  similar growth 
conditions. 
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ing of the Society, May 8-13, 1977. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1979 JOURNAL. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 
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Grain Growth Mechanism of Heavily 
Phosphorus-implanted Polycrystalline Silicon 
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ABSTRACT 

Gra in  growth  phenomena  of heavi ly  phosphorus - implan ted  po lyc rys ta l -  
l ine sil icon films owing to high t empera tu re  anneal ing  are inves t iga ted  by  
t ransmiss ion e lec t ron microscope. Phosphorus  doping in excess of 4 • 1020 
cm -~ is found to enhance gra in  growth.  This g rowth  is b roken  down into 
p r i m a r y  and secondary  recrysta l l izat ion.  Isochronal  anneal ing  reveals  the  
act ivat ion energies for these as 2.4 and 1.0 eV, respect ively.  The dr iv ing  force 
of the  p r i m a r y  recrys ta l l iza t ion  is found to be the  in ter face  energy.  The re -  
fore, the  e l emen ta ry  process behind the primary,  recrys ta l l iza t ion  is a t t r ibu ted  
to si l icon diffusion across the gra in  bounda ry  region. 

Po lyc rys ta l l ine  si l icon (poly  Si) is commonly  used 
as gate  mate r ia l s  of MOS LSI ' s  (1). In  par t icular ,  r e -  
cent progress  in fine pa t t e rn  l i thographic  technology 
has made  it ind ispensable  to control  the  pa t t e rn  defi- 
ni t ion as wel l  as to lower  the  res is t iv i ty  of the  ma te -  
rial.  

However ,  these two requi rements  have  been found 
to be paradoxical .  This is because  lower  resis t ivi ty,  
which requires  heavy  impur i t y  doping, inev i tab ly  
br ings  about  an increase  in poly  Si g ra in  d iamete r  and 
degrades  the  del ineat ion.  Al though  var ia t ion  of poly  Si 
gate  length  ar is ing f rom gra in  growth  is less than  10% 
in today ' s  MOS L S r s  (2), it  might  become more  than  
40% in the  coming submicron gate  MOS LSI 's  (3). 
Therefore ,  f rom the  process design viewpoint ,  i t  is nec-  
essary  to quan t i t a t ive ly  make  clear  the  i m p u r i t y -  
doping effect on the  growth  phenomena.  

Gra in  g rowth  phenomena  owing to high t e m p e r a t u r e  
(above 1200~C) anneal ing  of th ick poly Si film (about  
100 ~m) for solar  cell  usage (4) as wel l  as s inter ing 
phenomena  of poly  Si at  more  than  1200~ for high 
t empe ra tu r e  ma te r i a l  (5) have been repor ted.  They 
showed tha t  the  final gra in  size is about  the  same as 
the  film thickness  or  the  final ma te r i a l  dens i ty  depends  
on the ini t ia l  poly  Si gra in  size. 

On the contrary ,  concerning thin  po ly  Si film, only 
the  dependence  of poly  Si d iamete r  on the growth  con- 
dit ions (6) and the crys ta l l ine  s ta te  dependence  of 
po ly  Si res i s t iv i ty  (7) have  been  repor ted .  The im-  
pu r i ty  doping effect of g ra in  g rowth  or the  growth  
mechanism itself  have  ye t  to be clarified. 

This paper  quan t i t a t ive ly  repor ts  the  gra in  growth  
phenomena  of heav i ly  phosphorus -doped  poly  Si as 
functions of doping concentrat ion,  anneal ing  condi-  
tions, and film thickness.  I t  also aims to propose a pos-  
s ible g rowth  mechanism of poly  Si grains. 

Experimental Procedure 
Poly Si deposition and doping.--A 0.4 #m thick .poly 

Si l ayer  was deposi ted by  the rmal  decomposi t ion of 
s i lane (Sil l4) at  630~ onto a 0.6 ~m thick SiO2 layer ,  
t he rma l ly  g rown on a p - t y p e  (100) or ien ted  10 ~l-cm 
silicon wafer.  Phosphorus  ions were  implan ted  at a 50 
keV accelera t ing  energy  to a dose of be tween  1 • 101~ 
and 5 • 1016 cm -3 in o rde r  to dope quan t i t a t ive ly  at 
low tempera tu re .  Radia t ion  damage  ar is ing f rom the 
h e a v y  doping had  no effect on the  gra in  growth  phe -  
nomena, as is shown in the  exper iment .  The t a rge t -  
hea t ing  effect is expe r imen ta l l y  ascer ta ined  to be less 
than  100~C since the  dose ra te  was in the  order  of 
0.1 W / c m  2 under  these implan ta t ion  condit ions (8). 

Doping concentra t ion  was defined as (dose /po ly  Si 
th ickness) ;  therefore,  a 1 • 1015 cm -2 dose refers  to a 
2.5 X 1019 cm -~ doping concentrat ion,  etc. 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
Key  words :  ion  implantation, recrystallization, polycrystalline 

sil icon. 

Anneal ing  in a d ry  N2 a tmosphere  was ca r r i ed  out 
between 500 ~ and 1200~ to a dura t ion  of be tween  20 
rain and 64 hr. I m p u r i t y  outdiffusion was negl ig ible  
since the shee t -ca r r i e r  number  measured  by  Hal l  ef-  
fect was unchanged under  these expe r imen ta l  condi-  
tions. 

Transmission electron microscope sample prepara- 
tion and grain diameter measurement.--Transmission 
electron microscope (TEM; Hitachi  HU-12A Type)  
observat ion  was used to measure  gra in  d i ame te r  and  
to es t imate  the c rys ta l l ine  s ta te  of poly  Si. The samples  
provided  for TEM observat ion  were  p repa red  as fol-  
lows: (i) The 400 ~m th ick  sil icon subs t ra te  was etched 
f rom the back  side to the  0.6 ~m th ick  oxide layer wi th  
HF:HNO8 = 1:3 solution; and (ii) Samples  were  im-  
mersed  in a d i lu te  HF solut ion to remove  the oxide  
layer .  

The finished sample  d iamete r  r anged  f rom 0.1 to 1 
mm, and was l ad led  out  by  copper  mesh for  obse rva -  
tion. The accelera t ing vol tage  of the TEM was 100 kV, 
and magnif icat ion was be tween  2000 and 20,000 times. 

Mean gra in  d iamete r  r -was  ca lcula ted  f rom the fol-  
lowing equat ion (9) 

r ' =  1.5 X l / ( n  X m) [1] 

where,  m is the  micrograph  magnification, I is the  l ine 
length  on the micrograph,  n is the  number  of grains  
crossed by the  line, and 1.5 is the  p a r a m e t e r  assuming 
sphere grains.  

Brief Explanation of Crystallization Phenomena 
Recrysta l l iza t ion phenomena  are  classified into three 

stages; nucleat ion,  p r i m a r y  recrysta l l izat ion,  and  sec- 
onda ry  recrysta l l izat ion.  This pape r  describes the  possi-  
bm gra in  growth  mechanism of p r i m a r y  rec rys ta l l i za -  
tion. Therefore,  p r io r  to s ta t ing the exper imen ta l  r e -  
sults, the  mechanism of p r i m a r y  recrys ta l l i za t ion  is 
briefly expla ined  here  (11, 12). 

The p r i m a r y  recrys ta l l iza t ion  mechanism can be 
classified into th ree  types:  

(i) In  s t r a in - induced  growth,  the  ma in  dr iv ing  force 
of g rowth  is the  s tored  s t ra in  energy  (by  co ld -work  ion 
implan ta t ion  or by  such effects) wi th in  the  crystal .  
The growth  fol lows the equat ion 

7 = ~ 1 .  t [2] 

which indicates  that  l inear  g rowth  on anneal ing  t ime is 
expected.  

(ii) In in terface  ene rgy- induced  growth,  the  main  
dr iv ing  force is the  in ter face  energy.  The g rowth  fol-  
lows the equation:  

= k2 �9 t li2 [3] 

which indicates  tha t  g ra in  growth  corresponds to the 
square  root  of anneal ing  t ime. 

1499 
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(iii) With  the impur i ty  drug  effect, a l though the main 22 
dr iv ing  force of g rowth  is the interface energy, impur -  10 
i ty  inc luded in the  gra in  bounda ry  re ta rds  growth. 
The  growth  follows the equat ion 

-~ = ks �9 t l /a [4] 3 

Therefore,  the mechanism can be  de te rmined  by  m e a -  ~ "  
sur ing the anneal ing  t ime dependence  of gra in  growth.  ' E  u 21 

v 1 0  Experimental Results ~- 
Doping concentration dependence of grain growth.-- .o 

Doping concentra t ion dependence  of gra in  growth  was O 
examined first. Annea l ing  t e m p e r a t u r e  was 1000~ and 
anneal ing  t ime was 20 min. Phosphorus  concentrat ion ~ 3 
was be tween  1.2 • 1019 and 7.5 • 10 ~0 cm -3. Some u 
typical  TEM micrographs  a re  shown in Fig. 1. These 
resul ts  indicate  tha t  gra in  growth  is supe r l inea r ly  en-  ~ (~0 
hanced wi th  impur i t y  concentrat ion.  This is con t ra ry  ~ 1 
to the we l l - known  impur i t y  doping effect on growth  
phenomena  of metals,  whe re  " impur i ty  drug"  effect is e- 
no rma l ly  observed (10). 

The grains  were  most ly  incl ined to (110) or ienta t ion  o 3 
detected by  e lect ron diffraction measurements .  This r Q. 
t endency  was enhanced wi th  h igher  anneal ing  t empe r -  
ature.  Phosphorus  solid solubi l i ty  in silicon has been 19 
repor ted  by  Trumbore  (11), Kooi (12), and Sunami  1 0 
(13), and is schemat ica l ly  shown in Fig. 2. They ind i -  
cate  tha t  at  1000~ the solid so lubi l i ty  is a round  1 • 600  

o Trumbore ( to ta l  P) 
- ~ - -  Kooi (active P) 
- -&--  Sunami (active P) 

/ 
, 

/ 
/ 

/ 

' 800 ' ' ' 700 900 1000 1100 
Temperature (~ 

Fig. 2. Solid solubility of phosphorus in silicon; 
( i l ) , - - - - K o o i  (12 ) , - - . - -Sunami  (13). 

, Trumbore 

Fig. 1. TEM micrograph of 0.4 /~m thick paly Si grains; phos- 
phorus doping concentration is a parameter. Annealed at 1000~ 
far 20 rain. 

1021 cm -3, therefore,  these exper iments  were  p e r -  
f o r m e d  wel l  wi th in  the  single phase  solid solution. 

Annealing temperature dependence of grain growth. 
- - P o l y  Si doped wi th  7.5 • 102o cm -3 phosphorus  w a s  
i sochronal ly  annea led  for 20 rain be tween  500 ~ and  
1100-C. Resul t ing TEM micrographs  be tween  800 ~ and  
1100~ are  shown in Fig. 3. Below 700~ no gra in  
growth  was observed  as the  800~ case. These re su l t s  
indicate a drast ic  increase in gra in  d iamete r  be tween  
800 ~ and 900~ They also show that  there  are  two 
stages of gra in  g rowth  above 1000~ These, as in the 
case of metal ,  a re  cal led p r i m a r y  and secondary  r e -  
c r y s t a l l i z a t i o n .  The former  is a g rowth  f rom in i t ia l ly  
less than  0.1 #m grains  to about  0.8 ~xn in mean  d iam-  
eter. The la t te r  is a g rowth  of pa r t i cu la r  grains  to m o r e  
than  2 #m diam, as shown at  the  r ight  of the  l l00~ 
case in Fig. 3. 

Mean gra in  d iamete r  was calcula ted using Eq. [1], 
and the t empe ra tu r e  dependence  is shown in Fig. 4. 
The act ivat ion energy of p r i m a r y  recrys ta l l iza t ion  be-  
tween  800 ~ and 900~ was 2.4 eV, and the secondary  
recrys ta l l iza t ion  above 1000~ was 1.0 eV. The hor i -  
zontal  l ine below 800~ denotes tha t  the  mean  gra in  
d iamete r  is the same as the  as -depos i ted  film in this 
t empera tu re  range. The hor izonta l  l ine above 1000~ 
represents  the  te rmina t ion  of p r i m a r y  recrysta l l izat ion.  

Annealing time dependence of grain growth.--Poly 
Si doped wi th  7.5 • 10 ~0 cm -3 phosphorus  was i so ther -  
ma l ly  annealed  for be tween  20 rain and 30 h r  at  700 ~ 
800 ~ and ll00~ The resul t ing TEM micrographs  are  
shown in Fig. 5. These resul ts  indicate  tha t  in both 700 ~ 
and 1100~ cases, no addi t ional  g rowth  as in the 20 
min case was observed for longer  anneal ing  durat ions.  
On the contrary,  the 800~C iso thermal  anneal ing  caused 
a marked  increase in g ra in  diameter ,  which is classified 
as p r i m a r y  recrysta l l izat ion.  The mean gra in  d iamete r  r 
is shown t o  depend on the square  root  of anneal ing  
time, as depicted in Fig. 5. This indicates  that  the 
re la t ionship cited in Eq. [3] s tands in these exper i -  
menta l  conditions. An 850~ i so thermal  anneal ing  also 
showed gra in  growth  fol lowing Eq. [3]. These resul ts  
c lear ly  show that  the main  dr iv ing  force of the  p r i m a r y  
gra in  growth  phenomenon is the  in ter face  energy  of 
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Fig. 4. Annealing-temperature dependence of the mean grain 
diameter derived from the results shown in Fig. 3. 

Fig. 3. TEM micrograph of 0.4 #m thick poly Si grains; anneal- 
ing temperature is a parameter. The phosphorus-doping concen- 
tration is 7.5 X 10 ~~ cm -8  and it is annealed for 20 min at 
each temperature. 

the grains, not  s t ra in  energy  s tored in the th in  film 
nor  rad ia t ion  damage  ar is ing f rom heavy  ion imp lan ta -  
t ion (14). Thus, rad ia t ion  damage  is effectively re -  
moved in the  ini t ia l  s tage of h e a t - t r e a t m e n t  and  does 
not cont r ibute  to the  gra in  growth.  The resul ts  also 
suggest  tha t  the  e l emen ta ry  process of p r i m a r y  gra in  
growth  can be silicon diffusion across the gra in  bound-  
a ry  region (14, 15) (single bounda ry  migra t ion) .  

A2though 1 ~m thick samples  were  also examined  
under  the  same expe r imen ta l  conditions,  a lmost  the  
same resul ts  were  obtained.  This indicates  that  poly  Si 
thickness  be tween  0.4 and 1.0 ~m has l i t t le,  if any, 
effect on the gra in  bounda ry  energy.  

In  addi t ion  to phosphorus,  the  arsenic-  or boron-  
doping effect on the ~oly Si was also examined.  Almost  
the  same phenomena  were  observed  on these  th ree  
impur i ty  dopings. 

Discussion 
Impurity-concentration dependence of grain growth. 

- - T h e  impur i ty -concen t ra t ion  dependence  of p r i m a r y  
gra in  g rowth  phenomena  are  discussed first. As men-  
tioned, impur i t y  doping gene ra l ly  decreases the grain 
g rowth  rate,  and is cal led " impur i ty  drug"  in the  meta l  
cases (10). In  our  exper iments ,  con t ra ry  to the  cases 

of metals ,  impur i t y  doping ex t r eme ly  enhances gra in  
growth.  There  a r e  two possible  reasons for  the  marked  
increase  in gra in  diameter ,  depending on i m p u r i t y  con- 
centration. 

One possible reason is the  " l iquid phase  growth"  
(16), in which low t empera tu r e  eutectic l iquid  phase 
appears  in the gra in  b o u n d a r y  region. However ,  the 
S i -P  phase  d i ag ram (17) shows no low t empera tu r e  
eutectic be low l l00~ In  addit iun,  the TEM micro-  
g raph  depicted in Fig. 1 indicates  no such t race  of 
l iquid phase. Therefore,  this k ind  of g rowth  mechanism 
cannot be val id  in these exper iments .  

Another  possible reason is the dif fusion-enhanced 
growth,  in which an increase  in diffusion coefficient 
enhances gra in  growth.  An  impur i t y  concent ra t ion-  
dependent  diffusion coefficient has been repor ted  on 
As (18) and P (19) in silicon, as wel l  as a silicon se l f -  
diffusion coefficient under  heav i ly  As-  or  P -doped  
conditions (20). These resul ts  a re  shown in Fig. 6. They 
indicate  that  more  than 4 X 1020 cm -3 impur i ty  doping 
grea t ly  enhances the  diffusion coefficient. As wil l  be 
shown later ,  the  sil icon self-diffusion coefficient has 
re la t ions wi th  a gra in  bounda ry  diffusion coefficient, 
which  in tu rn  is re la ted  to gra in  growth.  Therefore,  
impur i t y  concentra t ion  dependence  of gra in  g rowth  is 
also shown in Fig. 6 by  a solid line. A good coincidence 
with  the  diffusion-coefficient enhancement  was ob-  
tained.  These resul ts  indicate  tha t  the or ig in  of g ra in-  
g rowth  enhancement  is the  silicon self-diffusion coeffi- 
cient  enhancement  wi th  impur i t y  concentrat ion.  

Grain boundary migration rate o,f primary recrystal- 
lization.--The gra in  bounda ry  migra t ion  ra te  is cal -  
culated and compared  wi th  the  expe r imen ta l ly  ob-  
ta ined resul ts  to suppor t  the  a forement ioned  single 
bounda ry  migra t ion  mechanism.  

The  gra in  bounda ry  migra t ion  ra te  was der ived  from 
the expe r imen ta l l y  obta ined  results,  shown in Fig. 3 
and 5. Assuming  the re la t ionship  in Eq. [3] is val id  be -  
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Fig. 5. TEM micrograph of 0.4 
~m thick grains; annealing time 
is o parameter. The phosphorus- 
doping concentration is 7.5 X 
10 ~~ cm - ~  and annealing tem- 
peratures are 700 ~ , 800 ~ , and 
1100~ 

tween 800 ~ and 900~ as shown in  Fig. 7, the results 
listed in  Table I are obtained. The temperature  de- 
pendence is shown in Fig. 8, in which both 0.3 and 0.5 
~m cases showed the same dependence. 

Assuming the migrat ion of grain boundary  is at-  
t r ibuted to silicon diffusion across the grain boundary,  
the grain boundary  migrat ion rate was calculated 
and compared with the exper imental  results. Accord- 
ing to Turnbul l ' s  equation (14) 

G = M �9 F [6] 

where notations and values are listed in  Table II. Grain  
boundary  mobil i ty  is expressed as follows 

M : DgI~T [7] 

Driving force is derived from the following equation 

F = ~/v" NA [8] 

In these equations the only unknown parameter is the 
grain boundary diffusion coefficient Dg. Assuming single 
boundary migration, Dg can be replaced by the grain- 
boundary silicon diffusion coefficient Db. Db is expressed 
by Ds and Dp through the equation (21) 

Dp = (Dp -- (1 -- a )Ds) /~  [9] 

Assuming Dp is proport ional  to Ds through the equation 

Dp .~ kDs [10] 

the exper imenta l ly  obtained grain boundary  migrat ion 
rate was fitted with the calculated results, with k in  
Eq. [10] as a parameter.  The mean  grain diameter  used 
in  the calculation was 0.3 and 0.5 #m, and the results 
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a r e  s h o w n  in  T a b l e  I. A l m o s t  t h e  s a m e  k v a l u e s  w e r e  
o b t a i n e d  i n  t h i s  t e m p e r a t u r e  r a n g e .  T h a t  is, i f  t h e  d i f -  
f u s i o n  coeff ic ient  i n  s i n g l e  c r y s t a l  is a b o u t  t w o  o r d e r s  
of  m a g n i t u d e  s m a l l e r  t h a n  t h a t  in  p o l y c r y s t a l ,  q u a n -  
t i t a t i v e  a g r e e m e n t  is o b t a i n e d  b e t w e e n  e x p e r i m e n t  
a n d  ca l cu l a t i on .  T h i s  Dp-Ds r e l a t i o n s h i p  is r e p o r t e d  
i n c l u d i n g  t h e  i m p u r i t y  c o n c e n t r a t i o n  ef fec t  (22).  

T h e  r e s u l t s  s h o w n  h e r e  i n d i c a t e  t h a t  t h e  d o p i n g -  
c o n c e n t r a t i o n  d e p e n d e n c e ,  a n n e a l i n g - t e m p e r a t u r e  d e -  

Table I. Experimental results of grain boundary migration rate 
and the fitting parameter in the Dp-Ds relationship 

Grain boundary migration 
rate (~m/hr) 

Temperature Fitting k in 
(~ (r" = 0.3/~m) (r = 0.5/~m) Dr, = kDs 

1 5 0 3  

800 0 .03 0.016 3 x l0  s 
825 0 .12 0.060 3 x I0 ~ 
850 0.50 0.25 3 x iO ~ 
875 1.30 0.79 2 x lO 2 
900 2.60 1.65 1.3 x l 0  s 
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Fig. 8. Temperature dependence of grain boundary migration 
rate. � 9  0.3 #m; and e ,  0.5 #m mean grain diameter. 

p e n d e n c e ,  a n d  a n n e a l i n g - t i m e  d e p e n d e n c e  o f  p r i m a r y  
r e c r y s t a l l i z a t i o n  c a n  be  e x p l a i n e d  b y  t h e  s i n g l e  b o u n d -  
a r y  m i g r a t i o n  m e c h a n i s m .  T h a t  is, t h e  e l e m e n t a r y  p r o c -  
ess  of  t h e  p o l y  Si g r a i n  g r o w t h  is  a t t r i b u t e d  to s i l i con  
d i f fu s ion  ac ros s  t h e  g r a i n  b o u n d a r y  r e g ion .  

Table If. Notations and values used in the calculation 

Refer- 
Symbol Meaning Value ence 

G Grain boundary migration 
rate 

M Grain boundary mobility 

F Driving force 

D= Grain boundary d i f f u s i o n  
coefficient 

Db Silieo1~ self-diffusion coeffi- 
cient across the grain 
boundary 

Ds Silicon self-diffusion coeffi- 
cient in single crystal 

Dp Silicon self-diffusion coeffi- 
cient in polycrystal 

V Silicon atomic volume 

Mean grain diameter 

NA Avogadro's number 

k Boundary width 

Silicon surface energy 

a Volume fraction of grain 
boundary 

Jump frequency of atom 

Boltzmann's constant 

T Temperature 

1 X 1O I~ cm 2 
see ~1 

102 D~ 

2 x 10 -~ cm 8 

0.3 ~m 

6 x 10 ~ mole -~ 

0.5 nm 

1.4 N,~/m ~ 
10-4 

1.38 x 10 -23 NA 
mK-~ 

1273~ 

(16) 

(19) 

(18) 

(21) 

Experi- 
ment 

(20) 

(22) 

(20) 

Experi- 
ment 
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Termination o] primary recrystallization.--As shown 
in Fig. 4, the p r ima ry  gra in  growth  t e rmina ted  when 
the 0.4 #m thick poly  Si l aye r  was s ingly  crys ta l l ized 
throughout  the  thickness and the  mean  gra in  d iamete r  
reached around 0.8 ~m. Al though thickness (dsD de-  
penden t  final gra in  size ( rD  has been repor ted  (23) 

~ = kf~si [11] 

the resul ts  obta ined  here  showed no such evidence be-  
tween 0.4 and 1.0 ~m. This indica ted  a fas ter  ver t ica l  
g ra in  g rowth  than  hor izonta l  growth.  The growth  t e r -  
minat ion  is e:~plained by  the d i sappearance  of dr iv ing  
force, when three  gra in  boundar ies  meet  at  a cer ta in  
point  at  120 ~ (14). Nevertheless,  i t  was not clarified 
ye t  why  the mean final g ra in  d iamete r  was 0.8 #m. 

Secondary recrystallization.--The final gra in  d iam-  
e ter  of secondary  recrys ta l l iza t ion  was found to de-  
pend only on anneal ing  t e m p e r a t u r e  be tween  900 ~ and 
1200~ In  addit ion,  the  poly  Si  thickness be tween  0.4 
and 1.0 ~m had no effect on the  final g ra in  diameter .  
Therefore,  the ac t iva t ion  energy  of the secondary  re -  
crys ta l l iza t ion of 1.0 eV shown in Fig. 4 can be t em-  
pe r a tu r e -dependen t  on interface  energy. Notwi ths tand-  
ing, these pecul ia r  phenomena  were  not clarified quan-  
t i t a t ive ly  in this report .  

Al though it  has been repor ted  that  the  final gra in  
d iamete r  is a lmost  the  same as the  film thickness (4),  
i t  was more  than 10 t imes as large in our exper iment .  
The larges t  gra in  obta ined was around 20 #m in d iam-  
eter, which was annealed  at  1200~ This indicates the 
la ten t  possibi l i ty  of real iz ing thin single crysta l  films 
on amorphous  substrates.  This might  lead to a new era  
of coming high dens i ty  LSI 's .  

Summary 
Grain  growth  phenomena  of heavi ly  phosphorus-  

doped poly Si were  inves t iga ted  as functions of doping 
concentrat ion,  anneal ing tempera ture ,  anneal ing  time, 
and poly  Si thickness.  The resul ts  obta ined are  sum-  
mar ized  as follows. 

1. Gra in  growth  was super ] inear ly  dependent  on 
phosphorus-doping  concentrat ion and was shown to be 
almost  propor t iona l  to the dependence  of silicon dif -  
fusion coefficient on phosphorus concentrat ion.  

2. Isochronal  anneal ing revea led  tha t  t h e , r e c r y s t a l -  
l izat ion phenomena  are  b roken  down into two stages. 
These, as in the  case of metal ,  a re  cal led p r i m a r y  and 
secondary  recrystal l izat ion.  The former  is the  growth  
to about  0.8 ~m gra in  diam, whi le  the l a t t e r  is the 
growth  of pa r t i cu la r  grains to much la rger  diameter .  
The obtained ac t iva t ion  energies  were  2.4 and 1.0 eV, 
respect ively.  

3. I so thermal  anneal ing of 7.5 X 1020 cm-~  phos-  
phorus -doped  poly Si showed that  the  dr iv ing  force 
of the  p r i m a r y  gra in  growth  is the interface energy and 
that  the  e l emen ta ry  growth  process is a t t r ibu ted  to 
sil icon self-diffusion across the  gra in  bounda ry  region. 

4. The secondary  recrys ta l l iza t ion  showed i r r egu la r  
behavior,  and could not be expla ined  in this report .  
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Zinc Ion Implantation as a Predeposition 
Process in Gallium Arsenide 

M. C. Boissy and D. Diguet 
RTC La Radioteehnique Compelec, BP 6025 14001 Caen, France 

ABSTRACT 

Ion implanta t ion  of zinc into n- type  GaAs substrates at  room tempera ture  
is used as a process of predepositing a solid source from which impuri t ies  
may be thermal ly  diffused dur ing a postanneal ing t rea tment  at high tem-  
pera ture  (830 ~ or 900~ The implanta t ion  is performed through a Si3N4 
layer  (about  700A thick) deposited on the crystal surface, in  order to pre-  
ven t  the dissociation of the lattice and the out-diffusion of doping atoms. Due 
to this fact, the total implanted dose is shared between the superficial n i t r ide  
layer  and the semiconductor. High doses are used around 1015-5 X 1015 ions 
implanted  in  the substrate  per square centimeter  to give rise to a deep 
junc t ion  depth (,~10 #m) required for eleetroluminescenee. Such a deep 
junct ion  is easily obtained by using a high total dose (1016 cm -2) and a 
high dose inside the GaAs substrate (5 • 1015 em-2) .  This paper intends to 
point  out that a high junct ion  depth may also be performed with a high total 
dose (10 TM cm -2) and a weak amount  of ions implanted in  the semiconductor 
(1015 em -2) which comes from the use of a weak implanta t ion  energy. This 
very  case is found favorable to good quali ty doped material.  Diodes obtained 
by this process exhibit  good electrical characteristics; evidence of the 
qual i ty of the result ing p -n  junction.  Final ly,  this method leads to l ight 
emission efficiency about  1.5 times greater than  the s tandard vapor-phase 
diffusion, which .proves both the efficient inject ion of minor i ty  carrlers and 
the good qual i ty of the implanted and annealed material.  

Ion implan ta t ion  used for doping of semiconductors 
is an at tract ive method compared to vapor-phase dif- 
fusion, par t icular i ly  as far as the control, the repro- 
duciMlity, and the pur i ty  of the dopant  are concerned. 
However, ion implanta t ion  of p- type  impuri t ies  in 
I I I -V compounds does not give very satisfactory re- 
sults (presence of a semi- insula t ing layer between the 
p- type  region and the n - type  region, p - n  junc t ion  with 
a low l ight-emission efficiency) when  the subsequent  
anneal ing  is carried out at a low tempera ture  or when  
the protection of the surface is inefficient (1-6). In -  
deed radiat ion damage such as lattice disorder or va-  
cancies which occurs dur ing ion implanta t ion  is more 
difficult to anneal  in  I I I -V compounds than  in  silicon. 
This fact arises from the values of the binding energies 
of crystal lattice wi th  regard to those of the defect 
generat ion energies. Thus the ini t ial  electronic qual i ty  
is not completely recovered after a thermal  t rea tment :  
the forbidden bandgap of the implanted mater ial  con- 
tains a large amount  of deep energy levels (1) which 
have influence both on electrical properties (free car- 
r ier  concentrat ion and mobili ty) and on optical prop-  
erties (photon absorption and l ight-emission effi- 
ciency).  

This paper  deals with the use of zinc ion implan ta -  
t ion as a means of "predel=o~iting' p- type aopant  
atoms in  GaAs, this process being completed by a sub- 
sequent anneal ing at high temperature.  In  this method 
the hea t - t rea tment  at 800 ~ or 900~ allows both a more 
efficient anneal ing of defects and the activation of the 
thermal  diffusion of impuri t ies  from the solid source 
created by the implantat ion.  The implanta t ion  is per-  
formed through a dielectric layer  deposited onto the 
surface of the mater ial  in  order to prevent  the super-  
ficial dissociation of the crystal and the out-diffusion 
of the dopant dur ing implanta t ion  or annealing.  

Experimental 
Sample preparation.--The GaAs substrates were ob- 

tained from ingots g rown by the gradient  freeze 
method with si l icon-doping concentrat ion ranging 
from 2 • 101T to l0 Is cm -3 and with a dislocation den-  

Key words: semiconductor, diodes, electroluminescence, ion im- 
plantation, diffusion. 

sity of around 103-104 cm -~. Substrate  wafers about 
500 ~m thick were lapped and subsequent ly  chemically 
polished. Their  surfaces were oriented in  the (100) 
plane. These surfaces were then coated with a layer  
of Si3N4 about 700A thick obtained by chemical vapor 
deposition at 750~ from a SiH4-NI~ reaction. This 
surface protection was carried out before implanta t ion  
to avoid out-diffusion of implanted dopant  dur ing Si3N.~ 
deposition. SisN4 was chosen in  preference to SiO2 be-  
cause it has been shown that  out-diffusion of gal l ium 
can occur from the substrate through silicon oxide (7) 
and that  such a generat ion of gal l ium vacancies in -  
duces a subst i tut ional  diffusion mechanism of dopant 
atoms near  the SiO2-GaAs interface, thus reducing the 
zinc diffusivity in the semiconductor. 

Implantation.--Implantation was performed wi th  
singly ionized 100-150 keV zinc ions into substrates 
held at room temperature  with a misorientat ion of 7 ~ 
to avoid channeling. The implanta t ion  energy was cal- 
culated using data given by LSS theory (8) in  order to 
obtain the desired penetra t ion depth in  the material ,  
taking into account the thickness of the superficial di- 
electric layer. The ion dose has been varied in  the 
range i013-I0 TM cm -~. 

Assuming that  the implanta t ion  profile is approxi-  
mately  gaussian (8) the dis tr ibut ion of the dopant 
between the ni t r ide layer  and the semiconductor may 
occur in ~hree different ways, as shown on Fig. I: (a) 
most of the dose is implanted in the GaAs substrate, 
(b) the max imum of the gaussian curve is located at 
the dielectr ic /mater ial  interface; (c) most of the dose 
is contained in  the ni t r ide layer. Samples with these 
three configurations were investigated. 

Heat-treatment.--Following implantat ion,  samples 
were annealed in a ni t rogen atmosphere at 830 ~ or 
900~ The properties of the result ing p-doped region 
were first investigated on a stained cleavage p lane .  

Device preparation.--Then the dielectric layer  was 
removed with a CF4 plasma: An ohmic contact pa t te rn  
was deposited on the implanted layer  by evaporat ion 
of Au ~- 1% Be through a metallic mask. The result ing 
metallic dots were 400 ~m in diameter. Tin  evaporat ion 
was performed on the back face to ensure the n + - t y p e  
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1506 J, Electroehem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY September  1978 

S i  3 N4 

/ 
(a) 

G a A s  

S i 3 N  4 G a A s  

(b) 

Au B e ( I % ) P  c o n t a c t  

P 

N 

S n  b a c k  c o n t a c t  
C R O S S  S E C T I O N  

(~400 Jim 

TOP V I E W  

Fig. 2. Device structure 
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Fig. I. Distribution of the implanted dose between the Si3N4 
overlayer and the GaAs substrate (hatching represents the same 
dose implanted in the 3 substrates). 

ohmic contacts. The processed samples were diamond 
scribed and diced in  order to obtain 750 ~m square 
chips which were then soldered onto TO 18 headers. 
Finally,  a gold wire was bonded on the top metal l iza-  
t ion (Fig. 2). This simple but  rapid process was chosen 
in order to allow fast assessment of the p -n  junct ion  
properties dur ing the optimization phase of each pa- 
rameter.  The analysis of the devices was carried out 
by assessment of the electrical (current-vol tage)  and 
optical (light 'emission power) characteristics. 

Results 
In the case of GaAs electroluminescent  diodes, most 

of the radiative recombinat ion takes place in the p 
layer. Therefore, in  order to obtain the best efficiency, 
its thickness has to be greater than the electron minor -  
i ty carrier diffusion length Le. In  practice for the usual  
p- type doping level (p ,., 10 TM cm-3) ,  Le is about 5 #m 
so that the junct ion depth xj has to be of that order 
of magnitude.  When the p - n  junct ion  is obtained by 
normal  zinc vapor-phase diffusion techniques, it is ex- 
per imenta l ly  shown that the optimized xj is as great 
as 10 ~m (9). Therefore, optimization of implanta t ion  
conditions (dose and energy) and post anneal ing t reat -  
ments  ( temperature  and durat ion)  were carried out 
with this aim. 

Two anneal ing temperatures  were used: 830 ~ and 
900~ Figure 3 exhibits the evolution of the junct ion  
depth with anneal ing duration.  This curve, in  its first 
part, shows the expected proport ional i ty of xj wi th  the 

i 

o = ~o 

/~'~n]total = io 1o cm-~ 

" : ' /  [Zn]~n Ge.As = 5xlOJ~ 

/ [Zn]total = 5~lOiScm -2 

/ 0  / E = 125 keV 

1 [ I ~. 
5 lO 15 

Square root of the annealing time ( ~ )  

Fig. 3. Junction depth as a function of annealing time (anneal- 
ing temperature, 900~ 

square root of the anneal ing  time. Then the slope of 
the curve decreases for longer annea l ing  times due to 
the depletion of the finite zinc source created by the 
implantat ion.  So for given implanta t ion  parameters,  
the anneal ing condition can be adjusted to obtain the 
desired p- type region thickness. 

In  addition, the junct ion  depth strongly depends on 
implanta t ion conditions. Firstly, the influence of the 
ion- implanted  dose is presented in Fig. 4. We have rep- 
resented the variat ions of the junc t ion  depth with the 
zinc dose implanted in  the semiconductor. In  this fig- 
ure the points refer to experiments  carried out in  the 
same configuration: for each sample the implanta t ion  
energy is chosen so that  the total dose is equal ly shared 
between the ni t r ide layer  and the GaAs substrate. In  
these conditions the junc t ion  depth quickly increases 
beyond a threshold when the dose implanted in  the 
substrate increases, for constant anneal ing treatment.  
The thermal  diffusion of impuri t ies  is slight when the 
dose incorporated in the mater ial  is less than 1015 ions 
cm-~; the junc t ion  depth is too shallow to give an  
efficient l ight-emit t ing diode. This is the reason why 
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Fig. 4. Influence of the dose implanted in the substrata on the 
]unction depth after annealing [the implantation energy is such 
that (Zn in GaAs ----- (Zn) total/2]. 

high doses are used for the following study, i.e., 1015- 
5 • 101~ zinc ions cm -2 implanted inside GaAs sub-  
strates. 

Within this reduced range of values, differences can 
be noticed as far as the shape of the diffusion ~ront is 
concerned. Thus Fig. 5 compares two samples in which 
the junct ion  l ine is located at the same depth and re-  
sults from two implantat ions  carried out with the same 
total dose but  with doses implanted in  the semicon- 
ductor differing wi th  a ratio of five. (The annea l ing  

conditions were chosen so that they induced about the 
same junct ion  depth in  the range of the optimized 
depth for electroluminescence).  The junct ion  lines thus 
obtained are straight for 1015 ions cm - s  implanted  in  
the GaAs (Fig. 5a) but  wavy and distr ibuted for the 
higher  doses (Fig. 5b). In the lat ter  case the in t roduc-  
tion of a large amount  of doping atoms in  the semi- 
conductor at a few hundred  angstroms from its surface 
induces perceptable disorder and stresses which affect 
the diffusion mechanisms ini t iated there. 

The influence of the dose implanted in  the semicon- 
ductor itself being thus clarified, this parameter  is 
fixed and the others are now reviewed. Data are sum-  
marized in  Table I for samples processed under  the 
same conditions: Si3N4 thickness (,~ 600A); implanted 
dose in  the semiconductor (1015 c m - 2 ) ;  anneal ing  tem- 
pera ture  and dura t ion (3 hr  at 900~ except for the 
configuration of the sharing of the dose be tween the 
ni t r ide and the semiconductor as shown in  the first 
column of the table. 

These three different configurations in  which the 
dose implanted in  the substrate  is kept  constant  a r e  
performed by varying  the value of the implanta t ion  
energy and so the value of the total dose too. In -  
deed when one of the three parameters  of implan ta -  
tion, total dose, dose implanted in the semiconductor, 
energy, is fixed, the two others are interacting. Thus, 
with a constant dose in GaAs, a high implanta t ion  en-  
ergy implies a small  total dose and inversely. 

In  this way the table shows that  zinc diffusivity 
strongly increases when  the implanta t ion  energy de- 
creases and consequently the total  dose increases. It  
can be concluded that, for a given dose implanted  into 
the semiconductor, the diffusion coefficient is some- 
what  higher when  the major i ty  of the dose is located 
in the SisN4 overlayer. Two interpretat ions  of this be-  
havior can be proposed. 

Firstly, when the ni t r ide layer  contains a large con- 
centrat ion of dopants, the out-diffusion of zinc is less 
probable from the substrata to the dielectric than  from 
the dielectric to the substrata and all the zinc atoms 
introduced in  the semiconductor diffuse inside the sub-  
strate. 

Besides, it  is known  that  implanta t ion  defects are 
mostly generated at the start of the ion penet ra t ion  
into the crystal and then are found in  the first par t  of 
the implanta t ion  profile (10, 11). Thus, radiat ion de- 
fects will be confined wi th in  the ni t r ide layer  when  
most of the dose is implanted in this overlayer. Thus 
the concentrat ion of defects in  GaAs which could t rap 
zinc atoms in  the vicinity of the semiconductor surface 

Table I. Influence of the configuration of implantation 
(sharing of the total dose) on the zinc diffusNity 

after annealing 

Total Dose Implan- Junc- 
Implan- implanted implanted tation tion 
tation dose in GaAs energy depth 
profile (cm-~) ( cm -~) (keV) (~m) 

1.4 x 10 ~ 

2x i0 ~ 

9 x 10 ~ 

101~ 155 2 

10 m 125 3.5 

10 ~ 105 13 

Fig. 5. The shape of the diffusion front Annealing 3 hr  at 900~ 
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is lowered  and the concentra t ion of zinc diffusing-in is 
increased.  s 

The analysis  of p roper t ies  of the  imp lan ted  p - t y p e  
regions is also carr ied  out  by  measurement  of the  zinc ~o~ 

F concentra t ion profile af ter  anneal ing,  using a color im-  
e t ry  method (12). This method  consists of an elec-  
t ro lyt ic  etching of the doped ma te r i a l  in t roducing  the 
zinc in solution; a colored complex  of zinc is then  
formed which  is ana lyzed  by opt ical  absorption.  A typ i -  ~o~ 
cal measured  zinc profile is g iven in Fig. 6. I t  can be 
seen that  h igh zinc concentrat ions  are  present  close to 
the  surface (2 X 1019 cm -3) and tha t  the  zinc concen- 
t ra t ion  profile is gradual .  Jus t  such a profile gives r ise  
to a good l igh t -emiss ion  efficiency since i t  favors  the ~ ~o3 
inject ion of minor i ty  carriers .  Indeed i t  induces a high 
concentra t ion of m a j o r i t y  carr iers ,  to which  the in-  
ject ion efficiency is d i rec t ly  p ropor t iona l  (13, 14). 

Al though  the device geomet ry  is not  ye t  optimized, 
e lectr ical  measurements  give sa t is factory  results,  the 
character is t ics  being s imi lar  to tha t  of s t andard  l igh t -  10~ 
emi t t ing  diodes. The fo rward  cu r ren t -vo l t age  charac-  
ter is t ics  are  compared  in Fig. 7 wi th  tha t  of a vapor  
phase  diffused device wi th  the  same s t ructure .  I t  
should be not iced for these two kinds  of devices tha t  
the var ia t ion  of the  cur ren t  wi th  the  appl ied  bias fol -  lO~_ 
lows the  law I = Isc exp (qV/2 kT), evidence of the  

f predominance  of space-charge  recombinat .o~ mecha-  
nisms. This fact  proves tha~ the junc t ion  obta ined  b y  
this predepos i t ion  process is a p - n  junction,  un l ike  the  
p - i - n  s t ructures  obta ined by  severa l  authors  (1-6).  
Hunsperger  (4) a t t r ibu ted  the  exis tence of the  in t e r -  o~ 
media te  semi- insu la t ing  l aye r  to the  genera t ion  of 
local ized defects,  such as arsenic  vacancies,  p roduced  
by  ion bombardmen t  and to the i r  diffusion inside the 
la t t ice  dur ing  annealing.  Dur ing  the diffusion these 
local ized defects associate wi th  subs t ra te  dopants  to 
form more  s table complexes.  Therefore  s t rong electri-" 
cal compensat ion is p resen t  when the concentra t ion of 
defects equals the subs t ra te  impur i t y  concentrat ion.  In  
our  case, i t  can be supposed tha t  the  n i t r ide  l aye r  
th rough  which ion implan ta t ion  is carr ied  out p revents  
superficial  dissociation. 

F ina l ly  the  l ight  power  emi t t ed  b y  the devices at  a 
cur ren t  of 500 m A  is measured.  As shown in Fig. 8, 

1 0 2 0  

[ Z n ] t o t a  1 = 1016 cm-2 

[ g n ] i n  GaAs  = 5~1015 cu~2 

E = 135 heV 
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Fig. 6. Zinc concentration profile after annealing 
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11.3 It- 

l ight  power  up to 10 m W / A  is thus  obta ined corre- 
sponding to an ex te rna l  quan tum efficiency about  0.7%. 
This figure also proves that  the  op t imum value  for the 
junc t ion  dep th  xj is a round  10 #m, evidence of the  h igh  
minor i ty  car r ie r  diffusion lengths  coming from the 
good qual i ty  of the  diffused mater ia l .  When  compar -  
ing devices produced under  different  implan ta t ion  con- 
dit ions but  having the same xj  value,  h igher  efficiencies 
a re  found for  diodes in  which  most  of  the  dose was 
implan ted  in  the n i t r ide  layer .  Indeed as the subs t ra te  
contains a smal ler  amount  of implan ted  ions than  when 
the total  dose is equal ly  shared  be tween  the dielectr ic  
and the mater ia l ,  i t  is less d i s tu rbed  by  stresses and 
localized defects. 
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To prove  in teres t  of this method of doping, its r e -  
sults a re  compared  wi th  those of the vapor  phase the r -  
mal  diffusion. For  tha t  purpose,  a 3 ~m- th ick  l aye r  was 
chemical ly  removed  af ter  implan ta t ion  f rom par t  of 
a sample,  the  o ther  pa r t  of which  was processed as 
descr ibed previously.  This first piece was then  diffused 
wi th  the  vapor  phase diffusion process, the  h e a t - t r e a t -  
ment  condit ions being app rox ima te ly  the  same as for 
pos t implan ta t ion  annealing.  So the resul ts  of both  the  
t r ea tments  m a y  be compared  on the same ma te r i a l  for 
a constant  junc t ion  depth.  The l igh t - emi t t ing  power  
is found to be 1.5 t imes grea te r  for  the " implan ted"  
diode than  for the  "diffused" diode. The higher  effi- 
c iency of the " implan ted"  device is thought  to be due 
to a be t te r  minor i ty  ca r r i e r  in jec t ion  coming f rom the 
g radua l  shape of zinc concentra t ion profile. 

Discussion 
In summary ,  the  junc t ion  depth  observed af te r  an-  

nea l ing  is f irst ly de te rmined  by  the amount  of zinc 
atoms implan ted  wi th in  the  semiconductor  itself, as 
p roved  by  Fig. 4. This behavior  is consistent  w i th  the  
w e l l - k n o w n  dependence  of the  diffusion coefficient on 
fhe i m p u r i t y  concentra t ion dur ing  zinc diffusion in 
I I I -V  compounds.  

Then, for a g iven dose in the  semiconductor ,  the  
pene t ra t ion  dep th  of ions dur ing  implan ta t ion  is found 
to p l ay  an impor t an t  role  since i t  induces the shar ing  
of the  total  imp lan ted  dose be tween  the n i t r ide  l aye r  
and  the semiconductor ,  which  has a s t rong influence. 
upon the  diffusivi ty of the doping impur i t ies  dur ing  
annealing.  Thus, to obta in  a high diffusion dep th  (,~ 10 
/~m) af te r  annealing,  h igh to ta l  dose (1016 cm-~)  and 
high implan ta t ion  energy  (----- 155 keV) can be used; 
in such a case the  deep diffusion is ma in ly  due to the  
high amount  of zinc a toms contained inside the  sub-  
s t ra te  (,-, 5 �9 1012 cm-2) .  But, as shown in Table  I, a 
deep junc t ion  may  also be pe r fo rmed  wi th  a high total  
dose and a weak  energy  and this ve ry  case is favorab!e  
to good qua l i ty  doped ma te r i a l  (see photos on Fig. 5) 
and consequent ly  to efficient e lec t ro luminescent  de -  
vices (Fig. 8). 

In  conclusion, the  ma in  advantages  of ion imp lan ta -  
tion, i.e., the  control  and the reproduc ib i l i ty  of doping, 
a re  shown to be kep t  in  this method  of predeposi t ion.  
Moreover,  o ther  advantages  a re  induced by  pe r fo rm-  
ing the implan ta t ion  th rough  a die lect r ic  layer ,  which 
p lays  a mul t ip le  role:  i t  avoids the  out-diffusion of 
doping atoms dur ing  the  postanneal ing;  i t  p reven ts  
superficial  dissociat ion and especia l ly  genera t ion  of 
arsenic  vacancies so tha t  the  junct ion  formed af te r  
h e a t - t r e a t m e n t  is a p - n  junc t ion  wi th  high in jec t ion  
efficiency; i t  a l lows most of the rad ia t ion  defects to be 
confined wi th in  this  l aye r  by  implan t ing  most  of dose 
there.  

Due to this last  point,  this  shar ing of the  dose be -  
tween  the die lect r ic  and the subs t ra te  appears  to be 
a t t rac t ive  for severa l  reasons:  wi th  a constant  dose 
implan ted  in the  subs t ra te ,  deep diffusion is easier;  
wi th  a constant  to ta l  dose, the diffused region  is of 
be t te r  qual i ty  and the concentra t ion profile is gradual .  

We shall  proceed wi th  the  extension <)f the  method 
to other  I I l -V ' s  such as GaP,  GaA1As, GaAsP,  and  the 
opt imizat ion of the device processing by  localizing the 
implan ted  surfaces. 
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A New Etching Solution System, H PO,-H O -H O, 
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ABSTRACT 

A new solution system consisting of H3PO4, H202, and H20 was found 
useful for etching GaAs wafers. This solution system can be divided into 
four regions a-d, according to etching characteristics. The boundaries be- 
tween the regions are given by a rfiole ratio (m �9 r) of H202 to HsPO4 of about 
2.3 and a mole fraction (m �9 5) of H20 of about 0.9 at room temperature.  Rate-  
l imit ing processes are: a, adsorption of H202 ( m .  r <_ 2.3, m .  ] ~ > 0.9)', b, 

diffusion of H202 (m �9 r <~ 2.3, m �9 ] < 0.9) ; c, dissolution of oxidized products 

( m - r  > 2.3, m - ]  <_ 0.9); and d, adsorption of H~PO~ ( ~ - r  _ > 2.3, 

m .  ] > 0.9). Solutions in  region a have a reproducible etching rate of 0.01- 
0.1 ~m/min,  which is useful for MESFET processing. Crystallographic etching 
is also available with solutions in region c. 

In  the fabrication of microwave GaAs devices with 
sufficient rel iabi l i ty  and reproducibili ty,  the thickness 
of the active layer must  be controlled. Depth profiles 
of impur i ty  concentrat ions and mobil i ty  must  be mea-  
sured accurately to correlate device characteristics 
with mater ia l  properties. An etching technology using 
electrochemical reactions such as an anodic oxidation, 
followed by dissolving the oxide (1-3) or an anodic 
dissolution (4) has been proven a useful way for ac- 
curate GaAs dissolution. An  etching technology using 
chemical reactions with sufficient accuracy and repro- 
ducibil i ty however, has not yet been established. 

GaAs field-effect transistors are usual ly  fabricated 
by a lift-off and self-align techniques (5) in which 
the gate regions of the active layer are etched ac- 
curately through windows in protective masks. For 
this purpose, the chemical etching is more favorable 
technology than the electrochemical etching because 
the former way does not need ohmic contacts. How- 
ever, in the selective etching through windows in 
protective masks, an anomaly of etching rate such as 
enhanced etching rate near the edge of the masks (6) 
is undesirable. 

We have found that  etching rates of less than  0.1 
#m/ra in  without this anomaly  are reproducibly a t -  
t a i n a b l e  using a new solution consisting of H~PO4, 
H202, and H20 within  a specific composition range. 
The etching rate is reproducible to wi thin  an accuracy 
of several tens of angstroms. 

There is a specific composition range in which the 
etching rate depends strongly on crystallographic ori-  
entation. We report  in  this paper  the etching charac- 
teristics of GaAs in  this new solution and its etching 
kinetics. 

Exper imenta l  
The solution was prepared by mixing  85 w e i g h t  

percent  (w/o) H~PO4, 30 w/o H202, and deionized 
water. The etching studies were general ly  performed 
on Te-doped n - type  (100), (110), ( l l l ) A ,  and ( I l l ) B -  
oriented GaAs wafers with net  donor concentrat ion of 
~10 ~s cm -~. Etching rate was not affected by all kinds 
of dopants and by conductivities of wafers. Photoresist 
AZ-1350 and sputtered SiO2 films were used as masks 
for selective etching. Etching was carried out in a tem- 
pera ture  range of 0~176 without  s t i r r ing and i l -  
lumina t ion  with temperature  control of __.0.5~ The 
etched depth was measured from a step height be-  
tween etched and unetched surfaces using an in ter fer -  
ence microscope. 

Key words: etching, gallium arsenic, phosphoric acid, kinetics. 

Results 
Compositio~ dependence o~ etching rate.--Figure 1 

is a t e rnary  diagram of the exper imental  results on a 
(100) surface obtained at 30~ The basic components  
in the three corners in  this figure correspond to H20, 
85 w/o H~PO4, and 30 w/o H202. Concentrat ions are  
expressed by volume percent. The numbers  wi thin  the 
t r iangle of the figure refer to etching rates in  ~m/min.  
For a given i~20 content, a ma x i mum rate of etching 
is at tained for a mole ratio of H202 to t-I~PO4 (re.r)  
of about 2.3. The t e rnary  diagram of the etching ra te  
can roughly be divided into four regions a, b, c, and 
d corresponding to specific etching characteristics. 
The etched depth depends l inear ly  on etching t ime for 
various surface orientations in regions a, c, and d, as 
shown in  Fig. 2. The rate in region b, on the other 
hand, depends roughly l inear ly  on the square root of 
etching time. The etching rate in  region b is considered 
to be l imited by the diffusion of I-I202 in  th e  so lut ion ,  
The increase in the viscosity for increasing the HaPO4 
concentrat ion supports this mechanism (1, 2). Figure 3 
shows the dependence of the etching rate on the  c o n -  

% 
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i )  b t/ \i 
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�9 , t % 30 C 

85'~I~/oH3PO 4 H 3 P O  4 v o  . ( 1 0 0 )  

Fig. 1. Dashed lines are constant etching rate contours on (100) 
surface as a function of the composition of the solution. The num- 
bers represent etching rates in p.m/min obtained at 30~ Solid 
lines divide ternary diagram in 4 regions: a, b, c, and d. 
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Fig. 3. Composition dependence of etching rate on the concert- 
tration of H202, for regions a and b and of H3PO4 for regions c 
and d. Open circles correspond to [H202/H3PO4] mole ratio 
(rn �9 r) _-- 9.1 and closed circles and triangles correspond to 1.02 
and 0.43, respectively. Concentrations are expressed by mole per- 
cent~. 

centra t ions  of minor i ty  reactants ,  H202 and I-~PO4, 
in solut ions ob ta ined  on the (100) surface, i.e., regions 
a and b, and c and d, respect ively.  Concentrat ions  are  
expressed  by  mole  percent .  The abscissa is scaled b y  
the percentages  of minor i ty  reactants ,  tha t  is, H202 
in regions a and b, and  HsPO4 in regions c and d. 

Data  in region a l ie  on an ident ica l  s t ra igh t  l ine  for  
two series of solut ion having  different  m.r's, but  they  
differ in region b. This fact  indicates  tha t  the  e tching 
ra te  in  region  a is de te rmined  b y  and is p ropor t iona l  

to H202 (minor i ty  reac tant )  concentrat ion.  A fiat-  
bot tomed hole is a lways  obtained.  In  region d, the  ra te  
is p ropor t iona l  to the  square  of H3PO4 concentrat ion.  
The etched surface f requen t ly  becomes cloudy due to 
format ion  of an oxidized film wi th  smal l  pits. The 
ra te  tends to sa tura te  in  region c. V-shaped  and r e -  
verse  mesa - shaped  holes are  c lear ly  observed,  as wi l l  
be shown later .  

Temperature dependence of the etching rate.--Tem- 
pera tu re  dependences  of the  e tching ra te  for  var ious  
surface or ientat ions  in each region are  shown in Fig. 
4. Values  of ac t iva t ion  energies  a re  also given in  the  
figure. The act ivat ion energy is the  same in regions 
a and d and takes  a va lue  of about  10 kca l /mole ,  i nde -  
penden t  of surface orientat ion.  In  regions b and c, 
however,  i t  depends on the surface or ientat ion.  These 
resul t s  suggest  tha t  the  r a t e - d e t e r m i n i n g  process  is 
different  in each region, as is discussed later .  

Slow and reproducible etching.--Stable etching is a t -  
t a inab le  using the solut ion in region a. The etching ra te  
in this region is independen t  of H~PO4 concentra t ion  
and of etching time. The  ac t iva t ion  energy  is i nde -  
pendent  of surface orientat ion.  F igure  5 shows changes 
of etching ra tes  on repea ted  use of etching solutions. 
Ver t ica l  scales re fer  to the  etching ra te  normal ized  to 
the  ini t ia l  rate.  In  the  H2SO4-H202-H20 system, the  
e tching ra te  was not  s table  a f te r  about  100 min  f rom 
its prepara t ion .  I t  sometimes increased  by  50% of the  
in i t ia l  va lue  and then  decreased g r adua l l y  a f te rward .  
F luc tua t ion  of the  etching ra te  for r epea ted  use is the  
la rges t  in this system. The ra te  decreased g r adua l l y  in 
the KOH-H202-H20 system. Etching was not  a t t a ina -  
b le  af ter  a s torage t ime of a few months  in  H2SO4 
and KOH systems. In the  H3PO4-H202-H20 system, 
on the other  hand, a s low etching ra te  wi th  excel lent  
r eproduc ib i l i ty  was ma in ta ined  over  severa l  months.  
In  the  H2SO4 system, hea t  evolves upon  mix ing  the  
reactants  and water .  The solut ion is essent ia l ly  un-  
stable.  Bubbles  a re  genera ted  by  decomposi t ion o f  
H202 on  the  surface of a GaAs wafer  whi le  etching in 
the  KOH system. The concentra t ion of H202 changes 
wi th  r epea ted  use. The  mix ing  of reac tan t s  is non-  
exo thermic  in the H3PO4 system. H~O2 is not  exces-  

_,~,  a ( 3 : 1 : 5 0 )  

- -  ' ~  0.1 

!o,,0o, \% 
Ea = 10.0 Kco.l/m.~ " " ~  

e (110),- 10.0 ",,, ~,~, 
�9 ~(111)A;-'10.0 \,. \';\ 

rr ~ �9 B'19"6 I `-~ I 
3.2 3.4 3.6 

b ( 7 : 3 : 3 )  ~ 
1.C 10 

o -5.7 " 

zx -9.6 
�9 - 4 . 9  \ A  

d ( 1 : 9 : 2 1 0 )  

~10.0 

I b I 
_ \  3.2 3.4 3.6 

- ~ ' I k  c ( 1 : 9 : 1 )  

%-69 \ 
- �9 - 6 . 7  - - , \  
_ z~-10.0 \ 

�9 - 6 . 2  . k ~  

I I I \ 1  [ I I I 
z2 3.4 3.6 (lO r) 3.2 3.4 3.6 (lO r) 

Fig, 4. Temperature dependence of etching rote on various sur- 
face orientations. 
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sively consumed in  the etching reaction (no bubbles 
were observed).  This is one reason why the I-I3PO4 
system is the most stable of the three solutions. 

Crystallographic etching.--The ratios of etching 
rates on the ( l l l ) B  to ( l l l ) A  surfaces as a function 
of I-I202 concentrat ion at three different temperatures  
are shown in  Fig. 6. Tempera ture  dependence of this 
ratio is larger for larger  H20~ concentrations. This is a 
result  of the difference in the temperature  dependences 
of the etching rate for different surface orientations in 
each region (see Fig. 4). Crystallographic etching can 
be performed by control of tempera ture  and of solu- 
t ion composition in region c. Figure  7 shows pictures 
of the (011) cleavage plane of the selectively etched 
(100) surface using a photoresist mask (AZ-1350). 
The upper  pictures are for the case where m.r  is 
3.05 and the mole fraction of H20 (re.f)  is 0.89. The 
lower pictures are for the cases of 9.15 and 0.83, re-  
spectively. Correlation between the etched shape and 
the etched depth in the case of (011) cleavage plane 
can be seen in Fig. 8. The etching tempera ture  and 
etching time (t) are given in  each photograph. 

Discussion 
We formulated a rate equat ion for GaAs etching to 

determine a ra te- l imi t ing  process in  each region. The 
etching process was assumed to consist of the following 
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five steps: (i) adsorption of m molecules of H202 on 
an active center;  (ii) formation of oxidized products; 
(iii) adsorption of n molecules of I-I~PO4 on oxidized 
product; (iv) dissolution of oxidized products; and 
(v) desorption of dissolved complex into solution. 

The reaction processes are assumed to proceed a t  
specific active centers on a GaAs surface. The active 
centers are in  different states as the reaction proceeds 
through the above-ment ioned five steps. The total 
number  of active centers in these states is assumed to 
be constant. Solving the simultaneous rate  equations 
for the five reaction steps, the etching rate, R, under  
a steady state is obtained as follows 

1/R = 1/kl[H202] m +1/k2[HsP04]  n + 1/k3 [1] 

where kl and k2 are rate coefficients for the steps (i) 
and (iii), and 1/k3 is the summat ion of inverse rate 
coefficients of each of the other steps. These parameters  
include temperature,  activation energy, part i t ion func-  
tions of the activated species, and the reaction fre- 
quency factor. For di luted solutions, the k3 term can 
be neglected. Exponents m and n can be determined 
from exper imental  data of the concentrat ion depen- 
dence of etching rate, as was shown in  Fig. 3 

m _ l . 0  

n ~ 2 . 0  

Equat ion [1] is then reduced to the following simple 
relat ion 

[H202] [H~PO4] 2 
R _~ [2] 

[H~O2]/k2 + [H~PO4] 2/kz 

This equation corresponds to the case where the ad- 
sorption steps of reactants, (i) and (iii), are rate 
limiting. Equat ion [2] is reduced to the relation, R 
kl[H202], when  [H202] < <  [H~PO4]. This corre- 
sponds to the rate equation for the H202 adsorption 
process. R is equal to k2[H~PO4] 2 when [H202] > >  
[H~PO4], which corresponds to the rate of H3PO4 ad- 
sorption. The HsPO4 adsorption is bimolecular.  

Curve fitting was carried out using Eq. [2], which 
is shown in ~'ig. 9. Concentrat ions in  this ternary  
diagram are expressed by mole percent. Solid and 
dashed lines represent  calculated and experimental  
results. The calculated results in  most parts of regions 
a, d, and a par t  of region c agree well with the ex- 
per imental  results. The etching rate in  these regions 
can be considered to be l imited by the adsorption 
processes. Agreement  is not good in region b and in 
the concentrated portion of region c. The ra te- l imi t ing 
process in region b was presumed to be the diffusion 
of H202 in the solution. Therefore, the disagreement 
is a na tura l  consequence. Disagreement in  region c 
may be caused by the contr ibut ion of other surface 
reaction processes such as dissolution of oxidized prod- 
ucts. It was concluded that the ra te - l imi t ing  processes 
in regions a to d are the adsorption of H202 on the 
active centers of GaAs surface, diffusion of H202 in 
solution, dissolution of oxidized products, and the ad-  
sorption of H3PO4 on the oxidized products, respec- 
tively. The results are summarized in  Table I. 

A general  concept for GaAs etching is given through 
the above study. The etching rate is determined by 
effective densities of reactants and of active centers 
on the GaAs surface, when the ra te - l imi t ing  process 
is the adsorption of a reactant  in  diluted solutions. 
The temperature  dependence of the etching rate on 
various surface orientations must  be equal. In con- 
centrated solutions, the ra te- l imi t ing  process is the 
formation and/or  dissolution of oxidized products. The 
etching rate is affected by the surface activities of 
GaAs. Temperature  dependence of etching rate is 
different on various orientations. 

Summary 
A newly found solution, which consists of I-I3PO4, 

H202, and H20, is presented as a GaAs etchant. This 
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Fig. 7. Pictures of (011) cleav- 
age plane of selectively etched 
(100) surface in the solution in 
region c. 

Fig. 8. Correlation between 
the etched shape and etched 
depth. Pictures are (01T) cleav- 
age plane. 

solution system was divided into four regions a-d. 
The boundaries  be tween the regions are given by  a 
mole ratio of H202 to H3PO4 0 n ' r )  of about 2.3 and 
a mole fraction of H20 (re.S) of about 0.9 at room 
temperature.  The activation energy in diluted solu- 
tions: regions a, ~r~.r ~< 2.3 and m'5  >~ 0.9; and d, 
m.r ~ 2.3 and m'5  >~ 0.9, is independent  of crystallo- 
graphic orientation.  The ra te - l imi t ing  process is deter-  
mined as the adsorption of minor i ty  reactant  in a solu- 

tion, that  is H202 in region a and H3PO4 in  region d. 
We confirmed that  the solutions in  region a were useful 
for slow, stable, and accurate GaAs etching. 

The ra te - l imi t ing  process is the surface reaction, 
such as dissolution of oxidized products in  concen- 
trated solutions: in  region c, m . r  >~ 2.3 and m-]  <~ 0.9. 
A solution composition in  this region c is useful  for 
crystallographic etching, The etching rate is affected 
by the surface activities. 

Table I. Summary of the experiments in Fig. 7 and 8 

Region a b e d 

>2.3 H~O2/HsPO~ ~2.3 ~2.3 > 2.3 
Mole ratio 
H~O >0.9 ~0.9 ~0.9 ~0 .9  
Mole frac. 
Depth vs. time ~t ~t:/2 ~t oct 

Ea (surf. orient.) Ind. Dep. Dep. Ind. 
Rate-limiting process H~O~ adsorption H~O~ diffusion Surface reaction H~PO, adsorption 

Useful for Accurate reproduc 4 Sub. surface Preferential etching m 
ible slow etch treatment 
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Fig. 9. Comparison between the calculated (solid lines) and the 
experimental (dashed lines) results on etching rate as a function 
of composition of solution. Compositions ore expressed by mole 
percent. (Curve fitting was carried out using Eq. [2].) 
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Improved Theoretical Predictions for the Steam 

Oxidation of Silicon at any Elevation 

Don L. Kendall ,*  Marcelo Garcla C., and Mariano Aceves 

Instituto NacionaI de Astrof~sica, Optica y ElectrSnica, Pueb~a, Pueb~a, Mexico 

ABSTRACT 

The steam oxidation of {111} Si at an altitude of 2160m is studied be- 
tween 800 ~ and 1200~ The oxidation time to obtain a given thickness is 
s'hown to be 30% longer than that required near sea level. The data are in 
general agreement with the theoretical formulation of Deal and Grove (1) 
who s'howed that the oxide thickness X in #m could be related to the time of 
oxidation t in minutes by the expression X 2 -{- AX -~ Bt for oxidation in 
steam. It is found that this expression is valid over a wide range of tempera- 
ture and pressure for values of A ~ 6.2 • 10 -6 exp (1.16 eV/kT) and B = 
6.7(P/760) exp (--0.776 eV/kT), where A is in ~m, B is in ~m2/min, and P is 
in Torr. These values lead to thickness corrections of about 10% at 900~ and 
6% at I000~ as compared to the original formulation of Deal and Grove. 

The work of Deal and Grove (1) on the oxidation 
of silicon in dry  and wet oxygen is widely accepted 
as the s tandard at atmospheric pressure at sea level, 
namely  760 Tort.  We have repeated these experiments 
over a wide range of temperatures  for steam oxidation 
at an  al t i tude of 2160m where the atmospheric pres- 
sure is only 586 Tort.  

As expected, the same type of behavior is ob- 
served in these experiments  as in those of Deal and 
Grove; namely  the thickness is proport ional  to time 
at short times and to the square root of t ime at long 
times. However, by obtaining data over a wide range 
of  temperatures,  we show that the mathematical  pre-  
dictions of Deal and Grove are not precise enough 
to allow extrapolat ion to temperatures  below about 
IO50~ 

In  view of the importance of obtaining precise 
thickness estimates over a wide range of temperatures,  

Key words: silicon, steam oxidation, reduced pressure, process 
control. 

for example, for computer-aided process simulations, 
we have calculated new activation energies and pre-  
exponentials for the steam oxidation of silicon. By 
suitable ad jus tment  of the pre-exponentials ,  these 
expressions can be used at any al t i tude and with any 
value of atmospheric pressure. 

Experimental 
Chemically polished silicon slices grown by the 

Czochralski method were used in  these experiments.  
They were n-type,  the resistivity was 5 ~-cm, and 
the orientat ion was {111}. 

The silicon slices were placed horizontal ly  on a 
quartz boat dur ing  the oxidation. Steam was pro- 
vided to the slices by boiling deionized water. Con- 
densation in  the connecting tubing was avoided by 
wrapping the tubing with heat ing tape. The labora-  
tory is in Tonantzint la ,  Puebla, near  the city of Puebla, 
Mexico, where  the al t i tude is approximately 2160m. 
The atmospheric pressure at this al t i tude ]s 586 Tort.  
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The day- to -day  var iat ion in  pressure was typical ly 
1-3 Torr, which is too small  to be of significance 
in  these experiments.  The boiling point  of water  at 
this al t i tude is 92.9~ 

Incidental ly,  in  this work no distinction is made 
between steam oxidation and oxidation in  wet oxygen, 
since Deal and Grove found lit t le difference in  their 
data whether  oxygen or argon was bubbled  through 
95~ water, therefore implying that  the oxidizing 
species is water. In  addition, they found that  their  
data after suitable ad jus tment  to 760 Torr  was in 
good agreement  with the data of Fl in t  (2), using 
atmospheric steam oxidation. 

The oxide thicknesses were estimated by comparing 
the colors of the films to the color descriptions given 
by Burger and Donovan (3). This method is precise 
to about  0.005-0.02 #m, depending on which range 
of thickness is being studied. It  should be noted that  
the data of Deal and Grove should be more accurate 
than  ours at thicknesses below 0.3 ~m. They used 
an interferometr ic  method and hence their data below 
0.2 ~m are believed to be accurate to about 0.0025 ~m. 
We have assumed that  their  stated oxidation times 
are also reasonably precise. The lat ter  comment re- 
garding oxidation t ime is not tr ivial  at times between 
2 and 10 rain. However, such times can be meaningful  
if a low mass boat is used, or bet ter  yet if the slices 
are inserted into the furnace without  a boat. 

Before concluding this discussion, the assumptions 
inherent  in  the determinat ion of thickness by the 
calorimetric method should be discussed. The calori- 
metr ic  method depends heavily on the color descrip- 
tions of Ref. (3). The present work also depends on 
the refractive index and the density of the oxide film 
remain ing  constant  to wi th in  at least 1% for steam 
oxidations between 800 ~ and 1200~ The water con- 
tent  in  the SiO2 films might  be thought to vary  mea-  
surably  over such a temperature  range and therefore 
the density and refractive index also. However, Heth-  
er ington and Jack (4) show that  nei ther  parameter  
suffers large changes for considerable variations in 
water  content. For example, they found the density 
of "wet" vitreous SiO2 (containing almost 1020/cm 3 
of water)  to be 2.197 and for "dry" vitreous S i Q  
(with less than  101S/cm ~ water)  to be 2.203. Fur the r -  
more, they found the refractive index at a wave- 
length of 0.5893 ~m to be 1.4584 in wet SiO2 and 1.4582 
in  dry SIO2. In  any  case, Moulson and Roberts (5) 
showed that  the solubil i ty of water  in vitreous SiO2 
was essentially constant  over the temperature  range 
900 ~ to 1200~ 

The data of Fig. 1 were obtained by careful com- 
parison between samples oxidized at various tempera-  
tures and times. In  analyzing the data we h.ave made 
use of both our  data and the data of Deal and Grove. 
The la t ter  data was taken at a pressure of 640 in-  
stead of the 5.86 Torr  typical  of our altitude, so we 
have increased their oxidation times by the factor 
640/586. In  addition, we have taken the l iber ty  of 
adjust ing the 920~ data of Deal and Grove to 900~ 
so we could make direct comparison with our data. 
These adjustments  were made using our theoretical 
curves at 900 ~ and 920~ In  the section to follow 
an addit ional  set of oxidation experiments  at 898~ 
is described in  which oxide thicknesses were mea-  
sured using both interferometric and calorimetric 
methods. 

Discussion 
The theory of Deal and Grove for the oxidation of 

silicon is well described in  their  article (1) and we 
will only summarize the points re levant  to this work. 
They establish that  the oxide growth proceeds from 
the oxide-sil icon interface rather  than  the oxide-vapor 
interface, and hence is dependent  on the diffusion of 
an oxidizing species through the growing oxide film. 
In  the presence of pure dry oxygen, the diffusing 
species is evident ly  the molecule 02. This model is 

1 DATA THIS WOR 

o.o, o " ,oo , 0 0 6  ,o~ ~o 

TIME IN MINUTES 

Fig. 1. Combined steam oxidation data of this work at an alti- 
tude of 2160m and that of Deal and Grove adjusted to the equiva- 
lent pressure of 586 Tort along with the revised theoretical for- 
mulation for oxide thickness as a function of oxidation time at 
various temperatures. The 920~ data of Deal and Grove has also 
been adjusted to 900~ for purposes of comparison. 

supported by the s imilar i ty  between the the tempera-  
ture  dependence of 1.24 eV for the rate constant  in 
the parabolic region and the l i terature value (5) 
of 1.17 eV for the activation energy for the diffusion 
of oxygen in fused silica. 

Similarly, dur ing steam oxidation, Deal and Grove 
found that the parabolic (diffusion l imited) rate 
constant had a temperature  dependence of 0.707 eV. 
The l i terature value (5) of 0.794 eV for the activa- 
tion energy of diffusion of H20 through fused silica 
is not inconsistent with this value. In  this work the 
parabolic constant gives an activation energy of 
0.776 eV. This close agreement  with the diffusion 
data for water  in  SiO2 gives even stronger support 
to such a model. 

The general  expression found by Deal and Grove 
for the steam oxidation of silicon is 

X 2 + Ax ~_ Bt [I] 

where X is the oxide thickness, t is the time of oxida- 
tion, and A and B are constants that depend on tem- 
perature. At small values of X and t, this reduces 
to the linear expression 

X ---- (B/A)t [2] 

At large values of X and t, Eq. [i] becomes quadratic, 
namely 

X 2 : Bt [3] 

In  addition, the model suggests that  A is independent  
of part ial  pressure of the oxidizing species and that  
B is directly proport ional  to the part ial  pressure. 
Note that  Bt appears as a simple product  in  Eq. [1]. 
Thus at a given temperature,  if the pressure is re-  
duced, the constant  B is reduced proportionally. Fu r -  
ther, in order to obtain an equivalent  value of X 
at the reduced pressure, one must  increase t propor-  
t ionally so that  the product Bt remains constant. This 
is obvious in  the l inear  Eq. [2] above, but  can also 
be shown to be true for Eq. [1] and [8]. As an example 
of this behavior, one can calculate the t ime to grow 
a given thickness oxide in  Tonantzint la ,  Puebla  in 
Mexico, as compared to the t ime required at sea 
level. The time is increased by the reciprocal ratio 
of the atmospheric pressures, namely  760/586 ---- 1.297, 
in agreement  with the observation that it must  be 
30% larger to grow a given thickness at the higher 
altitude. As a corrollary, one can predict the times 
required to grow equivalent  thicknesses at sea level 
from the data of Fig. 1 by mere ly  shifting all of the  
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Fig. 2. The expected thickness of an oxide film on silicon grown 
in steam at sea level at various temperatures using the revised 
theoretical predictions of this work. 

curves to shorter  t imes by the factor of 1.297. This 
is done in Fig. 2 for purposes of reference for those 
working at or near  sea level. 

Vv=e have  done a least squares analysis on the com- 
bined data of this work and that  of Deal and Grove. 
To find the value of A and B at a given temperature ,  
Eq. [1] can be rewr i t t en  in the form 

X ---- B ( t / X )  -- A [4] 

Thus in a graph of X vs. t /X ,  B is the slope of a 
s traight  line and - - A  is the intercept  wi th  the X 
axis. The constant B is typically more precise than 
A since small  variat ions in the slope B cause re la-  
t ive ly  large variat ions in the intercept  --A. In order 
to fit the combined data over  the wide tempera ture  
range of 800 ~ to 1200~ we have chosen to exclude 
the 920~ data of Deal and Grove. We will  explain 
this later.  We also found it necessary to give double 
weight  to the data points of Deal and Grove at short 
t imes at the tempera tures  of 1000 ~ 1100 ~ and 1200~ 
Thus we give double weight  to the data points at 
each of these tempera tures  when the oxide thick-  
nesses are 0.2 ~m or less. As discussed earlier, due 
to the in ter ference  method of measurement  used by 
Deal and Grove, these data points should be quite 
accurate. In addition, however,  these data points are 
critical in the determinat ion of the constant A. The 
data at longer  times do a credible job of determining 
the parabolic rate  constant B, but  it is the data at 
short t imes that  gives the additional precision to the 
slope B needed to give an accurate value for the 
intercept  --A. It should also be noted that  the data 
in the parabolic region (long t imes) ,  in addition to 
being less precise on average,  are heavi ly  ove r - r ep re -  
sented at these three tempera tures  as compared to 
the data for shorter  oxidation times. 

Using the above method o f  weighting in a s tandard 
least squares analysis program, the values of A and 
B shown in Table  I were  determined at various t em-  
peratures. A fur ther  least squares analysis of the 
logari thms of these constants as a function of T -1 

Table I. Rate constants for the steam oxidation of silicon at 
an atmospheric pressure of 586 Torr. The calculated values 

of A and B are from Eq. [5] and [6] ,  where A is in ~m 
and B is in ~m2/min 

T (~ A (exp . )  A (ca lc . )  B (exp. )  B (calc . )  

800 1.8254 1.7617 0.00118 0.00118 
900 0.6025 0.6042 0.00235 0.00241 

1000 0.2372 0.2451 0.00455 0.00440 
1100 0.1025 0.1134 0.00723 0.00736 
1200 0.0645 0.0683 0.01146 0.01149 

using single weight ing gave the fol lowing values for 
A and B at a pressure of 586 Torr  

A -- 6.2 X 10 -6 exp (1.16 eV/kT)  [5] 

B _-- 5.2 exp (--0.776 eV/kT)  [6] 

where  A has units of ~m and B has units of ~m2/min. 
In this analysis the values of the correlat ion coefficient 
r were  0.998 for A and 0.9997 for B. These values 
are ve ry  close to unity, therefore  showing that  the 
logar i thmic dependence of both A and B on T - I  is 
quite certain, wi th  the precision of B being especially 
high on such a scale. 

For  purposes of comparison, the values chosen by 
Deal and Grove (1) (after  adjus tment  to a pressure 
of 586 Torr)  are shown as A 1 and B 1 below 

A 1 -- 2.4 • 10-~ exp (1.258 eV/kT)  [7] 

B 1 -- 4.0 exp (--0.707 eV/kT)  [8] 

Thus the act ivat ion energies for A and B in the re-  
vision, Eq. [5] and [6], differ by 8-9% from those of 
Ref. (1). However,  the act ivation energy for the 
revised l inear  constant B / A  of 1.936 eV is in good 
agreement  wi th  the value 1.965 eV obtained by Deal 
and Grove. 

Finally, using the formulat ion of this work  in Eq. 
[1], a general  expression for the oxide thickness at 
any value  of atmospheric  pressure (or vapor  pressure 
of water)  can be obtained f rom Eq. [5] and [6] using 
the fol lowing expressions for A and B 

A = 6.2 • 10 -6 exp (1.16 eV/kT)  [9] 

B ---- 6.7(P/760) exp (--0.776 eV/kT)  [i0] 

where  P is the atmospheric pressure in Torr  (if the 
water  is al lowed to reach the boiling point) or is the 
vapor  pressure of the water  at the control  tempera ture  
of the water,  and A and B have the same units as 
before. 

The theoret ical  curves shown in Fig. 1 were cal- 
culated using Eq. [1] wi th  the parameters  A and B 
calculated from Eq. [5] and [6]. They are seen to 
be in very  good agreement  wi th  the exper imenta l  
data of this work  at all temperatures ,  as well  as with 
the data of Deal and Grove at 1000 ~ 1100 ~ and 1200~ 
The data of Deal and Grove in the range of 900~ 
are in poor agreement  with these predictions, as well  
as wi th  our data. Taking all  of the above into account, 
we are led to the conclusion that  the great  major i ty  
of the exper imenta l  data in both sets of work  is 
correct. However,  the five upper  data points of Deal 
and Grove at 920~ (adjusted here to 900~ evi-  
dently suffered f rom some exper imenta l  problem. 
For  example,  the furnace tempera ture  may have been 
inadver ten t ly  about 10~ too high. However,  this is 
perhaps less l ikely than another  t empera ture -cont ro l  
problem, namely  the control of the water  tempera ture  
at 95~ If during these five runs, the water  t empera -  
ture were  al lowed to reach 100~ the vapor  pressure 
of the water  in the oxidation furnace would be raised 
f rom 640 to 760 Torr. As discussed earlier, such a 
change in vapor pressure can be accounted for by 
shift ing the data points to longer times by the ratio 
of 760/640 ----- 1.19. Such a shift brings these points 
almost exact ly  into line wi th  our data. However ,  it 
is important  to note that  the revision in the param-  
eters suggested here does not rest on the exper imenta l  
data in one nar row tempera ture  range. The revised 
theoret ical  predictions are also in much bet ter  agree-  
ment  with both sets of data at all thickness values 
at 1000 ~ and 1100~ as well  as the new data at 800 ~ 
and 900~ The 800~ data are especially valuable  
in establishing the l inear constant B / A  which is im- 
portant  for extrapolat ion to lower temperatures.  On 
the other  hand, the 900~ data are crucial to estab- 
lishing both the tempera ture  dependence of the con- 
stant B in the quadrat ic  range of behavior,  and that  
of B / A  in the l inear  range. 
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Table II. Predicted oxide thicknesses after 100 min com- 
pared to the original formulation of Deal and Grove (at 586 

Torr). The values also apply to 130 rain at 760 Torr 

X (this X 1 (Deal and ( X  - X ~ ) / X  
T(~  work)  (Sin) Grove) (gin) (%) 

700 0 . 0 0 7 9 0  0 . 0 0 8 2 8  - 4 .8  
800  0 . 0 6 4 6  0 .071  -- 9 .9  
9 0 0  0 . 2 7 4  0 .302  -- 10 .2  

1000  0.552 0.58,5 -- 6.0 
1100 0 .803  0 .825  -- 2 .7  
1200  1 .044 1 .045 -- 0.1  
1800 1.286 1.261 + 2 .0  

The difference between the values of oxide thick- 
ness predicted by the two formulat ions at a t ime of 
100 min  at various temperatures  is shown in  Table 
II. For this par t icular  period of oxidation, the maxi -  
m u m  difference be tween the two formulat ions is about 
10% and it occurs between 800 ~ and 900~ Deal 
(6) has also recent ly  observed variat ions of the order 
of 10% between the exper imental  results and the 
earlier predictions at  900~ It  will  be appreciated 
that  the differences between the two predictions are 
not t r ivial  in  the semiconductor device fabrication 
business. 

Final ly,  as a check on the accuracy of the predic- 
tions above, and as confirmation of some of the color 
descriptions in  Ref. 3, it was decided to make inde-  
pendent  measurements  of the- th icknesses  obtained 
in  the critical range of 900~ since this is where the 
data of Deal and Grove are believed to be the ]east 
precise. This was done using both the opt ical - inter-  
ference method of Tolansky (7) and the colorimetric 
method. In  these experiments,  windows of 200 ~m 
width were opened in  the oxides using s tandard 
photolithographic methods. These slices were then 
coated with an opaque layer of silver (approximately 
0.3 ~m). A th in  microscope slide was then coated 
with a semit ransparent  film of silver unt i l  the t rans-  
mission was reduced to 10-15%. This microscope slide 
was then placed in contact with the previously sil- 
vered slice which contained the etched windows. The 
combinat ion was viewed by reflected light from a 
beam-expanded  He-Ne laser projected through a 
vertical  i l luminator  of a metal lurgical  microscope. 
When the slide was sui tably adjusted on the slice 
surface, the interference fringes could be made ap-  
proximate ly  perpendicular  to the etched windows. 
The photographic width of the fringes was typically 
h/100 under  these conditions and the center os the 
fringe could easily be located with a precision of 
about ~/500, or about 0.0012 ~m. However, due to 
local flatness variat ions on these slices, the oxide 
thickness measurements  are estimated to be precise 
to only about  0.0025-0.0050 ~m. 

The results of these experiments,  along with esti- 
mates based on color, as well as predictions based on 
Eq. [1], [9], and [10], are shown in  Table I I l  along 
with the error between the predicted and measured 
thicknesses. The agreement  between the interfero-  
metric  and colorimetric methods is very good. Fu r -  
thermore, the measured values are also in excellent 
agreement  with the predicted values. On the basis 
of these results, as well as similar  interference mea-  
surements  made at 800 o and ll00~ we expect that 
the predicted thicknesses using Eq. [1], [9], and [10] 

Table III. Thickness measurements of films grown at 898~ 
using interference method (Xint.), calorimetry (Xeolor), and 
thickness calculated (Xealc.) from Eq. [1],  [9] ,  and [10] 
for a pressure of 586 Torr. Calorimetry is used only above 

0.2 #m. The error calculations make use of Xint. except for 
the 520 min sample, for which no interference measurement 

was made 

Time  X i nt. X c o  1 or X c a  1 e- A X / X e a l  e. 
(rain) (#m) (~m) (#m) (%) 

10 0.0365 - -  0.0368 - 0.8 
80  0 . 1 0 1  - -  0.100 + 1.0 
60 0.170 0.180 - 5 . 6  

120 0.316 0.-31 0.310 + 1.9 
240 0.520 0.51 0.510 + 2.0 
520  - -  0 . 8 4  0 . 8 4 8  - -  0 . 9  
557  0 . 8 7 8  0 . 8 8  0 . 8 6 6  - 0 . 9  

should be precise to at least 3% over a wide range 
of temperatures  (800~176 times, and atmo- 
spheric pressures and /o r  water  vapor pressures. 

Conclus ion  
In  this work, the general  behavior  of the theory 

of Deal and Grove for the oxidation of silicon has 
been very well substantiated. The predicted pressure 
dependence was found to explain the 30% increase 
in  t ime required to grow a given oxide thickness at 
an al t i tude of 2160m. The extensive data taken  at  
800 ~ and 900~ were used to make impor tant  cor- 
rections to the original theoretical parameters  of 
Deal and Grove. For Si of {111} orientation, these 
corrections lead to thickness predictions that  differ by 
6-10% at 1000 ~ and 900~ respectively, as compared 
to the original  formulat ion of Deal and Grove. Similar 
corrections must  be made in  laboratories nearer  sea 
level. 
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ABSTRACT 

Car r ie r  d is t r ibut ion  in 150 keV, 1016/cm 2 ~ A s + - i m p l a n t e d  Si l aye r  a f te r  
s team oxidat ion  in the  850~176 t e m p e r a t u r e  range has been measured  
by  the spread ing- res i s tance  probe technique.  When the oxidat ion  t empera -  
ture  is be low 1000~ the car r ie r  d is t r ibut ion  shifts t oward  the surface at  
the  ini t ia l  s tage of oxidat ion  due to the Si-SiO2 in ter face  movement ,  and 
sheet  resistance increases correspondingly.  Af te r  the ini t ia l  stage, the  car r ie r  
d is t r ibut ion  then  spreads  gradual ly ,  corresponding to a slowing down in the  
oxida t ion  rate.  In  contrast ,  when the oxidat ion t empera tu re  is above 1000~ 
As diffusion effects dominate,  and t~he car r ie r  d is t r ibut ion  spreads  into Si and 
sheet  resistance decreases monotonical ly  wi th  increasing oxidat ion  time. These 
behaviors  have been expla ined  by  s imple numer ica l  calculations.  

Implan ta t ion  of As ions has been ex tens ive ly  used 
for format ion  of source and dra in  regions in shor t -  
channel  MOSIC's  (1) or  emi t t e r  regions in shal low 
junct ion  b ipolar  IC's (2). General ly ,  a subsequent  an-  
neal ing process is requ i red  af ter  implan ta t ion  to re -  
cover  crysta l l in i ty .  This anneal ing  process is often 
car r ied  out  in  an oxidizing a tmosphere  to al low the 
growth  of a pass ivat ing  oxide layer  s imultaneously.  
In r ega rd  to implan ted  As red is t r ibu t ion  dur ing  ox ida-  
tion, Fa i r  and Tsai repor ted  de ta i led  data  at  t empera -  
tures  above 1000~ (3), however ,  there  is l i t t le  da ta  
repor ted  in the case where  t empera tu res  are  below 
1000~ Mul ler  et al. only repor ted  backsca t te r ing  da ta  
a f te r  s team oxida t ion  at 850~ (4). 

Kudoh  et aL recent ly  developed a s imple method for 
profil ing the impur i t ies  wi th in  a shal low p - n  junct ion 
by  spread ing- res i s tance  probe  technique (5). In the 
presen t  study, this newly  developed technique has 
been appl ied  to obta in  car r ie r  d is t r ibut ions  in 7~As+- 
implan ted  layers  a f te r  s team oxidat ions  at t empera -  
tures be low 1000~ and thus to p rov ide  processing data  
for  shor t -channe l  MOS or shal low junct ion b ipo la r  
IC's. 

E x p e r i m e n t a l  P r o c e d u r e  
Pol ished p - t y p e  sil icon wafers  or ien ted  nea r ly  in 

the  < I 0 0 >  direct ion wi th  1.4~ cm res is t iv i ty  were  
used as s ta r t ing  mater ia ls .  Arsenic  (~SAs+) imp lan ta -  
tions were  pe r fo rmed  at  150 keV wi th  a dose of 1 • 
1016/era 2. The wafers  were  in i t ia l ly  at  room t e m p e r a -  
ture. Thermal  oxidat ions were  pe r fo rmed  in s team at 
850 ~ 900 ~ 950 ~ and 1000~ for t ime per iods  ranging  
f rom 15 min  to 8 hr. The thicknesses of the  oxides 
formed on the implan ted  layers  were  de te rmined  by 
e l l ipsomet ry  measurements .  Car r ie r  d is t r ibut ions  af ter  
oxidat ion  were  measured  using the sp read ing- res i s t -  
ance probe  technique (5). I rv in ' s  curve was used to 
conver t  the res is t iv i ty  into the car r ie r  concentrat ion 
(6). Sheet  resistances were  also measured  af te r  r e -  
moval  of the  oxide  layers  by  using the four -poin t  
probe  technique.  

Results and Discussion 
Figure  I shows thickness of SiO2 formed on the 

;~As+- implanted  l aye r  dur ing  s team oxida t ion  as a 
function of oxida t ion  t ime at  each tempera ture .  Curves 
are  p lot ted  in log- log  scale. I t  is evident  tha t  oxide 
g rowth  can be d iv ided  into two stages. A t  the  ini t ia l  
s tage of oxidat ion,  the slope of each growth  curve is 
s teeper  than  0.5. The slopes become la rger  and also 
the per iods  of the  in i t ia l  s tage increase at lower  t em-  
peratures .  Af te r  a cer ta in  period, oxide growth  reaches 

Key words: arsenic ion implantation, arsenic redistribution dur- 
ing oxidation, profile measurement,  spreading-resistance probe. 

the second stage, where  diffusion effects dominate  and 
growth  is governed by  parabol ic  law. 

F igure  2 shows the ca r r i e r  d is t r ibut ion  measured  by 
the spread ing- res i s tance  probe technique af ter  ox ida-  
t ion at  850 ~ 900 ~ 950 ~ and 1000~ F igure  2(A)  shows 
the ca r r i e r  d is t r ibut ion  af ter  oxidat ion  at  850~ The 
calcula ted As d is t r ibut ion  just  af ter  implan ta t ion  is 
also shown in this figure, assuming a Gaussian dis t r i -  
but ion using pro jec ted  range and pro jec ted  s tandard  
devia t ion  repor ted  by  Gibbons et al. (7). Af te r  15 min 
oxidation,  the  car r ie r  d is t r ibut ion  spreads about  500A. 
This might  be due to the enhanced diffusion caused 
by  ion - implan ta t ion - induced  damage  or the effect of 
As-diffusion tai l  (8). Afte r  this ini t ia l  stage, the ca r -  
r ier  d is t r ibut ion  becomes shal lower  wi th  increasing 
oxidat ion  time. Diffusion effects of As can be almost  
neglected at  850~ therefore,  As d is t r ibut ion  shifts to-  
wa rd  the surface due to the  Si-SiO2 interface  move-  
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ment.  In  fact, dur ing  steam oxidation for between 15 
and 30 rain, the carr ier  dis t r ibut ion shifts t o w a r d  the 
surface by about 800A, which corresponds to the 
thickness of Si consumed dur ing  oxidation. After  oxi- 
dat ion for 2 hr, the carriers seem to disappear ac- 
cording to spreading-resis tance probe measurement .  
However, if one takes into account the fact that  the 
segregation coefficient of As at Si-SiO2 interface is 
quite large (3), this apparent  As disappearance is not 
due to As segregation into the growing SiO2 film, but  
to As pileup at the Si-SiO2 interface. Muller  et al. re- 
ported that  the pileup region is about 200A thick and 
As in this region is highly unsubst i tu t iona]  (4). There-  
fore, the As in  the pileup region is undetectable  by 
spreading-resis tance probe measurement  since the 
pileup region depth is shallower than the 250A reso- 
lu t ion  which corresponds to the m i n i m u m  probe pitch. 

At 850~ the slope of the oxide growth curve is more 
than  1 as shown in Fig. 1. This might  be due to the 
fact that  interface reaction is enhanced with t ime by 
the accumulat ion of As in the Si-SiO2 interface as 
described above. 

Figure 2(B) shows carrier  dis t r ibut ion after oxida- 
t ion at 900~ The carrier dis t r ibut ion shifts toward 
the surface for oxidation t ime up to 1 hr and then 
spreads gradual ly  into the silicon substrate. From the 
data in  Fig. 1, one can determine that  oxide growth 
rate at 900~ slows down after 1 hr. Therefore, the 
gradual  spread in carrier dis t r ibut ion after 1 hr is due 
to the fact that  As diffusion velocity exceeds the Si- 
SiO2 interface moving velocity. 

Figure 2(C) shows carrier  dis t r ibut ion after oxida- 
tion at 950~ The behavior  of carrier dis t r ibut ion after 
oxidation can be explained qual i ta t ively according to 
the same reasons as were per t inen t  for Fig. 2(B).  

Figure 2(D) shows carr ier  dis t r ibut ion after oxida- 
tion at t000~ The diffusion of As is p rominent  even 
for short oxidation time. The carr ier  distr ibution 
spreads deeper monotonical ly  with increasing oxida- 
t ion time. Carrier  distr ibution after oxidation for 2 hr  
shows a typical feature of As-diffused layer  with an 
abrup t  p - n  junction.  The m a x i m u m  carrier concen- 
t ra t ion measured here is about 3 X 102~ 8, which 
agrees with the result  reported by Fai r  and Tsai (3). 

Figure 3 shows junct ion depth obtained from carr ier  
dis t r ibut ion measurement  as a funct ion of oxidation 
time. For oxidation temperatures  below 950~ the 
junct ion depth decreases dur ing  the init ial  oxidation 
stage and thereafter  increases gradual ly  with t ime in 
periods corresponding to the slowing down of the 
oxidation rate. On the other hand, above 1000~ 
junct ion depth increases monotonical ly with increas-  
ing oxidation time. 

Figure 4 shows sheet resistance as a funct ion of 
oxidation time. The results in  this figure closely cor- 
respond to the results described above. Below 950~ 
sheet resistance increases with increasing oxidation 
time, corresponding to the decrease in junct ion depth, 
and it reaches a ma x i mum value when junct ion depth 
reaches a min imum.  Thereafter,  the sheet resistance 
decreases gradually.  On the other hand, above 1000~ 
the sheet resistance decreases monotonical ly with oxi- 
dation time, corresponding to the monotonic increase 
in junc t ion  depth. 
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Fig. 3. Measured (solid line) and calculated (dashed line) junc- 
tion depth as a function of oxidation time at 850 ~ , 900% 950 ~ , 
and 1000~ C. 
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time. 

Results described above show that As carr ier-dis-  
t r ibut ion  behavior  depends on relat ive speed of As 
diffusion and St-SlOe interface movement.  To discuss 
the above results more quanti tat ively,  diffusion equa-  
tions were solved numerical ly.  The diffusion equation 
in  oxidizing ambient  is expressed (9) 

N ( x , t ) _  ~ 0  D 0_ N(x,t)  -t- a - - ~  . - N(x, t )  
Ox Ox Ox 

and boundary  condit ion i s  

D o N(x,t)Ix=o :(I ) dXN(o,t) 
Oz -m- ~ dt 

where the origin of the x axis is the moving St-St02 in- 
terface, N(x,t) is impurity concentration, D is diffu- 
sion coefficient, a is the ratio of the consumed Si thick- 
ness to the SiO2 thickness during oxidation (a ---- 0.45), 
X is the SiO2 thickness, and m is the segregation coeffi- 
cient. It  is well known that the As diffusion coefficient 
depends on its concentrat ion (3). In the present  case, 
however, effective As diffusion coefficient data ob- 
tained from junct ion depth measurement  by Murase 
e$ al. was used to simplify the calculation (10). In  
addition, the oxide growth rate was approximated by 
l inear  growth rate dur ing oxidation, i.e., dX/d t  is 
constant. Their  values were taken from the oxide 
growth curves in Fig. 1. The segregation coefficient 
obtained by Fai r  and Tsai (m ---- 800) was used (3). 
Ini t ia l  As dis tr ibut ion was assumed to be Gaussian, 
using projected range and projected s tandard devia-  
tion reported by Gibbons et al. (7). The use of a 
Gaussian approximation does not necessarily give a 
precise profile where diffusional broadening does not 
wash out details of the ini t ial  profile. In  the present  
case, junct ion  depths calculated on the Gaussian ap- 
proximat ion (no oxidation and no appreciable dif- 
fusion) are 0.22 ~m, while including th i rd -moment  
corrections yields 0.28 ~m. The results, however, are 
qual i tat ively the same even if one takes into account 
th i rd -moment  corrections in the ini t ial  profile. There-  
fore, a Gaussian approximat ion was used for simplic- 
ity of the calculation. Calculations were performed by 
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Fig. 5. Calculated distribution of As after initial oxidation stage 
at (A) 900~ and (B) 1000~ 

sectioning t ime and depth axes into equal intervals  
and by using a simple finite-difference method. 

Figure 5(A) shows the calculated dis tr ibut ion after 
init ial  oxidation stage at 900~ Values of the parame-  
ters used in  the calculation are shown in  the figure. 
It  is evident  that  diffusion effect is almost negligible at 
this temperature,  and As dis tr ibut ion shifts toward the 
surface due to the Si-SiO2 interface movement  dur ing 
oxidation. 

Figure 5 (B) shows the calculated results at 1000~ 
In contrast to the case of oxidation at 900~ the diffu- 
sion effect can be observed. In  both cases, As pileup 
at the Si-SiO2 interface occurs. This is due to the fact 
that  the As segregation coefficient is extremely high, 
and supports the speculation described in Fig. 2. Junc-  
t ion depth obtained from this calculation is shown in  
Fig. 3. Al though good agreement  was not obtained due 
to the rough approximation used, a general  tendency 
in the ini t ial  stage of oxidation is evident. 

Conclus ions  
Arsenic ions were implanted into Si and subsequent  

anneal ing was performed in an oxidizing ambient.  The 
carrier distr ibutions were measured by the newly de- 
veloped spreading-resistance probe technique. When 
oxidation temperature  is below 1000~ As carrier dis- 
t r ibut ion becomes shallower dur ing the ini t ial  oxida- 
t ion stage because the Si-SiO2 interface moving speed 
i s  faster than the As diffusion speed. Thus, sheet re- 
sistance increases with increasing oxidation time. 
After this initial  stage, the oxide growth rate slows 
down and As carrier  dis t r ibut ion spreads. Sheet re- 
sistance then decreases correspondingly. On the other 
hand, when  the tempera ture  is above 1000~ diffusion 
effects dominate and carrier  distr ibution spreads into 
the substrate. Therefore, sheet resistance decreases 
with increasing oxidation time. These behaviors have 
been expIained by simple numer ica l  calculations. 
Above results provide informat ion to design the As 
profile more precisely for shallow junct ion formation. 
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Analytic Study of the Si-B Phase When B 03 
Is Diffused in Si 
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ABSTRACT 

An investigation of the SixB, compound formed when silicon is doped from 
B203 in  the 950~176 temperature  range has been carried out. Depending 
on the composition, four main  regions have been analyzed by different tech- 
niques: ionic analysis, x - ray  diffraction, microsonde, electron diffraction, and 
infrared spectroscopy. Results showed that  the Si-B phase crsytallizes on the 
cubic system with a 6.z0A parameter  and the composition closely resembles 
SiB~. 

It is well known that  the diffusion of impuri t ies  in 
silicon depends on the gas composition in  the reactor, 
temperature,  t ime of the diffusion, and on the ini t ia l  
resistivity of the sample. 

Various authors have studied the diffusion of boron 
into silicon in  an at tempt to find an analyt ic  law for 
the diffusion profile at temperatures  ranging from 950 ~ 
to 1200~ (1-7). ArM et al. (8) studied the interface 
reactions of B203-Si system and reported that  the com- 
pound produced in the glass-silicon interface for high 
boron doping was SiB4 and/or  SiB6, these compounds 
having been previously described in the l i terature  (9- 
14). Recently, Moore e ta l .  (15, 16), using s tandard 
82H6 gas source, have investigated the dis t r ibut ion of 
B in  SiO2/Si with Auger electron spectroscopy. These 
authors found that the resul t ing film consisted of 
N1OOA B20~ layer  on a B-doped SiO2 region sepa- 
rated from B-doped Si by a Si-B phase and this phase 
formed already at short deposition times, reaching a 
max imum B concentrat ion of (4 _+ 2) X 1022 cm -3. 
The width of the phase increased and grew into a 
lamel lar  structure,  with the number  and ampli tude of 
lamellae depending on deposition time. Kiewit  ec al. 
(17) also investigated boron glass layers formed on 
silicon at high diffusion temperatures  (1150~ These 
authors also found an HF insoluble layer  which was 
characterized as a Si-B phase according to Busen et al. 
(18) and by use of Auger electron spectroscopy they 
obtained the boron, silicon, and oxygen profiles. 

In  this paper we discuss the results of a study of the 
Si-B compound produced in the SiO2/Si interface at 
900~162 by using B203 as diffusion source. In  this 
s tudy ionic analysis, x - r ay  diffraction, EDAX micro- 
sonde, electron diffraction, and infrared techniques 

Key words: B203-Si system, Si-B compounds, SiBh, borosilicates, 
boron diffusion. 

were used in  order to determine the s t ructure  a n d  
Chemical composition of the compound. 

Experimental 
Silicon used in this study was n - type  and (111) sur-  

face oriented into which boron had been diffused. Sam-  
ples were in the form of circular slices of 300 /~m 
thickness and 37 mm diam. 

Boron depositions were made in a +_0.5~ p lanar  
controlled furnace in  the 900~176 tempera ture  
range. The 8203 diffusion source was of high pur i ty  
(99.999) and was in an u l t rapure  (99.999) diffusion 
a lumina boat at the same tempera ture  as the silicon 
sample. In  order to e l iminate  the oxygen in  the re-  
actor, a 10 -3 mm Hg vacuum was pulled before the 
diffusion boat with the samples was introduced. The 
gas flow used was N2 (99.999) with a water  vapor 
content  less than  5 ppm and an 02 content  less than 
1 ppm. The flow rate was 0.7 l i ter / rain.  

The chemical composition measurement  was made 
by means of ion analysis, where the pr imary  beam con- 
sisted of Ar + ions with an energy of 5.5 keV and a 
current  density of 1 ~A/mm. The bombarded area w a s  
1.5 mm diam and the analyzed one was 60/~m. Oxygen 
gas was introduced dur ing the process to saturate the 
surface. Analyses were made by measur ing the elec- 
tric intensi ty  of the B +11, Si +a~ and O +Iv ions. 

In  order to analyze the silicon on the different 
zones, an EDAX energy-dispersive x - r ay  analysis sys- 
tem attached to a Philips scanning electron micro- 
scope PSEM 500 was used. The sample was placed 
parallel  to the incident  beam which had a 3 keV 
energy. 

The crystal l ine s t ructure  analysis was carried o u t  
with a Philips PW 1050 diffractometer using Ni-filtered 
Cu~ radiat ion (40 kV, 10 mA) .  In  order to  s e e  a 
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possible s t ruc tura l  difference be tween  the  subs t ra te  
and the in te rmedia te  layer ,  t ransmiss ion e lect ron 
diffraction was also per formed.  

Transmiss ion in f ra red  measurements  were  made  in  
pressed KBr  disks using a P e r k i n - E l m e r  spectro-  
photometer ,  Model  457. The ref lect ivi ty curves were  
taken  using a 30 ~ fixed angle  of incidence specular  re -  
flectance a t tachment .  Some measurements  were  also 
made  wi th  an a t t enua ted  to ta l  ref lectance (ATR) a c -  
cessory. 

Discussion and Results 
In Fig. 1-3 and on a semilogar i thmic  scale, the  boron 

and silicon concentrat ions vs. th ickness  a re  shown for 
three  different  samples  s tudied by  ionic analysis.  Tem-  
pera tu res  were  960% 1000% and 1100~ and the diffu- 
sion t imes 1200, 2350, and 345 min, respect ively.  

In  Fig. 4 and for the  345 min, l l00~ diffused sample,  
the  collected O +IT ionic in tens i ty  is p lo t ted  vs. depth  
on a semi logar i thmic  scale. 

F r o m  the above graphics  the existence of four  ma in  
regions is deduced:  

I SiO2 4-  B~Os 

I I  SixB~O= 

H I  SiuB~ 

S i + B  

1023 I 

l ..... / SIL',CON ~ 

1023 t 

/ . . . . . . .  

1 0 2 ~  

OI I r r i 
10:~ 1. O0 2.000 3.000 4.000 5.000 X(.~,) 

Fig. 3. Measured boron- and silicon-doping profiles in (111) 
surface-oriented silicon wafer after boron diffusion at 1100~ for 
345 min. 
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Fig. 4. 0 +t7 ion intensity profile for the 345 min 1100~ dif- 
fused sample. 
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Fig. 1. Measured boron- and silicon-doping profiles in (111) 
surface-oriented silicon wafer after boron diffusion at 960~ for 
1200 rain. 
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Fig. 2. Measured boron- and silicon-doping profiles in (111) 
surface-oriented silicon wafer after boron diffusion at i000~ for 
2350 min. 

Table I shows the resul ts  obta ined  by  means  of  
the EDAX microsonde technique for th ree  different  
zones, the  first one compris ing I and II  obta ined f rom 
ionic analysis.  Si l icon composit ion of zone I I I  ap -  
p rox ima te ly  corresponds to SiB~. 

F igure  5 shows the x - r a y  diffract ion d iagrams for 
three  samples:  a) Oxidized (111) sur face-or ien ted  
sample.  A wide  band clue to the SiO2 is observed at 
d ( A )  --  10.8; b) Boron diffused ( in N2 4- O2 a tmo-  
sphere)  (111) sur face-or ien ted  sample. Character is t ic  
bands of the  Si-B compound at  d ( A )  = 6.10 and d(A)  
---- 6.20 appear  on the d iagram;  c) Boron diffused in  N2 
a tmosphere  (100) su r face-or ien ted  sample.  A peak  at  
d ( A )  : 6.20 is observed.  The band decreasing is a t -  
t r ibu ted  to ep i t axy  in the  (100) direction.  

The S i -B layer  insoluble  in a HC1 4- HF mix tu re  
was s tudied by  e lect ron diffraction. Both the  e lec t ron 
diffract ion d i ag ram and surface  s tate  micrograph  are  
given in Fig. 6. Resul ts  r evea l  the  exis tence of a 
crys ta l l ine  compound where  the  g rowth  has been 
r a the r  homogeneous.  

Table I. Percent silicon concentration vs. pure silicon 

Sample I + H III IV 

$1 88-42 35 ca. 100 
S~ 88-42 36 c a .  100 
S= 88-42 35 ca. 100 
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Table II. Crystallographic data for Si-B compound 

dhkl (A) I hkl 

3.464 s 111 
2.070 m 300 
1.510 m 32Z 
1.429 m 331 
1.209 w 431 
1.031 w 532 
0.885 w 632 

Abbrev iat ions:  s,  s trong;  m,  m e d i u m ;  w, weak. 

scraping from samples previously submit ted to boron 
diffusion in  n i t rogen atmosphere for 20 hr. A complex 
absorption band is observed in  the 9 #m region (1100 
cm -1) with maxima at 8.7 ~m (1150 cm-1) ,  9.1 #m 
(1100 cm -1) and 9.35 ~m (1070 cm -1) which are re-  
lated with Si-O vibrations.  A second band  centered 
at 7.25 ~m (1380 cm -1) points out to the existence of 
B-O bonds. A weaker band at 10.87 ~m (920 cm -1) 
might be due to Si-O-B bonds according to data of 
l i terature  (20). Finally,  the shoulder at 8.33 ~m is 
a t t r ibuted to O-H deformation vibrat ions of B-OH 
groups. Although the predominant  hands of spectrum 
of Fig. 7 can be related with the compounds of the 
first and second layer  as revealed by ml~rosonc~e re-  
sults, it must  be borne in  mind that  the infrared spec- 
t r u m  of the insoluble compound produced in  the 
B2Os-Si interface in  our experiments  must  be similar  
to the spectrum of SiB6 reported in  the l i terature  (21) 
and the characteristic bands could be overlapped by the 
stronger B-O and Si-O bands. 

The reflectance curves for oxidized (26 hr, 900~ 
and oxidized (4 hr, 90~ and boron-diffused (48 hr, 
900-C, N2 atmosphere) samples are given in Fig. 8. In  
the first case the characteristic peaks of SiO2 (22) 
are observed. In  the second case changes arise in  the 
7.27 ~m (1375 cm -1) region related with the presence 
of B-O bonds and at 10.75 ~m (93.0 cm -1) a t t r ibuted 
to Si-O-B bonds. With increasing boron deposition 
t ime a peak at 7.97 ~ (1255 cm -1) and a shoulder at 
8.6 ffm (1165 cm-1)  are observed in  the reflectance 
spectra, these new peaks corresponding to the Si-B 
phase. 

When the boron diffusion takes place in  the presence 
of oxygen (N2 + O2 atmosphere)  the SiO2 bands may  
be predominant  and an  addit ional absorption at 11.36 
~m (800 cm -~) has been observed in  some cases 
probably due to some in teract ion be tween B20~ and 
SiO2 compounds. These results confirm the conclusion 
of other  authors  (8) tha t  the growth rate of the Si-B 
compound is depressed as the oxygen concentra t ion 
in  the atmosphere increases according to the reaction 

Si-B compound + O2-> SiO2: + BaOa 

However, at higher diffusion temperatures  (t000~ 
in  N~ (94%) + 02 (6%) atmosphere a great propor-  

Fig. 6. Electron diffraction diagram and micrograph of Si-B 
compound. 

Table II shows the crystallographic data correspond- 
ing to the diffraction diagram. 

By use of the method given by Jamard  et al. (19) 
the data of Table II are in terpre ted  in  terms of the 
Si-B phase having a cubic s t ructure  of 6.20A param-  
eter in agreement  with the x - r ay  diffraction results. 
On t:he other hand, the x - ray  and electron diffraction 
values measured in  the present  work do not coincide 
with the data of the l i tera ture  for SiB4 or SiB~ (9-14). 

The above results were confirmed by infrared 
spectroscopy as follows. F igure  7 shows the inf rared 
absorption spectrum of powder obtained by light 

6 . 0  
1 0 0 - - ,  
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t -  
I -  
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8 0  10 12 14 16 18 2 0  2 5  ,~ 

i q i 
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c r n - I  

Fig. 7. IR spectrum of powder obtained by light scraping of 
boron-diffused sample (900~ for 20 hr, N2 atmosphere). 
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Fig. 8. Reflectance curves, a) Oxidized sample (at 900~ for 
26 hr); b) heat-treated sample at 900~ first in wet N2 for 4 fir, 
and after that submitted to boron diffusion in N2 for 48 hr. 

t ion of the S i -B  phase  was observed at  15 h r  diffusion 
time. 

F igure  9 gives the  reflectance curves of two samples  
diffused in  a N2 a tmosphere  at  900~ for 48 and 90 hr, 
respect ively,  and for another  boron-di f fused sample 
af ter  two days  t r ea tmen t  wi th  HF (48%).  The peaks  
at  7.97 ~m (1255 c m - D ,  8.55 #m (1170 c m - D  are re-  
lated to the S i -B  phase. Another  peak  or inflection at  
8.93-9.01 ~m (1120-1110 c m - D  is a t t r ibu ted  to SiO2. 

The spect ra  of samples  wi th  low diffusion t imes 
show bands at  7.1 ~m (1400 c m - D ,  8.2 ~m (1220 cm-1 ) ,  
9.5 ~m (1050 c m - D ,  and 10.99 ~m (910 c m - D  re la ted  
to B-O, Si-B,  Si-O, and S i -O-B  vibrat ions,  respec-  
t ively,  according to the  above results.  

Conclusion 
F r o m  the above expe r imen ta l  resul ts  i t  is concluded 

that  when B20~ is diffused into silicon in an  N~ a t -  
mosphere  the  compound produced at the  B203-Si 
in ter face  at  900~176 is ne i ther  SiB6 nor  SiB4 but  
most  p robab ly  resembles  SiB5 composition. 

Manuscr ip t  submi t ted  May 3, 1977; revised manu-  
scr ipt  rece ived  Apr i l  7, 1978. 

A n y  discussion of this pape r  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1979 JOURNAL. 
Al l  discussions for the June  I979 Discussion Sect ion 
should be submi t ted  by  Feb. 1, 1979. 

Publication costs o~ this article were assisted by 
C.I.F.L. Tortes Quevedo. 
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ABSTRACT 

Noncrys ta l l ine  SigN4 layers  are  grown at low t empera tu res  b y  the chemical  
react ion of s i lane and ammonia,  and at ex t r eme ly  high deposi t ion ra tes  (120A/ 
sec) which is 50 t imes higher  than  the usual  deposi t ion rates. Corre la t ions  be -  
tween  g rowth  condit ions and l aye r  p roper t ies  are  studied. The growth  con- 
di t ions for  obta ining the most  sui table  encapsulan t  l ayers  for  the  an-  
neal ing of ion - implan ted  GaAs are: gas feed ra tes  of silane, ammonia ,  and 
n i t rogen car r ie r  gas of 5, 200, and 1500 ml /min ,  respect ively ,  and a growth  
t empe ra tu r e  of 700~ Layers  formed under  these condit ions have  a re -  
f rac t ive  index of 1.95 and an etch ra te  of 500 A / r a in  in 50% HF so lu t ion .  
These values  are  nea r ly  equal  to tha t  of convent ional  Si3N4 layers  deposi ted  at 
lower  deposi t ion rates.  Auger  e lect ron spectroscopic analysis  shows an 
oxygen concentra t ion below the detect ion l imi t  (<O.1 a tom percent )  and a 
un i fo rm S i /N  ra t io  along the thickness  direction.  Out-diffusion of Ga and 
As into the  layer  does not  occur on 900~ annealing.  No cracks are  formed 
when thin SisN4 layers ,  less than  1200A thick, are deposi ted on GaAs sub-  
strates.  These layers  are  useful  as encapsulant  films for the  anneal ing  of GaAs .  

Chemical  vapor  deposi ted noncrys ta l l ine  Si3N4 l ay -  
ers  have  been ex tens ive ly  appl ied  to silicon devices 
for' surface  passivat ion,  diffusion masking,  and MNOS 
devices, because of thei r  chemical  s tabi l i ty.  Recently,  
SisN4 layers  have been f requen t ly  used as an  encap-  
su lant  film for the anneal ing  of i on - imp lan ted  GaAs 
(1-4).  

In  i on - imp lan ted  GaAs, anneal ing  at  above 800~ 
is necessary  to e l iminate  rad ia t ion  damage  and to 
ach ieve  high e lect r ica l  ac t ivat ion of implan ted  species. 
Therefore,  good encapsulan t  layers  are  required.  An 
effective encapsulan t  should reduce the rma l  decom- 
posi t ion of the  GaAs surface and the out-diffusion 
of Ga, As, and implan ted  species dur ing  high t em-  
pe ra tu re  anneal ing.  However ,  encapsula t ion effects 
on GaAs annea l ing  are  significantly affected by  l aye r  
qua l i ty  and deposi t ion conditions, as repor ted  p re -  
v ious ly  (1-4).  

As there  is a r e la t ive ly  la rge  difference in the rmal  
expans ion  coefficient be tween  SigN4 (2.6 • 10 -6 ~ -1)  
(5) and GaAs (6.9 • 10 -6 ~ -1) (6), a large  s t ra in  
is fo rmed at  the  Si3N4-GaAs interface.  Therefore,  
cracking and l i f t ing of the SisN4 film occurred when 
the film was annea led  at  t empera tu res  above 800~ 
(7). Al though  GaAs decomposi t ion increases at  t em-  
pe ra tu res  above 600~ (8, 9), the decomposi t ion can 
be reduced  b y  shor tening the  h igh  t empe ra tu r e  ex -  
posure of GaAs surfaces before  deposition. To meet  
these  requirements ,  the deposi t ion of th in  SigN4 layers  
must  be car r ied  out  a t  h igh t empera tu res  wi th  ex-  
t r eme ly  h igh  deposi t ion rates. The hea t ing  of sub-  
s t ra tes  up to the  deposi t ion t empe ra tu r e  wi th in  an 
ex t r eme ly  shor t  t ime is also impor tant .  

Recently,  Donnel ly  et al. have repor ted  on high ra te  
deposi t ion of Si3N~ (2, 10). They  have demonst ra ted  
tha t  this  l aye r  is a good encapsulant  film for the  
anneal ing  of i on - imp lan ted  GaAs. However ,  de ta i led  
fea tures  of g rowth  conditions and l aye r  proper t ies  

* Electrochemical Society Active Member. 
Key words: silicon nitride, chemical vapor deposition, gallium 

arsenide, ion implantation, encapsulation film. 

have  not  been repor ted .  I t  is we l l  known  tha t  the  
proper t ies  of Si3N4 can be va r ied  over  a wide range  
depending on the deposi t ion technique and conditions. 
Therefore,  op t imum growth  condit ions for obta ining 
good encapsulan t  layers  mus t  be established.  

This paper  describes the  growth  condit ions of high 
deposi t ion ra te  Si3N4. The proper t ies  of layers  de-  
posi ted under  different  condit ions are  also described.  

Results and Discussion 
Deposition.--Silicon ni t r ide  films were  deposi ted on 

GaAs wafers  using the chemical  react ion be tween  
NH3 and Sill4. A cold wal l  type  ver t ica l  reactor  wi th  
150 m m  d iam was manufac tu red  using stainless steel.  
Special  care was t aken  to e l iminate  slow leaks  in 
the  gas tubing  sys tem and reac t ion  chamber  by  using 
stainless steel  fittings. Chemomechanica l ly  pol ished 
GaAs subst ra tes  were  cleaned wi th  organic  solvents 
and d ipped in  35% HC1 to remove res idual  surface 
oxides jus t  p r io r  to deposition. 

Af te r  GaAs subs t ra tes  of 1O • 10 mm were  placed 
on the graphi te  s t r ip  hea te r  in the  reac tor  cham-  
ber,  the  reac tor  sys tem was evacuated  to mid -  
10 -5 Torr  in order  to p reven t  oxide layer  depositions. 
The subst ra tes  were  then  hea ted  to 200~ in N2 gas 
flow. This p rehea t ing  procedure  permi t s  shor tening 
the subs t ra te  hea t ing  t ime pr io r  to deposi t ion and 
prevents  the  predeposi t ion  of oxide  layers  (10). Re-  
ac tant  gases, Sill4 and NH3, were  in t roduced  into 
the reactor  together  wi th  the N2 car r ie r  gas. High 
pur i ty  NH~ gas (99.999%) was used to obta in  oxygen-  
free SigN4 layers.  Then the subs t ra te  was hea ted  
r ap id ly  f rom 200~ to a p rede te rmined  deposi t ion 
tempera ture ,  for instance 700~ wi th in  5 sec by  
increasing the hea te r  current .  As a result ,  the depo-  
si t ion of the  Si3N4 l aye r  occurred at  an ex t r eme ly  
high growth  rate.  Si lane flow ra te  was constant  a t  
5 m l / m i n  th roughout  this exper iment ,  while  the  NH8 
and N2 gas feed rates were  varied.  When  deposi t ion 
was car r ied  out  at  the  gas feed ra tes  of Sill4 --  5 
ml /min ,  NH~ -- 200 ml /min ,  and N2 - :  1500 ml /min ,  

1525 
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we denoted the ratio as SiH4:NH~:N2 -- 1:40:300, for 
simplicity. The thickness of Si3N4 layers deposited at 
different deposition times was measured u s i n g ' a n  
ellipsometer. 

The layer  thickness var iat ion with deposition time 
is shown in  Fig. 1, where deposition was made at 
700~ with gas feed rate ratio of SiH4:NH3:N2 -- 
1:40:300. This figure shows that  the layer  thickness 
increases l inear ly  with t ime and that deposition rate 
is near ly  constant  at 120 A/sec in the range studied 
here (<30 sec). This deposition rate is much higher 
than that of conventional  Si3N4 grown at higher tem- 
peratures (>800~ and lower gas feed rates (11- 
13 ) . .H igh  deposition rate Si3N4 is abbreviated as 
HR Si3N4 in the following discussion. 

Depositions were carried out at various tempera-  
tures ranging from 500 ~ to 800~ where the gas feed 
ratio of SiH4:NIt3:N2 was fixed at 1:40:300, and the 
layer  thickness was fixed at around I000A. The depo- 
sition rate is shown as a function of deposition tem- 
perature,  T, in  Fig. 2. As seen in  this figure, the depo- 
sition rate of HR SisN4 increases markedly  with 
increasing T and becomes relat ively temperature  in -  
sensitive at temperatures  above 700~ Tempera ture  
variat ions at below 700~ suggest that the chemical 
reaction is a ra te- l imi t ing  process and the deposition 
rate follows an exponential  law. The apparent  activa- 
t ion energy of the growth is about  10.6 kcal/mole,  
which is smaller  than the value of 17 kcal /mole 
reported for conventional  SisN4 growth (12). Above 
700~ mass t ransfer  process is dominant  as shown 
in Fig. 3, where  NHs to Sill4 feed ratios of 30, 40, 
and 50 are used. The deposition rate decreases sharply 
with increasing N2 flow rate, for instance, from 250 A/  
sec at a N2 flow rate of 250 m l / m i n  to 70 A/sec at 2250 
ml /min .  Similar  tendencies are seen for different NI-I3 
to Sill4 ratios. It  is clear from these results that  high 
rate deposition should be at ta ined if the N2 flow rate 
is lowered and the Sill4 feed rate is increased. How- 
ever, layer thickness uni formi ty  wi thin  the wafer 
improves significantly at higher N~ flow rates, the 
best uni formi ty  (within 12%) was at ta ined at a N2 
flow rate of 1500 m l / m i n  with a gas feed ratio of 
SiH4:NHs:N2 ---- 1:40:300, and deposition temperature  
of 700~ In  this case, a deposition rate of around 
120 A/sec was obtained. This value is about 50 times 
higher than that  for conventional  SisN4 layers. 

Layer properties.--Evaluation of layer properties for 
HR SigN4 grown under  different conditions was carried 
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out to obtain desired encapsulant  layers. Refractive 
indexes of the layers deposited at different tempera-  
tures were measured with an ellipsometer. The re-  
fractive index as a function of deposition temperature  
is shown in  Fig. 4 for deposits at a gas feed ratio 
of SiH4:NH3:N2 = 1:40:300. The refractive index is 
near ly  constant  for depositions at above 600~ and 
increases slowly with decreasing deposition tempera-  
ture below 600~ Reduction of the refractive index 
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by the incorporat ion of oxygen in  the film has been 
demonstrated (14), al though the refractive index is 
affected with deposition parameters  such as tem- 
pera ture  and NH~ to Sill4 ratio. The refractive index 
of 1.95 for HR Si3N4 grown at 700~ is near ly  equal 
to that of conventional SigN4 (15). 

The etch rates of the deposited layer were mea- 
sured by dipping specimens into 50% HF solution 
at 20~ without stirring. The layers could be removed 
completely from GaAs surface in this manner. The 
etch rates of layers deposited at a gas feed ratio of 
SiH~:NH3:N2 ---- 1:40:300 are plotted in  Fig. 5 as a 
funct ion of deposition temperature,  T. The etch rate 
decreases drast ically with increasing T and becomes 
constant  at about 500 A / m i n  for temperatures  above 
600~ 

Chu et al. (12) have reported that the etch rate 
of conventional Si3N4 deposited at 800~ is approx- 
imately 700 A/rain. As shown in Fig. 5, the etch rate 
of HR SisN4 deposited at and above 600~ is around 
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500 A/min .  The etch rates of layers deposited at 
different NHJSiH4 ratios are shown in  Fig. 6. The 
etch rates decrease gradual ly  with decreasing NH~ 
concentration. 

Typical inf rared absorption spectra are given in  
Fig. 7, where curves A and B are for 1000A thick 
layers grown on Si substrates at  a gas feed ratio of 
SiH4:NH~:N2 ---- 1:40:300 and 1:40:50, respectively. 
The main  Si-N absorption appears at a round 12 ~m 
as observed in conventional  Si3N4 layers (14). In-  
frared absorption study of other layers indicates that  
the magni tude  of this absorption is independent  of 
both deposition tempera ture  and gas feed ratios in  
the range studied here. Although the N-H absorption 
band at 2.97 #m was not found in  layers typical  of 
conditions shown for curve A, this band appeared 
in  layers grown with ext remely  high NH~ concentra-  
tions, as shown in  curve B. 

The absorption coefficient as a funct ion of the mole 
fraction of NH~ to total gas is shown in  Fig. 8, where 
the 2.97 ~m band grows rapidly with increasing NH8 
fractions in  the range above 30%. The absorption 
peaks at 4.6 #m due to Si-H bonds, which have been 
reported for glow discharge SigN4 (16), were not 
detected. Since the Si-O band at 9.2 #m was not 
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Fig.. 7. Infrared absorption spectra of HR Si3N4 deposited at 
700~ Gas feed ratio, SiH4:NH~:N2 ---- 1:40:300 (curve A) and 
! :40:50 (curve B). 
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Fig. 8. Percent absorption at 2.97 ~m (N-H bonds) of HR SigN4 
as a function of ammonia mole fraction, (NH&/SiH4 + NH3 + 
N2), where deposition was made at 700~ 

observed, these layers are regarded as low in oxygen 
concentration. 

Auger electron spectroscopic analysis of HR Si3N4 
was performed using a JEOL type JAMP-3, where 
measurement  was made at E ---- 5 keV and I : 10-TA. 
Depth profiles of N, Si, and O in as-deposited layers 
show that the distr ibution profile of the N/Si  com- 
position ratio was uniform along thickness direction, 
and that  the oxygen concentrat ion is below the 
detection l imit  (<0.1 atom percent) (17). The layer 
examined was deposited at 700~ and at a gas feed 
ratio of SiH4:NHs:N2 ---- 1:40:300. However, trace 
amounts  of oxygen were detected at the Si~N4-GaAs 
interface, al though residual  surface oxide layers were 
removed from the GaAs surface before growth. The 
origin of this oxygen is not clear at this time. 

Gyulai  et al. (18) using the MeV He ion backscat- 
ter ing method, have shown that out-diffusion of Ga 
into encapsulant  Si3N4 film occurs when  a sample is 
heated to 750~ The amount  of out-diffusion from 
the substrate seems to be affected by layer quality, 
for instance, growth conditions and oxygen concen- 
t ra t ion in  the Si3N4 layer  (19). The layer was an-  
nealed at 900~ for 15 min  in a N2 gas flow. Distr ibu-  
t ion profiles of N, Si, and O were then examined by 
Auger electron spectroscopy. Neither Ga nor As atoms 
diffused into the HR SigN4 layer dur ing 900~ an-  
nealing, because the oxygen concentrat ion is below 
the detection limit, as shown in Fig. 9. An oxygen 

peak is observed at the GaAs-SiaN4 interface as seen 
in the as-deposited layers (17). 

D o o  et al. (11, 13) and others (12) have reported 
that  cracks are often observed in as-deposited thick 
SisN4 layers grown on Si substrates and that  crack 
density increases with increasing growth rates. There 
i s  a much larger difference in thermal  expansion 
coefficients between Si3N4 (5) and GaAs (6) com- 
pared with the Si~N4-Si interface. Therefore, cracks 
should form more easily on the Si3N4 Iayers deposited 
on GaAs. In  order to obtain good encapsulant  layers 
for anneal ing of ion- implanted  GaAs, the conditions 
under  which cracks do not appear even for anneal ing 
at 900~ must  be established. To establish these con- 
ditions, layers with different thicknesses were de- 
posited. No cracks were found in as-deposited HR 
Si3N4 layers when the layer thickness was in the 
range between 500 and 4000A. Pin  holes disappeared 
in the layer  thicker than  800A. These layers were 
annealed at 900~ for 15 rain. A scanning electron 
microscope photograph of a l l00A thick annealed 
Si3N4 layer is shown in  Fig. 10. No cracks are seen 
in  this layer. 

After SigN4 films were removed using an HF solu- 
tion, the GaAs surface was examined by SEM. There 
were no cracks or damage when the thickness of 
the HR Si3N4 layer was below 1200A. However, when 
thicker layers were deposited, for instance > 1500A, 
cracks were formed during this anneal ing process. 
Typical cracks, which appeared on GaAs surfaces 
when anneal ing  was carried out using 3000A thick 
encapsulant  layers, are shown in Fig. 11. It should 
be noted that the cracks on the GaAs seem to run  
along the cleaved surface. It is concluded that  the 
HR SigN4 layer thickness should be less than 1200A 
for anneal ing GaAs. 

This study on refractive index, etch rate, and Auger 
electron spectroscopy indicates that the HR Si3N4 is 
a good encapsulant  layer  and low in oxygen concen- 
tration. 

Peak carrier concentrations of 4.5 • 10 TM cm -3 have 
been obtained using this layer as an encapsulant  film 
for the anneal ing  of Si ion- implanted  GaAs (17). 
Detailed features of the electrical properties of ion- 
implanted GaAs annealed with an HR SiaN4 encapsu- 
lant  will be reported in  the near  future. 
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Fig. 9. Auger electron in-depth profiles of annealed HR SiaN4 
layers deposited on GaAs substrates, where annealing was carried 
out at 900~ for 15 min. 

Fig. 10. Scannlng electron microscope photographs of a 1100A 
thick HI{ Si3N4 layer, which was deposited on a GaAs substrate 
and annealed at 900~ for 15 min. 
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Fig. 11. Scanning electron microsc0pe photograph of surface 
cracks formed on GaAs substrates under the fol~owing annealing 
procedure: 3000A thick Si3N4 layers were deposited on GaAs. 
After annealing at 900~ for 15 min in N2 flow, Si~N4 layers were 
removed by etching from GaAs surface. Cracks were formed on 
the GaAs surface. 

Conclusion 
Deposi t ion conditions of high deposi t ion ra te  Si3N4 

were  studied. F rom resul ts  of l ayer  p rope r ty  eva lua -  
tion, i t  is c lear  tha t  good encapsulant  layers  for an-  
neal ing GaAs can be grown b y  the chemical  react ion 
of SiH~ and NH8 in N2 gas flow under  the fol lowing 
condit ions:  g rowth  t empera tu re  700~ gas feed ra tes  
of Sill4 5 ml /min ,  NH3 200 ml /min ,  and N2 car r ie r  
gas 1500 ml /min .  In  this case, the deposi t ion ra te  
was 120 A/sec  and about  50 t imes la rger  than  that  of 
convent ional  Si3N~. Proper t ies  of layers  deposi ted 
at  these condit ions were  an etch ra te  in 50% HF of 
500 A / m i n  and a re f rac t ive  index  of 1.95. High depo-  
s i t ion ra te  layers  were  essent ia l ly  free f rom oxygen 
contaminat ion  and out-diffusion of Ga and As into 
the  encapsulan t  layers  did  not occur dur ing  the an-  
neal ing at  900~ with  the layers  deposi ted on GaAs 
substrates.  No cracks were  formed dur ing  900~ an-  
nea l ing  when thin  layers,  be low 1200A, were  deposited. 
P in  holes could be e l iminated  when  th ick  layers ,  
above 800A, were  deposited.  F rom these results,  i t  
can. be concluded tha t  the HR SigN4 layers  wi th  

around IOOOA th ick  are  promis ing encapsulan t  films 
for the anneal ing  of i on - imp lan ted  GaAs. 
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Diffusion Properties of Cadmium in Indium Antimonide 
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ABSTRACT 

Diffusion profiles of cadmium in  ind ium ant imonide  were m e a s u r e d  b y  
a modified C-V technique and were found to exhibit  anomalous behavior,  as 
commonly found in I I I -V compounds. The general  shape of the diffusion pro-  
file on a logarithmic scale is characterized by a concave region close to the 
surface followed by a steep front. The steep front is explained by the in te r -  
s t i t ia l -subst i tut ional  diffusion mechanism. The concave region is theoretically 
shown to be related to a decrease of the diffusion coefficient near  the surface. 
This decrease is assumed to be the result  of the surface proximity  rather  
than the result  of a nonmonotonic concentrat ion dependence of the diffusion 
coefficient. This surface effect is physically explained by an extension of the 
in ters t i t ia l -subst i tu t ional  model. Computer  simulations based on this m o d e l  
give profiles s imilar  to those exper imenta l ly  m e a s u r e d .  

Cadmium diffusion profiles in n - type  ind ium ant imo-  
nide exhibit  a steep front near  the p -n  junct ion and a 
concave region (when plotted on a logarithmic scale) 
near  the surface (1, 2). Such anomalous diffusion is 
commonly found in I I I -V compounds (3) and has 
been reported for zinc in  GaAs (3, 4), InP (1), and 
InAs (1), phosphorus in GaAs (5), and other diffu- 
sion systems. 

The basic in ters t i t ia l -subst i tu t ional  diffusion mech- 
anism (6), which is usual ly  invoked to in terpre t  the 
steep front of the profiles, does not explain the concave 
region in  the profiles, because it leads to profiles which 
are convex with a steep front. The concentrat ion de- 
pendence of the diffusion coefficient, obtained from 
exper imental  profiles by applying the Bol tzmann-  
Matano analysis (3), is nonmonotonic,  exhibit ing a 
max imum at in termediate  diffusant concentrat ions (4, 
5). Furthermore,  the behavior  near  this max imum 
varies with diffusion time. This result, which is clearly 
unphysical,  contradicts the monotonic dependence of 
the diffusion coefficient on the diffusant concentrat ion 
as predicted by the inters t i t ia l -subst i tu t ional  model. 
Consequently, the validity of the Bol tzmann-Matano 
analysis for this type of diffusion has been doubted 
by some authors (4, 5), since the profiles cannot be 
expressed in  terms of a single var iable  x/k/~ (diffu- 
sion depth divided by the square root of diffusion 
t ime).  The concave region in the profiles, which causes 
a peak in the results of a Bol tzmann-Matano analysis, 
is assumed to be related to a surface effect on diffu- 
sion. A qual i tat ive explanat ion of this phenomenon,  
relat ing it to a nonequ i l ib r ium of vacancies, has been 
given by Tuck (3). 

The anomalous behavior  described above was ob- 
served on a cadmium diffusion profile which was mea-  
sured by means of a "graded C-V" technique de- 
scribed in the experimental section. 

In the theoretical section, we present a generaliza- 
tion of the Boltzmann-Matano. formula for the case of 
a diffusion coefficient dependent upon depth, diffusant 
concentration, and diffusion time. By means of this 
formula, phenomenological conclusions about the be- 
havior of the diffusion coefficient are reached, showing 
that it decreases near the surface. Numerical results 
showing good qualitative agreement with experiment 
are presented, and suggestions are made about the 
physical reasons for the phenomenon.  

Graded C-V Profiling Method 
The profile of electrically active cadmium diffused 

into the InSb was found from C-V measurements  on 
MOS capacitors in several depths along the profile. 
This "graded C-V" technique is preferable to the well-  

Key words: Boltzmann-Matano analysis, C-V profiling method, 
concave diffusion profiles, interstitial-substitutional mechanism. 

known radiotraeer  and resist ivity methods because it 
el iminates the necessity for removal  of successive thin 
layers. The method is based on gradual  immersion of 
a long diffused sample in  an etching solution so that  
the surface becomes a sl ightly slopy plane, along 
with which the impur i ty  concentrat ion is gradual ly  
changing. The surface type is changed from p to n 
where the wedge crosses the junct ion  plane. A thin 
insulat ing layer  is deposited on the sample, and a series 
of small  electrodes are placed upon it to form MOS 
capacitors as shown schematically in Fig. I. 

From C-V measurements  on a MOS capacitor at 
high frequency, the type of impurit ies in the crystal 
below it may be determined, and their  concentrat ion 
may be calculated from the ratio of m i n i mum- to -  
ma x i mum capacitance. Similar  methods have been used 
for shallow implanted layers, but  in those, the varying 
bias voltage controls the measurement  depth, and the 
derivat ive dC/dV of the measured curve is required to 
obtain the profile (7). In  our exper imental  process, 
cadmium was diffused for several  hours at 400~ into 
samples of te l lur ium-doped InSb with donor concen- 
t rat ion of about 1015 cm -3, cut along <111> plane 
and polished on the In  face. After  the diffusion, a slice 
about 2.5 cm long was gradual ly  etched, so that  a 
height difference of about 2 ~m was obtained. A narrow 
strip along the sample had been protected by photo- 
resist before the etching so that a step was formed, 
and the distance from every point on the wedged sur-  
face to the original surface could be determined by 
measuring the step height. A 1000A pyrolitic SiO2 
layer  was then deposited on the sample, and a series 
of 0.6 mm diam capacitors were formed on it by Cr- 
Au evaporation. C-V curves of these capacitors at 1 
MHz were measured at 77~ 

The measured capacitance is equivalent  to that of 
three capacitors in  series: oxide capacitance Cox, de- 
pletion capacitance Cdep, and the p -n  junct ion  capaci- 
tance Cj. The junct ion  area is almost equal to the area 
of the whole sample, so that Cj is large and thus may 
be neglected. One is left with the simple s tructure of 
a IKOS capacitor at high frequency, and the ionized 

Fig. 1. Schematic setup for measurement of a diffusion profile 
by the graded C-V method. The impurity concentration below each 
MOS capacitor is found frem the C-V curve. 
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impur i ty  concentrat ion No may  be readi ly obtained 
from the value of Cmin/Cox which is a funct ion of the 
oxide thickness and substrate  doping level, by solving 

Cm~ 2 

No 4Cox ~ Cox 

Cr q,InSbeoA~ Cmin [1] 
1 r e _ _  

Cox 

Cm~n is the m i n i m u m  of the C-V curve, Cr is the 
Fermi  potential,  A is the capacitor area, and the 
other symbols have their usual  meaning.  

The accuracy of the graded C-V method is deter-  
mined by the following factors: (i) Variation of im-  
pur i ty  concentrat ion in  the deplet ion region; (ii) vari -  
a t ion of impur i ty  concentrat ion along the sloped sur-  
face under  the metal  electrode; (iii) minor i ty -car r ie r  
generat ion by background i l luminat ion;  (iv) magnifi-  
cation of capaci tance-measurement  error a s  Crnin/Cox 
--> 1 (see Eq. [1]; (v) inhomogenei ty  of the slope- 
etched surface; (vi) errors in the etching depth 
measurement .  

For  impur i ty  densities above 5 • 1016 cm -~, the 
depletion layer  width is less than 0.1 ~m, so that  the 
impur i ty  concentrat ion may be assumed to be constant  
throughout  the depletion layer. Making a moderate 
slope on a long substrate  el iminates the effect of con- 
centra t ion var iat ion under  the metal  electrode. The 
effect of background i l luminat ion  was found to be 
negligible from C-V measurements  on an n - type  sub-  
strate with a known  impur i ty  concentration. 

The m i n i m u m  detectable change in capacitance is 
obtained for impur i ty  concentrations below 1019 cm-S. 
It may  thus be concluded that  the graded C-V method 
is applicable for measurements  of diffusion profiles 
in  InSb for the range of impur i ty  concentrations 5 X 
I0 ~-6 cm -a  --~ N L 1019 cm-a.  

Applicat ion of the graded C-V method to our cad- 
mium-dif fus ion process gave the profile shown in Fig. 
2. The measured profile of active cadmium impuri t ies  
is very similar  to profiles measured by radiotracer 
methods. Hence, the results may be analyzed assuming 
that  all the cadmium atoms are ionized. The surface 
concentrat ion was too high to be measured by this 
technique, so the ini t ia l  par t  of the profile may be 
extrapolated to the max imum solid solubil i ty which 
is in the range of 4 • 1019-2.5 • 1021 cm -3 (8, 9). The 
spread of the measured values is believed to be main ly  
due to the nonuni fo rmi ty  of the etched surface, which 
was observed visually. 

Inspection of the resul t ing profile motivated an in -  
vestigation of the mathemat ical  properties of the dif- 
fusion equation corresponding to such a diffusion 
profile. The t rea tment  is given in the next  section. 

Analysis of Diffusion Profiles 
We assume that  the diffusion process obeys Fick's 

law with an effective diffusion coefficient, D, which 
accounts for the detailed t ranspor t  mechanism. For 
fixed temperature,  surface concentration, and vapor 
pressures, D may depend on the diffusant concentra-  
t ion C, the distance to the surface x, and the t ime t. 
The diffusion equation is 

OC 0 [ D(C,x , t )  OC ] 
Ot -- Ox 0--x- [2] 

The ini t ia l  conditions are C(x) = 0 for x > 0, and 
the boundary  conditions (constant source diffusion) are 

C ( o , t )  = Co 

[3] 
f C(oo, t) = 0  

I t  is usual ly  assumed in  the l i tera ture  that  D is a 
funct ion of C only. 

These are the conditions for application of the s tan-  
dard Bol tzmann-Matano analysis, which gives the 
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Fig. 2. Diffusion profile of Cd in InSb, measured by the graded 
C-V method. Experimental points represent several capacitors on 
three samples. The surface concentration was too high to be mea- 
sured by this technique. 

,xj 
m 

value D(C1) at any concentrat ion C1 on an experi-  
menta l ly -measured  profile C(x) as (5) 

= - x d C  [4] D(CD ~ \-~-6 ci 

where tl is the diffusion time used in the experiment. 
Functions D(C) that were obtained by applying Eq. 

[i0] on profiles measured by us and by others (I, 9), 
are given in Fig. 3. Functions of similar behavior were 
calculated in GaAs for Zn (4) and P (5). The in- 
crease in D(C) with increasing C at the low concen- 
trations range is a consequence of the steepness of 
the experimental profile at the diffusion front and is 
physically explainable by the interstitial-substitutional 
diffusion mechanism (7). 

The peak in D(C) at intermediate concentrations 
reflects the existence of a concave region in the pro- 
files. The fact that the peak of D(C) is time-depen- 
dent (4) leads to the conclusion that the validity of 
the results is in doubt. The peak in D(C) is physi- 
cally unfeasible: it is the outcome of applying Eq. [4] 
near the surface, and probably is not representative 
of bulk diffusion (5). In fact, the diffusion depth of 
such profiles, plotted vs. square root of diffusion time, 
is not a straight line through the origin (4), indicating 
that a diffusion coefficient which depends only on the 
diffusant concentration as in Eq. [2] does not represent 
the actual diffusion process. It is reasonable to as- 
sume that in the actual process there is a dependence 
of D on x which is responsible for special behavior 
near the surface, and our previous assumption that a 
concentration dependence may account for it led us to 
an unphysical result. 
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In  a more general  case, D(C) in  Eq. [2] may be 
replaced by a function D (x, C, t) ,  dependent  on depth, 
diffusant concentration, and diffusion time. 

Following the steps for derivat ion of the Boltz- 
mann-Matano  formula (3) without  any restricting con- 
ditions on D, we obtain 

A 

A 1 "Jo cI xdC 

D (xl ,  C1, h )  --  [5] 
2tl ~ 

~ A 

OX C=C1 
A 

where C(x, tl) is a known profile at a certain t ime h. 
This is a general izat ion of the Bol tzmann-Matano 

formula, giving the local value of D in  a single point 
of a three-dimensional  space. If D depends only on C, 
all the informat ion about D (C) may be extracted from 
a single exper imental  profile by means of Eq. [5], but  
an infinite number  of profiles is required for doing so 
in the general  case. Hence, Eq. [5] is not very useful 
without fur ther  assumptions. 

With the aid of Eq. [5] we can now prove that a 
concave region of the diffusion profiles on a logarithmic 
scale indicates that  D is increasing in that region from 
the surface toward the bulk. 

The fact that the profile is concave may be expressed 
by (seeFig.  4) 

O O 
- -  - -  ( l n  C )  ]~1 > - -  - -  ( i n  C )  Ix~ [6]  

Ox 8x 

where (xl, C1) and (x~, C2) are two points or~ the 
profile, and xl < x2. 

By Eq. [5], the ratio of the values of D in  t h e s e  
points is 

OC foClxdC 
D1 8x z2 
D~ 8C ~'c~ 

x{IC Jo Ox xl 

,Ox x~ 

8C I 
Ox x 1 

~ I 
Ox x~ < - -  

OX x 1 

OC 

Ox 

OC 

8x 

From inequal i ty  

1 + 5o c2xdC 

(C1 _ Cs)x~ [1§ ] 

8 
x2 C1 ~0x (ln C )  ix~ 

C2 O 
- -  ( In  C )  Ix1 

xl 8x 

[6] it follows that  

8 
( l n  C ) I x  2 

Ox 

8 
- -  ( i n  C)Ix1  
ax 

< 1  

[72 

[8] 

and by subst i tut ing E q. [8] in Eq. [7] we have 

Dj 
< 1 [9]  

D2 

Discussion 
By inspection of diffusion profiles having a concave 

region near  the surface and a steep front, in  light of 
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Fig. 3. Concentration dependence of the diffusion coefficient re- 
sulting from 8oltzmann-Matano analysls of experimentally measured 
Cd profiles in InSb. 
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Fig. 4. Two points in the concave region of a diffusion profile. 
The diffusion coefficient increases with increasing depth in this 
region. 

the previous section it may be concluded that: (i) Deep 
in  the bulk  (where the cadmium concentrat ion is low), 
the local diffusion coefficient is decreasing along the 
x direction, causing a profile with a steep front; (ii) 
Near the surface, the local diffusion coefficient is in-  
creasing along the x direction, Causing a concave re-  
gion in  the profile. 

It is physically reasonable to relate the first phe- 
nomenon to a concentrat ion dependence of D (6), and 
the second to the variable x (i.e., to an effect of the 
surface proximity on D). Ignoring any possible var ia-  
tions of the model in time, the behavior  of D may be 
explained qual i tat ively by a family of curves as shown 
in Fig. 5, describing a function D (x, C) that increases 
with C and increases with x for small  values of x. If 
we mark  a decreasing series of concentrations (rep- 
resent ing a diffusion profile) on the curves, we get a 
dis t r ibut ion D (x) with a max imum somewhere below 
the surface. A plot of this dis t r ibut ion vs. C will ex- 
hibit  the same properties as the curves in Fig. 3. This 
explains the existence of a max imum in the D(C) 
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Fig. 5. Curves representing a diffusion coefficient D(x, C) which 
increases with C and increases with x near the surface. By plotting 
D(x) along a diffusion profile a peak is obtained. 

curve calculated by  the s tandard Bol tzmann-Matano 
method. 

The concentrat ion dependence of D is usual ly  ex- 
plained by the in ters t i t ia l -subst i tu t ional  diffusion 
mechanism with charged interst i t ial  species (6, 3). 
Another  mechanism, based on charged vacancies, has 
also been proposed for diffusion of Cd in  InSb (9). 
The dependence on x may be explained by an exten-  
tion of the in ters t i t ia l -subst i tu t ional  model. 

Following the derivat ion of the s tandard  interst i t ial  
subst i tut ional  model (3, 6), it may be shown that 

D ( C )  = K Di C n [ 1 0 ]  
Cv 

where Di is the inters t i t ia l  diffusion coefficient, Cv is 
the vacancy concentration, n depends on the interst i t ial  
charge, and K is a constant. In  the derivat ion of Eq. 
[10], Cv was assumed to be constant  throughout  the 
sample. Now, if we assume that  the surface supplies 
vacancies to the bulk  dur ing the diffusion process, so 
that the vacancy concentrat ion Cv is decreasing from 
the surface towards the bulk, D might  be expressed in 
an extended form of Eq. [10] 

C~ 
D(x ,  C, t) = KDi - -  [11] 

Cv (x, t) 

In  Eq. [11], Cv(x, t) is the vacancy profile which dif- 
fuses s imultaneously  wi th  the cadmium. Each of the 
curves depicted in Fig. 5 is proport ional  to the re- 
ciprocal of the vacancy profile. Our assumption about 
the vacancies implies that  the in ters t i t ia l - to-subs t i tu-  
t ional ratio increases along the x direction near  the 
surface, causing a corresponding increase in diffusion 
coefficient. Since the incoming vacancies are consumed 
by  interst i t ials  going substi tut ional ,  it is reasonable to 
make a first-order assumption that  a s tat ionary va-  
cancy profile is established, thus obtaining a model 
which does not depend on time. Numerical  experi-  
ments  with the. model also support  this assumption. 

A computer  rout ine for solving a general  quasi l inear 
parabolic part ial  differential equation, of which Eq. 
[2] is a special case, has been wri t ten,  such that  all 
the coefficients are parameters  and may depend on x, 
C, and t. The program is based on a stable th ree- t ime-  
level method described by Mitchell (10), and uses 
Richardson's extrapolat ion for automatic stepsize con- 
trol. Computat ional  experiments  with that  program 
actual ly served as motivat ion for a par t  of the theory 
described above. Figure  6 shows theoretical profiles 
obtained for a diffusion coefficient of the form (10) 
where n was chosen to equal 1, and Cv(x , t )  was 
arb i t ra r i ly  assumed to be of the form 1 q- K l . e x p ( - -  
x / L ) ,  where L is a "vacancy diffusion length" and K1 
is a constant. A qual i ta t ive agreement  with experi-  

VoW. 125, No. 9 INDIUM ANTIMONIDE 1533 

id 
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Fig. 6. Diffusion profiles calculated by the computer using the 
D(x, C) model,  for t = 3, 6, 9 . . . .  hr. 

ment  was clearly obtained: the profiles have a steep 
front  (caused by C ~) and a concave section appears 
after a certain diffusion time. An exact quant i ta t ive  
agreement  with exper iment  in InSb could not be ob- 
tained, due to lack of data, so that  n could not be 
picked optimally, and it was impossible to fit the func-  
t ion Cv exactly. 

Figure  7 shows diffusion depth vs. N/~, as obtained 
from the computer results. The junct ion depth is ob- 
served to grow slowly in the ini t ia l  stage, then-con-  
t inues in a straight l ine that  does not cross the origin. 

Xj I~m]- 2 

/ 
I 
I 

I 
I 

0 1 2 3 4 5 6 

Fig. 7. Diffusion depth vs. square root of diffusion time, culcu- 
lated using the D(x, C) model for two different parameter sets. 
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Exper imenta l  results of exactly the same nature  were 
published by Ting and Pearson (4) for zinc in GaAs. 

Conclusions 
A generalization of the Bol tzmann-Matano analysis 

for diffusion profiles has been presented. As a corol- 
lary, it has been shown that a concave region in con- 
s tant-source diffusion profiles (on a semilogarithmic 
scale) indicates that the diffusion coefficient is in-  
creasing in that  region toward the bulk. By analysis 
and synthesis of constant-source diffusion profiles, it 
has been shown that the outs tanding properties of 
diffusion of various impurit ies in I I I -V compounds 
may be characterized by a nonl inear  diffusion coeffi- 
cient which depends both on the diffusant concentra-  
t ion and the distance from the surface. Time depen-  
dence of the diffusion coefficient seems to be negligi-  
ble. Such a diffusion coefficient may represent  an in-  
ters t i t ia l -subst i tut ional  diffusion mechanism with a 
surface-effect that reduces the diffusion constant at 
small  depths. An extension of the in ters t i t ia l -subst i -  
tut ional  model, assuming an enhanced vacancy con- 
centrat ion near  the surface, has been suggested to ex- 
pla in  this effect. The model has been implemented  on 
a computer, and theoretical profiles that  have been 
produced show a good quali tat ive agreement  to experi-  
ment  in  shape and time dependence of the diffusion 
depth. 
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Kinetics of Tungsten Deposition by the 
Reaction of WFo and Hydrogen 

W .  A. Bryant* 
Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Exper imental  rate data from a number  of investigations on the chemical 
vapor deposition of tungsten  by the hydrogen reduct ion of WF6 were a n a -  
l y z e d  to determine the reaction mechamsms which controlled the process 
under  exper imental  conditions in which mass t ranspor t  l imit ia t ion was 
absent. Rate-control l ing mechanisms were identified by comparing reaction 
orders obtained from the exper imental  data with those obtained from rate 
equations derived for each possible ra te-control l ing step. Where the re-  
actant  stream was expected to remain  s t reamlined and only slightly heated 
through contact with the tungsten  substrate, the rate-control l ing mechanism 
was determined to be the dissociation of H2 molecules adsorbed on the sub-  
strate. The activation energy for this process step was 67,000 J/mole.  The re-  
action orders with respect to WF~ and H2 were zero and one-half ,  re-  
spectively. With exper imental  conditions more conducive to gas s t ream 
turbulence  and stream heating, deposition rate was controlled by homogeneous 
gas phase reactions also having an activation energy of about 67,000 J/mole.  
The reaction order for this mechanism was 2 with respect to both reactants. 

Although a considerable amount  of work has been 
reported on the kinetics of tungsten  deposition by 
the H2 reduct ion of WF6 according to the over-al l  
react ion 

WF6 -5 3H2 : W -5 6HF [1] 

the ra te-control l ing mechanism(s)  is still not com- 
pletely understood. Carl ton and Oxley (1) have dem- 
onstrated that  the rate of tungsten  deposition from 
WF6 could be predicted wi th in  the regime of mass 
t ransport  control. Later investigations fur ther  estab- 
lished that  mass t ranspor t  is rate controll ing in this 

�9 Electrochemical Society Active Member. 

system at relat ively high tempera ture-h igh  pressure 
combinations (2, 3). 

At lower tempera ture-pressure  combinations, other 
processes control the deposition rate. However, the 
ident i ty  of the processes has not been firmly estab- 
lished. Haskell (4) concluded that  a model based on 
HF desorption from the tungsten  substrate was able 
to describe the rate data of Holman and Huegel (5). 
Some support  for this mechanism was provided by 
other correlations (2) of rate data (6), however, 
that analysis did not provide a strong enough test 
of the data correlations to completely rule out other 
ra te-control l ing mechanisms. Cheung (7) has shown 
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that  a model based on the dissociation of hydrogen 
adsorbed on the tungsten  substrate was able to ex- 
p la in  both his data and that  of Holman and Huegel. 
Huegel et al. (8), using their  results of experiments  
in  which small  amounts  of HC1 were added to the 
reac tan t  s t ream to serve as a deposition retardant ,  
concluded that  the Cheung model ra ther  than  the 
one of Haskell  best described their  results. Brecher's 
analysis (9) of the data of Berkeley et al. (10) 
did not p rov ide  identification of a ra te-control l ing 
mechanism since the analysis combined data obtained 
both from the regime of substrate surface process 
control and mass t ransport  control. 

It  was the purpose of the present  work to critically 
examine all available rate data obtained under  con- 
trolled conditions for this chemical vapor deposition 
react ion and to definitively establish the ra te-control -  
l ing mechanism(s)  outside the regime of mass t rans-  
port  control. 

Procedure 
Mass t ranspor t  control of a chemical vapor deposi- 

t ion reaction is favored by relat ively high pressure 
and tempera ture  and rela t ively low reactant  flow 
rate. Thus correlations between these parameters  and 
tungs ten  deposition rates were used to establish the 
boundaries  separat ing mass t ranspor t  controlled and 
nonmass t ranspor t  controlled regimes. Only data from 
the lat ter  regime were fur ther  analyzed to determine 
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Fig. 1. Temperature dependence of tungsten deposition rate for 
high pressure (66.6-101.2  k N / m 2 ) .  

rate control mechanisms. These data included those 
in  which the reactants  were diluted with either 
argon or HF. [The work of Huegel et al. demonstrated 
that  the influence of HF was one of di lut ion rather  
than  substrate surface poisoning.] 

/ ' lots  were made of deposition rate as a funct ion 
of the reciprocal of substrate temperature  for essen- 
t ial ly constant  pressure and gas composition and with 
reactant  flow rates great enough as to not significantly 
affect deposition rate. In  the region of ma x i mum slope 
the deposition rate varies exponent ia l ly  with tem- 
perature.  However, as the extent  of mass t ransport  
control becomes significant at higher temperature,  the 
slope decreases. At the highest temperatures,  the 
slope eventual ly  corresponds to square root depen-  
dence on temperature  as dictated by boundary  layer  
theory. Figures 1 through 3 are examples of this 
type of data plot. 

From Fig. 1 only the data of Berkeley et aL, cor- 
responding to H2/WFo of 3 and 4 and a tempera ture  

0.20 

~" 0.10 

} 

0.06 

0.04 

0.02 

O. Ol 

O. OO9 

SubstrateTemperature. 10~O/T, ~  
1200 1100 1000 900 800 7OO 

I I I I I 

Mole P Flow Rate =' 
'mbol FR -HF H2/WF 6 (kN/m Z) (cc/min) Investigator Ref. 

<0. 1 3.9 8 500 Wahl & Batzies 3 
<O. 1 7 8 2300 Bryant 6 

@, 0. 2 5.6 8 500 Wahl & Batzies 3 
O. 2 8 8 2300 Bryant 6 

t> O, 4 6. 8 8 500 Wahl & Batzles 3 
o O. 4 10. 8 B 2300 Bryant 6 
m <0. 1 7 6. 1.6. Z 1040-1070 Huggins 13 
�9 <0.1 9&3 6.7 I000 Cheung 7 
I <0. 1 l. 1 6. I 1163-4583 Huegel etaL 8 
�9 <O. I l. 2 5.3 570 Holman & Huegel 5 

<0. I 12 6. 7 650 Shroff 12 
<0. 1 50 6. l 2550 Shroff 12 

O. 2 g 6. l looO Cheung 7 
O. 2" I .  9 6. 2 lOll Huggins 13 
O. 4 6 6. 7 IOOO Cheung l 

# O. 4 7. l 8. 9 %0 Huegel etal. 8 
% O. 4" I. 1 8. 9 950 HuecJel etaL 8 
�9 O. 4" 6. l 6. l. 6. 2 10gO-1llO Huggins 13 

* Argon instead of HF 
"* STP Conditions 

_ . L  \" 

\. 

I I I I d \  i l 
0.9 1. O 1.1 1.2 1.3 1.4 1.5 

Substrate Temperature. 103/T, "K - ]  

Fig. 2. Temperature dependence of tungsten deposition rote for 
various levels of dilution and for intermediate pressures (5 .3-8 .9  
k N / m ~ ) .  



1536 J. EZectrochem. Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Sep tember  1978 

Substrate Temperature, ~ 
1200 1100 I000 , 900 800 700 

i I I l I I 

Mole Flow Rate 
Symbol FR-HF H2/WF 6 (cc/min)* Investigator Ref, 

~0 70 -2000 Heestand etal. *" 7-4- 
�9 ~0 12 650 Shroff 12 
'~ ~0 3 2000 Holman & Huegel 5 
�9 ~0 7. 1 570 Holman & Huegel 5 
0 O. 074 7.1 2300 Bryant " '~ 6 
�9 0. 04 6. 9 2300 Bryant " "  6 
c, 0. 08 5.2 500 Wahl & Batzies 3 

- 0  6 350 Shroff 12 
O. 033 5. 1 500 Wahl & Batzies 3 

�9 STP Conditions 

�9 " Data for Distance of 2.5 cm from 
Injector Outlet 

O.40 
�9 " Pressure of 1.2 ~ /m 2 , -  all other data for 1. 33 kN/m 2 -  

0.20 K '~ 

0.10 

~, o.o4 

"~. 0.02 
N 

0.004 
0.7 O.B 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

SubstrateTemperature, 103/T, ~'K - 1  

Fig. 3. Temperature dependence of tungsten deposition rate for 
little or no HF dilution and for low pressures (1.2-1.33 kN/m2). 

o f  773~ were  considered to be free of significant 
mass t ransport  control. All the Fig. 2 data were  
judged to have been lit t le influenced by mass t rans-  
port. The data of Heestand et al. (14) in Fig. 3 were  
felt  to have been obtained under  conditions of exces- 
sive control by mass transport.  All  data for t empera -  
tures grea ter  than 873~ were  not considered fur ther  
(even though some of them were undoubtedly asso- 
ciated with  insignificant mass t ransport  resistance) 
since they were  too few in number  to warran t  the 
effort involved in their  analysis. 

Plots of deposition rate  as a function of pressure 
(for example,  Fig. 4) were  constructed from data 
taken at essentially constant t empera ture  and gas 
composit ion and at sufficient flow rate  to minimize, 
as much as possible, resistance from mass transport.  
In these plots the onset of significant mass t ransport  
control was taken to be the pressure at which the 
deposition rate became essentially pressure indepen-  
dent. Therefore  to e l iminate  data influenced by mass 
t ransport  control, all data for pressures greater  than 
20 k N / m  2 were  el iminated f rom fur ther  analysis. The 
data point of Berkeley et al. was not e l iminated since 
it  was previously  accepted by the analysis of Fig. 1. 

The onset of significant mass t ransport  control was 
also indicated by a pronounced dependence of deposi- 
t ion rate  on flow rate as the flow rate  was reduced 
and the other  parameters  were  held essentially con- 
stant. This cr i ter ion is in keeping with  film theory 
(or boundary layer  theory)  since, .as flow decreases, 
film thickness increases to an eventua l  value at which 
diffusion through the film completely controls the 
rate of deposition. In determining the cutoff point 
for onset of significant mass t ransport  resistance, it 
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Fig. 4. Pressure dependence of tungsten deposition rate at 773~ 
for various gas compositions and flow rates. 

was necessary that, as much as possible, each in-  
vest igator 's  data be analyzed separately. This pre-  
caution was taken since, as observed by Chin (15), 
differences in exper imenta l  setups could be sufficient 
to influence the data. This influence was most notice- 
able in evaluat ion of flow rate  data. In each curve 
of Fig. 5, for example,  the data point corresponding 
to the lowest flow rate of Huggins (13) was considered 
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Fig. 5. Flow rate dependence of tungsten deposition rate. Data 
are for 773 ~ K. 
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Fig. 6. Flow rate dependence of tungsten deposition rote using 
data of Huggins for 853~ pressure of 6.1 kN/m 2 and H~/WFe 
of 7. 

to involve part ial  mass t ransport  control even though 
in  one case (nominal  12.5 k N / m  2 pressure) a data 
point  of another  investigator,  at lower flow was not 
e l iminated from fur ther  evaluation. 

Even with the precautions t a k e n ,  it is doubtful  
that  the influence of mass t ransport  on deposition 
rate was completely el iminated for data selected for 
fur ther  analysis. In  Fig. 6 are plotted tungsten  depo- 
sition data obtained under  conditions which are fairly 
typical of those corresponding to the data of the 
present  study. Flow rates between about 300 and 
500 cm3/min define the region of mass t ransport  con- 
trol. Below 300 cm3/min convective t ransport  effects 
are appreciable. Flow rates greater than  about 500 
cm3/min are required to essentially el iminate mass 
t ranspor t  resistance for the subject  conditions. A con- 
dition of zero t ransport  resistance is reached only 
where no dependence of deposition rate on flow is 
indicated. However, since this dependence is asymp-  
totic, only the use of in tolerably high flow rates would 
el iminate this resistance altogether. 

Other data, in  addit ion to those given in  Fig. 1-5, 
were used in  the kinetic analysis. Some of these were 
obtained by interpolat ion or extrapolation. Where 
this was necessary, only data from a single investigator 
were used and extrapolations were made only to 
lower pressure or temperature.  

HF mole fractions in the gas s t ream were calcu- 
lated from weight change data for the investigations 
of Huggins (13), Wahl and Batzies (3), and Bryant  
(6). Since the substrate surface areas for the remain-  
ing investigations were no greater than  the least of 
the above, it  was assumed that  the amount  of HF 
formed was also no greater. Thus in  many  cases 
an assumption of essential ly no HF formation was 
warranted.  Where this assumption was not war ran ted  
and the HF concentrat ion could not be calculated 
because of insufficient information,  the corresponding 
kinetic data were not included in  the study. 

Deposition rate data obtained in  fluidized bed sys- 
tems [Oxley et aL (16) and Sump and Howard (17)] 
were also el iminated since, with the a t tendant  very  
high substrate surface area and WFs utilization, dif- 
ferent  processes can control wi thin  different portions 
of the bed. l i t  is for this reason that  Oxley et al. (16) 
determined an over-al l  activation energy of 30,600 J /  
mole for their  process ra ther  than either a much 
smaller value associ.ated with mass t ransport  (2) or 
a much larger value associated wi th  the absence of 
mass t ransport  (3, 5, 13, 18, 19) ]. 

Using only the rate data found to be essentially 
without  influence from mass transport ,  reaction or- 
ders with respect to each reactant  were determined 
from log-log plots of deposition rate as a funct ion of 
par t ia l  pressure of the reactant  for three levels of 
temperature  (773 ~ 823 ~ and 873~ Care was taken 
to hold essentially constant  the part ial  pressure of 
the other reactant  and the temperature.  

By comparing the exper imenta l ly  determined reac- 
t ion orders with respect to both reactants to those 
determined from Langmuir -Hinshe lwood type rate 
equations for various possible ra te-control l ing mecha-  
nisms (Table I),  the actual ra te-control l ing mecha-  
nisms were identified. Details of the procedure used 
to formulate  these rate equations are given in  Ap-  
pendix A. 

Resul ts  
In  both Fig. 2 and 3 it was noted that  for the 

condit ion of l i t t le or no presence of d i luent  (HF or 
A) the deposition rate was greater for comparable 
deposition parameters  for the data of both Wahl and 
Batzies and Bryant.  This suggested a reaction mecha-  
nism for these data which was different from the one 
for the data of the remaining  investigators. This 

Table I. Rate equations and reaction orders derived for study of kinetics of tungsten formation by chemical vapor deposition 

R e a c t i o n  order  w i t h  
Rate equation respect to reactant 

Kinet ic  s tep  Full expression Simplified form Hydrogen WFe 

I. WF6 adsorption 

2. H~ adsorpt ion R 

KrpaiM/pw 
R = R = K~pai 0 

1 + ~ + (KbPbl) 1]~ + Kcpc i  
Keqpbt ~ 

K r p b i M / p w  
R = K.p~i I 

[ Kbp~l 2 ~ ]~ 

1 + Kapai + + Kcpct 
Krpbi~/SM/pw 

3. H~ dissociat ion R = 

Keq~/~p~il/a 

KrKaKb[,.,,bi~ "c'e ]Mlp. 
Keq 

4. Chemica l  r eac t ion  R R = K,'p~ipb~ a 3 
[1 + Kapai + (Kbpbi )  ~/s + K c p c i ]  n 

Kr[(KeqpaipbL3)~/o -- p c i ] M / p w  
S. ~ desorption R = R = Kr'Pall l~pei  1l~ 1/2 

[1 "~ Kapai % (Kbpbi) 1/2 ~= Kc(KeqPa ipb l3 )  14t~]a [ "~ 
6. Homogeneous R = Kr paiSpbi 2 -- - -  M/pw R = KrpalSPbl s 2 

reaction a Ke~ 
r PelSpdl 

6. H o m o g e n e o u s  R = K r  [pa l2Pb i  2 -- | M / p w  R = KrpaiSpbl s 2 

reac t ion  b Keq J 

6. H o m o g e n e o u s  R = K r  pai2pbi -- - - .  ~ / O w  R ~ KrPal2Pb|  1 
reac t ion  c Keq 

R = K,pbil/s 1/2 0 

I 

I/6 

2 

2 

2 
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same segregat ion was found in the plots of exper i -  
menta l  data for de terminat ion  of react ion order  wi th  
respect  to each reactant  (Fig. 7 through 12) where  
the data have also been grouped by part ial  pressure 
of the other  reactant,  i.e., part ia l  pressure of the 
reactant  whose order  is not being determined.  

The react ion orders determined f rom the exper i -  
menta l  data are  listed in Table II. Reaction orders 
other  than  2 could have been assigned to the data 
of Wahl-Batzies  and Bryant.  However  the value 
adopted is most compatible wi th  the findings of 
Huggins (13) whose work  provided exper imenta l  
evidence for reactions [2] and [3]. Comparison of 
these values wi th  those obtained from the der ived 
rate equations (Table I) indicate that  the deposition 
data of Wahl-Batzies  and Bryant  represent  control 
by a homogeneous reaction, specifically one of the 
fol lowing 

2WF6 -t- 2H2 = W2F10"H2 -}- H2F2 [2] 

2WF6 "-I- 2H2 = W2Fs + H2F2 + 2HF [ 3 ]  

From this comparison it  is fu r the r  indicated that  the 
deposition data of the other  invest igators represent  
deposition control by H2 dissociation on the tungsten 
surface. 

Fur the r  evidence for the existence of two ra te -con-  
t rol l ing mechanisms in the nontranspor t  controlled 
regime was provided by data concerning the influence 
on deposition rate  of diluents added to the reactant  
s t ream (Fig. 2). The deposition rates of both Wahl  
and Batzies and Bryant  were  s t rongly influenced by 
the presence of diluent.  This is the result  to be 
expected for a homogeneous, gas-phase process since 
the concentrat ion dependence of the deposition rate 
was large, as shown by a value of 2 for the reaction 
order  wi th  respect to each reactant.  In contrast, the 
deposition ra te  at constant t empera ture  for the con- 
trol l ing substrate surface react ion would be expected 
to be only sl ightly dependent  on the reactants '  par -  
t ial  pressures at the substrate. This conclusion follows 
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Fig. 7. Plots to determine reaction order with respect to WF6 
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from the de terminat ion  of low react ion orders for 
the mechanism of I-I2 dissociation. 

The influence of HF on the rate  of deposition con- 
t rol led by the homogeneous process is one of di lu-  
tion only. With the combined par t ia l  pressures of 
the reactants  held near ly  constant, the deposition 
rate  was independent  of HF concentrat ion in the 
gas s t ream (Fig. 13). 

An act ivat ion energy of 67,000 J / m o l e  was deter-  
mined for both the homogeneous, gas-phase process 
and the dissociation of H2. 

Discussion 
Identification of the ra te-cont ro l l ing  surface reac-  

tion as H2 dissociation agrees with the ear l ier  result  
of Cheung. Fur the r  evidence support ing this mecha-  
nism as rate  controll ing is provided by the act ivat ion 
energy of 67,000 J / m o l e  determined f rom the appro-  
pr iate  data of Fig. 1 through 3. The dissociation is 

Table II .  Experimentally determined reaction orders 

Deposi t ion 
temperature 

(~ 

Experimental reaction order  
with respect  to reactant 

HH, S, C, H, H, Be* WB, B* 

H~ WF6 H2 WF6 

773 ~/~ 0 2 2 
823 1/2 0 2 2 
873 1/2 0 2 2 

*HH = Holman and Huegel, S = Shroff, C = Cheung, H = 
Huegel et aI., H = Huggins, Be = Berkeley et aL, WB = Wahl 
and Batzies, B = Bryant. 
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Fig. 10. Plots to determine reaction order with respect to hydro- 
gen a t  823~ 

comple ted  by  the  jumping  of one of the  H atoms to 
a ne ighbor ing  la t t ice  si te (7). The repor ted  values  
for H2 surface diffusion on tungs ten  are  also 67,000 
J / m o l e  (20, 21). 

The ac t iva t ion  energy  for  the  H2 dissociat ion mech-  
an i sm is in  good agreement  wi th  the  separa te  values  
for  surface processes obta ined by  Holman  and Huegel  
(67,000 J / m o l e ) ,  Shim and Byrne  (18) (67,000 J /  
mole ) ,  Haske l l  and Byrne  (19) (63,000 J / m o l e ) ,  and  
Huggins (65,400 J / m o l e ) .  

A mechan i sm of homogeneous reac t ion  finds sup-  
po r t  in the  observat ions  of both  Huggins and Wahl  
and Batzies. The fo rmer  found the compound W2Fg 
condensed in the  cold t r ap  of his expe r imen ta l  setup. 
A combinat ion  of the  two tungs ten -bea r ing  molecules  
formed by  react ions [2] and [3] would  yie ld  a p rod -  
uct  hav ing  the same rat io  of fluorine to tungsten.  
The l a t t e r  inves t igators  observed,  a t  low pressures  
of about  1.0 k N / m  2 or less, a s t rong dependence  of 
g rowth  ra te  on pressure  (R propor t iona l  to pl.s to R 
propor t iona l  to pa.s). [At h igher  pressures  this  de-  
pendence is less owing to effects produced by  par t i a l  
mass t r anspor t  control  (22)].  F rom the resul ts  of 
the  presen t  work,  the  exponent  was 0.5 for ra te  con- 
t rol  by  the  surface process. Mass t r anspor t  control  
would  also be expected  to exhib i t  a much lower  de-  
pendence of deposi t ion ra te  on pressure.  

I t  is suggested tha t  the gas phase react ions do not  
stop wi th  the  fo rmat ion  of monomers ,  but  ins tead  
proceed to form par t ic les  l a rge r  in size than  the t he r -  
modynamica l l y  s table  size. According to the  theory  
of homogeneous gas-phase  nucleat ion (23), the  ra te  
of fo rmat ion  of cr i t ica l -s ized nuclei, given by  Eq. [4], 
is an exponent ia l  funct ion of t empe ra tu r e  

aIIr*2PC 
J - -  e-AF*/kT [4] 
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It was this form of t empera ture  dependence that  was 
found in the present  work  for the data of Wahl and 
Batzies, and Bryant,  ra ther  than the TI/2 dependence 
which would have been found if only monomers  had 
been formed according to the collision f requency 
suggested by kinetic gas theory (24). 

Fur ther  support  for the Wahl and Batzies, and 
Bryant,  data conforming to control by homogeneous 
react ion is provided by the observed l inear dependence 
of deposition ra te  on the concentrat ion of HF di luent  
(Fig. 14). This same l inear  dependence is found in 
relat ion [4] where  the concentrat ion te rm occurs to 
the first power. 

Under  seemingly very  similar  exper imenta l  condi- 
tions two modes of react ion rate  control were  found 
to occur outside the regime of mass t ransport  control. 
Two conditions would favor  homogeneous react ion 
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Fig. 14. Influence of HF dilution on deposition rate for the data 
of Wahl and Batzies, and Bryant (Data were taken from Fig. 2 
for a temperature of 770~ A value of 5 mole percent was as- 
signed to the data corresponding to 10 mole percent diluent or 
less.) 

over  heterogeneous react ion control. Higher  gas t em-  
pera ture  and greater  turbulence of the gas would both 
favor  a homogeneous process, the former  by increas-  
ing the equi l ibr ium concentrat ion of cri t ical-sized 
nuclei  and the la t ter  by increasing the f requency of 
in terpar t ic le  collisions. 

To see if any of the exper imenta l  investigations 
could have produced a re la t ive ly  h igher  gas t em-  
perature,  the re la t ive  heat  t ransfer  rates for each 
invest igator 's  exper imenta l  se tup were  calculated for 
representa t ive  exper imenta l  conditions by the pro-  
cedure of Appendix  B. The heat  t ransfer  data (Table 
III)  show that  a higher  gas t empera tu re  would be 
expected for the work  of the present  author  and 
thus react ion in the gas phase would be more favored 
in that  exper imenta l  setup. 

The second condition favor ing a homogeneous proc- 
ess (ihcreased molecular  collisions resul t ing f rom 
gas turbulence)  would be expected for the exper i -  
menta l  a r rangement  of Wahl  and Batzies where  the 
l inear  veloci ty  of the gas s t ream was, relat ively,  ve ry  
high (Table III) .  Impingement  of the s t ream on the 
flat substrate disk would produce l i t t le  s t reamlined 
flow past the substrate whose diameter  (2 cm) was 
greater  than the d iameter  of the reactant  gas nozzle 
(0.65 cm) located only 1.5 cm from the substrates. 

The s t ream velocities of the exper imenta l  a r range-  

Table Ill. Data used in the analysis to determine conditions 
favorable to homogeneous reaction 

Linear gas 
Relative heat velocity Refer- 

Investigator transfer rate (cm/sec) ence 

Berkeley et at. 4.4 ~0' (10) 
Huggins 20.5 131 (13) 
Holman ~nd Huegel 21.7 66 (5) 
Cheung 15.3 116 (7) 
Huegel et at. 2fi,4 110 (8) 
Shroff 13.6 164 (12) 
Wahl and Batzies 9.7 1060 (3) 
Bryant ,173.0 86 (6) 

* Static system. 
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ments  conducive to surface process control were much 
lower. Additionally,  more s t reamlined flow would be 
expected for these ar rangements  since the substrate 
dimension normal  to the gas flow direction was small  
relat ive to the stream diameter. 

The deposition rates observed for the homogeneous 
process (in the absence of di lut ion) were greater 
than those found for the heterogeneous process under  
identical exper imental  conditions. It  is suggested that  
residual mass t ransport  resistance was lessened for 
the two investigations involving the homogeneous 
process. The greater  degree of gas turbulence in  the 
work of Wahl and Batzies would decrease the reac- 
tive film thickness as would the greater gas tem- 
pera ture  determined for the work of Bryant.  

The activation, energy found for the homogeneous, 
gas-phase process of 67,000 J /mole  is not in agree- 
ment  with the value of 56,000 J /mole  obtained by 
Wahl and Batzies for their data. This discrepancy is 
possibly the result  of these authors '  fai lure to account 
for the effect of HF dilution on deposition rate. 

Conclusions 
Under  exper imental  conditions of min imal  influence 

by mass t ranspor t  control, the deposition of tungsten  
by the H2 reduction of WF6 is controlled either by 
the dissociation of H2 on the substrate or by homo- 
geneous, gas-phase reactions. The degree of gas stream 
turbulence  and heating determines which of the two 
processes is rate controlling. An activation energy 
of 67,000 J /mole  was found for each process. 

Manuscript  submit ted Ju ly  27, 1977; revised m a n u -  
script received March 23, 1978. 

Any  discussion of this paper will appear in  a Discus- 
sion Section to be published in the June  1979 JOURNAL. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 

Publ icat ion costs of this article were  assisted by 
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APPENDIX A 

Formulation ot Rate Equations 
The method of Yang and Hougen (25) was used to 

formulate  rate equations for each possible step in  
the over-a l l  reaction sequence. This methodology is 
based on Langmuir -Hinshelwood models for competi-  
tive adsorption by reactants. Many of the reaction 
steps suggested by Yang and Hougen were el iminated 
from fur ther  consideration by the knowledge that  
WF6 would be expected to s trongly adsorb on tung-  
sten (26, 27) (the deposit substrate after the first 
few minutes  of deposition) and that  hydrogen would 
be readi ly  atomically adsorbed (28). 

The following reactions remained as possible ra te-  
controll ing steps. All but  the last are surface proc- 
esses. 

1. Adsorption of WF8 
2. Adsorption of He 
3. Dissociation of H2 
4. Chemical reaction between WF6 and H2 
5. Desorption of HF 
6. Homogeneous, gas-phase reactions as follows 1 

WF6 -~- H2 = WF4 + H2F2 
WF6 -k WF4 ---- W2F10 
W2F10 "t- H2 ---- W2F~0"H2 

a. 2WFa Jr 2H2 ---- W2F10"}t2 -k H2F2 [A- l ]  2 

WFe -t- H2 = WF4 + HeF2 
WF4 -k H2 ---- WF2 + 2HF 
w r 6  + WF2 ---~ W2Fs 

b. 2WF6 + 2H2 = H2F2 + 2HF + W2Fs [A-2] 3 

WF6 + H2 ----= WF4 4- H2F2 
WF~ + WF4 = W2Flo 

c. 2WF6 -}- H2 ~-~ H2F10 -~ H2F2 [A-3] 

T h e s e  r e a c t i o n s  have been suggested by Huggins. 
2Equation [A-I] is the s a m e  a s  Eq. [21. 
3 Equation [A-2I is t h e  s a m e  as Eq. [3]. 

As shown by Yang and Hougen the net  rate of a 
react ion can be wri t ten  in  the form 

(kinetic term) (potential  term) 
rate -- [A-4] 

(adsorption term) 

where n equals the number  of substrate surface sites 
involved in  the reaction. For the purpose of i l lustra-  
tion, the rate equation for I-IF desorption was de- 
veloped as follows, with the subscripts a, b, and c 
used to designate respectively the gases WF6, H2, 
and HF. 

The kinetic term includes factors for the total n u m -  
ber of active surface sites, the number  of adjacent  
sites, an effectiveness factor, and a rate constant. These 
separate terms were combined into a single reaction 
rate constant  Kr. 

The potential  term is the difference between the 
actual surface concentrat ion (activity) and the equi-  
l ibr ium activity of HF gas. With these interracial  
activities replaced by part ial  pressure values and 
by employing the definition of the equi l ibr ium con- 
stant, the potential  term"was wr i t ten  as 

(potential  term) = [ (KeqPaiPbi 3) 1/6 _ _  Pci] [A-5] 

The general  te rm for adsorption (all reactants and 
products adsorbed under  equi l ibr ium conditions and 
without  dissociation) is given by the reaction 

(adsorption term) = [1 -k KaPai-[- KbPbi + KcPci] ~ 

[A-6] 

Again the equi l ibr ium value of Pei was placed in  
terms of the part ial  pressures of the reactants. Re- 
placement  in the general  adsorption term was made 
from Table I I l  of the subject reference to account 
for the dissociation of H2. A value of un i ty  was as- 
signed to the exponent  n according to the instruct ions 
of Table IV of the subject reference. 

By making  the appropriate substi tut ions into Eq. 
[A-4] and mul t ip ly ing by a term consisting of the 
molecular  weight of tungsten  divided by its density, 
the final rate equation for the deposition rate, R 
(in centimeters per hour) ,  as controlled by I-IF 
desorption was obtained 

Kr  [ (KeqPaiPbi 3 ) 1/s _ Pet] M/pw 
R =  

I -]- KaPai-}- (KbPbi)1/2 _~ Kc (KeqPaiPbi 3) 1/6 

[A-7] 

The remaining  rate equations were derived in 
similar  manner.  Considerable simplification was per-  
mit ted by  the very large value of the equi l ibr ium con- 
stant  and by the assumption of low surface coverage 
(and hence low adsorption constant  values) by the 
gases. 

The assumption of low surface coverage was just i -  
fied in  the following manner .  The reported very rapid 
adsorption of hydrogen on tungsten  (25) suggests 
low surface coverage by hydrogen. Because of its 
s imilari ty to oxygen adsorption (27), WF~ adsorption 
is expected to be essentially nonact ivated (26). Thus 
surface coverage by WF6 would also be expected to 
be slight. 

APPENDIX B 

Relative Heat Transter Rates for Various Experimental Investigations 
The conditions represent ing those most f requent ly  

used in  the various exper imental  investigations were 
a H2 to WF6 ratio of 6.0, a substrate temperature  
of 823~ a system pressure of 6.7 k N / m  2 and a 
s t ream-subst ra te  interface concentrat ion of HF of 
5%. These conditions and the most commonly used 
reactant  flow rates (Table IV) were employed in 
the calculations. 

The relat ive rate of steady heat flow was calcu- 
lated from the relat ion 

k 
q -- h A A T  = ~ NNaAAT [B- l ]  

d 

Upon reaching the vicini ty of the substrate, the gas 
stream in each exper imental  system would be ex-  
pected to be at about the same temperature.  There-  
fore the temperature  gradient, AT, was assumed con- 
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stant. The thermal  conductivity of the gas mixture,  
k, was not calculated since it would be constant  and 
only relative values for the heat t ransfer  rates were 
desired. 

With each value of the substrate surface area, A, 
and characteristic system dimension, d, known (Table 
IV), it remained to calculate the Nusselt number  for 
each system. The equations for determining Nusselt 
numbers  are also given in  Table IV. In  several in-  
stances it was necessary to adapt the appropriate 
equation from a corresponding mass flow equation 
by making use of the Chi l ton-Colburn  analogy (29). 
A constant  value of 0.73 was assigned to the Schmidt 
number  on the basis that  a nar row range of values, 
centering about this value, exists for a great number  
of gases. Based on informat ion from the l i terature  
(30), a value of 0.65 was assumed for the Prandt l  
number .  

R 
g r  
Keq 
P 
M 
pw 
K 
K'(K")  

NNu 
Nsc 
NRe 
NGr 
Npr 
d 
L 
V 

D e f t  

g 
A p  

k 
Q 
h 
p 
A 
T 
D 
t 
q 
Cp 
J 

o~ 

P 
C 
m 

AF* 

LIST OF SYMBOLS 

tungsten deposition rate, cm/hr 
reaction rate constant, moles/hr 
equilibrium constant for deposition reaction 
partial pressure, kN/m 2 
molecular  weight of tungsten, g/mole 
density of tungsten,  g /cm ~ 
adsorption constant, (kN/m 2) - 1 
combined forms of over-al l  rate constant, 
var iable  units  
integer corresponding to number  of surface 
sites involved in  surface reaction 
Nusselt number ,  hd/k  
Schmidt number ,  ~/p Deft 
Reynolds number ,  dVp/;~f 
Grashof number ,  d3pf2gAp/#f2pb 
Prandt l  number ,  Cp ~/k 
characteristic dimension of system, cm 
length or effective length of substrate, cm 
l inear  velocity, cm/sec 
viscosity, g /cm.  sec 
over-al l  effective b ina ry  diffusivity for gases, 
cm2/see 
gravi ta t ional  constant, 1.27 • 1010 cm/hr~ 
Pb  - -  Pi ,  g/cm 3 
thermal  conductivity, cal/sec. ~  
activation energy, J /mole  
heat t ransfer  coefficient, cal/sec. ~  2 
density of gas, g /cm 3 
area of substrate, cm 2 
temperature,  ~ K 
nozzle diameter, mm 
nozzle to plate distance, mm 
rate of heat flow, cal/sec 
specific heat at constant pressure, cal /g.  ~ 
rate of formation of nuclei of critical size, 
number/cm~,  sec 
condensation coefficient, dimensionless 
radius of nucleus of critical size, cm 
vapor pressure, g/cm.sec 2 
monomer  concentration, n u m b e r / c m  3 
molecular mass, g 
free energy of formation of nucleus of critical 
size 
Boltzmann's  constant 

Subscripts 
a WF~ 
b hydrogen 
c HF 
d H2F2 
i value taken at gas s t ream-substra te  interface 
b value taken in  bulk gas s t ream 
f value taken in  film adjacent to substrate 
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Thermodynamics of the Gaseous Zirconium 
P. D. Kleinschmidt, D. Cubicciotti,* and D. L. Hildenbrand 

SRI International, Menlo Park, California 94025 

Iodides 

ABSTRACT 

The gaseous z i rconium iodides ZrI4,  ZrI3, ZrI2, and Zrl ,  genera ted  b y  the 
reac t ion  of HI (g )  wi th  Z r ( s )  at e levated tempera tures ,  were  identif ied and 
charac ter ized  the rmochemica l ly  by  Knudsen  cell mass spect rometry .  Gaseous 
ZrI4 was the ma jo r  reac t ion  product  up to about  1300~ above this t em-  
pera ture ,  a tomic I became the ma jo r  product ,  wi th  minor  amounts  of the 
lower  Zr iodides appear ing  as the  t e m p e r a t u r e  was p rogress ive ly  raised.  
F rom an analysis  of equ i l ib r ium data, the  fol lowing enthalpies  of format ion  
were  deduced;  AHf~ g) _-- --30.8 _ 1.5 kca l /mole ,  AHf~ g) = 
32.6 • 4.0 kca l /mole ,  and -AHf~ g) =- 96.3 _ 2.8 k c a l /  mole. Ind iv idua l  
bond dissociat ion energies  eva lua ted  f rom the en tha lpy  da ta  are  close to the 
average  value  in ZrI4. The new thermochemica l  da ta  a re  consistent  wi th  
observat ions  on the  iodide process for  refining impure  z i rconium whereas  
ea r l i e r  es t imates  a re  not. 

In format ion  about  the  chemis t ry  of the gaseous 
iodides  of z i rconium can have  an impor t an t  bear ing  
on the technology of the metal .  The  iodide process for 
refining z i rconium (1) is based on vapor  t r anspor t  of 
the  gaseous iodides, and iod ine- induced  stress cor ro-  

* Electrochemical  Society Act ive  Member. 
Key words: mass spectrometry,  inorganic~ equilibrium, enthalpy. 

sion cracking (SCC) of z i rconium alloys has been 
thought  (2) to involve  gaseous iodide t r anspor t  of z i r -  
conium. Unders tand ing  of the mechanisms of those 
processes has been h indered  for lack of re l iab le  da ta  
on the s tabi l i t ies  of the  vapor  species. P r io r  to the 
presen t  work, expe r imen ta l  the rmochemica l  da ta  were  
ava i lab le  only for the te t ra iodide,  ZrI4. To our  knowl -  
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edge, none of the other gaseous iodides had been 
identified by a spectroscopic technique or had been 
otherwise characterized experimental ly.  

In  the iodide process for zirconium refining, impure 
metal  is heated to 500~176 in a container  where 
it reacts with gaseous iodine species at pressures of 
10-4-10 -2 atm. The gaseous zirconium iodides pro- 
duced are decomposed on a heated filament at 1500 ~ 
1700~ on which purified zirconium deposits. Shapiro 
(1) considered the chemistry of the iodide decomposi- 
tion process using the thermochemical  informat ion 
available at that  t ime (almost all estimated) and found 
that  ra ther  than clarifying the mechanism, the analy-  
sis only confused the situation. His analysis indicated 
that  ZrI2 was the principal  gaseous Zr-conta in ing  
species. We have used l i terature  estimates (3) to cal- 
culate the part ial  pressures shown in Fig. 1. Those 
estimates also indicate that  ZrI2 should be the princi-  
pal gaseous species in an iodide process cell. However, 
the informat ion in Fig. 1 is obviously in error because 
it indicates that  decomposition of gaseous ZrI2 should 
not occur below about 1700~ whereas, in the iodide 
process, deposition of Zr on the hot filament occurs 
at temperatures  above about 1300~ 

In  the work described below, gaseous equil ibria 
among the zirconium iodides were studied by high 
temperature  mass spectrometry, and thermochemical  
data for ZrI, ZrI~, and ZrI3 were derived. Our new 
data on the gaseous zirconium iodides show that  the 
estimated thermochemical  values are seriously in er-  
ror; a recalculation of vapor composition in the iodide 
cell using the new results makes the process under -  
standable. 

E x p e r i m e n t a l  
The equi l ibr ium studies on the Zr- I  system were car- 

ried out by high tempera ture  mass spectrometry, using 
the magnetic  sector ins t rument  and exper imental  tech- 
n ique  described in previous publications (4). Effusion 
cell beams containing a dis t r ibut ion of the gaseous 
Zr iodides were generated by the reaction of HI(g)  
with elemental  Zr; HI was admit ted to the cell via an 
inlet  tube in the base. A rolled strip of Zr foil was 
placed in the bottom of the cell, covered by a thin 
molybdenum part i t ion to increase the number  of re- 
active collisions and promote equilibration. Graphite 
cells were used for studies of the species ZrI4, ZrI3, 
and ZrI2 at l100~176 while molybdenum cells 
were used for the corresponding studies on Zr and 
ZrI at 2200~176 

All ion intensities used in the equi l ibr ium calcula- 
tions were corrected for any background contributions 
by noting the change in  signal level resul t ing from 
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Fig. I .  Partial pressures of species in equilibrium with Zr(s) cal- 
culated from literature estimates for P(total I) = 10 - 4  atm. 
P(total I) - -  total iodine equivalent pressure ---- Znp(Zrln) 
~np(In).  

misal ignment  of the neut ra l  beam defining slit. Back- 
ground levels were general ly  negligible. Ion abun-  
dances were measured by pulse counting for some of 
the equi l ibr ium studies and by the standard electrome- 
ter method for the remainder.  The two methods are, 
of course, equivalent,  al though each has certain ad- 
vantages in a given situation. For the one Zr-I  reac- 
tion studied by both methods, the derived equi l ibr ium 
data were in good agreement.  

In  order to evaluate the absolute equi l ibr ium con- 
stants for reactions requir ing a pressure calibration, 
the ins t rument  sensit ivi ty constant was determined by 
using gold as a vapor pressure standard. Gold was 
vaporized from a graphite cell, and Au + abundances 
were observed at several temperatures,  and for several 
ionizing energies, using both pulse counting and elec- 
t rometer  detection. From the abundance data and 
known vapor pressures (5), the sensit ivity constant k 
in  the expression 

kTA + 
P - -  - -  [ 1 ]  

@. 

was evaluated at several fixed values of the excess 
ionization energy; in this expression A + is the ob- 
served positive ion abundance of a species with par -  
tial pressure P at an effusion source tempera ture  T, 
and with ionization cross section r For atomic species, 
values of ~ were taken from the compilation by Mann 
(6), while values for molecular  species were calcu- 
lated by assuming addit ivi ty of atomic cross sections. 
In electrometer applications, the ion mul t ip l ier  sensi- 
t ivity was assumed to be mass independent,  as indi-  
cated by m a n y  mult ipl ier  gain measurements  with our 
ins t rument  over a wide mass range. The ins t rument  
sensitivity proved to be constant  over long time in-  
tervals. A subsequent  check on the calibration using 
KCI(s)  as a vapor pressure standard, monitor ing the 
KCI(g) pressure with K+/KC1 f ragment  and KC1 + 
parent  ions, gave a KC1 monomer  pressure agreeing 
with the tabulated value (3) to wi thin  20%. An un-  
certainty of about 50% is attached to the derived 
equi l ibr ium constants, s temming largely from the esti- 
mated ionization cross sections. 

The zirconium foil sample, obtained from Alfa /  
Ventron Corporation, had a m i n i m u m  pur i ty  of 99.9%. 
Gaseous HI was taken from a Matheson commercial 
sample and was used without  fur ther  purification. 

Resul ts  
The dis t r ibut ion of gaseous Zr iodides in  the effu- 

sion cell beam changed markedly  with temperature.  
These species were identified from the masses, iso- 
topic distributions, and threshold appearance poten- 
tials of the ions produced by electron impact. A 
summary  of the appearance potentials observed for 
various cell temperatures,  together with the neutrals  
inferred from the threshold values is given in Table 
I; these thresholds were evaluated by the vanishing 
c u r r e n t  method. Only ZrI4(g) was observed as a 

Table I. Threshold appearance potentials of observed ions in 
the Zr-I  system and the assigned neutral precursors 

Appearance Neutral 
Ion potential (eV) * precursor 

Zr § 6.5 -- 0.3 (2200~ Zr 
18.0 + 0.5 (1200~ ZrIs 
21.5 ~ 0.5 (700~ ZrI~ 

ZrI + 7.0 ----- 0.7 (2200~ ZrI 
10 • 1 (1500~ ZrIs 
14.0 • 0.5 (1200~ ZrI~ 
17.8 ----- 0 5 (700~ ZrI4 

ZrIs+ 10.3 -- 0.3 (ll00~ ZrI8 
14.0 • 0.3 (700~ ZrI4 

ZrIs+ 7.5 -- 0.3 (1100~ ZrI~ 
10.8 • 0.3 (700~ ZrI~ 

ZrI4+ 9.3 • 0.3 (700~ ZrI~ 
I § 10.5 • 0.5 (1200~ I 

* Cell temperatures at which thresholds were observed are in 
parentheses. 
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product  of the HI(g)  § Zr(s)  reaction below about 
1000~ above that  temperature,  ZrI3 appeared, then 
ZrI2(g),  and finally Zr I (g )  and Zr(g)  above 2000~ 
The total pressure wi thin  the cell was kept below 
10-~ atm, in  order to ma in ta in  molecular  flow con- 
ditions. 

Unambiguous  identification of gaseous Zr, ZrI, ZrI3, 
and ZrI4 was provided by the lowest threshold energies 
of the corresponding positive ions. One would expect 
that  the ionization potential  of ZrI4, in  which all 
of the Zr valence electrons are involved in bonding, 
would approach that  of atomic I (10.45 eV), while 
those of the lower iodides, which have nonbonded 
Zr valence electrons, would tend toward the ioniza- 
t ion potential  of Zr (6.84 eV). The lowest threshold 
energies for ZrI4+, ' ZrIa +, and ZrI  +, which we assign 
to the ionization potentials of the parent  neutrals,  
do indeed follow this pattern,  corroborating the in ter -  
pretation. (Ionization potentials have not been re-  
ported previously for these species.) The diiodide 
ZrI2 was the least abundan t  of the gaseous iodides, 
and it  was identified through observation of the 
f ragment  ion ZrI+/ZrI2 appearing at 10 eV. 

The low abundance  of ZrI~, and of the other gaseous 
Zr iodides as well, compared to the considerably 
higher abundances of the fluorides and chlorides ob- 
served in  s imilar  studies of Zr and other metals, 
is a consequence of the weaker metal - iodine bonds. 
Quite high pressures of atomic I, approaching the 
molecular  flow limit, were needed to generate work-  
able Zr- I  ion signals at the usual  low electron energies 
used. It was nevertheless possible to observe all the 
gaseous Zr iodides and to characterize them thermo-  
chemically wi thin  certain limits. It  is worth  not ing 
that  there is a marked shift in  the vapor phase 
chemistry as a result  of the decrease in meta l -ha logen 
bond strength with increasing halogen atomic n u m -  
ber. In consequence, exper imental  studies of the lower 
valent  metal  iodides are considerably more difficult 
than those of the other metal  halides. 

ZrIz (g).--Studies of the two reaction equil ibria  

1 /4Zr ( s )  + 3 /4ZrI4(g)  ---- ZrI3 (g) [2] 
and 

ZrI4(g) ---- ZrI3(g) + I (g)  [3] 

were carried out over the range 1100~176 using 
the corresponding parent  ions measured at 2 eV above 
threshold to moni tor  the neut ra l  abundances.  Reaction 
[2] was studied in two separate experiments  with 
different Zr samples, one with ion counting detect ion 
and one with the usual  electrometer analog detec- 
tion. For third law calculations, it was necessary to 
account for the rather  extensive f ragmenta t ion of 
ZrI4 and ZrIa. Measurements  of ion f ragmentat ion 
showed that  at an ionizing electron energy 2 eV 
above the respective parent  and fragment  ion thres-  
holds, the total ion yield from ZrI8 was 5.3 times that  
of A (ZrI3 + ), while that of ZrI4 was 2.2 times A (ZrI~ + ). 
The ion abundance data were coupled with the frag- 
menta t ion  corrections, the estimated ionization cross 
sections, and the pressure cal ibrat ion constant to 
yield the equi l ibr ium constants, Keq, given in  Table 
II. At 1300~ the I +, ZrI3 +, and ZrI4 + parent  ion 
abundances at 2 eV above threshold were in the 
approximate ratio 220/1/36, respectively. In checking 
on the a t t a inment  of chemical equil ibrium, the value 
of Keq for reaction [2] was found to be unchanged 
with HI flow rate at 1305~ when the ZrI3 + and 
ZrI4 + signals varied by factors of 2.0 and 2.6, re-  
spectively. The good agreement  in derived properties 
of ZrI3(g) from the data of reactions [2] a n d  [3] is 
also a strong indicat ion of equi l ibr ium behavior. 

Thermodynamic  functions of the various species 
used in  the analysis o f  these and other equil ibria  
were taken from sources summarized in  the Appendix. 
The two studies of reaction [2] yielded the third 
law values AH~ ~- 32.3 ~ 1.5 and 32.9 • 1.5 kcal /  

Table II. Derived thermochemical data for the reactions 

�88 Zr(s) -t- ~ Zrl4(g) - -  Zrl3(g) [2] 

Zrl4(g) - -  Zrls(g) ~- I(g) [3] 

Keq [2] Keq [3] AH~ [2] AH~ [3] 
T • I0 ~ • lO s (kca l /  (kca l /  

(~  ( a r m )  ~/~ ( a t m )  mole )  mole)  

Series I: Electrometer 
1158 5.30 0.878 32.0* 79.4* 
1159 4.39 0.644 32.5 80.2 
1159 4.78 0.767 32.3 79.8 
1159 4.88 0.774 32.2 79.8 
1159 5.19 0.923 32.1 79.4 
1240 13.2 7.09 31.9 79.8 
1244 11.6 6.40 32.4 80.4 
1294 17.3 23.7 32.6 80.1 
1295 18.5 25.2 32.4 80,0 
1330 26.6 70.2 32.3 79.5 
1330 2L2 72.2 32.2 79.4 
1379 43.6 173.0 32.1 80.0 
1380 40.4 178.0 32.3 79.9 
1394 45.4 254.0 32 3 79.7 

Avg.  (Th i rd  law) 32.3 ~ 1.5 79.8 • 1.5 
Second law 32.0 ~ 0.6 79.5 -~ 1.1 

Series II :  Pulse counting 
1124 2.48 32.6* 
1150 3.25 32,9 
1150 3.75 32.6 
1204 6.77 32.6 
1239 10.0 32.6 
1305 16.3 33.0 
1308 17.0 32.9 
1390 28.7 33.5 

Avg.  (Th i rd  law) 3 2 . 9 ~ 1 . 5  
Second law 30 .5~1 .0  

* Th i rd  law enthalpies derived f r o m  in fo rma t io n  g iven  in the 
Appendix .  

mole, with corresponding second law values of 32.0• 
0.6 and 30.5 • 1.0 kcal/mole.  For reaction [3], the 
derived second and third law values are AH~ ~- 79.5 

1.1 and 79.8 ~ 1.5 kcal/mole,  respectively. The 
agreement  between second and third law heats for re-  
actions [2] and [3] and between the two different de- 
terminat ions of reaction [2] is quite good. Since the 
properties of I (g), Zr (s), and ZrI~ (g) are known from 
other sources (3, 7) two independent  determinat ions of 
the thermochemical  properties of ZrI3 (g) can be made. 
Using the average of the third law values, one derives 
~HF298(ZrIa,g) = --31.1 _ 1.9 kcal /mole  from reac- 
t ion [2] and --30.6 • 2.1 kcal /mole  from reaction 
[3]. A "best value" of ~Hf~ g) : --30.8 • 1.5 
kcal /mole  is selected from the results of this research. 
The close accord between second and third law en-  
thalpies shows that  the estimated molecular  constants 
and thermodynamic  functions of ZrIs(g) are quite 
reliable. 

ZrIz (g).--At temperatures  slightly higher than those 
used in studies of reactions [2] and [3], it was pos- 
sible to investigate the isomolecular reaction 

ZrI~ (g) + ZrI2 (g) ---= 2ZrI3 (g) [4] 

using paren t  ZrI4 +, and f ragment  ZrI2+/ZrI3 and 
ZrI+/ZrI2 measured at 2.5 eV above threshold as 
indicators of the ZrI4, ZrI3, and ZrI2 pressures. Frag-  
ment  ZrI2+/ZrI3 was used rather  than parent  ZrI~+ 
to monitor ZrIs(g) ,  in order to gain sensitivity; there 
was no discernible ZrI2 + ion current  below 10 eV, 
showing that  there could be no parent  ion contr ibu-  
t ion at the higher energies to interfere with evalua-  
t ion of the ZrI~ abundance.  Likewise there was no 
detectable ZrI + current  below 10 eV, e l iminat ing any  
possible interference from neut ra l  ZrI. At the selected 
electron energies used, the neut ra l  procursors of 
ZrI4 +, ZrI2 +, and ZrI + are clearly defined as ZrI4, 
ZrI3, and ZrI2. 

At 1450~ the ion signals ZrI4 +, ZrI2 +, and ZrI + 
measured at 2.5 eV above threshold were in  the ratio 
716/245/1. Despite the low ZrI+/ZrI2 signal levels, 
it  was possible to obtain a fair  degree of precision 
in  the determinat ion of K e q  for reaction [4] by using 



1546 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY September 1978 

Table Ill. Derived thermochemical data for the reoction 

Zrl4(g) -I- Zrl2(g) -~2Zrl~(g) [4] 

Table IV. Derived thermochemical data far the reaction 

Zrl(g) ~ Zr(g) -~ I(g) [5] 

AH~ [4] Keq [5] AH~ [5] 
T (~  K*q ( k e a l / m o l e )  T (~  • 1O e ( a t m )  ( k c a l / m o l e )  

1339 48.3 - 9 . 0 "  2222 1.05 71.9" 
1431 48.7 - 9.6 2288 1.45 72.6 
1452 57.1 - 10.2 2289 1.57 72.3 
14_68 43.1 - 9.5 2289 1.53 72.4 
1476 28.5 - 8.4 2289 1.38 72.9 
1478 47.4 - 9.8 2291 1.74 71.9 

2324 1.43 73.9 
Avg .  ( T h i r d  law) - 9 . 4  • 3.5 2369 2.90 72.1 

Second law - 4.6 • 6.8 2405 2.61 73.8 
2410 3.28 72.9 
2425 4.06 72.3 

* Third law enthaipies derived from information given in the 2434 4.74 71.8 

A p p e n d i x .  Avg .  ( T h i r d  law)  72.6 • 2.5 
Second law 67.9 • 6.6 

ion pulse counting detection. Pulse counting is some- 
what  tedious at low signal levels (0.5 to 1 counts/  
sec) bu t  it  does provide more reproducible results 
than  the electrometer method. Because of the low 
ZrI2 signal levels, however, it was not possible to 
obtain meaningful  second law (slope) data, and all 
of the derived results are based on third law analysis. 
Appropriate corrections for the pa ren t - f ragment  ion 
distr ibutions in  ZrI3 and ZrI4 were applied. No pres- 
sure cal ibrat ion was required because reaction [4] 
was isomolecular. The equi l ibr ium constants and de- 
r ived reaction enthalpies are summarized in Table 
III, leading to AH~ --  --9.4 __. 3.5 kcal /mole  
and aHf~ (ZrI2, g) : 32.6 • 4.0 kcal/mole.  

If a nonl inear  s tructure with apex angle of 120 ~ 
is assumed for ZrI2, ra ther  than the l inear  configura- 
t ion adopted as noted in  the Appendix, then the 
derived enthalpy change at 298~ for reaction [4] 
will  be 3.2 kcal /mole more negative, and the 298~ 
enthalpy of formation of ZrIf(g)  will be more posi- 
tive by the same amount.  The difference arises be-  
cause the @ function calculated for the l inear  form 
is about 2.3 cal/deg mole smaller  than  for the bent  
form at 150O~ For a wide range of temperatures  
centered about the measurement  temperatures,  the 
free energies of formation of ZrIz calculated from 
AH~ and r for the l inear  model will be the same 
as those calculated from the ~H~ and r for the 
bent  model, wi th in  the quoted uncertainties.  The 
present  measurements  give no indication of which 
s t ructure  is correct. 

ZrI(g).~Gaseous ZrI was observed only at rela-  
t ively high temperatures,  above 2000~ when a mea-  
surable level of Zr (g) was also present. Consequently, 
it was possible to characterize Zr i (g)  through studies 
of the equi l ibr ium 

ZrI (g)  ----- Zr(g)  + I (g)  [5] 

in  the range 2200~176 Again, the ZrI+ parent  
signal was relat ively weak when measured a few 
electron volts above threshold (<coun t  per second). 
Several comparisons showed that  values of KCq eval-  
uated from parent  ion abundances measured at 3 eV 
above threshold differed by less than  a factor of two 
from those derived from 50 eV ion abundances.  The 
comparison establishes that  the use of 50 eV ionizing 
energies to gain addit ional  sensit ivi ty in  the study 
of reaction [5] introduces no extraneous signals that  

* T h i r d  law enthalpies derived from information given in the 
Append ix .  

would complicate the interpretat ion.  Therefore, in  
the equi l ibr ium studies of reaction [5], parent  Zr + 
and ZrI+ were measured at 50 eV, while the intense 
I + parent  signal was measured at 15 eV and an 
accurate correction was applied to normalize all sig- 
nals to 50 eV ionizing energy. At 2300~ the Zt +, 
ZrI +, and I + abundances were in the approximate 
ratio 200/1/4.6 • 104. The ZrI + signals varied from 
about  1 to 20 counts/sec, while the atomic I pressure 
was about  5 • 10 -5 a tm under  these conditions. A 
series of measurements  at various HI flow rates and 
at constant temperature  showed the derived equil ib-  
r ium constant  of reaction [5] to be independent  of 
pressure when the I pressure was varied by a factor 
of 13. 

The equi l ibr ium constants and derived thermochem- 
ical data for reaction [5] are summarized in Table 1V. 
The second and third law values oi AH~ are 67.9 
+ 6.6 and 72.6 ~ 2.5 kcal/mole,  respectively; the lat ter  
leads to ~Hf~ (Zrl, g) = 96.3 _ 2.8 kcal/mole.  

The reaction thermochemistry and derived thermo- 
chemical data are summarized in Table V. 

Discussion 
Application to the iodide process.--The pressures of 

Zr- I  species calculated from our exper imental  thermo-  
chemical data are shown in  Fig. 2 for a total iodine 
equivalent  pressure of 10 -4 atm, typical of iodide 
refining process conditions. These results lead to a 
simple in terpre ta t ion of the deposition of Zr in  the 
iodide process, based on the thermodynamic  data. At 
low temperatures  the major  gaseous species is ZrI4, 
whereas at temperatures  above 1300~ the major  
species is atomic I. Therefore, in the iodide process 
gaseous ZrI~ is formed from reaction of impure  Zr 
with iodine at low temperatures.  The ZrI4 diffuses to 
the hot filament and is decomposed to solid Zr and 
gaseous I atoms. The temperature  above which deposi- 
t ion occurs on the hot filament is about 1300~ from 
the thermodynamic  data in Fig. 2, in reasonable agree- 
ment  with experience in the iodide-process. Therefore, 
the data indicate that  in  the iodide process the only 
impor tant  gaseous species are ZrI4 and I. 

The effect of pressure of total iodine-containing 
species can be seen in  Fig. 3 and 4. The major  species 

Table V. Summary of derived thermochemical data 

AH~ ( I I I )*  D e r i v e d  e n tha lp i e s  of 
Reaction ( k c a l / m o l e )  f o r m a t i o n  ( k c a l / m o l e )  

3/4 ZrI~(g)  + 1/4 Z r ( s )  ---- ZrI~(g)  32,6----- 1.1 AHf~ (ZrI~, g )  = - - 3 1 . 1 ~  1.9 
Z r h ( g )  = ZrI~(g)  + I ( g )  79.8----- 1.5 AH~~ (ZrI~, g )  = --30.6 • 2.1 
ZrI~(g)  + Zr I4(g)  = 2ZrIa(g)  --9.3 ----4--- 3.5 AH~~ (ZrL% g)  = 32.6 +--- 4.0 
Z r I ( g )  = Z r ( g )  + I ( g )  72.6 • 2.5 AH~~ (ZrI ,  g)  = 96.3 ----- 2.8 

�9 Third law values. 
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Fig. 2. Partial pressures of species in equilibrium with Zr(s) from 
present data for P(total I) = 10 - 4  atm. P(total I) ---- total iodine 
equivalent pressure ~- Znp(Zrln) -k ~np(In). 
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Fig. 3. Partial pressures of species in equilibrium with Zr(s) from 
present data for P(total I) - -  1 atm. P(tetal I) = total iodine 
equivalent pressure - ~np(Zrln) + Znp(In). 
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Fig. 4. Partial pressures of species in equilibrium with Zr(s) from 
present data for P(total I) = 10 - 8  atm. P(total I) ~ total iodine 
equivalent pressure ~- ~np(Zrln) -k Znp(In). 

under  most conditions are either ZrI4 or I. For 1 arm 
total iodine equivalent  pressure, shown in Fig. 3, 
the tempera ture  at which the ZrI4 and I pressures 
cross is about 2200~ That  is, deposition of Zr would 
occur only at fi lament temperatures  higher than 
2200~ For total iodine equivalent  pressures of 10 - s  
atm, shown in  Fig. 4, the cross-over tempera ture  is 

about  900~ Therefore as the pressure of total iodine- 
containing species in  the system is increased, the 
m i n i m u m  temperature  for decomposition of ZrI4 in-  
creases. 

In  the iodide process it  has been observed (8, 9) 
that  as the tempera ture  of the impure  zirconium 
was increased the rate of deposition of Zr first in -  
creased then decreased. That  behavior  can be related 
to the effect of pressure on the  decomposition tem- 
peratures shown in Fig. 2-4. The ini t ia l  increase in  
rate occurs because increasing the tempera ture  of the 
impure  Zr increases the part ial  pressure Of ZrI4 and 
thus its ra te  of arr ival  at the filament. As the impure  
Zr tempera ture  is fur ther  increased, the fraction of 
the ZrI4 ar r iv ing  at the fi lament which is decomposed 
decreases, in  accord with Fig. 2-4, and the decomposi- 
t ion rate falls off largely because that  fraction de- 
creases. Shel ton (10) discussed the m a x i m u m  in  
the rate of the process in  terms of changes in the 
iodine diffusivity and the change in  fraction decom- 
posed is implicit  in  his t reatment .  

The composition profiles shown in  Fig. 2-4 i l lustrate 
clearly the reason for the exper imental  difficulties 
in  s tudying the lower Zr iodides al luded to earlier. 
The lower iodides are minor  species under  all  prac-  
tical exper imental  conditions, and there is no way 
to increase their abundances relat ive to ZrI4 and I 
at temperatures  below 2500~ 

Bond dissociation energies.--From the enthalpies of 
format ion in  Table V, one can evaluate the individual  
bond dissociation energies in  ZrI4 as follows: D (I3Zr-I) 
-- 80 kcal, D (I2Zr-I) = 92 kcal, D (IZr-I)  ---- 86 kcal, 
and D(Zr - I )  -- 73 kcal. These values differ only 
slightly from the average bond energy in ZrI4, 83 
kcal. Each of the first three bond dissociation reac-  
tions is assumed to yield an iodine atom plus a zir- 
conium iodide molecule in  which the zirconium val-  
ence electrons not used in  bonding are unpaired.  For 
ZrIa, ZrI2, and ZrI, these electronic configurations are 
those of the ground states of the gaseous ions Zr (IV), 
Z r ( I I I ) ,  and Zr ( I I ) .  The ground state of Zr (I) ,  4d25s 2, 
contains two paired and two unpaired  electrons, how- 
ever;  the first excited state of Z r ( I )  in  which all  
of the valence electrons are unpaired  (4d35s 1) lies 
13.9 kcal above ground. Thus the comparable bond 
dissociation reaction for ZrI, ZrI --> Zr (4d~5s 1) + I 
has an energy of 73 + 14 -- 87 kcal, not greatly dif-  
ferent  from all the others. 

Relevance to iodine attack and SCC o] Zr . - -The  
chemical at tack of zirconium allo:/s by gaseous iodine 
at temperatures  near  600~ causes pi t t ing of the metal  
surface (11). Pi t t ing probably  occurs by vapor t rans-  
port  removal  of material.  The present  results show 
(Fig. 2-4) that  the predominant  vapor species under  
those conditions is ZrI4, which must  then be the 
species responsible for any vapor t ransport  of Zr. 
Pi t t ing implies that  some metal  surface sites are more 
reactive so that  local ized removal  of mater ia l  is 
favored over uni form corrosion. 

Stressed samples of zirconium alloys can also crack 
in  iodine vapor and vapor t ranspor t  has been sug- 
gested as a mechanism which mainta ins  the sharp 
crack tip required for crack propagation. The val-  
idi ty of that  mechanism has been questioned (11) 
because pitting, the apparent ly  favored mode of attack 
would b lun t  the crack tip ra ther  than sharpen it. 
Zirconium tetraiodide can induce the stress corrosion 
cracking of Zircaloys as readi ly as iodine (11, 12). 
The present  work shows that  the part ial  pressures 
of reduced Zr- I  species are very small  under  condi- 
tions of ZrI4-induced Zircaloy cracking so that the 
removal  of zirconium by vapor t ransport  of lower 
iodides is not a l ikely mechanism. 

Thus SCC of zirconium alloys in iodine and iodides 
apparent ly  occurs by mechanisms other than  vapor 
transport.  
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Table VI. Estimated spectroscopic constants of gaseous Zrl, 
Zrl~, and Zrl3 

I x 1039 
Molecule ( g c m  2 ) o- go ~,, ( c m  -1 ) 

ZrI 62.4 1 4 160 
ZrI~ 298.0 2 3 30(2), 120, 210 
ZrI8 224.0 6 2 55(2), 60, 150, 

224.0 250(2) 
448.0 

Table VII. Calculated tempered Gibbs energy functions* 
(Free energy functions) 

A P P E N D I X  

Sources of Auxiliary Thermochemical Information 

Thermodynamic  functions and aux i l i a ry  t he rmo-  
chemical  da ta  used in the  analysis  of the equi l ib r ium 
measurements  were  taken  f rom sources l is ted below. 
The equi l ib r ium in te rnuc lea r  distances in gaseous 
Zr[, Zrl2, and ZrI8 were  assumed to be the same as 
the  measured  value  for ZrI4, 2.66A. Fo r  ZrI, ZrI2, and 
ZrI~, the es t imated  moments  of iner t ia  ( I ) ,  s y m m e t r y  
numbers  (~), electronic ground state s ta t is t ical  weights  
(go), and v ib ra t iona l  frequencies (~) are  l is ted in 
Table  VI. Values of the ~ function (the t empered  
Gibbs energy function, f o rmer ly  cal led free energy 
funct ion)  calcula ted f rom these spectroscopic con- 
stants are  given in Table  VII. The es t imated  uncer-  
ta int ies  in the calcula ted ~ functions at  the t empera -  
tures of the  equ i l ib r ium measurements  a re  _--+-1, ___2.3, 
and ~1  ca l /deg  mole  ior  z r l ,  ZrI2, ana  Zrl3. '• 
uncer ta in t ies  a re  consistent  wi th  the  observed ag ree -  
men t  be tween  second and th i rd  law heats. These 
uncer ta in t ies  are coupled wi th  those in the der ived  
equi l ib r ium constants to give the ove r -a l l  es t imated 
uncer ta int ies  a t tached to the th i rd  law heats. 

I (g) . - -Al l  da ta  were  taken  f r o m  the J A N A F  Tables 
(3). 

Zr(s, g ) . - - T h e r m o d y n a m i c  functions were  taken  
f rom the J A N A F  Tables (3), whi le  the en tha lpy  of 
fo rmat ion  of Z r ( g ) ,  AHf~ _~ 143.4 • 1.2 kca l /mole  
r epor ted  by  A c k e r m a n n  and Rauh (13), was adopted.  

ZrI(g) .--The vibra t iona l  f requency was es t imated  
f rom the s t re tching f requency in ZrI4. A 4~ ground 
s tate  was assumed, as in ZrC1. 

ZrI2(g).--A l inear  s t ruc ture  was assumed, in view 
of s t ruc tura l  t rends  in the  ne ighbor ing  a lka l ine  earths.  
Vibra t iona l  f requencies  were  es t imated by  analogy 
wi th  those of SrI2 and ZrI4. The ground state was 
assumed to be a t r iplet .  

ZrI~(g).--A p lana r  symmet r ic  s t ructure  wi th  doublet  
electronic ground  s tate  was assumed. Vibra t ional  f re -  
quencies were  es t imated  by  comparison wi th  those of 
re la ted  molecules  such as Asia. 

ZrI4(g).--The t he rmodynamic  functions, based on 
accura te ly  known spectroscopic and molecular  con- 
stants,  were  t aken  f rom the J A N A F  Tables (3).  We 
have adopted  the en tha lpy  of subl imat ion and en tha lpy  

r176 (ca l /deg  mole)  

T ( ~  Z r I  ZrI~ ZrI~ 

298 66.10 82.88 95.77 
500 67.11 64.55 97.98 

1000 70.62 90.40 105.73 
1200 71.80 92.37 108.34 
1400 72.86 94.13 110.68 
1600 73,32 95.72 112.80 
1800 74.68 97.16 114.72 
2000 75.48 98.48 116.47 
2200 76.21 99.70 118.09 
2400 76.88 100.82 119.59 

* ~~  = - - ( F  ~ - -  H ~  

of format ion  of the gas, AHf~ --  --84.9 -+ 1.5 kca l /  
mole, given by  Cubicciot t i  et al. (7). 

Dates of J A N A F  Tables used were  as follows: 
I ( g ) ,  6-74; Zr(s ,  g) ,  12-67; and ZrI4(g) ,  6-75. 
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ABSTRACT 

It has been shown that, during anodic oxidation of superimposed metall ic 
films of t an ta lum on niobium, a regime exists in which the growth laws of 
n iobium substrate oxidation are the same as those found dur ing pure n iobium 
oxidation. Using 4He Rutherford backscattering techniques we have shown 
that  the order of cations is par t ia l ly  inverted in the oxide films. A pure n iobium 
oxide region near  fhe metal  is covered by a layer  in  which both cations (Ta 
and Nb) are present. The fraction Ft of n iobium atoms present  in this last 
region was measured as a function of oxidation potential,  t an ta lum deposit 
thickness, current  density, and temperature.  It was found that, for suffi- 
ciently high oxidation potentials,  Ft is voltage independent  and lies around 
25%. Ft increases with increasing current  density or decreasing tempera-  
ture, while Ft is independent  of t an ta lum layer thickness for thicknesses above 
6 nm. Possible cation t ransport  mechanisms corresponding to these o b -  
s e r v a t i o n s  are proposed and discussed. 

The study of anodic oxide growth mechanisms con- 
sists in  de termining the moving species (metal or 
oxygen or both),  and in elucidating their  micro- 
scopic t ransport  mechanisms. Studies of the migrat ion 
of the atomic consti tuents of the oxide films have given 
rise to numerous  publications (1-12). Data obtained 
from noble gas markers  indicate that  both metal  and 
oxygen migrate  during the anodic oxidation of A1 
(3,5),  Ta (3,4),  and Nb (3). The main  difficulty in  
determining the microscopic t ransport  mechanism is 
due to the fact that  it is not possible to observe 
directly the movement  of the consti tuent species dur -  
ing anodic oxidation since all exper imental  methods 
only give a picture of the final macroscopic situation. 
In  order to find out how oxygen and metal  move, it 
soon appeared that a suitable method is isotopic trac- 
ing. Thus, oxygen movements  were studied by anal-  
ysis of the 1~O distr ibut ion in duplex films obtained 
by successive oxidation in  na tu ra l  (160) and 1sO-en- 
riched solutions. Results have shown that the order 
of oxygen atoms is on the average conserved during 
anodic film formation on A1 (1) and on Ta (10), 
i.e., the new oxygen atoms are incorporated at the 
oxide-solut ion interface. Isotopic tracing of metal  was 
used in 1958 by Verkerk et at. (11) for Ta oxidation, 
bu t  the results were not clear enough and gave rise 
to contradictory interpretat ions.  

.An al ternat ive to isotopic tracing which is not al-  
ways easy to carry out for s tudying cation movement  
could be t~he use of "substi tute tracers," i.e., t racer  
atoms whose movement  with respect to the matr ix  is 
assumed to be well known. If these atoms move dur -  
ing anodic oxidation under  the influence of electric 
field, with the same mechanism as the corresponding 
oxide constituent,  they are equivalent  to isotopic 
tracers. In  the s tudy of cation movements  dur ing 
oxidation of a metal  M1, this role might  be played by 
atoms of another  metal  M2 with similar  properties. An 
oxidation of superimposed metall ic films is hence car- 
ried out, in  which a metal  M1 is covered by a th in  
film of metal  M2 (system MIlM2), and the change of 
cation dis tr ibut ion is studied after anodization. Such 
an approach was first used by Amsel and Samuel  (1) 
and recently by Rigo and Siejka (12) ; the la t ter  have 
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mechanisms. 

studied cation movements  dur ing anodic oxidation of 
t an ta lum covered with a th in  n iobium film (TalNb) 
and of n iobium simliar ly covered with t an ta lum 
(Nb[Ta).  Tan ta lum and n iobium (which are in  the 
same column of ~he periodic table) are completely 
miscible and form the same kind of oxide with a fara-  
daic efficiency near  100% and the ionic radii  of Ta 5+ 
and Nb ~+, and are general ly listed as equal (13). It 
was thus ini t ia l ly assumed as a working hypothesis 
that each metal  could be used with respect to the 
other as a practical equivalent  of an "isotopic tracer." 
The results have shown (12) that, in  the first case of 
(Ta]Nb),  a moderate cation mix ture  appears in  the 
oxide, while in the second case (NblTa),  a fraction 
of oxidized n iobium atoms migrates through the oxide 
and fixes oxygen atoms at the oxide-solut ion interface. 
Furthermore,  it was found that  the cation movements  
seem to depend on t an ta lum deposit thickness (12). 
Differences in  the anodic oxidation behavior of Ta 
and Nb have also been observed by Khoo et al. (14) 
in the study of the anodization of alloys. It appeared, 
thus, that  al though they are very similar in many  
aspects, Ta and Nb cannot be considered as equivalent  
to isotopic tracer for each other. This might  be due, 
among other reasons, to the large difference in  the 
corresponding electric fields of formation. Neverthe-  
less, it also appeared that  the study of anodization of 
superimposed metall ic films is by itself a f rui t ful  
method to study cation migrat ion mechanisms, shed- 
ding light on the basic t ransport  mechanisms involved. 
In  addition, practical applications of mixed oxide films 
grown in  this way may be interest ing in  microelec- 
tronic device technology and in  corrosion protection 
problems. 

In  this paper, we present  results dealing with cation 
movements  during anodic oxidation of n iobium sub- 
strafes covered with tantalum. The variations of the 
cation distr ibution in  the oxide as a funct ion of oxida- 
t ion potential  were studied for various current  den-  
sities, temperatures,  and t an ta lum layer  thicknesses. 
A first report  of these results was presented by 
Perri~re (15). 

A second purpose of this work was to elucidate the 
role played by the presence of t an ta lum at the various 
stages of the oxidation process of niobium. The n u m -  
ber of t an ta lum atoms is always conserved dur ing oxi- 
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dation, but  their  depth concentrat ion changes as a 
funct ion of oxidation potential  (16). Thus, the possible 
influence of t an t a lum oxide on n iobium oxidation 
mechanism could depend on the t an ta lum atom dis- 
t r ibut ion in the oxide. In  fact, the number  of niobium 
and tan ta lum atoms per uni t  oxide volume is practi-  
cally the same in t an ta lum and n iobium oxide. Hence, 
the penetra t ion of n iobium atoms in  the t an ta lum 
oxide, due to cation movements,  must  be associated 
with the formation of an equivalent  port ion of new 
oxide at the oxide-solut ion interface. Thus the ques- 
tions arise whether  the microscopic t ransport  mecha- 
nisms are conserved in  t an ta lum oxide in spite of the 
penetrat ion of niooium atoms into it, and whether  
they depend on niobium and t an ta lum atom concen- 
tration. This work was an at tempt  to provide at least 
part ial  answers to these questions. 

Oxygen movements  iL~ these superimposed layers 
have been also studied. The results of these investiga- 
tions are presented elsewhere (17). 

Exper imental  

Preparation and analysis of samples.--The super im- 
posed metallic films were t an ta lum layers deposited 
either on chemically polished bulk niobium (18), or 
on niobium layers deposited on a luminum.  The same 
results were obtained (12) whatever  the type of 
samples used. The metallic layers were obtained by d-c 
triode sput ter ing in  an argon plasma at a 0.13 Pa 
pressure, wi th  2.5 kV cathode potent ial  and a 60 mA 
current.  The cathode diameter  was 13 cm, and the 
cathode to substrate distance was 7 cm. Tan ta lum and 
niobium used as bu lk  substrates or as sput ter ing tar-  
gets were supplied by Kawecki  Berylco Industr ies  
with a 99.98% pur i ty  for t an ta lum and 99.9% for 
niobium. 

As we have shown previously (12) that  various 
electrolytes like ammonium citrate solutions, glacial 
acetic acid, and ammonium pentaborate  solutions give 
the same results, we chose to use in this work aque- 
ous solutions of ammonium pentaborate  (0.5% by 
weight, pH kept  at 9 by ammonium hydroxide addi-  
t ions).  Such solutions do not  dissolve a luminum and 
this insured compatibil i ty with fu ture  work. The 
anodic oxidations were  carried out at constant  cur-  
rent  density. 

Nuclear microanalysis by the direct observation of 
nuclear  reactions and of backscattered particles were 
used to study samples before and after oxidation. The 
experiments  were carried out using the 2 MeV Van 
de Graaff accelerator of the laboratory. 

Using nuclear  microanalysis as described by Amsel 
et al. (19), the 160 content  of the films was obtained 
through the ~60(d,p)170* nuclear  reaction. The ab-  
solute values were obtained by comparison with an 
oxygen reference target  known  to wi th in  ___3%. The 
preparat ion of such references is described in  Ref. 
(2O). 

Rutherford backscat ter ing was employed to analyze 
the depth dis t r ibut ion of cations in  the superimposed 
films and in  their  anodic oxides; lateral  homogeneity 
was assumed for the in terpre ta t ion  of the spectra. 
The basic concepts and equations related to Ruther-  
ford backscattering spectrum interpre ta t ion  have been 
fully described (21, 22). Absolute amounts  of n iob ium 
and tan ta lum atoms expressed in  a toms/cm 2, in  the 
deposits, and in  their  oxide were obtained (assuming 
validity of the Rutherford law),  by comparison with 
a t an ta lum film containing (525 _ 10) �9 1015 at. Ta /  
cm ~, taken as a standard. The preparat ion of such 
standards is described in  detail in  Ref. (23). For con- 
venience, the film thicknesses will also be given in 
nanometers,  the equivalence a toms/cm ~ - thickness be- 
ing practically the same for both Ta205 and Nb20~, 
Le., 1015 at . /cm 2 ---- 0.46 nm assuming the densities 8.04 
and 4.74, respectively (24), 

4He+ ion beams in  the 1.6-1.9 MeV energy range 
were used according to the experiments  w i t h  currents  
of about 80 nA on a 1 mm diam spot. The incident  
beam was normal  to the targets and backscattered 
particles were detected at 165 ~ or 150 ~ angle by means 
of an Ortec silicon barr ie r  detector of 25 mm 2 area with 
a 1 mm 2 diaphragm. The distance between target  and 
detector was 59 and 50 mm, respectively, for the 165 ~ 
and 150 ~ detecting angle. With these conditions, the 
energy resolution (FWHM) was equal to about 14 keV 
and corresponds to a depth resolution of about 20 nm 
for tan ta lum and n iobium oxides as calculated from 
Bragg's addit ivi ty rule for stopping power and using 
stopping power values of Ziegler and Chu (25) (see 
next  section). 

Anatysis of MeV helium backscattering spectra.--As 
a simple ini t ial  test, the energy spectra backscatter-  
ing of 1.6 MeV 4He+ on a n iob ium sample covered by 
8 .  10 ,~6 t an ta lum atoms/cm~ (about 15 n m  assuming 
a density equal to 16 for tan ta lum)  layer before 
oxidation (a) and after oxidation (b) were mea-  
sured: They are shown on Fig. 1. The arrows Ta and 
Nb indicate the calculated energy values of particles 
backscattered by t an ta lum and n iobium atoms located 
at the sample surface. In  Fig. la, the n iobium edge is 
shifted 20 keV with respect to its surface position. 
This effect is due to the energy loss in  the t an ta lum 
film undergone by 4He particles which are eventual ly  
backscattered from the n iobium substrate. The tan ta -  
lum peak, well  separated from the n iob ium spectrum, 
is closed up against the Ta arrow, and so is the tanta- 
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Fig. 1. Backscattering spectra of 1,6 MeV 4He ions for a 15 nm 
thick tantalum film superimposed on a 120 nm thick niobium sub- 
strate on AI support. (a) Before oxidation; (b) after oxidation V 
= 150V; T = 23~ i = 5 mA/cm 2. Channel O corresponds to 
E = 1.12 MeV. For the insert, see text. 
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lum at the surface. In  Fig. lb, the n iobium edge ap-  
pears at the surface energy position. Regions A and 
B of the n iobium spectrum are related to the depth 
dis t r ibut ion of n iob ium atoms in  the oxide; region C 
corresponds to unoxidized pure niobium. The t an ta lum 
spectrum is still well separated from that of the nio-  
bium; its shape is typical of t an ta lum atoms dis- 
t r ibutions encountered in  this work. In  fact, on the 
t an ta lum spectrum, a shoulder appears toward high 
energies; it indicates that some tan ta lum atoms re- 
main  in  the near  surface region of the oxide, mixed 
with n iob ium atoms, while the major i ty  appears 
deeper in  the oxide. From the spectrum, we may con- 
clude that a n iob ium-r ich  layer  is formed at the 
oxide surface, corresponding to the surface peak in  the 
n iob ium spectrum. Thus a simple analysis of these 
spectra allows us to get an insight on cation move-'  
ments dur ing the anodic oxidation of this system. The 
atomic concentrat ion ratio of n iobium and tan ta lum in 
the two oxide mixtures  is given with a good approxi-  
mat ion  (26) by NNb/NTa ~- YNb/YTa[CrWa/~Nb] 2 where 
YND and Ywa are the scattering yields per energy width 
for same energy particles before scattering (same 
depth),  O'Wa and fiND are the elastic cross section 
for t an ta lum and niobium. Furthermore,  stopping 
power values of n iobium and tan ta lum oxide, as cal- 
culated from Bragg's addi t ivi ty  rule  and Ziegler and 
Chu values (25), are very similar (the percentage 
difference is less than 4% in the 1-1.8 MeV energy 
range) .  So their  differences were neglected, and we 
could determine a single energy-depth  relationship 
for the t an ta lum and n iobium oxide mixture,  

The insert  in  Fig. l b  shows schematically the depth 
profile of n iobium atoms in  the oxide deduced from 
the spectrum. This n iobium profile exhibits a pure 
n iobium oxide layer  (region B) covered by a t an ta lum 
and n iobium oxide mixture  (region A).  The niobium 
atom concentrat ion is constant (about 50%) in the in-  
ternal  par t  of the A region and then increases in  the 
external  part  of the A region. 

In this paper  we present  measurements  of the 
n u m b e r  of n iob ium atoms nA and nB present  in  the 
parts A and B of the oxide, nA and nB represent,  re-  
spectively, the n u m b e r  of n iobium atoms in  mixed 
oxide (which have crossed the inner  edge of the tan ta -  
lum atom distr ibut ion)  and in  pure  n iobium oxide, 
and we call Ft the ratio nA/(nA "~-nB). Since nA and n~ 
are proport ional  to the areas NA and NB (.corrected for 
cross section effects) of the regions A and B of the 
spectra, Ft can also be represented by the r a t i o  
NA/(NA -~ NB). Errors on these measurements  depend 
on the precision wi th  which we can establish the 
boundary  lines between A and B, and B and C regions 
in the spectra. The shape of these separations was ex-  
per imenta l ly  established by measur ing the energy 
width of a n iob ium-n iob ium oxide interface. These 
measurements  were carried out on pure n iobium ox- 
ides the thicknesses of which were s imilar  to those of 
A and A ~ B regions. So, the numbers  of n iobium 
atoms present  in  A and B regions were determined 
with an accuracy better  than 5% for thick films (Nb 
consumption equivalent  to more  than  200 nm oxide) 
and equal to 20% for th in  films (Nb consumption 
equivalent  to less than  50 n m  oxide). 

Results  
In  order to describe and discuss our results in  terms 

of microscopic t ranspor t  mechanisms, we use the con- 
cepts of cationic events and of oxide network (27, 28). 
By the term of cationic events, one means the sequence 
of e lementary  jumps  of one or more metall ic cations 
which result, on the one hand in a t ransport  of charges 
from their  creation point to that  of their  recombina-  
tion, and on the other hand in  oxide growth. The ele- 
menta ry  jumps can be of various types (29) such as 
long range  ( inters t i t ia l ) ,  or Short range like in te r -  
stitialcy, vacancy (assuming that  such point  defects 
can be defined in  amorphous oxides),  or Dignam la t -  

tice point  defects movement  (30). The term of ne twork  
is meant  in  the sense of the continuous random ne t -  
work theory of amorphous media, as the spatial dis- 
t r ibut ion of the atomic sites and bonds (the oxide be-  
ing considered, under  this concept, as main ly  co- 
valent) ,  which is organized progressively as the oxide 
grows. We shall speak of "niobium or t an ta lum oxide 
networks," mean ing  that  these two oxides may be 
organized in  two well-defined, possibly different ne t -  
work types, keeping their na ture  even if some niobium 
or t an ta lum atoms are replaced by t an ta lum or nio-  
b ium atoms, respectively. 

Relationships be tween  oxidation potential V and 
t ime t: V -- ] ( t ) . - -F igure  2 shows some typical curves 
obtained by recording oxidation potential  as a func-  
t ion oi t ime dur ing  the anodic oxidation of pure nio- 
b ium (curve a), of pure t an ta lum (curve b) ,  and of 
a 15 n m  thick t an ta lum layer  superimposed on nio-  
b ium substrate (curve c). All these experiments  were 
performed at 5 m A / c m  2 current  densi ty and at 23~ 
temperature.  

Three regions can be dist inguished in  curve c, these 
being regions 1 and 3 where V ---- f ( t )  is l inear.  The 
slopes of these straight lines are identical  to those ob- 
served for pure t an ta lum and pure n iobium oxide 
growth (curves a and b).  Region 2 is a t ransi t ion re-  
gion, between 25 and ~ 80V, where an undershoot  of 
d V / d t  is observed (see insert  of Fig. 2). The intercept  
of the straight lines in  regions 3 and 1 determine an 
oxidation potential  V1 which is relat ive to the poten-  
tial drop in  t an ta lum oxide obtained by anodization 
of a 15 nm thick t an ta lum layer. The value of the po- 
tential  drop in t an ta lum oxide (37 rim) is 24.4V, cal- 
culated using a value of the slope of the kinetic of 
t an ta lum oxide growt'h equal to 1.54 n m / V  [deduced 
from Ref. (31)]. This potential  drop is in reasonable 
agreement  with V1 equal to about 25V. 

These results confirm that  t an ta lum oxide is formed 
in  region 1 as expected, and s trongly suggest that  
usual  n iobium oxide is formed in region 3, in  spite of 
the presence of the t an ta lum oxide already formed. No 
clear explanat ion for the existence of the t ransi t ion 
region 2 can be presented. 

Oxide s to ich iometry . - -The  total number  of oxidized 
metall ic atoms, t an ta lum plus n iobium (the n u m b e r  of 
t an ta lum atoms per cm 2 was constant  and equal to 
8" 1016), as related to the n u m b e r  of oxygen atoms 
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Fig. 2. Oxidation potential V as a function of time during anodic 
oxidation at a 5 mA/cm 2 current density and at a 23~ tempera- 
ture for: (a) pure niobium; (b) pure tantalum; (c) 15 nm thick 
tantalum film on niobium substrate. 
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fixed in  the oxide for oxidation potentials lying be-  
tween 60 and 220V, is presented on ~ig. 3. These re-  
sults were obtained using nuclear  microanalysis as 
described above. The full l ine represents the theoreti-  
cal curve corresponding to stoichiometric composition, 
i.e., to the M~O5 formula (M for metal) .  Within our 
experimental  precision (about 5%), Fig. 3 shows that 
for this oxidation potential  range, this oxide is stoi- 
chiometric. For  oxidation potentials lower than  60V, 
the errors on the measurements  of the total n u m b e r  
of oxidized niobium atoms increase as oxidation po- 
tential  decreases; this precludes precise stoichiometry 
measurements  in  this region. 

Cationic movements.--We have investigated the 
change of cation distr ibution in  the oxides as a func-  
t ion of oxidation potential, t an ta lum layer  thickness, 
and electric field. 

Inl~uence of oxidation potential.--Samples with a 15 
nm thick tan ta lum deposit on niobium subsLraLe were 
oxidized at 5 mA/cm 2 current  density and at 23~ 
temperature.  Oxidation potentials were chosen so that 
the various regimes observed in  the V -- ] ( t )  relat ion-  
ship could be studied. These oxidation potentials were 
chosen between 25V (total oxidation of t an ta lum de- 
posit) and 220V. Figures 4 and 5 show backscattering 
spectra obtained on these samples. On all the spectra 
where the tan ta lum peak is well separated from the 
niobium spectrum, the peak area, corrected for dif- 
ferent ial  cross-section effects, is constant wi thin  our 
exper imental  precision. This indicates that the number  
of t an ta lum atoms in  the oxide is constant, and there-  
fore excludes any dissolution process dur ing oxide 
growth. So, even when the t an ta lum peak overlaps the 
niobium spectrum (at very high oxidation potentials) ,  
we can determine the number  of oxidized n iobium 
atoms mixed with t an ta lum atoms in  the oxide. This 
is done by subtract ing ~he tan ta lum peak area, ob- 
tained on the last spectrum where it is isolated, from 
the integral  of the whole spectrum. Similar  experi-  
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Fig. 4. Backscattering spectra of 1.7 MeV 4He ions for 15 nm 
thick tantalum film on niobium substrate: (a) before oxidation; 
(b) after oxidation at 23~C, i ~_. 5 m A/cm ~, V ~ 50V; (c) 60V; 
(d) 80V. 

ments were performed with double deposits on alu-  
m i n u m  backing with a 120 nm thick niobium layer and 
15 nm thick tan ta lum film. These lat ter  results indi -  
cate that no appreciable dissolution of n iobium occurs 
dur ing  anodization of superimposed layers, s imilar ly 
to tantalum. 

The backscattering spectra are presented and dis- 
cussed assuming lateral  uni formi ty  of the t an ta lum 
and niobium oxide mixture.  In  order to check this as- 
sumption, experiments are present ly  being carried out 
to study the lateral  uni formi ty  of t an ta lum dis t r ibu-  
tion by using an electron probe with a resolution of 
about 4 ~m. Pre l iminary  results indicate that  the tan-  
ta lum concentrat ion appears homogeneous with such a 
resolution, except in  some localized defects (diameter  
equal to about 20 ~m) with an over-al l  area below 1% 
of the whole surface. 

Figure 4a represents the backscattering spectrum 
obtained on a sample before oxidation, and Fig. 4b, 4c, 
4d, and 5 correspond to oxidized samples. Analysis of 
Fig. 4a shows that  no mixing occurs between n iobium 
and tan ta lum atoms to wi thin  10 nm dur ing  the de- 
posit. For an oxidation potential  V equal to 25V, only 
the tan ta lum layer is oxidized. For higher oxidation 
potentials, the niobium substrate begins to be oxi- 
dized, and for various oxidation potentials, the changes 
in cation distr ibution appear as follows: 

With 50V (Fig. 4b), a tail towards high energy ap- 
pears in  the niobium spectrum. It indicates a progres- 
sive penetra t ion of n iobium atoms in  the t an ta lum 
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oxide ne twork  which  is a l r e ady  formed.  The presence 
of n iob ium atoms in this  pa r t  of the  oxide  proves  tha t  
n iobium cations t ake  par t  in cationic events,  since 
movement  of t an t a lum atoms against  the  field m a y  be  
neglected.  

With  60V (Fig. 4c), the  n iob ium spec t rum exhibi ts  
two c lear ly  resolved  steps. The first, corresponding to 
the ox ide-so lu t ion  interface,  shows a t an ta lum and nio-  
b ium oxide mix tu re  over  about  50 nm. In  this mixture ,  
the  roughly  un i fo rm n iobium concentra t ion is about  
30%. The second one corresponds to pu re  n iob ium ox-  
ide  under ly ing  the oxide mix ture .  

Wi th  80V (Fig. 4d) and 1f0V (Fig. 5a),  t hey  corre-  
spond to the  end of the  t rans i t ion  region appear ing  in  
the  V] ( t )  re la t ionship  (see Fig. 2). A surface peak  in 
the  n iob ium spect rum,  and a shoulder  t oward  h igh  
energies  in t an t a lum spec t rum begin to appear .  This 
shows tha t  n iob ium concentra t ion increases  in  the  
nea r - su r face  region  of the  oxide  mixture .  This nio-  
b ium concentra t ion goes f rom 30% at 60V to about  
60% for 100V oxida t ion  potent ials ,  and i t  is c lea r ly  
h igher  than  in the  bu lk  of the  oxide mix tu re  (about  
40%) where  the  n iob ium a tom dis t r ibu t ion  is r a the r  
uniform. 

With  120-200V (Fig. 5b-5d) ,  oxida t ion  potent ia l s  
exist  at which d V / d t  is constant  at  the  level  expec ted  
for anodizat ion of pu re  ~iobium (see Fig. 2). These 
spec t ra  show that  the  n iobium concentra t ion first in-  
creases in the  bu lk  of the  oxide mix ture :  i t  goes f rom 
40% to 55% as oxida t ion  potent ia l  goes f rom 100 to 
160V. Above,  this n iob ium concentra t ion  remains  con- 

s tant  wi th in  our  expe r imen ta l  precision. The increase  
of the  surface peak  in  the  n iobium spec t rum indicates  
an increase  of the  n iob ium contents  in the  nea r - su r f ace  
region of the  oxide  mixture .  The t an t a lum spec t rum is 
shif ted towards  lower  energies  and b roadened  as a 
funct ion of ox ida t ion  potent ia l ,  and  finally, i ts  r ea r  
edge over laps  the  n iob ium spec t rum (Fig. 5c and 5d).  
The shoulder  on the  t an ta lum spec t rum is more  and 
more  resolved as oxida t ion  potent ia l  increases.  This  
fact  shows tha t  the t an t a lum and n iobium a tom ra t io  
d is t r ibut ion  in  the surface region is s teadi ly  changing. 
For  oxida t ion  potent ia ls  h igher  than  120V, the  f ront  
edge of the  t an t a lum spec t rum is shif ted toward  lower  
energies.  This fact  is exp la ined  by  the fo rmat ion  of a 
pure  n iobium oxide l aye r  a t  the  ox ide-so lu t ion  in te r -  
face. Its thickness  increases wi th  oxidat ion  potent ia l  
since the  t an t a lum spec t rum shif t  also increases,  and 
reaches about  20 nm for a 220V oxida t ion  potential .  

In  Fig. 6 we have  presen ted  schemat ica l ly  the depth  
profiles of n iobium in the  anodic oxides formed at  60, 
100, 160, and 220V. The t an t a lum profile is not  p re -  
sented since i t  is the  complement  of tha t  of niobium. 
We m a y  dis t inguish a pu re  n iobium oxide region (B) 
and the r ema inde r  of the  oxide formed (A) ,  i.e., a 
t a n t a l u m - n i o b i u m  oxide mix tu re  region  fol lowed at  
high potent ia ls  by  a pure  n iob ium oxide region near  
the  oxide solut ion interface.  The sharp  bounda ry  be -  
tween  A and B was t aken  as the  or igin of the  dep th  
scale in  Fig. 6. A region X of thickness  equal  to tha t  of 
the oxide formed by  the oxidat ion  of the  t a n t a l u m  
film alone has been rep resen ted  on al l  f igures b y  ve r t i -  
cal dashed lines. I t  appears  tha t  for  g iven potent ia l ,  
the n iobium concentra t ion  in region X is p rac t i ca l ly  
constant  and known  wi th  high enough re la t ive  .pre- 
cision (___10%). Fo r  oxida t ion  potent ia l  h igher  than  
160V, the  n iobium concentra t ion in region  X remains  
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stat ionary reaching 55% __ 5%. On the other hand, the 
figures show that  beyond region X the shape of the 
n iobium profiles goes on changing with potential,  the 
thickness of the mixed region as well  as that  of the 
pure surface oxide region increasing steadily. 

Let us recall, as stated above, that  this analysis is 
based on the assumption of lateral  homogeneity of 
n iobium and tan ta lum atoms in  the oxide. As pointed 
out, the behavior of the n iobium profile (as a funct ion 
of oxidation potential)  in  the X region is different 
from that  in  the external  par t  of the oxide mixture.  
The most l ikely explanat ion of this fact seems to be 
that the t an ta lum atoms present  in  the region X do 
not take part  in cationic events for potentials higher 
than 160V. If we assume that  these t an ta lum atoms 
have never  taken par t  in  cationic events dur ing  all the 
n iobium substrate  oxidation, one can concIude that  
region X can be associated to the t an t a lum oxide ne~.- 
work formed dur ing the anodic oxidat ion of the tan ta-  
lum film alone. 

From the spectra presented on Fig. 4 and 5 we have 
calculated Ft defined above as Ft : nA/(nA ~- nB) or 
NA/(NA ~-NB), i.e., the fraction of oxidized n iobium 
atoms which have crossed the inner  edge of the tan ta -  
lum atom distribution. 

In Fig. 7, we have presented the Ft  values as a func-  
tion of the total n u m b e r  of oxidized n iobium atoms 
nNb. For low values of nNb, the Ft measurements  are 
not precise. It  seems, however, that  Ft values increase 
with n iob ium substrate  consumption unt i l  about 3.1017 
N b . a t / c m  2 are oxidized (~75V of n iobium oxida- 
t ion).  For higher oxidation potentials, the precision 
on Ft measurements  is more satisfactory (about 
10%), and Ft takes a constant  value (Ft max) ,  inde-  
pendent  of oxidation potential  and equal to 0.25 ___ 0.02. 
Note that  Ft is constant  while (i) the dis t r ibut ion of 
t an ta lum and n iobium atoms in  the oxide mix ture  
undergoes strong changes; and (ii) dV/dt is constant  
at the level expected for n iobium anodization (see Fig. 
2). 

The analysis of the backscattering spectra has shown 
that, for oxidation potentials higher than 120V, 
there is a layer of pure n iobium oxide at the oxide- 
solution interface. The thickness of this layer reaches 
about 20 nm for a 220V oxidation potential,  while 
t'he increase, after the appearance of pure Nb205 sur -  
face layer  (about 120V), of the total oxide thick- 
ness is equal to 200 nm. The pure n iobium oxide layer  
represents then a fraction Fs equal to 0.10 ___ 0.03 of 
the increase in total oxide thickness. 
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Fig. 7. Variation of Ft with niobium consumption for 15 nm thick 
Ta films on niobium oxidized at T z 23~ and i ~ 5 mA/cm ~. 
The absolute errors on each point are shown by the error bars. 

Note that  Fs and Ft are a measure of the rate of 
bury ing  of the t an ta lum atoms present  in  the surface 
region or in  the t an ta lum network  (region X) respec- 
tively. The difference be tween the values of Fs and Ft 
(0.10 and 0.25) is too high to be explained by measure-  
ments  errors. Thus we may deduce that  t an ta lum 
atoms present  in  the external  par t  of the oxide mix-  
ture  take part  in cationic events whatever  the oxida- 
t ion potential. 

Influence of the electric field.--Ft max was measured 
as a funct ion of electric field. These experiments  were 
performed on samples, with a 15 nm thick t an ta lum 
deposit, oxidized at 140V. During anodic oxidation of 
pure n iobium or tantalum, an exponent ia l - type  rela-  
tionship exists be tween the electric field, temperature,  
and current  density. We may reasonably assume that  
the same relationship exists when  we oxidize the nio-  
b ium substrate at oxidation potentials corresponding 
to the l inear  region 3 of the V = $(t) curve, regime in  
which dV/dt has the level expected for pure  n iobium 
anodization (see Fig. 2). Moreover, in  this regime, Ft 
is constant  and equal to Ft max (see influence of oxi- 
dation potent ial) .  Thus, the oxidation potential  in 
these experiments  (140V) was such that  this regime 
was reached, and this was checked for each sample by 
recording the oxidation potential  as a funct ion of time 
dur ing anodization. 

Two kinds of experiments  were carried out to study 
the influence of the electric field. The F t max values 
were measured as a funct ion of current  density for 
constant  tempera ture  (23~ and as a funct ion of t em-  
pera ture  for constant current  density (5 mA/cm2).  

Figures 8 and 9 show that  Ft max values increase 
l inear ly  with the logari thm of current  density and 
decrease with temperature.  Ft max varies from 21 to 
26% when the current  density changes from 0.1 to 10 
m A / c m  2 and from 23 to 27% when tempera ture  de- 
creases from 50 ~ to 0~ The relationship between Ft 
and current  density seems to indicate that Ft is a l inear  
function of electric field. The decrease of Ft with tem- 
perature  is also l ikely to be due to the corresponding 
var iat ion of the electric field, in  the range of electric 
field studied in  these experiments.  
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Fig. 8. Variation of Ft as a function of current density for 15 
nm thick tantalum films on niobium oxidized at T ~_ 23~ and 
V ~ 140V. The relative errors from one point to another are shown 
by the error bars. 
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Influence of tantalum deposit thickness.--Three kinds 
of samples were  dist inguished as a function of tanta-  
lum deposit  thickness: (i) 6-40 nm. One may reason-  
ably assume that  a continuous metal l ic  film covers 
the niobium substrate  (32); (it) (1014-1015 at./cm~) 
equivalent  to the order  of 0.1 nm. One may assume 
that  anodic oxidat ion of this kind of samples is s imi-  
lar  to that  of pure  niobium and that  niobium oxide 
ne twork  is formed, tan ta lum being present  as traces; 
and (iii) 1-4 nm. This is too small  to ensure the pres-  
ence of a continuous metal l ic  film on the substrate 
(32), and too high to be considered as traces. 

The exper iments  were  carr ied out at a constant cur-  
rent  density (5 m A / c m  ~) and at 0~ temperature .  For  
samples (i) ,  oxidat ion potentials were  chosen so that  
constant values of Ft (Ft max)  as a funct ion of oxida-  
t ion potent ia l  were  reached (see influence of oxidat ion 
potent ia l ) .  Oxidat ion potentials were  such that  the 
number  of oxidized niobium atoms was the same for  
all samples (i). All  the other  samples, i.e., (it) and 
(iii), were oxidized at oxidation potentials where  the 
number  of oxidized niobium atoms was the same as 
that  chosen for samples (i), i.e., 5 .  1017 a t . / cm ~- 
and in all cases, these potentials  corresponded to the 
l inear  region 3 of the V = ] ( t )  curve  (see Fig. 2). This 
was checked for each sample  by recording the o x i d a -  
tion potent ial  as a funct ion of t ime dur ing anodization. 
The results of these exper iments  are presented on 
Fig. 10. 

For  samples (i) they are expressed by the Ft max  
values, and for a 15 nm thick tan ta lum deposit  a value  
of Fs is also presented.  One can see that  Ft max  values 
are constant, equal  to 27%, independent ly  of the th ick-  
ness of the tan ta lum deposit. 

For  samples (it) the burying of the tan ta lum atoms 
in the oxide was de termined  by the shift of the posi- 
t ion of the t an ta lum peak on the backscat ter ing spectra 
(12). Note that  this peak has a pract ical ly constant 
width, indicating that  the tan ta lum atoms remain  
grouped to wi th in  10 nm (l imited by the depth resolu-  
tion of our measurements) .  We can express this bury-  
ing as h ratio R = LJLTot, where  Ls is the oxide 
thickness corresponding to the energy shift of tanta-  
lum peak, and Lwot is the total  oxide thickness. The  
value of tan ta lum atoms burying was found equal  to 
10 _ 3%. Fur thermore ,  exper iments  were  carr ied out 
at var ious oxidat ion potentials  and similar  R values 
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Fig. 10. Variation of Ft and Fs as a function of tantalum de- 
posit thickness. The absolute errors on each point are shown by 
error bars. 

were  found in all cases. O n e  can see that  R has the  
same value as Fs for samples wi th  a continuous tanta-  
lum deposit (15 nm) .  

For  samples (iii), Fs values were  measured and are 
presented on Fig. 10. The Fs values, so determined,  ap- 
pear  near  to that  found for a 15 nm thick un i fo rm 
tanta lum deposit. Fur thermore ,  one can notice that  in 
all cases, Fs is equal  to the R value defined for tanta-  
lum traces. This s t rongly suggests that, for  a cont inu-  
ous tan ta lum film, tan ta lum atoms in the near  surface 
region of the oxide move  in the same way  as tan ta lum 
traces in niobium oxide. Hence it is reasonable to as- 
sume that, in this case, the niobium oxide ne twork  is 
formed at the oxide solution interface before a pure  
niobium oxide layer  appears there. 

Discussion and Conclusion 
We have shown that  the anodic oxidation of a nio-  

bium substrate covered by a thin tan ta lum oxide takes 
piace, for oxidation potent ial  h igher  than 100V, wi th  
the same kinetics and leads to the format ion  of the 
same stoichiometric oxide (Nb2OD as for pure  nio-  
bium oxidation. The fract ion Ft of niobium cations 
which crosses the inner  edge of the tan ta lum atom 
distr ibution during anodization reaches its saturat ion 
value  (25% wi th  i ----- 5 m A / c m  2 and T = 23~ for 
an oxidation potent ial  equal  to about 100V, and then 
Ft is constant for higher  oxidat ion potentials. The Ft 
values increase wi th  increasing current  density and 
decreasing temperature .  

We discuss our results using the concepts previous ly  
defined (see resul ts) ;  moreover  we assume that  the 
cationic events preserved thei r  ident i ty  through the 
whole oxide. Let  us recall  that, by cationic events one 
means the sequence of e lemetary  jumps, of one or 
more metal l ic  cations, Which resul t  in a t ransport  of 
charge through the oxide and in oxide growth. This 
assumption means, thus, that  the cationic events, which 
are init iated at the meta l -ox ide  or oxide-solut ion in-  
terface (depending on the microscopic t ransport  mech-  
anism),  result  in a t ransport  of charge to the  o ther  
interface involving only the e lementary  jumps  of 
metal l ic  cations through the whole oxide. We exclude 
therefore  a priori, creat ion of cationic events  in the 
bulk of the oxide or the t ransformat ion of cationic 
events in anionic events  in the bulk of the oxide. 

One may notice that, wi th  this assumption, and as 
any movement  of tanta lum or n iobium atoms against 
the electric field may  be neglected, one may wr i te  
that  Ft represents  the minimal  fract ion of niobium 
oxide g rown by cation migrat ion.  The  t e r m  min imal  
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means that  the possible movement  of t an ta lum atoms 
under  the influence of the electric field is not a priori 
neglected. Moreover, tm being the t ransport  number  of 
niobium, since Ft is defined as the minimal  fraction 
of n iobium oxide grown by cationic movements,  the 
relationship Ft ~--- tm holds. It is interest ing to compare 
the value of Ft with that of tm measured during pure 
niobium anodization in comparable exper imental  con- 
ditions. According to Davies et at. (3) the value of tm 
for n iobium is equal to 27%. Let us recall that in the 
interpreta t ion of our exper imental  results we have as- 
sumed that some tan ta lum atoms in region X (see Fig. 
6) do not take part  in  cationic events. With this as- 
sumption, region X could be used as a reference frame 
to measure the t ransport  number  of n iob ium implying 
Ft ---- tin. Comparison of Ft with the t ransport  number  
of n iobium given by Davis et al. (3) shows that  Ft is 
practically equal to tm (27%), i.e., oxidation of nio-  
bium (in the presence of t an ta lum oxide) takes place 
with the same value of tm as for pure niobium oxida- 
tion. Although the val idi ty of this conclusion will have 
to be checked by other more detailed studies of the 
t ransport  number  of pure n iobium (as a funct ion of 
current  density and tempera ture) ,  the present  work 
establishes that the t ransport  number  of n iobium sub- 
strate covered by thin tan ta lum oxide is equal  at least 
to 25% (at i _-- 5 mA/cm ~ and T ---- 23~ assuming 
the preservat ion of cationic events. 

In  this work, the description of the results was based 
on the hypothesis of lateral  uni formi ty  of the t an ta lum 
and niobium oxide mixture,  and was made by using 
the R, Fs, or Ft measurements.  R describes the burying  
of t an ta lum traces in  n iobium oxide as a function of 
oxidation potentials. One can assume that the anodic 
oxidation leads in this case to the formation of prac- 
tically pure niobium oxide network (Ta concentrat ion 
~0.5-5 a /o) ,  and that we have measured the value of 
Ta bury ing  in  n iobium oxide network in  the case of 
isolated tan ta lum atoms. It was found that R _-- 10 • 
3%. This value is much lower than Ft (25%) and lower 
than the reported t~ value for pure niobium, 27% (3). 
This means that  in this case, all t an ta lum atoms in the 
niobium oxide participate in  the growth. As no move- 
ment  of t an ta lum atoms in  not growin~ oxide has ever 
been observed, we can assume that  the movement  of 
t an ta lum atoms is due to cationic events which take 
place dur ing oxide growth. As a large spread is not 
observed in the t an ta lum distribution, we may assume 
that the t an ta lum atoms move by a ne ighbor- to-neigh-  
bor jump process. Hence there are two possibilities for 
n iobium atoms: (i) all the movements  of n iobium 
cations are also of the ne ighbor- to-neighbor  jump 
process type; or (it) a fraction of n iobium cations move 
by long-range migrat ion (12). 

(i) In  this case, the bury ing  of the tan ta lum atoms 
would be due to the difference between jump prob-  
abilities of t an ta lum (PWa) and niobium (PND) atoms 
during oxide growth. We may write PTa/PNb ~-~ (tin 
- - R ) / t ~ ,  getting the value 0.6 (with tm ---- 0.25). Let 
us notice that such an hypothtsis means that  the order 
of cations would be conserved dur ing the anodic oxi- 
dation of pure n iobium and that no bury ing  of n iobium 
isotopic tracer would be obtained in an isotopic tracer 
experiment.  

The Fs measurements  describe the bury ing  of the 
tan ta lum atoms in the surface layer of the mixed 
oxide during anodic oxidation of a niobil~m substrate 
covered by a continuous t an ta lum film (15 nm) .  It was 
found that the value of Fs is practically equal to R. 
So we can assume that these t an ta lum atoms take par t  
in the ionic current  in the same way as t an ta lum traces 
in n iobium oxide with the same microscopic t ransport  
mechanism and that  the network formed would be of 
the niobium type. The formation of pure n iobium 
oxide at the oxide solution interface would be due to 
the fact that the jump probabi l i ty  Pwa is smaller than 
PNb in this part  of mixed oxide. One may conclude 

from these assumptions that the ne twork  formed be-  
neath the pure surface Nb205 region is also of the 
n iobium oxide ne twork  type al though it contains more 
than 20% of tan ta lum atoms. 

The Ft measurements  describe the burying  of the 
tan ta lum atoms present  in the region X which is as- 
sumed to be the tan ta lum oxide network (Fig. 6). It 
was found that  t an ta lum concentrat ion (CTa) in  region 
X is constant (eTa : 45%) and independent  of oxi- 
dation potential  for potentials higher than 160V. This 
would mean  that Pwa is near ly zero in the tan ta lum 
oxide network for CTa = 45%. However, for oxidation 
potentials lower than 160V (Cwa ~ 45%), some tan-  
ta lum atoms take part  in  cationic events, i.e., Pwa ~ 0. 
One may conclude that PWa, in  the t an ta lum network, 
is a function of the concentrat ion in t an ta lum and nio-  
b ium atoms and changes from Pwa : 1 (Cwa : 100%) 
to Pwa : 0 (Cwa : 45%). On the other hand, values 
Of Pwa higher than zero are found in the niobium net-  
work for t an ta lum concentrations equal to about 20% 
or in the case of traces. These results suggest that the 
jump probabil i ty  of t an ta lum (or niobium) atoms dur-  
ing oxide growth depends not only on t an ta lum con- 
centrat ion but  also on the type of oxide network. Note 
that the same results could be observed in a sl ightly 
different situation: some tan ta lum atoms would '  be 
rigidly locked to the network and would never  par-  
ticipate in the cationic movements,  their  presence be- 
ing needed to insure the stability of the t an ta lum ox- 
ide network;  others would move freely and may be 
replaced by niobium atoms, the network still keeping 
its " tan ta lum network" character. In  this case there 
would exist two different types of cationic sites in  the 
network, in near ly  equal proportions; however, this 
does not seem likely in an amorphous medium. As 
such a process would lead to a part ial  reversal of the 
order of the t an ta lum atoms during pure t an ta lum 
oxide growth, a precise radioactive tracer exper iment  
could allow one to draw definite conclusions. 

(it) If we assume that the microscopic t ransport  
mechanism of n iob ium cations is not only of the 
neighbor- to-neighbor  jump process type, the bury ing  
of the t an ta lum atoms would not be due to a differ- 
ence in jump probabilities, but  to the fact that a frac- 
tion of the cationic events are of long-range migrat ion 
type (12). The progressive change in  n iobium profile 
with oxidation potential  suggests that  long-range mi-  
gration would take place in  several jumps. Hence, nio- 
b ium cations could move in  interst i t ial  position, j ump-  
ing over 2, 3, or more sites, the subst i tut ional  jumps of 
increasing length occurring with decreasing probabil-  
ity. Such an hypothesis should lead to an inversion o3 
the order of cations during the anodic oxidation of 
pure niobium. 

Although our exper imental  results do not permit  a 
choice between these two possibilities, it seems to us 
that (it) is less probable since it needs two different 
microscopic t ransport  mechanisms for n iobium and 
tan ta lum atoms. 

Let us recall that the above discussion is based on 
lateral  uniformity  of the oxide, as suggested by pre-  
l iminary  results obtained by electron probe measure-  
ments (see above).  However, heterogeneity of the 
oxide s t ructure  cannot be excluded in the dimension 
range lower than our exper imental  resolution (~4  
~m). For example, t an ta lum oxide could form some 
islands of microscopic dimensions. The cationic events 
would pass round them, involving only the n iobium 
atoms. Our present  results do not allow us to ru le  out 
completely nonuni formi ty  effects. 
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Technical Notes Q 
Silicon Nitride Chemical Vapor Deposition 

in a Hot-Wall Diffusion System 
Robert Ginsburgh, David 1.. Heald, and Richard C. Neville 

Department of Electrical Engineering and Computer Sc/ence, 
University of California, Santa Barbara, California 93106 

The use of vapor -depos i t ed  si l icon n i t r ide  films has 
been an essent ia l  pa r t  of the  fabr ica t ion  process for  
severa l  types  of in t eg ra ted  circuits  for a number  of 
years  (1-3). Ho t -wa l l  sil icon n i t r ide  vapor  deposi t ion 
systems have  emerged  as a means  of mee t ing  the  in -  
creasing th roughpu t  requ i rements  of semiconductor  
manufac turers .  

Genera l ly ,  h o t - w a l l - t y p e  systems ut i l ize  a diffusion 
furnace  or  s imi lar  appara tus .  The ca r r i e r  reac tan t  gases 
are hea ted  and chemical  react ions  in i t ia ted  p r io r  to 
the i r  reaching the wafers  located in the  hot  zone. S ig-  
nificant var ia t ions  in film growth  ra tes  and in s t ruc-  
ture  can be expected  for smal l  changes in opera t ing  
pa rame te r s  such as gas species concentrat ion,  flow 

Key words: CVD, diffusion, circuits. 

rates, wafer  location, t empera ture ,  etc. However ,  the 
t e m p e r a t u r e  control  of a modern  diffusion furnace  is 
ve ry  precise  wi th  t empe ra tu r e  var ia t ions  of less than 
1/4~ over  periods of months.  Therefore,  in any  given 
system, t e m p e r a t u r e  is the  easiest  p a r a m e t e r  to con- 
trol. The object ives of the  s tudy then were  a charac-  
te r iza t ion  of silicon n i t r ide  film growth  rates and p r o p -  
er t ies  as a function of gas p a r a m e t e r  var ia t ions  for 
fixed t empe ra tu r e  operat ions  at a tmospher ic  pressures.  

Equipment and Procedure 
The hot -waU diffusion furnace  used in this  series of 

exper iments  was a single zone, L indbe rg  Heavy  Duty  
model  wi th  2 in. d iam quar tz  tube. The furnace  was 
set at  875~ and profi led (see Fig. 1). Al l  exper iments  
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Fig. 1. Temperature profile of Si3N4 diffusion furnace with a 
6 in. quartz boat centered at the peak temperQture. 

were conducted with two 1 in. diam <111> polished 
silicon wafers laid flat (polished side up) on a 1.5 X 6 
in. quartz boat. A wafer was placed at each end of the 
boat on the center line. The boat was placed in  the 
furnace at the thermal  and physical center. The maxi -  
m u m  tempera ture  gradient  across a wafer was deter-  
mined to be 1.4~ All furnace operations included a 5 
rain warm up period. Gas flow rates through the fur-  
nace were monitored and controlled using Brooks flow- 
meters. Nitrogen was obtained from the boil off of 
l iquid ni t rogen and the silane and ammonia  were elec- 
tronic grade. 

The refractive index of the films grown on the sili- 
con test wafers was determined using an Applied 
Materials ellipsometer, and the film thicknesses were 
de termined both optically and mechanically.  The opti- 
cal technique used monochromatic light (Sodium-D) 
and involved counting interference fringes at steps 
between grown film areas and portions of the silicon 
slice from which the film had been removed. The me-  
chanical method used a Sloan Corporation DekTak. 
Fi lm thicknesses as measured by the two methods were 
wi th in  +5%.  

Experimental Results 
Based on a number  of earl ier  exper imental  runs, n o t  

reported on here, a set of flow rates for the silane 
(Silly4), ammonia  (NH3), and the carrier gas (N2) 
which produced "satisfactory" silicon ni t r ide films ex- 
isted in our laboratory.  These values were selected as a 
s tar t ing point. The time of growth in  the furnace was 
then varied, with the results as shown in  Pig. 2. The 
refractive indexes of all films were between 1.90 and 
1.95. The data of Fig. 2, when l inear ly  extrapolated to 
zero thickness, indicate an approximate nucleat ion 
period, before growth, of be tween 15 sac (for ups t ream 
wafers) and 1/2 rain (for downstream wafers) .  Here up-  
stream refers to those wafers between the gas inlet  and 
the furnace center. 

The growth period was then fixed at 5 rain, and the 
flow rate of the carrier gas (N2) was varied while 
main ta in ing  the SiH~ and NH3 flow rates constant. 
These data are presented in  Fig. 3. Note that  for up-  
s t ream wa~ers a max imum exists in the film thickness 
as a function of a ni t rogen flow rate, and that the 
growth rate for wafers closest to the gas inlet  is much 
higher than that  for wafers downstream. The refrac- 
tive index of all films grown in this port ion of the in -  
vestigation lay between 1.85 and 1.95. 

The next  experiment,  as shown in Fig. 4, held the 
growth time, ni t rogen flow rate, and ammonia  flow 
rate fixed, as specified. The silane flow rate was varied 
so as to vary  the ammonia- to-s i lane  ratio. The data 
for the ups t ream wafers indicate that  the process has 
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Fig. 2. Silicon nitride film thickness vs. time. Bars on data points 
indicate degree of uncertainty of data. Circles indicate average 
data. 
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Fig. 3. Film thickness vs. nitrogen flow rate. Bars on data points 
indicate degree of uncertainty of data. Circles indicate average 
data. 

several "type" reactions. For low ammonia- to-s i lane  
ratios, the growth rate is high. At in termediate  ratios 
(region II) the growth rate is stable over a wide range 
(3/1) of flow ratios. This is a t t r ibuted to a combinat ion 
of the avai labi l i ty of the required chemical consti tuents 
at the wafer surface and the rate at which their reac- 
tion and the subsequent  "siting" of the silicon ni tr ide 
on the surface of wafer is carried out. In  region III the 
ammonia- to-s i lane  ratio is in  excess of 300 and the 
reaction decreases, owing to a deficiency of silane. The 
data for the downstream wafers indicates that  the proc- 
ess in  this region remains  in  a "silane deficient condi-  
tion" reaction for all silane: ammonia  ratios. In  regions 
I and II the bulk  of the silane is react ing upstream, 
the silane reaction gradual ly  shifting towards the 
downstream end as an increasing percentage of the 
silane is swept past the ups t ream wafer before it can 
react. In  region III the ent i re  tube is "silane deficient" 
and thus cannot support  rapid silicon ni tr ide growth. 
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Refractive index measurements  on all films were be-  
tween 1.86 and 1.95 for this phase of the experiments.  

The final growth rate variations, as shown in Fig. 5, 
involved fixing the carr ier  gas (N2) fiow rate, the am-  
monia- to-s i lane  flow ratio (NI~/SiH4) ,  and varying  the 
total volume of ammonia  and silane. Again the growth 
period was 5 min. The refractive index of all films 
was checked and found to vary  be tween 1.90 and 1.95. 

A major  use for silicon ni t r ide in  semiconductor proc- 
essing is as a mask against  silicon oxide growth. Rep- 
resentat ive silicon n i t r i de  films from this collection of 
experiment,  of thickness 750, 1000, and 2000A, were 
placed in an oxidation furnace. An oxidation, employ-  
ing oxygen saturated with water  vapor at 95~ was 
carried out at 950~ for a period of 6 hr. After  s tr ipping 
the silicon ni t r ide film in hot phosphoric-acid, no sign 
of an oxide on any  of the silicon wafers was detected, 
ei ther optically or chemically. 

Discussion and Conclusions 
As stated previously, excellent  agreement  (within 

__+5%) was found for silicon ni t r ide film thickness 
measurements  made both mechanical ly  and optically. 
In  addition, the var ia t ion  in  uni formi ty  of the deposited 
film across any  individual  wafer was wi th in  ___3% in 
all cases. However, the var ia t ion in  film thickness from 
run  to r un  for wafers in the same location and unde r  
measurab ly  identical  conditions was wi th in  _15%, in -  
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Fig. 5. Film thickness vs. total gas flow. Bars on data po|nts in- 
dicate degree of uncertainty of data. Circles indicate average data. 

dicating system instabilities. An a t tempt  was made to 
correlate film thickness to chemical etch rate, employ-  
ing a chemical etch of hot phosphoric acid..No corre- 
la t ion in etch rate for any of the samples was obtained 
even for samples grown under  the "same" conditions. 
Since the etch rate of the silicon ni t r ide films depends 
strongly on the s t ructure  of the film, and since the film 
structure  depends on minu te  variat ions in  gas flow pat -  
terns as well  as gas composition, the results suggest 
that  the films may possess significant difference in 
s t ructure  and composition. 

Analysis of the refract ive index measurement  data 
revealed small  variat ions of the index wi th in  individual  
wafers but  significant variat ions among wafers of the 
same r un  and of different runs. Due to these variat ions 
it is l ikely that  the films have considerably different 
s t ructural  properties. The slices closest to the gas inlets 
tend to have higher film growth rates and a wider  
range of film thickness for any  given set of conditions. 
This is indicative of a strong "deficiency mechanism" 
in  which most of the silane has prereacted prior to 
reaching downstream wafers. Even though individual  
film characteristics vary, hot -wal l  process silicon n i -  
tricte fiims as th in  as 750A are effective in  blocking 
oxidation of the under ly ing  silicon surface for periods 
in excess of 6 hr at 950 ~ in  wet ambients.  

Manuscr ipt  submit ted Sept. 7, 1977; revised m a n u -  
script received Feb. 21, 1978. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1979 JOURNAL. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 
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Surface Morphology of GaAs layers Grown by 
Electroepitaxy and Thermal L.PE 

Y. Imamura ,  1 L. Jastrzebski,  and H. C. Gatos * 

Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

It was found that  terraces commonly present  on 
GaAs layers grown by s tandard ( thermal)  LPE were 
not present  on layers grown by electroepitaxy. A 
comparison of the surface morphology obtained by the 
two methods was based on layers of the same thickness 
grown in the same apparatus, with the same average 
growth rates, on substrates having the same orientat ion 
(and electrical properties) and from solutions equi l ib-  
rated at the same temperature.  Growth in  thermal  
LPE is induced by a tempera ture  decrease; in  electro- 
epitaxy growth is ini t iated and sustained by passing 
electric current  across the growth interface while the 
tempera ture  of the growth system is main ta ined  con- 
stant  (1). 

In  electroepitaxy the growth process is controlled 
by electromigrat ion of solute toward the growth in ter -  
face and the contr ibut ion of the Pel t ier  effect is neg-  
l igible when appreciable convection in  the solution is 
not present  (2). Since the origin and na tu re  of super-  
saturat ion in thermal  LPE and in electroepitaxy are 
different, a comparision of the surface morphology of 
layers obtained by the two methods could elucidate the 
dependence of surface morphology on parameters  of 
the growth process. The comparison is confined to 
epitaxial  layers with the commonly used (100) crystal-  
lographic orientation. 

Electroepitaxial  growth was carried out in a s tan-  
dard LPE apparatus modified to permit  controlled 
flow of electric current  across the growth interface 
(3). Semi- insula t ing  Cr-doped substrates were used. 
They were prepared by a s tandard procedure described 
elsewhere (4) ; their or ientat ion was (1O0) wi thin  less 
than 0.1 ~ A uniform electrical contact on one side of 
each substrate was made employing a thin layer of 
Ga (3). The growth area was 0.5 cm 2. Interference 
of convection in the solution with the growth process 
was el iminated as described elsewhere (3). Consistent 
with the criteria for electromigrat ion-control led 
growth (2), the microscopic growth rate was found to 
be the same in  experiments  carried out at the same 
current  density but  employing substrates with a large 
difference in thickness (i.e., 250 and 2500 ~m). 

The surface morphology of a 10 ~m thick, Ge-doped 
(p ~-- 2 • 101S/cm ~) layer, grown in 11 min  on a 450 
~m thick substrate at 900~ from a solution with a 
height of 1 cm at a current  density of 20 A/cm 2 is 
shown in Fig. 1. The layer  exhibits no terracing (Fig. 
la)  commonly encountered on layers grown by thermal  
LPE (5-8). The only detectable defects on the layer of 
Fig. l a  are small  pits of very low density. As seen from 
the interferogram in Fig. lb, that  layer is flat. 

A number  of parameters  which might  affect the sur-  
face morphology were studied, such as thermal  gradi-  
ents in  the solution, thickness of the epitaxial layer, 
solution height, and current  density. Only one param-  
eter was varied at a time; the other parameters,  unless 
otherwise specified, were as indicated for the growth 
of the layer  shown in  Fig. 1. Thus, the vertical  thermal  
gradient  in the solution was varied from 0.3 ~ to 
2.7~ by varying  the thickness of the substrate 
from 250 to 2500 ~m for a current  density of 10 
A / c m  2 (cooling at the interface increases with sub-  

* Elect rochemical  Society Active M e m b e r .  
1 Presen t  address:  Nippon Te legraph  and  Telephone Public Cor- 

porat ion,  Electr ical  Communicat ion  Laborator ies ,  Tokyo, Japan.  
Key words:  sur face  morphology,  GaAs, e lectroepi taxy,  LPE. 

strate thickness) (9). Prior  to current  flow the vert ical  
thermal  gradient  in the solution was less than  
0.15~ and the horizontal  less than  0.1~ 
Growth was ini t iated either after the substrate and 
the solution, equil ibrated at 990~ were brought  into 
contact (as in the case of the layer  shown in Fig. 1) 
or after the solution, thermal ly  equi l ibrated at 901.5~ 
(over a dummy substrate) ,  was brought  into contact 
with the substrate which was equi l ibrated at 900~ 
(in this case the substrate was par t ia l ly  backmel ted) .  
The thickness of the grown layers was varied from 
8 to 70 ~m. The solution height was varied from 1 to 
1.4 cm. Finally,  the current  density was varied from 
5 to 50 A/cm 2, corresponding to a growth rate var ia-  
tion from 0.4 to 4.5 ~m/min.  

The surface morphology of the layers grown under 
all of the above exper imental  conditions was essen- 

Fig. la. Nomarski interference contrast photomicrograph of the 
surface of a GaAs layer 10 Fm thick, grown at 900~ under 20 
A/cm2; (290 times). 

Fig. lb. Interferogram of the same area as Fig. la taken by 
using an interference attachment to the microscope. 
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t ial ly indis t inguishable from the surface morphology of 
the layer  shown in  Fig. 1. The occasional appearance 
of defects such as dishes or hillocks were invar iab ly  
related to defects in the electrical contact of the sub-  
strate (3). I t  is, thus, concluded that, over a broad 
spectrum of growth conditions, GaAs layers grown by 
electromigrat ion-control led electroepitaxy are flat and 
exhibit  no terracing or other morphological defects. 

For the growth of layers by thermal  LPE, the same 
apparatus, exper imental  conditions, and procedures 
were used as for electroepitaxial growth. After  equi-  
l ibra t ion at 900~ the tempera ture  was decreased at 
a controlled rate so that the average growth rates were 
comparable to those obtained by electroepitaxy. The 
surface morphology of a layer  grown from 900~ by  
lowering the tempera ture  is shown in  Fig. 2. The layer, 
as the one shown in  Fig. 1, is Ge-doped (p ~ 2 
• 101S/cm3), 9 ~m thick, and was grown in 10 min  
from a solution wi th  a height of 1 cm, on a 450 ~m 
thick substrate  cut from the same wafer used for sub-  
strate of the layer  shown in Fig. 1. It is seen that the 
surface of the layer  shown in  Fig. 2a exhibits ter racing 
and is not flat as shown in the in terferogram in  Fig. 
2a. 

As in  electroepitaxy, a number  of parameters  were 
varied in  s tudying the surface morphology of layers 
grown by thermal  LPE. Thus, layers were grown on 
par t ia l ly  melted substrates and on substrates which 
were not backmelted (as in the case of the layer  shown 

in Fig. 2). The thickness of the grown layers was va-  
ried from 9 to 70 #m and the solution height from 1 to 
1.4 cm. Finally, the growth rate was varied from 0.3 
to 4 #m/min.  The surfaces of all layers exhibited ter-  
racing similar  to that  shown in  Fig. 2a; small  (but  
not systematic) variat ions in the spacing of the ter-  
races were observed among some layers. 

In  view of the above results, the pronounced differ- 
ences in  the surface morphology of the layers grown 
by electroepitaxy and of those grown by thermal  LPE 
cannot be a t t r ibuted to specific growth conditions. 
Rather they must  be associated with fundamenta l  
differences in the growth mechanisms involved in  the 
two growth methods. Since quant i ta t ive  models of nu -  
cleation and growth have not been established for these 
methods, the present  results are considered in  the 
light of some general  features characterizing the meth-  
ods. 

In  electroepitaxy supersatura t ion takes place in  the 
immediate  vicinity of the growth interface and growth 
is controlled by the rate of t ransfer  of solute, under  an 
electric field, to the interface (e lectromigrat ion-con-  
troD; the contr ibut ion of the Pel t ier  effect is negligi-  
ble (2). In  fact, for a given temperature,  the growth 
rate  is directly proportional to the current  density 
(i.e., to the electric field). Under  these conditions 
growth must  take place under  near ly  equi l ibr ium 
(isothermal) conditions and interface instabili t ies due 
to consti tutional supercooling cannot occur. On the 
other hand, in  thermal  LPE supersaturat ion is induced 
throughout  the solution and nucleat ion takes place 
not o n l y  on the substrate but, to some extent, also on 
the walls of the solution container.  Unless special pre-  
cautions are taken (10), random nucleation, fluctua-. 
tions in  solute concentration, and /or  tempera ture  
gradients and consti tut ional  supercooling are potent ial  
causes of nonuni form growth leading to terraced sur-  
face morphology. 

In  conclusion, in electromigrat ion-control led elec- 
troepitaxy, the s teady-state  and uni form transfer  of 
solute to the growth interface under  isothermal con- 
ditions leads to un i form growth and fiat terrace-free 
surface morphology. 
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Fig. 2a. Nomarski interference contrast photomicrograph of the 
surface of GaAs layer 9 ~m thick, grown by temperature decrease 
(thermM LI~E); orientation of substrate was identical to that of 
substrate used for layer shown in Fig. 1 (growth condit}ons given 
in text); (290 times). 

Fig. 2b. lnterferogram of the same area shown in Fig. 2a 
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ABSTRACT 

The discharge of a TiS2 e lec t rode  in an  ambien t  t e m p e r a t u r e  Li /TiSz 
organic  e lec t ro ly te  cell has been inves t iga ted  by  dynamic  x - r a y  diffraction. 
The new technique involves a continuous in s i tu  measuremen t  of x - r a y  
diffract ion s imul taneous  wi th  e lect rochemical  polarizat ion.  The inves t igat ion 
has provided  addi t ional  in format ion  on e lec t ro l i th ia t ion  of TiS2. These in~ 
clude:  (i) the  onset  of changes in 101 peak  posi t ion r ight  f rom the s ta r t  
of discharge,  (ii) correspondence of x in LizTiS2 to s t a t e -o f -cha rge  f rom 
coulombie balance;  and (iii) deta i ls  of changes in the  c axis dur ing  discharge,  
especial ly  dur ing  the  first 30% of discharge capacity.  The resul ts  a re  discussed 
along wi th  the  cell design, opera t ional  details ,  and mer i t s  and l imi ta t ions  
of the  technique.  

X - r a y  diffract ion is a w e l l - k n o w n  technique for  the  
analysis  of composi t ion and s t ruc ture  of e lec t roact ive  
solids used in bat ter ies .  Most of the previous  work  
involves  isolat ing the  e lec t rode  f rom the envi ronment  
before  and af te r  e lec t rochemical  polar iza t ion  and sub-  
jec t ing the sample  to x - r a y  analysis.  In  so doing, the re  
is a lways  the  poss ibi l i ty  tha t  some detai ls  m a y  be lost  
dur ing  the isolat ion of the  e lec t rode  f rom the e lec t ro-  
chemical  env i ronment  a n d / o r  dur ing  the t r ea tments  
needed  for  p repa ra t ion  of the  sample  for x - r a y  dif -  
fraction. This l imi ta t ion  could be  overcome if in situ 
x - r a y  diffract ion analysis  could be car r ied  out  on 
electrodes in an opera t ing  cell. This would  also have 
the  advan tage  of gaining insight  into in te rmedia tes  
a n d / o r  products  formed dur ing  the dynamic  condi-  
tions of cur ren t  flow. 

In this report ,  we have deve loped  procedures  for 
in situ x - r a y  diffract ion of e lect rodes  in  an opera t ing  
cell. We have t e rmed  the new technique dynamic  x -  
r a y  diffract ion (DXD) to signify x - r a y  diffract ion 
measurements  under  dynamic  condit ions in  which 
changes in micro-  or  macrocrys ta l l in i ty ,  s toichiome- 
t ry  or composi t ion of the e lect roact ive  ma te r i a l  occur 
due to e lect rochemical  polarizat ion.  

Recent ly  there  has been growing in teres t  in in t e r -  
cala t ion compounds as posi t ive act ive mate r ia l s  for 
l i th ium-nonaqueous  e lec t ro ly te  cells. In  this context ,  
TiS2 has been the subject  of in tense inves t iga t ion  on 
physical,  chemical,  and e lect rochemical  (1-6) p rope r -  
ties. In  an effort to gain fu r the r  insight  into the in te r -  
calat ion mechanism of l i th ium in TiS2, we have 
unde r t aken  the  dynamic  x - r a y  diffract ion studies. The 
expe r imen ta l  se t -up,  cell design, and the technique is 
genera l  enough to be appl icable  to s imi lar  inves t iga-  
tions on o ther  systems. 

Experimental 
Setup and operation.--The expe r imen ta l  se tup con- 

sisted of an x - r a y  diffract ion unit  opera t ing  in con- 
junc t ion  wi th  an e lec t rochemical  polar iza t ion  circuit,  
as shown in Fig. 1. Coppe r -Ks  rad ia t ion  f rom a Ph i l -  
l ips powder  d i f f rac tometer  was col l imated  onto the  
test  e lect rode of an e lec t rochemical  cell  mounted  in 

* Electrochemical Society Active Member. 
Key words: lithium anode, TiS~ cathode, organic electrolyte, 

in s i tu  x-ray diffraction. 

a specia l ly  designed sample  holder.  The diffracted 
wave  was received by  x - r a y  electronics and ana lyzed  
in the  usual  manner .  For  the  dynamic  measuremen t  
the test  cell  was ro ta ted  to cont inuously  scan be tween  
p rede t e rmined  Bragg angles 201 and 2e2, back  and 
forth, whi le  ca r ry ing  out the  e lec t rochemical  m e a -  
surement .  Thus the  changes in the posi t ion and in -  
tens i ty  of the peaks fol lowed as a funct ion of coulombs 
of e lect rochemical  change identif ied the  changes in 
na tu re  and concentra t ion  of the  species undergoing  
the e lect rochemical  reaction.  

Specific materials and procedures.--The dynamic  
x - r a y  diffraction of a TiS2 e lec t rode  in a cathode l im-  
i t ing Li/TiS2 cell  was invest igated.  In  a typica l  ex -  
per iment ,  the  100, 002, and 101 peaks  of TiS2 were  
scanned. These th ree  peaks  provided  (7) a convenient  
check on the "a" and "c" la t t ice  p a r a m e t e r  as a func-  
t ion of s ta te  of charge  dur ing  the e lec t rochemical  po-  
la r iza t ion  of the cell. The scanning was pe r fo rmed  in a 
15 min /cyc le  at  a ra te  of l ° / m i n  in an automat ic  r e -  
pea t  sequence s ta r t ing  f rom 28 ° (201) unt i l  35 ° (202). 

DETECTOR - ~  

Y 

I tiost 

~ -  PHILLIPS POWDER 
~ DIFFRACTOMETER 

CELL 

V, i/t 

Fig. 1. Experimental arrangement 

I, 8/t 
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Fig. 2. Schematic of x-ray diffraction cell 

Figure 2 gives a schematic representation o f  the 
Li/TiSz cell used in parallel  plate configuration. The 
anode was 200 mA-hr  l i thium foil and the cathode 
was a pass TiS2 electrode of 80-160 mA-hr  
loaded on 5 cm 2 nickel grid. The TiS~ used was pre-  
pared from the elements and the electrodes contained 
10 w/o polytetrafluoroethylene binder. The cells con- 
tained 65% porous fiber glass separator (0.0375 cm 
thick) and 0.5-1.0 ml 2M LiC104 in dioxolane electro- 
lyte. The cell casing was either a polyethylene bag or 
an aluminum and polytetrafluoroethylene casing, as 
described later. The cells were assembled in a helium 
dry box and then mounted in a specially designed cell 
holder that would enable alignment of the test elec- 
trode in the optical path of x - r ay  in the diffractom- 
etcr. 

In the case of the polyethylene bag cell, the x - ray  
radiation impinged on the TiS2 electrode by penetra t -  
ing polyethylene film (0.005 cm) and the surrounding 
electrolyte, both of which are noncrystalline. With this 
cell, the polyethylene film contributes intense scatter- 
ing in the region 15~ ~ (20), making observation 
of the Bragg peaks difficult. However, prel iminary ex- 
periments did permit observation of the 101 reflection 
as a function of electrochemical state of charge. 

To overcome these difficulties, a second cell was de- 
signed (Fig. 3) with a beryll ium x - r ay  window which 
permitted TiS2 Bragg peaks to be analyzed with 
greater precision than the polyethylene bag cell. In 
this design, the Li/TiS2 was an integral part  of the 
cell holder. The cell holder comprised an aluminum 
(bottom) and polytetrafluoroethylene (top) casing 
which housed the electroactive elements, i.e., Li/TiS~ 
cell, and contained an electrolyte fill port. The top and 
the bottom were held under compression with an EPR 
gasket and set screw assembly, as shown: The poly- 
tetrafluoroethylene top had cemented to it a 50 ~m thick 
beryll ium window that is transparent to x - r ay  beam 
in the region of 10~ ~ 20. We recognize that although 
the sharp beryll ium metal peaks did not interfere with 
TiS~ lines in this experiment, there might be a prob- 
lem in other investigations based on this technique. 
Appropriate modification of x - ray  window is recom- 
mended in such cases. 

It is to be noted that at high discharge rates, non- 
uniform discharge may occur. The relationship be- 
tween dynamic x - ray  data and the electrochemical 
discharge may then represent quasi-equilibrium 
under this condition. 

Prevention of electrolyte leakage from the cell, 
alignment of the test electrode in the optical path of 
the x- ray  beam, and proper shielding of the dynamic 

Fig. 3. Schematic of x-ray diffraction cell with beryllium window 

x-ray arrangement to prevent radiation leakage to 
avoid hazards to the operating personnel needed spe- 
cial attention in these studies. 

Results and Discussion 
The depth of penetration of" CuKa radiation is as- 

sessed to be ~- 50 ~,m of the 700 #m thick TiS2 electrode 
used in test cell. Thus, the changes in Bragg peak po- 
sition and intensity observed during the dynamic x-  
ray diffraction measurements reflected the changes in 
the composition and crystal structure occurring in 
~10% depth in thickness as measured from the posi- 
tion away from the li thium electrode, i.e., back side of 
the electrode. The x- ray  spectra taken prior to switch- 
ing on of the electrochemical circuit served as inter- 
nal standard for the calibration of the cell, 

Figure 4 represents the 101, 002, and I00 Bragg 
peaks of a TiS2 electrode as measured before and after 
discharge of a positive limiting Li/TiS~ cell at 1 mA/  
cm 2. The observed continuous variation of lattice spac- 
ings as x in Li=TiS2 changes from 0 to 1 during the 
chemical reaction (1) 

xLi+TiS2+xe-> Li=TiS2, 0 ~ x ~  1 

is represented in Fig. 5. Data in Fig. 5 indicate that 
002 has the greatest variation with state-of-charge of 
TiS2 and 100 the least. The 101 has intermediate vari-  
ation, but is the most intense line and provided greater 
ease of measurement. Consequently, all analyses 
of the results are presented with reference to var ia-  
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Fig. 4. Movement of Bragg peaks observed during discharge of 
TiS2 to form LiTiS2. 
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I t ions in the  101 l ine  f rom 2.62A for  TiS2 to 2.69A for  
LiTiS2. 

F igure  6, curve a, i l lus t ra tes  the  discharge da ta  for  
a TiS~ e lec t rode  of 156 m A - h r  and 4.83 cm~ area  at  1 
mA/cm~. F igure  6, curve  b, is a plot  of the  posi t ion of 
the  101 l ine measured  dur ing  the  discharge.  The test  
elec t rode  exhib i ted  90% dep th  of discharge wi th  an 
open-c i rcu i t  vol tage  of 1.84V af te r  10 h r  of res t  fol -  
lowing discharge.  The  posi t ion of the  101 l ine was de-  
t e rmined  by  measur ing  the re la t ive  dis tance be tween  
the posi t ion of the  101 l ine on the  up 0 scan, and the  
same l ine on the  down e scan, as indica ted  in  Fig. 7. 
This technique  pe rmi t t ed  the  de te rmina t ion  of r e l a -  
t ive  l ine  shif ts  w i th  an  accuracy of 0.0015A. Thus, each 
poin t  in the curve of c axis e•  vs. x in LixTiS,.,, 
ind ica ted  b y  the  percen tage  depth  of discharge in Fig. 
6, consists of an average  of two points  which  a re  ap -  
p r o x i m a t e l y  3-4 ~ 20 apar t .  

F igure  8 gives the  detai ls  of  the  var ia t ion  of 101 
peak  as a funct ion of depth  of discharge.  The  101 l ine  
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Fig. 6, Comparison of variations in Li/TiS2 cell voltage with move- 
ment of Bragg peaks (d 101) observed during dynamic x-ray diffrac- 
tion. 
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Fig. 8. Variation of Bragg peaks as a function of depth of dis- 
charge of TiS2. 

posi t ion reflects a change in composi t ion of the  test  
e lect rode as soon as d ischarge  began. As crys ta l l i tes  
of LixTiS~ are  nucleated,  the i r  cont r ibut ion  to the  1Ol 
l ine begins,  resu l t ing  in an  appa ren t  decrease  in  in -  
tens i ty  and l ine broadening  unt i l  sp l i t t ing  of the  peaks  
is not iceable  at  ,~15% depth  of discharge.  Only  af te r  
this spl i t t ing could the prev ious ly  descr ibed method  
for de te rmin ing  101 posi t ion be used. De te rmina t ion  
of the  l ine  posi t ion vs. s t a t e -o f -d i scharge  at  low 
depths  of discharge was possible f rom the continuous 
scan da ta  by  measur ing  the ha l f -he igh t  wid th  (W'  Vz) 
of combined peaks  (i.e., resolved + unresolved)  and 
apply ing  the  fo rmula  

20101(LixTiSs) - -  2elel(TiS2) - A, ~ --  (W' V= --  W ~ )  

where  W �89 is the  ha l f -he igh t  wid th  of the resolved 
TiS2 or  LizTiS2 peak,  as exemplif ied in Fig. 7. 

One can see f rom Fig. 9 tha t  up to x = 0.3, i.e., 30% 
depth  of discharge,  the var ia t ion  in  c-axis  expans ion  
is app rox ima te ly  l inear.  The poin t  of inflection in  the  
region of 12-18% may  be a t t r ibu ted  to l i th ium o rde r -  
ing an effect recen t ly  r epor ted  (9). 

Throughout  the  exper iments ,  the  wid th  of the  101 
l ine for a given x in LizTiSs did  not  change, but  the  
in tens i ty  of the  peak  decreased.  This  decrease  cannot  
be expla ined  by  calcula t ing the  in tens i ty  of the  101 
l ine for var ious  composit ions in LixTiS2. Because of 
the  low scat ter ing  power  of l i th ium atoms, no more  
than  10% var ia t ion  is expected in the  in tens i ty  of the  
101 line, whereas  a decrease  of more  than  50% is ob-  
served,  as seen in Fig. 10(a) .  Exper iments  indica ted  
tha t  upon  s tanding on open circui t  for 10 hr,  this  in-  
tens i ty  is rega ined  a lmost  to the  or iginal  value,  as in-  
dicated in Fig. 10(b) .  We propose tha t  the  observed  
in tens i ty  loss dur ing  the d ischarge  is due to in te rca l -  
a ted layers  which a re  wr ink l ed  or  bent,  and therefore  
do not  cont r ibute  to the  in tens i ty  of Bragg peaks.  This 
effect occurs in TiS2 crysta ls  dur ing  chemical  l i th ia t ion  
wi th  n - b u t y l  l i thium, and has been prev ious ly  re -  
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ported (8). Upon standing on open circuit, the stressed 
TiS2 layers anneal and realign themselves, causing 
the intensity to be regained. 

The charge used for the discharge of the TiS2 elec- 
trode corresponded reasonably well to that expected 
from an estimate of the electrode composition deter- 
mined by the x-ray spectrograph presented in Fig. 6. 
The data indicated that approximately 10 w/o of TiS2 is 
left undischarged at the end of the experiment. Un- 
availability of this material for discharge may be 
traced to electrode configuration, and is also associ- 
ated with the technique of preparation, a feature that 
is commonly encountered in battery electrodes. 

A striking feature of the variation of the 101 line po- 
sition is the pronounced plateau which begins at 1/4 
discharge and ends at about 1/2 discharge, as seen in 
Fig. 6. We believe this to be due to lithium ordering 
in the TiS2 layers, and will be discussed in detail in a 
future publication (9). 

Conclusions 
The dynamic x-ray diffraction technique is an effec- 

tive and sensitive method for studying bulk morph- 
ology and stoichiometry in solid electrodes. It permits 
accurate measurement of topochemical structural 
changes which take place during electrochemical po- 
larization. 

The TiS2 cathode undergoes structural disordering 
during discharge and shows lattice parameter anom- 
alies which are thought to be due to lithium atom or- 
dering. 

SCAN ANGLE (28) 

Fig. 10. Movement of 101 Bragg peaks of TiS2 and growth of i01 
peak intensity on open-circuit stand. 
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Solubility Products of Metal Sulfides in Molten Salts: 

Measurements and Calculations for Iron Sulfide (FeS) in the LiCI-KCI Eutectic Composition 

Marie-Louise Saboungi,* Jane J. Marr, and Milton Blander* 
Argonne National Laboratory, ChemicaZ Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

An e lec t rochemical  t i t ra t ion  technique  is used to de te rmine  the  solu-  
bi l i t ies  of Li2S and the solubi l i ty  products  of FeS in the  mol ten  LiCI-KCI 
eutect ic  composit ion in the  t e m p e r a t u r e  range  f rom 673 ~ to 773~ The solu-  
b i l i ty  products  of FeS are, on an ion f ract ion basis, Ksp = 0.44 • i0  -I~, 2.3 
• 10 -12, and 1.3 • 10 -11 at  673 ~ 723 ~ and 773~ respect ively.  These values  
are  in good agreement  wi th  values  calcula ted a priori f rom an exact  t he rmo-  
dynamic  cycle; at  723~ we deduce a value of --38.36 kca l  mole  - I  (or  --160.5{) 
k J  mole  - I )  for RT In Ksp, as compared  wi th  an expe r imen ta l ly  de r ived  
value  of --38.50 kcal  mole  - I  (or  - -161. I i  k J  m o l e - l ) .  Dur ing  the opera t ion  
of the  cells at r e l a t ive ly  high sulfide compositions, the  complex phases Li2FeS2 
( = X  phase)  and LiK6Fe24S26C1 ( - J  phase)  a re  formed,  as es tabl ished by  
x - r a y  and meta l lograph ic  analyses.  A discussion of the i r  chemical  s tab i l i ty  
in the  e lec t ro ly te  in the  t empe ra tu r e  range  of this s tudy  is presented .  A 
modera te  change in the act ivi t ies  of LiCl and KCI can influence the fo rmat ion  
of the  J phase. 

In  the deve lopment  and tes t ing of high t e m p e r a t u r e  
ba t te r ies  ut i l iz ing i ron disulfide (FeS2) as e lect rodes  
and  the mol ten  LiC1-KC1 eutectic as the  e lectrolyte ,  
some prob lems  have been encountered  in cells tha t  
have been subjec ted  to extens ive  charging and dis-  
charging cycles (1),  namely,  l i th ium s u l f i d e  (Li2S) 
and i ron par t ic les  a re  deposi ted in the separator ,  
which m a y  lead to a loss of pe r fo rmance  or even to 
cell fai lure.  The mechanism of the  format ion  of the  
deposi ts  is not ye t  wel l  unders tood;  one of the  hy -  
potheses re la tes  this effect to chemical  t r anspor t  
th rough  dissolut ion in the  electrolyte .  However ,  i t  
should be noted tha t  such deposi ts  do not  occur in 
cells having i ron monosulfide (FeS)  as the act ive 
e lec t rode  mater ia l .  To resolve these problems,  de te r -  
minat ions  of the solubi l i t ies  of Li2S, FeS, and FeS2 in 
the  LiC1-KC1 eutectic a re  needed.  

We repor t  on an  expe r imen t a l  and theore t ica l  in-  
vest igat ion of the  solubil i t ies of Li2S and FeS in the  
mol ten  LiC1-KC1 eutectic in the  t empe ra tu r e  r ange  of 
opera t ion  of the ba t t e ry  (T = 673~176 The ex-  
pe r imen ta l  method used was an e lectrochemical  t i t r a -  
t ion based on the  fol lowing reac t ion  

Li2S + FeC12--> FeS ($) + 2LiC1 [1] 

Dur ing  our expe r imen ta l  s tudy,  we found tha t  the  
above  reac t ion  is not the only  chemical  reac t ion  oc- 
cur r ing  in the solution. More complex sulfide phases 
(des ignated  as J and X phases)  were  formed ident ica l  
to those identif ied in engineer ing-sca le  cells (2, 3). The 
the rmodynamics  of FeS, as wel l  as those of X phase 
( - L i 2 F e S ~ )  and J phase  (---LiKsFe24S2sC1), are  de -  
r ived  f rom our  data. The solubi l i ty  product  of FeS  in 
the  mol ten  LiC1-KC1 eutect ic  is eva lua ted  f rom the 
e lec t romot ive  force measurements  (emf)  under  two 
different  assumptions.  In  the  first, react ion [1] is sup-  
posed to occur wi th  no solid solut ions involving FeS. 
In  the second, the  p robab le  exis tence of a l imi ted  
solid solut ion (4) in the  Li2S-FeS system is t aken  
into considerat ion;  consequently,  the p rec ip i ta te  would  
no longer  be FeS but  a solid solut ion of FeS  and Li2S. 
We find tha t  the  solubi l i ty  product  does not va ry  sig- 
nif icantly wi th  e i ther  hypothesis .  F ina l ly ,  an exact  ca l -  
cula t ion of the  solubi l i ty  produc t  of FeS  is made  a 

* Electrochemical Society Active Member. 
Key words: thermodynamic properties, lithium-sulfur batteries, 

electrochemical titration, solubilities, solubility products. 

priori. The va lue  obta ined  is in  good ag reemen t  wi th  
exper iment .  

Experimental 
Materials.--Anhydrous purif ied LiC1-KC1 e u t e c t i c  

was suppl ied in 200g ampuls  by  the Anderson  Physics  
Labora tory ,  Champaign,  Illinois. L i th ium sulfide was 
provided  by  Eag le -P iche r  as uns in te red  powder .  Its 
l i th ium and sulfur  contents  de te rmined  by  chemical  
analysis  were  30.33 ( theore t ica l  30.21) and 69.57 ( theo-  
re t ica l  69.79) in weight  pe rcen t  ( w / o ) ,  respect ive ly ;  a 
spectrochemical  analysis  showed less than  0.4 w / o  im-  
puri t ies.  Si lver  chlor ide  of 99.9% typ ica l  pu r i t y  w a s  
purchased  f rom Cerac. F ina l ly ,  anhydrous  i ron  chlo- 
r ide  (FeC12) was p repa red  on reques t  by  the  A n d e r -  
son Physics  Labora to ry  by  synthesis  f rom 99.999% 
pur i ty  iron. The slugs were  fused in quar tz  vials  sealed 
under  argon. A typica l  chemical  analysis  gave 44.44 
w/o  of Fe 2+ ( theoret ical ,  44.06 w / o ) ,  44.54 w/o  of to ta l  
Fe  ( theoret ical ,  44.06 w / o ) ,  and 55.84 w / o  of C1 ( theo-  
re t ical  55.94 w / o ) .  At  first, a f te r  opening a vial,  FeC12 
was used wi thout  fu r the r  purification.  The remain ing  
FeC12 was s lowly doubly  subl imed under  vacuum a t  
about  T = 773~ to remove  Fe  3+ and any  t race  of pos-  
sible contaminat ion  by  moisture.  The dis t i l led produc t  
was sealed in fused si l ica tubes unt i l  u s e d .  

Experimental procedure.--The cell  used in this  in -  
vest igat ion can be schematized as fol lows 

Ag I AgC1-LiC1-KC1] I LiC1-KC1 (eut)  -FeC12-Li2SIFe [2] 

An  outer  high pur i ty  a lumina  crucible  contained the  
electrolyte ,  the eutectic LiC1-KC1, to which were  
added  known amounts  of FeC12 and Li2S. Alumina  
proved  to be res is tant  to corrosion by  Li2S provided  
that  no t races  of wa te r  were  presen t  in the  melt .  The 
reference  e lec t rode  consisted of a h igh  pu r i t y  s i lver  
wire  (>99.9999%) immersed  in a d i lu te  solution [8.4 
• 10 -3 mole  pe r  cent ( m / o ) ]  of s i lver  chlor ide  in the  
LiC1-KC1 eutect ic  melt .  The AgC1-LiC1-KC1 solut ion 
was contained in a P y r e x  tube  wi th  asbestos fibers 
sealed in at the bottom. The d i a p h r a g m  was made  by  
shr inking  the P y r e x  tubing  (~/2 in. OD) on to a very  
few asbestos fiber bundles.  Elec t ro ly t ic  contact  be -  
tween the  Ag e lec t rode  and the outs ide mel t  was 
effected th rough  the wet t ing  of the  inters t ices  be tween  
the fibers by  the salt  whereas  the  diffusion of dissolved 
AgC1 was insignificant.  The  P y r e x  tubing  w a s  c o n -  
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ta ined  in a high pur i ty  porous be ry l l i a  cup to avoid  a n y  
possible a t tack  and decrep i ta t ion  of the  P y r e x  in  con- 
tact  wi th  the  sulfides. Resul ts  of chemical  and spec t ro-  
chemical  analyses  showed no evidence of s i lver  leaking  
f rom the re ference  electrode.  

The second elect rode consisted of  an  i ron  rod  ( ~  in.  
diam) .  P r io r  to use, the  meta l  was filed in  an  i n e r t  
a tmosphere  in o rde r  to remove any oxide coat ing pres.. 
ent  on the  surface. Both electrodes were  connected to 
a d igi ta l  vo l tmete r  ( input  res is tance g rea te r  than  
1010~) by  t an t a lum leads. 1 F o r  each run,  the  t e m p e r a -  

> 
ture  was held  constant  wi th in  a degree and was m e a -  
sured wi th  a stainless steel  ( s . s . ) - shea thed  ca l ibra ted  
( P t - P t  10% Rh) thermocouple .  The mel t  was con-  
s tan t ly  s t i r red  at  a un i fo rm speed using a s.s. s t i r rer .  
The s t i r r ing  was e x t r e m e l y  impor t an t  to i n s u r e  com- 
ple te  and re l a t ive ly  fast  dissolut ion of al l  added  
chemicals.  F ina l ly  the emf 's  and the t e m p e r a t u r e  were  
cont inuously  recorded.  

Due to the diss imilar i t ies  of the  e lec t rode  mater ia ls ,  
a thermoelec t r ic  vol tage  was created.  In  o rde r  to ob-  
ta in  the t rue  e lect rochemical  voltage, the  measured  
vol tage  of cell [2] should be corrected b y  subt rac t ing  
the thermoelec t r ic  vol tage  at  the  t e m p e r a t u r e  of the  
exper iments  (--2.57 mV at T --  673~ --3.03 mV at  
T : 723~ and --3.55 mV at  T = 773~ 

The cells were  opera ted  by  mak ing  successive add i -  
tions of FeC12 and Li2S. When  only FeC12 was the  so- 
lute,  the equi l ib ra t ion  of the  cell  w i th  respect  to t em-  
pe ra tu re  and vol tage was r ap id ly  at ta ined,  usua l ly  in  
less than  5 min  (or  300 sec) .  Upon addi t ion  of Li2S, Idz 
solid FeS  prec ip i t a ted  and the equi l ib ra t ion  of the  
cells requi red  severa l  hours  [as much as 12 h r  (43,200 
sec) ], pa r t i cu l a r ly  nea r  the  equivalence  point. An  in-  
crease in the t empe ra tu r e  by  about  50~176 helped 
in achieving fas ter  equi l ibrat ion.  The emf's  measured  
were  s teady  and s table  to less than  1 mV for over -  
night  observa t ion  periods.  The  the rmal  revers ib i l i ty  
of cell  [2] was checked by  t empera tu re  cycling. Al l  
the  operat ions  were  car r ied  out inside a glove box 
filled wi th  he l ium purif ied by  passage th rough  molec-  
u la r  sieves. The levels of oxygen  and wa te r  were  
moni tored  constant ly;  there  was a lways  less than  1 
ppm wate r  and oxygen  in the  helium. 

Results 
In all  tha t  follows, unless specified differently,  the 

t rue  e lect rochemical  vol tage  correc ted  for the  t he rmo-  
electr ic  potent ia l  of cell [2] is repor ted.  

Dilute solutions o] FeCl9 in LiCI-KCI eutectic.--Eacll 
exper iment  was in i t ia ted  by  checking the behavior  of 
the i ron e lect rode since the s i lve r - s i lve r  chlor ide elec-  
t rode  has proved to be revers ib le  (5, 6). Tests of the  
Nernst  l aw were  carr ied  out  at  constant  t empera ture .  
For  d i lu te  solutions of FeC12 in the  LiC1-KC1 eutectic, 
the  e m f s  va ry  wi th  composit ion according to the  r e -  
la t ion 

RT 
E = E~ --  In aFecl2 [3] 

2F 

where  E is the t rue  e lec t rochemical  vol tage of cell [2] ; 
R, the  gas constant;  F, the F a r a d a y  constant;  aFecl2, 
the  ac t iv i ty  of i ron chlor ide in solution; and E~._,, the 
l imit ing potent ia l  of FeCI~ in the  LiC1-KC1 eutectic 
mel t  vs. the s i lve r - s i lve r  chlor ide electrode.  In  Fig. 1, 
some typical  e m f s  as read  (wi thout  the  thermoelec-  
t r ic  effect correct ion)  are  p lot ted  as a funct ion of the  
ion f ract ion of Fe  + + in solut ion toge ther  wi th  the  cal -  
cula ted  Nernst  slopes: 2.3026 RT/2F where  the  2 in the 
denominator  takes  into considera t ion the two-e lec t ron  
process. For  each tempera ture ,  a least  squares fit of 
the  da ta  leads  to slopes in excel lent  ag reemen t  wi th  
the  theore t ica l  slopes (Table  I ) .  A t  T -- 723~ com- 
bining our  value  for  E~ wi th  tha t  of the  s tandard  T (~ 
format ion  potent ia l  of AgC1 in the  LiC1-KC1 eutectic 

673 
The connections Ag-Ta and Fe-Ta were made outside of the 723 

crucible, at glove box temperature. 773 
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Fig. 1. Electromotive forces of the cell: 

AgJAgCI-LiCI-KCII1LiCI-KCI-FeCI21Fe 
(cut.) 

for dilute concentrations of FeCI2 at T = 673 ~ 723 ~ and 773~ 
The slopes of the line.s ore equal to the calculated Ne.rnst slopes: 
66.77, 71.73, and 76.69 inV. 

as obta ined by La i t inen  and co -worke r s  (5, 6) a n d  
making  the appropr i a t e  correct ion for the  concent ra-  
t ion of AgC1 in the reference  e lect rode and  the the r -  
moelectr ic  effect, we calculate  1.382V for the  s t anda rd  
format ion  potent ia l  of FeC12 in the  LiC1-KC1 eutectie 
melt.  This value  is in reasonable  agreement  wi th  that  
of 1.387V as measured  by  La i t inen  and Liu (6). The 
difference of 5 mV can easi ly  be ascr ibed to unce r t a in -  
ties re la ted  to the composit ion of s i lver  chlor ide  in 
our  reference  electrode combined wi th  uncer ta in t ies  
in the measurements  of La i t inen  and Liu (6).  

Titration of FeClz with LizS.--After reaching the de-  
s ired composit ion of FeC12 in the  mol ten  LiC1-KC1 eu-  
tectic, successive addi t ions of Li2S were  made  to p re -  
c ipi ta te  sulfides. Around  the equivalence  point  (XFe ---- 
Xs where  Xi refers  to the total  ionic f ract ion of the  i th  
ion added to the solut ion) ,  the emf's  increase  s teeply  
wi th  the concentra t ion of Li2S. Beyond the equivalence  
composit ion (Xs > XFe), the emf 's  keep increas ing but  
not as steeply.  Final ly ,  when  the  solut ion is sa tu ra ted  
with  Li2S, the  e m f s  reach a final p l a t eau  wi th  a con- 
s tant  voltage. 

For  each tempera ture ,  at least  th ree  independen t  ex-  
per iments  were  car r ied  out  wi th  e i ther  a different  or  
the  same ini t ia l  concentrat ions of i ron  chloride.  In  Fig. 

Table I. Least squares fitted equation of the true electrochemical 
voltage of cell 1-2] for dilute FeCI2 and no Li2S: 

E = E ~  mlogXFe++ 

~n ( t h e o r . )  
2.3026 RT 

2F  ~n ( e x p . )  
( m Y )  (mV) E% (mY) 

66.77 60.43 • 0.13 256.66 "+" 0.50 
71.73 71.18 • 0.18 231.58 -- 0.67 
76.69 76.96 "4- 0.22 209.09 ----. 1.85 
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Fig. 2. Variations of the difference between the emf's of cell [2] 
with and without Li2S with the total amount of added sulfides, Xs. 
The two symbols ( A ,  A )  at T = 773~ refer to results collected 
from two different experiments. The initial concentrations of FeCI2 
are 9.274 X 10 -4  , 2.413 X 10 -3  , and 1.236 X 10 -3  at T = 
6730 , 723 = , and 773~ respectively. (Note: Saturation was not 
achieved in the measurements shown at 723~ 

2, the differences in the ernles ernf of cell [2]) -- emf 
of cell [2] with Xs = 0) are plotted vs. the total sul- 
fide added; the three titration curves shown at 673 ~ 
723 ~ and 773~ are typical of those from 18 separate 
experiments. At T = 773~ data collected in two in- 
dependent experiments with the same initial FeCl2 
concentration are plotted to show the reproducibility 
of the measurements (Fig. 2). In Table II are listed 
some of the data measured at 673 ~ 723 ~ and 773~ 

In order to identify the black precipitate which was 
formed, separate samples were prepared by the fol- 
lowing method. Carefully weighed amounts of the eu- 
tectic, FeCI2, and Li2S were rnelted and vigorously 
stirred for several days. They were rapidly cooled and 
submitted to x-ray and metallographic analysis. Three 
different phases were reported depending on the tern= 
perature and the composition of the solution. Well be- 
fore the solution became saturated with Li2S, FeS was 
the only precipitate to be identified in the temperature 

Table II. Values of the difference between the emf's of cell [2] 
at a concentration of added sulfides, Xs, and the emf's of cell [2] 

for Xs = 0 

T = 673~ init ial  T = 723~ initial T = 773~ initial  
XFe = 9.274 x I0 -6 XFe = 2.413 x 10 "~ XFe = 1.236 • 10 -a 

I04 AE 10 i AE 104 AE 
Xs (mY) Xs (mY) Xs (mV) 

1.622 2.14 0.5514 0.38 1.576 4.58 
3.835 5.89 3.204 4.22 4.9~3 17.16 
6.374 36.02 6.539 8.38 8.426 38.80 
8.382 82.61 10.57 14.16 10.26 60.86 
8.817 125.26 14.07 23.44 11.87 116.43 
9.270 279.30 18.18 40.42 12.34 196.63 
9.554 309.91 21.56 62.99 12.70 256.78 
9.847 324.30 23.86 109.01 13.14 283.98 
10.17 336.71 24.91 232.40 13.64 300.89 
10.48 343.71 25.76 351.86 14.61 323.96 
10.91 352.65 27.30 379.31 15.81 341.56 
11.39 363.16 29.10 399.29 17.43 357.01 
12.38 375.86 31.57 416.09 19.32 368.86 
13.45 385.65 35.46 431.64 21.09 374.62 
14.04 388.99 39.31 440.76 21.36 378.42 
15.32 399.28 42.37 443.61 23.47 384.52 
16.42 406.25 46.75 444.35 25.58 389.76 
17.90 412.53 50.80 444.40 27.60 394.36 
19.32 417.21 29.82 402.54 
20.92 417.25 30.49 402.93 

32.77 405.96 
42.15 416.55 
45.17 419.83 
48.70 420.54 
49.85 420.68 

Fig. 3. Typical polished section of material collected at T = 
673~ showing the euhedral crystals of the J phase. (Courtesy 
L. Fuchs.) 

range of this study. Therefore, reaction [i] occurs and 
FeS is formed chemically. As the solution approaches 
saturation, two other sulfide phases designated by J 
and X, were identified. 

The J phase refers to the mineral djerfisherite with 
a composition tentatively described as LiKBFe24S26C1.2 
A typical polished section of this material is shown in 
Fig. 3. A possible reaction occurring in the solution is 

23FeS § 3Li2S -I- 6KCI -{- Fe ~ LiK6Fe2~S26CI -{- 5LiCI 
[4] 

This complex compound which forms on the iron sul- 
fide electrode in the engineering-scale cells is highly 
undesirable since it slows the kinetics of the cell reac- 
tion to a considerable extent (2). As expected, it has 
been found that if the electrolyte is replaced by an- 
other molten salt mixture such as LiF-LiCI, the J phase 
does not form. 

The X phase refers to the compound Li2FeS2 formed 
in solution according to the reaction 

LiK6Fe~S26C1 -{- 5LiC1 q- 20 LisS 

Fe ~- 6KCI -I- 23LizFeS~ [5] 

A typical polished section exhibiting the X phase is 
given in Fig. 4. 
In the temperature range of this investigation, the J 

phase did form as a precipitate in Li2S-rich solutions. 
Except at T = 673~ as the concentration of sulfide in 
solution increased, a conversion of J phase to X phase 
(Eq. [5]) occurred. According to metallographic and 
x-ray analyses, this conversion was noticed in essen- 
tially sulfide-saturated solutions at T : 723~ or at 
relatively high sulfide concentrations at T = 773~ 

Results of metallographic and x-ray analyses of nu- 
merous samples allowed us to derive, for each tern- 

s Differences in the analyzed composition of the mineral djer.  
f i shcrite  are  g i v e n  in Ref. (3b). The composition given in this  
w o r k  is  c o m m o n l y  u s e d  for  t h e  J phase formed chemically. 
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Fig. 4. Typical polished section of material collected at 773~ 
exhibiting plateJets of the X phase. (Courtesy A. E. Martin.) 

perature,  the concentrations of sulfide ions in solution, 
Ns J and Ns x, above which J and X phases exist r e -  
spectively. ~ At  T -- 673~ we have Ns J ---- 1.9 (_+1.0) 
• 10 -4 (in mole fraction uni ts ) ;  there  was no ev i -  
dence for the existence of X phase even in solutions in 
which the amount  of sulfide exceeded by far  
the saturat ion limit. At  T = 723~ we have obtained, 
Ns J ---- 3.8 (m0.2) • 10 -4 and Ns x -- 15.0 (+--1.0) • 
10 -4 and at T -- 773~ Ns ~ -- 5.4 (+-12) • 10 -4 and 
Ns x -- 17.6 (+-2) • 10 -4. The  uncertaint ies  are re-  
lated to the in terval  in the composit ion of samples 
where  ei ther one phase or two coexisting phases were  
detected. 

Finally, at re la t ive ly  high concentrat ions of sulfides, 
we have  noticed a progressive appearance of a red-  

calculations of Ksp can be made  when  no o t h e r  p h a s e s  
such as J or X are  present. 

If  Henry ' s  law holds for FeCI~, Eq. [3] can be u s e d  
to calculate, NFe, the concentrat ion of FeC12 in solu-  
tion, (aFeCl2 -- NFe). The concentrat ions of s u l f i d e s  i n  

solution, Ns, are g iven by the  r e l a t i o n  

Ns = Xs -- ~" (XFe -- NF,) [6] 

where  r is unity, 2 or (26/23) depending on w h e t h e r  
the precipi tat ing phase is FeS, X phase, or  J phase, 
respectively. Equat ion [6] is val id  for compositions 
where  Ns is much larger  than NFe, even  if Henry ' s  
law is not accurately  obeyed. (Obviously, one has XFs 
-- NFe only when  no sulfide ion is present  in solution.) 

Near  the equivalence point, the  values calculated for 
Ksp are  ve ry  sensi t ive to small  uncer ta int ies  in the 
concentrat ion of sulfides in solution. Beyond this 
point, Ksp i s  not as much affected. In most of the ex-  
periments,  the exper imenta l  equivalence  point did not 
coincide with  the  theoret ical  one, indicat ing a r a t i o  
of (Xs/XFe) sl ightly grea ter  than unity. A possible 
in terpre ta t ion  would be the presence of small  amounts  
of sulf ide-forming impuri t ies  in the electrolyte  or  
f rom the iron electrode. The measurements  indicate  
impur i ty  levels  of 2 to 4 • 10 -5 mole  fract ion in the 
melts which reacted with  Li2S to form a sulfide p re -  
cipitate. The apparent  impur i ty  level  increased by 
more than a factor of th ree  when  about 200g of fine 
grained iron powder  prefired in a hydrogen-he l ium at-  
mosphere  for more  than 24 hr  was added to the melt.  
Thus, the values of  Ns calculated f rom Eq. [6] mus t  
b e  corrected for the est imated amounts  of impuri t ies  
which are  given for the three  exper iments  listed in 
Table III. The impur i ty  level was est imated f rom the 
change in the amount  of sulfide necessary to achieve 
the theoret ical  equivalence  point. The der ived values 
of Ksp (in ion fract ion units) for the three  listed ex-  
per iments  are also repor ted  in Table  III. Our combined 
data lead to values of Ksp ~- 0.44 • 10 -12, 2.3 X 
10 -l~, and 1.3 x 10 -11 at T -~ 673 ~ 723 ~ and 773~ 
respectively,  wi th  the standard Gibbs free energies of 
solution being 38.05, 38.50, and 38.51 kcal mole -1 (or 
159.2, 161.1, and 161.1 k J  mole -~) at these three  tem-  
peratures. As wil l  be seen, our values are in close agree-  
ment  wi th  exact  theoret ical  predictions made  a priori 
f rom thermodynamic  considerations. The s tandard on-  

Table IlL Typical true electrochemical emf's and calculated 
quantities in the titration of FeCI2 with Li2S in the 

LiCI-KCI eutectic 

burgundy color, which increases in intensi ty wi th  the Z = 673~ initial value XFe = 1.126 • 10-', E~ = 249.16 mV* 
temperature .  At low concentrations of sulfides, the E(mV) 104Xs 109NFe 10~Ns 1013KSP 
solution has no color except  for the black precipitate.  

Calculations from the Data 762.91 1.629 ~0.302 0.203 4.1 
785.20 1.901 9.412 0.475 4.5 

The data collected f rom our  t i t ra t ion exper iments  824.15 3.195 2.456 1.769 4.3 
can be uti l ized to calculate the solubil i ty products of Impurity level 0.30 x 10 -~ 
FeS and the solubil i ty of Li2S in the LiC1-KC1 eutect ic  r = 723~ initial value X~ = 0.957 x 10% E~ = 220.15 mV ~ 
solvent. In addition, wi th  the auxi l ia ry  data  on the ~ (mv) 10'xs 10SNF~ 1O'Ns 10~~ 
concentrations of dissolved LigS where  the J and X 
phases first form in equi l ibr ium wi th  FeS, we can also 721.31 1.432 10.346 0.216 2.2 
deduce the Gibbs free energies of formation of these 749.39 1.820 4.134 0.~3 2.5 
phases. As will  be seen, the J phase has a marginal  778.75 2.609 1.637 1.393 2.3 804.50 4.390 0.716 3.173 2.3 
stabil i ty so that  a decrease in the act ivi ty  ratio of Impurity level 0.26 • 10 -~ 
KC1/LiC1 in the solvent can prevent  the format ion of T = 773~ init ial  va lue  XFe ~ -  1.233 • 10 "~, E~ = 205.23 mY" 
this undesirable phase in the ba t te ry  electrode. 

E ( m V  ) 108 Xs l0 s NFe ,10' Ns 10 ~ KsP 
The solubility products of FeS . - - In  principle, the 

solubili ty products of FeS in the LiC1-KC1 eutectic 729.43 1.363 14.617 0.951 1.39 
mixture,  gsp, can be direct ly  der ived f rom the t i t ra-  752.50 1.461 7.312 1.931 1.41 
tion curves such as those shown in Fig. 2. However ,  in 770.10 1.531 4.311 3.130 1.35 

785.55 1.744 2,711 4.760 1.29 
this specific case, we must  take into considerat ion the Impurity level 0.35 • 10 -~ 
fact that  FeS is not the only precipitate.  Therefore,  

Ns J and Ns  x w e r e  ca lcu la ted  neglecting, NFe, the concentration 
of Fe+§ l e f t  in so lut ion s ince  NFe was less  than 10 -9. Therefore the 
values  g i v e n  for  Ns  J and Ns  x are  g iven  by (Xs  - 26/23 XFo) and 
(Xs  - 2XFe),  re spec t ive ly .  

* The di f ferences  b e t w e e n  the  values given for E~ in this Table 
and Table I are  due to  d i f f erences  in the  concentra t ion  of  AgC1 in 
the  d i f ferent  r e f e r e n c e  e l e c t r o d e s  u s e d  in s epara te  e x p e r i m e n t s  
at  the  s a m e  t e m p e r a t u r e .  



VoI~ 125, No. 10 SOLUBILITY PRODUCTS 1571 

t ropy of solution is ve ry  small, --3 cal deg -z mole - I  
(or --12J deg -z m o l e - l ) ;  the s tandard enthalpy of 
solution is 36 kcal mole-1 (or 151 kJ mole-Z) .  This  
thermodynamic  behavior  is s imilar  to that  observed 
for solutions of silver halides i n  molten salts, where 
the s tandard  Gibbs free energies and enthalpies of 
solution of relat ively insoluble solids are almost equal  
(7). 

The solubility 05 Li~S.--The apparent  concentrat ion 
of Li2S, Xs, at which the last plateau of each t i t ra t ion 
curve begins (Fig. 2 for T = 6730 and 773~ when 
corrected ior  the amount  and the chemical na ture  of 
the precipitate, yields the solubil i ty of LifS in  the 
LiC1-KC1 eutectic, Ns(sa t ) .  The correction depends 
on the tempera ture  of the experiments.  At T = 723 ~ 
and 773~ it is 2XFe since the X phase (Eq. [5]) is the 
second solid phase present  at saturation, while at T = 
673~ it is (26/23) XFe since the J phase (Eq. [4]) co- 
exists with solid Li2S. The results thus derived, to- 
gether with those obtained by an in situ generat ion of 
sulfide from a nickel-nickel  sulfide eutectic electrode 
(8) are listed in Table IV. (Note that  the level of im-  
purit ies as est imated in  Table lII  was taken  into ac-  
count.)  Although there is a difference in the absolute 
values, the tempera ture  dependence of the two sets of 
data in  Table IV is essentially the same and leads to 
an enthalpy of solution A~-~Li2S =- 10.22 kcal m o l e :  z (or 
42.78 kJ m o l e - i ) .  Our results are in  agreement  with 
our yet unpubl ished measurements  in  a lead sulfide 
system saturated with Li2S. 

On the stabilities o] X and J phases.--Values for the 
s tandard  Gibbs  free energies of formation of X and J 
phases can be derived from data on the solubil i ty of 
LifS, Ns(sa t ) ,  combined with data on Ns x and Ns J. 

The s tandard Gibbs free energy of formation of 
LifFeS2, from solid Li2S and FeS, AG~ is given by 

~G~ -k ~G~ 
AG~ = 

23 
3 

= 23 RT in  (NsJ/Ns (sat))  

20 
~ R T  In (NsX/Ns(sat))  [7] 
23 

where AG~ and AG~ refer  to the s tandard Gibbs free 
energy changes for reactions [4] and [5], respectively. 
We have obtained, AG~ = --0.33 (• kcal mole - i  
(or --1.38 • 0.84 kJ mole -1) at T : 723~ and AG~ 
= --0.72 (• kcal mole -1 (or --3.01 • 0.84 kJ 
mole -1) at T = 773~ 

Preto and Roche [see Ref. (1), p. 58] have per-  
formed slow-scan vol tametry  experiments,  using LiA1 
as a reference electrode and FeS as positive electrode. 
From a typical vol tamogram obtained at 700~ one 
can estimate the s tandard Gibbs free energy of forma- 
t ion of the X phase from the peak separation assuming 
that  LifFeS2 did form dur ing the charging cycle, AG~ 
= --0.46 kcal mole -1 (or --1.93 k J  mole-Z) .  

Using the phase diagram of the LieS-FeS system (9) 
and assuming that  the l iquid solution is ideal (i.e., aFes 
= X F e X s  and aLi2S - -  X L i 2 X s )  w e  have estimated, at 
T = 1158~ AG~ = --1 kcal mole -1 (or --4 kJ 
m o l e - i ) .  The values thus derived (cyclic vol tametry 
and phase diagram) are in  consonance with our results. 

The s tandard Gibbs free energy of formation of the J 
phase, aG~ m a y  be expressed in several ways de -  

Table IV. Solubility of Li2S in LiCI-KCI eutectic (ion fraction units) 

T (~  Soly* (LifS) Soly? (LieS) 

673 0.90 • 10-3 0.67 • I0 -a 
723 1.58 • 10 -8 1.3 • 10 -3 
773 2.42 • 10-3 (2.0 x I0-3)~ 

* Th i s  w o r k .  
? Ref .  (8) .  
$ Extrapolated. 

pending on the choice of the reference state. If the 
LiCI-KC1 eutectic composition is the s tandard state for 
LiC1 and KC1, AG~ is then identical  to the s tandard 
Gibbs free energy change for reaction [4], aG~ 

AG~ 3 R T l n  ( NsJ ) [8] 
Ns (sat) 

where  LifS and FeS have Solids for their  s tandard 
states. We have calculated for AG~ values of --6.2 
___ 1.8 kcal mole - i  (or --25.9 • 7.5 kJ m o l e - i ) ,  --6.1 
___ 0.3 kcal mole -1 (or --25.5 _ 1.2 kJ  m o l e - i ) ,  and 
--6.9 • 0.6 kcal mole - i  (or --28.9 __ 2.5 kJ mole -1) 
at T = 673 ~ 723 ~ and 773~ respectively. 

If we chose solids as the s tandard states for all reac- 
tants and products for reaction [4], we have then to 
account for the relat ive activities of LiC1 and KC1; the 
s tandard Gibbs free energy of formation of the J 
phase, AGj*, is given by 

AGj* : 3RT In ' Ns(sat)  a l (sat)  

+ 6 R T l n  ( a2 ) 
a2 (sat) [9] 

where al and a2 are activities of LiC1 and KC1, respec- 
tively, at the eutectic composition, and as(sat)  and 
a2 (sat) are those at the l iquidus composition. Using ac- 
tivities calculated from the phase diagram and from 
thermodynamic  data reviewed by Lumsden (I0, 11), 
we have obtained AGj* = --5.8 __ 1.8 kcal mole -1 (or 
--24.3 • 7.5 kJ m o l e - i ) ,  --6.7 __ 0.3 kcal mole -1 (or 
--28.0 ___ 1.2 kJ  m o l e - l ) ,  and --8.1 _ 0.6 kcal mole -1 
(or --33.9 • 2.5 kJ mole - s  ) at T : -  673 ~ , 723 ~ , and 
773~ respectivelY. To our knowledge, these data con- 
st i tute the only thermodynamic data avai lable on the 
stabil i ty of the J phase. 

A consideration of the values of AG~ and AG~ and 
of the metallographic and x - r ay  results allows us to 
draw some conclusions on the relat ive stabilities of the 
X and J phases as a function of t empera ture  and of the 
electrolyte composition: 

1. As ment ioned previously, the X phase did not 
form at 673~ it is marg ina l ly  stable at 723~ since 
NsX/Ns (sat) ,-~ 1. We can deduce that, in  our cells, the 
X phase does not form at temperatures  that  are very  
slightly lower than  723~ 

2. In  LifS-rich melts at temperatures  of 723 ~ and 
773~ we have obtained a conversion of the J phase to 
the X phase. The conversion depended on the tem-  
perature  of the measurements  and on the sulfide con- 
centrat ion in solution. From thermodynamic  consider- 
ations, we can estimate that  this conversion can be 
made to occur at lower temperatures  by (i) al ter ing 
the electrolyte composition, and (it) keeping the melts 
at sa turat ion with repect to sulfides. The electrolyte 
should be changed in such a way that  the activity of 
LiC1 is increased and that  of KC1 is decreased. This can 
be done either by  enriching the LiC1-KC1 mixture  in  
LiC1 or by adding a third or perhaps, if necessary, a 
fourth constituent. The key factors are to keep the Li2S 
and LiC1 activities as high and the KC1 activity as low 
as is practical. Therefore, in  the operation of high tem- 
pera ture  l i th ium batteries, one can u l t imate ly  elimi- 
nate  the formation of the undesirable  J phase (1) and 
be in a regime where the X phase would form instead. 
From our present  data and Eq, [4] and [5], we have 
estimated that the J phase will  not form in Li2S-satu- 
rated melts with a change in the ratio of (aLiclS/aKc16) 
of a factor of 7 at 698~ and 160 at 673~ 4 

It is important to emphasize that, in the study of the 
stabilities of the X and J phases, we have assumed that 
they are line compounds. If the stoichiometries of 

4 Independent measurements of the solubility of LbS in the 
eutectic LiCI-LiF have shown that the solubility is considerably 
increased. Thus, if one changes the electrolyte composition, one 
has to be aware that the solubility os Li2S in this new medium is 
consequently modified. 
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these phases do change significantly with temperature,  
our conclusions will have to be corrected. 

Finally,  it is worth m e n t i o n i n g  that  careful metal lo-  
graphic analyses combined with x - r ay  measurements  
are being under t aken  to pinpoint  the tempera ture-  
range and other factors which define the range of sta- 
bili ty of the J phase (4). 

Discussion 
Firstly, calculations of the solubili ty product of FeS 

are carried out based on an exact thermodynamic 
cycle. Secondly, the presence and influence of associat- 
ing species between Fe 2+ and S 2-, on the solubil i ty of 
FeS are examined. Thirdly, the possibility of the exist- 
ence oi l imited solid solutions between Li2S and FeS is 
considered. 

A priari calculations of the solubility product of 
FeS.--The solubil i ty product of FeS in the mol ten  
LiC1-KC1 eutectic can be independent ly  calculated a 
priori from thermodynamic  considerations. The dis- 
solution of FeS in the electrolyte can be wr i t ten  as 

FeS(s)  + 2LiCl(eut)  r  + LisS [I0] 

If one chooses as s tandard states, solid for FeS, l iquid 
for LiCl, and a reference state so that the activity co- 
efficients of FeCI2 and LisS are uni ty  at infinite di lu-  
tion in the eutectic, the s tandard Gibbs free energy 
change for reaction [i0], aG ~ is expressed as follows 

ago = _ R T l n  ( aFeClsaLiss ) .  
aLiC12 

= --RT In Ksp -~- 2RT In aucl [11] 

The quant i ty  aG ~ is also given by 

AG~ = AGFecl2* --~ AGLi2S* - -  a G f e s  ['] - -  2AGLic1 ~ [12] 

where the superscript * denotes the s tandard state de- 
fined at infinite dilution, the superscript  [] denotes the 
solid, the superscript ~ denotes the liquid, and the 
aGi's are the standard Gibbs free energies of formation 
of the i th compound, at the tempera ture  of reaction 
[10]. 

By combining our data with those of Lai t inen and 
Pankey  (5), 5G~ec*2* can be derived from the s tan-  
dard formation potential  of FeC12 in the eutectic LiC1- 
KC1 at 723~K. The quant i ty  AGLi2S* is calculated from 
the expression 

aGLisS* = AGLisS[:] -- RT In Ns (sat) [13] 

where AGLi2S[~ is the Gibbs free energy of formation 
of solid Li2S from pure liquid Li and pure sulfur in the 
gaseous state and under  1 atm pressure (12, 13). Simi-  
larly, AGLicl ~ can be derived from the s tandard Gibbs 
free energy of formation of solid LiC1 as tabulated in  
JANAF (13) and the activity of LiC1 at the l iquidus 
composition (10, I1) 

AGLicl ~ = AGLicl O -- RT In aLiCl(sat) [14] 

F i n a l l y ,  AGFes D at 723~ is calculated by extrapolat-  
ing values selected by Robie and Waldbaum (14). 
The solubili ty product of FeS can be calculated a priori 
from known data combining Eq. [10]-[14]. At T = 
723~ we deduce a value of --38.36 (• kcal 
mole -1 (or --160.50 kJ  mole -1) for RT In Ksp com- 
pared to --38.50 kcal mole-1 (or --161.11 kJ mole -1) 
as derived experimentally.  The good agreement  be-  
tween these calculations and the experiments  serves as 
an independent  confirmation of our  measurements.  

Influence o~ ionic associations.--As ment ioned ear-  
lier, Eq. [6] has been derived under  the assumption 
that Henry 's  law is obeyed for FeC12 and Li2S. If this 
is not the case, then the solubil i ty product is expressed 
as follows 

KSp "- (aFeCls) (aLiSS) 

--  NFeNSTFeC127Li2S [15] 
where the activities, a, and the activity coefficients, 7, 

are defined so that the solution is ideal at infinite di lu-  
t ion of both solutes. Format ion of associated solution 
species, such as the ion pair  FeS or larger species, 
leads to deviations from Henry 's  law. In  the event that  
such species exist, both 7Fec12 and 7LisS would always 
be less than un i ty  and the apparent  Ksp = (NFeNs) 
would be larger than the true Ksp as given by Eq. [15]. 
In the present  investigation, there is no significant dif- 
ference between the t rue  and the apparent  Ksp since 
(i)  the emf of the cell is a direct measure of aFec12 
(=-hTFeTFeCls) which was used in our calculations, and 
(ii) the calculations were made at concentrat ions of 
sulfide such that  Ns > >  NFe. Therefore, if such asso- 
ciated species exist, their concentrations must  be 
much lower than Ns. Consequently, in the concentra-  
tion range of this s tudy,  Lies should obey Henry 's  law 
closely. 

The solubil i ty of F e S  cannot be unambiguous ly  de- 
r ived from the solubil i ty product unless informat ion 
is available on any  significant associations between 
]~e 2+ and S 2-. For example, if the only associated 
solution species is FeS with an association constant  K, 
then the solubili ty of solid FeS in an equimolar  solu- 
t ion of Fe 2+ and S 2- would be KKsp + ~/KsP: For 
K < <  Ksp -1/2 the solubili ty is not enhanced signifi- 
cantly and for K > >  Ksp -1/2 the solubil i ty can be 
considerably enhanced. It seems probable that  values 
0s K would be large since both Fe 2+ and S ~- a r e  
doubly charged leading to very large negative cou- 
lombic energy (in addit ion to possible noncoulombic 
energy) contr ibut ion(s)  in  favor of forming this ion 
pair. Coulomb repulsions tend to make species such as 
(FesS) 2+ and (FeS2) 2-  relat ively unstable  in  this spe- 
cific medium and they would tend to form only if they 
had some very special type of bonding that overcame 
the net coulomb repulsions of the two divalent  ions of 
like charge. An experimental  invest igat ion of these 
considerations is being considered. 

Solid so,lutions and solubility products.--Recent 
careful studies of the Li2S-FeS b inary  phase diagram 
have indicated that  l imited solid solutions of Li2S in 
FeS (up to 5 mole percent) might  occur (4). The in-  
fluence of such solid solutions on the in terpre ta t ion  of 
the present  data have to be investigated. 

The major  effect of solid solutions would be to lower 
the activity of FeS by dilution, thus leading to cal- 
culated values of the apparent  Ksp that  are somewhat 
smarter than those of the true Ksp. If the solutions are 
dilute enough so that the LieS component  in the solid 
solution obeys Henry 's  law and FeS Raoult 's law, then 
one has 

aFeS :-- XFe 
and 

X u  -- 1 - -  ZFe 

= ~ / N s  C16] 

where aFes refers to the activity of FeS in the solid 
s o l u t i o n ;  XFe and XLi a r e  the cation fractions of Fe 
and Li in the solid, respectively, and ~ is a proport ion-  
ality factor which can be calculated from the extent  of 
the solid solution and the solubil i ty of LisS. (For a 
max imum value of XLi = 0.1 at sa turat ion with LisS, 

would be 2.6). The true solubil i ty product of FeS can 
be wri t ten as 

(aFeCls) (aLisS) 
KSp = - -  [17] XFe 

where the activities of FeCI2 and LisS are measured at 
saturation with the solid solutions. The activity of Li2S 
can be approximated by the concentration of unasso- 
ciated S 2- calculated from the expression 

( 1--O.SXLi ) [18] 
Ns = Xs -- (XFe -- NFe) 1 -- X----u 

We have computed the true solubility products of FeS 
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at different  t empera tu re s  using Eq. [16]-[18] for  a va -  
r i e ty  of possible  values  of a. The average  va lues  of Ksp 
increased ve ry  s l ight ly;  for example ,  at  T = 723~ 
this increase  was less than  3%. Thus, the  ove r -a l l  effect 
of such solid solut ions on the calculat ions of Ksp is 
negligible.  F ina l ly ,  the  accuracy of our  measurements  
cannot  lead  to a c lear  dis t inct ion be tween  the effect of 
a smal l  nons to ich iometry  of the  FeS  phase  or  a smal l  
amount  of solid solution. One mus t  therefore,  as we 
have, r e ly  on the  known phase d iagrams of Fe  -- S (15) 
to ascer ta in  tha t  FeS  is s toichiometr ic  and tha t  some 
solid solut ion wi th  Li2S is present  (4). Unti l  accurate  
measurements  on the ex ten t  of solid solut ion are  
avai lable ,  the  smal l  correct ions to our  r epor ted  values  
of Ksp cannot  be a t tempted .  

Conclusions 
Values of solubi l i ty  products  of FeS  in mol ten  LiC1- 

KC1 eutect ic  composi t ion as measured  by  an emf tech-  
nique are  in excel lent  ag reement  wi th  independen t  
theore t ica l  calculat ions made  a priori  based on exact  
the rmodynamic  relat ions.  At  r e l a t ive ly  high concen- 
t ra t ions  of sulfide, phases identif ied as Li2FeS2 (X 
phase)  at 723 ~ and 773~ and LiKsFe24S28C1 (J 
phase)  at 673 ~ 723 ~ and 773~ were  fo rmed  in solu-  
tion. These phases which occur in  the  fu l l - sca le  en-  
g ineer ing  mol ten - sa l t  ba t te r ies  are  shown to have 
marg ina l  s tabi l i t ies  in the  LiC1-KC1 elect rolyte ;  fur -  
thermore ,  the  undes i rab le  J phase  can be  e l imina ted  
by  using an Li2S-sa tura ted  e lec t ro ly te  in which the 
LiC1 ac t iv i ty  is increased and the KC1 ac t iv i ty  de -  
creased by  an amount  ca lculable  f rom our  results.  The  
so lubi l i ty  of FeS in the  LiC1-KCI eutectic can be de-  
t e rmined  accura te ly  when  informat ion  on the exis tence 
of associated species be tween  Fe  2+ and S 2-  and the i r  
equ i l ib r ium constants  becomes avai lable .  
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LIST OF SYMBOLS 
T t empe ra tu r e  in Kelv ins  
Ksp solubi l i ty  product  (on an ion fract ion basis)  
E t rue  e lec t rochemical  vol tage of the cell  (cor-  

rec ted  for  thermoelec t r ic  effect) 
E2 ~ l imi t ing poten t ia l  of FeCls in the  eutect ic  

LiC1-KC1 vs. the Ag-AgC1 reference  elec-  
t rode  

R the gas constant 
F the F a r a d a y  constant 
ai the ac t iv i ty  of the i th component  
~i the ac t iv i ty  coefficient of the  i th  component 
Xi the total  ionic fract ion of the  i th  ion 
"Xi the ionic fract ion of the  i th  ion in  solid solu-  

t ion 
Ns z concentra t ion of sulfide ion above  which  the 

J phase exists  
Ns x concentra t ion of sulfide ion above which  the 

X phase exists  
Ni concentrat ion of the  i th  ion in solut ion 
N~ (sat)  so lubi l i ty  of Li2S in the  eutectic LiC1-KC1 
hGx ~ s tandard  Gibbs free energy  of format ion  of 

the X phase  
AGj ~ s tandard  Gibbs free energy  of format ion  of 

the  J phase  (LiC1-KC1 eutectic composit ion 
is the  s tandard  s tate  for LiC1 and KCt)  

AGj* s tandard  Gibbs free energy  of format ion  of 
the  J phase (solids a re  chosen as s tandard  
states for al l  reac tants  and  products )  

AGFeC12*, AGLi2S* s tandard  Gibbs free energy  of for -  
mat ion  of FeC12 and Li2S based on a s tan-  
dard  s tate  defined so the ac t iv i ty  coefficients 
are  un i ty  at  infinite di lu t ion 

AGFeS[=] s tandard  Gibbs free energy  of format ion  of 
solid FeS  

AGLicl ~ s tandard  Gibbs free energy  of format ion  of 
l iquid LiC1 

~G ~ s tandard  Gibbs free energy  change for  re -  
act ion [10] 

K association constant  for the  fo rmat ion  of FeS  
species in solut ion 
propor t iona l i ty  fac tor  in Eq. [16], defining 
the re la t ive  solubil i t ies  of Li2S in FeS and 
in the mel t  
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Primary Li/SOCL Cells 
IV. Cathode Reaction Profiles 
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ABSTRACT 

The reaction profiles of the Teflon-bonded carbon cathode of the Li/SOC12- 
1M LiA1C14-SOC12 inorganic electrolyte bat tery  were determined by  sectioning 
the disc'harged cathodes and analyzing for LiC1 which is formed quant i ta t ive ly  
based on the charge passed according to the reaction 

2Li + SOC12 -~ 2LiCI + SO 

The profiles show that  LiCl precipitates preferent ia l ly  near  the cathode 
surface, and the interior  of the cathode remains  underut i l ized at high current  
density. The cathode also expands nonl inear ly  with the increase in  the 
specific capacity. The longi tudinal  profiles of the cathodes of high rate D cells 
indicate that the current  dis t r ibut ion is controlled by the electrical resistance 
of the cathode grid. This in tu rn  causes the cell wall  to be the hottest par t  
of the cell on shorting. 

The Li/SOC12 inorganic electrolyte system (1-4) is 
one of the highest energy density systems known to 
date. The system consists of a Li anode, a porous car- 
bon cathode, and an LiA1C14-SOC12 electrolyte; SOCI., 
acts both as a solvent and as a cathode-active mate-  
rial. The Li anode is prevented from reacting with the 
SOC12 by vir tue of the formation of an LiC1 protective 
film (5) on the Li as soon as it  contacts the LiA1C14- 
SOC12 electrolyte according to the reaction 

2Li + SOC12 "-> 2LiC1 -~ SO [1] 

We proposed (6) this to be the p r imary  cell reaction. 
The biradical  SO is unstable  and usual ly dimerizes 
and then decomposes to S T SO2 according to 

2 S O - >  ( S O ) 2  [2]  

( S O ) 2 ~  S + SO2 [3]  

SO may undergo other possible chemical reactions to 
produce other byproducts (7). It was demonstrated ex- 
per imenta l ly  (8) that  all  the Li dissolved from the 
anode precipitated quant i ta t ive ly  as LiC1 On the por-  
ous carbon cathode. Fur thermore,  we showed (9) that  
the uti l ization of SOC12 in optimized D cells ap-  
proached 100% asymptotically based on reaction [1] 
at low current  densities. The energy densities de- 
l ivered by these cells reached 20 W-hr / in .  8 (1.24 W - h r /  
cm 8) and 300 W - h r / l b  (661 W-hr /kg )  at low current  
densities. At high current  densities and low tempera-  
tures the energy densities were reduced significantly 
because of the premature  passivation of the porous 
carbon cathode. Thus, from an  energy density s tand-  
point, the per formance- l imi t ing  electrode is the porous 
carbon cathode. Attempts were made (9, 10) to mit i -  
gate this l imita t ion by developing two types of D cells 
having a low and a high rate capabil i ty (Fig. 1). The 
low rate cells have shorter  and thicker electrodes, thus 
having more active materials  than  the high rate cells 
which have longer and th inner  electrodes and neces- 
sari ly longer separators and current  collectors which 
occupy space otherwise used by active materials.  The 
object of this invest igat ion was to determine the re- 
action profiles (both cross-sectional and longi tudinal)  
of the porous carbon cathodes used in  the Li/SOC12 D 
cells to assess its per formance- l imi t ing  characteristics 
in some detail. The ul t imate  objective of these studies 
is to improve the porous carbon cathodes so that they 
may perform efficiently at high current  densities, thus 
possibly e l iminat ing the need of two types of cells for 
high and low rate applications. 

�9 Electrochemical Society Active Member. 
Key words: battery, carbon, cathode, mass transport. 

Experimental 
Cross-sectional reaction profiles.--The reaction pro-  

files were determined by sectioning the porous carbon 
cathodes which were made by hot pressing a mix ture  
of Shawinigan Black and Teflon on a layer  of ex- 
panded Ni prewelded on a stainless steel stud. The 
cross-sectional view of the cathode is shown in  Fig. 2. 
The extent  of reaction in the cathode slices was de- 
termined by analyzing for LiC1 which was found (8) 
to precipitate quant i ta t ively  based on the charge 
passed according to reaction [1]. The carbon cathodes 
were approximately 0.1 cm thick and had a diameter  
of 1.27 cm, which coincided with the inne r  diameter  
of the cylindrical  test cell, shown in  Fig. 3, to provide 
a relat ively uni form current  dis t r ibut ion on the cath- 
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Fig. 1. Performance characteristics of the high and low rate types 
of Li/SOCI2 D cells. 
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Fig. 3. The cell 

Fig. 4. SEM photograph of the cathode surface after discharge 
showing the LiCI precipitates (50 times). 

ode. The SEM photograph (Fig. 4) of a discharged 
cathode surface at 50 times magnification showing the 
LiC1 precipi tat ion demonstrates the uni formi ty  of cur-  
rent  distribution. The Li counterelectrode was of the 
same size as the carbon cathode. 

The cathodes were discharged in an excess of 1M 
LiA1C14 in  SOC12, [the preparat ion and purification of 
which have been described elsewhere (10)] to several 
depths of discharge at various currents  and tempera-  
tures. After  the discharge, the electrodes were washed 
thoroughly in excess SOC12 to remove LiAICI4 and 
then dried under vacuum to remove SOC12. The thick- 
nesses of the cathodes were measured before and after 
discharge in order to determine the cathode expan- 
sion. For ana]ysis, a central section was cored from 
the cathode to eliminate edge effects on the current 
distribution. The central core was mounted on a micro- 
tome, as shown in Fig. 5, and the cathode was sectioned 
into thin slices that were leached with distilled water 
to recover the LiCI. The extracted LiCI was deter- 
mined by analyzing the lithium in the extract by 
atomic absorption spectrometry. The leached cathode 
slices were dried and weighed. 

LongittcdinaL reaction profiles.--The high rate Li /  
SO,CI~ D cells (1% were made by  winding together 
Li anodes and carbon cathodes (with glass separators) 
having the following dimensions: carbon cathode, 20 
• 1.75 in.; Li anode, 20 • 1.50 in. The wound elec- 

Fig. 5. Cathode-sectloning apparatus 

trode assembly fit snugly into the Ni can, (OD, 1.30 
in.; length, 2.38 in.).  The cathode te rminal  in  the 
form of an Ni tab (prewelded to the expanded Ni cur-  
rent  collector of the porous carbon cathode) was lo- 
cated near  the inter ior  wall  of the can and connected 
to the Ni can wall  by welding. The Li anode was short 
by approximately 0.5 in. in  covering the cathode on 
the outer wrap of the electrode assembly. The Li anode 
te rminal  in the form of a Ni tab was located at the 
center of the wound electrode assembly and was c o n -  
nected to the feedthrough of the G/M seal terminal.  
The longi tudinal  reaction profile of the cathode was 
determined by washing the cathode of the discharged 
D cell with excess SOC12 and then punching out cir-  
cular  disks from the cathode at various locations wi th  
respect to the tab. The LiC1 content  of these disks 
and their  weights after the leaching was determined 
as before. 

Results and Discussion 
Cross-sectional reaction profile.--The histograms of 

the exper imental  results are shown in Fig. 6-9 for the 
various discharge conditions. The electrode depth is 
expressed in cumulative weights of the cathode slices 
starting from the electrode-electrolyte interface to- 
ward the interior of the cathode. The depth of dis- 
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Fig. 8. Reaction profiles of the cathode discharged at --30~ at 
2.4 mA/cm 2. 

charge is expressed in weight of Li (in the form of 
LiC1) per unit weight of the cathode slice. The smooth 
curves drawn through the histograms represent the re- 
action profiles. The reaction profiles of the cathode dis- 
charged at 25 r C at a current  density of 4.8 mAk/cm 2 are 
shown in Fig. 6. The specific capacity of the fully dis- 
charged (100%) cathode was 81.8 m A - h r / c m  2 under  
the above condition. The reaction profiles were ob- 
tained at three different states of discharge viz. 17, 47, 
and 100%. At 17% depth of discharge, the profile is 
fairly flat, indicating a uniform precipitation of LiC1 
throughout  the cathOde. At higher states of discharge 
the profiles become nonuniform and the precipitation 
of LiC1 occurs preferential ly near  the cathode-electro-  
lyte interface. At 100% depth of discharge, the precipi- 
tation in the interior of the cathods is approximately 
50% of that near the surface. 

The reaction profiles of the cathode discharged at 
9.4 m A / c m  2 at 25~ are shown in Fig. 7. The specific 
capacity of the fully discharged cathode decreased to 
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Fig. 9. Reaction profiles of the cathode discharged at --30~ at 
4.8 mA/cm 2. 

29.5 m A - h r / e m  2 at this higher current  density. The r e -  
a c t i o n  profiles become increasingly nonuniform. The 
precipitation of LiC1 occurs pr imari ly  near the f ront  
of the cathode. The precipitation in the interior is only 
14% of that  near the front surface. Thus, the interior 
of the carbon cathodes remain underutil ized at high 
current  densities. 

The reaction profiles of the cathodes discharged at 
--30~ at current  densities of 2.4 and 4.8 rnA/cm 2 are 
shown in Fig. 8 and 9. The specific capacities of the 
fully dicharged cathodes were 44.3 and 31.4 m A - h r /  
cm 2 for the two current  densities. The shape of the re-  
action profiles at 25 ~ and --30~ at the same current  
density (4.8 m A / c m  2) are similar, only the specific c a -  
p a c i t i e s  are reduced drastically at the lower tempera-  
ture. Lowering of the current  density to 2.4 m A / c m  ~ 
at --30~ results in an increase of the specific capacity 
to 44.3 m A - h r / c m  2, al though the profiles remain rela-  
tively unchanged. The cathode appears to be less effi- 
cient at low temperature.  

The results suggest that  the carbon cathodes are 
mass- transport  limited, and the diffusive choking of 
the cathode by the precipitation of the reaction prod-  
ucts (LiC1, S) is the likely cause of the polarization of 
the cathode. Therefore, the rate capability of the  cath-  
ode can be improved by (i) increasing the porosity of 
the cathode to improve the mass- t ransport  character-  
istics; and (ii) reducing the thickness of the cathode. 
The latter approach has been examined (9) and found 
to cause an energy-densi ty  penalty. 

The maximum capacity predicted f rom the design 
calculations (11) of Li/SOC12 D cells having a specific 
electrode geometry was 11.62 A-hr,  whereas the ex- 
perimentally realized (9) max imum capacity of D cells 
having a similar electrode geometry was found to be 
approximately 16 A-hr.  This discrepancy between the 
calculated and the experimental  values indicates the 
importance of experimental  characterization of the 
cathode in regard to the reaction profile. 

Cathode expansion.--The Teflon-bonded carbon 
cathodes were found to expand during the discharge. 
The expansion of cathodes discharged under  various 
conditions in a D cell is shown in Fig: 10. The cathode 
expansion depends on the specific capacity irrespec- 
tive of the discharge conditions. This may  be at tr ibuted 
to the expansion being caused by  the precipitation of 
LiC1 which is quanti tat ively related to the specific ca- 
pacity according to the cell reaction [1]. The initial ex-  
pansion of the cathode as a function of the specific c a -  
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of high ra te  D cells by  means  of thermocouples ,  as  
shown in Fig. 12, af ter  e x t e rna l l y  shor t ing the cell. The 
vol tage  cur ren t  and the t empe ra tu r e  profiles a re  shown 
in Fig. 13. The th ree  thermocouples  located on the  
wall,  ha l fway  be tween  the wal l  and the center ,  and at  
the  center  a re  re fe r red  to as TC-1, TC-2, and TC-3, r e -  
spectively.  The cell was equipped wi th  a low pressure  
vent  which was au tomat ica l ly  ac t iva ted  at  an in te rna l  
pressure  of 100-130 psi. We found that  the  cell  wa l l  
t empe ra tu r e  was subs tan t ia l ly  h igher  than  tha t  of the  
in ter ior  tempera tures ,  as expected.  This pa r t i cu la r  
e lect rode design impar t s  addi t ional  safe ty  cha rac te r -  
istics to the  cell  by  ensur ing tha t  the  hot tes t  point  of 
the cell is the  wal l  which can be cooled more  easi ly  
than  can the cell  interior .  

Conclusions 
1. Cross-sect ional  react ion profiles of the  carbon 

cathodes show tha t  mass t r anspor t  th rough  the  porous 
carbon is the  l imi t ing fea ture  of the cathodes. At  h igh  

pac i fy  is r ap id  and levels  off dur ing  the  l a t e r  stages of 
discharge.  This m a y  be a t t r ibu ted  to the  fact  tha t  the  
cathodes a r e  soft and pl iable  dur ing  the ea r ly  pa r t  of 
the d ischarge  but  become increas ing ly  r ig id  as the  
prec ip i ta t ion  of LiC1 continues.  Thus, the  modulus  of 
e las t ic i ty  of the cathodes is dependent  upon the  spe-  
cific capacity.  I t  wil l  be in te res t ing  to s tudy the rheol -  
ogy of the  ca thode as a funct ion of i ts composition. 

Longitudina~ reaction profile.--The longi tud ina l  r e -  
act ion profiles of a high ra te  D cel l  cathode on a 2.0A 
discharge  at  25~ is shown in Fig. 11. The profiles were  
obta ined at  th ree  depths  of discharge,  2.5, 5.4, and 10.3 
A-~r ,  the  la tes t  corresponding to the complete  pass iva-  
t ion of the  cathode. Note tha t  a t  the  ea r ly  s tage of the  
discharge,  most  of the  cell  react ion occurs near  the  Ni 
tab  of the cathode. This indicates  tha t  at  h igh ra tes  
(2A) the  electr ical  res is tance of the  Ni grid controls  
the  cur ren t  d is t r ibut ion  of the  cathode. I t  is expected  
that  at  h igher  currents ,  most  of the cell  react ion wil l  
be res t r ic ted  to the  cathode a rea  near  the  tab which is 
we lded  to the  cell can, and in our  design this cathode 
area  happens  to be ad jacen t  to the cell  wa l l  as shown 
at  the top of Fig. 11. This pa r t i cu la r  longi tud ina l  r e -  
act ion profile resul ts  in an  in teres t ing  in te rna l  t em-  
pe ra tu re  profile of the  high r a t e  D cells on shorting.  
The shor t -c i rcu i t  cur ren t  of these cells was approx i -  
ma te ly  20-30A. At  that  current ,  i t  is expected tha t  a l -  
most  al l  the  reac t ion  wil l  occur r ight  near  the  tab  and 
hence near  the cell  wall,  thus making  the  cell  wal l  
t e m p e r a t u r e  h igher  than  that  of the cell interior .  We 
measu red  the  in te rna l  as wel l  as the wal l  t e m p e r a t u r e  
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Fig. 11. Longitudinal reaction profiles of the cathode of the high 
rate Li/SOCI2 D cell, discharged at 25~ at 2A. 

| 
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cur ren t s  the  in te r io r  of the cathode remains  v i r t ua l l y  
unuti l ized.  

2. The  cathodes expand  non l inear ly  wi th  the  spe-  
cific capacity,  and the  expansion is independent  of the  
cu r ren t  dens i ty  and the discharge tempera ture .  The 
expans ion  is r ap id  at  first and then  levels off as the  
cathode becomes increas ingly  stiff. 

3. The longi tud ina l  cur ren t  d i s t r ibu t ion  of the  ca th-  
ode is control led  by  the e lect r ica l  resis tance of the ex-  
panded  Ni grid. At  high currents  most of the  react ion 
is localized near  the  cathode tab, thus making  the 
cell  wal l  the hot test  pa r t  on cell  shorting. 
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Rate Processes Related to the Hydrated Nickel 
Hydroxide Electrode in Alkaline Solutions 

R. S. Schrebler Guzm6n, J. R. Vilche, and A. J. Arv~a* 
Instituto de Investigaciones Fisicoquimicas TeSricas y Aplicadas, 

Divisi6n Electroquimica, Sucursal 4, 1900 La Plata, Argentina 

ABSTRACT 

The potentiodynamic response of the Ni/alkaline aqueous solution inter- 
face in the region of the hydrated Ni(OH)2 to ~-NiOOH electrochemical re- 
action reveals that both species undergo phase transformations. The anodic 
product from the Ni(OH)2 species involves the formation of three species 
energe t ica l ly  different  which are  detected dur ing  the e lec t roreduet ion  process. 
Under  wel l -def ined  pe r tu rba t ion  conditions, a reasonable  set of kinet ic  p a r a m -  
eters per ta in ing  to the anodic process is obta ined which is fo rmal ly  in t e r -  
p re t ed  th rough  a consecutive th ree - s tep  mechanism of react ion involving a 
charge t ransfer ,  a chemical  reaction, and a charge  t ransfer  and a proton 
t ransfe r  process. Side react ions involving wa te r  take  into account the var ious  
aging processes of the  react ion products .  

I t  is we l l  es tabl ished tha t  a nickel  e lect rode im-  
mersed  in concent ra ted  aqueous a lka l ine  hydrox ide  
solutions is spontaneous ly  covered wi th  Ni (OH)2  l ay -  
ers whi le  the  potent ia l  increases s lowly  wi th  t ime 
(1-3).  In  1M KOH solut ion the l aye r  increases to a 
thickness of up to 15 a tom units at  open circui t  dur ing  
16 h r  (4, 5). 

The  e lect rochemical  character is t ics  of n ickel  in a l -  
ka l ine  solutions in the potent ia l  range  preceding the 
02 evolut ion are  r e l a t ed  to the hyd ra t ed  nickel  hy -  
droxide  e lec t rode  (6-15). Its kinetics have been  pa r -  
t i cu la r ly  considered in re la t ion  to the Ni-Cd ba t te ry ,  
hence, most of the works  refer  to large  surface a rea  
electrodes.  As is wel l  known, the  reduced system con- 
sists o f a  va r ie ty  of h y d r a t e d  Ni (OH)2  forms and the 
oxidized sys tem is genera l ly  re la ted  to the  NiOOH 
species. Both species exist  in two s t ruc tura l  modifica-  
tions which are  cal led ~ and ~ for the  former  species 
and 7 and ~ for  the  l a t t e r  (14). The ~-Ni(OH)~ s t ruc-  
tu re  is uns tab le  on s tanding in an open circuit  and 
cycling (7). In  KOH solution, for a l imi ted  time, i t  is 
possible to cycle  be tween  the  ~-Ni(OH)2 and the 
~-NiOO,H s t ruc ture  (7, 10, 11). The conversion of 

* Electrochemical Society Active Member. 
Key words: nickel hydroxides, anod~c oxidation, film formation, 

aging processes. 

~-Ni(OH)2 to ~-Ni(OH)2 has been r e l a t e d  to t h e  a g -  
in g  character is t ics  of the  film, which correspond to 
the  shift  in potent ia l  of about  50 mV moving to h igher  
potent ia l  as the e lect rode is cycled or  is a l lowed to 
s tay in KOH solut ion (7, 10). 

There  is evidence that  the  hydra t ed  Ni(OH)~. to 
~-NiOOIt  e lec t rochemical  oxida t ion  follows a com- 
posite pat tern ,  which sti l l  poses impor t an t  unresolved 
questions and considerable  controversy,  pa r t i cu l a r ly  
when the different  authors  advance  explanat ions  in 
terms of different  s to i ch iomet r i e s  of isolated nickel  
compounds (16). A p p a r e n t l y  the  amount  of adsorbed  
oxygen on Ni changes wi th  the  ionic composi t ion and  
alkal i  concentra t ion (17, 18). In  a lka l ine  solut ion i t  
increases on passing f rom LiOH to CsOH (19). 

The s t ruc tura l  changes of the  Ni (OH)2  species have 
been e lec t rochemical ly  observed and they  were  as -  
s i g n e d  to the  conversion of ~-Ni(OH)2 into 8- 
Ni(OH)2 (7, 10, 11, 20-22). Recent  repor ts  (3, 23-25) 
indicate  that  the  cathodic current  peak  potent ia l  r e -  
c o r d e d  ei ther  wi th  a t r i angu la r  potent ia l  sweep or  
with  t rapezoida l  pulses shifts t oward  the  cathodic po-  
tent iaI  as the anodic switching potent ia l  b e c o m e s  
more  anodic. This confirms also that  the  product  an-  
odical ly  formed is pa r t i a l ly  t r ans fo rmed  into a m o r e  
s table  species (24, 25). This aspect  of the p rob lem i s  
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cer ta in ly  not  clear,  and to d r a w  definite conclusions 
f rom the kinetic  response of e lec t rochemical  systems 
involv ing  different  amounts  of act ive ma te r i a l  on the 
elec t rode  seems excess ively  optimistic.  The presen t  
work  refers  to the  po ten t iodynamic  response  of the 
Ni /a lka l ine  solut ion in ter face  in the  potent ia l  range  
of the h y d r a t e d  nickel  hyd rox ide  e lect rode under  di f -  
ferent  potent ia l  pe r tu rba t ion  conditions involving 
amounts  of charge at most  of the o rde r  of a few 
monolayers  of reac tan t  and product .  A f t e r  the  sys-  
temat ic  change of the  pe r tu rba t ion  conditions, differ-  
ent  s t r a igh t fo rward  re la t ionships  involv ing  the  va r i -  
ous kinet ic  pa rame te r s  a re  obta ined which are  mean-  
ingful  in terms of a r e l a t ive ly  s imple  react ion p a t h -  
way. The ove r -a l l  e lec t rochemical  behav ior  of nickel  
in a lka l ine  solutions is, in pr inciple ,  in t e rp re ted  
th rough  var ious  film forming Ni (OH)2  and NiOOH 
species. Al though  these species in bu lk  are  appar- 
ent ly  poor  e lec t ron conductors,  t hey  appear  to be 
good pro ton  conductors.  Therefore,  the  conclusions of 
the  presen t  work  are  pa r t i cu l a r ly  in teres t ing  for  a 
p r e l im ina ry  unders tand ing  of the  ea r ly  stages in -  
volved in the  pass iv i ty  of n ickel  and  ce r ta in ly  they  
app ly  to n ickel  e lectrodes as employed  in a lka l ine  
bat ter ies .  

Experimental  
The expe r imen ta l  p rocedure  inc luding the e lec t ro l -  

ysis cell and e lect rode mate r ia l s  are  p rac t i ca l ly  the  
same as a l r e ady  descr ibed in previous  publ icat ions  
(24, 25). The fol lowing e lec t ro ly te  solut ions were  em-  
ployed:  1.00N KOH (solution A ) ;  0.10N KOH (solu-  
t ion B) ;  0.10N KOH + 0.60N K2SO4 (solution C) ,  
0.01N KOH -t- 0.66N K2SO4 (solution D).  They were  
p repa red  f rom t r i p ly  d is t i l led  wa te r  and analyt ica l  
g rade  (Merck)  reagents.  Exper iments  were  made  un-  
der  N2 gas sa tura t ion  at  25r using repe t i t ive  t r i angu-  
lar  potent ia l  scans (RTPS) and  o ther  different  poten-  
t i a l / t ime  pe r tu rba t ion  functions which  are  indica ted  
for each pa r t i cu la r  run. The l a t t e r  were  p r o g r a m m e d  
to normal ize  the average  s t ruc ture  of the  reac tants  at  
the  e lec t rode  sur face  in o rde r  to de r ive  f rom each run  
comparab le  kinet ic  data.  

Af te r  a cer ta in  number  of RTPS at  a pa r t i cu la r  po-  
ten t ia l  sweep ra te  (v) the  e lec t rode  a t ta ined  a r ep ro -  
ducible  E/ I  contour. In  the  fol lowing text,  these 
electrodes are  re fe r red  to as "s tabi l ized electrodes."  
The potent ia ls  a re  re fe r red  to the  NHE scale. 

Results 
E l i  characteristics obtained w i th  triangular poten-  

tial sweep per turba t ions . - -RTPS run  at  v = 0.1 V/sec, 
be tween  the  switching potent ia ls  E~.c = --0.96V and 
Ex, a = 0.74V, jus t  exceeding the potent ia l  range  of 
the e lec t rochemical  s tab i l i ty  of wa te r  are  shown in 
Fig. 1. The complex E/ I  contour  is obta ined using a 
pol ished e lec t rode  immersed  in solut ion A, which  was 
p rev ious ly  cathodized at  E~,c for 5 min. The in i t ia l  
anodic scan e x h i b i t s  an anodic cur ren t  peak  at 
--0.44V (peak I) ,  fol lowed by  an  apprec iab le  anodic 
cur ren t  in the  --0.4 to 0.4V range,  and another  anodic 
cur ren t  peak  ( p e a k  II)  in the  potent ia l  range  jus t  
preceding  the net  oxygen  evolution.  The immed ia t e ly  
r e tu rn ing  scan presents  a cathodic cur ren t  peak  
(peak  I I I )  which, in pr inciple ,  is complementa ry  to 
cur ren t  peak  II. The fo l lowing  successive poten t ia l  
sweeps show prac t ica l ly  no t race  of cur ren t  peak  I 
and a ne t  decrease  of the  anodic cur ren t  in  the  --0.4 
to 0.4V range.  The first anodic scan exhibi ts  the an-  
odic cur ren t  peak  II  located at  potent ia ls  s l ight ly  
more  anodic than  in the fol lowing successive cycles. 
Fur the rmore ,  there  is a s l ight  contour  change of both  
cur ren t  peak  II  and III, and, af ter  a r e l a t ive ly  large  
number  of  sweeps, a new cathodic shoulder  (peak  
IV) on the lef t  side of cu r ren t  peak  I I I  is defini tely r e -  
corded. The s table  E / I  profile is only  reached in this 
case af ter  50-60 potent ia l  scans. The react ions occur-  
r ing  in the  poten t ia l  range  of cur ren t  peak  I concern 
the  h y d r a t e d  Ni(OH)B film formation.  The  cor re -  
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Fig. I. Potentiodynomic displays obtained under RTPS at 0.1 V/  
sec. Solution A. 

sponding kinet ic  and  mechanis t ic  in te rp re ta t ions  have  
been considered in a previous  publ ica t ion  (25). 

The passivat ion cur ren t  recorded  dur ing  the  first 
anodic potent ia l  sweep in the  --0.1 to 0.4V range  fits 
at  constant  po ten t ia l  a l inear  log i / l og  v re la t ionship  
(Fig. 2), wi th  a slope equal  to 1. 

Curren t  peaks  II, III,  and  IV are  be t t e r  defined 
when Ex,c is closer to the potent ia l  of cur ren t  peak  II .  
The l imi t ing E / I  contours or  cur ren t  peaks  II  and I I I  
resul t ing af te r  the  n th  RTPS be tween  Ex,r - -  0.34V 
and Ex.a ~- 0.68V are  charac te r ized  by  a high degree  
of s y m m e t r y  as defined by  the  peak  he ight  to peak  
width  at one-ha l f  of peak  height  (Fig. 3). Otherwise,  
the cathodic side of cur ren t  peak  I I I  is influenced by  
cur ren t  peak  IV which, under  the  presen t  conditions,  
ac tua l ly  appears  as a ne t  cur ren t  plateau.  The  RTPS 
profiles run  wi th in  fixed Ex.c and Ex,a yie ld  reason-  
ably  good l inear  cur ren t  peak  height  ( Ip ) /v  re la t ion-  
ships. Once the s table E / I  profiles a re  a t t a ined  the re  is 
only  a ve ry  small  shift  of the  potent ia ls  of cur ren t  
peaks II  and II I  on changing v. Moreover  the  ha l f -  
wave  potent ia l  of peak  IV remains  p rac t i ca l ly  inde-  
penden t  of v at  least  for 6 ~ v ~ 80 mV/sec .  The  
amount  of charge  involved on both  the anodic (Qa) 
(a f te r  basel ine  correct ion for the e lec t rochemical  
oxygen-evo lu t ion  react ion)  and the cathodic scans 
(Qc) decreases as v increases, approaching  a charge  
of the order  of one monolayer  thickness at  h igh v 
(Fig. 4). The Qa/Qc rat io  at a constant  v is p rac t i -  
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cal ly  equal  to one. The  E/I profiles recorded wi th  
asymmetr ic  repe t i t ive  t r i angu la r  potent ia l  p e r t u r b a -  
tions (e i ther  Va, vc : constant  or vc, Va --  constant ) ,  
covering the  potent ia l  region of cur ren t  peaks  II  
and  I I I  (Fig. 5) a re  influenced by  the products  of the 
react ion re la ted  to cur ren t  peak  III. They are  p rob -  
ab ly  not  comple te ly  removed  dur ing  the cathodic scan 
when Ex,c is not sufficiently cathodic. As the  Ex,c be -  
comes more anodic than  the potent ia l  of cur ren t  peak  
IV, the  anodic charge decreases and s imul taneous ly  
one observes tha t  the ini t ia l  pa r t  of the  Eli l ine re -  
la ted to cur ren t  peak  II  shows an apprec iab le  depo-  
la r iza t ion  as compared  to tha t  depicted in Fig. 8, On 
the o ther  side, as Va increases the  contour  of cur ren t  
peak  II I  appears  f lat ter  and an increasing cur ren t  
contr ibut ion is also noticed at  the  anodic side of 
cur ren t  peak  III, whi le  the  corresponding cur ren t  
peak  potent ia l  turns  more  anodic. The ove r -a l l  effect 
resembles  an ag ing- type  process of the pass ivat ing  spe-  
cies. The  decrease of Qc as va increases  is obviously  
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Fig. 5. Potentiodynamic E/I displays run at Vc : 0.015 V/see 
and 0.015 V/sec ~ Va ~ 0.070 V/sec. The dashed arrow indicates 
the shift of the cathodic profile as ~a increases. Solution A. 

der ived  f rom the dependence  of Qa on va a l r eady  r e -  
f e r red  to. 

The shape of the  s tabi l ized e lec t rode  E/I profile de-  
pends on the  Ex,a value  (Fig. 6). Thus, a t  constant  
Ex,a, the  charge  associated wi th  cur ren t  peak  IV is 
p rac t ica l ly  constant  for any  potent ia l  scan. N e v e r t h e -  
less, i t  fu r the r  increases as Ex,a increases because of 
the base l ine  shift  of cu r ren t  peak  III. This resul t  in-  
dicates that  the  species e lec t roreduced wi th in  the  po-  
tent ia l  range of the cur ren t  peak  IV are  those anod-  
ica l ly  produced at  the  lower  anodic potent ia l  region 
of cur ren t  peak  II. 

The  Eli profile shown in Fig. 7 has been s tabi l ized 
under  a RTPS be tween  Ex,c : 0.49V and Ex,a --  
0,695V (E/I curve 9) cover ing a r e l a t ive ly  la rge  po-  
tent ia l  range  of the  O2-evolution reaction.  Af te r  the  
s tabi l ized profile has been obta ined  the  cathodic E/I 
profiles numbered  f rom 1 to 8 are  recorded by  swi tch-  
ing the  anodic potent ia l  a t  different  values.  Thus, 
those cathodic scans in i t ia ted  from switching po ten-  
t ials  over lapp ing  to a r e l a t ive ly  l a rge r  ex ten t  the  po-  
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Fig. 6. Influence of the anodic potential limit on the Eli profiles 
recorded with triangular potential sweeps at 0.03 V/sec. Solution A. 
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Table I. Charges corresponding to the potentiodynamic profiles 
(V -- 0.02 V/sec) 

H Y D R A T E D  N I C K E L  H Y D R O X I D E  E L E C T R O D E  

Profile Qa/mC Q~/mC 

number  E x , = / V  x c m  - ~  x c m  - ~  Q=/Qe 

1 0.603 0.60 0.60 1.00 
2 0.608 0.66 0.66 1.00 
3 0.617 0.94 0.94 1.00 
4 0.621 1.15 1.14 1.01 
6 0.630 1.46 1.40 1.04 
6 0.639 1.78 1.68 1.06 
7 0.661 2.21 2,02 1.09 

tent ia l  range  of  the  O2-evolution react ion imply  
Qa/Qc ra t ios  increas ing wi th  the switching po ten-  
t ials  values  (Table  I ) .  In  spite  of this any  surface spe-  
cies which  might  be involved in the O2-evolution re -  
act ion p roduce  a p p a r e n t l y  no pa r t i cu l a r  change in  
the  Eli  character is t ics .  

An  equiva lent  influence of Ex,c on both  cur ren t  
pea~s II  and I l I  a re  seen (Fig. 8). When  the potent ia l  
sweep covers the range  be tween  0.675 and 0.600V, 
the  Eli  character is t ics  approach  a h igh ly  revers ib le  
behav ior  as is immed ia t e ly  deduced  f rom the fast  r e -  
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Fig. 7. Influence of the anodic switching potential on the Oa/Qc 
ratio. Each run is made from E;~,c upward after o previous RTPS at 
0.02 V/see between 0.49 and 0.695V, to attain a stable E/I profile. 
Solution A. 
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sponse of the  cur ren t  to the  both  anodic and cathodic 
potent ia l  switchings.  Under  these c i rcumstances  only  
a smal l  f ract ion of the  to ta l  charge  is per iod ica l ly  r e -  
moved from and re fo rmed  on the surface. As Ex,c de-  
creases, the  charge f ract ion which  is involved  in the  
over -a l l  process increases. Moreover,  the over-a l l  
process becomes more  i r r evers ib le  as evidenced by  
the decrease of the  anodic  cur ren t  at  a given po ten-  
t ial  in the ini t ia l  por t ion  of the anodic profile. F u r -  
Fnermore, when Ex,c is more  cathodic than  the po-  
tent ia l  range of cur ren t  peak  IV, the  potent ia l  of cur -  
rent  peak  HI becomes pro~gessively more  anodic, a t -  
ta in ing a constant  va lue  when  Ex,c = 0.4V. When  the 
region of cur rent  peak  IV is not included,  the  res t  of 
the e lectrochemical  react ions occurr ing  on the  cov- 
ered e lec t rode  surface show a fas ter  response to the  
e lect r ica l  per turba t ion .  But  when  those species re la ted  
to cur ren t  peak  IV are  involved  in the  pe r tu rba t ion  
process, the i r  fo rmat ion  react ion occurs wi th  app re -  
ciable i r r evers ib i l i ty  a l though this s i tuat ion produces  
an apparen t  ac t ivat ion of the  process re la ted  to cur -  
ren t  peak  III. 

The E/I character is t ic  re fe r red  to a re  main ta ined  
wi th in  the  range  11 --~ pH ----- 14 (Fig. 9). Under  con:stant 
pe r tu rba t ion  conditions, the  potent ia ls  of cu r ren t  
peaks  II, IH, and IV shift  equa l ly  toward  more  posi-  
t ive potent ia ls  as the  pH decreases.  The charges in-  
volved in the  E/I displays  are  prac t ica l ly  the same in 
the  covered range  of pH al though the cu r ren t  peaks  
extend over  a l a rge r  potent ia l  range  as the  pH de -  
creases. As a m a t t e r  of fact, the  re la t ive  charge  con- 
t r ibut ions  of  cu r ren t  peaks  HI and IV in the  cathodic 
profile change with pH. I t  appears  as if the cont r ibu-  
t ion of the  former  is l a rge r  as the  pH of the  s o l u t i o n  
decreases.  This  is p robab ly  re la ted  to the  wider  re -  
gion covered by  the  anodic cu r ren t  peak.  F u r t h e r -  
more, the  contr ibut ion of the O2-evolution react ion at  
E~,a is increas ingly  impor t an t  at  lower  pH. 

At  any  pH reasonable  l inear  log /p/ log v re la t ion-  
ships wi th  the slope close to 1 a r e  obta ined  under  the  
range  of exper imen ta l  condit ions indica ted  in the  
presen t  work  (Fig. 10-13). Nevertheless ,  for  the  an -  
odic cur ren t  peak  II  the best  s t ra igh t  l ine is obta ined  
th rough  the log (Ip/Qa)/log v plot. 

The potent ia ls  of cur ren t  peaks  II  and II I  change 
l i nea r ly  wi th  log v (Fig. 14 and 15). The i r  cor re -  
sponding slopes, as wel l  as the  remain ing  kinet ic  p a -  
rameters ,  are  assembled in Table II. The difference 
be tween  the potent ia ls  of cur ren t  peaks  II  and III, 
~Ep ---- Epu -- Epm, increases l i nea r ly  wi th  v. Af te r  the 
ex t rapo la t ion  a t  v -~ 0 one obtains  AEp ~ 0.080V. 

Results ]rom complex potential~time perturbation.-- 
The Eli  profiles recorded wi th  a s tabi l ized e lec t rode  

% 
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Fig. 8. Influence of the cathodic switching potential on the E/I  
profiles recorded with RTPS at 0.2 V/sec. Solution A. 
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Fig. 9. Potentiodynomic E/I displays run at 0.1 V/see with a 
constant Ek,e value. 1, Solution A; 2, solution C; 3, solution D. 
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Fig. I0. Dependence of/pIz on v from RTPS: e ,  solution A; O ,  
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Fig. 11. Dependence of ipII on v from the potentlodynamic runs 
between different Ex,c values and Ekm = 0.68V. Solution A. O, 
Ex,c v- 0.04V; Va ---- ~c. O, Ek.c ~ 0.34V; va = Vc. [], Ex,c ----- 
0.44V; va = vc. A ,  Ex,c = 0.49V; Va = Vc. III, Ex,c = 0.49V; 
~c ---- constant. 
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Fig. 12. Dependence of ipnI (open symbols) and ipzv (full sym- 
bols) on v from RTPS: [ ]  and I I ,  solution A; O and O, solution C; 
A and A ,  solution D. 
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Fig. 13. Dependence of ipzH (open symbols) and ip[v (full sym- 
bols) on v from the RTPS run between different Ex,c values and 
E~,a ~-- 0.69V. Solution A. ~ ,  Ex,c = 0.04V; O,  Ex,c ---- 0.34V; [-1, 
Ek,e w_ 0.44V; A,  Ex,c = 0.49V. 

under  the per turba t ion  p rogram depicted in Fig. 16 
show the influence of ~, the potentiostat t ing t ime at 
0.655V, a potent ial  at whieh  there  is pract ical ly no 
net current  flow. Under  these circumstances, for the 
same anodic charge, as T increases the cathodic charge 
remains constant but  the shape of the current  peak 
III extends over  a wider  potential  range, its height  de- 
creasing and the corresponding current  peak poten-  
tial becoming more cathodic. On the other side, the 
current  peak IV remains independent  of ~, its ap- 
parent  increase being only due to the changes of cur-  
rent  peak III. These runs are  indicating that  during 
the rest  t ime there  is no appreciable chemical  dis- 
solution of the product  anodically formed, but  cer- 
tainly the la t ter  undergoes a chemical t ransformat ion 
without  any l ikely detectable stoichiometric change 
through the e lect roreduct ion process. 

The E/I  profiles (Fig. 17) obtained with  a stabilized 
electrode which is potentiostat ted during a constant T 
but at different potentials  confirm that  the cathodic 
charge of current  peak IV is unaffected by the per -  
turbat ion conditions. Fur thermore ,  as E~.a decreases, 
the species left  on the surface after  a 3 min potent io-  
statt ing are those which requi re  the largest  electro-  
reduct ion potential. Therefore,  f rom these results one 
deduces that  at least two different species are involved 
in the electroreduct ion process occurring in the poten-  
tial range of current  peak III. This is also confirmed 
when the stabilized interface is per turbed  with  a fast 
RTPS within a range of potent ial  where  only a f rac-  
tion of the surface covering species is involved in the 
removal  and reformat ion processes (Fig. 18 and 19). 
It is clear that  as �9 increases and the cathodic charge 
remains constant (0.5 min  --~ �9 --~ 10 min)  the  cur-  
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Fig. 15. Dependence of EpIH on v from RTPS: e ,  solution A; O ,  
solution C; l ,  solution D. 

rent  peak III splits into two current peaks. The split- 
ting of current peak III depends also on the potential 
limits of the past RTPS as well as t:he fraction of the 
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Fig. 16. E/I profiles run with RTPS including variable waiting 
times at ET, after a previous cycling to obtain a stable E/I contour. 
Solution A. T - -  0, profile 1; ~ ~_ 1 min, profile 2; T = 5 rain, 
profile 3; T = 15 min, profile 4; T ~ 30 min, profile 5. 
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Fig. 17. Cathodic single tr iangular potential sweeps at  0.1 V/sac 
recorded after attaining the profile 1 with a RTPS and then wait- 
ing 3 min at  dif ferent E~-. Solution C: Er : -  0.78V, profile 2; 
E~ = 0.72V, profile 3; Er = 0.69V, profile 4; E~ = 0.65V, profile 
S; ET ~ 0.64V, profi le 6. 

surface covering species participating in the fast 
RTPS. The splitting effect is clearly established for the 
various solution compositions employed in the present 
work. 

Discussion 
Most of the experimental  work made with the Ni/  

KOH interface concerns electrode structures ap- 

Table II. Experimental kinetic parameters 

P a r a m e t e r  

~Epn 

8 log v 
. 0 log ipn 

~og~ ) 
/ 

. 0 log ipiv ) 
0 log v 

Solution A 
(mV)  

1 0 •  

- 5 •  

0.9 • 0.1 

1,0 • 0.1 

0.9 4- 0.1 

Solution B 
(mV)  

1 5 •  

- - 5 •  

0 . 8 •  

0 , 9 •  

0 . 8 •  

Solution C 
(mV} 

1 0 •  

- - 5 •  

0 . 9 •  

0.9 + 0.1 

0 .9-4"0.1 

Solut ion D 
( m Y )  

20 _ 10 

- 1 0 •  10 

0.8 ~ 0.1 

0,9 -~ 0,1 

0.9 ~- 0 . !  
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Fig. 18. Potentiodynamic Eli profiles run with an intermediate 
dynamic aging during a time ~, at 1 V/sec between 0.61 and 0.76V, 
as indicated in the figure. Solution C. 0.1 V/see, profile 1; E/I 
trace obtained after a dynamic aging during T = O.S min, profile 2; 

= 2 min, profile 3; T = 10 rain, profile 4. 
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those of previous  works.  In  these circumstances the  
repe t i t ive  po ten t iodynamic  E/I  character is t ics  imply  
not  only  a single anodic E/I profile which  jus t  precedes  
the  e lectrochemical  O~ format ion  bu t  also a mul t ip le  
cur rent  peak  d isp lay  dur ing  the reduct ion  of the  
product  of the anodic reaction.  But the  over -a l l  r e -  
action tak ing  place dur ing  each per iodic  pe r tu rba t ion  
is completed  since the  Qa/Qc ra t io  is a lways  p rac -  
t ica l ly  one. The in te rp re ta t ion  of the  cha rge_mag-  
n i tude in te rms of the  ac tual  surface  a rea  is, however ,  
ambiguous.  As a ma t t e r  of fact  there  a r e  two possi-  
bili t ies,  e i ther  the  meta l  roughness  factor  is one and 
the fiIm thickness  corresponds to a mu l t i l aye r  th ick-  
ness or  the  l a t t e r  is of the  o rde r  of the  monolayer  
thickness and its roughness factor  changes dur ing  cy-  
cling and depends  on v. 

Kinetics of the anodic reaction.--Probab[e reaction 
path when the structural changes of the reactant are  
negl~gible.--Within a cer ta in  range  of the  pe r tu rba t ion  
var iables  the anodic reac t ion  exhibi ts  an  apparen t  
s impler  response to the  RTPS poten t iodynamic  pe r t u r -  
ba t ion  than  to the  cathodic process. Consequent ly  a set  
of reasonable  kinet ic  pa rame te r s  is der ived  for this  
process. P rov ided  tha t  the over -a l l  anodic process un-  
de r  potent iodynamic  condit ions is expressed by  the 
over -a l l  react ion 

Ni(OH)2--> NiOOH + H + + e [i] 

a possible reaction path which may account for the 
kinetic behavior should imply a series of single elec- 
tron transfer and Chemical steps as follows. The initial 
stage is the proton release from the hydrated Ni(OH)2 
lattice on the positively charged nickel surface 

2Ni(OH)2 �9 xH20 = [Ni2(OH)5 �9 (z -- I)H20] 

4- H + + �9 [2a] 

The proton diffusion out  of the  e lectrochemical  i n t e r -  
face is assisted by  the e lect r ica l  field located there.  
Step [2a] involves a pa r t i a l l y  h y d r a t e d  in te rmedia te  
which undergoes  a s t ruc tura l  r e a r r a n g e m e n t  th rough  
a chemical  react ion 

02 03 0.4 (15 (~6 07 ~IB 
E/Vo I 

Fig. 19. Potentiodynamic Ell displays run with an intermediate 
dynamic aging at 1 V/sec during 2 min between different potentiat 
limits. Solution C. Stable E/I contour with RTPS at 0.1 V/sec be- 
tween 0.21 and 0.76V, profile i; Eli at 0.1 V/sec after the dynomic 
aging between 0.61 and 0.76V, profile 2; and between 0.57 and 
0.76V, profile 3. 

proaching the condit ions preva i l ing  in the  a lkal ine  
nickel  bat ter ies .  In  this case, r e l a t ive ly  large  charges 
take  pa r t  in the  po ten t iodynamic  pe r tu rba t ion  of the  
interface,  and, consequently,  the  kinet ic  in te rp re ta t ion  
is perhaps  more  complex than  tha t  resul t ing  when  
charges of the  o rder  of a few monolayer  thickness 
a re  involved.  

The present  resul ts  correspond to a surface Ni (OH)2  
species which  is fo rmed dur ing  r e l a t ive ly  fast  po-  
ten t ia l  cycling and the c h a r g e s  tak ing  pa r t  in the  
over -a l l  e lect rochemical  processes a r e  smal le r  thau  

[Ni2(OH)5 �9 ( z -  1)H20] 

= [ N i ( O H ) 2 -  NiOOH] (aq)  + H20 [2b] 
and f inal ly 

[Ni(OH)2 �9 NiOOH] (aq)  + O H -  

- -  2NiOOH(aq)  + H20 + e [2c] 

The format ion  of the NiOOH-species  is equiva len t  
e i ther  to the accumula t ion  of N i ( I I I )  species or  to the  
creat ion of 3-d holes in the  film (26). Wha teve r  the  
case, the  react ion pa th  [2a]-[2c]  impl ies  an increasing 
depro tona t ion  of the  insoluble  film, so that  the Ni /O  
atomic rat io remains  constant,  the H /O ra t io  decreases,  
and the N i /H  rat io  increases in passing f rom the h y -  
d ra ted  Ni (OH)2  to the  NiOOH species. E l l ipsomet ry  
(12, 27) and impedance  measurements  of the  res is t ive 
layers  formed dur ing  nickel  anodizat ion in 1N KOH 
(2, 28) indicate  the  presence of those species. 

The sequence of react ions [2a]-[2e]  can be analyzed 
ei ther  as a revers ib le  or as an i r revers ib le  e lec t rochem- 
ical sys tem assuming tha t  the same react ions hr, id for 
the cathodic processes. Thus, when  one a t tempts  to 
corre la te  the kinet ic  character is t ics  of the  nickel  hy -  
droxide  electrode wit'h its fast  response one finds some 
appa ren t  contradictions.  For  a revers ib le  conjugated  
electrochemical  sys tem imply ing  a monolayer  forma-  
tion, the  corresponding anodic and cathodic cur ren t  
peaks  must  occur at the  same potent ia l  and this poten-  
t ia l  is independent  of the potent ia l  sweep rate.  Tile 
l a t te r  is cer ta in ly  obeyed,  but,  in contrast ,  the  differ-  
ence be tween  the potent ia ls  of the anodic and cathodic 
ma in  cur ren t  peaks  as revea led  by  the  RTPS exper i -  
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ments  is ca. 0.08V. Therefore ,  the  s imple  t h r e e - s t e p  
revers ib le  mechanism is unsat isfactory.  

Let  us consider  the  poss ib i l i ty  that  the  ra te  process 
is de t e rmined  by  the ra te  of one pa r t i a l  reaction.  F rom 
previous  s ta t ionary  measurements  of the nickel  elec-  
t rode  in different  a lka l ine  solutions, step [2c] can be 
supposed as the  r a t e - d e t e r m i n i n g  step. Then, if  the re -  
act ion proceeds in  only one direct ion,  the  s ta t ionary  
cur ren t  densi ty  de r ived  in  the  convent ional  way  yie lds  
the  fol lowing express ion 

~,=kaNiCOH)22aH+_Sexp[ (1 + a ) F E  ] 
RT [83 

where  the  ai's a re  the  act ivi t ies  of the i species at  t h e  
react ion interface,  k is the formal  r a t e  constant ,  a is 
the t ransfe r  coefficient assist ing the reac t ion  [2c] in  
the  anodic direction,  and E is the potent ia l  appl ied  to 
the  e lec t rochemical  interface.  

A kinet ic  equat ion t o rma l ly  s imi lar  to Eq. [3] was 
der ived  f rom a mechanism involving Ni ( IV)  species 
and ionic n i cke l -oxygen  surface species (16). There  is, 
however ,  no firm evidence of the  former  species a l -  
though magnet ic  suscept ib i l i ty  measurements  coupled 
to e lec t rochemical  processes revea led  the  presence of 
Ni ( IV)  (26). A fu r the r  oxidat ion  in the ~-I~iOOH la t -  
tice may  convert  N i ( i h )  into N i ( I V ) ,  leading  to the  
format ion  of ve ry  s table  nonstoichiometr ic  oxides (14, 
20-22). 

If Eq. [3] is valid,  the  corresponding po ten t iody-  
namic Eli profile re la ted  to the  change of e lectrode 
coverage f rom the Ni (OH)2 monolayer  to the NiOOH 
monolayer  r accora ing to the  Sr in ivasan  and 
Gi leadi  p rocedure  (29) gives the  Iol lowing p a r a m -  
eters  

pH a In a~i+ v 

p H  ~ v ~l-~ab}d" a l n a ~ +  (1 + a ) F  

Now the ten ta t ive  react ion mechanism expla ins  only 
th ree  out  of four  kinet ic  pa rame te r s  (Table  I i )  l eav-  
ing unclear  the impor t an t  one re la ted  to the  apparen t  
inaependence  of the anodic cur ren t  peak  poten t ia l  on 
the  potent ia l  sweep rate.  Then, the in te rp re ta t ion  of 
the  react ion in terms of step [2c] or  any  other  equiva-. 
lent  step as the  r a t e -de t e rmin ing  step seems unl ikely.  
Therefore ,  the  sample  th ree  consecutive react ion mech-  
anism, ne i the r  uncter revers ib le  nor  under  i r revers ib le  
conditions,  is able to expla in  the  kinet ic  da ta  de r ived  
f rom the RT~S E/1 proliles. The par t i a l  discrepancies  
suggest,  however ,  tha t  the  in te rp re ta t ion  of the over -  
al l  react ion is even more  complex. 

The influence of structural changes.--The exper i -  
men ta l  da ta  r evea led  tha t  the react ions re la ted  to cur-  
ren t  peaks  1i, h i ,  and IV are  closely connected and 
tha t  the  character is t ics  of the e lect rochemical  proc-  
esses are  even more  complex than  ea r l i e r  bel ieved 
because not  only  the  nickel  hyd rox ide  species involves 
s t ruc tura l  changes (aging)  as a l r eady  known (14, 20- 
22) but  also the  products  of its anodic oxidat ion  unde r -  
go a s imi lar  type  process. 

The dependence  of the  expe r imen ta l  resul ts  on the 
potent ia l  pe r tu rba t ion  conditions indicates  tha t  the  
anodic and cathodic processes as seen th rough  the 
RTPS Eli profiles can be considered as fast  reactions.  
B u t  in  contras t  wi th  react ions [2a]-[2c]  the cathodic 
react ions  are  not  exac t ly  represen ted  by  the reverse  
reactions.  This occurs if both  reac tants  and products  
undergo s t ruc tu ra l  t ransformat ions  s imul taneous ly  
dur ing  the e lec t rochemical  processes which a l te r  the i r  
corresponding surface activit ies.  Under  these  c i rcum- 
stances the ove r -a l l  s to ich iomet ry  is ma in ta ined  in  the  
course of the  reaction,  but  at least  th ree  different  and 
fas t  conjuga ted  redox  couples involving pro ton  t r ans -  
fer' should be i n v o l v e d .  
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Fig. 20. Evaluation of the over-all cathodic E/I profile in terms 
of three cathodic reactants. Data correspond to profile 3 of Fig. 19. 

It  is clear  the  cathodic E/I curve can be r e s o l v e d  at  
least  into three  current  peaks,  d r awn  in te rms of th ree  
Gaussian d is t r ibut ion  functions (Fig. 20) wi th  wel l  
separa ted  cur ren t  peak  potent ia ls  (Table  I I I ) .  This is 
perhaps  the s implest  a t t empt  for separa t ing  the con- 
t r ibut ions  of the three  anodical ly  formed nickel  s u r -  
face  species quite l ike ly  involving the same oxida t ion  
state of the meta l  ( N i ( I I I ) )  but  different  energet ic  
configurations. Each species can be assigned to a p a r -  
t icular  e lec t roreduct ion  process. F o r  cur ren t  peaks  
I I I - A  and I I I -B the fol lowing react ions a r e  t en ta t ive ly  
proposed, wi thout  compromising any  pa r t i cu la r  h y -  
dra ted  s t ructure  or definite configuration 

3 [NiOOH] * W 4H20 -~ 3e 

---- [3Ni(OH)~ �9 H20]* ~- 3 O H -  [4] 

[NiOOH]** -~ H~O ~- e _ [Ni(OH)2]** -~ O H -  [5] 

For  cur ren t  peak  IV one assumes tha t  ~-NiOOH is t h e  
species more  difficultly reducib le  out of the  th ree  

3~-NiOOH ~- 5H20 ~- 3e = 3Ni(OH)2 �9 2H20 -~ 3 O H -  
[63 

where  the  s t ruc ture  of the react ion product  may  be 
~-Ni(OH)2,  according to Bode (10, 11). The reac tan t  
and product  involved in react ion [6] p robab ly  b e l o n g  
to the  innermost  port ions of the  e lect rode film. The e x -  
t en t  of each react ion for a pa r t i cu la r  set of the pe r tu r -  
bat ion var iaoles  is given by  the corresponding cathodic 
charge as a l r eady  indica ted  in Table  IIL The th ree  
different  reac tants  appearing,  respect ively,  in react ions 
[4], [5], and [6], two of them identif ied wi th  asterisks,  
undergo s t ruc tura l  changes whic:h are  represen ted  by  
the fol lowing react ions 

[NiOOH] * * ~ [NiOOH] * ~ ~-NiOOH [7] 

The chemical  t ransformat ions  of the var ious  species 
schemat ica l ly  represen ted  by  react ion [7] p robab ly  in-  
volve s t ruc tura l  changes re la ted  to the ~-NiOOH and 
~-NiOOH species discussed in the l i t e ra tu re  by  differ-  
ent  authors  (13-15). These t ransformat ions ,  which are  
revea led  both in the anodic and in the  cathodic po-  
ten t iodynamic  profiles, are  l ike ly  re la ted  to a change 
in the  wate r  content  and the cation concentra t ion in  
the oxy -hyd rox ide  nickel  lattice.  The cat ion cont r ibu-  
t ion to bui ld  up cer ta in  s t ruc tura l  configurations of 
the lat t ice may  involve  an ionic mass t ransfer  toward  
the react ion in ter face  in an opposed e lect r ica l  field. 

Table Ill. Data derived from the cathodic current peaks 

P e a k  n u m b e r  H I - A  I I I - B  I V  

Current peak potential/V 0.630 0.585 0.510 
Charge/mC x cm -e 1.67 0.33 0.96 
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Chemical  react ions such as [7] should be re la ted  to 
the  so-cal led  aging process of the  anodic reac t ion  
product .  

These resul ts  can expla in  how three  out  of four  
t rans i t ion  t imes recorded a t  the  four  ar res ts  of the  
galvanosta t ic  E / t ime  d isp lay  the  e lec t roreduct ion  of 
the  oxidized nickel  e lec t rode  wi thout  the assumpt ion  
of dubious surface compounds (16). The four th  t r an -  
sit ion t ime may  be re la ted  to the presence of 02. 

The anodic profile should correspond to the  sum of 
various anodic processes, as can be deduced from po-  
ten t iodynamic  da ta  p rev ious ly  r epor ted  (7). There-  
fore, the  apparen t  independence  of the poten t ia l  of the 
anodic cu r ren t  peak  on the  potent ia l  sweep ra te  is 
difficult to in t e rp re t  unless the s t ruc tura l  t r ans fo rma-  
tions of the different  film components  at  the e lect rode 
surface are  t aken  into account. Thus, the  average  film 
composit ion should depend,  under  constant  switching 
potent ials ,  on the  po ten t ia l  sweep rate.  So the ac t iv i ty  
rat io of the more  react ive  to the  more  s tab le  species 
increases jus t  as the  potent ia l  sweep ra te  does. This 
means that  the cur ren t  contr ibut ion  at  the  cathodic 
side of  the anodic cu r ren t  peak  should increase  ac-  
cordingly so tha t  the over -a l l  effect is to depict  an 
E/I profile which  on the whole Shifts toward  the 
cathodic potent ia l  region. In  this way  if there  is any  
shift  of the cur ren t  peak  poten t ia l  toward  more  anodlc 
values as v increases,  i t  might  be e i ther  pa r t i a l l y  or  
to ta l ly  compensated.  The s i tua t ion  is, then, to some 
ex ten t  s imi lar  to tha t  encountered  in the  e lec t rore -  
duct ion of oxygen-conta in ing  film monolayers  on Pt  
(30) and Au  (31). 

Under  the  presen t  expe r imen ta l  condit ions the  p ro -  
ton diffusing out of the  film, as s tep [2a] implies,  
exer ts  no apprec iab le  influence on the reac t ion  rate.  
The repor ted  proton diffusion coefficient in the  nickel  
hydrox ide  la t t ice  covers the  range  2 • 10-7-2 • 10 -9 
cm~/sec (7, 32, 33). Therefore,  this  process is fast  
enough to be in equi l ib r ium dur ing  the  po ten t iody-  
namic sweep unless the  potent ia l  pe r tu rba t ion  is so 
short  that  the ~ D t  is of the  order  of the  l ayer  th ick-  
ness. Under  the  p resen t  c i rcumstances  this would  r e -  
quire  a potent ia l  sweep ra te  of the o rder  of 10 ~ V/sec.  
The si tuation,  however ,  is different  when th icker  h y -  
d ra ted  hydrox ide  films are  involved.  When  step [2a] 
occurs in a mu l t i l aye r  i t  induces a pro ton  transfer" 
mechanism th rough  the exis t ing film and the pro ton  
neut ra l iza t ion  at  the  solut ion side of the  e lect r ica l  
double  layer .  

When thin  films a re  involved  under  r e l a t ive ly  fast  
pe r tu rba t ion  conditions i t  seems ra the r  a r b i t r a r y  to 
assign to the i l l -def ined mate r i a l  present  at the w o r k -  
ing electrodes only one pa r t i cu la r  and constant  s t ruc-  
ture  par t ic ipa t ing  in the ove r -a l l  e lect rochemical  
processes. The conclusion is tha t  at  least  three  anodic 
reac t ion  products  a r e  formed as revea led  by  the th ree  
wel l -def ined cathodic cur ren t  peaks.  Fur the rmore ,  de-  
pending  on the number  of potent ia l  sweeps there  is 
good evidence tha t  only  two cur ren t  peaks  are  seen 
dur ing  the anodic react ion under  convent ional  t r i -  
angular  potent ia l  sweep per turba t ions ,  alt~hough the 
t r i angu la r ly  modula ted  potent ia l  sweep technique re -  
veals  the occurrence of at least  three  we l l -d i s t in -  
guished processes (34). Therefore,  three  nickel  hy -  
droxide  species and th ree  nickel  oxy -hyd rox ide  species 
are  par t ic ipa t ing  in these processes. 

Crys ta l - s t ruc tu re  analysis  of the fol lowing pure  
crys ta l l ine  phases has been under taken ,  namely,  ~- 
Ni(OH)2,  ~-Ni(OH)2,  ~-NiOOH, and 7-NiOOH (11, 
14). The existence of the  two forms of the a -Ni (OH)2  
and 7-NiOOH are  also repor ted  (10, 11, 14). There  is, 
therefore,  a good correspondence be tween  the number  
of species which  are  requ i red  for the three  different  
e lect rochemical  processes. The p rope r  configuration of 
the  species indicates that  the  first species to be e lec t ro-  
oxidized is c~-Ni(OH)2, whi le  the e lec t rooxida t ion  of 
f l -Ni(OH)2 should occur at  more  posi t ive  potent ials .  

On the o ther  hand, ~-NiOOH should be e lecr toreduced  
at  the more  cathodic potent ials ,  p rov ided  tha t  the  
double  cathodic cur ren t  peak  p laced  at  more  anodie 
potent ia ls  m a y  belong to the e lec t roreduct ion  of the 
two 7-NiOOH forms. Wha teve r  the  case, caution needs 
to be exercised at  p resen t  in assigning a pa r t i cu la r  
redox sys tem to the pairs  of cur ren t  peaks  po ten t iody-  
namica l ly  recorded.  

The suggested react ion pa thway ,  a l though it must  
be considered wi thout  s t ruc tura l  compromises,  is more 
general  than  any of those prev ious ly  discussed. As a 
mat te r  of fact i t  contr ives  the  idea  of having  a r a t e -  
control l ing pro ton  t r anspor t  process as ea r l i e r  sug-  
gested (7, 33), and i t  includes chemical  side react ions 
to expla in  the  aging effect of the  film anodical ly  
formed. 

Acknowledgments 
I N I F T A  is sponsored by  the Consejo Nacional  de 

Invest igaciones Cientificas y T~cnicas, the  Univers idad  
Nacional  de La Plata ,  and the Comisi6n de Inves t iga-  
clones Cientificas (Provinc ia  de Buenos Ai res ) .  This 
work  is also pa r t i a l ly  sponsored by  the SENID (Navy  
Research and Deve lopment  Service  of Argen t ina )  and 
t h e R e g i o n a l  P r o g r a m  for the Scientific and  Techno-  
logical  Development  of the  Organiza t ion  of the  A m e r i -  
can States. 

Manuscr ip t  submi t ted  Nov. 18, 1977; rev ised  m a n u -  
scr ipt  received May 10, 1978. 

Any  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ ished in the  June  1979 JOURNAL. 
Al l  discussions for the  June  1979 Discussion Section 
should be submi t ted  by Feb.  1, 1979. 

REFERENCES 
1. G. Grube  and A. Vogt, Z. Elektrochem., 44, 353 

(1938). 
2. Yu. N. Che rnykh  and A. A. Yakuvleva ,  Elektro- 

khimiya. 6, 1671 (1970). 
3. G. P. Samoilov,  E. I. Krushcheval  N. A. Shumilova,  

and V. S. Bagotskii ,  ibid., 8, 1169 (1972). 
4. J. L. Weininger  and M. W. Brei ter ,  This Journal, 

110, 484 (1963). 
5. J. L. Weininger  and M. W. Brei ter ,  ibid., 111, 707 

(1964). 
6. Ku Ling-ying ,  N. A. Shumilova,  and  V. S. Bagot-  

skii, Elektrokhimiya, 3, 460 (1967). 
7. D.M. MacArthur ,  This Journal, 117, 422 (1970). 
8. G. W. D. Briggs and M. Fle ischmann,  Trans. 

Faraday Soc., 67, 2397 (1971). 
9. M. A. Hopper  and J. L. Ord, This Journal, 128, 

183 (1973). 
10. H. Bode, K. Dehmelt ,  and J. Witte,  Electrochim. 

Acta, 11, 1079 (1966). 
11. H. Bode, K. Dehmelt ,  and J. Wit te ,  Z. Anorg. 

Allgem. Chem., 366, 1 (1969). 
12. Yu. N. Che rnykh  and A. A. Yakuvleva,  Elek- 

trokhimiya, 7, 530 (1971). 
13. P. C. Milner  and U. B. Thomas, in "Advances  in 

E lec t rochemis t ry  and Elec t rochemical  Eng ineer -  
ing," Vol. 5, C. W. Tobias, Editor,  p. 1, In t e r -  
science, New York  (1967). 

14. G. W. D. Briggs, "Elect rochemist ry ,"  Vol. 4, p. 33, 
Special is t  Per iodica l  Reports,  The Chemical  
Society, London (1974). 

15. A. J. Arv ia  and D. Posadas, in "The Elec t rochemi-  
(1975) J Bard, Editor, 

16. I. A. Cherepkova,  V. A. Kas 'yan,  V. V. Sysoeva, 
N. N. Milyutin,  and A. L. Rotinyan,  Elektrok- 
himiya, 11, 443 (1975). 

17. L. D. Petr iashvi l i ,  Elektrokhim. Margantsa, 5, 318 
(1975). 

18. N. A. Balashova,  G. D. Zakumbaeva ,  and  L. A. 
Beketaeva,  Zashch. Met., 12, 39 (1976). 

19. Z. I. Kudryav tseva ,  V. A. Openkin,  N. A. Zhoch-  
kova,  E. I. Khrushcheva ,  and  N. A. Shumilova,  
Elektrokhimiya, t l ,  1488 (1975). 

20. G. W. D. Briggs, E. Jones, and W. F. K. Wynne -  
Jones, Trans. Faraday Soc., 51, 1433 (1955). 

21. G. W. D. Briggs and W. F. K. Wynne-Jones ,  ibid., 
52, 1272 (1956). 

22. E. Jones and W. F. K. Wynne-Jones ,  ibid., 52, 1260 
(1956). 



Vol. I25, No. I0 HYDRATED N I C K E L  HYDROXIDE ELECTRODE 1587 

23. G. M. Alipva, E. I. Khrushcheva,  G. P. Samoilov, 
N. A. Shumilova,  and I. E. Zimakov, Elektrok- 
himiya, 8, 1537 (1972). 

24. R. S. Schrebler Guzm~n, J. R. Vilche, and A. J. 
Arvia, J. Appl. Electrochem., In  press. 

25. R. S. Schrebler  Guzm~n, J. R. Vilche, and A. J. 
Arvia,  Corros. Sci., 18, 441 (1978). 

26. J. P. Hoare, "The Electrochemistry of Oxygen," 
John Wiley & Sons, Inc., New York (1968). 

27. W. Visscher and A. Damjanovic,  25th ISE Meeting, 
Zfirich (1976), Paper  138. 

28. V. I. Ovcharenko, Elektrokhimiya, 11, 1043 (1975). 

29. S. Sr in ivasan and E. Gileadi, Electrochim. Acta, U,  
321 (1966). 

30. :l. O. Zerbino, N. R. de Tacconi, A. 5. Calandra,  and 
A. J. Arvia, This Journal, 124, 475 (1977). 

31. C. M. Ferro, A. J. Calandra,  and A. J. Arvia, 
J. Electroanal. Chem., 57, 267 (1974). 

32. P. D. Lukovtsev and C. J. Slaidin, Electrochim. 
Acta, 6, 17 (1962). 

33. D. M. MacArthur,  This Journal, 117, 729 (1970). 
34. J. R. Vilche and A. J. Arvia, Proceedings of 4th 

In terna t ional  Symposium on Passivity, Virginia 
(1977), In  press. 

Polarization and Corrosion in Sodium/Sulfur Cells 

Roger J. Bones and Trevor L. Markin 
A.E.R.E. HarwelI, Materials Development Division, Didcot, Oxon, 0 X l l  ORA, England 

ABSTRACT 

In  a previous publ icat ion (1) we showed that  stainless steel  undergoes 
corrosion in a sodium polysulfide melt  when polarized cathodically (i.e., at 
the end of discharge in a Na/S cell). This basic electrochemical study of the 
sulfur/polysulf ide cathode has been extended using specially designed elec- 
trochemical cells incorporat ing potential  probes in  the ca%hode. The apparent  
accumulat ive loss in capacity on cycling of Na/S cells is explained in  terms 
of increasing polarizat ion which, in turn,  is related to the steel  corrosion 
phenomenon.  

The general  principles of operat ion of sodium/su l fur  
cells, first developed by K u m m e r  and Webe r  (2) are 
well  known. An early favored sulfur  cathode current  
collector, used i n the form of an outer case, was s ta in-  
less steel. However, it has been shown that  on deep 
cycling, such a current  collector can undergo severe 
corrosion dur ing the opera t ion of cells; also the cells 
in t u rn  can suffer considerable loss of useful  capac- 
i t y - t y p i c a l l y  50% in <200 cycles. In  recent  years 
workers in  the U.K. have favored the central  sulfur  
cell design (3); this circumvents  the problem of cell 
case corrosion but  the electrochemical behavior  of the 
central  cathode is s imilar  to that  of the cathode in  the 
central  Na cell. For  convenience the discussions in  this 
paper refer to a central  Na cell. 

The sulfur  electrode itself typically consists of a 
sulfur/polysulf ide melt  dis t r ibuted wi thin  a carbon 
felt mat r ix  bounded on one side by the flA1203 electro- 
lyte and on the other  side by the electronic conducting 
current  collector. There are several publications (4-6) 
dealing with the fundamenta l  studies of the operat ion 
of the sulfur  electrode. A relationship has also been 
sho-~vn to exist between cathode polarization and cell 
case corrosion (5) which can lead to progressive ca- 
pacity loss on cycling. This paper  describes an exten-  
sion to the previous study; experiments  have been per-  
formed to measure  the electronic and sodium poten-  
tials wi th in  an actual  working cathode in  order to gain 
fur ther  insight into the factors l imit ing the operat ion 
of the electrode. The results are related to the corro- 
sion phenomena observed in practical Na/S cells. 

It is not possible to advance unambiguous  explana-  
tions of the complete mode of operat ion of such a com- 
plicated electrode from these experiments  alone. 
Rather, the results should be considered together with 
other studies in order to obta in  a more complete pic- 
ture. 

Experimental 
Exper iments  referred to previously (1) showed 

that  when stainless steel (Type AISI 316) was im-  
mersed in  sulfur  or sodium polysulfide (Na2Ss-Na2S.~.~) 
a protective sulfide film formed on its surface. I t  was 
also shown that  when an external  potent ial  was ap- 

Key words: battery, cathode, corrosion, electrode. 

plied across a cathode matr ix  (containing NazS~.e) 
sandwiched be tween two such sulfided electrodes, it  
was possible under  certain conditions to strip off this 
protective film. This occurred when the par t icular  elec- 
trode was sufficiently negat ively polarized. The clean 
shiny metal  surface remaining  was rapidly resulfided 
on current  reversal. Repeated cycling in  this m a n n e r  
lead to progressive corrosion of the electrode and to 
a bui ldup of a crust of corrosion products adjacent  to 
the steel electrodes, s imilar  to that  observed in  the 
postoperative examinat ion of tubular  sod ium/su l fur  
cells which had stainless steel cases and had suffered 
considerable capacity loss. 

It was postulated that  the imposit ion of an applied 
potential  across the mixed ionic/electronic electrode 
matr ix  causes part ial  electrolysis of the ionically con- 
ducting mol ten phase, giving rise to localized su l fu r /  
polysulfide compositions (Na/S ratios) in the vicinity 
of the electrodes, which can be significantly different 
from the bulk equi l ibr ium composition. 

In  order to investigate this, the exper iment  was 
repeated using a specially constructed twin  electro- 
lyte exper imental  cell shown in Fig. 1. 

The twin electrolyte experimental ceiL--An electro- 
chemica l ly  prepared sulfur  electrode specimen was 
sandwiched, under  compression, between two plat i-  
n u m  gauze electrodes which were  in  t u r n  strapped to 
two identical ;~At203 tubes containing l iquid sodium. 
The p la t inum electrodes could serve as both active 
electrodes and electron potential  probes. The l iquid Na/  
electrolyte assemblies served as similar  sodium poten-  
tial reference electrodes for measurement  of Na po- 
tentials at the extremes of the cathode. The cell was 
operated at 350~ in  an enclosed argon gas envi ron-  
ment.  

A range of potentials was applied across the cath-  
ode specimen between electrodes 3 and 4 in  a stepwise 
manner .  Na potential  measurements  were made of the 
melt  in the vicini ty of these electrodes, using a high 
impedance digital voltmeter,  between electrodes 1 and 
2 and between 4 and 3. By reference to the we l l -known  
dependence of c~lI OCV of Na/Na polysulfides compo- 
sition shown in Fig. 2, the local Na/S  ratios of the 
melt adjacent  to the ~A1203 tubes were derived. 
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Fig. 1. Twin electrolyte experimental cell for studying the elec- 
trochemistry of the cathode melt. 

2.20 

2.10 

I I I 
NalNaz0.11 AIzO31Na IN S 

-L  1 T = 350'C 

L I * L 2 
2 "00 / L2 

h 
o 1.90 

u: 

.Z t .80 

t '70  L2 No2S2 (S) 

No2S21S} 
1.6C I I I I 

0.1 0.2 0.3 0.4 0.5 
XNa 
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Figure 3 shows the results obtained for three such 
experiments s tar t ing with ini t ia l ly different bulk  Na/S 
melt  compositions--Na2S4, Na2S3.45, and Na2S3. The ex- 
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Fig. 3. OCV at positive and negative electrodes as the applied 
voltage across the cathode increased stepwise. 

tent  of the polarization caused within  the cathode ma-  
tr ix can be seen to increase as the applied potential  
IR increases. The positive electrode becomes richer 
in sulfur  (higher OCV with respect to bu lk  melt  equi-  
l ib r ium composition) whereas the negative electrode 
experiences a relat ive Na enr ichment  (lower OCV). 
Stable readings were obtained in most cases in  1-2 
min, al though unstable, rapidly falling values were 
observed at the negative electrode for values of <1.73V, 
indicating a rapidly increasing polarization situation. 

In  repeat experiments,  using presulfided stainless 
steel electrodes instead of plat inum, it was found that 
the dark protective sulfide layer  was removed when 
these OCV measurements  of the melt  at the negative 
electrode was less than 1.73V. 

From Fig. 3 it can be seen that this occurs for ex- 
ample at an applied potential  of 50 mV for a s tar t ing 
composition o1" Na2S~ (OCV ---- 1.78) and at an applied 
potential  of 300 mV for an equi l ibr ium bulk  composi- 
t ion having an OCV of 1.85. 

Thus a relationship exists between corrosion (or 
more exactly corrosion film stripping) of stainless steel 
and high imposed negative potentials. Fur ther  experi-  
ments were carried out using the s ame  apparatus, in  
different modes, in order to relate this fur ther  to actual 
cathode behavior in a working electrode. In this series 
oi experiments one of the Na-containing electrode 
tubes was used as a conventional  Na electrode of a 
Na/S  cell, t ransferr ing Na to and from the cathode 
matrix.  The two p la t inum gauze electrodes were used 
as cathode current  collector and electron potential  
probe, respectively, in at tempts to monitor  electronic 
potentials actual ly developed across a working cath- 
ode. 

The later  stages of a normal  discharge half-cycle 
were studied by connecting a load between electrodes 
1 and 3 and allowing the cathode specimen to com- 
plete a normal  constant current  discharge from an 
init ial  OCV of 1.86. During this discharge the elec- 
tronic potential  difference across the cathode between 
electrodes 2 and 3 was recorded continuously as was 
the change in Na potential  at both the working and 
nonworking electrolyte surfaces. The discharge was 
terminated when a massive decrease in cell voltage 
occurred, leading to a s i tuat ion when a constant cur-  
rent  condition could no longer be maintained.  

Figure 4 shows the actual voltage discharge curve 
between electrodes 1 and 3 s imulat ing normal  cell 
discharge between the sodium electrode and the cell 
case. The monitored Na potential  close to the working 
electrolyte (i.e., potential  1-2) showed only slight de- 
viation from calculated equi l ibr ium OCV values, 
whereas that at electrode 3 changed dramatically,  in-  
dicating rapidly changing Na/S composition at the 
surface of electrode 3. 

The potential  difference monitored across the cath- 
ode 2-3 during this discharge is shown in Fig. 5 
where it can be seen that over most of this range the 
potential  drop is fair ly constant  (,~50 mV),  but  this 
increases rapidly close to the end of discharge, lead- 
ing to the low cell operating voltage. Addit ional  plat i-  
num wire potential  probes, evenly spaced across the 
cathode thickness, confirmed that this rapid nonohmic 
behavior occurred only close to the interface between 
the metal  current  collector and the cathode matrix. It 
is important  to realize that  the polari ty of this devel-  
oped potential  is opposite to that of the cell terminals.  
That  is to say, the cell case is negative with respect to 
the remainder  of the cathode, even though it is the 
positive pole of the cell. It  follows that close to the 
end of discharge the cell case becomes highly nega- 
t ively charged with respect to the sulfur  electrode. The 
previous applied potential  experiments  showed this can 
lead to severe progressive electrochemical corrosion 
(erosion) of the cell case if the extent  of the polariza- 
tion is not controlled. 

Any change in the system which reduces the poten- 
tial developed across the cathode would reduce the 
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Fig. 4. Cell discharge between electrodes 1 and 3 at constant 
current, and sodium potentials monitored at edges of sulfur elec- 
trode. 

polarization and, therefore, any change wi th in  the 
s t ructure  of the cathode which reduces its electronic 
resistance R would be beneficial. The discharge ex- 
per iments  were repeated at different current  densities, 
ini t ia l ly  using electrodes 1-3 and secondly by connect-  
ing electrodes 2-3 in  paral lel  and discharging between 
electrodes 1-2 and 3. One result  obtained is shown in  
Fig. 6 for a current  density of 123 mA cm -2. It can be 
seen that  the paral lel  coupling discharge gives a 
higher operat ing voltage on discharge than the normal  
electrode 1-3 discharge at the same cur ren t  density. 
The IR voltage loss has been decreased-- the  cell re-  
sistance was lower due to the increased electron injec-  
t ion capabilities of electrode 2. The equi l ibr ium OCV 
at which polarization occurred, shown by a rapid 
change in V, was 1.84V for normal  discharge, but  ad- 
vantageously lower at 1.79V for the cathode with the 
addit ional  cur ren t  collector. The effect of coupling elec- 
trodes 2 and 3 is to reduce the potential  difference 
across the cathode extremities to zero and to reduce 
significantly the in te rna l  polarization wi thin  the cath- 
ode. 

If a permanent  change in the cathode s t ructure  is 
contemplated, to reduce corrosion on discharge the 
effect of such a modification on the recharge must  be 
considered. 

The previous exper iment  was repeated for the charge 
half-cycle. It  was found that  when  electrodes 2 and 3 
were connected in parallel,  this was not de t r imenta l  
to the recharge at 50 mA cm -2. 

Having demonstrated practically the conditions un -  
der which polarization can be generated by  apply- 
ing suitable potentials across the cathode specimen 
and by moni tor ing actual potentials developed inher-  
ent ly in a working cathode, it was decided to use the 
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Fig. 5. Potential developed between electrodes 2 and 3 (across 
cathode) during cell discharge at constant current. 
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Fig. 6. Normal cell discharge 1-3, and discharging with elec- 
trodes 2-3 in parallel. 

twin electrolyte cell to study an aged cathode sam- 
ple from a Na /S  cell. 

A radial  segment was cut from a recovered cathode 
of a cell which had apparent ly  lost practically all  of 
its reversible capacity on cell cycling. The specimen 
was well  impregnated and had a th in  b rown crust on 
the outside surface where it had been in contact with 
the steel cell case. The specimen was assembled into 
the cell between electrodes 2 and 3 with the outer sur-  
face against electrode 3 s imulat ing the cell case. 

At 350~ under  a similar compression to that em- 
ployed in the cell, the OCV of the sample monitored 
both with reference to electrode 1 and 4 was 1.87V. 
By connecting an external  load it was possible to dis- 
charge the cathode sample at ~100 mA cm -2 by us-  
ing electrodes 1-2. However, a discharge cur ren t  of 
only 3 mA was obtained when discharge was at tempted 
between electrodes 1 and 3 and this was accompanied 
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by massive polar izat ion-- the  potential  developed across 
the cathode 2-3 rose rapidly to >IV.  

From Fig. 3 one can see that  for such massive po- 
larizat ion to occur on discharge with this init ial  com- 
position and such a low current,  the resistance R in 
the cathode/electrode junct ion must  be very  high. It  
appears that the hard outer crust (probably formed 
via corrosion of the can) has a very high resistance 
to electrons and, furthermore,  its cont inui ty  prevents  
the carbon fibers from contacting the cell Case. 

This was confirmed subsequent ly  by gr inding away 
the hard crust from this and similar  samples and re-  
placing the cathode samples in the cell. T h e  Cathode 
then behaved  normal ly  when discharging with either 
electrode 2 or 3; it cycled readi ly  and developed 
anticipated potentials of only 50-100 mV across the 
cathode. It  appears that  the high resistance to elec- 
t ron flow from the cell case to the cathode mat r ix  had 
been in terpre ted as a capacity loss. In  fact it has now 
been shown that  the charge/discharge capacity of the 
bu lk  of the polysulfide cathode was far from be ing  
exhausted: 

Variable compression of graphite ] e l t .~Al l  the pre-  
viously described experiments  have been carried out  
with a constant degree (25%) of compression of the 
graphite felt compared with its ful ly expanded state. 

In  order to study the effect of the extent  of the com- 
pression used, the compression of the graphite was 
varied from nil  to 50% while the cell was discharged. 
The cell output  and the potential  developed across the 
cathode 2-3 were monitored. 

The cell output  improved and, as can be seen from 
Fig. 7, the potential  across the cathode decreased a s  

the degree of compression was increased. The 50% 
compression led to i rreversible contraction of the 
graphite felt. The developed potential  across the cath- 
ode seems least sensitive to degree of compression at 
levels of 25-33% (i.e., that normal ly  used in  Na/S  
cells). 

It  can be implied that, even at opt imum compres- 
sion, with this cell construction one is going to be 
forced to tolerate potentials of >50 mV close to the 
end of discharge at commonly used current  densities 
of 100 mA/cm 2. This is intr insic  to the graphite felt and 
is addit ional  to potentials resul t ing from corrosion of 
the container. A current  collector of lower resistance 
would be desirable. 

Na/S cell incorporating extra potential probe.--The 
above experiments  were repeated (and extended to 
study the recharge process) in a purpose-buil t ,  tubular  
sodium/sul fur  cell. The cell (Fig. 8) incorporated an 
additional potential  probe wi thin  the cathode con- 
sisting of a wire mesh strapped to the electrolyte tube. 
This probe was insulated from the cell case via a spe- 
cial seal. 

The cell was cycled to establish stable operat ing 
characteristics. It was then  subjected to several dis- 

Fig. 8. Na/S cell incorporating extra cathode potential probe 

charge cycles at different cur ren t  densities dur ing 
wh ich  the actual potential  developed across the cath- 
ode was monitored. The results, shown in Fig. 9, con- 
firm those Obtained earlier with the small  cell; over 
most of the range ohmic behavior  is observed, bu t  a 
sharp rise in cathode potential  difference occurs to- 
wards the end of discharge l imit ing the extent  of con- 
stant  current  discharge available. 

Similar  experiments  on the recharge process were 
then carried out at a var ie ty  of cur ren t  densities (Fig. 
10). It should be noted that the s tar t ing OCV of the 
cell was different in each case. It  can be seen that at 
charging current  densities of up to 130 mA cm -~- the 
monitored potentials across the cathode are approxi-  
mately  ohmic throughout  the ent i re  range. There is 
no tendency for the potential  to rise close to cell po- 
larization on charge; in fact a slight tendency to de- 
crease by a few millivolts is noticed. Charging the 
cell a t  190 mA cm -e caused considerable premature  
polarization of the cell itself, leading to nonohmic 
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Fig. 7. Potential developed across cathode during normal dis- 
charge for varying degrees of compression of the graphite felt. 
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Fig. 9. Electronic potential drop across cathode and cell voltage 
during discharge at different current densities. 
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Fig. 10. Electronic potential drop across cathode and cell voltage 
during charge at different current densities. 

behavior  across the cathode. The shape of the potential  
curve also suggests that it is in some way directly re-  
lated to the cell polarization. 

For all charge current  densities up to 135 mA 
cm -2, some al ternat ive  explanat ion is required for 
the polarizat ion often observed on charge not related 
to the potential  as measured across the cathode. The 
most l ikely explanat ion for this behavior  on recharge 
is the bui ldup of a sul fur  insula t ing  layer  on the sur-  
face of the electrolyte. 

Discussion 
The onset of polarization in  a working cathode has 

been studied in a min ia ture  and an engineered sodium/  
sulfur  cell. It has been shown that over the ent i re  
charge cycle and most of the discharge cycle an AISI 
316 stainless steel cathode current  collector forms a 
protective sulfide layer. Fur thermore,  it is only the 
polarization which occurs at the end of discharge that  
zs ins t rumenta l  in removal  of the protective layer, a 
process which if repeated cont inuously dur ing  each 
cycle leads to severe th inn ing  of the steel. For  such 
high chromium steels as AtSI  316 (17 w/o C r )  the 
pr incipal  pro~ective effect arises from the ~ormation 
of Cr2S3 and the spinel  compound FeCr~S4, through 
which the diffusion of Fe § + is very  much slower than  
either FeS or FeS2. Since it  can be shown that  these 
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chromium phases form only slowly, repeated removal  
of the sulfide film prevents  the formation of a satisfac- 
tory barrier.  

The polarization of a working cathode is p r imar i ly  
a funct ion of the s t ructure  and operat ing conditions of 
the fe l t /mel t  mat r ix  .Any change which can be made 
to reduce a rising potential  difference across the cath- 
ode at the end of discharge will reduce the polariza- 
t ion and hence corrosion. Typical  changes which can 
be made are to lower the effective resistance of the 
matrix,  to use two or more current  collectors electri-  
cally connected, to restrict  the depth of discharge to, 
say, an OCV of 1.85 instead of Na2S~ (OCV 1.78), or 
to reduce the discharge current  close to the end of  
the cycle. In  the event  of restr ict ing the depth of dis- 
charge one would have to assess the pena l ty  of an im-  
mediate  loss in capacity in i t ia l ly  compared with a 
higher init ial  capacity which decreased at a much 
faster rate. The operation of a Na/S cell in  which all 
of the above-ment ioned variables were changed favor-  
ably led to a considerably reduced capacity loss in  200 
cycles from 50% to ~10%. 

Whether  sufficient improvement  can be achieved for 
steel to be used in an unprotected state as a cathode 
current  collector remains to be seen. If protective coat- 
ings are found to be necessary such control of oper-  
at ing conditions may still be necessary if the coatings 
do not provide 100% protection over the entire life 
of the battery.  

Manuscr ipt  submit ted Dec. 1, 1977; revised m a n u -  
script received May 8, 1978. 

Any  discussion of this paper, will  appear in  a Discus- 
sion Section to be published in the June  1979 JOURNAL. 
All discussions for the June 1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 
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The Behavior of the Zinc Electrode 
in Alkaline Solutions 

I. The Effect of Ionic Strength at the Equilibrium Potential 

T. P. Dirkse* 

Calvin College, Grand Rapids, Michigan 49506 

ABSTRACT 

The exchange current  densities of the zinc electrode in KOH solutions 
were determined under  a variety of conditions. Special a t tent ion was given to 
the total ionic s t rength of the solutions. While the exchange current  density 
does depend on the total ionic s t rength of the solution, there is no evidence 
t'hat the water  molecule enters directly into the electrode reaction. Instead, 
the ionic s t rength appears to influence the mobil i ty of the reacting species an d  
in  this way modifies the exchange current  density. 

Previous work on the de terminat ion  of the exchange 
current  density for the zinc electrode in strongly a lka-  

* Electrochemical Society Active Member. 
Key words: electrolyte, electrode, current density, kinetics. 

l ine solutions showed that  this electrode process was 
sensitive to the icmic s t rength of the electrolyte (1). 
It was suggested at that t ime that his sensit ivity could 
account for the ma x i mum observed in  the io vs. KOH 
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concentrat ion data. It was also suggested that  this 
sensit ivi ty indicates that  water  plays a role in the 
zinc-electrode processes al though the role of the water  
could not be unequivocal ly  determined. 

The present  work is a report  on a fur ther  and more 15(: 
systematic invest igat ion of the effect of the ionic ? 
s trength of the electrolyte on the zinc-electrode proc- E 
esses in an effort to determine more precisely the ,~ 
role of the water  molecule in these processes. This E IO0 
study is l imited to the behavior of the zinc electrode .=_ 
near  the equi l ibr ium potential.  A later  report  will  . ._o 

deal with the effect of ionic s t rength on the zinc-elec- 
trode processes in the Tafel region. 

5o 
E x p e r i m e n t a l  

Stock solutions of KOH, KOH Jr Zn( I I ) ,  and KF  
were prepared by using analyt ical  grade solids and 
doubly distilled deionized water. The Zn( I I )  was in-  
troduced by dissolving ZnO in a KO.H solution. These 
stock solutions were then used to prepare the working 
solutions. This was done by taking prescribed volumes 
of the stock solutions and quant i ta t ive ly  di lut ing them. 
The ionic s t rength of the solutions was controlled by 
the addition of KF or other indifferent electrolytes. 

The exchange current  densities were measured gal- io 
vanostat ical ly by obtaining ~1 -- i data wi th in  7 mV 
of the equi l ibr ium potential  (2). All  work was carried ,, I00 
out at room temperature,  21 ~ + I~ E m r 

Results and Discussion E 
The results that were obtained are shown in Fig. 

1-4. At lower ionic strengths, Fig. 1, it was possible to 50 
use indifferent electrolytes other than  KF, but  at 
higher ionic strengths only KF  was sufficiently solu- 
ble to obtain the desired ionic concentrations. Con- 
sequently, the ionic s t rength was main ta ined  with KF. 
This has the added advantage that  the F -  and O H -  
ions are isoelectronic and thus l ikely have similar  hy-  
drat ion numbers.  Figures 3 and 4 show the effect of 
varying ionic s t rength at constant  O H -  ion concen- 
trat ion:  Figure 3 shows the effect on that  part  of the 
curve where io is increasing with increasing KOH 
concentration, while Fig. 4 shows the same effect on 
that par t  of the curve where io decreases as the KOH 
concentrat ion increases. 

Because the O H -  ion and the Zn( I I )  concentrat ion 
were held constant in a given series of solutions and 
because the zinc electrode was 99.999% pure, a plot 
of log io vs. log ~ should give a l ine whose slope is '~ E 
the reaction order with respect to the ionic strength, o 
Such a plot of the data in Fig. 4 is given by the solid 
l ine on Fig. 5. The slope of this l ine is --1. I t  is ,. 
tempt ing to ascribe this to the influence of water  on - 
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Fig. 1. Exchange-current densities of the zinc electrode in solu- 
tions of 3M total ionic strength. 
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Fig. 2. Exchange-current densities of the zinc electrode as a 
function of O H -  ion concentration at room temperature. 
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Fig. 3. Exchange-current densities of the zinc electrode as a 
function of total ionic strength with low O H -  ion concentration. 
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Fig. 4. Exchange-current densities of the zinc electrode as a 
function of total ionic strength with high O H -  ion concentration. 

the electrode reaction. However, because of the un -  
certainty of the relationship between the ionic s t rength 
of the solution and the activity of the water, the exact 
significance of this result  is in doubt. 

An al ternate  way of approaching this is to assume 
that the activity of water  is a funct ion of the ionic 
s t rength of the solution. Then it may be possible to use 
the data for the activity of water  in KOH solutions 
(3). If it assumed fur ther  that the activity of water  
in KOH solutions is the same as that in KOH + KF 
solutions having the same ionic s trength then the 
dashed line in Fig. 5 represents the log io -- log aH2o 
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Fig. 5. Plot to determine the reaction order of the ionic strength 

relationship. In  this case the slope of the line is 0.54. 
These results indicate that  the water  molecule does 
play a role in  the zinc-electrode process at equil ib-  
r ium but  the precise na tu re  of this role cannot be as- 
signed from this information.  

Moreover, a log io vs.  log ~ plot for the data in  
Fig. 3 gives a l ine with a slope of zero. Obviously, it 
is necessary to assume that the effect of ionic s t rength 
(and perhaps the role of the water  molecule) depends 
on whether  one is considering the region of ascending 
or descending io in Fig. 2. 

Solutions about 3-5M in KOH appear to be some 
sort of watershed so far as the characteristics of KOH 
solutions are concerned. In solutions less than about 
3M the activity coefficients of the O H -  ion are less 
than  one, but  become larger than  one at concentra-  
tions greater than 3M (3). Also, a solution that  is 
about 3M in KOH appears to separate those solutions 
for which the specific conductance increases with in-  
creasing pressure and those for which the specific con-  
ductance decreases with increasing pressure (4). Lown 
and Thirsk account for this by suggesting that  the 
mechanism of specific conductance is twofold: a hy-  
drodynamic and a pro ton- t ransfer  mechanism. The 
lat ter  requires so-called "unbound" or "free" water  
molecules, i.e., water  molecules not dominated by 
proximity to an ion. As the ionic s t rength increases 
there are more ions, fewer "free" water  molecules, and 
the pro ton- t ransfer  mechanism makes a smaller  con- 
t r ibut ion to the specific conductance of the electrolyte. 

Using this suggestion of Lown and Thirsk for the 
solutions described on Fig. 1 then, as a first approxi-  
mation, the amount  of "free" water  molecules should 
be the same for all the solutions because all have the 
same ionic strength. Then any change in  the exchange 
current  density on Fig. 1 is most l ikely due to the 
change in the concentrat ion of the O H -  ion. Even 
when the total ionic s t rength is 10M, io increases with 
O H -  ion concentration,  Fig. 2. 

The decrease in exchange current  density, Fig. 4, 
could be a t t r ibuted to a decrease in  the amount  of 
"free" water. However, if that  is the cause then  a de-  
crease in io should also have been observed on Fig. 3. 
The fact that  this is not observed s trongly suggests  
that  the water  molecule is not directly involved in  the 
electrode reaction. This is fur ther  substant idted by 
the fact that  when water  was used as the electrolyte, 
the current  flow was ext remely  small  (less than  10-4 A 
cm -2 for overpotentials up to 400 mV).  Fur ther ,  prac-  
t ically no current  could be obtained up to overpoten-  
rials of 235 mV in a 6.12M KF solution, indicat ing that  
nei ther  the K + ion nor  the F -  ion was a contr ibutor  
to the exchange reaction in any  of these solutions. 

It  appears from all this that  io for the zinc electrode 
does depend on the O H -  ion concentrat ion and not 
on the water  molecule directly. However, in some way 
the effect of changing ionic s t rength masks  the effect 
of the O H -  ion concentration. 

A reasonable explanat ion for this is suggested by  
the work of Lown and Thirsk (4). An increase in  
ionic s t rength causes a decrease in  the amount  of "free" 
or "unbound" water. This also means a decrease in  the 
mobil i ty  of the O H -  ion and a decrease in  the ex-  
change current  density if the O H -  ion is direct ly in -  
volved in the exchange reaction. 

Comparing Fig. 3 and 4, it  is obvious that  when the 
O H -  ion concentrat ion is held constant, the effect of 
changing ionic s t rength is different for solutions in  
which io is increasing with KOH concentration, Fig. 3, 
than for solutions in  which io is decreasing with in -  
creasing KOH concentration, Fig. 4. For the solutions 
represented in Fig. 4 the concentrat ion of KOH is 
such that  there is relat ively li t t le "unbound" water  
and hence the effect of increasing ionic s t rength on 
decreasing the mobil i ty of the O H -  ion is the domi- 
nant  factor. On the other hand, the solutions repre-  
sented on Fig. 3 are those for which the concentrat ion 
of "unbound" water  is larger and the effect of in -  
creasing ionic s t rength on the mobil i ty of the O H -  
ion is not large enough to mask the effect of the O H -  
ion on the electrode process. Furthermore,  as the ionic 
s t rength increases to about 4M, Fig. 3, the results be-  
come more erratic, suggesting that in this region the 
effect of ionic s t rength is beginning to make itself felt. 

Conclusions 
The water  molecule does not take par t  directly in  

the zinc-electrode process at the equi l ibr ium poten- 
tial. The reaction does involve the O H -  ion and as the 
concentrat ion of this ion increases, so does io. How- 
ever, the ionic s t rength does determine the concentra-  
tion of "free" water  molecules in  the solution and 
as this concentrat ion of "free" water  decreases, the 
mobil i ty of the OH- '  is also decreased resul t ing in a 
decreased exchange-current  density. This becomes sig- 
nificant and increasingly dominant  in KOH solutions 
more concentrated than about 3-5M. 

As a practical matter,  then, any  effort to determine 
the role or reaction order of the species involved in the 
electrode reaction should give careful consideration to 
the ionic strengths of the electrolytes that are used. It  
would be well to carry out such work at constant ionic 
s t rength to minimize the effect of changing concentra-  
t ion of "free" or "unbound" water  molecules on the 
mobil i ty of any reacting species. 
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Localized Corrosion on Slip Steps of 
Aluminum Straining 

I. A. Maier and J. R. Galvele* 
ComisiSn Nacional de Energia AtSmica, Departamento de Materiales, 

Av. Libertador 8250, Buenos Aires, Argentina 

ABSTRACT 

The init ial  steps of localized corrosion of a luminum strained in  a g g r e s s i v e  
solutions were studied by electron microscopy of oxide replicas. A l u m i n u m  
samples were strained at a constant potential  in the following deaerated solu- 
tions: 1M NaC1 (pH 7) ; 4M NaC1 (pH 11) ; and 1M NaNO8 (pH 7). No pit t ing 
was found on the a luminum strained in those solutions below the pit t ing po- 
tential;  the slip bands showed the same substructure  as that found on a lumi-  
n u m  strained in air. At, and above, the pit t ing potential, pi t t ing was f o u n d  
on  the surface of the strained a luminum. Pi t t ing nucleated on the whole 
surface in neut ra l  NaC1 solutions. In 4M NaC1 solution (pH 11) and in  1M 
NaNO~ solution pit t ing nucleated preferent ia l ly  on the slip bands, leading to 
semicylindrical  pits. It was also concluded that mechanical  film breakdown 
is  not  a sufficient condition for pit initiation. Another  process, such as localized 
aci.dification, must  be assumed to explain pit in i t ia t ion at p i t t i n g  po tent ia l .  

Pit t ing is a form of very localized corrosion found 
on corroding metal  surfaces. From a mechanistic point 
of view, three different types of pi t t ing have been de- 
scribed (1). They are: (i) electrochemical depassiva- 
tion, which appears in neut ra l  and alkal ine solutions 
and is characterized by the existence of a pi t t ing po- 
tential;  (ii) chemical depassivation, which is observed 
main ly  in acid solutions and in which no pit t ing po- 
tential  is found; and (iii) HCl-stainless steel type, 
which is observed in acid solutions and which shows 
a pi t t ing ~otential, but  this potential  is not affected by 
alloying elements as is the case with electrochemical 
depassivation. 

The pit t ing ini t ia t ion process in electrochemical de- 
passivation could follow different paths, and there is 
no clear descripLion yet about the detailed mechanism 
of pit initiation. In one l ine of thought (2, 3) it is 
considered that  a very impor tant  step for pit in i t ia-  
t ion is the contaminat ion of the oxide film by the ag- 
gressive anions. This contaminat ion increases the con- 
ductivi ty of the oxide film, leading to enhanced local- 
ized dissolution (pit t ing).  On the other hand, several 
authors (4-7) have suggested that  the oxide film 
acts as an inert  barr ier  with no effect on the mecha- 
nism of pit t ing. According to them pit t ing starts either 
at flaws already in the oxide film (4, 5) or at defects 
result ing from a continuous process of passivity break-  
down and repassivation (1, 6-8). 

Since the existence of such flaws or defects is ques- 
tioned by  some authors (2,9), in the present  work 
those flaws were produced by s t ra ining the metal, so 
as to study the changes observed on the metal  surface 
by electron microscopy. The metal  chosen was a lumi-  
num, which carries an a i r - formed oxide film of the 
order of 2.5 • 10-gm (9). Thomas and Nutt ing (10) 
have shown that plastic deformation of annealed alu-  
m inum produces various kinds of slip bands contain-  

* Electrochemical Society Active Member. 
Key words: metals, anode, SEM, dissolution. 

ing slip steps at least 6 • 10-Sm high. Since the alu-  
m i num oxide film is very fragile (11), in deformation 
the film breaks easily, and the bare metal  is exposed 
to the solution. 

NaC1 solutions and NaNO3 solutions were chosen as 
aggressive media because a luminum shows a big dif- 
ference in  the rate of pit nucleat ion and in pit mor-  
phology in those solutions. In neut ra l  1M NaC1 solu- 
tions pit t ing nucleates very easily, and the pits de- 
velop the {100} crystallographic planes (12). In  4M 
NaC1 solution, pH 11, hemispherical  pits have been 
reported (13). Hemispherical  pits have also been 
found when a luminum is exposed in NaNO3 solutions 
above the pit t ing potential  (12). Pi t t ing of a luminum 
in NaNO~ solutions was found to develop more slowly 
than in neut ra l  NaC1 solutions, and it was also re- 
ported to be accelerated by s t ra ining the metal  (6). 
The pit t ing potential  of s t ra ining a luminum,  in  both 
solutions, was found to be equal to the pit t ing poten- 
tial of static a luminum. From potentiostatic s t raining 
experiments  Wexler  and Galvele (6) concluded that 
semicylindrical  pits should be formed on the slip steps 
of a luminum strained in  NaNO~ solutions. No direct 
proof of such supposition had been so far available. 

During the present  work no pi t t ing was found to 
nucleate on a luminum strained in aggressive solutions 
at potentials below the pit t ing potential. Pits were 
observed only at, or above, the pit t ing potential. It w a s  
concluded that the mechanical  breakdown of the pas- 
sive film was not a sufficient condition for pit ini t ia-  
tion, and that some electrochemical reaction should be 
assumed to take place at the pit t ing potential. 

Experimental 
Coupons 11.0 • 0.6 cm were cut from a 1 mm thick 

sheet of 99.99% aluminum. The coupons were pickled 
in a 10% NaO,H solution, r insed with a 10% HNO3 so- 
lution, washed with distilled water, and dried. The 
coupons were annealed for 1 hr at 600~ o b t a i n i n g  
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samples with about 1 mm diam grain size. Before be- 
ing strained, the specimens were electrolytically pol- 
ished for 8 hr in a 90% Butilcellosolve plus 10% per-  
chloric acid solution, at 28V and 0~ A metall ic cell 
(14) in te rna l ly  l ined with cured epoxy resin was used 
for the straining~ experiments.  The joints between the 
parts of the cell and between the sample and the cell 
were sealed with silicon rubber  gaskets. A p la t inum 
wire was used as a counterelectrode inside the cell, 
and the electrode potential  was measured through a 
Luggin capillary. 

The potential  was measured against  a saturated calo- 
mel  electrode for the chlor ide-containing solutions, 
and against a saturated mercurous sulfate reference 
electrode for the NaNO3 solutions. All  the potentials 
are reported in the normal  hydrogen electrode scale 
(N-HE). The solutions were prepared with analyt ical -  
grade reagents and distilled water  and were deaerated 
with 99.99% nitrogen. The measurements  were per-  
formed at room tempera ture  (20~ The solutions 
used were neut ra l  1M NaC1 solution, 4M NaC1 solu- 
t ion (pH 11), and neut ra l  1M NaNO3 solution. The 
alkal inizat ion of the 4M NaC1 solution was performed 
by addit ion of a NaOH solution. No buffers were used 
for these solutions. 

The cell containing the sample was mounted  on a 
s t ra ining machine and connected to a reservoir  con- 
ta in ing the test ~olution. Nitrogen was bubbled  through 
the solution and the cell unt i l  deaerat ion was com- 
pleted (about 90 rain).  Then the solution was let into 
the cell and the samples were polarized with a Tacussel 
PRT-20-2X potentiostat  at a potential  in  the passive 
zone unt i l  the anodic current  reached a quasistat 'ion- 
ary  value. Then  the potential  was switched to the de- 
sired value and the specimen was strained at a s t r a i n  
rate of 5 % / m i n  and up to a total elongation of 10%. 

In  separate experiments  the pi t t ing potential  of 
the samples in the different solutions was measured. 
The measurements  were performed by increasing the 
potential  in steps of 20 mV and recording the current  
unt i l  a quasis tat ionary state was reached. 

The corrosion morphology of the strained samples 
was studied by means of a luminum oxide replicas. The 
replicas were prepared (15) by anodizing the cor- 
roded samples in a 3% tartaric acid solution, par t ia l ly  
neutral ized with ammonium hydroxide, to p i t  5.5. 
Good oxide replicas were obtained by  anodizing the 
samples for 20-30 min  at 28-30V. The surface of the 
anodized samples was scratched to obtain oxide rep-  
licas of the size of the grids for the electron micro- 
scope. The scratched samples were immersed for 1 
min  in a saturated mercurous chloride solution, washed 
with alcohol, and immersed in distilled water  unt i l  the 
oxide replicas were detached from the metal  surface. 
The oxide replicas were washed in  a 10% HC1 solu- 
tion, then in distilled water, and finally in alcohol. The 
oxide replicas were observed either in a Philips EM 300 
electron microscope or in  a Hitachi HK-3AM electron 
microscope. 

The profile of some of the corroded slip bands was 
measured by electron-stereomicroscopic techniques 
(16). By t i l t ing the oxide replicas in the electron 
microscope, two pictures with a t i l t ing angle differ- 
ence of 12 ~ were taken. These pictures were taken to 
a Hilger Watts SB 190 stereoscope, and from the par-  
allax difference, the t i l t ing angle, and the magnifica- 
tion, the depth profile in  the pictures was calculated. 

Fig. 1. Slip band substructure on aluminum strained to 10% 
elongation in air. Oxide replica observed by transmission electron 
microscopy. 

those bands was too small to be resolved by the oxide 
replica technique. By stereoscopic observat ion a 
smooth slope change is found on the sample surface 
across the slip band. 

A l u m i n u m  strained in pH 7, 1M NaCl solution.-- 
The pit t ing Potential measured for a luminum in de- 
aerated 1M NaC1 solution, pH 7, was found to be 
-0.53V. No pit t ing was observed on samples exposed 
for 5 hr at  --0.70, --0.65, and --0.57V. At these three 
potentials the current  densi ty remained below 10 -6 
A /cm ~ dur ing the experiments.  

For the electron-microscope observations, a l uminum 
samples were strained in  the NaC1 solution at the fol- 
lowing l:otentials: --0.60, --0.57, --0.55, --0.53, --0.50, 
and --0.48V. At least two samples were s t rained at 
each potential. 

The samples s trained below the pit t ing potential  
showed a slip band s t ructure  similar  to that  found on 
a i r -s t ra ined a luminum.  The main  difference between 
the a i r -s t ra ined samples and the samples s t rained in 
1M NaC1 solution, below the pi t t ing potential, was the 
part ial  disappearance of the slip l ine substructure,  
Fig. 2. While 50% of the slip bands showed slip lines 
on the a i r -s t ra ined samples, only 10% of the slip bands 
showed those lines on the a luminum strained in NaC1 
solutions below the pi t t ing potential.  One possible ex-  
planat ion is that the oxide film formed in NaC1 solu- 
tions is thicker than the air formed film; therefore the 
slip line microstructure  would be not so clear as in  
the a i r -s t ra ined samples. No evidence of corrosion was 

Results 
Air-strained aluminum.--Figure 1 shows the elec- 

tron micrograph of a sample strained to 10% elonga- 
tion in air. Slip bands were found on the strained 
samples. The sl ip- l ine subst ructure  of the slip bands, 
as described by Thomas and Nut t ing (10), was found  
on about 50% of the observed slip bands. No slip lines 
could be resolved on the remain ing  50% of the slip 
bands. The absence of resolution of slip lines is prob- 
ably due to the fact that  the slip l ine separat ion in 

Fig. 2. Slip band substructure on aluminum strained to 10% 
elongation in deaerated 1M HaCI solution, below the pitting po- 
tential (E ~ --0.55V). Oxide replica observed by transmission elec- 
tron microscopy. 
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found on the  sl ip bands of the  samples  s t ra ined  in 
NaC1 solutions be low the p i t t ing  potential .  No pi t t ing  
was detected on the meta l  surface either.  Besides, the  
stereoscopic observat ions  gave the same profiles as 
those found on the a i r - s t r a ined  samples. 

At  a potent ia l  30 mV above the p i t t ing  poten t ia l  
some areas  of the  samples  showed in tens ive  pit t ing,  
as in Fig. 3. Other areas  showed a d isappearance  of the 
slip l ines on the slip bands,  suggest ing a fu r the r  th ick-  
ening of the oxide  film. At  h igher  potent ia ls  intense 
a t tack  was observed on the  slip bands  and on the 
whole surface of the  samples.  

Aluminum strained in 4M NaCl solution (pH 1 1 ) . -  
As repor ted  by Kaesche (13), the  p i t t ing  potent ia l  of 
a luminum in~ 4M NaC1 solut ion (pH 11) is --0.56V, 
and the pits  have  a hemispher ica l  shape. S t ra in ing  ex-  
periments ,  most  of t'hem by duplicate,  were  pe r fo rmed  
at  the fol lowing potent ials :  --0.60, --0.58, --0.56, --0.54, 
--0.52, and --0.50V. 

Specimens s t ra ined  be low the p i t t ing  potent ia l  d id  
not  show localized corrosion. Beginning at the  p i t t ing  
potential ,  and up to a potent ia l  40 mV above, the  a t -  
tack took the shape of hemispher ica l  pits  and was lo-  
calized main ly  on the slip bands (Fig. 4 and 5). At  
h igher  potent ia ls  p i t t ing  was more  extens ive  and w a s  

localized also outside the  slip bands. The pi t t ing  local-  
ization on the  slip bands  at  potent ia ls  close to the p i t -  
t ing potent ia l  confirms previous observat ions  made  by  

Fig. 5. Semicylindrical pits on slip bands of aluminum strained to 
10% elongation in deaerated 4M NaCI solution (pH 11), above the 
pitting potential (E ~-- --0.52V). Metallized plastic replica ob- 
served by scanning electron microscopy. 

Fig. 3. Generalized pitting distribution on aluminum strained to 
10% elongation in deaerated 1M NaCI solution, above the pitting 
potential (E ---- --0.50V). Carbon replica observed by scanning 
electron microscopy. 

Galvele  et al. (12). According to these authors,  when  
s t ra in ing a luminum in 4M NaCl solutions (pH 11) the  
cur ren t  densi ty  increase  fol lowed a square  root  law. 
This was in te rp re ted  as the resul t  of nuclea t ion  of 
hemispher ica l  pits on the slip bands, leading to semi-  
cy l indr ica l  pits. The microscopical  observat ions  made  
in the  present  pape r  confirm such supposition. 

Aluminum strained in a neutral 1M NaNO~ solution. 
- - T h e  pi t t ing  potent ia l  of a luminum in 1M NaNOs so- 
lution was found to be 1.70V, in agreement  wi th  p re -  
vious publ icat ions  (6). Samples  exposed for 2 h r  at  
1.69V did not  show pi t t ing  when  observed under  the  
opt ical  microscope. There  was no p i t t ing  e i ther  on 
samples  exposed up to 5 hr  at  1.0 and 1.5V. On the 
o ther  hand, p i t t ing  was found on samples  exposed for  
2 h r  at  1.71 and 1.74V. 

S t ra in ing  exper iments  were  pe r fo rmed  at  leas t  twice 
in neu t ra l  1M NaNO~ solutions at  the  fol lowing po-  
tentials:  1.69, 1.72, 1.74, 1.78, 1.79, 1.80, and 1.84V. The 
surface morpho logy  of the  samples  s t ra ined at  a po-  
tent ia l  below the pi t t ing  potent ia l  was s imi lar  to tha t  
observed on a i r - s t r a ined  samples,  Fig. 6. Above the 

Fig. 4. Incipient hemispherical pits on slip bands of aluminum 
strained to 10% elongation in deaerated 4M NaCI solution (pH 11), 
at the pitting potential (E ---- --0.56V). Oxide replica observed by 
transmission electron microscopy. 

Fig. 6. Slip band substructure on aluminum strained to 10% 
elongation in deaerated 1M NaNO3 solution below the pitting 
potential (E ~ 1.69V). Oxide replica observed by transmission elec- 
tron microscopy. 
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pi t t ing  potent ia l  and up to 1.80V, a d i sappearance  of 
the  sl ip steps f rom the  slip bands  was observed and 
incipient  corrosion was detected on the slip bands.  At  
1.84V intensive pi t t ing  was found on the  slip bands,  
Fig. 7, 8, and 9. No p i t t ing  was detected outside the  
slip bands.  The  extens ion of the  p i t t ing  on the s l ip 
bands  was not equal  on a l l  the  bands,  and three  di f -  
fe rent  degrees of a t tack  could be detected.  Abou t  20% 
of the  slip bands showed extensive,  semicyl indr ica l  pits  
along the  bands,  Fig. 7 and 8. Ano the r  20% of the  slip 
bands showed smal l  hemispher ica l  pits, Fig. 9. The 
r ema in ing  60% of the slip bands  showed a rough sur -  
face and an absence of slip l ines Fig. 9. 

By s te reomicrographic  observat ion  deep grooves 
were  observed along the p i t ted  slip bands.  The semi-  
cy l indr ica l  pits appear  to be the resul t  of hemispher i -  
cal pits  tha t  merge  into a single semicyl indr ica l  pi t  
af ter  nuclea t ing  on a slip band.  

Discussion and Conclusions 
The present  work  confirms the assumptions made  by  

W e x l e r  and Galvele  (8) tha t  semicyl indr ica l  pits a re  
formed on a luminum when  s t ra ined  in NaNO8 solu-  
tions. 

The presen t  resul ts  a re  also r e l evan t  from the point  
of v iew of the mechanism of pi t t ing.  The s t ra in ing  of 
a luminum in NaC1 solutions and in NaNO8 solutions 
be low the p i t t ing  potent ia l  produces  a slip band sub-  
s t ruc ture  s imi lar  to tha t  found on a i r - s t r a ined  a lu -  

Fig. 7. Semicylindrical pits on slip bands of aluminum strained to 
10% elongation in deaerated 1M NaNO~ solution above the pitting 
potential (E = 1.84V). Oxide replica observed by transmission 
electron microscopy. 

Fig. 8. Semicylindrical pits on slip bands of aluminum strained 
to 10% elongation in deaerated 1M NaNO3 solution above the 
pitting potential (E = 1.84V). Oxide replica observed by trans- 
mission electron microscopy. 

Fig. 9. Incipient hemispherical pits on slip bands of aluminum 
strained to 10% elongation in deaerated 1M NaNO3 solution above 
the pitting potential (E = 1.84V). Oxide replica observed by 
transmission electron microscopy. 

minum. Except  for the effects a t t r ibu ted  to film th ick-  
ening, no other  changes were  found on the s t ra ined  
metal .  No evidence of local ized corrosion was found. 
The nucleat ion of pits  could be  seen only  above the 
p i t t ing  potent ial .  Above the  p i t t ing  potent ia l  under  
condit ions of easy pi t  nucleat ion,  as wi th  a luminum 
in NaC1 solutions, pits nuclea ted  on al l  the  meta l  su r -  
face. Under  condit ions of difficult pi t  nucleat ion,  on 
the  other  hand, as is the  case wi th  a luminum in NaNO8 
solutions, pi ts  nuclea ted  p re fe ren t i a l ly  on the  sl ip 
bands.  

The absence of p i t t ing  on the  s t ra ined  meta l  be low 
the pi t t ing  potent ia l  was also repor ted  for  z i rconium 
in NaC1 solutions (17, 18). I t  was observed tha t  the  
z i rconium oxide film, b roken  by  s t ra in ing  be low the 
p i t t ing  potent ial ,  was r e fo rmed  by  repassivat ion.  The 
same conclusions were  reached th rough  sur face-  
scra tching techniques on zinc (7),  cadmium (19), i ron  
(20), and nickel  (20). When  the meta l  was scra tched 
at  a potent ia l  below the p i t t ing  potential ,  r epass iva -  
t ion of the  scratched surface was found. Only at  po-  
tent ia ls  above the p i t t ing  potent ia l  pi ts  were  nucleated.  

I t  is concluded tha t  mechanical  film breakdown,  
even in the presence of aggressive anions is not  a 
sufficient condit ion for pi t  ini t iat ion.  Assuming  the  
presence of flaws in the  film, as suggested b y  Wood 
and co-workers  (4, 5), or  the  exis tence of a cont inu-  
ous process of film breakdown,  as suggested b y  o ther  
authors  (1, 6-8) the  fact must  be accepted tha t  at  the  
p i t t ing  potent ia l  there  is some elect rochemical  change 
at  the  meta l - so lu t ion  interface  tha t  leads f rom repas-  
s ivat ion to localized corrosion. As shown in other  pub-  
l icat ions (1, 6, 7, 21) the  condit ions for p i t t ing  in i t i a -  
t ion and propaga t ion  are  re la ted  to the  appearance  of 
localized acidification on the meta l - so lu t ion  interface.  
When  a meta l  is s t ra ined  be low the p i t t ing  potent ial ,  
no localized acidification can take  place on the bare  
metal .  In  this case only repass iva t ion  wil l  take  place. 
At  the  p i t t ing  potent ia l  and above, localized acidifica- 
t ion is fo rmed on the ba re  me ta l  sur face  and the r e -  
pass ivat ion process is hindered,  l ead ing  to localized 
corrosion. 
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Photopotentials on Copper and Copper Alloy Electrodes 
Ugo Bertocci* 

National Bureau of Standards, Metallurgy Division, Washington, D.C. 20234 

ABSTRACT 

The effect of white light illumination on the current-potential relation- 
ships of pure copper and of Cu-Ni and Cu-AI alloys in neutral solutions was 
examined, both under  galvanostatic and potentiostatic conditions. The r e -  
sulks oatained show that the photoresponse is only weakly affected by the 
addit ion of alloying elements to copper, but  that it is influenced by the method 
of formation of the oxide film on the metal  surface. Depending on whether  
or not the Cu20 film was formed by reaction with a copper solution, the am- 
pli tude of the signal response could be strongly affected and the sign of the 
photopotential  at open circuit reversed, indicat ing a change in  the na tu re  of 
the major i ty  carriers. Polarization of the electrode can also vary  the photo- 
response, but  its rapid following of the potential  does not support  the view 
that the s tructure of the oxide film is altered. Impedance measurements  on 
electrodes under  i l luminat ion  and in  the dark indicate that  the charge- t rans-  
fer reactions, ra ther  than  the resistivity of the oxide film, are affected by 
light. 

Photo~otentials have been used in corrosion research 
in order to obtain informat ion on the na ture  and char-  
acteristics of surface films, main ly  oxides, which are 
often formed on metals in  a corrosion env i ronment  (1, 
2). Such studies have been carried out under  galvano- 
static or potentiostatic conditions and from the var ia-  
tions in photoresponse, conclusions were d rawn on 
changes in the properties of the surface film with elec- 
trode potential  or as a consequence of the adsorption 
of corrosion inhibitors, and correlations made with 
changes in corrosion resistance. 

The present  s tudy was under t aken  to invest igate 
t h e  usefulness of photopotential  measurements  as a 
tool in  corrosion research by s tudying the effects of 
alloy composition and different methods of producing 
the surface films. 

In  this work the materials investigated were pure 
copper and some copper alloys in  the presence of an 
oxide film. Copper was chosen because informat ion 

�9 Electrochemical Society Active Member. 
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is available on its oxide films (3) and because the 
photosensitivity in the visible light range is such that 
the measurements  are simplified. 

Experimental Methods 
The experiments  were carried out on electrodes of 

pure Cu and Cu alloys prepared by casting with 10 and 
30 atom percent  (a/o) of Ni and with 6% A1. All of 
these alloys are single phase. The electrodes in the 
form of disks 1-2 cm diam and about 1 cm thick were 
embedded in lucite, so as to leave only a flat circular 
surface exposed to the solution. Electrical contact was 
made through a threaded stainless steel rod in a glass 
tube with a Teflon gasket (4). The electrode surface 
was mechanical ly polished. 

The solutions used in this work were 0.25M sodium 
acetate, at pH 5 and 8, the same solution plus 0.0iM 
copper acetate with a pH adjusted to 5, and a 1:1 mix-  
ture  of saturated H3BO3 and Na2B407 with a pH close 
to 8. Some experiments  were also carried out in  a solu- 
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t ion 0.1M both in potassium ferro- and ferr icyanide 
plus 0.2M sodium acetate, at pH close to 8. 

Measurements  were taken  on electrodes covered by 
the oxide film formed by exposure to the solution un -  
der study, or on electrodes which prior to in t roduc-  
t ion in the cell were immersed for various lengths of 
t ime in  neut ra l  (pH _~ 5) copper acetate solution. By 
this t rea tment  a re la t ively thick layer  of Cu20 is 
formed by attack of the metall ic copper on the part  of 
the Cu + + ions in solution. 

Copper acetate was chosen over other salts because 
the oxide film formed in this solution is more uniform 
and adherent  than  that  formed in the presence of other 
anions (5). However, films formed in  neut ra l  copper 
sulfate and ni t ra te  did not show significant differences 
in the l ight response, as s h o w n  in Fig. 1. 

The light source was a tungs ten- iodine  lamp. The 
l ight  entered the cell through a Pyrex window and 
traversed about 2 cm of solution before s tr iking the 
electrode. The light in tensi ty  on the electrode surface 
was found to be approximately  150 mW/cm 2, as mea-  
sured by put t ing a l ight power meter  in the place of 
the cell. The light could be modulated by means of a 
rotat ing wheel with a slot. The f requency of rotat ion 
could reach about  50 Hz. The angular  width of the 
slot was 12 ~ giving a duty cycle (t ime of i l luminat ion  
over period of rotat ion)  of 1/30. 

The cell, except for the flat window, was of conven-  
t ional design, with provisions for control l ing the atmo- 
sphere. St i rr ing was accomplished by means of a mag-  
netic stirrer. The Pt  counterelectrode was separated 
from the electrode compar tment  by a coarse glass 
frito The cell was fitted with two reference electrodes, 
a saturated calomel electrode (SCE) which was used 
in  most instances, and a Pt  sheet electrode, employed 
when low impedance was necessary to prevent  exces- 
sive noise pickup. 

Measurements  were carried out both under  current  
and potent ial  control. In  a n u m b e r  of experiments,  a 
small  (a few #A/cm 2) constant  a-c current  was super-  
imposed on the constant  d-c current  and the a-c volt-  
age across the electrode monitored with a t racking 
generator. When both the real and the imaginary  par t  
of the a-c impedance were measured, a lock- in  ampli-  
fier was used. 

Exper imenta l  Results 
Light response as a function of the method of oxide 

film preparation and of electrode potentiaL--The most 
impor tant  parameter  in de termining  the photoresponse 
of the electrode was found te  be the method of prepa-  
ra t ion of the oxide film. When the electrode was im-  
mersed in  copper acetate prior to the measurements  
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Fig. 1. Potential under illumination vs .  potential in the dark for 
various electrodes with Cu20 film formed in different copper solu- 
tions. Measurements taken in 1:1 H3BO~-Na2B40~. 
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(or if the measurements  were taken  in copper acetate),  
the photopotential  signal at open circuit  was negative 
and often quite large, reaching more than  500 mV in 
some instances. With in  the limits of current  and po- 
tent ial  in which the oxide film was not  severely al-  
tered or destroyed, cathodic polarization tended to 
decrease the negative photopotential  signal, and even-  
tual ly  to inver t  it, while anodic polarization tended to 
increase it. 

The results obtained on a Cu alloy with 10% Ni in  
copper acetate are shown in Fig. 2. The two curves 
marked A and B shown on the cathodic side without  
i l luminat ion correspond to the ini t ial  values and to 
the steady-state condition where  copper deposition 
has begun, and, therefore, the overvoltage decreases, 

The exact value of the potential  at which the sign 
of the photopotential  is reversed is uncertain,  since 
the l ight signal shows t rans ient  peaks which can be 
opposite to the steady-state  value. Such complex t r an-  
sients have been reported previously (6). 

The behavior  of the electrode potential  under  i l-  
lumina t ion  described here is observed on all alloys ex-  
amined as well as on copper, if the electrode, after the 
formation of Cu20 by reacting with copper acetate, i s  
t ransferred into a neut ra l  solution. In  Fig. 1 the po- 
tent ial  under  i l luminat ion  is plotted vs. the potential  
in the dark under  galvanostatic conditions for a n u m -  
ber  of specimens. The open-circui t  potential  in  this 
solution is close to --50 mV vs. SCE. The magni tude  of 
the photopoten t ia l  signal and the potential  at which 
the signal reverses varies with the composition of the 
electrode and the length of t ime of immersion in the 
copper solution. This behavior,  in  a rough quali tat ive 
way, points to a correlation between the thickness of 
the oxide film and the ampli tude of ~he signal, al though 
this is obscured by changes in photoresponse caused 
by prolonged polarization of the electrode, which tends 
to alter the characteristics of the Cu20 film. Neverthe-  
less, the largest signals were observed on specimens 
which had been immersed for long times. Since pure 
copper reacted more rapidly than  the alloys, short im-  
mersions produced films on Cu which exhibited large 
photopotentials` 
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respond to different runs. Curve A, initial values. Curve B, steady 
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I f  the  oxide  film, on the contrary ,  is p roduced  by  
exposing the meta l  to a i r  or  to a neu t ra l  solut ion not 
containing copper,  the  photoresponse  is s imi lar  to tha t  
of bulk,  m e l t - g r o w n  Cu~O, in that  i t  is posi t ive at  open-  
circuit  and more  cathodic potent ials ,  wi th  reversa l  to 
a negat ive  s ignal  occurr ing by  anodic polarizat ion.  The  
resul ts  on bu lk  Cu20 are  shown in Fig. 3. The po ten-  
t ia l  changes wi th  i l lumina t ion  are, however ,  much 
l a rge r  on bu lk  Cu20 than  on f i lm-covered meta l  speci-  
mens, where,  typical ly ,  the  signal  is of the  o rder  of a 
few mil l ivol ts .  Trans ient  peaks,  pa r t i cu l a r ly  in the  r e -  
gion where  signal  reversa l  occurs, a re  observed on this 
k ind  of oxide  also, mak ing  uncer ta in  the  de t e rmina -  
t ion of the  poten t ia l  for s ignal  reversal .  

I f  the  exper iments  a re  car r ied  out  under  po ten t io-  
static conditions, the  l ight  cur ren t  s ignal  has, of course, 
a sign opposi te  to that  of the  vol tage  signal  under  ga l -  
vanosta t ic  conditions. F igure  4 shows a po ten t iody-  
namic scan on a Cu20-covered  copper  e lect rode in 
bora te  solution. Light  produces  large  increases  in ca th-  
odic cur ren t  below the invers ion point  .which occurs at  
about  --400 mV. Around  this value,  the  t rans ients  
show complex  shapes. On the anodic side the  s ignal  is 
smaller ,  and i t  is unde tec tab le  above about  600 inV. 

I t  was found tha t  the  photoresponse could be  e l imi -  
na ted  both by  reduct ion  at  ve ry  low potentials ,  when  
hydrogen  evolution,  o r  in Cu aceta te  solution, copper  
deposi t ion occurred, or  by  s t rong anodic polar iza t ion  
at  about  -t- 1V vs. SCE. The photosensi t ivi ty ,  however ,  
could be detected over  a wide  range  of potentials ,  
typ ica l ly  f rom --700 mV to -p700 mV and, if  des t royed  
tended to r eappea r  wi th in  t imes of the  o rde r  of 1 
min  at  open circuit  even before  the  potent ia l  had  de-  
cayed back to its final open-c i rcu i t  value.  

Behavior in redox soZution.wMeasurements have 
been t aken  on some electrodes in solutions of 
K4[Fe(CN)6]  and Ks[Fe(CN)6] ,  both  0.1M, plus 0.2M 
sodium acetate.  The pH of the  solut ion was 8 and the 
potent ia l  of a P t  e lect rode was about  -t-230 mV vs. 
SCE. The purpose  of the measurements  was to es tab-  
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l ish the  n-  or  p - cha rac t e r  of the surface  film f rom its 
cu r ren t -po ten t i a l  and photoresponse  behavior .  Un-  
fo r tuna te ly  there  is a s t rong tendency  to form layers  
of insoluble  copper  fe r ro-  and ferr icyanide,  so that  
the  reproduc ib i l i ty  of the  resul ts  is poor. Nevertheless ,  
the  behavior  observed is in agreement  wi th  the as-  
sumpt ion  tha t  the  oxide film formed by  react ion wi th  
copper  aceta te  is an n-semiconduc tor  and tha t  formed 
by  anodic oxida t ion  is a p-semiconductor .  

F igure  5 shows a potent iodynamic  scan of a 30% 
Ni Cu a l loy which had been pass iva ted  at  -t-700 mV 
vs. SCE in bora te  buffer. The anodic-ca thodic  d i ssym-  
me t ry  is quite s t r iking,  point ing to a p - cha rac t e r  in 
the film. S imi la r  curves  t aken  on pure  copper  and 
Cu-A1 al loy have given r a the r  confusing and i r r ep ro -  
ducible  results,  indica t ing  a t endency  for the  e lect rode 
to react  forming a reddish  tarnish.  Fe r rocyan ide  films 
were  de tec ted  on the e lec t rode  surface. However ,  the  
anodic branch a lways  showed cur ren t  densit ies five to 
ten t imes l a rge r  than  the  cathodic branch.  The rest  po-  
ten t ia l  tended to be about  100 mV more  negat ive  than  
the equi l ib r ium redox  potential ,  aga in  indica t ing  a 
mixed  potent ial .  

The po ten t iodynamic  scans of electrodes covered 
wi th  Cu20 film resembled  those obta ined in bora te  and 
acetate.  The f e r rocyan ide / f e r r i cyan ide  react ion did not  
seem to p l ay  an impor t an t  role. The effect of l ight  on 
one of these electrodes is shown in Fig. 6. Negat ive  
photopotent ia ls  were  observed at  open circui t  (about  
-t-20 vs. SCE).  The invers ion of the s t eady-s t a t e  photo-  
potent ia l  signal occurs app rox ima te ly  at  --250 mV, 
but  if  the  ini t ia l  spike is observed wi th  an oscilloscope, 
the invers ion occurs at  about  --400 mV. 

A-c  impedance measurements .wCuprous oxide is a 
ma te r i a l  tha t  exhibi ts  photoconduct ivi ty .  I t  was in-  
terest ing,  therefore,  to see if some of the effects ob-  
served could be  a t t r ibu ted  to a decrease  in the ohmic 
drop in the  oxide  film under  i l luminat ion.  Fo r  this 
purpose,  a smal l  constant  200 Hz a-c  cur ren t  (of the  
o rder  of 1 # A / c m  2) was passed th rough  the cell du r -  
ing galvanosta t ic  photopotent ia l  measurements ,  and 
the  absolute  va lue  of the e lec t rode  impedance  was 
recorded as a funct ion of time. In the  case of the  
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anodically produced film, the impedance was small  and 
the decrease under  i l luminat ion  was hardly  detect- 
able. For  the case of a film formed by reaction with 
Cu acetate, the effect was quite large. Figure  7 shows 
both a-c impedance and d-c potent ial  for pure  copper, 
where both light and dark transi t ions were quite sharp. 
Similar  results were obtained on the other materials  
studied, but  for the 30% Ni alloy the recovery of t h e  
dark  value was much slower. 

In  order to establish, however, whether  the imped-  
ance changes were due to a change in  ohmic drop or 
to a decrease of charge- t ransfer  resistance, some ex- 
per iments  were carried out using a phase-sensi t ive 
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Fig. 7. Effect of light oq electrode potential and on impedance 
at 200 Hz for Cu in 0.05M copper acetate. Solid line and left 
scale d-c potential; dotted line, and right s~le, a-c impedance. 

lock-in  amplifier so as to measure both the real and 
imaginary  par t  of the impedance. The measurements  
were done at open circuit, spanning a frequency range 
from about 30 KHz to as low as 5 Hz. The +curves ob- 
tained in  the dark and under  i l luminat ion  for "Cu~O 
covered copper in  borate, and for bu lk  Cu20 in  copper 
acetate are shown in  Fig. 8 and 9. The results show 
clearly that no change in ohmic drop resistance oc- 
curred under  i l luminat ion  since the high frequency 
l imit  of the real component was not affected by light. 
In  the case of Fig. 9, for a system where the electrode 
is substant ia l ly  in  equi l ibr ium for the Cu+ /Cu  ++ 
t ransi t ion it appears clearly that  the charge- t ransfer  
resistance decreases considerably with light, whereas 
the ohmic drop does not. 

Discussion 
The in terpre ta t ion of photogalvanic effects on semi- 

conductor electrodes has been based on the general  
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t r ea tmen t  of semiconductor  e lect rochemist ry .  The same 
principles,  therefore,  ought  to be appl ied  in the  case 
of oxide  films, a l though complicat ions can be expected 
due to the  fact that,  in the  case of the  films, l ight  could 
pene t r a t e  to the  semiconduc to r -meta l  in terphase,  and  
also tha t  the  thickness of the  film would  be ve ry  of ten 
less than  the thickness of the  space-charge  region in a 
bu lk  semiconductor .  

The sign of the  photopotent ia l  as a function of the 
sign of the  m a j o r i t y  ca r r i e r  at  or  close to equi l ib r ium 
can be obta ined  f rom the t r ea tmen t  given by  Dewald  
(7). More recent ly  Oshe and Rozenfeld (8, 9) have  ob-  
ta ined  the same conclusion, that  is, a negat ive  photo-  
potent ia l  for n -semiconduc tor  and a posi t ive one for a 
p -semiconduc tor  by  assuming that,  upon i l luminat ion,  
diffusion t ranspor t  and e lec t romigra t ion  would com- 
pensa te  each o ther  and tha t  devia t ions  f rom s toichiom- 
e t ry  in the  oxide film would  provide  the  r ecombina -  
t ion centers  for the  charge  carr iers .  According to this 
in te rp re ta t ion  the  photopotent ia l  can become a tool for  
probing  the composit ion of the oxide film. 

The resul ts  p resen ted  here, as far  as open-c i rcu i t  
condit ions are  concerned, confirm the  usefulness of 
photopotent ia l  for obta in ing informat ion  on the  char -  
acterist ics  of the oxide film. 

On  the basis of the  resul ts  p resented  here, i t  has to 
be concluded tha t  a l loying copper  wi th  Ni or A1, a l -  
though it affects the  corrosion resis tance of the  metal ,  
has l i t t le  influence on the semiconduct ing proper t ies  
of the surface film. On the  contrary ,  the  method  of 
p repara t ion  of the  oxide  film is much more  impor tant ,  
as shown by  the  la rge  negat ive  poten t ia l  shown by  
the cuprous oxide  p roduced  by  react ion wi th  Cu ++ 
ions in solution. That  a l loying  changes the  pho tore -  
sponse of Cu-based  al loys on ly  in minor  ways is pe r -  
haps unders tandable ,  since o ther  workers  have found 
ve ry  smal l  concentra t ions  of the a l loying meta l  in  t a r -  
nish films ( i0) .  

The  ampl i tude  of the  photopotent ia l  signal  on these 
films is qui te  in teres t ing  since i t  can br ing  the po ten-  

t ia l  of the e lect rode below the value  of the  Cu20/Cu 
equi l ibr ium,  and causes, therefore,  the  des t ruct ion  of 
the  oxide  film under  i l luminat ion.  This  resul t  might  
have implicat ions  for the  corrosion behav ior  of cop- 
pe r  and copper alloys. I t  is, for  example ,  known that  
copper can exhib i t  stress corrosion cracking in the  
dark,  but  not in the l ight  (11). 

The photopotent ia t  response has been  used in p rob -  
ing the  proper t ies  of the  oxide  film not on ly  a t  open 
circuit,  bu t  also under  polar iza t ion  (2, 9). Reversa l  of 
the s ignal  of the  photopoten t ia l  in these conditions, an 
effect a l r e a dy  descr ibed m a n y  years  ago (12), has 
been in te rp re ted  as caused by  a change in the  defect  
s t ruc ture  of the film. In  l ight  of the  p resen t  results,  
considering how rap id ly  the  photoresponse  can be 
modula ted  by  polar iz ing the electrode, i t  is ve ry  un-  
l ike ly  tha t  this i n t e rp re t a t ion  is correct ,  even if care  
is t aken  to observe  the  somet imes complex t rans ients  
occurr ing when the l ight  is swi tched on and off. How-  
ever, as this  s tudy shows, the  examina t ion  of the  effect 
of polar iza t ion  on the photosignal  can give useful  in-  
format ion  on the range  of s tab i l i ty  of the semiconduct-  
ing oxide  and on the  ra te  of i ts formation,  once i t  has 
been destroyed.  

Manuscr ip t  submi t ted  Oct. 3, 1977; revised m a n u -  
script  received May 4, 1978. 

Any  discussion of this  paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the June 1979 JOURNAL. 
Al l  discussions for the June 19'79 Discussion Section 
should be submi t ted  by  Feb.  1, 1979. 

Publication costs of this article were assisted by the 
National Bureau o] Standards. 
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EMF Measurements on Eiectrochromic 
Amorphous Li WO  Films 

Sarat K. Mohapatra *'~ and Sigurd Wagner *.s 
Bell Laboratories, HoZmdel, New Jersey 07733 

ABSTRACT 

We report  the electromotive force of cells with amorphous l i th ium tungsten 
bronze film cathodes. The cathodes were incorporated in electrochromic cells 
of the type Au]Li]IM LiC104 in propylene carbonatelLixWO~IAu. Li-concen-  
trations, 0 < x < 0.54, were established by coulometric ti tration. Up to x = 0.4 
the films consist of a single phase with a strongly concent ra t ion-dependent  
emf. A constant  emf of 2.0V at x > 0.4 suggests the existence of an in te r -  
mediate  Li-WO8 phase. 

Electrochromic cells incorporat ing l i th ium tungsten  
bronze films are being considered for passive display 
applications (1). The ems measurements  reported here 
are par t  of a quant i ta t ive  s tudy of the r a t e -de te rmin-  
ing processes and the stabil i ty of such cells. In  an 
earlier publicat ion the kinetics of coloration and of 
bleaching were presented (2). In  coloration, t ransfer  
of Li + from the electrolyte into the WO3 constitutes 
the slowest step. The over-al l  cycle t ime is determined 
by the rate of bleaching that  depends on a space-charge 
l imited current  of Li + and e -  wi th in  the WO3 film. 
This current  is proport ional  to the mobil i ty of Li + 
($~Li + (WO3).---- 5.3 • 10 -9 cm 2 V -1 sec -1) which is 
an  order  of magni tude  lower than  ~H + (WO3). There-  
fore, the colorat ion/bleaching cycle of LizWO3-based 
cells takes about ten times longer than that  of HxWO3 
cells. Thus longer cycle dura t ion appears to put  
Li~W03 at a disadvantage to H~WO3. However, Li~WO3 
is in  certain respects more stable than HxWOs, e.g., 
against  oxidation and therefore might  offer bet ter  
long- te rm stability. 

1 cm 2 WOs films 0.3-0.9 ~m thick were electron- 
beam evaporated onto In203-coated glass substrates 
(PPG Nesatron).  The film thickness at steps to the 
substrate  was determined by interference microscopy 
(~ = 0.589 ~m) after  evaporat ion of a reflective Ag 
layer. Across samples the thickness varied by less than 
7%. The  electrolyte consisted of a solution of 1M 
LiC104 (dried at 100~ in  air  for 7-8 hr) in  propylene 
carbonate (twice vacuum-dis t i l led  at 100~ and 1 
Torr) .  The glass cell of the type employed for colora- 
t ion studies was assembled in  a dry  box. During the 
exper iments  the space over the electrolyte was kept  
exacuated. 

The Li concentrat ion was adjusted in steps by  coulo- 
metric t i t rat ion with 50-100 mC of Li + apportioned 
by means of a Kei thley 225 constant  current  source. 
After  t i t ra t ion the external  circuit was switched to 
a Kei thley 602 electrometer for emf measurement .  
Steady emf values were reached wi th in  15 min  when  
x < 0.4. While the t i t ra t ion was always carried out at 
23~ measurements  were also taken at 2 ~ and 36~ 
all  temperatures  being established in  a water  bath. 

Emf and AG---Li as a funct ion of x are plotted in  
Fig. 1 for three cells at 23~ Emf's for 2 ~ and 36~ 
respectively, lay wi th in  5 mV of the 23~ values for 
each cell. The differences in the emf between the 
cells probably  arise from different oxygen activities 
in the three WO3 films (3). The s tandard free energy 
of formation ~G(xLi  + WO3 = LixWO3) obtained 
from a Gibbs-Duhem integrat ion is shown in  Fig. 2. 

The leveling off at 2.0V of the emf for x > 0.4 sug- 
gests coexistence of Li0.4WOs with a Li- r ich  WO:~ 
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phase. This in terpre ta t ion corroborates the earl ier  ob- 
servation (2) of i rreversible coloration at x > 0.4. 
While LixWOa layers are blue at x < 0,4, they t u r n  
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pink  at  x > 0.4. Crys ta l l ine  tungsten bronzes no rma l ly  
change color f rom blue to red  wi th  increas ing a lka l i  
content  (4). In  the  presen t  case the shift  of the p r in -  
cipal  absorpt ion  band f rom the in f ra red  (700-1100 
nm) to the  u l t rav io le t  (<350 nm)  is so drast ic  tha t  i t  
m a y  also be taken  as indicat ion for the  format ion  of 
a new phase. The equi l ib ra t ion  t imes in the  two-phase  
region were  found to be much longer  than  those at  
x < 0.4. 

The exis tence of an in t e rmed ia te  phase  consti tutes 
one dist inct ion be tween  e lec t rochromic  LixWO3 and 
HzWO~ films. In  HxWOs-based cells (5) the  emf var ies  
cont inuously  up to the highest  hydrogen  concentrat ion 
reported,  x = 0.4 (Fig. 3). However ,  amorphous  
I-I0..~WO~ is in equ i l ib r ium wi th  H2 at  a tmospheric  
pressure.  F i lms  wi th  x > 0.35 are  metas tab le  against  
decomposi t ion to H0.85WO3 and H~ gas. Thus any in-  
t e rmedia te  phase wi th  x > 0.35 wil l  not  be stable. The 
low s tabi l i ty  of amorphous  H~WO3 films is not  sur -  
pr is ing in view of the marg ina l  s tab i l i ty  of c rys ta l l ine  
I~.lsWO8 ( te t ragonal  B phase)  and H0.85WOz ( t e t r ag -  
onal  A phase)  (6). 

A marked  dependence  of the  emf on x dist inguishes 
the amorphous  tungsten bronze films f rom the i r  crys-  
ta l l ine  counterpar ts .  The da ta  cannot be fitted to e i ther  
a l inear  dependence  of the  pa r t i a l  excess free energy  
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of Li on the mole  number ,  XLi (5), as fo rmula ted  b y  
Crandal l  et al. (5), or  to the square  of the  mole  f rac -  
t ion of the solvent  1/(1 -t- XLi) 2, the  w e l l - k nown  
Bragg-Wi l l i ams  model.  One might  a rgue  tha t  this fa i l -  
ure arises from improper  formula t ion  of the en t ropy  
of mixing. The l inear  presenta t ion  (5) assumes r a n -  
dom dis t r ibut ion of one Li + and one e lect ron per  WO3. 
As pointed out  by  R a m a n a r a y a n a n  and Worre l l  (7), 
this implies  uni t  Li ac t iv i ty  for  the  composit ion LiWOa 
which most l ike ly  is not the  case. On the  o ther  hand, 
a mix tu re  of Li and WOn in any proport ion,  as a s -  
s u m e d  in the  quadra t ic  formalism, d is regards  the  fill- 
ing of the cubic in te rs t i t i a l  sites that  has been ob-  
served in c rys ta l l ine  tungsten bronzes, In  any case a 
s imple pa i rwise  in terac t ion  for the en tha lpy  is not  an 
adequa te  formulat ion.  Whi le  the quest ion of the  ideal  
en t ropy  of mix ing  is of fundamenta l  importance,  i t  
is of l i t t le  consequence in the  present  case since the  
emf is de te rmined  by the la rge  pa r t i a l  molar  en tha lpy  
of Li. The highest  observed var ia t ion  of the  emf wi th  
t empera tu re  was 5 mV in the range  f rom 2 ~ to 36~ 
This corresponds to a pa r t i a l  molar  en t ropy  of Li of 14 
j K - 1  mole-1.  

Emf da ta  for c rys ta l l ine  LixWO3 are  not  avai lable .  
For  comparison with  the emf of amorphous  LizWOa 
films we have plot ted  (Fig. 3) emf 's  of crys ta l l ine  
N a z W Q  (3) and LixMoO~ (8) as presented  by  Whi t -  
t ingham (3). The cubic " in ters t i t ia l"  sites in the  crys-  
ta l l ine  bronzes are  h igh ly  degenera te  so tha t  the  emf 
is nea r ly  independent  of x. The marked  dependence  
of the emf on composit ion for amorphous  LixWO~ films 
suggests a large  spread  in energy  of the sites in amor -  
phous WO3 tha t  accommodate  Li. Only a smal l  f rac-  
t ion of these sites lies at  energies (emf's)  as low as 
might  be expected for c rys ta l l ine  LixWO~, i.e., ~3  eV. 
Our  measurements  also show that  the  pa r t i a l  excess 
en t ropy  of Li is  negligible,  Therefore,  the  Li sites a re  
d i s t r ibu ted  at  random.  
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Molten Sulfur and Polysulfides 
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ABSTRACT 

The presen t  communica t ion  repor t s  a s tudy  of the we t t ing  p r o p e r t i e s  
at  modera t e ly  high t empera tu re s  (~350~ using a modified wick ing  tech-  
nique. St rong p re fe ren t ia l  wet t ing  of bare  carbon surfaces by  mol ten  s u l f u r  
is confirmed th rough  the adhesion tension rat ios and the t h e r e b y - d e r i v e d  
contact  angles. The effect of var ious  meta l  oxide deposits  on such proper t ies  
was inves t iga ted  and, specifically, the we t t ab i l i ty  of a l u m i n a - t r e a t e d  carbon 
surfaces by  mol ten  polysulfides. A technique for coating the carbon surfaces 
wi th  meta l  oxide  deposits  of good adherence  is repor ted.  Some resul ts  are  re -  
por ted  for the  polysulf ide t r anspor t  p roper t ies  of such t rea ted  carbons. 

In format ion  on the wet t ing  proper t ies  of mol ten  sul-  
fu r  and polysulf ides for  carbon surfaces has fol lowed 
l a rge ly  f rom cyclic vo l t ammet ry  and re la ted  techniques 
in  the  studies of the  processes occurr ing dur ing  the 
cha rge -d i scha rge  cycl ing of the  sul fur  e lect rode in 
N a / S  cells (1-5).  Direct  exper imen ta l  invest igat ions,  
based  on mol ten  salts  contact  angle  measurements  (6- 
8), p resen t  a number  of difficulties, and wi th  the  ex -  
cept ion of some provis ional  measurements  for sul fur  
and  polysulfides by  Ludwig  (4), have  not  been p u r -  
sued wi th  mol ten  polysulfides. Capi l l a ry  pene t ra t ion  of 
porous mate r ia l s  may  also be inves t iga ted  by  wicking 
(9, 10), a technique in which the  subs t ra te  is d ipped 
into the  l iquid  and the wet t ing  proper t ies  a re  ob-  
served  by  the  l iquid r ise in the porous "wick." In the  
presen t  communica t ion  we r epor t  an inves t igat ion of 
the  wet t ing  proper t ies  of mol ten  sulfur  and polysulfides 
at N a / S  cell  opera t ing  t empera tu re s  (350~ by  this 
approach.  The purpose  was to gain insight  on the  r e l a -  
t ive wet t ing  proper t ies  of these two fluids for var ious  
carbon surfaces and to inves t iga te  these wi th  modified 
carbon surfaces, e.g., meta l  oxide deposits.  The  p r e p -  
a ra t ion  of a series of t r ea ted  carbon surfaces was un-  
de r t aken  and is repor ted ,  toge ther  wi th  the  resul ts  of 
a series of wicking measurements  wi th  mol ten  sul fur  
and  polysulfides. 

Experimental 
Polysulfides.--NazS4 (Al fa -Ven t ron)  was used both 

"as received"  and af te r  to luene extract ion.  Las t  t races  
of to luene were  removed  at  ,~ 150~ and 10 -~ Torr  d y -  
namic  vacuum. In the  l a t t e r  step smal l  a m o u n t s  of 
sul fur  subl imed (identified by  mp and Raman  spect ra) ;  
we a t t r ibu te  this to the  smal l  but  finite sul fur  p res -  
sures r epor ted  for  polysulfides (11) r a the r  than  t race  
impuri t ies .  Su l fur  (Fisher,  r eagen t  grade)  was used in 
the l imi ted  series  of su l fu r -we t t ing  measurements .  I t  
was used "as received,"  except  for  p r ed ry ing  (85~ 
10 .4  Torr  dynamic  vacuum) .  Al l  t ransfers  were  ef- 
fected in d ry  N~ atmospheres .  

Carbons.--Electrographitic rod (Arco Speer  Grade  
580) and WDF Graphi te  Fe l t  (Union Carbide  Corpora-  
t ion) were  used for the we t t ab i l i t y  measurements .  The 
pore  size distr ibut ions,  gained f rom Hg in t rus ion  por -  
osimetry,  are  summar ized  in Table  I, toge ther  wi th  
the resul ts  for  massive g raph i te  (block) and vi t reous  
carbon (foam) for comparison.  P r io r  to the  wet t ing  
measurements ,  the  carbons were  acid washed and 
b a k e d - o u t  at  reduced  pressures  and e levated  t e m p e r a -  
tures  (,~ 500~ 10-~-10-~ Torr  dynamic  vacuum) .  

Metal oxide deposits on carbons.--The decomposi t ion 
of meta l  n i t ra tes  (12-15) to the  oxides,  e.g., for  a d i -  
va len t  sal t  

* Electrochemical  Society  Act ive  Member.  
Key words:  fused  salts, battery,  transport ,  carbon, wettability. 

M(NO~)~-> MO -t- 2NO~ + �89 O2 [1] 

offers a method for the  deposi t ion of a va r i e ty  of ox-  
ides on carbon surfaces. The fol lowing procedure  w a s  
therefore  adopted for  the surface t r ea tmen t  of the car-  
bon surfaces: (i) Aqueous  soak:  The carbon specimens 
are immersed  in aqueous solutions of meta l  n i t ra tes ;  
the  soaking per iod is ex tended  for a t ime sufficient for 
pene t ra t ion  of the  porous carbons.  (if) Nit ra te  decom- 
position: The wa te r  is r emoved  from the  soaked car -  
bons at reduced pressures  and modera te  t empera tu re s  
(25~176 and the t empe ra tu r e  is increased wi th  
the specimens under  dynamic  vacuum unt i l  the  n i t r a t e  
decomposi t ion is complete  (i.e., no fu r the r  evolut ion  
of n i t rogen oxides) .  The t empe ra tu r e  range  for  this  
step must  be de te rmined  for  each meta l  n i t ra te ;  for 
a luminum ni t ra te  i t  was in the range  of 450~176 
(iii) Thermal  "bake-out" :  The t empe ra tu r e  of the  
carbon specimens is fu r the r  increased under  reduced  
pressures  to wel l  above the n i t ra te  decomposi t ion 
tempera tures ,  and the  specimens a r e  "baked-out , "  e.g., 
in the present  work,  10 -5 Tor t ;  ,~ 900~176 

The weight  of the sample  on complet ion of this p ro -  
cedure was noted to gain the  amount  of the  meta l  ox-  
ide  thus deposited. The adherence  of the  deposi t  was 
tested a f t e r  the  bake-ou t ,  using al iquots  wi th  an u l t r a -  
sonic adhesion test  (16). 

The surfaces were  character ized by  scanning elec-  
t ron microscopy (SEM) and x - r a y  fluorescence. Some 
i l lus t ra t ive  resul ts  for  a series of a lumina  deposi ts  on 
WDF graphi te  felts  are  in Fig. 1. The poros i ty  of such 
t rea ted  surfaces was found to decrease  ~20% re la t ive  
to the un t rea ted  carbons (Hg in t rus ion  poros ime t ry ) .  
For  a series of a lumina-coa ted  samples  the na tu re  of 
the  surface deposi t  was ana lyzed  by  atomic absorpt ion  
spectroscopy; the resul ts  a re  summar ized  in Table  II. 
The agreement  wi th  the  w e i g h t  analysis  (based on 
complete  decomposi t ion of the n i t ra te  to a lumina)  p ro-  
vides suppor t  for this p rocedure  as a method for  the  
deposi t ion of meta l  oxides on carbon  surfaces. 

Table I. Porosity and pore spectra for various carbons 

Pore  size distribution 

Poros- Median Smallest Diam range 
Sam- ity e diam diam for 90To 
ple (%) (~m) (~m) pore space 

A* 24.25 3.5 0.005 0.02-30 
B 13.62 0.8 0.004 0.02-130 
C 11.64 0.02 0.005 0.01-0.05 
D 17.77 0.006 <0.003 0.004-0.10 

* A, graphite block; B, electrographitic rod; C, graphRe felt; D, 
vitreous carboa foam. 
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Fig. 1. Alumina-treated graph- 
ite felts--SEM photomicrographs. 
(a) Moderately loaded felt [4.43 
w/o AI(NO3)3 " 9H20 soak solu- 
tion], 5000 times; (b) heavily 
loaded felt [9.27 w/o AI(NO3)3 �9 
9H20 soak solution], 2000 times. 
Both (a) and (b) exhibit a coat- 
ing of alumina, but (b) has a 
significant number of dendritic 
clusters emanating from the fiber 
axis. (c) Moderately loaded felt, 
intersection of two fibers, 5000 
times; (d) heavily loaded felt, 
intersection of two fibers, 5000 
times. X-ray fluorescence analy- 
ses at the felt fiber junctions in 
(c) and (d) indicate a much high- 
er concentration of AI for (d) 
than for (c). 

Wetting measurements . - -The c a p i l l a r y - p e n e t r a t i o n  
t e c h n i q u e  w a s  a d a p t e d  f o r  t h e  p r e s e n t  m e a s u r e m e n t s  
as fo l lows.  F o r  s m a l l  c a r b o n  s a m p l e s  ( N  5 c m  l e n g t h ) ,  
t h e  e x p e r i m e n t a l  a s s e m b l y  is i l l u s t r a t e d  i n Fig. 2. T h e  
u n d e r - t h e - p a n  s u s p e n s i o n  a n d  a n a l y t i c a l  b a l a n c e  e n -  
su re s  a v e r t i c a l  a l i g n m e n t  for  t h e  w i c k i n g  s a m p l e  a n d  
p r o v i d e s  a s e n s i t i v e  d e t e c t i o n  f o r  t h e  c o n t a c t  of t h e  
w i c k  a n d  w i c k i n g  fluid as t h e  c r u c i b l e  is ra i sed .  T h e  

Table II. Characterization of the coated carbon surfaces 

Sample Aluminum content 
Soak solution weight ga in  

[concentration of (After Prc- 
AI(NO3)~ �9 9H20] bake-out) dicted* Found** 

(w/o) (w/o) (w/o) (w/o) 

0.92 1.26 0.67 0.78 • 0.05 
1.74 1.84 0.97 1.04 • 0.005 
4.43 6.72 3.56 4,88 ----- 0.05 
9.27 12.49 6.61 4.60 -- 0.05 

* From weight gain, assuming surface deposit to be A120~. 
** From atomic absorption spectroscopic analyses. 

t e m p e r a t u r e  g r a d i e n t  i n  t h e  h o t  zone  a t  350~ was  
~ 2 0  ~ in  t h e  a r r a n g e m e n t  i l l u s t r a t e d  (Fig.  2) .  W i t h  
m o l t e n  po lysu l f ides  (i.e., Na2S4) no  di f f icul t ies  w e r e  
e n c o u n t e r e d  d u e  to v a p o r  t r a n s p o r t / c o n d e n s a t i o n  o n  
~he s a m p l e  s u s p en s i o n ,  a n d  t h e  o b s e r v e d  w e i g h t  c h a n g e  
c o r r e l a t e d  w e l l  w i t h  t h e  a m o u n t  " w i c k e d . "  O w i n g  to 
t h e  h i g h  s u l f u r  v a p o r  p r e s s u r e s  a n d  c o n s e q u e n t  r e c o n -  
d e n s a t i o n  o n  t h e  s u s p e n s i o n ,  t h i s  p r o c e d u r e  w as  m o d i -  
fied w i t h  m o l t e n  su l fu r .  F o r  t h e  l a t t e r ,  t h e  a m o u n t s  
w i c k e d  w e r e  g a i n e d  a f t e r  t h e  s a m p l e  h a d  b e e n  r e -  
m o v e d  f r o m  t h e  a s s e m b l y .  To e x t e n d  t h e  m e a s u r e -  
m e n t s  to l o n g e r  w i c k s  (e.g., 25-30 c m  l e n g t h s ) ,  a sec-  
o n d  a r r a n g e m e n t  w a s  u s e d  i n  w h i c h  t h e  w i c k i n g  
c h a m b e r  w as  a s ea l ed  l o n g - n e c k e d  r o u n d - b o t t o m  flask. 
T h e  s u l f u r  (o r  po lysu l f i de )  w a s  l o a d e d  t h r o u g h  a s ide -  
a r m  n e a r  t h e  l o w e r  p a r t  of  t h e  w i c k  to m i n i m i z e  c o n -  
t a c t  p r i o r  to t h e  w i c k i n g  m e a s u r e m e n t s .  L o a d i n g  t h e  
w i c k i n g  c h a m b e r  w as  d o n e  u n d e r  a d r y  A r g o n  a t m o -  
sphere .  T h e  c h a m b e r  w as  n e x t  e v a c u a t e d  to 0.5 T o r r  
a n d  sea l ed  off w i t h  a to rch .  T h e  c h a m b e r  w as  v e r t i c a l l y  
p o s i t i o n e d  in  a l a r g e r  f u r n a c e  a l r e a d y  a t  t h e  w i c k i n g  
t e m p e r a t u r e s .  T h e  t e m p e r a t u r e  f la t  zone  w a s  ~ 4  ~ a t  
350~ o v e r  a 32 c m  l e n g t h .  T h e  a m o u n t s  of  po lysu l f ide  
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Fig, 2. Small wicking assembly. The porou~ wick (D) is suspended 
from an analytical balance (A) with a gold chain (C), The wicking 
liquid (E) is in a double container (for safety), and a variable height 
platform (F) is used to raise the liquid until,contact with the wick 
is established, The manifold (B) enables one to maintain an inert 
and dry atmosphere throughout. 

wicked in this series of measurements  were  gained by  
sect ioning the wick  for  we igh t  analysis,  using a soak-  
ing technique to leach out t h e  wa te r  soluble  po lysu l -  
fide. 

The  wet t ing  studies unde r t aken  were  as follows: (i) 
Wet t ab i l i t y  studies of carbon surfaces (ba re ) ,  w i th  
mol ten  polysulfides and mol ten  sulfur;  (ii) an ex-  
p lo ra to ry  series of we t t ab i l i ty  studies,  using a va r ie ty  
of meta l  oxide deposits  on carbon surfaces (in t race  
amounts ) ;  (iii) wet tab i l i ty  studies, w i th  increas ing 
amounts  of meta l  oxide  surface deposits;  and (iv) some 
measurements  of we t t ab i l i t y  for  carbon surfaces p re -  
pa red  wi th  incomple te ly  decomposed ni t ra tes .  The n i -  
t ra tes  of cobalt,  i ron  ( I I I ) ,  silver, nickel,  a luminum,  
and mix tures  (e.g., Co, A1; Ni, A1; Ag, A1; and Fe, A1) 
were  used in the  exp lo ra to ry  series at  soak solut ion 
concentrat ions f rom 0.1 to 2 M; for the l a te r  fo l low-up 
series, the  s tudies  were  l a rge ly  l imi ted  to a lumina-  
t r ea ted  surfaces. 

Results and Discussion 
The resul ts  of the  wet t ing  measurements  wi th  mol -  

ten polysulf ide and mol ten  sul fur  and carbon surfaces, 
the  influence of added  meta l  oxides  on these surfaces, 
and the fu r the r  studies wi th  a lumina - t r ea t ed  carbon 
subst ra tes  a re  discussed. 

Carbon surfaces.--Using the  e lec t rographi t ic  carbon 
( rod) ,  a ser ies  of wet t ing  measurements  wi th  both  
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mol ten  polysulf ide (Na2SD and mol ten  sul fur  a t  3 5 0 ~  
were  unde r t aken  to inves t iga te  the p re fe ren t ia l  su l fur  
we t tab i l i ty  of such surfaces. The resul ts  of this series 
of measurements  are  in Table  III, and the appearance  
of the  specimens in Fig. 3. I t  is appa ren t  tha t  the  ca r -  
bon surfaces are  r ead i ly  wet ted  by  mol ten  sulfur ,  and 
that,  at  350~ mol ten  polysulf ides a re  r e l a t ive ly  non-  
wett ing.  With  WDF graph i t e  fe l t  wicks, i t  was ob-  
se rved  tha t  sul fur  wicked v i r tua l ly  over  the  complete  
specimen l e n g t h  (5 cm) ;  by  contrast ,  the  polysulfide, 
as Shown in Fig. 3, was found not  to wick  to any ap-  
prec iable  extent.  I t  is seen tha t  a polysulf lde res idue  
"cl ings" to the  porous system; this  surface excess was 
removed mechanica l ly  wi th  care  p r io r  to the  weight  
analysis  (Table  I ID.  Never the less  an unce r t a in ty  is 
imposed on the quant i t a t ive  na tu re  of the  resul ts  since 
i t  is ve ry  difficult to d iscr iminate  be tween  a ve ry  smal l  
cap i l la ry  r ise and the l iquid  tha t  m a y  cling to the  
porous subs t ra te  (for mol ten  polysulf ides) .  I t  is of in -  
terest ,  nevertheless ,  to examine  the resul ts  f rom v iew-  
points  of adhesion tension and contact  angle. 

The adhesion tension, defined as 7 cos ~, has been 
used as measure  of the  we t t ab i l i ty  of a subs t ra te  sur -  
face (17). Here  ~ is the contact  angle  and 7, the  in t e r -  
facial  (surface)  tension. The adhesion tension may  be 
calculated f rom a knowledge  of the equ i l ib r ium height,  
hi and  the classical  cap i l l a ry  r ise equation,  viz. 

7 cos ~ = pgr/2 [2] 

where  r is the  average  pore  radius,  and p and g are  as 
defined conventional ly.  Correspondingly  the  vo lume 
of l iquid  wicked at  equi l ib r ium would be Ve -= N~r2khe, 
where  N is the  number  of capil lar ies ,  and  k, the  to r -  
tuosi ty  factor  for the  wicking substrate .  The  equi l ib-  
r ium weights  would  be We = pVe. Compar ing  the r e -  
sults for two fluids (sulfur,  s; polysulfide, ps)  and  t h e  
same wicking mater ia l ,  i t  fol lows tha t  the  adhes ion  
tension rat io  is given, s imply,  by  

('y COS ~b) s (We)s (hep)s 
- -  - -  [3]  

('y COS qb) ps (We)~s (hep)~s 

and tha t  e i ther  measurements  of the  equ i l ib r ium 
weights  or  equ i l ib r ium heights  m a y  be  use& In the  
present  work  the observed  resul ts  (Table  I I I )  m a y  be 
t aken  as equ i l ib r ium wicking  resul ts ;  the  measu re -  
ments  were  under  vapo r - s a tu r a t ed  a tmospheres  (18, 
19), and l i t t le,  if  any, evapora t ion  would  be expec ted  
f rom the  l iquid contents  of  the  felts. The  da ta  in Table  
I I I  show a factor  of 10 d i f ference  in the  weights  of l iq -  
uid  wicked. F rom t h e  adhes ion  tension cri ter ion,  the  
we t tab i l i ty  of the  carbon sur face  a t  350~ by  mol t en  
sulfur  would appear  as much  as 10 t imes g rea te r  than  
by  the  mol ten  polysulfide.  

Provis ional  resul ts  for the  contact  angles, by  d i rec t  
observat ions,  have  been  repor ted  by  Ludwig  (4).  Un-  
der  a he l ium a tmosphere  and sho r t - t ime  measu re -  
ments,  the  observed values  of ~ were  20~ ~ and 100 ~ 

Table Ill. Molten sulfur and polysulfide wicking at 350~ 
(Electrographitic carbon) 

Penetration limits 
Time of Amount wicked 
wicking Pore diam V / V *  
(re_in) w (g) V (cm ~) h (cm) (/~m) (%) 

M o l t e n  Na2S4 
30 0.0008 0.0004~ 0.43 1.9 15 
60 0.0005 0.00027 0.35 2.8 11 
90 0.0005 {L0002~ 0.22 1.7 1~, 

120 - -  - -  0.55 - -  - -  

M o l t e n  su l fur  
40 0.0084 0.0050 1.2 0.34 60 
60 0.0065 0.0039 0.9 &29 62 
90 0.0066 0.0040 1.0 0.40 57 

300 0.0070 0.0042 - -  0.34 61 

V*, porous volume in length (h) penetrated. 
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Fig. 3. Wettability of carbon 
surfaces at 350~ with molten 
sulfur and molten polysulfide. 
Bare eleetrographitic carbon 
(rod) contacted with (a) molten 
sulfur and (b) with molten poly- 
sulfide. The close-up shows a 
"nonwetting" globule of molten 
polysulfide (after solidification). 
Bare WDF felt wicks, after con- 
tacted with molten sulfur and 
polysulfide at 350~ are shown 
in (c) and (d), respectively. 

respectively, for mol ten sulfur  and polysulfide at 318~ 
on graphite surfaces. Taking 25 ~ as a probable value 
for molten sulfur, and values of the surface tensions 
for molten sulfur  (20) and polysulfide (21) as 46 and 
128 dyne cm -1 (at 350~ respectively, it follows f rom 
Eq. [3] and the present  wicking data (Table III) ,  that  
a value of 91 ~ is predicted for ~ps, i.e., the molten poly- 
sulfide is thus predicted to be nonwet t ing  on bare 
carbon surfaces. 

The difficulties of the present  technique in discrimi- 
nat ing between a very small  capillary rise (for 
sl ightly less than 90 ~ and the l iquid residue that may 
cling to the wick (for r slightly greater than  90 ~ 
should be noted relat ive to the preceding calculations 
of adhesion tensions and contact angles. The significant 
result  is the observation that  porous carbon is much 
more wettable by molten sulfur  than  by mol ten poly-  
sulfide. The observations of preferent ia l  wett ing of 
carbon graphite surfaces by mol ten  sulfur  from cyclic 
vol tammetry  and related measurements  (1-5) and 
contact angle measurements  (4) are clearly supported 
by the preceding observations at 350~ 

Metal oxides . - -The effects of various metal  oxides 
deposited on both the electrographitic carbon rod and 
WDF graphite felt were investigated with the small  
wicking assembly (5 cm length wicks). The amount  
retained by the wick (after 30-60 rain contact with the 
molten polysulfide) relat ive to the amount  wicked by 
~he untrea ted  (bare) carbon wick provides a measure 
of the changes in adhesion tensions. With the excep- 
t ion of two metal  oxides, a luminum and cobalt, the 
various metal  oxides did not markedly  improve the 
wet tabi l i ty  of the carbon surfaces by mol ten poly- 
sulfides. Some of the results for the cobalt oxide and 
a lumina  treated surfaces are in  Table IV. The amount  

wicked is given both as weight and weight  percent  
(w/o)  (relative to the wick weights prior  to the mea-  
surements) .  A quant i ta t ive  comparison of the relat ive 
effectiveness of the various metal  oxides is thus shown. 
It is clear that  a lumina  (either through the thermal  
decomposition of the nitrate,  or as a hydrosol of a dis- 
persable form of alumina,  i.e., Dispal) markedly  pro-  
motes the wet tabi l i ty  of the carbon surfaces by  mol ten 
polysulfides. Inspection of these specimens after the 
measurements  showed that  the polysulfide had pene-  
trated the full 5 cm length of the felt wicks. By con- 
trast, the bare felts showed vi r tual ly  no penetrat ion;  
the amount  "wicked" on the bare carbons (Table IV) 
can be accounted for as th, e polysulfide retained as a 
pendant  drop after wick detachment  from ~he mol ten 
polysulfide. 

To invest igate the polysulfide t ransport  properties of 
a lumina- t rea ted  graphite surfaces, a series of felt 

Table IV. Molten poJysulfide wicklng of uncoated and coated 
graphite felts 

Surface 
treatment 

Wicking conditions Amount wicked 
( ~VDF 

graphite felt) T (~ t (rain) g (w/o) 

1. Bare  350 30 0.1212 1 2 3 "  
2. Bare  350 60 0.1105 107" 
3. AI(NO~)~ 350 60 4.2953 1900"* 
4. Dispal  350 60 3.0860 1090" * 
5. Co (NO~)~ 350 60 0.3926 290 

* Bare felt: the  polysulf ide w a s  a t tached  as a pendant drop. 
** The felt matrix was completely penetratedj i.e., 100% 

"wicked." 
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Table V. Molten polysulfide transport by alumina-treated graphite felts 

Wicking  
Soak conditions 

solution 
( w / o ) *  T (~ t (hr)  0-1 

4.43 350 260 0.2822 
40 350 150 0.9363 

Amount  of polysulfide wicked (g) 

Distance above melt  surface (cm) 
Total 

1-2 2-3 3-4 4-5 (g) 

0.0093 0.0051 0.0{>23 0.0000 0.2989 
0.6331 0.3373 0.2161 0.0894 2.4322 

* Al(NOe)a �9 9H20. 

wicks were  p repa red  f rom increas ingly  more  concen- 
t r a ted  soak solutions [4-40 w/o  Al (NOj)3 .gH20] .  Be- 
cause of the increas ingly  l a rge r  a lumina  loadings,  the 
res i l iency  of the fel t  ma t r i x  is l a rge ly  lost; the  u l t r a -  
sonic tests for adherence,  however ,  indica ted  tha t  
,--90% of the sur face-depos i ted  a lumina  was adheren t  
at the  h igher  fel t  loadings.  Inspect ion of the surface 
morphologies  (see, for  example ,  Fig. 1) showed den-  
dr i t ic  deposits,  wi th  increas ing bui ldups  at fiber i n t e r -  
sections as the  a lumina  loadings were  increased.  The 
polysulf ide t r anspor ted  as a funct ion of wick length  
was gained quan t i t a t ive ly  by  weight  analys is  of the  
felts  sect ioned into al iquots  a f te r  each measurement .  
The resul ts  for the  l imi t ing fel t  loadings ("wicked"  to 
equ i l ib r ium condit ions)  a r e  summar ized  in Tab le  V. 
The  equ i l ib r ium heights  a t ta ined  for  the  two a lumina-  
t r ea ted  felts were,  respect ively ,  4 and 5 cm for the  felts  
loaded wi th  the  4.43 and 40 w/o  n i t ra te  soak solutions; 
inspect ion of the amounts  wicked shows tha t  the  po ly -  
sulfide t r anspor t  is a lmost  in the rat io  of the  soak con- 
centrat ions,  i.e., app rox ima te ly  a n ine- fo ld  increase.  

Some "excep t iona l ly  high" wicking  heights  were  ob-  
served  in  the  course of this pa r t  of the  invest igat ion,  
i.e., 10 cm and higher ,  wi th  a l u m i n a - t r e a t e d  felts, r e l a -  
t ive ly  heav i ly  loaded (soaking concentrat ion,  ~ 20 
w / o ) .  It seemed possible  tha t  these cor re la ted  with  the 
felts  for  which the re  had been a change in  p repa ra t ive  
procedure.  Such fel ts  had  been ma in ta ined  at  N350~ 
for the  the rmal  decomposi t ion of the  n i t ra te  and had  
not been subjec ted  to fu r the r  bake -ou t  at  h igher  t em-  
peratures .  The  studies of the  t he rma l  t rans format ion  
of a luminum salts (13-15) show tha t  Al(NO~)8.9H20 
decomposi t ion to amorphous  A1208 is not  complete  
at  t empera tu re s  be low 500~176 lower  t empera tu re s  
would  lead to m a r k e d l y  different  surface deposits.  This 
was confirmed through  the p repa ra t ion  of a series of 
loaded felts  wi th  350~ as the  t e rmina l  t empe ra tu r e  
and some subsequent  wicking measurements .  The re -  
sults were  as follows. Wi th  a 20 w/o  soak solution, a 
wicking height  of 10 cm was observed af ter  4 hr, and 
this had increased to 25 cm af te r  100 h r  (350~ Sam-  
ples of this su r face - t r ea ted  felt, p r io r  to wicking mea -  
surements ,  were  found to have s t rong tendencies  to 
rehydra te ,  e.g., a cont inuing weight  gain was observed.  
Wi th  fu r the r  hea t ing  under  dynamic  vacuum (500~ 
10-5 Tor r ) ,  both H20 and ni t rogen oxides were  
evolved. 

The  ve ry  effective t r anspor t  p roper t ies  of such a lu -  
m i n a - t r e a t e d  fel t  surfaces m a y  be undoub ted ly  a t -  
t r ibuted ,  in par t ,  to the t race  amounts  of H20 inheren t  
wi th  the surface deposi ts  and the consequent  species 
f rom the fol lowing chemical  react ions wi th  mol ten  
polysulfides at  350~ but  the  poss ib i l i ty  of the a lu-  
mina  also being in a more  "react ive"  morphology  for 
polysulf ide t ranspor t ,  e.g. boehmite,  is not  ru led  out. 
This is being inves t iga ted  fur ther ,  and discussion is 
defer red  unt i l  addi t ional  resul ts  are  in hand.  
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ABSTRACT 

A general  mathematical  model for solute segregation to the surface a n d  
subsequent  oxide or film development  on th in  (finite layer)  b inary  noble 
metal  alloys has been formulatedl Fick's second law has been solved in  a 
general  formalism for t ime varying boundary  conditions, thus coupling cor- 
rosion kinetics with the solute diffusion in  the alloy. Closed form solutions 
are presented for the specific cases of l inear  and parabolic kinetics. Numerical  
results for parabolic corrosion kinetics are presented along with a procedure 
for determining the diffusion coefficient for the solute in  the alloy if the con- 
centrat ion at the interface is known. 

Fi lm growth on noble metal  alloys due to solute 
diffusion to the metal  surface and subsequent  reac- 
tion with a corrosive or oxidizing env i ronment  has 
been the subject of a number  of exper imental  and 
theoretical investigations (1-7). Interest  in  this sub- 
ject is generated pr imar i ly  by the possible fai lure 
mechanisms encountered in  dilute noble metal  alloys 
due to substrate or impur i ty  (solute) diffusion (6). 
For example, experiments have been performed on 
hard gold electroplates and analytical  models de- 
veloped to describe the formation of oxides of cobalt 
(4, 5) and copper (8) on electroplated hard gold on 
copper. In deriving the diffusion coefficients from ex- 
per imental  data, it is general ly assumed that  the con- 
centrat ion at the fi lm-alloy interface is zero (the "in-  
finite sink" model) (4). However, in experiments,  the 
concentrat ion at this interface is hardly  ever measured 
as zero. This model may hold true in  specific cases but  
its general  validity is questionable. Tompkins and 
P inne l  (8) find that  in the Cu-Au system, the pres- 
ence of chlorine in the envi ronment  increases the 
amount  of film formation on the surface. The rate of 
corrosion, therefore, plays a significant role in  diffu- 
sion problems. Wagner  (3) has studied noble metal  
alloys (e.g., Au-Ni)  and developed an analytical  model 
which assumes that  the alloy-film interface varies i n  
posit ion with film growth. Wagner 's  model coupled 
film growth kinetics for a parabolic film growth rate 
with the concentrat ion gradient  in  an infinite thickness 
alloy. 

In  this paper, we present  a mathematical  analysis 
in  Which the rate of film growth has been coupled to 
diffusion of a solute from dilute noble metal  alloys of 
finite thickness. The diffusion of substrate materials 
through the noble metal  will be the subject of another 
paper. Our analysis employs Duhamel 's  (9) theorem 
to obtain a solution for the solute concentrat ion for a 
t ime varying boundary  condition in a general  case. 
Closed form solutions have been obtained for para-  
bolic and linear growth kinetics. The diffusion coeffi- 
cient of the solute in the noble metal is related to the 
solute concentration at the interface. For the case of 
parabolic film growth kinetics, numerical solutions are 
presented. These solutions can be used to compute the 
solute diffusion coefficient with a knowledge of the 
film growth kinetics and the solute concentration at 
the film-alloy interface. 

Model Development 

The impur i ty  diffusion from a noble metal  can be 
be described by Fick's second law 

* Electrochemical Society Active Member. 
Key words: diffusion, solute segregation, corrosion kinetics, ox- 

ide films. 

8C ,8~C 
= D [1] 

at aX~ 

Where C and t represent  concentrat ion and time and D 
is the diffusion coefficient, assumed independent  of 
concentration. It  is assumed that  diffusion occurs only 
in the thickness direction of the medium which is 
bounded by two planes at X = 0 and X -- I (Fig. 1). 

Ini t ia l ly  the concentrat ion of the impur i ty  is un i -  
form throughout  the noble metal. The ini t ia l  condition 
therefore is 

C(X,0) = CB [2] 

As discussed by GoeI and Bader (6), the impur i ty  
content present  nearer  to the metal  surface at X = l 
will diffuse out at a faster rate than  that present  
nearer  to the medium at X :- 0. Consequently, we can 
assume t'hat the concentrat ion gradient  at X -- 0 is 
zero, i.e. 

oC 
(0,t) = 0 [3] 

OX 

As the diffusion proceeds, the impur i ty  on the surface 
chemically reacts with the environment .  In  air or an 
oxygen environment ,  the impur i ty  is oxidized. The 
film growth rate and the film thickness c, an be experi-  
menta l ly  determined using Auger /ESCA depth pro- 
filing techniques or microbalance measurements.  It  
is impor tant  to realize that  the mathematical  analysis 
presented in this paper is applicable to the part icular  
situation of a b inary  alloy where solute is the only re-  
acting specie, that is, the solvent is a noble metal. 

Cs 
C 

Ce 

C(x,tl 

,~X 0 L X f ( t )  ~ _Noble m e t a l _ _ _ ~ _ S o l u t e _ J  
a l loy -[- f i lm r l  

Fig. 1. Diagram of the mathematical model. CB ----- bulk solute 
concentration, C(X,t) _~ solute concentration at X,t for 0 ~ X 
L, Cs ---- solute concentration in the surface film, Xf ~ surface 
film thickness at t and L ---- a~[oy thickness. 
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Modern  ana ly t ica l  techniques (ESCA/Auger ,  etc.) can 
also p rov ide  the  chemical  composi t ion of the  surface 
film. Tne amount  of solute in the  film (weight  pe rcen t  
or  a tomic  percent )  can thus be calculated.  Therefore,  
it  is assumed in this analysis  tha t  the  solute concen- 
t r a t ion  in  the  film is known  e i t h e r  f rom the s to i -  
ch iomet ry  or f rom other  expe r imen ta l  measurements .  

']:he second boundary  concdtion needed to solve Eq. 
[1] is de r ived  f rom the conservat ion of the  solute (10), 
i.e., the  to ta l  amount  of solute, Q, in the  sys tem re -  
mains  constant  

2 Q = c ( x , t ) d x  + .,~ C ( X , t ) d X  [41 

Where X~ is the  thickness  of the  corrosion film. 
A fu r the r  ma themat i ca l  s implif icat ion is made  by  

assuming the concentra t ion of solute in the  film to be 
a constant  equal  to Cs. This assumpt ion  is reasonable  
since the  film genera l ly  is homogeneous (one phase) ,  
and, to tirst  order ,  the  concentra t ion  g r a d i e n t  effect 
(e.g., due to diffusion of cat ions th rough  the film) is 
small .  Thus 

Q : C (X,t) dX + ,,~ C.dX [5] 

Using Leibniz 's  ru le  of d i f ferent ia t ing in tegra ls  (11), 
for Eq. [5] and ut i l iz ing Eq. [1] and  [3] we get  the  
fol lowing bounda ry  condit ion at  X : -  l 

D OC 1 dXf Cs 
OX ~ x=l d t  

or  

~ x  x= = - -~ \ ~ , ,  c. [6] 

Equat ion  [6] is the  second bounda ry  condi t ion needed 
to solve Eq. [1]. This in fact  is a t ime-dependen t  flux 
bounda ry  condit ion at  X = l, l inking  the solute flux 
wi th  the  film growth.  In i t i a l ly  the  g rowth  ra te  is fas te r  
and therefore  the  impur i t y  flux is higher.  As the  film 
g rowth  ra te  reduces  (film th ickens) ,  the flux at  X _-- l 
also reduces.  This is phys ica l ly  a ve ry  p laus ib le  bound-  
a ry  condit ion and represents  the real  l i fe  diffusion 
processes more  accura te ly  than  the  infinite s ink  model  
or concen t ra t ion-dependen t  flux conditions. 

The genera l  solut ion of Eq. [1] subject  to in i t ia l  
condit ion [2] and  bounda ry  condit ions [3] and [6] is 
g iven by Eq. [A-11] as shown in Append ix  A, i.e, 

C(X,t) = CB -- ---~ dt 

C, dXf (o) 
.F(X,t)  [7] 

+-K" dt 
where  F is given by  Eq. [A- !2 ]  in Append ix  A. 

In order  to use Eq. [7] for de te rmin ing  the concen- 
t ra t ion  profiles, a s imple  computer  p rog ram uti l iz ing 
an in tegra t ion  subrout ine  has  been developed.  The 
p rog ram consists of ~30-40 instruct ions and is r e l a -  
t ive ly  s imple  and ve ry  inexpens ive  to use. The film 
growth  ra te  kinet ics  is expe r imen ta l l y  der ived  and the 
ra te  of film g rowth  dXf/dt is inser ted  into Eq. [7]. The 
resu l t ing  concentra t ion  profiles can be ut i l ized to de -  
r ive  D and are  discussed later .  

Equat ion [7] is the  most  genera l  solut ion appl icab le  
to any corrosion kinetics.  Some of the  impor t an t  film 
growth  ra te  laws encountered  in pract ice  are  sum-  
mar ized  in Append ix  B. Closed form solutions can 
be obta ined in specific cases and two such solutions 
a re  discussed below. 

Parabolic Growth Rate Model (X~ 2 : kt) [8] 
The bounda ry  condi t ion [6] in this case becomes 
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The Laplace  t r ans fo rm of Eq. [9] is 

C, [10] 
8X 2D%/~" 

The solut ion to Eq. [1] in  the  t r ans fo rm space in this  
case is 

$ : C__~_ A/kh/~-- c s - - c~  [11] 
s 2sA/D s inh  gX 

or 

s 2~/D s n:o 
~- e -g[(2n+l)~+x]} [12] 

Taking  the inverse  Laplace  t r ans fo rm of [12] yields  
the  solut ion 

or 

C (X,t) : C~ 2A/D = erfc 2~/D---t 

( 2 n + l ) l + X  t 
+ er ie  2x/D_..- ? - [131 

where  erfc is the  complemen ta ry  e r ro r  function. The 
above solut ion converges qui te  r ap id ly  except  for 
l a rge  values  of (Dt/~2). At  la rge  values  of (Dt/l~), Eq. 
[71 can be used. 

In  s i tuat ions where  the va lue  of l is so la rge  tha t  
the sys tem can be considered semi-infinite,  a s impler  
solut ion given by  Thomas  (5) can be used instead. 
(Equat ion [13] reduces  by  su i tab le  manipu la t ion  to 

his solut ion by  using a coordinate  sys tem where  
X' : l -- X and L-) oo.) 

Linear Growth Rate Model (Xf : kzt) 
The solut ion in this case can be shown to be 

C(X,t) = CB 

Where 

oo 

( 2 n + l ) l + X  t 
+ ierfc 2%/ '~ [14] 

ierfc X _-- erfc ~d~ 

Results 

[15] 

Many impor tan t  film growth  processes encountered  
in pract ice  obey the parabol ic  g rowth  rate.  Thomas 
(5) in an ea r l i e r  paper  has shown that  Co diffusing 
out of gold oxidizes according to parabol ic  rate.  Wagne r  
(3) has shown that  Ni diffusing out  of P t  fol lows 
parabol ic  oxida t ion  kinetics.  I t  has been shown in the  
l i t e ra tu re  tha t  a subs tant ia l  number  of solutes (used 
in noble meta ls)  fol low parabo l ic  oxidat ion  when  they  
are  not in solution. I t  may  therefore  be  expected tha t  
even in solution, the diffusing specie may  oxidize ac-  
cording to parabol ic  growth  ra te  law. Fo r  this reason, 
we discuss this case in detail .  

In order  to unders tand  the t ime deve lopment  of 
the  solut ion C(x,t),  we wil l  first discuss a specific 
example  as shown in Fig. 2a-c. Assume tha t  corrosion 
proceeds wi th  a ra te  k : 10 - i s  cm2/sec f o r  parabol ic  
g rowth  kinetics and Cs/CB : 50. The rat io  Cs/CB = 50 
is r ep resen ta t ive  of the  Co-Au sys tem (5). Equat ion 
[13], for this case, is solved numer ica l ly  for var ious  
values of k/D (3 • 10 -4 , 10 -4 , and 10 -r  and C(x,t) 
is p lo t ted  for var ious  t imes  as a funct ion of x / l  in 
Fig. 2. In  Fig. 2a and b, C( l , t ) ,  the  concentra t ion at  
the  interface,  remains  constant  for t imes up to -~106 
sec. As t ime increases,  C(I,t) decreases and eventua l ly  
becomes zero (wi th  a finite concentra t ion in the  al loy 
l aye r ) .  In Fig. 2c, k/D ---- 10 -8, C(l,t) varies  cont inu-  
ously af ter  104 sec. For  shor ter  t imes, C(1,t) is also 
fixed at  some value  close to CB for k/D ,,, 10 -s .  
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Fig. 2a. C(X,t) is plotted as a function of X/I for k/D = I0 -4  
for various times. 
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Fig. 2b. C(X,t) is plotted as o function of X/I for k/D = 
3 X 10 -4  for various times. 
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Fig. 2c. C(X,t) is plotted as o function of X/I for k/D = 10 -6 
for various times. 

From Eq. [13], C(x , t )  at x -- I reduces to the follow- 
ing expression 

C(/, t)  -- CB -- - ~  Cs 1 ~- ~ 2 erfc 
~ = I  ~,/J.p.L 

[16] 

It can be shown from [16] that  for t -- 0 or l = 

C(/,,o) = CB - C e  [17] 

This expression is identical  to the expression for 
I --> oo in Ref. (5). Therefore, for small  t imes (limit 
t -> 0), the interface concentrat ion is fixed (see Eq. 
[17] ). This is due to the fact that the t ime-dependent  
par t  of Eq. [16] (erfc argument)  is much smaller  than  
uni ty  for very large arguments.  As the a rgument  of 
the error funct ion decreases (with increasing Dr), 
C(/,t) starts decreasing as observed in  Fig. 2. Physi-  
cally, this is a result  of finite thickness of the alloy. 
The error function contr ibut ion becomes significant 
when mater ial  (solute) from surface z = 0 begins 
to reach the surface x = l. Since D for k / D  = 10 -6 
is larger than D for k / D  -- l0 -4, the t ime at which 
the interface concentrat ion begins to vary is smaller  
for k / D  = 10 -6 (10~ sec for k / D  = 10 -6 and l0 T sec  
for k / D  = 10~-4). For  smaller values of k /D ,  C(/,t) is 
approximately equal to CB initially,  and for larger  
times a uniform depletion of m a t e r i a l  occurs with 
C([,t) decreasing continuously with time. If the diffu- 
sion coefficient is much larger than  k ( > k ( C J C B ) 2 ) ,  
there is enough t ime available for the diffusion of ma-  
terial  to take place from the interior.  Thus at smaller  
values of k /D  (e.g., k / D  = 10 -8 in Fig, 2) no sharp 
concentrat ion gradient  is observed, instead a more 
or less uniform depletion of material  from the en-  
tire thickness takes place. At some t ime the ent i re  
solute will be depleted. At smaller  k / D  values, diffu- 
sion is not rate determining.  As k /D  increases (10-4), 
i.e., D comp~arable to k ( C J C B )  2, it is seen that  in i t ia l ly  
(shorter times) most of the solute mater ial  which re-  
acts comes from near  the boundary  at  X m I. With 
increasing time more and more solute mater ial  ar-  
rives from inside. A sharp concentrat ion gradient  
exists for these higher  k / D  values. The concentrat ion 
profile is very steep initially. As t increases the steep- 
hess of the profile decreases. Physically this is very  
plausible. Since k is larger, the mater ial  which arrives 
on the surface is quickly corroded and diffusion plays 
a significant role in  the over-al l  process. It  is also 
observed from Eq. [16] that  the concentrat ion at 
X = l reduces with t and at a certain ins tant  of time, 
C(l , t )  becomes zero. The condition for C(/,t) to be 
zero is 

Cs 2 ~  1 +  = 2 e r f c ~  [18] 

The mathematical  model breaks down at this time, 
since the solution after this t ime predicts a nega-  
tive concentrat ion at the interface X = l, a physically 
impossible situation. When C becomes zero at the 
interface, the physical process becomes diffusion con- 
trol led and does not explicitly depend on the  corro- 
sion r a t e  constant, k. This predicts that  when the 
physical corrosion rate constant is measured, k will 
be a direct function of D s s  shown in Eq. [18] ra ther  
than independent  of D as was the ini t ial  premise. At 
this time, the flux at the interface will  depend only 
on D. 

Finally,  it is observed that the slope of C(X , t )  at 
the interface becomes very large for times approaching 
zero. This effect is a manifestat ion of the model used, 
that is, Xf 2 : kt. Since dXf /d t  cc 1 / ~ t ' a n d  when t ~ 0, 
dXf /d t  (and thus dc /dX)x=l  becomes large (-->~). 
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F igure  3 represents  the  genera l ized  solutions, C(X, t )  
normal ized  wi th  respect  to CB (i.e., C(X,t)/CB) 
plot ted  as a funct ion of X/~ for  var ious  values  of 
I / ~ k t  (or l /XD and k/D (Fig. 3a is for  Cs/Cs = 50 
and Fig. 3b is for Cs/CB = 10). For  a g iven va lue  of 

and k, the  high values  of I/Xt represen t  shor te r  
t ime per iods  and as t increases,  l /Xf  decreases.  Smal l e r  

L e g e n d  k / D  

1 0 - 3  
_ _ _ 1 0 - 4  
. . . . .  1 0 - 5  
~ _ ~ 1 0 - 6  

. . . .  3 x 1 0  -7 vL--: - =  3 0 0 0  

1 . 0  

0 . 8  - - �9 " -  

D1 

t 
o. f 

0 0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  

X/L 
Fig. 3a. Normalized solute concentration is shown os a function 

of X/I  with I /Xf as a parameter for Cs/CB = 50. 

L e g e n d  k / D  

10 -3  
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1.~ t 
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~ 0 . 6  
X 

0 

0 . 4  

0 . 2  

-~f =30 

0 I I ~ ; 
0 0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  

X/L 
Fig. 3b. The same as Fig. 3a except Cs/CB = -  10. I is the alloy 

thickness, Xf is the solute film thickness, Cs is the solute concen- 
tration in the film, and CB is the bulk solute concentration. For 
parabolic kinetics Xf -= ~/kt. 

k/D represents  the s i tuat ion where  the  oxidat ion  r a t e  
(or film growth  ra te)  is slow and the diffusion con- 
s tant  is higher.  I f  the  k va lue  increases a n d / o r  the  
va lue  of D decreases (h igher  k/D ra t io ) ,  the  sys tem 
m a y  reach  a di f fus ion-control led situation. The more  
genera l  case is whe re  the process is control led  by  both 
k and D. I t  is seen f rom Fig. 3 tha t  when D ~ k 
(Cs/CB) ~, no sharp  concentra t ion  g rad ien t  is observed 
and a more  or  less un i fo rm deple t ion  of mater ia l  
takes  place. At  h igher  k/D values  the  concentra t ion 
profile is ve ry  s teep ini t ia l ly ,  tha t  is, its g rad ien t  is 
Large as exp la ined  above. The slope of the  concentra-  
tion, C(l,t) decreases wi th  time. [This s i tuat ion is 
s imi lar  to the one discussed in our  specific example  
(Fig. 2) and need not  be e labora ted  fur ther . ]  

In  actual  measurements  of concentra t ion profiles by  
AES depth  profiling, for example  in the  case of co- 
ba i t - ha rde ne d  gold, the  concentra t ion at  the  in ter face  
can be measured.  We bel ieve  tha t  in most  si tuations,  
film growth  is not  diffusion control led  and, hence, a 
depth  profile would show nonzero concentra t ion at  the 
interface.  

Because the  concentra t ion at  the  in ter face  is most 
significant and can be used to de te rmine  mate r i a l  
parameters ,  k, D, etc., a p lot  of C(I,t)/CB has been 
genera ted  as a funct ion of time. Equat ion [13] can be 
eas i ly  nondimensional ized  using the fol lowing p a r a m -  
eters  which are  funct ions of the ma te r i a l  sys tem con- 
stants, tha t  is 

(a) -~- C'-~" and (b) ~ CB / 

where  (a) is bas ica l ly  ~ / t ' d ependence  for  fixed CS, CB 
l, and k. F igure  4 shows the concentra t ion  at  the  in t e r -  
face, C(l,t)/Cs, as a funct ion of X~Cs/lCB with  (Cs/ 
CB) 2 k/D as a parameter .  For  values  of k/D • (Cs/CB) ~ 
near  unity,  the  rat io C(1)/CB remains  constant  unt i l  
XfCs/Csl approaches  un i ty  then  C(l ) /Cs  r ap id ly  goes 
to zero. For  a specific case of l ---- 3 #m, and Cs/CB = 50, 
the  concentra t ion a t  X _-- l remains  constant  unt i l  the 
film grows to 2O0A. Fo r  thicknesses grea te r  than  200A, 
the concentra t ion C(l,t) goes r ap id ly  to zero. This be -  
havior  holds t rue  for k/D (Cs/Cs) 2 > ,~10 -~. For  
smal ler  values of k/D(Cs/CB) 2 (e.g., 2.5 • 10 -4  in  
Fig. 4) the C(l,t) goes very  s lowly to zero wi th  t ime 
(or  film thickness) .  F igu re  5 presents  a plot  of 
C( l , t ) /CB as a funct ion of k/D(Cs/CB) 2 for  var ious  
pa rame te r s  of Cs/CB and Xf/1 and provides  s imi lar  
informat ion  as in Fig. 4. 

F igu re  6 shows a nomograph  f rom which  the p a r a -  
bolic r a t e  constant,  k, can be computed knowing  the  
film thickness  Xf deve loped  in t ime  t. F igure  6 in 
conjunct ion wi th  Fig. 4 or Fig. 5 can be used to com- 
pute  the  diffusion coefficient, D, for  known Cs, CB, 

7.5 x 10 "3 ~ f  2 .5X 10 "3 
1.0 S 

o . e  0 . 0 7 5  2 5 x 1 0 4 - ~  CB 

o , o  

o o _ 5  . . . .  

10 .3 10"2 10 "1 10 ~ 10 

Xf X CS 

Fig. 4. Normalized solute concentration at X = ! is shown as a 
function of the nondimenslonal parameter Xf/I  Cs/CB with (Cs/ 
CB) 2 k/D, (also nondimensional) as a parameter. 
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Fig. 5. This plot is similar to Fig. 4 with coordinates and param- 
eters changed, k/D (Cs/CB) 2 is shown as a function of C(I)/CB 
with Xf/I Cs/CB as a parameter. 
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Fig. 6. This homograph provides a means Of computing the para- 
bolic rate constant from film thickness, Xf and time, t. 

C (1), and film growth kinetics. Exper imenta l ly  Xf (to) 
and C(~,to) are measured. The parameter  Cs/CB (Xr/1) 
is then computed. Using Fig. 4 or 5, k/D (CJCB) ~ is 
then obtained. One then computes k from Fig. 6 and 
proceeds to calculate D. As an  example, it  is assumed 

that Cs/CB -- 50, l --  3 X 10 -4  and that  a film thick-  
ness Xf :_ 80A in 1.8 X 106 sec is produced in  a cer- 
ta in  experiment.  For  parabolic growth kinetics, k is 
found to be ,-~5 X 10 -19 cm2/sec- If, by measurement ,  
C(~)/CB is 0.4, the parameter  X~/1 (Cs/CB) can then  be 
calculated as 0.134. F rom Fig. 5, k/D (Cs/CB) 2 is found 
to be 0.5. The value of D is calculated to be 2.5 X 1{) - i s  
cm2/sec. 

Conclusions 
In  calculating the solute diffusion coefficient f rom 

dilute noble metal  alloys, the concentrat ion at the 
alloy-film interface is often assumed to be zero ( in-  
finite s ink model).  Experimental ly,  the concentrat ion 
at this interface is seldom zero. We have used a t ime-  
dependent  flux boundary  condition at the fi lm-alloy 
interface as derived by conserving the total  solute in  
the system. By util izing this boundary  condition, the 
kinetics of solute film growth has been coupled to the 
solute diffusion from the alloy. A general  mathe-  
matical  analysis has been presented for different film 
growth rate laws using Duhamel 's  theorem. Two spe- 
cific closed form solutions for parabolic and l inear  
growth rate kinetics have been derived. A method for 
calculating the diffusion coefficient by measur ing the 
corrosion rate constant and the solute concentrat ion at 
the fi lm-alloy interface has been outl ined for parabolic 
kinetics. Numerical  results for the solute concentra-  
tion have been presented for this case. It is observed 
that  at low k/D values, no sharp concentrat ion gradient  
occurs along the thickness of the alloy, i.e., an  almost 
uni form depletion of solute occurs in  the entire thick-  
ness as a funct ion of time. As the k/D value increases, 
the concentrat ion changes sharply along the alloy 
thickness. At some time, C(I)  : 0, a diffusion-con- 
trolled si tuation is reached. The concentrat ion at the 
interface has been plotted as a funct ion of the nondi -  
mensional  parameter  (Xf/l  Cs/CB) for various values 
of k/D(Cs/CB) ~. By knowing the concentrat ion at the 
interface and other mater ia l  parameters,  D can be 
calculated. Numerical  calculations have been shown 
as an  example. 
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APPENDIX A 
In order to solve Eq. [1] subject  to ini t ia l  condition 

[2] and boundary  conditions [3] and [6], the Laplace 
t ransform techniques can be used. The Laplace t rans-  
form of Eq. [1] wi th  the ini t ia l  condition [2] is 

D 8~ ,_ s]-k Cs ---- 0 [A-l] 
aX2 

Where s is the Laplace t ransform variable  and ~f(s) is 
Laplace t ransform of C (X,t). The solution of Eq. [A-1] 
is 

CB 
$ = E cosh gx + F s inh gx ~- [,%-2] 

S 
where 

g -- ~ / ( s /D)  

In  order to solve a general  problem with t ime-  
dependent  flux boundary  condition, we proceed as 
follows (9, 13). We first solve an auxi l iary  problem 
with the following boundary  condit ion at X ---- l 

0C 
= 1  at X = l  [A-3]  

OX 

In  t ransform form this boundary  condition is 

0i 1 
. = - -  at X = !  

OX s 
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We also take  the  t r ans fo rm of bounda ry  condi t ion [3], 
i.e. 

Of 
= 0  at  X = 0  [A-4]  

OX 

Uti l iz ing Eq. [A-3]  and [A-4] in Eq. [A-2] ,  we  get  

cosh gx CB 
f ( s )  = + -  [A-5] 

sg s inh gl s 

The solut ion in the t ime domain  is obta ined  by  tak ing  
the  inverse  Laplace  t rans form of Eq. [A-5] 

1 f v + i =  estcoshg x ds [A-6] 
C : CB + - ~ i "  ~-~= sg sinh gl 

The integral ,  b y  Cauchy 's  theorem,  is equal  to 2~i t imes 
the sum of the residues at t h e  poles of its in tegrand.  
We also assume tha t  7 is so la rge  tha t  a l l  the  s ingu-  
lar i t ies  of f ( s )  l ie  to the lef t  of the  l ine ( 7 - - i o o ,  
7 - 5 i o o ) :  There  is a double  pole at  s : 0 and  the 
res idue  at  s : 0 is 

Limit d ( De~tg cosh gX } Dt 3X~ -- V 
s --> 0 d--'s sinh gl : T -5 

FILM G R O W T H  ON NOBLE M E T A L  ALLOYS 

61 

[A-7] 
The o ther  poles of f ( s )  a re  

n ~  
g = ---~-, n =  1,2,3 . . . .  [A-8] 

and the  res idues  at  g = n ~ U t  (or  s ---- --n2n2D/V) are  

2 mrX 
-- (--l)n +i e -(~'~Dt/L~) cos .... [A-9] 

n2~2 L 

The solut ion of Eq. [1] subject  to bounda ry  condit ions 
[3] and [A-3] and ini t ia l  condi t ion [2] is 

Dt  3X2 - -  D 2~ 
C : C B + - - T +  61 ~ 

( -- 1) ~ e-  (n~,mm) cos [A- 10] 
n=i n~ t 

The above  solut ion is s imi lar  to tha t  given in Cars law 
and J aege r  (13). In  o rder  to obta in  the  solut ion of the  
p rob lem for t ime -dependen t  flux bounda ry  condit ion 
[6]~ we use Duhamel ' s  t heorem fol lowing Churchi l l  
(9) (wi th  the  a id  of convolut ion p rope r ty )  for the 
flux bounda ry  conditions. The solut ion is 

Cs f t  0 { dXf ( t - -~ )  } F ( X , k ) d  k 
C(X,t) -- CB --  - - ~  -'o - ~  dt 

Cs dXf (0) 
+ . . . .  F(X,t) [h-ll] 

D dt 

where dXf(t -- k)/dt is the time varying function of 
the variable (t -- k) and dXf(O)/dt is the value of 
dXf/dt at t = 0. The function F(X,t) is the solution of 
the Eq. [i] with boundary conditions [3] and [A.-3] 
but with zero initial condition and is therefore glven 
by 

D~ f 3X s _ Iz 2 
F(X,~) : T + I ~ 612 ~2 

~ (--1)ne-(n~TreDt/l~) COS 'p'~X 
n=i n 2 l [A-12] 

Equat ion [A-11] toge ther  wi th  [A-12] represents  the 
solut ion of Eq. [1] to appropr i a t e  b o u n d a r y  conditions 
[3] and [6] and ini t ia l  condit ion [2]. 

APPENDIX B 

Film Growth Kinetics--Laws (14, 15) 
Linear growth rate. 

X f  : kit [B- I ]  

where  kl is the  l inear  g rowth  ra te  constant.  The ra te  
of g rowth  of the  film in this case is constant  

1615 

dXs 
-- kl [B-2] 

at 

Parabolic growth rate.--The most general parabolic 
growth rate can be described by 

1 1 
kpl Xf2 -5 ~ Xf = t [B-3] 

whe re  kpl and kp2 are  the  ra te  constants  in app rop r i -  
ate units. The ra te  of g rowth  dXf/dt is g iven by  

a t ' :  ~ -5 kpl ] [B-4] 

In a special  case of s imple parabol ic  g rowth  ra te  we 
get 

Xr ~ = kt  
and 

at 2wrY- 
Asymptotic growth r a t e . - - I f  the  f i lm growth  r a t e  

approaches  some constant  thickness Xc in the  course of 
t ime, the  g rowth  ra te  l aw may  be descr ibed by  

Xf : Xe[1 --  e -k , t ]  [B-6] 

Where  ka is the  appropr ia t e  ra te  constant  descr ib ing 
the growth  characterist ic .  In  this case 

dXf : X~kae -kat [B~7] 
at 

Logarithmic growth r a t e . - - T h e  film growfh ra te  in  
this case is descr ibed by  

Xf = knlog (a t  + b) [B-8] 
and 

dXt ~na 
., = - -  [B-9] 

at  a t  + b 

Inverse logarithmic growth rate.--The growth  rate 
in this case is 

1 
= kl  - -  k2 log t [B-10] 

Xf 
and 

dXf k2 
[B-li] 

dt t (kl -- k~ log t)2 

In addi t ion  to above ana ly t ica l  expressions de-  
scr ibing the oxidat ion  (film growth)  processes which 
begin  at the t ime t = 0, there  a re  many  cases where  
expe r imen ta l  da ta  reflect an over -a l l  resu l t  for  which 
two or more  independen t  physical  mechanisms are  r e -  
sponsible (15). Most of these cases can be judic ious ly  
reduced to the  above expressions.  For  example ,  i f  one 
of the processes is descr ibed by  a l inea r  ra te  and the 
other  by  parabol ic  

Xf --  kit -5 k/kpt  [B-12] 

It  m a y  be shown tha t  the  resu l tan t  curve is a skewed 
parabola .  If the re  are  two s imul taneous  parabol ic  
processes involved in film growth,  i.e. 

Xf = k/kps~" -5 h v / k ~  [B-13] 

the resul tan t  curve is a pa rabo la  Xr  ~ = kt, where  

k = (~/kp~ + h/kpd)~ [B-14] 

Various o ther  s i tuat ions where  some process con- 
trols oxidat ion  to cer ta in  t ime t - -  T and at tha t  ins tant  
another  mechanism takes  over, can also be reduced  
to above cases by su i tab ly  choosing the coordinate  
systems. 
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The Application of Pulsed Current Electrolysis 
to a Rotating-Disk Electrode System 

II. Electrochemical Kinetics 

K. Viswanathan* and H. Y. Cheh** 
Department of Chemical Engineering and Applied Chemistry, Columbia University, New York, New York 10027 

ABSTRACT 

A new method which was based on a combinat ion  of pulsed electrolysis  an d  
s t i r r ing  to s tudy fast  e lect rode react ions was developed.  Theore t ica l  expres -  
sions were  der ived  for a f i r s t -order  revers ib le  reaction. Expe r imen ta l  investi~ 
gat ion was car r ied  out in a f e r r i - f e r rocyan ide  system. Good agreement  on t h e  
results  was obta ined  be tween  the new method and the d -c  measurements .  

Methods for s tudying fast  e lect rode react ions can be 
grouped genera l ly  into two types.  The first type  in-  
volves the  appl ica t ion  of t rans ien t  technique to an un-  
s t i r red  e lec t rochemical  system. Techniques such as 
chronopotent iometry ,  chronoamperomet ry ,  cyclic vol-  
t ammet ry ,  etc. al l  fal l  into this group. Theore t ica l  an-  
alyses involve  solving the diffusion equat ion subject  to 
bounda ry  condit ions in accordance wi th  the  appl ied  
technique.  There  is a wea l th  of in format ion  concern-  
ing this approach in the l i t e r a tu re  in te rms of research  
papers ,  rev iew articles,  and  books. Major  rev iews on 
the subject  include the ear ly  summary  by  Delahay  
(1) and subsequent  books by  Vet te r  (2), Adams  (3), 
and most recently,  Macdonald  (4). The second type  
involves the  appl ica t ion  of d i rec t  cur rent  or  po ten t ia l  
to a s t i r red  system. Theore t ica l  analyses  involve solv-  
ing the  convect ive diffusion equat ion under  d-c  bound-  
a ry  conditions. The ro ta t ing -d i sk  electrode (RDE) 
due to its w e l l - k n o w n  mass t ransfe r  behavior ,  is the 
most p rominen t  tool in this approach.  Levich (5), 
Adams  (3), A l b e r y  and Hi tchman (6), P leskov and 
Fi l inovski i  (7), and  Opekar  and Beran  (8) have 
wr i t t en  extensive reviews on the RDE system. 

A common pr inc ip le  for both  types  of methods is 
tha t  in  o rde r  to s tudy fast e lec t rode  reactions,  mass 
t ransfe r  l imi ta t ions  mus t  e i ther  be  negl ig ib le  or  be  
quan t i t a t ive ly  accounted for. The RDE system pos-  
sesses both the  prac t ica l  advan tage  of effective s t i r -  
r ing and the theore t ica l  advan tage  of being a r e l a -  
t ive ly  s imple  sys tem to analyze mathemat ica l ly .  A 
combinat ion  of the  two methods,  i.e., the appl ica t ion  
of t rans ient  techniques to a RDE s y s t e m ,  would in 
pr inc ip le  enable  one to s tudy  quan t i t a t ive ly  the  ra te  
of fast  e lec t rode  reactions. In  this paper  we develop 
such a method by apply ing  pulsed cur ren t  electrolysis  
to an RDE system. Theore t ica l  analysis  on the de te r -  
minat ion  of kinet ic  pa rame te r s  is presented.  Expe r i -  
menta l  inves t iga t ion  by using a f e r r i - f e r rocyan ide  sys-  
tem is then repor ted .  I t  is impor t an t  to note here  that  
a ma jo r  advan tage  of pulsed cu r ren t  e lectrolysis  is tha t  

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
Key words: pulsed electrolysis, rotating-disk electrode, kinetics. 

the  surface concentra t ion of the reac t ing  ion can be 
calcula ted solely f rom mass t ransfe r  considerat ions  by  
solving the  convective diffusion equat ion subject  to 
Fick 's  first law of diffusion as a bounda ry  condition. In 
other  words, the  surface concentra t ion of the  react ing 
ion depends on the t r anspor t  character is t ics  of the  
system and the appl ied  cur ren t  density.  I t  is indepen-  
dent  of react ion kinetics. 

Theoretical 
The theore t ica l  analysis  is based  on an RDE system 

wi th  the same assumpt ion as descr ibed in par t  I of 
our  paper  (9). Assume also that  the  fol lowing react ion 
m a y  occur at the RDE 

0 + ne-  r R [1] 

where  O and R represen t  the molecular  fo rmula  of the 
oxidized and reduced species, respect ively ,  and n is 
the  number  of electrons t r ans fe r red  dur ing  reaction. 
The But le r -Volmer  equat ion is assumed to represen t  
adequa te ly  the  ra te  of the reac t ion  when a pulsed cur -  
ren t  is appl ied  

ip --  io,~o eRA exp 

CO,,exp { ( 1 - - a ) n F ~  } ] 
-  o,-T [ 2 ]  

where  ip is the appl ied  pulsed cur ren t  density,  io,~ 
is the exchange cur ren t  densi ty  at the  bu lk  concent ra -  
tion, ca.i and cR.~ are  the  concentra t ion  of R at  the  
e lectrode surface and in the  bulk,  respect ively,  co,i and 
Co.~ are  the concentra t ion of O at the  e lect rode surface 
and in the bulk,  respect ively,  a is the  t ransfe r  coeffi- 
cient, ~ is the  overpotent ia l ,  and  F, R, and T have thei r  
usual  meaning.  

Consider  the  case of app ly ing  a cathodic cur ren t  a n d  
assume that  the  rat io,  CR.JCR,~, is close to unity.  Equa-  
t ion [2] can be r ewr i t t en  as  
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The concentra t ion of O at  the  e lectrode surface can be 
ca lcula ted  by  the  fol lowing equat ion which has been 
der ived  by Cheh (10) 

(co,i - -  Co,| ~ '  1 
- -  1-2 X.4 

ip~O ,~=1 P~a 2 

exp [--#n2To,i] - -  exp [ - - ~ o , ~ ]  

(1 --  exp [ - - ~ o , c ] )  
[4 ]  

D]  

where  

= ( 2 u  - -  1) - -  
2 

":o = Dot /8o  s [6] 

and  Do is the  diffusion coefficient and 50 is the  th ick-  
ness of the  Nernst  diffusion layer ,  ro,i and ~o,c a re  the  
dimensionless  pulse and cycle time, al l  r e fe r red  to 
species O, and t is t ime. 

Since the  RHS of  Eq. [4] is equal  to the rat io  of the  
d-c  cathodic l imi t ing  cur ren t  dens i ty  (id-c)Lc and the 
pulsed cathodic l imi t ing cur ren t  dens i ty  (ip)l,c (9, 10) 
and since (id-c)l,c is r e la ted  to bo by  Eq. [5] 

nFDoco,,  
(~d-~) 1,e = [7 ]  

8o 
Equat ion [4] can be r ewr i t t en  as 

co,, -/P Is] 
co,., - (h,)1.~ 

By subst i tu t ing  Eq. [8] into [3] and rear ranging ,  one 
obtains  

anF',l 
= In io.. + ~ [9] 

Similar ly ,  if the  appl ied  pulsed cur ren t  is anodic, the  
fol lowing equat ion can be der ived  

exp  - ~ }  - - 1 ]  

( 1  - -  a ) n F ~  
= I n  io, .  [ 1 0 ]  

R T  l 

Equat ion  [9] and [10] a re  the  basic equat ions f o r  the  
analysis  of kinet ic  pa rame te r s  by  the  pulsed cur ren t  
technique.  

Exper imental  
The same expe r imen ta l  setup as descr ibed in  our  

previous  pape r  (9) was used in this work.  In  o rde r  to 
avoid  possible poisoning of P t  in  f e r r i - f e r rocyan ide  
solution, an Au  disk e lec t rode  of 0.461 cm 2 a r e a  was 
used. The e lec t ro ly te  consisted of 0.01M ferr icyanide ,  
0.01M ferrocyanide ,  and 0.SM K2SO4. K2SO4 ins tead of 
KC1 was chosen to e l imina te  possible  anodic dissolu-  
t ion of Au. Al l  exper iments  were  car r ied  out at  22 ~ __. 
l~ 

The  k inemat ic  viscosi ty of  the  e lec t ro ly te  was mea -  
sured  by  an Ostwald  v iscometer  and the  va lue  was 
found to be 0.00976 cm2/sec. The diffusion coefficients 
of the  fe r r i -  and fe r rocyan ide  ions were  ob ta ined  by  
d -c  l imi t ing  cur ren t  dens i ty  measurements .  The values  
were  6.9 • 10 -6 and 5.7 • 10 -6 cm2/sec, respec-  
t ively.  

For  comparison purpose,  the  kinet ic  pa rame te r s  for  
the  f e r r i - f e r rocyan ide  reac t ion  sys tem were  first de t e r -  

1 6 1 7  

mined  by  using the d -c  method developed by  J ahn  a n d  
Vielst ich (I1) .  These authors  showed tha t  the  ex-  
change current  dens i ty  and the t ransfe r  coefficient for  
the  react ion could be de te rmined  f rom a knowledge  of 
the in tercept  and slope of a 1 / ( app l i ed  d-c  cur ren t  
densi ty)  vs. 1 / ( ro t a t i on  speed) V, plot. Expe r imen ta l  
resul ts  a re  shown in Fig. 1. The exchange  cur ren t  
densi ty  and t ransfe r  coefficient were  found to be 4.3 
m A / c m  2 and 0.5, respect ively.  

Pulsed exper iments  were  car r ied  out  a t  ro ta t ion  
speeds of 400, 900, and 1600 rpm, wi th  a pulse t ime of 
10 -4  sec and a cycle t ime of 10 -3 sec. The overpoten-  
t ia l  of the RDE was measured  as a function of the  a p -  
pl ied pulsed cur ren t  density.  Results  a re  shown in Fig. 
2. Equat ions [9] and [10] were  used to calcula te  the  
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2.0 

1.5 
T 

~1.0 
X 

0.5 

I I I I I 
0 0.01 0.02 0.03 0.04 0.05 0.06 

- 1 / 2  ( rpm)- I /2  

Fig. 1. Current-potential plot for the determination of kinetic 
parameters by the method of Jahn and Vielstich (11). 
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Fig. 2. Current-potential behavior of the ferri-ferrocyanide sys- 
tem under pulsed current conditions. 
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kine t i c  parameters .  (ip)l,a and (ip)1.c were  first ca lcu-  
l a ted  for the  expe r imen ta l  conditions. The LHS of Eq. 
[9] and [10] were  p lot ted  as a funct ion of overpoten-  
tial. Results  are  shown in Fig. 3 and 4. The l ine in both  
figures was d rawn  so that  a t ransfer  coefficient of 0.5 
would  resul t  f rom the  slope. The exchange cur ren t  
dens i ty  was found to be 4.3 m A / c m  2 for  cathodic r e -  
duct ion of fe r r i cyan ide  f rom Fig. 3, and 4.5 m A / c m  2 
for anodic oxidat ion  of fe r rocyanide  f rom Fig. 4. Com- 
par ing  these resul ts  wi th  those obta ined  by  d-c  mea -  
surements ,  the agreement  can indeed be considered 
ve ry  good. 

Conclusions 
A new technique which  is based on pulsed  cur ren t  

electrolysis  in a s t i r red  system is developed to s tudy  
fast e lectrode reactions.  Theore t ica l  expressions were  
der ived  for  revers ib le  f i r s t -order  react ion on an RDE 
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Fig. 3. Cathodic reduction of ferricyanide ion 
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Fig. 4. Anodic oxidation of ferrocyanide ion 

2 0  

2 0  

system. The technique was appl ied  to de te rmine  k i -  
netic pa ramete r s  for a f e r r i - f e r rocyan ide  react ion sys-  
tem. Good agreement  was ob ta ined  be tween  the resul ts  
based on the present  approach  and those f rom d-c 
measurements .  

The new technique is in  pr inc ip le  capable  of s tudy-  
ing much faster  react ions  than  the  exper imen ta l  sys-  
tem chosen for this work. This can be accomplished 
by  a combinat ion of apply ing  shor ter  pulses wi th  low 
duty  cycles and increased st irr ing.  The method  can 
also be easi ly ex tended  to react ions  o ther  than  first 
order.  
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L IST  OF SYMBOLS 
co,i, Co,= concentra t ion of oxidized species at  the  elec-  

t rode surface and in the  bu lk  solution, r e -  
spec t ive ly  

CR,i, Cm= concentra t ion of the  reduced  species at  the  
e lec t rode  surface and in the  b u l k  solution, 
respec t ive ly  

Do diffusion coefficient of the  oxidized species 
F Fa raday ' s  constant  

pulsed cur ren t  dens i ty  
~/d-c)Lc, (i,)1 cathodic l imi t ing current  dens i ty  for  d -c  

e lectrolysis  and for pulsed  electrolysis,  re -  
spec t ive ly  

(~D)l,c, ( i~) l ,a  cathodic and anodic pulsed  l imi t ing  cur-  
ren t  density,  respect ive ly  

io~ exchange cur ren t  dens i ty  of reac t ion  at  the  
bu lk  concentra t ion 

n number  of electrons t r ans fe r red  in  react ion 
R universa l  gas constant  
t t ime 
T t empe ra tu r e  
a t ransfe r  coefficient 
5o thickness of the Nerns t  diffusion l aye r  for 

the  oxidized species 
11 overpoten t ia l  
~n a constant  defined in Eq. [5] 
To,l, ro,c dimensionless  pulsed t ime and cycle t ime for 

the oxidized species, respec t ive ly  
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n-Heptylviologen Radical Cation Films 
on Transparent Oxide Electrodes 

Raymond J. Jasinski *,1 
Texas Ins truments  Incorporated, Dallas, Texas 75265 

ABSTRACT 

The cosmetic and kinetic properties of n-heptyIviologen dihydrogenphos- 
phate radical cation films deposited on transparent oxide electrodes, in par- 
ticular tin oxide, are dependent upon the initial condition of the oxide- 
electrode surface. The implication is a strong interaction of the electrode sur- 
face v~th the first layer(s) of radical cation film deposited. 

"Viologens" are dialkyl  and diaryl  4,4' b ipyr id in ium 
compounds (1). They are stable in  water  below pH 8- 
10; the water  solutions are colorless, or pale yellow, 
depending on the subst i tuent  group. These compounds 
are readily synthesized in high yield, from reaction of 
dypir idyl  and the appropriate  alkyl or aryl  halide (1). 
Other synthetic routes are also available (2-5). 

Chemical and cathodic reduct ion of the shor t -chain 
viologens in  water  solutions (e.g., the dimethyl  and 
diethyl compounds) generate b lue- to-viole t  colors 
which have been shown due to stable radical  cations 
(6-8). Mild oxidation wi th  air, for example, restores 
the parent  dication. In  1973 it was pointed out (9) that  
cathodic reduct ion of viologens with alkyl side chains 
containing more than five carbon atoms resulted in 
deposition of colored films on the reducing electrode 
surfaces ra ther  than forming soluble blue material.  
Furthermore,  in the absence of air, these films re-  
mained adherent  to the electrode surface, and on anodi-  
zation ymlded the paren t  dication. 

It  was also suggested that this phenomenon could 
be the basis for an a lphanumeric  display. Since that 
time, a n u m b e r  of papers and patents have discussed 
the use of viologens in  this context. Most of these 
have dealt  with generat ing viologen films onto metal  
electrode surfaces, and al though the mechanisms in-  
volvect in  ~ilm growth and oxidation are not totally 
understood, the phenomenology appears to be rela-  
t ively straightforward.  Such is not the case with vi-  
ologen redox reactions on t ransparen t  oxide electrodes 
which are of considerable importance in  practical dis- 
play technology. 

This paper  discusses properties of one viologen radi-  
cal cation film (that from n-hepty lv io logen dihydro- 
genphosphate) on commercial ly avai lable t ransparent  
t in  oxide and on t in-doped ind ium oxide. The conten-  
t ion is made that  the differences in electrode per-  
formance, v is -a-vis  metal  electrodes, must  arise from 
chemical interact ions of the electrode surface with the 
radical cation film, as well  as from the higher ohmic 
resistance of the oxide electrode. 

Experimental 
The exper imenta l  techniques were substant ia l ly  as 

described elsewhere (10), but  with a few modifications. 
The apparatus included the following: Wenking Po- 
tentiostat, Wenking VSG 72 Scan Generator,  PAR 
Digital Coulometer, Coming  Model 101 Electrometer,  
TI No. 341 and Servori ter  recorders, Lab  Con Company 
glove box. The glass cell was of the s tandard three-  
compar tment  design; a glass fri t  separated the counter-  
electrode compar tment  from the working  electrode; a 
capillary, wi th in  1 cm of the working  electrode iso- 
lated the Orion double junct ion  reference electrode 
(Model 90-02-00, with 10% KNO3 as the "outer" solu- 
t ion).  The test cell and glove box were deaerated with 
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t in oxides,  indium oxides.  

nitrogen which had been passed over copper filings at 
580~C. 

Open-circui t  ("equi l ibr ium")  potentials were re-  
corded 7 rain after depositing a nomina l  3 mC/cm 2 of 
radical cation film at potentials positive to those re-  
quired to reduce the radical cation. No at tempt  was 
made to control cell t empera ture  precisely dur ing these 
studies. 

N-heptylviologen dibromide was synthesized in-  
house by reaction of dipyridyl  and 1-bromoheptane.  
Recrystall ization was from methanol  with acetone. 
The dihydrogenphosphate derivatives were prepared 
from the bromide salt via ion exchange on Amber l i te  
IRA-400. It was determined that  the residual  halide 
concentrat ion was less than 5 • 10-SM. The support ing 
electrolyte was molar  phosphate, pH 4. 

Deaerated n-heptylviologen solutions were stored in  
the glove box (under  fluorescent lamps) with no ob- 
vious decomposition over a 12 month  period. Solutions 
stored in air developed a pungen t  odor wi th in  a few 
days, unless contained in "actinic" glass. 

The oxide electrodes (1 cm 2) studied were the com- 
mercial ly available "NESA," "Nesatron 20" and "Nesa- 
t ron 100" from PPG Industries,  as well as SnO~ from 
Corning. A few measurements  were made with "Elec- 
tropane" from Libby-Owens-Ford .  Sheet resistances 
for these materials  were measured rout inely  by a two- 
point probe method (11), cal ibrated by the four-point  
probe method of van der Pauw (12). The cathodic 
limits were established by exhaust ive electrolysis 
(13), i.e., potentiostat ing the electrode for prolonged 
periods of t ime at the appropriate values and measur-  
ing changes in sheet resistance, usual ly  accompanied 
by visible changes in the film. This technique sees" 
only electrode decomposition, ra ther  than reduction o~ 
trace oxygen, hydrogen evolution, or plat ing of trace 
metal  ions. Techniques for condit ioning and cleaning 
the t ransparen t  oxide surfaces are discussed in  the 
text. 

Electrical contact to the oxide electrode was m a d e  
via a direct clip to the slice, 0.5 cm abo~ce the solution 
level. Although poor cur ren t  dis t r ibut ion can be ex- 
pected, it was the only e lect rode-mount ing scheme 
which did not per turb  the electrode surface. Bonding 
conductive oxide-coated glasses over small  apertures 
with epoxy did improve current  distribution, however, 
flowing of epoxy dur ing the sealing operation and /or  
s imultaneous contaminat ion of the surfaces made the 
technique valueless for the purposes of this work. 

Surface elemental  analyses were made with the PH1 
Model 548 Auger Spectrometer and the JEOL 3 Scan- 
ning Auger  Spectrometer. The oxygen/meta l  ratios 
were calibrated by assuming that  the measured signals 
for sputtered surfaces corresponded to a 2:1 atom ratio 
for t in oxide, and 3:2 for the ind ium oxide-based mate-  
rials (14). The O/Sn cal ibrat ion factors so obtained 
agreed to wi thin  __+2% standard  deviation for 15 sam- 
ples of commercial and in-house prepared t in oxide. 
The surface Carbon contents are reported as C/metal  

1619 



1 6 2 0  J .  Electrochem. Soc.:  ELECTROCHEMICAL SCIENCE AND TECHNOLOGY O c t o b e r  1978 

peak height ratios, since a reasonable calibration pro- 
cedure was not readily available for carbon. 

Results 

T h e  bulk  characteristics of the e l e c t r o d e  m a t e r i a l s  
used in this s tudy are shown in Table I. The variations 
listed in  sheet resistances and thicknesses are s tandard 
deviations for a m i n i m u m  of 12 pieces from one ship- 
ment  each. It  was not possible to generate quant i ta t ive  
atom ratios for the dopant  levels of the t in  oxide sam- 
ples due to the lack of fluoride and an t imony  s tan-  
dards. The dopant  values listed for the Nesatron 20 
samples are bulk  values. The surface S n / I n  ratios 
(e.g., 0.12-0.16) were suspect due to the inevi table  
surface carbon contaminat ion (see below). 

Most of the electrochemical measurements  were car- 
ried out with the first three materials  listed because 
of the lower sheet resistances. The cathodic limits (at 
pH 4) given in the table are conservative in  that  all 
samples tested survived these potentials without  
change; some samples were stable at an addit ional  
- 5 0  mV. 

Films of radical cation formed on as-received e l e c -  
t r o d e s  were almost always "patchy" and nonuni form 
in  appearance. The rates of cathodic decomposition 
and, in particular,  anodic erasure of the radical cation 
film, were slow; 3-5 min, for example, were required 
to anodize completely a 3 mC/cm 2 film. 

It was presumed that  the nonuni formi ty  o f  t h e  f i l m  
was due, at least in part, to the carbonaceous materials  
on the electrode surface indicated by the Auger spec- 
t ra  (Table II) .  Oxidative and extractive procedures r e -  
d u c e d  this carbon "to min imal  levels. Those surfaces 
Soxhlet-extracted 4 hr each with xylene, isopropanol, 
methanol,  and water, as well  as those surfaces treated 
with alcoholic caustic, subsequent ly  yielded uniform 
viologen radical cation films. Films formed onto sur-  
faces that had been subjected first to highly oxidative 
treatments,  both wet and dry, were rout inely nonun i -  
form, being darkest  around the edges and light in the 
center. 

This relationship between carbon content and film 
uni formi ty  is not par t icular ly  surprising, however the 
pre t rea tment  procedure had an addit ional effect, t h a t  
of al tering the erasure kinetics. Shown in Fig. 1 are 
plots of the amounts  of charge remaining  on a t in  oxide 
electrode surface vs.  t ime after application of a con- 
stant  ~-lO0 mV for three c lean-up procedures. Each 
electrode had been first coated with 3 mC/cm 2 radical 
cation film at --525 mV and then held on open circuit 
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Fig. 1. Quantity of charge remaining on a PPG tin oxide sample 
as a function of time after application of a constant -t- 100 mV. 

for 1 rain. Obviously a uni form deposit does not corre- 
late with fast erasure, nor did a nonuni form deposit 
correlate ent irely with a slow erasure (the detergent-  
treated samples (14) were almost always nonuni form 
in appearance, but  sometimes gave fast erasures) .  A 
rat ionalizat ion of this effect is offered below after a 
discussion of addit ional  phenomenology involved in  
film formation and erasure. 

The caustic-treated and solvent-extracted samples 
were always wettable;  the as-received samples were 
not. This effect has general ly  been ascribed to hydroly-  
sis of the surface [e.g., (14, 15)], which according to 
theory (19, 20) is not accompanied by  an increase in  
O/Sn  ratio. 

Table I. General properties of conductive oxide electrodes 

I tem C. SnO2 NESA Nesatron 20 N. 100 L.O.F. 

Major oxide  SnO~ SnO2 In~Oa ImO8 IntO8 
Dopant  Sb F Sn Sn Sn 
S n / I n  ratio (atom) 0.04 0.06 0.05 
Oxide th ickness  2300A'--_+ 12% 1400 ~ 10% 1700 -~ 12% 700 ~ 20% 1100 • 20% 
Sheet  resistance (~ / [ ] )  99 "~ 13% 100 ~- 18% 27 • 10% 200 ~ 10% 200 
Resist ivity (m~-cm) 2.3 1.4 0.5 1.4 2.2 
Cathodic limit (mV) (pH 4) - 6 7 5  -675  - 6 5 0  

Table II. Surface composition of tin oxide electrodes (via Auger analysis) 

(C/Sn) peak ratios (O/Sn) atom ratios 

Treatment  C. SnO~ PPG SnO2 C. SnO2 PPG SnO2 

A s  rece ived 0.18 • 0.4 3.0 ~- 2 2.6 ~ 0.1 4.2 • 0.4 
Washed in water  0.16 2.6 

Methanol 0.18 • 0.06 2.9 +-- 0.2 
H_~PO~- buffer 0.36 • 0.03 0.38 • 0.16 3.3 • 0.4 3.2 ~ 0.1 
NaOH 0.21 0.54 3.3 3.1 

alc. KOH/buffer 0.03 0.11 3.0 2.1 
Washed  in H~O/methanol,  air dry  

2 hr 300~ 0.31 2.6 
400~ 0.58 2.9 

H202 0.16 3.0 
H20~ + H2SO4 0.07 0.22 2.8 4.4 
02 g low discharge 0.03 -~-- 0.02 0.53 • 0.4 2.9 4.0 ~ 0.4 
Extract  in (xy l ene / IPA/H~O) /  

buffer 0.01 0.09 3.2 4.0 
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The measured  surface O / S n  a tom rat ios  a re  also 
given in Table  II. As found by others  (14), the  surface  
rat ios were  a lways  l a rge r  than  the  bu lk  a tom ratios, 
wi th  a rat io  of nomina l ly  2.5:1 as the  lower  l imit ,  i.e., 
when the samples  had not been t rea ted  chemical ly  and 
were  not  subs tan t ia l ly  con tamina ted  wi th  carbon. 
There  is precedence  in the  l i t e ra tu re  [e.g., Ref. (16)] 
for excess surface oxygen due to compensat ion of bu lk  
vacancies by  adsorbed gaseous oxygen.  Much, a l though 
not necessar i ly  all, of this oxygen  should be removed  
by  pump down in the  Auge r  chamber  (17). Some oxy-  
gen is l ike ly  the resul t  of contaminat ion  f rom the same 
source as the  la rge  amount  of carbon found on the sur -  
face, pa r t i cu l a r ly  for the as - rece ived  P P G  samples  
(both the  carbon and oxygen  signals were  high and 
the  t in s ignal  was low) .  Samples  s imply  contacted 
with  wa te r  could be s l ight ly  "hydra ted ,"  y ie ld ing  an 
increased oxygen  signal. With  one exception,  both low 
carbon contents  and increased O /Sn  rat ios were  ob-  
ta ined for  e lectrodes t r ea ted  with  alcoholic caustic H- 
buffer, pe rox ide / su l fu r i c  acid, and xy lene  ex t rac t ion  -p 
buffer. This could be due to incorpora t ion  of sub-  
s tant ia l  w a t e r  into the  t in oxide  wi th  one or more  of 
the  e lec t ro ly te  consti tuents.  (The significance of "-t- 
buffer" is discussed below.)  

An  a t t empt  was made  to s tudy  the hydrolys is  of the 
surface in a more  di rec t  fashion by  corre la t ing  organo-  
s i lane subsequent ly  bonded to the surface hyd roxy l  
groups (16) wi th  the  p r e t r ea tmen t  procedure.  A s - r e -  
ceived Corning t in oxide samples,  kep t  f rom contact  
With bulk  water ,  did not  bond significant amounts  of 
organosi lane (specifically hydrogen  t r i e thoxys i l ane) .  
Such samples  soaked in buffer solut ion subsequent ly  
bonded considerable  organosi lane.  Dry ing  the surface  
by  hea t ing  in a i r  decreased but  did  not  e l imina te  the  
react ion wi th  organosi lane.  However  samples  of P P G  
tin oxide  s imply  exposed to wa te r  dur ing  the glass-  
cut t ing opera t ion  bonded considerable  organosi lane.  
These samples  were  not v is ib ly  "wet tab le"  (hence the  
surface was not  hydro lyzed  app rec i ab ly ) ;  the  surface 
was contamina ted  wi th  considerable  carbon (Table  I I ) .  
Ident ical  resul ts  were  obta ined wi th  as - rece ived  Nesa-  
t ron  20 and Nesa t ron  100 samples  t rea ted  in the s a m e  
manner ,  and these were  also h igh ly  contaminated  wi th  
carbonaceous mater ia l .  The d ry  oxygen  glow discharge 
essent ia l ly  e l imina ted  the  up take  of organosi lane by  
the Corning t in  oxide  and, as shown in Table  II, essen-  
t ia l ly  e l imina ted  the  carbon res idue  on the surface. The 
same glow discharge  appl ied  to the  P P G  samples  de-  
creased but  did not  e l imina te  the carbon res idue  on 
the surface. The in t e rp re t a t ion  which must  be given to 
these resul ts  then  is that  the  organosi lane can bond to 
wa te r  incorpora ted  into the  surface and more  incorpo-  
ra t ion  takes  place dur ing  ex tended  contact  wi th  wate r  
solutions. However  the  organosi lane  can also bond to 
funct ional  groups which  are  pa r t  of the  surface  con- 
tamina t ion  on the as - rece ived  samples.  

Cleaned oxide  electrodes were  equi l ib ra ted  in pH 4 
phosphate  buffer at  least  12 h r  before  test ing in v i -  
ologen solution. This was a nont r iv ia l  step for the  t in 
oxide  electrodes,  but  was less impor t an t  for  the  Nesa-  
t ron  20. I f  omi t ted  for SnO2, the  radica l  cat ion films 
formed nonuni fo rmly  ( including this s tep but  omi t t ing  
the cleaning s tage gave the same poor  pe r fo rmance) .  
A poss ibly  analogous effect has been repor ted  in the  
l i t e r a tu re  (15), whe reby  soaking the t in  oxide elec-  
t rode  in e lec t ro ly te  increased the subsequent  ac t iv i ty  
for adsorpt ion  of iodide ion. The  mechanism was in-  
t e rp re ted  as an increase  in the  hyd ra t i on / i on  exchange  
capaci ty  of the  t in oxide, a phenomenon wel l  known 
wi th  bu lk  cassi ter i te  (10). Since, in the  presen t  case, 
surface hydroxy l  groups were  p r o b a b l y  presen t  before  
the  equi l ibrat ion,  i t  is assumed tha t  the  dominat ing  re -  
action was ion exchange.  Indeed phosphorus  was found 
on the t in oxide  e lec t rode  surfaces wi th  the scanning 
Auge r  (avoiding areas  of the  surface con ta in ing  p a r -  
t icula te  ma t t e r ) .  This then  was the surface on which  
the fol lowing e lec t rochemis t ry  was carr ied  out. 

Shown in F ig . -2  are  e rasure  curves for P P G  t in  
oxide, c leaned wi th  alcoholic caustic, onto which h a d  
been nomina l ly  deposi ted 1, 2, 3, 4, and  5 m C / c m  2 of 
radical  cat ion film. Obviously  the  bu lk  of the  film 
erased at  a constant  ra te  which was independen t  of 
coverage. The "tai l"  in i t ia ted  at  about  0.05 m C / c m  2. 
F igure  3 shows a s imi lar  plot, but  wi th  e rasure  poeen- 
t ials var ied  for a constant  ini t ia l  coverage of 3 m C / c m  2 
( _  10%). The conclusion here  is tha t  the  "fast" e ra -  
sure section is more  potent ia l  dependent  than  the " ta i l"  
section. The "tai l"  sect ion was less pronounced wi th  
Nesat ron 20 than  wi th  the  t in  oxide samples.  

Both the  "tai l"  and "fast" sections were  independent  
of the length  of t ime af te r  deposi t ion and e rasure  of 
the film (be tween  1 and 7 rain) .  Accumula t ion  of color 
on the  e lect rode was not observed af ter  10 +8 repe t i t ive  
cycles of min imal  6 sec each; the charge  in the  " ta i l"  
did not increase.  

Cyclic vo l t ammograms  on the t in oxide  e lec t rode  
were  of the  same form as p rev ious ly  repor ted  for  
meta ls  (10, 13) except  for the  dis tor t ion due to the  
ohmic resis tance of the  e lect rode mater ia ls .  A definite 
peak  corresponding to deposi t ion or  r emova l  of the  
"tai l"  section could not  be d is t inguished f rom the  
ma jo r  Fa rada ic  processes. However ,  those e l ec t rode /  
e lec t ro ly te  combinat ions leading  to ta i l ing on anodic 
erasure  also lead to "d rawn  out"  anodic peaks  on cy-  
clic vo l tammograms.  

Shown in Table  I I I  a re  the  cathodic peak  currents  
observed on the th ree  oxide  electrodes,  for a constant  
cathodic potent ia l  of --550 mV. Nesa t ron  20, wi th  the 
lower  sheet  resistance,  did give a h igher  peak  cur ren t  
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Fig. 2. Erasure curves with initial coverages of 1.3, 2, 3.1, 4.2, $ 
mC/cm 2, respectively. 
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Fig. 3. Erasure plots as a function of erasure potential. The fastest 

erasure corresponds to the most positive potential (Jr 500 mV) 
applied. 

than  the SnO2 electrode,  but  not  in d i rec t  p ropor t ion  
to the  sheet  resistance.  For  a given e lec t rode  mater ia l ,  
however,  the appl ica t ion  of more  negat ive  potent ia ls  
increased the cathodic cur ren t  p ropor t iona te ly  in the  
range  --  475---  600 mV. 

Discussion 
The react ion sequence shown in Table  IV is infer red  

f rom these resul ts  as a work ing  model  for redox proc-  
esses of n -hep ty lv io logen  d ihydrogenphospha te  (R-  
V + 2) on t r anspa ren t  t in oxide electrodes.  

Table III. Effect of sheet resistan:e 
Deposit ion of  n - h e p t y l v l o l o g e n  p h o s p h a t e  ( - 5 5 0  mY)  

Electrode Sheet  resistance ip~a~ 
(~/[:]) (mA)  

C o r n i n g  SnO2 99 ~ 13% 0.36 
P P G  SnO2 100 -~ 18% 0.54 
N e s a t r o n  20 27 ~ 10% 0.65 
Gold  > 3  

Table IV. Viologen salts on tin oxide electrodes 

Working model 

Cleaning / hydrolysis 
a.r. SnO2 + KOH(alc) ~ (SnO~) (OII)n + soluble contaminants 

Equilibration 
(SnO2) (OH)n + X- -+ (SnO2) (X)n 

Film nucleation 
(SnO2) (X)n + R -- V+2 + e- § X-~-- (SnO2)(X)n(RV)'X(ads) 

Film growth 
( a d s ) ( R V ) . X  + RV § + e-  -b X - m t h i c k f i l m  

E q u i l i b r i u m  
( R V ) . ( X )  ~ R V §  + X -  

The need to remove  surface contaminants  (step 1) 
and  expose conduct ive oxide is logical  and the neces-  
s i ty  for this step has been demons t ra ted  herein.  The 
s imul taneous  genera t ion  of surface  hydroxy l  groups 
(step 1) is consis tent  wi th  the  l i t e r a tu re  (15) and the 
we t t ab i l i t y  charac te r  of the  so - t r ea ted  surfaces. 

I t  has been demons t ra ted  tha t  a surface  equi l ibra t ion 
wi th  e lec t ro ly te  is requ i red  before  un i form radical  ca-  
t ion films can be  genera ted  on the  t in  oxide electrodes.  
This is shown (step 2) as an ion-exchange  process. 
Auger  analysis  did find phosphorus  on the surface af ter  
exc luding  par t i cu la te  res idua l  sal ts  f rom the ana ly t i ca l  
beam. Higher  O / S n  rat ios were  also found. There  is 
precedence  in the  l i t e ra tu re  for  cass i te r i t e -exchanging  
hyd roxy l  groups for d ihydrogenphospha te  (19). This 
step is appa ren t ly  less impor t an t  wi th  ind ium oxide 
electrodes since un i form rad ica l  cat ion films could be 
genera ted  and erased  r ap id ly  on nonequi l ib ra ted  
Nesa t ron  20. 

The  react ions  of this  modified ox ide  surface  wi th  the  
viologens dicat ion (21) a n d / o r  the first l aye r  of ca th-  
odical ly  formed rad ica l  cat ion are  grouped  in s tep 3. 
I t  is this first l aye r  which  must,  logically,  p rovide  for  
the adhesion of the  subsequent ly  deposi ted bu lk  film. 
The labe l  of "nuc le i "  is used for this first l aye r  o n  
oxide electrodes to be consistent  wi th  observat ions on  
the e lect rodeposi t ion of meta ls  and  meta l  oxides  onto 
the same type  of m a t e r i a l  [e.g., Ref. (22, 23)]. I t  is a p -  
par e nt  f rom the da ta  p resen ted  in Fig. 2 and 3 tha t  the  
last  nomina l  0.03 m C / c m  2 of rad ica l  cation to be ano-  
dized off the  e lect rode surface must  have  different  
proper t ies  than  the bu lk  of the  radica l  cat ion film. This 
quan t i ty  o f  charge  is consistent  wi th  tha t  requ i red  to 
form nuclei  f rom s i lver  on t in oxide,  wi th  due a l low-  
ance made  for the  difference in size of the  viologen 
molecule  and the s i lver  atom. 

To expla in  the  da ta  of Table  III, i.e., the  l e s s - than -  
expected increase  in  cathodic cur ren ts  f rom oxide 
electrodes of lower  sheet  resistances,  and the increase  
in cur ren t  f rom increas ing the overpoten t ia l  appl ied  to 
a given mater ia l ,  it  is proposed (i) tha t  the number  of 
nuclei  fo rmed  on an e lec t rode  surface are  a funct ion of  
mater ia l ,  p re t rea tment ,  and  possibly  potent ia l ;  and  (ii) 
only these nuclei  act as e lec t ron ica l ly  conduct ing chan-  
nels for de l ive ry  Of charge  f rom the  e lect rode to the  
growing film. A var ia t ion  in nucleus concentra t ion 
with  p r e t r e a t m e n t  also would  expla in  the  erasure  
curves shown in Fig. 1 whe reby  speed was a dis t inct  
funct ion of e lec t rode  p re t r ea tmen t .  

The bu lk  film must  grow (step 4) by  reduct ion of 
the  dicat ion f rom the solution. I t  is not known whe the r  
this is ac tua l ly  a two-s tage  process, i.e., cathodic 
format ion  of the soluble  radica l  cat ion which even tu-  
a l ly  prec ip i ta tes  as a salt  [as has been cla imed many  
times, e.g., Ref. (9, 13)] or whe the r  the two steps are  
concurrent,  as impl ied  in Table  IV. As wi th  metals ,  
the  film must  be r e l a t ive ly  nonporous since unde r -  
cut t ing and peel ing of the  film a re  not  found on anodic 
oxidat ion.  

Step 5 implies  an equi l ib r ium be tween  radica l  cation 
in the  bulk  film wi th  radica l  cat ion in solution. I t  has 
been shown (10, 20) tha t  the concentra t ion  depen-  
dences of the equ i l ib r ium potent ia ls  for such films on 
meta ls  obey the  Nerns t  equat ion modified for  the  solu-  
b i l i ty  produc t  re la t ionship.  Ident ica l  potent ia ls  were  
found with  films on t r anspa ren t  oxide  electrodes,  so i t  
is reasonable  to assume tha t  this equ i l ib r ium applies  
here  as well. 
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ABSTRACT 

On the basis of x - r a y  photoelect ron spectroscopy (XPS)  studies of po ly -  
c rys ta l l ine  CdSe electrodes,  the occurrence of S /Se  subst i tu t ion in these elec-  
trodes,  when  immersed  in polysulf ide solution, i s  verified. The subs t i tu t ion  
process is enhanced considerably  when the e lec t rode  is i l lumina ted  as pa r t  
of a photoe lec t rochemical  cell. The mechanism of the S /Se  exchange is d is-  
cussed, as wel l  as the  consequences of such an exchange for e lec t rode  s ta-  
bili ty.  T'he resul t ing  presence of a thin (several  tens  of angs t roms)  l ayer  
of CdS on top of the CdSe is t aken  into account in construct ing a rough  
band scheme for the  system. The CdS l aye r  is Shown to influence the  photo-  
vol tage  and, to a lesser  extent,  the pho tocur ren t  ob ta inable  f rom this k ind  
of photoe lec t rochemical  cell. I ts re la t ion  to the  slow deac t iva t ion  of  h igh ly  
c rys ta l l ine  CdSe photoelect rodes  is discussed. 

Since ~he d iscovery  tha t  Cd-chalcogenide  photoe lec-  
t rodes can be s tabi l ized cons iderab ly  in aqueous solu-  
tions by  the addi t ion  of sulfide ions to the solut ion 
(1~3), severa l  hypotheses  have been fo rwarded  to ex-  
p la in  this s tabi l izat ion.  These include the  low redox  
poten t ia l  of the  S / S  = redox  couple, the  fast  k inet ic  
behavior  of the  S /S=  redox  reaction,  and the p re fe ren -  
t ia l  absorpt ion  of sulfide ions on CdS (4), a l though it  is 
qui te  possible tha t  no single one of these is solely re -  
sponsible  and tha t  the exp lana t ion  must  include a 
combinat ion  of these factors. An  inves t iga t ion  of the  
changes occurr ing  in  Cd-chalcogenide  electrodes when  
they  are  used as photoelect rodes  in a photoe lec t ro-  
chemical  cell  (PEC) might  shed some l ight  on the  
s tabi l iza t ion  mechanism.  I t  is no tewor thy  tha t  different  
degrees  of s tabi l iza t ion  have  been obta ined  for single 
crystal ,  s in tered disk, and thin  l aye r  po lycrys ta l l ine  
e lect rodes  (1, 3). In  an ea r l i e r  r epor t  we ment ioned  the 
occurrence of S /Se  subst i tut ion,  when  CdSe is used 
in polysulf ide (S /S  2 - )  solution as a photoelec t rode  (1). 
In  this r epor t  w e  presen t  results,  obta ined by  x - r a y  
photoe lec t ron  spectroscopy (XPS) ,  which show the oc- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me m b e r .  
Key words:  p h o t o e l e c t r o c h e m i s t r y ,  e n e r g y  convers ion ,  XPS, 

photocorrosion. 

currence of this subs t i tu t ion  both in the  l igh t  and in 
the dark.  Addi t iona l  evidence is given which supports  
s u c h  a subst i tut ion and the  resul t ing  effect of i t  on 
the  conversion efficiency and s tab i l i ty  of CdSe elec-  
t rodes  in polysutf ide solutions. The  mechanism of the  
subst i tu t ion is discussed and on the  basis of these da ta  
we present  a band scheme for the  polysulf ide e lect ro-  
l y t e - C d S - C d S e  sys tem in which  the CdS l aye r  is con- 
s idered as essent ia l ly  an insulator .  Therefore,  in ana l -  
ogy to solid s ta te  MIS systems this junct ion  can be 
looked upon as an EIS (e lec t ro ly te - insu la to r - semicon-  
ductor )  one. Also, on the  basis of the  subst i tu t ion 
phenomenon,  we expla in  the  difference in behavior  
be tween  po lycrys ta l l ine  and single c rys ta l  e lect rodes  
and the shor t -  and l ong - t e rm  changes in photovol tage  
and photocurrents  obta ined f rom such a PEC. 

Experimental 
XPS (ESCA) spect ra  were  obta ined  on an AEI  

ES200 spectrometer ,  using A1 Ka radia t ion  (1486.3 eV, 
~0.9 eV l inewidth) .  The samples  to be inves t iga ted  
were  handled  in a glove box a t tached to the  spec t rom-  
eter. Powdered  samples  (CdS, CdSe) were  ground in 
the  glove box, which  was prev ious ly  made  oxygen  and 
wate r  free by  cooling a Cu coil, s i tuated inside the 
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glove box, with l iquid N~ unt i l  no more condensation 
w a s  observed. The freshly ground powders were then 
pressed into previously cleaned In  foil. 

The polycrystal l ine electrodes (5 • 16 ram) were in-  
vestigated as prepared (1), al though contact with air 
was minimized to avoid oxidation of the surface. Elec- 
trodes which had been immersed in S /S  2- solution 
were washed twice in Na2S solution to prevent  precip- 
i tat ion of e lemental  S from adsorbed electrolyte and 
then washed several times thoroughly in deionized 
water  to remove adsorbed Na2S, prior to analysis. Both 
wide scans [1-10.0.0 eV binding energy (B.E.) ] and na r -  
row scans (20-40 eV )were  made. 

Etching of the surface was achieved using an Ar ion 
gun situated in the analyzing chamber  at a glancing 
angle of 60 ~ wi th  respect to the substrate. The probe 
current  was 6.6 ~A for a beam voltage of 1000V. An 
etching t ime of 10 rain corresponds, under  these con- 
ditions, to an etched layer  of 80 ___ 20A, i.e. 30 • 6 
atomic layers of Cd-chalcogenides (5). Pure  CdS and 
CdSe powders (99.99% Alpha inorganics)  were used a s  

standards. The CdS electrode consisted of a chemically 
vapor deposited CdS layer on In-SnO2 conducting glass. 
The CdSe electrodes were prepared electrolytically on 
Ti -meta l  (1). CdSe electrodes were i l luminated  in a 
photoelectrochemical cell as described previously (1) 
using C/CoS counterelectrodes (6). Both sides of the 
Ti substrate were plated with CdSe. One side was 
insulated by paint ing with a solution of tar in  benzene 
(which we have found to form a stable coating over 
long periods of t ime in the sulfide electrolyte),  except 
in experiments  where the two sides were compared, as 
in i l luminated  and noni l lumina ted  sides for the XPS 
measurements.  I l lumina t ion  at ,-~ AM1 intensi ty  (for 
higher than bandgap energy photon flux) was obtained 
from a conventional  tungs ten- iodine  projector lamp, 
yielding short-circuit  currents  of 5-7 mA/cm2 and 
open-circui t  voltages of ,-~ 0.5V for samples used in  
XPS experiments�9 In  these experiments  samples were 
i l luminated for 24-36 hr continuously under  near  short-  
circuit conditions, n-CdSe crystals were purchased 
from Cleveland Crystals Corporation (specific resistiv- 
ity 1-10 ~-cm, ,,~ > 1016 cm -~ donor concentrat ion) .  
Ohmic contact was made to the CdSe crystals by an In-  
Ga alloy to which a wire (Cu or Ta) was connected by 
silver epoxy and covered with an insulat ing epoxy. 

XPS Results 
Pre l iminary  wide scans of the electrodes showed the 

presence of Cd, Se(S) ,  C, some O, and Ti (for CdSe 
electrodes only)�9 Ar+ etching decreased the relat ive 
intensit ies of the Ti 2p, Cls, and Ols peaks considerably. 
Narrow scans were made of the S 2s, Se3s region (Fig. 
1), S2p, Se3p region (Fig. 2), Se3d, Se L2M4,sM4,5 Auger  
peak, S KLL Auger peak, and Cd 3d regions. The clear- 
est evidence for the presence of S in  i l luminated  CdSe 
electrodes was obtained from the Auger peak at ~ 151 
eV kinetic energy (K.E.), because no Se peaks are 
present  in this region�9 Because of the width of this 
peak no at tempt  was made to use it for the de termina-  
t ion of the amount  of S present;  however, in a qual i ta-  
t ive way, it proved unequivocal ly  the increased pres-  
ence (see below) of S in  previously immersed and 
i l luminated electrodes. For analysis of the relat ive 
amounts  of S and Se in  the samples the S2s/Se3s and 
S2p/Se3p peaks were used. The Cd3d peaks showed no 
significant change before and after i l lumination,  which 
is to be expected as the peak positions of Cd3d in  CdS 
and CdSe (both powders and electrodes) are identical 
(405.0 and 411.7 eV B.E.); ~ 1.40 eV FWHM).  The 
Se L2M4,sM4,5 Auger  peak (~1307 eV K.E.) was mon-  
itored to show the (dis)appearance of Se in the elec- 
trode top layer�9 Again, because of the width of this 
peak it was used as a quali tat ive guide only. Figure 1 
shows the region of the S2s and Se3s peaks. For com- 
parison pure CdS is included as well. The spectrum of 
the noni l lumina ted  side of a CdSe electrode after sub- 
mersion is included because it shows behavior in te r -  
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Fig. 1�9 Photaelectron spectra of CdSe electrodes. I, New electrode 
before immersion and illumination in polysulfide solution; II, same 
electrode after 36 hr of illumination as photoelectrode in photo- 
electrochemical cell (short circuit); AM1 equivalent light intensity; 
iffuminated side; Ill, same as II, nonil[uminated side; IV, same as 
14 after Ar ion sputtering for 35 (10 ~ 10 -Jr- 15) min; V, CdS. 

mediate between that of an electrode prior to and a f t e r  

i l lumination.  Although the S and Se peaks overlap 
somewhat, the strong S presence in  the i l luminated  
electrode is clear from the figure�9 Also the spectrum 
shows the presence of some S in an electrode prior to 
il lumination�9 The source of this S is probably in  the 
SeO2 and/or  H2SO4 used for the electrolytic prepara-  
t ion of the CdSe electrode (1), as this sample had not 
been in contact with the S / S  = solution, After  pro- 
longed etching (35 rain) the peak profile resembles that 
of an electrode prior to i l luminat ion  ra ther  closely. 
Even after 10 rain etching a strong decrease in  the S 
peak is observed and the peak profile is closer to that  of 
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Fig. 2. As Fig. 1. Splitting of Se3p and asymmetry of S2p peaks is 
due to L-S coupling. 

the  e lect rode pr ior  to i l lumina t ion  t han  to tha t  of  a n  
i l lumina ted  one. (The cont inued presence of some re-  
s idua l  S, even in noni l lumina ted  samples,  seems to a r -  
gue against  different ia l  sulfur  etching.) F o r  the  noni l -  
lumina ted  side a 10-rain etching per iod  is sufficient to 
m a k e  the S peak  r e tu rn  nea r ly  to that  obta ined  for the 
e lec t rode  before  i l luminat ion.  F igure  2 shows the re -  
gion of the  S2p and Se3p peaks.  The change in these 
peaks  is pa ra l l e l  to that  observed for  the  S2s/Se3s 
peaks�9 The change in re la t ive  in tens i ty  of the Se3pl/2 
peak  especially,  shows the course of the S / S e  subs t i tu-  
t ion c lear ly .  On the basis of the data, shown p a r t l y  in 
Fig. 1 and 2 and those obta ined  for  the  Cd3d peaks,  a 
rough depth  profile can be obtained,  using the  re la t ive  

intensi t ies  given in Ref. ( 7 ) f o r  Cd3d, S2p, and  Se3p. 
As a check on this profile, which gives the  Cd /Se  (Cd /  
S) rat io,  the  S2s and Se3s peaks  were  used to es t imate  
the S /Se  concentrat ion rat ie .  In  the  case of over lapping  
peaks, manua l  deeonvolut ion was used to es t imate  in-  
d iv idual  peak  intensit ies.  The resul ts  of these  ca lcula t -  
ed est imates  a re  shown in Fig. 3. I t  should be noted 
tha t  the  exact  course of the  in i t ia l  decrease  in the  C d /  
Se and S / S e  rat io in the  top l aye r  is uncer ta in ,  because 
only points for  zero and 10 min  etching a re  used. This 
uncer ta in ty  in the  decrease  is indica ted  by  the dashed 
lines in the graphs.  The units used for the  C d / S e  rat io  
were  calcula ted using the da ta  of Ref. (7), wh i l e  in the  
case of the  S /Se  rat io  a r b i t r a r y  units  a re  used. 

Discussion 
Exchange mechanism.--The X P S  resul ts  show tha t  a 

chemical  exchange occurs both  under  i l lumina t ion  and 
in the  dark.  Under  i l lumina t ion  the  exchange  is en-  
hanced cons iderab ly  and resul ts  in deeper  penetra t ion,  
i.e. the  resul t ing  sulf ide-r ich l aye r  extends  deeper  into 
the  semiconductor .  I t  seems probab le  tha t  this photoen-  
hanced exchange occurs via  hole ox ida t ion  of  CdSe in 
the fol lowing fashion (8) 

CdSe 
2hv > 2 e -  -5 2h + [1] 

2h + -5 CdSe --> Cd 2+ -5 Se [2] 

Se -5 S 2 -  --> SSe~-  (in solut ion) [8] 

Cd 2+ -5 (SZ-)ads--> CdS $ [4] 

Thus, following oxidation of CdSe to Cd ~+ and Se [2], 

i i i j , , i I ' ' ' i ' ' 
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Fig. 3. Depth profile of illuminated and nonilluminated sides of 
CdSe photoelectrodes in photoelectrochemical cell. A, relative [ S ] /  
[Se] ratio derived from the Se3s and S2s peaks; B, [Cd ] / [Se ]  
ra[io derived from the Cd3d, Se3p and S2p peaks, using the rela- 
tive photoelectron signal intensities tabulated in Ref. (7)�9 Hori- 
zontal error bars reflect the sampling depth ( ~  20A),  vertical ones 
reflect uncertainty in peak intensities. Because of the polycrystal- 
line nature of the surface the depth estimate in angstroms should 
be considered as a rough guide only. Lines labeled CdSe refer to 
new nonimmersed, nonilluminated CdSe electrodes. 
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the Se can dissolve in the sulfide-rich solution [3]. At 
the same time, because of the high surface concentra-  
tion of sulfide ions, the Cd 2+ ion will react to give CdS 
wi th in  a very short time of its formation [4]. In  a way 
this sequence of reactions can be thought  of as a re-  
precipitat ion of CdS on the CdSe surface, al though not 
in  the usual  sense, i.e., from the bulk solution. 1 

The presence of a polycrystal l ine CdS layer  and the 
mechanism for its formation as outl ined above is capa- 
ble of explaining several observations, namely,  (i) the 
difference in stabil i ty between single crystal and poly- 
crystal l ine electrodes, (if) the increase in stabilization 
with increase in sulfide concentrat ion or decrease in 
photocurrent,  (iii) the gradual  loss of signal when a 
single crystal l ine electrode, immersed in  polysulfide 
solution, is measured by etlipsometry, 0:v) the increase 
in bias voltage dependence of the short-circuit  cur-  
rent  on single crystal electrode deactivation, and (v) 
the ini t ial  increase in photovoltage observed when im-  
mersing a clean (freshly etched) poly or single crystal-  
l ine CdS electrode in polysulfide solution and i l lumin-  
at ing it. In  the following we explain these observations 
in  more detail. From reactions [1]-[4] we expect a 
highly crystal l ine electrode of CdSe to degrade at its 
surface by the formation of a more polycrystal l ine 
CdS layer. 2 This then suggests a deactivation of CdSe 
with time, as reported by Miller et aI. for sintered 
disks (3b) and single crystals [referred to in  (3c)] 
and verified by us for single crystals. The deactivation 
can be dramatic indeed for electrodes with high ini t ia l  
(solar energy peak) efficiencies ( ~  6%). Decreases to 

30% of the ini t ial  power output  have been observed 
by us for single crystal electrodes in 1M [OH-] ,  1M 
[$2-] ,  and 1M [S] solutions after a period of 7 hr, 
while in an electrolyte of 2M [OH-] ,  2M [$2-] ,  and 
2M IS/, over the same period of time, the power drop- 
ped only to 80% of its ini t ia l  value, and after 20 hr 
continuous i l luminat ion  to ,-~ 45% ( ,~AM1).  For  our 
polycrystal l ine electrodes the deactivation is much less 
pronounced and proceeds very  much slower if a t  all. 
For electrodes having an ini t ia l  efficiency of ~ 1%, 
complete stability, in 1M each of NaOH, Na2S, and S, 
has been rout inely  found over many  months of use in 
actual weather  conditions. In  earlier experiments,  elec- 
trodes with an  ini t ial  efficiency of 2.5-3.@% fell in  effi- 
ciency by typically ,-~ 15% after six days under  the 
same conditions as above, and in recent  experiments,  
using imProved techniques of preparat ion of the elec- 
troplated photoelectrodes, photoelectrodes with 2.5- 
3.0% conversion efficiencies have shown no deactiva- 
tion whatever  after periods up to one month  of use 
in predominate ly  clear sky conditions (AM2). 

If we accept the hypothesis that the gradual  deacti- 
vat ion observed for single crystal and polycrystal l ine 
sintered disk CdSe electrodes is due to a degradation 
of the crystal l ini ty  at t the surface due to CdS formed, 
this implies a migrat ion of cadmium (in some form) 
from its original  lattice position. Such a migrat ion fol- 
lows from reactions [2] and [4] above, if CdS forma-  
t ion is not rapid enough to prevent  it. Clearly an in -  
crease in S 2- concentrat ion at the semiconductor sur-  
face may minimize the t ime free Cd 2+ can exist, and 
so can a decrease in  Cd 2+ concentration. A decrease in 

The  possibil i ty sugges ted  by  Ellis e t  a~. (2b) t ha t  the  stabiliza- 
t ion m e c h a n i s m  fo r  polycrys ta l l ine  and single c rys ta l  e lec t rodes  
ope ra t i ng  at d i f ferent  c u r r e n t  dens i ty  is di f ferent ,  viz., rap id  pre- 
cipi tat ion of CdS by reac t ion  [4] and  fast  oxidat ion of added  
S~ z-, respec t ive ly ,  does not  s e e m  to be a p robab le  one. The  pres- 
ence  of CdS is indeed  the  stabilizing f ac to r  in polysulfide solution, 
and  chemica l  S/So exchange  is the  c a u s e  fo r  its fo rmat ion .  Sta- 
bilization will  r e su l t  ~nter al~a f r o m  the  combined  effect  of CdS 
fo r m a t i on  and rap id  kinet ics  for  S e- oxidat ion on the  CdS surface .  
We see no reason  w h y  in this  r e spec t  a polycrys ta l l ine  e l ec t rode  
should b e h a v e  d i f fe ren t ly  f r o m  a single c rys ta l  one. 

-~Recently G e r i s che r  has no ted  the  possibil i ty of des t ruc t ion  of 
a CdS single c rys ta l  pho toe l ec t rode  in polysulfide solut ion by  CdS 
deposi t ion on the  decompos ing  crys ta l  sur face ,  as, accord ing  to 
his t h e r m o d y n a m i c  a r g u m e n t s ,  t he  possibil i ty fo r  photoanodic  
dissolut ion exists  (8c).  Such a conclus ion can  be d r a w n  also us- 
ing the  s imi lar  t h e r m o d y n a m i c  app roach  of Wr igh ton  and Bard  
(8d).  If  we accept  this  possibility, it will depend  on the  kinet ics  
of the  sys tem,  w h e t h e r  in fac t  s tabi l i ty  is ach ieved ,  or  not.  Our  
a r g u m e n t s  he re  are  c onc e rne d  only wi th  the  kinet ic  aspects  of 
the problem. 

free Cd 2+ concentration can be obtained by working 
at low current densities (reaction [2] above). Miller 
et M. have indeed reported an increase in stability of 
sintered disk, polycrystalline CdSe electrodes with 
increasing S 2- concentration and decreasing current 
density (3b). The differences in stability between poly- 
crystalline thin film, sintered disk, and single crystal 
electrodes can be correlated with the real surface areas 
of the electrodes, as they will affect the real current 
densities at the surface (9a). Thus, our electroplated 
CdSe layers, with grain size of a few microns or less 
(as measured by SEM techniques) will have a larger 
surface area than the sintered polycrystalline CdSe 
[with reported grain sizes of i0-20~ (3b)], or single 
crystals, and hence a lower local current density (for 
the same apparent  cur ren t  d~nsity) at the surface. Pre-  
l iminary  results from ell ipsometry experiments  support 
this hypothesis (9b). These measurements  show that  
an ini t ia l ly  highly polished CdSe crystal, when  im- 
mersed in S/S '~- solution, becomes rough when i l lu-  
minated and on flow of photocurrent.  

Before discussing the effect of the S/Se  exchange 
and deactivation on the open-circui t  voltage and short-  
circuit current,  we will  use the XPS results to con- 
struct a rough band diagram of the system. 

Band  d iagram. - -From the depth profile (Fig. 3) 
and the preceding discussion it is evident  that  a band 
scheme of the CdSe/S-S 2- semiconductor- l iquid junc-  
t ion must  take into account the presence of a sulfur-  
rich CdSx Se1-~ layer  near  the surface and a surface 
layer  which is probably pure CdS. In  order  to arr ive 
at a plausible band diagram several points should be 
taken into consideration: 

1. The thickness of the CdS layer  on our CdSe elec- 
trodes is of the order of tens of angstroms (Fig. 3). 
While some subst i tut ion occurs even into a depth of 
hundreds of angstroms, the value of x in CdS~Sel-x 
falls sharply in the direction of the interior  of the 
semiconductor. For  simplicity's sake we shall assume 
an abrupt  junct ion  between a CdS layer  tens of ang-  
stroms thick and the bulk CdSe. The gradual  t ransi t ion 
from CdS to CdSe will modify the band picture some- 
what, but  should not change its salient features (10). 

2. The n- type  behavior  of these CdSe electrodes is 
due to Cd excess and /o r  Se vacancies. Subst i tu t ion of 
surface layers of Se by S from polysulfide present  in 
the electrolyte will lead to considerable compensation 
of previously occurring Cd excess and /o r  Se vacan-  
cies, because of the excess sulfur  (as polysulfide) pres- 
ent at the surface. This means that  the donor concen- 
tration, Nd, in the CdS layer would be expected to be 
considerably less than in the CdSe bulk. The CdS layer  
can then be treated as relat ively electrically insula t ing 
with the Fermi level fur ther  from the conduction band 
than in the original CdSe. 

3. The width of the space charge layer  in a semicon- 
ductor is given by the equat ion (11) L : (eeoV/qNd)~/a 
where V is the potential  drop across the space charge 
layer  in volts, Nd is the donor concentrat ion in  cm-~, 
and the other symbols have their usual  meaning.  From 
this equation, assuming Nd ~ 1016 cm -3 and with ~ ~ 9 
we see that a layer of some tens of angstroms of CdS 
cannot support  a potential  drop of more than ,,,1 mV~ 
Because of point  2 above Nd will  probably be much 
less than  ,~i0 TM cm-~, and this will reduce the maxi -  
mum possible potential  drop in the CdS layer  even 
further. Therefore, the voltage drop across the CdS 
can be ignored compared to the hundreds  of millivolts 
of voltage difference which exist across the CdSe space 
charge layer, i.e., AV (CdS) < <  AV (CdSe). 

In view of these three points, namely  that  the CdS 
layer  is very thin, relat ively insulating, and unable  to 
support a large voltage drop, we feel that it is appropri-  
ate to consider the band diagram of the CdSe/CdS/  
S-S 2- system as an analogue of a meta l - insu la tor -  
semiconductor (MIS) system, rather  than a metal -  
composite abrupt  isotype heterojunct ion system. It 
could be more appropriately referred to as an electro- 
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Fkj. 4. Schematic idealized band scheme of polysulfide/CdS/ 
CdSe EIS system. Because of uncertainties in the electron affinities 
for CdS and CdSe slight variations in the relative positions of the 
bandedges are possible. Presence of interface states between CdS 
and CdSe (due to lattice mismatch) is neglected. 

l y re - in su la to r - semiconduc to r  (EIS) system. A sche-  
mat ic  of such a sys tem is shown in Fig. 4. In  this 
figure we have neglected in ter face  states be tween  CdS 
and CdSe, which  are  expected to occur because of the  
4% lat t ice  mismatch  be tween  these  two chalcogenides.  

F rom exper imen t s  wi th  me ta l - semiconduc to r  
(Schot tky)  solar  cells i t  is known  tha t  the presence of 
an insula t ing  l aye r  be tween  the meta l  and the semi-  
conductor  can increase  the  photovoltage,  ob ta inable  
f rom such a cell (12, 13). This effect is at  p r e sen t  not 
fu l ly  understood.  Severa l  workers  have  s t ressed the 
impor tance  of in terface  states be tween  the insula tor  
and the semiconductor  in shaping the electr ical  field 
in the  semiconductor  (14) and in decreas ing the  m a -  
j o r i t y  ca r r i e r  tunnel ing  p robab i l i t y  (15). Such a de-  
crease has been exp la ined  also by  consider ing the MIS 
cell as a nonequi l ib r ium minor i ty  ca r r i e r  device (16, 
17). Here  w e  shal l  accept  the  exis tence of the  effect 
wi thout  fu r the r  exp lana t ion  and assume that  s imi lar  
or  analogous causes can lead to an increase  in photo-  
vol tage  in our  EIS system. 

We have  indeed,  in a consis tent  way, observed  in-  
creases in the  photovol tage  of new, o r  f reshly  etched 
single c rys ta l  as wel l  as po lycrys ta l l ine  CdSe electrodes 
(18). These increases can be qui te  considerable  ( typ i -  
ca l ly  20% of the  in i t ia l  va lue  for po lyc rys ta l l ine  elec-  
t rodes  and somewhat  less for s i n g l e  c rys ta l  e lectrodes 
over  a per iod  of 5-10 min) .  

The w a y  in which  the exis tence of the l a rge r  bandgap  
CdS on top of the smal le r  bandgap  CdSe influences the  
photovol tage  can be considered in phenomenologica l  
te rms as well.  In  photovol ta ic  cells and in photoe lec t ro-  
chemical  Cells for a given redox  system, and where  
there  is no gross dele ter ious  chemical  change at  the  
semiconductor  surface junction,  mate r ia l s  wi th  l a rge r  
bandgaps  gene ra l ly  y ie ld  Ia rger  photovoltages.  There -  
fore  the presence of CdS on top of CdSe can lead  to a 
h igher  photovol tage  than  would be expected for CdSe 
alone as Ec (CdS) > EG (CdSe)  by  ~ 0.7 eV (19). Also 
the  photovol tage  is de te rmined  by  the  posi t ion of the  
redox  potent ia l  of the  e lec t ro ly te  wi th  respect  to the  
edges of the  energy  bands. In  an n - t y p e  semiconductor  
the  sma l l e r  I Eredox - -  E v  (surface)  1 the  l a rge r  the  
photovol tage  can be. In  the  case of chemisorbed species, 
which is that  considered here  for  sulfide on CdS (4), 
this posi t ion should be at least  p a r t l y  de te rmined  by  the 
s t rength  of sulfide adsorpt ion  on CdS, since increased 
adsorpt ion  lowers  the energy  of the  sulfide ion and 
thus br ings it closer to the  valence bandedge,  Ev (sur -  
face) .  As the  surface of a CdSe elect rode in sulfide 
e lec t ro ly te  is CdS, i t  wi l l  de t e rmine  the adsorpt ion  
proper t ies  of the sulfide ion on the e lect rode and, thus, 
can lead  to an increase  in photovoltage.  ~ 

~ R e c e n t l y  Nouf i  e t  aL (20) ,  r e p o r t i n g  o n  C d S / C d S e  sol id solu-  
t i on  photoelectrodes in po lysu l f ide  so lu t ions ,  s u g g e s t e d  t h a t  t h e  
variation in flatband potential  and corresponding c h a n g e  in open-  
c i r c u i t  voltage observed w i t h  c h a n g e  in S / S e  ra t io ,  cou ld  be 
brought  a b o u t  b y  c h a n g e s  in e l e c t r o n  aff in i ty  or  specific ad so rp -  
t ion .  F r o m  o u r  argument  it would be expected t h a t  t h e  specif ic  
adsorption f o r  a l l  these  systems is s imi la r .  

The last effect, which  we discuss here,  is the  behav ior  
of the  shor t -c i rcu i t  cu r ren t  upon deac t iva t ion  and its 
changing dependence  on bias voltage.  The shor t -c i rcu i t  
cur ren t  values which a r e  ob ta inab le  f rom both  single 
c rys ta l  and  po lycrys ta l l ine  photoelec t rodes  ( rou t ine ly  
be tween  10 and 15 m A / c m  2 for  AM1 equiva len t  i l lumi -  
nat ion)  show tha t  the  cur ren t  is not  l imi ted  by  the 
CdS layer ,  as i t  is impossible  to c rea te  that  many  
photons in CdS by  AM1 radiat ion,  even i f  we  assume a 
quan tum yie ld  of unity,  according to 

I~ = EG ~ ~ ACE) N(E) d(E) 

Here A(E) is the absorption coefficient of CdS and 
N(E) is the number of photons per unit energy in the 
solar spectrum. Under the same conditions, an etched 
CdS crystal gives a short circuit current of --~i mA/ 
cm 2. This low value is due mainly to absorption of 
light in the orange polysulfide solution. This then ex- 
cludes the possibility of looking upon the system as a 
normal heterojunction such as the n-CdS/n-GaAs pho- 
toanode, recen t ly  inves t iga ted  by  Wagne r  and Shay  
(19). The poss ibi l i ty  tha t  the  surface  l aye r  is some Cd 
hyd rox ide /ox ide  is r a the r  un l ike ly  as well,  not  only  
because in this case a much  more  p rec ip i tous  decrease  
in Isc (or at  least  some decrease,  in the  case of the  
s table  po lycrys ta l l ine  photoelec t rodes)  would  be ex -  
pected, but  also because the  ESCA resul ts  do not  show 
any evidence for it. We cannot  exclude the  poss ib i l i ty  
tha t  some pa r t  of the surface is indeed Cd h y d r o x i d e /  
oxide, but  its presence does not  seem to influence the  
phys ica l  behavior  of the  electrode.  

Another  a rgumen t  in favor  of the  increase  in po ly -  
c rys ta l l in i ty  [mosaici ty)  of the surface  of i l lumina ted  
photoe!ectrodes  is found in the  increas ing  influence of 
a fo rward  bias on Isc, when a s ingle c rys ta l l ine  elec-  
t rode  deact ivates.  When  a new or  f resh ly  etched single 
crys ta l  e lec t rode  is immersed  and i l lumina ted  in  po ly -  
sulfide solution, l i t t le  increase  in Ise is found when a 
fo rward  bias vol tage VF is applied.  Th i s  indicates  tha t  
recombina t ion  losses a re  small .  Upon deact ivat ion,  Isc 
decreases and app ly ing  VF leads  to a cons iderab le  in -  
crease in  cur ren t  (18). Such a behav ior  follows logi-  
ca l ly  out  of the  preceding  discussion. Increas ing  po ly -  
c rys ta l l in i ty  leads to increas ing recombina t ion  losses at  
newly  formed gra in  boundaries .  If  now VF is added  to 
Vphoto the  recombina t ion  p robab i l i ty  is decreased and 
thus Isc increases  correspondingly.  

Summary 
Based on a sulfide dep th  profi le  der ived  f rom x - r a y  

photoelec t ron spectroscopy data, and using the analogy 
be tween  the me ta l - semiconduc to r  and e lec t ro ly te -  
semiconductor  junction,  we have  der ived  a rough 
electron energy  band p ic ture  for the  C d S e / S - S  = junc-  
tion. A possibm mechanism for S /Se  exchange on the 
surface of the  CdSe e lec t rode  has also been presented.  
The consequences of this exchange especia l ly  for the  
photovol tage  and e lect rode s tab i l i ty  have  been dis-  
cussed. 

Elsewhere  we wil l  deal  in more  de ta i l  w i th  the  shor t  
and long t e rm behavior  of the  CdSe photoelectrode,  
po lycrys ta l l ine  and single crystal ,  especia l ly  as fa r  as 
this  is influenced by  the presence of CdS on the surface 
(9, 18). Also, in col labora t ion  wi th  Prof.  A. Bard, XPS  
studies s imi lar  to the ones descr ibed here,  a re  be ing  
cont inued both o n  single c rys ta l  and po lycrys ta l l ine  
mater ials ,  in o rder  to obta in  a more  accura te  p ic ture  of 
the  S /Se  subst i tu t ion process. 
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ABSTRACT 

Electrode react ions have been s tudied in the cell a r r angemen t s  PbIfl-PbF2] 
Pb and PbI~-PbF21M (M ~ C, P t )  by  means of cyclic vo l tammet ry ,  scanning 
e lect ron and opt ical  microscopy, and x - r a y  analysis.  At  cathodic potent ia ls  
vs. the revers ib le  lead e lec t rode  lead deposit  is observed,  i r respect ive  of the  
e lect rode mate r i a l  employed.  Dependent  on the oxygen content  of the  sur -  
rounding  ambien t  the  lead  deposi t  can be conver ted  pa r t l y  into lead  oxides,  
i.e., PbO and Pb2OF2. At  anodic potent ia ls  vs. the lead  e lec t rode ,  Pb  reacts  
to form a-PbF2, while  decomposi t ion of the lead  oxides is observed. The de-  
composit ion vol tage of ~-PbF2 in the  cell PbI~-PbF21M is wel l  be low the  
theoret ica l  decomposit ion voltage. The decomposi t ion is ascr ibed to the  re -  
act ion 2PbF2 -~ PbF4 + Pb. X - r a y  analyses  tha t  suppor t  the  e lect rode r e -  
actions are  included.  

In  recent  years  the e lectr ical  proper t ies  and con- 
duct ion mechanism of ~-PbF2 have a t t rac ted  much 
a t tent ion  (1-10). At  e levated t empera tu res  an unusu-  
a l ly  high t empe ra tu r e - i ndependen t  ionic conduct ivi ty  
has been observed (2, 6). This has been ascr ibed to a 
l iqu id - l ike  behavior  of the  anion sublat t ice  (2). At  
low and modera te  t empera tu res  the ionic conduct iv i ty  
can be descr ibed by  classical ionic mot ion theories.  
In t r ins ic  point  defects are  t he rma l ly  gene ra t ed  ac-  
cording to the an t iF renke l  mechanism (1). Kennedy  

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Ph i l ips  R e s e a r c h  L a b o r a t o r i e s ,  E i n d h o v e n ,  

T h e  N e t h e r l a n d s .  
K e y  words: solid e l e c t r o l y t e ,  c h a r g e ,  v o l t a m m e t r y .  

e t a l .  (3) verified Tubandt ' s  finding tha t  ~-PbF2 is 
a pure  anion conductor.  The present  authors  (10) have 
s tudied the conduct iv i ty  of nominal ly  pure,  and A g F -  
and LaF3-doped fl-PbF2 and a r r ived  at  a consistent  
descr ipt ion of the defect  chemis t ry  of ~-PbF2. Both 
the in te rs t i t i a l  fluoride ions and the fluoride ion va-  
cancies a re  mobile. At  low and modera te  t empera tu res  
the  fluoride ion vacancies const i tute the  more  mobi le  
species. 

In  addi t ion to a -c  conduct iv i ty  measurements ,  d-c  
polar izat ion studies of asymmetr ic  cells of the type  
- -Pb[f l -PbF21M+, known as Wagner  polar izat ion cells, 
have been repor ted  (3, 6, 8, I i ) .  Severa l  authors  (6, 
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8, 11) obtained pla teau- type current -potent ia l  charac- 
teristics for applied d-c voltages up to 1V; these results 
indicate conduction by electrons. In  these polarization 
cells graphite was used as the ionically blocking elec- 
trode. Kennedy  et al. (3) studied the polarization 
behavior  of this cell in  the 1-1.5V range at 423~ 
with a vacuum-evapora ted  gold electrode. The slope 
of the reported current -potent ia l  curve, plotted at 
In i vs. V, was about  three times less than  the value 
predicted theoretically. The electronic (presumably 
hole) conductivi ty was calculated to be less than 
10-4% of the total conductivi ty at 423~ The ob- 
served behavior, however, was a t t r ibuted to the pos- 
sibil i ty that  the gold electrode was par t ly  blocking 
the ionic current.  The authors proposed as cell reaction 

1~O2(g) -5 2PbF~--> PbF4 -5 PbO [1] 

From the free energie s of formation, Kennedy  et al. 
have calculated a cell voltage of --1.59V at 423~ 
(3). It  was very near  to this voltage that  the current  
increased dramatically.  

It has been emphasized (12) that cyclic vol tammetry  
is a useful tool in s tudying electrode reactions in  
symmetr ic  and asymmetric  all-solid cells. The elec- 
trode reactions in  cells with lead chloride and lead 
bromide as solid electrolyte have been reported in  
the l i terature  (12). Since the na ture  of the mobile 
species in ~-PbF2 is now well established, we have 
used cyclic vol tammetry,  scanning electron and optical 
microscopy, together with x - r ay  analysis to elucidate 
electrode reactions and their  products in cells of the 
type Pbl/~-PbF2/Pb and PbI~-PbF21M (IVI = C, Pt ) .  

Experimental 
A detailed description of the preparat ion of crystal-  

line mater ia l  of nomina l ly  pure ~-PbF2 has been given 
elsewhere (10). Specimens with thickness 0.2-0.5 cm 
and surface area 0.3-0.5 cm 2 were cut from the crystal-  
l ine pieces. The polished surfaces were covered with 
either graphite (Aquadag) or p la t inum paint  (Leit-  
p la t in  308) or they were covered with evaporated 
lead. The prepared cell systems were springloaded 
between two p la t inum disks in evacuable conductivity 
equipment.  A potential  ramp of known variable  sweep 
rate was applied across the cell, and the current  
through the cell system was measured with a pico- 
ammeter  (Kei thley) .  

More details of cell preparat ion and a detailed 
description of the electrical equipment  used have been 
reported in  the l i terature  (12). Scanning electron 
and optical micrographs referred to here were taken 
with a Stereoscan $4 scanning electron microscope and 
with Olympus optical microscopes. The x - r ay  analyses 
were performed on a Philips diffractometer, using 
Cu-Ka radiation. 

Results and Discussion 
Symmetric cell of the type PbJ~-PbFz!Pb.--This cell 

a r rangement  reveals a l inear  behavior between the 
applied voltage and the measured current,  the slope 
being equal to the f requency- independent  a-c con- 
ductance, which is known  to be a bulk property (9). 
The lead electrode is reversible at anodic and cathodic 
potentials, thermodynamical ly  as well as kinetically. 

Scanning electron micrographs of the lead anode 
demonstrate  the formation of new material .  The anode 
reaction can be represented by 

anode 
Pb -5 2FF x -> (PbF2)surrace -5 2VF' -5 2e' [2] 

since at low and moderate temperatures  fluoride ions 
carry the current  via fluoride ion vacancies (10). 
Here, and throughout  this paper the defect notat ion 
of KrSger is used (14). 

The deposits have been studied by means of x - ray  
analysis. It  was observed that  fl-PbF2 par t ly  converts 
into a-PbFz while the surfaces are polished prior to 
electrolysis. The increased in tensi ty  of the lines of 
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a-PbF2 in the x - r ay  diagram of the lead anode com- 
pared to that  of the lead cathode, however, confirmed 
the deposit to be a-PbF2 in  accord with observations 
reported by Kennedy  and Miles (8). A marked de- 
crease in  the intensi ty  of the lines of metallic lead 
was observed on the anode side, in accord with reac- 
t ion [2]. 

Scanning electron micrographs of the cathode sur-  
face demonstrate only a shrinkage of the crystal. The 
reaction 

cathode 

Pbpb x -5 2VF" -5 2e' -> Pb [3] 

accounts for this behavior. The growth of lead den-  
drites from the cathode is readi ly observed with an 
optical microscope. The dentri t ic growth of lead occurs 
perpendicular  to the current  flow and is located in 
a thin region of the electrolyte at the interface elec- 
trode-electrolyte. Although similar current-potent ia l  
curves and electrode reactions were observed for 
lead chloride and lead bromide (12), dendrit ic lead 
growth in these ha]ides proceeds along the current  
flow, u l t imate ly  leading to an electrical short circuit. 

Asymmetric cells o] the type PbI~-PbF2]M (M = C, 
Pt).--In Fig. 1 we have gathered typical vol tammo- 
grams of the cell PbI~-PbF21Pt. The vol tammograms 
were recorded in  ni t rogen and were strongly depen-  
dent  on the electrolysis durat ion at cathodic potentials 

-2 V(Volt) 
- - - ~ m m -  

Fig. 1. Voltammograms of the cell Pbr~-PbF21Pt in air at 390~ 
for different electrolysis times. Sweep rate 83 mV sec -1 .  Curve a, 
4.0 • 10-4C; curve b, 2.3 • 10-4C; curve c, 1.0 • 10-4C; 
curve d, 5.9 X 10-5C. The sweep direction has been marked with 
arrows. For the meaning of th~ designations A, B, and C, see the 
text. The voltages indicated are measured vs. the reversible lead 
electrode. 
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vs. the reversible lead electrode. Analogous vol tammo- 
grams were observed for cells with painted Pt  or 
C-electrodes in nitrogen, air, and oxygen atmosphere, 
in the temperature  range 300~176 For voltages 
above about  2V the current  varies directly with the 
potential, with a slope equal to the bulk  conductance. 

In  general  current -potent ia l  curves reveal two main  
anodic waves (A and B in Fig. 1). In several cases 
there is an indicat ion of a third anodic wave (C). 
The waves A, B, and C appear only when the blocking 
electrode has been operated before at cathodic poten-  
tials (Fig. 2). The shape of the vol tammogram is 
typical of that  observed for the formation, oxidation, 
and reduction of reaction products (12). 

According to reaction [3] a lead deposit on the 
blocking electrode is expected to occur dur ing elec- 
trolysis with electrode M operat ing at cathodic po- 
tentials. A cell system with two reversible lead elec- 
trodes readi ly results. On reversing the potential, 
the lead deposit reacts to form ~-PbF~ (reaction [2]) .  
Thermodynamical ly,  the total cell reaction hardly  
requires any  energy. The first anodic wave (A), which 
is also observed for lead chloride and lead bromide 
in identical cell a r rangements  (12), has been ascribed 
to this process. Other reactive species, however, must  
be responsible for the other waves, and they are to 
be correlated with oxidation of the reaction products 
formed at the blocking electrode dur ing electrolysis 
at cathodic potentials. 

Bonne et  al. (12) derived a simple equation for t h e  
amount  o2 charge transported dur ing electrolysis and 
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Fig. 2. Voltammograms of the cell Pb[~-PbF2.1Pt in air at 390~ 
Different sweeps in the positive voltage region are shown. Their 
sequence is indicated by the No. 1-7. Sweep rate 83 mV sec - I .  

deduced an equation for the amount  of charge t rans-  
ported in the waves. The ratio of these amounts  gives 
the fraction x of the amount  of charge t ransported 
in the wave. In  Fig. 3 this inferred fraction x is 
plotted vs.  the total amount  of charge passed dur ing  
the electrolysis at cathodic potentials. It is observed 
that the oxidation waves A and B account for almost 
all the t ransported charge, the major  fraction being 
found in  wave B. From these data it is concluded that 
a large fraction of the ini t ial  lead deposit at the block- 
ing electrode is converted into another  lead compound 
which acts as an electroactive compound responsible 
for wave B. 

In  Fig. 4 vol tammograms recorded in  a ni t rogen 
and in  an oxygen atmosphere are presented for the 
cell Pb[/~-PbF21Pt. Similar vol tammograms were ob- 
tained for graphite paint  electrodes. A remarkable  
decrease in wave height is observed for the anodic 
wave A, when oxygen is used as ambient,  while the 
reverse is t rue for the wave B. In  Fig. 5 the fraction 
of charge transported in  the wave A is plotted vs.  
the total amount  of charge t ransported during elec- 
trolysis at cathodic potentials in  nitrogen, air, and 
oxygen. From these observations it is evident  that  
the freshly deposited amount  of lead on the blocking 
electrode reacts par t ly  with oxygen from the ambient  
to form an oxide. The observed waves B and C can be 
ascribed to the decomposition of the oxides formed 
on the blocking electrode. The observed voltages a t  
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0751 

0.50 

0.25 

w a v e  B 

~ f  wave A 

1 I 1 I 

1 2 3 4 __~.1040(C) 
Fig. 3. The fraction x of the amount of charge transported in the 

wave A and B as a function of the total amount of charge passed 
during electrolysis of the cell + Pb[#-PbF21 Pt - -  at 390~ in air. 

i(l~A) 

15 

1.0 

0.5 

/ - 1 . o [  

- - - - ~  V(Volt) 

Fig. 4. The influence of the ambient on voltammograms of the 
cell Pbl/3-PbF21Pt. T _-- 390~ sweep rate 83 mV sec -1 .  
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Fig. 5. The fraction x of the charge transported in wave A as a 
function of the total amount of charge passed during electrolysis at 
cathodic potentials of the cell PbI~-PbF2[Pt in different ambients 
at 390 ~ K. 

which these waves start  are (1.12 ___ 0.08)V, and (0.50 
_+ 0.15)V, respectively, at 473~ These values are 
hard ly  dependent  on temperature.  The decomposition 
voltages of PbO2 and PbO at 473~ are calculated 
to be 0.482 and 0.893V, respectively. These values are 
close to the voltages observed experimental ly.  For the 
anodic wave C we therefore propose the electrode 
react ion 

anode 
PbO2 -{- 2FF x --> PbF2 + O2(g) Jr- 2VF" -}- 2e' [4] 

whereas for the wave B the electrode reaction 

anod~ 
PbO + 2FF x --> PbF2 Jr- 1/zO2(g) + 2VF" -}- 2e' [5] 

is proposed. The first wave was al ready ascribed to 
reaction [2]. The m i n i m u m  total cell voltage required 
for reaction [4] or [5] is almost equal  to the decom- 
position voltages of the respective oxides. For PbO 
the observed voltage is sl ightly higher than the theo- 
retical value. The exper imental  observations, however, 
do not indicate any overpotential.  Kennedy  and Miles 
(8) reported the presence of Pb2OF2 on the anode 
after electrolysis of the cell Pb]/~-PbF2[Pb. Thermo-  
dynamic data relat ing to this compound are not avai l -  
able in  the l i terature.  If wave B can be related to 
the react ion 

anode 

Pb2OF2 + 2FF x "-> 2PbF2 + 1~O2(g) + 2VF" + 2e' [6] 

instead of reaction [5], then the formation enthalpy of 
Pb2OF2 is calculated to be about 192 kcal /mole  at 
473~ 

Figure 6 shows cyclic vol tammograms for the cell 
Pbt/~-PbF21C in  air taken at a constant  sweep rate 
in  the cathodic direction, the sweep rate being varied 
f rom 167 to 8.3 mV sec -1 in  the anodic portion. The 
peak currents  of the waves can be expressed by (12) 

ip(A) - -  (2vxQ)Y~Rb-1/2 [7] 

with v the sweep rate (V sec-1),  xQ the actual  amount  
of charge t ransported in the wave, and Rb the bulk  
resistance. For the two main  waves A and B, this 
square root dependence was observed. In  Fig. 7 the 
fraction of charge t ransported dur ing  the wave is 
plotted vs. the sweep rate. At low sweep rates the 
vol tammogram shows that almost all the lead deposit 
has been oxidized by the ambient.  The oxide forma- 
t ion does not occur instantaneously,  but  only after 
some time has elapsed. 

The observed deposition voltage of about 2V at 
473~ is well  below the theoretical decomposit ion 
voltage of /~-PbF2, i.e., 3.082V (13). This deposition 
voltage is practically independent  of temperature  in 
the region 320~176 it is not dependent  on the 
electrode paint  employed. 

Kennedy  et al. (3) observed a dramatic increase 
in current  in the cell - -PblI~-PbF2IAu+ above about  
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Fig. 6. Vo!tammograms of the cell Pblfl-PbF21C in air. Charge 
transported during electrolysis 1,0 X 10-4C. Curve a, sweep rate 
167 mV sec-~; curve b, sweep rate 83 mV sec-1; curve c, sweep 
rate 33 mV sec-1; curve d, sweep rate 8.3 mV sec -1 .  
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Fig. 7. The fractlon x of the charge transported during the waves 

A and B as a function of the sweep rate for the cell Pb.lfl-PbF21Pt. 

1.5V. If not all the faradaic processes were blocked, 
then the observed steady-state current  would still 
contain an ionic contribution.  As over-al l  cell reaction 
the authors proposed reaction [1]. Instead of the re-  
ported value of --L59V at 423~ (3), we found by 
recalculat ion a cell voltage of --1.04V. The PbO is 
formed at the cathode-electrolyte interface, while 
PbF4 is formed at the anode-electrolyte interface. 
If this reaction occurs, a rapid increase in current  
above 1.0V is to be expected. We expect to find not 
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a wave but  a current  that varies directly with the 
applied voltage. In  this s tudy the wave that  starts 
at about 1.1V is ascribed to the decomposition of 
PbO because the wave is clearly dependept  on the 
amount  of PbO present  on the electrode surface. With 
an optical microscope lead dendri te  formation is ob- 
served at the cathode-electrolyte interface. There is 
n o  evidence of an electrochemical reaction of oxygen 
with lead. From these observations cell reaction [1] 
is not l ikely for the present  cell system. The slope 
of the current -potent ia l  curve above about 2V equals, 
however, the bulk  conductance. The presence of a 
faradaic process is, therefore, established. 

As total electrolysis reaction we propose the reaction 

2PbF2 --> PbF4 q- Pb [8] 

T h e  cell voltage calculated from free energies of 
formation is --1.95 at 423~ Lead will  be deposited 
o n  the cathode-electrolyte interface, whereas PbF4 
forms at the anode-electrolyte interface. 

I n  order to find evidence for this cell reaction x - ray  
analyses of the electrode surfaces were carried out 
after electrolysis. In this case electrolysis was per-  
formed at 2.5V on a ~-PbF2 single crystal between 
t w o  pla t inum mesh electrodes at 493~ in air. The 
mesh electrodes behave in the same way as the paint  
electrodes. X- r ay  analysis of the cathode-electrolyte 
surface revealed the presence of fl-PbF2, ~-PbF,~, 
Pb2OF2, and Pb when electrolysis times were short. 
After  long electrolysis times the presence of PbO 
in  the red modification was detected as well. These 
data indicate that the lead deposit on this electrode 
is oxidized into Pb2OF2 and PbO, and that the oxida- 
tion wave B can be related to the decomposition of 
Pb2OF2 ra ther  than that of  PbO. In the x - ray  diagram 
of the anode-electrolyte surface the lines of ~-PbO2, 
~-PbF2, ~-PbF2, and PbO (red) were observed, while, 
f o r  long electrolysis times, only the lines of Pb,~O~ 
were observed. The PbF4 formed is known to react 
very rapidly with traces of H20 (15). The following 
reaction can result  

PbF4 + 2H20(g) -> PbO2 -t- 4HF(g) [9] 

especially when the crystal is removed from the con- 
duct ivi ty cell. The PbO2 formed is par t ly  converted 
into PbO or into other lead oxides. The x - ray  data 
therefore indicate indirect ly the occurrence of the 
proposed cell reaction [8]. 

From the above results it is evident  that Wagner 
polarization studies of cells of the type Pb]~-PbF2]M 

(M = C, Pt)  should at least be restricted to voltages 
below 1.95V, because above this voltage ~-PbF2 de- 
composes electrolytically. 
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Rockwell In ternat ional  (1), Genera l  Motors (2), and 
Argonne National Laboratory (3) for their applica- 
tion in  ut i l i ty  load leveling systems and electric ve- 
hicles. In recent years there have been several candi-  
date l i th ium electrode materials  considered for this 
bat tery  system. From an energy density consideration, 
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l iquid l i th ium is most  a t t r ac t ive  for its low equiva lent  
weight  and  h igh  cell  voltage.  However ,  recent  evidence 
(4) has shown tha t  l i th ium can be  lost by  the  reac t ion  

KCl + Li --> LiCl + K 
(melt) (melt) 

followed by potassium vaporization. This, together with 
correspondingly increased cell component corrosion 
and difficulties with containment of liquid lithium, has 
dictated that a variety of lithium alloys be investi- 
gated to avoid these problems. Binary alloys can either 
be formed electrochemically by charging a metal such 
as Bi, Pb, Sn, (5) or A1 with lithium or they can be 
synthesized directly from the ingredients, e.g., LiB (6). 
However, only two of the binary alloys have been 
found, at this time, to possess utility in secondary 
molten salt batteries. 

The two binary lithium alloys presently under devel- 
opment for the lithium-metal sulfide battery include 
lithium-aluminum (7, 8) which has an open-circuit 
potential 303 mV positive to liquid lithium at 400~ 
and l i th ium-s i l i con  (9, 10) which,  in the fu l ly  charged 
state, has a composit ion approx ima t ing  LisSi. The 
l a t t e r  can be d ischarged th rough  a series of vol tage 
p la teaus  at  48, 158, 280, and 336 mV vs. l iquid  l i t h ium 
at 400~ The theore t ica l  Fa rada ic  capaci ty  of Li~Si is 
2.12 A - h r / g  compared  to 0.8 A - h r / g  for LiA1. The high 
capaci ty  of LisSi toge ther  wi th  excel len t  capaci ty  re -  
tent ion over  long cycling per iods  (11) and favorable  
e lec t rochemical  pe r fo rmance  (12) has p rov ided  a 
s t rong incent ive  to develop this ma te r i a l  as a l i th ium 
elec t rode  for  l i th ium/ i ron-su l f ide  bat ter ies .  

Dur ing  the course of ex tended  cycl ing tests, it has be -  
come apparen t  tha t  migra t ion  of sil icon to the  me ta l  
subs t ra te  can occur at  cell opera t ing  tempera tures .  This 
effect manifests  i tself  by  loss of capaci ty  at  the  nega-  
t ive e lec t rode  and eventua l  embr i t t l emen t  of the elec-  
t rode  s t ructure ,  which can lead to e lec t rode  rupture .  
Si l icon migra t ion  proceeds s lowly at no rma l  cell op-  
e ra t ing  t empera tu re s  (425~ but  is much acce lera ted  
as the  t empe ra tu r e  approaches  550~ Severa l  ap-  
proaches  to a r res t  such silicon migra t ion  into the elec-  
t rode  subs t ra te  a re  being pursued  at  Atomics  In t e rna -  
t ional.  

This communicat ion  discusses some p re l im ina ry  find- 
ings f rom one of these approaches ,  no tab ly  the  use of  
l i t h ium-boron-s i l i con  t e rna ry  al loys as an act ive m a -  
te r ia l  in the  electrode.  The use of these al loys has been 
found to m a r k e d l y  reduce sil icon a t tack  of ferrous  sub-  
strates.  The rmodynamic  data  for one group of l i th ium-  
boron-s i l icon  alloys are  presented  here  together  wi th  
some p re l im ina ry  corrosion results.  

A p re l im ina ry  phase d i ag ram for the  boron-s i l icon 
sys tem (13) indicates  the exis tence of two compounds 
wi th  the  composit ions B4Si and B6Si. The existence of 
the  phase BSi~ has been indica ted  by  meta l lograph ic  
and microhardness  da ta  (14), but  x - r a y  da ta  do not ap-  
pea r  to be conclusive at  this t ime (15). The solubi l i ty  
of boron in silicon is t e m p e r a t u r e  dependent  but  occurs 
by  a subs t i tu t ional  mechanism wi th  a si l icon la t t ice  
p a r a m e t e r  contrac t ion  f rom 5.430 to 5.425A upon  sub-  
s t i tu t ion  of 1 atomic percen t  ( a /o )  boron or  more  as 
measured  at  room tempera ture .  

Fo r  BSi2 synthesized at  1310~ for 2 h r  f rom e le-  
menta l  boron and silicon, the  la t t ice  p a r a m e t e r  was ob-  
served to contract  f rom 5.431A for pure  sil icon to 
5.417A for BSi2. Upon sect ioning of the  mater ia l ,  two 
phases could be seen which  m a y  poss ibly  correspond to 
the  a lpha  and be ta  phases of this ma te r i a l  r e fe r red  to 
by' o ther  workers  (16). 

Experimental 
Chemicals.--Highly prepur i f led  LiC1-KC1 eutectic 

(mp 352~ was purchased  f rom Anderson  Physics  
Labora tor ies ,  Incorpora ted ,  Urbana,  Illinois. Sil icon 
powder ,  99.5% pure,  was obta ined  f rom Atomerg ic  
Chemetals  Company,  Car le  Place,  New York. Boron 
metal ,  5 r~rn amorphous  type, 96% pure,  was obta ined  
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f rom Cerac /Pure ,  Milwaukee,  Wisconsin. L i th ium 
meta l  was obta ined  f rom the  Foote Minera l  Divis ion of 
Newmont  Mining Company.  

Preparation of alloys.--Lithium-containing al loys 
were  first synthesized by  the addi t ion  of sil icon to 
molten  l i th ium at 700~ This mol ten  m i x t u r e  was then  
chi l l -cas t  to opt imize  the  gr inding  procedure.  T e rna ry  
al loys wi th  composit ions corresponding to BSi2Li4, 
BSi2Lis, BSi2Lil0, and B2.s4SiLi4 have been synthesized 
in this manner .  The synthesis  of BSi2 was pe r fo rmed  
by  thoroughly  mix ing  boron and sil icon powders ,  
press ing these into a green slug at  15,000 psi, and 
heat ing to 1350~ under  an  argon a tmosphere  using 
an induct ion heater.  

Exper imen ta l  measurements  and cell  operat ions wi th  
l i th ium were  pe r fo rmed  in a Vacuum Atmospheres  d r y  
box equipped wi th  a N i -Tra in  purifier.  Concentra t ions  
of oxygen, ni trogen,  and wa te r  were  removed  to be low 
the par ts  per  mil l ion level. 

Apparatus.--Cell vol tage  measurements  were  made  
on a Sargen t  Recorder,  Model  MR. Constant  cur ren t  
was suppl ied  to the  cell  be tween  vol tage  measurements  
by  an Electronic Measurements ,  Model  C683, constant  
cur ren t  power  supply.  T e m p e r a t u r e  measurements  
were  made  wi th  a chromel  a lumel  thermocouple  wi th  a 
floating hot junct ion  connected to a Westronics  s t r ip  
char t  recorder .  The test  cell  consisted of a 250 ml  s ta in-  
less steel  beaker  wi th  appropr i a t e  e lec t r ica l ly  insula ted  
feed- th roughs  to accommodate  the  l i th ium reference  
e lect rode ( t i t an ium fel t  meta l  impregna ted  wi th  l iquid 
l i th ium) ,  the  countere lec t rode  ( a luminum wool) ,  the  
work ing  electrode (BSi2Lil0 on t i t an ium fel t ) ,  and the  
ch romei -a lumel  thermocouple  (not  shown in Fig. 1). 

Procedure.--The open-c i rcu i t  t e m p e r a t u r e  depen-  
dencies of the  vol tage p la teaus  of the  t e r n a r y  L i - B - S i  
a l loy vs. l iquid l i th ium were  de te rmined  in the  t he r -  
ma l ly  control led constant  t e m p e r a t u r e  mol ten  sal t  
bath.  The work ing  e lect rode having an ini t ia l  charge  
s tate  composi t ion BSi2Lil0 was d ischarged at  5 mA/cm~ 
into an a luminum wool counterelect rode.  Voltage and 
t empera tu re  measurements  were  made  dur ing  slow 
(approx ima te ly  0.2~ cooling of the mol ten  
salt  ba th  to minimize  any the rmal  gradients  be tween  
the electrodes and thermocouple .  Repea ted  measure -  
ments  using this technique gave reproduc ib le  results.  

Results and Discussion 
A typica l  IR- f ree  discharge curve at  400~ for the  

t e rna ry  a l loy having all  in i t ia l  s to ichiometry  BSi2Lil0 
is shown in Fig. 2. As with  the b ina ry  l i th ium-s i l icon  
alloy, the discharge occurs via five vol tage  plateaus.  
S imi lar  d ischarge curves were  obta ined f rom mate r i a l  
in i t ia l ly  p repa red  in the discharged s tate  and charged 
e lec t rochemical ly  to the  same stoichiometry.  BSi2, if 
ground to a su i tab ly  fine powder,  could be charged 
close to theore t ica l  capacity.  In  such exper iments ,  BSi2 
act ive ma te r i a l  was contained in a honeycomb- type  
e lect rode s t ruc ture  shown in Fig. 3, and had a typical ,  

Fig. i. Laboratory investigation cell 
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average particle size of 3 ~m. Part icle sizes signifi- 
cantly larger than this exhibited a lower Faradaic 
capacity dur ing  charge, presumably  due to the appar-  
ent unavai labi l i ty  of the silicon in the boron-si l icon 
matrix. At each voltage plateau, the voltage tempera-  
ture  dependency was determined,  typical ly between 
650 ~ and 730~ from which a straight l ine relationship 
could be written,  using the least squares method. The 
accuracy o f  the measurements  was estimated to be 
___2%. The voltage tempera ture  dependencies and 
voltage plateaus at 400~ are shown in Table I. The 
Faradaic capacity of this t e rnary  alloy is 1.97 A - h r / g  
which compares to the 2.12 A - h r / g  for Li~Si and 0.8 
A - h r / g  for LiA1. The voltage tempera ture  depen-  
dencies allowed calculation of the relative part ial  
molar  entropies of l i thium, ASLi, using the thermody-  
namic relationship 

ASLi = nF  (AE/hT)  p [1] 

where AS----Li = relat ive part ial  molar  entropy; F = 
Faraday 's  constant;  n = number  of equivalent  per 
mole; hE = voltage change; AT = tempera ture  var ia-  
tion; and p = indicated constant pressure. After deter-  
minat ion  of hSLi, the relat ive part ial  molar - f ree  en-  
ergy AGLi and enthalpy AHLi could be calculated from 

Table I. Temperature dependency of voltage of 
lithium-boron-silicon alloys vs. lithium metal 

Voltage plateau at 400~ Temperature  dependency 
(mV vs. lithium) (mV vs. ~ 

49.79 188.9-0.2067T 
156.66 270.6-0.1693T 
271.44 313.J&.0525T 
313.73 350.4~.04706T 

Table II. Thermodynamic data for lithium-boron-silicon alloys at 
400~ 

AGLI ~HL! 
AUoy-compo- ASLI (cal/ (kcal/ (kcal /  
sition range ~ mole) mole)  mole)  

BSi~Lilo-BSi~Lis - 9.53 -- 2.30 - 8.71 
BSi2Lis-BSi2Li~.~ - 8.98 --8.31 - 14.35 
BSizLiz.~-BSi2Li~ -2.45 - 10.64 - 12.29 
BSi2Li4-BSi~ - 4.34 - 29.4 - 32.32 

the relationships 
AGLi = --riFE [2] 

and 
~AHLi : AGLi --~ T ASLi [3] 

The results obtained from these calculations a r e  
shown in  Table II. The composition was chosen by 
analogy to other metal  silicides of this composition. 
It  should be emphasized that  BSi2 is probably  not a 
compound but  a solid solution. Alloys of lower boron 
content (e.g., BSi4) would be expected to be equal ly 
electrochemically active. 

X- ray  measurements  are in agreement  with earlier 
work (15) which shows some degree of lattice param-  
eter contraction upon subst i tut ion of boron into silicon 
lattice sites. This is to be expected from the 25% smal-  
ler te t rahedral  covalent radii  in  boron when  compared 
to silicon (17). 

Accelerated 4 week tests using BSi2Lis indicate that  
silicon migrat ion into 1010 low carbon and 304 stainless 
steel electrode substrate  materials  can be reduced by a 
factor of five relative to that  observed with LisSis a t  
550~ in a LiC1-KC1 molten salt eutectic, as deter-  
mined using microprobe analysis techniques. At this 
time, it is difficult to determine what  the corrosion- 
inhibi t ing mechanism or mechanisms m i g h t  b e .  
Whether  the silicon penetra t ion into the metal  sub-  
strate electrode is reduced by the formation of a metal  
boride diffusion bar r ie r  or is minimized by a reduc- 
t ion in the activity of silicon or a combinat ion of both 
is, as yet, uncertain.  

Fur ther  work is in  progress to determine the elec- 
trochemical and long- te rm corrosion-inhibi t ing charac- 
teristics of boron-si l icon alloys in  metallic honeycomb- 
type substrate electrodes. Such infornlat ion will be 
used to optimize the boron to silicon ratio of the 
te rnary  alloy. 

Boron present ly  costs around $25/lb in  large quan-  
tities (2000 lb) .  The cost of boron per kW-hr  in the 
l i th ium-i ron  sulfide bat tery  will  depend upon both 
the final alloy stoichiometry and the charge state 
capacity chosen for the alloy. For BSi2, the cost penal ty  
introduced by the boron content, assuming a final 
charged state composition BSi2Lil0, would be around 
$1.80/kW-hr. It is expected that  silicon, migra t ion into 
the negative electrode current  collector s t ructure  will 
be inhibi ted to an acceptable degree by the use o f  
lower boron containing te rnary  alloys and will  thereby 
provide a cost-effective solution to achieving both an  
electrochemically and mechanical ly stable long life 
l i th ium electrode for the l i th ium-meta l  sulfide battery.  

Manuscript  submit ted Oct. 27, 1977; revised m a n u -  
script received March 15, 1978. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the June  1979 JOURNAL. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 

Publication costs of this article were assisted by 
Rockwel l  International. 
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ERRATA 
In reference  to the  pape r  "React ive P lasma  De-  

posi ted  S i -N  Fi lms  for M O S - L S I  Passivat ion,"  by  
A. K. Sinha,  H. J. Levinstein,  T. E. Smith,  G. Quintana,  
and S. E. Haszko, which appea red  on pp. 601-608 in 
the  Apr i l  1978 JouaNtu~, Vol. 125, No. 4, the  fol lowing 
addi t ional  in format ion  should be noted. 

The s ta ted  range  of stresses in Table  I is based upon 
da ta  in Fig. 2-5 which  indicate  a va lue  of a p p r o x i -  
ma te ly  5 • 109 dynes cm -'~, and upon da ta  in Fig. 6 
which indicate  a stress of app rox ima te ly  1 • 109 dynes  
cm -2, The  ab rup t  drop in stresses, shown in Fig. 6, was 
observed a f te r  cer ta in  modifications were  made to 
the  subs t ra te  tab le  and the i f - t u n i n g  ne twork .  P r io r  to 
the  modification, the  wafer  capac i ty  on the subs t ra te  
tab le  was eight  2 in. d iam Si wafers  which were  
placed in cutouts  on a s tainless  steel  subs t ra te  table  
and hea ted  by  di rec t  exposure  f rom the quar tz  lamps. 
Af te r  the  modification, the  usable  wafe r  capaci ty  was 
22 2 in. d i am Si wafers  which were  p laced on a solid 
a luminum pla te  hea ted  by  quar tz  l amps  f rom unde r -  
neath.  A t  this  point  in t ime, the  impedance  ma tch -  

ing ne twork  was also modified by  increas ing the t un -  
able  load capacitor.  This g rea t ly  improved  the tuning  
of the p lasma  at 1 Tor r  pressure.  Data  p resen ted  in 
Fig. 6-10 were  taken  af ter  the above modif ica t ions- -  
they  show subs tan t ia l ly  lower  tensi le  stresses and 
lower  etch rates  in buffered HF. The exact  mechanism 
for these changes in film proper t ies  is not  understood.  
However ,  the  above  observat ions  fu r the r  h ighl ight  the 
impor tance  of mach ine - r e l a t ed  effects in  addi t ion  to 
the  process var iables  discussed in the  paper .  

In  reference to the  paper  "Breakdown and Efficiency 
of Anodic  Oxide Growth  on Ti tanium,"  b y  C. K. Dyer  
and J. S. L. Leach, which appea red  in the J u l y  1978 
JOURNAL, Vol. 125, No. 7, pp. 1032-1038, one e r ro r  
should be noted. The  word  " in te r rup ted"  in the  cap-  
t ion of Fig. 4, p. 1035, should be "continuous." Thus, 
the  capt ion should read, "El l ipsometr ic  film thickness 
dur ing  continuous anodizat ion a t  1 m A / c m  2 in  0.1M 
Na2CO3 -p 0.1M NaHCOs. k ---- 546.1 nm, nf - -  2.008 
• 1%, kf ~ 0. 'VB .'~ 5.2V." 
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ABSTRACT 

The kinet ics  of react ion for the  tungs ten-su l fu r  d ioxide  sys tem has  been  
s tudied wi th in  the t e m p e r a t u r e  range  1600~176 and sul fur  dioxide con- 
centra t ions  up to 15% in helium. The react ion ra te  for tungs ten  a t tack  shows 
a m a x i m u m  around 1870~ the l a t t e r  t e m p e r a t u r e  being nea r ly  independen t  
of sulfur  d ioxide  concentrat ion.  Expe r imen ta l  da ta  lead  to a react ion ra te  
model  imply ing  a f i r s t -order  reaction, becoming second order  for pa r t i cu la r  
conditions. Pa rame te r s  defining the react ion ra te  equat ion are  calcula ted 
and a W-SO2 chemical  react ion equat ion is discussed. 

As pa r t  of a s tudy of the  high t empe ra tu r e  behavior  
for re f rac tory  meta ls  in adverse  surroundings,  the  r e -  
act ion for the  sys tem tungs ten - su l fu r  d ioxide  has been 
inves t iga ted  at  t empera tu re s  above 1600~ Studies  of 
this k ind  are  useful, for instance, in the case of tung-  
sten electrodes in p l a sma  indus t r ia l  reactors,  whe re  
corrosive gases are gene ra t ed  by  solkl-gas  reactions.  

Li t t le  in format ion  is ava i lab le  in the  l i t e ra tu re  o n  
the  high t empe ra tu r e  react ions of tungs ten  wi th  sul fur  
dioxide.  Ea r ly  qual i ta t ive  observat ion  descr ibed the 
sul fur iza t ion of tungsten in the presence of sulfur  di -  
oxide at  " red  hot" t empera tu res  (1), whi le  oxidat ion  
of the meta l  is observed at  h igher  t empera tu res  (2). 
Kinet ics  of synthesis  and s t ruc ture  of sulfides inc lud-  
ing tungsten sulfide are  descr ibed in a recent  Soviet  
work  (3). However ,  the  l a t t e r  is re la ted  to the  sul-  
fur iza t ion  of the  meta l  by  a gaseous mix tu re  of sul fur  
in helium. 

In v iew of the scarc i ty  of informat ion  on the sub-  
ject,  the present  work  was unde r t aken  to s tudy t h e  
kinet ics  of react ions of W wi th  SO2 at  h igh t e m p e r a -  
tures. In  this  respect,  i t  has been shown tha t  a m a x i -  
mum ra te  of  a t tack  does occur a round 1870~ The 
exper iments  were  car r ied  out in a reactor  descr ibed in 
the  exper imen ta l  section. Mixtures  of he l ium and up 
to 15% sulfur  d ioxide  were  used at  var ious  t empera -  
tures  wi th in  the  range  1600~176 

Exper imental  
The reac tor  used in the  presen t  s tudy is pa r t l y  

shown in Fig. 1. I t  is made  of a 6 cm long a lumina  or  
thor ia  tube,  fol lowing the t empe ra tu r e  to be a t ta ined,  
the  inside d iamete r  being 3 mm. The tube  ends are  
connected to stainless steel  lengths, t ightness be tween  
the a lumina  and stainless s teel  tubes being ensured by  
means  of Teflon O-rings.  The reactor  ends are  p ro -  
v ided wi th  smal l  quar tz  windows which a l low a longi-  
tudinal  v iew f rom the  outside into the  reactor.  The 
re f rac to ry  oxide tube  is sur rounded  b y  a graphi te  elec-  
t r ica l  res is tance wi th  cooled e lect r ica l  connections at  
both  ends which also provide  a the rmal  protec t ion  for 
the O-rings.  The complete  expe r imen ta l  assembly  is 
shown in Fig. 2. Electr ical  cur ren t  is suppl ied  f rom 
the  secondary  wi r ing  of a t r ans fo rmer  whose p r i m a r y  
circui t  is control led  by  a var iac  of appropr ia t e  power.  

* Electrochemical Society Active Member. 
Key words: tungsten, corrosion, sulfur dioxide, high temper- 

ature. 

The m a x i m u m  power  appl ied  to the  graphi te  hea te r  
is of the  order  of 6500W, wi th  a vol tage  drop  of about  
3V across the  resistance.  

The reac tor  and hea te r  a re  enclosed in  a cooled 
vessel connected to a vacuum pump and a he l ium 

DIFFERENTIAL REACTOR 
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Fig. 1. Partial view of differential reactor with graphite resistance 
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cy l inder  so tha t  an iner t  a tmosphere  can be in t roduced  
wi th in  the  vessel, thus provid ing  an  adequate  p ro -  
tect ion against  the graphi te  oxidation.  The r ema inde r  
of the  assembly  is made  of convent ionta l  equipment  
consist ing of a mixer  for the incoming gases (he l ium 
and sul fur  d ioxide) ,  a separa to r  for  products  of reac-  
tion, f iowmeters,  etc. 

In  view of the  t empera tu re s  to be a t t a ined  in the  
reactor,  a lumina  tube  only was used in the course of 
this study.  P r io r  to the  exper iments ,  the  t empera tu re  
inside the  dif ferent ia l  reac tor  was ca l ibra ted  by  means  
of a smal l  piece of pu re  tungsten located at  the  re -  
qui red  posi t ion in the r e f r ac to ry  tube.  The tungsten 
sample  surface t e m p e r a t u r e  was measured  wi th  a 
py rome te r  (Leeds and Nor thrup ,  1000°-6000~C) at  an 
effective wave leng th  of 685 ram. The read ing  was cor-  
rec ted  for b lackoody  devia t ion  by  means  of the  emis-  
sion coefficierit for tungsten at  the  considered wave -  
length  and for  the t empe ra tu r e  obtained.  The reac tor  
inside t empe ra tu r e  was then  corre la ted  wi th  the t em-  
pe ra tu re  recorded at  the  middle  of the  outs ide surface 
of the su r rounding  e lect r ica l  heater .  The  l a t t e r  t em-  
pe ra tu re  was read i ly  accessible dur ing  the exper i -  
ments  th rough  the w i n d o w  prov ided  for this purpose  
in the  enclosing vessel, so tha t  the  inside t empe ra tu r e  
was known also f rom the re la t ionship  a l r eady  obtained.  
The graphi te  was rep laced  when  its e lect r ica l  res is t -  
ance did  change. F igure  3 represents  an example  of the 
inside t e m p e r a t u r e  d is t r ibu t ion  s ta r t ing  f rom the mid -  
dle of the reactor.  

The method of ca l ibra t ion  used was checked by  ob-  
serva t ion  in the  reac tor  of the  fusion poin t  obta ined 
for pure  a lumina  (FP 2323°K) which  was found equal  
to 2300~K. Pure  i ron  was also tes ted  and mel ted  at  
1790°K, the  theore t ica l  F P  being 1808°K. These m e a -  
surements  were  made  using a he l ium atmosphere .  I t  
can be shown f rom Fig. 3 tha t  the t empe ra tu r e  dis-  
c repancy  is about  60°K wi th in  --+5 m m  from the cen- 
te r  of the reactor ,  when defined as 

~Tdx 

a T = - -  [1] 
X 

2,000 

° 150C 

bJ 
tw 

F- 

LU 
D. 

I OOC 

50C 

' ' ~ ' ' ~ ' ' 9 
DISTANCE FROM REACTOR CENTRE, mm 

Fig. 3. Example  of  t e m p e r a t u r e  distr ibut ion inside the d i f fe ren t ia l  
reactor .  

This s i tuat ion was nea r ly  the  same for the  whole  
t e m p e r a t u r e  range used in the  exper iments .  Equat ion 
[1] was t aken  into account for  t empe ra tu r e  correct ion 
and the  t empe ra tu r e  de te rmined  at  the  reac tor  center  
was decreased by  30°K, so tha t  the  correc ted  t e m p e r a -  
ture  did not  differ b y  more  than  30°K f rom the ex~ 
t reme t e m p e r a t u r e  values  as obta ined  f rom Eq. [1]. 
This t empera tu re  was chosen as r ep resen ta t ive  of the  
react ion tempera ture .  I t  should be noted tha t  5 m m  
on each side of the reac tor  center  de l inea tes  the  posi-  
t ion of the tungsten samples  used for the  SO2 reac t ion  
exper iments .  

The meta l  used f o r  the  r a t e - o f - a t t a c k  de t e rmina -  
t ion was made  of 99.9% pu re  t u n g s t e n - ( M e t a l  Werk,  
Plansee,  AG., Reute, Tyrol )  wire  0.07 cm diam, resu l t -  
ing in a weight  of 0.0742 g/era.  The tungsten samples  
used for the exper iments  were  shaped f rom given 
lengths ( ~ 2  cm) of wi re  in the  form of smal l  springs,  
the  length  of which was reduced down to the  length  
of reactor  ava i lab le  at  the  requ i red  opera t ing  t em-  
pera ture ,  say  a round  1 cm. P r io r  to the exper iments ,  
the tungsten samples  were  t r ea ted  for  1 hr  under  an 
a tmosphere  of hydrogen  at  1173°K. 

The  exper iments  were  car r ied  out  at  a tmospher ic  
pressure,  wi th  sulfur  d ioxide  concentrat ions up to 15% 
in he l ium and t empera tu re s  ranging  f rom 1600 ° to 
2100°K, the choice for these t empera tu re s  being jus t i -  
fied under  the heading  "Discussion." The gas veloci ty  
was chosen equal  to 250 ml /min .  F u r t h e r  increase  in 
veloci ty  did not  affect the  tungs ten  ra te  of at tack,  be -  
ing an indica t ion  tha t  bounda ry  l aye r  effects were  no 
longer  impor tan t  and tha t  pure  chemical  kinet ics  was 
involved.  In  this respect  i t  was found tha t  for  the  
chosen conditions the  in i t ia l  sample  weight  d id  not  
seem to have any  effect on the react ion rates  ob-  
served since s imi lar  dupl ica te  points  were  obta ined  
f rom tungsten samples  wi th  an ini t ia l  weight  differ-  
ence as high as 30%. 

The chromatograph  used for  analysis  of the  ini t ia l  
gas mix tu re  was of the  F i she r  Hami l ton  20 type,  wi th  
a sulfur  dioxide and  oxygen  detec t ion  column 3m 
long and 6 m m  diam, containing 10% D i - N - D e c y l -  
ph tha la te  on Chromosorb T(40-60 mesh) .  The reac ted  
gas was analyzed  for 02 and SO2. No a t t empt  was 
made to es tabl ish  an O and S balance  since SO2 and O2 
could have  been absorbed wi th  condensing WO3 or  a 
number  of react ions could occur be tween  the ma in  
react ion si te and the cooling section of the  reactor .  
However ,  i t  was in teres t ing  to know whe the r  O2 was 
present  or  not  for the purpose  of speculat ions about  
the  main  react ion wi th  W, whi le  the  SO2 analys is  in  
the  issuing gas was used for  calculat ing an average  
pressure  for SO2 ir~ the reactor ,  the  issuing SO2 gas 
being by al l  means in la rge  excess ( inlet  and out le t  
concentrat ions did  not differ by  more  than  20% in a l l  
cases).  The  car r ie r  gas was helium, flowing at  a ra te  
of 40 ml /min .  

The chemical  iner tness  of the  reac tor  was verified 
by  ca r ry ing  out  b lank  exper iments  at  high t e m p e r a -  
tures.  The issuing gas was checked for  SO2 deple t ion  
and oxygen  presence and the  reac tor  was examined  for  
possible al terat ion.  No change  was observed in the  r e -  
action gas composi t ion af te r  passage th rough  the 
reactor  when the highest  SO2 concentra t ion (up to 
20%) and the highest  t empe ra tu r e  (2100°K) con- 
s idered for the  exper iments  were  used for the  b lank  
controls. Also, no vis ible  a l t e ra t ion  was found in the  
reactor.  The sulfur  d ioxide  used was 99.9% pu re  
(Canadian  Liquid  A i r ) .  

To s tar t  a run,  the  h y d r o g e n - t r e a t e d  tungs ten  sam-  
ple  was weighed to the  neares t  0.1 mg and in t roduced 
ir~to the  reactor.  By means  of a t h r e e - w a y  va lve  
giving access to e i ther  he l ium or the  requ i red  he l ium-  
sulfur  d ioxide  mixture ,  the  reac tor  and gas circuit  
were  first flushed wi th  he l ium and the sample  was 
heated up to the  des i red  expe r imen ta l  t empera tu re .  
Connection was then es tab l i shed  wi th  the  he l ium-SOs 
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mixture  and the reaction t ime was started when visi- 
ble fumes evolution was observed through the small  
quartz windows provided at the ends of the differ- 
ential  reactor. The start ing of visible fumes could also 
be predicted by calculating the t ime required for the 
reaction gas to reach the tungsten  sample after open- 
ing of the th ree-way  valve, knowing the flow rate 
(250 m l / m i n )  as well as the length and diameter  of 
the gas line. The sulfur  dioxide content  was then de- 
termined in the outlet  gas, and after  a predetermined 
reaction t ime was elapsed, the electrical power was 
cut off, the gas circuit was flushed, and the tungsten  
sample was weighed again. The average wire surface 
was obtained from 

Am = [2 ]  
dl 

l n - -  
d2 

The average wire diameter  after at tack was cal- 
culated from the relationship 

d2 : (4P/19.3 l~) 1/~ [3] 

and the average sulfur  dioxide concentrat ion could be 
wr i t ten  

Cin + Cout 
CAv -- [4] 

2 

Pin "}" Pout 
p : [5] 

2 

and PAV was taken as a representat ive  value for the 
SOs part ial  pressure. The part ial  pressures Pin and 
Pout did not differ by  more than 20% even in  extreme 
cases of tungs ten  rate of attack. 

The tungsten  rate of at tack was obtained from 

dW Ap 
_ [6]  

dt 184 AmAt 

Results and Discussion 
F i g u r e  4 shows the  l i n e a r i t y  of  t ungs ten  w e i g h t  loss 

as a function of time for given sulfur  dioxide concen- 
trations and temperatures,  no layer  of reacted product  
being observed, at least on the macroscopic scale, in  
all cases covered by this study. As a result, the rate 
of tungsten  attack in Eq. [6] could be considered con- 
stant  at a given tempera ture  for a given sulfur  dioxide 

7 
_o 
K 

"6 3C 
E 

cn 
cn 
O 
.J 
b- 
-r 2C 
bJ 

bJ 
..J 

=E 
u) 
Z IC 
h j  
I-.- 

Z 

t,-- 

| 6 0 0  K - 5 '  

o 2 4 6 8 
EXPOSURE TIME, rnin 

Fig. 4. Tungsten rate of attack as a function of time at given 
temperature and sulfur dioxide concentration. 

concentrat ion and could be measured from the slope 
of lines similar to those appearing on Fig. 4. These re-  
sults were observed for temperatures  between 1600 ~ 
and 2100~ 

Interpretation o] data.--If it is assumed that the re-  
action rate constant  for the tungs ten  attack by SO2 
follows the Arrhenius  law behavior  then one obtains 

dW 
- - -  = e -E /~TC [7]  

d t  

at constant  su l fur  dioxide part ial  pressure. In  the case  
of~Eq. [7], one can also write 

- -  - -  - -0 .434 - - - -  -t- l og  C [81 log ~ R T 

and [7] is the equat ion of a s traight  l ine with s lope  
--0.434 E/R. 

Figure 5 shows the tungsten  rate of attack variat ion 
between 1600 ~ and 2100~ log (--dW/dt) being rep-  
resented as a funct ion of l/T, and it is observed that  
the rate of attack is max imum around 1870~ and that 
on each side of the ma x i mum the representat ive lines 
are indeed straight lines wi th in  the exper imental  tem- 
perature  limits, showing the val idi ty of application 
of Eq. [8]. In  this respect, a ra ther  small  number  of 
exper imental  points are required for defining the phe-  
nomena involved. 

Figures 6 and 7 are derived from Fig. 5 and de-  
scribe the rate of at tack for tungsten  as a funct ion of 
sulfur  dioxide part ial  pressure for given temperatures.  
They suggest a reaction rate of the kind 

ap ~. 
r _ - -  [9 ]  

l + b p  

being parabolic, or second order, for bp < <  1 and be-  
coming first order when  bp is comparable to 1 or 
higher than 1. Exponents higher than 2 for p in  Eq. [9] 
are not considered since reaction orders higher than 2 
are very unlikely.  

If a reaction rate law of the k ind indicated in  Eq. 
[9] is obtained, one may  wri te  

ps b i 
-- = --p + -- [i03 
r a 

and p2/r is a l inear  funct ion of p. Figures 8 and 9 
show straight lines, representat ive of p~/r var iat ion as 
a function of p, for various tempera tures  below (Fig. 
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Fig. 7. Tungsten rate of attack as a function of sulfur dioxide 
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2100~ 

8) and above (Fig. 9) 1870~ temperature for which 
a m a x i m u m  rate of attack does take place. As a result, 
a and b may  be calculated at various temperatures 
using the straight l ines on Fig. 8 and 9. Indeed, b/a 
is deduced from the slope of these lines, whi le  1/a is 
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Fig. 8. Linear relationship between [sulfur dioxide partial pres- 
sure ]S / -  [rate of tungsten attack] and sulfur dioxide partial pres- 
sure, for the temperature range 1600~176 
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Fig. 9. Linear relationship between [sulfur dioxide partial pres- 
sure]2/ - [rate of tungsten attack] and sulfur dioxide partial pres- 
sure for the temperature range 1870~ ~ K. 

the l imit ing value in Eq. [10] when  p --> 0. A number 
of values obtained for a and b at various temperatures 
are shown in Table I. Using Eq. [10] and classical 
error calculation methods, one obtains a relative error 
of _15% on a and ___30% on b, this imply ing  1% error 
on, respectively,  p, t, T, and 0.5 on W. 

Equation [9] implies  a number  of reaction steps 
which include a gaseous reaction with an adsorbed 
species, the surface reaction being the controlling step 
(4, 5). The result ing over-al l  reaction is now discussed 
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Fig. 10. Typical chromatogram for residual gases after reaction 
with tungsten. 

in the l ight  of expe r imen ta l  observat ions and the rmo-  
dynamic  constraints.  

Reaction model yor the system tungsten-sulfur di- 
oxide.~Figure 10 shows an average  chromatogram 
re la ted  to the exper iments ,  indica t ing  traces of oxygen 
and the two character is t ic  curves for  sulfur  dioxide 
which also appear  for this gas p r io r  to reaction. These 
are  not due to wa te r  presence since the  gases used a re  
dried.  The reac t ion  products  consisted of tungs ten  
oxides,  for  which  WO2.9, in effect W20Oss, was the  
ma jo r  consti tuent.  This da rk  b lue  oxide  was identif ied 
by  x - r a y  analysis.  No tungsten oxide or sulfide was 
detected on the tungs ten  surface which, by  al l  means,  

Table I. Values of the parameters a and b at various temperatures 
in rate Eq. [9]. S02 concentration between 0 and 15% 

P a r a m e t e r s  in r a t e  Eq. [9] 

T e m p e r -  a (mo les /  
a t u r e  (~ min-cm2-atm s) b ( a t m  -~) 

1650 3.6 • 10 .2 2.3 x i0 
1750 1.9 x I0 -~ 7.3 x I0 
1850 7.2 • i0 -x 1.9 x i02 
1950 3.3 x I0 - i  I . i  x lO s 
2000 i0-~ 4.8 x I0 
2100 2.7 • I0 -2 1.6 x 10 

did not  show any visible layer ,  but  e lementa l  sul fur  
was presen t  in the  reac tor  tube.  I t  is poss ible  tha t  
f ree  oxygen  or  SO2 were  absorbed  dur ing  condensat ion 
of tungsten oxide vapor.  

Considering the  observat ions  made  and the in te r -  
p re ta t ion  of the expe r imen ta l  da ta  which  lead  (Eq. 
[9] ) to the descr ip t ion  of a classical sequence of steps, 
the fol lowing model  is proposed,  the  surface reac t ion  
being the control l ing step (4, 5) 

Absorp t ion  s tep 
o. 

O = S = O  q- X ~  O---S---O [11] 
\ /  

X 
Surface reac t ion  

X 
/ \  

O--S--O + SO2 + 2W ~ O---S----S--O [12] 
\/ I I 

X W - - O  O---W 

Desorpt ion process 

X 
/\ i i 

O - - S = S ~ O ~  W +  - -  (WO3)n + = - 0 2  + $2 + X [13] 
Z 

W ~ O  O---W 

The over -a l l  reac t ion  is then  

1 1 
2SO2 + W -> --n (WO3)n + --~ 02 + $2 [14] 

(gas) (solid) (gas) (gas) (gas) 

The vola t i le  tungs ten  oxide  product  WO3 has been  
wr i t t en  in  the more  genera l  form (WO3)n since the  
species (WO3)n wi th  n = 2, 3, 4 is genera ted  by  WO2 
(solid) be tween  1300~176 (6) and p robab ly  above. 
In the  l a t t e r  case, solid WO3 is formed,  which vapor -  
izes and changes into (WO3)2,3 whi le  vapor iz ing at  a 
given tempera ture .  The va l id i ty  of Eq. [14] has been 
de te rmined  by  means  of da t a  found in the  l i t e ra tu re  
for  (WO3)n (6), 802 (7), and $2 (8), which  a re  r e -  
por ted  in Table  H. The informat ion  in  Table  II  has 
been used to calculate  AFT ~ for react ion [14] when  the 
var ious  oxides (WO~)n are  involved.  The  resul ts  ap-  
pea r  in Table  I I I  toge ther  w i th  the  equ i l ib r ium con- 
s tants  for this reac t ion  at  var ious  tempera tures ,  

Table II. Thermodynamic data used in Table III 

T e m p e r -  
a t u r e  
(~  (WOs)x 

1 / n  AFT ~ of fo rma t ion ,  k J / m o l e  
1/n (WOs)n, gas* 

~T ~ of fo rma t ion ,  k J / m o l e  

S O ~ * *  S2"* S*** 
1/2 (WO3)= 1/3 (WO3)8 1/4 (WO8)4 (gas)  (gas)  (gas)  

WS=t 
(solid) 

1400 
1523 
1600 - 2 0 4  
1800 - 1 9 3  
2100 - 175 

. . . .  261 -149  + 105 

. . . .  252 - 1 3 4  +86 
- 3 8 6  - 4 1 5  - 4 1 7  - 2 4 7  - 1 2 4  +82 
- 3 0 3  - 3 8 5  - 3 8 4  - 2 3 2  - 9 9  +59 
- 3 2 9  - 3 3 8  - 3 3 4  - 2 1 0 t t  - 6 2 i t  +26 

- 1 2 4  
- 1 1 4 t  t 

Decomposi-  
t ion of WS= 

*Ref .  (6) .  
"* Ref.  (7) .  

* '*  Ref. (8).  
t Ref. ( 9 )  

t t  Ex t rapo la ted .  

Table III. Free energy of reaction calculated for reactions [14] and [16] by means of Table II. 
Assumption is made of the possible presence of various (WO3)n 

Free energy of reaction AF ~ for reactions [141 and [161, kJ/mole. Equilibrium constant Keq 

React ion  [14] 
(WOs},  (gas)  

(WO~)l (WO~)= (WOs)8 (WOn)4 

AF~ ~ Keq AFT ~ K e q  

Free energy o f  reaction 
for reaction [16] 

AFT ~ Keq AFT ~ Keq AFT ~ Keq 

1400 . . . .  
1523 - -  ~ 
1600 + ~ 4  5 • 10 -4 -17 ,3  3.6 
1800 + 172 1 • 10 -~ + 1,30 0.9 
2100 + 183 3 x 10 -6 +29.2 0.2 

-% 3E -% 3E 
--21 4,0 --21 4.0 
+ 20 0.3 + 24 0.4 

§ 3 9 8  1 .7  x 10 - m  
+ 390 5 x 10 -1. 

Decompos i t ion  of WS= a t  
1523~ Reac t ion  [161 
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F r o m  the heat  of fo rmat ion  for  the  var ious  (WO~)n 
species appear ing  in Table  II, the  free energy  of re -  
action for  react ion [14] has been  calcula ted wi th  the  
assumptions of, respect ively,  (WOs) 1, (WOs) 2, (WOs) 8, 
and (WO8)4 being present .  Table  I I I  shows tha t  the 
species (WO3)2, (WO~)3, and  (WO3)4 are  those most 
l ike ly  to occur at  the considered tempera tures .  For  the 
sake of s implici ty,  n ----- 3 has been re ta ined  in Eq. [14] 
which can then  be wr i t t en  

1 1 
2SO2 + W --> - -  (WO3)3 + 02 + S~ [15] 

3 T 
(gas) (solid) (gas) (gas) (gas) 

Table  II  shows tha t  the  free energy  of format ion  of 
$2 f rom 2S is h igh ly  negat ive  in the whole  range  of 
t empera tu res  involved in the  present  study,  thus en-  
sur ing the presence of the  species $2 in Eq. [14] and 
[15]. 

At  first sight, the fol lowing react ion could also be 
responsible  for tungsten a t tack  by  sulfur  dioxide 

W + 2SO2--> WS2 + 202 [16] 
(solid) (gas) (solid) (gas) 

Table  I I I  shows that  this reac t ion  is ve ry  un l ike ly  
to occur in v iew of the free energy of reac t ion  found 
at  1400 ~ and 1523~ using informat ion  from Table II  
(9 ) .  By al l  means  WS2 decomposes at  1523~ (10). 

Al though (WO3)n does vaporize,  i t  could leave a 
solid l ayer  of WOs. However ,  if this  were  the  case, the  
pa r t i a l  pressure  of WO8 (solid) should be the  con- 
t ro l l ing  step for  react ion [15] at  a given t empe ra tu r e  
and the ra te  of evolut ion should be independent  of 
SO2 concentrat ion.  This is not  observed and i t  is con- 
c luded tha t  the WO~ ra te  of vapor iza t ion  (which is 
possible for t he rmodynamic  reasons)  is such that  no 
accumulat ion  of solid oxides is possible wi th in  the  ex-  
pe r imenta l  conditions. 

Final ly ,  in order  to expla in  the  presence of b lue  
tungsten oxide  identif ied as WO2.9 by  x - r a y  d i~ rac tom-  
etry,  which was found in the cooler pa r t  of the  r e -  
act ion tube,  the  fol lowing react ion is considered 

--~ S~ -5 WO8 --> WO~8-x) + ~-  SO2 [17] 

the  species (WOs)n having receded to the  state WO8 
and the react ion occurr ing downs t ream f rom the tung-  
s ten specimen. In the  presen t  case, x : O.1 in Eq. [17]. 

Summar iz ing  the deve lopment  made  on a possible 
model  for  the W-SO2 reaction,  the  type  of rate,  Eq. 
[9], found leads to an over -a l l  reac t ion  Eq. [14]. The  
l a t t e r  equat ion is then completed on the basis of t he r -  
modynamic  considerations,  thus leading to the  react ion 
Eq. [15]. This equat ion also expla ins  the  exper imen ta l  
observat ions made  l ike:  (i) presence of sulfur  and 
WO2.9 in the cooler pa r t  of the  react ion tube;  and (it) 
absence of a reac ted  l aye r  of tungsten oxide or sulfide. 

Conclusions 
The kinetics of reac t ion  for the  tungs ten-su l fu r  di -  

oxide sys tem has been s tudied wi th in  the  t empera tu re  
range  1600~176 and sulfur  dioxide concentrat ions 
up to 15% in helium. The tungsten ra te  of a t tack  
shows a m a x i m u m  around  1870~ this t empera tu re  
being independent  of sul fur  dioxide concentrat ion.  

Expe r imen ta l  da ta  lead to a f i r s t -order  react ion ra te  
model  of the  form r -- ap2/(1 -5 bp),  becoming second 
order  when  the product  bp ~ 1. The pa rame te r s  a 
and b re la ted  to the ra te  equat ion have  been calcu-  
la ted and they  have been found functions of the  t em-  
pera ture .  The ra te  equat ion leads to a W-SO2 chemical  
react ion equat ion which has been completed on the 
basis of t he rmodynamic  constraints  and which  ex-  
p la ins  the  expe r imen ta l  observat ions  made.  
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LIST OF SYMBOLS 
Am logar i thmic  average surface of tungsten 

wire  exposed to sulfur  d ioxide  at tack,  cm 2 
a constant  in Eq. [9] and der ived  equations,  

mo le s /min  cm2-atm 2 
b constant  in Eq. [9] and [10] 
C sul fur  dioxide ~oncentrat ion in hel ium, moles 

fraction. Also, constant  in Eq. [7] and  [8], 
moles /cm2-min  

dl in i t ia l  tungsten wire  d iameter ,  cm 
d2 final tungsten wire  d iameter ,  cm 
e base of naper ian  logar i thms  
~Fr  ~ free energy  of format ion  or react ion 
l length  of tungs ten  wire  exposed to at tack,  

cm 
n coefficient of (WO3)n in Eq. [14], under  the  

form of 1/n, dimensionless  
p sulfur  dioxide pa r t i a l  pressure ,  a tm 
P tungsten weight ,  g 
AP tungsten weight  var ia t ion,  g 
r tungsten ra te  of at tack,  m o l e s / m i n - c m  ~ 
R gas constant,  k J / m o l e - K  
t react ion t ime, min 
T tempera ture ,  ~ 
aT t empe ra tu r e  d iscrepancy be tween  center  and 

_+5 m m  from center  for reac tor  in Eq. [1] 
W moles tungsten 
x coefficient in Eq. [17]. Also, dis tance f rom 

center  of react ion in Eq. [1] 
Subscripts  
Av average  
in at inlet  of the reac tor  �9 
out at out le t  of the reactor  
m logar i thmic  average  
n designates the  degree  of po lymer iza t ion  for  

WO3 
(1 --  x) designates the amount  of oxygen t ied up to 

W in Eq. [17] 
A b breviations 
log log in base 10 
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Fabrication Processes for a Silicon Substrate Package 
for Integrated Gallium Arsenide Laser Arrays 

Michael J. Brady 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York ]0598 

ABSTRACT 
Single crys ta l  sil icon subst ra te  chips wi th  p re fe ren t i a l ly  e tched V-groove  

s t ruc tures  have  been fabr ica ted  to accura te ly  hold opt ical  fibers for efficient 
output  coupling of in tegra ted  ga l l ium arsenide laser  arrays .  In  addit ion,  the 
subs t ra te  contains ind iv idua l ly  addressab le  dr ive  electrodes e lec t r ica l ly  iso- 
la ted  by  reversed  biased p , n  junctions.  This paper  discusses the requ i red  
fabr ica t ion  and processing techniques necessary to achieve the silicon package  
ut i l iz ing ba tch-process ing  technology found in the  manufac tu re  of micro-  
electronic devices. 

Anisot ropic  etching of s ingle  c rys ta l  s i l icon has be -  
come a s t andard  processing step in sil icon technology 
(1, 4). Ut i l iza t ion of the  p re fe ren t i a l ly  etched grooves 
wi th  smooth-wal led  topology has also been  appl ied  to 
the  fabr ica t ion  of in tegra ted  optical  devices such as 
channel  waveguides  (5, 6). Recent  in teres t  in opt ical  
communica t ions  ut i l iz ing ga l l ium arsenide  l i gh t - emi t -  
t ing diodes and ga l l ium a r sen ide -ga l l ium a luminum 
arsenide  double  he te ros t ruc tu re  lasers  as  opt ical  
sources (7) has increased due to fabr ica t ion  of a h i g h  
radiance  and high power  source. Since the  output  
character is t ics  differ b e t w e e n  an  LED and a laser,  
var ious techniques have been  proposed  (8) to capture  
the  h ighly  d ivergent  emi t ted  beam and effectively 
couple  i t  into a low numer ica l  a p e r t u r e  fiber wave -  
guide. 

We presen t  here  a fabr ica t ion  technique  tha t  al lows 
precise ly  grooved crys ta l l ine  silicon to serve  as a min i -  
a ture  optical  bench that  provides  h igh ly  efficient cou- 
pl ing of a GaA1As laser  th rough  a lens into a fiber 
guide. A common glass cy l indr ica l  l e n s  and an a r r a y  
of fiber l ightguides  a re  se l f -a l igned  to the  opt ical  
sources '  optic axis. The p re fe ren t i a l ly  etched grooves 
provide  k inemat ic  suppor t  for both  a cy l indr ica l  lens 
and the fiber waveguides,  and al low p rede te rmined  
p lacement  of the fibers wi th  respect  to the  source axis 
and the sil icon surface. Because the  e tching process 
is se l f - te rminat ing ,  when  the  character is t ic  V-shape  is 
formed, grooves of different  dep th  can be  etched s im-  
u l taneous ly  into the  same subs t ra te  in one fabr ica t ion  
step, thus a l lowing one to al ign a different  d iamete r  
lens to waveguides .  

In  addit ion,  ind iv idua l  th in  film dr iv ing  electrodes,  
consist ing of t i tanium, pal ladium,  and g01d are  evap-  
ora ted  on the silicon surface and pho to l i thography  de-  
l ineated.  To provide  electr ical  isolat ion be tween  ad-  
jacent  lasers,  ind iv idua l  p - n  junct ions  are  fabr ica ted  
be low the silicon surface in l ine wi th  the dr ive  elec-  
trodes.  The surface topology of the silicon opt ical  
bench provides  a smooth ox ida t ion- f ree  meta l l ized  
surface for bonding of the  laser  arrays .  The silicon 
bench also acts as a good the rmal  hea t  s ink for the 
lasers, and minimizes  the  s t ra in  .due to the closer 
match ing  of the  the rmal  expansion coefficients be-  
tween  silicon and ga l l ium arsenide.  F igure  1 shows a 
schemat ic  of the  assembled  laser  a r r a y  package  con- 
sist ing of 13 devices spaced on 200 ~m centers. The 
lasers  are  fabr ica ted  f rom double  he t ros t ruc tu re  m a -  
te r ia l  grown using s tandard  l iquid  phase  ep i t axy  tech-  
niques. The laser  cavit ies are  575 /~m long and have  
an  act ive region be tween  0.2 and 0.3 #m and a 12 ~m 
wide  oxide  s t r ipe on the p - t y p e  side to provide  cur ren t  
confinement and l imit  the  act ive region width.  Contact  
me ta l l u rgy  on the p - s ide  of the laser  consists of 500A 

Key words: optical bench, alignment grooves, optical fibers, 
multichannel optical links. 
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of chromium and 5000A of gold, while  a go ld -ge rman i -  
um-n icke l  mix tu re  is a l loyed into the n - t y p e  side. The 
laser  is  bonded to the  me ta l l u rgy  on the  silicon sub-  
s t rafe  wi th  ind ium solder. A cross section of the pack -  
age in Fig. 1 is shown in Fig. 2. 

Processing Steps 
While  many  steps employed in sil icon device tech-  

nology were  ut i l ized to fabr ica te  the min ia tu re  optical  
bench severa l  deviat ions were  required.  The specifica- 
tions for the  substrates,  shown in Table  I, were  neces-  
sary  to obta in  precise s t ra ight  wal ls  in the  <110> 
direct ions and defec t - f ree  {111} faces. The or ienta t ion  
flat ( < l l 0 > - m a j o r  fiat) is r equ i red  so tha t  the photo-  
l i thographic  masking  pa t te rns  can be a l igned to the 
wafer  wi th  a precis ion of ~1  ~ or be t te r  in o rder  to get 
the  s t r a igh t -wa l l  grooves. 

The fabr ica t ion  steps were  pe r fo rmed  in the fo l low- 
ing sequence: 

(i) The wafers  were  chemical ly  c leaned using H20: 
H202:NI~OH (5:1:1)  and H20:H202:HC1 (6:1:1) 
solutions, b lown d ry  in o i l - f ree  N2, and immedia te ly  

R DRIVE 

//.~.<..m....<~<L..<..<../~<.<'.<~'~ / CYLINDER 
SILICON J ~ ~ L E N S  

SUBSTRATE~.'-.:~///,/~.~ ~"~L_...~.~ COOLER 
,~ ~ ' ~ ~  / / ~ . . . . . ~ . . " ~ " ~ . . ~ P O W E R  
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THERMOELECTRIC~I~ ~ I  Y [ I 
COOLER - 
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Fig. 1. Schematic of assembled substrate-laser array package with 
optical fibers, using a thirteen laser array as an example. 
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EL~cDTERoDE~ ~LASER.IY /-CYLINORCALLENS 
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Fig. 2. Sectional view in the y-z plane showing the position of the 
lasers end facet (z direction) with respect to the lens groove. 
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Table I. Specifications required for the silicon wafers to ensure 
good quality optical benches 

Specif ications 
Single crystal  s i l icon wafers  
Type  
Dopant  
Orientation 
Resist iv i ty  
Diameter  
Thickness  

Paral le l i sm 
Pr imary  flat 

Secondary  fiat 
Dis locat ion densi ty  

Note  

P 
Boron-noncompensated  
~ 1 0 0 >  Surface  orientat ion • 1 ~ 
1-2 ~-cm -*- 20% 
1.250 in. ----- 0.010 in. 
Nominal  8 mils,  wi th  a th ickness  uni formity  

per  wafer  ----- 1.0 rail 
Within  0.5 rail 
0.500-0.625 in. long or iented along (110) di- 

rect ion _.+ 0.5 ~ 
0.250 in. long at 90 ~ to pr imary fiat 
Less  than 500 per cm ~ 

Lap both sides and etch to remove  damaged 
sil icon. Chemechanical ly  pol ish both sides. 
Per iphery  should be smooth,  wi th  no 
cracks,  fractures ,  or  sharp indents.  

oxidized ut i l iz ing an open - tube  s team appara tus  at  
1050~ to form a si l icon dioxide  film 1 #m th ick  in  
a p p r o x i m a t e l y  250 rain. 

(ii) The  oxidized wafers  were  then  coated wi th  AZ 
1350 Sh ip ley  photores is t  (a t  4000 RPM for 20 sec) on 
the  f ront  and back  side, and p r e b a k e d  at  70~ for  30 
min. The back  side pro tec t ion  is necessary  to ma in ta in  
the pro tec t ive  oxide  l aye r  dur ing  the isotropic etching 
of the windows.  

(iii) The lens and waveguide  pa t t e rn  and the  75 #m 
junc t ion  windows (Fig. 3) were  then  exposed and de-  
veloped. The wafers  are  then  pos tbaked  for 30 rain at 
100~ Using the photores is t  stencil,  the  openings are  
e tched in the  SiO2 using buffered hydrofluoric  acid at  
a ra te  of app rox ima te ly  1000A/min. The photores is t  is 
s t r ipped  f rom both  sides in an acetone solut ion that  is 
u l t rasonica l ly  ag i ta ted  and the samples  a re  then 
"ashed." The ashing process uti l izes a p lasma  discharge  
in a Freon  gas a tmosphere .  RF  power  of app rox ima te ly  
50W for 20 min appea red  to be sufficient to remove any 
res idua l  organic  photoresist .  At  this point  the  samples  
a re  r eady  for open - tube  diffusion to form the p - n  junc-  
tions. A l iquid n - t y p e  dopant  was used, i.e., phosphor -  
ous oxychlor ide  (POC13) in a ca r r i e r  gas (5500 ppm)  
a t  870~ 

(iv) The junc t ion  fabr ica t ion  p rocedure  is as fol -  
lows: The wafers  a re  c leaned again  using step (i) .  
Diffused junct ions a re  genera ted  by  deposi t ing a b l an -  
ke t  l aye r  of phosphosi l icate  glass on the wafers,  f o l -  

Fig. 3. Lens, waveguide, and junction patterns aligned to the 
{ i10)  directions with dimensions of 125, 125, and 75 ~m, respec- 
tively. 

lowed by  a d r ive - in  of the  phosphorous,  to a dep th  of 
app rox ima te ly  2 #m, in a d ry  oxida t ion  a tmosPhere  
(02 flowing) at  1050~ for 200 rain wi th  approx i -  
ma te ly  0.3 ~m of Si02 growing dur ing  the dr ive- in .  

~(v) Contact  windows 50 • 550 ~m are  then opt ica l ly  
posit ioned,  centered,  and pho to l i thograph ly  de l ine-  
a ted in the  75 ~m window and etched th rough  the 
0.3 ~m laye r  over  the  N + diffusion area, using buffered 
hydrofluoric acid. This step is necessary  in o rde r  to 
reduce the the rmal  res is tance be tween  the laser  a r rays  
and the heat  sink, resul t ing  in direct  contact  be tween  
the meta l  and the sil icon and provid ing  good ohmic 
contact. Af te r  the contact  windows are  opened, an ad -  
di t ional  l ayer  of photores is t  is deposi ted on the f ront  
surface and the resis t  is ha rdened  for 30 min  at  100~ 
The oxide  l aye r  is then s t r ipped  f rom the back  side 
by  d ipping  in buffered HF for 15 min. The photoresis t  
is again u l t rasonica l ly  removed  in an acetone solution, 
and af te r  a fu r the r  ashing, wafers  wi th  the  f reshly  
etched 50 • 550 ~m contact  regions are  moun ted  in an 
e lec t ron beam evapora to r  and ma in ta ined  at a p res -  
sure  of ~ i0 -6  Torr.  

(vi) The l aye red  s t ruc ture  tha t  was chosen for  the  
meta l  e lect rodes  was a combinat ion  of t i tanium,  pa l -  
ladium, and gold. The selection of t i t an ium was based 
on severa l  parameters .  T i t an ium has a h igh  oxygen  ac-  
t ivi ty,  forms a se l f -pass iva t ing  oxide, and  has a high 
surface bonding strength.  The top l aye r  of gold was 
chosen because of its high conduct ivi ty,  res is tance to 
corrosion, and ease of bonding. To p reven t  the gold 
f rom chemical ly  reac t ing  wi th  the  t i t an ium and fo rm-  
ing a compound,  a sandwich  l aye r  of pa l l ad ium was 
inser ted to act as a diffusion bar r ie r .  Layers  of t i t a -  
n ium (500A), pa l l ad ium (1000A), and gold (30,000A) 
are  b l a n k e t - e v a p o r a t e d  on the de l inea ted  oxide pa t -  
tern  side. The subs t ra te  t empe ra tu r e  dur ing  deposi t ion 
of the  t i t an inum pa l l ad ium is 150~ and is lowered  
to 50~C for the  gold layer .  Deposi t ion ra tes  on the or -  
der  of 10-12 A/ sec  were  used to ensure  tha t  the ou te r  
surface would  be uniform, flat, and free of spikes 
which would  affect the  level  of the  laser  a r r ays  dur ing  
the bonding process. The vacuum is broken,  the  wafers  
are  inverted,  and the process is r epea ted  for  the  back 
side wi th  the  gold thickness reduced to 5000A. 

(vii) Using convent ional  photo l i thographic  tech-  
niques and an " i ron-oxide"  mask, the  6 mil  wide dr ive  
electrode pa t te rns  a re  a l igned and de l inea ted  above the 
diffused junct ion  windows. The a l ignment  of the  finger 
pa t te rns  wi th  respect  to the lens groove and the wave -  
guides is ex t r eme ly  impor tan t  for severa l  reasons: 
Refer r ing  to Fig. 2, we see the end facet  of the  laser  
posi t ioned in the  z -d i rec t ion  wi th  respect  to the cy-  
l indr ica l  lens posi t ioned in the etched V-groove  (x-  
d i rec t ion) .  When  the lasers  a re  bonded  to the  silicon 
substrate ,  a l ignment  is made  by  l ining the  end facets of 
the  a r r a y  to the  edges of the  dr ive  electrodes.  The 
v iewing angle  dur ing  posi t ioning of the  lasers  is such 
that  the  h ighly  reflecting gold surface aids in accurate  
p lac ing  o~ the ar ray .  Since coupling efficiency f rom the  
laser  a r r a y  to the  appl ica t ion  area  depends  on the 
laser ' s  emission character is t ics ,  the  d iamete r  of the  
lens, the core d iamete r  of the l ightguide,  the  indexes  of 
re f rac t ion  os the  opt ical  components,  and the  to le r -  
ances in component  fabr ica t ion  and packag ing  as-  
sembly,  a min imum acceptable  coupl ing efficiency of 
50% was es tabl i shed  for  m a x i m u m  rad iance  and 
min imum total  power.  This coupl ing efficiency (optical  
th roughput )  is measured  at  the  ou te r  surface of the  
lens. Var ia t ions  in the y -d i r ec t ion  shown in Fig. 4a and 
Table  II  indicate  the  sens i t iv i ty  of opt ical  th roughput  
v s .  ver t ica l  misa l ignment  (Ay). F igure  4a indicates  a 
misa l ignment  of 5-6 ~m for a 70 ~m diam lens. F igure  
4b indicates  the  second most  cr i t ical  a l ignment ,  the  
l a se r - to - l ens  spacing. The op t imum posi t ion for the  70 
~m diam lens is Zo : 12 ~m, but  50% th roughpu t  effici- 
ency can be ma in ta ined  for  Z ~ 37 ~m. This dis tance 
was achieved by  compensat ing  for isotropic undercu t -  
t ing dur ing  the 3 ~m gold etch which was on the order  
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feted hydrofluoric acid. During this isotropic oxide etch 
back to expose the original silicon surface, overetch- 
ing on the order of 5 rain insures blanket removal of 
the dry oxide layer from tthe front side plus an addi- 
tional 2000A of the initial oxide layer. 

Recall that silicon, when exposed to the atmosphere, 
grows a native oxide layer  on the order of 30-50/k. 
The initial layer of titanium, when deposited, has the 
ability to penetrate thin silicon dioxide layers, form- 
ing a strong surface bond. This shallow interface acted 
as a mask to the anisotropic etching (as explained 
below) and was the pr imary reason for growing the 
0.3 #m of oxide in a dry oxidation furnace. Prior to 
preferential  etching, the wafers are subjected to a de- 
tailed sequence of steps which have given consistently 
satisfactory results. 

(x) The wafers are cleaned in solutions of tr ichlor- 
ethylene, acetone, and ethyl alcohol, ultrasonically, 
followed by a 30 min "ashing." The wafers are then 
placed vertically in a quartz boat, dipped in buffered 
HF for 10 sec, dipped into running DI water, and 
loaded directly into the anisotropic etching bath con- 
taining ethylene diamine, pyrocatechol, and water boil- 
ing at a constant temperature of 118~ The etch 
rate for this solution is dependent upon crystallogra- 
phic orientation, with the (111} faces being etched 
the slowest. Typical etch rate ratios of 50:30:3 #m/hr 
for the {100}:{110}:{111}, respectively, have been re-  
produced (9). Orientation dependent etching (ODE) 
rates of 400:1 for the {110}: {111} faces in {110} surface 
orientation wafers have been observed (10). Etch 
rates on the order of 50 #m/hr  were consistently 
achieved. The silicon etching bath is shown in Fig. 5. 
Nitrogen gas was constantly bubbled through the etch= 
ing solution to prevent oxidation, and a reflux appa- 
ratus was used to prevent evaporation of the chemical 
components. In addition, the solution is constantly 
stirred. The output of the system is vented through a 
fume hood. 

of 12 #m. Positioning of the Fe203 mask with respect to 
the x direction, which was the most forgiving direc- 
tion, was accomplished by optical alignment through 
a low power microscope and aligning the finger pat- 
tern with the etched SiOs window that forms the iso- 
lation junctions. 

(viii) The gold and the palladium are chemically 
etched in an aqueous solution of KI + H20 4- I (1:1: 
1.5) at a temperature of 30~ The ti tanium is then 
etched using a heated solution of H20 + HF 4- H202 
in a ratio of 50: 1: 1. Note that at this point the wafers 
are mounted so that the back side metallization is pro- 
tected during the chemical etch back of the electrode 
pat tern by mounting the wafers on glass disks with a 
low melting temperature wax. The photoresist stencil 
is then stripped from the wafers by flushing with ace- 
tone. 

(ix) The 30O0A dry oxide grown during the N+ dif- 
fusion is then removed from the lens and waveguide 
openings as well as the nonmetallized areas using buf- 

Table II. Tolerance in the y direction (for 50% optical throughput) 
as the lens diameter changes 

y tolerance 
Lens dlam- Spot size (90% (50% thruput) 
eter (~m} power) (~m) (~rn) 

51 36 5 
76 51 8 

102 66 10 
127 86 13 

Fig. 5. Schematic of anisotropic etching bath apparatus (courtesy 
Source: ;~ = 0.85/~m, w -- 0.3/~m, w = 1.5/Lm. 

I II of E. Bassous). 
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(xi) Upon complet ion  of the  etching, the  quartz  boat  
is removed  and r insed in runn ing  DI wa te r  for 30 sec, 
then  d ipped  i n  buffered H F  for 10 sec, r e tu rned  to 
runn ing  DI  water ,  r emoved  and b lown d ry  in o i l - f ree  
ni trogen.  Dur ing  the  p re fe ren t i a l  e tching ~no deg rada -  
t ion of the  meta l l ized  contact  e lectrodes takes  place. 
Dur ing  the  lens and wavegu ide  etching in the silicon 
wafers ,  personal ized chips of 250 mils  square  are  ou t -  
l ined wi th  in tersect ing 3 mil  V-grooves.  Upon comple-  
t ion of the  etching, these in tersec t ing  V-grooves  assist 
in c leaving of the wafer  into chips. The width  of the  
groove for the  opt ical  components  is p r ede t e rmined  
f rom the  des i red  locat ion of the  optic axis  wi th  respect  
to the  sil icon surface, as shown in Fig. 6. If  the  center  
of the  opt ical  component  of d iamete r  "D" is to be  a 
dis tance above the sil icon surface, Eq. [1] de te rmines  
the  correct  g roove  wid th  

W = D sec0 --  2H tan0 [1] 

where :  H ---_ the  he ight  of the  ac t ive  region  of the  laser  
source above the sil icon dioxide surface, and  includes 
al l  metals ,  as shown in Fig. 12; and  0 --  35.3 ~ for {100} 
surface or ien ta t ion  wafers.  

Nomina l  values of H were  7 #m, which  inc luded ap -  
p rox ima te ly  3 ~m of subs t r a t e  me ta l l u rgy  ( t i tanium, 
pa l lad ium,  and gold) ,  1.5-2 #m of ind ium bond ma te -  
rial ,  and 2 ~m f rom the p - s ide  of the  laser  to the  ac -  
t ive region. 

To p rov ide  mechanica l  suppor t  f rom the smooth-  
wal led  groove to the opt ical  component,  the  groove 
dep th  mus t  be g rea te r  t han  [D/2H].  Fo rma t ion  of the  
groove wal ls  by  the  c rys ta l lographic  (111} planes  are  
ex t r eme ly  s t ra ight  and smooth as shown by  the SEM 
photo in Fig. 7. Because the  e tch process  is se l f - t e r -  
mina t ing  when  the V-groove  is formed,  i t  is possible 
to f abr ica te  lens and waveguide  grooves of different  
depths  on the same wafer .  F igure  8 shows how this fea-  
ture  is ut i l ized in  o rder  to al ign a 50 #m d i am lens 
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Fig. 6. Width of grooves v s .  dlam of fibers as a function of the 
height above the silicon dioxide surface. 

Fig. 7. SEM photograph of the < i 1 1 ~  etched V-grooves. Top 
photo shows an end view of the etched groove, while the bottom 
photo depicts the end wall of the lens groove. 

Fig. B. Different diameter lens groove and waveguide groove 
etched at the same time. (Cylindrical lens diameter is 70 #m and 
the fiber lightguides have an outer diameter of 110 #m.) 
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with  a 132 #m O D l ightguide.  Lens and waveguide  
fiber mount ing  grooves for  var ious  combinat ions of 
fibers has been accomplished,  i.e., 125 #m guide, 75 
and 50 ~m lens. 

Processing Problems 
Fabr ica t ion  of the  si l icon opt ical  bench was not  

wi thout  processing difficulties. Two ma jo r  p rob lem 
areas  surfaced as the  tolerances  in the  ver t ica l  d i rec-  
t ion became more  demanding  (see Table  I I ) .  

The first p rob lem developed wi th  respect  to Eq. [1]. 
Control  over  the  wid th  of the  open window in the  
si l icon is dependen t  on the  photographic  emuls ion pa t -  
t e rn  width.  If the  emuls ion mask  wid th  is generated,  
in our  case, by  a p rog ramed  l ight  tab le  (PLT) ,  the  
step and repea t  process (in steps of u mil )  can occa- 
s ionally cause jogs in the  pat tern .  These jogs or  r ipples  
in the oxide mask  cause the pa t t e rn  to open up to the 
wides t  d imension dur ing  anisotropic  etching. An  add i -  
t ional  var ia t ion  is caused by  blooming of the pa t t e rn  
in t ransfe r  mask  making  as wel l  as l a t e ra l  undercu t t ing  
dur ing  the sil icon etching, especial ly  in regions where  
pe rpend icu la r  grooves in tersec t  (Fig. 9). This unde r -  
cut t ing is due to the exposure  of the non {111} sur~ 
faces at  the  corners. The crys ta l lographic  planes  ex -  
posed b y  the  undercu t  a re  the  {112} planes.  F o r  a 
groove 130 #m wide, the  undercu t  extends  about  1O0 
~m along the  groove wa l l  so tha t  f iber -grooved  wa l l  
contact  is not  possible in this  region. However ,  the 
fibers used are  sufficiently stiff so tha t  a l ignment  or  
r ig id i ty  of the  bench is not  affected, since the  p lace-  
ment  of the lens fiber in  the  nonintersec t ion  region 
provides  k inemat ic  support .  In  ~he regions of non in te r -  
sect ing lens and guide grooves, widths  of W --  A -~ 8, 
(whe re  A is the  ape r tu re  command,  e.g., 125 #m) and 
8 al lows for etching in the  slow <111> planes  and 
smal l  imperfect ions  in  the  sil icon d ioxide  window. Fo r  
etching depths  on the  order  of 60-76 #m, 8 had  nomi-  
nal  values  of 5-8 #m. 

The second p rob lem occurred dur ing  etching of the  
silicon wafer  and was in i t ia l ly  a t w o - p a r t  problem.  
Commerc ia l ly  avai lab le  sil icon wafers  of s t andard  
qual i ty  for field effect t rans i s to r  (FET) device fabr ica-  
t ion which are  3.17 cm in diameter ,  200 ~m thick, and 
pol ished on one side exhibi t  a thickness  var ia t ion  of 
_ 25 ~m. This would  cause the  grooved channel  to va ry  
along the length  of the  fiber some 2-3 #m. This p r o b -  
lem was overcome by requi r ing  both front  and back 
wafers  to be pol ished and p lane  paral le l .  In  addit ion,  
s t r ingent  specifications were  necessary  to control  the  
surface or ienta t ion  to wi th in  a degree  or  less, i.e., {100} 
surface _ < 1 ~ Wafers  sliced f rom crystals  wi th  sur -  
face or ienta t ions  grea te r  than  1 ~ caused nonpre fe ren-  
t ia l  etching, and were  eas i ly  observed on the {112} 
planes  as shown in Fig. 10. The second par t  of the  
etching p rob lem was res idual  crystal l i tes .  The chemical  
mechanism of sil icon etching proposed by  F inne  and 
Kle in  (11) involves the  oxidat ion  of the  silicon by  

Fig. 9. Undercutting where the lens and waveguide grooves 
intersect. 

Fig. 10. (a) Misorientation of the {100} surface exposing etched 
asymmetric <112> planes; (b) symmetrical {112} planes on 
orientated {100} surface. 

O H -  ions f rom the wa te r  p resen t  in the  solut ion to 
produce hydrous  sil ica Si (OH) = and hydrogen  gas. An 
organo-s i l icon complex is then formed with  the  py ro -  
catechol C7H6 (OH)2 which dissolves in the  e thylene 
d iamine  NH2(CH2.)NH2. Af t e r  ex tended  etching pe r i -  
ods, this solut ion tended to e tch  nonuni fo rmly  and, de -  
spi te  precaut ions  to e l iminate  surface contaminat ions  
by ul t rasonic cleaning, p lasma  etching, and ma in ta in -  
ing clean room conditions, this nonuni form etching 
took place, causing the  fo rmat ion  of c rys ta l l i te  residues 
on the etched {111) wal ls  (see Fig. 11) and on the 
{100} surfaces. These slow etching mul t i face ted  c rys ta l -  
lites, which have been observed using hydraz ine -  
wa te r  solutions (12), have been cal led py r imida l  h i l l -  
ocks. Obviously,  re tent ion  of these defects along the 
wal ls  would  cause the  fibers to be displaced in the 
ver t ica l  direction. A modified composi t ion of the  solu-  
t ion used in Ref. (11) was expe r imen ta l l y  chosen to 
solve this p rob lem and was achieved by  increas ing 
the concentra t ion of the  solvent  and complexing agent  
in the  e tching solut ion (13). 

At  this point  the ind iv idua l  6 m m  square  subs t ra te  
is r eady  for bonding of the  lasers to the  silicon. F ig-  
u r e 1 2  shows a cross section of the a r r a y  ( x - y  plane)  
to be bonded wi th  the  indium in ter face  be tween  the 
lasers  and the subs t ra te  electrodes.  The bonding me-  
d ium be tween  the back side subs t ra te  meta ls  and the 
copper  hea t  s ink is not  shown. Deta i led  exper imenta l  
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Fig. 11. SEM showing residual crystallites on the ~ 1 1 1 >  walls 
and the < 1 0 0 >  surface in an etched waveguide channel. 

GoAs 
; LASER ARRAY 

,t ' n / 

In ~ ~  ~ \ ~ \ ~  ~5,,m ELECTRODE 
SOLDER~ i i iiil i i:iili I:: i i i ~  j ~ "  METALS 

:L , OXIDE 

l ~ ? SILICON 
' SUBSTRATE 

. 

Fig. 12. Cross section of the array in the x-y plane showing posi- 
tion of lasers above pn junctions. Note, the vertical scale is approx- 
imately 20 times the horizontal scale. 

resul ts  address ing  the bonding of lasers, opt ical  pe r -  
formance,  and the rma l  characterisr  of the  source 
package  and poten t ia l  appl ica t ions  wi l l  be p resen ted  
e l sewhere  (14-19). 

Summary 
We have  demons t ra ted  tha t  fabr ica t ion  of a min ia -  

ture  opt ical  bench ut i l iz ing single {100} c rys ta l  sil icon 
is a v iab le  process for opt imizing coupling efficiency 
of a h igh  radiance  and h ighly  d ivergent  opt ical  source 
th rough  a cy l indr ica l  lens and fiber waveguide.  Opt i -  
cal th roughput  efficiencies on the o rde r  of 70% were  
achieved (17), demons t ra t ing  tha t  this is a feasible  
technique which  provides  a low cost, r igid,  mechanica l  
support .  Precise  p lacement  of a lens wi th  respect  to 

the  optical  source in both the hor izonta l  and ver t ica l  
direct ions is achieved by  control  over  anisotropic e tch-  
ing. Ind iv idua l  d r ive  electrodes on the si l icon al low 
the lasers  to be addressed.  Elect r ica l  isolat ion be tween  
lasers  is ma in ta ined  by  diffusing an  n + p junct ion  in 
the  silicon, so when  the junct ion  laser  is fo rward  
biased, the  sil icon junct ions  a re  reversed  bias. T h e r -  
mal  conduct ion from the lasers  th rough  the meta l l i za -  
t ion and silicon subs t ra te  is p rovided  to the hea t  sink, 
and be t t e r  the rmal  expans ion  match ing  be tween  s i l i -  
con and ga l l ium arsen ide  is achieved.  
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ABSTRACT 

The proper t ies  of l a te ra l  polysi l icon p - n  diodes as a funct ion of doping 
level  and  t empe ra tu r e  are  discussed. Traps at gra in  boundar ies  g rea t ly  en-  
hance cha rge -ca r r i e r  recombinat ion  or genera t ion  and, consequently,  d iode 
current .  In  heavi ly  doped diodes, an excess reverse  cur ren t  not  accounted for  
by  classical  theories  is observed.  Thermal  emission of charge car r ie rs  f rom 
t raps  fol lowed by  avalanche  mul t ip l ica t ion  are  proposed to expla in  this be-  
havior.  A cur ren t -con t ro l l ed  negat ive  res is tance at  h igher  reverse  bias is 
be l ieved  to be due to impact  ionizat ion of traps.  

In tegra ted  circuits  often requi re  high value  resistors  
or  l eaky  diodes. These e lements  can easi ly be im-  
p lemented  wi th  l a te ra l  polysi l icon diodes (1, 2). Among 
the i r  advantages  (3) a re  smal l  size, no manda to ry  
connection to e i ther  supply  terminal ,  and smal l  p a r a -  
sitic capacitances.  In  S i -ga te  CMOS technology they  
genera l ly  ar ise  na tu ra l ly  wi thout  any  addi t ional  proc-  
ess s teps at  the t rans i t ion  be tween  the gates of p -  
and n -channe l  MOS transistors.  Severa l  years  of 
product ion exper ience  have s h o w n  tha t  these diodes 
can be fabr ica ted  quite reproducibly .  

p - n  diodes in thin films of po lycrys ta l l ine  sil icon 
were  first s tudied by  Manoliu and Kamins  (4). In  
f ine-gra ined films, as used in microelectronics  tech-  
nology, g ra in  boundar ies  are  expected to p lay  a ma jo r  
role  in de te rmin ing  diode propert ies .  Compared  to 
p - n  junct ions  in s ing le -c rys ta l  Si, polysi l icon diodes 
ca r ry  much higher  cur ren t  densi t ies  (4-6).  This in-  
crease cannot be accounted for solely on the basis 
of enhanced genera t ion  or recombinat ion  due to c rys-  
ta l l ine  imperfect ions.  Especia l ly  at reverse  bias, heavi ly  
doped diodes c a r r y  a large  excess current .  At  high 
reverse  bias, a cu r ren t -con t ro l l ed  negat ive  resistance,  
not no rma l ly  found in p - n  junctions, is observed. 

We measured  the I-V, I-T, and C-V character is t ics  
of p - n  diodes and the influence of var ious  process 
parameters .  A n  a t t empt  is made  to expla in  these 
proper t ies  wi th  a model  der ived  f rom the work  of 
Kamins  (7) and  Seto (8). They assume tha t  the 
crys ta l l i tes  a re  deple ted  of charge car r ie rs  by  t raps  
located at  the i r  boundaries .  At  low doping levels, 
gra ins  a re  comple te ly  deple ted  and free ca r r i e r  dens i ty  
is ve ry  small .  As the doping level  inCreases, one 
reaches a cr i t ical  concentrat ion,  Nt, where  al l  t raps  
are  filled. Around  Art, free ca r r i e r  dens i ty  rises r ap id ly  
to app rox ima te ly  the same values  as in single crystals .  
The potent ia l  ba r r i e r  set up by  charged t raps  l imits  
mobi l i ty  which is m in imum near  Art. I t  is assumed 
tha t  charge car r ie rs  cross this ba r r i e r  by  thermionic  
emission (8). An  extension of this model  to a p - n  
junct ion can exp la in  some of the observed fea tures  
of polysi l icon diodes. 

Device Processing 
Standa rd  CMOS processing (9) was s imula ted  by  

growing undoped,  0.5 #m th ick  layers  of polysi l icon 
on the rmal  SiO2 by  pyrolys is  of si lane (0.2% Sill4 
in H2; total  gas flow, 30 1/min) at  700~ The deposi-  
t ion ra te  was 0.05 ~m/min.  Average  gra in  size, L, was 
about  50 nm as eva lua ted  f rom TEM pictures.  Next,  
the geomet ry  of the devices was defined. B-  and P-  
doped oxides deposi ted at  420~ were  used as diffu- 
sion sources. Dr ive - in  was carr ied  out in N2 at  l l00~ 
for 45 min. Etching of contact  windows, e -gun  A1 
metal l izat ion,  and anneal ing  in forming gas (20% H2 
4- 80% N2) at  430~ for 1 hr  completed the s t ruc ture  
(Fig. l a ) .  In  this case, nominal  polysi l icon resis t ivi t ies  

Key words: junction leakage, recombination-generation, grain 
boundaries, deep levels. 

were  100 ~/[3.  The I-V character is t ics  of 10 #m wide 
diodes fabr ica ted  wi th  this process are  shown in Fig. 
2a and 2b (uppermost  curves) .  Diodes in polysi l icon 
films grown by low pressure  CVD had the same 
character is t ics  as those obta ined  with  our  s t andard  
process. 

The influence of severa l  polysi l icon deposi t ion v a r i -  
ables  was examined.  The ma in  effect of a change in 
ca r r i e r  gas (N~, Ar, or  He in place  of H2) while  ma in -  
ta in ing the deposi t ion rate,  Rd constant  by  adjus t ing  
the flow of Sill4 was to lower  the final resis t ivi t ies  
ps(n+) and ps(p+)  by  10-30%. Diode reverse  current ,  
I• increased by  up to one order  of magni tude .  The 
reduct ion  in ps expla ins  most of the change in Ia, 
as wil l  be seen later .  Al l  fu r the r  resul ts  concern H2 
polysil icon. In  this case, ps increases as Rd drops below 
30 nm/min .  IR decreases wi th  increas ing Rd at  a fixed 
deposi t ion tempera ture ,  Td, be tween  600 ~ and 900~ 
IR var ies  app rox ima te ly  as 1/Rd at Td ~ 700~C. The 
ra te  of change of IR at  h igher  Td is lower.  An  increase 
in Td at  constant  Rd decreases ps and increases IR. 
At  this point, i t  is difficult to p inpoint  any cri t ical  
parameters ,  since they  are  genera l ly  closely i n t e r r e -  
lated. Gra in  size and doping level  fu r the r  depend on 

n+p + diode 

Si02:B 

P o [ y S i - -  ~iu2 

nSi (100) Z~ncm 

(a) 

n+p or p+n diode 

Si02 ~,[uminum 

Si02:B -- ;i02:P 
Po[y Si ~ $ i 0 2  

nSi (100) /+ncm 

(b) 

Fig. 1. Structure of (a) p+n+; and (b) p+pn + or p+nn + diodes 
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Fig. 2. (a) Forward; and (b) reverse characteristics of I0  ~m wide n +p diodes 

pos t -depos i t ion  hea t - t rea tments .  The effect of final 
polysi l icon res is t iv i ty  was s tudied in  more  deta i l  since 
this  p a r a m e t e r  has  a m a r k e d  influence on diode p rop -  
er t ies  and is easi ly  controlled.  For  this purpose  the 
s t ruc tu re s  shown in Fig. lb  were  fabr ica ted  by  im-  
p lan t ing  B (70 keV) or  P (150 keY) into a s -g rown 
films. If  doping is un i form (8), the impur i ty  concentra-  
t ion N is the ra t io  of the  implan ted  dose to the  film 
thickness.  This step was fol lowed by  an anneal  in 
N2 at  l l00~ for 45 min. The 14 ~m long weak ly  
doped region was pro tec ted  with  a deposi ted SiO2 
layer .  The res t  of the process was unchanged.  For  
comparison,  some polysi l icon films were  doped dur ing  
growth  or  wi th  a doped oxide. No significant differ-  
ences were  observed (Fig. 3). The electr ical  p rope r -  
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Fig. 3. Reverse current at 1.5V of 10 ~m wide n+p and p+n di- 
odes vs. resistivity of the weakly doped side. 

ties of implan ted  films are  accura te ly  pred ic ted  by  
the model  of Kamins  and Seto (8). p -  and  n - t y p e  
films have  ve ry  s imi lar  proper t ies .  The pa rame te r s  
obta ined for p - t y p e  films f rom fit t ing exper imenta l  
var ia t ions  of resis t ivi ty,  mobil i ty ,  and  car r ie r  densi ty  
wi th  doping level  and t empe ra tu r e  a re  t rap  density,  
Qt - 2 X 1012 cm -2 and t rap  level  Ei --  Et --  0.25 eV. 
These values  a re  ve ry  close to those given in Ref. (8). 
The ave rage  volume densi ty  of t raps  is Nt ---- Q J L  = 
4 • 1017 cm -~. Below 200~ a b reak  in the res is t iv i ty  
vs. t empera tu re  curve suggests the presence of an-  
other,  sha l lower  level  in accordance wi th  publ ished 
resul ts  (10). This level  has not  ye t  been s tudied in 
detail .  A t  low tempera tures ,  tunnel ing of charge 
car r ie rs  th rough  the potent ia l  ba r r i e r  at  g ra in  bound-  
aries,  ins tead of thermionic  emission, m a y  p lay  a role. 

Diode Propert ies 
Figure  2 shows the I -V character is t ics  of 10 ~m 

wide n + p  diodes wi th  va ry ing  p - t y p e  resist ivi ty,  ps. 
The uppermos t  curves  represen t  s t andard  n+p  + diodes 
as they  are  produced  in CMOS technology (Fig. l a ) .  
The other  resul ts  were  obta ined  on the devices shown 
in Fig. lb.  

F o r w a r d  cur ren t  is dominated  by  strong recombina-  
tion, as can be in fe r red  f rom its vol tage dependence  
above  0.1V (4) 

qniW qVF 
IF --  A e x p -  [1] 

2~o 2kT 

where  A is the  junc t ion  area,  q the  e lec t ron charge,  
ni the  in t r ins ic  car r ie r  concentrat ion,  VF the appl ied  
voltage,  and kT  the  average  the rmal  energy.  The width  
of the  space-charge  region, W, is de te rmined  f rom 
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measurements  of junct ion capacitance. The minor i ty  
carrier  lifetime, ~o, determined from these results 
increases from 2 X 10 -12 to 5 X 10 -11 sec as Ps in-  
creases from 102 to 104 ~/V]. The generation current  
at  1.5V reverse bias calculated from the forward 
characteristics is between 10 and 100 pA. This is 
indeed the level measured in  weakly doped diodes 
(#s > 104 12/F]). For  lower #s, IR increases approxi-  
mate ly  as 1/ps s at room temperature  (Fig. 3). This 
excess current  is somewhat process dependent  but  
insensit ive to the method used to dope the p or n 
regions. The properties of n+p  and p + n  diodes are 
very  similar. The reverse characteristics of heavily 
doped diodes depart significantly from the classical 
behavior  of p -n  junctions. Ia first increases l inear ly  
with applied bias up to a few tenths of a volt. As one 
approaches breakdown, t~e slope of the I -V  curve  
gradual ly  steepens. The breakdown voltage at 10 ~A 
increases approximately as ps 0.~ from 6V at 102 ~/F]  
to 100V at 109 D/F]. I t  has a positive temperature  
coefficient. Visible l ight is emitted from the junct ion 
area as reverse current  approaches 1 mA. Between 2 
and 5 mA, independent ly  of ps, a region of cur ren t -  
controlled negative resistance begins (Fig. 4). In  some 
diodes, oscillations are observed. Diodes having been 
dr iven  into this region show an irreversible increase 
in  reverse current  at low bias. A similar  effect which 
appears at forward bias is always destructive. This 
behavior  is s imilar  to published results on p - i - n  diodes 
(11, 12). Reverse current  density is quite sensitive 
to the thickness, ~, of the polysilicon film. It  decreases 
by more than an order of magni tude  between 0.2 and 
1.2 #m, even though the average film resistivity p -- pst 
s tays  near ly  constant. 

The temperature  dependence of the current  of these  
diodes shows at least two thermal ly  activated proc- 
esses (Fig. 5). For s tandard n+p  + diodes the apparent  
act ivat ion energies near  0V are 0.2 and 0.4 eV. At 
sufficiently high forward bias, these two activation 
energies tend to decrease like Eo -- qVF/2, where Eo 
= 0.55 eV above 50~ and Eo = 0.5 eV below 50~ 
independent ly  of ps (Fig. 6). This dependence is con- 
sistent with the conclusion that  recombinations dom- 
inate in this range. Since in this case, Eo --  Eg /2  -- 
Igi - Ej, where Eg is the energy gap and E~ is the 
intr insic  Fermi level, the two levels involved are 
approximately 0.05 and 0.10 eV below or above El. 
The deviation from a straight l ine near  0V, as well as 
the decrease of these activation energies at reverse 
bias, shows that  addit ional  processes become important .  

As ps increases, the activation energies near  0V 
vary  like -- log N to reach l imit ing values near  Nt 
that  are very close to Eo (Fig. 7). Below Nt they stay 

TEMPERATURE (%) 

10-5 200 100 50 20 0 -20 -50 
I ~'O I I '1 I I 

"O~ 
VF=05 V e. 

O~ 

~ ~'1"~ I ~  I'~. O~Q.~. O O\ o 

~ ~ 

- " . , .  
\ O ~  O ~ O ~ O ~ o ~  

\ 002 o,, o-. 
Q ' I K .  O ~  

" \ \ O  - - O ~  "% <~:. "~._ 
o o1"% -o: 

/ . 

0~eV "~0..,,., "~,...O..o.. " 
1011 %o-.. 

02 eV "~'" 
1~ I I I I 

0.002 0.003 0.00/* 
INVERSE TEMPERATURE ( K -1) 

Fig. 5. Forward current of a 10 /~m wide n+p + diode (#s : 
100 D/F])  vs. inverse temperature. 

1(~ 7 

~z 168 

~ 16 9 

r 

1~ ~c 

0.6 

05 

0.3 

<t 
0.1 

I I i I I 
\ 
A V 

T <  50~ A/  'z\AEO-q~v 
(n") = 100n/[3 ~ ~ 

p P{P) , v~ ; - v , /  

V 8x10 3 
A 32x105 - o  

0 I I 1 I I 
-S -/+ -3 -2 -1 0 

DIODE BiAS (V) 

Fig. 6. Activation energy of diode current below 50~ vs. applied 
bias. Similar results are obtained above 50~ 

Fig. 4. Negative resistance in the reverse characteristics of a 
10/Lm wide n+p + diode (ps = 100 D/ I - l ) .  

OB 

~ 0 6  

>- 0S 

0 
g 
~0 

I ' 
�9 ResJshwty of p-type po{y 
�9 n'p d~odes IT>50~ } 
o n'~ d,odes ( T<50~ ) 

5 o 

I [ 

sistivity vs. doping concentration. 

10|6 1017 101a 10J9 ~20 

BORON CONCENTRATION {c,'n -3) 

Fig. 7. Actavatlon energies of diode current near 0Y and of re- 



Vot!. 125, No. 10 P O L Y S I L I C O N  p - n  DIODES 1651 

near ly  constant. This confirms our earl ier  contention 
that  charge-carr ier  generat ion dominates reverse cur-  
rent  at high ps. For  comparison, we show the activation 
energy of resist ivi ty near  room tempera ture  which 
falls to zero above Nt, in agreement  with the model 
of Kamins  and Seto (8). 

Summariz ing these measurements,  an approximate 
expression for IR, valid for N > Nt and T < 50~ 
can be wr i t ten  

N 
--Eo -t- E1 In 

qVR Nt 
~R ~ ~  e x p  e x p  [2] 

m k T  kT 

where r m, Eo, and El are constants and Wd is the 
width of the diode. A fit to our  experimental  data 
yields r ---- 4 • 10 -4 f~-i  cm-1, m : 50, Eo : 0.4 eV, 
and El ---- 0.05 eV. The value of Eo that  gives the best 
fit is slightly different from the actual act ivation en-  
ergy at N ---- Nt because the voltage dependence of 
act ivation energy is not quite l inear  (Fig. 6). ~o prob- 
ably  increases with Nt since otherwise IR would de- 
crease with increasing Nt, which is unlikely.  As noted 
before, IR does not va ry  l inear ly  with polysilicon 
thickness. 

Junc t ion  capacitance varies as VR -1/~ for these diodes 
(Fig. 8). This indicates a l inear ly  graded doping 
profile, in agreement  with the large lateral  diffusion 
in  polysilicon (about 5 um in  our case). The effective 
doping gradient  determined from the slope of the 
curves varies from 2.6 X 1023 to 4.1 X 1022 crn-4 as 
Ps increases from 102 to 4 X 103 ~2/[3. The width of 
the space charge region at 0V increases from 25 to 
100 nm over the same range. The apparent  bu i l t - in  
voltage is 0.1V for n ~ p  + diodes and increases with 
ps, in  contradiction with classical theories. For n~p  T 
diodes, a bu i l t - in  voltage near  1V would be expected. 
Junc t ion  capacitance decreases slightly between 5 
and 500 kHz. 

Discussion 
The properties of polysilicon diodes cannot be ex- 

plained by simple analogy with classical p -n  junctions.  
The enhanced rate of recombinat ion or generat ion 
due to crystal l ine imperfections is not sufficient to 
account for all  the observed features. In  heavi ly  doped 
diodes, reverse current  is considerably higher than 
expected. Its voltage dependence is unusual .  The 
width of the space-charge region and the bu i l t - in  
voltage are smaller  than  normal.  Both increase at low 
doping. 

Following Kamins  and Seto, we assume that grain 
boundaries  contr ibute  a large density of deep levels 
in the bandgap. Three such levels are identified here 
([Ei - -  Etl -- 0.05, 0.10, and 0.25 eV). The near ly  
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Fig. 8. Junction capacitance vs.  reverse bias for 2400 ~m wide 
n+p diodes with ps as a parameter. 

identical  properties of p- and n - type  films show that  
holes or electrons can be trapped at grain boundaries.  
In  a p - n  junction,  holes are predominant ly  trapped 
on the p side and electrons on the n side. These pro- 
duce charged layers wi th in  the space charge region 
which screen the electric field of the junct ion  and 
reduce its bu i l t - in  voltage. Reverse conduction arises 
from thermal ly  activated processes. We propose that 
thermal  emission of carriers from these traps into 
the valence and conduction bands inside the grains 
is the l imit ing mechanism. The decrease in  activation 
energy at low temperatures  implies that  mul t iple  
levels are involved. Tunne l ing  through the barr ier  
at grain  boundaries must  play a role. Avalanche 
mult ipl icat ion probably accounts for the rapid increase 
in  reverse current.  A similar  model was used to ex- 
pla in  the characteristics of GaN MIS diodes (13). The 
predicted voltage and tempera ture  dependence of cur-  
rent  are in agreement  with Eq. [2J. The negative 
resistance observed at high reverse bias in polysilicon 
diodes could be due to impact ionization of traps at 
grain boundaries (12), which is consistent with our 
model. Even though impact  ionization requires a 
lower held than avalanche multiplication,  it can start  
at a higher applied bias because of screening. 

As the doping level decreases, fewer traps are popu- 
lated and, at the same time, the field inside the junc-  
tion decreases. Therefore diode current  decreases unt i l  
these traps merely  play the role of addit ional recom- 
b ina t ion/genera t ion  centers. The displacement of the 
Fermi level with doping may explain the reduction 
in activation energy at high concentration. 

Some exper imental  features are not explained by 
this model. In  particular,  the strong var iat ion of re-  
verse current  with polysilicon thickness is still puz- 
zling. This may indicate that  surface effects need to be 
taken into account. Measurements on gated diodes 
should give more informat ion on this point. Alternately,  
the var iat ion of grain size with thickness may be im-  
portant.  

Acknowledgments 
Helpful discussions with B. Gerber, M. Darwish, 

R. Guye, and F. Leuenberger,  and with A. Gnaedinger  
and Z. Rajgl of Faselec AG, Zurich, are grateful ly 
acknowledged. The authors are indebted to R. Bach- 
m a n n  for processing the devices and to F. Mauron 
for his capable technical assistance. 

Manuscript  submitted Feb. 21, 1978; revised manu-  
script received May 16, 1978. This was Paper  300 pre-  
sented at the Atlanta,  Georgia, Meeting of the Society, 
Oct. 9-14, 1977. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1979 JOUR~A-.. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 

Publication costs o] this article were assisted by 
Centre Electronique Horloger S.A. 

REFERENCES 
1. H. Oguey and E. Vittoz, IEEE J. Solid-State Circ., 

SC-12, 283 (1977). 
2. E. Vittoz and J. Fellrath,  ibd., SC-12, 224 (1977). 
3. H. Oguey and B. Gerber, U.S. Pat. 4,041,522 (1977). 
4. J. Manoliu and T. I. Kamins,  Solid-State Electron., 

15, 1103 (1972). 
5. C. Fe ldman  and R. Plachy, This Journal, 121, 685 

(1974). 
6. V. A. Gorohov, E. A. Matson, and C. A. Polyakov, 

Thin Solid Films, 35, 149 (1976). 
7. T. I. Kamins, J. Appl. Phys., 42, 4357 (1971). 
8. J. Y. W. Seto, ibid., 46, 5247 (1975). 
9. E. Vittoz, B. Gerber, and F. Leuenberger,  IEEE 

J. Solid-State Circ., SC-7, 100 (1972). 
10. P. Rai -Choudhury  and P. L. Hower, This Journal, 

120, 1761 (1973). 
11. M. Braunstein,  A. I. Braunstein,  and R. Zuleeg, 

Appl. Phys. Lett., 10, 313 (1967). 
12. J. P. Monico-Garcia and E. Munoz-Merino, Solid- 

State Electron., 16, 1515 (1973). 
13. A. Shintani  and S. Minagawa, J. AppL Phys., 48, 

1522 (1977). 



Electron Reemission Mossbauer Study of Tinplate 
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ABSTRACT 

Electron reemission Mossbauer (ERM) studies using the Sn 119 Mossbauer 
isotope have been made on a series of t inplate samples with t in  coatings 
ranging from 0.1 to 1.0 lb /bb  (2.24 to 22.4 g/m2). With a recently developed 
theory of ERM spectroscopy, the ERM spectra could be analyzed to determine 
the thickness of the oxide (SnO2), metallic Sn, and alloy (FeSn2) layers on 
the t inplate samples. The result ing thicknesses were found to be in  good 
agreement  with the nominal  coating weights and, for several samples, with 
the metal  and alloy thicknesses determined by s tandard str ipping techniques. 
The ERM method is shown to be very sensitive to th in  t in  oxide layers ranging 
from a few monolayers to several hundred  angstroms thick. 

In  recent years, there has been much interest  in the 
application of electron reemission Mossbauer (ERM) 
spectroscopy to the study of thin surface layers (1-8). 
In  this technique, Mossbauer spectra are obtained by 
detecting the relat ively low energy (typically ,-,1 to 
20 keV) in terna l  conversion and Auger electrons 
which are reemit ted on deexcitation of Mossbauer nu-  
clei following resonant  absorption of recoilless Moss- 
bauer  gamma rays. Because these low energy electrons 
have relat ively small escape distances (typically ,~100- 
10,000A), the bulk  of the signal detected in  an ERM 
exper iment  arises from the surface layers of the 
sample. 

In  a recent  publicat ion by one of the authors (7), 
reasonably simple analytic expressions were derived 
relat ing the ERM spectra obtained from mul t i layer  
surface films to the thicknesses of the various layers. 
This theory permits, for the first time, quant i ta t ive in -  
terpretat ion of ERM spectra; it has been ini t ia l ly tested 
and found to give reasonably accurate results in  an  
ERM study of the oxidation of metall ic Fe in oxygen at 
temperatures  up to 500~ (8). 

Although most previous ERM studies have utilized 
the Fe 57 nucleus, the Sn 119 nucleus also has excellent 
NIossbauer properties and is well  suited to the ERM 
technique. The properties of Sn t19 of most interest  
with regard to ERM spectroscopy have been summar-  
ized in  a recent  paper by Yagnik, Masak, and Collins 
(3). The in te rna l  conversion and Auger electrons 
emitted on deexcitation of the Sn 119 nuclei  have ener-  
gies of 20 and 3 keV, respectively. Following resonant  
Mossbauer absorption of the recoilless 23.8-keV gamma 
rays emitted by Sn 119m nuclei in  a suitable radioactive 
source, 84% of the absorbing Sn 119 nuclei  in the sample 
deexcite themselves by reemission of in terna l  conver-  
sion electrons, and 89% of these in te rna l  conversion 
electrons are followed by Auger electrons. Therefore, 
for every one hundred  23.8 keV gamma rays absorbed 
in  the sample, e ighty-four  20 keV in te rna l  conversion 
and seventy-five 3 keV Auger electrons are reemitted. 
Those electrons that  escape from the sample can be 
detected and used to obtain an ERM spectrum. 

As is discussed in more detail later, the energies of 
these electrons are such that  the bulk  of the Sn 119 ERM 
signal arises from approximately the top 10,000A of 
the sample. This is precisely the range of most interest  
for t inplate  with coatings of up to approximately 
1 lb/bbl(0.1  lb /bb  is equivalent  to 1538A of metallic 
Sn) ,  and in  the. cur rent  report  we summarize the re-  
sults obtained by ERM studies of a fairly wide var ie ty  
of t inplate samples. 

Experimental Procedure 
With the exception of the detection system, i l lus-  

t rated in Fig. 1, all aspects of the current  Mossbauer 

K e y  w o r d s :  s u r f a c e  layers ,  t h i c k n e s s  d e t e r m i n a t i o n s ,  SnO2, 
FeSta ,  in ternal  convers ion .  

1 lb /bb  = pounds  pe r  base  box; 1 l b /bb  = 22.4 g / m  -~ 

experiments are the same as in  conventional  t ransmis-  
sion Mossbaue r spectroscopy and have been described 
in more detail elsewhere (9). A collimated and filtered 
beam o~ 23.8 keV gamma rays emitted by a suitable 
radioactive source (approximately 15 mil l i -Curies  of 
Sn T M  in a BaSnO~ matr ix)  is incident  on the sample 
being investigated, which covers the rear  window of a 
flow proportional counter; the 1 mil  Pd filter serves to 
reduce the intensi ty of Sn x- rays  with energies (25.0 
and 25.3 keV) close to that  of the Sn 119 Mossbauer 
gamma rays. 

When the Doppler shifted s. energy of the incident  
gamma rays coincides with one of the energy separa- 
tions between the various energy levels of the Sn 119 
nuclei  in the absorber, resonant  absorption occurs, 
with the absorbing nuclei  being kicked into exc i t ed  
states. These excited Sn 119 nuclei  are deexcited 84% of 
the t ime by the in terna l  conversion process. As noted 
earlier, for every one hundred  23.8 keV gamma rays 
resonant ly  absorbed, eighty-four 20 keV in te rna l  con- 
version and seventy-five 3 keV Auger  electrons are re-  
emitted from the absorber (3). Approximately  half  of 
these electrons are emitted in  the backward direction 
(within the solid angle of the proport ional  counter  
window in Fig. 1); the 96% He-4% CH4 flow gas is 
highly efficient for electron detection but  very ineffici- 
ent for detection of gamma rays and x-rays. 

All t inplate  samples studied in  this investigation 
were commercial t inplate supplied by R. T. Davis and  
P. R. Carter of this laboratory. The t in coatings ranged 
from 0.1 to 1.0 l b / bb  (2.4 to 22.4 g/m2). For  several of 
the samples, independent  measurements  of the metallic 
t in  and alloy layer  thicknesses were made with s tan-  
dard str ipping techniques (11). 

Experimental Results 
The ERM spectra of unmelted~ t inplate  samples are 

very similar to that of metall ic tin, as i l lustrated in 
Fig. 2 which shows the spectra obtained from a metallic 
t in  foil (top) and an unmel ted  0.5 l b / bb  (11.2 g /m 2) 
t inplate sample (bottom).  The labeled arrows identify 
the peaks arising from metall ic t in  (Sn) and stannic 
oxide (SnO2). As discussed in  a later  section, the oxide 
layers on these samples are very th in  (41A for the 
metallic t in  foil and 10A for the unmelted t inplate 
sample).  Similar  oxide layers were  present  on all t in-  
plate samples investigated. 

After melt ing (reflow4), the t inplate  samples exhibit  
an addit ional set of ERM peaks due to the alloy layer 
(FeSn2). FeSn2 is ant iferromagnetic  at room tempera-  

T h e  inc iden t  g a m m a - r a y  e n e r g y  is Doppler  m o d u l a t e d  by vi- 
b r a t i n g  the  source  in  a contro l l ed  fashion over  a smal l  r a n g e  of 
veloci t ies .  See Ref.  (10) fo r  a m o r e  deta i led  discussion.  

d a f t e r  p la t ing ,  bu t  p r io r  to reflow, the  e l e c t r o d e p o s i t e d  t in 
coa t ing  is g r a y  and nonref lee t ive  at this  point.  

Reflow occurs  fo r  t h e s e  c o m m e r c i a l l y  prepared  t inplate  sam- 
ples  by m e a n s  of e lec t r i ca l  r e s i s t a n c e  h e a t i n g  to t e m p e r a t u r e s  of 
a p p r o x i m a t e l y  290-310~ a f t e r  wh ich  the  s t r ip  is cooled by  pass~ 
age  t h r o u g h  a w a t e r  bath .  T h e  r e s u l t a n t  s u r f a c e  is h igh ly  reflec- 
t ive.  

1652 
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Fig. 1. Schematic dlagram of the electron detection system. The 
dimensions of the proportional counter are approximately 10 X 4 
• 4cm. 
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Fig. 2. ERM spectra of a metallic Sn foil (top) and an unmelted 
0.5 Ib/bb tinplate sample (bottom). 
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Fig~ 3. ERM spectra of tinplate samples with coatings of 0.15 Ib/  
bb (top) and 0.22 Ib/bb (bottom). The approximate contributions of 
the oxide, metal, and alloy layers are indicated separately in the 
tap spectrum. 

ture and gives the six-peak Mossbauer pa t t e rn  char-  
acteristic of magnetically ordered samples (10). Be- 
cause the magnetic hyperfine field is ra ther  small, the 
six peaks overlap each other considerably, as shown 
in the top spectrum of Fig. 3, where the spectral com- 
ponents arising from SnO~, metallic Sn, and FeSn~, are 
separately indicated. The best values of the magnetic 
hyperfine field, isomer shift, and quadrupole splitting 
for FeSn2 obtained from the results found for the 12 
t inplate samples studied are H = 24.5 ___ 0.5 kiloG, 6 -" 
--0.07 ___ 0.02 mm/sec, 5 and ~ ~0.01 + 0.02 mm/sec; 
these values are in reasonable agreement with those 
obtained for bulk FeSn2 (12, 13). However, the aver-  
age value of the stannic oxide isomer shift for the t in-  
plate samples was found to be --2.27 _ 0.03 mm/sec, 
which is Somewhat more positive than the value of 
--2.50 mm/sec observed for SnO~ (9). This difference 
in isomer shift is probably due to the incorporation 
of Cr into the SnOs; the chromium originates from a 
chromate electrochemical t reatment used industr ial ly 
to retard the oxidation of the t inplate during ambient 
temperature storage conditions. There was no evi- 
dence of any other oxide phases, such as SnO or mixed 
Fe-Sn oxides. It is unlikely that  such oxides could 
have gone undetected if they had contributed more 
than about 10% of the total Mossbauer signal; however, 
the current data cannot be regarded as conclusive with 
respect to the possible existence of small amounts of 
such phases. 

ERM spectra for several t inplate samples with tin 
coatings ranging from 0.1 to 0.7 lb /bb  (2.24 to 15.7 
g/m~) are shown in Fig. 3 and 4. As expected, the in- 
tensities of the alloy peaks decrease relative to the 
intensity of the metallic Sn peak with increasing tin 
coating weight. The experimental quantities of most 
interest for present considerations are the percentages 
of the total ERM spectrum area contributed by the 
oxide, metallic Sn, and alloy layers. The values of 
these percentages for the samples studied in this 
investigation are given in Table I. 

Thickness  D e t e r m i n a t i o n s  
As noted earlier, a recently developed theory of 

ERM spectroscopy (7) permits a quantitative interpre-  
tation of ERM data. In particular, the thicknesses of 
thin surface layers can be determined from the per-  
centage of the total ERM spectrum area contributed 
by the various layers present. The spectral area con- 
tr ibuted by the Nth layer  is 

5 All velocities and isomer shifts are measured with respect to 
the position of the metallic Sn peak at room temperature (~-Sn). 
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Fig. 4. ERM spectra of tinplate samples with coatings of 0.5 IW 
bb (top)and 0.71 Ib/bb (bottom). 
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Table I. ERM spectrum area percentages contributed by the 
oxide (Psa02) , metal (Psn), and alloy (PFeSn2) layers of variou~ 

tinplate samples 

Tin coating Ps.o2 Ps. PFeSn s 
Sample identification (Ib/bb) (%) (%) (%) 

No. 69 0.15" 14.8 39.2 46.0 
No. 95 0.1 15.2 43.1 41.7 
No. 93 0.1 15.2 40.4 44.3 
Sample  E 0.22* 12.4 56.6 31.0 
No. 1 0.25 10.3 56.4 33.4 
No. 7 0.25 8.9 65.8 25.3 
No. 5 0.25 9.7 62.2 28.1 
Sample  F 0.55* 3.5 62.2 14.3 
700A strip 0.5 2.5 89.0 8.4 
100/~ Cr/ft ~ 0.5 5.3 82,9 11.8 
NCA, good lacquering 0.5 3.1 81.9 15.0 
No. 10 0.71" 2.8 86,3 10.9 

* Measured by standard stripping techniqUeS; all other values in 
colum~l 2 are l,om,l,al coa~IIig We,~II~$. 

MN 

AN = ~4 AN,J [1] 
j=l 

MN 

: C exp (--BN-I) ~-~ <FN,j> 

{exp (--DN-I) H (fiN,j, "YN,J) 

+ 0.89 exp (--GN-1)H(~N,j, YN.~)} [2] 

where the Nth layer Contributes /V/N peaks to the ERM 
spectrum (MN = 2 ~ • SnO~, 1 for metall ic Sn, and 
6 for ~eSn~), and ANA is the area under  the j th  peak 
from layer N. Here, C is a constant  (7) and the ex- 
ponent ial  functions specify the a t tenuat ion of the in-  
cident gamma ~ays and outgoing electrons by atomic 
absorpuon processes in layers adore  the l~th layer, 
spec~iical!y 

N-1 

BN-1 = ~ ~KZK [3] 
K = I  

N--I 

DN-I --" ~-~ pKZK [4] 
K=I 

and 
N-I 

GN-1 : ~-~ 7KZK [5] 
K=I 

where ~K, PK, and 'TK are the a t tenuat ion coefficients per 
uni t  length in layer  K for 23.8 keV gamma ray% 20 keV 
electrons, and 3 keV electrons, respectively, and ZK is 
the thickness of layer  K. <FN.j> iS a more complicated 
exponential  funct ion which gives the a t tenuat ion of 
the incident  gamma rays by Mossbauer absorption. 

The function H specifies the max imum area con- 
t r ibuted  by the j th  peak of layer  N; it  has the form 

H(;~,Y) : Ho(fl,Y) -- S(~,Y) [6] 

Ho(~,Y) : (I -- e-~V)/k/~2 -- 1 [7] 

where S is a rapidly converging series and is <<Ho 
[see Appendix of Ref. (7)]. The parameters ~N,j, ~INA, 
and YNA to be used in Eq. [7] and [2] are given by 

and 

2 (~N + pN) 
~N,j -- ~- 1 [ 8 ]  

qN,jto (N) 

2 (~N + 7N) 
n~,j = + 1 [9] 

qN,j~;o (N) 

YN.j = qN,jto(N)ZN/2 [10] 

where ZN is the thickness of layer  N, to oN) is the effec- 

6The quadrupole splitting for SnOe is smal l  (0.63 mm/sec) and 
the two peaks  contributed by  that phase appear as a single 
broadened  peak in Fig. 2-4. 

tive Mossbauer absorption thickness per un i t  length i n  
layer  N, and qN.5 is the probabi l i ty  of the Mossbauer 
t ransi t ion giving rise to the j th  peak contr ibuted by 
the Nth layer. The values of the various parameters  
used in this work are given in Tables II and III. 

The gamma- ray  a t tenuat ion  coefficients ( .~) in  
Table II  were determined from the equations and ex- 
per imenta l  data given by Heinrich (14) and the elec- 
t ron a t tenuat ion coefficients (pN and 7N) from the em- 
pirical expression derived by Cosslet and Thomas (15) 

1.4 X 102 X dN 
pN = (A) -~ [II] 

(E) 312 

where dN is the density of phase N and E is the elec- 
tron energy in eV. to (N) is given by 

to (N) = ](N)Nsn(N)all~'o [12] 

where ](N) and Nsn (N) are the recoilless fraction a n d  
density of Sn atoms in  the Nth layer, a~i9 is the iso- 
topic abundance  of Sn n9 (0.086) for na tura l  t in  sam- 
ples, and ao is the ma x i mum cross section for resonant  
absorption, Since the recoilless fract ion of FeSn2 h a d  
not previously been measured, it  was necessary to es- 
t imate to for this phase by adjust ing it to give reason- 
able values for the FeSn2 thicknesses determined from 
the measured ERM area percentages for two samples 
with ahoy layer  thicknesses that  had been separately 
determined (11) (samples 89 and E of Table I).  Addi-  
tionally, it should be noted that  the bulk  value of the 
recoilless fract ion for SnO~ was used. Since the re-  
coilless fraction for the very th in  SnOz surface layers 
observed is not necessarily equal to this bu lk  value, it 
is possible that  some error might arise from this ap- 
proximation.  

It should be emphasized that  the validity of using the 
empirical expression of Eq. [11] to derive the electron 
a t tenuat ion coefficients required for ERM analysis has 
not been adequately tested. In  part icular ,  since it w a s  
derived from electron a t tenuat ion  data for pure metal  
films (15), its applicabil i ty to oxide phases (SnO~) and 
intermetal l ic  compounds (FeSn2) is ra ther  quest ion-  
able. Nevertheless, the oxide, metal, and alloy layer  
thicknesses determined in  this s tudy appeal: to be quite 
reasonable for all samples investigated. 

With regard to Table HI, the probabi l i ty  values f o r  
FeSn2 were determined from the relat ive peak intensi-  
ties obtained by least squares analysis of the three 
ERM spectra exhibi t ing the largest  FeSnz percentages. 
While the error  in these probabi l i ty  values could be as 
high as 20%, this causes oniy a smMl error ( < 1%) in  
the ERM Spectrum areas and percentages, as discussed 
elsewhere (8). 

Table II. Parameter values required for ERM analysis of tinplate 

Layer NO. ~ pN "/N to <N} 
(N) (A-I) (A-~) (A -I) (A -~) 

1 (SnO2) 0.785 x 10 -6 3.440 x 10 -~ 5.921 x 1O -3 1.425 x 10 -~ 
2 (Metallic 

Sn) 1.035 x 10 -B 3.603 x I0 -~ 6.211 x 100 -3 2.108 x 10 -8 
(FeSn~) 0.776 x 10 -6 2.633 x 10 4 4.533 x 10 -3 3.001 x 10 -6 

Table III. Transition probabilities (qN,j) used in peak area equations 

Type  o~ spectrum 
Phase contrihqtion Transi t ion probabil i t ies  

Sn Single peak q1.1 = 1.0 
SnOs Quadrupole doublet q2,1 = q~,2 = 0.5 
FeSn2* Six-peak magnetic q3,1 = q3,o = 0.24, q3,~ = qa,~ = 

0.18, q3,o = q~,~ = 0.09 

* The transit ion probabil i t ies  for  FeSn2 are average values de- 
termined f rom the relat ive areas  of the six Fc, Sn~ peaks  for  the 
0.1 and 0.25 lb /bb  tinplate samples.  
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Table IV. Layer thicknesses* and coating densities determined by ERM analysis 

Wtot Zsno 2 ZSn ZFeSn~ WSnO~ Wsn TgVI~ e SnS Wtot 
Sample identification (Ib/bb) (A) (A) (A) (Ib/bb) (Ib/bb) (Ib/bb) (lb/bb) 

No. 89 0.15"* 35 1153 1586 0.0017 0.075 0.061 0.138 
No. 95 0.1 35 1260 1420 0.0017 0.082 0.055 0.139 
No. 93 0.1 32 1170 1476 0.0016 0.076 0.057 0.135 
Sample E 0.22* * 30 1975 1420 0.0015 0.128 0.055 0.185 
No. 1 0.25 25 1971 1555 0.0012 0.128 0.060 0.189 
No. 7 0.25 21 2582 1475 0,0010 0.168 0.057 0.226 
No. 6 0.25 23 2316 1477 O.0011 0.151 0.057 0.209 
S a m p l e  F 0.55* * 9 5705 3852 0.0004 0.371 0.152 0.523 
700A s t r i p  0.5 7 6360 2350 0.0003 0.414 0.090 0.504 
NCA,  100 # g  C r / f t  -~ 0.6 13 6450 2449 0.0006 0.354 0.094 0.449 
NCA,  g o o d  l a c q u e r i n g  0.5 8 5576 3939 0.0004 0.363 0.151 0.514 
No. 10 0.71" 7 6950 5651 0.0003 0.452 0.217 0.669 

* The percentage errors  in the ERM determined thicknesses  are approximately  10% f o r  t h e  S n  a n d  FeSn~ l a y e r s  and 
SnOe l aye r .  

* * Measured by standard e l e c t r o s t r i p p i n g  t e c h n i q u e ;  a l l  o t h e r  v a l u e s  in  c o l u m n  2 a r e  n o m i n a l  coating densities. 

20% f o r  t h e  

The ERM spec t rum area  percentages  are  g iven  by  

Mzr 

100 ~ A~,j 
100AN ~,= 1 

PN -- - -  : [13] 
M~ 

K K l = l  

where  the  sum over  K extends  over  the  th ree  layers  
present ,  SnO2, metal l ic  Sn, and FeSn2. The a rea  pe r -  
centages are  de te rmined  expe r imen ta l l y  (Table  I ) ,  and 
subst i tu t ion  of Eq. [2] into Eq. [13] then gives th ree  
equations tha t  can be solved for the  th ree  l aye r  th ick-  
nesses, Zsno~, Zsn, and ZFeSn2 .7 The solut ion of these 
th ree  nonl inear  equat ions is accomplished by  using a 
computer  p rog ram ( Z N L A u  descr ibed in Ref. (8), 
The  resul ts  are  shown in Table  IV. Column 2 gives 
e i ther  the  nominal  t in coat ing dens i ty  or  the  va lue  de -  
t e rmined  by  e lec t ros t r ipp ing  techniques (11), and col-  
umns 3 th rough  5 give the  ERM-de te rmined  th ick-  
nesses of the  oxide, metal l ic  Sn, and a l loy layers  in 
angs t roms .  These thicknesses m a y  be conver ted  to 
more  fami l ia r  units  ( l b /bb )  b y  us ing the r ead i ly  ob-  
ta ined  re la t ions  

Wsno2 ---- 0.489 X 10 -4 Zsno2 [14] 

W S n  --" 0 . 6 5 0  X 10 - 4  Z s n  [15] 

WFeSn2  - -  0.384 • 10 -4 ZFeSn2 [16] 

Equat ions  [14], [15], and [16] give the  coat ing densi -  
t ies in l b / b b  of Sn contained in the  oxide, meta l l ic  Sn, 
and  a l loy layers ,  respect ively ,  wi th  the  thicknesses in 
angstroms.  These values  and the resul t ing  to ta l  t in  
coat ing densit ies  a re  shown in columns 6 th rough  9. As 
discussed above,  there  a re  a number  of possible  inac-  
curacies  in some Of the  pa rame te r s  used in this  ana l -  
ysis of the  ERM data;  nevertheless ,  the  ERM de te r -  
mined  thicknesses  and coat ing densit ies  a re  seen to be 
in reasonable  agreement  wi th  the  values  in  column 2. 

Discussion 
Since the  cur ren t  r epor t  is p r i m a r i l y  a survey  study,  

it  is useful  a t  this point  to discuss some possible  fu tu re  
appl icat ions  of ERM spectroscopy in the  a rea  of t in-  
p la te  research.  

Thickness determinations.--Most of the  ERM spect ra  
ob ta ined  in this s tudy  requ i red  10-20 hr  of accumula -  
t ion t ime to a t ta in  reasonable  count ing statistics. This 
is c lea r ly  a much  longer  t ime  than  requ i red  by  s tan-  
da rd  methods  of meta l l ic  Sn and a l loy thickness  de te r -  
minat ion.  However ,  the  ERM technique does have  the 
advan tage  of being nondes t ruc t ive  and might  serve as 
a useful  check in any cases where  s t andard  methods  

The advantage of w o r k i n g  w i t h  the  percentages  of t h e  t o t a l  
s p e c t r u m  a r e a  c o n t r i b u t e d  b y  each phase r a t h e r  t h a n  w i t h  t h e  
a r e a s  t h e m s e l v e s  is  t h a t  t h e  c o n s t a n t  C in  Eq.  [2] is  t h e r e b y  
e l i m i n a t e d ;  as  d i s c u s s e d  in  Ref.  (7) .  C invo lves  a b a c k g r o u n d  com- 
p ? n e n t  (a .~s ing  p r i n c i p a l l y  f r o m  nonresonant  photoelectrons)  
which is u t m c u l t  to estimate.  

give resul ts  tha t  a re  ques t ionable  for  some reason. 
Addi t ional ly ,  i t  is wor th  not ing tha t  the  cu r r en t  da ta  
were  obta ined  using a r e l a t ive ly  weak  Sn T M  source 
and a constant  accelera t ion  Mossbauer  spec t romete r  
which scans al l  velocit ies s imul taneously .  By increas ing 
the  source s t rength  by  a factor  of 4 or  5 and using a 
cons tan t -ve loc i ty  spec t romete r  to a l low da ta  accumula-  
t ion only  at  the  veloci t ies  whe re  the  meta l l ic  Sn  and 
al loy layers  given the i r  m a x i m u m  reemiss ion pe rcen t -  
ages (Vsn ~-~ 0 t o n i / s e a ,  VFeSn2 ~ 1.5 mm/sec ;  see Fig. 
3 and 4), the  t ime for  ERM thickness  de te rmina t ions  
could be cut  to perhaps  15-30 min. 

Oxidation and corrosion studies.--One of the  more  
in teres t ing  aspects of the  cur ren t  work  is the  h igh  
sensi t iv i ty  of ERM spectroscopy to ve ry  thin  surface  
layers  of t in  oxide. Fo r  example~ the spec t rum area  
percentages  measured  for the  SnO2 layers  on the me-  
ta l l ic  Sn and unmel ted  t inp la te  samples  shown in F ig .  
2 indicate  SnO2 thicknesses of only  41 and 10A, respec-  
t ively,  for these two samples.  This high sens i t iv i ty  
arises because the recoil less f rac t ion of SnO2 is 9 t imes 
g rea te r  than  tha t  of metal l ic  Sn (16) (Ssno2 --  0.45, fsn 
: 0.05, at  room t e mpe ra tu r e ) .  

To fu r the r  i l lus t ra te  this point,  we  have  used Eq. 
[13] and [2] to calcula te  the  expected  ERM spec t rum 
area  percentages  for th in  layers  of SnO2 over  an " in-  
finite ''s me ta l l i c -Sn  substrate .  The resul ts  are  t a b u -  
la ted in Table  V and d isp layed  g raph ica l ly  in  Fig. 5, 
where  the  percentage  of the  ERM spec t rum area  con- 
t r ibu ted  by  SnO2(Psno2) is p lo t ted  agains t  the th ick-  
ness of the  SnO2 laye r  ( Z s n o 2 ) .  I t  is seen tha t  an SnO2 
laye r  only 270A thick wil l  cont r ibute  ful ly  50% of the  

8 B e c a u s e  of t h e  r e l a t i ve ly  sma l l  p e n e t r a t i o n  r a n g e  of  t h e  20 
keV c o n v e r s i o n  e l ec t rons ,  any layer thicker t h a n  a b o u t  20,000A 
is e f fec t ive ly  inf ini te  to  t h i s  m e a s u r i n g  t e c h n i q u e .  

Table V. Calculated ERM spectrum area percentages contributed 
by Sn02 (Psno2) and Sn(Psn) for Sn02 layers on a metallic Sn 

substrata 

Zsn% (A)  Psn% (%)  Psn (%)  

5 2.15 97.85 
10 4.19 95.81 
25 9.74 90.26 
50 17.46 82.54 
75 23.74 76.26 

100 28.97 71.03 
150 37.21 62.79 
200 43.46 56.54 
300 52.46 47.54 
400 58.79 41.21 
500 63.60 36.40 
600 67.42 32.53 
700 70.68 29.42 
800 73.24 26.76 
900 75.51 24.49 

1000 77.49 22.51 
1250 81.45 18.55 
1500 84.44 15.56 
1750 86.76 13.24 
2000 88.61 11.39 
2500 91.36 8.64 
3000 93.26 6.72 
4000 95.74 4.26 
5000 97.20 2.81 
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Zs~o2 (h) 

0 1000 2000 3000 

0 1 ~  2 ~  3 ~  

ZSn02 (A) 

Fig. 5. ERM spectrum area percentage contributed by Sn02 as a 
function of the SnOr2 layer thickness over a thick metallic Sn sub- 
strafe. 

spec t rum area, and tha t  oxide layers  only a few 
monolayers  th ick  (,~5-20A) can be detected and 
s tudied by  this method.  As noted earl ier ,  the  precision 
wi th  which the recoil less f ract ion of ve ry  thin layers  of 
SnO2 matches  that  of bu lk  SnO~ is not  known. This 
could a l te r  our  es t imates  s l ight ly  but  is not  expected to 
cause any la rge  var ia t ion  f rom the behavior  shown in 
Fig. 5. ERM spectroscopy should, therefore,  be an ex-  
cel lent  technique for oxida t ion  and corrosion studies 
of metal l ic  Sn. 

Summary and Conclusions 
ERM spectroscopy has been shown to be a useful  

new method of s tudying  the  th in  s tannic oxide, me ta l -  
lic Sn, and a l loy  (FeSn2) layers  on t inplate .  Wi th  a 
recen t ly  developed theory  of ERM spectroscopy (7), 
the  ERM data  can be analyzed  to de te rmine  the th ick-  
nesses of these th ree  layers.  Al though such thickness 
de te rmina t ions  a r e  cu r ren t ly  re la t ive ly  t ime consuming 
compared  to more  s tandard  methods  i t  seems possible  
tha t  exper imenta l  improvements  out l ined here in  
might  s ignif icantly reduce  the  t ime requi red  for ERM 
analysis  of t inplate.  

P r o b a b l y  the  most in teres t ing  aspect  of the  cur ren t  
work  is the  observed  h igh  sens i t iv i ty  of ERM spectros-  
copy to ve ry  thin  t in  oxide layers.  Oxide layers  r ang -  
ing f rom a few monolayers  to severa l  hundred  ang- 

s t roms th ick a re  r ead i ly  observed and we know of no 
o ther  technique for  oxidat ion and corrosion studies 
involving Sn which combines this high sens i t iv i ty  to 
very  thin layers  wi th  the capabi l i ty  of conclusively 
ident i fy ing the t in oxide compounds which  are  present .  
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ABSTRACT 

A film of SiaN4 depos i ted  on the rma l ly  g rown SiO2 was s tudied to deter- 
mine the  effect tha t  charge accumula t ion  at  the  deposi ted film SiO2 in ter face  
has on threshold  vol tage  s tabi l i ty .  VT shifts under  bias and t empe ra tu r e  r e -  
sult  f rom this charge  accumula t ion  ~t the  n i t r ide -ox ide  interface.  In  addi t ion  
to this  charge bu i l dup - r e l a t ed  shift, the second mechanism causing the  e n -  
hanced shift  in VT is found to occur on long- t ime,  b i a s - t e m p e r a t u r e  stress. 
This second mechanism is p ropor t iona l  to t h e s q u a r e  root  of b ias ing t ime  and  
is exponen t ia l ly  dependen t  on t empera tu re .  The ac t iva t ion  energy  is found 
to be 0.36+-- 0.04 eV. Posi t ive ionic dr i f t  is suggested as the  mechanism causing 
this enhanced aVT. 

Meta l - in su la to r - semiconduc to r  (MIS)  s t ructures  
consisting of a film deposi ted on t he rma l ly  grown 
SiO2 have the  inheren t  p r o p e r t y  of accumula t ing  charge 
at  the  deposi ted film-SiO2 interface.  This  charge 
bui ldup,  which  occurs due to different  ra tes  of cur -  
ren t  t r anspor t  in the  two dielectr ics  (1), presents  a 
serious l o n g - t e r m  re l i ab i l i ty  p rob lem because of i ts 
effect on threshold  vol tage  s tab i l i ty  of devices. MIS 
s t ruc tures  consist ing of a film of Si3N4 deposi ted on 
t he rma l ly  g rown SiO2 were  s tudied  to de te rmine  the 
effect of charge  accumula t ion  on threshold  vol tage  s ta -  
bil i ty.  Voltage shifts were  s tudied as functions of bias, 
t empera ture ,  and  stress durat ion.  In  this paper ,  we first 
descr ibe  the fabr ica t ion  of MNOS FET aevices and 
provide  detai ls  of measurements .  Threshold  .voltage 
degrada t ion  is next  analyzed in t e rms  of the  charge 
accumula t ion  at the  insu la to r - insu la to r  in te r face  as a 
funct ion of time. A model  for  threshold  vol tage degra -  
da t ion  enhancement  consistent  wi th  observed da ta  is 
p resen ted  fol lowed by  some conclusions. 

Experiment 
Exper imen ta l  MNOS FET devices were  fabr ica ted  

using p - t y p e  1-2 a - c m  si l icon wafers.  Firs t ,  source and 
dra in  regions were  formed using an  arsenosi l icate  glass 
source as a dopant  (2). Af te r  cleaning, the gate oxide 
was grown, i m m e d i a t e l y  fol lowing the rmal  oxidat ion,  
sil icon n i t r ide  was deposi ted on the  SiO2 by decom- 
posi t ion of si lane in  ammonia .  

A l u m i n u m  was the  gate  metal .  Af te r  a luminum 
evaporat ion,  the  devices were  t r ea ted  wi th  a forming 
gas anneal  a t  723~ for 2-5 rain. Convent ional  photo-  
l i thography  was used th roughout  the  fabricat ion.  The 
high f requency  (1 MHz) MNOS C-B technique was 
used to measure  the m a x i m u m  capacitance,  Cmax, 
wi th  a control  wafer.  The equiva lent  gate  d ie lect r ic  
thickness,  tneq, was de te rmined  f rom 

tn~ = tn + to~,nl,o~ = ,n,~4clCm= [1] 

where  tox is the  oxide  thickness,  tn is the  n i t r ide  th ick-  
ness, eox and en are  the  d ie lec t r ic  constants  of the oxide  
and ni t r ide,  respect ively ,  and  Ae is the  capaci tor  area.  
Mobile  ion contaminat ion,  checked w i th  a control  
wafe r  by  the  high t e m p e r a t u r e  quasistat ic  technique 
(3),  was found to be consis tent ly  less than  5 X 101~ 
c m - 2 .  

The aging exper iments  were  pe r fo rmed  in the  fol -  
lowing manner .  The gate bias was appl ied  wi th  r e -  
spect  to the  commonly  in terconnected  substrate ,  
source, and  drain.  Af te r  a g iven per iod  at  the  e leva ted  

* Electrochemical  Society Act ive  Member. 
1 Present  address: IBM Corporation, Poughkeeps ie ,  New York 

12602. 
Key words: MNOS FET device,  threshold voltage stabili ty,  dual  

dielectrics. 

t empera ture ,  the  devices were  cooled to room t em-  
pe ra tu re  wi th  the  bias applied.  Measurements  were  
made  of d ra in  junct ion  leakage,  ga t e - to - subs t r a t e  
leakage,  and dra in  cur ren t  at  a d ra in  vol tage of -510V. 
The MNOS FET device threshold  vol tage  was ca lcu-  
la ted by  a least  squares fit to the  l inear  por t ion  of the  
curve of the  square  root of the  d ra in  cur ren t  as a 
funct ion of gate voltage. A da ta  l is t ing was deve loped  
showing d ra in  junc t ion  leakage  current ,  gate  leakage  
current ,  and th resho ld  vol tage  shift ,  AVth, f rom the  
in i t ia l  value  on each device th roughout  each expe r i -  
ment.  A-fter each test  period,  the  median  ~Vtn was 
calculated.  The p a r a m e t e r  tha t  exh ib i ted  a consistent  
l ong- t e rm dr i f t  p rob lem was the  threshold  voltage.  

The resul ts  presented  in the  nex t  sect ion dea l  wi th  
the  t ime dependence  of the  median  of the  threshold  
vol tage shift. 

Results and Discussion 
Figures  1 and 2 show the t ime,  t empera tu re ,  and  

vol tage dependence  of ~VT for m e t a l - n i t r i d e - o x i d e -  
sil icon devices p lo t ted  on a semilog scale. E a c h  da ta  
point  represen ts  a median  va lue  obta ined  f rom a sam-  
ple  of 20-30 devices. The devia t ions  f rom the med ian  
a r e  shown as e r ro r  bars  in  this  and  subsequent  figures. 
In  general ,  a m a x i m u m  of 15-20% spread  was observed 
in all  these measured  values.  The enhanced shift  above 
about  400 h r  (Fig. 1) is discussed la ter .  

Such a logar i thmic  behavior  has also been observed 
by  Rossel, Mart inot ,  and  Serha l  (4) for MOSFET's .  
The VT s tab i l i ty  da ta  of Fig. 1 and 2 cannot  be  ex -  
p la ined  by  mobile  ion mot ion  or by  slow surface-s ta tes  

-200 

-180 

-160 

-140 

-120 
Threshold Voltage -100 

Shift AVth (my) 
-80 
-60 

-40 

-20 
0 

"Stress Conditions - [  

- 8 5  ~  En  = + 1 .1  x lOeV/cm ~ /  

I I I I 
10 100 1000 5000 

St .ress Time (Hrs) 

Fig. 1. Threshold voltage shift as o function of time: T = 358~ 
and En = 1.1 X 106 V/cm. 

1657 



1658 J. Elec trochem.  Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  October 1978 

Threshold Voltage 
Shift ~Vth (my) 

-900 

-700 

-500 

~ / ~ ~ +  1.4 x 10 e 1"7 

x lO~ V/cm 

~ ~ ~  

-3oo 

-100 

o I I I 
1 lO 10o lOOO 

Stress Time (Hrs) 

Fig. 2. Threshold yoltoge shift as functions of time, bias, and 
temperature. 

t rapping.  The mobi le  i o n  dens i ty  is less than  5 • 10 '0 
cm -2. This dens i ty  can produce  a m a x i m u m  hVT of 
--75 mV for the  devices wi th  tneq : -  1000A gate di-  
electric. VT shifts have been observed which are  much 
la rger  than  75 inV. Slow sur face-s ta te  t rapp ing  p ro -  
duces a posi t ive VT shift  under  posit ive stress and a 
negat ive  VT shift  for negat ive  stress. However ,  exper i -  
menta l  da ta  is of the  opposite polar i ty ,  i.e., AVT < 0 
for posi t ive stress. Therefore  s low-s ta te  t rapp ing  can-  
not produce the observed VT shifts. Charge bui ldup 
at  the SisN4-SiO2 in ter face  occurs as a resul t  of d i f -  
ferent  ra tes  of cur rent  t r anspor ted  in the  two di-  
electrics (1). This accumulat ion of the charge dens i ty  
Q~ at the  insu la to r - insu la to r  in ter face  shifts the  
threshold vol tage VT when the device is biased be-  
cause J ,  ~ Jox. This dual  dielectr ic  model  predic ts  that  
a posi t ive stress produces a nega t ive  A~IT and vice 
versa. This observat ion  is found in our  samples.  Fo r  
our samples, Jn < <  Jox. Hence a large  amount  of 
charge accumulat ion wil l  accumula te  at  the ox ide -n i -  
t r ide  interface,  and ~VT wil l  not show a sa tura t ion  as 
is seen in Fig. 1 and  2. Therefore  qual i ta t ive  agreement  
be tween the exper imen ta l  da ta  and the model  gives 
good evidence tha t  the dual  dielectr ic  ins tab i l i ty  is 
the cause of the  VT shifts in MNOS FET devices. A 
de ta i led  knowledge  of the  oxide and n i t r ide  conduc-  
t iv i ty  vs. field relat ion,  the  var ious  ba r r i e r  heights,  
and the  t rap  dis t r ibut ions  throughout  the n i t r ide -  
oxide  insula tor  is necessary  to predic t  the  time, t em-  
perature ,  and  vol tage dependence  of the VT shifts. For  
prac t ica l  purposes,  the resul ts  of this invest igat ion can 
be combined into a single phenomenological  express ion 

~VT = KIn t/to [2] 

where  K is a function of t e m p e r a t u r e  and vol tage  and 
is expressed as (see Fig. 3 and 4) 
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313 I I I I I I I 
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Fig. 4. Slope K as a function of reciprocal temperature. The field 
is 1.70 X 106 V/cm. 

K = Ko exp [ - k-~- + PEnl/~ ] [3] 

with ~ ---- 0.65 • 0.05 eV and Ko includes various in- 
cident constants. 

Threshold VoJtage Shift Enhancement 
It is seen in Fig. 1 that beyond about 400 hr the shift 

in the threshold voltage innreases faster than that ob- 
served below 400 hr. The resul ts  suggest  tha t  another  
mechanism seems to be opera t ive  in addi t ion  to the  
above-ment ioned  in ter rac ia l  t r app ing  mechanism. To 
establ ish the  contr ibut ion  of this second mechanism to 
the total  threshold  vol tage shif t  hVw, we wil l  fu r the r  
assume tha t  these two mechanisms a re  independen t  of 
each other. Under  these two assumptions,  the second 
mechanism can be identif ied as descr ibed below. The 
ini t ia l  shift  (below 400 hr )  is ex t rapo la ted  beyond 
400 hr  as shown dot ted  in Fig. 1. The difference be-  
tween  the ex t rapo la ted  l ine and the observed da ta  
5Vi, also shown in Fig. 1, is then the contr ibut ion  due 
to the second mechanism which  causes the  enhanced 
threshold  vol tage shift. Consistent  wi th  the  exper i -  
menta l  da ta  analysis  discussed below, we can now 
character ize  the second mechanism and es tabl ish  its 
physical  model.  Data  of Fig. 5 indicate  tha t  wi th  the 
posi t ive bias and t empe ra tu r e  (B-T)  stress, the  en-  
hancement  in Vth shif t  is negative.  

Sur face - s ta te  t rapp ing  p roduces  a posi t ive threshold  
vol tage shift  under  Posi t ive stress and  a negat ive  Vth 
shift  for negat ive  s t ress .  However ,  the expe r imen ta l  
da ta  is of the  opposi te  polar i ty ,  i.e., Av~rth > 0 for nega-  
t ive stress and vice versa, and therefore  sur face-s ta te  
t rapp ing  cannot  produce  the observed  Vth shifts. Sec-  
ondly, f rom Fig. 5, impor tan t  fea tures  of this  deg rada -  
t ion to be noted are  tha t  (i) the onset  of AVi occurs 
af ter  some stress t ime; (ii) the  onset is ve ry  sensi t ive 
to the  t empera tu re  o~ stress; whi le  (iii) i t  is a lmost  
independent  of the stress voltage. F igure  6 shows the 
t ime dependence  of ~Vi wi th  t empera tu re  as a p a r a m -  
eter. I t  is c lear  tha t  AVi follows a t ~ behav ior  qui te  
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wel l  wi th  the  t endency  to saturate .  Note fu r the r  tha t  
the  sa tura t ion  value  is different  for different  t empera -  
tures. A plor of the  slope hV~ X t -~ obta ined  f rom 
Fig. 6 as a funct ion of the  reciprocal  t empe ra tu r e  is 
shown in Fig. 7, w i th  an ac t iva t ion  ene~'gy of 0.18 
_+ 0.02 eV. Therefore,  the  t ime and t empe ra tu r e  de-  
pendence of the  second mechanism can be represen ted  
by  the empir ica l  re la t ion  

• ,-- t ~ exp ( - - H / k T ) ,  with  H --  0.18 _+ 0.02 eV [4] 

Snow et al. (5) r epor ted  a AVFB ?)8. t 0"5 dependence,  
and  i t  was la te r  verified by  Singh et al. (6), of Na + 
t r anspor t  th rough  t he rma l ly  grown SiO2 films, de-  
l i be ra t e ly  con tamina ted  in aqueous NaC1 solutions. 
E ldr idge  and K e r r  (7) have  also repor ted  such a t ime-  
dependent  ins tab i l i ty  in sod ium-con tamina ted  P S G -  
SiO2 films. This t ime dependence  can be a t t r i bu ted  
also to ~he t e m p e r a t u r e -  and f ie ld- induced emission of 
ions f rom t rapp ing  centers  located near  the  me ta l -  
n i t r ide  interface.  As shown by  Hofstein (8), who com- 
puted  the effect of smal l  Gauss ian  d i s t r ibu ted  spreads  
in the  ac t iva t ion  energy for  ion emission f rom such 
t raps  in MOS structures ,  the  quan t i ty  of the  dr i f ted  
ions is closely p ropor t iona l  to t 0.5. The resul ts  thus  
conform to an enhanced VT shif t  model  based on the 
emission of posi t ive ions f rom Si3N4 l aye r  into the  
SiO2 film. In addit ion,  when all  the device leads were  
shor ted  at  stress t empera tu re ,  subsequent  measu re -  
ment  of the  VT shift  ind ica ted  tha t  a f te r  about  6 hr  
the  threshold  vol tage shift  fo l lowed the do t ted  l ine 
(see Fig. 1) Which is the different ia l  conduct iv i ty  
dominant  mechanism. This observat ion  verifies the  
fact  tha t  posi t ive ions responsible  for  the  hVi are  
dr iven  away  f rom the SiO2-Si in ter face  (5). 
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Fig. 7. ~Vi • t -~ as a function of reciprocal temperature 

The t ranspor t  process is a t he rma l ly  activated proc- 
ess with  an ac t iva t ion  energy  H --  0.18 •  eV (see 
Fig. 7). If  the  t r anspor t  of ions f rom the  Si~N4-SiO~ 
interface  is assumed to be the  diffusion dominan t  
mechanism, the  ac t iva t ion  energy  of the diffusion co- 
efficient D can be de te rmined  as  follows. 

F rom s imple  diffusion kinetics,  the  diffusion coeffi- 
cient is g iven by  

D = tacit [5] 

Combining  Eq. [3] and [4], we get 

D ~, t** ~ exp  ( - - 2 H / k T )  [6] 

Therefore,  f rom Fig. 7 and Eq. [6], the  diffusion co- 
efficient ac t ivat ion energy  is de t e rmined  to be 0.36 
__ 0.04 eV. This value  is about  the  same as tha t  r e -  
por ted  for  hydrogen  ions (protons)  in SiO~ (9, 10). The 
ac t iva t ion  energy  for Na + in  SiO2 is about  1.0 eV 
(5, 7). Secondly,  the  mobi le  ion contaminat ion  in  the 
devices s tudied he re  was consis tent ly  less than  5 • 
1010 cm -2, which would  cause hVi m a x  to be about  50 
mV, which  is not  consistent  wi th  the  da ta  (see Fig. 1). 
Fur the rmore ,  if  the  ionic source is finite, then, for  a 
fixed bias, the  sa tura t ion  value  for  different  t e m p e r a -  
tures  should be the same (5). But  the  va lue  hYi sat. is, 
as seen in Fig. 6, found to be different  for  different  
tempera tures ,  indica t ing  tha t  the  source of ions is not  
due to ext raneous  contaminat ion,  but  is an inheren t  
p rope r ty  of Si3N4 films. The suppor t ing  evidence for  
this conclusion is cited below. Si3N4 deposi t ion wi th  
the  components  NH3, H2 used here,  i nva r i ab ly  resul ts  
in S i -H,  N-H t raps  (11, 12) as wel l  as free hydrogen  
(12,13). These t raps  are  most l ike ly  to be  concen- 
t ra ted  at the  two interfaces,  Si~N4-SiO2 and me ta l -  
Si3N4. Under  B-T stress, these t raps  could re lease  
protons or  H2 +, the reby  causing the  observed en-  
hancement  in the  threshold  vol tage shift. However ,  
the  role  p layed  by  Na cannot  be ru led  out  as well.  
F igure  8 shows schemat ica l ly  the proposed  model  for  
this ionic shift  which  conforms to the  above discussion. 

Conclusions 
A s tudy  was made  of the  threshold  vo l tage  shifts in 

double  l aye r  insula tor  MNOS FET devices a f te r  b ias-  
t e m p e r a t u r e  t rea tment .  The threshold  vol tage  shifts 
encountered  under  posi t ive bias can be expla ined  by  
the exis t ing dual  d ie lect r ic  ins tab i l i ty  model  effect. 
The enhanced threshold  vol tage  shifts observed can be  
expla ined  only if, in addi t ion  to the  dual  dielectr ic  in -  
s tab i l i ty  model,  a posi t ive ion mot ion th rough  the in-  
sula tor  is assumed. The pos i t ive ly  charged ions in i -  
t i a l ly  located close to the  me ta l -n i t r i de  in terface  are.  
t r anspor ted  to the Si~N4-SiO2 interface  and are  subse-  
quent ly  swept  to the  SiO2-Si in terface  wi th  an  ac t iva-  
t ion energy  de te rmined  to be 0.36 __. 0.04 eV. In agree -  
ment  wi th  the exper imen ta l  results,  the  source of these 
ions is proposed main ly  to be hydrogen,  the  presence 
of which is inheren t  due to the  SisN4 process. 

Al though the large  threshold  vol tage  shifts descr ibed 
here  are  not  necessar i ly  typ ica l  of MNOS structures ,  

+VG 

-i- 
Si3N4 [I- -!- 
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t h e  d a t a  r e p r e s e n t s  the k ind  of ins tab i l i ty  tha t  can 
occur. Analys is  of t:his da t a  has l ed  to the  charac ter iza-  
t ion of the  responsible  mechanisms presen ted  here,  
and the reby  prov ided  a model  f rom which  insights  
can be obta ined regard ing  appropr ia te  process changes 
for enhancement  of device re l iabi l i ty .  
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ABSTRACT 

Trad i t iona l  oxygen e lect rocata lys ts  do not dissociat ively chemisorb oxygen, 
resul t ing  in e lectrochemical  i r revers ib i l i ty .  The jo in t  p seudo- sp l i t t i ng /pe r -  
oxide mechanism suggests that  the main  r equ i remen t  is for the  oxygen mole-  
cule to be chemisorbed side on: O-O. This condit ion wil l  be satisfied by  p a r a -  
magnet ic  oxides, such as high surface area  l i th ia ted  nickel  oxide  and 
La0.sSr0.sCoO8 perovsk i te  oxide. Such  electrodes exhib i t  s teady and r ep ro -  
ducible  open-c i rcu i t  potent ia ls  which a re  ve ry  near  the  theore t ica l  values  and 
the var ia t ion  wi th  oxygen pa r t i a l  pressure  follows the Nernst  equat ion for  
a four -e lec t ron  process. The current  densi ty  at constant  polar izat ion is d i rec t ly  
propor t iona l  to the  square root of oxygen  par t ia l  pressure.  Homomolecular  
oxygen  studies confirmed that  oxygen is d issocia t ively  chemisorbed on such 
oxides and there  is a good corre la t ion  be tween  the act ivat ion energies  for the 
isotopic exchange and electrochemical  reduct ion of oxygen, suggest ing a s imi-  
l a r  mechanism is involved in each case. 

The  cathodic reduct ion  of oxygen in a lka l ine  solut ion 

O~ + 2 H 2 0  + 4e ---> 4 O H -  [1]  

presents  one of the  chal lenging problems  in e lec t ro-  
chemistry.  The s t andard  reduct ion  poten t ia l  is 

E ~ = --0.401V vs. NILE [2] 

resul t ing in a theore t ica l  HJO2  full  cell potent ia l  of 
1.229V at 25~ This potent ia l  has se ldom been achieved 
in pract ice  and most oxygen  e lec t rocata lys ts  exhib i t  
open-c i rcu i t  potent ia ls  be tween  0.1 and 0.2V below 
the revers ib le  value.  Rota t ing r ing  disk measurements  
(1) have shown that  the oxygen  reduct ion does not  
go th rough  a direct  four -e lec t ron  process but  no rma l ly  
takes place via a HO2- in te rmedia te  

H20 -~ 02 + 2e--> OI-I- -l- H'O~- [3] 

This resul ts  in a drast ic  reduct ion  of the open-c i rcu i t  
potent iaI  and ove r -a l l  efficiency. On most  cata lys ts  

* Electrochemical Society Active Member. 
Key words: oxygen reduction, semiconducting oxides, paramag- 

netic behavior. 

other  than  carbon, HO2- can be fu r the r  reduced e i ther  
e lec t rochemical ly  by  

t tO2-  -~ H20 -~ 2e --> 3 O H -  [4] 

or  by  di rec t  chemical  decomposi t ion of HD~- 

2HO2- ---> 02 -~ 2 O H -  [5] 

Thus three  possible routes a re  avai lab le  for  improv-  
ing the kinetics of the  oxygen  reduct ion process: 

(i) To speed up the ra te  of e lectrochemical  reduct ion 
of HO2-.  This is not l ike ly  to be f ru i t fu l  since HOz-  --> 
3 O H -  is known to be h ighly  i r revers ib le .  

(ii) To speed up the ra te  of chemical  decomposit ion 
of HO~-. This approach  has been tackled  empi r ica l ly  
by many  indus t r ia l  establ ishments ,  e.g., the use of 
spinel  oxides and Ag suppor ted  on carbon, w i th  some 
degree of success. Theoret ical  and expe r imen ta l  studies 
on the  system cobal t  i ron ox ide /g r aph i t e  by  Goldstein 
and Tseung (2) showed that  in o rder  to achieve rever -  
s ible  oxygen  e lec t rode  potentials ,  the  [HO~-]  would  
have to be reduced to 6 • 10-1SM; this would requ i re  
the peroxide  decomposi t ion cata lys t  to have a ra te  con- 



Vol. 125, No. I0 S E M I C O N D U C T I N G  OXIDE OXYGEN ELECTRODES 1661 

s tant  o f  4 X 106 sec-1 g - L  However ,  the most  act ive 
coba l t - i ron  oxide  tested,  Co~.4Fe0.gO4, the  ra te  constant  
for  perox ide  decomposi t ion is only  0.243 sec-1  g - 1  
P t - b l a c k  and A g - b l a c k  cata lys ts  a re  only  marg ina l l y  
bet ter .  Consequently,  severa l  orders  of magni tude  in-  
crease  in ca ta lys t  ac t iv i ty  is r equ i red  to achieve open-  
circui t  potent ia l  close to the  revers ib le  oxygen  po ten-  
tial.  

(iii) To induce the  oxygen  reduct ion  process to go 
direct ly,  b y  passing the  HO2- in te rmedia te .  Isotopic 
studies by  Davies, Clark,  Yeager,  and Hovorka  (3) 
shor ted  conclusively tha t  the  O = O bond of the oxy-  
gen molecule  remains  unbroken  on conversion to pe r -  
oxide. Thus, the  key  to the  solut ion of the  oxygen  elec-  
t rode  p rob lem m a y  l ie  in  the  e lec t rocata lys t ' s  ab i l i ty  
to dissocia t ively  chemisorb oxygen. If this condit ion is 
fulfilled, no HOg-  in t e rmed ia te  can  be formed and the  
oxygen reduct ion  wi l l  go d i rec t ly  to h y d r o x y l  ion v ia  
a four -e lec t ron  process. This approach  should  be far  
more  r eward ing  than  the first two routes.  

The Joint Pseudosplitting-Peroxide Mechanism 
The direct  sp l i t t ing  of the  O : O bond requires  

l lT~  ca l /mole .  Evans (4) proposed tha t  O~ molecules  
are  adsorbed  "s ide-on";  O-O, wi thout  dissociation, on 
surfaces covered by  adsorbed anions, such as O H - .  The 
02 molecules  en te r  into hyd rogen -bond ing  wi th  O H -  
ions and this bonding spreads  across the O H -  layer .  
A t  cer ta in  specific sites, e.g., "kink"  sites, the re  wi l l  be 
discont inui t ies  in the  O H -  "carpet"  so tha t  for steric 
reasons, the  O H -  ions wil l  be  more  l ike ly  to enter  into 
hydrogen  bonding  w i th  nea rby  H20 molecules  of the  
e lectrolyte .  A t  this  point  the O = O bond is effectively 
b roken  (pseudo-spl i t ) .  One consequence of such pro-  
ton-swi tch ing  is tha t  the  act ivat ion energy  for  bond 
rup tu re  is lowered  considerably.  P ro ton-swi tch ing  is a 
process which  occurs easily, e.g., in the r ap id  neu t ra l -  
izat ion of acid wi th  a lka l i  or  of the  g rea t  mobi l i ty  in 
solut ion of such species as O H -  or  H30 +. The  four  
stages of pseudo-sp l i t t ing  are  shown in Fig. 1. Gold-  
stein and Tseung (5) proposed  tha t  since the  reduct ion 
of oxygen  on most e lec t rocata lys ts  goes via  the pe rox-  
ide  in termedia te ,  i t  is necessary  to consider  the  case 
when  the oxygen  molecule  is chemisorbed "end on": 
O 
II. In  such cases, the  pseudo-sp l i t t ing  process wi l l  lead  
O 
to the format ion  of HO2- as wel l  as O H -  (Fig. 2). I t  
is the re fore  suggested tha t  a necessary condit ion for 
dissociat ive chemisorpt ion of oxygen  is for the oxygen 
molecule  to be adsorbed  "s ide-on" on the e lec t roca ta-  
lys t  surface. 

The Importance of Semiconducting Oxides 
A p a r t  f rom the  except ional  cases of selected prec i -  

Ous meta ls  a t  h igh overpotent ia ls ,  the oxygen  reduc-  

Adsorbed oxygen molecule 

~",IK, ~,I 
O_ 0-o~- 0~_ 0_0_o- ~_ 9-O~- Q~-o-o_o- 

H I-I ir  

Electrode surface Electrode surface 

(a) Partial electron transfer (b) Hydrogen bonding 

HO- H ~. H H ~s ~s IH -OH HO-H H H H H H H -OH 
\&Z_'o_ &&s ' ' o- o- o_ o_ o_ o- o- 

":1 L ":1 12" O- - O_ -0_ 
Electrode surface 

Electrode surface 
(c) Completion of electron Overall reaction 02 + 2H20 + 4e 

t r a n s f e r  = 4GH- 

(d) Reorientation 

Fig. 1. Stages in pseudo-splitting 
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E l e c t r o d e  ~sur fame 

O v e r a l l  r e a c t i o n  O~ + H20 + 2e 

= HO~ § OH- 

(d) Reorientation 

Fig. 2. Stages in the peroxide mechanism 

t ion on nonnoble  meta l  a l loys or  compounds t a k e s  
place on ox ide-covered  surfaces. Since it is difficult to 
control  or  s tudy  the proper t ies  of oxide  films, i t  is 
more  convenient  and prac t ica l  to s tudy  oxygen  reduc-  
tion on special ly  p repa red  oxides.  The conduct iv i ty  of 
most t rans i t ion  meta l  oxides can be signif icantly im-  
proved by  doping wi th  sui table  oxides  whose cat ion is 
of lower  va lency than  the cat ion in the  host  oxide  (6). 
If  doped oxide powders  a re  used as Tef lon-bonded 
electrodes suppor ted  on meta l  screens, then  the  l ike ly  
ohmic drop due to the use of semiconduct ing oxide  is 
given by  (7) 

I R : p  
16t 

Where  I is the  total  current ,  amp;  R is the  total  res is-  
tance of the  electrode, n;  i, cu r ren t  density,  A/cme;  L, 
length  of each side of the  square  hole in the meta l  mesh, 
cm; p, res i s t iv i ty  of the ca ta lys t /Tef lon layer ,  ~2 cm; t, 
thickness of ca ta lys t /Tef lon layer ,  cm. Taking  the t yp -  
ical  case of Tef lon-bonded porous e lect rode suppor ted  
o n l 0 0  mesh meta l  screen, L is 0.04 cm and t is 0.025 
cm. Hence if the  ca ta lys t /Tef lon  l aye r  has a res is t iv i ty  
of 100 1t cm and opera t ing  at  0.5 A / c m  2, the  IR loss wi l l  
be about 0.2V, which is jus t  acceptable.  In  ac tual  p rac -  
tice, t ak ing  into account the  increased res is t iv i ty  due 
to the  presence of Teflon par t ic les  and contact  res is -  
tance be tween  the ca ta lys t  powder ,  the m a x i m u m  al -  
lowable  bulk  res is t iv i ty  of semiconduct ing oxide  used 
for such appl icat ions  is l imi ted  to 10-15 11 cm. 

Relationship Between the Mode of Oxygen 
Chemisorption and Magnetic Properties of 

Semiconducting Oxides 
The oxygen  molecule  is paramagnet ic .  I t  has two 

unpa i red  electrons wi th  para l l e l  spins in an t ibonding 
orbitals .  Therefore ,  e lectrons t r ans fe r red  at, or  subse-  
quent  to, bond- rup tu re ,  f rom the  ca ta lys t  to the  ad -  
sorbed oxygen  species, mus t  s imi la r ly  be of para l l e l  
spin. This immedia t e ly  suggests the  use of p a r a m a g -  
netic or fe r romagnet ic  oxides. On the o ther  hand, an t i -  
fe r romagnet ic  compounds,  in which  cations are  a r -  
ranged  with  unpa i red  spins a l igned on a l t e rna te  (111) 
planes,  wi l l  not  be able  to sat isfy  the  above requ i re -  
ment.  L i th ia ted  nickel  oxide has been  s tudied in fa r  
g rea te r  deta i l  than  any  other  oxide  since i t  is one of 
the  first doped semiconduct ing oxides discovered by  
Verwey  et al. (6). 

Nickel  oxide  in its normal  macroscopic s ta te  is an t i -  
ferromagnet ic .  I t  becomes pa ramagne t i c  at  the  Neel  
point, TN at 523~ (8). The magnet ic  t rans i t ion  is asso- 
ciated wi th  a c rys ta l lographic  t rans i t ion  f rom rhombo-  
hedra l  to cubic s t ruc ture  (9).  Pa r r avano  and Boudar t  
(10) found severa l  physical  anomalies  near  the  NeeI 
point  of NiO. Its significance to ca ta ly t ic  ac t iv i ty  was 
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briefly ment ioned  by o ther  worke r s  (11-13). Both 
Ke ie r  (14) and Charman,  Dell, and Teele  (15) not iced 
tha t  a definite change of mechanism of 02 chemisorp-  
t ion took place  near  250~ Winter  (16), however ,  was 
the  first to suggest  t h a t  the  change in the  mechanism 
of 02 chemisorpt ion was a t t r i bu t ab l e  to the magnet ic  
transi t ion.  He assumed tha t  the  chemisorpt ion took 
place p redominan t ly  at  exposed edges of magnet ic  do-  
mains. Below TN, magnetos t r ic t ion  prevents  the  fo rma-  
t ion of two Ni +++ as ad jacen t  neares t  neighbors  so 
that  adsorpt ion  occurs as 0 2 - .  Above  TN, the  res t r ic -  
t ion is removed  and 02 can be adsorbed  as 2 O - .  
Therefore,  i t  would  be in te res t ing  to observe changes 
in the e lect rochemical  behavior  on passing th rough  the 
Neel point  and, if the changes are  favorable ,  to find 
methods of reducing the Neel point, or  p repa re  o ther  
compounds wi th  lower  TN, which  wi l l  hopeful ly  ex -  
h ib i t  revers ib i I i ty  to O~ reduct ion  at  lower  t e m p e r a -  
tures. 

Electrochemical Reduction of Oxygen on Lithiated 
Nickel Oxide Electrodes 

Tseung, Hobbs, and  Tan t r am (17) s tudied the  elec-  
t rochemical  reduct ion  of oxygen  on l i th ia ted  nickel  
oxide at 150 ~ and 220~ and found tha t  the re  was a 
s ix- fo ld  improvemen t  in pe r fo rmance  at  220~ The 
open-c i rcui t  potent ia l  changed f rom 1.10 to 1.16V, very  
close to the theore t ica l  open-c i rcu i t  potent ia l  (75% 
KOH, 220~ E = = 1.17V). Doping wi th  l i th ium (18) 
is known to lower  TN by  about  20~C. (Neel  point  of 
NiO single crys ta l  is ~-250~ I t  is, therefore,  sug-  
gested tha t  oxygen  is being dissocia t ively  chemisorbed  
above  the  Neel point, thus by-pass ing  the format ion  of 
perox ide  in termedia te ,  leading  to revers ib le  behavior  
and improved  performance.  

Richardson and Mil l igan (19) found a r e m a r k a b l e  
var ia t ion  of magnet ic  suscept ib i l i ty  wi th  specific sur -  
face area. As the  mean  par t ic le  size d iamete r  decreased 
to below 200A, the  magnet ic  suscept ib i l i ty  curve  deve l -  
oped a large  peak, the  posi t ion of which  on the t em-  
pe ra tu re  axis was so dependent  on the par t ic le  size 
d iamete r  tha t  for some powders,  values  of TN below 
room t e m p e r a t u r e  were  observed.  Cohen et aI. (20) as 
well  as K a w a d a  and Kawai  (21) confirmed the above 
resul ts  and showed tha t  NiO powders  wi th  a mean  
par t ic le  size d iamete r  of 130A exhib i ted  p a r a m a g n e t -  
ism a~ room tempera ture .  Bevan and Tseung (22) in-  
ves t iga ted  the  proper t ies  of high surface area  l i th ia ted  
NiO (180 M2/g) p repa red  by  the Technier  method  (23) 
and found that  e lectrodes p repa red  f rom such pow-  
ders  exhib i ted  revers ib le  behavior  at  150~ instead of 
220~ found ear l ie r  for low surface area  l ih ia ted  NiO 
samples  (1-2 M2/g).  The s t eady-s ta te  polar iza t ion  
curves in 75 weight  percen t  KOH are  fundamen ta l ly  
different  f rom those obta ined p rev ious ly  for  any  oxy -  
gen reduct ion  catalyst :  the curve is l inea r  over  the 
whole  potent ia l  range  (Fig. 3). A t  a g iven polar izat ion,  
the  cu r ren t  dens i ty  var ies  d i rec t ly  wi th  ~/Po2. The 
var ia t ion  of OCV wi th  oxygen  pa r t i a l  p ressure  is also 
interest ing.  The slopes in each case a re  a lmost  exac t ly  
equal  to RT/4F  • 1/2.303 per  p ressure  decade, which  
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Fig. 3. V-; curves for lithlated NiO (180 M2/g) 

suggests ve ry  s t rongly  a four -e lec t ron  ove r -a l l  r eac-  
tion. In  addit ion,  a f te r  cathodic polar izat ion,  the  elec-  
t rode  potent ia l  r e tu rned  to its or ig ina l  va lue  in  less 
than  a minute.  A plot  of cur ren t  dens i ty  vs. 1/T gave a 
perfect  s t ra igh t  l ine plot  be tween  140~176 ind ica t -  
ing that  there  is no change in mechanism (Fig. 4). The 
e lec t rode  exhibi ts  i r r eve r s ib i l i t y  at  t empera tu res  be low 
140~ even though the Neel point  of the  sample  should 
be at  room t empera tu r e  (mean par t ic le  d iamete r  
49.9A). Though the mean  par t ic le  d iamete r  is small ,  
e lectron microscopic examina t ion  confirmed the pres -  
ence of par t ic les  whose d iamete r  is g rea te r  than  the 
cri t ical  par t ic le  d iamete r  suggested by  Richardson and 
Mil l igan (50 M2/g, ~ 180A par t ic le ) .  These large  crys-  
tall i tes would be expected to show the  no rma l  an t i f e r -  
romagnet ic  behavior  of mass ive  nickel  oxide, i.e., Neel 
point  220~176 These par t ic les  wi l l  not  be able  to 
dissociat ively chemisorb  oxygen  be low the i r  Neel  point  
and hence the  reduct ion  of oxygen  on such par t ic les  
will  involve  the  product ion  of HO2-,  giving rise to a 
mixed  potent ia l  and i r revers ib le  behavior ,  especia l ly  
when the t e m p e r a t u r e  is s ignif icantly lowered.  

Sr-Doped LaCo03 Perovskite Oxides 
The work  on l i th ia ted  NiO has shown tha t  i t  is nec-  

essary  to use semiconduct ing oxides  which  a re  p a r a -  
magnet ic  at  room tempera tu re ,  regard less  of par t ic le  
size. The Neel t empera tu re s  of the  oxides of first row 
t rans i t ion  meta ls  wi th  rock-sa l t  s t ruc ture  increase  in 
the  order  Mn, Fe, Co, NiO. Unfor tunate ly ,  a l l  the  ox-  
ides o ther  than  NiO are  not sufficiently corrosion re-  
s is tant  in hot, concent ra ted  KOH to mer i t  cons idera-  
tion. Therefore,  a t ten t ion  was concent ra ted  on the 
perovski te  oxides, such as S r - d o p e d  LaCoO3, which has 
a Neel point  a t  90~ (24). The  Sr  doping of LaCoOs 
increases the  specific conduct iv i ty  b y  increas ing the 
number  of Co~+/Co 4+ couples. In  addit ion,  the  number  
of t r iva len t  cobal t  ions in the  high sp in  s ta te  is in-  
creased (four  unpa i red  spins pe r  ion) .  Tseung and 
Bevan (25) p r epa red  a series of SrxLal-xCoO3 samples  
by  f r eeze -d ry ing  (38 M2/g).  These oxides are  corro-  
sion res is tant  even at  220~ 75% KOH and the res is-  
t iv i ty  of the powder  is 0.1-1 g cm. 

Of al l  the  e lectrodes tested, only  La0.~SrO0.sCoO3 
that  had been leached at 220~ 75% KOH overn ight  to 
remove unreac ted  free oxides,  had  open-c i rcu i t  po ten-  
t ia l  (OCV) approaching  the  theore t ica l  value.  Table  I 
shows the observed value  as a funct ion of Po~ at  25~ 
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Table I. Variation of OCV of Lao.sSro.sCa03 with Po 

Calcu- Calculated 
lated shift  

OCV vs. OVC vs. Observed (RT/4F) 
Po RHE RHE shift in P% 

(%) (mY) (mY) (mY) (mY) 

100 1250 1247 0 0 
21 1244) 1237 10 10 
14 1238 1234 12 13 
5 1233 1228 17 19 

45% KOH electrolyte .  This shows tha t  the  e lec t rode  
obeys the  Nerns t  equat ion for a four -e lec t ron  process 
and tha t  there  is an excel len t  ag reemen t  wi th  ca lcu-  
l a ted  values.  

F igu re  5 shows the  cu r r en t -po ten t i a l  curve of v a r i -  
ous leached S r - d o p e d  LaCoO8 e lec t rodes  as wel l  as a 
P t  Tef l0n-bonded e lec t rode  at  25~ I t  is wor th  noting 
tha t  the  S r - d o p e d  LaCoO~ electrodes,  apa r t  f rom 
showing the theore t ica l  OCV, do not  change the slope 
of the  cu r r en t -po t en t i a l  curve on changing f rom the 
cathodic to anodic mode or  vice versa, again confirming 
tha t  they  are  t ru ly  revers ible .  On the o ther  hand, 
LaCoOs- and P t - b l a c k  are  not  revers ible .  By plot t ing 
the  cu r ren t  densi ty  at 900 mV vs. DHE as a funct ion of 
t empera tu re ,  a l inear  re la t ionship  is obta ined  (Fig. 6). 
The per formance  of La0.sSr0.sCoO3 surpasses  tha t  of 
P t - b l a c k  at  170~ 

A t  first, it  was thought  tha t  the  pe r fo rmance  w a s  
cont ro l led  by  the number  of "act ive sites" at  the  sur-  
face which could associate wi th  the  absorbed oxygen  
molecules.  At  h igher  tempera tures ,  the  la t t ice  expands  
and the in te rac t ion  be tween  cations in the  bu lk  and 
be tween  the bulk and surface cat ion is reduced.  Thus 
the  magnet ic  suscept ib i l i ty  decreases and the  number  
of act ive sites is increased.  However ,  recent  "oxygen 
s t r ipping"  measurements  by  Yeung and Tseung (26) 
showed that  the  oxygen  coverage  is independent  of 
t e m p e r a t u r e  and the oxygen  coverage is low, about  
2-3 % of the  perovsk i te  oxide surface. A compar ison of 
the  s t eady-s t a t e  pe r fo rmance  and potent ios ta t ic  pulse  
pe r fo rmance  of Nd0.sSr0.~CoO8 and La0.sSr0.~CoOs elec-  
t rodes revea led  significant differences in performance,  
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not accountable  by mass t ransfe r  effects wi th in  the  
Tef lon-bonded porous electrodes.  The recent  resul ts  
suggest  tha t  the  ra te  of oxygen  chemisorpt ion  might  be 
the control l ing factor  and fu r the r  mechanis t ic  inves t i -  
gat ions in this direct ion should be ve ry  frui tful .  

Direct Evidence of Dissociative Oxygen Chemisorption 
Up to now, al l  the  e lec t rochemical  s tudies showed 

tha t  there  is a good corre la t ion  be tween  the mode of 
oxygen chemisorpt ion and the magnet ic  p roper t ies  of 
l i th ia ted  nickel  oxide and La0.sSr0.sCoOs. Hibber t  and  
Tseung (27), by  s tudy ing  the ra te  of homomolecu la r  
exchange be tween  160.2 and  lsO2, p roved  conclus ively  
that  oxygen can  be dissocia t ively  chemisorbed 
above the Neel point  of l i th ia ted  nickel  oxide  and 
La0.sSr0.sCoO3. In addi t ion  there  is close corre la t ion  
be tween  the act ivat ion energy  for the  dissociat ive oxy -  
gen chemisorpt ion  and e lect rochemical  oxygen  reduc-  
tion, suggest ing a s imi lar  mechanism is involved in 
each case. 

Suggestions for Future Work 
All  the  evidence obta ined  dur ing  the last  ten years  

points to the  impor tance  of magnet ic  behav ior  of 
semiconduct ing oxides in de te rmin ing  the mode of 
oxygen  chemisorpt ion  and, hence, more  effort should 
be devoted to o ther  pa ramagne t i c  oxides which  sat isfy 
other  essential  r equ i rements  such as speCific conduct iv-  
i ty and corrosion resistance.  Fu r the rmore ,  there  is an 
urgent  need to involve so l id -s ta te  chemists  and phys i -  
cists to s tudy  the na tu re  of the act ive sites in the  p a r a -  
magnet ic  oxides and the  fundamenta l  factors  govern-  
ing the  ra te  of dissociat ive oxygen  chemisorpt ion  (28). 

Manuscr ip t  submi t ted  Feb, 8, 1978; revised m a n u -  
script  received May 5, 1978. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1979 JOURNAL. 
Al l  discussions for the  June  1979 Discussion Section 
should be submi t ted  b y  Feb. 1, 1979. 
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Quenched-In Bulk Defects and Interface States 
in MOS Structures Measured by 

Transient Capacitance Spectroscopy 
K./. Wang* 

General Electric Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

The induced defects and interface  states in MOS s t ructures  as a resul t  of  
high t empe ra tu r e  oxidat ion  are  inves t iga ted  using a t rans ient  c a p a c i t a n c e  
technique.  Samples  a l t e r  d ry  oxidat ion  at i000 C were  s lowly cooled down 
to 700~ before  pul l ing  out. The densit ies  of t raps  and in ter face  s tates  were  
shown to be two to five t imes lower  for the s lowly cooled samples  than  tha t  
for the fast cooled ones. The majo r  bu lk  t raps  are  at  Ec --0.26 and Ec --0.49 
eV, whi le  the ma jo r  in terface  state d is t r ibut ion  resides at  Ec --0.6 eV. The 
ca r r i e r  genera t ion  both in t'he bu lk  and at  the  in ter face  is shown to be r e -  
duced on slow cooling. The resul ts  suggest  that  the  in ter face  s tates  and the 
bu lk  t raps  are  the  consequence of quenched- in  impuri t ies .  

The origins of defect  states and interface  s tates  a f te r  
a high t empe ra tu r e  anneal ing  is a subject  of cu r ren t  
interests  and controversies  (1-5).  Their  effects on the 
device degrada t ion  have been demonstra ted .  The oxi-  
da t ion- induced  s tacking faul ts  in some cases have 
been demons t ra ted  to be responsible  for the  minor i ty  
carr ied  generat ions  (da rk  cur ren t  in MOS capaci tors  
and  charge coupled devices, CCD, and o ther  MOS re -  
la ted devices) ,  whi le  others  a re  not  (6, 7). The res id-  
ual  in terface  s tates  on hydrogen  anneal ing  can resul t  
in surface genera t ion  and recombinat ion.  The origins 
of these in ter face  states a re  considered as a resul t  of 
the dangl ing  bonds st i l l  p resent  af ter  the hydrogen  
bond coordinat ion at the  interface (8, 9). Others a t -  
t r ibu ted  to the  effects of oxygen- induced  phenomena  
(10, 11). 

The purpose  of this paper  is to demons t ra te  tha t  
the induced-defec t  and in te r face-s ta te  densi t ies  can be 
fur ther  reduced by  slow cooling. The "quenched-  
in" defects and interface  states were  measured  using 
a h igh ly  sensi t ive t rans ien t  capaci tance technique 
(12-14). The effects of these  states on car r ie r  genera-  
tions and ga te -cont ro l led  diode reverse  cur ren t  char -  

* Electrochemical Society Active Member. 
Key words: transient capacitance, deep level defects, MOS, in- 

terface states. 

acterist ics are  repor ted.  I t  is concluded tha t  the  r e s i d -  
ua l  bulk  t raps  and the in te r face-s ta te  densit ies m a y  
be the consequence of quench- in  impur i t ies  and 
s t ress- induced phenomena  and may  be reduced 
th rough  proper  fabr ica t ion  procedures.  

Experiments 
Sample preparations.--Test P-channe l  FET's  w e r e  

fabr ica ted  using a s tandard  Al -ga t e  process (on 
N- type  substrate,  ND ~--- 1.5 X 1015 cm-3) .  The ma te -  
r ial  used is commercia l  4 12-cm crystals.  The gate oxi-  
dat ion was car r ied  out  at 1000~ in d r y  oxygen fol-  
lowed by  He anneal ing for  1 hr. Af te r  the  He annea l -  
ing, type  A samples were  cooled r ap id ly  by  pul l ing  the  
samples out wi th in  a few seconds. Type  B samples  
were cooled ve ry  s lowly by  shut t ing the  furnace  down 
unt i l  the sample  t empe ra tu r e  reached 700~ the sam- 
p le  was then pul led  out  of the  furnace. The cooling ra te  
is about  0.5~ 

Transient capacitance spectroscopy.--The t rans ient  
capaci tance spectra  were  obta ined as descr ibed else-  
where  (12-14). For  the fast cooled samples,  the spect ra  
of e lect ron and hole emissions under  different  puls -  
ing conditions were  obtained.  F rom the e lect ron t rap  
spect ra  when puls ing the gate  bias f rom --6 to -p2V, 
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I the  bu lk  t rap  emission and the in te r face - s ta te  emis -  
s ion (a cont inuous d is t r ibu t ion)  were  calculated.  The 
popula t ion  of the  in te r face  states depends  on the  gate 
bias applied.  Al l  the  in te r face  s tates  th roughout  the  
bandgap  are  popula ted  when  b iased  at  W2V and 
en t i re ly  depopula ted  whi le  at  --6V. Thus, when pu ls -  
ing f rom --6 to 2V, not  only  the  emission for  the  
in ter face  s tates  above  the midgap,  but  also the  emis-  
sion f rom some of those s tates  be low the midgap  can 
be detected;  one obtains the  d is t r ibu t ion  of densi t ies  
of states (wi th  some of bu lk  t rap  in ter ference)  f rom 
Ec to Ec --0.65 eV showing in the  upper  curve  of  
Fig. 1. The detai ls  as of how to obta in  the  energy  
scale can be re fe r red  to e l sewhere  (2, 14). The bu lk  
t rap  in te r fe rence  can be  subt rac ted  when  the i r  dens-  
i t ies a re  measured.  For  convenient  Comparison p u r -  
poses, the  contr ibut ions  of the  bu lk  t raps  are  le f t  
unsubtracted.  The m a x i m u m  peak  signal  of the  sur -  
face-s ta te  densi t ies  occurs at  Ec --0.6 eV. In  the  i n t e r -  
face-s ta te  measurements ,  the  bu lk  t rap  signal  can be 
minimized  by  using a smal l  gate  bias (2). The doping 
densi ty  (ND ---- 1.5 • 1015 c m - 3 )  and tlve deplet ion 
dep th  under  var ious  bias condit ions used for calcu-  
la t ing the  densit ies  of the  states can be obta ined  f rom 
the deple t ion  C-V curve. S imi lar ly ,  in the  hole t rap  
measurements ,  one obtains the densit ies  of states f rom 
the valence  band up to the  midgap.  In  the  hole t rap  
measurements ,  however ,  the  signal  most ly  comes f rom 
the emission of the  in terface  states. Thus, the  bu lk  
hole t r ap  in te r fe rence  is small.  The lower  curve in 
Fig. 1 shows the  in te r face -s ta te  dens i ty  of s lowly 
cooled samples  for  l a t e r  compar ison purpose.  

When  puls ing the gate f rom --6 to --4V, the  in t e r -  
face states th roughout  the bandgap  are  dep le ted  aL! 
the  t ime. As a result ,  only  the  bu lk  t rap  emission 
is detected.  Under  this  condi t ion two dis t inct  peaks,  
E1 at  Ec --0.26 and E2 at Ec --0.49 eV, a re  obta ined  
and i l lus t ra ted  in the  upper  curve of Fig. 2. Their  
corresponding capture  cross sections are  9 • 10 -17 
and 3 • 10 -16 cm 2, respect ively.  The energy was 
de te rmined  under  the  bias condit ion to avoid the  
in te r fe rence  f rom the in te r face - s ta te  signal, in  the  
hole t rap  measurement ,  since the  space Charge dep th  
in invers ion cannot  be a l te red  b y  select ing the bias 
condit ion,  the  bu lk  t raps  cannot  be unambiguous ly  
measured.  Thus, only  the  e lec t ron b u l k  t raps  are  
i l lus t ra ted  in Fig. 2. 

Fo r  the  s lowly cooled samples  ( type  B) ,  the  densi -  
ties of in ter face  and bu lk  s tates  a re  ca lcula ted  s im-  
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Fig. 2. The upper and lower curves illustrate the bulk traps in the 
region from 1.3 to 0.5 #m for fast cooled and slowly cooled samples, 
respectively. 

i lar ly,  as i l lus t ra ted  in the  lower  curves  of  Fig. 1 and 
2, respect ively.  A reduct ion  of the  densit ies of states 
for the  s lowly cooled samples  a r e  c lear ly  shown in 
the  figures. 

For  samples  s lowly cooled to 700~ when  subjec t -  
ing to a second 1000~ t rea tment ,  lower  in te r face-  
s ta te  and bu lk  t rap  densit ies  were  observed as com- 
pared  to those for the  fast  cooled ones. This suggests 
that  the  bu lk  t rap  and in ter face  states observed bear  
no re la t ions  to the  oxida t ion  process pe r  se. I t  should 
be noted tha t  the  oxygen content  in the region of 
in teres t  (i.e., the space charge dep th  of 4 ~m) is 
about  2 • 101~ cm -3 af te r  the  oxidat ion.  This oxygen  
content  depends  on the  oxida t ion  t empe ra tu r e  only.. 
regardless  of whe the r  Czochralski  ma te r i a l  or  float 
zone mate r i a l  is used (15). 

Suriace generation and bulk carrier lifetime.--To 
stucly the  in te r face -s ta te  effects to the ca r r i e r  gene ra -  
t ion under  the  gate, the  ga te -cont ro l  diode measu re -  
ments  (16) were  ca r r i ed  out  in the same s t ructures  as 
those used in measur ing  the t rans ien t  capacitances.  
The difference of the  surface genera t ion  currents  for 
the  cases when  the surface is dep le ted  and when  in-  
ve r t ed  is obta ined as a funct ion of tempera tures .  The 
A - t y p e  samples  (fast  cooled) have a h igher  ove r -a l l  
surface recombina t ion  veloci ty  than  the s lowly  cooled 
samples  (B type) .  The Ar rhen ius  plots of the  sur -  
face cur ren t  dens i ty  for both  sample  A and B are  
i l lus t ra ted  in Fig. 3 showing almost  ident ica l  ac t iva-  
t ion energy,  0.68 and 0.67 eV, respect ively .  The suro 
face genera t ion  cu r ren t  in te rms of the  sur face  r e -  
combinat ion  veloci ty  So is 

Js --~ So (NvNc) 1/2 exp --  (Eg/2 + hE) kT [1] 

w~ere  Nc and Nv represen t  the  densi t ies  of states of 
the conduct ion and valence bands, respect ively.  Usu-  
a l ly  the  in terface  states near  the  midgap  p redomina te  
for the  surface genera t ion  for  a un i fo rm d is t r ibu t ion  
(17). The ~E is a s l ight  devia t ion  to indicate  the  smal l  
increase  of ac t ivat ion energy  to effectively t ake  the  
nonuni form in te r face -s ta te  d i s t r ibu t ion  into account. 
The ac t iva t ion  energy  appears  to suggest  that  there  
a re  high densit ies of states at  be low the midgap.  I t  
should be s ta ted  tha t  the act ivat ion energy  obta ined  
does not  represen t  the dominant  in te r face - s ta te  peak  
since the  genera t ion  cur ren t  is an in tegra l  of weighted  
average.  The average  is we igh ted  more  heav i ly  nea r  
the  midgap  wi th  the  exponent ia ls  of energy  levels  in 
the H a l l - S h o c k l e y - R e a d  kinetics.  
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ones yield 0.68 eV. 

The bu lk  t rap  effects can be best  demons t ra ted  in 
C- t  studies or  the  Zerbs t  s t u d y ( t h e  MOS capaci tance 
vs. the  re laxa t ion  t ime from deep deple t ion  to inve r -  
sion) (18-20). The car r ie r  l i fe t ime was obta ined  from 
the slope of d/d t  (Co/C 2) vs. (CF/C-1),  where  Co is 
the  oxide capaci tance and CF is the  final invers ion 
capacitance.  As i l lus t ra ted  in Fig. 4 the  ca r r i e r  life.- 
t ime  of the  s lowly cooled samples  is longer  than  tha t  
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Fig. 4. The %rbst plots obtained from capacitance vs. time taken 
from deep depletion to inversion of MOS capacitors. The minority 
carrier lifetimes for the fast cooled samples (A) and the slowly 
cooled samples (B). are 44 and 360 /~sec, respectively. The inset 
shows the magnified view of the intercepts which correspond to the 
surface recombination velocity. 

of the  fast cooled ones. The surface  recombina t ion  
veloci ty  da ta  in deple t ion  are  0.9-0.2 cm/sec  and 0.05- 
0.02 cm/sec,  respect ively,  for fast  and s lowly cooled 
samples. These da ta  are  wide ly  sca t te red  in a large  
range. F r o m  the ga te -con t ro l l ed  diode exper iments ,  
the  deple t ion  surface recombina t ion  veloci ty  can also 
be obta ined  and they  are  0.25 a n d  0.01 cm/sec  for  the  
respect ive  samples.  The surface recombina t ion  veloc-  
i ty  near  invers ion obta ined  f rom the in tercepts  of the  
Zerbs t  plots a re  6 • 10 .3  and 5 • 10 .4  cm/sec  for  
fast and s lowly cooled samples,  respect ively.  They  
represent  edge surface  recombina t ion  effects. Because 
of the smal l  surface recombina t ion  veloci ty  for  these 
samples,  the  surface genera t ion  in the deplet ion re-  
gion near  the  c i rcumferent ia l  edge of MOS capaci -  
tors does not have a significant effect on the  values  of 
obta ined  bu lk  ca r r i e r  l i fe t ime (20). In order  to de te r -  
mine  as to which defect  levels control  the  ca r r i e r  l i fe-  
t ime, the  Zerbs t  plots  and car r ie r  l i fe t imes were  ob- 
ta ined  at  different  tempera tures .  The  Arrhen ius  plots 
of the  car r ie r  l ifet ime, i l lus t ra ted  in Fig. 5, show that  
a different  energy  level  controls  the car rmr  l i fe t ime 
in different  t e m p e r a t u r e  ranges:  for r e l a t ive ly  low 
t empera tu res  the act ivat ion energy  being Ec --0.51 V 
and for high t empera tu res  the act ivat ion energy being 
Ec --0.26 eV. These act ivat ion energies  agree  wi th  
those of the  e lect ron emission levels at  Ec --0.49 and 
-0 .29  eV as de te rmined  f rom the prev ious ly  descr ibed 
t rans ient  capaci tance measurements .  The minor i ty  
ca r r i e r  l i fe t ime for a two- leve l  sys tem can be ex -  
pressed as 

1 1 1 

or 

1 
-- = ~iNti<v> exp -- (El -- Ei)/kT 
r 

+ v2Nt2<v> exp -- (E2 -- Ei)/kT [2] 

where ~i and v2 are the capture cross sections for the 
two levels at Ec -- E1 and Ec -- E2, respectively; Ntl 
and Nt2 are the corresponding concentration of defects. 
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Fig. 5. Reciprocal of minority carrier lifetime vs. IO00/T. The 
activation energies at low and high temperatures are Et - -  Ei ---- 
0.04 eV, and Et - -  Ei ---- 0.29 eV, respectively, for both kinds of 
samples. The corresponding energies as measured from the conduc- 
tion band are Ee - -  Et = 0.51 and 0.26 eV, respectively. 
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It is obvious f rom Eq. [2] tha t  the  level  nea r  the mid -  
gap controls  the  ca r r i e r  genera t ion  at  lower  t e m p e r a -  
tures.  

Discussion 
The h igher  bu lk  t r ap  concentra t ion for  the  fast  

cooled samples  suggests tha t  these t raps  are  the  re -  
suits of dissolved, impur i t i es  in the  in te rs t i t i a l  sites 
when quenched,  i.e., some of them do not  have t ime 
to precipi ta te .  For  example ,  a recent  s tudy  for P - t y p e  
samples  by  Lee et al. (1) shows tha t  upon quenching 
f rom high t empera tu re s  they  observed in te rs t i t i a l  Fe  ~ 
at  Ev +0.40 eV in the i r  EPR study.  A s imi lar  quench 
s tudy shows defect  centers  at  Ev +0.45 eV and E~ 
+0.48 eV (5). Collins and  Carlson (21) have observed 
Ec -0 .55  eV in F e - d o p e d  mater ia l ,  which is close to 
the presen t  measu red  level  at Ec --0.49 eV. The  pres-  
ent  study,  however ,  does not  r evea l  Ev +0.40 eV in 
the bulk.  Fur the rmore ,  the  defect  concentrat ions  m e a -  
sured in the  p resen t  s tudy  are  much lower  than  those 
of e thers .  This m a y  be in par t  owing to the  resul t  
of an anneal  car r ied  out  at  400~ in H2 in the present  
inves t iga t ion  (used for pract ical  MOS device fabr i -  
cat ions to reduce in te r face - s ta te  densi t ies) .  Owing to 
the  l ack  of comprehens ive  deep level  data,  the  precise  
configuration of these defects cannot  be identified. I t  is 
l ike ly  tha t  these p resen t ly  observed  levels  a re  not  
s imple  Fe ~ in ters t i t ia ls  but  r a the r  are  complexes of 
i m p u r i t y  inters t i t ia ls .  

S imi l a r ly  the  l a rge r  in te r face -s ta te  densi t ies  for the  
fast  cooled samples  imp ly  tha t  the  process- induced  
in ter face  states r epor t ed  here  and by  others  l ike ly  re -  
su l ted  f rom dissolved impuri t ies .  Upon quenching,  the 
dissolved impur i t i es  a re  f rozen- in  as act ive centers.  
S tack ing  faul ts  m a y  develop as impur i t i e s  precipi ta te .  
The stress induced upon quench can enhance the p r e -  
c ip i ta t ion  of the  impuri t ies .  The  viscosi ty m e a s u r e -  
men t  in oxidized silicon by  EerNisse  (4) suppor ts  tha t  
such stress and the consequent  s t ra ins  near  the in te r -  
face are  present .  Ano the r  type  of stress in the  case 
of fast cooling has been demons t ra ted  to revea l  sl ips 
and dislocat ions and wafer  warpage  (22). In  addit ion,  
active s tacking faul ts  have been shown to be elec-  
t r i ca l ly  act ive responsible  for shor t  car r ie r  l i fe t ime 
using e lec t ron beam- induced  cur ren t  mode. The re -  
duct ion of s tacking faul t  l ength  v ia  HC1 get ter ing  
dur ing  the oxidat ion process has  been  demons t ra ted  
and the improvemen t  of ca r r i e r  l i fe t ime has also been 
repor ted  (23, 24).1 By slow cooling the s t ra in  is l ike ly  
reduced  and, in addit ion,  the  dissolved impur i t i es  can 
migra te  to o ther  regions to form precipi ta tes .  

Thus, the  samples  af ter  the  hydrogen  anneal  may  
in t r ins ica l ly  have lower  in te r face -s ta te  densi t ies  than  
the  values r epor ted  to date. In  o ther  words,  the hyd ro -  
gen bond coordinat ion m a y  be more  effective than  
wha t  we observed.  

The  presence  of the s t ra ins  owing to the viscous 
flow in the Si-SiO2 s t ruc tures  suggests  tha t  al l  the  
processing should be carr ied  out  be low 965~ (4). 
Moreover,  the solid so lubi l i ty  would  l imi t  the  dis-  
solved impur i t y  level  as the  processing t empera tu re s  
a r e  reduced.  However  such a processing is often too 
t ime consuming to be pract ical .  Thus i t  is suggested 
to fabr ica te  devices at  convenient  t empera tu re s  and 
then s lowly  cool samples  down to 700~ pa r t i cu la r  for 
the  las t  h igh t e m p e r a t u r e  process.  By this  procedure ,  
the  dissolved impur i t ies  can prec ip i ta te  and form in-  
act ive complexes.  Therefore  the  bu lk  t raps  and in t e r -  
face states can be reduced.  The fo rmat ion  of such 
prec ip i ta t ion  depends  on the diffusivi ty of impur i t i es  
and the  s t ra in  fo rmat ion  t ime which, in turn,  depends  
on the cooling rate.  For  fast  diffusers, the  cooling ra te  
of the  s t ra in  fo rmat ion  for Si-SiO2 s t ruc ture  af ter  the  
oxidat ion  is a de te rmin ing  factor  and es t imated  to be 
1 ,~ 2~ at  965~ (4, 25). 

1 our recent experiment shows that the activation enthalpy of 
carrier',lifetime improvement, 2.1 eV, suggests that the gettering 
of Fe may be responsible for it. 

Conclusion 
In  conclusion, the  present  s tudy  has t w o  impl ica -  

tions. (i) Through a slow cooling f rom high t empera -  
ture  (1000~ low bu lk  t rap  and in te r face -s ta tes  den-  
sities can be obtained;  and thus the  minor i ty  car r ie r  
generat ions  in MOS s t ructures  can be reduced.  (ii) In  
addi t ion to the  improvemen t  wi th  hydrogen  anneal ing,  
the in te r face-s ta te  densi t ies  can be stil l  fu r the r  r e -  
duced th rough  p roper  procedures  such as slow cooling. 
This suggests tha t  the r e p o r t e d  res idual  in te r face-  
state densities,  to date, upon hydrogen  anneal  m a y  be  
in pa r t  due to the  impur i t ies  p rec ip i t a ted  at  near  the  
in ter face  and the h y d i o g e n  annea l  could be st i l l  more  
effective. The in te r face -s ta te  densi t ies  m a y  be fu r the r  
reduced if ma te r i a l  i m p u r i t y  and processing induced  
contaminants  are  reduced.  
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ABSTRACT 

Gal l ium arsenide  films have been deposi ted on tungs ten/gra .phi te  sub- 
strates by the react ion of gal l ium, hydrogen  chloride,  and a r sme  m a hydro-  
gen flow system. The  effects of subs t ra te  t empera tu re  and reac tan t  composi-  
t ion on the deposi t ion ra te  and s t ruc tura l  and electr ical  p roper t ies  of ga l l ium 
arsenide  films have  been invest igated,  P r e l im ina ry  work  on thin  film gal l ium 
arsenide  solar  cells has also been carr ied  out. 

The cur ren t  in teres t  in the  t e r res t r i a l  u t i l iza t ion of 
solar  energy  by  photovol ta ic  conver ters  has s t imula ted  
considerable  research  and  deve lopment  efforts in low 
cost photovol ta ic  mate r ia l s  and devices. At  present ,  
single c rys ta l l ine  sil icon solar  cells are  the best  known 
photovol ta ie  converters ;  however,  solar  cells f rom 
some compound semiconductors  have dist inct  advan-  
tages. For  example ,  ga l l ium arsen ide  solar  cells h a v e  
a h igher  theore t ica l  conversion efficiency than  sil icon 
solar  cells and can also opera te  at  h igher  t empera tu re s  
(1). In  addition, ga l l ium arsenide  has high optical  ab-  
sorpt ion coefficients near  the bandedge,  and solar  r ad i -  
a t ion wi th  energy  in excess of the energy  gap is essen- 
t i a l ly  al l  absorbed  wi th in  a few micrometers  of the  
surface. The  conversion efficiency of single c rys ta l l ine  
ga l l ium arsenide  solar  cells has been improved  sub-  
s t an t i a l ly  dur ing  the  pas t  few years :  the recen t ly  re- 
ported AM1 efficiencies a re  about  22% for cells wi th  a 
ga l l ium a luminum arsenide  window and 15% for MIS-  
type  cells (2, 3). Al though the cost of single c rys ta l l ine  
ga l l ium arsenide  is excessive, the use of a thin ga l l ium 
arsenide  film on a sui table  subs t ra te  could provide  a 
reasonable  conversion efficiency and reduce  subs tan t i -  
a l ly  the cost per  uni t  of power.  

In  the  thin film approach,  the selection of the  sub-  
s t ra te  is an impor tan t  consideration.  The subs t ra te  
must  be compat ib le  wi th  ga l l ium arsenide  in chemical,  
electrical ,  and mechanical  propert ies .  Graphi te  is 
chemical ly  i n e r t  toward  ga l l ium arsenide  under  the  
usual  deposi t ion conditions, and several  types  of g raph-  
i te  have a the rmal  expans ion  coefficient s imi lar  to tha t  
of ga l l ium arsenide.  However ,  the ga l l ium a r sen ide /  
g raph i te  in ter face  has been found to exhibi t  a h igh 
electr ical  resistance, and a tungs ten  in t e r l aye r  m a y  be 
used to reduce the  in terface  res is tance to a to lerable  
level.  In  t h i s  work, ga l l ium arsenide  films have been 
deposi ted on tungs t en /g raph i t e  subs t ra tes  by  the reac-  
t ion of gal l ium, hydrogen  chloride, and ars ine  in a gas 
flow system. The  microst ructure ,  crysta l lographic ,  and 
electr ical  p roper t ies  of gal l ium arsenide  films deposi ted 
over  a wide range  of condit ions have been studied, and 
p re l imina ry  work  on MIS type  solar cells has been car -  
r ied out. The exper imen ta l  procedures  and resul ts  are  
d~scussed in this paper .  

Deposition of Gallium Arsenide Films 
The chemical  vapor  deposi t ion technique has been 

used ex tens ive ly  for  the  homoepi tax ia l  g rowth  of ga l -  
l ium arsenide  in var ious  device applications,  and the  
thickness of and dopant  concentra t ion in ga l l ium a r -  
senide films can be accura te ly  controlled.  A number  of 
chemical  react ions have been used for the  deposi t ion 
of ga l l ium arsenide films, including HC1-Ga-As (4), 
AsCI3-H2-Ga (5), HCI-Ga-AsH3 (6), GaCI3-H2-As 
(7), and (CH8)3 Ga-AsH8 (8). The reaction between 
gallium, hydrogen chloride, and arsine was selected 
in this work for convenience. In this process, gallium 
is maintained in a high temperature zone and the sub- 

* Electrochemical Society Active Member. 
Key words: chemical vapor deposition, gallium arsenide, graph-  

ite,  so la r  cells.  

s t ra te  is placed in a lower  temperature zone of the 
deposi t ion system. The chemical  react ions are  (O the 
format ion  of ga l l ium monochlor ide  f rom ga l l ium and 
hydrogen  chlor ide  in the  high t empe ra tu r e  zone; and 
(ii) the  f o r m a t i o n  of gal l ium arsenide  f rom ga l l ium 
monochlor ide  and ars ine on the subs t ra te  surface in 
the  lower t empe ra tu r e  zone. 

The appara tus  used for the deposi t ion of ga l l ium 
arsenide  films is shown schemat ica l ly  in Fig. 1. It con- 
sists of two par ts :  a gas flow control  system and a 
fused silica react ion tube. Hydrogen  purif ied by  dif -  
fusion th rough  a pa l l ad ium-s i l ve r  a l loy was used as a 
d i luent  for the  reac tan t  mix tu re  and as a ca r r i e r  for 
zinc, the  p - t y p e  dopant.  The  flow of var ious  gases such 
as hydrogen,  hydrogen  chloride, and the hydrogen-  
hydrogen  sulfide mix tu re  ( the n - t y p e  dopant)  was d i -  
rected by appropr ia te  valves  and  measured  by  flow- 
meters.  The react ion tube  was of 55 m m  ID and was 
held in a four-zone res i s tance-hea ted  furnace wi th  
each zone separa te ly  hea ted  and controlled;  this  a r -  
r angement  al lows sufficient f lexibi l i ty  in obta in ing the 
desired t empera tu re  profile in the ga l l ium and the 
subs t ra te  zones. A ga l l ium container  and the subs t ra te  
were  p laced in the  appropr i a t e  t e m p e r a t u r e  zones of 
the react ion tube  pr ior  to the  deposi t ion process. 

To evalua te  the  capabi l i ty  of the ga l l ium arsenide  
deposit ion system, single c rys ta l l ine  gal l ium arsenide  
slices wi th  main  faces of a {100} or ienta t ion  were  first 
used as subs t ra tes  for the  deposi t ion process. The sub-  
s t rates  were  etched wi th  a 3:1:1 H2SO4:H202:H20 
solut ion at  about  80~ for 2 rain to remove the me-  
chanical  damage on the  surface  and were  fu r the r  
etched in situ with  a hyd rogen -hydrogen  chlor ide  mix -  
ture  pr ior  to the  deposi t ion process. The t empera tu re s  
of gal l ium and the  subs t ra te  were  880~176 and 
720~176 respect ively.  Using hydrogen,  hydrogen  
chloride, and ars ine  at  flow ra tes  of 1-2 l / rain,  5-15 m l /  
rain, and 15-45 ml /min ,  respect ively,  ga l l ium arsenide  
films were  deposi ted at  ra tes  of 0.5-1 gm/min.  They 
were  found to be single c rys ta l l ine  and ep i tax ia l  wi th  
respect  to the  subst ra tes  by  meta l lographic  examina -  
tions. The ga l l ium arsenide  films deposi ted wi thout  
in tent ional  doping were  n- type,  and those deposi ted on 
p - t y p e  subst ra tes  were  used for the  measurement  of 
Hal l  mobi l i ty  and res is t iv i ty  at  room t e m p e r a t u r e  by  
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Fig. 1. Schematic diagram of the apparatus for the deposition of 
gallium arsenide film,s. 
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the van  der  Pauw method.  Four  contacts were  made  
by  a l loy ing  ind ium dots to the  pe r iphe ry  of the spec-  
imen surface at  500~ in a hydrogen  a tmosphere  or by  
using a ga l l i um- ind ium al loy annea led  at  400~ The 
res is t iv i ty  of typica l  ep i tax ia l  film is 9 ~ - c m  at room 
tempera ture ,  and its Hal l  mobi l i ty  is 6470 cm2/V-sec. 
Neglect ing the difference be tween  the Hal l  mobi l i ty  
and dr i f t  mobil i ty ,  the  ne t  ca r r i e r  concentra t ion  is 
then app rox ima te ly  1.1 >< 1014. These proper t ies  of epi-  
t ax ia l  ga l l ium arsenide  films are  ve ry  s imi lar  to those 
repor ted  in the  l i te ra ture ,  indica t ing  that  the  ga l l ium 
arsenide  deposi t ion system is sat isfactory.  

The tungs t en /g raph i t e  subs t ra tes  used for the  depo-  
si t ion of ga l l ium arsen ide  films were  p repa red  by  
deposi t ing a tungsten film of about  5 #m thickness on 
grade  DFP-2  or  TAR-2 graphi te  suppl ied  by  Poco 
Graphi te  Incorporated.  The l inear  the rmal  expansion 
coefficient of these two types of graphite ,  about  7.5 • 
10-6~ -1, is s imi lar  to tha t  of ga l l ium arsenide,  6.8 >< 
10-6~ -1. The deposi t ion of tungs ten  was car r ied  out  
by  the the rmal  reduct ion  of tungsten hexaf luor ide 
wi th  hydrogen  using a c o n v e n t i o n a l  horizontal  reactor.  
Graphi te  slices of 3.5 >< 3.5 cm area  were  suppor ted  
on a g raph i te  susceptor  in a fused si l ica tube of 55 m m  
ID, and the g raph i te  susceptor  was hea ted  ex te rna l ly  
by  an r f  generator .  P r io r  to the deposi t ion process, 
g raph i t e  was first hea ted  in hydrogen  at  1100~176 
to remove  the surface contaminat ions.  The deposi t ion 
ra te  of tungsten is de te rmined  by  the subs t ra te  t em-  
pe ra tu re  and the composit ion and flow ra te  of the  re -  
ac tan t  mixture .  Using hydrogen  containing 1.5 >< 
10-2% tungsten hexaf luor ide at  a flow ra te  of 20 1/ 
rain, the  deposi t ion ra te  of tungs ten  at  500~ is ap -  
p r o x i m a t e l y  1 #m/min.  The deposi ted tungsten films 
are  po lycrys ta l l lne  wi th  an average  c rys ta l l i t e  size of 
1-2 #m and exhibi t  a s t rong {100} p re fe r red  or ientat ion.  

The impor t an t  process pa rame te r s  in the  deposi t ion 
of ga l l ium arsenide  films are  the  t empera tu re s  of the  
ga l l ium source and the substrate ,  and the composit ion 
and flow ra te  of the reac tan t  mixture .  A series of ex -  
per iments  were  car r ied  out  to s tudy the effects of 
these pa rame te r s  on the s t ruc tu ra l  and electr ical  p rop -  
er t ies  of ga l l ium arsen ide  films on t ungs t en /g raph i t e  
substrates .  In  these exper iments ,  the t empera tu re  of 
gal l ium, the  flow ra t e  of hydrogen,  and the flow ra te  of 
hydrogen  chlor ide  were  fixed at  880~176 1 1/min 
and 45 ml /min ,  respect ively,  and the subs t ra te  t em-  
pe ra tu re  and the AsH~/HC1 mola r  rat io  were  var ied  in 
the  ranges of 725~176 and 0.5-2, respect ively.  

The thickness  of deposi ted ga l l ium arsenide  films 
was de te rmined  by  di rec t  measurement  o n  ver t ica l  
cross-sect ioned surfaces in o rder  to de te rmine  the  
average  deposi t ion rate.  The effect of the  reac tan t  com- 
posit ion on the deposi t ion ra te  of ga l l ium arsenide  was 
pronounced only at  the  lowest  t empe ra tu r e  used, 
725~ At  725~ the average  deposi t ion ra te  was found 
to increase  wi th  increas ing AsHs/HC1 mola r  rat io;  i t  
increased f rom 1.2 to 1.5 ~m/min  as the  AsH~/HC1 
molar  rat io  was increased f rom 0.5 to 2. At  750~ and 
above, the  average  deposi t ion ra te  is essent ia l ly  inde-  
penden t  of the  AsHJI-tC1 molar  rat io  in the range  of 
0.5-2. These resul ts  indicate  tha t  the deposi t ion process 
is surface reac t ion-con t ro l led  at  725~ and tha t  the re-. 
act ion ra te  is not ra te  l imit ing at  750~ and higher.  A t  
a given reac tan t  composition, the  average  deposi t ion 
ra te  of ga l l ium arsenide  peaks  at  about  750~ 1.5 ~m/  
min, and decreases  wi th  increas ing tempera ture ,  about  
1.2 #m/ra in  at  800~ for example.  The lower  deposi-  
t ion ra te  of ga l l ium arsen ide  at h igher  t empera tu re s  is 
re la ted  to the  the rmochemis t ry  of the  react ion and is 
well  es tabl ished (9). 

Structural Properties of Gall ium Arsenide Films 
Gal l ium arsenide  films deposi ted on t u n g s t e n / g r a p h -  

i te  subs t ra tes  a re  a l l  polycrys ta l l ine ,  and the a s -de -  
posi ted  surfaces were  examined  wi th  opt ical  and scan-  
ning e lec t ron microscopes to de te rmine  the i r  micro-  
s t ructure .  At  subs t ra te  t empera tu re s  of 725 ~ and  750~ 
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the average  c rys ta l l i t e  size in ga l l ium arsenide  films 
increases wi th  increas ing ars ine  concentra t ion  in the 
reac tan t  mixture .  For  example ,  the  average  c rys ta l l i t e  
size in films deposi ted at  725~ increased f rom about  
5 to more  than  10 ~m as the AsHJHC1  molar  rat io  was 
increased f rom 0.5 to 2. F igures  2A and 2B show the  
surface of ga l l ium arsenide  films deposi ted on tung-  
s t en /g raph i t e  subs t ra tes  at  725~ using AsHJHHC1 
molar  rat ios of 0.5 and 2, respect ively,  where  the  effect 
of AsI-~/HC1 molar  rat io  is apparent .  A t  h igher  sub-  
s t ra te  t empera tu res  the AsHJHC1  mola r  rat io  has no 
apprec iab le  effects on the  c rys ta l l i t e  size. At  a g iven 
AsHJHC1  molar  ratio, the subs t ra te  t empe ra tu r e  has 
a pronounced effect on the c rys ta l l i t e  size in ga l l ium 
arsenide  films. At  a low AsHJHC1  mola r  ratio,  0.5-1, 
the  average  crys ta l l i te  size increases wi th  increas ing 
subs t ra te  t empera ture ,  reaching  a m a x i m u m  at  750 ~ 
775~ and decreases at  h igher  tempera tures .  F igures  
3A and 3B show the surface of ga l l ium arsenide  films 
deposi ted on t ungs t en /g raph i t e  subs t ra tes  using a 
mola r  rat io of 0.5 at  775 ~ and 825~ respect ively.  A 
comparison of Fig. 2A, 3A, and 3B shows c lear ly  the  
effect of subs t ra te  t empe ra tu r e  on crys ta l l i te  size in 

Fig. 2. Scanning electron micrographs of gallium arsenide films 
deposited on tungsten/graphite substrates at 725~ using AsHJ 
HCI molar ratios of (A) 0.5; and (B) 2. 
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Fig. 3. Scanning electron micrographs of gallium arsenide films 
deposited on tungsten/graphite substrate using an AsH3/HCI molar 
ratio of 0.5 (A) at 775~ and (B)825~ 

gal l ium arsen ide  films deposi ted at  low AsH3/HC1 
molar  ratios. At  high AsHJHC1  molar  ratios,  2, for 
example ,  the average  c rys ta l l i t e  size is essent ia l ly  in-  
dependent  of t empe ra tu r e  in the range 725~176 and 
decreases at  h igher  tempera tures .  The  crys ta l l i tes  in 
al l  films are  of r andom shape  and exhib i t  no we l l -  
developed faces. 

The c rys ta l lographic  p roper t ies  of ga l l ium arsenide  
films deposi ted on tungs t en /g raph i t e  subs t ra tes  were  
examined  by  the x - r a y  diffract ion technique using a 
Genera l  Electr ic Model  XRD-6 di f f rac tometer  wi th  
CuKa radiat ion.  Po lyc rys ta l l ine  ga l l ium arsenide  pow-  
der  Of random or ienta t ions  is known to show three  
s t rong diffract ion peaks  associated wi th  {i11}, {220}, 
and {311} reflections wi th  20 Values of 27.3 ~ 45.3 ~ and 
53.8 ~ and re la t ive  intensi t ies  of 100, 35, and 35 (9). The 
diffract ion spec t ra  of the  ga l l ium arsenide  films were  
obta ined by  scanning 20 in the  range  of 20 ~ -60 ~ . When  
the ga l l ium a r sen ide  film was deposi ted at  725~ the 
re la t ive  intensi t ies  Of {111}, (220}, and {311} were  
found to depend  s t rongly  on the  AsHJHC1 molar  rat io  
in the reac tant  mixture .  F igures  4A and 4B show the 
diffract ion spec t ra  of ga l l ium arsenide  films deposi ted 
by  using AsHJHC1 mola r  rat ios of 0.5 and 2, respec-  

Fig. 4. X-ray diffraction spectra of gallium arsenide films de- 
posited on tungsten/graphite substrates (A) at 725~ and an ASH3/ 
HCI molar ratio of 0.S; (B) at 725~ and an AsHJHCI molar ratio 
of 2; and (C) at 775~ and an AsHs/HCI molar ratio of 2. 

t ively.  Whi le  the  film deposi ted wi th  a low AsI%/HC1 
molar  rat io shows a s t rong (110} p re fe r r ed  or ientat ion,  
tha t  deposi ted at  a h igh AsHJHC1  molar  rat io  shows a 
{111} p re fe r r ed  orientat ion.  At  h igher  subs t ra te  t em-  
peratures ,  no significant p re fe r r ed  or ientat ions  were  
observed,  and the deposi ted films are  essent ia l ly  po ly-  
crystal l ine.  F igure  4C shows the  diffraction spec t rum of 
a ga l l ium arsenide  film deposi ted at  775~ The lack  of 
p re fe r r ed  or ienta t ions  in ga l l ium arsen ide  films de-  
posi ted at  h igh t empera tu re s  is p r e sumab ly  due to 
local chemical  t r anspor t  associated wi th  the  chemical  
revers ib i l i ty  of the  deposi t ion reaction.  

Carrier Concentration in Gall ium Arsenide Films 
Gal l i um arsen ide  films deposi ted on t u n g s t e n / g r a p h -  

i te  subs t ra tes  wi thout  in tent ional  doping are  al l  n- type .  
The ca r r i e r  concentra t ions  in these films were  de te r -  
mined at  room t e m p e r a t u r e  by  the dif ferent ia l  capaci -  
tance method.  An a r r a y  of s ix teen  s i lver  dots of about  
0.5 m m  diam, 6-7 m m  apar t  were  evapora ted  onto each 
ga l l ium arsenide  film th rough  a me ta l  mask.  The 
capaci tance of these Schot tky  bar r ie r s  was measured  as 
a function of the  reverse  bias, and the dopant  concen- 
t ra t ion  in the  ga l l ium arsenide  film under  each 
Schot tky  ba r r i e r  was calcula ted f rom the specific 
different ial  capacitance.  The average  dopant  con- 
cent ra t ion  and its s t andard  devia t ion  in each  ga l -  
l ium arsenide film was then  deduced f rom the 
dopant  concentrat ions ca lcula ted  f rom the s ixteen 
Schot tky  barr iers .  The results  a re  shown in Table  I 
(no meaningful  da ta  were  obta ined  for ga l l ium a r sen-  

ide  films deposi ted on tungs t en /g raph i t e  at  725~ be-  
cause of the  nonohmic in ter face) .  The ca r r i e r  concen-  
t ra t ion  in each ga l l ium arsenide  film is genera l ly  uni -  
form wi th in  50%. At  a subs t ra te  t e m p e r a t u r e  of 750~ 
the car r ie r  concentra t ion is essent ia l ly  independen t  of  
the  reac tan t  composition. At  h igher  tempera tures ,  
however ,  the  car r ie r  concentra t ion  increases  wi th  de -  
creasing As~HJHC1 mola r  ratio. 

Whi le  the  ca r r i e r  concentra t ion in undoped homoepi -  
tax ia l  gal l ium arsenide  films is app rox ima te l y  1024 
cm -3, the  car r ie r  concentra t ion  in ga l l ium arsenide  
films on tungs t en /g raph i t e  subs t ra tes  is two to three  

Table I. Carrier concentration in gallium arsenide films ( •  10 -16) 

AsHs/HC1 

Temp., 
~ 0.5 1.0 1.5 2.0 

750 7.8 • 2 13 • 6.5 11 "+" 1.4 9 • 0.9 
775 7.5 • 2 5.3 • 1.8 3.8 • 0.7 2.3 --.+ 0.2 
800 30 • 14 12 ~ 1.7 8 • 1.4 7.2 ~ 1.6 
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orders  of magni tude  higher.  This h igh  ca r r i e r  concen-  
t r a t ion  could be due to the  incorpora t ion  of tungs ten  
or impur i t i es  in tungs ten  into ga l l ium arsen ide  films, 
and ga l l ium arsen ide  films deposi ted  on subs t ra tes  wi th  
tungs ten  coat ing on bo th  sides have  h igher  ca r r i e r  con-  
centrat ions.  

Minority Carrier Diffusion Length 
The minor i ty  car r ie r  diffusion l e n g t h  in ga l l ium a r -  

s e n i d e  films deposi ted on t ungs t en /g r aph i t e  subs t ra tes  
was measured  by  a photoresponse  technique  (10). The 
appara tus  consists of a source of monochromat ic  l ight,  
a l ight  de tec tor  wi th  known spect ra l  response, and a 
lock- in  amplif ier  for  measur ing  the photoresponse.  A 
Schot tky  ba r r i e r  solar  cell  was made  on the  ga l l ium 
arsenide  film under  test  by  evapora t ing  a s i lver  or gold 
film of 60-70A thickness  and  a me ta l  gr id  contact.  The  
spect ra l  response of the  cell  was measured  at  7000 and 
7500A. The rat io of the  measured  responses is r e la ted  
to the  minor i ty  ca r r i e r  diffusion length  in the  ga l l ium 
arsenide  film. By compar ing  this ra t io  wi th  the  ra t ios  
ca lcula ted  as a funct ion of diffusion length  for ma te -  
r ia ls  of the same dopant  concentrat ion,  the  diffusion 
length  in the  ga l l ium arsen ide  film can be deduced.  
Most of the  ga l l ium arsenide  films were  found to have  
a diffusion length  of 0.2-0.4 #m. 

Solar Cell Characteristics 
P r e l i m i n a r y  work  has been car r ied  out  to p r e p a r e  

Schot tky  b a r r i e r  solar  cells f rom gal l ium arsenide  films 
deposi ted  on t u n g s t e n / g r a p h i t e  substrates .  They  were  
n - t y p e  wi th  a ne t  ca r r i e r  concentra t ion of  about  1017 
cm-~.  A gold film of 60-70A thickness was evapora ted  
onto the  surface  of the ga l l ium arsenide  film under  a 
pressure  of less than  10 -6 Torr.  The s i lver  grid contact  
was also fo rmed  by  evapora t ion  th rough  a mask. Be-  
cause of the  l a rge  surface  a rea  of ga l l ium arsenide  
films, a th in  oxide  i n t e r l aye r  is p robab ly  present .  

The cu r ren t -vo l t age  character is t ics  of severa l  solar  
cells were  measured  at  room t e m p e r a t u r e  under  i l lumi-  
na t ion  wi th  ELH quar tz -ha logen  lamps  ca l ibra te2  wi th  
a s t andard  silicon cell  at AM1 conditions. Conversion 
efficiencies of up to 3% have been obtained.  An  ex-  
ample  is shown in Fig. 5, where  the  character is t ics  of a 
solar  cell  of about  8 cm 2 a rea  are  reproduced.  The 
open-c i rcu i t  voltage,  shor t -c i rcu i t  cu r ren t  density,  and  
fill fac tor  a re  456 mV, 10.4 m A / c m  2, and 59%, respec-  
t ively,  corresponding to an AM1 efficiency of about  
2.8%. This efficiency can be increased  subs tan t ia l ly  b y  
the opt imizat ion  of the ga l l ium arsen ide  film and the 
solar  cell  configurat ion and the appl ica t ion  of an t i r e -  
fiecting coatings. 

Summary and Conclusions 
Tungs ten-coa ted  graph i te  is a su i tab le  subs t ra te  for 

the deposi t ion of ga l l ium arsenide  films by  the reac t ion  
of gall ium, hydrogen  chloride,  and arsine. The s t ruc-  
tu ra l  p roper t ies  of and the ca r r i e r  concentra t ion in the 
ga l l ium a r s e n i d e  films are  affected by  the subs t ra te  
t e m p e r a t u r e  and reac tan t  composit ion.  F i lms  deposi ted 
at  775~ using a high AsHJHC1  mola r  ra t io  have  re l a -  
t ive ly  la rge  crys ta l l i tes  (about  15 ~m), however ,  the  
crys ta l l i tes  are  r andom shaped and exhib i t  no s t rong 
p re fe r r ed  or ientat ion.  Ga l l ium arsenide  films on tung-  
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Fig. 5. Current-voltage characteristics of a thin film gallium 
arsenide Schottky barrier solar cell under illumination with ELH 
quartz-halogen lamps equivalent to AM1 conditions. 

s t en /g raph i t e  subs t ra tes  appea r  to be promis ing  for  the  
fabr ica t ion  of solar  cells; the  fabr ica t ion  technique  
is s imple and involves no wet  chemical  processing. 

Manuscr ip t  submi t t ed  Sept. 19, 1977; revised m a n u -  
script  received May 23, 1978. This was Paper  101 p re -  
sented at  the  Phi ladelphia ,  Pennsylvania ,  Meeting of 
the Society, May 8-13, 1977. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the  June  1979 JOURNAL. 
All  discussions for the June  1979 Discussion Section 
should be submi t ted  by  Feb. 1, 1979. 

Publication costs o~ this article were assisted by 
Southern Methodist University. 
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Spreading Resistance Measurements on Gallium Arsenide 

G. Queirolo 

SGS/ATES Componenti Elettronici S.p.A., Castelletto di Settimo Mi~ane~e, Milano, Italy 

ABSTRACT 

Spreading resistance measurements  were performed on p- and n - type  
gal l ium arsenide slices and Zn-diffused GaAs. In  a very short t ime the method 
gives informat ion on start ing mater ial  resistivity and resist ivi ty inhomo- 
geneities and makes it possiole to obtain carrie~ ~ concentrat ion promes of 
diffused layers which are in a fairly good agreement  with the ones obtained 
with incremental  sheet resistivity and Hall measurements.  Concentrations in  
excess of ,~5 X 1017 (n- type)  and ~1  X 1017 (p-type)  can be rout ine ly  
measured. 

Spreading resistance measurement  is a we l l -known 
and accepted method for the evaluat ion of diffused or 
epitaxial silicon layers (1); it is, in  fact, current ly  
used in production plants to measure the resistivity 
and the thickness of mult iple  epitaxial  silicon layers, 
and as unique  feedback for the control of dopant flows 
in  epitaxial reactors. 

Very few results are so far reported on spreading 
resistance measurements  on gal l ium arsenide (2). Due 
to the high contact resistance, the carrier concentra-  
t ion of GaAs slices and /or  dopant profiles in  diffused 
layers are evaluated with the van der Pauw method 
(3) which requires the fabricat ion of 4~ contact at 
the edge of the sample and a very t ime-consuming 
measurement  schedule. Successful spreading resistance 
evaluat ion Of GaAs was recently reported by the au-  
thor (4); the method is now rout inely  used in  SGS/  
ATES as a process monitor  in  the production of dif-  
fused LED. 

Experimental Techniques and Results 

Sample preparation and SR measurements.--The 
spreading resistance (SR) was measured on a com- 
mercial  two-point  probe system (Automatic Spreading 
Resistance Probe ASR-100B) with 5 mV supply be-  
tween the two precondit ioned tungs ten-osmium probes 
with 40g load. 

Careful sample preparat ion is necessary to obtain 
reproducible quant i ta t ive  SR values on gal l ium ar-  
senide: Our results show that the sample surface must  
be as uni formly  damaged as possible, and the th in  
oxide film which grows on GaAs at room tempera ture  
must  be removed. 

Several  different grain-size a luminum oxide pow- 
ders and the polishing and angle lapping processes 
were studied. ~inally,  two sizes of AI~O~ were selected, 
viz. 0.3 ~m and 5.0 #m. The abrasive was diluted with 
DI water  at a concentrat ion of ~200 g/ l i ter  and the 
sample, mounted  on a bevel mount  of the ASR-100B, 
was lapped with a 12 in. Lapmaster  machine equipped 
with a glass plate and a s lur ry  recirculat ing system. 
Enough lapping compound was used to avoid direct 
contact with the glass plate which would result  in  
scratches or other disuniformity in surface finish. 

The reproducibi l i ty  of the SR values was studied in  
detail for the two abrasives: five p- type GaAs sam- 
ples, Zn doped with a concentrat ion ranging from 
1 • 1017 to 4 • 1010 cm -~ were measured after sev- 
eral lapping steps, with or without  removing the thin 
layer of oxide. Some typical results for p- type  GaAs, 
NA = 3.5 • i018 cm-~ are reported in  Fig. l a  and lb :  
the Rs values increase after aging in air  at room tem- 
pera ture  and decrease at or below the original value 
after a 2 ft -- 4 min  etch in  HCl:H20 1:1 solution or a 
5 min  etch in straight (40%) HF. The oxide thickness 
was measured by means of Auger  electron spectrom- 

Key words: spreading resistance,  gallium arsenide, diffusion 
profiles, dopant concentration uniformity, contact resistance. 

etry, and was found to be greater for aged than for 
etched samples (about 50 and 15A, respectively).  

This result  explains why the scattering of the ex- 
per imenta l  points is much greater for aged than for 
etched samples, as reported in Fig. 2a and 2b. From 
the same figure it is also evident that  the uni formi ty  
of the Rs measurements  on a given sample is much 
bet ter  for samples lapped with 0.3 ~m abrasive. The 
Rs mean value is nevertheless more reproducible for 
coarser abrasive, as indicated from bars in the cal ibra-  
tion curves of Fig. 3 and 4, possibly due to the failure 
to obtain a reproducible mechanical  damage for the 

t~ 

to 5 

�9 ~ ~ . r .  

Fig. 1. Spreading resistance value for p-type GaAs, NA : 3.5 X 
1018 cm -~, after various treatments. 

w 
�9 �9 4 �9 

" "" ":-~.-~. 'v' . . '~. 

/0 
: . . . . ,~  . . . . ~ . A  f~o~_ 

Fig. 2. Scattering of Rs values for a lapped, aged, and etched 
(S min HCI:H20 1:1) sample (NA ~ 3.5 X 1018 cm-3). 
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finer abrasive unless par t icular  care is taken (e.g., ab- 
sence of scratches, scratches not detectable by visual  
observation, bu~ only in  SEM in cathodoluminescence 
mode) (5). .AC 

The metal-semiconductor contact- -A GaAs sample 
(n-type,  Si doped at 2.9 • 10 as a toms/cm 3, horizon- 
tal ly Br idgman grown) was soldered to a bevel 
mount  with a G a i n  alloy and angle lapped. The value 
of the resistance Offered by a single probe was mea-  
sured as a funct ion of the applied voltage between ~ s 
+50 and --50 mY, and a l inear  relationship was found. ~:~AO 
The Rs_+ values obtained with the s tandard +_.5 mV 
bias are the same for the two probes, and exactly 
half  of the values of Rs are measured be tween the two 
probes. 

The value of Rs is g iven by (6) 

Rs = k(p/2a) Jr 2Re (2 probes configuration) [1] io ~ 

where p is the sample resistivity, a is the contact 
radius, k is a constant not very different from uni ty  
which is a funct ion of the na ture  of the sample, and 
Rc is the "true" contact resistance. 

The first term of Eq. [1] is expected to be approxi-  
mat ively  the same for two semiconductors of the same 
resistivity, apart  from small  variat ions on the constant  
k and the contact radius a. Nevertheless, our results 
show that  for the same p and sample preparat ion 
process, the Rs value is from 3 to 6 orders of magni -  
tude greater  for GaAs than  for silicon, depending on 
the conductivi ty type and the actual value of resistiv- 
ity. Moreover, for silicon the contact resistance Rc is 
very low, and we can wri te  

Rs(Si) _~ k(p/2a); Re(St) < <  k(p/2a) ~ 

On the contrary,  for gal l ium arsenide 

Rs(GaAs) > >  Rs(Si)  _ k(p/2a) ,.-,, 
and 

Rs(GaAs) ~ 2Rc(GaAs) [2] ~ 

Hence the measure of the spreading resistance Rs on ~ h  
GaAs is actually a measure of the contact resistance, 

-Lu 

which is, in  turn,  a funct ion of the carrier  concen- 
t ra t ion (7). Separa t ion  of contact resistance from the 
spreading resistance was at tempted u s i n g  the a-c 
method of Wagner  and Besocke (8), bu t  no result  was 
obtained, possibly due to the very small  contact ca- 
pacitance. The mechanical  damage and the high pres-  
sure on the contact (9) lower the RC to a measurable  ~O 5 
value, but  any  damage inhomogeneit ies will  be re-  
flected in  Rs measurements ,  which will  be more re-  
producible on samples lapped with 5 ~m abrasive due 
to more reproducible mechanical  damage. Moreover, 
we can expect a dramatic  increase of Rs value if the 
nat ive oxide is not removed before the  measurement .  

On the basis of this resul t ,  rout ine work is done 
with. the coarser abrasive, while the finer abrasive is 
used only when  a good spatial resolution is required 
as in profiling th in  diffused layers. 

To convert  R~ data to carrier  concentrat ion data, 
cal ibrat ion curves were generated by measur ing both 
p ,  and n - type  GaAs slices of known resistivity wi th  
the two surface finishes studied in this work. Results 
are shown in  Fig. 3 (p-type, 0.3 #m abrasive) ,  Fig. 4 
(p-type, 5 ~m abrasive) ,  and Fig. 5 (n-type,  0.3 ~m 
and 5 ~m abrasive, curves a and b, respectively).  Note 
that  the finer abrasive gives lower Rs values than  
the coarser one on n - type  samples, whereas the re-  
verse is t rue  on p- type  samples. It  is difficult to ex- 
pla in  this result  due to the s ta te -of - the-ar t  of spread- 
ing resistance measurements ,  especially on GaAs, but  
it may be that  the acceptor or donor center, the dis- 
location that is known to be in silicon, can be taken 
into account. These curves make i t  possible to extract  
quant i ta t ive  informat ion  from the spreading resistance 
measurements ,  as reported in  the application section 
below. 

4o j8 i lOtg~. 
Ooh.ceh~(~.~lor~ CC~" ) 

Fig. 3. Calibration curve (Rs Vs NA) for p-type GaAs lapped with 
0.3/~m AI203. 

L 
io 

Fig. 4. Calibration curve (Rs v NA) for p-type GaAs, lapped with 
5 ~m AI203. 

Appl icat ions 
Starting material uni~ovmity.--The resist ivi ty un i -  

formity of a few GaAs slices was tested by scanning 
the probes across the surface. Two kinds of d isuni-  
formity were found which are described in  Fig. 6. 

(i) In some slices, a step variat ion on Rs values was 
found (:Fig. 6a). This was also detected measur ing the 
plasma resonance frequency in  far IR reflectance ex- 
periments,  but, of course, with much less spatial reso- 
lution. 

(it) Star t ing from the upper  edge of the slice, which 
is also the free surface of the growing crystal, we 
often found an increase of a factor of ,~2 in the Rs 
value (Fig. 6b), possibly due to some As evaporation. 
In this case the edge-correction factor cannot explain 
the result, due to the very high spatial resolution of 
the method (see also the following section) and the 
width of the transition region (~5 mm). 

Concentration profiles.--For low contact resistance 
the spreading resistance value Rs is given by Eq. [1] 
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Fig. 5. Calibration curve (R~ vs ND) for n-type GaAs 
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Fig. 6. Doping inhomogeneities on an n-type GaAs slice (ND ~-" 
1.5 • 101s). 

only in the semi-infini te approximation, i.e., when the 
sample thickness is much greater than  the contact 

radius (6). It is necessary to apply some correction to 
the raw Rs data if a conducting or insulat ing boundary  
is present at a distance of less than  10 ~m; in  part ic-  
ular  an Rs profile in  a silicon-diffused or epitaxial  
layer  will be distorted near  the junction.  

This effect should not be observed in  gal l ium a r -  
s e n i d e  if the theory of the probe-semiconductor  con- 
tact given here is correct. This was tested by evalu-  
ating a p+ -- v double layer grown by LPE on an 
n- type  GaAs substrate. The resul t ing profile shown 
in Fig. 7, is very flat on the doped epitaxial  layer, 
and the t ransi t ion to the high resist ivi ty layer  is very 
abrupt. 

Figure 8 reports the Rs profile on a mult iple  layer  
epitaxial  s t ructure on which the bars indicate the 
position of the interfaces as determined after the 
bevel staining. Also in  this case the Rs value is 
noticeably constant on a given epi layer  with an 
abrupt  t ransi t ion between two layers. 

This is a very interest ing result  because it  allows 
us to deduce concentrat ion profiles directly from 
spreading resistance data and cal ibrat ion curves. A 
few examples of Rs and concentrat ion profiles deter-  
mined from Rs data and calibration curves in  Zn-  
diffused GaAs are shown in  Fig. 9 (ZnAs2 source) 
and Fig. 10 (ZnGaAs source). 

In  Fig. 11 a profile obtained from Rs data is com- 
pared with the concentrat ion profile obtained from 
the values of ps (x) measured with the van  der Pauw 

8 
4o 

I 
I 

".. 

Fig. 7. R:s profile through a double epitaxial layer, grown by LPE. 
Note the very abrupt transition between the p-type and the undoped 
layer. Lapped with 0.3/~m AI20~. 
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Fig. 8. Multiple epitaxial layer grown by LPE. The bars indicated 
the junction position, as delineated with a chemical etch. Lapped 
with 0.3 Fm AI~O3. 
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Fig, 9. Rs and concentration profiles for a 7n-diffused G~As slice 
(~;hr in u 850~ closed tube, GaAs2 source). Lapped with 0.3 ~m 
AI2Oa. 

method. The  two curves were  normalized to the same 
junct ion depth. The er ror  bars are the same as the 
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Fig. 10. Rs and concentration profiles for a Zn-diffused GaAs 
slice (1 hr in a 850~ closed tube, GaAsZn source). Lapped with 
0.3 #m AI2Oa. 
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Fig. 11. Concentration profile of a Zn-diffused GaAs slice, as 
obtained from spreading resistance data (0.3 ~m AI20~, full circles) 
and from incremental sheet resistance measurements (open circles). 

calibration curve  of Fig. 3 for the Rs-der ived profile 
and were  est imated f rom exper imenta l  accuracies for 
ps-derived profiles. At the moment  it is not  clear why  
the first points in the la t ter  profile are lower.  

The agreement  be tween  the two profiles is quite  
good and it makes it possible to  establish a correlat ion 
with the diodes' performances.  Other work  on this 
subject  is in progress and wil l  be repor ted  in a fu tu re  
article. 

Conclus ions 
We have shown that  spreading resistance measure~ 

merits can be successfully per formed not only in sill-  
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con, but  also in gall ium arsenide. Informat ion  on sub-  
strate resistivity, inhomogeneities in  substrate re-  
sistivity, junct ion  depth and concentrat ion profiles in  
diffused layers, and thickness and resist ivity of epi- 
taxial  layers can be obtained in  a very short time. 

The probe mater ia l  used ( tungs ten-osmium alloy) 
was the one adopted for measurement  on silicon, and 
probably it is not the best one for Rs measurements  on 
GaAs. It is possible, therefore, that  fur ther  improve-  
ment  will be obtained with a more suitable probe 
mater ia l  and /or  pressure on ~he probes and other sur-  
face preparation.  

Manuscript  submit ted Apri l  10, 1978; revised m a n u -  
script received May 30, 1978. 

Any discussion of this paper will appear in  a Discus- 
sion Section to be published in  the June  1979 JOURNAL. 
All  discussions for the June 1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 

Publication costs of this article were assisted by 
SGS/ATES Componenti Elettronici S.p.A. 

Note Added in Proof 
In  a recent paper  (10) R. C. Goodfellow et al. re-  

port  their results on SR measurements  on GaAs, using 

a tungsten  carbide probe d rawn  along a bevelled sam- 
ple. They too believe that  the contact resistance is 
responsible for the measured Rs, the value of which is 
of the same order of magni tude  found in  an experi-  
ment. 
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Propane Gas Detector Using Sn02 
Doped with Nb, V, Ti, or Mo 

Masayoshi Nitta, Shinji Kanefusa, and Miyoshi Haradome 
The Physical Science Laboratories, Nihon University a~ Narashino, 7-24-1 Narashinodai, Funabash~ 274 Japan 

ABSTRACT 

The propane gas concentrat ion vs. its detection voltage characteristics 
have been investigated on SnO2 doped with several t ransi t ion metals. Doping 
with Nb, V, Ti, or Mo gives rise to a quite different behavior from the s o .  
called Freundl ich curve; that  is, an inflection anomaly on the curve of t h e  
characteristics is found. The inflection point shifts toward lower gas concen- 
t ra t ion with increasing applied voltage. A remarkable  jump of detection volt-  
age observed for Nb-doped samples is also described. 

A number  of metal  oxides have long been exploited 
extensively in  connection with their  applications to 
various gas-detection devices (1-3). 

Recently, many  attempts have been made to detect 
various kinds of gas involved in air by using sintered 
or powdered metal-oxide semiconductors (4). Among 
them, propane is one of the most impor tant  gases to be 
detected in  order to prevent  gas accidents. Detectors 
using stannic oxides have been developed for this 
purpose (5). Commercial ly available SnO2 detectors, 
however, have a problem of unrel iable  detection. This 
results from the change in the detection voltage vs. 
gas concentrat ion characteristics, depending on the 
humidi ty  and ambient  temperature.  The detection 
voltage as a funct ion of gas concentration, which is 
expressed by the Freundl ich  equation (6), tends to 
saturate over the range from 0.2 to 0.5% of the gas 
concentration. This is exactly the range of propane 
concentrat ion of 0.2-0.4% to be detected for the prac-  
tical use. 1 The instabi l i ty  of the characteristics in  this 
region is reflected sensit ively on the rel iabil i ty of the 
detectors. 

This paper describes the results of our study in an 
at tempt  to obtain an unsatura ted portion on the volt-  
age-concentra t ion curve, especially at the gas con- 
centrat ion of 0.2-0.5%. 

It has been found that  the gas detectors of SnO2 
doped with the t ransi t ion metals of Nb, V, Ti, o r  Mo 
show a different behavior from the Freundl ich re-  

Key words: sensor, semiconductor, surface, gas detection. 
1 The concentrations between 0.2-0.4% correspond to standard 

levels decided by the Society of Safety of High Pressure Gas En- 
gineering: 1/10-1/5 of the lower explosion limit of propane gas. 

lation, and hence more rel iable  detection of l e a k a g e  
propane gas is expected. 

Experimental 
Stannic oxides mixed with 1 weight percent  (w/o)  

of PdCI2 and Mg(NO3)2, respectively, were used as host 
materials. The powders, to which Nb (max 20 w/o)  
were added, were presintered in air for 1-24 hr  at 600 ~ 
800~ These powders were dispersed uni formly  in  al-  
cohol, painted between the electrodes on the 96% 
alumina  substrate, and then sintered at 800~ for 1 hr. 
The same preparat ion procedure was used for V, Ti, or 
Mo-doped samples. The electrode was a thick film 
conductor (P t -Au)  which was previously prefired on 
the substrate at the distance of 0.5 ram. Commercial 
propane was used as a detective gas. As shown in  Fig. 
1, propane gas was introduced into a chamber at a 
constant flow rate through a controller. The gas con- 
centrat ion in  the chamber  was kept constant dur ing 
the measurement  using a s t i rr ing fan. The sample was 
heated by a heater of a thick film resistor at 280~ 
Temperature  and humidi ty  in  the chamber were kept 
at 25~C and 50-60% RH, respectively. A pick-up re- 
sistor (Rp) was connected in  series to the sample. 
The value of Rp was adjusted so as to give one tenth  
of the resistivity of the sample before exposing to 
gas. 

Results and Discussion 
Figure  2 shows the change in  resistivity as a func-  

t ion of propane concentrat ion measured at 30V a p -  
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Fig. 4. Detection voltage as a function of gas ,concentration at 
various applied voltages for 15 w/o Nb-doped sample. Applied 
voltages are 1, 60V; 2, 50V; 3, 40V; 4, 30V; 5, 20V; and 6, 10V. 

plied to the sample with various contents of Nb at 
280~ Electrical resistance of these samples decreases 
wi th  increasing gas concentration. The relat ions for 
the sample with Nb of more than 20 w/o and less 
than 7 w/o are straight lines satisfying the Freundl ich  
equation. For the samples with 9-17 w/o Nb, however, 
inflection point  appears on these lines. A remarkable  
fact for the sample doped with 9 w/o  Nb is that  an 
abrupt  change in  electrical resistance occurs in addi- 
t ion to the inflection ment ioned above. A detection 
voltage characteristic of this sample is shown in  Fig. 
3. The voltage increases abrupt ly  from 13 to 25V at 
about  0.6% gas concentrat ion as shown in  the figure. 
Figure 4 shows the voltage as a funct ion of the gas 
concentrat ion at different applied voltages for the 
sample with 15 w/o Nb. The inflection is found to shift 
toward lower gas concentrat ion with increasing ap- 
plied voltage, and finally disappears above 40V. Thus, 
the occur rence  of the inflection on the proper ty  de- 
pends on the Nb concentrat ion and  applied voltage. 

This Js summarized in  Table I. For  the sample doped 
with 5 w/o  Nb, the inflection anomaly  is observable 
below 20V. For the higher concentrat ion of Nb t h e  

Table I. The conditions of applied voltages and Nb concentrations 
for the inflection anoma(~, to be observed. Symbols O and X 

indicate "yes" or "no" for the presence of the anomaly, 
respectively. 

Applied voltage (V} 
concen- 

tration ~w/o) 5 10 20 30 40 50 60 

5 0 0 X X X X X 
7 0 0 X X X X X 

I0 0 0 0 X X X X 
13 0 0 0 X X X X 
14 X 0 0 X X X X 
15 X 0 0 0 X X X 
17 X X X 0 0 0 X 
20 X X X X X X X 
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higher applied voltage is necessary to observe this 
anomaly. In  the region marked by X in Table I, the 
voltage characteristics are almost of the Freundl ich  
type. For the sample doped with 5-13 w/o Nb, how- 
ever, the step phenomena as shown in Fig. 3 are ob- 
served at higher applied voltage. 

For the sample doped with V, Ti, or Mo, similar  in-  
flection properties were also observed. For the sam- 
ple doped with vanadium, the condition to create this 
phenomenon is critical. That  is, it is observed only at 
the applied voltage between 20-30V and only for the 
sample doped with 15 w/o, while it is not for the sam- 
ple doped with t i t an ium or molybdenum. Figure 5 
shows the gas concentrat ion of the inflection point as 
a function of applied voltage. This point shifts to lower 
gas concentrat ion with increasing applied voltage and 
also with the concentrat ion of dopants. The shaded 
parts in  'the figure show the disappearance of the 
inflection phenomenon.  

In  Fig. 6 are shown the V-I  characteristics of the 
Nb-doped sample (15 w/o)  at the sample temperature  
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for different gas concentrations: 1, 0%; 2, 0.1%; 3, 0.4%; and 4, 
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of 280~ for different gas concentrations. Applied 
voltage below 20V does not have much effect on the 
self-heating of the sample. Therefore, the inflection 
phenomena observed at 10V of applied voltage in Fig. 
4 are not due to the self-heat ing of the sample. Fig-  
ure 7 shows the exper imental  results of the sample 
doped with 15 w/o Nb when the applied voltage is 
20V. The variat ion of electrical resistance is plotted 
by heating the Sample from 100 ~ to 320~ at a con- 
stant heating rate of 0.14~C/sec. For the sample which 
showed anomaly of gas detection property, the re-  
sistance spectrum in this temperature  range consists of 
two major  minima, indicating that the lower tempera-  
ture m i n i mum is notable to the anomaly. This min i -  
m u m  strongly depends on the envi ronmenta l  gas con- 
centrat ion and applied voltage. From the above-men-  
tioned facts, one can assume that the tail of the lower 
temperature  m i n i m u m  will affect the gas detection 
characteristics at certain gas concentrat ion when the 
sample temperature  is kept at the shaded region in l~ig. 
7. The remarkable  step phenomenon found for the 
Nb-doped sample was not observed for the sample 
doped with V, Ti, or Mo within  the present  experi-  
menta l  conditions. 

Let us discuss how the propane detectors of  the  
anomalous properties can improve the rel iabi l i ty  of 
fhe detection. Figure 8 (A) shows the typical property 
of a Freundl ich- type  detector (properties of the host 
material)  and Fig. 8 (B) shows the same of the present  
detector which is of nonFreundl ich  type, in  which is in -  
volved 5 w/o Ti. The detective accuracy is compared 
on the basis of the ___10% fluctuations of the voltage as 
indicated by dotted lines in  Fig. 8 which would cor- 
respond to merciless circumstances like wide-range 
fluctuation of the ambient  temperature  and humidity.  
As an example, the accuracy is examined on the gas  
detector which gives an  alarm when the gas concen- 
trat ion reaches 0.25%. As shown in  Fig. 8, the errors 
of gas concentrat ion at a setting voltage (Vo) for the 
detector of Freundl ich  type and nonFreundl ich  type 
are about _0.1 and • respectively. Thus, one 
can see that our new propane gas detector is much 
superior to the widely used ones. 
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doped with 15 w/o Nb for different gas concentrations: 1, 0%; 2, 
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adequate temperatures to observe the inflection phenomena in gas- 
detection properties. 
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Conclusions 
The resistance as a function of propane gas concen- 

tration for the sample of SnO2 doped with Nb is quite 
different from the so-called Freundlich curve; that is, 
an inflection on the curve of resistance change is found 
in the gas concentrations of 0.3-0.5%. The similar phe- 
nomena are also observed for the samples doped with 
V, Ti, or Mo. The gas concentration of this inflection 
point depends on the applied voltage and the concen- 
tration of dopants. 

From the results of the temperature dependence of 
resistance, it has been found that the minimum located 
in the lower temperature region is closely related to 
the observed inflection anomaly. 

It has been expected that more reliable propane- 
gas detectors can be developed by utilizing this in- 
flection property. 

Manuscript submitted Dec. 19, 1977; revised manu- 
script received May 26, 1978. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1979 
JOURNAL. All discussions for the June 1979 Discussion 
Section should be submitted by Feb. 1, 1979. 
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Defect Formation during High Pressure, 
Low Temperature Steam Oxidation of Silicon 
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ABSTRACT 

A series of experiments have been carried out to characterize the per- 
fection of silicon wafers oxidized in an accelerated manner at 700~ and 20 
arm steam. All experiments were performed using 3 in. diam wafers. High 
pressure steam oxidations of (i00) and (111) oriented silicon, both n and p 
type, resulted in suppression of oxidation-induced stacking faults for all 
thicknesses studied (up to 5 ~m oxide). Some wafers were subjected to nor- 
mal 1 arm steam oxidations to produce stacking faults and subsequently 
steam oxidized at high pressure to study the behavior of these preexisting 
stacking faults. Results showed some shrinkage, but less than might be 
expected based solely on the consumption of silicon. Capacitance transient 
measurements have been made on the high pressure steam-oxidized samples 
and compared to wafers treated at higher temperatures at 1 arm. The defect- 
state concentration after high pressure steam oxidation was found to be 
nearly identical to the preoxidation condition~ 

Thermal  oxidation of silicon typical ly produces 
stacking faults lying on (111) planes. These faults are 
extrinsic in na tu re  and are bounded by  F rank  part ial  
dislocations (1). The presence of such faults in  a p - n  
junct ion  can result  in  degraded electrical performance 
(2, 3). More recently, it has been observed that  the 
formation of the stacking faults can be suppressed 
dur ing oxidation. The impor tant  parameters  are tem- 
pera ture  and t ime of oxidation, ambient ,  and HC1 con- 
centrat ion (4-8). Other impor tant  parameters  are ori- 
enta t ion and conductivity type (9, 10). It  has also been 
observed that  oxidat ion- induced stacking faults from 
previous processing can be dissolved, provided the 
processing conditions fall into the "retrogrowth" re-  
gion (4). 

While the above-ment ioned parameters  can be prop- 
erly chosen to prevent  stacking fault  formation, the 
device processing requirements  may conflict wi tn  those 
conditions. Specifically, the temperature  must  be very 
high or very low (4-8) to avoid the defect formation. 
While addition of HC1 to dry oxidations can shift the 
defect curves to somewhat lower temperatures,  the 
avoidance of oxidat ion-induced stacking faults may be 
possible only in the ini t ia l  oxidation where tempera-  
ture is unimportant .  

Since the length of the oxidat ion-induced stacking 
fault  is greater  at higher temperatures  than at lower 
temperatures  for the same oxide thickness, oxidizing 
the silicon at low temperatures  in an accelerated man-  
ner  should reduce the size or completely suppress such 
defects. Tsubouchi et al. (11) have recently reported a 
reduction in oxidat ion- induced stacldng laui t  ~orma- 
tion in  the tempera ture  range 950~176 by using 
steam oxidation at 6.3 atm. 

It is the purpose of this work to examine defect 
formation during high pressure steam (20 atm) and 
low tempera ture  (700~C) oxidation of silicon. 

Experimental 
A steam oxidation apparatus capable of oxidizing 

3 in. diam silicon wafers at 20 atm and 700~ has been 
built.  The system is a f low-through type and will  be 
described in a separate publicat ion (12). 

* Electrochemical  Society  Act ive  Member.  
Key words:  defects ,  h igh pressure  s team oxidation,  si l icon, 

stacking faults.  

Silicon crystals of (I00) and (111) orientations and 
n and p type were grown by the Czoehralski tech- 
r:ique. V~afers from these crystals were oxidized for 
various t imes at 700~ and 20 atm. Wafer  doping levels 
were general ly below I016/cm 3. Oxide thickness ranged 
up to 5.5 ~m. General ly  wafers were stripped of oxide 
and Secco etched (13) followed by interference con- 
trast  microscopy examination.  

Two groups of samples were studied. The first group 
consisted of virgin substrates which were examined 
for defect formation following the high pressure oxi- 
dation. The second group consisted of (100) n - type  
wafers which had received an II00~ 1 atm steam 
oxidation to grow stacking faults approximately 34 ~xn 
in length. These wafers were then oxidized in  the high 
pressure system and examined for size change of the 
stacking faults. 

On some samples the oxide was stripped, and a 
Schottky barr ier  s t ructure was fabricated for electrical 
evaluat ion of the under ly ing  silicon. Ti and A u - P d  
alloy metall izations were used for p and n materials,  
respectively. Capacitance t rans ient  (14) and SEM 
charge collection (15) measurements  were performed 
on the resul t ing structure. The sample temperature  
did not rise above 60~ dur ing fabricat ion of the test 
structure. 

The detection limit for stacking faults is ,-~1 ~ n  using 
the above techniques. 

Results 
Substrates  of (100) and (111) n-  and p- type silicon 

were oxidized at 700~ and 20 a tm steam for various 
times to grow oxides which were in  the 0.5-5.5 ~m 
range. Wafers were Secco etched following removal 
of the oxide and compared to a control group of Secco 
etched wafers which had not be subjecmd to the oxi- 
dation. In all cases, using interference contrast micros- 
copy, there was no difference in  etching behavior be- 
tween the oxidized wafers and the nonoxidized wafers. 
Both groups showed a level of hillock and saucer pit 
defects in  ~103/cm 2 range. The impor tant  observa- 
tion was that oxidat ion-induced stacking faults were 
not observed. 

To study size change of stacking faults, l ightly 
doped (100) n- type  wafers were oxidized at l l00~ at 
1 atm in  steam to in tent ional ly  grow oxidat ion- in-  
duced stacking faults. 

1680 
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I t  has previously been established (16) that most 
of the surface-nucleated,  oxidat ion- induced stacking 
faults  wil l  be in  the same size range, whereas a size 
dis t r ibut ion will exist for the bu lk  faults. We observed 
similar  results. The average oxidat ion- induced stack- 
ing fault  size was approximate ly  34 #m for our  ],100~ 
oxidation. An  addit ional  dis t r ibut ion of s tacking faults 
( represent ing ~5% of the stacking faults)  was ob- 
served which averaged 2-3 times the 34 #m length. 

These wafers, with existing oxidat ion- induced stack- 
ing faults were  steam oxidized at 700~ and 20 a tm 
to form 1.6 and 4.2 ~m thick oxides. Etching results 
showed lit t le change in  size of the stacking faults for 
the 1.6 ~xn oxide samples and some small shrinkage 
(as much as 20%) for the thicker oxide samples. 

An addit ional  group of wafers was oxidized at 1 atm 
and I1O0~ t o  grow stacking faults  which averaged 
5 ~rn in length. This would project a stacking zault 
depth of approximately  1-1�89 ~n .  The wafers were 
then steam oxidized in our high pressure system at the 
same tempera ture  and pressure as previous samples. 
Oxide thickness for these wafers was ~5.5 ~rn. Such an 
oxidation should be sufficient to consume the already 
exist ing stacking faults if they do not grow dur ing  
the .high pressure oxidation. Results showed the origi- 
nal  5 #m stacking faults to shr ink to 2.5 ~m faults fol- 
lowing the high pressure s team oxidation. A repeat 
exper iment  gave identical  results. 

Figure 1 depicts defect state spec t r a  observed in 
the bu lk  silicon following t~hree different oxidation 
treatments.  The physical process under  observat ion is 
electron emission from defect states as the  Schottky 
b~trrier junc t ion  bias is repet i t ively pulsed from --10V 
to zero bias. The resul t ing t ra in  of junct ion  capacitance 
transients is monitored through a lock-in  amplifier 
which is tuned  to a given emission t ime constant  (12 
msec). As the sample tempera ture  is scanned, a peak 
is observed in  the spectrum when the emission be-  
havior of a par t icular  defect passes through the fixed 
t ime constant window. 

Both the wet and dry oxidation t rea tments  at 1 arm 
introduce deep states in  the 101L10 TM cm -z concentra-  
t ion range. The energy positions and capture cross 
sections given in  Table I, indicate these defect states 

N-TYPE SILICON OXIDATION 

E(0.26 eV) 

IE(O.14eV I .  
o 

E (0.26 eV~ 

1.5F 

w 

 ~ E( eV) 
~- 0 

w 

05~- E (0.09 eV} 
�9 /E(O.08 eV) 
0 1 ~  I 

50 '100 150 

C E ( O . 5 2 e ~  

4 HR, I050~ / \ 
2 HR, t050~ Ar / 
n~ lOi5cm -5 / 

M 
48 MIN,1100~ DRY 
50 MIN, 1100c'C, Ar 
n~, 1015 cm -5 
"c t = 12 ms 

I I 

LK1 
5 HR, 700~ WET, 300psi 
n,~, t015cm -3 
r t = "12 ms 

i I i 
2 0 0  2 5 0  5 0 0  

TEMPERATURE (~ 

Fig. 1. Typical defect state spectrum following oxidation of n- 
type silicon. 

Table I. Capacitance transient data 

T1.8 
P r o c e s s  ( ~  E ( e V ) * *  ~ ( c m ~ )  t N ( c m ' ~ )  $ 

1050~ 4 hr .  I-I20 + 91 E ( 0 . 1 4 )  3 x 10 - ~  2.0 x 10 n 
1050~ 2 hr .  A r  113 E ( 0 . 1 6 )  6 x 10 -1~ 1.3 • 10 ~ 

135 E ( 0 . 2 0 )  > 2  • 10 - ~  2.6 • 10 ~ 
179 E ( 0 . 2 6 )  > 2  • 10 -z~ 2.5 x 10 z~ 
234 E ( 0 . 3 2 )  2 x 10 -16 8.6 x 10 zl 
289 E ( 0 . 5 2 )  2 x 10 -16 3.0 • 10 z~ 

l l 0 0 ~  48 m i n  0 2  + 91 E ( 0 . 1 4 )  3 • 10 -15 2.0 • 10 ~ 
l l 0 0 ~  30 m i n ,  A r  135 E ( 0 . 2 0 )  > 2  x 10 -~5 3.0 • 1011 

179 E ( 0 . 2 6 )  > 2  x 10 -1~ 1.8 x 10 TM 

700"C, O2, 20 a t m  59, E ( 0 . 0 8 ) ,  2 • 10 -ze 2.0 x 10 u 
s t e a m  60 E (0.09)  

* Tz.8(~ refers  to the deep leve l  transient  spectroscopy peak  
posit ion fo r  an  emiss ion t ime  cons tan t  of 1,8 msec .  

** E (eV)  is t h e  ac t iva t ion  energy  for  e lectron emiss ion of  the  
conduct ion  band. 

t a ( c m  ~) is the e lectron capture cross  section.  
$ N ( c m  -~) is the defect  state density.  

are effective genera t ion-recombinat ion  centers. The 
origin of these states is as yet unidentified. Variations 
in  relat ive concentrat ions have been observed from 
run  to run  and furnace to furnace, independent  of 
sample origin, which suggests that  stray contaminat ion 
is being detected. Float  zone and Czochralski samples 
gave similar results. The defects are not pure ly  in te r -  
face related because they exhibit  a un i form concentra-  
t ion beyond 5 ~m in depth. 

The high pressure steam oxidation introduces no 
new states; only a pair of shallow states in the 1011 
cm -8 concentration range are present. This pair of 
states, g (0.08 eV) and E (0.09 eV), and concentration 
range is typical of as-received silicon which has un- 
dergone a ~700~ heat-treatment to remove oxygen- 
related donor states, These states are probably derived 
from oxygen associates. No states representative of 
contamination effects have been observed. This result 
follows from the low diffusivities and solubilities at 
700~ 

Figure 2 shows typical SEM charge collection micro- 
graphs (EBIC) taken on the same Schottky diode 
structures. White features indicate  reduced charge 
collection and, hence, defects which act as recombina-  
t ion centers. Both wet  and dry  oxidations are similar  
showing both stacking faults and dislocations char-  
acteristic of the thermal  cycling. Compl imentary  etch- 
ing studies reveal that  both bu lk  and surface faults a r e  

present. Only a very few dislocation-related features 
are evident  in  the high pressure steam oxidized mate-  
rial. 

This result  is consistent with prior observat ions  of 
bulk, heat- treated,  Czochralski silicon (17). Below 
700~ no defects are observed in  SEM-CCM. Above 
1000~ bulk stacking faults are seen. 

Discussion 
Virgin substratcs.--Results presented above show 

t~hat oxidat ion- induced stacking faults were not  ob- 
served in  silicon wafers steam oxidized at 700~ and 
20 atm for 0.5-5.0 ~m thick oxides. Murarka  (18) 
has described the length of oxidat ion- induced stacking 
faults in  (100) silicon as 

L = K'Po~mt n exp ( - - Q / k T )  [1] 

where K' is a constant, Po2 is the part ial  pressure of 
oxygen in  the oxidizing ambient,  m and n are number  
exponents, t is the oxidation time, Q is the activation 
energy, and T is the temperature  of oxidation. 

For the case of steam oxidation it is necessary to 
replace Po2 term with a term represent ing the part ial  
pressure of the oxidizing species. This term will  be 
proportional to the steam pressure. To determine the 
accuracy of Eq. [ i]  for I arm steam oxidation we have 
ca l cu l a t ed  stacking faul t  lengths using the data of 
Hashimoto et al. (19) at 1000~ for (100) silicon. Good 
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Fig. 2. Charge collection micrograph of oxidized silicon. Bound- 
ing partials of stacking faults visible in (a) and (b). (a) 4 hr, wet, 
ff)50~ ~ 1 0 0 ~ :  L ~ 17 #m. (b) 48 min, dry, i100~ ~ 1 0 0 ~ :  
L ~ 5 ~m. (c) 5 hr, wet, 700~ 20 arm, ~ i 0 0 ~ :  typical of 
clustered oxygen defects. 

agreement  is obtained; i.e., ~7  ~m calculated vs. ~ 6  
~m exper imental  for a 5 hr oxidation. 

The value of K'  as a funct ion of tempera ture  has 
been determined by Murarka  (20). Extrapolat ing 
Murarka 's  (18) K' data to 700~ and choosing values of 
n ~ 0.75, m ,-- 0.20, and a Q value which was expei i -  
menta l ly  determined (18) as 2.3 eV independent  of 
temperature  in the 1050~176 range, it  is possible 
to estimate the length of oxidat ion-induced stacking 

faults which might  be expected at 700~ assuming 
the extrapolated values are valid for high pressure 
steam. The pressure dependence of Q is negligibly 
small. Based on Eq. [1] as modified for steam, we arr ive 
at a value of 0.07 ~m for a 30 hr  oxidation correspond- 
ing to ~ 4  ~ n  oxide for (100) silicon. Similar ly  a value 
of L equal to 0.01 ~m is calculated for an oxidat ion of 
3 hr corresponding to a ,~0.70 ~m oxide for (100) 
silicon. 

Exper imenta l ly  n increases with decreasing tem- 
perature  whereas, theoretically, it  is independent  of 
tempera ture  (18). Choice of a value of 1 for n would 
increase the above calculated values by a factor of ~20. 
On the other hand, choice of the theoretical value (18) 
for Q of -~2.7 would decrease the L values by two 
orders of magnitude.  Using reasonable estimates for 
n, Q, K', and the above-ment ioned model, the size 
of any oxidat ion-induced stacking faults which could 
form for our oxidation conditions approaches zero. The 
exper imental  techniques used in  this s tudy would not 
detect stacking faults smaller  than 1 #m. 

Use of the above model for the data of Tsubouchi 
et al. (11,21) at 1000~ and 6.3 atm shows that  the 
calculated values for the st~cking faul t  length  compare 
favorably with those observed experimental ly.  For 
example, we calculate for their  3 #m oxide on (100) 
silicon a stacking fault  length ,~9 ~rn whereas their  
data show a value ~--7 ~m. 

Substrates w i th  preexis t ing stacking f a u l t s . w i t  has  
been shown that  the length to depth ratio of oxida- 
t ion- induced stacking faults is related to the oxidation 
conditions (22). Typical ly observed length to depth 
values for a 1 ~m oxide at 1100~ are in the range of 
3-4. During thermal  oxidation of silicon, stacking 
faults (at a tempera ture  in the growth region) are  
growing both in  length and depth. 

It has been observed here that  preexist ing stacking 
faults ~34 ~m long showed shrinkage up to ~20% 
when oxidized in the high pressure system. Our mea-  
sured length to depth ratio prior to high pressure 
oxidation was 3.1 indicating a stacking fault  depth of 
11 ~m. The group of wafers oxidized at l l00~ to 
grow stacking faults ,~5 ~m long should, therefore, 
show a stacking faul t  depth ~1.6 ~m. These wafers, 
when  subjected to a 5.5 ~m oxide growth at 20 arm 
steam and 700~ showed stacking fault  lengths ~2.5 
~m even though the consumption of silicon was greater  
than  the original  stacking fault  penetration.  It is prob- 
able that the preexist ing stacking faults are growing to 
some extent  dur ing high pressure steam oxidation but  
at a rate slower than they are being consumed. The 
net  result  is that the stacking fault  size decreases 
dur ing high pressure low temperature  steam oxidation. 

Hu (4) observed the retrogrowth of existing stack- 
ing faults at high temperatures.  Murarka  (20) has 
pointed out that  re t rogrowth is observed to occur at 
that tempera ture  at which the self-diffusion coefficient 
of silicon becomes equal to the parabolic rate con- 
s tant  (B). The exper imenta l ly  determined B values 
at 700~ and 20 a tm steam for our system are 2.89 
~m2/hr for (111) silicon and 1.90 ~m2/hr for (100) sili- 
con. These values are significantly higher  than ob- 
served for 1 atm oxidations at 700~ (23). 

Since, even for 5 ~m thick oxide growth we are not 
able to achieve complete retrogrowth of small stack- 
ing faults, the retrogrowth temperature  must  be 
>700~ for our oxidation conditions. To calculate the 
retrogrowth temperature  for 700~ and  20 atm, we 
determine the temperature  at which the self-diffusion 
coefficient of silicon becomes equal to the para~)olic 
rate constant quoted above. Based on this model and 
self-diffusion coefficient data of Pear t  (24), the retro-  
growth tempera ture  calculates to be ,--1400~ Use of 
the self-diffusion data of Mayer et aL (25) results in  
a calculated retrogrowth temperature  greater than the 
melt ing point of silicon. This, of course, implies that  
under  our high pressure low tempera ture  operating 
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condit ions the  preexis t ing  s tacking faul ts  wi l l  not  
shrink.  

The observat ions  tha t  s tacking faul t  fo rmat ion  is 
suppressed in v i rg in  sil icon and tha t  p reexis t ing  s tack-  
ing faul ts  shr ink  somewhat  suggests tha t  under  ac-  
ce lera ted  oxidat ion  the consumpt ion of silicon be -  
comes impor tant .  P reex is t ing  s tacking faul ts  grow, bu t  
at a ra te  s lower than  they  are  consumed. 

The unique t i m e - t e m p e r a t u r e  re la t ion  (Eq. [1]) for 
s tacking faul t  l ength  indicates  a g rowth  mechanism 
which is react ion l imi ted  at  the  fault.  One can, thus, 
de t e rmine  oxida t ion  conditions under  which faul t  
g rowth  is ba lanced by  silicon consumpt ion for a de -  
fec t - f ree  oxidat ion  step. At  low tempera tures ,  faul t  
format ion  m a y  be nuclea t ion  l imited.  

General.--The high pressure  s team oxida t ion  t r ea t -  
men t  re ta ins  more  sil icon c rys ta l  perfec t ion  than  any  
other  oxidat ion  t r ea tmen t  tested. In  fact, the  ma te r i a l  
main ta ins  its p reoxida t ion  charac te r  wi th  respect  to 
point  defect  s tates  as wel l  as l ine or  p l ana r  defects. 
These resul ts  most cer ta in ly  a re  due to the  low t em-  
pe ra tu re  of the  process. Oxygen  clusters  when  super -  
sa tura ted,  but, in suppor t  of empir ica l  models,  nu-  
c leat ion and growth  of s tacking faults,  do not  occur, 
One must  be aware,  of course, tha t  subsequent  p roc-  
essing above 1000~ may  nucleate  s tacking faul ts  at  
these cluster  sites. 

In  this respect,  low oxygen  float zone silicon p r e -  
Sents dis t inct  advantages .  The oxygen content  would 
represent  only the  700~ equ i l ib r ium value. Subse-  
quent  t r ea tmen t  at  h igher  t empera tu re s  would  produce  
no bu lk  precipi ta t ion.  In Czochralski  silicon, the  70O~ 
oxidat ion  Step presents  the same pe r tu rba t ion  to crys-  
ta l  perfec t ion  as the  s t andard  boule soaking step. 

Conclusions 
Steam oxida t ion  of sil icon at  700~ and 20 arm re-  

sults in suppress ion of ox ida t ion- induced  s tacking 
faul ts  for oxides of al l  th ickness  (up to 5 ~m) exam-  
ined. This appl ies  to (100), (111), n - t ype  and p - t y p e  
l igh t ly  doped wafers.  

Preex is t ing  s tacking faul ts  tend to grow dur ing  the 
high pressure  s team oxidat ion  t rea tment ,  however ,  
the i r  net  length  is reduced  by  the consumption of s i l i -  
con. 

Based on defec t - s ta te  concentra t ion measurements ,  
the  700~ 20 a tm oxidat ion  t r ea tmen t  mainta ins  ex-  
cel lent  sil icon crys ta l  perfect ion.  
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ABSTRACT 

The chemical diffusivity of copper in chalcocite has been determined elec- 
trochemically as a function of the copper activity at 400~ using the 
cell 

CuiCuBr[Cuf-sSlPt 

A potentiostatic technique involving a CuBr solid electrolyte has been used. 
The diffusivity Changes from a value of 7.3 X 10 -3 cmf/sec when the copper 
activity is 0.78 to a value of 4.2 X 10 -2 cmf/sec when the copper activity is 
0.23. The copper to sulfur ratio in cuprous sulfide has been determined as a 
function of the copper activity using a coulometric titration technique. The 
results of the measurements are consistent with a model involving neutral 
copper vacancies, Vcu, as the predominant defect carrier in cuprous sulfide. 
Using this model, a value of 1.9992 has been calculated for the Cu/S ratio in 
cuprous sulfide having unit activity of copper at 400~ 

Cuprous sulfide (chalcocite) is a nonstoichiometric 
compound which is metal  deficient. The nonstoichi-  
ometry is accommodated by the creation of copper 
vacancies in the lattice. The crystal s t ructure at 400~ 
is hexagonal (1, 2). According to x - ray  investigations, 
at 400~ at least half  of the copper ions are randomly 
distr ibuted among a large n u m b e r  of near ly  equivalent  
lattice sites (3). This is in conformity with the high 
value of the self-diffusion coefficient of copper ions 
(9 X 10 -6 cme/sec at 420~ and ionic conductivity 
(0.2 ~ - '  �9 cm -1 at 400~ (4, 5). The disorder in  the 
sulfur  sublattice seems to be negligible in view of the 
large size of the sulfur  ions and their extremely low 
diffusivity (6). 

A potentiostatic electrochemical technique was used 
to determine the chemical diffusivity of copper in 
cuprous sulfide. The cell may be represented as 

Cu]CuBrlCu2-~SIPt [A] 

Cuprous bromide is essentially an ionic conductor be-  
tween 350 ~ and 450~ when subjected to an applied 
voltage of less than 300 mV (7). A fixed activity and, 
therefore, a fixed concentrat ion of copper in  cuprous 
sulfide can be established at the copper bromide/  
copper sulfide interface by applying a preselected volt-  
age across cell [A] with the sulfide at positive polarity. 
The applied voltage is given by the expression (8, 9) 

--RT 
Eappl = ~ in  acu -l'- 112 [1] 

F 

where R is the gas constant, T is the absolute tempera-  
ture, F is the Faraday constant, acu is the activity of 
Cu, I is the current  in the external  circuit of cell [A], 
and ~ is the electrolyte resistance. Equat ion [1] a s -  
s u m e s  that polarization effects at the electrode/elec- 
trolyte interface are negligible. According to Eq. [1], 
the applied voltage will fix a constant copper activity 
(and therefore copper concentrat ion) in cuprous sul-  
fide at the electrode/electrolyte interface provided the 
second term in  Eq. [1] is small when compared to the 
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fide, potent ios ta t ic  technique ,  cou lomet r ,  c t~traUon. 

first term. When the current,  I, has dropped to zero, a 
uniform copper concentrat ion is a t ta ined throughout  
the cuprous sulfide electrode. If the applied voltage is 
now quickly changed to a higher value, a new lower 
copper concentrat ion will be established at the elec- 
t rode/electrolyte  interface of cell [A]. Copper then 
diffuses out of copper sulfide unt i l  the new lower cop- 
per concentrat ion is at tained throughout  the copper 
sulfide specimen. Fick's second law for this diffusion 
problem may be wri t ten  as  

0Ccu ~ 02Ccu 
= Dcu [2] 

Ot 0x ~ 

In  Eq. [2], C is the concentrat ion of copper in  cu- 
prous sulfide in  moles cm -3, t is the t ime in  seconds, 

Dcu is the chemical diffusion coefficient of copper in  
cuprous sulfide, and x is the coordinate of diffusion. For 
the init ial  and boundary  conditions 

CcumCeu' ,  0--~z--~l, t - - 0  

Ccu----Ccu", z----0, t > 0  

0Ccu 

the solution to Eq. [2] is (10) 

Ccu ' - -  Con _ 1 -- ,t ~ ( - -1)  '~ exp 
Ccu' -- Ccu" ~ n=0 (2n + 1) 

(2n + 1) ~2Dcut (2n + 1) nx 
sin [3] 

4~ 2 2l 

The magni tude  of current  I is related to the concen- 
trat ion gradient  at x = 0 through 

0Ccu [4] 
[I I ---- dFDcu ~ x=0 

where A is the cross sectional area of the copper sul-  
fide electrode. When the diffusion times are sufficiently 
long, the first te rm in  the summat ion  in Eq. [3] is a 
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good approximation to the total sum. Thus, at long 
t ime 

~2Dcut /aCc. 2 (Cc ' - Ccu") 
I ! e x p  [5] 
" , '~x  / x=o = ~ --4Z~ 

On combining Eq. [4] and [5] 

=~c~t I =  2ADF ( Ccu ' - -Ccu"  ) e x p -  
l 41 s [6] 

It  must  be emphasized that  the value of the Faraday 
constant  in  Eq. [6] has units  of coulombs/gram equiv. 
whereas in Eq. [1], it has units  of cals/volt.  

A coulometric t i t ra t ion procedure has been used to 
determine the activity of copper in cuprous sulfide as 
a funct ion of the Cu/S ratio. When cell [A] is shorted, 
the cuprous sulfide sample attains the composition 
corresponding to equi l ibr ium with copper. A well-  
defined amount  of copper may now be removed from 
the sample by passing a current,  I, through the cell for 
time, t. The decrease, 5', in  the Cu/S  ratio in  cuprous 
sulfide with respect to the sample having uni t  activity 
of Cu is given by  

It  
~ ' =  ~F [7] 

In  Eq. [7], ns is the n u m b e r  of gram atoms of sulfur  
in the cuprous sulfide specimen. F has uni ts  of cou- 
lombs/gram equiv. After  passing current ,  I, for time, t, 
the cell circuit is opened and the open-circui t  voltage, 
E, of the cell is measured unt i l  it at tains a steady 
value. The open-circui t  voltage is related to the ac- 
t ivi ty of copper in  cuprous sulfide through 

- -RT 
E _ - -  In ac. [8] 

F 

The exper iment  is repeated by passing current,  I, for 
different t ime intervals  and in each case measur ing the 
final steady open-circui t  cell emf. 

Experimental  Procedure 
Chalcocite powder of 99.999% pur i ty  (obtained from 

Poly Research Corporation, New York),  cuprous bro- 
mide of 99.95% purity,  and copper powder of 99.95% 
pur i ty  were used in the experiments.  The experi-  
menta l  setup used is shown in  Fig. 1. It consisted of 
a Kan tha l -wound  horizontal  furnace which had a con- 
s tant  t empera ture  zone of about 3 in. The cell could 
be placed in  an a lumina  cell holder and kept in the 
constant tempera ture  zone of the furnace. The fur-  
nace tempera ture  could be controlled at 400 ~176 by 
means of a Leeds and Northrup Electromax tempera-  
tu re  controller. Purified argon gas was used to provide 
the inert  atmosphere; the argon was purified by first 
passing through anhydrous calcium chloride and then 
through activated copper (BASF) kept at 180 ~ _ 10~ 
A regulated power supply was used to apply selected 
voltages. Applied or open-circui t  voltages could be 

Fig. 1. Experimental setup. A, CuBr electrolyte; B, Cu2S elec- 
trode; C, Cu electrode; D, Pt disk contacts; E, alumina disk; F, 
alumina push rod; G, cell holder; H, Pt-Pt(lO%Rh) thermocouple; 
I, Pt lead wires. 
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measured by means of a high impedance (~101011) 
electronic voltmeter.  

In  cell [A], the electrode and the electrolyte mate-  
rials were in  the form of cylindical pellets. Copper 
powder was pressed into pellets of 1 cm diam and 
near ly  0.5 cm thickness in a die at 10-12 tsi. Cuprous 
bromide pellets were also prepared in  a similar  way, 
with thicknesses in  the range, 0.1 to 0.3 cm. Cuprous 
sulfide pellets with thicknesses in the range, 0.8-2 cm 
and diameters of 0.5 or 1 cm were pressed at a slightly 
higher pressure (15 tsi). The pressed pellets had densi-  
ties of 97 + % of the theoretical value. 

The cell was assembed in  an a lumina  cell holder 
(Fig. 1) and inserted into the furnace. Electrical con- 
tact with the electrodes was made using p la t inum 
disks. The electrodes and electrolyte could be kept in  
in t imate  contact by means of an a lumina  push-rod 
which could be t ightened by means of a brass screw 
(Fig. 1). The system was evacuated to a pressure of 
10 mTorr  and refilled with purified argon successively 
five times. Finally,  a low flow rate of a few bubbles 
of argon per minute  was maintained.  The cell was 
now brought  to a tempera ture  of 400~ and main-  
tained at this value by means of the Electromax tem- 
perature controller. 

A low voltage in  the range, 10-30 mV, was now ap- 
plied across the cell using the regulated power supply 
with the sulfide electrode at positive polarity. When 
the current  in  the external  circuit (recorded using a 
Sargent  recorder) had dropped to zero, the circuit was 
opened and the open-circui t  cell voltage was mea-  
sured. The open-circui t  cell voltage would now be 
equal to the ini t ial  applied voltage. A higher  voltage 
(higher by 20 or 30 mV) was applied across cell [A] 
and  s imultaneously the current  in  the circuit was re-- 
corded as a funct ion of time. The cur ren t - t ime  plot 
was analyzed to determine the chemical diffusivity of 
copper. A fur ther  voltage step was now given and a 
new cur ren t - t ime  plot was recorded. The highest volt-  
age applied was 130 mV. At the higher voltages, 
the current  dropped to a finite final steady value (of 
a few microamperes) .  This could be par t ly  due to 
some vaporization of sulfur  from cuprous sulfide and 
par t ly  due to the introduct ion of a small  amount  of 
positive hole conduction in  the CuBr electrolyte. When 
this occurred, the final constant  current  was sub-  
tracted from the total current  and the resul t ing cur-  
ren t - t ime  plot was analyzed to obtain the diffusivity. 
The circuit used in the exper iment  is given in Fig. 2. 

Cell [A] was also used to determine the Cu/S ratio 
in  cuprous sulfide as a funct ion of the copper activity. 
The cell was assembled with a thin cuprous sulfide 
sample. A uniform init ial  copper activity was estab- 
lished in the cuprous sulfide sample by imposing a 
voltage of 10 mV across cell [A] with the sulfide at 
positive polarity. The applied voltage was now cut oi~ 
and a constant current  of 2 mA was passed through the 
cell (so as to remove copper from cuprous sulfide) for 
a few minutes  by means of a 15V d-c source connected 
in series with a variable resistance. The current  could 
be accurately determined by measur ing the Voltage 
drop across a 100~ precision resistor included in  the 
cell circuit (Fig. 3). The cell cur rent  was now dis- 

Cu + Cu 
( ( .... 

i 
Fig. 2. Circuit for the potentiostatic single cell technique 
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Fig, 3. Circuit used for the coulometric titration experiments 

continued by opening the circuit and the final steady 
open-circuit  cell' voltage was measured. The current  
was imposed again and the exper iment  repeated. In  
this way, the change in  the Cu/S ratio in  cuprous sul-  
fide as a funct ion of the open-circui t  cell voltage 
could be measured up to 200 inV. 

Results and Discussion 
The results reported are those obtained from five 

cells. Nine different  cells were run, but  data from four 
of these are considered inaccurate. Two of these cells 
got shorted because the CuBr pellet used was too 
thin. In  the other two, the copper sulfide pellet was 
deformed because of the mechanical  pressure exerted 
on the cell. Two typical current  t ime plots for two sets 
of applied voltages (El and E2) are shown in  Fig. 4. 
Figure 5 shows the corresponding log I vs. t plots. 
From the slopes of the straight lines in Fig. 5, the 
chemical diffusivity of copper can be calculated. 

The chemical diffusivity values obtained from the 
measurements  were found to depend on the ratio of 
the cuprous sulfide thickness to copper bromide thick- 
ness as shown in Fig. 6. The data points on Fig. 6 cor- 
respond to applied voltages of 10 and 30 mV. For each 
cell, at least five cur ren t - t ime  plots were taken for 
each set of applied voltages. Thus each point  shown on 
Fig. 6 is the average value obtained from five or m o r e  

Length of Cu2_s S = 2 . 0 c m  

Length of CuBr = 0.16cm 

1.E 

1.4 

E 1 : 10 mv~ 
1.0 E2=3Omv/ 

r 0.8 - = 90 my./ 

0.6 

0,2 

ol J I ~ I I I p I 1 I 1 I ~ - I ~  
100 200 300 400 500 600 700 8(J0 

Time (sec,) 

Fig. 4. Cell current ~'s. time in the potentiostatic single cell 
technique. 
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Fig. 6. Effect of the ratio of cuprous sulfide thickness to cuprous 
bromide thickness on the measured chemical diffusion coefficient. 

current - t ime plots. The average uncer ta in ty  of e a c h  
point is between 10 and 15%. Two of the cells, with 
/Cu2S//CuBr ratios of 11 and 12.5, gave identical diffu- 
sivity results. At lower ratios, the diffusivity values 
were lower. An electrode/electrolyte ratio of 15 w a s  
used in  one cell, but  this cell got shorted before too 
many  measurements  could be made. The CuBr electro- 
lyte used in  this cell had a thickness of ovJy 0.12 cm. 
However, measurements  at higher applied voltages 
were obtained with this cell before it got shorted. The 
diffusivity value for applied voltages of 70 and 90 mV 
compares well with the value obtained from the two 
cells which had /Cu2S/ZCuBr ratios of 11 and 12.5. 

At lcu2s/lcuBr ratios less than  11, the diffusivity 
values were lower. Lower ratios correspond to larger 
electrolyte thicknesses and smaller electrode thick- 
nesses. The boundary  conditions used for the diffusion 
problem are strictly valid only if the I~  term in Eq. 
[1] is zero. This ideal si tuation cannot be realized 
since there is current  flow dur ing  the diffusion 
process. However, it is practically feasible to make the 
I a  term much smaller  than the first t e rm in  Eq. [1]. 
The identical  diffusivity results  obtained at electrode/  
electrolyte ratios of 11, 12.5, and 15 indicate that at 
these ratios the I~  drop is not significant. When larger 
electrolyte thicknesses are used, the I a  drop is higher. 
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In  a typical diffusion run, the I~2 drop is largest in  the 
first minu te  or two. For smaller  cuprous sulfide sam- 
ples, the total diffusion time is smaller  (as there is less 
copper to be removed) and correspondingly the con- 
t r ibut ion from the I~2 drop is more significant. How- 
ever, when  thicker cuprous sulfide samples are used, 
the total diffusion time is increased and the influence 
of fhe I~  drop on the longtime solution of the diffusion 
equat ion (Eq. [6]) is considerably reduced. 

Any  overvoltage bui l t  up at the Cu/CuBr  interface 
could influence the diffusivity results esPecially if it 
is t ime dependent.  Strictly, an overvoltage term must  
also be included on the r ight  hand  side of Eq. [1]. To 
study the overvoltages which develop at the Cu/CuBr  
interface, the following symmetr ical  cell was used 

Cu + 

F t (1 )  ]Cu]CuBrICuJPt (2) [B] 
Cu wire 

~" Pt  (3) 

The cell was assembled and heated to a temperature 
of 400~ in a purified argon atmosphere. The cuprous 
bromide pellet which was used had a thickness of 
0.5 cm. Initially, the open-circuit voltages between 
Pt(1)  and Pt (3)  and be tween Pt (2)  and Pt(3)  were 
measured. A very small  (between 1 and 2 mV) open- 
circuit  voltage yeas observed, p resumably  due to a 
small  tempera ture  gradient  across the cell. A d-c po- 
larizat ion current  in  the range, 1-6 mA, was passed 
between Pt (1)  and Ft (2)  so as to t ransport  Cu from 
left to r ight  in  cell [B]. The cathodic voltage between 
Pt (2)  and Pt (3)  and the anodic voltage between Pt (1)  
and  Pt(3)  were recorded as a funct ion of time. The 
results are shown in  Fig. ? and 8, respectively. The 
cathodic voltage reaches a steady-state value in  about 
30 sec for all the currents  used. Furthermore,  the 
cathodic voltage is mostly the I~  drop, the polarization 
being negligible. The anodic voltage reaches a steady- 
state value in about a minute  for polarization currents 
ranging from 1 to 4 mA. At larger currents,  the anodic 
voltage continues to increase with time. The magni -  
tude of the steady-state anodic voltage shows that  it 
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Fig. 8. Anodic voltage as a function of t ime in the polarization 
experiments with cell [ B ] .  

contains a steady-state overvoltage term in  addit ion 
to the Igz drop. This could be due to void formation at 
the anode when copper atoms are removed (11). 
All diffusivity values reported here were obtained 
using Cu as the cathode. The cathodic voltages in the 
diffusion exper iments  should be lower than those 
shown in  Fig. 7 since the thickness of tl~e CuBr elec- 
trolyte used in the polarization experiments  was large 
(0.5 cm). 

The chemical diffusivity values are plotted as a 
funct ion of copper activity in  Fig. 9. The diffusivity 
values plotted are the average of the results from the 
cells with LCu2S/lCuBr ratios of 11 and 12.5. The chemi- 
cal diffusivity is found to increase wi th  increase in  the 
activity of copper. 

Equation [6] indica tes  that  the intercept  at t _-- 0 
of the straight l ine in  the log I vs. t plots can also be 
used to calculate the diffusivity. The values so calcu- 
lated agreed with the diffusivity values obtained from 
the slopes within a factor of 1.5. In  calculating diffu- 
sivity values from the intercept, one needs the va lue  
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Fig. 7. Cathodic  voltage as a function of t ime in the polarizat ion Fig. 9. Chemical  diffusion caeff ic ient  as a function of copper 
experiments with cell [B ] .  activity. 
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Combining Eq. [9] and [15] 

- ( ) D c u = D c u  ( 2 - - 5 " - - 5 9  dE 
RT -~- [16] 

Thus using dE/dS' values from Fig. i0, the self-diffu- 
sivity, Dcu, can be calculated. Values of chemical 
diffusivity, self-diffusivity, and thermodynamic factor 
at various copper activities are presented in Table I. 

Cuprous sulfide is an intrinsic semiconductor. When 
copper is removed from cuprous sulfide, copper va- 
cancies are introduced into the lattice. The equilibra- 
tion of a cuprous sulfide sample with an outer phase 
of fixed copper activity may be represented by the 
equilibrium 

Cucu = Vcu + Cu [17] 

Cucu represents a copper atom in its normal site in 
cuprous sulfide and Vcu represents a neutral copper 

the deviation from stoichiometry, 8', in cuprous sulfide. 

of (Ccu' -- Ccu"). Reference to Fig. 10 indicates that  it 
is difficult to pick an accurate value for this concen- 
t ra t ion difference for typical applied voltages (say 10 
and 30 mV) used in  the diffusion experiments.  For this 
reason, the diffusivity values obtained from the slopes 
are considered more accurate and are recommended. 

The results of the coulometric t i t rat ion experiments  
are plotted in Fig. 10. F igure  10 also shows the values 
obtained by Wagner  and Wagner  (7). The agreement  
between the two measurements  is satisfactory. In  Fig. 
10, 8' is the deviation in the Cu/S ratio in  cuprous 
sulfide from the value corresponding to un i t  activity 
of copper. 

The results of the coulometric t i t rat ion experiments  
can be combined with the measured chemical diffu- 
sivity values of copper to obtain values of the self- 
diffusivity of copper. The chemical and self-diffusivi- 
ties are related by 

Dcu : Dcu ( d l n a c u )  
d In Ccu [9] 

In  Eq. [9], d l n a c u / d l n C c u  is the thermodynamic 
factor for copper in  cuprous sulfide. The thermody-  
namic factor can be calculated from the coulometric 
t i t rat ion results as follows. In  cuprous sulfide coexist- 
ing with metall ic copper, the ratio of copper concen- 
t rat ion to sulfur  concentrat ion is given by 

Ccu ~ 
= 2 -- 8* [10] 

Cs 

where 5* is the copper deficit in  cuprous sulfide having 
uni t  activity of copper. The concentrat ion terms in  Eq. 
[10] have units  of moles per cubic centimeter. When 
the copper activity in  cuprous sulfide is decreased, the 
copper deficit increases and one has 

Ccu 
= 2 - -  6" - -  8' [ I I ]  

Cs 

where Ccu is the copper concentrat ion corresponding 
to 8'. Hence 

InCcu : inCs + In (2 -- 8* -- 89 [12] 

--dS' 
d In Ccu : [18] 

(2  - -  8* - -  89 

since Cs and  8* are constants. From Eq. [8] 

- -RT 
dE : . d In acu [14] 

F 

Combining Eq. [13] and [14] 

d l n a c u _  ( 2 - - 8 " - - 8 ' ) F  ( d E )  

d In Cc. R'T" ~ [15] 

vacancy. The equi l ibr ium constant  for reaction [17] 
can be wr i t ten  as 

K17 = [Vcu]acu [18] 

In  Eq. [18], [Vcu] represents the concentrat ion o f  
copper vacancies in cuprous sulfide and acu represents 
the copper activity. If the vacancy concentrat ion in  
Eq. [18] is expressed as the ratio (number  of copper 
vacancies) / (numoer  of sulfur atoms),  then 

5 = [Vcu] [19] 

where 5 is the exact copper deficit in cuprous sulfide. 
On combining Eq. [18] and [19] 

5 -- K17 ' acu -1 [20] 

Let 5* represent  the copper deficit in cuprous s u l f i d e  
when it is in  equi l ibr ium with copper. Then  

8 '  : KlZ [21] 
Fur thermore  

6 : 8*  + 8' [ 2 2 ]  

Combining Eq. [20] to [22] 

8' : 8* [acu -1 -- 1] [23] 

Thus, if the removal of copper from cuprous s u l f i d e  
generates neut ra l  copper vacancies, then a plot of 8' vs. 
(acu -1 -- 1) should be a straight l ine passing through 
the origin. Fur thermore,  the slope should be equal to 
5*. A plot of 5' vs. (acu -1 -- 1) is shown in  Fig. 11. Our 
data as well as the data of Wagner  and Wagner  (7) 
are shown. The results of Wagner  and Wagner  would 
give a value of 8* : 1.9994 (from Fig. 11) w h e r e a s  
our data leads to a value of 8" : 1.9992. 

Wagner  and Wagner  (7) have calculated a value for 
5* in a different way using the following assumptions: 

(i) The predominant  defects in cuprous sulfide are 
excess electrons, electron holes, and singly ionized 
copper vacancies so that  

p : n + [Vcu'] [24] 

In Eq. [24] p is the concentrat ion of holes, n is the 
concentrat ion of excess electrons and [Vcu'] is the con- 

Table !. Chemical diffusivity, self-dlffusivity, end thermodynamic 
factor at various copper activities 

d In aou 

aou '~cu • lO s d In Ccu Dcu • 10 6 

0.77 7.28 3085 2.36 
0.71 7.10 3085 2.30 
0.65 7.00 3085 2.27 
0.55 6.90 3083 2.27 
0.46 6.40 2740 2.30 
0,39 6.20 1540 4.00 
0,33 5.70 1027 5.55 
0.25 4.50 860 5.23 
0.23 4.20 690 6.08 
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Fig. 11. Copper deficit  as a function of copper activity 

centrat ion of s ingly ionized copper vacancies. Since 
6 =: [Vcu'] 

6 = p - n [25] 

(ii) The chemical potential  of copper ions, ~cu +, is 
independent  of the Cu/S  ratio. 

Their  analysis leads to a value of 6" ---- 1.9996. The 
agreement  between the values of 5" obtained using two 
different defect models is surpris ingly good. Recently, 
some authors have pointed out that  neutra l  copper 
vacancies are the predominant  defect in  cuprous oxide 
(12, 13). According to Rau (14), in  the high tempera-  
ture  cubic modification of cuprous sulfide (CuT-xSD, 

neut ra l  copper vacancy, Vcu, predominates  over a wide 
range of sulfur  pressures. Thus cuprous sulfide (chal- 
cocite) at 400~ could have predominant ly  neut ra l  
copper vacancies, with some singly charged vacancies, 
Vcu', to provide excess p- type  conduction. 

A c k n o w l e d g m e n t s  
Helpful discussions with Professors R. A. Rapp, 

W. L. Worrell,  and G. R. Belton are  grateful ly ac- 
knowledged. The facilities provided by the Depart-  
ment  of Metallurgical  Engineering,  Ind ian  Ins t i tu te  of 
Technology, Kanpur ,  are appreciated. 

Manuscr ipt  submit ted Aug. 22, 1977; revised manu-  
script received May 5, 1978. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1979 
JOURNAL. All discussions for the June  1979 Discussion 
Section should be submit ted by Feb. 1, 1979. 

REFERENCES 
1. N. W. Buerger, J. Chem. Phys., 7, 1067 (1939). 
2. R. Mol~, Ann. Chim., 9, 145 (1954). 
3. P. Rhalfs, Z. Phys. Chem., B31, 157 (1936). 
4. C. Tubandt ,  H. Reinhold, and W. Jost, Z. Anorg. 

Allgem. Chem., 177, 253 (1928). 
5. E. Hirahara,  J. Phys. Soc. Jpn., 6, 422 (1951). 
6. H. Braune and O. Kahn, Z. Phys. Chem., 112, 270 

(1924). 
7. J. B. Wagner and C. Wagner, J. Chem. Phys., 26, 

1602 (1957). 
8. lt. L. Pastorek and R. A. Rapp, Trans. MetalI. Soc. 

AIME, 245, 1711 (1969). 
9. T. A. Ramanarayanan  and R. A. Rapp, Metall. 

Trans., 3, 3239 (1972). 
10. J. Crank, "The Mathematics of Diffusion," Clar-  

endon Press, Oxford  (1956). 
11. D. O. Raleigh, "Fast 1on Transpor t  in Solids," 

p. 477, North Holland Publ ishing Co., Amsterdam 
(1973). 

12. M. O'Keeffe and J. Moore, J. Chem. Phys., 36, 3009 
(1962). 

13. S. Mrowec and A. Stoklosa, Oxidation Metals, 3, 
291 (1971). 

14. H. Rau, J. Phys. Chem. Solids, 28, 903 (1967). 

Self-Diffusion and Na-K Exchange in 
fl- andfl"-Na-Gallate Fast Ion Conductors 

L.  h i .  F o s t e r , *  D .  R.  C a m p b e l l , *  a n d  G .  V .  C h a n d r a s h e k h a r  

IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

The self-diffusion coefficients for Na + migrat ion in the two-dimensional ,  
ionically conducting sodium gallates were determined as 2.0 X 10 -5 and 
7.6 X 10 -5 cme/sec for the # (hexagonal) and #" (rhombohedral)  phases, 
respectively, at 350~ Part  of the sodium of these compounds is immobile. 
It is proposed that this portion substitutes for Ga + + + in the spinel block and 
compensates the charge 0~ additional sodium in the conduction plane. The 
correlation factor suggests a noncol inear  interst i t ialcy diffusion model for 
migrat ion of the mobim Na + in the # phase. The correlation factor for the 
#" phase is unusua l ly  large and not explained by any present  model. Activity 
coefficients for the Na- and K-gal lates  were determined in  solid solutions. 
Na + and K + show essentially ideal behavior in the #" structure and very non-  
ideal behavior suggestive o f  ordering, in the # structure, in  agreement  wi th  
findings for #-A1203. 

Gal l ium analogs of the fast ion conductors #- and 
#"-a lumina  exist and are themselves fast ion con- 
ductors (1). They exhibit  many  of the properties of 
their  a l u m i n u m  counterparts  and, because of the rela-  

* Electrochemical  Society  Act ive  Member.  
K e y  w o r d s :  de fec t s ,  c r y s t a l l o g r a p h y ,  e q u i l i b r i u m ,  s t o i c h i o m e t r y .  

tive ease of preparation,  they provide an attractive new 
medium in which the phenomenon of exceedingly high 
alkali ion diffusivity can be studied. In  particular,  di-  
rect comparison between the # and #" forms can be 
made in gallate system because pure (viz., uns tabi -  
lized) monocrystals of each can be prepared (2), 
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whereas in  the a luminate  system, the ~" form must  be 
stabilized with magnesia or l i thia (3). 

f l-alumina has the stoichiometric formula Na20 �9 
11A1203 (4, 5), which provides for one sodium ion per 
conducting plane in  the uni t  cell. The conducting 
plane in the ;~ form (space group P 6 J m m c )  is a mir ror  
plane, and the sodium atom has a t r igonal-pr ismatic  
coordination with a t r iangle of three oxygen atoms of 
an adjacent c plane centered immediate ly  above it, 
and another immediate ly  below. A view of the 
s tructure normal  to the sodium plane is shown in  Fig. 
1, top. The Na is shown in  the favored Beevers-Ross 
position (5). If occupied, the higher ~energy, ant i -  
Beevers-Ross site would have one oxygen immediate ly  
above the Na and another  immediate ly  below, in  a 
more or less l inear  O-Na-O configuration. 

The ~" form results from a three-fold screw rotat ion 
about the c axis (space group R3m) which removes 
the mirror  plane and provides two possible identical 
sites for the sodium in te t rahedral  coordination (Fig. 
1, bot tom).  

~-A1~O3 contains more sodium than  the stoichio- 
metric formula provides (typically Na20.9A1203) 
whereas the ~" form contains still more, but  pre-  
sumably less than the formula Na20 .  5.5A1203 pro- 
vides, where the two equivalent  Na sites are ful ly 
occupied. A "typical" analysis of pure ~"-A1203 is 
difficult to ascertain because unstabil ized (viz., no Li20 
or MgO) compositions appear to be mixures  of ~" and 
~, and stabilized compositions have the addit ional 
complication of the presence of the second cation. Roth 
(6) and Roth et al. (3) showed by x - ray  and neu t ron  
diffraction that  the excess Na in  ~-A120~ was com- 
pensated by addit ional oxygen in  the conduction plane 
(mid-oxygen positions, Fig. 1), each bonded to two 
a luminum ions, one immediate ly  above and one im-  
mediately below, that had moved from their octahedral 
(A- l )  sites into interst i t ial  sites, leaving their octa- 
hedral  sites vacant. One such oxygen would compen- 
sate the charge on two excess sodium ions. The form- 
ula Na20 �9 9A1203 would require one new interst i t ial  
oxygen and two excess sodium ions per 9-10 uni t  cells. 

The formula Na20" 5.5A1203 for ~" also requires 
that  the charge on the second sodium going into the 
conduction plane be compensated by V2 oxygen. If, on 
the other hand, the extra  sodium were compensated by 
an a luminum vacancy, the formula Na20 .  5.33A1203 
would result. This is equivalent  to the t e rnary  oxide 
NaeOMgO �9 5AlsO3 that Bet tman and Peters proposed 
as the prototype of the ~" form (7), except that in  
the lat ter  case, two-thirds of the charge of an a luminum 
vacancy in the spinel block is compensated by a mag- 
nesium and the remaining third by the extra sodium 
in the conduction plane. Roth e t  at. (3) found by 
neut ron  diffraction that in  MgO-stabilized ~'-A120~ 
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�9 

2 
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+ MID-OXYGEN SITE 
ABR ANTI-BEEVERS-ROSS 

Fig. 1. Conduction plane of fi- and fl"-Al~O~ 

about 38% of the a luminum in the te t rahedral  (A-2) 
sites that  are near  the center of the spinel block are 
replaced by magnes ium and the remainder  of the 
charge is compensated by extra sodium. The increase 
in conductivity of the ~" over the ~ phase presumably 
reflects both this higher sodium content  and the lower 
interst i t ial  oxygen content of the former. 

Foster and Scardefield (2) reported the gro~vth of 
monocrystals of the gal l ium analog of ~"-A1203, with 
the composition Na~O "5.7Ga203. The ~ analog can now 
also be prepared. The ionic conductivity of these mate-  
rials is considerably higher than  that  of their a lu-  
minum counterparts  (1). Whereas at first glance this 
seemed to reflect the general ly  higher sodium content 
of the gal l ium materials,  there was the complication 
that, in  the ~" form especially, the sodium content  was 
so high that  most of the Na sites should have been 
full, and the disorder, which is thought to be the pr in-  
cipal prerequisi te for fast ion conductivity, should 
have been low. Moreover, since there was no Mg pres- 
ent in the ~"-gallate, charge compensation for the 
excess sodium presumably  would have had to be by 
addit ional interst i t ial  oxygens in  bridging positions 
where it would be expected to interfere with Na + 
migration. 

Yao and Kummer  (8) carried out self-diffusion and 
alkali ion exchange experiments  in  ~-A1208 and ob- 
tained the diffusion coefficients and informat ion about 
mixed alkali ion occupancy of the labile sites. In  this 
paper we report  s imilar  studies with fi- and ~"-Na- 
gallate carried out in  an effort to improve our under -  
s tanding of the conduction process in  this class of ma-  
terials. We have also obtained new informat ion about 
site occupancy and the alkali ion distribution. 

Experimental 
Self-diffusion in ~- and ~"-Na-gallate.--Sodium self- 

diffusion was followed by observing the exchange of 
radioactive sodium between a monocrystal  of the gal-  
late, which had been synthesized with a Na-22 tracer 
(2.6 yr half- l i fe) ,  and a melt  of ordinary NaNO3, at 
350~ Na-22 was obtained from the New England 
Nuclear Corporation as anhydrous carbonate with car- 
r ier  added to a specific activity of approximately 100 
~C/g. 

Monocrystals of the p and ~" phases were grown in 
separate experiments  by Na20 vaporization from 
Na20-Ga2Q melts. This procedure has been described 
elsewhere (2). Rectangular  plates, 7-10 mm on a side 
and 2-3 mm thick, were employed. The ion migrat ion 
was parallel  to the large faces. A sufficient quant i ty  
of N a N Q  was employed to contain roughly 250 times 
as much sodium as the crystal. Thus, once a steady 
state was achieved between the crystal and the melt, 
the equi l ibr ium Na-22 content  of the crystal would be 
reduced to roughly 0.4% of the original, if all of the 
sodium participated in the exchange. The melt  was 
was vigorously stirred with a p la t inum stirrer for 
several minutes  from the moment  the crystal was 
dropped in, and in te rmi t ten t ly  thereafter. Approxi-  
mately  0.25g samples of the melt  were removed with 
preheated p la t inum scoops at t imed intervals  and their 
radioactivity compared to that of a standard. 

Any  radioactivity remain ing  in  a crystal after the 
exchange was measured and compared to the activity 
before the exchange by counting with the identical 
geometry. The precision of this determinat ion was 
l imited only by counting statistics; however, it  was 
only a relative measurement .  The true composition was 
more difficult to ascertain. The possible variat ion in 
absolute sodium content  of the two gallates as a func-  
t ion of growth temperature  and charge composition was 
not known in  detail and is present ly  under  study. In 
general, the analytical  problem with these materials  is 
par t icular ly  severe because of the low sodium content. 
For example, a ___5% precision that  would be con- 
sidered acceptable for most analyt ical  techniques 
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would give a possible range  for a nominal  N a 20 .  
fiGaz03 composition of Na20" 5.70Ga203 to NaeO- 
6.34Ga~O3, which embraces a large par t  of the ent i re  
p"-~ range. Even with the radiochemical technique, it 
still must  be assumed that a port ion of the boule that 
is analyzed is representat ive of the entire boule. From 
various analyt ical  data and recent knowledge of the 
Na20-Ga203 phase diagram we assign compositions of 
Na20 .5 .6  __. 0.1Ga2Oa and N a 2 0 . 6 . 8  _+ 0.1Ga203 to 
the ~" and ;~ crystals that  were employed in the ex- 
change experiments.  

Na-K exchange in ~- and ~"-Na-gallate.--The rate 
of exchange of K for Na, and the equi l ibr ium dis t r ibu-  
t ion of Na and K between the solids and NaNOa-KNO3 
melts, were determined at 350~ 

The exchange of K for Na in the  ~ and if '  crystals 
was carried out in  the same manner  as described above 
for Na-22-Na-23 exchange, bu t  with mol ten KNOa as 
the l iquid medium. The t ransfer  of Na-22 to the molten 
salt was determined by radioactive counting, as before, 
and the assumption was made that  the sodium was re-  
placed one for one by K. This exper iment  gave in-  
formation on the t ime that  would be required to 
ac]~ieve equi l ibrat ion of the composition of the solid 
crystals when in contact with melts of various N a N O J  
KNOa ratios. The results showed that  a few hours 
would be adequate, bu t  as a mat ter  of convenience, 
the crystals were left in  the melts overnight  (___16 hr) .  

The composition of the equil ibrated crystals was 
determined by electron microprobe analysis with an 
accuracy of approximately  •  

Resu l ts  

Self-dif]usion.of Na. - -F igure  2 shows the extraction 
rate of tagged sodium from ~"- and ~-Na-gallaie  
monocrystals. It is seen that  after approximate ly  2.5 
hr  for ~" and 7 hr for ~, the Na-22-Na-23 exchange 
had achieved equi l ibr ium, even though substant ial  
amounts  of Na-22 remained in the crystals. Since this 
had the very impor tant  implicat ion that part  of the 
sodium was in immobile sites, it was essential to es- 
tablish that  the effect was real. Spur ious  observations 
could result  from several sources. If the Na-22 stock 
contained a radioactive contaminant ,  such as Ca-45 or 
Sr--89, for example, which would selectively go into 
sites in the spinel block dur ing synthesis of the com- 
pounds, it would not be distinguished from sodium 
when counting the gross activity of the crystals. This 
possibility was excluded by ident i fying the residual 
activity as ent i rely Na-22 by gamma- ray  spectroscopy. 

Accidental  occlusion during growth of the crystal  of 
some of the mol ten Na20-Ga208 charge would be an-  
other possible  source of error, since this sodium would 
not be in labile sites and would not be exchangeable 
with the sodium of the NaNO~. There would be the 
same end result  if, in  spite of visual evidence to the 

contrary, the samples were not monocrystals bu t  con- 
tained some in te rna l  v o l u m e  that  was misoriented in  
such a way that  the diffusion planes were blocked by 
c faces of the surrounding crystal. Figure  3 is an auto-  
radiograph of the ~" crystal after the  exchange. The 
residual  activity is seen to be uni form throughout  and 
cannot be due to a small  in terna l  volume of occluded 
or misoriented material.  An autoradiograph of the p 
crystal showed a similar uni form dis t r ibut ion of t h e  
residual sodium. 

The self-diffusion coefficients were determined in  
the following manner .  The accumulat ion of Na-22 
tracer in the mol ten salt ba th  is exactly equal to the 
loss of tracer by out-diffusion from the crystal. Fol-  
lowing Yao and K u m m e r  (8), the specimen can be 
treated as an infinitely long rec tangular  bar, since 
diffusion is confined to c planes and no concentrat ion 
gradient  develops along the c direction. 

The loss of concentrat ion of tracer from the sample 
after t ime t, C( t ) ,  is given by 

C(t) = Co--~ , ,=o , , ,=o  

1 -- exp -- \--'~ / ar ~ + D 

(2m + 1)2(2n + 1) ~ 
[1] 

where Co is the ini t ia l  concentration, D is the diffusion 
constant, and ~ and I are the width  and length of the 
rec tangular  specimen. 

The form of Eq. [1] (sums of m a n y  exponentials)  is 
too complex to allow the de terminat ion  of D by a di-  
rect method, such as least squares fit to the experi-  
menta l  data, and a tr ial  and error method is employed. 
The procedure is to find an approximate value of D 
from a set of normalized curves of C(t) /Co vs. nor-  
malized time, Dt/~, 2. Several  such curves are repro- 
duced in  Fig. 4 to provide a useful reference for others. 
They are labeled for different shape factors, i.e., l/~ 
ratios. A single measurement  oi C(t)/Co, preferably 
in  the range of 0.4-0.6, for a sample characterized by  
a part icular  l eng th /wid th  ratio defines the ordinate for 
a point  on the appropriate curve, then the diffusivity 
is obtained from the abscissa. 

Departure  from a perfect rec tangular  shape is taken 
into account by represent ing the sample as a stack of 
several smaller rec tangular  plates. Since diffusion oc- 
curs only out of the end faces, the contr ibut ion of each 
platelet  to the over-al l  out-diffusion of tracer can be 
treated independent  of the others. 

The final curve of C(t) /Co vs. ~/t-is determined by 
summing the individual  contr ibutions of each platelet, 
weighted according to its volume fraction. The samples 

I , O  I I I I o 89.5 
/ / -  o o 85.4 % o.8 - o . . . .  " 

~ 0.6 

z 0.4t / 2 o#"-Na-GALLATE 
�9 / ~ B-Na-GALLATE 

o 

0 I0 20 50 
• 
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F;g. 2. Exchange of Na-22 tagged sodium with HaNOa at 350~ 

40 

Fig. 3. Autorod;ogram of residual sodium in ~*'-Na-gal]ate 
mon0crystal. 
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were  qui te  good and the total  out-diffusion could be 
approx imated  by  summing tha t  f rom only two or three  
separa te  smal l  p la te le ts  to account for deviat ions f rom 
per fec t ly  r ec tangu la r  shapes. The max imum error  in D 
ar is ing f rom shape i r regula r i t i es  is es t imated as •  

To refine the  calculation,  severa l  D values  ne igh-  
boring on the app rox ima te  one are  selected and these, 
together  wi th  the  de ta i led  sample  dimensions,  are  in-  
corpora ted  into a computer  p rog ram which generates  
a curve  of C(t) /Co vs ~/{~for each t r ia l  D. Successive 
ref inements  are  made  to yie ld  a final diffusion coeffi- 
c ient  that  gives agreement  be tween  the ca lcula ted  
curve and exper imenta l  points  to •  

F igure  5 gives the  out-diffusion data  for the/~ and/~" 
gallates,  normal ized  to un i ty  f ract ion exchange at long 
t imes by  d iv id ing  by  0.895 for /~  and by  0.854 for #" to 
a l low for the  f ract ion of sodium tha t  was immobile .  
The solid l ines a re  the  best  fits ca lcula ted  by  the p ro -  
cedure  given above wi th  the  diffusion coefficients 
shown, 

Na-K exchange in # and #" gallate.~Eigure 7 shows 
the equi l ib r ium composit ion of /~" solid that  was 
reached by  interdiffusion of Na + and K + be tween  
monocrysta ls  and  mol ten  NaNOs-KNO~ mixtures  at  
350~ I t  is seen tha t  even in t he  crysta l  tha t  was in 
contact  wi th  pu re  KNO~, only  85.4% of the sodium was 
exchanged,  in agreement  wi th  the ear l ie r  Na-22-Na-23 
self-diffusion result .  The dashed l ine of Fig. 6 is the  
da ta  curve, n o r m a l i z e d  to 10'0% rep lacement  of the  
labi le  Na wi th  K from a pure  KNO8 melt .  F igu re  7 
gives s imi lar  informat ion for /~ crystals.  

The  convex shape of the  curves of Fig. 6 and 7 
resul ts  f rom the  d is t r ibut ion  coefficient be tween  the 
solid and l iquid being grea te r  for K than  for Na, in -  
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dicat ing t ighter  b inding  of K in the  lattice. The re la -  
t ive binding energies were  calcula ted by the method 
of Ekedahl  et at. (9) as employed  by  Yao and K u m -  
mer  (8). The equi l ib r ium is given by  

Na( s )  + K(1) : K ( s )  -F Na(1) [2] 

where  (s) represents  the Na or  K gal la te  crystal ,  and 
(1) represents  the Na or K n i t ra te  melt.  

The  equi l ib r ium constant  for [2] is 

K350oc = { [aK(s)] [aNa(D] }/{ [aNa(s)] [aK(1)] } 

_ [3] 

where  mE and XNa are  mole  fractions,  and the 7's a r e  
act iv i ty  coefficients. 

The ac t iv i ty  coefficients for NaNO3 and KNO3 in 
thei r  mixed  melts  a re  avai lab le  in the  l i t e ra ture ,  so 
a l l  the  terms in [3] a re  known  except  the ac t iv i ty  co- 
efficients for the Na and K solid gal la tes  in solid solu-  
tion. The  equi l ib r ium constant  then  becomes 

K~5ooc --  Z['~KC~)/~N~(s~] [4] 
whe re  

Z = { [x~(.~] [xNacl~] [~N~cD] }/{ [XNa(~] [XK(,~] [~K~D] } 
[B] 
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Table I. Na-K exchange results 

~K(1) XK(~) ~/K (I) "~/Na (1) Z log Z 7K(~) ")'Na (s) KaSO~ 

For f~"-Gallate 
0.090 0.406 0.713 0.962 8.400 0.924 0.977 0.990 8.29 
0.203 0,640 0.752 0,916 8.122 9.910 0.990 0.977 8,23 
0.391 0.828 0.814 0.854 7.847 0.895 0,997 0~960 8.15 
0.571 0.915 0_870 0.807 7.731 0 888 0.999 0,950 8.13 
0.799 0.972 0.937 0.857 7.550 0.878 0.999 0.943 8.09 
0.993 0.999 0.994 0.720 7,612 0.881 1 0.934 8.15 

Average  8.16 

For ~-Gallate 
0.060 0.470 0.6~9 0.977 20.25 1.306 0.783 0.874 18.14 
0.140 0.647 0_731 0.940 14.90 1.173 0.894 0.738 18.05 
0.413 0.870 0.821 0,846 9.84 0.993 0,986 0.542 17,90 
0.657 0.950 0_900 0.785 8.50 0.929 0.998 0.466 18.20 
0.993 0.999 0.998 0.723 7.74 0.889 1 0,419 18.47 

Average 18.16 

F r o m  the Gibbs-Duhem rela t ion and dXKCs) - -  

--dXNa(s) one obtains 

XK(s)d In 7KCs) "-- --XNaCs) d In 7Na(s) [6] 

Differentiating [4] and combining with [6] gives 

d In 7K(s) ~ -  - - X N a ( s ) d  in Z 

d In 7 N a ( s )  ---  XK(s )d  In Z [7] 

Graphical  in tegra t ion of the plots of XK<s) and XNa(s) 
(----. 1 -- XK(s)) VS. In Z gives In 7K(s) and In %'Na(s), 
where  the two pure alkali  gallates are re ference  states. 
Table  I gives the  equi l ibr ia  data and calculations for 
the p and ~" phases. 2he  act ivi ty  coefficients for N a N Q  
and KNOa in their  melts are those used by Yao and 
K u m m e r  (8) so that  a direct  comparison with  their  
results will  be possible. The consistency within  the 
series of calculated values for the equi l ibr ium con-- 
stant is a measure  of the consistency of the data. The  
average  K850oc is used for calculation of the free en-  
ergy change. 

The s tandard f ree  energy change for react ion [2] 
at 350~ obtained f rom AG ~ = --RT in K~0oc is 
--2.59 kca l /mole  for ~ ' ,  and --3.58 ~ kca l /mole  for ~. 
F rom the difference of 6.9 kca l /mole  be tween the free 
energy of format ion of NaNO8 and KNOz that  was em-  
ployed by Yao and K u m m e r  (8), we obtain aG ~ (K-  
gallate)  - -SG ~ (Na-gal la te)  of --9.5 kca l /mole  for the 
~" phase and --10.5 kca l /mole  for the ~. 

F igure  8 shows the act ivi ty  coefficients for the so- 
d ium and potassium gallates de termined in the pres-  
ent  work  and the coefficients for Na-  and K-/~-A120~ 
repor ted  by Yao and K u m m e r  (8). No results for 
fl"-A1203 are  avai lable  because of the absence of pure  
crystals. 
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Discussion 
The self-diffusion of sodium in the sodium gallates 

is extremely rapid. To obtain the ionic transport from 
the mobility, the number of charge carriers must be 
known. Heretofore, it was generally assumed that all 
of the alkali in the class of materials typified by 
fl-A1203 is mobile. One exception was the early work 
of Whittingham and Huggins (i0) where it was as- 
sumed that in the fl,A1203 structure only the alkali in 
excess of that required to completely occupy the 
Beevers-Ross sites should be considered "mobile" and 
contribute to conduction. This amounted to about 15% 
of the total  in their  case. The inference was that  s t o i -  
c h i o m e t r i c  Na20 �9 11A1203 might  be a ve ry  poor (i.e., 
normal)  ionic conductor. This cannot be disproved be- 
cause of the absence of a compound with  the stoichio- 
metr ic  composition. However ,  i t  is now a commonly  
held view that  the binding energy of sodium in the 
Beevers-Ross and ant i -Beevers-Ross  sites is not  suffi- 
ciently different for a Na* ion to be considered im-  
mobilized in one site, par t icular ly  at e levated t em-  
peratures.  

The finding that  par t  of the  sodium in the Na-ga l -  
lates is immobi le  was new and unexpected.  Whether  
the immobile  fract ion found here  (14.6% for [~" and 
10.5% for ~) is fixed or, as is more  likely, is a funct ion 
of the over -a l l  composition and the growth  conditions 
is not yet  known and is under  investigation.  

It is interest ing to speculate on where  the nonmobile  
sodium might  be in the structures. In part icular ,  the 
effect of substi tut ing Na + for Ga + + + in  the t e t ra -  
hedral  (A-2) sites of the spinel block wil l  be consid- 
ered. Na + would thus take the role of Mg + + in ~"- 
A1203 (3). If  in ~" and ~ crystals of composition 
Na20 �9 5.6Ga203 and Na20 �9 6.8Ga203, respectively,  we 
assume that  each immobi le  Na + ion substi tutes f o r  
Ga + + +, and thereby  provides charge compensat ion f o r  
two additional sodium' ions in the conduction plane, 
we calculate the atom distr ibution given in Table  II. 
The fract ion of (A-2) gal l ium that  is subst i tuted for 
by sodium is 0.14 and 0.083 for ~" and ~, respect ively,  
compared to 0.38 of the (A-2) a luminum substi tuted 
for by magnesium in ~"-A12Os (3). 

It is seen that, according to this model,  essential ly 
all of the charge compensation requi red  for the in-  
corporat ion of mobile  sodium beyond the N e r O .  
11Ga203 composition is provided by sodium in the 
spinel block. (The very  small  number  of additional 
br idging oxygens, 0.037 atoms per plane for ~" and 0.045 
for p, is wi th in  the analyt ical  error  and ~can be dis- 
regarded.)  The prototype  compound for t h e  sodium 
gallate then becomes 2Na20 �9 5 G a 2 0 3 ,  which would be 
equivalent  to the Na2OMgO" 5A1203 suggested by 
Bet tman and Peters  as the prototype for ;~"-A120~ (7). 
2Na20.5Ga~O3 does not actual ly  exist  in  the Na20-  
Ga203 system, which has only Na2OGa~O3, 3Na20"  
5Ga203, and Na20" 3Ga203 as stable stoichiometric 
compounds. 

T h e  very  high sodium contents (up t o  N a 2 0 . 5 . 2 5  
Ga~O3) tha t  have  been observed for ~"-Na-ga l la te  a r e  
now unders tandable  in v iew of the par t i t ion of  s o d i u m  
between the conduction plane and spinel block. 

In all studies in recent  years on/~-A12Os it has b e e n  
assumed that  all of the sodium is in the c o n d u c t i o n  
plane and mobile. This had  been indicated by the 
alkali  ion exchange exper iments  of Yao a n d  K u m m e r  
(8). We exchanged all  of the mobi le  sodium of a 

Table II. Atom distribution in F"- and ~-Na-gallate 

Composition Na20 �9 5.6Ga~OB Na20 �9 6.8Ga20~ 

Fraction of immobile  Na 0.146 0.105 
Na in conduction plane 1.634 1.426 
Na in spinel block 0.280 0.167 
Ga in spinel block 10.720 10.632 
O in spinel block 16.000 16.000 
O in bridging positions 1.037 1.045 



1 6 9 4  J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  October I978 

fl-A1203 monocrystal  wi th  potassium from a KNO3 
mel t  at 350~ and found that  no residual sodium could 
be detected in the crystal by an electron microprobe 
analysis. Al though only a Czochralski -grown crystal  
obtained f rom Union Carbide was studied, and the 
situation might  be different for crystals grown by 
other methods, the implicat ion is that  part i t ion of 
sodium be tween  mobile  and nonmobile  sites occurs 
only in the gallates. This possibly reflects the greater  
size dispari ty be tween Na and A1 than between Na 
and Ga. 

Correlation factors.---Having obtained the t racer  dif- 
fusion constants for /~"- and ~-Na-gal late ,  we can  
determine  the correlat ion factor, 5 ---- DJD~, f rom the 
ionic conductivity,  which was reported ear l ier  (1). 
Table I i I  gives the per t inent  information.  The num-  
ber of charge carriers, n, is taken as the sodium con- 
tent  of the crystals, corrected, in the case of the gal- 
lares, for  the nonmobile  sodium. The sodium concen- 
t rat ion for ~-A1208 was based on a Na20 �9 9A1203 com- 
position determined by us for the Union Carbide 
monocrystal.  The conductivi ty of ~-A120~ was also our 
value (1), which agrees well  wi th  that  of Fie lder  
et at. (11). The t racer  diffusion constant for ~-A120~ 
was taken f rom Yao and K u m m e r  (8) on mater ia l  of 
a different origin. The correlat ion factor of 0.64 for 
~-A12Q was calculated f rom the data shown. The 
value of 0.60 was calculated by Whit t ingham and Hug-  
gins f rom the conductivi ty of mater ia l  s imilar  to that  
employed by Yao and Kummer ,  but assuming that  the 
charge carr ier  concentrat ion was only the 15% sodium 
in excess of that  requi red  to fill the Beevers-Ross sites, 
as described previously.  The range for 5 of 0.60-0.64 
thus reflects the uncer ta in ty  in the data for 3-A120~ 
and the different ways of t reat ing it. 

One calculation of the correlat ion factor for a two-  
d imensional-hexagonal  latt ice gives 5 ---- 0.56 (12). 
This is close to our value of 0.58 for the ~-gallate and 
reasonably close to the lower end of the range for 
fl-Al203. However ,  that  calculation assumes a vacancy 
mechanism for diffusion. Inherent  in the calculation is 
the  assumption that  the vacancies are identical  and are 
few in number  (0.001-0.01%, as typical for metals  at 
e levated temperatures ,  for example) ,  so a forward  
jump  of an atom into a vacant  site is l ikely to be fol-  
lowed by a reverse  jump into the site f rom which it 
came; hence, the jump is highly correlated. This situ- 
ation does not obtain in the ~ structure where the 
Beevers-Ross and an~i-Beevers-Ross sites have difIer- 
ent energies, and the vacancy concentration is large. 
(In the p-gallate example calculated in Table II, the 
vacancy concentration is 28.7%, where the Beevers- 
Ross and anti-Beevers-Ross sites are considered to- 
gether.) Whittingham and Huggins (I0) recognized 
this difficulty and proposed a noncolinear interstitialcy 
mechanism for diffusion in ~-A1203, with the Beevers- 
Ross site as the normal site and the anti-Beevers-Ross 
site as the interstitial site. The complete jump path is 
through an angle of 120 ~ They calculated a correlation 
factor of 0.60 for the ~ structure, which agrees well 
with the 0.58 to 0.64 range observed experimentally 
for the ~-gallate and aluminate. 

The correlat ion factor of 0.82 for the  fl"-gallate is too 
large to be explained by any obvious diffusion mecha-  
nism. The Na + sites are identical  and each complete 

Table III. Transport results for gallates and fl-AIfO3 at 350~ 

~-Gallate ~'-Gallate ~-AI~O3 

n/cm 8 4.66 x 10 m 4.77 x 1O -~. 3.98 • 102j 
(~-cm)-I 0.481 1.316 0.197 

D~(cm~/sec) 3.46 • 10 -~ 9.26 x 10 -~ 1.65 • 10 -5 
Dt(cm'/sec) 2.0 • 10 ~ 7.6 • 10 -5 1.07 • 10 -~ 
f = Dr~De,  0.58 0.82 0.64 (0.60)* 

�9 T h e  f igure  in p a r e n t h e s i s  is f r o m  Ref. (10). 

jump is along a straight  line. The simple vacancy 
mechanism might  be more reasonable in this case, and  
an increase in the correlat ion factor beyond 0.56 might  
be at t r ibutable  to the large  concentrat ion of vacancies, 
which in the ex t reme  would lead to uncorre la ted in-  
ters t i t ia l - l ike  jumps with f ---- 1. Whether  the observed 
correlat ion factor of 0.82 for the 8" phase could be ac- 
counted for by the vacancy content (~18% from 
T a b l e  II) cannot be determined because of the lack 
of an accepted diffusion model. Sato and Kikuchi  (13) 
presented a theoret ical  model  for correlat ion effects in 
both ~ and p" s tructures based on a "path probabi l i ty"  
concept. Their  model  predicts that  an ideal random 
walk process would give a l inear  dependence of ] on 
the degree of cation site filling, te rminat ing  at f _-- 0.5 
wi th  complete site filling [or, wi th  a more rigorous 
calculation, at f _-- 0.33, according to Ref. (13)] and 
extrapolat ion to 5 ---- 1 at zero filling. At t rac t ive  cation- 
cation interactions (leading to cluster ing)  would lead 
to large values of f, especially at modera te  to high 
site filling, and repulsive cat ion-cat ion interactions 
(leading to ordering)  would lead to smaller  values. 
The deviat ion from random walk behavior  would be 
greater  the lower the tempera ture  where  the interac-  
tion energies would be substantial  compared to kT. 

According to the model  of Sato and Kikuchi, our 
value  for ] of 0.82 for the ~"-gal la te  wi th  approxi -  
mate ly  82% site filling could only result  f rom strong 
at t ract ive Na+-Na  + interactions at low temperatures .  
This is contrary to their  presumpt ion that  mobile  cat-  
ions should tend to order  ra ther  than cluster in super-  
ionic conductor lattices and, in fact, they predict that 
in the ~" structure f should be about 1/3. Their con- 
clusions are more or less supported by Murch and 
Thorn (14) who also assume repulsive cation-cation 
interactions, with the principal difference being that 
Saito and Kikuchi assume that 5c, the charge corre- 
lation factor, is unity in the ~" structure, whereas 
Murch and Thorn give it nonunity values as a result 
of ordering, in spite of a priori site equivalency in the 
structure. Our correlation factor, 5, is the Haven ratio, 
Ha ~- 5t/5c, in the nomenclature of Saito and Kikuchi 
and Murch and Thorn. 

No other diffusion measurements have been reported 
for /'-gallate. Correlation factors for sintered, poly- 
crystalline, MgO and Li20 stabilized ~"-A1208 that  
were  repor ted  by Miles et at. (15) are vast ly different 
f rom ours for ~"-gal late  monocrystals.  Tentat ively,  we 
must ascribe this discrepancy ei ther  to the MgO-Li20 
stabilization of the ~"-A120~ or, as they themselves  
suggest, to the polycrystal l ini ty  of their  samples. 

The great  dispari ty be tween our observed correla-  
tion factor for the S - g a l l a t e  and the predictions of the 
various theoret ical  models leads us to examine  our 
exper imenta l  procedure  for possible error.  The high 
correlat ion factor could resul t  f rom a Dt that  is too  
large, or a D~ that  is too small. Too large  a Dt can be 
encountered wi th  a mater ia l  if  there  are unsuspected 
grain boundaries which, in the general  case, provide  
highly disordered paths for rapid diffusion. A large 
apparent  Dt could also result  if the specimen has  
microcracks into which the "reservoir"  l iquid can 
creep and effectively shorten the path length. In ~"- 
Na-gallate,  however,  diffusion through the bulk is ac- 
tual ly easier than through crystal  defects and bound-  
aries. Moreover,  it has been our exper ience that  a n y  
microcracks in this mater ia l  are invar iably  in the e a s y  
cleaving c planes paral le l  to the diffusion path. R e s e r -  
vo ir  l iquid that  penetrates  such cracks would have  no 
access to the conduction planes. Thus, it is difficult to 
visualize any circumstance that  would result  in a 
t racer  diffusion constant for ~"-gal late  that  is much 
too large. 

It is easier to visualize ways in which the measured 
D~ could be too small. The principal  exper imenta l  
problem in measur ing the conduct ivi ty  of a two-d i -  
mensional  conductor  is to insure that  the edges of all  
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the c planes are contacted, because the spreading re-  
sistance be tween a contacted plane and an  adjacent  
noncontacted plane is essential ly infinite. There is no 
way to know that  contacting is complete in  each in-  
stance, but  a considerable n u m b e r  of ;~"-gallate crys- 
tals have now been measured, and reproducibi l i ty  has 
been excellent. Moreover, it  would be difficult to ex- 
pla in  conductivi ty of this mater ia l  2 to 2.5 times higher 
than observed, as would be necessary to give a corre- 
lat ion factor that  conforms to the diffusion models that  
were cited above. 

Crystal  defects such as faults or small  misal ignments  
might  seriously affect charge t ransport  in a two-di-  
mensional  conductor. However, they should affect the 
tracer diffusion to the same degree and have min imal  
effect on the correlation factor. 

A more  serious mat te r  is whether  the n u m b e r  of 
charge carriers, n, for electrical t ranspor t  should be 
equated to the mobile sodium concentrat ion when  cal- 
culat ing D~ from the Nerns t -Eins te in  relation, as done 
in  Table III, for we do not have independent  informa-  
t ion about the carrier  mobility. Perhaps the most sig- 
nificant observation that  can be made about the cor- 
relat ion factors at  this t ime is that  when  the data 
for the ;~" and ~ phases are treated in  the same m a n -  
ner, the large difference in  Dt/Da exists. 

Na-K exchange equilibria.--The principal  informa-  
t ion obtained from the Na-K  exchange equil ibria  
is the activity coefficients of the Na- and K-gallates  
when  present  together as a mixed crystal. Although the 
pure  compounds were t aken  as the s tandard  states, the 
activity coefficients will  reflect the interact ion be tween 
the Na + and K + ions if their  env i ronment  does not  
change when the pure compounds mix. From our un -  
ders tanding of these materials,  that appears to be a 
reasonable assumption. 

When two compounds mix ideally, the free energy 
minimizat ion results ent i re ly  from the entropy gain in  
achieving a random distribution. Activity coefficients 
greater  than  un i ty  (positive excess free energy) are 
usual ly  associated with repulsive interactions between 
unl ike  species which, in  the extreme, lead to phase 
separation. Coefficients less than  un i ty  (negative ex- 
cess free energy) are usual ly  associated with at tract ive 
interact ions be tween unl ike  species which, in  the ex- 
treme, lead to ordering. There  can be m a n y  com- 
plicating effects, for example, association to give u n -  
like pairs which then repulse similar unl ike  pairs, 
which can confuse the picture, but  the simplest in te r -  
pretat ion of the activity coefficients in Fig. 8 is that  
Na + and K + ions in  ~"-gallate are essential ly indiffer- 
ent  to each other, whereas in  fl-gallate there is a sub- 
stantial  at tract ive interaction,  which should lead to 
ordering. The fact that  the coefficients for fl-gallate 
agree so well with those for ~-A1203 determined by 
Yao and K u m m e r  (8) suggests that the principal  dif- 
ference is between the ~ and ~" structures ra ther  than  
between the gallates and aluminates  of the same 
structure. Random dis t r ibut ion of Na + and K + over 
the identical  sites in  the fl" lattice, and preferent ial  
occupancy of the larger  Beevers-Ross sites by K + and 
the smaller  ant i-Beevers-Ross sites, or perhaps the 

mid-oxygen positions, by Na +, in  the/~ s t ructure  would 
be consistent with the t rends in  the activity coeffi- 
cients. 

Summary 
1. The self-diffusion coefficients for Na + in  p"- and 

~-Na-gallate are 7.6 • 10 -5 and 2.0 • 10 -5 cm~/sec, 
respectively, at 350~ 

2, Approximately  10-15% of the sodium in  these 
compounds is nonmobi le  and is presumably  in  the 
spinel block. It  is proposed that  a Na + ion substi tutes 
for a Ga +++ ion in the block and provides charge 
compensation for two addit ional Na + ions i n  the con- 
duction plane. 

3. The correlation factor, ] _~ Dt/Da, is 0.58 for the 
/~ phase in good agreement  with that determined for 
~-A1203, where a noncol inear  inters t i t ia lcy diffusion 
mechanism had been proposed. A much larger value of 
5 ---- 0.82 was found for the ~" phase, which cannot  be 
accounted for by any proposed diffusion model. 

4. Na + and K + mix near ly  ideally in  the /~"-gallate 
structure, whereas in the ~ structure,  strong interac-  
tions suggestive of ordering are encountered. 

Manuscript  submit ted Jan. 26, 1978; revised m a n u -  
script received May 10, 1978. 

Any discussion of this paper will appear in  a Discus- 
sion ~ection to be published in  the June  1979 JOURNAL. 
All discussions for the June 1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 
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ABSTRACT 

Based on the pyrolysis of tr ichloroethene (C~HC13), also referred to as 
TCE, and the thermodynamic analysis of its reaction products a substi tute for 
TCE is found. It  is characterized by bet ter  physical and chemical properties 
and behaves as an additive during silicon oxidation identical to HC1. This 
chlorinated hydrocarbon, 1.1.1.-trichloroethane (referred to as C33) is used 
for fabrication of MOS capacitors on n - type  silicon to s tudy the properties 
of oxides grown with this additive. Special a t tent ion is paid to the prop- 
erties influencing the performance of charge coupled devices. Storage times 
of 500 sec, oxide defect density of 10/cm ~, and surface-state densities lower 
than 5 X 109/cm 2 eV are achieved. The cleaning effect on the furnace tube 
yields a mobile ion density lower than 2 X 109/cm 2. The fixed oxide charge on 
(100) mater ial  is 5 )< 1020 cm -2. Fabricat ion of CCD's with this technology 

proves its sui tabil i ty in silicon device processing. 

The superior behavior  of SiC2 grown in the presence 
of HC1 has been described in  detail (1-4). The lack of 
safety and special instal lat ion requirements  involved 
with the use of HC1 forced people to look for safer 
chlorine sources such as tr ichloroethene (TCE) (5) and 
carbon-tet rachlor ide (CC14) (8). TCE has already been 
proven to improve the oxide qual i ty (4, 6-8). In the 
past a clear dist inction between HC1 oxides and C12 
oxides has been found (1, 8, 12, 13) and is discussed 
below. Moreover dur ing  recent  work some similari ty 
between C12 and TCE oxides is observed: 

1. From Fig. 1 one can see the same behavior  in ox- 
idation rate enhancement  as a funct ion of the addi-  
t ive concentrat ion (expressed in  molar  ratio of addi-  
tive to oxygen) for both C12 and TCE as compared to 
the much lower increase for HC1. This difference is 
not fully explained by taking into account the total 
amount  of chlorine atoms in  the oxidizing ambient.  

2. For oxides grown at 1000~ Osburn (4) ob-  
served a m in imum oxide defect density for C12 ox- 
ides at 0.5% C12 and for TCE oxides at 1%. The min i -  
m u m  defect density for HC1 oxides is much lower 
and occurs at 3% HC1. 

3. The corrosion l imit  is between 2 and 3% for C12 
(1, 8) and 2% for TCE, while much higher concen- 
trat ions of HC1, 10-20% are needed (1, 9) to in t ro-  
duce corrosion, dependent  on substrate  orientation,  
oxidation temperature,  and time. 

4. The same negative bias instabi l i ty  has been ob- 
served for C12 and TCE oxides (10, 11). 

By means of a theoretical study based on the ther-  
modynamic equi l ibr ium data we show in  the next  sec- 
t ion the close relationship between C12 and TCE 
oxides. Fur thermore  as a result  of this chemical ana ly-  
sis, C33 (1.1.1.-trichloroethane) is proposed as a bet-  
ter  subst i tute for HC1. The electrical properties of ox- 
ides grown with this additive are discussed in  detail 
in the final section of this paper. 

Chemica l  Analysis 

In  order to study the differences between HC1 and 
TCE it was necessary to find out what  reaction prod- 
ucts are formed by heat ing mixtures  of O3 and HC1 or 
TCE. Kaesche-Krischer  (14) reported the combusti-  

�9 Electrochemical  Society Act ive  M e m b e r .  
1 Present  address: Bell Telephone M a n u f a c t u r i n g  Cie, Depa r t -  

m e n t  E.A.,  2000 A n t w e r p e n ,  Be lg ium.  
Key words: MOS structure,  oxide qua l i ty ,  h a l o g e n  oxidation, 

minority  carrier l i f e t ime .  

bility of TCE in atmospheres containing at least 40% 
oxygen. From the low gas velocity in the furnace 
(about 1 cm/sec for a 1.5 liters/min flow in a 4 in. 
tube), compared to the burning velocity (10 cm/sec), 
and from the comparison of furnace temperatures 
(900~176 and the flame temperature (1100~ 
one can conclude that there is total combustion. Be- 
cause of the long transit time of the gas in the hot 
zone of the furnace (1 rain) the combustion products 
will react until thermodynamic equilibrium is 
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Fig. 1. The increase in oxidation rate, here shown as oxide thick- 
ness enhancement, as a function of halogen additive concentrations. 
The oxides are grown at 1150~ for 34 min on n-type (100) mate- 
rial. The HCI and CI2 data are from Kriegler (1). 
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reached. Kaesche-Krischer  proposes following over-al l  
reaction occurring in  lean mixtures  

4C2HCls + 9 O2 :-  2H~O + 6C1~ + 8CO2 [1] 

Between the combustion products the following reac- 
t ion can occur 

2H20 + ~CI~ = 4HC1 + O2 [2] 

This should also be the equi l ibr ium reaction occurring 
when HC1/O~ mixtures  are allowed to react, e.g., in  
a heated furnace (20). A computer  performed ther-  
modynamic analysis based on free energy data (15, 
16) yields the part ial  pressures and concentrat ions of 
the gaseous reaction products as a funct ion of temper-  
a ture  and additive concentrations. These results are 
represented in  Fig. 2a for TCE, Fig. 2b for HC1, Fig. 
2c for C2H3C18 (C33), and Fig. 2d for CH.2C12 (di-  
chloromethane also referred to as C22). Because the 
concentrat ions of the reaction products are directly 
proport ional  to the additive concentrat ion only the 
ratio of the fo rmer  to the la t ter  is used. This is valid 
as long as very lean mixtures  are used, additive/O~ 
ratios smaller than 10%, a condition which is alwaj~s 
satisfied in this study. 

At temperatures  above 600~ the free energy of 
formation of HC1 is lower than of H20. In  a chlorine-  
and oxygen-conta in ing atmosphere at normal  oxida- 
t ion temperatures  the hydrogen reacts to form HC1 
ra ther  than  H20. The combustion of TCE yields three 
chlorine atoms for every hydrogen atom and thus a l -  
most all of the hydrogen is consumed to give HC1 
while only trace amounts  of water  are formed. The 
excess chlorine atoms form C12, as shown in Fig. 2a. 
The atmosphere when using TCE consists main ly  of 
almost equal amounts  of C!2 and HC1. This explains 
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Fig. 2. The concentrations of the reaction products HCI, H20, 
and CI2, relative to the additive concentration are given as a 
function of the reaction temperature: a, the pyrolysis of 
TCE(C2HCla): b, the pyrolysis of HCI; c, the pyrolysis of C33 
(C2H3CI3); d, the pyrolysis of C22 (CH2CI2). 

the "chlorine-l ike" behavior  of TCE. For HC1, how- 
ever, an  equal number  of chlorine and hydrogen 
atoms is available, resul t ing at high tempera ture  in  
a ma in  quant i ty  of HC1 and a minor  par t  of H20 
and C12. In  order to obtain an atmosphere in  the fur-  
nace similar  to HC1 it is thus necessary to use an ad-  
ditive with an equal n u m b e r  of chlorine and hydro-  
gen atoms. These additives such as C2.H8C13 (C33) 
and CH2CI~ (C22) yield atmospheres as shown in 
Fig. 2c and 2d, respectively. They have exact ly the 
same relat ive concentrat ions of reaction products as 
HC1. C33 yields three times higher and C22 yields two 
times higher concentrations than  HCI. This un ique  
dependence of the atmosphere on the H/C1 ratio is 
in agreement  with the analysis  of the Si-H-C1 sys- 
tem (17). 

�9 Our analysis is based on the assumption of thermo-  
dynamic equi l ibr ium which is validated due to the 
high temperatures  and the long t ransi t  t ime of the 
products through the hot zone of the furnace. The 
close agreement  between the oxidation rate enhance-  
ment  of HC1 and C33 as is shown later  on, confirms 
this. 

Other reaction products with oxygen, such as HC10. 
C10, and HO, are not included in  the analysis because 
at high temperatures  their  free energy is too high to 
result  in concentrat ions greater  than  10 -4 (18), so 
that they do not interfere in  the comparison of the 
additives. Moreover different additives giving similar  
atmospheres will also yield the same byproducts. 
The carbon atoms of the additives do not in te rvene  
as long as lean mixtures  are used to allow the forma-  
tion of 002 (carbon dioxide). Al though CO2 is ther -  
modynamical ly  less stable than  SiO2 it is not  ex-  
pected to compete with oxygen in the oxidation reac- 
t ion (19) also because of its lower diffusivity in  SiO2 
due to its large molecular  dimension. The formation 
of a Si-C (sil icon-carbide) bond is also not  l ikely 
because it is unstable  in  the presence of 02 at high 
temperatures  and will react to form SiO~ and CO2 
(16). The carbon monoxide formed in  mixtures  which 

.are too rich leads to the formation o f  the highly 
toxic phosgene (COC12) when  it reaches the cold 
end of the furnace tube. This is a l imit ing factor in  
the safe use of every chlorinated hydrocarbon. 

The choice of C33 as the op t imum a d d i t i v e . -  
The conclusion from previous analysis is that  the ad-  
ditive must  have a molecular  composition with the 
same n u m b e r  of chlorine and hydrogen atoms. Among 
the compounds satisfying this condition C33 is selected 
as the one with the most sui table physical and physio- 
logical properties: (i) boil ing point  of 75~ (21), it 
has also the suitable vapor pressure to be dissolved 
in  a carrier gas at room temperature;  (ii) noncor-  
rosive; (iii) chemically stable; (iv) noninf lammable  
in  air; and (v) high pur i ty  semiconductor grade com- 
mercial ly available at low costs. In  addition, C33 
has improved physiological properties over TCE. The 
toxicity expressed by means of the TLV (threshold 
l imit  value) for C33 is 350 ppm and for TCE 100 
ppm (23). It  has to be dist inguished from its isomer 
1.1.2-trichloroethane which is highly toxic (TLV = 10 
ppm).  TCE is also known to cause l iver  and kidney 
in ju ry  and heart  attack by repeated exposure even 
under  the TLV value (22). TCE also suffers from in-  
s tabil i ty under  the influence of light by spli t t ing off 
HC1. 

Exper imental  Procedure 
The exper imenta l  setup to grow C33 oxides con- 

sists of a s tandard resistance heated quartz tube 
equipped with a main  N2 and 02 flow and with a by-  
pass carr ier  gas (N2 or 02) which is led through a 
bubbler  filled with C33 or TCE. The bubbler  consists 
of two gas wash flasks put  in  series and held at room 
temperature.  Weighing experiments  were performed 
to prove that  the carr ier  gas was saturated, wi th in  
the accuracy of the measurement ,  for all flows used 
in the experiment.  The amount  o f  additive introduced 
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into the furnace was determined by control l ing the 
vapor pressure of the liquid, depending on the tem- 
perature,  and the gas flow through the bubbler.  
An extra  valve is also needed between the bubbler  
and the furnace tube inlet  to prevent  C33 vapor from 
enter ing the furnace when there is no oxygen present. 

The properties of the oxides are measured on MOS 
capacitors fabricated as follows: n - type  Si-waferS, 
(100) oriented, 10-20 ~-cm, were given a s tandard 
r inse (24) before oxidation at one of the following 
temperatures;  I000 ~ i i00 ~ 1150 ~ or 1200~ for dif- 
ferent  times with different concentrat ions of C33 or 
TCE. This ox ida t ion  is followed by an anneal  in 
si tu in  N2. Before E-beam metal l izat ion with a lumi-  
num the back side oxide is stripped in  buffered HF. 
The MOS capacitor metal  electrodes are 0.5 • 0.5 mm 
squares defined by photolithography. The back side 
metall izat ion is followed by a low tempera ture  anneal  
of 30 rain at 450~ in forming gas. Other properties 
are tested on N-channel  surface CCD's fabricated 
with the 3 level polysilicon gate technology (25). 

Results and Discussion 
Influence oS C33 and TCE on the properties of the 

silicon dioxide f i lm. - -The  increase in oxidation rate. 
- - T h e  use of chlor ine-containing ambients  enhances 
the oxidation. The thickness, determined ell ipsomet- 
rically, of oxides grown under  the same conditions 
(1150~ 34 min, (100), n - type  Si) but  with differ- 
ent concentrat ions of additives is shown in Fig. 3. In  
the abscissa the equivalent  HC1 concentrat ion (C33 
concentrat ion • 3) is used as a means of comparison 
between C33 oxides and HC1 oxides. 

The increase of oxidation rate is identical  for C33 
and HC1 which confirms the assumption of total com- 
bustion made in the previous section. When using 
TCE the oxidation rate, as shown in  Fig. 1, is much 
closer to that observed with Cl2 gas. This increase in 
oxidation rate, cannot be explained by the influence 
of water  vapor formed dur ing the combustion of HC1 
since it occurs also in C12 atmospheres according to 
Kriegler  (1). Two other mechanisms account for the 
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Fig. 3. The increase in oxide thickness by the use of HCI and 
C33 is given as a function of effective HCI concentration (C33 
times 3), oxides grown at 1150~ 34 min on n-type (100) material. 
The HCI oxides are from Kriegler (1). 

enhanced oxidation (9, 20): (i) the higher diffusivity 
of 02 in  the presence of C12 or HCI, or (ii) the in-  
creased reaction velocity. Chlorine acts as a catalyst 
on the oxidation reaction. The first step in the reac- 
tion should be the chlorinat ion Of silicon. This is a 
much faster reaction than the oxidation, the reaction 
velocity being related to the etch rate of silicon. This 
is about 1.5 #m/ra in  in 0.5% HC1/H2 at 1200~ for 
(111) surfaces and 3.4 ~m/min  for (100) surfaces (26). 
The oxidation reaction velocity is only 5.5 10 -2 #m/  
min  in 5% 02/N2 mixtures  at 1200~ for (111) planes 
(27) and is slightly dependent  on surface orientation. 
The second reaction step is the conversion into SiO2 
because of the higher thermodynamic  stabil i ty of the 
latter. This two step reaction may proceed faster than 
a single step reaction. A too high chlorine concentra-  
t ion causes degenerat ion of the oxidation because the 
oxidation step is no longer competit ive and etching of 
the silicon occurs. 

Oxide deSect densi ty  and dielectric breakdown . - -The  
oxide defect density is one of the l imit ing factors in 
the fabrication of devices requir ing large active areas. 
The addition of halogen dur ing oxidation has been 
found to reduce this defect density (4). The im-  
provement  by the use of C33 and TCE is shown in  
Fig. 4. The dis tr ibut ion of the first self-heal ing 
breakdown and final breakdown electric fields are 
shown for a dry thermal  oxide (referred to as DTO), 
a 1% C33 oxide and a 1% TCE oxide, all grown at 
1000~ for 2 hr. These distr ibutions are measured by 
an automated system based on a circuit similar to 
the one described by Osburn et al. (28). The thick- 
ness of the metal  layer was only 30 nm to allow the 
self-healing breakdown to be distinguished from th~ 
final breakdown. The ramp rate was 1 MV/cm-sec. 

It is observed that the ma x i mum breakdown field 
as related to the intr insic or electronic breakdown of 
the silicon dioxide (29) is not influenced by "chlo- 
rine" addition. More impor tant  however is the reduc- 
tion of the defect density as shown in Fig. 5 where 
the densities averaged for several wafers are dis- 
played. These densities are calculated according to 
Osburn and Ormond (30) using capacitors of three 
different areas, respectively, 0.072, 0.2, and 0.8 ram2. 
These figures result  from 1200 measurements  per-  
formed over four different runs. The defect density 
decreases from about 150 cm -2 for the DTO oxide 
to 9 and 15 cm -2 for the 1% C33 and 1% TCE oxide, 
respectively. Occasionally C33 oxides are grown that  
show no defects. The increase at higher TCE c o n c e n -  
trat ions ,  due to the higher corrosivity (4), limits the 
use of this additive. 

Two kinds of effects are believed to explain ~he re-  
duction of defects. First  charged impurities,  especially 
sodium and also interface states or oxide charges, en-  
hance the applied field or reduce the bar r ie r  height 
(30). These defects are el iminated by HC1 oxidation 
and are discussed in the following sections. A sec- 
ond origin of reduced dielectric b reakdown is physi-  
cal defects either on the silicon substrate or in the 
oxide film. Etching o~ the silicon prior  to oxidation by 
means of HC1 only reduces the defect density when 
subsequent  oxidation is performed in a very  clean 
ambient  (29), al though a strong relat ion is found be-  
tween substrate and oxide defects (31). One of the 
reasons is the effect of sodium which not only acts 
as a charged contaminant  but  also as a silicon dioxide 
network modifier causing crystal l ine part iculates to 
occur. These can be places of reduced s trength and  
can also lead to a path of enhanced diffusion for the 
a luminum causing shorts dur ing low tempera ture  a n -  
nea l  (29). The formation of interface imperfections 
as described by Johannesson (83) dur ing oxidation, 
which consists in Si- inclusions into the oxide, can 
also reduce the dielectric strength. This can be re-  
duced by adding chlorine dur ing oxidation. Physical  
defects resul t ing from the absorption at the Si-sur-  
face of airborne part iculates dur ing wafer storage or 
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drying in  filtered ni t rogen and residue of the cleaning 
solutions are found to be responsible for defects (32). 
Oxidation with HC1 as well as H2 high tempera ture  
t rea tment  seems to be very effective for the desorp- 
t ion of these contaminants  (32). 

The mobile oxide charge.--This charge, mainly  caused 
by sodium ions (34), is destructive for the rel iabi l i ty  
of MOS devices. Thus several methods have been in-  
vestigated to immobil ize them. Better, however, is 
to .avoid the in t roduct ion of sodium into the oxide. 
Besides the metallization, the oxidation furnace has 
the highest contaminat ion probabi l i ty  (35). C33 and 
TCE are effective in  reducing the mobile  charge dur -  

ing oxidation and also dur ing  previous cleaning of the 
furnace tubes prior to oxidation. 

These experiments  are performed on quartz tubes 
that  are previously cleaned by  etching them in  di- 
lu ted HF followed by a r inse in  high pur i ty  water. 
Be2ore growing the first oxide, without  previous C33 
or TCE cleaning, the furnace  tube is flushed with N~ 
for at least 3 hr. The experiments  are done at I!00~ 
for TCE and 1200~ for C3& The wafers :are oxidized 
in dry O~ to yield about 90 nm thick oxide followed 
by a N2 anneal  in situ. Immedia te ly  after oxidation 
the oxide is covered with a silicon ni t r ide  layer  to 
prevent  any  contaminat ion  from enter ing the oxide 
after oxidation. The furnace tube cleaning cycle is 
performed at oxidation temperatures  with 0.75% TCE 
or 1.25% C33. After  each cleaning cycle and before 
another  oxidation, the furnace is exposed for 30 rain 
to dry O2 in  order to avoid the effect of l inger ing 
traces of chlorine on the oxide growth. The mobile 
ion density is determined by .applying a TVS (tr i-  
angular  voltage sweep) (36) at 200~ and by in te -  
grat ing the extra displacement cur ren t  caused by the 
mobile ions. Independent  exper iments  show that  the 
oxide-ni t r ide  double layer causes no instabili t ies 
under  these conditions. From Fig. 6 it  is seen that  
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Fig. 6. The mobile ion density obtained from TVS measurements 
at 200~ 200 mV/sec sweep, as a function of cleaning time with 
0.75% TCE/02 mixture at !100~ or a i .25% C33 mixture at 
1200~ The oxides are grown for 30 min at 1100~ and 14 rain at 
1200~ respectively, always after a previous 02 flow for ~ hr. 



1700 J. EIectrochem. Soe.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY October 1978 

both TCE and C33 are effective in cleaning the fur-  
nace tube. The mobile ion density rapidly falls in  30 
min  to a low 1010/cm 2 level. The increase immediately 
after HC1 is allowed to flush the tube (37)~ is in  
agreement  with Krieglers '  result  (12) and is ex- 
plained by the higher sodium content  in the atmo- 
sphere. An overnight  rinse (960 min)  reduces the 
density to the l imit  of detection (2.109 ions/cm2). 

The neutralization of the mobile charge.--Oxidation 
in a chlor ine-containing ambient  leads to a neutral iza-  
tion capabil i ty of the oxide against mobile ions (38). 
From the shift in flatband voltage before and  after a 
positive BT stress performed at 200~ with an electric 
field of 1 MV/cm for 20 min, the amount  of unneu t ra l -  
ized charge is calculated. The neutral izat ion efficiency 
of an oxide is expressed as the ratio of the neutral ized 
charge to the total mobile charge, the la t ter  measured 
in DTO samples. This figure of meri t  is used to com- 
pare the TCE and C33 in  Fig. 7. 

The neutral izat ion is a t t r ibuted to the chlorine in -  
corporated in the oxide and is independent  of the con- 
taminat ion  level, a l though the number  of the neut ra l -  
ized ions are only a small  fraction of the number  of 
chlorine .atoms in  the oxide (39). Both additives show 
a threshold-l ike behavior  in the dependence on addi- 
tive concentrat ion;  a threshold in  oxidation t ime is 
also expected as observed with HC1 (12). The same 
threshold-l ike behavior is found in the chlorine con- 
tent  of an oxide, result ing in a close relat ion between 
the chlorine content  and the neutra l izat ion efficiency 
(40). 

The wafers are in tent ional ly  contaminated by evap- 
oration of a luminum from a resistance-heated tungsten 
wire. This results in a ra ther  good uni formi ty  of the 
contaminat ion level on samples metallized in  the same 
run, however, large differences from run  to r un  can 
O c c u r .  

The mechanism of neutral izat ion is not well under -  
stood. It is proposed by Kriegler  (41) that the mobile 
ions become trapped when they reach the vicinity of 
the chlorine, incorporated in a Si-O-,C1 bond where 
chlorine is subst i tut ional  for oxygen. This t rapping is 
also observed dur ing TVS measurements  (42). Results 
of these measurements  performed at 200~ on a DTO 
and on a C33 oxide are represented in Fig. 8. In the 
D TO sample deformation of the displacement current  
peak occurs due to the t rapping of the mobile ions at 
the metal-SiO~ interface when they are swept from 
the metal  to the silicon (39). The C33 sample, how- 
ever, shows also heavy t rapping when the sodium ions 
are at the silicon interface where the chlorine atoms 
are incorporated (43, 10). The sodium is not immo-  
bilized but  neutral ized when it reaches the interface as 
the fiatband voltage shift is much lower for the C33 
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oxide than the DTO while integrat ion of the displace- 
ment  current  yields the same total charge. 

The influence o~ C33 and TCE on the silicon dioxide- 
silicon interface.--The fixed oxide charge (Nox).-- 
Samples grown in TCE/O2 and C33/O2 mixtures  show 
a reduction in the fixed oxide charge (Fig. 9). This, 
however, is only found when the oxide charge is higher 
than the min imum value that can be reached by proper 
anneal ing (34). The samples referred to in Fig. 6 as C 
and E, grown with different T,CE and C33 concentra-  
tions, respectively, have fixed oxide charge levels of 
about 5 .  1010 charges/cm 2 as normal ly  obtained for 
(100) interracial  planes by suitable processing (44). 
This is not influenced by the addition of chlorine 
species. The B and D series have a higher oxide charge 
decreasing with increasing chlorine concentration. 
From the sample A series, measured as oxidized with-  
out high temperature  N2 anneal ,  it is clear that the 
mechanism responsible for the decrease in oxide charge 
occurs dur ing oxidation. A zero oxide charge as re-  
ported by Kriegler  (1) has never  been observed. 

The origin of the fixed oxide charge is thought to be 
due to the oxygen deficiency and the excess ionized 
silicon resul t ing in a missing Si-O-Si  bridge in the 
t ransi t ion region near  the interface (33, 34, 45). 

The influence o~ sodium (46) is excluded because 
the wafers are oxidized in a sodium-free atmosphere. 
Moreover the samples show very low mobile ion densi-  
ties even metallized. It is believed that the excess un -  
bonded silicon ions are chlorinated because of the high 
reactivi ty of the chlorine and silicon. The analysis of 
the oxidation rate also supports this assumption. Con- 
sequently the oxide charge is reduced. 

The interface-state density (Nss).--Quasi static C-V 
measurements  are performed on TCE and C33 oxides 
to obtain the interface-state  density (47, 48). The 
samples were obtained at low tempera ture  anneal  for 
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Fig. 9. The reduction in fixed oxide charge density (Nox) with 
increasing chlorine addition. Am (TCE) f200~ 14 min oxidation, 
no anneal; B, (TCE) 1200~ 14 rain oxidation, 30 min 450~ wet 
N2 anneal; C, (TCE) 1150~ 32 min oxidation, 20 rain N~ in situ, 
450~ 30 min wet N2 anneal; D, C33, 1150~ 36 mln oxidation, 
5 rain N2 in situ, 450~ 30 min wet N~ anneal; E, same as D but 
20 min N~, in situ anneal. Sample A was measured by means of an 
Hg probe; B, C, D~ and E after metallizatian. 

30 min  in  wet N2 at 450~ after a l u m i n u m  metal l iza-  
tion. This is known as a very effective means of reduc- 
ing the interface states (49). The interface-state 
density of oxides grown at C33 concentrat ions lower 
than  1% is beneath  the l imit  of accuracy of the method 
(10t0/cm 2 eV) as shown in ]~ig. 10. From transfer  loss 
experiments  of charge coupled devices fabricated with 
the same C33 oxides as gate dielectric layer it has 
been found that Nss is in  the low 109/cm 2 eV range 
(50), At higher C33 concentrat ions Nss increases as has 
also been observed for TCE oxides (6). 

According to Goetzberger the source of interface 
states is threefold (51), namely,  chemical impuri t ies  at 
the interface (52), charges in the oxide, and s t ructural  
imperfections such as dangling bonds. From previous 
sections it follows that C33 or TCE is effective in pro-  
viding a clean atmosphere dur ing  oxidation minimizing 
the l~ossible contaminat ion by impuri t ies  or electrically 
charged ions. Also the fixed oxide charge is optimized. 
It is general ly  accepted that  interface states can be 
annihi la ted  by reducing ionized silicon centers at the 
interface dur ing a low tempera ture  anneal  by the 
formation of Si-H bonds (46, 34, 53). This hydrogen 
can be present  in the anneal ing  atmosphere or is 
formed dur ing anneal  by the reaction of water  vapor 
with the a l u m i n u m  metal  layer  (49). The hydrogen 
can also be incorporated in the s t ructure  due to the 
previous processing step such as HC1 (54), C33, or 
TCE oxidation. Hydrogen results from the water  pres-  
ent i n  the atmosphere or from the reaction of silicon 
with HC1. A similar  effect has been observed in oxides 
covered with a ni tr ide layer  formed by the reaction of 
Sill4 and Nt-I3 (55). The higher interface-state density 
at higher concentrat ions is explained by the higher 
density of imperfections at the interface due to the 
corrosion of the silicon. The increase in imperfections 
is also observed dur ing oxide defect density measure-  
ments  in  chlorine oxides (4). 
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Fig. 10. The interface state density (Nss) vs. C33 concentration 
for 1150~ 32 rain and for 1200~ 30 min samples. 

Influence of C33 and TCE on the dark current  gen- 
erat ion.--The advantage of "chlorine" oxidation ap- 
plied to CCD processing is the reduct ion of background 
dark current  and dark current  spikes. The dark current  
generat ion can be fully described by s tudying the re-  
laxat ion times of MOS capacitors pulsed in  deep deple- 
t ion (Fig. l l a ) .  In  order to separate bu lk  minor i ty  
carrier generat ion lifetime and surface generat ion 
velocity the Zerbst analysis (56) is performed on these 
pulsed C-t plots (Fig. l l b ) .  

Care should be taken to account for the effect of sur-  
face generat ion at the per iphery of the capacitor when 
making these C-t  plots especially when very high bulk  
lifetimes occur, since this could lead to erroneous in -  
terpretat ion of the Zerbst plots (57, 58). Typical bulk  
generat ion lifetimes obtained from both Zerbst  analysis 
and dark current  CCD exper iments  (59) "are between 
0.5 and 3 msec. The surface generat ion velocity of an 
inverted surface is as low as 0.07 cm/sec raising to 
1 cm/sec for the depleted surface. An opt imum C33 or 
TCE concentrat ion cannot  be foUnd. However a s trong 
decrease in relaxat ion time is always observed at 
higher concentrations (1% for TCE, 2% for C33). 

The thermal  bulk  generat ion is general ly a t t r ibuted 
to impurit ies of heavy metals (gold, copper, iron) hav-  
ing energy levels near  the middle of the bandgap. The 
reduction of bulk  generat ion is ascribed to two pos- 
sible mechanisms: first the formation of volatile meta l -  
chlorides (2, 8); second, the reduction of lattice de- 
fects, such as stacking faults, where  impuri t ies  prefer-  
ent ial ly reside. A strong relat ion is found between 
stacking faults or dislocations and CCD video defects 
(60, 61). On the other hand, no large effect has been 
observed of a high tempera ture  t rea tment  in a mix ture  
of ~C1, H2, and Sill4 on the metallic content of a Si-  
wafer (32). Recently relaxat ion t ime experiments  
performed on MOS capacitors grown with HC1 (62) 
show a strong relat ion between the re laxat ion t ime and 
crystal defects being not only large defects as stack- 
ing faults but  also small etch pits whose na ture  is not 
fully understood but  may be related to oxygen clusters 
(67). Several  investigations are now under t aken  that 
prove that the suppression of stacking faults is the 
predominant  mechanism responsible for the l ifetime 
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improvement (63). It has been proved already that 
HC1 (64) and TCE (65) and recently also C33 (66) is 
effective in reducing the stacking faults. The decrease 
of relaxation time at higher concentrations is due to 
the corrosion of silicon by the chlorine resulting in a 
highly defective interface. 

Conclus ion  
C33 (1.1.1.-trichloroethane) has been proved to be 

very effective in replacing HC1, giving oxides with 
identical properties. Moreover it is far less dangerous 
than HC1 and it has also improved physical and physi- 
ological properties over TCE. The higher chlorine con- 
tent of the lat ter  tends to corrode the silicon surface 
during oxidation and limits the improvement on prop- 
erties sensitive to interface imperfections, namely, the 
electric breakdown defect density, the fast interface 
states, and the storage times. The phenomena of 
neutralization of the mobile charge occur at concen- 
trations where the structure-sensit ive properties 
worsen, therefore, we do not recommend the use of 
this technology for making self-stabilizing oxides. 
Oxides with very low mobile ion content are achieved 
by the cleaning effect of C33 on the furnace tube. 

The behavior of these oxides is explained by means 
of a very simple model. The high reaction velocity of 
HC1 and C12 with silicon compared to the oxidation 
reaction velocity makes silicon-chlorine bonds l ikely 
and accounts for the influence on oxidation rate, fixed 
oxide charge, and the neutralization capability, al-  
though the lat ter  is not fully understood. This removal 
of excess silicon atoms at the inter~ace causes lower 
defect density, longer relaxation times, and lower in- 
terface state densities, this also because of the hy- 
drogen released from the reaction. The removal of 
contaminants especially sodium from the furnace tubes 
also accounts for the improved properties. 

The impact of C33 oxidation on device properties as 
defect density, minority carrier  generation lifetime, 
and surface-state density together with its improved 
physical and physiological properties makes it suitable 
in silicon device processing. 
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Some Aspects of Oxide Isolation Technology 
P. C. Parekh 

Honeywell-SSEC, Plymouth, Minnesota 55441 

ABSTRACT 

Genera t ion  of defects and s tain profiles have  been inves t iga ted  in t h e  
vic ini ty  of the  oxide isolat ion region for the  <100>  or iented wafers.  The va r i -  
ables used were  SiO2 and SijN4 thicknesses at  the  surface and isolat ion ox ida-  
t ion tempera ture .  I t  was observed that  the enhancement  or r e t a rda t ion  in the  
ep i tax ia l  dopant  diffusivi ty in the  vic ini ty  of the  isolat ion region was re la ted  
to the  presence or the absence of defects on the <111>  plane,  respect ively.  

The impact  of oxide isolat ion technology in the 
manufac tu re  of high speed high dens i ty  circuits  has 
been significant. Ear l ie r  this type  of isolat ion (1) was 
appl ied  to b ipo la r  memories.  However ,  p resen t ly  i t  is 
being used in al l  types  of in t eg ra ted  circuits. With  in-  
creasing in teres t  in this  technology,  an increas ing 
number  of publ icat ions  on var ious  aspects  have  been  
re leased  (1-8). Fo r  example  recent  work  by  Cosand 
and Pruss in  (4) have shown that  defects are  genera ted  
in the  v ic in i ty  of the oxide isolat ion region if the  proc-  
essing conditions a re  not  optimized. Work  of Sakai  
et al. (2) and Bassous et al. (3) a t tempts  to reduce 
"bi rds  beak"  which is a nondes i rable  fea ture  of oxide  
isolation. Chang and Chang (6) have  character ized 
oxide  isola ted s t ructures  using device  p a r a m e t e r  as 
the vehicle. 

Three  basic problems  tha t  m a y  be  exper ienced  wi th  
oxide isolated s t ructures  are:  (i) nonp lana r i ty  in and 
a round  the v ic in i ty  of the  s t ruc ture  which m a y  cause 
poor  s tep coverage of metal l izat ion,  (it) excessive 
l eakage  and low b r e a k d o w n  be tween  two regions sepa-  
r a t ed  by  an oxide isola ted region,  (iii) l eakage  on de-  

Key words: oxidation, defects, dielectric isolation. 

vices s i tuated in  the  v ic in i ty  of the  oxide  isolated r e -  
gion. Nonp lana r i ty  at the  p e r i p h e r y  of the  oxide  iso- 
la t ion opening has been discussed by  Saka i  et aI. (2) 
and Bassous et al. (3). In  the  p resen t  work  this aspect  
of oxide isolat ion technology is not  discussed fur ther .  

The work  of Cosand and Pruss in  (4) have  shown 
that  the  genera t ion  of defects  was a funct ion of p roc-  
essing conditions. Their  work  used processing condi-  
tions in a fa i r ly  na r row  range.  The object  of the  p res -  
ent  work  is to inves t iga te  s ta in profile and genera t ion  
of defects  in the v ic in i ty  of the  isolat ion region. F r o m  
these da ta  processing conditions can be opt imized to 
reduce isolat ion and active device leakage  currents.  
The range  of processing conditions comprised of v a r y -  
ing isolat ion oxida t ion  t empera tu re s  ~ o m  950 ~ to 
1150~ SijN4 thickness va ry ing  f rom 500 to 2500A 
SiO2 ( the rma l ly  grown under  SijN4) thicknesses v a r y -  
ing f rom 0 to 2000A. 

The tools used for the  above  invest igat ions  w e r e :  
(i) Bevel  and  stain technique to observe s ta in  profile 
at  the  pe r iphe ry  of the  isola t ion region,  and  (it) the  
wafers  were  (100) o r i en ta ted  and were  c leaved along 
<110> directions.  The c leaved  por t ions  were  Si r t l  
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etched to delineate etch pits formed due to disloca- 
tions along the (111) plane. The pits were observed 
using SEM. 

Experimental 
The star t ing mater ial  was p- type  wafers of (100) 

orientat ion and resistivity 8.0-13.0 ~2-cm. The wafers 
were cleaned and split into two halves such that  n - type  
epitaxial  layers of resistivity 0.35 a - c m  and thick- 
nesses 2.0 and 3.0# were deposited. Prior  to this step 
some wafers were processed with buried layer  dep- 
osition and diffusion. However, no differences in  the 
final results were obtained between the wafers with 
and without buried layer  process. After  the epitaxial  
depositions, the wafers were cleaned and thermal ly  
oxidized at 950~ with va ry ing  SiO2 thicknesses rang-  
ing from 0 to 2000A. The wafers were then  processed 
through SisN4 deposition performed at 800~ The 
thicknesses of SisN4 ranged from 500 to 2500A. For 
masking purposes, 1000A of SiO:2 was deposited at 
450 C on all the wafers. An oxide isolation mask was 
defined and the sandwich structure of SiO2-Si3N4-SiO2 
was etched. Finally,  silicon in the mask opening was 
etched to ~a depth of 2.25~ using a mixure  of potassium 
hydroxide and isopropyl alcohol as shown in  Fig. 1. 
Here the cross sections represent  two devices with 
epiatxial  thicknesses of 2.0 and 3.0 ~m. The oxidation in 
the isolation region was performed at temperatures  
of 1150 ~ 1050 ~ and 950~ The final oxide thickness 
in the isolation region (henceforth called groove) in  
all the cases was 2.2 ~rn. 

,Subsequent to the oxidation of the grooves, the 
wafers were beveled and stained to observe the n - type  
epitaxial  stain profile in t'he vicinity of the groove re-  
gion. The method of beveling was performed using the 
Philtec machine. This enabled large areas of wafers 
to be subjected to examination.  Next the wafers were 
cleaved along the <110> direction. The cleaved re-  
gions were Sirtl  etched and subjected to SEM anal-  
ysis to reveal the presence of defects in  the vicinity 
of the groove due to the oxidation process. 

Results 
Table  I shows a summary  of the experiments  per-  

formed to observe different types of stain profiles and 
defects generated in  the viciniy of the grooves. These 
are, for example, shown in Fig. 2 and 3, respectively. 
In  the former case, the dark area represents the p- type 
substrate while the light area represents the phos- 
phorus-doped epitaxial  region. Here the boundary  be-  
tween the surface and the beveled region is clearly 
visible. The stain profiles for the oxidation tempera-  
tures used showed the following: 

1. For the oxidation temperatures  of 1150 ~ and 
1050~ there was an increase in  the epitaxial  thick- 
ness away from the groove region due to the diffusion 
of phosphorus into the substrate. For the oxidation 
temperature  of 950~ no significant increase in  the 
epitaxial  thickness was observed. 

2. There was an enhancement  in the diffusivity of 
the n- type  epitaxial  dopant under  the groove region 
with respect to that  away from the groove region for 
all the oxidation temperatures  used. Henceforth in  the 
article the te rm "enhancement"  assumes that  it  is 

Table I. Types of stain profiles 

Groove 
oxida- 

Epi tion Dielectric thickness De- 
thick- temper- Stain fects 

Batch ness ature SiO2 SisN~ pro- Gene- 
No. (/~m) (~ (A) (A) file rated? 

1 3.0 1150 0-2000 2500 Fig. 2 Yes 
2 30  1150 0-2000 500 Fig. 4 No 
3 2.0 1150 2000 2500 Fig. 6 Yes  
4 2.0 1150 0-2000 500 Fig. 6" No 
5 2.0 1150 0 2500 Fig. 6" Yes  
6 3.0 950 0-2000 500-2500 Fig. 7 Yes 
7 2.0 950 0 500-2500 Fig. 8 Yes  
8 2.0 950 2000 2500 Fig. 9 Yes  
9 2.0 950 2000 500 Fig. 10 Yes 

* Modified stain profile. 

referenced with respect to the epitaxial  thickness 
away from the groove region. 

Figure 3 shows a SEM view of t~e cross section of 
an isolation groove. As ment ioned above, the wafers 
were cleaved along the <110> direction and Sirt l  
etched. The etch pits and their positioning suggests 
that the defects are formed on the sloping <111> 
plane. Henceforth in the article the meaning  of the 
term "the generat ion of defects in  the vicini ty of the 
groove region" assumes that the wafers were cleaved 

Fig. 2. Bevel and stain profiles for wafers in batch 1. SiO2 thick- 
ness~.s ~ 0-2000A. Si3N4 thickness ~ 2500•. Oxidation tem- 
perature ~ i150~ • 

Si3rl 4 + SiO 2 Si3N 4 + SiO 2 

Th.: ore Epi Th.& = 2.0/~ e 

, 

Fig. 1. Cross sections after silicon groove etching. In (a, left) 
epitaxial thickness > depth of groove. In (b, right) epitaxial thick- 
ness < depth of groove. 

Fig. 3. SEM view of the cross section of samples in batch I 
cleaved in the < 1 1 0 >  direction and Sirtl etched. Defects are 
observed on the (111) plane. • 700. 
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along the <110> direction and Sirtl  etched. Subse- 
quently,  the cross section of the etched regions were 
subjected to SEM analysis and any defects present  
were found to lie on the (111) plane. 

Groove oxidation temperature of 1150~ fol- 
lowing results were obtained and are shown in  Table 
I: 

Epitaxial thickness : 3.0 ~m.--Here the interface of 
the epitaxial-subs~rate region was below the lower tip 
of the groove prior to the groove oxidation as shown in 
Fig. la. After  the oxidation the increase in  the epi- 
taxial  thickness away from the groove region was ap- 
proximately  1.5 ~m. Figure  2 shows typical stain profile 
in the vicini ty of the groove for Si3N4 thickness of 
2500A and oxide thickness ranging from 0-2000A. Here 
a significant enhancement  in  the diffusion coefficient of 
the n - type  epitaxial  dopant  under  the groove region 
is observed. In  addition, defects were observed in the 
vicini ty of the  groove region as shown in Fig. 3. Figure 
4 shows bevel and stain profile of the samples in  batch 
2 with SisN4 and SiO2 thicknesses of 500A and 
0-2000A, respectively. It can be seen that  there is a 
re tardat ion in the diffusion coefficient of the n - type  
epitaxial  dopant  under  the groove relat ive to that  
away from the groove region. Figure 5 shows that  no 
defects were generated in the vicini ty of the groove 
for these samples. 

Fig. 4. Bevel and stain profile for wafers in batch 2. SiO2 thick- 
nesses ~ 0-2000•. Si3N4 thickness ---- 500A. Oxidation tempera- 
ture ~ 1150~ X162. 

EpitaxiaI thickness ~_ 2.0 #m.- -F igure  lb  shows that  
prior to t'he oxidation of the groove, its depth is slightly 
greater  than the thickness of the epitaxial  region. How- 
ever, after the oxidation, the thickness of the epitaxial  
layer  .away from the groove region is greater  than  the 
depth of the groove. This is i l lustrated in  Fig. 6 for 
wafers in  batch 3 for Si3N4 and SiO2 thicknesses of 
2500 and 2000:A, respectively. Note that  here the iso- 
lat ion between the two n - type  regions is main ta ined  
by the cont inui ty  of the p- type  region between the 
bottom of the groove and the substrate. Dur ing  the 
ini t ial  phase of the oxidation of the grooves, some 
boron from the substrates is incorporated into the 
oxide. In  the subsequent  oxidation process, the oxide 
may act as a source of boron and consequently a con- 
t inui ty  of the p- type  region between the bottom of 
the groove and the substrate is maintained.  Note that  
at the per iphery of the groove an enhancement  in  the 
diffusion coefficient of the n - type  dopant  is observed. 
This is accompanied by the presence of defects similar  
to that  shown in  Fig. 3. For  the samples in  batch 4 
where Si3N4 thickness was reduced to 500A and SiO., 
thicknesses were allowed to range from 0-2000A, stain 
profile as shown in  Fig. 6 was observed but  with the 
absence of the enhanced diffusion of the n- type  dopant 
at the per iphery of the groove. In  addit ion no defects 
were observed in the vicinity of the groove region. The 
stain profile for the wafers in  batch 5 wi th  2500A 
SisN4 and no SiO2 under  the SizN4 was similar  to that  
shown in  Fig. 6 but  with less enhancement  at the pe- 
r iphery of the groove region. In  addition, defects simi- 
lar  to that shown in Fig. 3 were observed although ,the 
density of defects was lower than  shown in the figure. 

Groove oxidation temperature ol g50~ fol- 
lowing results  were obtained and  a r e  s h o w n  i n  
Table  I: 
Epitaxial thickness .:  3.0 ~m.--Here  after the oxidation 
of the groove, the epitaxial  thickness away from the 
groove region remained same as prior to the oxida- 
tion. For any combinat ion of SiO2 thicknesses rang-  
ing from 0-2000A and Si3N4 thicknesses ranging from 
500 to 2500A, stain profile of the type shown in  Fig. 7 
was observed. This was also accompanied by the pres- 
ence of defects in  the vicini ty of the groove regions, 
Epitaxial thickness ~. 2.0 ~m.--Figures  8-10 show stain 
profiles for samples with SiO2 and Si3N4 thicknesses 
s'hown in Table L It can be seen that  on increasing 
the SiO2 and SisN4 thicknesses, a potential  loss of iso- 
lat ion results between the two n- type  epitaxial  islands. 
In  all the cases defects were observed in  the v ic in i ty  
of the groove regions. 

Fig. 5. SEM view of the cross section of samples in batch 2 
cleaved in the ~ 1 1 0 >  direction and Sirtl etched. No defects are 
observed an the (111) plane. X 900. 

Fig. 6. Bevel and stain profiles for wafers in batch 3. SiO2 thick- 
ness ~ 2000A. Si3N4 thickness ---- 2500A. Oxidation temperature 

1150~ X162. 
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~ig. 7. Bevel and stain profiles for wafers in batch 6. Si02 thick- 
nesses ~ 0-2000A. SisN4 thicknesses ~ 500-2500A. Oxidation 
temperature ~ 950~ X 162. 

fig. 8. Bevel and stain profiles for wafers in batch 7. SiO~ thick- 
ness ~ 0A. Si3N4 thicknesses ~ 500~2500A. Oxidation tempera- 
ture ~ 950~ • 162. 

Fig. 9. Bevel and stain profiles for wafers in batch 8. SiO2 thick- 
ness ~ 2000A. Si3N4 thickness ~ 2500A. Oxidation temperature 

950~ X 162. 

Fig. 10. Bevel and stain profiles for wafers in batch 9. Si02 
thickness ~ 2000A. SigN4 thickness ~ 500A. Oxidation tempera- 
ture ~ 950~ • 152. 

Discussion 
The results  obta ined in this  work  show tha t  the  en.- 

han~ement  or r e t a rda t ion  of the  ep i tax ia l  dopant  
under  the  groove region is a s t rong funct ion of SigN4/ 
SiO2 thicknesses.  I t  is also in teres t ing to observe tha t  
in the  ma jo r i ty  of the cases the enhancement  was ac-  
companied  by  the defects  genera ted  in the  v ic in i ty  of 
the  groove. However ,  in the absence of enhancement  
or only  when  re ta rda t ion  was present ,  no defects  were  
generated.  

For  the oxida t ion  t empe ra tu r e  of 1150~ the en-  
hancement  or re ta rda t ion  was a s t rong funct ion of 
SisN4 thickness and re la t ive ly  insensi t ive to the  SiO~ 
thickness under  the  Si3N4. This is shown in Table i 
for wafers  in batches 1 and 2. In  the fo rmer  case, i r r e -  
spect ive of any  SiO~ thickness and Si3N4 thickness of 
2500A, enhancement  of the  n - t y p e  ep i tax ia l  dopant  
under  the  groove is observed as shown in Fig. 2. F ig -  
ure  3 shows defects genera ted  in  the v ic in i ty  of the  
groove along the (111) plane. The genera t ion  of de-  
fects is a resul t  of excessive stress exper ienced  dur ing  
the oxidat ion  of the  grooves. This stress is due to the 
th ick  Si3N4 film tending to res is t  the volume ex -  
pansion of SiO2 at the  pe r iphe ry  of the  groove. The 
enhanced diffusion observed under  the  groove m a y  be 
a resul t  of g rea te r  than  equi l ib r ium concentra t ion of 
vacancies formed due to the genera t ion  of the  defects. 

The re ta rda t ion  of the n - t y p e  ep i tax ia l  dopant  ob-  
served under  the groove at  the  oxida t ion  t e m p e r a t u r e  
of 1150~ for wafers  in batch 2 is shown in Zig. 4. 
I t  mus t  be clarified tha t  the t e rm  re t a rda t ion  here  
implies  tha t  the  n - t y p e  ep i tax ia l  dopant  away  f rom 
the groove diffused fu r the r  into the  subs t ra te  than  the 
dopant  under  the  groove dur ing  oxidation.  F igure  5 
shows the absence of defects in the  vic ini ty  of the  
groove for  samples  which exper ienced  re tardat ion .  
This  can be unders tood by  observing tha t  the th ick-  
ness of the  SisN~ film is only 500A. Thus, dur ing  the 
oxidat ion  of the  groove, the tendency  for the  stress to 
occur at  the  pe r iphe ry  of the  groove wil l  be minimized  
significantly. The absence of defects, however ,  does 
not expla in  the decrease in the diffusivi ty (or r e t a r d a -  
tion) of the n - t y p e  dopant  under  the groove. The only 
explana t ion  the au thor  can suggest  is tha t  dur ing  the 
oxidat ion,  the  growing oxide in the groove resul ts  in 
the  deficiency in vacancies at  the  Si-SiO2 interface.  
Thus vacancies f rom the sur rounding  regions such 
as the ep i t ax ia l - subs t ra t e  in ter face  may  diffuse toward  
the Si-SiO2 interface.  This wil l  resul t  in  a decrease in 
the diffusivi ty of the  ep i tax ia l  dopant  unde rnea th  the  
groove. 

F r o m  Fig. 2 and 4 i t  can be seen tha t  isolat ion be -  
tween  ep i tax ia l  regions on e i ther  side of the groove is 
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not accomplished. The p r imary  reasons are two fold. 
First  the depth of the groove prior to its oxidation was 
too shallow compared to the 3.0 ~m epitaxial  thickness. 
Second, the diffusion of the epitaxial  region into the 
substrate is significant at 1150~ The former objection 
was overcome by using vert ical  geometry such as 
shown in  Fig. lb. Here, prior to the oxidation, the 
depth of the groove was slightly larger than the epi- 
taxial  thickness. After  the oxidation of the groove, 
isolation was main ta ined  for wafers in  batches 3, 4, 
and 5 as shown in Table  I. For wafers in batch 3 with 
Si3N4 and SiO2 thicknesses of 2500 and 2000A, re-  
spectively, bevel and stain profiles as shown in  Fig. 6 
were observed. Note that  here  a cont inui ty  of the 
p- type  region between the bottom of the groove and 
the p- type  substrate is attained. In  addition, it  can be 
seen that  enhancement  in the diffusivity of the n - type  
epitaxial  dopant  is observed at the per iphery of the 
groove. This was accompanied by the presence of de- 
fects in the vicini ty of the groove region similar  to 
that  shown in  Fig. 3. The cont inui ty  of the p- type  re-  
gion may be explained by the affinity of boron for 
SIO2. Dur ing  the ini t ia l  oxidation of the groove, a sig- 
nificant amoun t  of boron is incorporated into the oxide 
in  the groove. The oxide can now act as a source of 
boron dur ing  the remaining  phase of the oxidation. 
Consequently,  a cont inui ty  in  the p- type region is 
main ta ined  be tween the bottom of the groove and  the 
substrate.  

Wafers in batch 4 with SiaN4 thickness of 500A. and 
SiO2 thicknesses ranging from 0-2000A exhibited stain 
profile as shown in  Fig. 6 with the exception that  
the enhancement  at the per iphery of the groove was 
absent. In  addition, no defects were generated in  the 
vicini ty of the groove region. This resul t  is similar to 
that  in batch 2 and was expected. 

For wafers in  batch 5 with no SlOe under  2500/~ 
thick Si3N4, the enhancement  at the per iphery of the 
groove was smaller  than that  shown in  Fig. 6. This is 
expected since SigN4 in  direct contact with silicon will 
reduce the volume expansion of SiO~. at the per iphery 
of the groove. This in  tu rn  reduces the formation of 
defects. 

From above it can be seen that  the enhancement  in 
the diffusivity and the generat ion of defects was a 
strong funct ion of Si3N4 thickness. At the lowest oxi- 
dation tempera ture  used in the present  work (950~ 
enhancement  was observed for all combinations of 
Si3N4/SiO2 thicknesses. In  addition, defects were ob- 
served in  all  cases. Cosand and Pruss in  (4) observed 
that reducing the oxidation tempera ture  results in an 
increase in  the viscosity of SiO2 resul t ing in  a large 
stress generated. Their work used groove oxidation 
tempera ture  of 900 ~ and 1020~ The la t ter  oxidation 
tempera ture  generated no defects while at 900~ de- 
fects were observed. 

The results for the groove oxidat ion tempera ture  
of 950~ are shown in  Table I for wafers in batches 
6 to 9. The bevel and stain profiles of these wafers 
showed that there was no increase in the epitaxial  
thickness away from the groove region after the oxi- 
dation. For wa~ers in  batch 6 with any Si3N4 and SiO~ 
thicknesses used, the bevel and stain profiles were 
similar  to that  shown in  Fig. 7. Here a significant 
amount  of enhancement  in the diffusivity of the n -  
type dopant under  the groove region is observed. 
Prior  to t h e  oxidation, the epitaxial  thickness was 
larger than the depth of the groove. After  the oxida- 
tion, the depth of the groove was larger  than  the epi- 
taxial  thickness since the lat ter  did not increase dur -  
ing the low temperature  oxidation. In  spite of this, 
the loss in  isolation that  resul ted is due to the en-  
hancement  in the diffusivity of the n - type  dopant  
under  the groove. The chances of main ta in ing  isola- 

tion between the two n - type  regions was greatest for 
wafers in  batches 7, 8 and 9 with epitaxial  thickness 
of 2.0 ~m. Here prior to the oxidation, the bottom tip of 
the groove was below the epi taxial -substra te  in ter -  
face. The bevel and stain profiles after the oxidation 
for batches 7, 8, and 9 are shown in Fig. 8, 9, and 10, 
respectively. Here it can be seen that a potent ial  loss 
in isolation exists for wafers in  batch 8 with Si3N4 
and SiO2 thicknesses of 2500 and 2000A, respectively. 
For the same oxide thickness but  using only  500A 
SisN4, the isolation was main ta ined  al though some 
enhancement  at the per iphery of the groove region 
was observed as shown in  Fig. 10. For wafers in  batch 
7 with no SiO2 and Si3N4 thicknesses ranging  from 
500 to 2500A, the enhancement  in  the diffusivity of 
the n - type  epitaxial  dopant was min imal  as shown in 
Fig. 8. In  addition, some defects were observed in the 
vicinity of the groove al though the density of the 
defects was significantly lower than  those observed 
for wafers in batches 8 and 9. These results are some- 
what  s imilar  to that  observed for wafers in  batch 5 
which used oxidation tempera ture  of 1150~ It must  
be emphasized here that Si3N4 in direct contact with 
silicon did not always produce less enhancement  than  
with the presence of SiO2. Thus for batch 1 n o  differ- 
ences were observed for oxide thickness under  Si3N4 
ranging from 0 to 2000A. The disadvantage of using 
SisN4 in  direct contact wi th  silicon has been well  
documented (7). Thus for device fabrication, a th in  
layer  of SiO2 between substrate  and SisN4 is required. 

Conclusion 
From the present  study, the following opt imum 

process may be recommended for oxide isolation. 
1. In  order to reduce defects in the vicini ty of the 

groove region th in  layers of SigN4 and SiO2 should be 
used. 

2. The generat ion of defects is minimized as the 
groove oxidation tempera ture  increases. However, the 
disadvantages in  using hgh oxidation tempera ture  is 
the out-diffusion of the buried layer  into the epitaxial  
region. This can be part ial ly offset by using a slower 
diffusant such as an t imony instead of arsenic as the 
dopant for the buried layer. In  addit ion where no 
bur ied layer is used, it is recommended that arsenic 
should replace phosphorus as the epitaxial dopant. The 
use of the former will  reduce the increase in  over-al l  
epitaxial  thickness after the oxidation of the groove. 

Manuscript  submit ted Sept. 29, 1977; revised m a n u -  
script received May 2, 1978. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June 1979 JOURNAL. 
All discussions Ior the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 
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Silicon Oxidation Studies: Some Aspects of the 
Initial Oxidation Regime 
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ABSTRACT 

This s tudy is concerned with the init ial  regime (i.e. up to 200A SlOe thick- 
ness) of the thermal  oxidation of single crystal Si. The kinetic data (SIO2 film 
thickness vs. t ime of oxidation) has been generated at 780 ~ 893 ~ and 980~ 
in dry 02 and H20-N2 ambients  and measured using an automated ellipsom- 
eter which follows the oxidation in situ. The data for the dry 02 oxidation is 
considerably more l inear  than for the data produced from H20 containing 
ambients  which exhibit  parabolic behavior. This may be at t r ibuted to a greater- 
protectiveness for oxides grown in H20. Dielectric breakdown measurements  
show that  there are fewer defects in the H20 grown thin SiO2 films. Trans-  
mission electron microscopy observations show that the films contain inhomo- 
geneities which are smaller than 50A. Therefore, the conclusion is that  the 
pore s t ructure  is different in dry and wet grown SiO2 films and that  this 
microstructure is responsible for both the oxidation data and  dielectric break-  
down differences. 

The thermal  oxidation of single crystal silicon at 
high temperatures  (800~176 in pure  dry 02, has 
been found to be represented adequately by a l inear-  
parabolic film growth model (1), with an accuracy 
better  than 10%, if the data fitted only includes film 
thicknesses greater than  a m i n i m u m  value (do) of 
several hundred  angstroms (2). However, for oxida- 
tion in H20 containing ambients  (3, 4), the m i n i m u m  
thickness value of do, to be included for a good fit to 
the l inear-parabol ic  model, decreases with increasing 
H20 content  o,f the oxidizing ambient.  An examinat ion 
of the regime of thicknesses less than  do, shows that 
this thin biO2 region is characterized by a faster rate 
of oxidation than is anticipated from the rate constants 
for the l inear-parabol ic  regime (1-5). One report (5) 
describes this region by another  l inear-parabol ic  equa-  
tion with different rate constants while other authors 
(6, 7) assume it is the l inear  part  of the l inear -para -  
bolic rate law. The former analysis (5) does not con- 
sider the possible curve fitting error  associated with 
assuming a l inear-parabol ic  ini t ial  regime and the 
lat ter  authors have insufficient data to analyze for the 
determinat ion of a best fit. The present  study is con- 
cerned with an examinat ion of the ini t ial  regime o f  
oxidation (SIO2 film thicknesses ~ do) to determine 
why the init ial  regime for dry 02 oxidation displays a 
more rapid oxidation mechanism while for H20 oxi- 
dation do ~ O, and the oxidation data follow the 
l inear  parabolic model throughout.  

Results o4 the present  study, indicated a decided 
difference between the l inear i ty  of the data for dry 02 
oxidation and oxidation in H20 containing ambients  
for SiO2 films up to 200A thickness. The dry 02 data 
are more linear. The l inear-parabol ic  model (1) can 
be summarized by the integrated rate equation 

1 1 
= ~ ( d 2  _ d o 2 )  

t-- t o kLIN (d -- do) ~- kPAR 

where t and d are the time of oxidation and SiO2 film 
thickness, respectively, to and do represent the upper 
bound of the initial oxidation regime which does not 
conform to linear-parabolic kinetics, and kLIN and 
kpA R are the linear and parabolic rate constants, re- 
spectively. In this model, linear kinetics are the result 
of a surface controlled reaction while parabolic ki- 
netics demonstrate that the oxidation is diffusion con- 
trolled. Therefore, this experimental finding suggested 
that wet grown SiO2 films are more protective. Di- 

* Electrochemical Society Active Member. 
Key words: thin films, kinetics, SiO2. 

electric breakdown histograms support  the contention 
that 150A wet grown SiO2 films have less defects than  
films grown in dry Oz. These results can be explained 
if micropores existed in  the SiO2 films. For the pur -  
pose of observing micropores in  the films, t ransmis-  
sion electron microscopy (TEM) studies were per-  
formed. 

Experimental Procedures 
Substrate preparation and ox idat ion . - -The  oxidation 

experiments were performed using an automated el- 
l ipsometer capable of measur ing the SiO2 film thick- 
ness in situ during oxidation. The ins t rument  used 
for this study has been described in  detail elsewhere 
(8). Basically, the ell ipsometer uses a laser l ight 
source, polarizer, compensator, and a rotat ing ana-  
lyzer-encoder. The light in tensi ty  measurement  after 
the analyzer  is automated. The ell ipsometry measure-  
ments  are made with the sample contained in  a fused 
silica rf-heated reaction tube. Therefore, it is possible 
to collect and analyze ellipsometric data as the SiO2 
film grows without in te r rupt ing  the oxidation run. 
The optical constants characteristic of the Si surface 
as a function of tempera ture  were previously mea-  
sured (8). 

All substrates were <100> oriented chem-mechani -  
cally polished silicon wafers measur ing 3.2 cm in  diam- 
eter and 0.025 cm in  thickness. All the wafers were 
p- type  with a nominal  resist ivity of 2 12-cm. It was 
reported previously (3) that  the resistivity type or 
value in the range 0.5-10 ~2-cm had no influence on the 
oxidation process. The wafers were cleaned as re-  
ported elsewhere (3) and an init ial  oxide thickness 
of 3-6A SiO2 was measured at room tempera ture  (2). 

The gases used in  this study included At, N2, and 
02. Both N2 and 02 we.r_e supplied from boil-off of 
l iquid sources. As previously reported (2, 3) the O2 
contained trace amounts of methane  (17 ppm) which 
at the oxidation tempera ture  used combusts to form 
H~O. This trace H20 substant ia l ly  increases the rate 
of oxidation (3, 4). For  dry oxidations, the methane 
was removed by preheat ing the oxygen to about 
1000~ in order to combust the methane to H20 and 
CO:2, and then cold t rapping at --80~ to reduce the 
H20 concentrat ion to less than  1 ppm H20 in the O2. 
In order to add I-I20 to N2, the N2 is flowed through 
a thoroughly cleaned fused silica vessel which con- 
tains deionized H20. By controll ing the H20 tempera-  
ture with a variable tempera ture  refr igerat ion unit ,  
the concentrat ion of H20 can be adjusted to any de- 
sired level from less than 1 ppm upward. The Ar was 
purchased in  pressurized cylinders and was the high- 
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est pur i ty  commercial ly available. The moisture con- 
tent  was less than  0.5 ppm as measured at the furnace 
exit dur ing the actual  anneal ing  exper iments  to be 
described.  

]:n order to check on the charge levels in  the SiO2 
films grown, capacitance-voltage (C-V) measurements  
were made on some oxides. Evaporated a luminum 
counterelectrodes were used as electrical contacts. 
The C-V  measurements  (1 MHz) revealed an aver-  
age fixed positive charge level of less than  5 • 10 l0 
charges/cm 2. Bias- tempera ture  stressing (106 V/cm at  
200~ for 15 min  and subsequent  cooling under  bias) 
revealed an average mobile positive charge level of 
7 X 101~ charges/cm 2. These values are characteristic 
of MOS qual i ty  oxides. 

Dielectric breakdown measurements . - -Die lec tr ic  
breakdown measurements  were made using a special 
t r iggering circuit configuration previously described 
by Osburn and Ormond (9). Essential ly a l inear  volt-  
age ramp is applied to the MOS sample. The voltage 
ramp was obtained by charging a fixed capacitor us-  
ing a constant  current  generator;  the ramp rate was 
then controlled by adjust ing the output  current  from 
t h e  generator.  Triggering is obtained by a circuit  
which senses a voltage across a resistor in series with 
the MOS device. The series resistor must  be kept at 
a reasonably low value (10-1000~2) to prevent  a large 
error  in  the reading of the final b reakdown voltage. 
The electrodes used were rf  evaporated A1 dots of 
0.127 cm d iam yielding a dot area of 1.27 X 10 -2 cm 2 
on the SlOe film side and Ga- In  paste on the Si side. 
The A1 thickness was approximately  5000A and this 
thickness plus the use of a small  ~sense resistor in the 
circuit configuration (9) insured that  the measured 
breakdown voltage was the final destructive break-  
down. The ramp rate was the same for all measure-  
ments and about  0.5 MV/cmrsec. 

The breakdown measurements  were done wi th  the 
A1 biased negatively, i.e., with the 2 l%-cm p- type  Si 
in  accumulation. At  high fields electrons are injected 
from the A1 into the SIO2. If electrons were t rapped 
near  the A1-SiO2 interface, the t rapped charge would 
alter the field across the MOS device and possibly lead 
to erroneous conclusions concerning histograms of the 
n u m b e r  of b reakdown events vs. applied field. For 
the purpose of de termining if there is sufficient t rap-  
ping near  the A1-SiO2 (injecting) interface to cause 
the observed effects a recently described (10) tech- 
nique is employed which utilizes the Fowler -Nord-  
helm (FN) current  regime. This FN technique con- 
sists of a measurement  of current  while applying a 
voltage ramp to a MOS device. The FN current  regime 
is identified by the l inear i ty  of the plot of log I vs. E. 
The fields at which the FN conduction mechanism 
dominates is usual ly  greater  than  6 MV/cm for SiO2. 
If t rapping occurs, the FN curve is shifted to higher 
fields due to the t rapped negat ive charge. Trapped 
charge causes field reduction, F, at the cathode ac- 
cording to the equat ion (10) 

qNt X 
F - -  - -  - -  

~ O X  Dox 

where  q is the electronic charge, Nt is the total t rap 
concentration, and eox is the dielectric constant for 
SiO~, X is the distance of centroid of the charge from 
the anode, and Dox is the oxide thickness. This equa-  
t ion shows that  the effect of the charge on the field at 
the cathode increases as the distance to the cathode 
decreases. Exper imenta l ly  the current  through the 
MOS device is measured using a logari thmic picoam- 
meter  while the field is increased by means of a l inear  
ramp. The FN regime is scanned in  field from about 
6-10 MV/cm and then held at 10 MV/cm for a f e w  
seconds to insure  large current  flow through the de- 
vice; then the field is removed and the exper iment  
repeated. If t rapping occurs the FN characteristic 

curve is shifted to higher fields. Results of this e x p e r i -  
m e n t  are shown below. 

Capacitance-voltage measurements  (1MHz) at room 
and LN2 temperatures  were made to determine 
whether  charges were trapped, and /o r  surface states 
(11, 12) created, near  the Si-SiO~ interface due to the 
large currents  which exist pr ior  to dielectric b reak-  
down. 

Transmission electron ~nicroscopy (TEM) . - -Spec i -  
mens of 150A SiO~ films were prepared by chemi- 
cally etching away the Si from the Si-SiO2 com- 
posites. The details of this procedure have been pre-  
viously described (13). The TEM specimen preparat ion 
was done in  four different ways, in  order to el iminate 
possible artifacts due to a part icular  etchant  and to 
decorate features of interest. Type I samples were 
prepared by simply etching away Si with a mix ture  
of HF and HNOs. This etchant  also attacks SiO2 and 
the successful preparat ion of good TEM samples with 
this etchant  is somewhat fortuitous. When the Si-SiO2 
interface is approached, the etchant mix tu re  i s  
changed to a solution more dilute in HF, in  order to 
reduce the speed of attack on the SiO~ film. Type II 
samples were prepared similar ly to type I except that  
when about 80% of the Si was removed with a HF-  
HNO3 etchant, the etchant was changed to a mix ture  
of pyrocatechol-e thylenediamine-H20 (14). This mix- 
ture attacks Si very vigorously (20 ~m/hr  at 100~ 
but  SiO2 very slowly (200 A / h r ) .  Type III  films were 
prepared exactly as type II and when the etching w a s  
finished the samples were annealed  in  dry  N2 at 1000~ 
for 2 hr. This t rea tment  was used to s imulate an  ob- 
served degradat ion in  dielectric rel iabi l i ty  which i s  
reported later. Type IV samples were prepared as 
type II  samples but  before etching they were either 
coated with 100A of Au by evaporat ion or dipped in 
a solution of NaC1 and annealed. The Au samples 
were annealed for 1/2 hr at 800~ and the NaC1 con- 
taminated samples were heated for 1 hr  at 500~ In  
some cases the Au coated samples were not  annealed 
and in  other cases the Au was removed after annea l -  
ing with aqua regia. It was hoped that the Au would 
decorate preferred diffusion paths and the NaC1 
would decorate weak areas by reaction. 

Exper imenta l  Results 
Film growth  k inet ics . - -Figure  1 shows the e x p e r i -  

m e n t a l  data for the oxidation of ~100> Si in dry O2 
and H20-Ns ambients  for SiO2 film thicknesses of 
20-150A. Visually these data appear to be linear.  
Table I shows the results of fitting the data to t h e  
l inear  equat ion 

t = kld-l-  k~ 

by the method of least squares (15) where t is the 
oxidation t ime and d is the SiO2 thickness. The dry  O2 
data are relat ively more l inear  than the H~O-N~ data. 
Indeed it is known that  for a 2000 ppm H20 in  N2 am-  
bient  do ~ O, hence the data fits the l inear-parabol ic  
equation for all values of SiO2 film thickness (4) while 
for dry O2 a best fit is not obtained when  film t h i c k -  

Table I. Results of fitting the data from Fig. 1 to the linear 
equation, t = kid ~ k2 where t is the time (min) and d the 

SiO2 film thickness (A).  D represents dry 02 oxidation ambient 
and W represents 2000 ppm H20 in N2 

Temper- Std dev 1/k~ k* 
ature (~ Ambient of fit (A/min) (A/rain) 

780 D 0.86 0.56 0.57 
W 4.0 0.1 0.10 

893 D 0.40 2.8 2.2 
W 1.0 0.78 0.60 

980 D 0.37 8.9 7.7 
W 1.1 3.3 4.6 

* kLeIN from the linear-parabolic model (2). 
The rate constants in columns 4 and 5 are known with less than 

10% total error. 
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Fig. 1. SiO~ film thickness, d, vs. time of oxidation, t, at 780 ~ 
893 ~ and 980~ in (a, upper) dry 0~, (b, lower) 2000 ppm H20 = in 
N; as obtained from the automatic ellipsometer. 

nesses less than  ,~200A are  included in the  analysis.  
In  keeping  wi th  the  l i nea r -pa rabo l i c  model  (1), the 
l inear  ra te  is associated wi th  a surface control led re -  
action. This plus the  fact that  the  ini t ia l  l inear  regime 
for d ry  O2 displays  a g rea te r  ox ida t ion  ra te  than  the 
l inea r -pa rabo l i c  mode, suggests tha t  the  SiO2 films 
produced by  u l t ra  d r y  O2 oxida t ion  are  less pro tec t ive  
than  films grown in an H20 containing ambient .  En-  
hanced p ro tec t iv i ty  for the  H20 grown 150A films 
m a y  be manifes ted  in t e rms  of reduced film defects. 
The resul ts  of dielectr ic  b r e a k d o w n  measurements  to 
be  descr ibed can be in te rp re ted  in t e rms  of film de-  
fects and wil l  shed some l ight  on this quest ion of p ro -  
tect ivi ty.  

The difference in l i nea r i ty  of the oxidat ion  da ta  for 
wet  and  d ry  grown films is larges t  at  the  lower  oxi -  
da t ion  t empera tu res ;  and at  the  lower  t empera tu re s  

October I978 

the re  is closer agreement  be tween  the s lope of the  
s t ra ight  l ine fitted to the  da ta  and the l inear  ra te  con- 
stant  as obta ined  f rom the  l inea r -pa rabo l i c  model  ap -  
p l ied  to film thicknesses up to 2000A (2). For  d r y  02 
grown oxides this  is unders tood  b y  considering tha t  
the ini t ia l  reg ime for  d r y  O2 films is not  l i n e a r - p a r a -  
bolic and there fore  agreement  be tween  kLIN and kl 
is not  to be expected except  where  do is close to zero 
at  the  lower  tempera tures .  Fo r  the  H~O grown films 
the parabol ic  ra te  constant  is impor t an t  even for these 
th in  films and therefore  agreement  be tween  kLIN and 
k] wil l  depend on the impor tance  of kPAR. 

Dielectric breakdown and trapping measurements.-- 
The shape of t~e h i s togram of the  number  of dielectr ic  
b reakdown  events  vs. the  field at  which  b reakdown  
occurs yields  informat ion  re la t ive  to the  defects in the  
SiO~ films (9, 16). F igu re  2 shows a compar ison of the 
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Fig. 2. A comparison of (a, upper) H20-N2 and (b, lower) dry 02 
grown |50-.& SiO2 films according to the histogram of the number 
of destructive dielectric breakdown events vs. the applied electric 
field, E. Field values ore calculated from the applied voltage end 
the ellipsometric SiO2 thickness. NPOA means that no post oxida- 
tion annealing was performed. 
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histograms for 150A SiO~ films grown in  H20-N2 (Fig. 
2a) and dry O~ (Fig. 2b). It  is readi ly seen that  the 
m a x i m u m  breakdown field for both wet and dry  SiOz 
are near ly  equivalent  at a value of 14 MV/cm yet the 
shapes of the distr ibutions are decidedly different. 
Theoretically, the histogram for a defect free SiO2 film 
would be a delta function at the max imum breakdown 
field. Thickness fluctuations as well  as random mea-  
sur ing equipment  imperfections would broaden the 
delta funct ion slightly, bu t  SiO~ film defects would 
cause a larger tail toward the lower fields. This type 
of tail ing is observed in  the histograms for both 
wet and dry  grown SiO2. However, the broadening is 
more severe for the dry oxides where  the peak in  the 
dis t r ibut ion is shifted about 2-3 MV/cm fur ther  
toward low fields than for wet grown oxides and re-  
suits in  a dis t r ibut ion with a near ly  Gaussian shape. 
The wet grown SiO2 films have 80% of the break-  
downs at fields ~10 MV/cm while only 30% for dry 
grown films. Therefore, in  view of these dielectric 
breakdown results the previous assertion based on the 
film growth kinetics that  wet grown oxides are more  
protective seems justified. 

Previously, it was reported that  the effect of H20 
on the SiO2 film oxidation kinetics is reversible (4), 
i.e., the oxidation kinetics of an  oxide growing in  an 
H20 containing ambient  reverts to dry oxidation ki- 
netics soon after the wet ambient  is switched to a dry 
ambient.  It is worthwhile  to investigate whether  the 
enhanced dielectric rel iabi l i ty  of the wet grown th in  
SiO2 films is coupled with the ra ther  labi le-OH in 
which case the enhanced dielectric integri ty  is easily 
lost or whether  the enhanced rel iabi l i ty  is due to a 
more stable form of OH in  the SiO2 network.  Figure  
3a shows tha t  the histogram for a wet grown oxide 
reverts to that for ~a dry grown oxide af ter  z/z hr 
1000~ anneal  in d r y  N2. However, Fig, 3b, c, and d 
show that compared with the control (Fig. 3b) an-  
neal ing at 1000~ in dry Ar for up to 18 hr caused only 
a small  amount  of degradation. In  fact, the small  
amount  of degradation could simply be due to  sample 
to sample variations. In  a n y  case, the degradat ion in  
dry N2 is unambiguous ly  larger. Therefore, since the 
films were stable to the 1000~ Ar anneal,  the en-  
hanced rel iabil i ty of wet grown th in  oxides appears to 
be related to a stable form of OH in  the SiO2. The 
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fact  tha t  there  exists  severa l  forms of OH having 
different  l ab i l i ty  in fused sil ica has been repor ted  (17). 
Also the  r eac t iv i ty  of N2 in the  SiO2-Si sys tem in a 
nonoxidizing a tmosphere  has been repor ted  (18) as 
wel l  as the  de t r imenta l  effect that  the react ion of N~ 
has on the  die lect r ic  r e l i ab i l i ty  (19, 20). Thus, the  
degrada t ion  of the  II20 grown thin  films is accelera ted 
by  N2 reac t ion  and not  by  the  out-diffusion of lab i le  
OH. 

Electron trapping and surface states.--Representa- 
t ive resul ts  for the  elect ron t r app ing  measurements  by  
the previous ly  descr ibed F o w l e r - N o r d h e i m  (FN) tech-  
nique a re  shown in Fig. 4. The samples  were  r amped  
up to 10.5 MV/C and held there  for 10 sec ( i) .  Then 
the curve was re t raced  ( re) .  The ini t ia l  and  retraced 
curves for  a wet  g rown oxide (W104) differ at  most  
by  0.5 M V / c m  shif t  in  the  b r eakdown  h i s togram peaks.  
Samples  W104 and Dl13 d isp layed more  than  the aver -  
age a m o u n t  of t r app ing  for  wet  and d ry  samples  ex-  
amined in this s tudy;  the  average  shif t  in the  FN char-  
acterist ic  curve was found to be 0.2-0.3 M V / c m  for 
both  wet  and  d r y  samples  wi th  wet  g rown films usu-  
al ly exhib i t ing  more  t rapping.  I t  was sometimes diffi- 
cult  to find dots on d r y  grown SiO2 samples  which 
could wi ths tand  the high field for  this  exper iment .  
Other  than  this p rob lem however ,  the  t rapp ing  be-  
hav io r  near  the  cathode was observed to be s imi lar  for 
wet  and d ry  films and in no. case was the  t rapping  
sufficient to cause the  degree  of electr ic  field change 
necessary to exp la in  the  h is tograms of Fig. 2. 

Capaci tance-vol tage  (C-V) measurements  at  room 
t e m p e r a t u r e  and l iquid  n i t rogen t empe ra tu r e  have 
shown tha t  about  7.5 • 10" posi t ive  charges pe r  
square cent imeter  are  created at or  near  the  Si-SiO,-, 
in terface  and about  the  same number  of surface states 
a re  created by  v i r tue  of the  above descr ibed FN cur-  
rents. These resul ts  were  the  same for both  d ry  and 
wet  grown oxides and are  in qual i ta t ive  agreement  
wi th  previous  studies [see, for example ,  Ref. (21) 
th rough  (24) ]. 

Transmission electron microscopy (TEM).--Figure 5 
shows represen ta t ive  resul ts  f rom type  I and II  sam-  
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Fig. 4. A comparison of the Fowler-Nordheim conduction behavior 
between dry (D!!3) and H~O grown (W104) SiO~ films. 

ples. The resul ts  f rom type  I, II, d r y  and wet  samples 
were  subs tant ia l ly  the same. I t  is seen f rom Fig. 5 that  
the mode for the  dissolut ion of the  films is v ia  a t tack  
by  the e tchant  at  selected smal l  a reas  on the film sur-  
face. The differences seen be tween  Fig. 5a and b are  
p robab ly  due to the  t ime of exposure  of the film to 
etchant.  The t ime dura t ion  in which  the sample  was 
exposed to e tchant  would  de te rmine  the size re la t ion-  
ship be tween  t h e  final size of the  hole and the or iginal  
defect. This t ime was not  control led  in this study. The  
na ture  of  the  defect,  i.e., whe the r  a void, micropore,  
impur i ty  cluster,  crystal l i te ,  etc. depends  on the rela-- 
t i r e  reac t iv i ty  of the  e tchant  to these  types  of possible 
defects. I t  is c lear  tha t  a void or  micropore  could 
yie ld  the final observat ion,  bu t  o ther  defects cannot  
be ru led  out. The m a x i m u m  size of the inhomogenei ty  
must  be as smal l  or smal le r  than  the hole  found af ter  
etching. Holes which measured  less than  100A were  
observed,  and therefore,  considering the speed of the 
etc~hants, the  inhomogenei t ies  could be 50A or  less in 
diameter .  No differences were  seen upon anneal ing 
type I and  II  samples.  Therefore ,  no figure for t ype  I I I  
samples is shown. 

By way  of expla in ing  these results ,  gas pe rmea t ion  
studies (25) have led to the  assert ion that  pores  in 
SiC2 of less than  50A d iamete r  would  exp la in  the m e a -  
sured  permeabi l i t i e s  for different  gases. Another  model  
was proposed (26) in which  a nonrandom dis t r ibut ion  
of bond angles in the  SiC2 ne twork  may  resul t  in 
cha in- l ike  defects where  cl~-p= orb i ta l  over lap  be-  
tween Si and O is g rea te r  than  in  sur rounding  regions. 
Such higher  e lec t ron dens i ty  regions m a y  be more  
v io lent ly  a t tacked by  etchant .  This l a t t e r  model  (26) 
predicts  h igher  e lectr ical  conductivi t ies  for films which 
have this chain s tructure.  However ,  the  conduction 
measurements  made  in the present  s tudy  do not  show 
any systemat ic  differences be tween  wet  and d ry  p r e -  
pared  150A SiO~ films. Also, it  is difficult to reconcile 
the oxidat ion  kinet ics  resul ts  based on more  dense 
localized regions. 

Representa t ive  resul ts  f rom type  IV samples  are  
shown in Fig. 6. F igure  6a shows tha t  less than  mono-  
l aye r  of Au forms rod - shaped  structures.  A closer ex-  
amina t ion  reveals  tha t  contained wi th in  the rod- l ike  
s t ructures  are  smal le r  da rke r  regions. P r e sumab ly  
these are  the nuclei  for the  growth  of the  Au  islands. 
The area l  densi ty  of these nuclei  (,.,10 is cm -2) is much 
la rger  than  the e lec t r ica l ly  act ive defect  densi ty  
(<103 ) as obta ined b y  dielectr ic  b r eakdown  measu re -  
ments. F igure  6b shows the  resul ts  f rom Au decora-  
tion. Au  was evapora ted  onto a t50A SiC2 film on Si. 
The Si was removed  from a por t ion of  the  sample  and 
then the Au was d r iven  into the  film at 800~ for �89 hr. 
The Au was then  removed  using aqua regia.  The 
da rke r  t r ansparen t  region of Fig. 6b 'was caused by  a 
piece of the  film folding back  to  t he  sil icon edge and  
then  break ing  off. Therefore,  there  is 3OOk SiO~ in the 
da rke r  region. Al l  the Au has not  been removed  and 
is seen as the  non t ranspa ren t  dots and islands formed 
by  coalescence and growth.  The regions where  the Au 
has been removed  appear  as tunnels.  I Iowever ,  i t  is 
known tha t  Au reacts  wi th  SiC2 (27) and the  shape 
of the tunne l - l ike  s t ructures  is s imi lar  to the shape of 
the  Au islands. Therefore,  i t  is be l ieved tha t  the tun -  
ne l - l ike  s t ructures  are  due to react ion of Au wi th  SiCk. 
Fur the rmore ,  if  the  Au is r emoved  af te r  a 300~ anneal  
or no anneal  at  all, the  tunnel  s t ructures  a re  less vis i -  
ble. 

F igure  6c shows the  resul t  of decorat ion wi th  NaC1. 
The NaC1 nuclei  appear  to be located p re fe ren t i a l ly  
on the pe r ime te r  of holes which  were  produced  by  the 
etchant.  Also, a round  the NaC1 nuclei  and clusters is 
another  da rk  band. This is p robab ly  a region in which 
react ion has t aken  place be tween  Na and SIC2. The 
holes may  have been  preceded  by  areas  which were  
the react ion product  of NaC1 and SiC2 and this m a y  
be more  v igorously  a t tacked  by  the  etchant.  Sodium 
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Fig. 5. Typical TEM results from 150A SiO~ films of type I (HF-HNO:3 etched), type II (organic etch), or type III (same as type I plus 
1000~ N2 anneal) showing holes etched through the films. /vUcrograph (a) shows a more advanced stage of etching than (b). 

Fig. 6. Typical TEM results from Au (type IV) and NaCI (type V) decoration studies. Micrograph (a) shows Au islands as deposited on 
SiO~; {b) shows the effect of annealing and then removing some of the Au; (c) shows the holes left after NaCI decoration and etching. 
NaCI islands are also seen as the dark spots. 

silicates are usual ly  soluble in H20. The shapes of the 
holes are i r regular  as compared wi th  the circular holes 
which occurred without  at tempts at decoration. 

There are several things learned from the TEM ex- 
periments.  The type I and II samples s trongly suggest 
that the films have inhomogeneities. The size of the in-  
homogeneities is cer tainly less than 100A and probably  
less than 20A which makes the resolution of the de- 
fects wi th in  the present  s tudy doubtful.  The number  

of these inhomogeneities, assuming that  they are re-  
lated to the etched holes in  a one to one ratio, is of the 
order of 10 is cm -2 which is more  than 101~ times too 
large compared with the n u m b e r  of defects obtained 
from dielectric breakdown statistics. This probably 
means that al though the type of inhomogenei ty  ob- 
served is part  of the SiO2 th in  film structure,  only a 
small fraction is sufficiently electrically active to cause 
dielectric failure. The shape of defects was not ob- 
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tained by decoration experiments because ambigUities 
arise from the reaction of the decorant with SiOs. 
However, the number of nuclei of Au and NaC1 is 
roughly the same as the number of holes observed 
from etching. This may mean that  the decorants did 
indeed decorate the defects but also simultaneously 
obscured their shapes by reaction. 

Summary and Discussion 
The kinetic oxidation data suggest that  the wet 

grown thin (,~150A) oxides are more protective than 
ultra dry O2 grown films. The evidence for this is the 
greater l inearity of the thickness-time data for the dry 
grown oxides as compared with wet grown films. The 
l ineari ty suggests a surface reaction controlled mecha- 
nism for oxidation rather than diffusive transport  of 
oxidant. In effect, for the case of ul tra dry 02 oxida- 
tion, the growing oxide film does not provide an effec- 
tive barr ier  to the diffusion of oxidant. A comparison 
of the dielectric breakdown histograms for the wet and 
dry ,-~150A SiOz films strongly supports the contention 
that the wet grown oxides are more protective. An- 
nealing the wet grown oxides in dry Ar at 1000~ for 
long times does not cause degradation. Therefore, the 
enhanced dielectric reliability of the H20-grown films 
is due to a rather stable OH species. The TEM experi- 
ments offer significant evidence that SiO2 films are not 
homogeneous and the size of the inhomogeneities is 
probably less than 50A. 

The experimental observations made in this study 
are consistent with the existence of rnicropores in the 
SiO2 films, even though such smaU pores were not di- 
rectly observed. Firstly, the presence of pores in solids 
is expected (28). The size and type of pore struCture 
that a material displays is dependent on the material. 
Secondly, the pores would provide a "shOrt circuit': 
path to the Si-SiO2 interface for oxidant species which 
do not attack SiO2 (such as 02 related oxidant). Rapid 
lateral diffusion of these oxidant species would yield 
linear oxidation kinetics which is typical of surface 
controlled reactions. In addition, such pores could 
cause premature dielectric failure. For H20 grown 
films the reactive OH attacks SiO2 forming SiOH 
species. The micropores could then become part ial ly 
clogged with OH groups thereby yielding parabolic 
oxidation kinetics and improved dielectric integrity. 
Thirdly, micropores are known to bind vapors tenaci- 
ously (28) in the interior of the pores thus explaining 
the irreversibil i ty of the dielectric improvement even 
to 1000~ inert  gas anneals. Fur ther  experiments would 
be necessary to prove the micropore model. Indirect 
measurements such as adsorption isotherm studies are 
usually performed to detect the existence and nature 
of pores (28, 29), part icularly micropores. Only a few 
studies have reported the direct observation of pores 
smaller than ~100A and no studies have been found in 
the l i terature by this author which show the direct 
(TEM, SEM), etc.) observation of micropores. 
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Life Testing of IC's in a Humid Ambient 
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Afte r  t e m p e r a t u r e - h u m i d i t y - b i a s  (THB) l ife tests 
a t  85~ and 85% re la t ive  humid i ty  we sometimes 
found s t rong local corrosion at the  t racks  a n d / o r  bond-  
pads  of IC's, wi th  indicat ions tha t  wate r  drople ts  had 
been present  at  some t ime dur ing  the test. The re la t ive  
humid i ty  in the  test  chamber,  however ,  was wel l  
enough under  control  to exclude accidental  condensa-  
t ion of water .  This fa i lure  occurred much ear l ie r  ( typ i -  
ca l ly  wi th in  a few hundred  hours)  than  would  have  
been w a r r a n t e d  b y  the corros ive  a t t ack  as a resul t  of 
e lectrolysis  in the  film of a few monolayers  of wa te r  
tha t  is fo rmed When a hydrophi l i c  surface of, for  in-  
stance, SiO2, is exposed to a humid  ambien t  ( I ) .  The 
occurrence of this  t ype  of ea r ly  corrosion a p p e a r e d  to 
be  s t rongly  enhanced in the  presence of a source f rom 
which  ionic impur i t i es  could leach out. 

These observat ions  led to the assumpt ion  that,  in the  
presence of ionic impuri t ies ,  e lec t ro ly t ic  t r anspor t  in 
the  th in  film of adsorbed wa te r  m a y  lead  to the  ac-  
cumula t ion  of e lec t ro ly te  at  the  cu r r en t - ca r ry ing  elec-  
t rodes  to a concentra t ion  h igh  enough to cause conden-  
sa t ion  of wa te r  droplet .  The presence of Na + and 
PO4 ~-  ions, for  instance,  would  then  lead  to accumula-  
t ion of NaOH at the  cathode and t~PO4 at  the  anode. 
W a t e r  d rople t s  formed at  c losely spaced t racks  of op-  
posite po la r i ty  could then br idge  these  t racks  and in-  
duce a cu r r en t  spike,  causing local  des t ruc t ion  of the  
t racks.  

In o rder  to check this assumpt ion we bui l t  min ia tu re  
mois ture  chambers  in  which  test  samples  could be ob-  
served  under  a microscope whi le  cont inuously  mon i -  
tor ing  the  e lec t ro ly t ic  l eakage  current .  The predic ted  
chain of events,  i.e., drople t s  f o r m a t i o n - b r i d g i n g - c u r -  
ren t  spiking and  s t rong local corrosion, was indeed 
observed.  A n  example  is shown in Fig. 1. The sample  
shown is the A1 meta l l i za t ion  pa t t e rn  of a PCCD on 
top of a sil icon chip which had  first  been prov ided  wi th  
2 ~m of t he rma l  oxide  and a phosphors i l ica te  glass 
film. The SEM pho tograph  of Fig. 2 is another  example  
of cu r ren t - induced  condensation.  I t  shows drople ts  (or 
r a the r  wha t  r emains  of drople ts  under  the  vacuum 
condit ions of the  SEM) on the bonding  wires  of a cor-  
rosion test  sample  moun ted  on a TO~ header ,  a f te r  a 
THB test  at  85~ 85% RH in a s t andard  humid i ty  
chamber.  The  drople ts  appea red  only on negat ive  
bonding wires  and contained N a O t t  to such a h igh  
concentra t ion that  they  did not  even d ry  out  a f te r  the  
sample  had  been w i t h d r a w n  f rom the humid i ty  cham-  
ber. The or igin of this condensat ion phenomenon could 
be  t r aced  back  in  a min ia tu re  mois ture  chamber  of 
the  type  ment ioned.  Some t ime af te r  the  appl ica t ion  of 
bias, wa te r  appea red  on the glass of the  header  (Fig. 
3) and subsequent ly  drople ts  c l imbing up cathodic 
bonding Wires were  observed.  Even tua l ly  these (a lka -  
l ine)  drople ts  reached the chip and caused heavy  cor-  
rosion at  the Au/A1 bond (Fig. 4). Examina t ion  of  the 
glass showed tha t  its surface had roughened dur ing  the 
test.  A p p a r e n t l y  the  cu r r en t - induced  condensat ion in  

this sample  is connected wi th  a s low leaching of Na + 
ions from the glass of the header .  When the headers  
a re  carefu l ly  cleaned in boil ing fuming ni t r ic  acid, and 
then made  hydrophobic  wih  silanes, forced condensa-  
t ion of wate r  on the glass can be avoided.  The mecha-  
nism responsible  for the  t r anspor t  of e lec t ro ly te  along 
the bonding wire  remains  u n c l e a r - - t h e  effect has some 

Fig. 1. Water droplets bridging electrodes of an AI interdigitated 
structure on PSG (7 m/o of P~Os). Electrode gap 6 ~m: experi- 
mental conditions; bias 40V, temperature 22~ relative humidity 
88%. 

Fig. 2 SEM picture of dried-out alkaline droplets on the nega- 
tive Au-banding wires of a corrosion test sample subjected to a 
THB test. Bias 40V; temperature 85~ relative humidity 85%. 
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H2 0 ]~ 

••li- chip 

C_ __Q,/ / ~ -  glass 

Fig. 3. Sketch of the situation at a "cathodic" pin of the header. 
The body of the header is connected to the anodic pins. 

10 =10 

10-~ 

I ]I 
current peak 

time (days) 

Fig. 5. The electrolytic leakage current of a test sample in 
epoxy as a function of time. The sample is a finely interdigitated 
AI electrode pattern deposited on 2 #m of thermal SiO2. Bias 5V; 
temperature 85~ relative humidity 85%. The current peaks have 
been simplified; their actual shape is much more complicated. The 
graph shows the maximum current observed and the time of dura- 
tion (width at base) of the increase in current. 

Fig. 4. Complete destruction of the AI at negative bond after 
alkaline droplets have reached the chip. Same conditions as sample 
of Fig. 2. 

resemblance  to the  r ise of l iquids a round electrodes 
known as the  Sumoto effect (2). 

Chips wi th  the in te rd ig i ta l  e lectrode pa t t e rn  shown 
in Fig. 1 were  also encapsula ted  in plast ic  and sub-  
sequent ly  put  on THB test  while  again moni tor ing 
the leakage  current .  These test  samples  (used wi thout  
g lass-over)  were  ve ry  sui table  for this purpose  be-  
cause w/d, the total  gap length  over the  gap width,  
was ve ry  la rge  (,-, 5000). A typica l  resul t  is given in 
Fig. 5, for a sample  on the rmal  SiO2, wi th  s tandard  
encapsula t ion in an epoxy  DIL package.  

The evolut ion of leakage  cu r ren t  as a funct ion of 
t ime can be d iv ided  into th ree  periods. The first per iod 
is character ized by  an increase in leakage c u r r e n t  to a 
s t eady-s ta te  level  (per iod 2). This behavior  reflects 
the gradual  pene t ra t ion  of mois ture  into the DIL pack-  
age. The l a t t e r  was confirmed in separa te  exper iments  
on mois ture  absorpt ion;  the t imes needed for mois ture  
sa tura t ion  were  found to be approx ima te ly  equal  to the  
t imes requi red  for sa tura t ion  of the leakage  current .  
Dur ing the th i rd  period,  violent  increases in cur ren t  
occur. The t ime at which these current  peaks appear  
and the i r  height  depend  on the exper imen ta l  condi-  
tions. When  the s t eady-s ta te  cur ren t  is h igh as a resul t  
of, for instance, a s trong bias a n d / o r  the use of an im-  
pure  plastic,  cur ren t  peaking  tended  to be ear l ie r  and 

more  violent.  Under  unfavorab le  condit ions the  cur-  
ren t  at  m a x i m u m  peak value  could be 104 t imes higher  
than  the  s t eady-s ta te  level  (per iod 2). Inspect ion of 
the samples  af ter  r emova l  of the  plast ic  in fuming 
HNO8 revea led  strong local corrosion when  cur ren t  
peaks had occurred dur ing  the test. On the other  hand,  
samples  opened dur ing  per iod  2 h a r d l y  showed any 
(visible)  corrosion. The behav ior  of the  encapsula ted  
samples wi th  respect  to cur rent  peaks  coupled with  
s t rong local corrosion is ve ry  s imi lar  to tha t  observed 
on ba re  samples. This suggests tha t  in samples  pack -  
aged in plast ic  too, cur ren t  peaks  and the accompany-  
ing local des t ruc t ion  of meta l  t r acks  are  due to the 
phenomenon of forced condensat ion of mois ture  ob-  
served on bare  samples. In  the case of samples  in plas t ic  
this could lead to the  format ion  of voids filled wi th  
e lec t ro ly te  at  the in terface  be tween  the plast ic  and the 
chip. In  this respect  i t  is in teres t ing  to note tha t  void 
format ion  connected wi th  s t rong local corrosion is a 
we l l -known  phenomenon observed on pa in ted  steel  in 
contact  wi th  saline water .  Here  the  corrosion proceeds 
wi thout  an ex te rna l  bias, but  st i l l  the process is elec- 
t rochemical  in nature,  wi th  par t s  of the  meta l  surface 
acting as cathode and o ther  par t s  act ing as anode. I t  is 
also in teres t ing to note that ,  s imi lar  to wha t  we ob-  
served on IC's, the  e lec t ro ly te  in "cathodic" voids on 
steel  was found to be a lka l ine  (3). 

Manuscr ip t  submi t ted  Aug. 22, 1977; revised m a n u -  
script  received March  1, 1978. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section. to be publ ished in the June  1979 JOURNAL. 
Al l  discussions for the June  1979 Discussion Section 
should be submi t ted  by  Feb. 1, 1979. 

Publication costs o~ this article were assisted by 
Philips Research Laboratories. 
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Anodic Electrodeposition of Gold from 
Liquid Ammonia Solutions 

Towfik H. Teherani,* William J. Peer, J. J. Lagowski, and Alien J. Bard** 
Department o~ Chemistry, The University o~ Texas at Austin, Austin, Texas 78715 

The electroplat ing of metal and al loys, 
which is of importance in numerous applica- 
t ions, has always been accomplished by catho- 
dic deposition ( I -3) .  For example the indus- 
t r i a l l y  important process of gold electro- 
plating is usually carried out by reduction 
of the gold(1) species from s l igh t l y  acidic 
cyanide media. We report here the f i r s t  ex- 
ample of anodic electrodeposition of gold by 
oxidation o faur ide  ion (Au-) in a l iqu id 
ammonia solution. 

Recent results have demonstrated the 
formation of Au- by reaction of gold metal 
with coulometrically generated solvated elec- 
trons (es) in l iqu id  NH 3 containing 0.I 

KI at -40°C (4) or by reaction of Au with Cs 
metal in l iquid NH 3 (5). The experimental 

procedures and apparatus for l iqu id NH 3 

studies have been reported previously (6,7). 
A typical experiment involved the introduc- 
tion of Au metal in l iquid NH 3 containing ex- 

cess es in a large coulometric cel l .  When 

the solution was kept at -40°C and st i r red,  
the Au dissolved with the formation of Au-. 
Al ternately,  the Au- could be produced by 
start ing with a solution of Aul in l iqu id NH 3. 

A typical cycl ic voltammogram of such a solu- 
t ion at a Pt-electrode is shown in Fig. I .  
Controlled potential e lectrolysis at -0.5 V 
resulted in the deposition of Au on the Pt 
working electrode. When the electrode poten- 
t ia l  was moved to the generation of e s (-2.5 

V), the freshly deposited gold was cathodical- 
ly stripped. The cycl ic voltammogram of the 
result ing solution af ter  excess e s was re- 

moved coulometrically, indicated the presence 
of an anodic wave at -2.150V corresponding to 
the oxidation of Au to Au . The e lec t ro ly t ic  
oxidation in the solution (at -2.0 V) resulted 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. Key 
words: metals, deposition, inorganic, solvents. 

in deposition of Au on the Pt anode surface. 
The gold plate produced in this way was bright 
and could be polished to a high luster. Exam- 
ination of the surface by ESCA spectroscopy 
showed strong bands at binding energies of 82, 
85, 332, 350, and 545 ev, characterist ic of 
metall ic gold. 

While i t  is d i f f i c u l t  to project from 
these preliminary experiments whether this 
method of electrodeposition w i l l  be of pract i -  
cal use, this procedure does avoid the use of 
cyanide. Moreover, the oxidation of Au- 
occurs with 100% current ef f ic iency without 
the coevolution of hydrogen which occurs dur- 
ing the cathodic deposition in aqueous media. 
Final ly l iqu id ammonia provides the unique 
opportunity to examine the course and nature 
of deposition of a metal both cathodically 
and anodically in the same medium. 

Acknowledgement.--The support of this 
research by the National Science Foundation 
and the Robert A. Welch Foundation is grate- 
fu l l y  acknowledged. 

e m e 
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Fig. I .  Cyclic voltammogram of a 6.3 mM Aul 
in l iquid ~H~ containing 0.I M KI at -40°C. 2 
Scan rate . V/sec. Electrode area 0.039 cm. 
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The Corrosion of Carbon Black in Phosphoric Acid 
Gary A. Gruver* 

United Technologie~ Corporation, Power System8 Division, South Windsor, Connecticut 06074 

Carbon as a material is thermodynamically 
unstable at phosphoric acid fuel cell cathode 
operating conditions. However, the kinetics 
of carbon corrosion are suff ic ient ly slow so 
that carbon can realistically be considered for 
various materials applications at fuel cell 
operating conditions. One common use for 
carbon blacks in fuel cells is as a support for 
the (usual ly) noble metal catalyst required for 
oxygen reduction at the cathode and hydro- 
gen oxidation at the anode. The electro- 
chemical corrosion of various carbon blacks 
has been studied by several workers (1-4).  
Kinoshita and Bert (2) studied the corrosion 
of a high surface area carbon black in 96% 
H3PO 4 at 135~ at several potentials and 
determined that two processes occurred: the 
formation of surface oxides and evolution of 
CO 2. They found that over several thousand 
minutes the rate of carbon corrosion de- 
creased and that CO2 evolution even tua l l y  
became the major reaction. They speculated 
that while the mechanism for these processes 
was complex, corrosion might be controlled by 
mass t ranspor t  of reactive species through 
the bulk carbon particle st ructure,  with 
oxidation occurr ing at disorganized amorphous 
carbon sites inside the par t i c le ,  much in the 
same way that Heckman and Harling (5 )  have 
observed for the gas phase oxidation of 
carbon blacks. 

Experiments done in this laboratory indicate 
that the corrosion of carbon blacks in a 
phosphoric acid fuel cell environment does 
proceed in the same manner as  noted by 
Heckman et al. for the gas phase oxidation of 
carbon blacks. Subscate fuel cell tests using 
Teflon-bonded electrodes have been performed 
at conditions expected to accelerate the cor- 
rosion of carbon blacks. The catalyst used 
in these tests was highly dispersed platinum 
supported on Vulcan XC-72 (Cabot Corp. ) .  
Figure 1 is a transmission electron micrograph 
showing the appearance of the carbon black 
in the catalyst before test ing. Figure 2 is a 
transmission electron micrograph re- 
presentative of the cathode catalyst after 

*Electrochemical Society Active Member. 

operating for 1000 hours at 191~ The 
cathode was operated at an iR-free potential 
of .835 mV (vs a hydrogen electrode in the 
same electrolyte) on oxygen prehumidified 
with water to maintain a constant average 
H3PO4 concentration of approximately 95%. 
The carbon particles shown in Figure 2 do 
not exhib i t  the same uniform density through- 
out tha t  appears in the untested samples in 
Figure 1. Detailed examination of these and 
other micrographs taken at higher magnifi- 
cations reveals that the outer more crystal l ine 
"shell" of the carbon particles remains intact 
while the central portion (which is more 
disordered, having only short range crystal-  
l in i ty )  has been oxidized away. These f ind-  
ings are in complete agreement with 
Heckman's observations and his "concentric 
crystaIIite model" for carbon~ blacks (5), and 
qualitatively could explain the apparently film 
diffusion-controlled corrosion processes noted 
by Kinoshita (2). Porosity in the turbo- 
stratic outer layers of the carbon particles 
allows access of reactive species (presumed to 
be H20) to the easily oxidizable inner portion 
of the particle. 

As expected, no carbon corrosion was noted 
in the catalyst on the fuel cell anode used in 
this test. 
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Figure 1 - Untested Catalyst; Pt Supported on Vulcan XC-72 Figure 2 - Vulcan XC-72 Corroded at 191~ in 95% H3PO 4 
at a Potential of 835 m V  
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Low Melting-Point Compositions in Alkali Metal 
Metaphosphate/Fluoride Systems Applications 

D. E;well* 
Center for Materials Research, Stanford University, Stanford, California 94305 

Molten salt compositions of low melting 
point are often of interest for applications 
in electrochemistry or as solvents for metal 
oxides. This investigation was performed in 
order to find a phosphate-based solvent for 
the electrodeposition of indium phosphide at 
temperatures at or below 6000C. 

The system Na, K/POq, F was investigated 
by Bukhalova and MardiroNova (i) and the low- 
est melting-point for any composition in that 
system was found to be 4240C. Solvents con- 
taining Li + are expected to have a lower vis- 
cosity because of the relatively small mass 
of these ions, and are therefore preferable 
for electrocrystallization experiments pro- 
vided that the liquidus temperatures are simi- 
lar to or below those of the Na, K system. 

In order to accelerate the task of find- 
ing compositions of lowest melting point in 
the Li, Na/P03F and Li, K/P03, F systems, 
melts containing equal molar concentrations 
of the four constituents in each case were 
unidirectionally solidified by slow horizon- 
tal traverse of a 15 cm long crucible through 
a furnace. The fraction which solidified last 
was analyzed and a melt of the composition so 
determined was subjected to a further unidi- 
rectional solidification to test the accuracy 
of the first analysis. Atomic absorption 
spectrographic analysis for the alkali melts 
was found to be reliable to within 1% but 
electron microprobe analysis for F, P and O 
did not give reliable data, although intensi- 
ties were compared with standard materials. 

The Li:K ratio in the lowest-melting 
sample in that system was found to be 1.16(5): 
1 and the Li:Na ratio for the corresponding 
composition was 0.98(4):1. A section through 
the quaternary phase diagram was therefore 
taken with these metal ratios held constant 
but with the F:PO 3 ratio varied. The results 
are shown in Fig. i, together with liquidus 
data for the corresponding section in the Na, 
K/P03, F system for comparison. 

*Electrochemical Society Active Member. 

Liquidus temperatures were determined by 
a visual polythermal method, with the samples 
contained in vitreous carbon crucibles in 
argon at atmospheric pressure. The chemicals 
were of reagent grade and were subjected to a 
preliminary dehydration at 300~ in vacuo for 
several hours. 

Since the lower melting point materials 
formed glasses on solidification, it was 
difficult to obtain precise measurements and 
the ultimate test of the state of the mater- 
ial was the observed response of the surface 
to a force applied via a graphite rod of 
spectrographic purity. Cycling the sample 
through the melting temperature was used in 
attempts to obtain an accurate determination. 

Even with this precaution, the data are 
reliable only to •176 Supercooling was not 
large compared with this estimated error ex- 
cept in the case of the fluoride-free composi- 
tion in the Na, K/P03, F system, for which a 
supercooling of 140~ was observed. A separ- 
ate calibration experiment was performed and 
temperatures quoted are taken from the mean 
of two chromel/alumel thermocouples with junc- 
tions located in the region previously occu- 
pied by the crucibles containing the samples. 

The Li, Na/P03, F system is seen to give 
the lowest melting temperatures, the minimum 
occurring at about 300~ for a composition 
with 20 m/o fluoride. Both the Li, Na and Li, 
K systems do not indicate a sharply-defined 
minimum but the Na,K system (i) appears to 
exhibit eutectic-like behavior, although the 
data plotted in Fig. 1 is based on intersec- 
tions with rather widely-spaced isotherms. 

The value of 300~ for the lowest-melting 
composition compares very favorably with 
alternative systems. The lowest melting point 
occurs at 580~ in the system Li, Na/P207, F 
(2) and at 612~ in the system Na,K/P207, F(2). 
However, if greater complexity can be tolerat- 
ed, it should be noted that the system Li, 
K/PO 3, PO 4 has a minimum melting point at 
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340°C (3) and fluoride addition may resu±t 
in compositions which melt below 300°C. 
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Oxygen Determination in SIPOS Using a 
Differential Thickness Measurement 

A. E. Widmer and M. L.. Hitchman 
Laboratories RCA Limited, Zurich, Switzerland 

INTRODUCTION 

Semi-insulating polysi l icon (SlPOS) is a 
thermally deposited Si f i lm containing oxygen 
(SiOx) which is used as a passivation layer 
for  s i l i con devices. In order to be able to 
assess the e lec t r ica l  qual i ty  of such films 
i t  is important to be able to have a means of 
characterizat ion. This can be done d i rec t ly  
by making r e s i s t i v i t y  measurements, but i t  
would seem desirable to have a complementary 
method. One poss ib i l i t y  would be to measure 
the oxygen content since the e lec t r ica l  pro- 
perties depend on this parameter ( I ) .  Normally 
determination of oxygen in SIPOS is done with 
sophisticated techniques such as electron 
microprobe analysis or atomic absorption. We 
have developed a simple, ind i rec t  method for 
determining the oxygen content which only re- 
quires a thermal oxidation furnace and a sur- 
face pro f i le  monitor. This method is s imi lar  
to that f i r s t  described by Pl iskin et al. (2). 

EXPERIMENTAL 

Two inch diameter (I]-02) Czochralski- 
sapphire substrates polished on one side were 
used as test  wafers. Theywere placed at 
speci f ic  positions within a stack of s i l i con 
wafers in a low pressure CVD reactor. SIPOS 
was deposited from a N20-SiH 4 mixture with 
the rat io  of the gas flow rates ( ~ )  being 
varied from 0 to 0.8. The deposition condi- 
tions were: 650~ 100-150 mTorr, and SiHA 
flow rates between 25 and 50 cm3min - I .  
Layers with thicknesses in the range of 0.3 
to 1.8~um were grown with most of the mea- 
surements being made on layers O.5~m thick.  

Key words: SIPOS, oxygen determination. 

After deposition a small window of about 
4x4 mm was defined on each wafer with Apiezon 
wax. A step was etched with 1 HF : 20 HNO 3 
(by volume). The layers on the rear side of 
the Wafers were etched of f  completely to 
allow better visual control during the sub- 
sequent processing steps. The etch rate for 
SIPOS prepared with ~ =  0.2 is about 3~m/ 
min. Sapphire is not attacked by the etchant. 
Thickness measurements were made with a sur- 
face pro f i le  monitor (Sloan, Dektak). Then 
the SIPOS layers were converted to SiO 2 in 
wet oxygen at II00 ~ to 1200oc. A conserva- 
t ive estimate of the time required for  com- 
plete conversion was obtained from the time 
needed to oxidize a layer of s i l i con of the 
same thickness as the SlPOS layer (3). For 
example, for  a layer O.5jum thick we oxidized 
for 150 minutes at 1200~ The thickness of 
the f u l l y  oxidized SlPOS layers was measured 
on the previously etched steps from which 
the fract ional  increase in thickness was 
calculated. 

RESULTS AND DISCUSSION 

Fig. 1 shows a plot of f ract ional  in-  
crease in thickness on fu l l  oxidation as a 
function of ~ . Except at ~ 0 . 0 5  the 
reproducib i l i ty  is good. The reason for 
the scatter at low ~ is not known, although 
i t  may be associated with the t rans i t ion from 
polycrysta l l ine s i l i con at ~ = 0 to amorph- 
ous material at higher values of ~ . For 
our reactor the shape of the curve is not 
dependent on the SiHA flow input for flow 
rates in the range 2~-50 cm3min - I .  Fig. 1 
thus provides a simple means for process 
control.  For example, we have had points 
ly ing below the curve corresponding to a 
higher ~ than that expected for the gas in-  
puts used (e.g. point X in Fig. I ) .  On 
checking the cal ibrat ion of the SiH 4 mass 
flow contro l ler  we found i t  to be inaccurate 
due to a par t ia l  blocking as a resul t  of 
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decomposition of Sill 4 to SiO 2 part ic les by 
trace amounts of oxygen. This blocking re- 
duced the Sill 4 flow rate with the resul t  that 
~" was higher than that set on the controls. 

The measurement of the fract ional  thickness 
increase has f a i t h f u l l y  ref lected this change 
i n ~ ' .  

The density, Px ,  of a sio x f i lm can be 
wri t ten as 

N(A s + x AO) 

P x  : 
Fd X 

where N is the number of SiO. "molecules" in 
a layer of thickness d,. and ~rea F and A s and 
A 0 are the atomic weights of Si and 0 res- 
pectively. The density, /0 2 , of a SiOp layer 
formed by tota l  oxidation of SiO x can Be 
wri t ten s imi lar ly :  

N(A S + 2 AO) 

F d 2 

1.2~ �9 

I I ~ ~"J 
"o  x " o  

II 

~ 0 .8  
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< 
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function of ~" . 

where d 2 is the oxidized layer thickness. A 
pr ior i  one cannot say how the density of SiO x 
w i l l  vary as x changes from 0 to 2, but a 
l inear relat ionship of the form 

Px : 2 o  - (Po - P2 )  [3] 

where /0o is the density of Si,  would not 
seem unreasonable. However, i f  one takes 
typical values for the densities of Si and 
SiO 2 - approximately 2.33 and 2.2 (3), respec- 
t i ve ly  - then the term xZ2 ( # o  -P2 )  is small 
compared with /9o for  a l l  x in the range 0 - 2 
and this suggests that one could approximate 
Px = ~2"  Making this assumption and solving 
eqn. [I]  and [4 for the atomic f ract ion of 
oxygen gives 

x [ ]  
l + x  = 1 2 - 3 f  4 

where f = (d 2 - dx)/dy and is the fract ional  
thickness increas6 on-oxidation. Fig. 2 is a 
plot of oxygen atomic percent, determined from 
the points on Fig. 1 and eqn. ~ ] ,  against ~ .  
Also plotted are values of atomic percent de- 
termined by electron microprobe analysis on 
some of the samples prepared in our reactor 
(designated reactor I ) ,  and on samples prepa- 
red by LPCVD in a commercial reactor (de- 
signated reactor 2) at an RCA production 
f a c i l i t y .  The good agreement between the 
determination of oxygen by the d i f f e ren t ia l  
thickness measurement and electron probe 
microanalysis suggests that the assumption 
of Px = /02 is a reasonable one. The shape 
of the curves in Fig. 1 and 2 can be ex- 
plained using a simple model for  the growth 
kinetics of SlPOS (4). 

CONCLUSIONS 

The measurement of the thickness in-  
crease on oxidation of SIPOS to SiO 2 has 
been shown to be a simple method for oxygen 
determination and hence characterization of 
SIPOS. The technique requires only apparatus 
that is normally found in a semiconductor 
factory - a thermal oxidation furnace and a 
surface pro f i le  monitor. I f  the measure- 
ments are made on SIPOS grown on sapphire 
the oxidation needs no special control since 
i t  is se l f - l im i t i ng ;  also sharp steps can 
be readi ly etched and the sapphire test 
wafers can be reused. In general the results 
show good reproducib i l i ty  and are not affec- 
ted by variat ions in f i lm thickness and 



therefore nonuniformities. In the part icular 
range of interest of 0.I < ~ 0 . 4  the varia- 
t ion of the fract ional thickness increase with 

is l inear and shows the maximum sensi t i -  
vi ty. 
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Recovery of Shallow Junction GaAs Solar Cells Damaged 
by Electron Irradiation 

Gilbert H. Walker* and Edmund J. Conway 
National Aeronautics and Space Administration, Langley Research Center, Hampton, Virginia 23665 

Solar cells operated in space are subject 
to degradation from the electron and proton 
radiation damage; however, i t  has been shown 
previously that for deep junction (4 um p-GaAs 
layer) p-GaAzAs/p-GaAs/n-GaAs solar cells some 
of the electron radiation damage is removed by 
annealing the cells at 200~ (1). I t  is the 
purpose of this communication to show that 
shallow junct ion (0.8 ~m p-GaAs layer) 
p-GaA~As/p-GaAs/n-GaAs heteroface solar cel ls 
i r radiated with 1MeV electrons show a more 
complete recovery of shor t - c i r cu i t  current 
than do the deep junct ion cel ls .  

Heteroface pGaAzAs/pGaAs/n-GaAs solar 
cel ls were fabricated using the etch-back 
epitaxy process (2). The n-type substrates 
were Si doped with a carr ier  concentration 
of 1 to 2 x 1017 carriers/cm 3. The p-GaAzAs 
and the p-GaAs were Zn doped to a car r ier  con- 
centration of 8 x 1018 carriers/cm 3. Large 
area back e lec t r ica l  contacts were Sn-Ag 
while the f ront  f inger contacts were Pd-Ag. 
The cel ls had no an t i re f lec t ion  coatings nor 
cover glasses. The current-voltage character- 
i s t ics  of the i l luminated cel ls were measured 
using an a i r  mass zero solar simulator which 
was cal ibrated with a Si cel l  that had been 
standardized on a balloon f l i g h t .  The spectral 
response of the cel ls was measured using an 
in tens i ty  cal ibrated spectrophotometer. Cells 
were i r radiated in vacuum with I-MeV electrons 
at fluences of 1 to 3 x 10 TM electrons/cm2 
1 x 1015 electrons/cm 2, and 1 x 1016 
electrons/cm2. The f lux during i r rad ia t ion  
was chosen so that the cel ls remained at 
ambient temperature. A fluence of 1016 1MeV 
electron/cm L is equivalent to the electron 
exposure which a solar cel l  with a 50 ~m cover 
glass would encounter during 30 years in geo- 
synchronous orb i t .  The current-voltage 
character ist ics and the spectral response were 
again measured. The cel ls were annealed at 
200~ in vacuum of 10 -5 to r r  for lO-hour 

Electrochemical Society Active Member 
Key Words: Solar Cells, Radiation Damage, 
Annealing, Gallium Arsenide 

periods and the i r  character ist ics again 
measured a f ter  each period of annealing. 

Figure 1 shows the re la t ive shor t -c i r cu i t  
current as a function of 1 MeV electron f lu -  
ence for various annealing times. After 
1 x 1016 electrons/cmZ the ra t io  of the f inal  
shor t - c i r cu i t  current to the i n i t i a l  short- 
c i r cu i t  current (Isc/ISCo) is reduced to 

0.33. Annealing at 200~ for I0 hours restor- 
ed the shor t -c i r cu i t  current ra t io  to 0.77; 
a f ter  20 hours of annealing the ra t io  rose to 
0.82, and af ter  30 hours the rat io  had stabi- 
l ized at 0.83. Thir ty-hour 200~ annealing of 
the cel ls  i r radiated at I014 and 1015 1 MeV 
electrons/cm 2 restored the shor t - c i r cu i t  
current to s l i gh t l y  greater than i ts  or ig inal  
value. This increase in shor t - c i r cu i t  current 
to greater than i t s  or ig inal  value af ter  
annealing (which has been seen before ( I ) )  
could be explained in terms of contact anneal- 
ing or improvement in the minority car r ier  
d i f fus ion length. 

ISC 

ISCo 

1.0 

0.8 ! 

10 I4  1015 10 l o  

Fluence  2 
( E l e c t r o n s / c m )  

Figure I . -  Ratio of f inal  shor t -c i rcu i t  cur- 
rent to i n i t i a l  shor t -c i r cu i t  current as a 
function of 1MeV electron fluence for various 
annealing times at 200oc. 
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Figure 2 shows the current-voltage 
characteristics of a cell before i r radiat ion 
and af ter  i r radiat ion with 1 x 1016 1MeV 
electrons/cm 2 at three annealing stages. The 
unirradiated ce l l ,  without AR coati~g, had a 
maximum power density of 15.1 mW/cm ~. I r rad i -  
ation reduced the maximum power density to 29 
percent of i ts  or iginal value; however, 
annealing for I0 hours at 200~ restored the 
maximum power density to 74 percent and after 
30 hours the maximum power density stabi l ized 
at 81 percent of the or ig inal .  The open c i r -  
cui t  voltage increased from 0.82 volts before 
annealing to 0.875 volts af ter  30 hours at 
200~ The f i l l  factor of the irradiated cell 
changed l i t t l e  with annealing. 

1MeV electron i r radiat ion of deep junc- 
tion (4 um) GaAzAs/GaAs solar cells produced 
severe degradation of the spectral response 
especially in the blue region of the spectrum. 
For the 0.8 vm cel ls ,  the spectral response 
after i r radiat ion changed uniformly over the 
entire spectral region. Annealing for 30 
hours at 200~ produced uniform recovery of 
the spectral response. 

The improvement of the solar cell output 
with annealing can be correlated with an im- 
provement of the minority carr ier  di f fusion 
length over the damaged values. We believe the 
explanation for the improved annealing of these 
0.8 vm cel ls as compared to the 4 vm cel ls ( I )  
is due to junction locat ion.  For small junc- 
tion depths, the junction ef fect ive ly  competes 
with surface and bulk recombination for 
minority carr iers. 

The recovery due to annealing of the 
l MeV electron-damaged 0.8 vm GaA~As/GaAs 
solar cells is large. Annealing can extend 
the useful l i f e  (defined here as more than 
75 percent of maximum power) to fluences 
greater than 1016 electrons/cm 2 at 1MeV or 
30 years equivalent in geosynchronous orb i t .  
Short periods of annealing can l im i t  the 
degradation af ter  3 years equivalent in orb i t  
to much smaller values. Assuming that the 
same type of annealing recovery occurs for 
cells irradiated with electrons of d i f ferent  
energies and for cells irradiated with pro- 
tons, i t  may be possible to per iodical ly 
anneal Gag~As/GaAs solar cells while in space~ 
thus s ign i f i cant ly  prolonging the l i f e  of the 
cel ls.  Also, GaA~As/GaAs solar cells oper- 
ated at high temperatures (200~ may contin- 
ual ly anneal radiation damage and never be 
degraded to any great extent. 
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Breakdown of the Passive State and Repassivation 
of Stainless Steels 

I. 1. Rosenfeld, I. S. Danilov, and R. N. Oranskaya 
The Institute o~ Physical Chemistry, The USSR Academy o~ Sciences, Moscow, USSR 

ABSTRACT 

The mechanism of anodic dissolution and self-dissolution of stainless steels 
during local corrosion processes is discussed. The dissolution mechanism can be 
established only by determining actual velocities of metal dissolution at point 
anodes and their dependence on potential. In stably operating pits the actual 
rate of metal dissolution is potential independent. A similar relationship was 
found under uniform dissolution of steel ~n concentrated chloride solutions 
of low pH for the ability of steel to transform from the active to the passive 
state. Such an electrode dissolves at a rate similar to dissolution rates ob- 
served in the pits (50-60 mA/cm2), and the rate is governed by diffusion 
kinetics. On the strength of the results, it is assumed that dissolution of 
steel in pits takes place by the mechanism of "salt passivity," the rate of 
which is controlled by the diffusion of anode reaction products through the 
salt film. The repassivation mechanism of steels in pits is also considered. Pits 
functioning in the kinetic regime repassivate easily, whereas for those op- 
erating in the diffusion regime an external effect on the system is necessary. 
Contrary to the point of view of some researchers an opinion is expressed 
that the repassivation potential does not correspond to the metal potential at 
the pit bottom. The repassivation potential is a variable value and, therefore, 
it cannot serve as a parameter characterizing the ability of steel to undergo 
pitting corrosion. Certain regularities of stainless steel dissolution and the 
causes for breakdown of the passive state are considered. Even small shifts in 
potential in the positive direction from the stationary one (r can bring 
about activation in crevices and gaps. The corrosion resistance of stainless 
steels in crevices is de te rmined  essentially by thei r  abi l i ty  to resist  act ivat ion 
in acidic chloride solutions. 

The local b reakdown of the passive state of stainless 
steels has a t t racted the at tent ion of numerous  re-  
searchers (1-21). Nonetheless the mechanism of the  
process is still obscure. In our  opinion, there  are ques-  
tions, e.g., the  nature  of the anodic process in poin:  
anodes, the repassivat ion mechanism and the nature  of 
the repassivat ion potential,  the mechanism of stable 
operat ion of a two-e lec t rode  system (pit-passive sur-  
face) unstable f rom the electrochemical  point of view, 
the existence of the crevice corrosion potent ia l  ( l ike 
that  of pit t ing format ion) ,  etc., which are yet  to be 
studied. 

However ,  pr ior  to examining these questions, we 
would l ike to draw at tent ion to the rel iabi l i ty  of the 
exper imenta l  results obtained f rom electrochemical  
kinetic studies of local corrosion processes, as wel l  as 
to the conclusions drawn f rom them. We feel  that  the 
results of polarization measurements  f requent ly  pub-  
lished in the l i t e ra ture  do not convey quant i ta t ive  in- 
format ion on the electrochemical  kinetics, because 
they do not reflect the t rue  anodic dissolution rates of 
meta l  in point anodes. Moreover,  false conclusions may 
be drawn, if  the local dissolution mechanism is not 
taken  into account. Let  us i l lustrate  this by an ex-  
ample. F igure  1 shows four  anodic polarizat ion curves 
plot ted by the galvanostafic  and the potentiostatic 

Key words:  corrosion,  diffusion,- e lectron transfer kinetics, salt 
films. 

methods for Cr l8Ni l0Ti l  stainless steel subjected to 
pi t t ing corrosion. Curves 1 and 3 have  been plotted 
with  respect to the  geometr ical  surface area of an elec- 
trode (just such curves are main ly  publ ished) ;  while  
curves 2 and 4 have been plot ted with  respect  to the 
t rue  area 2 on which an anodic react ion occurred. It is 
seen that the two sets of curves have nothing in com- 
mon: The true dissolution rate  is potential  independ-  
ent, while  the curves plotted wi thout  taking into ac- 
count the t rue  area of the anode indicate the presence 
of a quite different potential  dependence of the anodic 
current.  

F rom this, various conclusions may  be d rawn  about 
the mechanism of the process; curves 1 and 3 suggest 
that  the point anodes (pits) operate in the kinetic 
regime and the meta l  in them dissolves in the active 
part  of the polarizat ion curve, and curves 2 and 4 in-  
dicate that  dissolution takes place in t h e  passive state 
regime which differs f rom the general  regime. The 
only difference is that  the dissolution rates far  exceed 
those noticed during normal  passivat ion by an oxide 
film. 

According  to the USSR Standard the number after the let ter  
indicates the average percentage  of the alloying element. Thus, 
this steel contains 18% Cr, 10% Ni. Its total composition (weight 
percent) is: C --~ 0.12; Si ~ 0.8; Mn ~ 2.0; Cr = 17-19.0; Ni = 9.0- 
11.0; Ti = 0.6-0.7; S L 0.020; P ~ 0.035; Fe = balance.  

2 The pits have a hemispheric shape with r --~ 2 and. there- 
forel after  determining  the ir  number  and the diameter of each 
pit using a microscope, their surface can be calculated with suffi- 
cient accuracy.  For  details  see Ref. (4). 

1 7 2 9  
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Fig. 1. Anodic polarization curves obtained for Cr18Ni10Ti 
stainless steel which underwent pitting corrosion in O.IN NaCI. 
Curves 1 and 2 were obtained by the galvanostatic method; curves 
3 and 4 by the potentiostatic method. Curves 2 and 4 are true 
polarization curves; curves 1 and 3 are imaginary plots. Polariza- 
tion time was 60 rain. 

Dissolution rates, similar to the ones observed in 
pits (40-50 mA/cm ~) and the ability of steel to trans- 
form simultaneously into the passive state, are ob- 
served in concentrated acid chloride solutions with the 
anodic dissolution being uniform (Fig. 2a). 

To understand the mechanism of steel dissolution in 
the passive region of potentials, we studied the anodic 
dissolution on the rotating disk electrode. We found 
that the current density in this portion of the polari- 
zation curve increases strongly as the electrolyte is 
agitated and that it varies according to the diffusion 
kinetics laws (Fig. 2b). 

Taking into consideration that the studied electro- 
lytes are similar in composition to those accumulated 
inside the pits and that in the considered cases one and 
the same relationship is observed, we can confirm that 
the dissolution of metal in the stably operating real 
pits proceeds in the diffusion regime (the same con- 
clusion has also been drawn by authors of Ref. (7) in 
their studies of artificial pit model), and the steady- 
state (passivation) currents are determined by the 
properties of the electrolyte in the neighborhood of 

so Ioo 15o '~oo #oo 6~ 8'oo ~ooo ~oo 
L,mA/cm = 

Fig. 2. Anodic polarization curves obtained with a rotating elec- 
trode of Cr18Ni10Ti stainless steel in 5N HCI. Curve 1 obtained 
without rotation; curve 2, with the electrode rotating at 421 rpm; 
curve 3, at 960 rpm; curve 4, at 1950 rpm; and curve 5, at 3825 
rpm. 

electrode surface and not by the properties of the 
metal surface, as suggested in Ref. (22). 

Evidently, if the dissolution rate were to be deter- 
mined by the properties of passivating oxide film on 
the electrode surface, then it could hardly be expected 
that the current will vary during agitation, which may 
increase the dissolution of the film, according to the 
diffusion kinetics laws. 

We assume that the metal dissolution rate in a pit is 
controlled by the properties of the viscous salt film 
at the pit bottom, and, therefore, the nondependence of 
the dissolution current on potential can be regarded as 
specific "salt passsivity" when the passivating layer is 
in the liquid rather than in the solid phase. 

In view of these facts, it is clear why pits can be 
easily repassivated with an insignificant potential shift 
in the negative direction. The true polarization curve 
for stainless steel, whose surface exhibits a steadily 
operating pit, is described by the curve ABCD (Fig. 3, 
plot 1). The potential across the pit bottom is close to 
point C; therefore, even a small potential shift in the 
negative direction (to C') is sufficient to convert the 
steel into passive state. 

These results may also explain the relationship be- 
tween the repassivation potential and the time during 
which the pit is active and on the steel composition. 
The mechanism of the steady operation of the pit- 
passive surface system can also be explained. 

As we have shown earlier (23-26), the overwhelm- 
ing number of pits repassivate spontaneously fairly 
quickly, so that the principle "all or nothing," formu- 
lated by Frank (27, 28), is satisfied. As shown by the 
experimental data, the originally formed pits function 
in the kinetic regime (see Fig. 3, plot 2): Therefore, 
they are capable of spontaneous repassivation. Only 
those pits, which begin to operate in the diffusion 
regime, are able to function steadily, and some exter- 
nal action is needed to repassivale them. 

However, as should be expected, repassivating such 
pits requires shifting the potential in the negative di- 
rection by an amount depending on their functioning 
time and, hence, on acidification of the medium and 
the accumulation of chloride ions inside the pits. This 
is obvious from the anodic potentiostatic curve which 
shows the anodic current vs. the electrode potential 
shift in the negative direction (Fig. 4). When the po- 
tential of an open surface is maintained at +0.55V, the 
corrosion current in a pit varies with time according 
to curve OABC. When the electrode potential is shifted 
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Fig. 3. True anod:ic polarization curves for pits operating in 
diffusion (curve 1) and kinetic regime (curve 2): 1, pits function 
steadily; 2, pits are capable of repassivating spontaneously. 
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Fig. 4. Repassivation of Cr18Ni10Ti stainless steel that was 
pitted potentiostatically in 0.1N Natl .  The arrow indicates the 
moment of a gradual potential shift in the negative direction from 
the pitting-formation potential (r = q-550 mV). OABC illus- 
trates time variation of the corrosion current; A, q~rep; B, Crep; C, 
Orep indicate changes in the corrosion current with time when the 
potential is shifted in the negative direction. 

tem is close to the potential at the pit bottom and 
when the pit operates under diffusion conditions. 

We obtained direct indications that the dissolution 
rate of metal in a pit is determined by the composition 
of the electrolyte in the pit, not by the composition in 
the bulk of the solution. These indications were ob- 
tained in a study on the dependence of the pitting- 
formation potential and of the repassivation potential 
on the pH and the concentration of sodium chloride 
(Fig. 6). As is evident, the pitting-formation potential 
depends strongly on these factors, but the repassivation 
potential depends only slightly on the pH of the elec- 
trolyte and on the concentration of sodium chloride. 

The pits repassivated easily also under galvanostatic 
polarization, which may be judged from the charging 
curves (Fig. 7). The pits operated steadily for 1 hr, a 
time period quite sufficient for the electrolyte to be- 
come highly concentrated in chloride and hydrogen 
ions. None-the-less, it was sufficient to reduce the 
anodic current density enough for the pits to repas- 
sivate. It can be seen from Fig. 7 (point E) that the 
repassivation time depends on the initial current den- 
sity: the higher the current density, the longer the 
repassivation process (i.e., the medium in the pit has 
changed to a larger extent). 

in the negative direction (indicated by an arrow), the 
current first drops and thereafter begins to increase 
again. However, only on reaching a certain potential, 
which depends on the functioning time of point anodes 
(of pits), the system is passivated completely, and no 
electric current is generated by the system. It is this 
potential which is usually called the repassivation po- 
tential. As it appears, the longer the pit functioning 
time, the more negative the potential will have to be 
for the pit to cease functioning. 

The pits also repassivate easily when they are 
formed under self-dissolution conditions, such as when 
the pitting potential is obtained by the oxidizing com- 
ponent of the solution. In the case of corrosion of 
Crl8Nil0Ti grade stainless steel in FeNH4(SOO2 �9 12 
H20 -~ NH4C1 solution, pits are formed at the steel 
surface fairly quickly (~ = -q-0.55V). The potential of 
the steel decreases with time until it reaches a steady- 
state level of +0.3V; the total current of the pit-pas- 
sive surface system increases to 0.36 mA/cm2. Yet it 
was sufficient to shift the potential of the steel by only 
25 mV in the negative direction (Fig. 5) to repassivate 
the surface of the pits. This may occur only in the case 
in which the potential of the pit-passive surface sys- 
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Fig. 5. Repassivation of Cr18Ni10Ti stainless steel that was 
pitted under self-dissolution [20 g/I FeNH4(SO4)2 �9 12 H20 q- 30 
g/I NH~CI]: Cpit A, indicates a change in the electrode potential 
with time, 1, change in the corrosion current with time at a con- 
stant potential (q-0.3V); 2, a change in the corrosion current with 
time, as the potential is shifted in the negative direction (4 mV/ 
rain). 

~e 250 

300 

35O 

~0 

~50 

500 

550 

600 

-&O 
i i 

- to -~5 

/ 

i 

o 

,~00 

3~ 

~00 

~50 

5 ~  

2 

i i f T J i 

o f 2 3 ~ I 6 

pY 
Fig. 6. Pitting-formatlon potential (curve 1) and repasslvatlon 

potential (curve 2) vs. concentration of chloride ions (a) and pH 
value of electrolyte (b) for Cr18Ni10Ti stainless steel. 



1 7 3 2  3. Electrochem.  Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  N o v e m b e r  1978 

1C0 -~ 

200 :~ 

,, 

I 

7oo i 

t 
o 

s~ 

@ 

~a = iO- SA/crn z 

i 

I0 SO 

o io ___?~ 3o 

La : fO-sA/cm 2 

fo 20 30 

| 

L~ = lo-~ A /crn 2 

I 

I 

o 

200- "q 

d 

~o- 

t, 600- ! 

iJ 
7, 0: rr 

.~oo il 1o go 

3"0 60 ~ mt n 

3rcp 

6o T, m,~ 

Fig. 7. Repassivation of stainless steel Cr18Ni10Ti subjected to 
pitting corrosion in 0.1N NaCI during galvanostatic polarization: 
point A, introduction of polarization current due to corrosion 
potential in the absence of pits; B, pitting-formation potential; 
BC, potential variation of the pit-passive surface system under 
conditions of stably operating pits; CD, potential shift when the 
polarization current is changed from its initial value up to 10 -8  
A/cm 2 (indicated by arrow CD); DE, time needed to repassivate 
pits; EF, potential fluctuations due to the appearance and repas- 
sivation of small, nongrowing pits. 

High ab i l i ty  of meta l  in the p i t  to pass ivate  is obvi -  
ously a genera l  p rope r ty  of the  surface, independent  
of the  polar iza t ion  type.  I t  is poss ible  that  the easy 
repass iva t ion  of the meta l  in the  pits  is also due to a 
d is turbance  of the equ i l ib r ium in the  e lec t ro ly te  when 
the ex te rna l  condit ions vary.  

Thus, direct  proof  has been obtained indica t ing  tha t  
the s teadi ly  funct ioning rea l  pi t  opera tes  in the diffu- 

sion regime;  hence, using the formal  concepts of elec-  
t rochemical  kinet ics  as the basis, i t  is possible to 
unders tand  why  the pi ts  repass iva te  so easily,  when 
the potent ia l  is shif ted in the  negat ive  direction.  How-  
ever,  the  same resul ts  suggest  tha t  the  surface of the  
meta l  inside the pi t  possesses a surpr is ing  un iversa l  
ab i l i ty  to pass ivate  easily, which occurs as soon as the  
potent ia l  has shif ted toward  the values  at  which  the 
stainless steel  undergoing  corrosion is found in the  
passive state. I t  is obvious tha t  such an act ive surface 
is able  to form pass iva t ing  layers  f a i r ly  easi ly  as soon 
as the  ex te rna l  effect has changed.  I t  would  be apt  
here  to recal l  a phenomenon detected ea r l i e r  (26), 
namely,  tha t  under  galvanosta t ic  polar izat ion or self-  
dissolut ion of s tainless steels, i t  is sufficient to switch 
off polar izat ion or  to ex t rac t  the  steel  f rom the e lec t ro-  
lyte,  to pass ivate  the  meta l  in the  pit.  

When  such an e lect rode was subjec ted  to r epea ted  
polar izat ion,  the  me ta l  in ea r l i e r  p roduced  pits  r e -  
ma ined  in the passive state and did not dissolve, bu t  
new pits  appeared  on the surface. 

What  is the  na ture  of the  repass iva t ion  potent ia l  and 
does i t  character ize  the suscept ib i l i ty  of s tainless steels 
to localized corrosion, as some authors  suggest  (29)? 
As shown above, the  repass iva t ion  potent ia l  s t rongly  
depends on the pi t  opera t ion  t ime; hence, i t  cannot be 
used as the  cr i te r ion  of the  suscept ib i l i ty  o f  stainless 
steels to localized corrosion processes. The p i t t ing-  
format ion  potent ia l  is a more  precise quant i ty ,  as seen 
in Table  I. Cr18Ni10Ti stainless steel  s t rongly  differs 
f rom Crl8Ni l2Mo2Ti  steel  in  the  suscept ib i l i ty  to p i t -  
t ing corrosion, the l a t t e r  containing molybdenum;  and 
this is reflected in the  p i t t i ng - fo rmat ion  potent ia l  
(+0.55V as compared  wi th  +0.825V). However ,  wi th  
regard  to the  repass iva t ion  potent ials ,  these steels d i f -  
fer  but  s l ight ly  (in 60 min  the difference amounts  to 
only  0.050V). This is qui te  clear:  Inasmuch as in pi ts  
a specific pH value  is established,  as wel l  as the i r  own 
concentra t ion of chlor ide ions, the  repass iva t ion  po ten-  
t ia l  must  clepend but  s l ight ly  on the composit ion of the 
sur rounding  medium,  in respect  to which  the suscept i -  
b i l i ty  of steels to localized corrosion is de termined.  

With  regard  to the  repass iva t ion  potent ial ,  consider  
a two-e lec t rode  system with  the pi ts  as the  anode and 
the pass ive  surface as the  cathode. Consider  p i t t ing  
corrosion under  self-dissolut ion.  Then from the theory  
of e lect rochemical  protect ion,  i t  is known that  the 
sys tem ceases to genera te  a cu r ren t  as i ts potent ia l  is 
shif ted in the  negat ive  direction,  when the potent ia l  
of the system has reached the potent ia l  of the anode 
in the  open state, i .e . ,  when there  is no corrosion cur-  
ren t  th rough  the system. F rom this point  of view, the  
repass iva t ion  potent ia l  should not  be identif ied wi th  
the  potent ia l  appl ied  to the  bot tom of an opera t ing  
pit. Moreover,  the  fol lowing wil l  have  to be taken  into 
account: When  measur ing  the repass iva t ion  potential ,  
the mixed  potent ia l  of a complex e lec t rode  is mea-  
sured, ra ther  than  the potent ia l  of the  meta l  in a pit. 
Fur ther ,  the  quest ion about  the presence or the ab -  
sence of not iceable  ohmic potent ia l  drops in the system 
has not ye t  been defini tely solved; hence, the  na ture  
of the repass ivat ion  potent ia l  remains  obscure. The re -  
pass ivat ion potent ia l  may  coincide wi th  tha t  appl ied  to 
the bot tom of an opera t ing  pi t  only  in the  case for  

Table I. Pitting-formation and repassivation potentials of stainless steels in a 0.1N sodium 
chloride solution obtained by the potentiostatic method 

r (V) z~r162 - Crop (V) 
Grade  of  s t ee l  (b,t* (V)  Cplt** (V)  5 rain 30 rain 60 rain 5 rain 30 rnin 60 rain 

Crl3  + 0.110 + 0.275 + 0.250 + 0.175 + 0.150 0.025 0.100 0.125 
Cr l8Ni l0Ti  + 0.150 + 0.550 + 0.400 + 0.325 + 0.300 0.150 0.225 0.250 
CrlSNI12Mo2Ti + 0.180 + 0.825 + 0.525 + 0.400 + 0.350 0.300 0.425 0.475 

* r  --- steady potential. 
* * ~bpi t = pitting-formation potential, 

f ~ b r ~  = repassivation potential. 
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which the p i t -pass ive  sur face  system is polar ized to 
the  full  ex tent  ( there  is no ohmic drop)  and when 
the anodic process i tself  occurs in the  pi t  wi thout  any  
not iceable  polar izat ion.  Such are  the ma in  laws  gov-  
erning the b r eakdown  of the  passive s tate  and the 
repass iva t ion  of s ta inless  steels when  pi ts  are  formed.  

The mechanism of crevice  corrosion has been dis-  
cussed in full  detai l  by  us (30-32) and by  others  (33- 
39). In the  presen t  paper  we wish to dea l  only  wi th  
one quest ion;  namely,  whe the r  there  is a cer ta in  po-  
ten t ia l  at  which crevice corrosion begins to take  place. 
F igure  8 shows how the potent ia l  of Cr13 grade s ta in-  
less steel  changes wi th  t ime in a crevice  (0.1 m m  wide)  
in 0.1N sodium chlor ide  solution, when it  is in contact  
w i th  Cr l8Ni l0Ti  g rade  steel  ( the ra t io  of surfaces is 
1: 1.5) that  has been immersed  in the electrolyte .  Al -  
r e a d y  in 1.5 hr  the  potent ia l  of the  Crl3  grade  steel  in 
the  crevice reaches a va lue  of app rox ima te ly  --0.3V. 
The potent ia l  of Cr l8Ni l0Ti  steel  also grows more 
negat ive,  but  the  potent ia l  difference be tween  these 
two steels remains  the  same (about  0.14V). I t  should 
be noted tha t  the potent ia l  of the steel  in the  crevice 
first g rew more  posi t ive owing to anodic polarizat ion,  
whereas  the  potent ia l  of the steel  to which the e lec t ro-  
ly te  had  a free access g rew more  negat ive  owing to 
cathodic polarizat ion.  S imi la r  resul ts  were  obtained,  
too, when two electrodes of the  same steel  (grade  
Cr13) contacted one another .  

I t  is quite na tu ra l  to suppose tha t  such a s t rong ac-  
t iva t ion  of steel  in the crevice  should be a t t r ibu ted  to 
a change in the composit ion of the  e lec t ro ly te  in the 
crevice. Therefore,  we s tudied the dependence  of the  
potent ia l  of the same steel  on the pH at various NaC1 
concentra t ions  (Fig. 9). The resul ts  obta ined show 
tha t  the  potent ia ls  close to those in the  crevice (from 
--0.30 to --0.32V) are  observed  in solutions having a 
pH value  in the  range from 2 to 3. At  such pH values,  
NaC1 concentra t ion p lays  a minor  role  and does not 
exe r t  s t rong influence on the potent ial ,  as is the case 
wi th  neu t ra l  and w e a k l y  acid solutions. These poten-  
t ia l  va lues  a l low the app rox ima te  composit ion of the  

-~3ee 1 
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Fig. 8. Time variation of the potential of Cr13 stainless steel in 
a crevice (at the following depths: 1, 22 mm; 2, 44 mm; 3, 66 mm) 
in contact with Cr18Ni10Ti steel (open surface). The reference 
numeral 4 indicates the potential of Cr18Ni10Ti steels. Electrolyte: 
0.1N NaCI. 
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Fig. 9. Steady-state potentia! of chromium stainless steel (grade 
Cr13) vs. pH value of electrolyte at various concentrations of 
chloride ions. The reference numerals indicate: 1, 0.1N NaCI; 2, 
1N NaCI; 3, 5N NaC[. 

electrolyte,  which may  be s tored up in the crevice, to 
be evaluated.  

I t  is of in teres t  to de t e rmine  the extent  of anodic 
polar izat ion necessary for crevice corrosion to begin, 
that  is, for the steel  to be ac t iva ted  in the crevice over 
the  ent i re  surface. Fo r  this purpose,  a series of anodic 
potent ia ls  were  appl ied  potent ios ta t ica l ly  to the open 
surface of a complex electrode,  and the potent ia ls  of 
steel wi th in  a crevice were  recorded,  as wel l  as the i r  
var ia t ion  wi th  time. For  Crl3  steel, even at  insignifi-  
cant  in i t ia l  potent ia l  shifts in the anodic direct ion 
wi th in  the crevice, which did not  reach the p i t t ing-  
fo rmat ion  potent ia l  (about  +0.275V) for the  steel, the  
steel  in the crevice was ac t iva ted  wi th  time, and its 
potent ia l  reached about  --0.3V, that  is the  same value  
tha t  C r l3  steel acquired when in contact  wi th  
Cr l8Ni l0Ti  steel. A difference exis ted only in the  fol-  
lowing:  As the posit ive potent ia l  appl ied  to the ex-  
t e rna l  e lect rode and, hence, to the  crevice was in-  
creased, the  t ime requ i red  for ac t ivat ion of the elec-  
t rode  in the crevice decreased (Fig. 10), whereas  the 
cur ren t  s t rongly  increased.  Hence, it  m a y  be concluded 
that  there  is no crevice corrosion potential ,  at least  
for the Crl3  steel. It is sufficient to subject  such a steel  
in the  crevice to a s l ight  anodic polarizat ion,  and i t  wil l  
even tua l ly  be act ivated owing to var ia t ion  in the elec-  
t ro ly te  composition. The question about  the suscepti-  
b i l i ty  of steels to the crevice corrosion is obviously 
solved in respect  to thei r  sens i t iv i ty  to a change in 
composit ion and charac ter  of the  corrosion med ium 
(40) (e.g., the pH value, the concentra t ion of sodium 
chloride, and t empe ra tu r e ) .  

Final ly ,  a fu r the r  question remains  to be discussed: 
Namely,  how is i t  possible that  the meta l  can be found 
in the act ive s ta te  wi th in  the  pi t  or  crevice and s imul-  
taneous ly  in the passive s tate  on the sur rounding  sur -  
face? As s ta ted above, such a system is unstable  f rom 
the e lect rochemical  point  of view; for in the absence 
of a not iceable  potent ia l  difference, i t  should even-  
tua l ly  be conver ted  into e i ther  the  active or  the pas-  
sive state. 

As noted prev ious ly  by  us (23-26), s tudies of the  
in tens i ty  of an electr ic field over  pits and the currents  
flowing from them have shown the following: As ex-  
pected from the theory,  the overwhe lming  number  of 
pits forming on the surface repass iva te  spontaneously,  
and only a few of them (about  3-5%) funct ion 
s teadi ly;  this, as shown above, is a t t r ibu ted  to the fact  
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Fig. 10. Influence anodic polarization on the time variation of the 
potential of Cr13 chromium stainless steel in a crevice (r and of 
the current (Icr) at different potentials of the open surface 
(~o~.sur.). Electrolyte: 0.1N NaCI. Broken llne indicates the 
steady-state potential before anodic polarization sets in. The 
arrow indicates the moment at which anodic polarization is stopped. 

tha t  t hey  begin  to operate in the diffusion regime. 
This is possible because localized corrosion occurs in a 
r e l a t ive ly  closed volume,  in which the anodic dissolu-  
t ion products  a r e  r e t a ined  and  acidify the  solut ion by  

hydrolysis .  Different iat ion of e lect rochemical  react ions 
over  the  surface also cont r ibute  to the  concentra t ion of 
ac t iva t ing  agents  in point  anodes and to tha t  of  passi-  

~ 0 ~  - -  r a t i ng  agents on an open surface. Because the  corro-  
2O sion med ium in poin t  anodes and over  the  remain ing  

por t ion of the e lec t rode  surface has a var iab le  compo- 
0 sition, even at  the  same potent ial ,  a pa r t  of the  elec-  

t rode  m a y  be in the  act ive state, whi le  the  other  par t  
is in the  passive state. Tha t  this  mechanism is t rue  is 
subs tant ia ted  by  the immedia te  repass iva t ion  of the 
system tha t  takes  place  as soon as the  poin t  anodes 
are  opened so tha t  access of the  e lec t ro ly te  f rom the 
bu lk  has been es tabl ished (25). 

I t  is not  ru led  out  tha t  in the  salt  film at  the  bot -  
tom of the pi t  the re  is an ohmic potent ia l  drop tha t  
keeps  the  p i t t ing-pass ive  surface sys tem in the s table  
state. 

Manuscr ip t  submi t t ed  Dec. 29, 1977; revised m a n u -  
script  received M a y  5, 1978. 

A n y  discussion of this pape r  wi l l  appea r  in a Discus-  
sion Section to be publ ished in the June  1979 JOUaNAL 
Al l  discussions for the  June  1979 Discussion Section 

f~• should be submi t ted  by  Feb.  1, 1979. 
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Anodic Oxidation of Cobalt in Neutral and 
Basic Solution 

Norio Sato* and Toshiaki Ohtsuka 
Electrochemistry Laboratory, Corrosion Research Group, Faculty of Engineering, 

Hokkaido University, Sapporo 060, Japan 

ABSTRACT 

The anodic oxidation and anodic oxide films of cobalt have been studiect 
in borate buffer solutions in the pH range from 7 to 11. The anodic polariza- 
t ion curve Shows the active dissolution, p r imary  passivity, secondary passivity, 
ter t iary passivity, and transpassivation. It is also shown that  the anodic oxide 
film is hydrated oxide of CoO in the p r imary  passive region, bi layered oxide 
CoO/Co804 in  the secondary passive re gmn, and bi layered oxide of CoO/Co20:~ 
in  the ter t iary passive and transpasslve regions. The dissolution current  of 
the anodic oxide film in the secondary and ter t iary passive regions is much 
smaller  than that  in the p r imary  passive region. By cathodic reduction the 
outer Co203 layer is first converted to Co~O4 and then reduced fur ther  to 
hydrated  Co S+ ions before the inner  CoO layer  is reduced to metall ic cobalt. 

Ear ly  this century, it  was reported that  cobalt was 
passivated chemically in concentrated ni tr ic  acid and 
electrochemically in  alkal ine solutions (1). Later, 
Grube (2) found three potent ial  arrests in  galvano- 
static t ransients  of anodic oxidation of cobalt in 
a lkal ine  solutions and a t t r ibuted them to the forma-  
tion of Co304, Co203, and COO2. El -Wakkad and 
Hickling (3) also found the three potential  arrests 
but  described them as corresponding to CoO, Co203, 
andL COO2. Recently, by use of potential  sweeps, Tik- 
kanen  et al. (4) observed three current  peaks in the 
anodic polarization curves of cobalt in alkal ine solu- 
tions and assumed the formation of CoO, Co:304, an d  
Co(OH)a. Other potentiostatic studies (5-7) carried 
out af terward have also suggested the successive for- 
mat ion of cobalt oxides of different oxidation states 
in agreement  with the thermodynamic  predictions 
(8-9). No direct evidence, however, has been pro- 
vided for the composition of anodic oxide films on 
cobalt, except that Leidheiser et al. (10-11) detected 
by MSssbauer spectroscopy cobal t(II)  and cobal t(IH) 
ions in the anodic oxide films. 

In  our  previous paper (12) the thickness of anodic 
oxide films on cobalt has been measured by in situ 
ell ipsometry in neut ra l  borate solution. This paper 
deals with the anodic polarization curve and the com- 
position of anodic oxide films on cobalt in neut ra l  
and alkal ine solutions. 

Experimental 
The specimen was prepared from cobalt rods of 

99.99% puri ty  (Johnson-Mat they Company, Limited) 
into polycrystal l ine sheets, 0.8 mm thick and 5 or 10 
cm 2 surface area. It was mechanical ly polished, an-  
nealed for 100 hr  at 390~ in vacuum, and electro- 
polished at 0.45 A/cm" in a mixture  of 60% perchloric 
acid  and  pure acetic acid (5:1) at 3 ~ ~ 5~ The 
electrolytic cell was a two-compar tment  four-elec-  
trode cell of 50 cm 3 capacity connected with four 

* Electrochemical Society Active Member. 
Key words: metals, anode, potential, passivity. 

separate solution reservoirs. It  had a Luggin capil lary 
to a saturated calomel reference electrode and two 
p la t inum counterelectrodes, one in the specimen com- 
par tment  and the other in the countercompartment .  
The solutions, prepared from doubly distilled water  
and analyt ical  grade reagents, were mixtures  of 0.30 
mole /dm ~ boric acid and 0.075 mole /dm 3 sodium bor-  
ate solutions, and their  pH was adjusted by changing 
the mixing ratio and, if necessary, by adding a small  
amount  of sodium hydroxide. Before t ransfer  into 
the cell, the solutions were deoxygenated practically 
completely by inject ing purified ni t rogen gas for more 
than 24 hr. 

The specimen in the cell was first cathodically re-  
duced at a constant current  of 10 ~A/cm 2 for 20 min 
in a borate solution of pH 8.42 to obtain the oxide- 
free surface, and after careful exchange of solution 
under  ni trogen atmosphere it was anodically oxidized 
potentiostatically for 1 hr at a given potential  in a 
given solution. The solution was then drawn out for 
chemical analysis to determine the amount  of cobalt 
dissolution by a colorimetric n i t ro-R salt method sensi- 
tive to 5 ~g/dm ~. The oxidation was repeated for 
various potentials and pH solutions s tar t ing every 
t ime from the cathodically reduced surface at pH 
8.42. In  some experiments  the t ime o[ anodic oxida- 
tion was extended up to 24 hr and the solution was 
chemically analyzed for cobalt for one hour to deter-  
mine the time change of cobalt dissolution at constant  
potential. 

Cathodic reduction experiments  were carried out 
in which the oxidized specimen, immediately after 
oxidation, was reduced by a constant  cathodic current  
of 5 or 10 uA/cm 2 for different periods of t ime and 
the solution, immediately after the current  was off, 
was taken out for chemical analysis to determine the 
amount  of cobalt dissolved as a function of cathodic 
charge passed. 

All measurements  were performed at 20 ~ _+ 0.5~ 
All  electrode potentials were measured in  reference 
to a saturated calomel electrode and converted to 
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the s tandard hydrogen electrode potential  scale ESHE 
or the hydrogen electrode scale in  the same solution 
EHESS : ENHE ~- 0.058 pH. 

Results 
Oxide-~ree re~erence sur~ace.--The oxide-free sur-  

face, with which coulometric measurements  were 
carried out, was obtained by cathodic reduction of 
the specimen at a constant  current  10 ~A/cm 2 for 20 
rain in a borate solution at pH 8.42. The absence of 
oxide films on the cathodically reduced surface ap-  
pears evident  from measurements  of galvanostatic re-  
duct ion-oxidat ion cycles, in which the first oxidation 
curve for a surface prepared by cathodic reduction 
of the electropolished surface was consistent with 
the second oxidation curve obtained after cathodic 
reduct ion of the anodically oxidized surface. This 
reproducible surface is suggested to be free from 
oxides. It  has also been shown by ell ipsometry that  
the anodic oxide films on cobalt were completely 
removed by cathodic reduction (12) at pH 8.42. 

Anodic oxidation.--The anodic polarization curves 
of cobalt in borate solutions at pH 7 ,~ 11 are shown in 
Fig. 1, where the anodic currents represent  the near ly  
s tat ionary values observed 1 hr after the start  of 
potentiostatic oxidation each with the oxide-free sur-  
face. Figure 2 shows the amount  of cobalt dissolved 
dur ing 1 hr  oxidation as a funct ion of potential. In  
these two figures, the three different degrees of pas-  

sivity can be  distinguished; the pr imary  passive re-  
gion I extending from +0.4 to +0.8V, the secondary 
passive region II from +0.9 to +1.25V, and the ter-  
t iary passive region I l l  from +1.25V to about + l .6V 
in  the I-IESS potent ial  scale referred to the hydrogen 
electrode in the same solution. Transpassivat ion ap- 
pears to occur at more anodic potential.  The critical 
potential  for anodic oxygen evolution is about +1.45V 
(HESS), which exceeds its equi l ibr ium potential  by 
about 0.37V. The Tafel l ine for the oxygen electrode 
reaction in Fig. i gives kinetic parameters;  (~E/a log 
{ ) ~  = 75 mV and (0 log {/8 pH)~ _ I. 

The transpassive dissolution at more anodic poten- 
tials is shown in Fig. 3, where the SHE potential  scale 
is used. It is noticed that the critical potential  for 
t ranspassivat ion is almost independent  of pH, being 
about +1.1V (SHE) in the pH range from 7 to i i .  

To compare the anodic current  with the dissolution 
rate of cobalt in  the same scale, the anodic current  
after  i hr and the dissolution current  averaged for 
1 hr following the ini t ial  i hr  oxidation at constant 
potential  are plotted as a function of potential  in 
Fig. 4. In  the passive region I, the anodic current  
reached the steady value wi thin  I hr  and is equal to 
the dissolution current  of cobalt as cobal t ( I I )  ion. In  
the passive regions II and III, however, the anodic 
current  d o e s  not reach the steady state in i hr. F u r -  
thermore, the anodic current  in  region III is larger 
than the dissolution current  as (I iI)  ions, indicating 
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Fig. 1. Anodic current/potential curves of cobalt in borate 
solutions. The current is measured I hr after the start of potentio- 
static oxidation of the oxide-free surface. 
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tial curves of cobalt in borate solution at pH 8.42. The anodic 
current ( 0 )  is measured 1 hr after the start of oxidation, and the 
dissolution currant is the average for I hr following first 1 br ( 0 )  
and 24 hr (II~). 
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tha t  the th ickening of the anodie oxide  is in progress  
even af te r  l hr. In the t ranspass ive  region, the anodic 
cur ren t  most ly  carr ies  oxygen  at  more  anodic poten-  
tials,  and the t ranspass ive  dissolution current ,  though 
increas ing wi th  potential ,  takes  only a d iminut ive  
pa r t  of the  to ta l  anodic current .  The anodic oxygen 
evolut ion cur ren t  first increases wi th  potent ia l  fol-  
lowing a Tafel  re la t ion  and then approaches  a l imi t ing L} 

cur ren t  which increases wi th  pH. \ 
To examine  how much t ime to take before  the s teady <[ 

s ta te  is reached in passive regions II  and III, 24 hr  
ox ida t ion  was car r ied  out  at  constant  potent ial .  F igure  
5 shows the anodic cur ren t  and the cobal t  dissolution ._.~ 
cur ren t  both decreasing wi th  t ime of oxidat ion  toward  c~ 
the s teady  values  in 24 hr. I t  is evident  that  at  the o 
s teady  s tate  the anodic cur ren t  is equiva lent  to the 
cobal t  dissolut ion ra te  as coba l t ( I I )  ion in region II  
and as cobal t  ( I I I)  ion in region III. 

I t  has been shown in Fig. 1 and 2 that  the  pH de-  
pendence of cobal t  dissolution is much la rger  in act ive 
and passive I regions than  in passive regions II  and 
III. F igure  6 shows the pH dependence  of the act ive 
peak  cur ren t  /am and of the po ten t i a l - independen t  
dissolut ion cur ren t  ipl in passive region I, leading for  
a pH range  7.4 ~ 9.4 to the fol lowing relat ions;  log 
iam "- 0.34-0.63 pH ( A / c m  2) and log ipl ---- --0.44- 
0.63 pH (A/cm2) .  In passive regions 1I and III, it  
was difficult to de te rmine  the pH dependence  of the  
s t eady-s ta te  dissolution cur ren t  because of the ex -  
t r eme ly  smal l  dissolution ra te  in this pH range. 

To es t imate  the amount  of anodic oxide formed in 
1 hr, measurements  were  car r ied  out  of the anodie 
charge,  Qf, accumula ted  in the anodic oxide film, 
which could be obta ined  by  subt rac t ing  the charge 
equiva lent  to the amount  of dissolution as coba l t ( I I )  
or ( I I l )  ion from the total  anodic charge passed. 
F igure  7 shows the anodic film charge Qf as a func-  
t ion of potent ial .  Evident ly ,  the anodic film star ts  to 
form in the potent ia l  region of active dissolution. The 
amount  of the anodic film charge is near ly  potent ia l  - 
independen t  in passive region I, but  i t  increases wi th  
potent ia l  in passive regions l I  and iII.  

Cathodic reduction of anodic oxide films.~Figure 8 
shows the ga lvanos ta t ic -ca thodic  reduct ion of the 
anodic oxide  films, where  the potent ia l  decay and the 
amount  of coba l t ( I I )  ion dissolved from the films are  
p lo t ted  as a function of cathodic charge passed. In  
this figure, the film is formed for 1 hr  at  a given 
potent ia l  in the solution of pH 10.0 and reduced by a 
cathodic cur ren t  of 10 /~A/cm 2 in the solut ion of pH 
8.42. Obviously,  the anodic film formed in passive 
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Fig. 5. Variation of anedic current i a and dissolution current i d 
with time for cobalt at constant potential in passive regions II and 
III in borate solution pH 8.42. The dissolution current is the average 
for i hr. 
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oxidation of cobalt in borate solutions. The current is measured 
I hr after the start of oxidation. 
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Fig. 7. Anodic film-charge~potential curves of cobalt in borate 
solutions. The film charge Qf - Qa - Qd, where Qa is the anodic 
charge passed for 1 hr and Qd the charge equivalent to cobalt 
dissolution (Qd = Wd/2F) .  

region I shows a r ap id  cathodic potent ia l  decay  to 
an oxide reduct ion potent ia l  --0.55V (SHE) s l ight ly  
more  noble than the final potent ia l  and no coba l t ( I f )  
ion is produced in the solution dur ing  the cathodic 
reduction,  indicat ing that  the p r i m a r y  passive film 
of coba l t ( I f )  oxide or hydrox ide  is reduced to meta l -  
lic cobalt. The film formed in passive region I l l ,  how-  
ever, shows a definite a r res t  in the potent ia l  decay 
and produces  coba l t ( I f )  aquo-ions  in the solut ion 
dur ing  its cathodic reduction,  indica t ing  that  a h igher  
va lent  cobal t  oxide is reduced to soluble coba l t ( I I )  
ions. 

The cathodic dissolution of the film as cobalt(If) 
ions, which occurs only with the film formed in pas- 
sive regions II and Ill, differs with different solution 
pH in which cathodic reduction is carried out. Figure 9 
shows the cathodic dissolution curves in di~erent pH 
solutions for the anodic oxide film formed at a con- 
stant potential in passive region Ill in the solution of 
pH I0.0. After an induction period of about 0.I mC/ 
cm 2, the amount of cobalt (If) ion dissolution increases 
nearly linearly with 'the cathodic charge passed and 
then gradually approaches a maximum value Wd max. 
The broken line in Fig. 9 refers to the theoretical 
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Fig. 10. Differential current efficiency ~1 and integral efficiency 
Wdmax/Wd T of reductive dissolution of an anodic oxide film on 
cobWt as a function of solution pH used for cathodic reduction. 
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Fig. 9. Cathodic reduction curves of an anodic oxide film on 
cobalt in borate solutions ,oH 6 ,-~ 10. The film, formed for 1 hr 
at +0.75V (SHE) at pH 10, is reduced by cathodic current 10 ~A/  
cm 2 to measure the amount of dissolution Wd as a function of 
cathodic charge Qe in various solutions. 

cathodic dissolution of stoichiometric Co804, Coa04 + 
8H + + 2e --> 3Co 2+ + 4H20, and hence its slope can 
be used as a reference of differential current  efficiency 
n for cathodic dissolution of the film. A l imit ing value 
in  the broken l ine represents the total amount  of 
cobalt Wd w in  the film assuming a single layer of 
CosO4. As shown in  Fig. 10, both differential current  
efficiency ~ and max imum amount  of dissolved co- 
bal t  (II) ion Wd max increase with decreasing pH. Notice 
that  *1 reaches 100% at pH 6.48, though Wd max is 
smaller  than Wd w even at this pH. The cathodic cur-  
ren t  density in  a range 2 ,~ 50 ~A/cm" has a slight 
influence on ~/Vd max but  produced no effect on n. 

Because of the differential current  efficiency ~ = 
100%, the solution of pH 6.48 and the current  density 
of 5 ~A/cm 2 were employed as a s tandard cathodic 
reduct ion method to measure the composition of the 
anodic oxide films formed at different potentials in  
the solution at pH 8.42. Results are shown in  Fig. 11, 
where the broken line a g a i n  refers to the cathodic 
dissolution of Co304. Noticeably, the film formed at 
+0.65V (SHE) in passive region II dissolves along 
the theoretical Co304 dissolution curve without  any 
induct ion charge for cathodic dissolution, indicat ing 
that  at least the outer part  of the film is Co304 or 
Co304-nH~O. The film formed at +0.85,  1.05, and 
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Fig. 11. Cathodic reduction curves of anodic oxide films on 
cobalt in passive regions II (+0.65VsHE), III (+0.85V and 
+I .05VsHE) and in transpassive region (+1.25VsHE). The film, 
formed for 1 hr at pH 8.42, is reduced by cathodic current 5 ~A/  
cm ~ in borate solution pH &48. 

1.25V (SHE) in  passive region III, however, requires 
an induction charge Qc ~ before the cathodic dissolu- 
tion occurs at the same rate as C0304, indicat ing that  
the outer part  of the film is in the oxidation state 
higher than C0304 or contains a significant amount  
of cobalt ion vacancy, C03-~O4. Furthermore,  it  is 
found that the induct ion charge Qc o and the charge 
Qr M, beyond which the slope of the cathodic dissolu- 
tion curve deviates from that of the theoretical Co304 
dissolution curve, both increase with the potential of 
fiim formation. As shown below, these two charges 
Qc o and QcM may be used to estimate the nonstoichio- 
metric composition of the anodic oxide films. 

Discussion 
The anodic oxide film in passive region L--As shown 

in  Fig. 7, an anodic, prepassive oxide film begins 
to form at a critical potential  of about +0.15-0.059 pH 
(VsHE), where cobalt is in the active state (Fig. 1 
and 2). This critical potential  is close to the equi l ib-  
r ium potentials (13-15) for the anodic formation of 
CoO, ~-Co(OH)2, and E-Co(OH):  Eeq(Co/CoO) = 



Vol. 125, No. 11 A N O D I C  O X I D A T I O N  O F  C O B A L T  1739 

+0.135-0.059 pH (VSHE), Eeq(Co/a-Co(OH)2)  ~- 
+0.15-0.059 pH (VsHE), and Eeq(Co/#-Co(OH)2)  = 
+0.08-0.059 pH (VsHE). This prepass ive  oxide film, 
which is assumed to be CoO or  Co(OH)2,  grows to be 
the, p r i m a r y  oxide  film in passive region I. The fact  
tha t  the  ga lvanos ta t ic  cathodic reduct ion  of the  film 
formed in passive region I does not  produce  any de-  
tec table  amount  of c o b a l t ( I I )  ions in the solut ion 
(Fig. 8) provides  indi rec t  evidence for a coba l t ( I I )  
oxide  or  hyd rox ide  film, which is reduced  to meta l l ic  
cobal t  a t  cathodic potent ials .  

I t  is also shown in Fig. 7 that  the amount  of anodic 
charge  for the  p r i m a r y  oxide  film in passive region I 
is a lmost  constant  at  2 ~ 2.5 m C / c m  2 in the  pH range  
f rom 7 to 10, which corresponds to the thickness of 
12 ,~ 15A for a film of CoO (dens i ty  5.7 ,-, 6.7 g / cm 3) 
and 27 ~ 33A for a film of Co(OH)~ (dens i ty  3.6 
g / c m  3) wi th  the roughness  factor  of the surface 7 ---- 1. 
In  the previous  paper  (12) the film thickness in re -  
gion I has been es t imated  by  e l l ipsomet ry  to be about  
25A, which  is close to the  thickness  ca lcula ted  above 
for  Co(OH)2 ra the r  than  CoO. It  thus appears  tha t  
the  anodic oxide  film in passive region I is hydra ted .  

There  is a s l ight  increase  in both dissolut ion cur -  
ren t  ia (Fig. 1 and 2) and film charge  Qf at  potent ia ls  
close to the secondary  pass ivat ion potent ia l  E~,,~. This 
is due to the  fo rmat ion  of a h igher  valence oxide, 
p r o b a b l y  giving r ise to the  pa r t i a l  b r eakdown  of the 
h y d r a t e d  CoO film. 

The anodic oxide film in passive regions II and III.-- 
The anodic oxide films in passive regions II  and I I I  
a re  charac te r ized  by  the cathodic potent ia l  decay with  
two poten t ia l  a r res ts  and by  thei r  cathodic dissolu-  
t ion as coba l t ( I I )  ion in the first potent ia l  arrest ,  
which  suggests a t w o - l a y e r e d  film consist ing of an 
ou te r  l aye r  of h igher  valence  oxide  and an inner  
l aye r  of lower  oxide, p robab ly  CoO. The cathodic 
charge  requ i red  for  the first potent ia l  a r res t  corres-  
ponds to the reduct ion  of a h igher  valence oxide 
l aye r  and hence m a y  be used as a measure  of i ts 
thickness.  

F igu re  12 shows the cathodic charge  for the  first 
potent ia l  a r res t  as a funct ion of the potent ia l  at  which 
the anodic oxide film has been formed for 1 hr  at  
var ious  pH solutions. Evident ly ,  the h igher  valence 
oxide begins to form at about  +0.75V (HESS) ,  which 
is consis tent  wi th  the e l l ipsometr ic  measurements  
(12). Since the  h igher  valence oxide  in passive region 
I I  has been identif ied as Co~O~ (Fig. 11), this cr i t ica l  
potent ia l  is represen ted  by  Ecoo/coso~ = +0.75V-0.059 
pH (Vs~E), which  is compared  wi th  the equ i l ib r ium 
potent ia l  (13), Eeq(CoO/Co304) -~ +0.6.5-0.059 pH 
(VsH~). The secondary  pass ivat ion  potent ia l ,  E,2 ---- 
+0.85-0.059 pH (VsHE), is 0.1V more  anodic than  
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Fig. 12. Cathodic charge Qc' for first potential arrest in cathodic 
reduction curves and anodic charge Qf' for the outer layer (Co304 
or Co203) as a function of potential of film formation. The film, 
formed for 1 hr at different pH, is reduced by cathodic current 
5 #A/cm 2 in borate solution pH 6.48. 

Ecoo/co3o4, indica t ing  tha t  a cer ta in  thickness  or cov- 
erage of the h igher  valence oxide  l aye r  is requi red  
for the secondary  pass ivat ion  to occur. 

The anodic oxide film formed in passive region II I  
exhibi ts  an induct ion per iod  in its cathodic disso- 
lu t ion as coba l t (H)  ions (Fig. 11). This is a t t r ibu ted  
to the  reduct ion  of excess oxygen  in the film 

8~ 8~ 
Cos-~04 + ~ H + + ~ e 

3 3 

where  a denotes the nons to ichiometry  of CocO4. I t  is 
thus assumed tha t  the cathodic charge Qc o requi red  
f o r ' t h e  induct ion per iod corresponds to the amount  of 
nonsto ichiometry  ~ and that  the cathodic charge QoM 
(Fig. 11) is equiva lent  to the  coulomb requ i red  for 
the  dissolution of Coa-~O4 to coba l t ( I I )  ions. Then, 
the nons to ichiometry  A m a y  be es t imated  f rom Qc o 
and Qc M b y  use of the  re la t ion  Qeo/Q~ M = 4.~/(3 + 
3~). F igure  13 shows Qeo/QcM and A as a funct ion of 
potent ia l  for the  film formed at  pH 8.42. The non-  
s to ichiometry  ~ is seen to change f rom ~ = 0 to 
~ __ 0.33 .and hence the  oxida t ion  s tate  of the  film 
from CoaO4 to Co~Os at  about  + l . 2 V  (HESS) .  This 
potent ia l  agrees  wi th  the  cr i t ical  potent ia l  tha t  sep-  
ara tes  passive region II  f rom passive region  I I I  in 
the anodic dissolut ion curve (Fig. 2); Eps ---- +1.25- 
0.059 pH (VsHE)o The corresponding equ i l ib r ium po-  
tent ia l  (13) is Eeq(Co8OjCoOOH) ---- +1.15-0.059 pH 
(VsHE). I t  has been shown in the  previous  paper  
(12) that  the  opt ical  constant  of the outer  l aye r  of 
the film also changes at  this cr i t ical  po ten t ia l  Eps. 

The anodic charge  Q / f o r  the h igher  valence  oxide 
l aye r  is es t imated  f rom the cathodic charge Qj re -  
qui red to reduce i t  to coba l t ( I I )  aquo-ions,  as shown 
in Fig. 12. The l aye r  thickness is ca lcula ted  from Q/ 
by  using the th ickness /coulomb rat io  5.11 A / m C  for 
Co304 (dens i ty  6.1 g/cm3) and 5.53 A / m C  for Co~O3 
(dens i ty  5.2 g/cm~). Fur the rmore ,  subs t rac t ion  of Q/ 
f rom the total  film charge  Qf (Fig. 7) gives the  anodic 
charge for  the inner  CoO layer ,  which then  al lows 
the inner  l aye r  thickness to be computed.  The th ick-  
ness of both layers  thus es t imated  for the anodic oxide  
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Fig. 14. Thickness/potential curves for anodic oxide films farmed 

on cobalt for 1 br in borate solutEon pH 8.42; Lin represents the 
inner CoO layer and lout the outer layer. 

film formed at  pH 8.42 is shown in Fig. 14, where  the 
e l l ipsomet r ica l ly  es t imated  thickness is also shown for 
comparison.  Notice tha t  the coulometr ic  thickness 
es t imat ion assumes anhydra t ed  oxide films and hence 
would  give a smal le r  thickness than  expected for 
h y d r a t e d  oxide  films. The main  reason for the dis-  
c repancy be tween  the coulometr ic  and el l ipsometr ic  
thicknesses is p robab ly  the hyd ra t ed  na ture  of the 
anodic oxide films. 

Conclusion 
1. The anodic oxidat ion  of cobal t  in borate  solutions 

of pH 7 ~ 11 gives rise to the active dissolution, the 
passivation,  and the t ranspassivat ion,  depending on 
the potent ia l .  

2. The passive potent ia l  range can be d iv ided  into 
the three  regions; the p r i m a r y  pass ivi ty  (region I) ,  
the  secondary  pass iv i ty  ( region I I ) ,  and the t e r t i a ry  
pass iv i ty  ( region I~I). 

3. In region I, which extends f rom +0.4-0.059 pH 
(Vs,{E) to +0.8-0.059 pH (VsHE), a hydra t ed  co- 
b a l t ( l I )  oxide about  25A thick is formed at  pH 7 ,-, 
10, and the dissolution cur ren t  ipl nea r ly  independent  
of potent ia l  decreases wi th  increasing pH; log iD1/A 
cm -2 --  --0.44-0.63 pH in 1 hr  oxidat ion.  

4. In  region II  f rom +0.9-0.059 pH (VsHE) to +1.3-  
0.059 pH (VsHE), an oxide or hydra t ed  oxide film of 
Co304, whose thickness increases wi th  potent ia l  up 
to 15A, is fo rmed on the CoO film, and the dissolution 
cur ren t  ip2 is much smal ler  than  ipl; log ipJA cm-~  
= --7.5 at  pH 8.42 in 24 hr  oxidation.  The total  film 
thickness is es t imated  to increase f rom 15 to 50A 
wi th  potent ia l .  

5. In  region I I I  more anodic than +1.3-0.059 pH 
(VsHE), an oxide  or hyd ra t ed  oxide film of Co.~O3, 
whose thickness increases wi th  potent ia l  f rom 15 to 
35A, is formed on the CoO film, and the dissolution 
current  ip8 is smal ler  than  i,2; log ipJA cm -2 --  --8.0 
at  pH 8.42 in 24 hr  oxidat ion.  

6. The t ranspass ive  dissolution begins to occur at  
about  +1.1 (VsHE) near ly  independent  of pH, and 
the anodic oxide film in the t ranspass ive  region is 
the same in composit ion as that  in passive region III. 

7. The anodic oxygen  evolut ion begins to occur at 
/-1.4-0.059 pH (VSHE), i r respect ive  of the passive and 
t ranspass ive  dissolution of cobalt.  

8. The passive oxide  films can be ca thodical ly  re-  
duced to obta in  an ox ide- f ree  cobalt  surface. In  bora te  
solut ion at  pH 6.48, the  cathodic cur ren t  of 5 ~A/cm2 
reduces the outer  Co2Os layer  to a Co304 layer ,  which 
is then reduced to Co 2+ ions at  the different ial  cur -  
rent  efficiency ~ = 100% before  the onset of the re-  
duction of the inner  CoO layer  to metal l ic  cobalt.  

Manuscr ip t  submi t ted  March 21, 1978; revised manu-  
script  received May 30, 1978. 

Any  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June 1979 JOURNAL. 
Al l  discussions for the June  1979 Discussion Section 
should be submi t ted  by  Feb. 1, 1979. 

Publication costs ol this article were assisted by 
Hokkaido University. 
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Characteristics of Immersion-Plated Gold 
Deposits on Aluminum 

D. J. Levy* and D. H./Via 

Lockheed Paid Alto Research Laboratory, Palo, Alto, California 94304 

ABSTRACT 

An alkal ine KAu(CN)2 bath was developed for immersion (replacement)  
plat ing of adherent  gold deposits on a luminum.  The deposits grow in two 
stages: (i) init ial  attack of the a luminum oxide film at new sites and the 
formation of t iny  gold nodules; followed by (ii) growth on the nodular  
deposits by the addit ion of long, crystall ine needles of gold. Deposit weight 
increases with the log of time, log of gold concentration, and with bath pH. 
Deposition rates at ambient  temperature  of 0.3 ~m/min  or more are possible. 
The coatings, potent ial ly useful as electrical contacts in  a moisture-free  en-  
vironment,  were evaluated for adhesion and contact resistance. 

The na tura l  oxide film on a luminum interferes with 
electrical contact to the basis metal. Gold contacts 
plated on the a luminum will obviate this problem. 
While the go ld-a luminum galvanic couple could lead 
to serious corrosion problems in the ambient  terrestr ial  
environment ,  the potential  corrosion problems are ab- 
sent in space and in  controlled environments .  For ex- 
ample, a l uminum wires have been bonded to gold con- 
ductor traces in  semiconductor products for many  
years. 

The technology for plat ing immersion (replacement)  
gold deposits on chromium, copper, lead, nickel, sili- 
con, stainless steel, and tungsten  has been summarized 
by Parker  (1), but  no l i terature  references to immer-  
sion gold deposits on a luminum were found by the 
present  authors. Gold is commonly electroplated on 
a luminum,  but  this is accomplished by a mul t i layer  
coating system after removing the oxide film and sub-  
st i tut ing a replacement  coating of zinc or tin. 

This paper describes a bath for the immersion plat-  
ing of gold on a luminum.  The deposit morphology and 
the effect of bath composition on deposition at ambient  
tempera ture  are discussed. Gold deposits were evalu-  
ated for adhesion and electrical contact resistance and 
were compared with al ternate  materials.  

/Materials and Apparatus 
Test specimens.--Types 1145 and 1235 a luminum foil 

(10-20 ~m) were used as the substrate material.  Com- 
position is shown below. 

1145 1235 

A1, min. w/o  99.45 99.35 
Fe -~ Si, max % 0.55 0.65 
Cu, max % 0.05 0.06 
Mn, max % 0.05 0.00 

A plat ing fixture was used that  enabled plat ing of a 
26 mm diam spot of gold on one side of a 36 m m  diam 
a luminum disk. 

Thickness.--Thickness of the gold deposit was mea-  
sured by the beta-backscat ter  method with a Model 28 
Micro-Derm using a carbon-14 source. 

Contact-resistance.--Contact resistance was mea-  
sured by a Wheatstone Bridge using a Leeds & North-  
rup Model 5205 resistance box. A cylindrical probe 10 
m m  diam, weighing 4g, and plated with high pur i ty  
g o l d  w a s  u s e d .  

Adhesion.--The 180 ~ peel tests were made with a 
polyimide tape coated with a pressure-sensi t ive acrylic 
adhesive. Adhesion to steel was rated at 30 oz/in. (33 
g /mm)  using ASTM D 1000. 

* Electrochemical  Society  Act ive  Member.  
Key  words:  plating,  deposit ion,  pit. 

pH.--An Orion Research Model 601 Digital Ionalyzer 
was used with glass and Ag-AgC1 electrodes. 

Oxide Stripping 
Activation normal ly  consists of removing the oxide 

film from a metal  surface prior to plating. However, 
a luminum is very active electrochemically and the 
oxide film is rapidly reformed unless the active surface 
is immediate ly  protected by a replacement  film (i.e., 
zinc, t in) .  Surface oxides will vary  in  thickness and 
c'haracter even on the same a luminum alloy depending 
on the prior history of the surface. It was desirable to 
start with a reproducible surface condition to evaluate 
immersion gold plating. Therefore the existing surface 
oxide was stripped from test specimens prior to plat ing 
so that the surface would have a reproducible, fresh, 
thin, hydrous oxide film. 

Both alkaline and acidic solutions were evalu-  
ated for str ipping the oxide. It was found that  sodium 
hydroxide solutions effectively strip the oxide but  they 
also attack the a luminum metal  as evidenced by exces- 
sive e~ching and hydrogen evolution. In comparison, 
nitric acid merely dissolves the oxide film and does 
not appreciably attack the metal. The acidic solution is 
also free rinsing. 

The gold plate thickness (Table I) is somewhat 
greater after str ipping with nitric acid ra ther  than 
sodium hydroxide, indicating that  the fresh oxide film 
is thinner.  Adhesion is also more reliable. Electrical 
contact resistance was not significantly different for 
any of the specimens tested. 

The time necessary to strip an oxide film varies with 
the a luminum alloy and the condition of the oxide. As 
a general  rule, 2-5 min  in 250-400 g/1 [25-40 v/o 
(volume percent) ,  sp gr 1.42] nitr ic acid at ambient  
(15 ~ ~ C) tempera ture  is sufficient (2). The effective- 
ness of the acid to strip oxide films is diminished as 

Table I. Effect of oxide stripping before immersion gold plating 
(5 g/I Au) 

Immersion plating 

Oxide stripping Plating Au Contact 
time thickness resistance 

Soln. Min ( Min ) ( ~m ) (~2) 

None 0.5 0 
1 0.008 0.027 
2 0.036 0.022 

NaOH 1 0.5 0.008 0.020" 
1 0.023 0.021 
2 0.041 0.024 

HNO3 5 0.5 0.013 0.026 
1 0.020 0.019 
2 0.051 0.021 

* Poor adhesion.  

1741 
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concentration is increased up to 500 g/1. Use of the 
oxide stripper is optional and depends upon the surface 
condition of the aluminum being processed. 

Immersion Plating 
After experimenting with several gold salts and ob- 

serving no substantial differences, the common gold 
salt potassium gold cyanide, KAu(CN)2, was selected 
for use in the alkaline plating solution. The increase 
in deposit thickness with time is shown in Fig. 1. The 
deposit is porous and not self-limiting in thickness. 
Therefore rather thick deposits can be produced al- 
though the deposition rate does diminish with time. 
Figure 1 shows that the equivalent thickness increases 
with the log of time. Equivalent thickness is that of a 
dense, continuous gold film of the same mass per unit 
area. 

Figure 2 shows the effect of gold concentration in 
the plating solution on deposit thickness after plating 
2 rain. The deposition rate increases directly with the 
log of the gold concentration. Gold content of the bath 
should be at least 3 g/l Au in order to achieve good 
adhesion of the deposit at reasonable deposition rates. 
Higher concentrations are entirely satisfactory but are 
limited as a practical matter to minimize dragout 
losses. An upper limit of 5 or 6 g/1 gold gives a suitable 
broad range for process control. 

The principal parameter affecting deposition rate is 
pH. Figure 3 shows that the deposit thickness increases 
exponentially with pH. The hydroxyl ion functions by 
dissolving the hydrous aluminum oxide film and per- 

O. 1 
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o-.0.3 
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Fig. 1. Increase in gold thickness with plating time. 5 g/I gold 
at  pH 11.8. 
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Fig. 3. Effect of pH on gold deposit thickness. 2 min plating time. 
2 g / I  Au, [~ ;  5-7 g / I  Au, O .  

mitring the replacement reaction to proceed. A pH of 
at least 11.2 enables a satisfactory deposition rate. At 
a pH greater than 11.8, the substrate metal is attacked 
excessively and the resultant hydrogen evolution dis- 
rupts adhesion of the gold deposit. 

The effect of both gold concentration and pH on 
average gold deposition rate can be seen in Table II. 
At 2 g/l Au, it was found that the gold deposits 
were no longer adherent when the deposition rate 
reached 0.10 ~m/min. However, increasing the gold 
content to 7.0 g/l enables a deposition rate of at least 
0.29 ~m/min with good deposit adherence. The sig- 
nificant effect of pH to increase the deposition rate is 
also evident in the data. Average deposition rate dur- 
ing the plating period is listed in Table II; instantane- 
ous rates are indicated in Fig. 1. 

As the bath is used, the aluminum ion concentration 
will increase and eventually aluminum hydroxide will 
be precipitated. It is, of course, undesirable to have 
suspended solids present in a plating bath. A simple 
calculation shows that the solubility of aluminum hy- 
droxide is only 0.06 and 0.25M at pH 11.2 and 11.8, 
respectively, based on the equilibrium dissociation re- 
action 

AI(OH)~ = H + + H2AIOa- K = 4 X 10 -18 

In order to increase the bath life, a complexing agent 
was added. Sodium citrate was chosen because of its 
high solubility. A concentration of 60 g/1 is very satis- 
factory. Addition of the citrate also increases the rate 

Table I I .  Immersion gold deposition 

Plating solution Gold plating 

A u  (g/I) pH (Min) (/~m) (~m/min*) 

0.06 

N~ 0.05 
o_ 

>_'o.o4 

0.03 I , ] , I , I , I I 
2 4 6 8 10 15 20 

GOLD ION (g/l) 

Fig. 2. Increase in deposit thickness with gold concentration. 
2 m i n a t p H  i l . 5 .  

2 10.90 1 0.01 0.01 
10.95 2 0.09 0.04 
11.52 1 0.07 0.07 
11.52 5 0.52 0.01 
11.52 10 0.83 0.01 
11.70 1 0.07 0.07 
11.74 5 0.48 O.IO* �9 
11.78 10 1.07 0.11"* 
11.82 I.I 0.13 0.12 
11.92 1O 1.14 0.Ii'" 

6.1 11.36 1 0.19 0.19 
11.33 5 1.03 0.21 
11.33 I0 2.00 0.20 

6.8 10.98 1 0.14 0.14 
10.96 6.5 0.73 0.11 

0.9 II.07 I0 1.93 0.19 
11.63 10 2.52 0.25 

7.0 11.60 1 0.29 0.29 
11.63 5 1.24 0.25 

�9 Average deposition rate. 
"" Poor adhesion. 
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of gold replacement on the aluminum surface without 
any loss of adhesion. Furthermore, it creates a pH 
buffer system which slows the decrease in pH with 
solution use. 

As the plating solution is used, free cyanide ions are 
released which compete with the citrate to form alu- 
minum complexes. It was found by addition of sodium 
cyanide that the maximum concentration of free cya- 

nide before the gold deposit becomes nonadherent is 
6.8 g/1 CN-.  In the absence of citrate, the tolerance 
for free cyanide is only 2.6 g/1. The plating bath was 
designed for convenience to be used at ambient tem- 
perature (15~176 and the reaction was not studied 
at higher temperatures. 

The principal half-reactions for the immersion plat-  
ing are aluminum dissolution 

Fig. 4. Morphology of gold deposits. Original magnification 5000 times 
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A1 Jr 4 O H -  -)  A l O e -  -{- 2H20 -F 3 e -  

a n d  gold deposi t ion 

3 A u ( C N ) 2 -  q- 3 e -  -* 3 A u  H- 6 C N -  

Semibr igh t  to b r igh t  gold deposi ts  are  p la ted  on 1235 
A1 in 1 min whi le  a ma t t e  gold deposit  forms on 1245 
A1 at  a s lower  rate.  However  appea rance  differences 
had no effect on the  measured  e lect r ica l  resis t ivi ty.  

The suggested composi t ion of the  p la t ing  ba th  for  
immers ion  gold deposits  on re la t ive ly  pure  a luminum 
is: potass ium cyanoaura te  ( I ) ,  3-5 g/1 gold; sodium 
citrate,  30-60 g / l ;  pH (sodium hydrox ide ) ,  11.2-11.8; 
t empera tu re ,  ambien t  (15-25~ 

Morphology 
The gold deposits  were  examined  by  scanning e lect ron 

microscopy. F igure  4 shows the appearance  of deposi ts  
wi th  an average  thickness f rom 0.008 nm (0.3 n-in.)  to 
0.56 nm (22 n-in.) at  5000 t imes magnification. These 
photomicrograPhs  revea l  that  a gold film of un i form 
trhickness is not formed. Ins tead  the a lka l ine  p la t ing 
solut ion at tacks the oxide film on the a luminum surface 
only  at specific sites where  a t iny  nodule  of gold in i -  
tiates. Growth  takes  place  p r i m a r i l y  by  the format ion  
of nodules at  new sites unt i l  the amount  of gold is 
equiva lent  to a film of about  0.02 ~m (1 n-in.) th ick-  
ness. F u r t h e r  g rowth  then takes  place  by  the format ion  
of long needles  of c rys ta l l ine  gold wi th  an aspect  ra t io  
of about  10. As the deposi t  grows, complete  surface 
coverage is achieved at  an equivalent  thickness of 0.4 
nm (15 N-in.). At  tha t  point,  some gold needles  are  as 
long as 2.5/~m. 

Contact Resistance 
Elect r ica l  contact  resis tance var ies  inverse ly  wi th  

contact  a rea  and appl ied  pressure  in the  region of r e l a -  
t ive ly  high resistance. When  two test  specimens are  
jo ined  together  in gold-gold  contact  by  adhesive bond-  
ing a round  the  pe r ime te r  of the  gold deposit,  contact  
pressure  is essent ia l ly  zero and contact  res is tance is 
found to decrease as the amount  of immers ion  gold 
deposit  is increased.  F igure  5 shows that  contact  r e -  
sistance is minimized  at  an equiva lent  thickness  of 
about  0.04 nm (1.5 n-in.) .  This is only  10% of the 
equiva lent  thickness requ i red  for complete  coverage 
of gold over  the  a luminum surface. 

Other  techniques were  used for creat ing an electr ical  
contact  on the cleaned a luminum surface, and the d -c  
resis tance of these mate r i a l s  in face- to - face  contact  
was moni tored  over  a per iod  of about  six months  in air. 
Compara t ive  da ta  is l is ted in Table III. The immers ion 
gold deposi t  has an equiva lent  thickness  of 0.1 nm. The 
b r u sh -p l a t ed  gold (electroclean,  Cu str ike,  Ni str ike,  
Au  p la te)  r a t ed  high but  ev iden t ly  had  some added  
e lect r ica l  res is tance due to the Ni str ike.  Most  of the  

140 
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Fig. 5. Gold-gold contact resistance 

0.25 

Table Ill. Comparison of electrical contact materials 

Contact resistance (~) 

Material average range 

Circuit resistance (best contact) 0.085 
Immersion gold 0.13 0.089.0.170 
Silver-filled lacquer 0.22 0.128-0.344 
Brush-plated gold 0.148-0.359 
80% silver in polyester 0.162-0.380 
70% silver in PVC 0.251-0.563 
Silver-filled RTV silicone 0.137-0.984 
Silver-filled contact adhesive 0.43 0.142-1.618 
Silver-fined epoxy 0.598.0.982 
Chrome pickle (Dow 1) 1.2-2.4 
Silver-plated copper in acrylic 0.782-16" 

adhesive 
Silver-filled silicone 1.2-14.5" 
Silver in elastomer 1.1-18" 
Silver-filled polyurethane 2.8-18' 

* Unstable resistance. 

other  mate r i a l s  tested were  e lec t r ica l ly  conductive 
coatings based on resins tha t  are  h igh ly  loaded with  
s i lver  part icles .  

Summary 
1. Immers ion  ( rep lacement )  gold coatings were  de-  

posi ted on re la t ive ly  pure  (99%) a luminum from an 
alkal ine,  cyanide  gold p la t ing  ba th  at  ambien t  t em-  
pera ture .  Sodium c i t ra te  is added  to p reven t  p rec ip i t a -  
t ion of a luminum hydrox ide  and the reby  extend the 
ba th  life. Tolerance  of the ba th  for accumula ted  free 
cyanide was also de termined.  

2. Metal  dePOsition ra te  increases  wi th  gold content  
and  pH of the  p la t ing bath.  The  m a x i m u m  deposi t ion 
ra te  before  the coatings become nonadheren t  is p ro -  
por t ional  to the  gold content.  Coat ing thickness up to 
2.5 ~m and average  deposi t ion ra tes  up to 0.3 ~m/min  
were  studied. 

3. Nitr ic  acid (250-400 g / l )  at ambien t  t empera tu re  
is effective in s t r ipping the na tu ra l  oxide on a luminum 
and subst i tu t ing a fresh, thin, hydrous  oxide film pr ior  
to plat ing.  The use of this p r e t r ea tmen t  is opt ional  and 
dependent  upon the condit ion of the  oxide film on the 
a luminum surface. 

4. The gold deposi ts  are  discont inuous and not  
l imited in thickness.  The a lka l ine  p la t ing  ba th  pene-  
t ra tes  the oxide film at  specific sites and causes the  
nucleat ion of t iny gold nodules.  Growth  takes  place 
p r imar i l y  by  the  format ion  of nodules at  new sites un-  
til  the  equiva lent  film thickness  is about  200A. There-  
after,  the nodules grow by the format ion  of need le - l ike  
crystals,  wi th  an aspect  ra t io  of about  10, unt i l  surface 
coverage is complete  (equiva lent  thickness  of 0.4 ~m). 

5. Immers ion  gold deposits  on a luminum afford a 
potent ia l  means  of making  e lect r ica l  contacts  for use 
in envi ronments  where  mois ture  is not present .  Tests 
of the e lect r ica l  contacts show that  they  exhib i t  a 
lower  electr ical  resis tance than  tha t  of a b rush -p la t ed  
gold or s i lver- f i l led  resins. 

Manuscr ip t  submi t ted  March 20, 1978; rev ised  manu-  
scr ipt  received May 16, 1978. This was Pape r  171 p re -  
sented at the Pi t t sburgh,  Pennsylvania ,  Meet ing of the  
Society, Oct. 15-20, 1978. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June  1979 JOURNAL. 
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ABSTRACT 

When coba l t -ha rdened  e lec t ropla ted  gold is dissolved in e i ther  aqua regia  
or  mercury ,  ca rbon-conta in ing  inclusions are  extracted.  The chemical  iden t i ty  
of the extracts  is es tabl ished here  by  a va r ie ty  of chemical  and physical  ana l -  
yses. The ind iscr imina te  use of the  word  "po lymer"  to re fer  to both the 
or iginal  inclusions and the ext rac ts  is inaccurate .  The "po lymer"  separa ted  
upon dissolution of the gold in aqua regia  is not  an  orgamc ma te r i a l  but  a 
known cobalt  cyanide compound with  the  formula  Cosn[Com(CN)~]2 �9 xH20. 
On the other  hand, the ext rac t  obta ined af te r  dissolution in mercu ry  was 
shown to contain KsCoHI(CN)6. Based on the observat ion  of the two different  
ext rac ts  and the chemis t ry  of the p la t ing  solution, the  form of the  or iginal  
inclusions is proposed to be e i ther  a C o ( I I ) -  or C o ( I I I ) - c y a n i d e  complex.  
Addi t iona l  analyses  on the bu lk  gold and on the aqua regia  f i l t rate  led to the 
fol lowing conclusions: (i) There  is an addi t ional  source in the  gold deposit  
for both cobalt  and carbon apa r t  f rom the cobal t  cyanide  complex.  (ii) For  
cobalt,  this addi t ional  source is the  subs t i tu t ional  meta l l ic  form. (iii) For  
carbon, the addi t ional  source is an as ye t  unidentif ied compound p robab ly  de-  
r ived  f rom cyanide  ions but  containing a C :N  rat io  g rea te r  than  one. This 
compound m a y  be the source of the  carbon found in the aqua  regia  filtrate, 
and i t  may  account for  the  e x t r a o rd ina ry  amounts  of hydrogen  found in 
hard  gold deposits. (iv) Some cautions are  necessary in the  aqua regia  ana l -  
yses for Co and C because  of the  l imi ted  so lubi l i ty  of "polymer ."  

I t  is wel l  documented  that  ha rd  gold deposi ts  formed 
in acid cyanide  baths  wi th  a cobal t  sal t  contain sig- 
nificant quant i t ies  of carbon, ni trogen,  hydrogen,  oxy-  
gen, and potass ium in addi t ion  to cobal t  (1-12). Since 
Munier ' s  or iginal  work  (1) in which a t r ansparen t  
film was isolated upon dissolut ion of the gold in 
aqua regia,  i t  has been wide ly  bel ieved that  some 
"o rgan ic  po lymer"  is codeposited in the hard  gold. 
However ,  the composit ion of this "polymer"  has never  
been established,  nor  has the chemical  react ion re-  
sponsible for its format ion  been identified. A number  
of speculat ions have been advanced in the recent  
l i t e ra tu re  concerning the na tu re  of incorpora ted  ma-  
terials.  For  example ,  Raub, KnSdler ,  and Lendvay  
(7) l ist  the fol lowing species as possible inclusions: 
cobal t  cyanides,  KeCo2(CN)10, salts  of Co(CN).~H -3 
and Co(CN),~(OH)-~,  H20, tI2 gas, AuCN, and K - A u -  
CN compounds.  In thei r  MSssbauer study,  Cohen, 
West, and Ant l e r  (13) found no significant amounts  
of AuCN, KAu(CN)2,  or K A u ( C N ) 4  in hard  gold. 
They  then suggested that  the CN in hard  gold is e i ther  
combined with cobal t  or  occluded in the pla te  wi thout  
forming  wel l -def ined gold compounds. Reid (8) specu- 
la ted that  the fol lowing substances may  be present :  
Co(CN)2 (or i ts po lymer ) ,  Co(HCN)4,  (CN) (NH2)C: 
C(NH2) (CN),  or the coba l t -coord ina ted  po lymer  of 
this substance. More recently,  Eisenmann (14) p ro-  
posed the hypothesis  that  coordinat ion compounds 
of cobal t  with d icyanoaura te ,  such as KCoJAu (CN)213 
and Co[Au(CN)2]2,  are  incorpora ted  in the deposit,  
and that  these compounds are  responsible  for var ious  
proper t ies  of the ha rd  gold. The existence of such a 
va r i e ty  of speculat ions wi thout  any  suppor t  of ha rd  
ana ly t ica l  da ta  c lear ly  indicates  a need for a more  
definit ive work  on the subject.  

A recent  invest igat ion involving two of the present  
au thors  (10) has shown that  coba l t -ha rdened  gold 
deposits  formed in c i t ra te -based  baths  contain 5-9 
atom. percent  (a /o )  hydrogen.  The nuclear  analysis  
technique used would not  dis t inguish between ele-  

* Electrochemical  Society Active Member. 
1Present  address: Bausch and Lomb, Rochester,  New York 

14600. 
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impurities. 

menta l  hydrogen  (e i ther  the dissolved form or  gaseous 
bubbles  in the gold) and a chemical ly  combined form. 

A MSssbauer s tudy recen t ly  pe r fo rmed  by  Cohen 
et al. (15) has indica ted  that  cobal t  is incorpora ted  
in two different  forms: metal l ic  (i.e., subst i tu t ional )  
and nonmetal l ic ,  and that  the nonmeta l l ic  form is 
not Co (CN)2.2.SH20, which prec ip i ta tes  when equiva-  
lent  amounts  of Co +2 and C N -  ions are  mixed  to-  
ge ther  (16). 

In  the presen t  invest igat ion,  a large  amount  of gold 
was p la ted  under  control led conditions to ex t rac t  
the "polymer"  in a quan t i ty  sufficient to ca r ry  out  
repe t i t ive  quant i ta t ive  chemical  analyses  as wel l  as 
x - r a y  diffraction and in f ra red  spectroscopy examina -  
tions. Since it was thought  p robab le  that  aqua regia 
may  a l te r  the composit ion of the inclusions because 
of its s t rong acidi ty  and oxidizing power,  the gold 
was also dissolved in mercury ,  and the res idue ana-  
lyzed by both chemical  and physical  methods.  Based 
on the resul ts  of these exper iments ,  an a t t empt  was 
made to deduce chemical  ident i t ies  of the species in 
the as - incorpora ted  form and chemical  react ions which 
occur dur ing the dissolution processes. 

Experimental 
Sample preparation.--Cobalt-hardened gold deposits  

were p la ted  from a ba th  containing a potass ium ci t ra te  
buffer of pH 4.0, a coba l t ( I I )  salt, and potass ium cy-  
a n o a u r a t e ( I ) .  The concentra t ion ranges were  essen- 
t ia l ly  the same as those used in previous  studies (9) 
(8.2 g / l i t e r  of Au as KAu(CN)2 ,  110 g / l i t e r  ci t r ic  
acid, 50 g / l i t e r  KOH, and 0.1 g / l i t e r  Co as COSO4). 
Here, however,  the gold concentra t ion was increased 
app rox ima te ly  by a factor  of two in order  to a l low 
the format ion  of bright ,  ha rd  deposits at  an increased 
current  density. The bath  was opera ted  at  65~ and 
at  a cathode current  dens i ty  of 50 m A / c m  2. A copper  
sheet  cathode (1.5 • 1.5 • 0.002 in. or  a pp rox ima te ly  
3.8 N 3.8 • 0.005 cm) was p la ted  in a cell which 
was equipped with  p l a t inum sheet  anodes and a mag-  
netic s t i r re r  and contained 3 l i ters of the p la t ing  solu- 
tion. The concentrat ions of various ba th  const i tuents  
were  main ta ined  wi thin  about  •  dur ing  pla t ing 
using an automat ic  ana lyzer  and control ler  designed 
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and constructed recently in this laboratory (17). A 
number  of copper cathodes were plated successively 
with about 5g of gold on each. These plated cathodes 
were cut into small  pieces and treated in aliquots of 
boiling 1:1 HNO3 in  order to dissolve away the copper 
completely. The complete removal  of copper was con- 
firmed by atomic absorption spectrometry.~ The pieces 
of gold deposits thus obtained were thoroughly rinsed 
in  boiling deionized water, dried at 1t0~ and used 
in  the experiments  described in  the subsequent  sec- 
tions. 

Analysis techniques.--Chemical analyses were per-  
formed on the gold deposit itself as well as on residues 
and f i l t rates obtained in  the aqua regia and mercury 
dissolution experiments  described below. Potassium 
and cobalt in  solutions were determined by atomic 
absorption spectrometry. In  the aqua regia insoluble 
"polymer" residue, Co was determined by a gravi-  
metric  method involving igni t ion to Co~O4 or by the 
atomic absorption method after dissolution in a solu- 
t ion containing NaOH and NaCN. Carbon was deter-  
mined either by the combustion technique~ or by the 
w e t  persulfate method. 4 Hydrogen and ni trogen de- 
terminat ions  were made using the s tandard micro- 
elemental  analysis techniques.Z 

The extracts obtained after gold dissolution were 
also characterized by a number  of physical analyses. 
These included (i) x - ray  diffraction (by the Debye- 
Scherrer  technique on extract  powder contained in 
glass capillaries),  (ii) infrared absorption (using a 
mul l  of the extract  powders in  minera l  oil), and (iii) 
thermogravimetr ic  analysis (to investigate both the 
reversible loss of water of hydra t ion  and the i r revers-  
ible decomposition of the extract  powders) .  The x - ray  
diffraction analyses were done with either Co or 
Cr radiat ion to avoid exciting cobalt fluorescent radia-  
t ion from the sample. In  order to check for the pres-  
ence of trapped plat ing solution in the plated gold, 
the deposited foils (stripped from the copper substrate 
by 1:1 ni tr ic  acid) were subjected to differential 
scanning calorimetry.5 By this method, the la tent  heat 
of fusion of any possible t rapped solution would be 
detected as the temperature  of the sample was cycled 
through the freezing point. A 10 mg sample of mercury  
on the reference pan provided a cal ibrat ion of the 
observed signal in  terms of millicalories from the 
heat of fusion. 

Aqua regia extraction method.~About 20g of the 
gold deposit was carefully weighed and placed in a 
beaker  containing 250 ml of 1:1 aqua regia. The con- 
tents were allowed to stand at room temperature  
overnight  to achieve complete dissolution of the gold. 
After this t reatment ,  the presence of an insoluble 
residue was evident  on the bottom of the beaker. It  
was observed that  a large portior~ of this residue 
retained the shape that the gold sample had before 
dissolution. After filtration through a preweighed, 
0.2 #m, Millipore filter and thorough rinsing with 
water, the "polymer" had a distinct p ink color. It  
was a i r -dr ied overnight  at room temperature;  at this 
point the weight was 40 mg. The "polymer" was then 
analyzed quant i ta t ively  for Co, C, H, N, Au, K, and 
water  content. The ent i re  p la t ing-extract ion process 
and analyses were repeated several times. An x- ray  
diffraction analysis and infrared spectroscopy were 
also carried out. The filtrate was diluted to 1 l i ter  and 
analyzed for Co, C, and K. 

Mercury extraction method.~The dissolution in mer-  
cury of the gold electrodeposits was carried out in 
an iner t  atmosphere to prevent  oxidation by air of 
the mercury or any extracted compounds. To accom- 
plish this, a closed, round bottomed, 50 ml flask with 

2 If copper is not completely removed at this stage, it precipi- 
tates as part of the "polymer" giving it a greenish tinge. 

3 Schwartzkopf Microanalytical  Laboratories.  
4 Total Carbon Sys tem manufactured  by Oceanography Interna- 

tional.  
Du Pont Differential  Thermal  Analyzer ,  Model  900. 

three ports was used. One port  admit ted flowing ni t ro-  
gen gas, the second vented the ni trogen through a 
reflux tube, and the third held a thermometer.  The 
exiting ni t rogen was bubbled through water  to pre-  
vent  back dirmsion of air. The flask, containing 5g of 
the gold and about 450g of mercury,  was heated t o  
150~C in  the flowing ni t rogen atmosphere and held 
for 1 hr to insure complete dissolution. The flask 
was then cooled and a floating, gray powder extract  
was recovered from the surface of the mercury.  A 
port ion of this powder was removed with a stainless 
steel spatula and ground in  a mor tar  and pestle to 
separate out most of the l iquid mercury  which was 
mixed in with the extract. During grinding, droplets 
of the liquid metal  were formed and easily removed. 

When the x- ray  diffraction and IR identification of 
this extract  indicated a water-soluble  cyanide com- 
pound was present, the method of removing the ex- 
tract from the surface of the mercury  was modified. 
In this a l ternate  extraction technique, 10 ml of water  
was introduced into the flask after the amalgam had 
cooled to room temperature.  The sample was vigor- 
ously shaken to dissolve the extract  and the resul t ing 
solution decanted off. This water  addit ion procedure 
was repeated several more times to insure complete 
removal  of the water-soluble  component.  The resul t-  
ing solution was then diluted to a total volume of 
100 ml and then chemically analyzed using procedures 
similar  to those described above for the aqua regia 
extract. 

Results and Discussion 
Analysis of aqua regia extract.--Chemical analyses.-- 

The results of quant i ta t ive  analyses of the aqua regia 
"polymer" are listed in Table I along with calculated 
values for the composition of two l ikely compounds. 
An atomic absorption analysis of the "polymer" dis- 
solved in an alkal ine NaCN solution did not show 
the presence of K or Au. Compound (A) is Con(CN)2.  
2H20, 6 a simple pink cobal t ( I I )  cyanide which was 
prepared and analyzed by Poskozim (16), while com- 
pound (B) is Co3II[CoIII(CN)6]2.xH20,t~ which was 
prepared and characterized by several investigators 
(18-20). Values ranging from 12 to 19 have been 
assigned to x, but  a value of 16 was chosen here in 
agreement  with Shriver and Brown (18, 19). There 
are three reasons why compound (B) is the more 
l ikely identification. First, the over-al l  composition 
of the "polymer" fits (B) considerably better  than  
(A),  especially for the cobalt content. Second, the 
reversible loss of water  of hydrat ion does not agree 
with that  found by previous investigators (16) for 
(A).  Finally,  compound (B), hydrated cobal t ( I I )  
hexacyanocobal ta te(I ID is known to form upon mix-  
ing equivalent  amounts  of aqueous solutions of COSO4 
or COC12 and KsCo(CN)~ (18, 19) and also as an  
intermediate  when aquo Co +~ ions are simply allowed 
to  react with C N -  ions under  certain conditions (20). 

~A cobalt cyanide wi th  the formula  Co(CN)2.2.5H.O is also 
known (16). It is a gray compound, and its calculated composi- 
tion does  not  agree with  the observed values. Also, the MSss- 
bauer spectrum of this compound did not  agree  wi th  that of the  
"polymer" (15). 

Table I. Elemental analysis of "polymer" extracted by 
aqua regia treatment 

% Found* 

Co 32.7 ~ 2.1 
C 17.1 • 0.7 
N 18.1 • 0.7 
H 3.0 ~ 0.4 
% Weight loss 19.8 _ 0.5 

at 110~ 

% Calculated 

Compound (A) 
Co (CN) ~-2H20 

Compound (B) 
with x ~ 16 

Co3[Co (CN) 6]~ 
�9 xH~O 

40.10 
16.34 
19.06 
2.72 
9.80 

( -0.8 H~O) 

32.92 
16.10 
18.78 
8.57 

20,1 
( - 10 H~O ) 

* Averages  o f  three  determinat ions .  
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Moreover, compound (A) is apparent ly  unstable  and 
easily undergoes a part ial  oxidation to compound (B) 
(20, 21). For  these reasons, it is concluded that the 
"polymer" is a well-defined cobalt compound (B) 
ra ther  than (A) or an organic compound. It  should 
be noted, however, that an unequivocal  assignment  
o f  a number  to x is not possible based on the elemental  
analysis alone because an equal ly good agreement  
between observed and calculated values is found with 
X = 13-18. Addit ional  evidence support ing compound 
(B) for the "polymer" is described in  subsequent  
s e c t i o n s .  

X-ray diffraction and IR analyses of "polymer".--The 
result  of an x - r ay  diffraction analysis is tabulated in  
Table II. The excellent agreement  with the ASTM 
values listed for Co3[Co(CN)612.xH20 and the values 
obtained with this compound prepared by mixing 
solutions of K~Co (CN) 6 and Co (NOs) 2, (called "syn-  
thetic polymer" in  Table II) along with the chemical 
analysis results described above, can be considered 
as a conclusive proof for the proposed s t ructure  of 
t h e  "polymer." The IR spectra of this compound 
showed a sharp absorption peak at 2180 cm-1 and 
a shoulder at 2130 cm-1 a t t r ibutable  to cyanide 
stretching and vibrat ions (20). 

Thermal stability and loss of water of hydration of 
"polymer'.~In repeated drying cycles, the p ink poly-  
mer  was heated to l l0~ in  an air oven and then 
aUowed to cool and reabsorb moisture from the at-  
mosphere. In each cycle the color changed to a bright 
blue in the dried form and then back to pink again 
as water was reabsorbed. The change of weight in 
drying determined by repeated weighings was a well-  
defined value of 19.8 _+0.5% of the original  polymer 
weight. This value is in good agreement  with the 
value os 20.1% calculated if compound (B) with x ---- 
16 lost ten of its water of hydrat ion molecules. 

A more complete picture of the t h e r m a l  stability 
was obtained by the thermogravimetr ic  analysis shown 
in Fig. 1. This figure shows the loss in weight of the 
"polymer" in two stages of dehydration:  the revers-  
ible loss discussed in the previous paragraph and a 
second stage of dehydrat ion which occurs in the range 
150~176 The diffraction pat terns obtained after 
both stages of dehydrat ion showed very little dif- 
ference from the original pat tern  reported in Table 
II; the same cubic pat tern  is obtained with only an 
increase of the lattice constant  of less than 0.1%. 
After  dehydrat ion at 400~ the "polymer" was black 
and remained black even after reabsorbing some 
moisture when exposed to ambient  air  at room tem- 
perature.  The large loss in weight seen in the tem- 

Table II. Diffraction patterns from polymer 

"Synthetic C(>~ [ Co (CN) 6] = 
"Polymer" polymer"* Calculated* * .xI-I~O ~ 
d Int. d Int. h,k,1 d d Int. 

5.81 30 5.84 20 111 5 82 5.90 5 
5.05 100 5.05 100 200 5.03 5.10 lO0 
3.94 20 
3.57 80 3.59 70 220 3.55 3.61 50 
3.04 20 311 3.03 3.08 2 
2.71 20 222 2,895 2,947 2 
2.51 60 2.53 60 400 2.51 2.55 40 
2.25 50 2.27 60 420 225  2.28 25 
2.06 30 2.07 20 422 2.05 2.086 8 
1,95 10 511,333 1,94 1.968 2 
1.78 30 1.79 40 440 1.78 1.808 15 
1.678 30 1.69 40 442,600 1.679 1.704 10 
1.595 30 1.599 40 620 1,593 1.616 10 
1.518 10 622 1.519 1.541 2 
1.456 l0 444 1.454 
1.397 20 1.404 30 640 1.397 
1.347 20 1.353 30 642 1.346 
1.225 1O 1.228 30 820.644 1.222 
1.188 1O 660,822 1.188 
1.076 l0 664 1.074 

* P r e p a r e d  b y  t r e a t i n g  K s C o ( C N ) 6  w i t h  Co +2. 
** Cub ic ,  ao = 10.07A. 

t A S T M  22-215, Cub ic ,  ao = 10.22A. 
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Fig. I. Thermogravimetric analysis of "polymer" 

perature  range 450~176 corresponds to decom- 
position. The observed weight losses seen in Fig. 1 
fit the values calculated from the formula  weight  
os the compound Co3n[Com(CN)6J2"xH20 very well 
as indicated on the figure. The weight of the residue 
left at 525~ (after decomposition) is somewhat  
greater than the weight of the cobalt present;  probably 
this residue is a combinat ion of cobalt and cobalt 
oxide formed by exposure to the air. 

Chemical analyses of aqua regia filtrate.--The aqua 
regia filtrate was analyzed for Co and C. The results 
are listed in  Table Ii1 (first column) in weight per-  
cent (w/o)  of deposit, in which the amounts  of these 
elements found in the "polymer" are also tabulated. 
The sums of the amounts  found in  the "polymer" 
and in the filtrate are compared with the results of 
conventional  deposit analyses, in  which a small  
amount  of gold deposit (<5 mg) was dissolved in 
10 ml  of 1:1 aqua regia and analyzed for Co by the 
atomic absorption method and for C by the persul-  
fate method. Excellent  agreement  was obtained for 
both elements between the calculated sum and the 
total analysis result. It should be noted that this 
agreement  can be expected only under  the conditions 
where the "polymer" completely dissolves in aqua 
regia, because Co or C present  in solid particles are 
not measured in the analyt ical  techniques used. The 
solubil i ty of the "polymer" in  1:1 aqua regia deter-  
mined by the atomic absorption method was equal 
to 0.38 ppm as Co at room temperature.  Thus, a 
simple calculation shows that for a deposit containing 
about 0.1 w/o of Co, the sample weight should not 
exceed about 4 mg per 10 ml of 1:1 aqua regia. 

The comparison of analyt ical  results for carbon in  
Table I i I  is of great interest. The "polymer" contains 
only about 20% of the total carbon, the remainder  
being dissolved in the aqua regia. The question arises 
then as to the ident i ty  of the compound containing 

Table III. Analysis of aqua regla filtrate, "polymer", and gold 
deposit for Co and C (results are expressed in weight percent of 

deposit) 

Filtrate 
Filtrate "Polymer" + "polymer" Depos i t  

Co ( % ) 0.037 0,065 0.102 O.ll ~- 0.02 
C (%)  0,12 0.034 0.164 0.16 -~ 0.01 
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Table IV. Molar ratios of C to N in "polymer", filtrate, and 
gold deposit 

(Analysis results  are expressed in weight percent  of deposit)  

"Polymer" Filtrate Depos i t  

C (%) 0.034 0.13 0.16 
N ( % ) 0.036 0.049 �9 0.085 
C:N 1:0.91 1:0.32 1:0.46 

�9 Calculated as difference s ince N is  masked  by  NOs- in aqua 
regis. 

the filtrate carbon. In  this respect, it  is of interest  
t o  c o m p a r e  t h e  m o l a r  r a t i o s  o f  c a r b o n  to  nitrogen 
in  the "polymer," filtrate, a n d  d e p o s i t  (Table IV).  
The C to N ratio in cobal t -hardened gold deposits 
has been extensively investigated by Raub, KnSdler, 
a n d  Lendvay (7), who found that  it ranges from 
1:0.47 to 0.62. The ratio that  we found, 1.0.46, is thus 
s i m i l a r  to these previously reported values. In the 
"polymer," the ratio f o u n d  w a s  1 : 0 . 9 1  (+--0.07), the 
deviation from 1:1 being considered as an experi-  
menta l  error. These values yield a C/N ratio of 1:0.32 
( - -3 :1)  for the substance dissolved in the f i l t ra te/  
Thus, it appears that the filtrate soluble compound 
is not  a simple polymer of HCN, such as (HCN)4, 
which has been said to form at the anode in the plat-  
ing bath and codeposit with gold (22). Free cyanide 
ions will not survive in aqua regia and gold cyanide 
species do not seem to exist. Fur ther  work is needed 
to identify this C-containing compound. 

The filtrate was also analyzed for K. All K was in  
the filtrate, and the K content  of this par t icular  gold 
d e p o s i t  was found to be 0.08 w/o. 

Analysis o5 mercury extract.--The identification of 
the "polymer" from the aqua regia extract  leaves the 
question as to whether  the "polymer" itself is the 
compound incorporated in the deposit, or whether  it  
is a product formed from other materials  as a result  
of a reaction in  aqua regia. A MSssbauer spectroscopic 
study carried out by Cohen et al. (15), showed that  
the spectrum of the aqua regia extracted "polymer" 
does not agree with that of the cobal t-containing spe- 
cies recorded with the gold deposit itself. Clearly, the 
"polymer" is a product of some chemical react ion(s)  
occurring dur ing the dissolution in aqua regia. The 
mercury  dissolution experiment  was performed in 
the hope that  the included materials  might  be ex-  
t ractable without being altered chemically. 

The mercury- inso luble  mater ia l  which floated on 
the surface was analyzed chemically after extraction 
in water  and by x - r ay  diffraction before the extrac- 
tion. Duplicate dissolut ion/extract ion experiments  gave 
the following results (weight percent of the deposit):  
K, 0.081 _ 0.002; Co, 0.047 -* 0.001; C, 0.063 • 0.002; 

The contribution of the solubi l i ty  of the "polymer" (0.38 ppm 
CO or 0.19 ppm C) is negl igible  as compared to 26 ppm C found 
in the filtrate. 

Table V. Diffraction pattern from mercury extract 

Observed I~ [Co  (CN) 6] * 
d Int. d Int. 

4.05 m 

3.03 w 
g.91 w 
2.60 w 
2.16 v w  
2.05 v w  

6.63 2 
5.86 6 
5.15 20 
4.08 1O0 
3.69 2 
3.33 2 
3.04 90 
2.92 90 
2.61 90 
2.17 10 
2.07 50 
1.66 10 
1.84 40 

" ASTM 15-586. 

and Au, 0.013 • 0.001. These values yield the molar 
ratio K : C o : C : A u  ~- 2.6:1:6.6:0.03, which is indicative 
of the formula KsCo(CN)6. Evidently,  gold is not a 
major  component of the water-soluble  material.  

The x - ray  diffraction lines observed are summarized 
in  Table V. The lines could be indexed only a s  
originating from potassium hexacyanocobal ta te( I I I ) ,  
K3Co(CN)6. Based on this result  together with t h e  
chemical analysis results, it is concluded that  t h e  
water-soluble  cobalt compound remaining  after the 
mercury  dissolution is K~Co (CN) 6. 

An at tempt was made to analyze the water- insoluble  
residue and the gold amalgam for cobalt and carbon, 
bu t  difficulties were encountered in quant i ta t ively  sep- 
arat ing the residue from mercury  and in determining 
a small  amount  of cobalt in  the large amount  of 
mercury.  Qualitatively, however, the results showed 
that  the water- insoluble  residue contained carbon 
and a trace of cobalt, while a much greater amount  
o f  cobalt was present  in  the mercury. It appears that  
the unidentif ied C-containing compound is largely 
insoluble in water, and that the mercury contains 
meta l l ic  cobalt in the form of a two phase mixture  
or an amalgam. 

Relationship between aqua regia and mercury ex-  
tracts.--The amount  of aqua regia or mercury  ex- 
tracts observed is too great to result  from simple 
physical en t rapment  of plat ing solution; s it must  
therefore result  from some more active chemical proc- 
ess of inclusion. On the basis of the results presented 
in the preceding sections and the addit ional  con- 
siderations of the chemistry of the cobalt-cyanide 
system described below, an at tempt is made here to 
formulate  a reaction scheme for the incorporat ion 
and extract ion processes. The gold deposition reaction 
generates cyanide ions at the cathode surface 

A u ( C N ) 2 -  + e-> Au + 2CN- [1] 
At the low p H ( : 4 )  of the plat ing solution, the CN-  
ions readi ly combine with H + to form HCN (H + 
+ C N -  -- HCN; K = 2.5 • 10 'J (23)). Simple cal- 
culations show that  the total cyanide (CN-  + HCN) 
concentrat ion at the cathode surface is in  great ex- 
cess over the concentrat ion of cobalt under  the or- 
dinary plat ing conditions. For example, taking a l imit-  
ing reduction current  of about 4 mA / c m 2 for 0.0045M 
KAu(CN)2 under  moderate agitation conditions (24), 
and for a typical bath containing 8.2g of Au/ l i t e r  
(-0.042M) and a plat ing current  of 10 m A / c m  2 with 
about  40 % current  efficiency, the surface concentrat ion 
of cyanide (CN-  + HCN) is estimated to be 0.023M. 
On the other hand, the cobalt concentrat ion at the 
surface must  be less than the bulk concentrat ion 
(100 ppm or 0.0017M). Under  the conditions of high 
speed plating, the difference between cyanide and 
cobalt concentrations becomes even greater because 
of the higher plat ing current.  In  view of the presence 
of such a large excess of cyanide and the high stabil i ty 
of Co (lI)  -cyanide complexes (25), it  is reasonable 
to assume that the aquo Co +2 ions original ly present  
in the bath form anionic cyanide complexes at the 
cathode surface. It is also apparent  from the results 
of a MSssbauer study (15) and the aqua regia dis- 
solution experiment  that part  of the cobalt is re- 
duced to the metall ic state to form an alloy with 
gold, while the remainder  is incorporated in  the 
deposit in some form of cyanide compound. 

Two known Co (iI)  -cyanide ions are CoII(CN)4 -2 
and Co~I(CN)5 -~ (or their hydrated forms) (26-28). 
Both of these ions have been shown to adsorb strongly 
on mercury  (28). In  the presence of excess cyanide 
Co II(CN)5 -a  is l ikely to be predominant .  The 

s Differential scanning calorimetry was unable to detect  any 
latent heat of freezing f rom trapped plating solut ion in the gold 
deposit.  Calibration with a l0 mg droplet  of mercury  establ ished 
that a peak of 10 -~ cal in the 100 mg sample would have been  
observed corresponding to an upper l imit of 10 -2 w/o trapped 
plating solution. The contribution of plating salts from such a 
small  vo lume of solution (10-~-10 ~ w/o) is negligible compared 
to the  amounts  of extract  actually observed (Tables  I l l  and IV). 
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CoH(CN)6 -4 ion, which appears in the older l i tera-  
ture, apparent ly  does not exist in aqueous solutions 
(2]).  The CoH(CN)5 -3 ion is known to undergo oxi- 
dation to Co m (CN)6 -8 when excess cyanide is present  
ei ther due to dissolved oxygen or by the reaction (21) 

2Con(CN)5 -3 + 2CN- + 2H20 
--> 2Com(CN)6 -3 + 2 O H -  + H2 [2] 

One may inquire  when  the t ransi t ion from Co u in 
the plat ing solution to Co nI in  the extracts occurs. 
Under  these circumstances, two possibilities are con- 
ceivable: (i) cobalt is incorporated as Con(CN)~ -3 
along with C N -  and H20, and it is oxidized to 
Com(CN)6 -3 dur ing  the aqua regia or mercury  ex- 
t ract ion process, or (it) the oxidized ion, Co nI (CN) 6 -s, 
is the incorporated species. In either case, the anions 
must  attract  cations as counterions to ma in ta in  elec- 
t roneutral i ty ,  and therefore K + ions can be incor-  
porated with the anions. Cohen et al. (15) made an 
a t tempt  to identify K3CoIn(CN)6 in the gold deposit 
by MSssbauer spectroscopy, but  no s traightforward 
conclusion could be drawn because of the complex 
na tu re  of the spectrum of this compound. Addit ional  
work would be necessary to dist inguish the two pos- 
sibilities ment ioned above, but  for practical purposes 
it  is perhaps immater ia l  whether  the cobalt is present  
in  the divalent  or t r iva lent  form. From all of the 
considerations discussed above, the reactions at the 
gold surface and subsequent  incorporat ion of cobalt 
species can be summarized as shown in the first two 
columns of Fig. 2. For the sake of simplicity, we shall 
assume in subsequent  discussions that Com(CN)6 -3 
is present  in  the deposit. 

When the deposit containing Com(CN)6 -3 and 
metall ic cobalt alloyed with gold is dissolved in mer-  
cury, a salt of this ion is isolated. The alloyed cobalt 
is probably present  as a finely divided suspension 
in  the mercury  ra ther  than a t rue amalgam as dis- 
cussed by Hansen (29). These reactions are shown 
in  the third column of Fig. 2. 

When the deposit is dissolved in  aqua regia, the 
metall ic cobalt forms the divalent  aquo cobalt ion, 
which combines wi th  CoHI(CN)6 -8 to produce a pre-  
cipitate of Co~n[Com(CN)6]2"xH'~O, now identified 
as the "polymer." These reactions are depicted in the 
last co lumn of Fig. 2. It  should be noted that  only 
two out of the five cobalt atoms in  this compound 
result  from the cobal t-cyanide species in the deposit, 
the remainder  originat ing from the alloyed cobalt. 
In  Table II[, it was shown that the total cobalt con- 
tent  of the "polymer" corresponded to 0.055% of 
the deposit sample. Out of this, only 0.026% originated 
from the cyanide complex. The amount  of cobalt 
which was present  as the gold alloy is then the sum 
of the difference between these two values and the 
cobalt content  found from the filtrate (0.037%, Table 
III) .  Thus, the cobalt from the alloy corresponds to 

GOLD SURFACE I OEPOSIT 
L 

�9 AU (CN)~ + e -  

--',- Au + ? _ C N -  ~ AU 
I 
I 
i 
I �9 c o ' Z +  5 C N -  I 

]~ -5 i 
--.- [CO (CN)5" I  ~ K 3 C O ( C N ) 5  

-- A D S  I 
~' CN I AND/OR 

rco ~O~r K~co ~CN~, 
I 

MERCURY AQUA REGIA 
IDISSOLUTIONI DISSOLUTION 
I 

I 
I I 

+Au AMALGAMI Au .3 
I (SOLUTION) 

K 3 Co (CN)  s 

Ii (RESIDUE) 
I 
I 

Co(CN)e 3 

+ 

f I 
�9 Co +2 +2e-  --=- CO -~-Co-Au ALLOY-~CO METAL CO +2 

~ i DISPERSED IN 
, IHg t 
,, c% [co (CN)6]2"xH~O 
, ~l 1 ~(P RECIPITATE ) 

I I ( .POLYMER,,  ) 

Fig. 2. Reaction paths of gold, cobalt, and cyanide 

(0.065-0.026) + 0.037 _-- 0.076% of the deposit, and 
the ratio of the two types of cobalt (cyanide complex/  
alloy) becomes approximately equal to 1:3 in agree- 
ment  with MSssbauer studies by Cohen et al. (15). 
Reid (8) reported that only about one-sixth of total 
cobalt is associated with this "polymer." This differ- 
ence may well  be due to the greatly different plat ing 
conditions used. Effects of plat ing conditions and bath 
age on the content of the two kinds of cobalt (and 
carbon) are current ly  being investigated in  order to 
obtain unders tanding  of the effect of the incorporated 
species on the properties of the deposit. 

Relationship between inclusions, structure, and phys- 
ical properties.--Okinaka and Nakahara  (9) previously 
made a transmission electron microscopic (TEM) 
study of hard gold deposits, in which such deposits 
were shown to contain a large n u m b e r  of nonmetal l ic  
inclusions measur ing about 25-70A. In the absence of 
the knowledge concerning the composition of these 
inclusions, it was assumed that  these objects repre-  
sented molecules and agglomerates of the "polymer." 
The present  s tudy shows that the aqua regia "polymer" 
is a cobalt compound formed in the process of dissolv- 
ing the deposit and that it does not exist in the as- 
plated deposit. We believe that the nonmetal l ic  ob- 
jects observed in the TEM study are perhaps molecules 
or agglomerates of the as-yet  unidentified C-contain-  
ing species, which accounts for part  of the total carbon 
content as described in the preceding section. At pres-  
ent, however, the a l ternat ive  that  these objects are 
pockets of hydrogen gas has not  been eliminated. More 
work needs to be done to ident ify this substance. 

It  is general ly  recognized that  all hard gold de- 
posits consist of very fine grains (100-500A). Such 
fine grains result  from the fact that  nucleat ion is 
favored over crystal growth dur ing  the deposition 
process. It  may be speculated that  the adsorption 
of Co-cyanide complex on the gold surface inhibi ts  
the grain growth, br inging about the hardness of 
the deposit. This view is consistent with the work done 
by Lo and P inne l  (30) which shows that  the hardening  
by alloying with cobalt is not sufficient to account 
for the observed hardness of hard gold deposits, and 
that  the grain refining is the major  factor contr ibut-  
ing to the hardness. 

Summary and Conclusions 
1. Results of this investigation conclusively show 

that  two kinds of cobalt and two kinds of carbon exist 
in the cobal t -hardened gold deposit. Cobalt is present 
par t ly  in the form of an anionic Co(II)  or C o ( I I I ) -  
cyanide complex in  an adsorbed state and par t ly  in  
the form of a gold alloy. Carbon is present  par t ly  
in the above complexes and par t ly  as an unidentified 
compound. 

2. The so-called "polymer" isolated upon dissolution 
of the deposit in  aqua regia has been found to be a 
cobalt compound with the formula Co3 [Co (CN) 6] 2" 
xH20, which apparent ly  forms upon combinat ion of 
the Co +2 ions from the alloyed cobalt and the 
Co(CN)6 -3 ions. The la t ter  may be original ly in  the 
deposit or may form from CoH(CN)5 -~ and CN-  
dur ing the dissolution process. 

3. The residue obtained on dissolution of the deposit 
in mercury  contains KsCo (CN)6. 

4. In carrying out the conventional  analysis of the 
deposit for total cobalt after dissolution in aqua regia, 
it is impor tant  to use a min imal  amount  of the gold 
( ~ 4  mg in 10 ml of 1:1 aqua regia) to insure complete 
dissolution of cobalt because of the l imited solubili ty 
of the cobalt compound. 

5. Customarily,  only total Co and C are analyzed 
with relat ively small  amounts  of samples. Without  
the knowledge of the role of the two different types 
of each element, at tempts to correlate results of the 
total analyses with deposit properties may be futile. 
More work is required to differentiate the functions 
of the two types of cobalt and carbon. 
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Fluorenone Derivatives as Electron Transport Materials 
The Relationship of Electron Affinity and 

Electrochemistry with Photoelectric Behavior 

James E. Kuder, John M. Pochan, S. Richard Turner, and DarLyn F. Hinman 
Xerox Corporation, Joseph C. Wilson Center, Webster, New York 14580 

ABSTRACT 

Electrochemical and charge transfer studies were used to determine the 
electron aff• (EA) of fifteen electron acceptor compounds. The behavior 
of these materials as electron transport species was evaluated by the photo- 
induced discharge curve (PIDC) method. The relation between the PIDC 
results and such electrochemical information as reversibility of the charge 
transfer step and polarization effects is discussed and it is shown that irre- 
versible electrochemistry correlates with deep trapping phenomena. In addi- 
tion, the results are discussed in terms of a simple model which relates elec- 
tron affinity to charge car r ie r  mobil i ty .  

Elect r ica l  conduction in organic solids is a wide- 
spread phenomenon whose implications extend from 
biological processes to such technological applications 
as electrophotography. The latter, in particular, has 
stimulated considerable research activity, including 
the study of disordered amorphous systems which con- 
sist of solid solutions of hole or electron transporting 
materials in various binders (1-5). A key question in 
any of these studies is to what degree the properties of 
the isolated molecules are reflected in the observed 
electrical transport behavior of the composite solids. 

Unfortunately, the answer is not straightforward, in 
part because of the limited degree of variation in 
molecular properties reported in any given study. In 
one such study, an apparent correlation was observed 

Key words polymers, photoconductivity, polarography, semi- 
conductor, voltammetry, mobility. 

between  xerographic  discharge ra te  and the reduct ion 
potent ia l  of the  guest  compound in a poly  (v iny lca rba -  
zole) ma t r i x  (6). Ano the r  l i t e ra tu re  example  cites a 
qual i ta t ive  t rend  be tween  the e lect ron affinity of the 
acceptor  compound and da rk  decay in complexes of di -  
benzothiophene and var ious  fluorenone der ivat ives  
(7). At  h igher  e lect ron affinities the  da rk  decay 
masked  any  contr ibut ion  of the acceptor  compound to 
the  photocurrent .  

In  molecu la r ly  doped systems charge t ranspor t  is 
thought  to be due p r i m a r i l y  to hopping of holes or 
electrons be tween  active sites. On a molecu la r  basis 
this m a y  be regarded  as the acquir ing of charge by  a 
neu t ra l  species in the charge inject ing step 

M -l- e -  --> M -  

and the  exchange of charge  be tween  ident ical  species 
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in the transport step 

M - + M ~ M + M -  

F L U O R E N O N E  D E R I V A T I V E S  

It  might  also be expected  tha t  w i th  cer ta in  molecules 
the  process  descr ibed  above might  l ead  to an uns tab le  
chemical  species which  affects the  u l t ima te  e lectr ical  
p roper t ies  of the  system, i.e. 

M - ~ P  

where  P m a y  be a charge t r app ing  species. 
Since the steps descr ibed above  are  s imi lar  to those 

tha t  t ake  place  in  an  e lec t rochemical  exper iment ,  a 
corre la t ion  be tween  the e lec t rochemical  behavior  of 
the  dopant  and its observed t ranspor t ing  proper t ies  
might  be expected.  

In  the  following, we descr ibe  the resul ts  of such a 
s tudy  Where the  e lect rochemical  proper t ies  of a series 
of subs t i tu ted  fluorenones and o ther  mate r ia l s  thought  
to be act ive e lec t ron  t ranspor t ing  mate r ia l s  are com- 
pa red  wi th  the i r  t r anspor t  p roper t ies  in a po lymer ic  
matr ix .  Addi t iona l ly ,  the  e lec t ron affinities (EA) de-  
t e rmined  via  e lec t rochemis t ry  and charge  t ransfer  
spec t ra  a re  cor re la ted  wi th  a proposed theory  of t rans-  
por t  as wel l  as the  observed  t r anspor t  proper t ies  of 
the  mate r ia l s  d ispersed in a po lymer ic  mat r ix .  

Experimental 
Synthesis . - -Synthesis  of new acceptor  compounds 

are  descr ibed  below. Others  were  e i ther  commerc ia l ly  
ava i lab le  or  were  p repa red  by  publ i shed  techniques. 
Mel t ing points  are  uncorrected.  

4,5,7-Trinitrofluorenone-2-carboxylic acid chloride.--A 
200 ml round-bo t tomed  flask was charged wi th  10.0g 
(0.028 mole)  of 4 ,5 ,7- t r in i t rof luorenone-2-carboxyl ic  
acid p repa red  by the method of Sulzberg and Cotter  
(8). To this 150 ml of th ionyl  chlor ide  were  added and 
the s t i r red  mix tu re  brought  to a gent le  reflux for ap-  
p r o x i m a t e l y  8 hr. Af t e r  a couple of hours the  s lu r ry  
d ispersed to a c lear  b r o w n - y e l l o w  solution. Af te r  cool- 
ing~ the  th ionyl  ch lor ide  was removed  on a ro t a ry  
evapora to r  and the ye l lowish  solid tha t  resu l ted  was 
recrys ta l l i zed  f rom toluene to b r igh t  ye l low crystals .  
Washing  and s t i r r ing wi th  hot  hexane  changed the 
color to a pale  yel low, p r e sumab ly  by  des t roying  the 
t o luene -TNF complex.  The yie ld  of this solid was 7.3g 
(69.5%) af ter  d ry ing  at  room t empera tu r e  under  vac-  
uum (mp 197~176 Anal.  Calcd. for C14H4N8OsC]: 
C, 44.50; H, 1.00; N, 11.10; C1, 9.20. Found:  C, 44.52; H, 
1.23; N, 10.92; C1, 8.90. 

n-  B utyt-4,5 , 7- trinitro- 9 - fluorenone- 2-carboxyla te . - -  
Into a 250 ml E r l enmeye r  flask were  p laced 10.03g 
(0.026 mole)  of 4 ,5 ,7- t r in i t ro-9-f luorenone-2-carbox-  
yl ic  acid chlor ide  and 100 ml of t e t rahydrofuran .  This 
was s t i r red  via  a magnet ic  s t i r  ba r  unt i l  solut ion was 
effected. T r i e thy lamine  0.28g (0.026 mole)  dissolved in 
20 ml of THF was added  s lowly to the reddish  b rown 
solution. Some cloudiness was noted. To this solution 
n -bu tano l  2.12g (0.029 mole, 10% excess) dissolved in 
20 ml of THF was added  dropwise.  Prec ip i ta t ion  was 
noted to occur dur ing  the course of the 1.5 hr  react ion 
time. The insoluble  t r i e thy lamine  hydroch lor ide  was 
removed  b y  f i l t rat ion ( theore t ica l  amount  3.6g, ob-  
ta ined  3.3g) and the THF solut ion carefu l ly  evapo-  
ra ted,  using 35~ or less t empera tu re ,  on the  ro ta ry  
evaporator .  The ye l low oil formed was dissolved in 75 
ml  of benzene and ch romatographed  on a sil ica gel 
column. The first fraction,  10 ml of ye l low mater ia l ,  
was discarded.  The center  f ract ion was taken,  concen- 
t r a ted  to about  50 ml  and p rec ip i t a t ed  into s t i r r ing  
hexane.  A ve ry  l ight  ye l low powder  was  obta ined 
(6.0g, 54.5% yie ld)  (mp range 115~176 NMR 
(CDC13) 5 0.8-2.0 (m,7H,-CH2-CH2-CH~), 5 4.5(t,2H,- 
O-CH2-),  5 8.8 (m,4H, a romat ic ) .  Anal .  Calcd. for 
ClsH13N~Og: C, 52.10; H, 3.13; N, 10.15. Found:  C, 51.88; 
H, 2.99; N, 10.28. 
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n-  DodecyI - 4,5 , 7- trinitro- 9- fluor enone- 2 -carboxylate 
and ethyl-4,5,7-trinitro-9-fluorenone-2-carboxylate.-- 
These p repara t ions  were  ident ical  to the n - b u t y l  TNF, 
except  dodecyl  or e thyl  alcohol were  used. Anal.  (Do- 
decyl)  : Calcd. for C26H29N309: C, 59.20; H, 5.50; N, 7.96. 
Found:  C, 59.77; H, 5.34; N, 8.27. Anal .  (E thy l ) :  Calcd. 
for C16H9N~Og: C, 49.60; H, 2.32; N, 10.85. Found:  C, 
49.49; H, 2.39; N, 10.79. 

2,4,7-Trinitro-9-fluorenylacetate and 2,4,7-trinitro-9- 
fluorenyl butyrate . - -The esters were  p repa red  accord-  
ing to the  method  of Col ter  and Wang (9) by  esterifi-  
cation wi th  9-diazo-2,4,7-tr ini trofluorene.  Acetic  acid, 
80 ml, and 9-diazo TNF 3.3g (0.01 mole)  were  ref luxed 
for 2 hr. Af te r  cooling, a ye l low solid was removed  by  
filtration, r insed wi th  ethanol,  and then  recrys ta l l ized  
f rom acetone. The yie ld  was 2.3g (69%) wi th  a m e l t -  
ing point  of 237~176 

The bu ty ra t e  was p repa red  in a s imi lar  fashion. The 
crude p r o d u c t  was recrys ta l l ized  twice from carbon 
te t rachlor ide  to y ie ld  a solid of mp 145~176 Anal .  
Calcd. for C17H~sN~Os: C, 52.71; H, 3.36; N, 10.85. 
Found:  C, 52.95; H, 3.51; N, 10.52. 

Measurements . --Al l  elect rochemical  measurements  
were  made  using the PAR 170 Elec t rochemis t ry  Sys-  
tem in the th ree -e l ec t rode  mode. Sample  concentra-  
tions were  5 • 10-4M wi th  0.1M t e t r a e t h y l a m m o n i u m  
perchlora te  (TEAP, Sou thwes te rn  Ana ly t i ca l  Chemi-  
cals) as suppor t ing  e lec t ro ly te  in acetoni t r i le  (AN, 
Burd ick  and Jackson,  dr ied  over  4A molecu la r  sieves, 
then percola ted  th rough  a column of Grade  I neu t ra l  
a lumina) .  For  d -c  and a-c  po la rog raphy  a d ropping  
mercu ry  e lect rode (DME) was used wi th  the fol lowing 
capi l la ry  character is t ics :  m = 1.50 mg/sec,  t = 4.2 sec 
when  measu red  wi th  an open circuit  a t  h - -  80 cm. 
For  cyclic v o l t a m m e t r y  (CV) a Beckman p la t inum 
disk or  hanging mercu ry  drop served  as the  work ing  
electrode. Potent ia ls  are  r e fe r r ed  to the sa tu ra ted  calo-  
mel  e lect rode (SCE).  

Ul t ravio le t  vis ible  spect ra  for use in e lect ron affinity 
correlat ions were  recorded on mix tures  of 0.1 molar  
N-e thy lca rbazo le  wi th  0.001 mola r  acceptor.  In  cases 
where  the  acceptor  compound absorbed in the  vis ible  
region of the spectrum, the 0.001 molar  solut ion was 
run  as a reference  in order  tha t  only  visible charge 
t ransfer  could be measured.  

The e lect ron acceptor  compounds were  eva lua ted  by  
the photo- induced  discharge curve (PIDC) ,  see fo l low- 
ing, mode of test ing (10) in a va r ie ty  of matr ices :  
LEXAN| (bisphenol  A po lyca rbona te ) ,  polysulfone,  
and po ly (N -v iny l c a rba z o l e )  (PVK) .  Some of the ma-  
ter ia ls  could not  be tes ted because of poor  solubi l i ty  
characterist ics.  Most of the PIDC studies were  con- 
ducted on solut ion cast films (10-15 ~m thick)  of the 
test  mater ia l s  on 0.5 ~m amorphous  Se films. In  cases 
where  s t rong charge t ransfe r  complexes  were  formed 
(wi th  mix tu res  of acceptor  in PVK)  and the samples  
were  h ighly  colored, the mate r ia l s  were  cast onto a lu -  
minum sheets and coated wi th  0.5 #m amorphous  Se 
films. When tes ted in PVK, acceptor  concentrat ions 
were  kept  constant  so tha t  effective in te rmolecu la r  
distances for t r anspor t  were  constant  (2, 4). 

Results and Discussion 
Vo~tammetry.--The compounds s tudied  are  shown in 

Fig. 1. Thei r  vo l t ammet r ic  behavior  is discussed below. 
The compounds are  d ivided into four  groups  accord-  
ing to s t ructure.  

The ~uorenones, I -VI . - -The  vol tammet r ic  curves for 
TNF (III)  shown in Fig. 2 i l lus t ra te  the e lec t rochemi-  
cal response typical  of these compounds.  The d-c  po-  
l a rograms  of the  fluorenones show two reduct ion  waves  
whose average  separa t ion  is 0.30V. Both waves  corre-  
spond to revers ib le  one-e lec t ron  t ransfe r  processes as 
evidenced by  the fol lowing cr i ter ia :  (i) The diffusion 
cur ren t  constants  Id obta ined f rom the  d-c  po la rograms  
are in reasonable  agreement  wi th  the value  of 2.6 ex-  
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Fig. 2. Current-potential curves for 2,4,7-trinitrofluorenone: (a) 
d-c polargram, (b) a-c polarogram, (c) cyclic voltammogram. 

pected for  a one-e lec t ron  process in acetoni t r i le  (11). 
(ii) The  quan t i ty  IE~/4 -- El~41 descr ib ing  the slopes of 
the  d-c  wave  are  wi th in  5 mV of the  value  56 mV re -  
qui red  b y  theory  (12) for  a revers ib le  one-e lec t ron  
t ransfer .  (iii) The peak  potent ia ls  in  the  a -c  poIaro-  
grams a re  in good agreement  wi th  the  d -c  ha l f -wave  
potent ia ls  and the peak  ha l f -wid ths  a re  wi th in  10 mV 
of the  value  90 mV requ i red  by  theory  (13). (iv) The 
cyclic vo l t ammograms  show a revers ib le  response, wi th  
separa t ion  of 78 mV be tween  cathodic and anodic peak  
potent ials ,  i ndependen t  of scan ra te  (14). The reduc- 

t ion product  formed at  the  work ing  e lec t rode  has an 
intense color which ranges f rom red for fluorenone (I) 
to purp le  for compounds V and VI. 

The 9-dicyanomethyIenefLuorenones (DCMF ) , V I I - X . - -  
The po la rograms  of these  compounds also show two 
waves  which correspond to revers ib le  one-e lec t ron  
t ransfers  as demons t ra ted  by  the cr i ter ia  indica ted  
above. For  the  DCMF compounds,  however,  the  sepa-  
ra t ion  be tween  the two waves  averages  0.58V, i.e., 
somewhat  g rea te r  than  tha t  observed for compounds 
I-VI.  Again,  the  reduct ion  products  are  in tensely  
colored, a l though the ye l low color of the  neu t ra l  
species makes  i t  difficult to descr ibe  the  colors f rom 
visual  observation.  

The 2,4,7-trinitroJ~uoren-9-ols, X I -XI I I . - -These  com- 
pounds are  der ived  f rom 2,4,7-tr initrofluorenone ( I I I )  
v ia  chemical  reduct ion of the carbonyl  group. The first 
reduct ion  waves  of these compounds in  the  d-c  po la ro-  
grams are  r a the r  d rawn out  and the peaks  in the a-c  
po larograms are  b roade r  and have lower  peak  currents  
than  expected for  revers ib le  processes. The CV t races  
on these compounds indicate  tha t  the  ini t ia l  e lec t ron 
t ransfer  is i r revers ib le ,  a l though at  more  negat ive  po-  
tent ia ls  (--1.14 and --1.35V) revers ib le  reduct ion  steps 
(possibly associated wi th  the  ni t ro  groups)  are  seen. 
The cause of i r r evers ib i l i ty  is not  known, but  m a y  be 
associated wi th  bond  cleavage a t  the  9-posi t ion as has  
been repor ted  for o ther  9-subs t i tu ted  fluorenones (15). 

3,6-Dinitronaphthalic anhydride and 4,6-dinitrobenzo- 
~urazan- l -oxide . - -The d-c  po la rogram of the nap tha -  
lic anhydr ide  (XlV) shows two wel l -def ined  reduct ion 
waves,  whose diffusion cur ren t  constants  indica te  tha t  
each involves one electron. In  the  a-c  po la rogram the 
peak  corresponding to the  first d - c  wave  is p receded  
b y  a smal le r  peak  suggest ive of a nonfaradaic  adsorp-  
t ion process. 

As shown in Fig. 3, r evers ib i l i ty  of the first reduc-  
tion step depends on the na tu re  of the  work ing  elec-  
trode. At  a hanging me rc u ry  drop e lec t rode  a revers i -  
ble charge t ransfer  response is observed  b y  CV, and 
the rat io  of the anodic to cathodic peaks  (1:17) sug-  
gests adsorpt ion  of the  neu t ra l  species (16). A t  a 
p la t inum electrode,  however ,  the CV response of XIV 
is c lear ly  i r revers ib le  and the cathodic peak  potent ia l  
appears  at  --0.52V, some 0.2V more  negat ive  than  the 
potent ia l  associated wi th  reduct ion at  a me rc u ry  elec-  
trode. Thus, there  is some specific in terac t ion  of XIV 
wi th  the  mercury  electrode,  whose effect is not  only  to 
faci l i ta te  reduc t ion  re la t ive  to tha t  observed at  a 
p la t inum electrode but  also to render  the  charge t r ans -  
fer  process reversible .  

H E / :  l. > / 

ill i I 

',j 

_0~2 ~ .0~.4 

02N/~N02 
' -o16 -d8 ' -,'o -,12 - , ,  

POTENT1AL,V vs SCE 

Fig. 3. Cyclic voltammograms of XIV at planar platinum elec- 
trode (solid line) and hanging mercury drop electrode (dashed 
line). 
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Table h Vohammetric data* 

D-C p o l a r o g r a p h y  

CV 
C o m p o u n d  E~/s* * [ E 3 1 4  - -  E1/4I Id* * * r e s p o n s e ~  

I --  1,30 0,055 3.38 R e v  
-- 1.78 0,070 2.33 R e v  

l I  -- 0.68 0,060 3.24 R e v  
-- 0 .84 0.052 2.97 R e v  

H I  - 0.42 0.060 2.83 R e v  
--  0.67 0.055 2.35 R e v  

I V  - 0.14 0,050 2 2 7  R e v  
-- 0.42 0.060 2,34 R e v  

V - 0.29 0,057 2.50 R e v  
- 0,59 0.055 2.33 R e v  

V I  - -0 .27  0.060 2.75 R e v  
- 0.59 0.060 1.76 R e v  

V I I  - 0.66 0.052 3.23 R o y  
- 1.30 0.050 2.72 R e v  

VII I  - 0 . 2 6  0.060 2.64 R e v  
--  0.80 0,053 2.48 R e v  

I X  - 0.25 0.060 2.73 R e v  
-- 0.79 0.055 2.86 R e v  

X - 0.00 0,050 2.79 R e v  
- 0.59 0,051 2.81 R e v  

X I  - 0.62 0,070 2.41 I r r e v  
XII  - 0.56 0,065 2.38 I r r c v  

XIII  - -0 .56  0.065 1.95 I r r e v  
X I V  - 0 . 3 5  0,047 2.38 Irrev~  

- 1.06 0.035 1.66 I r r e v  
X V  + 0.06 0.065 1.77 I r r e v  

* S a m p l e  c o n c e n t r a t i o n s  5 • 10-~M in AN c o n t a i n i n g  0.1M 
TEAP. 

* * Volts vs. SCE. The a-c p e a k  p o t e n t i a l s  a r e  in  good agreement 
w i t h  t h e  d-c  h a l f - w a v e  p o t e n t i a l s ,  

* * *  ld = id/cm~l ~ tll ~. 
At p l a t i n u m  d i s k  e l e c t r o d e ,  S c a n  r a t e  200 mV/sec. Rev : re- 

versible, irrev = i r r e v e r s i b l e ,  
R e v e r s i b l e  a t  h a n g i n g  m e r c u r y  d r o p  e l e c t r o d e .  At platinum 

t h e  p e a k  p o t e n t i a l  i s  a t  - 0 . 5 2 V ,  

Compound XV, the last of the series, is the most 
easily reduced. Based on the diffusion current  constant, 
the reduct ion involves one electron. All cri teria show 
this to be an i r revers ible  process. For both XIV and 
XV irrevers ibi l i ty  is probably associated with cleavage 
of "heteroatom bonds following the ini t ial  electron 
transfer.  

Ef fec t  aS s t ruc ture  on ease ol  r e d u c t i o n . - - T h e  half-  
wave  potentials  of compounds I -XV are shown in  
Table I, and for the present  purpose a t tent ion is d rawn 
to the reduct ion potential  of the first wave. In  the fluo- 
renone  series (I-IV) the ease of reduct ion is increased 
by an average of 0.28V per  ni t ro group (as shown in 
Fig. 4). The a t tachment  of a carboalkoxy group (com- 
pounds V and VI relat ive to III)  results in  a positive 
shift of 0.14V. The replacement  of the carbonyl  oxy-  
gen atom by the more electronegative dicyanomethyl-  
ene group (I vs.  VII, etc.) increases ease of reduct ion 
by 0.64V. In  the DCMF series (VII-X) the ease of re-  
duction is increased by 0.22V per ni t ro group on the 
average (Fig. 4). That  the effect of ni t rosubst i tu t ion is 

o ' 

I 

-I.4 I [ I I 
0 i 2 3 4 

NUMBER OF ATTACHED NO 2 GROUPS 

Fig. 4. Half-wove potential as a function of attached nitro groups 
for 9-fluorenono and 9-dicyonomethylenefluorenone. 

greater  in  the fluorenone series than  in  the DCMF 
series is in agreement  with the observation of Zuman  
(17) that  subst i tuent  effects are greater as the reduc- 
t ion potential  of the paren t  compound is more nega-  
tive; in  other words, subst i tuent  effects are  greatest in 
systems that  are most difficult to reduce. 

In  the fluorenol series (XI-XIII )  the reduction po- 
tent ial  is essentially unaffected by the group attached 
to the oxygen atom at the 9-position. Compounds XIV 
and XV are, of course, s t ructural ly  unre la ted  to any 
others in  the series, and ease of reduct ion could not 
have been predicted short of actual ly doing the volt-  
ammetr ic  experiment.  

Effect  of so lven t  on h a l f - w a v e  p o t e n t i a L - - I n  addi-  
tion to the studies using AN as solvent, reduction po- 
tentials of 2,4,7-trinitrofluorenone (III) were obtained 
in the following solvents: propylene carbonate (PC),  
dimethylformamide (DMF), and dimethylsulfoxide 
(DMSO). In  all cases two reversible one-electron re-  
duction waves were seen. However, as shown in  Table  
II, the measured hal f -wave potentials vary  great ly 
from one solvent to another. Such solvent- induced 
Shifts in  Ell2 have been discussed by a number  of 
workers (18) and may include contributions from dif- 
ferences in  liquid junct ion  potential,  ion pair ing effects, 
and interactions of the solvent with the species under -  
going the redox reaction, i.e., changes in  polarization. 

These difficulties can be avoided in  principle by re-  
ferr ing all measurements  to the reversible hal f -wave 
potential  of a redox couple which does not interact  
with solvent and is, therefore, unaffected by a change 
in solvent. One such reference couple is b isbiphenyl-  
chromium (I) (BBCr),  recently proposed by Duschek 
and G u t m a n n  (19). The hal f -wave potentials of BBCr 
in the solvents used to s tudy compound III are also 
given in  Table II; re lat ively small  shifts with solvent 
are seen for BBCr relat ive to III. The relat ively large 
Shifts in  E1/2 for III  may then be assumed to be due to 
specific interactions of the radical anion or dianion of 
I l I  with solvent or due to ion pair formation with the 
cation of the support ing electrolyte (20, 21). As shown 
in  Fig. 5, changes in  E1/2 with solvent are correlated 
not with solvent dielectric constant (as might  be ex- 
pected by application of the Born equation) (22), but  
ra ther  by Gutmann ' s  donor n u m b e r  (23), which mea-  
sures the abil i ty of a solvent to donate electrons. 

Elec t ron  affinities f r o m  h a l l - w a v e  p o t en t i a l s . - - I n  the 
absence of entropy effects the free energy change for 
the reaction 

M + e -  <.~-M- 

is given by (24, 25) 

AG --- E A  -I" AAGsol ~ C 

where A~Gsol is the difference in  free energies of salva-  
t ion between the neut ra l  and charged species and C is 
a constant dependent  on the reference electrode. If the 
diffusion coefficients of the neut ra l  and charged species 
do not differ greatly, then the ha l f -wave  potential  is 
given by  

Table II. Reduction potentials of 2,4,7-trinitrofiuorenone (i11) in 
various solvents* 

S o l v e n t  

D i e l e c t r i c  D o n o r  
con-  n u m -  

s t a n t  * * h e r  * * 

E1/2(V vs. SCE) 

First Second EI/2(V vs. SCE) 
wave wave of BBCrt 

AN 38.0 14.1 -0 .42  -0 .67 -0 .75  
PC 69.0 15.1 -0 .42 -0 .66 -0 .76 
D M F  36.1 26.6 - 0 . 2 7  - 0 , 5 3  - -0 .71  
D M S O  45.0 29.8 - 0 . 2 8  - 0 . 5 0  - 0 . 7 0  

* Solvents d r i e d  o v e r  4 A  m o l e c u l a r  s i e v e s  p r i o r  to use .  S u p p o r t -  
i n g  electrolyte, 0.1M TEAP. 

** V. Gutmann, Chem. Brit., 7, 102 (1971) .  
t O. Duschek and V. Gutmaan, Monatsh. Chem., 104, 990 (1 9 7 3 ) .  
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Fig. 5. Hal f -wave potential  of 2,4,7-tr initref luorenone as a func- 
tion of solvent donor number. 
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F 

where F is the Faraday constant. It follows that  if 
hhGsol is constant  or varies l inear ly  with EA then a 
l inear  relationship exists between El~2 and EA, which 
is given by (25b) and (25c) as 

EA -- Ez/2 + 2.49 [1] 

Where the value of E~/2 is with respect to SCE and on 
which scale chloranil has the value EA ---- 2.45 eV. By 
use of the one-electron reduct ion potentials in  Table I, 
the electron affinities of the compounds studied here 
may thus be obtained and are given in  Table III. It 
should be pointed out that  even if the assumption of 
constant salvation (polarization) energy is not strictly 
valid for the calculation of gas phase electron affinities. 
differences in  h~G~ol between compounds will, as 
shown above, be reflected in  the hal f -wave potentials 
obtained from the solution redox measurement .  Thus, 

Table  I I I .  Electron aff init ies and PIDC results 

Electron affinity, eV 

Compound Polarography C T  s p e c t r u m *  * PDIC$ 

I 1.19 ML 
II 1.81 ML 

III 2.07 2.03t RM 
IV 2.35 2.26t TL-IVIDDTL 
V 2.20 2.19 TLoRM 

VI 2.22 TL-RM 
VII  1.83 ML 

VIII 2.23 2.26 T L  
IX 2.24 2.27 T L  
X 2.49 2.39t H D D T L  

XI 1.87 LDDNT 
XII 1.93 LDDNT 

XIII  1,93 1.86 LDDNT 
XIV 2,14(1,97)"  1.96 L D D N T  
XV 2.55 LDDI~I ~ 

* The  value  in parenthes i s  is es t imated from the CV peak po- 
tential  at a plat inum electrode.  

** A v e r a g e  of b o t h  C T  bands w h e n  obtained.  
t Used  f o r  c o r r e l a t i o n  p u r p o s e s ,  see sec t ion  on  E l e c t r o n  affini- 

t ies via charge transfer  spectra.  
Key:  ML = mobil i ty  l imited,  RB = reasonable  mobil ity,  TL 

= trap l imited, H D D T L  = high dark decay trap l imited, and 
L D D N T  = low ~ark  decay  n o  t r a n s p a r t .  

while for convenience gas phase EA's are used, it is 
understood that  such numbers  are obtained from con- 
densed phase measurements  and as such are closely 
related to the molecule-matr ix  situation. 

Mukher jee  (26) has s imilar ly  studied compounds 
E- IV and VII -X and reported electron affinities which 
are 0.01 to 0.13 eV less than those obtained in the pres- 
ent  study. This discrepancy may be due to his use of 
LiC104 as support ing electrolyte, since it is known 
(21) that ion pair ing can cause shifts of up to 0.2V in 
polarographic hal f -wave potentials if the cation of the 
support ing electrolyte has a large charge to radius 
ratio. We also disagree with Mukherjee 's  claim that 
the second reduction wave of the DCMF compounds 
corresponds to the uptake of 3-4 electrons since, as was 
shown, for both these and the fluorenones all criteria 
indicate that the reduct ion pathway consists of two 
reversible one-electron steps, 

Electron affinities via charge transfez spectra.--This 
method is essentially that  of Briegleb (25) as modified 
by Mukherjee (27). It essentially involves measure-  
ment  of the lowest energy charge t ransfer  band of an 
acceptor with a donor, and referencing this t ransi t ion 
energy to that of a known  acceptor with the same 
donor. A specific equation is 

h~ct ~ --  hvct - -  EA - -  EA ~ [2J 

where hvct ~ ---- energy of kmax ct w i t h  a s tandard accep- 
tar, hvct = energy of ~.max ct of u n k n o w n  acceptor, EA -- 
unknow n  electron affinity, and EA o -- electron affinity 
of s tandard acceptor. Equat ion [2] can be changed to 

hc 
EA - -  h~ct ~ = EAo - -  h~et - -  K --  - -  [3] 

k 

This equation shows that there should be a l inear  
relationship between EA and the wavelength of the 
lowest energy charge transfer  band, provided that the 
donor mater ial  is held constant. For  our correlation 
three known materials (III, IV, and X) have been used 
to generate  correlation curves (EA vs. ! /~)  with N- 
ethylcarbazole and the u n k n o w n  materials '  charge 
transfer  i used with these curves to obtain their EA 
(see Fig. 6). Interest ingly,  two charge t ransfer  bands 
have been observed in most of the systems measured 
and these have been shown (28) to correspond to CT 
bands from the ILB and 1LA energy levels of N-e thyl -  
carbazole. Both levels have been used in  our correla- 
tions and have provided similar  results (Table III) .  

In  evaluat ing electrical properties, it was found that 
many  of the materials in Table III were  not soluble to 
a sufficient level to be tested as electron t ransport  ma-  
terials. In  these cases, CT spectra were not obtained. 

With the exception of compound XlV, the EA ob- 
tained from CT spectra agree quite well with those 
from polarographic measurements .  As was shown, 
compound XIV apparent ly  undergoes a specific in ter -  
action with mercury,  and the CV peak potential  ob- 
tained at a p la t inum electrode probably better  reflects 
the EA of the isolated (uncomplexed) molecule. 
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Fig. 6. Electron affinity v s .  lowest energy charge transfer bands 
in N-ethylcarbazole /acceptor  complexes. X = Standards for corre- 
Jafion carve. 
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Electrical evaluat ion. - -Explanat ion oI PIDC method. 
- - T h e  PIDC test  is conducted as follows. Mater ia ls  to 
be tested as t r anspor t ing  med ia  are  solvent  cast onto a 
0.5 ~m film of amorphous  selenium. These composites  
are then  thoroughly  d r i ed  in vacuo a t  312~ The films 
are  then  placed in a device which  wil l  corona charge 
them (e i ther  posi t ive  or  negat ive) ,  measu re  the surface 
vo l tage  as a funct ion of t ime, and  pe rmi t  i l lumina t ion  
of the  sample  some t ime af te r  charging.  Once the sam-  
ple has been charged,  care mus t  be t aken  to exclude 
any  fo rm of rad ia t ion  f rom the  sample  in o rder  tha t  
the  da rk  decay ra te  ( the ra te  a t  which  surface vol tage  
decays wi thout  rad ia t ion)  can be measured.  In  the  
above configuration, if  the  ma te r i a l  to be  measured  is 
e lec t ron t ranspor t ing ,  the  sample  is corona charged 
pos i t ive ly  while,  if i t  is hole t ranspor t ing,  the  sample  
is charged  negat ively.  

The sample  is capac i t ive ly  charged  by  the  corona to 
a charge  level  q -- CV where  q is the  to ta l  charge  on 
the system, C is the  capaci tance of the  sample,  and V, 
the vol tage  genera ted  across the sample.  This is sche-  
ma t i ca l ly  shown below. 

+ + + + +  
Charging 

Test Layer  > 
Se 

Once charged,  if the  sample  is not  conductive,  i t  can 
be discharged in two ways:  (i) photo induct ion  of h o l e /  
e lec t ron pairs  e i ther  in the Se l aye r  or  the  test  layer ,  
and (if) t he rma l  genera t ion  of ho le /e lec t ron  pai rs  in 
the  Se layer  or the  test  layer .  The l a t t e r  effect wi l l  
lead to da rk  decay,  as the t he rma l ly  genera ted  charge 
can lead  to a reduct ion  of the surface potent ial .  

+ + + + +  + + + + +  ++ ++ 
Thermal + _ /  e- 
generation transport +' 

In the example  shown, the  coated ma te r i a l  is an 
e lec t ron t r anspor t  mater ia l .  The surface vol tage mea -  
sured  in the example  would  be 80% of the  in i t ia l  
value.  The  ra te  of this  d a r k  decay  can then  be mea -  
sured  f rom the vo l t age / t ime  plots. N o r m a l l y ,  a m o r -  
phous Se does not  t he rma l ly  genera te  a significant 
number  of ho le / e l ec t ron  pairs  at  room t empera tu r e  
(29) so tha t  a decrease  in surface vol tage  is due to the  
"da rk  decay" of our  coated layers.  

Since the  photogenera t ion  can take  place in e i ther  
of the  layers ,  care must  be t aken  to use rad ia t ive  
wave leng th  where  the  se lenium laye r  is photosensi t ive  
and the organic  l aye r  is not. This requires  knowing  
the electronic absorpt ion  spec t ra  of the organic  species 
and the photoresponse  spec t ra  of the  amorphous  Se. 
If  these two overlap,  the  expe r imen ta l  configurat ion is 
changed so tha t  the amorphous  Se l aye r  is on top and 
is made  th ick  enough so as to a l low no incident  r ad i a -  
t ion to pene t ra te  to the  organic  layer .  If  ho le /e lec t ron  
pai rs  a re  genera ted  in the organic l aye r  (bu lk  gene ra -  
t ion) ,  no informat ion  concerning charge  t r app ing  du r -  
ing t r anspor t  can be obtained.  If  the above cr i ter ia  
concerning rad ia t ive  absorpt ion  are  met,  only  two 
o ther  cr i ter ia  need be considered;  the amount  of 
pho togenera ted  charge and an  inject ion ba r r i e r  be -  
tween  the genera to r  and t ranspor t ing  species. A l -  
though inject ion bar r ie r s  have not  been measured  in 
the presen t  systems, Mort  and  Emera ld  (30) have done 
so for amorphous  se lenium in jec t ion  into P V K / T N F  
charge  t ransfe r  complexes  and found negl igible  in jec-  
t ion barr iers .  Based on the i r  work  and the range  of 
e lect ron affinities being studied, negl ig ible  inject ion 
ba r r i e r s  a re  expected  in the  presen t  results.  In o rder  
to glean in format ion  on the t r anspor t  of the  charge 
th rough  the sample,  only  enough charge  need be gen-  
e ra ted  in the  se lenium photogenera to r  l ayer  to com- 
p le te ly  remove  al l  surface charge. This would be equi-  
va len t  to the  capaci tance charge on the sample  (a so-  
cal led CV's work  of charge) .  This charge is genera ted  

using a f i l tered s t robe  flash. I f  a CV's charge  is gen-  
e ra ted  and moves th rough  the sample  unimpeded,  the  
sample  wil l  d ischarge  as shown be low and the surface 
vo l tage- t ime  behav ior  wi l l  be descr ibed  by  the curve 
shown below. 

+ + + + +  + + + + +  + + + + +  
h, T i m e -  Time 

_ _ _ > ) 

h~ 

<9 ~ 0  

o d'}> 

Time 

The hor izonta l  t ime scale of such a measu remen t  wil l  
depend on the t rans i t  t ime  (the mobi l i ty  of the charges 
moving th rough  the  sample) .  The vo l t a ge / t ime  curve 
shown is to ta l ly  ideal ized and wi l l  show a ta i l ing  phe-  
nomena  (shown wi th  dashes)  because of space charge  
effects and the expe r imen ta l  inab i l i ty  to genera te  a l l  
charges s imul taneously .  

I f  the  t r anspor t ing  c h a r g e s  encounter  any  molecular  
or morphologica l  po ten t ia l  bar r ie rs ,  as they  are  
t ravers ing  the sample,  they  can be s topped (deep 
t raps)  or s lowed (shal low t raps ) .  These t r app ing  ef-  
fects cause changes in  the  shape  of the  vo l t age - t ime  
curves. If  the  t r anspor t ing  charges a re  deep t rapped ,  
a res idual  surface vol tage  VR wi l l  r ema in  in  the  t ime  
domain  of the  exper iment .  

+ § 2 4 7  + + + + +  + + + + +  + 

h~ - -  Time Time 

h~ 

T 
Initial voltage 

vi 

Time 

vR 

If  shal low t rapp ing  occurs, the res idence t ime of the  
charge in the ne ighborhood of the  t rap  is shor t  com-  
pa red  to the  t ime scale of the  exper iment ,  bu t  the  
"sheet" of charges  genera ted  and in jec ted  f rom the 
photogenera t ion  l aye r  spreads  out  and the  v o l t a g e /  
t ime curve is not  as sharp.  

+ + + + + hv + + + + + Time t + + + + Time + + + + Time + + 

h~ 

Q9 
c )  ~ 0  

Time 

I t  can be seen that  by  analyz ing  the PIDC curves on 
the same t ime scale tha t  re la t ive  mobil i t ies ,  t r ap  levels,  
and da rk  discharge ra tes  can be obtained.  In  the case 
of the  exper imen t s  below, the  discharges  labe led  r ea -  
sonable mobi l i ty  were  those in  which the  surface 
vol tage  decreased to 50% of the i r  or ig inal  value  in  
0.1-0.2 sec. 

I t  should be  noted in this discussion tha t  there  is no 
way  to dis t inguish be tween  shal low t rapp ing  and low 
mobi l i ty  mate r ia l s  and that ,  in fact, the  two te rms  
may  be synonymous.  With in  the  f r a m e w o r k  of these 
exper iments  and wi th  the  t rends  established,  we have  
chosen low mobi l i ty  to mean  low d a r k  decay and ap -  
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parent t rap-l imited mobility. Trap-l imited discharge 
means high clark decay and apparent t rap- l imited mo- 
bility. This nomenclature fits the trends established. 

Discussion of PIDC results.--It is our desire to discuss, 
in qualitative terms, the relationship of EA in fluo- 
renone derivatives to observed transport  (and in some 
cases generation properties).  Two major difficulties 
have been encountered in measuring the electron 
transport  properties of these materials: (i) instabili ty 
of the molecule/matrix systems and  (ii) l imited solu- 
bil i ty of the molecules in the matr ix polymers. An 
example of the former effect is shown in Fig. 7 where 
it is seen that aging effects of TNF in binder polymers 
are deleterious causing increased residuals. This was 
a general phenomenon. It could only be overcome by 
testing the molecules of interest in a PVK matrix. In 
PVK the PIDC's did not appear time dependent. 

Limited solubility materials such as VIII and IX 
could not be tested as transport  materials because 
amorphous films of high loading could not be prepared. 
One idea to overcome this limitation was to ball mill 
these insoluble materials in a solution of PVK until a 
uniform distribution of small particles was obtained. 
It was felt that this distribution with its surface charge 
transfer complexes of PVK/acceptor might provide 
adequate electron transport  matrices. The concept was 
tested with compounds III and VIII. In both cases 
ballmilling 40% of III and VIII to PVK causes charge 
transfer complexes to be formed (solutions become 
highly colored). However, as seen in Fig. 8, neither 
materials exhibited electron transport when a CV's 
worth of charge was injected from overcoated amor- 
phous Se, but both behave as bulk generating photo- 
receptors when used with white light. Thus, although 
some of the electron transport  candidates might be 
predicted to have good transport  properties (see be- 
low) their solubility limits them to bulk generation 
type photoreceptors. 

Figure 9 is a schematic representation of various 
PIDC curves observed fo r  40% acceptor loadings of 
fiuorene derivatives in PVK. Although there must be 
gradual changes between the regions defined, four dif- 
ferent modes of transport  are apparent: (i) mobility 
limited, (ii) "reasonable" mobility characteristics, 
(iii) t rap limited, and (iv) high dark decay. 

These definitions of mobility are qualitative in na- 
ture and depend on the time scale of measurement. 
For these results (see Fig. 9) reasonable mobility is 
defined as light-induced discharge to 50% Vo in ~,0.1 
sec. Mobility limited is defined as low dark decay-low 

A. 40160 TNF/POLYCARBONATE / I  

B 

~ l c m l * - -  
< TIME 

B. 40/60 TNF/POLYSULFONE I / / ~ /  

: /  

T 

o :> 

0 

< TIME 

Fig. 7. PIDC of 40/60 (w/o) TNF in Lexan| and polysulfone. 
Horizontal scale = 10 mm/sec, vertical scale ---- 100 V/cm. A, 
Sample pumped 4Vz days, 10 -'~ mm Hg, RT prior to test; B, 4 
additional days stored in dark at ambient. 

T 
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! 
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I I! VERTICAL SCALE= iOO V/cm 
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Tr 
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Fig. 8. PIDC of 40/60 (w/o) 2,5-dinitrofluorenone and 9-dicyano- 
methylene-2,5-dinitrofluorenone in PVK. Samples ball milled 24 hr 
in CH2CI2 prior to preparation. A, Se overcooted; B, no overcoating, 
white strobe pulse, electron transport. 

A. MOBILITY LIMITED 

I --dlcm~-- 
TIME 

B."REASONABLE" MOBILITY 

TIME 
C. TRAP LIMITED 
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D. HIGH DARK DECAY-TRAP LIMITED 
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Fig. 9. Qualitotlve PIDC curves for PYK/acceptor mixtures. 
Horizontal axis = 20 ram/see. 1 em marker shown in A. Vertical 
scale dependent an (lark decoy. A and B, 100 Y/cm, C, 50 Y/cm; 
end D, 20 V/cm. 

l ight-induced discharge rate (Fig. 9A) ; t rap limited is 
defined as increasing dark decay (Fig. 9C) low light- 
induced discharge; and high dark decay t rap- l imited 
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is defined as low charge acceptance due to da rk  decay 
and no obvious l igh t - induced  t r anspor t  except  the  col- 
lapse of the field across amorphous  Se (Fig. 9D). That  
t r ap  l imi ta t ions  occur is seen in Fig. 8 where  i t  is 
demons t ra ted  tha t  bu lk  genera t ion  (essent ia l ly  t rap  
depopula t ion)  can discharge a sample  to a much 
g rea te r  degree  than  in jec t ion  f rom amorphous  se- 
lenium. 

The four  regions of Fig. 9 cor re la te  qua l i ta t ive ly  
wi th  var ious  ranges  of EA values  for  f luorenone de-  
r ivat ives :  the  first (A) wi th  EA less than  ,-,2.0, the  
second (B) wi th  2.0 ~ EA ~ 2.2, the th i rd  (C) wi th  
2.2 ~ EA <-- 2.4, and the four th  (D) wi th  EA ~ 2.4. As 
ment ioned  previously ,  if al l  EA's with in  these regions 
could be tested, a g radua l  change in PIDC would be 
expected.  A genera l  increase  in da rk  decay is also 
noted wi th  increas ing EA. These resul ts  a re  qua l i ta -  
t ive ly  descr ibed in Table  III. 

How are  these genera l  t rends  ra t ional ized? Seki  (31) 
has proposed a model  of f luctuating hopping sites 
Which provides  a mathemat ica l  descr ipt ion of t r ans -  
po r t  s imi lar  to that  of Bagley (32) whose model  is 
based on hopping  be tween  localized states over  po ten-  
t ia l  barr iers .  Seki  (31i also included a p robab i l i ty  
factor  due to tunnel ing  or  over lap  of ind iv idua l  mo-  
lecular  wave  functions,  which  has the form E -R/Ro . 
The ent i re  equat ion proposed by  Seld  is 

#F - -  (~o/To) exp ( -- R/Ro) exp ( - -  Uo/kT) 

s inh(e loF/2kT)  [4] 

where  ~ is the mobi l i ty ;  F, the  electr ic  field; R, the 
in te rmolecu la r  distance be tween  exchange sites; To, ~.u, 
and Ro are  constants  of a specific sys tem wi th  units of 
t ime and Characteristic distances, respect ively;  e is 
electronic charge,  Uo is the the rmal  ba r r i e r  to t r ans -  
port,  and kT  is the  the rmal  energy  of the  system. Ro 
can be re la ted  to EA or the ionizat ion poten t ia l  (IP) 
by  1 

1 
- -  = ( 2 / h )  v ~ m - ~  [5] 
Ro 

where  m is the mass of an e lect ron and Ei ---- EA or I P  
depending  on whe the r  there  is hole or e lec t ron t r ans -  
port. An  equat ion s imi lar  to Eq. [4] (wi thout  the  
R/Ro t e rm)  can also be der ived  f rom rate  theory  
where  i t  is assumed tha t  appl ica t ion  of an  electr ic  
field to a sample  changes ~he potent ia l  wel l  d i s t r ibu-  
t ion (33, 34). Of impor tance  in the  above is the effect 
the changing EA or IP has on Ro and its physical  sig- 
nificance. In systems s tudied thus far,  Ro is of the o rde r  
of an angs t rom or  less and thus al l  possible values of 
R are  grea te r  than  Ro. On the basis of Eq. [4] and [5], 
i t  would  be expected that  decreas ing EA and holding 
all  o ther  var iables  (concentrat ion,  field, etc.) constant  
would produce increas ing e lect ron mobil i ty.  Oppo-  
sitely, increas ing EA should resul t  in decreasing mo-  
bil i ty.  Our resul ts  fol low this in the  range of E ----- 2.1. 
I t  should be pointed out  tha t  the Seki  equat ion has not  
been va l ida ted  for  a l a rge  number  of mate r ia l s  and 
tha t  expe r imen ta l  var iables  such as sample  prepara= 
tion, morphology,  chemical  s t ructure ,  and iner t  ma t r i x  
m a y  also affect the observed t ranspor t  behavior .  

Mater ia ls  of EA ~-- 2.1 eV tha t  were  tested p rov ide  
d ischarge  curves of types  (B) th rough  (D) indicat ing 
that  as EA is increased t r ap - l im i t ed  mobil i t ies  are  ob-  
served. Trap=l imited discharges were  observed in 
compounds V and VI wi th  ex t reme  t r app ing  l imi ta t ions  
in IV, X, XIV, and XV. I t  is thus concluded that  in the 
region EA > 2.1 eV elect ron t r anspor t  resul ts  for 
f luorenone der iva t ives  in PVK can qua l i t a t ive ly  be 
descr ibed in terms of Eq. [4] and [5]. At  lower  EA 
anomolies occur. On the basis of Eq. [5], the  lower  EA 
mate r i a l s  would  be expected to be be t te r  e lect ron 

x This equation is exact for square well potentials or the WKB 
approximation. 

t r anspor t  mater ia l s  than  the i r  h igh  EA counterpar ts .  
This is not observed and the resul ts  are  not  unique,  as 
Faucz (35) observed holes as the  ma jo r i t y  ca r r i e r  in 
pure  crys ta l l ine  films of 9-fluorenone, a ma te r i a l  wi th  
EA --_ 1.2 eV. There  are  a va r i e ty  of poss ible  reasons 
why  the decreased e lec t ron mobi l i ty  in  f luorenone 
der iva t ives  is seen below EA ~ 2.1. Impur i t ies  such 
as O2 (EA _: 0.44) (36) could in te r fe re  wi th  t ranspor t .  
In ject ion into the low affinity mate r i a l s  could over r ide  
other  effects (Faucz observed this in 9-fiuorenone, 
whereas  mononi t rof luorenone in jec ted  and t ranspor ted  
electrons)  (35). F luorenone  dispersions could be af-  
fected by  the abi l i ty  of the ma te r i a l  to form charge 
t ransfer  complexes wi th  PVK, and thus, the  lower  EA 
mater ia l s  may  be dispersed di f ferent ly  f rom the i r  h igh 
EA counterpar ts .  Wha tever  the  reason, the  9-fluo- 
renone der iva t ives  appear  to be l imi ted  to an e lect ron 
affinity region ,~2.05 to 2.15 for reasonable  PIDC re -  
sults. 

Another  phenomenon noted in these  studies is the 
increase  in da rk  decay wi th  increas ing EA. Simi la r  
effects have been noted in o ther  e lec t ron-dona t ing  sys-  
tems complexed wi th  fluorenone der ivat ives  (37). In 
fact, wi th  mater ia l s  such as IV and X, da rk  decay was 
observed wi th  no apparen t  e lect ron mobil i ty.  This high 
da rk  decay occurred Whether these mater ia l s  were  
charged posi t ively  or  negat ively.  Again, there  is a 
va r ie ty  of reasons why  this increased da rk  decay m a y  
occur. With  increased EA of the  acceptor  i t  may  be 
easy for an e lect ron to be t he rma l ly  promoted  f rom 
the highest  occupied molecular  o rb i ta l  of PVK to the  
lowest  unoccupied of the acceptor,  thus creat ing a 
ho le -e lec t ron  pa i r  in the media.  Dark  decay in this 
case may  occur th rough  the rma l ly  genera ted  car r ie r  
movement .  In l ight  of our  observat ions of t r ap - l imi t ed  
e lect ron t ranspor t ,  but  high da rk  decay, this exp lana -  
t ion seems reasonable.  

I t  is, of course, impl ic i t  in the  preceding discussion, 
tha t  if the  re la t ion  be tween EA and elect ron mobi l i ty  
is valid, then i t  equa l ly  ought to app ly  to IP and hole 
mobil i ty.  Suppor t  for this approach  is to be found in 
the work  of Pf is ter  et al. (4) involving xerographic  
discharge measurements  on Lexan@ doped wi th  va r i -  
ously subst i tu ted der iva t ives  of carbazole.  Gibson (38) 
subsequent ly  showed that  the observed changes in 
xe rograph ic  discharge rates  could be corre la ted  wi th  
the  abi l i ty  of the  subs t i tuents  to re lease  electrons 
(given by  Hammet t  or  Taft  subs t i tuent  constant)  to 
the carbazole  r ing and thus lower  the  ionizat ion po-  
tential .  I t  should be poin ted  out  in passing that  the  use 
of Hammet t  subs t i tuent  constants  to corre la te  molec-  
u la r  energy levels  (and thus mobi l i t ies)  is l imi ted  to 
per tu rba t ions  on a given molecu la r  f ramework,  
whereas  use of redox data, such as in the present  work,  
permi t s  such correlat ions regard less  of the  molecular  
f ramework.  

An addi t ional  considerat ion is the effect of the  me-  
d ium on the energy  levels  of the  isolated molecule. In  
the condensed phase these energy levels wil l  differ 
f rom those of the  molecule  in the  gas phase by an 
amount  te rmed the solvat ion (or polar iza t ion)  energy.  
F rom simple theory  this quan t i ty  is given by  the Born 
equat ion (22) 

~ G - -  (ze)~ ( 1 _ 1 ~  [6] 
2r 

where  ze is the charge acquired by  the molecule,  r its 
radius,  and e the die lect r ic  constant  of the  sur round-  
ing medium. While  this equat ion m a y  be sui table  for 
spher ical  ions in a continuous medium,  it is not at  
al l  cer ta in  tha t  i t  is appl icable  to p l ana r  molecules,  
pa r t i cu l a r ly  those in which he te roa toms and subst i tu-  
ents induce a nonuni form charge dis tr ibut ion.  F u r t h e r -  
more, specific solvat ion effects such as ion-dipole  in= 
teraction,  hydrogen  bonding, and ~ bonding can effect 
the  solvat ion energy  to an ex ten t  beyond that  es t i -  
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mated  by  considering the env i ronment  as a continuous 
dielectr ic  medium.  

These considerat ions are  a m p l y  i l lus t ra ted  by  the 
shifts in reduct ion  potent ia l  of TNF (III, see Table I I )  
which  reflect the  difference in solvat ion energies  be -  
tween  the  neu t ra l  molecule  and anion formed on r e -  
duct ion in different  solvents. As was shown, i t  is not 
dielectr ic  constant  ( a macroscopic quant i ty )  bu t  donor  
number  (a microscopic measure  of solvat ing abi l i ty)  
which corre la tes  the  observed t rend  in reduct ion po-  
tent ia l  and thus EA in the  condensed phase. If  such 
effects a re  also opera t ive  in po lymer ic  matr ices,  then 
the observed differences in car r ie r  mobi l i ty  when  a 
given act ive t ranspor t  molecule  is d ispersed in differ-  
ent  b inder  resins could easi ly  be expla ined  via the 
donor  number  concept. 

A final considerat ion involves the molecular  na tu re  
of the  charge t r anspor t  process itself. This can be  re -  
garded  as the react ion of a radical  ion wi th  a neu t ra l  
molecule  to give a neu t ra l  molecule  and a radica l  ion 

M - + M - > M + M  7 

The poss ibi l i ty  also exis ts  for  the  radica l  ion to un-  
dergo an i r revers ib le  chemical  reac t ion  

M~ .->p 

The product  of suc]~ a react ion could depend on or 
d i rec t ly  involve  the  sur rounding  med ium and could 
easi ly  be a compound tha t  would  act as a t rap  for the  
t r anspor t  species. Thus, if the  EA of chemical  react ion 
product  P is g rea te r  than  tha t  of molecule  M, then  ac-  
cording to the reasoning we have advanced,  P wi l l  ac~ 
as a t rapp ing  site. Analogous arguments ,  of course, 
hold  for  hole  t ransport .  When  this poss ib i l i ty  exists, 
the  res idence t ime of the  e lec t ron at  a given molecu la r  
site must  be shor te r  than  the  t ime requi red  for chemi-  
cal react ion in o rder  for such t rap  l imi ta t ions  not  to 
exist.  

Suppor t  of this  approach  is seen in the resul ts  of 
measurements  on compounds XI-XIV.  PIDC measu re -  
merits on these  compounds showed tha t  a l though EA 
are  reasonable  for  e lec t ron  t ranspor t ,  none is observed.  
F rom a considerat ion of energy  levels a lone this 
would not  have  been expected  since the  exper imen ta l  
values  of EA do not  differ g rea t ly  f rom tha t  of TNF. 
The compounds do differ f rom TNF, however ,  in that ,  
as shown by cyclic vo l tammet ry ,  each undergoes  an i r -  
r eve r s ib le  chemical  reac t ion  coupled to the  eIectron 
exchange step. I t  thus appears  tha t  there  is a d i rec t  
corre la t ion  of e lect rochemical  s tab i l i ty  and t rap  or  
mobi l i ty  l imi ta t ions  in e lect ron t r anspor t  systems. 

Thus, i t  seems tha t  ca r r i e r  mobil i t ies  a n d / o r  t rap  
l imi ta t ions  can be cor re la ted  wi th  the  energy  levels  of 
the molecular  species involved,  but, in addit ion,  the 
chemical  or  e lec t rochemical  r eac t iv i ty  of the  mole-  
cules responsible  for charge  t r anspor t  must  be consid-  
e red  as wel l  as the i r  specific in teract ions  wi th  the host  
mat r ix .  
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ABSTRACT 

The electrode reactions of Eu ( I I I ) / E u  (II) ,  Cr ( I I I ) / C r  (II) ,  Cu ( I I ) / C u  (I) ,  
Fe ( I I I ) / F e  (II) ,  and Pt ( I V ) / P t  (II) redox couples have been studied using 
cyclic vol tammetry  at n - type  semiconducting SnO2 electrodes in  mol ten LiCI- 
KC1 eutectic at 450~ The highly doped oxide electrode is a stable indicator 
electrode usable at anodie potentials up to chlorine evolution. The redox 
couples examined are reversible at the t in  oxide electrode, indicat ing no 
effect of electron depletion on the electron t ransfer  kinetics. Electron tunne l -  
ing through the space charge barr ier  takes place more easily in the high tem- 
pera ture  melt  system. For the oxidation of Cu(I )  and P t ( I I ) ,  which do not 
show diffusion controlled current  peaks, an adsorption effect due to anionic 
bridge format ion on the oxide covered with adsorbed chloride has been sug- 
gested. 

A n u m b e r  of electrochemical reactions in  mol ten salt 
systems have been studied on metal  and carbon elec- 
tro,des (1). Metal electrodes, even the p la t inum metals, 
are subject  to anodic dissolution in  LiC1-KC1 eutectic, 
imposing an anodic l imit  when  they are used as indi-  
cator electrodes. Carbon is one of the iner t  materials 
usable at anodic potentials up to chlorine evolution In 
the melt. Previous studies on redox systems that  have 
a more positive redo=< potential  than that  of p la t inum 
dissolution have been mostly carried out on carbon 
electrodes (2-4). In  view of electrochemical instabil i ty 
of metal  electrodes at anodic potentials,  semiconduc- 
tive oxide electrodes are of special interest.  

Delarue described a group of insoluble oxides includ-  
ing t in  oxide in molten LiCI-KC1 eutectic (5). Some of 
them are oxide semiconductors with large bandgaps, 
re ta in ing semiconductive properties at high tempera-  
tures. A single crystal of TiO2 was used as an oxygen 
electrode in the melt  containing 0 2 -  ions, but  the ex-  
per iments  were unsuccessful because of the soluble 
na ture  of the oxide (6). On the other hand, Sb-doped 
polycrystal l ine SnO2 was found to be stable in  the melt  
at .~50~ and showed a small  background current  unt i l  
chlorine evolution took place (7). 

It has been pointed out in  the previous work (7) that 
we can use highly doped SnO2 as a stable indicator 
electrode in  a polarizable region which is in  the elec- 
t ron depletion s i tua t ion  characterized by the Mott- 
Schottky equation, postulat ing an electron tunne l ing  
mechanism through the space charge layer. The pres-  
ent  work was under t aken  to examine the occurrence 
and[ the reversibi l i ty of redox processes at t h e  mel t -  
oxide interface. We selected reversible redox couples 
with one-electron transfer  processes such as Eu ( I I I ) /  
Eu ( I I ) ,  C r ( I I I ) / C r ( I I ) ,  C u ( I I ) / C u ( I ) ,  and Fe( ITI ) /  
Fe ( I I ) ,  which had been studied previously on carbon 
(2, 3, 8) or Pt  indicator  electrodes (9), but  not yet  on 
SnO2. Some technical details for the use of SnO2 elec- 
trodes in molten salt experiments  are presented. 

* Electrochemical Society Active Member. 
Key words: semiconductor, molten salt, oxide electrode, elec- 

trode reaction, 

Experimental 
EIectrodes.--Construction details of a t in  oxide elec- 

trode are i l lustrated in  Fig. 1. It  was constructed from 
a Pyrex  ground joint;  the inner  par t  was a tapered 
ground glass rod whose cross section (8 m m  in diam) 
was given a mir ror - l ike  finish with fine a lumina  pow- 
der and coated with Sb-doped SnO2 as described pre-  
viously (7). To ensure a definite working area of the 
electrode, the inner  part  was matched precisely to the 
taper of the outer part. The gap between the two was 
filled with fine boron ni tr ide powder; the powder sus- 
pended in  isopropyl alcohol was brushed onto the 
oxide-coated taper of the inner  part, Which was twisted 
several times inside the outer par t  to spread out the 
boron ni tr ide sealant. This procedure was necessary to 
prevent  the melt  from creeping into the gap. In  order 
to make electrical contact between a lead wire and the 
SnO2 film, a th in  gold film was coated on a par t  of the 
oxide film with gold paste C-5040 supplied from Sumi-  
tomo Metal Mining Company. Several  turns  of plat i -  
num wire were wound on the gold coating. 

We have tried a couple of different combinations of 
substrates and insulators  to make mel t -s table  SnO~ 
electrodes. A commercial ly available SnO2 film, Nesa 
glass, was not suitable for mol ten salt experiments  be-  
cause the substrate was soda-l ime glass, which was 
seriously attacked in  the melt. Low temperature  glass 
frits, so called solder glass, were used as an insulator,  
Sumito.mo pastes 1-9505 for Nesa Glass, and 1-9004 for 
a lumina  substrate. Those compounds contained lead 
oxide which dissolved into the melt, and P b ( I I )  ions 
affected cyclic vol tammograms when they were used 
in the melt. So far the combinat ion of Pyrex  substrate 
and boron ni t r ide sealing was the best. However, a 
minor  problem was encountered with this type of e l e c -  
trode. Creepage of the melt  into the boron ni t r ide seal 
could not be avoided when the electrode was left in the 
melt  for a long time. In  order to avoid this problem, 
experiments  were finished within  2 hr, at most. A pe- 
riod of 1 hr was long enough to take a series of cyclic 
voltammograms. 
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Fig. I. Construction of a tin oxide electrode. (a) Pyrex rod; (b) 
platinum wire; (c) gold coaling; (d) tapered ground joint; (e) boron 
nitride sealing; (f) tin oxide film. 

The constructed e lec t rode  is demountable ;  the elec-  
t rode  is easi ly separa ted  from the glass sheath af ter  
use in the  melt.  This is advantageous  to faci l i ta te  sur -  
face condit ioning of the electrode.  The electrodes which 
had  been used in  the  mel t  were  sealed again wi th  new 
boron n i t r ide  sea ler  before  fu r the r  exper iments .  

Sb -doped  SnO2 was coated onto a hot P y r e x  sub-  
s t rafe  (500~ by  spray ing  the solut ion of 2.5M HC1 
containing 1.78M SnC14 and 0.0161M SbCI~. The coat-  
ing thickness was es t imated  as about  0.5 #m f rom the 
change in in te r fe rence  color, and the car r ie r  concen- 
t ra t ion  was 4.4 • 10~0 cm-~  at  room tempera ture ,  es t i -  
mated  f rom Mot t -Scho t tky  plots der ived from capaci-  
tance measurements  in 1N H2SO4 wi th  an a-c  br idge  
at  frequencies f rom 0.7 to 4 KHz. 

Glassy carbon electrodes (Beckwith  Carbon Corpo-  
ra t ion)  were  used as work ing  electrodes for compar i -  
son wi th  SnO2 electrodes.  A rod of 3 m m  diam was 
sealed into P y r e x  by  a technique descr ibed before  
(10). 

P l a t i num reference  electrodes and spectroscopic 
g rade  g raph i te  countere lect rodes  were  used as in p re -  
vious studies (11). 

Reagents.--The LiC1-KC1 eutectic was suppl ied  f rom 
Anderson  Physics  Labora tor ies  Incorporated,  Urbana,  
Il l inois.  

E u ( I I I )  and C r ( I I I )  were  added  to the  mel t  as 
chlorides, europium chlor ide  (Alfa  Ventron,  anhydrous  
99.5% pu re ) ,  and  chromium chloride (Alfa  Ventron,  
sublimed,  anhydrous  99% pure ) .  Special  care was  
needed to p reven t  the i r  exposure  to mois ture  because 
of thei r  hygroscopic nature.  Fo r  this  purpose  we de-  
s igned a "powder  bure t"  consisting of a separable  type  
Teflon stopcock and a smal l  glass ampul  containing 
the chlorides.  The chlor ides  were  t r ans fe r red  into small  
ampuls  (7 m m  in OD and 10 cm in length)  in a d r y  
bag, and then  they  were  sealed under  an Ar  a tmo-  
sphere  a f te r  vacuum drying.  Before mak ing  an add i -  
tion, one end of the  ampul  was cut and inser ted  into 
the  opening of the stopcock. Ano the r  opening of the  
stopcock was connected to a long glass tube  which 
reached the mel t  surface. The glass- to-Tef lon fitting 
was so t ight  tha t  the  chemicals  inside were  not  exposed 
to moisture.  The amounts  added were  obtained by  
weighing the stopcock wi th  the ampu l  before  and af ter  
the  addition. I t  was not  difficult to add even 1 mg solid 
to the mel t  wi th  fine manipu la t ion  of the stopcock. 

Cu ( I ) ,  Fe ( I I ) ,  and Pt  (II)  were  genera ted  by  anodi -  
zat ion of the  me ta l  wires  wi th  cur ren t  densit ies of 
about  5 m A / c m  2. Currents  were  suppl ied by  a Sargen t  
coulometr ic  cur ren t  source, and the concentrat ions 
were  calculated by  assuming 100% cur ren t  efficiency. 
Copper  (0.64 m m  in diam, mSN) and i ron  (0.25 m m  in 
diam, m4N) were  obtained f rom Alfa  Ventron,  Dan-  
vers, Massachusetts.  

Apparatus.--Cyclic vo l t ammograms  were  obta ined  
wi th  a Polarographic  Ana lyze r  Model-174A coupled to 
a Universa l  P r o g r a m m e r  Model-175A (Pr ince ton  Ap-  
pl ied  Research Corpora t ion) ,  and the curves were  re -  
corded on a Moseley Model 7000 AM X - Y  Recorder  
(H e w le t t -Pa c ka rd ) .  

Cell  impedance  measurements  were  made wi th  a 
Wayne  K e r r  Universa l  Br idge B221 equipped wi th  a 
convent ional  polar iza t ion  circuit.  A 241-A Oscil lator  
(H e w le t t -Pa c ka rd )  as an a-c  sine wave  source and a 
Type  1232-A Tuned Amplif ier  and Null  Detector  (Gen-  
e ra l  Radio Company)  as a zero detector  were  used. 

Procedure.--A P y r e x  container  of 76 m m  diam was 
set in a Hev i -Duty  MK 3012-S Vert ical  Spl i t  Tube F u r -  
nace (Hev i -Duty  Electr ic  Company)  regu la ted  wi th  a 
Wheelco Pane l -Moun t  Capaci t ro l  Tempera tu r e  Con- 
t ro l le r  (Wheelco Ins t rument  Company) .  A P y r e x  
cruciDle and four  seal ing tubes wi th  fine f r i t t ed  disks  
were  placed in  the  container ,  and  about  60 ml  of the  
mel t  sealed in an ampul  was t r ans fe r red  into the cell. 
Two compar tments  of the four  were  smal l  (14 m m  in 
d iam) ,  and were  occupied by  the P t ( I i ) / P t  reference  
electrode and a graphi te  rode used as the countere lec-  
trode. The mel t  solutions of the depolar izers  were  p r e -  
pared  in the large  compar tments  of 25 m m  diam. The 
volume of mel t  was calcula ted f rom the amount  of 
chloride ion de te rmined  by  a rgen tomet ry  and the den-  
sity. Other  detai ls  of expe r imen ta l  p rocedure  have been 
given prev ious ly  (2, 3). Al l  potent ia ls  shown in this 
work  were  given with  respect  to the 1M P t ( l I ) / P t  
electrode, and al l  exper iments  were  carr ied  out  at 
450~C under  a purified argon atmosphere .  

The t in oxide electrodes were  subjec t  to the fo l low-  
ing surface condit ioning before  exper iments :  the oxide 
surface was l ight ly  pol ished wi th  AB Alpha  (0.3 ~m) 
and AB G a m m a  (0.05 ~m) Pol ishing Aluminas  
(Buehler  Limi ted)  on a flat d isk  covered with  pol ish-  
ing cloth, and soaked in an acid mix tu re  of H2SO4 and 
ttNO3 for 2 hr. Af te r  r insing wi th  dist i l led wa te r  and 
boil ing in dis t i l led wate r  for  30 min,  the e lect rode was 
assembled as shown in Fig. 1 and dr ied  in an oven at  
l l0~ F ina l ly  the  electrode a t tached to a holder  was 
put  into the  cell container,  where  i t  was he ld  for 30 
min  at 450~ before  i t  came into contact  wi th  the melt .  

Results and Discussion 
Background current--Current vol tage  t races in Fig. 

2 show the background  character is t ics  of SnO2 wi th  
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Fig. 2. Background characteristics for Sn02 and glassy carbon 
electrodes with repeated potential scans (v ~ 100 mV/sec) in the 
eutectic at 450~C. (1) On SnO2; 1st scan ( ); 2nd scan ( ); 
3rd scan ( . . . . .  ); 4th scan ( . . . . .  ); 5th scan ( ). (2) Compari- 
son of the Sn02 with a glassy carbon electrode; (A) on SnO2 after 
the 5th scan; (8) on GCE. 

Reduction o] Eu(III) to Eu(II).--Well-defined vol- 
tammetric waves were obtained on SnO2 at six po- 
tential  scan rates ranging from 0.500 to 0.01 V/sec. 
Typical voltammograms are shown in Fig. 3. 

The diagnostic criteria of Nicholson and Shain (12) 
were applied to determine the mechanism of the 
E u ( I I I ) / E u ( I I )  reaction on SnO~. The ratio of anodic 
to cathodic peak currents was measured for each scan, 
using the empirical expression developed by Nichol- 
son (13) 

ipa/ip, = (ipa)O/(i~)o + 0.485 (isp)o/(ip,)o + 0.086 [2] 

where (~pa)O and (ipc)o are the measured anodic and 
cathodic peak currents and (isv)o is the cathodic cur- 
rent at the switching potential. The value of ipa/ipc 
plotted vs. scan rate are shown in Fig. 4, where the 
ratio is near unity over the entire scan range (0.01- 
0.5 V/sec). In agreement with the potentiometric study 
of Eu(III)/Eu(II) couple on Pt electrodes (9), the re- 
action on SnOs is a reversible diffusion-controlled 
process without kinetic complications. 

Plots of the cathodic peak current vs. square root of 
the scan rate were linear through zero as shown in 
Fig. 5. The diffusion coefficient of Eu(III) in the melt 
at 450~ was calculated from the slope of Fig. 5; the D 

O.6 

repeated potential scans (V = 100 mV/sec) in the 
melt. In the first scan, a relatively large background 
current was usually observed at anodic potentials, but 
it  gradually decreased with the repetit ion of potential 
cycling (a-c t reatment) .  After several a-c treatments 
the traces converged to a definitive and reproducible 
trace, indicating that  the oxide-melt  interface reached 
a steady state. This a-c treatment was necessary for 
the stabilization of electrodes. 

The current increase observed at potentials m o r e  
positive than --0.6V during the first few scans indicates 
that an irreversible oxidation process with a saturation 
effect takes place at the oxide-melt  interface, where 
the specific adsorption of C1- ions is predominant as 
described elsewhere (7). The specific adsorption of C1- 
proceeds through the replacement of surface oxide 
groups by C1- ions, and then the released O ~- ions 
present at the interface can be anodically oxidized 
during the potential cycling 

\--Sn--O -~ 2Cl-aa-~ -- /CI +~Os+2e- [I] 
/ Sn \ C1 

E 
v 
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0.2 

-0.2 
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According to this concept, the oxide surface subjected 
to a-c treatment is covered with adsorbed C1- i o n s  
which are strongly coupled with the surface. This i s  
the actual condition of the electrode surface in the 
melt when we use it as an indicator electrode. 

Figure 2 also shows that the usable anodic potential 
limit of the tin oxide electrode was slightly greater 
than that attained at a glassy carbon electrode (GCE). 
In comparison of SnO~ with GCE, it was found that 
GCE showed a relat ively large residual current at 
anodic potentials before chlorine evolution. This re -  
markable difference is due to the steep increase of the 
pseudocapacity at the carbon-melt  interface with in- 
creasing anodic potentials because of the increased 
participation of adsorbed C1-. In contrast, the measur-  
able capacity at the n- type oxide-melt  interface is not 
that of the melt side, but the electrode side space 
charge which is smaller than that obtained at GCE and 
uniformly decreases with increasing anodic potentials 
as reported elsewhere (7). 

In contrast with the amended anodic limit of SnOs, 
the cathodic limit is better at GCE than at SnO2, which 
undergoes cathodic decomposition at potentials beyond 
- - 1 V .  The available potential  span of SnO~ is about 1V. 

-1.0 

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 

E (volts vs. 1M Pt(lI)/Pt ) 

Fig. 3. Cyclic voltammograms for reduction of Eu(lll) to Eu(ll) 
in a melt solution of 11.8 mM EuCI3 on SnO~ (0.622 cm 2) at 450~ 
(A) 0.020 V/sec; (B) 0.050 V/sec; (C) 0.100 V/sec. 
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Fig. 4. Anodic-to-cathodic peak current ratio (ipa/ipc) VS. voltage 
scan rate (V) for 11.8 mM EuCI.~. 
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Fig. 5. Cathodic peak current (/pc) vs. square root of voltage 
scan rate (W/2) for 11.8 mM EuCI3. 

value was 0.61 X 10-~ cm2/sec by using the expression 
derived for the reversible case with n _-- 1 (12). Some- 
what  larger D values were obtained after various pe- 
riods of s tanding the electrode in  the melt. 2 hr  after 
the experiments  quoted in  Fig. 5, an apparent  6% in-  
crease of the D value was observed. This difference is 
a t t r ibuted to a change in  the effective working area 
caused by penetra t ion of the melt  into the boron 
ni t r ide sealer. 

The most impor tan t  problem in  this work is the 
e l iminat ion of the I/~ drop caused by the electrode film 
resistance. Of the var ie ty  of methods available for cor- 
recting the resistance, a simple and rel iable procedure 
to obtain /R-f ree  E1/2 and peak separation is to plot 
them as a funct ion of the peak current  as suggested 
by Kuwana  et al. (14). Plots of observed (Ep/2 -- Ep) 
and the potentials corresponding to 0.8517ip (E0.s517i,) 
against/pc were linear, as shown in  Fig. 6. The follow- 
ing expressions may be wr i t ten  for the reversible case 
including the IR effect 

Ep/2 -- Ep = 2.199 R T / n F  + 0.5ipR [3] 

E0.851np -" E1/2 4- 0.8517ipr [4] 

where 2.199 R T / n F  is 0.137/nV at 450~ Electrode re-  
sistance, R, is given by the slope of the line, and the 
/R-free  E1/2 and (Ep/~ -- Ep) are equal to the in te r -  
cepts at /pc ----: 0. The electrode resistances obtained 
from the slopes of (A) and (B) in  Fig. 6 were 39 and 
38~2, respectively, in  agreement  with the values mea-  
sured with an a-c bridge�9 The intercept  of the plot (A) 
was 0.145V, being very close to the theoretical value 
with n = 1. The ha l f -wave  potential  of the E u ( I I I ) /  
Eu( I I )  couple was determined as E1/~ = --0.504V vs. 
1NI P t ( I I ) / P t .  This value is more positive by 34 mV 
than  the s tandard electromotive force reported in  the 
l i tera ture  (9). 

Reduction o] Cr(I I I ) .~Cycl ic  voltammetr ic  mea-  
surements  followed by similar  procedures for data 
analyses were carried out for the reduct ion of Cr( I I I )  
to Cr( I I ) .  The IR-free (Ep/2 -- Ep) was 0.155V, and 
El~2 was --0.529V vs. 1M P t ( I I ) / P t ,  in agreement  with 
the s tandard electromotive force [E ~ = --0.535V (2)]. 
These results indicate that  the redox couple of Cr (III) / 
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Fig. 6. Correction of IR effect due to electrode resistance in 
determinotion of (Ep/2 - -  Ep) and Ell2 for reduction of Eu(lll) to 
Eu(ll). 

Cr(I I )  at SnO2 is reversible. However, ipa/ipc was not  
uni ty  over the whole range of scan rates (0.01 < v 
1.00 V/see),  and decreased with decreasing scan rate 
at lower scan rates between 0.1 and 0.01 V/sec, as re-  
vealed by Levy and Reinhardt  (8) and the authors at 
GCE (10). According to the usual  criteria (12), the 
var ia t ion of ipa/ipc indicates a slow chemical step fol- 
lowing charge t ransfer  and the reaction mechanism 
has been discussed in detail (8, 10). 

The calculated D value of Cr( I I I )  was 0.79 • 10-5 
cm2/sec, agreeing with the D value determined at 
GCE (10). Strict ly speaking, however, this D value 
was a little smaller than that  obtained in a melt  solu- 
tion of Cr( I I I )  saturated with dry HC1 (10). As 
pointed out in  the previous paper (10), CrC16 -~ in  the 
melt  easily undergoes a hydrolysis reaction with a 
trace of moisture, producing a less reversible species 
such as CrC15(OH) -3 and an electro-inactive poly- 
merized form. A greater part icipat ion of these com- 
plexes results in  a smaller  D value and a greater sepa- 
rat ion between Ep/2 and Ep. Unfortunately,  measure-  
ments  in the melt  saturated with HC1 were impossible 
because the t in  oxide film chemically dissolved into 
the melt  in  the presence of HC1 (15). 

Oxidation of Cu(I)  and Fe( I I ) . - -The  standard elec- 
tromotive force of the C u ( I I ) / C u ( I )  couple is 0.061V 
vs. 1M P t ( I I ) / P t ,  which is very close to that of the 
F e ( I I I ) / F e ( I I )  couple, E ~ = 0.086V (2, 3). It was 
found that both redox couples are reversible on SnO2, 
but  the former oxidation process is different from the 
latter. 

Typical cyclic vol tammograms with different scan 
rates for the oxidation of Cu(I )  are shown in  Fig. 7 
together with the background scan. There was no 
anodic peak, and only cathodic peaks were observable. 
Since the background current  was still small  at the 
anodic potentials, the uniform increase of anodic cur-  
rent  could not be a t t r ibuted to part icipation of chlorine 
evolution, while the location of the /R-free  cathodic 
peak potential  was --0.012V. Using the theoretical re- 
lationship between Epc and Ell2 (12), E1/2 -- Epc = 
1.109 RT/nF,  E1/2 was estimated as 4-0.057V vs. 1M 
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Fig. 7. Cyclic voltammograms for oxidation of Cu(I) to Cu(ll) in 
a melt solution of 2.98 mM Cu(I) on SnO2 (0.50 cm 2) at 450~ 
(A) 0.500 V/sec; (B) 0.200 V/sec; (C) 0.100 V/sec; (D) theoretical 
curve for reversible one-electron transfer with v ~ 0.1 V/sec and 
D - -  2 X 10 -5  cm2/sec; (E) background i-E. 

Pt ( I I ) /P t .  being very close to E ~ of Cu ( I I ) / C u  (I).  It  is 
obvious that the cathodic peak corresponds to rereduc-  
t ion of Cu(I I )  produced by the anodic scan. 

A do.tted curve in Fig. 7 is a theoretical vol tammo- 
gram for a reversible one-electron t ransfer  process 
with v = 0.1V; sec, where the D value was selected as 
2 X 10 -5 cm2/sec to yield the same cathodic peak 
height as the observed one. The selected D value was 
reasonable in comparison with published data (16). 
The great discrepancy in  the current  behavior  for the 
oxidation of Cu(I )  suggests that  the oxidation process 
is accompanied by catalytic or adsorption processes. 

Similar  behavior,  showing no oxidation peak but  a 
reduct ion peak, was observed for the oxidation of 
P t ( I I )  to P t ( IV) .  However, on glassy carbon elec- 
trodes De Lepinay et al. obtained the oxidation peek 
of P t ( I I )  in  the melt  at 450~ (4). Although we did 
not obtain the oxidation peak on SnO2, the anodic oxi- 
dation of P t ( I I )  to P t ( IV)  was quite evident. 

In  contrast with the behavior of Cu(I )  and P t ( I I ) ,  
the oxidation peak of Fe ( I I )  was obtained, as shown 
in  Fig. 8, where the peaks were somewhat  distorted by 
background currents. It was found that  the anodic 
shoulders correspond to the diffusion-controlled cur-  
rent  peaks with n ---- 1, if we correct for the background 
current .  

The kinetic difference between the oxidations of 
Cu(I )  and Fe ( I I )  may be at t r ibuted to the different 
coordination structures of the ions in the melt. Accord- 
ing to spectrophotometric studies in the melt, Cu(ID 
is reported to be a te tragonal ly distorted te t rahedral  
CuC142- (17), which means  a somewhat flattened 
structure, and P t ( I I )  is believed to have the D4h sym- 
metry,  indicat ing some axial interact ion between the 
square p lanar  PtC142- ion and solvent anions (18). On 
the other hand, Fe( I I )  is described as a pure ly  te t ra-  
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Fig. 8. Cyclic voltammograms for oxidation of Fe(ll) to Fa(II) in 

a melt solution of 1.57 mM Fetid on SnO2 (0.622 cm 2) at 450~ 
(A) 0.200 V/sec; (B) 0.100 V/see; (C) 0.050 V/sec; (D) 0.020 
V / s e e .  

hedral  FeCl42- in  the melt  at 400~ (17, 18). Unfor-  
tunately,  the coordination of Cu(I )  in  the melt  is still 
unknown.  However, in  concentrated aqueous HCl so- 
lutions (~12M) the Raman  spectrum of Cu (I) suggests 
that  the predominant  species is a tr igonal CuC132- 
(19). From chronopotentiometric measurements  of dif- 
fusion coefficients of un iva len t  ions [Cu (I) ,  Ag (I) and 
A u ( I ) ]  with different ionic radii  (16), it  was noted 
Chat the un iva len t  cations are probably uncomplexed 
in the melt  because the D values decrease as the ionic 
radii  increase, while bivalent  ions [Fe (II) and Ni (II) ] 
are complexed because of lack of the correlat ion be-  
tween the D values and the ionic radii. It is more l ikely 
that  Cu (I) in the melt  is CuCI~ 2- or a less coordinated 
chloro-complex ra ther  than te t rahedral  CuC14-. Gen-  
eral ly speaking, a chloro-complex with a more flat- 
tened structure is accessible to the electrode surface, a s  

suggested for the adsorption of square-p lanar  PtC142- 
in the melt  (20). 

The oxide surface in  the melt  was drastically modi-  
fied through the replacement  of surface oxide groups 
by specifically adsorbed C1- ions, as shown in  Eq. [1]. 
As for the effect of adsorption, the formation of an 
anionic bridge between adsorbed anions and electro- 
active species is a we l l -known phenomenon in  aqueous 
systems in  explanat ion of a ra te -enhancing  effect by 
specifically adsorbed anions (21). In  studies on metal  
deposition in  mol ten ni t ra te  melts  with halide ions, 
I nma n  et al. suggested anion bridging to facilitate the 
discharge of metal  ions (22). We therefore believe 
that Cu (I) with the structures considered above in te r -  
act with the surface chloride groups, which act as elec- 
t ron bridges to facilitate the oxidation. Assuming the 
tr igonal  structure, a folowing scheme may be wr i t ten  
to produce CuCl42- 

s n ~ C I  I -  C1 
... Cu(I) -> Sn+ -5 Cl-Cu(II) + e- [5] 

\CI 
c /Cl 

Sn+ " 1/- Cl--> Sn" [6] 
"~C1 
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For  the  case of FeC142- wi th  pu re  t e t r ahed ra l  coor-  
dirmtion, the adsorpt ion  effect does not  seem to be p re -  
dominant  because of its steric hindrance,  in contras t  
wi th  the squa re -p l ana r  complex PtC142-, which may  
be sui ted to the  format ion  of anionic bridges. In add i -  
tion, no adsorpt ion  effects of oc tahedra l  EuCI~ 3-  and 
CrC163- (17) were  observed on SnOj, because plots 
ipc/Vl/~ vs. v were constant  up to the  scan ra te  of 1 V /  
sec. No adsorpt ion  of the l a t t e r  ions on GCE was ob- 
served (8). 

We therefore  conclude that  al l  the systems examined  
in this work  undergo  revers ib le  e lec t ron- t rans fe r  proc-  
esses. However ,  the  oxidat ions of Cu (I) and P t  (II)  in-  
volve adsorpt ion  processes via anionic bridges.  

Electron transfer at the oxide-melt interJace.--The 
Sb-doped  SnO2 is an n - t y p e  semiconductor  wi th  a 
large  bandgap  (3.8 eV) which re ta ins  semiconduct ive 
proper t ies  up to h igher  t empera tu res  ( >  1300~ (23). 
The oxide  electrodes used for the  vo l tammet r ic  studies 
were  h ighly  doped specimens wi th  a doping level  of 
4.4 • 1020 cm -3, which  was de te rmined  by  capaci ty  
measurements  in 1N H2SO4 at  room tempera ture .  Ac-  
cording to the  previous s tudy (7), the in ter rac ia l  ca-  
pacit ies measured  in the mel t  at  an SnO2 elect rode 
with  the same order  of doping level  obeyed the Mott -  
Schot tky  re la t ionship  as wel l  as in aqueous solutions, 
and the f la tband potent ia l  (Efb) of the  oxide at  450~ 
was es t imated  as --1.29V vs. 1M Pt  ( I I ) / P t .  The car r ie r  
concentra t ion at 450~ was l a rge r  than  that  observed 
a t  room tempera ture .  

The potent ia l  range in this s tudy  is more  posi t ive 
than  Efb, the redox  couples being located at lower  en-  
e rgy  levels far  removed  from the edge of the  conduc-  
tion band. According  to the  semiconductor - l iqu id  ]unc-  
t ion theory  (24), the  e lec t ron concentra t ion near  the  
e lect rode surface  is deple ted  at  the  potent ia ls  where  
the  space charge ba r r i e r  is present  at  the surface. Since 
an e lect ron t ransfe r  usua l ly  occurs via  the conduction 
or the valence band, i t  has to be t aken  into account 
how much the energy  states in the  semiconductor  over-  
lap wi th  the energy levels  of the redox couples in the 
melt .  The over lapping  is de te rmined  by  the posi t ion of 
the  redox potent ia l  r e la t ive  to the E~b. F o r  the couples 
under  s tudy,  the  over lapping  of the  corresponding en-  
e rgy  levels seems to be qui te  small  and consequent ly  
the exchange cur ren t  is expec ted  to be low on the t in 
oxide electrode.  

In  spite of this  predict ion,  however,  the redox couples 
examined  at  the  t in  oxide  e lect rode a re  revers ible ,  in-  
dicat ing that  the e lect ron t ransfe r  occurs by  tunnel ing 
th rough  the space charge ba r r i e r  of this h ighly  doped 
oxide electrode. The e lect ron tunnel ing process at  SnO2 
electrodes in aqueous systems has been presented  by  
El l iot t  et al. (25) and reexamined  by  MSllers and  
Memming (26). According to the  former  study,  the  
tunnel ing  cur ren t  prevai l s  when the car r ie r  concen- 
t ra t ion is l a rge r  than  3 X 101~ cm -~, and at  5.9 X l0 ~~ 
cm -3 the  space charge ba r r i e r  is comple te ly  t r ans -  
pa ren t  to electrons due to tunnel ing.  In  the  high t em-  
pe ra tu re  mel t  sys tem the observed car r ie r  concent ra-  
t ion becomes la rger  than  that  at  room tempera ture ,  
and the e lect rode surface does not  have an or iented 
solvat ion layer  as in  aqueous systems.  This s i tuat ion 
mus t  be more  favorable  to the  tunnel ing  process. I t  
may  be emphasized that  the h ighly  doped SnO2 elec-  
t rode in  the  mel t  is a m e t a l - l i k e  e lectrode in v iew of 

the h ighly  t r anspa ren t  na tu r e  to electrons,  whi l e  i t  
st i l l  has a character is t ic  in ter face  of the  semiconduc-  
to r - l iqu id  junction,  e.g., lower  background  currents  
due to the  smal ler  sp,ace charge capacit ies in compar i -  
son with  m e t a l - m e l t  interfaces.  
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ABSTRACT 

The impedance and phase angle of skin as functions of frequency were de-  
termined by Laplace  plane analysis  of the  t ime domain current resul t ing  
f rom an ex te rna l  vol tage per turba t ion .  Bode plots of these functions es tab-  
l ished a passive equiva len t  circuit  model  for skin  impedance  which  is val id  
over  a wide range of frequencies.  Typical  values  for the  model  circuit ele-  
ments  are  given for ten human subjects. 

The elect r ica l  p roper t ies  of any  biological  tissue 
depend on its intr insic  s t ruc ture  and, for  in vivo 
studies, on the funct ional  s tate of the  organism. For  
the  case of human  skin, the  impedance  can v a r y  wi th  
the thickness and mois ture  content  of the s t r a tum 
corneum, the concentra t ion and ac t iv i ty  of sweat  
glands, localized in jury ,  the  age of the  subject,  and 
env i ronmenta l  factors such as t empera tu re  and hu-  
midi ty .  Seasonal  and d iu rna l  var ia t ions  have been 
measured: For  example ,  the  d-c  resis tance of skin 
tends to increase  dur ing  sleep. Sho r t - t e rm  fluctuations 
are  the basis for var ious  moni tor ing  techniques,  in-  
cluding the e lect rocardiogram,  e lec t roencephalogram,  
and impedance  p le thysmography .  Changes in impe-  
dance are  also associated wi th  the psychological  s tate 
of the s u b j e c t  (1). 

Studies  of the  a -c  impedance  of biological  systems, 
inc luding human  skin, have genera l ly  involved di rec t  
measuremen t  of the impedance  and phase  angle as 
functions of the  f requency of the appl ied  vol tage  
or  cur ren t  (2-5). A n y  such measurement  over  a wide 
range  of f requencies  tends to be cumbersome and 
t ime-consuming.  Measurements  wi th  an impedance  
br idge  have  the addi t ional  d i sadvantage  tha t  some 
a priori assumptions  must  be made  regard ing  an equiv-  
a lent  c ircui t  for  the skin impedance.  Other  repor ts  
have  presented  approx imat ion  methods  for der iv ing  
the equiva lent  circuit  components  f rom the cur ren t  
response to a square  vol tage pulse input  (6, 7). Bur ton  
(8) appl ied  Bode analysis  to measurements  of the  
skin impedance  and phase  angle. By means of this 
method a passive equiva lent  circui t  can be synthesized 
for any  e lec t r ica l  "black box" f rom plots of its im-  
pedance and phase angle vs. frequency.  The only 
assumpt ion requ i red  is that  the system consists solely 
of passive l inear  lumped  circuit  e lements  (8, 9). Even 
though the resul t ing model  is not  necessar i ly  unique 
(8), i t  must  represen t  the  system accura te ly  in the 
f requency  range studied. 

By ex tending  this technique one step further ,  the  
ent i re  f requency spec t rum of any  system can be 
computed  by  app ly ing  a Laplace  t ransformat ion  to 
the cur ren t  response to an a r b i t r a r y  vol tage pe r -  
turbat ion,  thus e l imina t ing  the tedious process of 
p o i n t - b y - p o i n t  measurement  of the impedance  and 
phase angle. 

Method 
In o rder  to obta in  the impedance  of a sys tem as a 

funct ion of frequency,  the input  vol tage pe r tu rba t ion  
V(t )  and the resul t ing  cur ren t  l ( t )  must  be con- 
ver ted  f rom the t ime domain  (t)  to the complex 
f requency  domain (s).  This may  be accomplished by  
means  of a Laplace  t ransformat ion.  The t r ans fo rm 
F ( s )  of a t ime domain  function f ( t ) i s  defined as 

Key words: transient analysis, skin equivalent circuit, galvanic 
skin response, Laplace plane analysis. 

SO ~ F ( s )  = i ( t )  exp (--s t)dr [1] 

where s --  ~ -{- j~ denotes the complex f requency 
plane wi th  real  axis ~ and imag ina ry  axis  j~ (9-11). 
The in tegra t ion  (1) can be car r ied  out along e i ther  
t h e  real  or imag ina ry  axis of the  complex f requency  
plane.  Considering the rea l  axis (s --_ ~) 

o ~ F(~)  _-- ] ( t )  exp ( - - a t ) d r ,  a > 0  [2] 

This in tegra l  exists for any  converging function f ( t )  
exp ( - -~ t ) .  Per forming  real  axis t ransformat ions  on 
both V(t )  and I ( t ) ,  we can define the rea l  axis im-  
pedance of the system as 

Z ( ~ )  = V ( ~ ) / I ( ~ )  [3] 

The analogous imag ina ry  axis Laplace  t ransformat ion  
(s --  j~) is given by  

~O ~ F ( j ~ )  = ] ( t )  exp  ( - - j ~ t ) d t  [4] 

equivalent  to a one-s ided  Four ie r  t ransform.  The 
corresponding imag ina ry  axis impedance  funct ion is 

z ( j ~ )  = v ( j ~ ) / z ( j ~ )  [5] 

Z( j~ )  is a complex function wi th  a real  component  
ReZ(~)  and an imag ina ry  component  ImZ(~)  which  
define the phase angle  

r = tan- l [ ImZ(~)  /ReZ(~)  ] [6] 

A FORTRAN prog ram for both  real  and imag ina ry  
axis Laplace  t ransformat ions  has been developed by  
Pi l la  (10, 11). The input  da ta  are  points defining V( t ) ,  
an a r b i t r a r y  vol tage per turba t ion ,  and I ( t ) ,  the cur-  
rent  response of the system under  observat ion  f rom 
t ime t _-- 0 to the t ime at  which I( t)  reaches its d-c  
limit.  The p rog ram is wr i t t en  for a V(t )  which in-  
creases f rom zero to some final constant  value  and 
an I ( t )  r is ing from zero to a single m a x i m u m  before  
decreasing to its d-c  l imit .  We found tha t  the subject  
cur ren t  matched  these constraints.  The output  da ta  
include Z(~) ,  ReZ(~) ,  I m Z ( ~ ) ,  and r  as functions 
of f requency over  any r range. The highest  
a t t a inab le  f requency range  is p ropor t iona l  to the 
rec iprocal  of the smal les t  t ime af te r  t ~_ 0 at  which 
both V(t )  and I( t )  are  measurable .  The Laplace  
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t ransform method of obtaining these functions is 
pa r t i cu l a r ly  advantageous  in tha t  Z(~) and Z( j~)  
are  theore t ica l ly  independent  of the proper t ies  of the 
measur ing  electrodes,  p rovided  that  these are  as nea r ly  
ident ical  as possible (11). 

Experimental Procedure 
The vol tage  V( t ) ,  a pulse  wi th  a r ise t ime of 10 

#sec, a dura t ion  of 100 #sec, and a m a x i m u m  ampl i tude  
of 1V, was d isp layed  on one channel  of a Tek t ron ix  
564 dua l - t r ace  oscilloscope; the subject  cur ren t  I( t )  
was d isp layed  on the second channel  (see Fig. 1). 
P r e l i m i n a r y  studies ind ica ted  tha t  a pulse dura t ion  
of 100 #sec was sufficiently long to es tabl ish the d -c  
cur ren t  l imi t  for al l  subjects.  The in te rva l  was set 
at  1000 ~sec (10 t imes the pulse dura t ion)  th roughout  
the study. The resul t ing  d i sp lay  was adequate  for 
pho tography  at  sweep ra tes  s lower than  0.2 ~sec/cm. 
Af te r  the skin  has been cleaned wi th  90% ethanol  
and h y d r a t e d  wi th  dis t i l led  water ,  two 1 cm d iam 
ca rbon- impregna ted  conduc t ing- rubber  e lectrodes 
(modified LIDC electrodes,  Ri t te r  Company)  were  
appl ied  to the dorsal  surfaces of the hand and upper  
forearm, both in areas  devoid of cuts, abrasions,  or 
p igmented  moles. We found that  the  resul ts  obta ined  
wi th  these electrodes were  comparable  to those wi th  
meta l  electrodes,  wi th  the  advantages  of g rea te r  flex- 
ib i l i ty  and ease of applicat ion.  In  o rder  to s tudy the 
skin  in as physiological  a s tate as possible, no elec-  
t rode  pas te  was used. The ensuing oscilloscope d isp lay  
of V(t)  and I(t)  was photographed  for la ter  analysis ;  
typica l  curves are shown in Fig. 2. Severa l  exposures  
at  sweep speeds ranging  i rom 0.5 to 10 ~sec/cm were  
needed to obta in  sufficient da ta  for subsequent  m a t h -  
emat ica l  analysis.  This p rocedure  was repea ted  on a 
to ta l  of 10 volunteer  subjects.  

P U L S E  

GENERATOR 

_L_ 

Ro 

1 
I R I 
I I I 
I I S U B J E C T  
I i IMPEDANCE 

' f _1_, I 
IR z T c I 
i I 
I I 

Rm 

Fig. I. Potentiostatie circuit for the study of skin impedance. The 
power supply consisted of a Tacussel model PP, T-20-010-MOD 
potentiostat (A) with output impedance Ro, controlled by a model 
GSTP-10 pulse generator, applied to the subject. The voltage 
V(t), a pulse with o rise time of 10 ~sec and a duration of 100 
~csec, was displayed on one channel of o Tektronix 564 storage 
oscilloscope with a 3A6 dual-trace input and 3B4 time base. The 
subject current response I(t), proportional to the voltage across a 
smell series resistor Rm, was displayed an the second channel. 
The model shown for the subject is a standard equivalent circuit 
for the a-c impedance of human skin (1,3,6,8). 

Fig. 2. Typical response curves at 2 ~sec/cm. The upper trace is 
V(t) at 0.2 V/cm; the lower trace is I(t) at 5 ~A/cm. 

Points  defining V( t )  and I ( t ) ,  t aken  from the photo-  
graphs,  were  used as the  input  t ime domain  da ta  for 
rea l  and imag ina ry  axis Laplace  t ransformat ions  per -  
formed for each ind iv idua l  test  by  means of a FOR-  
TRAN program for numer ica l  in tegra t ion  (10, 11). 
To a t ta in  an upper  f requency l imi t  of 1 MHz, i t  was 
necessary to record  V(t)  and I(t)  f rom t = 0.1 ~sec, 
wi th  no more  than  a 10% var ia t ion  in e i ther  p a r a m -  
eter  be tween  successive da ta  points. These conditions 
requi red  50-70 such da ta  points  pe r  test. The output  
of the p rog ram included the phase angle and rea l  
and imag ina ry  components  of the impedance  as func-  
tions of f requency  (d-c  to 1 MHz).  

Results 
Analysis  of the  f requency  domain da ta  for  human  

skin resul t ing  f rom the rea l  and imag ina ry  axis La-  
place t ransformat ions  es tabl ished tha t  al l  of the  im-  
pedance vs. f requency curves were  of the same form, 
and could be descr ibed by  the rea l  impedance  funct ion 

Z( r  = R1 + 1 / (aC + 1/R~) [7] 

This corresponds to a s imple R-C circui t  (see Fig. 1) 
found by  Bur ton (8) to be an adequate  represen ta t ion  
of the skin impedance.  Similar ly ,  the  da ta  f rom the 
imag ina ry  axis t r ans format ion  y ie lded  the complex 
impedance  

Z(j~) = R~ + 1/(1/R2 + j~C) [8] 

Z( j~)  could be separa ted  into its real  and imag ina ry  
components  

and 
ReZ(~) = Rz -t- 1 / (~2C ~ + l/R22) [9] 

I m Z ( ~ )  = --wC/ (~C 2 + 1/Rz ~) [10] 

wi th  a phase angle  

r (~) = tan  -z  (~C/[1 + Rz (~2C~ + l iE2 ~) ] [11] 

Once the form of the equivalent circuit was estab- 
lished, it was not necessary to repeat the entire ana- 
lytical procedure for each individual test. When ana- 
lyzing large  volumes of data, the  model  circuit  com- 
ponents  (RI, R2, and C) could be der ived  f rom the 
appropr ia t e  low and high f requency l imits  of these 
functions (10, 11). These are  l isted in Table  I. 
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Table I. Low (R2~C < <  I) and high (R2~C > >  I) frequency 
limits of Z(~), ReZ(~), ImZ(~), and ta~ q~ (~) 

R~o~C << 1 lhr >> 1 

z(r R~ + R2 R~ + l/aC 
ReZ(~) R1 '+ R2 R1 + 1/R~2C ~ 
/mZ(m) --~CR~ --l/toO 
tan r -~oCR~/ (R~ + R~) - II~,CR~ 

In  this case, the low f requency l imi t  of both  Z(~) 
(~CR2 < <  1) and ReZ(~)  (~CR2 < <  1) is Rl + R2. 
j ImZ(~)  I vs.  ~ is a s t ra igh t  l ine th rough  the origin 
wi th  slope CR2 2. At  high frequencies  (aCR2 > >  1; 
(~CR2 > >  1) I ImZ(~)  I vs. 1/~ becomes a s t ra igh t  

l ine wi th  slope 1/C; Z(~)  and ReZ(~)  a re  l ines wi th  
in tercepts  R1 and slopes 1/C.  Sample  curves are  given 
in Fig. 3. Al l  the equiva lent  circui t  e lements  can be 

de te rmined  f rom the resul ts  of e i ther  t ransform:  it 
is not  necessary to the analysis  to pe r fo rm both rea l  
and imag ina ry  axis t ransforms.  

Values of R1, R2, C, and the min imum angle ~bmin 
for al l  10 subjects  a re  l is ted in Table II. These resul ts  
a re  compat ib le  wi th  those of ea r l i e r  studies. As noted 
b y  P lu tch ik  (4), the phase angle  appa ren t ly  va r ied  
much less be tween subjects  than  did the  other  p a r a m -  
eters  (see Table  I I ) .  The equiva lent  circui t  is va l id  
for a l l  ana tomica l  locations. The ac tua l  values  of the 
circui t  e lements  would, however ,  v a r y  wi th  locat ion 
for each individual .  For  example ,  the d-c  resis tance 
(Rl + R2) of the dorsum of the  hand  tends to be 
h igher  than  tha t  of the pa lm  (1). R2 represents  the 
d-c  resistance of the  s t r a tum corneum, p r o b a b l y  sep-  
a ra t ed  by  a discrete basal  cell  membrane  f rom the 
inner  t issue res is tance R1. An  in jury ,  such as a p in -  
prick,  resul ts  in a significant drop in the  measured  
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Fig. 3. Typical results of an imaginary axis Laplace transformation. (a) ReZ(~) vs. ~ and I ImZ(~) I vs. ~;  (b) ~ (~ )  vs. ~; (c) I 
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has slope 1 / C .  
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Table II. Mean values of R1, R2, C, and Cmin for each of 10 
subjects 

Sub- 
ject R I ( K ~ )  R ~ ( K g )  C ( p f )  C m J n ( d e g . )  

1 17.8 • 4.1 768 • 299 298 "4- 15.6 - 7 2 . 7  -~ 1.3 
2 2.06 • 0.08 15~ • 126 1730 --  226 - 75.3 • 6.0 
3 17.5 *- 0.6 292 ----- 34 252 • 2.8 -63.2 • 1.8 
4 2 9 . 9 •  561~- 50 1 6 5 •  - 6 4 . 6 + 1 . 4  
B 6.51 • 1.80 344 • 14 430 • 45 - 73.0 • 7.5 
6 6.19• 186•  720•  -69.7-----0.9 
7 6.72 • 0.40 224 • 28 177 ----- 15 -70.6 ----- 1.7 
8 212 • 2.1 1900 • 156 47.7 ----- 0.3 - 5 4 . 9  ----- 1.3 
9 199 -4- 15 2480 --  240 35.8 ---+ 4.6 - 5 9 . 5  • 0.3 

IO 5.89 ---+ 0.4 112 ----- 9.9 8~3 • 13 - 64.8 • 0.3 

d-c resistance in tha t  area, fol lowed by  a r e tu rn  to 
the normal  level  dur ing  healing. I t  is at  present  un-  
clear  whe ther  C is a s t ruc tura l  or  mere ly  a polar iza-  
tion capacitance.  If the former,  i t  could be de te rmined  
by  the dielectr ic  proper t ies  of skin  in conjunct ion 
with  the deta i led  s t ruc ture  of the epiclermis (1). 

Conclusion 
Data on the t ime domain cur ren t  response of human  

skin to an ex te rna l  vol tage pe r tu rba t ion  have been 
subjected to a Laplace  t ransformat ion,  y ie ld ing  the 
impedance  and phase angle  in the f requency domain.  
Subsequent  Bode analysis  of this da ta  provided  a 
s imple equiva lent  circui t  for skin impedance,  ident ical  
to a s tandard  model  for the s t eady-s ta te  impedance.  

This technique could be useful  for the s tudy of the 
f requency  response of any  biological  system which 
can be descr ibed by an equivalent  circuit  composed 
of passive, l inear,  and lumped  circui t  elements.  Pi l la  
(10) has noted the des i rabi l i ty  of au tomat ing  the 
da ta - r eco rd ing  process for this technique, i f  indeed 
this should prove  feasible,  the technique of f requency 
domain analysis  would  g rea t ly  extend the s tudy  of 

t rans ient  responses, at  present  l imited to moni tor ing  
of resis tance or potent ia l  levels.  
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On the Normal Oxygen Potential at a Platinum-Oxygen 
Alloy Diaphragm Electrode 

James P. Hoare* 

General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

P la t inum foil e lectrodes were  c lamped be tween  the compar tments  of a 
dual  Teflon cell. The rest  potent ia l  on the front  side of the Pt  d i aphragm in 
contact  wi th  O2-saturated 2N H2SO4 solut ion was observed whi le  the back 
side was in contact  wi th  aerated,  concentra ted  HNO~. A value  of 1.227V was 
observed on a P t  foil 0.00127 cm thick af ter  54 hr  in contact  wi th  HNOs and 
1.221V on a foil 0.00762 cm thick af ter  358 hr. This is the first t ime that  the  
revers ib le  potent ia l  has been repor ted  on a p re reduced  Pt  surface. The th ick-  
ness effect is in agreement  wi th  the proposed model. 

I t  has been shown (1) tha t  the rest  potent ia l  on 
a Pt/O2 elect rode is a mixed  potent ia l  and the local 
cell  is composed of the cathodic reduct ion of O2 

02 + 4H + -~ 4 e ~  2H20 [1] 

and the anodic oxida t ion  of P t  

P t  -t- H20 ~ P t -O  + 2H + + 2e [2] 

Since Pt  is not iner t  to oxygen,  the es tabl ishment  of 
the local cell prevents  the potent ia l  f rom rising to 
the revers ib le  value  of 1.229V. A s teady s tate  is reached 

* Electrochemical  Society Active Member. 
K e y  w o r d s :  o x y g e n  e l e c t r o d e ,  n o r m a l  o x y g e n  p o t e n t i a l ,  p l a t i .  

n u m - o x y g e n  a l loy ,  rest potential,  p l a t i n u m  d i a p h r a g m .  

when the ra te  of format ion  of the adsorbed oxygen  
layer ,  Pt-O,  by local cell act ion equals the ra te  of 
dissolution of oxygen  in the Pt  meta l  most l ike ly  by  
a p lace -change  mechanism (2, 3) 

P t - P t - O  ~ P t - O - P t  [3] 

At  this point, the coverage, e, of the surface wi th  
adsorbed oxygen is about  0.3 and the rest  potent ia l  
has a value  of 1.05 • 0.01V (1). There  is abundan t  
l i t e ra tu re  (4-9) indicat ing that  oxygen can dissolve 
in P t  metal .  

To observe the normal  oxygen potent ia l  (1.229V), 
it  is necessary to suppress the local cell action. One 
way  to do this is to genera te  a complete,  conduct ing 
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layer  of adsorbed oxygen by oxidizing the Pt  surface 
either thermal ly  (10-14) or chemically (15-17). In  
such cases the reversible oxygen potent ial  has been 
observed. However, it has not been observed on a 
prereduced Pt surface. 

In  another  method, the reversible potential  on a 
prereduced Pt  electrode should be observed if the 
Pt  metal  were saturated with dissolved oxygen so 
that  the Pt -O layer could no longer dissolve in the 
metal. Under  these circumstances, the Pt -O layer 
would grow to a complete conducting layer  and the 
rest potent ial  would be determined by Eq. [1] alone. 

It  has been found (1, 4, 18-20) that  significant 
amounts  of oxygen may be dissolved in Pt  which has 
been strongly anodized. A P t  diaphragm prereduced 
in  H2 was placed in  contact with 1M H2SO4 solution 
on both sides in a dual  Teflon cell (18). While the 
back side of the Pt  foil was anodized, the rest poten-  
tial in  O,~-saturated acid solution was monitored on 
the front  side. After an induct ion period, the rest 
potential  reached a value of 1.180V, the highest po- 
tent ial  (to my  knowledge) reported in the l i terature 
on a prereduced Pt/Oe electrode at rest. 

Not only does the passivation of Pt  in concentrated 
HNO~ produce a complete layer of adsorbed oxygen 
on the Pt  surface, but  also it causes large amounts  
of oxygen to be dissolved in  the bulk  metal  (15, 17, 
20). Prompted by the reports of the behavior  of hydro-  
gen adsorption on and dissolution in  Pt  samples with 
stepped surfaces carried out by Lang, Joyner,  and 
Somerjai  (21), we proposed (20) that  the HNO3 
etched the Pt  surface in such a way that  crystal faces 
favorable for the dissolution of oxygen were exposed. 

In  the dual  Teflon cell (18), if the back side of a 
Pt  d iaphragm is exposed to air-saturated,  concen- 
trated HNO~ while the rest potential  on the front 
side is observed in O2-saturated H2SO4 solution, it is 
expected, then, that  rest potentials approaching the 
normal  oxygen potential  (1.229V) would be observed. 
This report  describes the results of such an invest iga-  
tion. 

Experimental 
Four  thicknesses (0.00127, 0.00254, 0.00508, and 

0.00762 cm) of Pt  foil (99.99% pure and about 3 cm s 
in area) were prepared and clamped between the 
compartments  of a dual  Teflon cell as described pre-  
viously (18). Testing for leaks around and through 
the Pt  d iaphragm sealed with polyethylene washers, 
filling t h e  cells with 2N H2SO4 solution, and purifica- 
t ion of the system were carried out according to pro- 
cedures presented in detail elsewhere (18). 

After  the system was preelectrolyzed for at least 
48 hr, prepurified He was bubbled through both com- 
par tments  of the dual cell unt i l  all Pt  electrodes 
registered 0V between one another. Then, a saturated 
calomel reference electrode (SCE) was inserted in  
the left compar tment  and the potential  differences 
between the SCE and the Pt/H2 electrodes were re- 
corded. 

The acid solution was removed from the right side 
with a syringe and replaced with air-saturated,  con- 
centrated HNO8 exposed to the atmosphere. The Ha 
st i r r ing of the left side was then replaced with pre-  
purified O2 st i r r ing and the rest potential  of the front  
side of the Pt  ioil was followed with respect to the 
SCE. All potential  values are recorded in  this report  
with respect to the normal  hydrogen electrode (NHE). 
The potential  of the Pt  gauze auxi l iary  electrode 
was also followed in  the le f t -hand compartment  in  
O2-stirred 2N H2SO4 solution. 

The part ial  pressure of oxygen, Po2, determinat ions 
and the potential  measurement  techniques have been 
described in detail in an earlier report  (1). All mea-  
surements  were obtained at ambient  temperature,  24 ~ 
-4- l~ Most experiments  were made on the thinnest  
and thickest Pt  samples with shorter runs taken on 

the two samples of intermediate  thickness to complete 
the thickness effect data. 

Results 
A plot of the rest potential on the f ront  side of a 

Pt diaphragm in O2-saturated 2N H2SO4 solution as 
a funct ion of the t ime for which the back side w a s  
in contact with air-saturated,  concentrated HNO3 is 
presented in Fig. 1 for short and in Fig. 2 for extended 
periods of time. Also shown in Fig. 2 is a plot of the 
rest potential  of the Pt  gauze auxi l iary  electrodes in 
the lef t -hand compartment  as a funct ion of time, 
showing that these electrodes behaved in the usual  
way characteristically determined by the local cell 
(Eq. [1] and [2]). 

To check on the na ture  of the potent ia l -de termining  
reaction, the rest potential  is plotted in  Fig. 3 as a 
function of Po2. A line with a slope of 0.015V is d rawn 
on the plot to show that the data are consistent with 
a four-electron electrode process involving oxygen. 
After the rest potential  had reached the reversible 
oxygen potential, 1.227V on the 0.00127 cm thick foil 
after 54 hr and 1.221V on the 0.00762 cm thick foil 
after 358 hr the Oa st irr ing was replaced with Ha 
stirring. Within 700 sec, the potentia ! of the front side 
of the Pt  foil and of the two Pt gauze auxi l iary  elec- 
trodes had reached the same potential  vs. SCE as 
were observed at the beginning of the run. The three 
Pt  potentials agreed wi th in  a millivolt.  When Ha w a s  
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Fig. 1. Rest potential on front of Pt diaphragm in O~-saturated 
2N H2SO4 solution as a function of the time the back side of the 
diaphragm was in contact with air-saturated, concentrated HNO~ 
for 0.00127 (circles); 0.00254 (triangles); 0.00508 (inverted tri- 
angles); and 0.00762 cm (squares) thick foil. 
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Fig. 2. Same as Fig. 1 for extended periods of time. Also shown is 
potential of auxiliary Pt gauze electrode (filled circles). 
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Fig. 3. A plot of the rest potential as a function of log of Po2 on 
the front side of the Pt diaphragm electrode. A line with a slope 
of 0.015V is drawn on the plot to show that the data is consistent 
with a four-electron oxygen reaction. 

replaced with 02 st i rr ing once more, the potential  
approached the reversible value at a rate similar to 
that  shown in Fig. 2. Apparent ly ,  the H2-saturated 
acid solution not only removed the adsorbed oxygen 
layer but  also some of the dermasorbed or dissolved 
oxygen as well. 

After the cell was dismantled, it was observed that  
the Pt  foil in the region enclosed by the polyethylene 
washers was bulged toward the compar tment  contain-  
ing the HNO3. A similar observation was recorded 
in  Fig. 2 of Ref. (19), where the back side of the Pt  
d iaphragm had been strongly anodized. The Pt  sample 
was then analyzed with x - r ay  photoelectron spectros- 
copy (XPS).  From a depth profile obtained by ion- 
sput ter ing away layers of metal, dissolved oxygen 
was detected in the bulk metal. In passing, it was 
noted that  n i t rogen or nitrates were not detected on 
the surface or in the bulk  metal. 

Discussion 
By etching the back side of the Pt  diaphragm with 

HNO3, it is possible to charge the Pt with dissolved 
oxygen to such an extent  that  a Pt -O alloy is formed 
(17, 22). Expansion of the lattice by the dissolved 
oxygen caused the Pt  foil to buckle. Since the Pt  
layers next  to the HNO8 would be charged first, the 
lattice in these layers would expand first, causing the 
foil to bow toward the HNO3 compar tment  of the 
cell in agreement  with the exper imental  observations. 

On the front side of the Pt diaphragm, the local 
cell (Eq. [1] and [2]) produces a part ial  layer  of 
adsorbed oxygen (Pt-O) .  As the Pt  foil becomes 
saturated with dissolved oxygen caused by contact 
with the aerated HNO3 on the back side, the adsorbed 
oxygen on the f ront  side can no longer dissolve in  
the Pt  metal  and the Pt -O layer grows. It is well 
known (4, 17, 23-29) that  the rest potential  of a Pt/O2 
electrode increases l inear ly  with increasing coverage 
of the surface with dissolved oxygen. When 0 ap-  
proaches a monolayer,  the potential  approaches the 
reversible potent ial  (17), 1.227V on the 0.00127 cm 
thick foil after 54 hr and 1.221V on the 0.00762 cm 
thick foil after 358 hr. To my knowledge, this is the 
first time that  the normal  oxygen potential  has been 
observed on a prereduced Pt electrode in  O2-saturated 
acid solution. 

From the data in Fig. 1 and 2, there is observed 
an effect of diaphragm thickness on the time required 
to approach the normal  oxygen potential. The follow- 
ing model assists in unders tanding  this behavior. 

If S is the total number  of O-penetra t ion sites on 
the Pt  surface on the back side of the foil, ~ = S /A 
where r is the surface density of active sites and A 
is the surface area. Let dp/d t  be the rate of penet ra-  

80  

t ion of O atoms per second at an active site. Then, 
the rate, R, at which O atoms enter  the bulk  metal  
(cm -2 sec -1) is R : adp/dt.  If Z is the total number  
of residence sites for dissolved O atoms in the bulk 
,metal, the density of sites, ~, is ~' ---- Z / V  where V 
is the volume of the Pt  foil. Assuming that the surface 
penetra t ion step (Eq. [3]) is the slow step in the 
process, the time, t~, required to saturate a un i t  of 
thickness of the bulk  metal  with dissolved oxygen 
atoms is 

~ dt 
ts = , = ---- [4] 

R ~r dp 

TO saturate the total sample requires tsd sec where d 
is the thickness of the diaphragm 

t t  -= t sd  -- (~/~) (d t /dp)  (d) [5] 

Equation 4 shows that  the t ime to saturate the Pt  
sample with dissolved oxygen is inversely propor-  
t ional to the rate at which O atoms penetrate  the 
metal  surface, and to the ratio of the density of surface 
active sites to the density of bulk residence sites. 

Since all of the foils were made from Pt prepared 
and treated in the same way, the rate of penetra t ion 
of O atoms through the Pt surface should be constant 
from sample to sample to a first approximation.  If it 
is assumed that a surface penet ra t ion  site is a bu lk  
residence site at the surface and that  the dis tr ibut ion 
of bulk  sites is uniform throughout  the metal  samples, 
then ~ and ~ are also constant from sample to sample. 
Under  these conditions, tt ~ d. 

According to the model presented before (18), 8 
approaches un i ty  and the rest potential  approaches 
1.229V as the Pt  sample approaches saturat ion with 
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Fig. 4. Time required to reach a potential of 1.15V on the front 
side of the Pt diaphragm as a function of diaphragm thickness. 
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dissolved oxygen.  Consequently,  i t  is e x p e c t e d  tha t  
the t ime requ i red  to reach  a given potent ia l  increases 
d i rec t ly  wi th  increas ing foil thickness.  In  Fig. 4, 
the t ime requ i red  to reach  1.150V is plot ted as a 
funct ion of the  thickness of the Pt  d iaphragm.  These 
da ta  exhib i t  the expected l inear  re la t ionship  be tween  
t ime and thickness. Also, af ter  a given per iod of 
t ime has elapsed, the  rest  potent ia l  reached is in-  
verse ly  p ropor t iona l  to the d i aph ragm thickness as 
demons t ra ted  by  the l inear  plot  of the rest  potent ia l  
value  observed af te r  1 hr  as a function of the rec ip-  
rocal  of the  Pt  foil  thickness in Fig. 5. 

What  the na ture  of the bu lk  residence sites is is 
not c lear  at  this t ime. Ear l ie r  work  (20) indicates  
tha t  dissolved oxygen  m a y  reside in the gra in  bound-  
ar ies  as wel l  as in the p l a t inum lattice. Possibly  the 
sites in the la t t ice  are  associated wi th  the oc tahedra l  
holes in the  face-cen te red  cubic lattice. Etching the 
Pt  surface wi th  HNO~ appa ren t ly  exposes high index 
crys ta l  faces which  faci l i ta te  the  passage of oxygen 
to the bu lk  res idence sites a f te r  the p lace-change  
step (Eq. [3] ) has t aken  place. 

Since oxygen was found in the in ter ior  of the Pt  
samples  f rom X P S  depth-prof i le  analyses,  since Po2 
measurements  of the  rest  potent ia l  indicate  that  a 
four -e lec t ron  oxygen react ion is potent ia l  de t e rmin -  
ing, and since this high rest  potent ia l  can be conver ted 
to the H2 potent ia l  by  t r ea tmen t  wi th  H2-sa tura ted  
acid solut ion and subsequent ly  recovered  by t r ea t -  
ment  wi th  O2-saturated acid solut ion again, s t rong 
suppor t  for the proposed (1, 18, 20) model  of the 
Pt /O2 elect rode at  rest  is p rovided  by  these da ta  
presented  in this report .  

Acknowledgments 
The author  wishes to express  his s incere gra t i tude  

to Mr. T. P. Schre iber  and Dr. S. Gaarens t room of 

A 
> 

bJ  
" I -  

z 
I.O 

~ O . 8  

i 

1.2 

I I 
0 4. 8 

d" (cm'l x 10 5 ) 

Fig. 5. Rest potential obtained on the front side of the Pt dia- 
phragm electrode after the back side of the diaphragm had been 
in contact with HNO8 for 1 hr as a function of the reciprocal of the 
thickness of the Pt foil. 

the Analy t ica l  Chemis t ry  Depa r tmen t  of GM Research 
Labora tor ies  for ca r ry ing  out  the XPS  analyses  on 
the Pt  samples  and to Mr. J. D. Thomas and Mr. D. W. 
Hardes ty  of the Elec t rochemis t ry  Depa r tmen t  of GM 
Research Labora tor ies  for helpful  discussions. 

Manuscr ip t  submi t ted  Oct. 31, 1977. This was Pape r  
546 presented  at the Seatt le ,  Washington,  Meet ing of 
the Society, May 21-26, 1978. 

Any  discussion of this pape r  wi l l  appea r  in a Discus- 
sion Section to be publ ished in the  June  1979 JOURNAL. 
All  discussions for the  June  1979 Discussion SectiOn 
should be submi t ted  by  Feb. 1, 1979. 

Publication costs of this article were assisted by 
General Mo,tors Research Laboratories. 

REFERENCES 
1. J. P. Hoare, J. Phys. Chem., 79, 2175 (1975). 
2. N. Sato and M. Cohen, This Journal, 111, 512 

(1964). 
3. B. E. Conway and S. Gottesfeld,  J. Chem. Soc., 

Faraday Trans. I, 69, 1090 (1973). 
4. R. Thacker  and J. P. Hoare,  J. Electroanal. Chem. 

Interracial Electrochem., 30, 1 (1971). 
5. T. V. Kal i sh  and R. Kh. Burshtein,  Dokl. Akad. 

Nauk SSSR, 81, 1093 (1951) ; 88, 863 (1953). 
6. A. D. Obrucheva,  Zh. Fiz. Khim, 26, 1448 (1952). 
7. P. R. Nadebaum and T. Z. Fahidy,  Electrochim. 

Acta, 17, 1659 (1972). 
8. J. Balej  and O. Spalek,  Czech. Chem. Comm., 37, 

499 (1972): 38, 29 (1973). 
9. H. Shimizu, Electrochim. Acta, 14, 55 (1969). 

10. J. O'M. Bockris and A. K. M. S. ~uq, Proc. Roy. 
Soc., A237, 277 (1956). 

11. W. Visscher and M. A. V. Devanathan, J. Electro- 
anal. Chem., 8, 127 (1964). 

12. N. Watanabe and M. A. V. Devanathan, This Jour- 
nal, 111, 615 (1964). 

13. G. Bianchi and T. Muzzini, Electrochim. Acta, 10, 
445 (1965). 

14. R. Kh. Burshtein,  M. R. Tarasevich,  and V. A. 
Bogdonovskaya,  Electrokhimya, 8, 1542 (1972). 

15. J. P. I-Ioare, This Journal, 110, 1019 (1963); 112, 
849 (1965). 

16. R. Thacker  and J. P. Hoare, ibid., 113, 862 (1966). 
17. J. P. Hoare,  R. Thacker,  and C. R. Wiese, J. Electro- 

anal. Chem. Interracial Electrochem., 30, 15 
(1971). 

18. J. P. Hoare,  This Journal, 121, 872 (1974). 
19. J. P. Hoare, Electrochim. Acta, 20, 267 (1975). 
20. J. P. Hoare,  R. F. Paluch, and S. G. Meibuhr ,  

This Journal, 123, 1821 (1976). 
21. B. Lang, R. W. Joyner ,  and G. A. Somerjai ,  Surf. 

Sci., 30, 440, 454 (1972). 
22. J. P. Hoare,  S. G. Meibuhr,  and R. Thacker ,  This 

Journal, 113, 1078 (1966). 
23. V. So Bagotski i  and I. E. Yablakova,  Zh. Fiz. Khim., 

27, 1663 (1953); Dokl. Akad. Nauk SSSR, 85, 559 
(1952). 

24. M. Becker  and M. Breiter ,  Z. Elektrochem., 60, 1080 
(1956). 

25. T. Biegler,  D. A. J. Rand, and R. Woods, J. Electro- 
anat. Chem. Interracial Electrochem., 29, 269 
(1971). 

26. A. N. F r u m k i n  and V. V. Sobol, Dokl. Akad. Nauk 
SSSR, 141, 917 (1961). 

27. D. Gi l roy  and B. E. Conway, Can. J. Chem., 46, 875 
(1968). 

28. K. J. Vet ter  and D. Berndt ,  Z. Elektrochem., 62, 
378 (1958). 

29. H. Wrob lowa  et al., J. Electroanal. Chem. Inter- 
~acial Electrochem., 15, 139 (1967). 



The Application of Pulsed Current Electrolysis 
to a Rotating-Disk Electrode System 

I. Mass Transfer 
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ABSTRACT 

A numerical solution was obtained for mass transfer to a rotating-disk 
electrode under pulsed current conditions. Good agreement was reached 
on the calculation of rate of mass transfer between the numerical solution 
and the solution by Cheh from a simplified diffusion model. The concept of a 
pulsating diffusion layer was introduced and it was shown that the thickness 
of the pulsating diffusion layer was a function of the pulsed current char- 
acteristics as well as the Reynolds and Schmidt numDers of the system. 
Experimental verification of the theoretical results was obtained by using a 
model ferri-ferrocyanide electrolysis. 

The application of pulsed-current  electrolysis to 
practical systems has generated a considerable amount  
of interest  dur ing  the past several years. For instance, 
pulsed electrodeposition of copper, silver, and gold 
was reported by Cheh and co-workers (1-3). Sul l ivan  
(4) and Chen and Saut ter  (5) deposited cobalt under  
pulsed current  con6itions. More recently, Ibl et at. (6) 
studied the effect of pulsed electrolysis on the physical 
properties of electrodeposits. Pulsed electrolysis was 
also used in bat tery  charging by Wagner  and Williams 
(7) and by Bedrossian and Cheh (8). 

Theoretical considerations of pulsed electrolysis were 
also reported in  the recent l i terature.  Cheh (9, 10) 
developed a simple diffusion model to calculate the 
rate of electrodeposition by a pulsed current  and by a 
periodic reversal  of the current.  P o p o v e t  at. (11) 
studied mass t ransfer  under  pulsed potential  condi- 
tions in  both stirred and unst i r red solutions. Wan et al. 
(12) analyzed the application of pulsed techniques to 
sequential  electron t ransfer  reactions. 

One of the most impor tant  advantages of pulsed 
electrolysis is the enhancement  of mass transfer dur -  
ing the on period of the pulse cycle. Therefore, under  
suitable conditions, high instantaneous current  den-  
sity can be obtained without the ini t ia t ion of a second 
and perhaps undesirable reaction. Also, since mass 
t ransfer  l imitat ions can very effectively be reduced, 
pulsed current  electrolysis can in principle be de- 
veloped into a new tool to study fast electrode reac- 
tions. In  order to obtain quant i ta t ive kinetic informa-  
t ion on fast electrode reactions, it is essential that  
mass t ransfer  rates be calculated exactly. An exact 
solution to both mass t ransfer  and electrochemical 
kinetics in a stirred system under  pulsed conditions is 
very difficult to obtain. On the other hand, the prob- 
lem could be simplified considerably if the diffusion 
model developed by Cheh (9) can be used with con- 
fidence to account for mass t ransfer  effects. In this 
paper, a rigorous theoretical calculation as well as an 
experimental  invest igat ion on the mass t ransfer  rates 
to a rota t ing-disk electrode system is presented. A 
kinetic study of fast electrode reactions by pulsed cur- 
rent  electrolysis is presented in a subsequent  paper 
(see Editor's Note, p. 1775). 

Theoretical 
Assume that a rotat ing-disk electrode (RDE) is 

situated in  an electrolyte of large extent  and the elec- 
trode is rotat ing at a constant velocity. Both the radius 

* Electrochemical Society Student Member. 
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transfer, 

of the RDE and the distance between the RDE and 
the counterelectrode are large as compared to the 
thickness of the Nernst  diffusion layer. The number  
of coulombs passed dur ing  an exper iment  is assumed 
to be so small that  the depletion of the reacting species 
in the solution can be neglected. An excess of sup- 
porting electrolyte is present  so that electrical migra-  
tion and nonfaradaic effects are negligible. Finally,  the 
Schmidt number  of the solution is orders of magni tude  
larger than uni ty  so that the diffusion layer is thin as 
compared to the momen tum boundary  layer. Under  
these conditions, the concentrat ion of the reacting 
species is governed by the following convective diffu- 
sion equation 

Oc 0c 02e 
+ v z - -  - -  D , [1]  

at az Oz 2 

with the following boundary  conditions 

c _-- c~ at t = 0 and all z [2] 

c -- c| at t > 0 and z--> oo [3] 

Oc i 
--D -- at t > 0 and z -- 0 [4] 

Oz nF 

where c is the concentrat ion of the reacting ion, c~ is 
its concentrat ion in  the bu lk  of the solution, D is the 
diffusion coefficient of the reacting ion, F is Faraday 's  
constant, i is the applied current  density, n is the 
number  of electrons t ransferred dur ing reaction, t is 
time, Vz is the axial component of the velocity, and z 
is the axial coordinate extending from the electrode 
surface. 

The form of the pulsed current  is shown schemati-  
cally in  Fig. I. Consequently,  the pulsed current  den-  
sity in Eq. [4] can be expressed as  

i = ip at 0 < t ---~ tl, t2 < t ~ t3, etc. [5] 

i -- 0 at tl < t ~ t2, t3 < t ~ t4, etc. [6] 

where ip is the pulsed current density and tn is de- 
fined in Fig. 1. Note that one may also consider that 
the current is on when tm-1 < t ~ tm and the current 
is off when tm< t ~ tm+l where m is an odd number. 

Before one proceeds to solve Eq. [l] subject to 
boundary conditions, Eq. [2]-[6], it is useful to put 
these equations into dimensionless form. Let 

C ip8 Vz8 3 
C = - - ,  G - -  - - - ,  K - -  [73 

c| nFDc| z2D 
and 

Dt z 
=~, and ~ = - -  [8] 
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Fig. 1. Schematic diagr.m of a p-lsed r  

efc. 

w h e r e  5 is t h e  N e r n s t  d i f fus ion  l a y e r  t h i c k n e s s .  T h e  
d i m e n s i o n l e s s  e q u a t i o n  a n d  t h e  b o u n d a r y  c o n d i t i o n s  
a r e  

aC 0C 02C 
- -  - K F  = [9]  

0~ 0~ 0~ 2 
a n d  

C ---- 1 a t  ~ = 0 a n d  a l l  ~ [10] 

C : 1 a t  �9 > 0 a n d  ;--> oo [ l l J  

[12] 
0C 

- - = G  

0C 
- - - - ' 0  

where 

a t  ~ = O a n d  0 < T ~ T1, T~ < T ~ T3, e t c .  

a t  ~ = 0 and TI < �9 ~ T2, T3 < T ~ ~4, etc.  [13] 

Dtn 
~n = [14] 

5~ 
B y  s u b s t i t u t i n g  i n to  t h e  de f in i t i on  of  K t h e  a p p r o x i -  
m a t e  v e l o c i t y  a t  s m a l l  v a l u e s  of  ~ (13) 

Vz = - -  0 . 5102  ( ~ 3 / v )  1/2z2 [ 15] 

a n d  t h e  t h i c k n e s s  of t h e  N e r n s t  d i f fus ion  l a y e r  a t  l a r g e  
S c h m i d t  n u m b e r  (13) 

(D)1/3  ( v ) 1/2 
5 : 1.612 -~- .~. : 1 .612RSc-~ /aRe-1 /2  

[16] 

w h e r e  ,~ is t h e  r o t a t i o n  s p e e d  of t h e  e l ec t rode ,  v is t h e  
k i n e m a t i c  v i s c o s i t y  of t h e  e l e c t r o l y t e ,  R is t h e  r a d i u s  
of t h e  e l ec t rode ,  Sc is t h e  S c h m i d t  n u m b e r ,  a n d  R e  is 
t h e  R e y n o l d s  n u m b e r ,  K is f o u n d  to b e  a c o n s t a n t ,  
2.136, i n d e p e n d e n t  of  t h e  p h y s i c a l  p r o p e r t i e s  of  t h e  
e l e c t r o l y t e  as w e l l  as t h e  r o t a t i o n  s p e e d  of t h e  elec-. 
t rode .  

A n  e x a c t  s o l u t i o n  i n  c losed  f o r m  of Eq.  [9] w i t h  
b o u n d a r y  cond i t i ons ,  Eq. [ 10 ] - [13 ]  is e x t r e m e l y  diffi- 
cu l t  i f  no t  imposs i b l e .  F o r  n u m e r i c a l  s o l u t i o n  i n  t e r m s  
of a s e r i e s ,  t h e  b o u n d a r y  c o n d i t i o n  Eq.  [11],  m a y  b e  
mod i f i ed  as  f o l l ow s  

C=I a t e > 0  a n d  ~ - - 2  [17] 

T h e  j u s t i f i c a t i o n  of t h i s  m o d i f i c a t i o n  w as  s u g g e s t e d  b y  
R i d d i f o r d  (14) .  I t  a p p e a r s  t h a t  a c h a n g e  of t h e  u p p e r  
l i m i t  of  i n t e g r a t i o n  f r o m  i n f i n i t y  to a f in i te  v a l u e  of  2 
h a s  l i t l e  effect  i n  c h a n g i n g  t h e  n u m e r i c a l  r e s u l t s  of t h e  
so lu t ion .  F o r  i n s t a n c e ,  e v e n  a t  t h e  e x t r e m e  c o n d i t i o n  
of  p e r f o r m i n g  a d - c  e l e c t r o l y s i s  a t  l i m i t i n g  c u r r e n t  
d e n s i t y ,  t h e  d i m e n s i o n l e s s  c o n c e n t r a t i o n  r e a c h e s  a 
v a l u e  e x c e e d i n g  0.9995 a t  ~ ---- 2. 

A se r i e s  s o l u t i o n  of Eq.  [9] is p r o p o s e d  as f o l l ows  

C(T,~) -- ~ CnRn(~) exp (--~n~T) [18] 
~=0 

where ~n is the eigenvalue and Cn is the coefficient of 
the infinite series. The solution corresponding to ~n 
= 0 satisfies the inhomogeneous part  of the boundary 
conditions, Eq. [12] and [17]. It  can be derived easily 
as  

f Ro=I--G+G exp --T da [19] 

N o t e  t h a t  Re r e p r e s e n t s  p h y s i c a l l y  t h e  s t e a d y - s t a t e  d - c  
so lu t ion .  

T h e  s o l u t i o n  c o r r e s p o n d i n g  to ~n # 0 is c o n s i d e r a b l y  
m o r e  diff icul t  to ob t a in .  A c o m b i n a t i o n  of  a n  a s y m p -  
to t i c  m e t h o d  a n d  a t r i a l - a n d - e r r o r  m e t h o d  u s i n g  a 
f o u r t h - o r d e r  R u n g e - K u t t a  t e c h n i q u e  w a s  u s e d  to o b -  
t a i n  t h e  f irst  f o r t y  se r i e s  coeff ic ients  a n d  e i g e n v a l u e s .  
De ta i l s  of t he  c a l c u l a t i o n s  a re  p r e s e n t e d  in  t h e  a p -  
p e n d i x  a n d  t h e  r e s u l t s  a r e  s h o w n  i n  T a b l e  I. 

F r o m  a k n o w l e d g e  of  t h e s e  coeff ic ients  a n d  e i g e n -  
va lues ,  t h e  c o n c e n t r a t i o n  of t h e  r e a c t i n g  spec ies  a t  
t h e  e l e c t r o d e  su r f ace ,  ci, c a n  b e  c a l c u l a t e d  b y  

ci 
, = 1 - -  G + Cn e x p  ( - -~n2~)  

C= n=l 
[20] 

F o l l o w i n g  t h e  s a m e  a p p r o a c h  b y  C h e h  (9) ,  t h e  v a l u e  
of ci a t  i t s  p e r i o d i c  s t a t e  a n d  t h e  r a t i o  of t h e  l i m i t i n g  
c u r r e n t  d e n s i t y  u n d e r  p u l s e d  a n d  d - c  c o n d i t i o n s  can  
b e  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  e q u a t i o n s .  

D u r i n g  p e r i o d s  w h e n  t h e  c u r r e n t  is on, ~m-1 < T 
Tra 

(ci --  c ~ ) n F D  ~ Cn 
= 1 --  X-I 

ip5 n=l G 

(1 - -  e x p  [--;,n~(T~ --  ~1)])  
e x p  [--~a2(T --  Tm-1)]  

[1 --  e x p  (--En2~c)] 
[21] 

D u r i n g  p e r i o d s  w h e n  t h e  c u r r e n t  is off, ~m < �9 --~ 
Tm+l  

Table 1. First forty coefficients and eigenvalues for Eq. [18] 

Coefficients Eigenvalues 
n Cn/G ~kn 

1 0.744020 1.435674 
2 0 093243 3.160804 
3 0.043258 4.578392 
4 0.024912 6.060823 
5 0.017566 7.468973 
6 0.011433 8.969811 
7 0.009296 10.490975 
8 0.006356 12.024936 
9 0.005717 13.567368 

10 0.003981 15.115674 
11 0.003870 16.668209 
12 0.002700 18 223888 
13 0.002799 19.781966 
14 0.001937 21.341916 
lS 0.002124 22.903354 
16 0.001448 24.465993 
17 0.001671 26 029617 
18 0.001118 27.594058 
19 0.001352 29.159183 
20 0.060884 30.724689 
21 0.001119 32.291090 
22 9.000714 33.857717 
23 0.000944 35.424714 
24 0.000586 36.$92034 
25 0.000808 38.559637 
26 0.000488 49.127490 
27 0.000701 41.695565 
26 0.000411 42 263838 
29 0.000615 44.832288 
36 0.009349 46.400896 
31 9.000544 47.969648 
32 0.000300 49.538529 
33 0.000486 51.107528 
34 0.000259 52.676635 
35 0.000437 54 245839 
36 0.900225 55.815133 
37 0.000395 57.384509 
38 0.000197 58.953961 
39 0.000360 60.523462 
40 0.000173 62.093068 
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a o  

(ci --  c=) nFD ~f Cn 
x-w 

i p 5  n = l  G 

e x p  (__~.n2(~ _ ~m)) 

and 

(~,)i 

[1 - -  e x p  (--~.n2zl)] 

[1 - - e x p  (--~n2Tc)] 

1 

[22] 

(idc)l = 
~ .  Cn [ e x p  ( - -kn2ZZ) - -  e x p  ( - -Zn2Tc) ]  

1 .i,m,,? 
n=l G [1 -- e x p  (--~,n2~c)] 

[23]  

where  (/~)i and (id~)i are  the  l imi t ing  cur ren t  den-  
sit ies under  pulsed and d -c  condit ions and ~c is the 
dimensionless  cycle time. The rat io of the two l imit ing 
current  densi t ies  as der ived  by  Cheh (9) f rom a 
diffusion model  is expressed as 

(ip)i 1 

(idc)l 

where  

oo 

1 - - 2 ~  1 
n = l  P'n 2 

[exp (--~n2T1) --  exp (-- /~n2Tc)]  

[ l - - e x p  ( - -#n2~c ) ]  
[24] 

~n= ( 2 n - -  1 ) - -  [25] 
2 

A numer ica l  compar ison of the l imi t ing -cu r ren t  
ra t ios  pred ic ted  by  Eq. [23] and [24] is shown in 
Table II. The  agreement  be tween  the two equations is 
excellent.  I t  can therefore  be concluded that  the dif-  
fusion model  provides  an accurate  calculat ion of the 
mass t rans fe r  rates.  A ma jo r  advantage  of the s imple 
model  is tha t  it  enables  one to ex tend  the analysis  to 
systems wi th  kinet ic  hindrance,  which is the subject  
of our subsequent  paper .  

Recent ly  Ibl  et at. (6) in t roduced the concept of a 
pulsa t ing  diffusion layer .  This l ayer  refers  to a region 
ex tend ing  f rom the e lect rode surface in which  the 
t ime-dependen t  concentra t ion var ia t ion  is impor tant .  
In  accordance wi th  the  Nerns t  diffusion l aye r  concept, 

Table II. Comparison between present work and Cheh's earlier 
results (9) 

Ratio of pulsed limiting current 
density and d-c limiting current 

density (ip) I /( idc)  I 

Cycle time Duty cycle Cheh's result Present result 
�9 c vz/rc Eq.  [24] Eq.  [23] 

0.20 4.7551 4.7259 
0.40 2.4364 2.4341 

0.001 0.60 1.6439 1.6435 
0.80 1.2427 1.2426 
0.20 4.4836 4.4827 
0.40 2.3621 2.3620 

0.005 0.60 1.6166 1.6166 
0.80 1.2337 1.2337 
0.20 4.2996 4.2992 
0.40 2.3094 2.3093 

0.01 0.80 1.5967 1.5967 
0.80 1.2271 1.2271 
0.20 3.6650 3.6648 
0.40 2.1105 2.1104 

0.05 0.60 1.5180 1.5180 
0.80 1.2000 1.2000 
0.20 3.3001 3.2996 
0.40 1.9825 1.9824 

0.10 0.60 1.4639 1.4639 
0.80 1.1804 1.1804 
0.20 2.3275 2.3178 
0.40 1.5778 1.5773 

0.50 0.60 1.2700 1.2734 
0.80 1.1028 1.1057 
0.20 1.8750 1.8844 
0.40 1.3423 1.3643 

1.00 0.60 1.1447 1.1617 
0.80 1.0503 1.0386 
0.20 1.0738 1.1046 

$.00 0.40 1.0059 1.0122 
0.60 1.0005 1.0016 
0.80 1.0000 1.0002 

the thickness of the  pulsa t ing  diffusion layer ,  5p, can  
be defined by 

nFD 
- T (Cl - c.) [2s] 

By apply ing  this definition to the  diffusion model  un-  
der  a periocdc s tate  condit ion (9), 8p can be c a l c u l a t e d  
f rom 

8p ~ 1 
- - : 1 - - 2  

n =  1 /~n 2 
exp ( - -  #n2(~- Tin-l)) 

(1 - -  e x p [ - -  #n2(~s - - ~ 1 ) ] )  
[27J 

[1 - e x p ( -  ~n2Tc)] 

Since 5 is a funct ion of the Schmid t  and Reynolds  
numbers  of the  system, 8p depends on these pa ramete r s  
as wel l  as on the pu l sed -cu r ren t  characteris t ics .  A nu-  
mer ica l  example  for the  pulsa t ing  diffusion l aye r  at 
rc ---- 0.01 is shown in Fig. 2. The value  of 0.01 for  Tc 
corresponds to a real is t ic  exper imen ta l  condit ion of 
the RDE system. Results  c lear ly  indicate  tha t  the 
thickness of the  pulsa t ing  l aye r  is a funct ion of t ime  
dur ing a pulse. I t  increases as the pulse progresses and 
reaches a m a x i m u m  value  at the  end of the  pulse. It 
also depends on the rat io  of Ti/rc, f r equen t ly  re fe r red  
to in the  l i t e ra tu re  as the du ty  cycle (15); the  shor ter  
the  du ty  cycle, the th inner  is the  pulsa t ing  diffusion 
layer.  The m a x i m u m  value  of 8p which occurs at the  
end of each pulse can be ca lcula ted  by  

(Sp),,',a~ 

~ .  1 [exp (--#n2T1) - -  exp ( - - # n 2 " ~ c ) ]  
2 [28] 

n = l  ~ n  2 [1 -- exp (--/~n2~r 

This equat ion is of course the reciprocal  of Eq. [24]. 
Numer ica l  resul ts  of Eq. [28] a re  presented  in Fig. 3 
which c lear ly  shows tha t  the pulsa t ing  diffusion layer  
is a lways  th inner  than  the corresponding d-c  diffusion 
layer .  

Experimental  
The l imit ing current  densi ty  for  the reduct ion  of a 

0.01M fer r icyan ide  in a solut ion also containing 0.01M 
fer rocyanide  and 1M KC1 was chosen for this study. 
Due to the  fast kinet ics  of the f e r r i - f e r rocyan ide  r e -  
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action, the  s a m e  s y s t e m  w a s  also used for  our sub-  
sequent  kinet ic  s tudy  under  pulsed conditions. 

A Pine  In s t rumen t  high speed ro ta to r  wi th  a P t  e lec-  
t rode  of 0.461 cm 2 a rea  was  used as the  RDE. A coil of 
P t  was used as the  countere lec t rode and a F isher  
Scientific sa tu ra ted  calomel  e lect rode was used as the  
reference  electrode. Al l  exper imen t s  were  carr ied  out  
at  room t empera tu r e  which  was 22 ~ _+ I~ The k ine-  
mat ic  viscosi ty of the  e lec t ro ly te  was measured  by 
using an Ostwald  v iscometer  and  the  va lue  was found 
to be 0.00914 cm2/sec. The diffusion coefficient of the  
fe r r i cyan ide  ion was measured  f rom a d -c  l imi t ing 
cur ren t  dens i ty  vs. square  root  of ro ta t ion  speed plot  
by  using Eq. [16]. The value  was found to be 7.2 X 
10-s  cm2/sec. 

Fo r  pulsed cur ren t  electrolysis,  the  cur ren t  was sup-  
p l ied  by  feeding the square  wave  output  of a Tacussel 
GSTP2 function genera to r  to a Kepco PC2 power  sup-  
ply. The ampl i tude  and f requency  of the  cur ren t  pulse  
was de te rmined  by  measur ing  the vol tage  drop across 
a 100012 s t andard  res is tor  connected in series to the 
cell. The resul ts  were  recorded on a Tek t ron ix  5103N 
dual  t race oscilloscope. The potent ia l  difference be-  
tween  the  RDE and the re ference  e lect rode was re -  
corded s imul taneous ly  on the same oscilloscope. 

Exper imen t s  were  car r ied  out  a t  ro ta t ion  speeds of 
400, 900, and 1600 r p m  and at  du ty  cycles and pulse  
per iods  ranging  f rom 0.1 to 0.667 and from 0.001 to 
0.006 sac, respect ively.  The va lue  of Tc va r ied  f rom 
0.0015 to 0.0180. Pulsed  l imi t ing  cur ren t  dens i ty  was 
measured  by  observing the sudden j ump  of potent ia l  
of the  RDE dur ing  a g radua l  increase  of the pulsed 
cur ren t  density.  Expe r imen ta l  as wel l  as theore t ica l  
resul ts  ca lcula ted  by  using Eq. [23] a re  p resen ted  in 
Table  III.  A graphica l  comparison is also shown in 
Fig. 4. The good ag reemen t  obta ined be tween  exper i -  
menta l  and theore t ica l  resul ts  is evident  in both dis-  
plays.  

Table IlL Comparison between experimental and colculated results 

Rotation (ip) 1 / (idc) 1 
speed Cycle t ime Pulse  t i m e  C a l c u l a t e d  Expe r i .  
( r p m )  (sec) (sec)  (Eq. [23]) m e n t a l  

0.001 O.O001 9.05 9.10 
0.002 0.001 1.94 2.00 
0.003 0.001 2.61 3.00 

400 0.003 0.002 1.47 1.52 
0.004 0.001 3.62 3.86 
0.006 0.001 5.10 4.97 
0.002 0.001 1.91 1.95 

900 0.003 0.001 2.72 2.90 
0.003 0.002 1.45 1.47 
0.002 0.001 1.88 1.93 

1600 0.003 0.001 2.64 2.76 
0.003 0.002 1.43 1.45 
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Fig. 4. Comparison of calculated and experimental results 

Conclusions 
A numer ica l  calculat ion on the mass  t ransfer  ra te  

in pulsed cur ren t  e lectrolysis  was carr ied  out. The re -  
sults were  in excel lent  ag reement  wi th  those pred ic ted  
by  using a simplif ied diffusion model  developed by  
Cheh. I t  is therefore  the conclusion of the  work  t h a t  
the  diffusion model  can be used to account for  mass  
t ransfer  effects in systems wi th  kinet ic  l imitat ions.  

A quant i ta t ive  analysis  on the  pulsa t ing  diffusion 
l aye r  was made.  The diminishing diffusion l aye r  under  
pulsed conditions is responsible  for the ab i l i ty  of car-  
ry ing  out pulsed electrolysis  at  h igh ins tantaneous  
current  densit ies under  sui table  conditions. 

Expe r imen ta l  measurements  on the pulsed  l imi t ing 
current  densit ies were  made by  using a f e r r i - f e r ro -  
cyanide system. Good agreement  was obta ined  be tween  
the exper imenta l  measurements  and theore t ica l  p re -  
dictions. 
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Editor's Note 
By mischance, this is Pa r t  I of a t w o - p a r t  series, and 
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APPENDIX 

Numerical Solution of Eq. [9] for Xn =~ 0 
Subs t i tu t ing  Eq. [18] into Eq. [9] and the homogen-  

eous pa r t  oK ~q. [12] and [17], one obtains 

d2Rn dRa 
dr2 ~- K~2 ~ / -  ~n2Rn : 0 [A-1] 

wi th  the  bounda ry  condit ions 

dRn 
~ - - 0  a t  ~ - - 0  [A-2]  

d~ 

R a - - 0  a t  ~ _ 2  [ A - B ]  
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For large values of ~.n (n ~ 5), the solution can be 
achieved by using an asymptotic expansion method. 
It is, however, convenient to first introduce the fol- 
lowing transformation (16) 

Rn=~n(~)exp  ( - -  ~ ' ~  ~3 ) [A-4] 

By substituting Eq. [A-4] into Eq. [A-1]-[A-3], one 
obtains 

d2~" ( K2~4 )~bn--O [A-5] 
d~2 -~ Xn 2 - K ~ -  4 

with 
d~n 

- - 0  at ~ = 0  [A-6] 
d~ 

~ n = 0  at ~ = 2  [A-7] 

Now, one seeks an asymptotic solution of Eq. [A-5] 
in the following form 

~n -- ~no ~ ~nl ~- ~ ~- . . .  [A-8] 

~n : ~no ~ ~nl -~ $~n~ -t- . . �9 [A-9] 
where 

�9 - -  K / ~ n o  2 [A-10] 

By introducing the first three terms of Eq. [A-8] 
and [A-9] into Eq. [A-5], it can be shown that the 
following equations must be satisfied 

dS~no 
- -  ~- ~no2~no = 0 [A-11] 

d2~nl 

d~ 
K 

"Jff " ~  ~.n02~bn0~ 4 - -  2~.n0~,nl~n0 [ A - 1 2 ]  

d ~  K 
d~ - - ' ~  "[- ~nO2~n2 - -  ~'n02~nl~" -[- T ~'n02~nl~4 

The boundary conditions of these equations are 

~n0 = 1, ~]nl = ~n~ = 0 at f : 0 [A-14] 

d~bn0 d~nl dg'n2 
: = :0 at ~ : 0  [A-15] 

d~ d~ d~ 

~n0 --" ~nl  = ~n2 ---- 0 a t  ~" = 2 [A-16] 

The solution of the above equations can be obtained 
easily by following standard procedures as described 
by Wylie (17). 

The first five eigenvalues can be calculated by a 
trial-and-error method using a fourth-order Runge- 
Kutta technique (18). The coefficients in Eq. [18] can 
then be calculated by 

C, 

G 

- ~  ~ 6 

C 
el, C| 

[A-17] 

LIST OF SYMBOLS 
concentration of reacting ion 
concentration of reacting ion at the electrode 
surface, and in the bulk solution, respectively 

C 
c~ 
D 
F 
G 

iv 
(/do) 1, 

K 
m 

R 
Re 
Rn 
Sc 
t 
tn 
Vz 
Z 

6 
8. 

~n0, 

V 
T 

dimensionless concentration defined in Eq. [7] 
coefficient in infinite series 
diffusion coefficient of reacting ion 
Faraday's constant 
dimensionless current density defined in Eq. [7] 
current density 
pulsed current density 

(iD)l limiting current density for d-c electroly- 
sis and for pulsed electrolysis, respectively 
dimensionless velocity defined in Eq. [7] 
an odd number 
number of electrons transferred in reaction 
radius of RDE 
Reynolds number 
a function of axial coordinate 
Schmidt number 
time 
time periods defined in Fig. 1 
axial velocity 
axial coordinate 
a dummy variable 
thickness of the Nernst diffusion layer 
thickness of the pulsating diffusion layer 
a perturbation parameter defined in Eq. [A-10] 
dimensionless axial coordinate defined in Eq. 
[8] 
eigenvalue of series 

hnl, etc. asymptotic expansion of ~.n 
a constant defined in Eq. [25] 
kinematic viscosity of electrolyte 
dimensionless time defined in Eq. [8] 

�9 1, To dimensionless pulsed time and cycle time, re- 
spectively 

~, a function of axial coordinate defined in Eq. 
[A-4] 

~n0, ~nl, etc. asymptotic expansion of ~n 
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Studies of the Nickel Electrode in a 
Rotating Multipolar Wiper-Blade Cell 

M. Farooque I and T. Z. Fahidy* 
Department o~ Chemical Engineering, University ol Waterloo, Waterloo, Ontario, Canada, N2L 3G1 

ABSTRACT 

The usefulness of nickel as the working electrode in  a rotat ing mult ipolar  
wiper-blade cell is demonstrated by experiments  related to oxygen reduction 
and evolution, alcohol oxidation, and anodic dissolution of nickel. 

In  previous publications [e.g., (1-5)] the use of a 
recent ly developed rotat ing mult ipolar  wiper-blade 
cell to s tudy electrochemical reactions occurring on 
p la t inum has been described. It  has been shown that 
such a device is well suited for continuous react iva-  
tion of electrode surfaces and for main ta in ing  relat ively 
high mass t ransport  rates at a properly chosen elec- 
trode rotat ion rate. The use of plat inum, however, 
is a serious impediment  from the viewpoint  of indus-  
tr ial  potential,  which requires cheaper electrode ma-  
terials. 

The present  s tudy was under taken  to investigate 
the usefulness of nickel as an economically more 
at t ract ive rotat ing electrode in the wiper-blade cell 
and this communicat ion reports per t inent  experi-  
menta l  results in  four major  areas: (i) oxygen reduc-  
tion, (ii) the oxidation of ethanol, (iii) oxygen evolu- 
tion, and (iv) the anodic dissolution of nickel. The 
exper imental  conditions, especially electrode pret reat -  
merit, choice of electrolyte species and concentrations, 
working potential  and temperature  (range) corres- 
pond closely to previously reported researctl in  these 
areas, in order to minimize the importance of effects 
spurious to rotat ing mul t ipolar  wiper-blade cell opera- 
tion. On account of their  specific aspects related to 
these areas, exper imental  details are described in their 
respective sections rather  than  in  a separate par t  of 
the paper, the common characteristics of the cell 
having already been presented in earlier communica-  
tions (1, 5, 6). Although certain questions involving 
reaction paths and mechanisms have inevi tably been 
faced in  this work, the emphasis here is on the per-  
formance of the rotat ing wiper-blade electrode rela-  
tive to conventional  electrodes, ra ther  than on fur ther  
insights into al ternat ive mechanistic reaction schemes. 
It is hoped that  the results of this effort will facilitate 
the development of an industr ia l  device based on the 
rotat ing wiper-b lade  electrode principle. 

The Reduction of Oxygen on Nickel 
In  p re l iminary  experiments  performed in a paral lel-  

plate cell (5), inhibi t ion of the reduction process was 
found to be in  agreement  with previous l i terature  
where passivation was ascribed to the oxide species: 
Adsorbed oxygen on the electrode surface may exist 
at -.0.15V (RHE) (7) and its s t rength of bonding 
increases with time. At potentials higher than 0.1V 
oxygen adsorption is possibly combined with the 
formation of the poorly conducting phase oxide 
Ni(OH)2 (7, 8). The layer of oxygen adsorbed on 
Ni does not appreciably inhibi t  oxygen ionization (7), 
but  at potentials more positive than 0.1V the rate 
of ionization drops sharply. In  order to counteract  
passivation, chemical and electrochemical means of 
removing adsorbed oxygen and/or  oxide layers have 
been shown successful (7, 9-11) in  reestablishing high 
init ial  oxygen reduction rates. 

* Electrochemical Society Active Member. 
1Present address: Department of Chemical Engineering, Uni- 

versity of Connecticut, Storrs, Connecticut 06268. 
Key words: anodization, anodic dissolution, anodic oxidation, 

oxygen,  ethanol.  

Experiments  in the rotat ing cell were carried out 
using a 0.1 mole /dm 3 KOH solution, usual  in similar 
studies (9, 10), and specially constructed (Pt) Hg, 
HgO/KOH (aq) reference electrodes for determining 
solution poLentials. Using an appropriately prepared 
H2 electrode (12), the reference cell potential  was 
found to be 0.96265V at 293~ with a temperature  
coefficient of --287.8 ~V/~ in  good agreement  with 
the previous literature. Par t icular  care was taken to 
minimize the misal ignment  of the Luggin capillaries 
in the working cell and the potentiostat  was con- 
trolled via an average solution potential  using a 3 
resistor T network which also allowed biasing toward 
any of the compar tment  potentials. This a r rangement  
also allowed comparisons of a reaction rate existing 
in one part icular  compar tment  under  t r ipolar  condi- 
tions with the rate in the same compartment  when all 
compartments  were operat ing under  identical  condi- 
tions. Temperature  was controlled at 23~ throughout.  
The details of the cell construction and principles of 
operation have previously been described (1-6); the 
essentially novel feature is the rotat ing cylindrical  
nickel electrode fabricated from a Nickel 200 rod 
(C, 0.04; Mn, 0.25; Fe, 0.05; S, 0.005; Si, 0.06; Cu, 0.03; 
Ni, 99.50% composition; courtesy of INCO, Canada).  

Figure 1 shows the variat ion of the rate of oxygen 
reduction with potential  in the electrolyte made up 
of BDH quali ty KOH and doubly ionized water. Prior  
to each measurement  the electrode surface was held 
at --0.2V for 60 sec to minimize the amount  of ad- 
sorbed oxygen on its surface. The sequence of poten- 
tials was selected randomly in  order to el iminate 
possible effects of electrode "history," hence to ensure  
good reproducibili ty.  Curve 2 corresponds to decay 
at 120 sec after the start  of the reaction, on a pretreated 
surface, while curve 1 shows the reduct ion curren[  
density observed on an oxidized surface, obtained 
by oxidizing nickel at 1.2V (RHE) for 2 min. In  
contrast, curve 3 represents reduction taking place 
on the continuously reactivated anode surface at a 
rotation rate of 0.162 rad/sec, when the cell was 
operated in a tr ipolar fashion. In so doing, the cathode 
potential  was kept at --0.2V (with respect to the solu- 
t ion in the first compartment)  to ensure that  the 
oxide formed dur ing the passage of the electrode 
through compartments  2 and 3 be completely reduced. 
The potential  drop across these two compartments  was 
mainta ined independent ly  at the same desired reduc-  
t ion value, since (i) relat ively large currents  passed 
through the cell compartments  due to oxide film 
formation and reduction, and (ii) the double layer  
charging current,  especially at lower current  flows, 
is also significant. Since the ini t ia l  quick formation 
of oxide and double layer  charging take place in the 
second compartment,  the current  flow in the third 
compartment  is due almost exclusively to surface 
reactivation, except for a small  contr ibut ion (about 
1.3 ~A/cm 2) from leakage current  flow between the 
first and third compartments.  

The beneficial effect of the electrode rotat ion rate 
on the current  flow is observed best under  mass t rans-  
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KOH; T ---- 23~ potential ~- 0.1V (RHE)]. The solid line corre- 
sponds to Eq. [1] .  

por t  control.  F igu re  2 shows the typ ica l  l inear  de -  
pendence be tween current  flow and the square  root  
of the ro ta t ion  rate,  demons t ra ted  previously  (1, 6) 

for various react ion systems and observed here  in 
monopolar  operat ion,  a t  0.1V where  O2 reduct ion  is 
mass - t r anspor t  l imi ted  [p re t r ea tmen t  as in (7 ) ] ;  the  
solid l ine represents  the theoret ica l  model  (5, 13) " 

-: zFDCb[ 1 1 J 
+ 

where  

f~/z,~ e(Y~16D~/Irx,__. 214D)c~ j 
~(X/~) =- .~o 

For the electrolyte used, v -- 8.5825 • 10 -s cm2/sec 
at 298~ and the bulk concentration of oxygen is 
computed as (14) Cb ---- 1.175 • 10 -8 mole/din 3 at 
the experimental atmospheric pressure of 98.43 kPa. 
The diffusion coefficient of oxygen being estimated 
(14) as D ---- 1.815 • I0 -s cm2/sec, ~/~v ~ 7.71 • 
10 -3 cm/secl/% The magnitude of the relative error 
between predicted and experimental mass transport 
rates is less than 10 %. In tripolar operation, the slope 
of the experimental regression line (2.4) is appreciably 
larger than the model-predicted slope of 1.76 in Fig. 
2: It appears that the electrode rotation rate has an 
additional effect on surface activation and has the 
same role as the rate of pulsing in voltage-pulsing 
activation. This particular aspect of the cell is not 
well understood and a comprehensive analysis of 
the relationships involved cannot yet be given. 

The Oxidation of Ethanol on Nickel 
The e lec t rooxida t ion  of organic  compounds (such 

as alcohols)  has been the subject  of numerous  studies 
in the  past  and findings indicate  that  pass ivat ion m a y  
be ascr ibed  to var ious  Ni oxides whose format ion  
depends  s t rongly  on the electrode p re t r ea tmen t  and 
oxidat ion  potential .  The posi t ively  charged Ni elec- 
t rode  is covered ma in ly  by  ~-NiOOH in modera te ly  
a lka l ine  solutions (15) and its discharging to Ni (OH) 2, 
s tudied ex tens ive ly  by  Vertes et aI. (15-17), is a 
r a the r  complex funct ion of time, anode potential ,  and 
e lec t ro ly te  composition. Kinet ic  studies of the e lec t ro-  
oxidat ion  of alcohols (17, 18) y ie ld  ra te  constants  
two orders  of magni tude  apa r t  and there  is also 
considerable  d i sagreement  on the feas ibi l i ty  of reach-  
ing s teady s tate  in e thanol  oxidat ion (18, 19). Differ-  
ing oxidat ion  mechanisms,  proposed by  Vertes  et aL 
(15-17, 19-21), and F le i schmann et al. (18, 22), fu r the r  
indicate  the incompleteness  of present  unders tand ing  
in  this  area,  where  there  is s t i l l  much to learn.  

The cur ren t  s tudy of e thanol  oxidat ion  on nickel  
may  be summar ized  as follows. F igure  3 shows an 
essent ia l ly  ident ical  effect of a specific anodizat ion 
procedure  and t r ipo la r  opera t ion  of the ro ta t ing nickel  
anode, in the region of low oxidat ion  rates. Both 
produce signif icantly h igher  react ion ra tes  than con- 
vent ional  opera t ion  (curve 1). In  a series of tests  
pe r formed  under  var ious  exper imen ta l  conditions, 
the oxidat ion  ra te  of e thanol  was found to depend 
on the amount  of oxide on the surface as expected  
f rom the l i t e ra ture :  The coverage of the  e lectrode 
by NiOOH increases wi th  an increase in the potential ,  
bu t  at h igher  potent ia ls  the ra te  of this increase be-  
comes smaller .  Thus, the ini t ia l  ra te  of e lec t rooxidat ion  
of ethanol  depends s t rongly  on the  anodizat ion po ten-  
t ia l  and anodizat ion t ime which d i rec t ly  controls the 
amount  of d ischargeable  oxide  on the surface. F igure  
4 shows the typical  e lec t rode  behavior .  Since ox ida -  
tion s tar ts  at  1.392V, the NiOOH present  on the sur-  
face is h igher  than  the equi l ib r ium amount  corres-  
ponding to the oxidat ion  potent ia l ;  the resul t ing high 
oxida t ion  ra te  g radua l ly  decreases toward  a s t eady-  
s ta te  value. The decay may  be character ized by the 
regression curve 

i -- i2 + kQoe -~t  [2] 

where  i2 is the s t eady-s ta te  component  and Qo is 
the ini t ia l  oxide coverage of the surface, in excess 
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Fig. 3. The effect of electrode pretreatment on the oxidation 
rate of ethanol (electrolyte, 0.1 mole/dm ~ ethanol in 0.1 mole/dm 3 
KOH; T = 23~ 

of the  equ i l ib r ium value. The solid l ine in Fig. 4b 
corresponds  to the exper imen ta l  regress ion pa rame te r s  
of  i2 ---- 48.93 #A/cm 2, k ---- 0.013614 sec -1, and Qo --  
4.586 m C / c m  2. I t  appears  f rom Fig. 4 that  the  t r i -  
po la r  opera t ion  (where  the  potent ia l  of the ro ta t ing 
anode is kep t  a t  1.502V in compar tmen t  1, and in the 
range  of 1.36-1.452V in compar tments  2 and 3) ma in -  
ta ins  a cont inuously  high oxide  coverage of the sur -  
face and serves, as usual,  as a continuous surface 
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"react iva tor ."  The expe r imen ta l ly  observed oxidat ion  
rate,  ave raged  over  (T2 --  T1), where  Tt is the t ime 
spent  by the e lect rode surface in compar tmen t  1 (be-  
fore enter ing  compar tmen t  2) and ~2 is the effective 
t ime dur ing  which the electrode process passes th rough  
compar tments  1 and 2, var ies  a pp rox ima te ly  wi th  the  
0.07th power  of the e lect rode rota t ion ra te  in the 
0.08-1.1 r ad / sec  range,  beyond which the effect of the 
ro ta t ion ra te  is essent ia l ly  negligible.  A s imi lar  a v e r -  
aging of Eq. [2] yields  a 0.06th power  re la t ionship  
in the same range  of ro ta t ion ra te  and the computed  
average  cur ren t  densi ty  values differ not more  than  
--10% from the expe r imen ta l ly  measured  values.  

In  the region of high oxidat ion  rates  ( in i t ia l  cur -  
rent  densit ies in the 1.0-2.0 m A / c m  2 range)  decay 
behavior  under  potent ios ta t ic  condit ions was found 
to agree  wi th  the  resul ts  of Ver tes  et aL (19). Whi le  
the t rue  causes of pass ivat ion  are  not  yet  understood,  
two possibi l i t ies  m a y  be envisaged:  (i) the format ion  
of n icke l -ox ide -hydrox ide ,  beyond some cri t ical  value,  
might  inhib i t  the  oxida t ion  process by  blocking the 
e thanol  adsorpt ion sites or by decreas ing the surface 
concentra t ion of one of the reactants ,  and (ii) with  
aging, the s t ruc ture  of the  oxide m a y  change, and 
the newly  formed compound m a y  have a pass ivat ing  
influence on the react ion rate.  I t  may  also be envisaged 
that  the  oxide g radua l ly  pene t ra tes  into the  electrode 
surface and forms inclusions responsible  for pa r t i a l  
inact ivi ty .  At  any  rate,  a deta i led  s tudy  (5) of each 
remova l  pa th  (i.e., discharge in an e lect rolyte ;  ga l -  
vanosta t ic  discharge;  potent ios ta t ic  discharge;  d is-  
charge  by  resis tance loading)  indicates  tha t  when the 
inhibi t ing  oxide is removed  from the e lect rode sur -  
face, the ini t ia l  e lec t rooxida t ion  ra te  on the surface 
may  be a lmost  comple te ly  rees tab l i shed  and this 
recovery  is at  r e la t ive  m a x i m u m  under  galvanosta t ic  
reduct ion conditions. In  this respect,  the  ro ta t ing  t r i -  
po la r  w ipe r -b l ade  cell offers an addi t ional ,  a n d ' c o n -  
tinuous, method for the  reac t iva t ion  of the ro ta t ing  
e lect rode surface when coupled with  res is tance shor t -  
ing: This mode of opera t ion  was s tudied by  keeping 
the potent ia l  of the anode surface in compar tments  
1 and 2 at  the  desired oxida t ion  potent ia l  and shor t ing 
the por t ion of the anode surface in the th i rd  compar t -  
ment  to the outer  e lect rode of the  same compar tmen t  
through a p rope r ly  chosen load. Ethanol  was thus 
oxidized in compar tments  1 and 2 and the pass iva t ing  
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substance formed in these compartments  on the anode 
surface was removed in the third compar tment  in 
the presence of electrode discharges. Typical results 
are shown in  Fig. 5: In  the zone designated as AB 
passivation is v i r tua l ly  absent  as ethanol is cont inu-  
ously oxidized at a high rate, during short circuiting. 
At point B shorting was removed and the usual  de- 
cay phenomenon is now observed unt i l  shorting was 
reestablished at point C, whereupon the oxidation 
rate, characteristic of the AB zone, is near ly  fully 
recovered. Note also that a careful cell design may 
take advantage of the electrical energy produced in  
resistance shorting. 

The oxidation rate under  shorting conditions in-  
creases with the potential  of oxidation at a fixed 
anode rotat ion rate (see Fig. 6); the effect of the 
anode rotat ion rate on the individual  compar tment  
reaction rates is i l lustrated in Fig. 7. It  is seen that  
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Fig. 6. The effect of oxidation potential on the rate of oxidaHon 
of ethanol in tripola.r operation (curve 1) in comparison to mona- 
polar operation (curve 2, observed at 9000 sec after start). (Elec- 
trolyte, 0.1 mole/dm ~ ethanol in 0.1 mole/dm 3 KOH; T - -  23~ 
electrode rotation rate, 0.131 rad/sec). 

the related change in  oxidation t ime on any  portion 
of the anode surface in the first and second compart-  
ments  has li t t le effect on the ra ther  slow decay rate 
(Fig. 7a); the rate of oxide reduct ion in the third 
compartment  is strongly dependent  on the electrode 
rotat ion rate (Fig. 7b), indicat ing that  the lat ter  has 
a positive effect on the rate of surface "rejuvenation."  
Note, however, that these new exper imental  results 
do not offer s t raightforward evidence for any of the 
hitherto proposed mechanisms of the oxidation reac- 
tion (such an investigation would be beyond the 
scope of this work) and they refer to surface-aver-  
aged phenomena;  microscopic surface behavior, i.e., 
local charge distributions, local oxide species, etc., 
will  have to be studied in the future  for a much 
better  comprehension of what  exactly happens on 
the electrode surface dur ing activation and react iva-  
tion. 

The Evolution of Oxygen on Nickel 
The evolution of oxygen on nickel takes place on 

surface oxides which may exist in various oxidation 
states depending on the anode potential  and the cor- 
responding current  density for oxygen evolution. 
While many  studies have been reported on anodic 
oxygen on nickel in alkal ine solutions, there is only 

Fig. 7. The effect of electrode 
rotation speed on ethanol oxida- 
tion in bipolar operation: (a) 
activated surface, (b) compart- 
ment 3. (Electrolyte, 0.1 mole/ 
dm 3 ethanol in 0.1 mole/dm~ 
KOH; T = 23~ shorting re- 
sistance, 0.976 ~) .  
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Table I. Values of the Tafel slope b reported for oxygen evolution on nickel 
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Authors Electrode Electrolyte 

Current 
density t Tafel slope b 
(A/cm s) (mV) 

El ina  et  aL (23) Nicke l  
Gatman and Lukovtsev (24) Nicke l  
S a t o  a n d  O k a m o t o  (25) Nicke l  

Fleischmann e t  al. (22) Nicke l  
V o l c h k o v a  a n d  K r a s i r s h c h i n -  

k o v  (26) " B a r e "  nickel 
" B a r e "  n i c k e l  

Tsinman (27) E l e c t r o c h e m i c a l l y  
oxidized n i c k e l  

Thompson and Kaye (28) N i c k e l  
Conway et aI (28) N icke l  

l imi ted  agreement  amongst  the kinet ic  resul ts  of va r i -  
ous workers ,  as shown in Table I. The scat ter  of 
numer ica l  values  of the Tafel  slope is most l ike ly  
due to the different  states of the e lect rode surface 
employed  or to differences in surface p re t rea tment ,  
or  to different  thicknesses of the  oxide layer .  The 
reac t ion  is inhib i ted  (29) on oxidized nickel  surfaces, 
the pass ivat ion  being inverse ly  re la ted  to t empera -  
ture.  A number  of kinet ic  mechanisms have  been 
proposed  (e.g., 25, 29-31) apa r t  f rom the genera l  
scheme for any  meta l  by  Bockris  (32). An  ear l ie r  
mechanism proposed  by  Kras i r shch inkov  (33) re la tes  
dis t inct  Tafel  slope values  to var ious  r a t e -de t e rmin ing  
steps involving,  among o ther  species, the Ni203, Ni202, 
and  Ni204 oxides. I t  appears  f rom the l i t e r a tu re  that  
this  ox ida t ion  process is r a the r  complex.  

Of pa r t i cu l a r  impor tance  for the cur ren t  appara tus  
a re  previous  observat ions  on the existence of hys -  
teresis  be tween  ascending and descending polar iza-  
t ion curves (29), and on the se l f -pass iva t ion  of oxy -  
gen evolut ion (29, 34); these phenomena and previous  
findings (5) suggest  tha t  the  rotat ing,  wiped mul t i -  
po la r  e lec t rode  m a y  be successful ly used to increase 
the  react ion ra te  at  a pa r t i cu la r  potent ia l  (or in a 
pa r t i cu l a r  potent ia l  range)  v ia  continuous surface 
re juvenat ion.  

Firs t ,  polar iza t ion  phenomena  were  s tudied in fu r -  
t he r  detail ,  using the cell in a convent ional  monopolar  
manner ,  wi th  the  outer  e lectrodes connected together.  
Since pe r t inen t  l i t e r a tu re  on oxide  fo rmat ion  phe-  
nomena,  obta ined  v ia  p o t e n t i o d y n a m i c  t r i angu la r  

A l k a l i n e  > 10 -s 90-130 
A l k a l i n e  > 10 -~ 90-130 
Acidic < 1 0  -3 130-140 
A l k a l i n e  L o w  current 

density 
K O H  < 1 0  -s 30-40 

KOH <iO -s 2.3 x RT x 1000/3F 
N a O H  <10 -~ 2.3 x 2RT • 1000/3F 
N a O H  L o w  c u r r e n t  (2.3 x R T / 2 F )  i000 

density 
K O H  L o w  c u r r e n t  (2.3 x 2RT/3F)  1000 

density 
A l k a l i n e  > 10-8 95-130 
K O H  L o w  c u r r e n t  30-42 

density 

sweep techniques (7, 34), indicates  tha t  adsorpt ion  
of oxygen  on Ni begins at  about  --0.15V (RHE) the 
ro ta t ing e lect rode was kept  at  --0.15V for 2 rain, 
before  ra is ing its potent ia l  to the  work ing  range  of 
1.322-2.222V. There  is some evidence that  the Ni (OH)2  
formed in anodic polar iza t ion  cannot  fu l ly  be reduced  
by  subsequent  cathodic reduct ion  even over  a p ro -  
longed t ime per iod  (7) and, in consequence, i t  is 
l ike ly  tha t  the above p re t r ea tmen t  did not  y ie ld  a 
fu l ly  ox ide - f ree  surface. On the  o ther  hand,  i t  is seen 
f rom the Pourba ix  d i ag ram for Ni (35) that  in a 
0.1 mole /d in  3 KOH elec t ro ly te  and at  --0.15V, Ni (OH)2 
is the only t he rmodynamica l ly  permiss ib le  oxide spe-  
cies. Thus, i t  is expected  tha t  a l though a cer ta in  
por t ion of the he reby  p re t r ea t ed  e lect rode surface 
has Ni (OH)2  (but  no o ther  oxide  species) on it, the  
surface is sufficiently ac t iva ted  to observe the p u r -  
sued phenomena.  

F igure  8 shows the character is t ic  hysteres is  effect 
observed in anodic polar iza t ion  e lsewhere  (29). The 
va lue  of the Tafel  slope was next  es t imated  by  ca r ry -  
ing out  potent ios ta t ic  oxygen  evolut ion in the 1.432- 
1.507V potent ia l  range,  wi th  three  repl ica  runs  in 
o rder  to obta in  an unbiased  es t imate  of the exper i -  
men ta l  e r ro r  variance.  The  e lect rode p r e t r e a tmen t  
was ident ical  to that  of the polar iza t ion  study.  The 
p robab i l i ty  d is t r ibut ion  of the  Tafel  s lope was es t i -  
ma ted  by  the convent ional  l inear  model  

V i - - a ~ - b l n i i - { - ~ i  i = l  . . . . .  n [3] 

and the s ta t i s t ica l ly  unbiased  nonl inear  model  
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Fig. 9. Comparison of polariza- 
tion curves far oxygen evolution 
in manopolar (curves 2, 3, 4) and 
tripolar (curve 1) operation. 
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the exper imental  error variance, ~e ~, being computed 
at 34 degrees of freedom. The statistically most prob- 
able value of the Tafel slope, b = 0.0275, obtained 
via Eq. [4J, is somewhat different from the biased 
value of b -- 0.0261 based on Eq. [3]. 

The usefulness of the rotat ing wiped electrode cell 
in  t r ipolar  operation is well demonstrated in Fig. 9; 
tr ipolar operation is equivalent  to a continuous re- 
duction of the oxide layer film thickness on the elec- 
trode. Curve 1 represents current  flow in the third 
compartment ,  oxygen film formation being confined 
essentially to compar tment  2; the electrode potential  
in compar tment  1 was held at --0.15V. The contr ibu-  
tion of oxide film growth to the current  flow in the 
third compar tment  is at most 10%, this magni tude  
being inversely proport ional  to the t ime length of 
activation. 

As in  the case of ethanol oxidation an explanat ion 
of the exper imental  results in  terms of mechanistic 
models is not yet possible. Neither the mechanism 
proposed by Sato (25) involving adsorbed O and OH 
species, nor the Krasi l ' shchinkov mechanism (26) 
involving surface reactions between various nickel 
oxides and atomic oxygen, nor  the generalized Bockris 
mechanism (32) can be employed for a quant i ta t ive  
comparison of predicted and observed phenomena.  
Much more work remains to be done in this area 
before electrode behavior  becomes fully understood. 

T h e  A n o d i c  Dissolut ion of N i c k e l  
The anodic activation phenomenon (i.e., the exist- 

ence of a more negative init ial  potential  than the 
equi l ibr ium value, on approaching from the oxidized 
state toward the free corrosion potential)  for Ni has 
been described by several researchers (36-38) but  
the correct activation mechanism is not known. Geris- 
cher (39) describes activation to (nonequi l ibr ium)  
intermediate  oxygen compounds formed at anodic 
potentials, while Oshe and Lovachev (36) to excess 
surface oxygen; Loser  and Kabanov to oxygen pene-  
t rat ion into the metal  crystal lattice (37); Trusov 
et at. (38) to the creation of excess dissolution cen- 
ters. In any event, the fact that  the ini t ial  rate of 
nickel dissolution is much higher than the steady-state 
dissolution rate corresponding to the potential  ap- 
plied, indicates that at a given average anodic over-  
voltage, larger dissolution rates may be achieved 

by voltage pulsing techniques, such as in  mul t ipolar  
operation. 

The experiments  performed were designed with a 
number  of impor tant  findings (38) in mind:  if the 
nickel electrode is held at a base potential  corres- 
ponding to active dissolution of the metal  (0 to +100 
mV RHE) and then anodic activation in  the +150 
to +700 mV range is carried out, when the potential  
is lowered again to the value of the base potential  
the observed current  may exceed the current  o b -  
served, before anodic passivation at the same base 
potential,  up to two orders of magnitude.  In  Trusov's  
experiments  the associated specific charge, 4.4 • 10 -4 
C/cm 2, corresponds to current  flows in the 10-80 ~A 
range;  Oshe and Lovachev (38) reached current  dens- 
ities up to 0.3 mA/cm% 

The exper imental  procedure followed closely Tru-  
sov's (38) scheme using the same electrolyte species 
and concentrat ion:  Fig. 10 shows the monopolar  
behavior  of the anode in a 0.1 mole /d in  8 H~SO4 solu- 
tion. In  Fig. 10a typical fast decay is seen at +30 
mV potential  measured with a mercury-mercurous  
sulfate reference electrode at 23~ Upon anodic activa- 
tion at +330 mV for half a minute,  the dissolution 
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rate jumps to a ra ther  high value, which diminishes 
gradual ly  toward a steady state (Fig. 10b). The total 
charge density over the 0-90 sec period being com- 
puted as 17.67 mC/cm 2 (Fig. 10a) and 30.64 mC/cm 2 
(Fig. 10b) by numer ica l  integration,  anodic activation 
under  the specific conditions shown is manifest  by a 
relat ive increase of about 74% in the associated flow 
of electric charge. A brief analysis of possible com- 
ponents of this flow is as follows. 

Oxygen  evolution at the nickel  anode.- -From oxygen 
overpotential  data [Ref. (40), Table IV.8] on nickel, 
the computed regression l ine 

A 
~]o~ ---- 1.0448 + 0.1466 log10 i V (i: A /cm s) [6] 

with a s tandard error  of estimate of 7.39 X 10-~ in-  
dicates that  at the observed current  densities, the 
oxygen overpotential  is in the 0.53-0.57V range and, 
as such, is higher  than the approximate value of the 
passivation potential  at pH _-- 0 and 25~ for Ni 
[0.36V, Ref. (41), Table II.7]; this value is somewhat 
modified for the working electrolyte with computed 
pH ----- 0.96. Thus, the contr ibut ion of oxygen evolu- 
t ion is negligible at the exper imental  conditions. 

Anode reactions related to impuri t ies  in the electro- 
l y t e . ~ R e a g e n t  grade H~.SO~ has at most 0.5 ppm Cu, 
Pb, and heavy metals; 0.2 ppm Fe and 0.5 ppm Ni 
in  the stock solution; the working electrolyte was 
obtained by tenfold dilution. This effect, therefore, 
is l ikewise negligible. 

Anode reactions related to impuri t ies  in the elec- 
t rode . - -The  only metall ic impur i ty  in  Ni 200 of quan-  
t i tat ive importance and with a s tronger dissolution 
tendency than Ni is manganese (0.25%) with an 
oxidation s tandard potential  of 1.180V. From the Pour-  
baix diagram (35) it appears that  if Mn were "free" 
in  the nickel electrode, the Mn --> Mn ~ + -~- 2e-  
dissolution process would compute with a similar  re-  
action involving Ni and Ni + +. The actual dissolution 
rate depending on the surface structure,  etc., it does 
not follow that manganese in the anode would readily 
dissolve in the electrolyte under  anodic activation. 
This component is expected to be quite small  al though 
probably not ent i rely negligible. 

Hydrogen absorption or the :ormation o/ excess Oz 
on the anode surface.- -According to Trusov (38) this 
contr ibut ion is negligible, in  contradict ion to the 
statements by Oshe and Lovachev (36). There is no 
clear evidence that  this component  is of any impor-  
tance. 

Formation oJ intermediate  oxygen compounds on 
the surface (39) or the creation of excess dissolution 
centers (38) . - -The relat ive largeness of the charge 
ratios (see above) favors the la t ter  model where the 
dissolution centers represent  crystallographic disrup-  
tions of the surface in the form of atoms "torn" from 
it. Oxygen on the surface would block such centers. 
Deactivation is due, according to this model, to the 
disappearance of dissolution centers which leads to 
a "self-healing" o~ the surface. While this model is 
not ent i re ly  convincing it  appears that the electrode 
behavior in bipolar operation might  be explained 
in  its terms. In Fig. 11 monopolar  and bipolar opera- 
tions are compared; in the latter,  the inner  electrode 
potential  was adjusted to 30 mY with respect to 
the solution potent ial  in compartments  1 and 2, and 
the third compar tment  potential  was main ta ined  in-  
dependent ly  at 330 inV. i t  can be seen that while the 
anode rotat ion rate has essentially no effect on mono-  
polar operation, it has a definite beneficial effect on 
the bipolar mode of operation, the enhancement  in 
the dissolution rate being 2 to 3 times the monopolar  
rate. One might argue that the combined effect of 
rotat ing and wiping is a continuous recreation of dis- 
solution centers, hence a continuously active reaction 
surface. Apar t  from the (yet unknown)  correct reac- 
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soJution at a potential of 30 mV. Curve 1, monopo]ar operation; 
curve 2, bipolar operation. Anodization potential, 300 mV (RHE) 
(electrolyte, 0.1 mole/dm ~ H2S04; T ~ 23~ 

tion mechanism, the bipolar rotat ing cell may serve, 
on proper scale-up, as an improved nickel electro- 
refining reactor. 

S u m m a r y  
The rotat ing multipolar,  wiped electrode principle 

has been found useful for a nickel electrode in the 
following applications: 

Redox reactions: As in  the instance of plat inum, 
the inhibi t ive effect of the oxide film can be sup- 
pressed and rates higher than those observed in  con- 
vent ional  electrolyzers can be maintained.  In  contrast 
to Pt, enhancement  on Ni, often one order of mag-  
nitude, is l imited to the low current  density region; 
Lhe rate of enhancement  increases with the electrode 
rotation rate. 

Organic compounds which react with oxides of the 
electrode mater ial  can be continuously oxidized at 
relat ively high rates in  a mul t ipolar  cell and in  the 
region of low electrooxidation current,  by means of 
main ta in ing  an amount  of oxide, in excess of the 
equi l ibr ium value, on the Ni electrode surface. In  the 
region of high current  densities, where the electrode 
is gradual ly  passivated, continuous react ivat ion may 
be achieved by repeated removal (wiping) of the 
passivating surface. 

The rotat ing bipolar, wiped cell is an efficient means 
of continuous anodic activation for electrolytic metal  
dissolution processes. Quant i ta t ive data concerning 
various other electrodes would be the subject mat ter  
of fur ther  exper imental  studies. 
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LIST OF SYMBOLS 
a, b Tafel equation parameters  
Cb bulk  electrolyte concentrat ion 
D electrolyte diffusivity 
F Faraday 's  constant  
i current  densi ty; i - i ts  average value 
ih l imit ing current  density at the rotat ing electrode 
k rate coefficient 
Qo ini t ia l  oxide coverage of electrode surface 
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ts  t ime requ i red  for an a r b i t r a r y  point  on the elec-  
t rode  surface to pass from one wiper  b lade to 
the next  

�9 i e r ror  associated with  the i th measurement  
residence t ime of e lectrode surface in a given 
compar tmen t  

~, k inemat ic  viscosity of the e lect rolyte  
r in tegra l  defined in Eq. [1] 
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The Electrochemical Behavior of Te(IV) 
Sodium Tetrachloroaluminate Melts 

in 

J. Robinson and R. A. Osteryoung* 
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523 

ABSTRACT 

The e lec t rochemis t ry  of Te (IV) in NaCI: A1C18 mel ts  has  been inves t iga ted  
by  a var ie ty  of techniques including cyclic and pulse vo l tammet ry ,  po ten t iom-  
etry,  control led potent ia l  coulometry,  and  the use of the  ro ta t ing -d i sk  
electrode. I t  was found that  in the  most basic melts  at  t empera tu res  above 
250~ Te( IV)  was in i t ia l ly  reduced by  a two-e lec t ron  step to a soluble 
Te ( I I )  species which could then be reduced fu r the r  to e lementa l  te l lur ium.  
At  lower  t empera tu res  and in more  acidic melts,  T e ( IV ) ,  which is present  
in the mel t  as the chlorocomplexed ion TeCI~ +, is reduced d i rec t ly  to Te 
which undergoes  a complexat ion  react ion with  Te ( IV)  to form Te42+. This 
complexat ion  react ion and the oxidat ion of Te42+ have  both been ex tens ive ly  
invest igated and a mechanism for the complexa t ion  reac t ion  involving a 
Te ( I I )  in te rmedia te  is proposed.  

As par t  of our cont inuing invest igat ions into the 
e lec t rochemis t ry  of inorganic  species in sodium te t r a -  
ch loroa luminate  melts,  we have, in view of their  pos-  
sible use as cathode mater ia l s  in mol ten  salt  ba t t e ry  
systems (1-3),  been pa r t i cu la r ly  in teres ted  in the be -  

* Electrochemical Society Active Member. 
Key words: fused salts, voltammetry, kinetics. 

havior  of the chalcogens and the i r  compounds.  We r e -  
cent ly  repor ted  on our studies in these solvents of 
sulfur  (4) and selenium (5), which were  shown to be 
reducib le  to the  respect ive  chalcogenide and could also 
be oxidized to cationic moeties. The na ture  of these 
cations was found to be h ighly  dependent  upon the 
composit ion of the melt .  The presen t  paper  is con- 
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cerned with a s imilar  invest igat ion of the electro- 
chemistry of t e l lu r ium species in  the same solvent 
system. 

In  recent years B je r rum and co-workers have re-  
ported the results of several studies, uti l izing both 
spectrophotometric (6, 7) and potentiometric (7) 
techniques of unusua l  t e l lu r ium cations in tetrachloro- 
a luminate  melts. In  par t icular  they have reported the 
existence of the entities Te22+, Te42+, Te62+, and 
Tes 2 +, which are stabilized by the large anions, A1C14-- 
and A12C17-~ present  in  the melt, and also Te 2+, which 
is stabilized by C1-. The same workers have also 
studied the chloro-complexes of the Te 4+ cation in 
KCI:A1CI~ melts (8, 9), and found there to be four 
species present, TeC162-, TeCIs- ,  TeC14, and TeC18 +, 
which are l inked by melt  acidity dependent  equilibria.  
The solid compounds of the Te4 ~+ cation, Te4(A1CID~ 
and Te4(A12C17)2, have been characterized by  Corbett  
e t  al. (10, 11) who have also identified a te l lu r ium 
cation of 4- 1/3 oxidation state. 

Despite their  possible use in  bat tery  systems, the 
electrochemistry of t e l lu r ium compounds does not ap-  
pear to have been widely studied either in  tetrachloro- 
a luminates  or any other mol ten  salts. Bodewig and 
Plambeck (12) have investigated the anodization of 
Te into a fused LiChKC1 eutectic and have proposed 
the reaction to be the oxidation of Te to Te 2+. Unti l  
very  recently, the only s tudy of Te in  te trachloroalu-  
minates  was a very brief  one, some thi r ty  years ago, 
by Verdiek and Yntema (13), however, Paulsen  and 
Bje r rum (14) have now reported on a s tudy of the 
electrochemistry of Te 4+ in  basic and neut ra l  
KCI:A1C13 melts at temperatures  between 300 ~ and 
4O0~ They reported that  under  these conditions Te 4+, 
which is chloro-complexed in  the melt, was reduced 
revers ibly to a soluble Te 2+ species which could then 
be fur ther  reduced to insoluble elemental  tel lurium. 
In  view of the known complexity of the redox chemis- 
t ry  of t e l lu r ium in  these melts, and in part icular  its 
dependence upon tempera ture  and melt  composition 
(6, 7), the electrochemical behavior  can be expected 
to be very different at lower temperatures  and higher 
pCl's. The work presented here is pr imar i ly  concerned 
with the electrochemistry at lower temperatures  
(175~ and over a wide range of pCl's. 

In  order to invest igate the pC1 dependence of the 
electrochemistry of the Te compounds the acid-base 
properties of the A1C13:NaC1 molten salt solvent sys- 
tem must  be understood. These have been discussed 
previously (15) and the way the concentrat ions of the 
different species present  in  the melt  vary  with the 
A1C13:NaC1 ratio was shown to be ful ly described by 
the following three equi l ibr ia  

2A1C13 (1) ~ A12C16 (1) (K0 = 2.86 X 107) [1] 

A1C14- 4- A1C13 ~ A12C17- (K~ = 2.4 X 104) [2] 

2A1C14- ~ -  A12C17- 4- C1- (Kin = 1.06 X 10 -7) [3] 

where the K values are the mole fraction equi l ibr ium 
constants. The dominant  acid-base equi l ibr ium is that  
described by Eq. [3] where A12C17- is the Lewis acid 
and C1- the base. The pC1 (mole fraction scale) of a 
neu t ra l  melt, 50 mole percent  (m/o)  A1C13, at 175~ is 
3.5; however, a melt  of any  desired acidity can readi ly 
be made by anodizing an A1 wire into it  (16) unt i l  the 
desired composition, as indicated by the potential  of 
an At indicator  electrode with respect to an A1 wire 
in  a melt  of known composition (15), is reached. 

Experimental 
The details of melt  preparat ion and purification, elec- 

trochemical cells, electrode construction, electrochem- 
ical ins t rumenta t ion  and, exper imental  techniques 
have been ful ly described in  an earlier publ icat ion 
(5). The TeC14 (Cerac Pure  Incorporated 99.5% pure)  
was used as received. Throughout  this work the ref-  
erence electrode is an a luminum wire immersed in  an 
NaCl-sa tura ted melt  at the tempera ture  of the ex-  
per iment  separated from the bu lk  solution by a fine 
porosity glass frit. 

BEHAVIOR OF Te(IV) 1785 

Results and Discussion 
TeC14 is readi ly soluble in an NaCl-saturated melt  

at 175~ and Fig. 1 shows a typical cyclic vol tammo- 
gram of such a solution recorded at a sweep rate of 
100 mV sec -1. There is a well-defined reduction peak 
(Ep _-- 1.615V) and a corresponding reoxidation wave 
(Ep ---- 1.662V). This par t icular  vol tammogram was re-  
corded with a glassy carbon electrode; however, the 
behavior  was identical  at a tungs ten  electrode. Con- 
t rary  to the observations of Paulsen  and Bjer rum 
(14), no problem was ever encountered with repro- 
ducibil i ty at a glassy carbon electrode and in  view of 
the easier surface preparat ion of these carbon elec- 
trodes, they were used throughout  this study. Figure 2 
shows a series of normal  pulse voltammograms,  re- 
corded at different pulse widths (t),  of a TeC14 solu- 
tion for the same conditions as in  Fig. 1. The l imit ing 
plateau currents  were found to be l inear ly  dependent  
upon t -1/2,  indicat ing that wi th in  the t ime scale of 
these experiments  the reduct ion process is diffusion 
controlled and a diffusion coefficient for t he ,Te ( IV)  
species of 4.54 X 10 -6 cm 2 sec - I  was calculated from 
this data (using an  n value of 4 v i d e  i n f r a ) .  As a fur -  
ther  test of diffusion control, the rising portions of the 
pulse vol tammograms were analyzed. If the product  
of the reduct ion is soluble then a plot of log (ia - -  i / i )  
vs .  E should be a straight line, whereas if the reaction 
product is insoluble log ( i d -  i )  VS. E will  be linear. 
Figure 3 shows such plots for a 105 msec pulse. It  
can immediate ly  be seen that the log (id -- i ) / i  plot is 
linear, whereas the log (id -- i) plot is not, the product  
of the reaction must  therefore be soluble. From the 
slope of the log (id - -  i ) / i  plot, a value of a~a can be 
calculated and this was found to be 1.82. Log (id - -  i ) / i  
plots for the shortest pulse lengths (15 msec) begin to 
show a degree of nonl inear i ty ;  the reason for this 
effect is discussed in  detail  later. The reduct ion was 
also examined by differential pulse vo l tammetry  and 

1.0 m A c m  -2 

' ' 1 :8  ' 'G ' 2.0 1. 
E / V v s A [  

Fig. 1. A cyclic voltammogram at a glassy carbon electrode of a 
1.22 X 10-3M solution of TeCI4 in an NaCI-saturated melt at 
175~ The sweep rate was 100 mV sec -1. 
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Fig. 2. Normal pulse voltammograms of a 3.55 X 10-3M solu- 
tion of TeCI4 in an NaCI-saturated melt at 175~ The sweep rate 
was 1 mV sec -1 ,  the delay time was 1 sec, and the pulse lengths 
were: (a) 15 msec; (b) 25 msec; (c) 55 msec; and (d) 105 msec. 
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Fig. 3. A kinetic plot for a normal pulse voltammogram of e 
3.55 X 10-8M TeCI4 solution in NaCI-saturated NaAICI4 melt at 
175~ using a 105 msec pulse length [polarogram (d) of Fig. 2].  
- - 0 ~  f(i) - -  (id - - i ) ;  - - e - -  f(i) = (id - -  i) / i .  

the vo l t ammograms  for  the  condit ions of Fig. 1 and 2 
showed a single symmet r i ca l  peak. The width  of this  
peak  at  hal f  height  was 39 mV for a 105 msec pulse 
length  and increased wi th  decreas ing pulse  length. 

This value  of the  peak  wid th  agrees most closely wi th  
that  p red ic ted  for  a revers ib le  four -e lec t ron  process 
(34 mV at  175~ The increase of peak  wid th  wi th  
decreasing pulse length  is indicat ive of the quasi -  
revers ib i l i ty  of the reduction.  Exhaus t ive  control led 
potent ia l  coulometry,  using a tungsten crucible  as the 
electrode,  was car r ied  out  to test  this conclusion, and 
the number  of electrons per  TeC14 molecule  was found 
to be 3.9 __. 0.1. The  e lect rode react ion must  therefore  
be a four -e lec t ron  process. At  the complet ion of the  
coulometr ic  expe r imen t  no electroact ive species were  
present  in solut ion in the  mel t  (e i ther  oxidizable  or 
reducible)  and a finely d iv ided  g ray  prec ip i ta te  of 
e lementa l  t e l lu r ium was lef t  in the  cell. This p rec ip i -  
tation, however,  only  commenced at  the  ve ry  end of 
the electrolysis  when very  l i t t le  T e ( I V )  was present.  
I t  therefore  appears  tha t  the  Te is in some way  sotu-  
bi l ized by  the T e ( I V ) .  This phenomenon is discussed 
in deta i l  la ter .  

The behavior  observed here  is v e r y  different  f rom 
tha t  repor ted  by  Paulsen  and B j e r r u m  (14) at  s imi lar  
values of mel t  ac idi ty  (at  175~ the pC1 of an NaC1 
sa tura ted  mel t  is 1.9 on the mole  f ract ion scale, which 
corresponds to a value  of app rox ima te ly  1.0 on the 
molar  scale used by  Paulsen and B je r rum) .  The  pres-  
ent  work,  however ,  was carr ied  out  at  a significantly 
lower  t empera ture .  To de te rmine  the t e m p e r a t u r e  
effect, cyclic, normal  pulse, and different ia l  pulse  
vo l t ammograms  were  recorded at  severa l  t e m p e r a -  
tures be tween  175 ~ and 350~ Figures  4a and 4b show 
typica l  cyclic vo l t ammograms  at 265 ~ and 350~ r e -  
spectively,  of TeC14 solutions in  NaCl - sa tu ra t ed  melts,  
I t  can immedia t e ly  be seen tha t  the  four -e lec t ron  re -  
duction observed at  lower  t empera tu res  (Fig. 1) 
spli ts  into two dis t inct  processes, as also does the  re -  
oxidat ion  wave. Analogous behavior  was also ob-  
served  on the normal  and different ia l  pulse  vo l t am-  
mograms.  Exhaus t ive -con t ro l l ed  potent ia l  e lectrolysis  
shows tha t  the  two waves  observed in the  cyclic vo l t -  
a m m e t r y  at  350~ both correspond to two-e lec t ron  
processes. 

These observat ions  are  in agreement  wi th  the  resul ts  
repor ted  by  Paulsen  and B je r rum (14), that  in basic-  
to -neu t ra l  t e t rach loroa lumina te  mel ts  at  h igh t em-  
peratures ,  T e ( I V )  is first reduced  to T e ( I I )  and  then  
to Te. No de ta i led  analysis  of the  pC1 dependence  of 
the  reduct ion processes at  these t empera tu res  was  
unde r t aken  here,  as there  is no reason to sup-  
pose that  the  behavior  in NaA1C14 wil l  b e  any d i f -  
ferent  to that  observed in KA1C14 by  Paulsen  and 
B je r rum (14); that  is tha t  Te ( IV)  is present  as 
TeC162- and TeC15- while  T e ( I I )  is p resen t  as TeCl~-  
and TeC12. I t  is in teres t ing  tha t  the  s tab i l i ty  of the 
Te( I I )  species shows a ve ry  s trong tempera ture ,  as 
wel l  as acidity,  dependence;  e.g., at a pC1 of 1.9 a t  

2.O 1B 18 1.4 1.8 16 t4 
E / V v s A [  E / V v s A [  

(d) (b) 

Fig. 4. Cyclic voltammograms of 2.27 X 10-SM , TeCI4 solution 
in NaCI-saturated NaAICI4 melts recorded at 100 mV sec -1 .  The 
temperatures were (a) 265~ and (b) 350~ 
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Rg. & Cyclic vohammograms of 8.48 X 10-sM TeCI4 solutions. 
The melt pC|'s were (a) 2.8; (b) 3.75; and (c) 5.1, while the elec- 
trode rest potentials were (a) 1.824V; (b) 1.880V; and (c) 1.993V. 

175~ the reduction (see Fig. 1) is a well-defined four-  
electron step, whereas at the same pC1 at 350~ it  was 
observed that  the reduct ion showed two distinct two- 
electron steps. 

Already it can be seen that  the electrochemistry of 
Te (IV) in  te t rachloroaluminate  melts shows remark-  
able tempera ture  dependence. The remain ing  par t  of 
this study, however, is concerned with the pC1 de- 
pendence at 175~ Figures 5a, 5b, and 5c show cyclic 
voltammograms,  at a fixed sweep rate of 50 mV sec -1, 
of Te ( IV)  solutions of increasing acidity. It  can be 
s e e n  that the reduct ion peak moves strongly in  the 
anodic direction as the acidity increases and at the 
same t ime the reoxidation wave splits into two, the 
more anodic wave being broad and ra ther  ill defined. 
This anodic shift in  the reduct ion wave with increas-  
ing pC1 suggests that  the Te (IV) species, as expected 
(8, 9), is chlorocomplexed in  the melt  and that there 
is a net  loss of C1- ions in the ra te -de te rmin ing  step 
of the reduct ion process. At a fixed sweep rate the 
relat ive heights of the two reoxidation waves are 
pC1 dependent,  the more cathodic one being more 
prominent  at lower pCl's, while at fixed acidity the 
more positive wave grows at the expense of the more 
negative one as the sweep rate is increased. The two 
oxidation waves even become apparent  in  the most 
basic melts (pC1 -- 1.9 at 175~ at very  high sweep 
rates (100V see - l ) .  The behavior  in  the most acidic 
melts is also very interesting.  At slow sweep rates the 
most negative reoxidat ion wave is fair ly well defined, 
but  on increasing the sweep ra te  to 1V sec -1 it almost 
disappears; however, on increasing the sweep rate fur-  
t her to 10V sec -1 or more it  becomes much better  de- 
fined. To explain all the above complex behavior  there 
must  be some chemical steps occurring in the over-al l  
redox processes. 

While the results from the normal  pulse experi-  
ments  in  NaCl-sa tura ted melt  discussed earlier ap- 
peared to indicate the reduct ion of Te( IV)  to be dif-  
fusion controlled, the results of the cyclic vol tam- 
met ry  do not support  this hypothesis. Table I shows 
the sweep rate dependence of the function ipc/~ 1/~-, 
where ipc is the height of the reduct ion peak and v is 
the sweep rate for four values of melt  pC1. If the 

Table I. The values of the function ipl~,l/21mA cm - 2  sac 1/2 Y -1/2 
for a 8.48 X 10-SM TeCI4 solution as a function of the 

sweep rate v /V sec -1  at four pCI values 

V P ~  5.1 3.65 2.8 1.95 

0.02 21.65 22.7 23.1 28.5 
0.05 21.0 21.5 22.1 28.3 
0.1 20.0 20.3 21.5 27.8 
0.2 19.1 19.2 20.9 26.3 
0.5 18.5 18.8 20.5 25.1 
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Fig. 6. RDE scans of a 1.852 X 10-3M , TeCI4 solution in NaCl- 
saturated NaAICI4 melt. The scan rate was 2 mV sec - I  and the 
rotation rates were (a) 400 rpm; (b) 900 rpm; (c) 1600 rpm; (d) 
2500 rpm; (e) 3600 rpm; end (f) 4900 rpm. 

process were diffusion controlled, the value of ipc/v 1/~ 
would be independent  of v. This, however, is clearly 
not the case here. The value of ipc/V 1/2 decreases with 
increasing v, the var iat ion being greatest at the highest 
pCl's. This behavior  is indicative of the presence of a 
preceding chemical reaction, the rate of which d e -  
c r e a s e s  with increasing pC1. At  this point  i t  should be 
ment ioned that  the normal  pulse vol tammograms cease 
to show l inear il~m vs. ~-t/2 dependence as the acidity 
is increased, the value of/lira being lower than  antici-  
pated for short pulse times, again indicative of a pre-  
ceding chemic M step. 

One of the most satisfactory techniques for invest i -  
gating preceding chemical steps in  electrochemical re-  
actions is the use of the rotat ing-disk electrode (RDE) 
Figure 6 shows the results of a series of such experi-  
ments  for a Te (IV) solution in  a te t rachloroaluminate  
melt. At all the melt  acidities investigated, a plot of 
ilim vs. w 1/2 was linear,  indicat ing a diffusion-con- 
trolled process. Fur thermore  when the RDE response 
was analyzed using a 1/ i  vs.  1/~ 1/2 plot (all current  
readings being recorded at the steady state) the be-  
havior was typical of that  for a process the rate of 
which is determined by a slow electron transfer,  and 
the values of t he  heterogeneous rate constant and a,]~ 
could be determined (17). Table II gives the values 
of D, the diffusion coefficient, a~la, and ko ~ calculated 
[or the RDE results at three different pCl's (the deter-  
minat ion  of the values of the s tandard electrode po- 
tential  for the process, required in  the determinat ion 
of ko ~ is discussed later) .  The values of a~la and k00 
both decrease with increasing pC1, while the value of 
~1~ at a pC1 of 1.9 agrees closely with that  de termined 
from the normal  pulse vo l tammetry  as do the values 
of the diffusion coefficient. 

The above results can be rationalized in  the follow- 
[ng manner.  The Te formed by the electroreduction of 
Te(IV) reacts with more Te(IV)  to form a complex 
species which must  undergo a chemical reaction, 

Table II. Kinetic parameters for the reduction of Te(IV) determined 
from RDE experiments 

pC1 ~ '~  ko e x 10 3* D • 10 6** 

4.5 1.27 3.98 4.69 
3.8 1.37 7.9 4.71 
1.9 1.80 20.0 4.69 

�9 c m  s e e  - I .  
* *  c m ~  s e r  
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probab ly  decomposi t ion to Te and T e ( I V ) ,  before  it 
can be reduced  fur ther .  The ra te  of this  l a t t e r  chemi-  
cal react ion decreases wi th  increasing pC1 as shown by 
the ipc/~l/2 values  f rom the cyclic vo l tammetry .  The 
chemical  react ion is not, however ,  observed at  the  
RDE, as al l  the Te is swept  away  f rom the e lect rode 
before  i t  undergoes  the  react ion with  Te ( IV) .  The 
process at  the  RDE, therefore,  appears  as a s imple 
four -e lec t ron  reduct ion  uncompl ica ted  by  chemical  
steps. The two reoxida t ion  peaks  on the reverse  cyclic 
vo l t ammet ry  sweep both correspond to the oxidat ion  
of the  complex but  by  different  routes. The more  
cathodic one corresponds to the oxidat ion  of Te which 
is formed by  the decomposi t ion of the complex,  
whereas  at  more  anodic potent ia ls  the complex under -  
goes oxida t ion  by  a different  mechanism, which, j udg -  
ing b y  the  d r a w n - o u t  na ture  of the cyclic voI tam-  
me t ry  peak,  is p r o b a b l y  also complicated by  chemical  
steps. At  low pCl 's  the decomposi t ion step is ve ry  fast 
and therefore  the more  anodic cyclic vo l t ammet ry  
peak  is not  seen except  at  ve ry  high sweep rates.  As 
the pC1 is increased the  decomposi t ion reac t ion  slows 
down and the  second peak  becomes more  a p p a r e n t  at  
lower  sweep rates.  At  the highest  pCl 's  the second 
oxida t ion  mechanism becomes dominant .  The r eap -  
pearance  in acidic melts  of the more  cathodic ox ida-  
t ion wave,  corresponding to the  oxidat ion  of Te as the  
sweep ra te  is increased,  does not  contradic t  the above 
mechanism but  is due to the fact  tha t  the  react ion be-  
tween  Te and Te( IVJ  is not  infini tely fast, and at 
these h igh  sweep ra tes  some of the  Te has not  had  
t ime to react.  

The fo rmat ion  of the complex be tween Te( IV)  and 
Te also expla ins  the  solubi l izat ion of Te in the 
T e ( I V ) - c o n t a i n i n g  mel ts  discussed earl ier .  I t  is 
known f rom spec t rophotomet ry  (6, 7) and po ten t iom-  
e t ry  (7) tha t  Te ( IV)  and Te form severa l  cationic 
cluster  complexes;  however ,  under  the condit ions p r e -  
vai l ing in the exper iments  descr ibed here  the domi-  
nant  species can be ant ic ipated  to be Te42+ (6, 7). To 
test  this assumpt ion a po ten t iomet r ic  expe r imen t  was 
car r ied  out. A solut ion of TeC14 in a mel t  contained in 
a tungsten crucible,  which  also served as the  work ing  
electrode,  was coulometr ica l ly  reduced in a s tepwise 
manner ,  and the rest  potent ia l  of a glassy carbon in-  
dicator  e lec t rode  was measured  af ter  each step. When 
the  reduct ion was nea r ly  complete,  the process was 
reversed  and the equ i l ib r ium potent ia l  of the ind i -  
ca tor  e lect rode was recorded af ter  s tepwise coulo- 
met r ic  oxidations.  In  this way  Nerns t  plots were  
r ead i ly  constructed and these are shown in Fig. 7 for 
a range  of mel t  acidities. I t  can be seen tha t  at  la rge  
values  of log [Te4+] / [Te] ,  the e lectrode potent ia l  
var ies  l inea r ly  wi th  log [Te4+] / [Te]  and the value of 
the slopes in this region is 22 +_ 2 mV, which is in 
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Fig. 7. Nernst plots for the Te4+/Te couple, The melt pCl's 
were (a) !.9; (b) 2.75; (c) 3.81; (d) 4.70; and (e) 5.29. 

good agreement  wi th  the value predic ted  for a four-  
electron reduct ion  (22.3 mV at 175~ There  is, how-  
ever,  a b reak  in these plots  which  occurs consis tent ly 
at a value of [Te4+] / [Te]  of about  0.15 +__ 0.02 which 
corresponds to a [Te]:  [Te 4+] rat io  of 7:1. This sup-  
ports  the  complexat ion  reac t ion  be tween  Te and 
Te( IV)  being the format ion  of Te42+ according to the 
react ion descr ibed in Eq. [4]. 

7Te ~- Te 4+ ~ 2Te4 ~+ [4] 

wi th  the equi l ib r ium lying wel l  to the r i gh t -hand  side. 
At  [Te4+]: [Tel rat ios  less than about  0.15, the rest  
potent ia l  drops sharp ly  and also becomes unstable,  
poss ibly  due to adsorpt ion of Te on the electrode. 
Cyclic vo l tammograms  under  these conditions show 
that  the concentra t ion of Te in the mel t  drops sharp ly  
as the  [Te4+]: [Tel  ra t io  drops below 0.I5, indica t ing  
the commencement  of Te precipi ta t ion.  Fu r the r  suppor t  
of the format ion  of Te42+ is the  color of the solution 
Which is deep violet  [B je r rum (6) repor ts  a s trong 
adsorpt ion  peak  for Te4 ~+ at  about  18,000 cm-1.]  F rom 
the above  Nernst  plot  it  is poss ible  to de te rmine  the 
values of the s tandard  e lect rode potent ials ,  and these 
are  found to va ry  l inea r ly  wi th  pC1 as defined by  Eq. 
[5] 

E ~ --  (1.497 ~ 0.010) + (0.076 __ 0.003)pCl [5] 

It  is known tha t  the process is a four -e lec t ron  one; 
the  slope observed,  therefore,  corresponds most  closely 
wi th  tha t  p red ic ted  for 3C1- ions being lost in the 
over -a l l  react ion (67 mV at 175~ The Te ( IV)  mus t  
there2ore be p r i m a r i l y  presen t  as TeCI~ +, a l though 
some more  h ighly  complexed species, e.g., TeC14 and 
TeC15, wil l  also be present ,  pa r t i cu l a r ly  at the  lowest  
pCl's. This is in agreement  wi th  the resul ts  of Von 
Barner  et al. (8) who repor ted  the  degree of chloro-  
complexat ion  of Te ( IV)  in KCI:A1CI~ mel ts  for  the 
pC1 range covered here  to l ie be tween th ree  and four. 
This l a te r  work  was, however ,  carr ied  out  a t  a r a the r  
h igher  t empera tu re  (300~ 

In view of the complex i ty  of the processes in-  
volved, the  chemical  steps occurr ing dur ing  the re -  
duct ion will  be ve ry  difficult to investigate.  Those in-  
volved_ in the  oxidat ion  of Te42+ are, however ,  fa i r ly  
read i ly  s tudied at an RDE. F igure  8 shows a series of 
potent ia l  scans, at  an  RDE, for a solut ion of Te42+ in 
an  NaCI-sa tu ra ted  melt .  (This solut ion was p repa red  
by  the par t ia l  reduct ion  of T e ( IV ) ,  assuming Eq. [4] 
to l ie  wel l  to the r igh t -hand  side) .  It can be seen tha t  
at low rota t ion rates  only one wave  is present ,  but  as 

is increased,  a second, r a the r  d r a w n  out one, appears  
at more  anodic potentials ,  the  behavior  of which is 
analogous to the cyclic vo l tammet r ic  resul ts  discussed 
earl ier .  F igure  9 shows plots of the s t eady-s ta te  cur -  
ren t  as a 1unction of ~1/2 at  1.725V (corresponding to 
the p la teau  of the first wave)  and at 2.05V (the p la teau  
potent ia l  of the  second wave) .  The cur ren t  at 2.05V is 
a l inear  function of ~1/2 and a value  of the diffusion 
coefficient of 7.7 X 10 -8 cm 2 sec -1 was calcula ted 
f rom the  slope of this line. The first wave  is, however ,  
only  diffusion control led  at  low ro ta t ion  ra tes  and the 
va lue  of i becomes independent  of ~1/2 at la rge  values  
of the lat ter ,  indica t ing  that  the react ion has become 
kinet icaUy controlled. The current  is then  given by  
Eq. [6] 

i --- nFkco ~ [6] 

and if i t  is assumed tha t  the equi l ib r ium descr ibed in 
Eq. [4] lies wel l  to the  r i gh t -ha nd  side the  value  of k, 
the  pseudo-f i rs t  o rder  homogeneous ra te  constant,  is 
r ead i ly  calculated.  This was found to be independent  
of the  concentrat ion of Te42+, i.e., the  r a t e - d e t e r m i n -  
ing react ion is first o rder  in [Te42+], but  h ighly  de-  
penden t  upon the pC1. The va lue  of log k was found to 
va ry  l inea r ly  wi th  pC1 as descr ibed by  Eq. [7] 

log~0 k : (0.028 -4- 0.03) --  (0.90 __+ 0.10)pC1 [7] 

over  the pC1 range  1.9-4.0. The values  at the lower  end 
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Fig. 8. RDE scans of 7.65 X 10-4M Te~ 2+ in NaCI-saturated 
melt. The scan rate was 2 mV sec -1  and the rotation rates were 
(a) 400 rpm; (b) 900 rpm; (c) 1600 rpm; (d) 2500 rpm; (e) 3600 
rpm; (f) 4900 rpm; and (g) 6400 rpm. 
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Fig. 9. Levich plots for the oxidat[on of 7.65 X 10-4M Te42+ in 
NaCI-saturated melt at the RDE. The currents were measured at 
- - � 9  2.05V and - - e - - ,  i.725V. 
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vest igat ion provides  no clue as to the  iden t i ty  of such 
a species this prec ludes  the  proposa l  of a unique 
mechanism. One possible in te rmedia te  is a T e ( I I )  
species. This seems quite reasonable  in view of the 
fact that  such a species was observed in ve ry  basic 
melts  at  high t empera tu re s  and also because T e ( I I )  
has been observed spec t rophotomet r ica l ly  (6) to be 
the first product  formed when TeC14 is reduced by  
e lementa l  t e l lu r ium in ch loroa luminate  melts.  A possi-  
b le  mechanism for the react ion of Te wi th  Te ( IV)  
which satisfies all  the  above cr i ter ia  is given below by 
Eq. [8] and [9] 

TeCI~ + + Te ~ 2TeCl + + Cl- [8] 

TeCl + + 3Te ~ Te~ 2+ + Cl- [9] 

where the forward and backward rates of Eq. [8] are 
both fast and Eq. [9] is the rate-determining step. It 
can be seen that the decomposition of Te4 ~+ is first 
order  in [Te~ 2+] and [C1-] ,  as required,  Te ( IV)  is 
p resen t  as TeC13 + and by  adding Eq. [8] and  twice  
Eq. [9] we get  Eq. [10] 

TeC18 + + 7Te ~-- 2Te42+ + 3Cl -  [10] 

which has the  requ i red  s toichiometry.  
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of the  pC1 range fel l  s l ight ly  off the l ine possibly be-  
cause the  equi l ib r ium in Eq. [4] is not complete  at 
these acidities. F r o m  the slope of the  l ine the react ion 
must  also be  first o rder  in [C1-] ,  and therefore  the 
second order  homogeneous ra te  constant  for the re-  
act ion can be calcula ted to be 0.28 _+ 0.05 l i te r  mole -1 
s e a -  1 

A n y  mechanism tha t  is proposed  for  the over -a l l  
redox chemis t ry  of Te ( IV)  must  sat isfy the  above 
cr i ter ia  tha t  the r a t e -de t e rmin ing  step in the decom- 
posi t ion of Te42+ is first order  in [Te42+] and [C1-] 
as wel l  as the  prev ious ly  discussed observat ions that  
Te ( IV)  is present  in the  mel t  as TeClz + and tha t  the 
s to ichiometry  of the  react ion be tween  Te( IV)  and Te 
is tha t  given in Eq. [4]. To sat isfy these points i t  is 
necessary to invoke a shor t - l ived  in te rmedia te  species 
in the mechanism,  but  since the  e lect rochemical  in-  
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ABSTRACT 

The oxidation of the active, high energy densi ty materials,  t i tan ium a n d  
t i t an ium hydride, has been studied by electrochemical and electron spec- 
troscopic techniques. The apparent  thickness of the oxide was controlled by 
the magni tude  of the applied potential  across thin (200-6000A) films of these 
materials.  Our electrochemical measurements  indicated that  after i rreversible 
oxide formation, the thin films behaved as typical semiconducting oxide 
electrodes. A technique of electrochemical aging is described which permits 
comparison with oxide thicknesses produced by thermal  aging. Post mortem 
analysis by XPS and AES was used to characterize the extent  of oxidation 
of the film surface. Observation of the dN(E)/dE and N(E) Auger spectrum 
(especially the LIIIM2,3M4,~ transi t ion) indicated that  all electrode film sur-  
faces are a mixture  of TiO2, suboxides, and the respective metall ic phases 
(Ti or TiHx).This observation is confirmed by the predominant  XPS Ti t rans i -  
tion. The extent  of oxide growt'h into the films was measured by the AES/  
depth profiling technique and the results are comparable for the two sys- 
tems to a depth of ,-,50A. The results of these experiments  are compared for 
t i tan ium and t i tan ium hydride and are examined with respect to a model 
for oxide formation and growth. 

The oxidation of t i t an ium in its various metallic 
and metal-oxide forms has received at tent ion by 
several investigators (1-9). We have previously re- 
ported (9) on the electrochemical oxidation of t i tan-  
ium thin film electrodes and on the effect of oxide 
layer formation on the change of electrochemical 
reactivity. Studies of the electrochemical oxidation 
of the surface region (top 5-100&) of pure t i tan ium 
thin film electrodes have shown that these thin films 
serve as a model for the solution and solid-state 
oxidation of t i tan ium and t i tan ium hydride foil and 
powder surfaces. Vapor deposited thin film electrodes 
provide an ideal electrode surface with very high 
pur i ty  as well as predictable and controllable surface 
s tructure (9-12). Our surface analyt ical  studies have 
indicated that freshly deposited, t i tan ium thin film 
surfaces are not oxide free, but  consist of a mixture  
of Ti metal  and various t i t an ium oxides, forming a 
"prepassive region" approximately 20-50A thick. Ex- 
cept in ul t rahigh vacuum environments,  Jt is prob-  
ably not possible to produce a ful ly reduced t i t an ium 
surface, nei ther  is it possible to obtain such a clean 
surface for even short times in contact with an elec- 
trolyte. Nevertheless, the thin film electrodes show 
reasonable electrochemical activity and the study of 
their oxidation provides a model for the passivation 
of fresh t i tan ium surfaces to depths of 50A or less. 

We present here fur ther  vol tammetr ic  studies of 
the oxidation of t i t an ium thin electrodes before and 
after electrochemical and atmospheric oxidation. The 
thickness of a passive oxide layer on the thin film 
electrodes can be estimated by straightforward volt-  
ammetr ic  and coulometric techniques correlated to 
Auger and x- ray  photoelectron spectroscopic measure-  
ments  of these same films (9). 

We fur ther  report  the results of similar studies 
on the oxidation of t i tan ium thin films which have 
been hydrided to the -y-phase stoichiometry TiHI.4-1.9 
(referred to here as Tittz) (13). Oxidation of these 

* E l e c t r o c h e m i c a l  Soc i e ty  Act ive  Member .  

films is s imilar  to the t i tanium films except that  a 
different two-phase surface composition is observed 
consisting of an oxide-rich outer layer  (~25-30A 
thickness) and a hydr ide-r ich  bulk composition. Volt- 
ammetr ic  and surface analyt ical  data are presented 
which support  this s tructure and quant i ta t ively  charac- 
terize the various metall ic and oxide components. 

We have in tent ional ly  avoided investigations of the 
electrochemical current /vol tage  regions where pas- 
sivation/corrosion phenomena of t i tan ium have nor-  
really been studied (high current  densities and high 
overpotentials) .  Our main  emphasis has been only 
on the passivatJon of the outer surface region of both 
the Ti and TiHz films by  electrochemical and  a imo-  
spheric oxidation. 

Experimental 
Thin film preparation.--The Ti thin films were elec- 

t ron beam evaporated onto heated (450~ quartz or 
a lumina  disks at a pressure of 10 -7 Torr  and a depo- 
sition rate of approximately 125 A/min.  The hydrided 
films were prepared in the same apparatus as the 
metal  films. After metal  deposition the films were 
equil ibrated with purified hydrogen gas to the pressure 
and temperature  to ensure the v-phase TiHx, where 
x ---- 1.4-1.9 (13, 14). Typical film thicknesses were 
200-6000A depending on the experimental  require-  
ments  as measured by both interferometric and con- 
ductance techniques. Once deposited the electrodes 
were stored under  dry, purified argon prior to electro- 
chemical t reatment.  

Electrochemical experiments.--The electrochemical 
cell allowed for two potentiostat  contacts for potential  
control and two bridge contacts for d-c conductance 
measurement  at the working electrode (9). The auxi l -  
iary electrode was a coil of Pt  wire and the reference 
electrode was a saturated calomel electrode, sep- 
arated from the electrolyte solution by a quartz frit. 
All applied potentials in this paper are referenced 
to the saturated calomel electrode (SCE). 
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Current  and charge were recorded as a funct ion 
of applied potential  using a Pr inceton Applied Re- 
search (PAR) 173 Potent iostat /Digi ta l  Coulometer and 
a PAR 179 Universal  Programmer.  Surface conduc- 
tance measurements  were made with a Wheatstone 
br idge/ampli f ier  circuit  (15-17). The exper imenta l  ar -  
rangement  allowed simultaneous recording of cur-  
rent, charge, and conductance as a funct ion of applied 
potential.  Capaci tance/potent ia l  curves were recorded 
using a technique described previously (9). Scan 
rates of 5 mV/sec or less were used in all experiments.  

Samples were loaded into the electrochemical cell 
and t ransported to high vacuum for surface analysis 
unde r  controlled, iner t  (purified Ar  or ND atmo- 
sp~aeric conditions. 

Surface analysis and data treatment.--Auger electron 
spectroscopy (AES) and x - ray  photoelectron spectros- 
copy (XPS) data were obtained on a Physical Elec- 
tronics 548 ESCA/Auger  analysis system. Vacuum 
was main ta ined  at  10 -9  Tort  or less. AES experi-  
ments  were conducted using a 1 k e y  electron beam, 
15.-30 ~A of current ,  2 eV modulat ion at 17 kHz, and 
a lock-in  amplifier t ime constant  of 0.03 sec. Both 
N(E) and dN(E) /dE  spectra were recorded directly 
from this ins t rument .  XPS data were obtained using 
a MgKa source at 400W of power. Data were either 
recorded directly using the output  of the photon count-  
er or signal averaged using a Data General,  Nova 
800, minicomputer  with 32 K core and two 1.2 
mil l ion bit Diablo disks. Deconvolution of overlapping 
XPS peaks were accomplished using a computer  
rout ine similar  to published methods (9, 18-22). 
The XPS spectra were computer-s imulated by input -  
t ing five parameters:  (i) the slope of the l inear  spec- 
t ra l  background, (ii) the b inding  energy of each 
electronic component,  (iii) the full  width at half-  
m a x i m u m  of each component, (iv) the peak height 
of each component,  and (v) the percentage of Gaus-  
sian contr ibut ion to the s lope of the spectral back- 
ground. The binding energy and Gaussian contr ibu-  
tion were evaluated using transit ions from standard 
Ti compounds (22). The b inding energy of the 
Ti(2p3/2) XPS peak subtracted from the binding en-  
ergy of the O( l s )  XPS peak is referred to as ~BE1 
in subsequent  discussions (18, 22). Argon ion sput ter-  
ing was done at 5 X 10 -5 Torr  with beam voltages 
of 1 kV and 10-20 mA of filament emission current.  
Under  these conditions, a sput ter ing rate of 12.5-25 
A / m i n  was observed in  our Ti films. The ion beam 
was always focused so that  the electron beam or 
x - r ay  source was placed well inside the sputtered 
area of the film surface. 

Results and Discussion 
Electrochemical oxidation o~ Ti films.~The l inear  

sweep vol tammetr ic  (LSV) behavior  of the t i t an ium 
thin  film electrodes in  strong acid media tins been 
previously described (9). We show in Fig. la  typical 
behavior  in 1N HC10~. Anodic currents  of between 
30-50 ~A/cm 2 were observed at bias potentials in  
excess of +0.5V vs. SCE. If the potential  sweep was 
not interrupted,  this current  density was main ta ined  
up to potentials of +2.7V or greater. At greater  bias 
potentials,  a near ly  exponent ial  dependence of cur-  
rent  with potential  was observed, as would be ex-  
pected for the normal  corrosion/passivation reaction 
of t i t an ium metal  (1-6). From XPS and AES analysis 
data of various Ti thin film electrodes we have hy-  
pothesized that the cur ren t /po ten t ia l  region between 
the onset of current  flow and the onset of the expo- 
nent ia l  cur ren t /po ten t ia l  dependence represents an 
oxidation of a region of less than 50A thickness. This 
region consists of metal  and t i tan ium oxides (TiO, 
Ti208, etc.). A t rue metal/TiO2 interface is only estab- 
lished at bias potentials in excess of +3.0V, Quali ta-  
t ively similar  LSV behavior  was observed using bulk  
t i t an ium metal  which had been freshly etched in  
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Fig. 1. (a) Typical linear sweep voltammogrom (LSV) for a Ti 
thin film electrode in 1N HCI04 at a sweep rate of 5 mV/sec. (b) 
Typical LSV for a Ti foil electrode which has been etched in HF and 
in boiling distilled H20. 

HF and r insed in  distilled water  (Fig. lb ) .  Fur ther  
l inear  sweep and cyclic vol tammetr ic  experiments  to 
explore the na ture  of the electrochemical oxidation 
of this surface region of the t i t an ium thin  films were 
therefore carried out. 

We define the onset potential  (Eonset) as the in te r -  
section of the tangent  to the current /vol tage  curve 
with the potential  axis, i.e., where currents  are first 
noted. Eonset (cf. Fig. la)  was measured as a funct ion 
of pH from strongly acidic to s trongly basic solutions 
for t i tan ium thin film electrodes (Fig. 2a). From pH 
---- 0---~8, the shift in Eonset was  --0.020V per pH unit ,  
whereas for alkal ine sozutions, the shift was --0.080V 
per pH unit. Although the current  voltage curves 
had the same qual i tat ive appearance in all the solu- 
tions investigated, it is clear that  the thermodynamic  
potential  of the oxidation process is lowered by the 
presence of high concentrations of hydroxide. The 
potential  at which an exponent ial  cur ren t /po ten t ia l  
dependence was observed also shifted cathodically 
with increasing pH to the same extent  as Eonset. The 
over-al l  pH dependence for the oxidation of the sur-  
face region of the t i t an ium film is subsequent ly  dis- 
cussed. 

If the potential  scan was in terrupted or reversed 
dur ing  the vol tammetr ic  oxidation of the t i t an ium 
films, the current  quickly decayed to zero (Fig. 3, 
curve a). No current  was seen unt i l  an anodic poten-  
tial was applied which exceeded the previous poten-  
tial l imit  (curves b through f in Fig. 3). This is 
consistent with previously reported data for a lu-  
m i n u m  passivatlon (1, 23). A series of such cyclic 
potential  scans was conducted and Eonset for each scan 
recorded as a function of the total oxidative charge 
t ransferred (QT). Figure 3b shows that there was a 
l inear  ~ dependence of Eo~set with QT. The potential  
or field s t rength necessary to support  oxidation of 
the surface region of the t i t an ium thin hlm is clearly 
dependent  on the total oxide thickness formed in  
this region. We have calculated that a mono]ayer con- 
version of t i t an ium to TiO~ requires approximately 
1 mC/cm 2 of oxidative charge, so that an estimate 
of the oxide layer thickness was made in order to 
correlate with QT (Fig. 3b). The ma x i mum thickness 
of 50A is approximate since the surface region is a 
mixture  of metal  and suboxides. Using AES and XPS 
data (9) we estimate the thickness of the "prepassive" 
region to be approximately 30A. 

The slope of the tangent  to the current /vol tage  
l inear  region above Eonset, di/dE, was also monitored 
as a funct ion of QT (Fig. 3b). As QT increased, di/dE 
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Fig. 2. Eonset as a function of electrolyte pH for (a) Ti thin film 
and (b) TiHx thin film electrodes. 

decreased sharply. The di/dE parameter m a y  be v iewed  
as a measure of  the onset of the oxidation process 
wi th  increasing potential  and thus decreases as the 
oxide thickness (or the barrier to oxide growth)  in-  
creases. 
The characterization of the electrochemical growth 

of the surface oxide layer was also extended to the 
atmospheric oxidation of these titanium metal films. 
Figure 4a shows the voltammograms for several Ti 
films, heated at 150~ for times between 5 and 60 
min. These conditions were chosen to accelerate atmo- 
spheric oxidation to experimentally reasonable rates. 
Figure 4b shows  the  l inear increase in Eonset as a func-  
t ion of  the square root of air oxidation time, whi l e  
di/dE decreases almost  exponent ia l ly  wi th  t 1/2. Note 
that the m a x i m u m  current density  achieved in oxi -  
dation of  the surface region also decreased fo l lowing  
air oxidation. We can conclude that the extent  of  
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Fig. 4a. Linear sweep voltammograms for Ti electrodes heated at 
150~ in air for the time specified on each voltammogram. 
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Fig. 3a. Electrochemical oxidation of fresh Ti electrode. The 
cyclic voltammograms are scanned to a higher applied potential 
limit on each successive scan. The solution used in this scan was 
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electrochemical oxidation, Qr, and the t ime of at-  
mospheric oxidation, t 1/2, are qual i tat ively equivalent.  
In  both cases it is clear that  the formation of a th in  
layer  of surface oxide great ly inhibi ts  fur ther  oxida- 
tion. If atmospheric oxidation was at tempted at room 
temperature,  l i t t le change in the current  voltage be-  
havior was observed for films left exposed up to sev- 
eral hours. However, extensive air  oxidation at ele- 
vated temperatures  completely oxidized the surface 
region of the t i t an ium films and the current /vol tage  
behavior  of such a film showed only the exponential  
relationship at high applied potentials. By correlation 
with the electrochemical oxidation data and previous 
surface analysis data, it was also possible to semi- 
quant i ta t ive ly  estimate the depth of the surface oxide 
layer  formed by air oxidation (compare Fig. 3b and 
4b). 

Electrochemical oxidation of t i tanium hydride 
]/ /ms.--The electrochemical oxidation of t i t an ium hy-  
dride films proceeded v i r tua l ly  as for the t i t an ium 
thin film electrodes for bias potentials up to approx-  
imate ly  +2.0V. The l inear  sweep vol tammetr ic  behav-  
ior of a t i t an ium hydride electrode in  1N HC104 is 
shown in Fig. 5. Surface conductance and differential 
capacitance data collected for this type of electrode 
were similar  to the previously reported data for the 
t i tan ium film electrodes (9). Surface conductance 
measurements  indicated a l inear  decrease in  conduc- 
tance electron populat ion dur ing the oxidation of the 
surface region. The capacitance-voltage measurements  
showed l inear  1/C 2 vs. E behavior  typical of an n- type  
semiconductor once the potential  was dr iven past 
the onset potential.  All of the electrochemical data 
for these electrodes were consistent with the oxida- 
t ion of a surface region of the TiHx film of less than 
50A thickness. 

Electrochemical and atmospheric aging of the t i tan-  
ium hydride films also proceeded as for the t i t an ium 
films. Results typical  of electrochemical aging up to 
+2.0V are shown in Fig. 6. As the oxide layer  thick- 
ness increased, the onset potential  (Eonset) for oxida- 
t ion increased and (di/dE)Eonset decreased, consistent 
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to > + 2 . 0 V  and back to 0.0V vs. SCE in 1N HCIO.~. The scan rate 
was 5 mV/sec. At ~ 2V the current increases frem 30-50 ~A/cm s 
to 0.5 A/cm s. (b) Linear sweep voltammogram of electrode in (a) 
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with an increasing energy barr ier  toward fur ther  
oxidation. The relationship between Eonset and pH 
was also explored for the t i t an ium hydride electrodes. 
Similar  to the t i t an ium films, Eonset shifted cathodically 
by 25 mV/pH uni t  up to pH = 7 and approximately 
120 mV/pH uni t  for solutions with pH --~ 7 (Fig. 2b). 

The t i tan ium hydride electrodes also showed a 
unique vol tammetr ic  feature which varied as a func-  
tion of pH. In strong acid media the vol tammetr ic  
curves for the t i t an ium hydride electrodes were punc-  
tuated at bias pomnuals  g~'eater than +2.0V by a 
sudden increase in  current  density from 30-50 ~A/cmS 
to near ly  500 mA / c m ~ (Fig. 5a). ~oncur ren t  with 
this increase in current  density, gas evolution from 
within  the electrode was observed as well as the 
eventual  in terna l  breakup of the t i t an ium hydride 
film. If the vol tammetr ic  scan was reversed before 
film breakup occurred, the current  density decayed 
to zero and no current  was observed unt i l  the pre-  
vious anodic potential  l imit  was reached. At this 
potential  large current  densities were again observed 
(Fig. 5b). Clearly the t i tan ium hydride electrodes 
possess a surface composition which produces sim- 
i lar  electrochemical behavior  to the t i t an ium films, 
unt i l  the surface region is fully oxidized. Following 
this, a different type of oxide/metal  interface is 
created which apparent ly  allows direct release of 
the bound hydrogen in  the metal  lattice to form 
hydrogen gas. As the solution pH was increased, the 
potential  at which film breakdown occurred, shifted 
toward more negative potentials. In solutions of pH 
--  10 however, the onset of excessive current  densities, 
gas evolution, and the breakup of the electrode were 
no longer observed. Current  densities of 30-50 ~A/cm 2 
were observed, with some fluctuations, at bias poten- 
tials beyond 5V. No clear evidence of an exponential  
current /vol tage  behavior was observed for the oxida- 
tion of the TiHz films in  alkal ine media. In the in ter -  
mediate pH region between strongly acidic and strongly 
basic media, the TiH~ oxidation showed a tendency 
to decompose but  at variable b i a s  potentials above 
2.0V. We believe the var iabi l i ty  to be due to small  
differences in film surface morphology which affect 
the change in oxidation mechanism. SEM photomicro- 
graphs of the Ti and TiHx film surfaces indicate an 
average defect or gra in  size of ,~0.1 #m. Capacitance 
data also indicated a ra ther  porous film surface; 
C(a t  0.0V) = 30 __ 5 ~F/cm% We feel that this surface 
s tructure will be impor tant  in determining the oxida- 
tion pathways at in termediate  solution pH. It is 
clear that at a lkal ine pH, the oxidation mechanism 
for the t i t an ium hydride films changes to an extent  
sufficient to stabilize the film in an unusua l  manner  
against gas evolution and metal  degradation. 
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(o) Ti Blank Film S u r f a c e  
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Fig. 7. High resolution Auger electron spectra of the Ti(LMM) 
and (LMV) peaks for (a) Ti film electrode surface; (b) that film 
after ion sputtering to remove approximately 15A; (c) Till2 film 
electrode surface; and (d) that film after ion sputtering to remove 
approximately 15A. 

Sur]ace analysis of the TiHx /~Ims.--AES and XPS 
spectra were obtained for the TiHx film electrodes 
in  an effort to unders tand  the composition of the 
s u r f a c e  regions of these electrodes and to compare 
the surface composition to that  of the pure t i tan ium 
films. Figure 7 shows a series of high resolution 
d N ( E ) / d ( E )  AES spectra of the LMM and LMV 
transit ions of t i tan ium and t i tan ium hydride films 
a s  w e l l  a s  a typical N ( E )  spectrum. Some difference 
w a s  observed between the spectra of the Ti and TiHx 
film surfaces, especially in the LMV spectral region 
(400-430 eV) where spectral shapes are sensitive to 
chemical composition of the surface (9, 24). Both 
types of film surfaces showed LMV spectra consistent 
with a par t ia l ly  oxidized (TiO-like) surface (9, 24- 
261), however the Till= film electrode showed slightly 
more oxide character than the Ti film. Following ion 
sput ter ing of near ly  15A of the surface region, the 
spectra became more like those expected for a lower 
valence form of t i tanium. 

Oxygen- to - t i t an ium ratios were computed from the 
intensit ies of the oxygen KLL transit ions and the 
t i t an ium LMM transition, according to previously 
discussed methods (9, 18, 22). The O/Ti intensi ty  
ratio of each film was normalized to the same ratio 
for a TiO., s tandard mater ia l  to yield a relative atomic 
ratio, No/N.ri. The Till= film surfaces showed a slightly 
substoichiometric composition, with No/Nwi ---- 1.8. 
This value includes the contr ibut ion from all surface 
oxygen because the oxygen Auger KLL signal does 
not dist inguish between oxide and absorbed oxygen 
species. The No/Nwi surface ratios were slightly 
higher than  those previously observed in  t i tanium 
films, No~Nil ---- 1.6-1.7 (9). Ion sputter ing of the 
surface lowered the No/Nwi to ca. 0.3 within 20-30A 
of the surface, s imilar  to the t i t an ium films. Electro- 
chemically oxidized surfaces showed increased No/Nwl 
values at the surface (1.9-2.0), and these values re- 
mained high following ion sputtering, depending on 
the extent  of electrochemical oxidation. 

The XPS spectra of Fig. 8 were consistent with the 
a b o v e  AES data. The Till= film surface gave 
Ti(2pi/2,a/~) spectra (Fig. 8a) which were composed 
chiefly of a TiO2 component (ABEl = 71.5 __ 0.2 eV 
a s  for a TiO~ standard)  (18, 22). Smaller  TiO (aBE1 
= 75.2 __+ 0.2 eV) and Till= (~BE1 ---- 76.0 _+ 0.2 eu  

Lo e t  aL (26) have noted  the  p r e s e n c e  of Ti 8+ valence states by 
e n e r g y  loss  spec troscopy  in de fec t - s t ruc tured  TiO2 surfaces. Simi- 
lar c o m p o s i t i o n s  are  e x p e c t e d  in the  prepassive region of  the  
t i t an ium and t i tan ium hydride  f i lms,  cf.  (9). 

Ti (2Pl/2, 3/2) /A I  
(a) 

.l~,t I I t t  TiO 
/ ^  " ~ j d / I  lk iTiH2 

H2 (b) 

lOOcts/sec Z Ti~ H2 

UO ~ (d) 

470 4~0 zlSO 
BINDING ENERGY (eV) 

Fig. 8. The Ti(2pl12,3/~) XPS spectra for (a) a Till= blank sur- 
face; (b) that film after ion sputtering to remove approximately 
20/%-; (c) the same film after ion sputtering to remove approximately 
60A;  and (d) the surface of TiHx thin film electrode oxidized to 
12.5 mC of charge. 

components were also observed which were less than 
10% of the TiO2 concentration. This type of surface 
spectrum is consistent with either (i) a uniform 
surface composition consisting of TiO2, suboxides, 
and t i t an ium hydride, or (ii) a TiO2 layer  of less 
than 10A thickness over laying a gradient  mixture  
of suboxides and t i t an ium hydride. We consider the 
second option to be more likely, al though we must  
consider the possibility that  the t i t an ium hydride may 
be a mixed oxy-hydr ide  compound, e.g., TiOyH=. 
The Ti(2pl/2,3/2) spectra of the TiHx film which was 
ion sputtered to a depth of ca. 15A below the surface 
(Fig. 8b) showed spectral components from TiO2 
and suboxides which were near ly  equal and were 
approximately 50% of the intensi ty  of the Till= com- 
ponent. This observation would indicate a mixed TiOy/ 
TiH~ composition of the prepassive surface region. 
The No/NTi ratios computed from the XPS data 
[O ( l s ) / T i  (2p3/2) in tensi ty  ratios normalized to TiO2 
standard] (22) showed a value of ca. 1.6-1.7 at the 
film surface and ca. 0.8 following ion sput ter ing to 
,~15A below the surface. The surface No/Twi ratio 
was lower than that  determined by AES because the 
O(1s) in tensi ty  included only oxide oxygen and not 
absorbed forms (OH, I-I20, etc.) (18,22). Ion sput ter -  
ing to depths of greater  than 50A yielded an XPS 
spectrum like that in ~ig. 8c. The 'l'i(2pti2>3Je) spec- 
t rum was comprised chiefly of the t i tan ium hydride 
component and the No/NTi ratio decreased to ca. 0.2. 
We have previously noted that  the Ti(2psi2) binding 
energy for the hydrided metal  is shifted to higher 
energies by ca. 1.0 eV from that of the pure metal  
(ABE1 ---- 76.0 ___ 0.2 eV for TiHz vs. 77.0 +_ 0.2 eV 

for Ti) (22). This chemical shift is consistent with 
hydrogen bound in the t i t an ium metal  in a par t ia l ly  
anionic form, although the hydrogen does not appear 
to be as electronegative as oxygen in  the t i tan ium 
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oxides. The electrochemical oxidation of the hydride 
is certainly affected by the chemical form of hydrogen 
in  the metal  lattice and the mechanism by which 
it is removed dur ing  oxidation (see discussion below).  
Following electrochemical oxidation of the TiHz film 
surface (QT -- 12 mC/cm2),  the Ti(2pl/2.8/2) XPS 
spectra reverted completely to that  of T i Q ,  No/Nwi 
---- 1.9-2.0 (Fig. 8d), confirming that  the oxide in ter-  
face had been extended to beyond the depth to which 
XPS could successfully measure a TiHx component 
(,~25A). 

Conclusions 
The previously reported experiments  (9) and those 

discussed here allow a more detailed unders tanding  
of the surface region of vapor deposited and clean 
bulk  t i t an ium and t i t an ium hydrides. The first to 
be discussed is the surface composition of the t i t an ium 
films. We can picture the surface of the film to con- 
sist of a gradient  of metal, suboxide (or '~'iO2 with 
oxygen defects) and stoichiometric TiO2. A graphical 
i l lustrat ion of this picture is shown in  Fig. 9. The 
energy barr ie r  for film oxidation is expressed chiefly 
across the stoichiometric TiO2 phase (G~) and the 
more conductive substoichiomet'ric oxide phase (G2); 
the total barr ier  to fur ther  oxide growtt~ is relat ively 
low (GT "- G1 -~ G2). Following electrochemical or 
atmospheric oxidation, the oxide layer  thickness is 
greatly increased, the suboxide concentrat ion d imin-  
ished, and the bar r ie r  to fur ther  oxide growth is con- 
sequently increased to GT'. The relative size of G2' 
to G~' has decreased due to the increase in thickness 
of the nonconduct ive oxide. Eventua l ly  a meta1/TiO2 
interface is established. Ionic t ransport  across the 
meta l /meta l  oxide region becomes the current  l imi t -  
ing factor and a normal  corrosion/passivation mecha- 
nism is established (6). 

We can picture the oxidation of the prepassive 
region of the Ti film electrodes in strong acid solu- 
tion in a schematic fashion similar  to defect-s tructured 
TiO2 electrodes (22) 

TiOy-->TiO2~- ( 4 - - 2 u ) e -  O < y < 2 . 0  [1] 

[where ionic t ransport  is not included].  In  strongly 

OXIDATION OF PRE-PASSIVE REGION OF Ti OR Till 

FRESH SURFACE 
SUBOXIDE 

M~ALfSU BOXIDE i OXIDE 

ELECTROLYTE 

G 2 
GI } GT 

OXIDIZED SURFACE 

MFfAL/SU BOXIDE OXIDE 

[ 6, T 
II G, 1 

Fig. 9. Proposed model for the composition and oxidation of the 
"prepassive region" in Ti and TiHx thin films. 

basic solutions, the oxidation may proceed through 
either TiOu or Ti (OH)2y reactants, e.g. 

Ti(OH)2y--> TiO2/Ti(OH)4 -~ (4 -- 2 y ) e -  [2] 

Due to the cathodic shift in  onset potential  with in -  
creasing pH, we feel that  the la t ter  oxidation process 
is more thermodynamical ly  favorable in alkal ine so- 
lutions (2). The Pourbaix  diagram for the oxidation 
of t i t an ium shows a strictly Nerns t ian  relationship 
between equi l ibr ium potentials of Ti/TiO2 and pH 
(2, 27). The significance of the change in  slope of 
Eonset V8. pH as one proceeds to more alkal ine solu- 
tions remains to be investigated. The surface morphol-  
ogy of the t i t an ium film will influence the surface 
concentrat ion of oxidizable species, the penetrabi l i ty  
of the electrolyte, and, therefore, the onset potential. 
This morphology may vary  depending on the type of 
film or bulk t i t an ium sample investigated and may 
affect the slope of Eonset vs. pH. 

In  the case of the TiH~ films, the picture of the 
surface composition is somewhat different. It  is clear 
from the XPS data that  the surface is still composed 
chiefly of TiO2 and suboxides or defect forms of TiO2 
as well as a small  amount  of the hydrided metal. The 
type of oxide/metal  gradient  shown in Fig. 9 can also 
be envisioned for the TiHx films. The growth of the 
energy barr ier  to oxidation as a funct ion of oxide 
thickness is analogous to the Ti films. Once the pre-  
passive region is oxidized however, one must  con- 
sider the different chemistry of the TiHx/TiO2 in te r -  
face that is formed. The oxidation of a-TiHx (chem- 
isorbed hydrogen from solution) proceeds by a differ- 
ent mechanism than  for ~-TiHx, resul t ing in  the 
release of protons (2, 27) 

a ---- TiHz -~ 2H20-> TiO2 + (4 ~- x ) H  + -p (4 + x)e -  

[3] 

It is not clear that the s-phase hydride considered 
in the normal  Pourbaix  diagram has the same reac- 
t ivity as the 7-phase TiHx which is oxidized in these 
experiments.  The XPS data clearly indicate that  the 
hydrogen in the ,y-phase hydride is at least par t ia l ly  
anionic in nature.  It  is reasonable to assume that  
dur ing oxidation of the -~-TiHx, the hydrogen would 
be capable of capturing one electron leading to atomic 
H ~ formation and subsequent ly  H2 

~-TiHx -F 2H20--> TiO2 + xH ~ + 4e -  + 4H+ [4] 

x H  ~ .-> x/2H~ [5] 

Reactions [4] and [5] constitute an interest ing mech-  
anism for the release of hydrogen from this high 
energy solid. In strongly acidic media, the direct 
oxidation of TiHz to Ti +4 and H + is thermodynamical ly  
inhibited, and direct oxidation of TiHz with H + may 
also occur 

TiHx + 4H + ~ �9 H~ + Ti 4+ [6] 
2 

Such a reaction has been observed for scandium hy-  
dride solids in strong acid (28). However, it appears 
that if the solution pH is sufficiently high, consumption 
of the released hydrogen atom will occur before H2 
gas is formed. The formation of a t i t an ium suboxide 
or TiO2 may take place at the same instant,  therefore, 
the oxide/TiHz interface would be propagated in  the 
same manne r  as for the prepassive region of the Ti 
films. The current  densities of 30-50 ~A/cm 2 observed 
for the TiH~ films at applied potentials greater than  
2V vs. SCE in  alkal ine solutions do not change, per-  
haps because of the cont inual ly  reformed oxide/sub-  
oxide/metal  hydride interface. 

The electrochemical oxidation of both Ti and TiHx 
thin films indicates the extent  to which a thin, 
suboxide or oxide surface layer  inhibi ts  fur ther  oxida- 
t ion of the bulk  material .  This thin oxide layer  p r e -  
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sents a large  energy ba r r i e r  to fur ther  oxide fo rma-  
tion, even under  high t empera tu re  a tmospher ic  ox ida-  
t ion conditions. In the case of the hydr ided  metal ,  
a release of bound hydrogen  is possible wi th  re]a t ive ly  
low appl ied  potentials ,  a fact which m a y  have in te r -  
est ing impl icat ions  for the re lease  of energy f rom 
meta l  hydr ides  and thei r  l ong - t e rm s tabi l i ty  in corro-  
sive environments .  

The exact  mechanism for the corrosion and pass iva-  
t ion of var ious  t i t an ium hydr ide  s toichiometr ies  is 
the  subject  of fur ther  study. Because of thei r  techno-  
logical  importance,  fu r ther  invest igat ion of the re -  
lease of hydrogen  by  e lect rochemical  oxidat ion  of 
hydr ided  meta ls  is c lear ly  war ran ted .  
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Technica  Notes 

Use of Alumina as a Sheath for the 
Pt, CO/CO  i Na CO  Reference Electrode 

K. Y. Kim* and O. F. Devereux* 
Department of Metallurgy and Institute of Materials Science, University of Connecticut, Storrs, Connecticut 06268 

The v iab i l i ty  of e lect rode polar iza t ion  (1) as a 
means  for  inves t igat ing corrosion phenomena  in 
mol ten  salts  has been demons t ra ted  (2-6). As this 
technique is cus tomar i ly  prac t iced (7), a cur ren t  is 
impressed  upon an e lec t rode  fashioned f rom the meta l  
under  s tudy  (the work ing  e lec t rode)  using a second, 
iner t  e lectorde (the countere lec t rode) .  The potent ia l  
of the  work ing  e lec t rode  re la t ive  to the e lec t ro ly te  is 
measured  to wi th in  an addi t ive  constant  using a th i rd  
( reference)  e lec t rode  and a high impedance  poten-  

* Electrochemical Soc':ety Active Member. 
Key words: electrode, fused salt, polarization. 

t i a l -measur ing  device. Fo r  a given sys tem the cur ren t  
passing th rough  the  work ing  e lect rode is dependent  
upon this potent ia l  and is a measure  of electrodic re -  
actions per ta in ing  d i rec t ly  to corrosion processes at  
the  work ing  e lect rode surface. Meaningful  s tudy of 
corrosion in mol ten  sal t  systems of engineer ing con- 
cern requires  a reference  e lect rode tha t  is not  de -  
graded by  the system under  study,  permi ts  var ia t ion  
of the  env i ronment  of the  work ing  e lect rode over  a 
meaningful  range,  and is i tself  not  affected by  s u c h  
var ia t ion  in cell environment .  
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Considerable at tent ion has been devoted to the 
s tudy of electrodes for use in  mol ten carbonates in -  
volving the electrode reactions 

02 + CO~ + 2 e -  ~ COs = 
or  

2CO2 -t- 2e-  ~ CO3 = q- CO 

occurring at iner t  metal  electrodes (8-23). 
In  studies in  which a reference electrolyte was 

main ta ined  in  a separate compar tment  from the cell 
electrolyte, ionic conduction occurred via a restricted 
channel  of the mol ten electrolyte (8, 17, 20) or via a 
solid-state process (10,12,16), the la t ter  involving 
either a glass or a K+-conduc t ing  porcelain. In  either 
case a "liquid junct ion"  potential  difference may arise; 
this has been discussed in some detail (8, 10). The 
l iquid junct ion  potential  is min imal  if (i) conduction 
between the two electrolytes occurs via oppositely 
charged species whose t ransport  numbers  _~0.5; or 
(ii) conduction occurs via one or more species whose 
activity is the same in  the two electrolytes. The use of 
a mol ten  conducting path restricts use of the cell in  
that  it precludes or renders  difficult use of different 
pressures in  the reference and test compartments,  
while glasses and porcelains offer very poor resistance 
to mol ten carbonate  attack. 

The present  s tudy was designed to test the behavior 
of recrystatlized a lumina  as a container for a CO/CO2 
reference electrode for use in mol ten sodium carbon- 
ate. The reference electrode studied was comprised of 
a 20 mil  (0.0508 cm) p la t inum wire immersed in 
mol ten sodium carbonate (Fisher Certified ACS) con- 
tained in  a McDanel Type 998 a lumina  closed-end 
tube. The wire entered the electrolyte through a smali  
diameter  [1/4 in. (0.635 cm) or 1/8 in. (0.318 cm) OD] 
a lumina  tube, through which a preset mixture  of 
carbon monoxide and carbon dioxide was introduced 
at a flow rate of approximately 25 ml /min .  Within the 
electrode compartment,  the wire was shaped into a 
helix to increase the exposed electrode area. The ex- 
ternal  a lumina  sheath was t/2 in. OD (1.27 cm), with 
1/16 in. wall  thickness (0.159 cm) and was immersed 
in  the cell to a depth of about 3 cm. The  depth of elec- 
trolyte inside the electrode sheath was also approxi-  
mately  3 cm. The cell electrolyte was also molten 
sodium carbonate and was contained in  an a lumina  
crucible. The cell was housed in  a vertical retort  
heated by a glow bar  furnace with a proport ioning 
solid-state controller. Cell tempera ture  was mea-  
sured directly by an a lumina-shea thed  Pt-10% 
Rh /P t  thermocouple immersed in  the electrolyte; 
no discernable tempera ture  variat ion occurred. Gas 
mixtures  were derived through appropriate mix-  
ing of bottled CO (Matheson C. P. pur i ty) ,  CO2 (Nor- 
wich medical grade) ,  and a nominal  95% CO/5% CO2 
mixture  (Matheson certified mixture,  95.2% CO/4.8% 
CO2). Individual  and total flow rates were determined 
with rotameter  flow gauges. Ini t ia l  drying of the 
electrolyte was accomplished by heating of the cell 
slowly under  vacuum to test temperature.  Subse- 
quently,  equi l ibra t ion with the inlet  gas was assumed. 
Equi l ib r ium hydroxide activities have been computed 
for this system (24) and for low inlet  moisture con- 
tents are not sufficiently high to significantly al ter  the 
carbonate activity in the melt. The accuracy to which 
the gas mixtures  were established was dependent  upon 
the value of Pco/Pco2. For the worst case, the possible 
error in volumetric flow rate determinat ion was 
_~20%; the cumulat ive errors for this case yield a 
max imum uncer ta in ty  in electrode potential  of _~20 
mV. 

The current-vol tage characteristic of the reference 
electrode was determined by impressing a potential  
from an external  d-c power supply between two 
ostensibly identical reference electrodes and measur-  
ing the resul t ing current  with a zero resistance am- 
meter. A typical  curve, using the nomina l  95% C0/5% 
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Fig. 1. Current-voltage dependence of cell comprised of two 
alumina-sheathed reference electrodes. 

CO2 mixture  at both electrodes at 1000~ is shown 
in Fig. 1. Simple ohmic behavior was seen in  all  cases 
with observed cell resistance values fal l ing in  the 
range of 0.0282-0.0353 M~, the variat ion apparent ly  
reflecting differences in the immersed electrode 
area from one exper iment  to the next. Using a 
geometric factor of 66 cm per electrode, the apparent  
sheath resistivity is ~ 1  MI2 cm. Reported conduc- 
t ivi ty  values for a lumina  range  widely (25), from 
10 -4 to 10 - l ~  ~ - 1  cm-1 at 1000~ A typical analysis 
for the a lumina  used in this s tudy is shown in  Table I. 
Conduction at other than  very high temperatures  is 
presumed due to impur i ty  cations, with sodium and 
calcium dominat ing due to the very basic character of 
their oxides. Although diffusivity data also show con- 
siderable scatter, high temperature  data for A1 and O 
dii~usion in  polycrystal l ine a lumina  general ly  extrapo- 
late to values of the order of 10 -19 cm2/sec at 1000~ 
(26). The data of Oishi and Kingery  (27) suggest a 
reduction in the activation energy for these processes 
below approximately 1400~ however, which would 
lead to somewhat higher values. In  contrast, the data 
of Frischat  (26, 28) for Na diffusion in  commercial 
pur i ty  alumina,  95% dense, for the range 1223~176 
yield an extrapolated value of 5.2 • 10 -11 cm2/sec at 
1000~ and suggest a similar  value for Ca diffusion. 
Assuming this value for both Na and Ca, and fur ther  
assuming that ZNa = 1 and Zca = 2, using the values 
of Table I a resist ivity of 250 M~ cm is obtained for 
Type 998 a lumina  at 1000~ This discrepancy is at-  
t r ibuted to one or more of the following reasons: (i) 
A substant ial  increase in  the Na20 concentrat ion 
wi thin  the a lumina  due to contact with the mol ten 
sodium carbonate; (ii) a change in the activation en-  
ergy for Na t ransport  with temperature,  render ing 
inval id extrapolat ion of Frischat 's  data; or (iii) A 
simple manifesta t ion of the t remendous variat ion in 
the reported values for diffusivity of various species 
and for conduction in  alumina,  presumably  a t t r ibut -  
able to variations in  method of preparation,  impur i ty  
content, and /or  measurement  technique. 

Nernst ian response of the reference electrode was 
evaluated by main ta in ing  the same cell configuration 
of two identical reference electrodes, but  di lut ing the 
flow of the nomina l  95% CO/5% COs mixture  through 
one of the electrodes by admixing CO or COs. The 

Table I. Typical chemical analysis of McDanel Type 998 alumina 

A1203 SiO.~ MgO Na~O CaO FeeOa Ga~O3 TiO2 MnO ZrO~ K20 

99.8 0.070 0.050 0,005 0.030 0.025 0.009 0.004 0.001 
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r a n g e  of Pco/Pco~ employed  was 0.11 < Pco/Pco~ < 
103, wi th  Pco + Pco~ = 1 atm. Assuming only a negl i -  
gible effect of this d i lu t ion upon the carbonate  ac t iv-  
i ty,  the  potent ia l  of this cell is expressed by  

RT (Pco2~) r (Pco)v, 
E = E ~ + .... In  [2] 

2F (Pco~ ~) w (Pco) r" 

where  E is the  measured  cell  potent ia l ;  E ~ the s tand-  
a rd  cell  potent ia l ;  and the subscr ipts  r and w refer  to 
the  re fe rence  (constant)  e lect rode and work ing  (va r i -  
able)  electrode,  respect ively.  The s t andard  cell  po ten-  
t ia l  is idea l ly  zero, but  nonzero values  were  observed 
when  tac i t ly  ident ica l  gas mix tures  were  passed 
th rough  both  electrodes.  The magn i tude  of these va l -  
ues was typ ica l ly  in  the  range  of 5-40 mV, wi th  oc- 
casional  l a rge r  values,  and  was reasonably  consistent  
for a given pa i r  of electrodes.  This is wi th in  the  range  
of e r ro r  a t t r ibu tab le  to the  ro t ame te r  gauges. For  the 
purpose  of eva lua t ing  Nerns t ian  response of these 
electrodes,  an effective E ~ was measured  at the  s ta r t  
of each series of exper iments  and subt rac ted  f rom the 
subsequent ly  measured  poten t ia l  values.  F igure  2 
shows such values  of (E --  E~ compared  wi th  
(E - -  E~ Nerns t ian  behav ior  is c lear ly  demon-  
strated.  

An  addi t ional  s tudy  was pe r fo rmed  to assess the  be -  
hav ior  of this  reference  e lect rode in comparison to a 
low resis tance reference  e lect rode dur ing  an e lect rode 
polar izat ion exper iment .  In  this study,  th ree  electrodes 
were  involved:  The reference  electrode,  which was 
ei ther  the  e lec t rode  descr ibed or  a s imi lar  e lect rode 
in which a 92% ZrO2-8% Y203 crucible  [ res is t ivi ty  

10 ~ cm (25)] was subst i tu ted for the  Type  998 a lu-  
mina  tube;  a n ickel  (Ni 200) work ing  electrode;  and  a 
p l a t inum counterelectrode.  Al though  the t he rmody-  
namic  s tate  of the  e lect rolytes  was n o t  fixed, r ep ro -  
ducible  condit ions were  es tabl ished by  bubbl ing  oxy -  
gen th rough  the reference  and cell  e lectrolytes .  Po-  
tent iostat ic  polar iza t ion  was accomplished via  a Wenk-  
ing 68 TS 3 potent iostat ,  wi th  a Wenking  69 scanning 
po ten t iomete r  provid ing  a potent ia l  s tepping ra te  of 
2 mV/20 sec. F igure  3 shows anodic and cathodic po-  
la r iza t ion  curves obta ined at  1000~ Simi lar  behavior  
is evidenced wi th  both  reference  electrodes.  Taking  
into account the  expected difference in rest  potent ia l  
(zero current )  of the  nickel  as measured  against  the 
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Fig. 3. Anodic and cathodic polarization behavior of Ni 200 
measured against alumina-sheathed and Y2Os-doped ZrO2 elec- 
trodes. All data obtained with increasing I applied potential I �9 

different  reference  electrodes,  the  d iscrepancy be tween  
the curves represen t ing  the  different  reference  elec-  
t rodes is comparable  to tha t  be tween  curves r ep re -  
sent ing different  scans wi th  the  same electrode.  Dur -  
ing prolonged cathodic polar iza t ion  under  a CO-r ich  
a tmosphere ,  a s l ight  b lackening  of these electrodes 
was observed due to the  presence of ca thodica l ly  re -  
duced carbon. This is discussed in deta i l  by  Borucka 
(17). The Y20~-doped ZrO2 is not  sui table  for long 
t e rm  use in mol ten  carbonates ,  becoming severe ly  de -  
g raded  af ter  50 hr  exposure  at  1000~ 
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Corrosion Protection of Molten Carbonate Fuel Cell 

R. B. Swaroop,* J. W. Sim,* and K. Kinoshita* 

Argonne National Laboratory, Argonne, Illinois 60439 

Gas Seals 

A recent study (1) has estimated that a molten car- 
bonate fuel cell integrated with a low BTU coal gasi- 
tier will have efficiencies (coal-to-electricity) of about 
50%. The higher efficiency and the high grade heat 
available are advantages that the molten carbonate 
fuel cell has over the phosphoric acid fuel cell, which 
is closer to commercial realization. However, the rela- 
tively high operating temperature (,--923~ of the 
molten carbonate fuel cell presents severe materials 
problems. The metallic cell components (for example, 
current collectors, cell housings) of the fuel cell are 
susceptible to corrosion due to the molten carbonate 
electrolyte and the gas environment at operating tem- 
perature. In particular, the gas seal region of the anode 
housing is subject to extensive corrosion due to the 
large chemical potential gradient that arises from the 
fuel gas (H2 -5 H20 -F carbonaceous gases) and the 
ambient environment (generally air) on the inside 
and outside of the cell, respectively. In addition, the 
chemical potential gradient between the fuel gas and 
oxidant gas (02 -5 CO2) gives rise to corrosion in the 
gas seal region of the anode housing (2). The corro- 
sion rates of metallic cell components in the gas seals 
of molten carbonate fuel cells must be decreased in 
order to increase the life of the fuel cell. A solution to  
the corrosion problem at the gas seal of the cell hous- 
ings is described in this note. 

One approach to obtain fuel cells that are free of gas 
leaks is to use the "wet seal" technique (3). In this 
technique, the wet seal is produced by contacting the 
electrolyte tile (i.e., an electrolyte structure consisting 
of unconsolidated particles of LiA102 and molten car- 
bonate) with the cell housing, as shown schematically 
in Fig. 1. The electrolyte in the tile wets the metal 
housing (typically, Type 316 stainless steel) to form 
the gas seal at A. The direct contact between the mol- 
ten salt and the metallic cell housing provides a leak- 
free gas seal, but produces an environment which 
leads to electrochemical corrosion in the wet seal re- 
gion. Therefore, corrosion of the metallic cell housings 
must be prevented. 

* Electrochemical  Society Act ive  Member. 
Key words: wet  s e a l  l i thium aluminate,  e lectrolyte  tile, 316 

stainless steel .  

Two approaches were considered to minimize t h e  
corrosion of the wet seal region of the metal cell hous- 
ings. In one approach various metallic cell components 

ANODE 
WET- SEAL A R E A - ~  

-CATHODE 

t t~~_...CELL HOUSING l GAS INLETS-- 
ELECTROLYTE TILE 

LCURRENT COLLECTOR 
L--ANODE 

GAS OUTLETS 
Fig. I. Diagram of cell housings showing section examined 

microscopically. 
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tha t  may  be less suscept ible  to corrosion than  Type  316 
stainless steel, a s t a t e - o f - t h e - a r t  cell  component,  were  
examined.  Because of the  high cost of the a l te rna t ive  
component  alloys,  this approach  was not  pursued.  In 
the  o ther  approach  a luminum meta l  is flame sprayed  
(per formed at  Coating Systems Technology I n c o r p o -  
rated,  Nor th  Babylon,  New York)  onto the seal to a 
thickness of ~--50-70 ~m, af ter  which  the housing is 
hea ted  (in vacuum or in hel ium) to 1275~ for ~30 
min to form a diffused l aye r  be tween  the a luminum 
[probab ly  (FeNiCr)A12] and the Type  316 stainless 
steel  substrate .  

The  wet  seal region (A in Fig. 1) of the anode and 
cathode housings in fuel  cells (7 cm diam)  were  a lu-  
minized and tes ted at  925~ These fuel cells contained 
an e lec t ro ly te  t i le  of 45 weight  percent  (w/o)  LiA10.~ 
and 55 w/o  Li2CO3-K2CO~ [62 mole  percent  (m/o)  
Li2CO3-38 m/o  K2CO8]. The anode gas was 80% H2/ 
20% CO2 humidif ied wi th  H20 at  300~ and the cath-  
ode gas was 30% CO2/70% air. One of these fuel  ceils 
was opera ted  for severa l  per iods  of about  500 h r  each 
at  925~ Af te r  each period,  the cell was disassembled 
and the cell housing was inspected for corrosion dam-  
age. Af te r  the  anode cell  housing opera ted  in this m a n -  
ner  for a to ta l  of 2600 hr, i t  was cross sectioned and 
examined.  

A photomicrograph  of a cross section th rough  an 
anode housing tes ted for 2600 hr  is shown in Fig. 2. 
The wet  seal region consists of a coherent  pro tec t ive  
l aye r  A (~35 ~m thick)  on top of an in te rmedia te  l ayer  
B (,~30 ~m thick)  bonded to the Type  316 stainless 
steel  housing. The a luminized  l aye r  extends  to a small  
pa r t  of the cell  housing (as shown in Fig. 2, a rea  C) 
as wel l  as to the anode wet  seal d i rec t ly  in contact  
wi th  the e lec t ro ly te  tile. We bel ieve  that  a few cracks 
evident  in the protec t ive  coating have been produced 
because of the rmal  stresses. There  was no evidence of 
corrosion of the cell housing in the areas  pro tec ted  by  
the a luminized layer ,  even at  the bot tom of the  p ro -  
tect ive layer  where  cracks ex tended  to the in t e rmed i -  
ate layer .  The region of the  cell housing which was 
not  a luminized (as shown in Fig. 2, area  C) c lear ly  
showed an extens ive  corrosion layer  (~35 ~m thick) .  
Fur the rmore ,  close examina t ion  of Fig. 2 shows tha t  
the  corrosion l aye r  ex tended  beneath  the edge of the 
in te rmedia te  layer ,  which did not  appear  to have suf-  
fered corrosive attack.  A few results  obta ined  in other  
tests indica ted  tha t  the rmal  cycl ing at  ra tes  grea ter  
than  1 cycle/500 hr  does not  affect the pro tec t ive  coat-  
ing and no corrosion was evident  in the wet seal a rea  
of those cell housings. 

Fig. 2. Photomicrograph of section of anode housing after 2600 
hr operation. A, Oxidized aluminum layer; B, diffused aluminum 
layer; C, Corrosion product at edge of electrode compartment (see 
also Fig. I). 

Scanning e lec t ron microscopy and energy-d i spers ive  
x - r a y  analysis  SEM-EDXA)  showed that  the  p ro tec -  
t ive coating in Fig. 2 contained ma in ly  a luminum in 
the top layer.  The in te rmedia te  l ayer  also showed the 
presence of a luminum. X - r a y  diffract ion analysis  and 
SEM-EDXA confirmed tha t  the  top pro tec t ive  coating 
was ~-LiA102; the  in te rmeta l l i c  phases p rec ip i ta ted  in 
the in te rmedia te  l aye r  were  suspected to be of the  
types: NiAl3, NiAl, a n d / o r  FeAl.  

These results  indicate  that,  dur ing  ini t ia l  cell opera-  
tion, a luminum is conver ted  to an oxide and then sub- 
sequent ly  to LiAlO2 by  react ion wi th  Li2COa as fol -  
lows 

Li2CO3 + A1203-> 2LiAIO2 + CO~ 

The corrosion pro tec t ion  to the  stainless steel  was p ro -  
v ided by  the LiA102 coating. Fur the rmore ,  the coating 
also showed good the rma l  shock resis tance and adhe r -  
ence. At  925~ KA102 would not  be t h e r m o d y n a m i -  
cal ly  s table in the  e lec t ro ly te  t i le  containing 62 m / o  
Li2CO3-38 m/o  K2CO3 (4), and would  not, therefore,  
be present.  The unpro tec ted  areas  ad jacent  to the  wet  
seal were  corroded dur ing  cell opera t ion  as shown in 
Fig. 2. X - r a y  diffract ion analysis  showed that  the cor-  
rosion produc t  at C main ly  consisted of LiCrO2 and 
LiFeO2 (5) tha t  formed by  the reac t ion  of s tainless 
steel  and mol ten  carbonate  which seeped f rom the 
e lec t ro ly te  t i le  dur ing  cell operation.  

in  summary ,  the  resul ts  of this s tudy showed that  a 
LiAIO2 coating on 316 stainless steel  offers corrosion 
protect ion to meta l l ic  cell components  suscept ible  to 
corrosive a t tack  in a mol ten  carbonate  fuel cell en-  
vironment ,  especia l ly  at  the  wet seal areas. Al though 
this note descr ibed the corrosion protec t ion  of only  
one stainless steel, namely  Type 316, we expect  tha t  
o ther  stainless steels can be pro tec ted  f rom corrosion 
by  the appl icat ion of an a luminized  layer.  Based on 
the above experience,  a fur ther  improvement  for the  
corrosion protect ion of wet  seals has been d e v e l o p e d - -  
the areas of the cell housing covered by  an a luminized 
coating has been increased to also include the areas  
adjacent  to the  wet  seal. In  other  words, the regions 
marked  A, B, and C in Fig. 1 as wel l  as the  exter ior  of 
the cell housing were  covered wi th  an a luminized 
coating. In  this manner ,  the format ion  of a corrosion 
layer  benea th  the edge of the diffuse in te rmedia te  
l ayer  (see Fig. 2) is prevented .  
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Analysis of Protective Oxide Films on 
Copper-Nickel Alloys by Auger Spectroscopy 
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Alloys of copper and nickel have found extensive 
use in  saline water  envi ronments  because the corrosion 
resistance of such alloys is usual ly  superior to that  of 
copper. Some earlier work has shown that  the protec- 
tive film is pr imar i ly  a nickel oxide (1). The previous 
investigation was based upon photoelectron spectro- 
scopic results. This paper describes experiments  that  
have been conducted to determine the surface compo- 
sition, as well  as the elemental  depth profile of these 
same films using Auger electron spectroscopy (AES) 
and ion sputtering. 

The oxide films which protect most oxidat ion-re-  
sistant alloys from fur ther  oxidation are so thin that 
they cannot be examined in  section by conventional  
metallographic techniques. Similar ly  the use of the 
electron beam microanalyzer  is l imited to films thicker 
than I ~m both because of its precision and because of 
the ra ther  deep penetra t ion of the high energy electron 
beam used to s t imulate  x - ray  emission. Thin  film 
analysis is now f requent ly  obtained by use of Auger  
and photoelectron spectroscopy in  conjunct ion with 
argon ion sputtering. It  has been shown that  the signal 
obtained by these two techniques arises from the first 
few (3-20) atom layers (2). It  is possible to analyze 
the first few atom layers and then remove them by 
Argon ion sput ter ing to give a depth profile for any  
desired depth. These features, coupled with the well-  
known capabilities of Auger and photoelectron spec- 
troscopy to do elemental  analysis and to determine 
chemical states, make the techniques very valuable in 
studies of protective films on metals. 

Experimental Procedure 
The 70:30 cupronickel was obtained from a com- 

mercial  vendor  and had the following composition: 
68.85% Cu, 29.93% Ni, 0.67% Fe, 0.44% Mn, 10%Zn, 
and 0.005% Pb. The nickel specimen was made from 
nickel 200 ( In ternat ional  Nickel Company) which has 
a nominal  composition of 99.5% Ni, 0.25% Mn, 0.15% 
Fe, and 0.06% C. The specimens were machined from 
1/4 in. rods. The 1.24M NaC1 solutions used in the 
anodization were prepared from reagent-grade  mate-  
rial and t r iply distilled water  and had a pH of about 
6.4. The solutions were unbuffered, and the pH's re- 
ported below are those prevai l ing at the te rminat ion  
of the polarization. 

Specimens of 70:30 cupronickel  were mainta ined 
potentiostat ically at --0.325V v s .  SCE and --0.360V v s .  
SCE in boil ing-refluxing H2-sparged 1.24M NaC1, pH 
_-- 7.4. Since the passivation potential  (SCE) for this 
alloy in  this solution is --0.37V (Ep = 0.19 --0.076 pH) 
(3), the specimen should passivate. Under  these con- 
ditions the current  decreased from 3.1 • 10 -4 to 2.2 • 
10 -7 A/cm 2 over a period of 224 min  as a passive film 
formed. Other specimens were main ta ined  potentio-  
statically at --0.500V and --0.450V v s .  SCE in the 
boil ing-refluxing H2-sparged 1.24M NaC1, pH = 8.4. 
Here, the current  density remained constant at 7.0 • 
10 -6 A/cm 2. Since the potential  was below the passi- 
r a t ion  potential  (Ep : --0.448V), no film formation 
was expected. However, since the potential  is only 
sl ightly cathodic to the passivation potential,  some 
film formation which may not affect the anodic dis- 
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solution may occur (3). Bockris, Reddy, and Rao (4) 
postulated a similar  type of film on nickel in  HH2SO4 
at room tempera ture  as a precursor to the passivating 
film. 

To obtain a specimen representat ive of an unox-  
idized 70:30 cupronickel substrate, one specimen was 
chemically etched in ca. 6N HC1 and rinsed in  t r iply 
distilleff water. To check the assumption that  the sur-  
face film formed on the 70:30 cupronickel is an oxide 
of nickel, one pure nickel specimen was anodized at 
--0.360V v s .  SCE in  the boi l ing-ref luxing H2-sparged 
1.24M NaC1, pH ~- 7.5. The current  density for this 
specimen decreased from 1 • 10 -4 to 2 • 10 -7 A /cm 2 
over a period of 81 min. Another  pure nickel speci- 
men was chemically etched in a ca.  6 N  HC1 solution 
and rinsed in distilled water. All specimens were 
rinsed in distilled water  and stored dry unt i l  ex- 
amined. Just  prior to loading into the spectrometer, 
the samples were ul t rasonical ly cleaned in  absolute 
ethanol. Another  set of samples were prepared in  the 
same fashion at a later  time to check the reproduci-  
bil i ty of the data. A detailed description of the electro- 
chemistry and preparat ion has been presented (1). 

The Auger  electron energy analyzer  was Of the cy- 
l indr ica l -mir ror  type purchased from Physical Elec- 
tronics Corporation. In  this design the electron gun  is 
coaxial with the cylindrical  analyzer. The electron 
gun was operated at 5000V with a 5 ~A beam focused 
to a beam diameter  of about 25 ~m. Adequate signal and 
resolution were obtained with a 6 eV p-p modulat ion 
voltage, a time constant of 0.3 sec, and a scan rate of 
2 eV/sec. The signal was recorded as the first deriva-  
tive of the electron energy distribution, d N ( E ) / d E .  
The spectrum was scanned from 0 to 2000 eV. 

The vacuum chamber was equipped with all metal  
seals and was ion pumped to a base pressure of 10 -9 
Torr. A residual gas analyzer  indicated the base pres-  
sure was due to CO, Ar, CO2, and CH4. During sput-  
ter ing the ion pump was tu rned  off and argon added to 
br ing the pressure to 5 • 10 -5 Torr. Carbon monoxide 
was the major  contaminant  in  the sputter  gas and it  
is estimated that  its pressure was 1 • 10 - s  Torr  or 
less. Sputter ing with 2000 eV ions at an argon pressure 
of 5 • 10 -5 Torr  was calibrated to remove ~ 50 A / m i n  
from the sample surface. Calibrat ion was based on 
sputter ing through 1000A tan ta lum oxide films. The 
sputter  rate calibration for t an ta lum oxide is only an 
approximation since the sputter  rate of copper, nickel, 
or nickel oxide will be different. The ion gun was po- 
sitioned so that  ion sputter ing could be accomplished 
during the da ta- taking process. 

There may be a tendency to overestimate the sput-  
ter ing rate. When a sample undergoes ion bombard-  
ment,  the central  point of focus of the ion beam under -  
goes the greatest degree of ion etching. The rate of 
ion etching drops off rapidly at points away from the 
center of focus. Using this method, we estimated the 
max imum rate of removal. The Auger signal may 
originate from regions that  have been sputtered to a 
range of different depths although the electron beam 
used for excitat ion is positioned at the center of the 
sputtered crater. Thus an  Auger signal may persist 
even after the element  is removed from the center of 
the sputter ing region (5). 

For the major i ty  of elements, a semiquant i ta t ive 
Auger analysis can be made by measur ing the peak-  
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t o -peak  in tens i ty  of the  Auge r  signal.  However ,  Cu 
and Ni have a number  of intense Auge r  t ransi t ions,  
severa l  of which overlap.  Pure  Ni exhibi ts  a peak  at 
715 eV, Cu and Ni both have peaks  tha t  appear  at  775 
and 850 eV, and pure  Cu exhibi ts  a peak  at 920 eV. 
There  a re  also over lapping  Auger  t ransi t ions  for Cu 
and Ni a round 61 eV. The normal  mode of opera t ion  
of the AES system did not pe rmi t  the  resolut ion  of 
the over lapping  Cu and Ni peaks  at  775 or  850 eV. The 
Cu concentra t ion was obta ined  by  measur ing  the in-  
tensi ty  of the Cu signal  at  920 eV, which  has no in te r -  
fer ing lines. The contr ibut ion f rom Cu to the  over -  
lapping  signals at  775. and 850 eV was es t imated  using 
the known rat ios  of the  Cu peaks  (6). Sub t rac t ing  the  
Cu contr ibut ion  f rom the total  s ignal  leaves the  con- 
t r ibu t ion  f rom the Ni. The Ni peak  at  715 eV was not 
used because the  s igna l - to-noise  rat io  was not  ade-  
quate.  

Results and Discussion 
Observations on the "unsputtered" surface.--Typical 

Auger  spectra,  obta ined  for  the  surfaces before  ion 
spu t te r ing  was ini t iated,  a re  p resen ted  in Fig. 1. The 
ma in  Auger  signals tha t  appear  are  sul fur  at 150 eV, 
chlor ine at 181 eV, carbon a t  272 eV, n i t rogen at  381 
eV, oxygen  at  510 eV, sodium at 990 eV, and the copper  
and nickel  t rans i t ions  ment ioned earl ier .  

The surface of the  chemical ly  etched 70:30 cupro-  
n ickel  specimen has app rox ima te ly  the  Cu- to -Ni  ra t io  
expected.  This sample  has some oxide formation,  but  
the  rat io of Cu to Ni in the  surface  of the  oxide has 
not  changed subs tan t ia l ly  f rom that  of the alloy. The 
70:30 cupronickel  sample  anodized below the pass iva-  
t ion potent ia l  (Fig. 1B) has a very  thin  oxide layer  
tha t  appears  to be r icher  in Cu than  Ni. The spec t rum 
from the 70:30 cupronickel sample (Fig. IA), which 
was prepared at the passivation potential, shows an Ni 
signal which completely overshadows the Cu signal 
that is present. The O/Ni ratio is closer to that of the 
anodized nickel than that of the chemically etched 
nickel. The signal from oxygen is present on the sur- 
face of the 70:30 cupronickel and the Ni and anodized 
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Fig. 1. Auger electron energy spectra for the Cu/Ni alloys before 
ion sputtering. 

Ni are  ve ry  large,  but  only in the  case of the  anodized 
Ni does the oxygen appear  to reduce the  in tens i ty  of 
the  Ni signal. This is reasonable  since this is a r e l a -  
t ive ly  th ick  oxide wi th  possible addi t ional  adsorbed 
oxygen on the surface. I t  should be ment ioned  tha t  an 
unknown por t ion  of the  oxygen signal  on al l  the  sam-  
ples m a y  be due to adsorbed CO, especial ly  on the 
"unsput te red  surface." We cannot make  quant i ta t ive  
es t imates  of this effect. 

There  is a s t rong carbon signal  in each of the 
spectra.  The carbon signal  bui lds  up quickly  f rom the 
b reakdown  of CO under  the influence of the electron 
beam (7),  bu t  the carbon layer  is easi ly  removed by  
argon ion sput ter ing.  Ini t ia l ly ,  the amount  of carbon 
present  on the chemical ly  etched samples  is much 
grea ter  than on the anodized samples. This m a y  be a 
resul t  of differences in the  electron beam interact ions  
wi th  CO on the meta l l ic  and oxidized surfaces or di f -  
ferences in the in terac t ion  of the solvent  e thanol  wi th  
the surface. 

SuIfur  was found as an impur i t y  on the  surface of 
all  the  samples  examined  here. F requen t ly  sulfur  has 
been repor ted  as an impur i t y  on Cu and Ni samples  
(7, 8) and has been found to diffuse to the surface 
when  samples  are  hea ted  to e levated tempera tures .  In  
these samples ne i ther  anodizat ion nor boil ing reflux 
conditions seems to have affected the  sulfur  concern. 
t ra t ion  at  the  surface layer .  The concent ra t ion  of sul-  
fur  seems to be app rox ima te ly  the  same on all  the 
samples  including the chemical ly  etched samples. 

Sodium and chlorine show up p robab ly  as a resul t  
of anodizing the samples  in NaC1 solution. Al though  
the samples  were  thoroughly  cleaned, some NaC1 may  
remain  on the surface  th rough  adsorption.  There  is a 
r a the r  s trong chlor ine  signal,  but  l i t t le ,  if any,  sodium 
signal. A por t ion of the chlor ine m a y  be appear ing  as 
CuCI~- (9). 

There  is a small  amount  of n i t rogen present  on each 
of the samples, p robab ly  as adsorbed nitrogen.  Using 
ion bombardment ,  it  was possible  to reduce the signals 
f rom sulfur,  chlorine, ni trogen,  and sodium to trace 
levels  wi th in  a few monolayers  of the  surface. The 
signals f rom carbon and oxygen were  more  persistent ,  
p r i m a r i l y  because carbon and oxygen were  present  
in i t ia l ly  in grea te r  amounts  than  the other  contami-  
nants  and also because there  m a y  be some CO r e a d -  
sorpt ion on the surface, even dur ing  ion b o m b a r d -  
ment.  

Observations during Depth Profiling by 
Argon Ion Sputtering 

Figure  2 presents  the rat ios of the Auge r  signal  in-  
tensi ty of Cug20 to Nis4s as a funct ion of the t ime of 
ion b o m b a r d m e n t  for the cupronickel  alloy. F igure  3 
presents  the  corresponding rat io  of the Auger  signal  
in tens i ty  of O~z0 to to ta l  me ta l  signal. The rat ios of 
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Fig. 2. Sputter profiles for Cu/Ni alloy samples showing the 
ratio of the Auger signal intensity from copper to that from nickel 
as a function of sputtering time. (A) Chemically etched; (B) thin 
oxide; (C) thick oxide. The sputtering rate was 50 A/min. 
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Fig. 3. Sputter profiles for Cu/Ni alloy snmples showing the ratio 
of the Auger signal intensity from oxygen to that from nickel and 
copper as a function of sputtering time. (A) Chemically etched; 
(B) thin oxide; (C) thick oxide. The sputtering rate was 50 A / m i n  

the  peak  heights  a r e  a be t t e r  indicat ion of the chang-  
ing surface concentra t ion than  the sample  Auger  peak  
heights.  Using these  curves for depth  profile analysis,  
one can observe tha t  the  chemical ly  etched 70:30 
cupronickel  specimen had  a ve ry  thin  oxide l aye r  that  
was s l ight ly  r ich in Cu as compared  to the  bu lk  alloy. 
The oxide l aye r  was ve ry  thin and was removed wi th -  
in the  first few minutes  of ion bombardment .  With  a 
sput te r ing  ra te  ca l ib ra ted  at  --, 50 A /min ,  the oxide 
film on this sample  would  be much less than  100A 
thick. 

Examina t ion  of Fig. 2B and 2C shows tha t  the  first 
few monolayers  of each anodized cupronickel  sample  
have  a h igher  concentra t ion of Cu than  the region jus t  
benea th  the  surface  layer .  The  ra t io  of Cu /Ni  in  sam-  
ples p repa red  at the  pass iva t ion  potent ia l  ( thick ox-  
ide) is be low the bu lk  ratio,  indica t ing  tha t  the oxide 
is l a rge ly  a nickel  oxide. The Cu/Ni  rat io becomes 
smaller ,  levels  off, then increases to the  bu lk  composi-  
t ion as spu t te r ing  is continued. In  the  sample  p repa red  
be low the pass ivat ion potent ia l  ( thin oxide) ,  the  
Cu /Ni  ra t io  s ta r t s  out  above ~he bu lk  rat io,  decreases  
be low the bulk,  and then quickly  reaches the  bulk  
value. The film is es t imated  to be less than  100A. 

The O/M rat io  of the chemical ly  etched (Fig. 3A) 
and thin  oxide (Fig. 3B) samples  reflects a thin oxide  
s imi lar  to the Cu /Ni  curves.  F igure  3C for the th ick  
oxide shows an ini t ia l  decrease in the  OAVI rat io  which 
m a y  correspond to the  remova l  of O~, CO, or HsO. 
The O/M curve then levels  off and g radua l ly  decreases 
over  severa l  hundred  angstroms.  

N a k a y a m a  etal .  (10) and Castle (11) suggest  that  
heat ing a cupronickel  sample  can cause Ni to migra te  
to the  surface. Migra t ion  of Cu or Ni due to the rmal  
effects can be ru led  out in this case since the  sample  
was not  heated above about  100~ dur ing  sample  
p r epa ra t i on  or examinat ion ,  and self-diffusion ra tes  
for copper  and nickel  would be ex t r eme ly  smal l  at this 
t e m p e r a t u r e  and a l loy  composit ion even considering 
the poss ibi l i ty  of fas ter  diffusion rates  along gra in  
boundar ies  or near  the  surface (12). 

I t  was repor ted  prev ious ly  that  at  anodic potent ia l s  
be low tha t  requ i red  for passivation,  the re la t ive  con- 
cen t ra t ion  of copper and n ickel  a t  the  surface  of the  
film is the same as in the bu lk  alloy. This suggests 
e i ther  the absence of a film or a film formed by  uni -  
form oxidat ion  of the e lements  in the al loy (1). 

Specimens of 70:30 cupronickel  exposed to sal t  
wa te r  solutions for ex tended  periods of t ime are  usu-  
a l ly  covered wi th  a thin film. It has been demon-  
s t rated,  using x - r a y  diffraction, tha t  this  film is Cu20, 
wi th  no de tec table  nickel  present  (13). Since the  pres -  
ent  da ta  indicate  the ini t ia l  films are  composed p r i -  
mar i ly  of nickel,  the  in i t ia l  decrease in the  cupronickel  
ra t ios  in Fig. 2B and 2C m a y  be an indicat ion of cop- 
per  oxide format ion  th rough  adsorpt ion  af te r  being 
hydro lyzed  (9). McIn tyre  et al. (14) have presented  

data  on the aqueous oxidat ion  of 66% Ni, 32% Cu that 
would  suppor t  this  observat ion.  

The oxide  layers  of the two nickel  samples  were  less 
than  100A thick. In i t ia l ly  the  O/Ni  rat io in the 
anodized Ni was grea te r  than  tha t  of the chemical ly  
etched Ni sample,  bu t  the  oxygen  was spu t t e red  away  
wi th in  a few minutes  to wha t  appea red  to be a r a the r  
ab rup t  in terface  be tween  the oxide  layer  and the pure  
meta l  underneath .  

Conclusions 
The use of A u g e r  spectroscopy accompanied b y  a r -  

gon ion sput te r ing  has been  used to ident i fy  u n a m -  
biguously  the  surface impur i t i es  (sulfur,  chlorine, 
carbon, oxygen,  ni t rogen,  and sodium) on anodized 
and chemical ly  etched 70:30 cupronickel  samples.  A 
very  thin film was present  on the  outermost  surface 
of these samples  in which the Cu /Ni  rat io  is different  
than  the bulk,  but  there  is an under ly ing  oxide l aye r  
which is ve ry  r ich in nickel  (below the  first few 
atomic l aye r s ) .  

The under ly ing  l aye r  is a pp rox ima te ly  70% nickel  
in the pass iva ted  sample.  The sample  which did not  
pass ivate  also had a th in  n icke l - r i ch  layer ,  but  its 
oxygen content  is lower  and the layer  is much thinner.  
I t  seems l ike ly  tha t  this surface is not  comple te ly  
covered wi th  an even, thin n icke l - r i ch  oxide but  
r a the r  tha t  patches  of n i cke l - r i ch  oxide  and base  
meta l  coexist  dur ing  anodization.  The base meta l  
would acquire  a very  thin oxide l aye r  dur ing  ai r  ex -  
posure  pr ior  to the  A u g e r  analysis,  thus  expla in ing  
the  high ini t ia l  oxygen-me ta l  ra t io  and the observed 
profile. 

The film may  also be a p recursor  Ni (OH)2  film 
formed in more  significant quan t i ty  due  to the  h igher  
pH (pH = 8.4). At  this pi t ,  the  t he rmodynamic  po-  
tent ia l  for the format ion  of Ni (OH)2  is only  52 mV 
cathodic to the  pass ivat ion potent ial .  

F i lm format ion  at  the  pass ivat ion  potent ia l  m a y  be 
due to the  oxidat ion  of a precursor  Ni (OH)2  film to 
NiOl.~.~.6 as suggested by  Bockris,  Reddy,  and Rao (4). 

The surface enr ichment  of Cu in the  first  few layers  
of al l  the cupronickel  specimens m a y  be due to sur -  
face adsorpt ion  of CuC12- (a corrosion produc t )  f rom 
the anodizing solut ion (9). 

Manuscr ip t  submi t ted  Ju ly  18, 1978; revised m a n u -  
script  received Ju ly  17, 1978. 

Any  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  June  1979 JOURNAL. 
Al l  discussions for the June  1979 Discussion Sect ion 
should be submi t ted  by  Feb. 1, 1979. 
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The Electrochemical Oxidation of 
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Recently (1-3), we have described a series of in-  
s t ruments  for monitor ing common pollutants,  such 
as CO, NO, NO2, and H2S, in ambient  air. The operat-  
ing principle of these analyzers was based on the 
electrochemical oxidation (electroreduction for NO2) 
of the gas at a catalyzed Teflon-bonded diffusion elec- 
trode (4), the potential  of this sensing electrode being 
main ta ined  constant at a value at which nei ther  oxy- 
gen reduction nor electrolyte decomposition in ter -  
fered with the measurement  of the pol lutant  (essen- 
t ial ly between 0.7 and 1.6V vs. RHE depending on 
the electrode catalyst) .  

In  general,  the desirable features of such ins t ru-  
menta t ion are signal stability, specificity (i.e., the 
abi l i ty  to measure a pol lutant  in the presence of 
other gases), precision, and ease of operation. Ins t ru-  
ment  specificity was achieved either by using selective 
gas filters or by optimizing the electrode catalyst and 
potential.  The la t ter  method was preferred since it  
e l iminated a component Irom the ins t rument  which 
had a finite life. 

Hydrazine (H) and monomethylhydrazine  (MMH) 
are strong reducing agents with a var ie ty  of biological 
effects and considerable toxicity (5), and they will  
be used as rocket propellants  for the space shuttle. 
Currently,  there is no ins t rumenta l  technique which 
can satisfactorily monitor  H and MMH and meet the 
requirements  for protection of personnel  dur ing han-  
dling and storage of these chemicals (6). Therefore, 
since previous studies of hydrazine as fuel cell fuels 
(7, 8) had demonstrated the abil i ty to electrooxidize 
these compounds, we decided to investigate the elec- 
trochemical technique as the basis for a hydrazine 
ins t rument  (9). 

In this paper, we describe the electrochemical studies 
which led to the development  of the instrument .  
Gold was used as the electrode material  since CO 
(the major  in ter ferent  which cannot be selectively 
prefiltered) is inactive on it in the potential  range 
of interest  (10). 

Experimental 
The exper imental  cell was similar to that described 

previously (1). The electrolyte was either 28% H2SO4 
solution or 23% KOH solution and these concentra-  
tions were selected such that the electrolyte vapor 
pressure approximated that  of the average relative 
humidi ty  met  in practice. The cell had three electrodes. 
The sensing electrode was a gold-catalyzed Teflon- 
bonded diffusion electrode (geometric area 5 cm 2, 
catalyst loading 8-12 mg/cm 2) and was fabricated 
by applying a mixture  of catalyst and Teflon suspen- 
sion to a Teflon film. The reference- and counter-  
electrodes were p la t inum-cata lyzed diffusion elec- 
trodes, and these were used for convenience in  the 
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cell design (3). The potential  of the P t / a i r  reference 
electrode was checked against a hydrogen electrode 
in the same electrolyte and found to be 0.98V __ 10 
mV in the acid electrolyte and 1.0V • 10 mV in basic 
electrolyte. (All potentials are reported vs. RHE in 
the same electrolyte.) The potential  of  the sensing 
(working) electrode was potentiostatted vs. the ref-  
erence electrode using an in-house designed and con- 
structed potentiostat. 

The electrochemical measurements  were made using 
dilute mixtures  (between 1 and 10 ppm by volume) 
of H and MMH in air  (since this was the si tuation 
to be met  in practice) and also in  nitrogen. No dif-  
ference in electrochemical cell response was noted 
between the air  and ni t rogen mixtures  dur ing these 
experiments.  

These mixtures  of H and MMH were prepared using 
a dynamic dilution technique (11). The neat  l iquid 
hydrazines were injected at a constant  delivery rate 
into a glass chamber  through which the di luent  gas 
was flowed at a continuous controlled flow rate. A 
syringe pump (Sage Model 355) was used to deliver 
the liquid hydrazine from the 10 ~1 syringe into the 
1.0 l i ter min  -1 gas stream, and after mixing they were 
passed through a Teflon valve exhaust  for sample 
collection. 

The vapor mixtures  were contained in a 50 liter 
Teflon bag (Cole-Parmer  Company, Chicago, Illinois) 
prior to their introduct ion into the electrochemical 
cell. Samples of the vapor mixtures  were collected 
from the Teflon bag during testing using an impinger  
filled with acid solution, and they were analyzed using 
a colorimetric technique (12) which was modified 
(13). This colorimetric technique was used as the 
reference s tandard for all  H and MMH vapor mixture  
concentrations. 

Initially, air was passed over the back (gas) side 
of the potentiostat ted diffusion electrode, and the 
current  generated by the electrochemical reaction was 
measured by determining the potential  drop across 
a s tandard resistor with a recorder. Subsequently,  the 
a i r /hydraz ine  mixture  was passed over the back of 
the electrode at a constant flow rate and the current  
was measured. The difference between the currents  
for air  and hydrazine was then recorded as the signal 
due to the electrochemical oxidation of hydrazine 
in the cell. Similarly,  analyzed gas mixtures  of NO/N2, 
CO/air,  and NO2/N2 were introduced into the elec- 
trochemical cell. The NO/N2 and CO/air  mixtures  
were obtained commercially (Airco, Incorporated) 
while samples containing 5 ppm of NO2 in  N2 were 
prepared using high pur i ty  N2 and thermostat ted per :  
meation tubes (Metronics Associates). 

At low gas flow rates (<0.3 1/min),  H and MMH 
interacted with the sampling system and also with 
the reinforced acrylic used as the electrochemical 
sensor endplates (gas chamber) .  These interactions, 
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which can lead to adsorption or decomposition of the 
reactive vapor, cause changes in  hydrazine vapor 
mix ture  concentration. They can be minimized by 
reducing the surface area and react ivi ty of the surface 
to which the vapor mix ture  is exposed prior  to ana l -  
ysi,;. Therefore, for the experiments  at low gas flow 
rates, an electrochemical cell and sampling system 
was fabricated from Teflon and the length of tubing 
used in  the sampling system was kept to a minimum.  

C.urrent/potential  curves for H and MMH were ob- 
tained by ini t ia l ly  potentiostat t ing the sensing elec- 
trode at  a constant  potent ial  (0.6V in acid electrolyte 
and 0.8V in alkal ine electrolyte) for 24 hr. All experi-  
ments  were performed at room temperature,  23~ 
The current  was then measured for zero air and sub-  
sequent ly for the test gases with a gas flow rate of 
0.7 l / ra in  through the sensor. The electrode potential  
was then increased stepwise and the currents  at each 
potent ia l  were determined after  potentiostat t ing for 
24 hr. 

Results and Discussion 
The current  resul t ing from oxygen reduct ion or 

evolution at the sensing electrode must  be small  com- 
pared with the current  due to the oxidation of the 
test gas at practical concentrat ions in  order to achieve 
accurate data on the electrooxidation of hydrazine. 
We have previously reported that  this current  is indeed 
small  over a wide range of potentials with gold elec- 
trodes in  acid electrolyte (10). However, the results 
in  Fig. 1 show that the potential  range for analyzing 
pollutants  in  alkal ine electrolyte is much more re-  
stricted than in acid solution. 

The current /vol tage  curves for H and MMH were 
determined with sensors containing acid and alkal ine 
electrolyte. The data in  acid electrolytes was i r repro-  
ducible for both gases at all potentials, and this was 
probably  due to the difficulty in oxidizing the proton-  
ated, N2I-I5 +, species. As a result, we el iminated acid 
as a sui table electrolyte for analyzing these low gas 
concentrations. The data in a lkal ine  electrolyte were 
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Fig. 1. Current/voltage curve on a gold electrode for zero air 
passing through the sensor at 0.7 l/rnin. 
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Fig. 2. Hydrazine and monomethylhydrozine oxidation currents on 
gold electrodes using 23% KOH electrolyte. The gas flow rate is 
0.7 I/rain through the sensor. 

much more reproducible, and the cur ren t /po ten t ia l  
plot shown in Fig. 2, al though obtained with one 
cell, is s imilar  to data obtainect with three other cells. 
Although the cell specificity and sensit ivi ty was en-  
hanced by using alkal ine electrolyte, problems were 
caused due to the absorption of CO2 from the  a tmo- 
sphere by the electrolyte. This caused the cell l ife- 
time to be l imited to 600 hr  of continuous use (9). 
However, in the ins t rument  application, cell replace- 
ment  is easily accomplished and extended use is 
obtained when the cell is utilized in  the spot-check 
mode (13). 

In  alkal ine electrolyte, both hydrazine and MMH 
were electrooxidized on gold at all potentials in the 
limited potential  range where data could be obtained, 
and in both cases the ma x i mum signal was obtained 
at the more cathodic potential. The signals for both 
gases were approximately 50 ~A/ppm at 0.9V and 
decreased to approximately 20 ~A/ppm at + 1.2V. 

In order for a practical ins t rument  to be designed 
with these sensors, the ins t rument  must  also be spe- 
cific to the test gas and give a m i n i m u m  signal to other 
pollutants  present in the practical situation. In  this 
application (11, 13) the common pollutants  were CO 
(present at common levels in the presence of vehicular  
traffic 10-50 ppm),  NO (present in concentrations of 
5 ppm due to rocket oxidant) ,  and NOe (present at 
normal  atmospheric concentrat ion of 20-50 ppb) .  Fig-  
ure 3 shows the current /vol tage  curve for these gases 
in the same sensor as used to obtain the data in  
Fig. 2. As can be seen, the cu r ren t s -pe r -un i t  concen- 
t rat ion for these potential  interferences were mark -  
edly lower than that for hydrazine and MMH at po- 
tentials  anodic to O.9V. In  general, the cell output  
increased with increasing env i ronmenta l  temperature  
(13), however this was repeatable and therefore could 
be compensated electronically in the ins t rument  ap- 
plication. 

From the cur ren t /po ten t ia l  results shown in Fig. 
2 and 3, an ins t rument  for the determinat ion of hydra-  
zinc and MMH was developed (9) with the sensing 
electrode potential  main ta ined  at 1.1V where CO and 
NO are unreact ive and where the signal due to NO2 
is low. 

Hydrazines may  undergo several charge- t ransfer  
processes at an electrode surface, and we used this 
electrochemical cell to determine the over-al l  electro- 
chemical reactions for hydrazine and MMH at 1.1V. 
This technique, which we have described previously 
(10), is based on measur ing the current  at a fixed 
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potent ia l  as a funct ion of flow rate.  Less than  100% 
of the  gas is e lec t rochemical ly  oxidized at  high flow 
rates, whi le  at  low flow rates, al l  of the  gas is oxidized. 
F igure  4 shows the expe r imen ta l ly  de te rmined  cur -  
ren t  vs. flow rate  plot  for 13.8 ppm MMH and the 
theore t ica l ly  ca lcula ted  cur ren t  vs. flow ra te  curve. 
As the flow ra te  is decreased,  a point  is reached at  
which al l  the  hydraz ine  enter ing  the sensor reacts,  
and the cur ren t  (i) at  this  f lowrate (G) is re la ted  
to the e lec t roact ive  gas concentra t ion (c) by  (14) 

l im (i/G) = zFc/V [1] 
G-~O 

where  V is the  mola r  volume of the e lec t roact ive  gas 
(cm3/mole) .  
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Fig. 4. Experimental and theoretical oxidation currents for 13.8 
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Fig. 5. Apparent values of z (calculated from Eq. [1])  for 
hydrazine and monomethylhydrazine oxidation at 1.1V as a func. 
tion of gas flow rate. 

This method was used to de te rmine  z for H and 
MMH oxidat ion  using gases of known concentra t ion 
using the specia l ly  fabr ica ted  Teflon cell. The appa r -  
ent  value  of z ca lcula ted  f rom Eq. [ i ]  was plot ted 
vs. the  gas flow ra te  (Fig. 5). Limi t ing  values of 4 
e lectrons per  molecule  were  obta ined for both  H and 
MMH oxidation.  F rom these data,  it  is proposed  tha t  
the over -a l l  e lec t rochemical  process for  hydraz ine  at  
1.1V is 

N2I-I4 + 4 O H -  -* N2 + 4H20 + 4 e -  [2] 

and for  MMH is 

N~Ha (CHs) + 4 O H -  --> N2 + CH3OH + 3 H 2 0 + 4 e -  

[3] 

These ove r -a l l  processes are  in agreement  wi th  mea-  
surements  wi th  p l a t i num electrodes in acid e lec t ro ly te  
for hydraz ine  (15) and monomethy lhydraz ine  (16, 17). 

Acknowledgment 
This work  was suppor ted  by  the Nat ional  Aero-  

naut ics  and Space Admin i s t r a t ion  under  Gran t  No. 
NAS 10-8982. 

Manuscr ip t  submi t ted  Apr i l  18, 1978; rev ised  m a n u -  
scr ipt  received June  12, 1978. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the June  1979 JOURNAL. 
Al l  discussions for the  June  1979 Discussion Sect ion 
should be submi t ted  by  Feb. l, 1979. 

Publication costs of this article were assisted by 
Energetics Science, Incorporated. 

REFERENCES 
1. K. F. Blur ton  and H. W. Bay, Am. Lab., 6, 50 

(1974). 
2. J. M. Sed lak  and K. F. Blurton,  Talanta, 23, 811 

(1976). 
3. J. M. Sed lak  and K. F. Blurton,  ibid., 23, 445 (1976). 
4. J. Giner,  "Proceedings of the  21st Annua l  P o w e r  

Sources Conference," Vol. 10, p. 10, PSC Publ ica -  
tions Committee,  Red Bank, N.J. (1967). 

5. K. C. Back, V. L. Carter ,  and A. A. Thomas, Aviat. 
Space Environ. Med., 49, 591 (1978). 

6. R. A. Saunders  and J. T. Larkins ,  Naval  Research  
L a bo ra to ry  Memorandum Repor t  3313, Nava l  
Research  Labora tory ,  Washington,  D.C. June  
(1976). 

7. K. Tamura  and T. Kahara ,  This Journal, 123, 776 
(1976). 

8. S. G. Meibuhr  and R. F. Paluch,  ibid., 122, 164 
(1975). 

9. J. R. Stet ter ,  Pape r  No. 626 presented  at  the  P i t t s -  
bu rgh  Conference on Ana ly t i ca l  Chemis t ry  and 
Appl ied  Spectroscopy,  March  3, 1978, Pi t t sburgh.  

10. J. M. Sedlak  and K. F. Blurton,  This Journal, 123, 
1476 (1976). 



VoI:. 125, No. 11 ELEC TRO CH EMI C A L O X I D A T I O N  1807 

11. J. R. Stetter, Sci. Tech. Aerosp. Rep., NASA-CR- 
153048, Ju ly  23 (1977). 

12. H. McKennis,  Jr. and A. S. Yard, Anal. Chem., 12, 
1960 (1954). 

13. J. R. Stet ter  and K. Tellefsen, "A Study for Hyper-  
golic Vapor Sensor Development," Final  Report 
under  Contract  No. NAS 10-8982, November 
1977, NASA, Washington, D.C. 

14. H. W. Bay, K. F. Blurton, J. M. Sedlak, and A. M. 
Valentine, Anal. Chem., 46, 1837 (1974). 

15. M. Petek and S. Bruckenstein,  J. Electroanal. 
Chem. InterJacial Electrochem., 47, 329 (1973). 

16. D: M. King and A. M. Bard, Anal. Chem., 36, 2351 
(1964). 

17. P. Karabinas  and J. Heitbaum, J. Electroanal. 
Chem., 76, 235 (1977). 

Solid-State Chloride-, Bromide-, or Iodide-Selective Electrodes 

G. Papeschi, S. Bordi,* and M. Carlb 
Istituto di Ch~mica Fisica, Universff~ d~ Firenze, Firenze 50121, Italy 

A new technique for prepar ing low resistance Ag/  
AgX (with X -~ CI- ,  B r - ,  I - )  solid-state electrodes 
from a mix ture  of silver powder and silver halide 
is described. 

Halide electrodes are extensively considered in the 
electrochemical l i terature either for describing prep-  
ara t ion methods (1-3), for presenting exper imental  
studies, or for exposing theoretical considerations. 

Mention is l imited here to the most promising among 
recent  efforts directed toward the development  of 
halide-selective electrodes. 

Pungor  et al. (4-7) and independent ly,  Rechnitz 
et  al. (8, 9), describe a hal ide-sensi t ive membrane  
obtained with fine particles of silver halide contained 
in  a polymerized silicon rubber  matrix.  Mascini and 
Libert i  (10) prepare a memb~"~ne pressing at 130 ~ 
150~ a mix ture  of silver halide and thermoplastic 
polymer. The memDrmm of van  Osch and Griepink 
(11) is obtained pressing the ion-sensit ive mater ia l  
they prepare by precipitat ion of the silver halide- 
sensitive mater ial  they prepare by precipitat ion of 
the silver halide upon finely divided goId particles. 
Kolthoff (12) reports that  chloride and bromide elec- 
trodes can be made with a membrane  of fused silver 
chloride and silver bromide. Lately, Matsushita et al. 
(13) prepare a s i lver-si lver  chloride electrode with 
a twist  of two silver wires coated with fused silver 
chloride to which they add 1% of potassium chloride. 
The main  disadvantages (14) of the si lver-fused 
silver chloride electrodes are the rather  high resis- 
tance of silver chloride and the fact that this mater ia l  
exhibits large photoelectric potentials. These disad- 
vantages have been el iminated by using membranes  
of a silver sulfide matr ix  in which the appropriate 
silver salt is dispersed in a very finely divided form 
(14, 15). 

Experimental Procedure 
Silver powder preparation.--Humid purified silver 

chloride is added to 1 g /ml  KOH solution and digested 
for 1 hr  at 90~ on a hot plate under  continuous 
stirring. The resul t ing Ag20, still in the hot alkal ine 
solution, is reduced with 2M glucose added dropwise 
unt i l  a light gray powder of silver is obtained. After  
a thorough washing, the powder is dried and then 
passed through a 5 ~m mesh sieve. 

Silver halide pellet preparation.--O.1M sodium chlor- 
ide is slowly dropped in  a s lurry of 0.1M A g N Q  and 
silver powder (Ag:Ag+ ratio ranging from 5:1 to 
7: 10) unti l  an excess of chloride is p~esent. The pre-  
cipitate is thoroughly washed wi th  distilled water and 
dried at 110 C. A pellet is made by pressing about 
1.5g of the precipitate in a KI- type  pellet die with a 
hydraul ic  bench press. The compaction pressure used 
is 7 tons/cm 2. During the pressing procedure the 
pellet space is evacuated. The pellet fixed at the end 
of a perpex tubing is sealed with a silver wire at-  
tached to the inner  face using a s i lver-based conduct-  

ing epoxy resin. The outer face of the pellet  can be 
shaped and smoothed with emery paper. 

Procedure.--Steady-state potentials are measured 
vs. a B222 Schott double junct ion  half-cel l  contain-  
ing 0.1M liNt)~ in the outer cllamber, using a Fluke 
881 A d-c differential voltmeter. Dynamic measure-  
ments  are made by the aid of Texas i n s t rumen t  min i -  
computer Model T.I. 960 A interfaced with a 12 bit  
A/D converter. After use, the electrodes are r insed 
with distilled water, dried with soft paper, and stored 
in the dark. Short ly before the measurement  the 
electrodes have to be rinsed with water  and then 
used directly in  the test solution. 

Results 
Calibration curves.--Investigations on the electrode 

performance showed that  the percentage of metall ic 
silver in  the precipitate is not critical. Electrodes 
employing pellets prepared from mixtures  with the 
Ag:Ag+ ratio ranging from 5:1 to 7:10 all exhibited 
identical  behavior. Also, variat ions in the pressure 
of compaction do not significantly affect the response 
characteristics of the electrodes. 

St irr ing efficiency was not critical in order to ob- 
tain reproducible values (___0.5 mV) on repeti t ive 
measurements  carried out on different days. 

The AgX electrodes were tested at a fixed tempera-  
ture of 25 ~ __ 0.1~ in solutions of sodium halide at 
concentrations ranging from 10-6 to 1M for chloride, 
10 -7 to 10-~M for bromide, and 10 -7 to 10-1M for 
iodide. The ionic s t rength of the halide solutions 
was adjusted to 0.1 with KNO3. 

In every case the electrode system was allowed 
to at ta in  equi l ibr ium as indicated by a stable (__0.01 
mV) cell emf. 

In  Fig. 1 the electrode potent ial  is plotted against  
the halide concentrat ion and the results have been 
expressed in the form of an equation in  the same fig- 
ure. 

Response t ime.--The response t ime was evaluated 
by submit t ing the electrodes to rapid changes in  the 
halide concentrat ion and recording the relat ive changes 
of the electrode potential  vs. time. 

The concentrat ion was changed by addition of a 
measured small  amount  of more concentrated solution 
in order to increase the ini t ia l  concentration. Poten-  
tial electrode curves for a chloride electrode are 
shown in Fig. 2. The rise times measured between 
the 10 and 90% points are 600 msec (curve A) and 
350 msec (curve B) when the chloride concentrat ion 
is increased 10 and 2 times, respectively. 

Because of mixing limitation, the effective elec- 
trode response t ime should be expected to be some- 
what  smaller. The noise inherent  to these wide band 
measures is about 1 mV pp. The pass band  of the 
measure system was l imited numerical ly  by the com- 
puter  to 20 Hz. 
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Effect o] pH.- -The influence of pH was investigated 
for the chloride electrode, recording the potential  
of the electrode in  contact with a solution containing 
a fixed amount  of chloride ions and nitric acid to be 
neutral ized with sodium hydroxide (Fig. 3). The mea-  
surements  were started in solution containing 10-~M 
nitr ic acid, 0.1M potassium nitrate,  and 10-4M NaC! 
(curve a) or 10-~M NaC1 (curve b). The pH was 
varied by means of 10 --2 sodium hydroxide and fol- 
lowed by a combined glass electrode. 

Thermal temperature coe~cient.--The thermal  tem- 
perature  coefficient was measured by varying  the 
temperature  of a s i lver /s i lver  chloride electrode in 
the cell 

B222 Schott 10-JM NaC1 / salt bridge 10-~MNaC1 
half-ceU 10-1M KNO3 / 10-sM NaC1 10-1M KNOB 

10-1M KNOs 

while keeping the tempera ture  of the reference half-  
cell constant (25"C). 
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Fig. 3. Effect of pH on the potential of the siNer/si|veT chloride 
electrode is NaCI solutions of various concentrations. 

The electrode potential  changes almost l inear ly  
with the temperature  in the range 5 ~ -- 40~ Fit t ing 
exper imental  data with a second order polynomial  
yields the following equation 

E----184.38q-O.876t--0.00148t 2 ( E i n m V ,  t i n ~  

the standard deviation of exper imental  data around 
the fitted function being ~ -- 37V. 

Conclusion 
The electrodes described in this work have a n u m -  

ber of interest ing features over the conventional  
s i lver/s i lver  halide membrane  electrodes. They are 
rugged, yield highly reproducible results, and exhibit  
a very low electric resistance (0.01 a / c m ) .  The ratio 
between the weight of silver metal  and silver halide 
is not critical as tested when the percentage of Ag + 
in the pellet mixture  ranges from 20 to 140%. 

Variations of the pellet thickness (between 1 and 
4 mm) do not affect the behavior  of the electrode. 

Moreover, this kind of electrodes has nei ther  an 
inner  reference aqueous solution nor a membrane.  
Finally,  the most evident  advantage is that its ion- 
sensitive surface, when necessary, can be easily re- 
newed by removing the outer surface with fine emery 
paper. 

Manuscript  submit ted Ju ly  25, 1977; revised m a n u -  
s c r i p t  received Ju ly  15, 1978. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1979 JOURNAL. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 

REFERENCES 
1. D. J. G. Ives and G. J. Janz, "Reference Elec- 

trodes," p. 179, Academic Press, New York and 
London (1961). 

2. G. J. Janz and H. Taniguchi,  Chem. Rev., 53, 897 
(1953). 

3. R. G. Bates, "Determinat ion of pH," p. 328, John 
Wiley & Sons, Inc., New York (1973). 

4. E. Pungor, K. Toth, and J. Havas, J. Hung. Sci. 
Instr., 3, 2 (1965). 

5. E. Pungor,  Anal. Chem., 39, 29A (1967). 
6. E. Pungor  and J. Havas, in "Proceedings of the 

Conference on Physico Chemical Methods of 
Analysis," p. 92. Hungar ian  Academy of Sciences, 
Budapest (1966). 

7. E. Fungor,  J. Havas, and K. Toth, Acta Chim. Acad. 
Sci. Hung., 41, 239 (1964). 

8. G. A. Rechnitz, M. R. Kresz, and S. B. Zamochnick, 
Anal. Chem., 38, 973 (1966). 

9. G. A. Rechnitz and M. R. Kresz, ibid., 38, 1786 
(1966). 

Ag/AgC1 

10. M. Mascini and A. Liberti,  Anal. Chim. Acta, 47, 



Vol. 125, No. 11 S E L E C T I V E  E L E C T R O D E S  1809 

339 (1969). 
11. G. W. S. van Osch and B. Griepink,  Z. Anal. Chem., 

273, 271 (1975). 
12. I. M. Kol thoff  and H. L. Sanders,  J. Am. Chem. 

Sac., 59, 416 (1937). 
13. H. Niatsushita, I-I. Maruyama,  T. Aomi, and 

N. Ishikawa,  Chubu Kogyo Daygaku Kiyo, 10A, 

117 (1974). 
14. J. W. Ross, Jr., "Ion Select ive Electrodes,"  R. A. 

Durst,  Editor,  p. 78, Nat ional  Bureau  of S tan-  
dards,  Special  Publ ica t ion  314, Washing ton  D.C. 
(1969). 

15. 3. D. Czaban and G. A. Rechnitz,  Anal. Chem., 45, 
471 (1973). 

On the Effect of Finite Rise Time of 
Pulse Generators on Some Relaxation Techniques 

for Electrode Kinetic Investigations 
Z.  N a g y *  

Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

In previous  e r ror  analyses  of r e laxa t ion  techniques 
for e lec t rode  kinet ic  measurements  (1-5) it  has a l -  
ways  been assumed that  the  pulses a re  ideal,  tha t  
is, the pulse genera tor  has a negl ig ib ly  short  rise 
time. In pract ice,  the  r ise t ime is of ten only about  one 
order  of magni tude  less than  the measur ing  time, and 
for short  pulses the  two t imes  can even become com- 
pa rab le  in magni tude .  Equat ions  have  been der ived  
for  nonideal  pulses and are  presented  here  for the gal-  
vanosta t ic  s ingle-  and double -pu lse  techniques and for  
the  coulostat ic  pulse  (cur ren t  impulse  re laxa t ion)  t ech-  
nique. The rea l  pulses were  approx ima ted  by  pulses 
having  a finite l inear  s lew rate  (Fig. 1) which  is a 
good approx ima t ion  for most  modern  pulse  generators .  
The resul t ing  equations a r e  too complex to be used 
for s imple  graphica l  analysis  of expe r imen ta l  data. 
However ,  they  can be used for a numer ica l  analysis  
of the  er rors  resul t ing  f rom the assumpt ion of ideal  
pulses in the  graphica l  da ta  analysis.  The resul ts  can 
be used to select the m a x i m u m  rise t ime for an ex-  
pe r imen t  or to calculate  correct ion factors for data  
t aken  wi th  slow pulse generators .  The use of these 
equations is also recommended  for the evalua t ion  of 
k inet ic  pa rame te r s  by  computer  curve fitting, which 
is more  re l iab le  than  the  graphica l  techniques (5, 6). 
In  this  case, the  complex i ty  of equat ions is not  a p rob -  
lem and, as wi l l  be shown below, considerable  e r rors  
can resul t  if  the ideal ized equat ions are  used to I I 
eva lua te  expe r imen ta l  da ta  wi th  pulses hav ing  finite 
r ise t imes. 

The de r iva t ion  follows the same genera l  outl ine as 
those of De lahay  et al. (7, 8), wi th  two exceptions.  
The  cu r ren t  pulse  shapes of Fig. 1 a re  used, and the 
equat ions are  made  more  genera l  by  removing  a re -  
s t r ic t ion of the  or iginal  der iva t ion  (7), namely,  tha t  
the  number  of e lectrons involved  in  the  r a t e - d e t e r -  
min ing  step must  be equal  to the  number  of electrons 
t r ans fe r red  in the  ove r -a l l  react ion.  The cu r ren t - t ime  
re la t ion  of the  pulse  shown in Fig. lb  can be wr i t t en  
a s  

i l t / t l  ; t <: t l  
~1 ; tl < t < tz i 

i----- i l -  ( i l  - -  iS) ( t  - -  t 2 ) / ( t s  - -  t2) ; t s < t < t s  il 
is ; t3 <t [1] 

and the Laplace  t r ans fo rm of the  cur ren t  is [see, for 
example ,  Ref. (9) ] 

i i [ 1  -- exp (--sti)] i s 
i(s) = 

( i i  - -  •) [exp  (--s t2)  - -  exp ( - - s t s )  ] 
_ [ 2 ]  

s~(% -- %) 

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key  words:  e h r o n o p o t e n t i o m e t r y ,  k inet ics ,  overvo l tage ,  tran- 

s ients .  

The general ized ove rpo ten t i a l - cu r r en t  re la t ion  can be 
obtained,  for an ove r -a l l  react ion of O -t- ne = R, by  
tak ing  the diffusion overpo ten t ia l  f rom the Nerns t  
equat ion 

RT [ Cso CR ] 
In �9 [3] 

~d : n F  Co CSR 

and the act ivat ion overpoten t ia l  f rom the mul t i s tep  
vers ion of the  Bu t l e r -Vo lmer  equat ion (see, for  ex -  
ample,  Ref. (10, 11) 

i = io[exp (aaF~la/RT) -- exp (--acFna/RT)] [4] 
wi th  

~a -5 ac -- nlv 

At low overpotent ia ls ,  when  

RT Cso C R  
and ~ , ~- 1 

~a < F Co CsR 

these equations can be expanded to give the %otal 

| 

- - - - I  ? 
r t 

I 
t l  

| 

I 

t I t 2 t~ t 

Fig. 1. Current pulse shapes: a, single pulse; b, double pulse 
(coulostotic with 12 ---- 0). 
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overpotent ia l  
~RT~ RT [ Cso CSR ] [5] 

~I = '  nFio + "~ Co CR 

The overpotential-time relation is then derived by 
solving Fick's equation for linear diffusion for the 
appropriate initial and boundary conditions (7,8). 
Equation [6] is the final result. The same relation for 
idealized pulses is given in Eq. [7] for comparison 

h 
= ~ [G~( t )  - -  G s ( t  - -  h ) ]  

[G~Ct --  tD --  G~(t - tD]  [6] 
e(t3 - t~) 

h [ b a ] 
~1 : - ~  G1 ( a , t )  - -  c (b" 7- a) ' -~-G1(b,t) 

i I  - -  is 
c('b---" a)[--~Gl(a,t-- t3) 

~ ] 
-- b--~G1(b,t -- t3) [7] 

where  

G~(y)  GI (a,y) G1 (b,y) 
a4(b --  a) b4(b --  a) 

ab --  (a -{- b) ~" 4 (a  -{- b) 

~_ .... (ab) 2 y q_ 3k /~ab  yZ/2 

GI(x ,y )  --  exp (x2y) erfc (zy~/2) + 2 x ( y / ~ ) l / z  -- 1 

'o ( 1 1 ) 

a = ,D1/[oC O DtI2RCR "2~nF -}" - -  

~- 4.2n2F2\ D1/'~oC-------~ "~ D1/~RCR vRTc 

and "b" is the same as "a" except  the express ion in 
brackets  is p receded  by  a minus sign. 

Equat ion [7] differs f rom the or ig inal  equat ion of 
Matsuda,  Oka, and Delahay  (8) by  the sign conven-  
t ion of the cur ren t  and by  the appearance  of the stoi-  
chiometr ic  number  (v) in the expressions for "a" and 
"b." The equations are  wr i t t en  for the galvanosta t ic  
double  pulse technique;  the re la t ions  for coulostatic 
pulse can be obta ined  by  set t ing i2 = O (in e i ther  case 
the  equations are  val id  for  t imes t - -  t~). For  ga lvano-  
s tat ic  single pulse measurements ,  the  second t e rm of 
the  equations should be neglected and Eq. [6] is val id  
for  t imes t --~ tl. 

The errors  resul t ing  f rom assuming ideal  pulses 
in the graphica l  analyses  of exper imenta l  da ta  t aken  
wi th  real  pulses were  es t imated as follows. Overpo-  
ent ia l  t ime da ta  were  genera ted  wi th  Eq. [6] and [7] 
for a series of typica l  values  of the  kinetic  and  double  
l aye r  pa rame te r s  and these  "da ta"  were  then eva lua ted  
with  the usual  graphica l  techniques.  I t  was found that  
the rat io of the overpotent ia l s  could be es t imated  by  
the rat io  of the  charge passed 

~real Qreal 
~ - -  [8] 

l l Ideal Qideal 
when 

~c >>  ~ [9] 

The approx imat ion  is good when  the  rat io  of the  sum 
of react ion and diffusion impedances  to the double 
l aye r  impedance  is large,  tha t  is, at  short  t imes (usu-  
a l ly  a few microseconds) .  At  longer  times, the e r ror  is 
overes t imated  bu t  Eq. [8] s t i l l  can be used as an 
o rde r -o f -magn i tude  est imate.  A br ie f  analysis  for  the 
three  re laxa t ion  techniques is given in the  following. 

Galvanostatic Single Pulse 
The e r ror  in the  overpoten t ia l  wil l  be negl igible  

even for  slow pulse  genera tors  since the  graphica l  

eva lua t ion  (7) uses da ta  t aken  at  long t imes (~50 
~sec), and in this case the charge rat io  of Eq. [8] is 
close to unity.  The er ror  in the  exchange cur ren t  den-  
s i ty  wil l  then depend on the e r ror  in the double  l aye r  
capaci ty  measurement ,  h serious e r ro r  can be made  
in the  double  layer  capaci ty  measu remen t  and, con- 
sequently,  in the  calculat ion of the exchange cur-  
ren t  density,  if i t  is de te rmined  f rom the slope of the 
ove rpo ten t i a l - t ime  curves at  t imes t < h,  using the 
s teady cur ren t  value  of il. Rather ,  the capaci ty  should 
be calcula ted using the cur ren t  value  at  the t ime of 
the  slope measurement ,  tha t  is c -- i ( t ) / (d~l /d t ) t .  It  is 
assumed, of course, tha t  condi t ion [9] is fulfilled. 

Galvanostatic Double Pulse 
A heretofore  unrecognized advan tage  of this method  

was found, namely,  tha t  the  e r ro r  in overpoten t ia l  is 
nea r ly  comple te ly  e l imina ted  by  the  exper imen ta l  ad-  
j u s tmen t  of the prepulse  to give d~/dt  = 0 at  the 
measur ing  t ime [ independent ly  of whe the r  the  mea -  
suring t ime was taken  to be the end of the prepulse  or 
at  some la te r  t ime, as has been recen t ly  proposed 
(12)]. The exper imen ta l  fulf i l lment  of the above con- 
dit ion assures the  correct  charging of the  double  l ayer  
capaci tance independen t ly  of the shape of the p re -  
pulse, even at  the  ex t reme  case when the r ise and fa l l  
of the prepulse  overlap.  A correct  exchange  cur ren t  
densi ty  wi l l  therefore  be  obtained,  even for real  
pulses, using the graphica l  da t a - eva lua t ion  technique 
of Matsuda,  Oka, and Delahay  (8). On the other  hand, 
the double  l aye r  capaci ty  calcula ted by  the formula  of 
Matsuda (13, 14) wi l l  be in error ,  but  can be cor rec ted  
using the fol lowing equat ion 

Creal Qideal 
- -  ~ - -  [10] 

Cldeal Qreal 

Current Impulse Relaxation (Coulostatic Pulse) 
A considerable  e r ror  can be expected in  the  over-  

potential ,  since genera l ly  ve ry  shor t  pulses are used in 
this method and the charge  rat io  of Eq. [8] wi l l  be 
far  f rom unity.  By appl ica t ion  of the  usual  graphica l  
da t a -eva lua t ion  technique (15), the  double  l ayer  ca-  
pac i ty  and the  exchange cur ren t  densi ty  wi l l  also 
have the same re la t ive  error.  For  slow react ions 
(when condit ion [9] is s t r ic t ly  fulfi l led) the resul ts  
can be corrected by  using Eq. [8]. This is, of course, 
equiva lent  to the or ig inal  p rocedure  suggested by  
Delahay  (16). Fo r  fas ter  reactions,  especial ly  when 
diffusional effects a re  not  negligible,  Eq. [6] should be 
used in the  curvefi t t ing p rograms  (5, 6). 

In  summary,  i t  has been shown tha t  the neglect  of 
the finite rise t ime  of pulse generators  can cause s ig-  
nificant errors  in the  ' de te rmina t ion  of the  double  
l aye r  capaci ty  and the exchange cur ren t  dens i ty  of 
fast e lec t rode  systems. The only  except ion is the  ga l -  
vanostat ic  double pulse technique which wil l  give 
the  correct  exchange cur ren t  dens i ty  even wi th  slow 
pulse generators .  Equations are  given for  computer  
eva lua t ion  of da ta  tak ing  into account the finite r ise 
t imes of the  measur ing  pulses. 
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LIST OF SYMBOLS 
c capaci ty  of the  double  l aye r  (F  cm -2) 
Cj concentra t ion of species j in the bu lk  solut ion 

(mole cm-~)  
Csj concentra t ion of species j at  the e lec t rode  sur -  

face (mole cm -3)  
D diffusion coefficient (cm 2 s e c - ' )  
F F a r a d a y  constant  
i cu r ren t  dens i ty  ( A c m  -2)  
{.o exchange cur ren t  dens i ty  (A cm -~) 
~c cur ren t  dens i ty  used to charge the  double  l aye r  

(A cm -2) 
it Fa rada ic  cur ren t  dens i ty  (A cm -2)  
..y 

Laplace  t r ans fo rm of cur ren t  dens i ty  
n to ta l  number  of e lect rons  t r ans fe r red  in  the 

over -a l l  reac t ion  
Q charge passed (C cm -2) 
R universa l  gas constant  
s Laplace  va r i ab le  
t t ime (sec) 
T absolute  t e m p e r a t u r e  (~ 
~a anodic t ransfe r  coefficient 
ac cathodic t ransfe r  coefficient 
~1 overpoten t ia l  (V) 
v s to ichiometr ic  number  of the  react ion 
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Tantalum Ion Transport Number during the 
Anodic Oxidation of Beta-Tantalum Films 
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ABSTRACT 

In this s tudy Rutherford backscattering has been used to determine the 
t an ta lum ion t ransport  number  dur ing the anodic oxidation of be ta - t an ta lum 
films. The required marker  is the argon uni formly  incorporated in  t an ta lum 
dur ing sputtering. The t ransport  number  for Ta +~ ions for be ta - t an ta lum 
anodic oxidation is 0.25 • 0.02 at 1 mA / c m 2 and 23.5~C, and there is a weak 
dependence on the electric field used dur ing  the oxide growth. These re-  
sults are identical to that obtained for bu lk  alpha- (bcc) - tanta lum,  which 
may indicate that the t ransport  number  is not controlled by the crystal 
s tructure associated with the metal-oxide interface. For metal  films which 
are anodized completely through to the substrate, there is an apparent  1% 
tan ta lum excess in  the outer port ion of the oxide. This effect may be as- 
sociated with the argon incorporat ion in the oxide, or a nonequi l ib r ium ratio 
of Ta/O, or a low atomic weight impuri ty.  

Since the beginning of the uti l ization of anodic 
oxide films for electronic devices and decorative coat- 
ings (1), there has been a great interest  in tne unique 
mechanism which allows growth rates at room tem- 
perature  in the range of 0.5 nm/sec  up to several 
micrometers in  thickness. The basic chemical process 
is the reaction of two chemical entities, the original 
metal  and oxygen from the electrolyte, which are 
separated by an in te rvening  solid film. In order for 
this to occur, species must  be t ransported at very 
rapid rates (for a room temperature  process) through 
the in tervening  film. The driving force for such rapid 
t ransport  is the high electrical field utilized, which 
is in the range of 10 ~ to 105 V/re. The t ransport  is 
assumed to be due to charged ions through the oxide 
(1). In all studies of the mechanism of growth of 
anodic Ta205 before 1965, it was either implici t ly 
assumed or par t ia l ly  demonstrated that  the t rans-  
ported ent i ty  was the t an ta lum ion. This appeared 
theoretically satisfying because the ionic radius of 
the Ta +~ ion is considerably smaller  than  the O -~ 
ion, and its charge is considerably higher. Both of 
these properties should lead to faster t ransport  of 
the metal  cation. In  1965, Davies et al. (2) demon- 
strated that both ions general ly participated in  the 
transport,  and the fraction of the t ransport  a t t r ibut -  
able to the cation was generally much smaller than 
that  associated with the anion. 

Despite the expectation that  the knowledge of the 
na ture  of the par t icular  ion involved in the growth 
should have had a large impact on the unders tanding  
of the mechanism of growth, l i t t le fur ther  progress 
had been made on theoretical models for the process. 
Studies on tanta lum,  which has had a central  role 
in  the development  of models because of the number  
of experiments  associated with it, have shown it (3) 
to have a cation t ransport  number  of 0.243. This 

* Electrochemical  Soc ie ty  Active Member. 
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number  is associated with growth of the oxide on 
bulk  a lpha - (bcc ) - t an ta lum.  Some studies have shown 
that the kinetics of oxide growth (4, 5) are slightly 
different for be ta - t an ta lum (6) films compared to 
bulk a lpha- tan ta lum;  this has been ascribed to a 
variable  amount  of interst i t ial  oxygen and ni trogen 
(5). What has not been considered is whether  the 
t ransport  number  of the t an ta lum ion is different 
due to the change of crystal s t ructure or the change 
from bulk  to film material.  In earlier studies on the 
composition of oxide films formed on TazN~ (7), 
and either TaxSil-x (8) or TaxTil-x (9) alloy films, 
it was assumed that the t ransport  number  of oxide 
films grown on be ta - t an ta lum was the same as a lpha-  
tantalum. The lat ter  two studies (8, 9) involved 
Rutherford backscattering (10, 11) which allows for 
a convenient  method of determining this number  
without resorting to radioactive isotopes, chemical 
sectioning, or sputtering. This technique can easily 
detect the approximately 4 atom percent (a/o) argon 
(8, 12) incorporated uni formly  in the be ta - t an ta lum 
film dur ing the sput ter ing process. The argon at the 
surface of the metal  acts as the inert  marker,  and the 
position of this edge lies wi thin  the oxide film after 
growth. The relative position of this edge in the 
oxide allows the calculation of the cation t ransport  
number .  The Rutherford backscattering method has 
been used for this purpose by Macintosh (13) but  
uti l izing implanted argon in bulk  vanadium. This 
paper concerns the use of Rutherford backscattering 
technique to detect the position of the incorporated 
nonradioactive argon in anodized be ta - t an ta lum films. 

Experimental 
The preparat ion of the be ta - t an ta lum films, the 

Rutherford backscattering technique, and the general  
methods of analysis have been described in earlier 
papers (8-11). This study on be ta - t an ta lum films 
differs 2rom the earlier study (8) in that the condi- 
tions were optimized to yield a more accurate evalua-  

1812 
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tion of the argon and tan ta lum spectra. The thickness 
of the t an ta lum films on fused quartz was l imited 
to about 75 nm, so that even when the film was com- 
pletely anodized, the oxide spectrum did not overlap 
the background silicon and oxygen spectra from the 
fused quartz substrate. Secondly, the 1.9 MeV 4He+ 
bombarding  time was increased such that the height 
of the Ta spectrum (~4.5 X 10 s counts) was about 
five times higher than previous, while the argon counts 
(~,1500 counts) were increased from 1.3 to 3 times 
background. 

Three different anodizing techniques were used 
because the films were relat ively thin and slight dif- 
ferences in  determining the energy of the leading 
or back edge of the argon spectrum causes relat ively 
large errors. Due to the energy resolution of the back- 
scattered ion solid-state detector (~15 keV), there 
is some ambigui ty  in de termining  these energies; 
these can be quite accurately determined, however, 
by using the half-height  energy for each edge. Some 
samples were anodized about ha l f -way through at 
constant current  to about 60V; one sample was ano- 
dized at constant current  to 60V, and when the power 
supply was switched to constant  voltage of 60V, the 
current  decayed to a low value. Most of the samples, 
however, were ,anodized completely through at con- 
stant  cur ren t  to about 120V, at which t ime the voltage 
rose abrupt ly  to a preset m a x i m u m  value in the range 
of 130-300V as all of the t an ta lum was consumed. This 
anodization method is preferred because the deter-  
minat ion  of the t ransi t ion of argon in the oxide to 
argon in  the remaining  metal  film in the backscattered 
spectrum did not cause any  difficulty. The result  of 
the complete anodization was a t ransparen t  Ta205 
film, which only in a few cases had a faint  haze of 
isolated Ta spots; these, however, could not be de- 
tected in the backscattered spectrum. For all of the 
anodizations, the counterelectrode for measur ing the 
voltage was a Pt wire placed wi th in  3 mm of the 
oxide surface. The electrolyte was 0.01% aqueous 
citric acid; dur ing  the constant  current  anodization, 
the voltage difference between the anode and p la t inum 
wire was cont inuously recorded. 

Results 
Transport  numbers . - -F igure  1 shows the overlapped 

Rutherford backscattering spectra of a typical t an-  
ta lum metal  film and the same film anodized com- 
pletely through. The peaks on the right are for the 
t an ta lum atoms in the metal  and oxide. Since tan-  
ta lum atoms are present  at the surface in both films, 
the channel  equivalent  to the half-heights are iden-  
tical on the leading edge (higher channels) ,  while 
the channel  half-heights differ on the lower channel  

10 6 

t0 5 

10 4 

t0  3 

1813 

102 

side because the thickness of the two films are differ- 
ent. The lower height of the Ta/Ta20~ peak" is due 
to the decreased t an ta lum atom density compared 
to the metal  film. 

The much smaller  peaks in the 260-320 channel  
region are due to the argon in  both films; the edges 
shown below 265 channels are to Si/SiO2, O/SiO2, 
and O/Ta20~. The 308 channel  position of the half-  
height for the A r / T a  peak is that  calculated for Ar  
at the surface of any film. The half-height  position 
of the Ar/Ta205 at channel  298.5 indicates that the 
Ar  is below the surface of the oxide. The thickness 
of the oxide where the argon is absent can be cal- 
culated from the shift of the leading edges in both 
samples, while the thickness of the oxide where the 
Ar is present  can be calculated from the width of 
the Ar/Ta205 peak. The sum of the two gives the 
thickness of the complete oxide. The thickness of the 
complete oxide can be calculated as well from the 
width of the Ta/Ta20~ peak. 

The exact thickness of any film can be determined 
from the width of the peak by Eq. [1]-[3] 

Ad -- ds/p -- AE/Sp = (aC) (Ec) /Sp [1] 
Where ( dE ~in _( 1 ~ ( d E  ~ '0u t  

S Km [2] 

and 
(dE/dx )  = Z w i ( d E / d x ) i  [3] 

where hd is the thickness; p is the known density of 
the film material ;  ds is the surface density in mass/  
uni t  area; AC is the difference in channels for the half-  
heights of the leading and t rai l ing edges; Ec is the 
energy /channe l  of the detection system ( ~4  keV 
per channel ) ;  S is the scattering function where Kra 
is the kinematic  factor; ( dE /dX )  'n is the stopping 
power at the energy of the enter ing ion; 0 is the 
angle between the entering ion beam and the detected 
backscattered beam (i.e., 175 ~ ; and (dE/dx)out  is 
the stopping Power at the energy of the exiting beam. 
For mixtures  or compounds, d E / d X  can be calculated 
by Bragg's rule  (Eq. [3]) where wi is the weight per-  
cent of the par t icular  component and ( d E / d X ) i  is 
the stopping power for that component at a given 
energy. 

The transport  number  of the Ta +n ion, tm +, can 
be calculated from 

dArTa205 
tm + ---- [4] 

dArAr/Wa205 Jr dArTa205 

when dy x is the thickness of an oxide film, where x 

The terminology Ta/Ta~O5 means  that the backscatter ing is  
f rom Ta in Ta2Os. 

T a / T a :  

- 0 / S i 0 z  O /Ta205  ; ~ ~, 

. . . . . . . .  

S i / S i 0 2  

Ar / T0205 A r / T a  

10 '~001 I I I '~501 I I I [ 2001 I I 1 I 2501 ~ I I I ~001 I I I I ~501 I_ I 1 I 4001 I I -J 1 

CHANNEL NUMBER 

10 6 

10 5 

Fig. I .  Typical backscatterlng 
spectrum of sputtered beta- 

I0  4 tantalum film (To) on a fused 
silica substrate, and an over- o 

lapped spectrum of the same 
o_ film completely anodized to co 

103 ~ tantalum oxide (Ta205). The 
detector sensitivity is about 
4 • 10 -3  MeV/channel. The 
vertical arrows show the position 

lo 2 of the leading half-heights for 
the various species (Ar or To) |n 
either the Ta or Ta.~05 film. 

10 t 
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means the  thickness  is de te rmined  f rom ei ther  an 
argon or  t an ta lum backsca t te r ing  peak,  whi le  y r ep -  
resents  e i ther  the  argon region (i.e., Ar/Ta2Os) or 
a rgon- f ree  region (i.e., Ta205) of the  oxide film. 

This analysis  impl ic i t ly  assumes tha t  the  argon acts 
as a t rue  atomic marker ,  which has been demons t ra ted  
by  Pr ingle  for implan ted  argon (3). 

Equat ion [4] can be t r ans formed  by  using Eq. [1] 

ACArTa2OsEcAr / [ ACArAr/Ta2OsEcAr 

tm + --" SArTa2OsPTa205 SArAr/Ta2OsPAr/Ta205 

ACArTa2OsEcAr ] [Sa] 

SArTa205pTa205 

tm + ~ ACArAr/Ta2Os/[ACArAr/Ta205 -~- ACArTa205] [Sb] 

where  
.AVArTa205 = e t a  Ar --  CArTa205 [50] 

and 
ACArAr/Ta205 ~-~ CArAr/Ta205 --  CArJAr/Ta205 [Sd] 

and (Cy x) is the  ha l f -he igh t  channel  of the leading 
edge and Cy x' is the ha l f -he igh t  channel  of the r ea r  
edge of the appropr ia t e  peak. 

In  Eq. [5a], the Ec Ar cancel,  and the differences in 
the sca t ter ing  funct ion Sy x, and densities, py, a re  so 
s l ight  tha t  t hey  cancel  also. Calculat ions using both  
Eq. [5a] and [5b] give t r anspor t  numbers  which differ 
by  0.9%, whi le  the  exper imen ta l  error ,  main ly  due 
to the  ___0.5 channe l -wid th  uncer t a in ty  in a 8.5 channel-  
wid th  thickness  of the  a rgon- f ree  Ta205 region, is ___8%. 
A schematic  figure of the  over lapped  backsca t te red  
spect ra  f rom tan ta lum and comple te ly  anodized tan-  
t a lum oxide is shown in Fig. 2. This figure shows 
three  different  possible results :  anion t r anspor t  only, 
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Fig. 2. Schematic backscattered spectra for the three different 
transport mechanisms. The solid and dashed line peaks on the right 
are for bockseattering from tantalum atoms in the metal and 
oxide, respectively. The peaks in the left are for backscattering 
from argon atoms in Ta or Ta2Os. 
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Fig. 3. Backscattered spectrum for argon in a sample which was 
anodized half-way through. The region from 280-292 channels is 
for the remaining tantalum film, while the region from 292-305 
channels is for the formed oxide film. Counts corrected for 
background. 

cation t ranspor t  only,  and s imul taneous  ca t ion-anion  
t ranspor t ,  For  the three  cases, the width  of the total  
oxide based on the argon spec t rum only is: upper ,  
the observed wid th  of the Ar/Ta205 peak;  middle,  
the difference, e T a  Ar - -  CArAr/Ta205; and bottom, the  
d i f f e r e n c e ,  e T a  Ar - -  CAr'Ar/Wa2Os. The widths  of the  
a rgon- f ree  region at  the oxiae  m r  the three  cases in 
Fig. 2 are:  top, nonexis tent ;  middle,  the difference, 
e T a  Ar - -  CArAr/Ta205; and bottom, the  difference, CTa Ar 
-- CArAr/Ta205. 

The basic exper imen ta l  da ta  for  the ca lcula t ion  of 
t ranspor t  numbers  for  samples  anodized h a l f - w a y  
th rough  to only 60V is shown in Fig. 3. The open dots 
a re  the argon counts corrected for background.  The 
high peak  at  channel  289 is due to the argon in the 
remain ing  t an t a lum film, whi le  the lower  counts above 
channel  290 are  for  argon in the oxide. The ha l f -  
height  channel  of 304.5 at the leading edge is shif ted 
down from the or iginal  meta l  film value  of 308.5. 
The ha l f -he igh t  channel  number  of the  oxide at  the 
t ra i l ing  edge can be de te rmined  as was done p re -  
v iously  (9) as equal  to the point  a t  hal f  the value  of 
the m a x i m u m  at the t an t a lum meta l  minus  the value  
of tha t  of the  oxide. This leads to a value  of 291.5 
as indica ted  by  the l e f t -hand  dashed ver t ica l  l ine 
in Fig. 2. The decision about  the  value  at  channel  
291.5 is s l ight ly  uncerta in ,  so as indica ted  ear l ie r  
most  of the resul ts  a re  based p r i m a r i l y  on samples  
anodized al l  the way  through.  

Table  I gives the character is t ics  of the anodized 
samples, and the t r anspor t  numbers  obtained.  Sample  
number  1 was analyzed  in both backsca t te r ing  runs 

Table I. Cation transport number as a function or the type of 
anodization 

S a m -  
p l e  
NO. 

Anodization Anodization 
type mode 

constant tin+ 
Back- Corn- Par- trans 

scatter- pletely tially I + port 
ing run ~120V ~60V V I number 

1 1 ,/ r 0 25 - 0.02 
2 2 r ~' 0.26 -~ 0.02 
1 3 r J 0.2,5 • 0.02 
3 2 / r 0.25 • 0.02 
4 3 4 ~/ 0.24 • 0.04 

* All anodizatlons performed at 1 mA/em 2 and 23.5~ 
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1 and 3, and the calculated t ransport  numbers  are 
identical. Sample 2 is an anodized replicate of sample 
3, and the results of the first three samples give a 
t ranspor t  n u m b e r  of 0.25 _.+ 0.02. Sample 4 gives re-  
sults of lower accuracy because the oxide film was 
much thinner .  The results for samples 3 and 4 agree 
with the more accurate values obtained for samples 
1 and 2. All  of the t ranspor t  numbers  are in the range 
of 0.25 __+ 0.02. This agreement  indicates that  dur ing 
the constant  voltage-soak dur ing  anodization, when  
approximately  25% of the oxide is grown, the t rans-  
port  n u m b e r  is the same as that  obtained at constant  
current .  Dur ing  the constant  voltage phase, the cur-  
rent  density and field are dropping rapidly, which 
indicates that  the t ransport  of Ta +n is not a strong 
funct ion of current  densi ty or field. 

In  order to verify this last conclusion, samples were 
anodized all the way through for current  densities 
which range from 10 to 0.01 m A / c m  2, where the ex-  
posed film area was of the order of 1 cm 2. Samples 
anodized at the low current  densities had total currents  
of only about 50 ~A; an appreciable electronic leakage 
current  existed, however, which moreover increased 
as the anodization voltage increased. For these la t ter  
samples (i.e., for all cur rent  densities below 0.1 m A /  
cm2), the current  densi ty was manua l ly  increased to 
ma in ta in  a re la t ively constant dV/dt on the recorder 
chart. The actual  ionic current  densi ty was then cal- 
culated from the dV/dt for the given anodization com- 
pared to dV/dt for the 0.1, 1, and 5 mA/cm2 anodiza- 
tions, which did not have an appreciable electronic 
leakage. Films were also anodized at 10 m A / c m  2, but  
these resulted in  a nonuni fo rm anodic oxide color, 
p resumably  due to a nonuni fo rm tempera ture  rise 
associated with the relat ively massive insulat ing fused- 
silica substrate. 

The t ransport  n u m b e r  as a function of current  dens-  
i ty is given in Table II. The field associated with 
the higher current  densities was obtained from the 
observed voltage at the end of the anodizations div-  
ided by the oxide thickness obtained from the Ruther-  
ford backscattering data. The fields at the low current  
densities were estimated by an extrapolat ion of the 
above data, using Mills, Zobel, and Young's data (3) 
on films as an extrapolat ion guide. 

The results in Table II indicate that  there is a real 
but  weak dependence on current  density or field for 
the cation t ransport  number .  The significance of this 
impor tant  result  and a comparison to other results 
in  the l i tera ture  will be discussed in the following 
paper (14). 

Uniformity of the oxide films.--A close inspection 
of the spectrum for the top of the Ta/Ta205 peak 
shown in Fig. 1 indicates a slight concave nature,  
ra ther  than an expected slight l inear  increase due 
to the increased backscattering due to the E-2  term 
(10, 11). This concavity is not observed for par t ia l ly  
anodized films or for t an ta lum metal  films. 

The raw backscattered spectrum for t an ta lum in 
t an ta lum oxide from Fig. 1 was converted to a dis- 
t r ibut ion  of Ta a toms/cm 2 as a function of depth 
thickness by making  a ( l /E )  2 correction, as well as 
corrections in S for the presence or absence of Ar  
in different portions of the film. The distr ibutions 
for Ta and Ar are shown in  Fig. 4, where the normal -  
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Table II. Cation transport number as a function of current density 
and field 

A n o d i z a t i o n  current  
density (mA/cm~) Cation 

Sam. Field t r a n s -  
p ie  Calculated ( V / c m  p o r t  
No.  Actual  (ionic) x 10 -6) No. 

5 5 5.0 7.02 0.236 
6 i 1.0 6.65 0.234 
7 0.1 0.1 6.16 0.208 
8 0.07 0.037 ----- 0.015 5.95 0.207 
9 0.01 0.011 - -  0.006 5.72 0.183 
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Fig. 4. Corrected tantalum (open circles) and argon (open 
squares) atoms/unit area as a function of oxide thickness (zero 
thickness is the substrate/oxide interface). These are corrected 
from the spectrum in Fig. 1. The upper closed circles are assumed 
idealized shape of the leading edge based on the corrected 
shaped of trailing edge. The insert is the difference, and the 
total "excess tantalum" is calculated from the ratio of the area 
under the curve in the insert to the area under the curve for the 
tantalum. 

ization factor is the mean  of the corrected counts in 
the region between 62 and 100 nm. The atom ratio 
of T a : O : A r  for the entire film is 1/2.65/0.46, but  has 
values of 1/2.65/0.59 for the port ion of the film 
containing Ar, and 1/2.64/0.0 for the port ion of the 
film containing no Ar. The Ta:O ratio is uni form to 
within the exper imental  uncer ta in ty  of +_.5% in the 
argon-conta in ing  and argon-free  portions of the film. 
As Fig. 4 indicates, however, the Ta a tom/cm 2 is 
greater  at the front 8 than at the rear  port ion by about 
1%. The region of higher atom density is almost, 
but  not quite, correlated with the region of the film 
which is argon free. This sort of deviation does not 
exist for the original  Ta meta l  film as i l lustrated in  
Fig. 5, where the Ta atom density dis t r ibut ion is sym- 
metrical  about  the middle of the film. The Ta :Ar  
ratio for this film is 1/0.47, identical  to the ratio for 
the entire anodized film. The deviation for the com- 
pletely anodized film is typical only for such films, 
since it does not exist for the par t ia l ly  anodized films. 
This is i l lustrated in  Fig. 6, where the Ta atom dis- 
t r ibut ion for sample 4 is un i form at the outer edge. 

In  order to obtain a semiquant i t ive  estimate of the 
degree of deviation, the front par t  of the oxide film 
shown in  Fig. 4 was fitted with an expected normal  
curve based on the shape of the curve at the rear  
port ion of the film. This fitted curve is shown as the 
dashed curve, and the difference between {he real  
and fitted curves is shown as the insert  in the middle 
of the figure. These extra  atoms, if calculated as Ta 
atoms, are equivalent  to a 0.96% total deviation. 

This "excess t an ta lum TM feature is not t ime depen- 
dent, since repeat backscattering analyses over a pe- 

8 The "front" edge is the oxide-electrolyte  interface,  whi le  the  
"back" edge is the substrate-oxide interface; the "back" edge  
starts at zero thickness .  

The term "excess tantalum" is used for  convenience .  It could 
also be a "deficient tantalum" at the rear  port ion of the  film. 
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Fig. 5. Corrected tantalum and argon atoms/unit area as a 
function of metal thickness taken from the raw spectra of Fig. 1. 
The normalization is with respect to the same normalization of 
tantalum in tantalum oxide in Fig. 3. 
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thickness for a sample anodized partiaffy through. The zero 
thickness point is taken as the metal-oxide interface, and the 
normalization was taken as the maximum tantalum atom density 
in the metal film. 

riod of months showed no significant change in the 
spectrum. Auger analysis, wi th  and without  sputtering, 
showed no presence of tungs ten  or rhen ium at the 
outer surface of the oxide. 

To determine some parameters  associated with the 
appearance of this "excess Ta," the samples prepared 
at different current  densities, and samples prepared 

Table III. Dependence of "excess Ta" on current density and 
overvoltage, 23.5~ 

Ionic current 
density Over volt-  " E x c e s s  T a "  

( m A / c m  2) t a g e  (V)  (%) 

5 212 0.49 
1 212 0.9 
0.1 212 1.19 
0.936 212 1.41 
0.011 212 1.43 
1 309 . 1.74 
1 212 0.70 
I 130 1.04 

at the same current  density bu t  with different final 
voltage overshoots were analyzed, and the results 
expressed as "excess Ta," determined similar  to the 
inser t  of Fig. 4. These results are summarized in  
Table III. No large dependence appears, but  the effect 
appears to diminish to some extent  at the higher  
current  densities. 

Discussion 
The t ranspor t  "number for Ta +~ obtained for the 

completely anodized samples of 0.25 ___ 0.02 at 1 m A /  
cm 2 and 23.3~ is in  agreement  with the results of 
Pringle (3) who obtained a value of 0.243 for the 
anodization of bulk  a lpha - (bcc ) - t an t a lum.  In  this 
study, however, the original  metal  source is beta-  
t an ta lum which has a completely different crystal 
s t ructure (6) from the bu lk  material .  Proposals for 
the oxide growth mechanism are characterized as 
to whether  they are kinet ical ly controlled by: (i) 
metal-oxide interface; or (ii) oxide; or (iii) oxide- 
electrolyte interface. It has been established by Ver-  
milyea (15) that  the kinetics of oxide growth were 
independent  of the or ientat ion of large grain s t ructure  
of bulk a lpha- tan ta lum,  and on this basis concluded 
that  the mechanism was not oxide-metal  interface 
controlled. Young (16) has suggested that  this may 
not be a strong cri terion because the generat ion of 
cation vacancies may cause an amorphous metal  in ter -  
face. Westwood (5) indicates that  the growth kinetics 
are essentially independent  of having alpha- or beta-  
t an ta lum structure. The present  experiments,  where 
a large change in  crystal s t ructure is involved, dem- 
onstrate that the cation and anion t ransport  numbers  
are not controlled by  the metal  crystal structure. 

The present  results show, however, that  the cation 
t ransport  number  has a weak positive dependency 
on current  density or field. This is an impor tant  result  
which warrants  detailed discussion in the subsequent  
paper (14). 

One puzzling feature of the results is the deviat ion 
in the t an ta lum atom dis t r ibut ion in the argon-free  
region for the completely anodized samples. If it 
were due only to the difference associated with the 
absence or presence of argon, this feature should also 
be apparent  in  the par t ia l ly  anodized samples, since 
they have essentially the same transport  number .  

The effect appears to be specific to the sample prep-  
arat ion of convert ing the metal  completely to oxide 
film. It is possible that an impur i ty  of the order of 
1% of the t an ta lum existed near  at the substrate-  
metal  interface or was distr ibuted uni formly  through-  
out the metal  film. Under  these circumstances, the 
massive spectrum of the t an ta lum would prevent  its 
detection in  the original  metal  film. If it is assumed 
during the anodization that  the impur i ty  has an 
ionic charge higher than that  of Ta +~, then the charge 
difference would provide a faster "transport which 
would tend to concentrate the impur i ty  at the oxide- 
electrolyte interface (9). The only l ikely components 
which would give such a composite spectrum are 
tungsten or rhen ium which have melt ing points above 
tan ta lum and which can exist in the +6  valence 
state. If there is a tungs ten-  or rhen ium-enr iched  
oxide surface, irt should have been possible to detect 
it with Auger spectroscopy; this exper iment  was per-  
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formed on these samples  wi th  negat ive  results,  in-  
d icat ing that  this exp lana t ion  is unl ikely.  A l t e r n a -  
t ively,  the impur i t y  could have a charge less than  
t an t a lum and also have  an atomic mass less than  
tanta lum.  Such a smal l  l ight  mass i m p u r i t y  would 
have a backsca t te red  spec t rum h idden  in the back-  
ground and argon spect ra  and would be undetectable.  

Ano the r  poss ibi l i ty  is that  the Ta /O  rat io  var ies  
in  the  film, but  the accuracy of the counts associated 
wJ[th the O/Ta205 peak  is not  high enough to show 
such smal l  var ia t ions  as a funct ion of depth.  The 
improved  s ta t is t ical  accuracy associa,ted with  counting 
over  a long per iod  of t ime wi th  respect  to the t an -  
t a ]um peak  appears  to be capable  of detect ing such 
smal l  variat ions.  However ,  a Ta /O  devia t ion  would  
y ie ld  such nonstoichiometr ic  films tha t  they  would 
be h igh ly  semiconduct ing and that  appears  not  to be 
the  case for  these films. 

At  present ,  no clear  exp lana t ion  exists  for the  or igin 
of this  smal l  nonuni formi ty  in the t an ta lum a tom 
dis t r ibut ion.  

Summary and Conclusion 
1. The t r anspor t  number  of Ta +~ ions in the growth  

of the  anodic oxide  on b e t a - t a n t a l u m  films is 0.25 
__. 0.02 at  1 m A / c m  2 and 23.2~ This number  is essen- 
t i a l ly  the  same as that  obta ined  in bulk  a l p h a - ( b c c ) -  
tan ta lum,  which indicates  that  the t r anspor t  number  
is not  control led by the c rys ta l lographic  na tu re  of 
the  me ta l -ox ide  interface.  

2. There  is a weak  dependence  of the value  of the 
t r anspor t  number  on cur ren t  dens i ty  or field which 
wil l  be compared  to o ther  l i t e ra tu re  resul ts  and 
ana lyzed  in another  paper  (14). 

3. In  meta l  films which are  anodized comple te ly  
through,  there  is an appa ren t  h igher  t an t a lum a t o m /  
cm 2 at  the  outer  por t ion of the  oxide  compared  to 
the inner.  The or igin of this nonuni formi ty  is unknown.  
F u r t h e r  exper iments  a re  requi red  to de te rmine  the 
cause of this  feature.  However ,  it  is impor t an t  to 
real ize  tha t  the Ruther fo rd  backsca t te r ing  technique 
has the  capabi l i ty  of de tec t ing  --+0.5% a /o  var ia t ions  
in  some cases. 
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ABSTRACT 

A l iqu id-phase  ep i tax ia l  technique has been used for growing layers  of 
ga l l ium-doped  silicon on silicon. Best  resul ts  were  obta ined f rom the (111) 
or ienta t ion  and supercool ing ga l l ium mel ts  f rom 600~ The solubi l i ty  of s i l i -  
con in l iquid  ga l l ium was de te rmined  in the  g rowth  sys tem and showed 
good agreement  wi th  publ i shed  data.  The var ious  growth  pa rame te r s  u s e d  a n d  
the i r  effect on l aye r  thickness,  morphology,  doping level,  and  low t empera -  
ture  in f ra red  absorpt ion  are  discussed. The dopant  concentra t ion in these l ay -  
ers was found grea te r  than expected from the publ i shed  solid so lubi l i ty  curves. 

I t  is wel l  accepted that  vapor -phase  ep i t axy  (VPE) 
has had  a r evo lu t iona ry  impact  on sil icon device tech-  
nology. I t  is less wel l  known, however ,  that,  for some 
applicat ions,  ep i tax ia l  g rowth  f rom the l iquid phase 
can also give excel lent  results.  Invest igat ions  car r ied  
out  in many  labora tor ies  have shown, for instance, 
tha t  l iqu id -phase  ep i t axy  (LPE)  possesses advantages  

* Electrochemical Society Active Member. 
Key words: silicon, liquid-phase epitaxy, growth studies, epi- 

taxial growth, doped silicon. 

over  VPE in appl icat ions  demanding  h igh ly  doped e p i -  
t a x i a l  films and high qual i ty  p -n  junct ions  at  the sub-  
s t r a t e - l aye r  interface.  Thus, LPE has found impor tan t  
appl icat ions in the growth  of var ious  I l I - i V  compound-  
semiconductors  (1-4).  Also, this technique has been 
used to g row low defec t -dens i ty  sil icon l ayers  on 
(111) and (100) subs t ra tes  (5) as wel l  as  for  g r o w -  

ing  thin sil icon contact  pedesta ls  for  use as ohmic 
contacts on p lanar -d i f fused  diodes (6). 
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With the deve lopment  of charge-coupled  devices in 
silicon, the  use of doped sil icon ma te r i a l  offers an  op-  
po r tun i ty  for  low cost device product ion of monoli thic  
in f ra red  detector  s tructures.  Growth  of doped silicon 
l ayers  by  LPE vs. VPE is qui te  advantageous  since 
g rowth  can occur at  a much lower  t empera tu re  m a k -  
ing i t  possible to have a lower  concentra t ion of most  
unwanted  metal l ic  impuri t ies .  

Layers  of heav i ly  doped ga l l ium in sil icon (S i :Ga )  
have  been needed for the fabr ica t ion  of in f ra red  de-  
tectors in  the 8-14 ~m spect ra l  range. In  this s tudy,  
Si: Ga layers  were  grown on si l icon by  the LPE method,  
and the i r  g rowth  proper t ies  were  examined.  Fac tors  
which  affect dopant  dis t r ibut ion,  uni formity ,  and 
growth  l aye r  morpho logy  were  inves t iga ted  using sec- 
ondary  ion mass  spec t romet ry  (SIMS) ,  optical  micros-  
copy, scanning e lec t ron microscopy (SEM),  Auge r  
e lec t ron spectroscopy (AES) ,  x - r a y  diffraction, and 
in f ra red  spectroscopy. The g rowth  conditions found 
most sui table  for  the fo rmat ion  of h igh ly  doped, smooth 
layers  were  sought. 

Experimental  Procedure 
The LPE appara tus  adopted  for this  work  was a 

hor izonta l  so lu t ion-growth  sys tem s imi lar  to systems 
used for g rowth  of mu l t i l aye r  GaAs (7). The exper i -  
menta l  se tup is shown in schemat ic  form in Fig. I. 
The graphi te  boat  for the  growth  solut ion and the si l i -  
con subst ra tes  were  mounted  inside the quar tz  tube  
which was suppor ted  by  stainless steel  flanges. A 
pa l l ad ium-pur i f i ed  hydrogen  a tmosphere  was used for 
mel t  back -ou t  and  growth.  The growth  cycle involved  
the dissolut ion of silicon f rom the subs t ra te  by  the 
ga l l ium mel t  to solut ion sa tura t ion,  cooling at  a con- 
t ro l led  ra te  for growth,  and finally separa t ion  of the 
grown l aye r  f rom the melt .  The subst ra tes  were  phos-  
phorous -doped  sil icon (11 • 17 ram) ,  wi th  n _~ 8 X 
1014 cm -3 or iented to (110), (110), and (111) wi th in  
3 ~ Pr io r  to growth,  the subs t ra tes  were  chemical ly  
cleaned using a s t andard  hydrogen  peroxide  method 
fol lowed by  a 49% hydrofluoric  (HF)  acid r inse to r id  
the  surface of unwanted  SiO2. The amount  of ga l l ium 
used was de te rmined  f rom considerat ion of s i l icon- 
ga l l ium solubi l i ty  data, coverage area,  subs t ra te  th ick-  
ness, and expected dopant  concentrations.  In  most of 
the  growths  r epor ted  in this work,  5g mel ts  were  used. 

Growth Studies 
A known weight  of ga l l ium was hea ted  wi th  a p r e -  

de te rmined  weight  of silicon to var ious  t empera tu res  
(400~176 The subs t ra te  and mel t  were  a l lowed 
to equi l ibra te  for severa l  hours. The pa r t i a l ly  dissolved 
(etched)  subs t ra te  was then  pushed f rom the mel t  
and the growth  tube was r ap id ly  cooled to room tem-  
pera ture .  The sil icon so lubi l i ty  in l i qu id -ga l l ium was 
obta ined  f rom the  difference in  weight .  The da ta  ob-  
ta ined  on the different  or ientat ions  inves t iga ted  [ (111), 
(110), and (lfl0) ] were  p lot ted  and compared  wi th  the 
work  of Keck and Broder  (8). This comparison is 
shown in Fig. 2 an d is in good agreement .  The differ-  
en t  or ientat ions  were  exposed  to the  same growth  
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Fig. 2. Comparison of two investigations of silicon solubilities as 
o function of temperature in liquid gallium. 

condit ions using a m a x i m u m  sa tura t ion  t empera tu re  
of 600~ X - r a y  goniometr ic  and Laue  back-ref lec t ion 
studies of subs t ra tes  before  and af ter  l aye r  g rowth  re -  
por t  layers  which  were  t ru ly  ep i tax ia l  w i th  respect  to 
the  substrates.  Laue  back-ref lec t ion  x - r a y  photographs  
of the  ep i tax ia l  layers  a re  shown in Fig. 3. The posi t ion 
of spots in  these d iagrams  are  indicat ive  of or ientat ion.  
Here, 3-fold, 2-fold, and 4-fold s y m m e t r y  corresponded 
to (111), (110), and (100) orientat ions,  respect ively.  

X - r a y  topographs  of sil icon surfaces of different  or i -  
enta t ions  before  and af ter  g rowth  are  shown in Fig. 
4. Al l  subs t ra te  surfaces before g rowth  were  essent ia l ly  
featureless,  Whereas af te r  g rowth  only  the (111) or i -  
en ta t ion  appea red  smooth and of a s imi la r  t ex tu re  as 
the or iginal  substrate .  The shadowing or l ine pa t te rns  
in the topographs  d isp layed here  were  due to imprope r  
a l ignment  of the x - r a y  beam wi th  the l aye r  surface. 
S imi lar ly ,  scanning e lec t ron micrographs  of the same 
surfaces revea led  different  l aye r  morphologies ,  as 
shown in Fig. 5. Oriented pa t te rns  were  observed f rom 
the  (100) and  (110) layers  whi le  the  ( I l l )  appeared 
essent ia l ly  featureless.  

The SIMS profiles of ga l l ium in layers  of different  
or ienta t ion  are  shown in Fig. 6. The (111) or ienta t ion 
has the  highest  ion count of al l  the  layers.  The (111) 
profile shows a high and decreasing in i t ia l  ga l l ium 
count near  the surface,  a s teady  increase in counts, 
and  then a reasonable  stabil izat ion.  The (110) and 
(100) layers  show a deeper  region of high in i t ia l  ga l -  
l ium counts, a continuing decrease in counts, and then 
s tabi l iza t ion wi th  somewhat  comparab le  trends. The 
ga l l ium profiles of the layers  a re  s t rong ly  or ienta t ion  
dependent .  The  layers  a re  of comparab le  th ickness  and 

Fig. 1. Schematic of LPE growth assembly 

Fig. 3. Laue pattern for gallium-doped silicon on: (o) (100) 
silicon (4-fold symmetry); (b) (110) silicon (2-fold symmetry; (c) 
(] 11) silicon (3-fold symmetry). Tungsten target used. 
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Fig. 4. X-ray topographs of silicon surfaces before and after 
Irowth. 
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Fig. 6. SIMS profile of gallium distribution from (111), (110), 
and (100) silicon. 

nique. The re la t ionship  be tween  an  average  growth  
ra te  dependence  of the layers  wi th  respect  to the 
sa tura t ion  t empe ra tu r e  is shown in Fig. 7. The average  
g rowth  rates  were  found, as expected,  to increase 
wi th  increas ing sa tura t ion  t empera tu res  because the 
sil icon concentra t ion in the me l t  increases.  Also, op-  
t ical  microscopic examina t ion  of the surfaces, as dis-  
p layed  in Fig. 8, shows increasing surface waviness  
and undula t ions  wi th  increasing sa tu ra t ion  t e m p e r a -  
tures. I t  was fu r the r  observed tha t  layers  grown from 
sa tura t ion  t empera tu res  grea ter  than  750~ had  v e r y  
i r r egu la r  interfaces wi th  the subs t ra te  and  poor th ick-  
ness reproducib i l i t ies  f rom run  to run. Thus, the  re -  
main ing  studies r epor ted  here  were  pe r fo rmed  at  a 
sa tura t ion  t empe ra tu r e  of 600 ~ 

Layers  were  also grown from 600~ wi th  va ry ing  
rates of heat ing to the  sa tura t ion  t empera tu re .  A cool-  

1000.0 SATURATION TEMPERATURE (~ 
1000 900 800 700 600 

i i i i J 

Fig. 5. Scanning electron micrograpbs of epitaxial layers of 
gallium-doped silicon from: (o) (100) silicon, (b) (110) silicon, (c) 
(111) silicon. 

have  a dependent  t rend  in dopant  concentrat ions  
toward  lower  values  in the  o rde r  (111) > >  (t10) > 
(100) af ter  a dep th  of 2500A. It  has been suggested 
tha t  anisot ropic  i m p u r i t y  segregat ion  might  occur in 
this g rowth  process s imi lar  to that  repor ted  for ger -  
m a n i u m  by Hal l  (9) and  Dikhoff (10). The remain ing  
s tudies  repor ted  in this paper  were  pe r fo rmed  on 
(111) orientat ions.  

The sa tura t ion  t e m p e r a t u r e  is defined as the t em-  
pe ra tu re  at  which the l iquid ga l l ium is in equi l ib r ium 
wi th  solid si l icon ( the subs t ra te ) .  Layers  were  grown 
f rom different  sa tura t ion  t empera tu res  (600~176 
at  a cooling ra te  of 15~ The thickness  of the 
layers  was de te rmined  by  an  ang le - l ap  and s tain tech-  
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Fig. 7. The average growth rate dependence on the saturation 
temperature. 
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Fig. 8. Surface morphologies of 
gallium-doped silicon exposed to 
different saturation tempera- 
tures: (a) 600~ (b) 700~ (c) 
800~ (d) 900~ (e) 1000~ 

ing rate of 26~ was chosen because no tempera-  
ture  programming was necessary. It  was obtained by 
simply roll ing the furnace from the growth tube for 
the durat ion of the growth. The optical micrographs 
of the surfaces are shown in  Fig. 9. The surfaces of 
the slowest heating rate (0.5~ show small pre-  
cipitates or crystallites bu t  no lamellar  structure. The 
2~ surface shows layer  crystallites and wide 

lamel lar  structures, while the 12~ structure 
shows only the appearance of a lamel lar  structure. 

The scanning electron micrographs, Fig. 10, of the 
same samples, show the characteristic features found 
on the various surfaces. The most significant finding 
is the pyramidal  shapes on the surfaces which appear 
to vary  in size and abundance with the various heating 
rates. However, fur ther  studies are necessary to es- 

Fig. 9. Optical micrographs of 
gallium-doped silicon heated up 
to saturation temperature 
(600~ at different rates. Mag- 
nification 63 X .  

Fig. 10. Characteristic features 
found on surfa:es of layers dis- 
solved or heated up to saturation 
(600~ at rates of: (a) 0.5~ 
rain, (b) 2~ (c) 12~ 
min. 
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tabl ish  if a sys temat ic  var ia t ion  exists.  This type  of 
s t ruc ture  also has been observed for heav i ly  doped 
arsenic-s i l icon layers  (11), where  at m a x i m u m  dop-  
ing the ep i tax ia l  layers  were  comple te ly  covered wi th  
py ramids  and cones. 

Dopant  profiles p rovided  by  SIMS are  shown in Fig. 
11. The layers  g rown using the fas ter  ra tes  of heat ing 
to sa tura t ion  (2 ~ and 12~ exhib i ted  a more uni -  
form ga l l ium dis t r ibut ion  to the substrate.  However,  
the 12~C/min layers  r epea ted ly  showed the highest  
ga l l ium counts which implies  the grea te r  ga l l ium con- 
centrat ion.  

Layers  were  also grown from 600~ ga l l ium melts  
which were  not exposed to a p rebake  t r ea tmen t  and 
compared  wi th  layers  f rom which the mel t  was baked.  
Auge r  e lec t ron spectroscopy was used to invest igate  
the re la t ive  amounts  of silicon, carbon, oxygen, and, 
if possible, ga l l ium in the samples. The typical  Auger  
sens i t iv i ty  to most e lements  is app rox ima te ly  1019 
atoms/cm3. The comparison is shown in Fig. 12 and 
indicates  l i t t le  if any  significant difference in in tens i -  
ties for the var ious  elements.  The curves are  s l ight ly  
shif ted for d i sp lay  purposes  only. Al though not shown 
here, the  SIMS analyses  showed l i t t le  difference in the 
profiles of ga l l ium from the surface into the layer .  
Thus, i t  was fel t  that  the baking  in H2 before  g.rowth 
was not  a necessary mel t  p re t rea tment .  

The microscopic topography  of a grow.n layer  may  
reflect the s tab i l i ty  (i.e., shape)  of the l iquid-sol id  in-  
ter face  as wel l  as c rys ta l lographic  factors  which influ- 
ence a t t achment  to the  solid (12). In  examining  the 
surface morpho logy  of decanted metal l ic  solutions, 
severa l  workers  observed corrugated  and cel lu lar  su r -  
face morphologies  which were  l inked to const i tut ional  
supercool ing (13-17). Andre  and LeDuc (18) r epor ted  
tha t  surface i r regula r i t i es  in L P E - g r o w n  GaAs could 
be e l imina ted  by imposing the rmal  gradients  to e l imi-  
na te  const i tut ional  supercool ing conditions. Solomon 
and DeFevere  (19) had observed r ipp le - l ike  surface 
morphologies  in L P E - g r o w n  GaP  which they  identif ied 
as ga l l ium occlusions resul t ing  f rom const i tut ional  
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Fig. 11. SIMS profile of gallium distribution of layers heated at 
different rates to saturation. 
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Fig. 12. Auger analysis of layers grown from baked and unbaked 
gallium melts. 

supercooling.  On the other  hand, Donohue and Minden 
(20) in te rp re ted  this morphology  in GaAs layers  to 
resul t  f rom cel lu lar  convection in the growth  solution, 
whi le  Peters  (21) suggested surface roughness  wi th  
subs t ra te  orientat ion.  

P rac t i ca l ly  all  of the layers  grown in this s tudy have 
shown l ame l l a r  or cor ruga ted  s t ructure  which m a y  be 
t ied to const i tut ional  supercooling. A series of g rowth  
exper iments  were  pe r fo rmed  with  hopes of shedding 
l ight  on the origin of the l amel l a r  surface morphology.  

As shown by Minden (22), the l iquidus  t empe ra tu r e  
approaches  a constant  value  (the in ter face  t empera -  
ture)  as s lower  cooling rates  and th inner  melts  a re  
employed.  Layers  were  grown from different  weights  
(or volumes)  of l iquid gal l ium. The weights  used were  
5, 2.5, and lg, respect ively.  A d i sp lay  of the suJ:face 
s t ructures  of the layers  is shown in Fig. 13 along wi th  
a surface which was only gal l ium etched (i.e., r~o l aye r  
g rowth) .  Very  l i t t le  difference was found be tween the 
2.5 and lg  mel t  but  a significant difference was shown 
using a 5g melt .  The larges t  weight  mel t  showed smal l  
prot rus ions  indicat ive  of in terface  b r eakdown  in add i -  
t ion to the l amel l a r  s t ructure.  Thus, the pr inc ipa l  
l amel l a r  s t ruc ture  of layers  g rown from 5g melts  ap-  
peared  to be connected with  const i tut ional  supercool-  
ing. This view was cor robora ted  by exper iments  in 
which the subs t ra te  was mel ted  back and no observ-  
able  l amel l a r  t ex tu re  was found. 

The t rade-off  in using a shal low mel t  is that  of 
l aye r  coverage. I t  was des i rable  for  most appl icat ions  
and analyses  to have large  surface coverage. Thus, 
the 5g mel t  was used to examine  the effects of cooling 
rates  on surface morphology.  The cooling ra tes  ex-  
p lored  were  0.8 ~ 2 ~ and 23"C/min, respect ively.  Scan-  
ning electron micrographs  c lear ly  d isp layed (Fig. 14) 
the surface t ex tu re  wi th  its corrugations.  The smooth-  
est surface was obta ined by  using the s lower ra te  of 
cooling. 

Burs te in  and co-workers  examined  the low t empera -  
ture  (4~176 absorpt ion  spect ra  of the Group III  
and Group V elements,  act ing as acceptor  or donor 
impuri t ies ,  in sil icon (23). These spectra  were  charac-  
ter ized by  absorpt ion  continua which te rmina ted  at  
low energies wi th  absorpt ion  edges. Below these edges 
in energy  wez'e found series of r e l a t ive ly  sharp  ab -  
sorpt ion lines. These spectra  have been in te rp re ted  as 
follows: At  low tempera tu res  the hole or electrons 
are  "frozen out" a t  acceptor  or donor  sites, ~'espectively. 
A sharp  absorpt ion  l ine indicates  an optical  t rans i t ion  
f rom the ground state of the  impur i ty  to one of i ts d is -  
crete exci ted states. The absorpt ion  cont inuum indi -  
cates t ransi t ions  f rom the ground state to an ionized 
s tate  ly ing  in e i ther  the valence or conduction band. 
The in f ra red  t ransmiss ion spect ra  obta ined by  Bur -  
stein are  shown in Fig. 15. The concentrat ion of car -  
r iers  in the ma te r i a l  was 1 X 1018/cm 3. Ga l l i um-doped  
silicon exhibi ts  three  p rominen t  absorpt ion  bands at  
wavelengths  near  18, 20, and 21 ~m. These bands cor-  
respond closely to ls-2p,  ls-3p,  and l s -4p  t ransi t ions  
of a hydrogen- I ike  center. The bands  be low 18 #m 
are  la t t ice v ib ra t ion  bands of silicon. 

The in f ra red  spect ra  of LPE ga l l ium-doped  silicon 
on 1.35 m m  thickness subs t ra te  are  shown in Fig. 16. 
Here,  the  sharp la t t ice  v ib ra t ion  band near  9 #m 
which is thought  due most ly  to SiO2 absorpt ion  (24) as 
wel l  as the bands near  18, 20, and 21 ~m which are  due 
to un- ionized ga l l ium centers  are  absent.  

The absence of s t ruc ture  due to Group I I I  impur i ty  
centers  in silicon was inves t iga ted  by  Newman  (25). 
Newman  descr ibed some studies of the discrete  ab -  
sorpt ion lines of Ga as a funct ion of the densi ty  of the  
impur i ty .  He found that  t h e  spec t rum was independ-  
ent  of concentrat ion be low 1016/cm ~. However ,  con- 
centra t ions  above 1016/cm 8 showed broadening  of bands  
and by  concentrat ions above 101S/cm ~, the  l ine s t ruc-  
ture  is a lmost  comple te ly  destroyed.  He ascribes the 
concentra t ion broadening  of the exci ted  levels by  the 
over lapping  of ne ighbor ing  impur i t y  centers. Thus, 
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Fig. 13. Surface morphologies 
of (111) silicon after: (a) gal- 
lium etch (Sg), (b) tayer growth 
from 5g melt, (c) layer growth 
from 2.5g melt, (d) layer growth 
from lg melt. 

F|g. 14. Scanning electron mi- 
crographs of surfaces grown 
with different coating rates: (a) 
0.8~ (b) 2~ (c) 
23~ Magnification IOOX. 

the absence of the excitation bands in Fig. 16 between 
18 and 21 ~m is thought due to Ga concentrations 
101S/cm~ or greater. 

Discussion 
The criteria used in this investigation to judge the 

quali ty of gal l ium-doped silicon layers were uni formi ty  
of: (i) surface morphology (a smooth surface), (ii) 
subst ra te- layer  interface, and (iii) dopant distribution. 
The best results, for large area coverage, were ob- 
tained when the growth was init iated on (111) orien- 
tations, from a saturat ion tempera ture  of 600~ and 
at a cooling rate of 0.8~ Faster cooling rates 
were found to enhance i r regular  surface morphologies 
which suggested consti tut ional  supercooling conditions. 
Thus, the opt imum cooling rate for the growth was 
dictated by the speed with which silicon atoms dif-  
fuse to the growth interface since the total amount  of 
silicon dissolved in  the gal l ium melt  is small  (0.35 
weight percent  at 600~ 

When one calculates the dis t r ibut ion coefficient of 
gal l ium in  silicon at 600~ and determines its concen- 
t ra t ion in the l iquid phase at equil ibrium, the concen- 
t ra t ion of the dopant  in the solid phase can be ap-  
proximated (26). Growth from saturated solutions of 
600~ was expected to yield concentrat ions of gal l ium 
in the 101~ cm -8 range. However, higher values were 
suggested by SIMS profiling (using an ion- implan ted  
s tandard) ,  low temperature  infrared spectroscopy, and 
Auger sensitivity. 

The theoretical predict ion of dopant  concentrat ion 
can be made by the following relationship (27, 28) 

and 
Cs -~ keCo (1 -- g)ko-1 [1] 

ko 
ke = [2] 
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Fig. 15. Infrared transmission spectra of galllum-doped silicon 
(Burnstein et al.) at room temperature and liquid helium tempera- 
ture. np ~ 1 • lOZ6/cm ~ and t ___ 0.89 mm (21). 
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Fig. 16. Infrared transmission spectra of gallium-doped silicon 
grown by LPE. 

where  Cs is the  concentrat ion of dopant  in the  ep i tax ia l  
layer ,  Co the average  concentra t ion of dopant  in the 
l iquid,  ko the  rat io  of concentrat ions  of the  dopant  in 
the solid and l iquid in equ i l ib r ium wi th  it, g the f rac -  
t ion of l iquid tha t  has solidified in the  system, d the 
thickness of the b o u n d a r y  l aye r  th rough  which the 
solute must  diffuse (1-10 m m ) ,  and D the diffusion 
coefficient of the  dopant.  The effective d is t r ibut ion  co- 
efficient ke, which is defined as the  rat io  of the  con- 
cent ra t ions  of solute in  the  solid tha t  is formed to the  
average  value  for  the l iquid, approaches  the  m a x i m u m  
value  of un i ty  as the g rowth  ra te  (f) increases  and 
ke ---- ko ~ 1 at  the  ve ry  low growth  rates. 

I t  was suggested f rom studies of supercool ing whi le  
growing tha t  the growth  kinet ics  could closely app rox -  
imate  the  one in which nuclei  grow rap id ly  l a t e ra l ly  
(29). Thus, assuming tha t  the g rowth  ra te  is infinite, 
the  t ime  for r ea r r angemen t  of a toms wi l l  be so short  
tha t  the  concentra t ion of dopant  in the solid (Cs) wil l  
equal  that  in  the  l iquid (CI). Also in view of the  above 
equations,  no s t i r r ing  or  agi ta t ion was employed  in 
the presen t  g rowth  system. This permi t s  the incorpora-  
t ion of as much dopant  as possible, since the  mix ing  
of l iquid  decreases d and effectively increases the di f -  
fusion coefficient D of the  dopant  (6, 27). 

In  addi t ion  to the  effect of dopant  concentra t ion and 
cooling ra te  on nucleat ion of layers,  impur i t y  atoms 
and solvent  a toms are  known to g rea t ly  influence the 
g rowth  morphology.  In  growing pure  Si f rom a Si 
melt ,  (111) planes  are  the slowest  growing and the 
most  s table  faces. The ep i tax ia l  g rowth  of Si on a 
(111) subs t ra te  can be t r ea ted  as the  g rowth  of a 
twin  having  the  subs t ra te  as a twin plane.  According 
to Wagner  (30), in the twin  p lane  having a hexagonal  
morpho logy  bounded by (111) planes,  the r een t r an t  
twin  edge is a nuclea t ion  site for new layers  on the 
edge of the plane,  and g rowth  occurs in a (111) di-  
rection. However ,  impur i t y  or  dopant  a toms and sol-  

vent  a toms can a l te r  the  surface energy  of the sub-  
strate,  thus s tabi l iz ing o ther  c rys ta l lographic  planes.  
This change affects the  morphologies  of g rowth  f rom 
other  orientat ions.  The dopant  a toms or  solvent  a toms 
act as a p re fe ren t ia l  e tchant  which  produces  a sur -  
face wi th  wel l -def ined  pits  whose facets a re  definite 
c rys ta l lographic  planes.  Buckley  (31) gives a large  
number  of examples  of changes in c rys ta l  hab i t  
brought  about  by  impur i t ies  of solvent  a toms due to 
the i r  effect on the re la t ive  growth  ra te  of  var ious  faces. 
These effects have also been considered in deta i l  by  
Sears  (32) who proposed modification of the g rowth  
process because of impuri t ies .  Thus, i t  is not su rpr i s -  
ing tha t  the  or ien ta t ion  s tudy  in this  inves t iga t ion  has 
shown pre fe ren t ia l  e tching character is t ics  of sil icon 
in l iquid gal l ium. 

Conclusion 
The growth  of heav i ly  doped ga l l ium in sil icon by  

LPE has been demonstra ted .  This process was found 
to be ve ry  sensit ive to cooling rate,  subs t ra te  o r ien ta -  
tion, sa tura t ion  t empera tu re ,  and mel t  volume.  The 
growth  ra te  dependence  on sa tura t ion  t empe ra tu r e  
and the amount  of cooling were  determined.  The cr i t i -  
cal pa rame te r s  which give an op t imum growth  wi th  
respect  to surface morphology  and dopant  d is t r ibut ion  
were obtained.  Layers  g rown on (111) or ientat ions  
f rom a sa tura t ion  t empe ra tu r e  of 600~ and cooled at  
0.8~ produced  the most  favorable  g rowth  results .  
S imple  solubi l i ty  a rguments  were  found in e r ro r  and 
layers  were  grown wi th  h igher  dopant  levels than  ex-  
pected. Thus, this technique is thought  only  a t t rac t ive  
where  high dopant  concentrat ions (>10 TM a toms /cm s) 
a re  desirous. 
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Selective Oxidation of Silicon in High Pressure Steam 
H. Miyoshi, N. Tsubouchi, and A. Nishimoto 

Computer Development Laboratories Limited, 4-1 Mizuhara, Itami, Hyogo, Japan 

ABSTRACT 

The select ive oxidat ion  of silicon was inves t iga ted  using a high pressure  
oxidat ion  appara tus  at  a s team pressure  of 6.6 k g / c m  2 (6.4 atm) and at  
t empera tu res  be tween  800 ~ and ll00~ The conversion character is t ics  of 
the  sil icon n i t r ide  film into silicon dioxide film in high pressure  s team was 
analyzed on the basis of the w e l l - k n o w n  l inea r -pa rabo l i c  relat ionship.  The 
act ivat ion energy  for the parabol ic  ra te  constant  was found to be about  3.15 
eV, which was about  5 t imes  la rger  than  that  (0.7 eV) for silicon. On the 
other  hand, the act ivat ion energy for the l inear  ra te  constant  was about  1.25 
eV which was a l i t t le  smal ler  than  that  (2.03 eV) for silicon. The conven-  
t ional  silicon ni t r ide  film was found to be able  to mask  the se lect ive  oxidat ion  
even in the  high pressure  steam. The l a te ra l  oxidat ion  of the  sil icon sub-  
s t ra te  beneath  the masking  n i t r ide  film occurred rapidly,  wi th  decreasing 
oxidat ion t empera tu re  at the fixed pressure.  The suppression of the l a te ra l  
oxidat ion  can be achieved by  increas ing the  thickness of the masking  n i t r ide  
film and also by  decreasing that  of the  oxide pad. This high pressure  oxidat ion  
process was compat ible  wi th  the convent ional  a tmospher ic  process. 

Select ive  oxidat ion  of sil icon subs t ra te  wi th  the  use 
of sil icon n i t r ide  film as a mask  is one of the basic 
process technologies in modern  semiconductor  in te-  
g ra ted  circuit  industry.  The select ive oxidat ion  tech-  
nology has been appl ied  to form thick silicon dioxide 
film used as an isolat ion layer  in the in tegra ted  c i r -  
cuits. Convent ional ly ,  the growth  of th ick silicon di-  
oxide film has been pe r fo rmed  using wet  oxidat ion 
or  H2/O2 pyrogenic  oxidat ion at  a t empera tu re  of 
about  1000~ at  a tmospher ic  pressure  and for a ve ry  
long oxidat ion time. For  example ,  the oxidat ion t ime 
of about  12 hr  is necessary to form the silicon dioxide 
film of 1.5 ~m thick in H2/O2 pyrogenic  ambien t  at  
a tmospher ic  pressure  and 1000~ The long t ime oxida-  
t ion t r ea tmen t  of the silicon subs t ra te  is known to 
cause the degrada t ions  of some electr ical  charac te r -  
istics of the devices of the in tegra ted  circuits (1, 2). 

On the other  hand, the high pressure  oxidat ion  
methods (3, 4) in s team or d ry  oxygen  ,ambient a re  
known to reduce the oxidat ion  t ime to a considerable  
extent  and are expected to improve  the per formance  
of the in tegra ted  circuits. The masking  capabi l i ty  of 
the  silicon ni t r ide  film dur ing the growth  of thick si l i -  
con dioxide film is one of the main  interests  in the s e -  
l e c t i v e  oxidat ion process. Fur ther ,  the control  of the 
l a te ra l  oxidat ion,  by  which the silicon subs t ra te  to be 
protec ted  wi th  the  masking  silicon n i t r ide  layer  is 
oxidized, is also of in teres t  in o rder  to define the selec- 

Key words: oxidation, silicon nitride, high pressure oxidation, 
selective oxidation, MOS LSI process. 

l i ve  oxidat ion process for fabr ica t ing  in tegra ted  cir-  
cuits. 

I t  is the purpose  of this paper  to r epor t  the masking 
capabi l i ty  of the  sil icon ni t r ide  film against  the ac- 
celera ted oxidat ion of sil icon by  using a newly  de-  
veloped high pressure  s team oxidat ion  sys tem (5-7) 
and the control  of the shape of the n i t r ide -ox ide  edge, 
that  is, the la te ra l  oxidat ion  of sil icon benea th  the  
mask  ni t r ide  film in high pressure  steam. 

Experimental 
The select ive oxidat ion  of the  silicon subs t ra te  wi th  

the use of a masking  n i t r ide  film was pe r fo rmed  using 
the newly  developed high pressure  oxidat ion  system. 
In Fig. 1, the high pressure  oxidat ion appara tus  is 
schemat ica l ly  shown. This high pressure  oxidat ion  
system is able  to pe r fo rm H2/O2 pyrogenic  s team oxi-  
dat ion at a pressure  up to 9 k g / c m  2 and an oxidat ion 

P ~ s s u ~  

�9 , Z IF" ~',u '~ , - - , - ~ , , , ~ ~ , ~ , ~ / / / / / / / / / / , / ~ / / / ~  ~ I1 
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Fig. 1. Schematic diagram of the high pressure oxidation appara- 
tus. 
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tempera ture  up to 1200~ In  this high pressure oxi- 
dation system, a conventional  oxidation furnace  is set 
into a high pressure stainless steel chamber (50 cm in 
diameter,  and 180 cm in  length) .  A high qual i ty  quartz 
tube is inserted in  the high pressure stainless steel 
chamber. High pur i ty  compressed N2 gas for charging 
the stainless steel chamber  and compressed 02 gas and 
H~: gas for forming the pyrogenic steam ambient  are 
supplied from l iquid N2, l iquid 02, and compressed H2 
gas sources, respectively. In  order to avoid the pene-  
t ra t ion of contaminants  from the outer stainless steel 
chamber  into the quartz tube, the total gas pressure 
in  the quartz tube in  which the substrate is oxidized 
is automatical ly controlled to be always larger than 
that  of the outer stainless steel pressure chamber by 1 
arm dur ing  oxidation. This automatic control of the 
pressure difference between the stainless steel pres-  
sure chamber  and the quartz tube can be performed 
with the use of a microprocessor control system. The 
steam pressure inside the quartz tube can be precisely 
controlled by controll ing mass flow ratio of H2 gas to 
02 gas. The experiments  were carried out with mass 
flow ratio of H2 and O2 being 1.76, and the total gas 
pressure inside the quartz tube of 7.0 kg /cm 2 (a part ial  
pressure of H20 should be 6.6 kg/cm2). The details of 
the operation of the system have been reported else- 
where (5, 6). 

The masking capabil i ty of silicon ni tr ide is a very 
impor tant  factor in the selective oxidation process. 
Therefore, the conversion rate of silicon ni t r ide films 
into silicon dioxide under  the high pressure steam 
ambient  was investigated at different oxidation tem- 
peratures. In our experiments,  silicon ni tr ide films 
were deposited on the surface of silicon substrate us- 
ing a reduced pressure Chemical vapor deposition 
method. The silicon ni tr ide film is converted into sili- 
con dioxide dur ing  high pressure oxidation. The con- 
verted ni t r ide layer  was etched in  a buffered HF so- 
lut ion and the thickness of the remaining silicon 
ni tr ide film was measured by the conventional  el- 
l ipsometry technique. 

In the selective oxidation experiments,  a silicon di- 
oxide layer  of 300 and 500A thick was thermal ly  
grown on the surface of (1OO) oriented silicon sub- 
strate (6-9 s  p type, 2 in. in diameter) .  The ni-  
tride films produced from the reaction of SiHeC12 with 
NH3 at 800~ in  N2 carrier  gas were deposited on the 
silicon dioxide layer  and defined by the conventional  
photoli thography and CF4 gas plasma etching tech- 
niques. In  our  experiments,  the thicknesses of the un-  
derlying silicon dioxide pad and the masking silicmt 
ni t r ide layer  were varied. Selective oxidations were 
performed by varying the oxidation temperature  at a 
fixed oxidation pressure. Fur ther ,  the conventional  
atmospheric selective oxidation was also carried out at 
950~C in wet oxygen ambient  as a comparison. In  the 
selective oxidation process, the control of the shape of 
the oxide layer  at the ni t r ide-oxide edge, which is 
usual ly  called "bird-beak,"  is impor tant  for the device 
designs. The cross-sectional view of the "bi rd-beak"  
was examined by using SEM technique. 

Results and Discussion 
In Fig. 2, the thicknesses of the converted silicon 

ni tr ide film dur ing the high pressure steam oxidation 
are shown as a function of oxidation time. In  this ex- 
periment,  the ini t ial  thickness of the silicon ni tr ide 
film to be oxidized was 1000A and the steam pressure 
in  the quartz tube was kept at 6.6 kg /cm 2. The con- 
version behavior  of silicon ni tr ide film was measured 
by varying the oxidation tempera ture  from 800 ~ to 
lOOO~ 

The conversion rate of silicon ni tr ide film into sili- 
con dioxide film increases with increasing oxidation 
tempera ture  under  a fixed pressure, as shown in Fig. 2. 
Auger electron spectroscopic (AES) measurements  
showed that the silicon ni tr ide film of 1000A thick was 
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Fig. 2. Thickness of the converted silicon nitride film during 
the high pressure oxidation as a function of time with temperature 
as parameter. 

converted into a perfect silicon dioxide film after oxi- 
dation at a steam pressure of 6.6 kg /cm 2 and an oxi- 
dation temperature  of 1000~ for 400 min. 

The thicknesses of the silicon dioxide film converted 
from silicon ni tr ide film dur ing high pressure pyro-  
genic oxidation are calculated f rom the exper imental  
results s h o w n  in  Fig. 2 with the aid of the theoretical 
conversion ratio (1.95) of silicon ni tr ide film into silicon 
dioxide film. The calculated thicknesses of the ther-  
mal ly  grown silicon dioxide layer  are shown in  Fig. 3 
as .a function of oxidation time and oxidation tempera-  
ture. These characteristics are very similar to the oxi- 
dation characteristics of a silicon substrate at 1 arm 
pressure. As is well known, the oxidation characteris-  
tics of silicon in dry  and wet oxygen and steam am-- 
blent  at 1 a tm pressure are well described by the 
l inear-parabol ic  relat ion (8). Thus, it can be said from 
Fig. 3 that the conversion characteristics will be sub-  
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Fig. 3. Oxide thickness calculated from Fig. 2 as a function of 
oxidation time and oxidation temperature. 
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Table I. Rate constants for high pressure steam oxidation of nitride film and (100) 
silicon substrate at pressure of 6.6 kg/cm 2 

ShN~ Si (100) 

Temp B B/A B B/A 
(~ A (~m) (#m~/min) ( # m / m m )  A (~m) (#m~/min) (~m/min)  

1000 
95O 
900 
830 
800 

Ea t 

0.23 2.3 • 10-r 10.0 • 10-' 0.46 
0.054 0.41 x 10-' 7.6 • 10 -4 
0.029 0.14 • lO-' 4.9 • 10-' 1.8 
0.020 0.04 • 10 ~ 2.0 x 10 -~ 
0.006 0.009 x 10-~ 1.4 x 10 4 5.2 

1.90 eV 3.15 eV 1.25 eV -1 .33 eV 

2.5 • 10 -2 5.4 x 10 -s 

1.6 x 10 -~ 0.92 • 10 "~ 

0.8 x 10 -s 0.16 • 10 -I  
0.7 eV 2.03 eV 

* E,  : activation energy.  

ject  to the following l inear-parabol ic  equat ion 

to~ "k A t ~  : B t  [ 1 ]  

A = 2Derf(1/k + 1/h) [2] 
and 

B : 2DeffC*/N [3] 

where B/A is the l inear  rate constant, B is the para-  
bolic rate constant, tax is the oxide thickness, t is the 
oxidation time, k is the reaction coefficient, h is the 
gas phase t ransport  coefficient, Deft is the effective dif- 
fusion coefficient, C* is the equi l ibr ium concentration 
of the oxidant  in  the oxide, and N is the number  of 
oxidant  molecules incorporated into a un i t  volume of 
the oxide layer. 

The values of A, B, and B/A are calculated from the 
oxidation characteristic curves shown in Fig. 3 and 
summarized in  Table I. The rate constants obtained 
from the oxidation of silicon at a steam pressure of 6.6 
kg /cm 2 and different oxidation temperatures  are tab-  
ulated in Table I. As can be seen from the table, the 
values of the rate constants A, B, and B/A for the oxi- 
dat ion of silicon ni tr ide film are much smaller than 
those for silicon. The activation energy Ea for the rate 
constant  B for the oxidation of silicon n i t r ide  film was 
found to be about 3.15 eV, which is about 5 times 
larger than that (0.7 eV) for silicon. On the other hand, 
the activation energy Ea for the l inear  rate constant  
B/A for the oxidation of silicon ni tr ide film is about 
1.25 eV which is a little smaller  than that (2.03 eV) for 
silicon. The value of the activation energy Ea for the 
l inear  rate constant  B/A for the oxidation of silicon 
at 1 atm pressure is about 1.96 eV which is comparable 
with that (2.03 eV) at 6.6 kg /cm 2. Therefore, the values 
of the activation energy for the constant A are 1.90 
and --1.33 eV for the silicon n i t r ide  and silicon, re- 
spectively. It should be noted that the values of A de- 
crease with decreasing temperature  for the oxidation 
of silicon ni tr ide which is contrary to the oxidation of 
silicon. This comes from the high activation energy for 
B in  the silicon dioxide conversion of silicon ni tr ide 
films. Fr~nz et al. (9) suggested that  the reduction of 
the constant B was caused by the reduction of the 
equi l ibr ium concentrat ion of the oxidant  due to the 
ni t rogen generated dur ing  the chemical reaction at the 
ni t r ide-oxide interface. On the other hand, the mea- 
surements  (10) with ESCA revealed that the oxidized 
ni tr ide films were apparent ly  homogeneous and were 
graded, being ni t rogen rich as the ni t r ide film was 
approached. In  the former case, C* in Eq. [3] should 
be small  and then B is small  compared wi th  that for 
the oxidation of silicon. In the lat ter  case, the diffu- 
sion coefficient should be smaller. The experimental  
results did not clearly show which effect is predomi- 
nan t  for the reduction of B. Thus the growth rate of 
the silicon dioxide film converted from the silicon 
ni tr ide film may in any event  be reduced in compari-  
son with the oxidation of silicon. The decrease of the 
l inear  rate constant  B/A  in the high pressure oxida- 
t ion of silicon ni tr ide film may be caused by the de- 
crease of the reaction constant k, because B/A  is pro- 

portional to  t h e  r e a c t i o n  c o e f f i c i e n t  a t  t h e  n i t r i d e -  
o x i d e  interface. 

Further ,  the exper imenta l  results shown in  Fig. 2 
show that  the convent ional  silicon ni t r ide film can 
mask the selective oxidation process at high pressure, 
because the silicon dioxide film of 1.5 ~m thick can 
be thermal ly  grown at 1000~ for 90 rain in  the high 
pressure ambient  of 6.6 kg /cm 2. 

Typical examples of the cross section of the selec- 
tive oxidation s t ructure  are shown in Fig. 4a and b. In  
these examples, the thicknesses of the masking nitr ide 
film and the under ly ing  silicon dioxide layer are 1000 
and 500A, respectively. The g rown-up  oxide layer  is 
1.5 am in  thickness. In Fig. 4a and b, the oxidation 
was performed at 1100 ~ and 80O~ under  the pressure 
of 6.6 kg/cm 2. As can be seen from comparing Fig. 4a 
with b at lower oxidation tempera ture  and then 
longer oxidation time, a deep lateral  oxidation occurs 
and the deep area of the silicon covered with the 
masking silicon ni t r ide layer  is oxidized. Therefore, 
the profiles of so-called "bi rd-beak"  are apparent ly  
varied by varying oxidation tempera ture  and time. 

In  Fig. 5, a schematical view of the cross section of 
the selective oxidation structure is shown. In  our ex- 
periments,  the thickness t of silicon dioxide film was 
always 1.5 ~m. In  Fig. 5, X axis and Y axis are parallel  
and perpendicular  to the surface of silicon substrate, 
respectively. Max imum lateral  oxide thickness i s  
labeled B. The slope profile from a point  (0, Y0) to a 
point  (B, 0) was investigated. The distance H of the 
edge of the masking silicon ni t r ide layer  from the 
origin 0 is labeled "a ni t r ide edge height." 

In Fig. 6, the normalized vertical  oxide thicknesses 
Y/Y0 are shown as a funct ion of normalized lateral  
oxide thickness X/ t  where t is 1.5 /~m. The oxidation 
temperature  was varied from 800 ~ to l l00~ under  
fixed oxidation pressure. The shapes of the curves 
shown in Fig. 6 show the slope profile of so-called 
"bird-beak" section in  selective oxidation structure. 
It can be seen from these curves that  the gradient  of 
the curves decreases as the oxidation temperature  in -  
creases, that  is, a sharper slope profile can be obtained 
at higher oxidation temperature.  In  other words, as 
the oxidation tempera ture  decreases and the oxidation 
t ime becomes longer, in order to grow the film to a 
fixed thickness of 1.5 ~m, the lateral  oxidation beneath  
the masking silicon ni tr ide layer  is more pronounced. 
For example, for the oxidation at ll00~ m a x i m u m  
lateral  oxide thickness B is about 0.754 (t = 1.5 ~m) 
which is 75% of the thick oxide layer t. At 950~C, B 
becomes the same as 4. On the other hand, at 800~ B 
becomes about 1.22t, which means the lateral  oxide 
thickness is larger than the vertical  oxide thickness, 
and a strong lateral  oxidation of silicon under  the 
masking ni tr ide film occurs. This might result  from 
the deep lateral  diffusion of the oxidants along the 
silicon surface dur ing the long oxidation t ime (610 
min) .  

In  Fig. 7, a normalized m a x i m u m  lateral  oxide 
thickness B/t  (t = 1.5 ~m) and a normalized ni t r ide 
edge height H/t are shown as a funct ion of oxidation 
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Fig. 5. Schematical view of the cross section of the selective 
oxidation structure. 
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Fig[. 4. Typical examples of the cross section of the selective 
oxidation structure showing the increase of the lateral oxidation 
as the oxidation temperature is decreased. In (a), the oxidation 
was performed at I ]00~ with a pressure o~ 6.6 kg/cm 2 and in (b) 
at 800~ with 6.6 kg/cm 2. 

tempera ture  at a pressure of 6.6 kg /cm 2. Further ,  in 
Fig. 7, as a comparison, the values of B/t  and H/t ob- 
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Fig. 7. Normalized maximum lateral oxide thickness B/t and 
normalized nitride edge height H/t as a function of oxidation 
temperature at the pressure of 6.6 kg/cm ~. 

tained from the experiments  performed by  the con- 
vent ional  atmospheric wet oxidation are plotted. As 
can be seen from Fig. 7, the ma x i mum lateral  oxide 
thickness B decreases rapidly with increasing oxida- 
tion temperature  and B/t becomes larger than 1.0 for 
oxidation temperatures  lower than 950~ that  is, the 
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lateral  oxidation rate is larger than the vertical oxida- 
tion rate. Further ,  a slight difference between the 
values obtained from the atmospheric oxidation and 
the high pressure oxidation is obtained as shown in  
Fig. 7. The statistically summarized experimental  re- 
sults showed the values of the max imum lateral  oxide 
thickness B obtained in  the conventional  atmospheric 
oxidation were a little smaller  than those obtained 
from high pressure oxidation. This may result  from the 
difference of the lateral  diffusion rate of the oxidant  in 
atmospheric pressure and in high pressure. On the 
other hand, the nitr ide edge height H/t decreases 
gradual ly  with increasing oxidation temperature.  
There is almost no significant difference in  H/t be- 
tween atmospheric pressure and the high pressure, as 
can be seen from Fig. 7. 

In selective oxidation, the thicknesses of the unde r -  
lying oxide layer  and the masking ni tr ide film may in-  
fluence the lateral  oxidation characteristics. In  Fig. 8, 
the normalized max imum lateral  oxide thicknesses 
B/t are shown as a funct ion of the thickness of the 
under ly ing  silicon dioxide film for different oxidation 
temperatures.  As can be seen from Fig. 8, there is a 
tendency for the max imum lateral  oxide thickness to 
increase as the thickness of the under ly ing  silicon 
dioxide film is increased. This will  result  from the in -  
crease of the number  of the incoming oxidants in the 
under ly ing oxide layer  as the thickness of the oxide 
layer  is increased. 

In  Fig. 9, the normalized max imum lateral  oxide 
thickness B/t is shown as a function of the thickness 
of the masking silicon ni t r ide  film. In  this case, the 
thickness of the silicon dioxide pad was 300A. As can 
be seen from Fig. 9, the value of B/t decreases with 
increasing thickness of the masking silicon nitr ide film 
for different oxidation temperatures.  Further ,  the nor-  
malized nitr ide edge height H/t is also shown in Fig. 9 
as a function of the thickness of the masking silicon 
ni tr ide film. The value of H/t decreases as the thick- 
ness of the silicon ni tr ide film increases and does not 
strongly depend on the oxidation temperature.  These 
tendencies of B/t and H/t are useful for showing how 
the lateral  oxidation is decreased as the thickness of 
the ni t r ide layer  is increased. 
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The high pressure oxidation method was applied to 
the fabrication of a MOS Random Access Memory de- 
vice with 5 ~m mi n i mum line width of the field oxide 
grown using the high pressure oxidation technique. 
The selective oxidation was performed using a 300A 
dioxide pad and a masking ni tr ide 1000A thick. The 
oxidation temperatures  were 950% 900 ~ and 800~ 
The measured electrical performances of the MOS 
Random Access Memory showed that  the selective 
oxidation process with high pressure oxidation was 
compatible with the conventional  selective oxidation 
process. 

Summary  
Selective oxidation of silicon was investigated using 

the new developed high pressure oxidation apparatus 
at a pressure of 6.6 kg /cm 2 and at a temperature  be- 
tween 800 ~ and ll00~ The conversion characteristics 
of the masking silicon ni tr ide film into silicon dioxide 
film was analyzed on the basis of the l inear-parabol ic  
relation, The activation energy for the parabolic rate 
constant was found to be about 3.15 eV, which was 
about 5 times larger than  that (0.7 eV) for silicon. On 
the other hand, that for the l inear  rate constant  was 
about 1.25 eV Which was smaller than  that (2.03 eV) 
for silicon. The conventional  silicon ni tr ide film was 
found to mask the selective oxidation process even in  
this high pressure oxidation. The max imum lateral  
oxide thickness beneath  the ni t r ide mask decreases 
rapidly with increasing oxidation temperature.  The 
thickness of the oxide pad and the masking ni t r ide 
film influence the lateral  oxidation characteristics. The 
suppression of the lateral  oxidation can be achieved 
by increasing the thickness of the masking nitr ide 
film and decreasing the thickness of the oxide pad. 

This high pressure oxidation process was found to 
be compatible with the conventional  fabrication proc- 
ess for a high density MOS LSI using the selective 
oxidation technique. 
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Effects of Thin Conductive Film Mask on 
Ion Implantation 
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1753, Shimonumabe, Nakahara-ku, Kawasaki City, 211 Japan 

ABSTRACT 

Anomalous  genera t ion  of puls ive  noise was observed in  devices masked  
with  SiO2 dur ing ion implan ta t ion  in monoli thic  IC's. I t  has been found tha t  
this is not due to recoil  implan ta t ion  of oxygen  in the  SiO2 film, but  to d i -  
electr ic  b r e a k d o w n  of the  SiO2 film dur ing  ion implanta t ion .  This can be 
comple te ly  avoided by  coating the SiO2 mask  wi th  th in  conduct ive films such 
as a luminum or  po lyc rys ta l l ine  Si jus t  before  ion implanta t ion .  

Ion implan ta t ion  has  come to be wide ly  used in the  
processing of MOS IC's and junct ion  FET's. In  the case 
of b ipo la r  IC's, however ,  ion implan ta t ion  is confined 
to the  res t r ic ted  a rea  of b ipolar  devices in spi te  of 
super io r  dens i ty  profile control labi l i ty .  One reason 
for this might  be a deve lopment  p rob lem of high cur-  
rent  ion implan ta t ion  systems sui table  for mass p ro -  
duction. Another  reason might  be re la ted  to device 
character is t ics  such as noise pe r fo rmance  of the ion 
implan ted  t rans is tors  or  resistors.  

This paper  is an inqu i ry  into the  p rob lem of med ium 
dose ion implan ta t ion  in  b ipolar  devices. V - -  - -  

Pulsive Noise Generated by Ion Implantation 
For  example ,  h igh va lue  res is tors  a re  fabr ica ted  as 

shown in Fig. 1. In this case, nB+ ions are  implan ted  
into res is tor  area  1, whi le  t rans i s tor  a rea  2 is covered 
by  SiO2 mask  3. But in low noise IC's, there  is d i f -  
f iculty in adopt ing ion implanta t ion .  We found tha t  
anomalous  genera t ion  of pu ls ive  noise wi th  the wave-- 
form as shown in Fig. 2 is observed in t ransis tors  
masked  wi th  SiO2 dur ing ion implanta t ion.  

Puls ive  noise is also cal led burs t  noise or popcorn 
noise and is genera ted  by  a large  number  of imper -  
fections in the crys ta l  (1). On the other  hand, most 
of the  samples  made  by  convent ional  t he rma l  diffu- 
sion only  exhib i t  c lean noise as shown in Fig. 3. Gen-  
eral ly ,  SiO2 is used as the  ion implan ta t ion  mask. 
Therefore,  e i ther  dielectr ic  b reakdown  of SiO2 caused 
by  accumula ted  charge or inf ini tesimal  knock on ( re -  
coil) implan ta t ion  of oxide  atoms in SiO2 are  con- 
s idered to cont r ibu te  to the  genera t ion  of puls ive  
noise. 

Dielectric Breakdown 
As shown in Fig. 4 wafe r  1 wi th  SiO2 pa t t e rn  3 is 

g rounded  through  cur ren t  in tegra to r  2. riB+ or zip+ 
ions are  implan ted  on the f ront  surface of wafer  1. At  
the  surface of insula t ing SiO2 film, a rea  3, posi t ive 
charges r ema in  at  the  surface or at  a cer ta in  pene t r a -  

Key words: insulat ing film mask, accumulated charge, dielectric 
breakdown, pttls~ve no~se, medmm close. 

t ion depth  of SiOm inducing equal  minus  charges  
(electrons)  from ground to the Si-SiO2 interface  
th rough  current  in tegra tor  2, thus rais ing the electr ic  
field in the  insula t ing SiO2 film. 

Suppose  tha t  a l l  the  posi t ive  charges r ema in  at  the  
surface of SiO2 wi th  the  thickness  of 1 gm. Then the 
accumula ted  charge vol tage of SiO2 wi th  the  ion dose 
1.5 X 1023 a toms /cm 2 of common implan ted  sheet  r e -  
s is t ivi ty  of 2-3 k~ / [3  is given by  the fol lowing equa-  
t ion 

q ' ~  

er " eo/d 
1.6 X 10 -19 X 1.5 • 1018 

- -  710 (vo l t )  
3.82 • 8.85 > 10-14/1 X 10 .-4 - -  

Here,  p - n  junct ions are  neglected because there  are  
a lways  small  l eakage  currents  under  cer ta in  bias 
vol tages due to ma jo r i t y  or  minor i ty  carr iers  even in 
ideal  crysta l  s t ructures.  This accumula ted  charge  
vol tage (710V) comes nea r  to the few ki lovol ts  pe r  
mic romete r  dielectr ic  b reakdown  vol tage  of SiO2. It  
can be conjec tured tha t  local  dielectr ic  b r eakdown  
occurs and res idual  surface damage  due to b reakdown 
sti l l  exists af ter  subsequent  hea t - t r ea tmen t .  In  this  
case, d ie lect r ic  b reakdown  could be avoided by  cover-  
ing the  SiO2 wi th  a thin conduct ive  film. 

. t 

B 2 3 

/ / / , / / ,  / / 

Fig. 1. Fabrication process of ion implanted resistor 
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Fig. 2. (a, left) Pulsive noise 
waveform (horizontal: 10 msec/ 
div). (b, right) Low frequency 
component of pulsive noise (bar. 
izontal: 10 msec/div). 

Fig. 3. (a, left) Clean noise 
waveform (horizontal: 10 reset/ 
div). (b, right) Low frequency 
component of clean noise (hor- 
izontal: 10 msec/div). 

n ~lpt 
t3" or ions 

3 

-p + 

, J /  ./ S i O z /  

Si 

Fig. 4. Mechanism of ion implantation into SiO~ pattern 

Therefore,  wafers were  covered with  e i ther  a 1.5 ~m 
thick a luminum evaporated film or a nondoped poly-  
crystal l ine Si film (Sill4 at 640~ 35 min, 0.55 gm 
thick) over  the thermal  SiO2 film as shown in Fig. 5. 
The a luminum and polycrystal l ine Si film thickness 
are chosen equal  to those adopted in the convent ional  
bipolar IC's and silicon gate MOS IC's. 

In this case, accumulated positive charges t rave l  to 
the edges of the ion implantat ion mask 4 and dis- 
charge frequently,  thus avoiding dielectric breakdown 
of the insulat ing SiO2 film, as this discharge occurs in 
the range of a few tens of volts per  micrometer  at the 
pressure of the ion implanta t ion vacuum chamber.  

Poly. Si or AI I 4 3 

s i  

Fig. 5. Countermeasure for dielectric breakdown of SiO~ 

Knock on Implantation 
In order  to increase  s topping  p o w e r  .against inc ident  

ions, wafers  were  covered wi th  chemical  v a p o r - d e -  
posi ted SiO2 film (SiI-I4 + O2 at  420~ 1 atm, 8 rain, 
0.5 ~m th ick) ,  photores is t  (40 cp, OMR 83, 4000 rpm, 
1 ~m thick)  or Scotch tape  No. 56 (55 ~m thick)  over  
the  convent ional  t h e r m a l l y  g rown SiO2 film mask. 

Experimental Results 
Table  I shows the  processing condit ions for each 

sample. Ion implan ta t ion  was pe r fo rmed  using riB+ 
ions wi th  an accelera t ing  vol tage  of 50 kV and doses 
of 1.5 X 10 TM a toms /cm 2. Noise figures of 30-50 npn 
t rans is tors  in each group were  measured  as shown in 
Fig.  6. 

Table I. Experimental data of npn transistor in bipolar IC 

Wafer 
No, 

Not 
implanted 
standard 
sample 

Countermeasure for ion implanted sample 

Experiment 1 Experiment 2 

AI evap Poly Si CVD SiO2 Tape PR 

Data of test transistor  

Generation Noise 
rate of leve l  
pulsive median 

noise (%) (mV rms) 
hFE 

median 

0 
0 

0 

0 
0 

0 
0 0 
0 0 

8.7 8.9 555 
0 9.5 374 
0 9.8 316 

31 9.2 402 
20 8.8 353 
41 10.0 457 
24 8.8 410 
68 14.0 384 
30 8.0 598 
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TEST SYSTEM 
Pre-Amplifier 

z~c,=O.lmA 

" {rnedicn) MEASURED DATA i., 
~h. i ~, , h 

Main Amplifier 

Itmeter 

5 0  I 0 0  
" Noise Leve l  ( m Y r r h s )  

Fig. 6. Noise figure measurement for npn transistor 

At first, notice wafers No. 1-4. In  these cases, No. 1 
is an un implan ted  s tandard sample. Number  4 is ion 
implanted on to conventional  thermal  grown SiO2 
only. With regard to the generat ion of pulsive noise, 
less than  10% of the uni ts  in  groups 1 to 3 had this 
characteristic, compared to over 30% in  group 4. T h e  
median  of noise level is almost constant  as long as the 
generat ion rate of pulsive noise is below 30-50% b e -  
c a u s e  the level of the pulsive noise is distr ibuted very  
widely as shown in  the example of measured data in  
Fig. 6. There are no distinct tendencies in  the median  
of hFE. Therefore, a conductive film mask such as a lu-  
m i n u m  or polycrystal l ine Si is effective in the sup- 
pression of pulsive noise. 

Then, observe wafers No. 5-9. In these cases, the gen-  
erat ion rate of pulsive noise is over 20% in every sam- 
ple. Therefore, an insula t ing film mask with increased 
stopping power against incident  ions is ineffective in 
the suppression of pulsive noise. 

In  order to confirm the effect of dielectric b reak-  
down, noise figures of bipolar IC's were measured as 
shown in Table II. The test system for the KC573C 
device is i l lustrated in  Fig. 7. It is clear that  the gen- 
erat ion rate of pulsive noise for a l uminum-  or poly- 
crystal l ine Si-covered samples (No. 3-6) is comparable 
to that  for samples made by conventional  thermal  dif- 
fusion only (No. 1-2), while the generat ion rate of 
pulsive noise in  devices fabricated without  counter-  
measures (No. 7-8) is as large as 70%. 

Discussion 
Standard  vo l tage- ramp- type  dielectric s trength 

measurement  of th in  SiO2 films was carried out as 
shown in  Fig. 8. N-type epitaxial  layers grown over 
p-type substrates were oxidized at 1020~ in steam for 
22 rain (about 2400A thick). The polarity of the ap- 
plied voltage was chosen to forward bias the p-n junc- 
tion. Pulse (peak) voltmeter readings indicated in 
Table III are about 70% of the actual breakdown volt- 
ages due to meter  current  IM, when the breakdown 
current  IL is observed by microammeter.  As shown in 
Table III, it is clear that ion implanted wafers with 
photoresist applied (No. 5-6) have the lowest break-  

Table II. Experimental data of KC573C 

~ B  ,J_ Digital t Rg =22kQ ~Voltmeter 

Fig, 7. Noise figure measurement for bipolar IC 

TEST SYSTEM 
~-MO -3 ........... . I ,Aluminum Electrode ~"/~-~ ~500kO \ '  / ((diameterlmm) 
~/_ ~ (~ Pulse ~ ~hin S,02(=2.400~,thik) 
? ~Lr~ Voltmeter ~ Epitox ial Layer 
~Mioro ~ S u b s t r o t e  
k~_ Ammeter I.,L/ I 

MEASURED DATA~ .-/" ~ . 
(example). i !  i 

:~i . . . . . . . .  , . . . . . . . . . . . . .  ~.,,~i,!]hi!ii ii~,, ..... 
(3 5 0  I 0 0  150 2 0 0  

L Breakdown voltage (volt) 
Fig. 8. Standard voltage rump-type dielectric strength measure- 

ment of SiO2. 

down voltages, the highest standard deviation, and 
the highest percentage of breakdown voltage under 
50V. It is concluded that the generation rate of pulsive 
noise during ion implantation is associated with the 
dielectric breakdown of SiO2. 

In order to investigate the relationship between the 
anomalous generation of pulsive noise and lattice de- 
fect density of the substrate surface, x-ray rocking 
curve checks and Sirtl etching were performed. As to 
the rocking curve check, peak intensity and half- 
width of the samples were equal to those found for 
bulk Si. As to Sirtl etching, there was scarcely any 
damage recognizable in any sample. Corresponding 
to these results, emitter-base or collector-base leak- 
age current was not prominent even in the samples 
with the highest noise figure. It is concluded that the 
surface defect density is not large enough to be de- 
tected by these measurements, 

The most practical way of introducing a conductive 
film mask is to cover the entire surface of the sub- 
strate with a very thin (for example, 50-I00A thick) 
aluminum film deposited as in the preparation of elec- 
tron microscope samples. 
Capacitance-voltage curves or surface-state density 

of the samples was not measured because surface 
states do not affect the characteristics of bipolar de- 
vices as much as that of MOS devices. 

Conclusions 
The mechanism of medium dose ion implanta t ion  

into the insula t ing film mask was investigated. Ac- 
cumulated charge voltage of the insula t ing film mask 

Table III. Dielectric breakdown voltage of SiO2 

Ion implanted sample 

Counter- 
Not  im- measure  
planted No 

W a f e r  standard A1 Poly  counter- 
No.  sample evap Si measure  

Data of  
b ipolar  IC 

Gene- 
ration Noise  
rate of level 
pulsive median 
noise ( m V  
(%) rms) 

O 
O 

O 
O 

O 
O 

O 
O 

B r e a k d o w n  vol tage  
of thin SiO2 

Counter- Break- 
measure  Stan- down 

for ion ira- dard volt- 
Not  im- plantation Mean devi- age 
planted value ation under  

W a f e r  standard A1 ~ ~ / ~  50V 
No. sample  evap PR (V) (~r) (%) (%) 

17.6 2.4 
46.2 2.4 
21.4 2.4 1 0 164.4 33.8 20.6 

6.7 2.4 2 0 155.5 42.5 27.3 
23.1 2.4 3 0 171.1 38.2 22.3 
15.4 2.4 4 O 153.5 46,2 29.1 
68.3 3.1 5 0 152,9 49.3 32.3 
74.5 3.3 6 0 149.4 51.5 34.5 

4.1 
7.6 
6.4 
9.1 

12.3 
14,5 
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rises as ion implanta t ion  proceeds and eventual ly  
leads to local dielectric breakdown of the insulat ing 
film mask. It was found that this is completely avoided 
by coating the insulat ing film mask with thin con- 
ductive film. 
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ABSTRACT 

Crystal growth and segregation in  space were quant i ta t ively  investigated 
in  a Br idgman- type  configuration. It  was established that the segregation 
behavior is diffusion controlled without  interference from residual  gravity, 
G-j i t ter ,  and surface tension gradients. Radial and longi tudinal  segregation 
effects were accounted for by a lateral  diffusional dopant  redis t r ibut ion wi thin  
the diffusion boundary  layer  brought  about  by the nonplanar  morphology of 
the growth interface. 

The existing gap between theory and exper iment  
in  crystal growth and segregation is largely at t r ibuted 
to gravi ty- induced convection effects which lead to 
the establ ishment  of boundary  conditions significantly 
different from those serving as the basis of the various 
theories (1-5). Thus, nei ther  ideal mixing nor com- 
plete diffusion control can be achieved in growth from 
the melt. Moreover, stable boundary  conditions can- 
not be mainta ined because of t ime-dependent  var ia-  
tions of the convection flow (6). 

Attempts  to e l iminate  convection in  melts through 
the application of magnetic fields (7, 8) and by use of 
capillary dimensions have not been very successful 
(9). Consequently,  it  has not been possible to assess 
the validity of the existing theoretical framework, i.e., 
to determine the relationship between the equi l ibr ium 
dis t r ibut ion coefficient and the interface distr ibution 
coefficient, the orientat ion dependence of the dis t r ibu-  
tion coefficient, the origin of the radial  segregation 
effect, and other segregation anomalies (10-12). 

The present ly reported crystal growth exper iment  
was conducted dur ing the Apollo-Soyuz mission as a 
part  of NASA's program to determine the potential  of 
zero-gravity 1 conditions for basic research and applica- 
tions in materials processing. It  was designed to estab- 
lish on a quant i ta t ive  basis the crystal growth and 
segregation behavior  encountered in a zero-gravity 
environment ,  to provide a fur ther  insight into the un-  
expected behavior  of confined melts observed in  the 
growth of InSb during the Skylab mission (13), and to 
assess the magni tude  and effects of surface tension 
dr iven convection. 

Experimental Procedure 
To achieve the exper imental  objectives, Ga-doped 

ge rmanium crystals grown on earth were part ial ly re-  

* Electrochemical Society Active _Member. 
1 The actual value of gravity was of the order of 10-SG. For c o n -  

v e n i e n c e  t h i s  v a l u e  of G is r e f e r r e d  t o  in  t h i s  p a p e r  as  z e r o .  

melted in a confined configuration and regrown in 
space while current  pulses were applied to achieve 
interface demarcation (11). 

Sample preparation.--The germanium crystals used 
for the exper iment  were pulled in the <111> direction 
by the Czochralski method from 225g melts doped 
with gal l ium to achieve an average dopant concentra-  
tion of about 1019/cm 3 in  the solid. The crystals were 
centerless ground to a diameter of 1.046 cm and cut 
to a length of 9.5 cm. Their  diameter  was reduced to 
0.843 cm over a length  of 2 cm from each end to per-  
mit  the at tachment  of graphite cups which served as 
current  contacts for interface demarcation. The crys- 
tals were subsequently etched in CP-4 (5 parts cone 
HNO~ + 3HF + 3CH3COOH) and encapsulated into 
centerless ground quartz ampuls 12.7 cm long with 1.0 
cm ID and 1.5 cm OD. Prior  to assembly, each ampul  
was etched in HF, rinsed successively with distilled 
water, methanol, and acetone, and dried. The graphite 
cups were machined to make good electrical contact 
with the germanium crystals and were fired at 1600~ 
in a vacuum of i0 -7 Torr (1.3 X I0 -5 Pa) prior to at- 
tachment. A schematic diagram of the ampul is shown 
in Fig. I. The ampuls were sealed in stainless steel 
cartridges with an argon atmospere of 40 Torr (at 
room temperature). 

Melting and regrowth procedure.--The flight ex- 
periments  (as well as g}ound-based tests) were car- 
ried out in a "multipurpose" gradient  furnace de- 
signed originally for the Skylab mission (13). It was 
modified with a system of lateral  heat shields to per-  
mit  operation at higher temperatures  with controlled 
heat flow along the crystal from the heat leveler re-  
gion via the gradient  region to the heat extractor 
plate (see Fig. 1). 

Part ial  remelt ing of the Ge crystals in space was 
accomplished by raising the temperature  of the heat 
leveler region over a period of 3.5 hr  to 1120~ while 
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Fig. I. Schematic representation of growth system and ampul 
design permitting interface demarcation through current pulsing. 

main ta in ing  the hea t  ex t rac tor  region close to room 
tempera ture .  In  this t he rma l  configuration a t em-  
pe ra tu re  g rad ien t  of about  50~ was es tabl ished 
in the  grad ien t  regions (Fig. 1), des igned to locate 
the  so l id -me l t  in ter face  at  about  3.7 cm f rom the cold 
end of the  crystal .  To achieve the rma l  equi l ib ra t ion  
and. to e l iminate  composi t ional  inhomogenei t ies  in the 
mel t  the t empera tu re  in the hea leve ler  region was 
ma in ta ined  constant  for a per iod of 2 hr. Regrowth  
was in i t i ta ted  by  p r o g r a m m e d  reduct ion  of the fu r -  
nace power  input  to the heat  leve ler  region (cooling 
ra te  2.4~ which  was expected to resul t  in a 
g rowth  ra te  of about  5 ~m/sec dur ing  the ear ly  stages 
of resolidif icat ion and in an increase  of the  growth  
ra te  to 10 #m/sec  dur ing  the l a te  stages of solidifica- 
tion. 

Throughout  the rmal  equi l ib ra t ion  and control led  
cool-down,  cur ren t  pulses  of 55 msec dura t ion  and an 
ampl i tude  of 15.5A were  t r ansmi t t ed  th rough  the 
g rowth  systems at  a repe t i t ion  ra te  of 0.25 Hz in o rde r  
to achieve per iodic  demarca t ion  of the  c rys t a l -me l t  
interface.  Fol lowing the control led  cool -down cycle 
(1.4 h r ) ,  the power  was tu rned  off (passive co�9  
down)  and af te r  2 h r  the  sys tem was subjected to 
forced cool -down by  He  inject ion.  

A series of g round-based  control  exper iments  were  
car r ied  out  in an ident ical  furnace to pe rmi t  compar i -  
son of g rowth  and segregat ion behavior  in space and 
on earth.  These exper iments  were  pe r fo rmed  in the  
same p rog rammed  mode as the  flight exper iments  
wi th  the  furnace  posi t ioned ver t i ca l ly  (heat  leve ler  
up)  in o rder  to es tabl ish  s tabi l iz ing ver t ica l  t he rmal  
gradients  (growth  took place in the upward  di rec t ion) .  
The the rmal  h is tory  of the  g rowth  sys tem in space, 
ob ta ined  f rom t e m p e r a t u r e  measurements  in the hea t  
leve ler  region and at  the cold hea t  ex t rac to r  plate,  is 
shown in Fig. 2. 

Analytical procedure.~The crysta ls  grown were  
subjec ted  to g rowth  and segregat ion  analyses  based on 
procedures  descr ibed e lsewhere  (11). For  bu lk  ana l -  
ysis the  r eg rown  crysta ls  were  cut along the g rowth  
direct ion to obta in  0.2 cm thick slices, containing the 
growth  axis. To pe rmi t  single poin t  spreading  r e -  
sistance analyses  la rge  area  ohmic contacts (evapo-  
r a t e d  and mic ro -a l loyed  s i lver  layers )  were  made  on 
the back sides of the  crys ta l  segments  and were  pres -  
su re -bonded  wi th  conduct ive s i lver  pa in t  to brass  
disks. Al l  mounted  specimens were  ground wi th  10 ~m 
par t ic le  size abrasive,  mechan ica l ly  pol ished wi th  
Linde A alumina,  and chemical ly  pol ished wi th  a 
modified Syton HT-30 solut ion (200 ml  Syton,  200 ml 
H20, 5 ml  H202, and 2 ml  CH3COOH). Af te r  r insing,  
the  samples  were  e tched by  immers ion  for 8 sec in  a 
solut ion of equal  par t s  of HF, H202, and CH~COOH. 

For  quant i t a t ive  segregat ion analysis,  spreading  re -  
sistance measurements  were  car r ied  out  first and sub-  
sequent ly  the  corresponding g rowth  ra tes  de te rmined  
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Fig. 2. Thermal cycles of growth experiment; �9 temperature in 
heat leveler region; O temperature at heat extraction plate. 

f rom demarca t ion  spacings by  in te r fe rence  contrast 
microscopy. The reproduc ib i l i ty  of spreading  res is t -  
an te  measurements  on s tabi l ized surfaces was be t t e r  
than  2%. Af t e r  correc t ing  for  resis tances in the  ex-  
te rna l  c i rcui t ry  the r a w  spreading  resis tance da ta  were  
reduced to normal ized  res is tance using a quadra t ic  
progress ion fit. These da ta  were  conver ted  into res is -  
t iv i ty  using an expe r imen ta l l y  de te rmined  probe 
cal ibra t ion factor  based on measurements  wi th  sam-  
ples of wel l -def ined  electr ical  Propert ies.  The res is -  
t iv i ty  da ta  in tu rn  were  reduced  to car r ie r  concent ra-  
t ion by  fit t ing to a computer  genera ted  express ion for 
(NA-ND) VS. p employing  a spl ine cubic in te rpola t ing  
polynomia l  der ived  f rom the l i t e r a tu re  (14) and f rom 
Hall-effect  data. 

Experimental Results and Discussion 
Surface characterization.--Each crys ta l  r eg rown in 

space was r ead i ly  removed  f rom its quar tz  conta iner  
(Fig. 3) suggest ing tha t  the surface morphology  of 
the grown crys ta l  did not conform to tha t  of the con- 
ta iner  which exhib i ted  microscopic i r regular i t ies .  Lack  
of conformity  of the regrown crys ta l  wi th  the con- 
fining quartz  surface was confirmed by  in te r fe rence  
contrast  microscopy. The surface  of the crys ta l  grown 
in space exhib i ted  a r andom ne twork  of r idges  (Fig. 
4) ranging  in height  f rom about  1 to 5 ~m. These 
ridges, which reduced the ac tual  contact  a rea  be tween  
the crysta l  and the confining wal l  to a f rac t ion of 1%, 
appear  s imi lar  in na tu re  to those observed on InSb 

Fig. 3. Germanium crystal with <111> orientation, grown in 
space, after removal from quartz ampul. 



1834 J. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  November 1978 

Fig. 4. Ridge patterns on the surface of the ~ 1 1 1 ~  germanium, 
grown in space. 

crysta ls  g rown on Sky lab  (13). In  v iew of the fact  
that  l iquid Ge expands  by  more than  3% on solidifi- 
cation i t  is concluded tha t  under  zero g rav i ty  condi-  
tions the ge rman ium mel t  does not  es tabl ish a wet t ing  
contact  wi th  the  confining quar tz  ampuls  and that  
the r idges observed on the  regrown crystals  reflect 
the morphological  character is t ics  of the mel t  surface 
in  the vic ini ty  of the  r eg rowth  interface.  In  this re-. 
spect the  behavior  of the  ge rman ium mel t  in space is 
fundamen ta l ly  different  from tha t  encountered  in 
g round-based  exper iments  where  wet t ing  contact  wi th  
the  confining wal l  takes  place  and consequent ly  the 
solidified ma te r i a l  in  al l  instances can be isolated 
only by  dissolving the quar tz  ampuls  in hydrofluoric  
acid. 

The r idge formation,  which  cannot as ye t  be  ex-  
plained,  could be of fundamenta l  impor tance  for ma-  
ter ia ls  processing in space, since it suggests  that  l iquid 
systems m a y  be placed in pa r t i a l  or complete  confine- 
ment  wi thout  significant contact  wi th  the  confining 
mater ia l .  

A comparison of the  morphologica l  character is t ics  
of Ge crystals  r eg rown on ear th  and in  space reveals  
addi t ional  pronounced differences. I t  is found that  
crystals  obta ined  f rom ground-based  exper iments  in-  
va r i ab ly  exhib i t  complete  loss of single c rys ta l l in i ty  
af ter  a g rowth  length  of about  2 cm, In  contrast ,  single 
c rys ta l l in i ty  is p reserved  in the pe r iphe ra l  region of 
space-grown ma te r i a l  to the  very  last  stages of g rowth  
in spite of in te rna l  ma t r i x  b reakdown  due to consti-  
tu t ional  supercool ing effects which was expected under  
the preva i l ing  growth  conditions (12) (Fig. 5). 

Visual  inspect ion of the space-grown crystals  
showed abrupt ,  pe r iphe ra l ly  asymmet r i c  changes in 
surface morphology  af te r  about  1.5 cm of growth. The 
location of these morphologica l  i r regular i t i es  corre-  
sponded to the  t rans i t ion  f rom the the rmal  grad ien t  
region to the  heat  leve ler  region wi th in  the mul t i -  
purpose  furnace.  Bulk crysta l  analysis  suggests that  
these morphological  i r regular i t i es  resul t  f rom changes 
in the  heat  t ransfe r  character is t ics  of the growth  sys- 
tem (see be low) .  

Bulk characterization.--Etching analysis.--High 
resolut ion etching techniques were  refined dur ing  
g round-based  test ing to permit ,  th rough  in ter ference  
contrast  microscopy, the  detect ion of microscopic com- 
posi t ional  fluctuations in Ge wi th  a sensi t iv i ty  of be t -  
te r  than  ___0.2% at dopant  (Ga) levels  in excess of 
101S/cm 8. 

The basic difference be tween  microsegregat ion  in the 
segment  of the ingot  grown on ear th  and that  grown 
in space is apparen t  f rom the dark- f ie ld  photomicro-  
graph in Fig. 6; thus, composi t ional  fluctuations which 
character ize  the or iginal  seed por t ion  grown on ea r th  

Fig. 5. E~ched cross section of the last portion of the ~ 1 1 1 ~  
germanium crystal regrown in space. Note preservation of peri- 
pheral single crystallinity in spite of internal breakdown and phase 
segregation. 

Fig. 6. Etched cross section (under dark-field illumination) of 
crystal grown in space; space-grown segment (bottom), in contrast 
to earth-grown segment (top), exhibits no compositional inhomo- 
geneities. 

(top por t ion)  are  absent  in the crys ta l  segment  re -  
grown in space (bot tom por t ion) .  The pronounced de-  
marca t ion  of the  or iginal  r eg rowth  interface  is due to 
the abrup t  decrease in dopant  incorpora t ion  associ- 
ated wi th  the ini t ia l  stages of regrowth.  

Detai ls  of the microsegregat ion  behavior  in the  
ini t ia l  r eg rowth  region were  observed by  in ter ference  
contrast  microscopy and are  shown in Fig. 7. Three  
regions can be identified: a segment  of the or iginal  
seed (top of pho tomicrograph) ,  a na r row  growth  
band of about  350 ~m in length  with  composi t ional  
fluctuations (midd le ) ,  and the r eg rowth  region ex-  
hibi t ing microscopic composi t ional  homogenei ty  in 
which cu r ren t - induced  interface  demarca t ion  lines can 
be read i ly  seen (bot tom) .  The onset of control led re-  
growth  is c lear ly  evident  at the upper  par t  of the bot-  
tom region where  in terface  demarcat ions  appear  wi th  
g radua l ly  increasing spacing. Accordingly,  the uncon-  
t ro l led  growth  of the na r row band  (middle)  must  
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Fig. 7. Segment of Ge crystal partially regrown in space: note 
seed segment (top) and segment of controlled regrowth (bottom) 
separated by a region of uncontrolled growth and segregation. 

have  preceded  the onset of control led  cool-down and, 
thus, took place dur ing  the  the rmal  equi l ib ra t ion  
period.  S imi la r  na r row growth  regions of apparen t ]y  
uncont ro l led  growth,  ranging  in length  f rom 200 to 
1000 ~m, were  observed  also in al l  g round-based  ex-  
pe r iments  conducted in the  mul t ipurpose  furnace.  

The cause of the uncont ro l led  g rowth  becomes ap -  
pa ren t  on examina t ion  of the  the rmal  h is tory  of the 
g rowth  sys tem shown in Fig. 2. I t  is seen that  the 
t empe ra tu r e  in the  heat  l eve le r  region remained  con- 
s tant  at  1120~ dur ing  the rmal  equi l ib ra t ion  (2 hr )  
but  tha t  the  t e m p e r a t u r e  at  the  hea t  ex t rac t ion  pla te  
increased s l ight ly  dur ing  the first hour  and decreased 
by  about  20~ dur ing  the second hour. This g rad ien t  
increase  associated wi th  the t empe ra tu r e  decrease of 
the  heat  ex t rac t ion  p la te  brought  about  a re locat ion 
of the  g rowth  in ter face  toward  the  hot  zone. Thus, 
the  observed  uncont ro l led  g rowth  resul ted  f rom the 
the rmal  d r i f t  of the  sys tem dur ing  the equi l ibra t ion  
period. 

Etching analysis  of the crys ta ls  r eg rown in space 
revea led  tha t  the  bu lk  of the  con t ro l l ed -g rowth  seg- 
ments  a r e  free of microscopic composi t ional  f luctua- 
tions for  a length  exceeding 3.0 cm. The only iden t i -  
fiable composi t ional  changes were  associated wi th  
pe r iphe ra l  (111) facet ing of the  growth  interface  
which was found to extend about  0.5 m m  into the bu lk  
(Fig. 8) over  the  ent i re  length  of the  crys ta l  segment.  
Actual ly ,  these inhomogenei t ies  wi th in  the pe r iphe ra l  
facet region were  identif ied as off-facet  g r o w t h  pene-  
t ra t ions  into the  facet  regions and a re  due to differ-  
ences be tween  the on- face t  and off-facet d is t r ibut ion  
coefficient. As such they  are  not convent ional  impur i t y  
s t r ia t ions  which  are  caused by  var ia t ions  of the  
growth  ra te  a n d / o r  of the  bounda ry  l aye r  thickness.  

In the  crysta ls  r eg rown dur ing  g round-based  testing, 
pe r iphe ra l  (111) facet ing could be observed only in a 
few instances and at  isolated locations, a l though the 
mo~:phology of the  growth  in ter face  was the  same as in 
the  space-grown crystals .  Since pe r iphe ra l  facet ing is 
commonly  observed in nonconfined g rowth  configura- 
tions (as in Czochralski  g rowth)  the  present  observa-  
t ion of pronounced  pe r iphe ra l  (111) facet ing in the  
space -g rown ma te r i a l  may  be considered as indicat ive  
of v i r tua l ly  unconfined solidification conditions.  

Fig. 8. Peripheral (111)-facet in the space-grown Ge crystal 

Composi t ional  inhomogenei t ies  of significant magn i -  
tude  were  observed in all  space -g rown crysta ls  in po r -  
tions formed dur ing  the  la te  stages of growth,  in 
which the c rys t a l -me l t  in ter face  approached  and en-  
te red  the graphi te  cup (Fig. 1). There  the  composi-  
t ional  inhomogenei t ies  could in all  instances be re -  
lated, th rough  the ind iv idua l  in ter face  demarca t ion  
lines, to morphologica l  changes of the  in ter face  caused 
by  pronounced changes in the rmal  conditions.  Such 
changes were  brought  about  by  the difference in the 
t he rma l  conduct ivi t ies  of the  confining mate r ia l s  (in 
going f rom quar tz  to g raphi te ) .  The observed mor -  
phological  changes resul ted  in in ter face  ins tabi l i t ies  
fol lowed by  in ter face  breakdown.  Al though  no de-  
ta i led analys is  of the in terface  ins tabi l i t ies  has been 
carr ied  out, i t  is seen in Fig. 9 tha t  the i r  morphologica l  
character is t ics  conform much more  to theore t ica l  p re -  
dictions than  those observed  in crystals  grown on 
ear th  (12). 

Quantitative analysis of crystal growth behavior.- 
The fol lowing analysis  is based on da ta  obtained 
f rom demarca t ion  lines of the c rys t a l -me l t  interface 
in t roduced at  in te rva l s  of 4 sec dur ing  growth.  The 
accuracy of the g rowth  ra te  da ta  (about  • ~m/sec)  
is de te rmined  by  the precis ion wi th  which the spac-  
ings of consecutive demarca t ion  l ines could be de te r -  
mined by in ter ference  contras t  microscopy. 

The microscopic ra te  of g rowth  along the growth  
axis for the first 2 cm of solidification in space, brough~ 
about  by  a constant  cooling ra te  of 2.4~ in the  
heat  leve ler  regions, is p resented  in Fig. 10. I t  is seen 
tha t  the growth  ra te  is t rans ient  at  al l  times, increas ing 
rap id ly  f rom zero to 8 ~m/sec over  the  first 10 min and 
g radua l ly  approaching  the value  of 10 /~m/sec dur ing  
the ensuing growth  period.  No fluctuations in the 
growth  ra te  are  observed in any por t ion  of the growth 
region (the scat ter  of the measuremen t  points falls  
wi th in  the exper imen ta l  e r ror  l imi t s ) .  

F r o m  growth  exper imen t s  car r ied  out in the same 
growth  appara tus  under  s tabi l iz ing ver t ica l  the rmal  
gradients  on ea r th  it was found that  the microscopic 
growth  behavior  on ear th  is, wi th in  exper imen ta l  
error ,  the same as that  observed  in space. Thus, whi le  
unavo idab le  l aminar  convect ion in the mel t  on ea r th  
in ter feres  wi th  the  segregat ion  process (see be low) ,  it  
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Fig. 9. Advanced stage of interface instability in germanium 
crystals grown (a) on earth; (b) in space. 
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Fig. 10. Microscopic growth rate profiles along the middle of 
germanium crystals grown in multipurpose furnace. Profiles for 
growth in space and on earth are the same. 

has no significant effect on the microscopic crystal  
g rowth  rate.  

Since the growth  in ter face  was found to be non-  
p lanar  and since its morphology  changed with  con- 
t inuing growth  (see below),  it  was considered neces-  
sa ry  to de te rmine  also the  microscopic g rowth  ra tes  
on the  pe r iphe ra l  regions of the longi tudina l  crysta i  
segment  (0.5 m m  from the l e f t -hand  side and r igh t -  
hand side edges) .  The growth  rates  a t  the le f t -  and 
r i gh t -hand  sides of the  longi tudinal  segment  are  
p lo t ted  as a funct ion of dis tance grown in Fig. 1]; 

distance grown is measured  f rom a normal  to the 
growth  axis a rb i t r a r i ly  posi t ioned in the  uncont ro l led-  
g rowth  region. Thus, the plots reflect the a symmet ry  
of the  interface about  the growth  axis and show tha t  
the  microscopic growth  behavior  of the  two per iphera l  
regions was different  dur ing  the in i t ia l  and dur ing the 
la te  stages of growth.  

The effect of the differences in the pe r iphera l  ra tes  
of growth  on the morphology  of the  growth  interface  
is seen in Fig. 12 where  the difference of growth  
length  ( ax  = Xlert --  Xr~ht) is p lo t ted  as a function of 
t ime of growth.  Since the growth  length  (x) is mea-  
sured  from a normal  to the  g rowth  axis, as indica ted  
above, the  ~x values  reflect the  devia t ion  of the in te r -  
face from a p lanar  morphology.  I t  is seen that  or igi-  
na l ly  the  l e f t -hand  side of the in terface  was more ad-  
vanced (into the mel t )  than  the r i gh t -hand  side. This 
a s y m m e t r y  was reduced significantly dur ing  the first 
500 sec of g rowth  as a resul t  of a l a rger  g rowth  ra te  
at  the r i gh t -hand  side of the interface.  The interface  
morphology  remained  v i r tua l ly  unchanged  dur ing  the 
ensuing g rowth  per iod  of about  1300 sec but  af ter  1900 
sec of elapsed t ime a r e t a rda t ion  of the  g rowth  ra te  on 
the r i gh t -hand  side (Fig. 11) led to a significant 
change of the interface morphology.  

The charac ter iza t ion  of the dynamics  of the  in te r -  
face morphology  was pursued fur ther  by  ascer ta ining 
the  interface shape th rough  the  de te rmina t ion  of the  
coordinates of up to 10 points ly ing on ind iv idua l  in-  
terface demarca t ion  lines at va ry ing  distances from 
the or iginal  r eg rowth  interface  (Fig. 13). I t  is seen 
that  the or iginal  me l t -back  interface  is indeed asym-  
metr ic  and that  the  uncontrol led  growth  dur ing  the 
equi l ibra t ion  per iod did not  resul t  in any not iceable 
changes in the  morphology  of the  so l id -mel t  in te r -  
face. With  the onset  of control led cool-down the in te r -  
face morphology  underwen t  rap id  changes as evi-  
denced by  the shape of the  demarca t ion  l ines 2 and 3 
posi t ioned 0.2 and 5 m m  below the reg rowth  in t e r -  
face, respect ively.  At  the  5 m m  posi t ion the interface 
was concave (v iewed f rom the  mel t )  and near ly  sym-  
metr ic ;  i t  remained  essent ia l ly  unchanged  for a total  
g rowth  length  of 15 m m  (demarca t ion  l ine 5). Wi th  
cont inued g rowth  (1900-3300 sec) a progress ively  in-  
creasing change of the in ter face  morphology  occurred 
(demarca t ion  l ines 6 and 7) as a resul t  of a decrease 
of the growth  ra te  on the r i gh t -hand  side pe r iphe ra l  
region os the crys ta l  (see Fig. 11 and 12). Dur ing  this 
change the in terface  apex shif ted f rom the center  
of the  crys ta l  to the per iphery .  

The above behavior  of the c rys ta l -mel t  in terface  
can be d i rec t ly  re la ted  to the the rmal  envi ronment  of 
the  g rowth  system. Thus, i t  was observed that  the seed 
crys ta l  was not concentr ica l ly  located wi thin  the 
quartz  ampul.  ConsequenLly the ini t ia l  in terface  was 
asymmetr ic  and on r eg rowth  the crys ta l  d iamete r  in-  
creased asymmetr ica l ly ,  i.e., by 0.5 m m  at  the  r igh t -  
hand  side and 0.05 mm at the  l e f t -hand  side. The es- 
tab l i shment  of the s table  and near ly  symmetr ic  con- 
cave interface (wi th  a rad ius  of curva ture  of 5.6 cm) 
coincides wi th  the g rowth  of the crysta l  at  constant 
diameter .  The growth  pe r tu rba t ion  which  commences 
~t a distance of about  15 m m  from reg rowth  interface  

to 
~o 

6 

.m 4 

5 I0 15 20 

L e n g t h  of  Crys ta l  G r o w t h  ( ram)  

Fig. 11. Microscopic rate profiles along the periphery of germa- 
nium crystal grown in space. 
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Fig. 13. Crystal-melt interface morphology determined by inter- 
face demarcation, various distances from regrowth interface de- 
noted as (~) are referenced in the text. 

coincides wi th  the  advancement  of the  in terface  f rom 
the g rad ien t  hea t ing  region to the  hea t  l eve le r  region 
(see Fig. 1) and reflects the  changes in the rad ia l  
the rmal  configurat ion wi th in  the mul t ipurpose  fu r -  
nace. It is of interes't  to note tha t  the  changes of the 
in ter face  morphology  associated wi th  the changing 
the rmal  env i ronment  are  less pronounced in the  
g round-based  g rowth  exper iments .  

On the basis of the present  g rowth  analysis  i t  is 
evident  tha t  wi th in  the  g rad i en t -hea t ed  region, crys-  
tal  g rowth  in space proceeded wi th  a s table  in terface  
configuration. Al l  observed g rowth  pe r tu rba t ions  are  
accounted for b y  deficiencies in the the rmal  cha r -  
ac ter is t ics  of the g rowth  appara tus .  

Quantitative segregation analyses.--Before proceeding 
wi th  the  segregat ion  analysis,  the  red is t r ibu t ion  of Ga 
in the mel t  dur ing  the 2 hr  per iod of the rmal  equi l i -  
b ra t ion  preceding control led  growth  is considered. 
Taking  the average  t e m p e r a t u r e  of the  mel t  as 1050~ 
and the  diffusion coefficient of Ga as 2 X 10 -4 cm2/sec, 
the min imum diffusion dis tance (N/Dt) of Ga is ap-  
p rox ima te ly  1.2 cm in the  absence of convection. Ac-  
cordingly  a l l  composi t ional  inhomogenei t ies  in the 
mel t  resul t ing  f rom ro ta t iona l  s t r ia t ions and radia l  
segregat ion  effects in the or ig inal  e a r t h -g rown  crys-  
tal  were  e l imina ted  pr ior  to resolidification. 

The average  concentra t ion of Ga in the e a r t h - g r o w n  
crys ta l  increased l inear ly  by  +5.2 % / c m  from the cold 
seed, where  the Ga concentra t ion was 1.3 • 1019/cm3, 
to the  hot  end where  the  concentra t ion was 1.88 X 
1019/cm 3 as de te rmined  f rom Hall-effect  measure -  
ments) .  F rom these da ta  the equ i l ib r ium Ga con- 
cent ra t ion  in the mel t  (complete  homogeniza t ion) ,  
wi th  the  seed-mel t  in ter face  located 3.9 cm from the 
cold end of the  crystal ,  was ca lcula ted  to be 1.78 X 
1019/cm 3. While  uncer ta in t ies  in the publ i shed  diffu- 
sion coefficient values  of Ga in Ge mel ts  (15) do not  
pe rmi t  prec ise  calculations,  approximat ions  indicate  
tha t  complete  homogenizat ion was approached  dur ing  
the  equi l ibra t ion  period. This conclusion is consistent  
wi th  the fact  that  in g round-based  r eg rowth  exper i -  
ments,  involving crysta ls  of the same macrosegregat ion  
profile as those used in space, the  composi t ion of the 
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Fig. 14. Longitudinal cartierconcentration (dopant) profiles in 
crystals grown on earth and in space. 

ini t ia l  por t ions  resolidified were  found to have  the  
same Ga concentra t ion as the  ini t ia l  por t ions  resol id i -  
fled in space (see Fig. 14). In  the  g round-based  ex-  
per iments  composi t ional  homogenizat ion of the  mel t  
dur ing  the 2 hr  the rmal  equi l ib ra t ion  must  be con- 
s idered as having been complete  because of the pres -  
ence of l aminar  convection which  was confirmed by  
segregat ion analyses.  

The macroscopic segregat ion  behav io r  is discussed 
below. Microscopic segregat ion  effects observed  on 
ear th  and in space are  presented  in the Appendix .  

The segregat ion analyses  of the  crysta ls  g rown on 
ear th  and in space are  based on longi tud ina l  and r a -  
dial  composit ion profiles obta ined wi th  10 ~m spat ia l  
resolut ion by spreading  resis,tance scans of longi tudi -  
nal  crys ta l  slices which contained the g rowth  axis. 
The corresponding growth  ra te  da ta  were  obtained 
as discussed above. 

For  a direct  comparison of dopant  red i s t r ibu t ion  
associated with  growth  on ear th  and in space, cor re-  
sponding longi tud ina l  composit ion profiles are  p re -  
sented in Fig. 14; the microscopic g rowth  rates  were  
presented  in Fig. 10. Since both growth  exper iments  
were  carr ied  out  under  ident ica l  t he rmal  and geo- 
metr ica l  conditions, the  observed differences in cam-  
posi t ion reflect d i rec t ly  the effect of g r a v i t y - d r i v e n  
convection on segregation.  I t  is seen tha t  for g rowth  
on ear th  the  longi tud ina l  increase  of the dopant  con- 
centra t ion is small  and remains  essent ia l ly  constant  
af ter  a short  in i t ia l  per iod  dur ing  which t rans ient  
segregat ion  behavior  is observed.  These composit ion 
profiles also indicate  r ad ia l ly  asymmetr ic  segregat ion  
which develops dur ing the ini t ia l  g rowth  and remains  
v i r tua l ly  unchanged.  In  contrast ,  in space, the longi-  
tudinal  dopant  concentra t ion increases  r ap id ly  wi th  
t rans ient  segregat ion over  the  ent i re  g rowth  length;  
rad ia l  segregat ion develops less r ap id ly  than  on ear th  
but  increases wi th  continuing growth  and exhibi ts  
pronounced variat ions.  

Segregation on earth.--All fea tures  of the  composi t ion 
profiles obta ined f rom the g round-based  growth  ex-  
pe r imen t  are  consistent  wi th  convect ion-cont ro l led  
segregation,  which is amenable  to quant i ta t ive  ana l -  
ysis on the  basis of the  normal  freezing equat ion (2) 

Cs 
in ---- In keff -F (keff -- I) In (i -- f) 

CL 

where Cs is the dopant concentration in the solid for 
a given fraction f solidified, CL is the dopant concen- 
tration in the melt, and keff is the effective distribution 
coefficient. 

In view of the radially nonuniform dopant dis- 
tribution (Fig. 14), transverse compositional profiles 
were determined at 0.5, 1.0, 1.5, and 2.0 cm from the 
original regrowth interface to obtain the average Ga 
concentrat ion values  (Cs) for  four  different  fract ions 
(]) of mel t  solidified. The plot  of In Cs/CL vs. In 
(1- - ] )  in Fig. 15 shows full  compl iance  wi th  the  n o r -  
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Fig. 15. Segregation analysis for crystal grown on earth 

mal freezing equat ion and thus establ ishes the exis t -  
ence of convect ion-control led  segregat ion wi th  a con- 
s tant  effective d is t r iou t ion  coemcient  (keff ----- 0.099) 
over  the ent i re  g rowth  distance, Thus, on ea r th  even 
under  s tab idz ing  ver t ica l  t he rmal  gradients  unavoid-  
able radia l  the rmal  gradients  consti tute a dr iv ing  force 
for the  es tabl i shment  of convection in the mete. The 
fact that  the  el tect ive ctis~ri~udon coetficient r emained  
constant  indicates  tha t  the convective mel t  flow was 
v i r t u a n y  unchanged whi le  the aspect  rat io of the mel t  
(he igh t /d iamete r )  changed f rom about  5 to 2,5. 

White inadequate  knowledge  of the  rad ia l  thermal  
gradients  does not  pe rmi t  a quant i ta t ive  analysis  of 
the preva i l ing  l aminar  convection, it  is of in teres t  to 
compare  the effects of this l aminar  free convection 
on segregat ion wi th  those of forced convect ion  such 
as encounmred dur ing  Czochra lsk i - type  growth.  Ac-  
cording to the  BPS model  (1) an effective d is t r ibut ion  
coefficient of 0.099 associated wi th  an average solidifi- 
cation ra te  of 8 ~m/sec requi res  a solute boundary  
l aye r  thickness of 300 ~m. Using the Cochran analysis  
(16) for  forced convect ion associated wi th  crys ta l  
ro ta t ion it is found tha t  the mixing  effect due to the 
l aminar  free convection in the  g round-based  exper t -  
ments  is equiva lent  to forced convection resul t ing 
f rom a seed rota t ion of 10 rpm. 

Segregation in space.--A comparison of the composi-  
t ion profiles of the  space-grown crys ta l  (Fig. 14) wi th  
the  corresponding growth  ra te  profile (Fig. 11) shows 
tha t  for the growth  length  in excess of 8 mm ne i ther  
the  radia l  nor  the longi tudina l  segregat ion were  di-  
rec t ly  control led by  the microscopic ra~e of growth.  
Thus, wi th  a s teadi ly  increasing growth  ra te  which 
was essent ia l ly  the  same on the le f t -  and r igh t -hand  
side, the dopant  concentra tmn in the crys ta l  decreased 
on the l e f t -hand  side f rom 8 • 10~8/cm ~ to 6.5 • 
10tS/cm 3 whi le  at  the  same t ime it  increased on the 
r i gh t -hand  side to 1.9 • 1019/cm ~. The observed segre-  
gat ion pa t t e rn  is, fur thermore ,  at var iance  with  mel t  
convection effects. Thus, when the  equi l ib r ium dis-  
t r ibu t ion  coefficient is less than  one (as in the present  
case) convective in te r fe rence  resul ts  i nva r i ab ly  in a 
decrease  of dopant  accumulat ion  wi th in  the  diffusion 
bounda ry  l aye r  and, consequently,  the va lue  of the 
effective d is t r ibut ion  coefficient wil l  exceed by  a small  
amount  the  value  of ko but  wil l  r emain  significantly 
less than  one as observed dur ing  growth  on earth.  
Therefore,  the observed dopant  concentra t ion increase  
to 1.9 X 10~9/cm ~, which  corresponds to an effective 
d is t r ibut ion  coefficient in excess of one, is in d i rec t  
contradic t ion  wi th  convection effects. 

The segregat ion behavior ,  while  inconsis tent  wi th  
growth  ra te  and convective effects, can be expla ined  if 
the  morphological  character is t ics  of the c rys ta l -mel t  
in terface  are  t aken  into consideration.  Thus, for 
growth  with  dif fusion-control led segregat ion any de-  
via t ion of the  c rys t a l -me l t  in ter face  f rom a p l ana r  
configuration is expected to resul t  in r ad ia l ly  nonuni -  

form dopant  incorpora t ion  since the diffusion dopant  
flux into the  mel t  exhib i t s  l a te ra l  components  which 
lead  to rad ia l  composi t ional  var ia t ions  at  the  curved 
growth  interface.  Accordingly,  for  a concave (into the  
crys ta l )  in terface  the  dopant  concentra t ion mus t  be 
h igher  in the centra l  than  in the pe r iphe ra l  pa r t  of the 
crystal .  On this basis, the  rad ia l  segregat ion shown in 
Fig. 14 is consistent  wi th  the  morphological  char -  
acterist ics  of the  g rowth  interface  shown in Fig. 13. 
Thus, a t  the  onset of control led  r eg rowth  (demarca -  
t ion 1 in  Fig. 13), in the  absence of a solute boundary  
layer ,  rad ia l  segregat ion  must  be expected  to be uni -  
form. With  continuing g rowth  the in terface  becomes 
s lanted to the l e f t -hand  side (demarca t ion  2) and the 
associated l a te ra l  diffusion flux to the  r ight  causes the  
dopant  concentrat ion to become somewhat  smal ler  in 
the  l e f t -hand  side of the  crys ta l  than  in  the center  and 
in the  r i gh t -hand  side. Af te r  about  20 m m  of growth  
(e.g., demarca t ion  l ines 6 and 7) the  pronounced shift  
of the  in terface  apex  to the  r ight  causes the concentra-  
t ion in the r i gh t -hand  side regions to become even 
higher  than  tha t  of the centra l  region. At  the same 
t ime the concentra t ion in  the centra l  region begins to 
decrease but  continues to r ema in  higher  than  tha t  on 
the l e f t -hand  side region. 

I t  should be noted tha t  the  rad ia l  segregat ion be-  
havior  1or g rowth  on ear th  appears  also consistent 
wi th  in terface  morphology  effects. Thus, the concave 
c rys ta l -mel t  in ter face  was found to be asymmetr ic  
wi th  its apex  shif ted to the  r i gh t -ha nd  side of the  
crys ta l  axis and the dopant  concentra t ion was found 
to De higher  in the r i gh t -hand  side pe r iphe ra l  region. 
The less pronounced and nea r ly  constant  rad ia l  segre-  
gat ion eEect reflects decreased sensi t iv i ty  of the  in te r -  
fa~e morpnotogy  to t he rma l  pe r tu rba t ions  due to the  
presence of l amina r  convect ion which in tu rn  is also 
responsible  for the es tabl i shment  of a decreased and 
constant  bounda ry  l aye r  thickness.  

In view of the  ~act that  no theore t ica l  t r ea tmen t  of 
segregat ion at  curved interfaces  has as ye t  been de-  
veioped, it  is not  possible to analyze  the  observed 
radia l  segregat ion effect on a quant i ta t ive  basis. How-  
ever, considering the or igin of r ad ia l  dopant  concen- 
t ra t ion  grad ien ts  i t  appears  appropr ia t e  to analyze  
the macrosegregat ion  behavior  by averaging  the rad ia l  
composit ions and apply ing  the theory  for diffusion- 
control led segregat ion as deve loped  for p lane front  
solidification (3). I t  is recognized tha t  any such two-  
dimensional  analysis  of a th ree -d imens iona l  cy l indr i -  
cat system is inheren t ly  l imited;  however ,  the poten-  
t ia l  e r ror  associated wi th  the a s y m m e t r y  of the growth  
interface  is not  considered major .  

The averaged  longi tud ina l  composit ion profile of a 
space-grown crys ta l  is presented  together  wi th  tha t  
of an ea r th -g rown  crys ta l  in  Fig. 16. Here again the 
ini t ia l  increase of the dopant  concer~tration as wel l  as 
its g radua l  approach  to a s t eady-s ta te  value  dur ing  
growth  in space are  indicat ive  of the absence of con- 
vect ive interference.  When  considering the various 
theoret ica l  approaches  to di f fus ion-control led segrega- 
t ion (3, 17-20), it  was found that  for the present  ex-  
pe r imenta l  condit ions the  t r ea tmen t  by  Ti l ler  et aL 
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Fig. 16. Averaged longitudinal carrier concentration (dopant) 
profiles on crystals grown on earth and in space. 
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(3) can most convenient ly  be applied, a l though one of 
the assumed boundary  conditions, i.e., constant  rate of 
growth, is not  met  in  the present  system (Fig. 10). 
Actually, ini t ia l  growth rate t ransients  are v i r tua l ly  
unavoidable  in  directional solidification because of 
heat  t ransfer  considerations. To make  the theory ap- 
plicable, a numerica l  approach based on an implicit  
fiifite difference equat ion (21) has been used to ac- 
count for the growth rate transient.  These calculations 
yielded a compositional profile which was significantly 
different dur ing  the ini t ia l  t rans ient  region from that  
obtained assuming a constant growth rate, but  it was 
in  good agreement  for growth distances in excess of 
1 em. 

According to theory (3), the dopant concentration 
(Cs) at a distance x (presently valid for x > 1 cm 
ordy) from the original regrowth interface is given 
by the expression 

Cs : CL I (l _ ko) [ i - < koRx exp -~ )]+ko } 
The applicabil i ty of the above expression to the pres-  
ent  segregation data was tested over the growth dis- 
tance of 1-2 cm by taking the average growth rate, 
R = 8.5 /~m/sec and CL = 1.78 • 10 -4 cm -3, ko : 
0.087, and the general ly  accepted (15) value of D = 
1.9 X 10 -4  cm 2 sec -1. The exper imental  and theoret i-  
cal values of Cs, for x = 1.0, 1.5, and 2 cm, are pre-  
sented in  Table  I ( in the second and third column, re- 
spectively).  It  is seen that  the agreement  between 
theory and exper iment  for growth distance beyond 1 
cm is remarkab ly  good. 

It  should be noted that  the theoretical Cs values (for 
D : 1.9 • 10 -4 cm2/sec) are consistently smaller 
than  the corresponding exper imental  values, which 
implies that the increase in  dopant  concentrat ion in 
Ge dur ing  growth in  space is faster than predicted 
for diffusion-controlled segregation. If the present  
analyt ical  approach is quant i ta t ive ly  correct, then a 
more accurate value for the diffusion coefficient of Ga 
in  Ge melts is 1.7 • 10 -4 cm2/sec as seen in  Table I 
( third column).  While this conclusion may be of ques- 
t ionable validity in  view of the difference in  assumed 
and actual  boundary  conditions, it  is apparent  that  
wi th  the appropriate theory for diffusion-controlled 
Segregation, directional  solidification experiments  in  
space provide a means for the determinat ion of pre-  
cise diffusion coefficients which are present ly  unava i l -  
able. 

It  is recognized that the above quani i ta t ive  segrega- 
tion analysis is based on assumptions which require 
fur ther  theoretical and exper imental  study. However, 
the self-consistency of all aspects of dopant dis tr ibu-  
t ion in  the space-grown crystal with diffusion-con- 
trolled segregation confirms the absence of any con- 
vective interference with the segregation process. 

Summary 
The crystal growth and segregation behavior  in 

space were quant i ta t ive ly  studied by growth of Ga- 
doped Ge single crystals. The growth experiments  in 
space were complemented by experiments  on earth 
(carried out in  the same system under  stabilizing ver-  
tical thermal  gradients) to permit  a comparative ana-  
lysis of gravi tat ional  effects. 

Crystals grown in space exhibited a network of sur-  
face ridges which reduced the contact area with the 

Table I. 

C ,  ( t h e o r )  C ,  ( t h e o r )  
G a  �9 c m  -~ G a  �9 c m  -~ 

x C ,  ( e x p )  ( D  = 1.9 • ( D  = 1.7 • 
(cm) Ga �9 em -3 I0-~ cm-"/sec) I0 -~ cm2/sec) 

1.0 7 .4  • 10 TM 6 .8  • 10 TM 7.3  • 10 zs 
1.5 9.3 x 10 ~ 8.7 • 10 ~s 9.3 x 10 TM 

2,0 1.1 x 10 TM 1.0 X 10 ~e 1.1 X 10 TM 

confining quartz ampul  to less than  1%. A coherent 
peripheral  (111) growth facet, characteristic of un -  
confined growth, persisted over the ent i re  growth 
length. 

It  was established that, in  space, diffusion-controlled 
segregation prevailed with no convective interference 
from residual gravity, G-j i t ter ,  or surface tension 
gradients. Radial variations in  dopant  concentrat ion 
were found to be a direct consequence of the non-  
p lanar  morphology of the growth interface which 
causes diffusion-driven dopant  redis t r ibut ion within 
the diffusion boundary  layer. 

Through interface demarcat ion thermal  drif t  dur ing  
equil ibrat ion of the system and deviations of the 
growth interface from planar,  morphology were ident i -  
fied; they were found to be a direct consequence of 
deficiencies in the thermal  characteristics of the 
growth apparatus and demonstrate  the extreme sensi- 
t ivi ty of solidification to the thermal  env i ronment  
under  diffusion-controlled conditions. 

The present  s tudy shows that  the reduced gravi ty 
env i ronment  provided in space permits  the establish- 
ment  of solidification conditions under  which basic ex-  
per imental  informat ion can be obtained which is es-- 
sential for advancing our unders tanding  of crystal 
growth and segregation. It is finally concluded that  
compositionally homogeneous materials  can be 
achieved in  space. 
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APPENDIX 

Microscopic Segregation Effects 
Segregation associated with uncontrolled regrowth 

during thermal equilibration.--It was shown that un -  
controlled regrowth ranging in  length from 200 to 800 
/,m took place in all growth experiments  dur ing ther-  
mal  equilibration. Attempts  to determine quant i ta -  
t ively the growth rates of these regions through in te r -  
face demarcation were unsuccessml since the spacing 
of demarcat ion lines is below optical resolution. The 
growth rate could, however, be estimated to be about  
0.1 ~m/sec from the measured t ime-dependent  tem-- 
perature  change in the heat extract ion system. 

The compositional profiles for uncontrol led-growth 
regions formed on earth and in  space are presented in 
Fig. 17. It is seen that  the Ga concentrat ion in these 
regions fluctuates and assumes average values of 1.85 
• 10 is and 2.1 • 1OlS/cm 2, for growth in space and on 
earth, respectively. It  is seen fur ther  that  the Ga con- 
centrat ion in these regions drops u l t imate ly  to 1.55 • 
101S/cm 3, which is the expected equi l ibr ium value 
( k o C L )  observed at the onset of controlled regrowth. 
Thus, it appears that dur ing uncontrol led growth non-  
equi l ibr ium segregation takes place whereby dopant 
accumulat ion to levels of 2.1 and 2.4 • 1019/cm 3 at the 
crystal -mel t  interface raises the dis t r ibut ion coefficient 
to 0.11 and 0.12, respectively. The existence of such an 
accumulat ion layer  at the growth interface is also 
consistent with the appearance of compositional fluc- 
tuations of up to ___3%. While the observed segrega- 
t ion behavior  can be explained through the existence 
of an accumulat ion layer, the formation of such an ac- 
cumulat ion layer  as well as its stabil i ty over a period 
of about 1 hr cannot as yet be explained. Thus, diffu- 
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sion f rom the seed crys ta l  into the  mel t  can ne i the r  
account for  the  dopant  accumula t ion  at  the growth  
interface,  nor  can the accumulat ion  be a t t r ibu ted  to 
e lec t romigra t ion  effects (associated wi th  cur ren t  puls -  
ing) since po la r i ty  reversa l  did  not  affect the composi-  
t ion wi th in  the  uncont ro l led  growth  region. 

Facet ef]ect.--Interference contras t  microscopy of 
the etched Ge crys ta l  grown in space revealed  co- 
heren t  pe r iphe ra l  (111) facet format ion  over  the first 
3 cm of regrowth,  dur ing  which the g rowth  interface 
was concave (as v iewed from the mel t ) .  In addit ion,  
ex tens ive  centra l  (111) facet ing was observed dur ing 
the l a t e r  stages of g rowth  (growth  dis tance > 2.5 cm) 
as a resul t  of changing t he rma l  conditions.  Fo r  both 

types of facet ing the  corresponding segregat ion be-  
havior  was quan t i t a t ive ly  analyzed over  reglons where  
the  microscopic growth  ra te  normal  to the c rys t a l -  
mel t  in terface  was ident ica l  in t he  facet  and in the  
ad jacent  off-facet  region and where  the  facet  regions 
were  l a t e ra l ly  expanding,  i.e., under  condit ions where  
the  d i f fus ion-boundary  l a y e r  thickness  was ident ical  
in the  facet and  the  off-facet  regions. The measure -  
ments  give a rat io  [kerr (on-facet ) /keff  (off- facet)]  of 
0.94 indica t ing  tha t  the  in ter face  d is t r ibu t ion  coeffi- 
cient (ki) for facet  g rowth  differs f rom tha t  for off- 
facet  growth.  
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Effects of Diffusion-Induced Strain and Dislocation 
on Phosphorus Diffusion into Silicon 
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ABSTRACT 

The diffusion-induced s t ra in  and dislocat ion effects on the  diffusion of 
phosphorus  into silicon have been invest igated.  When  phosphorus  is diffused 
singly, the diffusion coefficient of phosphorus  increases considerably  at h igh 
concentrations.  While, when phosphorus  and ge rman ium are diffused si-  
mul taneously ,  fewer  dislocations are  observed and the  di f fus ion- induced s t ra in  
is compensated.  In  s t ra in -compensa ted  diffusion, concentrat ion profiles of phos-  
phorus agree  wel l  wi th  the  theoret ica l  curves (erfc) .  I t  is shown that  the 
enhancement  of the diffusion coefficient of phosphorus at  high concentrat ions 
is a t t r ibu ted  to the di f fus ion- induced strain.  Besides, dislocations re ta rd  the  
diffusion f ront  by  absorbing  excess vacancies,  showing the  opposite effect of 
s train.  

,Effects of diffusion-induced dislocations on diffu- 
sion of impur i t ies  into silicon have been s tudied 
ex tens ive ly  by  many  invest igators .  They have repor ted  
tha t  diffusion of phosphorus  above a cer ta in  cri t ical  
surface concentra t ion or  a total  amount  of dopant  

Key words: semiconductor, doping, diffusion. 

causes the  genera t ion  of dislocations in the  diffused 
region (1, 2). A genera t ion  mechanism of excess 
vacancies due to the cl imbing motion of such dis lo-  
cations is proposed to expla in  the marked  enhance-  
ment  of the diffusion coefficient and emit ter=push 
effect (3, 4). These anomalous  phenomena  are, how-  
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ever, observed in the absence of dislocations (5-7). 
A :retardation of phosphorus diffusion, which is re-  
lated to the formation of dislocations, is found (8, 9). 
Excess vacancies generated by phosphorus diffusion 
are absorbed by diffusion-induced dislocations (10). 
The generat ion of dislocations is avoided by the 
s imultaneous diffusion of t in  and boron or t in  and 
phosphorus, in spite of diffusion of high surface 
concentrat ion above the critical value of boron or 
phosphorus (11, 12). 

In  this article, to make the effect of dislocations 
o n  phosphorus diffusion into silicon clearer, the de- 
pendence of the diffusion coefficient of phosphorus on 
the dislocation density is studied. Furthermore,  phos- 
phorus diffusions under  conditions of s t ra in compen- 
sation due to the simultaneous diffusion of phosphorus 
and ge rmanium into silicon are investigated. By com- 
parison of the respective diffusion coefficients of phos- 
phorus, which are obtained in the single diffusion 
of phosphorus and in  the s imultaneous diffusion of 
phosphorus and germanium,  an effect of diffusion- 
induced s t rain on phosphorus diffusion is discussed. 

Experimental procedure.--The substrates used were 
Czochralski-grown p- type  disloc,ation-free silicon 
wafers of resistivity 1 ~ 3 ~.cm.  They were (111) 
oriented and were mechanical ly and chemically pol- 
ished. Diffusions of phosphorus and germanium into 
silicon were done with the open- tube system (13) 
using l iquid diffusion sources of phosphorus oxychlo- 
ride (POC13) and germanium tetrachloride (GeC1D, 
respectively. The molar  ratio of part ial  pressure of 
POCI8 in the total gas s t ream for the s imultaneous 
diffusion of phosphorus and germanium was regulated 
to be equal to that  of the single diffusion of phos- 
phorus, which was 0.2. The molar  ratio of GeC14 in 
the total gas s t ream was also 0.2. Both temperatures  
of POCls and GeC14 sources were held at 0~ Vapor 
pressures of POCI~ and GeC14 at 0~ are 9 and 23 
mm Hg, respectively (14). Diffusions were c a r r i e d  
out at l l00~ for 5 min-24 hr in the single diffusion 
and for 5-60 rain in the simultaneous diffusion. The 
density of diffusion-induced dis]ocations in the single 
diffusion was controlled by the diffusion times, that  
is, the total amount  of dopant. 

Phosphorus concentrations in the substrate were 
determined by repeating the measurement  of sheet 
resist ivity and anodic oxidation in conjunct ion with 
I rvin ' s  curve (15, 16). The average thickness of a 
thin layer  removed by  each run  of anodic oxidation 
and HF etching was 240 __. 10A. It was obtained by 
measur ing the height between the original surface 
and the surface which was oxidized after ten times 
oxidation of a dummy wafer, using the interferometer  
(17). Junct ion depths were measured by the in te r -  
ferometer after angle lapping and chemical etching. 
Diffusion-induced dislocations in the surface region 
were observed by Sirtl  etching for 15 ,~ 60 sec (18). 
Dislocation density was determined by counting the 
n u m b e r  of etch pits at three points on wafer. Ger-  
m a n i u m  concentrat ions in the substrate were ob- 
tained by SIMS (secondary ion mass spectroscopy). 
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Results 
Figure 1 shows the dislocation density as a func-  

tion of the diffusion time obtained for the single 
diffusion of phosphorus. The spread of the dislocation 
density in the figure for 10 and 30 min is due to 
nonuni formi ty  of the dislocation density across the 
wafer. The dislocation density shows a tendency to 
saturate with the increase of the diffusion time, 
al though the dislocation density of 8 hr or more 
cannot be estimated. At a diffusion time of 8 hr or 
more, large clusters made by dense dislocation etch 
pits, which have a diameter  of approximately 400 ~m, 
are obse rvedby  Sirtl  etching. 

To avoid the confusion of the figure, three concen- 
t rat ion profiles of 5, 30, and 120 min  are chosen for 
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Fig. 1. Dislocation density vs. diffusion time 

the single diffusion. These are i l lustrated as a func-  
tion of x/t'/2 in Fig. 2, where x is the depth from the 
surface and t is the diffusion time. Plots at the con- 
centrat ion of 1017 cm -3 are the data obtained by 
angle lapping. Junct ion  depths obtained by anodic  
oxidation and by angle lapping agree well. It is found 
that  concentrat ion profiles of phosphorus move inside 
in  the lower concentrat ion region with the increase of 
the diffusion time. This result  means that a re tarda-  
tion of phosphorus diffusion is seen at the diffusion 
front with the dislocation density. Moreover, junct ion 
depths are shown in  Fig. 3 as a funct ion of the diffu- 
sion time. The broken line in Fig. 3 has a slope of t'/2. 
Junct ion depths obtained within  2 hr have a smaller  
slope than that  of t'/2, showing the re tardat ion of 
phosphorus diffusion. In  order to investigate the rela-  
tionship between the dislocation density and the diffu- 
tion coefficient, the diffusion coefficient is determined 
by the computer s imulat ion from the concentrat ion 
profile in Fig. 2. The computer  s imulat ion is the same 
method as that previously described (19). Diffusion 
coefficients thus obtained are shown in Fig. 4 as a 
funct ion of phosphorus concentrat ion at the points 
in the bulk. Irrespective of the generat ion of disloca- 
tions, the diffusion coefficient increases considerably 
with the local concentrat ion of phosphorus above 
1020 cm -3 and has a constant  value at lower concen- 
trations. It  is also shown from Fig. 4 that the diffu- 
sion coefficient decreases in the lower phosphorus 
concentrat ion region with the increase of the disloca- 
tion density (diffusion t ime) .  

Figures 5 and 6 show examples of Sirtl  etch pat-  
terns on the surface of wafers in the single and in 
the simultaneous diffusions. In the single diffusion 
of phosphorus, no dislocations are observed for 5 min. 
Dislocations are, however, generated for 10 min  (Fig. 
5a) and slip pat terns are observed for 30 min (Fig. 
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6a). The dislocation densities in such cases are a l -  
ready shown in Fig. 1. In the s imultaneous diffusion 
of  phosphorus and germanium, no dislocations are 
generated for 10 rain (Fig. 5b), as well  as the case 
for 5 min. It is also seen that  few dislocations are 
generated for 30 min (Fig. 6b). It has been reported 
that  the sign of the latt ice contraction coefficient of 
germanium in silicon is inverse to that  of phosphorus 
in silicon (20). Therefore,  it is considered that  latt ice 
strain produced by the incorporation of phosphorus 
is compensated by the simultaneous incorporat ion 
of ge rmanium into silicon. 

Fig. 5. Sirtl etch patterns for 10 mln. (a) Single diffusion of 
phosphorus; (b) simultaneous diffusion of phosphorus and germa- 
nium. 

Figure  7 shows an example  of a concentrat ion pro-  
file of phosphorus obtained from the simultaneous 
diffusion for 30 min. In Fig. 7, a concentrat ion profile 
of phosphorus obtained from the single diffusion for 
the same diffusion t ime is also shown. The profile of 
the single diffusion deviates largely from the theore t -  
ical curve (erfc) and the diffusion coefficient depends 
on the local concentrat ion as described before. On 
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Fig. 6. Sirtl etch patterns for 30 min. (a) Single diffusion of 
phosphorus; (b) simultaneous diffusion of phosphorus and germa- 
nium. 

the other hand, the profile of the s imultaneous diffu- 
sion agrees well  with the erfc curve. The value of 
the diffusion coefficient is given in the figure. A con- 
centrat ion profile of germanium (Ge + ion relat ive 
intensi ty)  of the s imultaneous diffusion for 30 min  
is shown in Fig. 8. Concentrations are measured at 
the surface at the depth of 0.3 and 0.6 #m. The broken 
curve in the figure shows the erfc curve. Concentra-  
t ion profiles of the s imultaneous diffusion for other 
diffusion times (5 and 10 min)  also agree well with 
the erfc curves, whereas the profile obtained for 60 
rain in the s imultaneous diffusion does not agree with 
the erfc curve. As for this case, dislocations are ob- 
served. Thus, this disagreement is considered to be 
due to the reason that  the lattice strain is not com- 
pensated sufficiently. Consequently, in  s t ra in-com- 
pensated diffusion, concentrat ion profiles agree well  
with erfc curves and the local concentrat ion depen-  
dence of the diffusion coefficient is not seen in  spite 
of high surface concentration. 

Discussion 
Enhancement of the di/Iusion coefficient.--Diffusion 

coefficients are schematically i l lustrated as a funct ion 
of phosphorus concentrat ion in Fig. 9 based on the 
result  shown in  Fig. 7. Dp and Dp.Ge are the diffusion 
coefficients of phosphorus determined from the single 
and the s imultaneous diffusions, respectively, and Di 
is the extrapolated value of the intr insic diffusion 
coefficient of phosphorus at the diffusion temperature  
(6 X 10 -l~ cm2/s ec at l l00~ (21). It  is found that  
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Fig. 8. Concentration profile of germanium for 30 min obtained 
from simultaneous diffusion. 

Dp increases considerably at high concentrat ions and 
also is larger than D~ over the whole local phosphorus 
concentrations. The difference between Dp and Di 
consists of the two parts, that  is, the difference b e -  
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tween Dp and Dp.Ge and the difference between Dp.oe 
and D~. That  Dp or  Dp.Ge are  l a rge r  than  Dj means  
excess vacancies a re  genera ted  in comparison with  
the  vacancy concentra t ion at  the rmal  equi l ib r ium 
corresponding to Di. 

The value  of Dp in the lower  concentrat ion region 
is nea r ly  equal  to tha t  of Dp.Ge, which is constant.  
Therefore,  i t  is clear  that  the difference be tween Dp 
and Dp.ae, that  is, the enhancement  of Dp at h igh 
concentrat ions,  is a t t r ibu ted  to the excess vacancies 
genera ted  by  the strain,  and this s t ra in  effect is 
localized. On the o ther  hand, the genera t ion  of these 
excess vacancies has no re la t ionship  wi th  dislocations 
since diffusion-induced dislocations were not observed 
for short  diffusions, while  the diffusion coefficient was 
concentra t ion dependent  (see Fig. 1 and 4). F r o m  this 
result ,  the plas t ic  deformat ion  model  (22) based on 
the in terac t ion  be tween dislocations, which has been 
proposed to expla in  the enhancement  of the diffusion 
coefficient of phosphorus  at  high concentrations,  is 
not  considered to be adequate.  I t  is p r ema tu re  to 
es tabl ish a tangib le  model  to expla in  the difference 
be tween  Dp and Dp.Ge. A possible mechanism of the 
genera t ion  os excess vacancies is, however ,  considered;  
excess vacancies are  genera ted  in order  to re lax  the 
s t ra in  energy due to the incorpora t ion  of a large 
number  of impur i t ies  (23). This is equivalent  to the 
reduct ion of the format ion  energy of vacancy wi th  
the increase  of impur i ty  concentrat ion,  and m a y  be 
localized. I t  has been repor ted,  in fact, tha t  the fo rma-  
t ion energy of vacancy decreases exponent ia l ly  wi th  
the bu lk  impur i t y  concentra t ion (24). Thei r  empir ica l  
equat ion for the reduct ion of the format ion  energy 
of vacancy is, however ,  not appl icab le  for the present  
work.  

The difference be tween  Dp.ae and Di cannot be 
caused by  the strain,  because  Dp.Ge is obta ined  under  
s t ra in  compensation.  I t  can be seen that  the difference 
is present  even at  lower  concentra t ion and has a 
dominant  factor  in the enhancement  of the diffusion 
coefficient Dp. It  was shown tha t  the excess vacancies 
genera ted  by  high concentra t ion diffusion of phos-  
phorus ex tended  deeply  into the bulk  to a depth  of 
a t  least  ~25 #m beyond the diffused region (10). There -  
fore, the difference be tween Dp.Ge and Di is due to 
the presence of the excess vacancies in the deep re -  
gion. Though the genera t ion  mechanism of the  excess 
vacancies is not conclusive, i t  is considered tha t  the 
excess vacancies a re  genera ted  by  the dissociation 
of E centers  (phosphorus  a tom-vacancy  pairs)  based 
on the E center  diffusion mechanism (6, 25). 

Retardation of phosphorus diffusion.--The enhance-  
ment  of  the  diffusion coefficient is not  a t t r ibu ted  to 

the cl imb mot ion of dislocations as descr ibed before.  
Therefore,  the  mechanism based on the prevent ion  
of the  dislocation movement  by  the dislocation ne t -  
work  m a y  be inadequate  to expla in  the r e t a rda t ion  
of phosphorus  diffusion. Precip i ta t ions  of phosphorus 
atoms at  the dislocations may  cause the re ta rda t ion  
of phosphorus diffusion (26). However ,  since this 
effect is considered to be localized in the  h igher  con- 
cent ra t ion  region, i t  is difficult to manifes t  the resul t  
shown in Fig. 4, in which the diffusion coefficient de-  
creases in the  lower  concentra t ion region. 

Previously ,  i t  was shown tha t  excess vacancies gen-  
e ra ted  by  phosphorus diffusion were  absorbed  by  
diffusion-induced dislocations, using a bur ied  l aye r  
technique (10). Therefore,  i t  is considered tha t  free 
excess vacancies,  which  are  genera ted  by  the disso- 
ciation of E centers,  would cause the enhancement  
of the  diffusion coefficient at  lower  concentrat ion,  
if they  were  not  absorbed by  the diffusion-induced 
dislocations. This being the case, r e t a rda t ion  of phos-  
phorus diffusion at  lower  concentra t ion is observed,  
wi th  this  effect becoming l a rge r  wi th  time. 

Conclusions 
The diffusion coefficient of phosphorus  in sil icon 

decreases in the lower  concentra t ion region wi th  the 
increase of dislocations. This r e t a rda t ion  can be re-  
la ted  to the absorpt ion  of excess vacancies by  dis-  
locations. In the  single diffusion of phosphorus,  the 
diffusion coefficient of phosphorus  increases consid-  
e rab ly  at  h igh concentrations,  while,  in the s imul-  
taneous diffusion of phosphorus  and geranium, fewer  
dislocations are  observed and the di f fus ion- induced 
s t ra in  is compensated.  Under  s t ra in  compensation,  
concentra t ion profile of phosphorus  agrees wel l  wi th  
the  theoret ical  curve (erfc)  and the diffusion coefficient 
of phosphorus (Dp.Ge) is la rger  than the ex t rapo la ted  
value of the intr insic  diffusion coefficient (Di) at  the 
diffusion tempera ture .  I t  is shown that  the enhance-  
ment  of the diffusion coefficient at  h igh concentrat ions 
is a t t r ibu ted  to the strain.  The difference be tween 
Dp.Ge and Di is suggested to be due to excess vacancies 
genera ted  by  the dissociation of E centers. 
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ABSTRACT 

I n P - i m p l a n t e d  layers  have  been  annea led  using the same phosphorus  
ambien t  condit ions as would be encountered  dur ing  the mate r i a l ' s  vapor  
phase ep i tax ia l  growth.  Implan ted  l ayers  so annea led  exhibi t  sheet  car r ie r  
concentrat ions up to 5 • 1U 14 cm -2 wi th  the n - t y p e  sil icon ion and approx i -  
ma te ly  1014 cm -2 wi th  the p - t y p e  Mg ion. No indica t ion  of outdiffusion is 
seen on layers  that  have  been profiled. Though the anneal ing was under t aken  
in an ep i tax ia l  reactor,  i t  is envis ioned tha t  a much simplified system would 
also suffice. The p resen t  approach  provides  an  a l t e rna t ive  to the  more  cus- 
t o m a r y  dielectr ic  encapsula t ion whose el tect iveness is often impai red  by 
deposition variat ions.  

It is wel l  recognized tha t  i on - imp lan ted  semicon-  
ductors  have  to be annea led  in o rder  to reduce the  
damage  caused by  the  i r r ad ia t ion  and for the  im-  
p lan ted  ions to become subst i tut ional .  In  3-5 com- 
pounds  i t  is genera l ly  found tha t  the  anneal ing  has to 
be unde r t aken  at  such high t empera tu res  tha t  dis-  
sociat ion of the  surface wi l l  occur. This is no rma l ly  
c i rcumvented  in GaAs, the most  wide ly  implan ted  3-5 
compound,  by  encapsula t ing the surface wi th  a th in  
dielectr ic  film such as Si3N4. 

Ano the r  a rea  where  the rmal  erosion of surfaces can 
cause problems  is dur ing  ep i tax ia l  growth.  An  in t e r -  
face region at  the  in i t ia t ion  of the  growth  that  is 
heav i ly  compensated  is f r equen t ly  encountered.  One 
of the  m a n y  possible  cont r ibu t ing  factors to such an 
infer ior  in i t ia l  g rowth  is the  condi t ion of the  sub-  
s t ra te  surface and any  erosion tha t  migh t  have oc- 
cu r red  as the  subs t ra te  is b rought  to the  growth  tem-  
pera ture .  In  common wi th  implan ta t ion  anneal ing,  it  
is des i rable  to provide  a sa t is factory  means  of p re -  
serving the surface. 

Here,  the anneal ing  of imp lan ted  layers  in InP has 
been  inves t iga ted  in  a hyd r ide  ep i tax ia l  reac tor  to 
t ake  advan tage  of condit ions es tabl ished for growth.  
The gas flow conditions no rma l ly  encountered  in epi -  
t ax ia l  g rowth  are  used wi th  one notable  difference in 
tha t  no HC1 is p rov ided  to t r anspor t  the  In. Though i t  
is cus tomary  to encapsula te  surfaces for implan ta t ion  
anneal ing,  o ther  "capless" procedures  have prev ious ly  
been repor ted.  Immor l i ca  et al. (1) have descr ibed the 
anneal ing  of GaAs  whi le  embedded  in a crushed mix-  
ture  of GaAs and graphi te ,  and Lee  et  al. (2) have  
l ikewise  annea led  unpro tec ted  GaAs wafers  in an 
open-ended  furnace  wi th  a H2 flow over  an arsenic 
sa tu ra ted  l iquid G a / G a A s  solution. 

Re la t ive ly  l i t t le  implan ta t ion  has been  conducted 
wi th  InP. in  a preceding s tudy (3) which para l le l s  
the  presen t  PH3 anneal ing  to be described,  i t  was 
found that  useful  n - t y p e  layers  wi th  sheet  ca r r ie r  con- 
cent ra t ions  in  excess of 1014 cm -2 could be formed. 
Both sulfur  and  sil icon were  implan ted  and the layer~ 

Key words: InP, doping, implantation. 

annealed  in conjunct ion wi th  surface encapsulants  
(p r inc ipa l ly  sput te red  SisN4). In  a s imi lar  study,  bu t  
employing  a phosphosi l icate  glass, Donnel ly  and Hur -  
witz ~ )  nave repor ted  act ivat ion in excess of 75% 
for modera te  dose 1014 cm -2 se lenium and silicon im-  
plants.  In  addition, the  acceptors  Cd, Mg, and Be were  
also implanted.  Mg gave sheet  ca r r i e r  concentrat ions 
as high as 5 • 1013 cm -2 f rom 1014 cm -2 implants .  The 
same phosphosi l icate  glass was used in  anneal ing the 
p - t y p e  dopants.  

Results 
The epi tax ia l  reac tor  is s imi lar  to tha t  descr ibed by  

Te t jen  et al. (5) and consists of a three  t empe ra tu r e  
zone furnace.  The single quar tz  tube  is sealed and con- 
t inuously  purged  wi th  H2. The implan ted  sample  is 
introducect into the  th i rd  t empera tu re  zone th rough  
a large orifice stopcock f rom a separa te ly  purgab le  
section. The first t empera tu re  zone f rom where  me ta l -  
lic ga l l ium or ind ium is no rma l ly  t ranspor ted  is not  
used whi le  PHa and H2 are  in t roduced into the  center  
mix ing  zone and flow over  the  implan ted  sample  in  
the th i rd  zone. I t  is appa ren t  tha t  a much simplified 
sys tem wi thout  many  o~ the ref inements  requi red  for 
ep i tax ia l  g rowth  would be adequa te  ~or the purpose  of 
implan ta t ion  annealing.  

A P H J H 2  ambien t  wi th  the  PHa content  be tween  
0.75% and 2.1% was used in  an  ini t ia l  series of ex -  
per iments  for hea t  cycling non implan ted  InP speci-  
mens to 700~ for 10 rain. Often the  in i t ia l  m i r ro r  
pol ish on the surface was e i ther  not  re ta ined  or 
masked  by  a surface film. Such effects could not  be 
corre la ted  wi th  the amounts  of phosphorus present ,  
as the  be t te r  surfaces were  occasional ly  observed wi th  
the lowest  PHa content.  A reflection e lec t ron diffrac- 
t ion examina t ion  of a th icker  appear ing  film g a v e  a 
single crys ta l  pa t t e rn  wi th  a uni t  cell p a r a m e t e r  cor-  
responding to GaP. A th inner  appear ing  film revea led  
a super imposed  lnP  pa t t e rn  as wel l  and  showed the 
film to be of the same or ienta t ion  as the InP subs t r a t e  
below it. A l a rge r  uni t  cell  pa r ame te r  in te rmedia te  
to InP and GaP was ob ta ined  on this th inner  film and 
i t  is p resumed  tha t  i t  corresponds to InGaP.  As GaAs 
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has also been grown in  the reactor, Ga is available 
wi th in  the system and it appears that  some deposition 
occurred even though no HC1 was being provided for 
its transportation.  Such difficulties have been over-  
come by only anneal ing when the reactor is dedicated 
for this purpose exclusively. 

Figure 1 i l lustrates the beneficial effect of providing 
a PH~ ambient  while InP  is being heated to 750~ for 
10 min. The secondary electron emission SEM picture 
reveals a high density of rec tangular  etch pits on a 
sample heated in  H2 alone. These etch pits are char- 
acteristic of the <100> orientat ion being used. The 
second sample was similarly treated other than  an ad- 
dition of 0.4% PH~ to the gas flow. It  is apparent  at 
the 100X magnification of Fig. 1 that  the integri ty  of 
the surface is much better  retained. At higher magni -  
fication (2000X) there is some trace of etch pit forma- 
tion. For samples heated in  gas mixtures  with a PH.3 
content of 1 1/3-4 1/2% no surface deterioration was 
visible at 100X. At 2000X an indication was again ob- 
tained that etch pits are beginning to form, but  they 
are not well  defined and possibly smaller as the PH~ 
content is increased. 

The first electrical evaluat ion was under taken  on a 
series of samples implanted with silicon at 1 MeV. 
3 X 1014 ions cm -2 were introduced with the InP at 
RT and the post implantat ion anneal ing was carried 
out at temperatures  ranging from 675 ~ to 800~ The 
result ing sheet carrier concentrations and mobilit ies 
are shown in  Fig. 2. 1 1/3% PH3 was used except for 
two additional samples with 0.4 and 4.5% at 750~ 
Only a marginal  increase in  Ns occurred as the PH3 
content was increased. Generally,  the behavior with 
the necessity of anneal ing ~ 750~ and the a t ta inment  

of sheet carrier concentrations > 1014 cm -2 corre- 
sponds closely to earlier results on SisN4 encapsulated 
wafers (3). 

Figure 3 shows the results from another  sequence of 
implants  that were similar to those of Fig. 2 other 
than the silicon dose being increased from 3 X 1014 to 
1 X 1015 cm -2. 1 1/3 or 4 1/2% PI-I3 was used for the 
anneal ing of the various samples. Of most significance 
here is the fact that sheet carrier concentrations of 
~ 5  X 1014 cm -2, an order of magni tude  greater  than  
in  GaAs, can be attained. Layer s tr ipping of one of the 
samples indicates that peak carrier concentrations 
of 10 ~9 cm -3 can be reached. 

Any phosphorus loss with a vacancy gradient  near  
the surface could have a profound influence on the 
distr ibution of implanted ions. An enhanced outdiffu- 
sion causing the dopant dis t r ibut ion to become asym- 
metric towards the surface might be anticipated. Con- 

Fig. 1. InP surface after 10 min at 750~ in (a) H2 and; (b) 
H~ -I- 0.4% PH3 (secondary electron emission taken at X100).  

1.2 

x I 0 L4 

1.0 

.8 

7 

o .6 

z ~ 
.4 

.2 

3 IO I4 Si H + CM -2 

ANN. IN PH 5 

: ~  �9 /. 

/ 

t 

- 2000 "~ 

to 

< 

c~ 

- I000 

I 

90O 
I ~ I 

6 0 0  700  8 0 0  
ANN TEMP.(~ ) 

Fig. 2. The effect of annealing temperature on the electrical 
characteristics of 3 X 1014 Si + cm -'2 implanted layers. 

x IO 14 7 

6 

5 

s 
v 

c~4 
Z 

I - 

i I 

I015 Si H+CI~ 2 

- A N N  IN PH 5 

._ Ns 
f 

;k 
v~ 

v 

v 

~ F  

I 

I000 "~ 

C~ 

< 

500 

7C~O 800 900 

ANNEAL TEMP.(~ 

Fig. 3. The effect of annealing temperature on the electrical 
characteristics of 1 X 1015 Si + cm -~  implanted layers. 

sequently, some of the layers have been profiled and 
examined for such an effect. 

Figure 4 shows two profiles obtained after anneal ing 
in ambients  of different phosphine to hydrogen con- 
tent. The profiles were obtained through successive 
layer removal and Hall measurements.  Anodization 
was used to remove the layers, and the electrolyte 
consists of 5% solution of citric acid combined with 
ethylene glycol. This has been described by Hasegawa 
and Hartnagel  (6) in conjunct ion with GaAs anodiza- 
tion. Both of the samples shown in  Fig. 4 were im-  
planted at RT with 1 MeV silicon to 3 X 1014 cm-".  
For the anneal ing at 750~ the PH3-to-H2 ratio was 
changed from 0.4 to 4.5%. It can be seen that there is 
no discernable difference between the two profiles 
over the concentrat ion range examined and that  no 
outdiffusion is suggested. 

Another  indication of how well  the InP surface is 
mainta ined on heating in  low PH~ content  ambients  is 
provided in Fig. 5 where the implanta t ion  energy has 
been reduced to br ing the dis tr ibut ion closer to the 
surface. Doses of 4 X 1014 cm-~ were implanted at 
200 keV and in each case the profiles are deeper than  
would be anticipated from LSS theory (7) (broken 
curve).  One of these s i l icon-implanted layers was 
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or under PHJH2 flow. The theoretical distribution is indicated by 
the broken curve. 

annealed at 750~ using a Si3N4 protective layer  and 
it  is apparent  that  considerable outdiffusion has oc- 

S + 700 930 0.08 x 101~ 1380 1.2 x 10 ~4 3 40 
S + 750 1320 0.79 X 1014 1780 1.1 x 1014 26 37 
S i  + 700 960 0.65 x 10 ~4 2200 0.83 x 1014 22 28 
S i  + 750 1030 1.1 x 1014 2700 1.25 x 1014 37 42 

curred in this instance. The as- implanted  dis tr ibut ion 
is bet ter  re ta ined for the other t w o l a y e r s  which were 
annealed at 775~ in PH3. While the net  doping within  
one of these layers is abnormal ly  low, the other with 
a peak concentrat ion of 1.5 X 1019 cm -~ i l lustrates 
that  doping levels of > 10 TM cm -3 are achievable 
through implanta t ion  in  InP. 

All  of the above implants  were conducted with the 
InP  at  room temperature.  In  an earlier s tudy it  was 
seen to be advantageous to implant  at least sulfur  at 
elevated temperatures  (3). Fur ther  results concern-  
ing suDstrate heating, but where i-'H~/Hz rather  than 
dielectric encapsulat ion is used for the post implan ta -  
t ion annealing,  are presented in  Table I. Both Si + and 
S + have been implanted,  at RT as well  as at 200~ 
and annealed at either 700 ~ or 750~ The energy of 
implanta t ion  is 1 MeV and the doses implanted  are 
3 X 101~ cm -~. It  wil l  be noted that  only Si + gives 
sheet carrier concentrations > 1014 cm -2 after im- 
p lant ing at room temperature.  While there  is an  in -  
crease in  the percentage of electrical activity on im-  
p lant ing hot for Si*, it is not anywhere  as pronounced 
as it is with S +. However, bet ter  electron mobili t ies 
are obtained after implant ing  hot for both ions. This 
indicates more complete anneal ing  on implan t ing  hot, 
leaving fewer scattering centers to curtai l  the mobi l -  
ity. 

The behavior  of p- type  layers on anneal ing in  PH3 
has also been investigated. Magnesium was implanted  
as an example of a p- type  dopant  and doses of 2 X 
1014 cm -2 were introduced at 1 MeV. A sequence of 
such RT- implan ted  Hall  samples were annealed as 
indicated in  Fig. 6. The PH3 in  H2 content  was 4 1/2% 
and it can be seen that  anneal ing  to ,~750~ similar  
to what  was previously required for silicon, is desir-  
able. The sheet carrier  concentrat ions of ~1  X 10 t~ 
cm -2 give 50% activation, a similar  percentage to that  

X I014 1,4 ~ I ~ I 

2 1014 CM -2  

,.2 , M e v  �9 

I .O-  / . - 

/ "  o . 6 -  -- 150 

�9 4 -- -- I00 

/ v ~ v -  < 

,2 -- -- 50  o V 

I I I I 
6OO 7O0 8O0 

A N N E A L  TEMP.  ( ~  ) 

Fig. 6. Sheet carrier concentrations and mobfiities for a serles 
of magnesium implants annealed at different temperatures. 
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already reported for magnes ium by Donnel ly and 
Hurwitz  (4). 

Layers implanted with Mg to 5 • 1014 cm -2 and 
annealed as above failed to produce carrier concen- 
trat ions any  greater  than the N101~ cm -2 level already 
indicated for the 2 X 10 TM cm -2 implants.  A similar 
l imitat ion has also been seen by Donnel ly  and Hur -  
witz (4). Thus, it  appears that a problem exists in  at-  
taining high p - type  sheet carr ier  concentrations in 
InP. 

In  summary,  it  has been seen that  a PI-IJH2 ambient  
provides sufficient protection against  thermal  erosion 
on InP  surfaces to make it  an attractive way of an-  
neal ing implanted layers without  surface encapsula-  
tion. It is found that  after implant ing  at RT, both Si 
and Mg layers have to be annealed to ,~750~ The 
silicon behavior is comparable to that found earlier 
Where surface protection was afforded by sputtered 
Si3N4. While sheet carrier  concentrat ions for the p-  
type dopant Mg + appear l imited to --,1O 14 cm -2, values 
of ~5  X 1014 cm -2 are at ta inable with Si. It is con- 
cluded that no significant dopant  outdiffusion occurs, 
as the profiles of the s i l icon-implanted layers do not 
exhibit  any noticeable asymmetry  toward the surface. 

Manuscr ipt  submit ted Feb. 9, 1978; revised m a n u -  
script received May 28, 1978. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1979 JOURNAL. 
All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. 1, 1979. 

Publication costs of this article were assisted by the 
U.S. Air Force. 
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Mechanical Stress and Electrical Properties of 
MNOS Devices as a Function of the 

Nitride Deposition Temperature 
R. Hezel 1 and E. W. Hearn 

IBM Data Systems Division, East Fishkill Facility, Hopewell Junction New York 12533 

ABSTRACT 

The mechanical  stress in  memory  qual i ty  silicon ni tr ide films, the lattice 
parameter  in  the silicon substrate, the index of refraction, the dielectric con- 
s tant  of the films, and the saturat ion shift of the flatband voltage under  
positive and negative gate voltages in MNOS devices (as a funct ion of the 
ni t r ide deposition temperature)  were studied in conjunct ion with the fixed 
interface charge density after fabrication. The ni tr ide layers were deposited 
by the reaction of SiI-~ and NI-I8 on [111] and [100] silicon in  the tempera ture  
range Irom U~0 ~ to 910~C. No signincant  depenaen~e of the properties on 
deposition rate and substrate or ientat ion was found. Index of refraction, 
dielectric constant, film stress, substrate lattice parameter,  and the ma x i mum 
shift of the flatband voltage show a common characteristic variat ion with dep- 
osition temperature,  with a m i n i m u m  between 710 ~ and 760~ The relat ion-  
ship of the s t ructural  and electrical properties is discussed. 

One objective of this paper  was to provide informa-  
t ion about the stress s i tuat ion present  in  th in  oxide 
MNOS memory  structures. Another  objective was to 
investigate the relationship between the mechanical  
stress both in films and substrate  and the fixed in te r -  
face charge density of the as grown structures prior 
to any  electrical stress. Similar  investigations have 
been done for MOS structures (1, 2); however, the 
stress in the oxide layer  is much lower than the ni t r ide 
stress in  MNOS structures.  

Exper imenta l  data are given and correlations are 
at tempted between the fixed interface charge density, 
the max imum shift of the flatband voltage under  posi- 
tive and negative gate voltages, the mechanical  stress 

1 P r e s e n t  a d d r e s s :  I n s t i t u t  F u e r  W e r k s t o f f w i s s e n s c h a f t e n  u  
U n i v e r s i t y  of E r l a n g e n - N u e r n b e r g ,  8520 E r l a n g e n ,  G e r m a n y .  

K e y  w o r d s :  s i l icon  n i t r i d e ,  MNO~ m e m o r y ,  meehaz~lcal s t r e s s ,  
i n t e r f a c e  c h a r g e s .  

in the film, the effect on lattice parameter  of the sili- 
con substrate, the change in  index of refraction, and 
the dielectric constant of the ni t r ide films. These prop-  
erties were determined as a funct ion of deposition 
temperature  range from 640 ~ to 910~ ESCA studies 
were included to obtain the relative oxygen content  
of the ni t r ide film. 

Sample Preparation 
The silicon ni tr ide layers were deposited in  a hori-  

zontal resistance-heated reactor (hot wall) by the 
chemical reaction of silane and ammonia  with ni t ro-  
gen as the carrier gas. The NHJSiH4 ratio was 1000:1 
in the deposition tempera ture  range 640~176 Sili- 
con wafers 32 m m  diam [100] orientat ion (2~-cm p- 
type) and [111] orientat ion (10~-cm n- type) ,  both 
chem-mech polished, were used as substrates. Before 
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t2m ni tr ide deposition, the wafers were cleaned using 
boiling acetone and t r ichlorethylene NI-LiOH-H~O2 and 
HCI-H202 solutions. 

The ni tr ide layers were deposited directly on the 
nat ive oxide (approximately 15A in  thickness).  No 
special oxide growth t rea tment  was performed. 

Two separate deposition series (one year  apart)  
were made, both w i t h  [111] and [100] substrates, n -  
and p-type,  respectively. In  the first series (T = 653% 
765 ~ 828 ~ and 910~ separate depositions were made 
for each wafer  orientation,  whereas in  the second 
series (T = 640 ~ 657 ~ 728 ~ 775% and 885~ the films 
were deposited s imultaneously  on the [111] and [100] 
substrate. 

The average thickness of the ni t r ide layers was 
790A; the thinnest  layer  w a s  580A and  the thickest, 
840A. Uniformi ty  across the wafer was better  than 
• 5%. Thickness and index of refraction were mea-  
sured by ell ipsometry at a wavelength  of 5461A. 

Stress Measurements 
The film stress measurements  were made by mea-  

sur ing the substrate radius of curvature  with an x - ray  
diffraction technique (3). The convention used for ten-  
sile and compressive films was: If the film length tends 
to contract and is restrained from doing so by the sub- 
strate, the film is in  a state of tension. Conversely, if 
the film tends to expand, i t  will be placed under  a 
compressive stress by the substrate. 

Silicon ni tr ide is in  tension. The magni tude  of the 
curvature  is related to the film stress by  (4) 

ts 9' Es 

6tfR 1 -- Vs 

where q- = tension; -- = compression; ts = substrate 
thickness; tf = film thickness; R = radius of curva-  
ture;  Es =- Young's modulus  for silicon; and Vs = 
Poisson's ratio for silicon. 

The values oI/~s/1 -- Vs for [100] and [111] used were 
1.8 • 10~ and 2.3 X 1O TM dynes /cm ~, respectively. 
These were obtained from calculated values in  Re/. 
(4, 5). 

Determinat ion  of the lattice spacings was made us- 
ing the Bond method of the Apex uni t  described in 
Ref. (6) using the a l ignment  procedure suggested in  
Ref. (7). The d spacing of the (444) planes were mea-  
sured for both substrate  orientations. The [111] sub-  
strates provide a symmetr ic  or ientat ion of the mea-  
sured planes relative to the sample surface, while the 
[100] substrates provide an asymmetric  orientation. 
The accuracy of this a r rangement  has been measured 
on a s tandard sample of [111] silicon for the (444) re- 
flections. This value of ao = 5.430611 q- 0.000003A has 
been reproduced over a one year  t ime period. The 
deviation over the short durat ion of tnis experiment  
is shown by the error bars in  the data plot. 

The measured values of d spacing were not cor.- 
rected except for temperature  normalizat ion since the 
s tandard corrections used in  the Bond method are 
insignificant for this investigation, especially if re la-  
tive values are considered. 

Electrical Measurements 
Standard  high frequency (1 MHz) C-V measure-  

ments  were performed to secure informat ion about the 
charge density in the MNOS structure. The following 
relat ion was used 

Qrr 
VFB=r - - d N  

eOeN 

where VFS is the flatband voltage, Qs is the charge 
density present at the SiO2/Si~N4 interface, ~0 is the 
permJttivity of free space, ~N is the relative dielectric 
constant, and dN is the thickness of the nitride layer. 
~MS is the work function difference between the metal 
electrode and silicon. 

The application of the simple relat ion above instead 
of the exact equation for the MNOS s t ructure  given 
in Ref. (8, 9) is justified by the following arguments :  
(i) According to our experiments,  oxide charge and 
surface state density at the Si/SiO~ interface are 
negligible (H2 anneal ing dur ing ni t r ide deposit ion);  
(if) The charges (of density QN) of the as-grown 
structure, prior to any electrical stress, are located at 
the SiO2/Si3N4 interface (8, 9). (Liquid Ga- In  elec- 
trodes were used instead of A1 to avoid postdeposition 
anneal ing and possible stress contr ibutions due to the 
metal.) 

The relative dielectric constant of the silicon ni t r ide  
films was calculated from the capacitance in  the ac- 
cumulat ion region of the C-V characteristic curve and 
the dimensions of the structures (evaporated Al-con- 
tacts were used for this de terminat ion) .  

In this study, CMS = --0.1V was determined experi-  
menta l ly  for the Ga- In  alloy and nSi, 10a cm, from 
the l inear  relationship between VFB and tiN. To obtain 
the t rue  QN values from the C-V curves, special care 
was taken not to apply gate voltages appreciably ex- 
ceeding the flatband voltages to prevent  changes in 
VFB by charge inject ion into the nitride. 

The charge storage window measurements  were 
performed oy re~orcting the flatband voltage shifts 
under  both positive and negative gate bias. Star t ing 
from the C-V curve of the as-grown MNOS structure,  
a positive voltage was applied to the gate for tp -- 2 
rain ~EN = 5 X 106 V/cm),  the curve shifted to VEto. 
Then a negat ive voltage of the same magni tude  and  
time was applied, shifting the curve to VFB2. Increasing 
the biasing time, no fur ther  shift occurred. (Vfsl  -- 
VFB2) therefore represents the saturat ion width of the 
charge window for the voltage applied. 

Results and Discussion 
Stress data.--The stress in  silicon nitr ide films is 

considered to be the sum of the thermal  stress Cth and 
the intr insic  ~i. The thermal  stress is directly propor-  
t ional to the difference in  the thermal  expansion co- 
efficients of ni t r ide and silicon and  to the difference 
between deposition tempera ture  and measur ing tem- 
perature  (10). Stress measurements  performed exactly 
at the deposition tempera ture  would enable deter-  
minat ion of the pure intr insic  stress component sep- 
arately. Such measurements  were performed in  Ref. 
(10), showing that the (compressive) thermal  stress 
~th is only a small  Iract ion (1/10) of the (tensile) 
intrinsic stress in  the silicon ni t r ide films. Taking this 
into account, the assumption may be made that the 
room temperature  stress is main ly  due to the intr insic  
stress in the ni t r ide films. 

In  Fig. 1 the nitricte film stress (tensile) is shown as 
a funct ion of deposition temperature  for both [ l l l J  
and [100] substrate  orientat ions and two different 
deposition series. No significant dependence on the 
deposition rate was found (compare series 1 and 2). 
The stress shows a similar dependence upon deposi- 
t ion tempera ture  as the index of refract ion (Fig. 2) 
and the dielectric constant (Fig. 3), indicating that  the 
measured room tempera ture  stress is a function of the 
s tructure and /or  composition of the ni t r ide films. 

In  Fig. 4, the d-spacing values of the (444) planes 
of a [100] oriented substrate are shown as a funct ion 
of deposition temperature.  The character of the curve 
for the [111] case is inver ted from that  of the [100] 
case shown in  Fig. 2. The explanat ion for the in-  
version is as follows: The ni tr ide film is in  tension; 
this places the substrate under  compression. The 
d values of the asymmetric  planes relat ive to the sur-  
face in compression are decreased relat ive to either 
the uns t ra ined case or the case of a strained [111] 
oriented substrate (11). The inset in  Fig. 4 schemati-  
cally depicts this arrangement .  

The higher the tensile stress in  the film, the more 
compressive is the stress in  the substrate and the 
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Fig. 2. Index of refraction of silicon nitride films on silicon as a 

function of deposition temperature. 

smaller the d spacing. This is in agreement with our 
results (compare Fig. 1 and 2). Thus, these measure- 
ments have shown that the lattice parameter, and 
hence the stress introduced into the Si-substrate by 
the nitride film, follows a similar dependence upon 
deposition temperature as the stress in the film. 

Finally, when one assumes the [100] and [111] ori- 
entations to have the same E / 1  - -  v value as sug- 
gested in (2), the stress v s .  deposition temperature 
curves separate for both orientations, where the 
[111] curve is lower in value than the [100]. However, 
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Fig. 3. Dielectric constant of silicon nitride films on silicon as n 
function of deposition temperature. 
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Fig. 4. (a) Schematic diagram showing tile co ntraction of th~ 
(444) lattice planes caused by the stress in the film (high stress- 
low d values); (b) Interplanar spacing values of the (444) planes 
of a [100] Si substrate covered with silicon nitride as a function 
of the nitride deposition temperature. 

when one uses the calculated values of Ref. (3,4), 
these curves are nearly superimposed as shown in 
Fig. 1. The stress, then, in the film is approximately 
the same for both substrate orientations. However, 
the magnitude of the substrate warpage is dependent 
on the different elastic constants for each orientation. 

The dependence of the film stress upon deposition 
temperature in the temperature region from 600 ~ to 
900~ was investigated by several authors [Ref. (10, 
12-14)]. In all cases, different deposition parameters 
and nitride layers much thicker (2000-5000A) than 
the ones actually applied in memory structures were 
used for the investigations. Studies reported in Ref. 
(10) and (13) found that the stress in the nitride film 
is decreasing with increasing deposition temperature, 
while Aboaf (12) reports an independence of the 
stress and deposition temperature between 500~176 

Deposition Rate 
In Fig. 5, the effect of deposition temperature on 

deposition rate is shown for the two deposition series 
and substrate orientations. The deposition rates as 
well as their temperature dependence are different for 
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Fig. 5. Deposition rate of silicon nitride films on silicon as a 
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the  two series. F rom the  log ra te  vs. 1/T plots, ap -  
pa ren t  ac t iva t ion  energies  were  de te rmined  to be 6.! 
kca l /mo le  for series 1, and 15 kca l /mo le  for series 2. 

The reasons for  the  differences a r e  pa r t l y  due to 
different  amounts  of ammonia  and si lane (wi thout  
changing thei r  ra t io)  and pa r t ly  due to the proper t ies  
of the hot  wal l  deposi t ion sys tem itself. The deposi-  
t ion ra te  can be va r i ed  by  p rope r ly  posi t ioning the 
wafers  wi th in  the  constant  t empera tu re  region toward  
the  edges of the  opt imal  deposi t ion zone (15). These 
differences make  i t  possible to s tudy the influence of 
the  deposi t ion ra te  on the  n i t r ide  l aye r  p roper t ies  
over  the whole  t empe ra tu r e  range. 

The independence  of stress and  index  of re f rac t ion  
wi th  respect  to deposi t ion ra te  points  to the  fact  tha t  
the  deposi t ion ra te  in the  range  used here  has only 
l i t t le  or  no influence upon the s t ruc ture  of the  n i t r ide  
films. This resul t  is in agreement  wi th  Aboaf 's  resul ts  
(12), bu t  opposi te  to I rene ' s  .(13), w h e r e  the  stress 
was observed to decrease for decreasing deposi t ion 
rate.  The different  expe r imen ta l  condit ions m a y  be 
responsible  for  the resul ts  ci ted in Ref. (13), where  
forming gas was used as ca r r i e r  gas, the  NI-IJSiH.~ 
rat io  was much lower  (150:1), the index  of re f rac -  
t ion was much higher ,  and layers  of 2O00A and 
th icker  were  used. 

Index of refraction.--Figure 2 shows the  ref rac t ive  
index  (n) as a funct ion of deposi t ion t empe ra tu r e  for 
ni t r ide  layers  deposi ted on [111] and [100] Si wafers.  
Higher  values of n at  low deposi t ion t empera tu re s  
pass th rough  a m in imum and  f inal ly increase  to h igher  
n values wi th  increas ing tempera ture .  A s imi lar  be -  
hav io r  was found for  the  different  deposi t ion series 
and subs t ra te  orientat ions.  

I t  is impor t an t  to note tha t  the  n values  are  not  
dependent  on the deposi t ion ra te  (see series 1 and 2). 
They  increase wi th  increas ing deposi t ion t empera tu re  
beyond the  minimum. In Ref. (16), only  a s l ight  in-  
crease of n in the  same t empe ra tu r e  range  was found, 
whereas  those values  pub l i shed  in Ref. (17) a re  de -  
creasing s teadi ly  f rom n = 20 at  700~ to n --- 1.97 
at  850~ In  Ref. (17), a cold wal l  deposi t ion sys tem 
and a lower  NI-~/SiI-I4 rat io  were  used. Values  of n in  
the  same range  be tween  1.8 and 1.9 were  repor ted  by  
Duffy and Kern  (18) using s imi lar  deposi t ion condi-  
t ions as in the  presen t  work.  However ,  most  of the  

publ i shed  values  of the  index ref rac t ion  of sil icon 
ni t r ide  a re  close to 2.0. Some possible reasons for the  
observed lower  n values  and for  the deposi t ion  t em-  
pe ra tu re  dependence  repor ted  here  are  now discussed. 

According to the re la t ive ly  high NI - IdS i I~  rat io,  the  
films may  possibly  contain less Si compared  to the  
s toichiometr ic  composit ion SisN4, resul t ing  in lower  
values of n (17). The amount  of Si may  possibly  
change wi th  deposi t ion tempera ture .  

As shown in Ref. (19), oxygen incorpora t ion  into 
the  n i t r ide  films dur ing  deposi t ion could be another  
reason for the  var ia t ion  and especia l ly  for  the  low 
values of n. Oxygen  was not  in ten t iona l ly  in t roduced 
dur ing  growth,  bu t  i t  is l ike ly  tha t  our  sys tem con- 
ta ined  enough oxygen to produce  an oxy-n i t r ide ,  espe-  
c ia l ly  by  the amount  of wa te r  in t roduced by  the am-  
monia  gas. 

ESCA measurements  (20) were  made,  and confirm 
tha t  oxygen  is present  and var ies  wi th  the  deposi t ion 
t e m p e r a t u r e  as shown in Fig. 6. The oxygen content  
var ies  inverse ly  wi th  the  index  of refract ion,  as ex-  
pected. 

Thus, as in the case of the  re f rac t ive  index,  the 
min imum in the s t ress-deposi t ion t empe ra tu r e  curve 
in Fig. 1 may  also be a t t r i bu ted  to the  increased oxy -  
gen concentrat ion of the  n i t r ide  films deposi ted in the 
t empe ra tu r e  range  700~176 F igure  7 shows tha t  
the  oxygen  content  is h igher  a t  the  surface and de -  
creases to a constant  level  a f te r  about  5 rain (50A) cf 
etch time. 

Since an increase  of n wi th  film thickness in the  
range of 600-1500A was observed in the  course of the  
present  work,  the thickness has to be  t aken  into ac-  
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count if comparisons are  made  be tween  the n values of 
different  authors.  

The  re la t ive  dielectr ic  constant  of the n i t r ide  layers  
was de te rmined  for  the [111] or iented samples  of 
series 2 as a funct ion of deposi t ion tempera ture ,  and 
the  resul ts  are  shown in Fig. 3. Uncer ta in t ies  in ca-  
pacitance,  film thickness,  and e lect rode a rea  indicate  
an absolute  e r ror  up to 3%. A behavior  s imi lar  to that  
of the  ref rac t ive  index with  a pronounced min imum at 
730~ is obtained.  

In ter face  Charge  Density 
In  Fig. 8 the dependence  of the  in terface  charge 

dens i ty  on deposi t ion t e m p e r a t u r e  is shown for the  
two deposi t ion series wi th  [111] and [1O0] subs t ra te  
orientations.  For  comparison,  the  resul ts  repor ted  in 
(16) a re  also given. Within  a r e la t ive ly  na r row  tem-  
pe ra tu re  range there  is a r emarkab l e  decrease  of QN/q 
with increasing deposi t ion tempera ture ,  f inally chang-  
ing f rom posi t ive to negat ive  values  be tween  800 ~ and 
900~ Differences in the  absolute  values  exist ,  bu t  in 
genera l  the  dependence  on deposi t ion t empera tu re  is 
s imi lar  for al l  runs. Note especial ly  tha t  the  resul ts  of 
Ref. (16) are  in good agreement  wi th  those of series 
2. According to series 2 but  in contras t  to series 1, 
there  is no or ienta t ion  dependence of the interface 
charge density. The results  ot series 2 a re  more  re -  
l iable  in  this respect,  since the re  a re  more  da ta  points  
and the deposi t ions on the [111] and [100] subs t ra tes  
were  made  in the same run,  whi le  in series 1 separa te  
deposit ions were  made  for the two orientat ions.  

Stress-interSace charge density reIationship.--Ac- 
cording to Fig. 1, 2, 4, and 5 the decrease in charge 
dens i ty  at  low deposi t ion t empera tu res  corresponds to 
a decrease in  the  re f rac t ive  index,  the  die lect r ic  con- 
stant,  the film stress, and the stress in the substrate.  In  
this range,  the most significant change of the  in te r -  
face charge dens i ty  occurs unt i l  that  t empera tu re  at 
which stress and index of re f rac t ion  curves reach a 
minimum. It  m a y  be specula ted  that  this min imum 
corresponds to a turn ing  point  in  the charge densi ty  
vs. deposi t ion t empe ra tu r e  curve. Beyond this point,  
the  fu r the r  decrease in charge  densi ty  is s lowed down, 
f inal ly changing f rom posi t ive to negat ive  values. 
Since in the t empera tu re  range beyond this possible 
turn ing  point  both the stress and index  of ref rac t ion  

values increase,  a different  process seems to be re -  
sponsible for the  in ter face  charges. Thus, the  charge 
densi ty  vs. deposit ion t empera tu re  curve (Fig. 8) p rob-  
ab ly  represents  the superposi t ion of two or even more  
curves, each caused by  different  phenomena.  There-  
fore, a s imi lar  pos tu la t ion  as expressed for the  case of 
MOS s t ructures  in Ref. (1) may  also be just if ied for  
the MNOS st ructures  tha t  both posi t ive and negat ive  
charges are  present  at  the interface,  the i r  respect ive 
amounts  va ry ing  wi th  deposi t ion tempera ture .  

I t  is in teres t ing  to compare  these resul ts  wi th  the 
data  of Ste in  and Wells  (21), shown in Fig. 9. They 
measured  the hydrogen  bonding in sil icon n i t r ide  by  
mul t ip le  in te rna l  reflection spectroscopy as a funct ion 
of deposi t ion t empera tu re  be tween  700 ~ and 900~ 
N-H bonding was observed in al l  films, whereas  S i -H  
bonding decreased wi th  increasing t empera tu re  and 
was not observed in films deposi ted at  900~ The 
interface  charge dens i ty  (Fig. 8) is decreasing in the 
same t empera tu re  range and also becomes zero be-  
tween  800 ~ and 900 ~ C, changing f rom posi t ive to nega-  
t ive values. 

Fur the rmore ,  anneal ing  of these n i t r ide  samples  
above the deposi t ion t e m p e r a t u r e  in n i t rogen (22) 
and subsequent  ana ly t ica l  invest igat ions  by  low en-  
e rgy  e lec t ron loss spectroscy (ELS) (23) showed a 
s imi lar  result ,  namely,  tha t  wi th  decreasing hydrogen  
bonding (pa r t i cu la r ly  S i -H)  an increase  o~ film stress 
along wi th  a s imultaneous decrease  of posi t ive charges 
occurs. In Ref. (24), changes of severa l  film p rop -  
ert ies upon anneal ing  are  a t t r ibu ted  to a densifi- 
cation of the  n i t r ide  films. 

Thus, wi thout  knowing the deta i led  mechanism, i t  
can be assumed tha t  hydrogen  in the n i t r ide  film 
(produced by the SiH4-NH3 react ion)  is a t  least  pa r t ly  
responsible  for  the  stress and charge var ia t ion  wi th  
deposi t ion tempera ture .  

But, s imilar  to the  Si/SiO2 system, a definite s t ress-  
in terface  charge re la t ionship  cannot  be es tabl ished for 
the MNOS s t ructures  under  invest igat ion,  since i t  is 
unknown whe the r  (i) the changes in  s t ructure  a n d / o r  
composit ion of the  film or; (ii) the changes in film 
stress, account for the  in terface  charge dens i ty  va r i a -  
t ion with  deposi t ion tempera ture .  

Switching data.--To demons t ra te  the m e m o r y  qua l -  
i ty  of n i t r ide  films under  invest igat ion,  the  sa tura t ion  
shift  of the C-V curves for  both  posi t ive and negat ive  
gate  vol tages were  de te rmined  as a funct ion of n i t r ide  
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deposi t ion t e m p e r a t u r e  (Fig. 10). F r o m  these curves 
the posi t ion of the  sa tura t ion  window re la t ive  to 
the  vol tage  axis and re la t ive  to the ini t ia l  f latband 
vol tage can be determined.  As an inser t  in 
Fig. 10, or ig inal  C-V curves are  shown before  
and af ter  appl ica t ion  of posi t ive and negat ive  voltages. 
No significant d is tor t ion of the  curves due to fast  
surface states could be detected.  In  Fig. 11 the  width  
of the  sa tura t ion  window ( V F B  1 - -  VBF2) as de te r -  
mined f rom Fig. 10 is p lo t ted  as a function of n i t r ide  
deposi t ion tempera ture .  The wid th  and the posi t ion of 
the sa tura t ion  window shows a s imi la r  dependence  
upon deposi t ion t empe ra tu r e  as the stress in  film and 
substrate ,  the  index of refract ion,  and the dielectr ic  
constant.  An  especia l ly  pronounced m a x i m u m / m i n i -  
m u m  was found be tween  740 ~ and 760~ sl ight ly 
lower  in t empe ra tu r e  than  the min imum shown in 
Ref. (16) for the  m a x i m u m  posi t ive  s tored charge for 
negat ive  ga te  voltages. 
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I t  is wel l  known from charge  eentroid  studies 
the t raps  are  not  only  presen t  at the  SiO2/SijN4 in te r -  
face but  are  spa t ia l ly  d i s t r ibu ted  deep into the  bu lk  
of the n i t r ide  (25, 8). These resul ts  can be t aken  as 
another  piece of evidence tha t  the  m e m o r y  proper t ies  
a re  co r re l a t ed  to the  s t ruc ture  a n d / o r  composi t ion 
of the n i t r ide  film. 

Summary and Conclusions 
Memory -qua l i t y  si l icon n i t r ide  films were  deposi ted 

in a hot wal l  reac tor  by  the react ion of si lane and 
ammonia  on [111] "and [100] sil icon substrates,  n-  and 
p- type ,  respect ively.  The deposi t ion t e m p e r a t u r e  
ranged  f rom 640 ~ to 910~ and the average thickness  
of the  n i t r ide  layers  was 700A. Index  of refract ion,  
dielectr ic  constant,  stress in the  film, and the in te r -  
p l ana r  spacing in the  sil icon subs t ra te  toge ther  w i t h  
the fixed in ter face  charge dens i ty  of the  a s -g rown 
samples  and the sa tura t ion  shift  of the  f la tband vo l t -  
age under  posi t ive and negat ive  gate voltages in the 
corresponding thin  oxide  MNOS s t ructures  were  m e a -  
sured as a function of deposi t ion parameters .  

No significant dependence of these proper t ies  on the 
deposi t ion ra te  and subs t ra te  or ienta t ion  was found. 
Index of refract ion,  dielectr ic  constant,  film stress, d 
values in the  substrate,  and the m a x i m u m  shift  of the  
f latband vol tage show a s imi lar  character is t ic  dep-  
osition t empera tu re  dependence  wi th  a m in imum be-  
tween 710 ~ and 760~ The var ia t ions  in  film stress and 
stress in the  subs t ra te  as wel l  as those of the  switching 
proper t ies  are  therefore  ve ry  l ike ly  due to changes in 
s t ruc ture  and /o r  composit ion of the  n i t r ide  films. The 
interface  charge densi ty  vs. deposi t ion t empe ra tu r e  
curve may  be character ized by  a sharp decrease at  
low tempera tures ,  a tu rn ing  point, and a lower  de-- 
crease at  h igher  tempera tures ,  f inal ly changing f rom 
posi t ive to negat ive  values be tween  800 ~ and 900~ 
The posit ion of the tu rn ing  point  p robab ly  corre-  
sponds to the  min imum of the  film stress and index of 
refract ion.  I t  may  be assumed tha t  both  posi t ive and 
negat ive  charges a re  presen t  at  the interface,  the i r  
respect ive  amounts  changing wi th  tempera ture .  

No definite s t ress - in te r face  charge  re la t ionship  can 
be es tabl ished for the  MNOS s t ruc ture  since it is un-  
known whe the r  s t ruc ture  a n d / o r  composit ion of the 
films or the film stress i tself  account for the in terface  
charge densi ty  var ia t ion  wi th  deposi t ion tempera ture .  

Hydrogen  in t roduced dur ing  the s i l ane -ammonia  
react ion into the n i t r ide  films is assumed to s t rongly  
influence the  proper t ies  of MNOS devices. 
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Interactions Between Cr and Pt Films: 
New Cr-Pt Phases 

J. Baglin,* F. d'Heurle,* and S. Zirinsky 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

Thin  film studies are f requent ly  concerned with the characteristics of 
metastable alloy phases. However, the analysis of diffusion in  th in  film couples 
can lead to new contributions to the unders tanding  of the equi l ibr ium state. 
In  Cr-Pt  films new ordered phases Pt3Cr and PtCr  have been found. PtCr is 
slightly tetragonal.  

Thin  film deposition techniques are often used for 
the preparat ion of metastable phases, especially amor-  
phous ones, which can be produced in bulk  only 
by means of drastic procedures such as extremely 
rapid cooling (1). [The early interest  in amorphous 
alloy films (2-4) continues to the present day when 
the s tudy of amorphous Si films (5) and that of 
amorphous magnetic  films (6) can almost be con- 
sidered to constitute independent  disciplines.] Evi-  
dence is presented here that  by the study of diffusion 
between Cr and Pt films significant additions to the 
existing Cr-Pt  equi l ibr ium diagram could be obtained. 
These additions are believed to be consistent with 
thermodynamic  requirements,  with the theory of or-  
dering transformations,  and with crystallography. It 
may be that, at least in  this one case, equi l ibr ium 
conditions can be more easily reached in films than 
in bulk  samples, where stresses could hinder  certain 
phase transformations.  The emphasis here is placed 
on equi l ibr ium characteristics. Considerations about 
the kinetics of diffusion in Cr-Pt  thin film couples 
have been presented elsewhere (7-9). 

Experimental Procedures 
For diffusion studies at low temperatures  (about 

500~ the films were deposited from e-beam sources 
onto oxidized Si wafers at 200~ the pressure during 
deposition being in  the low 10 - s  Torr  range (obtained 
through the use of a l iquid N2 shroud surrounding 
the inside of the deposition chamber) ,  at a rate of 
about  20 A/sec. A few diffusion studies were carried 
out at high temperatures  (about 1000~ with films 
deposited onto sapphire wafers, at a pressure in the 

* Electrochemical Society Active Member. 
Key words: equilibrium diagram, Cr-Pt phases, ordering trans- 

formation, backscattering analysis, structure of CrPt, thin films of 
Cr-Pt, diffusion in Cr-Pt. 

10 -7 Torr range. The films were always deposited 
in the sequence Cr then Pt, without  breaking the 
vacuum. The film thicknesses were usually:  Cr-1600A, 
Pt-2000A or Cr-4000A, Pt-4800A, for a nominal  over-  
all composition near  50 atom percent (a/o) .  The films 
were subsequently heat- t reated in an atmosphere 
of highly purified He obtained by flowing the gas 
over a hot t i t an ium bed. Most of the anneal ing  t reat-  
ments  were carried out for times of 0.5, 2, 8, 32, and 
up to 128 hr, at temperatures  from 420 ~ to 580~ in  
steps os 40~ 

The films were analyzed by backscattering of 2.6 
MeV He ions, and by x - ray  diffraction. The s tandard 
x - r ay  diffractometer equipped with a Cu tube was 
also equipped with a post sample monochromator  
(bent  graphite crystal) which in  the present  case 
was par t icular ly  useful in e l iminat ing fluorescence 
from Cr in the samples. Computer  control of the 
diffractometer made it possible to use long counting 
times when good statistics were required to reveal  
details of s t ructure  which could be lost in old recorder 
tracings. Care was exercised to check for traces of 
oxidation (which were not detected),  and for reaction 
of the films with the substrates. In  only one of the 
samples used, after 2 hr  at 580~ was any reduct ion 
of SiO2 by Cr observed. Even in  this case there was 
no indication of any  overlap between Cr and Pt in 
the backscattering spectrum, so that  any interference 
with the Cr-Pt  reaction was judged to be negligible. 
Yet, of course, this interact ion at 580~ dictated the 
use of sapphire substrates for any studies conducted 
at high temperatures.  

Results 
Phases formed at 400~176 series of spectra 

from the backscattering experiments  are presented 
superimposed on one another  in Fig. 1. The spectra 
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Fig. 1. Superimposed backseattering spectra for thin and thick 
samples (Cr: 1600, 4000.& and Pt: 2000, 4800A) annealed for 
times varying from 0.5 to 32 hr at temperatures from 460 ~ to 
580~ (Note some overlap of the Cr and Pt parts of the spectra 
for the annealed thick samples). 

correspond to both thin and thick samples (Cr-1600A, 
Pt-2000A and Cr-4000A, Pt-4800A) annealed for pe- 
riods ranging from 0.5 to 32 hr at temperatures  from 
460 ~ to 580~ The dist inguishing feature os these 
overlapped spectra is the presence os discrete plateaus 
corresponding to specific compositions: As indicated 
by the arrows these are Pt~Cr and PtCr, shown in 
contradist inct ion to the pure Pt. Similar features are 
shown in Fig. 2 s a thin sample annealed in similar  
conditions; there the discrete Cr levels are clearly 
shown. They correspond to concentrat ions os 25 and 
50 a/o Cr. 

The presence of two different and distinct phases, 
with specific compositions, in these samples is con- 
firmed by the results of the x - r ay  diffraction observa- 
tions. In Fig. 3 the (111) and (200) peaks for a thin 
sample annealed for 8 hr at 500~ are shown. Two 
distinct sets of peaks are evident. Their respective 
positions correspond to two phases with two different 
lattice parameters,  both of which are smaller than 
the lattice parameter  of Pt. For ease os identification 
the positions of the (111) and (200) diffraction peaks 
for Pt  have been indicated on Fig. 3 by two arrows 
(on top of the figure). The two phases are ordered 
as shown by the presence of many  superlatt ice lines 
which are listed in Table I for the same sample (thin, 
8 hr  at 500~ While the intensities of the different 
lines (see Table I) varied with the heat- t reatments ,  
the lattice parameters  of the two phases remained 
constant  wi thin  the limits of exper imental  accuracy: 
_+0.002A. Since the lattice parameters  were measured 
at room tempera ture  on samples annealed at elevated 
temperatures,  the true lattice parameters  must  be 
estimated by taking into account the strains that 
developed dur ing  cooling as a result  of the different 
thermal  expansion coefficients of the film mater ial  
and the substrates (10). For the films deposited on 
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Fig. 2. Backscattering results showing discrete Cr levels. (These 
correspond to the Pt levels displayed in Fig. 1.) 
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Fig. 3. The (111) and (200) diffraction peak,s for CrPt3 (low e) 
and CrPt for a sample annealed at 500~ for 8 hr. 

Si wafers, the quanti t ies required for making the 
lattice parameter  corrections are: the expansion co- 
efficients of Si (3.2 • 10-6/~ (11), and of the 
Cr-Pt  alloys, and the Poisson ratio for these alloys, 
which will be assumed to be 0.33. The expansion co- 
efficient of the alloys is l ikely to be close to those 
of the pure metals (8.4 X 10-6/~ and 9.1 X 10-~176 
respectively, for Cr and Pt)  (12). For films cooled 
from 500~ to room temperature  the correction to be 
added to the measured lattice parameters  is about 
~0.010A. Thus the final value for the lattice dimen-  
sion of the two phases in Table I would be 3.877 
__+ 0.005 and 3.825 ___ 0.005A. The respective composi- 
tions can then be determined from the comparison 
of these lattice parameters  with the values listed in 
the l i terature for Cr-Pt  alloys. Such values (13) have 
been plotted in Fig. 4, where one can see that the 
desired compositions are very close to 25 and 50 a/o Cr. 

It is to be noted that in  all  of these samples with 
an over-al l  composition close to 50 a/o, and annealed 
in a range of temperatures  near  500~ the Cr-r ich 

Table I. Lattice spacings d (A) and x-ray diffraction peak 
intensities I for Pt~Cr and PtCr 

Phases  Peak  intensit ies  

PtsCr 1 P tCr  2 2-500* 8-500 22-460 

hki  d hkl  d 1 2 1 2 1 2 

100 3.81 130 400 400 
110"* 3.835 110"* 3.835 170 170 450 450 250 250 
111 3.866 1650 1125 700 

111 3.818 450 1200 1000 
200 3.860 400 300 300 

200 3.814 150 400 400 
201 3.863 10 15 10 

20l 3.817 30 100 i00 
112 3.859 10 10 10 

112 3.814 30 70 70 
003 3.818 30 20 20 
310 3.815 10 12 10 

113 3.870 200 125 100 
113 3.814 60 140 135 

222 ~.868 40 25 15 
222 3.817 10 25 25 
023 3.813 *** 25 10 
312 3.815 - -  10 10 

400 3.868 15 10 5 
400 3.815 - -  10 10 
401 3.817 -- 10 10 
330 3.816 -- 10 10 

331 3.870 45 25 20 
331 3.815 5 40 35 

420 3.866 40 25 15 
420 3.818 5 35 35 

* 2-500 m e a n s  2 h r  a t  500~ 
* * Th e  spacing is exact ly  ha l f -way b e t w e e n  Pt~Cr 

dicat ing u n r e s o l v e d  s u p e r i m p o s e d  diff ract ion peaks .  
* * * Missing peak,  too  weak  to be identified. 

and P tCr  in- 
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phase/~, wi th  app rox ima te ly  80 a /o  Cr, was genera l ly  
undetectable ,  or was present  only  in very smal l  traces. 
This was t rue  in spite  of the fact  that  the in i t ia l  
t ransformat ion  of the  film couples into CrPt  and 
CrPts lef t  an excess of unreac ted  Cr. 

Compounds formed at ,~ lO00~ exper iments  
were  conducted wi th  the films deposi ted on sapphire  
subs t ra tes  and subsequent ly  annea led  in the vic ini ty  
of 1000~ It  is to be noted tha t  the ini t ia l  adhesion 
of the  films to sapphi re  was ex t r eme ly  good. Bonding 
be tween  Cr and A12Os is sufficiently s t rong to cause 
Cr a toms to adopt  ep i tax ia l  posi t ions wi th  respect  
to c-axis  sapphi re  (14). However ,  fol lowing hea t -  
t r ea tmen t  in a range of t empera tu re  f rom 600 ~ to 
700~ the films would  peel  off thei r  subs t ra tes  when 
moved f rom the hot  to the cool zone of the  anneal ing  
furnace.  F i lms  annea led  above  800~ cont inued to 
adhere  well  to thei r  substrates ,  a l though p r e su ma b ly  
the  stresses developed in such films should be h igher  
than  in films annealed  at  lower  temperatures .  One 
may  hypothesize  tha t  at  high t empera tu res  Cr and 
AleO~ reac t  sufficiently to form a good chemical  bond 
be tween film and substrate,  even though the extent  
of the react ion is too l imi ted  to al low for detect ion 
by  the backsca t te r ing  technique.  Suppor t  for this p rop-  
osition can be found in the use of Cr for  the  s inter ing 
of a luminum oxide powder  and the repor t  that  Cr 
m a y  reduce A1208 wi th  the format ion  oE lower  A1 
oxides (15). Adhesion of a film on a subs t ra te  is the re-  
sult  of the compet i t ion be tween two effects: The 
s t rength  of the chemical  bonds across the in ter face  
and the shear  stresses tha t  develop at  the  in terface  
as a resul t  of the existence of compressive tensi le  
stresses in the film and substrate.  These l a t t e r  are  
a s t rong function of t empera tu re  because of the usual  
difference in expansion of the film and subs t ra te  ma-  
terials.  The na ture  of the in terface  chemical  bonds 
is also dependent  on t empera tu re ;  van der  Waals  
type  forces p robab ly  dominate  for films deposi ted 
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Fig. 4. The lattice parameters of Cr-Pt "solid solution" alloys 
according to P.ef. (13). The composition of the phases considered 
here can be derived from the three points with error bars. 

on re la t ive ly  " inert"  subs t ra tes  a t  low tempera tu re ;  
heat ing m a y  resul t  in s t ronger  ionic forces. The va r i a -  
t ions of adhesion wi th  t empe ra tu r e  due to the in t e r -  
p lay  of those two different  effects wil l  obviously  be 
ex t r eme ly  dependent  on the mater ia l s  in question. 
In  the case in hand, it  must  be p resumed that  at  low 
tempera tu res  the stresses are  sufficiently weak  to 
a l l o w  good adhesion, while  at  high t empera tu res  the 
bonding is sufficiently s t rong to give the same result .  
At  in te rmedia te  tempera tures ,  about  700~ appa ren t ly  
the stresses have increased considerably  whi le  the 
bonding remains  l imited,  resul t ing in an  ove r -a l l  
lack  of adhesion of the Cr -P t  film to the sapphi re  
substrates.  Note that  here  the film stresses are  func-  
tions not only of the expansion coefficients but  also 
of the volume changes resul t ing f rom the interdiffusion 
of Cr and Pt. 

In  the films annea led  at  h igh t empera tu re s  s t ruc-  
tu ra l  reorganiza t ion  of the  different  components  (Cr, 
Pt, and the different  compound phases)  p reven ted  
the clear  identif icat ion of these components  by  back-  
scat ter ing exper iments  (as seen in Fig. 1 for films 
annea led  at  low tempera tu res ) .  When  the different 
products  of tile diffusion process cease to be disposed 
in layers,  but  ins tead tend to be d is t r ibu ted  in pa ra l l e l  
posi t ions normal  to the  substrate ,  backsca t te r ing  spec- 
t ra  can give only  the  over -a l l  composit ion of the  films 
but  no deta i led  information.  However ,  x - r a y  diffrac-  
tion resul ts  indicate  tha t  in films annea led  at  high 
temperatures ,  as wel l  as in those annea led  at  low 
tempera tures ,  different  o rdered  phases can be s imul -  
taneous ly  present  in  the  diffusion couples. CrPt  and 
CrPt3 were  ident if iable  in a sample  annealed  at 1010~ 
Moreover,  in  a sample  annea led  for  1 h r  a t  950~ 
three  phases were  Qetected. P tCr  wi th  a la t t ice  pa -  
ramete r  of 3.815A (uncorrec ted  for s t ress) ,  PtCr4 wi th  
a la t t ice  pa r ame te r  of 4.712A [complex cubic (13)] ,  
and a th i rd  phase wi th  a la t t ice  p a r a m e t e r  of 3.784A 
( face-centered-cubic ,  uncor rec ted) .  This th i rd  phase 
wi th  a s t rong (111) peak, but  also wi th  a weak  (210) 
super la t t ice  peak  (other  fundamenta l  peaks  were  pres -  
ent  as wel l ) ,  is a ppa re n t l y  ordered;  one mus t  ascribe 
to i t  the  fo rmula  PtCr3, even though its la t t ice  pa -  
r a me te r  indicates  that  i t  is too poor  in Cr to cor re -  
spond to an exact  s toichiometry.  As previously ,  i t  "is 
necessary  here  to consider  the  correc t ion  due to the  
difference in the rmal  expans ion  be tween  film and sub-  
s t ra te  for  t empera tu res  up to 1000"C. The respect ive  
coefficients are:  10.2 • 10-6/~ for P t  and 9,4 • 10-6/  
~ for  Cr (12), whi le  for r andom or ienta t ion sapphi re  
the  expansion coefficient must  be close to 7.6 • 10-6/  
~ (15). The correct ion to the  la t t ice  p a r a m e t e r  for 
these films is also found to be of the o rder  of 0.010A. 
Thus the la t t ice  p a r a m e t e r  of "CraPt" would be 
3.794 __ 0.005A, which corresponds to a composit ion 
of a p p r o x i m a t e l y  65 a /o  Cr according to Fig. 4. 
Final ly ,  the same three  phases Cr4Pt, CrsPt, and CrPt  
were  also identif ied in a more  contro l led  exper iment  
where  a sample  wi th  5400A Cr and 2600A Pt  (72 a /o  
Cr) was  annea led  for 1 h r  a t  1000~ 

Deta i led  s t ruc tu ra l  in format ion  was obta ined on a 
sample  containing 48.5 a /o  Pt  (analysis  by  back-  
sca t ter ing)  and annea led  at  h igh t e m p e r a t u r e  (1 h r  
a t  975~ for  complete  homogenizat ion.  Ind iv idua l  
diffract ion peaks were  scanned consecutively,  the 
counting t ime being increased (for improved  stat is t ics)  
wi th  decreasing m a x i m u m  peak  intensi ty.  The resul ts  
p resented  in Fig. 5 for  the (100), (110), (111), (200), 
and (221, 003) peaks are  ac tua l  peak  tracings,  wi thout  
averag ing  through da ta  points. The first three  peaks  
(100), (110), and (111) a re  quite sharp,  in the  next  
peak  (200, 002) one can see the ant ic ipated  spl i t t ing 
of the CuK~I-K~2 double t  on the high 0 side, however ,  
the  bulge  on the low 0 side is unexpec ted  for a t rue  
cubic s t ructure ,  indica t ing  a s t ruc tura l  deformat ion.  
A more obvious evidence of s t ruc tu ra l  peak  spl i t t ing  
is visible in the (221, 003) peak. Al l  o ther  diffraction 
peaks  a re  shown in the Appendix .  
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Discussion 
Dominant phases; key Jactors.--Ideally, at some 

point  in the process of homogenization of a diffusion 
couple one should observe all of the phases in equi-  
l ib r ium at the temperature  of annealing.  Such ideal 
conditions are rare ly  encountered in  actual  practice, 
where one finds that, depending on the temperature,  
some phases will  form in  preference to others in  
apparent  disregard of the equi l ibr ium indications 
to be gathered from phase diagrams (17). The dom- 
inance of one or several phases may be due to a 
mult ipl ic i ty  of factors. Some are related to equil ib-  
rium, such as the respective free energy of formation 
of the different phases since, other things being equal, 
one would anticipate the preferential  formation of 
that phase which has the lowest free energy. Others 
have their origin in  kinetic considerations, such as 
the relat ive ease of diffusion of the various com- 
ponents in  the different phases [see, for example, the 
analysis of phase formation in  A1-Ni (18)]. Moreover, 
one must  consider such factors as anisotropic growth 
rates, nucleation, and surface free energies (which 
in films will b e  related to preferred orientat ions) ,  as 
well as stresses due to volumetric  changes. Thus dif- 
fusion couples should not be expected to yield ex- 
haustive informat ion about equi l ibr ium diagrams. Yet, 
all  observations made on such couples must  be con- 
sistent with equil ibrium, and can deliver new informa-  
t ion where previous results remain incomplete (19). 

Equilibrium diagram; structures.--In the case at 
hand the equi l ibr ium diagram is shown in Fig. 6 
for the range of temperatures which is of interest. 
The existing part  of the diagram, which is based on 
a recent s tudy (20), has been drawn in the upper  
part, between 600 ~ and ll00~ It implies a continuous 
face-centered cubic s tructure from 45 a/o Pt to pure 
Pt, with a smooth t ransi t ion (second order t ransforma-  
tion) between the ordered and the disordered solid 
solutions of Cr in Pt. Such indications are not con- 
sistent with the present  diffusion results. 

For detailed informat ion about ordering reactions 
one may tu rn  to classical Studies, which stress ei ther 
statistical mechanics calculations (21) or thermody-  
namic relations (22), the lat ter  being more directly 
relevant  to the subject of this paper. In  summary,  
these studies indicate that, as found in  the Cu-Au 
system, the order-disorder  transit ions in AB3 and 
AB face-centered-cubic solutions are first order reac- 
tions which mandate  the presence of two phase fields 
in  the equi l ibr ium diagram, except at max imum order-  
ing temperature,  general ly  expected at the exact 

1200 

I000 

W 

80(D 
r 
U.J 
0._ ' 5 :  
i , i  ~- 600 

' I ' I I I ' / ' 

B 

B 
#+Pt 

f 1 ~  Pt 

ORDERED Pt t 

PtCr ~d 

400 , , , , , 
20 40 60 80 

PI CONCENTRATION (or.%) 
Fig. 6. The Cr-Pt equilibrium diagram. Above 600~ as presently 

existing (20). Below 600~ modifications mandated by this study. 

l 

100 

stoichiometric concentrations. In the AB case the 
mat ter  is made more explicit since the ordered phase 
must  have a lower crystal symmetry  than the dis- 
ordered face-centered-cubic solid solution, since it  
is impossible to conceive of a simple fcc s t ructure  with 
order at the 50% composition. For example CuAu is 
tetragonal  with a l ternate  layers of Cu and Au on 
the (001) planes, and CuPt is reported to be rhom-  
bohedral, with al ternate  layers of Cu and Pt on the 
(111) planes (23). Thus even if the ordered phase 
CrPt  were found to be seemingly cubic, its t rue sym- 
metry  would not be cubic, but  perhaps tetragonal  
with c -- a. 

The diffraction results obtained with the sample 
containing 48.5 a/o Cr indicate that CrPt  is very 
slightly tetragonal,  not rhombohedral .  This judgment  
is largely based on the relat ive sharpness of the 
diffraction peaks (111) and (222) relat ive to their  
neighbors. Moreover if one assumes an AuCu type 
of s t ructure (pseudo face-centered-tetragonal ,  with 
al ternate layers of Cr and Pt atoms along the c axis) 
the allowed diffraction peaks would be those for which 
h 4- k -- 2n. Then the following reflections should 
be sharp: (001), (110), (111), (201), (112), (310), 
(222), (203), (312), (401), (421), and (332); while 
these reflections should be broad: (200-002), (220- 
202), (221-003), (400-004), (114-330), (313-331), (420- 
402-204), and (422-242). This can be observed to 
conform with the exper imental  results (see Appendix) .  
By least squares calculations and the use of a Nelson- 
Riley extrapolat ion the lattice parameters  (uncor-  
rected for stress) were found to be a -- 3.822A and 
c : 3.811A from the d spacings for the sharp peaks. 
[These values, obtained with the computer-control led 
diffractometer and good statistics, are to be preferred 
to the previously reported ones (3.825 and 3.809A) 
obtained by visual reading of diffraction angles from 
a chart record (8)]. Even taking into account respec- 
t ively the difference in  atomic diameters between 
Cr and Pt (2.54 and 2.76A) and the difference between 
Cu and Au (2.56 and 2.88A), one can see that  the 
c/a ratio for CrPt  is much closer to 1.0 than would be 
anticipated on the basis of CuAu, since for this com- 
pound the lattice parameters  are a ---- 3.960A and 
c ---- 3.670A. 

To establish concentrat ion boundaries for the dif- 
ferent Cr-Pt  phases referred to in this paper is be- 
yond the scope of the present  study. For the phases 
formed at low temperatures,  in the vicinity of 500~ 
exper imental  results indicate that  the limits should 



1858 J. Electrochem. Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  N o v e m b e r  1978 

be quite narrow.  The slopes of the t races correspond-  
ing to the two compounds in Fig. 1 are  indicat ive  of 
n a r r o w l y  defined composit ion limits,  a l though per -  
haps  a case could be made for the existence of CrPt8 
wi th  an excess of Pt. CrPt,  on the o ther  hand, appears  
to be ex t r eme ly  n a r r o w l y  defined, regardless  of the 
presence of both CrPt3 and res idual  unreac ted  Cr. 
The evidence der ived  f rom the x - r a y  diffract ion pa t -  
terns points  in the  same direction.  The la t t ice  p a r a m -  
eters  of coexist ing phases of CrPt~ and CrPt  indicate  
composit ions quite close to 25 and 50 a /o  Cr, leaving 
l i t t le  f reedom to ex tend  the composit ion l imits  off 
s toichiometry.  

One may  speculate  as to why  the te t ragona l  s t ruc-  
tu re  of CrPt  had  not  been repor ted  previously.  Of 
course, one reason is tha t  the  uni t  cell  is a lmost  a 
cube. Beyond this i t  is not impossible  that  in bu lk  
samples  stresses m a y  cons iderably  h inder  the  t r ans -  
format ion  f rom the cubic s t ruc ture  to the  te t ragonal  
one, while  in films there  a re  possibi l i t ies  for stress 
r e laxa t ion  in at  least  one direction. In  this case the  
films would a l low for a closer approach  to chemical  
equ i l ib r ium than  is possible wi th  bu lk  samples,  which  
leaves some ambigu i ty  about  the  definit ion of the 
"equi l ib r ium state."  

Conclusions 
1. Results  f rom diffusion exper iments  conducted 

wi th  th in  films of Cr and Pt  requi re  the existence 
of two dis t inct  o rdered  phases CrPta and CrPt  which 
a r e  not shown on the p resen t ly  ava i lab le  equ i l ib r ium 
diagram.  

2. In  a range  of t empe ra tu r e  near  500~ the l imits  
of existence of these phases appear  to be quite na r -  
row, of the  o rder  of a few atomic percent .  

3. CrPt3 is o rdered  face-cen te red-cub ic  wi th  a la t t ice  
p a r a m e t e r  of 3.877 _ 0.005`%. 

4. These ind iv idua l  phases were  also detected in 
samples  annealed  at  t empera tu res  in the vicini ty  of 
1000~ At  such t empera tu res  an ordered  phase with 
the  presumed s t ruc ture  of CrsPt was also observed. 
This phase appa ren t ly  exists off s toichiometry,  wi th  
a composit ion of app rox ima te ly  65 a/o,  which cor-  
responds  to the m a x i m u m  "solubi l i ty  l imit"  of Cr in Pt. 

5. At  least  in thin film form the phase CrPt  displays  
s t ruc tu ra l  character is t ics  which indicate  that  i t  is 
o rdered  and te t ragonal ,  l ike CuAu. This is consistent  
wi th  the c rys ta l lographic  requ i rements  for an ordered  
phase of this composit ion and wi th  the the rmodynamic  
requ i rements  for a first o rder  t ransformat ion.  

6. The la t t ice  pa rame te r s  of CrPt,  a = 3.822.% and 
c = 3.811A, indicate  a ve ry  smal l  te t ragonal  dis tor t ion 
f rom the cubic la t t ice  of Pt. These values were  obtained 
f rom a sample  containing 48.5 a /o  Cr, deposi ted on 
a sapphi re  subs t ra te  and annea led  at  975~ In order  
to obtain absolute  values  one would need to make 
careful  correct ions for stress effects (p resumably  about  
+0.010`%). 
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APPENDIX 

The Crystallography of CrPt 
Representa t ive  detai ls  of the  diffraction result.~ ob-  

ta ined wi th  CrPt  have  a l r eady  been d isp layed in Fig. 5. 
Al l  of the remain ing  evidence obta ined  wi th  the  same 
sample  (48.5 a /o  Cr, annea led  1 hr  at  975~ is p r e -  
sented in Fig. 7 for the  low Bragg angles and in Fig. 8 
for the  high Bragg angles. Moreover  the la t t ice  spac-  
ings and peak  intensi t ies  a re  presented  in Table  II. A l -  
though al l  of the ant ic ipated  diffraction peaks  were  de -  
tected (which indicates  a high degree  of randomness  in 

Table II. Lattice spacings .rid diffraction peak intensities for 
CrPt (~. = 1.54051`%) 

hkl  d* d** I*** I /Iot  

001 3.811 3.811 4450 100 
110 2.7029 2.709 527 12 
111 2.2047 2.208 3490 78 
020 1.9112 2430 55 
002 1.9055 --t 

021 1.7084 1.7087 153 -3  
112 1.5574 1.5586 227 B 
220 1.3514 200 4 
022 1.3494 - -  - -  
221 1.2737 72 2 
003 1.2724 104 2 
130 1.2088 1.2086 40 1 
131 1.1522 261 6 
113 1.1497 -- -- 

222 1.1023 1.1032 137 S 
023 1.0579 1.0579 16 
132 1.0207 1.0208 38 1 
040 0,9556 27 
004 0.9527 82 2 
041 0.9269 34 1 
223 0.9256 -- -- 

330 0.9010 7 
114 0.9008 18 
331 0.8768 64 1 

133 0.8757 - -  - -  
240 0.8547 50 1 
042 0.8542 -- -- 

024 0.8527 58 I 
241 0.8340 0.8339 16 
332 0.8145 0.8148 13 

242 0.7799 Not  obse rved  ( too h igh  0) 
224 0.7787 

* Calcula ted f r o m  a = 3.82244A, c = 3.81099A. 
** D e t e r m i n e d  wi th  the  R a c h i n g e r  co r rec t ion  f r o m  the  experi-  

m e n t a l l y  obta ined peaks.  Th e  spacings  l isted h e r e  are  fo r  the 
" s h a r p "  peaks.  

*** Th ese  are exper imenta l  peak in tensi t ies  not  i n t e g r a t e d  in- 
tensi t ies;  for  a th in  film, not  a p o w d e r  sample  wi th  an  ideal ly in- 
finite depth.  

W h e r e  the  in tens i ty  is ind ica ted  by  a hor izonta l  dash,  the 
ne ighbor ing  peaks  could not  be  sepa ra ted .  

For  a t r u e  p o w d e r  p a t t e r n  the  re la t ive  in tensi t ies  are an- 
t icipated to be s imilar to those  of CuAu. 
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Fig. 8. Diffraction peaks of CrPt for high Bragg angles 

the sample), the intensities observed cannot be consid- 
ered to be valid for a truly random powder sample 
since, as is well known by workers in the field, thin 
film samples display some degree of preferred orienta- 
tion almost always. Specific thin film diffraction effects 
are also responsible tot the intensity of the (001) su- 
perlattice line being higher than the intensity of the 
(200-002) fundamental line. 
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ABSTRACT 

The t rans ient  response of the dopant  system of a horizontal ,  silicon epi-  
tax ia l  reactor  has been s tudied in order  to obtain a " t ransfer  function" 
re la t ing the t ime var ia t ion  of the dopant  gas flow and the spat ia l  var ia t ion  
of the dopant  concentra t ion in the ep i tax ia l  film. This t ransfer  function should 
be useful  in fabr icat ing nonuni form dopant  concentrat ions needed for desi red 
device characterist ics.  The t ransfer  function was obta ined f rom the response 
of the sys tem to both increasing and decreasing step changes in the  dopant  
gas flow wi th  time. The t r ans fe r - func t ion  approach  was verified by  exper i -  
ments  in which the input  was an increas ing step fol lowed by  a decreasing 
step (approx imat ing  a pulse) .  Pulse  widths  both longer  than  and comparable  
to  the decay t ime  of the  system were  used, and the measured  profiles agreed 
very  well  wi th  calcula ted profiles in all  cases. The t rans ien t  and s t eady-s ta te  
responses of the dopant  system were  s tudied at different  g rowth  ra tes  to 
de te rmine  the effect of g rowth  ra te  on the pa rame te r s  en ter ing  into the 
t ransfer  function. These exper iments  showed the presence of two regions of 
opera t ion  and provide  insight  leading to a be t te r  unders tand ing  of the  doping 
process. 

In  silicon in tegra ted-c i rcu i t  technology, three  basic 
methods are  used to in t roduce dopant  a toms into a 
semiconductor:  t he rmal  diffusion, ion implanta t ion,  
and  epitaxy.  When the rmal  diffusion or  ion implan ta -  
tion is employed,  the d is t r ibut ion  of impur i ty  atoms 
wi thin  the crysta l  can be approx ima ted  by  e i ther  a 
"complementa ry  er ror  function" (erfc) or a "Gauss i an"  
dis tr ibut ion.  In  these two cases the dep th  and the 
doping levels can be fa i r ly  wel l  controlled,  but  the 
shape of the impur i t y  d is t r ibut ion  is fixed by  the 
method of dopant  introduct ion.  In  the  th i rd  case the 
dopant  a toms are  incorpora ted  dur ing epi tax ia l  
growth,  usua l ly  producing a un i form impur i t y  dis-  
t r ibu t ion  in the  epi tax ia l  layer .  But this is not, at 
least  in theory,  the  only possible dis tr ibut ion.  In  con-- 
t ras t  wi th  the  o ther  two methods,  one should be able 
to obta in  a des i red  var ia t ion  of the  impur i t y  concen- 
t ra t ion  as a funct ion of posi t ion in the deposi ted epi -  
t ax ia l  l aye r  by  p rope r ly  va ry ing  the dopant  gas flow 
wi th  t ime dur ing  epi tax ia l  growth.  Nonuniform dop-  
ing profiles can be used in specialized devices and 
could open up new a l te rna t ives  to the  i n t eg ra t ed -c i r -  
cuit  process engineer.  One good example  of a device 
employing a nonuni form doping profile in the epi-  
t ax ia l  l ayer  is i l lus t ra ted  in the work  of Jackson and 
DeMassa (1) on h y p e r a b r u p t  ep i tax ia l  tuning diodes. 

In  o rder  to re la te  the spat ia l  var ia t ion  of the  dopant  
concentra t ion in the  ep i tax ia l  l aye r  N (x) to the t ime 
var ia t ion  of the dopant  gas flow fD(t) ,  the  epi tax ia l  
reac tor  can be v iewed as a "b lack-box"  wi th  ]D(t) 
as the  input  and N(x) as the  output  (Fig. 1). [N(x)  
and N(t) are  re la ted  by  the ep i tax ia l  growth  ra te  
g = x/t.] If  the b l ack -box  behaves  l inea r ly  th rough-  

* Electrochemical Society Student Member. 
"* Electrochemical Society Active Member. 
Key words: silicon epitaxy, arsine, silane. 

out at  least  a l imi ted  opera t ing  range,  the impulse  re -  
sponse h ( t )  (2) character iz ing the i npu t -ou tpu t  r e l a -  
t ion of the reactor  can be found expe r imen ta l ly  by  
s tudying the response of the  reactor  to a step change 
in the  dopant  gas flow (3, 4). By using the  expression 
for h ( t )  and s tandard  l inear  systems techniques (2), 
the response N (x) of the sys tem to an a rb i t r a ry  input  
fD(t) can read i ly  be calculated;  a l te rna t ive ly ,  the  in-  
put  needed for a des i red  dopant  profile can be ob-  
tained. 

While  such charac ter iza t ion  of an ep i tax ia l  reac tor  
has not been a t t empted  in the past, a br ief  l i t e ra tu re  
survey  indicates  tha t  the charac ter iza t ion  of t rans ient  
doping effects is promising.  For  example ,  diffusion- 
ra te  processes in cata lyt ic  reactors  have been char -  
~cterized by  "admi t tance  functions" analogous to a -c  
electr ical  pa ramete r s  (5). In  tha t  work,  the t ime-  
varying,  ou tput -gas  concentrat ions were  re la ted  to 
the  t ime var ia t ions  of the  input  gases. Other  work  on 
chemical  systems has considered diffusion th rough  a 
boundary  layer ,  adsorpt ion  on a surface, and diffusion 
into a solid (6). Severa l  of the same kinet ic  processes 
are  impor tan t  when considering dopant  incorpora t ion  
into epi tax ia l  layers.  Here, however ,  addi t ional  phys i -  
cochemical processes a re  involved since the ou tput  is 
not a t ime-va ry ing  gas concentrat ion,  but  a var ia t ion  

INPUT "BLACK- BOX" OUTPUT 

-I EPITAXIALI 
fo (t) -[ REACTOR I -'- N(x) 

Fig. 1. Dopant system of the epitaxial reactor as a "black-box." 
fo(t) = time variation of the dopant gas flow, N(X) -= spatial 
variation of the dopant concentration in the epitaxial layer. N(X) 
and N(t) are related by the epitaxial growth rate g = x/t.  
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of dopant  concentra t ion as  a funct ion of posi t ion in 
the  deposi ted ep i tax ia l  layer .  

I t  is wor th  ment ioning that  va ry ing  the dopant  gas 
flow wi th  t ime in a convent ional  reac tor  is not  the 
only  way  of obta in ing a nonuni form dopant  d i s t r ibu-  
t ion in an ep i tax ia l  layer .  Using a convent ional  
hor izonta l  ep i tax ia l  reactor ,  Nihi ra  et  al. (7) obta ined 
nonuni form doping profiles by  changing the deposi t ion 
t empe ra tu r e  dur ing  ep i tax ia l  g rowth  by  Sill4 py ro l -  
ysis. More recen t ly  Becker  and Bean (8), using silicon 
m o l e c u l a r - b e a m  epi taxy,  obta ined  abrup t  changes in 
the  ga l l ium doping level  of ep i tax ia l  layers  by  r ap id ly  
va ry ing  the Ga oven t e m p e r a t u r e  (which controls  the  
Ga flux) dur ing  growth.  

In  addi t ion  to p rov id ing  a method  of fabr ica t ing  a 
des i red  dopant  profile, a t r ans ien t - response  s tudy  can 
produce  basic in format ion  concerning the var ious  
mechanisms involved in the  dopant  incorpora t ion  
process. As indica ted  by  Kobayashi  and Kobayash i  
(9), t rans ient  s tudies m a y  revea l  the impor tance  of 
var ious  mechanisms which m a y  not  be apparen t  in 
s t eady-s t a t e  studies.  

In  this  paper ,  the  exper imen t s  that  were  carr ied  
out to obta in  and ver i fy  the express ion h(t)  charac-  
ter iz ing the fD ( t )  - -  N (x) re la t ion  of the ep i tax ia l  re -  
actor  are  described.  A s tudy of the dependence  of h (t)  
on the  sil icon deposi t ion ra te  is also presented.  The 
phys ica l  mechanisms involved in the  dopant  incorpo-  
ra t ion  process wi l l  be discussed in more  detai l  in an-  
o ther  paper  (10). 

Equipment and Experimental Details 
All  of the  exper iments  presented  here  were  carr ied  

out  in a commerc ia l ly  purchased,  horizontal ,  r f -hea t ed  
ep i tax ia l  reac tor  (Hugle  Model HIER II)  opera t ing  
at  a tmospher ic  pressure.  The quar tz  reactor  tube has 
the  dimensions 5.1 cm (height)  X 8.3 cm (width)  X 
91.4 cm ( length)  and an effective cross section of 27 
cm ~ above the susceptor.  The silicon carb ide-coa ted  
graphi te  susceptor  is 22.8 cm long and is t i l ted  at an 
angle  of 2 ~ . Dopant  gases a re  de l ivered  to the  reactor  
tube  th rough  a doub le -d i lu t ion  dopant  system. Hydro -  
gen was used as the  ca r r i e r  gas at  a veloci ty  of 34 
cm/sec  above the susceptor  (at  room t empera tu re ) .  
S i lane  was used as the  source of silicon, and ars ine 
d i lu ted  to app rox ima te ly  70 p p m  in hydrogen  was 
used as the  dopant  source. 

Before each run, the susceptor  was vapor  etched 
wi th  HC1 and then  coated wi th  high res is t iv i ty  silicon. 
The wafers  were  vapor  etched wi th  HC1 before the 
ep i tax ia l  deposi t ion cycle. Rotometers  were  used to 
moni to r  the  gas flow. Tempera tu re  measurements  
were  made  dur ing  the etching and deposi t ion cycles 
using a ca l ibra ted  optical  py rome te r  and corrected for 
the  emiss iv i ty  of silicon and for absorpt ion  in the re -  
actor  tube  walls. The correc ted  wafer  surface t em-  
pe ra tu res  dur ing  etching and deposi t ion were  approx i -  
ma te ly  1180 ~ and 1050~ respect ively.  The subst ra tes  
were  chem-mechan ica l  polished, Czochralski -grown,  
silicon wafers,  wi th  (100) or ien ta t ion  and phosphorus  
doping in the 1015 cm -8 concentra t ion range. 

In the t rans ient  study,  the dopant  profiles in the epi-  
t ax ia l  layers  were  de te rmined  by  capac i tance-vol tage  
measurements  on p l ana r  p -n  junctions,  mesa p - n  junc-  
tions, and deep-dep le t ion  MOS s t ructures  (11). The 
ep i tax ia l  doping levels chosen in this s tudy ( ~  1015 
cm -3) correspond to the  prac t ica l  range  of doping 
values  of in teres t  in semiconductor  devices. In  add i -  
tion, they  were  compat ib le  wi th  the  evalua t ion  tech-  
nique, being low enough to a l low the requi red  depth  
profil ing and high enough to produce  a r e l a t ive ly  short  
Debye length (12). The p -n  junct ions  were  fabr ica ted  
by  diffusion of boron at 950~ for  30 rain, producing 
a junct ion  depth  of app rox ima te ly  0.6 ~m. The oxides 
of the  MOS s t ructures  were  grown in wet  oxygen at  
950~ for 40 min  and were  app rox ima te ly  1800A thick. 
The area  of each s t ruc ture  was 3.3 X 10 -8 cm 2. 
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Fig. 2. Step-response experiment, showing the gas flows as func- 
tions of time and the dopant concentration as a function of the 
corresponding position in the epitaxial layer. 

Spreading- res i s tance  measurements  were  used to con- 
firm the  capac i tance-vol tage  results.  The  ep i t ax ia l -  
l aye r  thicknesses were  de te rmined  f rom the size of 
s tacking faults  on the  surfaces of the  grown layers.  

Experiments, Results and Discussion 
Transfer-function determination.--Step response. 

This exper iment  a l lowed the s tudy  of the  dopant  dis-  
t r ibut ion  obta ined when the dopant  gas flow was 
ab rup t ly  changed dur ing  the deposi t ion and can be 
easi ly  unders tood wi th  the  help  of Fig. 2. At  t ime t _-- 0 
the deposi t ion cycle s tar ted,  and si lane and ars ine  were  
in t roduced into the  reac tor  tube. The si lane flow was 
kep t  constant  throughout  the  ent i re  deposi t ion cycle, 
which ended at  t ---- TD. A si lane pa r t i a l  pressure  of 
1.1 • 10 -8 a tm was used to obtain a g rowth  ra te  of 
app rox ima te ly  0.6 ~m/min,  which was used in al l  ex -  
per iments  discussed in this section. At  t = To the 
ars ine flow was ab rup t ly  decreased by  lower ing  the 
flow set t ing on the ars ine  f lowmeter  located neares t  to 
the  reac tor  tube. The  ars ine  pa r t i a l  pressure  was 
changed f rom app rox ima te ly  6 • 10 -10 to 2 • 10 -10 
arm, corresponding to dopant  concentrat ions of 
roughly  3 X 1015 and 1 • 1015 cm - s  in the  ep i tax ia l  
layer .  

The solid curve  of Fig. 3 shows the measured  ma-  
j o r i t y  car r ie r  concentra t ion as a funct ion of posi t ion 
in the ep i tax ia l  film for a decreas ing step change in 
the dopant  gas flow dur ing the deposition. In Fig. 3-7, 
which show e p i t a x i a l - l a y e r  dopant  profiles, the  zero 
of posit ion corresponds to the  Si-SiO2 in ter face  of the  
deep deplet ion MOS s t ruc ture  (see section on Equip-  
ment  and Exper imen ta l  Detai ls)  and is displaced f rom 
the or iginal  silicon ep i tax ia l  surface by  the amount  of 
silicon consumed dur ing  the  gate  oxide growth.  In 
order  to ensure  that  the measured  profiles were  not  
l imi ted  by  the resolut ion of the capaci tance-vol tage ,  
da ta - reduc t ion  technique,  a theore t ica l  capaci tance-  
vol tage curve was genera ted  by  solving Poisson's  
equat ion using an i m p u r i t y  profile va ry ing  more  
ab rup t ly  than  the measured  one, in a manner  s imi lar  
to that  descr ibed in (13). The da t a - r educ t ion  p rogram 
was then appl ied  to this curve. The computed  f ree  
car r ie r  profile agreed  ve ry  closely wi th  the  s tar t ing 
impur i t y  profile, indicat ing tha t  the  ma jo r  fea tures  
observed in Fig. 3 a re  not a r t i fac ts  of the  analysis  
technique. Because of the low diffusivi ty of arsenic in 
sil icon (14), the  hea t  cycl ing dur ing  the fabr icat ion of 
the  MOS and p -n  junct ion  C-V s t ructures  produced  a 
diffusion length  of only  0.01 #m. Spread ing- res i s t ance  
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Fig. 3. Solid curve: experimentally observed majority carrier con- 
centration as a function of distance from the surface of the epi- 
taxial film for the decreasing step change in the dopant gas flow 
indicated in the inset. Dotted curve: exponential fit to the ex- 
perimental profile. 

measurements  confirmed that  there was no significant 
difference between the dopant profiles of samples mea-  
sured after epitaxial  deposition and after fabrication 
of the complete C-V structures. 

As shown by the dotted curve in  Fig. 3, an excellent 
fit to the data can be obtained by using the expression 
(4, 15) 

N ( x )  = NI + (NF - -  NI) 1 - -  exp 
L 

for x~--xo [1] 

where, following Fig. 2, N (x) is the dopant concentra-  
t ion at a distance x from the substrate, NI is the ini t ial  
doping level for x < x0, NF is the final doping level, L 
is the decay length of the exponential ,  and mo is the 
distance from the substrate corresponding to t = To. 
(x0 ---- g �9 To, where g is the epitaxial  growth rate.) 
For  this case NI -- 3 X 10t5 cm-3,  NF ---- 1 X 10 t5 
cm -3, x0 = 2.4 ~m, and L -- 0.41 ~m. 

The response of the reactor to an  increasing step 
change in  the arsine flow is shown in  Fig. 4 (solid 
curve).  The growth conditions for this case were s imi-  
lar  to those shown in Fig. 2, except that the flow set- 
t ing of the arsine flowmeter was abrupt ly  changed 
from a low value to a higher value at t ---- To, as shown 
in the inset of Fig. 4. Equat ion [1] also fits the mea-  
sured profile reasonably well (Fig. 4, dotted curve),  
with the same decay length of 0.41 ~m found before. 
However, the t ransi t ion in the exper imenta l ly  mea-  
sured dopant profile starts more gradual ly  than does 
the simple exponential  function. At least a portion of 
this discrepancy arises since the measured free carrier 
profile changes less abrupt ly  with distance than does 
the dopant profile. The deviation between these two 
profiles is caused by the lack of local space-charge 
neut ra l i ty  result ing from the nonuni formi ty  of the 
dopant  profile (16). The fact that  the deviat ion is more 
apparent  at lower dopant  concentrations (i.e., it is 
more obvious in  Fig. 4 than in  Fig. 3) is consistent 
with this explanation. Note from Fig. 3 and 4 that the 
t ransi t ion from one dopant  concentrat ion to the other 
occurs in approximately 1.2 ~m, corresponding to a 
time of roughly 2 man. 

The impulse response characterizing the inpu t -ou t -  
put  relat ion of the dopant system can be obtained from 
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Fig. 4. Solid curve: experimental dopant profile for an increas- 
ing step change in dopant gas flow. Dotted curve" exponential fit 
to the experimental profile. 

Eq. [1] to be 

o r  

h (t) -- - -  exp -- [2a] 

1 
H(s)  = K . [2b] 

l + s r  

where  ~ - L / g  is the decay t ime of the dopant system; 
it physically corresponds to the t ime required to grow 
a thickness of epitaxial  silicon equal to one decay 
length. From Fig. 3 and 4, �9 is found to be 41 sec. K is 
the proport ionali ty constant relat ing the dopant con- 
centrat ion (N) in  the epitaxial  layer  to the dopant  
gas flow ( f D )  for s teady-state  conditions: N -- KfD. 
The reciprocal of K is sometimes called the "effective 
segregation coefficient" (17). As shown below, Eq. [2] 
is useful in  calculating the dopant dis t r ibut ion N ( x )  
in the epitaxial  layer  resul t ing from an arb i t ra ry  in-  
put  ]D(t) or, al ternatively,  the input  fD(t) needed to 
obtain a desired profile N (x).  

Pulse response.--To verify Eq. [2], a series of experi-  
ments  was designed in which the input  to the system 
was an increasing step in  the arsine flow followed by 
a decreasing step, the combinat ion s imulat ing a pulse. 
Four  different pulse widths were used: 4.3, 3.0, and 
1.8 min, and 48 sec. 

Figure 5 shows the measured profiles for the 4.3 
rain and 48 sec pulses (solid curves),  with the corre- 
sponding, t ime-varying,  dopant  gas flows represented 
in the insets. For the 4.3 min  pulse (Fig. 5a) the re-  
sul t ing profile was a simple superposition of the pro- 
files shown in Fig. 3 and 4 because the pulse width 
was much longer than the system decay time (41 sec). 
This was also true for the 3 rain pulse. For the 48 sec 
pulse (Fig. 5b) the higher steady-state doping level 
was never  reached, indicating the limits of the deposi- 
t ion system in responding to a rb i t ra ry  changes in  the 
dopant gas flow. In  this case the pulse width (48 sec) 
is approximately the same as the system decay time. 
The doping profile corresponding to the pulse width 
of 1.8 min  showed intermediate  characteristics. 

Doping profiles corresponding to the input  pulses 
were calculated using the convolution integral  (2) and 
Eq. [2a] 

N ( t )  -- r [~h( t  --  t*)" ]D(t*)dt* [3a] 
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After  some mathemat ical  manipu la t ion  

N ( t )  : NL(1 -- e - t / ~ ) u ( t )  

-~ (NH -- NL)[I -- e - ( t - T 1 ) / r ]  �9 u ( t  --  T1)  

-- (NH -- NL) [1 -- e-(t--T2)/r]l$(t - -  T2) [Sb] 

where NL is the lower doping level (,~ 1 X 10 ~5 cm-3) ,  
Nn is the higher  doping level ( ~  3 X 1015 cm-3) ,  
u ( t )  is the uni t  step function, and T1 and Te represent  
the beginning  and end of the period of high dopant  
gas flow. 

Since the growth rate g relates t ime to position in  
the epitaxial  film through ~ ---- x / g ,  the dopant  con- 
centrat ion can be wr i t ten  as a funct ion of position 

be a t t r ibuted pr imar i ly  to flow in  the forced-convec- 
t ion region. The arrows corresponding to 6 and 11 min  
seem to indicate that  the t ransi t ion starts before the 
dopant  gas flow is actual ly increased - at the dopant  
flowmeter, but  this apparent  discrepancy is related to 
the lack of space-charge neut ra l i ty  discussed previ-  
ously. 

The transfer  funct ion obtained relates the dopant  
dis t r ibut ion in the epitaxial  layer  to the t ime variat ion 
of the dopant gas flow at the flowmeter. When an 
abrupt  change is made at the dopant flowmeter, some 
t ime is required before the dopant molar  fraction in 
the main  gas stream of the reactor tube reaches a new 
steady-state condition due to gas flow and intermixing.  

N ( x  ) = NL(1 -- e - - x / L ) u ( X )  H- (N~{ - -  NL) [1 -- e - - ( x - ~ ) / L ] u ( x  - -  X~) - -  (NH -- NL) [1 --  e - - ( x - - x 2 ) / L ] u ( x  - -  ~C2) [3C] 

B 

where L -- g �9 T is the decay length, and xl ---- g �9 T1 
and x2 ---- g �9 T2 are the distances from the substrate 
corresponding to the beginning and end of the period 
of high dopant  gas flow. 

In  Eq. [3c], the expression labeled A corresponds to 
the t rans ient  at the beginning  of the epitaxial  deposi- 
tion. This expression is not expected to be accurate 
because it was obtained wi th  the assumption that the 
system is de-energized at t ---- 0; i .e. ,  it  was obtained 
neglecting ini t ial  conditions such as autodoping. It also 
neglects the t rans ient  associated with establishing a 
steady-state,  silicon deposition rate. Nevertheless, it  
may  provide an estimate of the dura t ion of the ini t ial  
transient.  Duchemin (18) studied exper imenta l ly  and 
theoretical ly the t rans ient  effects before a steady- 
state doping regime is established at the beginning  of 
the epitaxial  growth, and expression A seems to agree 
well  with his results. 

The expression labeled B is plotted in  Fig. 5 (dotted 
curves).  There is good agreement  between the ca'l- 
culated and the measured profiles; the slight dis- 
crepancies at the onset of the transi t ions are prob-  
ably artifacts due to the absence of local space-charge 
neu t ra l i ty  (16). In  another  exper iment  where  the in -  
pu t  was an increasing ramp followed by a decreasing 
step, the agreement  between the calculated and mea-  
sured profiles was also excellent  (4). Therefore, it  can 
be concluded that  the dopant  system can be modeled 
by a t ransfer  funct ion over a useful operating range. 

S y s t e m  d e l a y . - - I n  order to study quant i ta t ive ly  the 
t ime that  elapses between a step change in the dopant 
flow and the onset of the t ransi t ion in  the epitaxial-  
layer  dopant  concentration, the following exper iment  
was carried out. As shown in  the inset of Fig. 6, the 
dopant gas input  consisted of a series of two 48 sec- 
wide pulses separated in  t ime by 5 rain. The series of 
pulses provided a bu i l t - in  cal ibrat ion of the depth 
scale so that  a very  short delay between the change of 
the dopant  gas flow and the onset of the t ransi t ion in 
the dopant  profile could be resolved. The dopant  pro-  
file measured in  the resul t ing epitaxiaI layer  is also 
shown in  Fig. 6. The distance between the two pulses 
was determined from the measured dopant  profile, al-  
lowing a precise calculation of the growth rate. From 
the  growth rate, the depths corresponding to the be-  
g inning  and end of each pulse were then calculated 
and are indicated by the arrows shown in  Fig. 6. As 
ment ioned above, the zero of position in Fig. 6 corre- 
sponds to the Si-SiO2 interface of the deep-deplet ion 
MOS structure,  ra ther  than  the original silicon surface, 
and the displacement was accounted for in  the cal- 
culations. The arrows corresponding to 6.8 and  11.8 
min  show that  there is no appreciable delay ( <  4 sec) 
be tween the decrease in  dopant  gas flow and the onset 
of the change in dopant  concentrat ion in  the growing 
epitaxial  film. Since the residence t ime of a volume 
element  of the flowing gas in  the reactor tube is also 
of t:he order of 4 sec, the delay ment ioned above may 

Consideration of the reactor geometry and the gas 
flows involved indicates that the t ime for the gas to 
be swept into the deposition region is approximately 
4 sec, which is cer ta inly short compared to the decay 
time of 41 sec seen in Fig. 3 and 4. In  addition, it is 
shown in the next  section that  the decay time associ- 
ated with the t ransient  response is s t rongly dependent  
on the epitaxial  growth rate, again indicat ing that  gas- 
phase flow and in termixing  in the main  gas stream do 
not l imit  the t rans ient  behavior  and may  be neglected 
in  the present  discussion. 
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Fig. 5. Response of the reactor to pulse inputs of dopant gas. 
The times of high dopant gas flow were (a, upper) 4.3 rnin and 
(b, lower) 48 sec. 
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Fig. 6. Reactor response to a sequence of two pulses, each 48 sec 
long. 

z 
o 

(J  

(J  

,,~ 
0.. 
o r-~ 

N F - -  

SURFACE 

~ i  DOPANT GAS FLOW 

,ME TO TD - 

i \  i - - -  O.,4~./min 35 60 

\ \ --10.6F/rain 4 I0 

~x. X 1.3/~/rnin 5 5.9 

I I I I 
5 4 5 2 I O 

DISTANCE FROM SURFACE XE-X (j,m) 

Growth-rate dependence.--As shown above, the  
t ransfer  function of the  dopant  sys tem contains two 
basic parameters :  ~, re la ted  to the t ransient ,  and K, 
re la ted  to s teady state. To l ea rn  more  about  the  doping 
process and to complete  the  express ion for the  t rans-  
fer  function, the  g rowth - r a t e  dependence  of these 
pa rame te r s  was studied. 

Decay-time study.--The object ive  of this series of ex-  
per iments  was to learn  how the growth  ra te  influences 
the decay t ime z. The input  to the system was again a 
decreas ing step, as indica ted  in Fig. 2, and the exper i -  
ment  was repea ted  at  four  different  g rowth  rates. The 
silane par t i a l  pressure  was var ied  wi th in  the  10 -4-  
10 -3 a tm range  to produce  g rowth  ra tes  of 0.14, 0.32. 
0.6, and 1.3 ~m/min.  The  dopant  pa r t i a l  p ressure  was 
s imul taneous ly  ad jus ted  in  the 10-10-10 -9 a tm range  
to compensate  for the difference in g rowth  ra te  and to 
achieve the two doping levels of 1 X 1015 and 3 • 1015 
cm -8 in each exper iment .  Equat ion  [1] was then used 
to obta in  the decay length  and the decay t ime from 
the measured  profiles. 

The measured  dopant  profiles are  shown in Fig. 7, 
together  wi th  a tab le  indica t ing  the values  of To and 
TD in each case. These values were  chosen to compen-  
sate for the  different  g rowth  ra te  in each exper iment .  
The impur i t y  profiles obta ined for g rowth  rates  of 0.6 
and 1.3 ~m/min  are  indis t inguishable  (solid curve)  
and differ s t rongly  f rom the one obtained at  0.14 ~m/  
min (dashed curve) ,  which  changes much more  
ab rup t ly  wi th  distance. The dopant  profile correspond-  
ing to 0.32 ~,m/min fel l  be tween  the  two shown in Fig. 
7. 

F igure  8a and b show the  decay  length  and decay 
t ime as functions of g rowth  rate.  The dashed l ine in 
Fig. 8b corresponds to a slope of --1, which in this  
log- log plot  indicates  decay  t imes  inverseIy  p ropor -  
t ional  to the  growth  rate.  At  0.6 and 1.3 ~m/min,  the  
decay lengths are  equal,  and the decay t imes are  p ro-  
por t iona l  to g - l ,  fa l l ing on the dashed line. At  lower  
growth  rates,  the  decay  length  decreases wi th  decreas-  
ing growth  rate,  and the decay t ime var ies  less rap id ly  
than  g - l ,  showing a tendency to become constant  at 
ve ry  low growth  rates.  Express ions  which  fit the ex -  
pe r imen ta l  da ta  a re  found to b e  

and 

EO �9 g 
L = [4a] 

K1 " g + Ks  

XE: TOTAL EPITAXIAL THICKNESS 

x " DISTANCE FROM THE SUBSTRATE 

Fig. 7. Measured dopant profiles for different epitaxial growth 
rates. 

K0 
_ [4b] 

K1 �9 g + K z  

where  K0, El ,  and  K2 are  constants.  The implicat ions  
of this g rowth - r a t e  dependence  of the t rans ient  be-  
havior  are analyzed la ter ,  along wi th  the  resul ts  of 
the  s t eady-s ta te  s tudy to be descr ibed next .  

E =LO.8 
Uo.6 

0.4- ~ O- (a) 
0.3 

~-) 0 .2  I I I I I 
uJ 0.1 0.2 0.4 0.60.81.0 t~ 

SILICON DEPOSITION RATE g(M.m/min) 

,oo- \ .  
._.. 80 

60 
bJ 

~ 4 0  

au ~,,, 20 -- '--SLOPE-I NOx 
I I I I I 

0.1 0 . 2  0 .4  0 .6  0 .8  1.0 
SILICON DEPOSITION RATE g(/~rn/rnin) 

Fig. 8. (a) Decoy length and (b) decay time of the transient as 
functions of growth rate. 
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Steady-state study.--The steady-state experiments in- 
volved an investigation of the effect of the silicon 
deposition rate on the impuri ty  concentration of uni-  
formly doped epitaxial layers. The arsine part ial  pres-  
sure was kept at 6.2 • 10 - l~  atm, and the silane par-  
t ial  pressure was varied between 2.7 • 10 -4 and 2.3 
X 10 -3 atm to produce growth rates ranging from 
0.13 to 1.2 #m/min. The substrates were boron-doped 
with resistivities ranging from 1 to 4 ~-cm. The thick- 
nesses of the epitaxial  layers were between 5.5 and 
8.1 ~m and were measured by a groove-and-stain 
technique. A four-point probe was used to determine 
the resistivity of the layers. Carrier concentrations 
were obtained from Irvin's resistivity data (19) and 
assumed to be equal to the arsenic concentration in 
these lightly doped epitaxial  layers. 

The results of these experiments are shown in Fig. 
9, where the dopant concentration of uniformly doped 
epitaxial layers is plotted as a function of silicon 
deposition rate. At growth rates greater than approxi-  
ma'~ely 0.5 ~m/min, the doping density becomes in- 
versely proportional to the silicon growth rate, as indi- 
cated by a slope of --1 on this log-log plot. At lower 
growth rates, the doping density varies less rapidly 
than g-Z and shows a tendency to become constant at 
very low growth rates. Similar behavior 'has been ob- 
served by Shepherd for the PC1JSiC14 system (20), 
by Bloem for the PI~/SiH4 system (17), and more 
recently by Duchemin for the B2Hs/SiHCI~ and B2Hs/ 
SiH2C12 systems (18). The growth-rate  dependence of 
the epi taxial- layer  dopant concentration was also in- 
vestigated by Rai-Choudhury and Salkovitz for the 
B2H6/SiC14 and AsHs/SiC14 systems (21). 

The data of Fig. 9 can be used to find the steady- 
state relation between dopant concentration and 
dopant gas flow used in Eq. [2] 

fD 
N = [5] 

Kt " g-t- K~ 

Equation [5] may be writ ten in the same form as Eq. 
[4b] 

N 1 
K = ~ - -  [ 6 ]  

fD KI �9 g + K2 

suggesting the importance of similar mechanisms in 
both the transient and steady-state cases, as is dis- 
cussed later. 

The process limiting the doping in the various re-  
gions of Fig. 9 may be localized by considering the 
temperature dependence of the mechanisms proposed 
by others on the basis of their s teady-state experi-  
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ments. Bloem (17) suggested that the decrease in 
dopant concentration with increasing epitaxial growth 
rate is due to a mass-transport  l imitation of PH3 
traversing the boundary layer. In this case, for a fixed 
gas-phase dopant concentration, increasing the growth 
rate causes the same number of dopant atoms to be 
incoz~oorated-in thicker silicon films, thus decreasing 
the epitaxial layer dopant concentration. Duchemin 
(18) explained the same behavior by proposing that 
the boron incorporation rate is l imited by the gas- 
phase chemical decomposition of BsH6 above the gas- 
solid interface. 

The temperature dependence of the As concentra- 
tion in the epitaxial layer may be used to determine 
which of these mechanisms limits the As incorpora- 
tion rate at high growth rates in the AsHs/SiI-I4 case 
under consideration here. If the As incorporation rate 
were controlled by AsH8 mass transport  across the 
boundary layer, the As concentration in the growing 
film would not change significantly with varying depo- 
sition temperature. Under normal operating conditions 
the deposition of Si from SiI-I4 is mass-transport  con- 
trolled, and the gas-phase diffusion constants of AsH.~ 
and Sill4 are expected to have a similar temperature 
dependence. Thus, the As incorporation rate and the 
Si deposition rate change in the same manner, and the 
dopant concentration in the epitaxial layer remains 
relat ively constant. On the other hand, if the As in-. 
corporation rate were limited by the gas-phase de- 
composition of ASH3, the As concentration in Me epi- 
taxial film would increase with increasing tempera-  
ture, showing an Arrhenius activation energy. 

To differentiate between the possible mechanisms, 
the effect of the deposition temperature on the epi- 
taxial  layer As concentration was investigated. Layers 
were grown at 1025 ~ 1050 ~ and 1075~ with an arsine 
partial  pressure of 6.2 X 10 -1~ atm and a Sill4 part ial  
pressure of about 2.2 X 10 -3 atm, which produced a 
growth rate of approximately 1.2 #m/min. As indicated 
in Fig. 10, the As concentration in the epitaxial film 
decreases with increasing deposition temperature, 
showing a slope of approximately 30 kcal/mole. The 
same experiment was repeated several times, always 
with the same results. Since the temperature depend- 
ence does not agree with that expected from either of 
the mechanisms discussed above, it  can be concluded 
that neither dopant mass transport across the bound- 
ary layer  nor gas-phase chemical decomposition are 
dominant in the As incorporation process and that 
other mechanisms must l imit  the doping process. I t  is 
shown in another paper (10) that the experimental 
data in Fig. 10 can be explained by considering mecha- 
nisms occurring at the growing surface (e.g., adsorp- 
tion, surface chemical dissociation, site incorporation, 
etc.). 
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Discussion.ruBy combining the results of the steady- 
state and transient experiments, some conclusions may 
be drawn about the mechanisms controlling the doping 
process. 

Low growth rates (g ~ 0.5 ~m/min).--Figure 9 shows 
that at growth rates lower than about 0.5 ~m/min, the 
doping density in the epitaxial films varies less rapidly 
than g-1 and shows a tendency to become constant at 
very low growth rates. This behavior may be ex- 
plained by recognizing that lowering the growth rate 
brings the doping process closer to equilibrium, where 
it becomes independent of the growth rate. In this re- 
gion the dopant incorporation process is controlled by 
the thermodynamics of the various mechanisms enter- 
ing into the over-all doping process. 

High growth rates (g > 0.5 ;~m/min).--At higher 
growth rates the decrease in dopant concentration 
seen in the steady-state experiments indicates a de- 
parture from equilibrium as a kinetic limitation begins 
to dominate. In this region the limiting mechanism 
may occur in either the gas phase or on the growing 
surface of the epitaxial layer. The temperature de- 
pendence of the dopant concentration seen in the 
steady-state experiments has been used to eliminate 
gas-phase processes as the limiting mechanism, sug- 
gesting the importance of surface processes. The influ- 
ence of surface processes is also indicated independ- 
ently by the transient experiments. If the over-all 
doping process were limited by gas-phase mechanisms, 
the decay time should be independent of the growth 
rate, while the decay length may be expected to be 
constant if surface phenomena are limiting. Since the 
decay length does remain constant at high growth 
rates, the limitation of the doping process may be at- 
tributed to mechanisms occurring at the surface. The 
nature of these surface mechanisms are analyzed else- 
where (10) where a physicochemical model, from 
which Eq. [2], [4], and [5] can be derived, is pre- 
sented. 

Summary and Conclusions 
The transfer function of the dopant system of a 

horizontal epitaxial reactor was obtained experimen- 
tally by studying the response of the reactor to a step 
change in the dopant gas flow. This transfer function 
can be used to calculate the time-variation of the 
dopant gas flow needed to produce a desired spatial 
variation of the impurity concentration in an epitaxial 
layer. To verify the validity of the transfer-function 
approach, pulses of different widths were used as in- 
puts to the system. The resulting dopant profiles were 
measured and compared to those calculated using the 
transfer function; excellent agreement was found. 
The system delay, defined as the time between a 
change in the dopant gas flow and the beginning of 
the resulting transition in the epitaxial dopant concen- 
tration, was studied experimentally and found to be 
negligible compared to the system decay time. 

The expression for the transfer function contains 
two parameters, T and K, related to transient and 
steady-state conditions, respectively. The dependence 
of these parameters on the epitaxial growth rate was 
studied, showing the presence of two regions of opera- 
tion depending on the growth rate. At low growth 
rates (g < 0.5 ~m/min) both the steady-state dopant 
concentration and the decay time of the transient tend 
to become constant, implying that thermodynamics 
control the doping process. At high growth rates (g > 
0.5 ~m/min) the epitaxial dopant concentration an~ 
the decay time are proportional to g- l ,  and the epi- 
taxial dopant concentration decreases with increasing 
deposition temperature. This behavior is associated 
with a kinetic limitation on the doping process and is 

related to mechanisms occurring at the growing sur- 
face, rather than in the gas phase. 
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ABSTRACT 

The structure and composition of silicon oxides thermally grown in HCI/Oz 
ambients were investigated for various oxidation conditions. Oxides were 
grown in 6-10 v/o HCl at I150~ for times of 15 rain-6 hr. Trans- 
mission electron microscopy in conjunction with x-ray microanalysis 
has indicated the presence of an additional condensed phase at the oxide- 
silicon interface, which appears after a certain oxidation time has elapsed. 
Scanning electron microscopy has shown that after further oxidation, a 
gaseous compound accumulates at the interface, lifting the oxide from the 
silicon, and preferentially etching the silicon. A model of the growth mecha- 
nisms of HCI oxides, accounting for the additional phase formation, is pro- 
posed. 

The improved electrical properties of silicon oxides 
thermal ly  grown in  the presence of chlorine have been 
widely documented (1-7). Recently, el l ipsometry in 
conjunct ion  ~vith scanning electron microscopy (SEM) 
was used to observe the s t ructure  of oxides grown in 
HCl/O~ mixtures,  and it was found that  oxides grown 
for a certain amount  of t ime in  a certain concentrat ion 
of HC1 possessed rough surfaces (8). Additionally,  the 
conditions necessary to ini t iate  the roughness corre- 
lated well with the conditions reported to be necessary 
to achieve mobile ionic sodium passivation. 

In  order  to obtain a bet ter  unders tanding  of the for- 
mat ion  of the rough oxide, as well  as of the origin of 
the roughness, oxides grown unde r  various conditions 
were investigated using electron microscopy. Those 
conditions which were varied included the oxidation 
temperature,  the oxidation time, and the~IC1 content 
added to the oxidizing ambient .  Scanning electron 
microscopy was used to view the surface of the oxides, 
t ransmission electron microscopy (TEM) and scanning 
t ransmission electron microscopy (STEM) yielded in-  
formation on the inner  s tructure of the oxides, par-  
t icular ly at the oxide-sil icon interface, and x - r ay  
microanalysis in  conjunct ion with STEM showed the 
compositional variations wi th in  the oxides. 

Experimental 
All oxidations were performed on (100) oriented, 

2-3 ~2-cm, phosphorus-doped, 2 in. diam silicon wafers. 
Pr ior  to oxidation the wafers were cleaned using an 
ammon ium hydroxide-hydrogen peroxide solution, a 
hydrochloric acid-hydrogen peroxide solution, a di ~ 
lu ted  hydrofluoric acid dip, and several  deionize~ 
water  rinses. The oxidations were done in  a resistance- 
heated furnace containing a fused silica tube and a 
mul l i te  l iner.  

To ensure high tempera ture  equi l ibrat ion of the 
ttCl/O2 mixture,  the gases first flowed through the 
hot zone of the furnace in  a 9 mm ID fused silica tube 
which was located wi th in  the larger  oxidation tube. 
At the far end of the hot zone, the gases exited the 
smaller  tube, and flowed back through the hot zone in 
the oxidation tube, where  the silicon wafers were 
oxidized. 

The O~ flow rate was kept  at 1 l i t e r /min  (~23 cm/  
rain) ,  and the HC1 flow rate was varied to obtain 
be tween  6-10 volume percent  (v/o)  HC1 enter ing 
the furnace. The wafers were  pushed into the furnace 
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in the HC1/O~ mixture  and at the end of the oxidation 
period, which ranged from 15 rain to 6 hr, were pulled 
out of the furnace in the same mixture.  The oxides 
were grown at I150~176 

Prior to viewing by SEM, the oxides were coated 
with several hundred  angstroms of gold to prevent  
charge accumulat ion on the sample. Samples for the 
TEM were prepared by first etching the back side of 
the wa~er with a fine jet  (~0.5 mm diam) of a 9/1 
solut ion of H N O J H F  (9). The etching, which formed 
a bowl-shaped depression in  the silicon, was stopped 
when the back side of the oxide was exposed. The 
sample was then flushed with deionized water, leaving 
a window in the silicon through which the oxide could 
be viewed. The procedure for preparat ion of the 
STEM samples was similar to that  of the TEM sam- 
ples; however, the chemical etching was stopped when 
several micrometers of silicon still covered the oxide. 
The remainder  of the silicon was etched with an ion 
th inner  to prevent  preferent ial  chemical etching of 
any phases present  at the oxide-silicon interface. 

Results and Discussion 
Additional phase $ormaiton.--Figure 1 shows an 

SEM micrograph of an oxide grown in 10 v/o HCI at 
1150~ for I hr. Bumps of approximately 1-2 ~m diam 
uni formly  cover the oxide surface. In  an earlier in -  

Fig. 1. SEM micrograph of oxide grown in 10 v/o HCI at 1150~ 
for lhr. Sample tilted 65% 
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Fig. 2. TEM micrograph of oxide grown in 10 v/o HCI at 1150~ 
for 1 hr. 

vestigation, el l ipsometry was used to characterize the 
growth of these bumps, and it  was found that  the 
bumps increase in size as the oxidation time, the oxi- 
dation temperature,  and the HC1 content  increase (8). 

A TEM micrograph of an oxide grown under  the 
same conditions is shown in  Fig. 2. Note the inhomo- 
geneous electron transmission indicative of an amor-  
phous phase wi th in  amorphous phase separation. No 
coherent diffraction was observed, substant ia t ing the 
noncrysta l l in i ty  of both phases. The large, isolated 
regions are approximately 1-2 ~m in  diam, similar to 
the bumps seen in  Fig. 1. 

The addit ional phase regions grow as the oxidation 
progresses. Figure  3a shows a TEM micrograph of an 
oxide grown in  7 v/o HC1 at 1150~ for 30 min. Fig-  
ure  3b shows a similar  oxide grown for 60 min. The 
addit ional  phase, after a longer growth time, is more 
prominent  and occupies a larger fraction of the area. 
No addit ional phase was observed at 15 min. 

A STEM micrograph of an oxide grown in  6 v/o 
HC1 at 1150~ for 1 hr is shown in ~ig. 4. Two con- 
taminat ion  spots from the electron beam are apparent  
near  the center of the micrograph. An x - ray  micro- 
analysis done with the electron beam outside the 
addit ional phase regions (spot on left) yielded the 
spectrum shown in  Fig. 5a. No counts above back- 
ground (corresponding to a chlorine density of ~-,1015/ 
cm 2) are seen at those energies indicated by the 

markers, which are characteristic of chlorine. How- 
ever, with the electron beam focused upon one of the 
addit ional phase regions (spot on r ight) ,  the spectrum 
in Fig. 5b was obtained, clearly indicat ing the pres-  
ence of a significant amount  of chlorine. Oxides grown 
under  various conditions, ranging from a 30 min  oxi- 
dat ion performed with 2 v/o HC1 at 1150~ to on oxide 
grown for 1 hr  with 10 v/o HC1 at 1300~ yielded 
spectra Which indicated all of the chlorine to be lo- 
cated wi thin  the phase-separated regions. 

The chlorine concentrat ion wi th in  a part icular  
phase-separated region was found to be very uniform 
over the entire region. Profiling of a 1 ~,m diam region 
showed the chlorine to be undetectable  immediate ly  
outside the region, bu t  just  inside the region the chlo- 
r ine concentrat ion was observed to sharply rise and 
remain  constant across the entire diameter.  

Rutherford backscattering (RBS) has indicated that  
most o~ the chlorine is located wit~hin several hundred  
angstroms of the oxide-sil icon interface (7, 10, 11). 
Correlat ion of the RBS data with the x - r ay  analysis 
suggests that  the addit ional phase is located in  pan-  
cake-shaped regions of 100-300A thickness and 1-2 
~,m diam which are situated at the oxide-silicon in ter -  
face. 

Since the major i ty  of the chlorine is uni formly  con- 
tained in  the phase-separated regions, and the d imen-  
sions of the regions are known, a rough calculation 
can be made of the chlorine concentrat ion wi th in  the 
regions. 

For  example, RBS has shown that for an oxide 
grown in 7 v/o HC1 at 1150~ for 30 rain (similar to the 
oxide shown in Fig. 3a), the chlorine content in  the 
oxide is approximately  2 • 10t5/cm 2 (10). From TEM 
investigations it was ascertained that  the addit ional 
phase covers roughly 10% of the interfacial  area. With 
a thickness of about 200A, the chlorine concentrat ion 
is on the order of 1022/cm 3. This is, of course, a rough 
estimate, but  does indeed demonstrate  the relat ively 
high chlorine concentrat ion within the additional 
phase. 

To substantiate  the absence of voids under  the oxide 
(which RBS is unable  to do), SEM was used to look at 
the oxide-silicon interface in  cross section. No voids 
were found, indicat ing that  the addit ional  phase is 
indeed contained in regions only a few hundred  ang-  
stroms thick. With such a high density of chlorine, 
the addit ional  phase is very probably  condensed at 
oxidation temperatures.  

InterJacial gas formation.--For the fabrication of 
metal-oxide-semiconductor  (MOS) structures, the 
oxide is typically grown to a thickness of approxi-  

Fig. 3. TEM micrographs of oxides grown in 7 v/o HCI at 1150~ for (a) 30 min; and (b) 60 min. The dark part in (a) is part of the 
grid on which the sample was placed. 
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Fig. 4. STEM micrograph of oxide grown in 6 v/o HCI at l lS0~ 
for 1 hr. The two spots are contamination from the electron beam. 

mate ly  1000A, which  requires  about  a 30 min ox ida -  
t ion at  1150~ However ,  to gain fu r the r  insight  into 
the  format ion  of chlor inated  oxides,  invest igai ions  
were  made  of oxides grown in 10 v /o  HC1 for ox ida-  
t ion t imes as long as 6 hr  a t  t empera tu res  of 1150 ~ and 
1200~ Cross-sect ional  micrographs  of an oxide grown 
for 6 hr  at 1200~ (Fig. 6) c lear ly  indicate  the exis t -  
ence of bubbles  at  the oxide-s i l icon interface.  The 
fine s t ruc ture  c rea ted  by  the condensed phase is seen 
super imposed  upon the  la rger  bubbles,  and in add i -  
tion, a mater ia l ,  perhaps  the  condensed phase, can be 
seen in severa l  locations s t re tched be tween the oxide 
and the  silicon. Scanning e lec t ron microscopy in con- 
junct ion  wi th  x - r a y  microanalys is  was unable  
to detect  any  chlorine in this mater ia l ;  however ,  this 
is inconclusive since x - r a y  analysis  on the  SEM was 
unable  to detect  any  chlor ine  in any of the oxides 
invest igated.  

Compress ive  stress in the oxide has been suggested 
as a possible mechanism for the  l i f t ing of the  oxide 
(12); however ,  the evidence shown in Fig. 7 and 8 
c lear ly  indicates  the  origin of the bubbles  to be the 
fo rmat ion  of a gaseous compound at  the  oxide-s i l icon 
interface.  F igure  7 is an SEM micrograph  of the oxide 
(shown in Fig. 6) af ter  being etched severa l  minutes  
in an NI4~F �9 H F  solution. The oxide, which has w e a k -  
ened and collapsed,  obviously has been stretched.  The 
stretching,  which is an t ic ipa ted  in v iew of the  visco- 
elastic na tu re  of si l ica at  1200~C, conclusively indicates  
a tensi le  stress in the  oxide, undoub ted ly  caused by  a 
gaseous pressure  at  the  interface.  
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Figure  8 shows the same wafe r  af ter  the  oxide  has 
been comple te ly  removed  by  submers ion  for 1 min in 
concent ra ted  HF (49%). P re fe ren t i a l  etching of the 
silicon, which  has occurred dur ing  the p ro longed  
oxidat ion  at  1200~ is obvious. The wel l -def ined angle  
of the  walls,  the  p l ana r  surfaces,  and the s t ra ight  
edges are  especial ly  appa ren t  i n  Fig. 8c. 

The etching is somewhat  reminiscent  of tha t  r e -  
por ted  by  Dismukes  and Ulmer  (13) for  the etching 
of silicon by  C12. They noted steps formed in the si l i -  
con surface, as wel l  as pits  which  were  about  5 ;,m 
on a side. The morpho logy  of the  surface seen by  Dis-  
mukes  and Ulmer  is not  exac t ly  as tha t  seen in Fig. 8; 
however ,  Dismukes and Ulmer  used (111) or ien ted  
wafers ,  whereas  those of Fig. 8 a re  (100) oriented.  
Hess and McDonald (12) s tudied the etching of (111) 
or iented sil icon for HC1/Oa oxidat ions  at  l l00~ and 
the i r  SEM micrographs  of the sil icon surface are  
s t r ik ing ly  s imi lar  to those of Dismukes  and Ulmer.  
Addi t iona l ly ,  an SEM micrograph  by  Hess and Mc- 
Donald of an oxide-s i l icon in ter face  in cross section 
for  a wafer  oxidized in  1 v /o  HC1 at  1100~ for 16 h r  
shows ve ry  l i t t le  l i f t ing of the  oxide. The smal l  amount  
of l i f t ing in conjunct ion wi th  the  subs tant ia l  amount  
of silicon removal  is an impor t an t  point  which wil l  be 
addressed  later .  

Fo rma t ion  of a gaseous phase a long wi th  the sub-  
sequent  l i f t ing of the  oxide occurs also for  oxides 
which in i t ia l ly  possess only the condensed, ch lor ine-  
r ich phase discussed above, bu t  which  af te r  oxidat ion,  
are  annealed  in I~2 at  oxidat ion  tempera tures .  F igure  
9a shows an oxide grown in 10 v /o  HC1 for 1 hr  a t  
1150'C. F igure  9b and 9c show the same oxide a f te r  
being annealed  5 and 20 hr, respect ively,  in N2 at  
1150~ Whereas  no voids a re  vis ible  under  the oxide 
for the unannea led  sample,  large  voids, s imi la r  to 
those produced by  long oxida t ion  t imes,  a re  seen for 
the annealed  samples.  Transmiss ion e lect ron micro-  
graphs  of the oxides shown in Fig. 9a-9c are  shown in 
Fig. 2 and 10a and 10b, respect ively .  The  deve lopment  
and coalescence oi the gaseous phase  are  evident.  

Kr ieg le r  has repor ted  a decrease in pass ivat ion  for 
oxides  which  have been annea led  in he l ium at 1150 ~ 
and 1200~C (6). Corresponding to this  decrease  in 
passivation,  van der  Meulen et al. have noted, using 
RBS, a decrease  in the chlor ine content  of oxides 
af te r  anneal ing in N2 at 1100 ~ and 120O~ (14). Con- 
sistent  wi th  these findings, x - r a y  microanalys is  
of the oxide shown in Fig. 1Oa has shown a signifi-  
cant ly  lower  chlorine concentra t ion than  tha t  found 
in the unannea led  sample  (Fig. 2). 

Rationalization of l~ndings.--Four phases need to be 
considered when discussing the micros t ruc tura l  de-  
ve lopment  of oxides g rown in HC1/O2 ambients :  s i l i -  
con, sil icon dioxide,  the  addi t ional  condensed phase,  

Fig. 5. X-ray fluorescence spectra of oxide grown in 6 v/o HC| at 1150~ for 1 hr (a) outside phase-separated region; and (b) inside 
phase-separated region. 
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Fig. 7. SEM micrograph of oxide grown in 10 v/o HCI at 1200~ 
for 6 hr after partial etching in NH4F �9 ~HF. Sample tilted 6@ ~ 

Fig. 6. Cross-sectional SEM micrographs of oxide grown in 10 
v/o HCI at 1200~ for 6 hr. 

and the gaseous phase at the interface. Silicon dioxide 
is the first reaction product to be observed for the oxi- 
dation of silicon in  HC1/O2 ambients.  After a sufficient 
t ime has elapsed, the addit ional condensed phase is 
noted; for longer oxidation times, or for subsequent  
anneals, the gaseous phase begins to form. 

In  studying the simultaneous corrosion of metals by 
oxygen and a second oxidant  (e.g., $2 or N2), re-  
searchers have found that under  the appropriate ki-  
netic and thermodynamic  conditions, the reaction 

products can form layers on the metal  (15, 16). With 
the provision that  the activity of each oxidant  in  the 
gaseous ambient  is sufficiently high to react with the 
metal, that  product yielding the most negative change 
in Gibbs free energy forms the external  scale. Due to 
the large affinity of most metals for oxygen, this ex- 
ternal  scale is usual ly  an oxide. If the growth rate of 
the more stable scale is diffusion l imited (where either 
the metal  or the oxidant  diffuses through the scale), 
then the activity of the principal  oxidant  decreases as 
one progresses from the outer surface of the scale to 
the metal-scale interface. Consequently,  if the second 
oxidant  is able to diffuse in a sufficient amount  from 
the ambient  to this interface, the thermodynamic  
equil ibria  at the interface can be reversed from that  
at the sample surface, such that  near  the metal, the 
product  of the second oxidant  is the more stable. In  
this manner ,  an addit ional phase which is uns table  
in the gaseous ambient  is able to form between the 
metal  and the external  scale. 

With some modifications, the growth of HC1 oxides 
closely resembles the model proposed above. In  the 
HC1/O2 ambient,  oxygen is the stronger oxidant  and 
chlorine the weaker  oxidant. One apparent  discrep- 
ancy, though, is the existence of three reaction prod- 
ucts in  HC1 oxides. However, the condensed in ter -  
mediate phase very l ikely contains both chlorine 
and oxygen, and is probably a chlorosiloxane possess- 
ing a high concentrat ion of oxygen. Analogous to the 
metal  sulfides or metal  ni t r ides  discussed above, this 
chlorosiloxane would be unstable  at oxidation tem- 
peratures in  large part ial  pressure of oxygen, and 
would readily oxidize to SiO2. 

That  this phase contains both chlorine and oxygen, 
and is specifically a chlorosiloxane, is suggested by 
two observations. Kriegler  has found that if a silicon 
sample is oxidized for 20 min  in  pure 02 at 1150~ 
and subsequent ly  introduced into an HC1/O2/He mix-  
ture containing 15 v/o  HC1 and 2 v/o O2 for an addi- 
t ional 20 rain at the same temperature,  passivation is 
at tained (7). However, under  similar  conditions, if 
the oxide grown for 20 rain is introduced into an 
HC1/He mixture  containing 15 v/o HC1, passivation 
does n~t occur. Evidently,  the chlorine cannot be in-  
corporated into the oxide without the simultaneous 
presence of both chlorine and oxygen. 

In  addition, most of the silicon chlorides, as well as 
those chlorosiloxanes with an O/C1 ratio significantly 
below 1/2, possess boiling points (at 1 atm) far below 
oxidation temperatures  (17). However, as the O/C1 
ratio increases, the boiling points greatly increase, 
suggesting that the addit ional condensed phase is, in  
fact, a chlorosiloxane, rich in  oxygen. 
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Fig. 8. SEM micrographs of silicon surface after oxidation in 
10 v/o HCI at 1200~ for 6 hr with subsequent removal of oxide 
in concentrated HF. Samples tilted 60 ~ 

If there exists yet  another  phase in  addit ion to the 
silicon, the silica, and the addit ional  condensed phase 
which is stable only in  oxygen part ial  pressures lower 
than  those required for the stabil i ty of the addit ional 
condensed phase, then this fourth phase would be 
found sandwiched between the silicon and the addi-  
t ional condensed phase. Such a phase may indeed 
exist in  the form of the interfacial  gas. 

Fig. 9. Cross-sectional SEM micrographs of oxide grown in 10 
v/o HCI at 1150~ for 1 hr (a) immediately after oxidation; (b) 
after subsequent 5 hr anneal in N2 at 1150~ and (c) after sub- 
sequent 20 hr anneal in N2 at 1150~ 

As discussed above, as the oxygen contents of chlo- 
rosiloxanes decrease, the compounds boil at lower 
temperatures.  If the oxide becomes sufficiently thick 
to severely l imit  the t ransport  of oxygen to the oxide- 
silicon interface, or if the oxygen at the interface is 
depleted by anneal ing  in  an oxygen-free ambient ,  
gaseous chlorosiloxanes or chlorides could form. The 
diffusivity of the interracial  gas through the oxide 
may be sufficiently low such that  the gas could be- 
come trapped at the interface l if t ing the oxide from 
the silicon. Ultimately,  the entire oxide would sepa- 
rate from the silicon; such cases have been reported 
(12). 
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Fig. 10. TEM micrographs of oxides grown in 10 v/o HCI at 1150~ for 1 hr with subsequent (a) 5 hr anneal; and (b) 20 hr anneal in 
N2 at 1150~ 

As the gas is being formed, an equi l ibr ium is main-  
ta ined between the rate of formation and the rate of 
escape through the oxide. As more gas is formed, the 
bubble under  the oxide becomes larger, creating a 
larger pressure from the tensile stress in  the oxide 
which increases the flux through the oxide. 

The existence of this equi l ibr ium is substantiated by 
a comparison of Fig. 6a-6c with the SEM micrograph, 
ment ioned above, of an oxide grown in  1 v/o HC1 for 
16 hr at ll00~ taken by Hess and McDonald. As com- 
pared to the former micrographs, the lat ter  shows 
very little l if t ing of the oxide, but  clearly indicates a 
substant ial  amount  of silicon removal, suggesting a 
significant amount  of out-diffusion of a gaseous silicon 
compound through the oxide. However, in contrast to 
the oxidations performed in  10 v/o I-IC1 at 1200~ 
(Fig. 6a-6c), the rate of interracial  gas formation for 
the oxide studied by Hess and McDonald is signifi- 
cantly lower (due to the lower temperature  and HC1 
pressure) ,  thus requir ing a much lower pressure to 
equalize the rates of formation and escape. 

The formation and escape of a chlor ine-containing 
gaseous compound dur ing anneal ing in  an oxygen-free 
ambient  is quite consistent with the deterioration of 
passivation and the decrease in chlorine content  dis- 
cussed above. Both the passivation and chlorine con- 
tent  were found to decrease most rapidly at the high- 
est anneal ing temperature,  and, in general, were very 
temperature  dependent  in the range of temperatures  
investigated (1100~176 At the higher tempera-  
tures, the depletion of oxygen, the gas formation, and 
the out-diffusion is most rapid, thus explaining the 
observations. 

The temperature  dependence of the thermodynamic  
equil ibria cannot be readily discussed without more 
information concerning the compositions of both the 
additional condensed phase and the gaseous phase. 
Moreover, depending upon the part icular  compositions 
of these phases, thermodynamic  data may be unava i l -  
able in the l i terature,  thus making  any detailed cal- 
culations quite difficult. 

The prediction of the kinetic behavior  as a funct ion 
of temperature  is considerably more straightforward~ 
par t icular ly  from a quali tat ive viewpoint. As the tem- 
perature  increases, the diffusivities of the oxidants in 
the oxide, as well as the various reaction rates, in-  
crease, thus allowing the more rapid development  of 
the chlor ine-containing phases. This increase in the 
rate of development  with increasing temperature  is 
indeed observed (8). 

Summary 
Investigations using electron microscopy and x - r ay  

analysis were done to ascertain the structure and 

composition of silicon oxides dur ing  their  growth in 
HC1/O2 ambients.  Upon first in t roduct ion into the 
oxidizing ambient,  the silicon reacts to form an SiO2 
layer. After a sufficient amount  of t ime has elapsed, an 
additional condensed phase becomes apparent  at the 
oxide-silicon interface. This phase, which contains the 
major i ty  of the chlorine, remains sandwiched between 
the SiO~ and the silicon as the oxide growth con- 
tinues. 

After an even longer growth time, an interfacial  gas 
begins to form. The gas preferent ia l ly  etches the 
under ly ing  silicon, and depending upon the oxidation 
temperature  and HC1 content, the gas may signifi- 
cantly lift the oxide from the silicon, forming large 
bubbles. The gas can also be formed by anneal ing an 
oxide possessing only the addit ional  condensed phase 
in an oxygen-free ambient  at typical oxidation tern- 
peratures. 

The formation of the two addit ional  phases has been 
interpreted in terms of compounds stable at the var i -  
ous part ial  pressures (or activities) of oxygen found 
at the oxide-silicon interface under  various oxidation 
and anneal ing conditions. When the oxide becomes 
thick enough to sufficiently l imit  the t ransport  of 
oxygen to the interface, the addit ional condensed 
phase becomes stable. The evidence cited indicates the 
composition of this phase to be a chlorosiloxane, rich 
in oxygen. When the oxygen activity is fur ther  sup- 
pressed, either due to an increase in oxide thickness or 
a decrease in the ambient  oxygen part ial  pressure, the 
gaseous compound becomes stable. By its out-diffusion 
through the oxide, the gas can remove substant ial  
amounts of silicon, yielding a preferent ia l ly  etched 
silicon surface. 
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Technical Notes 

Application of Interface Demarcation to 
Multiphase Systems: InSb-Sb Eutectic 

Douglas E. Holmes 1 and Harry C. Gatos* 
Department of Materials Science and Engineering, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

The app l icab i l i ty  of in ter face  demarca t ion  to the  
s tudy  of (d i rec t ional )  solidification of mul t iphase  
systems was demons t ra ted  wi th  the  InSb -Sb  eutectic. 
Thus, the microscopic growth  ra te  and the  in terface  
morpho logy  dur ing  solidification of the eutectic ma t r i x  
of a non t ranspa ren t  sys tem were  recorded  for  the  first 
t ime. I t  is the purpose  of this communicat ion to dem-  
ons t ra te  that  pa rame te r s  in t roduced in the  theoret ica l  
models  of eutect ic  solidification can be expe r imen ta l ly  
de te rmined  by  interface  demarcat ion.  

Interface  demarca t ion  (achieved by  passing cur ren t  
pulses  of known f requency across the  growth  in te r -  
face) has been successful ly appl ied  to the  quant i ta t ive  
s tudy of g rowth  and segregat ion  in e lementa l  (1) and 
I I I -V  compound semiconductors  (2), to the s tudy o~ 
in ter face  b r e a k d o w n  due to const i tut ional  supercoo]-  
ing (3), and to the  s tudy  of semiconductor  mel t  the r -  
mohydrodynamics  (4). In ter face  demarca t ion  should 
be a powerfu l  tool for solidification studies of mul t i -  
phase  systems since the  morphology  of the  sol idifying 
in ter face  and the  microscopic g rowth  rates  a re  key  
pa rame te r s  in the fundamenta l  analysis  of the  solidifi- 
cat ion process (5-8).  In ter face  demarca t ion  has not  as 
ye t  been  successful ly app l ied  to the  solidification of 
meta l l i c  phases p r i m a r i l y  because the  Pe l t i e r  coeffi- 
cients of meta ls  are genera l ly  about  an order  of mag-  
n i tude  smal le r  than  those of semiconductors;  in add i -  
tion, local ized composi t ional  changes b rough t  about  by  
cur ren t  pulses at  the solidification t e m p e r a t u r e  should 
tend to fade out  dur ing  cooling to room t empera tu re  
since the diffusion constants  in meta ls  a re  typ ica l ly  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  address :  H u g h e s  R e s e a r c h  Laborator ies ,  Malibu,  Cali- 

f o r n i a  90265. 

about  three  orders  of magni tude  l a rge r  than  those in 
semiconductors.  The choice of the InSb eutectic was 
based on the fact  tha t  the InSb ma t r i x  is a semicon-  
ductor  and its single crysta l  g rowth  has been s tudied 
wi th  in terface  demarca t ion;  in addit ion,  micros t ruc-  
tu re  and x - r a y  (or ienta t ion)  analysis  have  been  ca r -  
r ied out  on this eutectic (9). 

Cyl inders  of the  InSb -Sb  eutectic were  p repa red  
f rom melts  (volume fract ion of InSb about  0.62) con- 
fined in 5 mm d iam quar tz  ampuls  and doped wi th  
Te to a level  of about  1019/cm 3 for in terface  demarca -  
t ion (2). The melts  were  d i rec t ional ly  solidified (under  
s tabi l iz ing the rmal  gradients )  in  a ver t ica l  s ta t ionary  
configuration by  control led cooling. Electr ical  cur ren t  
pulses (18 A / c m  2) of 100 msec dura t ion  were  appl ied  
across the so l id -mel t  in terface  at  a f requency  of 1 Hz. 
The appara tus  is descr ibed in detai l  e l sewhere  (3). 

The InSb-Sb  cyl inders  were  cut longi tud ina l ly  along 
the solidification axis pol ished successively wi th  Linde 
A, alumina,  and Syton (1:1 Sy ton :H20)  and p re fe r -  
en t ia l ly  etched (wi th  1 par t  acetic acid -k 1 HF + 1 
sa tu ra ted  aqueous KMnO4 solution) to revea l  in te r -  
face demarca t ion  l ines and segregat ion  inhomogene-  
ities. 

A typical  micros t ruc ture  of an InSb -Sb  eutectic 
solidified under  p rog ra mme d  cooling leading  to r e l a -  
t ive ly  constant  solidification ra te  is shown in Fig. 1. 
In ter face  demarca t ion  l ines are  presen t  in the InSb 
ma t r ix  but  not  in the Sb phase. The spacing of the 
demarca t ion  lines is quite uniform, indicat ing a f a i r ly  
uni form solidification ra te  of app rox ima te ly  1 ~m/sec. 
Occasional changes in the in terface  morphology  can 
also be seen. The Sb phase  consists of cont inuous and 
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Fig. I. InSb-Sb eutectlc. Interface demarcation is present in the 
InSb but not in the Sb phase. The direction of solidification is from 
bottom to top; see text. 1300• 

Fig. 2. InSb-Sb eutectic. Interface demarcation is present in the 
InSb but not in the Sb phase. The direction of solidification is 
from bottom to top; see text. 1300 X .  

discontinuous r o d - t y p e  regions or iented  along the 
solidification direction.  Samples  cut  pe rpend icu la r  to 
the  solidification direct ion revea led  tha t  Sb rods have 
a t r i angu la r  cross section as r epor t ed  ea r l i e r  (9) as 
wel l  as cross sections of i r r egu la r  shape. 

A longi tud ina l  cross section of a cy l inder  solidified 
under  control led cooling conditions is shown in Fig. 2. 
In  this case i t  is seen tha t  fluctuations in the  micro-  
scopic solidification ra te  t ake  place (fluctuations of 
the spacing of the  demarca t ion  l ines) as less e labora te  
precaut ions  were  taken,  than  in the  case of Fig. 1, to 
min imize  ab rup t  changes in the  ver t ica l  and horizontM 
gradients  dur ing  solidification (3). 

The impor tance  of in ter face  demarca t ion  in s tudy-  
ing eutect ic  solidification wil l  be demons t ra ted  by  
poin t ing  out  the  possibi l i t ies  for  de te rmin ing  qual i ta -  
t ive ly  or quan t i t a t ive ly  pa rame te r s  assumed in theo-  
re t ica l  models. Thus, in the  theories  of l amel l a r  or  
rod g rowth  in  eutect ic  solidification pa r ame te r s  t aken  
into considera t ion are  the microscopic ra te  of solidifi- 
cation, the  format ion  and movement  of faults  or  faul t  
lines, the  in ter face  morphology  ( interface curva ture )  
and in ter face  ins tabi l i t ies  (5), facet  format ion  by  one 
phase, in ter face  morphology  per turbat ions ,  the i r  
chronological  deve lopment  and wave length  (6-8).  A l -  
though some of these pa rame te r s  can be de te rmined  
in t r ansparen t  (organic)  systems (5), they  can only 
be ind i rec t ly  in fe r red  in metal l ic  systems. 

As seen in Fig. 1 and 2, the microscopic solidifica- 
t ion r a t e  of the ma t r ix  phase  can be de te rmined  
th roughout  solidification. The microscopic solidifica- 
t ion ra te  is not constant  and can be significantly di f -  
ferent  f rom the average  solidification rate.  I t  also ex-  
hibi ts  local and t ime- independen t  variat ions.  Thus, in 

ad jacent  InSb regions A and B of Fig. 2 (and most 
l ike ly  in the Sb rod separa t ing  these regions)  the  
microscopic growth  ra te  increases  by  more  than  a 
factor  of two wi th in  1 sec. Solidif icat ion ra te  va r i -  
at ions in an ind iv idua l  InSb region a re  seen in C (Fig. 
2) which appear  to be associated wi th  changes of 
the  in terface  curva tu re  as the in te r rod  spacing under -  
goes ad jus tment  u n d e r  t rans ien t  conditions. Faul t s  
and thei r  movement ,  as discussed in  Ref. (5), together  
wi th  the associated in ter face  morphology  and the 
microscopic ra te  of solidification, can be observed (see, 
for  example ,  region D, Fig. 2). I t  appears  tha t  in te r -  
rod  spacing is ad jus ted  by  branch ing  of the ma t r i x  
( region A in Fig. 1). A depression is first formed;  by  
analogy wi th  resul ts  in Ref. (5) g rowth  of an ad jacen t  
Sb rod takes  place ra the r  than  a separa te  Sb nuc lea-  
t ion event.  

The interface  morphology  of continuous regions oI 
the ma t r i x  phase  is c lear ly  de l inea ted  by  interface  de -  
marca t ion  lines. Face t  format ion  (p lanar  in terface)  
for example ,  is r ead i ly  identif ied as in  regions E and 
F of Fig. 2. These facets a re  incl ined to the  g rowth  
direct ion by  20 ~ Since InSb has a s t rong tendency  for 
facet g rowth  in the  ~111~  di rec t ion  (7),  the  growth  
direct ion of InSb in the  present  case is not  the ~111~  
(p lana r  in ter face  is in  no ins tance pe rpend icu la r  to 
the growth  d i rec t ion) ,  whereas  in Ref. (9) it  is r e -  
por ted  tha t  the  InSb ma t r i x  grows in the  <111~  d i -  
rection. 

Changes in in terface  morphology  and branching  of 
coalescence of InSb rods can be r ead i ly  related.  For  
example ,  in regions D and G of Fig. 2, in terface  ins ta-  
bi l i t ies ( in terface  undula t ions)  a re  seen p r io r  to 
branching  of InSb rods. In ter face  undu la t ion  wi th  a 
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wavelength smaller than the rod width are seen in re-  
gion H of Fig. 2. Dopant inhomogeneities paral lel  to 
the soldification direction in this region delineate un- 
dulation valleys; under quasisteadyostate conditions 
the impuri ty  concentration exhibits maxima and 
minima at  undulation valleys and peaks, respectively, 
as a morphological instabili ty evolves (5); similar be- 
havior was observed in single phase material, e.g., Ge 
(3). Interface instabil i ty with wavelengths much 
smaller than the width of the rod observed in the 
present case have not been as yet considered in the 
existing theoretical models. Interface instabilities with 
wavelengths greater than interrod spacing cannot be 
direct ly determined as the interface demarcation lines 
are not continuous through the Sb phase. However, 
the same interface demarcation line can be identified 
on InSb rods separated by  Sb rods by counting de- 
marcation lines of the rods from the point of their 
branching or merging. In this way an interface un- 
dulation can be extrapolated through the Sb phase as 
shown in the lower and upper parts of Fig. 2; in these 
cases the wavelength corresponds to more than one Sb 
and two InSb rods. The identification of the same de- 
marcation line across the matr ix phase could be sim- 
ply achieved by interrupting the current pulses for 
short intervals of time (longer than the time interval  
between pulses). In this way, the first demarcation 
line after each interruption interval  would serve as an 
absolute time reference point (10). 

In summary, it was demonstrated that interface de- 
marcation is potentially a powerful tool for the in- 
vestigation of eutectic solidification. When interface 
demarcation is employed in conjunction with a com- 
position profiling method, it  should become possible to 

obtain solidification rates, interface morphology, and 
composition on a microscale and thus establish quanti-  
tative relationships between solidification parameters, 
dynamic morphological adjustments, and interface 
stability. 
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A Simple Technique for Silicon Nitride Growth 
David Hackleman, 1 Yu. G. Vlasov, 2 and Richard P. Buck* 

The William Rand Kenan Laboratories oS Chemistry, 
The University o] North Carolina, Chapel Hill, North Carolina 27514 

The process of fabrication of ISFET's (ion-selective 
field effect transistors) includes formation of thin lay-  
ers of the insulators SiO2 or SigN4 on silicon. Best 
results, at least for ISFET's used in moist environ- 
ments, can be expected from insulating layers of Si3N~ 
or SiO2 + SiaN4, rather  than SiO2. The growth of 
silicon nitride on silicon is usually accomplished 
through vapor phase epitaxial  or sputtering techniques 
(1-3) which require use of silane mixtures or pre-  
formed nitride. Direct nitr idation can also be accom- 
plished thermally (4-6) and by glow discharge gen- 
eration of atomic nitrogen to produce a thin, mixed 
oxy-ni t r ide layer  (5) whose growth is self-limiting. 
However, thermal generation of N atoms from N2 re-  
quires temperatures of 1200~176 

Considering the negative free energy for the pos- 
sible reaction 

6 S i  + 3NH.q = S i s N 4  + 6H~  

i t  is predicted that a technique should be possible for 
growth of silicon nitride films on silicon using readily 
available anhydrous ammonia. A satisfactory proce- 
dure has been found in this laboratory when oxygen is 
rigorously excluded from the reaction vessel. Using a 
reaction chamber of the type shown in Fig. 1 and a 
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glove bag, isolation of the silicon substrate from oxy- 
gen prior to thermal nitr idation can be achieved. The 
experimental  conditions used were 800~ for 20 hr i n  
an anhydrous ammonia (2 cfh) atmosphere. "Chemi- 
sphere" reagent grade liquid ammonia, manufactured 
by Lif-o-Gen, Incorporated, was used without further 
purification. The substrate was first etched in HF in a 
helium atmosphere before transfer under helium to 
the reaction vessel. ESCA studies of specimens pre-  
pared by the proposed ammonia method and the sput- 
tering method for comparison with a reference speci- 
men heated in air (1000~ confirm through the ob- 
served chemical shifts the creation of Si-N bonds on 
the surface. In Fig. 2, an ESCA spectrum of a thin, 

A !FLOW METE FINE 
~s 

INDICATING ~FF L NN3 ABSORBANT SHUTO NH 

b 
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Fig. 1. Reaction apparatus 



1876 Y. Eteetrochem. Sot.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  November  1978 

i 
~ O A N ~  

3 9 8  2 I 

? ~ f f  . . . .  , , , , ~ ~ , - ~  

9 9 4  

103 

5 
~ . ~ - ~ p ,  ~ ~.. , ~  

Fig. 2. ESCA of silicon nitride manufactured by this technique, 
,~ 25 nm thick, Si-N at 398 eV; Si-Si at 99 eV; Si-N at 103 eV; 
(Si-O is of similar chemical shift, hence the Si-N is the defining 
peak). 

colorless layer ,  es t imated  25 nm thickness grown by  
the ammonia  process, shows the presence of N (348.21 
eV) and Si (90-100 eV) in addi t ion  to expected C and 
O peaks.  Both the  oxidized S i ( IV)  and under ly ing  
S i -S i  la t t ice  at  99.4 eV are  apparent .  F igu re  3 gives 

102 4 
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/ 

Fig. 3. ESCA of silicon nitride grown by a standard process, 
200-300 nm thick (8). 
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Fig. 4. ESCA of Si02 grown 1000~ in air for 3 hr 

the resul ts  for  a th ick l aye r  g rown by  the  SisN4-sput-  
ter ing process. The  la t t ice  Si peak  is absent.  F ina l ly ,  
in Fig. 4 the reference  specimen p r imar i l y  shows a 
l aye r  of SiO2 wi th  only a hint  of N present .  

This technique is simple and provides  ma te r i a l  of a 
qua l i ty  useful  for the manufac tu re  of ISFET's .  Be-  
cause the n i t r ide  l aye r  ceases to grow when  it  has 
formed a thickness g rea t  enough to inhib i t  diffusion of 
NHa or  fragments ,  the process leads  to a un i form 
layer .  F u r t h e r  s tudies of the technique are  wor thwhi le  
and our  presen t  accomplishments  have  been  only 
briefly repor ted  here.  8 
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The reviewer  points out a nearly  simultaneous study using am- 
monia has been reported (7).  
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in Chemical Vapor Deposition of SigN4 from 

SiCI4 and 
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Silicon ni t r ide  is known to form adhesive insulat ing 
films on silicon substrates, and thus it is an excel lent  
mate r ia l  for semiconductor  devices. Numerous  invest i -  
gations (1-4) have  been made in past years to ex-  
amine how the characterist ics of deposit  films vary  
with  vapor  compositions, temperatures ,  and pressures 
i n  chemical vapor  deposition (CVD) processes. How-  
ever  none of the studies has been centered on the mo- 
lecular  format ion processes of SiaN4 in the vapor  
phase. Al though such invest igat ion might  not  yield 
direct  informat ion concerning the production tech- 
nology of semiconductor  devices, never theless  it is a 
fundamenta l  process in the format ion of thin film de- 
posits. 

The present  s tudy is a continuation of the previous 
work  (5) in which many  in termedia te  complexes 
leading to the format ion of SisN4 from SiF4 and NH3 
were  observed. The work  repor ted  here  is the result  
obtained f rom the examinat ion of vapor  phase in ter -  
action of SIC14 and NHs. While silicon te t rachlor ide 
and tetrafluoride are ve ry  similar  in chemical  nature,  
their  reactivi t ies are quite  different. Consequent ly  the 
difference der ived f rom their  chemical  activities was 
observed in the molecular  format ion process of Si3N~. 

The exper imenta l  setup (Fig. 1) was identical  to 
that  previously  employed (5), except  SiF4 was re-  
placed wi th  SIC14. The SIC14 vapor  was obtained f rom 
electronic grade l iquid  by vacuum extraction,  and 
NH3 was drawn from a compressed gas cylinder.  The 
CVD reactor  was made f rom two closed-end a lumina 
combustion tubes and a spacer in a coaxial configura- 
tion. In order to produce an opt imum condition for 
many  complex molecular  in termediates  to be ob- 
served, the CVD exper iments  were  per formed in sev- 
eral  reactor  configurations at t empera tures  and pres-  
sures in the ranges of 800~176 and 0-80 mm Hg, 
respectively.  The  quadrupole  mass filter made by Ex-  
t ranuclear  Laboratory,  Incorporated, was used and 
operated wi th  ionizing electron beam at 40 eV under  
va ry ing  sensitivities, resolutions, and focusing condi- 
tions. Due to the difficulties inherent  in the present  
method of sampling of the condensates through a small  
opening (such as orifice clogging, pressure fluctuation, 
and a short measurement  t ime)  it is hard to correlate  
systematical ly  the characterist ics of deposits wi th  the 
var ie ty  and abundances of molecular  intermediates.  
Moreover,  t ime and resources are  not avai lable for a 
more  extensive invest igat ion at this time. 

The ident i ty  of an ion is established f rom mass num-  
ber  and isotopic distribution. Since the chlorine atom 
has two major  isotopes, 35 and 37, the composition of 
an ion could be determined f rom the intensities of iso- 
topic peaks. However  the presence of the isotopic 
peaks also complicated observed mass spectra. The 
major i ty  of observed in te rmedia te  ions consisted of 
large  numbers  of atoms, and they  were  usual ly low 
abundant,  high mass ions. With the quadrupole  mass 
filter operat ing at low resolution in the high mass 
range, i t  was impossible to dist inguish these weak 
peaks in over lapping ion spectra. 

P r io r  to the CVD runs, mass spectra of SIC14 were  
taken  for re ference  and comparison. The  typical  ions 

Key words: CVD, s e m i c o n d u c t o r ,  films. 
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Fig. 1. Block diagram of experimental apparatus. This apparatus 
consisted of gas inlet fines, a miniature chemical vapor dreposition 
furnace, and a three-stage differential pumping system. The quad- 
rupole mos~ spectrometer, modulated beam mechanism, and ex- 
pansion chamber are integral parts of the vacuum system. 

present  in these spectra are listed in Table  I: The ions 
of SIC13 +, SiC1 +, SIC14 +, SIC12 +, C1 +, and C12 + in de-  
creasing magnitudes were  observed. A trace amount  
of SiC12F + (less than 0.1%) was detected only at the 
introduct ion of the reactant.  The intensi ty of this ion 
diminished with  time, and was not detectable after  a 
few runs. The mass spectra of SIC14 are very  similar  to 
those of SiF4 (5), except  there  is no ion der ived f rom 
the dimeric species (SIC]4)2. 

The chemical reaction between SiCI4 and NH3 takes 
place at all temperatures as evidenced by the forma- 
tion of deposits and gradual  clogging of the sampling 
orifice. Even the mass spectra obtained at the in t imate  
contact position of orifices fRet. (5), Fig. 2B] where  
the interact ion of these two gases was min imum re-  
vealed the existence of a small  amount  of SiNH2C12 § 
resul t ing f rom the direct combination of the two 
vapors. In all CVD runs, the SiNH2CI2 § ion as wel l  as 
ions der ived f rom secondary collision products con- 
ta.ining one or two Si and NH2 groups together  wi th  
HC1 were  always observed. However ,  a large number  
of in termedia te  ion species containing more than two 
Si atoms was detected only in some specific runs whe re  
proper  conditions existed for the detection of a large 
scale vapor  phase condensation. At the high mass end 
of the spectra, the resolution of the mass analyzer was 
lowered to compensate for the lower  sensi t ivi ty of the 

Table I. Ion species observed in mass spectra of SiCI4 

Abundances* * * 

R o o m  
N e u t r a l  t e m p e r -  T = T = 

Mass* I o n  p r e c u r s o r  a ture  800~ 1200~ 

35 C1 SiCh 13 9 8 
63 SiC1 SiCh/SiCI~ 70 60 60 
70 C12 SiCh/SiCI~ 0.5 0.3 0 
98 Ss SiCh/SiCh 11 15 13 

107 SiChF* ~ SiCI~ 0.1 0 0 
133 SiCh SIC14 100 100 100 
168 SiCI~ SiCI~ 22 20 20 

* A t o m i c  w e i g h t s  o f  Si a n d  C1 are  t a k e n  as 28 and 35, respec-  
t ive ly .  Since C1 has two major isotopes 35(75.53%) and 37(24.47%), 
the  ch lor ide  ion cons i s t s  of several peaks starting from t h e  m a s s  
number as indicated. 

* * Present as an impurity in SiCk liquid, the signal is o b s e r v e d  
only at the b e g i n n i n g .  

*** Abundances shown are n o t  c o r r e c t e d  for  t h e  e f f ic iency  and  
t ransmis s ion  of  t h e  maa$ fi lter.  
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instrument.  Consequently,  the identification of these 
high mass, low intensi ty peaks could not be accom- 
plished. Ion peaks were  detected and recorded up to 
the l imit  of the mass analyzer,  900 amu, and the ion 
intensities were  recal ibra ted for changes in analyzer  
resolution. 

In Table II, the observed ion species der ived f rom 
in termedia te  molecules existing in the CVD reaction 
of SiCI~ and NH3 are tabulated. The mass number  
shown in the first column is the position of the most 
abundant  peak of an ion. In the high mass range, the 
indicated mass may  not correspond to a specific ion 
because of two or more over lapping peaks. The com- 
positions of the ions are indicated in the second col- 
umn, and they cannot be definitely established unless 
the isotopic abundance agrees well  wi th  the observed 
peak height. Based upon the empir ical  f ragmenta t ion  
pat tern  (6) of chloride molecules, the neutra l  pre-  
cursor of the f ragmented ion is suggested in the third 
column. It is most l ikely  (6) that  gaseous chlorides 
predominant ly  produce the ions of one C1 atom less 
than the neutrals  upon electron impact  ionization. The 
re la t ive  abundances of these ions are shown in the 
last column. The  intensities listed are taken direct ly  
f rom spectra and are not corrected for the transmission 
and the  efficiency of the mass detector. Considering all 
such corrections, however ,  the total  intensi ty er ror  
should not be more  than one order  of magni tude  when  
comparing the abundance of ions at 100 and 10-5 in a 
re la t ive  s c a l e .  

Table II. Intermediate ion species detected in the CVD process 
of SigN4 from SiCI4 and NH3 

Ion Neutral Abundances 
Mass* species** p r e c u r sor  S i C h  + as 100~ 

60 Si (NI'Is) 2 Si (NH2) 2CI~ 0.86 
76 Si (NH~) s Si (NHs) aCl 0.26 
79 SiNHsCI SiNH~Ch 2.85 
95 Si (NHs) 2C1 Si (NH2) .~Cls 4.85 

111 Si (NHs) 8C1 Si (NH~) 3C1 0.29 
114 SiNH~C12 SiNH~Ch 21.4 
130 Si ( NH2 ) ~CI~ Si ( NH2 ) ~Ch 0.14 
133 SiCh SiCh 100 
149 SiNHsCh SiNHsCIa 1.71 
176 SisNI-IC18 SisNHCI6 0.29 x I0 -~ 
192 Si~NHNH2Ci3 Si~NHNHsCh 1.77 
213 SisNHCh SicNHC16 0.45 
229 Si:NHNHsCh SisNHNH~CIs 1.09 
248 Si~N/tCh Si2NHC16 2.85 
270 Unknown*** Unknown 4 • 10-~ 
291 Unknown Unknown 3.4 
306 Unknown Unknown 3.7 
325 Unknown Unknown 3.7 
345 Unknown Unknown 1.4 
363 Unknown Unknown 1.7 
380 Unknown Unknown 3.7 
390 Unknown Unknown 0.94 
415 Unknown Unknown 0.5 
440 Unknown Unknown 0.43 
459 Unknown Unknown 0.71 
474 Unknown Unknown 0.26 
499 Unknown Unknown 0.14 
515 Unknown Unknown 0.2 
536 Unknown Unknown 0.14 
558 Unknown Unknown 0.13 
577 Unknown Unknown 0.10 
595 Unknown U n k n o w n  0.10 
615 Unknown Unknown 0.10 
636 Unknown Unknown 0.10 
655 Unknown Unknown 0.10 
673 Unknown Unknown 0.10 
692 Unknown Unknown 0.15 
717 Unknown Unknown 0.10 
732 Unknown Unknown 0.5 • 10-~ 
748 Unknown Unknown 0.41 
770 Unknown Unknown 0.33 
785 Unknown Unknown 0.29 
803 Unknown Unknown 0.27 
826 Unknown Unknown 0.25 
850 Unknown Unknown 0.21 
868 Unknown Unknown 0.17 

* Mass number of the largest peak of an ion. 
** Ions are  es tab l i shed  f r o m  m a s s  n u m b e r  and isotopic  distri- 

bution.  
*** Due to the  l o w  reso lut ion  of  the  m a s s  analyzer, the low in- 

tensity peaks  above 248 ainu are  not  identif ied.  
The in tens i ty  data r e f e r r e d  to SiCh+ as 100 are taken di- 

rec t ly  from chart 010578 where the largest number of polymeric 
ion peaks  is observed. The CVD condit ion:  T = 1000~ P = 18 
ram Hg; gas  f lows = 10 cmS/min. The reactor: Inner orifice = 0.2 
m m  diam; outer  orif ice = 0.6 m m  diam; spacer  = 9 mm long. 

These ions, as shown in Table If, a re  presumably  
der ived from molecular  in termediates  exist ing in suc- 
cessive stepwise reactions leading to the format ion of 
SisN4. They were  observed in several  sets of exper i -  
ments. The abundances of these ions decrease with in.- 
creasing mass numbers  f rom the  most abundant  in te r -  
mediate  ion SiNH2CI2 + in order  of 10% re la t ive  to 
SIC18 + to the ion at 868 ainu in order of 10 -7. The po-- 
sitions of these peaks are usual ly  separated among 
them by units of 35, 28, 20, and 16 amu (--4_-_ 1 ainu due 
to H atom and error)  corresponding to differences of 
C1, Si, C1-NHs, and NH2 compositions. 

The over -a l l  chemical  react ion for the CVD of SisN4 
f rom SIC14 and NH3 can be wr i t t en  as 

3SIC14 + 4NH8 ---- SisN4 + 12HC1 [1] 

The stepwise reactions leading to the format ion of the 
ni tr ide are suggested (7) to occur through a series of 
addit ive in termediates  fol lowed by the el iminat ion of 
HC1 such as the format ion of the first in termedia te  

SIC14 + NH3 = ClsSiC1 . . .  HNHs -- CI~SiNH2 + HC1 [2] 

and 

SiCI~NH2 + SIC14 ---- C13SiNHH.. .  C1SiCI~ 

-- CIsSiNHSiCI3 + HCI [3] 
or 

SiC13NH2 + NH3 -- C12NHSiC1... HNH2 

---- CI2Si(NH2)2 + HCI [4] 

After successive collisions of these intermediates and 

reactants, more complex intermediate molecules con- 
taining increasing numbers of N atoms should appear. 
This stepwise reaction generally involves the forma- 
tion of a new intermediate species and the detachment 
of HCI from a highly unstable molecular complex. The 
composition of the new intermediate moves toward 
SisN4 after numerous collisions in the vapor before 
striking the surface where further reactions might 
take place. 

The experimentally observed ion species are in good 
agreement with the above proposed mechanism since 
the format ion of NH and NH2 groups are the major  
processes leading to SigN4. The existence of the first 
in termedia te  SiNH2CI3 confirms the first stepwise re-  
action [2]. The successive react ion [3] and [4] prod-  
ucts, Si(NH2)2C1 and SisNHC16, were  supported by 
their  f ragmented  ions such as Si(NHs)  2C1+, 
Si(NH2)2C12 +, and Si2NHCI5 +. The observat ion of 
many polymeric  high mass ions in the system fur ther  
indicates that  a large scale vapor  phase react ion and 
nucleat ion exists. Based on the var ie ty  of polymeric  
ion peaks possibly containing many  NH2 units, the  
stepwise reactions fol lowing reactions [3] and [4] 
seem to proceed not along some par t icular  routes but  
toward all random directions of collision paths. 

The most impor tant  ions der ived f rom the first com- 
binat ion of two reactants  are s imilar  in the chloride 
and the fluoride CVD systems, but the successive colli- 
sion products are quite different. In the fluoride ex-  
per iment  (5), only the ions der ived f rom the first 
in termedia te  molecule SiNHsF3 were  observed such 
as SiNH2F2 +, SiNHsF +, and SiNH2F~ + . In the  chloride 
system, however,  in termediates  containing more than 
one NH2 group such as Si(NH2)2C12 and Si(NH2)sC1 
in addit ion to SiNH2C18 were  found to exist. In the 
CVD of SiF4, the major  polymeric  peaks observed 
were  those homologous series of ions separated by a 
Si (NH)2 unit. In the chloride spectra, the correspond- 
ing homologous series of ions were  not major  peaks~ 
There were  numerous  unidentified polymeric  ions 
containing a large proport ion of NH and NH2 groups. 
Since the exper imenta l  conditions in both systems 
were  similar, i t  is l ikely that  the h igher  react iv i ty  of 
the chloride accelerates the format ion of in termedia te  
molecules containing more  NI l  and NH2 groups. 
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In addi t ion  to the  Si-N-C1 species, some oxygen-  
conta in ing Si-O-C1 po lymer ic  ion species such as 
SinO2n-3C15 + where  n = 2-11, were  also observed.  
These ions were  presen t  in minu te  quant i t ies  together  
wi th  SIC14 only af te r  a pro longed  per iod  of heat ing.  
The  oxygen-con ta in ing  species could or ig ina te  f rom 
the  in teract ions  be tween  SIC14 and a lumina,  si l ica and 
wa~er. Examina t ion  of the  in terac t ion  be tween  SiO2 
and  SIC14 in a new a lumina  tube  revea led  that  no such 
Si-O-C1 species exis ted  in the  presen t  a r rangement .  
There fore  these species p r e sumab ly  resu l t  f rom the 
in te rac t ion  be tween  SIC14 and H20. 

I]a summary ,  the  exis tence of numerous  in t e rmed ia te  
molecules  dur ing  the CVD of SisN4 from SIC14 and 
NH3 indicate  tha t  vapor  phase  nuclea t ion  and conden-  
sat ion occur at  h igh t empera tu re s  in the presen t  sys-  
tem. The ex ten t  of the vapor  phase  reac t ion  i s  not  
clear,  bu t  the  reac t ion  is a dominant  process in the  
Si3N4 formation.  Al though  react ions a t  a surface  m a y  
a l te r  the  p roper t i e s  of deposi ted films more  than  the 
vapor  phase  reaction,  the  significance of vapor  phase 
nucleat ion at  low subs t ra te  t empera tu re s  should be 
h igh ly  emphasized.  In  the fu ture  i t  might  be possible 
to control  the  character is t ics  of deposi ts  b y  moni tor ing  
subs t ra te  t empera tu re s  and the ex ten t  of vapor  phase  

nuclea t ion  represen ted  by  abundances  of molecu la r  
in termedia tes .  

Manuscr ip t  submi t ted  Apr i l  21, 1978; revised manu-  
scr ipt  rece ived  May 24, 1978. 

Any  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1979 JOURNAL. 
Al l  discussions for  the June  1979 Discussion Section 
should be submi t ted  by  Feb.  1, 1979. 

Publication costs of this article were assisted by the 
Army  Materials and Research Center. 
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A Multiwafer Growth System for Low Pressure 
Silicon Epitaxy 

M. Ogirima, H. Saida, M. Suzuki, and M. Maki 
Hitachi, Limited, Central Research Laboratory, Kokubunji,  Tokyo, 185 Japan 

I t  has been r epor t ed  tha t  low pressure  ep i t axy  is 
ve ry  effective for  the  reduct ion  of autodoping (1-3).  
The  appara tus  used in our  previous  work  was a con- 
vent ional  hor izonta l  reac tor  hea ted  by  rf  induction,  
but  i t  has the  fol lowing two ser ious d rawbacks :  (i)  
Glow discharge in a reac t ion  tube  be low about  2 X 10 ~ 
Pa  (150 Tor r ) ,  which h inders  normal  ep i tax ia l  growth;  
(ii) large  t empe ra tu r e  difference be tween  a susceptor  
and  a wafer  due to l i t t le  t h e r m a l  convection, which  
induces dislocation. 

Moreover,  a r ec tangu la r  fused sil ica tube,  which is 
usua l ly  ut i l ized for  obta in ing un i form ep i - l aye r  th ick-  
ness, cannot  be used at  low pressures  because of the 
poss ib i l i ty  of implosion.  Therefore ,  some other  type  of 
reac tor  is des i rable  for  a mu l t iwafe r  g rowth  sys tem 
for low pressure  epi taxy.  This r epor t  is concerned wi th  
a new type  of low p res su re  si l icon ep i t ax ia l  reac tor  
which  can accommodate  6 wafers  (3 in. d iam) at  a 
t ime.  

This appa ra tus  is d iv ided  into three  blocks, these 
being a gas control  system, reactor,  and vacuum sys-  
tem. The sections of the  reac tor  are  shown in Fig. 1. 
The  character is t ics  of this appara tus  are  as follows: 
(i)  Bel l  j a r  type  reac t ion  chamber ;  (ii) rad ia t ion  
heat ing;  (iii) accurate  au tomat ic  pressure  control  
wi thout  changing gas flow ra te  in the react ion tube. 

The bel l  j a r  type  react ion chamber  is safer  against  
implosion.  I t  is also leakage  f ree  because i t  employs  
only one O- r ing  seal and  there  is l i t t le  l eakage  in  the  
ups t r eam of the wafer .  The inlet  gas is in jec ted  
th rough  the cent ra l  tube  and a T - shaped  nozzle. Re-  
acted gas is exhaus ted  f rom the outlets  in the base 
plate.  The subs t ra te  holders  can be ro ta ted  in o rde r  
to obta in  good un i fo rmi ty  of epi  l ayer  thickness.  

The wafers  a re  hea ted  by  in f ra red  lamps. This 
hea t ing  sys tem has severa l  mer i t s  and demeri ts .  I t  

Key words: epitaxy, doping, wafers. 

causes no glow discharge and few slip lines (disloca-  
t ions) dur ing  hea t ing  and cooling processes because 
of smal l  t e m p e r a t u r e  difference be tween  a subs t ra te  
holder  and a wafer.  At  low pressures  heat  conduction 
due to gas convection is difficult to realize,  therefore  
the t empera tu re  gradients  tend  to be la rger  than  tha t  
at a tmospher ic  pressure.  The demer i t s  of rad ia t ion  
hea t ing  is tha t  silicon is deposi ted on the wal ls  of 
bel l  j a r  which is made  of fused sil ica when  si lane is 
used as a sil icon source. 

The vacuum exhaus t  sys tem of this  appara tus  is 
shown in Fig. 2. Reacted gas is exhaus ted  by  an off- 
seMed ro ta ry  pump. Amorphous  si l icon par t ic les  in  
the  exhaus ted  gas a re  removed  by  a hea t  exchanger  
and meta l  mesh filters. Oil mis t  is t r apped  by  a l iquid 
ni t rogen trap.  The pressure  in the  react ion chamber  
is detected jus t  be low the base p la te  by  a d i aph ragm 
vacuum gauge and is control led  automaUcal ly  by  in-  
jec t ing hydrogen  or  n i t rogen into the  exhaus t  p ip ing 
system. The accuracy of the  control  sys tem is about  
___2% at 104 Pa(75 Torr ) .  

The gas control  sys tem is assembled wi th  par t s  made  
of stainless stee} in o rde r  to get  a l eakage - f r ee  p ip ing  
system. The gas flow ra t e  is contro l led  comple te ly  
au tomat ica l ly  by  a mass flow controller .  

The effect of p ressure  on ep i layer  thickness d is t r i -  
but ion wi th in  a wafer  (2.5 in. d iam) is depic ted  in  
Fig. 3 under  a constant  flow ra te  condition. In this 
case, the  best  un i fo rmi ty  is obta ined at  1.3 X 10~ 
Pa  (100 Torr ) .  Above this op t imum value of pressure ,  
ep i layer  thickness  is t h inne r  in  the downs t ream posi -  
tion. When the pressure  is kep t  at  1.3 X 104 Pa(100 
Tor r ) ,  the flow ra te  dependence  of thickness d i s t r ibu-  
t ion is as indica ted  in Fig. 4. As the flow ra te  increases,  
ep i layer  thickness in the  ups t r eam posi t ion decreases.  
This is p robab ly  due to the gas-phase  t empe ra tu r e  
var ia t ion  in the direct ion pa ra l l e l  to the gas flow as 
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pointed out  by  Manke and Donaghey  (4). In  pr inc i -  
ple, ep i l aye r  thickness  is thickest  at  the  center  of the 
wafer  under  an  op t imum condit ion and the thickness  
d is t r ibut ion  is usua l ly  convex, as indica ted  in  Fig. 3 
and 4. When  the growth  conditions are  optimized,  
the  thickness un i formi ty  in  a wafer  (2.5 in. d iam)  is 
be t te r  than  •  The un i fo rmi ty  of ep i layer  thickness  
is also dependent  on the length  of the  arms of the gas 
in le t  nozzle (T-shaped  nozzle) .  When  i t  is longer  than  
the op t imum value,  1 the  ep i layer  in the  ups t ream post-  
t ion is th inner  than  that  in the downs t ream position. 
The use of dichlorosi lane improves  the  thickness un i -  
formity ,  but  involves some loss of the  durab i l i ty  of 
r o t a ry  pump and some increase  of autodoping.  

E 
v 

2.0 
if) 
r -  

u 
, m  

.12 

1.5 
! 
Q. 

1.1.1 

2.51 

\. 
980~ 

1.0 0 3'o 60 

Distance from the edge of wafer(mm) 
z O p t i m u m  v a l u e  of  a r m  l e n g t h  is d e p e n d e n t  on  t h e  size of  t h e  Fig. 4. Dependence  of epi layer  th ickness  uniformity on g a s  flow 

s u s c e p t o r  ho lde r .  In  t h i s  ease,  i t  is  as  l ong  a s  t h e  o u t e r  d i a m e t e r  
os t h e  top  os t h e  s u s c e p t o r  ho lde r ,  rate. 



V'ol. 125, No. I I  L O W  P R E S S U R E  S I L I C O N  E P I T A X Y  

As repor ted  p rev ious ly  (1), g rowth  ra te  decreases 
wi th  the decrease  of p ressure  in the  react ion cham-  
ber. Therefore,  the  molar  concentra t ion  of the  si l icon 
source in  a ca r r i e r  gas has to be increased  in o rder  to 
ma in ta in  g rowth  ra te  at  the  same level  as in usual  
ep i taxy .  The  dependence  of g rowth  ra te  on s i lane con- 
cen t ra t ion  is r ep resen ted  in Fig. 5. The m a x i m u m  
growth  ra te  at  104 Pa(75 Torr )  is about  1.0/~m/min. 

Gene ra l l y  speaking,  defect  dens i ty  [s tacking faul t  
(SF), ox ida t ion- induced  s tacking faul t  (OSF) ,  and 
dislocations]  in a low pressure  ep i tax ia l  l a y e r  is 
h igher  than  tha t  in a usual  ep i tax ia l  layer .  These 
defects  a re  assumed to be due to the  fol lowing th ree  
causes:  (i) Leakage  in the  gas control  sys tem and 
reac tor  chamber ;  (ii) gas desorpt ion  of subs t ra te  
holders ;  and (iii) t empe ra tu r e  difference be tween  the 
wafe r  and subs t ra te  holder .  

The  second cause, gas desorpt ion,  is v e r y  serious 
when  graphi te  is used as a subs t ra te  holder.  Usual ly,  
S iC-coa ted  g raph i t e  is u t i l ized as t h e  subs t ra te  holder  
and  i t  has few prob lems  for  a tmospher ic -p ressu re  ep i -  
taxy.  Fo r  low pressure  epi taxy,  however ,  gas a toms 
which  are  absorbed  dur ing  loading  and unloading  of 
wafers  a re  desorbed  at  low pressures  and high t em-  
pera tures .  

Desorbed gas concentra t ion f rom a g raph i te  holder  
was ana lyzed  by  mass  spectroscopic analysis  and the 
resul ts  are  indica ted  in Fig. 6. The sample  was ma in -  
ta ined  at the  measur ing  t empe ra tu r e  for 10 min, and 
the  desorbed  gas p ressure  was measured  by  mass spec-  
troscopic analyzer .  Af te r  measurement ,  the  cell was 
once evacua ted  and the  sample  was hea ted  stepwise.  
The peak  height  of the  ana lyzer  was represented  by  
par t i a l  pressure  of the  desorbed  gas by  means  of the  
ca l ibra t ion  curve. H20, CO2, and N2 gas atoms are  de-  
sorbed above  2O0~ The desorpt ion  curve for  COg and 
N2 has dua l  peaks  and  the peak  at  h igher  t e m p e r a t u r e  
is supposed to be due to N2 gas. These  gas a toms a t -  
t ack  the  subs t ra te  surface and cause SF ' s  and OSF's. 
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To p reven t  gas absorpt ion  and desorption,  i t  is im-  
por t an t  to coat  the  surface of the  subs t ra te  ho lder  
wi th  th ick (no less than  1O ~m) polycrys ta l l ine  s i l i -  
con or quartz.  Ano the r  method is to use a holder  made  
of silicon a n d / o r  quartz.  In  this exper iment ,  by  using 
po lyc rys t a l l i ne  silicon holders,  the  dens i ty  of OSF and 
SF was r e m a r k a b l y  reduced  f rom 108-104 cm -~  to 
10-102 cm-2. 

Manuscr ip t  submi t ted  Sept.  15, 1977; revised m a n u -  
scr ipt  received J u l y  3, 1978. 

A n y  discussion of this  paper  will  appea r  in a Discus- 
sion Section to be publ i shed  in the  June  1979 JOUm~AL. 
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Sodium-Induced Work Function Shift of Mercury as a 
Metal-Oxide-Semiconductor Electrode 
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Mercury  drop  electrodes are  often used as meta l  
e lectrodes in meta l -ox ide-Semiconduc tor  (MOS) 
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structures.  Measurements  of, for example ,  the capaci -  
t ance-vs . -vo l tage  re la t ionship  (the C-V curve)  can 
then be  done wi thout  vacuum metal l izing.  F rom C-V 
measurements  on MOS s t ruc tures  many  in teres t ing  
proper t ies  of the  s t ructures  are  obta ined (1). Among 
these proper t ies  i t  is also possible  to measure  the  r e l a -  
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rive value of the metal  work function (1). In  invest i-  
gating the work funct ion of a mercury  drop we f o u n d  
a very large change in  electrode work function, about 
2 eV, as a result  of only small  amounts  of dissolved 
sodium. In the present  paper  we report  on this 
effect. 

Sample No. 1 was prepared from n- type  silicon 
wafers with 2-3 ~cm resistivity. The wafer was oxi- 
dized in dry oxygen at 1200~ to an oxide thickness of 
100 nm. A small number  of Au dots were evaporated 
on the oxide as reference electrodes. The sample was 
then put  on a metal  backing plate with a l iquid InGa 
alloy in  between. We then probed t he  Au dot with a 
th in  goldplated wire. The C-V curve was then re-  
corded by a Boonton 72B Capacitance bridge and an 
X-Y recorder. In  Fig. 1 this C-V curve is shown as 
curve a. A small drop of mercury  (about 1 m m  diam) 
was also put  on the oxide and probed by a goldplated 
wire, and its C-V curve was recorded. This C-V 
curve is shown in  Fig. 1 as curve b. Finally,  a s imilar  
drop of mercury  with a small  amount  of dissolved so -  
d i u m  was used. The C-V curve of this Hg:Na elec- 
trode is shown in  Fig. 1 as curve c. As can be seen 
from the figure we observe a very large shift of the 
C-V curve be twen the Hg and the Hg:Na electrodes. 
Using CFB (the capacitance for which the semicon- 
ductor bands are flat or the electrical field at the semi- 
conductor surface is zero) equals 0.7 Cmax gives the 
following flatband voltages from Fig. 1: --0.16V for 
the Au electrode; +0.04V for the Hg electrode; and 
--2.13V for the Hg: Na electrode. Thus the sodium in-  
duced shift is 2.17V in  this case. 

During storage in  air  the flatband voltages were ini-  
t ially stable. After  about 2 hr  the fiatband voltage 
started to increase on the Hg: Na electrode toward the 
value of the clean Hg electrode. Probably  Na disap- 
pears by oxidation in air. After  about 24 hr, only 
about 0.2V shift was left and the mercury  drop was 
covered by a hard, white layer, probably  NaOH. 

In  order to investigate the dependence of sodium 
concentrat ion in  the mercury,  we performed the fol- 
lowing experiment.  Sample No. 2, s imilar  to No. 1 but  
with 70 n m  thick oxide, was placed on a backing plate 
as above. The mercury  was contained in  a plastic well  
with a 3 mm hole, placed on the sample. Each Hg 
sample was about 0.05 cm 8. Hg samples with different 
Na content  were prepared in  the following way. Na 
metal  was cut clean under  hexane previously dried 
with Na. 0.0032g of clean Na metal  was weighed on 
filter paper and dissolved in 1 ml Hg. This gives 
2.05. 10 .3  Na atoms per  Hg atom in the solution. This 
solution was then fur ther  diluted by volume in tes~ 
tubes. C-V curves were then recorded, start ing with 
the most dilute solution and cont inuing to the highest 
concentration. After  this the oxide surface was cleaned 
with water, dried in  nitrogen, and again measured 
with a clean Hg sample. The result  of this experi-  
ment  is shown in Fig. 2. 
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Fig. 2. Flatband voltage of sample No. 2 with mercury electrodes 
of different sodium content vs. the relative sodium concentration. 
The relative concentration 1.0 corresponds to about 0.002 Na 
atoms per Hg atom. 

From Fig. 2 we can see that  the sensit ivi ty for so- 
d ium is very large. Already at a relative concentrat ion 
of 0.3, corresponding to nominal ly  about 60 ppm (Na 
atoms per Hg atom) the flatband voltage shift is half  
the total and, at a relat ive concentrat ion of 0.5 (~,,100 
ppm),  the shift saturates. It should be noted that  the 
values of concentrat ion given here are upper  limits of 
concentrat ion ra ther  than  reliable values. The reason 
is that we cont inuously lose sodium metal  through the 
reaction with water vapor dur ing di lut ion and experi-  
ments. We believe, however, that  the real concentra-  
t ion values are not less than half the stated values. 

Discussion 
It is quite obvious that  60 ppm sodium in  mercury  

could not change the bu lk  work funct ion of the mer -  
cury. Our observations are instead equivalent  to the 
we l l -known work funct ion lowering which occurs as 
a result  of alkali adsorption on high work funct ion 
metals in  vacuum (2). Sodium-induced work funct ion 
lowering of a silicon-silicon dioxide interface has also 
been directly observed by DiStefano (3). In  both 
these cases the sources of the alkali are outside the 
metal, in  vacuum, or in  the  oxide. In  our case the so- 
dium comes from the inter ior  of the metal. Our case 
is therefore similar to the effect of hydrogen- induced 
work funct ion lowering of pal ladium on silicon di- 
oxide (4). 

As we expect the silicon-silicon dioxide system to be 
unaffected by the metal,  our  observed values of the 
flatband voltage will  be proport ional  to the metal  
work function (1). Taking the gold work funct ion to 
be 5,0 eV (1), we get from Fig. 1: Hg work funct ion 
5.2 eV and Hg:Na work funct ion 3.0 eV. Expected 
values are for Hg 4.5 eV (5) and for a saturated so- 
dium-covered metal  surface in  vacuum about 2.2 eV 
(2). Our observed values are thus in  reasonable agree- 
ment  wi~h the proposed model. It should be noted that  
the oxide surface is not completely unaffected by our 
experiments  since we observed, for example, shifts of 
the order of 0.2V as a result  of recleaning the oxide 
surface. 

Manuscript  submit ted May 17, 1978. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1979 JOURNtm. 
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All discussions for the June  1979 Discussion Section 
should be submit ted by Feb. l, 1979. 
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Role of Oxide Defect Sites in the Breakdown of NiO Films 

B. MacDougal l  ~ 

Nationa~ Research Councff of Canada, Division of Chemistry, Ottawa, Ontario Canada K1A OR9 

In previous papers the breakdown of NiO films 
anodically formed on polycrystal l ine and single crys- 
tal nickel in  pH 2.8 Na2SO4 has been studied in terms 
of both the open-circui t  potential  decay profiles and 
the extent  of surface pi t t ing (1-5). Open-circui t  
breakdown of the oxide films occurred in  two distinct 
stages: (i) an  induct ion period dur ing which localized 
chemical dissolution of oxide occurred at defect sites 
in the film and; (ii) p i t t ing and /o r  undermin ing  of 
the oxide film as a result  of nickel dissolution from 
oxide-free sites (i.e., pores) in  the film. The t ransi t ion 
from stage (i) to stage (ii) was marked  by a rapid 
potent ial  shift to --0.75V (often accompanied by a 
potential  overshoot or "spike") as the exPosure of 
bare  nickel set up the corrosion couple: Ni ~ Ni 2~ 
4- 2e; 2H + 4- 2e ~ H2. This mechanism for film break-  
down was supported by the observat ion that substan-  
tial pi t t ing of the surface occurred only after the spike, 
the pits p resumably  developing at those sites where 
"defective" oxide had broken down. In  the present  
note, a Ni(100) single crystal has been used to in -  
vestigate fur ther  the role of oxide defect sites in  the 
breakdown of NiO films. 

Effect of Solution pH on Oxide Breakdown 
Figure 1 shows the open-circui t  decay profiles for 

Ni(100) electrodes after different t imes of anodiza- 
t ion at 0.0V. 1 Before the potent ial  spike, l i t t le break-  
down of the oxide film occurs as indicated by the small  
amount  of both recovered surface activity and nickel 
in  solution (Table I) and the absence of surface pi t -  
t ing (Fig. 2a). This was taken to indicate that  the 
oxide at the defect sites, which only covers a small  
part  of the surface, is slowly dissolving in  this region 

NiO 4-.- 2H + "-> Ni 2 + 4- H20 

The effect of the  pH of the b reakdown  solution was 
investigated by anodizing for 1 hr at 0.0V in  pH 2.8 
Na2SO4 and then t ransferr ing to a pH 4.0 solution for 
open-circui t  decay. 2 The time to the spike increased 
by a factor of three with this increase in  pH, as would 
be anticipated from the above reaction. 

Role of 0 2  in Film Breakdown 
To study film breakdown in  the region up to the 

spike, experiments  were performed in  the presence of 
dissolved oxygen. The oxide film was formed by an-  
odization at 0.0V for 1 hr in  deaerated pH 2.8 Na2SO4 
solution and then t ransferred to a separate pH 2.8 
solution to follow the open-circui t  breakdown. If this 
second solution was carefully deaerated, the decay 

* Electrochemical Society Active Member. 
Key words: surfaces, electrode, passivity, corrosion. 

Potentials are measured vs. a Hg/Hg~O4 reference electrode 
in 0.15N Na~SO4 (+0.665V with respect to the standard reversible 
hydrogen electrode). The working nickel electrode is vertically 
positioned in the cell and is parallel to a platinum counterelec- 
trode in the same compartment. 

2 It has previously been shown that such air exposure of the 
steady-state, passive NiO film does not affect the breakdown char- 
acteristics of the film (2,3,5). 
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Fig. 1. Open-circuit potential decay, in deaerated pH 2.8 Na2SO4, 
of Ni(100) electrodes which had bean anodized at 0.0V for various 
times. ( ) 15 min; ( - - - )  ! hr; (" �9 .) 15 hr. Also given are 
recovered surface activities at various decay times, obtained by 
stepping the potential back to 0.0V and measuring the charge 
required to reestablish passivity. The potential step technique was 
used for all anodizations. 

profile was identical to that  obtained without  t ransfer  
of the electrode. However, if the second solution con- 
tained oxygen, the open-circui t  decay profile was 
dramatical ly  altered. Firstly, the induct ion t ime be- 
fore film breakdown increased by a factor of ca. five. 
This increase was associated ent i re ly  with the arrest 
at --0.6V, which in  the presence of O2 was shifted as 
much as 0.1V anodic, i.e., to --0.5V. In  contrast, the ar -  
rest at --0.4V did not change at all. Secondly, the re-  
covered surface activity at the potential  spike was 
20% instead of the usual  ~2% obtained in  O2-free 
solutions. The dramatic effect of O2 on the arrest  at 
--0.6V suggests that breakdown and repair  of an oxide 
film is operative here, the presence of O2 being able 
to keep the film in a state of repair.  

The oxide responsible for the potential  plateau at 
--0.6V is a different oxide from that giving rise to the 
arrest at --0.4V and may have either been present  at 
the defect sites as an inner  oxide after the anodization 
(3) or been formed as a result  of repair  of the origi- 

Table I. Quantity of Ni 2+ in solution and surface activity 
recovered, after various time.s on open-circuit, for both 

electropolished and anodized Ni(100) in pH 2.8 No2SO4 

(Quoted values of [Ni ~§ refer to that which has dissolved 
during the open-circuit decay only.) 

T ime  Sur face  [Ni 2§ 
Anodic  on open act iv i ty  ~g c m  -2 

treatment  circuit  ( % ) (-4-10%) 

15 min  a t  0.0V 67 rain 2 1.5 
(i .e. ,  2 rain before  spike)  

15 rain at 0.0V 71 rain 15 4.0 
15 min  at  0.0V 89 rain 85 8.0 
15 h r  at  0.0V 238 rain <1  2.0 

(i.e.,  2 min before  spike)  
15 h r  a t  0.0V 242 rnin 5 5.0 
15 h r  a t  0.0V 260 rain 30 13.0 
Electropol ished 20 rain 100 7.5 
Electropol ished 90 rain 100 21.5 
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Fig. 2. Electron micrographs of 
a Ni(100) surface after various 
electrochemical treatments: (a) 
Electropolished and anodized at 
0.0V for times of 15 rain (or 15 
hr) followed by open-circuit 
breakdown to 2 min before the 
spike; (b) 15 min at 0.0V with 
open-circuit decay continuing 
for 20 rain after the spike. Re- 
covered surface activity is 85%; 
(c) As in (b) but with the poten- 
tial decay continuing for only 5 
min after the spike. Recovered 
activity is 35%; (d) 15 hr at 
0.0V with open-circuit decay 
continuing for 20 rain after the 
spike. Recovered activity is 30%; 
(e) Electropallshed and immersed 
in pH 2.8 Na2SO4 solution for 90 
rain on open circuit. 

nal  oxide which has completely broken down at these 
sites. The results in the absence of O2 can be in te r -  
preted in terms of the spike resul t ing from breakdown 
of defect oxide to reveal nickel metal, the hydrogen 
evolution reaction not being able to repair  this oxide. 
The higher tendency for film repair  with 02 reduction 
(as opposed to hydrogen evolution) is due to the more 
positive electrode potential  for the former reaction at 
the cathode areas and its subsequent  abil i ty to polarize 
more strongly the anodic reaction at the pores. This 
leads to an increase in the oxide-free coverage re-  
quired to shift the potential  to --0.75V and thus an 
increase in the over-al l  induct ion time. The absence 
of any influence of O2 on the open-circui t  arrest  at 
--0.4V suggests that  simple chemical dissolution of 
oxide at the defect sites is occurring in  this region. 
Consequently, the durat ion of this arrest  should be re- 
lated only to stabil i ty of defective oxide toward 
chemical dissolution. (It is interest ing to note that  it 
is main ly  this arrest which increases with t ime of 
anodization at 0.0V (Fig. 1), i.e., the t ime of anodiza- 
t ion main ly  influences the stabili ty of oxide at the 
defect sites toward dissolution rather  than  the abil i ty 
of t~he film to repair  itself.) 

Oxide Undermining Af ter  the Spike 
The 20% recovered surface activity at the spike in  

the presence of 02 indicates that a constant oxide-free 
coverage is not required to shift the potential  to 
--0.75V. This is confirmed for film breakdown in  the 
absence of O8 where, with an increase in  t ime of an-  
odization at 0.0V from 3 min  to 20 hr, the recovered 
activity at the spike decreases from 6 to 1%. This de- 
crease in recovered activity can be correlated with a 
corresponding decrease in the density of pits (Fig. 2b 
and 2d), which means that the number  of defect sites 
has decreased. With increasing time of anodization, 
the oxide at some defect sites is converted to a more 
stable form which does not break down dur ing poten-  
tial decay. The correlation between density of pores 
and oxide-free area (as determined from the recovered 
activity) is not, however, a simple one, especially at 
longer times after the spike. A recovered surface ac- 
t ivity of, e.g., 5% is much more effective in removing 
oxide by unde rmin ing  after the 15 min  anodize than 

the 15 hr  anodize. With the la t ter  t reatment ,  the ac- 
t ivi ty increases from 5 to 30% during 18 mi n  on open 
circuit after the spike, compared to 5-85% after the 
15 min  anodize at 0.0V (Fig. 1). The results can be 
explained in terms of the number  of pores which con- 
t r ibute to the 5% oxide-free area. This number  de- 
creases with t ime of anodization and consequently the 
sites must  be somewhat larger to encompass 5% of the 
surface. This is evident  from Fig. 2c and 2d where a 
recovered activity in the neighborhood of 35% can 
have associated with it different defect site 
densities. The smaller number  of sites (after the long 
anodize) will  be less effective in  removing the oxide 
film and the activity will  increase more slowly. Thus, 
the impor tant  factor in de termining the rate of oxide 
removal  after the spike is the number  of pores and not 
the total oxide-free area. 

Cathodic Control of Oxide Undermining 
The amount  of nickel dissolved dur ing  a 20 min  t ime 

period after the spike is 50% higher for the 15 hr 
anodize at 0.0V in  comparison with the 15 min  anodize 
at 0.0V (Table I).  On the other hand, the recovered 
surface activity is much lower after the longer anod- 
ization and breakdown (Fig. I ) ,  indicat ing that  the 
amount  of oxide-free nickel surface is lower. The 
increase in  amount  of nickel dissolution with cor- 
responding decrease in  oxide-free surface exposure 
shows that  the corrosion couple (after the spike) is 
controlled by the cathodic reaction, i.e., hydrogen 
evolution on the NiO film. The importance of the cath- 
odic reaction is also evident  from the observation 
that a 20 min  open-circuit  exposure of electropolished 
Ni (100), where the surface is 100% free of oxide after 
<3 min  exposure (5), does not result  in any increase 
in  the amount  of nickel dissolution in  comparison 
with the t reatments  ment ioned above (Table I).  

Role of Oxide Film Thickness 
The thickness of the oxide films on anodized 

Ni(100), as determined by oxygen K~ x- ray  emission 
spectroscopy (5), was 9-12A for ei ther  15 min  or 15 
hr  ~t 0.0V. The dramatic  changes in film breakdown 
characteristics with t ime of anodization (Fig. 1) and  
the absence of substant ia l  changes in  measured oxide 
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film thicknesses can be exp la ined  in te rms of the  
presence of oxide defect  sites. The defect  sites cover 
only a smal l  pa r t  of the  surface and therefore  changes 
in ~he composit ion (e.g., thickness,  s to ichiometry)  of 
oxide at  these sites wi l l  p robab ly  not easi ly  be ob-  
served. However ,  these changes can considerably  a l te r  
both  the  t ime to film b reakdown  and subsequent  ac t i -  
va t ion  of the surface by  oxide  removal ,  as discussed 
above. Somewhat  s imi la r  resul t s  were  repor ted  by  
K r u g e r  and Ambrose  (6) for  oxide b reakdown  on 
anodized i ron in chlor ide  solutions, ve ry  l a rge  in-  
creases in the t ime to film b reakdown  being associated 
wi th  smal l  increases in oxide thickness.  Again,  the in-  
fluence of condit ion of oxide format ion  on composi-  
t ion and dens i ty  of oxide defect  sites appears  to have 
p layed  the ma jo r  role. 

Etching vs. Pitting 
Complete  b r eakdown  of the oxide film on e lec t ro-  

pol ished Ni(100) occurs on open circuit  wi th in  3 min  
at  pH 2.8 as indica ted  by  the recovered surface  ac t iv i ty  
and the corrosion potent ia l  (5). This observat ion  can 
be exp la ined  in te rms of the presence of a ve ry  large  
defect  site density.  The rap id  remova l  of this oxide 
film is the  reason no p i t t ing  a t tack  is observed,  the 
nickel  dissolut ion giving only a genera l  roughening of 
the e lect rode surface (Fig. 2e). Obviously  an oxide 
film, wi th  a d i s t r ibu t ion  of pores, must  be presen t  on 
the surface  for  a sufficiently long per iod  of t ime be-  
fore  de tec tab le  pi ts  can be observed (7). 
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Erratum 
The fol lowing comments  are  wr i t t en  in reference  to 

the  a r t i c le  "Growth  of G a y I n l - y A s / I n P  Hete ros t ruc-  
tures  by  Molecular  Beam Epi taxy,"  by  B. I. Mi l le r  and  
J. H. McFee, which appeared  in the Augus t  1978 issue 
of This Journal, Vol. 125, No. 8, pp. 1310-1317. 

In Fig. 8, the  77~ photoluminescence peak  at  1.368 
~m was c la imed to correspond to the mole  f ract ion 
y _-- 0.455 for G a y I n l l A s .  This was der ived  using 
the re la t ion  

Eg(eV) = 0.410 + 1.094g 

at 77~ which  assumes a l inear  re la t ionship  for Eg 
vs. y. This re la t ionship  was shown to hold in Ref. (12). 
More recent  work  1 on G a , I n l - , A s  shows a quadra t ic  

1 y. Takeda, A. Sasaki, Y. Imamura, and T. Takagi, This Jour. 
haL, 125, 130 (1978). 

re la t ionship  for Eg vs. y at 77~ or  

Eg(eV) : 0.404 + 0.649y + 0.457yS 

which would give a bandgap  corresponding to 1.53 ~m 
for y --  0.47 at  77~ close to that  repor ted  recen t ly  
by  many  researchers .  We now know that  our photo-  
luminescence spec t rum of Fig. 8 showing a peak  at  
1.368 ~m was shif ted toward  shor te r  wave leng ths  b y  
bandfi l l ing (Burs te in  Shift)  which can be significant 
in mate r ia l s  such as Ga0.47In0.53As where  the  effective 
mass is small.  The spec t rum of Fig. 8 corresponds to 
a nea r ly  l a t t i ce -matched  GaInAs l aye r  wi th  car r ie r  
concentra t ion n ,~ 10 is cm -3. More recent  work  by  us 
on l a t t i ce -matched  fa i r ly  pure  Ga0.47In0.58As (n ,,~ 10 ~7 
cm -3) reveals  that  at  77~ the  photoluminescence 
peak  is ~1.55 #m. 

Editor's 
The pape r  "Appl ica t ion  of Elect rochemical  Tech-  

niques to the  Solut ion of Problems  in Medicine," by  
P. N. Sawyer ,  which  appea red  on pages 419C-436C of 

Note 
the October  1978 issue of This Journa l  was the Elec t ro-  
chemical  Society  Lecture  de l ivered  at  the Seatt le ,  
Washington,  Meet ing of the  Society,  May 22, 1978. 
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Polarization Behavior and Structure of 
LiAIMg Alloy Electrodes 

C. A. Melendres,* S. Siegel, and J. Settle 
Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

In a previous publication in this journa~ 
we reported on the results of studies on the 
structural changes that occur during the cyclic 
polarization of LiAI wire electrodes. Evidence 
of electrode comminution with cycling was pre- 
sented. It was thought that this behavior may 
be limiting the long term performance and cy- 
cle life of LiAI/FeS x (x = i or 2) molten salt 
secondary cells. In order to buffer structur- 
al changes in the LiAI electrode, we proposed 
the addition of a ternary component into this 
system. Initial studies in this direction in~ 
volving small engineering cells have been un- 
dertaken by our colleagues in this laboratory-. 2 
In this communication, we report on the re- 
sults of an investigation on the effect of l~g 
incorporation on the structure and polarization 
behavior of LiAI electrodes. 

Electrochemical studies were conducted 
using a cell and other equipment described pre- 
viously. 1 Polarographic grade LiCI-KCI eutec- 
tic (obtained from Anderson Physics Labora- 
tories, Champaign, IL) was used as electrolyte. 
The working electrodes were prepared as fol- 
lows: Ingots of MgAI alloy (consisting of 5 to 
20 at.% Mg) were cast from high purity (99~99% 
AI, 99.9% Mg) materials in a tantalum crucible 
at ~700~ MgAI wire electrodes were prepared 
from the ingot hy melting and then drawing the 
melt by suction into boron nitride tuhes with 
1.59mmbore. These wires were electrochemi- 
cally charged with Li to about 45.--50 ate%. A 
LiAI alloy (40 at,% Li) was used as reference 
electrode. Examination of electrode structure 
was done metallographically as described pre- 
viously. 1 Identification of the phases formed 
during charging and discharging of the elect- 
rodes was made hy X-ray diffraction, 

Figure i shows typical polarization be- 
havior of some LiAIMg electrodes~ For compari- 
son~ we show that of a LiAI wire electrode at a 
similar current density. The cathodic polari- 
zation curves are for the charging of Li into 
the MgAI wire of appropriate composition (15 or 
19 at.% Mg in A~), while the anodic portions 
represent the subsequent extraction of Li~ We 
observed that electrodes incorporating Mg are 
more polarized than LiAI on both charge and 
discharge. This appears to he more pronounced 

with increasing Mg content. For the same cut- 
off voltage on charge, Li-AI-Mg alloy elect- 
rodes have therefore somewhat lower Li capa- 
city than LiAI. 

The appearance of a number of plateaus 
is also evident in the curves for the LiAIMg 
systems. This is indicative of the possible 
formation of new phases. X-ray diffraction 
investigation of electrodes in the charged and 
discharged state revealed the phases given in 
Table I. Thus, in addition to forming the 
~-LiAI phase, solid solutions of Mg in AI and 
the ternary compound LiMgAI 2 have been ident~ 
fied. The absence of the ~-LiAI phase is sur- 
prising. This has not been found even in 
nearly completely discharged electrodes. If 
present, the level is presumably <5 wt.% and 
beyond the detection limit of the X-ray diff- 
raction technique. Another interesting ob- 
servation is the apparently higher efficiency 
for the anodic extraction of Li (defined here 
as the ratio of the amount of lithium removed 
on discharge at constant current to the amount 
loaded on the preceeding charge) in the ter- 
nary alloy electrode compared to that of LiAI 
(Table I). The extraction efficiency also ap- 
pears to decrease somewhat with Mg content of 
the ternary alloy due to the greater electrode 
polarization caused presumably by a decrease 
in lithium mobility in the solid alloy. Only 
a slight increase in extraction efficiency or 
lithium utilization with cycling is evident 
with the ternary alloy electrodes as compared 
to LiAI. 

Metallographic examination of the dis- 
charged electrodes revealed the structures 
shown in Figure 2. The completely discharged 
portion of the electrodes in Figs. 2a, b and c 
(outer periphery) has essentially the same 
composition as the starting alloy ~.e. solid 
solutions of Mg in AI, with possibly small 
amounts of Li. The composition of the par- 
tially discharged portion (~.e. the core) has 
not been determined but is believed to corre- 
spond roughly to that of the charged elect- 
rode. It is worthwhile to note that the 
morphology of the discharged LiAIMg alloy 
electrode is significantly different from that 
of LiAI electrodes shown previously~ 1 The 
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patches of electrode particles are smalle~ hut 
appear to have continuity, The overall struc- 
tural feature of the electrode also appears to 
be intact after 3 cycles~ especially for the 
15 at.% MgAI alloy (compare Fig. 2c and 2d). 
In general, from metallographic and optical mi- 
croscopic examinations, we observe increased 
structural stability with higher Mg content in 
electrodes subjected to a few cycle tests. It 
is obviously not possible to extrapolate this 
to the long term behavior of large cells. Work 
along the latter line is being done in a sepa- 
rate program with engineering type cells at 
this laboratory. 

In summary~ the incorporation of ME into 
the LiAI electrode (at the level of 5 to 19 at. 
% in MgAI starting material) leads to increased 
polarization but also to a marked morphological 
change which appear to result in improved 
structural stability on cycling and increased 
efficiency of Li extraction during short term 
cyclic tests. The ~-LiAI phase is eliminated 
while new binary and ternary phases are formed 
in addition to $-LiAI, These preliminary re- 
sults indicate that modification of structure 
and properties of binary solid alloy electrodes 
by the addition of a third element may he worth 
while approach to the engineering development 
of suitable electrode systems and the improve~, 
ment of existing ones. 
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TABLE I. Some Perfo~aRce Characteristics and Phases of Li Alloy Electrodes 

Run Electrode Type 

9/2 LiAI 28 >50 79.7 

7/13 LiAI 107 >50 66 (Ist cycle) 
78 (2nd cycle) 
81 (3rd cycle) 

2/11 LiAIMg (5 at. % Mg) b 41 93 

6/14 LiALMg (i0 at. % ME) b 35.3 42 92 

2/23 LiAIMg (i0 at. % ME) b 35 46 91 

9/28 LiAiMg (15 at. % Mg) h 27 49 98 (Ist cycle) 
90 (End cycle) 
92 (3rd cycle) 

i (mA/em 2) at.% Li Efficiency (%)a Phases 
Loaded Observed 

7/6 LiAIMg {19 at. % ME) b 16 46 81.1 

7/7 LiAIMd (i9 at. % Mg) b 20 46 72 

2/15 LiAIMd (20 at, % ME) b 44 84.5 

LdAI) 

8 LiAI 

i ~ LiAI, LiMgAI2, 

6-8 at. % 

ME in A~ 

Solid solution 

LiAI~ 

L~ddAI2, 

16 at. % M d in As 

Li2AIMg (in 

20 at, % M E only) 

a One cycle, othe~ise indicated. 

b % Mg in starting MEAl alloy, 

9 0  I I I I 1 1 [ I I I ~,o  I I I I 
L iA I ,  i = 28  rnA/cm 2 

16 - -  - . . . . . . .  L i A I M g  ( 1 5 a t  % M g - A I  ALLOY) ,  i = 2 7 m A / c r n  z - -  

- - - - -  L i A I M g  (19 o~" "/o M g - A I  ALLOY) ,  i=16  mA/crn z 
1 2 -  ; - 

> s t ~ 
E / 

< 8 - -  DISCHARGE . ' i " "  - -  
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-sF/- .,2" ""~,. \ -q 
I / , - .  " ~  - . ~ . ~ _ ~  I 

, , ,  
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T I M E ,  sec 

Fig. i. Polarization behavior of lithium 
alloy electrodes at 400~ 
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Fig. 2a. Partially discharged LiAIMg elec- 
trode (I0 a/o MgAI starting alloy charged to 
46 a/o Li); i = 30 mA/cm2; marker = 0.025 cm. 

Fig. 2b. Discharged LiA!Mg electrode 
after 3 cycles ( i0 a/o MgA1 starting alloy 
charged to 42 a/o Li); i = 26 mA/cmZ; marker 
= 0.025 cm. 

Fig. 2c. Discharged LiAIMg electrode 
after 3 cycles (15 a/o MgAI starting alloy 
charged to 49 a/o Li); i = 27 mA/cm2; 
marker = 0.025 cm. 

Fig. 2d. Discharged LiAI wire electrode 
after 3 cycles, i = 107 mA/cm2; marker = 
0.025 cm. 



Photo-Assisted Corrosion of Copper 
Dennis D. Davis and Dennis L. Johnson 

Department of Chemistry, New Mexico State University, Las Cruces, New Mexico 88003 

The effects of visible radiation on the 
corrosion of copper is a sparsely studied 

field (i). With the increasing use of copper 
in solar energy applications this effect may 

become more important in the near future. 

Copper normally exhibits very low rates 
of corrosion in non-oxidizing acidic media in 

the absence of oxygen. Complexing agents 
such as the halide ions and the presence of 

oxygen greatly accelerate the rates of corro- 
sion (2) because of the formation of complexes 
such as CuCI32- and CuCl42-. The thermodyna- 

mically favored form of copper ion in halide 
media is CuCI32-, while in the absence of 
halide, Cu 2+ ions are favored. 

The electrode potentials of copper are 

fairly well behaved (3), following the Nernst 

equation with respect to dissolved copper, and 

complexation not only changes the oxidation 
state of the dissolved copper but also lowers 

the electrode potential. Additionally the 
well-known disproportionation reaction in- 
volving Cu(I) aquo ions 

Cu ~ + Cu 2+ § 2Cu I+ E ~ = -0.37 V [i] 

which favors metallic copper, is shifted in 

the other direction by complexing agents such 
as halide. 

Cu ~ + Cu 2+ + 6CI- + 2CUC132- E ~ = +0.34 V ~] 

The oxidation of copper and hence its 
dissolution is usually accompanied by the re- 
duction of atmospheric oxygen 

2Cu ~ + 02 + 4H + + 2Cu 2+ + 2HzO 

E ~ = +0.89 [3] 

and is even more favored by halide ions 

4Cu + 02 + 4H + + 12CI- § 4CUC132- + 2H20 
E ~ = +1.06 V [4] 

The corrosion of copper can be promoted in the 

absence of a traditional oxidizing agent 

(02,, HNO3, etc) if the reaction sequence 
sho~m in Eqs. [5], [6] can be maintained 

Key words: copper, corrosion, photochemistry. 
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Cu(I)L x § Cu(II)L x [5] 

Cu(ll)L x + Cu ~ + 2Cu(1)L x [6] 

L = complexing agent such as halide 

resulting in the auto-catalytic oxidation of 
copper metal. Normally oxygen provides the 

cathodic component for Eq. [5]. Hydronium 
ions are not reduced under standard condi- 

tions, but are reduced to a very slight ex- 
tent governed by the Nernst equation. The 
photochemical reaction we have investigated 
[4-6] for solar energy conversion is the 
oxidation of copper(I) complexes to copper(II) 

complexes with concomitant proton reduction 
driven to completion by light. Thus the 
photochemical reaction 

CuCI32- + H +h-~ CuCI3 i- + �89 [7] 

+ 
is in actuality the same as Eq. [5] with H 
as the oxidizing agent. It is suggested from 
our solar conversion work that corrosion of 

copper metal should be greatly enhanced in 
the presence of light when the copper is 

immersed in HCI solution even in the absence 
of conventional oxidizing agents. Arbit 

and Nobe [Ib] reported that immersion of 

copper single crystals in neutral sodium 
halide solutions alters the photopotentials, 

but observed no solution photoreactions. The 
quantum yield for Cu(1) photooxidation is a 

strong function of acid concentration and 
approaches zero in neutral solution [6], thus 

such reactions would not have noted by these 
workers. 

EXPERIMENTAL 

Cleaned copper corrosion strips of 
approximately 5-7 cm 2 area were immersed in 

acidic salt solutions in serum-capped Pyrex 
tubes. The solution contained 0.9 M NaCI 
and 0.i M HCI ([CI-] = 1.0, [H +] = 0.i). The 
tubes were degassed on a vacuum line and then 
filled with argon to ensure anaerobic condi- 
tions. A control strip was kept in the dark 
and the sample to be irradiated placed in a 
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thermostatted (22~ brass block. Irradiation 
was accomplished with a 200-w Hg lamp for 12 
hrs. Similar results were obtained with ~30 
hrs. of direct sunlight but because the ex- 
perimental variables are much greater with 
sunlight, we discuss only the lamp experi- 
ments. Aliquots were removed via syringe 
periodically and analyzed for soluble copper 
by atomic absorption spectrometry. No blue- 
green color developed which would have in- 
dicated a copper(II) complex, so it is assumed 

2- that the soluble copper is present as CuCI3 , 
a colorless copper(I) complex. The results 
are summarized in Figure I which represents 
duplicate experiments and are corrected for 
the fact that only one-half of the surface 
area of the irradiated sample actually re- 
ceived illumination, while the backside was 
subject to the same corrosive effects as the 
dark sample. 

DISCUSSION 

The Figure dramatically points out that, 
for example, after 8 hrs. the illuminated 
sample has undergone 50-times as much corro- 
sion as the dark sample. These results are in 
good accord with theoretical expectations on 
several points: 

i. Dark corrosion in the absence of oxy~ 
gen should occur only up to an extent 
controlled by the Nernst equation (in a 
nonflowing situation) and should eventu- 
ally reach an equilibrium situation. 
This limiting effect is noted in that the 
dark experiments tend to an average 
limiting value of Cu(1) concentration in 
solution of 3 x 10 -4 M, while the Nernst 

equation, E ~ 0.059 log [Cu(1)]2[H2] 
= 2 [Cu?]~P~]z[CI-] 6' 

E ~ = -0.165 V for the reaction, 
2Cu ~ + 2H++ 6CI- + 2CUC132- + H2, pre- 
dicts a Cu(I) equilibrium concentration 
of 2.7 x 10 -4 M. 

2. The exponentially increasing corro- 
sion with time of irradiation, log [Cu] 
dissolved v s time being a fairly linear 
plot, is suggestive of an autocatalytic 
mechanism. We suggest the following 
scheme: 

2Cu ~ + 2H + + 6CI- § 2CUC132- + H2 
dark corrosion [8] 

2CuC132- + 2H + light 2CUC131- + H2 

photo-oxidation [9] 

2CUC13 I- + 2Cu ~ + 6CI- + 4CuCI~ 2- 
reproportionation [i0] 

then Eq. [9], then Eq. [i0], then Eq. [9] 
etc. in an autocatalytic cycle promoted 
by light. 
3. The parallel slopes in the illumin- 
ated experiments suggests the same rate 
limiting feature is present in all and we 
propose that this is the intensity of 
illumination controlling Eq. [9]. 

CONCLUSIONS 

In an anaerobic acidic medium containing 
chloride ions, corrosion of copper is greatly 
accelerated by visible light. Such condi- 
tions might obtain in solar collectors in 
which partly saline water is used, particu- 
larly if the acidic decomposition products of 
a heat transfer medium such as glycols are 
present, and of course if this system is sub- 
jected to visible radiation. 

Although these are fairly stringent limi- 
tations, the photoassisted corrosion of 
copper is a hitherto univestigated and novel 
mode of corrosion and etching which may have 
importance in diverse applications of copper 
and its alloys. 
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Fig. i. Corrosion of copper strips in 0.i 
N HCI, 0.9N NaCl in the dark and illuminated 
with 200W Hg lamp. 
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Electrochemical Behavior of Palladium-Implanted 
Titanium 

E. McCafferty* and G. K. Hubler 
Naval Research Laboratory, Washington, D.C. 20375 

It is well known that the corrosion resistance 
of t i tanium in acids is greatly improved by small 
alloying additions of palladium (1,2). The purpose 
of this communication is to report on the electro- 
chemical behavior of t i tanium surfaces which have 
been ion-implanted with palladium. The beneficial 
effect of ion implantation in aqueous corrosion 
applications has been i l lustrated by several recent 
studies dealing with the implantation of various 
ions into iron (3-5). 

EXPERIMENTAL 

Samples of pure (99.97%) t i tanium rod (3/8 
inch diam) were mounted in epoxy molds. The 
exposed surface was abraded through 600 gri t  
emery paper, 6/~m diamond paste, and then given a 
final polish to a mirror finish with 0.0S/~m alumina 
in a 5% oxalic acid solution. These surfaces were 
implanted with palladium to a fluence of lxl01-6 
ions/cm 2 at an energy of 90 keV. The resulting 
palladium concentration profi le was near Gaussian 
shaped and centered at a depth of 2/40 angstroms. 
The peak concentration of palladium was S atomic 
percent, with less than 0.1 atomic percent Pd at the 
metal surface. 

For some corroded samples, the Pd concen- 
trat ion profiles were measured by means of high 
resolution Rutherford backscattering of alpha par- 
ticles. Experimental details have been given 
elsewhere (6); but in brief the analysis beam was 

�9 ~ U 
2.S MeV helnum, and the scatternng angle was 135 �9 
The energy spectrum of backscattered particles 
was measured with a position-sensitive solid state 
detector placed in the focal plane of a magnetic 
spectrometer. This detector system provided a 
depth resolution of 30 angstroms. 

RESULTS AND DISCUSSION 

Figure 1 shows electrode potentials for pure 
t i tanium, pure palladium, and palladium-implanted 

*Electrochemical Society Act ive Member 

Key Words: corrosion, ion implantation, t i tanium, 
palladium. 

t i tanium as a function of immersion t ime in 
boiling (100~ I M sulfuric acid. The t ime-axis is 
plotted logari thmical ly for i l lustrat ion purposes 
only. The steady-state open-circuit corrosion 
potential of pure palladium was approximately 
1000 mV more noble than that of pure t i tanium. 
The steady-state corrosion potential of the im- 
planted sample was much closer to that of pure 
palladium than to that of pure t i tanium. 

In the f i rst  minutes of immersion, the 
implanted samples displayed a rapid shift in 
electrode potential. Af ter  one minute in the case 
of two of the implanted samples and after 
1.5 minutes for a third, the electrode potential 
was -1.0 volts __vs" Hg/Hg2SO_ .4 and tending toward 
the potential of pure titanuum. In the next few 
seconds in each case, however, the electrode 
potential reversed toward the noble direction as 
the Ti-r ich surface dissolved away to expose a 
new surface region containing an increased con- 
centration of Pd. Af ter  about 2 hrs, the electrode 
potential of the implanted sample was fa i r ly  
constant and only 150 mV less noble than the 
corrosion potential of pure palladium. 
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Fig. I. Open-circuit corrosion potentials as a func- 
tion of immersion t ime in boiling I M 
H2SOI~ for pure t i tanium, pure palladium, 
and palladium-implanted t i tanium. 
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The buildup of palladium at the surface 
during the corrosion process was determined by 
bockscattering analysis. Figure 2 shows depth 
concentration profiles for an as-implanted sample 
and for samples corroded for two different immer- 
sion periods. A significant shift of the Pd profile is 
evident after only 6 minutes immersion; whereas 
after 125 minutes, the backscattering spectrum 
shows that Pd builds up on the surface to a 
concentration of 20 atomic percent. The total area 
beneath the Pd profile fo r  all three curves is 
constant to within the + 5% error in the measure- 
ment, indicating that no Pd has been removed from 
the surface during the corrosion process. 

Figure 3 shows potentiostatic anodic polar- 
ization curves for pure titanium, pure palladium, 
and palladium-implanted titanium in boiling I M 
H2SO 4. All curves were determined after steady- 
state open circuit potentials were first established 
(2 to 2-1/2 hrs immersion). The anodic curve for 
pure titanium shows the normal active-passive 
behavior which has been typically observed (I,2,7). 
Well defined Tafel slopes were not observed in the 
active region, but the corrosion rate at the open- 
circuit potential was determined by calorimetric 
analysis of solution to be 3.7 mA/cm ~, on the basis 
that the overall anodic reaction is Ti :T i  +3 
+ 3e- (7). The implanted samples display a passive 
current density of 2 to 6 #A/cm , which may be 
estimated to be the corrosion rate at the open- 
circuit potential. Thus, implantation with Pd 
lowers the corrosion rate of Ti by a factor of about 
1,000. Anodic current densities for pure Pd are less 
than the values for the implanted samples for 
electrode potentials more negative than +0.2 volts 
vs. Hg/Hg2SO 4. At more positive potentials, 
p-a']ladium undergoes increased dissolution (8), but 
the implanted sample does not. 

SUMMARY 

Ion implantation of titanium with palladium 
reduces the open-circuit corrosion rate in boiling 
1 M sulfuric acid by a factor of about 1,000. The 
open-circuit corrosion potential is shifted approx- 
imately 0.9 volts in the noble direction and is a 
mixed potential between pure titanium and pure 
palladium. Electrochemical measurements and 
Rutherford backscattering analyses indicate that 
the improvement is due to initial preferential 
dissolution of titanium and retention of implanted 
palladium. 

ACKNOWLEDGEMENT 

This work was supported in part by the Office 
of Naval Research Contract No. N001477WR7007. 

Manuscript submitted Aug. 7, 1978; re- 
vised manuscript received Aug. 16, 1978. 

A 

I {J 

== 
o 

9 2~ 

100 

REFERENCES 

I. M. Stern and H. Wissenberg, This Journal, 106, 
759 (1960). 

2. N .D .  Tomashov, R. M. Altovsky, and G. P. 
Chernova, This Journal, 108, I13 (1961). 

3. V. Ashworth, D. Baxter, W. A. Grant, and R. 
P. M. Proctor, Corrosion Sci., 16, 775 0976). 

4. B.S.  Covino, Jr., B. D. Sartwell, and P. B. 
Needham, Jr., This Journal, 125, 366 (1978). 

5. B.S. Covino, Jr., P. B. Needham, Jr., and G. 
R. Conner, This Journal, 125, 370 (1978). 

6. J .K .  Hirvonen and G. K. Hubler in "Ion Beam 
Surface Layer Analysis," O. Mayer, G. Linker, 
and F. Kappeler, eds., p. 457, Plenum Publish- 
ing Co., New York (1976). 

7. E .J .  Kelly, "Proceedings of the Fifth Inter- 
national Congress on Metallic Corrosion," 
Tokyo, 1972, p. 137, N.A.C.E., Houston, Texas 
(1974). 

8. M. Pourbaix, "Atlas of Electrochemical 
Equilibria," p. 360, Pergamon Press, Oxford 
(1966). 

125 MIN SURiACE 

6 M I N ~  

DEPTH(k) 

Fig. 2. The energy spectrum of ~z particles back- 
scattered from ion-implanted Pd in pure 
Ti for an implanted sample and after two 
different immersion periods, 

% 
,& 
_z 

uJ 

i Pd - IMPLANTED TITANIUM 

1s - ~ 

PALLADIUM~ , 

01/ ~ § I I~ �9 +04 02 o 
I , I I , ' , [ 

-0.2 -0,4 -0.6 -0'8 -I.0 
POTENTIAL vs Hg/Hg~ SO 4 

-1!2 

Fig. 3. Anodic polarization curves for titanium, 
palladium, and palladium-implanted t i ta- 
nium in boiling I M H2SO 4. 



Low Melting-Point Compositions in Alkali Metal 
Metaphosphate/Fluoride Systems 

D. Elwell* 
Center for Materials Research, Stanford University, Stanford, California 94305 

Molten salt compositions of low melting 
point are often of interest for applications 
in electrochemistry or as solvents for metal 
oxides. This investigation was performed in 
order to find a phosphate-based solvent for 
the electrodeposition of indium phosphide at 
temperatures at or below 600~ 

The system Na, K/P03, F was investigated 
by Bukhalova and Mardirosova(I) and the lowest 
melting-point for any composition in that 
system was found to be 424~ Solvents con- 
taining Li + are expected to have a lower vis- 
cosity because of the relatively small mass of 
these ions, and are therefore preferable for 
electrocrystallization experiments provided 
that the liquidus temperatures are similar to 
or below those of the Na, K system. 

In order to accelerate the task of find- 
ing compositions of lowest melting point in 
the Li, Na/PO3,F and Li, K/P03, F systems, 
melts containing equal molar concentrations of 
the four constituents in each case were uni- 
directionally solidified by slow horizontal 
traverse of a 15 cm long crucible through a 
furnace. The fraction which solidified last 
was analyzed and a melt of the composition so 
determined was subjected to a further unidir- 
ectional solidification to test the accuracy of 
the first analysis. Atomic absorption spectro- 
graphic analysis for the alkali melts was 
found to be reliable to within 1% but electron 
microprobe analysis for F, P and 0 did not 
give reliable data, although intensities were 
compared with standard materials. 

The Li:K ratio in the lowest-melting 
sample in that system was found to be 1.16(5):1 
and the Li:Na ratio for the corresponding com- 
position was 0.98(4):1. A section through the 
quaternary phase diagram was therefore taken 
with these metal ratios held constant but with 
the F:PO 3 ratio varied. The results are shown 
in Fig. i, together with liquidus data for the 
corresponding section in the Na, K/PO3, F 
system for comparison. 

*Electrochemical Society Active Member. 

Liquidus temperatures were determined by 
a visual method, with the samples contained in 
vitreous carbon crucibles in argon at atmos- 
pheric pressure. The chemicals were of 
reagent grade and were subjected to a prelim- 
inary dehydration at 300~ in vacuo for sever- 
al hours. This procedure may not remove all 
traces of moisture and the results may be 
subject to a small error due to residual mois- 
ture. 

Since the lower melting point materials 
formed glasses on solidification, it was diff~ 
cult to obtain precise measurements and the 
ultimate test of the state of the material was 
the observed response of the surface to a 
force applied via a graphite rod of spectro- 
graphic purity. Cycling the sample through 
the melting temperature was used in attempts 
to obtain an accurate determination. 

Even with this precaution, the data are 
reliable only to •176 Supercooling was not 
large compared with this estimated error 
except in the case of the fluoride-free com- 
position in the Na, K/P03, F system, for 
which a supercooling of 140~ was observed. A 
separate calibration experiment was performed 
and temperatures quoted are taken from the 
mean of two chromel/alumel thermocouples with 
junctions located in the region previously 
occupied by the crucibles containing the 
samples. 

The Li, Na/P03, F system is seen to give 
the lowest melting temperatures, the minimum 
occurring at about 300~ for a composition 
with 20 m/o fluoride. Both the Li, Na and Li, 
K systems do not indicate a sharply-defined 
minimum but the Na, K system (i) appears to 
exhibit eutectic-like behavior, although the 
data plotted in Fig. 1 is based on intersec- 
tions with rather widely-spaced isotherms. 

The value of 300~ for the lowest-melting 
composition compares very favorably with 
alternative systems. The lowest melting point 
occurs at 580~ in the system Li, N~P207,F(2) 
and at 612aC in the system Na, K/P207, F (2). 
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However, if greater complexity can be toler- 
ated, it should be noted that the system 
Li, K/PO 3, PO 4 has a minimum melting point at 
340~ (3) and fluoride addition may result in 
compositions which melt below 300~ 
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Auger Electron Spectroscopy Analysis of 
Thermal Oxide Layers of Silicon Carbide 

Akira Suzuki,* Hiroyuki Matsunami, and Tetsuro Tanaka 
Department of Electronics, Faculty of  Engineering, Kyoto University, Kyoto, 606 Japan 

Silicon carbide (SIC) is a promising 
semiconductor material for various electronic 
devices because of its wide energy gap (i). 
SiC can be thermally oxidized in the same way 
as used for silicon (I, 2). The oxide layer is 
utilized as a protecting film for the SiC sur- 
face during the device fabrication (i, 3). 
However, the oxidation mechanism and the prop- 
erties of the oxide layer have not been studied 
in detail. In this communication, some results 
of an Auger electron spectroscopy analysis of 
the thermal oxide layers will be described. 

SiC crystals used for the thermal oxida- 
tion were 6H-type single crystals prepared by 

the Lely method. Each crystal was plate-shaped 
with wide (0001) faces. A typical size was 4x 
4x0.5 n~n$ After polishing both the (0001) Si 
face and the (0001) C face of each crystal 
with diamond paste, we set the crystals in a 
horizontal furnace with the (0001) faces ver- 
tical. Thermal oxidation was carried out at 
10~0~ for 2 hours in an oxygen flow of i00 
cm /min. The oxygen flow was passed through 
pure water to saturate it with water vapor 
(at room temperature). 

The oxide thicknesses determined by el- 
lipsometry were 152 ~ on the Si face and 908 
on the C face. A (iii) wafer of silicon was 
also oxidized at the same time for comparison. 
The oxide thickness on the Si wafer was 1949 ~. 
The refractive indices of the oxides on the C 
face of SiC and on the Si wafer were much the 
same: 1.45-1.46 by ellipsometry. 

We carried out an Auger analysis of these 
oxide layers. Fig. l(a) shows Auger electron 
spectra. The upper spectrum is from the SiC 
crystal, and the lower from its oxide layer on 
the C face. The accelerating voltage for the 
Primary electron beam was 5 kV, and the beam 
current was 0.i pA. The beam was made to scan 

*Electrochemical Society Active Member 
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electron analysis, depth-profile, ellipso- 
merry. 

the sample surface to remove an electron- 
irradiation effect. The scanned area was 50x 
50 Dm-. SiC has three Auger peaks: SiLW , 
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Fig. i. (a) Auger spectra of SiC and the 
oxide layer (on the C face). (b) Depth- 
profiles of the oxide layers on the Si face 
and on the C face of SiC. 
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SiKLL, and CKLL. The oxide layer also has two 
Si peaks, but the spectral form of SiLw is 
different from that of SiC, and the SiKL L peak 
is located at about 9 eV lower energy than that 
of SiC. It should be noted that the oxide lay- 
er does not contain C atoms. The same spectra 
were obtained from the layers on the Si face 
of SiC and on the Si wafer. Therefore, these 
three oxide layers are concluded to be the 
same (SiO 2 by the reference (4)). 

Fig. l(b) shows depth-profiles of the 
oxide layers on the Si face and on the C face 
of SiC. The sputtering was done using an argon 
ion beam accelerated by 3 kV. The sputtering 
rate was about 15 ~/min. The vertical values 
are peak-to-peak heights of the Auger spectra. 
In the profile for the C face, OKLL, SiLVV, 
and SiKL L are almost constant throughout the 
oxide layer. Since the output level of CKL L in 
the oxide layer is the noise level of our de- 
tection system, the CKL L output is zero in the 
oxide layer. In the interface region between 
the oxide layer and SiC, OKL L decreases and 
CKL L increases monotonically. SiKL L shows a 
dip in the interface region. The interface 
width on the C face is 150 ~, which was deter- 
mined by extrapolating the linear change of 
the OKLL profile to the maximum value and the 
zero value as shown in Fig. l(b). The oxide 
layer on the Si face is much thinner than that 
on the C face. But the depth-profile in the 
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Fig. 2. Spectral change of the SiLV V and the 
SiKL L Auger peaks in the interface region be- 
tween the oxide layer and SiC. 

interface is very similar. The interface width 
on the Si face is 167 ~. The oxide layer on 
the Si wafer also showed a similar dept~- 
profile with an interface width of 145 A. 

Fig. 2 shows the change of the SiLW and 
the SiKL L peaks in the interface. The SiLW 
peaks change gradually from the oxide to SiC. 
In the SiKL L peaks, the 1607 eV peak of the 
oxide decreases with sputtering times, and the 
1616 eV peak of SiC appears and increases. At 
the sputtering time of 65 min, the SiKL L peak 
is rather broad and the peak-to-peak height is 
small, owing to the overlapping of the two 
peaks. This appeared as a dip in the depth- 
profile in Fig. l(b). 

In conclusion, from the present Auger 
analysis, the thermal oxide layers of SiC were 
found to be the same as those grown on silicon. 
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erties of the oxide layer have not been studied 
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10~0~ for 2 hours in an oxygen flow of i00 
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pure water to saturate it with water vapor 
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also oxidized at the same time for comparison. 
The oxide thickness on the Si wafer was 1949 ~. 
The refractive indices of the oxides on the C 
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We carried out an Auger analysis of these 
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crystal, and the lower from its oxide layer on 
the C face. The accelerating voltage for the 
Primary electron beam was 5 kV, and the beam 
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SiKLL, and CKLL. The oxide layer also has two 
Si peaks, but the spectral form of SiLw is 
different from that of SiC, and the SiKL L peak 
is located at about 9 eV lower energy than that 
of SiC. It should be noted that the oxide lay- 
er does not contain C atoms. The same spectra 
were obtained from the layers on the Si face 
of SiC and on the Si wafer. Therefore, these 
three oxide layers are concluded to be the 
same (SiO 2 by the reference (4)). 

Fig. l(b) shows depth-profiles of the 
oxide layers on the Si face and on the C face 
of SiC. The sputtering was done using an argon 
ion beam accelerated by 3 kV. The sputtering 
rate was about 15 ~/min. The vertical values 
are peak-to-peak heights of the Auger spectra. 
In the profile for the C face, OKLL, SiLVV, 
and SiKL L are almost constant throughout the 
oxide layer. Since the output level of CKL L in 
the oxide layer is the noise level of our de- 
tection system, the CKL L output is zero in the 
oxide layer. In the interface region between 
the oxide layer and SiC, OKL L decreases and 
CKL L increases monotonically. SiKL L shows a 
dip in the interface region. The interface 
width on the C face is 150 ~, which was deter- 
mined by extrapolating the linear change of 
the OKLL profile to the maximum value and the 
zero value as shown in Fig. l(b). The oxide 
layer on the Si face is much thinner than that 
on the C face. But the depth-profile in the 
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interface is very similar. The interface width 
on the Si face is 167 ~. The oxide layer on 
the Si wafer also showed a similar dept~- 
profile with an interface width of 145 A. 

Fig. 2 shows the change of the SiLW and 
the SiKL L peaks in the interface. The SiLW 
peaks change gradually from the oxide to SiC. 
In the SiKL L peaks, the 1607 eV peak of the 
oxide decreases with sputtering times, and the 
1616 eV peak of SiC appears and increases. At 
the sputtering time of 65 min, the SiKL L peak 
is rather broad and the peak-to-peak height is 
small, owing to the overlapping of the two 
peaks. This appeared as a dip in the depth- 
profile in Fig. l(b). 

In conclusion, from the present Auger 
analysis, the thermal oxide layers of SiC were 
found to be the same as those grown on silicon. 
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Properties of Trifluoromethanesulfonic Acid 

Monohydrate Pertinent to Its Use as a 

Fuel Cell Electrolyte 

T. Sarada, R. D. Granata,* and R. T. Foley* 
Department of Chemistry, The American University, Washington, D.C. 20016 

ABSTRACT 

The electrical conductivities of monohydrate-water mixtures were com- 
pared with those of sulfuric acid and phosphoric acid. All three systems 
show a maximum in the conductivity-composition curve with that of the 
monohydrate-water system falling at 40-45% of the monohydrate. Trifluoro- 
methanesulfonic acid wets Teflon but water-monohydrate mixtures contain- 
ing less than 60% of the monohydrate exhibit high contact angles with Teflon. 
The vapor pressure of the monohydrate was measured by an isopiestic method. 
A solution of 99.99% of the mor~ohydrate is isopiestic with a solution of 96.83% 
HsPO4. Potential materials of construction for use in trifluoromethanesulfonic 
acid monohydrate and its water solutions were investigated. Corrosion tests, 
both stationary and under potential, showed that alloys such as ingot iron, 
chrome steel. Incoloy 825, tantalum-coated steel, and niobium offer consider- 
able resistance to corrosion in the electrolyte. Certain composites such as 
pyrolytic graphite, silicon carbide, and boron carbide are chemically stable 
in the electrolyte. 

Electrochemical experiments  where in  tr if luorometh- 
anesulfonic acid monohydra te  (TFMSA-MH) was em- 
ployed as a fuel cell electrolyte showed that  this com- 
pound offered several advantages over phosphoric acid 
which is commonly used as the electrolyte in  the acid 
fuel cell. The rate of electrooxidation of hydrogen and 
propane was enhanced by an order of magni tude (1, 2) 
and the electroreduction of oxygen proceeded at a po- 
tent ia l  about  150 mV higher than  that  in phosphoric 
acid. 

But the employment  of an  electrolyte in a practical 
fuel cell requires other characteristics. To main ta in  
low ohmic losses the electrolyte should possess an 
electrical conductivity similar  to that  of sulfuric or 
phosphoric acid. In  current  fuel cell practice Teflon- 
bonded electrodes are employed, the Teflon, among it~ 
other properties, serves to waterproof the electrode. 
Thus an electrolyte that  wets Teflon would require 
changes in  the composition of the fuel cell electrode. 
For operat ion in  the tempera ture  range of 100~176 
the electrolyte should have a reasonable vapor pres-  
sure, again comparab le  to concentrated phosphoric 
acid solutions. Finally,  the electrolyte should be  non-  
corrosive to conventional  materials  of construction in 
the static sense and also when  tested under  applied 
voltages to which the fuel cell anode and cathode 
would be subjected.  

These are the problems considered in  the present  in -  
vestigation, the over-al l  objective being the evaluat ion 
of tr if luoromethanesulfonic acid monohydra te  as a fuel 
cell electrolyte. 

* Electrochemical Society Active Member. 
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Experimental and Results 
The electrolyte.--Trifluoromethanesulfonic acid 

monohydrate  was prepared from tr if luoromethanesul-  
fonic acid (3M Corporation, fluorochemical acid FC- 
24) and water  by the method of Gramstad and HaszeI- 
dine (3). This involved refluxing equimolar  quanti t ies  
of the acid and water  and fract ionally distilling. The 
monohydrate  distills over at 217~176 (756.9 m m  
Hg). The white needlelike crystal l ine product melts at 
33.8~ in  agreement  with the l i terature  (3). 

Conductivttg measurements.--Conductivity mea-  
surements  were made on the freshly distilled mono-  
hydrate  and its aqueous solutions using a Type RC- 
16B2 conductivi ty bridge made by Industr ia l  Ins t ru-  
ments of New Jersey. Constant  temperatures  of 40 ~ 
and 80~ (+__0.5 ~ were main ta ined  dur ing  this work 
with a thermostated water  bath . (Forma Scientific, 
Model 2095-2). The cell constants for the conductivity 
cell at the two temperatures  were determined using a 
cent inormal  solution of potassium choride. 

The specific conductances of water  solutions of t r i -  
f luoromethanesulfonic acid monohydrate  at 40~ are 
plotted in  Fig. 1. Also plotted, for comparison, are the 
conductances of sulfuric acid-water  solutions and 
phosphoric acid-water  solutions, sulfuric acid being a 
widely accepted electrolyte for ba t te ry  systems and 
phosphoric acid being considered the most suitable 
electrolyte for acid fuel cells. The values for sulfuric 
acid were computed to 40~ f rom data given in  Lan-  
dolt and BSrnstein (4) and for 80~ computed graph- 
ically from the data of Haase et aL (5). The values for 
phosphoric acid were obtained from a Monsanto pub-  
lication (6). The conductivities of several  solutions of 

1899 
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Fig. I .  Condu,ctivities of acid-water solutions at 40~ ~ 1 1 ~  
H2S04, - - I I  w TFMSA-MH, - - A w  HaPO~. Sulfuric acid data from 
Ref. (4), phosphoric from Ref. (6). 

phosphoric acid were checked at random and were 
found to agree wi th  the l i tera ture  values. The three 
systems are all characterized by a composition of 
m a x i m u m  conductivity. In  the monohydrate  system at 
40~ the max imum (0.575 II -1 cm -1) falls at 41% by 
weight (of the monohydrate)  and 30% by volume; at 
80~ the max imum (0.8109 11-1 cm -1) f a l l s  in the 
range of 40-45% by weight. 

Contact angle and wetting.--It  is common practice 
in  many  fuel cell designs to use Teflon-bonded cata- 
lytic electrodes to prevent  "flooding" of the electrode 
by the electrolyte. The Teflon serves to main ta in  a 
nonwet ted surface and makes it possible for the elec- 
trode to furnish a sol id-l iquid-gas interface for the 
site of the electrocatalytic reaction. In  one of the first 
attempts (7) to bui ld a complete fuel cell with the t r i -  
f luoromethanesulfonic acid monohydrate  electrolyte it 
i t  was observed that  the electrolyte wet Teflon, render -  
ing that  par t icular  electrode essentially inoperative. 
Thus, the critical problem regarding the tendency of 
Teflon to be wetted by the compound arose. The wet-  
t ing problem is here examined quanti tat ively,  not only 
with respect to the monohydrate,  but  also wi th  respect 
to water  solutions of the monohydrate  in order to 
establish the extent  of di lut ion of the monohydrate  
required to achieve a nonwet t ing  surface. The extent  
of wett ing is measured by the contact angle which the 
l iquid makes with the solid. The contact angle of a 
drop of l iquid is defined as the angle which the tangent  
to the drop makes with the horizontal surface of the 
substrate at the point  where the liquid, the substrate,  
and the vapor meet. The angle is measured through 
the drop as shown in the insert  in Fig. 2. The basic 
mechanism of wett ing involves more than  the contact 
angle, but  the lat ter  gives a valuable  inverse measure-  
ment  of the wet t ing or spreading property of a l iquid 
on a surface. For contact angles greater than 90 ~ the 
l iquid is said not to wet the solid and in such a case 
the drops of l iquid do not enter  the capillary pores of 
the solid. At the same time, a l iquid is considered to 
wet the solid only when  the contact angle is 0. This is 
a l imit ing extreme only in a geometric sense. 

Method.--A goniometer telescope was used in  making 
contact angle measurements  of the test solutions on 
Teflon. This ins t rument  gives an inverted, enlarged, 
high contrast  image of the drop profile. The contact 
angle measurements  were made in  the vapor of the  

14 

5 

i I 

Fig. 2. Experimental setup for the measurement of contact angles. 
1, Goniometer telescope; 2, fused silica window; 3, thermostated 
chamber; 4, light tube; 5, thermometer; 6, glass plate; 7, Teflon 
shield; 8, test specimen; 9, petri dish; 10, glass platform; 11, level- 
ing table; 12, adjustable support; 13, marble slab; 14, view of the 
drop profile as observed in the goniometer telescope. 

test  solutions. This method solved the problem of 
choosing between the various types of values used in 
the l i terature,  i.e., the  advancing angle, the receding 
angle, or the equi l ibr ium angle. 

In contact angle measurements ,  special care is 
needed in gett ing a smooth, clean surface of the solid 
sample. A nonsmooth surface increases spreading and, 
so, will alter the angle. 

The method of Fox and Zisman (8) which involves 
the application of heat and pressure to the Teflon sam- 
ple was used to ensure a smooth surface. 

Aqueous solutions of tr if luoromethanesulfonic acid 
or monohydrate  were made by t ransferr ing calculated 
volumes of the acid or monohydrate  from a buret te  
into calculated volumes of deionized water  kept in 
ice-cooled volumetr ic  flasks. 

An atmosphere of the vapor of the test solution was 
insured by the following procedure. A Pyrex petri  
dish, 5 cm diam, was half filled with the test solution. 
This was surrounded by a cylindrical  Teflon shield 
Which had an open window, 1.25 cm high and 0.64 cm 
wide. The size of the window allowed two or three 
drops to be viewed by the telescope without  dis turbing 
the specimen. The solid specimen was placed in  the 
dish on top of an optically fiat platform of glass so 
that the top surface would not be flooded by the liquid. 
The drops were placed on the Teflon surface by the 
tip of a freshly flamed p la t inum wire used along with 
a disposable glass pipette. The average diameter  of a 
drop was about 1 ram. The top of the shield was closed 
by a glass plate to permit  i l lumina t ion  of the drops 
from above. The setup was mounted  on a circular 
leveling table which, in turn,  was placed on a labora-  
tory jack. The assembly was placed inside a thermal ly  
regulated chamber. Outside lighting, by a tungsten  
filament lamp, was guided to the specimen by means 
of a Pyrex glass tube. A fused silica window on the 
side panel  of the chamber  permit ted viewing of the 
drops by the goniometer telescope kept outside the 
chamber. A thermometer  was used to record the tem-  
perature. Both the chamber  and the telescope were 
placed on a heavy marble  slab to el iminate vibration. 
Figure 2 shows a diagrammatic  sketch of the experi-  
menta l  setup. 

St r ingent  conditions of tempera ture  control are not 
necessary for these measurements  as the temperature  
coeffiicent of contact angle is very small. Therefore, 
room temperature  measurements  were made without  
thermostated equipment.  For higher temperature  
studies a tempera ture  control was used which had a 
l imit  of accuracy of ___ I~ 

For each sessile drop, two values of the angle were 
taken on either side of the drop. For  each sample three 
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or  four  drops  were  s tudied and the  six or  e ight  values  
were  averaged.  The  m a x i m u m  devia t ion  f rom the 
average  was about  +_2% which is the  acknowledged 
l imi t  of accuracy for these measurements .  

Results of contact angle measurements.--The resul ts  of 
the  contact  angle  measurements  for  t r i f luoromethane-  
sulfonic a c id -wa t e r  mix tures  a re  p lo t ted  in Fig. 3. 
S imi la r  measurements  for  m o n o h y d r a t e - w a t e r  m i x -  
tures  a re  p lo t ted  in Fig. 4. In  a compara t ive  sense the 
acid wets  Teflon more  r ead i ly  than  the monohydra te ,  
i.e., the  contact  angle  is be low 30 ~ as agains t  73 ~ at  
room tempera ture .  A c i d - w a t e r  mix tu res  be low acid 
concentra t ion of 55% weight  and  m o n o h y d r a t e - w a t e r  
mix tures  of 60 weight  percen t  (w /o )  or  less of the 
monohydra te  can be considered as nonwet t ing  (con- 
tact  angles  g rea te r  than  90~ I t  is in teres t ing  to note. 
tha t  a 90% acid mix tu re  presents  a contact  angle  of 
56 ~ when f resh ly  made  which  increases  to 72 ~ when  
the solut ion is aged. The l a t t e r  va lue  approaches  tha t  
of 100% monohydra t e  which is 73 ~ the  composit ion of 
the  monohydra te  is 89.3% acid. As the  solutions be-  
come more  di lute  the  contact  angles of both  the  solu-  
tions increase  wi th  fhe single except ion of 70 % mona-  
h y d r a t e  which exhibi ts  an angle  of 80 ~ lower  than  the 
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Fig. 3. Contact angles on Teflon of trifluoromethanesulfonir 
acid-water solutions. �9 Freshly mode solutions, �9 one-week old 
solutions. 
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Fig. 4. Contact �9 on Teflon of trifluorornethanesulfonic acid 
monohydr�9 solutions. �9 Room temperature (ca. 24~ I I  45~ 
�9 65~ 

values for  both  80 and 60% solutions, which are  82 o 
and 87 ~ , all  measured  at  room tempera tu re .  

The t empera tu re  dependence  of m o n o h y d r a t e - w a t e r  
mix tures  is ve ry  l i t t le,  as one would  ant ic ipate ,  and  
mix tures  of different  composit ions show s l ight ly  di f -  
fe rent  slopes, again  the  70% solut ion has a sharper  
decline in the angle  when  the  t empe ra tu r e  increases.  

Vapor pressure measurements.bMethod.--The iso-  
piest ic  method (9) of measur ing  the vapor  pressure  
of s t rong e lect rolytes  was selected for  ga ther ing  the  
vapor  pressure  da ta  of  monohydra te  solutions. This 
method employs  a compara t ive  technique based on 
the pr inciple  that  two solutions of nonvola t i le  solutes 
wil l  dist i l l ,  one to the  other,  unt i l  the i r  concentrat ions  
are  such tha t  the  solutions have  equal  vapor  pressure.  
At  the  t empera tu res  chosen for  study,  monohydra te  
solutions lose only wa te r  as does the "reference"  elec-  
t rolyte ,  phosphoric  acid. We l l -documen ted  values  a re  
avai lab le  for the  wa te r  act ivi t ies  of phosphor ic  acid 
solutions of var ious  concentrat ions  over  a wide range  
of t empe ra tu r e  (10, 11). P r e l i m i n a r y  exper imen t s  wi th  
known solutions of sodium chlor ide  or  ammonium 
chloride,  using sulfur ic  acid solut ion as the s tandard ,  
were  made  to check the method.  The pr inc ip le  of the  
method  is based on the comparison of the  vapor  p res -  
sure  of two solutions. Two solutions, A and B, a t  the  
same t empera tu re  ini t ia l ly ,  a re  kep t  inside a closed 
system. The solut ion which  has a g rea te r  vapor  p res -  
sure, say solution A, loses water ,  which  condenses on 
B, resul t ing  in a cooling of A and a hea t ing  of B from 
the hea t  of vapor iza t ion  generated.  This t empe ra tu r e  
change wil l  also produce  a change in the  vapor  p res -  
sures  of the  solutions besides the  concentra t ion 
changes, but, if  perfect  the rmal  contact  is es tabl ished 
be tween  the two solutions the  d is t i l la t ion  of solvent  
wi l l  continue and equal izat ion of vapor  pressure  wi l l  
s t i l l  t ake  place, only  in  this case, the  equal izat ion wil l  
be the  resul t  of concentra t ion change alone and not  
t empe ra tu r e  difference. Equ i l ib r ium wil l  occur, the re -  
fore, when this concentra t ion difference is sufficient to 
equal ize the  vapor  pressures .  In  the  ac tual  e xpe r imen -  
ta l  measurements ,  therefore ,  t he rmal  conduct iv i ty  be -  
tween the test  solut ion and the reference  solut ion is of 
p r i m a r y  importance.  A sys tem closed to the  outside 
a tmosphere  is essential.  The equi l ib ra t ion  process can 
take  anywhere  be tween  one day  to one week.  The  
concentra t ion changes are  easi ly  de te rmined  by  the 
change in the  weights  of the  solutions before  and af te r  
equi l ibrat ion.  Two sets of solut ions are  used at  a t ime 
in a the rmos ta ted  closed chamber  wi th  adequa te  the r -  
mal  contact  be tween  the solutions. Four  P y r e x  bottles,  
two of them containing a smal l  known  amount  of phos-  
phoric  acid of known concentra t ion and two ,o f  them 
containing the test  solut ions of known  concentra t ion 
a r e  used in each exper iment .  The bot t les  fit snugly  
inside a luminum cyl inders  which are  placed inside an 
a luminum chamber.  The chamber  is fitted wi th  a 
Teflon gasket  to keep i t  a ir t ight .  I t  carr ies  a device by  
which the ind iv idua l  bott les  can be opened or closed 
wi thout  opening the  chamber.  A schematic  of the  se t -  
up is shown in Fig. 5. This setup is p laced inside a 
the rmos ta ted  vacuum oven (wi th  t empe ra tu r e  control  
__ 0.5~ wi th  an a i r t igh t  door and lef t  und i s tu rbed  
over  a per iod  of one day  to severa l  days. The weight  
change in each case is de te rmined  af ter  the  bot t les  
a re  desiccator  cooled. F rom the plots of known vapor  
pressures  of wa te r  above phosphor ic  acid of known  
concentrat ions  and tempera tures ,  the  values  for  the  
unknown are  read  out. 

Three  concentrat ions  of phosphor ic  acid, 96.83, 95.3, 
and 90.87 w / o  solutions were  found to be isopiestic 
wi th  TFMSA-MH,  99.99, 93.38, and 92.59%, respec-  
t ively.  The vapor  pressure  of phosphor ic  acid of the  
said concentrat ions  should the re fore  give the  to ta l  
vapor  pressure  of the  monohydra te  solutions of these 
concentrat ions.  Log P plots of these agains t  1000/ 
T~ -z  a re  shown in Fig. 6. The plot  of 96.83% I-I~PO4, 
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Fig. 5. A schemat ic  of the isopiestic vapor pressure cel l .  I ,  Ther- 
mostated oven; 2, t he rmomete r ;  3, a luminum chamber ;  4, a lumi -  
num cylinders; 5, Pyrex bot t les ;  6, l ids, closed posi t ion;  7, l ids, 
open position; 8, pulley for raising and lowering the l ids arm. 
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Fig. 6. Vapor pressure of trifluoromethanesulfonic acid monohy-  
d ra te  as a function of temperature. 

i sop ies t ic  w i t h  99.99% M I t  o n  e x t r a p o l a t i o n  to 760 
m m  gives  a t e m p e r a t u r e  v a l u e  of 219.6~ T h e  e x p e r i -  
m e n t a l  bo i l i ng  p o i n t  of  t h e  m o n o h y d r a t e  is 218~176 
T h e  v a p o r  p r e s s u r e s  g i v e n  b y  t h i s  p lo t  can,  t h e r e f o r e ,  
b e  t a k e n  as a f a i r  e s t i m a t e  of  t h e  v a p o r  p r e s s u r e  of  

99.99% MH. C a l c u l a t i o n  of  h S  v a p o r  (12) f r o m  t h e s e  
p lo t s  g ives  a T r o u t o n  c o n s t a n t  of  23.93 cal  ~ -1 m o l e  -1.  
F o r  w a t e r  t h e  c o n s t a n t  is 26.049, f o r  s u l f u r i c  ac id  i t  is 
20.00, a n d  for  m e t h a n o l  25.00 in  t h e  s a m e  un i t .  T h e  
c a l c u l a t e d  v a l u e  fo r  t r i f l u o r o m e t h a n e s u l f o n i c  ac id  
m o n o h y d r a t e  f r o m  th i s  p o i n t  is, t h e r e f o r e ,  in  t h e  r a n g e  
e x p e c t e d .  

Static corrosion tests .--The o b j e c t i v e  h e r e  was  to 
co l l ec t  q u a n t i t a t i v e  d a t a  o n  t h e  c o r r o s i o n  of a n u m b e r  

of  m a t e r i a l s ,  b o t h  m e t a l l i c  a n d  n o n m e t a l l i c ,  t h a t  c o u l d  
p o t e n t i a l l y  s e r v e  as c o n s t r u c t i o n  m a t e r i a l s  fo r  t h e  fue l  
ce l l  c o n t a i n e r ,  e l ec t rodes ,  o r  m a t r i c e s .  S o m e  p r e l i m i -  
n a r y  o b s e r v a t i o n s  h a d  b e e n  m a d e  t h a t  s u g g e s t e d  t h e  
m o n o h y d r a t e  was  less  c o r r o s i v e  to t h e  c o n v e n t i o n a l  
a l loys ,  s u c h  as  s t a in l e s s  s t ee l  T y p e  304, t h a n  p h o s -  
p h o r i c  acid.  H o w e v e r ,  t h e r e  w a s  v i r t u a l l y  no  d a t a  
a v a i l a b l e  in  t h e  l i t e r a t u r e  t h a t  w o u l d  r e l a t e  to  e l e v a t e d  
t e m p e r a t u r e  (100~ a n d  a b o v e )  b e h a v i o r .  Thus ,  m e a -  
s u r e m e n t s  w e r e  m a d e  o n  a n u m b e r  of  m e t a l s  a n d  
a l loys  t h a t  w e r e  s u g g e s t e d  f r o m  t h e i r  k n o w n  c o r r o -  
s ion  b e h a v i o r  i n  o t h e r  e n v i r o n m e n t s .  

Method.--The e x t e n t  of  c o r r o s i o n  su f f e r ed  b y  a g i v e n  
s a m p l e  o n  t o t a l  i m m e r s i o n  i n  l i q u i d  w a s  d e t e r m i n e d  as 
t h e  loss in  we igh t .  Two  t e m p e r a t u r e s ,  100 ~ a n d  125~ 
w e r e  c h o s e n  a n d  t h e  p e r i o d  of  i m m e r s i o n  v a r i e d  f r o m  
one  to e i g h t  weeks .  T h r e e  s a m p l e s  w e r e  u s u a l l y  u s e d  
fo r  e a c h  m e a s u r e m e n t .  W e i g h e d  a n d  p r e t r e a t e d  s a m -  
p les  w e r e  t o t a l l y  i m m e r s e d  i n  a p p r o x i m a t e l y  20 m l  
a l i q u o t s  of  t h e  f r e s h l y  d i s t i l l ed  m o n o h y d r a t e  o r  85% 
p h o s p h o r i c  ac id  ( F i s h e r  A.C.S. Ce r t i f i ed )  fo r  a g i v e n  
p e r i o d  of  t i m e  a n d  l e f t  u n d i s t u r b e d .  T h e  s a m p l e s  w e r e  
h e l d  i n  P y r e x  t e s t  t u b e s  l oose ly  c losed  w i t h  Tef lon  
s toppers .  T h e  t e s t  t u b e s  w e r e  h e l d  in  a s t a i n l e s s  s t ee l  
r a c k  a n d  m a i n t a i n e d  a t  a c o n s t a n t  t e m p e r a t u r e  o v e r  
t h e  p e r i o d  of  s tudy .  

Materials and Treatment . - -The  c o m p o s i t i o n s  of  t h e  
m e t a l s  a n d  a l loys  u s e d  i n  t h e  t e s t s  a r e  g i v e n  i n  T a b l e  
I. C e r t a i n  c o m p o s i t e  m a t e r i a l s  t e s t e d  as  pos s ib l e  m a t r i x  
m a t e r i a l s  a r e  l i s t ed  in  T a b l e  II. T h e  s a m p l e  p r e p a r a -  
t i o n  a n d  e v a l u a t i o n  f o l l o w e d  s t a n d a r d  p r o c e d u r e s .  

Results and discussion.--A p r e l i m i n a r y  t e s t  w h i c h  
m e a s u r e d  t h e  c o r r o s i o n  of  f ive m e t a l s  w a s  r u n  fo r  a 
two  w e e k  d u r a t i q n  a t  100~ C o p p e r  a n d  l e a d  c o r r o d e d  

Table I. Composition of alloys used in corrosion tests 

Alloy Nominal  composition (w/o) 

Aluminum 
Silver 
Copper 
Lead 
Platinum 
Titanium (electrolyte) 
Porous nickel 
Ingot Iron HP 
Niobium 
AISI Type 304 

Incoloy 825 
Hastelloy C 
Carpenter 20 Cb-3 

26-1 Steel E-Brite 
Titanium (65.A) 

Tantalum coated steel  

Chrome steel 430 

99.994 
99.9 
Ficher C �9 428 (purified) 
99.9 
99.99 
99.99 
Ni e lectrode (Union Carbide) 
99.80 Fe, 0.13 Cu, 0.04 Ni, 0.01 Mo, 0.01 SI 
99.9 
18.0-20 Cr; 8.0-11.0 Ni; 0.30 C, max; 2.0 

Mn, max; 1.0O Si, max; 0.045 P, max; 
0.03 S, max; balance Fe 

42 Ni, 21 Cr, 3.0 Mo, 33 Fe 
56 Ni, 15 Cr, 3.7 N, 16 Mo, balance Fe 
34.03 Ni, 19.91 Cr, 2.25 Mo, 3.30 Cu, 0.21 

Co, 0.86 Cb, 0.039 C, 0.39 Mn, 0.41 Si, 
0.016 P, balance Fe 

26 Cr, 1 Mo, 73 Fe 
C, 0.08, max; N, 0.05, max; H, 0.015, max; 

Fe, 0.25, max 
Steel plated with tantalum by the "Met- 

alating" process by the General Metals 
Technologies Corp. Thickness. 0.006- 
0.008 in. 

82.3 Fe, 16.4 Cr, 0.52 Si, 0.40 Mn, 0.26 Ni, 
0.058 C, 0.004 S 

Table II. Composite materials tested as matrix materials 

1. Pyro-Tech, PT 101 (Ultra Carbon Corp.) pyrolytic graphite 
plated onto graphite, density of coating, 2.2 g c m  -s. 

2. Pyro-Tech, PT 333 (Ultra Carbon Corp.) graphite treated to 
produce a silicon carbide coating 0.5 mm thick. 

3. Pyro-Bond, 1300 (Ultra Carbon Corp.) graphite coated with 
silicon carbide by a conversion process. 

3. Pyro-Bond, 1300 F (Ultra Carbon Corp.) graphite with surface 
converted to stlicon carbide with a low temperature process; 
more graphite than 1300. 

5. Reaction bonded silicon nitride, NC 350 (Norton Co.) density 
ca. 2.5 g cm -B. 

6. Boron carbide (Norton Co.) "Norbide" ca. 99% pure, density 
2.51 g cm -a, hot pressed, grain size 10-20 ~. 

7. Recrystallized silicon carbide (Norton Co.) "Crystar" 99% 
silicon carbide, density 2.65 g cm -~. 
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excessively and were dropped from subsequent  tests. 
Iron, stainless steel, and silver offered substant ial  cor- 
rosion resistance and were included in a second series 
of tests at 125~ extending over five weeks. This series 
disclosed the outs tanding resistance to corrosion af- 
forded by ingot iron, being more resistant  than s ta in-  
less steel. Si lver  corroded excessively. 

A third  series of tests included a n u m b e r  of alloys 
usual ly  ranked as corrosion resistant  materials. These 
are reported in  Fig. 7. Niobium- and tanta lum-coated  
steel are remarkab ly  resistant.  While  both electrolytic 
t i t an ium and hardened t i t an ium 65A were seriously 
corroded, ingot i ron seemed to develop a passive layer  
and was consistently resistant  to the action of the 
monohydrate,  even in the e ight-week study. Alumi-  
num behaved very much like stainless steel Type 304, 
i.e., it seemed to have both active and passive forms. 
Some of the more resistant alloys were tested over an 
eight-week period (Fig. 8). Usually samples of Type 
304 stainless steel were included in the tests as a com- 
parat ive material.  This alloy has been studied in pre-  
vious investigations and a reasonable amount  of data 
are available on the performance of this alloy in phos- 
phoric acid electrolytes. Porous nickel which has been 
used as a mater ia l  of construction for gas diffusion 
electrodes, shows a higi~ degree of resistance. E-br i te  
26-1, a martensi t ic  steel, is more resistant  than the 
300 series alloys. 

Comparative tests were conducted in  85% phos- 
phoric acid at 125~ for one week. These data are 
presented as bar  graphs in  Fig. 9. At the end of one 
week the corrosion was so extensive that  the test was 
not continued beyond that  time. 

The refractory materials,  silicon carbide, boron car-  
bide, and pyrolytic graphite, showed essentially no 
weight losses dur ing  a five-week exposure. Instead, 
the porous materials absorbed electrolyte so that  in 
most cases there was actual ly a gain in  weight dur ing 
the test. The phosphazene polymeric materials,  on the 
other hand, dissolved completely in  24 hr .  The quant i -  
tat ive data for the refractory materials  are given in  
Table III. It is possible tha t  prolonged t rea tment  would 
remove any absorbed solution but  it can be stated that  
there was no deteriorat ion of the mater ial  dur ing the 
five-week exposure at 125~ 

Voltage sweep experiments.--Whereas the static 
corrosion tests reported above allow the assessment of 
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each metal  or alloy with respect to its resistance to 
attack by the electrolyte when  used as a general  ma-  
terial of construction, it  is also impor tant  to know the 
behavior  of these materials  when  used as electrode 
substrates which would see oxidizing and reducing 
potentials. To evaluate  the behavior  of the alloys 
under  potential,  a voltage sweep technique was used. 

Method.--The cell used for the experiments  was a 
th ree-compar tment  cell, with an approximate electro- 
lyte requi rement  of 65 ml. The working electrode in  
the central  compar tment  of the cell was either a plat i -  
n u m  wire sealed into 6.4 m m  glass tubing  or a metal  
wire press fitted into a 6.4 m m  diam Teflon rod, either 
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Table Ill. Corrosion data for some composite materials and 
chrome steel Type 430 in TFMSA-MH at 125~ for 5 weeks 

C h a n g e  i n  w e i g h t  
( m g  c m  --~) 

Material ( a v e r a g e  3 s a m p l e s )  

C h r o m e  s t e e l  ( T y p e  430) - 23.1 
P y r o - T e c h ,  P T  101 + 55.4 
P y r o - T e c h ,  P T  333 + 0.89 
P y r o - B o n d ,  1300 + 5.72 
P y r o - B o n d  1300 F + 5.17 
R e a c t i o n  bonded silicon nitride + 21.5 
B o r o n  c a r b i d e  - 0.61 
Reerystall ized silicon carbide - 1 . 3 3  

of which was connected into the cell by means of a 
Swagelok fitting made of Teflon. The counterelectrode 
compar tment  was separated from the working elec- 
trode compartment  by a fri t ted glass disk. The 
counterelectrode was a p la t inum mesh cylinder, spot 
welded to a p la t inum wire. The reference electrode 
system was separated from the working electrode com- 
pa r tmen t  by sealing a fr i t ted glass disk behind the 
Luggin capillary. The re~erence electrode was of the 
dynamic hydrogen elec-trdde design of Giner  (13). 
Tempera ture  control was achieved by main ta in ing  the 
cell in a thermostated air  oven. The electrolyte for 
the cell was pure tr if luoromethanesulfonic acid mono-  
hydrate.  

The working and reference electrode compartments  
were purged with argon for at least 1 hr  prior to be-  
g inning  a cyclic vottammogram. To ensure complete 
removal  of oxygen, the argon was passed through a 
stainless steel pipe heated to 400~ containing 
shredded copper foil. Purging  of the cell with oxygen-  
free argon was continued throughout  the exper iment  
except where otherwise note& Electrode potentials 
were measured with a Keithley Ins t ruments  Model 621 
electrometer. Potentiostatic and chart  recording ap- 
paratus were combined in  the Beckman Electroscan 
30 electroanalytical  system. 

Cyclic vol tammograms were recorded in the follow- 
ing manner :  The cell was allowed sufficient t ime to 
achieve thermal  equil ibrium, to be purged of dissolved 
oxygen by argon bubbling,  and for the working elec- 
trode to reach a constant  rest potential. The rest po- 
tent ia l  was recorded (Table IV). The polarization was 
usual ly  started from approximately rest potential  and 
proceeded ini t ia l ly in  the anodic direction. The current  
measur ing range was chosen to be approximately  70- 
200 r~A/cm 2 in  both the  anodic and cathodic directions. 
The working electrode surface areas were on the order  
of 0.5 cm 2. For the first cyclic vol tammograms of a 
sample, the current  scale was chosen so that  the low 
current  density behavior  could be observed before any 
gross changes in  the surface occurred due to dissolu- 
t ion or film growth. The vol tammetr ic  scan was con- 
t inued in  the anodic direction unt i l  the cur ren t  had 
sufficiently increased anodically (up to 1.5-2.0V). The 
scan direction was reversed (a manua l  operation) and 
the scan cont inued to at teast 0.0V, at which point  t h e  

Table IV. Rest potentials of various electrodes in 
trifluoromethanesulfonic acid monohydrate 

Potential  Temper- 
Sample ( m Y ,  D H E )  a t u r e  ( ~  

Plat inum 280 115 
Niobium 280 117 
Chrome Steel  26-1 270 119 
Chrome Steel  430 250 119 
I n c o l o y  825 230 110 
Hastel loy C 0 118 
Carpenter 20 - 40 117 
Silver -- 70 119 
Copper -- 120 119 
Stainless Steel  304 L --130 112 
Nichrome -- 140 119 
Ingot iron -- 280 119 
A l u m i n u m  - 460 119 
Titanium --570 119 
Lead - -640 119 

scan direction was again reversed. Scan direction r e -  
v e r s a l  was continued in  this manne r  unt i l  three con- 
secutive cycles were completed wi thin  the same volt-  
age or current  limits. The scan rates were be tween 
5 X 10 -8 and 5 X 10 -2 V/sec, the la t ter  rate being 
used for rapid ini t ial  evaluat ion of a sample's cyclic 
voltammetric  behavior  to avoid excessive sample dis- 
solution due to long electrolysis times. The experi-  
ments were r un  at a tempera ture  of about 120~ which 
approximates the operat ing tempera ture  range of a 
fuel cell in this electrolyte. 

Figure 10 shows the cyclic vol tammogram for plat i-  
num at 115~ The scan is started at about  0 mV, swept 
anodically to 1500 mV, then cathodically from 1500 to 
0 mV. During the  anodic scan, p la t inum exhibits two 
anodic current  peaks, one a t  700 mV, the other at 
1050 mV. These peaks are due to oxidation of the plat i-  
n u m  metal  surface to p la t inum oxide. On the cathodic 
scan, a single peak is observed at about 750 mV which 
corresponds to reduction of the p la t inum oxide. This 
behavior  is in  close agreement  with the aqueous so- 
lution investigations of Kolthoff and Tanaka  (14), the 
references cited therein, and Gi lman (15). 

StainLess steel Type 304, at 112~ gives the cyclic 
vol tammogram shown in Fig. 11. The anodic scan 
shows a somewhat constant anodic current  from 0 to 
1000 mV after which the current  increases rapidly 
with increasing anodic potential. The current  de- 
creases rapidly to near ly  zero on the cathodic scan, 
remaining  near  zero unt i l  150 mV where the current  
increases up to commencement  o f  hydrogen reduc-  
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Fig. 10. Cyclic voltammetry of platinum in trifluoromethanesul- 
fonic acid monohydrate. Temperature, 115~ sweep rate, 25 mV/ 
sec; equilibrium potential, - -280 mu surface area, 0.124 cm 2. 
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tion. On the following anodic scan, a large anodic cur-  
rent  is observed at --150 mV and is probably due to 
desorption of hydrogen or act ivation of the surface by 
the hydrogen previously evolved. The anodic current  
plateau between 0.0 and 1000 mV is low and may be 
interpreted as residual  current  and a low sample dis- 
solution rate. Sample dissolution is much more rapid 
at higher potentials. On the cathodic scan, the current  
decreases to near ly  zero and, considering the later  in-  
crease in  current  at  150 mV, these currents  may cor- 
respond to a passivated state and a loss of the pas- 
s~vated state, respectively. There are no trends per-  
ta in ing to consecutive scans in  these cyclic vol tam- 
mograms. 

The cyclic vol tammogram of n iob ium at 118~ is 
shown in  Fig. 12. The first anodic scan starts at 330 
mV. The anodic current  increases to a small  steady 
value un t i l  a potential  of about 1000 mV is reached 
and the current  begins to gradual ly  increase again. 
The scan is reversed at 2000 mV and the current  de- 
creases to zero at 600 mV, where  a cathodic cur ren t  
gradual ly  increases up to 0.0 mV. At 0.0 mV, the scan 
is changed to anodic and the current  decreases. The 
cycle is repeated twice except that  the ma x i mum 
anodic current  is reduced on each successive scan. 
The anodic currents  are in terpre ted as due to surface 
oxidation of the n iob ium plus oxidation of the elec- 
trolyte, while the cathodic currents  are probably due 
to the reduct ion of the surTace oxides. The t rend of 
decreasing anodic current  suggests the bui ldup of a 
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Fig. 12. Cyclic voltammogram of niobium in trifluoromethane- 
sulfonic acid monohydrate. Temperature, 118~ sweep rate, 50 
mV/sec; equilibrium potential, 280 mV; surface area, 0.323 cm 2. 

passivating film. The magni tude  of the cathodic cur-  
rents indicates that  there is an adherent  reducible 
film on the electrode. 

At  the other extreme of reactivi ty we have one of 
the very active metals. In  Fig. 13 is presented a scan 
of electrolytic t i tanium. This again is a fast scan, 50 
mV/sec at 119~C. As the potential  is increased anod- 
ically the current  increases rapidly from the be- 
g inning with subsequent  scans showing a decreased 
anodic current  at the same potentials. The unusual  fea- 
ture  seen is the absence of appreciable cathodic cur-  
rents up to --500 mV. Another  feature observed was 
that the rest potential  after the exper iment  was 50 
mV more cathodic than  the value before the polariza- 
tion. This could represent  a change in  the surface 
toward a more active species than the start. 

The current  densities for fourteen materials  tested 
under  potential  in  TFMSA-MH are plotted for spe- 
cific potentials in Fig. 14. The data were taken from 
the voltage sweep plot, usual ly  with a rate of 50 mV/  
sec. The apparent  geometric areas were used for the 
calculation of current  densities. The plots of log cur-  
rent  density vs. potential  for each of the materials  
summarize and compare the general  behaviors of 
these materials under  potential. Generally,  combina-  
tions of high potential  and low current  density values 
indicate relat ive stabil i ty of the mater ia l  at applied 
potentials in  this electrolyte. Using the potential  axis 
(ordinate) of the figure as a horizontal  boundary,  the 
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areas  under  these curves can be considered as figures 
of mer i t  for these mater ials .  Niobium has the smal les t  
such area  and can be considered the most s table  ma-  
te r ia l  tested. S imi l a r ly  niobium, chrome steel  430, 
Incoloy 825, chrome steel  26-1, and  p l a t i num are  the 
five most s tab le  mate r ia l s  tested. 

Of these mater ia ls ,  Incoloy 825 shows the smal les t  
reduct ion  currents  dur ing  cyclic vo l t ammet ry  which 
shows tha t  i t  has the highest  anodic to cathodic cur -  
r en t - t ime  produc t  (coulombs)  ratio.  'This indicates  
tha t  Incoloy 825 has the  grea tes t  net  dissolution ra te  
of these five mate r ia l s  under  these conditions. I m m e r -  
sion test  results  given above show tha t  Incoloy 825 
has a corrosion ra te  1.7 t imes grea ter  than  chrome 
steel  26-1 for an e igh t -week  per iod at 125~ For  
these reasons, Incoloy 825 should not  be considered to 
be as s table as the  o ther  four  mate r ia l s  in the group. 

Immers ion  test  resul ts  for chrome steel  430 show a 
corrosion ra te  much h igher  than  Incoloy 825. Hence, 
this ma te r i a l  should also not  be considered as s table  as 
niobium, p la t inum,  or  chrome steel  26-1. Note that  the 
polar iza t ion  curves  for  chrome steel  430, as wel l  as 
Incoloy 825, were  de r ived  f rom a po ten t i a l - cu r ren t  
cycle a f te r  the ini t ia l  cycle in which la rger  currents  
were  observed.  This had the effect of shif t ing thei r  
polar iza t ion  curves toward  more  s table  regions. While  
Incoloy 825 and chrome steel  430 would  not  be sui t -  
ab ly  s table  at  equi l ibr ium,  they  should be re la t ive ly  
s table  whi le  anodica l ly  polarized.  Hence, based on 
polar iza t ion  tests and immers ion  tests, the most s table 
mate r ia l s  tes ted under  potent ia l  a re  niobium, p la t i -  
num, and  chrome steel  26-1. 

Conclusions 
The corrosion invest igat ion has disclosed a number  

of construct ion mate r ia l s  tha t  would  be res is tant  to 
corrosion in t r i f luoromethanesulfonic  acid monohy-  
drate.  The corrosion rates  of most mater ia l s  are  one or 
two orders  of magni tude  less than tha t  in phosphoric  
acid. The except ional  res is tance of ingot  i ron to a t tack  
is surpr is ing  but, in general ,  the n icke l -conta in ing  a l -  
loys such as stainless steel  Type  304 are  not  pa r t i cu -  
l a r ly  resistant .  Cer ta in  r e f rac to ry  mater ia ls ,  such as 
pyro ly t ic  graphi te ,  silicon carbide,  and boron carbide,  
would be sui table  for e lectrode or  ma t r ix  appl icat ions 
assuming tha t  t hey  could be made avai lab le  in the  
p roper  form. Severa l  al loys show resistance to corro-  
sion under  oxidizing and reducing  conditions as dem-  
ons t ra ted  by  the vol tage sweep technique. 

Contact  angle  measurements  confirm the qual i ta t ive  
observat ion  tha t  Teflon is wet  by  both the  monohy-  
d ra te  and the acid. The wet t ing  tendency  is decreased 
in both cases by  an increase  in wate r  content  in the  
monohydra t e  or ac id -wa te r  mixture .  I t  is es t imated  
tha t  it  is possible to re ta in  about  60% of the mono-  
h y d r a t e  and sti l l  have  a f a i r ly  high contact  angle  
(nonwet t ing) .  The addi t ion  of wa te r  to the monohy-  
d ra te  defini tely improves  the  e lect r ica l  conduct ivi ty  of 
the e lec t ro ly te  fol lowing the pa t t e rn  of the  sulfuric  

acid and phosphor ic  acid systems. The m a x i m u m  con- 
duct iv i ty  is at  about  40-45% by  weight  of the  acid, ap-  
p rox ima te ly  the composit ion of the  m a x i m u m  conduc-  
t iv i ty  in the  phosphoric  acid system, but  the conduc-  
t iv i ty  in the  monohydra t e  sys tem is apprec iab ly  
higher.  

Vapor  pressure  measurements  indicate that  the va -  
por  pressure  of the monohydra te  is such as to make 
feasible the  opera t ion  of a fuel cell in the 125~176 
range. Dilut ion of the  monohydra te  wi th  wate r  in-  
creases the vapor  pressure  as expected.  
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The Use of a Microcalorimeter for 
Analysis of Load-Dependent Processes 

Occurring in a Primary Battery 
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ABSTRACT 

Calorimetry has been proposed as a way of measur ing self-discharge rates, 
par t icular ly  in very long-l ived pr imary  batteries. A simple model for in -  
terpret ing calorimetric data from a discharging ideal bat tery  system is de- 
veloped in terms of the bat tery 's  load-voltage curve and l imit ing thermo-  
dynamic  quantities. This  t rea tment  is extended to include real bat tery sys- 
tems where self-discharge and other types of parasitic processes occur. These 
complications are discussed and the model is applied to the Li/I2 and Zn/HgO 
bat tery  systems which are both impor tant  to the cardiac pacemaker industry.  
Anticipated and measured energy losses due to self-discharge in  these two 
systems appear to agree with the levels predicted via calorimetric data. 

The de terminat ion  of self-discharge processes is of 
considerable importance to both manufac turers  and 
users of batteries. This is par t icular ly  true in  the medi-  
cal devices field where unique high energy density 
cells are being qualified for long- te rm human  use. It 
is imperat ive  that  accurate assessments be made of 
all parasitic processes occurring in these batteries so 
that  longevity and performance characteristics can 
be estimated. The classical methods for obtaining such 
data involve determining relat ive capacities before 
and after storage. The problem with such experiments  
for long-l ived batteries is that  the storage periods in-  
volved are excessively long and are subject  to a 
var ie ty  of complex variables. Also, this exper imental  
approach does not take into account any effect of load 
on the rate of self-discharge processes. It is, therefore, 
very desirable to obtain estimates of the rates of para-  
sitic processes on a shor t - te rm basis ra ther  than hav-  
ing to rely solely on experiments  such as those de- 
scribed above. This, in fact, almost becomes a neces- 
sity when  the expected bat tery  life may be ten years 
or longer as in  the case of many  of the newer  bat tery  
systems used to power implanted  cardiac pacemakers 
(1-3). 

One technique suggested to be sensitive enough to 
measure the rates of parasitic bat tery  processes is 
calorimetry (4, 5). Calorimetry on a microscale has 
been used successfully for some time, par t icular ly  on 
biological systems, and there are many  papers in this 
area. New calorimeter designs have made calorimetry 
very sensitive, cur rent ly  less than  1 ~W (5-7). Pre l imi-  
nary  calculations indicate that  the power generated by 
parasitic processes may  often be in the 0-20 #W range 
in  small  cells such as used for cardiac pacemakers, 
and thus, microcalorimetry does seem to be an ap- 
propriate tool to investigate these phenomena.  In-  
deed, several investigations have already shown that  
ba t te ry  processes are detectable via calorimetry (5- 
7). 

The present  paper shows the results of several ex- 
per iments  where calorimetric measurements  were 
made on batteries while the batteries were generat ing 
external  power at various rates. These data are in -  
terpreted in terms of ,a  simple thermodynamic  model 
developed in the "Thermodynamic Considerations" 
section. 

Experimental 
The data presented in  this paper were obtained 

with a Tronac Model 351RA microwattmeter .  This 
calorimeter is a differential heat conduction type in -  

* Electrochemical  Soc ie ty  Act ive  Member.  

s t rument  and has a shor t - te rm noise level and a long- 
term stabil i ty of about 1 #W. The construction and 
performance of this ins t rument  are described more 
fully elsewhere (7). 

A simple exper imental  procedure was used to ob- 
ta in  data. The first :step was to preequi l ibrate  the bat-  
tery; this was done in  two stages. First, the bat tery  
was placed in  a 37 ~ • 0.5~ air bath which surrounds 
the calorimeter. After this equi l ibrat ion step the bat-  
tery was then moved into thermal  contact with the 
near  37~ water  bath in which the calorimeter block 
is submerged. This bath was held to tempera ture  fluc- 
tuations of +_0.0002~ Following this second step, the 
bat tery could be placed inside the calorimeter mea-  
surement  cavity with min imal  dis turbance to the calo- 
rimeter. Heat from all processes occurring in the bat -  
tery was then conducted through the thermopiles sur-  
rounding the bat tery causing a change in the thermo- 
pile voltage output. Within  90 min  the calorimeter 
was usual ly wi thin  5 ~W of its new equi l ibr ium level. 
After  steady state was established, the bat tery  was 
removed and the thermopile output  re turned to its 
baseline. The caloric output  changes found on inser-  
tion and removal  of the bat tery  were the same with-  
in experimental  error. A typical exper iment  including 
bat tery  insertion, settling, bat tery removal, and sub- 
sequent re tu rn  to baseline general ly  required 3 hr or 
less. In several  exper iments  the t ime period was 
longer than this, but  in  each of these cases kinetics of 
the bat tery chemistry appeared to be t h e  controll ing 
factor as the sett l ing t ime was m a n y  times longer 
than the usual  sett l ing t ime for the calorimeter. 

Measurements were made differentially using a 
dummy bat tery as a blank. These dummy batteries 
were made of a luminum and had approximately the 
same mass as the bat tery being studied. The use of a 
metal  b lank instead of air (empty chamber) was 
found to decrease the shor t - te rm noise significantly, 
but  did not appear to change the average output  per-  
ceptively. Zero output  on the calorimeter was deter-  
mined via the use of two dummy batteries. 

In  some experiments reported here the bat tery  
was discharged at a fixed rate while calorimeter mea-  
surements  were obtained. To do this, 36 gauge Cu 
wires were soldered to the bat tery 's  terminals  before 
the exper iment  was begun. Once the bat tery  was in  
place, these wires were run  through the air bath to 
two feedthroughs leading outside of the calorimeter. 
From these points external  load resistors could be 
connected to the bat tery  and its load voltage moni-  
tored. Because the air ba th  was main ta ined  at near ly  
the same tempera ture  as the calorimeter  block there 
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was very little noticeable effect because of the at-  
tached wires. The exper imental ly  measured calibra- 
t ion constant was found to be the same with and with-  
out the wires attached to the battery. 

A Keithley Model 150B microvoltmeter  was used to 
monitor  changes in the thermopile voltages. The out-  
put of the Keithley was recorded on a strip chart re-  
corder for a permanent  record. The temperature  of 
the calorimeter block was cont inual ly  monitored and 
was also recorded by the same strip chart recorder. 

The type of calorimeter used for these experiments 
yields data in terms of heat flux rather  than heat. This 
complements the experiments  described here since 
changes which are a function of current  (rate) are 
of interest. Each of the thermodynamic quanti t ies may 
readily be converted to an  equivalent  rate form 
by assuming the rate to be measured by the current  
flowing in the external  wire. Then, for exampe, P : 
4.18 AH ( i /nF) where AH is in  cal/mole, i is in  amperes, 
n and F have their usual  meanings,  and P is in watts. 
Other thermodynamic  quanti t ies may be calculated 
analogously. 

The cal ibrat ion of the calorimeter was done via a 1 
kl% resistor which is embedded in the bat tery  cell 
holder between the thermopiles. For  our calorimeter 
the cal ibrat ion factor was 8.45 ~W/~V at 37~ This 
calibration factor turns  out to be independent  of the 
thermal  conductivi ty and heat capacity of the bat tery  
and ba t te ry  holder, as is shown below. 

Consider the example in  Fig. 1. Heat i s  generated 
in  the lef t -hand compartment.  The heat flux produced, 

/1/, is constant. This heat may do two things. The 
first is raise the temperature  of its immediate  sur-  
roundings which have a heat capacity, Cp. The second 
is t ransfer  through the thermopile to the heat reser-  
voir where it is main ta ined  at tempera ture  T1. Thus, 

/:/ ~- / / l ( t )  ~c Cp tiT~dr, where ~/l( t)  is the heat flux 
through the thermopile to the reservoir. Eventually,  
the source surroundings will reach an equi l ibr ium 
temperature,  i.e., dT /d t  : O. The time ,required for 
this to occur will depend on the thermal  parameters  
of the source compar tment  and the thermopile. When 

the steady state is reached, / /  = H1 (t) _-- ~/1. Because 
heat is passing through the thermopile, a tempera ture  

gradient  AT exists across its faces, i.e., /-I1 = ~AT, 
where r is the heat conductance of the thermopile. 

Thus, for any constant  heat flux, /1/, the tempera ture  
difference across the thermopile faces will be the 
same once dT/d t  ~_ O. Since the voltage output  from 
the thermopile is kAT we arrive at the calorimeter  
calibration constant, ~/k, which is independent  of the  
thermal  properties of the source. 

Fig. 1. S:hematie representation for steady-state calibration of 
calorimeter. Heat source in measureme,nt cavity on left. Calorimeter 
block (heat reservoir) a,t temperature Tz on right. 

Two commercial varieties of batteries were used in 
the experiments  below. One is the Mallory Model 
RM-1 cell. This bat tery is a famil iar  Zn/HgO alkal ine 
type and has been used to power implantable  cardiac 
pacemakers for several  years. It has a nominal  open- 
circuit voltage (OCV) of 1.36V and a capacity of 1.0 
A-hr.  The second type of ba t te ry  is based on the 
Li/LiI/I~ system. In  this system l i th ium and iodine 
electrochemically react to form a layer  of LiI  be-  
tween the reactants. This layer serves as both elec- 
trolyte and separator for the battery. In  the cells 
discussed here the iodine is rendered conductive 
enough to pass current  by the addit ion of a small  
amount  of poly-2-vinylpyr idine.  Although their chem- 
istry is the same, these two models of Li/i2 batteries 
arc quite different The Model 742 bat tery is com- 
prisecl of two series cells each housed in a sealed 
plastic cup which are then potted in a stainless steel 
can, while the Model 755 bat tery  consists of a single 
cell in which the cathode is poured directly into a 
stainless steel can. The OCV of the Model 755 is 2.80V 
and that of the Model 742 5.60V. Their rated capaci- 
ties are 3.0 and 1.0 A-hr,  respectively. 

Thermodynamic  Considerat ions 
In  a search of existing l i terature  no discussion of 

t h e  thermodynamics involved in  calorimetric bat tery  
experiments such as those presented here and by 
Greatbatch (1) was found. The equations presented 
here are reasonably simple and can be readi ly de- 
rived from basic thermodynamics for a system at 
constant  temperature.  Since thermodynamic  equa-  
tions are strictly applicable only to systems at equi-  
l ibrium, allowances must  be made for the errors which 
develop as a result  of the nonequi l ib r ium situation 
which arises when  current  is d rawn  from a cell or 
parasitic processes occur. 

Let us consider the chemical react ion 

mM ~- nX--> Mr, Xn [1] 

From the First  law 

~U = q + w [2] 

where U is the in terna l  energy, q is heat t ransferred 
to the system (positive), and w is work done on the 
system (positive). Thus, in terna l  energy, which is a 
state iunction, is proport ioned between heat and 
work. [['he value of AU for a reaction such as [1] is 
fixed by its chemistry, but  the values for q and w de- 
pend on how M and X are converted to MmXn. In  
this section of the paper activities of reactants and 
products are assumed to be constant. However, ac- 
tivities can change in both ideal and nonideal  cells 
and influence calorimetric measurements.  

If M and X are combined directly in the calorim- 
eter, w can only be the mechanical  work allowed by 
the na ture  and geometry of the system and is near ly  
0 if all reactants and products are condensed phases. 
Thus, in this si tuation q is a measure of AUMmxn 
A/-/MmX n. Now consider the same chemical and geo- 
metrmal system except that M and X are constrained 
in such a way that  the only path for formation of 
MmXn is via electron t ransport  through a wire ex- 
ternal  to the calorimeter (i.e., we make the system a 
bat tery) .  W h e n  a load is placed in series with this 
wire, electrical energy is dissipated outside of the 
calorimeter. If AUMmX,~ is fixed by the reaction taking 
place and work or heat is appearing outside the 
calorimeter, less heat must  appear inside the calorim- 
eter than in the first example. The question then be- 
comes how is ~UMmXn divided between q and w. As 
will be seen below, there is a theoretical m i n i m u m  for 
q, and the observed proport ioning will  be determined 
by kinetic as well as thermodynamic  characteristics. 

For any system, the ma x i mum amount  of external  
work is done when the process is carried out re- 
versibly. Thus, via Eq. [2], m i n i m u m  heat must  be 
produced under  reversible conditions. The Second 
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law equations defining the Helmholtz (~A) and Gibbs 
(AG) free energies in terms of AU or AH and entropy 
(AS), Eq. [3a and 3b], tu rn  out to express the neces- 
sary relationships since AA and AG are equal to the 
reversible electrical work a system is capable of while 
holding tempera ture  and volume or pressure, respec- 
tively, constant  

AA = AU - -  TAS  [3a] 

AG : AH -- TAS  [3b] 

A rea r rangement  of Eq. [3b] summarizes this when  
pressure is constant  

AH = AG -]- T A S  [4] 

Thus, T A S  is the heat generated dur ing  the electro- 
chemical formation process when it is done reversibly, 
the remainder,  AG, being available for external  work. 
If done slowly enough, this is approached. When po- 
larizat ion or i r revers ibi l i ty  comes into play, q is 
greater  than T A S  so Wirr becomes less than  AG. The 
extra energy which is not expended external ly  (AG -- 
Wirr) must  remain  inside the calorimeter. It  will  even-  
tual ly  be given off as heat; however, it may be tem- 
porar i ly  stored and slowly dissipated. This can cause 
problems if the t ime scale of observation is too short. 
An example of this is shown later. There can also be 
losses in the bat tery  f rom its own in terna l  resistance. 
At t rue steady-state  conditions, all  of these losses 
may be lumped together since they all affect the bat -  
tery by reducing its output  voltage. In  high resistance 
batteries such as the l i th ium/ iodine  cells studied 
here, the in te rna l  resistance is a dominant  correction 
term. 

The Relationship Between the i -E  Curve and 
Internal Power Losses 

As pointed out above, i r reversible  effects lead to a 
reduct ion in the load voltage of a cell. Fur thermore,  
since a cell's i -E  curve relates its voltage to its rate 
of reaction, this curve is the keystone to calculat ing 
how power dissipation is distr ibuted between useful 
external  energy and in te rna l  heat. This becomes ap- 
parent  since AH and AU are independent  of rate as 
long as the reactants and products remain  the same. 
Useful power is then i .E  and the in te rna l  power loss 
is the difference between the total for the system, 
A H / n F . i ,  and the useful power dissipation. Figure 2 
is a composite showing these relationships at steady 
state when AH is more exothermic than AG. In  order 
to make  the units  consistent the load-voltage curve is 
plotted as n F E  vs. i / n F  ra ther  than the more famil iar  
E vs. i. The load curve goes from n F E  .:  nFEocv at 
i / n F  ---- 0 to n F E  _-- 0 at i / n F  --_ isc, the short-circui t  
current.  Between these extremes, nFEocv > n F E  > 0 
and 0 < i / n F  < isc/nF. For a cell at EL and iL, the 
shaded and hatched areas in  Fig. 2 show the in te rna l  

( dq /d t )  and external  ( d w / d t )  power dissipation. The 
shaded area corresponds to in te rna l  power loss, while  
the hatched area is electrical power available outside 
the cell. Note that  as i / n F  --> 0 both the in te rna l  and 
external  power approach zero, but  that  their ratio 
does not. The m i n i m u m  in te rna l  power is 4.18 T A S  
( i / n F )  even if the cell reaction is carried out re- 
versibly. Hypothetical  power-cur ren t  relationships are 
shown in  Fig. 3. Here three plots i l lustrate  the gen-  
eral shapes of E, Piat, and Pint/i as a funct ion of i. 
The i vs. Pint curve passes through the origin, but  the 
i vs. Pint/i  plot has an intercept  proport ional  to AS. 

The Self-Discharging System 
So far  this discussion has only covered the behavior  

of a cell where there are no parasitic reactions occur- 
ring. We now wish to broaden this to include self- 
discharge and other parasi t ic  reactions which gen-  
eral ly occur to some extent  in  all real  batteries. As 
seen in  Fig. 3b, the in te rna l  heat produced in a cell 
in which no parasitic reactions occur always goes to 
zero as i --> 0. Therefore, the presence of in te rna l  power 
dissipation when i ---- 0 is proof of the occurrence of 
some parasitic process, and their  presence may be as- 
certained by simply measur ing  the in te rna l ly  dis- 
sipated power at no load. 

Parasitic processes can be divided into the cate- 
gories which affect the capacity or performance of 
the cell and those which do not. Examples of t h e  
former might be chemical self-discharge and case 
corrosion, and the lat ter  could be curing of epoxy en-  
capsulation. The first type is of most concern al though 
mixtures  of the two may be present  and the ma in  
problem frequent ly  is the difficulty of de termining 
which and how much of each is occurring. The rate of 
those parasitic processes that do not affect the cell's 
function are dot l ikely to depend to an appreciable 
extent  on cell load. The det r imenta l  parasitic processes 
may or may not be measurably  affected by discharge 
current  density depending on the t ime scale of obser-  
vation, the mechanism the process occurs by, and the 
physical size and shape of the cell. In  the paragraphs 
below each of these situations is discussed. 

Case 1: The parasitic reaction rates are independent  
o1: bat tery load. For this to be, the cell and parasitic re- 
actions must  occur or appear to occur in parallel.  This 
can arise in  severa l  ways. First, if the cell reaction 
and the parasitic process are not related in  any  man-  
ner, i.e., their reactants and products are different, or if 
the two reactions occur in physically separated areas 
of the battery. A second way is if the geometry of 
the bat tery  is such that  on the t ime scale of observa-  
tion the two reactions occur independent ly.  For ex- 
ample, suppose a bat tery  had a catholyte which had 
electronic conductivi ty and also slowly corroded the 
cathode current  collector. If mobili t ies in  the catho- 
lyte were slow and the distance between the current  
collector and separator large enough, a t rue steady 
state may not be reached dur ing  observat ion and the 
reactions will appear to occur completely independ-  
ently. The final way for the reactions to occur inde-  

Fig. 2. The steady-state partitioning of total power between 
internal and external dissipation in an ideal battery via the load- 
voltage curve. 

pf 
,=K (T .'~ S) 

i i i 

(a) (b) (c) 

Fig. 3. Generalized hypothetical curves for (a) voltage, (b) 
internal power dissipation, and (c) internal power/rate; all vs. rate. 
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pendent ly  is if concentrat ion gradients  do not  form 
in the cell, as might  be the case if the catholyte h a d  
an invar ian t  composition. In  such a si tuat ion the cell 
discharge reaction and the parasitic reaction (pos- 
sibly chemical self-discharge or a corrosion reaction) 
would occur independent ly  because there is no mecha-  
nism whereby the reactions can influence one an-  
other. 

Case 2: The parasitic reaction rates are dependent  
on ba t te ry  load. The usual ly  expected interact ion is 
a decrease in  the chemical react ion rate with increas- 
ing cell cur rent  because of competi t ion for a reac- 
tant. This arises as follows when the chemical and 
electrochemical reactions occur at a common in te r -  
face. In  the absence of electrochemical discharge the 
chemical reaction rate depends on the existing reac- 
tant  concentrat ions and /or  diffusion gradients. If the 
electrochemical reaction rate is then  fixed at some 
value greater  than  zero and it consumes a reactant  
common to the chemical reaction, the concentrat ion of 
that reactant  will  decrease and its gradient  away from 
the interface wil l  increase. This will cause the chemi- 
cal reaction rate to decrease. The existence of a con- 
centrat ion gradient  is a necessary condition for this 
behavior  if chemical and electrochemical back reac- 
tions are negligible or product activities are fixed. Al-  
though the above si tuat ion only leads to inverse de- 
pendencies of the parasitic process rate on load cur-  
rent  it is possible to envision a mechanism which 
would yield the opposite result. For example, if the 
chemical discharge produced a passive layer which 
is broken down by the electrochemical discharge, the 
rate of self-discharge could be greater  dur ing the 
presence of electrochemical discharge than in its ab-  
sence. This may be what  happens in the Li/SO2 sys- 
tem where  a th in  protective film is known to form at 
the Li surface (8) and keep the system from chemi- 
cally discharging. 

Results and Discussion 
Experiments  of the sorts described earlier were 

performed on batteries based on Li/I2 and Zn/HgO 
chemistry. A typical piece of data is shown in  Fig. 4. 
This strip chart  recording covers a nominal  40 hr  
period and shows the stabil i ty of the baseline and set- 
t l i n g  times involved. After  bat tery  inser t ion and re-  
moval  the recording goes endothermic because the 
air bath is general ly slightly cooler than the calo- 
r imeter  block. The shor t - te rm noise and long- te rm 
stabil i ty both appear to be on the order of 1 ;~W. 

F igure  5 shows the calorimetric data obtained while 
discharging two Wilson Greatbatch, Limited, Model 
755 batteries with load resistors external  to the calo- 
rimeter. One of these batteries (SN5560) had not pre-  
viously been discharged while  the other  (SNl126) 
had been discharged about 10% of its rated capacity. 
The dissipation vs. load plot is curved in  each case, 

20 

315 

QSN 5560, 0 mah 

[ ]  SN 1126.~ 250 mah 

5~0 100 150 
iL, pA 

Fig. 5. Measured internal power dissipation vs. load current for 
two Li/12 batteries. Both are Wilson Greatbatch, Limited, Model 
755 batteries. 5N5560 discharged 0 mA-hr: SNl126 discharged 
~250 mA-hr. 

and in  fact both appear to have minima.  The next  
two figures show the effect of correcting the raw data 
for known  current  dependent  variables. One of these 
is the entropy correction, TAS. Since this is a thermo-  
dynamic correction it should only be applied in  a t rue 
thermodynamical ly  reversible situation. Al though the 
system cannot be runn ing  reversibly as long as cur-  
rent  is flowing, reversible behavior  is being ap- 
proached to some degree, especially at the low dis- 
charge rates encountered here. However, even if this 
were not the case, fhis correction still represents an 
upper  bound on the efficiency of the system at any 
discharge rate. It turns  out that  for the Li/LiI /I2 sys- 
tem aS is very small, 0.1 kca l /~  mole (9), and the 
entropy correction is negligible in  the range shown. 
However, these batteries are inheren t ly  resistive be-  
cause of the LiI layer, and  the iR drop across this 
layer  is a large correction. Since other polarization 
effects should also take the form of potential  drops, 
a single correction was made by subtract ing iAE, 
where AE is the difference between EL and Eocv at 
the measured current.  

The corrected data for the newer  ba t te ry  became 
near ly  horizontal after an  ini t ial  dip (Fig. 6). The 
same correction for the par t ia l ly  discharged cell yields 
a l ine not near ly  as horizontal (Fig. 7). At this t ime 
we do not know if all the observed differences are 
indicative of the states of discharge or whether  some 
might  be artifacts of the batteries themselves. How- 
ever, the author has seen other data on Li/I2 cells 
and they show the same init ial  drop in calorimetric 
output  in  the region iL < 50 ~A (5). Har t  and Hansen 

'--" = a= TZ~S, i~E  

' 

50 i L, pA 

Fig. 4. Typical calorimetric strip chart recording showing noise Fig. 6. The measured and corrected internal power dissipation vs. 

a.nd stability over a 40 hr period, load curves for batte,y SN5560. 
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Fig. 7. The measured and corrected internal power dissipation vs. 
load curves for battery SNl126. 

have also shown that the Li/I2 react ion is essentially 
100% current  efficient (7) and this leads to specula- 
t ion that  the observation of the ini t ial  dip may be due 
to changes in the rate of self-discharge because of a 
competit ion of the chemical and electroChemical 
mechanisms. Such a mechanism would be expected to 
be much more noticeable on a new cell, where the 
protective LiI layer  is very thin, than  on an older cell, 
and this is what  is observed. It  seems l ikely from 
these pre l iminary  experiments  that  most of the calo- 
rimetric output  observed in the Model 755 ba t te ry  
is due to self-discharge and that  at least early in  life 
its rate is quite dependent  on current .  The positive 
slopes in Fig. 6 and 7, after correcting for polariza- 
tion, indicate there is something happening at the 
higher values of current  density. An example of 
anomalous behavior was also observed. The open- 
circuit calorimetric output  of bat tery  SN5560 cell was 
observed to be about 16 ~W in Fig. 5. This bat tery  was 
loaded very heavily (to EL ~- 0.5V) for several hours 
at 37~ 1 then inserted into the empty  calorimeter 
chamber. It was expected that  the calorimetric out -  
put  would quickly settle to 16 ~W again. What  ac- 
tual ly  occurred was that steady state was not reached 
for 20 hr, after which t ime the heat output  fell to 
'15 ~,W, approximately its ini t ial  value (Fig. 8). Dur-  
ing the 20 hr period a large exothermic output  was 
observed. Since energy (above self-discharge levels) 
should not have been dissipated dur ing  this period the 
calorimetric output  had to be the dissipation of heat or 
energy stored while the cell was under  load. This 
calorimetric output  (shown in Fig. 9) could be mis-  
leading if viewed on too small  a t ime-scale where it  
was not apparent  the data were indicative of a non-  
s teady-state  situation. Thus, it  is very impor tant  in 
these experiments  to observe a long enough period of 
t ime so that  s teady-state  behavior  is assured. 

Since a main  purpose of using microcalorimetric 
measurements  is to estimate self-discharge rates, it  
was necessary to establish how self-discharge might  
change dur ing the life of a battery.  It was stated above 
that self-discharge is expected to be high initially, 
then decrease with t ime and discharge depth. If true, 
the shape of this curve must  be known as a function 
of t ime and discharge depth in order to make an 
over-al l  estimate of self-discharge losses since a 
single measurement  only gives informat ion at one 
t ime and state of discharge. The effect of discharge 
depth was investigated using a set of rapidly dis- 
charged Wilson Greatbatch Model 742 batteries. These 
batteries are not directly comparable to the Model 755 
cells a l ready discussed since their  designs are quite 
different and they are even subject  to different ac- 

1 Dur ing  the  d i scharge  port ion  of  this  e x p e r i m e n t  the  b a t t e r y  
was  kept  in good t h e r m a l  contac t  w i t h  th e  c a l o r i m e t e r  w a t e r  ba th  
as is no rma l ly  done  during  the  equi l ibrat ion cyc le  b e f o r e  a bat- 
t e r y  is inser ted  into  the  ca lor imeter .  T h e  strip chart  r e co rd in g  
corresponding  to  the  insert ion  of  the  ce l l  into the  c a l o r i m e t e r  ap- 
p e a r e d  n o r m a l  during  this  e x p e r i m e n t .  

base line 

battery inserted 

\ 

4 hours 

Fig. 8. The calorimetric response to open-circuit relaxation of 
battery SN5560 after heavy polarization. Settling time about 20 
hr. Open-circuit calorimetric output of SN5560 was 16 #W before 
polarization, 
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Fig. 9. Plot of ca!orimetric data for series of Li/12 batteries dis- 
charged to various depths. Batteries are Wilson Greotbotch, Lim- 
ited, Model 742. Discharges done at 1 mA constant current at 60~ 
Data from 21 batteries. Measurements made at no load. 

companying parasitic reactions. Nevertheless, the 
basic chemistry is the same and the results should 
be indicative of this generic type of battery.  

A group of 21 batteries was discharged to different 
depths varying between 0 and 100% of the rated ca- 
pacity o,f 1000 mA-hr .  Calorimetric outputs w e r e  
measured under  open-circui t  conditions for the var i -  
ous states of discharge and are plotted vs. d i s c h a r g e  



1912 J. EZectroehem. Sot.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  December 1978 

depth  in Fig. 9. As expected the  ca lor imetr ic  da ta  
show a high ini t ia l  ou tput  which, under  these condi-  
tions, falls  to about  10% of i ts in i t ia l  level  by  40% 
through  discharge.  If  the  hea t  output  is assumed to 
arise only  f rom the di rec t  combinat ion of Li  and Is, 
the  area  under  this curve can be in tegra ted  and com- 
pa red  wi th  the average  power  used for  normal  pacing.  
Doing this, the  f rac t ional  loss of energy f rom se l f -d is -  
charge dur ing  ba t t e ry  life is es t imated  to be 12%. 
Other  exper iments  show tha t  paras i t ic  processes such 
as curing of epoxy  and polyes te r  m a y  cont r ibute  s ig-  
nificantly to the hea t  output  observed ear ly  in life. 
This means  the 12% es t imate  is p robab ly  high. How-  
ever,  even ignor ing these correct ions the  da ta  y ie ld  
reasonable  agreement  wi th  the  ant ic ipa ted  loss of 10% 
or  less according to the  manufac tu re r ' s  specifications. 

While  the  expe r imen t  descr ibed above has real  t ime 
uncer ta in t ies  bui l t  into i t  f rom the accelera ted dis-  
charge of the  bat ter ies ,  the  shape  of the  curve  indicates  
that  ca lor imetr ic  measurements  f rom bat te r ies  dis-  
charged to 80% of capaci ty  or  even less m a y  be used 
to obta in  to ta l  se l f -d ischarge  est imates  in the  Li/I2 
system wi th  good precision. 

The only pacemaker  ba t t e ry  sys tem for which much 
r ea l - t ime  se l f -d ischarge  da ta  has been obta ined is 
the  Zn /HgO sys tem which has been used in  hea r t  pace-  
makers  for many  years.  Chemical  and classical e lec-  
t rochemical  de te rmina t ions  of se l f -d ischarge  in this  
sys tem have been done (9). These exper iments  in-  
dicate tha t  the  d i rec t  combinat ion  of the  reac tants  is 
the ma jo r  degrada t ion  mechanism,  wi th  evolut ion of 
hydrogen  also occurr ing to some extent .  A n  accepted 
number  is 4-5% of capaci ty  loss pe r  yea r  in a Mal -  
lory  RM-1 cell, which  t rans la tes  into roughly  a 30% 
loss if the  ba t t e ry  discharges comple te ly  at  its pace-  
m a k e r  ra te  of 15 ~A (10). The feel ing of those who 
work  wi th  this sys tem is tha t  a l though its se l f -d is -  
charge  ra te  does decrease dur ing  ba t t e ry  life, the  
Zn/HgO ra te  is r e l a t ive ly  constant  when compared  
to tha t  a t t r ibu ted  to the  Li/I2 sys tem (10). An  exper i -  
ment  analogous to that  leading to Fig. 5-7 was done 
using a r e la t ive ly  new (~10% discharged)  Mal lory  
RM-1 bat tery .  Both the  r aw  and correc ted  da ta  a re  
shown in Fig. 10. Since the  RM-1 ce]l is capable  of 
sus ta ining much h igher  currents  than  the Li/I2 ba t -  
ter ies  studied, the  cur ren t  scale shown is larger ,  go- 
ing to 400 ~A. The iAE correct ion is shown in the  
square  boxes and accounts for most  of the difference 
be tween  the curves. However,  in this sys tem TAS is 
not negligible,  and its added  correct ion is shown 
separa te ly  ( t r iangles) .  Whi le  Li/I2 ba t te r ies  show a 
decrease in hea t  output  fol lowed by  an increase,  tha t  
of the  Zn /HgO sys tem increases  r egu la r ly  wi th  in-  
creasing current  density.  However ,  the  corrected 
curve shows the  unaccountable  hea t  output  becomes 
nea r ly  constant  for  iL ~ 100 p.A. This curve ex t r apo -  
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Fig. 10. The measured and corrected internal power dissipation 
vs. load curves for a Zn/HgO battery. Battery is Mallory RM-1. 

lates to about  7 ~W at  iL _ O. Using this number  as 
indicat ive of the  average  level  of se l f -d ischarge  and 
assuming tha t  only  the  d i rec t  combinat ion  of reac tan ts  
occurs, 25% of the  cell 's  to ta l  ene rgy  wil l  be lost to 
self-discharge.  This appears  to agree  wel l  wi th  the  
da ta  obta ined  f rom rea l - t ime  exper iments  and  ex -  
perience.  

Conclusion 
The equat ions  developed in  the  ea r ly  sections of 

this  paper  show tha t  the  s tored chemical  energy  in  
a ba t t e ry  sys tem is p ropor t ioned  be tween  ava i lab le  
and unava i lab le  energy via  the  ba t t e ry ' s  load  curve 
and the rmodynamic  considerations.  The simple 
t r ea tmen t  descr ibed here  accounts for  most bu t  not  
all  of the energy  exchanges  observed be tween  the 
Li/12 sys tem and its surroundings.  The idea l  energy  
d is t r ibut ion  is modified by  phenomena  such as p a r a -  
sitic react ions and nonequi l ib r ium situations.  In  the  
Li/I2 sys tem it became evident  tha t  some paras i t ic  
reactions,  p redominan t ly  sel f -discharge,  do occur. 
There  is some evidence the  se l f -d ischarge  react ion 
is in compet i t ion wi th  the  e lec t rochemical  reaction,  
which indicates there  is some ionic conduct iv i ty  in the 
cathode. When  the  microca lor imet r ie  da ta  were  
ga thered  for  a group of Li/I2 ba t te r ies  which  had  been  
rap id ly  discharged to var ious  depths,  t hey  showed tha t  
about  half  of the  total  paras i t ic  hea t  loss occurred 
dur ing  the first 20% of discharge.  This is ve ry  en -  
couraging since the  most  uncer ta in  pa r t  of de t e r -  
mining acce lera ted  losses is the  ex t r apo la t ion  of 
ea r ly  r ea l - t ime  da ta  into the  future.  A n  es t imate  for  
the  to ta l  se l f -d ischarge  dur ing  l i fe  seems to be on 
the order  of 10% of r a t ed  capaci ty  for the  ba t te r ies  
ut i l ized in this exper iment .  How this number  t r ans -  
lates to o ther  phys ica l  configurations of Li / Iz  cells 
was not specifically determined.  Fo r  comparison,  da ta  
on a convent ional  Zr~/HgO ba t t e ry  were  obta ined  and 
compared  wi th  r ea l - t ime  data. The two sets of data  
seemed to be in good agreement  and lend  credence to 
the use of ca lo r imet ry  for de te rmin ing  se l f -d ischarge  
and paras i t ic  losses. 

Acknowledgments 
The author  is indebted  to B. B. Owens for  discus- 

sions and encouragement  on this work.  

Manuscr ip t  submi t ted  March  14, 1978; revised man-  
uscr ipt  received Ju ly  24, 1978. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1979 JOUR- 
NAL. Al l  discussions for the  June  1979 Discussion Sec-  
t ion should be submi t ted  by  FeD. 1, 1979. 

Publ ica t ion  costs of this  a r t ic le  were  assisted by 
Medtronic,  incorpora ted .  

REFERENCES 
1. "Advances  in Pacemaker  Technology," M. Schal -  

dach and S. Furman,  Editors,  pp. 345-355, In-  
t e rna t iona l  Sympos ium on Advances  in Pace-  
m a k e r  Technology, Erlangen~ Wilson Greatbatch ,  
Sp r inge r -Ver l ag  (1975). 

2. M. Mosharrafa ,  in Proceedings  of 12th Annua l  
Rocky Mounta in  Bioengineer ing and 12th In t e r -  
na t ional  USA Biomedical  Science In s t rumen ta -  
t ion Symposium,  Apr i l  1975, Vol. 11. 

3. K. Fester ,  R. L. Doty, and R. Vander  Velden, in 
Proceedings  of 16th Annua l  Amer ican  Society of 
Mechanical  Engineers  Sympos ium on Energy  A l -  
ternat ives ,  Albuquerque ,  New Mexico, F e b r u a r y  
1976. 

4. E. J. Prosen and J. C. Colbert ,  in Proceedings  of 
Cardiac  Pacemaker  Workshop,  October  1976. 

5. W. Greatbatch ,  P r iva te  communicat ion.  
6. E. J. Prosen, NBS Rep. NBSIR 73-179 (1973). 
7. R. M. Har t  and L. D. Hansen, in Proceedings  of 

Cardiac  Pacemake r  Workshop,  October  1977. 
8. E. S. Brooks, in Proceedings 26th Power  Sources 

Symposium, 1974, pp. 31-34. 
9. J A N A F  Thermochemica l  Tables,  D. R. Stul l  and 

H. Prophet ,  Editors,  2nd ed., NSRDS-NBS37 
(1971). 

10. K. E. Fester ,  P r iva t e  communicat ion.  



Powder Electrode Separators for High Temperature 
Lithium-Aluminum/iron Sulfide Batteries 
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ABSTRACT 

T h e  feas ib i l i ty  of using ceramic  powders  for  e lect rode separa tors  in 
l i t h i u m - a l u m i n u m / i r o n  sulfide cells was evaluated.  Test  cells of two different  
designs were  constructed and opera ted  for periods of 1000 and 2000 hr. Thus, 
the  powder  separa to r  appears  to be a good candida te  for  use in commercia l  
cells. The advantages  and  l imi ta t ions  of this type  of separa to r  are  discussed, 
and  a comparison is made  wi th  fibrous separa tors  which are  also being de-  
veloped for  these cells. 

L i t h i u m - a l u m i n u m / i r o n  sulfide ba t te r ies  are  being 
developed for s ta t ionary  energy  s torage on electr ic  
u t i l i ty  systems and for  e lec t r ic -vehic le  propulsion.  
Cells for this ba t t e ry  consist of a l i t h i u m - a l u m i n u m  
a l loy  negat ive  electrode,  an FeS or  FeS2 posi t ive elec-  
trode, and a mol ten  LiC1-KC1 e lec t ro ly te  (mp 352~ 
which  r e q u i r e s  an opera t ing  t empe ra tu r e  of 400 ~ 
450~ (1). An  impor tan t  factor  in the  successful de-  
ve lopment  of these cells is the identif icat ion of an 
e lec trode  separa to r  which  satisfies both  the  technical  
and economical  requ i rements  of the  cell. In  l i t h ium-  
a l u m i n u m / i r o n  sulfide cells the  separa to r  has two 
functions:  (i) p reven t ing  e lect r ica l  contact  be tween  
the electrodes wi thout  undu ly  res t r ic t ing  ionic flow, 
and (if) provid ing  a ba r r i e r  which  wil l  re ta in  the ac-  
t ive mate r ia l s  of the  cell  wi th in  the  electrodes.  The 
l a t t e r  is impor t an t  because the  active mate r ia l s  are  
genera l ly  in the  form of fine powders .  The op t imum 
s t ruc ture  and proper t ies  des i red  in the e lect rode sepa-  
r a to r  have not  been fu l ly  de te rmined;  however ,  the 
fol lowing genera l  r equ i rements  can be s tated:  (i) The 
separa to r  mus t  be a good e lect r ica l  insula tor  to p re -  
vent  d i rec t  e lec t ron  flow be tween  the electrodes.  (if) 
The mate r i a l s  used in the  separa to r  must  be chemi-  
cal ly  s table  in the  cell env i ronment  for  the l i fe t ime of 
the  cell  (5-10 y r ) .  ( i i i)  The  separa to r  should be <2  
m m  th ick  and contain  a la rge  vo lume of open poros i ty  
to m i n i m i z e  the  cell  weight  and the  resis tance to 
ionic flow be tween  the electrodes.  (iv) The pore  
channels  should be <20 ~m in d i ame te r  to p reven t  
pene t r a t ion  of the separa to r  by  the act ive mate r ia l s  in 
the electrodes.  (v) The in tegr i ty  of the separa to r  must  
be ma in ta ined  dur ing  any dimensional  changes which 
occur in the  e lectrodes dur ing  cell operat ion.  (vi) If 
commercia l iza t ion  of the  cell  is to be achieved,  the  
separa tor  must  have  a potent ia l  cost of <$22 /m 2 and 
mus t  pe rmi t  r ap id  cell  assembly.  

The r equ i remen t  for a good e lect r ica l  insula tor  p re -  
cludes the use of meta ls  in the separator .  Most organic 
or  po lymer ic  mate r i a l s  a re  not  s table  at  the cell  op-  
e ra t ing  tempera ture ,  and none of the  po lymers  which 
have been tes ted in cells at  ANL appear  promising.  
Therefore,  the choice of mater ia l s  for  the  separa to r  
appears  to be l imi ted  to ceramics. Chemical  react ion 
wi th  l i th ium in the cell  env i ronment  severe ly  l imits  
the number  of ceramics which can be used in the cell. 
A comparison of the  free energies  of format ion  of 
var ious  oxide and n i t r ide  ceramics wi th  the  free en-  
ergy of format ion  of Li20 and Li2N indicates  tha t  the  
fol lowing ceramics should be s table  in the  presence of 
l i th ium at the cell  opera t ing  t empera tu re :  MgO, BeO, 
Y203, CaO, Si3N4, BN, and /kiN. Thermodynamic  s ta -  
b i l i ty  in the  presence of l i th ium does not  insure  tha t  
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a ceramic wil l  be s table  in  t h e  cell  envi ronment ,  
though, because l i t h ium may  react  wi th  impur i t ies  in 
the  ceramic, or a react ion could occur be tween  the 
ceramic and o ther  mate r ia l s  in the  cell  environment .  

The previous deve lopment  work  on e lect rode sepa-  
ra tors  for l i t h i u m - a l u m i n u m / i r o n  sulfide cells has 
been devoted p r i m a r i l y  to fibrous ceramics p repa red  
f rom BN or  Y2Oa fibers. These two fibers a re  the only 
commerc ia l ly  avai lab le  ceramic fibers tha t  are  com- 
pat ib le  wi th  l i th ium (2). Boron n i t r ide  fabr ic  has been 
used successful ly in  engineer ing test  cells for  per iods  
g rea te r  than  one yea r  (1, 3, 4);  however ,  i t  wi l l  not  
meet  the  cost goals for separators .  Papers  and felts  
p repa red  f rom BN fibers have been tested in l abo ra to ry  
test cells wi th  very  promis ing  resul ts  (5) and appear  
to have the potent ia l  for  meet ing  the separa to r  cost 
goals. Y t t r ium oxide papers  and felts have  also been 
used successful ly in l abo ra to ry  test  cells (5), but  the 
potent ia l  cost of these mate r ia l s  is less cer ta in  than  
that  of BN papers  and felts. In  addit ion,  recent  ex-  
per iments  have  indica ted  tha t  Y203 reacts wi th  the 
sulfides present  in the  cell  to form Y202S (6).  

This paper  descr ibes  recent  efforts to ut i l ize ceramic 
powders  for e lect rode separators .  The deve lopment  of 
powder  separa tors  is being pursued  because they  
faci l i ta te  cell  assembly,  a re  amenab le  to low cost mass  
production,  and may  pe rmi t  the use of inexpens ive  
mater ia l s  such as MgO and CaO which are  not  ava i l -  
able in fibrous form. 

Experimental Procedure 
The feas ib i l i ty  of using a powder  separa to r  was 

evalua ted  in Li-A1/LiC1-KC1/FeS test  cells which 
were  assembled in the u n c h a r g e d  state [i.e., a luminum 
meta l  was used as the act ive ma te r i a l  in the negat ive  
electrodes and a mix tu re  of Li2S and Fe  was used in 
the posi t ive electrodes (7)] .  Two different  cell de-  
signs, shown schemat ica l ly  in Fig. 1 and 2, were  
evaluated.  The cells were  cyl indrical ,  wi th  a d iamete r  
of 7.6 cm and a height  of 2.5-3.5 cm. The negat ive  
e lect rode in  both cell  designs was enclosed by  the 
lower  por t ion  of the  cell housing and a 325-mesh 
stainless steel  screen (for par t ic le  re tent ion)  tha t  was 
spo t -we lded  to, a re ta iner  ring. This r e t a ine r  r ing was 
not welded to the cell  housing and was free to move 
whenever  d imensional  changes occurred in the elec-  
t rode dur ing  cell operat ion.  The cell  housing and re-  
ta iner  were  made  f rom AISI  1008 steel. The negat ive  
electrodes were  formed by  cold-press ing A1 wire  into 
c i rcular  plaques,  and the posi t ive e lectrodes were  
formed by  ho t -press ing  a mix tu re  of Li2S, Fe, a n d  
e lec t ro ly te  powders  at  a t empera tu re  of ~400~ and 
a pressure  of ~11,700 kPa  (1700 ps i ) .  

In  the first test  cell, SC-13, the  posit ive e lectrode 
was enclosed in  a me ta l  compar tmen t  made  f rom 
Haste l loy  B 2 (Ni-28 Mo-5 Fe-1  Cr)  and  Type  304 

Cabot Corporation, Stelllte Division, Kokomo, Indiana. 
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Fig. i. Schematic diagram of cell SC-13 

Fig. 2. Schematic diagram of cell SC-14 

stainless steel screens which were spot-welded in 
place. An i ron rod served as the positive current  lead 
and was welded to the top of the electrode compart-  
ment.  The separator consisted of coarse Y203 powder 
(150-250 ~m, 99% pure),~ which was poured into place 
around the positive electrode. Yttria was selected be-  
cause of its proven compatibil i ty with l i th ium (2). The 
coarse particle size was selected to prevent  the powder 
from penet ra t ing  the 325 mesh re ta iner  screens. The 
volume fraction of Y203 in  the separator was 0.40, 
as determined from packing density measurements,  
and the separator thickness was about 3 mm. A dense 
BN sleeve was used to insulate the positive current  
lead from the cell housing. 

In  cell SC-14 (Fig. 2), the positive electrode was not 
enclosed in a metal  compartment,  and the separator 
was fabricated as an integral  part  of the electrode. 
The positive electrode, cur rent  collector, and the 
upper  and lower electrode separators were assembled 
in  a hot-pressing operat ion using the LiC1-KC1 elec- 
t rolyte  as a binder.  This uni t  is shown in  the upper  
port ion of Fig. 2. The current  collector consisted of a 
stainless steel screen welded to an iron rod. The sepa- 
rator mix ture  consisted of 61 weight percent  (w/o)  

coarse Y203 powder (150-250 ~m, 99% pure),3 26 w/o 
fine Y203 powder ( ~ 5  ~m, 99.99% pure) ,  4 and 13 w/o 
electrolyte. The larger Y203 particles were selected 
because they were not expected to migrate into the 
positive electrode or through the 325 mesh screen used 
to cover the negative electrode. The fine Y203 particles 
were expected to fill the voids be tween the larger  
particles and prevent  penetra t ion of the separator by 
the active materials.  After  the hot-pressing operation, 
each separator layer  was 2 mm thick and the volume 
fraction of Y203 was 0.70. The la t ter  was calculated 
from the weight of Y208 used in the separator and the 
dimensions of t he  separator  after the hot-pressing op- 
eration. The sides of the positive electrode were in -  
sulated from the cell housing by Y208 powder (70 
w/o coarse and 30 w/o fine) which was packed into 
place. Unlike cell SC-13, bolts were used to fasten the 
top lid of cell SC-14 to the cell housing. A dense BN 
insulator  was used to insulate the positive current  
lead from the cell housing, and a metal  collar with a 
set screw was used to hold the insulator  in place. 

Assembly of both cells, including the hot-pressing 
operations, was accomplished in a he l ium-atmosphere  
glove box. After assembly, the cells contained a large 
volume of voids which had to be filled with electro- 
lyte. This was accomplished by (i) positioning chunks 
of solid electrolyte on top of the cell, (ii) placing the 
cell into a furnace which was bui l t  in  to the floor of 
the glove box, (iii) evacuating the furnace to remove 
the he l ium from the voids, ~iv) slowly raising the 
tempera ture  of the furnace to mel t  the electrolyte, 
and (v) repressurizing the furnace to force t h e  
molten  electrolyte in  to any voids. Holes were pro- 
vided in  the top of both cell housings, and in  the top 
of the compar tment  for the positive electrode of cell 
SC-13 to Iacilitate the removal  of gas from the cell 
and loading of electrolyte. The theoretical capacities 
of cells SC-13 and SC-14 were 19 and 25 A-hr,  respec- 
tively, with the capacities of the negat ive and positive 
electrodes being equal. 

The cells were operated in  the glove box furnace 
and were cycled cont inuously at 450~ between a dis- 
charge cutoff potential  of 0.9V and a charge cutoff po- 
tent ial  of 1.7V ( in ternal  resistance included) .  The 
cells were placed on open circuit for 10 min  after each 
charge and discharge. Both cells were operated at a 
current  density of --,20 m A / c m  2 dur ing the first few 
cycles. The current  densi ty was gradual ly  increased 
dur ing  cycles 3-10 unt i l  the desired operating current  
density was reached (76 m A / c m  2 for SC-13 and 60 
mA/cm2 for SC-14). Cells SC-13 and SC-14 were op- 
erated for 2000 and 1000 hr, respectively. Operation 
was voluntar i ly  te rminated  for post-test  examinat ion 
of the cell and separator. In the post-test examinat ions 
the cells were sectioned, and metallographic mounts  
of the separators were prepared in a he l ium-a tmo-  
sphere glove box. Optical micrographs were obtained 
on a metal lograph which was also located in the glove 
box. 

Results 
The electrical performance of the cells is sum- 

marized in Fig. 3 and 4. These graphs i l lustrate the 
coulombic efficiency and percent  uti l ization 5 achieved 
for each charge-discharge cycle. The coulombic effi- 
ciency of each cell remained nea r  100% throughout  
the lifetime of the cells. The uti l ization of both cells 
declined rapidly dur ing the first 10 cycles of operation 
when the current  density was increased to the desired 
operating level. The sudden losses in  uti l ization for 
cell SC-13 were caused by the bui ldup of gas in the 
cell. Evacuation of the furnace containing the cell re- 
moved this gas and immediate ly  restored the uti l iza- 
tion of the cell to its original value. After the first 
1000 hr of operation, no fur ther  bui ldup of gas in the 

3 Cerac ,  I n c o r p o r a t e d ,  Bu t le r ,  Wiscon3in  (Specia l  O r d e r ) .  
4 Molycorpora t ion  I n c o r p o r a t e d ,  W h i t e  P la ins j  New Y o r k  (Type  

5600). 
5 (Achieved Discharge Capacity + T h e o r e t i c a l  D i s c h a r g e  Ca- 

pac i ty)  x i~}. 
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cell was observed. The ident i ty  and  source of the gas 
was not determined,  but  it is believed to have resulted 
from contaminants  introduced with the cell materials.  
The Y208 and Li2S powders used in  cell SC-14 were 
heated in  a vacuum at 600~ prior to cell assembly in 
order to remove any hydroxides, carbonates, or ad- 
sorbed moisture. This greatly reduced the bui ldup of 
gas dur ing  the operat ion of SC-14 and el iminated 
large fluctuations in  the utilization. Over-al l  the elec- 
trical performance of these cells was judged to be very 
good. 

A section of cell SC-13, obtained dur ing  post-test  
examination,  is shown in  Fig. 5. A great deal of 
swell ing and distort ion of the electrodes was evident. 
The center port ion of the positive electrode had ex- 
panded approximately  25%, whi le  the swell ing in  the 
negative electrode ranged from 90% at the outer 
edge to as much as 160% (2.6 • original  thickness) 
near  the center. The separator thickness be tween the 
electrodes varied from 2-6 mm, with most areas in 
the range of 2-4 m m  (original  thickness _: 3 mm) .  A 
photograph of a cross section of cell SC-14 is shown in 
Fig. 6. In  this cell, the positive electrode had expanded 
10% near  the center and edges but  had been com- 

Fig. 5. Post-test section of cell SC-13 
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Fig. 6. Post-test section of cell SC-14 

pressed by 15% in other areas. The negative electrode 
had expanded 35-55%. Examination of the separator 
revealed that the thickness varied from 0.5 to 3.0 ram, 
with most areas in the range of 2.5-3.0 nun (original 
thickness = 2 ram). The apparent increase in the 
separator thickness of this cell was an unexpected re- 
sult, and the reason for this behavior has not been 
established. Some irregularities in the shape of the 
positive electrode are visible in Fig. 6. As can be seen 
on the lower edge of this cell, the positive electrode 
almost made contact with the negative electrode. 

The powder separators in both cell designs showed 
an abs to conform, at least to a limited degree, to 
the distortion or curvature in the surfaces of the 
electrodes. However, excessive swelling of the elec- 
trodes or local irregularities which develop in the 
shape of the electrodes can lead to fairly large vari- 
ations in the separator thickness. The amount of 
swelling and/or distortion which occurs in the elec- 
trodes can be substantially reduced if the electrodes 
are restrained. In cell SC-13 the top of the cell was 
not fastened to the rest of the cell housing, and this 
allowed the electrodes to expand freely. In cell SC-14 
the electrode swelling was greatly reduced by bolting 
the top of the cell in place. This method of restraint 
was not completely successful, however, because the 
bolts were placed through vertical slots in the top of 
the cell which permit ted some upward  movement  of 
the electrodes dur ing cell operation. In  actual bat-  
teries, where the cells are proper ly  sealed by welding 
and res t ra ined by the bat tery  case, swelling and dis- 
tort ion of the electrodes is expected to be much less 
of a problem. A small amount  of var iat ion in  the 
separator thickness is inevi table  as long as dimensional  
changes occur in  the electrodes dur ing  cell operation. 
This wil l  probably  be the l imit ing factor in  deter-  
min ing  the m i n i m u m  separator thickness which can be 
achieved with powders. Based on the present  study, 
the separator thickness might  be reduced to the range 
of 1-2 mm with proper restraint  of the electrodes. 

The cause of the local i rregulari t ies  observed in  the 
shape of the positive electrode of cell SC-14 is not 
known, but  this problem can be avoided through the 
use of a metal  frame and screen assembly around the 
electrode (as was done in cell SC-13). In  cells which 
utilize FeS as the active mater ia l  for the positive elec- 
trode this does not present  a problem; however, a 
difficult corrosion problem is encountered when  FeS2 
is used as the active material.  At the present  t ime 
molybdenum is the only metal  with sufficient corro- 
sion resistance for use with FeS2 electrodes. Since 
molybdenum components are difficult to fabricate and 
expensive (2), it is desirable to identify the cause of 
the irregulari t ies  observed in SC-14, in the hope that  
the need for a frame and screen assembly a round the 
positive electrode can be eliminated.  

'A composite photomicrograph of a section of the 
powder separator of cell SC-13 is shown in  Fig. 7. The 
325- and 40-mesh screens used to cover the positive 
electrode face are visible at the top, and the 325-mesh 
screen used over the negative electrode can be seen in  
the lower port ion of the photomicrograph. The active 
mater ia l  in  the positive electrode had penetrated the 
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allographic examinat ions indicated a Y203 volume 
fraction of 0.48 in  the upper  portion and 0.63 in  the 
lower portion of the separator. The original volume 
fraction of Y20~ was 0.40; thus the separator was com- 
pressed in  this area dur ing  cell operation. 

A composite photomicrograph of the separator from 
cell SC-14 is shown in  Fig. 8. The very  fine, light 
colored part iculate at the top of the photomicrograph 
is the active mater ia l  of the positive electrode. The 
325-mesh screen used to cover the negative electrode 
is visible at the bottom of the photomicrograph. As 
shown in  Fig. 8, a well-defined interface existed be- 
tween the positive electrode and the separator. A few 
dispersed sulfide particles from the positive electrode 
were observed in  the separator, but  these were con- 
fined to a small area immedia te ly  adjacent  to the elec- 
trode. Penetra t ion of negative electrode mater ial  into 
the separator was not observed. No visible reaction of 
the Y20~ powders with any  other materials and no 
variat ion in the density of the separator across its 
thickness were observed. The la t ter  was a t t r ibuted to 
the fine Y203 powder used to fill the pores between the 
larger Y203 particles. A determinat ion of the volume 
fraction of Y208 in  the separator by metallographic 
techniques could not be made because of the difficulty 
in resolving the fine Y2Oa particles. However, an esti- 
mate  yielded a value of 0.47 for the volume fraction 
based on the thickness and volume fraction of Y2Oa 
for the separator immediate ly  after fabrication and on 
the thickness of the separator after cell operation. 

Fig. 7. Powder separator from cell SC-I~ 

two screens used on that  electrode, but  only a small 
amount  had penetrated the separator. The active ma-  
terial which did penetrate  the separator was dispersed 
and l imited to the area immediate ly  adjacent  to the 
electrode. The remainder  of the separator (--90%) 
was free of active materials  from the electrodes. No 
evidence of chemical attack on the Y20~ powder w a s  
observed; however, subsequent  tests in other cells have 
shown that Y203 reacts with sulfides in  the cell to 
form Y202S (6). The Y208 particles had a very i r regu-  
lar  surface and a fractured appearance before and 
after cell testing. Most of the small  Y208 particles had 
settled to the lower port ion of the separator, creating 
a density gradient  across the separator thickness. M e t -  Fig. 8. Powder separator from cell SC-14 
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The above results indicate that  the powder sepa- 
rators in both cells are good particle retainers. Even 
in cell SC-14, which did not have a frame and screen 
assembly around the positive electrode, the interface 
between the active materials and the separator showed 
litt le evidence of intermixing. 

Discussion 
The results of these prel iminary experiments with 

powder separators indicate that  they are a viable 
alternative to fibrous paper or felt separators. Each 
type of separator offers different advantages, and these 
must be taken into consideration when selecting the 
optimum s e p a r a t o r .  

An advantage of the powder separator over paper 
or felt separators is that it expands the number of 
materials which can be considered for use in elec- 
trode separators. Boron nitride is the only fibrous 
material  presently available which is stable in the cell 
environment. This fiber appears to have the potential 
for meeting the separator cost goals of <$22/m2 when 
manufactured in large quantities (>22,700 kg /y r ) ;  
however, the requirement for a large market  to lower 
the cost of the fiber (through mass production) places 
a difficult burden on the commercialization program 
for l i th ium-aluminum/iron sulfide cells. This is a 
familiar obstacle to the introduction of any new prod- 
uct using a developing technology. 

Several  possible candidates for powder separators 
are presently available, and a few of these are listed 
in Table 1. The maximum cost per kilogram wnich can 
be paid for each powder without exceeding the sepa- 
rator  cost goal of $22/m 2 is presented, along with the 
current cost per kilogram. This comparison shows that 
it may be possible to meet the separator cost goal 
at current prices using MgO or CaO. The cost of 
material  such as A1N and Si3N4, which are now manu- 
factured in small quantities, possibly could be reduced 
to the required price level. Obviously, this would re- 
quire that  these materials be manufactured in large 
quantities. Boron nitride, BeO, and Y203 are already 
produced in sizable quantiues and the opportunities 
for substantial price reductions are probably hmited. 
An important consideration in determining the po- 
tential cost of a part icular  powder will be the degree 
of puri ty required. If a very high puri ty powder 
(>99%) is required, the separator cost goal will be 
difficult to reach. Long-term testing of several candi- 
date powders in cells is needed to determine whether 
they are truly compatible in the cell environment and 
to establish the required level of powder purity. 

Fibrous separators have the advantages of being 
thinner (0.5-1.0 mm vs. 1.0-2.0 ram) and more porous 
(70-85% vs. 35-55%) than powder separators. The 
greater restriction of ionic transport  through powder 
separators could lead to a loss in cell performance at 
higher current densities. This behavior has been ob- 
served in recent experiments (8). Cells for stationary 
energy storage batteries are expected to operate at 
current densities below 60 mA/cm 2 (9), but cells for 
electric-vehicle batteries may be required to operate 

Table I. Cost comparisons for powder separators* 

Cost/kg* * Current 
P o w d e r  ($) c o s t / k g t  ($) 

BN I1 44-110 
BeO 9 55-66 
SisN~ 9 44-250 
A1N 9 88-375 
CaO 7 1-22 
MgO 7 {}.2-22 
Y~Os 4 66-77 

* Assuming  a separator  th ickness  of  1.5 m m  and a porosi ty  of 
45%. 

** Maximum al lowable  cost  for  the  powders  to obtain a separa- 
tor cost  of <$22/m-% 

t The  powder  cost  is dependent  on the  purity.  

at current densities in the range of 75-150 mA/cm~ t o  
maintain normal driving speeds and in excess of 400 
mA/cm2 during acceleration and hill climbing (10). 
Thus, powder separators should be adequate for sta- 
tionary energy storage cells but may not be suitable 
for electric-vehicle cells. This apparent  disadvan- 
tage for the latter could be overcome with an inex- 
pensive powder separator (~$11/m2j which makes 
possible the utilization of thinner electrodes. An in- 
crease in electrode surface area would reduce the re-  
quirement for high current densities. 

In other respects, the powder and fibrous separators 
are roughly equivalent: both appear to provide ade- 
quate retention of the active materials in the elec- 
trodes, both possess the flexibility necessary to main- 
tain their  integri ty during any dimensional changes 
that might occur in the electrodes, and both appear to 
be amenable to rapid cell assembly. Longer term test- 
ing of each separator form in engineering-scale cells is 
required to more fully evaluate their capabilities and 
to determine their potential for  use in commercial 
cells. 

Conclusions 
Powder separators are promising candidates for use 

in l i thium-aluminum/iron sulfide cells because they 
maintain their integrity, conform to small dimensional 
changes in the electrodes, and appear conducive to 
rapid fabrication and cell assembly. The electrical 
performance of this type of separators is very good at 
current densities below 60 mA/cm2; therefore, it  is a 
good candidate for use in stationary energy storage 
cells. The relat ively low porosity and the greater 
thickness of the powder separator compared with 
paper or felt separators could limit its usefulness for 
electric-vehicle cells, which are expected to operate at 
nigher current densities. 

Powder separators provide good retention of the 
active materials within the electrodes when a metal 
frame and screen assembly is used around both the 
negative and positive electrodes. The potential does 
exist for eliminating the electrode compartment if the 
development of large irregularit ies in the electrode 
shape can be prevented. 

The pr imary advantage of the powder separator is 
that it expands the number of separator materials 
which can be considered for use in l i th ium-aluminum/ 
iron sulfide cells, and this greatly enhances the pros- 
pects for achieving the separator cost goal of $22/m 2. 
Before the potential of this separator can be realized, 
however, it will be necessary to identify a low cost 
powder which is compatible with the cell environ- 
ment. Possible candidates include, but are not limited 
to, MgO and CaO. 
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ABSTRACT 

A n  exper imen ta l  s tudy  has been made of the effect of severa l  var iab les  
on the creepage ra te  of a lka l ine  e lect rolytes  along nega t ive ly  polar ized 
meta l l ic  surfaces. The var iables  s tudied were  (i) na ture  of the cation, (ii) 
elec t ro ly te  concentrat ion,  (iii) ex te rna l  re la t ive  humidi ty ,  (iv) moisture  
t ransmiss ion th rough  seal, (v) seal  compression, and (vi) elec t ro ly te  add i -  
tives. A discussion of the  mechanism by which these  var iab les  influence the  
creepage ra te  is g iven and the i r  re la t ive  order  of impor tance  is listed. 

In  a previous  publ ica t ion  (1), a descr ipt ion of  theo-  
re t ica l  and expe r imen ta l  work  on the creepage of 
a lka l ine  e lectrolytes  along nega t ive ly  charged  meta l  
surfaces was given. F r o m  an observat ion  by  one of 
the authors. (SMD) tha t  oxygen had a m a r k e d  ac-  
ce lera t ing effect on creepage,  it  was shown tha t  the 
d r iv ing  force behind this phenomenon was the  p ro -  
duct ion o.f hyd roxy l  ions in a th in  react ion zone above 
the e lec t ro ly te  meniscus. This product ion  of a lka l in i ty  
above  the meniscus arises f rom the e lec t roreduct ion  
o~ oxygen  ( and /o r  wa te r )  which  occurs p re fe ren t i a l ly  
in this zone where  diffusive t r anspor t  of oxygen  to 
the surface (or evolved hydrogen  away  f rom the sur -  
face) has a m a x i m u m  rate.  

In  the  fol lowing text,  we would  l ike to address  some 
of the prac t ica l  aspects  of c reepage  control.  Spe -  
cifically, we shall  consider  the  following: (i) Cation 
mobi l i ty  from the bu lk  solut ion and into the react ion 
zone should be reduced to de lay  the  creepage.  Total  
or  pa r t i a l  subst i tu t ion of the high mobi l i ty  a lka l i  
meta l  cations (K +, Rb +, etc.) wi th  those of sodium or  
p r e f e r ab ly  l i th ium wil l  b e  beneficial.  The use of ge l l -  
ing agents  to increase  the solut ion viscosi ty is indi -  
cated. (ii) Elect roreduct ion  of w a t e r  accelerates  
creepage.  P reven t ion  of mois ture  t ransmiss ion from 
high ex te rna l  re la t ive  humid i ty  condit ions to the  r e -  
act ion zone via  the g rommet  ma te r i a l  is desirable.  
(iii) Elec t roreduct ion  react ions requ i re  nega t ive ly  
charged surfaces. Lower ing  the negat ive  charge in 
the  seal  region th rough  the p re fe r r ed  use of e lec t ro-  
posi t ive (i.e., noble)  meta l  subs t ra tes  wi l l  aid in 
creepage control. (iv) Elect roreduct ion  of oxygen  ac-  
celerates  creepage.  Addi t ion  of  cat ions f rom Group 
I I  A of the  Per iodic  Table  wi l l  reduce  creepage by  
rais ing the overvol tage  for  e lec t roreduct ion  of oxy -  
gen. 

Experimental 
The conductivity and leakage characteristics o] 

mixed KOH, NaOH, and LiOH electrolytes.--Since 
equal  weight  percent  KOH, NaOH, and LiOH solu- 

* Electrochemical Society Active _Member. 
Key words: battery, seals, pressure, electrolysis. 

t ions do not give the same mola r  hydroxy l  ion con- 
cent ra t ion  (40% KOH being equal  to 30% NaOH and 
each 10 molar  in hydroxy l  ion) e lec t ro ly te  mix tures  
were  chosen on a mole percent  O H -  basis. As a first 
step, therefore,  the effect on the creepage  ra te  of a 10 
mola r  solution was inves t iga ted  as one replaced  the 
K + wi th  Na +. F igure  1 shows, how the ca lcula ted  

"7C 
I r i 

19% 

6O 

--23~ ~ 4M [OH-] 

Fluidity 14% 

6M [OH-] 17% 

- - 4  I I 
100% K + 80:20 50:50 20:80 10ONNa + 

mole % K+/Na + 

Fig. I. Fluidity-composition relationships at constant hydroxyl ion 
concentration for mixed KOH-NaOH electrolytes. 
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fluidity (reciprocal of viscosity) will  change as one 
switches from K + to Na +. The percent  figures given 
at  i00% K + are the weight  percent  figures for the 
pure  KOH solutions while  at the other  end of the 
isohydroxyl concentrat ion lines, the percent  figures 
give the weight percent  of pure NaOH. It  may be 
seen that  there is a uni form decrease in fluidity be- 
tween 40% KOH and 30% NaOH. 

Figure  2 shows typical creepage results for such 
mixed electrolyte indicat ing that the creep height de- 
clines smoothly as Na + is subst i tuted for K*.  [The 
exper imental  a r rangement  for recording the creep- 
age rate is described in  full  in Ref. (1). The terms 
"solid creep" and "fine creep" refer to the fact that  
the creepage layer  has two zones. Immedia te ly  above 
the meniscus, the creepage forms a continuous solid 
film which then merges into a second zone of fine 
electrolyte spots.] There are, however, three factors 
which prevent  one from switching directly from 40% 
KOH to 30% NaOH. First, overvoltage effects may 
increase and adversely influence the cell discharge as 
one substi tutes Na + for K +. Second, cation mobi l i ty  
through the separator  may be very  impor tant  neces- 
si tating a substant ia l  concentrat ion of small  cations, 
i.e., K +, and third, the intr insic electrolyte conduc- 
t ivi ty declines as Na + is subst i tuted for K +. There 
exists, however, a range of electrolyte features which 
can be considered in  an effort to optimize an alka-  
l ine cell in terms of satisfactory leakage character-  
istics and discharge performance in  the mixed potas,  
s ium-sodium hydroxide electrolytes. 

In  addit ion to NaOH-KOH mixtures, we invest i-  
gated those of KOH-LiOH. These are more difficult to 
display on isoconcentrat ion lines since one can only 
make  a max imum of about 4M LiOH and to obtain, 
for example, a 6M O H -  solution, one has to mix the 
4M LiOH with KOH solutions of greater  than  6M. 
Several  KOH-LiOH mixtures  with 6M O H -  concen- 
t rat ion were, however, formulated as follows (6M 
being chosen since in the all K + case this electrolyte 

is close to the ma x i mum of conduct ivi ty  exhibited by 
KOH solutions) 

(a) 6MKOH 100% K + 

(b) 66.5 cm ~ 7M KOH + 33.5 cm 3 4M LiOH 

78% K + 

(c) 50 cm z SM KOH + 50 cm 8 4M LiOIt  

6 6 %  K + 

(d) 33.5 cm z 10M KOH + 66.6  cm ~ 4M LiOH 

55.5% K + 

The creepage results for these solutions are shown 
in Fig. 3 and indicate that  most of the creepage de- 
crease occurs between solutions (a) and (b) with a 
smaller  relative change as one moves from (b) to 
(d). A comparison with Fig. 2 shows that  a similar  
reduct ion in  creepage rate  can be accomplished wi th  
a 40% subst i tu t ion of K + with Li + as for an  80% 
subst i tut ion with Na +. 

Figure 4 compares the change in  resistance of pure 
KOH and NaOH solutions as a funct ion of concen- 
t ra t ion and also indicates the relat ive conductivi ty 
of various mixed electrolytes. As is well  known, there 
is a smooth decrease in  conductivi ty as the sodium 
ion is subst i tuted for potassium but  because the peak 
conductivity of KOH solutions lies at a higher hy-  
droxyl ion molar i ty  than sodium hydroxide, several 
of the mixed electrolytes, at high hydroxyl  ion con- 
centration, are bet ter  conductors than the most con- 
ductive pure NaOH solution. There thus exists a 
broad area between the peak conductivi ty composi- 
tions of NaOH and KOH within  which the improved 
leakage characteristics impar ted  by the Na + ion may  
be coupled wi th  the good conduct ivi ty characteristics 
of that  of K +. 

External humidi ty  and the ef]ect on creepage rate. 
- - T h e r e  are several possible sources which supply 

3O 

],2 i l 

solid creep fine cFee p 
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Fig. 2. Fluidlty-creep relationships for mixed KOH-NaOH elec- 
trolytes of 10M O H -  ion concentration. Strip electrode potential 
E ~ - - | .3SV vs. Hg �9 HgO. 

Fig. 3. Creep height after 24 hr as a function of the K+:Li + 
ratio. E ~ --1.35V. 
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Fig. 4. Relative resistances of pure KOH and NaOH electrolytes 
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wate r  to the react ion zone (1, 2). W a t e r  may  move 
from the bulk  e lec t ro ly te  to the  zone, i t  may  condense 
from the wate r  vapor  above the electrolyte ,  or i t  may  
pene t ra te  from the a tmosphere  ex te rna l  to the cell 
e i ther  th rough  the g rommet  or  be tween  the g rommet  
and the nega t ive ly  charged meta l  surface. Creepage 
rates  were  measured  on nickel  str ips in  35% KOH 
contained in a sealed dessicator  wi th in  which the 
re la t ive  humid i ty  could be control led  using s u l f u r i c  
acid or  calcium chlor ide  solutions. The resul ts  shown 
in Fig. 5 are  a c lear  proof  that  high re la t ive  humidi t ies  
in the  vic ini ty  of the  react ion zone lead  to high ra tes  

L 100% 
3.2 

2.4 

1.6 

50% RH 

30% RH 

0.8 

I 
2o 40' 

Time (Hours) 

of creepage and are  in contras t  to those repor ted  in 
Ref. (2). Such effects have been confirmed for p ro -  
duct ion cells using nylon  grommets  and this raises  the 
quest ion as to how the cell is able  to sense the  ex te r -  
nal  re la t ive  humid i ty  conditions. Two mechanisms 
have been identified: (i) ex te rna l  e lectrolysis  reac-  
tions occurr ing on the oppos i te ly  charged surfaces of 
the  cell  due to the  presence of ionic Conduction across 
the  mois ture  l aye r  absorbed  in  the  ex te rna l  surface  
of the  grommet,  and (if) wate r  diffusion through the 
g rommet  to the  reac t ion  zone. 
External electrolysis reactions--the p r o b l e m . - - F i g -  
ure  6 i l lus t ra tes  how the presence of an  ionic pa th  ex-  
te rna l  to the  cell  pe rmi t s  a slow discharge react ion 
to occur th rough  the high ionic resis tance E1 by  the 
electrolysis  react ions which  can proceed at  M1 (the 
negat ive  top)  and M2 ( the  posi t ive  can r im) .  MI, 
being negative,  wil l  evolve hydrogen  according to 

2 H ~ O +  2 e -  --> H 2 +  2 O H -  [1] 

and also reduce oxygen  f rom the  sur rounding  a i r  v ia  

C~ + 2H20 + 4 e -  --> 4 O H -  [2] 

whi le  a t  the  posi t ive can rim, oxygen  wil l  be evolved 
v ia  

4 O H -  -+ 02 + 2H20 + 4 e -  [3] 

and corrosion of the  can r im  wil l  occur 

Ni + 2 O H -  --> Ni (OH)~ + 2 e -  [4] 

to give nickel  hydrox ide  (or more  probably ,  the  
green  basic nickel  carbonate)  if  the  can contains 
nickel  but  also via 

2Fe + 6 O H -  ~ Fe~Os + 3H20 + 6 e -  [5] 

in the  presence of al loys of iron. Many  cells s tored in 
high humid i ty  condit ions exhibi t  visual  proof  of this 
cur ren t  flow by the black, b ranched  lines of p rec ip i -  
ta ted corrosion products  which g row across the g rom-  
met  f rom the can rim. 

Due to the  movement  of negat ive  charge  ( the  elec-  
tronic cur ren t  flow) from the zinc inside the  cell to 
M1 outside the cell, the  in te rna l  e lec t ro ly te  can be 
forced to move by  e lec t ro-osmot ic  action along the 
seal interface (1). If one looks at  the negat ive  seal 
in terface  in somewhat  more  deta i l  (Fig. 7), i t  may  
be seen tha t  due to the negat ive  charge  which  is im-  
pressed on this surface of the zinc, there  is a ba lanc-  
ing excess posi t ive charge in any mois ture  l aye r  be-  
tween  the nega t ive ly  charged surface and the g rom-  
met. These excess posi t ive ions as they  move concur-  
r en t ly  wi th  the  negat ive  surface charge ca r ry  wa te r  
f rom the  in te rna l  to the  ex te rna l  surface of the  cell. 
[A more  complete  descr ipt ion of this e lect ro-osmotic  
movement  is given in Eel .  (1).] 

E 1 

( ~ 1 7 6  2 

\ / 
i s  e q u i v a l e n t  t o  ' 

( can  edge )  

E l = moisture f i lm  across grommet containing 
a trace of conductive ions 

E 2 = KOH i n s i d e  c e l l  

Fig. 5. Comparison of the rate of creepage of 35% KOH along 
nickel strips at --1.0SV vs. Hg-HgO as a function of the relative 
humidity. 

Fig. 6. Illustration of electrolysis reactions occurring on the ex- 
ternal surfaces of the cell in the presence of high humidity access 
to the grommet. 
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Fig. 7. Charge distribution and direction of charge movement at 
the negative seal interfa,ce of an alkaline cell in the presence of 
external electrolysis reactions. 

Water transmission through the grommet.--Acceler- 
ated leakage tests conducted by placing cells at an 
elevated temperature  are probably  accelerated more 
by the addit ional  vapor pressure of water present  at 
the higher temperature  for a fixed relat ive humidi ty  
than  by the elevated tempera ture  itself. For example, 
if one considers cells containing 40% KOH placed 
in  a 100% RH env i ronment  at 20 ~ and 40~ then, at 
the former temperature,  there will  be an external  
water  vapor pressure of 17.5 m m  H20 and an in terna l  
pressure of 6.2 m m  H~0. The difference in  water  pres-  
sure acting through the grommet is thus 11.3 ram. At 
the higher temperature,  the corresponding outside and 
inside values are 55.3 and 20.1 mm, respectively, giv- 
ing a net  pressure of 35.2 mm through the grommet. 
The 20~ rise in tempera ture  resulted in  a factor of 
over three increase in  the water  vapor pressure dif- 
ferential  across the grommet. It is clear, therefore, 
that grommet materials  having a high water  absorp- 
t ion capability, such as the nylons, will readi ly 
t ransmi t  external  relative humidi ty  increases to the 
creepage zone in the seal area. Such materials should 
be protected f rom high RH conditions to maximize 
their  ut i l i ty  as seal materials  par t icular ly  when ex- 
posed to humid  environments .  

Based on the above observations, a method was de- 
veloped to coat alkal ine bu t ton  cells with moisture-  
re tarding barriers.  As a simple example of the efficacy 
of such treatments ,  we coated exper imental  1 cells with 
Saran  (vinyl idine chloride-acryloni tr i le  copolymer) 
as shown in Fig. 8. Saran  was chosen for its known 
low water  vapor (0.10 g/100 in.2/24 hr at 100~ 90% 
RH 1 rail) and oxygen (0.1 cm~/100 in.2/24 hr  a~ 1 
a tm pressure difference, 73~ 1 rail) t ransmission 
characteristics and was applied from a ketone solu- 
t ion to the surfaces indicated in the figure. The re- 
sults of tests conducted at 45~ and 100% RH on these 
exper imental  cells are presented in  Table I. Uncoated 
cells have a near ly  100% leakage condition after 22 
days compared to an approximate 30% frequency 
after 42 days on coated cells. 

The nature o,f the metal along the seal path.--The 
rate of creepage of alkal ine electrolytes along a po- 
tentiostated copper strip is faster than that  observed 
along a nickel alloy strip (e.g., Inconel 600) unde r  the 
same conditions. The reverse s i tuat ion is observed in 
a cell env i ronment  where  there is a grommet  under  
high compression contacting the metal  surface. The 
reason for this discrepancy lies in the fact that, in  an 
actual seal situation~ there is a low electronic resist-  
ance combined with a high ionic resistance in the 
ereepage layer  itself. Consider the a r rangement  de- 

The cells chosen s this study e m p l o y e d  no sea lan t  in the  
grommet  area ,  as is normally  practiced in commercial  production, 
and were  therefore  highly  susceptible to leakage .  

Fig. 8. Cross section of a double-top alkaline button cell with a 
Saran-coated grommet. 
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Fig. 9. Illustration of ionically and electronically connected 
metallic strips of differing composition in a KOH electrolyte. 

picted in Fig. 9 which shows a copper electrode elec- 
tronically and ionically shorted to a strip of zinc 
(R : 0, I : 0). Under these conditions, the copper 
strip is held at the zinc potential of ~ --1.38V (Hg- 
HgO) and very rapid creep will occur along the 
copper strip. In an actual double top cell, one may 
have several different metal  surfaces in  the seal area, 
e.g., Cu and Inconel, which, as shown in  Fig. 10, are 
shorted electronically to the zinc. On the other hand, 
al though KOH is quite conductive, they are not 
shorted ionically to the zinc since the creepage film 
between the grommet and the metall ic surface is ex-  
t remely thin and has, therefore, a substantial  ionic re-  
sistance. A correct exper imental  s imulat ion of an  ac- 
tual cell ~ondition would be to utilize frits of differ- 
ent  porosity inter'posed between the zinc and copper 
strips as shown in Fig. 9 where R : 0 and I has a 
finite value thereby introducing a solution resistance 
between them equivalent to that of the creepage film. 

Table I. Leakage characteristics of RW-44 control and 
Saran-coated cells as a function of time at 45~ and 100% RH 

Days at 45~ 100% RH 

7 14 22 28 35 42 

Control  cells* 
%leaking 20 40 93 i00 I00 I00 

Saran coated* 
% l e a k i n g  0 0 7 7 26 30 

* Without commercial  sealant applied to production cells. 
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Fig. 10. The ~horted electronic path and resistive ionic path 
established in the seal area of a button cell. 

It  is evident  that  if the fri t  resistance was infinitely 
large (corresponding to an extremely tight compres- 
sive fit of the grommet to the metal  surface) then the 
Cu electrode would be unaffected by being electron- 
ically shorted to the zinc and would adopt its own 
electrode potential  of ~ --0.42V (near ly  one volt less 
negative than zinc). In  the real case, the electrolyte 
resistance is not infinitely large so the question raised 
is, How does the magni tude  of the negative electrode ~~ 
potential  impressed in  the seal area by the zinc vary  
with the na ture  of the metal  substrate in  the seal area 
and the ionic resistance in the creepage film? 

This question was investigated for a series of metal  
substrates by ionically short ing a large zinc sheet to a 
one- ten th  the size sheet of the metal  and adding an 
electronic resistance between the two, i.e., R has a 
finite value and I _.: 0 in  Fig. 9. The metal  strip wil l  ~0~ 
come to the same value of potential  regardless of 
whether  R is in  the electronic loop as a resistor or in  
the ionic loop as a porous frit  of impedance I. The 
potential  of the test strip was measured as a funct ion 
of R and the trends are shown in Fig. l l a  for an 
argon atmosphere and in Fig. l l b  for an atmosphere 
of air. The trends indicate that  if a high compression 
seal is established thereby increasing the ionic resist-  ~ ~~ 
ance of the creepage film and the grommet has low 
permeabi l i ty  to oxygen, then the more noble the ~ 
metal, the lower will  be the negative potential  in the ~ 
seal area and hence the lower will  be the creepage ~ 
rate. Under  these conditions, a gold-plated surface 
would most l ikely be the opt imum condition. In  con- 
trast  with grommet materials having low compres- 
sions or having a moderate  to high permeabi l i ty  to l o  -~ 

oxygen, a copper (or copper plated-surface will  have 

Table II. Effect of 3% sodium carboxy methyl celluose, 3% Guar 
Gum, 3% acrylic acid acrylic ester copolymer on the creepage 

rate of 35% KOH along nickel strips held at --1.05V vs. Hg �9 HgO. 
Also shown is the effect of saturating 35% KOH with barium 

hydroxide. 

Mean ereeuage 
height (cm) 

Fini Solid Electrolyte 

Test chamber No. 1 

Test chamber No. 2 

Test chamber No. 3 

B l a n k  35% KOH 0.89 0.46 

35% K O H  w i t h  3% NaCMC 1.87 0.61 

B l a n k  85% KOH 1.04 0.64 

85% K O H  w i t h  8% G u a r  
Gum 1.5 0.65 

85% KOH w i t h  8% acrylic 
acid-acrylic ester  copoly- 
mer  0.91 0.52 

B l a n k  35% K O H  0.97 0.68 

35% K O H  saturated wi th  
B a  ( OH ) 2 0.85 0.52 

-0 .2 -0 .4 -0 .6 -0 .8  - I  ,0 

Test S t r i p  Potent ia l  (Vol ts  vs Hg-HgO) 

i 

~7M KOH 
cm 2 immersed area 

I 
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- I  .2 
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Au / b  
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Cu 

Sb /4 Ag 
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Test St r ip  Potent ia l  (vo l ts  vs Hg-HgO) 

I i i i I 

-0.4 -0.6 -0.8 -l,O -I.2 -1.4 

Fig. 11. The electrode potential established at different metal 
strips when ionically shorted and electronically connected through a 
resistance R as a function of R in the presence of (a, upper) argon 
and (b, lower) air. 

the greatest abil i ty to hold the potential  in the seal 
area at the least negative potential.  

Electrolyte additives to reduce creepage.--Gelling 
agents.--Increase in  the viscosity of an  alkal ine elec- 
trolyte would general ly  be expected to reduce the 
creepage rate (2). Somewhat surpris ingly in  our 
study of the viscosity dependence of the creepage 
rate, we found that the s t ructure  and hence the 
wett ing tendency of the gelling agent itself may over-  
ride the viscosity effect. Thus as Table II shows, Na 
CMC and Guar  Gum both have a tendency to ac- 
celerate creepage while with acrylic acid-acrylic es- 
ter copolymers the opposite effect is observed. Although 
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we have not as yet completed a definitive s tudy of 
this observation, we believe that  while Guar  Gum 
and Na CMC increase the electrolyte viscosity, they 
tend to reduce the wett ing angle of the electrolyte to 
the metal  surface thus increasing the area of the re-  
action zone. 

EfIect of the addition oi Group H A cat ions.-  
Since the electrochemical reduct ion of oxygen has a 
marked influence on the rate of a lkal ine  creepage, it 
would appear reasonable to expect that  electrolyte ad- 
ditives which could increase the overvoltage for oxy-  
gen reduction would help delay creepage. The Group 
l I  A cations are known to behave in  this fashion and 
accordingly the effect of Ba(OH)2 additions to a po- 
tassium hydroxide electrolyte were investigated. Table 
II shows that  a reduct ion in  the rate of creepage does 
result  though the magni tude  of the effect is relat ively 
small. Several other di-  and mul t iva len t  cations were 
tested including Sr++,  Ca++, La+ ++, and Ce 4§ but, 
in each case, the solubil i ty of the hydroxide was too 
low in  35% KOH to produce an effect. 

TransJer of positive leakage to the negative termi- 
nal.--In this and the preceding paper  (1) the discus- 
sion has centered on the problem of leakage appearing 
on the negative te rmina l  of a lkal ine cells due to fac- 
tors specific to the negat ive electrode-electrolyte in -  
terface. However, under  certain conditions we have 
observed that  a poor positive seal can cause the ap- 
pearance of "salting" on the negat ive te rminal  of the 
cell. This phenomenon  is an interes t ing consequence 
of the electrochemical creepage mechanism and may 
be explained by migrat ion of Na + or K + ions across 
the grommet from the positive seal point  of leakage 
dr iven  by electro-oxidat ion of the leaked electrolyte 
on the surface of the positive can according to reac- 
t ion [3] and concurrent  hydrogen evolution from the 
humidi ty  layer  adsorbed on the surface of the nega-  
tive top as in reaction [1] or oxygen reduction accord- 
ing to the reverse of reaction [3]. 

To deraonstrate this phenomenon  twelve alkal ine 
but ton cells were placed in a petri  dish having the 
negative te rminal  facing up and 30% KOH was poured 
into the dish to establish a l iquid depth of 1-2 mm. 
Of the twelve cells six had an open-circui t  voltage 
of 1.6V while the remaining  were constructed with-  
out the active ingredients  and did not exhibit  an OCV. 
In  addit ion to the above 12 cells par t ia l ly  immersed in 
the KOH electrolyte, an addit ional  six "live" cells 
were placed on a watch glass out of contact with the 
KOH. After  several weeks in  a controlled humidi ty  
env i ronment  the appearance of the cells is as shown 
in  Fig. 12. It may be seen that  the six "live" cells in  
contact with the KOH (6 o'clock position) became 
heavily encrusted with caustic over most of the nega-  
tive te rminal  while the six "zero voltage" cells at 
the 12 o'clock position remained quite clear. In  addi-  
t ion the six "live" cells under  the same conditions of 
humidity,  but  main ta ined  out of contact with the 
KOH, did not develop deposits on their  negative ter-  
minals.  

Fig. 12. Photograph illustrating the transfer of KOH electrolyte 
from the positive to the negative terminal of an alkaline button 
cell. 

This demonstrat ion is a clear i l lus t ra t ion that  elec- 
trolyte may be moved by electrochemical action from 
the positive to the negative te rminal  of an alkal ine 
cell and confirms our observations that in  such a cell 
the appearance of leakage on the negat ive t e rmina l  
does not necessarily prove that  such leakage has ex-  
ited by way of the negative seal. 

Manuscript  submit ted April  21, 1978; revised m a n u -  
script received June 30, 1978. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published ix the June 1979 JOUR- 
NAL. All discussions for the June  1979 Discussion Sec- 
tion should be submit ted by Feb. 1, 1979. 
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ABSTRACT 

A shor t -c i rcu i t ed  e lectrochemical  cell  made  wi th  a sal ine electrolyte ,  an  
a luminum a l loy  or  magnes ium anode, and a manganese  dioxide  cathode m a y  
be used as a r a the r  efficient sho r t - t e rm  por tab le  heater.  The use of a mag-  
nes ium anode provides  somewhat  h igher  heat  content  bu t  resul ts  in the p ro -  
duct ion of considerable  hydrogen  gas. Cer ta in  a luminum-z inc  al loys are  
a lmost  as energet ic  as m a g n e s m m  and produce  l i t t l e  hydrogen.  

If an e lec t rochemical  cell  is short  circuited,  its 
chemical  energy  is a lmost  complete ly  conver ted  into 
hea t  via  the  var ious  ohmic and nonohmic polar izat ions 
occurr ing in the  e lec t ro ly te  at  both  electrodes.  The 
hea t  f rom such an "e lect rochemical  hea ter"  may  be 
la rge ly  t r ans fe r red  by  the rmal  conduction to any 
ma te r i a l  w i th  which  i t  is in in t imate  contact. One 
advan tage  of such an e lectrochemical  hea t  source over  
a pu re ly  chemical  (e.g., the rmi te )  one is tha t  the re -  
act ion tends to proceed in a more  g radua l  and con- 
t ro l led  manner .  Compared  to the use of an e lec t ro-  
chemical  cell w i th  a r emote  res is t ive  heater ,  the  direct  
e lect rochemical  hea te r  avoids the p rob lem of ineffi- 
cient t ransfe r  of energy  f rom the cell  which becomes 
pa r t i cu l a r ly  cr i t ical  a t  h igh rates  of cell discharge.  

Elect rochemical  hea te rs  ut i l iz ing a luminum and 
magnes ium anodes and var ious  ca thodes  have been 
developed for such appl icat ions as pro tec t ive  clothing, 
d iv ing gear, and the heat ing of field ra t ions  (1-4).  
Magnes ium-manganese  dioxide  cells wi th  saline elec-  
t ro ly te  a r e  of pa r t i cu la r  in teres t  in the  last  appl ica t ion  
where  it is advisable  to avoid toxic mater ia l s  and 
where  the service l ife of the  hea te r  is of the  o rder  of 
15 min  (4). One d i sadvantage  of the Mg-MnO2 cell is 
tha t  a considerable  volume of hydrogen  is produced 
dur ing  discharge,  present ing  a potent ia l  explosion 
hazard.  Our purpose  in this work  was to analyze  the  
per formance  of the shor t -c i rcu i ted  Mg-MnO2 cell and 
de te rmine  if  s imi lar  but  hydrogen- f r ee  per formance  
could be obta ined  by  subst i tut ion of an  a luminum 
al loy for the  magnesium.  

Experimental 
Preparation of electrodes and electrolytes.--Anodes. 

- - T h e  a luminum al loys for these studies were  p re -  
pared  by  Reynolds  Metals  Company using procedures  
and hea t - t r ea tmen t s  s imi lar  to those prev ious ly  re -  
por ted  (5). The alloys were  p repa red  wi th  high pur i ty  
(99.992%) a luminum as a base; the  a luminum was 
induct ion-mel ted ,  in  air,  in  si l icon carb ide  crucibles.  
Al l  addi t ions of pure  metals  were  made at  a t empera -  
ture  over  705~ and s t i r red  to ensure homogenei ty .  
The melts  were  t r ea ted  wi th  gaseous chlorine and then 
semicont inuously  cast into ingots using an a luminum 
direct  chil l  caster.  The  ingots  were  cleansed by  
scalping the surfaces. They  were  then  hea t - t r e a t e d  for  
homogenizat ion and cold- ro l led  to a thickness of 0.04 
cm. Pure  a luminum used in ha l f -ce l l  s tudies was 
wire  of 0.1 cm d iam and 99.99~ pur i ty  (Alfa  
Inorganics) .  Pu re  magnes ium for ha l f -ce l l  studies was 
0.3 cm d iam rod of "subl ime"  grade (Dow).  The mag-  
nes ium for whole-ce l l  s tudies was " p r i m a r y  grade"  
(Dow) sheet  of 0.028 cm thickness.  For  whole-ce l l  
("e lec t rochemical  hea te r " )  exper iments ,  1 • 1 cm 
anodes were  p repa red  f rom the appropr ia t e  sheet stock 
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by  fas tening a n ickel  e x p a n d e d  m e t a l  s c r e e n  (5 Ni 7 
--  2/0 f rom Exmet  Corpora t ion)  to the  back  side of the  
e lectrode using epoxy  cement.  The bonding was a c -  
c o m p l i s h e d  in a hydrau l i c  press  wi th  hea ted  pla tens  
(20.0 kg/cm2 pressure  at  135~ A tab  of screen was 
lef t  on the sample  and a heavy  gauge t inned copper 
wire  was soldered to i t  in  such a way  tha t  no contact  
was possible be tween  the solder  connection and the 
electrolyte.  Samples  of flat s tock meta ls  used in ha l f -  
cell exper iments  were  p repa red  by  pressure  cement ing 
a nickel  foil contact  to the top of a 0.5 • 2.2 cm coupon 
and then masking  off the  n ickel  contact  wi th  si l icone 
rubber ,  leaving a 0.5 • 2.0 cm exposed area. Anode 
surfaces were  degreased  wi th  t r i ch loroe thy lene  pr ior  
to use. 
Mn02 cathoges.--Electrodes were  made,  or  obta ined,  
wi th  var ious  formula t ions  containing MuO2, graphi te ,  
carbon black,  g raph i te  fiber, and  cur ren t -co l lec t ing  
screens. Methods of p repa ra t ion  are  repor ted  be low 
for four  pa r t i cu la r  formulat ions.  

(i) Electrodes of this  fo rmula t ion  were  developed 
(4) and suppl ied  by  Power  Applicat ions,  Incorporated,  
Val ley  St ream,  Long Island, New York. They  were  
p repared  by  binding a mix tu re  of MnO~ (na tura l  ore  
containing 74% MnO2), carbon b lack  (Cabot  XR-72) ,  
and I'ullers ea r th  (in the weight  rat io of 10: 2: 1), wi th  
poly te t raf luoroethylene  emulsion, to a 20 • 20 mesh 
steel  grid. The comple ted  cathode was of 0.05 cm 
thickness and contained 0.035g of MnO2 ore per  square 
cent imeter  of e lect rode area.  

(ii) This formula t ion  was based on formula t ions  re -  
por ted  by  Kordesch  (6). A mix tu re  of MnO2 ("chemi-  
cal MnO2 ore") ,  g raph i te  powder ,  and carbon black 
(Shawinigan,  50% compressed)  in propor t ions  43: 5:1 
was ba l l -mi l l ed  for 2 hr. The mix tu re  was then  
b lended wi th  ful ler ' s  ea r th  and graphi te  fibers in p ro-  
port ions 100: 5: 1. The b lend was then  mixed  wi th  a 5% 
solut ion of Lucite in t r i ch loroe thy lene  (percentage of 
Luci te  in final d ry  mix tu re  was 2.5%), appl ied  to an 
etched 20 • 20 gauge stainless steel  screen, and air  
dried. The completed electrode contained 0.07g of MnO2 
ore pe r  square cent imeter  of e lec t rode  area. 

(iii) Electrodes of this formula t ion  were  developed 
(6) and suppl ied  by  Kordesch  (Union Carbide  Cor-  

pora t ion) .  They  were  of s imi lar  fo rmula t ion  to the  
ones descr ibed in Ref. (2) above but  ut i l ized Tekkosha 
brand  MnO2, th ree  t imes the g raph i te  fiber content,  
and no ful ler ' s  earth.  The finishing electrodes were  
0.1 cm th ick  and contained 0.17g of MnO2 p e r  square  
cent imeter  of e lec t rode  area. 

(iv) This formula t ion  was p repa red  using the ba l l -  
mi l led  mix ture  of MnO2, graphite ,  and carbon b lack  
ment ioned in  fomula t ion  (ii) above. The mix tu r e  was 
d ry  pressed into a porous nickel  ma t r i x  (45 pore, 0.41 
cm th ick  "Foameta l"  f rom Hogen Industr ies ,  Wi l l -  
oughby,  Ohio) in a manner  s imi lar  to tha t  r epor ted  

1 9 2 4  
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previously (7). The final s t ructure  was 0.1 cm t h i c k  
and contained 0.2g of MnO2 per square centimeter  of 
electrode area. 

Electrical contact w a s  m a d e  to the  c a t h o d e s  by 
welding a lead to a tab of exposed screen and insula t -  
ing in  such a way that  contact between the lead and 
the electrolyte was avoided. 

EIectrolytes.~For experiments  with complete fiat cells 
("electrochemical heater" experiments) ,  the cell was 
assembled in  the dry state, using 0.165 cm thick 
"Webril  R-2801" (Kendal l  Mills) impregnated with 
NaC1 (0.037 g/cm~) to which water  was added just  
before the experiment.  The same electrolyte ar range-  
ment  was used in  the voltage-sweep experiments  on 
cathodes. Exper iments  on ful ly immersed anodes and 
cathodes were performed using a solution of NaC1 
made by saturat ing distilled water  with reagent  grade 
salt at room temperature.  

Procedures for making electrochemical and hydro- 
gen-release measurements.--Electrochemical heater 
experiments.~Using a 1 X 1 cm anode and cathode, 
the cells were assembled in a gas-t ight Lucite fixture of 
very small  in te rna l  volume in  which rubber  pads 
main ta ined  pressure on the cell components and acted 
as a heat sink. The tempera ture  at the anode- rubber  
interface was monitored with a Chromel-Alumel  ther-  
mocouple when desired. All the electrodes used in  these 
experiments  were fabricated with screens to which 
heavy current  leads were soldered inside the Lucite 
fixture, and those leads were also useful in  support ing 
and positioning the electrodes in the cell. The cells 
were fabricated using the salt-filled Webri l  electrolyte 
pad described above. The pad was left oversize at one 
end, and 0.3 cm wide strips of MnO~ cathode [formu- 
lat ion (i)]  were placed in  the same planes as the 
anode and cathode with a 0.1 cm gap between each 
strip and the adjacent  electrode. These served as 
"dry" reference electrodes for the adjacent  anode or 
cathode. The recorded potentials were then converted 
to "potentials vs. the saturated calomel electrode," by 
subtract ing 0.41V, which takes into account the typi-  
cal open-circui t  voltage of cathode formulat ion (i). 
The external  connection between the anode and cath- 
ode was made by means of a calibrated 0.0112 shunt  
through which the "vir tual"  short circuit current  was 
monitored continuously by means of a strip chart 
recorder (Hewlett  Packard No. 7100B). Simultaneous 
recordings were made of the anode and cathode po- 
tentials relative to their  respective reference elec- 
trodes. The volume of hydrogen gas evolved from a 
cell was determined using a gas buret.  The dry cell 
was activated just  before use by flooding wi th  water 
for 15 sec and then  dra in ing  off the excess. 

Measurement of anode polarization and hydrogen gas 
evolution in hal~-ceIls.--Anode polarization was 
studied using wire or 0.5 X 2 cm foil samples, prepared 
as specified above. The experiments  were performed 
in  a glass-stoppered, thermostated, (25~ three-  
compar tment  cell with a reference saturated calomel 
electrode (SCE) and a platinized p la t inum counter-  
electrode (see Fig. 1). The electrolyte was a satu- 
rated solution of sodium chloride; 200 cm s of the elec- 
trolyte were required for the working electrode com- 
par tment  and that volume was renewed after each de- 
termination.  The polarization (current-potent ia l )  
curves were recorded on an X-Y recorder (Hewlett  
Packard No. 7047A) while applying an anodic poten-  
tial scan (speed of 0.001 V/sec) using a potentiostat  
(Tacussel No. P1T20-2A) and signal generator  (Tacus- 
sel No. GSTP-2) .  The reverse sweeps were triggered 
manua l ly  after  reaching a top current  of 200 m A / c m  2. 

Gas evolution w a s  m e a s u r e d  for similar  anodes 
under  cons tan t -cur ren t  conditions. The gas evolution 
measurements  were accomplished by means of the 
glass mant le  and bubble  fiowmeter a r rangement  
shown in  Fig. 1. The flowmeter was chosen of ei ther 

Fig. !. Glass vessel for polarization and Ha release measurements 

1 or 10 cmZ volume (depending on the anticipated rate 
of gas evolution) and the position of the bubble  re-  
corded at 1 min  intervals.  With the 1 cm 3 flowmeter, 
flow rates as small  as 2.2 X 10 -4 cmS/sec (equivalent  
to an electrochemical H2 evolution rate of 2 mA) 
could be read with 90% accuracy wi th in  3 rain after 
ini t ia t ing the flow, and rates down to 1.1 X 10 .4  cm~/ 
sec (1 mA) could be read accurately after 5 rain. The 
accuracy was tested by generat ing He at a p la t inum 
electrode (with 100% efficiency). The 3 and 5 min  delay 
intervals  cited above probably correspond to the very 
slight lowering of the electrode meniscus (the bui ldup 
of gas pressure) required to overcome iner t ia  of the 
soap film in  the bubble  flowmeter. 

Measurement of polarization and hydrogen evolution 
of fully immersed cathodes in hal$-cells.--The pro- 
cedures used for s tudying MnO2 cathodes in an excess 
of saturated NaC1 solution were identical to those de- 
scribed directly above for anodes, except for the type 
of signal impressed on the cathode. In  this case, a pre-  
selected constant potential  was applied to the electrode 
("potential-step" method) and the resul t ing cur ren t -  
time trace was recorded on a strip chart  recorder 
(Hewlet t -Packard No. 7100B). A fresh sample of elec- 
trode was required for each new potential  imposed. 
Hydrogen gas is evolved at a MnO2 electrode at suffi- 
ciently negative potentials. The rate of gassing was 
measured under  "potential-step" conditions for cath- 
ode formulat ion (1). 

Measurement of polarization at cathodes using an 
electrolyte pad.--For purposes of fast "screening" of 
new electrolyte formulations, polarization curves were 
measured using a cathodic potential  sweep. Since many  
of the electrode formulat ions were found to give 
better  results when  mechanical ly compressed (thus 
improving contact between ~he MnO2 and the current  
collector), such exper iments  were performed using 
the sa l t - impregnated Webri l  pad described above, and 
a Mg "counterelectrode" in  an a r rangement  similar  to 
that  described above for "electrochemical heaters." 

Results and Discussion 

Thermodynamic considerations.--Table I presents 
the reaction equations and corresponding thermody-  
namic quanti t ies for the chemical processes a n t i c i -  
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pared in Mg and A1 cells u t i l iz ing MnO2 cathodes (8, 
9). The  s t anda rd  enthalpy,  AH ~ the s t andard  free en-  
ergy,  AG ~ those l a t t e r  quant i t ies  d ivided by  the num-  
ber  of equivalents  (AH~ and AG~ and the s tan-  
da rd  cell potent ia l  E ~ were  calcula ted using s t andard  
entha lp ies  and free energies  of format ion  (9). Reac-  
t ion equations for cells 1 and 3 of Table  l correspond to 
coulombical ly  efficient u t i l iza t ion of both  plates  of 
each cell. The equations for cells 2 and 4 are  for  the  
react ions  producing  hydrogen.  The hydrogen  m a y  be 
produced at  e i ther  the  anode (corrosion) or the ca th-  
ode (cathode gass ing) .  The  most  r e l evan t  quant i t ies  
for hea t -p roduc t ion  purposes  are  the  enthalpies  r a the r  
than  the f ree  energies.  Fur the rmore ,  re fe rence  to the  
values  of AH~ is useful  if  we wish to compare  the  
react ions for  the  same " in te rna l  current"  of the  cell. 
Since the values  of AG ~ and AH ~ are  a lmost  ident ical ,  
the  va lues  of E ~ are  a lmost  as val id  for  purposes  of 
comparison as those of AH~ F r o m  the values  of E ~ 
we  may,  therefore ,  conclude that ,  for  ident ica l  cell  
" in te rna l  cur ren t"  and  wi th  no hydrogen  evolution,  
the A1/MnO2 cell  is 12% less energet ic  than  the M g /  
MnO~ cell. On the o ther  hand,  much of the  to ta l  " in-  
t e rna l  cur ren t"  of the  present  Mg cell is d i rec ted  into 
the far  less efficient hydrogen  evolut ion react ion ( re-  
act ion No. 2, Table  I) If  this  reac t ion  were  e l imi-  
nated,  i t  could more  than  compensate  for the  12% loss. 

The rmodynamic  reduct ion  potent ia ls  for  the  in-  
d iv idua l  e lec t rode  react ions  under  considerat ion here  
are  r epor ted  in Table  I I  and are  discussed later .  The 
s t anda rd  potent ia ls  l is ted in the  table  were  obta ined  
f rom Pourba ix ' s  a t las  ( I0) .  

Polarization and hydrogen gas release at the anode. 
- - I n  o rder  to best  reflect "pract ica l"  conditions, anode 
surfaces were  mere ly  degreased  and dr ied  before  use. 
A l t e rna t ive  sandpaper ing  of the  anode was found to 
shift  polar iza t ion  curves  to more  cathodic potent ia ls  
wi thout  changing the r e l a t ive  posi t ions of the  var ious  
al loys on the potent ia l  axis. 

For  the purpose  of screening of a large  number  of 
samples,  i t  was convenient  to measure  anodic polar iza-  
t ion using a l inear  anodic potent ia l  sweep. The samples  
of 2 cm 2 area  were  fu l ly  immersed  in  a large  volume 
of sa tu ra ted  NaCl solut ion the rmos ta ted  at  25~ The 
traces of Fig. 2 were  obta ined  by  s ta r t ing  a t  the  re-  
spect ive rest  potent ia ls  and sweeping toward  posi-  
t ive potent ia ls  at  a speed of 0.001 V/sec.  Re tu rn  sweeps 
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Fig. 2. Anodlc polarization curves for several pure metals and 
aluminum alloys in saturated NaCI solution at 25~ Alloy com- 
positions are given in Table III. 

I S~~ / ~ ~ /~ ..// ; 

I l l  '~ 

fY , 
. s ~  , 

(in the cathodic direction) were obtained after inter- 
rupting the anodic sweep manually at the approximate 
200 mA/cm s level and then sweeping in the cathodic 
direction; the resulting traces appear in Fig. 3. A 
comparison of Fig. 2 and 3 reveals some hysteresis for 
all of the samples studies. The return sweep for Mg 
was very similar to the positive-going sweep and is 
not shown in Fig. 3. The rather pronounced hysteresis 
for aluminum and its alloys is not surprising consider- 
ing the fact that aluminum is always covered with 
a film of "~-AIsO8 in n e a r - n e u t r a l  solutions (5), and 
tha t  i ts e lec t rochemical  proper t ies  depend on the con- 
di t ion of that  film, which, in turn,  depends  on the 
previous  h is tory  of the  electrode.  The behav ior  of any  
of the  samples,  as an e lec t rochemical  hea te r  anode, 
m a y  be expected  to fa l l  somewhere  be tween  the 
anodic and cathodic traces,  since in such use the cur-  
ren t  densit ies are  in i t ia l ly  high and then  undergo 
g radua l  decline. 

For  measurements  of hydrogen  evolved by  the anode 
samples, i t  was convenient  to impress  the  var ious  
constant  cur ren t  levels  l is ted in Table  III. Measure-  
ments  were  made  at  1 min  in te rva ls  for  a to ta l  of 8 
min  at  each increas ing cur ren t  density.  Table  I I I  p re -  

Table I. Thermodynamic quantities of cell reactions 

A H  ~ AF ~ AH~ / n  AF~ /• E" 
Cell React ion ( kcal  ) (kcal)  (kca l / eq . )  (kca l / eq )  ( volts  ) 

1 Mg/MnO~ Mg + 2MnO~ + ~ -~ Mg(OH)= + MmO~ -135 .8  -133.5  -67 .9  -66 .8  2.88 
(E-form) (a-form) (a-form) 

2 Mg/H= Mg + 2H~O -~ Mg(OH)J + H~ - 8 4 . 4  -85 .9  -42 .2  -43 .0  1.86 
8 Al /MnOl  2A1 + 8MnO2 + H20-~  A12Oa. H20 + 3Mn~O3 -351.9  -351.0  -58 .7  -58 .5  3.54 

(~-form) (Hydrated  ( a- form ) 
v-form) 

4 AI/Hs 2AI + ~ - ~  AhOy.  H20 + 3H~ -197.7  -208.2  -33 .0  -34 .7  1.50 
(Hydrated 

,pform)  

Table II. Thermodynamic reduction potentials at 25~ 

Revers ible  potent ia l  vs. SCE (volts)  
Standard paten- 

Electrode react ion tialt  (volts)  pH 6.1" pH 7.0 pH 10,45 *~ 

a 2MnO~ + 2e-  + H20 ~ Mr~O~ + 2(OH-) 
(E-form) (a- form) 

b 2H20 + 2 e - ~  H~ + 2 ( O H ) -  
e Mg(OH)s + 2 e - ~  Mg + 2(OH-) 
d A12Os. H ~  + 2H~) + 6 e - ~ - 2 A 1  + 6(OH-) 

(Hydrated 
~-form) 

1 .014-0 .0591  p H  0 .417  0 . 3 6 4  0 . 1 6 0  

- 0 . 0591  p H  - 0 .591  - 0 .650  - 0 .853  

- -  1 . 8 6 2 - 0 . 0 5 9 1  p H  - -  2 . 5 1 2  - 2 . 7 1 5  

- -  1 . 5 0 5 - 0 . 0 5 9 1  p H  - 2 . 1 0 2  - 2 . 1 5 5  

t Standard potentials  are  re ferenced  to the normal hydrogen electrode. 
* The pH of a saturated solut ion of -palumlnum oxide  is 6.1. 

** The  pH of a saturated so lut ion of  Mg(OH)~ is  10.45. 



V o l .  1 2 5 ,  N o .  1 2  ELECTROCHEMICAL H EA TER S  

Table II1. Hydrogen evolution at magnesium, aluminum, and aluminum alloy anodes (25~ 

1927 

Anode composition Percentage H~ evolution* 
Compo- (w/o)  (I, mA/cm'-') 
sition 

No. Mg AI Zn Hg Sn Ga In 5 10 20 50 100 200 

1 100 43,6 45.3 38.7 36.9 
II 100 13.4 16.9 10.8 15.9 
3 0.57 99.26 0.13 0.05 8.6 16.8 16.3 6.9 
4 0.82 99.98 0.15 0.05 17.7 14.1 14.5 13.8 
5 0.36 99.44 0.14 0.06 20.4 15.6 13.2 11.4 10.6 
6 98.62 1.47 0,01 19,.5 11.3 13.2 
7 0.46 95.31 4.19 0.04 0.6 1.4 1.5 
8 96.45 3.52 0.03 6.5 2.6 2.0 
9 95.81 4.19 4.0 16.7 20.1 16.3 

�9 Percentage H~ evolution -- 100 I~/(I  + IBl). 

sents the hydrogen evolution rate as a percentage of 
the total current  at the anode after convert ing the 
gassing rate to an equivalent  current  density, I~ 2, by 
using the formula 

AV F 
I ,~  --  2 . . . .  [1] 

At 22.4 

Where F is the Faraday constant and IH2 is obtained in 
amperes /cm 2 if the gas flow, A V / A t ,  is expressed in 
liters per  second per square cent imeter  of electrode 
area. 

For current  densities of 20 mA/cm2 or higher, the 
gassing rates were found to stabilize after 2-3 rain and 
the values given are average values for the last 4-8 
rain of observation. Since direct cal ibrat ion revealed 
that  a 2-3 rain lag is inheren t  in  the flowmeter used 
for the measurements ,  no conclusions may be drawn 
about intr insic  t rans ient  behavior of the system in 
that early period. For the alloys possessing low rates 
of gassing, the method was not  sufficiently sensitive 
for observations to be made in  the allotted t ime at 
the lowest current  densities. 

Referr ing to Fig. 2 as a guide to the relat ive anodic 
behavior of the various anode materials,  we see that  
the polarization of the alloys falls into the approxi-  
mate 1V span between Mg and pure A1, with the 
la t ter  the more inactive mater ia l  and wi th  both op- 
erat ing much below their  respective thermodynamic  
potentials, as listed in  Table II. A trace for a Zn elec- 
trode is incuded for comparison, al though the energy 
content of Zn is too low for practical consideration. A 
general  pa t te rn  of behavior  emerges for the alloys if 
the high current  performance of alloy No. 5 is ignored. 
Those alloys (No. 3, 4, and 5) containing Sn  produce 
the most negative (active) closed-circuit voltages. 

This is in  agreement  with observations (5, 11) made 
during long- te rm corrosion studies on a luminum al loy/  
steel couples. It is believed (11) that  Sn fosters the 
high anodic activity by producing cation vacancies 
which reduce the ionic resist ivity of the -y-alumina 
film. This film normal ly  covers the electrode dur ing  
use. Additions of Mg and Ga enhance this effect by 
stabilizing the solid solubil i ty of the Sn in the alloy 
(12). The H2-evolution characteristics of alloys No. 
3-5 tend to be somewhat  bet ter  than that  of pure A1, 
par t icular ly  at the high current  densities, and like A1, 
are a 2-3 fold improvement  c~ver Mg in  that  regard. A 
second grouping of A1 alloy polarizat ion traces fall  
between the trace for pure A1 and pure Zn (Fig. 2). 
Alloys 6-9 contain increasing amounts  of Zn, and 
their closed circuit voltages, in  l ine with previous ex-  
perience with A1-Zn alloys (11), tend to become in-  
creasingly more negative and approach the perform- 
ance of a pure Zn anode. There is, however, no simple 
correlat ion be tween electrode polarization and hydro-  
gen evolution for this series of alloys, if the results of 
Fig. 2 and Table III  are compared. Specifically, alloys 
No. 7 and 9 have the same Zn content and show very 
similar  polarization behavior, bu t  in spite of these 
facts alloy No. 7 produces the lowest amount  of hy-  
drogen while hydrogen production for alloy No. 9 falls 
in  the same range as for pure  a luminum.  The fact that  
alloy No. 8, like alloy No. 7, is also a low gas pro- 
ducer, suggests that  ind ium is more significant than  
Mg in impar t ing the nongassing properties to those 
alloys. Before considering how alloying affects hydro-  
gen evolution, let us consider the thermodynamics  of 
the process. For gassing to occur at all, the electrode 
potential  must  be more negat ive than  the thermo-  
dynamic value for a reversible I-I2 electrode in the 
same medium. According to Table II, that  potent ial  
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Fig. 3. A~nodic polarization curves for several pure metals and 
aluminum alloys in saturated NaCI solution at 25~ The curves 
were obtained after reversing the linear potential sweeps of Fig. !. 
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Fig. 4. Cathodic voltage scans of various MnO~ cathodes. The 
electrolyte was NaCI solution in a Webril Pad. 
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could be --0.650V in  the original  neut ra l  solution and 
--0.591V at steady state, with the solution completely 
equil ibrated and saturated with hydrated 7 -a luminum 
oxide. Based on those numbers ,  gassing would not be 
expected on pure A1 or on alloy No. 6 at the higher 
current  densities. However, localized, very  low pH 
values may be expected near  the anode surface, par-  
t icular ly at high current  densities, corresponding to 
the production and hydrolysis of A1CI~. For example, 
based on the reported value of pKh  _~ 4.9, the pH of a 
1M solution of A1CI~ would be 2.45 and the corre- 
sponding reversible H2 potential  would be --0.38, suffi- 
ciently positive to account for H2 evolution on A1 and 
all of its alloys in  a sodium chloride electrolyte solu- 
tion. As for Mg, Table III  reveals that  the percentage 
of hydrogen evolved does not general ly or systemati-  
cally drop as the current  is raised and the potential  
approaches that  of the reversible H2 electrode ("nega- 
tive difference effect") (13). As for Mg, therefore, it 
may be hypothesized that  H2 release occurs on a very 
limited, momentar i ly  film-free fraction of the surface. 
In l ine with that  concept, the role of ind ium in  a 
Zn-A1 alloy could be to modify the physical s t ructure 
of the film (e.g., adherency, coherency, porosity) so 
as to minimize exposure of bare surface to the elec- 
trolyte. 

We shall now tu rn  to the problem of choosing the 
"best" anode mater ia l  for an electrochemical heater. 
From the point  of view of lowest H2 production, Table 
III  reveals that alloy No. 7 appears to be the best 
choice, with No. 8 a close second choice. Assuming that 
the solid product of reaction is 7 -a lumina  f6r both A1 
and all of the Al-r ich alloys, the total heat produced 
per equivalent  of A1 consumed in short-circuited cells 
uti l izing any of those anodes and a MnO2 cathode 
should be greater for the alloys producing the least H2 
(since reaction 3 of Table I is more energetic than 
reaction 4). So far, the analysis has been based on 
thermodynamic  and corrosion data only. The role 
played by anode polarization is discussed later. 

Mn02 cathode polarization and gas evolution at the 
cathode.--The polarization of a manganese dioxide 
cathode at high rates of discharge is much more time 
dependent  than that  of the Mg and A1 anodes with 
which it might be used. Because of the strong t ime- 
dependence, measurements  of polarization performed 
at fixed potential  provide the most quant i ta t ive guide 
to performance of the electrode in an electrochemical 
heater. For this purpose, electrodes of formulat ion 
No. (i) measur ing 1 • 1 cm were individual ly  im-  
mersed in  a saturated solution of NaC1. The area of 
each sample is taken as 1 cm ~ despite the fact that 
both sides are exposed, since the bulk  of the porous 
cathode is utilized rather  than its surface (the re- 
verse is t rue for anodes). For each sample, a different 
fixed potential  was applied and the cur ren t - t ime  trace 
recorded. Points taken from the traces are plotted on 
Fig. 5. From the figure it can be seen that, for time 
durations at constant  potential  of less than 1 min, the 
current  tends to increase with decreasing potential. 
For longer t ime durations, a plateau value occurs in 
the lower potential  range. A second rise in  current  
follows the plateau at decreasing potentials. The re- 
sults can be interpreted as follows, based on the ob- 
servation (14) that  the cathodic reduction of M n Q  
tends  to be diffusion-controlled soon after the begin-  
ning of the process: 

(i) At short elapsed time, including up to 12 sec, 
the reduction is only par t ia l ly  diffusion l imited and 
hence shows considerable potential  dependence over 
the whole potential  range. 

(ii) After sufficient charge has passed, the reduc- 
t ion process becomes solid state diffusion controlled 
and, therefore, exhibits a current  plateau. Referring to 
the 1 min  points, a plateau is evident  from --1.0 to 
--1.5V. At less cathodic potentials than --1.0V, the 
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Fig. 5. Polarization behavior of fully immersed Mg anodes and 
MnO2 cathodes I-formulation (i)] in saturated NaCI solution. 

previous act ivat ion-control led current  was not suffi- 
ciently high to result  in diffusional control after 1 
rain. At more cathodic potentials than --1.5V, the cur-  
rent  rise is due to electrolytic evolution of H2. 

(iii) As the reduction t ime increases, diffusional 
control extends to less cathodic potentials,  and the on-  
set of H2 evolution is more easily dist inguished (po- 
tentials as positive as --1.3V). 

To confirm that  hydrogen is evolved at the more 
cathodic potentials, a sample of electrode was first 
prepolarized at --1.4V for 10 min. The potential  was 
then adjusted to any desired value and gas evolution 
was measured. The gas evolution rates (measured at 
100 sec intervals)  were found essentially t ime inde-  
pendent,  as might  be expected for an electrocatalytic 
process. Average rates, converted to currents  by means 
of Eq. [lJ, are plotted on ]~ ig. 5. The results reveal that  
i-/2 evolution is measurable  at --1.3V and it accounts 
for v i r tua l ly  all of the cathodic current  at more cath- 
odic potentials after a few minutes  of polarization. 
The reversible potentials (vs. a saturated calomel 
electrode) of the two processes, which may occur at 
the MnO2 cathode, appear in Table II (i.e., a and b) .  
The expressions for the s tandard potentials were taken 
from Ref. (10). The pH of the NaC1 electrolyte should 
be 7.0 initially, and should eventual ly  reach 10.45 when 
thoroughly mixed and saturated with Mg(OH)2 (10). 
In addition, t ransient  high and low values of pH at the 
cathode and anode, respectively, are l ikely during high 
current  surges. Since the reversible potentials from 
Table II for reaction a at pH's 7 and 10.45 are quite 
positive, it is apparent  that MnO~ (Fig. 5) is being re-  
duced i rreversibly and that improved reduction ki-  
netics would shift the curve to the right on the poten- 
tial axis. For the H2-evolution process (reaction b, 
Table II) ,  it can be seen that gas evolution could begin 
at potentials as positive as --0.65V. The observation 
that no appreciable gassing occurs unt i l  --1.3V largely 
reflects the fact that carbon (which is present  for its 
electronic conduction properties) is a poor electro- 
catalyst for the hydrogen evolution reaction. 

From Table II it can be seen that  the reversible po- 
tential  of the MnO2 electrode is ~-0.364V in the origi- 
nal ly  neut ra l  solution used here as the electrolyte. 
Variations in pH dur ing cell discharge can be expected 
to affect the reversible potential  by only a few tenths 
of a volt. in  spite of this, "formulat ion No (i)" begins 
to deliver appreciable cathodic currents  at potentials 
over a volt more cathodic than  the reversible potential. 
Such irreversible performance is subject  to improve-  
ment  through structural  modifications which decrease 
internal  impedances and improve mass t ransport  in  the 
electrode. Toward that end, a number  of different elec- 
trode formulations were made for evaluation. These 
formulat ions included variat ion in: (i) the amount  of 
carbon and graphite added for contact between MnO2 
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part ic les ;  (ii) nature  of the  organic b inder  (e.g., PTFE, 
Lucite,  po lysu l fone) ;  (iii) addi t ion  of agents  to in-  
crease wet t ing  and poros i ty  (e.g., ful ler ' s  ear th)  na -  
ture  of the  cur ren t  collector  (e.g., screens and ex-  
panded  meta l  made  of s teel  and n ickel ) ,  and (iv) the  
addi t ion  of g raphi te  fibers to improve  cur ren t  collec- 
tion. 

For  eva lua t ion  of samples,  the  po ten t ia l - s tep  method,  
as used to obta in  the  da ta  of Fig. 5, provides  the  most 
i n -dep th  information,  but  requires  mul t ip le  samples  
and is tedious. Therefore,  for the  presen t  purpose  of 
fast  screening, the  l inea r  potent ia l  sweep method re -  
qui r ing only  one sample  for a de te rmina t ion  was used 
ins tead  (sweep speed of 0.001 V/sec) .  Samples  of 1 • 
1 cm dimensions were  d ischarged agains t  a Mg 
countere lec t rode  using a NaCl - impregna ted  Webr i l  
s epa ra to r  pad  as the  e lectrolyte .  Some of the  more  
promis ing  resul ts  appear  in Fig. 4. Fo rmula t ion  No. 
( i i ) - ( i v )  all  offer the  promise  of improved  pe r fo rm-  
ance at  more  posi t ive potent ia ls  as compared  wi th  for -  
mula t ion  No. ( i) .  Al l  th ree  improvements  ut i l ize 
graphi te  fiber addit ions.  Fo rmula t ion  No. (ii) and (iii) 
were  made  wi th  a steel  screen cur ren t  collector,  whi le  
No. (iv) was made  wi th  a "foametal"  cur ren t  collec- 
tor. Whi le  cathode pe r fo rmance  increases  on progress -  
ing f rom formula t ion  No. ( i ) - ( i v )  so does the MnO2 
loading (0.035, 0.07, 0.17, and 0.2 g/cm2 for electrodes 
1, 2, 3, and 4, r espec t ive ly) .  Hence, the  improvemen t  
represents  successful u t i l iza t ion of more  MnO2, ra ther  
than  a fundamenta l  improvemen t  in the kinet ics  of 
MnO2 reduction.  F r o m  Fig. 4, formula t ion  No. (iv) 
would appear  to be the obvious choice for fu r the r  de -  
velopment .  Its vu lnerab i l i ty ,  however ,  l ies in  the  fact  
that  Ni is a r a the r  good ca ta lys t  in the Ha evolut ion 
reaction. The descending por t ion  of the scan f rom 
--1.2V to more  cathodic potent ia ls  corresponds l a rge ly  
to extens ive  gas product ion,  which is significant even 
at more  posi t ive potentials .  An  e lec t rochemical  hea te r  
using tha t  formula t ion  was never theless  eva lua ted  
and the resul ts  a re  r epor ted  in the section below. F o r -  
mula t ion  No. (iii) appears  c lear ly  super ior  to fo rmu-  
la t ion No. (i) wi thout  an aggrava ted  gas evolut ion 
problem,  and its fu r the r  eva lua t ion  is also repor ted  in 
the  sect ion below. 

Electrochemical perJormance and hydrogen release 
at a short-circuited Mg-Mn02 cel l .~The behavior  of 
a "hea te r"  ut i l iz ing a Mg anode wil l  serve as an ex-  
ample  of the  more  genera l  case. The resul ts  appea r -  
ing in Fig. 6 were  obta ined for a cell containing a 1 • 
1 cm anode and cathode and a s a l t - impregna ted  Webr i l  
separator .  The  "v i r tua l"  shor t -c i rcu i t  cur ren t  (across 
a 0.01 ~t load)  densi ty  and the ind iv idua l  e lect rode 
potent ia ls  ( re fe r red  to a sa tu ra ted  calomel  e lectrode)  
were  recorded af ter  ac t iva t ing  the cell  by  flooding wi th  
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Fig. 6. Operating characteristics of an instrumented Mg/Mn02 
electrochemical heater [cathode formulation No. (i)].  

wate r  for 15 sec and then dra in ing  off the e x c e s s  w a t e r .  
The volume of hydrogen  re leased  was measured  pe r iod-  
ica l ly  and conver ted  to an  equiva len t  cur ren t  density,  
IH2, using Eq. [1]. IH2 includes a cont r ibut ion  f rom 
both the  anode and cathode. The in i t ia l  la rge  values  
of IH2, para l l e l ing  the  la rge  values  of Ise, correspond 
main ly  to hydrogen  release at  the  anode, ~vhereas the 
l o n g e r - t e r m  smal le r  values  of IH~ correspond to ca th-  
odic re lease  of hydrogen  as is discussed below. For  the  
ear ly  large  currents ,  the  areas  under  the two curves  
are  app rox ima te ly  measures  of the  number  of equiva-  
lents of Mg reac t ing  according to the  equations in cells 
1 and 2, respect ively,  of Table  I. The ini t ia l  high surge 
of cur ren t  is useful  for  p rov id ing  r ap id  hea t  t ransfer .  
By minimizing the masses of the  ingredients ,  prac t ica l  
cells (4) t ransfe r  most  of the  ava i lab le  enthalpic  hea t  
to the  object  being heated.  

Al though the respect ive  expe r imen ta l  condit ions are  
somewhat  different,  the  e lect rode polar iza t ion  resul ts  
of Fig. 5 are  useful  in qua l i ta t ive  in te rp re ta t ion  of the  l 
resul ts  recorded in Fig. 6. For  a shor t -c i rcu i t ed  cell  
consist ing of the anode and cathode of Fig. 5 and wi th  
negl igible  e lec t ro ly te  resistance,  the  shor t -c i rcu i t  cur -  
rent  and electrode potent ia l  at  any  ins tant  are  de te r -  
mined  by the point  of in tersec t ion  of the  Mg anodic 
polar iza t ion  curve wi th  the  appropr ia t e  MnO2 ca th-  
odic polar iza t ion  curve. The intersect ions of Fig. 5 
predic t  a drop  in cur ren t  f rom the  200 m A / c m  ~ level  
in the first 12 sec, to be low the 50 m A / c m  2 level  in 10 
min, wi th  tha t  sha rp ly  decl ining cur ren t  a t t r i bu tab le  
en t i re ly  to cathode polarizat ion.  The  l ong - t e rm  cur-  
rents  (according to Fig. 5) are  suppor ted  a lmost  en-  
t i re ly  by hydrogen  evolution. Final ly ,  Fig. 5 predic ts  
a modera te  shif t  in the e lec t rode  potent ia ls  to more  
cathodic potent ials ,  conforming to the  shape of the  
anodic polar iza t ion  curve. This p red ic ted  shif t  occurs 
dur ing  the first few minutes  for  the  more  complicated 
conditions of Fig. 6. The unant ic ipa ted  long - t e rm posi -  
t ive dr i f t  of potent ia ls  p r o b a b l y  corresponds to e lec-  
t rode polar izat ions due  to the  l imi ted  volume and 
shift ing pH of the e lec t ro ly te  in the Webr i l  pad  in use 
here. The shor t -c i rcu i t  cur ren t  (Isc) vs. t ime t race  of 
Fig. 6 exhibi ts  app rox ima te ly  the  expected type  of 
cur ren t  decay  af te r  the  cur ren t  peak  is passed. The 
ini t ia l  rise in cur ren t  p robab ly  corresponds main ly  to 
the  "vol tage delay" phenomenon  no rma l ly  encountered  
(15) when  a heavy  load  is first appl ied  to the no rma l ly  
passive Mg anode. 

A ve ry  significant conclusion based on Fig. 5 is tha t  
shif t ing of the  anodic curve to the  r ight  would  tend  
to e l iminate  H2 evolut ion at the  cathode, the  l a t t e r  
being the ma jo r  source of H2 evolut ion  af te r  the  first 
10 rain of cell operat ion.  

With  the help of Fig. 5, we can r e tu rn  to the  p rob-  
lem of choosing the  "best" A1 a l loy  to subst i tu te  for  
Mg. In addi t ion to the  preference  for  the  lowest  cor-  
rosion rate,  the polar iza t ion  of the  anode p lays  an im-  
por tan t  role in th ree  impor t an t  ways :  

(i) The d is t r ibu t ion  of hea t  th rough  the cell  d e -  
p e n d s  on the re la t ive  extents  of anode and cathode 
polar iza t ion  and of e lec t ro ly te  resistance.  Fo r  r e a s o n s  
of heat  conduct ion i t  is best  to place the  work  agains t  
the meta l l ic  anode and i t  is therefore  beneficial  to 
have  the highest  polar iza t ion  (and t empera tu re )  at  
tha t  electrode.  

(ii) The ra te  of hea t  re lease  is p ropor t iona l  to the  
cur ren t  density.  That  ra te  (or cur rent )  depends  on 
the points  of in tersect ion of the  anode and cathode 
polar iza t ion  curves,  and wil l  be  highest  for those a n o d e  
polar iza t ion  curves fa l l ing closest to tha t  of Mg. 

(i i i)  The anode polar iza t ion  curve he lps  es tabl ish  
the  work ing  poten t ia l  of the  cathode at  shor t  circuit.  
The more  posi t ive the  anode potent ia ls  (and the ca th-  
ode work ing  po ten t ia l ) ,  the  more  l ike ly  wi l l  be the  
avoidance of Ha evolut ion at  the  cathode. The l a t t e r  
has a l r eady  been  shown to be l a rge ly  responsible  for  



1930 J. Elec trochem.  Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  D e c e m b e r  1978 

l onge r - t e rm gas evolution. Considerat ions (i) and (iii) 
suggest  tha t  the polar iza t ion  curve of the anode should 
be  as far  as possible to the  r ight  of tha t  of Mg (e.g., 
the  low-gass ing  al loy No. 7 of Fig. 2). The p rob lem of 
lower  cur ren t  densit ies than  for  Mg [considerat ion No. 
(ii) ] can be overcome by  improvemen t  of the cathode. 
F igure  5 suggests that  o ther  cathode formula t ions  
[No. (iii) and ( iv)]  might  provide  super ior  pe r fo rm-  
ance in an e lectrochemical  hea te r  ut i l iz ing a luminum 
alloys because of the significant Shift of the polar iza-  
t ion curve to the  r ight  on the  potent ia l  axis. 

Electrochemical performance and hydrogen release 
at short-circuited a luminum.~Al loy -MnO~ C e l l s . -  
Figures  7-9 present  resul ts  for shor t -c i rcu i ted  cells 
ut i l iz ing an a luminum al loy and th ree  different ly 
fo rmula ted  MnO~ cathodes. The plot  of Is~ vs. t ime for  
the  Mg-MnO~ cell of Fig. 6 is inc luded for comparison.  
F igure  ? confirms the expecta t ion  tha t  r e l a t ive ly  poor  
results  can be obta ined wi th  an a luminum al loy anode 
if  the  cathode wil l  not  suppor t  h igh  currents  a t  the  
more  posit ive potentials .  F igure  8 reveals  tha t  an im-  
p rovemen t  in cur ren t  densit ies over  the Mg-MnO~ cell 
can be achieved wi th  an a luminum al loy if the MnO2 
cathode has improved  per formance  at  low overvo l t -  
ages. As ant icipated,  IH2 iS much lower  in i t ia l ly  than  
for the  Mg cell, corresponding to low corrosion of the  
alloy. Since the  cathode now operates  at  r e l a t ive ly  
posit ive potent ials ,  the re  is no significant evolut ion of 

],3 
POTENTIAL, ANODE AND EATHOI;E vs S~'E" 

% 

0,4 ISC. "SHORT-CIRCU IT" CURRENT -i.5 

0,3 ~I ___. .:.~-- POTENTIAL,PoTENTIAL, ANODE vs SCE 
SCE------ , CATHODE vs 

0,2 

/ ~ ISC, STANDAED "HOT-SHEET" ELECTRODES 

O,] / \ ~ o  " .  -o.5 

"HYDROGEN-EVOLUTION CURRENT" o 

TIME 
Fig. 9. Operating characteristics of an electrochemical heater 

mode with an AI alloy No. 7 (4.19% Zn, 0.04% In, 0.46% Mg) 
anode and a MnO~ formulation No. (iv) cathode. 

- 1 . 0  

- - 1 , i  

~_ --0,1 
N 
~d 
N --oJ 

~ __0,1 

o 2 ! 

"~ I s c ,  STANDARD Mg/MaO 2 CELL 

\ 
\ 

],2 

% 

].1 
ISC, "SHORT-CIRCUIT CURRENT" 

TIME 

Fig. 7. Operating characteristics of an electrochemical heater 
made with an AI alloy No. 7 (4.19% Zn, 0.04% In, 0.46% Mg) 
anode and a MnO2 formulation No. (i) cathode. 

D.2 ~= ~z 

-1,4\~ ISC' "SHORT-CIRCUIT CURRENT" 
-1,21- \ 

| \ ANODE vs sCE 0,3 I ~ ......... ~ __ -.---- POTENTIAL, ~ - - - -  

~-o.4,--~\ ---- ----~iE'~C~T-HO~;-~'CC- 

~ I/I ~'~I$C ..... APJ) Mg/MnO2 CELL 

-0,4 9,1 

I"HY~ROGEN-EVOLUTION CURRENT':''' .... 
F-- O 6 " " ~ " - - e - . _ ( ~ _ . . . e  . _  o - -- 
/ . . I I - - s ~ r  " ~  - -  |1  , 

2 q 6 8 I0 12 lq 16 MINUTES 
TIME 

Fig. 8. Operating characteristics of an electrochemical heater 
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hydrogen  gas there.  Hence, p roduct ion  of  H2 even-  
tual ly  drops to ve ry  low values  pa ra l l e l l ing  the drop  
of cell cur ren t  and ra te  of corrosion of the  a luminum 
at the anode. 

F rom Fig. 9, even more  impress ive  shor t -c i rcu i t  
currents  are  ob ta inable  using cathode formula t ion  No. 
(iv),  out ill2 is unexpec ted ly  high. I t  appears  tha t  this 
resul ts  f rom the use of n ickel  in  the cathode fo rmula -  
tion, resul t ing  in  catalysis  of the  hydrogen  evolut ion 
react ion at  both  anode and cathode. 

Conclusions 
The nontoxic i ty  and high entha lp ie  content  of sal ine 

Mg-MnO~ and A1-MnO2 cells makes  them useful  as 
e lectrochemical  heaters  ( shor t -c i rcu i ted  cells) .  The 
Mg cell provides high shor t -c i rcu i t  currents  (and ra tes  
of heat  evolut ion)  but  produces H2 at the  anode (cor-  
rosion) and at the cathode (due to h igh ly  negat ive  
operat ing poten t ia l ) .  Cells made  wi th  cer ta in  A1-Zn 
alloys also provide  high shor t -c i rcu i t  currents  whi le  
producing l i t t le  H~ at the anode and v i r tua l ly  no H9 at 
the cathoae ( la t ter  due to re la t ive ly  posi t ive opera t ing  
poten t ia l ) .  
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ABSTRACT 

The i r revers ibi l i ty  of the oxygen electrode reaction is the main  c a u s e  o f  
efficiency losses in water  electrolysis cells, fuel cells, and some bat tery  sys- 
tems. At conditions typical for water  electrolysis, the effectiveness of various 
meta l  oxide electrodes toward oxygen evolution decreased in  the order  
Ru ~ Ix ~ Pt  ~ Rh N Pd ,~ Ni ~ Os ~ Co ~ Fe. Poor activities were 
observed on V, Cr, Mo, W, Mn, and Re oxide electrodes. When mixed with 
70 mole percent  (m/o)  TiO2, all metal  oxides tested except ru then ium oxide 
were ineffective in  catalyzing the oxygen evolution reaction. A catalyst- load- 
ing s tudy showed that  RuO2 films on Ti require about 10 -6 mole RuO2/cm 2 to 
mask the effect of the t i tan ium substrate. Either a chemical step or a second 
electron t ransfer  step appears to be rate determining for the oxygen evolution 
reaction on oxide electrodes with good electrocatalytic properties. Studies 
of the oxygen reduction reaction indicate that  the activity of oxide electrodes 
in  the cathodic direction is considerably less than  in  the anodic direction. 

The oxygen evolution and reduct ion reactions are 
of special importance in  water  electrotyzers, fuel 
cells, and in  batteries using air  cathodes since slow 
kinetics at these electrodes are the chief cause of 
efficiency losses in  these devices. The ru then ium oxide 
electrode prepared by the thermal  decomposition 
method is an at tract ive electrocatalyst for both the 
chlorine and oxygen evolution reactions (1-7). Elec- 
trochemical data for the evolution of oxygen on other 
dimensional ly  stable anode (DSA) materials  is l imited 
(5, 8-10). Since this invest igat ion was prompted by 
an interest  in improving the efficiency of water  e lec-  
trolysis, exper imental  conditions typical of commer-  
cial electrolyzers were selected (11). Therefore, all 
studies were made in 30 weight percent  (w/o) KOH 
solutions at 80~ 

Experimental 
Electrodes.--Titanium wire (99.7%, 0.8 mm, Alfa) 

was etched in 10% oxalic acid at 90~ for 1 hr. Coat- 
ings were applied by dipping the wire in a solution 
containing the metal  chloride and then heat ing it in 
an  electric furnace at 300~176 for 10 min. Six 
separate coatings were applied. After  the final coat- 
ing, the wire electrode was heated in the furnace for 
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Key words: catalyst loading, Tafel slope, transfer coefficient, 

water electrolysis. 

at least 30 min  and then sealed into Teflon tubing. 
TetrabutyI  orthot i tanate (practical, Eastman)  was 
used to vary  the mole fraction of a par t icular  metal  
in the dipping solution. 

Electrochemical measurements.--Studies of the oxy-  
gen evolution reaction were carried out under  ex- 
per imental  conditions which approximate those en-  
countered in  practical water  electrolysis cells. A one- 
compar tment  glass cell was used in which the ref-  
erence and working electrodes were placed inside and 
below a cylindrical  p la t inum screen counterelectrode 
in order to mihimize the IR effect and any reaction 
with gas evolving from the counterelectrode. In  each 
experiment,  the KOH solution was slowly stirred 
magnetically.  Potentials were always measured vs. 
a saturated calomel reference electrode (SCE). 

Potentiostatic current  measurements  were made with 
the use of a Beckman Electroscan 30 ins t rument .  Be- 
fore each invest igat ion of oxygen evolution, the high- 
est anodic current  used (about 100 mA / c m 2) was 
passed for about 5 min, and then current -potent ia l  
relationships were determined in  the direction of de- 
creasing current.  

For studies of oxygen reduction, oxygen gas (99.6% 
rain, Linde) was introduced into the solution through 
a gas diffusion tube to produce a stream of very fine 
bubbles. Before each experiment,  the diffusion-limited 
current  density (10 -4 A / c m  2) was passed for 5-10 
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Fig. 1. Average Tafel lines for the oxygen evolution reaction on 
Ru, Rh, Ni, Pd, Ir, and Pt oxide electrodes in 30 w/o KOH solutions 
at 80~ 

rain to bui ld up a steady-state concentrat ion of any 
peroxide intermediates.  Measurements were then made 
in  the direction of decreasing currents. 

Results 
The Tafel regions observed for the oxygen evolu- 

t ion reaction on Ru, Rh, Ni, Pd," Ir, and Pt oxide 
electrodes are shown in Fig. 1. For each electrode, 
the Tafel line shown represents the average as deter-  
mined from at least three separate studies. Based 
upon previous studies, the reversible potential  for 
the oxygen electrode is calculated to be 0.03V vs. 
SCE in 30% KOH at 80~ (11). 

Table I represents the average values for the Tafel 
parameters  and their s tandard deviations. Mean values 
for the exper imental  t ransfer  coefficient (~) and ex- 
change current  density (io) are also shown. Experi-  
menta l  results for studies on as,  Fe, and Co oxide 
electrodes not included in  Fig. 1 are found in this 
table. The small  s tandard deviations show that  the 
results were general ly  quite reproducible. Nickel oxide 
electrodes showed the greatest variation, hence six 
separate studies were made with this electrode. Single 
studies on V, Cr, Mo, W, Mn, and Re oxide electrodes 
were also made, but  the results indicated poor elec- 
trocatalytic activity for the oxygen evolution reaction 
on these materials.  

Table II gives the kinetic parameters  for several 
metal  oxide electrodes when mixed wi th  TiO2 to 

Table III. Tafel parameters for the oxygen evolution reaction on 
RuC~/TiO2, electrodes containing various m/o RuO2. The results 

are for 30 w/o KOH solutions at 80~ 

m / o  RuOa 
(%) a lV b / V  aR i o / A  e m  - t  

100 0.37 0.066 1.1 2.5 x 10 -o 
70 0.39 0.066 1.1 1.2 x 10 -e 
50 0.41 0.068 1.0 9.3 x 10 -~ 
30 0.42 0.068 1.0 6.7 x 10 -7 
20 0.46 0.078 0.90 1.3 x 10 ~ 
10 0.54 0.101 0.69 4.5 x 10 -0 
0 0.96 0.118 0.89 7.8 x 10 -o 

reduce the fraction of a par t icular  metal  oxide to 
30 m/o. Comparing the results in  Tables I and II, 
s imilar  parameters  are found only for the ru then ium 
oxide electrode. Results for all  other metal  oxide 
electrodes show much larger Tafel slopes and higher 
overvoltages when mixed with TiO2. 

The effect of varying amounts  of TiO2 mixed with 
RuO2 upon the oxygen evolution reaction was also 
investigated. The Tafel parameters  (Table l i d  show 
only slight changes as the RuO2 fraction is decreased 
to 30 m/o, whereas significant changes occur when 
the mole fraction of RuO2 is reduced further.  The 
overvoltage measured at 20 m A / c m  2 showed a sim- 
i lar  effect by gradual ly  increasing from 280 mV at 
100 m/o  RuO2 to 340 mV at 30 m/o  RuO2 and then 
showing a sharp increase at lower RuO2 contents. 

By main ta in ing  the same dipping procedure in 
various dilutions of the original  ru then ium salt solu- 
t ion (0.3M), the effect of various loadings of ru then ium 
oxide on the t i t an ium substrate could be studied. 
The polarization curves obtained for these electrodes 
are shown in Fig. 2. The catalyst loadings (based 
upon apparent  areas) ranged from 10 -5 to 10-s mole 
RuO2/cm 2 according to gravimetric  measurements.  The 
Tafel slopes suggest that significant kinetic changes 
occur at loadings below about 10-6 mole RuO2/cm 2 
which make the electrodes much less effective for 
the oxygen evolution reaction. For example, the TafeI 
slope shows a sharp increase from 67 mV/decade 
(~ = 1.0) to 130 mV/decade (~ -- 0.5) at catalyst 

loadings of 10 -6 and 10 -7 mole RuO2/cm 2, respec- 
tively. 

The metal  oxide electrodes which showed good 
catalytic activity for oxygen evolution were also 
studied for oxygen reduction. Kinetic parameters  for 
the electrochemical reduction of oxygen on Pt, It, 
Ru, Pd, and Rh oxide electrodes in  30 w/o KOH solu- 
tions at 80~ are presented in  Table IV. Linear  Tafel 

Table I. Average Tafel parameters with standard deviations for the 
oxygen evolution reaction in 30 w/o KOH solutions at 80~ 

M e t a l  o x i d e  
e l e c t r o d e  alV blV a= i o l A  e m  - i  

R u  0.37 • 0.01 0.067 - -  0.003 1.0 3.0 x 10 -o 
I r  0.41 _ 0.02 0.080 + 0.002 1.4 6.3 x 10 -0 
P t  0.41 • 0.01 0.046 • 0.002 1.5 1.2 x 10 -I  
R h  0.43 _ 0.08 0.067 - -  0.008 1.0 3.8 x 10-~ 
P d  0.46 ... 0.02 0.067 • 0.005 1.O 1.9 x 1O-~ 
N i  0.45 • 0 .04 0.071 _ O.011 0.99 4.6 x 10-7 
Os 0.49 ----- 0.01 0.070 -- 0.003 1.0 1.0 x 10-7 
Co 0.69 • 0.01 0.126 • 0.004 0.56 3.3 x 10 4 
Fe 0.91 "4- 0.00 0.191 • 0.002 0.37 1.7 x lO -s 

Table II. Tafel parameters for the oxygen evolution reaction on 
metal oxide/TiO2 electrodes containing 30 m/o of the metal. 

Studies were made in 30 w/o KOH solutions at 80~ 

M e t a l  o x i d e  
e l e c t r o d e  a / V  blV e a  i o / A  c m - ~  

R u  0.39 0.070 1.0 2.7 x 10 -0 
P t  1.13 0.225 0.31 9.5 x 10 -0 
N i  1.00 0.259 0.27 1.4 x 10-4 
C o  1.10 0.193 0 .36 2.0 x 10 -0 
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Fig. 2. Effect of ruthenium oxide Ioadings on the oxygen evolu- 
tion reaction in 30 w/o KOH solutions at 80~ (O) 1 • 10 -5  
moles RuO~/cm2; ( � 9  3 • 10 -s  moles RuO~/em2; (A)  1 • 10 -6  
moles RuO~Jcm2; (A)  3 • 10 -7  moles RuO2/cm~; ( I )  I • 10 -7  
moles RuO~cm2; (El) 3 X 10 -s  moles RuO2/cm2; ( X )  10 -s  
moles RuO~cm 2. 
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Table IV. Average Tafel parameters with standard deviations for 
the oxygen reduction reaction in 30 w/o KOH solutions at 80~ 

Metal  ox ide  
e l e c t r o d e  a / V  b / V  r i o /A  cm-~ 

Pt -0.57 ~- 0.05 -0.061 -- 0.009 1.1 4.5 x 10 -~o 
I r  --0.60 • 0.05 -0.061 -- 0.008 1.3 2.9 x 10-~ 
RU --0.50 - -  0.01 --0.043 ---+ 0.004 1.6 2.4 x I0 -a~ 
Pd - 0 . 4 9  • 0.01 --0.042 ---+ 0.001 1.7 2.2 x 10 -~= 
Rh -0.51 --  0.01 -0.041 _ 0.002 1.7 3.6 • 10 -~ 

lines were observed at current  densities between 
about  10 -4 and 10 -6 A/cm 2. A low l imit ing current  
(10 -4 A/cm 2) for oxygen reduction is expected due 
to the low solubil i ty of oxygen and its low diffusion 
coefficient in  30% KOH solutions (12). 

Discussion 

;Most commercial  water  electrolyzers operate at 
high current  densities using electrodes with large 
surface roughness factors. • in either 
intr insic  catalytic properties or surface roughness 
factors contr ibute to a lower overvoltage, hence i t  
is often difficult to isolate these e~ects. ~u rke  et at. 
(6) have demonstrated the impor tant  role of surface 
area in the electrochemical behavior  of RuO2 elec- 
trodes. Both the preparat ion temperature  and the 
catalyst loading cause remarkable  variat ions in  t rue 
surface areas for ru then ium oxide electrodes (6, 7), 
hence various studies suggest roughness factors rang-  
ing from about 1 to 100O or even higher (3-7, 13, 
14). A prepara t ion  method similar to this s tudy in-  
volving six sequential  coatings, 10-~ mole Ru /cm 2, 
and heat ing at 450-C yields a roughness factor of 
about 60-80 for the RuO2 electrodes (14). Anodic 
studies on i r id ium and p la t inum oxide electrodes 
suggest s imilar  roughness factors (2, 9). 

For  practical applications to water  electrolysis, the 
Tafel parameter  a in  Table I would represent  the 
exper imental  act ivation overvoltage at a high current  
density of 1 A /cm 2 based upon geometrical area. Using 
this criteria, the effectiveness of these oxide electrodes 
for oxygen evolution decreases in the order Ru > Ir  ,-~ 
Pt  ,-, Rh ~ Pd ,-- Ni ~ Os > >  Co > >  Fe. A previous 
s tudy of oxygen evolution on various metals in 30% 
KOIt  at 80~ also indicated about equal activities 
for Ir, Pt, Rh, and Pd electrodes while Ni was slightly 
bet ter  (11). The much poorer performance of Co and 
Fe oxides might  be due to their instabi l i ty  in alkal ine 
solution dur ing prolonged anodic polarization. The 
exchange current  densities do not provide a useful 
comparison for this reaction due to the wide range of 
Tafel slopes observed for these oxide electrodes. 

The significant decrease in  the activity of RuO2/ 
TiO2 electrodes when the ru then ium content  is less 
than  30 m/o  has been observed in other studies. K u h n  
and Mortimer (2) report  that io values for the chlorine 
evolution reaction decrease sharply below 30-40 m/o  
ruthenium.  Veselovskaya et al. (15) found that  the 
rate of oxygen evolution decreased with a drop of 
RuO2 content  and that  the electrochemical properties 
of the anode were closely related to the phase struc-  
ture of the oxide coating. They report that while a 
par t  of the TiO2 forms solid solutions with RuO2, 
the TiO2 phase remaining  increased greatly for Ru 
concentrat ions below 40 m/o. Comparing Tables I 
and lI, it is apparent  that at 30 m/o metal, the effect 
of TiO2 dominates for all metal  oxides tested except 
ru thenium.  The loss of activity of t i tan ium anodes 
coated with RuO2 and TiO., probably results from the 
formation of a nonconduct ive oxide film at the Ti- 
active layer  interface (16). 

The catalyst loading effects (Fig. 2) show that  the 
t i t an ium oxide-l ike behavior  towards oxygen evolu- 
t ion disappears with increasing amounts  of ru then ium 
oxide. It seems that  a loading of 10 - s  mole RuO2/cm 2 
(0.1 mg Ru /cm 2) is required to mask the effect of 

the t i t an ium substrate. Similar  effects have been re- 
ported for other noble metal  oxide electrodes (9, 17). 

From the values given for exchange current  dens- 
ities shown in Tables I and IV, it appears that  oxygen 
evolution and reduct ion occur on these oxide elec- 
trodes by different mechanisms. The io values are 
considerably lower for oxygen reduction than  for 
oxygen evolution. This study, along with previous 
work (5), shows that  oxide electrodes are good elec- 
trocatalysts for oxygen evolut ion but  not for oxygen 
reduction. Oxygen reduction on ru then ium metal  is 
also ra ther  poor, probably due to strong affinity of 
ru then ium for oxygen (18). Studies of the chlorine 
electrode on RuO2 and frO2 show that  the activity 
of these oxides in the cathodic direction is considerably 
less than in  the anodie direction (2). The invest igat ion 
of several other reactions on RuO2 electrodes indicates 
poor electrocatalytic features for those involving a d -  
s o r p t i o n  steps (13). 

The anodic polarization characteristics of oxide 
electrodes such as the Tafel slopes depend strongly 
upon the preparat ion tempera ture  and surface con- 
centrat ion of catalyst (7, 8). Exper imenta l  t ransfer  
coefficients for the oxygen evolution reaction on ru-  
thenium oxide electrodes are usual ly  either , ,-~ 1.5 
or a ~ 1.0 (4, 5, 7, 19), whereas ~ --~ 2 on ru then ium 
metal  (18). In  alkal ine solutions the following oxygen 
evolution reaction path 

OH- ~- OHads + e- [I] 

OHads + OH- ~ Oads- + H~O [2] 

Oa~s- ~ Oad~ + e -  [3] 

Oads + Oads ~ O2 [4] 

is suggested by previous studies (9, 20). Under Lang- 
muirian adsorption conditions, the experimental trans- 
fer coefficient will be either 0.5, I, 1.5, or 4 depending 
upon which step is rate determining. The results in 
Table I suggest that step [i] is rate determining on 
Co and Fe oxides, step [2] is rate determining on Ru, 
Rh, Pd, Ni, and Os oxides, and step [3] is rate deter-  
mining  on Ir and Pt oxides. Oxygen reduction in 
alkal ine solutions usual ly  occurs by a different mech- 
anism which involves the formation of HO2- in ter -  
mediates (4, 21). 
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Paste Mixing and Curing of Tetrabasic 
Lead Sulfate Plates for the Lead-Acid Battery 

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

ABSTRACT 

A nonreact ive  paste  of 4PbO �9 PbSO4 is p repared  by  mix ing  the synthesized 
compound with  water .  On cont inued mixing  wi th  water ,  the 4 P b O .  PbSO4 
crysta ls  become more  closely packed.  Wate r  acts as a bulk ing  agent  and if 
mixed  too long, wa te r  wi l l  separa te  f rom the paste. Low densi ty  pastes  may 
be produced by  adding more  wate r  and reducing the mix ing  time. Pas ted  
4PbO �9 PbSO4 plates  must  be cured in an a tmosphere  containing CO2. Curing 
may  be accelera ted  by  rais ing the t empera tu re  and enr iching the a tmosphere  
wi th  CO2. Prev ious ly  dr ied  plates  may  be cured in as l i t t le  as 3 min  in a 
steam-CO2 atmosphere .  

In  previous  papers  (1, 2) we have discussed the for -  
mation,  morphology,  and cycle per formance  of posi-  
t ive plates  pas ted  wi th  4PbO'PbSO4 ( te t rabasic  lead 
sulfa te) .  In  this paper  we discuss the p repa ra t ion  and 
proper t ies  of a 4PbO.PbSO4 paste  and the curing of 
4PbO.PbSO4 pas ted  plates.  

A paste  of 4PbO.PbSO4 is p r epa red  by  mix ing  wa te r  
wi th  dried, synthesized 4PbO.PbSO4 (3). Since this 
pas te  is nonreact ive,  its proper t ies  are qui te  different  
f rom a reactive,  acid paste. An  acid pas te  is usual ly  
p r epa red  by mix ing  water,  lead oxide, and sulfuric  acid 
(4, 5). The proper t ies  of this  chemical ly  react ive  pas te  
and resul tan t  p la te  are  dependent  on many  factors 
such as re la t ive  propor t ions  of mater ia ls ,  t empera ture ,  
s p e e d  of addi t ion  of acid, d ry ing  atmospheres,  and 
o t h e r  (4, 5). Since the 4PbO.PbSO4 pas te  is nonreac-  
tive, most of these factors do not  affect its propert ies .  
The only  re levan t  pas te  pa ramete r s  for a 4PbO.PbSO4 
paste  a re  the re la t ive  propor t ions  of 4PbO.PbSO~ and 
water ,  the  length  of t ime mixed,  and, perhaps,  the 
efficiency of the mixer .  

Lead or l ead -a l loy  grids are  pasted wi th  4PbO.PbSO~ 
and dr ied  in a i r  at  50% re la t ive  humid i ty  and 26~ 
for  3 days  (1-3).  However ,  we have observed  tha t  
when dr ied  in these condit ions for only  2 days, dr ied 
in a vacuum oven, or  d r ied  in ni t rogen,  the  4PbO. 
PbSO4 pel le ts  "popped" out of the  grid when placed in 
H2SO4. Chemical  analysis  of the  4PbO-PbSO4 showed 
that  plates  tha t  did  not d is in tegra te  in acid contained 
a b o u t  0.2% more  COs than  those plates  tha t  d is inte-  
grated.  Thus we suspected tha t  COs was needed to 
cure  the  plates. This paper  shows that  4PbO'PbSO4 
plates  must  be cured in an a tmosphere  containing CO2 
a n d  at a re la t ive  humid i ty  h igher  than 40%. 

" Electrochemical Society Active Member. 
Key words: lead-acid battery, tetrabasic lead sulfate, battery 

plate curing. 

Experimental 
Paste mixing.--In the labora tory ,  smal l  batches con- 

ta ining 900g of 4PbO.PbSO41 were  mixed  using va r i -  
ous amounts  of wa te r  and mix ing  times. A Kent  Mixer  
was used which has an inver ted  "U" shaped blade 
which rotates  at  60 r p m  about  its axis of s y m m e t r y  in 
a counterclockwise direct ion while  the mix ing  pan 
rota tes  at the same speed in the clockwise direction.  

Smal l  Pb -Ca  rec tangu la r  grids (7.6 • 6.3 • 0.7 cm),  
whose pas teable  volume was 29~6 cm 3, were  pas ted  
with  each batch so tha t  the  dr ied  p la te  densi ty  could 
be calculated.  A 32.8 cm 8 (2 in. 3) cup was used to 
measure  the wet  paste  density. The consistency of the 
pas te  in the cup was measured  wi th  a pene t romete r  
fitted wi th  a cone suppl ied  by  the C&D Ba t t e ry  Com- 
pany. The cone weighed 55.4g and had  a conical  angle 
of 50 ~ . The pas te  and pas ted  plates  were  weighed wet  
and d ry  to give a measure  of the poros i ty  of the pla te  
and paste. Data on six cups and six plates  were  taken  
and the results  averaged  for each batch. 

Larger  45.4 kg batches of pas te  were  mixed  in a 
Ross p l ane t a ry  mixer .  This mixer  does a more  effi- 
cient job  of mixing  than  the smal l  l abo ra to ry  model  
descr ibed above. Samples  of these large  mixes  were  
t aken  and examined  wi th  the  SEM. Circular  posit ive 
Pb grids (6) (31 cm diam • 0.63 cm) were  pas ted  by  
a machine  (7, 8) which had  rol lers  tha t  pressed  the 
pas te  into the grid. 

Curing.--To unders tand  how the combinat ion  of CO2 
and re la t ive  humid i ty  could effect the cur ing of a 
4PbO'PbSO4 plate,  the amount  of CO2 adsorbed by  
4PbO.PbSO4 was measured  as a funct ion of re la t ive  
humidi ty .  Weighed samples  of d r ied  4PbO.PbSO4 were  
placed in a dessicator  conta ining an a tmosphere  of 

i Supplied by the Eagle Picher Company. 
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pure  CO2 and at  var ious  re la t ive  humidi t ies  obta ined 
by  placing different  concentrat ions  of H2SO4 in the  
bo t tom of the dessicator .  The re la t ive  humid i ty  was 
measu red  wi th  a smal l  hyg rome te r  p laced in the  des-  
sicator.  Af t e r  24 hr, the  samples  of 4PbO.PbSO4 were  
dr ied  and weighed  to de te rmine  the increase  in weight  
due to C02 adsorpt ion.  

Results and Discussion 
Pazte mixing.--To make  a pas te  f rom 4PbO.PbSO4, 

the  wa te r  used is measured  out  and added  al l  at  once 
wi th  the  mixe r  running.  In i t ia l ly  the mix  looks very  
d r y  (Fig. l a ) .  Af t e r  mix ing  a shor t  t ime the pas te  
s tar ts  to form up into Small spheres  (Fig. l b )  and 
s tar ts  to t ake  on a shiny,  wet  appearance.  As mix ing  
is cont inued the  smal l  spheres  coalesce wi th  each o ther  
to fo rm la rge r  spheres  (Fig. lc)  and finally comple te ly  
jo in  together  to form one large  sphere  of pas te  (Fig. 
l d ) .  On cont inued mix ing  the la rge  coherent  mass 
breaks  up  and st icks to the  side and bot tom of the 
conta iner  (Fig. l e ) .  

The above  series of s tages a lways  occurs regardless  
of the  amount  of wa te r  used to make  the pas te  or the 
size and efficiency of the mixer .  What  changes is the 
t ime i t  takes  the  paste  to reach  each stage. The photo-  
graphs  in Fig. la,  b, c, d, and e were  of a paste  using 
0.138 ml H20 /g  of 4PbO.PbSO4. It took 6 min  to reach  
the  one sphere  s tage (Fig. ld  and Table I ) .  If  less 
wa te r  is added  (see Table  I) al l  of the  stages occur 
at  a s lower  rate.  On the other  hand  when  more  wa te r  

Table I. Pasting data for 4PbO �9 PbS04 

A v e r a g e  - -  s tandard  dev ia t ion  

Mix  Pene- Cube weight Porosity 
I-hO/g time tration {wet) of plate 
(ml) (min) (mm) (g/era 3) (%) 

0.11 20.0 68 • 3 4.560 • 0.022 41.2"-44.2" 
0.12 12.0 84 • 2 4.404 --  0.013 43.0-46.5 
0.13 6.5 88 • 2 4.216 + 0.012 45.2.48.2 
0.138 6.0 89 • 4 4.150 +--- 0.027 46.4*-49.9* 
0.15 4.25 99 ~ 6 4.028 • 0.019 48.4"-51.6" 
0.17 2.25 10~ • 2 3.800 • 0.018 52.2-54.7 
0.17 20.0 139 --  8 3.910 • 0.030 51.6-53.2 
0.19 1.5 115 -- 5 3,621 --+ 0,026 54.7*-57.2* 
0.21 1.0 120 • 8 3.481 --  0.017 56.9-59.5 
0.25 0.5 126 • 8 3.253 --  0.026 60.4-63.2 
0.30 0.25 167 +--- 14 3.042 • 0.032 64.6-66,6 

* Estimated value. 

is added  (see Table  I) the  different  stages occur 
faster.  As the  amount  of wa te r  is increased,  i t  becomes 
difficult to separa te  the different  s tages because they  
occur so rapidly .  

If a large  quan t i ty  of wate r  is added,  the  paste  m a y  
pass into a final s tage in which i t  becomes ve ry  l iquid 
(Fig. l f ) .  As an example  of this, when  0.17 ml  H~O/g 
of 4PbO.PbSO~ is used, the  Fig. lb  stage occurs af ter  
1.25 min, Fig. ld  a f te r  2.25 rain, Fig. le  at  5 min, and 
then  for  the r ema inde r  of the  t ime (20 min) ,  i t  was 
ve ry  l iquid  as in Fig. lf.  In  this s tage the  pas te  is too 

Fig. 1. Small, 900g batch of 4PbO �9 PbS04 after mixing for (a) 10 sec, (b) 3 min, (c) 4.5 rain, (d) 6 min, (e) 20 min, and (f) 20 rain. Mix 
(f) contained 0.17 ml of H20/g while all others contained 0.138 ml of H20/g of 4PbO �9 PbS04. 
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wet  to pas te  and the wa te r  separa tes  f rom the paste. 
Fo r  hand  pas t ing and v ib ra to r  pas t ing (9),  the  mix  
can be used at  the  one sphere  stage (Fig. l d ) .  How-  
ever,  this  s tage is usua l ly  too stiff for convent ional  
machine  pas t ing  (7, 8), and the Fig. l e  s tage m a y  have  
to be used. 

These same stages were  observed using the l a rge r  
mixer .  Samples  t a k e n  f rom this mixer  were  examined  
wi th  the  SEM. F igure  2 shows the d r y  4PbO.PbSO4 
before mixing.  Note the open structure.  This open, 
porous s t ructure  resul ts  in complete  absorpt ion  of the 
wa te r  when it  is first added (Fig. l a ) .  On mixing  to the 
smal l  sphere  s tage (Fig. l b ) ,  the  crystals  become more  
closely packed  (see Fig. 3) and wa te r  is vis ible  as 
evidenced by  the sh iny  appearance  of the  smal l  
spheres.  In the  final stages (Fig. l d  and e),  the  crysta ls  
become closely packed  and a l igned (see Fig. 4). 

The SEM photographs  revea l  tha t  as the paste  is 
mixed,  the  crystals  become more  closely packed.  The 

Fig. 2. 4PbO-PbS04 dry powder before mixing. Magnification 
500 •  

Fig. 4. 4PbO �9 PbS04 paste after mixing with 0.138 ml of H20/g 
of 4PbO �9 PbSO~ for 20 rain. Magnification 500 X .  

mixing  mechanica l ly  packs,  or  orders,  the  crys ta ls  so 
tha t  the longer  the  pas te  is mixed,  the  less porous i t  
becomes. The wa te r  acts only  as a bu lk ing  agent  so 
tha t  overmix ing  m a y  actual ly  force wa te r  out  of the  
paste  and lead to a less porous, heavie r  plate.  An  im-  
por tan t  point  to r e m e m b e r  is once the  paste  is mixed  
too long and wate r  set t les  out, i t  does no good to re -  
mix  it, since this  causes the crysta ls  to pack  even 
closer together  forcing more  wa te r  out. 

Pas t ing da ta  were  t aken  on batches mixed  in  the 
smal l  l abo ra to ry  mixer  (see Table  I) and  the la rger  
mixer  in  which  the  amount  of wa te r  was varied.  Since 
the  one sphere  s tage (Yig. l d )  is qui te  a definit ive 
point  and also the first s tage at which plates  can be 
hand  pasted,  the  smal l  batches were  al l  s topped at  
this  point. The large  batches  were  mixed  a l i t t le  
longer  and machine  pasted.  No shr inkage  occurred in 
any  of these plates  on d ry ing  even though the densi ty  
was quite low for some of the batches. The dr ied  
pas te  densit ies for pas te  and posi t ive plates  are  shown 
plot ted  in Fig. 5 vs. the  amount  of wa te r  used. 

As expected,  the  dens i ty  of the  paste  decreased as 
the amount  of wa te r  used in the pas te  increased.  The 
curve is not l inear  and the slope decreases as the  den-  
s i ty  approaches  tha t  of 4PbO.PbSO4 (8.15 g/cm3).  As 
expected,  the  plates  a re  denser  than  the paste  since 

Fig. 3. 4PbO. PbSO~ paste after mixing for 2 min wi,th 0.138 ml 
of H20/g af 4PbO �9 PbS04. Magnification 500 X .  
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Fig. 5. The density of 4PBO �9 PbS04 vs. amount of water used 
in the paste for the dried paste, small rectangular plates and 
circular plates. 
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the pas t ing  process squeezes some wa te r  out  of the 
paste.  

Table  I gives addi t ional  da ta  for the  smal l  paste 
batches  p lo t ted  in Fig. 5. The mix  t ime ranged  f rom 
20 rain for the  densest  pas te  to 0.25 min  for the leas t  
dense paste. The l a t t e r  mix,  0.30 ml /g ,  is p robab ly  the 
m a x i m u m  amount  of wa te r  tha t  can be added  and 
st i l l  p roduce  a pas te  tha t  can be hand led  and hand  
pasted.  

In  Table  I al l  ba tches  were  mixed  to the one sphere  
stage (Fig. l d )  except  for the 0.17 m l / g  ba tch  which 
was mixed  for 20 rain. The consistency of this  ba tch  
as measured  by  the pene t rome te r  was 139 m m  and i t  
was a lmost  too fluid to paste.  The  cube weight  and 
pla te  weight  were  heavie r  for the  20 rain mix,  and 
the  poros i ty  was less. This indica ted  tha t  the over -  
mix ing  caused some wa te r  to separa te  f rom the paste. 

The  porosi t ies  in  Table  I were  calcula ted by  two 
methods  and are  given as upper  and lower  values in  
the las t  column. The lower  values  were  ca lcula ted  
f rom the wet  and d ry  pla te  weights and assuming that  
a l l  of the  wa te r  in the  wet  p la tes  was equiva lent  to 
the  void volume. The upper  v a l u e s  were  calcula ted 
f rom the d ry  weights  and the pas teable  volume of the 
grid. The poros i ty  range  of the p la tes  was 40-65%. 
Using Table  I and  Fig. 5, one could eas i ly  achieve any  
des i red  poros i ty  in this  range.  We bel ieve  this is a far  
g rea te r  range in poros i ty  than  can be achieved wi th  
a react ive  pas te  whi le  st i l l  using convent ional  mix ing  
and past ing techniques and wi thout  using any iner t  
addit ives.  

Since we be l ieve  wa te r  acts only  as a bu lk ing  agent,  
less wa te r  should produce  more dense and heav ie r  
plates.  To achieve consistent  p la te  weights,  one must  
a lways  add  the same amount  of wa te r  and mix  only 
long enough to produce  a pas te  wi th  a workab le  con- 
sistency.  

We find tha t  a pas te  consis tency wi th  a pene t ra t ion  
f rom 100 to 120 m m  produces  a pas te  sui table  for ma-  
chine pasting. A pene t ra t ion  of 120-140 m m  was too 
wet  for  p rope r  machine  past ing.  Fo r  hand  pasting, a 
d r ie r  paste,  80-100 ram, may  be used. Pastes  are  usua l ly  
mixed  for  10-20 min. 

Vary ing  the mix ing  t ime also al lows the p r e p a r a -  
t ion of low or  high densi ty  plates.  A low densi ty  pas te  
was produced  in the  la rge  mixer  by  mix ing  0.275 ml 
of H~O/g of 4PbO.PbSO4 for 0.5 rain. A pe l le t  f rom 
this p la te  is shown in cross sect ion in Fig. 6. The low 
dens i ty  p la te  has a much less o rdered  or t ight ly  
packed  crys ta l l ine  s t ruc ture  as compared  to the  no r -  
real  dens i ty  p la te  (compare  wi th  Fig. 4). 

The capacit ies af ter  two cycles of large  c i rcular  
p l a t e s p a s t e d  wi th  different  dens i ty  pastes  (see Fig. 5) 
were  de te rmined  and are  shown plot ted  in Fig. 7. As 
expected  (3), the  capaci ty  of the  p la tes  increases  as 
the  dens i ty  decreases.  However ,  the low density,  h igh 
capaci ty  plates  do have the d i sadvantage  that  they  
shed fas ter  on cycling. 

Curing.--The amount  of CO2 adsorbed by  4PbO. 
PbSO4 as a funct ion of re la t ive  humid i ty  in an a tmo-  
sphere  of pure  CO2 is shown plo t ted  in  Fig. 8. A s imi -  
l a r  p lo t  for  a i r  (0.03% CO2) was  not  obta ined  bu t  a 
sample  at  50% RH gained 0.6 mg of CO2/g of 
4PbO.PbSO4 af ter  24 hr. Thus in air, 4PbO.PbSO4 
would  absorb  CO2 at a ra te  2 to 3 t imes s lower than  in 
pure  COz but  we would expect  the  shape of the curve 
to be the  same. F igure  8 shows tha t  be low 35-40% RH 
ve ry  l i t t le  CO2 is adsorbed.  This expla ined  why  our 
plates  were  not  being cured in the  win te r  when  the 
re la t ive  humid i ty  is ve ry  low. 

The 4PbO.PbSO4 contained in a p la te  d r ied  in the 
absence of CO2 is shown magnif ied in Fig. 9. Note the  
smooth surface of the  4PbO.PbSO4 crystals.  F igu re  10 
shows the in ter ior  of a p la te  cured at  50% RH in air.  
The rough surface is due to adsorpt ion  of CO2. F rom 
the SEM photographs  as wel l  as calculat ions based on 
the amount  of COs adsorbed,  this scaly, carbonated  

Fig. 6. Low density 4PbO �9 PbS04 plate made with a paste using 
0.275 ml af H20/g of 4PbO �9 PbS04 and mixing far 0.5 min. Mag- 
nification 500 X .  
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Fig. 8. CO2 adsorption on 4PbO �9 PbSO4 in pure C02 at different 
relative humidities. Below 35% RH little C02 is adsorbed. 

l aye r  appears  to be about  1000-3000A thick. We were  
not able  to de te rmine  the exact  chemical  composit ion 
of this carbonated  layer  since the curing react ion takes  
place only on the surface and therefore  the  amount  
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Fig. 9. 4PbO" PbSO~ crystals in a plate dried in a desiccator 
with no CO~. Magnification 10,000 •  

should accelera te  the  curing. This was done in the  
l abora to ry  by  enr iching the a tmosphere  wi th  COs by  
e i ther  flowing, gaseous CO2 or  by  Dry  Ice in a chamber  
at  100% RH. In  such a chamber ,  plates  were  cured in 
4 hr. F igure  11 shows crysta ls  of 4PbO.PbSO4 in the 
in ter ior  of one of these plates.  The carbonated  surface 
of this  p la te  is s imi lar  in  appearance  to a p la te  cured 
for 3 days  in air. 

An even fas ter  me thod  for cur ing plates  is to pu t  
a p rev ious ly  dr ied  pla te  in  a chamber  containing 
s team and COs for  3 min. The in te r ior  of this p la te  
is shown in Fig. 12a. Aga in  the surface of the 4PbO. 
PbSO4 crystals  was carbonated.  The crysta ls  on the  
surface of a steam-CO2 cured p la te  are  shown in Fig. 
12b. These crysta ls  were  not  as heavi ly  ca rbona ted  as 
the  crysta ls  in the  in te r io r  of the  plate.  This same be -  
havior  was observed for  plates  cured in air. 

P la tes  were  given repea ted  3 min  t rea tments  in 
steam-COs. The in te r ior  of a p la te  given 14 t r ea t -  
ments  is shown in Fig. 13a. The addi t ional  t rea tments  
did not increase the  apparen t  thickness  of the  carbon-  
a ted layer .  However ,  the  crysta ls  on the  surface of this 
plate  (Fig. 13b) were  more  heav i ly  carbonated  than  
the p la te  g iven one t r ea tmen t  (Fig. 12b). This shows 
that  the  surface is more difficult to carbonate.  

Since repea ted  t r ea tments  did not not iceably  in-  
crease the thickness of the ca rbona ted  layer ,  this  in-  
dicates that  the  carbonat ion  process is se l f - l imi t ing  
and tha t  a plate  cannot  be overcured.  The se l f - l imi ta -  
t ion of this process was also verified by  measur ing  the 
increase in weight  of p la tes  as they  were  r epea ted ly  
cured. 

P la tes  cured by  al l  of the  methods descr ibed above 
have been formed and cycled. No difference in pe r -  
formance could be detected be tween  those given slow, 
a i r - cu red  t r ea tments  and those t r ea ted  wi th  CO2 by 
one of the  fas ter  methods,  

Conclusions 

A paste  is made  f rom 4PbO.PbSO4 b y  mix ing  wi th  
water .  As the  paste  is mixed  the crysta ls  become more  
closely packed.  When  the pas te  reaches  a consistency 
sui table  for pasting, mix ing  should s top since con- 

Fig. 10. 4PbO �9 PbS04 crystals in the interior of a prate cured in 
air for three days at 50% RH. 

present  is small .  These "cured" crystals  of 4PbO. 
PbSO4 are  p robab ly  he ld  toge ther  by  b r idged  carbon-  
ate bonds be tween  crys ta ls  or perhaps  the roughness 
of the  scales locks one crys ta l  to the  o ther  so tha t  they  
m a y  not f ree ly  slip by  each other. 

Schlo t te r  and F le i schmann  also observed  roughen-  
ing of 4PbO.PbSO4 crystals  (10). They pos tu la ted  
tha t  the  roughening  was due to "abras ion  caused by  
the mix ing  action." The  crysta ls  shown in Fig. 9 and 
10 were  f rom plates  mixed  the same length  of t ime. 
Since the Fig. 9 crysta ls  are  smooth, the  rough sur -  
face in Fig. 10 is not  f rom mixing  but  f rom carbona-  
tion. We suspect  that  the rough surface observed by  
Schlo t te r  and F le i schmann  is also a resul t  of ca rbona-  
t ion of the surface of the crystals .  

Since H20-CO2 cures the  plate ,  increasing the con- 
cen t ra t ion  of CO2 a n d / o r  ra is ing the re la t ive  humid i ty  

Fig. 11. 4PbO" PbS04 crystals in the interior of a plate dried 
in an oven and p!aced in a closed chamber containing Dry Ice 
(C02) and a relative humidity of 100%. 
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Fig. 12. 4PbO. PbS04 crystals in (a, upper) the interior a.nd (b, 
lower) the surface of a plate dried in an oven and treated with 
C02 and steam for 3 min. 

t inued mix ing  wil l  cause wa te r  to separa te  f rom the 
pas te  and produce  a denser  pas te  and resu l tan t  plate.  
Low dens i ty  plates  m a y  be produced  by  using more  
wa te r  and mix ing  for a shor te r  t ime. 

4PbO.PbSO4 plates  must  be cured in an a tmosphere  
containing CO2 and at  a re la t ive  humid i ty  grea te r  
than  40%. Curing causes a scaly carbonated  product  to 
coat the  surface of the  4PbO.PbSO4 crystals .  This car-  
bonated  product  locks the crysta ls  together  to produce  
a ha rd  plate.  Curing can be accelera ted  b y  increas ing 
tempera ture ,  humidi ty ,  and CO2 concentrat ion.  Af te r  
drying,  plates  may  be quickly  cured in steam-CO2 in 
only 3 rain. 

Manuscr ip t  submi t ted  June 19, 1978; revised manu-  
scr ipt  received Aug. 4, 1978. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1979 

Fig. 13. 4PbO �9 PbS04 crystals in (a, upper) the interior and (b, 
lower) the surface of an oven-dried plate given 14, 3 min C02- 
steam treatments. 

JOURNAL. All  discussions for the June  1979 Discussion 
Section should be submi t ted  by  Feb.  1, 1979. 

Publication costs of this article were assisted by 
Bell Laboratories. 
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The Effect of Depassivation at Specific Crystal 
Facets on the State of Activation of Nickel 

Substrates for Electrodeposition 
Dennis Tench* and Cameron Ogden* 

Rockwel~ International Science Center, Thousand Oaks, Calilorn~a 91360 

ABSTRACT 

Changes in the surface structure of nickel substrates at open circuit in 
65 w/o H3PO4 after an anodic etch treatment have been investigated by elec- 
trode potential measurements as a function of time, by voltammetric re- 
passivation in neutral sulfate an~ phosphoric acid solutions, and by micro,- 
scopic examination.  It was found that  part ial  depassivation occurs at specific 
crystal facets within a few hundred  seconds. Studies involving single c r y s t a l s  
indicated that  the {100} and {110} orientat ions depassivate wi th in  this t ime 
frame, whereas the passive film on the {111} surface is more stable. The de-. 
passivation process is accelerated by i ron impuri t ies  in  the substrate and this 
impur i ty  effect is enhanced by the presence .of dissolved oxygen, which also 
enhances the etching of depassivated areas. These data suggest that  poor 
activation of nickel substrates for electrodeposition can result  from part ial  
depassivation to form bare spots on the surface, through which appreciable 
cathodic current  can pass without  reducing the remaining  oxide layer. 

As part  of the procedure to prepare metal  substrate 
surfaces for electrodeposition, an anodic etch t reat-  
ment  in  concentrated acid solution is often used to 
remove damaged surface layers, scale, and contamin-  
ants. If good adhesion of the electrodeposit is to be 
attained, any oxide film present  on the substrate after 
the anodic etch must  be removed prior to plating. In 
cases where film reduction does not occur in the 
plat ing bath  before the onset of electrodeposition, this 
is often effected by a separate cathodic t reatment .  Such 
commercial processes do not always yield satisfactory 
results, and prolonged substrate contact on open cir- 
cuit with the acid solution after the anodic etch is 
known to aggravate the problem. During the open- 
circuit contact, some change presumably  occurs in 
the substrate film which leaves it capable of passing 
appreciable cathodic current  without  being electro- 
chemically reduced. Subsequent  electrodeposition then 
occurs over this film, result ing in poor adhesion to 
the substrate. 

Two types of changes can occur in _~urface films to 
render  them less reducible by cathodic treatment.  
One is an increase in  the electronic conductivi ty of 
the film itself, so that current  passes through the film 
without  reducing it. The other is local dissolution or 
reduct ion of the film to form bare spots, so that most 
of the current  passes through portions of the surface 
not covered by the film. The results reported here 
show that  electrochemically passivated nickel forms 
bare spots at open circuit in 65 w/o (weight percent) 
phosphoric acid by preferential  depassivation of spec- 
ific crystal facets. 

The passivation behavior  of a given crystal orienta-  
tion of nickel cannot readily be ascertained from the 
l i terature,  since there are inconsistencies in  the l imited 
results available. For example, the results of Tokuda 
and Ires (1) indicate that crystal or ientat ion effects 
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are appreciable dur ing active dissolution in 1N H2SO4, 
but  small  during passivation, whereas the results~ of 
Yagupolskaya and Movchan (2) indicate that  the 
opposite is true, and Latanision and Staehle (3) re-  
port  that  polarization measurements  for Ni in this 
electrolyte are essentially insensit ive to crystal orien- 
tation. Likewise, the relat ive tendency toward passiva- 
tion in  1N H2SO4 appears to be {111} > {110} > {100} 
from the data in Ref. (1) and {110} > {100} > {111} 
frum ~hose in Ref. (2). Weininger  and Breiter (4) 
found the relat ive order of react ivi ty toward oxida- 
t ion in alkal ine KOH solution to be {110} > {100} > 
{111}, but  Piontell i  etal.  (5) observed little or ientat ion 
dependence for the polarization behavior  of Ni in 
buffered pH 3 chloride solution at low current  densities 
(<20 mA/cm2).  

In  none of these studies of Ni passivation are the 
observed crystal or ientat ion effects very pronounced. 
This may result  to some extent  from the po in t -by-  
point measurement  technique usual ly  employed, since 
excessive dissolution at the less anodic potentials 
prior to passivation could expose different crystal 
facets to the solution. Such dissolution could also 
account for the discrepancies in the published results. 
In  the present work, a strong dependence on crystal 
or ientat ion was observed for Ni depassivation in 65 
w/o H~PO4 after an anodic etch t rea tment  at 100 
mA / c m 2 for 90 sec. 

Experimental Details 
The working electrodes were 6 mm diam disks 

(polycrystals) or 5 mm squares (single crystals) 
mounted in the rotat ing-disk configuration (6), flush 
with the ends of 13 mm diam Ke l -F  cylinders, by 
compression molding at elevated tempera ture  
(<300~ Rotat ing-square electrodes have been shown 
(7) to give results comparable to rotat ing disks. Single 
crystals of 99.95% puri ty  were aligned by reflection 
x - r ay  diffraction to give the desired orientat ion 
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wi th in  __0.5 ~ Three types of polycrystal l ine elec- 
trodes were investigated: 99.999% "pure" (PAR mag-  
netometer  s tandard)  ; 99.5% "wrought" (Ni-200, In te r -  
nat ional  Nickel Company) ;  and "electrodeposited" 
(SNR nickel sulfamate bath) .  Before use, electrodes 
were polished on successively finer aqueous a lumina  
powder slurries to 0.05 ~m particle size. For all studies, 
Pt  and saturated calomel (SCE) were used as the 
counter-  and reference electrodes, respectively. 

After  an  anodic etch t rea tment  at 100 m A / c m  2 for 
90 sec in  65 w/o HsPO4 saturated with various gases, 
open-circui t  potentials of Ni electrodes were followed 
vs. SCE as a funct ion of time using a Hewlet t -Packard  
Model 7004B recorder. After various times, electrode 
surfaces were examined using a scanning electron 
microscope (SEM). The state of passivation after a 
given amount  of t ime on open circuit in  the H~PO4 
solution was determined by quickly t ransferr ing elec- 
trodes to another  cell containing argon-sa tura ted  
0.50M Na~SO4 solution and measur ing the charge 
required for passivation on the ini t ia l  cur ren t -po ten-  
tial sweep at 10 mV/sec from --0.50 to 0.80'V vs. SCE. 
The electrode potential  was controlled using a PAR 
Model 173 Potent ios ta t /Galvanosta t  in conjunct ion with 
a PAR Model 175 Universal  Programmer,  and the 
charge was determined using a PAR Model 179 In te-  
grat ing Coulometer. Since electrochemically produced 
films are stable in  this near ly  neut ra l  electrolyte, 
whereas a i r - formed oxide layers are easily reduced 
(8), the charge required to repassivate a nickel 
electrode in  this solution is a measure of the amount  
of surface not covered by an electrochemically pro- 
duced passive film. 

Results and Discussion 
Repassivation studies.--Repassivation curves ob- 

tained for "pure" Ni in  neut ra l  sulfate solution after 
various times on open circuit in  65 w/o I-I3PO4 solu- 
t ion following the anodic etch t rea tment  are shown 
in Fig. 1. It is evident  that  the electrode is depassivat- 
ing with t ime at open circuit in the H3PO4 solution 
since progressively more charge is required for re-  
passivation. By comparison with the 18 mC/cm ~ needed 
to passivate a :freshly polished surface (not shown),  
the "pure" Ni electrode is still 80% passivated after 
75 sec (curve 1), 45% passivated after 200 sec (curve 
2), but  only 25% passivated after 500 sec (curve 3). 
These values a r e  probably  somewhat low since sur-  

face roughening by dissolution has not been taken 
into account. Curve 4 is the second sweep obtained 
in each case, indicat ing that  the electrode is i r revers-  
ibly passivated in  this neut ra l  sulfate medium (8). 

Similar  repassivation curves are shown in  Fig. 2 
for the relat ively impure  "wrought" Ni electrode. 
The t rend is the same, but  depassivation on open 
circuit in  the HsPO4 solution appears to occur more 
rapidly. Repassivation in the neut ra l  sulfate solution 
is also more complicated, involving considerable cur-  
rent  at the more anodic potentials (>0.1V). The 
appreciable currents  observed on the second (curve 
4) and subsequent  sweeps indicate that  the less pure 
electrode is also more d i ~c u l t  to passivate. 

SEM investigation.--Figure 3 is a scanning electron 
micrograph of a "wrougl~t" nickel electrocLe imme-  
diately after the anodic etch t rea tment  in oxygen 
saturated 65 w/o HsPO4 solution. The surface is still 
reasonably flat, except for minor  pi t t ing and some 
grain boundary  etching, which is expected for an 
electrode passivated at a high current  density. Figures 
4 and 5 show the same electrode after prolonged 
(20 min)  open-circui t  exposure to the oxygen-sa tu-  
rated H~PO~ solution following the anodic etch t reat-  
ment. Similar  results are obtained for shorter expo- 
sure times and in argon-satura ted solutions, but  the 
surface features are not resolved so clearly. It  is 
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Fig. 1. Linear sweep cyclic voltammograms at i0 mV/sec for a 
"pure" Ni electrode at 200 rpm in argon-saturated 0.5M Na2SO4 
solution after the anodic etch treatment at 2500 rpm and then: 1, 
75 sec; 2, 200 sec; and 3, 500 sec on open circuit in air-saturated 
65 w/o H3PO~ solution. Curve 4 is a typical second sweep in each 
case. 

Fig. 3. Scanning electron mlcragraph of "wrought" Ni surface 
immediately after the anodic etch treatment in oxygen-saturated 
65 w/o H~P04 at 2500 rpm. 
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Fig. 4. Scanning electron micrograph of "wrought" Hi surface 
after open-circuit exposure to oxygen-saturated 65 w/o HsPO~ for 
20 rain at 2500 rpm following the anadic etch treatment. 

Fig. 5. Same as Fig. 4, but at a higher magnification 

evident  that  some grains are practically intact after 
the open-circui t  exposure, whereas others have been 
severely recessed and roughened by dissolution. This 
is more evident at the higher magnification (Fig. 5). 
It  is apparent  that  some grains, presumably of the 
same crystal orientation, have depassivated on open 
circuit, permit t ing dissolution of the under ly ing  metal. 

Isolated large pits of the type shown in Fig. 6 are 
also formed on the "wrought" Ni surface during de- 
passivation in  65 w/o H3PO4 solution. In  solutions 
containing dissolved 02, "comet tails" originating at 
these pits form a swirl  pat tern centered at the middle 
of the rotated electrode. These tails appear dark to 
the naked eye, but  light in SEM pictures (see Fig. 6). 
Evidently, some species is formed in the pits which 
reacts with the outer electrode surface as it is swept 
along by the solution swirl ing across the rotat ing-disk 
electrode. Since the "comet tails" are not observed 

Fig. 6. Different area of the surface shown in Fig. 4 

in  the absence of dissolved O2, the species reacting 
with the surface is probably peroxide ( 0 O H - ) ,  which 
is known to form as an in termediate  in electrochem- 
ical oxygen reduction (9). Energy dispersive analysis 
of x- rays  (EDAX) detected an appreciable concen- 
t rat ion of Fe inside the l a rge  pits, but  none at other 
points along the surface. Thus, these pits, which occur 
predominant ly  at grain boundaries,  probably result  
from local dissolution of Fe impuri t ies  segregated 
there dur ing  solidification of the metal. These impur -  
ities may also catalyze O2 reduct ion wi th in  the pits. 

As discussed in the preceding section, our repassiva- 
t ion measUrements indicate that  the "wrought" Ni de-  
passivates more rapidly than  the "pure" metal. To 
some extent, these measurements  probably reflect 
repassivation of depassivated impur i ty  centers. How- 
ever, t h e  electrons provided by dissolution of Fe 
and Ni at the impur i ty  sites may part ia l ly  reduce 
the oxide layer at other points on the surface, which 
would  also be reflected in the charge required for 
repassivation. 

Depassivation also seems to occur at specific crystal 
facets for "pure" Ni, as shown in  Fig. 7. In  this case, 
parallel  l inear  trenches are formed, presumably  in 
l ine with crystal planes. A similar etch pat tern  has 
been observed by Datta and Landolt  (10) for t rans-  
passive dissolution of Ni in NaNO~ solutions. 

Open-circuit voltage measurements.--As shown in 
Fig. 8, the open-circui t  potential  (U) of a pure Ni 
electrode in  65 w/o H~PO4 reaches a ro ta t ion-depen-  
dent  cathodic peak about 250 sec after the anodic 
etch treatment.  Such open-circui t  behavior dur ing 
depassivation is unprecedented and does not appear 
to have been treated in the l i terature.  Considering 
the repassivation and SEM results, the following 
interpreta t ion seems reasonable. Initially,  U drifts 
cathodic because the higher nickel oxides formed 
dur ing  anodization are dissolving as par t  of the sur-  
face film and, to some extent, are being reduced by 
local cell action. At times less t h a n  100 sec, U is inde-  
pendent  of the rotation rate, as might  be expected 
if chemical dissolution is kinetical ly controlled since 
the repassivation studies show that  the surface is 
still essentially passivated. Significant breaks appear 
in the film after about 100 sec so that Ni dissolution 

Ni -> Ni +2 + 2e-  [1] 

becomes appreciable. These breaks probably  occur at 
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Fig. 9. Time variation of the open-circ-it potential of a "pure" 
Ni electrode at 200 rpm after the anodic etch treatment in 65 w/o 
HsP04 saturated with various gases. 

Fig. 7. "Pure" Hi surface after same treatment as for Fig. 4 
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Fig. 8. Time variation of the open-circuit potential of a "pure" 
Ni electrode (rotated at various rates) after the anodic etch treat- 
ment at 200 rpm in air-saturated 65 w/o H3P04 s~lution. 

pits  and  gra in  boundaries .  The electrons genera ted  
are  consumed by  reduct ion  of protons 

2H + -t- 2 e -  --> H2 [2] 

on the bare  Ni wi th in  breaks  in the film, and  to some 
ex ten t  by O2 reduct ion  

O2 W 4H+ W 4 e -  ~ 2H20 [3] 

When  solut ion mass  t r anspor t  is adequate,  the equi -  
l i b r ium be tween  these three  react ions  establ ishes a 
s table  corrosion potent ial .  But at  the  ea r ly  stages 
in the  depass ivat ion  (af ter  100 sec),  H + and O2 must  
be t r anspor ted  via  pits  and crevices in the surface 
film to the  under ly ing  bare  Ni areas. As these species 
become deple ted  at  the  recessed bare  Ni surfaces, 
H2 evolut ion  and O2 reduct ion  are  forced to occur 
on the oxide  layer  where  the  overvol tages  are  p re -  
sumab ly  higher.  Thus ,  as H + and 02 are  dep le ted  
wi th in  pits  and crevices, U drif ts  fu r the r  cathodic 
and the extent  of the dr i f t  is ro ta t ion dependent .  

As the  pi ts  and  crevices  in  the  film widen,  even-  
tua l ly  exposing ent i re  grains  to the solution, mass 
t r anspor t  to the  under ly ing  Ni is improved.  Thus, a f te r  
250 sec, the cathodic dr i f t  peaks  out  and  U moves 
anodic to the corrosion potent ia l  if the  e lect rode is 
ro ta ted  sufficiently fast  to p reven t  concentra t ion po la r -  
izat ion at  the  depass iva ted  areas.  Without  rotat ion,  

mass t r anspor t  to recessed gra ins  and wi th in  pi ts  a n d  

t renches remains  inadequa te  to es tabl ish  the corro-  
sion potent ial .  

F igure  9 shows tha t  the vol tage  ar res t  a t  100 sec 
is s t rongly  accented in  solutions containing dissolved 
oxygen,  indica t ing  tha t  02 reduct ion  does p l ay  some 
role in r e t a rd ing  the cathodic dr i f t  of U for a "pure"  
Ni electrode.  However ,  the  gas a tmosphere  has l i t t le  
effect on the  magni tude  and posi t ion of the cathodic 
peak,  indica t ing  tha t  dissolved oxygen  is r ap id ly  de-  
p le ted  wi th in  pits and crevices and does not  signifi-  
cant ly  affect the  ove r - a l l  ra te  of depassivat ion.  "Pure"  
e lectrodes depass iva ted  for  severa l  minutes  in a i r -  
or oxygen - sa tu r a t ed  H3PO4, however ,  acquire  a frosted 
appearance  not  observed  for those exposed to a rgon-  
sa tu ra ted  solutions. Electron micrographs  show tha t  
this  resul ts  f rom deeper  p re fe ren t i a l  e tching of some 
Ni grains  in the presence of oxygen,  which p r e sum-  
ab ly  is reduced on the exposed nickel  surfaces, and 
to some ex ten t  on the  oxide  film, enhancing dissolu-  
tion. 

As shown in Fig. 10, the  open-c i rcu i t  e lec t rode  
potent ia l  also reflects the  enhanced depass ivat ion ra te  
caused by  impur i t ies  in  the  "wrought"  Ni substrate.  
Immed ia t e ly  af ter  the  anodic etch, U dr i f ts  r ap id ly  
cathodic, appa ren t ly  dr iven  by  dissolution ,of Fe and 
Ni wi th in  pits  at  impur i t y  centers. Reduct ion of H + 
and 02 would  tend to ha l t  the cathodic dr i f t  a t  the  
corrosion potential ,  bu t  in a i r -  and a rgon- sa tu ra t ed  
solutions, these species become deple ted  wi th in  the 
impur i t y  pits  and other  breaks  in the  surface film. 
Thus, since these reduct ion  processes do not  occur 
r ead i ly  on the oxide layer ,  meta l  dissolution at  im-  
pu r i t y  sites pegs U at  a value  cathodic to the corro-  
sion potential .  This s i tuat ion seems to be s table  for 
severa l  minutes  in t h e  absence of dissolved 02, even 
though depass ivat ion is also o c c u r r i n g  wi th in  specific 
crys ta l  facets a t  points removed  from the impur i t y  
centers  (see preceding  sect ions) .  In  a i r - s a tu r a t ed  solu-  
tions, 02 reduct ion hastens the  over -a l l  process so 
tha t  the corrosion potent ia l  is es tabl ished more quickly  
(af ter  only  a few hundred  seconds).  I t  should also 
be ment ioned tha t  res t r ic ted  mass t r anspor t  to recessed 
grains  m a y  also p l ay  some role in the  depass ivat ion 
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Fig. 10. Same as Fig. 9 for a "wrought" Hi electrode 



1944 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December 1978 

I ~ I ' I ' 1 ' 

0.I 
99. 99~ Ni 

.... 99,5% 
--.-- ELECTRODEPOSITED 

v z 

- 0 .  - -  

0 200 400 600 
t{sec) 

Fig. 11. Time variation of the open-circuit potential of various 
Hi electrodes at 2500 rpm after the anodic etch treatment in 
oxygen-saturated 65 w/o H3P04 solution. 

process since the grains of the "wrought" mater ia l  
a r e  an order of magni tude  smaller  than for the "pure" 
Ni (see Fig. 4 and 7). 

In  order to exaggerate differences, "electrodeposited" 
nickel was compared with "wrought" and "pure" 
nickel substrates at 2500 rpm in oxygen-satura ted 
6 5  w/o HsPO4 solution. The open-circui t  potentials 
after the anodic etch are shown in Fig. 11. It is evi- 
dent  that  electrodeposited Ni depassivates somewhat 
more slowly than the "wrought" material ,  but  con- 
siderably faster than pure Ni, at least init ially.  

Single crystal studies.--To determine which crystal 
facets of Ni depassivate after short times on open 
circuit in  phosphoric acid solution, the passivat ion/  
depassivation behavior of Ni single crystals was in -  
vestigated. Figure 12 shows polarization curves ob- 
tained at 50 mV/sec in  65 w/o H3PO4 after open- 
circuit exposure for 500 sec following passivation by 
an anodic sweep to 0.8V (solid lines) and by the 
anodic etch t rea tment  at 100 mA/cm 2 for 90 sec 
(dashed l ines).  The curves obtained after the open- 
circuit  exposure following passivation at 0.8V exhibit  
sharp passivation peaks similar  to those observed for 
freshly polished electrodes. This indicates that  all 
three crystal  facets rapidly depassivate at open cir- 
cuit following passivation under  mildly  oxidizing 
conditions. After  open-circui t  exposure following the 
anodic etch treatment ,  however, repassivation peaks, 
al though somewhat broadened, are still observed for 
the {100} and {110} orientations, but  the anodic cur-  
ren t  is negligible for the {111) electrode. Thus, pas- 
sivation under  s trongly oxidizing conditions produces 
a stable film on the {111} surface, but  not on the 
{100} and {110} facets which still depassivate rapidly 
on open circuit. 

As shown in  Fig. 13, the time variat ion of the 
open-circui t  electrode potential  following the anodic 
etch t rea tment  also reflects the relative stabilities 
of the passive films formed on the various Ni facets. 
The {111} electrode quickly establishes a steady anodic 
potential  of about 0.5V, which presumably  corresponds 
to the equi l ibr ium between a stable passive film and 
the electrolyte. On the other hand, the {100} electrode 
appears to depassivate at some points on the surface 
wi thin  10 sec, so that the potential  is dr iven rapidly 
to 0.0V by Ni dissolution. As the depassivated areas 
mul t ip ly  and widen, Ni dissolution increases and the 
corrosion potential  (--0.1V) is approached. After  
about 300 sec, the potential  drifts more cathodic. This 
could result  from reduction and /or  dissolution of a 
second type of oxide in a duplex structure,  but  the 
subsequent  reversal  to the anodic direction is difficult 
to explain wi thin  this framework. It seems more 
reasonable that  the cathodic drift  is caused by re- 
stricted mass t ransport  of H + and O~ to the bare Ni 
areas which have become recessed by dissolution, as 
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Fig. 12. Anodic polarization curves at 50 mV/sec for single 
crystalline Ni electrodes rotating at 200 rpm in air-saturated 65 
w/o H3PO4 after 500 sec on open circuit following passivation at 
0.80V (solid curves) and following the anodic etch treatment 
(dashed curves). 

discussed in the preceding sections. Since mass t rans-  
port  is improved as the recessed areas widen, the 
potential  reaches a cathodic peak, then drifts anodic 
toward the corrosion potential. 

The behavior of the {110} or ientat ion is intermediate  
between the other two. The potential  arrest  at about 
0.5V in Fig. 13 indicates that  the passive film on the 
{l l0)  surface is resistant to dissolution. But the elec- 
trode potential  rapidly drifts fur ther  cathodic after 
i00 sec, indicat ing that significant breaks have ap- 
peared in the surface film. The depassivation process 
then proceeds in  a fashion similar  to that for the 
{I00} surface. 

The stable oxide produced on the {111} surface 
under  strongly oxidizing conditions may involve for- 
mation of higher nickel oxides, deprotonation, or a 
combinat ion of the two. Changes in the oxide film 
thickness are not expected to be impor tant  in the 
passivat ion/depassivat ion behavior of Ni (8, 11, 12). 
Protons probably play a role since we have found 
that the tendency toward passivation in neut ra l  sul-  
fate solution is in the order {100} > {110} > {111} 
orientation, which is opposite to the order of oxide 
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Fig. 13. Time variation of the open-circuit potential of s~ngle 
crystalline Ni electrodes at 200 rpm after the anodic etch treatment 
in air-saturated 65 w/o H3PO4 solution. 

film s tabi l i ty  repor ted  here  for phosphoric  acid solu-  
tion. 

Recently,  MacDougal l  and Cohen (12, 13) have sug- 
gested that  film b reakdown  on Ni in sulfate solutions 
occurs by chemical  a t t ack  at  defect  sites, fol lowed 
by  undermin ing  of the  oxide film by Ni dissolution. 
Since these authors  did not  repor t  on the effects of 
va ry ing  solut ion mass t ranspor t ,  i t  is d i ~ c u l t  to 
de te rmine  the ex ten t  to which undermin ing  is im-  
portant .  I t  seems reasonable  to expect,  however ,  that  
c rys ta l  or ienta t ion  effects would also p lay  a significant 
role in the sulfate  system. On the other  hand, the 
present  resul ts  are  adequa te ly  expla ined  by  assuming 
that  pits and crevices in the oxide film grow la te ra l ly  
wi th in  the confines of specific crys ta l  facets. 

Conclus ions 
The resul ts  repor ted  here  show that  po lycrys ta l l ine  

Ni depassivates  p re fe ren t i a l ly  at  specific crys ta l  facets 

on open circui t  in 65 w/o  H3PO4 solut ion fol lowing 
an anodic etch t r ea tment  at  100 m A / c m  2 for 90 sec. 
The tendency  toward  depass ivat ion increases in the 
order  {100} > {110} > {111} orientat ions.  I ron i m p u r -  
it ies in the  subs t ra te  accelera te  the depassivat ion 
process and this impur i t y  effect is enhanced by  dis-  
solved oxygen in the electrolyte .  Such pa r t i a l  depas-  
s ivat ion can lead  to poor adhesion of electrodeposi ts  
by  pe rmi t t ing  apprec iab le  cur ren t  to pass th rough  
bare  spots wi thout  reducing the r ema inde r  of the 
surface film. 

Manuscr ip t  submi t ted  May 1, 1978; revised m a n u -  
scr ipt  received Ju ly  27, 1978. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1979 
JOURNAL. Al l  discussions for the  June  1979 Discussion 
Section should be submi t t ed  by  Feb. 1, 1979. 

Publication costs of this article were assisted by 
Rockwell International Science Center. 
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ABSTRACT 

Polarization curves of t in  were determined potent iodynamical ly  in de- 
aerated borate buffer at pH 8.5. MSssbauer studies were carried out at l iquid 
ni t rogen temperature  by transmission using foils of a luminum on which a 
thin layer of t in  enriched in ll9Sn was electrodeposited. The predominant  
t in  species in the passive film was Sn +4. The thickness of the passive film was 
a function of the applied potential  and ranged from 0.8 to 2.5 nm. The rate of 
tin dissolution in the borate buffer was insignificant even in the transpassive 
range. The surface product formed on t in after exposure to air for more than 
30 days could not be removed cathodically in the borate buffer. In situ emis- 
sion MSssbauer studies using ll9mSn were largely unsuccessful because of t h e  
low specific activity of the available isotope. 

The anodic behavior of t in  in alkal ine solution has 
been the subject of several investigations (1-11). Seven 
investigations used hydroxide solution (1-3, 5, 8-10), 
one invest igat ion used potassium hydroxide solution 
(11), three investigations used borate solution (3, 6, 9), 
and three investigations used sodium carbonate solu- 
t ion (3, 7, 9). The general  consensus arising from these 
investigations, based largely on galvanostatic and cou- 
lometric studies, is that  in the hydroxide and carbonate 
solutions SnO or Sn(OH)2 is formed at the more neg-  
ative potentials and SnO2 or Sn(OH)4 is formed at the 
more positive potentials. In  the region of - -900-  --600 
mV (vs. SHE) it is believed that divalent  t in  is formed 
first and is oxidized to te t ravalent  tin. The si tuat ion in 
the borate solution is much less clear because all the 
measured parameters  are so different from the values 
obtained in  the sodium hydroxide and sodium car- 
bonate solutions. Data summarized in  Table I and 
taken from the paper  by Pugh et al. (9) i l lustrate  

�9 this point. It will  be noted that the critical current  
density for passivity in  borate solution is over 4 orders 
of magni tude  less than that required in 1N NaOH 
solution and that the characteristic potential  values 
are different. In the more aggressive solutions authors 
have also noticed that the anodic oxide is sufficiently 
thick such that it exhibits color, and the color is a 
funct ion of the polarizing potential  and the time. It  ap- 
pears that  divalent  t in  has a long lifetime and is present  
on the electrode surface when polarization is carried 
out in the vicinity of the first max imum in hydroxide 
and carbonate solutions and that this divalent  t in  is 
fur ther  oxidized to te t ravalent  t in at more positive po- 
tentials. The si tuat ion is far from clear in  the borate 
solution and, in the words of Pugh et al. "The general  
pa t te rn  of passivation (as described above) was not 
followed in sodium borate electrolytes . . . .  " 

This work was under t aken  largely with three ob- 
jectives in mind: (i) to determine the chemical na ture  
of the passive film formed in borate solution under  
anodic polarization; (it) to determine its thickness 
under  various exper imental  conditions; and (iii) to 
determine the stabil i ty of the passive film under  differ- 
ent conditions of polarization. 

Previous studies of the oxidation of iron (22) and of 
the anodic behavior of cobalt by MSssbauer spectros- 
copy (13) have demonstrated that this technique can 
be sufficiently sensitive to characterize surface films. 
In the present  studies, MSssbauer spectroscopy in the 
absorption and emission modes of operation have been 
used to characterize the passive film formed on t in by 
polarization in buffered borate, pH 8.5. 

* Electrochemical ~ociety Active Member. 
Key words; Mttssbauer spectroscopy, passivity, tin, tin oxide. 

Absorption geometry is the conventional  method 
used in  MSssbauer spectroscopy. A single l ine source, 
110mSn in  CaSnO3, which emits 23.87 keV gamma, is 
resonant ly  absorbed by a specimen containing llgSn. 
The spectrum of the specimen is generated by measur-  
ing the absorption (count rate) as a function of veloc- 
i ty of the source. To obtain surface sensitivity, a speci- 
men with a high surface- to-volume ratio is required. 

In  emission MSssbauer spectroscopy the active 11~r~Sn 
isotope is deposited on the surface of tin. The spectrum 
is generated by resonant  absorption of the emitted 
gamma ray by a single l ine absorber, CaSnO3 enriched 
in ~lgSn. Auger aftereffects may affect the charge state 
of emit t ing 119mSn nuclei as has been discussed for 
emission studies using 5~Co. Since in the case of Sn 
both the parent  and daughter  isotopes are Sn, the for- 
mat ion of atypical valence states by chemical effects 
within the lattice of the corrosion layer  is less l ikely 
than that  found in  the 57Co --> 57Fe emission spec- 
troscopy. 

Experimental 
All potent iodynamic measurements  and polarization 

studies were carried out in deaerated buffered borate 
solution at pH 8.5 and room temperature.  Potent iody-  
namic curves were recorded cont inuously in both the 
increasing and decreasing potential  mode. The refer-  
ence electrode in  all  cases was a 0.1M calomel half-ceU 
and all potentials are given with respect to this e l e c -  
trode.  

In  order to carry  out M5ssbauer experiments  in  ab-  
sorption geometry of a th in  oxide on a t in  substrate 
it is necessary that  the volume of oxide/volume of sub- 
strate be as large as possible. The strategy adopted was 
to electroplate a thin layer of t in  enriched in ll9Sn on 
both sides of an a luminum foil 0.0065 cm in thickness. 
A l u m i n u m  was selected because o~ its low cross sec- 
tion for the 23.87 keV gamma ray and its inertness 
under  polarization conditions in the borate electro- 
lyte. Other sub~trates such as iron and copper were 
considered and were studied in  a pre l iminary  way, but  
they were discarded because  of possible complications 
from the formation of intermetal l ic  compounds at the 
copper/ t in  or i ron / t in  interface (12). 

Deposits with good adherence to the a luminum sub- 
strate and satisfactory in tegr i ty  (cL infra)  were ob- 
tained when the following procedure was used. The 
a luminum surface was polished with emery paper, 
etched in a hot solution of 10% NaOH, and finally im-  
mersed for a brief  t ime in  30% HNO~ at room tem- 
perature. The a luminum was thoroughly washed in 
distilled water  and allowed to dry. Tin was electrode- 
posited at a current  density of 0.2 A / d m  2 for 30 sec  

1 9 4 6  
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Table I. Important parameters derived from potentiodynamic 
polarization studies of tin in alkaline solutions at 25 ~ as 

determined by Pugh et el. (9) 

S o l u t i o n  

P o t e n -  Crit ical  C.D. in 
t ia l  at  P o t e n t i a l  C.D. f o r  pass ive  
m a x i .  r a n g e  of  pass iv i ty  r e g i o n  
m u m  s e c o n d  ( m A /  ( m A /  
( m Y )  p e a k  c m  ~) c m  ~ ) 

1N Na~CO8 -- 755 - 655- - 576 0.55 0.22 
0.1N N a O H  - 8 2 5  - 6 5 6 - -  536 5.70 0.02 
1N N a O H  - 870 - 7 0 0 - -  620 170 0.064 

( a t 4 0  o) 
0.1M s o d i u m  - 5 6 6  - 5 1 7 - - 4 1 7  0.007 0.002 

b o r a t e  (a t  40") 

while the plat ing bath  was main ta ined  at 70~ The 
composition of the bath  was 25 g/ l i ter  SnI4 in which 
the llgSn content  was enriched to 89%, 12 g/li`ter 
NaOH, 1.5 g / l i te r  CH3COONa, and 1 ml / l i t e r  of 30% 
H202. The average thickness of the res,ulting deposit 
was determined by dissolution of the t in  in 1M sulfuric 
acid and determining the t in  content  of the solution by 
differential pulse polarography. 

MSssbauer spectra were recorded on samples passi- 
vated in  the deaerated borate buffer at various poten-  
tials and for various periods of time. After  passivation, 
the foils were immedia te ly  plunged ir~to liquid ni t rogen 
and the spectra were recorded while the samples were 
main ta ined  in  the l iquid nitrogen. No evidence of a 
crystallographic t ransformat ion  to a- t in  was detected. 
The MSssbauer source was BaligmSnO~ with a 5mCi 
activity. X-rays  generated by the source were filtered 
from the beam by means of a pal ladium foil. All ab-  
sorption spectra are given with respect to BaSnOa as 
the reference. 

Emission MSssbauer spectra were obtained in the 
same cell previously used by Simmons et al. (13). Tin 
was electrodeposited from a dilute solution of ~19mSnC12 
that  was made sui tably conductive by the addit ion 
of 0.15 ml  of 4N I-IC1 and 0.7 ml of 2N NaOH to give a 
total plat ing volume of 10 ml. Prior  to plating, the t in 
substrate  was mechanical ly polished, etched in hot HC1, 
and thoroughly washed in  distilled water. The t in de- 
position was carried out at a current  density of 0.1 A/  
dm 2 and room tempera ture  for 8 hr. The specific ac- 
t ivi ty of the avai lable ~19mSn was 400 mCi /g  and the 
activity of the electrodeposit was approximately 4 ~Ci 
for deposit thicknesses of the order of 14 nm. Emission 
spectra were recorded using a Cal~gSnO~ absorber. 

Results 
Figure 1 shows the characteristic potent iodynamic 

curves obtained on the first scan of a cathodically 
reduced t in  deposit on a pure a luminum substrate. 
Figure  2 shows the curve obtained in  successive scans 
of the same sample after cathodic reduct ion preceding 
each scan. Figure 1 shows a peak at --350 mV which 
is missing in Fig. 2. Potent iodynamic curves of pure 
t in  were identical  to Fig. 2. Potent iodynamic curves of 
pure  a luminum also yielded the peak at  --350 mV 
dur ing  the first scan and the peak was absent  in suc- 
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Fig. 2. Potentiodynamic curve obtained on second and successive 
scans of a cathodically reduced tin electrodeposit on a thin-foil 
aluminum substrate. Note that the peak at - - 350  mV present on 
the first scan (Fig. 1) is now absent. 

cessive scans. On the basis of these measurements  it 
was concluded that  the --350 mV peak represents oxi- 
dat ion of the a luminum surface and that  once ~t oc- 
curred it played no fur ther  role in the potential  range 
to which the samples were subjected. A l u m i n u m  
appeared to be a satisfactory substrate for the t in  afiter 
this artifact was recognized. 

Figure 3 is the MSssbauer absorption spectrum at 
78~ of a t in electrodeposit that  was ca~thodically 
treated in  the borate solution for 10 min  at --1200 mV. 
The center of the peak is located at +2.60 mm/sec  
and the computer-calculated wid th  at  half  ma x imum 
is 0.99 • 0.01 mm. These values are typical  o.f those 
customari ly obtained for metall ic t in  and thus provide 
good support  for the views that  (i) the mater ia l  being 
studied was metall ic ,tin wi th  s imilar  crystallographic 
features as that  of bulk  tin; and (ii) the a luminum 
substrate had min imal  influence. The cathodically 
treated sample also yields no spectral evidence for 
the presence of Sn( IV)  at the surface so it  is felt that 
any  a i r - formed oxide or anodically formed oxide in a 
previous exper iment  was satisfactorily removed by the 
cathodic t reatment .  The presence of Sn( IV) ,  ra ther  
than Sn( I I ) ,  is used as the cri ter ion for the surface 
cleanliness on the basis of the work reported below 
and the work of Huffman and Dunmyre  (14). 

A question of utmost  importance to this study is the 
relationship between the area under  an absorption 
peak and the fraction of that  species present  in the 
volume exposed to the gamma ray flux. A part ial  
answer to this question was obtained by s tudying the 
dependence of the area unde r  the peak and the width 
at half  m a x i m u m  as a funct ion of the thickness of the 
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Fig. 1. Characteristic potentk~dynamlc curve obtained on the first 
scan of a cathodically reduced tin electrodeposit on a thin-foil 
aluminum substrate. 

Fig. 3. M6ssbauer absorption spectrum at 78~ of a tin electro- 
deposit that was cathodically treated in the borate buffer for 10 
rain at - - 1200  inV. 
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t in  through which the beam traversed under  conditions 
of a s tandard gamma ray exposure. ~gSn was electro- 
deposited on an a luminum substrate and different n u m -  
bers of the foils were compressed together and the 
MSssbauer spectrum was generated at l iquid ni t rogen 
temperature.  Data obtained from this s tudy are sum-  
marized in  Fig. 4. It  will  be noted that  the area under  
the peak does not depart  seriously from a l inear  re-  
lationship wi th  thickness in the rarLge of t in  thick- 
nesses studied, namely,  10-30 nm, and that  the width 
a t  half max imum does not change significantly in this 
same range. Al though similar  data were not obtained 
for t in  oxide on tin, it  is assumed that  the same rela-  
t ionship is obeyed and that  the area under  the oxide 
peak is an approximately l inear  funct ion of the amount  
present  at a s tandard gamma ray flux. 

It  rapidly became apparent  as this work progressed 
that  the two impor tant  spectral components were me- 
tallic t in  and SnO2. In  order to determine relative frac- 
tions of these two species, and thus SnO2 film thick- 
ness, it  is necessary to know the relat ive Debye-Waller  
factors of Sn and SnO2. The Debye-Waller  factor of 
bulk  SnO2 ~t 78~ is of the order of 0.5 (15) and that  
for t in is of the order of 0.4 (16). 

As a first approximation,  it is assumed that  t h e  
Debye-Waller  factors of metallic t in  and SnO2 in t h e  
passive film are the same at l iquid ni t rogen tempera-  
ture  and that  they are not s trongly a funct ion of the 
thickness of t in  nor  the thickness of the SnO2. On this 
basis it is qual i ta t ively determined that  the detection 
efficiency for SnO2 is equivalent  to a monolayer.  

Table II summarizes the MSssbauer parameters  cal- 
culated from the spectra for exper iments  in  which t i n  
was polarized over a potential  range of --890 to +{-1180 
mV after cathodic t rea tment  for 10 rain at --1200 inV. 
The thickness of the SnO2 was calculated on the basis 
of an average t in  thickness of 28.5 nm on each surface 
of the a luminum foil. Each run  was carried out on a 
different sample that  was electroplated under  identical 
conditions. Three samples were analyzed polarographi-  
cally as described previously and in  all cases the aver-  
age thickness of t in  was equivalent  to 28.5 nm. Thus, 
in  Table II the calculated film thickness of SnO2 is 
made on the basis of 28.5 nm (57 n m  for both sides 
of foil) in  all cases. 

A typical spectrum after polarization of a 10 nm 
thick t in layer  for 60 min  at +250 mV is shown in 
Fig. 5. The spectrum is adequately reproduced on 
the basis of a single peak for SnO2 and a single peak 
for metallic tin. 

No SnO2 peak was detected after cathodic reduction 
of samples that  had been stored in a closed container  
for less than 30 days. Storage of samples for longer 
times resulted in  the formation of surface oxides that 
could not be completely reduced. No study of this effect 
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features. 

os 
(ram/s) 

o o 
~o o ~  Oo 
o ~ o ~' o Sn (?;T) 

o o~O o~O~ 

% o 0 o ~  ~ ~ 

-2  - I  

oo o o 

%o~ %~o o o ~ 

o 

~ o 

~  
e ~ 

e ~ 

o~ 
eo 

I I I I i 
O I 2 5 4 

VELOCITY (ram/s) 

Fig. 5. MBssbauer spectrum of a tin sample polarized in borate 
buffer for 60 min at + 2 5 0  mV. 

was carried out and samples that  were not completely 
reduced were not used in the polarization experiments.  

As stated earlier, m a n y  authors have claimed the 
presence of Sn( I I )  in the passive film in  the more 
negative range of potentials. In  our  studies, however, 
no conclusive indication of Sn( I I )  compounds was ob- 
served in any of the absorption spectra. It cannot be 
said with assurance that  no Sn( I I )  was present  in the 
passive film; only that it was not present  in  any sig- 
nificant concentration. It can be said with assurance 
that Sn( IV)  was present  over the potential  range from 
--890 to +1180 inV. The MSssbauer parameters  for 
bulk SnO are the following: isomer shift :_ 2.71 m m /  
sec and quadrupole shift ---- 1.45 mm/sec.  Analysis of 
the spectra using these input  parameters  for the com- 
puter  fitting indicated that  the abil i ty to detect SnO 
was always within the uncer ta in ty  limits as a conse- 

Table II. Experimental data obtained from M6ssbauer experiments carried out in absorption geometry 

Information obtained f rom spectrum determined at 78~ 

Percent  Calculated 
Time of absorption Isomer* Width  at th ickness  

Polarizing polarization due to SnO= shift half max of SiO2* * 
potential (rain) ( % ) ( ram/see ) (ram/sec) (nm ) 

- 1200 10 0 - -  - -  - -  
( Cathodically 

treated) 
- 8 9 0  5 5.14 • 0.4 - 0 . 0 8  • 0.04 0.98 • 0.02 1.5 
- 875 60 8.00 • 2.16 + 0.04 • 0.10 1.12 • 0,17 2.3 
- 860 0.33 6.14 • 0.4 - 0.16 • 0.03 1.01 -~ 0.01 1.7 
- 8 4 3  60 5.50 • 0.94 - 0 . 0 4  --  0.07 1.28 • 0.25 1.6 
- 7 8 5  60 3.81 ----- 1.60 - 0 . 2 0  • 0.12 0.75 • 0.40 1.1 
- 785  60 2.70 • 1.09 -0 .12  • 0.10 0.65 • 0.33 0.8 
- 5 0 0  80 6.04 ----- 2,24 - 0 . 2 0  • 0.14 1.11 "4" 0.46 1.7 
+250 30 6.10 ----- 0.95 - 0 . 0 4  • 0.07 1.28 • 0.23 1.7 
+ 250 30 6.80 ----- 1.17 + 0.12 ~ 0.05 0.79 • 0.17 1.9 
+ 250 6 6.32 --  0.30 + 0.03 ----- 0.03 0.99 • 0,25 1.8 

+ 1000 60 7.97 +- 1.16 -0 .12  • 0.06 1.28 ----- 0.28 2.3 
+ 1100 60 8.85 • 0.45 +0.08 + 0.02 0.98 • 0.09 2.5 
+ 1180 3 8.19 • 1.05 -0 .04  • 0.05 1.20 • 0.18 2.3 

* With  reference  to BaSnOa. 
** It was  assumed that the Debye-Wal ler  factors  for  tin and SnO2 are approximate ly  the  same at 78~ 
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quence of the fact that the spectrum for metall ic t in 
overlaps that  for SnO. On the basis of these at tempted 
fits it was concluded that  SnO would have to be present  
in concentrat ions equivalent  to 0.6 nm before the un-  
cer ta inty would be exceeded. According to thermo-  
dynamic calculations, anhydrous SnO2 is the stable 
species relat ive to anhydrous SnO under  oxidizing con- 
ditions, but  Sn(OH)2 has stabil i ty over a l imited po- 
tent ial  range relat ive to Sn(OH)4 (17). A recent s tudy 
of the passivity of t in  in  hydroxide solution (10) 
claims the presence of SnO in the more negative range 
of polarization potentials on the basis of chemical shifts 
as determined by x - r ay  photoelectron spectroscopy. 
The conclusion is tenuous, / however, since other au-  
thors claim the inabi l i ty  tO distinguish between SnO 
and SnO2 on the basis of chemical shift alone (18). 

The average isomer shift for SnO~ obtained for all 
the experiments  summarized in Table II was --0.06 
mm/sec  relat ive to BaSnOs with extreme values of 
--0.20 and 4-0.08 mm/sec.  These values should be com- 
pared with an isomer shift of 0.00 mm/sec  selected 
by Greenwood and Gibb (19) after examinat ion of 
data in the l i terature.  The spectrum of Sn(OH)4 ob- 
tainted by Cohen et al. (20) yields a value of 0.0 m m /  
sec. Thus, the isomer shift does not give useful infor-  
mat ion  that  distinguishes between the anhydrous and 
hydrated forms of SnO2. 

The data in Table II indicate that at times of polari-  
zation of 30-60 rain the thickness of the oxide de- 
creased from 2.3 to 0.8 nm over a potential  range of 
--875 to --785 mV and then increased to 2.5 nm as the 
potential  was changed to 4-1100 mV. A similar  change 
in  thickness with potential  was observed by Ansell  
et al. (10) dur ing  polarization of t in  in  sodium 
hydroxide solution. They observed a decrease in film 
thickness from 3.5 nm at --950 mV (vs. Hg/HgO) to 
3.0 nm at --850 mV, followed by an increase to 8.6 nm 
as the potential  was increased in  steps to 4-400 mV. 
No data are available from the current  study to ana-  
lyze the reason for the change in film thickness with 
potential.  

The dissolution of tin, as judged solely by the lack 
of change in the in tensi ty  of the t in  peak, was negligi-  
ble in  60 min  at all potentials above --500 mV even 
wi th in  the transpassive region. For example, a t in elec- 
trode was polarized at -F 1050 mV for 400 min, at which 
potential  oxygen was vigorously evolved. The in tensi ty  
of the t in  absorption peak was practically the same 
under  these conditions as it was prior to anodic polar-  
ization, thus indicat ing no significant reduction in  the 
original  t in  thickness of 28.5 nm in  400 min. Some 
evidence, however, was found for t in  dissolution at 
--860 mV. Data are presented in  ~ig. 6 on a log-log 
plot for the rate of change in  cur ren t  passing through 
the interface as a funct ion of t ime at fixed potentials 
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Fig. 6. Log-log plot of change of current with time during polar- 
ization of a tin electro&posit on aluminum at - - 860  and + 2 5 0  
mY. 

of --860 and +250 inV. I t  wil l  be noted that  at the 
longer times, in the case of polarization at --860 mV, 
the current  passed through the interface is greater  than 
expected on the basis of extrapolat ion of the curve 
from data obtained at shorter times. At 4-250 mV all 
the data points fall on a log-log plot over the t ime in-  
terval  for which measurements  were made. One possi- 
ble in terpre ta t ion of the --860 mV data is that  dissolu- 
t ion of the oxide is cont inuously occurring and that 
some portion of the current  is being utilized to replace 
the dissolved oxide. 

The in situ emission experiments  yielded very poor 
spectra. The major  difficulty encountered was the low 
activity [typically 4 ~Ci] of the electrodeposited t in 
and the low Debye-Waller  factor probably due to the 
very low thickness. Although no data are available to 
determine how the Debye-Waller  factor is affected 
by thickness, in highly dispersed t in (d = 25 nm)  
Debye-Waller  factors of 0.25 and 0.022 were measured 
at 93 ~ and 300~ respectively (21). These results sug-  
gest a very low factor for films of 1-2 n m  in thickness. 
The low value may  have been avoided dur ing the mea-  
surements  at 78~ because of the frozen l iquid at the 
surface of the passive film which served as a solid 
matrix.  At this level of activity it was very difficult 
to separate a spectrum from the background. Figure 7 
is a spectrum generated dur ing an  8 day period while 
the t in  electrode was main ta ined  at a potential  of 
--800 mV. 

C o n c l u s i o n s  
MSssbauer spectroscopy is a suitable technique for 

s tudying the passive film formed on t in dur ing  anodic 
t reatment .  Satisfactory spectra were obtained at 78~ 
in absorption geometry using layers of a luminum foil 
on which t in enriched in 119Sn had been electrodepos- 
ited. In situ emission spectra were obtained using 
llgmSn, but  the qual i ty of the spectra was l imited by 
the low radioactivity of the th in  t in  electrodeposit 
used as a source. 

The anodic oxide formed on t in  in borate solution 
at pH 8.5 is resistant  to at tack by the electrolyte over 
a potential  range of --500 to 4-1100 mV. Some evidence 
was obtained that  suggested a low rate of dissolution 
dur ing polarization at --860 mV. The predominant  
species present  in the anodic oxide was te t ravalent  t in  
over the entire potential  range s,tudied, al though no 
conclusive s ta tement  can be made that divalent  t in  
does not exist at the surface in  the vicini ty of the 
negative potential  at which the current  densi ty is a 
maximum. No conclusive data were generated that 
permit ted de terminat ion  whether  or not the passive 
film contained water  or hydroxyl  ions in  appreciable 
concentration. 

s.o2 r + + + + 

+ /3-Sn Sn(OHI4 ~- + + +§ + 

+ # ~ + + +++++ + 

t +++ . + +§ +~"~ 

- -  ++  + + ~- + %  
+ 

+ + +++++ 
+ +  + + +  + 

++ §  § 
+ 

%++ 
+ 

I r I I I I I I I I I I 
-6  -5 -4  -3 -E - I  VELOOCITY (m l l s )  E 3 4 5 G 

Fig. 7. M6ssbauer emissEon spectrum of ~l~mSn on a tin substrate 
obtained over an 8 day period. The expected positions of peaks due 
to elemental tin, SnO, 5SnO �9 2H20,  SnO~, and Sn(OH)4 are indi- 
cated by arrows. 
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The thickness of t in oxide  formed af te r  polar izat ion 
for  30-60 min ranged  f rom a low value  of 0.8-1.1 nm 
at  --785 mV to a high of 2.3-2.5 nm at  1000-1100 mV. 

Tin surfaces p r epa red  by  electrodeposi t ion,  on which  
oxides had  been formed by  exposure  to air, were  sa t -  
i s factor i ly  reduced ca thodica l ly  to an ox ide - f ree  sur -  
face provided  tha t  the  surfaces were  aged in air  at  
room t empera tu r e  for less than  30 days. Longer  aging 
t imes resul ted  in the format ion  of surface products  
tha t  could not  be r ead i ly  removed  by  cathodic c lean-  
ing at  --1100 mV in the  bora te  buffer. 
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ABSTRACT 

A mathemat ica l  model  is developed based on a s tep d is t r ibut ion  in the  
radi i  of tunnels  of etched a luminum foil for e lect rolyt ic  capaci tors  which  
permi ts  calculat ing the dependence  of the  C-V product  (capaci tance X vol t -  
age) wi th  the anodizat ion voltage. The calculat ion is based upon a knowledge  
of the  pa ramete r s  character iz ing the dis tr ibut ion.  These parameters ,  namely  
mean  length  and radius,  wid th  and densi ty  of the  tunnels  of the e tched foil, 
can be easi ly  obta ined  in the case of h igh  vol tage foil by  scanning e lec t ron 
microscopy observations.  For  low vol tage foil i t  is difficult to expe r imen ta l l y  
de f ine  the  pa rame te r s  charac ter iz ing  the dis tr ibut ion,  and therefore  the  
p rob lem must  be hand led  inversely,  i.e., the  pa ramete r s  of the d is t r ibut ion  
funct ion in the  rad i i  of the  tunnels  have  been  ca lcula ted  f rom the exper i -  
menta l  C-V curve. 

The tunnel  etching of a luminum foil  is a technique 
usual ly  employed  in the manufac tu re  of e lect rolyt ic  
capacitors.  The  purpose  of the  etching is to en la rge  the 
useful  a rea  of the capacitor,  thus increas ing the ca-  
paci tance per  uni t  volume. It  is wel l  known tha t  the 
e lectr ical  p roper t ies  of the capacitors  s t rongly  depend 
on the etch morphology  of the  a luminum foil. In turn,  
the  etch morphology  of the foil is ve ry  much influ- 
enced b y  the source of the  foil  and  the  p re t r ea tmen t s  
undergone  by  the foil, the t empera tu re  and the cur-  
rent  dens i ty  of the  forming bath,  the  e lectrolytes  and 

Key words: capacitor, etching, oxide. 

thei r  addit ives,  etc. (1, 2). Dunn and Bolon (3) h a v e  
developed a technique for  visual izing the tunnel  
morpho logy  be low the surface o~ the foil. The method  
consists of obtaining,  by  anodization,  oxide repl icas  of 
the tunnels  which are  observed under  the  scanning 
e lect ron microscope (SEM).  Using this technique,  
Jackson (4) has s tudied the tunnel  format ion  in a lu -  
minum as a funct ion of the e lectrochemical  p a r a m -  
eters.  Dunn et at. (5) have  developed a s imple model  
in o rde r  to calculate the  dependence  of the s torage 
factor  C-V of an e lect rolyt ic  capaci tor  wi th  the  fo rma-  
t ion voltage. The  model  assumes that  the tunnels  are  
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cy l indr ica l  in shape and al l  of the  same radius.  As c a n  
be expected,  the  model  predic ts  a ve ry  a b r u p t  decay 
of t:he C-V product  when the anodizat ion vol tage  is 
suc~ tha t  the  oxide en t i r e ly  occupies the  volume of 
the  tunnel .  

One of the  main  object ives  of the  e lect rolyt ic  ca-  
paci tor  i ndus t ry  is to ob ta in  tha t  e tch morphology,  
i.e., the  size and shape of the tunnels  p roduced  by  
etching, which  gives the  highest  C-V product .  In  this 
sense, i t  is ve ry  convenient  to have a good knowledge  
of the var ia t ion  of the  C-V product  wi th  the  anodiza-  
t ion voltage. When  there  is a d is t r ibut ion  of the  size 
of the radi i  of the  tunnels,  the  decrease  of the  C-V 
product  wi th  the anodizat ion vol tage is less steep than  
tha t  p red ic ted  by  the model  of Dunn et al. In this 
work,  a calculat ion of the  C-V product  is made  for 
a s imple  d is t r ibut ion  in the  rad i i  of the  tunnels .  The 
method  can be ex tended  to more  complex dis t r ibut ions  
and i t  can be appl ied  also to tunnels  wi th  conical  
shape, such as those commonly  p resen t  in  the  foils 
used in low voltage appl icat ions  (4). The agreement  
be tween  the expe r imen ta l  values  and those p red ic ted  
by  the  model  is ve ry  sa t i s fac tory  for severa l  types  of 
etched a luminum foils. 

M a t h e m a t i c a l  M o d e l  
Equal tunnets.--Dunn etal.  (5) have  ca lcula ted  the 

produc t  CtV (Ct - -  tunnel  capaci tance per  uni t  a rea)  
of a foil  wi th  N tunnels  per  uni t  area,  al l  the tunnels  
hav ing  in i t ia l  rad ius  ?. and  length  l 

CtV ---- 'e~ 2ndN(~ - -  d) 
K 

{ d +  [2"56r2--O'Td2]l/' } -1 
in  --0.6d -~ [ 2 . ~ r  "[ : ~ ' / ~  [ i ]  

In this expression K is the anodizat ion constant,  i.e., 
the  thickness d of the oxide grown dur ing  anodizat ion 
pe r  appl ied  volt,  e is the  oxide 's  d ie lect r ic  constant,  
and eo = 8.85 X lO-12F/m. 

For  subsequent  discussions, i t  is more  convenient  to 
wr i t e  Eq. [1] in the  form 

CtV = eoe 2~r(l -- d)NF(d/r)  [2] 
lr 

with  
d 

F(d/r)  -- 
?. 

(d/T) -~ [2"56 -- 0"6(d/r)2]l/2 } -1 
In [3] 

--0.6(d/r) + [ 2 . 5 6 -  0.6(d/r)2] 1/2 

The funct ion F(d/r) depends exclus ive ly  on d/r, i.e., 
the  rat io  be tween  the thickness of the  oxide and the 
in i t ia l  rad ius  of the  tunnels.  I t  the re fore  represents  the  
occupancy of the  tunnels  by  the oxide, and we shall  
call  it  the occupat ion factor. This funct ion is r ep re -  
sented in Fig. t. Roughly,  i t  var ies  f rom 1 for a lmost  
empty  tunnels  (d < <  r)  to 0 when the tunnel  is com- 
p le te ly  filled by  the oxide (d --  1.633r). 

A simple distribution of tunne~s.--As has been sug- 
gested by  Morley  and Campbel l  (1), there  is in 
rea l i ty  a d i s t r ibu t ion  in the lengths and radi i  of the  
tunnels.  A Gauss ian  d is t r ibut ion  in the length  of the 
tunnels  should be easi ly t aken  into account in the  p r e -  
ceding model. In effect, since the product  CtV in Eq. 
[2] depends  l inea r ly  on the length  1 of the  tunnels,  
we can, in first approximat ion ,  subs t i tu te  I by  ~, t h e  
mean  value  of the dis tr ibut ion.  The d is t r ibu t ion  in the  
radi i  of the tunnels  is ev iden t ly  much ha rde r  to 
handle.  Let  us call  D (r) the d is t r ibut ion  function, i.e., 
the number  of tunnels  per  uni t  a rea  wi th  radi i  be-  
tween  r and r + ~r. The product  CtV will  then be 
given b y  

C t V  "-- ~oe 24~" J .  rmax" rD(r)F(d/r )dr  [4] 
train 

1.0 �84 
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OCCUPATION FACTOR, F(d/r) 
APROXIMATE HYPERBOLA 

1,633 
i "  
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0.2 0 5  1.0 2.0 

% 
Fig. 1. Representa,tion of the occupation factor F(d/r) and its 

fitted hyperbola for a single tunnel. 

where  we have  assumed d < <  T. The  d is t r ibut ion  
D(r) should also ver i fy  the  normal iza t ion  condit ion 
j 'D(r)dr = N. 

The in tegra l  of Eq. [4] is difficult to eva lua te  due 
to the  fact that  the  functions F(d/r) and D ( r )  a r e  
quite complicated in general .  Once the funct ion D ( r )  
is known, a n u m e r i c a l  in tegra t ion  should be pe r -  
formed, making  i t  necessary  to eva lua te  the  expres -  
sion [4] in each pa r t i cu la r  case. Our  purpose  is to find 
a compact  fo rmula  tha t  would  al low calcula t ion of 
the CtV product  in most  prac t ica l  si tuations.  The 
first s tep consists of assuming a s imple d is t r ibut ion  
funct ion in  the  radi i  of the  t u n n e l s  such as a step 
function: D (r)  --  Do in the in te rva l  train ~--- ?. ~-~ ?'max 
and D (r)  equal  to zero for al l  o ther  values  of r. The 
choice of a step funct ion is just i f ied b y  the fact  that  
the dependence  wi th  the  anodizat ion vol tage  tha t  we 
wil l  get is ve ry  s imi lar  to tha t  obta ined  by  using a 
Gaussian dis t r ibut ion,  and both can be ad jus ted  quite 
wel l  to the  expe r imen ta l  results.  If  r and 2a t  are  the  
mean  va lue  and the width  of the step dis t r ibut ion,  r e -  
spectively,  Eq. [4] can be wr i t t en  a s  

CtV = - -  2hi 2 -  - r F  ( d / r )  d r  [5] 
2h?. r -At  

Making the change of var iab le  ~" --  p r  and pu t t ing  
5 --_ Ar/-~ where  5 is a p a r a m e t e r  charac ter iz ing  the  
re la t ive  width  of the dis t r ibut ion,  we g e t  

eoe 1 ~'~1 + 
CtV = ~ 2~r~N - ~  '-Jl-8 pF (d/p-r) dp [6] 

K 

In analogy with  express ion [2], we can wr i te  Eq. [6] 
in the  form 

eoe 
CtV -- - -  2~rINr (d/r) [7] 

g 

where  

1 or  I+B 
%58(d/T) - - " ~ -  1-8 pr(d/pT)dp [ 8 ]  

is the new occupat ion factor for the step dis tr ibut ion.  1 
The evalua t ion  of the  in tegra l  in  Eq. [8] s t i l l  p r e -  

sents difficulties because the  funct ion tha t  appears  in 

Accoun t ing  for  the  con t r ibu t ion  of u n e t c h e d  areas  of  the  sur- 
f ace  to  t h e  C-V p roduc t ,  a m o r e  a u p r o x i m a t e  f o r m u l a  t h a n  Eq. 
[7] can be given.  T h e s e  areas ,  t o g e t h e r  with  t h e  b o t t o m  a reas  of 
the  tunne ls ,  m a y  a m o u n t  to about  6% of the  CtV p ro d u c t  fo r  the  
h igh  vo l tage  foil e m p l o y e d  in this  work .  ( In  the  low vo l t age  foil 
this  f r ac t ion  is s o m e w h a t  sma l l e r ) .  
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Table I. Values of the occupation factor r 

B 
d / r  0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

0.I 0.996 0.996 0.996 0.998 0.996 0.996 0.996 0.996 0.996 0.996 0.995 
0.2 0.991 0.991 0.991 0.991 0.991 0.991 0.991 0.991 0.991 0.988 0.987 
0,3 0.986 0.986 0.986 0.986 0.986 0 986 0.985 0.985 0.983 0.977 0.976 
0.4 0.980 0.980 0,980 0.980 0.980 0.979 0.979 0.977 0.969 0.963 0.963 
0.5 0.973 0.973 0.973 0.973 0.972 0.971 0,970 0.963 0.950 0.946 0.948 
0.6 0.965 0.965 0.965 0.964 0.963 0.961 0.956 0.939 0.929 0.927 0.930 
0.7 0.955 0955 0.954 0.953 0,951 0.947 0.930 0.912 0.905 0.906 0.911 
0.8 0.943 0,943 0.942 0.940 0,936 0,923 0.896 0.883 0.879 0,882 0.889 
0,9 0,929 0.928 0.926 0.922 0.913 0 881 0.859 0,860 0.850 0.856 0.866 
1.0 0.910 0.909 0,906 0.898 0.869 0.834 0.819 0.815 0.819 0.828 0.840 
1.I 0.886 0.884 0 877 0,857 0.807 0.783 0.776 0.778 0.786 0,798 0.812 
1.2 0.852 0,849 0.833 0.779 0.741 0,729 0.730 0.738 0.750 0.765 0,782 
1.3 0,804 0.796 0.752 0,689 0.672 0,672 0.681 0,695 0.712 0.731 0.752 
1.4 0.727 0.705 0.620 0.597 0.600 0.613 0,630 0.651 0.672 0.695 0.719 
1.5 0.587 0.511 0.486 0.501 0.525 0~551 0.579 0.604 0.631 0.656 0.684 
1.6 0.248 0.283 0.352 0.404 0.448 0.487 0.522 0.556 0.587 0.618 0.648 
1.7 0.091 0,223 0.307 0,370 0.421 0.465 0.505 0.542 0.577 0.610 
1.8 O.O00 0.107 0.213 0.291 0.354 0.407 0.453 0.496 0.535 0,571 
1.9 0.020 0.124 0.214 0 287 0.348 0.400 0.448 0 491 0.531 
2.0 0.048 0,140 0.220 0 238 0.346 0,399 0.446 0,489 
2.1 0.002 0.073 0,155 0.228 0.272 0,349 0.400 0,447 
2.2 0.020 0.095 0.170 0.238 0.298 0.353 0.403 
2,3 0.042 0,114 0.184 0,248 0,306 0.359 
2.4 0.006 0,064 0.132 0.198 0.259 0,315 
2.5 0.022 0,084 0.149 0.212 0,270 
2.6 0.000 0,041 0.103 0.165 0.225 
2,7 0.010 0.060 0.121 0.181 
2.8 0.025 0.079 0.138 
2.9 0.003 0.042 0.097 
3.0 0.013 0.060 
3.1 0.000 0 020 
3.2 0.000 

the in tegrand  is quite complex. A simple approx imat ion  
would be to subs t i tu te  the funct ion F(d/r)  with  a hy -  
perbola  function. Using the hyperbo la  shown in Fig. 1, 
the  difference wi th  the occupat ion factor  is less than 
5% in the  in te rva l  0 ----- d/r  ~-- 1.5. For  values of d/r  
between  1.5 and 1.633, the difference in ordinates  might  
be g rea te r  than  5%, a l though the separa t ion  in ab-  
scissas is less than  3%. In any case, the  approximat ions  
inherent  to the  model  (step dis tr ibut ion,  cyl indr ica l  
tunnels,  etc.) are  l a rge r  than those in t roduced in the 
above mathemat ica l  approach.  

In  the  Append ix  we give the  equat ion of the  t r ia l  
hyperbo la  as wel l  as the  detai ls  of the calculat ion of 
the occupat ion factor.  However ,  f rom a prac t ica l  point  
of view, i t  is more  advisable  to use the  occupat ion 
function in a t abu la ted  form (Table  I) or  in a g raph i -  
cal representa t ion,  such as tha t  of Fig. 2. I t  can be ap-  
prec ia ted  f rom this figure that  as the  width  b of the 
d is t r ibut ion  becomes larger ,  the occupat ion factor  de-  
creases more  and more  s lowly wi th  d / r .  The occupa-  
t ion factor  F ( d / r )  given by  Eq. [3] appears  now as a 
par t i cu la r  case of v6 (d / r )  for  8 --  0. 

More general types o] distributions.~The tunnels  of 
the high vol tage a luminum foil  have a nea r ly  cyl in-  
dr ical  shape as a consequence of the chemical  a t tack  
in HNO3 undergone  by  the foil  af ter  the  e lec t rochemi-  
cal e tching (6). In  addit ion,  the  d is t r ibut ion  in radi i  is 
ve ry  narrow.  Due to these facts, the  approx imat ion  

10 

~ 8 ( % )  

0.5 

, , , I \ \ , ' ~ " ~ ' ~ , ~ .  , 
1.0 2.0 3.0 

% 

Fig. 2. Occupation factor ~(d/r) of a step distribution in the 
radii of the tunnels for several relative widths of the distribution. 

discussed in  the preceding  p a r a g r a p h  is good enough 
to ad jus t  the  exper imen ta l  values  of the  CtV product  
as we shall  see in the  next  section. On the o ther  hand, 
the foil for low vol tage appl icat ions  does not  usual ly  
go through the chemical  etch, resul t ing  in tunnels  
wi th  somewhat  conical shape and a wide d is t r ibut ion  
in radi i  (5). As Mor ley  and Campbel l  (1) have shown 
in this case, the  d is t r ibu t ion  D(r)  is asymmetr ic  and 
presents  a tai l  in the region of large  radii .  

Given a genera l  d is t r ibut ion  l ike  the  one r ep re -  
sented in Fig. 3, we can a lways  make  an app rox ima-  
tion to it by  means  of severa l  step dis t r ibut ions,  as is 
schemat ica l ly  shown in the figure. In  this case, the  
product  CtV will  be given by  

~0 e _ _ _  

CtV = ~ 2~/ [ rzNl~zCd/~)  + r2N2~2(d/Y~) ] [9] 
K 

with the total  concentra t ion of tunnels  N _-- Nz + N2. 
We can wr i te  Eq. [9] in  a more  compact  manner  by  
p u t t i n g  N 2 / N 1  --~ a ,  a n d  r 2 / r z  _~ fl (c~ _~ A r 2 / ~ r ~  w h e n  
the two step dis t r ibut ions  of Fig. 3 have the same 
height) .  Thus 

eoe 

C t V  = - -  2~re f fN lCe f f  ( 8 1 8 2 )  [ 10 ]  
K 

/kr~ 

D { r )  

Fig. 3. Example of the approximation of a general 
distribution by two-step distribution functions. 
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where reft and ~efr(~l~2) are, respectively, the effective 
radius and the new occupation factor of the dis t r ibu-  
tion, and are given by 

Tlff "-- T1 - -  [II] 
I+. 

r (d/;1) + -Poe2 (d/P;~) 
~,~. (~,~) = [12 ]  

l + a p  

The new occupation factor Cefr(518s) has been nor-  
malized in  such a way that  it  varies between 0 and 1, 
resul t ing in  an  effective radius rerf ~within ~ and ~ .  

The case of a symmetr ic  dis t r ibut ion function, a 
Gaussian, for example, can be handled by the above 
approximation making r-x -- ~ .  The corresponding oc- 
cupation factor Ceff takes values be tween e81 and r 
gett ing closer to r when  52 increases with respect to 
61 (the converse is also t rue) .  In  any case, the new oc- 
cupation factor is quite similar to a step dis tr ibut ion 
with a width between 5t and 52. In  this way, the step 
dis t r ibut ion approximation developed in  the preceding 
paragraph is fur ther  justified. The observations that  
we have made for symmetr ic  distr ibutions do not 
apply in  the case of asymmetr ic  dis tr ibut ions t reated 
in  this paragraph. In  this event, we have to add at 
least two occupation functions with different radii  
rl  and r2, resul t ing in  a new funct ion bounded by the 
above two. 

Experimental Results 
The interest  of the occupation funct ion resides in  

the fact that  it helps to predict, in  a simple manner ,  
the dependence of the CtV product  of an etched a lu-  
m i n u m  foil as a funct ion of the anodization voltage. 
To this end we have to know the parameters  character-  
izing the shape and dis t r ibut ion of the tunnels  which 
can be obtained in most cases by SEM. Figure  4 shows 
the var ia t ion of the CtV product  for commercial  high 
and low voltage a luminum foils employed in  the pro- 
duction of electrolytic capacitors. The a luminum foils 
were anodized in  a typical electrolyte composed of 
an aqueous solution of boric acid, ammonium penta-  
borate, and glycol. The capacitance at 100 Hz of the 
foil has been measured in  a boric acid solution (# = 
100 s cm) wi th  a Hewlet t -Packard  Model 4261A ca- 
pacitance bridge. 

The curve of the high voltage foil in Fig. 4 has been 
calculated employing a simple dis tr ibut ion of tunnels,  
as outl ined in Eq. [7] and [8], assuming an anodiza- 
t ion constant ~ -- 14 A/V and a dielectric constant 
�9 ---- 8.4 for a luminum oxide (7, 8)]. For this pur -  
pose, replicas of the tunnels  were obtained by the 
technique of Dunn  and Bolon (3) and observed undez 
the scanning electron microscope (Fig. 5) both per-  
pendicular  and paral lel  to the original  surface of the 

> 
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EXPERIMEN AL VALUES 

2 0  THEORETICAL VALUES 

10 i I l r i i if I I I l I lhl 

5 0  100  5 0 0  1 0 0 0  

FORMATION VOLTAGE (Volts) 

Fig. 4. Experimental values and computed curves for the CtV 
product for high and low voltage aluminum fail. 
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Fig. 5. (a) SEM micrograph of the surface of high voltage etched 
aluminum foil (reticule, 1 ~m); (b) SEM micrograph of a cross 
section of the same foil obtained by the replica technique men- 
tioned in the text (reticule, 10 #m). 

a luminum foil. From the microphotograph of Fig. 5 
the following parameters  characterizing the tunnels  
are observed: r _-- 0.5 ~m; hr -- 0.2 #m; I _~ 30 ~m; 
and N _~ 17 X 106 cm -2. As it  can be appreciated, the 
concordance between the curve predicted by the model 
and the exper imental  results is quite good. 

The curve corresponding to the low voltage foil in  
Fig. 4 cannot be adjusted with just  one-step dis t r ibu-  
t ion in  the radii  of the tunnels.  It  is evident  from the 
microphotograph of Fig. 6 that  the dis t r ibut ion of radii  

Fig. 6. SEM microgra~h of an oxide replica of the tunnels in low 
voltage etched aluminum foil. 
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is much wider  than  in the  high vol tage  case, and  also 
tha t  the tunnels  present  a conical  shape. Due to the 
difficulty in  get t ing the  pa rame te r s  of the  d i s t r ibu-  
tion, in this case we proceed in an inverse  manner .  This 
consists of ad jus t ing  the expe r imen ta l  points  wi th  an 
occupat ion function corresponding to an asymmetr ic  
d is t r ibut ion chosen in such a way  that  the er ror  is the 
least  possible one. By this p rocedure  we obta in  an 
effective radius  reff --  0.1O ~m and a to ta l  tunnel  length 
N[  : 7.3 • 109 ~m/cm 2, which compare  wel l  wi th  
typical  values  found in low voltage foil (4, 5). Now, 
i t  is not possible to separa te  the values of N and I un-  
less we resor t  to precise measurements  wi th  the scan-  
ning e lect ron microscope. 
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A P P E N D I X  
The equat ion of the  hype rbo la  resul t ing  in the best  

fit for the occupat ion ~actor of Eq. [3] is given by  

0.166 
F(d/r )  ,-~ t- 1.066 

( d / r )  - -  1.742 

I t  can also be numer ica l ly  shown tha t  if  a step dis-  
t r ibu t ion  in  the  radi i  of the tunnels  is used to adjus t  
the  values of the CtV product  given by  Eq. [7] and [8] 
to the  exper imen ta l  points, i t  is p rac t ica l ly  immate r i a l  
to use e i ther  the funct ion F(d/r)  or the  hyperbola .  
When per fo rming  the in tegra t ion  in Eq. [8] i t  should 
be noted that  the  funct ion F(d/pr) does not contr ibute  
to the  in tegra l  when d/pr > 1.633, whi le  the  fitted 
h y p e r b o l a  is different  f rom zero in that  interval .  This 
difficulty can be overcome by comput ing the in tegra l  

H 

in two different  in terva ls  of the  pa rame te r  d/r. For  
values of the  pa rame te r  up to 1.633 (1 --  8), where  
is the  re la t ive  wid th  of the  dis t r ibut ion,  the  in tegrand  

is a lways  posi t ive and the calculat ion of the  in tegra l  is 
quiet  s t ra ight forward .  In  the in te rva l  1.633 (1 --  8) 

d / r  "~ 1.633 (1 ~- 5), the  hype rbo la  is posi t ive only 
when p > (d/r)/1.633. The negat ive  values of the 
hyperbol ic  funct ion can be e l imina ted  if the lower  
l imi t  of the  in tegra l  is changed to 0.1624 (d/r).  The 
hnal  resul t  is the ~ollowing: 

(i) In  the  in te rva l  0 < (d/~)  < 1.633 (1 --  5) 

1 r1+6 [ 0.166 ] 
r -- - ~  J l -~  p (d /p~  ='1.742 -t- 1.066 dp 

0.0110 
--  1 --  O.0882(d/r) - -  ( d / r )  s 

8 

1.742(1 + 8) - -  (d/'~) 
In 

1.742(1 --  5) - -  (d/~) 

(ii) In the  in te rva l  1.633 ( 1 -  5) < (d/r) < 1.633 
( I  ~- 8) 

1 S1+8 , [  0.116 1.066]d, 
~26(d/-?) --'~'~ 0.612(d/r) (d/pT) --  1.742 + 

(I + 5)s (I + 8) 
-- -- 0 . 0 1 9 1 - -  (d/Y) 

48 8 
0.082 0.011 

- - -  ( d / ~ ) ~  . . . . .  ( d / ~ ) :  
8 8 

In 15 ( g / f )  
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Anodic Synthesis of Organic Carbonates 
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ABSTRACT 

Carbonic acid esters (carbonates)  a re  produced by  electrolysis  of carbon 
monoxide  and the corresponding alcohol in the  presence of a ha l ide  e lec t ro-  
lyte.  The hal ide  e lec t ro ly te  p lays  a ca ta ly t ic  role in carbonate  formation.  
The efficiency for  the process depends,  among o ther  var iables ,  on the s ta r t ing  
alcohol. Both mono and 1,2-dihydric a l iphat ic  alcohols form carbonates  in high 
yields.  Under  our  e lect rolyt ic  conditions, wi thout  opt imizat ion,  d ime thy l  car-  
bonate  f rom methanol  and e thy lene  carbonate  from e thylene  glycol  were  
formed with  80 and 45% current  efficiencies, respect ively.  One mole  of h y -  
drogen  is l ibe ra ted  per  mole  of carbonate.  Organic  carbonates  represent  a 
class of impor tan t  indus t r ia l  solvents. They are  commerc ia l ly  produced via  
employment  of phosgene; HC1 is fo rmed as a b y - p r o d u c t  The electrochemical  
process obviates  the use of phosgene and e l iminates  the  hydrochlor ic  acid 
disposal  problem.  

In te res t  in the e lectrochemical  react ions of carbon 
monoxide,  carbon dioxide,  and other  cheap, r ead i ly  

Electrochemical Society Active M e m b e r .  

Key words: electrolyte, catalysis, solvents, environment.  

avai lab le  r aw  mater ia l s  has been renewed  lately.  The 
possibi l i ty  of thei r  use as bui ld ing blocks for var ious  
commerc ia l ly  impor tan t  chemicals  is increas ingly  ap -  
pealing. In  this context,  the demonstrated electro- 
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chemical reductive te tramerizat ion of CO to squarate 
ion is most in t r iguing (1). A similar  reaction with 
direct anodic oxidation of carbon monoxide has not 
been reported. Indirectly,  carbomethoxylat ion of an 
aryl olefin 1 (2) and carbonylat ion of certain aro- 
matic hydrocarbons (3) have been achieved. These 
appear  to remain  isolated cases of CO part icipation 
in  anodic reactions from a synthetic point of view. 
The present  paper describes the synthesis of carbonic 
esters (carbonates) by electrolysis of carbon monoxide 
in  alcohols in the presence of a halide electrolyte, 
represent ing an addit ional  example of an indirect  
anodic reaction. 

The electrooxidation of methanol  in  aqueous solu- 
tions has been studied extensively in  relat ion to fuel 
cell applications (4). In  acid solutions, carbon dioxide 
is the principal  product, with traces of formaldehyde 
and formic acid. In  alkal ine solutions, there is part ial  
oxidation to formate. The anodic oxidation of absolute 
methanol  has been studied to a l imited degree, in  
spite of the fact that methanol  has been widely used 
as a solvent for various electroorganic oxidations 
(5). Depending on the type of support ing electrolyte 
used, the following major  products were obtained 
in the oxidation of methanol  on pla t inum:  dimethoxy- 
methane  (NaC104, t e t r abu ty lammonium fluoride) (6), 
formaldehyde (NaOCH~) (6-8), and methyl  formate 
(NaI) (9). With sodium phenate electrolyte, no anodic 
reaction is reported to occur (8). The discharge of 
chlorine ion is the predominant  reaction in  the pres-  
ence of l i th ium chloride. Some formate was detected 
(8). Addit ion of water  (up to 10%) did not have a 
significant effect on the current  efficiency for for- 
maldehyde formation (NaOCH3) (7); higher water  
content  (or employment  of KOH electrolyte) favored 
formate formation (8). The ethanol oxidation on 
p la t inum produced analogously diethoxyethane 
(NaOC14, TBAF) ,  acetaldehyde (NaOC2HD (6), and 
ethyl formate (NaI) (9). 

Commercial  production of carbonates involves the 
use of phosgene at elevated temperatures  (10). The 
main  advantage of the present  process is in obviat ing 
the necessity for storage and handl ing of phosqene, 
and disposal of hydrochloric acid. Other chemical 
routes to carbonates are also descl~i~ed, but e~ficiencies 
of these reacLions are not well established (11-13). 
Organic carbonates are used in many  industr ia l  ap- 
plications, such as solvents for polymers and resins 
in processing operations, and in the synthesis of 
pharmaceuticals,  rubber  chemicals, textile finishing 
agents, and polycarbonate resins. 

Experimental  
Constant current electrolysis.--Preparative scale 

electrolyses were conducted at constant current  using 
equipment  described elsewhere (14). A stainless steel 
(T316 SS) high pressure electrolytic cell, equipped 
with a graphite l iner  and changeable cathodes and 
anodes, was employed in all runs. One electrode 
served as a container for the solution to be electro- 
lyzed and had an approximate capacity of 300 ml. 
The second electrode was in  the form of a rod (Fig. 
1). The pressure bomb was supplied by Parr  Ins t ru-  
ment  Company (pressure rat ing 2000 lb max, 300~ 
and was in-house modified (head and l iners) accord- 
ing to our specifications. A cation exchange membrane  
(Ionics 61/DYG 067) was used to separate cathodic 
from anodic chambers in  some experiments.  

In  a representat ive exper iment  leading to high car- 
bonate yields, 200 ml of alcohol and 4.0g (0.04 moles) 
of NH~Br were charged into a stainless steel high 
pressure electrolytic cell and then pressurized with 
carbon monoxide to 100 atm. Commercial anhydrous 
alcohols were used without fur ther  purification or 
drying. Cosolvents were used where necessary. Graph-  
ite anodes and stainless steel cathodes were used 

1An act ive  in t ermed ia te ,  Pt~(CO)~,  w a s  f o r m e d  via cathodic  Pt 
dissolution, so this reaction is not solely anodic.  

Fig. 1. High pressure electrolytic cell and electrodes, a, 
assembled; b, detailed view. 

throughout  the work. The reported results were ob- 
tained in  a one-compar tment  cell. The electrolyses 
were conducted at constant current  at vary ing  anodic 
current  densities (20-120 mA cm -2) with equivalent  
results. A total of 0.45F was usual ly  passed. The tem- 
perature was mainta ined at 20~176 by a cold water  
circulating coil. 

Product  analyses were performed by GC, GC-mass 
spectrometry, and IR. Isolation of various products 
was achieved using preparat ive GC techniques. GC 
analyses of methanol,  ethanol, and ethylene glycol 
electrolysis products were carried out with a 5 ft • 
1/8 in. stainless steel column packed with Poropak 
PS (70 ~ -> 230~176 For analysis of aryl  and 
alkaryl  carbonates, a 2 ft • I /4  in. glass column 
packed with OV 17 (150 ~ -> 250~176 was used. 
A F inn igan  Model 3300 gas chromatograph/mass  spec- 
t rometer  operated in a chemical ionization mode with 
methane as the reagent gas was used for analysis of 
l iquid samples. Gas samples were analyzed by an 
AE[ ms 902 Mass Spectrometer (ionizing voltage 70 
eV). 

Potentiodynamic measurements.--The equipment  
and cell used in  these measurements  were previously 
described (14). A graphite rod anode (~1 cm 2 geo- 
metric area) and p la t inum clad t an ta lum were work-  
ing and auxi l iary electrodes, respectively. P la t inum 
and activated t i t an ium anodes [home-made according 
to previously published procedure (15)] were also 
tested. Solutions were purged with argon prior to 
the recording. 

Results 
Dimethyl carbonate.--Ef]ect of electrolyte and elec- 

trolyte concentration.--The electrolyte plays an essen- 
tial role in determining the type of products formed. 
Besides dimethyl  carbonate, methyl  formate and di- 
methoxymethane  are seen as the major  products in 
various experiments.  Some unidentified minor  corn- 



1956 J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December 1978 

Table I. Effect of electrolyte on product distribution in 
carbon monoxlde/methanol electrolysLs* 

Electrolyte  

Products** ( m o l e / F )  
Elec- 

trolyte  DJmeth-  
concen- Di- Methyl  oxy- Uni- 
t r a t i on  methyl*  * * for- meth-  denti- 

(M) ca rbona te  m a t e  ane  fiedt 

LiC1 0.2 0.08 (14.0) none  0.30 
LiBr  0.2 0.35 (70.0) 0.05 0.05 
NH~Br 0.2 0.35 (70.0) none  - -  

0.4 0.25 (50.0) 
1.0 0.13 (26.0) 

NH~Br ] 0.2 0.15 (30.0) none  trace 
H20 f 10 w / o  

Bu~NBr 0.06 0.13 (26.0) 0.12 trace 
0.2 0.10 (20.0) 0.80 - -  

NaI 0.2 0.22 (45.0) none  0.15 
LiC10~ 0.2 none  0.12 0.35 
NaOCHst t 0.2 none  - -  
NH4NOs 0.6 none  0.03 0.03 
NH4NOa \ 0.6 0.30 (57.0) t r ace  trace 
Br2 S 0.2 
I2 NI-I'NOa } 0.20"6 0.20 (42.0) t r ace  0.04 

HCI (aq. 0.3 0.10 (20.0) 0.10 0.20 
cone.) 

1.5 0.10 (20.0) 0.20 0.04 
H~SO4 0.5 norm 0.20 0.40 
H2SO~ ~ 0.5 0.25 (49.0) 0.15 0.20 
NH4Br J 0.2 

w 

+ 

+ 

* Graph i t e  anode,  100 a r m  CO, 20~176 0.45F. 
* * Liquid  phase .  

*** Pa ren thes i s  = c u r r e n t  efficiency, % (2 F / m o l e ) .  
- -  = none  or traces;  + = o , e  or  m o r e  componen t s ,  esti- 

mated  >1%. 
~t 0.1F passed,  not  analyzed for  f o rma lde hyde .  

ponents  may also be present. With a bromide electro- 
lyte, gas analysis showed the presence of CH3Br, 
CO2, and H 2  in the ratio 1: 10: 10. The data for various 
electrolytes shown in Table I were obtained after 
0.45F (12 A-hr )  with graphite anode at 100 atm car- 
bon monoxide pressure. The value in parentheses 
represents the current  e~c iency  (%) for dimethyl  
carbonate formation (based on a two-electron process). 

Our experiments  show that increase in the electro- 
lyte concentrat ion decreases the yields of dimethyl  
carbonate. 
Ef]ect o] CO pressure and temperature.--The effect 
of carbon monoxide pressure on dimethyl  carbonate 
formation is i l lustrated in  Yig. 2. The scattering of 
results may be due to inadequate mass t ransfer  (mag- 
netic s t i rr ing bar employed).  These data suggest that 
there is at least a 5% yield increase os dimetlzyl car- 
bonate for each 6.8 atm (100 psi) increment  of carbon 
monoxide. The reactions were conducted in the tem- 
perature  range 20~176 Our exper imental  facilities 
did not permit  going above 100 atm. 

No essential difference in  dimethyl  carbonate yields 
was observed when the reactions were carried out 
at 20~176 as compared to 50~176 By-product  for- 
mation (methyl  formate, d imethoxymethane)  is, how- 
ever, somewhat increased at higher temperature.  

Ef]ect o] current density, electrode materials, and cell 
configuration.--Electrolysis of CO in methanol  con- 
ducted at 20 and 120 mA cm -2 (geometric area) on 
graphite gave identical current  etficiencies for di- 
methyl  carbonate formation. When a graphite anode 
was subst i tuted by p la t inum (on tan ta lum) ,  rapid 
dissolution of the anode took place at the higher 
current  densities ( B r -  electrolyLe). Similar  behavior 
was observed with activated t i tan ium anodes (~r + 
Se on Ti) in cyclic vol tammetry  experiments.  A stain-  
less steel cathode was used in  all experiments de- 
scribed. The separation of anodic and cathodic com- 
par tments  was essential only at low cathodic current  
densities, as can be seen from Table II. At higher 
cathodic current  densities, dimethyl  carbonate yields 
were not affected by el iminat ion of separator. 

Other carbonates.~Diethyl carbonate.--The synthesis 
of diethyl carbonate from ethanol and carbon monox-  
ide was conducted under  electrolytic conditions which 
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Fi 9. 2. Current effleieney dependence on carbon monoxide pres- 
sure in the synthesis of dimethyl carbonate. 

led to the highest yield of dimethyl  carbonate in this 
work (0.2M NH4Br, 100 atm).  Apart  from diethyl 
carbonate (26% current  efficiency, based on 2F/mole) ,  
ethyl formate was observed as the major  by-product .  
Some unidentified products were also seen. The data 
for this and other carbonates are presented in Table III. 

Table II. One- vs .  two-compartment cell in dimethyl carbonate 
formation 

Cathode Dimethyl  
c u r r e n t  ca rbona te ,  
dens i ty  c u r r e n t  

Elec- ( m A  efficiency 
t ro ly te  Cell cm -z ) ( % ) 

LiBr T w o - c o m p a r t m e n t  20 70 
0.2M (Cation e x c h a n g e  

m e m b r a n e  ) 
O n e - c o m p a r t m e n t  20 15 

NH4Br T w o - c o m p a r t m e n t  20 70 
0.2M (Cation exchange  

membrane)  
O n e - c o m p a r t m e n t  120 70-80 

Table III. Effect of starting alcohol on carbonate formation* 

Cosol- Carbona te ,  curr .  eft. 
Alcohol  v e n t  E lec t ro ly te  (%) 

Methanol  none  0.2M NH~Br Dimethy l  ca rbona te ,  70 
E thano l  none  0.2M NH~Br Die thyi  ca rbona te ,  26 
E thy lene  none  O.5M NH4Br E thy lene  ca rbona te  5- 

glycol 10 
E thy lene  m e t h a n o l  0.2M NI-I4Br ~ E thy lene  ca rbona te ,  45 

glycol L Dimethy l  ca rbona te ,  25 
Phenol  m e t h a n o l  0.2M NH~Br none  

0.1M NH4Br none 
Benzyl al- m e t h a n o l  0.2M NI-I4Br none 

cohol 
Cyclohex- m e t h a n o l  0.2M Bu~NBr none 

anel  

* Condit ions:  I00 atm CO, 20~176 graphite  anode,  0.2-0.5F. 
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Ethylene carbonate.--Due to the  lower  conduct iv i ty  
of e thy lene  glycol/0.2M NH4Br solution, the  e lec t ro l -  
ysis of e thylene  glycol  and carbon monoxide  was 
car r ied  out  wi th  h igher  e lec t ro ly te  concentra t ion than  
in  previous  exper iments  (0.5M NH4Br, 100 a tm) .  Under  
these conditions,  e thy lene  carbonate  was formed wi th  
5-10% cur ren t  efficiency (2F /mole ) .  Some un iden t i -  
fied products  were  detected.  When  methanol  was used 
as cosolvent  (e thy lene  g lyco l :me thano l  = 4:1) ,  and 
the NH4Br concentra t ion  was decreased to 0.2M, 
d imethy l  carbonate  and e thylene carbonate  were the 
only  products ,  wi th  cur ren t  efficiencies of 25 and 45%, 
respec t ive ly  (Table  I I I ) .  

Diphenyl carbonate, dibenzyl carbonate, and dicyclo- 
hexyl carbonate.~Electrolyses of phenol,  benzyl  a lco-  
hol, and  cyclohexanol ,  respect ively,  wi th  carbon mon-  
oxide  were  conducted in the presence of methanol  
(1: 1), in the usual  way  (0.2M NH4Br, 100 a tm) .  No 
evidence for  fo rmat ion  of diphenyl ,  dibenzyl ,  or d i -  
cyc lohexyl  carbonate  could be found. In te res t ing ly  
enough, in methanol  no t race of d imethy l  carbonate  
could be detected wi th  phenol  present  even in the 
r e l a t ive ly  smal l  smounts  ( ~ 5  w / o ) .  

Current-potential data.~Current-potential curves 
were  recorded in  methanol  solutions wi th  var ious  
e lec t ro ly tes  in the  absence of carbon monoxide.  Cur-  
r en t -po ten t i a l  profiles of methanol  wi th  suppor t ing  
e lec t ro ly tes  o ther  than  ha l ides  (5 w /o  H2SO4 or  5 
w /o  NH4NO3) d i sp lay  cur ren t  r ises commencing at  
about  1.5V vs. SCE. This cu r ren t  m a y  be due to the 
methanol  or  suppor t ing  e lec t ro ly te  anion oxidat ion,  
a long wi th  oxida t ion  of t races  of wa te r  p resen t  in 
the  solutions. When  ha l ide  anions were  added  to any  
of these solutions, the  cu r ren t -po ten t i a l  profiles were  
changed,  indica t ing  ha l ide  ion oxidat ion.  As expected,  
the  oxida t ion  potent ia ls  increase  in the fol lowing 
order :  I -  < B r -  < C1-. F igure  3 presents  cu r ren t -  
po ten t ia l  profiles for  oxida t ion  of iodide, bromide,  
and chlor ide  ions on graph i te  e lectrodes in H~rSO4/ 
CH3OH solution. 

The cu r ren t -po ten t i a l  curves in pure  H2SO4/CH3OH 
and wi th  va ry ing  concentrat ions  of added  NH4Br 
are  shown in  Fig. 4. The l imi ted  cur ren t  for B r -  
oxida t ion  is p ropor t iona l  to the  concentrat ion,  as ex-  
pected (16, 17). Repet i t ive  cycl ing of a 0.2M NH4Br 
solution for 30 min  did not  a l t e r  the  cu r ren t -po ten t i a l  
profile. Different  resul ts  were  obtained,  however ,  when 
s imi lar  exper iments  were  conducted in NH4NO:g 
CH8OH solutions. Peaks  represen t ing  b romide  ox ida -  
t ion were  il l  defined (Fig. 5). On repe t i t ive  cycl ing 
a cur ren t  decrease was observed.  
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Fig. 3. Current-potential profile of halide ions oxidation in 
H2SO4/methanol solution. Graphite anode (-~1 cm 2 geometric 
area); 25~ sweep rate 50 mV sec -1. I, 2 X 10- IM Nal; 2, 
2 Z 10-1M NH4Br; 3, 2 X 10-1M NaCI; 4, pure 5 v/o H2SO4 
in methanol. 
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Fig. 4. Current-potential profiles in pure HgSO4/methanol and 
varying concentrations of NH48r. Graphite anode (-~1 cm ~ 
geometric area); 25~ sweep rate 50 mV sec - I .  1, 2.55 X 10-ZM; 
2, 2.0 X I0-1M; 3, 1.27 X 10-1M; 4, 6 X 10-2M; 5, pure 
5 v/o conc. H2SO4 in methanol. 
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Fig. 5. Current-potential profile of bromide ion oxidation in 
NH4NO~/methanol solution. Graphite anode (~1 cm 2 geometric 
area); 25~ sweep rate 50 mV sec -1. 1, 6 X 10-2M NH4Br; 
2, pure 5 w/o NH4NO~ in methanol. 

Discussion 
Under  our  e lec t ro ly t ic  conditions,  e lectrolysis  of 

methanol ,  in the  presence of carbon monoxide  but  
wi th  e lectrolytes  o ther  than  halides,  p roduced  methy l  
formate  a n d / o r  d ime thoxymethane  (Table  I ) ,  as p re -  
v iously  observed (6, 9). D imethy l  carbonate  was not  
detected unt i l  the  addi t ion  of a ha l ide  ion. 

Addi t ion  of a ha l ide  ion, or free halogen, to the 
nonhal ide  e lectrolytes  resul ted  in d imethy l  carbonate  
formation,  along with  the usua l ly  observed  products.  
Under  cer ta in  e lec t ro ly t ic  conditions, d ime thy l  car -  
bonate  was the  pr inc ipa l  product  wi th  v i r t ua l ly  no 
o ther  products  fo rmed  (Table  I ) .  The presence of 
free halogen, added  or  genera ted  in situ, emerges  
thus as ins t rumenta l  for carbonate  formation.  Dimethy l  
carbonate  fo rmat ion  is therefore  a t t r ibu ted  to the 
indi rec t  reaction,  via ca rbonyl  halide.  A possible reac-  
t ion sequence is as fol lows: 

Scheme 1 

Anode: 

2Br- >Br 2 + 2e 

I ~ CO 2CI{301! 

9COBr 2 

Cathode: 2H + + 2e 

Overall: 2CH3OH + CO 

9 
} ( ' f l  I { } C O ( ? L I 3  ~ 2Br- 

) H 2 

) (CH30) 2CO + H 2 

+ 2H + 
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T h e  mechanism invoked in  Scheme 1 can adequately 
account for exper imental  evidence obtained in this 
work. 

The a l ternat ive  anodic mechanism (Scheme 2), in 
analogy to a suggested mechanism operating to a cer- 
ta in  degree in methanolic  chloride solutions (8), was 
ruled out based on the fact that  we did not detect 
a n y  dimethyl  carbonate in the solutions in which 
methoxy radicals are reported to be formed (NaOCHa) ~ 

Scheme 2 

Br- ~gBr" + e 

CH3OH + Br-~-~CH30~ + HBr 

CO, CH30" 
'~ (CH30) 2CO 

T h e  best yields of dimethyl  carbonate were gener-  
ally obtained with bromide electrolytes. The lower 
yields obtained wi th  chloride compared to bromide 
electrolytes are explained on the basis of low hE 
between chloride ion oxidation and direct methanol  
oxidation (see Fig. 3). Simultaneous oxidation of both 
may be thus possible under  steady-state conditions. 
Direct methanol  oxidation, even in the presence of 
CO, leads to products other than  dimethyl  carbonate 
a s  already seen. Format ion of d imethoxymethane along 
w i t h  dimethyl  carbonate is thus observed in  the pres-  
ence of chloride electrolyte. I t  should be emphasized, 
however, that  all  reported results were obtained with 
a graphite anode. It is conceivable that  substant ia l ly  
different product  distr ibutions could be obtained with 
various activated t i tan ium anodes, known for their  
catalytic effect on chlorine evolution (18). This re-  
mains  to be determined.  The lower yields obtained 
with iodide electrolytes are a t t r ibuted to an appar-  
ent ly  lower rate of CHaOH/COI2 interact ion com- 
pared to rates of possible side reactions. The forma- 
t ion of several unidentified by-products  is observed 
when CO was electrolyzed in methanol  in the pres- 
ence of iodide electrolyte (or upon addit ion of free 
Is to an  iner t  auxi l ia ry  nonhal ide electrolyte).  Al -  
though not identified, these products are believed to 
be the result  of direct iodinat ion reactions. 
T h e  water content  of methanol  solutions in  our 

work was general ly below 0.5%. Higher water  con- 
tent  can be tolerated with no, or only slightly, ad-  
verse effect on carbonate formation (2-3%). At 10 
w/o water  in methanol/NH4Br solution, current  ef- 
ficiency for carbonate formation was substant ia l ly  
decreased. Increased water  content  in  absolute alcohol 
reportedly leads to formate (with NaOCHa electro- 
lyte) (8). No methyl  formate was seen in our case, 
indicat ing that  different mechanisms would be re- 
sponsible for formate formation in these two media. 
Since no bui ldup of other ]products was observed, 
water  discharge and /or  methanol  oxidation to carbon 
dioxide appears responsible for decreased efficiency 
in carbonate production. 8 An interest ing dependence 
of methanol  oxidation peak potential  on water con- 
centrat ion was observed earlier (8), making  such an 
explanat ion plausible. 

As has been shown (Table II) ,  high yields of di- 
methyl  carbonate can be obtained in a one-compar t -  
ment  cell at comparat ively high cathodic current  den-  
sities. At low cathodic current  densities, separation of 
anolyte and catholyte is required to secure high 
yields of dimethyl  carbonate. This observation in-  
dicates that  the anodic reaction products are decom- 
posed at the cathode at low cathodic current  densities. 
At high cathodic current  densities, hydrogen evolu- 
t ion is, presumably,  the predominant  cathodic reac- 
t ion and dimethyl  carbonate yields are not affected. 

W e  agree  wi th  Rev iewer  II's comment  that a more  l ike ly  radi- 
cal attack would  be on the C---H bond.  Scheme 2 is neverthe less  
included to show that,  even  if  possible ,  it would  not  be applicable 
in our case. 

CO oxidat ion to CO~ could  not  be excluded either.  

Anodic current  density has no effect on the product 
dis t r ibut ion wi thin  the range of the l imit ing current  
for bromine evolution. With bromide electrolyte, the 
choice of electrode materials  appears l imited to graph- 
ite. Neither p la t inum (on tan ta lum)  nor activated 
t i t an ium anodes could withstand bromine attack for 
a prolonged time. With a graphite anode, reproducible 
results can be obtained in most cases; however, a t ten-  
tion should be paid to the choice of auxi l iary  electro- 
lyte, if employed. Nitrate anion is found to reduce 
graphite activity with time for dimethyl  carbonate 
formation. Current -potent ia l  curves showed that  bro-  
mine  evolution in this medium is not simply diffusion 
controlled. This aspect was not studied in  detail. 

Increase of carbon monoxide pressure favors di- 
methyl  carbonate formation, as evidenced in  Fig. 2. 
While the reaction was not examined at pressures 
higher  than  100 atm, it  is believed that  reaction 
efficiency would fur ther  increase at higher pressures. 
An interest ing feature is that  while chemical forma- 
t ion of carbonates via phosgene is carried out at 
elevated temperatures,  the electrochemical approach 
does not require high temperature  for efficient reaction. 

Electrolysis of ethanol and carbon monoxide was 
investigated under  only one set of conditions, namely  
with NH4Br electrolyte (0.2M) under  100 atm of CO. 
As indicated (Table I l l ) ,  diethyl carbonate was the 
principal  product, bu t  formation of ethyl  formate 
was also observed along with a few minor  components. 

Ethylene glycol electrolysis in  the presence of carbon 
monoxide (and bromide electrolyte) led to the forma- 
t ion of ethylene carbonate al though in  low yields 
(Table III) .  When methanol  was used as cosolvent, 
s imultaneous formation of dimethyl  carbonate was 
observed without  any  addit ional by-products.  This 
result  suggests that  e thylene carbonate can be syn-  
thesized with high current  and mater ia l  efficiencies 
when an inert  cosolvent, ra ther  than methanol,  is 
employed. Ethylene carbonate itself could possibly 
be such a cosolvent. We did not a t tempt  to optimize 
conditions for the synthesis of each par t icular  car- 
bonate, but  ra ther  contented ourselves with demon-  
strat ing the general  val idi ty  of the concept for car-  
bonates formation. 

Based on our exper imental  evidence, the present  
electrochemical synthetic route to organic carbonates 
appears valid for aliphatic (mono- and 1, 2-dihydric)  
alcohols but  not for a lky l -a ry l  or aryl. No evidence 
for formation of dibenzyl or diphenyl  carbonate could 
be found, in  the few experiments  conducted (Table 
IH).  This did not come ent irely as a surprise for a 
number  of reasons (apart  from possible brominat ion  
on the r ing) ,  especially in the case of phenol electrol- 
ysis. Inhibi t ion of bromine  evolution upon addit ion 
of phenol has been previously observed (16). Also, 
no anodic reaction was observed when methanol  was 
electrolyzed in the presence of sodium phenoxide 
(8). Adsorption of phenoxy radicals is credited for 
inhibi t ion of bromine evolution. We believe that 
strong adsorption of phenoxy radicals and/or  forma- 
tion of an insulat ing organic film might be respons- 
ible for the total  "passivation" of the anode observed 
in  the second case. In  addit ion to the absence of 
phenyl  carbonate, no trace of dimethyl  carbonate was 
observed with methanol  as a cosolvent. This suggests 
that strong inhibi t ion of bromine evolution was taking 
place, in this case, in agreement  with previous ob- 
servations. Electrolysis of benzyl  alcohol and cyclo- 
hexanol  with methanol  as a cosolvent produced some 
dimethyl  carbonate, but  no other carbonates could 
be detected. This may be due to the different rates 
for aliphatic vs. alkyl-aromat ic  and alicyclic carbon- 
ates formation. Fur ther  studies will be conducted to 
assess whether  the problems encountered above could 
be circumvented and anodic synthesis of aryl, a lk-aryl ,  
and alicyclic carbonates achieved. 

The products of anodic methanol  oxidation are highly 
electrolyte dependent,  as already seen. Individual  
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mechanisms for some of these react ions have been 
suggested,  but  no effort has been made  to expla in  the 
d ramat ic  influence exercised by  var ious  electrolytes .  
Oxidat ion  of methanol  per  se was not  of p r i m a r y  
interest ,  and i t  was not inves t iga ted  in detail .  Never -  
theless, some observat ions  are  noteworthy,  i t  is ap-  
pa ren t  f rom our  resul ts  (Table  I) tha t  acetals  can 
be p re fe ren t i a l ly  formed in "acidic" (5 v /o  conc. 
H2SOD as wel l  as in "neut ra l"  (LiC1OD electrolytes .  
The fo rmat ion  of me thy l  formate  is favored  by the 
presence of a hal ide  electrolyte ,  in both "neut ra l"  
(Bu4NBr) or "acidic" (10 v /o  conc. HC1) media.  The 
l a t t e r  would  speak in favor  of the  mechanism pro-  
posed recent ly ,  where  me thy l  formate  is fo rmed via 
solut ion in terac t ion  wi th  e lec t rochemical ly  genera ted  
free halogen in a fa i r ly  involved fashion (9). The 
only  p rob lem is, however ,  tha t  our  yields of me thy l  
formate  in 0.2M Bu4NBr e lec t ro ly te  (in the presence 
of CO) h igh ly  exceed theore t ica l  yields  based on 
proposed 4 F / m o l e  (of ester)  reaction.  Par t ic ipa t ion  
of CO in the produc t  formation,  p r e sumab ly  via  chem- 
ical  reaction,  should be considered. This resul t  ob-  
v iously  deserves fu r the r  at tent ion.  

Summary and Conclusions 
Carbonic  acid esters (carbonates)  can be synthesized 

by  electrolysis  of carbon monoxide  and corresponding 
alcohols in the  presence of a ha l ide  electrolyte.  The 
ha l ide  e lec t ro ly te  is essent ial  for  carbonate  formation.  
Based on our expe r imen ta l  evidence, a mechanism 
is proposed whe reby  carbonates  a re  formed via in t e r -  
act ion of an alcohol wi th  an in situ genera ted  carbonyl  
ha l ide  (COC12, COBr2). Elevated  carbon monoxide  
pressure  is requ i red  to secure high yields.  The ef- 
ficiency of the process depends,  among other  variables,  
on the  type  of s ta r t ing  alcohols. Both mono and 1, 2- 
d ihydr ic  a l iphat ic  alcohols form carbonates  in high 
yields.  No evidence for fo rmat ion  of d iphenyl  car -  
bonate  could be found when phenol  was e lec t ro lyzed 
under  carbon monoxide  pressure  in the presence of 
a b romide  electrolyte .  Inhib i t ion  of b romine  evolut ion 
due to the  p re fe ren t ia l  adsorpt ion  of the  organic 
species on the electrode is bel ieved responsible  for 
the  lack of carbonate  formation.  The fa i lure  to ob-  
serve carbonates  der ived  f rom benzyl  alcohol and 
cyclohexanol  is a t t r ibu ted  to different  causes. 
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The Anodic Oxidation of Copper Amalgam and Polycrystalline 
Copper Electrodes in LiOH Solution 

S. Fletcher,* R. G. Barradas,* and J. D. Porter** 
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ABSTRACT 

The anodie behavior  of copper in l i th ium hydroxide solution was in-  
vestigated at room temperature  under  controlled potential  conditions. The 
electrodes were either saturated copper amalgams or small  polycrystal l ine 
wires. Par t icular  a t tent ion was focused on the copper (I) region. Two layer-  
planes of Cu~O were formed at anodic overpotentials following the dissolution 
of copper (I) hydroxy complexes on the COl~per amalgam electrodes. Some 
novel data are reported concerning the nucleat ion of holes in  these layers 
dur ing  the reverse reaction. Behavior analogous to that  of the amalgam elec- 
trodes was observed on the polycrystal l ine electrodes, except that  a thick 
layer  of Cu20 was also formed On top of the previously formed layer-planes.  
A model is proposed for the growth of this thick layer, and it  is demonstrated 
that  this model also describes the galvanostatic data acquired by earlier 
workers. 

The corrosion of copper in alkaline solution is of in -  
terest in  both chemical engineer ing and nuclear  reac- 
tor applications. For this reason numerous  exper imen-  
tal investigations have been performed on this system 
over the years (1-26). Pr ior  to 1969 most work con- 
centrated on the analysis of galvanostatic charging 
curves, which in  general  were poorly resolved ( i -14) .  
However two distinct solid phases were identified as 
being present  at the electrode surface dur ing  the cor- 
rosion process: Cu20 and Cu(OH)2. Subsequent  in -  
vestigations afforded greater resolution of exper imen-  
tal data than had previously been possible, but  the 
various interpretat ions of this data differ considerably 
(15-26). 

Although there is general  agreement  regarding the 
na ture  of the phases formed (1-26), few unambiguous  
conclusions can be d rawn from the l i terature regard-  
ing the electrode kinetics. We therefore suggest that  
a reappraisal  of the behavior  of copper in  alkal ine 
solution is in  order. We have taken the first steps in 
this reappraisal  by (i) considering the ini t ia l  events 
which occur dur ing the anodic oxidation of (disloca- 
t ion-free)  copper amalgam surfaces in  LiOH solutions, 
and (ii) by present ing correlation of these data with 
data recorded on polycrystaUine electrodes in  the same 
solutions. 

Experimental 
Saturated amalgams [,~5 mmoles Cu (27-32)] were 

prepared by direct combinat ion of mercury  (m5N8 
Alfa Inorganics) and an excess of sheet copper (5N 
Koch-Light)  under  dry ni t rogen for several weeks. 
The mercury  was tapped from the interior  of a reser-  
voir; the copper was washed prior to use in dilute 
Aristar  nitr ic acid and t r iply distilled water, then dried 
under  a s t ream of nitrogen, and added to the mercury.  
Amalgam samples were tapped directly from the stor- 
age container  into the syringe delivery system of the 
cell. 

The base electrolyte was 0.1M LiOH and was pre-  
pared by dissolving the anhydrous  alkali  (Matheson, 
Coleman and Bell) in  water distilled three times from 
alkal ine permanganate  solutions. Oxygen was purged 
from cell solutions using bottled ni t rogen (Linde) ;  
traces of oxygen were removed from the gas in wash 
towers of aqueous vanadium (II, III)  chlorides ac- 
cording to the method of Meites (33). The gas was 
finally passed through a tower containing the base 
electrolyte before enter ing the cell. 

* Electrochemical  Society  Act ive  M e m b e r .  
** Electrochemical  Society  Student  M e m b e r .  
Key words: films, growth, nucleation. 

The reference half-cell  used throughout  the present  
work was Hg/HgO. The electrode was prepared in  a 
manner  similar  to that  recommended by Ives and Janz 
(34). Mercury was d rawn from the inter ior  of a reser-  
voir and placed in the clean, dry electrode compart-  
ment, which was not treated in  any  way to produce 
hydrophobicity. A small quant i ty  of the oxide (Fisher) 
was then placed on the mercury  surface and the com- 
par tment  flushed with dry nitrogen. Under  the action 
of slight vibrat ion the  oxide rapidly spread over the 
exposed mercury  to form a homogeneous "skin" on its 
surface. After  assembly and preparat ion of the re- 
mainder  of the cell, deoxygenated base electrolyte 
was allowed to fill the compar tment  slowly through 
the Luggin capillary. Electrodes prepared in  this man-  
ner  became stable quickly (1 hr) and exhibited very 
reproducible potentials. 

The cell assembly is i l lustrated in  Fig. 1. The work-  
ing electrode was an amalgam drop (diameter : 1.47 
mm, area _-- 0.0653 cm 2) supported on the end of an 
up turned  capillary (ID ---- 0.551 ram). The capil lary 
length was kept short (8 mm) to reduce ohmic re-  
sistance between the drop surface and the working 
electrode terminal  H. The amalgam delivery system 
consisted of a gas-t ight chromatographic syringe (C, 
Hamil ton Company Model 1001) which incorporated 
a t ight-fi t t ing Teflon-tipped plunger.  The syringe was 
secured in an aligned mount  B, and the plunger  travel  
was accurately controlled by means of a d rum microm- 
eter A (Moore and Wright  Company) .  Zero levels 
were determined by microscopic observation of the 
capillary orifice using a cathetometer (The Precision 
Tool and Ins t rument  Company).  Reading and zero 
errors l imited the theoretical surface area reproduci-  
bil i ty to _+_0.8% for the drop size employed in the 
present  work. Prior  to any measurements  being made, 
the entire amalgam delivery system was washed with 
boiling t r iply distilled water  and then immersed in 
mercury  for several weeks to leach out any impurit ies 
possibly present in the Teflon. When in  use, the de- 
l ivery system could be refilled while assembled. 

During an experiment,  fresh surfaces were used for 
each measurement  to el iminate the possibility of con- 
taminat ion  of the electrode by any trace impuri t ies  in  
solution. Used drops were dislodged by streaming 
ni t rogen through the inlet  tube J. This procedure also 
served to agitate the cell solution between measure-  
ments. 

Some experiments  were also performed using poly- 
crystall ine copper wire working electrodes (25 rail, 
m5N Alfa Inorganics, geometric surfaces ~-,0.0250 cm 2) 
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Fig. I. The cell. (A) Micromet'er, (B) syringe mount, (C) 
syringe, (D) amalgam reservoir, (E) inlet/outlet tap, (F) luer 
connector, (G) Teflon tubing, (H) working electrode terminal, 
(I) flitted bubbler, (J) N2 inlet, (K) N2 inlet tap, (L) counter- 
electrode terminal, (M) Luggin probe, (N) N2 inlet tap, (0) 
reference electrode terminal, (P) counterelectrode. 

sealed in  Pyrex  tubes which could replace the gas in -  
let tube J. Immediate ly  subsequent  to being sealed 
and cut to length, the electrodes were washed briefly 
in  very dilute nitr ic acid, rinsed with degassed t r iply 
distilled water, and placed in  the cell. 

The reference electrode/probe assembly was de- 
signed to minimize in terna l  resistances. The resistance 
between the tip of the Luggin probe M and the refer-  
ence half-cel l  surface was kept as low as possible by 
constructing the probe for the most part  out of large 
diameter  (ID = 10 mm) tubing,  by keeping the 
d rawn-ou t  port ion of the probe short (<20 mm) ,  by 
minimizing the distance from the probe tip to the Hg/  
HgO surface, and by avoiding the use of a sintered 
glass disk to separate the working and reference com- 
partments.  This type of construction minimized both 
noise and r ise- t ime l imitat ions in  the potentiostat  cir-  
cuitry. 

The iR drop between the tip of the reference probe 
and the surface of the working electrode was min i -  
mized by constructing the Luggin wi th in  a ball  joint.  
This allowed the tip to be maneuvered  close to the 
surface of the amalgam drop. The probe tip was drawn 
to a fine point (OD = 0.285 ram, ID ~ 0.241 mm) ,  then 
carefully shaped and squared off using 600 mesh SiC 
paper under  a dissecting microscope. In  order to avoid 
shielding effects (35) the probe was positioned 2 tip 
diameters away from the drop surface dur ing an ex- 
periment.  Rough calculation of the expected resistance 
arising from this source (36) indicates that  Rn < 0.01 

cm 2 in  this case. 
Electric field homogeneity was main ta ined  by using 

a cylindrical  platinized p la t inum mesh counterelec- 
trode (P, diameter ---- 20 mm, length ~ 50 mm) posi- 
tioned coaxially with the capil lary and symmetr ical ly  
disposed about the amalgam drop. Small  holes were 
cut in the mesh to allow the inser t ion of the gas inlet  

tube J and the Luggin probe M, and also to allow 
visual observation of the capillary orifice. 

The cleaning procedure was designed to remove 
trace impuri t ies  possibly adsorbed on the inter ior  sur-  
faces of the glassware. Before each exper iment  the cell 
was dismantled and the a l l -Pyrex  components placed 
in a covered 4 li ter Pyrex  beaker  along with a Pyrex  
syphon assembly. The beaker  was then filled with an 
aqua regia solution (10:1 HNO3:35% HC1) and the 
components cleaned at elevated tempera ture  (--,90~ 
for at least 24 hr. The contact assemblies and counter-  
electrode were cleaned in  boiling HNO~. Finally,  all  
components were leached Soxhlet-fashion in boiling 
t r iply distilled water  for 48 hr. All storage vessels 
and volumetric flasks were t reated in  the same m a n -  
ner. 

Before assembly of the apparatus the amalgam- 
containing pieces were briefly oven dried at 150~ 
The reference electrode was prepared as previously 
described; ni t rogen was flushed cont inuously through 
tap N during this process. The amalgam delivery sys- 
tem was filled before the base electrolyte was admit ted 
to the working compartment.  Nitrogen was bubbled  
through the solution via the Luggin tip and the fr i t ted 
bubbler  for about 30 min  before the reference com- 
par tment  was filled. The working electrode was left 
at ,~ --600 mV while the reference half-cell  was al-  
lowed to stabilize. The ent i re  apparatus was enclosed 
in  a l ight-proof Faraday cage which was mounted  on 
a v ibra t ion-damped platform. 

The constant potential  source was a PAR 170 Elec- 
t rochemistry System. Potent ial  profiles were generated 
on a PAR 175 Universal  Programmer  via a 10:1 po- 
tential  divider. Potentials were recorded ___0.1 rnV us- 
ing a Hewlett  Packard 3465A digital vol tmeter  in  con- 
junct ion  with a paral le l-switched dummy cell circuit. 
The digital vol tmeter  was switched out of the potentio- 
static circuit dur ing the electrochemical measure-  
ments. Data were recorded either directly on a Honey-  
well  530 X - Y / Y - t  pen recorder or digitally via a Bio- 
marion 805 Transient  Recorder. The laboratory tem- 
perature  was 22 ~ _ 2~ 

Results and Discussion 
Copper amalgam electrodes.--A typical l inear  po- 

tent ial  scan of the copper amalgam electrode in  0.1M 
LiOH between the potential  limits --700 and --200 mV 
is i l lustrated in  Fig. 2. Four  well-defined features are 
apparent  on the forward scan. The region labeled A 
corresponds to the dissolution of Cu(I ) .  At --380 mV 
a monolayer  peak (B) stands clear from the dissolu- 
tion. This is followed by a second monolayer  peak (C) 
at somewhat more anodic potentials. The layers formed 
consist of Cu20 (2-7). Finally,  fur ther  inhibi ted dis- 
solution of Cu(I )  occurs in  region D. On reversal  of 
the potential  scan the products of the arlodic proc- 
esses are reduced in  one unresolved peak (E) which 
shows some evidence of fine structure.  

The dissolution of Cu(I )  was investigated by per-  
forming slow l inear  potential  scans (5 mV sec-~) into 
region A and observing the current  as a funct ion of 
potential. Exponential  behavior  was observed over 
more than a decade of current  density (Fig. 3) with a 
reciprocal Tafel slope of 59 mV. This is the slope for 
the reaction 

Cu ~ Cu + + e [1] 

Cu + + nOH- -> Cu(OH), I-" [2] 

Identical Tafel slopes were recorded in lithium hy- 
droxide solutions between 0.I and 2.0M. Although the 
position of the Tafel lines Shifted along the potential 
axis toward more negative values with increasing 
LiOH concentration, reaction order measurements 
proved inconclusive. This was due to the incomplete 
dissociation of LiOH at the higher concentrations and 
the presence of migration effects which became im- 
portant at concentrations below 0.1M. 
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Fig. 2. LPS (1, = 20 mV sec -1)  of a saturated Cu amalgam 
electrode in 0.1M LiOH. (A) Dissolution of Cu(I), (B) formation 
of the first monolayer of Cu20, (C) formation of the second 
monolayer of Cu20~ (D) inhibited dissolution of Cu(I), (E) reduc- 
tion of the products formed on the forward scan. 
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Fig. 3. Tafel plot of the C.u(I) dissolution region recorded 
using slow L,PS (~, = 5 mV sec -1)  at a saturated Cu amalgam 
electrode in 0.1M LiOH. The reciprocal slope is 59 mV. 

Reciprocal  Tafel  slopes of 59 mV were  also obta ined 
by  the poten t ia l  s tep technique.  The i ( t )  curves de -  
creased monotonica l ly  as expected f rom Eq. [1] and 
[2] and were  diffusion control led at  sufficiently long 
times. However ,  if the steps were  carr ied  out  to po-  
tent ia ls  anodic to --380 mV in 0.1M LiOH (i.e., into 
the  potent ia l  region B associated with  monolayer  for-  
mat ion  in Fig. 2) then  resul ts  typified by  Fig. 4 were  
obtained.  F igure  4 shows the i ( t )  response of a f reshly  
genera ted  copper amalgam surface fol lowing the ap-  
pl icat ion of a double  potent ia l  step f rom --550.0 to 
--390.0 mV and finally to --377.4 mV. The double step 
a l lowed a large par t  of the  double  l aye r  charging cur-  
rent  and also a la rge  pa r t  of the  dissolution cur ren t  
to decay before  switching to the  final potential .  This 
technique produced  ve ry  c lear  and  reproducib le  re -  
sults. Four  over lapping  t ransients  are  observed which  
occur sequent ia l ly  in time. Each corresponds to a 
separa te  process; the  four  are  labe led  A, B, C, and D, 
respect ive ly  (cf. Fig. 2). The first process exhibi ts  a 
fa l l ing t rans ien t  (A) and is the  dif fusion-control led 
dissolution of C u ( I ) .  The next  two processes exhib i t  

I 
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i / juA c m  -2 

0 
0 

C 

D 

20 40 
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Fig. 4. Potentiostatic current transient recorded at --377.4 mV 
on a saturated Cu amalgam electrode in 0.1M LiOH. (A) Dissolu- 
tion of Cu(I), (B) nucleation and growth of the first monolayer 
of Cu20, (C) nucleation and growth of the second monolayer 
of Cu20, (D) potential-independent reactivation of the electrode. 

po ten t i a l -dependen t  r is ing t rans ients  (B and C) and 
hence correspond to the  nuclea t ion  and subsequent  
crys ta l  g rowth  of Cu20. The r a t e -de t e rmin ing  steps 
for these processes must  therefore  occur at  discrete 
react ion sites on the e lect rode surface, i.e., at  the 
per ipher ies  of expanding  nuclei  of Cu20. Note also 
that  the eventua l  fa l l ing  sections of the  t ransients  B 
and C are  due to the  d iminishing avai lab le  pe r iphe ry  
caused b y  the collision of nuclei.  F ina l ly ,  a po ten t ia l -  
independent  reac t iva t ion  of the  e lectrode surface can 
be observed at  long t imes (D).  The magni tude  of this 
process depended  s t rongly  on the  bu lk  concentrat ion 
of O H - .  

The total  charge passed dur ing  processes B and C 
was eva lua ted  by  in tegra t ion  of the t ransients  as 
shown in F~'g. 4 (hatched a rea) .  This charge (~360 
~C cm-2)  was independen t  of the final step potent ia l  
and as such was ve ry  s t rong evidence for monolayer  
formation.  A t t empt s  to be t te r  resolve the t ransients  
in o rder  to compare  ind iv idua l  sections wi th  nuclea-  
t ion theory  proved fut i le  because a s t rong diffusion 
component  became appa ren t  in  the  exper imen ta l  da ta  
at high overpotent ia ls .  The sa tu ra ted  copper amalgam 
was only about  5 mmoles  in Cu and c lear ly  the ra te  
of mass t ranspor t  of copper  th rough  the amalgam at 
h igher  cur rent  densi t ies  was inadequa te  to ma in ta in  
the r a t e -de t e rmin ing  step at  the edges of the nuclei. 

The effect of mass t r anspor t  wi th in  the amalgam is 
i l lus t ra ted  quan t i t a t ive ly  in Fig. 5, in  which one of the  
t rans ient  m a x i m u m  pa rame te r s  (ira) is p lo t ted  as a 
function of the final step potent ia l  for  both  the first 
and second monolayers .  The first monolayer  could not  
be resolved f rom the dissolution t rans ien t  at  potent ia ls  
anodic to --375 inV. The diffusion component  due to 
the  di lute  copper a ma lga m can be seen to be l imit ing 
in the second monolayer  da ta  at  potent ia ls  anodic to 
--371 inV. The l imi t ing grad ien t  for the first l ayer  is 
~ ( 4  m V ) - 2  and tha t  for the  second l aye r  ~ (8 m V ) - 1 .  
These gradients  are  typica l  of nucleat ion and growth  
kinetics (37) but  the accuracy of the  values  is obvi-  
ously l imi ted  because of the  exper imen ta l  constraints.  

The format ion  and reduct ion  of the  monolayers  was 
best  observed by  the l inear  potent ia l  scan technique. 
The exper imen ta l  results  were  quantif ied by  inves-  
t igat ing the potent ia l  scan ra te  (~) dependence  of the 
peak  cur ren t  (ip). The da ta  were  analyzed  in the  form 
of log (/p) vs. log (v), which is appropr ia te  for nuclea-  
t ion and growth  kinet ics  (38). The grad ien t  5 log 



Vol. 125, No. 12 A N O D I C  O X I D A T I O N  O F  C O P P E R  1963 

oOO 
oo o 

oo 
Oo 

-2 im/jUA cm 

B 

I00- A o / ~ ~ 1 7 6  

I0- 
' ' ' ' 3- o ' -  ' ' ' 3 o' 

Ef /mV 

Fig. 5. The petentlostatic current transient maxima (ira) for 
Cu20 mon~layer forma,tion on a saturated Cu amalgam electrode 
in 0.1M LiOH vs. the final step potential (Er). (A) First layer 
limiting dependence ,~(4 mV) -1,  (B) second layer limiting de- 
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transport limitations. 
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( ip) /8  log (r) for the first monolaye r  was 0.57 and tha t  
for the second monolayer  0.59. These values  should be 
compared  wi th  the  va lue  ~/2 which  would  be expected 
for a d i f fus ion-control led  react ion (39). Clear ly  the 
kinetics of format ion  of the two monolayers  were  not  
de te rmined  by  s imple diffusion. 

The  high resolut ion of the  monolayer  peaks in l inear  
potent ia l  scan measurements  a l lowed a precise  eva lua -  
t ion of the  charge  consumed in the  format ion  of both  
layers.  Over  the  th ree  decades of scan ra te  inves t iga ted  
(0.1-I00 mV sec - I )  the  total  charge  was found to be 
constant  and equal  to 360 ___ I0 ~C cm -2, in agreement  
wi th  the  po ten t ios ta t ica l ly  der ived  value. Since the  
format ion  of a monolayer  of the  uni t  cell of Cu20 
[which has a cubic la t t ice  (40)] would  consume 352 
;LC cm -2, we  therefore  suppose tha t  each monolayer  
peak  observed  expe r imen ta l l y  corresponded to the 
fo rmat ion  of a l a y e r - p l a n e  of the uni t  cell  and tha t  
l a y e r - b y - l a y e r  g rowth  ceased when  the uni t  cell s t ruc-  
ture  was complete.  

Because of the high resolut ion  of the  l inea r  po ten-  
t ia l  scan measurements ,  i t  was also possible to in-  
ves t iga te  the nuclea t ion  of holes dur ing  the reverse  
reaction.  Such holes were  found to be of two types  de-  
pend ing  on whe the r  they  pene t ra t ed  only the  first 
mono laye r  or  both  monolayers  (Fig. 7b).  We call  the 
first t ype  a "shal low" hole and the second type  a 
"deep" hole. The  appropr i a t e  exper imen ta l  resul t  is 
s'hown in Fig. 6, which i l lus t ra tes  the effect of va ry ing  
the anodic poten t ia l  scan l imi t  on both  the  fo rw a rd  
and reverse  reactions.  

On the  f o r w a r d  scan, peak  B is due to the  format ion  
of the first monolayer  as descr ibed ear l ier .  However ,  
on the  reverse  scans, a new peak  F is appa ren t  which  
first increases and then decreases in size as the anodic 
potent ia l  scan l imi t  is increased.  At  the same time, a 
peak  at  more  cathodic potent ia ls  (G) is observed to 
increase s teadi ly  in size. The charges associated wi th  
peaks  F and G are  p lot ted  agains t  the  anodie po ten-  
t ia l  scan l imi t  in Fig. 7a. 

The resul ts  of Fig. 6 and 7a indicate  that  the in i t ia l  
process in the  fo rmat ion  of the  two layers  is the  n u -  

Fig. 6. L PS series at fresh saturated copper amalgam electrodes 
in 0.1M LiOH (v ~ 5 mV sec -1)  illustrating the effect of 
varying the onodic potential scan limit. All scans begin at - -407 
mV. Anodic potential scan limits: (i) --374, (ii) --372, ( i i i )  
--371, (iv) --370, (v) --369, (vi) - -363 m~V. (A) Dissolution of 
Cu(I), (B) formation of the first Cu20 monolayer, (F) reduction 
of the untransformed first Cu20 monolayer, (G) simultaneous 
reduction of the unit cell bilayer. 
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Fig. 7. (a) LPS reduction peak charge vs. the anodic potential 
scan limit for a saturated Cu amalgam electrode in 0.1M LiOH 
(v = 5 mV sec-1). (@) peak F, ( O )  peak G. (b) Pictorial 
cross section of the saturated Cu amalgam electrode surface 
during Cu20 layer formation. (A) Untransformed first layer, (B) 
unit cell bilayer, (C) shallow hole, (D) deep hole. 
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cleation and subsequent  growth of an unstable  layer 
of Curb  of unknown  structure. This unstable  layer 
then rearranges (or is otherwise stabilized) concurrent  
with the growth of the second layer. In  this way the 
uni t  cell s tructure is completed, hence,  peak F is due 
to the reduction of the unstable  first layer  by the 
nucleat ion and expansion of shallow holes, while peak 
G is due to the simultaneous reduction of both the 
t ransformed first layer  and the second layer  by the 
nucleat ion and expansion of deep holes. The si tuation 
is i l lustrated diagrammatical ly  in Fig. 7b, which de- 
picts an in termediate  stage in the formation of the 
layers. Al though the exact s t ructure of the unstable  
first layer  is unknown,  ~ ig. 7a indicates that  the maxi-  
m u m  charge observed in this layer  was about half 
that of the uni t  cell structure.  

Fur ther  support for the above mechanism may be 
seen in  the composite Fig. 8. The peak potential  of 
peak F is seen to be approximately constant, independ-  
ent of the charge under  the peak. This is the result  ex- 
pected for the ins tantaneous nucleat ion of shallow 
holes in the patches of (unstable)  first layer  unaffected 
by second layer growth. Thus as the anodic potential  
scan l imit  was increased, all that  changed was the area 
of unt ransformed first layer  remaining  on the elec- 
trode. Note that the nucleat ion of shallow holes was 
invar iab ly  ins tantaneous because the incomplete first 
layer  was extensively intersected by small  areas of 
uncovered electrode. 

Peak G, on the other hand, does move as a function 
of the anodic potential  scan l imit  but  eventual ly  
reaches a l imit ing case. This scenario is also predicted 
by the model described above. At first the peak po- 
tent ial  of G would be s tat ionary because of the in -  
s tantaneous nucleat ion of deep holes in  the un i t  cell 
structure. Eventual ly,  however, as the un i t  cell struc- 
ture neared completion on the forward scan, a progres- 
sive nucleat ion mechanism would come into operation 
in order to create new deep holes since near ly  all 
areas of electrode would be covered. Thus the peak 
potential  of G would be expected to shift cathodically 
and eventual ly  become constant  as a funct ion of the 
anodic potential  scan l i m i t ,  which is the observed 
situation. 

Polycrystalline copper electrodes.--Cyclic vol tam- 
merry was performed at s tat ionary polycrystal l ine 
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Fig. 8. Composite L.PS (9 = 5 mV sac -1)  recorded on fresh 
saturated Cu amalgam electrodes in 0.1M LiOH illustrating the 
effect of varying the anodic potential scan limit. (A) Dissolution 
of C u(I), (B) formation of the first Cu20 monolayer, (C) forma- 
tion of the second Cu20 monolayer, (D) inhibited dissolution of 
Cu(I), (i:) reduction of the untransformed first Cu20 monolayer, 
(G) reduction of the unit cell bilayer. Note that t[~e peak poten- 
tial of F remains constant but that the peak potential of G varies. 

electrodes in  0.1M LiOH solutions. Voltammograms 
recorded in this way exhibited a strong time depend-  
ence because of the repeti t ive dissolution and deposi- 
t ion oZ both Cu(I )  and Cu(I I )  species. &'his served to 
roughen the electrode surface as a tunct ion of time. 
Eventual ly  an "equi l ibr ium" surface was obtained, for 
which a typical vol tammogram is shown in  Fig. 9. Al-  
though the exper imental  data could not be analyzed 
in a completely quant i ta t ive  way because of this t ime- 
dependent  surface roughening,  the principal  features 
of the system were clear and may be summarized as 
follows: 

Region A in  the diagram corresponds to the disso- 
lut ion of Cu( l )  as in  ~ig. 2, 4, and 8. The charge con- 
tained in  peak B dur ing  the first sweep was ~ 280 #C 
per apparent  cm 2. Hence this peak is associated with 
the formation of a layer  of less than uni t  cell d imen-  
sions in direct correspondence with the results ob- 
tained on the copper amalgam electrodes (cf. Fig. 2, 6, 
and 8). Assuming a charge of ,~ 175 ~C cm -2 for this 
layer, the ini t ial  surface roughness of the polycrystal-  
l ine electrode in  this case is calculated to be ~ 1.6, 
and the roughness factor of the "equi l ibr ium" elec- 
trode (e.g., ~ig. 9) is ,~ 3.7 [cf. factor ~ 3.5 for poly- 
crystal l ine copper electrodes obtained by Bockris and 
Conway (41)j.  In  region C there is evidence of second 
monolayer  formation but  this is not well resolved in  
this figure (see below).  Peak H completes the Cu(I )  
region and corresponds to the nucleat ion and subse- 
quent  growth of a thick layer of Cu20 as discussed 
with reference to par t  (C). Peaks I and J are the dis- 
solution and nucleat ion of Cu (II) species, respectively 
(20). Progressive l imit  LPS experiments  indicated 
that peak K is a reverse reaction associated with peak 
I (probably Cu(II)aq -> C u ( I ) a q ) .  Finally,  on the re-  
verse scan, region L corresponds to the reduct ion of 
the various species formed on the forward scan. 

Some rate control of the processes of peaks I and J 
by the diffusion of O H -  was observed (Fig. 9). In-  
deed, increasing the LiOH concentrat ion from 0.1 to 
1M caused an approximately tenfold increase in  the 
height of these peaks, but  not in  peak H. We therefore 
restricted fur ther  measurement  to the Cu(I )  region 
( ~  --600 to ~ --300 mV).  

Figure 10 i l lustrates successive l inear  potential  scan 
measurements  in  0.1M LiOH that  were carried out 
into the copper (I) region at 50 mV sec -1, increasing 
the anodic potential  scan l imit  on each scan. The 
roughness factor in  this instance was ~3.6. As on the 
amalgam electrode (Fig. 6 and 8) a monolayer  peak 
(B) was evident  b u t  at somewhat  more cathodic po- 
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Fig. 9. LPS (v = 20 mV sac -1 )  of polycrystalline copper in 
0.1M LiOH recorded under continuous cycle conditions, beginning 
at - -970 mV. The current density scale refers to the apparent 
geometric area of the electrode. (A) Cu(I) dissolution, (B) forma- 
tion of the first Cu20 monolayer, (C) inflection due to the forma- 
tion of the second Cu20 m~nolayer, (H) formation of the thick 
Cu20 layer, (I) dissolution of Cu(ll), (J) Cu(ll) thick layer 
growth, (K) reduction reaction associated with peak I, (L) re- 
duction of species formed on the forward scan. 
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Fig. 10. Composite LPS (v = 50 mV sec -1) recorded on a 
polycrystalline copper electrode in 0.1M I.iOH beginning at 
--910 mY, illustrating the effect of varying the anodic poi-ential 
scan limit. The current density scale refers to the apparent 
geometric area of the electrode. (A) Cu(I) dissolution, (B) forma- 
tion of the first Cu20 monolayer, (C) formation of the second 
Cu20 monolayer (F) reduction of the first Cu20 monolayer formed 
in peak B, (G) reduction peak associated with the formation of 
the second monolayer in peak C, (H) formation of the thick 
C u20 layer, (M) reduction of the thick Cu20 layer formed in 
peak H. 

tentials. (Note: the difference between the potential  of 
the first monolayer  peak on the amalgam electrode and 
that  on the polycrystal l ine electrode, both recorded 
at 20 mV sec-1, was ~60 inV.) Clearly, monolayer  
formation proceeds more readily on the polycrystal l ine 
electrode. As the anodic potential  scan l imit  was in-  
creased to potentials  above --400 mV, evidence of 
second monolayer  formation (as on the amalgam elec- 
trode) was observed (C) but  this was more clearly 
seen in  the reduction reaction (G).  

Peak F corresponds to the reduct ion of the first 
monolayer  and eventual ly  shows some d iminut ion  as 
the anodic potential  scan l imit  is increased. However 
the peak does not completely disappear, unl ike  on the 
amalgam, unless the potential  is carried to extreme 
anodic limits. Consequently some uncer ta in ty  remains 
regarding the precise na ture  of peak G, although it is 
clearly related to the second monolayer  formation (C). 

The formation of a thick layer  of Cu20 can also be 
seen in Fig. 9 and 10 (peak H). Note that  the mono-  
layer  reduction peak (F) persists even after extensive 
growth of this thick layer  has occurred. Although the 
formation of the thick layer has been observed pre-  
viously, the associated mechanism describing its for- 
mat ion has not been satisfactorily resolved (10, 15, 19, 
20, 22, 24-26). VCe now discuss this mechanism in more 
detail. 

Cu20 mul t i l ayer  g r o w t h  on polycrys ta l l ine  copper 
e lec trodes . - -Figure  11 shows a typical cur ren t - t ime  
plot obtained following the application of a potential  
step into region H of Fig. 9 and 10. Rising transients  
were seen which exhibited at t 8 dependence of current  
density on time. This is the result  which would be ex- 
pected for the three-dimensional  nucleat ion and 
growth of a thick layer  of Cu20 (42). The t ransients  
also exhibited well-defined maxima, after which the 
current  decayed as approximately t-l/2. 

The sequence of events in  the formation of the thick 
layer of Cu20 can now be specified. Init ial ly,  three-  
dimensional  nuclei  emerge on top of the previously 
formed monolayers as a funct ion of time. These nuclei 
clearly originate at macroscopic defects or dislocations 
which persist through the monolayers  of Cu~O from 
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Fig. 11. Typical potentiostatic current transient recording the 
growth of the thick Cu20 layer on a po[ycrystalline copper elec- 
trode in 0.1M LiOH at --400.0 mV. The current density scale 
refers to the apparent geometric area of the electrode. 

the bulk  metal  undernea th  and are not  associated with 
s t ructural  anomalies inheren t  in the Cu20 monolayers 
themselves. This is shown by the fact that  thick layer  
growth of Cu20 is completely absent  when smooth 
amalgam surfaces are used, despite the fact that  the 
monolayers must  incorporate similar misfits, defects, 
and crystalli te boundaries  in both cases. 

The rising transients  typified by Fig. 11 show that  
the ra te -de te rmin ing  step for the thick layer  growth 
occurs at the peripheries of individual  nuclei. Under  
these circumstances the i ( t )  response is described 
(42) by 

i -- (nFGM~k12k2At3/3p~) [3] 

Here, G is a geometric constant  (e.g., G = ~ for right 
circular cones), M is the gram formula weight of the 
deposit, p is its density, kl is a rate constant  describing 
lateral  growth of the nuclei, ks is a rate constant de- 
scribing vertical growth of the nuclei, and A is a t ime-  
independent  nucleat ion rate. The other symbols have 
their  usual  significance. Eventua l ly  the collision of 
expanding nuclei becomes impor tant  and at the same 
time the Cu20 nuclei  begin to dissolve into the bulk  
of solution as Cu(OH)n  1-n complexes because of the 
aggressive na ture  of the O H -  anion (15). The result  
of this dissolution process is that  crudely hemispheri-  
cal diffusion zones develop around individual  nuclei. 
As the diffusion zones expand they eventual ly  overlap 
to create a condition of semi-infini te l inear  diffusion. 
Then (43) at long times 

i ---- nFD'/2Cs (~t)- ' /a [4] 

Where Cs represents the surface concentrat ion of a 
given Cu(OH)n  1-n complex and D is its diffusion co- 
ef~cient. 

The reaction scheme outl ined above is obviously 
best observed by the potential  step method, because 
in  this case the part icular  regions of interest  (nuclea-  
t ion or diffusion) can be separated sequential ly  in  
time. Other techniques, for example galvanostatic steps 
(16, 24), will  necessarily produce rather  more com- 
plex results because of the potential  dependences of 
the rate constants kl, k2, and A in  Eq. [3]. However, 
because previous investigations of the formation of 
thick layers of Cu20 have pr incipal ly  been of the 
galvanostatic type, it is useful to calculate the gal-  
vanostatic equivalent  of Eq. [3] to see if the earl ier  
data may be explained on the basis of this model. 

The solution of this problem can be calculated for 
two distinct l imit ing cases. In  the first case, the resul t -  
ing galvanostatic t ransient  exhibits only a small  var ia-  
t ion in  potential  (e.g., a few mill ivolts)  and the form 
of the nucleat ion law will  thus be progressive in  t ime 
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(N = At).  Alternatively,  if the variat ion in  potential  
is large, then the init ial  potential  "spike" of the gal- 
vanostatic t ransient  causes a very rapid nucleat ion of 
many  nuclei, which thereafter  remain  vi r tual ly  con- 
stant  in number  (44). Hence, after a small  induct ion 
time in which the nucleat ion rate is greater than zero 
and nonsteady, the nucleat ion law will become N : 
N O = const. It is expected, on exper imental  grounds 
(24), that this lat ter  route occurs in  thick layer  Cu20 
formation because the observed potential  "spike" is 
large. Therefore, in order to proceed to the galvano- 
static solution, Eq. [3] must  be amended to take this 
"instantaneous" nucleat ion phenomenon into account. 
The result  for the potentiostatic case is well known 
(42) and is given by 

i (t) : nFk2[1 -- exp (--GM2k12Not2/~) ] 

[exp (--GM2k12N~t2/p 2) ] [5] 

where No is the number  of nuclei  that  are nucleated at 
t --> 0 and the addit ional  terms correct for the collision 
of nuclei  in  the absence of diffusion limitations. It  
should be stressed that Eq. [3] correctly describes the 
i ( t )  t ransient  observed under  constant potential  con- 
ditions, but  that  Eq. [5] is the appropriate basis for 
the potentiostat ic- to-galvanostat ic  transformation.  

Equat ion [5] may be rewr i t ten  

i ( t )  = 4ira(S) (1 -- S) [6] 

where im is the m a x i m u m  of the potentiostatic cur-  
ren t - t ime  t rans ient  and S is the surface coverage func-  
tion (0 ~ S ~ 1). If it is assumed that im and tm are 
exponential  functions of potential,  then  

ir~ = ( n F k J 4 )  : 10 a~'+~ [7] 

tm = (p2 �9 in  (2)/GM~k12No) : 10 a*'E+b2 [8] 

Equations [5]-[8] may be regarded as a set of dif-  
ferent ial  equations specifying i as a funct ion of t for 
various E in  the case of three-dimensional  ins tan tane-  
ous nucleation. The entire galvanostatic E (t) response 
can be calculated by numerica l  solution (see below) 
or exact solutions can be calculated for certain l imi t -  
ing cases. 

Equat ion [5] can be wr i t ten  a s  

i ( t )  : pQx e x p ( _ k j 2 )  [1 -- exp( - -kJ2 ) ]  [9] 

in  which the terms J, Q, P, ~, and k are given (45) by 

J :  f : Q ( t ' ) . d t '  [10]  

Q = lO--a2(z(t)--i(t)'R) [II] 

P = 4 X  10 bl [12] 

= - -a l ia2  [13] 

k -- l n ( 2 ) .  10 -~2  [14] 

and where R is a fixed resistance Which contributes to 
"iR drop" and E( t )  is the potent ia l - t ime waveform. 
Sett ing i ( t )  = ig (the galvanostatically applied cur-  
rent  density) 

(ig/P) i /~ �9 t : exp ( - - kx~ /~ )  

[ 1 - - e x p  (--kX 2 ) ] i / x . d x  [15] 

This equat ion demonstrates that  as J ( t )  -> o~, t -~ text, 
a finite "extinction" t ime at Which E --> ~ .  Thus ex- 
per imental  data may only be obtained over the in ter -  
Val [0,text]. Defining the funct ion 

f (y)  : yi /X-i(1 -- y ) l / ~ ( - - I n ( y ) ) - l / 2  [16] 

considerably simplifies Eq. [15]. Upon subst i tut ion 

2ki /2( ig/P)  1/~ �9 t = -~ ~(y)  �9 dy  [17] 

Replacing i ( t )  in Eq. [6] by ig demonstrates that  E 
has a m i n i m u m  (Emln) when S = V2. The time taken 
to achieve this min imum (tmin) is thus obtained t r ivi-  
ally from Eq. [17] 

2 k l / 2 ( i J P )  1ix �9 train = /~ I(Y] �9 dy [18] 

In  addition QxP/4 =ig at t = t m i n ,  from Eq. [9]. Com- 
bining this result  with Eq. [9]-[12], after some re-  
arrangement ,  gives 

log(ig) ---- al (Emin -- igR) 4- const. [19] 

Equat ion [19] thus allows the exper imental  deter-  
minat ion of the constant ai defined in [7], provided R 
is known or the product igR tends to zero. The validity 
of this expression was confirmed by  numerical  in te-  
gration of [15], and the numerica l  procedure also al- 
lowed the solution of the complete E( t )  response for 
a given ig to be obtained. A typical result  is i l lustrated 
in Fig. 12 where it is compared with some experi-  
mental  data extracted from the paper of Ashworth 
and Fai rhurs t  (24). There is excellent agreement, even 
to the extent  of predict ing the slight asymmetry  o f  
the transient.  Thus, the model of three-dimensional  
nucleat ion and growth used to explain our poten- 
tiostatic results also describes the earlier galvano- 
statically acquired data (24). 

The l imit ing behavior of the galvanostatic response 
at short and long times may also be obtained exactly. 
At short times as t -> 0, J -> 0, Q --> o0, and E --> oo so 
that 

ig ~ PQXkJ2 [20] 

J ,~ const, tx(~+~) [21] 

Q ,~ const, t -2/(2+~) [22] 
Hence, from [10] 

2 
E -- igR ,~ - -  log (t/text) -~- const.; (t/text < <  1) 

2a2 -- al 
[23] 

By similar reasoning, at long times 

E - -  igR ~., log 1 - -  ~ ; 
a~. l ;ext  

Equations [23] and [24] were also verified by nu -  
merical  solution of [15]. 

a,.(E- Era,~ 

I-2 -16o- E/mV vs SHE 

08 - 2 0 C  / 

0 ' 01-2 0'4 I 016 ' 0!8 I I0 

t/t.. 
Fig. 12. Galvanostatic transient corresponding to the numerical 

solution of Eq. [ 5 ] - [ 8 ] .  The constants were ~. = 3/5, ig = 
1.000 mA cm -2.  The solution used 17,954 steps. Inset: Galvano- 
static transient obtained by Ashworth and Fairhurst [from Fig. 
12a of Ref. (24)] for polycrystalline copper in 0.1M NaOH at 
i~ = 25 #A per geometric cm 2. 
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Final ly ,  when  t -* text, then  exp ( _ k  J2) --> 0 so tha t  
[17] becomes 

2kl/2(ig/P) 1Ix �9 text = 5(Y) " dy [25] 

showing tha t  
i s " text  ~ "-- const. [26] 

This las t  resul t  was also obta ined  as an empir ica l  ex-  
pression by  Ashwor th  and F a i r h u r s t  (24), who de-  
t e rmined  ~ ga lvanos ta t ica l ly  (" ins tantaneous"  nuc lea-  
t ion condit ions)  to be  0.59, 0.44, and  0.54 for  the 
fo rmat ion  of a th ick  l aye r  of CuaO in 0.01, 0.1, and 
1.0M NaOH, respect ively .  In  this  invest igat ion,  ~ was 
de t e rmined  po ten t ios ta t i ca l ly  (progress ive  nucleat ion 
condit ions) to be 0.55 for  Cu20 th ick  l aye r  format ion  
on "equi l ib r ium" po lycrys ta l l ine  copper  in 0.1M LiOH. 

Conclusion 
The  anodic behav ior  of copper  ama lgam and po ly -  

crys ta l l ine  copper  e lectrodes has been inves t iga ted  in 
l i t h ium hydrox ide  solutions. Cer ta in  fea tures  are  shown 
to be common to both systems. These are  (i) the disso- 
lu t ion of Cu(I)  h y d r o x y  complexes  and (ii) the  fo rma-  
t ion of two l aye r -p l anes  of Cu20 which complete  a 
uni t  cell  s t ructure .  The dissolut ion reac t ion  exhibi ts  a 
59 mV reciprocal  Tafel  slope as expected for a re -  
vers ib le  one-e lecron  t ransfe r  process fol lowed by  a 
slow chemical  complexa t ion  reaction.  The format ion  
of the  l aye r -p l anes  occurs via  the  nuclea t ion  and sub-  
sequent  g rowth  of two-d imens iona l  patches  at  the  
e lect rode surface. The first l a y e r - p l a n e  which  is de-  
posi ted on the ama lgam surface can be reduced  via  the  
ins tantaneous  nuclea t ion  of "shal low" holes. A re -  
a r r angemen t  or  s tabi l iza t ion of the  first l aye r  is pos tu-  
la ted  to occur at  the  same t ime as the  format ion  of 
the  second l aye r -p lane .  S imul taneous  reduct ion  of 
both  l aye r -p l anes  at  more  negat ive  potent ia ls  can 
then  occur via  the  nuclea t ion  and subsequent  expan-  
sion of "deep" holes. These "deep" holes a re  nuclea ted  
e i ther  ins tan taneous ly  or  p rogress ive ly  in  t ime de-  
pending  on the number  of uncovered  patches  of elec-  
t rode  which  in tersec t  the  uni t  cell  layer .  

A ma jo r  difference be tween  the behavior  of the 
ama lgam electrodes and the  po lycrys ta l l ine  e lectrodes 
is the  format ion  of a th ick l aye r  of Cu20 in the  la t te r  
case which  emerges  on top of the  prev ious ly  grown 
layer -p lanes .  The mechanism of the format ion  of this 
l aye r  is one of t h r ee -d imens iona l  nuclea t ion  and 
growth.  Nuclei  or ig inate  at  macroscopic fea tures  which 
pers is t  th rough  the uni t  cell  layer .  The equiva lent  
ga lvanosta t ic  response is also calculated.  The resul ts  
demons t ra te  tha t  previous  galvanosta t ic  measurements  
of the  fo rmat ion  of the  th ick  l aye r  of Cu~O on po ly -  
c rys ta l l ine  copper  in  a lka l ine  solut ion may  be unde r -  
stood in  te rms of the descr ibed model.  
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LIST OF SYMBOLS 
al, a2, bl, b2, expe r imen ta l ly  de te rmined  constants 
A nucleat ion ra te  (nuclei  cm -2  sec -1)  
Cs concentra t ion of Cu (OH)n  1-n at  e lec t rode  sur -  

face (mole c m - S y  

D diffusion coefficient (cm~ see-l) 
E potent ia l  (mV) 
Ef final s tep poten t ia l  (mV) 
Elim LPS anodic potent ia l  scan l imi t  (mV) 
Emin  galvanosta t ic  t rans ient  m in imum potent ia l  (mV) 
F the F a r a d a y  (96,487 C mole -~)  
G a geometr ic  factor  
i cu r ren t  dens i ty  (mA cm -2) 
i~ ga lvanos ta t ica l ly  appl ied  cur ren t  dens i ty  (mA 

E r a - 2 )  
im potent ios ta t ic  t rans ien t  cur ren t  dens i ty  max i -  

m u m  (mA cm -2)  
ip LPS  peak  cur ren t  dens i ty  ( m A c m  -2) 

J Q ( t ' ) .  dr '  

k in  (2) �9 10 -2b~ 
kl ra te  constant  for  la t t ice  growth  para l l e l  to elec- 

t rode  surface (mole cm -2 sec -1)  
k2 ra te  constant  for la t t ice growth  perpendicu la r  to 

e lectrode surface (mole cm -2 sec -1) 
M g ram formula  weight  (g m o l e - D  
n number  of electrons 
N number  of nuclei  (nuclei  cm -2) 
No number  of nucleat ion sites (sites cm -~)  
P 4 X 10 b~ 
Q 1O-a2(~(t) -i(t)R 
R resis tance contr ibut ing  to ohmic drop (~1 cm 2) 
S surface coverage (0 ~ S ~ 1) 
t t ime (sec) 
text galvanosta t ic  t rans ient  ext inc t ion  t ime (sec) 
tm t ime to potent ios ta t ic  t rans ient  cur rent  densi ty  

m a x i m u m  (sec) 
train t ime to galvanosta t ic  t rans ien t  potent ia l  mini -  

m u m  (sec) 

r LPS potent ia l  scan ra te  (mV see -1) 
p densi ty  (g cm - s )  
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Flatband Potential of Cadmium Sulfide (CdS) Photoanodes 
and Its Dependence on Surface Ion Effects 

D. S. Ginley* and M. A. Butler* 
Sandia Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

Results  are  presented  which show tha t  the f la tband potent ia l  (Vfb) of a 
semiconduct ing cadmium sulfide (CdS) photoanode can be p red ic ted  from 
atomic e lec t ronega t iv i ty  of its const i tuent  atoms. This procedure,  p re -  
v iously  appl ied  only to meta l  oxides, now appears  genera l ly  appl icable  to 
any  semiconduc tor -e lec t ro ly te  system. T'he f latband potent ia l  was measured  in 
a CdS/S  =, O H - / P t  wet  photovol ta ic  cell as a funct ion of S = and O H -  con- 
centrations.  These measurements  showed that  the po ten t i a l -de te rmin ing  
species a re  H S -  and H +. The condit ion for zero net adsorbed surface charge 
(PZZP) was also de te rmined  by  change of solut ion pS = with  added  CdS 
powder  and different ial  potent iometr ic  t i t ra t ion  exper iments .  This is found 
to occur at a unique S = ion concentra t ion of 4 • 10-gM. The measured  fiat- 
band potential ,  corrected to the  PZZP and for the difference be tween the 
Fe rmi  level  and the bot tom of the  conduction band, is in excel lent  agreement  
wi th  the va lue  pred ic ted  f rom the atomic electronegat ivi t ies .  

Two recent,  closely re la ted ,  deve lopments  have  
evoked considerable  in teres t  in the field of semicon-  
ductor  e lect rochemist ry .  The first of these was the 
demons t ra t ion  of the photoassis ted electrolysis  of 
wa te r  by  Honda and co-workers  in 1969 ut i l iz ing a 
t i t an ium dioxide photoanode (1). The second was the  
demons t ra t ion  of workab le  wet  photovol ta ic  cells em-  
ploying semiconduct ing anodes by  a number  of groups 
(2, 3). In  general ,  the wet  photovol ta ic  cell employs  a 
redox couple of a potent ia l  such that  e lect ron t ransfe r  
to the couple wi l l  p redomina te  and no decomposi t ion of 
the  semiconductor  wil l  be observed.  A pro to typica l  cell 
in these l a t t e r  systems has a CdS photoanode,  an 
aqueous e lec t ro ly te  conta ining dissolved sodium sul-  
fide, sulfur,  and sodium hydroxide ,  and a p la t inum 
or graphi te  cathode. In  genera l  the  bu lk  cell  chemis t ry  
is the oxida t ion  of sulfide or polysulf ide anions on 
the CdS and the reduct ion  of sulfur  (S ~ or  po lysu l -  
tides (S• 2 - )  on pla t inum.  Af te r  a sufficient induc-  
tion per iod  a reasonably  s tab le  solut ion composit ion 
is achieved and no addi t ional  net  chemis t ry  is ob-  
served, though electr ical  power  continues to be p ro-  
duced. Various n - t y p e  semiconductors  have been 
tried, GaAs, CdSe, and CdTe in a va r i e ty  of s tabi l iz ing 
electrolytes,  a lka l ine  aqueous selenide and te l lur ide  in 
par t i cu la r  (4), but  in genera l  the  over -a l l  behavior  of 
these cells is i l lus t ra ted  by  tha t  of the CdS cell. 

* Electrochemical ~ociety Active Member. 
Key words: cell, electrolyte, energy conversion, semiconductor. 

Recent  results  have indica ted  tha t  r e l a t ive ly  high 
efficiencies can be produced in these cells equipped 
with  po lycrys ta l l ine  e lectrodes (5). The ramificat ions 
of these resul ts  wi th  respect  to possible  devices for  
the conversion of solar  energy  are  obvious. 

As a consequence of this  we fel t  tha t  an extension 
some of our  previous  work  (6) on the t ransi t ion 

m e t a l  oxides wi th  respect  to the energy  levels and 
chemis t ry  in the cell would be of va lue  in unde r s t and -  
ing the  wet photovol ta ic  cells. One c a n  i l lus t ra te  t h e  
genera l  schematic  for the  energy  levels in the  typical  
cell  as is shown in Fig. 1, for  a wet  photovol ta ic  cell 
wi th  a CdS anode and a meta l l ic  cathode. The Fermi  
level  of the meta l l ic  cathode wil l  equ i l ib ra te  close to 
the level  of the reduct ive  ha l f - reac t ion  in which  i t  is 
t ak ing  part .  The potent ia l  drop de te rmined  by  the 
cur ren t  flowing and the load impedance  wil l  locate t h e  
Fermi  level  in the  semiconductor .  Consequent ly  the 
extent  of band bending  at the surface of the  semi-  
conductor  wil l  depend on where  the  conduct ion band 
is in i t ia l ly  pinned at  the  surface and the vol tage  drop 
across the  load. The posi t ion at  which  the conduction 
band is pinned at  the  surface re la t ive  to the vacuum 
level  is the  e lect ron affinity (EA) of the semiconduc-  
tor. I t  can be re la ted  to solut ion measurements  which 
are  no rma l ly  referenced to the  s t anda rd  calomel 
e lect rode (SCE),  since this ha l f -ce l l  is at a fixed po-  
tent ia l  re la t ive  to the  vacuum level  (7). In  e lec t ro-  
chemis t ry  the analogous quan t i ty  to e lect ron affinity 
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Fig. 1. Energy level diagram for a typical wet photovoltaie cell. 
Electrons are excited from the valence band to the conduction 
band by the absorbed photon. These electrons then flow through 
the lead impedance RL to the metallic cathode where the re- 
ductive half-reaction occurs. These reduced species migrate to 
the anode where they lose an electron to the trapped hole in 
the valence band. The position of the Fermi level in the semi- 
conductor is determined by the potential drop across the load. 

is the fiatband po,tential (Vfb) which is a measure of 
the potential  needed, vs. the SCE, to totally remove the 
band bending. The two can be related (6) as shown in  
Eq. [1] 

EA : Eo ~ V~b ~ ~fc -l- ~px [I] 

where Eo is the energy difference between the SCE and 
the vacuum level (4.75) (7), hfc is a correction term 
for the energy difference between the bottom of the 
conduction band  and the doped Fermi  level, and hpx 
is a correction te rm due to the net  surface charge of 
the adsorbed species on the electrode surface. Upon 
evaluat ion of the two correction factors one should 
be able to directly relate the electron affinity to the 
flatband potential.  There is considerable interest  in 
being able to predict  flatband potentials since the 
max imum open-circui t  voltage of the wet photo- 
voltaic cell is the difference between the flatband po- 
tent ial  and the redox potential  measured with respect 
to the same reference electrode. 

In  this invest igat ion we examine the properties of 
a CdS/S =, O H - / P t  cell and we demonstrate  (i) that 
the atomic electronegativities of the const i tuent  atoms 
of CdS can be used to arr ive at its electron affinity, 
(ii) that  simple chemical techniques can be used 
to evaluate  ~px, where X is an adsorbed species, and 
that  ~fc can be readily evaluated. Thus, we can ac- 
curately calculate V~b using Eq. [1]. We also i l lustrate  
how these results apply to the CdS/S =, OH- ,  S /P t  cell 
and show how they clarify certain questions as to the 
redox chemistry in  these systems. 

Exper imental  Procedures 
Materials .--The CdS crystal was a 10 X l0 • 2 mm 

plate cut perpendicular  to the c direction and was 
obtained from Harshaw Chemical. The CdS powder 
was obtained from Electronic Space Products, Incorpo- 
rated and was 99.99% pure or better.  Na2S'9H20 was 
obtained from Mall inckrodt  and KOH was obtained as 
a Baker analyzed reagent. 

Solutio,n and electrolyte preparation.--All  solutions 
were prepared from deionized-disti l led water  stored 
in clear polyethylene containers. All  glassware was 
washed in  Alconox in an ul trasonic cleaner then rinsed 

a m i n i m u m  o.f five times wi th  distilled water.  All the 
Na~S.9H20 was rinsed with distilled H20 then dried 
in a dessicator before weighing and use so as to re-  
move any  external  impurit ies;  p r imar i ly  more highly 
dehydrated and oxidized sulfides. All  sulfide solutions 
were standardized by potentiometric t i t rat ions with 
lead perchlorate. The experiments  were r u n  under  
an argon purge but  solutions with sulfide concentra-  
tions from 10-4 molar  and greater  could be prepared 
in the air and then placed under  argon purge. For 
solutions 10 -5 molar  and below, their  preparat ion and 
all manipula t ions  were carried out under  an argon 
atmosphere. All  sulfide solutions were used the day 
of their  preparat ion and as rapidly as possible. 

For the measurement  of the PZZP of sulfide on CdS, 
a 0.1M KOH solution was prepared and allowed to 
thermal ly  equilibrate. Then  the desired Na~_~ concen- 
t rat ion was prepared by  successive dilutions of a 
freshly prepared stock solution of 1M Na2S in 0.1M 
KOH. The CdS powder employed has been previously 
washed 3-5 times with distilled water  and then  dried 
at 115~ in  the air. It was ground as finely as possible, 
,--25 ~m, in an agate mor ta r  and pestle. For  pS = drift  
measurements,  a 600 ml, 0.1M KOH solution of the de- 
sired init ial  sulfide concentrat ion was allowed to equil-  
ibrate  while being st irred under  a constant  argon 
purge. The general  schematic for the apparatus used 
is shown in  ~ ig. 2. Equi l ibra t ion was confirmed by the 
stabilization of the pS = measurements .  At this point 
between 1 and 20g of the CdS powder was added to 
the solution. As long as the solution was stirred all 
of the CdS remained suspended. The pS = was con- 
t inuously monitored and the reading normal ly  s tabi l-  
ized in from 1 to 8 hr. For measurements  of the PZZP 
by a differential potentiometric t i tration, Fig. 2, 600 

[_Y 
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H - -  

i o+ o o 
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+I 1+ 
Fig. 2. This apparatus was used to determine the PZZP with 

respect to S = ion concentration, both by the drift and differential 
potentiometric titration methods. The parts of the apparatus 
are as follows: s Teflon stir bar; B, 1 liter wide mouth Erlen- 
meyer flask; C, No. 11 rubber stopper; D, Orion sulfide ion selec- 
tive ion electrode; E, argon bubbler; F, 5 ml microburette under 
constant Ar atmosphere; G, thermometer; H, vent hole. 
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nil  of 0.1M KOH solution between 1 and 10g of sus- 
pended CdS powder was allowed to equil ibrate under  
argon. The solution was then titrated, using a 5 ml  
microburette,  with a 0.1M KOH solution of known 
Na~S concentration. The t i t rant  sulfide concentrat ion 
was changed as needed dur ing a r un  and the t i t rant  
and the solution being t i t ra ted were kept  under  argon. 
Nominal ly  t i t ran t  was added in equal portions, usually 
0.05-0.1 ml, and the solutions were allowed to equili-  
brate 2-5 min  before readings were taken. T i t ran t  vol- 
ume could be read to --+0.002 ml. 

The determinat ions of the fiatband potential  as a 
function of pH + or pNa2S were all conducted by the 
successive dilutions of freshly prepared stock solutions 
of KOH and Na2S. 

CdS electrode preparat ion.~The CdS single crystal 
was cut perpendicular  to the c axis and both sides were 
polished. A copper wire was soldered to one side using 
pure indium solder and a Fibra-Sonic,  Incorporated 
ultrasonic soldering iron. Before each exper imental  run  
the CdS electrode was etched in  warm, 30~ 50% HC1 
solution for 1-5 rain. 

pH + and pS = measurements . - -Al l  pH + and pS = 
measurements  were made with a Markson Electromark 
Analyzer,  pH + and specific ion meter  equipped with 
a Gralex digital panel  meter. Measurements  could 
be read to • pH units  or -+1 mV. pH + was mea-  
sured wi th  an Orion Model 91-02-00 combinat ion pH 
electrode and pS = was measured with an Orion Model 
94-16A solid-state sulfide electrode and an Orion Model 
90-02-00 double junct ion reference electrode. The ref- 
erence electrode outer junct ion was filled with 0.1M 
KOH. The sulfide electrode was polished before each 
run  and was calibrated by t i t rat ion with Pb(C104)2 
solutions. 

Electrochemical measurements . - -Al l  measurements  
were made with a PAR Model 173 potent iosta t /gal-  
vanostat  equipped with a PAR Model 179 digital coul- 
ometer  and a PAR Model 175 universal  programmer.  
Measurements were made using a s tandard  3-elec- 
trode setup, with a CdS anode, a smooth Pt  cathode 
(30 cruz), and a Corning Model 476015 s tandard calo- 
mel re~erence electrode. All  solutions were argon 
purged but  not  actively stirred. The flatband poten-  
tials were determined zrom plots os the square of the 
photocurrent  vs. potential. Extrapolat ion of the square 
of the photocurrent  intercepts the potential  axis at the 
fiatband (8). This process avoids some of the pitfalls 
encountered when  determining flatband potentials 
using Mott-Schottky plots. All flatbands were run  using 
monochromatic l ight at 450 n m  (,.A.0 mW) from a 
Schoeffel 150W high pressure xenon arc lamp equipped 
with a Schoeffel grating monochromator.  The reported 
fiatbands were normal ly  measured under  d-c (maxi-  
m u m  photocurrents 0.5 mA) conditions with l ight and 
dark currents  measured every 0.05V vs. SCE. The a-c 
measurements  agreed excellently with the d-c mea-  
surements.  For sulfide concentrations of 10 -4 molar 
and above no surface corrosion of the CdS electrode 
was observed. However, for 10 -5 and 10 -6 molar  sul-  
fide some slight corrosion was observed. As a conse- 
quence of this the fiatbands for these solutions were 
measured with the light intensi ty  reduced by a factor 
of t0 and 100, respectively. Under  these conditions a 
microscopic invest igat ion revealed no surface damage. 

Results and Discussion 
Calculation o~ the electron affinity.--Success has 

been achieved recently in calculating Fermi  energies 
and photoelectric thresholds for several classes of com- 
pounds uti l izing only the atomic electronegativities of 
the consti tuent atoms of the mater ia l  (9, 10). We have 
recently applied this same technique to a number  of 
t ransi t ion metal  oxide semiconducting electrodes in 
order to predict their  flatband potentials (6, 11). We 
have chosen to utilize Mul l iken electronegativities for 
our atomic electronegativities, since they provide an 

electronegativity scale with a simple physical in te rpre-  
tat ion based on physically measurable  parameters.  
Mull iken defines the atomic electronegativity,  x (m) ,  
as being the ari thmetic average of the first ionization 
potential  (Ip) and the atomic electron affinity (EA) as 
in  Eq. [2] 

x (m)  = I/2 (zp + EA) [2] 

In a sense x (m) may be thought of as representing 
the electrochemical potential of the electron in the 
neutral atom. When compounds are formed, these elec- 
trochemical potentials (electronegativit ies) are equal- 
ized by the f low of charge from atoms of smaller to 
atoms of larger electronegativity. Sanderson (12) and 
more recently Netherest  (9), have postulated, based on 
bond length arguments,  that the resul t ing bulk  elec- 
t ronegat ivi ty  of a compound is the geometric mean  of 
the electronegativities of the const i tuent  atoms. This 
hypothesis appears to be correct for a large number  
of compounds (6). By analogy with the atomic case, the 
bulk  electronegativity of a solid is just  the ari thmetic 
mean  of the highest filled state (top of the valence 
band) and the lowest empty state (bottom of the con- 
duction band) .  This corresponds to the undoped Fermi  
level or the electrochemical potential  of the electron 
in the intr insic semiconductor. The electron affinity for 
CdS will simply be given by  

1 
EA(CdS)  = [ x ( C d ) x ( S ) ] ' / a -  yEg(CdS) [3] 

where Eg is the bandgap of cadmium sulfide. The elec- 
t ronegat ivi ty of sulfur  is determined using Eq. [2], 
the appropriate ionization potential  (13), and the 
atomic electron affinity (14) to be 6.2 eV. The atomic 
electron affinity for cadmium is unknown,  thus we can- 
not use Eq. [2] to determine the atomic etectronegativ-  
ity of Cd. However, Mull iken's  definition tells us that  
the electronegativity is identical  to the work function 
of a metal. Thus for cadmium (13) we have an elec- 
t ronegat ivi ty of 4.1 eV. The bandgap (15) of CdS is 2.4 
eV. Therefore, we find for the electron affinity of CdS 
a value of 3.8 eV. Having calculated EA we can re tu rn  
to Eq. [1] and if we can evaluate  the correction fac- 
tors, we can determine accurately the flatband poten-  
tial. 

The evaluation of A$c.pSince flatband potentials re- 
fer to the electrochemical potential  of electrons in  the 
semiconductor (Fermi level) and the electron affinity 
of the semiconductor refers to the bottom of the con- 
duction band, a correction te rm exists in  Eq. [1], Arc, 
which accounts for the different reference points in  
these two types of measurements.  This difference can 
be measured using conventional  solid-state techniques 
such as the Seebeck effect (16). The Seebeck coeffi- 
cient for our CdS electrode was found to be 0.54 mV/  
~ From this number  and the informat ion in  Kr6ger, 
Vink, and Votgers' paper  (17) a carrier  concentrat ion 
of ,-~1017 was found. Using the s tandard t rea tment  as 
outl ined in Kittel  (16), A~c was then estimated to be 
0.1V. This number  of approximately a tenth  of a volt 
for ~fc is typical of the highly doped semiconductors 
employed in photoelectrolysis and the wet photovoltaic 
cells. 

Evaluation of Apx and the PZZP. Any electrode 
material  immersed in an electrolyte will interact  with 
the potent ia l -de termining  species in  solution. Since 
the electrolyte is in  equi l ibr ium with the electrode 
surface under  the conditions of interest, the electro- 
chemical potential  o f  the adsorbed species (~ad) wil l  
be equal to that of the same species in the electrolyte 

#ad -- ~ol [4] 

Depending on the concentrat ion of the potent ial-  
determining ions in the electrolyte and the intr insic 
PKa of the mater ial  with respect to those ions, differ- 
ing numbers  of anions and cations will be adsorbed 
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on the surface. The difference between the n u m b e r  
of positive and negat ive charges adsorbed on the semi- 
conductor surface gives rise to a potent ial  drop across 
the Helmholtz double layer  which is measured as part  
of the flatband potential.  This is the correction term 
hpx in Eq. [1]. There  is also a small  potent ial  across 
the Helmholtz double layer  due to the order ing of 
the neut ra l  water  molecules (18) but  this effect is 
quite small  and wil l  be ignored. Obviously ~px is a 
funct ion of the difference in  the n u m b e r  of adsorbed 
anions and cations and therefore the activity of these 
ions in  solution. Thus, most of the flatband potentials 
measured will  show a dependence on the relat ive ac- 
t ivi ty  ef the po ten t ia l -de te rmin ing  ions in  solution. 
For each mater ia l  there exists a unique  point, which is 
a funct ion of its intr insic  affinities for the potent ia l -  
de te rmin ing  ions, where the n u m b e r  of adsorbed an-  
ions and cations is equal  and the potential  drop across 
the Helmholtz layer  is consequently zero. This point  
is called the point  of zero zeta potential  (PZZP) and 
is the only point  at which t ru ly  meaningfu l  flatband 
measurements  can be made, and it is these flatbands to 
which the calculated electron affinities should be com- 
pared. 

Since we hoped to show that  our  model previously 
developed for the t ransi t ion metal  oxides (6) could 
be extended to the nonoxides and the wet photovoltaic 
cells, we picked a cell configuration close to that  em- 
ployed in  the normal  CdS wet photovoltaic cell. Recent 
results by Minoura, Okada, and Tsuiki (19) i l lustrate  
that  our  prototype cell will  evolve in  t ime to the typi-  
cal CdS/S =, S, O H - / P t  wet  photovoltaic cell. They 
also discuss the dependence of cell performance on sul-  
fur  concentration. Our cell configuration is a CdS 
single crystal anode with a p la t inum cathode in  an 
electrolyte composed of 0.1M KOH and various concen- 
t rat ions of NaaS. 

Historically, the de terminat ion  of PZZP has had im-  
por tant  ramifications in  the area of flotation processes 
(20). As a consequence it has been pr imar i ly  colloidal 
chemists who have measured the PZZP's for various 
materials,  p r imar i ly  oxides. They have, in  general, 
employed two techniques to measure the PZZP. The 
first technique involves measurement  of fast adsorp- 
t ion isotherms for solutions with different concentra-  
tions of an indifferent electrolyte and the second tech- 
nique measures the pH change on addit ion of metal  
oxide powder. In  the former, a potentiometric t i t rat ion 
is performed with either acid or base on a metal  oxide 
suspension in  solutions of known  specific ionic strength. 
Since the ions added must  go either to changing the 
pH of the solution or being adsorbed on the metal  ox- 
ide surface, it is possible to determine the surface 
charge density as a funct ion of pH for several con- 
centrat ions of the support ing electrolyte. The point  at 
which these curves intersect will be the PZZP. In  the 
latter, metal  oxide powders are added to aqueous so- 
lut ions of a known pH with no other adsorbable spe- 
cies present. The pi.i of the solution will  drift  on ad- 
dit ion of the powder toward the PZZP. At the PZZP, 
the pH of the solution is independent  of the amount  
of metal  oxide added. 

We have developed a modification of the first tech- 
nique whereby all that  is needed is to perform a dif- 
ferent ial  potentiometric t i t ra t ion of a suspension of 
the mater ia l  of interest  with a solution of the ion of 
interest.  Since the solid acts to buffer the solution 
everywhere  bu t  at the PZZP, a peak in the rate of 
change of pX with t i t ran t  added vs. p X  curve should 
be observed. We have employed the pX drift  and dif- 
ferent ial  potentiometric  t i t ra t ion techniques to eluci- 
date the PZZP for the various sulfide species on CdS 
as is shown in  Fig. 3. 

For  the drift  exper iments  degassed 0.1M KOH solu- 
tions of known sulfide concentrat ions (as Na2S) were 
equi l ibrated under  argon wi th  known  amounts  of 
finely powdered CdS. The solution makeup was moni -  
tored by following pS = with a specific ion electrode. 
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Fig. 3. Determination of the S = concentration at 'the PZZP 
of the CdS anode. The top harlf of the figure represents data 
taken by the pX drift technique. In particular we plot grams 
of CdS added to a 600 ml sulfide solutian of known initial pS = 
and 0.1M KOH vs. measured pS =. Points on continuous lines 
represent successive additions to the same solution. The lower 
half of the figure consists of three differential potentiometric 
titrations of a suspended amount of CdS 1, 5, 10g in 600 ml 
0.1M KOH with Na2S solution. The rate of change of pS = 
with a~dcd titrant apS=/aS is plotted vs. pS =. It is of note 
that the same peak for the PZZP is observed in both curves 
and tha;' a p s = / a x  scales inversely with the amount of added CdS. 

The top half of Fig. 3 i l lustrates the drift  data as a 
plot of grams of CdS powder added vs. the pS =. Con- 
vergence on the PZZP is observed from both directions 
and the PZZP lies at a pS = of 8.4. This n u m b e r  does 
not reflect which of the sulfide species is the potent ia l -  
determining species bu t  just  that a unique sulfide 
anion concentrat ion exists at the PZZP and is 4 X 
10-gM S =. The sulfide equi l ibr ia  in  solution (21) are 
i l lustrated in  Eq. [5] and [6] 

HI~S~---H +(aq)  + H S - ( a q ) ;  I < - - l . 0 0  • 10-~ [5] 

H S - ~ H  +(aq)  + S  = ( a q ) ;  K - - 7 . 0 8 X  10 -14 [6] 

The lower half of Fig. 3 i l lustrates some curves 
from differential potentiometric t i trat ions of CdS sus- 
pensions. Two observations are impor tant  here: (i) the 
peak in the rate of change curve matches that  of the 
drift  measurements  quite well, and (ii) the relat ive 
m~gnitude of the peak scales inversely  with the 
amount  of the mater ial  added. This is expected since 
the suspended CdS essentially acts as a buffering 
agent in  the solution and the larger the amount  of 
CdS the smaller hpS=/~ml.  

Flatband potential as a function of [Na2S] and [H + ]. 
- - I n  an at tempt to determine which sulfide ions are the 
poten t ia l -de te rmining  species as well  as to define the 
dependence of Vfb on pNa2S and pH +, a series of ex- 
per iments  were conducted using a single crystal CdS 
electrode in various sulfide, hydroxide electrolytes. 

To derive full  benefit f rom the flatband measure-  
ments  the accurate composition of the solution must  
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Table I. Flatband dependence on Ne2S concentration 

Nominal  solut ion Actual  solut ion p H  [H~S] [HS- ]  IS =] V~b VS. SCE 

10OM Na2S,  0.1M K O H  8.97 X 10-1M Na~S, 0.052M K O H  13.95 1.36 X 10 -s 1.22 x 10 -x 7.75 x 10 -~ - 1.32 
10-~M Na~S, 0.1M K O H  8.97 • 10-2M Na~S, 0.052M K O H  13.44 1.10 • 10 -s 3.04 • 10 -~ 5.93 • 10 --~ - 1.25 
10-2M Na~S, 0.1M K O H  8.97 x 10-~M Na~S, 0.052M K O H  13.27 2.12 x 10 -~ 3.89 x 10 -s 5.08 x 10 -~ - 1.21 
10-~M NaeS, 0.1M KOH 8.97 x 10-~M Na2S, 0.052,VI KOH 13.27 2.09 x I0 -m 3.87 x i0-~ 6.10 x I0 -~ - 1.15 
10-~M Na~S, 0.1M KOH 0.97 x 10-5M Na~S, 0.062~VI KOH 13.28 2.02 x 10 -n 3.82 x 10 -~ 5.14 • 10 -~ - 1.06 
10-~M Na~% 0.1M K O H  8.97 x 10-~ Na=S, 0.052#I K O H  13.28 1.99 x 10 - ~  3.01 x 10 -a 5.16 x l0 -e - 1 . 0 0  
10-eM Na~S, 0.1M K O H  8.97 x 10-~M Na~S, 0.052~VI K O H  13.29 1.95 x 10 -1~ 3.78 x 10-~ 5.19 • 10 -~ --0.97 

Table II. Flatband dependence on H + ion concentration 

N o m i n a l  s o l u t i o n  A c t u a l  s o l u t i o n  p H  [H~S] [HS- ]  IS  =] Vtb  vs.  S C E  

10-1M K O H ,  1O-ZM Na~S 0.079M K O H ,  9.44 x 10-~M Na~S 12.90 7.61 x 10 -m 6.044 x 10-~ 3.40 x 10 -~ - 1 . 0 9  
104M KOH, 10-~M Na2S 7.9 x 16-a~vl KOH, 9.44 x 10-~IVI Na2S 11.77 1.54 x I0 -s 9.06 x i0-~ 3.78 x i0 -~ -1.04 
10-3M KOH, 1O-~M Na~S 7.9 x 10-~IVI KOll, 9.44 x 1O-~IVl Na~S 11.39 3.78 • 1O -8 9.28 x I0 -~ 1.61 x i0 -5 -0.96 
10-4M KOH, 10-zlVI Na2S 7.9 x 10-51VI KOIi, 9.44 x 10-4M Na~S 10.47 3.19 x 10 -7 9.42 x 1O -~ 1.9; x i0 -o 0.91 
10-6M K O H ,  10-~M Na2S 7.9 x 10-o.~l K O H ,  9.44 x 10-~Vl Na~S 8.75 1.65 x 10 -5 9.28 • 10-~ 3.69 x 10 -8 - 0 . 8 7  

be known. This is r e l a t ive ly  s imple  since we can r e -  
wr i te  Eq. [5] and [6] as 

[HS-]I0-~H 
[H2S] = [7]  

1 X 10 -7  

7.08 • 10-14[HS - ]  
IS =] = [8] 

10-PH 
and we know tha t  

Ms = [S =] + [HS-] + [H2S] [9] 

where Ms is the net moles of sulfide as original Na2S 
added. Ms is known since all the stock Na2S solutions 
were standardized with lead perchlorate (22). Since 
pH and pS = are known, the concentration of all of the 
relevant species in solution may be readily ascertained. 

Table I illustrates the dependence of flatband on 
the bulk Na2S concentration in argon purged 0.052M 
KOH solutions. The variation of flatband potential 
with concentration of a particular ion is due to changes 
in the potential across the Helmholtz layer due to ad- 
sorbed species ~px. Starting from Eq. [4J we can write 
the potential across the I-lelmholtz layer due to an ab- 
sor.bed species as 

zeApx :/.~sol -- #ad [I0] 

where  ze is the charge on the ion of concern and 
the re levan t  chemical  potent ial .  Taking  into account 
the  dependence  of chemical  potent ia l  on act iv i ty  of 
the species, we have  

ze~x=O;%ol_O#ad+RTln[( Csoi ~  [11] 
OCsol :Fad 

where  we have  assumed the solut ion is close to ideal  
and the act ivi t ies  can be replaced  by  concentrations,  
C, and r is the  surface concentra t ion of adsorbed  
species. Thus  if  one plots  the f la tband potent ia l  
vs. the  log of the  concentrat ion,  one expects  the 
typical  Nerns t ian  slope (0.0592 V / p X / z ) .  Figure  4 
shows a plot  of f la tband potent ia l  vs. the log of the  
bu lk  Na2S concentrat ions.  The da ta  is ve ry  l inear  wi th  
a slope of 0.060 _ 0.003 V/pNa2S unit,  ve ry  close to 
that  p red ic ted  for  a monovalen t  anion. This da ta  is 
h ighly  significant in two ways. F i r s t  i t  a l lows us to 
ex t rapo la te  the  f la tband poten t ia l  back to the  PZZP 
to test our  model. Second, the  fact  tha t  i t  has a slope 
expected for a monovalen t  ion l imi ts  the  number  of 
possible  sulfide ions tha t  a re  potent ia l  determihing.1 

Ex t rapo la t ing  the f latband potent ia l  to our PZZP of 
8 X 10-OM Na2S gives us an expe r imen ta l  f ia tband 
potent ia l  of --0.84V vs. SCE. We know 

Vfb = EA - -  E o  - -  ~ f e  - -  ~ p x  [ 1 2 ]  

We have shown tha t  EA : 3.8 eV, Eo : 4.75 eV, A~ 

~ T h e  same Nernst ian behavior  of the  flatband potential  of 
C d S  has been observed us ing  b u l k  s u l f i d e  s o l u t i o n s  b y  M i n o u r a  
e t a l .  (23) .  H o w e v e r ,  their  conclus ion that the S = i o n  a d s o r b s  on  
t h e  C d S  electrode is incorrect  since the Nernst ian slope they  ob- 
serve  is  characterist ic  of  a monova lent  ion. 

,~ 0.I eV, and at the PZZP, Apx = 0. Thus, we calcu- 
late a flatband potential of --0.83V (aCE) for CdS 
which is in excellent agreement with the experimen- 
tal value above. 

An examination of Table I indicates that at Na2S 
concentrat ions below 10 -2 mola r  the  ra t ios  of the 
H2S, i-IS-,  and S = concentrat ions  are  re la t ive ly  con- 
stant,  a consequence of the  pH being a lmost  constant.  
Since al l  ionic species presen t  in  the e lec t ro ly te  a re  
known and H S -  is the  on ly  monova len t  ion presen t  
that  wil l  adsorb [ O H -  does not  adsorb  on CdS (24)] 
the slope of the  V~b VS. PNa2S indicates  tha t  H S -  must  
be a po ten t i a l -de te rmin ing  ion. 

To invest igate  the dependence  of Vfb on the solut ion 
pH, a numoer  of solut ions were  made  up wi th  the  
composit ions i l lus t ra ted  in Table  II. Here a constant  
bulk  Na2S concentra t ion is ma in ta ined  and var ious  
KOH concentrat ions were  employed.  Of consequence is 
that  the re la t ive  concentrat ions  of the var ious  sulfide 
species remains  essent ia l ly  constant  wi th  the H S -  ion 
being the p redominan t  species. Since the H S -  ion is 
the nega t ive ly  charged po ten t i a l -de te rmin ing  species 
and its concentrat ion remains  essent ia l ly  constant,  
var ia t ions  in the  f la tband poten t ia l  mus t  be due to 
the  changes in pH +. F igure  5 i l lus t ra tes  the  depen-  
dence of the f latband potent ia l  on pH + and once again  
the slope corresponds to tha t  expected f rom the Nerns t  
equat ion for a monovalen t  cat ion (0.056 _ 0.009 V /  
p E ) .  Therefore,  the pro ton  must  be the  other  po ten-  
t i a l -de te rmin ing  ion in the  CdS cell. These da ta  m a y  

-1,5(~ 

T 
0 1 2 3 4 5 5 

FNA2S 

Fig. 4. Dependence of Vfb on bulk Na2S concentration. The 
data shown are the same as those in Table I and are for a 
CdS/S =,  0.052M KOH/Pt cell. The slope of the line is 0.060 
_.t_ 0.003 V/pNa2S unit very close to the Nernstian slope for a 
monovalent ion (0.059 V/pX) indicating that the HS-  ion is a 
potential-determining species. 

-i, 20 

1,1( 

-l,O0- 



Vol. 125, No. I2 F L A T B A N D  P O T E N T I A L  O F  CdS PHOTOANODES 1973 

I I I - f I I 

1 , 2 ]  

1 ,1 .  �9 

1,0-  * 

0,9 

1~ i3 12 11 10 9 

Fig. 5. Dependence of Vfb on pH. The data shown are the same 
as those in Table II and are for a CDS/9.44 X 10-4M S =,  
KOH/Pt cell. The slope of the line is 0.055V • 0.009/pH unit 
which is close to Nernstian as is expected if the proton is one 
of the potential-determining species. 

appea r  to be in conflict wi th  resul ts  of Watanabe ,  F u j i -  
sh ima and Honda (24), however ,  the i r  exper iments  
were  done in signif icantly different  e lect rolytes  and 
involved different  sample  p re t rea tments .  The close 
ag reemen t  be tween  the i r  f la tband of --0.87 (SCE) and 
tha t  observed  by  Minoura,  Watanabe,  Oki, and Tsuiki  
for the  Cd surface of CdS --0.85 (SCE) suggests tha t  
they  have  exposed the  Cd surface. On this surface 
one would  not  expect  adsorp t ion  of posi t ive  po ten t i a l -  
de te rmin ing  ions such as H +. This is consistent  wi th  
the i r  f ia tband being close to our  PZZP. The de t e rmina -  
t ion of the  pH + dependence  requi res  significant sulfide 
concentrat ions  since an equi l ib r ium si tuat ion would 
not exist  otherwise.  

The  PZZP measurements  suggested tha t  a unique S = 
ion ac t iv i ty  exists  when  the adsorbed  surface charge  is 
zero (PZZP)  even though we  be l ieve  tha t  H S -  and 
H + are  the  po ten t i a l ly  de te rmin ing  species. How is 
this  possible? If  we  r e tu rn  again  to Eq [4] we can 
wr i t e  the  e lect rochemical  po ten t ia l  equi l ibr ia  for each 
po ten t i a l -de t e rmin ing  species. Sub t rac t ing  these two 
equat ions we have  

/ ~ a d  H +  _ _  # a d H S  - - - -  ~ s o l  H +  R ~ s o l H S  - [13] 

whe re  the  r ight  side of the  equat ion is in solut ion and 
the lef t  s ide is the  adsorbed  phase.  At  the PZZP the 
number  of H + and H S -  ions in the  adsorbed  phase are  
equal.  If we then  expl ic i t ly  d i sp lay  the  concentra t ion 
dependences  of the  e lec t rochemical  potentials ,  we have 

o ~ a d H +  _ _  o / ~ a d H S  - = o ~ s o l H +  _ _  o / ~ s o l H S  - 

+ R T  In aH+,sol --  R T  In aHs-,sol [14] 

where  the  act ivi t ies  re fe r  to those at  the  PZZP. The 
ac t iv i ty  of H S -  ions m a y  be expressed  in te rms of the 
act ivi t ies  of H + and S = ions by  using Eq. [6]. If  we 
also use the  fact tha t  2.303pX : - - i n  Cx, we find 

o / ~ a d H +  _ _  o ~ u a d H S  - = o ~ s o l H +  - -  o / a s o l H S  - _ _  2.303RT pH + 

{ + 2.303RT PH + -t- PS = + ~ [15] 

where  K = 7.08 X 10 -14. Thus the  dependence  on pH + 
cancels and a unique  va lue  of pS = exists a t  the  PZZP 
given by  

o / ~ a d H +  - -  o / z a d H S  - ~__ o ~ s o l H +  _ _  o ~ s o l H S  - 

} + 2.303RT ~ + PS = [16] 

Conclus ions  
In  summary ,  we have  shown tha t  the  techniques w e  

had prev ious ly  developed for  oxide photoanodes are  
equa l ly  appl icab le  to nonoxides  and var ious  redox  
chemistr ies .  In  par t icu lar ,  we have  shown tha t  for the 
case of the  cadmium sulfide wet  photovol ta ic  cell, we 
can pred ic t  the  f la tband potent ia l  of the  CdS anode 
f rom the atomic e lec t ronegat iv i t ies  of the  const i tuent  
atoms. This pred ic t ion  m a y  be compared  wi th  exper i -  
ments  if corrected for the poten t ia l  across the  He lm-  
holtz l aye r  due to specific ion adsorpt ion  Apx. This cor-  
rect ion factor  can be  s imply  eva lua ted  using we l l -  
es tabl ished procedures .  Excel len t  ag reemen t  is found 
be tween  the  ca lcula ted  va lue  (--0.83 vs. SCE) and the 
expe r imen ta l ly  measured  va lue  tha t  has been  correc ted  
to the  PZZP (--0.84V vs. SCE).  We have also demon-  
s t ra ted  how, by  examin ing  the behavior  of the f latband 
wi th  pNa2S and pH +, we can pos i t ive ly  iden t i fy  the 
po ten t i a l -de t e rmin ing  species on the  cadmium sulfide 
electrode. These tu rn  out  to be H S -  and H +. S = 
which was prev ious ly  thought  to be impor t an t  seems 
to p l ay  no d i rec t  role. 

Final ly ,  the impor tance  of considering the influence 
of the adsorbed  ions cannot  be underp layed .  I f  f lat-  
band measurements  in these systems are  not  r e fe r -  
enced to the  appropr i a t e  PZZP, the  magn i tude  of Apx 
remains  unknown and the value  of the  intr insic  flat-  
band cannot  be de termined.  Fur the r ,  by  being able  to 
de te rmine  which ions in solut ion are  the  po ten t i a l -  
de te rmin ing  ones, the  ab i l i ty  to in te l l igen t ly  modi fy  
the  chemis t ry  of the sys tem becomes a possibil i ty.  
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The Conductance, Cyclic Voltammetric, and Infrared 
Spectral Studies of Electrolytes in Dimethyl Sulfoxide 

H. V. Venkatasetty* and D. J. Saathoff 
HoneywelZ Corporate Material Sciences Center, B~oomington, Minnesota 55420 

ABSTRACT 

The conductance,  cyclic vo l t ammet ry ,  and infrared spectra of  LiAsF~, 
LiPF6, and LiBF4 in d imethy l  sulfoxide have  been measured.  F r o m  conduct-  
ance data, informat ion  on op t imum concentra t ion of the  e lect rolyte  for m a x i -  
m u m  conductance as wel l  as the  format ion  of ion pai rs  and t r ip le  ions has 
been obtained.  The cyclic vo l t ammograms  of these solutions have  been used 
to es tabl ish  the i r  e lec t rochemical  s tabi l i ty  and to s tudy  the e lect rochemical  
behavior  of t race  amounts  of w a t e r  in these solutions. The  in f ra red  spec t ra  of 
d imethy l  sulfoxide and the solutions of LiAsF6, LiPF6, and LiBF4 in d imethy l  
sulfoxide have  been obtained.  The changes observed in the  spec t ra  of e lec-  
t ro ly te  solutions have been interpreted in terms of  ion-so lvent  interactions. 

Dimethy l  sulfoxide (DMSO) is a d ipolar  aprot ic  
solvent  wi th  excel lent  solvent  proper t ies  for inor -  
ganic and organic  mater ia ls .  I t  is res is tant  to oxidat ion  
and reduct ion  (1).  I t  has fa i r ly  high dielectr ic  con- 
s tant  of 46.6 at  25~ and its viscosi ty is 1.96 cp at  
25~ (2). I t  is a po ten t i a l ly  promis ing  solvent  for 
use in high energy  dens i ty  e lect rochemical  power  
sources. The conductance behavior  of d i lu te  solutions 
of severa l  un i -un iva len t  e lectrolytes  was s tudied in 
DMSO at 25~ and the l imit ing equivalent  conduct-  
ances were  obta ined  (3). Ac t iv i ty  coefficients, con- 
ductivi t ies,  viscosities, and nuclear  magnet ic  resonance 
(nmr)  spect ra l  measurements  were  made on l i th ium 
chlor ide  solutions in DMSO and the observed anomalies  
in the ac t iv i ty  coefficients were  a t t r ibu ted  to ion-pa i r  
format ion  (4). Conductance measurements  on di lute  
solutions of qua te rna ry  ammonium salts were  made 
in DMSO, and informat ion  on single ion conductivi t ies  
and associat ion to ion-pa i r s  was obta ined  (5). The 
conductance of severa l  sodium salts and  an a lky l  am-  
monium sal t  was measured  and ion conducfivi t ies  
were  de te rmined  (6). I t  was found tha t  in sodium 
salts, the associat ion to ion pairs  was evident  in salts 
containing la rge  anions as wel l  as in a lky l  ammonium 
salt  (6).  

As more  concent ra ted  solutions of e lec t ro ly tes  
( ~ I M )  are  usua l ly  employed in ba t t e ry  systems to 
minimize  IR drop, i t  is expected tha t  there  wil l  be 
s t rong ion- ion  and ion-solvent  in teract ions  in these 
solutions of aprot ic  solvents. I t  is known tha t  the  
s t ructura l ,  thermodynamic ,  and t r anspor t  p roper t ies  
of e lec t ro ly te  solutions depend on the na tu re  and 
the range  of such interact ions.  The mass t r anspor t  
p roper t ies  of e lectrolytes  in solutions and the e lec t ro-  
ly te  solut ion e lect rode interact ions  can l imi t  the  ef- 
ficiency and per fo rmance  of the bat tery .  I t  has been 
shown tha t  in l i th ium cupric  fluoride ba t t e ry  us ing 
1M LiC104 in p ropylene  carbonate,  the severe  pe r -  

* Electrochemical Society Active Member. 
Key words: dimethyl sulfoxide, electrolytes, conductance, cyclic 

voltammetry, infrared spectra. 

formance l imi ta t ions  not iced dur ing  discharge at  me-  
d ium to high ra tes  can be a t t r i bu t ed  to mass t r anspor t  
l imi ta t ions  in the e lect rolytes  (7). The redox behavior  
of sulfur  in  1M LiC104 in DMSO has been s tudied 
wi th  a view to develop an ambien t  t empe ra tu r e  non-  
aqueous e lec t ro ly te  L i / S  secondary  ba t t e ry  (8). There -  
fore, there  is a need to develop an unders tand ing  of 
ion- ion and ion-solvent  in teract ions  in concentra ted  
solutions of e lec t ro ly tes  in nonaqueous aprot ic  sol-  
vents  of in teres t  to ba t t e ry  technology. There  are  
r e l a t ive ly  few studies on the t r anspor t  p roper t ies  
and  s t ruc ture  of solutions of l i th ium salts in DMSO 
useful  to l i th ium ba t t e ry  technology.  

The present  invest igat ions  were  unde r t aken  to mea -  
sure conductance of the  solutions of LiAsF6, LiPF6, 
and LiBF4 in DMSO over  a wide concentra t ion range 
to s tudy  thei r  e lect rochemical  s tab i l i ty  by  cyclic 
vo l tammetry ,  and the i r  s t ruc tures  by  in f ra red  spec-  
troscopy. F rom conductance da ta  such  in format ion  as 
equiva lent  conductance at  infinite di lu t ion (Ao), ion-  
pa i r  dissociation constant  (Kd)  and informat ion  on 
t r ip le  ion conductance (•o3), and dissociat ion con- 
s tant  (K) have been obtained.  F rom cyclic vo l tam-  
mograms,  the e lectrochemical  s tab i l i ty  and the elec-  
t rochemical  behavior  of smal l  amounts  of wa te r  have 
been studied. The observed changes in the cha rac te r -  
ist ic in f ra red  f requency  of  the solvent  and the po ly-  
atomic anions have been in t e rp re t ed  in terms of ion-  
solvent  interactions.  

Experimental 
Dimethy l  sulfoxide "dis t i l led in glass" obta ined f rom 

Burd ick  and Jackson Laborator ies ,  Incorporated,  was 
examined  for  wa te r  content  by  K a r l  F i scher  t i t rat ion,  
and the wa te r  content  was found to be ~50 ppm. The 
e lect rolytes  LiAsF6, LiPF6, and  LiBF4 were  obtained 
f rom Foote Minera l  Company and were  dr ied under  
vacuum before  use. LiPF6 was quoted by  the manu-  
fac turer  as 99.1% pure  and the impur i t y  was the 
solvent  me thy l fo rma te  or  benzene. The o ther  salts  
LiAsF6 and LiBF4 also had  solvent  impur i t y  which 
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w a s  removed on drying. LiAsFe obtained f rom U.S. 
Steel  was also used. All  solutions were  prepared in 
a dry box under  a posit ive pressure of dry  nitrogen, 
and l i th ium electrodes were  prepared  under  dry argon. 
Jones-  and Bol l inger- type  conductance cells wi th  
br ight  p la t inum disk electrodes were  fabricated. The 
cell constant var ied  f rom 0.3264 to 5.5794 cm-1,  and 
these were  used af ter  calibration. The cell constants 
of the conductance cells were  de termined  wi th  s tan-  
dard 0.1 and 0.01D KCI solutions (9). All  conductance 
measurements  were  made in a bath of minera l  oil 
mainta ined at 25 ~ __. 0.05~ The conductance data are 
accurate  to 2%. The specific conductance of d imethyl  
sulfoxide is 2-3 • 10-s mho cm -1 (2) and the most 
di lute solution used has specific conductance of 1.9293 
X 10 -5 mho cm -z, and therefore  solvent  correction 
is necessary. A Jones and Josephs- type  bridge in 
combinat ion with  a Wavetek  sweep generator  and 
oscilloscope was used to measure the resistances of 
solutions. Cyclic vo l tammetr ic  studies were  carr ied 
out using Pr inceton Applied Research Corporat ion 
Model 173 potent ios ta t /ga lvanosta t  wi th  a Model 175 
Universal  programmer .  A three-e lec t rode  cell wi th  
compar tments  being separated by a medium porosity 
f r i t ted disk was used. Most commonly used electrode 
mater ia ls  in exper iments  on electrochemical  stabili ty 
are graphi te  and p la t inum (10). P la t inum electrodes 
have been used by various workers  (10) and in this 
work  a smooth p la t inum disk electrode was used. 
The counterelectrode was a large p la t inum spiral, 
and the reference electrode was l i th ium foil immersed  
in l i th ium salt solution in DMSO. The vo l tammetr ic  
studies were  carr ied out in less than 15 rain, and the 
p la t inum electrode on examinat ion  did not show 
any change in appearance. The infrared spectra were  
obtained using a Digilab Four ier  Transform Spect rom-  
eter. A KBr  beam spli t ter  was used in the 4000-400 
cm -1 spectral  range, and a 6 ~ n  Mylar  beam spli t ter  
was used in the 400-120 cm -1 range. The resolution 
was 8 cm -1 in the 4000-400 cm -~ range and 4 cm -1 
in the 400-120 cm -1 range. Two types of cells were 
used due to the l imited spectral  range of the window 
materials.  A sealed cell wi th  KBr  windows was used 
for the 4000-400 cm-~ range. A similar  type sealed 
cell wi th  polyethylene windows was used to cover 
the 500-150 cm -1 range. The cells were  filled in a 
dry  box with  a posit ive pressure of dry nitrogen. 

Results and Discussion 
The conductance measurements  were  made on 

LiAsF6, LiPF6, and LiBF4 in DMSO over  a wide range 
of concentrat ions (Fig. 1, Table I).  The addition of a 
known quant i ty  of water  to the solutions of LiAsF6 
shows a decrease in the conductance (Fig. 2), ir~dicat- 
ing preferential solvation of the Li + cation by the 
water molecules. The conductance data for dilute 

12 

1C x - LiAsF 6 

A - LiPF 6 

I o - LiBF 4 

% 
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Fig. I. Specific conductance ~ .  concentration of electrolytes in 
di~thyl  sulfoxide. 
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Fig. 2. Effect of water on the conductance of LiAsF6 at various 
concentrations in dimethyl sulfoxide. 

solutions of these electrolytes were  analyzed by an 
equat ion of a form similar  to that  of Fuoss-Shedlovsky 
(11), except  for the function S (Z). The equat ion is 

1 1 cA 

i io K d ( i o )  2 

where ao is the limiting equivalent conductance and 
Kd is the dissociation constant. The derived values 
of io and Kd for LiAsFs and LiPF6 indicate similar 
behavior for these electrolytes, whereas these values 

Table I. Conductance data 

L i A s F e * b D M S O  solutions 

Concentration 
( m / l )  

Specif ic  conductance 
( m h o  c m  -1 x 108) 

1.0109 47.674 
0.6739 11.0909 
0.4493 9.0744 
0.2995 6.8106 
0.1996 6.2244 
0.13306 3.6631 
0.088706 2.6433 
0.04435 1.4324 
0.02217 0.76746 
0.007392 0.26792 
0.002464 0.09367 
0.0008213 0.03918 

LiAsF6**--DMSO solutions 

C o n c e n t r a t i o n  Specif ic  c o n d u c t a n c e  
( m / i )  ( m h o  c m  -1 x 103) 

0.100 2.72 
0.0fi0 1.53 
0.0100 0.3371 
0.001 0.0424 
0.0009 0.0419 

LiPFe- -DMSO solutions 

Concentration Specific conductance 
( m / l )  ( m h o  e m  -z • 10,) 

0.006945 2.529 
0.002#73 1.373 
0.001955 0.7987 
0.001487 0.692 
0.000743 0.3554 
0.000372 0.19293 

L i B F , - - D M S O  solutions 

Concentration Specific conductance 
( m / l )  ( m h o  cm-1 x 103) 

0.09812 2.6956 
0.04906 1.5917 
0.02453 0.8571 
0.01225 0.4421 
0.006128 0.2493 
0.003064 0.1313 
0.001532 0.07168 
0.000766 0.03782 
0.0003983 0.01878 

* F o o t e  Minera l .  
** U.S. Steel .  
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Ao K d  X I0 ~ k/Aoa x I0 ~ 

LiAsFe 55.5 4.8 1.9 
LiPFe 56.8 4.6 1 3  
LiBF,  52.9 13.9 1.2 

are different for LiBF4 due to ion-solvent  interactions 
(Table 11). The equation describing the equi l ibr ium 
for triple ions (12, 13) is given by 

V Kg" x[KdC 
-~ = ~ ~o -~ ~ -~o~ 

where Kd and K are the equilibrium constants for 
ion pairs and triple ions and An and An3 have their 
usual significance (12, 13). The information on triple 
ions is given in Table H. Because of the scatter in 
the exper imental  data, these values are considered as 
approximate.  The l imit ing equivalent  conductance (An) 
for LiAsF6 is 71.5 in methylformate,  and it is 22.2 in  
propylene carbonate. For LiBF~ it is 9.1 in methyl  
formate (14). These differences have been explained 
in  terms of the viscosity of the solvents and the ion- 
solvent interactions. 

In]rared spectroscopy.--In dimethyl  sulfoxide both 
oxygen and sulfur  atoms are rich electron sources and 
therefore can interact  with electrolytes. The electronic 
s t ructure  of DMSO may be represented as a reso~mnce 
hybr id  of the structures 

:~- ~ : J  cH3 ~_~ .~:~.~==~=S: jCH3 

I I I  

If interact ion occurs through oxygen, S---O bond will 
weaken, resul t ing in a decrease in  S ~ O  stretching 
frequency. If interact ion occurs through sulfur, it 
will  result  in  an increase of S---O stretching frequency 
(15, 16). The characteristic frequencies most l ikely 
to be affected by ion-solvent  interactions are the S---O 
stretching mode occurring at 1060 cm-~, the CH3 
rocking mode at 955 cm-~, and the asymmetric  C--S  
stretching mode at 675 cm -~ in the pure solvent 
(15, 16). The observed changes in the spectra of 
these solutions are shown in  Table III. The shift in 
S ~ O  stretching frequency is min imal  for solution of 

Table IIh Spectra of electrolyte solutions 

LiAsFe (0.SM) 

B a n d  I n t e n s i t y  A s s i g n m e n t  

LiAsF6 and more pronounced for solutions of LiPFs 
and LiBF4, inaicat ing relative magni tude  of interac-  
tion. 

The anions AsFs-  and PF6-  with octahedral sym- 
met ry  (Oh) and low polarizabil i ty (17) should have 
six normal  modes of vibrat ions of which only ~3 and 
~4 are in~rareci active (18). The appearance of strong 
bands at 700 and 400 cm -1 can De a t t r ibuted to v3 
and ~4 of AsF6- (Table I i I ) .  The infrared spectrum 
of the compound LiSbF6 shows a strong band P8 at 
669 cm -1 and a medium v4 band at 350 cm -1 (19, 20). 
In the case of Li~2'6 a strong band appearing at 840 
cm -~ and a medium- in tens i ty  band  appearing at 555 
cm -1 can be assigned to the ~3 and P4 modes of PF6- ,  
respectively. The third band of medium intensi ty  
appearing at 425 cm -1 can be at t r ibuted to v5 to PF6-  
due to lowering of symmetry  as a result  of ion-solvent  
interact ion (Table I l l ) .  The infrared spectrum of 
KPF6 has been obtained and a strong band v3 at 830 
cm -1 and a medium intensi ty  band at 558 cm -~ have 
been at t r ibuted to the p~ and ~4 mode, respectively 
(19, 20). The anion BF4- of LiBF4 with te t rahedral  
symmetry  (Td) has only two infrared active v ibra-  
t ional modes, ~ and ~4, and these are tr iply degener-  
ate (20, 21). The appearance of a shoulder at 500 cm -~ 
can be at t r ibuted to the v4 mode of BF4- (Table III) .  
A broad band of medium intensi ty  appearing at 420 
cm -~ can be at t r ibuted to the ~2 mode which has be- 
come infrared active due to lowering of the symmetry  
as a result  of ion-solvent  interaction. 

Cyclic voltammetry.--The cyclic vol tammetr ic  s tud-  
ies of electrolyte solutions in  dimethyl  sulfoxide 
show that the solutions are electrochemically stable 
from about +0.5 to +3.5V vs. Li/Li  +. The vol tam- 
mogram of 0.6M LiAsFe in  DMSO shows a main  
peak around +1.75V and small  peaks around +2.3, 
-t-1.4, and + I . I V  vs. Li/Li  + (Fig. 3). On adding excess 
water  (2500 ppm) to the solution, the vot tammogram 
obtained shows that the ma in  peak around -{-1.75V 
has increased in  amplitude, whereas the other peaks 
show very slight increase. A vol tammogram of 0.6M 

2.0 

0.6M LIAsF 6 in  DMSO 

Pt ELECTRODE 
SCAN RATE 

I - 5mV/SEC 
2 -IOmV/SEC 

3-20mV/SEC 
4 - 50mV/SEC 

(cm -z) 
1065 vs & b S--O Str of DMSO 
960 s CH~ rocking mode 
700 vs Ps of AsFs- + Asy C--S Str 

of DMSO 
665 m S y m  C- -S  Str of DMSO 
400 s p, of  AsF6- 

LiPF6 (0.SM) 

1050 vs  S - - O  Str of DMSO 
955 s CH3 rocking mode 
840 s ~8 of PF~- 
695 m A s y m  C---S Str 
670 w S y m  C--S  Str 
555 m v~ os PF6- 
425 m & b poss ib ly  ~5 of  PFa ~ 

LtBF~ (0.SM) 

1045 vs  & b S - - C  S t r  of  DMSO 
950 s CI~  rocking mode 
695 m A s y m  C- -S  Str 
660 w S y m  C---S Str 
500 sh  p4 of  BF,- 
420 m & b ~ of BF , -  

vs = v e r y  s t rong ,  s = s t rong ,  b = broad,  m = m e d i u m .  

E 

I- Z 
n-- 

LO 
0 

POTENTIAL Evs L i / L i  + 

Fig. 3. Cyclic voltammogram of LiAsF6 in dimethyl sulfoxide as 
a function of scan rate. 
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LiAsF6 in t e t r a h y d r o f u r a n  also shows one main  peak  
and th ree  smal l  peaks  (22). The main  peak  occurr ing 
a round  -i-1.75V vs. L i / L i  + can be a t t r ibu ted  to the 
reduct ion  of water .  A reduct ion peak  at  + l . 4 V  vs. 
L i / L i  + was observed  in 1M LiC104 in p ropy lene  car -  
bonate,  and i t  was a t t r ibu ted  to the reduct ion  of 
wa te r  (23). A t  this t ime, i t  is not  possible  to a t t r ibu te  
the peaks  at  2.3 and 1.1V to any pa r t i cu la r  reduct ion 
reaction.  The peak  cur ren t  corresponding to the  main  
wa te r  reduct ion  peak  a round  ~-1.75V was found to 
increase  wi th  scanning rate.  The re la t ionship  be tween  
peak  cur ren t  and  vol tage  scan ra te  under  l inear  dif-  
fusion condi t ion is given by  (24) 

ip -- AD'/2CV'/~ 

where  ip is the  peak  current ,  D is the diffusion co- 
efficient, C is the bu lk  concentra t ion  os the  e lec t ro-  
act ive species, V is the  scanning voltage,  and A is a 
constant  for  the  pa r t i cu la r  system. The rat io  of ip/V 1/~ 
was found to be constant  at  constant  concentrat ion 
wi th in  the  range  of potent ia l  scan (5-200 mV/sec ) .  The 
vo l t ammograms  of the solutions of O.6M LiPF6 and 
0.6M LiBF4 in DMSO are  s imi lar  to that  of 0.6M 
LiAsFe in DMSO. 

Conclusions 
The m a x i m u m  conductance for  the e lect rolytes  

LiAsF6 and LiPF6 occurs at  O.6M and for LiBF4 at  
0.7M. These e lectrolytes  form ion pai rs  and t r ip le  ions 
in DMSO. These solutions are  e lec t rochemical ly  s table  
f rom W0.5 to W3.5V vs. L i / L i  +. 
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An Impedance Interpretation of Small 
Amplitude Cyclic Voltammetry 

II. Theoretical Analysis of Systems that Exhibit Pseudoinductive Behavior 

Digby D. Macdonald* 
SRI International, Materials Research Center, Menlo Park, California 94025 

ABSTRACT 

Transform analysis  is used to der ive  the  smal l  ampl i tude  cyclic vo l t am-  
met r ic  (SACV) response of an equiva lent  c i rcui t  for an  in ter face  tha t  ex-  
hibi ts  pseudoinduct ive  behavior .  The pred ic ted  response contains both t r an -  
sient  and s t eady-s ta te  contributions.  The s t eady-s ta te  cont r ibut ion  exhibi ts  
hysteresis ,  and the hysteresis  cur ren t  is p red ic ted  to change sign wi th  in-  
creasing vol tage  sweep ra te  as the  react ive  behavior  becomes dominated  by 
the  para l l e l  capacitance.  Numer ica l  analysis  is used to i l lus t ra te  the  depen-  
dence of the  s t eady-s ta te  response on the vol tage sweep rate,  and the cal -  
cula ted  SACV response is compared  wi th  the  behavior  of the circui t  in the  
complex impedance  plane.  

Sma l l  ampl i tude  cyclic v o l t a m m e t r y  (SACV) is 
used ex tens ive ly  for de te rmin ing  the polar iza t ion  

* Electrochemical  Society Act ive  Member. 
Key words: l inear polarization, corrosion, e lectrode kinetics.  

resis tance (OE/OI) of meta l - so lu t ion  interfaces,  p a r -  
t i cu la r ly  dur ing  corrosion research.  In  this case, i t  i s  
necessary to es t imate  (OE/OI) at the  corrosion po ten-  
t ia l  in o rder  to calculate  the  corrosion current ,  and  
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hence the weight  loss, using the S t e r n - G e a r y  re la t ion-  
ship (1). However ,  the SACV response cur ren t  f re -  
quent ly  exhibi ts  hysteresis ,  and fur thermore ,  the value  
obta ined for the polar iza t ion  resistance under  dy -  
namic control  wil l  in genera l  be less than the desired 
d-c  value.  Hysteresis  in the SACV current  response 
arises from nonres is t ive  (i.e., induct ive  or capaci t ive)  
e lements  in the equiva lent  e lect r ica l  circuit  for the 
interface.  In  principle,  the observed hysteresis  can 
be used to de l inea te  the contr ibut ions  f rom the various 
in te r rac ia l  components.  Also, theoret ica l  analysis  of 
the SACV response provides  the funct ional  dependence 
of polar iza t ion  "resis tance" on f requency  (or  vol tage 
sweep ra te ) .  These functions may  then be used to 
ex t rapo la te  exper imen ta l  da ta  to zero f requency (or 
vol tage sweep ra te)  in o rder  to ex t rac t  the  desired 
d-c  polar izat ion resistance.  

In  Pa r t  I of this series (2), a r igorous analysis  was 
presented  of the SACV response of a s imple  res is t ive-  
capaci t ive equiva lent  circuit.  Transform analysis  was 
used to der ive  ana ly t ica l  expressions for the cu r ren t -  
t ime (and hence cu r ren t -po ten t i a l )  response, and the 
feas ib i l i ty  of ex t rac t ing  useful  impedance  da ta  f rom 
the SACV technique was demonstra ted ,  in  this study, 
the analysis  presented  in Pa r t  I is ex tended  to systems 
that  exhib i t  induct ive  behavior  at  low frequency.  A 
number  of systems of prac t ica l  interest ,  including 
pass ivat ing  i ron in inhibi ted  and uninhib i ted  sulfuric  
acid, have been found to exhibi t  low f requency  in-  
duct ive semicircles  in  the complex impedance  p lane  
(3-6).  Definit ion of the theoret ica l  behavior  of these 
systems under  SACV condit ions could make  it pos-  
sible to ident i fy  induct ive  behavior  dur ing  aquisi t ion 
of polar iza t ion  resistance data, and to es t imate  the 
impedance  pa rame te r s  of the components  of the 
equiva lent  circui t  (Fig. 1). 

,I c 

Rt 

P L 
(a) 

Em 

0 X 2X 3X 4X 
TIME 
(b) 

Fig. 1. (a) Equivalent electrical circuit for systems that exhibit 
pseudoinductance; and (b) SACV excitation voltage. 

Theoret ica l  Analysis 

A typica l  a -c  impedance  complex plane d i ag ram 
for the systems of in teres t  in  this work  is shown in 
the upper  r i gh t -hand  corner  of Fig. 2. The complex 
plane behavior  is dominated  by  two semicircles;  a 
h igh f requency  res i s t ive-capac i t ive  semicircle  that  
gives r ise to posi t ive values  for the reactance,  and a 
low f requency  res i s t ive - induc t ive  semicircle  tha t  is 
character ized by a negat ive  reactance (7). According 
to Epelboin  and co -worke r s  (3-6) and  others  (8), 
this  type  of behavior  in the complex p lane  can be 
adequa te ly  descr ibed by  the equiva len t  circui t  shown 
in Fig. lb  provided  the magni tude  of the exci ta t ion 
vol tage  is sufficiently smal l  that  the components  a re  
effectively l inear.  

The admit tance,  Y(p) ,  of this circui t  can be wr i t t en  
in terms of the impedance  opera tor ,  p, as follows (2) 

Y(p )  ---- 1/(~ + pL) + 1/Rt-5 pC [1] 

where  p = d/dt  and 1/p = fdt .  Thus, the response of 
the circui t  to any  t ime-dependen t  exci ta t ion  vol tage 
is given in Laplace  space as 

Z(s) ---- Y ( s ) . E ( s )  [2] 

where  E(s) is the  Laplace  t rans form of exci ta t ion  
function, and the admi t tance  funct ion in Laplace  
space, Y(s ) ,  has the same a lgebra ic  form as Eq. [1] 
wi th  p - s. The Laplace  t rans form of the exci ta t ion  
vol tage used for SACV is given prev ious ly  (2) as 

E(s) : Era(1 --  e-Xs)/~s2(1 -5 e-Xs) [3] 

Thus, subst i tut ion of Eq. [1] and [3] into Eq. [2] 
yields  the  fol lowing expression for the Laplace  t r ans -  
form of the cur ren t  

~(S) : (EmC/~,) [ (1 --  e-Xs) /s(1 -5 e -xs ) ]  

-5 (Era/X) (1/Rt  -5 i/p) X [(1 --  e-X~)/s2(1 -5 e-X~)] 

-- (Em/Zp) [(1 --  e -Xs) / s (1  -5 e-Xs) (s -5 p/L)] [4] 

The inverse  t ransformat ions  of the  first two te rms 
for  Z > 0 and Re(s )  > 0 is s t r a igh t fo rward  to yie ld  
[see Roberts  and K a u fma n  (9) ] 

0 v,y  L= 101  z: 3906 

20 |61~'%'~--4 488 8 ~ 244 
�9 4 ~ ~ 7 8 1 3  

2 0 j / R a P P ~ L  = I0 3 - - H ~  ~', ,953~.~3906 

~'1,0-- , 7 1  / 2 0  V/s 41- 4 8 ~  127813 
�9 /lOV/  . . . .  

1Or ~ 1 0  V/s / ~ 0  V/s ~1 2 4Z, 6 8 

~ f i v j l 
0 10 20 0 10 20 

E, mV 

Fig. 2. Current-voltage curves for the SACV response and com- 
plex impedance plane diagrams for the equivalent circuit shown 
in Fig. 1. C = 10-5F; p = 10~; Rt = 50D,; Em = 0.020V. 
Upper three curves, L ---- ]0 -1H;  middle three curves, L 
10-al l ;  lower three curves, L = 10-5H. The numbers next to 
the data points in the complex plane diagrams refer to frequencies 
in rad/sec. Z' and Z" have units of ohms. 
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(EmC/k) + (Em/~) (1/Rt  + l /p)  (t - -  2n~) 

for  2 n ~ < t <  ( 2 n W 1 ) L  [5a] 

I1 .-t- I2 : - -  (EmC/~.) + (Em/~) (1/Rt  + 1/p) • 

[2 (n -t-1) L --  t] for ( 2 n - b l ) k < t  

< (2n - t -2 )L  [5b] 

in  which Eq. [5a] and [Sb] hold for the  fo rward  and 
reverse  sweeps, respect ively,  for the  nth  cycle (n = 
0, 1, 2, . . . . ) .  The th i rd  t e rm on the r i gh t -hand  side 
of Eq. [4] can be inverse ly  t r ans fo rmed  by use of the 
convolut ion fo rmula  

s h : - (E~IXp)  F ( x ) G ( t  - -  x ) d x  [6] 

where  F ( t )  and G ( t )  are  the inverse  t ransforms 
(9) of (1 --  e - ~ s ) l s ( 1  + e -xs) and l l ( s  + p/L) ,  
respect ively.  That  is 

+ I  for  2 n ~ . < x < ( 2 n + l ) ~  

F ( x )  = ( fo rward  sweep)  [7a] 

--1 for ( 2 n + l ) L < x < ( 2 n + 2 ) L  

( reverse  sweep)  [7b] 
and 

O ( t  --  x )  : e--pCt--x)lL(t > X) [8] 

In teg ra t ing  over  successive fo rward  and reverse  cycles 
the re fore  yields  

_ e - o t / L  + 1 t  [9a] 
J 

I~' : - -  ( EmL/~p 2) 2e-P (t-x)/L (--1)memXp/L 
7 7 ~ = 0  

- -e  - p t / a -  1 f [9b] 
J 

for the  fo rward  and reverse  sweeps, respect ively,  for 
the  n th  cycle. Addi t ion  of Eq. [5] and [9] and  using 
the genera l  express ion for the  sum of a geometr ica l  
series therefore  yields  the currents  for the fo rward  
[2n~. < t < (2n + 1)X] and reverse  [(2n + 1)~ 
< t < (2n -t- 2)k] sweeps as 

I f ( t )  : (Era/ l)  ~ C -}- ( 1 / R t  + 1/~) (t - -  2nk) 

[2e_(t_k)p/L" ( I -  e 2nxp/L) (LI~) L (1 + e XP/L) 
e--pt /L~ 1 ] }  

[10] 
C 

I t ( t )  = - - ( E m / ~ )  l C - - ( 1 / R t  + l /p)  X 

[2(n + 1 ) L - -  t] + ( L / f )  • 

[ 2e-(t-x)p/L" (I -l- e(2n+x)~'p/L(l + e xp/L) e-Pt/L-- 1 I} 

[11] 

respect ively.  Equat ions  [12] and [11] may  be t rans-  
formed into more  convenient  forms by  redefining the 
t ime scales as follows (2) 

t = t '  + 2nk ( fo rward  sweep)  [12] 

t = t" + (2n + 1)~ ( reverse  sweep)  [13] 

where  t '  and t" a re  the  t imes f rom the s ta r t  of the  
f o rwa rd  and reverse  sweeps, respect ively .  T rans fo rma-  

t ion of the  t ime scales therefore  yields 

I f ( t )  = (EmI~){C "t- ( l / R t  "t- 1/p) t '  - -  (Le-t 'p /L/p 2) • 

[2 (e-2axP/L -- 1 ) / ( 1  + e -xplL) -- e -2n•plL] --L/p 2} 

[14] 
I t ( t )  = --  (Em/L){C --  ( 1 / R  "t- l /p )  (k --  t")  

-}- (Le- t"P/L/p  2) [2 (e -2nxp/L + eXP/L) / 

(1 -t- eXP/L) --  e-(~n+l)XP/L] --  L/P 2} [15] 

Equations [14] and [15] demons t ra te  tha t  the p re -  
dicted response of the  equiva len t  circui t  to the  t r i -  
angu la r  exci ta t ion  vol tage  consists of a s t eady-s ta te  
contr ibut ion,  which  is independent  of the  cycle number  
n, and a t rans ient  cont r iout ion  tha t  decays wi th  suc-  
cessive cycles. 

F rom a prac t ica l  viewpoint ,  the s t eady-s t a t e  be -  
hav ior  is of greates t  significance, since this s ta te  is 
the  most  eas i ly  examined  exper imenta l ly .  The s t eady  
s tate  is achieved when e x p ( - - 2 n k p / L )  and e x p [ - - ( 2 n  
-t- 1)~p/L] -~ O, tha t  is when n --> ~ .  Thus, f rom Eq. 
[14] and [15], the  fo rward  sweep and reverse  sweep 
s t eady-s ta te  responses are  given by  

Iss f --  (Em/k){C -]- (1/Rt -~- 1 /p) t '  

+ [2Le-t 'p/L/p2(1 -}- e-~P/L)] - -  L/p  2} [16] 
and 

Iss r ---- --  ( E m / k ) { C  --  (1/Rt  2c l /p)  (k --  t") 

+ [2Le-t"p/L/p2(1 -]- e--XP/L)] --  L /p  2} [17] 

respect ively.  Examina t ion  of Eq. [16] and [17] shows 
tha t  the s t eady-s t a t e  response consists of constant  
(but  opposi te  in sign) contr ibut ions  f rom the capaci -  
tance and the series combinat ion  of resis tance p and 
inductance  L, a l inear  cont r ibut ion  due to the t ransfe r  
resistance,  Rt, and  exponent ia l  decay contr ibut ions  
tha t  are  of greates t  significance at  smal l  t imes (t '  
and  t " ) .  For  the  case where  p --> ~o, the  response re -  
duces to tha t  for a s imple pa ra l l e l  R-C circuit.  In  this  
instance, no exponent ia l  decay  contr ibut ions  a re  p res -  
ent; a resul t  that  is also val id  for the  case were  L ~ 0. 
A simple para l l e l  R - C  ci rcui t  in series wi th  a resis tance 
also exhibi ts  exponent ia l  decay at shor t  t imes (2). 
We wil l  show la te r  tha t  this case is easi ly  dis t inguished 
f rom pseudoinductance  behavior  by  the sign of the  
hysteresis  current .  

Numerical Analysis 
Because of the  complex i ty  of Eq. [16] and [17], 

i t  is convenient  to resor t  to numer ica l  analysis  to 
i l lus t ra te  the type  of SACV response tha t  might  be 
shown by systems that  exhibi t  pseudoinductance.  The 
numer ica l  analysis  is best  ca r r ied  out  by  defining 
the fol lowing quant i t ies  

1/Rapp (t  = 0) = (Olssf/ot ') t '=o/v = -- (Olssr/ot ") t"=o/v 
[18] 

1 / R a p p  ( t  - -  ~,) ~-- (OIsst/Ot ') t ,=x/v  : --  (Olssf/Ot ") t"=x/v 
[19] 

I/Rd = [Issqt' = ~) -- Is,r( t  " = X) ]/Era [20] 

h i  = Issf(t" = L/2) - - / s s r ( t "  = X/2) [21] 

where  Rap, is the appa ren t  resis tance at  t = 0 or  ~, 
Rd is the diagonal  resistance,  h i  is the  hysteresis  cur -  
rent,  and  V is the vol tage sweep rate.  These quant i t ies  
are  defined g raph ica l ly  in Fig. 2. 

Subst i tu t ion  of Eq. [16] and [17] into Eq. [18]-[21],  
therefore,  yields  the fol lowing expressions  for the 
character is t ic  quanti t ies  defined above  

1/Rapp(t  : O) : (1/Rt ~- 1/p) --  2/p(1 + e-P  x/L) 
[22] 

I /Rapp(t  = ~.) : (1/Rt + i / p )  --  2e--PX/L/p(1 + e--pklL) 
[23] 
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1/Rd ---- (1/Rt + l/p) -F (2/Era) X 

{C -- L/p 2 + 2Le-pX/L/~(1 + e--PX/L)}v [24] 

AI _ {2(C - -  L/p 2) 4- 4Le-PX/2L/p2(1 "4- e-P~'lL) } v [25] 

Examinat ion  of Eq. [25] shows that the sign of the 
hysteresis current  for pX/L --> ~ depends on the rela-  
tive values of the two reactive components; that is, 
on the sign of C -- L/p 2. In  carrying out the numerical  
analysis, therefore, we have chosen values for C, L, 
and p that satisfy the following three states: C < L / ~ ,  
C - -  L/# 2, and C > L/# 2. 

Current -vol tage  curves for the three states defined 
above are shown in Fig. 2 for voltage sweep rates of 
1.0 and 20.0 V/sec. Also plotted in this figure are 
complex plane impedance diagrams for the equivalent  
circuit with the appropriate values for the parameters  
C, L, p, and Rt. For the case where C < L/p ~, the con- 
t r ibut ion from the inductance dominates the reactive 
component of the impedance at low frequencies, as 
shown by the fourth quadrant  semicircle in the com- 
plex plane. At higher frequencies, the imaginary  com- 
ponent  of the impedance changes sign and the system 
exhibits normal,  noninductive,  first quadrant  behavior. 
This change in  behavior is reflected in the SACV 
response of the circuit as a reversal  in  the direction 
of rotat ion of the current-vol tage response from 
counterclockwise for low voltage sweep rates to clock- 
wise for high sweep rates (Fig. 2). This phenomenon 
is shown in greater detail in Fig. 3, in  which the 
variat ion of AI, as well as 1/Rapp (t ---- 0), 1/Rapp (t ----- }+), 
and 1/Rd, is plotted as a function o2 sweep rate over 
the range 0-20.0 V/sec. The data show that for the 
values chosen for the components of the equivalent  
circuit, ~I first shifts sharply to negative values with 
sweep rate, then passes through an ex t remum before 
becoming positive. The sweep rate at which ~I _-- 0, 
therefore, defines the point at which the system changes 
from inductive to capacitive in  its reactive behavior. 
Furthermore,  the sweep rate at which the 4I vs. v plot 
passes through the ex t remum corresponds to that at 

which the second term in Eq. [25] begins to dominate 
the SACV response. 

Intermediate  induct ive/capaci t ive behavior is shown 
by the curves plotted in the second row in Fig. 1. 
In  this case, a value for L was chosen so that C ---- L/p 2. 
As expected, the hysteresis current  as defined by Eq. 
[21] and [25] is zero because of the equal but  opposite 
contr ibutions from the two paral lel  reactive com- 
ponents, The exponent ial  decay contributions at short 
times are still evident, however, par t icular ly  at high 
voltage sweep rates. In  the complex plane, this pseudo- 
resistive case exhibits a first quadrant  distorted semi- 
circle. 

The variat ion of 1/Rapp(t = 0), 1/Rapp(t "-" )~), 
1/Rd, and AI with voltage sweep-rate  for this case 
is shown in Fig. 4. The three conductance terms are 
near ly  invar ian t  with v because of the  very low value 
selected for p/L. However, the hysteresis current  be- 
gins to increase at v > 10 V/sec for the circuit param-  
eters chosen. 

For the third case selected, C > L/p 2, and the in-  
ductance is not expected to make a large contr ibut ion 
to the SACV response. This is shown in Fig. 2 by a 
lack of exponential  decay at short times and by the 
appearance of a single, undistorted, semicircle in  the 
complex plane. Furthermore,  both AI and 1/Rd are 
predicted to increase in  a roughly l inear  manne r  with 
v, whereas 1/Rapp(t = 0) and 1/Rapp(t = ~.) are 
found to be independent  of the voltage sweep rate 
(Fig. 5).  

Equations [22] and [23] show that  for all cases in  
the l imit  of an infinitely low voltage sweep rate (or 
)~ -~ ~ ) ,  1/Rapp(t ---- 0) and 1/liapp(t ~- },) approach 
(1/Rt -- l/p) and (1/Rt 4- l /p) ,  respectively, as 
indicated in Fig. 3-5. This lat ter  value is precisely the 
same l imit  toward which the real component of the 
complex impedance tends as the frequency of the 
excitation function is reduced to zero in the classical 
a-c impedance technique. Furthermore,  the diagonal 
conductance, 1/lld, also approaches the upper  l imit  
of (1/Rt 4- l /p) .  However, the data plotted in  Fig. 3, 
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Fig. 3. Dependence of the SACV response of the equivalent 
circuit shown in Fig. 1 on voltage sweep rate. C = 10-5F; 
L ~- 10-ZH; p = 10~; Rt = 50~. 
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in  par t icu lar ,  indicate  tha t  the d iagonal  conductance 
is much more  sensi t ive to vol tage  sweep ra te  than  
is the t e rm 1/Rapp(t ---- ~). This ana ly t ica l  d i sadvan-  
tage of the  d iagonal  conductance for de te rmin ing  
polar izat ion resis tance is offset by  the  fact  tha t  1/Rd 
is much easier  to measure  expe r imen ta l ly  than  e i ther  
of the  tangent ia l  functions 1/Rapp(t --  0) and 1/Rapp(t 
- -  ~). 

Manuscr ip t  submi t ted  Feb.  13, 1978; rev ised  m a n u -  
scr ip t  received June  9, 197{}. 

Any  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the June 1979 JOUR- 
nAL. Al l  discussions for the June  1979 Discussion Sec-  
t ion should be submi t ted  by  Feb.  1, 1979. 
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ABSTRACT 

A method  of numer ica l  calculat ion is developed for  predic t ing  two-  
d imensional  shape changes at a cathode dur ing  electrodeposi t ion.  The cal-  
cula t ion uses finite e lement  methods  to obta in  the  secondary  poten t ia l  field 
d is t r ibut ion  in an electrolysis  cell. The cathode shape in i t ia l ly  consists of 
pa ra l l e l  meta l  s t r ips  which  a re  separa ted  by, and coplanar  with,  insula t ing  
str ips;  the  anode is at a fixed dis tance f rom the cathode. Trans ient  numer ica l  
calculat ions provide  a complete  t ime h is tory  of cathode shape dur ing deposi -  
tion. Results  a re  obta ined  in o rder  to compi le  dimensionless  shape change 
dependence  on coulombs passed, polar iza t ion  pa ramete r ,  appl ied  potential ,  
and in i t ia l  cathode shape. 

The processes of e lec t rochemical  deposi t ion or  dis-  
solut ion of meta l  i nexorab ly  lead  to modification of 
surface shape. In  turn,  the  reac t ion  ra te  d is t r ibut ion  
along an e lec t rode  surface  of ten depends cr i t ica l ly  on 
e lec t rode  geometry .  Therefore,  in o rde r  to pred ic t  
shape change by  electrolysis,  it  is necessary  to de te r -  
mine  how the reac t ion  d is t r ibu t ion  changes dur ing  

* Electrochemical Society Active Member. 
t Electrochemical Society Student Member. 
1 Present address: IBM, San Jose, California 95100. 
Key words: shape change, current distribution, potential dis- 

tribution, finite element, mathematical model, electrodeposition. 

the evolut ion of shape. This theore t ica l  s tudy  inves t i -  
gates the  u t i l i ty  of finite e lement  numer ica l  methods  
for calculat ing e lec t rochemical  shape  change phenom-  
ena. 

Numerous  factors govern  the  shape dependence  
of cur ren t  and potent ia l  d is t r ibut ions  wi th in  e lec t ro ly-  
sis cells. At  low cur ren t  densities,  for example ,  the  
potent ia l  field wi th in  a cell  depends  on the e lec t ro-  
ly te  conduct iv i ty  and the processes which accompany 
charge  t ransfe r  at the  e lec t rode  surface:  c rys ta l l iza-  
tion, adsorpt ion,  h o m o g e n e o u s  c h e m i c a l  react ions ,  etc.  
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At high current densities, the concentration distribu- 
tion within the cell depends on diffusion, convection, 
and migration, all of which are influenced by electrode 
shape. Owing to these complexities, it is, therefore, 
not surprising that quantitative treatments of shape 
change phenomena have been slow to develop. 

A large number of industrial examples could be 
cited where shape changes play an important role. 
Leveling of deposits is reviewed by Kardos (1) who 
mentions the need for more quantitative methods of 
approach. Quality control in electrodeposition is often 
adversely affected by shape change as, for example, 
by nonuniform deposits in patterned wiring boards a n d  
in plated through-holes. Dendrite formation, electro- 
machining, electropolishing, and electroforming are 
other fields where timewise variation of electrode shape 
is an integral part of the electrochemical process. The 
i n i t i a t i o n  of corrosion often depends critically on shape 
change processes which give birth to occluded cells 
and, thereby, to intensely accelerated localized cor- 
rosion. It is abundantly clear that a large number of 
industrially important electrochemical systems are in- 
fluenced by the occurrence of shape change and that 
improved quantitative understanding would be bene- 
ficial. 

In one of the few existing quantitative studies on 
two-dimensional shape change in an electrochemical 
process, Riggs (2) investigated electromachining of 
an initially flat workpiece with a cylindrically sym- 
metric toolpiece. Laplace's equation is used to predict 
the potential field in the gap region, with allowance for 
temperature and gas evolution effects on electrolyte 
conductivity. Various overpotential relationships are 
used to describe charge transfer at both electrodes; the 
local current efficiency for the two anodic reactions is 
assumed to be constant. By modeling the entire elec- 
trolysis cell, this work achieves a high level of sophisti- 
cation. 

The method of solution used by Riggs involves 
breaking the region between tool- and workpiece into 
various subregions; a finite difference discretization is 
used in each subregion and the resulting equations are 
solved by an overrelaxation scheme. The over-all nu- 
merical procedure used the finite difference solution 
at successive time steps to predict evolution of work- 
piece shape during tool advance. By this method, they 
obtained numerical results which, after certain adjust- 
ments, compared very favorably with experimental 
observations. 

Finite difference methods, as used in (2), have cer- 
tain inherent difficulties in coping with shape change 
problems in a cost-effective manner. By contrast, re- 
cent advances in finite element methods of calculation 
have led to favorable results in predicting highly non- 
uniform field distributions in regions of nonuniform 
a n d  timewise varying shape. Applications have re- 
cently been made in fields of structural mechanics of 
deformable bodies (3), heat transfer to surfaces under- 
going phase change (4), groundwater seepage problems 
(5), and deformation and stability of fluid-fluid sur- 
faces (6). Recent progress made in the area of heat 
transfer is of particular relevance; the method has 
b e e n  used to treat inhomogeneous materials, variable 
conductivity, nonlinear boundary conditions, and ir- 
regularly shaped boundaries. 

Preference for finite element over finite difference 
formulations in handling problems involving nonuni- 
formities results from two basic differences between 
t h e  two methods. A comparatively loose set of restric- 
tions on the finite element nodal structure allows nodes 
to be concentrated in regions of high activity and 
spread thin over more uniform regions, thus weighting 
areas in proportion to the associated difficulty of ap- 
proximating the variable of interest. Further, finite 
element methods are able nonlinearly to interpolate 
both dependent and independent variables between 
nodes, so that both the variable of interest and the re- 
gion in which it is defined may be more accurately 

modeled. A brief survey which describes in more detail 
the particulars of finite element methods as well as 
some strengths and weaknesses in comparison to other 
techniques is available (7, 8). Recent texts provide e n -  
g i n e e r i n g  (9) and mathematical (10) viewpoints a n d  
strategies. 

The purpose of this investigation is to apply finite 
element methods to an electrochemical shape change 
problem. The geometry chosen for study purposefully 
includes a singularity in order to investigate the sta- 
bility of the transient calculation. Computational de- 
tails are reported in order to assess the accuracy and 
cost-effectiveness. Dimensionless results are reported 
for the particular problem a t  hand in order to compile 
results over a wide range of parameter space. 

Theoretical Formulation 
The electrochemica~ problem.--The two-dimensional 

cell to be investigated is shown in Fig. 1. The electrode 
of primary interest, the cathode, is initially coplanar 
with the lower insulating plane. The vertical side walls 
represent either insulating surfaces or else planes of 
symmetry in an array of parallel, evenly spaced cath- 
odes. Between the electrodes is an electrolytic solution 
of uniform composition. Electrodeposition of metal at 
the cathode occurs under constant cell voltage. 

During shape change, the two-dimensional secondary 
current distribution is calculated according to the fol- 
lowing assumptions: (i) The electrolyte is of uniform 
composition, (ii) a single cathodic reaction occurs 
which obeys the Butler-Volmer rate equation, (iii) the 
anode is unpolarized and does not change shape during 
electrolysis, (iv) transport and kinetic parameters do 
not vary in space or time, and (v) transient shape 
change is slow with respect to establishment of the 
electrical double layer. The problem is an example of 
a secondary current distribution. 

In the electrolytic solution, the potential field obeys 
the equation of Laplace 

V2~ = 0 [i] 

At the cathode surface, the reaction rate obeys both 
Ohm's law and the Butler-Volmer kinetic rate equation 

- -  ~V~b �9 n - -  io e - -  e [2 ]  

Since the anode is unpolarized, the potential i n  t h e  

y = b- / 
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Fig. 1. Electrodeposition cell geometry prior to ~hape change 
at cathode. 
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solut ion is un i fo rm along its surface 

'r - -  CA [3] 

On the insula t ing  surfaces and planes  of symmet ry ,  the 
no rma l  potent ia l  g rad ien t  is zero 

V~ �9 n : O [4] 

Equat ions  [1]-[4]  p rovide  the  cur ren t  and potent ia l  
d i s t r ibu t ion  wi th in  the  cell  for  a n y  pa r t i cu la r  surface 
shape. At  any  ins tant  in t ime, the  local g rowth  ra te  of 
the  ca thode surface is g iven by  Farad, ay 's  l aw 

d$ 

I aanF -- a c n F  

( M io ~ RT RT 
- - \ ~ /  e - -  e 

By defining 

n F  

RT 

X 

y y -- 
l 

h 
I 

MKRT 
T -- - t  

ISn~FZp 

the  model  equat ions become 

02~ Os~ 
T" =0 inl~ 

aX2 OY2 

where  

V~ 'n=- -~[eaA  ~ - e - a c  v] onO~c 

V r  onOl2i 

,b=r 0n0~A 

dH 
----~[eaAr f o r T ~ 0  

dt 

H ( T : 0 ) - - 0  onOl2c 

iolnF 

KRT 

b 
B ~ - ~  

l 

a 
A = - -  

l 

- - ~  ] [5] 

[8] 

[7] 

[8] 

[9] 

[10] 

[11] 

[12] 

[13a] 

[13b] 

[13c] 

Equat ions [7]-[12] const i tute  the  sys tem to be solved 
in o rder  to de te rmine  evolut ion of cathode shape wi th  
t ime. 

Readers  who do not  seek addi t ional  ma themat i ca l  
detai ls  should proceed d i rec t ly  to the Results  and Dis-  
cussion section below. 

The finite element representation of the electrochem- 
ical problem.--Rather than  solve  Eq. [7] and asso- 
ciated bounda ry  condit ions direct ly ,  a finite e lement  
technique  is used to construct  an  app rox ima te  solut ion 
represen ted  by  a l i nea r ly  independen t  set of basis 
functions which  a re  defined wi th in  the  region (e lec t ro-  
ly te  phase)  as wel l  as on its boundar ies  (e lect rode and 
insula t ing  surfaces) .  Ga le rk in ' s  method is u sed  to gen-  
era te  a discret ized vers ion  of the  cont inuum charac te r -  

izat ion of the  system. Weigh ted  averages  of the  re -  
sul t ing Laplac ian  (wi th  respect  to member s  of a set 
of weight ing  functions chosen f rom the same basis used 
to represen t  the  app rox ima te  solution) a re  requ i red  
to vanish, thus sat isfying a weak  form of Eq. [8]. A 
discussion of Gale rk in ' s  method,  as wel l  as the b roader  
class of weighted  res idual  methods  to which i t  belongs, 
is given by  F in layson  (11, 12). 

Accuracy  depends  u l t ima te ly  on both the  ab i l i ty  of 
the  pos tu la ted  approx imat ion  to s imula te  r ea l i ty  cor-  
rec t ly  and the ab i l i ty  of the  weigh t ing  functions to 
weight  the  solut ion over  the  region in a p roper  manner .  
These two de te rmin ing  factors depend  en t i re ly  on the 
choice of basis functions. In  general ,  po lynomia ls  a re  
chosen; in this  invest igat ion,  second-order  piecewise 
continuous polynomia ls  were  used. Impor t an t  advan -  
tages which  accrue f rom the use of piecewise po ly -  
nomials  include acquisi t ion of banded  matr ices  in the  
final discret ized formula t ion  and re la t ive  ease and ac-  
curacy  in approx ima t ion  of i r r egu la r ly  shaped bound-  
aries. 

Let  the  piecewise po lynomia l  basis functions be r ep -  
resented  by  r i (X ,  Y) where  the  set of functions is con- 
t inuous over  the  domain  a and has  the  p r o p e r t y  

r~(Xj, Ys) = 5~j [14] 

where  (X~, Y~) are  the  coordinates  of node j and 8~j 
a Kronecke r  de l ta  funct ion which is 1 if i = j and 0 
otherwise.  That  is, the  basis functions are  centered 
over  a set of d is t inct  nodes wi th in  the  region and in 
fact  a re  Lagrang ian  in te rpola t ion  functions. As a re -  
sult  of this proper ty ,  the  potent ia l  d is t r ibut ion  wi th in  
the  region can be app rox ima ted  in te rms of values  
of potent ia ls  at  the nodes 

Mw 

r  = ~.~ r  Y) [15] 
i = 1  

In  t e rms  of the  basis functions,  the  Ga le rk in  equations 
a re  

_ _  e j  - . . ~  y r s .  ~ r ~ d A  + r~n  . V r ~ d S  = 0 
5=1 

[161 
for  i - -  l , . . . ,  Mw. 

In tegra t ion  of the  a rea  in tegrals  by  parts ,  and sub-  
s t i tu t ion of appropr i a t e  bounda ry  condit ions into the 
resul t ing  surface integral ,  y ie lds  

M r  

- a c  ~ k r k ~  
- -  ~ a e r i  e k - -  e 

for i ---- 1, . . . , Mw and for k contained in  the  set of 
integers  cor responding to those nodes located on the 
cathode. 

The equiva lent  ma t r i x  fo rmula t ion  of the  foregoing 
p rob lem can be cast in  the  fo rm 

A t  = I (r [18] 

where  A is a posi t ive definite, symmet r i c  (Mw • Mw) 

ma t r i x  wi th  e lements  

a ~ j - -  aji-- S S a  v r , "  VridA, i,j -- 1,2 . . . .  Mw [19] 

and where  S (r is a nonl inear  vector  wi th  components  
u - -  

f ~ ( r  : ~  e k - - e  dS 

M r  

- -  ~ tj  S S VFi . VFj dA [20] 
$=i~/+ 1 
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Here the nodes numbered  (N § 1) to Mw are located 
on the anode, a surface on which the potential  �9 is 
specified. Inversion of the above system of matr ix  
equations gives values of potential  at the free nodes I=1 
which may be used in  Eq. [15] to approximate the 
potential  dis t r ibut ion in  the region as well as on its 
boundaries. 

Method of solution.--The over-al l  numerical  pro- 1=2 
cedure used the finite element  solution of Eq. [7]- 
[10] at successive t ime steps to compute shape change 
via a forward Euler  solution of Eq. [11]. Second-order  
polynomials, piecewise continuous, were used as ap- 1ffi3 
proximat ing functions on all surface and inter ior  ele- 
ments. The sequence of steps outl ined below is more 
ful ly  described in  Ref. (13). 

1. Establish a suitable nodal structure;  Fig. 2 i l lus-  1=4 
trates the general  form chosen for the problem at hand. 

2. Guess an ini t ia l  potential  dis t r ibut ion wi th in  the 
region. 

3. Calculate components of A and J (r along with 1=5 

t h e  other quanti t ies needed for the solution of Eq. 
[18] .  1=6 

4. Obtain an improved approximation of the poten-  
tial distribution. In  order to take advantage of the 1=7 
symmetry,  positive definiteness, and bandedness of A, 

a banded solver uti l izing Cholesky decomposition was 
used. With use of Newton's  method to improve suc- 
cessive guesses of the potent ial  distribution, repeat  
steps 3 and 4 unt i l  convergence on the nonl inear  prob- 
lem is achieved. The convergence criterion used in  this 
s tudy was that the difference in  potential  at each loca- 
t ion between successive iterations was less than 10 -6 . 
Typically, three to four i terations were needed to 
achieve convergence. 

5. Calculate the current  dis t r ibut ion along the cath- 
ode and, thence, the local growth rate normal  to the 
cathodic surface. 

6. Choose a t ime increment  and, with the local nor-  
mal  growth rate from step 5, determine the new cath- 
ode shape expected at the end of the t ime increment.  

7. Relocate nodes as needed to conform to the new 
cathode shape, and recalculate the integrals only for 
those elements with nodes which have been relocated. 
Grid construction was performed automatical ly after 
each time step. After  T = 0 the elements along the 
electrode w i l l  have distorted bottom surfaces which 
correspond to the electrode shape. 

8. With the potential  dis t r ibut ion from the previous 
t ime step in  hand, r e tu rn  to step 3 and repeat the en-  
t ire procedure for each successive t ime step. 

Normals to the cathodic surface were computed only 
on Gauss points on the sides of those elements con- 
tiguous with the cathodic surface, where the poly- 
nomials were continuous; that  is, normals  were not  
calculated at in tere lement  boundaries.  

Results and  Discussion 
Since the finite e lement  method of calculation has 

not previously been employed in electrochemical po- 
tent ial  dis t r ibut ion problems, the following results are 
divided into two sections. In  the first, computat ional  
details are presented in  order to assess the strengths 
and weaknesses of the finite e lement  method for solv- 

1 ing the par t icular  electrochemical problem at hand. In  2 
the second, dimensionless results are compiled for elec- 3 
trochemical behavior  over a range of parameter  space 4 
including applied potential,  polarization parameter,  6 5 
ini t ia l  cell geometry, and time. 7 

8 
9 Assessment of numerical results.--Let us first exam- lO 

ine how accurately the finite e lement  method approxi-  11 
mates the solution of Eq. [7] in  the region of interest. 12 

13 In  Fig. 2, the number ing  of elements follows a prece- 14 
dent  ordering of column (index J) and row (index I).  15 
Thus element  1 corresponds to (I, J) = (1, 1); e lement  16 17 
2 corresponds to (I, J) = (1, 2); etc. Table I provides 18 
values of the Laplacian for the 63-element s tructure 19 

20 
d e p i c t e d  in  Fig. 2. The values of the Laplacian shown 21 

J=9 ,.1=8 Jr7 J=6 

~J=5 

J=4 

d=~ 

J=2 

J=l 

Fig. 2. Diagram of node structure showing element numbering 
scheme (not drawn to scale). 

in  Table I are unweighted integral  averages over the 
par t icular  e lement  as determined from a four-point  
Gaussian quadra ture  scheme. E q u a t i o n  [7] indicates 
that an exact solution would exhibit  values of zero far 
all  entries in Table I. 

In  general, the values given in  Table I tend to be 
largest near  the cathode, par t icular ly  near  the s ingu-  
lar i ty at the cathode edge (elements 55 and 56) where 
potential  field variat ions are at a maximum. Absolute 
values range from 10 -6 to 100; the average value over 
the entire region is 10 -3 . By comparison, the value of 
the potential  and its first derivative will  general ly  be 
of order unity.  That is, on the average, the 63-element 
(222-node) s tructure is accurate to wi thin  0.1%, but  
the local accuracy may stray widely at specific e lement  
locations. 

Like all other numerica l  methods, finite e lement  
methods experience difficulty in s imulat ing accurate 
potential  distr ibutions with piecewise quadratic poly- 
nomials when the potential  variat ions are highly local- 
ized. Thus, despite the Galerkin  requi rement  that 
various weighted averages of the Laplacian vanish in 
such regions, the Laplacian values may stray far from 
zero at specific points wi th in  the region. As a result, 
unweighted averages such as the ones tabulated in 
Table I may be large in  localized regions. Since, how- 
ever, finite element  methods are par t icular ly  able to 

Table I. Values of the Laplacian function of various locations, 
run 3 

Element Laplacian Element Laplacian Element L a p l a c i a n  

0,007 22 0.005 43 0.01 
0.007 23 0.006 44 0.005 
0.01 24 0.004 45 - -0 .002 
0.005 2G 0.0001 46 - 0.4 
0.001 26 - 0.0005 47 - 0.4 
0.00008 27 -- 0,0009 48 -- 0,3 
0.000007 28 0.02 49 - 0.1 

-- 0.00002 29 0.04 50 -- 0.09 
-- 0.00004 30 0.02 51 - 0.02 

0.003 31 0.003 52 - 0.008 
0.02 32 0.005 53 - 0.01 
0.009 33 - 0 . 0 1  54 0.002 
0.01 34 - -0 .001 55 -- 1.0 
0.004 35 - 0 . 0 0 0 5  56 2.0 
0.001 36 0.002 57 -- 0.7 
0.00006 37 0.1 58 - -0 .1  
0.00002 38 0.1 59 - 0.06 
0.0001 39 0.01 60 - 0.01 
0.01 40 -- 0.02 61 -- 0 .004 
0.02 41 - 0.05 62 -- 0.001 
0.01 42 - 0.01 63 - -0 .003  
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Fig. 3. Difference between cathodic current distribution cal- 
culated by Butler-Volmer and by Ohm's law equations. Results 
are shown for several nodal densities. 

cope wi th  s ingulari t ies ,  an ini t ia l  cell  geomet ry  was 
purpose fu l ly  chosen wi th  a s ingula r i ty  at  the  cathode 
edge. 

Next,  consider  the  cur ren t  d i s t r ibu t ion  along the 
ca thode surface. The Bu t l e r -Vo lmer  kinet ic  express ion 
is used expl ic i t ly  in the  finite e lement  formula t ion  
and yields  a smooth and re l i ab le  cur ren t  d is t r ibut ion  
along the cathode. A measure  of accuracy of the  poten-  
t ia l  field near  the  cathode is gained by  compar ing  the 
first der iva t ive  (Ohm's  l aw)  wi th  the  cur ren t  given 
by  the  Bu t l e r -Vo lmer  equation. F igu re  3 i l lus t ra tes  
resul ts  for  severa l  different  nodal  densities.  The ab-  
scissa gives the  locat ion along the  cathode surface; the 
ord ina te  gives the difference, A, be tween  the cur ren t  
ca lcula ted  by  the Bu t l e r -Vo lmer  equat ion and by  
Ohm's  law. Typical  of finite e lement  solutions is the 
var ia t ion  in A about  an average  va lue  which  is ve ry  
nea r ly  exact  zero. Fo r  the  222-node calculat ion,  the 
m a x i m u m  difference, A, was less than  1% of the  ab-  
solute  magni tude  of current .  The percentage  er ror  de-  
creased to cons iderab ly  less than  1% af ter  the  ini t ia l  
moment ,  when  the s ingu la r i ty  d i sappeared  f rom the 
cathode edge. I t  is seen tha t  resul ts  are  not g rea t ly  de-  
penden t  on nodal  density.  

At  insula ted  boundar ies  and planes  of symmetry ,  
the normal  cu r ren t  should be zero for ,an exact  solu-  
tion. Fo r  the  222-node s t ruc ture  shown in Fig. 2, the 
computed  values  of no rma l  and tangent ia l  currents  at  
the  insula t ing  edges a re  given in  Table  II. Normal  va l -  
ues a re  gene ra l ly  two to th ree  orders  of magni tude  
smal le r  than  tangent ia l  values  except  near  the  s ingu-  
l a r i t y  (e lement  55). Af te r  the  first t ime  step, the 
s ingu la r i ty  d isappears  and the no rma l  cu r ren t  d ropped  

Table II. Comparison of normal and tangential currents at 
insulated boundaries and lines of symmetry, run 3 

T a n g e n t i a l  
E l e m e n t  N o r m a l  c u r r e n t  c u r r e n t  

1 0.05 0.2 
2 -- 0.01 0.5 
3 --0.003 0.6 
4 0.003 0.6 
5 0.0008 0.6 
6 0.00008 0.6 
9 0.00003 0.6 

10 0.003 0.3 
18 -- 0.00003 0.3 
19 0.001 0.6 
27 0.0006 0.6 
28 -- 0;0003 0.8 
36 --0.0002 0.7 
37 --0.01 1.O 
46 0.0007 0.9 
46 -- 0.03 2.0 
54 - 0.003 1.O 
66 0.4 3.0 
63 -- O.OOl 1.0 

1985 

to two orders  of magn i tude  less than  the tangent ia l  
current .  

F ina l ly ,  le t  us comment  on the choice of t ime step 
be tween  successive finite e lement  calculations.  Time 
steps ranging  be tween  9.0075 and 0.18 dimensionless  
units  were  s tudied wi th  the  expec ta t ion  tha t  a charac-  
ter is t ic  ca thode shape  would  be asympto t ica l ly  ap-  
proached on decreas ing the  step size. Such was not  the  
case. For  the  ent i re  range  of s tep sizes, the  sys tem 
var iab les  agreed  to wi th in  2-5%. We, therefore,  con- 
clude tha t  wi th in  this range  of t ime step, the  choice 
of s tep size is not  crucial  in the  p resen t  problem.  

Compilation o] electrochemical behavior.---Calcula- 
t ions were  car r ied  out  to de te rmine  e lect rochemical  
behavior  for the systems summar ized  in Table  III. The 
dimensionless  pa rame te r s  which  were  var ied  include 
4, the polar iza t ion  pa ramete r ;  CA, the  appl ied  potent ia l ;  
A, the  rat io  of cell wid th  to cathode width;  and A, 
the  to ta l  coulombs passed dur ing  electrolysis.  The pa -  
r amete r s  a re  defined by  

io in  F 

~RT 

nF 

[21a] 

CA=-~--$A [ 2 1 b ]  

a 

A = - -  [21e] 
l 

1 fXout 
A = -~ ~o Y d X  [21d] 

The ranges of these pa rame te r s  inves t iga ted  in the  
presen t  s tudy  are  

0.1 - - ~ 3 . 0  

1.2 ~-- CA --~ 10.1 

1.43 ~ A ~ 3.33 

0 ~ A ~ 0 . 1 3  

Cer ta in  pa rame te r s  were  a rb i t r a r i l y  fixed since they  
seemed less interest ing;  inc luded among these were  the  
t ransfe r  coefficients and the anode  position. For  al l  
calculat ions repor ted  here  

aA = 0.5 [22a] 

ac ----- 0.5 [22b] 

B 
- -  = 5.0 [22c] 
A 

Table III. Information about computer runs* 

Tota l  I ter -  E x e c u t i o n  
R u n  ~ CA a nodes  a t ions  t i m e  (sec)  

1 0.1 3.87 2.0 222 46 33.491 
2 0.3 3.87 2.0 222 46 33.949 
3 1.0 3.87 2.0 222 46 34.127 
4 3.0 3.87 2.0 222 46 34.506 
5 0.6 3.87 3.33 222 47 38.667 
6 1.0 3.87 2.0 222 46 34.127 
7 1.4 3.87 1.43 222 46 39.036 
8 0.1 1.16 2.0 222 58 47.668 
9 0.3 1.16 2.0 222 54 44.661 

10 1.O 1.16 2.0 222 57 46.315 
11 3.0 1.16 2.0 222 52 41.073 
12 0.1 6.96 2.0 222 36 31.363 
13 0.3 6.96 2.0 222 40 33.775 
14 1.0 6.96 2.0 222 41 34.842 
15 3.0 6.96 2.0 222 45 38.793 
16 0.1 10.06 2.0 222 44 36.735 
17 0.3 10.06 2.0 222 54 44.452 
18 1.0 10.06 2.0 222 47 39.549 
19 3.0 10.06 2.0 222 47 39,480 
20 1.0 3.87 2.0 164 46 37,738 
21 1.0 3.87 2.0 222 46 51.729 
29- 1.0 3.87 2.0 309 46 71.636 

* All  r u n s  w e r e  m a d e  o n  a CDC 175 Compute r .  P a r a m e t e r s  
w h i c h  w e r e  h e l d  c o n s t a n t  f o r  a l l  r u n s  w e r e :  aA = ac  = 0.5; ~ / a  
= 5.Oj and Amsx ---- 0.13, 
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I t  was found tha t  the anode  posi t ion did not  influence 
the  cur ren t  d i s t r ibu t ion  along the cathode when  B/A 
= 5.0 o r l a r g e r .  

Also shown in Table  I I I  a r e  the  number  of nodal  
points  used in each calculat ion,  the  number  of t ime 
steps, and the total  execut ion t ime. On the average,  
calculat ions at  222-node condit ions r equ i r ed  0.89.4 see 
per  t ime  step. 

F igu re  4 provides  the  t ime  h is tory  for  g rowth  of a 
deposi t  in one pa r t i cu l a r  sys tem as specified in the  
figure caption. As cathode g rowth  proceeds,  new sur-  
face a rea  is genera ted ,  and the cur ren t  d is t r ibut ion  
along the cathode becomes more  uniform. Thus the 
deposi t  thickness d i s t r ibu t ion  becomes more  un i form 
dur ing  these ini t ia l  stages of growth.  I t  is seen that  
the  deposi t  grows not  on ly  u p w a r d  ( toward  the anode) 
but  also ou tward  (cover ing the  ad jacen t  insula tor  sur -  
face) .  F igu re  4 i l lus t ra tes  the quant i t ies  Ysm, Ymaz, 
and Xout which wil l  be used be low to compi le  charac-  
terist ic  fea tures  of deposi t  growth.  

F igure  5 i l lus t ra tes  the effect of var ia t ions  in ~ in 
the absence of o ther  changes in the  system. The pa -  
r ame te r  ~ is a l inear  polar iza t ion  p a r a m e t e r  and is 
the reby  an indicator  of react ion uniformity.  F o r  values  
less than  unity,  surface cha rge - t r ans fe r  processes a re  
s luggish and the cathodic cur ren t  d i s t r ibu t ion  will  tend  
to be uniform. Fo r  values  g rea te r  than  unity,  conduc-  
tion effects control  the  potent ia l  field and the current  
d i s t r ibu t ion  wil l  be nonuniform. The effect of ~ on 
the  final shape of a deposi t  is shown in Fig. 5; the same 
number  of coulombs have been deposi ted for each 
curve. I t  is seen that  h igh ly  nonuni form deposi t  shapes 
are  encountered  when ~ has a large  value.  
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Fig. 4. Dependence of cathode shape with number of coulombs 
deposited; original shape shown along abscissa. (~A = 3.87, 

- -  1.0, A - -  2.0.) 
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Fig. 5. Dependence of cathode shape on linear polarization 
parameter, the same number of coulombs has been deposited for 
each curve. Original cathode shape shown along abscissa. (~A 
3.87, ~ - -  0.11, A = 2.0.) 
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Fig. 6. Dependence of shape on initial cathode width; the 
same number of coulombs has been deposited for each curve. 
(~A = 3.87, & - -  0.11.) 

Figure  6 gives final deposi t  shapes fol lowing deposi-  
t ion of the  same number  of coulombs onto cathodes of 
th ree  different  widths.  The cathode width,  L enters  
into both  pa rame te r s  ~ and A. Smal l  values  of I cor-  
respond to smal l  va lues  of ~ for  which  the c u r r e n t  
d is t r ibut ion  would tend to be uniform. Values of Z/a 

1 correspond to cathodes which  occupy the ent i re  
lower  surface, thus achieving a un i fo rm curren% dis t r i -  
bution. The cur ren t  d i s t r ibu t ion  wil l  be the  most  non-  
un i form for in t e rmed ia te  values  of L The  middle  curve 
in Fig. 6 (A --  2) exhibi ts  a more  nonuni form deposi t  
than  e i ther  of the  other  curves (A = 1.43 and 3.33). 

There  a re  two dis tance ra t ios  which a re  pa r t i cu l a r ly  
character is t ic  of the  cathode shapes encountered  in  
this  study.  Ymax/Ysyra is the  rat io  of m a x i m u m  cathode 
height  to the  cathode height  ar the p lane  of sym-  
metry ,  X --  0. Xout/Yma~ is the  rat io  of ou tward  growth  
along the  ad jacent  conductor  to the m a x i m u m  cathode 
height.  The nex t  two figures i l lus t ra te  how deposi t  
shape is influenced by  the  pa rame te r s  of the system. 

.Figure 7 shows how the ra t io  Ymax/Ysym depends  on 
the polar iza t ion  p a r a m e t e r  and the number  of cou- 
lombs deposited.  The rat io  Ymax/Ysym is a measure  of 
deposi t  un i fo rmi ty  along the upper  side of the  deposi t  
which  faces the  anode. Deposits a re  more  nonuni form 
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Fig. 7. Dependence of characteristic cathode shape ratio on 
linear polarization parameter and dimensionless number of 
coulombs deposited. (CA = 1.16.) 
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Fig. 8. Dependence of characteristic cathode shape ratio on 
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with  la rge  values  of $ but  become increas ingly  uni form 
as deposi t ion continues. F igure  8 i l lus t ra tes  how the 
rat io Ymax/Ysym varies  wi th  appl ied  potential .  I t  is 
seen that  h igher  appl ied  potent ia ls  y ie ld  more  non-  
un i form deposits, owing to the  nonl inear  na tu re  of the  
B u t l e r - V o l m e r  kinet ic  equation. 

The rat io  Zout/Ymax was compiled for al l  cases l is ted 
in Table  IH in o rder  to character ize  the  ou tward  
g rowth  of the  deposi t  covering the ad jacent  insula t ing 
surface (see Fig. 5). For  al l  cases examined  in Table 
III, it  was found that  Xout/Ymax was a lways  wi th in  
10% of unity.  Therefore,  wi th in  reasonable  app rox ima-  
tion, the  edge of the  deposi t  is cy l indr ica l  in shape. 

Summary and Conclusions 
The finite e lement  method  has been used to ca lcu-  

l a te  the  shape change of a cathode dur ing  e lec t ro-  
deposition. To our  knowledge,  finite e lement  ca lcula-  
tions have  not  p rev ious ly  been  appl ied  to e lec t rochem- 
ical  potent ia l  field calculat ions involving shape change. 
Calculat ion detai ls  have, therefore,  been included in 
discussion of results .  Problems  involving e lect rode 
shape change appea r  to be pa r t i cu l a r ly  amenable  to 
finite e lement  methods  of calculat ion since piecewise 
polynomia ls  can be used wi th  grea t  accuracy to de-  
scr ibe curved bounding surfaces. 

Two difficulties ar ise  in handl ing  singulari t ies .  The 
first is the  calculat ion of the potent ia l  field i tself  in 
the  v ic in i ty  of a s ingular i ty .  There  is, however,  g row-  
ing a t ten t ion  to the deve lopment  of special  e lements  
for use at  s ingular  points. I t  is, therefore,  reasonable  to 
ant ic ipate  r ap id  improvemen t  in computa t ional  s t ra te -  
gies for accura te  t r ea tmen t  of such singulari t ies.  The 
second difficulty, encountered  in the ini t ia l  t ime step 
of shape change, is in approx ima t ing  ou tward  growth  
at  the  s ingular i ty .  That  is, the  normal  vector  is un-  
defined at  a s ingular  point.  The choice used in this 
s tudy  (upward  g rowth  only)  could perhaps  be im-  
proved on. 

T h e  s t reaml in ing  of any  numer ica l  p rocedure  in-  
volves opt imizing tradeoffs be tween  accuracy and cost. 
I t  is l ike ly  tha t  improved  accuracy could be obta ined 
in the  procedures  used here,  especial ly  in the  in teg ra -  
t ion schemes for  eva lua t ing  area  and surface in tegra ls  
needed for  solut ion of t he  sys tem of equations resu l t -  
ing f rom the finite e lement  formulat ion.  These im-  
provements  wil l  not  be made  wi thout  loss of computa -  
t ional  speed. In  many  cases, however,  the benefit  of 
calculating an accura te  cur ren t  d is t r ibut ion  does not 

depend so much  on the cost effectiveness of the  cal -  
cula t ion i tself  but  of the  ent i re  research  endeavor.  

Al though the presen t  s tudy  has purposefu l ly  been 
l imi ted  to a r e l a t ive ly  s imple secondary  potent ia l  d is-  
t r ibut ion,  the  genera l  method  of finite e lement  ca l -  
culat ions is exceedingly  powerfu l  and flexible. There 
would be no fundamenta l  difficulty in embrac ing  ad -  
di t ional  phenomena  wi th in  this method  of analysis.  
Mul t ip le  react ions could be incorpora ted  to c lar i fy  ef-  
fects of gassing, a l loy deposit ion,  and corrosion, among 
others. More complex kinet ic  ra te  equat ions could be 
introduced,  inc luding ac t ive /pass ive  phenomena  char -  
acteris t ic  of m a n y  corrosion systems. Effects of diffu- 
sion and l amina r  convection have  prev ious ly  been 
s tudied by  finite e lement  methods  in the chemical  engi-  
neer ing l i t e ra tu re  and could be incorpora ted  into elec-  
t rochemical  t rea tments .  Heat  t ransfe r  effects could be 
super imposed  onto cur ren t  d i s t r ibu t ion  problems.  The 
analysis  of ax i symmet r i c  two-d imens iona l  p rob lems  
can be done wi th  only  minor  modificat ion of the 
in tegra ls  used in  this  study.  The  analysis  of fu l ly  th ree -  
d imensional  p roblems  has been car r ied  out  for  non-  
e lect rochemical  situations. F o r  these  reasons, i t  seems 
wor thwhi le  to pursue  the appl ica t ion  of finite e lement  
methods  fu r the r  in o rder  tha t  the i r  inheren t  advan-  
tages be  brought  to bear  on the analysis  of complex 
e lect rochemical  systems. 
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LIST OF SYMBOLS 
English characters 
A dimensionless  a rea  
A dimensiomess  cathode length  
A" m a t r i x  resul t ing  f rom finite e lement  fo rmula -  

t ion 
a anode length,  m 
aij component  of A corresponding to i th row and jth 

column 
B dimensionless  ver t ica l  separa t ion  be tween  an-  

ode and cathode 
b ver t ica l  separa t ion  be tween  anode and cathode, 

m 
F Fa raday ' s  constant,  96,500 C/g  equiv. 

nonl inear  vector  resul t ing  f rom finite e lement  
formula t ion  

]i i th component  of S 
H dimensionless  growth  ou tward  f rom cathode in 

no rma l  di rect ion 
h g rowth  ou tward  f rom cathode in normal  d i rec-  

tion, m 
i cur ren t  density,  A / m  2 
io exchange current  density,  A / m  2 
1 cathode length, m 
Mw tota l  number  of set and free nodes in sys tem 
M molecular  weight,  g /mole  
N number  of f ree  nodes in sys tem 
n number  of e lectrons involved in cathodic reac-  

tion, g equiv . /gmole  
n uni t  normal  at  sys tem boundary  
R- gas constant,  8.314 J / g m o l e - d e g  
T tempera ture ,  ~ 
t t ime, sec 
X dimensionless  spat ia l  coordinate  
Xout dimensionless  g rowth  in hor izonta l  direction 

f rom cathode edge 
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X 
Y 
Ylnax 
Ysym 

Y 

Greek 
aA 
aC 
ri 
F(k) 

b 
K 
A 

P 
T 

CA 

~bA 
12 

~12 
a12A 
~ c  

J. Electroehem. Soe.: E 1 X C T R O C H E M I C A L  SCIENCE A N D  TECHNOLOGY December 1978 

spa t ia l  coordinate,  m 
d imens ionless  spa t ia l  coordinate  
m a x i m u m  height  of cathode, dimensionless  
height  of cathode at  cen te r  s y m m e t r y  line, d i -  
mensionless  
spat ia l  coordinate,  m 

characters 
anodic ~inetic p a r a m e t e r  
cathodic kinet ic  p a r a m e t e r  
basis funct ion centered  over  node i 
por t ion of r i  ly ing  in e lement  k 
difference be tween  Bu t l e r -Vo lmer  and Ohm's  
law calculat ions 
Tafel  polar iza t ion  p a r a m e t e r  
conduet iv i ty  of electrolyte ,  t~- I m -  ~ 
dimensionless  number  of coulombs passed 
l inear  polar iza t ion  p a r a m e t e r  
dens i ty  of  deposit,  g / m  3 
dimensionless  t ime 
dimensionless  potent ia l  
dimensionless  appl ied  potent ia l  
dimensionless  potent ia l  a t  node i 
potent ial ,  V 
appl ied  potent ial ,  V 
region of appl icab i l i ty  of the  differential  equa-  
t ion 
bounda ry  of 12 
por t ion  of 012 coinciding wi th  anode 
por t ion of 012 coinciding wi th  ca thode 
por t ion of 012 coinciding wi th  insula ted  surfaces 
anti s y m m e t r y  l i n e s  
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This Discussion Section includes discussion of papers appearing 
in the Journal  oS The Electrochemical Socie ty ,  Vol. 124, No. 7 and 
9, July and September,  1977, and Vol. 125, No. 2, F e b r u a r y  1976. 

Evaluation of Corrosion Rates from 
Nonlinear Polarization Data 

R. L. LeRoy (pp. 1006-1012, Vol. 124, No. 7) 

G. P a l o m b a r i n i ,  1 G. P. C a m m a r o t a ,  1 and  L. Fe l l on i :  2 
This in teres t ing  paper  by  LeRoy has suggested to 
us a few considerations.  F i r s t  of all, the s imultaneous 
de te rmina t ion  of the corrosion cur ren t  icorr and the 
Tafel  slopes /~a and /~c f rom polar iza t ion  da ta  requi res  
the  knowledge  of at  least  three  exper imen ta l  pairs  
(e, i ) ,  so as to a t t empt  the resolut ion of three  equa-  
tions in the three  unknowns.  I t  is clear,  however,  
tha t  the  re l i ab i l i ty  of the es t imates  increases together  
wi th  the  number  of exper imen ta l  pairs  util ized. F rom 
this point  of view, the method suggested by  LeRoy for 
eva lua t ing  corrosion ra tes  f rom polar iza t ion  measu re -  
ments  in the v ic in i ty  of the  corrosion potent ia l  con- 
s t i tutes  a var ia t ion  of the  th ree -po in t  method proposed 
by  Barna r t t  ~ severa l  years  ago. Both methods,  in fact, 
requi re  the  solut ion of a quadra t ic  equat ion the co- 
efficients of which are  ob ta inable  f rom the three  
measured  pai rs  (e, i ) ,  whi le  the  roots a l low compu-  
ta t ion of the /~ values and then of the corrosion cur -  
rent.  In  pract ice,  however ,  both  the quoted authors  
have ave raged  the resul ts  of severa l  calculat ions to 
minimize  the r isks  of ut i l iz ing only three  exper imen ta l  
points.  Owing to the i r  s imi lar i ty ,  these methods are  
subject  to the same l imitat ions,  especial ly  wi th  re fe r -  
ence to the s t r ik ing  influence on the results  that  is 
exer ted  f rom the accuracy of each exper imen ta l  value  

Ins t i tu t e  of  Metallurgy, Univers i ty  of Bologna,  Italy. 
Ins t i tu te  of  Chemis t ry ,  Cen te r  of Corrosion A.DACCO', Uni- 

ve r s i ty  of Ferrara,  Italy. 
S. Barnartt ,  Electrochim. Ac ta ,  15, 1313 (1970). 

Table I. Analysis of data recorded in the Table II of the paper 
under discussion by n~eans of the three-point method 

From experimental  data From calculated data 

Selected #, ~c i~or.~ ~a ~r ico~r 
e (mY) (mV) (mY) (/zA/cm -~ (mV) (mV) (~A/cm~) 

+ 5 No real solution 29.5 ~4 48.6 
- 5  No real solution 29.7 o0 49.4 

+ l0 20.4 69.1 21.2 30.0 ~ 50.5 
- 10 24.7 167.0 33.5 30.2 ~ 51.3 

V e r y  high but finite values  of Bc have been assumed equal to 
infinity. 

in t roduced in the resolut ive  equations. This d i sad-  
vantage is serious jus t  when the corroding samples  
are  polar ized to potent ia ls  e near  the corrosion poten-  
tial. A h igher  uncer ta in ty  exists on low values  of 
potent ia ls  and  cur ren ts  because of the  complex i ty  of  
the  systems under  examina t ion  and the inherent  l imits  
of the u p - t o - n o w  ava i lab le  techniques. 

To confirm this, we have  appl ied  the th ree -po in t  
method at  first to exper imen ta l  and then to ca lcula ted  
da ta  recorded in the  Table  II  of the paper  under  dis-  
cussion, obta in ing our  Table  I. The above - r epo r t ed  cal-  
culations c lear ly  show the extent  to which the va l -  
ues of the  polar izat ion pa rame te r s  are  sensi t ive to 
the precis ion of exper imen ta l  measurements .  Few 
pairs  (~, i) in  the  vic ini ty  of the corrosion po-  
ten t ia l  seem, therefore,  to be  unable  to de te rmine  
these pa ramete r s  correctly.  In  his note on the Tafel  
slopes for i ron corroding in acidic solutions, Ba rna r t t  5 
has overcome the difficulty by  opera t ing  at r e l a t ive ly  
high potent ia ls  (lel -~ 20 m y )  wi th  the  a id  of a ga l -  
vanostat ic  pulse technique. Under  these conditions, 

S. Barnartt,  Corrosion, 27, 467 (1971). 
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lower  re la t ive  er rors  m a y  be expected.  In  the pape r  
under  discussion and wi th  reference  to the analysis  
of the da ta  for  the corrosion of zinc in 3% sodium 
sulfa te  solutions, instead,  the  difficulty has been 
avoided by  ut i l iz ing ant ic ipated  but  reasonable  values  
of the Tafel  slopes and then calcula t ing icorr wi th  the  
contr ibut ion  of al l  the  ava i lab le  exper imen ta l  points. 
F rom this procedure ,  the degree  of fitt ing of al l  the 
expe r imen ta l  da ta  recorded  in the Table II  of the 
paper  under  discussion amounts  to 

n 

J = ( l / n ) .  E (ij - -  ~calc) '~ = 16.6(~A/cm2) ~ 
$--1 

On the o ther  hand, f rom a computer  analysis  of the 
same da ta  we have obta ined  the values of ~a = 22.4 
mV, & = 105.5 mV, and icorr - -  26.4 ~A/cm 2, which 
do not  cont radic t  the preceding  th ree -po in t  es t imates  
and lead moreover  to a much be t te r  qual i ty  of fitting, 
being this t ime f = 2.5 (~A/cm 2) ~. 

In  conclusion, LeRoy has analyzed  some polar iza-  
t ion points  of zinc in sodium sulfa te  solutions wi th  
the  a id  of independent  es t imates  of the Tafel  slopes. 
The same exper imen ta l  data,  however,  would  lead 
to qui te  different  resul ts  when re fe r red  to a system 
lacking in preass ignable  parameters .  Incidenta l ly ,  we 
have also l inear ized LeRoy 's  expe r imen ta l  points  
ranging  f rom --10 to § 10 mV, finding an approx ima te  
value  of the polar iza t ion  conductance (Oi/O~)~=o : 
3.75 #A/cm2.mV. Hence, by  ant ic ipa t ing  ~a : 30 mV 
and ~c = infini ty and being therefore  B : fla/gc/ln 10. 
(~a + ~ c )  = 30/ln 10 mV, one can calculate  a va lue  
of icorr : B" (Oi/Oe)(=o : 48.8 #A/cm 2 about  3% lower  
than  the value  de te rmined  by  LeRoy through  Eq. [3] 
of his paper .  

F u r t h e r  comments  a re  necessary  concerning the 
capab i l i ty  of severa l  curves,  corresponding to ve ry  
different  values of ~a, fie, and icorr, of reproducing  
the same points  wi th  comparable  accuracy (see Fig. 
8 and 9 in the pape r  under  discussion).  Clearly,  a 
graphic  compar ison be tween  expe r imen ta l  points  and 
ca lcula ted  curves is unrel iable ,  as the  appearance  
g rea t ly  depends on the scales adopted for  �9 and i. 
The s imples t  solut ion would  seem to consist of eva lu -  
a t ing  the fi t t ing quali ty,  for  example ,  th rough  the 
a l r eady  defined quan t i ty  ]. In real i ty ,  b y  analyzing 
severa l  curves of pure  i ron  polar ized in IN H2SO4 
and in 1N HC1 in the v ic in i ty  of the corrosion po ten-  
tial,  we have found 8 tha t  not only  the  whole anodic 
and cathodic branches,  but  also each par t  of a po la r -  
izat ion curve (e.g., the par t  going f rom 0 to 5 mV, or  
f rom 5 to 10 mV, and so on) leads to ve ry  different  
values  of ~a, tgc, and icorr as wel l  as LeRoy's  da ta  on 
zinc corrosion seem to do when  ana lyzed  wi th  the 
t h ree -po in t  method.  

Whether  an insufficient precis ion of expe r imen ta l  
measurements ,  the t rea t ing  of ~ values as Tafel  slopes 
l inkable  wi th  cer ta in  react ion mechanisms r a the r  than  
values  s imply  compat ib le  wi th  the examined  par t  of 
the  polar iza t ion  curve, or  any  other  factor  accounts 
for  this behavior ,  i t  r emains  tha t  the compliance be-  
tween  a measured  polar iza t ion  curve and its theore t ica l  
equat ion is ve ry  crit ical ,  and the p rob lem of s imul -  
taneous ly  de te rmin ing  the e lect rochemical  pa ramete r s  
and the corrosion ra te  appears  to be st i l l  unresolved.  

The Pb/Pb +2 Exchange Reaction in 
Perchlorate Acidic Solution 

A. S. Gioda, M. C. Giordano, and V. A. Macagno 
(pp. 1324-1329, Vol. 124, No. 9) 

S. B. Es tevez  7 and  D. J. Schiffrin: s Usually,  grea t  
care  has to be t aken  in the s tudy  of the anodic dis-  

G. P a l o m b a r i n i ,  G. P .  Cammarota,  and L. Fe l lon i ,  to  be  pub-  
l i shed ,  

S. B. Estevez,  Sector  Electroquimica  A p l i c a d a ,  I.N.T.I., L e a n d r o  
N . A l e m  1067, 1001 Buenos  Aires ,  A r g e n t i n a .  

S D. J .  Sch i f f r in ,  B e r u t t i  1547, D to  2, Mar t inez ,  Provincia  de 
Buenos  Aires ,  Argent ina .  

Vol. 125, No. 12 

I i I 

Fig. 1. Current-time transient for the anodic dissolution 
of P'b in 0.2M NaCIO4; pH = 2.5; T = 25~ potential = 
--0.460V vs. NCE. �9 Values fitted using Eq. [5]. 

solut ion of a meta l  having a large  exchange current ,  
in par t icu la r ,  r egard ing  the expe r imen ta l  condit ions 
under  which the t rue  ac t iva ted  anodic cur ren t  is 
measured,  and in o rde r  to es tabl ish  a dissolut ion 
mechanism, the  surface concentra t ion of the  meta l  ion 
must  be known. I t  appears  that  this precaut ion  was 
not  t aken  into account  in the  paper  under  discussion. 

For  the Pb system, the anodic cur ren t  for uns t i r red  
solutions are  t ime dependent ,  9 as would  be expected 
for react ions wi th  a large  io and in a potent ia l  range 
close to the  s t andard  potent ia l  of the m e t a l / m e t a l  
ion couple. F igure  1 shows a typica l  cu r r en t - t ime  
t rans ient  9,10 where  the influence of the bui ldup of 
the  Pb ++ ion concentra t ion dur ing  electrolysis  is 
c lear ly  seen. This type  of t rans ien t  behavior  occurs 
in a l l  the  potent ia l  range  which  has been s tudied 
in the paper .  The diffusional p rob lem for the react ion 

kl 
Pb ~ -  Pb  + + ~- 2 e -  [1] 

k-1 

can easi ly  be solved using Ficks '  diffusion different ia l  
equat ion wi th  the condit ions 

C(x ,  0) = CbCPb + +) [2] 

z=O,t=O 
and 

= {kl --  C 6 (Pb + + ) k -  1} [4] 
2F 

where  i is the  current  density,  Cb(Pb ++)  and 
C~(Pb ++)  are  the bu lk  and surface concentra t ion 
of Pb + + ions, respect ively,  F is the  F a r a d a y  constant,  
k~ and k -~  are  the  corresponding e lect rochemical  
ra te  constants.  This leads  to 

I k-19 t 
= 2F{kl -- Cb(pb+ + ) k - 1 } e x p  Dpb++ 

k-1 iv, } [5] 
e r f c  D p b +  + V2 

A typica l  cu r r en t - t ime  t rans ien t  is shown in Fig. 1 
and good agreement  is observed  over  a wide range  
of t ime of e lectrolysis  be tween the observed cur ren t  
and the values predic ted  f rom Eq. [5], indica t ing  the 
correctness of the t r ea tment  out l ined above. Equat ion 
[5] predic ts  the  usual  t'/2 and t - ' l ,  cur ren t  dependence 

9 C. V. A l k a i n e ,  S. B. Estevez.  a n d  D. J .  Sch i f f r in ,  " T h e  E lec t ro -  
c h e m i s t r y  of L e a d :  A n o d i c  Di s so lu t ion  in Acid ic  M e d i a , "  6 th  Met- 
a l l u r g i c a l  Mee t ing ,  A r g e n t i n e  Meta l s  Soc ie ty ,  B u e n o s  Ai res ,  Octo-  
b e r  1974. 

lo S. B. Es t evez  a n d  D. J .  Sch i f f r in ,  P a p e r  in  preparation.  
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at  shor t  and long t imes of electrolysis,  respect ively,  
and  the Pb  sys tem in C104- solutions follows these 
relat ionships.  9,~~ The anodic cur ren t  due solely to the 
me ta l  dissolution process (i.e., 2Fkl when Cb(pb  + +) 
--  0) can be obta ined by ex t rapo la t ion  to t --> 0 f rom 
an i vs. t'/~ plot. 9 The correct  values  obta ined  in this 
w a y  differ wide ly  from the  s t eady-s t a t e  measu re -  
ments. When the measurements  a re  per formed  in the 
w a y  descr ibed in  this paper ,  where  na tu ra l  convection 
conditions a re  established,  the  phys ica l  meaning  of 
the  observed currents  can be obta ined  using the diffu- 
sion l aye r  concept. This leads to 

i~"  2FDpb++ { kz - C ~ ( P b + + )  } 0  k -1  [6] 

w h e r e  8 is  the  diffusion l aye r  thickness.  The equiva-  
lent  equat ion der ived  f rom Eq. [5] ~or long t imes of 
e lectrolysis  is 

= ~ t ' / ,  - -  C~ ( P b +  + ) [7] 

Both Eq. [6] and [7] lead to a s imi lar  cu r r en t -po t en -  
t ia l  re la t ionship  which does not  give di rec t  in format ion  
on the anodic process. When  k l / k - 1  > >  Cb(pb  + +),  
a s i tuat ion which  occurs in the  poten t ia l  range  where  
an appa ren t  good Tafel  behavior  was observed;  the  
"Tafel"  slope measured  in the  s teady  s tate  is s imply  
an indicat ion of the revers ib le  behavior  of this sys-  
tem. Hence, no kinet ic  in format ion  on the anodic be-  
hav ior  can be obta ined  f rom s teady-s ta te  exper iments ,  
as is wrongly  assumed in the  paper  under  discussion. 

The  t e rm k l / k - 1  represents  in  this  case the  surface 
concentra t ion of Pb  + + ions, as defined by the Nerns t  
equation.  This is the  reason why  in Fig. 2 of the pape r  
under  discussion, the  30 mV slope ( rea l ly  a Ners t ian  
slope for  a 2 e lect ron process)  is observed  for  more  
anodic potent ia ls  as the bu lk  Pb  + + ion concentra t ion 
in solut ion is increased.  

I t  is also our  opinion tha t  due to the  incorrect  w a y  
in which the anodic exper imen t  has been performed,  
an incorrect  o rde r  wi th  respect  to the C104- ion has 
been found. There  is a finite o rde r  wi th  respect  to 
C104 -3, as is discussed elsewhere.  10 

For  the above  reasons, the resul ts  presented  in 
Table  I of the paper  and the  mechanism proposed 
have to be considered dubious. 

A.  S. Gioda,  M. C. Giordano ,  a n d  V .  A .  Macagno91  
As the authors  have a l r eady  answered  p rac t i ca l ly  
the same a rguments  presented  by  Dr. Schiffrin in a 
r ebu t t a l  to S. D. Kapusta ,  they  refer  the r eade r  to 
tha t  discussionJ~ 

Efficiencies of Cycling Lithium on a Lithium Substrate 
in Propylene Carbonate 

L O. Rauh, T. F. Reise, and S. B. Brummer 
(pp. 186-189, Vol. 125, No. 2) 

M. Garreau ,  J. T h 6 v e n i n ,  a n d  D.  Warin:z8 We en- 
t i r e ly  agree  w i t h  B r u m m e r  and co-workers  when  they  
consider  tha t  the  de te rmina t ion  of l i th ium cycl ing effi- 
c iency mus t  be  inves t i ga ted ,  using not  a foreign bu t  a 
dense l i th ium subs t ra te  despi te  the  inheren t  diffi- 
cult ies of this technique  according to the de te rminan t  
influence of  the  subs t ra te  on the proper t ies  of the  elec-  
t rodeposi ted  l i thium, x4 However ,  when  faced wi th  the  
same diff icult ies  as  those  e n c o u n t e r e d  b y  the authors,  
w e  h a v e  s t u d i e d  t h e  c y c l i n g  b e h a v i o r  of the  l i t h i u m  

Facultad de Cleneias Qulmicas, Unlversldad Nacional de Cor- 
doba, 5000 Cordoba, Argentina. 

A. S. Gioda, M. C. Giordano, and V. A. Macagno, This Journal, 
125, 889 (1978). 

~Groupe de Recherche du CNRS "Physique des Liquides et 
Electrochimie," associe a l'Universite Pierre et Marie Curie, 75230 
Paris Cedex 05, France. 

~' M. Garreau, J. Thevenin, and D. Warin, C.R. Acad. Sci. Paris, 
286C, 545 (1978). 

electrode in a different  way.  The resul ts  we  have ob-  
ta ined lead  us to in te rpre ta t ions  somewhat  different  
f rom those given in  the  p a p e r  under  considerat ion.  I t  
appears  of in teres t  (i)  To compare  those two methods  
used to s tudy  the de te r iora t ion  of the  e lectrode p rop-  
ert ies;  and  (ii) to give some precise  da ta  on the main  
causes of the  cycl ing inefficiencies descr ibed in  the 
case of the  p ropy lene  carbonate  (PC) solutions. 

(i) In  the aprot ic  so lven t -based  e lec t ro ly te  used 
wi th  l i th ium where  the  ohmic drop  RI genera l ly  com- 
poses the ma jo r  pa r t  of the  e lect rode potent ia l  V, we 
have considered i t  was convenient  to measure  the  free 
ohmic drop potent ia l  ~l --  V --  RI (overpotent ia l )  to 
be able  to descr ibe  wi th  accuracy  the polar iza t ion  
s tate  of the  l i th ium electrode.  Unlike Rauh et aL, we 
have thus s tudied the  evolut ion  in  the  t ime, not  of the 
potent ia l  V but  of  the  overpo ten t ia l  ~ dur ing  cycling 
operat ions  car r ied  out  galvanosta t ica l ly ,  in the  ex -  
pe r imenta l  conai t ions:  .~olution, FC, 1M LiC10~; t = 
25~C; res idual  wa te r  content,  10 ppm;  substrate ,  dense 
l i th ium; motionless electrode,  s = 0.2 cm2; cell, cy l in-  
dr ica l  s y m m e t r y  a round  the work ing  electrode;  
cycling, cur ren t  dens i ty  J - -  1-2.5-5-10 m A / c m  ~ and 
charge  dens i ty  Q --  1-2-5-10 C / c m  2. 

In  condit ions s imi la r  to those used b y  the authors  
in the pape r  under  considerat ion,  the  s t r ipping curves 

= ~l(t) do not  show dis t inct  components  to which  
the remova l  of the  deposi t  and of  the  subs t ra te  would  
be respec t ive ly  ascribed.  When  the cycles a re  opera ted  
under  condit ions involving only weak  overpotent ia l s  
(J  ~ 2.5 mA/cm2 and Q ~ 2 C/cm~),  an increase  of 
the  s t r ipping  overpo ten t ia l  up to a s ta t ionary  va lue  is 
only  observed,  wi th  a weaker  slope at  each cycle. 
When  o ther  condit ions are  used (J  ~ 5 m A / c m  2, Q ~ 5 
C/cm2),  the  high involved  overpotent ia l s  increase 
r egu la r ly  up to an  end value  which rises s lowly  al l  
along the cycling. In  these  cases, i t  is possible to ob-  
serve on the curve V = V( t )  the  two components  of 
the  e lec t rode  potent ia l  descr ibed  (Fig. 3, p. 188) by  
Rauh  et al., the  presence of these two components  
being due to a discont inued evolu t ion  of the in ter face  
resis tance R. For  example ,  Fig. 1 shows the typica l  
evolut ion of the ohmic drop RI dur ing  the 5th s t r ip -  
p ing obta ined wi th  J = 10 m A / c m  2 and Q = 10 C /cm 2. 

These resul ts  ra ise  the  fol lowing question: Is i t  
r ea l ly  adequate  to a t t r ibu te  the  two components  of the  
e lectrode potent ia l  V to two dis t inct  in t r ins ic  po la r iza -  
t ion levels  requi red  for  the  r emova l  of  the  accessible 
port ions of deposi t  and the complemen ta ry  por t ion  of 
substrate ,  accordingly:  (i) To the ohmic origin of the  
separa t ion  of these two components;  (ii) to the r egu -  
la r  evolut ion of  the end s t r ipping  overpoten t ia l  dur ing  
the cycl ing operat ion? 

(ii) To find an ind i spu tab le  test  to detect  the e n d  
of the  deposi t  stripping~ we have  p re fe r red  to charac -  
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Fig. 1. Ohmic drop (RI)-charge density curve for stripping Li on 
an U-dense substrate: 5th cycle; is = 10 mA/cm2; Qs = 10 C/  
cm2; electrolyte = 1M LiCIO4 in PC. 
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terize the gradual degradation of the l i thium electrode 
by the correlative decrease of the current density 
during cycling operations carried out with anodic and 
cathodic overpotentials maintained at a constant 
value. 14,15 This allowed us to point out the determinant 
importance of some experimental  conditions which had 
not been considered in the paper under discussion. 
Thus we have observed that  it  is possible to obtain a 
great number of cycles without noticeable loss of 
the electrode activity when the experimental  condi- 
tions are compatible with: (i) the formation of a homo- 
geneous deposit without formation of large dendrites; 
and (ii) a regular  dissolution of the metal without 
production of anodic passivating layers.l~ The main 
parameter  responsible for these two causes of degra- 
dation of the electrode appears to be the overpoten- 
t ial  which, during the whole cycle, must not exceed a 
critical value (about 50 mV with our PC, LiC104 
solution). For example, we have obtained 500 con- 
secu~ive cycles within the range of overpotential +__25 
mV under conditions defined b y  J _= 1 mA/cm 2 and 
Q -- 1 C/cm ~. The rapid deterioration of the electrode 
properties which intervenes with the experimental 
conditions indicated in the paper under consideration 
(J -- 2.5 mA/cm2; Q = 10 C/cm 2) is linked to an 
overstepping of the critical overpotential value of the 
solution used. 

This interpretat ion raises other questions: (i) Would 
it not be possible to ascribe the best performances ob- 
tained with the AsF6Li/PC solutions to a favorable shift 
of the overpotential critical value; (ii) can Rauh etal .  
l ink this eventual shift of the critical value to the 
different adsorbabili ty of AsFe-  compared to those 
of C10~-, mentioned in the paper under consideration? 

R. D. Rauh: 17 Clearly the processes contributing to 
~he polarization of the secondary Li electrode are not 
well understood, although Garreau e t a l .  are making 
some valuable contributions in this area. Our assump- 
tion that the break in the Li stripping curve repre-  
sented the single cycle efficiency was based on the 
following observations: (i) The single cycle efficien- 
cies obtained in this way agreed quite well with the 
average efficiencies calculated from the number of cy- 
cles required to deplete the Li init ial ly present as the 
substrate; (ii) Two component stripping curves are 
not obtained under the same conditions on a Ni sub- 
strate; (iii) Two component stripping curves are not 
obtained on stripping Li foil under the same condi- 
tions. Both LiAsF8 and (probably) low current den- 
sities impose a more compact, lower surface area 
morphology on the electrodeposit, which could explain 
the results of Garreau et aL and the absence of two 
plateaus in the initial cycles of our best PC/LiAsF6 
preparations (paper under discussion, Fig. 5). Low 
current densities also, of course, compress the IR scale. 

Regarding the positive effects of LiAsF6, they have 
been observed in tetrahydrofuran,  propylene carbon- 
ate, and methyl  acetate. 18 Recent work by Koch and 
Young, 19 also of our laboratory, indicate that the gen- 
eral success observed for this salt may result from 
AsF3 impurities. We have shown previously that cer- 
tain Li-reactive film-forming additives to these non- 
aqueous electrolytes actually improve the Li cycling 
efficiency. 20 

L Epe lbo in ,  M. Garreau, and J. T l i even in ,  A b s t r a c t  3, p.  16, 
The Electrochemical  Society E x t e n d e d  A b s t r a c t s ,  Fa l l  Mee t ing ,  
A t l a n t a ,  G e o r g i a ,  Oct.  9-14,~1977. 

~6 M. Garreau and J. Thevenin ,  J. Microsc. Spectrosc. E~ectron., 
3, 27 (1978). 

~7 EIC C o r p o r a t i o n ,  N e w t o n ,  M a s s a c h u s e t t s  02158. 
18 S. B. B r u m m e r ,  F.  W.  D a m p i e r ,  V. R. K o c h ,  a n d  R. D. R a u h ,  

in "Electrode Materials and Processes  for E n e r g y  C o n v e r s i o n  a n d  
S t o r a g e , "  J .  D. E. M c I n t y r e ,  S. Sr in ivasan~ a n d  F. G. Will ,  Ed i to r s ,  
p. 975, T h e  E l e c t r o c h e m i c a l  Soc ie ty  S o f t b o u n d  S y m p o s i u m  Ser ies ,  
P r i n c e t o n ,  N.J .  (1977). 

19 V. R. K o c h  a n d  J. H.  Y o u n g ,  S p r i n g  M e e t i n g  of  T h e  E lec t ro -  
c h e m i c a l  Society, Seattle,  May 21-26, 1978. 

~OR. D. Rauh and S. B. Brummer,  E~ectrochim. Acta, 22, 75 
(1977);  ibid., 22, 85 (1977).  

The idea put  forth by Garreau et aL that  high rate 
stripping can give rise to accumulation of reaction 
products on the Li electrode is an intriguing one. It 
would be extremely valuable for these authors to 
demonstrate the effects of controlled potential str ip- 
ping on Li cycling efficiency and cycle life to supple- 
ment their results on the evolution of the overpoten- 
tial. 

The Theory of Light-Induced Evolution of Hydrogen 
at Semiconductor Electrodes 

J. O'M Bockris and K. Uosoki (pp. 223-227, Vol. 125, No. 2) 

L. Handley and J. F. McCann:~l The authors have 
proposed a novel approach to the interpretat ion of 
semiconductor photoelectrochemistry. 22-27 It  is, how- 
ever, our view that their model is deficient in several 
respects and is not easily accommodated by the avail-  
able experimental  evidence. 

At the outset, the authors consider that  charge 
transfer by a quantum mechanical tunneling mecha- 
nism is rate limiting. They produce no evidence to 
support this contention and we would suggest that it is 
in fact inappropriate to make such an assertion since 
the high quantum efficiencies consistently measured 
for many semiconductors, 2s~a including p-GaP z4 do 
not support tunneling as the rate-determining step 
(rds) in the saturated photocurrent region of the ~hoto- 
current vs. voltage (/p vs. V)  curve. Also, Butler ~ has 
Shown that the relationship ip2aV and (iph~):/~'ahv for 
WO3 are consistent with a model where solid-state 
transport  is the  rds. An inspection of the authors' data 
shows that the relationship iv2aV also holds for p-GaP 
and therefore supports a solid-state transport  model. 
The authors of the paper have not considered these 
correlations and they are neither predicted nor ex- 
plained by their model. 

The solid-state t reatment  used in the proposed 
model would appear to be somewhat unconventional. 
Normally the continuity equation is solved for a given 
set of boundary conaitions. ~e'~'854~ However, it is 
not clear how Eq. [7] used by these authors to de- 
scribe solid-state transport  was derived. 2~'27 Moreover, 
the equation as writ ten is mathematically imprecise 
since there is no integral  sign in the exponent. (The 

( 1 d x )  i s l s i n c e  value of the exponential exp L(x)  

m Schoo l  of P h y s i c a l  Sc iences ,  T h e  F l i n d e r s  U n i v e r s i t y  of  S o u t h  
A u s t r a l i a ,  B e d f o r d  P a r k ,  S o u t h  A u s t r a l i a  5042. 
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~ J .  o 'M,  B o c k r i s  a n d  K. Uosaki ,  in  " S e m i c o n d u c t o r  L iqu id  
J u n c t i o n  So la r  Cel l s , "  A. He l l e r ,  E d i t o r ,  p.  315, T h e  E l e c t r o c h e m -  
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dx  is no rma l ly  defined as an inf ini tes imal ly  smal l  in-  
c rement  of x ) .  Perhaps  the  authors  meant  to use 
x ins tead of d x  in the exponent ia l .  But dx  has been 
used repea ted ly  in the i r  t rea tment .  ~-~7 

In eva lua t ing  the dr i f t  length  IE (Eq. [10]), the  
authors  have used an electr ic  field V ' ( x )  appl icable  
under  da rk  conditions only. The i l lumina ted  electr ic  
field equat ion is 3s 

wi th  the --0.059 m V / p H  change in the  f latband poten-  
t ia l  for p -GaP.  44 This is also inconsis tent  wi th  the  
authors '  f latband potent ia l  da ta  r epor ted  in Fig. 2. 

In  discussing the discrepancies  be tween  the exper i -  
menta l  and theore t ica l  results ,  the  present  authors  
have s ta ted tha t  i t  m a y  be possible for electrons to be 
t r ans fe r red  to h y d r o n i u m  ions d i rec t ly  a t tached to 

- + + ~ ' ( Z )  ----4- [ - - ( ~ D  (Po ~ p ) ( e - ~ - - l )  + ( n o +  ~ n ) ( ~ - -  l ) ]  
e 

[1] 

w h e r e  y - -  e o ( V x -  Vb)/kT, and the symbols  are  de-  
fined by  Myaml in  and Pleskov,  86 wi th  Ap and An being 
the photogenera ted  hole and e lec t ron densities, re -  
spectively.  No reasons were  p resen ted  for not  using 
this l a t t e r  expression.  If  quan tum mechanical  tunne l -  
ing is ra te  de te rmin ing  as they  have  assumed, then 
there  wil l  be an accumulat ion  of photogenera ted  mi -  
nor i ty  carr iers  in the  space charge  region. The calcula-  
tions of np and An for space charge accumulat ion,  
Which would be required,  are  complicated.  The au-  
thors  have not  considered these problems.  

The reasoning used by  the authors  to show tha t  al l  
e lectrons have  been deac t iva ted  to the  bot tom of the 
conduction band  before  reaching  the surface is not 
convincing. Even if  an a rgument  of the  type  presented  
by  the authors  were  to be accepted,  the  f requency de-  
pendence of the  absorpt ion  coefficient should be con- 
sidered,  i.e., ~ ~ 104 cm -1 for  4500A l ight  and a ~ 4.5 
• 105 cm -1 for 3500A light.39, 4~ Tak ing  the above fac-  
tors into account electrons exci ted by  3500A l ight  
would  have a mean  energy of 1.20 eV above the con- 
duction band while  those exci ted by  4500A l ight  would 
be deac t iva ted  to the  bo t tom of the  conduction band 
on reaching the semiconductor  surface. Since the 
t ransmission coefficient is dependent  upon elect ron en-  
e rgy  42 one concludes f rom the authors '  model  for 
e lect ron deac t iva t ion  and the conclusion that  the 
cri t ical  potent ia l  is not f requency dependent  that  
quan tum mechanical  tunnel ing is not  the  r a t e - d e t e r -  
mining  step. On the other  hand, the  sol id-s ta te  
model,8~,~5,36, 3s,40 predic ts  the  f requency independence 
of the  cr i t ical  potent ial .  

The  va l id i ty  of the  method  used to obta in  the  en-  
e rgy  level  of an e lect ron in  the  ground s tate  of the  
H30 + ion is quest ionable.  First ,  Fig. 2 is given wi thout  
explanat ion.  The  exper imen ta l  corre la t ion  is poor pa r -  
t i cu la r ly  for 1N H2SO4. Secondly, f rom footnote 43 Fig. 
2 is an expe r imen ta l  check of the  equat ion 

/ V f b  ~ - ~ /  ~. (T~crit ~ TC~fb ) Jp constant  

If this were  so then the absolute  va lue  of the slope 
should be 1 (c]. ,~ 2 for 1N NaOH and N1.5 for 1N 
H2SOD. 

For  p - G a P  in 1N NaOH at  0V on the  NI lE  scale 
the  authors  r epor t  in footnote 27 tha t  about  50% oI the  
electrons ac t iva ted  b y  l ight  reach the surface. Since at  
0V the i r  exper imen ta l  quan tum efficiency for 3500A 
l ight  is 0.2, i t  fol lows tha t  the  t ransmission coefficient 
must  be la rger  than  0.4. The WKB approx imat ion  is 
inaccurate  in this region and wil l  y ie ld  t ransmission 
coefficients at least  50% higher  than  the solution of 
the  exact  parabol ic  bar r ie r .  ~ Therefore  an even 
g rea te r  d iscrepancy be tween  the calcula ted and ex-  
pe r imenta l  resul ts  should be  seen. 

The cri t ical  photopotent ia ls  for  the exper imenta l  
ip vs. V curves of p - G a P  in Fig. 1 (1N H2SO4) and 
Fig. 4 (1N NaOH) a re  the  same, which  is inconsis tent  

4~ "Semiconductors and Semimetals," VoL 3, R. K. Willardson 
and A, C. Beer, Editors, p. 510, Academic Press, New York (1967). 

"Quantum Mechanics," D. Rapp, Holt, Rinehard & Winston, 
Inc., New York (1971). 

~ J .  O'M. Bockris and K. Uosaki, This Journal, 124, 1348 (1977). 

~he electrode surface, therefore  y ie ld ing  h igher  quan-  
tum efficiencies. If this were  the case, the  ba r r i e r  
thickness would be reduced  f rom 2.1A to a much  
smal ler  value  and not  only  would  h igher  quan tum effi- 
ciencies be calculated,  bu t  the assumpt ion  that  charge 
t ransfer  is the r a t e -de t e rmin ing  step would be in 
doubt. 

The Theory of Light-Induced Evolution of Hydrogen 
at Semiconductor Electrodes 

j. O'M. Bockris and K. Uosaki (pp. 223-227, Vol. 125, No. 2) 

W m .  E. Pinson:  4~ I wish to discuss Fig. 4 of the 
above-ment ioned  paper .  

The caption of Fig. 4 says the  e lec t ro ly te  is IN 
NaOH. 

The threshold  of the exper imenta l  quan tum effi- 
c iency is shown = +0.25V vs. NHE. In  Fig. 1 of the  
same paper  in 1N H2SO4 the threshold  of the exper i -  
menta l  quan tum efficiency is also shown --  +0.25V vs. 
NHE. 

I t  would appea r  tha t  the  Fig.  4 capt ion is in error ,  
based on the informat ion  suppl ied  in another  ar t ic le  
by  Bockris and Uosaki.46 F igure  4 in this  l a t te r  paper  
shows the p - G a P  threshold  quan tum efficiency in IN 
NaOH beginning at  = --0.46V vs. NHE; in 1N H2SO4 
at +0.14V v~. NHE, close to the +0.25V vs. NHE 
threshold  of the paper  under  discussion. 

The same er ror  appears  in  the  volume "Semicon-  
ductor  L iqu id - Junc t ion  Solar  Cells."4~ 

Significance of Effect of High Pressure on Kinetics 
of Electrode Reactions 

I. Applications to Transition State in Hydrogen 
Evolution Reaction Mechanisms 

B. E. Conway and J. C. Currie (pp. 252-257, Vol. 125, No. 2) 

C. M. Marschoff: 4s In th is  ar t ic le  the  authors  show 
tha t  observed negat ive  and small  posi t ive values  of 
the  volume of act ivat ion for the hydrogen  evolut ion 
react ion (her)  m a y  be exp la ined  on the basis of 
kinet ic  ( react ion route  and r a t e -de t e rmin ing  steps) 
and e lec t rocata ly t ic  (e lect rode coverage by  atomic hy -  
drogen)  considerations.  I t  is also suggested that  the  
pa r t i cu la r  behav ior  of the  her  wi th  respect  to AV4 
values  could be accounted for  if  the t rans i t ion  s tate  
for classical p ro ton  t ransfe r  arises by  reorganiza t ion  
of the  H904 + ion, 49 resul t ing  in the  local izat ion of the 
pro ton  on one of the H20 groups in the  ion. 

However ,  this v iew al lows only a secondary  role to 
specific proper t ies  of the e lec t rode  mater ia l ,  mak ing  
it difficult to expla in  the above-ment ioned  kinet ic  and 
e lec t rocata ly t ic  effects. The lack  of considerat ion of 
the  specific proper t ies  of the  meta l  has also been 

~4 W. P. Gomes and F. Cardon, in "Semiconductor Liquid Junc- 
tion Solar Cells," A. Heller, Editor, p. 120, The Electrochemical 
Society Softbound Symposium Series, Princeton, N.J. (1977). 

Ottawa, Ontario, Canada K2G 2W3. 
~eJ. O'M. Bockris and K. Uosakt, This JournaL, 124, 1348 (1977). 
~7 j. O'M. Bockris and K. Uosaki, "Semiconductor Liquid-June- 

tion Solar Cells," A. Heller, Editor, p. 330, The Electrochemical 
Society Softbound Symposium Series, Princeton, N.J. (1977). 

4s Escuela de Ingenieria Metalurgica y Ciencia de los Materiales, 
Universidad Central de Venezuela, Caracas 105, Venezuela. 

~9 L. L Krlshtalik, Eleetrokhimiya, 11, 184 (1975). 
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pointed out 50,51 as a drawback of solvent-reorganiza-  
t ion theories with respect to act ivation energy cal- 
culations for the her. 

On these grounds, an a l ternat ive  explanat ion to 
~he abnormal ly  low values of hV~ = may  be advanced in  

~oc. M. Marschoff and P. J. Aragon, This Journal, 123, 213 
( 1976 ). 

C. M. Marschoff, Submitted to Anal. Asoc. Quire. Avg. 

terms of an adiabatic proton t ransfer  occurring with 
s imultaneous charge delocalization. 50 According to this 
model, the charge on the t ransfer r ing  proton builds up 
from its ini t ial  value to a final --Co dur ing  the acti-  
vat ion process. Hence, fur ther  electrostriction could 
occur on the H20 (or HsO4) group, thus  accounting for 
the observed ~V~. 
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A B S T R A C T  

The l i th ium ion and electronic conductivi t ies  of l i t h ium fer r i t e  spinel,  
LiFe5Os, have been  inves t iga ted  by  four -po in t  d -c  techniques.  The  ionic con-  
duct iv i ty  is r e l a t ive ly  low, less than  10 -5 ~ - 1  cm-1 at  300"C. Transients  ob- 
served in two-po in t  d -e  electronic conduct ivi ty  measurements  carr ied  out  in 
oxygen  appear  to be due to a surface oxida t ion  process r a the r  than  to the  
ionic component  of the  to ta l  conduct ivi ty .  

In  the  Rb~O-Fe203, K20-Fe203, and Na20-K20-  
Fe20 systems, analogues of the  E-a lumina s t ructure  can 
be p repared  d i rec t ly  and have been shown to be good 
ionic as wel l  as electronic conductors  [e.g., (1, 2)] .  On 
the other  hand,  d i rec t  synthesis  of the  l i th ium ana-  
logue has not been repor ted ,  and under  s imi lar  con- 
di t ions an inverse  spinel,  Fe23+[Li+Fesz+]Os resul ts  
instead. In  a recent  paper  (3) i t  was repor ted  that  
despi te  its essent ia l ly  c lose-packed  s t ructure ,  there  
were  indicat ions tha t  a significant ionic conduct ivi ty  
was present  in this compound at  t empera tu res  a round 
309~ This led to a br ief  inves t igat ion by  the present  
authors  because the  possibi l i ty  of obta in ing  modera te  
values  of ionic conduct iv i ty  in  this  la rge  class of 
compounds would be of considerable  in teres t  both  
theore t ica l ly  and technological ly.  

Experimental 
Two samples  of l i t h ium fer r i te  were  used. Sample  A 

was p repared  by  hea t ing  together  the  s toichiometr ic  
propor t ions  of i r o n - I I I  oxide (99.999%) and l i th ium 
carbonate  ("Analar"  grade)  to 1000~ for 10 hr  in a 
closed a lumina  crucible.  The resul t ing  powder  was 
ground thoroughly,  pressed into pellets ,  wrapped  in 
p l a t inum foil, and  hot  pressed in  a lumina  powder  in 
an a lumina  die in an oxygen  a tmosphere  for 4 h r  at  
1170~ and a pressure  of 500 kg cm -2. The resul t ing 
dens i ty  of the ceramic was 99.3% theoret ica l  and 
powder  x - r a y  photographs  showed it  to be p redomi-  
nan t ly  in the  /~-~orm in which  l i th ium and i ron a toms 
are  s ta t i s t ica l ly  d i s t r ibu ted  over  the  oc tahedra l  sites 
in the  c lose-packed  oxygen subla t t ice  (4). Lines due 
to the ordered  a - fo rm were  jus t  visible. Sample  B was 
f lux-grown single crys ta l  mater ia l ,  in the a - fo rm (4). 

Electronic conduct iv i ty  measurements  were  carr ied  
out  by  two four -po in t  d-c  methods.  The first employed 
samples  5 m m  square by  0.5 m m  thick, contacted on 
four sides by  sprung tungs ten  wires,  and used the 
analysis  due to Van der  Pauw (5). The second used a 
ba r  sample  (6 • 1.5 • 1.5 mm)  wi th  p la t inum wire  
vol tage probes  at  distances of one th i rd  and two th i rds  
along its length  and p l a t inum foil  cur ren t  contacts  at  
the  ends which  had prev ious ly  been coated wi th  
evapora ted  gold. 

Electronic Conductivity Results 
Conduct iv i ty  resul ts  a re  shown in Fig. 1. The con- 

duct iv i ty  of sample  A as p repa red  and measured  in an 
argon a tmosphere  (c, closed circle) was close to the  

* Electrochemical Society Active Member. 
Key words: conduction, diffusion, inorganic, oxidation. 

value obta ined for  s imi lar  h igh dens i ty  ho t -pressed  
mate r i a l  by  West  and Blankenship  (6) (c, open 
circle) ,  and somewhat  h igher  than  tha t  observed by  
Matsui  and Wagner  in a rgon (dashed line, d) .  In  o rde r  
to oxidize Fe  + + to Fe  + + + and p roduce  the low elec-  
tronic conduct ivi ty  form repor ted  by  previous  authors  
(3, 6-8), in which t ransients  due to ionic conduct ivi ty  
would be most r ead i ly  observable ,  sample  A was an-  
nealed in oxygen at  850~ for 15 hr, 700~ for  15 hr, 
and s lowly cooled to room tempera ture .  X - r a y  powder  
photographs  showed the sample  to have conver ted  to 
the  a-modification.  Van der  Pauw conduct iv i ty  mea-  
surements  gave curve a (solid circles) ,  st i l l  h igher  
than curve d, and much grea te r  than  tha t  observed by  
Matsui  and Wagner  in an oxygen  a tmosphere  (e) and 
by  Blankenship  (h) .  Af te r  the  oxygen  anneal  our  
measurements  were  carr ied  out  in an argon a tmo-  
sphere.  To examine  whe the r  the  sample  had been 
rap id ly  reduced  in argon, oxygen  was let  into the ap-  
para tus  while  the  t empe ra tu r e  was held  at  300~ No 
apprec iable  change in conduct ivi ty  took place. This 
sample,  together  wi th  an A - t y p e  ba r  sample,  was re -  
annealed  in oxygen,  this  t ime at  100O~ for 10 hr,  
700~ for  24 hr, fo l lowed by  a slow cool. Fe r r i t e  pow-  
der  was placed a round  the samples  to reduce the r isk 
of l i th ium loss. The conduct iv i ty  of the  Van der  Pauw 
specimen, measured  at  250~ had decreased only 
s l ight ly  (denoted by  square  in Fig. 1). Four -po in t  
conduct ivi ty  measurements  on the ba r  sample  carr ied  
out  as a funct ion of t empe ra tu r e  in  oxygen  coincided 
wi th  curve a (open circles) .  However ,  if  the vol tage 
be tween the current  contacts was used to calculate  
the conductivi ty,  as in a two-po in t  measurement ,  a 
much lower  value was obtained,  for  example ,  g at  
300~ and g' a t  492~ At  this  l a t t e r  t empera tu re  i t  
was decided to moni tor  the potent ia l  differences be-  
tween  the cur ren t  contacts  Vcc and be tween  the  vo l t -  
age probes Vvp as a function of t ime at  constant  t em-  
pe ra tu re  and current .  Resul ts  are  shown in Fig. 2. 
While Vvp remained  almost  constant,  V~c doubled  in  
50 hr. We thus conclude tha t  the  changes were  caused 
by  gradua l  bui ldup of a surface insula t ing  layer  (most 
of which had  a l r eady  formed dur ing  the annea l ) .  This 
had no effect on V~p since these probes  were  passing 
currents  of less than  1 pA. This change in the " two-  
point" conduct ivi ty  is shown by the line g ' - f  and is 
close to curve e for repor ted  two-po in t  measurements  
in oxygen (3). 

Four -po in t  ba r  conduct iv i ty  da ta  (crosses) for  the  
single c rys ta l  ma te r i a l  (B) is shown in Fig. 1, curve b. 
This sample  was not  a n n e a l e d  b e f o r e h a n d  a n d  w a s  
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Fig. I, Conductivity of lithium ferrite, a, This work, sample A, 
four-point electronic; closed circles, Van der Pauw sample, Ar 
atmosphere; open circles, bar sample, 02 atmosphere, b, This 
work sample B, four-point electronic; bar sample, oxygen atmo- 
sphere, c, As hot pressed: closed circle, this work, Van der Pauw 
sample, Ar atmosphere; open circle, West et al. (6). d, Motsui 
and Wagner, two-point argon atmosphere (3). e, Matsui and 
Wagner, two-point, oxygen atmosphere (3). g, This work, ~.ample 
A, two-point measurement in oxygen at 300~ g', This work, 
sample A, two-point measurement in oxygen at 492~ f, This 
work, sample A, two-point measurement after 50 hr anneal in 
oxygen at 492~ h, After oxygen anneal, two-point, West et al. 
(6). i, This work, sample A, four-point ionic cand:uctivity, oxygen 
atmosphere, j, This work, sample B, four-point ionic conductivity, 
oxygen atmosphere. 

heated during the measurements to 730~ left at this 
temperature for 3 days, then cooled. Nevertheless re-  
sults on cooling were in good agreement with those for 
heating, showing that no bulk oxidation had occurred. 
Again, however, the current contacts required ever-  
increasing voltages to maintain constant current. 

Direct Ionic Conductivity Measurements 
The high four-point  electronic conductivities ob- 

served in this work make it difficult to detect transient 
effects due to ionic conductivity since the ionic trans- 
port number is l ikely to be much less than 0.01. We 
therefore resorted to direct four-point  part ial  ionic 
conductivity measurements of the type previously re-  
ported for potassium ferrite (2), The principle of the 
method is i l lustrated diagramatically in Fig. 3. It is 
the ionic analogue of a four-point  electronic conduc- 
t ivity measurement. An ionic flux is passed down the 
bar specimen by means of a suitable source and "sink" 
of the mobile ions contacting the ends of the bar via 
thin pieces of electrolyte to prevent electronic con- 
duction. The source and sink can often be (as in the 
present case) pieces of the same mixed conductor as 
the specimen. The voltage probes are made up of 
pointed pieces of electrolyte in contact with a suit- 
able material, providing a reference activity of the 
metal corresponding to the mobile cations. Since only 
voltage differences between these probes are required 
and an insignificant current is passed through them, 
the reference material  can also be pieces of the mixed 
conductor under study, which is often experimentally 
much more convenient than using the parent metal. 
As in the electronic ease, the technique avoids diffi- 
culties due to uncertain voltage drops at the current 
contacts, a part icularly severe problem in the case of 
solid electrolyte-solid electrode interfaces simply 
pressed together. It also enables measurements to be 

made of the chemical diffusion eoeffieient D associated 
wi th  mobile ions and electrons, from the bar length L 
and the characteristic time ~ of the slow transient be- 
havior of the voltage between the ionic voltage probes 

when a constant current is switched on or off. /~ is 

given by ~ = L 2 / ~  (9) so that  short bars are desir-  
able to  minimize the duration of the experiment. The 
theory and technique are described in detail in Eel. 
(2). 

The li thium electrolyte used in this work was a 40% 
li thium phosphate-60% li thium silicate solid solution 
(10). The li thium source and sink were further pieces 
of l i thium ferrite and the li thium reference electrodes 
were pointed pieces of the electrolyte contacted by 
more pieces of the l i thium fertile.  In order that  the 
apparatus could be used in an oxidizing atmosphere 
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Fig. 2. Variations with time of current contact voltage difference 
(AVcc) and voltage probe voltage difference (AVvp) for bar 
sample at 492~ 
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Fig. 3. Schematic of four-polnt ionic conductivity experiment. 
Shaded regions are mixed ionic-electronic conductor materials. 
Unshaded material is only ionically conducting (electrolyte). 
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the  tungs ten  electronic vol tage  probes  were  rep laced  
by  p la t inum-10% rhodium.  The tungsten springs and 
stainless s teel  j ig  were  found to be sa t is factory  in oxy-  
gen up to at  least  450~ 

The A - t y p e  sample  used had  not  been annea led  and 
was thus in the ~-form. Interfaces  be tween  the cur ren t  
contacts and e lec t ro ly te  were  wet ted  wi th  a trace of 
mol ten  l i th ium n i t ra te  in  o rder  to improve  the  ionic 
contact. The behavior  of the  ionic vol tage  probes  on 
swi tching on and off l i t h ium ion cur ren ts  is shown in 
Fig. 4. The  cur ren t  requ i red  was so smal l  (60 nA) as 
to be difficult to measure  accurate ly ,  but  an ionic con- 
duc t iv i ty  of 6 • 10 -6 ~ - i  cm-1  at  295~ is indicated.  
Analys is  of the switching on and off t rans ients  shows 
a chemical  diffusion coefficient of 3 • 10 -5 cm 2 s e c - L  

In the  case of sample  B the use of l i th ium n i t ra te  
as an interface  wet t ing  agent  was avoided in  order  to 
el iminate  any chance of "ionic shorts" across the bar.  
The  resul ts  a re  shown in Fig. 5. At  452~ ~ ,~ 6 • 10 -6 

and D ~ 3 • 10 -4. This  ve ry  high D va lue  requi res  
tha t  the  g rad ien t  of l i th ium ion ac t iv i ty  wi th  concen- 
t ra t ion  ( " the rmodynamic  fac tor")  mus t  be very  high. 
The currents  used were  so small ,  and  the output 
impedance  of the  vol tage probes  so high, that  these 
values  can only  be rega rded  as represen t ing  an upper  
l imi t  to the ionic conduct iv i ty  in  the  mater ia l .  For  
comparison,  a -c  conduct iv i ty  measurements  on 84% 
dense po lycrys ta l l ine  samples  of i sos t ruc tura l  l i th ium 
gallate,  which is not  an  electronic  conductor  gave a 
conduct iv i ty  of about 3 • 10 -?  12 -1 cm -1 at  300~C 
(11). The four -po in t  ionic conduct iv i ty  values  are  in-  
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Fig. 4. Ionic voltage probe voltage difference vs. time for speci- 
men A. Baseline is not at 0 mV because reference electrode 
materials were different for the two probes. 
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Fig. 5. Ionic voltage probe voltage difference vs. time for speci- 
men B. 

ctuded in Fig. 1 and denoted by  i ( sample  A at  295~ 
and j (sample B at 452~ 

Discussion 
Tre tyakov  and Rapp (12), in  a s tudy  of the  oxygen 

par t i a l  pressure  in equ i l ib r ium wi th  l i th ium ferr i te ,  
showed that  the i r  t he rmodynamic  da ta  were  consistent  
wi th  the  fol lowing react ion for  the  reduct ion  of the  
s toichiometr ic  compound 

4002- Jr FeA 8+ Jr 3LiB + Jr 8FeA s+ FeAorB3+ 

-~ 2 O2(~) Jr FeB s+ Jr 3Lii + Jr 8FeA 2+ FeA or B3+ 

where A and B denote tetrahedral and octahedral 
sites, respect ively.  I t  has been assumed tha t  l i th ium ion 
in ters t i t ia ls  are  formed in p re fe rence  to i ron in t e r -  
s t i t ials  though this was not  conclusively proven.  This 
resul ts  in the  fo rmula  

[Fe2 s + ]A[Li14~ Fes-n6 ~ + Fe~6~ 2 + ] B [Lii 66] ~Os 
w h e r e  for  convenience the  Fe  ~+ ions have been as-  
s igned to the oc tahedra l  sites. F u r t h e r m o r e  they 
showed tha t  for a sample  in  equ i l ib r ium wi th  a i r  at  
9O0~ ~ would  be in the  region of 5 • 10 -4. This would  
p robab ly  approx ima te  the  s to ichiometry  of our  sample  
A as prepared .  On placing nonporous samples  in  con- 
tact  wi th  oxygen  at  400~ the oxidat ion  react ion would 
take  place at  the  surface, and  pene t ra te  the bu lk  only  
very  s lowly due to the  ve ry  low ra te  of oxygen  d i f -  
fusion expec ted  at  this  t empera tu re .  However ,  the  
ionic conduct ivi ty  exper iments  indicate  tha t  the  chem- 
ical diffusion of l i th ium ions and e lect rons  is fast  and 
thus both could diffuse to the  surface to be conver ted  
to Li20. Note however  tha t  there  a re  16 F e  2+ ions to 
6 in ters t i t ia l  l i th ium ions so tha t  when  al l  in te rs t i t i a l  
l i th ium had moved to the  surface  Fe2 + ions would re -  
main,  ma in ta in ing  a high bu lk  electronic  conduct ivi ty.  
Diffusion of l i th ium in no rma l  sites would  be expected  
to be much  s lower  and hence fu r the r  oxida t ion  would  
be inh ib i ted  except  a t  the  sur face  w h e r e  d i rec t  r e -  
act ion wi th  oxygen  could occur. We suggest  this model  
could exp la in  the  r e l a t ive ly  h igh  electronic conduc-  
t iv i ty  values  measured  by  four -po in t  techniques and 
the  t ime-dependen t  lower  conduct ivi t ies  ca lcula ted 
f rom the  vol tages observed  at  the  cur ren t  contacts  cor-  
responding  to a two-po in t  conduct iv i ty  measurement .  
The smal le r  two-po in t  conduct iv i ty  values  and vol t -  
age t ransients  at  constant current associated wi th  the  
in t roduct ion  of oxygen  can thus  be  exp la ined  by  the  
slow fo rmat ion  of a surface l aye r  conta ining a de -  
p le ted  concentra t ion of Fe  2+ ions. I t  should be empha -  
sized tha t  a l l  p rev ious ly  r epor t ed  conduct iv i ty  values  
known to us have involved  only two-po in t  measu re -  
ments  and the i r  i n t e rp re t a t ion  can produce  erroneous 
conclusions about  bu lk  conductivi ty.  In  pa r t i cu la r  the  
re la t ive ly  h igh  values  of ionic conduct iv i ty  in fe r red  
by  Matsui  and Wagner  (3) a re  orders  of magni tude  
too large.  At  452~ for example ,  the  pa r t i a l  ionic con- 
duc t iv i ty  has a va lue  of 6 X 10 -6  ~ - 1  cm-1  cor re -  
sponding to an ionic t r anspor t  n u m b e r  of approx.  5 X 
10 -8 . The low ionic conduct iv i ty  reflects the  low con- 
cen t ra t ion  of in te rs t i t i a l  l i thium. The high chemical  
diffusion coefficient indicates  a la rge  the rmodynamic  
factor  consistent  w i th  a compound close to s toichiom- 
etry.  

Conclusions 
The resul ts  a re  consistent  wi th  a model  in  which  a 

low concentration of in te r s t i t i a l  l i th ium ions is r e -  
sponsible  for  a smal l  ionic conduct iv i ty  whi le  the  p res -  
ence of Fe  2+ ions gives r ise to n - t y p e  electronic con- 
duct ivi ty.  Observed t rans ients  in  two-po in t  electronic 
conduct iv i ty  measurements  ascr ibed to high ionic con- 
duc t iv i ty  appea r  ins tead  to be due to surface oxida t ion  
leading  to high resis tance layers  under  the  contacts. 
The effect of different  in i t ia l  i ron  to l i th ium rat ios has 
not been s tudied  and consequent ly  the  poss ibi l i ty  tha t  
cons iderably  different  behav ior  might  be observed  at  
different  s toichiometr ies  cannot  be excluded.  



Vo/. 125, No. 12 C O N D U C T I V I T Y  IN LiFesO8 1997 

Acknowledgments 
The  authors  express  the i r  thanks  to Dr. C. E. Turne r  

of the  Depa r tmen t  of Physics,  Por t smouth  Polytechnic,  
for  the  l i th ium fe r r i t e  s ingle crystals ,  and to Dr. R. D. 
Shannon of the  Cent ra l  Research Depar tment ,  E. I. 
du Pont  de Nemours  Company,  Wilmington,  for the 
l i t h ium phosphate  si l icate electrolyte .  One of the  
authors  (GJD)  is indebted  to the  U.K. Science Re-  
search Council  for financial suppor t  dur ing  the per iod  
of this work.  

Manuscr ip t  submi t ted  Apr i l  17, 1978; revised m a n u -  
scr ipt  received Ju ly  18, 1978. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  June  1979 JOUR- 
NAL. Al l  discussions for  the  June  1979 Discussion Sec-  
t ion should be submi t ted  by  Feb. 1, 1979. 

Publication costs of this article were assisted by 
EEC Anglo-Danish advance battery project No. 316- 
78-EE-UK. 

REFERENCES 
1. K. O. Hever,  This Journal, 115, 826, 830 (1968). 
2. G. J. Dudley  and B. C. H. Steele,  J. Solid State 

Chem., 21, 1 (1977). 
3. T. Matsui  and J. B. Wagner ,  Jr., This Journal, 124, 

1143 (1977). 
4. M. Schieber,  J. Inorg. Nucl. Chem., 26, 1363 (1964). 
5. L. J. Van der  Pauw,  Philips Res. Rep., 13, 1 (19~58). 
6. R. G. West  and  A. C. Blankenship,  J. Am. Ceram. 

Soc., 50, 343 (1967). 
7. E. Kato, Bull. Chem. Soc. Jpn., 31, 113 (1958). 
8. F. F. Y. Wang, R. L. Gravel ,  and M. Kestigian,  

IEEE Trans. Magn., 4, 55 (1968). 
9. I. Yokota,  J. Phys. Soc. Jpn., 16, 2213 (1961). 

10. R. D. Shannon, B. E. Taylor ,  A. D. English, and  
T. Berzins, Electrochimica Acta, 22, 783 (1977). 

11. L. Harris ,  P r iva te  communicat ion.  
12. Y. T re tyakov  and R. A. Rapp,  Trans. Met. Soc. 

AIME, 245, 1235 (1969). 

Thermal Oxidation of Arsenic-Diffused Silicon 
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Fujitsu Laboratories Limited, Kamikodanaka 1015, Nakahara, Kaw~ak~ 211, Japa~ 

ABSTRACT 

Thermal  ox ida t ion  of arsenic-diffused sil icon was inves t iga ted  in  wet 
(95~ water )  oxygen  ambien t  over  the  re la t ive ly  low t empera tu r e  range of 
650~176 Arsenic  was diffused into boron-doped  sil icon f rom an  e lementa l  
source in  an  evacuated  quar tz  capsule. The  surface concentra t ion  of to ta l  
arsenic was 2.5 X 102~ • 10 al cm -3 whi le  tha t  of e lec t r ica l ly  act ive arsenic  
was 1.9 X 102~ X 10 ~~ cm -3. The ra te  constant  in the  l inear  reg ime of 
ox ida t ion  seemed to increase p ropor t iona l ly  to the  total  arsenic  concen- 
t rat ion.  This suggests tha t  the  surface reac t ion  ra te  of ox ida t ion  is p ropor -  
t ional  to the  total  arsenic concentra t ion in h igher  concentra t ion region than  a 
certain iralue which may lie in the range of 3.4 • 1019-7.6 X 1019 cm -3. For 
this case, the equation which gives the relation between oxide thickness and 
oxidation time was derived. Calculated values from this equation agreed 
well with experimental results. The increase in the surface reaction rate is 
considered to be caused by catalyst function of arsenic in reaction of oxidant 
OH with silicon. 

A the rma l  oxida t ion  process by  which thin  film of 
silicon d ioxide  is fo rmed on silicon wafers  is of grea t  
technological  impor tance  for  fabr ica t ion  of sil icon de-  
vices. For  such devices as p l ana r  and  MOS transistors,  
oxidat ion  is essent ial  and precise control  of oxide 
thickness is needed to obta in  good device pe r fo rm-  
ances. 

Oxide thickness for shor t  ox ida t ion  t ime a n d / o r  low 
oxidat ion  t e m p e r a t u r e  is p ropor t iona l  to the  t ime and 
to the  square  root  of the oxida t ion  t ime for  long t ime 
and /o r  h igh  t empera tu re .  The  ra te  constant  in the 
fo rmer  case ( l inear  ra te  constant)  is l imi ted  by  the  
surface react ion ra te  for  oxida t ion  and the ra te  con- 
s tant  in the  la t te r  case (parabol ic  ra te  constant)  is 
l imi ted  by  the diffusion ra te  o f  oxidant  in t h e  oxide 
film (1). I t  was r epor t ed  tha t  these r a t e  constants  de-  
pend on the impur i t y  concentra t ion in silicon as wel l  
as the  t empe ra tu r e  and oxidiz ing ambient .  Deal  and 
Sk la r  (2) and Pl i sk in  (3) inves t iga ted  the  oxidat ion  
ra te  of boron-doped  si l icon and phosphorus -doped  si l i -  
con. P l i sk in  r epor ted  tha t  the  l inear  ra te  constant  of 
heav i ly  phosphorus -doped  sil icon wi th  the doping 
level  of 4.9 • 10 ~~ cm -8 was 2.03 #m/hr ,  which was 
about  twice of the  ra te  constant  of h igh  res is t iv i ty  
si l icon for s t eam-ox ida t ion  at  978~ Since his resul t  
was obta ined  for  only  one doping level,  the  impur i ty  
concentra t ion dependence  of the  oxida t ion  ra te  could 
not  be determined.  Deal  and  Sk la r  descr ibed oxide 

Key words: silicon oxide, arsenic diffusion, thermal oxidation. 

thickness of phosphorus -doped  sil icon and of boron-  
doped silicon as a funct ion of the  oxida t ion  t ime and 
the oxida t ion  tempera ture .  Two doping levels  were  
employed  in the i r  invest igat ion:  3.7 • 10 TM and 1.5 X 
10 ~0 cm -3 for phosphorus -doped  si l icon and 1.0 X 10~o 
and 2.5 • 102o cm -3 for bo ron-doped  silicon. There -  
fore the  concentrat ion dependence  of the oxidat ion  
ra te  is expected to be derived.  Indeed they  repor ted  
the  oxida t ion  ra te  as a funct ion of the  impur i t y  con- 
centrat ion.  The i r  resul ts  were  obta ined  on the as-  
sumpt ion  tha t  oxide  thickness was propor t iona l  to the 
square  root  of the  ox ida t ion  t ime. F o r  a h igher  ox ida -  
t ion t empera tu re  than  about  l l00~ in wet  ambien t  
where  the  assumption was valid,  oxide thickness of 
heavi ly  doped sil icon agreed  wi th  that  of h igh r e -  
s is t ivi ty  silicon. On the o ther  hand, the  h igher  phos-  
phorus concentra t ion resu l ted  in  a th icker  oxide  for 
an oxida t ion  t e m p e r a t u r e  lower  than  1000~ In  this  
t empera tu re  range,  the  re la t ion  be tween  the oxide  
thickness  and the oxida t ion  t ime  is no longer  expressed  
by  the  parabol ic  law bu t  by  the combinat ion  of l inear  
and parabol ic  terms.  F r o m  the  analysis  of the i r  resul ts  
considering these two terms,  however ,  no reasonable  
value  was obta ined  for the  oxida t ion  rates.  Hence the 
concentra t ion dependence  could not  be de termined.  

We have  inves t iga ted  the  t he rma l  oxida t ion  of 
arsenic-diffused sil icon in wet  ambien t  wi th  t e m p e r a -  
tures 650~176 This pape r  repor ts  the  oxida t ion  ra te  
of arsenic-diffused si l icon and its dependence  on the 
arsenic  concentration. 



1998 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY December I978 

Oxidation Rate 
For thermal  oxidation in  wet ambient,  an oxide 

thickness xo is given by solving the following differ- 
ential equation (1) 

N1 dxo ( I_ ~.-:- ~- - ' ~  1 Xo ) -1 

c* at + -  rl] 

where/% is the chemical surface-reaction rate constant 
for oxidation, h is the gas-phase mass-transport coeffi- 
cient, C* is the equi l ibr ium concentrat ion of oxidant  
in the oxide, N1 is the number  of oxidant  molecules 
incorporated into a un i t  volume of the oxide film, and 
D is the diffusion coefficient of oxidant  in the oxide 
film. Under  the ini t ia l  condition of Xo ---- 0 at t -- 0, the 
solution of Eq. [1] is expressed by 

Xo ~ + Axo = Bt [2] 

- -  = ~ + [3] 
A N1 

2E)C* 
B = [4] 

N1 

From Eq. [2], it is easily found that  B/A  and B are 
the rate constants in  the l inear  regime and in  the 
parabolic regime of the oxidation, respectively. Equa-  
tion [3] shows that the l inear  rate constant B/A  is 
proport ional  to the chemical surface reaction rate 
constant because h is estimated to be about 1000 ks on 
the basis of boundary  layer  theory, and Eq. [4] shows 
that the parabolic rate constant B is proport ional  to 
the diffusion coefficient of oxidant  in  the oxide film. 
These constants depend on such oxidation conditions 
as ambient,  temperature,  and crystal orientation. For 
wet ambient  and ( l l l ) - o r i e n t e d  silicon, the constants 
have been presented as a funct ion of the oxidation 
tempera ture  T (1). 

B/A = 7.8 X 107 exp(--1.96/kT)~m/hr [5] 

B -- 2.0 X 102 exp(--O.71/kT)#mS/hr [6] 

Experimental 
Silicon wafers used in  this investigation were cut 

parallel  to the (111) plane and polished mechanical ly 
and chemically to 250 ~m thick. All wafers were doped 
with boron and had a resistivity of 2 ~ - c m  which cor- 
responded to a hole concentrat ion of 7 X 1015 cm-~ 
(4). 

The procedure of arsenic diffusion was similar  to 
that  previously reported (5). The diffusion was car-  

ried out in  an evacuated quartz capsule containing 
silicon wafers and elemental  arsenic. The pur i ty  of 
elemental  arsenic used as a diffusion source was 
99.999%. The vapor pressure of arsenic in  the capsule 
was calculated from the volume of the capsule and 
the amount  of arsenic on the assumption that  arsenic 
vapor consisted of an  As4 molecule at the diffusion 
temperature.  Surface concentrat ion of the arsenic- 
diffused layer  was determined by the differential con- 
ductance method and by the backscattering method 
using helium ions of 1.5 MeV. The former method 
gives the concentrat ion of electrically active arsenic 
atom while the la t ter  method gives the total concen- 
t rat ion of electrically active arsenic and  inactive 
arsenic atoms. 

Thermal  oxidation of the silicon wafers was done in  
wet ambient  which consisted of oxygen-bubbled  de- 
ionized water  at 95~ The oxidation temperature  was 
in  the range of 650~176 which was much lower 
than the diffusion temperature  of arsenic in  order  to 
avoid a change in  the arsenic concentrat ion dur ing  the 
thermal  oxidation. In  each oxidation, an undiffused 
but  heat- t reated silicon wafer  was used as a standard. 
The hea t - t rea tment  of the silicon wafer was done in  
an evacuated quartz capsule containing no diffusion 
source at the same tempera ture  to the arsenic diffu- 
sion. 

After oxidation, approximated thickness of the oxide 
film was estimated from interference color of the film 
which could give oxide thickness wi thin  an error of 
_--+_-100A. The oxide film on half the wafer  surface was 
masked by wax and then the film on the remaining  
half was dissolved in  buffered hydrofluoric acid of 
which etching rate for the oxide film was about 
1000 A/min .  Considering that  the etching rate pos- 
sibly lowered near  the oxide/si l icon interface, we 
decided to add 30 sec to the etching time which was 
required from the approximated thickness and the 
etching rate. Etching of arsenic-diffused silicon by hy-  
drofluoric acid was hardly observed in  the arsenic 
concentrat ion range used in  this experiment.  The wax 
was dissolved in  organic solvent and silver was evapo- 
rated onto the whole wafer surface. The oxide thick- 
ness was measured using mul t ip le -beam interfero-  
metric technique. Accuracy of this measur ing method 
is estimated to be _+_40A. 

Results and Discussion 
Arsenic-dif]used silicon.--Oxide thickness of the 

arsenic-diffused silicon wafers are shown in  Fig. 1 (a),  

Fig. 1. Oxide thickness vs. 
oxidation time at (a) 650; (b) 
750; and (c) 850~ Curves 1, 2, 
and 3 are calculated values for 
surface concentration Cs of 
2.5 X 102~ 5.5 X 10 ~~ and 
2.2 X 1021 cm -8 ,  respectively. 
Experimental values: � 9  arsenic- 
diffused; O,  undiffused silicon. 
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(b),  and (c) as a funct ion of the oxidation t ime with 10 
a parameter  of the surface concentration. Arsenic dif-  
fusion was carried out at 1000~ for 4 hr. The surface 
concentrat ions of total arsenic Cs were 2.5 • 1020, 5.5 
• 10 ~0, and 2.2 X 1021 cm -3 for the arsenic vapor pres-  
sures of 2, 20, and 200 Torr, respectively, while the sur-  
face concentrat ions of electrically active arsenic Cse 
were 1.9 • 102o , 2.5 • 102o , and 2.8 • 102~ cm -~. The 
result  of undiffused silicon was not presented in  Fig. 
l ( a )  because the oxide film of the undiffused silicon 
wafer  oxidized at  650~ was too th in  to determine c- 
oxide thickness. E 

The l inear  rate constant  B/A and the parabolic rate :3, 
constant  B were obtained by applying Eq. [2] to the v 1 
results shown in  Fig. 1 using the least squares method. ~- 
Thickness of the film used in '  this procedure was the 7 < 
mean  value of exper imenta l  results obtained by five ~- 
times measurements .  The mean  values are presented U~ 
by open and closed circles in  Fig. 1. In  Fig. 2 and 3, Z O 
B / A  are shown as a funct ion of reciprocal oxidation ~_) 
tempera ture  and of the sur face  concentrat ion of total 
arsenic Ca, respectively. As shown in  Fig. l ( a )  and  ILl 
(b) ,  oxide thickness of the arsenic-diffused silicon <~ 
wafers with the surface concentrat ion Cs of 2.5 • 1020 rr" 
and 5.5 • 1020 cm -'s is almost proport ional  to the oxi- 
dat ion t ime up to 120 min  at 650 ~ and 750~ There-  r r  
fore the parabolic ra te  constant  B was obtained for <~ o3 0.1 
only the wafer with the highest surface concentrat ion Z 
and is shown in  Fig. 4 as a funct ion of the reciprocal --~ 
oxidation temperature.  

Oxidation rate of arsenic-diSused sil{con.--In Fig. 3, 
it seems that  the l inear  rate constant  is proport ional  
to the surface concentrat ion of total  arsenic Cs for oxi-  
dat ion at 650 ~ and 750~ As described above, the 
l inear  rate constant  is a funct ion of ks, C*, and  N1. 
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Fig. 2. Linear rate constant vs. reciprocal oxidation tempera- 
ture. Lines 1, 2, and 3 are for surface concentration Cs of 
2.5 X 102~ 5.5 X 102o , end 2.2 X 1021 cm -3,  respectively. 
Broken line is Deal a,d Grave's result. Experimental values: O ,  
arsenic-diffused; @, undiffused silicon. 
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Fig. 3. Linear rate constant vs. surface concentration. Lines I ,  
2, and 3 are for 650 ~ 750 ~ and 850~ oxidation, respectively. 
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Fig. 4. Parabolic rate constant vs. reciprocal oxidation tern- 
perature. Solid line is exper|mental result for arsenic-diffused 
silicon with surface concentration Cs of 2.2 • 1021 cm -3  and 
broken line is Deal and Grave's result. 

Since the values of C* and N1 are considered to be the 
same for both arsenic-diffused and undiffused silicon, 
~he increase in  B/A is a t t r ibuted  to the enhancement  
of the surface reaction rate  constant  k~. When ks de- 
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pends on the arsenic concentra t ion in silicon, ks in  
Eq. [1] is not  constant  but  a funct ion of oxide th ick-  
ness for  the  arsenic-di f fused wafer  in which the 
arsenic  concentra t ion depends on a dis tance f rom the 
surface of the  wafer.  Therefore,  Eq. [2] is no longer  
val id  to arsenic-diffused silicon. 

Assuming tha t  ks is p ropor t iona l  to the  arsenic  con- 
centrat ion,  we der ived  tr~e re la t ion be tween oxide 
thickness  and oxida t ion  time. F r o m  the  assumption,  ks 
is expressed  by  

k, = koC [7] 
Where C is the arsenic concentrat ion.  Equat ion  [1], 
therefore ,  is descr ibed as  

N 1 d x o  (k--'~" "1 Xo)- '  
- - - -  = + + ~ -  [8] 
C* dt 

Since C in arsenic-di f fused sil icon depends  on the dis-  
tance f rom the surface x, tha t  is, C = C (x) ,  i t  is neces-  
s a ry  to know the funct ion C(x )  in o rde r  to solve Eq. 
[8]. In high concentra t ion region, the  diffusion coeffi- 
cient of arsenic is p ropor t iona l  to the arsenic concen- 
t ra t ion  (6). C(x)  is given as the  solut ion of the  fol -  
lowing diffusion equat ion  

dCo d ( dCo) 
= - -  D~Co --~-- x [ 9 ]  

dto dx 

De = 2CsDi/ni [10] 

where  Co is the  arsenic concentra t ion normal ized  by  
the surface concentra t ion Cs, Ds and Dt a re  the diffu- 
sion coefficients of arsenic at  the  surface and in low 
concentra t ion region,  respect ively,  to is the  diffusion 
t ime, and •i is the  in t r ins ic  car r ie r  concentra t ion at  
the  diffusion tempera ture .  We have repor ted  that  the 
solut ion of Eq. [9] is approx imated  wel l  by  a s imple 
quadra t ic  Eq. [7] 

Co = C/Cs = 0.999 --  0.872Y --  0.45Y 2 [11] 

X X 
y = = [12] 

For  g rowth  of sil icon dioxide  wi th  thickness of :Co, the  
sil icon l aye r  of 0.45Xo th ick  is consumed. Hence Eq. 
[12] is wr i t t en  as 

0.45Xo 
Y = [13] 

Equat ion  [7] becomes 

ks = koCs(0.999 - -  0 .872Y - -  0.45Y2) 

( 0.39Xo O.09Xo 2 ) 
-- koCs 0.999 --  2 ~  8CsDito/ni 

=- koCs(a -- bxo -- CXo 2) [14] 

Using Eq. [14], Eq. [8] is reduced  to 

N1 dxo r 1 1 Xo ~ - I  

C* dt -- ~ koCs(a -- bxo -- CXo 2) t" "h + 

[15] 
The solut ion of Eq. [15] can be obta ined as 

C* Xo ~ Xo 2~/2CsDito/ ni 
- - t =  + + 
NI 2D ~ 0.72koCs 

=co 

1 + 12.2~/2CsDr 
log [16] 

Xo 
1 - -  

3.6O~v/2CsDito/~" 

under  the  in i t ia l  condi t ion of 

z o = O  at  t = O  

At the arsenic  diffusion t empera tu re  of 1000~ Di and 
ni are  8.14 • 10 -4 ~m2/hr and 5.7 • 10 TM cm -8, r e -  
spect ively  (8, 9). N1 for the  wet  ambien t  where  wa te r  
is the  main  oxidizing species is 4.5 X 102~ cm -8, and 
h is about  l0 s #m/hr .  C* and ko depend on the oxidat ion  
tempera ture .  C* is obta ined f rom the parabol ic  ra te  
constant  B which is 2DC*/N1 as descr ibed above using 
Deal 's  resul ts  (1). The coefficient ko of Eq. [7] is de-  
t e rmined  f rom Fig. 3 on the  assumpt ion tha t  B / A  in 
Fig. 3 is equal  to koCsC*/N1. D also depends  on the 
oxidat ion  t e m p e r a t u r e  and possibly  depends on the 
arsenic concentrat ion.  However  the  concentra t ion de-  
pendence of D was not  obta ined because  D was de-  
t e rmined  for  only  one concentrat ion.  The calculat ion 
of Eq. [16] is carr ied  out  using the values  of D shown 
in Fig. 4 and the concentra t ion dependence  is assumed 
to be negligible.  The values  of C*, ko, and D em-  
p loyed here  are  l is ted in Table  I. The calcula ted re-  
sults shown in Fig. 1 by  solid l ines agree  wi th  the ex-  
pe r imenta l  values  except  for  the oxidat ion  at  850~ 
for 120 min. In  the  der iv ing  process of Eq. [16], we 
did not  take  the impur i t y  red is t r ibu t ion  dur ing  the 
the rmal  oxidat ion  into account. The d iscrepancy be-  
tween calcula ted and expe r imen ta l  values  may  indi -  
cate the fact  that  the red i s t r ibu t ion  of arsenic cannot  
be neglected in this  oxida t ion  condition. 

Al though  impur i t y  such as arsenic  or  phosphorus  
seems to faci l i ta te  the reac t ion  of ox idant  to silicon, 
the role of this impur i t y  is not  clear. As another  im-  
pu r i ty  affecting oxida t ion  ra te  of silicon, sodium has 
been repor ted .  Revesz and Evans  have  s tudied the 
effect of sodium which was in t roduced dur ing  ox ida-  
t ion (10). They  have  repor ted  tha t  sodium increases 
the l inear  ra te  constant  for  oxida t ion  in wet  ambient .  
I t  is a t t r ibu ted  to the fac i l i ty  of the  ent rance  of OH 
through  autoca ta ly t ic  reac t ion  in the  presence of so- 
dium. Devereux  et al. have inves t iga ted  the oxidat ion  
of polycrys ta l l ine  si l icon wafe r  coated wi th  sodium 
carbonate  in wet  (wa te r  vapor  pressure  of 24 Torr)  
ambien t  (11). They  have repor ted  tha t  in i t ia l  ox ida -  
t ion follows cubic kinet ic  behavior  and have ex-  
p la ined  this behavior  by  the fol lowing mechanism;  in 
the  presence of high concentra t ion sodium oxide, the 
main  ox idant  is the  oxide  ion which is consumed by  
format ion  of si l icate ion; thus the surface react ion ra te  
wil l  decrease wi th  time. Arsenic  in  high concentra t ion 
region m a y  have  a funct ion of ca ta lys t  s imi lar  to so-  
dium. As descr ibed above, sodium was in t roduced f rom 
the outs ide of the  oxide film. On the o ther  hand, arsenic 
in the  oxide film was p rov ided  f rom silicon in this ex-  
per iment .  Therefore  the  number  of arsenic atoms act-  
ing as catalysts  is p ropor t iona l  to the  arsenic concen- 
t ra t ion  at  the  in ter face  be tween  oxide film and silicon. 

Arsenic-diSused and step-etched silicon.--Modified 
Eq. [16] is appl ied  to the  oxida t ion  of the  arsenic-  
diffused sil icon wafer ,  of which surface l aye r  is etched 
off a f te r  the  diffusion. Arsenic  diffusion was carr ied 
out at  950~ for  60 rain under  the  arsenic vapor  pres-  
sure  of 30 Torr.  Surface  concentra t ion of to ta l  arsenic  
was 3.5 • 1020 cm -3. The arsenic-diffused layer  was 
s tep-e tched  by  anodic oxida t ion  technique using po-  
tass ium n i t ra te  and t e t r a h y d r o f u r f u r y l  alcohol. The 
number  of etched steps was four  and the depth  of each 
step was 600A. As a s tandard ,  an  undiffused silicon 
wafer  which had  been h e a t - t r e a t e d  at  950~ for 60 
min  in vacuum was also s tep etched. Oxidat ion  was 
car r ied  out  a t  850~ for  30 rain on both the  arsenic-  
diffused and s tep-e tched  wafer  and  the  hea t - t r ea t ed  

Table I. Coefficient ko of proportional Eq. [7], diffusion 
coefficient of oxidant D, and equilibrium concentration C* 

~ /Co ( # m / h r .  c m  -a) D (#m-~ C* ( c m  -~) 

650 6.68 x 10 -~~ 63.2 4.04 x 10 I '  
750 4.24 • 10 - I '  125 3.64 x 10 I '  
850 2.50 • 10 -~ 185 3.Z1 x 10 TM 
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Fig. 5. (a) Oxide thickness vs. depth of step etching. Solid line 

is the calculated value of arsenic-diffused silicon. Experimental 
values: O,  arsenic-diffused; $ ,  undiffused silicon. (b) Surface 
reaction rate vs. distance from the surface. Solid line and broken 
line are for arsenic-diffused and undiffused silicon, respectively. 

and s tep-e tched  wafer .  Oxide thickness  is shown in 
Fig. 5 (a) as a funct ion of thickness of the  e tched si l i -  
con layer .  As thickness  of the  etched l aye r  increases,  
tha t  is, as the  surface concentra t ion decreases,  oxide 
thickness  is observed  to decrease.  On the  o ther  hand, 
the  oxide film of undiffused sil icon has a constant  
thickness of about  500A. This indicates  tha t  the  hea t -  
t r e a tmen t  and the etching by  anodic oxidat ion  did not  
have an effect on the  oxida t ion  rate.  

In this case, the  arsenic  concentra t ion is expressed 
by  

C 
-- = 0.999 
Cs 

0.872(x + s)  0.45(x -]- s) 2 

~.v/r~o 4D~to 

0.8728 0.45ss 
--  0.999 

2x/'D~o 4Dsto 

0.872 O.09s ~ 0.45~ r 

+ = 4D,to 
[17] 

where s is etching depth and x is 0.45Xo. Hence the 
equation which gives the relation between oxide thick- 
ness and oxida t ion  t ime is obta ined  by  the  same w a y  

as der iv ing  Eq. [16] and is expressed by 

C* Xo~ xo 2~f2CsDltJn," 
t =  + + 

NI 2D "~ 0.72koCj 

Xo 

1 + 1 2 . 2 ~  + 2.228 
log [18] 

xo 
1-- 

3.60x/2CsDitolni- 2.22s 

The experimental values agree with the theoretical 
curve shown in Fig. 5(a) by solid line except for the 
point at 1800A. Under the oxidation condition of 850~ 
30 rain, and wet ambient, oxide thickness of undiffused 
silicon is proportional to the oxidation time as shown 
in Fig. 1 and the thickness of 500A corresponds to the 
surface reaction rate ks of 140 #m/hr. For arsenic- 
diffused silicon, ks is assumed to be proportional to the 
total arsenic concentration, namely ks = koC, and the 
coefficient ko is given as 2.1 • 10 -Is ~m/hr �9 cm -8 at 
850~ from Fig. 1. As shown in Fig. 5(b), ks of arsenic- 
diffused silicon is calculated to be smaller than that of 
undiffused silicon for larger x than 1900A. However 
ks of arsenic-diffused silicon must not be smaller than 
that of undiffused silicon for any arsenic concentra- 
tion. The assumption that ks is proportional to the ar- 
senic concentration, therefore, is no longer valid in 
lower concentration region. This may be the cause of 
the discrepancy beween the theoretical and the experi- 
mental values of the oxide thickness at 8 -- 1800A. 

The concentration dependence of ks may be ex- 
pressed by a function which approaches ks of high 
resistivity silicon in the low concentration region and 
is proportional to the impurity concentration in the 
high concentration region. As shown in Fig. 5 (a), the 
exper imen ta l  values  agree  wi th  the  theore t ica l  curve 
for  the  smal le r  s than  1200A whi le  the  discrepancy 
takes  place  at  s of 1800A. Oxide thickness for  s of 
1200A is llSOA, which  corresponds to the  thickness of 
the consumed sil icon l aye r  of about  500A for oxide. 
The  arsenic concentra t ion at  the  dis tance of 1700A 
( =  1200 + 500A) f rom the  surface is 7.6 • 10 TM cm -3. 
Therefore,  for h igher  concentra t ion  than  this value,  
the  assumption tha t  ks is p ropor t iona l  to the  to ta l  a r -  
senic concentra t ion is considered to be valid. On the 
o ther  hand, for  l a rge r  values  of x than  1900A where  
the  arsenic  concentra t ion is 8.4 X 1019 c m  -3, the as-  
sumpt ion i s  not  val id  as descr ibed above. Thus the  
lower  l imi t ing concentra t ion for the  va l id i ty  of the 
assumption may lay in the region of 3.4 X 1019-7.0 
X 10 TM cm -3. 

Summary and Conclusions 
Oxidat ion of arsenic-di f fused sil icon has been in-  

ves t igated at 650~176 in wet  ambient .  The ox ida -  
t ion ra te  of sil icon wi th  h igher  surface concentra t ion 
than  2.5 • 10 2o cm -8 has been  found to be much l a rge r  
than  tha t  of high res is t iv i ty  silicon. The la rger  ox ida -  
t ion ra te  is ma in ly  a t t r i bu t e d  to the  increase in the  
l inear  ra te  constant  under  the  oxida t ion  condi t ion in 
this  exper iment .  The l inear  ra te  constant  and the 
surface react ion ra te  seem propor t iona l  to the  surface 
concentra t ion of to ta l  arsenic  when the oxide film 
is thin. The  increase  in the  surface react ion ra te  is 
considered to be caused by  cata lys t  funct ion of a r -  
senic in react ion to the  ox idant  OH wi th  silicon. 

The approx imated  equat ion which gives the  re la t ion 
be twen  oxide thickness  and oxidat ion  t ime is der ived  
for arsenic-diffused silicon on the assumpt ion tha t  the  
surface reac t ion  ra te  is p ropor t iona l  to the  to ta l  a r -  
senic concentrat ion.  The equat ion is appl ied  to a r -  
senic-diffused silicon, of which  the surface l aye r  is 
s tep-etched.  Compar ison of ca lcula ted values  wi th  ex-  
pe r imenta l  resul ts  indicates  tha t  the  lower  l imi t ing 
concentrat ion for  the  va l id i ty  of the  assumption m a y  
lay be tween  3.4 X 10 TM and  7.6 X 1019 cm -3. 
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Development of a Gentle Accelerated Corrosion Test 

S. P. Sharma,* J. H. Thomas III, *'2 and F. E. Bader 

Bell Laboratories, Incorporated, Columbus, Ohio 43213 

A B S T R A C T  

A gent le  accelera ted  corrosion test  ha~ been devised using a kinet ic  
ra te  equation for  contact  mate r ia l s  to es tabl ish  approx ima te  accelera t ion  
factors due to re la t ive  humid i ty  and the rma l  effects. The dura t ion  of the 
test  can be su i tab ly  chosen depending on the appl ica t ion  and has been t aken  
to be one year.  The test consists of a h igh / low  re la t ive  humid i ty  cycle and a 
h i g h / l o w  t empera tu re  cycle which wil l  sample  the ambien t  over  a one yea r  
per iod  and which wil l  be equiva lent  to 25~ RH for 53 yea r s  (a 
typica l  to ta l  equiva lent  l i fe t ime for a go ld-based  contact) .  

High re l i ab i l i ty  appl icat ions  in t'he electronic in-  
dus t ry  requi re  that  e lect r ica l  connections function 
sa t is fac tor i ly  for  a subs tant ia l  t ime (as much as 40 
years  in a te lephone indus t ry ) .  As a consequence, 
there  is considerable  in teres t  in developing meaning-  
ful accelera ted  corrosion tests  (corrosive envi ron-  
menta l  tests, etc.) to aid in assessing contact  ma te r i a l  
systems and connector  designs. I t  is known  tha t  a tmo-  
spheric  pol lu tants  (such as SO2, HfS, n i t rogen oxides,  
CI~, HC1, etc.) combined  wi th  humid i ty  cause cor-  
rosion and ta rn ish ing  of mater ia ls .  To develop a mean-  
ingful  accelera ted test  procedure,  pe r t inen t  fa i lure  
mechanisms mus t  be accelerated.  I t  is also impor t an t  
tha t  fa i lure  mechanisms which  do not  occur in service 
not  be int roduced.  

Two approaches  are  p resen t ly  employed  in test ing 
contact  ma te r i a l  systems:  (i)  field exposure  tests 
(1, 2), and (ii) l abo ra to ry  accelera ted  tests (3, 4). 

Fie ld  exposure  tests a re  t ime consuming but  tend to 
be realist ic,  that  is, a tmospher ic  pol lu tants  at  field ex-  
posure sites a re  employed  in the test. Labora to ry  tests 
a re  rap id  ( ~ 2  weeks)  but  employ  la rge  concentra-  
tions of corrosive gases (and hence large  accelerat ion 
factors)  which  m a y  in t roduce  unreal is t ic  fa i lure  
mechanisms.  These tests are  genera l ly  considered 
severe.  I t  is therefore  of considerable  in teres t  to de-  
velop a test  p rocedure  which is both  realis~tic and r ea -  
sonable in durat ion.  This paper  describes a gent le  ac-  
ce lera ted  aging test  which  m a y  be used to eva lua te  
the  per formance  and pred ic t  the  expected  end of l ife 
of a ma te r i a l  system. 

Corrosion Rate--Effects of Relative Humidity 
It  is genera l ly  bel ieved tha t  most  contact  mate r ia l s  

degrade  th rough  the mechanism of mois t  a tmospher ic  
* Electrochemical  ~ociety Active Member. 
1 Current address: RCA, David Sarnoff Research Center, Prince- 

ton, New Jersey 08540. 
Key words: accelerated test, environmental  test, atmospheric 

corrosion, corrosion of electrical  contacts. 

corrosion and tarnishing.  The ra te  of a tmospher ic  cor-  
rosion, shown in Fig. 1, is r e la ted  to the  amount  o f  
moisture  on a surface (genera l ly  a thin invis ible  film 
which acts as an e lec t ro ly te  in a corrosive env i ron-  
ment ) .  At  low re la t ive  h u m i d i t y  (RH),  when  t h e  
moisture  film is less than  a mono laye r  th ick  or  dis-  
continuous, corrosion proceeds by  d r y  corrosion proc-  

Moisture Film Thickness ,- 
{A) 

Fig. 1. (A) Qualitatively the dependence of corrosion rate on 
relative humidity is shown. (B) Capillary-like corrosion sites are 
shown diagramatically. 
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esses, such as oxida t ion  (see Fig. 1A region I) ac-  
cording to Tomashov (5, 6). At  h igher  RH, the mois-  
ture  film increases in thickness  forming  a continuous 
l aye r  and assumes the role of an electrolyte .  In this 
case the  corrosion ra te  increases  ( region I I ) .  At  
h igher  RH, the film becomes vis ible  ( region I i I  and 
IV) and the mechan i sm again  changes (5). 

In service, exposed base meta ls  used in electr ical  
contacts corrode by  the mechanism of e lect rochemical  
corrosion ( region  II  Fig. 1A).  The amount  of mois ture  
(wa te r )  on a surface depends  on the ma te r i a l  system 
and var ies  wi th  r e l a t ive  humidi ty .  Rela t ive  humid i ty  
therefore  p lays  a significant role in  de te rmin ing  the 
corrosion rate.  In addi t ion  to physical  adsorpt ion of 
wa te r  on a surface,  cap i l l a ry - l ike  sites also increase 
the  condensat ion rate.  For  example ,  (see Fig. 1B) 
condensat ion can take  place  in crevices, capil laries,  
and under  par t i cu la te  ma t t e r  (dust)  a t  lower  RH than  
surface adsorpt ion  (7). Corrosion products  can also 
enhance this  effect (cap i l l a r i ty  under  par t ic les  or  hy -  
groscopici ty) .  The presence  of salts  can fu r the r  en-  
hance mois ture  accumula t ion  (wa te r  of hydra t ion )  
(5). 

Corrosion R a t e - - A c c e l e r a t i o n  Fac tor  
General ly ,  i t  is on ly  possible  to semiquan t i t a t ive ly  

der ive  a set of test  condit ions because of a genera l  lack 
of im 'ormat ion  requi red  to es t imate  accelera t ion fac- 
tors. However ,  we  descr ibe  an a t t empt  to es t imate  the 
accelera t ion factor  based on a f i r s t -order  approxima. .  
t ion of the ra te  equat ion (6, 8). The k ine t ic  ra te  equa-  
ls assumed as fol lows 

- -hE  
ra te  = K [ exp  ( - -~-~- - )  ] [H~O]w[SO~]~[H~S]~ �9  (A)z 

[1] 

where  K is the ra te  constant ,  [m] is the  concentra t ion 
of m; w, x, y, z are  react ion constants,  (A) is the  a i r  
velocity,  AE is the  ac t iva t ion  energy,  k is Boltzmann:s 
constant,  and T is absolute  t empera ture .  [H20] is the 
amount  of w a t e r  adsorbed on the surface and is a func-  
t ion of re la t ive  humidi ty .  This equat ion assumes tha t  
the  ind iv idua l  gas react ions proceed indel~endently. 
The ra te  constant,  K, depends  on the ma te r i a l  system 
being considered including,  among o ther  things, the  
poros i ty  and h is tory  of p r io r  exposure.  Est imates  of an 
accelera t ion  factor  based o n  such simplif icat ion must  
be v iewed wi th  caut ion and es tabl ish  only qua l i ta -  
t ive ly  the  effects of var ious  var iab les  on accelera t ion 
factors. If  the  pol lu tan t  level  is he ld  constant  for  a 
g iven mater ia l ,  (i.e., the  test  ut i l izes the  pol lu ted  air  
f rom an indus t r ia l  a rea)  the  impor tan t  pa rame te r s  
r emain ing  are  [H20] and tempera ture .  By man ipu la t -  
ing the  re la t ive  humidi ty ,  which de te rmines  [H20], 
and t empera tu re ,  a gent le  acce lera ted  aging test  can 
be devised. 

Thomas  and Sha rma  (9) have  measured  the amount  
of wa te r  on gold surfaces as a funct ion of re la t ive  
humid i ty  and t empera tu re .  Both adsorpt ion  and de-  
sorpt ion branches  of the  wc igh t -RH curves were  fitted 
to the BET model  (10). The desorpt ion  isotherm was 
used  in  this  analys is  since the  pores  which  are  fi l led 
(in adsorpt ion)  re lease  the  cap i l l a ry  wa te r  a t  lesser 
re la t ive  humid i ty  in desorption.  The desorpt ion iso- 
t he rm is therefore  a more  real is t ic  approx imat ion  to 
rea l  si tuations.  The amount  of wa te r  on a porous gold 
surface can be es t imated  f rom the fol lowing 

CX, nRH 
I H 2 0 ]  = [2] 

[1 + C(C-- 1)RH][1  --  RH] 

where  C is re la ted  to the  hea t  of desorpt ion,  Xm is the  
monolayer  capacity,  and RH is the  re la t ive  humidi ty .  
In  the  case of desorpt ion  [ f rom Ref. (9)] ,  Xm is 0.25 
~g/cm~ and the  hea t  of desorpt ion is 0.1 eV (C = 50). 

In  Eq. [1], the  o rder  of the  ra te  wi th  respect  to 
water ,  w, is not  known  for porous  gold on copper.  E x -  

per imenta l ly ,  w can be de te rmined  by  pe r fo rming  
weight  gain measurements  at  var ious  re la t ive  humid i -  
ties which are  d i rec t ly  re la ted  to the  amount  of wa te r  
on the porous gold surface [see Eq. [2] and Ref. (3)] .  
Krumbe in ' s  (11) exper iments  of pore corrosion of the 
porous gold on copper  sys tem in SO2 at  var ious  humid i -  
t ies can be used to es t imate  the  corrosion ra te  and 
hence w. If  the  number  of corrosion spots exceeding a 
cer ta in  size is p ropor t iona l  to the corrosion rate,  a 
rough es t imate  of w ~ 2 can be made.  The va lue  of w 
obta ined f rom Krumbe in ' s  da t a  (11) is the  same as 
Lorenzen (8) found for  a tmospher ic  corrosion of 
silver. Therefore,  we assumed w --  2 in designing the 
gent le  accelera ted  corrosion test. This assumpt ion is 
just if ied by  the fact  tha t  the  predic t ions  based on this 
assumpt ion compare  f avo rab ly  wi th  the  expe r imen ta l  
measurements  as repor ted  in an accompanying paper  
(12). 

Figure  2 shows the effect of re la t ive  humid i ty  on 
corrosion ra te  assuming w --  2, at  constant  t e m p e r a -  
ture using Eq. [2], tha t  is, R cc [H20]2 where  [H20] 
is given by  Eq. [2]. The corrosion ra te  is observed to 
increase  at re la t ive  humidi t ies  above 65-75%. This 
range  of re la t ive  humid i ty  has been t e rmed  " the  cr i t i -  
cal humid i ty"  in corrosion l i te ra ture .  

The t empera tu re  can also signif icantly affect cor ro-  
sion ra te  (holding o ther  pa rame te r s  constant  in  Eq. 
[1] ). An  es t imate  of the  act ivat ion energy,  ~E in Eq. 
[1], can be made  f rom exper iments  pe r fo rmed  by  
Clarke and Sansum (13). They have shown tha t  cor-  
rosion of copper, silver,  and nickel  p la ted  wi th  gold in 
10% SO2 at a control led  re la t ive  humid i ty  is acceler-  
a ted by  a factor  of 12 if  t empe ra tu r e  is increased  f rom 
25 ~ to 60~ Thus, hE is ~ 0.6 eV. We use this ac t iva-  
t ion energy,  0.6 eV, to de te rmine  the the rmal  accel- 
era t ion factor. Schwar tz  (14) has shown tha t  for elec-  
t rochemical  corrosion, hE genera l ly  falls  in this  range.  

Contacts must  meet  l ife requ i rements  (as much as 
40 years  for the te lephone indus t ry ) ,  in addi t ion  to 
production,  storage, and shipping. In  an a i r -cond i -  
t ioned te lephone office, the  l ong - t e rm opera t ing  t em-  
pe ra tu re  and re la t ive  humid i ty  were  t aken  as 25~ 
and 40% RH, respect ively.  Dur ing  a i r -condi t ion ing  
equipment  fai lures,  maintenance,  etc., the  re la t ive  
humid i ty  can approach  80% for as much  as 15 days  
per  year.  In  addit ion,  more  severe envi ronments  a re  
encountered in manufacture ,  storage, and shipping.  To 
normal ize  the t ime spent  in these var ious  envi ron-  
ments  to an equiva lent  t ime at  25~ and 35-40% RH, 
Eq. [1] (excluding pol lu tant  concentrat ions  and air 
veloci ty  effects) has been used assuming w : 2, hE = 
0.6 eV, and the desorpt ion  re la t ion (Eq. [2]).  Table  I 
summarizes  the resul ts  of this calculation. In  cer ta in  
appl icat ions the t empera tu re s  in ac tual  field service 
can be h igher  than  25~ but  the  re la t ive  humid i ty  near  

i 

L t 

BET THEORY 

r 

0.2 0.4 0.6 0.8 I.O 
Relative Humidity 

Fig. 2. Corrosion rate (co [H~O]2) is plotted as a function of 
relative humidity using desorption data of Thomas and Sharma. 
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Table I. 

Temper- Humid- Equiv. 
ature ity time 

Environment (~ ( % ) Time (year) 

Manufacturing 35 80* 1 month 1 
Storage 35 80* 2 months 3 
Shipping 35 85* 1 month 2.5 
Field service: 

Long term 25 35-40 39 years 39 
Short term 25 75-80 1 year 8 

Total --40 years --53 

* Assume worst  case. 

the contact region will  be lower for the same absolute 
humidi ty  (see psychometric chart) .  The decrease 
in relative humidi ty  compensates the increase in  tem- 
perature from the corrosion point of view. From these 
calculations it is observed that  contact mater ia l  sys- 
tems (for 40 years life) should be designed to last at 
least 53 years at 25~ and 35-40% RH. 

The Gentle Accelerated Corrosion Test 
Ambien t  atmosphere at increased relat ive humidi ty  

and tempera ture  supplies the corrosive env i ronment  
which should approximate a real service environment .  
That  is, as ment ioned earlier, increased humidi ty  and 
temperature  will be used to accelerate corrosion. Due 
to seasonal variat ions in atmospheric pol lutant  con- 
centrations, the over-al l  test was designed to operate 
over a one year period. In  the case of mated contacts, 
mechanical  motion caused by thermal  variations may 
be important.  These effects may be included by ther-  
mal ly  cycling the test. The effects of dry corrosion 
( tarnish and oxidation) which may affect corrosion 
rates are taken into account qual i tat ively by humidi ty  
cycling. In summary,  the test consists of a high/ low 
RH cycle and a h igh/ low temperature  cycle which 
samples the ambient  over approximately a one year  
period and which will  be equivalent  to 25~ 
RH for 53 years. One such sequence is as follows: 12 
hr at 80% RH, 65~ 12 hr at 35-40% RH, 65~ and 
12 hr  at 35-40% RH, 25~ 

Thus the cycle wil~ be based on a 36 hr period. Since 
36 hr is not synchronous with daily fluctuations of the 
ambient  environment ,  fluctuation effects should be 
averaged out over a reasonable test duration. 

The objective of this test is to simulate corrosion 
due to 53 years at 25~ RH. The test at 65~ 
80% RH for 4 months is equivalent  to 53 years at 25~ 
at 35-40% RH from Fig. 2, and assuming AE : 0.6 eV 
using the simplified Eq. [1]. Thus by cycling the test 
as shown above, the materials being tested will be ex-  
posed for one year;  4 months at low RH/Iow tempera-  
ture; 4 months at high RH/high temperature;  and 4 
months at low RH/h igh  temperature.  During the one 
year period, the system undergoes 243 mechanical  
( thermal)  cycles to s imulate micromotion in  service. 
Effectively, the mater ial  will have been thermal ly  
aged at 65~ for 5850 hr (8 months) .  In terms of sub- 
strate diffusion to the gold surface, copper film thick- 
ness can be predicted from Res (15 and 16). 

The acceleration factors derived from this test for 
Cu, Ni, and Ag by  comparing the film growth in the 
field env i ronment  to the film growth in  the test will 
be described in other papers (12, 17). It is sufficient 
to say that the test works well for Cu and Ni with 
large acceleration factors, bu t  is not a suitable test for 
Ag (12) because the acceleration factor is too small 
for Ag. The contact resistance changes on real con- 
nector systems will  be described in another  paper 
(17). 

Conclusions 
A one year  accelerated corrosion test has been de- 

vised by using the kinetic rate equation to establish 

approximate acceleration factors due to relat ive 
humidi ty  and thermal  effects. From an analysis of 
Clarke and Sansum's thermal  data, the thermal  a c t i -  
v a t i o n  energy for corrosion was ---0.6 eV. The corro- 
sion reaction order from Krumbein ' s  data was ap- 
proximated as 2, and the amount  of moisture is found 
from a BET analysis of Thomas and Sharma's  results. 
An acceleration factor of 154 is obtained for 65~ 
80% RH with respect to 25~ RH u s i n g  t h e  
kinetic rate equation which is in  close agreement  with 
the required acceleration factor of 159 (53. • 3, s e e  
Table I) for a 4 month  test. The a c c e l e r a t i o n  f a c t o r  
and the test conditions derived on such simplified 
models as presented in this report  will be modified a s  
our knowledge concerning the activation energy, AE, 
and the reaction order w is improved. 

It is believed that  by using the typical ambient  
found in  field locations and by manipula t ing  tempera-  
ture and relative humidity,  a meaningful  realistic cor- 
rosion test is possible. A first a t tempt on one such t e s t  
has been described above. The results on contact r e -  
s i s t a n c e  changes (of the connectors) and t h e  m e a s u r e -  
m e n t  of acceleration factors on Cu and Ni show that  
this is a realistic env i ronmenta l  test (12, 17) for t h e s e  
materials. 

Manuscript  submit ted March 27, 1978; revised manu-  
script received Ju ly  21, 1978. 

A ny  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1979 JOUR- 
NAL. All discussions for the June  1979 Discussion Sec- 
t ion should be submit ted by Feb. 1, 1979. 

Publication costs o] this article were assisted by Bell 
Laboratories. 
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Atmospheric Corrosion of Silver, Copper, and Nickel 
Environmental Test 

S. P. Sharma* 
BelZ Laboratories, Incorporated, Columbus, Ohio 43213 

ABSTRACT 

The corrosion growth kinetics for Cu, Ni, and Ag in an air-condit ioned 
telephone office and a nonair -condi t ioned telephone office basement  have been 
obtained by measur ing the film thicknesses on coupons exposed for various 
times. The film consti tuents and thicknesses on these materials  were ob- 
tained by AES and cathodic reduction. Over a two year period, Ag tarnishes 
l inear ly  and the major  film consti tuents are sulfur  and chlorine. Copper and 
nickel corrosion data have been fitted to parabolic growth rate kinetics and 
the film thicknesses have been extrapolated to 40 years. The major  film con- 
st i tuents on Cu and Ni are oxygen, chlorine, and sulfur. The film consti tuents 
and thicknesses have also been obtained by exposing the same materials  in 
the One Year env i ronmenta l  test. The consti tuents are similar to the films 
grown in  the field. Acceleration factors for the One Year test for these 
materials  have been derived by comparing film thicknesses to those developed 
in  the field. It is concluded that the One Year test is a suitable test for Cu 
and Ni but  not for Ag. 

Many applications require that  electrical connectors 
and other mater ial  systems used in  telephone offices 
perform satisfactorily for as much a s  40 years. There-  
fore~ the development  of a meaningfu l  accelerated 
corrosion test for materials  is of pr ime interest. In  an 
accompanying paper, Sharma et aI. (1) described an 
accelerated corrosion test last ing one year. The test 
was derived semiquant i ta t ively  based on a kinetic rate 
equation. Because of general  lack of scientific infor-  
mat ion about various parameters  and constants (ac- 
t ivat ion energy, reaction rate constants, etc.) in  the 
rate equation, engineer ing judgements  were made in  
designing such a test. The test was based on the mea-  
surement  of the amount  of water  adsorbed on a gold 
surface as a function of relat ive humidi ty  by Thomas 
and Sharma (2). A rate constant  of 2 and an activa- 
t ion energy of 0.6 eV were assumed in the test. The 
decrease in solubil i ty of gases in  adsorbed H20 at the 
surface with increase in  tempera ture  was not taken 
into consideration and  this may have resulted in  over-  
est imation of acceleration factors in test design. The 
test consists of a h igh/ low relat ive humidi ty  and tem- 
perature  cycle, asynchronous with daily fluctuations in  
ambient  environment~ to s imulate the service life of a 
connector in a one year period. The sequence of the 
test is as follows: 12 hr at 80% RH, 65~ 12 hr at 
35-40% RH, 65~ and 12 hr  at 35-40% RH, 25~ 

The test was conducted in  the basement  of a tele-  
phone central  office in Cleveland. This office is located 
in an  industr ia l  area having, according to Envi ron-  
menta l  Protection Agency data, one of the highest 
mean  concentrations of SO2 in  the country  as well  as 
high concentrat ions of other pollutants  and part icu-  
lates. 

This paper reports the acceleration factors derived 
exper imenta l ly  from this test for Ag, Cu, and Ni. The 
acceleration factors are derived by comparing the 
thicknesses of corrosion films on these materials  from 
the test chamber  to the thicknesses on similar  mate-  
rials f rom the field chambers at the same location. 
There are two field chambers in  this office, one in the 
air-condit ioned central  office (no special humidi ty  
control is employed in  this central  office) on the third 
floor of the bui ld ing and the other in  the nona i r -con-  
ditioned basement.  The test chamber  is located near  
the field chamber in  the basement.  F i lm thicknesses 
were measured by sputter  back profiling in  an Auger 

* Electrochemical Society Active Member. 
Key words: Auger, accelerated test, corrosion of electrical con- 

tacts, corrosion. 

electron spectrometer. Silver tarnishes l inear ly  a n d  
provides an acceleration factor of N4.0, which com- 
pares with the theoretical value of 3.74, but  is too low 
to make this a practical test. Copper corrosion has 
been fitted to a parabolic growth rate model, and 
uti l izing this model, an acceleration factor of ~20 is 
obtained with respect to Cu coupons exposed in  the 
basement  environment .  With respect to an  a i r -con-  
ditioned central  office environment ,  an acceleration 
factor greater than  100 is achieved. For nickel coupons 
an acceleration greater  than  100 is achieved for the 
central  office env i ronment  while the basement  en-  
v i ronment  provides an acceleration of ~27. 

Experimental 
The test was conducted in a 10 ft ~ capacity Tenney  

TTRS envi ronmenta l  chamber, custo m designed to  
provide the sequence of test conditions. It is equipped 
with a purge system to change the air  wi th in  the 
chamber at a rate of 4 t imes/hr .  The air velocity is 
about 400 f t /min.  It  has an extended t ime cycle, i.e., 
the programmable  cam-operated controller  regulated 
the first 24 hr period of the test cycle and a separate 
programmable  t imer  provided the addit ional 12 hr  
period. The humidi ty  is determined by the difference 
of dry and wet bulb  temperatures  (measured by plat i -  
num resistance sensing elements of a bridge controlled 
circuit).  Humidi ty  is increased by in t roducing water 
vapor and decreased by  in t roducing drier  air into the 
chamber. The tempera ture  is controlled by a heater  or 
a refr igerat ion system. The test chamber  is located in  
a central  office basement.  There is no air conditioning 
or fil tration of the room air, and a window is f r e -  
quent ly  open to the outside air. 

The field chambers are modified five drawer  file 
cabinets. The bottom of each file drawer  was replaced 
by metal  mesh to permi t  free flow of air. The cabinets 
are louvered at the bottom and equipped with several 
small  fans (blower uni t )  mounted  at the top behind a 
furnace filter. The same type of furnace filter was 
used in  the test chamber. The blower uni t  provides a 
l inear  air flow of about 250 f t /min.  The chambers are 
equipped with a hygrothermograph to record the tem- 
perature  and humidity.  

The materials  exposed were 1�89 in. square coupons 
and were abraded using metallographic papers to a 400 
grit random finish and l iquid honed to a fine uni form 
finish. The coupons were cleaned according to pro-  
cedures outl ined in  Ref. (3) prior to insta l la t ion in  
the field and the test chamber. 

2 0 0 5  
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The corrosion films were analyzed for the elements 
present  on a Physical Electronics Scanning Auger Sys- 
tem Fi lm Analyzer,  i.e., Auger electron spectrometer 
(AES). This system is equipped with a single pass 
CMA, coaxial electron gun, and a Var ian rastered ion 
gun. The thickness and distr ibution of elements into 
the film were determined by depth profiling using ion 
sputtering in conjunct ion with AES. Normal operating 
conditions were 3 kV electron gun  voltage, 1200V elec- 
t ron mul t ip l ier  voltage, 1 eV/sec sweep rate, 0.3/sec 
t ime constant on the lock-in  amplifier, 3 eV modula-  
t ion amplitude, and 1.6 mA emission current.  For 
sputtering, the argon pressure was 5 • 10-~ Torr  and 
the ion beam voltage was 1 kV. By means of a mul t i -  
plexer system, peaks Corresponding to various ele- 
ments in  the corrosion film were analyzed. Fi lm thick- 
ness was determined by knowing the sputter  rate and 
the t ime to sputter  through the film. The t ime to sput-  
ter through the film is determined by measur ing the 
time required for the substrate Auger signal to reach 
70% of its max imum signal ampli tude and/or  by mea-  
suring the t ime for the last const i tuent  of the corro- 
sive film to reach 30% of its max imum signal ampl i -  
tude. It is assumed that  the sputter  rate of the corro- 
sion film is the same as of the substrate material.  This 
assumption is not critical, since we are only interested 
in the relative thickness. The thickness values are 
therefore not absolute. In  addit ion to AES, the film 
thicknesses of Ag and Cu were also determined by 
cathodic reduct ion in  some cases. 

Results and Discussion 
Silver.--Figure 1 shows a typical depth profile ob- 

tained from a silver sample exposed in  the basement  
field chamber. A depth profile f rom a Ag coupon sub-  
jected to the test conditions for 3 months in the test 
chamber is shown in Fig. 2. Similar  spectra have been 
obtained from all the field-exposed samples (basement  
as well as third floor central  office up to a period of 2 
years) and all the samples in the One Year test. It is 
seen that the constituents of the films developed in 
the test chamber are similar to those in  the field- 
exposed chambers. Table I presents the consti tuents of 
the film developed in  order of decreasing peak heights 
as a funct ion of time. The composition of the film de- 
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Fig. 2. Auger depth profile of the film on silver coupon exposed 
to 3 months in One Year test. 

veloped in field Chamber is not constant, i.e., the ratio 
of Ag to C1 and Ag to S is not constant  for coupons 
exposed to different t ime periods. This could be a t ime 
effect, coupon effect, or due to surface variabil i ty.  In  
addition, the composition of the film changes along the 
thickness of the film. The only conclusion about the 
chemistry of the film is that each sample contains 
some AgC1 and some Ag2S, and the relat ive amount  
of these varies from sample to sample. The conclu- 
sion of the film being a mix ture  of Ag2S and AgC1 is 
substant iated by the fact that  in  cathodic reduct ion 
the reduction potentials match with those of AgC1 and 
Ag2S. The film thicknesses of the basement  coupons are 
plotted as a funct ion of t ime in  Fig. 3. Table II pre-  

Table I. 
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o 5 lO 15 20 25 
6 

r- 

,< 

m 

a. 

1 

Ag x 2-~ 

~- Sx lO 

T i I i 

0 30 60 90 120 150 180 

Thickness in/~ 

Fig. 1. Auger depth profile of the film developed on silver coupon 
exposed for 3 months in basement field chamber. 

Sample Location 

Silver Basement 

Central office 
Silver (C,O.) 

Silver Test chamber 

Cu Basement 

Cu C.O. 

Cu Test chamber 

Ni Basement 

Nt C.O. 

NI Test chamber 

Exposure 
time 

(months) 

3.5 
6 
9 

12 

8.5 
6 
9 

12 
18 
1 
3 

Constituents at 
surface ( in 

order of 
decreasing 

heights) 

C1, S, O 
C1, S, O 
S, C1, O 
CLS, O 

S, C1, O 
S, CI, O 
S, C1, O 
S, C1, O 
S, C1, O 
S, C1, O 
S, C1, O 

3.5 
6 
9 

12 
18.5 
3.5 
6 
9 

12 
18.5 
1 
3 
3.5 
8 
9 

12 
18.5 
24 

3.5 
6 
9 

12 
18.5 
24 

1 
3 

C1, 0 
C1, 0 
C1, 0 
C1. 0 
C1, 0 
O, CI, S 

Cl, O, S 
O, C1, S 
C1, O. S 
C1, O 
Cl, O, S, N 
O, C1, N, S 
O, C1, S, N 
O, C1, S, N 
O, Cl, N, S 
O, C1, N, S 
O, C1, N, S 
O, C1, S 
O, CI, S 
O, CI, S 
O, CI, S 
O, CI, S 
O, S, C1 
O, C1, S, N 
O, Cl, S 



Vol. 125, No. 12 A T M O S P H E R I C  CORROSION OF Ag, Cu, AND Ni 2007 

o~400 I .=_ 
~ 3 0 0 ~  i 

I'-- 
2O0 

100 

L~ Cathodic Reduction 

o Auger 

-}- One Year tes t -Auger  

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ /  

O 

3 6 g 12 
0 

0 15 

Months -- 

Fig. 3. Film thickness-time curve for Ag exposed in the base- 
ment field chamber and in One Year test. 

sents the thicknesses of films obtained by cathodic re-  
duction and by AES. It  is seen that  wi thin  the experi-  
menta l  errors the film thicknesses obtained by two 
different methods (AES and cathodic reduction) do 
not differ greatly. Silver corrodes l inear ly  at a rate of 
30-35 A / m o n t h  in  the basement.  Also shown in  Fig. 3 
is a plot of film thicknesses as a funct ion of time, from 
the test chamber  samples. By comparing the slopes of 
two curves, an  acceleration factor of ~4  is calculated 
for Ag. This is a small  but  not an  ent i re ly  unexpected 
acceleration factor for Ag as discussed further.  SEM 
analysis of the corrosion products reveals that  the 
morphology of the corrosion products is similar for the 
test samples and the samples from the field chamber. 
No significant roughness difference in  the morphology 
of the corrosion products is seen. 

It  is known  (4-6) that  there is no significant change 
in the rate of corrosion of Ag with respect to tempera-  
ture  in the range 30~176 (and possibly up to 65~ 
for relat ive humidi t ies  up to 85% and for modest con- 
centrat ions (up to 1 ppm) of H2S, SOs, and C12. There 
are various possible explanat ions for this lack of tem- 
pera ture  dependence o f  silver tarnishing.  One possible 
explanat ion is that  the solubil i ty (concentrat ion) of 
gases dissolved in  the adsorbed water  film on Ag sur-  
face decreases with increasing tempera ture  1 (7). The 

1 Solubi l i ty  of  CI~ in H20 (7) a t  65~ is 0.47 t i m e s  t h e  solubil i ty 
of CI~ at  25~ and the  solubi l i ty  SO~ in H~O at  65~ is 0.36 t imes  
i t s  so lubi l i ty  a t  25~ 

Table II. Thickness of films on silver 

Thickness  
E x p o s u r e  Th ick .  (A)  

t i m e  ness  CA) (ca thod ic  
( m o n t h s )  Loca t ion  ( A u g e r )  r e duc t i on )  

3.5 B a s e m e n t  120 80 
6 B a s e m e n t  266 143 
9 B a s e m e n t  321 251 

12 B a s e m e n t  300 
18 B a s e m e n t  - -  582 
24 B a s e m e n t  - -  513 

1 T e s t  c h a m b e r  120 121 
3 T e s t  c h a m b e r  480 267 
12 T e s t  c h a m b e r  - -  1200 

other factor may be that  the activation energy may be 
small  resul t ing in  a smaller  tempera ture  coefficient for 
acceleration. In  addition, the amount  of H20 adsorbed 
at the surface could also decrease with increasing tem-  
perature.  Whatever  the reason, the tempera ture  has 
l i t t le effect on the acceleration of corrosion in  the 
tempera ture  range of the One Year test and the only 
accelerating factor for Ag is the relat ive humidity.  

The equation which describes (4) the rate depend- 
ence of silver tarnishing on relat ive humidi ty  with 
o~her variables held constant  is 

rate ---- Kw [H20]2Aa [I] 

where Kw is the frequency factor and H20 is the 
amount  of water  adsorbed on silver surface at a given 
relative humidity.  

Util izing the water  adsorption isotherm on Ag ob- 
ta ined by Bowden and Throssell (8), the amount  of 
H20 adsorbed as a funct ion of relat ive humidi ty  (RH) 
is 

3.95 RH 
[H~O]Ad = [2] 

(I  -- RH) (I -~ 7.8 RH) 

Since the average relat ive humidi ty  in  the basement  is 
approximately 40-45%, the acceleration factor (AF) 
can be calculated by  

rate of corrosion at 80 % RH i 2 
AF = • + - -  = 3.74 

rate of corrosion at 45% RH -3  3 

since the c'hamber is at 80% of RH for 1/3 of the time. 
Therefore, theoretical ly the One Year test should pro-  
vide an acceleration factor of 3.74. Exper imenta l ly  an 
acceleration factor of ~ 4  is obtained. 

These results can be compared to studies of Wagar 
(9), Abbott  (5), and Crossland and Knight  (6) on 
silver tarnishing.  Abbott  (5) has reported l inear  ta r -  
nish rates for Ag for Ss mixtures  and for mixed gases 
with low levels of H2S in  which other oxidizing agents 
such as NO2 and/or  CI~ are present. While Crossland 
and Knight  (6) and Abbott  (5) have shown that  
H2S-O2-H20 mixtures  produce nonl inear  kinetics. 

Since the One Year test in its present  form provides 
a very small  acceleration factor for Ag, it is not  a 
practical test for Ag, although it  is the only test known 
to produce the mixed sulfide/chloride films found at 
all our  field sites. The test could be modified or an-  
other test (like flowers of sulfur)  should be used for 
Ag. 

Copper.--Figures 4 and 5 show typical  depth pro- 
files from field-exposed samples in  the basement  and 
central  office. Figure  6 shows the depth profile of the 
one month  old coupon from One Year test. The p r in -  
cipal consti tuents in  all the films are oxygen, chlorine, 
and carbon (not shown),  and, of course, copper. In  the 
central  office env i ronment  the film also contains small  
amounts  of sulfur. Table  I presents the consti tuents of 
the film in  order of decreasing peak heights. Figure 7 
shows thicknesses calculated from the Auger  depth 
profiles for the copper coupons exposed in the base- 
ment  as a function of t ime (also see Table III) .  Also 
shown in  Fig. 7 are the film thicknesses measured by 
cathodic reduction (10). These thicknesses are gen-  
erally smaller  since cathodic reduct ion only measured 
the oxides of copper. 

The corrosion of copper can be fitted to a parabolic 
growth rate (11) 

x2 = kt  [3] 

where k = parabolic rate constant, x -- thickness, and 
t = time. 

From the exper imental  curve 1 in Fig. 7, we derive 
a value for k = 2 X 10 -12 cm2/month (or 0.78 • I0 - I s  
cm2/sec). This rate constant  would predict that  in  40 
years approximately 3100A of film will  develop on 
copper. In  comparison, Wagar (9) has given the film 
thicknesses developed in telephone central  office en-  
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Fig. 4. Auger depth profile of the film on Cu coupon e:qposed to 
3 months in basement field chamber. 
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Fig. 7. Film thickness plotted as a function of time for copper 
corrosion in basement. 

vi ronments  up to 10 years. His data  can also be fitted 
to a parabolic growth rate  model. His measurements  
provide  a k value  of 5 )< 10 -12 cm2/month and would  
predict  4900A thick film on Cu in 40 years. Wagar 's  
(9) data are bel ieved to be typical of te lephone cen-  
t ral  office environments  of 1930-1940 period when 
there  was no central  air conditioning in the central  
offices. These environments  are therefore  comparable  
to Cleveland basement  envi ronment  as regards the 
humidi ty  and tempera ture  excursions. The calculated 
values of film thicknesses compare favorably  with  
these results. These predicted thicknesses also compare 
favorably  with  other  results on copper corrosion in 
central  office environments  of 1920-1930 period. 

Cathodic reduct ion measurements  can also be fitted 
to a parabolic growth ra te  model  with k : -  9.9 X 10 -1~ 
cmS/month (,-,0.35 • 10 -18 cm2/sec) and would pre- 

dict an oxide thickness of only 2100A in 40 years. The 
total film thickness calculated earlier was 3100A in 40 
years. The remaining film is mostly chloride. 

From the One Year test we get a film thickness of 
625A in one month and ,-~1100A in 3 months. This pro- 
vides a corrosion rate constant of ~.,40 X 10 -12 cm2/ 
month. From the field measurements in the basement 
environment k -- 2 X 10 -Is cm2/month. Therefore, 
the acceleration factor is approximately 20 for copper 
exposed in the basement. In the design of the test, it 
was anticipated that the acceleration factor would be 
greater than 40. The low value of acceleration achieved 
in the real test may be due to several reasons. The test 
is based on water adsorption on gold and not copper. 
The high relative humidity is employed to achieve 
corrosion reactions with certain constituents of air 
(like sulfur, chlorine). However, the oxidation rate 
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Table III. Thickness of films on copper 

Thickness 
E x p o s u r e  Thick- (A) 

time ness (A) (cathodic 
(months) Locat ion  (Auger) reduction) 

Centra l  ofllce 
3.5 (C.O.) 60 232 
6 C.O. - -  - -  
9 C.O. 326 453 

12 C.O. 150 221 (271) 
18 C.O. 230 221 
24 C.O. 221 (299) 

3.5 B a s e m e n t  ~0 198 
6 Basement 260 186 
9 Basement 405 251 
12 Basement 460 314 (331) 
18 Basement 575 360 
24 B a s e m e n t  - -  325 (416) 
1 T e s t  c h a m b e r  625 349 
3 T e s t  c h a m b e r  1100 411 

* Number in p a r e n t h e s i s  r e p r e s e n t s  m e a s u r e m e n t s  on  another .  
part of ~he coupon .  

of copper decreases with increasing relat ive humidi ty  
as shown by Campbell  and Thomas (12) and the net  
effect may be a slower increase in  film thickness at 
high relat ive humidity.  In  addition, the solubilities of 
pol lutant  gases decrease with increasing tempera ture  
as explained earlier. Lack of informat ion about the 
activation energy of the complex corrosion reaction 
in  real field envi ronments  is another  factor. Conse- 
quently,  the acceleration factor obtained in  the test 
is lower than  anticipated. 

Figure 8 shows the thickness of the film on copper 
coupons exposed in  the air-condit ioned central  office 
environment .  The thickness of the films is consider- 
ably smaller  than  in  the basement.  Also shown in  this 
figure are the thicknesses measured on the copper 
coupons exposed in  other central  office envi ronments  
for 12 months. F i lm thickness on copper in  most cen- 
tral  office envi ronments  varies between 150-250A in  
one year. Chiarenzelli  (13) has observed that  in  a 
New York City office bui lding the total film thickness 
in  13.6 months is ,,~280A, which compares favorably 
with our results. The corrosion of copper in  an air-  
conditioned central  office env i ronment  proceeds slowly 
with a rate constant/r  between 0.3 • 10-12-0.5 X 1 0 - ~  

cm2/month. The film thickness on a copper coupon in  
central  office env i ronment  would be 1200-1550A in  40 
years. The acceleration factor for copper in  a central  
office env i ronment  can be derived in  a similar  m a n n e r  
and is about  100. 

Various investigators (5, 9, 14) have studied the 
na tura l  films developed on copper in  real  field en-  
vironments.  Our studies indicate that  the corrosion 
film contains oxides, chlorides, and small  amounts  of 
sulfides. The predominant  consti tuents are the oxides 
(Cu20 and CuO) and chlorides and not  Cu2S. In  cath- 
odic reduction, the reduct ion potential  of the reducing 
film matches with that  of Cu20, substant ia t ing the 
conclusion that  most of the film is Cu20. Env i ronmen-  
tal tests, which main ly  produce Cu2S, are not  repre-  
sentative of telephone central  office envi ronments  and 
may not be suitable laboratory tests for copper. The 
peak- to-peak intensi ty  ratio of Cu to oxygen in  Cu~O 
is approximately measured to be 2.6 (15). In  the field- 
exposed samples and also in the One Year test, the 
ratio of Cu to O (peak- to-peak  heights) is not con- 
stant  and is general ly  different (larger) than  2.6. Some 
of the Cu in  the film is bound to chlorine. The film is 
a mixture  of copper c'hloride and copper oxides, the 
relat ive amount  varying  from film to film. Carbon is 
also present as a surface specie. When S and C1 Auger 
peak heights are corrected for their  sensitivities rela-  
tive to that  for the O-peak (16) and the corrected 
peak heights of C1 and S are added to the O-peak 
height, the ratio of Cu-peak height to the peak height 
sum of anions~.(O =, CI- ,  and S =) is found to be much 
less than  2.6. This points out that  the copper is in  a 
higher oxidation state (cupric) than Cu20 as observed 
by Franken tha l  and Thompson (15) in  their  experi-  
ments on Cu20 exposed to flowers of sulfur. The cop- 
per chloride, therefore, may be CuC12 and the oxide 
may par t ly  be CuO. 

NickeL~Figures  9 and 10 show typical  depth pro-  
files for samples exposed in  the basement  and thi rd  
floor central  office. Similar  spectra have been obtained 
on other samples exposed to various times. The con- 
sti tuents of the films are oxygen, chlorine, sulfur, and 
carbon as shown in Table I. The thickness of the film 
developed on Ni exposed in  the central  office is plotted 
as a funct ion of t ime in  Fig. 11 (also see Table IV).  In  
2 years of exposure, a film 32A thick is obtained. This 
is a th inner  film than  on copper. The major  const i tu-  
ent  of the film is oxygen. Nickel oxidation has been 
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Fig. 8. Film thickness developed on copper in various central 
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l imi t ing thickness of about  10A at room t empera tu re  
while  Ku lpa  and F r a n k e n t h a l  (17) r epor t ed  a th ick-  
ness of about  4-5A. In  the cent ra l  office env i ronment  
we measured  a thickness  of about  ,~lSA in 3 months  
which  increased to ,~32A in 2 years.  Chiarenzel l i  (13) 
also observed that  the films on nickel  developed in  t h e  
field are  ve ry  thin  and h igh ly  insula t ing  and coherent.  
Our  observat ions a re  in agreement  wi th  his results.  
I t  is wel l  known that  in the  absence of wa te r  vapor  
the  oxida t ion  of n ickel  is se l f - l imi t ing  and ceases a f te r  
one to two monolayers  of the  oxide  (17). NiO is a 
p - t y p e  semiconductor  and  oxide  grows by  the diffu- 
sion of cation vacancies (11, 17, 18). As the  re la t ive  
humid i ty  increases the  thickness  of the  oxide in-  
creases, p robab ly  because of adsorbed  wa te r  on the 
surface causing an increase in  the  cat ion vacancy con- 
cent ra t ion  at  the  surface  (10). Ai r -cond i t ioned  cent ra l  
office environments  have  an average  re la t ive  humid i ty  
of , ,40%. The oxide  growth  on Ni in the  cent ra l  office 
is, therefore,  r a the r  slow. In addi t ion  to oxide, the  
other  const i tuents  in the  film are  sulfur,  chlorine, a n d  
carbon. The total  film thickness  is s l ight ly  la rger  than  
if only  an oxide  grows on the surface in the dr ie r  air.  

The  corrosion of n ickel  has been fi t ted to a p a r a -  
bolic growth  ra te  model. This model  provides  con- 
serva t ive  accelera t ion factors. The parabol ic  g rowth  
ra te  constant  for Ni corrosion in centra l  office en-  
v i ronment  is app rox ima te ly  5 • 10-z5 cm2/month.  
The One Year test  develops a film 80A th ick  (Fig. 12) 
in one month  and ,-~140A thick film in 3 months  wi th  
no fur ther  significant increase in film thickness wi th  
t ime.  The test, therefore,  provides  an accelera t ion  fac-  
tor  g rea te r  than  100 wi th  respect  to the  centra l  office 
environment .  Since the  film p robab ly  approaches  a 
l imit ing thickness in the field (asymptot ic  film growth  
ra te )  and also in the test  as a funct ion of time, the  
accelerat ion factor  ca lcula ted is only  approximate .  As 
ment ioned earl ier ,  a parabol ic  g rowth  ra te  model  has 
been used in this s tudy,  since the accelera t ion factors 
so obta ined are  conservat ive.  

The rat io  of nickel  to oxygen in the film var ies  f rom 
0.71 to 0.88. Theoret ical ly ,  Ku lpa  and F r a n k e n t h a l  (17) 
had shown that  the  rat io of INi/IO should be less than  
these numbers  if the  film which  g rew on nickel  was 
only NiO (e.g., INi/Io -" 0.66 at  30A). The remain ing  
Ni in the  film is associated wi th  C1 and S. Wootton 
and Birks  (20) have s tudied  the  oxida t ion  of n ickel  in 
a tmospheres  containing SO2 (oxygen par t i a l  pressure  

Fig. 11. Film thickness on Ni plotted as a function of time for 
Ni corrosion in the central office environment. 

s tudied  a t  low tempera tu res  by  var ious  invest igators .  
Nickel  does not undergo apprec iab le  oxidat ion  at  t em-  
pera tu res  below 300~ K u l p a  and F r a n k e n t h a l  (17) 
repor ted  a l imi t ing  thickness of 15A at 200~ in d ry  
air, which  was found in good agreement  wi th  the  
va lue  of ~17A at 200~ repor ted  by  G r a h a m  and 
Cohen (18). Graham and Cohen (18) also r epor ted  a 

Table IV. Thickness of films on nickel 

Exposure 
t ime Thickness  

(months) Location (A) 

Central office 
3.5 (C.O.) 16 
6 C.O. - -  
9 C.O. 20 

12 C.O. 25 
18 C.O. 30 
24 C.O. 32.5 

3.5 Basement  97 
6 Basement  32 
9 Basement  121 

12 Basement  60 
18 Basement  125 
24 Basement  [95 

1 Test chamber 80 
3 Test chamber 140 

12 Test  chamber  140 
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Fig. 12. Auger depth profile of the film developed on Hi ex- 
posed for one month in One Year test. 
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<10-~  a tm)  at  h igher  tempera tures .  They  have con- 
c luded tha t  the  composi t ion of the film in SO2 en-  
v i ronment  is NiO and Ni~S~ 

7 1 
B2 Ni § SO~ = -~- Ni3S~ + 2NiO 

They also repor ted  tha t  p reox ida t ion  of Ni reduces  
the sens i t iv i ty  of Ni to SO2 attack.  In  the  rea l  l ife en-  
v i ronmen t  (a i r )  the  amount  of oxygen  ava i l ab le  is 
more  than  SO2. We therefore  expect  tha t  the  ma jo r  
const i tuent  of the  film would  be NiO plus smal l  
amounts  of Ni3S2. 

The films developed on Ni exposed in the basement  
are  ha rde r  to analyze  because a few samples  contain  
excessive amounts  of carbon. The carbon l aye r  is th ick 
and[ m a y  arise f rom severa l  sources. I t  is possible tha t  
some of these samples  became d i r ty  due to imprope r  
handling.  But the  6 and 12 month  coupons do not con- 
rain excessive carbon and have  been  analyzed  fur ther .  
Since the  films developed are  thin (unl ike  copper) ,  a 
smal l  amount  of contaminat ion  wil l  cause the resul ts  
to be misleading.  An  in teres t ing  but  not  surpr is ing  
observat ion  is tha t  the  films which  contain large  
amounts  of carbon also show high contact  resistance.  

Table  IV provides  the  film thicknesses  for var ious  
samples.  Assuming  a parabol ic  g rowth  rate,  these two 
coupons can be ut i l ized to ex t rapo la te  the film th ick-  
nesses and der ive  the  acce lera t ion  factors. A n  average  
parabo l ic  g rowth  ra te  constant  k f rom these two 
coupons is ,-~2.4 • 10-14 cm2/month.  Compar ing  i t  
wi th  the coupons in the  One Year  test  chamber ,  an 
accelera t ion  factor  ,~27 is obta ined  for the  basement  
nona i r -cond i t ioned  environment .  This low accelera t ion  
factor  m a y  again  be due to the  fact  tha t  the  adsorp-  
t ion isotherms used were  for gold and not  for nickel  
and tha t  the solubi l i t ies  of gases decrease  wi th  in-  
creasing t empera tu re .  

Conclusions 
The growth  kinet ics  of Ag, Ni, and  Cu in an a i r -  

condi t ioned te lephone centra l  office env i ronment  and 
nona i r -condi t ioned  env i ronment  (in the  Cleveland 
centra l  office basement )  have  been obtained.  The con- 
s t i tuents  and film thickness on these mate r ia l s  were  
p r i m a r i l y  obta ined  by  AES. In first 2 years  s i lver  
tarnishes  l inear ly ,  the  basement  growth  ra te  being 
80-35 A/mon th .  The  m a j o r  const i tuents  of films on Ag  
a re  C1 and S. Copper  corrosion has been fitted to a 
parabo l ic  g rowth  ra te  model  and provides  a ra te  con- 
s tant  of -~2 • 10 -12 cm2/month  in the  basement  and 
0.3 • 10 -12 cm2/month in the centra l  office env i ron-  
ment.  The ex t rapo la t ed  value  of corrosion film th ick-  
ness on copper  in a per iod  of 40 years  is ,-,3100A in 
the  basement  and 1200-1550A in the centra l  office en-  
v i ronment .  The ma jo r  const i tuents  of the  corrosion 
film on Cu in the field a r e  oxygen and chlorine.  Nickel  
t a rn i sh  ra tes  are  much s lower  and films only 32A th ick  
a re  obta ined  in 2 years  in the centra l  office and ,-,60A 
th ick  film in the  basement  in 12 months.  The majo r  
film const i tuents  a re  oxygen,  chlorine,  and sulfur. 
These observat ions  on Cu, Ni, and Ag are  consistent 
wi th  the publ i shed  l i te ra ture .  

The coupons exposed in the  chamber  (One Year  
test)  have  also been analyzed  for  the i r  const i tuents  
and film thicknesses.  The  const i tuents  a re  s imi lar  to 
films grown in the  field. F i lm  thicknesses on these 
coupons have  been  used to calculate  the  accelera t ion  

factors for  the  One Year  test. Fo r  the  basement  en-  
v i ronment  the OneYear  test  provides  an accelera t ion 
factor  of ~-4.0 for  Ag, 20 for  Cu, and  27 for Ni. The 
test  is not a prac t ica l  test  for Ag. Fo r  the  central  
office environment ,  the  accelera t ion factors for  Cu 
and Ni are  g rea te r  than  100. Since the  test  provides  
a sui table  balance  be tween  a i r -condi t ioned  and non-  
a i r -condi t ioned  environment ,  i t  is an excel lent  ac-  
ce lera ted  test  for the a tmosphere  corrosion of Cu and 
Ni. 
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ABSTRACT 

A process of conversion of oxide/nitride into a single layer oxide using 
plasma oxidation at moderate temperature (--800~ is discussed. Physical 
parameters, refractive index, etch rate, etc. of this plasma-converted oxide 
are found to be similar to that of thermal Si02. In addition, dielectric strength 
and charge level in such insulator are also comparable to thermally grown 
SIO2. Metal oxide semiconductor (MOS) structures as well as MOSFET de- 
vice characteristics indicate its excellent feasibility as a gate dielectric in 
MOS technology. 

Silicon nitride is used in the gate dielectric because 
of high dielectric strength and dielectric constant, the 
ability to mask against diffusion and oxidation, and 
resistance to penetration by positively charged ions. 
However, these MNOS IGFET's suffer from threshold 
voltage (VT) degradation when stressed at elevated 
temperatures. This shift is due primarily to charge 
trapping at the oxide/nitride interface and, as such, 
presents a reliability concern. In certain IGFET tech- 
nology, it is advantageous to use oxide/nitride struc- 
ture in areas other than the gate regions in order to 
take advantage of nitride passivation characteristics 
during device fabrication. In such applications, the 
effect of trapping could be minimized if oxide/nitride 
gate dielectric is replaced by single-layer oxide di- 
electric without major change in MNOS device process. 
This work discusses a process of conversion of oxide/ 
nitride into a single layer gate dielectric using plasma 
oxidation at moderate temperature (~800~ Char- 
acteristics of this plasma-converted oxide with respect 
to (i) fixed charge incorporation due to plasma ex- 
posure; (ii) insulator integrity or breakdown strength; 
(iii) refractive index; and (iv) etch rate are in- 
vestigated. Bias-temperature stress aging of MOS ca- 
pacitors is studied to investigate flatband voltage sta- 
bility. Hot electron trapping is characterized by ava- 
lanche injection of MOS capacitors and stress aging of 
MOSFET devices. 

Experimental Details 
Preparation o~ the plasma-oxidized nitride films.-- 

Thin silicon nitride films may be converted to Si02 
at moderately low temperature through plasma-en- 
hanced oxidation reaction of nitride. The nature of 
this anodization process is believed to be as follows 

Si3N4 + 6 O-  (plasma) ~ 3SiO~ + 2N21' + 6e- 

6 02 + (plasma) + 6e- ~=~ 6 02t 

The processing sequence of obtaining plasma-oxidized 
nitride films consists of: 

(i) Standard wafer cleaning; (ii) Thermal oxidation 
in dry oxygen in system prepurged with HC1 to mini- 
mize contamination and charge level. Oxide thus 
fabricated showed refractive index of 1.47 and dielec- 
tric constant of 3.9; (iii) Chemical vapor deposition 
of thin nitride film. Nitride films had refractive index 
of 2.0 and dielectric constant of 7.0; (iv) Plasma oxi- 
dation of overlayer nitride in a plasma reactor in an 
ambient of dry O~ and argon. (A schematic of the re- 
actor is shown in Fig. 1. A typical processing condi- 
tion is shown in Table I.) Converted insulator ex- 
hibited refractive index of 1.47 and dielectric con- 

* Electrochemical Society Active Member. 
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characteristics. 

stant of 3.9-4.0; (v) Postanodization anneal to mini- 
mize charge level. 

Device labrication.----Silicon substrates used in this 
study were of p-type and of resistivity either 2 or 
0.05 1~ cm. Metal oxide semiconductor (MOS) capaci- 
tors consisting of this plasma-oxidized insulator were 
fabricated by evaporating aluminum dots as field 
plates. Aluminum was also deposited on the back side 
and annealed in forming gas at 400~ for about 20 rain. 
Mobile charge levels were checked by the I-V loop 
technique (1) after biasing the capacitors at 200~ and 
+2.0 • 106 V/cm for 10 rain. Mobile ion contamination 
(N]) in all runs under investigation was consistently 
below 10 ,10 cm-2 level while fixed charge levels were 
below 1 X 10 n cm -2. Film thickness was measured 
with an ellipsometer. Experimental MOSFET devices 
were also fabricated. First source and drain regions 
were formed using an arsenosilicate glass source as a 
dopant. After cleaning, the gate dielectric was grown 
as described above. Aluminum was used as the 
gate metal. After aluminum evaporation, the device 
wafers were also treated in a forming gas anneal at 
400~ for about 20 rain. Conventional Photolithog- 
raphy was used throughout. Conversion of standard 
dual dielectric MNOSFET into a single layer dielectric 
plasma-converted oxide MOSFET is illustrated in Fig. 
2. Devices thus fabricated had a threshold voltage 
range of approximately +l .3V for ,~70 nm of con- 
verted SiO2 gate dielectric of 2 ~ cm p-silicon wafers 
using initial oxide/nitride thickness of 38/15 nm. 
Standard fixed charge density, Nss, breakdown, bias- 
temperature stress aging, and avalanche injection 
measurements were carried out to characterize the 
quality of the plasma-converted insulator layer for 
stability and charge trapping. Standard MNOS and 
MOS structures were used as reference for comparison. 
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Fig. i. Single wafer RF coil discharge reactor 
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Fig. 2. Gate dielectric oxide/nitride conversion using plasma 

oxidation to gate dielectric oxide. I 0. 

Results and Discussion 
Table II summarizes the physical characteristics 

of this plasma-anodized insulator layer. I t  is seen 
that the refractive index and etch rate are quite 
comparable to thermal SiO~. 

Charge level and effect oy anneal.--Experiments 
were designed to study the effect of annealing on 
charge level and flatband voltage. Three types of an- 
nealing ambients were investigated: forming gas, N~, 
and a mixture of N~ with 2 m/o (mole percent) O2. 
Details of the annealing conditions are summarized 
in Table IlI. I t  may be noted that the net positive 
charge density is low for all samples on plasma ex- 
posure. Either a N~ anneal at higher temperature 
(1075~ Or a forming gas anneal at lower tempera-  
ture (850~ resulted in almost charge-free insulator. 
As shown in the table, an anneal in a mixture of O3 
and N~ at 1000~ did not reduce fixed charge level 
in the insulator when compared to annealing in N~ at 
the same temperature.  This observation may support 
the postulate that the plasma-converted insulator may 
not oe oxygen dencient and, therefore, fixed charges 
in such insulators may not be associated with incom- 
plete oxidation. 

Breakdown strength.--Figure 3 shows the break-  
down distribution of the plasma-oxidized insulator 
layer compared with thermal SiO~ MOS data. As is 
seen from Fig. 3, the lower mode of breakdown dis- 
tr ibution around 2-4 • 106 V/cm observed in thermal 
SiO~ is not observed in plasma MOS structures. Break- 
down distribution ranges from 6.5 • 106 to 9 • 106 
V/cm and compares favorably with thermal SiO~. 

0 

Table I. Conditions for plasma oxidation 

T e m p e r a t u r e  800 ~ C 
F r e q u e n c y  42 kHz 
O= p r e s s u r e  0.1 Torr  
Ni tr ide  oxida- 

t ion  ra te  4.5 rim/rain 

I [-! THERMAL SiO 2 
ran" < []I_~PLASMA OXIDIZED . INSULIT 

I 2 3 4 5 6 7 8 9 10 
FIELD (MV/CMI 

Fig. 3. Breakdown distris of plasma-oxidized insulator 

F[atbancZ voltage stabiLity.--MOS capacitors were 
stressed at 190~ and +2  • 106 V/cm for 18 hr t o  
determine the stabili ty of the fiatband voltage. The 
data obtained is tabulated in Table IV. It is clear 
that  the shift data of flatband voltage are quite com- 
patible to the PSG-MOS and bet ter  than composite 
films of Si~N4/SiO~ MOS capacitors. 

Trapping characteristics.--Electron trapping char- 
acteristics were studied by avalanche injection of MOS 
capacitors, after Nicollian and co-workers (2). The 
technique is more completely described by Gdula (3). 
Typical results are shown in Fig. 4 where trapped 
charge density hQ/q is plotted against injected elec- 
tron density Ninj. The lat ter  was computed from si- 
multaneous gate current measurements. Trapping be- 
havior of these plasma-oxidzed films is compared 
with that of PSG/SiO~ and of a composite of SigN4/ 
SiO~ and of thermal  SiO2. It is seen that  traps in 
plasma-oxidized insulator are comparable to CVD 
PSG/SiO~ films. Trap density of such films is signifi- 
cantly lower when compared with Si3N4/SiO2 com- 
posite films. However, thermal SiO2 films exhibit mini-  
mum density of traps. For PSG-oxide and plasma- 
oxidized insulators, a change in slope is observed at 
Nin~ ~ 1014 cm -2, indicative of another kind of a t rap 
center. The associated initial  ~Q/q ~_ 1011 cm -2 is due 
to the large cross section traps associated with fixed 
oxide charge (4). It is known that this fixed oxide 
charge could be minimized by extended annealing 

Table IV. Flatbund voltage stability of plasma-Converted oxide 
MOS structures 

Stress  condit ions:  $.8 • 10 e V / e m ,  190~ fo r  18 hr 

Table II. Plasma-exposed insulator (nitride) MNOS Plasma-MOS 
(38 n m  (83 n m )  

PSG-MOS Ox/15 
B e f o r e  p lasma A f t e r  p lasma  (47 n m )  n m  Nit )  Run No.  2 Run  No.  3 

oxldat ion  ox idat ion  

AVFB -- 75 m V  - 125 m V  - 8 8  m V  - 9 8  m V  
Re~. i ndex  2.0 1.47 ~Q 
Etch  rate  in 0.815 r im / se e  1.2 r im/ see  - -  em-= 3.4 • 10 ~~ 5.9 • 18 lo 2 x 101~ 2.3 • 18 ~~ 

7:1 BI-IF q 

Table III. Plasma-converted MIS, effect of postoxidation heat-treatment on charge level 

W a f e r  type  P o s t p l a s m a  oxide  
Run  and s t ruc ture  annea l  condi t ions  Nss  (cm-=) Nx ( c m  -2) V~B ( V )  

I 2 i~ c m  F o r m i n g  gas  annea l  850~ - -  i - 8 . 7 . - 0 . 7 5  
p-type 30 m i n  
38114 n m  1858oc - -  - -  - 8 . 8 - - 0 . U  
Ox-nit  38 rain 

S 2 fl e m  1008~ 1.25 • 10 u 18' - 1 . 8 2  
p-type 38 min 
30/15 n m  1875~ 3.0 • 18 ~~ 18' - 8 . 8 7 - - 0 . g 5  
Ox-nit  22 m i n  

1875~ 0 < 1 0  m - 0 . 7 0  
1 hr  

| N~/2% O= annea l  1008"C 4.8 • 10 ~ 10 ~ -2.93 
l h r  

2 and 8.05 9 e m  
p-type 
38120 
Ox-nR 

NJ annea l  
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~ig. 4. Charge-trapplng characteristics of plasma-oxidlzed in- 
sulator. 

t ime. The re la t ionship  be tween  insula tor  t r app ing  
character is t ics  and hot  e lec t ron- induced  threshold  
vol tage  shif t  and  subsequent  design marg in  and re-  
l i ab i l i ty  has been discussed by  Abbas  and Docker ty  
(5). Such ho t -e lec t ron  design re l ief  is obviously  
g rea te r  in oxide (MOS) than  in ox ide -n i t r ide  
(MNOS),  where  n i t r ide  offers more  t r app ing  sites. Hot 
e lect ron re l ief  over  MNOS s t ructures  as observed 
f rom capaci tor  da ta  is fu r the r  confirmed by  stress 
aging MNOSFET and p lasma-ox id ized  gate  dielectr ic  
MOSFET devices. F igure  5 shows the threshold  vol t -  
age shif t  da ta  obtained,  wi th  the  stress condit ions 
shown in the  notes of the  figure. The  da ta  indeed 
confirms that  the p lasma-ox id ized  gate insula tor  does 
t rap  less than  the composite n i t r i de /ox ide  gate di-  
electric, t he reby  offering design ab i l i ty  of an FET cir -  
cuit  at  a d ra in  vol tage  of 2.75V higher  than  the cor-  
responding circui t  wi th  MNOS FET devices. 

Conclusions 
Plasma-conve r t ed  oxide f rom ox ide /n i t r i de  dua l  

dielectr ic  l aye r  demonst ra tes  character is t ics  s imi lar  to 
t he rma l ly  grown oxide in re f rac t ive  index,  etch rate,  
effective charge, and b r eakdown  strength.  Low Nss, N1 
has also been demonst ra ted .  B ia s - t empera tu re  stress 
da ta  of p l a sma-conver t ed  oxide shows be t te r  s tab i l i ty  
compared  wi th  tha t  of ox ide /n i t r i de  and of o x i d e / P S G  
structures.  

Ava lanche  in jec t ion  da ta  indicates  tha t  t r app ing  
character is t ics  are  comparab le  to PSG/SiO2 s t ructures  
and are  m i d w a y  be tween  the rma l  SiO2 and ox ide /  
n i t r ide  composite dielectr ic  s tructures.  
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ABSTRACT 

The luminescent  quan tum yields for Zn2SiO4:Mn 2+ a n d  Y~O3:Eu 3+ phos- 
phors under  hydrogen ion beam excitation have been determined at 300~ as 
a ~unction of beam energy i n  the range 1-8 keV. The dependence of the 
yields on the energy of the H+ bombara ing  ions follows an exponent ial  re-  
lat ion and the yielas extrapolated to zero ion energy are 11o = 4.0 • 10-8 for 
Zn2SiO4:Mn 2+ and TIo = 2.7 X 10 - 4  for Y2Os:Eu 3+. 

Candoluminescence is usual ly  defined as a process of 
light emission from solids under  flame excitation, in 
excess of thermal  radiation. The candoluminescence 
phenomenon has been recently reviewed by Ivey (1). 
Flame excitation of phosphor materials  at re lat ively 
low temperatures,  i.e., room tempera ture  to a few 
hundred  degrees, has been observed by a number  of 
wort~ers and it has also been found that  similar lumi -  
nescence can be excited in  the absence of a flame by 
generat ing active species of hydrogen or ni t rogen in  
an arc or microwave plasma (2-5). This flameless 
excitat ion phenomenon has given rise to the term 
"radical - recombinat ion luminescence" (RRL) and its 
physical process is considered to be similar to cando- 
luminescence. 

Despite its obvious importance,  there have been re-  
markao ly  few measurements  of the quan tum yield of 
the candoluminescence or RRL process. The difficulty 
no doubt  lies in the fact that  one cannot easily count 
the number  of recombinations or impacts os particles 
(radicals, ions, etc.) on the phosphor surface when one 
is using a flame or an rf discharge as the excitation 
source. A knowledge of the quan tum yield would al-  
low us to assess the applicabili[y of candoluminescence 
to l ighting device development.  

In  previous determinat ions of quan tum yield of RRL 
(6-8), calorimetric techniques were employed where 
the n u m b e r  of recombinations was estimated by the 
heat; output  caused by the recombinat ion of the hy-  
drogen or ni t rogen atoms on the phosphor surface. A 
typical  value of the quan tum yield, i.e., number  of 
photons per recombination,  is of the order of 10 -4 . O n e  
disadvantage of the technique is that  the rise of tem- 
perature  recorded may be due to processes, e.g., colli- 
sion with the surface, other than  recombinat ion alone. 
Moreover, it is not at all certain that  the luminescence 
is  c a u s e d  by jus t  one par t icular  species of the gas 
atoms since there is no mass separation involved and 
the vacuum in the apparatus is general ly  poor. 

In the present  work, we at tempt  to measure th e  
quan tum yield by using an en t i r e ly  new approach. The 
surfaces of two candoluminescent  materials,  Zn2SiO~: 
Mn 2+ and Y203:Eu ~+ were bombarded wi th  a low 
energy H + ion beam at room temperature.  In  this 
way we can measure the n u m b e r  of H + ar r iv ing  at the 
surface since we can measure the ion current ,  and the 
photon output  is measured by s ingle-photon counting. 
T h e  quan tum yield is therefore a simple ratio of the 
two .  W e  c h o s e  to examine the above two materials  b e -  

* Electrochemical Society Active Member. 
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cause of their different luminescence character i s t i c s .  
Zn2SiO4: Mn2+ is a b road-band  emitter,  whereas Y203: 
Eu o + is a l ine emitter. Moreover, the qua n t um yield o f  
Zn2SiO4:Mn 2+ has been measured by Sommermeyer  
(6) and Styrov et al. (8), and we can make a c o m -  

p a r i s o n  between our results and theirs. 

Experimental 
Figure 1 shows the schematic diagram of th e  e x p e r i -  

menta l  apparatus. The ion beam uni t  consists of a 
Colutron ion source. The ion mass is selected by a 
velocity filter. The energy of the ion beam can  be  
varied from 10 eV to 10 keV. The H+ ion cur ren t  w a s  
~1 • 10-6A at 8 keV but  decreased to ~1  • 10-sA 
at 1 keV. This could not be avoided as th is  w a s  the  
characteristic of the ion beam extract ion and a c c e l e r a -  
t i on  systems. It is considered to be a difficult problem 
in present -day ion beam technology to produce a 
well-focused, mass-analyzed,  as well as high flux i on  
beam at energies below 1 keV. The production of s u c h  
ion or atomic beams are subjects of specialized r e -  
s e a r c h  (9, 10). The ion beam and the optical a x i s  o f  
the monochromater  (0.3m McPherson) are  at  r i g h t  
angles to each other, while the inc iden t -beam m a k e s  
an angle of 50 ~ with the target normal.  Single photon 
counting is used to measure the l ight output. Such ex- 
per imenta l  setup had been used to observe optical emis- 
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Fig. 1. Schematic diagram of hydrogen ion beam apparatus 

2015 



2016 J.  Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY D e c e m b e r  1978 

sion from sputtered particles dur ing heavy ion bom- 
bardment  (11). However, in  the present  exper iment  
the sput ter ing effect caused by H + ion was negligible 
and the observed emission was ent i re ly  due to lumi-  
nescence from the bu lk  of the solid. 

The original powder samples were compacted into 
solid disks by using a binder  solution commonly used 
in scanning electron microscopy. The two samples were 
mounted on the same holder, one above the other. 
Bombardment  of the sample was accomplished by 
sliding each sample into the beam path at each energy 
setting of the beam. The beam spot on the target  sur-  
face was 3 mm in  diameter. There was no heating 
stage in  the target  holder and the samples remained at 
room tempera ture  dur ing bombardment .  

The ion current  was measured by a picoammeter 
when  the target  holder was positioned in  such a way 
as to allow the entire ion beam to strike the exposed 
metal  parts of the target  holder in  between the two 
samples. This ion current  was found to be vi r tual ly  
unchanged when the ion beam was incident  on the 
insulat ing phosphor targets. This interest ing observa- 
tion suggests the possibility that  a small  voltage (say 

+10V) bui ldup may have occurred between the 
phosphor and the metal  target-holder,  and the ~104 V 
cm -1 field thus created pulls electrons from the metal  
into the phosphor, giving rise to an observed cur ren t  
on the picoammeter.  This 10 ~ V cm -~ is uniform and 
is small compared to fields encountered in electro- 
luminescence, and these electrons therefore generate 
no luminescence themselves. A tungsten  filament was 
positioned close to the target  surface and when this 
was turned on to flood the surface with electrons, no 
change in the luminescence in tensi ty  was observed. 
From this it was concluded that  the sample surface 
did not charge up dur ing ion bombardment .  

The vacuum in the target  chamber  dur ing bombard-  
ment  was ~--10 -7 Torr. The intensities at 525 n m  for 
Zn2SiO4:Mn 2+ (Sylvania  Type 161) and 613.5 n m  for 
Y2Os:Eu 8+ (Sylvania  Type 1130) were measured as a 
function of ion energy. The slit width of the mo~o- 
chromater  was 500~. The detection sensit ivi ty of the 
optical system was determined by means of cal ibra-  
tion against a s tandard tungsten  lamp. The quan tum 
efficiency of the optical detection, i.e. the number  of 
photons detected per  emitted photon, at the wave-  
length of interest  was thus determined and this was 
used to correct the measured intensities. The cal ibra-  
t ion of the optical system is a s tandard procedure 
and has been described in  detail  by  other workers, see, 
e.g., Andersen et al. (12), and will  not be repeated 
here. 

To test whether  any deteriorat ion of the phosphor 
had taken place dur ing the H + bombardment ,  the 
luminescence was first measured as a funct ion of de- 
creasing ion energy unt i  the signal becomes compar-  
able to noise, and then the steps were repeated as a 
function of increasing ion energy. The reproducibi l i ty  
of the data indicated there was little or no deteriora-  
tion of the phosphor targets dur ing  our experiment.  
This absence of deteriorat ion is probably due to negl i -  
gible sputter ing effect by the H + ions. 

R e s u l t s  

The luminescence spectra of Zn2SiO4:Mn ~+ and 
Y203:Eu s+ bombarded by H + ions are shown in Fig. 
2 and 3. The var iat ion of the quan tum yield of the two 
samples as a funct ion of the H+ ion energy is shown 
in Fig. 4 and 5. The quan tum yield is defined as the 
number  of photon counts per incident  ion. The number  
of photons counted exper imenta l ly  per second before 
correcting for the quan tum efficiency of the optical de- 
tection system was of the order of 106 for both samples 
at 8 keV. This number  decreased to ~102 at 1 keV, 
comparable to the background radiat ion detected. The 
background counts were due to scattered light from 
the heated ion source filament. I t  was hoped at the 
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Fig. 2. Emission spectrum of Zn2SiO4:Mn ~+ under 4 keV H + 
bombardment. 
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Fig. 3. Emission spectrum of Y203:Eu '3+ under 8 keV H + born- 
bardment. 

onset of the exper iment  to extend the luminescent  in-  
tensity measurement  to an H + ion energy of 1O eV, the 
lower l imit  of the Colutron ion beam system. However, 
no fur ther  data were taken below 1 keV since the 
signal was comparable to the background noise. 

The straight lines drawn through the data points in 
the log-l inear  plots shown in Fig. 4 and 5 show that 
the quan tum yield dependence on energy can be rep- 
resented by the expression 
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71 ---- "rio exp (aE) [1] 

where ~1o and a are constants. If the plots are ex- 
trapolated to zero energy, then we obtain 

11o : 4.0 X 10-6 for Zn2SiO4:Mn ~+ [2] 

~1o : 2.7 X 10 -4 for Y2Os:Eu z+ [3] 

Discussion 
The quan tum yield at room temperature,  ~ : 4.0 

X 10 -8 for Zn2SiO4:Mn z+ when extrapolated to zero 
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Fig. 5. Dependence of quantum yield of Y2Os:Eu ~+ on H + ion 
energy. 

energy, is remarkab ly  s imilar  to the ~ v a l u e  8.2 • 
10 -6 , given by Styrov et aL (8) and 5 • I0 -e  by 
Sommermeyer  (6) for the RRL process measured by 
the calorimetric method. There  is no corresponding 
value determined for Y208: Eu 3+. However, a quan tum 
yield of 5.8 • I0 -~ for cathodoluminescence was 
quoted by Garlieh (13), which compares favorably 
with the ~ values obtained at ion energies above 4 
keV in  the present  work (see Fig. 5). 

Eve and Duekworth  (14) have reported the ob-  
servat ion of luminescence from Zn2SiO4:Mn 2+ when 
bombarded by heavy ions at high energies (6-25 keV). 
An in tens i ty -energy  relat ionship of the type 

I , ~  ( E  - -  E o )  n [ 4 ]  

was reported, where ~ has a range of vslues  between 
1.29 and 1.83 for bombardment  by  various heavy 
ions except hydrogen. Heavy ion bombardment  can 
cause sput ter - induced optical emission (11) which Eve 
and Duckworth probably were not  aware of at the 
time. Since no wavelength selector was used by them 
to isolate the luminescence from other emission from 
the Zn2SiO4: Mn 2+ sample, it is not certain how their  
final results would be affected. Moreover, sput ter ing 
by heavy ion bombardment  could cause rapid de-  
ter iorat ion of the phosphor. Clearly, the results of the 
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present  work  in the lower  energy  range (1-8 keV) 
indicate  a different  i n t ens i ty -ene rgy  re la t ionship  f rom 
Eq. [4]; and the in tens i ty  is shown to fal l  off much 
more  r ap id ly  wi th  decreasing energy. 

Our p rocedure  of ex t rapo la t ion  to zero energy  m a y  
not be just if ied on the grounds  tha t  i t  is not known 
whe ther  the quan tum yie ld  values  a t  energies below 
1 keV would  follow the same exponent ia l  behavior  
as those at h igher  energies.  Measurable  l ight  sig- 
nals  at  energies  <1 keV would  be J[easible if a high 
flux ion beam is ava i lab le  (we have a l r eady  discussed 
the problems  associated wi th  h igh  flux and low en-  
e rgy  ion beams in the  Exper imen ta l  Sect ion) ,  so that  
quan tum yie ld  da ta  can be ex tended  to energies of 
only  a few elect ron volts. The luminescence observed 
in the  present  work  is caused by  the kinet ic  energy 
t ransfer  of the  bombard ing  ions to the  electrons in the  
solid (15), whereas  in RRL, i t  is pos tu la ted  tha t  the 
potent ia l  energy of the recombining atoms is involved 
in exci t ing the  phosphor.  The quest ion remains  
whether ,  in addi t ion  to the kinet ic  energy of the H +, 
the 13.5 eV avai lable  in potent ia l  energy from cap tu r -  
ing an e lect ron by  the incoming H + ion 

H + ~- e - ~  H, AE---- --13.5 eV [5] 

can also be uti l ized. We can picture,  for instance, the 
incident  pro ton  captur ing  an  e lec t ron  f rom some va -  
lence band ~13 eV deep Uy a resonance- t rans fe r  proc-  
ess, whereupon  the hole c rea ted  is u l t ima te ly  cap-  
tu red  on the Mn ~+. An  elect ron d r a w n  in f rom the 
meta l  base of the ta rge t  holder  is then  captured  also, 
producing Mn ~+* which  emits.  Another  possibi l i ty  
would  be the Auger  neut ra l iza t ion  (16) of the  in-  
coming H + ion by  a valence e lec t ron tunnel ing 
th rough  the potent ia l  bar r ie r ,  c rea t ing a hole in  the  
valence band. The excess energy  of this neut ra l iza t ion  
process then  excites a second elect ron into the  con- 
duction band. The e lec t ron-hole  pair  then recombines 
at the  act ivat ion center  Mn 2+, resul t ing  in emission. 

Some such chain of events  [see for  example  Ref. 
(1)] ,  though of course not ident ica l  wi th  those de-  
scr ibed above, is impl ied  by  S ty rov  et al. (8) and 
Sommermeye r  (6) when they  l ink  the i r  observed 
Mn ~+ emission to the  potent ia l  ene rgy  ava i lab le  f rom 
the recombina t ion  of adsorbed H atoms 

H + H ~ He, AE -- --4.55 eV [6] 

We find i t  surpr i s ing  tha t  our  no, obta ined  by  s imple 
ex t rapola t ion  to 0V as if the potent ia l  energy contr i -  
but ion is an addi t ive  constant  and represen t ing  the 
efficiency of the  conversion of this potent ia l  energy 
into Mn ~+ emission, is so close to the  quan tum y ie ld  
values given by  S tyrov  and Sommermeyer .  I t  is sur-  
pr is ing tha t  two H atoms combine and t ransfer  thei r  
potent ia l  energy to the  Mn~+ center  wi th  the  same 
efficiency as one H + is neut ra l ized  by  creat ing a hole 
which u l t ima te ly  leads to Mn~+ exci ta t ion  and emis-  
sion. This suggests that  both  mechanisms of radical  
recombina t ion  and charge  neut ra l iza t ion  may  be re -  
sponsible for the  candoluminescence process, since 
both radicals  and ions (17) are  present  in the  flame 
act ing as the  source of excitat ion.  

Luminescence f rom Zn2SiO4: Mn 2 +, Y~Oz: Eu~ +, and 
o ther  phosphors  when  bombarded  by  N2 + and o ther  
heavy  ions at  ve ry  low energies  ( ~  40 eV) have been 
recent ly  repor ted  by  K r a m e r  (18). By comparison 
with  luminescence f rom a ZnO sample,  K r a m e r  est i -  
mated  quan tum yie ld  values  as high as 1 photon per  
40 N~ + ions. However ,  the exper imenta l  s i tuat ion was 
compl ica ted  by  the presence of an e lec t ron beam (,~ 20 
eV) which also bombarded  the sample  surfaces. We do 
not unders tand  the high yields  repor ted  by  Kramer ,  
th ree  orders  h igher  than  the ~1o values  repor ted  here,  
except  perhaps  tha t  the  20 eV electrons may  in terac t  
w i th  the posi t ive ions in some very  advantageous  
manne r  to t ransfe r  the  energy to the Mn 2 + and Eu 8+ 
centers. 

K r a m e r  also observed character is t ic  b lue -g reen  
luminescence f rom ZnO bombarded  by  low energy  
heavy  ions only (19). Once again very  high quan tum 
yie ld  was repor ted  compared  to the  value  7 X 10 -8 
for ZnO repor ted  by  S ty rov  et at. (8) for RRL, and the 
process was a t t r ibu ted  to the creat ion of e lec t ron-hole  
pairs  in  the  phosphor  due to the  Auge r  neut ra l iza t ion  
of the incoming ions (16). 

The quan tum yie lds  quoted app ly  to a t empera tu re  
of ~00 K and are  not  necessar i ly  the  m a x i m u m  yie ld  
a t ta inable .  Both candoluminescence and RRL exhib i t  
a character is t ic  be l l - shaped  dependence  of in tens i ty  on 
tempera ture .  Fo r  both  Zn2SiO~:Mn 2 + and Y203:Eu 3 + 
the luminescent  in tens i ty  is low at room tempera ture ,  
increases as the  t empe ra tu r e  increases,  reaches  a max i -  
m u m  at some in te rmedia te  tempera ture ,  and then de-  
creases to low values  as the t empe ra tu r e  is fu r the r  in-  
creased. The t e m p e r a t u r e  at  which m a x i m u m  br igh t -  
ness occurs is a function of act ivator ,  phosphor  host, 
and recombining species (20, 21). The peak  br ightness  
occurs in Zn2SiO4:Mn ~+ at 40~ for H2 radical  re -  
combinat ion,  and at 178~ in the hydrogen  flame. The 
corresponding va lue  for the  flame exci ta t ion of 
Y20~:Eu ~+ is 210~ I t  has been  argued (22) tha t  in 
RRL the  number  of recombinat ions  depends  on the  
compet i t ion be tween  the ra te  of adsorpt ion  of the 
atoms a r r iv ing  on the surface and the ra te  of de-  
sorpt ion of the  same atoms. Then  the m a x i m u m  in the 
b r igh tnes s - t empera tu re  curve can be expla ined  on the 
basis of the  var ia t ion  of the  r e l a t ive  ra tes  of desorp-  
t ion of recombined neu t ra l  species as contras ted  wi th  
the desorpt ion of f reshly  adsorbed act ive species at  
different  tempera tures .  I t  is therefore  expected tha t  
the  effective quan tum yie ld  would  also be a sensit ive 
funct ion of t empera ture .  However ,  in  the  presen t  ex -  
per iment ,  if the luminescence is the d i rec t  resul t  of 
electronic exci ta t ion in the  solid by  the bombard ing  
ions, then the observed quan tum yields  would p rob-  
ab ly  not increase wi th  increasing ta rge t  t empera ture .  
I t  would  be most  in teres t ing  to ca r ry  out  s imi lar  ex-  
per iments  at  t a rge t  t empera tu re s  above room tem-  
pe ra tu re  in o rder  to unders tand  the full  impl ica t ion  
of the  s imi la r i ty  be tween  the quan tum yie lds  de te r -  
mined by  low energy  H + ion b o m b a r d m e n t  and those 
de te rmined  by  ca lor imetr ic  method.  

Conclusions 
The t r end  of our quan tum yie ld  measurements  of 

the luminescence of Zn2SiO4:Mn ~+ and Y2Os:Eu 8+ 
caused by H + ion bombardmen t  in the  1-8 keV range  
indicates tha t  at  ion energies close to zero, the quan-  
tum yie ld  is not too different  f rom that  in RRL where  
exci ta t ion is assumed to be the  resul t  of potent ia l  
energy transfer .  I t  would be des i rable  to ex tend the 
measurements  to energies  ~ 10 eV if and when  a high 
flux ion beam at such low energies becomes available.  
Measurements  of quan tum yie ld  at  e levated ta rge t  
t empera tu res  would  also be useful. 
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Direct Observation of Dislocations in 
Gal_.AI.As-GaAs Grown by the LPE Method 

Satoshi Komiya and Tsuyoshi Kotani 
Fujitsu Laboratories Limited, 1015 Kamikodanaka Nakahara-ku, Kawasaki, Japan 

ABSTRACT 

Transmission x-ray topographs of thick LPE Ga,-zAlxAs layers grown on 
(001) GaAs substrates were obtained by a double crystal Lang technique 
using monochromatic divergent radiation and compared with the etch pit 
pattern revealed by molten KOH. It was observed that most threading dis- 
locations bend abruptly at the interface. Although the substrate parts of 
these dislocations were of various types, the epitaxial parts were clearly 
classified as either [001] oriented, #-, or arc-like dislocations. Nonequivalent 
behavior of threading dislocations between the two <110> directions was 
observed. Some effects due to melt-back of the substrate prior to the epitaxial 
growth are discussed. 

It has been ascertained that the rapid degradation 
of Gal-~AlxAs-GaAs double heterostructure lasers 
was due to the appearance of a nonluminescent area, 
called a dark line defect (DLD). The DLD oriented 
to the <100~ or <110~ direction has been observed 
by photoluminescence (1) and scanning electron 
microscopy (2). Petroff and Hartman have shown that 
the <100~ DLD was associated with a dislocation net- 
work originating from a threading dislocation in the 
epitaxial layers (3). Some growth mechanisms from 
a threading dislocation to a dislocation dipole have 
already been proposed and discussed (4-7). It seems 
that these mechanisms are closely related to proper- 
ties of threading dislocations, 

Ishii et al. have observed dislocations in thin GaAs 
epitaxial layers by using molten KOH (8). Most dis- 
locations propagate from the substrate to the epitaxial 
layers but some of them disappear in the epitaxial 
layers. Kumar and Takagi recently studied disloca- 
tions in a thick homoepitaxial layer on a GaAs (111) 
As face substrate by using x-ray topography (9). It 
was observed that some new dislocations are generated 
during the growth in addition to normal threading 
dislocations. Dislocations in a thick epitaxial 
Gal-zAlzAs layer have been rarely studied by x-ray 
topography because a wafer with a thick epitaxial 
layer is bent due to the lattice mismatch between the 
substrate and epitaxial layer. In this report, trans- 
mission x-ray topographs of (001) GaAs wafers with 

Key words: liquid phase epitaxy, III-V compound, dislocation, 
x - r a y  t o p o g r a p h y ,  e t c h  p i t .  

thick heteroepitaxial Ga~_zAl~As layers were ob- 
tained by a double crystal Lang technique with a 
curved monochrornater crystal (10), and then com- 
pared with the etch pit pattern on the epitaxial layer 
produced by molten KOH. 

Experiments and Results 
An epitaxial Gal_xAlxAs layer has been grown on 

a (001) GaAs substrate by liquid phase epitaxy. The 
method of growth is similar to that reported by Blum 
and Shih (11). The characteristics of the samples are 
summarized in Table I, where melt-back of the sub- 
strate has been employed for sample II by a tempera- 
ture rise of 3.8~ X-ray topographs are obtained 
under conditions of anomalous transmission (#t : 12- 
14) by a double crystal Lang technique using mono- 
chromatic divergent radiation made by a curved (111) 
Ge crystal (10). Cu-Kal radiation and Ilford L4 50 

Table I 

Thick. 
Carrier concen- ness 

Sample x tration (cm ~) (#m) 

Sub-  
s t r a t e  G a A s  U n d o p e d  2 • 10 ~e 300 

I Gaz-xAl~As 0.40-0.10" Te 6.2 x 10 I~ 51 
II G a l - z A l z A s  0.40-0.073" T e  ~ 66 

* T h e  v a l u e s  d e c r e a s e  m o n o t o n o u s l y  f r o m  t h e  i n t e r f a c e  ( z  ffi 
0,4) tO the  sur face  ( z  ~- 0.10 o r  0.073).  
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Fig. I. Transmission x-ray topographs of the as-grown epitaxial wafer I. The epitaxial surface was toward the emulsion. The topographs 
are the projection on the (001) growth plane, and a sharp end point of a dislocation line in the photographs corresponds to the intersection 
at the epitaxial surface. 

Fig. 2. Transmission x-roy topographs of the substrate of the sample I, from which the epitaxial layer has been removed by etching. The 
etched surface was toward the emulsion. 

nuclear  emulsions were  employed.  Transmiss ion x - r a y  
topographs  of the a s -g rown wafer  I and its subs t ra te  
a re  shown in Fig. 1 and 2, respect ively .  The opposite 
diffract ion vectors  for the  subs t ra te  were  employed  in 
o rder  to s tudy the  effect of bending  on the contras t  of 
a dis locat ion image, but  no conspicuous c~anges were  
observed.  The ep i tax ia l  pa r t  of a dislocation image is 
ident if ied by compar ison be tween  x - r a y  images  of a 

dislocation in the  two topographs  [Fig. 1 (a)  and 2 (a)  
or  Fig. l ( b )  and 2 ( b ) ] ,  and how i t  propagates  f rom 
the subs t ra te  to the  ep i tax ia l  l aye r  can be de termined.  

I t  has been repor ted  tha t  the  e tchant  (H20/H202/  
CH~COOH/HF) is a dis locat ion e tchant  for  
Ga l -xAlzAs  ep i tax ia l  layers  (12). Mol ten  KOH is a 
good dislocat ion e tchant  for  (001) GaAs (13, 14). 
Mol ten  KOH is also more  effective for  observa t ion  of 
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dis locat ion etch pi ts  on the  Ga l -~AlzAs  (001) face 
wi th  only a smal l  va lue  of x ( < 0.25) than  the e tch-  
ant  (H20/H202/CHsCOOH/HF).1  A gold crucible  is 
employed  for mol ten  KOH ins tead of fused si l icate 
glass or  p l a t i num because they  are  a t tacked  by  mol-  
ten KOH. Tempera tu re  of the  mol ten  KOH is con- 
t ro l led  at  360 ~ ___ 2~ by  using an A1-Cr thermocouple  
inse r t ed  into a gold tube.  The etch ra te  of the  GaAs 
(001) face is 0.40 ~m/min,  and etch pits  become ob-  
se rvable  a f te r  etching for 2-3 min. The etch pi t  pa t -  
t e rn  on the  ep i tax ia l  l aye r  of sampie  I is shown in 
Fig. 3. Similar ly ,  t ransmiss ion  x - r a y  topographs  of the 
a s -g rown  wafer  I I  and its etch pi t  pa t t e rn  are  shown 
in Fig. 4 and 5. There  is good agreement  be tween  the 
etch pi t  pa t t e rns  and the emergen t  end points  of the  
dislocations observed on the x - r a y  topographs.  

The  two nonequiva len t  ~ 1 1 0 ~  direct ions in the  
(001) g rowth  p lane  of a GaAs subs t ra te  have been 
dis t inguished wi th  the  diffract ion technique of Bar te ls  

The dislocations of types I-3 and II-3 have not been revealed as 
etch pits by the etchant (H~O/H~O2/CH~COOH/HF). 

and N iyman  (15) and  compared  wi th  hexagona l  e tch 
pits. The  resul t  is shown schemat ica l ly  in Fig. 6. 

Most dislocations in the  ep i tax ia l  l ayer  propagate  
f rom the subs t ra te  and can be classified into th ree  
types  according to the i r  x - r a y  images  and shapes of 
etch pits, a l though the t ypes  of the sample  I are  not  a l -  
ways  equiva lent  to the  types  of the sample  II. Many  
of t'he classified dislocat ions are  m a r k e d  wi th  three  
kinds of symbols,  i.e., capi ta l  let ters ,  smal l  let ters ,  and 
numbers .  A dislocat ion is m a r k e d  wi th  the  same sym-  
bol on the x - r a y  topographs  and etch pi t  pat terns .  

A careful  s tudy  of the  e tch pi ts  and topographs  as 
wel l  as compar ing the diffraction contras t  for a given 
dislocation under  different  diffract ion condit ions has 
led to the ident i f icat ion of the  fol lowing dis locat ion 
types:  Type  I - l ,  Dislocations associated wi th  the la rge  
hexagonal  etch pits  A, B, and C in Fig. 3 (a )  a re  
or ien ted  along the [001] g rowth  direct ion in the epi-  
t ax ia l  layer .  Dislocations A and B are  pa ra l l e l  to the  
[001] di rect ion in both subs t ra te  and layer .  Disloca-  
t ion C runs along the [110] d i rec t ion  in the subs t ra te  

Fig. 3. Etch pit pattern re- 
vealed on the epitaxial surface 
of the sample I by molten KOH 
at 360~ (x = 0.13 on the 
etched surface). 

Fig. 4. Transmission x-ray topographs of the as-grown epitaxial wafer Ih The conditions are similar to that of sample i 
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Fig. 5. Etch pit pattern re- 
vealed on the epitaxial surface of 
sample II by molten KOH at 
360~ (x - -  0.20 on the etched 
smut face. 

Etch Pit 

A / B 

,oo,, / ,,, /,,,,'71 
y .,'E~__.,_ . . . . .  /__/L]_ I 

H t | G 
( I t l )A  (i[I)A 

[0013 

EIT~03 [110"1 

Fig. 6. The relation between x-ray polarity of {111} planes (A- 
and B-face) and the hexagonal etch pit is shown schematically, 
where the growth direction is denoted as < 0 0 1 > .  

with __+ a/2 [~10] Burgers vector and abrupt ly  bends 
to the [001] direction in  the layer; Type I-2, The epi- 
taxial  part  of the threading dislocations b and c in 
Fig. l ( a )  and 2(a) are 60 ~ dislocations oriented along 
the [0T1] direction (L--D in  Fig. 6) with _ a/2 [110] 
Burgers vector. These dislocations correspond to the 
pyramidal  etch pits b and c in  Fig. 3; Type I-3, The 
small  arc-l ike images denoted with numerals  are epi- 
taxial  parts of threading dislocations with +__ a/2 
[~10] Burgers vector and correspond to the small  etch 
pits in Fig. 3. 

In  the case of sample II, stacking faults y and z 
are observed in  the x - ray  topograph shown in Fig. 
4(a) .  However, stacking faults are not always as- 
sociated with mel t -back  of the substrate and will not 
be discussed here. Type II-1, Dislocation associated 
with the large hexagonal  etch pit A in  Fig. 5(a) or 
5(b) corresponds to the blurred point- l ike  image with 
+_. a/2 [T10] Burgers vector in  Fig. 4(b)  and is ident i -  
cal with the type I - l ;  Type II-2, Etch pits a and d in  
Fig. 5(a) correspond to the similar  point- l ike images, 
but  are clearly dist inguished from the etch pit A. The 
epitaxial  parts of these dislocations a and d are near ly  
oriented to the [001] direction with _ a/2 [110] 
Burgers vectors; Type II-3, Dislocations denoted with 

numerals  correspond to t h e  s m a l l  e tch  pits  in Fig.  5, 
and their  epitaxial parts  are or i ented  to var ious  d i rec -  
t ions  in  Fig. 4. 

Discussion 
Etch pits on each epitaxial  surface of samples I and  

II are clearly classified into three types from their  
shapes and sizes. Their  sizes are main ly  associated 
with the incl inat ion of a dislocation so as to be s u p -  
ported from the results of the x - r ay  topographs. The 
dislocations of the type II-2 are near ly  oriented to the  
[001] direction, and sizes of their  etch pits are com- 
parat ively  similar  to that  of the type II-1, but  the 
shapes are similar to that  of the type I-2 rather  than  
the type II-1 or I-1. It has only rare ly  been reported 
that  the shape of etch pits depends on the kind of a 
dislocation (16). The geometry of the hexagonal  etch 
pit and polari ty of {111} planes (A- or B-face) are 
schematically shown in  Fig. 6. FUrthermore, etch pits 
on the (001) GaAs, Gaz-xAlxAs, and GaAsz-ySb~ by 
molten KOH under  the same condition are shown in 
Fig. 7 and this result  suggests that the shape of a 
hexagonal etch pit also depends on the component 
atoms. The shape of an etch pit depends on the etch- 
ing properties of some specific planes, the ar range-  
ment  of atoms on their  lattice planes, and the kinds of 
their  component atoms. Therefore, it  seems that  the 
dislocation of the type II-2 is clearly dist inguished 
from one of the type II-1. 

Et tenberg and Paff reported that  there is a perfect 
lattice matching between AlAs and GaAs at about 
900~ (17). Mismatch of this sample (x = 0.40 at the 
interface) is about 5 • 10-8% at 850~ which epi- 
taxial growth stops, and about  0.056% at room tem-  
perature. Moreover, there is some mismatch due to 
the different doping level. 2 Dislocations of the sub-  
strate propagate in  the epitaxial  layer under  this mis-  
match so that most of the substrate dislocations bend 
at the interface and propagate through the epitaxial  
layer  as one of the three types. A few dislocations of 
the substrate which accidentally belong to some of 
the three types pierce straight through the epitaxial  
layer  (A or a in Fig. 1). There are fewer dislocations 
of the type I-1 than  of the type I-2 or I-3, since dis -  

2 A wafer with a thick Te-doped GaAs epitaxial layer (~1017 
cm -8) of about 100 #m on the Te-doped GaAs substrate (~10 zs 
cm ~) has been concave in the growth direction in contrast to 
samples I and II, and its radius is about l0 m. 
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Fig. 7. Etch pit patterns (a), 
(b), and (c) revealed on the (001) 
face of the GaAs substrate, the 
Gao.s~AIo.l~As epitaxial layer, 
and the GaAso.93Sbo.o7 epitaxial 
layer by molten KOH at 360~ 
respectively. 

locations of the  type  I - t  a re  less effective in  the  r e -  
l axa t ion  of la t t ice  mismatch.  I t  seems tha t  the  differ-  
ence be tween  dislocations of the  type  I-2 and I-3 is 
associated wi th  the two nonequiva len t  <110>  di rec-  
tions in  the  (001) g rowth  plane (16, 18, 19). Most 60 ~ 
dislocations of the  type  I-2 have  Burgers  vector  ___ a/2 
[110] in the  (001) p lane  and are  or ien ted  to e i ther  
the  [101] or  [01"1] di rect ion ( IA or  LD in the  Fig. 6). 
Since the  ex t r a  (111) ha l f -p l ane  p robab ly  tends 
toward  the  subs t ra te  f rom the  la rger  la t t ice  constant  
of the  GaA1As, bo th  of t hem are  ~-dislocations.  They  
serve to re lax  the  mismatch  component  of the  __ [110] 
directions.  

On the contrary ,  most  dislocations of the  type  I-3 
have Burgers  vector  __ a/2 [110] and are  convex to 
the  _ [T10] direct ions in Fig. l ( b ) .  Therefore,  i t  
seems tha t  these dislocations are  ha l f - loop- l ike  dis-  
locat ion r a the r  than  hel ical  ones. They  re lax  the  mis-  
match  component  of the  __ [1-10] directions.  

O the r  wafers  wi th  var ious  ep i tax ia l  layers  ( > 8 #m 
in thickness,  x = 0.05-0.3) have been s tudied only by  
the etching technique because of the low resolut ion of 
x - r a y  topography.  For  example ,  etch pits  which  were  
revea led  on the Ga0.9~A10.05As l aye r  of a thickness  of 
about  10 ~m are  also classified into th ree  types  f rom 
the i r  sizes, though al l  e tch pits  are  hexagonal  due to 
the  smal l  A1 concentrat ion.  Consider ing the shift  of 
these e tch pits  b y  repe t i t ive  etching, the  difference 
be tween  sizes of these etch pits,  and  the i r  c rys ta l lo -  
g raph ica l ly  s imple s t ructures ,  dislocations of the  types  
I-1 and I-2 p robab ly  exis t  in the  Ga l -xAlzAs  ep i tax ia l  
layers.  

Since the  difference in ten t iona l ly  added  to the  sam-  
ple  IL is only  a poin t  of m e l t - b a c k  by  a t empera tu re  
r ise  of 3.8~ pr ior  to the  ep i tax ia l  growth,  the differ-  
ence be tween  the resul ts  of the  sample  I I  and I is 
ma in ly  caused b y  mel t -back .  Saul  has repor ted  the  
decrease  of etch pi t  dens i ty  in the  ep i tax ia l  l ayer  GaP 
owing to m e l t - b a c k  (20). He suggested the format ion  
of ha l f - loops  or  pa r t i a l  loops (21) due to the cl imb 
process by  many  vacancies or  interst i t ia ls .  I n  this case, 
all  dislocations of the  subs t ra te  which  intersect  to the  
in ter face  p ropaga te  to the  ep i tax ia l  layer .  Compar ing  
Fig. 1 wi th  Fig. 4, some i r r egu la r  dis tor t ions of la t t ice  
planes,  especia l ly  the  (i-10) plane,  are  guessed f rom 
many  uneven ver t ica l  s tr ipes.  I t  seems tha t  the  be -  
hav ior  of th read ing  dislocations in sample  II, t he re -  
fore, is pe r tu rbed  b y  local  distort ions,  whi le  the  be -  
havior  in sample  I is p robab ly  natural .  However ,  i t  is 
not  c lear  why  only  some types  of dislocations of the  
subs t ra te  p ropaga te  to the  ep i tax ia l  l ayer  and Whether 
this behavior  of th read ing  dislocations is the essential  
effect of mel t -back ,  though m e l t - b a c k  is perhaps  sub-  
ject  to mak ing  some localized stress. 

Conclusion 
Near ly  al l  dislocations in the Ga1-~AlxAs ep i tax ia l  

l a y e r  or ig ina te  f rom the  subs t ra te  and  few dislocations 

genera te  dur ing  the  LPE growth  except  some s tacking  
faul ts  in sample  II. Most of these th read ing  dis loca-  
tions bend at  the interface.  Thei r  ep i tax ia l  par t s  a re  
c lear ly  classified into three  kinds,  though the cor re -  
sponding subs t ra te  par t s  consist of var ious  kinds.  Most 
dislocations of the  subs t ra te  wi th  Burgers  vec tor  
• a/2 [110] and __ a/2 [1i0] p ropaga te  th rough  the 
epi tax ia l  l aye r  as E-dislocations and a rc - l ike  disloca-  
tions, respect ively.  For  t h e  sample  of the  subs t ra te  
wi th  m e l t - b a c k  pr io r  to the  ep i t ax ia l  growth,  most  
th read ing  dislocations also bend  at the  in ter face  and 
the dislocations or ien ted  nea r ly  to the  [001] di rect ion 
increase. 
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Chlorine Concentration Profiles in OJHCI and 
H O/HCI Thermal Silicon Oxides Using 

SIMS Measurements 
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and A. Hurrle and M. J. Schulz 1 
In~tffute /or Applied Solid State Physics of the Fraunho~er Society, 7800 Freiburg, Germany 

A B S T R A C T  

Chlorine concentrat ion profiles in  thermal  silicon o x i d e s  pr e par e d  in  
OJHC1 and H20/HC1 ambients  at 900~176 have been determined using 
secondary ion mass spectrometry (SIMS). The oxides represent  various 
processing conditions, including 0-10 v/o HC1 in the oxidizing ambient,  0.25- 
4.0 hr oxidation time, and 0.05-0.25 ~m oxide thickness. For  all OJHC1 oxides, 
chlorine is found to be piled up in the oxide in  a region less than 200A from 
the Si-SiO2 interface. The chlorine peak concentrat ion increases with in -  
creasing HC1 concentrations, oxidation temperatures,  and oxidation times. 
Highest concentrations are observed at ll00~ where values as measured in  
this invest igat ion range up to 2.4 X 1021 cm -a (3.5 a /o) .  No appreciable 
amount  of chlorine is ~ound in oxides prepared in  H20/HC1 ambients. These 
results are discussed in  relationship to previous investigations involving 
chlorine profiles, oxidation kinetics, and passivation properties oK cnmrme 
oxides. 

Recent work carried out in  these laboratories has 
dealt with the kinetics of silicon oxidation at 900 ~ 
l l00~ in  oxygen and water  ambients  containing small  
amounts  (1-10 v/o)  of HC1 (1-3). In  these and other 
studies (4-6) it was round that the addit ion of tiC1 
to the oxidizing ambient  increases the oxidation rate 
for dry 02, but  does not for H20. I t  has been reported 
that  for dry 02 ambients  some type of chlorine species 
remains  in the oxide in  a nar row region near the Si- 
SiO2 interface (7-10). This may result  from a reaction 
between O~ and HC1, whose reaction products also are 
probably responsible for the increased oxidation rate. 
Oxidized silicon samples prepared for Ref. (1) and 
(3) were evaluated using secondary ion mass spec- 
t rometry  (SIMS) analysis, and concentrat ion profiles 
of chlorine in the oxides were obtained. The results 
of this brief invest igat ion are reported, with special 
emphasis on process variable effects. 

Experimental 
Sample preparation.--As indicated above, the oxi- 

dized samples used in this evaluat ion were selected 
from those prepared in  previous oxidation kinetic 
studies (I, 3). They involved for the most par t  4-6 
~cm (111) n- type  silicon substrates wi th  oxide thick- 
nesses in  the range 0:05-0.25 ~m (the major i ty  of ox- 
ide thicknesses were about 0.10 ~m). Oxidation tem- 
peratures were 900 ~ 1000 ~ and ll00~ and 1-10 v/o 
HC1 was added to a dry O~ or pyrogenic H_90 oxidizing 
ambient.  Flow rates were controlled by calibrated flow 
meters. Other exper imental  conditions, procedures, and 
equipment  were described previously (1, 3). 

* Electrochemical Society Active Member. 
Present address: Institut for Angewandte Physik, 852 Erlan- 

gen, Germany. 
key words: SIMS, oxidation, spectrometry. 

Analysis technique.--The procedure and apparatus  
used ~or the SIMS analysis were similar  to those  re -  
ported  earlier ~or determining cesium profiles in  ther -  
m a l  oxiaes (11). Briefly, the sample being analyzed 
was sputter  etched using 8 keV Ar + ions at a rate  of  
12-16 A / m i n  as determined by crater  step measure-  
ments. Also, these rates have been verified by compar-  
ing the original oxide thickness measurement  with the  
position of the ~C1 + and 160+ profiles. The extracted 
secondary ion beam was mass separated by a quadru-  
pole spectrometer, and the ion current  of the species 
being investigated was measured as a function of time. 
The measurements  were performed at 2 • 10 -7 Tor t  
residual pressure while the argon part ial  pressure was 
5 • 10 -6 Tort. The depth resolution is estimated to be 
about 5% of the sputtered film thickness, or 50A for 
the typical 1000A oxide films. The secondary ion yields 
of C1 + in  SiO2 are less than a factor of 3 greater than 
in silicon, while the sput ter  rates in  Si and SiO2 differ 
by not mor e ' t ha n  10% under  these measurement  con- 
ditions (12). No evidence for charging effects on the  
C1 species due to the sputter  etcn proceaure was indi-  
cated. 

The chlorine concentrat ion was calibrated by im-  
p lant ing ~5C1+ into a silicon substrate and obtaining a 
SIMS profile as described above. From the known im-  
planta t ion dose and the measured profile, the concen- 
trat ion of 85C1+ at the ma x i mum of the distr ibution 
can be computed. An example of an implanted sili- 
con sample used for cal ibrat ion purposes is shown in 
Fig. 1. The solid curve is that  obtained by SIMS pro- 
filing and the dashed curve is that  calculated from 
the C1 + implanta t ion  conditions. The la t ter  were 40 
keV and 1 • 1015 cm -2 which results in a predicted 
peak concentrat ion of 1.9 X 10 ~~ cm -a. The method of 
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Fig. 1. Theoretical and SIMS chlorine concentration profiles of 
chlorine implanted into silicon (used for calibration purposes). 
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Fig. 2. Typical chlorine concentration profiles in thermally 
oxidized silicon. Oxides were prepared in a 5% HCI/O2 ambient 
at 900% 1000 ~ and 1100~ (1). Si~SiO2 interfaces are indicated 
by solid vertical lines. Profile of control oxide (no HCI) prepared 
at 1000~ is also  included. Insert shows concentration profiles of 
CI and O in thermal oxide prepared at 1100~ in 3% HCI/O2 am- 
bient. 

calcula t ing the  curve  d i s t r ibu t ion  and fi t t ing i t  to the 
expe r imen ta l  curve  was tha t  repor ted  b y  Gibbons et  al. 
(13) and also used prev ious ly  (12). I t  can be observed 
f rom Fig. 1 tha t  a r easonab ly  good fit is ob ta ined  ex-  
cept  at  the  si l icon surface. If  both  the  expe r imen ta l  
and theore t ica l  sources of er rors  a re  considered, i t  is 
p red ic ted  tha t  dep th  er rors  due to curve broadening  
should not  be more  than  ___ 5%. The  va l id i ty  of this 
assumpt ion is discussed in the  Discussion Section. 

Results 
Dry O~/HCl.--Typical chlorine concentra t ion profiles 

a re  shown in Fig. 2. These  results,  also t abu la ted  in 
t e rms  of peak  concentrat ions  in Table  I, a re  for oxides 
p repa red  in 02/5% HC1 mix tures  at  three  t empera -  
tures. Also included in Fig. 2 is a chlor ine  profile for 

Table I. Chlorine peak concentrations in silicon oxides prepared 
in 02/5% HCI mixtures at three temperatures 

[4-6 ~-cm, (Iii), n-type silicon] 

C1 
Oxio Oxi- Oxide  p e a k  CI p e a k  

dation d a t i o n  t h i ck ,  ha l f -  conc.  in  
t e m p .  t i m e  ness  w i d t h  ox ide  
(~ ( h r )  (/~m) (A)  (102O/cm 3) 

900 4.0 0.090 200 2.1 
1000 1.0 0.086 150 5.3 
I100 0.5 0.119 150 21 
1000 2.0 0.105 - -  0.35 

( n o  HCI) 

an oxide control  p r epa red  wi th  no HC1 addit ion.  
Oxida t ion  t imes were  selected so tha t  oxide  th ick-  
nesses would al l  be in the 0.10 ~m range.  The app rox i -  
mate  posi t ion of the in ter face  be tween  the SiO2 l aye r  
and the subs t ra te  is indica ted  in  the figure by  ver t ica l  
lines. The de te rmina t ion  of this in ter face  is based on 
the  known  oxide thickness.  The in te r face  posi t ion was  
also verified in the  SIMS profiles by  moni tor ing  the 
oxygen concentrat ion.  Such a plot  of both  C1 and O 
concentra t ion profiles is inc luded as an inser t  in Fig. 
2. This helps confirm tha t  the  chlor ine  is essent ia l l ly  
p i led  up in the  oxide  near  the Si-SiO2 interface.  I t  is 
un l ike ly  that  any  chlor ine  extends  into the  silicon, a l -  
though it would be difficult to te l l  because of a • 50A 
unce r t a in ty  of the  dep th  resolut ion  in  the  measu re -  
ment.  The increas ing chlor ine  peak  concentra t ion  wi th  
oxidat ion  t empe ra tu r e  is obvious in both  Fig. 2 and 
Table I. 

The o ther  t rends  re la t ing  chlor ine  peak  concent ra -  
tions to O2/HC1 oxida t ion  var iab les  are  indica ted  in 
Tables  II  and III. A sl ight  cor re la t ion  of C1 concent ra-  
tion in the oxide wi th  increas ing HCI content  in the  
oxidizing ambien t  a t  1000~ is observed in  Table  II. A 
more severe  increase  in C1 concentra t ion wi th  HC1 
content  is noted at  l l00~ in the same table.  Table  I I I  
shows the effect on chlor ine  concentra t ion  at  two t em-  
pe ra tu res  due to increas ing oxidat ion  t imes (and ox -  
ide th icknesses) .  HC1 concentra t ion in 02 was 5% at  
1000~ and 3% at l l00~ At  both  tempera tures ,  the  
longer  t ime, th icker  oxide  resu l ted  in h igher  peak  
chlor ine concentrat ion,  wi th  the  l a rge r  effect be ing  ob-  
served at  l l00~ Two peak  concentra t ion values  a re  
l is ted for  the  1 h r  sample  at  l l00~ due to a g rea te r  
var ia t ion  of this pa r t i cu la r  measurement .  

Included in Tables I - I I I  are  the  es t imated  widths  of 
the chlor ine  peaks  in the  oxides.  They are  represen ted  
by  chlor ine  peak  ha l f -widths .  In  al l  cases these th ick-  
nesses range  f rom 100 to 200A, wi th  the  m a j o r i t y  be -  
ing about  150A. 

One o the r  comparison was made  which  was be-  
tween (111) and (100) or ien ted  silicon. Since only  
one (100) sil icon oxide  was profiled, the  da ta  a re  not  
tabula ted.  The resul ts  are  surpr i s ing  and mus t  be r e -  
peated.  Essential ly,  i t  was found tha t  a (100) sil icon 
oxide dupl ica t ing  the condit ions of the  l l00~ 02/3% 
HC1, 1 h r  (111) oxide  t abu la t ed  in  the  las t  l ine  of 
Table  I I I  has a peak  chlor ine  concentra t ion of 12.5 • 
1020/cm 3, less than  e i ther  value  ob ta ined  (15 and 23.7 
• 1020/cm ~) for  the (111) oxide. Yet  the oxide  th ick-  

Table II. Chlorine peak concentrations in silicon oxides prepared 
in various OJHCI mixtures at 1000 ~ and 1100~ 

[4-6 s (111), n-type silicon] 

HCI Oxi- Oxi- Oxide Cl peak CI peak 
content dation dation thick- half- conc. in 
in O2 temp. time ness width oxide 
(v/o) (~ (hr) (/~m) (A) (10SO/cm,) 

1 1000 2.0 0.117 170 5.0 
5 1000 1.0 0.086 150 5.3 
10 1000 1.0 0.095 125 5.8 
3 1100 0.5 0.1115 150 7.5 
5 1100 0.5 0.119 150 21 

Table III. Chlorine peak concentrations in silicon oxides prepared 
for various times in O2/3 and 5% HCI mixtures at 1000 ~ and 

1 i00~ 
[4-6 s (iii), n-type silicon] 

CI 
Oxi- Oxi- HCI Oxide peak CI peak 

dation dation content thick- half- conc. in 
time temp. in O= ness width oxide 
(hr) (~ (v/o) (/~m) (A) (102~ a) 

0,25 1000 5 0.0395 100 3.1 
0.5 1000 5 0.056 150 3.1 
1.0 1000 5 0.086 150 5,3 
0,25 1100 3 0.079 125 5.7 
0.5 1100 3 0.1115 150 7.5 
1.0 1100 3 0.173 140 15, 23.7 
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Fig. 3. Typical chlorine concentration profiles in thermally 
oxidized silicon. Oxides were prepared in a 5% HCI/H20 pyro- 
genic ambient at 900 ~ 1000 ~ and 1100~ (3). Oxides are approxi- 
mately 1200A. thick, except for 1100~ oxide which is not all shown 
in figure. Profile of control oxide (no HCI) prepared at 1000~ is 
also included. 

nesses are near ly  the same and the chlorine peak half-  
widths are identical. 

H20/HCI.--Chlorine concentrat ion profiles were ob- 
ta ined for oxides prepared in pyrogenic H20/5% HC1 
mixtures  of 900 ~ 1000 ~ and 1100~ A control oxide 
with no HC1 addit ion was included. Result ing profiles 
are shown in Fig. 3 and the data are tabulated in 
Table IV. The first fact apparent  is that  no real C1 
peaks are evident  in  the profiles. Further ,  the chlorine 
concentrat ions across the oxide layers are near ly  the 
same as the background in the control. The one excep- 
tion is the 900~ oxide where the C1 concentrat ion ap- 
pears to increase at the oxide surface to 2.5 X 1020/ 
cm ~. It is believed that  this exception is due to an 
impur i ty  other than  chlorine at the oxide surface (or 
some other artifact) and is similar to the 1000~ dry 
02 profile in Fig. 2. In  any event, the H20 oxides pre-  
pared under  the above conditions apparent ly  do not 
incorporate any  significant amount  of chlorine. 

Discussion 

Several  trends may be noted regarding the depen- 
dence of the peak chlorine concentrations on process 
conditions used to prepare the thermal  silicon oxides. 
First, the chlorine peak height increases with oxidation 
temperature.  Also, a t rend of increasing chlorine con- 
centrat ion with HC1 content  in the oxidizing ambient  
is evident. Final ly,  increasing oxidation t ime or oxide 
thickness results in increased peak heights at a given 
HC1 percentage or oxidation temperature.  In  all these 
cases the greatest change occurs at l l00~ and under  
the more severe conditions of oxidation t ime or HC1 
concentrat ion at this temperature.  For oxidation in 
HzO/HC1 mixtures, the chlorine apparent ly  does not 
enter  into the oxidation process nor  is any appreciable 
chlorine incorporated into the oxide for the conditions 
investigated. The relationship of these trends to the 
oxidation kinetics or to other properties of the oxide 

Table IV. Chlorine peak concentrations in silicon oxides prepared 
in H20/5% HCI m~xtures at three temperatures 

[4-6 ~t-cm, (111), n-type silicon] 

C1 
Oxi- Oxi- O x i d e s  p e a k  C1 p e a k  

dat ion  dat ion  th ick-  hal f -  cone.  in  
t e m p .  t i m e  n e s s  w i d t h  oxide  
(~ ( h r )  (~m) (A) ( 1020/era 3) 

900 0.5 0.113 ~ 0.35 
1000 0,15 0.130 ~ 0.20 
1100 0.15 0.237 - -  0.20 
1000 0,15 0.122 - -  0.10 

(No HCI) 

will  be discussed below, along wi th  the possible si l icon 
orientat ion effect. 

These chlorine concentrat ion profiles in  oxides  pre-  
pared in O2/HC1 ambients  can be compared with re-  
sults reported by other investigators. Most of the pre-  
viously reported profiles have been carried out using 
Rutherford backscattering of alpha particles, such as 
Meek (7), van der Meulen et al. (9), and Butler  et al. 
(10). Kriegler  et al. (8) have used the SIMS technique 

to determine C1 profiles at 1150~ as a funct ion of per-  
cent HC1 in  O2 (2.5-4.0%), al though their  chlorine 
concentrat ions in the oxide are reported only in  arbi-  
t rary  units. For  the above backscattering analyses, 
the peak concentrations reported range from 2 • 1020/ 
cm 3 to 2 • 1021/cm 3. If the exact oxide preparat ion 
procedures are considered, all these results are in rea-  
sonable agreement  with those reported here. For in-  
stance, van der Meulen et al. (9) report  chlorine con- 
centrat ions for 0.1 ~m oxides prepared at temperatures  
ranging from 900 ~ to 1150~ which are similar to the 
present  values, in  that  peak concentrations increase 
from <3 • 1019 "to 8.4 • 1020/cm 3 for 9 v /o  HCI in  
O~. All  these profiles indicate a pileup of the chlorine 
in the oxide near  the Si-SiO2 interface, and of peak 
concentrat ion half-widths of less than  200A. 

Even with the apparent  agreement  between these 
chlorine concentrat ion and peak-width  values and pre-  
vious backscattering results, some caution must  be 
exercised. As more sophisticated and accurate analy t i -  
cal techniques are being developed, thickness d imen-  
sions related to the Si-SiO2 interface are found to be 
less than previously assumed (14). Also, the cal ibra-  
tion of absolute concentrat ions such as reported here 
is very difficult. Therefore values reported for both 
C1 peak concentrat ions and widths must  be con- 
sidered as pre l iminary  unt i l  more accurate measure-  
ments  can be carried out. The relat ive values and 
their dependence on process variables can be consid- 
ered significant, however. 

The chlorine profile results obtained in this work 
may also be compared with oxidation kinetic effects 
and alkali passivation properties of chlor ine-containing 
oxides. If the increased oxidation rates of silicon in 
O2/HCI mixtures  reported previously (i, 4) are consid- 
ered, no direct correlation between chlorine incorpora-  
tion in the oxide and oxidation rate constants can be 
observed. Rather the kinetic data in Fig. 4 and 5 of Ref. 
(1) would indicate a more direct relationship between 
the parabolic rate constant B and HC1 content  in  the 
oxidation ambient.  The l inear  rate constant  at a given 
temperature  is independent  of HC1 concentrat ion above 
1-3%. For H20/HC1 oxidations (3) no increase in  oxi- 
dation rate is observed and no significant chlorine 
incorporat ion in the oxide occurs over the tempera ture  
and HCI concentrat ion ranges investigated. This is 
more of a negative correlation. 

Unlike the oxidation kinetics, the alkali  passivation 
properties appear to be related to the chlorine content 
as reported by Kriegler  (15) and Rohatgi (16). Even 
so, while the abil i ty of the chlorine to complex alkali 
ions depends on the peak chlorine concentrat ion above 
a certain level, certain concentrat ion regions are noted 
where passivation is not complete or even par t ia l ly  
effective (16). On the other hand, the presence of any 
type of chlorine species in the oxidizing ambient,  02 or 
H20, appears to provide cleaner, more stable oxides, 
while oxide fixed charge and interface state density are 
apparent ly  not affected by even the highest chlorine 
concentrations (2-3). All of these findings lead to the 
conclusion that a bet ter  unders tanding  of the chlorine 
passivating effect is needed. 

One result  obtained in  this invest igat ion is not un -  
derstood and this concerns the differences in chlorine 
content between (111) and (100) silicon orientation. 
The data must  be considered very p re l iminary  since 
only one (100) oxide chlorine profile was evaluated. 
The fact that  a greater  peak chlorine concentrat ion 
was observed for (111) silicon as (100) for the same 



Vol. 125, No. 12 CHLORINE CONCENTRATION PROFILES 2027 

oxidation conditions is surprising.2 This is especially 
true when it is considered that at ll00~ where the 
o r i e n t a t i o n  effect on chlorine concentration was noted, 
the oxidation process is nearly independent of silicon 
orientation. More comparisons will have to be made 
to verify if such an effect is real. If it is, some relat ion- 
ship between chlorine concentration and the linear oxi- 
dation rate constant and/or  interface charges may 
exist. This would suggest a possible complexing of the 
chlorine species within the so-called SiOx interface 
region, which has been found to depend on silicon 
orientation (17). 

Summary 
C~dorine concentration profiles in silicon oxides pre-  

pared in O2/HC1 and I-I20/HC1 ambients have been 
obtained using secondary ion mass spectrometry 
(SIMS). The dependence of these profiles on process 
variables involved with the oxide preparation has been 
determined. These variables included oxidation tem- 
perature (900~ oxidizing ambient (O2 and 
H20), HC1 content in ambient (0-10 v/o) ,  oxidation 
time (0.25-4.0 hr) ,  and silicon orientation [(111) and 
(100)]. Oxide thickness over these conditions ranged 
from 0.05 to 0.25 ~m. 

Results are in general agreement with those reported 
previously by other investigators using different ana- 
lytical methods. Essentially, a chlorine species piles up 
in the oxide over a region about 150A wide or less 
near the Si-SiO2 interface in the case of O2/HC1 oxi- 
dations. The chlorine peak concentration, ranging from 
2 to 20 X 102~ 3 as measured in this investigation, 
increases with oxidation temperature, oxidation time, 
and HC1 content in O2. The effects are more severe at 
ll00~ Little or no chlorine incorporation in the oxide 
is noted for H20/HC1 oxidations up to ll00~ and 5% 
HCI. The chlorine profile results do not appear to cor- 
relate directly with oxidation kinetic data obtained for 
O2/HC1 mixtures, but some correlation is evident for 
alkali  passivation properties reported by other investi- 
gators. An apparent dependence of chlorine incorpora- 
tion in the oxide on silicon orientation has been ob- 
served, but the validi ty of this result  must be verified. 
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ABSTRACT 

The condit ions to be met  to achieve cathodic deposi t ion of c o m p o u n d s  or  
al loys of wel l -def ined s toichiometr ic  composit ion are  discussed. If  the  d e p o s i -  
t i on  ra te  constants  of the  components  a re  of the  same order ,  two classes of 
codeposit ion have  to be dis t inguished,  differing in whe the r  the  difference 
in e lectrode potent ia l  of the  ind iv idua l  components  is l a rge r  (class I) or  
smal le r  (class II)  than  the  shif t  in e lect rode po,tential of e i ther  component  
as a resul t  of compound or  a l loy formation.  In  the former  case the  potent ia l  of 
the  deposi t  is de te rmined  by the less noble component  over  th e  en t i re  com- 
posi t ion range,  the  deposi t ion potent ia l  shif t ing monotonica l ly  wi th  composi-  
tion. In the l a t t e r  case the role of po ten t i a l -de te rmin ing  species m a y  shift  I rom 
one component  to the  o ther  a t  an in te rmedia te  composition, the  deposi t ion 
potent ia l  at  this composit ion being more  posi t ive than  tha t  of e i ther  of the  
components  when deposi ted individual ly .  F o r  class I, quasi  res t  p o t e n t i a l s  
uniquely  character ize  the  deposits. For  class I I  different  deposi ts  m a y  have 
the same quasi rest  potential .  Compounds are  s table in e lect rolytes  wi th  la rge  
concentrat ions  of the  normal  ions of one of the  components  in the absence of 
nonmeta l  complexes necessary to make  cathodic deposi t ion of t h e  c o m p o u n d s  
possible. If the potent ia l  is not  de te rmined  by adsorbed noncomponent  species, 
the  potent ia ls  a re  de te rmined  by  the normal  ions, the  concentrat ions  of  which 
are  l inked  by  solubi l i ty  products.  

Cathodic codeposit ion of different  e lements  wi th  
format ion  of meta l l ic  al loys or compounds f rom aque-  
ous e lectrolytes  has been known for a long t ime (1). 
Nonmeta ls  such as S, So, To, and As and semimeta ls  
such as Sb and Bi can be deposi ted ca thodical ly  f rom 
solutions of complex ions or molecules (2) and ca th-  
odic codeposit ion of one of these elements  and metal l ic  
e lements  wi th  the  format ion  of compounds may  the re -  
fore also be possible. Examples  are  found in the fo rma-  
tion of CdSe and Ag2.Se (3), N i -P  and Co-P alloys 
(4), and Cu~-xAs (5). 

In terac t ions  be tween the components  in the deposit  
usua l ly  shif t  the  deposi t ion potent ia l  of the  deposi t  
to values tha t  a re  posit ive re la t ive  to the deposi t ion 
potent ia l  of the less noble component  ( induced co- 
deposi t ion)  (6). In  some cases, e.g., for Ni, Sn alloys 
(7), the deposi t ion potent ia l  is posi t ive even re la t ive  
to tha t  of the noble component,  an effect tha t  so far  
r emained  unexp la ined  (8). 

In this paper  the  the rmodynamic  basis of codeposi-  
t ion and the na tu re  of the po ten t i a l -de te rmin ing  spe-  
cies a re  considered and on this basis an explana t ion  
of the  observed effects is a r r ived  at. No at tent ion is 
pa id  to the  poss ibi l i ty  of hydrogen  discharge.  

Theoretical 
The e lec t rode  potent ia ls  a t  which  codeposi t ion is 

possible are  equal  to the quasi  rest  potent ia ls  (QRP) 
of the a l loy  or  compound plus a polar iza t ion  which 
increases wi th  increas ing cur ren t  density.  The QRP 
is defined as the  potent ia l  of the deposi t  re la t ive  to 
the  elec t ro ly te  wi th  act ivi t ies  of po ten t i a l -de te rmin ing  
species as they  are  at  the  so l id-e lec t ro]yte  interface 
dur ing  deposition. The polar izat ion is es tabl ished 
wi th  a r e laxa t ion  t ime ~ -~ 10 -~ sec. Therefore  the 
QRP can be de te rmined  expe r imen ta l ly  by measur ing  
the e lect rode potent ia l  ~ 10 - s  sec af ter  in te r rup t ion  
of the  deposi t ion current .  Fu r the r  changes of poten-  
t ia l  occur when the composit ion of the e lect rolyte  
at  the  in terface  changes back to the bu lk  value,  a 
process wi th  a r e laxa t ion  t ime of seconds. Equ i l ib ra -  

* Electrochemical Society Active Member. 
Key words: cathodic deposition, alloy deposition, quasi rest po- 

tential, potential-determining species. 

t ion of the deposi t  wi th  the e lec t ro ly te  of bu lk  com- 
posi t ion m a y  and usual ly  does cause a marked  change 
in the surface composit ion of the deposit,  changing 
the QRP to a rest  potent ial .  Quasi rest  potent ia ls  
are  impor t an t  for charac ter iz ing  the bu lk  of the de-  
posit. They arise as a resul t  of the in te rp lay  of four  
factors:  (i) the  equ i l ib r ium potent ia ls  of the com- 
ponents (which m a y  be wide ly  di f ferent) ;  (ii) the 
in terac t ion  os the  components  when forming the a l loy 
or compound;  this in terac t ion  changes the ac t iv i ty  of 
the components  in the deposit  to an extent  dependent  
on the exact  composit ion of the deposit ;  (i/i) the 
values os the  act ivi t ies  of ionic species in the  e lect ro-  
ly te  at  the in terface  s01id-electroiyte dur ing  deposi-  
t ion (which m a y  be m a r k e d l y  different  f rom those 
in the body of the ba th) ,  and (iv) the  re la t ive  mag-  
n i tude of the exchange currents  of the components  
in the deposit.  

I t  wil l  be assumed that  the QRP is an equi l ib r ium 
potent ia l  re la t ive  to an e lect rolyte  of the composit ion 
as i t  is at  the  depos i t -e lec t ro ly te  in terface  dur ing 
deposition. This is not  comple te ly  correct,  for there  
is no complete  equi l ib r ium immedia t e ly  af ter  in te r -  
rup t ion  of the current ,  but  i t  wi l l  give us some in-  
dicat ions of wha t  is to be expected.  With  this assump-  
tion, the  first three  factors can then be taken  into 
account by  express ing the e lect rode potent ia ls  of the 
components  in te rms of the act ivi t ies  of ionic or  
molecular  species in the e lec t ro ly te  at  the in terface  
and the act ivi t ies  of the components  in the  deposit. 
The former  can often be approx ima ted  by  the con- 
centra t ions  as they  are  at  the interface,  but  the l a t t e r  
are  usua l ly  ve ry  different  from the concentrations.  

Let  us consider  a compound MrNs for  which depo-  
sit ion of component  M involves m electrons, that  of 
component  N n electrons. The quas i - res t  potent ia ls  o f  
M and N then are  

RT 
EM --~ EM ~ -}- ~ In (aMm+/aM) [1] 

mF 

RT 
EN = EN ~ ~- In (aN,~+/aN) [2] 

n F  

2 0 2 8  
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Here aMm+ and aNn+ are activities of the species 
M m+ and N n+ in the electrolyte at the interface dur ing 
deposition and aM and aN are the activities of M and 
N in the deposit. Without loss of general i ty it may 
be assumed that  M is less noble then N, i.e., EN ~ ~ EMo. 

The activities aM and aN Of M and N in  the deposit 
are related through 

rM(s)  4 - sN(s )  ----MrNs; G [3] 

where G is the Gibbs free energy increment  of the 
reaction. In  equi l ibr ium 

aMrNJaMraN" = exp ( - - G / R T )  [4] 

or, since aMrNs ~ 1 

aMmaN s = exp ( G / R T )  [5] 

A large aM gives rise to a small  aN, and vice versa. 
Limit ing values of aM and aN are determined by the 
corresponding activities in  coexisting phases in  the 
phase diagram. In  the simplest case MrNs is the only 
compound in  the system, M in coexistence with the 
compound is almost pure M, and N in  coexistence 
with the compound is almost pure N. 

At the two-phase boundaries  we then have respec- 
t ively aM = 1, aN = e x p ( G / s R T ) ,  and aN -- 1, aM ---- 
exp ( G / r R T ) .  

The var ia t ion of aM and aN over the existence range 
of the compound gives rise to a corresponding var ia-  
t ion in  the quasi rest potentials of M and N, the total 
variat ions being, respectively 

hEM ---- - - G / r m ~  [6] 

hEN -- - - G / s n F  [7] 

Since G < 0, these variat ions are such that  the poten- 
tials of both components become more positive (i.e., 
more noble) when  their  activity decreases. 

A homogeneous deposit with two components at a 
given, composition and the aM and aN corresponding 
to that composition can have only one potential. In  
the absence of potential  de terminat ion  by adsorption 
of noncomponents  such as H +, OH- ,  SH- ,  etc., this 
potential  is the result  of exchange processes between 
the electrode and the electrolyte involving the two 
components, the effects of the components individual ly  
depending on their relat ive contr ibutions to the ex- 
change current.  These contr ibut ions in t u rn  are equal 
to the product  of characteristic rate constants and 
appropriate powers of the activities of the involved 
ionic or molecular  species at the solid-electrolyte 
interface (9). 

Two possibilities exist: The rate constants of the 
exchange currents  for the two components are of the 
same order of magnitude,  or these quanti t ies are 
widely different. In  the former case both species have 
equal weight in de termining the potential  and a change 
between their  indiv idual  contr ibutions can only occur 
as a result  of a change of the activities of species in 
the electrolyte and the corresponding change in  the 
deposit. In the lat ter  case one of the components may 
be potential  de termining under  all conditions. For  
an exact quant i ta t ive  t rea tment  of this problem it is 
necessary to have detailed knowledge of the kinetics 
of processes by which charge t ransfer  for the various 
components takes place. In  the absence of such know-  
ledge it can be stated, however, that  a species present  
at the interface at a concentrat ion close to zero cannot 
be expected to play a major  role in the establ ishment  
of the potential:  It cannot be a potent ia l -de termining  
species. 

Systems is Which the Rate Constants of the Exchange 
Currents of Individual Components Are of the 

Same Order of Magnitude 
Since a deposit of one composition can have only 

one quasi rest potential,  always 

2029 

EMrNs ---- EM "- EN [8] 

This equal i ty  leads to a relat ion between the concen- 
trations of 1Vi m+ and N n+ in the electrolyte at the 
interface electrolyte-deposit,  and this in tu rn  deter-  
mines the ratio in  which the various species contr ibute 
to the exchange current,  i.e., which is the ma in  poten- 
t i a l -de te rmin ing  species. El iminat ion  of EM and EN 
from [1] and [2] with the aid of [8] gives 

RT 
,, In (aMm+I/m/aNn+ 1/") -- (EN ~ -- EM ~ 

F 
RT 

+ In (aM1/mlaN l/n) [9] 
F 

Or, at the MrNs-M phase boundary  

R T  G 
In (aMm+l/m/aN~+l/n) ---- (EN ~ -- EM ~ -- 

F nsF 
[10] 

and at the MrNs-N phase boundary  

R T  G 
~ l n  (aMm+ll~n/aN~+l/n) -- (EN ~ --  EM ~ 4- turF" 

F 
[11] 

,Since we assumed (EN ~ -- EM ~ > 0, while G < 0, 
[10] indicates that at the M boundary  always aMm+ 
~ ann+, i.e., the less noble component M is the po- 
ten t ia l -de te rmin ing  species. At the N boundary,  how- 
ever, [11] indicates that  two cases have to be dis- 
t inguished, dependent  on whether  (EN ~ -- EM ~ > 
or < G/mrF.  

Class I. (EN o -- EM ~ > ]G/mrF]; aMm+ > >  ann+, 
though the ratio aMm+/aNn+ is not as large as at the 
M boundary.  M remains the potent ia l -de termining  
species over the entire deposition range. 

Class II. (EN ~ -- EM ~ < IG/mrFI;  aN n+ > >  aM m+ 
and N is the potent ia l -de termining  species. Evident ly  
in this case the potent ia l -de termining  species changes 
from M at the M side of the system to N at the N 
side, the cross-over occurring near  the point  where 
the contr ibutions of M and N to the exchange current  
are of the same order; at and near  this point both M 
and N are involved in determining the potential. 

As ment ioned earlier, the individual  potentials be- 
come more positive when  the activity of the species 
in  the deposit decreases. 

The var iat ion of the potentials of M and N with 
aM and aN, calculated for constant  values of aMm+ 
and aN n+ equal to one are shown in Fig. 1A and 
Fig. 2A for classes I and II, respectively. These fig- 
ures do not represent  the si tuat ion in the plat ing bath 
at the interface deposit-electrolyte dur ing  deposition 
bu t  they indicate in  what  way  differences in  nobil i ty  
of the two components are affected by their  interac-  
tion in the deposit, show which species must  be 
expected to be potential  determining,  and help us 
to compose an electrolyte from which codeposition 
will be  possible. 

Class / . - - I n  the si tuat ion depicted in  Fig. 1A, M 
is the potent ia l -de termining  species for all possible 
compositions of MrNs. Codeposition of the noble N 
and the less noble M in the ratio s:r  is possible from 
one solution if this solution contains N species at a 
low concentrat ion and M species at a large concen- 
tration, for only under  such conditions is it possible 
to reduce the concentrat ion of N "+ ions relat ive to 
that of M m+ ions at the interface as required by 
[10] and [11] and make codeposition of M and N 
possible. Application of a potential  somewhat  more 
positive than that which would be required to deposit 
pure M from the electrolyte in  the absence of N 
species preferent ia l ly  deposits N; owing to the in ter -  
action between N and M, each N that  is deposited 
makes possible the deposition of r / s  M. Deposition 
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Fig. I .  Equilibrium potentials E of M ond N os o function of the 
activities a M and a N relative to an electrolyte with aMm+ = 
ann+  - -  1 for class I (A) and the corresponding current-cathode 
potential curve for deposition of MrN s from an electrolyte wlth 
aMm+ ~ 1, aNn+ < <  1 (B). The current value of the plateau is 
proportional to ann+ .  
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Fig. 2. Equilibrium potentials E of M and N as a function of 
a M and a N relative to an electrolyte with aMm+ = aNn+ = 1 
for class II (A) and current-cathode potential curves for deposition 
of MrN s (B) from electrolytes with aMm+ ---- 1 < <  aNn+ (a), 
aMm+ < <  a n n +  ~ 1 ( b ) ,  a n d  a M m +  ~ a~n+ ~ 1 ( c ) .  
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of N exhausts the electrolyte at the interface from 
the species N n+ and creates a si tuation in  which 
cont inuing deposition requires t ranspor t  of N ~+ from 
the bu lk  to the interface by diffusion through a th in  
electrolyte layer  close to the interface, i.e., the so- 
called diffusion layer, the thickness of which depends 
on agitat ion (st irr ing or convection).  Deposition of 
M also tends to decrease the concentrat ion of M "~+ 
at the interface. However, since aMm+ > >  ann+, this 
reduct ion is re la t ively unimportant ,  the NI "~+ concen- 
t ra t ion remaining  practically the same as in  the bulk. 
This means that the QRP of MrN,, determined by 
M m+, remains  given by [1] with aMm+ close to the 
value characterizing the bu lk  of the solution. The 
potential  of N remains  in l ine with [2] by the forced 
reduction of ann+ at the interface to make EM ---- EN. 

At a given bulk  electrolyte composition, the exact 
value of the ratio r/s can be varied through current  
density and /or  rate of stirring, an increase of current  
density increasing r/s, an increase of the rate of 
s t i rr ing (which makes the diffusion layer th inner)  
decreasing r/s. On the other hand, at given current  
density and st i rr ing rate, increase of the M concen- 
t ra t ion in  the electrolyte favors formation of M-rich 
deposits, increase of the N concentrat ion in the elec- 
trolyte favors formation of N-r ich  deposits. 

For  a given electrolyte composition, the i-Edep 
characteristic has the form schematically shown in  
Fig. lB. After a gradual  increase of i at low electrode 
potentials where the interface activity aNn+ is grad-  
ua l ly  reduced, a pla teau is reached when the in te r -  
face value of ann+ is reduced to zero. A sharp in -  
crease of i occurs at a critical large potential  where 
deposition of pure M becomes possible. Owing to the 
relat ively large concentrat ion of M m+ in  the electro- 
lyte, sa turat ion of the M deposition by formation of 
a diffusion layer  with (aMm+)interfaee ~ 0 will occur 
only at extremely large values of i and has not  been 
included in  the figure. If the concentrat ion of M m+ 
in  the electrolyte is ~ 1 normal,  the QRP's of the 
various possible products MrNs (with slightly vary-  
ing values of r/s)  are as shown in Fig. 1A, covering 
a potential  range of width G/turF at the positive 
side of EM ~ The corresponding deposition potentials 
are shifted to the negative side relat ive to the quasi 
rest potentials by the polarization which increases 
with increasing current  density. The polarization has 
two components, the polarization proper of the de- 
posit at the interface with the electrolyte and an  iR 
drop in  the cur ren t -ca r ry ing  par t  of the circuit used 
to measure electrode potential.  The iR drop is neg-  
ligible for deposition of metals on a metall ic electrode 
but  ma y  become appreciable for deposition of semi- 
conducting compounds on a semiconducting electrode 
(e.g., CdS on glass covered by SnO2:Sb or In203:Sn).  
In  that  case R ---- Rbase --}- Rdeposit with Rdepo6it propor-  
t ional to the thickness of the deposit. Since deposition 
of iVs involves deposition of both M and N, in ter -  
action between M and N has made possible the depo- 
sit ion of component Yl at potentials that  are more 
positive than  that  required to deposit pure M. N 
induces deposition of the less noble component [Bren-  
ner  (6): induced codeposition]. Note that  two-phase 
deposition of M + M~Ns or N + MrNs occurs at 
specific potentials or current  densities. Examples of 
class I alloys are CdS, CdSe, and CdTe, with Cd the 
po ten t ia l -de te rmin ing  species; e.g., for CdS, Ec~ o _-- 
--0.403V vs. NHE, Es o (from H~SOs) -- 0.449 vs. 
NHE, - -  (Gcds)29s ---- 140.4 kJ /mole  (10). Hence --Gcds/  
2F --_ 0.726V < (Es o -- Ecd o) = 0.852V. Similar  con- 
siderations apply to CdTe (11). 

Class II: The variat ion at s tandard values of aM,n+ 
and ann+ of the individual  potentials of M and N 
with aM and aN corresponding to class ~I is shown 
in Fig. 2A. Interact ion again shifts both potentials 
to more positive values, but  now M has the most 
negative potential  at large aM, N has the most n e g a -  
tive potential  at small  aM (---- large aN), equali ty of 
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potent ia ls  (at  s t andard  values of aMm+ and aNn+) 
occurr ing somewhere  in between.  For  e lect rolytes  
wi th  different  values  of the ion act ivi t ies  the curves 
have  to be shif ted accordingly.  

In  the  range  where  M has the most negat ive  poten-  
tial,  Eq. [10J shows that  under  QRP condit ions ann+ 

0, M being the po ten t i a l -de te rmin ing  species. In  
the  range where  N has the  most  negat ive  potent ial ,  
[11] shows tha t  aMm+ ~ 0 and N is the po ten t ia l -  
de te rmin ing  species. In  this case deposi t ion of M-r ich  
products  requires  an e lec t ro ly te  wi th  aMm+ ~ aN2+ 
(as for  class I)  a change in deposi t ion condit ions 
(cur ren t  density,  ra te  of s t i r r ing)  making  possible 
the fo rmat ion  of deposits  wi th  different  compositions, 
bull al l  a t  the M-r ich  side of the system. Deposit ion 
of N- r i ch  products ,  on the o ther  hand, requi res  an 
e lec t ro ly te  wi th  ann+ > >  aMm+, a change of condi-  
t ions mak ing  possible format ion  of N- r i ch  deposits  
over  a l imi ted  composit ion range.  Al though  aMm+/ 
ann+, < <  1, this ra t io  cannot  be as smal l  as for  
class I. Care  mus t  be taken  tha t  M remains  the most 
eas i ly  deposi ted species, for only  then is i t  possible 
to achieve codeposi t ion of M and N wi th  the rat io  
r/s  decreas ing wi th  increas ing cur ren t  density.  Depo-  
si t ion of products  wi th  component  act ivi t ies in the 
range  where  both species a re  potent ia l  de te rmin ing  
requires  an e lec t ro ly te  in which the two species have 
comparab le  activities.  Now the change in composit ion 
of the deposi t  wi th  cur ren t  densi ty  or  s t i r r ing  ra te  
wil l  be ex t r eme ly  l imited,  since the deposi t ion ra te  
of both species wi l l  be affected in app rox ima te ly  the 
same way. If  both  aMm+ and ann+ are  chosen large,  
no apprec iab le  exhaust ion  occurs. Schemat ica l  i-Ede, 
curves at  act ivi t ies  of aM corresponding to a, b, and c 
in Fig. 2A, wi th  la rge  values  of aMm+ and ann+ for  
c, a re  shown in Fig. 2B. 

There  are  var ious  systems in which  such an effect 
has been observed,  e.g., NiSn (7), CoSn (12), and 
CoSb (13), but  a sa t is factory  exp lana t ion  has so far  
not  been proposed (14). Let  us consider  the  former  
case, where  the metas tab le  a l loy NiSn is deposi ted 
f rom a solut ion containing chlor ide  and fluoride ions 
(7). The s t andard  potent ia ls  of Ni and Sn vs. NHE 
a r e  SNi ~ ~-~ --0.250~ r and Esn ~ ---- --0.136V (2). The 
presence of fluoride ions makes  the Ni potent ia l  ~ 0.1V 
more  negat ive  but  shifts the  Sn potent ia l  more  s t rongly  
in the same direction,  making  me  s t a n a a r a  potenuals  
equal  wi th in  0.1V (Sn ending up s l ight ly  less noble 
than  Ni ) ;  - - (GNi3Sn)298 : I;)7 l ~ / m o m  (10), AENi 
--  --Gm3sn/6F : 0.276V and AEsn : --GNi3sn/2F 
~- 0.812V. For  the  metas tab le  NiSn, --(Gsisn)298 : 
30 kJ /mole ,  AENi : AEsn -" - - ( G / N i S n ) / 2 F  = 0.31V. 
Thus for  both compounds the  shift  of  the  ind iv idua l  
potent ia ls  due to compound format ion  are  l a rge r  than  
(ENi ~ - -  E s n  ~ F,Cl ~ 0.1 V.1 The s i tuat ion corresponds to 
tha t  at  c in Fig. 2, wi th  concentrat ions of Ni and Sn in 
the e lec t ro ly te  tha t  were  of the same oraer .  Deposi t ion 
of al loys at  potent ia ls  more  posi t ive than  those of 
e i ther  Ni or Sn should therefore  be expected and was 
indeed observed  (7). That  al loys of the  composit ion 
NiSn were  formed ra the r  than  al loys wi th  h igher  Sn 
content  m a y  be due to the fact  the  r e s t -po ten t i a l  m a x i -  
m u m  is close to this composit ion;  Sn- r i ch  deposits  are  
formed only at  la rge  cur ren t  densi t ies  if the e lec t ro-  
ly te  contains more  Sn than  Ni (e.g., 65% Sn, 35% Ni) .  
In  e lect rolytes  as concent ra ted  as the  ones used, ex -  
haust ion of the e lec t ro ly te  at  the  in ter face  is not  ap -  
p rec iab le  at  low cur ren t  density.  Therefore  the QRP 
should be close to the res t  po ten t ia l  and thus to the  
equ i l ib r ium potent ial .  The potent ia l  m a x i m u m  near  
the  composit ion NiSn therefore  indica tes  tha t  this a l loy 

Formulas  [1] and [2] for the quasi rest potentials hold also in 
the presence of complexing agents which shift the potential to 
more  negative values by making the ion activities in the electro- 
lyte much smaller than the corresponding concentrations. It is 
also possible, however, to use total ion concentrations rather 
than activities in [1] and [2], accounting for the effect of t h e  
complexing agents by a change in the standard potentials. Thls 
Is the approach followed here. 

is more  noble than  e i ther  Ni or  Sn, a fact  tha t  expla ins  
the  observat ion  tha t  NiSn can be deposi ted on Sn by  
electroless p la t ing  (7). I t  should be emphasized,  how-  
ever,  tha t  the  authors  themselves  expla in  the var ious  
effects by  assuming the presence of a N i - S n - F  complex 
in the electrolyte .  

Nucleation problems.--Deposition of class I a l loys 
occurs at  potent ia ls  tha t  a re  a lways  more  negat ive  
than  tha t  requ i red  to deposi t  the  noble component.  
Therefore  deposi t ion can easi ly  be in i t i a ted  by  dis-  
charge of this component ,  af ter  which M-N in te rac -  
t ion makes  possible  the  deposi t ion of the M component.  
The s i tuat ion is different  for  class II  a l loys in the range  
where  the  deposi t ion poten t ia l  is more  posi t ive than  
tha t  r equ i red  to deposi t  e i the r  component  separate ly ,  
so that  in i t ia l  deposi t ion of the  noble component  is 
not  possible.  In  this  case considerable  nuclea t ion  p rob -  
lems are  to be expected,  deposi t ion only  being possible  
a f te r  f luctuations have  fo rmed  an  N, M, or  MrNs 
nucleus. I t  is also possible  tha t  M, N complexes  are  
p resen t  in the  e lec t ro ly te  which  on discharge  forms 
the requ i red  nuclei.  

The quasi rest potential l o t  deposits off M or N . - - I n  
the M and N phases in equ i l ib r ium wi th  MrN~ at the  
M-r i ch  or  N- r i ch  end of the  exis tence range  of the 
compound both M and N mus t  have  the same act iv i ty  
as in the  compound at  the  corresponding phase  bound-  
ary. Therefore  for  these phases the  species de te rmin -  
ing the  QRP must  be the same as for  the coexist ing 
compound. Fo r  class I I  this  means  tha t  M is potent ia l  
de te rmin ing  for  the  M phase  and N for the  N phase.  
For  class I, however ,  M is the  po ten t i a l -de t e rmin ing  
species for  both  M and N. As far  as N is concerned, 
this  can only  be the case if N contains some M in solid 
solution, to be expected  for  N coexist ing wi th  the  com- 
pound. Only for  N almost  comple te ly  f ree  of M wil l  
the QRP be de te rmined  by  N itself. 

The QRP of N follows a re la t ion  s imi lar  to [7] but  
wi th  G replaced  by  the in terac t ion  f ree  energy  of M 
and N in a lmost  pure  N. Therefore,  we expect  the  N 
potent ia l  to shif t  to more  posi t ive values  wi th  increas-  
ing M content  leading again  to a QRP m a x i m u m  at the 
point  where  M takes  over  as the po ten t i a l -de t e rmin ing  
species. Thus in  pr inc ip le  there  is a lways  a m a x i m u m  
QRP. For  class I I  i t  is inside the  range where  the com- 
pound is deposi ted;  for  class I i t  is in  the  range  where  
N is deposited.  The l a t t e r  max imum,  however ,  wi l l  be 
ex t r eme ly  smal l  and can p robab ly  not  be detected.  

Binary systems wi th  more than one compound.--  
Considerat ions s imi lar  to the  ones p resen ted  above 
hold for b ina ry  systems wi th  more  than  one compound. 
However ,  since the  act ivi t ies  of the  components  va ry  
in opposi te  direct ions monotonica l ly  over  the  system, 
there  wil l  be at  mos~t one compound in which  the role 
of po ten t i a l -de te rmin ing  species changes f rom one 
component  to the  o ther  and  for  which,  accordingly,  a 
m a x i m u m  in the QRP wil l  occur. Al l  o ther  compounds 
have the i r  potent ia l  de te rmined  by  one of the  compo-  
nents  and the i r  QRP's cover a range  de te rmined  by  the 
ac t iv i ty  range  of these components.  

For  compounds r icher  in N than  the compound wi th  
the  QRP m a x i m u m  the po ten t i a l -de te rmin ing  com- 
ponent  is N; for  compounds r icher  in  M i t  is M. S imi -  
la r  considerat ions also app ly  to systems forming  a l -  
loys of var iab le  composition. Now the var ia t ion  in aM 
and aN and the corresponding var ia t ion  in  the  po ten-  
t ials  of M and N have  to be ob ta ined  by  graphica l  in te -  
gra t ion  ol the  G ibbs -Duhem equat ion 

XMd~M -~ xNd~N = xMd  In aM + xNd In aN -- 0 [12] 

faN----0 
in  aM = --  ~ d In a s  [13] 

a ~ : l  XM 

wi th  

XN .~_ nN / ( n  M 2ff nN)  and XM = 1 --  XN ---- riM/riM - -  nN 

n indicat ing numbers  of atoms. 
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Systems in Which the Rate Constants of the Exchange 
Currents of the Individual Components Are 

Widely  Different 
In  such systems the component with the larger ex- 

change rate constant is favored over the other one, 
and a change in  the potent ia l -de termining  species ex- 
pected on the basis of activity and /o r  concentrat ion 
effects may not  occur at all or occurs at a different 
point. 

Stability and Potentials in Electrolytes from Which Deposition 
is Not Possible 

The arguments  presented above relate to potentials 
and stabil i ty (or lack of stabil i ty) in electrolytes from 
which cathodic deposition was possible. It might  be 
asked what  can be said about these properties in elec- 
trolytes containing ionic species of the components, but  
of such a na ture  that cathodic deposition is not possible. 

As an example let us consider CdX (X being S, Se, 
or Te) in an electrolyte containing Cd 2+ ions but  no 
X 4 + complexes. In  such a situation, a small  amount  of 
CdX will  dissolve with formation of Cd 2+ and X 2- 
ions unt i l  the solubil i ty product  

gCdX - - -  CCd2+CX2-  ~ acd2+ax2- [14] 

is reached; from then on CdX is stable and its poten-  
tial is determined by Cd (Eq. [20] below).  

CdX formed by cathodic deposition from an electro- 
lyte containing X4+ complexes may have an excess of 
X at its surface as a result  of electroless exchange of 
Cd and X. If such a sample is placed in  an electrolyte 
containing Cd 2+ ions but  no X 4+ complexes, the sur-  
face layer of X at the surface can be removed by 
cathodic deposition of Cd at a potential  slightly more 
positive than  required to deposit Cd at aCd - -  1. Con- 
t inua t ion  of this process leads to a change in the bu lk  
concentrat ion (activity) of Cd. This method has been 
used to vary the stoichiometric composition of CdS 
(10). Since bu lk  diffusion is involved in  this case, the 
method can only be used for th in  films (thickness ~ 1 
p m ) .  

The upper and lower boundaries  of the CdX sta- 
bil i ty region in  the Pourbaix  diagram (E vs. pH) are 
determined by 

C d X ~  Cd 2+ Jr X "4- 2e-  [15] 
and 

CdX-> Cd + X 2 -- 2e -  [16] 

Both are independent  of pH 
CdX is also stable in  electrolytes rich in  X2-  ions. 

Under  such conditions the concentrat ions of Cd 2 + and 
X 4+ complexes are very  small. The potent ial  can be 
expressed either as an X potential  according to 

X 2 + ~ X J r 2 e - ;  2FEx o [17] 
with 

2.302RT 
Ex = Ex ~ --  - -  log ax~-/ax [18 ]  

2F 

or as a Cd potential  according to 

Cd ~-  Cd '2+ + 2e - ;  2FEcd o [19] 
with 

2.302RT 
Ecd -- Ecd ~ -}- - -  log aCd2 +/ace, [20] 

2F 

Here acd2+ and ax2- are activities of Cd 2+ and X 2- in 
the electrolyte; acd and ax are the activities of Cd and 
X in CdX. 

El iminat ion of Cd, X, and e -  from [17], [19], and 
[21] 

Cd Jr X ~=~ CdX; Gedx o [21] 

acdax = exp Gcdx ~ [22] 
gives 

CdX ~ Cd 2+ Jr X2- ;  2 F ( E c @ -  Ex o) -- Gcdx o [23] 

2.302RT 
log nCdX = (Gcdx~ + Ex o -- Ecd o [24] 

2F 

.Introduction of [24] into [18] or [20] shows that 
Ecd -- Ex. Evident ly  distinction between the compo- 
nents  as potent ia l -de termining species is unnecessary 
when solubil i ty products of the ionic species exist, 
which is the case when dissolution of the compound 
involves oppositely charged ions, so that  no electrons 
are involved. Distinction between different potent ial-  
determining species is necessary if dissolution involves 
electrons, which is the case if the solid dissolves with 
formation of ions of the same charge. This is gen- 
eral ly  the case with metall ic alloys and applies to 
the present substances when they are placed in  elec- 
trolytes containing Cd e+ and X 4+ complexes from 
which CdX can be made by cathodic deposition. In  
such cases the distinction between class I and class II 
materials  applies. 

In  an electrolyte 1 molar  in X 2-, the potentials 
at the boundaries  of the stabili ty range are shifted 
to more negative (less noble) values with respect to 
those of an electrolyte 1 molar  in  Cd 2 + by 

2.302 
~g = 2F log ~CdX 

given by [24]. In  both electrolytes the potential  width 
of the stabili ty range between CdX in  equi l ibr ium 
with Cd (i.e., acd ---- 1) or X (acd = exp (Gcdx~ 
is given by 

~lEstab : [ G c d x ~  [25] 

Values of the decomposition potentials of the chal- 
cogenides of Cd and of Zn (to which the same con- 
siderations apply) under  the two conditions are given 
in Table I. Figure 3 shows these potentials for CdS 
as a function of aCd and as under  the same two condi- 
tions. By combining a change of electroyte composition 
with a change in  the stoichiometry of CdX, a potential  
range of approximately 1V can be covered. However, 
in  alkal ine S = solutions the potential  of CdS is not 
determined by these ions (or Cd 2+) but  by S H - ;  
thus the lower curve is not valid (22). Table I also 
shows values of the solubil i ty products calculated 
from [24] - -an  equat ion commonly used for this pur -  

Table I. Decomposition potentials of CdX and ZnX in electrolytes 1 molar in Cd 2+ or Zn 2+ and values of the 
solubility products ~; (2.302 RT/2F)29s = 0.0295V 

GMN* Im M 2+ Im X 2- 
- - -  (V) 

MX - E x ~  -EM~ 2F --EMX,M E~X,X --E~x,M --E~x,x 

~zsx ~s ( m o l e s / l i t e r )  ~ 

Thi s  p a p e r  O t h e r  a u t h o r s  

CdS 0.476 (2) 0.403 (2, 19) 0.73 (17) 0,403 0.327 
0.716 (20) 

CdSe 0.92 (19) 0.403 (2, 19) 0.52 (17) 0.403 0.117 
C d T e  0.94 (18) 0.403 (2, 18) 0.51 (17) 0.403 0.107 

1.14 (19) 
ZnS(sph) 0.476 (2) 0.763 (2, 18) 1.02 (17, 20) 0.763 0.257 

ZnS(w) 0.476 (2) 0.763 (2, 18) 0.95 (17) 0.763 0.187 
ZnSe 0.92 (19) 0.763 (2, 7) 0.71 (16, 17) 0.763 -0.053 
Z n T e  0.94 (18) 0.763 (2, 19) 0.61 (16, 17) 0.763 -0.153 

1.14 (19) 0.763 (2, 19) 0.01 (16, 17) 

6.6 • 10 "-~ (21) 
1.206 0.476 6 • 10 "-~ 1.0 • 10 -~ (19) 

1.14 • 10 -'~ (20) 
1.44 0.92 7 • 10 -8" - -  
1.45 0.94 3.2 • 10 43 
1.65 1.14 5.4 • 10 -~s 1 • 10-~ (19) 
1.496 0.476 1.4 • 10 "-~ 7 • 10 -~  (19) 

2.2 • 10 -~ (21) 
1.426 0.476 3.3 • 10 -~  1.6 • 10 -~  (19) 
1.63 0.92 4.1 • 10 "-a~ 1 • 10 -31 (19) 
1.55 0.94 2.1 • 10 --~7 
1.75 1.14 3.5 • 10 "-,u - -  
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Fig. 3. Potential vs. NHE as a function of aCd or Os for Cd$ in 
aqueous electrolytes with Ocd2+ = |m or as2-  ---- Ira. The end 
points of the lines ore the decomposition potentials. 

pose. Values reported by other authors are given for 
comparison. 

Combination of [18] and [20] leads to 

1 2.302RT 
Ecd = Ex = ~-  (Ecd ~ + Ex ~ + 2F 

log (acds+ax2-/acdax) [26] 

an express ion first der ived  by  Sato (21). However ,  
[18] and  [20] a re  easier  to handle.  

Discussion 
The quasi  rest  potent ia ls  as in t roduced in the pres-  

ent  pape r  a re  character is t ic  for the deposi ted ma te r i a l  
in  bu lk  and m a y  be compared  wi th  equi l ib r ium po-  
tent ia ls  val id  for the case that  equi l ibra t ion  of bu lk  
as wel l  as surface  is possible (23). 

A n  extens ive  discussion of equ i l ib r ium potent ia ls  
of al loys first given by  Reinders  (24) is r ep roduced  
in the  rev iew ar t ic le  by  K r e m a n n  and Mfiller (25). 
F o r  r andom al loys Reinders '  approach  is s imi la r  to 
ours, the  potent ia l  being de te rmined  by  ions of the 
components,  and in pa r t i cu l a r  by  those tha t  are  least  
noble. Compounds were  bel ieved to have  a fixed com- 
position. Dist inct ion was made  be tween  compounds 
tha t  can and those tha t  cannot exis t  in equ i l ib r ium 
wi th  an e lec t ro ly te  containing the  components  in 
the  same rat io  as in the  compound. The potent ia l  of 
the  fo rmer  were  bel ieved to be de te rmined  b y  the 
Nerns t  fo rmula  wi th  ions of the  la t t ice  molecule  
MrNs t+ the po ten t i a l -de t e rmin ing  species in the elec-  
t rolyte .  This complex  ion was assumed to dissociate 
wi th  fo rmat ion  of M ~n+ and N n+ ions. In  e lectrolytes  
wi th  different  concentrat ions of these ions but  CMm+ 
-~ CNn+ ~ constant,  Ceomplex and the rewi th  the  elec-  
t rode  potent ia l  is found to have a m a x i m u m  value  
w h e n  CMm+/CNn+ ~ 9"/8. Since ions of the  separa te  
components  a re  not potent ia l  determining,  the  com- 
pound potent ia l  m a x i m u m  m a y  have any values r e l a -  
t ive  to the  component  po ten t ia l  which  are  be l ieved 
to be de te rmined  by thei r  ions. When, a t  the point  
where  compound and e lec t ro ly te  have the same com- 
position, the  poten t ia l  of a solid solut ion of the less 

noble component  in the noble component  has a po-  
ten t ia l  more  posi t ive ( =  noble)  than  the compound,  
the l a t t e r  cannot  exist  in an e lec t ro ly te  of its own 
composit ion.  

The m a x i m u m  in the  po ten t ia l  of the  compound 
tha t  m a y  coexist  wi th  an e lec t ro ly te  of its own com- 
position, though s imi lar  to tha t  of our  class I I  a l loys 
in that  i t  occurs for smal l  differences of the  s tandard  
potent ia ls  of the  components,  has a comple te ly  dif-  
ferent  reason:  the  change in  concentra t ion of the  
complex  ion in  the  electrolyte .  

In  v iew of wha t  is p resen t ly  known  about  the  
existence of point  defects  and  nons to ichiometry  in com- 
pounds,  i t  seems p re fe rab le  to assume tha t  no complex 
ions but  the ind iv idua l  ions of the components  de te r -  
mine the potent ia l  of the compound as they  do tha t  
of the componen t s - - the  assumpt ion  made  in the  pres -  
ent  paper .  Reinders '  phase d iagrams  in which  the 
composit ions of coexist ing solid and e lec t ro ly te  phase 
a re  p lo t ted  as a function of potent ia l  can be adopted 
wi th  tha t  modification wi th  only  minor  adjus tments .  
Reinders '  compounds tha t  m a y  coexist  wi th  e lec t ro-  
lytes  of the same composi t ion are  our  class I I  com- 
pounds  or  al loys,  wi th  M the po ten t i a l -de te rmin ing  
species at  the M side of the  poten t ia l  max imum,  N 
the po ten t i a l -de t e rmin ing  species at  the N side of 
the  max imum.  Compounds tha t  cannot  coexist  wi th  
e lec t ro ly tes  of the i r  own composi t ion are  our class 
I compounds.  

The composit ions of a compound in equ i l ib r ium 
wi th  different  e lect rolytes  a re  not  exac t ly  the  same: 
The compound has different  deviat ions f rom stoichiom- 
e t ry  and cor responding ly  different  potentials .  

K re ma nn  and Miil ler  (24), though reproducing  Rein-  
ders '  a rguments ,  do not seem to fu l ly  subscr ibe  to 
his conception of a compound wi th  a var iab le  poten-  
t ial :  They  ascr ibe  a s ingle potent ia l  to a compound,  
ident i fy ing  i t  wi th  the most noble potent ia l  i t  ever  
displays.  This v i e w - - t h o u g h  incor rec t - - s t i l l  has m a n y  
adherents .  

The idea  of ions of the  ind iv idua l  components  as 
po ten t i a l -de te rmin ing  species for compounds and a l -  
loys was used by  P o u r b a i x  (2) in the  construct ion 
of his w e l l - know n  atlas.  I t  leads to fields r a the r  
than  lines of s tab i l i ty  in the  po ten t i a l -pH diagrams.  
I t  is also accepted by  Sato (21) who der ived  on this 
basis a genera l  expression for  the potent ia l  of a 
compound as a funct ion of the act ivi t ies  of a toms 
in compounds and of component  ions in the  e lec t ro-  
Iyte. Since in a l loys and compounds the  Gibbs  free 
energy  of in terac t ion  be tween the components  is 
i nva r i ab ly  negat ive,  acceptance of the  ions of the 
components  as po ten t i a l -de te rmin ing  species must  lead 
to a s i tuat ion in which the potent ia ls  of al loys and 
compounds are  a lways  more  posi t ive ( =  more  noble)  
than  those of the  components,  the  ions of which  
dominate  the  potential .  Various d iagrams in Ref. (24) 
and (25), e.g., Fig. 3 (BD) and Fig. 5 (AG and BK) 
in Ref. (24) and Fig. 71 (BG),  Fig. 73, Fig. 79 (top 
curve) ,  Fig. 81 (AD),  and Fig. 84 (BG) in Ref. (25), 
a re  in conflict wi th  this requi rement .  Absence of 
exper imen ta l  proof  for  shifts t oward  less noble po-  
tent ia ls  under  the  condit ions descr ibed m a y  be con- 
s idered proof  for the  ind iv idua l  ion model.  

S u m m a r y  
The cathodic deposi t ion of b ina ry  al loys and com- 

pounds is discussed on the basis of depos i t -e lec t ro ly te  
the rmodynamics  and the ra te  of t ransfer  of the  com- 
ponents,  using the quasi  rest  potent ia l  (QRP) ,  defined 
as deposi t ion potent ia l  minus polar iza t ion  of the 
solid, to character ize  the  deposit.  The species wi th  
the  l a rge r  value  for the  product  of the  discharge 
ra te  constant  and the concentra t ion of species in the  
e lec t ro ly te  at  the  depos i t -e lec t ro ly te  in ter face  is be -  
l ieved to be dominant  in de te rmin ing  the potent ial .  

In  general ,  each component  is potent ia l  de te rmin ing  
at  its side of the system, both  potent ia ls  shif t ing to 
more  posi t ive values  on a l loy  fo rmat ion  and thus  
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giving rise to a QRP maximum at the point where 
the change of potential-determining species occurs. 
If the shift in component potentials due to alloy 
or compound formation is large relative to the dif- 
ference in the individual equilibrium potentials of 
the components (class II), the maximum of the QRP 
occurs at some intermediate composition. If the shift 
is small (class I), the maximum is expected to occur 
in the stability range of the nearly pure noble com- 
ponent and may be too small to be observed. Marked 
differences in the values of the exchange rate con- 
stants for the components extends the activity range 
in which a species dominates the QRP in favor of 
the species with the larger rate constant. 

Compounds placed in electrolytes containing large 
concentrations of the normal ions of one of the com- 
ponents, but no complexes of the ~ nonmetal com- 
ponent which are required for cathodic deposition 
of the compound, are stable, their potential being 
determined by the normal ions. For ions with con- 
centrations linked by a solubility product, either 
species may be used to formulate the equilibrium 
potential. 
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ABSTRACT 

Deep junction (4 ~m) GaAIAs/GaAs heteroface solar cells were irradiated 
with 1 MeV electrons at fluences of I0 TM, 1014, 1015, and 10 TM electrons/cm ~. 
The short-circuit current degraded to 0.02 of its original value after a fluence 
of 1016 electrons/cm 2. Computer modeling of the spectral response before and 
after irradiation showed that, in addition to a decrease in the minority, carrier 
diffusion length in p-GaAs from several micrometers to �89 ~,n, an increase 
in the recombination velocity at the GaAIAs/GaAs interface from 104 to 10 s 
cm/sec was required to completely explain the observed change in the spectral 
response. 

GaAs solar cells are of interest for generating elec- 
trical power in space on a solar power satellite or for 

�9 Electrochemical  Society Active Member. 
Key words: GaAs solar cells, radiation damage,  surface recom- 

bination, diffusion length, modeling. 

a high temperature, near-sun science mission. With the  
achievement of 18.5% AMO efficiency (1) research 
is being directed toward optimization of the stability 
in the electron and proton environment of space. This 
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optimization requires a fundamenta l  unders tanding  of 
the interact ion of radiat ion with solar cells. The ef- 
ficient operation of solar cells depends on such param-  
eters as minor i ty  carrier  diffusion length, carrier mo- 
bility, and recombinat ion rates. To determine the ef- 
fect of 1 MeV electrons on these cell parameters,  com- 
puter -genera ted  spectral response curves have been 
compared to exper imental  spectral response data for 
1 MeV electron irradiated, deep junct ion  (4 #m) 
GaA1As/GaAs heteroface solar cells. In  this paper we 
describe: the cells developed to s tudy radiat ion effects 
in  the p-GaAs region, the measurements ,  the compari-  
son between exper imental  and calculated results, and 
our conclusions. 

Experimental 
Heteroface p -GaA1As/p-GaAs/n-GaAs  solar cells 

were fabricated using the etch-back epitaxy process 
(1). The n - type  GaAs substrates were Si doped to a 
carrier concentrat ion of 2 • 10 iv carr iers /cm 3. The p-  
GaAIAs layer  thickness was 0.3-0.5 ~m. The p-GaAs 
layer  was 4 ~m thick giving a junc t ion  depth of 4 #m 
measured from the GaA1As interface. Large area, 
vacuum-evapora ted  Sn-Ag contacts were used for 
electrical connection to the n-GaAs.  Front  finger con- 
tacts to the GaA1As layer  were deposited by sputter ing 
a layer  of Pd  followed by a layer  of Ag using an ap-  
propriate mask. 

The cells, mounted on a luminum backing plates, 
were i r radiated wi th  1 MeV electrons. Groups of ceils 
were irradiated at fluences of 1013, 1014, 101~, and 10 '~" 
electrons/cm 2. Electron i r radiat ion rates were chosen 
such that  the cells remained at ambient  temperature  
dur ing  irradiation.  

Short-circui t  currents  were measured both before 
(Isc0) and after i r radiat ion (Isc). The cells mounted 
on metal  headers were placed on the water-cooled 
stage of solar simulator.  For  all short-circuit  current  
measurements,  the in tensi ty  of the filtered xenon solar 
radiat ion was set to one air mass zero solar constant  
using a bal loon-cal ibrated Si solar cell. The short-  
circuit current  of the GaA1As/GaAs cell was then ob- 
ta ined by measur ing the voltage drop across a pre-  
cision resistor. The relat ive spectral responses were 
obtained both before and after i r radiat ion by mount ing  
the cells in  an in tens i ty-cal ibra ted  spectrophotometer 
and measur ing the short-circuit  cur rent  as a funct ion 
of wavelength.  

Results and Discussion 
The effect of radiat ion on the short-circui t  current  

at AMO i l luminat ion  is shown in  Fig. 1. The curve is 
a plot of the averages of short-circui t  cur ren t  ratios 
vs. electron fluence. The short-circuit  cur rent  degraded 
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is c 0.6 
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0.4 

0,2 

O 
1 x tO 13 1 x lO 14 1 x 1015 1 x 1016 

1 MeV Electron fluence 
(ELectrons / e m 2) 

Fig. 1. Ratio of final short-clrcult current to initial short-circuit 
current as a function of i MeV electron fluence for deep junction 
GaA,IAs/GaAs heteroface s o l a r  cells. 

to 0.02 of its original  value after  a fluence of 10 TM 

electrons/cm~. Addit ional  informat ion about the deg- 
radat ion can be obtained from measurements  of the 
spectral response of the short-circui t  current.  The 
spectral response typical of the cells usecl in  this s tudy 
is shown in Fig. 2 which consists of plots of the rela-  
t ive spectral response as a funct ion of the incident  
wavelength,  before and after  irradiation.  The points 
are the exper imenta l ly  derived data and the curve is 
computed using the device equations for this cell con- 
figuration (2, 3). 

The computed curve fits the exper imenta l  clara for 
the uni r radia ted  cell with the mobil i ty  of electrons in  
the p-GaAs region chosen to be 3300 cm2/V-sec, the 
minor i ty  carrier diffusion length in  the p-GaAs region 
3.3 ~n ,  and an interface recombinat ion velocity of 104 
cm/sec. 

The spectral response after i r radia t ing the cell wi th  
1016 electrons/cm2 is also shown in  Fig. 2. It  can be 
seen that  the response in  the blue region is reduced 
much more than  the response near  the bandedge. The 
device equations incorporate a n u m b e r  of mater ia l  
parameters  which could be affected by the radiat ion 
and lead to reduced response. These mater ia l  param-  
eters for the p-GaA1As, the p-GaAs, and the n-GaAs 
iayers are the minor i ty  carrier diffusion lengths, the 
mobilit ies of minor i ty  carriers, the major i ty  carrier 
densities, and the surface and interface recombinat ion 
velocities. 

Solar cells having  deep junct ions  such as those used 
in  this s tudy proved advantageous since the reduc-  
t ion of the short-circuit  cur rent  of the solar cells due 
to electron i r radiat ion can be at t r ibuted to changes 
produced in the p-GaAs region only. Effects on short-  
circuit cur rent  produced by radiat ion damage in  the 
base region can be neglected. This assumption was 
corroborated by t h e  calculations. 

Spectral 
response 
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Fig. 2. Measured and computed spectral response of a deep 
junction GaAIAs/GaAs heteroface solar cell unirradiated and 
irradiated with 1016 1 MeV etectrons/cm 2. 
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Using the  device equations,  i t  was found tha t  a re -  
duct ion of the  minor i ty  car r ie r  diffusion length  in the  
p -GaAs  could e x p m m  the r eaucea  spec t ra l  response in 
the  red  region (middle  curve, Fig. 2), but  a change in 
at  least  one addi t ional  p a r a m e t e r  was needed to ex -  
p la in  comple te ly  the  reduct ion in the blue region.  Cal-  
culations of  spectra l  response were  made  by  reducing 
the mooi l i ty  f rom an  ini t ia l  value of 3300 to 5 cm2/V - 
sec, wi th  the diffusion length  fixed at  0.55 #m. Sl ight ly  
improved  agreemen~ in the  blue region was achieved,  
but  the  assumed mobi l i ty  reduct ion to 5 cm~/g-sec  
was unreasonab ly  large  (4). Calculat ions indica ted  
tha t  the mora l i ty  change expected f rom ionized-center  
sca t ter ing  due to rad ia t ion  defects  would  be small .  

Majo r i ty  car r ie r  t r app ing  on rad ia t ion  delects  could 
account for a car r ie r  aens i ty  reduct ion  of less than  
10~7/cm ~. However ,  this  effect would  be smal l  since 
the  densi ty  of holes  in the  p - G a A s  is in excess of 10~s/ 
cm~ and, fur ther ,  this  effedt is not  spectraUy selective.  
Therefore,  both the  r ad ia t ion - induced  mobi l i ty  change 
and the ma jo r i t y  ca r r i e r  t r app ing  were  e l imina ted  as 
the  cause of the  reduced  b lue  response.  

The  th i rd  ma te r i a l  p a r a m e t e r  in  the  model  which 
could produce, the reduced  response is the  recombina-  
t ion veloci ty (S) at  the  p -GaAIAs ,  p - G a A s  interface.  
A computeu  spec t ra l  response curve using a vame  of 
S h igher  than  tha t  before  i r r ad ia t ion  reduced  the blue 
response but  did not  al~ect the  response in  the red  
spectra l  region (bot tom curve Fig. 2). Thus, the  com- 
pu ted  spect ra l  response could De made  to agree  wi th  
the  expe r imen ta l  da ta  in the  red region by  reducing 
the minor i ty  car r ie r  diffusion length  to 0m5 ~m, and 
in the  blue region by increas ing m e  interface  recom-  
b ina t ion  veloci ty  to l0 s cm/sec.  

This use of an increase in  surface recombina t ion  
veloci ty  to expla in  a significant reduct ion  in blue re -  
sponse of the  cell  has been discussed so far  only  in 
te rms of the  correla t ions  be tween  expe r imen ta l  and  
calcula ted results.  However ,  i t  is p laus ib le  tha t  S 
would  increase  wi th  i r radia t ion.  

The rad ia t ion- induced  damage  is expected to be 
uniform th roughout  the  solar  cells (5),  both  in the  
bu lk  and near  the  interface.  This suggests that  the  
changes in  minor i ty  car r ie r  diffusion lengths  are  re -  
la ted  to changes in  in ter face  recom0inat ion  velocity.  
Assuming tha t  the  reduct ion  in  minor i ty  car r ie r  d i f -  
fusion length  is due to the in t roduct ion  of recombina-  
t ion centers  in the  bulk,  and tha t  the same type  of 
recombina t ion  centers  near  the  in ter face  cause an in-  
crease in the  recombina t ion  velocity,  then  an  expres -  
sion can be der ived  re la t ing  the minor i ty  car r ie r  d i f -  
fusion lengths  to the  in terface  recombina t ion  velocit ies 
before  and af te r  i r radiat ion.  The minor i ty  car r ie r  d i f -  
fusion length  L is r e la ted  to the  diffusion constant  D, 
the  capture  p robab i l i ty  densi ty  K, and  the number  
dens i ty  of bu lk  recombina t ion  centers  Nm b y  

( D ) ' / ,  
L =  

where  i t  is assumed tha t  the l i fe t ime is de te rmined  
by  the  recombina t ion  centers.  

Using the Shock ley -Read  model  for  the  surface re -  
combinat ion  velocity,  the  fol lowing assumptions  are  
made:  (i) the  cap ture  cross section for holes and 
electrons a re  equal;  and  (ii) the  thickness,  t, of the  

in terface  region is constant.  Wi th  these assumptions,  
the  in terface  recombina t ion  veloci ty  S is given as 

P 
S = K (Nit) - -  

n 

where  the  produc t  (Nit) gives the number  dens i ty  of 
recomoina t ion  centers  in the in ter face  region, P is the  
0ul~ aens i ty  of ma jo r i t y  carr ier ,  and n is the  intr insic  
car r ie r  density.  The  ra t io  of the  square of the  diffusion 
lengtl~ af ter  i r r ad ia t ion  to tha t  before  i r rad ia t ion  
yields  

where  the  zero subscr ip t  indicates  the p a r a m e t e r  value 
before i r radia t ion.  The rat io  of the  in terface  recom-  
binat ion veloci ty  before  i r rad ia t ion  to tha t  af ter  i r -  
rad ia t ion  leads  to 

,% Nlo 
= [2] 

S Ni 

After sufficient irradiation, the density of recom- 
bination sites in the bulk and at the interface is de- 
termined by the irradiation and, therefore, NB : Ni. 
This leads to the expression 

S(L~ 2NB~ [3] 

S o  = %- 

Equat ion  [3] gives qual i ta t ive  results .  I t  shows tha t  
an increase in surface recombina t ion  veloci ty  can r ea -  
sonably  be expected f rom the i r r ad ia t ion  that  reduces  
minor i ty  car r ie r  diffusion length.  

In  summary ,  deep junc t ion  GaA1As/GaAs  he te roface  
solar  cells showed significant degrada t ion  when  i r -  
r ad ia ted  wi th  1 MeV electrons at  fluences up to 10 TM 

electrons/era% Computer  model ing of the spectra l  r e -  
sponse indica ted  tha t  bo th  a decrease  in  the  minor i ty  
car r ie r  diffusion length  in the  p - G a A s  region,  as wel l  
as an increase in the  recombina t ion  veloci ty  at  the 
GaA1As/GaAs interface,  was requ i red  to fu l ly  ex-  
p la in  the  observed changes. 
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ABSTRACT 

Recent  invest igat ions  have , shown that  res i s t iv i ty  decay  in evapora ted  gold 
films originates,  in par t ,  f rom the annih i la t ion  of excess vacancies,  t r a ppe d  
dur ing  film condensation,  at  a high dens i ty  (1015-1{~17/cm 8) of smal l  (~50A)  
voids present  wi th in  the  film. This pape r  presents  a theore t ica l  t r ea tmen t  of 
vacancy  diffusion to free surfaces and to voids. The t r ea tmen t  predic ts  both  
the  observed  void growth  and res is t iv i ty  decay in  th in  films. 

I t  is wel l  known  tha t  the  res is t iv i ty  of f reshly  
deposi ted thin films changes cont inuously wi th  t ime 
at  room t empera tu r e  (1-3). I t  has been genera l ly  ac-  
cepted tha t  res i s t iv i ty  decay  in th in  films takes  place 
as a resul t  of the diffusion of excess vacancies,  
quenched- in  dur ing  film formation,  to sinks such as 
free surfaces and gra in  boundar ies  (1, 3). Recent  
t ransmiss ion-e lec t ron-microscope  (TEM) studies of 
evapora ted  gold films have  shown tha t  thin films gen-  
e ra l ly  contain  a high dens i ty  (~1016/cm 3) of smal l  
voids (4, 5). The presence of such a high dens i ty  of 
voids suggests tha t  these voids m a y  serve  as po ten-  
t ia l  sites for the  annih i la t ion  of excess vacancies. Ex-  
pe r imen ta l  'evidence for this suggest ion has been 
found in our  recent  observat ions  that  these voids grow 
at the  expense  of excess vacancies wi th  aging t ime 
even at  room t e m p e r a t u r e  (6, 7). Assuming  that  voids 
a re  the  only sinks for  excess vacancies, Lloyd and 
N a k a h a r a  (6) were  able  to relate ,  semiquant i ta t ive ly ,  
the  void growth  to the  res is t iv i ty  decay in e v a p o r a t e d  
gold films. Al though  the  effect of the surfaces was not  
considered,  this t r e a tmen t  was in good agreement  
wi th  exper iments  for long t imes fol lowing film deposi -  
tion, but  could not  account for sho r t - t e rm  res is t iv i ty  
decay. We have, therefore,  t r ea ted  our  ea r l i e r  p rob lem 
by using a more  r igorous  ma themat i ca l  f r a m e w o r k  
which  considers both  surfaces and voids as potent ia l  
s inks for  excess vacancies.  

Theoretical Model 
Based upon our  previous  exper imen ta l  resul ts  (5), 

severa l  assumptions  were  made  for de te rmin ing  the 
excess vacancy  concentra t ion and the ra te  of void 
g rowth  in evapora ted  gold films. (i) The  film was 
assumed to contain  an in i t ia l ly  un i fo rm concentra t ion 
of quenched- in  excess vacancies;  (ii) The p re -ex i s t ing  
voids, which  serve as vacancy sinks, are  d i s t r ibu ted  
un i fo rmly  th roughout  the  film. The creat ion of new 
voids by  vacancy  c lus ter ing  is ignored;  (iii) The void 
d is t r ibu t ion  was app rox ima ted  by  a s imple  cubic l a t -  
t ice of equa l ly  sized voids in an o therwise  defec t - f ree  
film; (iv) The voids were  t r ea ted  as perfect  sinks, i.e., 
vacancies m a y  be annihi la ted,  but  not  created,  at  void 
sites. A schemat ic  view of this theore t ica l  model  is 
shown in Fig. 1. 

I f  voids were  not  p resen t  in the film, the  vacancy 
concentra t ion  could be de te rmined  f rom a solut ion of 
the diffusion of vacancies out  of a th in  slab (8, 9). On 
the o ther  hand, if voids were  present ,  for  example ,  in 
an inf ini te ly  th ick  film, one would solve the  p rob lem 
of vacancy diffusion to a per iodic  a r r a y  of voids using 

* Electrochemical Society Act ive  M e mbe r .  
Key  words: diffusion, films, surfaces. 

the formula t ion  s imi la r  to that  used by  Ham (10) for 
the case of the  g rowth  of prec ip i ta tes  f rom a super -  
sa tu ra ted  solid solution. In  the  presen t  case, the  film 
can be best  approx imated  by  a thin slab containing 
un i fo rmly  d is t r ibu ted  vacancy  absorbers  (voids) .  This  
s i tuat ion can, therefore,  be descr ibed as the  ou t -d i f -  
fusion of vacancies f rom a thin slab wi th  a s imul tane-  
ous i r revers ib le  chemica~ reaction.  

The i r revers ib le  chemical  reac t ion  is 

(Vacancy)Lattice-> (Vacancy)void [1] 
k 

The vacancy concentra t ion (Cx) in the film can be 
represented  by  the solut ion to 

OC~ 0~Cx 
= D - -  kC~ [2] 

Ot Ox 2 

where  D is the  vacancy  diffusivi ty and t is t ime, sub-  

B 

X 

l 

!l 
�9 V O I D  

T '  

B' 

~ b ~ r 

Fig. 1. Schematic view of the model showing a simple cubic 
lattice of voids in a thin slab of thickness 21 and a view of the 
Wigner-Seitz cell. 
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ject  to the boundary  conditions 

C=(__. Z,t) = 0  

C=(x ,  0) = Co [3] 

oc= 
(0, t) = 0  

0x 

where I is the half- thickness of the film (see Fig. I) 
and Co is the ini t ia l  vacancy concentration. 

From Eq. [2] and [3], the vacancy concentration, 
Cx (x, t),  can be easily shown to be 

Cx(x, t )  = 4C0 ~ ( - -1 )"  cos(o,x)exp(-Q,) 
n=o (2n 4- i) 

[41 
where 

and 

~0 t Qn ---- (On 2D 4- k)dt [5]  

(2n + 1)~ 
0n - [ 6 ]  

21 

In  the case of D and k being t ime- independent  

Qn : (On2D 4- k)t [7] 

Determinat ion of k 
The second term on the le f t -hand side of Eq. [2], 

kC~, represents the rate of the vacancy annihilat ion,  
which takes place at preexist ing voids. This relat ion 
can then be expressed as 

kC~ = Ja4~aeNv [8]  

where Ja is the vacancy flux at a void surface, a the 
void radius, and Nv the void density. In  order to ob- 
ta in  a value for k, Ja was determined from a solution 
of the problem of vacancy diffusion to a simple cubic 
(SC) lattice of voids. The use of the assumption that  
the voids lie on a SC lattice reduces the problem to 
that  of diffusion in a single uni t  cell. By replacing the 
SC uni t  cell by the equivalent  Wigner-Sei tz  cell, the 
problem can be fur ther  simplified to allow the use 
of spherical coordinates. The diffusion equation for 
this problem can be wr i t ten  

OCt 
= DV2Cr [9] 

Ot 
which is subject to the boundary conditions 

Cr(a,t) = 0 [10a] 

Cr(r, O) = Co [10b] 

OCt 
- -  ( b ,  t )  = 0 [1Oc] 

Or 

where Cr is the vacancy concentrat ion in  the Wigner-  
Seitz cell. The radius of the equivalent  Wigner-Sei tz  
sphere, b, is calculated from 

1 4 
= - -  ~b s 

N v  3 

The solution, Cr, is 

C,(r ,  t)  

~ 2C0a s inkn(r  -- a) 

n=l ~" 

where 

[n] 

e x p ( -  ~.n21 t Ddt)  

[Z21 

1 + b 2 ~n ~ 

b 2 X,2(b -- a) -- a 

and the Xn's are the nonzero roots to 

It3] 

tan {k.(b -- a)} -- bXn [14] 

The vacancy flux at the surface of the void, Ja, 
is then 

J= = D ~OCr 1 
aT r=a 

( l ' )  -- 2CoD n=l e~aexp -- ~ Ddt [15] 

Subst i tu t ing Eq. [15] into Eq. [8], we obtain 

kCx-- 8~Coa2DNv ~c ,,=exp (--  ~.2 I t  Ddt ) [16] 
n - - - - 1  

It should be emphasized that  Cr (the solution to Eq. 
[9]) and C= (the solution to Eq. [2]) are not inde-  
pendent  of each other, but  are constrained by the 
requi rement  that  the concentrat ion from Eq. [2] aver-  
aged over the film thickness, Cx, must  be the same 
as the concentrat ion from Eq. [9] averaged over the 
Wigner-Sei tz  cell at any given time. The ini t ial  condi- 
t ion Eq. [10b] must, therefore, be replaced by the 
t ime-dependent  boundary  condit ion 

V c ,  (r, t )  a v  = c= [ r r  

where V is the volume of the Wigner-Sei tz  cell. It  
should be noted that the use of Eq. [17] makes the 
reaction constant, k, time dependent.  

Equat ion [2] together with Eq. [15] and [16] can be 
integrated numerica l ly  over small  increments  of time, 
using an i terat ion method in  a self-consistent m a n n e r  
with the aid of a digital computer. 

The variat ion of k with t ime is shown in  Fig. 2. We 
note a high ini t ial  value which rapidly decays to a 
min imum followed by a slow increase to an apparent  
saturat ion value. This behavior  of k is reflected in Eq. 
[8], in which k is seen to be proport ional  to the va-  
cancy flux into the void, Ja, as well as to the void sur-  
face area, 4xa% The ini t ial  rapid drop in k with t ime 
is due to the re laxat ion of the concentrat ion gradient  
at the boundary  (r  = a). In  other  words, the infinite 
gradient  at the boundary  gives an infinite vacancy flux 
into the void which results in  an infinite value for k. 
In order to avoid this mathematical  complication, the 
computation was ini t ia ted at t = 0.1 sec rather  than at 
t = 0. At this t ime (0.1 sec), the series in Eq. [4] was 
found to converge satisfactorily in  about 400 terms. 
After  a few hours, a single te rm was found to be ade- 
quate. The m i n i m u m  in the k vs. t curve (Fig. 2) 
demonstrates the relat ive contr ibutions of both the 
concentrat ion gradient  and the void size. With fur ther  
increase in time, the contr ibut ion of the void size to 

16 3 

16 5 
',.., 

16 6 

id 7 

Idalo-8 

, , , , i : , , , 

. . . . ' ~ ' N ~ ?  " 1016 /6  ~ 

E i L i i k i i L 

I 0  - 7  10 - 6  10 - 5  10 - 4  10 . 3  t(92 I 0  - I  I I 0  I 0 0  

T I M E  ( H O U R S )  

Fig. 2. Variation of the reaction constant, k, with time as a 
function of void density. Note that this plot and all succeeding 
plots are for a 1000A-thick film, Co ~ 0.5%, and T ~ 298~ 
un|ess otherwise indicated. 
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the value of k becomes dominant  unt i l  an apparent  
saturat ion point  is reached. As the vacancy concentra-  
tion reaches the equi l ibr ium value, the reaction con- 
stant, k, will  eventual ly  approach zero, regardless of 
the void size. 

The void size is obtained by numer ica l  in tegrat ion 
over the void growth rate given by 

da 
- -  = Jaa [18] 
dt 

where ~ is the vacancy volume which is est imated to 
be half  the atomic volume. 

Theoretical Results 
Figure 3 shows the effect of a void concentrat ion 

(5 • 1016/cm 3) on the vacancy concentrat ion profile. 
An examinat ion  of these profiles confirms our earlier 
conclusion that, after few hours, voids become the 
principal  sinks for diffusing excess vacancies (6). The 
effect of void density on the average vacancy concen- 
t ra t ion as a funct ion of t ime is shown in Fig. 4, where 
it is clearly seen that, for 1000A-thick film, voids be- 
come impor tant  sinks at a void density higher than 
1 • 1016/cm 3. 

As expected, with decreasing film thickness, the 
contr ibut ion of the surfaces becomes more important .  
The effect of the film thickness on the vacancy con- 

. . . . . . .  r 
\ /  o o o ( 2  m ...... 

( ) .4  

O.O i 
I00 200 300 400 500 

DISTANCE FROM FiLM CENTER (~) 

Fig. 3. Comparison of the vacancy concentration profile of a 
void-free film with that of a film containing a void density of 
5 X 101e/cm 3. 
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Fig. 5. Average vacancy concentration with time in a thin film 
as a function of film thickness. 

centrat ion is shown in Fig. 5. It should be pointed out, 
however,  that  for very th in  films in  which the mean  
intervoid distance is greater than  the film thickness, 
this model for calculating the vacancy concentrat ion 
and the void size is not physically realistic, but  the 
computat ional  method remains  useful  for the following 
reason. In  very th in  (<500 A) th in  films, where the 
periodic boundary  condition is no longer appropriate ,  
the effect of surfaces as vacancy sinks becomes so 
dominant  that  voids are no longer effective for the 
vacancy annihilat ion.  On the other hand, as the film 
thickness is increased and, consequently, voids be- 
come more impor tant  as vacancy sinks, the periodic 
boundary  condition becomes more valid. In  fact, films 
that are greater than  1 ~m in  thickness, act as if they 
are infinitely thick with vi r tual ly  all of the vacancies 
diffusing to voids. 

Spontaneous changes in  the vacancy concentrat ion 
may  be undesirable  for m a n y  solid-state device ap- 
plications, as they might  contr ibute  significantly to 
changes in  physical properties such as tlae resistivity. 
Figure 6 shows the vacancy concentrat ion as a func-  
t ion of t ime for different temperatures  in a 1000A- 
thick film. The impor tant  observat ion here is that, in  
order for a stable resist ivity to be achieved, only a 
short - t ime anneal  at a relat ively modest temperature  
is required. 

Void  Growth  
The diffusion of vacancies to voids results in void 

growth unt i l  all of the excess vacancies have been 
anni'hilated. The effect of the ini t ia l  vacancy concen- 
tration, void density, and film thickness on void growth 
can be seen in  Fig, 7, 8, and 9. As expected, a higher 
vacancy concentrat ion produces larger voids. F u r -  
thermore, growth of larger voids can be seen in  thicker 
films and in  films with lower void densities. 

1.0 

0,8 1 VOID FREE 
2 Nv = IOI6/cm 3 

~o "~~ 0.40"6 ~ 3 Nv=IOI7/cm3 

O 25 50 75 I00 125 150 

TIME (HOURS) 

Fig. 4. Variation of vacdncy concentration with time as a func- 
tion of the void density, 
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Fig. 6. Average vacancy cencentration with time in a thin gold 
film as a function of aging temperature. 
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Fig. 7. Void size as o function of initial vacancy concentration. 
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Fig. 8. Void size as a function of film thickness. Nv - -  1 X 
10z6/cm.3. 

Compar ison  wi th  Exper iment  
Since t he  r e s i s t i v i t y  due  to  vacanc ies  is l i n e a r l y  r e -  

l a t e d  to  t he  excess v a c a n c y  cor~cen t ra t ion  (8 ) ,  t he  r e -  
s i s t i v i t y ,  p, can be e x p r e s s e d  a s  

p = p~  -t-" po [19 ]  

where  po is the the resis t ivi ty wi thout  vacancies, a n d  

p~ = =Cv 

where  ~ is the vacancy resist ivi ty and Cv the a v e r a g e  
vacancy concentrat ion in the film. 

The  resist ivi ty decay at room tempera tu re  wil l  be 
direct ly  proport ional  to the rate  of the vacancy an-  
nihilation. The vacancy resistivity, a, was taken to be 
1.9 ~ cm, which is an average  of several  published 
values obtained f rom quenching exper iments  (11-13). 

The film examined in this study was evaporated by 
resistance heat ing at a rate of 2-3 A/sec  onto a glass 
slide in an oilless vacuum of 1 • 10 -6 Torr. During the 
evaporation,  radiant  heat ing raised the substrate f rom 
about 25 ~ to 110~C. Immedia te ly  after  the deposition, 
the sample was cooled to room tempera ture  under  vac-  
uum, while  the substrate t empera ture  was recorded on 
a strip chart  recorder  wi th  a Chromel -Alumel  the rmo-  

20 
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> I 0  
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i i 7'5 = ' t~50 J O 0  25  5 0  100 ]25  175 2 0 0  

T IME (HOURS)  

Fig. 9. Void size as o function of the void density 

couple in contact wi th  the substrate. This t empera tu re  
his tory was taken into account in our theoret ical  cal-  
culation. The act ivat ion energy for vacancy diffusion 
in gold and the init ial  vacancy concentrat ion were  
chosen to be 0.87 eV and 0.25%, respectively.  These 
values were  found to produce results in good agree-  
ment  not only with  exper iment ,  but  also wi th  those in 
the published l i tera ture  (13, 14). The void density was 
determined f rom TEM examinat ions to be 5 • 1016/ 
cm 3. A TEM micrograph of this sample can be seen in 
Fig. 10. 

To compare the theoret ical  resist ivi ty decay curve  
wi th  experiment ,  a single exper imenta l  point (at 94 
hr) was used as a reference and all  other  points were  
calculated f rom the vacancy resis t ivi ty and the theo-  
ret ical  vacancy concentration. This calculation was 
performed for a film containing the observed void 
density as well  as for a vo id- f ree  film. The results are 
shown in Fig. l l ( a )  and (b).  It  can be clearly seen 
that  the calculation, which accounts for the presence 

Fig. 10. TEM micrograph of voids in the sample studied here. 
Void density is measured to be Nv = 5 X 1016/cm 3. The film 
thickness is 1000A. 
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Fig. 11. Comparison of theoretical resistivity decay with ex- 
periment (o) for a void-free gold film; and (b) for a film con- 
taining the observed void density of 5 • 1016/cm 3. Co = 
0.25%. The temperatures listed reflect the experimental uncer- 
tainty. The film thickness is IO00A. 

of voids, agrees much better with the experiment than 
that in which the voids are ignored. 

S u m m a r y  
Both the resistivity decay and the void growth due to 
quenched-in excess vacancies in thin evaporated gold 
films were analyzed by the use of a theoretical model 
in which the vacancy annihilation takes place pri- 
marily at film surfaces and preexisting voids. In this 
mathematical formulation, the vacancy concentration 
is determined from a solution to the problem of out- 
diffusion from a thin slab with a simultaneous first- 
order chemical reaction. This treatment gave excellent 
agreement with experimental measurements of resis- 
tivity decay and void growth. Furthermore, theoretical 
results have shown that the voids are important sinks 
for excess vacancies in thin films. Finally, it is sug- 
gested that the problem of the resistivity decay can be 
readily eliminated by annealing the film typically for 
less than an hour at 75~ 

Manuscript submitted Dec. 21, 1977; revised manu- 
script received June 6, 1978. This was Paper 210 pre- 
sented at the Atlanta, Georgia, Meeting of the Society, 
Oct. 9-14, 1977. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1979 JOURNAL. 
All discussions for the June 1979 Discussion Section 
should be submitted by Feb. 1, 1979. 

Publication costs o~ this article were assisted by B e l l  
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ABSTRACT 

PbTe,  Pb0.TsSno.~sTe, and Pb0.91Sn0.09Se single crystal films were grown on 
BaF2(100) at  620~176 and 10 -9 Torr  by  coevapora t ion  of the  s toi-  
chiometr ic  b ina ry  compounds and the dopant  e lements  f rom separa te  sources. 
Molecular  incident  fluxes measured  wi th  a quar tz  crys ta l  moni tor  usua l ly  
agreed wi th  those calcula ted f rom vapor  pressure  data to with in  20%. Un-  
in ten t iona l ly  doped films had ca r r i e r  concentrat ions  in the  1018-1017 cm -3 
range, n and p doping were  achievable  by  s to ichiometry  ad jus tmen t  using co- 
evapora t ed  Pb and Te (or Se) ,  respect ive ly ;  but  only  ~0.1% of each be-  
came incorpora ted:  the  r ema inde r  sur face-segrega ted  (Pb)  or r eevapora ted  
(Te,Se).  Conversely,  >1/2 of incident  Bi and T1 became incorpora ted  as n and 
p dopant ,  respect ively,  to levels >1019 cm -8, most  l ike ly  by  subst i tu t ing  for  
P b  or  Sn and displacing i t  to the growth  surface;  except  tha t  Bi in the  
se lenide (and Sb in both)  showed less incorpora t ion  as dopant  at  >10 is cm -s ,  
most  l ike ly  due to compensation.  Bi2Te3 behaved  as Bi in the  t e l lu r ide  and 
was found to subl ime molecu la r ly  according to log10 P(Bi2Te3, Torr )  = (1.53 
• 104/T) + 16.4. SIMS depth  profi l ing of g rown ab rup t  dopant  s teps showed 
h igh-concent ra t ion  diffusion coefficients of Bi and T1 in ( P b S n ) T e  at 650~ 
and of T1 in ( P b S n ) S e  at  620~ to be 9, 4, and 0.9 • 10 -25 cm2/sec, respec-  
t ive ly ;  but  much  fas ter  diffusion (>10 -10 em2/sec) of T1 in the selenide oc- 
cur red  up to 3 • 1017 T1/cm 3. S imi la r  low-concent ra t ion  fast diffusion caused 
car r ie r  concentrat ions of undoped te l lu r ide  films be low layers doped with  Bi 
or  Bi2Te3 to be shif ted by 3 • 1017 cm -3 toward  n - t y p e  and 5 • 1017 cm -3 
toward  p- type ,  respect ively;  the  la t te r  and possibly  also the  fo rmer  shift  was 
due to equal izat ion of d o p a n t - p e r t u r b e d  s to ichiometry  devia t ion  r a the r  than 
to fast-diffusing Bi. Excel len t  junc t ion  profile control  m a y  be obta ined  wi th  
these impur i t y  dopants  p rovided  tha t  the fast-diffusing components are ap- 
propriately compensated  for  in junction design. 

The IV-VI  semiconductors,  pa r t i cu l a r ly  the  t e rna ry  
al loys Pbl -xSnxVI,  where  VI is S, Se, or  Te, a re  
va luable  as phetovol ta ic  in f ra red  radia t ion  detectors  
and as tunab le .d iode  lasers. This is because they  have 
small  d i rec t  bandgaps  which are  wide ly  var iable  
th rough  the in f ra red  photon energy  range by  both 
composit ion (x) and t empe ra tu r e  tuning.  Molecular  
beam epi tax ia l  (MBE) growth  of these compounds 
offers the fol lowing advantages:  low t empera tu re  to 
minimize interdiffusion,  precise definit ion of mu l t i -  
l aye r  s tructures,  and composi t ional  un i fo rmi ty  over  
large  areas. 

Like  o ther  compound semiconductors,  the IV-VI  
compounds are  single phase over  a range of s to ichiom- 
e t ry  devia t ion  f rom me ta l - r i ch  to meta l -poor ,  and  
the resul t ing  la t t ice  vacancies (and sometimes in te r -  
s t i t ia ls)  act as n - t y p e  and p - t y p e  dopants,  respec-  
t ively.  Control  of ~he s to icniometry  deviat ion by  
var ious  techniques has often been used to produce 
p / n  junct ions in these mater ia ls ,  but  this procedure  is 
l imited in both the  control  and the level  of doping 
achievable  when MBE is used, as wil l  be seen below. 
We have consequent ly  employed  ins tead the impur i t ies  
Sb and Bi as n - t ype  dopants  and  T1 as a p - t y p e  
dopant.  I t  has been suggested that  these impur i t ies  are 
incorpora ted  subs t i tu t iona l ly  on meta l  la t t ice  sites (1),  
and this model  is consistent  wi th  thei r  doping be-  
hav ior  and the i r  posi t ion re la t ive  to Pb and Sn on 
the Per iodic  Table. Bi and T1 have been demons t ra ted  
to be pa r t i cu l a r ly  we l l -behaved  (in PbTe, at least)  
compared  to Cu, Ag, In, As, and  Sb in that  the car r ie r  
concentra t ion which they  produce changes ve ry  l i t t le  
wi th  s to ichiometry  devia t ion  or wi th  measurement  
t empe ra tu r e  (1). I t  was the object  of the  present  work  

* Electrochemical  Society  Act ive  Member.  
Key words:  Bi, T1, Bi~Te3, vapor pressure,  nonsto ichiometry .  

to s tudy the behavior  of these impur i t i es  under  MBE 
growth  conditions, inc luding ra tes  of incorpora t ion  
into the growing film, m a x i m u m  doping levels achiev-  
able, and diffusion rates.  The IV-VI  compounds se-  
lected included PbTe and two t e r n a r y  al loys which 
have bandgaps  of 0.9 eV (14 ~m photon)  at  77~ 
namely,  Pb0.vsSn0.22Te and Pb0.91Sn0.09Se. These t e r -  
na ry  al loys wil l  be re fe r red  to as ( P b S n ) T e  and 
( P b S n ) S e  in the tex t  below. 

Experimental Procedures 
The basic MBE appara tus  has been descr ibed in de-  

tai l  p rev ious ly  (2). Briefly, film const i tuents  are  evap-  
ora ted  f rom iso thermal  Knudsen  cell sources enclosed 
in ind iv idua l  l iquid n i t rogen-cooled  shrouds,  in an 
u l t r a -h igh  vacuum sys tem which operates  at  10 -9 Torr  
dur ing  film growth.  Subs t ra tes  a re  chemical ly  pol ished 
BaF2(100) wafers  which are  hea ted  and t empera tu re  
control led to _ I ~  Binary  compound evapora t ion  
sources, e.g., PbTe, a re  synthesized in-house  by  vac-  
uum fusion of the  6-nines pu re  elements,  which are  
weighed to wi th in  10 ppm (2 • 1017 a toms /cm 3) of 
s toichiometr ic  proport ions.  The b ina ry  compounds 
subl ime almost  en t i re ly  as molecules  (3). Dopant  ma-  
ter ia ls  a re  evapora ted  s imul taneous ly  f rom separa te  
sources dur ing  film growth.  In  this work  al l  dopants  
were  evapora ted  f rom e lementa l  sources, except  tha t  
Bi in the form of commerc ia l ly  obta ined  Bi2Te3 was 
also used for comparison purposes.  

Mass deposi t ion fluxes of the  var ious  evapora ted  
mater ia l s  are measured  by  a room t empera tu r e  reso-  
nant  quar tz  crys ta l  moni tor  swung into t h e  subs t ra te  
position. This technique as appl ied  here  is accurate  to 
5% o r  -4-10 - 9  g / c m  2 sec,  whichever  is greater .  For  
ca l ibra t ion  purposes,  the  deposi t ion fluxes can be re -  
la ted to the vapor  pressures  of the  evaporants  in the 
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following manner .  Evaporant  effuses from a thin-  
walled orifice in  a hemispherical  pa t te rn  in  which the 
flux at any position on the hemisphere is proportional 
to the cosine of the angle from the orifice normal.  For  
this cosine-law distribution, the flux at the normal  is 
twice the average flux over the hemisphere, so that  
by mass balance 

2nr2 (W/2 )  : (~/4)D2J or W = (D2/4r2)J [1] 

where W = flux (molecules/cm 2 sec) incident  on 
quartz crystal or on suostra~e positioned normal  to 
the orifice, D -- orifice diameter,  r _-- radial  distance 
of quartz crystal from orifice, and J = effusion flux. 
For true Knudsen  cell operation, molecular  flow 
through the orifice must  be main ta ined  by keeping 
cell pressure P tow enough so that  the molecular  mean  
free path exceeds the orifice diameter,  and vapor-  
solid equi l ibr ium must  be ensured by main ta in ing  
isothermal conditions and by keeping the orifice area 
well below evaporant  surface area (here it is about 
1/10). Under  these conditions, which are main ta ined  
in  this work 

J (molecules/cm 2 sec) = 3.51 X 1 0 2 e P / ( M T )  1/2 [2] 

where P _-- vapor pressure in Tort  of effusand at cell 
tempera ture  T(~  and M = molecular  weight of 
effusand (4). In  this work, T is accurate to +---~2%. J 
as defined above also denotes the surface evaporation 
flux from a pure material,  provided that the molecular  
species are the same in  the vapor and in  the con- 
densed phase, so that Eq. [2] is also useful for est imat-  
ing reevaporat ion rates from a growing film. In  order 
to avoid confusion, surface evaporat ion flux will  be 
denoted as J'. Vapor pressures calculated from quartz 
crystal data using Eq. [2] are almost always wi thin  a 
factor of two of those reported in  the l i terature  [for 
the elements see Ref. (5) ] and  are usual ly  wi thin  20%. 
In  cases of discrepancy, the quartz crystal result  has 
always been assumed to represent  the true W here. 
The necessary assumption that  all incident  mater ia l  
condenses on the room tempera ture  quartz crystal ap-  
pears to be valid, for even in  the case of the most 
volatile const i tuent  encountered in  this work, Se, the 
measured deposition rate was no less than  that  cal- 
culalLed from reported vapor pressure data, provided 
that  a comparable amount  of Pb or Sn was s imul tane-  
ously incident  to assist condensation. If significant 
reevaporat ion of Se had been taking place, the mea-  
sured W would have been less than that  calculated 
from P. In the cases of the dopant  materials,  W during 
film growth is typically two orders of magni tude  
below the level at which an accurate quartz crystal 
calibration can be made. In  such cases, the quartz 
crystal cal ibrat ion point  has been extrapolated assum- 
ing the same P vs. T slope as reported in the l i tera-  
ture  for that  material .  Sinze these slopes depend only 
on the la tent  heat of evaporation, they are far less 
l ikely to be affected by exper imental  conditions than 
are the absolute values of P; and in  fact, in several 
cases for which we have measured the slope, no dis- 
crepancy has been observed. 

A quadrupole mass spectrometer is positioned in 
the path of the effusing beams to monitor  evaporant  
composition and purity.  The beams are mechanical ly 
chopped at 17 Hz, and the mass peak output  is syn-  
chronously detected in  order to dist inguish the beam 
signal from the d-c background which tends to bui ld 
up in the mass spectrometer in the cases of the more 
volatile species. 

F i lm growth conditions for the selenide typically 
have been 1 ~m/hr  and b20~K (suDstrate tempera ture) ,  
and those for the tel luride have been varied from 1 
~m/hr  and 650~ to 4 ;~m/hr and 720~ The higher 
growth rate has been adopted to save t ime and neces- 
sitates a higher substrate tempera ture  to main ta in  
film quality. Growth under  these conditions is ini t ia ted 
at  650~ for the first 0.1 #m to ensure un i form nuclea-  

t ion on the BaF2. In  general  in  MBE, best epi taxy is 
obtained at a substrate tempera ture  not more than  
50~176 below the point  at which the reevaporat ion 
rate of the growing film begins to approach deposition 
rate; that  is, before J '  -~ W. 

Carrier  concentrations and mobilit ies of the grown 
films were determined by resist ivity and Hall voltage 
measurements  using the van der Pauw method (6) at 
77~ Gold pressure contacts were adequate in most 
cases. The s ingle-carr ier  expressions were used for 
calculation, assuming a un i ty  Hall  factor 

n : 10 - s  I H / d e V  [3] 
and 

: d V / l O  - s  IHp [4] 

where n _-- carrier  concentrat ion (cm-S) ,  I -- sample 
current  (amperes),  H = magnetic field s t rength (G),  
d ---- film thickness (cm), e -- electronic charge (cou- 
lombs),  V -- Hall  voltage, ;~ : mobil i ty  (cm~/V-sec), 
and p = resist ivity (~-cm) .  

The dislocation etch pi t  density of PbTe on 
BaF2(100) was measured for films 4-17 ;~m thick 
using the etch recommended by Harman  (7) and was 
found to be 4(+--1) X 107/cm ~, independent  of thick- 
ness. This is about the same as the density reported 
for Pb0.TsSn0.~2Te on PbTe (8) despite the larger la t -  
tice mismatch of the former (3.7% vs. 0.51%). 

Dopant diffusion studies were carried out on two- 
layer films consisting of an undoped layer  covered 
by a layer  highly doped with T1 or Bi. Between layers, 
growth was stoppea with a shutter  mr  about  z min  to 
allow dopant  source equi l ibrat ion at the appropriate 
temperature  for evaporation. The result ing abrupt  
step in dopant concentrat ion was thus exposed to the 
film growth tempera ture  for the t ime required to 
grow .the doped layer. The dopant  profile was then de- 
te rmined by an outside laboratory by secondary ion 
mass spectroscopy (SIMS), which involves sput ter ing 
away the film with an ion beam while mass-analyzing 
the sputtered species. Actual  spectra showed that  the 
mass resolutions of the Cameca SIMS ins t ruments  
used were sufficient in  most cases to separate com- 
pletely both the T1 and Bi peaks from the much 
larger Pb peak adjacent.  In  addi t ion to these measure-  
ments, carrier concentrat ion Levels and uniformities in  
the undoped under layers  of these two- layer  films 
were determined by etching jus t  through the doped 
top layer  using Br2/HBr/H20 and then measur ing the 
carrier concentrat ion of the remain ing  film. Successive 
etches and electrical measurements  on progressively 
th inner  remainders  of film were used to determine 
doping gradients in  the unaopea  layer. 

Dopant Incorporation 
R e s u l t s . - - T h e  incident  flux cal ibrat ion data neces- 

sary to calculate the degree of dopant incorporat ion 
were obtained as discussed above except in  the case 
of Bi2Te3, for which vapor pressure and vapor com- 
position were unavai lable  and had to be measured 
using the quartz crystal and the mass spectrometer. 
Figure  1 shows the mass spectrum of subl iming Bi2Te~, 
Although the mass spectrometer has an upper  mass/  
charge limit of 300, fhe t r iply- ionized species (q -- 3) 
in all cases fall wi thin  range. The predominant  species 
are Bi2Te3, Bi, and Te, with no evidence of BiTe, Bi2, 
or other molecular fractions. An  absolute cal ibrat ion 
was obtained for the in tensi ty  of the Bi + peak in  this 
spectrum by using the source of elemental  Bi, which 
evaporates predominant ly  as the monatomic species. 
This source was in  t u rn  calibrated using the quartz 
crystal. The WBI represented by the Bi+ peak height 
shown on Fig. 1 amounts  to only 2% of the total W of 
Bi2Te3 as determined directly ~y the quartz crystal. 
Therefore, Bi2Te3 sublimes almost ent i rely undis -  
sociated, and its use consequently represents a signifi- 
cantly different doping si tuat ion from the use of ele- 
menta l  Bi. Even the small  amount  of dissociation 
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i:ig. 1. Mass spectrum of sublimating Bi2Tez, showing Bi2Te~, 
Bi, and Te to be the major vapor species and Bi2, BiTe, and Te2 
to be absent. Note the X lO ordinate sensitivity increase above 
M/q - -  130. M - -  mo.lecular weight (amu) and q - -  ion charge. 

vChich is observed could be occurring on electron im-  
pact in the ionization chamber  of the mass spec- 
t rometer  ra ther  than  on sublimation. It  was observed, 
in  addition, that  the tel luride is somewhat less "gassy" 
a source than  the element,  possibly because of a re-  
duced tendency to oxidize on exposure to atmosphere. 
Vapor pressures of subl iming Bi2Te8 calculated from 
quartz crystal data using Eq. [I] and [2] were fitted 
to wi thin  10% over the range 2 • 10 -2 to 1 • 10 -4 
Torr to the following equation of the s tandard Clau- 
s ius-Clapeyron form 

logl0P(Bi2Tes,Torr) = (1.53 X 104/T) + 16.4 [5] 

Equat ion [5] was extrapolated to obtain Bi2Te3 inci-  
dent  fluxes at doping levels. P of 2 X 10 -2 Torr  occurs 
just  below the mel t ing point of 846~ 

Dopant incorporat ion efficiency c a n  be measured by 
comparing the actual change in carr ier  concentrat ion 
produced by the dopant, (n -- no), with the change 
calculated assuming that all incident  dopant is in-  
corporated in active form, (nc -- no). A doping coeffi- 
cient 7 is thus defined 

7 : ( n  - n o ) / ( n ~  - n o )  [ 6 ]  

The carrier concentrat ion (in cm -8) for the doped (n) 
and undoped (no) films are found from Hall measure-  
ments  using Eq. [3]. Typically, no is much larger than  
the intr insic  carrier  concentration, presumably  be-  
cause of nonstoichiometry doping, no is in  general  ex- 
pected to be a funct ion of growth conditions, but  
wi thin  the range of conditions used here it was repro- 
ducible to wi thin  20% for each of the three semi- 
conductors and was 4 X 1016 n / c m  3 for PbTe, 6 X 1017 
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Fig. 2. Impurity dopant incorporation in Pbo.91Sn0.ogS~ grown a t  
1 ~ m / h r  and 620~ - -  ~ unity incorporation coeff icient,  �9 - -  
TI, i = Bi, b = Sb. 

p /cm 8 for (PbSn)Te,  and 2 • 1017 p / cm 8 for (PbSn)Se.  
(no -- no) is calculated from 

(nc -- no) --" ~o(Wd/Gt)Nt [7] 

where ~o ---- theoretical n u m b e r  of charge carriers per 
dopant molecule, G ---- molecules/cm 2 sec incorporated 
into the growing film, Iv = de~lsity (moiecules/cmZ), 
subscript t denotes the sum of the major  film species, 
e.g., (PbTe + SnTe),  and subscript d denotes a dopant 
species. ~o is --1 for Bi, -t-1 for T1, and --2 for Sb2 and 
Bi2Tes; Wd is calculated as discussed under  "Experi-  
mental  Procedures";  G t is found from final film thick- 
ness and growth time; and Nt ---- 1.5 X 10 r~ molecules/  
cm 3 for the tellurides and 1.7 • 1022 for the selenides. 

Doping incorporation data for T1, Bi, and Sb in  
(PbSn) Se grown at 1 pm/hr  and 620~ are plotted in  
Fig. 2. T1 is incorporated into the semiconductor with 
7 = 0.6 up to a doping level as high as 9 • 1019 cm -3, 
whereas Bi and Sb exhibit  a subl inear  dependence of 
7 on doping level, such that the dependence in both 
cases fits the empirical equation 

7 : 0.45 (I01S/]nc -- no[)~176 [8] 

Table I summarizes the doping coefficients calculated 
from plots such as Fig. 2 in this and previous work in 
our laboratory on the IV-VI semiconductors. These 
include the doping coefficients for the Group IV and 

Table I. Doping coefficients for I V - V I  semiconductors grown from stoichiometric binary compound sources 

D o p a n t  

Carrier  Vapor 
t y p e  s p e c i e s  

E x p e r i m e n t a l ,  1 pm/hr 
Calcu la ted  

f r o m  Eq [14], Pbo.ssSno.22Te, Pbo.~lSno.~Se, 
650~ P b T e ,  650~ 050~ 620OK 

p Te~ 
Se~(a) 
TI 

n P b  
Sn  
B i  
Bi2Te8 
Sb2 

5.8 • 10 -4 7 • 10 -e 1 • 1O "-~(~o - -  
1.7 x I 0  -e - -  - -  1.4 x 10 4 
0.90 0.8 ('~) 0.8 ('~) 0.6 
0.99 - -  1 x 10"-~(b) 
1.0 - -  - -  - -  
0.98 0.8 0.6 0.45(10IS/]he -- ,nol)o.eo 
0.98 0.8 (o> 0.8(~,) - -  
0.46 O.15(101s/]ne -- no[)O.~ - -  0.45(lObS/ins -- no[)o.eo 

(.> Se5 is t h e  m a j o r  v a p o r  s p e c i e s  b e t w e e n  500 ~ and 1000~ (10) .  
(b) P r e v i o u s l y  p u b l i s h e d  data  (11) .  
(o) S a m e  at  4 # m / h r  at  050~ 
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Group VI e lements  themselves,  which are added dur-  
ing film growth  f rom separate  e lementa l  sources jus t  
as are the impur i ty  dopants, ra ther  than being ob- 
tained by using nonstoichiometric  IV-VI compound 
sources. For  the tellurides,  note that  Sb2, but  not Bi, 
exhibits  a subl inear  dependence on doping level  of the 
form of Eq. [8]. 

In some cases ~ was constant only up to some "satu- 
rat ion level"  of doping, above which it  dropped to 
zero. Table II  s~mmarizes  the highest  doping levels  
obtained thus far  in this work, wi th  those levels which 
represent  saturat ion levels being so indicated. In the 
case of (PbSn)Te  grown wi th  WpD wel l  above the 
saturat ion level, metal l ic  droplets could be observed 
under  the microscope on the grown films (11). For  
comparison, Table II also presents saturat ion level  
data reported by other  workers  on annealed ingots. 

The effect on ~ of adding a large excess flux of ele-  
menta l  Te2 (WTe ---- 0.1Wt) dur ing growth  of impur i ty -  
doped film was also studied for a few selected cases, a s  
outl ined in Table III. For  PbTe, excess Te2 increased 
the '7 of Sb2 and of Bi, but  that  of Bi2Te~ was un-  
Changed. In the Bi case, ~ had begun to decrease f rom 
the constant value  of 0.8 reported in Table I as satu- 
rat ion was approached, and the excess Tea brought  it  
back up to 0.6. In the case of T1 incorporat ion in PbTe 
at levels  above 10~S/cm ~, excess Te is necessary to 
maintain  good ~. A possible explanat ion for the very  
low ~ otherwise obtained is that  T1 is beginning to 
enter  Te sites, where  it would be l ikely to behave as 
a car r ie r  trap. In the case of Bi-doped (PbSn)Te,  the 
excess Te2 actual ly reversed the carr ier  type. 

Hall mobilities, ~, were  independent  of doping level  
up to a certain "knee"  level, and were  about 1 • 10~ 
cme/V sec for all p - type  mater ia l ,  2 X 104 for n- type  
t e rnary  alloys, and 3 X 10 ~ for all n - type  PbTe. Above 

Table II. Highest doping levels achieved for IV-VI semiconductors. 
Growth was from stoiehiometric binary compound sources except 

as noted. Underlined data indicates "saturation level." 

Dopant  n(cm -~ at 77~ 

Carrier Vapor  PbTe,  Pbo.ssSno.~.~Te, Pbo.~Sno.osSe, 
type species 650~ 650 ~ 620~ 

Te2 9 x I0 TM 3 x 10 ~s(~) - -  
2 x i0  Is(~) 2 • 1019(e) - -  

6 x I0 TM 
Ses ~--i0~9(~ ) "~9 9 x 10 TM T1 1.6 7 x 

2 x 10 ~9(~) 7 x i0 ~9 9 x I0 ~9 

Pb (f) 2 • I0 T M  (t) 

Bi 1.2 • 10 ~(c) "1.8 x I0 ~s 4 x I0 ~s 
2 • 10 ~r 1.8 x 10 ~ 4 x 10 TM 

Bi~Tea 1.1 • I0 ~ 9 • I0 TM (t) 
Sb2 1.0 x I0 ~sf~ (t) 1.6 • I0 TM 

I • I0 ~s(i~) (f) 1.6 x i0 ~s 

(~) Prev ious ly  publ ished data (11). 
(b) Data ot Strauss (1) for  ingots  which were  supersaturated 

with dopant and then annealed at 020~ in Te-saturated or at 
770~ in Pb-saturated atmosphere;  h igher  n value given here.  

(r Excess flux of elemental Tee (W~ = 0.1 Wt) used during 
growth.  

(~ Ingots annealed  at 650~ in Pb-saturated atmosphere  (12). 
(e) Ingots annealed at 650~ in Te-saturated atmosphere  (18). 
(1) Not  tried.  

Table III. Effect on dopant incorporation of using excess Te2 
during growth 

]nr -- no] 7 for WTe = 
Material Dopant level 0 0.1Wt 

PbTe Sb~ 4 x I0 zs 0.08 0.25 
Bi 2 x 10 ~9(~) 0.3 0.6 
Bi~Te~, 2 x 10 ~(a) 0.6 0.6 
TI 1 • I0 ~9 r 0.8 

Pbo.ssSno.~-Te Bi 1 x 10 ~9 0.5 (b) 

<~) Edge of saturation level .  
(b) Reverses  carrier  type  to  5 • 10 TM P/era 8. 
(~> Poor #; T1 forming deep traps on Te  sites? 

the knee, ~ decreased with increasing n so as to main-  
ta in resistivity, p, constant at 

p : 1 /ne~  ___ 2 • 10 -4 a - c m  [9] 

for all three compounds, to wi th in  a factor of two. 

D~scus s ion . - -A  simple model  for the condensation 
and incorporat ion of a dopant during MBE wil l  be 
developed here  to a l low a f i rs t -order  calculat ion of 
to be made. The model  will  assume that  all incident 
dopant becomes incorporated in electr ical ly  act ive 
form except  that  which reevapora tes  given the vapor  
pressure of the pure dopant. The way in which the ex-  
per imenta l  "v's differ f rom those found f rom this model  
wiil  give some insight as to which of the other  possible 
mechanisms are taking place, namely,  surface segre-  
gation, increased or decreased evaporat ion rate  due to 
molecular  binding differences, or incorporat ion in in-  
act ive or compensat ing form. 

To begin with, (nr -- no) in Eq. [6] for ~ is given by 
Eq. [TJ. ~or (n -- no) in Eq. [6], we may  wri te  

( n -  no) : ( ~ G d / G t ) N t  [10] 

w h e r e ,  ---- actual number  of charge carriers per  dop- 
ant molecule, and other  symbols are  as defined pre-  
viously. In the most general  terms, G for any one of 
the him constituents may  be expressed as 

G = W - -  R --  F - - M "  [11] 

where  R ---- m o l e c u l e s / c m  2 sec reflected f rom the sur-  
face of the growing film immedia te ly  upon impact, F 
= molecules /cm 2 sec reevapora ted  f rom the surface, 
L : molecules/cm2 in a monolayer ,  and ]' = t ime 
der ivat ive  of fract ional  surface coverage ]. S teady-  
state surface composit ion may  be assumed under  
steady growth conditions (except near  the start  of 
growth) ,  so that  ] '  ---- 0. For  the major  species, g rowth  
tempera ture  is a lways low enough so that  Gt ~ Wt. (If  
Gt were less than Wt, by the way, it  would be possible 
to obtain values of "v greater  than unity.)  We wil l  also 
assume that  the a t t ract ion of the dopant species to the 
surface is strong enough so that  R = 0. Finally,  we 
wil l  assume that  the dopant  reevapora t ion  rate  Fd may  
be oe termined  f rom the p u r e  substance vapor  pres-  
sure (Eq. [2]), cer ta inly the most tenuous assumption 
of this simple model, and that  it is also propor t ionate ly  
reduced by the fract ional  surface coverage 1d. This is 
equivalent  to Raoult 's  law of ideal solutions 

Fd -- ]dJd' [12] 

We will  now define a surface segregat ion coefficient, ;3, 
as the excess of the dopant fract ional  surface cover-  
age, ]d, over  its fract ional  atomic incorporat ion rate  

fl : ~d/ (ZdGd/ztGt)  [13] 

where  z ---- atoms per  molecule. This definition neglects 
the small  differences in atomic volume amongst  the 
elements involved.  With these simplifications, we may  
combine Eq. [6], [7], and [10]-[13] into a fo rm f rom 
Which an estimate of "v may  be calculated 

"7 : ( ~ / a o ) / ( l  --}- [~ZdJd'/gtWt) [14] 

Using Eq. [14] and [2] and avai lable  vapor  pressure 
data, ~'s have been calculated for the special case of 
complete  dopant act ivat ion (a ---- so) and no surface 
segregation (~ : 1) and for g rowth  conditions of 1 
~m/hr  (Wt : 4.5 >< 1014 molecu les /cm 2 sec) and 
650~ These results are listed in Table I. Note that  
all of the metals  and Bi2Tea have low enough P's  so 
that  ~ is near  unity;  whereas  for Te2 and Ses, ~'s are 
ve ry  low because most of the adsorbate is reevapo-  
rating. Agreement  be tween  calculated and exper imen-  
tal  7's is good for TI, Bi, Bi2Te3, and Te2 in the te l -  
lurioes. For Pb in (PbSn)Te,  on the other  hand, ~ is 
103 smaller  than expected.  Considering the magni tude  
of the discrepancy, this is most  l ikely due to surface 
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segregation (~ ~ 1) ra ther  than to a lower ~ or 
higher Jd' than expected; for it is general ly believed 
that  most incorporated excess Pb does produce charge 
carriers (~ ~ 1), and the appearance of metal  droplets 
on (PbSn)Te  supersaturated with Pb proves that Jd  
is not excessive. Why such extensive surface segrega- 
tion (~ ~ 1O~) should occur for a major  const i tuent  of 
the film even when composition is well away from the 
metal - r ich phase boundary  remains unexplained.  For 
Se5 in  (PbSn)Se,  ,y is 1000 times larger than expected, 
and this can only be due to a J '  which is much less 
than that  given by Eq. [2], Which means that Se is 
bonded much more strongly to the (PbSn)Se  surface 
lattice than  it is to itself. 

The subl inear  dependence on n of "YSb in  PbTe and 
of "Ysb and ~'Bi in  (PbSn)Se  could be due to an n de- 
pendence of either a or ~ in Eq. [14]. The fact that  both 
p and n behavior  has been observed for Sb in PbTe (1) 
depending on stoichiometry deviation is evidence of 
amphoteric behavior  in this dopant, which would be 
expected to lead to a decreasing ~ with increasing n: 
As more metal  lattice vacancies (n- type  sites for Sb) 
were filled, more Sb would be forced into nonmetal  
(p-type) sites, thus compensating itself out. The three-  
fold increase in  "YSD in PbTe with the use of excess 
Tee dur ing growth is consistent with this explanation:  
A larger fraction of the Sb is incorporated into the Pb 
vacancies thus created, ra ther  than going into Te sites. 
Excess Te had the opposite effect on Bi-doped 
(PbSn)Te,  however, actual ly changing it to p-type. 
The much higher solubil i ty of metal  vacancies in  
(PbSn)Te  than  in PbTe (18) probably caused the 
large amount  of Te excess used (Wwe ---- 0.1 Wt) to 
generate in  (PbSn)Te  a concentrat ion of Pb vacancies 
larger than Nd, thus overcompensat ing it, whereas in  
PbTe this many  metal  vacancies could not be gen-  
erated. Adjus tment  of Wwe to a lower value should 
avoid such compensation and accomplish the desired 
increase in  % but  it is preferable to use compound 
dopants such as Bi2Te3. The absence of influence of 
WTe on the 7 of Bi2Te3 in PbTe and the nea r -un i ty  
value of that  ~ suggest that the use of Bi in tel luride 
form is forcing it  into Pb sites without the need for 
excess Te. The following reaction for the incorporation 
of Bi2Te~ is proposed 

Bi2Te~(g) -~ 2BiTe + (s) ~ 2e-  ~- Y~ Te2(g) [15] 

where (g) denotes a gaseous species, (s) a subst i tu-  
t ional solid species, and e -  a conduction electron. Here 
BiTe + substi tutes directly for PbTe or SnTe in  the 
crystal lattice. The extra Te must  be reevaporat ing 
ra ther  than generat ing metal  vacancies; otherwise, a 
lower 7 of 0.5 would be observed due to compensation. 
It is likewise improbable that  mechanisms involving 
dissociation of the BiTe + are involved, for the Te thus 
produced would also generate compensating metal  
vacancies and reduce ~ substantially.  

The "saturat ion levels" reported in  Table II for both 
present and reported work are the max imum n's ob- 
ta inable no mat ter  how much dopant is used. These 
are presumably  the solubili ty limits of the dopants. 
The highest doping levels achieved in  the present  work 
are about equal to the saturat ion levels reported for 
annealed ingots except in the case of Te2, whose high 
volatil i ty is the l ikely explanat ion for the lower satu-  
rat ion level observed in the present  work. It should be 
noted that in most cases the highest levels observed in 
the present work have not yet been demonstrated to 
be the saturat ion levels, simply because higher doping 
levels were not attempted. The doping levels achieved 
here for T1, Bi, and Bi2Te~ are high enough for most 
device applications. 

The fact that Bi and T1 are incorporated into PbTe 
and (PbSn)Te  with nea r -un i t y  7's up to the 1019 cm -3 
level tells us something about their  incorporation re-  
action mechanisms during film growth, as is shown by 
the following argument.  Consider that in  general, the 

metal  dopants may be incorporated inters t i t ia l ly  or 
substitutionally.  Subst i tut ion may involve occupation 
of a metal  vacancy, generat ion of a Te vacancy, or dis- 
placement  of a metal  atom; the displaced atom in t u rn  
is incorporated interstitially or precipitated at the 
growth surface. We neglect the possibility of dopant 
substitution on VI sites which was suggested above 
for Sb and for Bi in (PbSn)Se, because there is no 
evidence of such behavior for Bi or Tl in (PbSn)Te, 
and it can be avoided for Bi and T1 in PbTe by the 
use of excess Te. The various mechanisms described 
above may be expressed symbolically for Bi incorpora- 
tion as 

Bi(a)  -~ Bi + (i) ~- e -  [16] 

Bi(a)  -p Vpb- -~ e + -~ Bi + (s) -~ e -  [17] 

Bi(a)  -~ Bi+ (s) ~- Vie + ~- 2e-  [18] 

Bi(a)  ~- Pb(s )  -~ Bi + (s) -p Pb + (i) -p 2e-  [19] 

Bi(a)  -p Pb(s )  -~ Bi + (s) -~ P b ( a )  -~ e -  [20] 

(a) denotes a species adsorbed at the surface, (i) an 
interstit ial,  (s) a substi tutional,  V a vacancy, and e + 
a hole or p- type charge carrier. Vacancies are wr i t ten  
ionized as (Vpb- ~- e +) and Vwe + ~ e - )  to indicate 
their recognized behavior  as acceptors and donors, re-  
spectively. Of course, Sn as well  as Pb may be in -  
volved in any of the above mechanisms. 

Similarly, for Tl incorporat ion 

Tl (a )  ~ T1 + (i) + e -  [21] 

Tl (a)  ~- Vpb- -~ e + -~ T1- ( s )  ~ e + [22] 

Tl (a )  -> T l - ( s )  ~Vwe + ~-e  + - ~ e -  [23] 

Tl (a)  Jr Pb(s )  -> T l - ( s )  -t- P b + ( i )  �9 e+ -~ e -  [24] 

Tl (a )  ~- Pb(s )  --> T l - ( s )  -~ P b ( a )  .~e+ [25] 

Note that ~ varies from -p2 to --1 among the above 
ten mechanisms. We will now argue that  many  of these 
mechanisms are highly unlikely.  Metal intersti t ials 
general ly  behave as donors [Ref. (9), p. 17], but  since 
T1 is exper imental ly  an acceptor, Eq. [21] cannot be 
important.  Among the subst i tut ional  mechanisms, Eq. 
[17] and [22] are ruled out because the supply of Vpb 

is insufficient from mater ia l  grown from stoichiometric 
sources. The solubil i ty of VWe in (PbSn)Te  is not suf- 
ficient to support  Eq. [18] or [23] (see Table II) ; fu r -  
thermore, Eq. [18] would lead to a : 2, while in fact 

: 0.5 for Bi, and Eq. [23] would lead to a : 0, while 
in fact ~ : 0.8 for T1. Equations [19j and [24] involv-  
ing the production of Pb( i )  are highly unl ike ly  be- 
cause of the very high ~ of Pb, and because they pre-  
dict 7's far different from those observed. Therefore, 
it is most l ikely that  Bi and T1 incorporat ion proceed 
by Eq. [20] and [25]  involving subst i tut ion and dis- 
placement of Pb (and Sn) to the growth surface, al- 
though interst i t ial  Bi (Eq. [16] ) cannot be ruled out 
either. Note that, in contrast  to Eq. [20] and [25], Eq. 
[15] for Bi2Te3 involves the accumulat ion of no metal  
at the surface, but  ra ther  of Te2, which is volatile. 

Dopant Diffusion 
Results.MThe experiments  described in  this section 

are summarized in  Table IV. Two- layer  diffusion test 
films using Bi and T1 in  (PbSn)Se  and (PbSn)Te  
were grown and SIMS-profiled as described above 
under  "Experimental  Procedures." The actual doping 
profile for the T1203 isotope in  (PbSn)Se  is shown in  
Fig. 3, for a film grown at 1 ~m/hr  and 620~K with 
the calculated doping profile shown by the dotted line. 
There is an abrupt  drop at the edge of the doped re- 
gion, as expected, but  there remains a constant resid- 
ual  level of 3 • 1017 T1/cm~ throughout  the undoped 
layer; finally, the T1 signal drops to the noise level 
of the ins t rument  at the BaF2 substrate surface. The 
T1203 signal in tens i ty  has been converted to Nil  
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Table IV. Summary of diffusion experimental results 
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Analytical technique 

Material and growth T (at 1 #m/hr) 

Dopant Pbo.ssSno.22Te, 650~ Pbo.o~Sno.ccTe, 620~ 

SIMS (Fig. 3) Bi 
T1 

Chemical etching + 
Hall measurements  
(Fig. 4) 

Bi 

Bl~Tea 

T1 

Abrupt drop + "knock-on" tail 
Abrupt drop + "knock-on" tail 

Underlayer shifted to 3 x 10~'/ 
em 3 less p-type 

Underlayer shifted to 5 x 10~V 
crnZ more p-type 

No detectable shift  in under.  
layer doping (<4 x 10~/cm *) 

(Analytical interference)  
Abrupt drop + residual 

level  

(atoms/cm~) by  assuming NTt at the surface to be the 
same as in  a s ingle- layer  film grown uncier the same 
conditions as the top layer  in  Fig. 3. NT1 Of the single-  
layer  film was calculated from Hall measurements  as- 
suming a = 1 in Eq. [10]. Bi209 in  (PbSn)Se  could 
not be analyzed due to interference from Pb208. How- 
ever, using a higher resolution ins t rument ,  both T1 
and Bi in  (PbSn)Te  were analyzed, and similar pro- 
files were obtained, except that  tails were present  on 
both signals which extended from the abrupt  step all  
the way into the substrate, as i l lustrated qual i ta t ively 
in  Fig. 3. Such a tail is characteristic of the so-called 
"knock-on" effect, in  which some mater ia l  is pushed 
ahead into the film by the impinging SIMS ion beam. 
The problem could be avoided by growing the un-  
doped layer  on top of the doped layer, but  that  con- 
figuration presents the risk of a small  amount  of sur-  
face-segregated dopant  cont inuing to incorporate into 
the undoped top layer  as the lat ter  is grown, produc- 
ing a similarly art i factual  tail. For a sufficiently large 
fl, this effect could be as large as the "knock-on" effect. 

In  order to verify that  the tails observed were in  
fact artifacts, T1- and Bi-doped (PbSn)Te  diffusion 
samples were also analyzed for n vs. depth by the 
progressive etching technique described above under  
"Exper imenta l  Procedures." The results for Bi are 
Shown in  Fig. 4. The dotted l ine shows the expected n 
in the Bi-doped layer and no in  the undoped layer  
based on Hall  measurements  on s ingle- layer  films 
grown under  the same conditions (1 #m/hr ,  650~ 
The horizontal bars show measured average n over the 
film thickness remain ing  after each of three etching 
steps. Note that  n is the same, wi th in  exper imental  
error, for all  three film remainders,  bu t  that  it  is also 
significantly less p- type than that  observed in an un -  
doped s ingle- layer  film. This difference (3 • 1017/cm 8) 
thus represents the effect of exposing an undoped 
layer  to a highly Bi-doped layer  for */2 hr  at 650~ 
The same exper iment  for T1 in  ( P b S n ) T e  showed that  
n o  measurable  change (<4  X 1016/cm 3) in n of the 

1019 h . . . .  [ ' ' ~' ' I . . . .  I . . . .  

T I  d o p e d  ~ ~ * " ~  ~ - - -  

,o'7 i / 1 - 

. . . .  I * ' l ,  / I . . . . .  , I , ,  
2 5 4 

d e p t h  in f i l m  ( f i r e )  

Fig. 3. Doping profile of TI203 in Pbo.glSne.ogSe as determined 
by SIMS, showing very fast diffusion of TI throughout the undoped 
layer up to a level of 3 X 10 l~ cm - 3  and much slower diffusion 
at higher levels; 1 #m/hr  and 620~ growth. - . . . . . . . .  ex- 
pected NT] profile with no diffusion, - - ~  slope at V2 No 
used to calculate D, "knock-on" tail obtained in 
(PbSn)Te (typical shape). 

undoped layer  was brought  about  by the p r e s e n c e  of  
the highly doped (2 X 1 (}19 T1/cm 3) layer. The use of 
Bi2Te3 (5 • 10 TM Bi/cm 8) as a Bi dopant in  the etch- 
ing sample resulted in an increase in  the p-conduct iv-  
i ty of the undoped layer, ra ther  than  a decrease as ob- 
served for Bi metal  dopant. For successive etches of 
the undoped layer  under  the Bi2Tea-doped layer, n 
was constant at 1.1 _+ 0.05 X 10 ,18 p / cm 3, an increase of 
5 • 10~7/cm 3 over the no of an  undoped s ingle- layer  
film. 

Discuss ion. - -SIMS profiles for T1 in  (PbSn)Se  a n d  
for T1 and Bi in  (PbSn)Te  and etching data for T1, Bi, 
and Bi2Tes in  (PbSn)Te  all show an abrupt  (<0.2 #m 
wide) step in  doping level at the position of the grown 
metal lurgical  junction,  indicat ing diffusion rates slow 
enough for good junc t ion  profile control in  device 
fabrication. Etching data demonstra ted that  the tails 
observed on the SIMS profiles of T1 and Bi in  
(PbSn)Te  were indeed artifacts. However, it is ob- 
served from SIMS data in  the case of T1 in  (PbSn)Se  
and from etching data in  the cases of Bi and Bi2Te3 
in (PbSn)Te  that  there is also a much faster diffusion 
mechanism operable up to a certain in termediate  Nd 
which significantly affects the carrier  concentrat ion 
of the entire under ly ing  layer. 

A rough estimate of the diffusion coefficient D for 
the slower diffusion may be obtained from the SIMS 
data by assuming that  D is independent  of Nd above 
the in termediate  level, in  which case the solution to 
the diffusion equation for an infinite medium with an 
init ial  (t _-- 0) diffusand concentrat ion N -- No for 
x < 0 and N : 0 for x > 0, becomes [Ref. (9), p. 105] 

N ( x ,  t) _-- (No/2) [1 -- e r f ( x / 2 ~ / D t ) ]  [26] 

Since for all t ime t, N = No/2 at x -- 0, the slope o f  

v 

Bi 
ioped 

. . . . . . .  '_ . . . . . .  ' . . . . . .  " . . . . . . .  ' . . . . . . .  '___1 

~-type ', 

o I  ! 
�9 n-type ', 

~- . . . . .  - -  1.5 •  19 n / e r a  3 
i i i i 

o t 2 
depth in fi lm (~m) 

BaF2 

5 

Fig. 4. Effect of Bi-doped layer on n of underlying Pbo.77Sno.~Te; 
I #m/hr and 650~ growth. - . . . . . . . . .  expected n profile with 
no diffusion, n over indicated film thickness, mea- 
sured after etching away of Bi-doped layer. 
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the concentra t ion profile at  No/2, as shown in Fig. 3, 
becomes a convenient  measure  of D. I t  follows f rom 
Eq. [26] tha t  

d(logloN)/dx[x=o : 0.434/(~Dt) v, [27] 

To the ac tual  slope measured  f rom Fig. 3, a correct ion 
must  be appl ied  for tha t  pa r t  of the  slope which is due 
to spu t t e r -e t ch  roughening of the SIMS sampled  area. 
This contr ibut ion  was de te rmined  by  measur ing  the 
slope of the  Pb208 signal  at  the BaF2 surface and ad-  
jus t ing i t  to x = 0 by  assuming tha t  roughness in-  
creases l inear ly  wi th  spu t t e r -e tch ing  depth. S imi la r  
calculat ions were  made  on S~MS da ta  for  Bi and T1 
in (PbSn)Te ,  and the  resul t ing  D's are  presented  in 
Table V along wi th  re la ted  diffusion da ta  f rom the 
l i tera ture .  

The fast diffusion coefficients observed below the 
in te rmedia te  N d cannot  be calculated in  this way  be-  
cause the gradients  in Nd in the undoped layers  are  
not  large enough to be measurable ;  bu t  a lower  l imi t  
on D may  be obta ined  by  observing tha t  the  change 
in N d  th rough  the undoped region is less than  1 • 1016/ 
cm 3 and by  app ly ing  this condit ion to Eq. [26]. These 
calculat ions have  been done for the  SIMS data  on T1 
in ( P b S n ) S e  and for  the etching da ta  on Bi in 
(PbSn)Te ,  and the resul ts  a re  presented  in Table V. 
Since etching da ta  indicates  insignificant fast  diffusion 
using T1 in (PbSn)Te ,  no fast  diffusion coefficient ap-  
pears  for  tha t  system. 

Diffusion da ta  of o ther  workers  presented  in Table  
V were  in most cases ob ta ined  over  a range of T not  
ex tending  down to the MBE growth  T, so the s tandard  
expression 

D --  Do exp ( - - Q / k T )  [28.] 

was used for  ex t rapo la t ion  to obta in  D's at  tha t  T, 
where  Q - ac t iva t ion  energy for diffusion. Three  
types  of da ta  a re  presented:  self-diffusion, and junc-  
t ion and impur i t y  diffusions. The first describes the 
motion of rad ioac t ive  t r ace r  th rough  the otherwise  
homogeneous mater ia l ,  which mot ion may  take  place 
by  an inters t i t ia l ,  a vacancy,  or  some more  complex 
mechanism. Junct ion  diffusion describes the mot ion of 
a p / n  junct ion  produced by  a nons to ichiometry  grad i -  
ent. Junct ion  mot ion may  involve any of the self-diffu-  
sion mechanisms of e i ther  the  Group IV or  the  Group 
VI elements,  but  m a y  also be much faster  than  any 
of these. For  example ,  if  the  junct ion  moves by  Pb 
vacancy  diffusion, which takes  place  by  exchange wi th  
ne ighbor ing  Pb atoms, the  vacancy may  pass th rough  
the ent i re  crys ta l  whi le  each Pb a tom involved in the 
ind iv idua l  "hops" be tween  neighbors  only moves one 
atomic distance. Therefore,  the  vacancy m a y  move 

much fa r the r  th rough  the crys ta l  in a given t ime than 
do any of the ind iv idua l  Pb atoms involved in  i ts 
motion. The junc t ion  diffusion coefficient includes the 
motion of excess Pb and Te vacancies,  whi le  the  self-  
diffusion or  radioact ive  t racer  diffusion coefficient 
measures  only the mot ion of l abe led  atoms, not  of 
vacancies. Since, in general ,  D is expected to be de-  
pendent  on the degree of nonstoichiometry  of the host  
ma te r i a l  because of the  role of vacancies, the car r ie r  
concentra t ion of the  ma te r i a l  used is also l is ted when  
avai lable .  The case of Pb self-diffusion in PbTe (13) 
is pa r t i cu la r ly  d ramat ic  in  this respect,  D in low p-  
type  mate r i a l  being 104 l a rge r  than  in  high p- type .  
The authors  a t t r ibu ted  the  increase  to a change in  
mechanism f rom vacancy to in ters t i t ia l ,  which was 
consistent  wi th  the accompanying drop  in Q which 
was also observed.  

The slow D~s measured  above the in t e rmed ia te  level  
of Nd for Bi and T1 in ( P b S n ) T e  in the  present  work  
compare wel l  wi th  repor ted  D's for  self-diffusion and 
Sb diffusion in low p - t y p e  te l lur ides :  They are  a l l  of 
the  o rde r  of 10 -z4 cm~/sec. The slow D for T1 in 
( P b S n ) S e  is about  10 s h igher  than  tha t  of Sb or  Pb  
in PbSe, and the fast  D be low the in te rmedia te  doping 
level  is at  least  104 h igher  than  any D repor ted  in the 
IV-VI  compounds ( junct ion  D's excepted  since these 
do not necessar i ly  represen t  d i rec t ly  the  t r anspor t  of 
mater ia l ,  as exp la ined  above) .  While  diffusion be-  
havior  such as tha t  observed here  for  T1 in ( P b S n ) S e  
is unusual ,  a s imi lar  s i tuat ion has been repor ted  for 
In in  GaAs (17), in which  most  of the  In  diffuses 
s lowly in Ga-subs t i tu t iona l  sites, but  a smal l  f ract ion 
enters  in te rs t i t i a l  sites and diffuses ve ry  rapid ly .  
Lower  solubi l i ty  impur i t y  components  in genera l  tend 
to have h igher  D's [Ref. (9),  p. 90]. Therefore,  the  
fol lowing is a l ike ly  mechanism for the  D behavior  of 
T1 in (PbSn)Se :  most  of the  T1 enters  me ta l - subs t i -  
tu t ional  sites according to Eq. [25] and diffuses ve ry  
slowly,  but  a smal l  f ract ion enters  in te rs t i t i a l  sites 
according to Eq. [21] and diffuses much  more  rapidly .  

A s imi lar  low-solubi l i ty ,  fast-diffusing in te rs t i t i a l  
component  of Bi incorpora ted  according to Eq. [16] 
would expla in  the  3 • 101~/cm 3 drop in n observed in 
undoped ( P b S n ) T e  unde rnea th  h igh ly  Bi -doped  m a -  
terial .  However ,  an equal ly  reasonable  a l t e rna te  ex -  
p lana t ion  could be based on the incorpora t ion  of a 
smal l  f ract ion of the  Bi according to Eq. [17], [18], or  
[19] in addi t ion  to the  p redominan t  incorpora t ion  ac-  
cording to Eq. [20]. The resul t ing  reduct ion  in Vpb or  
increase  in ~TTe o r  Pb (i) ,  respect ively,  would  set up a 
nons to ichiometry  g rad ien t  t oward  the undoped layer ,  
the  equal izat ion of which would  resul t  in a reduct ion 
in the  p -conduc t iv i ty  of the unde r l aye r  and would also 

Table V. Comparison of diffusion data in IV-VI semiconductors at MBE growth temperatures 

D, cmS/sec, at (no, c m  -~) 

Pbo.ssSno.~Te, Pbo.,1Sno.c.Se, 
Type  of diffusion Diffusand PbTe, 650"K 650"K PbSe,  620~ 620~ 

p / n  junc t ion  p i n t o n  5.6 x 10 -~ (19) - -  2.4 x 10 -lo (15) 7 x l0 -~  (15) 
nintop 5.4 x 10 -1~ -- 1.6 X 10 -11 (16) -- 

1.8 x i0 -9 (19) -- 1.6xlO-n(16) -- 
Radioactive tracer Pb 3.3 x 10 -Is (13) -- 1.6 • I0 -~7 (16) -- 

(high p) (p-saturated) 
2.0 x I0 -I~ (13) -- 4.4 • 10 -19 (16) -- 

(<6 • 1017 p) (n-saturated) 
Sn 1.6 • i0 -~C~) -- -- -- 

(1017 p) 
Te 2.6 xl0 -I' (13) -- -- -- 

(h igh  p)  
7 x I0 -~ (13) -- -- -- 

(<6 • 1017 p) 
Sb 3.6 x 10-i~ a) 2.8 • 10 -~ (14) 1.0 • I0 -17ca) -- 

( 1017 p ) ( 10~-10 TM p) 
Present work (h = above Bi -- 9 x 1O ~ (h) -- -- 

intermediate n; L = be- -- >2 x I0 -~o (I) -- -- 
low) (6 x i0 ~7 p) 

TI 4 X 10 -~  (h )  9 • 10 -le (h) 
(6 x 10 ~ p) >I x I0 -m (I) 

(2 X 1017 p) 

(') Res (9) .  pp. 293-297. 
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proceed by  the  r e l a t ive ly  fas t  p / n  junc t ion  diffusion 
mechanism. In  fact, the lower  l imi t  of D measured  for  
the  fas t -dif fusing component  is of the  same order ,  
10 -1~ cm2/sec, as the  average  junc t ion  D repor ted  for  
PbTe.  If  this l a t t e r  mechan i sm were  the  correct  one, 
the  same effect would  be expected  to occur to at  least  
a de tec tab le  ex ten t  Ior  T1 as well ,  whe reby  Eq. [22]- 
[24] would  cause a drop  in p -conduc t iv i ty  in  the  
under layer .  However ,  in  v iew of the  fact  tha t  such a 
drop is not  observed  be low T l -doped  mater ia l ,  the  
fast  diffusion mechanism in Bi -doped  ma te r i a l  is more  
l ike ly  to be tha t  involv ing  a fas t -dif fusing component  
of Bi itself. 

Iv  the case of the  increase  in p -conduc t iv i ty  of ma-  
t e r i a l  under  the  Bi~Te3-doped layer ,  the  e x t r a  Te 
a tom has to be  involved  in  the  fast  diffusion mecha-  
nism and the Bi i tself  must  be diffusing much less 
qu ick ly  in o rder  to exp la in  such an increase.  That  is, 
in addi t ion  to the Eq. [15] mechanism for Bi2Te3 in-  
corporat ion,  which  involves  reevapora t ion  of the ex t r a  
Te atom, some of this Te mus t  be incorpora ted  into 
the  film according to 

Bi~Te3(g) --> 2BiTe + (s) + T e -  (i)  -k 2 e -  + e + [29J 
o r  

-~ 2BiTe + (s) + T e ( s )  + Vpb-  + 2 e -  + e + [30] 

fol lowed b y  nons to ich iometry  equal izat ion by  Te (i) or  
Vpb diffusion as discussed above. Repor ted  junc t ion  
diffusion coefficients (Table  V) are  la rge  enough to 
account  for the  observed  doping shift  under  the con- 
di t ions exist ing.  The rep lacement  of Bi by  Bi2Te3 as an  
n -dopan t  has not  e l imina ted  el~ects on the under layer ,  
but  has mere ly  changed the na tu re  of the  problem.  
Nevertheless ,  the  effects in  both cases a re  smal l  enough 
so tha t  they  can be canceled by appropr i a t e  compen-  
sat ion wi thou t  degrad ing  the  ma te r i a l  apprec iably ,  
since ;~ does not  begin  to decrease  unt i l  above 10 zs N /  
c m  3 o r  s o .  

Conclusions 
I t  has been demons t ramu auove for MBE growth  of 

IV-VI  semiconductors  tha t  accura te  and reproduc ib le  
n control  up to the 1019/cm ~ level  m a y  be o~tained in 
most  cases by  using Bi and T1 as n - t y p e  and p - t y p e  
impur i t y  dopants  and by  ca l ibra t ing  W wi th  a quar tz  
c rys ta l  monitor .  This approach  is p re fe rab le  to n con- 
t ro l  by s to ichiometry  devia t ion  adjus tment ,  which 
usua l ly  cannot  achieve as high an  n and which  also 
involves extens ive  surface segregat ion  in the  case of 
excess me ta l  and extens ive  r eevapora t ion  in the  case 
of excess nonmetal .  The  l a t t e r  is expec ted  to l ead  to 
an exponent ia l  dependence  of "v on g rowth  t empera -  
ture,  which  would  make  control  difficult. Near ly  al l  
Bi and T1 are  ac t ive ly  incorpora ted  into both the  t e l -  
lur ides  and the  selenides except  for  Bi in (PbSn)Se .  
The l a t t e r  s i tuat ion could p robab ly  be improved  by  
using BisSe3 as a Bi source, if  i t  were  found to evapo-  
r a t e  molecu la r ly  as was Bi2Te3. 

Most Bi and  T1 appears  to be incorpora ted  subs t i tu -  
t iona l ly  on meta l  sites by  d isplac ing meta l  to the  
g rowth  surface, and the D's of these dopants  a re  low 
enough so tha t  ve ry  ab rup t  (<0.2 ~m) junct ions  m a y  
be grown. However ,  in most  cases, a smal l  f rac t ion 
of dopant  is also incorpora ted  in such a w a y  as to l ead  
to much  fas ter  dil~usion of meta l  in ters t i t ia ls  or non-  
me ta l  vacancies up to a cer ta in  in t e rmed ia te  level  of 
doping. This leads to a shif t  in the  n of ad jacent  ep i -  
t ax ia l  layers ,  which  must  be accounted for  in  junct ion  
device growth.  In  v iew of the  l ike ly  role in these  proc-  
esses of in ters t i t ia ls  and vacancies of the  Group IV 
and VI e lements  themselves,  the  ex ten t  of n shift  as 
wel l  as the  fast  D values  a re  expec ted  to be dependen t  
on no, which  in t u rn  depends  on the specific g rowth  
condit ions for  the  mater ia l .  Therefore,  the numer ica l  
values  r epor ted  here  can only  be  r ega rded  as typical .  
The D values  might  also be dr iven  e i ther  up or  down 
by the use of ma te r i a l  wi th  a lower  dislocat ion den-  
sity. F ina l ly ,  a l though the most  l ike ly  diffusion 

mechanisms were  pos tu la ted  above based  on the  
avai lab le  evidence, unique  mechanisms cannot  be 
identif ied wi tnout  s t u a y m g  the p r o m , s  across a junc-  
t ion of both Nd and n as a funct ion of no and p re fe r -  
ab ly  also as a funct ion of T. 
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LIST OF SYMBOLS 
(a)  species adsorbed  at  the  surface  
D orifice d iamete r  ( cm) ;  diffusion coefficient (cm2/ 

see) 
d film thickness  (cm) 
e -  conduct ion e lec t ron 
e+ hole or  p - t y p e  charge ca r r i e r  
e electronic charge (coulombs)  
F molecu les /cm 2 sec r eevapora ted  f rom the surface 
J f rac t ional  surface coverage 
I '  t ime der iva t ive  of I 
G molecu les /cm 2 sec incorpora ted  into the growing 

film 
(g) gaseous species 
H magnet ic  field s t reng th  (G) 
I sample  cur ren t  (A) 
(i) in te rs t i t i a l  species 
J effusion flux (molecu les /cm 2 sec) 
J '  pure  ma te r i a l  surface evapora t ion  flux (mole-  

cu les /cm 2 sec) 
L molecules/cm2 in a monolayer  
M molecular  weight  of effusand 
N dens i ty  (molecu les /cm 8) 
n car r ie r  concentra t ion (cm -3)  
P vapor  pressure  (Torr)  
Q act iva t ion  energy  for diffusion 
R molecu les /cm 2 sec reflected f rom the surface 
r rad ia l  dis tance of quartZ crys ta l  f rom orifice (cm) 
(s) subst i tu t ional  species 
T t empe ra tu r e  (~ 
t t ime (sec) 
V Hall  vol tage  (V) ; la t t ice  vacancy species 
W flux incident  on quar tz  c rys ta l  or on subs t ra te  

(molecules /cm 2 sec) 
z dis tance along diffusion g rad ien t  (cm) 
z atoms per  molecule  

Subscript 
c ca lcula ted  va lue  
d dopant  
o ini t ia l  or  basel ine  va lue  
t sum of ma jo r  film species 

Greek 
a actual  number  of charge carr iers  pe r  dopant  

molecule  
~o theore t ica l  number  of charge car r ie rs  pe r  dop-  

ant  molecule  
surface segregat ion coefficient (Eq. [13]) 

-~ doping coefficient (Eq. [6]) 
m o b i l i t y  ( c m 2 / V  - sec) 

p res is t iv i ty  (~%-cm) 
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Theory and Direct Measurement of Boron Segregation 
in SiO, during Dry, Near Dry, and Wet 0.2 Oxidation 

Richard B. Fair* and J. C. C. Tsai 
Bell Laboratories, Reading, Pennsylvania 19604 

ABSTRACT 

A theory of B segregation is developed which accour~ts for the differences 
in m observed in, for example, diffusion from a highly doped B203 source as 
compared to oxidation of B-doped Si in  wet and dry oxidizing ambients.  We 
have found that most dry 02 oxidations are really only part ial ly dry and 
that the presence of as little as ~20 ppm S20 results in an m essentially the 
same as oxidation in 100% steam, i.e., m = 0.58 at 1200~ with an "effective" 
activation energy of 0.64 eV. However, in a t ru ly  dry oxidation, the B 
segregation coefficient at 1200~ is ~1  with an effective activation energy of 
0.33 eV. We propose that these differences as well as the m ~ 2 observed in 
high concentrat ion B208 diffusion source oxidations are determined by the 
formation thermodynamics  of the B compounds that  are created dur ing 
segregation. Quanti ta t ive agreement  with m values obtained from directly 
measured B distr ibutions across the SiO2/Si interface are obtained (SIMS 
measurements  with oxygen leak).  Also, through-oxide B implants  were ob- 
served to have segregation coefficients equal to the pure dry 02 case even 
though the subsequent  oxidations were performed in Oe ambients  with trace 
amounts  of g20.  Examples are presented which i l lustrate the effect of t r a c e  
amounts  of H20 on B diffusion dur ing oxidation. 

During the growth of an oxide layer  on silicon con- 
ta ining a Group III  or V impuri ty,  unequal  distribu~ 
tion of the impur i ty  will  occur between the two Si 
phases. For the case of B in  Si it has been presumed 
that  B208 glass is formed dur ing the segregation re-  
action at the interface (1, 2). Since this oxide is very 
stable, B will  be "gettered" into the growing SiO~ 
films. Since the diffusivity of B is large in  Si com- 
pared with the SiO~ growth rate, a significant deple- 
t ion of B can occur in the Si near  the SiO2/Si interface. 

Many studies of B segregation in SiO2 have been re-  
ported in the l i terature.  A review of these studies 
through 1975 is given by Murarka  (3). More recent 
work has been reported in  Ref. (4-10). Most of these 
studies have relied on various mathematical  models 
using boundary  conditions imposed by surface oxida- 
tion, some of which are too approximate or are incor- 
rect. Also, using these models to extract segregation 
coefficients, m, from measurements  of sheet resistance 
and junct ion depth can be r isky due to the large sen- 
sit ivity of m on Rs. As a result, reported segregation 
coefficients cover a wide range and show conflicting 
dependence on temperature.  More recent studies in 
which direct measurements  have been made also show 
an orientat ion dependence (6). 

It  is the purpose of this paper to present  a theory of 
boron segregation in SiO2 as a basis for evaluat ing 
the extensive published data. Orientat ion dependence 

* Electrochemical Society Active Member. 
Key words: ion implantation, diffusion, oxidation, segregation, 

boron. 

and concentrat ion dependence as well as ambient  de- 
pendence are considered. In  addition, new d a t a  a r e  
presented which were obtained from secondary ion 
mass spectrometry uti l izing an oxygen leak for con- 
t inuous measurement  through the ~iO2/Si interface. 
It is shown, that in pure dry O~ ambients,  B segregates 
in SiO2 as glassy B203 and elemental  B with m = Csi/ 
Csio2 = 1 at 1200~ and with an "effective" activation 
energy of 0.33 eV. With as little as 20 ppm H20 in  the 
ambient,  it is proposed that B segregates as crystall ine 
HBO2 and elemental  B with m = 0.58 at 1200~ and 
with an "effective" activation energy of 0.64 eV. The 
results with' 100% steam are the same as" "dry" O2 
with trace amounts of H20. 

To begin, the exper imental  procedure used in this 
study is presented along with exper imental  results. 
Based on the apparent  equi l ibr ium nature  of boron 
segregation (11) the theory of this phenomenon is 
discussed. 

Experimental 
Sample preparation.---Silicon wafers, n- type,  1-2 

~ -cm with ~100> and ~111~  orientations were used 
in this study. These wafers were Syton polished on 
one side and chemical etched on the other side. They 
were given a s tandard cleaning process which includes 
H20~. W HC1 and H202 ~- NH~OH. Silicon wafers oxi- 
dized in a wet ambient  were processed with ni trogen 
gas passing through water  at 98~ and those oxidized 
in  "dry" oxygen were processed with plant  oxygen 
which contains ~16 ppm of methane. Since methane 
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combusts to water  at high temperature,  these wafers 
were not  oxidized in  pure ly  dry oxygen. Earl ier  direct 
measurements  of moisture content  in a typical B- 
dr ive- in  furnace in our facili ty as a function of posi- 
t ion in  the tube showed 15-50 ppm H20 in the flow 
of oxygen (12). The effect of moisture on the experi-  
menta l  results are discussed in a later  section. 

Conditions o] treatment and sample identification.~ 
The following is a list of all the exper imental  informa-  
t ion on the samples in  this paper: 

1. The first group of wafers were oxidized to a 
thickness close to 2150A in  either "dry" oxygen or 
wet oxygen. Two of these wafers were <111> oriented 
and the rest were <100> oriented. Boron was im-  
planted at 50 keY to a dose of 1 X 1015 cm -2 into these 
wafers through the oxide. The boron profile had its 
peak concentrat ion near  the oxide-silicon interface. 
These wafers were then diffused at 1150~ for 60 rain 
in 1% O2 + 99% N2 or in  100% 02. Another  wafer was 
divided into four quarters  and three of them were 
diffused in  1% 02 + 99% N2 at 1100 ~ 1050 ~ and 
1000~ for 120, 240, and 480 min, respectively. 

2 The second group of silicon wafers, <100> ori-  
ented, were boron implanted at 50 keV with doses 
ranging from 1 X 1014 to 1 X 1018 cm-2  and diffused at 
1150~ for 55 min  in  0.1% 02 + 99.9% N2. After  diffu- 
sion these wafers were oxidized and the oxidation 
conditions are given in Table I. 

3. Two <100> oriented wafers were boron im-  
planted at 50 keV to a dose of 5 • 1014 cm -2. One of 
these wafers (177) was cut into two halves. They 
were d r iven- in  at 1150~ for 55 min  in  N2 (177A) and 
02 (177B), respectively. The other wafer (178) was 
diffused at 1150~ for 55 min  in  0.1% 02. Subsequent  
wafer division and processing are shown below: 

Sample (177) 

i 
Drive-in: N~ o2 

I 
10Jmin 2 hr  

Oxidation in  ..... I I 
wet 0~:  2 hr  10 rain 

4. Four  Si wafers (2 Q-cm, <100> orientat ion)  
were boron implanted at 50 keV to a dose of 5 X 10 ~4 
cm-~ and diffused at 1150~ for 55 min  in 0.1% 02 

99.9% N2. Each wafer was divided into four quar-  
ters and three of them from each wafer  were oxidized 
at 1200~ (No. 1 wafer) ,  1150~ (No. 2 wafer) ,  and 
1050~ (No. 3 wafer) for 2, 5, and 10 min;  and at 950~ 
(No. 4 wafer) for 5, 10, and 20 min  in oxygen. The 
sample identifications are given in  Table II. The oxide 

Table I. Sample identification and processing 

Sam- Temp Time  
ple  Dose (~ ( ra in )  A m b i e n t  

104 1El4 1050 60 D r y  O~ 
60 1El6 1050 60 D r y  Oe 

308A 5E15 900 30 W e t  O2 
307A 5E15 1050 10 W e t  O2 
307B 5E15 1050 30 W e t  O2 

Table II. Sample identification 

T h i c k n e s s  
T e m p  T ime  (A) (ell ip- 

S a m p l e  (~ ( m i n )  s o m e t e r  d a t a )  

1200-2 1200 2 - -  
1200-5 1200 5 500 
1200-10 1200 I0 670 
1150-2 1150 2 260 
I150-5 1150 5 420 
1150-10 1150 10 640 
1050-2 1050 2 230 
1050-5 1050 5 270 
1050-10 1050 10 - -  

950-5 950 5 - -  

950-10 950 10 80 
950-20 950 20 190 
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thicknesses were measured with an  ellipsometer. 
Since the samples were small  in  comparison with the 
light beam, a few samples did not give good ellipso- 
metric readings. The measured oxide thicknesses are 
also given in Table II and these results reasonably 
agreed with the SIMS data. 

Ion implant--ion implanta t ions  were done in either 
an AI machine or an  Ext r ion-Var ian  200-1000 ion im-  
plant  system. B 11 ions were extracted at 30 keV, mass 
analyzed, and accelerated for energies greater  than  
30 keV. Both machines provided uniform implantat ions 
at comparable ion energies. No special cleaning was 
performed on the exper imental  samples after im-  
plantat ion prior to heat - t rea tment .  

SIMS anatysis.--The boron profiles near  the SiO2/Si 
interface were measured by the SIMS technique (sec- 
o~]dary ion mass spectrometry) in  a CAMECA IMS-300 
system which has been modified with an oxygen leak 
in the target chamber. 1 Blanchard has made this im-  
provement  on his system and reporLed the advantages 
of such an a r rangement  (13). 

Since a clean silicon surface is chemically active and 
it can be oxidized in  a very short time, the presence 
of sufficient oxygen near  the silicon surface will con- 
vert  it to oxide readily. The needed oxygen is in t ro-  
duced onto the sample surface through a controlled 
oxygen leak valve. The p r imary  ion beam is sput ter-  
ing off SiO2 instead of Si for the entire measurement.  
Thus, when measur ing the secondary Si signal across 
a SiO~-Si interface, no abnormal  changes of the signal 
are recorded, v/hich means there is no change of the 
secondary ion yield near  an interface. When measur ing 
the secondary ion signal from an  impur i ty  near  an 

Sample (178) 

L 
0.1% O2 in N= 

[ I 
30 rain 2 hr  

interface, any discontinuity of the signal would repre-  
sent the segregation phenomenon.  

IR reflectance and ESCA analysis.--The chemical 
state of B implanted into SiO2 and segregated into 
S i Q  was studied using electron spectroscopy for 
chemical analysis (ESCA). 2 Also, infrared reflectance 
spectra were obtained at room temperature  on a Per -  
k ins -Elmer  621 grat ing IR spectrophotometer. 3 

Experimental Results 
Implantation through SiOz.--The measured profiles 

of B implanted through 2150A of SiO2 at 50 keV are 
shown in  Fig. 1. Excellent  cont inui ty  of measured B 
concentrat ion is obtained across the SiO2/Si in ter -  
faces. The result  obtained when the 1 >< 1015 cm -2 
implant  was annealed at 1150~ for 60 rain in  100% 02 
(<100> Si) is shown in Fig. 2a. Dur ing  the oxidation 
drive-in,  650A of SiO2 was grown in  addit ion to the 
existing oxide. It can be seen that  the B segregation 
coefficient is ~1 at the SiO2/Si interface since the B 
concentrat ion on the SiO2 side is equal  to the B con- 
centrat ion on the Si side. A similar result  (m -- 0.8) 
was obtained for a <111> sample oxidized at 1050~ 
for 60 min  in 100% 02. 

The resul t ing profile when the dr ive- in  is performed 
in 1% O2 is shown in  Fig. 2b. Some redis t r ibut ion of 

1 T h e s e  prof i les  w e r e  measured  under  c o n t r a c t  b y  B. B l a n c h a r d ,  
C e n t r e  D ' E t u d e s  N u c l e a i r e s  De  G r e n o b l e ,  C o m m i s s a r i a t  A L 'En-  
eg ie  A t o m i q u e ,  F r a n c e ,  Grenob le .  

-~ T h e  ESCA w o r k  was  per formed  b y  G. P.  S c h w a r t z ,  Bel l  Lab-  
o ra to r i e s .  

T h e  i n f r a r e d  s p e c t r a  w e r e  o b t a i n e d  b y  G. A. B a l d a u f ,  Bel l  Lab-  
o ra to r i e s .  
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Fig. 1. SIMS profiles of two 50 keV B implants through the 
Si /Si02 interface. 
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Fig. 20. SIMS profile of the diffusion and segregation of a 
through-oxide B implant in near dry 02.  

B has occurred on the SiO2 side of the interface to ac- 
commodate the boundary condition m = 1 for the thin 
oxide growth. For this case, the oxide layer acts much 
l ike a blocking boundary since l itt le segregation oc- 
curs. The surface concentration was observed to de- 
crease wi th  time, t, according to the expression 

QT2nl  ~ i / 3  Cs=K(~/ [1] 

where K = 0.53 is an empirical  constant, QT is the  
implant  dose, ni is the intrinsic electron concentration, 
and Di is the intrinsic B diffusion coefficient. A similar 
result has been obtained for implanted As diffusion in 
Si  (14). 
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Fig. 2b. SIMS profile of a through-oxide in,plant diffused in 
1% 02. 

Oxidation of B-implanted SL--Typical  results of  the 
effect of Si oxidation on the segregation of B im-  
planted and diffused into bare < 1 0 0 >  Si are shown in 
~-ig. 3a and b. Sample 104 was oxidized in "dry" 02 for 
60 min at 1050~ and sample 307B was oxidized for 
30 rain in wet O2. For both cases the segregation co- 
efficient is ~0.33. The results for this phase of the 
study are summarized in Fig. 4 where  the measured 
segregation coefficient data are plotted vs, B concen- 
tration at the Si  side of the SiO2/Si interface. It can be 
seen that regardless of the t ime of oxidation, ambient, 
preoxidation treatment, and surface concentration, 
the B segregation coefficient is m = 0.33 _ 0.03 at 
I050~ 

The t ime dependence of the segregation coefficient at 
four oxidation temperatures is shown in Fig. 5. It can 
be seen that m is independent of time. Thus, it would 
appear that B segregation can be treated as an equi-  
l ibrium phenomenon as proposed by Thurmond (11). 

Chemical state o] boron.--The results of using ESCA 
to determine the chemical  state of B near the SiO2/Si 
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i o 
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Fig. 3a. SIMS profile of the diffusion and segregation of B im- 
planted into Si and annealed in near dry 0~.  
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Fig. 3b. SIMS profile of the diffusion and segregation of B im- 
planted into Si and annealed in wet 02. 
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dry oxidation of < 1 0 0 >  Si. 

in ter face  indica ted  tha t  in  both the  a s - implan ted  sam-  
ples (B into SiO2/Si) and the  hea t - t r e a t ed  in  "dry"  
02 samples, boron exists in the B +a state. Since 
this is the  na tu ra l ly  occurr ing  s tate  for boron, i t  is 
expected tha t  typ ica l  B compounds (oxides, oxoacids, 
etc.) can po ten t ia l ly  form in the  SiO2 film. 

In f r a red  reflectance measurements  of samples  
1050-.10 and 1150-10 (SiO2 grown in "dry"  02 over  B 
implan ted-d i f fused  Si) showed a slight,  but  de tec table  
B-OH peak  at  8.4 #m and no B-O peak  at  7 #m. Higher  

dose B implants  (1 X l0 ss cm-2 )  into 2150A of SiO2 
wi th  subsequent  02 anneal ing  at  1150~ for 1 h r  
showed a significant 8.4 ~m sa te l l i te  peak  on the broad  
9.2 ~m Si -O band. Again,  no 7 #m B-O peak  was ob-  
served.  

The 8.4 ~m B-OH band was observed  by  Ara i  et al. 
(15) fol lowing an  800~ 5 rain wet  oxygen  hea t -  

t r ea tmen t  of an insoluble  S i -B compound produced  at  a 
B~OJSi  interface.  The above  resul ts  indicate  tha t  any 
B208 formed dur ing  the  oxida t ion  t rea tments  in our  
exper iments  may  have reac ted  wi th  the  t race  amounts  
of wa te r  in our  sys tem to form a compound such as 
B2Os-H20 (or 2HBO2). The effects of smal l  amounts  of 
wa te r  vapor  on the vapor  pressure  of HBO2 and B203 
over  B sources such as BBr3 and BN indicate  tha t  in  
the  800~176 t empe ra tu r e  r ange  the  vapor  p res -  
sure of HBO2 is severa l  orders  of magni tude  h igher  
than  tha t  of B203 wi th  0.04 a tm H20 (16). Also, mo-  
lecular  ion detect ion in a SIMS appara tus  has  shown 
tha t  at  the  in ter face  be tween  a CVD borosi l icate  film 
and Si, BO2- ions were  detected (17). I t  is not  clear  
whe ther  the detected ions were  HB1002- (mass 43) or  
BnO., - (mass 43). Nevertheless ,  they  were  only de -  
tec ted  at  the  interface.  

These observat ions  suppor t  our  hypothes is  tha t  some 
B-OH compound is fo rmed in B-doped  SiO2 dur ing  
near  d ry  and wet  02 oxidat ion.  A t  this  point  i t  is ap -  
p ropr ia te  to develop a theory  of B segregat ion  in  order  
to see if our  resul ts  a re  consistent  wi th  the  concept  of 
the rmodynamica l  equ i l ib r ium at the  SiO~/Si interface.  

T h e o r y  o f  Boron  S e g r e g a t i o n  in Si02 
Dry Oz oxidation.--Following the  a rguments  of 

Thurmond (11) i t  is possible to es t imate  the equi l ib-  
r ium segregat ion coefficient of B f rom basic t he rmo-  
dynamics.  A proposed react ion occurr ing at  the  SiO2/Si 
in ter face  dur ing  pure  d ry  O2 oxida t ion  is 

BO3/2 + 3/4 Si : B + 3/4 SiO2 [2] 

The react ion f r ee - ene rgy  vs. t empe ra tu r e  curve of 
[2] and other  react ions to be discussed are  shown in 
Fig. 6 (18). React ion [2] involves  the  oxide  BsOs. 
However ,  since the  B +3 ion is r andomly  a r r a yed  in 
cation posi t ions in a d i lu te  solution, Xgl wi l l  be  the  
mole  f ract ion of B +3 in the  glass. The oxide can then 
be convenient ly  wr i t t en  BO3/2. 

Assuming the rmodynamic  equ i l ib r ium exists,  an 
equi l ib r ium constant  for  the above reac t ion  can be 
wr i t t en  as 

~sXs 
KI(T)  = .ysiXs I' [3] 

where  Xs and X~I a re  the  mole  fract ions of B in the 
Si and the glassy BO8/2 phase,  respect ively.  The ac-  
t iv i ty  coefficients a re  7s and 781. K1 (T) can be calcu-  
la ted f rom the free energy  of BO3/~ fo rmat ion  th rough  

�9 the express ion 
A G  ~ = --RT In KI (T) [4] 

The segregat ion coefficient m is defined as 

X ,  
m - . [ 5 ]  

Xgz 

= / [6] 

f rom Eq. [3] and [4]. 
The condit ion of equ i l ib r ium requi res  tha t  the  chem-  

ical potent ia l  of a pa r t i cu la r  component  be the  same 
in each phase. Thus, for a l iquid phase  

7 s X s  - - "  7 1 X I  [7] 

where  71 and XI re fe r  to the ac t iv i ty  and mole  f rac-  
t ion of B in a l iquid phase. Equat ion [6] can now be 
wr i t t en  in terms of the b ina ry  d is t r ibut ion  coefficient 
k~ -- Xs/X1 which is empi r ica l ly  known  to be 0.7 for  B 
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in Si at the mel t ing  t empera tu re  of Si (19). Thus 

m : ki 7"I exp ( --AG~ RT [8] 

At the melting point of Si (T = 1415~ AG ~ of 
react ion [2] is --5.73 kca l /mole  (18). Assuming tha t  
7g, --~ 71 gives m --  4.1. The assumpt ion of equal  ac-  
t ivi t ies  can be made, but  i t  is not  known if  B has the 
same charge s tate  in the  Si mel t  as in the  SiO2 glass. 
Also, the effect of oxygen  in the Si mel t  on 71 is not  
known. 

In o rder  to invest igate  the  t empe ra tu r e  dependence  
of m, use wil l  be made  of Weiser ' s  (20) express ion 
for the  b ina ry  d is t r ibut ion  coefficient given as 

kl = X--? = 71 exp R-~- RTraB [9] 

In this equat ion AHr is the  hea t  of fusion of B (5.3 
kca l /mo le ) ,  AH s is the different ia l  heat  of solut ion of 
B in the Si crystal ,  and TmB ---- 2030~ is the mel t ing 
point  of B. The last  t e rm in the  brackets  is the  en t ropy  
of B fusion. The AH ~ t e rm is a function of the bonding 
energy of B in Si, the s t ra in  energy  associated wi th  
the  misfit of B in Si, and the hea t  of subl imat ion  of B 
to a monatomic  gas. This t e rm  is ca lcula ted  in the 
A p p e n d i x .  

The act iv i ty  coefficient of B in the  Si mel t  becomes 
constant  as the mel t ing point  of Si is approached  (20). 
If i t  is assumed tha t  791 = 71, this implies  that  al l  of the 
B segregated  into the SiO2 is in a glassy (or l iquid)  
form such as B208. However ,  Inoue et aI (21) have 
been able  to resolve unoxidized B in SIO2. Therefore,  
B203 can be reduced to e lementa l  B in the SiO2 lattice.  
Thermodynamica l ly ,  Si can reduce B2Os. Chu et aL 
(22) have, in fact, shown that  th in  SiO2 films are  Si 
rich. Most of the excess Si exists  wi th in  2-4 mono-  
layers  of the  in terface  at concentrat ions  of ,~1 X 1016 
cm -2, independent  of tempera ture .  More recent  mea -  
surements  by  Fe ldman  et aL (23) indicate  that  e le-  
menta l  Si exists wi th in  ~ 3 A  of the  SiO2/Si in terface  at  
concentrat ions of ~1015 cm-% 

What  this al l  means  is that  the free energy of the  B 
segregat ion react ion at the  in terface  wil l  depend on 
how much B203 is formed. Also, the ac t iv i ty  coefficient 
of B in the glassy form, 7gl, wi l l  change. For  this s i tua-  
t ion the new ac t iv i ty  coefficient, 7gf, can be wr i t t en  as 
(at  T --  1415~ 

~glXgl ad '  

X g ] '  a g l  

=71( x' ) \ - ~ / /  exp ( > [10] 
Xgf  R T  

In  this express ion agl denotes the ac t iv i ty  of B in 
the glassy phase, and AGgl ~ is the  difference in f ree  
energies be tween  the cases where  Xgl and Xgf mole 
fract ions of B203 are  formed dur ing  segregation.  I t  has 
a l r eady  been  shown that  Xs/Xgl = m and X s / X g f  = 
m t . 

Fol lowing the calculat ions of Weiser  (20) in the  
Append ix  i t  is shown tha t  AH s = 22.4 kca l /mo le  for  B 
in Si. Using aHf = 5.3/mole ( 2 4 ) a n d  subst i tut ing Eq. 
[9] and [10] into the  express ion for  segregat ion co- 
efficient, m finally becomes 

m = [ 7 1 (  mm'mm--")exp( --AGgl~ ) ]  I R T  

2' = Trap m 

[ - - I " I O O - - A G ~  1 [11] 
exp RT 

Numerous  react ions were  inves t iga ted  involving the 
segregat ion of B, including reac t ion  [2]. These r e -  

actions were  evalua ted  on the basis of Eq. [11] which 
requi res  that  AG ~ be compat ib le  wi th  the  t empera tu re  
dependence of expe r imen ta l  data,  and the  p reexpo-  
nent ia l  t e rm including AGgl ~ at  T = 1415~ combine 
to yield the correct  value. Only  one o ther  react ion be-  
sides [2] was found to sati~ly these cri ter ia .  I t  is p ro -  
posed here  that  the  fol lowing react ions can occur at  
the SiO2/Si in terface  in 100% d ry  O2 

1/2 Si + ~ O2(g) : 1/z SiO2(gl) [12a] 

1/z B202(g) ---- B -~- 1/z O2(g) [12b] 

B202(g) + ~/2 Si ---- u SiO~(gl) + B [12c] 

The aG ~ vs. T curve for  [12c] is shown in Fig. 6. The 
gas B202 represents  the  pa r t i a l  oxida t ion  of B and 
exists as a vapor  in the  1000~176 range  (25). i t  
can be formed by the reduct ion  of B20~ by B according 
to the react ion (26) (see Fig. 6) 

IB+ i 1 
~- -{  BzO,(gl)  -- -~  B~O2(g) [131 

Adding  react ions [12c] and [13] toge ther  gives the 
resul t  

1 2 1 1 
--B + BO~/2(gl) + --Si : -- SiO2(gl) + B [14] 
3 3" 2 2 

React ion [14] is s imi lar  to reac t ion  [2] except  its free 
energy is 2/3 aG ~ for  [2] (aG ~ - -  --5.73 kca l /mo le  at  
the mel t ing t empe ra tu r e  of Si) .  Refer r ing  to Eq. [10] 
the difference in reac t ion  free energies,  AGgi ~ is 1.9 
kcal /mole .  Using m = 4.1 at T = 1415-C for re -  
action [2] and ex t rapo la t ing  the  measured  segregat ion 
coefficient da ta  in Fig. 7 to 1415~ yields m' = 1.4 for 
react ion [14]. Thus 

- -1900 ) (1.4) exp 
7gl' "-- 71 (4.1-----~ RT 

: 0 . 271  [15] 

F r o m  Eq. [8] the ac t iv i ty  coefficient, 71, can be de te r -  
mined and is found to be ~350. Subs t i tu t ing  these 
numbers  into Eq. [11] yields  

--40 
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Fig. 6. Reaction free energies of B at  the Si /SiO~ oxidizing 
interface. 
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- -17 ,100--  AG o ) 
m --  70 exp ~-~ [16] 

wi th  the  AG ~ da ta  for  reac t ion  [14] (see Fig. 6). 
This equat ion is p lo t ted  in Fig. 7 along with  the 

resu]t  obta ined  when only B203 is fo rmed (react ion 
[2]).  Severa l  in teres t ing  observat ions  can be made  at  
this point:  

1. Equat ion  [16] gives excel lent  ag reement  wi th  the 
d ry  O2 data  of Mura rka  (3) (<100>  B implan ted  Si) ,  
wi th  the da ta  of Inoue et al. (21) (BN diffusion into 
SiO3 on <100>  Si) ,  and wi th  the th rough-ox ide  im-  
p lan ta t ion  of B and subsequent  02 oxidat ion  pe r fo rmed  
in this  s tudy  (<100>  sample  221E in Fig. 2a and the 
<111> sample  diffused at 1050~ The reasoning be-  
hind why  these da ta  represent  pure  d ry  oxidat ions are  
presented  in the Discussion section. 

2. Even though the free energy,  AG ~ , for react ion 
[14] changes wi th  tempera ture ,  an "effective" act i -  
vat ion energy for Eq. [16] can be obta ined  by  ap-  
p rox imat ion  wi th  a van ' t  Hoff- type expression.  Thus 
for d ry  O2 ox ida t ion  

( - - 0 . 3 3 e V )  [17] 
meff - -  13.4 exp kT 

The 0.33 eV act ivat ion energy  is phys ica l ly  mean ing-  
less and only is useful  in de te rmin ing  the approx ima te  
slope of the m vs. 1/T curve. 

3. The calculat ion of m for react ion [2] indicates  
tha t  values  of m > 2 are  possible for  the  case of pure  
B203 in SiO2 on Si. The pred ic ted  curve agrees well  
wi th  the  Auge r  measurements  of Moore et al. (8) who 
deposi ted a boron glass on <100> Si at  957~ in an 
oxidiz ing ambient .  The two da ta  points on the B203 
curve in Fig. 7 cor respond to 5 and 20 rain depositions. 
Af te r  N40 min deposi t ion the  resul t ing  glass was 
,~1800A thick and the measured  segregat ion  coefficient 
had  d ropped  f rom ~2.6 to ,-~0.6. The  l a t t e r  va lue  
falls  on the curve descr ibed by  Eq. [16]. 

By considering the Auger  spect ra  obta ined  by  Moore 
et al. and the B concentrat ions  and B diffusivi ty in 
the i r  samples, i t  is apparen t  f rom the B203-SIO2 phase  
d i ag ram tha t  at  957~ a l iquid B-doped  glass exis ted 
at  the  in ter face  wi th  the Si. Brown and Kennicot t  (2) 
also observed this in SiO3 films doped grea te r  than  
,~30%/B203. Consequently,  one might  expect  that  the 
condit ions descr ibed by  reac t ion  [2] would  obta in  as 
long as the  mol ten  glass was in contact  wi th  the Si 
surface. However ,  as deposi t ion t ime proceeded  i t  is 

ev ident  tha t  d i lu t ion of the  mol ten  glass occurred at  
the interface.  As the concentra t ion of B303 d ropped  
be low ,~30% the bounda ry  condit ion changed to segre-  
gat ion f rom a B-doped  SiO3 solid according to r e a c -  
t i on  [14] wi th  m _~ 0.6. 

4. The absolute  value  of the  p reexponen t ia l  fac tor  
in Eq. [16] was ca l ib ra ted  by  using the measured  B 
b ina ry  d is t r ibut ion  coefficient k, ---- 0.7. This va lue  of kl 
was obtained for <111>  Si. No in format ion  could be 
found on kz for  B in <100>  Si. However ,  T rumbore  
et al. (27) found tha t  the d is t r ibu t ion  coefficient for  
an t imony  in Si did  not depend on crys ta l  or ientat ion.  
Therefore,  as expected f rom equi l ib r ium t h e r m o d y -  
namics, the  theory  as p resen ted  does not  exp la in  the  
repor ted  or ienta t ion  dependence  of B s e g r e g a t i o n  
(4, 6, 9). 

Steam oxidation (or trace water vapor in "dry" 0~). 
- - D u r i n g  the oxida t ion  of Si in a wet  oxygen ambient ,  
H30 becomes the p r i m a r y  ox idant  source. I r e n e  and  
Ghez (28) have shown tha t  the  parabol ic  oxida t ion  
ra te  constant  increases a b r u p t l y  even at  t race H~O 
concentrat ions on the o rde r  of 25 ppm H30 in 03. In  
the i r  exper iments ,  e labora te  methods  were  requ i red  to 
obtain 02 ambients  wi th  1 p p m  H30 since the d ry  O2 
i tself  contained ,-17 ppm methane  which  combusts  to 
form H20. A s imi lar  amount  of methane  was measured  
in our  O2 gas. The O2 ambien t  in the  d ry  oxida t ion  
exper iments  of Beckmann and Har r i ck  (29) contained 
,-~60 ppm H20. A recent  rev iew by Revesz (30) shows 
that  in numerous  exper iments  pe r fo rmed  in "d ry"  
O3 ambients ,  S i -OH and S i -H  absorpt ion  peaks  have 
been found in 1R spectroscope data,  even when Si 
oxidat ion  tubes were  used. 

In  view of the  fact  tha t  the B-OH inf ra red  re -  
flectance peak  was observed in our "dry"  02 samples,  
numerous  react ions were  inves t iga ted  involv ing  
H20(g ) ,  B, and SiO~(gl) .  Equat ion [11] was used to 
evalua te  acceptable  reac t ion  f ree  energies  agains t  the 
measured  segregat ion data. 

For  the case where  H20 is the  p r i m a r y  ox idant  i t  
is proposed tha t  at the  SiO2/Si in ter face  B is in i t ia l ly  
segregated as B (OH)2 (boron d ihydrox ide  gas) .  Thus 

Yz Si + HaO(g)  ---- 1/z SiO2 + H3(g) [18a] 

H2(g) + B(OH)2(g )  --  B + 2H~O(g) [18b] 

V2 Si + B ( O H ) 2 ( g )  ---- B + H20(g)  + % SiO2 [18c] 

The react ion free energy for  [18c] at 1300~ is AG ~ --  
--41.64 kca l /mo le  (18). The B(OH)2 gas immedia t e ly  
forms e lementa l  B and a c rys ta l l ine  form of HBO2 
(metabor ic  acid) according to the react ion 

2 2 1 
- - H 2 0  + w H B O 2 ( c )  Jr m B  --  B ( O H ) 2 ( g )  [19] 
3 3 3 

wi th  AG ~ ---- 28.21 kca l /mole  at  1300~ (18). The sum 
of the in terface  react ions is  

1 2 1 
- -  S i  m B  + - - H B O 2 ( c )  + 

3 3 2 

1 1 
- - B + ~ - S i O ~ + % - H f O ( g )  [20] 

The free energy  for this react ion is p lo t ted  in  Fig. 6. 
Metaboric  acid, HBO2 or 1/2(B208-H20) is s table  

above 100~ Hol t  (31) found that  no known acid 
contains less wa te r  than  metabor ic  acid. Thus, i t  can 
be formed in t race  amounts  of H20. HBO3 also has a 
O-B-OH s t ruc ture  (32) as pred ic ted  by IR spect ro-  
scopic measurements .  

For  react ion [20] the  segregat ion coefficient for  B is  

( --17,100 --  AG~ _ 1 . 1 5 1 )  [21 ] 
m ---- 7g{ exp RT 
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Since HBO2 in the  oxide is assumed to be crystal l ine,  
7gz' should be near  unity.  The assumpt ion of c rys ta l -  
l ine HBO2 is based en t i re ly  on hG ~ vs. T data  and the 
compar ison of Eq. [21] wi th  measured  segregat ion co- 
efficient vs. T da ta  for <100>  Si. Refe r r ing  to Eq. [10] 
for 7gl' and using the ex t rapo la t ed  m da ta  for <100> 
Si at  T = 1415~ (m _ 1.2) and wi th  ~G~I ~ ~ 11 
kca l /mole ,  "ygl' - -  3.9. Thus, for react ion [20], Eq. [21] 
for <100> Si in  nea r ly  d ry  and wet  02 ambients  is 

( --17,100 -~G~ ) 
ml0o -- 1.23 exp ~'2; [22] 

wi th  the  aG ~ vs T da ta  for react ion [20] shown in 
Fig. 6. 

Equat ion [22] is p lo t ted  in Fig. 7 and compared  
wi th  the  measured  <100> da ta  of Colby and Katz  (6) 
and of this work. Excel lent  agreement  is obta ined  
wi th  the t empera tu re  dependence  of these data. Sev-  
era l  observat ions  can be  made.  

1. React ion [20] is s imi lar  to react ion [14] in tha t  
e lementa l  B is c rea ted  in the  in terface  reactions.  How- 
ever, the  mass -ac t ion  express ion for react ion [20] 
shows tha t  at  most, only  ~0.4% of the B in the SiO~ is 
in e lementa l  form. 

2. Equat ion  [22] was empi r ica l ly  ad jus ted  in abso-  
lu te  va lue  to agree  wi th  the  <100>  da ta  in Fig. 7. By 
ad jus t ing  the p reexponen t ia l  factor,  7gz', in Eq. [21] 
so that  agreements  wi th  <111> da ta  is obta ined (6, 
10), the  express ion for B segregat ion  in <111> Si in 
wet  or  near  d ry  O2 is 

( - -17,10 0 - ~ G ~  ) 
mzn = 0.8 exp ~ [23] 

The reason w h y  7g~' in Si02 on <100>  Si is ,-1.5 t imes 
l a rge r  than  7g~' for <111>  Si is not  known at  this  
t ime. 

3. In  te rms of "effective" act ivat ion energies,  Eq. 
[22] and [23] can be wr i t t en  for near  d ry  and wet  O2 
oxidat ions as 

mz00(eff.) = 104.0 exp kT [24] 

- -0 .66eV ) 
mnz(eff.) "- 65.2 exp kT [25] 

Discussion 
Effects ol t race amounts of H 2 0 . ~ T h e  implicat ions  

in the  da ta  and theory  presented  so far  are  tha t  15-30 
p p m  water  in a "dry"  02 oxida t ion  furnace  can reduce 
the boron segregat ion  coefficient by  as much as a 
factor  of th ree  (at  900~ and change the Si oxidat ion  
ra te  (28). The  condit ion under  which pure  d ry  02 
oxida t ion  occurs was appa ren t ly  achieved in  Mura rka ' s  
w o r k  (3, 33). He used a dedicated d ry  02 l abora to ry  
d r ive - in  furnace  which had  an 02 gas d r y e r  on it. The 
d ry  O2 samples  used by  Colby and Katz  (6) were  
oxidized in a genera l  product ion  processing area. I t  is 
un l ike ly  tha t  any  special  precaut ions  were  made  to 
e l imina te  methane  or mois ture  f rom the O2 gas s t ream 
(34). Fo r  the  case where  B is implan ted  or diffused 

into an Si02 l aye r  and 02 oxidat ion  is then per formed,  
it is be l ieved tha t  the  B in the SiO2 ties up wa te r  
diffusing th rough  the oxide. Thus, the  diffusing wa te r  
wil l  not  reach the oxidizing interface.  The evidence 
for  this l ies in the  fact  tha t  a la rge  B-OH inf ra red  
reflectance peak  was observed in th rough-ox ide  B im-  
p lants  fol lowing our  "dry"  O2 oxida t ion  process. 

We know tha t  the  r ema in ing  oxidat ions  pe r fo rmed  
in our  s tudy  were  done in O2 furnaces wi th  15-30 p p m  
H20 measured  in them. I t  can be seen in Fig. 4 tha t  
at 1050~ these "dry" 02 oxidat ions  y ie lded  the same 
B segregat ion  coefficient as the  we t  O2 oxidations.  

Al though  the proposed models  give consistent  ex -  
p lanat ions  of the  expe r imen ta l  results,  addi t ional  da ta  
a re  needed  to es tabl ish the  exis tence of HBO~ in the  

Si02. Also, addi t ional  exper iments  are  needed in  d ry  
02 ambients  wi th  <1 ppm of water .  

Computer modeling o~ B di]3usion and segregation. 
- - I f  the  values of B segregat ion  coefficient obta ined  by  
indirect  means  such as ma themat i ca l  model ing  (3-5, 
7-9) are  p lot ted  vs. l /T ,  the resul t  is a scat ter  plot. 
In  this approach  the  segregat ion  coefficient is de te r -  
mined f rom measured  sheet  resis tances and junct ion  
depths or  f rom measured  B proti ies in the Si. A smal l  
e r ro r  or  uncer ta in ty  in these measurements  m a y  cause 
the calcula ted m to change significantly. A n  example  
is shown in Fig. 8 where  the  profiles a re  p lo t ted  for  
ca lcula ted sheet  resis tances of 124 and 140 l%/[3 and 
m = 0.9 and 0.45, respect ively.  The measured  sheet 
resis tance for  this sample  was 132 f~/[:], The  profile 
was obta ined  by  SIMS. The sample  had been im-  
p lan ted  to 7 X 10 z4 cm -2 at 50 keV and diffused in  a 
near  d ry  02 ambien t  at  1150~ for 60 rain. The cal-  
culat ions were  done using a s tored  model ing  p rog ram 
Which includes or ien ta t ion-  and  concen t ra t ion-depen-  
dent  diffusion effects as wel l  as the appropr i a t e  bound-  
a r y  condit ions for an oxidizing Si ,surface (3). Also, 
Wagner ' s  (~5) mobi l i ty  aa t a  were  used in the  sheet  
resis tance calculation.  The use of Thurber ' s  more  re-  
cent mobi l i ty  da ta  (36) led to an overes t imat ion  of 
Rs for the  profile shown in Fig. 8: 

I t  can be seen tha t  the  m --  0.45 curve gives the  
be t t e r  fit to the measured  B profile. However ,  a va lue  
of m be tween  0.45 and 0.9 would  resul t  in  a p ro -  
file whose sheet  resis tance matched  the measured 
value of 132 1~/[7. The d iscrepancy be tween  the m e a -  
sured and ca lcula ted  sheet  resistances is , -6% bu t  this 
could lead  to an overes t imat ion  of the  t rue  m by 
,-50%. Some improvemen t  in  the  accuracy of  segre-  
gat ion coefficient es t imat ion is possible using a differ-  
ent ia l  sheet  resistance method  (9).  However ,  the  m 
values  repor ted  in Ref. (9) have not  been suppor ted  
by  direct  measurement .  

I t  can be seen in Fig. 8 tha t  the  effect of diffusing 
B in Si dur ing oxida t ion  in 100% d r y  Oz as opposed 
to O2 wi th  ,-20 p p m  HeO or  more  is to change the  
surface region profile the  most. This is fu r the r  dem-  
ons t ra ted  in Fig. 9 at  four  different  tempera tures .  The 
calcula ted curves represen t  oxidat ions  of 1 • 10 zs 
cm -2, 50 keV B implan ts  which  were  p reannea led  in  
N~ at 1050~ for 1 hr. Al l  calculat ions were  pe r fo rmed  
to s imulate  1 hr  diffusions at  the  t empera tu res  shown 
in d r y  O3 (dashed curves)  and  nea r  d r y  O~ (solid 
curves) .  As the  B segregat ion  coefficient curves in 
Fig. 7 indicate,  the  la rges t  difference in  the  surface 
region profiles occurs at  the  lowest  tempera tures .  At  

io1~ -- 

0 - 1150~  6 0  M I N -  ~, 
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Fig. 8. Comparison between measured and calculated B profiles 
in Si for two values of segregation coefficient. 
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Fig. 9. Calculated B profiles after dry and near dry 03 
oxidations of < 1 0 0 >  Si. B implant is 1 X 101~ cm -~, 50 keV 
diffused at 1050~ for 1 hr in N2 plus 1 hr at temperatures 
shown above. 

90O~ the  surface concentrat ions  differ by  a factor  of 
two. However ,  the  sheet  resis tances differ by  only  5%. 
As the t empe ra tu r e  is raised,  the  difference be tween  
the  profiles occurs over  a l a rge r  f rac t ion  of the  j unc -  
t ion depth.  

Summary and Conclusions 
The theory  of B segregat ion  in S i O 2  has been p re -  

sented  and refined to the  poin t  t ha t  semiquant i t a t ive  
agreement  wi th  pu re  d ry  O2 segregat ion  da ta  has 
been  obtained.  Fo r  the  case of B segregat ion  dur ing  
near  d r y  or  wet  O3 oxida t ion  of B-doped  Si, quan t i t a -  
t ive ag reemen t  wi th  the  t e m p e r a t u r e  dependence  of 
has been  achieved.  However ,  the  absolute  values of m 
show an  or ien ta t ion  dependence  in  the  ac t iv i ty  coeffi- 
cient  of B (HBO2) in  SiO2 which is not  exp la inab le  
a t  this  t ime. Specific conclusions are  as follows: 

1. Segrega t ion  coefficients g rea te r  than  2 can be ob-  
t a ined  for  the  special  case where  concentra t ions  of 
B2Oz > 30% in SiO2 are  deposi ted on Si in an oxidiz-  
ing ambien t  (8).  This condi t ion wil l  continue as long 
as the  l iquid B-doped  glass is in contact  w i th  the  Si 
surface.  As ox ida t ion  proceeds  d i lu t ion of the  glass 
m a y  occur so tha t  a solid solut ion of B in SiO2 is 
formed.  Segrega t ion  wi l l  then  proceed  according to 
reac t ion  [14] wi th  m -~ 1. 

2. I t  is possible to achieve a un i ty  B segregat ion  co- 
efficient a t  1200~ if  one of the  fol lowing condit ions is 
fulfi l led:  (i) Oxida t ion  of B-doped  Si  is pe r fo rmed  in 
ve ry  d ry  O~. I t  is not  known  wha t  concentra t ion of 
H~O can be to lera ted.  However ,  15-30 ppm H20 in O2 
at  the: ox ida t ion  t empe ra tu r e  is too high. (ii) Oxida-  
t ion of a th rough-ox ide  B imp lan ted  SiO2/Si s t ruc-  
ture  is pe r fo rmed  in d r y  or  nea r  d r y  O2. (iii) Diffusion 
of B occurs th rough  an  SiO2 l aye r  on Si in a d r y  or  
nea r  d ry  O~ ambien t  (21) wi th  ~< 30% B208 doping 
(2).  The  effective segregat ion  coefficient ob ta ined  
under  these condit ions ( appa ren t l y  independen t  of Si 
o r ien ta t ion)  i s  

vr~ett. = 13.4 exp kT [17] 

3. The oxida t ion  of B-doped  Si  in  nea r  d r y  or we t  
O3 ambients  produces  B and crys ta l l ine  HB02 in the  
growing oxide.  In  <111>  Si, the  effective segregat ion  
coefficient in  near  d r y  or  wet  O2 is 

( --0"66eV / 
rant(eft.) - -  6 5 . 2  e x p  k T  ' [ 2 5 ]  

and in <100>  Si  i t  i s  

( - - 0 " " e V  ) 
mlooc~t.> = 104.0 e x p  kT [24 ]  

4. I t  has  been  shown tha t  t ry ing  to ex t rac t  segre-  
gat ion coefficients f rom models  r equ i r ing  measu re -  
ments  of sheet  res is tance and junc t ion  dep th  as the  
only inputs  can be r isky.  

5. Compute r  s imulat ions  us ing the  d i rec t ly  m e a -  
sured  m values  give excel len t  ag reemen t  wi th  m e a -  
sured B profiles. 
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A P P E N D I X  
The re la t ive  pa r t i a l  molar  en tha lpy  (or  di f ferent ia l  

hea t  of solut ion) aH ---~ is the  energy  necessary to t r ans -  
fer the B atom from its own la t t ice  to that  of the host 
Si crystal .  Weiser  pos tu la ted  tha t  the total  energy for 
this process is (20) 

~H --s = 4~st - -  Hsi s + H B  s - -  H B - S i  [A-1]  

where  esi is the  bond energy  of the  Si c rys ta l  wi th  
each a tom sur rounded  b y  four  neighbors ,  Hsi s is the  
hea t  of subl imat ion  of Si (monatomic  gas) ,  HB s is the  
hea t  of subl imat ion  of B, and  H B - S i  is the  energy r e -  
leased by  the impur i t y  a tom on condensat ion in a va -  
cancy. Weiser  has shown that  Eq. [A-1] m a y  be s im-  
plified to (20) 

(Hs# - -  HBS) s 
~H ~ -- ~ E st [A-2] 

Hst s + H~ s 

where  E at is the  s t ra in  energy  tha t  must  be suppl ied  
if the i m p u r i t y  a tom differs in size f rom the  host  atom. 
Thus 

E st = 22 • 1 0 ~ ~  - -  rB)2(ca l /g  a tom) [A-3] 

Using the covalent  radi i  of Paul ing  (37) (Vsi = 1.17A 
and rB = 0.88A) 

E st = 18.5 k c a l / g  a tom 

Also, using t-Isi s = 105 kca l /mo le  and HB s = 136.5 
kca l /mole  (24) yields  

AHs = 22.6 k c a l / m o l e  

The t empera t rue  for  which AH ~ is ca lcula ted is not 
ve ry  impor t an t  since the  difference in P,H~ at T1 and T2 
is at most  given by  fT~ACpdT. The ~Cp is the  differ-  

J T1 

ence in hea t  capaci ty  be tween  the host  c rys ta l  and the 
impur i ty  crystal .  For  B and Si ACD is ~ 0  (18). 
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ABSTRACT 

The growth of semi-insulating LPE GaAs layers requires that the donors 
and acceptors be highly self-compensated and that Cr be used to form deep 
acceptor levels. The high compensation can be achieved by systematic baker 
outs of the Ga melt, between growths, at a critical temperature which depends 
on the materials used in the growth system. The optimum bakeout tempera-  
tures for SiO2-C-H2, SiO2-B~'~ (C)-H2, and SiO2-BN-H2 systems were found 
to be 775 ~ 700 ~ and 675~ respectively. By this method, we are able to 
grow undoped layers having carrier densities in the low 10 TM cm -3 range. By 
adding 0.5 m/o Cr to the melt under the same conditions, we have grown 
semi-insulating GaAs layers with resistivities in the 10 s ~-cm range. 

High resistivity buffer layers are often used for GaAs 
field-effect transistors (FET) to isolate the active 
layers from impurities and defects in the Cr-doped 
substrates (1, 2). It has been found that the growth of 
such high resistance liquid-phase epitaxial (LPE) 
GaAs layers requires close compensation of shallow 
donors and acceptors arising from residual impurities 
in the source materials and from chemical reactions 
between the growth system components. Once near 
compensation is attained, semi-insulating LPE GaAs is 
obtained by adding Cr to form deep acceptor levels 
(3). We report  here on the effects of (i) the growth 
system components on background impurities in LPE 

s E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
1 P r e s e n t  address:  Corporate Solid S t a t e  L a b o r a t o r y ,  Y a r i a n  As- 

soc ia tes ,  P a l o  Al to ,  Ca l i f o rn i a  94303. 
P r e s e n t  a d d r e s s :  D e p a r t m e n t  of E l ec t r i c a l  a n d  C o m p u t e r  En- 

g i n e e r i n g ,  U n i v e r s i t y  of Mich igan ,  A n n  A r b o r ,  M i c h i g a n  48109. 
Key words:  LPE,  s emi - in su l a t i ng ,  G a A s : C r ,  FET,  b u f f e r  l aye r .  

GaAs layers; (ii) the bakeout temperature of As-satu- 
rated Ga melts on the compensation of donor and ac- 
ceptor impurities; and (iii) the optimum growth con- 
ditions for growing semi-insulating LPE GaAs. 

Crystal Growth 
The dominant background impurities in LPE GaAs 

are silicon, carbon, and oxygen (4). The sources of 
these impurities appear to be related to chemical re-  
actions between the growth system components (3). 
To study these chemical reactions and their effect on  
the electrical properties of the grown layers, the 
growth system components, the bakeout temperature 
of the As-saturated Ga melt, and the saturation tem- 
perature were varied. I t  was found that  the system 
components and the bakeout temperature made the 
most significant change in the electrical properties of 
the epitaxial  layers. Saturation temperatures below 
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800~ have a small effect on the electrical properties 
of the grown layers, since they are essentially equiv- 
alent to a short- term bakeout (3). 

Three different horizontal t i l t  LPE growth systems 
were used in this study. These growth systems all con- 
sisted of a fused-quartz reactor tube (General Electric 
Grade 204), a temperature-gradient  growth cell (5), 
and a purified hydrogen atmosphere. The differences 
in this study were the materials used for the growth 
cell: high purity graphite (Ultra Carbon) [C], pyro-  
lytic boron nitride (Union Carbide) with a graphite 
cradle [BN(C)] ,  and pyrolytic boron nitride with a 
fused-quartz cradle [BN]. The components corre- 
sponding to each of these growth cells are referred to 
as the SiOz-C-H2, SiO~-BN(C)-H~, and SiO2-BN-H2 
systems, respectively. 

The quartz reactor tube and cradle were cleaned in 
organic solvents and aqua regia, rinsed in DI water  
and methanol, dried, and outgassed in an He atmo- 
sphere at 900~ for 24 hr. The graphite boat was out-  
gassed under a high vacuum at ,-, 1300~ For each 
series of growth, the system was baked out in an He 
atmosphere at 900~ for 15 hr before loading the new 
melt. The starting materials for the growth were 6-9's 
puri ty  Ga (Cominco American, Incorporated) and high 
puri ty  polycrystall ine GaAs (Asarco) As-source. Pel-  
lets of 5-9's puri ty (Electronic Space Products, In- 
corporated) were used for Cr doping. Chromium- 
doped semi-insulating GaAs, obtained from Laser 
Diode Laboratories or Crystal Specialties, was em- 
ployed for substrates. All  substrates were oriented to 
the (100) crystallographic plane and had resistivities 
greater than l0 s ~%-cm. They were chemmechanically 
polished with 20% NaOC1 solution. Immediately be- 
fore each growth, the substrate was degreased with 
organic solvents, boiled in concentrated HC1 to remove 
any surface oxide film, and then was displacive rinsed 
with methanol and boiled in isopropyi alcohol. After 
draining off the hot isopropyl alcohol, the substrate 
was loaded immediately into the growth ceil. The sys- 
tem was purged with H2 for at least 2 hr before the 
growth cycle was started. 

For a part icular  system, the electrical properties of 
the epitaxial  GaAs layers appear to be determined 
principally by the bakeout of the As-saturated Ga 
melt in the growth system. As described in more de- 
tail elsewhere (3), the Ga melt and the GaAs source 
were baked together before each growth at a pre-  
scribed temperature, in the 600~176 range, for 15 
hr without the substrate in the growth system. After 
the substrate was loaded into the system the melt was 
saturated at 700~ for 30 re.in, after which the furnace 
was tipped to start  the growth while cooling at a rate 
of 4.5~ For most of the growths, the hydrogen 
flow rate was kept at 0.61/rain during both the bake-  
out and the growth steps. The epitaxial  layer thick- 
nesses were approximately 15 ~m. 

The bakeout temperature has the most dramatic ef- 
fect on the f ree-carr ier  density, as shown in Fig. 1. 
Low bakeout temperatures provide n- type layers while 
high bakeout temperatures give p- type layers. At a 
critical intermediate bakeout temperature unique to 
each part icular  growth system, high resistivity layers 
with low carrier densities and NA/N D ratios close to 1 
are obtained. The transition bakeout temperatures for 
the SiO2-C-H~, SiO2-BN(C)-H~, and SiO2-BN-H~ sys- 
tems were found to be 775 ~ 700% and 675~ respec- 
tively. As the bakeout temperature approaches this 
transition temperature from either the low or the 
high temperature side, the carrier density decreases. 
Highly compensated epitaxiaI GaAs layers grown in 
each of these systems, without deep level impurity 
doping, had room-temperature free carrier  densities of 
2 X ][014, 9 X 10 ~3, and 3 X 10 t~ cm -3, respectively. 

The Change in the electrically active donor and ac- 
ceptor impurities as a function of total accumulated 
bakeout t ime at different bakeout temperatures in the 
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Fig. 1. Carrier concentration vs. bakeout temperature for three 
different growth systems. C: SiO2-C-H2 system; BN(C): SiO2- 
BH(C)-H2 system; and BN: SiO,2-EN-H2 system. 

SiO2-BN-He system, Fig. 2, shows that  the impurities 
decrease during the first 60 hr  of accumulated bakeout. 
Similar phenomena were also observed in the SiO~-C- 
H~ and SiO~-BN(C)-Hs systems. After about 60 hr of 
accumulated bakeout whereas subsequently grown 
layers had reproducible electrical properties, both 
donor and acceptor concentration leveled off and the 
/~A/ND ratio reached constant values at  each bakeout 
temperature. The NA/ND ratio increased with bakeout 
temperature, e.g., NA/ND ~--- 0.5 at 650~ and _~ 0.9 at 
675~ Above 700~ NA/ND exceeds 1 and the epitaxial 
layer becomes p-type. However, the donor concentra- 
tions, after both 650 ~ .and 675~ bakeouts, remained 
constant at about 4.5 X 1014 cm-3 for layers grown 
from these stabilized melts in the SiOe-BN-H2 system. 

These results suggest several possibilities -t-~-~t can 
be related to the bakeout: (i) the removal of volatile 
impurities from the melt, such as oxygen and sulfur, 
by their  extraction and volatization from the Ga melt 
into the I-I~ stream during the bakeout; and (ii) the 
introduction of acceptor impurities into the melt, such 
as Si and C, which are products of chemical reactions 
between the growth system components. Subsequently, 
some of these impurities are incorporated into the 
layer  during growth. Since oxygen is the dominant 
shallow donor impuri ty  while Si and C are the domi- 
nant acceptor impurities (6, 7), the NA]ND ratio and 
the conductivity type of the epitaxial  layer  are con- 
trolled by their  relative concentration in the Ga melt  
and thus depend on the bakeout temperature. In each 
growth system, the bakeout transition temperature 
occurs at a temperature where the incremental ac- 
ceptor concentration incorporated into the layer, due 
to the increase of acceptor impurities in the melt by 
bakeout, equals the net background donor concentra- 
tion (ND -- NA). It appears that the net background 
donor concentration remains nearly constant at 5 X 
1015, 6 • 1014. and 1 • 1014 cm-3 for the SiO2-C-H~, 
SiO2-BN(C)-H~, and SiO2-BN-H2 systems, respectively. 
The Chemical reactions in the three systems are differ- 
ent due to the location or absence of the graphite. 
However, in each case, the rate- l imit ing reaction is 
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Fig. 2. Dependence of background donor and acceptor impuri- 
ties on accumulated bakeout time and bakeout temperature in the 
SiO~.- BN- H2 system. 

due to the reduct ion  of fused quar tz  by  hydrogen  (6). 
The  increase  in acceptor  concentra t ion wi th  bakeout  
appears  to be about  the  s a m e  order  of magni tude  as 
tha t  obta ined  f rom the rmodynamic  calculations.  
Therefore,  the  differences in the bakeout  t rans i t ion  
t empera tu res  appear  to be due to the net  background  
ionized donor concentra t ion in these systems. The con- 
cen t ra t ion  of background  impur i t i es  in the graphi te  
cell sys tem is about  an o rde r  of magni tude  h igher  than  
that  in the BN cell system. This is p robab ly  due to the 
fact  that  g raphi te  increases  the  oxygen contaminat ion.  

Fo r  the  Cr -doping  studies, 0.5-0.7 m/o  Cr was added  
to the  s tabi l ized mel t  (af ter  50-100 hr  of bakeout ) .  
Ini t ia l ly ,  doped growths  had  a very  high car r ie r  den-  
s i ty (__ 101~ cm-3)  at  low bakeout  t empera tu res  (3). 
This is be l ieved to be due to shal low donor impur i t ies  
contained in the Cr source which  are  removed  af te r  a 
few hours of bakeout  at  800~ Fol lowing this in i t ia l  
800~ bakeout ,  r egu la r  bakeout  and g rowth  p roced-  
ures were  carr ied  out  on the  Cr -doped  melt .  We found 
tha t  Cr doping had  ve ry  l i t t le  effect on the e lect r ica l  
p roper t ies  of the  ep i tax ia l  GaAs layers  grown from 
Cr -doped  mel ts  baked  out  at  t empera tu re s  on e i ther  
side of the  t rans i t ion  t e m p e r a t u r e  where  the net  ion-  
ized shal low i m p u r i t y  concentrat ions are  high. I t  ap -  
pears  tha t  the  Cr concentra t ion in such layers  is too 
low to compensate  the  shal low impuri t ies .  However ,  
when  Cr -doped  mel ts  were  baked  out  near  the  t rans i -  
t ion t empe ra tu r e  for the  th ree  growth  systems, the  
ca r r i e r  concentra t ion decreased sharp ly  and the re -  
s is t iv i ty  reached a peak  value.  When  0.7 m/o  Cr was 
added  to the  mel t  and baked  out  at  775~ in the  SiO~- 
C-H2 system, modera t e ly  high res is t iv i ty  (300 C~-cm) 

ep i tax ia l  l ayers  were  obtained.  When  the SiO~-BN ( C ) -  
H~ and SiO2-BN-H2 systems wi th  0.5 m / o  Cr were  
baked  out  a t  the i r  corresponding t rans i t ion  t e m p e r a -  
tures,  the grown layers  were  semi- insu la t ing  wi th  re-  
sist ivit ies h igher  than  106 and 108 ~ -cm,  respect ively.  
These  semi- insu la t ing  layers  show good un i formi ty  in 
res is t iv i ty  and excel len t  surface morpho logy  over  the 
1 • 1.5 cm~ sample  area.  However ,  when  more  than  
1.5 m/o  Cr was added  in the  melt ,  the  g rown layers  
showed rough surfaces and contained inclusions. This 
is p robab ly  because the so lubi l i ty  of Cr in the  Ga mel t  
is lower  than  1.5 m / o  at  this  g rowth  t empe ra tu r e  
(700~ 

The segregat ion coefficient of Cr in GaAs is ve ry  
small ,  about  3 • 10 -7 for LPE growth  (8). I t  is es t i -  
ma ted  tha t  the  active Cr concentra t ion in the  epi tax ia l  
l aye r  mus t  be in the range  of 1 • 1014 cm -3 when  0.5 
m/o  Cr is added  to the  melt.  Therefore,  in o rde r  for  
Cr deep acceptors  to control  the  res is t iv i ty  and y ie ld  
semi- insu la t ing  LPE GaAs, the  background  f l e e - c a r -  
r ie r  concentra t ion mus t  be reduced  to less than  1014 
cm -~. Fo r  the  SiO2-C-H2 system, the  background  f ree-  
car r ie r  dens i ty  of the  layers  g rown from a mel t  baked  
at the  t rans i t ion  t empe ra tu r e  was h igher  than  this 
value,  and  only  a mode ra t e ly  high resis tance l aye r  was 
obtained.  Al though the  SiO~-BN-H2 sys tem produced  
the lowest  background- f ree  ca r r i e r  dens i ty  (3 • 10 TM 

cm-8 ) ,  the  addi t ion of Cr did  not y ie ld  layers  wi th  
resis t ivi t ies  as high as tha t  of the  S iO2-BN(C)-H2 sys-  
tem. It  appears  tha t  the  format ion  of deep levels  is 
l imi ted  by  fewer  deep level  impur i t i es  at  the  r e l a t ive ly  
low bakeout  t empe ra tu r e  (insufficient to compensate  
the  shal low impur i t i e s ) .  

Electrical and Optical Properties 
The e lect r ica l  p roper t ies  of Cr -doped  semi - insu la t -  

ing LPE layers  were  eva lua ted  by  different ia l  van  der 
Pauw techniques to avoid the  shunt ing effect of the  
Cr -doped  semi- insu la t ing  substrate.  The measurements  
were  made  while  the  semi- insu la t ing  layers  were  con- 
ta ined  in a stainless steel  dewar  under  vacuum 
( >10 -4 Torr)  and in i t ia l ly  baked  at 480~ The room 

t empera tu re  e lect r ica l  p roper t ies  of two semi - insu la t -  
ing layers  grown in the SiO2-BN(C)-H~ system, sam-  
ples No. 1315 and 1320, a re  l i s ted  in Table  I. Conduc-  
t iv i ty  vs. reciprocal  t empera tu re  plots be tween  350 ~ 
and 480~ as shown in Fig. 3, y ie ld  a the rmal  ac t iva-  
t ion energy  in the 0.7 eV range.  The photoluminescent  
spec t rum at 6~ for  sample  No. 1315, Fig. 4, shows a 
dominant  peak  at  0.83 eV. Recent  s tudies by  Kocot and 
Pearson (9) indicate  tha t  this photoluminescent  peak  
is due to i n t r a - i m p u r i t y  t ransi t ions  be tween  the Cr 2+ 
(~T2) ground level  and its 5E exci ted  state. The the r -  
mal  act ivat ion energy  (0.7 eV) corresponds to the  
separa t ion  be tween  the Cr 2+ ground level  and the 
bot tom of the  conduct ion band.  I t  has been repor ted  
that  the 5E level  lies about  0.1 eV above the bo t tom of 
the  conduction band (10). 

In  conclusion, we have shown tha t  the  growth  of 
semi- insu la t ing  LPE GaAs can be achieved af ter  sys-  
temat ic  bakeouts  of the  As - sa tu ra t ed  Ga mel t  at  the  
t rans i t ion  bakeout  t empe ra tu r e  in a S iO2-BN(C)-Ha 
system. Under  these conditions, the  shal low donors 
and acceptors are  ve ry  closely compensated  and yie ld  
high res is t iv i ty  LPE layers .  F u r t h e r  improvements  
were  obta ined by  the addi t ion of Cr to the melt ,  which 

Table I. Electrical properties of semi-insulating LPE layers at 
3000 K 

SaIn-  
u l e  
NO. 

N e t  Sheet  
e l e c t r o n  Mobi l -  Res i s -  r e s i s t -  Con-  
c o n c e n -  i t y  ~ t i v i t y  a n c e  duco 
t r a t i o n  (cm-"/ p Rs  t i v i t y  

n ( c m  -~) V - s e c )  ( 9 - c m )  (-~/E]) type 

1315 9.7 • 108 3040 2.1 • 106 1.4 • 10 ~ 
1320 5.1 x 10 s 2590 4.8 • 106 3.2 • 10 D n 
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Fig. 3. Conductivity variation with temperature for Cr-doped 
semi-insulating LPE layers. O ,  sample No. 1315; A, sample No. 
1320. 

forms deep acceptor  levels and produces  semi - insu la t -  
ing LPE GaAs layers  wi th  resis t ivi t ies  in the  106 ~2-cm 
range.  
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ABSTRACT 

A simple a lgebra ic  method is presented  for es t imat ing impedance  pa -  
rameters  for electrochemical  systems tha t  exhib i t  pseudoinductance.  The 
method,  which makes  use of four  character is t ic  points f rom the complex p lane  
diagram,  is i l lus t ra ted  by  calculat ing impedance  pa rame te r s  for  t ranspass ive  
chromium in sulfuric  acid. The quant i ta t ive  na tu re  of the  method  renders  i t  
pa r t i cu la r ly  useful  for es t imat ing impedance  pa rame te r s  for those systems 
that  exhibi t  single capaci t ive and induct ive  semicircles  in the  complex plane.  

A number  of e lect rochemical  systems exhibi t  pseu-  
doinduct ive behavior  which is character ized by  the 
exis tence of a negat ive  reactance  loop upon plot t ing 
the impedance  da ta  in the complex p lane  (1-9).  For  
instance, Epelboin,  Keddam,  and Takenout i  (1) found 
tha t  corroding i ron in sulfuric  acid, pa r t i cu la r ly  in 
the  presence of p ropargy l ic  alcohol, exhibi ts  pseudo-  
inductance  at  frequencies less than  about  1.0 Hz. 
Arms t rong  and Henderson (2) have also observed 
this behavior  for chromium in the t ranspass ive  region 
in sulfuric  acid. Theoret ica l  analyses  (1, 3) show 
tha t  the  induct ive  behavior  at low f requency arises 
f rom re laxa t ion  of the  coverages of in te rmedia tes  
on the electrode surface. At  high frequencies,  kinet ic  
l imi ta t ions  p reven t  the surface coverages f rom fol-  
lowing the s inusoidal  exci ta t ion funct ion so tha t  the 
reactance  becomes dominated  b y  a pa ra l l e l  capac-  
itance. 

In  corrosion research,  it  is f requent ly  necessary to 
es t imate  the  ra te  of corrosion f rom polar izat ion data. 
Accordingly,  i t  is commonly assumed tha t  the  quan-  
t i ty  that  should be subst i tu ted into the S t e r n - G e a r y  
re la t ionship  is the polar iza t ion  resis tance which is 
equal  to the in ter rac ia l  impedance  in the l imi t  of 
zero frequency.  This assumpt ion appears  to be wel l  
just if ied for systems that  exhibi t  res i s t ive /capac i t ive  
behavior  in the complex plane as shown, for example,  
by  the recent  work  by  Macdonald  et al. (10). How-  
ever, Epelboin  et a~. (1) c laim tha t  the  t ransfe r  r e -  
sistance, Rt, is a more appropr ia t e  quan t i ty  than  the 
polar iza t ion  resis tance for calculat ing the corrosion 
ra te  in systems tha t  exhib i t  pseudoinductance.  

The p rob lem of ex t rac t ing  a numer ica l  va lue  for 
the t ransfe r  resis tance from expe r imen ta l  impedance  
da ta  for pseudoinduct ive  systems does not  appear  
to have  been considered in detail .  I t  is possible tha t  
the  requ i red  va lue  could be genera ted  by  the non-  
l inear  least  squares da ta  fitt ing procedures  recent ly  
descr ibed by  Macdonald  and Garber  (8). However ,  
these techniques are  cumbersome and do not appear  
to be wel l  su i ted  to r egu la r  appl ica t ion  in corrosion 
research.  In  this paper  a s imple a lgebra ic  method is 
presented  for es t imat ing the impedance  parameters ,  
including the t ransfer  resistance,  for e lect rochemical  
systems tha t  exhibi t  pseudoinductance.  The technique 
is i l lus t ra ted  by  analyz ing  impedance  da ta  for t r ans -  
passive chromium (2) t aken  f rom the l i te ra ture .  

Computational Method 
A simple e lect r ica l  equiva lent  circuit  that  sat is-  

fac tor i ly  accounts for the observed impedance  beha-  
vior  of a la rge  number  of systems which exhib i t  

* Electrochemical Society Active Member. 
Key words: electrochemical impedance, vseudoinductance, cor- 

rosion, electrode kinetics, impedance parameters. 

pseudoinductance  is shown in Fig. 1. This circui t  gives 
rise to a res i s t ive /capac i t ive  semicircle  at  h igh f re-  
quencies, and a res i s t ive / induc t ive  semicircle  at  low 
frequencies (Fig. 2). Note that  this  equiva lent  c i rcui t  
is capable  of y ie ld ing only  a single induct ive  loop, 
and is therefore  val id  only for  those cases where  a 
single surface coverage gives r ise to induct ive  re -  
laxat ion.  Mul t ip le  induct ive  re laxat ions  a re  observed  
in a number  of systems, for example  in the  e lec t ro-  

I C 

Rt 

p 
L 

Fig. 1. Equivalent circuit for an interface that exhibits pseudo- 
inductance of the type shown in Fig. 2. 

Z" 

�9 - Z'  
Rt 

co L 

Fig. 2. Typical complex plane diagram for an electrochemical 
system that exhibits pseudoinductonce. The broken line represents 
the extension of the resistive/capacitive loop in the absence of the 
parallel inductance. 
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deposi t ion of zinc (3). These more  complex  cases 
a re  not  covered by  the computa t ional  method  p re -  
sented here. 

The admi t t ance  funct ion for the equivalent  circui t  
shown in Fig. 1 is given by  

Y ( p )  --- 1 /R t  + pC + 1/(p  + p L )  [lJ 

where  p is the  impedance  opera to r  and Rt is the 
t ransfe r  resistance.  The o ther  components  a re  as 
shown in Fig. 1. The s t eady-s ta te  impedance  is given 
by  the reciprocal  of Eq. [1] wi th  the p a r a m e t e r  p 
rep laced  b y  j~, where  ~ is the  angu la r  f requency of 
the exci ta t ion function, and j --  ~/- -1 .  Thus 

Z( j~ )  = Z'  --  jZ" [2] 
w i th  

p2Rt -~ Rt2p Jr w2L2Rt 
Z'  = [3] 

[#  -Jr Rt  -- wzRtCL] 2 -}- ~2[L Jr- pRtC] 2 
and 

w[Rt2p2C- L R t  2 Jr ~2L2Rt2C] 
Z"  = [4] 

[p -'}- Rt --  ~2RtCLJ2 -~" ~2[L -~- pRtC] 2 

The reactance,  Z", is zero at  the fol lowing three  f re-  
quencies:  

(i)  ~ = oo. In  this case the real  component  is zero 
due to the infinite conductance of the capaci tance 
(Fig. 2). This case is t r ivial ,  and wil l  not be con- 
s idered  fur ther .  

(if) ~ --  0. The in te rcept  on the rea l  axis in this 
instance is equal  to the polar iza t ion  resistance,  Rp; 
tha t  is 

Rp = pRt/ (p -~ Rt)  [5] 

(iii) The th i rd  root  of Eq. [4] is obta ined by  equa t -  
ing the quant i ty  in square  bracke ts  to zero. This yields 

~2 = (L  -- p2C)/L2C [6] 

which gives real  values  for ~ only  if L > p2C. If  this 
condi t ion is not  met, the induct ive  semicircle  in the 
four th  quadran t  is no longer  observed.  Instead, a 
first quad ran t  d is tor ted semicircle  is obta ined (12). 
For  the  case where  L > p2C, subst i tu t ion of ~ : 
(L  -- p2C)'/~/LCY~ into Eq. [3] yields  the  fol lowing 
express ion for the real  component  of the impedance  
at  which the react ive  behavior  changes f rom capac-  
i t ive to induct ive  

Ro "- R t L /  (L  4" RtpC) [7] 

Equat ions  [5] and [7] represen t  two independent  
expressions that  m a y  be used to es t imate  the impe-  
dance components.  However ,  the  e q u i v a l e n t  circui t  
contains four  components  so tha t  two addi t ional  re -  
la t ionships  a re  requi red  to comple te ly  define the 
system. One of the requi red  expressions is genera ted  
by  assuming tha t  to a first approx imat ion  the reac-  
tance in the  first quadran t  in the region of m a x i m u m  
Z" at  the f requency  ~c (Fig. 2) is independent  of 
the inductance,  L. The  second express ion can be de-  
r ived  using a s imi lar  assumpt ion regard ing  the low 
f requency  reac tance  in the region of ~5, i.e., at this  
f requency  the four th  quadran t  reac tance  is inde-  
penden t  of the capacitance.  The frequencies  ~c and 
~5 at  which the first quadran t  and four th  quadran t  
reactances  are  at  a max imum,  respect ively,  are  there-  
fore g iven  by  

(OZ"/O~)L~ ~ = 0 [8] 

(OZ"/O~)c.~o = 0 [9] 
which y ie ld  

~C "- 1 /R tC  [10] 

WL : (Rt "~- p ) / L  [11] 

Equat ions [5], [7], [10], and [11] m a y  be solved 
s imul taneous ly  to yie ld  express ions  for Re, C, p, and L 
in te rms of the  expe r imen ta l ly  observed quanti t ies,  
Rp, R0, ~c, and ~L (Fig. 2). The expressions obta ined 

are  as fol lows 

Rt --  {R0 + [R02 + 4(~L/wc)RpRo]V2}/2 [12] 

p " -  R p R t / ( R t  -- Ro) [13] 

L : (Rt -~ p/~L) [14] 

C = 1/~cRt [15] 

Discussion 
The appl ica t ion  of Eq. [12]-[15] in the  analysis  

of impedance  da ta  for systems tha t  exhib i t  pseudo-  
inductance  is best  i l lus t ra ted  by  example .  For  this 
purpose  we have chosen to analyze the  da ta  of A r m -  
s t rong and Henderson (2) for t ranspass ive  chrolnium 
in 0.5M sulfur ic  acid at  25~ The complex plane 
d iag ram for this system is reproduced  in Fig. 3, and 
yields the  fol lowing values for the exper imen ta l  pa -  
rameters :  Rp = 3.7~, R0 = 8.3~, ~c = 3142 r ad / sec  
(500 Hz) ,  and ~L = 132 rad / sec  (21 Hz).  Subst i tu t ion  
of these values  in Eq. [12]-[15] therefore  gives the  
fol lowing numer ica l  da ta  for  the  impedance  p a r a m -  
eters:  Rt = 8.4~2, C = 37.9 #F, p = 6.5~, and L _-- 0.11H. 

The va lue  obta ined above for  the t ransfer  resistance,  
Rt, is s l ight ly  grea te r  than  the value  for R0, but  is 
much grea te r  than  tha t  for the polar iza t ion  resistance,  
Rp. Use of this l a t t e r  quanti ty,  r a the r  than Rt, in the  
S t e r n - G e a r y  re la t ionship  would  c lear ly  lead to serious 
e r ror  in the ca lcula ted  corrosion rate,  as found ex-  
pe r imen ta l ly  by Epelboin  et al: (1) for  the corrosion 
of i ron in inhibi ted  sulfuric  acid. The ca lcula ted  capac-  

i t a n c e  of 37.9 ~F, tha t  is 190 ~F /cm 2, is h igher  than  
expected for  the e lect r ica l  double l ayer  (normal ly  
20-50 ~F/cm2).  However ,  the presence of a t  least  one 
adsorbed  species on the meta l  surface is indica ted  
by  the presence of the  induct ive  loop, and i t  is pos-  
sible that  o ther  adsorbed  species gives rise to pseudo-  
capacitance.  The large  capaci tance m a y  also reflect 
a ve ry  high roughness factor for  the e lectrode surface. 

A sensit ive test  of the  method developed here  for 
es t imat ing the impedance  pa rame te r s  is to calculate  
the impedance  spec t rum over  a wide range  of f re -  
quency, and then to compare  the  ca lcula ted  spec t rum 
with  the expe r imen ta l ly  de te rmined  data. This test  
is shown in Fig. 3, in which the open points were  
calcula ted using Eq. [3] and [4] and the values  for 
Rt, C, p, and L given above. The locus of ca lcula ted  

c- 
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L ; /  .y91 
r . . . . .  I I I I~ 488 

2 1&3~4 6 8 t 446 
230-J5~Q- k /257 

69 122 

1 
10 

Z'-R s, 
ohms 

Fig. 3. Complex plane diagram for transpassive chromium in 
0.SM H~S04. Open points, calculated data; closed points, experi- 
mental data according to Armstrong and Henderson (2). The num- 
ber next to ea:h point is the frequency of the excitation function in 
Hz. Electrode area ~ 0.2 cm 2. Rs -7- solution resistance. 
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points  is given as the solid line, and i t  is seen tha t  
excel lent  agreement  exists be tween  the ca lcula ted  
values  and the  exper imen ta l  da ta  over  the ent i re  
f requency  range considered. 

The accuracy of the computa t iona l  method is c lear ly  
l imi ted  by  the va l id i ty  of the assumpt ion tha t  the 
first and four th  quadran t  subspect ra  are  independent  
of one another  in the  neighborhood of the m a x i m a  in 
the reactance.  However ,  i t  is be l ieved tha t  this ap-  
p rox imat ion  is sufficiently accurate  to y ie ld  precise 
corrosion da ta  (Rt, C) for most  systems of interest .  
In  those cases where  the above assumption is not  
valid,  the method may  sti l l  be used to es t imate  ini t ia l  
values  for the impedance  pa rame te r s  which  can then 
be refined using the more  sophis t icated nonl inear  
least  squares techniques (11). 

Manuscr ip t  submi t ted  March 8, 1978; revised m a n u -  
script  received May 27, 1978. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1979 Joua -  
~AL. Al l  discussions for the  June  1979 Discussion Sec-  
t ion should be submi t ted  by  Feb. 1, 1979. 
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Thermodynamic and Kinetic Aspects of 
Bromine Lamp Chemistry 

Suresh K. Gupta 
General  Electric Company, Lamp Phenomena Research Laboratory, Nela Park, Cleveland, Ohio 44112 

SBST~ACT 
The the rmodynamic  approach  to bromine  regenera t ive  chemis t ry  has been 

found inadequate  in expla in ing  a number  of observed lamp phenomena.  The 
basic shor tcoming of these t rea tments  has been a t t r ibu ted  to the  quest ionable  
assumpt ion of the rmodynamic  equi l ib r ium which may  not  prevai l ,  especially,  
wi th  respect  to atomic hydrogen  and carbon monoxide  on the l amp walls.  
This  has led to the considerat ion of a kinet ic  model  which is based on rates  of 
var ious  processes and mass flow wi th in  the  lamp. Calculat ions of tungsten 
mass flow, based on a s imple diffusion model,  have demons t ra ted  the  impor -  
tance of gas phase  and wal l  reactions.  Fo r  instance, the gas phase react ive  
reduct ion of the  tungsten a tom flux at  the wal l  of a typica l  b romine  lamp is 
significant only  when the f i r s t -order  react ion ra te  constant  exceeds the  value 
of 1 sec -1. The role of atomic species has been considered since these are  p ro -  
duced at the  filament. Hydrogen  atoms recombina t ion  ra tes  have strong de-  
pendence on fill pressure;  these are  also found to be s lower than  the i r  diffu- 
sion ra tes  to wall.  Doubtful  va l id i ty  of the equ i l ib r ium assumpt ion at  the  
wal ls  is c lear ly  demons t ra ted  by  these calculations.  Atomic  hydrogen  concen- 
trat ions at  the  wall,  however,  a re  expected to be ex t r eme ly  low when  
H: Br < 1. Appl ica t ion  of this  kinet ic  model  to l amp  chemistry, is l imi ted  due 
to lack of appropr ia t e  kinetic  da ta  on wal l  reactions.  Comparison of the  two 
models  indicates tha t  the rmodynamic  calculations,  if pe r fo rmed  correct ly,  
can give va luable  ins ight  into t r anspor t  processes occurring near  the  filament.  
However ,  k inet ic  considerat ions are  be l ieved to be far  more  impor t an t  in  
unders tanding  the chemis t ry  near  the  bulb  wall .  

Tungs ten  ha logen lamps  are  compact  l ight  sources 
which ut i l ize regenera t ive  actions of halogens  to p re -  
vent  tungsten deposi t ion on l amp  wal ls  as wel l  as to 
sustain long life for the  f i lament Unders tand ing  of the 
regenera t ive  l amp chemis t ry  has been  approached 
p r i m a r i l y  f rom the rmodynamic  considerat ions which, 
for  the  bromine  lamp,  were  in i t ia l ly  res t r ic ted  to the  
W - H - B r  sys tem (1, 5, 6). However ,  since most of these 
lamps  are  genera l ly  made  wi th  b romomethanes  such 
as CH3Br, CH2Br~, CHBr~, etc., and usua l ly  contain 
some res idual  oxygen,  these calculat ions have been ex-  
tended to the  more  complex W - O - C - H - B r  system (2- 
4, 6). Complexi ty  of these systems requi res  careful  
analysis  of condensed phases in these calculat ions as 
has been pointed out  ea r l i e r  (3). Recently,  the  role of 

Key words: thermodynamics, kinetics, bromine lamp. 

carbon in these lamps  and its effect on thermodynamic  
equi l ib r ium computat ions  has been  explored  in some 
deta i l  (7, 8). 

Genera l ly ,  however ,  these  thermodynamic  ap- 
proaches to expla in  l amp  behavior  have been ra the r  
unsuccessful  (4). Yannopoulos and Peb le r  have, for  
example,  a t t empted  to exp la in  observed discrepancies  
in te rms of evolut ion of wate r  f rom quar tz  (4). P r e v a -  
len t  t empera tu res  and pressures  in an opera t ing  l amp  
war ran t  localized the rmodynamic  equi l ibr ia  (LTE) 
near  the  filament. Mult iple  collisions due to high oper-  
a t ing pressure  ( , ,15 a tm) m a y  be expected  to lead  the 
sys tem toward  rap id  equi l ibrat ion.  However,  i t  is 
quest ionable  to assume that reaction rates are fast 
enough to a t ta in  equi l ibr ia  near  the wall .  
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Since hydrogen atoms are produced at the filament, 
kinetics of reactions, such as 

H+ H+Ar = Ar+ H2 [I] 

may be quite important, more so in view of their high 
mobility. Possible occurrence of slow heterogeneous 
wall reactions such as 

2Vz W(s) + CO(g) = W~C(s) + �89 WO~(s) [2] 
and 

1�89 W(s) + CO(g) = WC(s) + Yz WO2(s) [3] 

may also contribute to the system's deviation from 
equilibrium. In fact, CO, due to its extreme kinetic 
stability resists disproportionation at lower tempera- 
tures as required by thermodynamic arguments. 

These limitations of thermodynamic arguments have 
been summarized and a modified lamp model based 
primarily on kinetic considerations has been proposed. 
Calculations have been performed to investigate the 
migration of tungsten atoms assuming a simple diffu- 
sion model. Under this approach one aspect of the 
lamp model, e.g., the blackening criterion, assumes a 
different form and depends on the gas phase and wall 
tungsten atoms reaction rates. There are limitations to 
this simplified model since convective and thermal dif- 
fusion flows are also prevalent in an operating lamp. 
However, it is believed that this modified approach 
will provide a better understanding of the regenera- 
tive lamp chemistry and stimulate further experimen- 
tal and theoretical work. 

A recent publication describes a mass transfer model 
for the lamp based on diffusion of participating species 
across the boundary layer (9). The model has been 
applied to the W-O-Br system in establishing black- 
ening conditions based on initial levels of lamp addi- 
tives. 

Thermodynamic Model  
FormuZation.--In the thermodynamic model, as de- 

picted by an idealized situation in Fig. 1, the lamp 
operation is primarily controlled by localized thermo- 
dynamic equilibria at the filament and the bulb wall 
(10). Partial pressures of tungsten-bearing gaseous 
species, computed for the desired system, e.g., W-O-C- 

Thermodynamic Model 

Wall(T B) 

FiI . (T F ) 

"-(~Pwi)B 

~-2o--I 
2d -, 

Wall(T e ) 

Blackening Criterion: 

(Y Pwi]FiI.,TF �9 (Y Pwi)Wall,T B 
or 

Pw(TF) �9 Pwo2Br2(TB ) 

Kinetic Model 

Blackening Criterion: 
W atom flux,J(W) �9 [R]8 ,wall reaction rate 

Fig. 1. Comparative formulations af the thermodynamic and 
kinetic blackening criteria for bromine lamp. 

H-Br in the bromine lamp, are analyzed to discern 
the direction of the transport. As illustrated in Fig. 1, 
the ZPwi, i.e., sum of all W-bearing gaseous species at 
the filament and wall are primary quantities, and 
the condition for tungsten deposition on the wall, i.e., 
blackening is defined as 

[~Pwi]fil > [~Pwi]wau [I-a] 

Since earlier thermochemieal calculations indicate that 
the major species at the filament and bulb wall are W 
atoms and WO2Br~, respectively, (3) this relation can 
be simplified as 

Pw(TF) > PWO2Br2(TB) [I-b] 

where T~ and TB are the corresponding temperatures. 
Thus, an ideal quartzline lamp, without any tempera- 
ture gradients along the filament and wall, would stay 
clean at the balance of these two quantities. Any im- 
balance would result in either wall darkening or a 
nonuniform tungsten deposition on the filament which 
are both undesirable for a designed long-life lamp. 

Limitations.--Comparative test results of lamps con- 
taining carefully controlled levels of C, H, Br, and O, 
along with thermodynamic calculations for these sys- 
tems have been reported (4). The lamp results, how- 
ever, fail to follow predictions of the calculations. For 
example, more blackening occurred in the CHBrs 
lamps compared to the CH2Br2 group, even though the 
latter group contained far higher H/Br ratios. Lamps 
made with HBr, CBr4 + CH4 (1:1), and CH2Br2 be: 
hayed differently in spite of same, i.e., 1:1 H/Br ratio. 
Variable levels of H20 released from quartz wall of 
these lamps have been proposed to be the primary 
reason for these discrepancies (4). These calculations 
also suggest that lamps made with CHsBr and low 
levels of oxygen, such as 0.01%, should darken if the 
controlling wall temperature is below 800~ How- 
ever, contrary to these predictions, such lamps have 
been found to stay clean (4). 

Apparent failure of the thermodynamic approach 
may be due to a number of reasons, such as incom- 
plete and/or incorrect thermodynamic treatment of 
the lamp system by exclusion of important yet un- 
known species and inclusion of nonexistent phases, 
lack of well-defined data, lamp geometry effects, and 
filament impurities. But perhaps, the most important 
factor may be the questionable assumption of LTE 
under steady-state operating conditions, especially 
near the bulb walls. 

Prevalence of chemical equilibria implies that at the 
filament and wall, reaction rates are fast enough to 
establish equilibria with migrated gaseous species 
(10). Flow Of species occurs via radial and thermal 
diffusion and convection. Extent of each mode of flow 
will depend on lamp geometry, temperature profiles, 
and pressures. At the filament temperatures ~3000~ 
reaction rates a r e  likely to be fast enough to attain 
instant equilibrium; however, the same could not be 
assumed a prior~ at lamp walls where temperatures 
are ,~1000~ 

In this regard, the role of two important lamp con- 
stituents, Hz and CO, deserves special consideration. 
Hydrogen, because of its extreme mobility, and CO, 
due to its extraordinary kinetic stability, are likely to 
contribute heavily toward any deviation of the system 
from equilibrium. H atoms recombination reaction rate 
calculations, which are discussed in a later section, 
suggest an important role for hydrogen. 

There is enough evidence to suggest that CO may 
also play a major role in creating nonequilibrium con- 
ditions. Very slow rates of carbon transport observed 
with the reaction 

C(s) + CO~(g) = 2CO(g) [4] 

have been explained in terms of slow reaction rates 
with CO (10). Reactions such as [5] and [6] 
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W ( s )  + 2CO2(g) = WO2(s) + 2CO(g) [5] 

2W(s)  + 2CO(g)  = W2C(s) + CO2(g) [6] 

m a y  be qui te  slow. Fo r  example ,  flash desorpt ion of 
CO f rom tungsten surface at  ,~1000~ does not  y ie ld  
any react ion products  which are  t he rmodynamica l ly  
possible (11). 

Since t empera tu res  in most  par t s  of an opera t ing  
lamp are  over 1000~ CO is the  ma jo r  oxygen  bea r -  
ing gaseous species. At  the walls,  where  t empera tu res  
a re  lower,  CO react ion such as [4] e s sen t i a l  for  p ro -  
v id ing  WO2Br2 at  the  bulb walls,  may  p lay  a decisive 
role in the da rken ing  of lamps. Thus, if  this react ion is 
k ine t ica l ly  slow, b lackening  is l ike ly  to result .  This, 
of course, assumes the necessi ty of oxygen in tungsten 
removal  f rom the wall.  Kinet ic  studies suggest  fo rma-  
t ion of p r imar i l y  the  WO2Br2 species at the  wa l l  con- 
di t ions (12). B inary  bromides  are  known to form in 
W - B r  react ions at  b romine  pressures  at  least  an o rde r  
of magni tude  h igher  than  those no rma l ly  p reva len t  in 
a typical  l amp  (13). Ava i l ab le  the rmodynamic  da ta  
also discount significant b ina ry  bromide  format ion  at  
bulb  walls  (14). Thus, the  role of CO is considered 
quite impor tan t  in wal l  react ions such as [4] and  in  
creat ing nonequi l ib r ium conditions at  l amp walls. 

Kinet ic Model  
Formulat ion . - -The  t he rmodynamic  approach and its 

l imita t ions  in expla in ing observed l amp  phenomena  
have been discussed in the  preceding section. Whether  
d rawbacks  of the  approach  are  due to fa i lure  of the 
l amp sys tem at the  wal l  to a t ta in  equi l ib r ium wi th  re -  
gard  to atomic hydrogen  and CO cannot  be subs tan-  
t ia ted  unt i l  r e levan t  kinet ic  da ta  are  avai lable .  Hence, 
the kinetic  approach  has been explored.  In  this con- 
siderat ion,  impor tan t  pa rame te r s  a re  ra tes  of var ious  
processes in the  lamp,  e.g., react ions at  the  filament,  
bulb wall ,  and gaseous in te rphase  as wel l  as species 
diffusion. 

Fo r  the  regenera t ive  lamp, th ree  p r i m a r y  ra te  p roc-  
esses to consider  are:  (i) W atoms evapora t ion  at  the  
filament, (ii) W atoms remova l  by  chemical  react ions 
in the gas phase be tween  the f i lament and wall ,  and 
(iii) W atoms react ion on the l amp  wall.  The b lacken-  
ing cr i te r ion  as discussed ear l ie r  is, now, defined as 

J ( W )  > [RiB [II] 

Here, J ( W )  is defined as the  W atoms flux reaching 
the wal l ;  i t  thus depends on the f i lament t empe ra tu r e  
TF and gas phase react ion rates.  [RIB, the  wal l  reac-  
t ion rate,  is control led  by  wal l  t empera tu re ,  TB, and 
reac tan t  concentrat ions.  

Calculat ions.--Flux values  can be calcula ted by  solv-  
ing s t eady-s ta te  diffusion equat ion (15) 

D ~72C --  kC = 0 [III]  

which for  cyl indr ica l  coordinates  becomes 

d [ dCw(r )  ] 
D - -  r .  - - k .  Cw(r )  = 0  [ IV-a]  

dr dr " 

The angular  and axia l  dependence  a re  ignored  as the  
ma jo r  mass t ransfe r  occurs,  radia l ly .  The symbols  a re  
defined as follows: D is the  mean  diffusion constant  of 
W atoms in argon; Cw(r )  is tungsten atoms concen- 
t ra t ion  at  distance, r, f rom the f i lament axis; k is as- 
sumed f i r s t -order  W atoms gas phase  react ion ra te  
constant defined as 

--dew (r) 

dt  
= / r  [V-a]  

= k ' [CBr( r ) ]xCw(r )  [V-b]  

= k " [ C o ( r )  ]~Cw(r) [V-c] 

where  k' and k" are modif ied rate constants;  x and y 

are  the  dependence orders;  and bracke ts  indicate  con- 
centra t ions  of pa r t i cu la r  species. The kinet ic  expres -  
sions [V-b] and [V-c] would  be appl icable  to react ions 
such as 

W(g) + Br(g) -- WBr(g) [7] 
and 

w(g)  + o(g) = WO(g) [8] 

Simi la r  expressions may  be fo rmula ted  for o ther  
possible react ions wi th  H20, CO, and 02 molecules  
depending on the specific l amp system. 

Solut ion of the  re la t ion  presented  in detai l  in  A p -  
pendix  I, is 

D.Cw(a)  
[ J (W)]~=0  --  g-a toms/cm2sec [VI-a]  

d In (d/a)  
and 

D .Cw(a )  1 
[J (W) ] --  g - a toms /cm 2 sec 

k>o d a 

[ V I I i  

where  a and d are  defined in Fig. 1 and Cw(a)  is the 
W atoms concentra t ion at  the  filament, a and ~2 a re  
defined as ~ --  k / D  and ~2 : ks~D, where  ks is the 
react ion ra te  constant  on the  wal l  (see Append ix  I ) .  
The pa rame te r s  ~ and ~ are  composed of the modified 
Bessel functions of the first and second k ind  (16). 
The tungs ten  flux re la t ion [VI-a]  is modified when  
the inner  bulb d iamete r  is l a rger  than  Langmui r  film 
diameter ,  2b. The modified re la t ion  is 

D-Cw(a )  
[ J ( W )  ]1~=0 - - "  g - a t o m s / c m  2 sec [VI-b]  

d In (b /a)  

Using a recent  formula t ion  (17), Langmui r  film d iam-  
eter  for  a typ ica l  500W T3 lamp filled wi th  2500 Tor r  
of argon and fi lament at  3000~ was ca lcula ted  to 
be 0.48 cm compared  to the bulb  d iamete r  of 0.8 cm. 
Since chemical  react ions are  not considered l imi ted  
to only outside of the Langmui r  film, the flux cal-  
culat ions for one f i lament and two different  bulb  d iam-  
eters  p resen ted  in Fig. 2 are  based on re la t ions  [VI-a]  
and [VIIi .  Dramat ic  reduct ion in the W atoms flux is 
caused by  gas phase  reac t ion  ra te  constant  values  
k > 1 sec - t .  

The react ion ra te  constant  for W a tom loss in 
re la t ion  [ IV-a]  based on kinet ic  theory  is first o rder  
in the l imi t ing case of surface reaction.  The volume 
react ions for species, such as a tomic oxygen,  have 
also been found to be first o rder  (18) and hence this 
assumpt ion is considered qui te  valid.  The rela t ions 
[V-a] ,  [V-b] ,  and [V-c] imply  tha t  CBr(r) and Co(r )  

I0 i4 ~ ' ' -  \ 

.o TF = 3000~ 

' F ' \ ' , , I  cm 

x '~ - : : =  \ ",1 

'~ l( I N ~  
0 O.I I I0 I 0 0  

REACTION RATE CONSTANT, k(sec - I )  

Fig. 2. Effect of gas phase reaction rate constants on the tungsten 
atoms flux reaching the bulb wall. 
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are invar ien t  in  r. While this is not strictly true due 
to gas phase logs, proport ionately large values of 
CBr or Co compared to Cw(r) (see Appendix II) 
clearly just ify these kinetic formulations. Reactions 
involving radicals and atomic species occur with ac- 
t ivat ion energies E ~ 0. The dissociation reaction, e.g., 
the reverse of reactions [7] or [8] would undoubtedly  
involve significant activation as these processes are 
thermodynamica l ly  quite unfavorable  under  the lamp 
prevalent  conditions under  present  considerations. 

A probable range for the values of k has been es- 
t imated using collision kinetic theory. Details of these 
calculations are given in Appendix lI. The k values, 
of course, depend on the postulated reactions. For 
example, at 1500~ k values are 6 • 10~ and 6 • 104 
sec -1, respectively, for reactions [7] and [8] rewr i t ten  
with Ar as a collision stabilizer 

W(g)  + O(g) + Ar ---- WO(g) + Ar [9] 
and 

W(g)  4- Br(g)  + Ar---- WBr(g)  + Ar [10] 

These may  be regarded as in te rmediary  steps leading 
to fur ther  reactions as products approach lamp wall. 
Difference in magni tudes  of k for the two postulated 
reactions, obviously, lies in  relat ive reactant  concen- 
trations. Thus, increased reactant  levels should fur-  
ther  reduce W atom flux J (W) .  The flux, due to its 
l inear  dependence on W vapor pressure, increases 
with filament temperature.  The reaction rates, then, 
must  be correspondingly higher to prevent  wall  black- 
ening. 

Lack of exper imental  kinetic data for tungsten re-  
actions at wall  temperatures  under  lamp envi ron-  
men t  does not permi t  any  verification of the kinetic 
model. 

Limitat~ons.--The simplified diffusion model only 
points out the na ture  of the t reatments  involved. In  
reality, however, the lamp phenomena are much more 
complicated. Convective and thermal  diffusion mass 
flows are also very impor tant  as has been pointed out 
by Fisher et al. (19). In  fact, at lamp operating pres- 
sures, convection becomes the dominat ing mode of 
mass and heat  transfer. However, 6heroical reactions 
have not been considered by them. Ava i l ab i l i t y  of 
the re levant  reaction kinetic data is impor tant  so 
that  the current  approach, even in  its present  approx- 
imate form, can be util ized to increase unders tanding  
of the lamp behavior. 

Role of Atomic Species 
Atomic species such as H, Br, and O are produced 

at the hot filament. These will  react and recombine 
dur ing  their  diffusion toward the bulb  wall. Rates 
of these reactions are obviously impor tant  in estab- 
l ishing equi l ibr ium conditions in the lamp. Among 
these, the role of hydrogen atoms, which is the most 
mobile species, can be investigated to some degree, 
s i n c e  reasonably well-established kinetic data are 
a v a i l a b l e  (20). 

Hydrogen is added to the lamp general ly as bromo- 
methanes  or HBr. Amount  of atomic species H and 
Br at the filament tempera ture  of 3000~ calculated 
for two typical lamp conditions assuming chemical 
equi l ibr ium are given in Table I. Movement of these 
s p e c i e s  would occur pr imar i ly  via diffusion and con- 
vection, and in  the process the species would undergo 
reactions such a s  

H + H + A r - - - - H 2 +  Ar [1] 

Table I. Equilibrium distribution of species at 3000~ 

Cold flU 
pressure  Prt PH 2 PHBr PBr 

Sys tem (Torr)  ( a tm ) (a tm)  ( a tm ) ( a tm ) 

H~ + HBR 
( 1 : 1 )  6 2 .8  x I0  -~ 3.1 x 10 -2 5.1 x 10 -s  2 .7  x 10-~ 

H B r  3 1.4 x l{P ~ 7.6 x l0 -4 2.7 x 10 -~ 2.9 x 10 -2 
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Br + H + Ar_-- HBr + Ar [II] 
and 

Br + Br + Ar _-- Br2 + Ar [12] 

due to fairly high (~14 atm) inert gas pressures. 
~nert gas atoms of Ar act as third body stabilizers 
in the collision processes (20). These reactions, al- 
though written as termolecular are really composed 
of two bimolecular collision steps. Available kinetic 
data have enabled calculations of rates of these reac- 
tions. 

Since the loss of H atoms occurs primarily by two 
concurrent reactions, namely [i] and [ii], the rate 
expression may be formulated as 

dCH riCH2 dCHBr 
- -  -- 2 -~ [VIII-a] 

dt dt dt 

Based on known reaction rate constants, ki and ktl, 
respectively, for reactions [1] and [11], the rate 
equation is 

dCH _ r 2kl ] [ kil ] 
a t  LC~Ar.]  " (CH)2"CAr  "~- L ~ . ]  " C H ' C B r ' C A r  

[VIII-b]  

For the simple case where  ini t ial  concentrations of 
H and Br atomic species are about equal, such as for 
H2 -~ HBr system calculated in Table I, the above 
relat ion is simplified to give 

VZ, j 
and the unreacted atom fraction 

CH 1 
[VIII-d] 

CH ~ 1 + (ki '  + klI')'CDCH ~ 

where ki' and k~i' refer to the bracketed quanti t ies  
for the par t icular  argon concentration, CH is the H 
atom concentrat ion at t _-- ~D, and CH ~ is the ini t ial  
concentration. T D is the mean  H atom diffusion time 
between the filament and wall  given by 

( d  - -  a)2 
�9 D = [IX] 

D 

based on simple diffusion model where D is the mean  
diffusion constant and (d -- a) is the diffusion distance 
(15). Tempera ture -dependent  rate constants, avai l -  
able from shock tube studies, are 

ki = 2 . 3 x 1 0 i 4 (  T )-i.2 am 6 
CAr ~ ' mole 2 sec IX] 

and 

= 5.8 X 1014 [XI] 
CAr m o l e  2 s e e  

Appropriate values of CAr can be used to derive ks' 
and kii' for calculating the concentrat ion of H atoms 
reaching the bulb wall. Reaction [12] is not con- 
sidered impor tant  in  affecting Br atom concentrat ion 
since bromine is expected to be near ly  ful ly  disso- 
ciated at the prevailing wall temperatures. Further- 
more, Br atom diffusion is much slower compared to 
that of H atom, but it is obvious that the uncombined 
H atom concentration is primarily governed by the 
extent of reaction occurring during the mean diffu- 
sion time of atomic hydrogen, ~D. Therefore, the com- 
puted CH/CH ~ values are based on this assumption. 

In cases such as computed in Table I or others 
where atomic concentrations of hydrogen and bromine 
at the filament are not equal, the solution oi ra te  
equation [VIII-b] becomes 
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z 
O 

:E 

8 
b- 

o 3 :  

1 1 k,'t+k.'r CBr ] 
CH CH ' ' ' T  = L --C-~-H J t [VIII -e]  

Numer ica l  methods  a re  requ i red  to eva lua te  CH/CH ~ 
for  such systems. In  the  case of t lB r  filled lamps  (see 
Table  I) when the bromine  a tom concentra t ion is 
about  double tha t  of H atoms, the dominant  second 
te rm in [VII I -e l  controls  CH/CH ~ Therefore,  con- 
s idera t ion  of only  react ion [11] is considered sa t is -  
fac tory  for ca lcula t ing values of CH/CH ~ in v iew of 
the  fact  tha t  the  react ion ra te  constants  themselves  
a re  not  ve ry  wel l  es tabl ished (20). Since numer ica l  
values  of kl' and  k~ '  at  the p reva len t  l amp  conditions 
are  about  equal  and CBr ~ --  2CH ~ the express ion 
[VIII -d]  wi thout  fu r the r  modification also yields  the  
es t imates  of unreacted  H a tom fract ions for the  pa r -  
t icu lar  case of HBr  filled system. 

The propor t ion  of unreac ted  hydrogen  a toms which 
reach the l amp  wal l  is a function of to ta l  fill pressure,  
the mean  react ion tempera ture ,  and the diffusing 
distance, i.e., the  dis tance be tween  the wal l  and fila- 
ment.  This is wel l  i l lus t ra ted  in Fig. 3 for the s impler  
case of Ha -b HBr  system where  equal  amounts  of 
a tomic  H and Br species preva i l  at  the f i lament (see 
Table  I ) .  Argon  pressures  in opera t ing  lamps  were  
taken  as 4 t imes the  cold fill values.  These opera t ing  
pressures  were  then  used to eva lua te  k~' and k ~ '  and 
f inal ly CH/CH ~ at  different  react ion temperatures .  
The diffusion constant,  D, was ca lcula ted  using the 
fo rmula  given in Append ix  I. F igure  3 c lear ly  demon-  
s t ra tes  the d ramat ic  effect of cold fill pressure ,  reac-  
t ion tempera ture ,  and pa th  length  on the ex ten t  of 
H atoms recombinat ion.  

Most regenera t ive  lamps  are  filled at  2000-3000 
Torr.  The mean l amp  t empera tu r e  is ~1300~ and 
f i lament  to wal l  distance ,~0.5 cm. Thus, C~/CH ~ 
would  be in the  range  2 • 10 -4 to 7 • 10 -5 which, 
under  s t eady-s t a t e  conditions,  corresponds to H atom 
pressures  at  the  wal l  of ~,4 • 10-6 to 1 • 10 -6  arm. 

152 

15 3 

,5 s 

H ATOMS R E A C T I V E  LOSS 
d - o  = 0.5cm. 

. . . .  d - o  = 1.0 crn. 

p~ = 2x 15 2 atrn, 

\ \206OK~ ~ ~ . 2 o o o  K 

I I I I I I 
5 0 0  I 0 0 0  1 5 0 0  2 0 0 0  2 5 0 0  3 0 0 0  

COLD F I L L  ARGON PRESSURE ( T o r r )  

Fig. 3. Lamp fill pressure and temperature dependence of H 
atoms recombination for two different path lengths. 

ToNe II. Diffusion and reaction times of H and Br atoms 

~ r  T D  
Reaction ( see ) (sec) T~ 

H + Br + Ar -- HBr + Ar 0.54 0.36 
H + H + Ar =Hs + Ar 0.2 0.9 

Lamp parameters: Cold fill Ar P -- 2500 Torr 
Filament temp. = 3000~ 
H2 + Ht~r (1:1) cold filled P ---- 6 Tort 
Fil.-waU distance = 0.5 cm 

1500 
1500 

This is also the  range  for the  specific case of lamps  
filled wi th  6 Tor r  of H2 -{- H B r ( I : I )  as shown in 
Table  I. In  the  o ther  case of HBr  filled lamps  at  3 
Torr,  the ca lcula ted  H a tom wal l  pressure  range of 
3 • 10 -6 to 1 • 10-6 is not  much  different  f rom 
that  in the Ha + HBr  case. The effect of increasing 
the diffusive pa th  length  f rom 0.5 to 1.0 em is evident  
f rom Fig. 3. A min imum diffusion dis tance of 1.1 cm 
is requ i red  for  react ion [1] to reach equi l ib r ium at 
the wall.  The mean  diffusion t imes TD and react ion 
t imes to reach  equ i l ib r ium are  l i s ted  in  Table  l I  for 
both  reactions.  This suggests tha t  under  condit ions 
such as when the f i lament to wal l  distances in lamps  
a re  large,  the  ent i re  sys tem can be t rea ted  on LTE 
basis. 

Unreae ted  H atoms reaching the wall ,  besides be -  
ing capable  of reducing tungsten oxide, wil l  also 
undergo surface recombinat ion.  Publ i shed  data, how-  
ever, suggest  that  recombinat ion  react ions on fused 
si l ica surfaces a re  qui te  slow and s t rong ly  dependent  
on the surface conditions (21). For  example ,  at  900~ 
the recombina t ion  coefficient is ~3  • 10 -~, which 
implies  only  three  successful collisions out  of 100. 
The surface recombinat ion  coefficient appears  to in-  
crease wi th  t empe ra tu r e  (21). At  these low surface 
react ion rates  and low H a tom pressure,  si l ica reduc-  
tion react ion 

SiO~(s) + 2H _-- S iO(g)  + H~O(g) [13] 

is not  bel ieved to be significant. This immedia t e ly  
suggests tha t  tungsten oxide reduct ion may  be a 
fa r  more  efficient process than  react ion [13]. There  
a re  no exper imen ta l  da ta  to ver i fy  this conclusion. 

Limi ta t ions  of these calculat ions should also be 
pointed out. A simplified approach  has been adopted 
in the  present  calculat ions r a the r  than  use a h ighly  
involved solut ion of diffusion equat ion wi th  second 
order  depenaence  on concentra t ion as demanded  by  
re la t ion  [III] .  The results,  thus, m a y  not  be r igorous,  
but  cer ta in ly  represent  the genera l  effects of t empera -  
ture  and pressure.  The ra te  constants used are  not 
exac t ly  val id  over  the  adopted t empera tu re  and pres -  
sure  range. Only the  diffusion mode of mass t ransfer  
was considered in the evalua t ion  of TD, even though 
convection and the rmal  diffusion due to t empera tu re  
gradients  a re  qui te  impor tant ,  especia l ly  at  h igh 
opera t ing  pressures  (19). 
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A P P E N D I X  I 
Solution of Diffusion Eq. [IV-a] 

Diffusion Eq. [ IV-a]  can be wr i t t en  as 

1 el (dCCr) )_a2CCr)__0 [IV-b] 
r d r  \ r -  d r  
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which has the following solution (22) 

C(r )  = AIo(ar) + BKo(~r) [XII-a]  

where Io and Ko are the modified Bessel functions 
of the first and second kind, respectively (16). The 
constants A and B are evaluated using the following 
boundary  conditions: (i) At r = a + ~/2, C( r  ---- a 
+ ~/2) ---- C(a) ,  where C(a)  is the tungsten  atom 
concentrat ion at the filament and ~. is the mean  free 
path. (ii) At r ---- d -- ~/2, D d C ( r ) / d r  = - -ks[C(r)  
-- C(d ) ] ,  which implies that  the flux a t  d -  k/2, 
i.e., half a mean  free path from the wall, is equal  to 
the rate of impingement .  C(d)  is the tungsten  atom 
concentrat ion a f d  -- ~/2 distance and ks is defined as 
ks = 1 / 4 . v  X condensation (or reaction) coefficient 
on the wal l  where v, is the mean  velocity. Since 
vapor  p ressure  of tungs ten  at wall  temperatures  is 
negligible, [C(r)  -- C(d ) ]  _~ C(r) .  

Applicat ion of the boundary  conditions yields 

C(a) = AIo(aa) + BKo(~a) [XIII] 
and  

~ [ C ( r )  -- C(d ) ]  = --A'aIo '(ar)  -- B.~Ko'(=r) [XIV] 

Which for r = d gives 

f l 2 C ( d )  - -  A.r  + B.~(ad)  [XV] 
where 

r  -- aIo'(~d) + fl2Io(ad) [XIV] 
and  

~(ad) --~Ko'(ad) + fl2Ko(~d) [XVl] 

Solution of A and B gives an expression for C(r)  (16) 

C Car (ad) 
C(r )  - - - -  .~(ad) . Io(ar)  + .Ko(ar) 

n n 
[Xn-b] 

where 
",1 = Ko(~a) . r  -- Io(~a).~(~d) [XVII] 

Under  s teady-state  condition, the flux is giveff' by 

(22) dC(r )  
flux, J = - - 2 ~ r . D . . - -  [XVIII] 

dr 

Differentiation of the expression for C(r)  and appro- 
priate use of Bessel funct ion relations yields (16) 

D 1 
(J)  r=a = ~ C (a) a g -a toms/cm 2 sec 

where  

and  

[VIII 

[XlX] = K o ( ~ a )  .Io(=d) -- Io(~a) .Ko(~d) 

= Ko(aa) . I i (=d)  + Io(~a) .Kl (ad)  [XX] 

These combinations of Bessel functions can be 
solved using avai lable expressions (16). Diffusion 
constant, D, was taken as the average of the values 
at 1200 ~ and 3000~ Calculations of D were done 
by using the following simplified relat ion (16) 

2 .63X10 -8 [ MI + M2 ] '/" 
D - -  p T . ( a l 2 )  2 (T)3/2 MI"M2 [XXI] 

where M1 and M~ are the respective atomic weights 
of the two species. T is the absolute temperature,  PT 
is the total pressure taken  as 15 atm here, and ~12 
is the mean  atomic diameter  of the two diffusing 
species in  angstroms. D values for W-Ar  system at 
1200 ~ and 3000~ are evaluated as 0.085 and 0.336 
cm2/sec, respectively. ~2 is calculated as follows 

ks Y4 v 
---- -- - -  X condensation (or reaction) 

D D 
coefficient [XXII] 

where-v  = k/8KT/=~ = 3.39 X 108 cm/sec. D is evalu-  
ated to be 0.07 cm2/sec at 1000~ and condensation 
(or reaction) coefficient is approximated as 0.1. K and 

are the Bol tzmann constant  and the reduced mass, 
respectively. 

The expression for diffusion without  any  chemical 
reaction has been well known  (17) 

DC(a)  
( J ) r = d - -  g -a toms/cm 2sec [VI-a] 

k=0 d" In (d/a)  

When the Langmui r  sheath diameter,  2b, is smaller 
than the bulb alameter,  2d, the modified relat ion is 

DC(a)  
(J)r=d -- g-a toms/cm e sec [VI-b] 

k=0 d" in  (b/a)  

APPENDIX II 

Estimation of k 
The diffusion expression [IV-a] contains a reaction 

term for the t i rs t -oraer  rate of loss oZ tungs ten  atoms 
in  gas phase reactions, defined as 

- - d C ( r )  
= k . C ( r )  [V-a] 

dt 

Two postulated reactions are [9] and [10] 

W(g)  + O(g) + Ar  = WO(g)  + Ar [9] 
and 

W(g)  -{- Br(g)  + Ar = WBr(g)  + Ar [10] 

for which no exper imental  values of k are available. 
Collision theory can be used to estimate values of k 
wnicn may be expressed for both reactions as follows 

- -dCw(r )  
= kCw(r )  -- k 'Cw(r)"Co'CAr [XXIII-a]  

at  

= k"Cw(r) 'CBr'CAr [XXIII-b]  

The te rnary  collision expressions real ly  involve two 
consecutive binary collisions in which the third body, 
Ar, acts as the collision stabilizer. Details of t rea tment  
of t e rnary  collision gas kinetics are given elsewhere 
and, thus, only outlines will be given (23). The rate 
of reaction [gJ for example, can be expressed as 

- -dCw(r )  
-- P.Zs ~ exp ( - - E / R T ) . C w ( r ) " C o ' C A r  

dt 
[XXIV] 

where P is the probabi l i ty  factor, E is the activation 
energy and the numoer  of t e rnary  collisions, Zs, is 
defined as 

Z8 = Z3 ~ (r) CoCAr [XXV-a] 

A simplified and approximate version of the expres- 
sion lor  Z8 ~ is 

Zz ~ ---- 54 .A/3"R'T 'M-l"~ 'd4 [XXV-b] 

where M is the mean  molecular  weight, d is the mean  
molecular  diameter, and T is mean lifetime of the 
b inary  complex defined as: �9 ---- d /v  where v is the 
mean  relative velocity of the complex at T~ 

In  the present  considerations of the two reactions, 
act ivation energy, E, is taken as zero as is the case 
for radical- type reactions. The reaction rate expres-  
sions are defined, respectively, as 

- -dCw(r )  
-- kCw(r)  = Z3~ 

dt 
[XXIII-c]  

and 
-- Zs ~ .P.Cw(r)"CBr'CAr 

[XXIII-d]  

which yield for 7r the following 

ks = Zs ~  sec -1 [XXVI-a] 
and 

k l0  = Zs~ -1 [XXVI-b] 

Subst i tu t ion of appropriate quanti t ies yields the fol- 
lowing for Z8 ~ 

Zs ~ = 4 X 10-8~'T 
c m  6 

(molecule)3 

1 

sec 

cm 6 
---- 1.5 X 1018"T [XXV-c] 

(mole) z sec 

Mean reaction temperature for lamp gas phase is 
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assumed to be 1500~ A typical  l amp has At ,  Br, 
and O a tom concentrat ions ~lO ~0 (~15 a tm) ,  1017 
(~ lO  -2 a tm) ,  and 1016 (~10 -8 arm) a toms /cm 3, re -  

spectively.  If the react ion probabi l i ty ,  P, is assumed 
0.1, react ion ra te  constants,  k9 and kl0, respect ively,  
a r e  6 • 10~ and 6 • 10 ~ sec - I .  
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ABSTRACT 

Methods are  descr ibed to ex t rac t  the  gra in  bounda ry  diffusion coefficient 
f rom exper imen ta l  measurements  of surface concentra t ion of a diffusing 
species. For  Type  C kinetics,  where  bu lk  t ranspor t  is negligible,  easi ly used 
exact  ana ly t ica l  solutions are  avai lable  for infinite source and zero or infinite 
s ink boundary  conditions. ]~ or inhni te  or finite source and finite s ink bounaa ry  
conditions, the  surface concentra t ion is descr ibed by  an exponent ia l  curve 
if the  surface capaci ty  is l a rger  than  the gra in  bounda ry  capacity.  The finite 
s ink analysis  has been appl ied  to chromium diffusing in p la t inum,  and Db was 
found to equal  1.1 • 10 -3 exp (--31,700/RT). For  Type  B kinetics,  Where 
bu lk  t r anspor t  is not  negligible,  equat ions developed by  Wut t ig  and Birn~ 
baum may  be used wi th  a genera l  cr i ter ion for approx imat ing  the  bu lk  lat t ice 
flux developed in the presen t  work. These solutions are  avai lab le  for infinite 
and finite source and infinite and zero boundary  conditions. For  an infinite 
source and sink condition, Db was calculated for gold in p la t inum by  a 
" t ime-of -pene t ra t ion"  measurement  and was shown to equal  0.018 exp 
(--38,000/RT).  

Electron and ion spectroscopies are  being wide ly  
used in analysis  of low t empera tu r e  diffusion acceler-  
a ted by  defects  such as gra in  boundar ies  (1, 2). The 
diffusion phenomena  can be character ized by  e i ther  
measur ing  concentra t ion vs. depth  in the solid (sput-  
ter  profi l ing) ,  or  by  measur ing  surface concentrat ion 
on a finite thickness film as a funct ion of t ime and 
t empe ra tu r e  (pe rmea t ion  analysis)  (1). Pe rmea t ion  
analysis  is of ten p re fe r r ed  because of sput te r ing  a r t i -  
facts (3, 4) and efficiency in the collection data, but  
p roper  analysis  of the  da ta  is not  a lways  s t ra igh t for -  
ward.  

Hwang and Balluffi (5, 6) have given exact  ana-  
ly t ic  expressions for ma te r i a l  concentra t ion in the  
gra in  boundary  or  on the surface as a function of t ime 
and t empera tu re  for finite or  infinite source and finite 
s ink bounda ry  conditions. Thei r  t r ea tment  assumes the 
leakage  of ma te r i a l  f rom gra in  boundary  can be ne-  
glected. Harr i son  (7) has developed a t e rminology  
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useful  in des ignat ing the genera l  effects of bu lk  diffu- 
sion on gra in  bounda ry  diffusion. When the amount  of 
ma te r i a l  lost f rom the bounda ry  is negligible,  Harr ison 
designates this Type  C kinetics.  When the loss of 
ma te r i a l  f rom the boundary  to "the bu lk  is significant 
but  the  diffusion fields f rom gra in  boundar ies  do not  
overlap,  the  kinet ics  a re  Type  B. Type A kinetics occur 
when the diffusion fields overlap.  In  the te rminology  
developed by  Harr i son  (7), Hwang and Balluffi 's ana l -  
ysis is appl icable  to Type  C kinetics.  However  thei r  
exact  solut ion is complex,  requi r ing  numer ica l  solu-  
tions of a t ranscendenta l  equation,  therefore  i t  is not  
easi ly  used. 

Simi lar ly ,  Gi lmer  and Fa r r e l l  (8, 9) have der ived  
exact  ana ly t ica l  expressions for ma te r i a l  concentra-  
t ion vs. distance in th in  films for  infinite source and 
zero or infinite s ink boundary  conditions. With  some 
manipulat ion,  thei r  expressions can descr ibe surface 
concentra t ion vs. t ime and tempera ture .  Their  de r iva -  
t ion is appl icable  to the  t empera tu re  regime where  
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loss of material to the grain is significant, i.e., what 
Harrison (7) calls Type B kinetics, but the solution 
also involves a transcendental equation, which is very 
inconvenient since such equations must usually be 
solved on a digital computer. 

It is desirable to find solutions or simplifying as- 
sumptions to make it easier to extract grain boundary 
diffusion coefficients. For Type C kinetics Hwang and 
Balluffi (5,6), Nelson et al. (1,10), and Hall and 
NIorabito (11) have described simplifying assumptions 
for finite and infinite sink boundary conditions. The 
resulting solutions will be described and Hwang and 
Balluffi's solutions compared to literature data for 
chrominum diffusing in platinum (12). 

For Type B kinetics, Wuttig and Birnbaum (13) 
have solved the diffusion equations using an approxi- 
mate value for the grain boundary leakage flux, but 
Holloway et al. (1) experienced dimculty in using 
their approximation because the leakage flux was un- 
derestimated. It will be shown that a methodology 
can be developed to select this flux by determining 
the total amount of material lost from the boundary 
during the course of an experiment. Calculations 
based on Wuttig and Birnbaum's treatment will be 
compared to earlier numerical calculations (1). With 
this general criterion to approximate grain boundary 
leakage flux, the boundary diffusion coefficient can be 
calculated from a time of penetration measurement 
corrected for bulk diffusion as will be shown for 
gold diffusing in platinum (14). 

Model for Grain Boundary Diffusion 
The grain boundary diffusion geometry originally 

proposed by Fisher (15) and extended by several 
others (16-18) is used. It is shown schematically in 
Fig. 1. The grain boundary is a region 28 wide with 
a concentration Cb and diffusivity, Db. The region, 5 
< y < d/2, is the bulk of the grain with a concentra- 
tion Cg and diffusion coefficient Dg for the diffusant. 
The geometry in Fig. 1 departs from that of Fisher and 
others in that finite thickness films are considered, 
therefore boundary conditions at the sink are ex- 
tremely important. The source and sink may be high 
diffusivity regions with widths e and 7, respectively, 
and characterized by a concentration Cs and a diffu- 
sion coefficient, Ds. 

Let the concentration of the diffusing species be a 
function of x, y, time (t), and temperature (T). Then 
by Fick's second law (9) 

OC~ot - n  ( 02Cg 02Cg ) _ . , . . s k . ~ + - - ~ -  for y > 5 ,  O < x < L  [1] 

Requiring that the flux and concentrations be continu- 

GRAIN BOUNDARY ---s *--)" 
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SOURCE - ~  e--- SINK 

Fig, I. Schematic representation of o thin film with grain 
boundaries. 
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ous at y : 5 and that Cb is an even function in y, 
Whipple (16) showed that 

8Cg ~ 82Cg Dg 8Cr 
at : U b ' - ~ ' ~  K5 aY for y = 6 ,  O < x < L  [2] 

was the single homogeneous boundary condition. The 
flow into the grain is given by the usual flux condition 

~ I [3] 
qs = --ug 8"--Y- ~=8 

These equations are generally solved for an infinite 
source condition expressed by 

C(0,y,t) : K=o [4] 

oz" a finite source condition expressed by 

yo.1 C(z,y,O) = ~5(z) = C(x , y , t ) dxdy  [51 

where ao is the bulk terminal solid solubility of the 
solute in the solvent, K is the grain boundary segre- 
gation factor, 6 (x) is the Dirac delta function, and v 
is the surface density of the solute. The conditions ex- 
pressed by Eq. [4] and [5] are met both in the bound- 
ary and grain and are referred to extensively through- 
out this paper as infinite and finite source conditions, 
respectively. The common sink boundary conditions 
are zero flux, expressed by 

8C(z,~/,t) I = 0 [6] 
aZ I ==L 

or an infinite sink expressed by 

C(L,y,t) = 0 [7] 

As for the source conditions, these sink conditions ex- 
pressed by Eq. [6] and [7] are met both in the bound- 
ary and in the grain and are extensively referred to 
as zero and infinite sink conditions, respectively. Even 
though the surface concentration is pinned at zero at 
x ---- L for an infinite sink, diffusant can still accumu- 
late on the surface. This is possible at short times by 
rapid surface diffusion away from the boundaries. At 
longer times, the diffusant exiting from the grain 
boundaries must be removed for an infinite sink con- 
dition. Nelson and Holloway (10) have shown that 
oxidation can effectively remove material from the 
boundary and allow it to accumulate on the surface 
while maintaining an infinite sink boundary condition. 

Another bounaary condition often encountered is 
that of a finite sink, e.g., when a submonolayer of ma- 
terial builds up on the surface of a solid as defined 
mathematically below. This often occurs since the free 
energy of mixing lowers the system free energy 
thereby causing diffusion, but without a heat of chemi- 
cal reaction or strain energy term, the system free 
energy is not reduced by multilayer accumulation. 
Thus the surface is often saturated at approximately a 
monolayer. A finite boundary condition is difficult to 
treat rigorously because of coupling between bulk, 
grain boundary, and surface diffusion. For Type C 
kinetics, only grain boundary and surface diffusion 
coupling must be considered, and Hwang and Balluffi 
(5, 6) have done so by writing equations like Eq. [2] 
for both the grain boundary and the surface regions 
[but with Db/O-1[OCg/~y) -- 0]. The boundary con- 
ditions for a finite sink are 

aCb(z,t) aCB(u,O 
Cb(L,t) = C,(0,O, bD,, = ~D, [8] 

Oz 8g 

f o r x  = L , ~  = O a n d  

8Cs(Y,t) I -- 0 
8g | U=d/S 

[9) 
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The finite s ink bounda ry  condit ion has not been solved 
for  Type  B kinetics.  At  t imes a zero s ink may  be a good 
approx imat ion  to a finite s ink bounda ry  condition, as 
wil l  be discussed. Final ly ,  al l  of the  above t rea tments  
assume tha t  l'or both the  boundary  and gra in  

C(x,y,t) =0,  for  O < x < L ,  O < y < d / 2 ,  t - -O  [10] 

Nonzero in i t ia l  concentra t ion profiles have  not  been 
t reated,  even with  approx ima te  solutions. A nonzero 
ini t ia l  concentra t ion can eas i ly  occur dur ing  sample  
p repara t ion  and can have significant impact  on aa t a  
analysis, as will be discussed. 

Type C Kinetics 
Type  C kinetics,  where  bu lk  t r anspor t  is negligible,  

is the  s implest  case for  da ta  analysis,  and exper imenta l  
condit ions should meet  this  c r i te r ion  when possible. 
Solutions for  infinite source and zero or  infinite s ink 
bounaa ry  conditions can both be adap ted  t rom som-  
tions given by Crank  (20) for  dil~usion in a p lane 
sheet. ]~or 

OC~(x,y,t) I = 0 

OX [ x=L 
i.e., a zero s ink  bounda ry  condition, Crank  gives 

c o  

Cb(L,O,t) 4 ~ ( - -1 )  n 

Kao ~ ,=0 ( 2 n ~  1) 

( D b ( 2 n + l ) ' ~ '  ) 
exp  --  L 2 t [11] 

The shape of Eq. [11] is shown in Fig. 2 (plot  C) ,  
which can no rma l ly  be de te rmined  by  evalua t ing  only 

where  Q is the  to ta l  amount  of ma te r i a l  t ranspor ted  
to the s ink surface region. Nelson and Hol loway (10) 
have appl ied  Eq. [12] to the diffusion of Cr in Au and 
have  slmwn tha t  a t i m e - o i - p e n e t r a t i o n  test  may  be 
used to de te rmine  Db. tVor t > >  Le/~2Db, Eq. [12] has 
an intez'cept (s Q = 0) on the t ime axis, ti, of 

tx = ~ [13] 
6Db 

and by  s imple rea r rangement ,  Db can be ca lcula ted  
f rom such an intercept .  Equat ion [13] appl ies  only  to 
Type  C kinetics;  as is shown below, such an approach  
can also be used for Type B kinet ics  wi th  correct ions 
for g ra in  bounda ry  leakage.  For  an infinite s ink 
boundary  condit ion at  x --  L, the  accumula ted  surface 
concentra t ion increases l inear ly  wi th  time, as shown in 
Fig. 2, and the slope can also be used to de te rmine  
Db. It  should be noted, however ,  that  if  a surface ana -  
ly t ica l  technique wi th  a l imi ted  detec t ion  dep th  is 
used, the  detected surface concentra t ion m a y  appea r  
to sa tura te  when the thickness of diffusant at  the  s ink 
becomes g rea te r  than  the detect ion depth,  even though 
an infinite s ink bounda ry  condit ion is appropr ia te .  
Care must  be t aken  in that  the apparen t  sa tura t ion  
should not be confused wi th  the rea l  sa tura t ion  effect 
for zero sink, finite sink, or  finite source bounda ry  
conditions.  

For  the case of a finite s ink wi th  a finite or  infinite 
source bounda ry  conditions, the  solut ion of Hwang and 
Balluffi (5,6) mus t  be used. For  an infinite source 
bounda ry  condition, they  show that  the concentra t ion 
on the surface at  x = L is g iven by' 

=.~Dbt ) 

L 9. 
HF cos {~,F (1 -- 2y/d) } ] 

~,{(1 + H ) F s i n  (an)  cos (~nF) -t- (1 + HF~) cos ( a n ) s in  (anF)} 

~ 5  terms in  the  summation.  To get  the average  con- 
centra t ion at  x = L, the  concentrat ion,  Cb, must  be 
mul t ip l ied  by  the f ract ional  cross-sect ional  a rea  of 
the  gra in  boundar ies  at  x : L. 

Crank  (20) also gives the  to ta l  surface concentra t ion 
of ma te r i a l  at  x = L, Q, for an infinite s ink as 

Q Dbt 1 2 ~ ( - -1 )  n 

K~oL L 2 6 ~ 2  . = 1  '/%2 

( Dbn2n~ t )  [12] exp --  /.,n 

/ 
2Dbt 
- , /  k d  

I.O . , . . , ~ . �9 , 

~ 

c, ~ g o.e A 7  

o.$ 

i o2 

f 
,!, h ,!6 ,'.8 ~o 
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Fig. 2. Surface concentration of material vs. dimensionless time 
parameters. A, Plot for infinite source-infinite sink boundary con- 
ditions as discussed for Eq. [12]. B, Plot for infinite source-finite 
sink boundary conditions as discu~_sed for Eq. [17]. C, Plot for 
infinite source-zero sink boundary conditions as discussed for Eq. 
[11]. 

[14] 

where  Ks is the  surface segregat ion  coefficient and 

2KbSL Dbd 2 
H = , F = [15] 

KsTd 4/flDs 

and an are the roots of 

HF cos ~ cos (aF) -- sin ~ sin (=F) -- 0 [16] 

Equat ion [16] is difficult to solve the re fore  Hwang  
and Balluffi simplified Eq. [14]. Thei r  der iva t ion  is 
complicated,  therefore,  i t  wil l  be sufficient to note tha t  
by  assuming rap id  surface diffusion (i.e., Dst > >  d2/4) 
and a grea te r  surface capaci ty  (Td) than  gra in  bound-  
a ry  capaci ty  (28L, i.e., H << 1), Eq. [14] becomes 

dL  

where  it is assumed tha t  25 : 7 and Kb : Ks. This 
curve is shown in Fig. 2 and the difference in  shape is 
not  large  be tween  zero and finite s ink boundary  con- 
ditions. The most  d is t inguishable  fea tu re  lies in the  
fact  tha t  for H >~ 1, Eq. [11], [12], and [14] predic t  an 
in i t ia l  per iod where  the  concentra t ion at  the surface 
x --  L is near  zero. As the  surface capaci ty  becomes 
la rge  compared  to the  gra in  bounda ry  capaci ty  this 
de lay  becomes much less p rominen t  and is not  not ice-  
able  for H < <  1. The de lay  in the surface appearance  
of the  diffusing species resul ts  f rom the t ime requ i red  
to es tabl ish a " s teady-s ta te"  concentra t ion profile 
th rough  the film when the ini t ia l  d is t r ibut ion  is zero 
(C(x,y,O) ~- 0). I f  the  ini t ia l  d i s t r ibu t ion  is ins tead  

Cb(X,y,0) - -  1 --  x / L  [18] 

the  ini t ia l  t rans ient  for curves A and C in Fig. 2 wi l l  
not  be observed and the da ta  wi l l  be descr ibed wel l  
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Fig. 3. Chromium surface concentration vs.  time at various 
temperatures. TI}e solid lines are fitted exponential curves with 
characteristic times reported in Table 1. 
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Fig. 4. Grain boundary diffusion coefficient Ys. reciprocal temper- 
ature for chromium in platinum. 

b y  an exponent ia l  curve l ike  Eq. [17]. Therefore,  care  
mus t  be taken  to iden t i fy  the  p rope r  s ink bounda ry  
condit ion and the p rope r  analysis.  

Equat ion  [17] can be appl ied  to da ta  for  chromium 
diffusing in p l a t inum as repor ted  by  Dany luk  et al. 
(12). In  this  case, the  authors  repor t  a gra in  size of 
~1000A, therefore  H ~ 2 and i t  is quest ionable  if  Eq. 
[17] should apply.  However  no chromium was detected 
on the surface at  zero t ime and no t ime de lay  was 
observed in the  appearance  of chromium on the sur -  
face,, which  suggests  Eq. [17] is appl icable .  Data  for 
each t empe ra tu r e  were  fi t ted to an exponent ia l  curve 
wi th  a character is t ic  t ime, %, as shown in Fig. 3. Table  
I shows the Db ca lcula ted  using Eq. [17]. These coeffi- 
cients a re  p lo t ted  vs. T -~ in  Fig. 4 and the best  fit 
da t a  a re  

Db ---- 1.1 • 1O -8 exp (--31,7OO/RT) 
and 

8Db : 2.8 • 10 -11 exp (--31,700/RT) [19] 

where  8 is assumed to be 2.5A in Eq. [19]. This p r e -  

Table I. Time constant and calculated grain boundary 
diffusion coefficients for Cr in Pt 

T ( ~ ) Vo ( m i n  ) Db ( c m e / s e c )  8D~* (cmS/sec )  

848 11 9.1 x I0 -I-~ 2.28 x 10 -~9 
840 23 4.3 • i0  -~  1.08 • 1O -~3 
7 9 8  81 3.2 • 10 -~  8.0 • 10 -30 
770 Ii0 9.1 • I0 -~ 2.28 • i0 -~~ 

�9 ~ = 2 . 5 A .  

exponent ia l  factor  is a factor  of 10 lower,  and the  a c -  
t i v a t i o n  energy is lower  (32 vs. 38 kca l /mo le )  than  
repor ted  by  Dany luk  et al., based on a percent  diffu- 
sion test. Numer ica l  calculat ions by  Hwang  and Bal l -  
uffl have  shown tha t  Eq. [17] deviates  f rom Eq. [14] 
for  H ~> I, therefore  the  coefficient in Eq. [19] m a y  
be low by  a factor  of 2. However  in the  l imi t  of 
H > >  I, Eq. [17] approaches  Eq. [11] which  is con-  
t ro l led  b y  an  exponent ia l  wi th  an a rgumen t  of Dbt/lfl 
r a the r  than  2Dbt/Ld in Eq. [17]. Fo r  the  expe r imen ta l  
da t a  under  discussion, the var ia t ion  f rom L 2 to Ld/2 
resul ts  only  in a factor  of 4 difference, therefore  Eq. 
[19] mus t  be less than  a factor  of 4 in e r r o r .  

Type B Kinetics 
Type  B kinet ics  a re  much more  difficult to descr ibe  

due to leakage  of ma te r i a l  f rom the gra in  bounda ry  
and surface to the  bulk.  As pointed out  ear l ier ,  G i lmer  
and Fa r r e l l  (8,9) have  descr ibed exact  solut ions for  an 
infinite source and zero or infinite s ink bounda ry  con- 
di t ions but  the i r  exact  solut ion is difficult to use. 
Wut t ig  and B i rnbaum (13) have given solutions for  
Type  B kinet ics  using Eq. [2] and [3] where  Eq. [3] 
was approx ima ted  by  

aC~(x,~,t) I = C.(x,Vm) - C.(x,5,t) [20] 
OY I ~ = 6  Ym - -  b 

Wut t ig  and B i rnbaum (13) chose Ym = d/2 a n d  
C(m, ym) = 0 for  the i r  analysis ,  but  Hol loway et al. 
(1) found tha t  this  approx imat ion  caused such low 
gra in  boundary  leakage  that  i t  reduced  to Type  C k i -  
netics. Select ing Ym based on the produc t  of Dg and to 
( the m a x i m u m  expe r imen ta l  t ime)  y ie lded  curves 
closer to exper imen ta l  data,  but  no genera l  scheme 
was developed to select  yrs. I t  is possible  to me thod i -  
cal ly  select  Ym, as shown below. 

To genera l ly  select Ym, the  amount  of ma te r i a l  lost  
f rom the bounda ry  to the gra in  is first de te rmined  by 
in tegra t ing  over  y, then  the to ta l  amount  of ma te r i a l  
lost to the  bu lk  is de te rmined  by  in tegra t ing  the  flux, 
defined by  Eq. [20], over  time. Since these two quan-  
t i t ies  must  be equal,  they  are  equated to de te rmine  Ym. 
Assume that  the  concentra t ion in the bu lk  is given by  
a complementa ry  e r ro r  funct ion (20), i.e. 

Cg(x,y,t) = aoerfc  ( [y  --  6]/2k/Dgt) f o r y >  5 [21] 

where  Cb(X,6,t) has been replaced  wi th  a t ime inde-  
penden t  concentrat ion,  do. The to ta l  amount  of m a -  
te r ia l  lost  to the bu lk  at  t ime t is g iven by  

Q = aoerfc  ( [y  - 8]/2x/D,t)dy 

f o  =~ an erfc (y/2k/s dy [22] 

since in Type  B kinetics,  the  diffusion fields f rom ad-  
jacent  g ra in  boundar ies  do not  over lap.  Dur ing  an  ex-  
pe r imen t  of length,  to 

( D,to ~ '/= 
Q = 2 = 0 .  ~ .  [23] 

is lost to the  bulk.  F rom Eq. [20] the  amount  lost to 
the  bu lk  can also be de te rmined  b y  in tegra t ing  the  
flux, --Dg (aCg/Oy), over  t ime 

Q = ~ ~  [ C,(x,8,t) -- C,(x,Ym) 

and if  i t  is assumed tha t  Cg(x,~,t) is ao independen t  o f  
t ime i and Cg(x,ym) --  0, then  

1se t t ing  cg(x,6,t)  ~ cr is  not  as severe  an assumption as it 
might appear. This overestimates the amount of material lost to 
the bulk in both the integration over Y (Eq. [23]) and over  time 
(Eq. [25]). These  overes t imates  tend to cancel  one another  yield- 
ing a good value for Ym. 
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Q - - - - D g  / r176 / t o  [ 2 5 ]  
Y m - -  6 

Equat ing Eq. [23] and [25] yields 

( ~Dgto ~l/S 
Ym= \ ~ /  +~ [20] 

which  m a y  be appl ied  to Wutt ig  and Bi rnbaum's  ex-  
pressions for var ious  source and s ink  bounda ry  con-  
ditions. 

To check the va l id i ty  of this  value  for Ym, i t  is used 
to calculate  the surface concentra t ion f rom vquttig and 
Bi rnbaum's  express ion for an  infinite source and s ink 

Q k/n [ 
Kao----~" --  sinh (k/~]) n2t -}" n2/2k2 -- n/2k coth (k/~) 

2~2n 
sinh (k/n) ~ (--1)~-1J2 exp (--fjn2t) ] [27] 

where 
Dg Db 

k2  .-- , n 2 
Ym6 = "-~" ~ = (F=~ + k2/n2) [28] 

Equat ion (27) is compared  to exper imen ta l  da ta  for 
chromium diffusing in gold (1, 10) in Fig. 5. The 
dashed l ine is for Dg ~- O, i.e., Type C kinetics,  whereas  
the solid and do t -dash  l ine were  calcula ted using 
Eq. [26] and [27]. Since the  ca lcula ted  curves agree 
wel l  wi th  the  exper imen ta l  data,  the  approx imat ion  
for  Ym is considered sat isfactory.  

Wi th  this  express ion for Ym, the Wut t ig  and Bi rn-  
baum expressions may  be appl ied  to Type  B kinetics. 
Genera l ly  on ly  about  five te rms  in the  summat ion  in 
Eq. [27] need be evaluated,  thus i t  can be solved wi th -  
out  a digi ta l  computer .  In  addit ion,  the t rans i t ion  be-  
tween  Type B and C kinet ics  can be inves t iga ted  wi th  
this  formalism,  and i t  was found tha t  Type  B kinetics  
app ly  for  Ym > 25. 

Equat ion [26] can also be used to develop a t ime 
of pene t ra t ion  test  to de te rmine  Db, even for Type  B 
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Fig, $. Dimensionless parameter ptot of the accumulation of 
chromium on gold surface [see Ref. (1) and (10) for experimental 
details]. Note that grain boundary leakage causes the data to 
deviate from the Type C kinetic curve (designated by Dg =0) ,  
but by calculating yrn from Eq. [25], Eq. [27] can be corrected for 
the grain boundary leakage effect. 

kinetics. Fo r  t > >  n -2, Eq. [27] reduces to 

K~o'--~ Q sint~k/n[(k/n) ~,a. ] = n2t -l- n2/2K ~ -  ~ r . -  coth (k/n) 

[29] 

which has a t ime axis intercept ,  ti, for  Q = 0 of 

coth (kin) 1 
% = [30] 

2kn 2k = 

Equat ion [30] can there fore  be used to calculate  Db 
from a t ime of pene t ra t ion  test. However ,  Eq. [30] can 
be simplified in some cases by  not ing tha t  for  k/n < 
~/4, coth (k/n)  is g iven  b y  

[�88 eoth (k/n) = -- 1 /2(k /0  s + 2/5(k/n)5...  

[31] 

and neglect ing te rms h igher  than  cubic, Eq. [26], [23], 
and  [30] m a y  be combined to y ie ld  

L 2 Dg/~ 
D b  "- ~ -}" ' 3ym6 [ 3 2 ]  

Equation [32] may be applied to l i t e ra tu re  data re -  
por ted  by McGuire  et al. (14) for gold diffusing 
through pla t inum.  The rat ios of the  gold 2111 eV to 
the  p l a t inum 1967 eV der iva t ive  Auger  peak  heights  
a re  shown in Fig. 6 vs. t ime. In  this  case, 0.55 ~m of 
p l a t i num was e lec t ropla ted  on 0.25 m m  of gold, there -  
fore the  source was infinite. Spu t te r  profi l ing showed 
a heavy  concentra t ion of gold on the p l a t inum surface, 
therefore  the  boundary  condit ion at  the  sink, x = L, 
wi l l  be t aken  as,infinite. The t ime in tercepts  for Q _- 0 
are  shown in Fig. 6 and t abu la t ed  in Table II. The 
value for la t t ice  diffusion of gold in p l a t inum repor ted  
by Ba lk  (21) is used in  Eq. [32] (Dg --  0.33 exp 
[--63,000/RT]). The values  of Db are  t abu la t ed  in 
Table ii and plotted vs. T-I in Fig. 7. A best fit to the 
data yields 

Db =- 0,018 e-~s.ooo/~r or ~Db = 4.5 • 10 . 9  e-~S.ooo/Rr 
[33] 

where  5 = 2.5A. Wi th  this va lue  of Db, k/~ .-. 0.5 which 
satisfies the  approx ima t ion  made  to wr i t e  Eq. [31] and 
[32]. The ac t iva t ion  energy  of 38 kca l /mole  is h igher  
than  tha t  repor ted  by  Change and Quintana  (22) for  
the appearance  of gold on the p l a t inum surface. The 
difference in  ac t iva t ion  energy  has been  expla ined  by  
the presence of an t imony  and potass ium in the  films 
s tudied by  McGuire  et aL (14). McGuire  showed tha t  
an t imony  segregated  to the surface, therefore  i t  a lmost  
cer ta in ly  also segregated  to the  g ra in  boundar ies  and 
p robab ly  changed the kinet ics  of t ransport .  This is 
discussed fur ther  in Ref. (14). 
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Fig. 6. Gold to platinum Auger peak height ratios vs. time at 
various temperatures. 
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Table II. Time intercepts and grain boundary 
diffusion coefficients for Au in Pt 

T(=K)  t i ( s ec )  Db (cme/sec)  6D~* (cm~/sec)  to(see)  

892 972 6.3 x I0 -n 1.6 x i0 -Is 4,800 
829 3,380 1.4 • 10 -~1 3.4 x 10 -~9 7,200 
810 3,260 7.8 x 10 -2  1.9 • 10 -2o 9,600 
'165 ~11,700 1.9 x 10 -~ 4.7 x 10 -~ 16,800 

",5 = 2.5A. 

Summary and Conclusion 
Although grain boundary diffusion to the surface of 

solids is complicated by coupling between grain 
boundary, surface, and bulk transport, numerical 
exact analytic, and approximate analytic solutions can 
now describe the variations in concentration of diffus- 
ing species. Because numerical and exact analytic 
solutions are not always easy to use, approximate 
solutions have been developed which involve, at the 
most, evaluating the first few terms of an infinite sum. 
For Type C kinetics where bulk transport may be 
neglected, easily manipulated exact solutions exist for 
infinite source and zero or infinite sink boundary con- 
ditions. A good approximate solution exists for an in- 
finite or finite source and finite sink boundary condi- 
tions, where the capacity of the grain boundary is 
much less than that of the surface. This solution was 
used to show that Db for chromium in platinum is 
given by 1.1 X 10 -3 exp (--31,700/RT). 

For Type B kinetics where bulk transport is signifi- 
cant, a general method for approximating the flux of 
material into the grain was developed. With this flux 

io'" 

~ /  Db=O.OI8 Exp(-I.65aV/kT) 

=0.018 Exp(-38000/RT) 

= 

io.i 2 

io "13 I I I 
LI 1,2 1.3 1.4 

Io ~ (. K-i) 
T 

Fig. 7. Grain boundary diffusion coefficient vs. reciprocal tempera- 
ture for gold in platinum. 

approximation, good expressions are available to de- 
scribe the concentration both for infinite or finite 
source and for zero or infinite sink boundary condi- 
tions. A method for determining Db from a time-of- 
penetration test was developed for Type B kinetics, 
and was applied to gold diffusing in platinum. For this 
system, Db was found to equal 0.018 exp (--38,000/RT). 
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Technical Notes @ 
X-Ray Diffraction Topography and Crystal 

Characterization of GaN Epitaxial Layers for 
Light-Emitting Diodes 

A. Shintani,* Y. Takano,  S. Minagawa,*  and M.  Maki  

Hitachi Limited, CentrM Research Laboratory, Kokubunji, Tokyo 185, Japan 

Gal l ium ni t r ide  is a wide bandgap  semiconductor  
which permits  real izat ion and per formance  of l ight -  
emit t ing diodes (LED's)  genera t ing  green (1, 2), b lue  
(3-6),  ye l low (4, 5, 7), red (8), and violet  (9) light.  
To date, these GaN LED crystals  grown on sapphire  
subst ra tes  have been  e lect r ica l ly  character ized by  
es t imat ion of thei r  free electron concentrat ions and 
Hal l  mobil i t ies  (10). The crystals  have also been 
opt ica l ly  eva lua ted  from near  gap emissions in the i r  
photoluminescences (11-13) and in thei r  ca thodolumin-  
escences (14). Crys ta l lographica l  eva lua t ion  using hot  
phosphoric  acid was recent ly  s tudied for undoped 
and LED crystals  (15, 16). However ,  the etching 
technique has the essential  d i sadvantage  that  i t  des-  
t roys the subject  crystal .  

Here, x - r a y  diffraction topography  and the rocking-  
curve technique were  appl ied  to evaluat ion  of GaN 
crys ta l  layers .  As a result ,  undoped and LED GaN 
crysta ls  could be character ized by  these x - r a y  dif -  
f ract ion techniques. 

Epitaxial GaN crystals employed in the study were 
grown on {0001} and {I-102} oriented sapphire sub- 

* Electrochemical Society Active Member. 
Key words: crystalline quality, carrier concentrations, surface 

morphology. 

s t ra tes  using a convent ional  chemical  vapor  depos i -  
t ion technique (4, 15). The LED crystals  consisted 
of undoped (50-80 #m in thickness)  and Zn-doped  
layers  (10 ~m).  The x - r a y  diffraction topography  u t i l -  
ized was the osci l lat ion method using monochromat ic  
d ivergent  beams proposed by  Kohra  and Takano (17). 
In the present  study,  Cu Ks  x - r a y  beams monochro-  
mat ized by  a curved Si single crys ta l  were  used. 
Dis t r ibut ion  of x - r a y  diffract ion in tens i ty  ( rocking 
curve)  was also measured  to examine  crys ta l l ine  
qual i ty  using a (0006) diffraction plane. F u r t h e r m o r e  
the crys ta l  surface morphology  was microscopical ly  
observed to invest igate  the corre la t ion be tween  the 
topographs  and crys ta l  g rowth  pat terns .  

Genera l ly ,  undoped GaN layers  are  h igher  than  
1018 cm -3 in car r ie r  concentra t ion wi th  n - type  con- 
duct ing character is t ics  due to nat ive  donors. Here,  
c rys ta l l ine  qual i t ies  were  compared  for undoped crys-  
tals  (10-80 ~m in thickness)  wi th  ca r r i e r  concentra-  
tions of l0 ss and  102o cm -3. In  the  case of crysta ls  
wi th  ca r r i e r  concentrat ions of 1019-1020 cm -3, thei r  
crysta l  defects are  h igher  than  10~ cm -2 in densi ty  
at  the crys ta l  surfaces (15). An  x - r a y  topograph  of 
this high car r ie r  concentra t ion c rys ta l  showed no 
dist inct  pat tern ,  as shown in Fig. 1, even when the 

Fig. 1. X-ray diffraction topograph of an undeped GaN {0001} crystal with a carrier concentration of 7 X 1019 cm -~ (left) and crystal 
surface morphologies (right). Photographs A, B, and C of Fig. l(b) correspond to the A, B, and C regions in the tepograph, respectively. 
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resolut ion of the appa ra tus  was improved.  Careful  
observa t ion  of the topograph  notes tha t  the pa r t i a l  
region,  des ignated  by A in Fig. l ( a ) ,  shows a r e l a -  
t ive ly  dis t inct  diffract ion pa t t e rn  r a the r  than  the o ther  
regions m a r k e d  by  B and C. Differences in surface 
morphology  were  observed among A, B, and C re -  
gions. The r e l a t ive ly  good qua l i ty  regions showed 
significant hexagona l  g rowth  hillocks, as indica ted  in 
Fig. l ( b ) ,  which  reflected the  crys ta l  s y m m e t r y  of 
GaN. in  the o ther  regions,  most of the  hi l locks be-  
come smal le r  in size and vaguer  in shape in the  
order  of B and C. Some b a r - t y p e  crysta ls  were  depos-  
i ted at  apexes  of some growth  hi l locks in the B and 
C regions. On the o ther  hand, undoped crys ta l  wi th  
a ca r r i e r  concentra t ion of 10 is cm -3 showed a l i t t le  
more  dis t inct  pa t t e rns  in the  x - r a y  topograph,  as 
ind ica ted  in Fig. 2 (a ) .  The surface of this c rys ta l  
consists of sca le - l ike  a n d / o r  spi ra l  hi l locks as seen 
in Fig. 2 (b ) .  The sp i ra l  h i l lock found in the  figure 
corresponds to the  da rk  spot ind ica ted  by  a r r o w  B 
in Fig. 2 (a ) .  The sp i ra l  step height  was  found to be 
3000A. In  the  case of crysta ls  whose surfaces consist  
of many  large  sp i ra l  hi l lvcks [see Fig. 4 in Ref. (15)],  
the step heights  were  a round  300A. 

The difference in c rys ta l l ine  qual i ty  descr ibed above 
was more  dis t inct  in the  x - r a y  rocking curves (Fig. 
3). In  the case of the  crys ta l  shown in Fig. 1, the peak  
he ight  of the  curve  obta ined  for  A region of the 
crys ta l  was more  in tense  than  tha t  for B region. 

The ha l f -w id th  of the curve for  A region is es t imated  
at  32', whi le  that  for  B region is done at  48'. T h e s e  

resul ts  are  consistent wi th  the topograph  shown p re -  
viously. On the o ther  hand,  the  rocking curve  ha l f -  
wid th  of the crys ta l  shown in Fig. 2 is smaller ,  
a round  26', though there  were  some crack  lines in  
the  crys ta l  as m a r k e d  by  A in Fig. 2 (a) .  

In  Fig. 3, the rocking curve  obta ined  for  {0001} 
or iented  LED crys ta l  was also compiled. The curves  
in  the  figure indicate  tha t  the  LED crys ta l  is super ior  
in c rys ta l l ine  qua l i ty  to undoped crystals .  The rock-  
ing curve for this LED crys ta l  was much nar rower ,  
a round 12', in the  ha l f -wid th .  This result ,  however ,  
was appa ren t ly  inconsis tent  wi th  the etching resul ts  
that  the doped crysta ls  are  poorer  in c rys ta l l ine  qua l i ty  
than  undoped ones wi th  ca r r i e r  concentrat ions  of 10 TM 

cm -3 (15). This difference would be due to the g rea te r  
sensi t iv i ty  of hot  phosphor ic  acid e tching to Zn p re -  
cipi tates  in GaN crys ta l  surface.  

{0001} or iented  LED crysta ls  showed re l a t ive ly  dis-  
t inct  x - r a y  topographs,  as shown in Fig. 4 (a ) .  In  the  
topograph,  some h i l lock- l ike  pa t t e rns  ind ica ted  b y  
ar rows B and C were  observed.  Corresponding to 
these diffraction pat terns ,  a group of smal l  c i rcu la r ly  
formed crystals  or  large  unc lea r ly  shaped crysta ls  
were  found on the Zn-doped  l aye r  surface. Regula r  
Zn-doped  l aye r  surfaces show many  large  hexagonal  
py ramids  or  dishes (15). Compar ing  wi th  this  topo-  
graph,  the  {1120} or iented  LED crys ta l  showed more  

Fig. 2. X-ray diffraction top6- 
graph of an undoped GaN {0001} 
crystal with a carrier concentra- 
tion of 3 • 1018 cm -8  [A, Fig. 
2(a)] and crystal surface mor- 
phology [B, Fig. 2(b)]. 
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Fig. 3. Rocking curves obtained for the crystals shown in Fig. l(b) and Fig. 2(b) and a {0001} LED crystal [Fig. 3(c)]. The letters A and 
B in the Fig. 3(a) curves correspond to A and B regions in the topograph shown in Fig. I. 
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Fig. 4. X-ray diffraction tapa- 
graphs obtained for: (a) {0001} 
LED crystal; (a) and (b) a {1120} 
LED crystal. 

diffuse x-ray diffraction topographs, as indicated in 
Fig. 4(b). The pattern is considered to be due to 
poorer crystalline quality than the {0001} LED crys- 
tal. In this topograph, two large hillock-like patterns 
are observed, similarly to the topograph for the {0001} 
LED crystal [designated by B and C in Fig. 4(b)].  
However, this crystal surface morphology is different 
from the case of the {0001} LED crystal described pre- 
viously. A lack of crystal growth or crystal misalign- 
merit was found in the crystal region showing the 
hillock patterns. 

In summary, the x-ray diffraction topography and 
rocking curve technique are found useful for charac- 
terization of undoped and LED GaN crystals. With 
respect to undoped crystals, the crystals with the 
surfaces of scale-like and/or spiral hillocks are better 
in crystal quaIity than those with other surfaces, 
hexagonal and irregular hillocks. Comparing {0001} 
oriented LED crystals with {1120} ones, {0001} LED 
crystals are apt to grow in better crystalline quality 
than theother.  From the crystallographical viewpoint, 
{0001} oriented crystals would be preferable for LED's 
than the other. 
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Study of Crystal Perfection of CVD-Grown 
C -AI O  Single Crystals by Transmission X-Ray 

Diffraction Topography 
Krishan Lal and Vi jay Kumar 

National Physical Laboratory, New Delhi-It0012, India 

~-A1203 crysta ls  have been of g rea t  impor tance  in 
modern  as wel l  as classical  technologies.  Because of 
this, consistent  efforts have been made to improve  
the qua l i ty  of single crysta ls  of this mater ia l .  More 
recent  appl ica t ions  in the field of lasers  and  micro-  
e lectronic  devices ut i l iz ing single c rys ta l  ~-A1208 sub-  
s t ra tes  have  la id  grea t  emphasis  on the per fec t ion  
of these crystals .  The f lame-fusion method  (1, 2), 
Czochralski  method (2, 3), flux method (1-3),  g rowth  
f rom the vapor  phase  (1, 3),  chemical  vapor  deposi-  
t ion (CVD) (4),  g rad ien t  furnace  technique (5), and 
edge-def ined f i lm-fed g rowth  (6) a re  the pr inc ipa l  
techniques  for the g rowth  of these crystals .  Deta i led  
invest igat ions  of perfec t ion  of crystals  grown by  a 
number  of these techniques have been made  by  using 
the etch pi t  method (7-9),  decora t ion  method (10), 
e lec t ron  microscopy (11-13). LEED (14), and x - r a y  
diffract ion topography  (8, 15-19). 

In  this paper  we descr ioe resul ts  of the s tudy of 
per fec t ion  of CVD-grown ~-A1203 crys ta ls  using t r ans -  
mission x - r a y  diffract ion topography.  To compare  the  
perfec t ion  of these crysta ls  wi th  the  crysta ls  grown 
by o ther  techniques,  a few wafers  of crysta ls  grown 
by Czochralski  method  were  also invest igated.  

The CVD-grown ,~-A120~ crysta ls  used in this in-  
ves t igat ion were  grown in Lexington  Laborator ies ,  
Lexington,  Massachuset ts ,  and were  k ind ly  provided  
by  Dr. J. J. Cuomo of IBM Thomas J. Watson Re-  
search Center,  York town Heights, New York. These 
wafers  were  cut pe rpend icu la r  to [0001] and pol ished 
to 1 ;~ In. finish by  Insaco Corporat ion,  Quaker town,  
Pennsylvania .  Special  care was taken  to ensure tha t  
there  was no surface damage  lef t  on these wafers.  
Residual  surface damage  gives s t rong contras t  in 
topographs.  The res idua l  surface  damage,  i f  present ,  
is r emoved  by  etching in  hot  or thophosphor ic  acid 
unt i l  sharp  diffract ion curves and topographs  free 
of damage  marks  are  obtained.  The Czochralski  grown 
wafers  were  also cut pe rpend icu la r  to [0001]. The 
wafers  were  k i n d l y  p rov ided  by  Dr. P. Thoma of 
the  Phys ika l i sch-Technische  Bundensauta l t ,  Braun-  
schweig and Berlin,  West  Germany.  The x - r a y  dif -  
f ract ion topography  camera  used in this inves t igat ion 
is s imi lar  to a convent ional  Lang Camera  (20) and 
has been developed in our  l abo ra to ry  (21). A micro-  
focus x - r a y  genera to r  developed in our  l abo ra to ry  
(22) was used as a source of x - rays .  In most of 
these invest igat ions  l ine focus source h a s  been used. 
Divergence  of the explor ing  x - r a y  beam in the  hor -  
izontal  p lane  w a s  about  50 sec of a rc  and d ivergence  
in the  ver t ica l  p lane is 4.5 rain of arc  for a specimen 
having  ver t ica l  dimensions of 1 mm. CuK~I, MoKal,  
and  AgK=I radia t ions  have been used. Most of the  
topographs  have been recorded on Lfo rd  L4 nuclear  
emuls ion plates  having 50 ~m thick emulsion. Kodak  
Per iap ica l  denta l  x - r a y  films have  been used for p re -  
l i m i n a r y  work.  

The CVD-grown crysta ls  used in these inves t iga-  
tions can be b road ly  d iv ided  into two categories:  
(i)  Wafers  in which a pa r t  of seed is also present .  
These were  pa r t i cu l a r ly  chosen to see the  perfec t ion  
of the seed-c rys ta l  interface.  Fo r  convenience we 
call  these type  A crystals ;  and (ii) Wafers  which  

Key words: crystallography, CVD, x-rays. 

were cut  a w a y  f rom the seed and had  no pa r t  of 
seed contained in the i r  body. Fo r  convenience we 
call  these crysta ls  type  B crystals .  In  the  fol lowing 
we shal l  descr ibe  sepa ra te ly  the resul ts  for  crys ta ls  
of type  A and  B, as wel l  as for crysta ls  grown by 
the Czochralski  method.  

As is wel l  known, a good idea  about  the  s tate  
of perfec t ion  of a crys ta l  wafe r  can be had f rom 
the shape of i ts diffract ion curve (23, 24). The dif -  
f ract ion curves are  recorded  by  observing the d i f -  
f rac ted  in tens i ty  as a funct ion of the angu la r  posi-  
t ion of the crys ta l  as i t  is ro ta ted  across the  Bragg 
peak. The de tec tor  has a ~5 m m  wide open window, 
which is at  a dis tance of 200 m m  from the specimen 
crystal .  Before recording a topograph  we a lways  
recorded a diffract ion curve for tha t  reflection. 

Perfection of the CVD-Grown Crystals of Type A 
Most of these crysta ls  having a par t  of the seed in 

them were  found to contain  low angle  boundaries .  
F igure  1 shows a typica l  p ro jec t ion  topograph  of a 
c rys ta l  of this type. A smal l  nea r ly  c i rcular  por t ion  
in the  center  is the pa r t  of  the  seed. As can be seen, 
the  crys ta l  is h igh ly  s trained.  The s t ra in  is ve ry  
la rge  at  the  c rys ta l - seed  interface.  Due to s t ra in  
the topograph  of whole of the  wafe r  could not  be 
recorded in one scan. To record  this p ic ture  we 
divided the crys ta l  into 3 app rox ima te ly  equal  po r -  
tions which s l ight ly  over lapped  each other.  Topo-  
graphs  recorded  for these three  regions were  put  
together  to get the  composite  p ic ture  shown in Fig. 1. 

Fig. 1. A typical proiecfion topograph of a CVD-grown ~-AI203 
crystal of type A. The flat faces of the wafer were cut parallel to 
the ba~al plane (0001). AgK~ radiation and a [~10]  diffraction 
vector are used. The topograph was recorded in three parts, as the 
crystal was highly strained. 
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As can be seen, a number  of low angle boundar ies  
were  present  in these crystals.  To get  more quan-  
t i ta t ive  informat ion  about  low angle boundaries ,  d i f -  
f ract ion curves were  recorded at  different  regions 
of the wafer.  F igure  2b shows a typica l  diffract ion 
curve recorded for  a region close to the r i g h t - h a n d  
side of  the  crys ta l  as in the  topograph  shown in 
Fig. 1. In  Fig. 2b we see severa l  peaks  separa ted  
f rom each o ther  by  a few minutes  of arc. This is a 
diffract ion curve typica l  of crysta ls  containing low 
angle boundaries .  For  comparison,  Fig. 3 shows a 
typica l  diffract ion curve of a d is locat ion-f ree  Si single 
crys ta l  showing we l l - reso lved  peaks  due to Kal  and 
K~2 rad ia t ions  (25). The crys ta ls  were  a l igned for  
different  peaks  in Fig. 2b and pro jec t ion  topographs  
were  recorded by  scanning the crysta ls  for  about  1 
m m  each time. F igure  2a shows these topographs.  
I t  is seen that  different  regions of the  crys ta l  diffract  
when the a l ignment  is changed f rom one peak  posi-  
t ion to another.  This shows conclusively the presence 
of low angle boundar ies  in this t ype  of wafers.  The 
angle  of mis -se t  be tween  the adjoin ing grains is of 
a few minutes  of arc. I t  was fut i le  to look for  iso- 
la ted  dislocations in these crystals .  

Perfect ion of C V D - G r o w n  Crystals of Type  B 
,In contras t  :to the crysta ls  of type  A, the crystals  

of type  B were  inva r i ab ly  found to be nea r ly  perfect .  
F igu re  4 shows a typ ica l  diffraction curve of one 
of the  crysta ls  of this type. Two wel l - reso lved  peaks 
due to Ka~ and K~2 components  of the  character is t ic  
rad ia t ions  are  observed.  This can  be compared  wi th  
the diffract ion curve of the perfect  Si single crystal .  
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Fig. 4. A typical diffraction curve of a CVD-grown (0001) ~z. 
AI~03 single crystal wafer of type B recorded using 1210 reflection 
with MoKa radiation. 

Fig. 2. (a) A typical set of projection topographs of the same 
CVD-grown single crystal whose topograph is shown in Fig. 1. A 
[2110] diffraction vector and AgKa radiation were used. These 
topographs correspond to a small region of the crystal whose topo~ 
graph al.~o appears on the extreme right-hand side in Fig. 1; (b) A 
typical diffraction curve of this crystal corresponding to Fig. 2a. 

None of these crys ta ls  were  found to contain  low 
angle boundaries .  This resul t  is suppor ted  by  the 
topographs  recorded for these crystals .  

F igure  5 shows a few typica l  topographs  of one 
of the  crysta ls  of t ype  B. Except  for  some regions 
near  the  edges, a la rge  por t ion  of the  wafers  is 
p rac t i ca l ly  free f rom crys ta l l ine  defects. In  Fig. 5a 
we see in the  cent ra l  region severa l  s t ra igh t  l ines 
pa ra l l e l  to [0110]. This topograph  was recorded  wi th  

g pa ra l l e l  to [2110]. To inves t iga te  the  na ture  of 
these lines severa l  topographs  were  recorded wi th  
different  diffraction vectors. F igures  5b and 5c show 

topographs  recorded wi th  diffract ion vector  g pa ra l l e l  

to [~2~0] and [I1~0], respect ively.  Using the ~ . ~  
analysis  cr i te r ion  we say that  the  dislocations ob-  
served pa ra l l e l  to [0110] a re  of edge type. Thei r  
Burgers  vector  is pa ra l l e l  to <2110>. These dis lo-  
cations vanish in topograph  recording  using diffrac-  
t ion vectors  pa ra l l e l  to [011"0]. S imi lar ly ,  some of 
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the symmet r i ca l ly  equiva len t  dislocat ions have  been  
character ized.  ~2110> is known to be a p rominen t  
sl ip d i rec t ion  f rom the  ear l ie r  work  on sl ip sys tem 
of this ma te r i a l  (17). Ano the r  ve ry  impor t an t  fea ture  
of  these pic tures  is tha t  a large  a rea  of these crys ta ls  
is free of dislocations. As we wil l  show subsequent ly ,  
these crysta ls  can be t rea ted  as nea r ly  perfect  crystals .  

If we look carefu l ly  at  the  dislocat ion l ines in  Fig. 
5a we see a whi te  halo runn ing  along the length  of the  
dislocations. These topographs  have been recorded 
using MoKal  rad ia t ion  for which  the va lue  of #t is 
app rox ima te ly  0.34. A whi te  halo  around an edge dis-  
locat ion can be unde r s tood  in the fol lowing manner .  
As has been  shown in ea r l i e r  w o r k  (26-28), if  the  
diffract ing planes  a re  s l ight ly  curved,  enhancement  in  
diffracted in tens i ty  wi l l  oe observed  when  the rad ius  

. . )  

of curva ture  of the  diffract ing planes  r points  a long 

the direct ion of diffract ion vector  g. When  g is an t i -  

pa ra l l e l  to r a reduct ion  in  in tens i ty  is to be expected.  
Indeed  this cr i te r ion  has been used to de te rmine  the 
na tu re  of dislocation loops in gadol in ium ga l l ium gar -  
net  crystals  (28). If  we  use this cr i te r ion  in the  p res -  
ent  case we find tha t  the  s t ra igh t  dislocat ions in this  
case are  of vacancy  type.  Poss ib ly  these m a y  have  
fo rmed  jus t  a f te r  g rowth  due to condensat ion of v a -  
cancies. 

The observed whi te  halo a round  edge dislocations 
has been expla ined  on the basis of dynamica l  con- 
t ras t  due  to curva tu re  of la t t ice  p lanes  a round  the edge 
dislocations in Fig. 5a. If  we  use ha rde r  radiat ions,  
l ike  AgKa~, i t  should be possible to reduce  the  va lue  
of ~t subs tan t ia l ly  and, therefore,  r emove  the possi-  
b i l i ty  of any  dynamica l  effect. We have  recorded topo-  
graphs  wi th  AgK=I radiat ion.  No dynamica l  contras t  
was observed in these topographs.  

Ano the r  way  of test ing whe the r  these crysta ls  a re  
nea r ly  perfect  is to see whe the r  one can record topo-  
graphs  wi th  p redominan t  dynamica l  contrast .  Such 
topographs  depend p redominan t ly  upon dynamic  dif -  
f rac t ion of x - rays ,  so tha t  in the  crys ta l  the  wavefields 
of the  d i rec t  and  the diffracted x - r a y  beams are  cou- 
p led  wi th  each other.  A defect  in the  la t t ice  of nea r ly  
perfect  crysta l  is expected  to b reak  this coupling be-  
tween  the incident  and diffracted wave  fields in the  
region sur rounding  it. Therefore,  in this  case defects  
appear  as whi te  on b lack  background.  We have suc-  
ceeded in recording  t ransmiss ion topographs  of these 
wafers  wi th  dynamica l  contras t  also. In  this case we 
have  used CuKal  radia t ions  so that  #t ---- 3.15. F igure  6 
shows a ty ica l  topograph  tha t  was recorded on the 

Fig. 5. Projection topographs of a CVD-grown (0001) ~-AI~Os 
single crystal wafer of type B recorded with MoKc~l radiation. Dif- 
fraction vectors were parallel to [2110], [~21-0], and [112"0] in 
(a), (b), and (c), respectively. A typical diffraction cuTve of this 
crystal is shown in Fig. 4 for this class of reflections. 

Fig. 6. A typical projection top ogroph of a CVD-grown c~-Al~03 
sing[e crystal recorded with CuK.al radiation and [01TO] as dif- 
fraction vector. 



Fig. 8. A typical projection topograph of a Czochralski-grown 
(0001)~-Al~Oa single crystal wafer. [~10] diffraction vector and 
AgKa radiation were used. Figure 7 shows a diffraction curve of this 
crystal. 

same wafe r  whose topographs  are  shown in Fig. 5. 

This topograph  was recorded  wi th  g pa ra l l e l  to [0110]. 
Here  we see dislocation l ines appear ing  as whi te  on a 
b lack background.  This resu l t  suppor ts  our  convict ion 
tha t  these crysta ls  are  nea r ly  perfect  crystals .  Ano the r  
in teres t ing  fea tu re  of this topograph  is a few l ines 
observed in the' a rea  m a r k e d  as A. These l ines a re  ob-  
served in  Fig. 5b also.  However ,  f rom Fig. 5b one 
would be t empted  to conclude tha t  these are  screw 
dislocations ly ing  in the  p lane  of the  wafer ,  i.e., in 
the  basal  plane.  However ,  an  examina t ion  of these 
l ines in Fig. 6 shows tha t  they  do not  l ie in  the  p lane  
of wafe r  bu t  in tersec t  i t  a t  an obl ique angle.  F rom 
the observed length  of these l ines  and thickness  of the  
wafers  we have es t imated  the angle  be tween  the l ine 
vector  of these dislocations and the surface of the  
wafer .  I t  is found to be about  7 ~ , suggest ing tha t  
these lines l ie on a high index  plane.  This  resu l t  also 
shows tha t  the  sens i t iv i ty  of topographs  wi th  p r e -  
dominan t  dynamica l  contras t  is h igher  than  the sensi-  
t iv i ty  of the  no rma l  k inemat ic  topographs.  

Study of Crystal Perfection of Czochralski-Grown 
Crystals 

As ment ioned  ear l ier ,  in o rde r  to compare  the  pe r -  
fect ion of CVD-grown crysta ls  wi th  tha t  of the  c rys -  
tals  g rown by o ther  techniques we chose Czochralski -  
grown crystals .  Per fec t ion  of Czochra l sk i -g rown crys-  
tals  has been s tudied ea r l i e r  (8, 9, 17, 18). Czochralski-  
g rown wafers  tha t  we have  inves t iga ted  were  in  
genera l  not  as perfect  as CVD-grown crystals  of type  
B. Their  per fec t ion  was genera l ly  comparable  to tha t  
of the  CVD-grown  crysta ls  of type  A. F igure  7 shows a 
typical  diffract ion curve of a Czochra l sk i -g rown crys-  
taI. The presence of severa l  peaks  separa ted  by  a few 
minutes  of arc f rom each o ther  is evidence of the  
presence of low angle  boundar ies  in these crystals .  A 
typ ica l  topograph  of these  crystals  is shown in Fig. 8. 
The crys ta l  was fa i r ly  imper fec t  and,  therefore ,  one 
ful l  topograph  could not  be recorded  in  one scan. The 
topograph  shown in Fig. 8 is in fact  the  topograph  
composed of 3 different  topographs.  The presence of 
low angle boundar ies  is ve ry  obvious even f rom this 
topograph.  The upper  region  of this c rys ta l  is not  d i f -  
fract ing.  However ,  by  su i tab ly  t i l t ing  the  crys ta l  this 
por t ion can be made  to diffract. These resul ts  are  

s i m i l a r  to those repor ted  ea r l i e r  (8, 15, 16). Some de-  
tai ls  of this  aspect  a re  r epor ted  e l sewhere  (29). 

The  presen t  inves t iga t ion  has shown tha t  CVD- 
grown crysta ls  of =-AlcOa are  nea r ly  per fec t  crysta ls  
in which large  areas  a re  p rac t ica l ly  f ree  of dis loca-  
tions. The per fec t ion  is so h igh  tha t  we have  observed 
dislocations wi th  p redominan t  dynamica l  contrast .  
These resul ts  a re  consistent  wi th  the  ear l ie r  work  tha t  
Czochralski-  and flame fus ion-grown crysta ls  a re  not 
ve ry  perfect  (8, 9, 15-18, 29). In  fact, in a s tudy on 
growth  of  n iob ium films on sapphi re  crysta ls  (30) i t  
has been shown tha t  CVD-grown crys ta ls  have  much 
be t te r  perfec t ion  as compared  to per fec t ion  of Czo- 
chra lsk i -  and Ve rneu i l -g rown  sapphi re  crystals .  This 
is consistent  wi th  the  p resen t  results.  The dislocations 
near  some of the edges appa ren t ly  are  due to ins ta -  
bi l i t ies  dur ing  growth.  
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Fig. 7. A typical diffraction carve of a Czochralski-grown (0001)~- 
AI203 single crystal wafer recorded using 2110 reflection with AgK~ 
radiation. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  June  1979 JOus-  
NAL. Al l  discussions for the  June 1979 Discussion Sec-  
t ion should be submi t ted  by  Feb. 1, 1979. 
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D I S C U S S I O N  
S s  

This Discussion Section includes discussion of papers appearing 
in the Journal oJ The Elcctvochcmicat Society, Vol. 125, No. 2 and 
3, F e b r u a r y  and March 1978. 

Kinetics of the Thermal Oxidation of Silicon in O J H 2 0  
and 02/CI2 Mixtures 

B. E. Deal, D. W. Hess, J. D. Plummet, and C. P. Ho 
(pp. 339-346, Vet 125, No. 2) 

J. Monkowski,1 R. E. Tressler, 2 and J. Stach: t In 
their paper, Deal et al. point out that the predominant 
reaction governing the gaseous composition of H-C1-O 
ambients is 

4HC1 -{- 02 e~- 2H20 + 2C12 [1] 

They further state that the exact equilibrium conditions 
are not known, but based upon empirical evidence 
the complete dissociation of HC1 occurs at tempera-  
tures above 1100~ 

However, thermodynamic data are available in the 
literature, ~ and calculations of the equilibrium com- 
positions 02 HCI/O2/H20 mixtures have been carried 
out ior various oxidation temperatures. 4 Moreover, the 
reaction o~ HCI with O2 does not "go to completion" 
anywhere in the range of typical oxidation tempera- 
ttlres (700~ Above 1100~ the HCI concen- 
tration (volume percent) is greater than 4 times the 
C12 concentration when HCI/O2 mixtures are intro- 
duced into the furnace. 

The significance of these thermodynamic calculations 
was demonstrated quite dearly by Tressler et al.,4 
who showed that both the enhanced parab01ic growth 
rate and the passivation of ionic sodium correlate 
well with the partial pressure of C12 (Pc12) calculated 
to be present within the oxidation furnace under 
equilibrium conditions. They showed that, at 1150~ 
the parabolic growth rate is a smoothly increasing 
function ot Pc12, regardless of whether HCI/O2 or 
C12/O2 mixtures are introduced into the furnace. In 
this manner, they showed that HCI and H20 play 
insignificant roles in the growth rate enhancement. The 
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amount of C12 was also shown to be the determining 
factor in the realization of passivation. This was  
clone by comparing passivation data of oxides grown 
in HC1/O~ mixtures with data from oxides grown in 
HC1/O2/H20 mixtures. The two sets of data were con- 
sistent only when put in terms of Pel~. 

Deal et al. based their conclusions concerning Eq. 
[1] pr imari ly  upon two experiments. In the first, they 
compared the parabolic growth rates obtained in HC1 
with those obtained in H20. At 1100~ the growth 
rates of oxides grown in HC1/O~ mixtures approached 
those grown in H20/O2 mixtures when the HC1/H20 
ratio (volume fraction introduced into the furnace) 
was 2. From this correlation, they concluded that the 
dissociation of HC1 increases as the temperature is 
raised, and reaches completion at temperatures above 
ll00~C. 

In the second experiment, two oxides were grown. 
For one, a 4% HC1/96% O2 mixture was introduced 
into the furnace; for the other, a 2% C12]2% H20/ 
9o% 02 mixture was used. Both oxides were found to 
possess similar growth rate constants. From this fact, 
~geal et aL. ~oncluded that Eq. [1] does indeed describe 
the predominant reaction occurring within the fur-  
nace; the HC1 does react with the O2 to produce C12 
and H20. 

Based upon the work of Tressler et al., the correla- 
tions seen in the first experiment can be shown to be 
fortuitous, and the conclusion of the second experi-  
ment can be shown to lack substantiation by the data. 

Comparing an oxide grown in a part icular  volume 
fraction of HC1 with an oxide grown in half that 
volume fraction of H20 is irrelevant in view of the 
thermodynamic data calculated by Tressler et al. Since 
the HC1 dissociates very little, the comparison should 
be made for oxides grown in much lower amounts 
of H20. 

The data can be rationalized by looking at the 
temperature dependence of the growth rate enhance- 
ment for C12 as well as H20. Comparison of Fig. 3 
of Deal et aL with their Tables I and II  shows that 
at 1000 C H20 has a much larger  effect on the rate 
constant than Clz. However, at ll00~ C12 has the 
dominant ehect. Therefore, for HC1/O2 oxidations 
at 1000~C and below, the growth rate enhancement 
is due pr imari ly  to the small amount of H~O present 
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within  the furnace. At 1100~ and above, the small  
amount  of C12 present  in  the furnace has a dispro- 
port ionately large effect, such that  an oxide grown 
in  10 v/o HC1 is near ly  as thick as one grown in  5 v/o 
H20 (~ig. 9 of paper) .  The exper imental  data cited 
by Tressler et al. was obtained at 1100 ~ and 1150~ 
where C12 is the dominant  species. 

For the second experiment,  one can only conclude 
that regardless of whether  ~C1 or a mix ture  of C12 
and H20 is introduced into the furnace, the equi l ib-  
r ium composition, whatever  it  may be, is attained. 
No conclusion can be made concerning the amounts  
of the gases present  or even the types of gases present. 
The gases HC1, C12, and HsO may, in  principle, not 
even exist wi th in  the furnace in  significant quantities.  
Additional information,  such as a thermodynamic  an-  
alysis, is required to determine the ambient  composi- 
tion. 

In  fact, the data of Deal et al. indicate that  equi l ib-  
r ium is not completely atttained. The C12/H~O/O2 
mixture  yielded a slightly higher parabolic growth 
rate than  the other mixture.  This is unders tandable  
due to the effectiveness of C12 and Ha O, as compared 
to HC1, in enhancing the growth rate. If equi l ibr ium 
were not attained, the C12/H20/O2 mixture  would 
contain more C12 and H20 than the HC1/O2 mixture.  

Deal et al. also noted that  in t roduct ion of 2% C12 
into a 2% H~O/98% O~ mixture  resulted in  the growth 
of significantly th inner  oxides. With the realization 
that  Cle suppresses the amount  of H20, this result  
is also reasonable. 

In  view of the suppression of Pcl2 by H20, Deal 
et al. stated that  for HC1/O2 mixtures,  an  increase 
in the HC1 content would increase the H20 content, 
thus suppressing the C12 content. This is not the case; 
the amount  of C12 must  equal the amount  of H20 
(Eq. [1]), and, in addition, if the HC1/O2 ratio (vol- 
ume percent  at equi l ibr ium in the furnace)  is re la-  
t ively small, the HC1/C12 ratio remains  unchanged 
regardless of the amount  of HC1 introduced into the 
furnace. This can be shown from the equi l ibr ium con- 
stant  for Eq. [1] 

(PcI~) 2 (PH2o) :~ 
Kp = [2] 

(Po~) (PHcl) ~ 
Since Pc12 "-- PH2O 

1 ( Pci2 ~ 4 
Kp = [3] 

Po2 \ PHCI ] 

As long as Po2 remains close to 1 atm, the ratio 
C1JHC1 will not change significantly. This is con- 
firmed in  the work of Tressler et  aL where the ratio 

C12/HC1 is very similar  for both 2 and 20 v/o HC1 
introduced into the furnace. 

Over-all,  the approach of Deal et al. could prove 
quite frui tful  in sorting out the contr ibutions of the 
various gaseous species present  dur ing  oxidation. If 
the oxidation furnace were constructed such that  the 
gases were heated long enough to ensure the a t ta in-  
ment  of equil ibrium, then the thermodynamic  an-  
alysis of Tresster et al. could be used to ascertain the 
composit ion of the ambient.  In  this manner ,  a direct 
comparison could be made be tween the growth of 
an omde and the conditions present  dur ing  its forma-  
tion. 

On Thermally Stimulated Space-Charge Decay in 
Sn2+-doped Sodium Chloride and Potassium Chloride 

Crystals 

Ah Mee Hot and P. W. M. Jacobs (pp. 430-432, Vol. 125, No. 3) 

A. Kessler:5 The invest igat ion of the "dielectric 
chaos" s~hould, no doubt, give a clue to the under -  
s tanding of the space-charge formation., the dis- 
charge of ions at the electrodes, etc. But the repro-  
ducibil i ty is bad, the peaks are overlapping, and the 
mul t i tude  of processes which might  eventua l ly  be 
the cause of the DC are understood only modest ly or 
not a t  all. Hence only very few papers are found 
which are devoted exclusively to this problem. Rather, 
re levant  results are found scattered in  investigations 
concerning other questions. Thus, they easily escape  
one's attention. 

Inver ted peaks, for instance, are found in  CdF2, s 
spontaneous peaks in  Teflon, 7 and in  NH4C1. s In  the 
lat ter  case the cause is roughly understood. It shows, 
among other things, that  the peak can be classified 
as extrinsic and dependent  on the history of the 
sample. It can be avoided in consequence. But  the 
four peaks observed besides the impur i ty  complex 
peaks in CdF2, for instance, are of an  intr insic 
nature.  The two which occur below room tempera-  
ture are obviously caused by an accumulat ion of 
point defects.~. 10 The other  two, which occur even-  
tual ly  above the polarization temperature,  are a t t r ib-  
uted to a dissociation of complexes, 10 that  is to a 
similar process as assumed by the authors. 

University of stuttgart, Germany. 
OA. Kessler, J. Phys. C: Solid State Phys., 6, 1594 (1973). 
7 C. Bucci, R. Fieschi, and G. Guidi, Phys. Rev., 148, 816 (1966). 
A. Kessler, This Journal, 123, 1239 (1976). 

9 I. Kunze and P. Muller, Phys. Status Solidi Ca), 13, 197 (1972). 
19 A. Kessler and J. E. Caffyn, J. Phys. C: Solid ,~tate Phys., S, 

1134 (1972). 
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The general ability of transition 
metal dichalcogenides like n-MoSe~ for 
ap~ilication as photoanodes or p-W~ep as 
phctocathodes in electrochemical solar 
cells has been demonstrated earlier (i 
to 4). In most cases the photocurrent- 
potential behaviour was rather unsatis- 
fying with respect to the characteris- 
tics required for photoelectrochemical 

n-MoSe2/(l-/12)/Pt photocell although 
the redox potential of the couple is 
0.28 V vs. SCE. The decrease of the 
saturation photocurrent in the redox 
system I-/I^, compare Fig. 1, is caused 
by the ligh~ absorption of the iodine. 

The power output characteristic 
shows a satisfying rectangular shape 

energy conversion: The photocurrent in- with a fillfactor of 0.67 (Fig. 2). 
creases steadily over a wide potential 
range without reaching a saturation 
value. The result is a poor current- 
voltage output characteristic with low 
fillfactors in the region of 0.2 to 
0.25. 

We wish to report new results ob- 
tained with synthetic n-type MoSe 2 crys- 
tals grown by a bromine gas transport 
technique which exhibit significantly 
improved behaviour. 

The current-potential curve in the 
dark shows a very asymmetrical shape 
(Fig. i) which implies good rectifying 
properties of the interface. At poten- 
tials more positive than 0.55 V vs. SCE 
a photocurrent starts to flow in base 
electrolytes such as KCI or H~SOa which 
causes electrode corrosion by-forming 
Mo(VI) and selenic acid: 

MoSe2+6H20+i4h + h.v o 6+ __ ~2- �9 ~o +~eu 3 +I2H + 

This photocurrent reaches a saturation 
at potentials above 0.9 V vs. SCE. 

Flatband potentials were obtained 
from Mott-Schottky-plots. In base elec- 
trolyte it is situated at 0 V vs. SCE. 
Interestingly, there are redox couples 
such as I /12 which shift the flatband- 
potential to more negative values, pro- 
bably due to a strong interaction of the 

This indicates that the number of re- 
combination centers in the surface and 
the space charge layer of the selected 
samples of MoSe^ is small and therefore 
a small interna~ field strength is suf- 
ficient to separate the generated elec- 
tron-hole-pairs. The optimum efficien- 
cy for sunlight (85 mW/cm ~, AM1) is 
around 3.5%. It should be pointed out 
here, that both, the crystal properties 
and the light-intensity can critically 
influence the fillfactor. Crystals with 
less ideal properties exhibit a less 
steep increase of the photocurrent with 
potential and reach the saturation at 
higher voltages. They also show grea- 
ter anodic dark currents. At high illu- 
mi~ation levels of several hundred mW/ 
cm- like in 2) and 4) transport process- 
es towards and from the interfaces be- 
come the rate limiting factor. 

The current-yoltage curve (Fig. i) 
shows, that the I oxidation is kineti- 
cally so much more favourable than the 
decomposition reaction that electrode 
corrosion is avoided. This has been 
shown by operating a lo~gterm experi- 
ment with an n-MoSe~/(l /l~)/Pt solar 
cell for 9 months a~ a pho~ocurrent 
density of 10 mA/cm (2). 

Similar results have been obtained 
with n-MoS o but the flatband potential 
is I00 to 200 mV more positive and 

I ions with the MoSe 2 surface. For the therefore a smaller output voltage is 
investigated system t~e shift is 300 mV. reached. Also, the photocurrent is 
This is the reason why a photovoltage 
greater than 0.5 V is obtained with an Electrochem. Soc. Active Member 
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somewhat lower due to the 0.4 V larger 
bandgap of MoS 2 (1.7 eV). 

We conclude that liquid junction 
solar cells based on transition metal 
dichalcogenides can reach similar con- 
version efficiencies as the other in- 
tensively investigated systems such as 
the CdS or Cd~e b~sed cells in2the re- 
dox systems S -/S 2- or Se -/Se 2- (5,6) 
but are easier stabilized against pho- 
todecomposition. 

We thank Dr. F. L~vy (EPF Lausanne, 
Switzerland) for supplying us with ex- 
cellent crystal samples. 
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Fig. i - Current-potential behav- 
iour of n-MoSe. 
i: photocurrent in 1 M KCI 
2: photocurrent in 1 M KI/0.1 MI O 
3: dark-current in 1 M KI/0.1 MI~ 
The dark current in KCI is zero in ~ this 
scale. Light source: 90 mW/cm simu- 
lated AM1 solar illumination. 
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Fig. 2 - Output power character- 

istics of an n-MoSe2/(12/l-)/Pt photo- 
cell under 90 mW/cm simulated AM1 
illumination. 
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The invent ion  of the  t rans is tor  (1, 2) in la te  1947 
and its l a t e r  embodiment  in junc t ion  form (3) marked  
the beginning of a p rofound  change in electronics.  Not 
only  d id  the  receiv ing tube  bas ica l ly  become obsolete,  
but  many  new device funct ions emerged,  and u l t i -  
ma te ly  unbe l ievab le  size reduct ions  and enormous 
packing  densit ies  resul ted.  As is wel l  known,  i t  be-  
came possible to bui ld  an ent i re  funct ional  sys tem in 
a single conduct ing block of mater ia l .  Also, new forms 
of power  devices, based on the t rans i s tor  effect, be -  
came possible. 

Wi th  the  invent ion  of the  t rans i s tor  the  s tudy  of 
e lectr ical  conduct ion in solids took on new importance,  
and  s imi la r ly  the  g rowth  and s tudy of semiconductor  
crystals ,  a t  first, Ge (4). Since Ge is a much more  
t rac tab le  ma te r i a l  than  o ther  e lementa l  semiconduc-  
tors, i t  was na tu ra l  tha t  the  t rans is tor  began  with  Ge, 
and  tha t  in tu rn  the  t rans is tor  (and p - n  junct ions)  
mot iva ted  the  growth  and s tudy of single c rys ta l  Ge 
of g rea t  pu r i ty  (4, 5). In  fact, Ge and its successor Si, 
because of the t ransis tor ,  have  been purif ied to such 
high. levels  and have been grown wi th  such pe r -  
fection tha t  Si  now even serves  as the s t andard  for 
de t e rmina t ion  of Avogadro ' s  number  (6). 

The or ig inal  t rans i s tor  pioneers  were  quite aware  
that  beyond the i r  in i t ia l  expe r imen ta l  ma te r i a l  (Ge) ,  
Si  offered a l a rge  potent ia l  (7). The rea l  emergence  
of Si as a t rans is tor  ma te r i a l  p robab ly  came in late  
1954 and ear ly  1955 when,  a t  Bel l  Labora tor ies ,  S i -  
d i f fused- impur i ty  devices were  first constructed.  Based 
on his considerable  under s t and ing  of switching devices 
and the need for low off-stage leakage  current ,  John 
Moll above  al l  o thers  u rged  the deve lopment  of di f -  
f u s e d - i m p u r i t y  Si devices;  for this purpose,  in his own 
group A u - S b  and A1 meta l l i za t ion  of Si were  deve l -  
oped (8), as wel l  as cer ta in  forms of t rans is tor  devices 
(9).  The most  impor t an t  form of d i f fused- impur i ty  
p - n  junct ions  came f rom Carl  Frosch (and L. Derick)  
(1O), inc luding  oxide  mask ing  and wi th  i t  the teaching 
to leave  the oxide  on Si for  protec t ion  of the  device 
(11). These  deve lopments  were  sufficient for Moll and 
his col leagues to be able  to convince Jack  Morton 
(spr ing  of 1955) to switch t rans is tor  deve lopment  f rom 
Ge to Si. The res t  is history,  and now where  Si "can 
do the job," there  is l i t t le  in teres t  on the  par t  of device 
researchers  to a t t empt  to displace i t  wi th  another  
mater ia l .  No o ther  ma te r i a l  has been  as ex tens ive ly  
developed,  nor  offers a na tu ra l  oxide  affording so 
m a n y  processing and device advantages .  

As useful  as Ge and, more  so, Si have  p roven  to be 
in semiconductor  devices, they  possess also cer ta in  
l imita t ions .  Thei r  bandgaps  are  indi rec t  and  are  fixed 

* Electrochemical Society Life Member. 

at Eg(Ge)  ~ 0.68 eV and Eg(Si)  ~ 1.1 eV. Hence, t h e y  
are  not  useful  as l ight  emit ters ,  not  even in  the 
in f ra red  where  they  emit,  bu t  poorly.  The energy  band  
s t ruc ture  ( indi rec t )  is not  sui table  for  t r ans fe r red  
e lect ron devices (Gunn osci l lators)  (12). As a solar  
energy  converter ,  Si  is good ( technological ly)  bu t  has  
too small  of an energy  gap for op t imum efficiency and 
for some appl ica t ions  has too smal l  of  an  absorp t ion  
coefficient. Both Ge ann Si can read i ly  be fabr ica ted  
into homojunct ions  (13) but  so f a r  h a v e  n o t  p r o v e d  
to be ve ry  va luab le  for  use in  heterojunct ions .  Clearly,  
Si m a y  be the  most  va luab le  semiconductor ,  bu t  i t  
is not by  any me~ns a un iversa l  semiconductor  m a t e -  
rial,  thus the basis for  our  in teres t  in compound semi-  
conductors  and the i r  capabi l i ty  for  ex tend ing  elec-  
t ronic functions.  

Here  we are  concerned ma in ly  wi th  I I I -V  com- 
pounds because these mate r i a l s ,  first of all ,  are  a m e n -  
ab le  to fo rmat ion  into p - n  homo-  and he tero junct ions  
and thus have  a prac t ica l  basis for  use in  electronics 
(14). Besides the  fact  tha t  they  can be grown con- 
ven ien t ly  in the form of heterojunct ions ,  which  is of  
growing impor tance ,  I I I - V  compounds can be p repa red  
wi th  d i rec t  ene rgy  gaps ranging  f rom the in f ra red  
( InSb)  to the  ye l l ow -g re e n  ( ln l -xGaxP,  x N 0.73). 
This is, of course, wha t  makes  these mate r i a l s  useful  
as lasers (15-18) and l ight  emi t te rs  (17). In  the  mixed  
crys ta l  systems AlzGa l -xAs ,  GaAsl-xP~,  In l -xGaxP,  
AlzGal -xAs l -~P~ ,  and  In l -xGa~P l - zAsz  the  band  
s t ruc ture  can be var ied  cont inuously f rom d i rec t  to 
indi rec t  energy  gaps by  va ry ing  the crys ta l  composi-  
tion. This p r o p e r t y  obviously  does not exis t  in b ina ry  
I I I -V ' s  nor  in Ge or  Si. In  the  d i rec t  r ange  of energy  
gaps, e.g., binar ies  such as GaAs and InP  and t e r -  
nar ies  such as GaAsl -xPx,  the  band  s t ruc ture  (see 
Fig. 1) is such that  electrons can be t r ans fe r red  f rom 
a low mass, high mobi l i ty  direct  va l l ey  ( r )  to var ious  
indi rec t  high mass, low mobi l i ty  min ima  (L o r  X) ,  
thus pe rmi t t ing  Gunn osci l lat ions (12). Because of 
the  smal l  e lect ron mass and  high mobi l i ty  tha t  some 
of these compounds possess, they  (e.g., GaAs)  a r e  
also useful  for  high speed field effect t rans is tor  a p -  
pl icat ions (19). 

In  general ,  i t  is a special  p r o p e r t y  of a given I I I -V  
ma te r i a l  that  permi t s  a pa r t i cu l a r  applicat ion,  and  i t  
is only  as these appl icat ions  have  deve loped  tha t  
I I I - V  semiconductors  have  become impor tant .  In  fact, 
device studies, as much as anything,  have resul ted  
in the  p repa ra t ion  of high pu r i t y  mate r ia l s  and have  
uncovered the fundamenta l  p roper t ies  of I I I -V  semi-  
conductors.  A good example  is the  Gunn  osci l la tor  
(12), which  has res,ulted in  the  extens ion  of t r ans -  
po r t  s tudies  in  solids into new areas  (20) and has  
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supplied,  moreover ,  the  mot iva t ion  to develop h igh  
pur i ty ,  h igh mobi l i ty  GaAs (21) and InP (22). In  
any  case, in this survey  we take  the  point  of v iew 
that  var ious  appl ica t ions  ( tha t  Si cannot  match)  have 
been  the dr iv ing  force for the  s tudy  and deve lop-  
men t  of the  I I I -V  semiconductors.  Below we discuss 
the  more  impor tan t  of these mater ia l s  and the i r  
capabi l i t ies  in the  context  of var ious  applicat ions.  

Crystal Growth 
The search for improved  methods  to g row semi-  

conductor  crystals  is an ongoing problem. The most  
used I I I -V  bu lk  and subs t ra te  mate r ia l s  a re  GaAs, 
GaP, and InP;  these mate r ia l s  continue to be heavi ly  
s tudied (23). The first, GaAs, is f r equen t ly  synthesized 
and grown as a single c rys ta l  in a hor izonta l  furnace 
in a quar tz  a m p u l  subjec ted  to a col lapsing or moving 
t empe ra tu r e  gradient .  The  crys ta l  can be  doped n -  
type  or  p- type ,  or be made  semi- insu la t ing  wi th  Cr 
doping. Besides being impor t an t  as a subs t ra te  to 
suppor t  measuremen t  samples  (of sepa ra te ly  p repa red  
ep i tax ia l  l ayers ) ,  semi- insu la t ing  GaAs (also semi-  
insula t ing  InP)  is becoming increas ingly  impor t an t  
in device use (19), e.g., making  possible an in tercon-  
nected a r r a y  of devices (IC) on " insulat ing" substrates.  
Because of the high P pressure  at  the mel t ing points  
of GaP and InP, these crysta ls  a re  grown in p res -  
sur ized systems by  the l iquid encapsula t ion (LEC) 
method (24), which can be used also to grow GaAs. 
Other  methods are  used to grow mixed  crys ta l  sys-  
tems and to p repa re  homo- and heterojunct ions.  These 
are  discussed below. 

Vapor phase epitaxy (VPE).--In 1960 Mar inace  (25) 
descr ibed the VPE g rowth  o~ Ge on GaAs substrates,  
thus leading to the  first high per fo rmance  he te ro-  
junctions.  This VPE crys ta l  g rowth  process, which 
occurred in a c losed- tube  held  in a smal l  t empera tu re  
gradient ,  employed  iodine  as the t r anspor t  agent  
(VPE by ha l ide  t r anspor t  and chemical  d i spropor -  
t ionat ion) .  Marinace 's  process could be inverted,  m a k -  
ing possible the VPE growth  of GaAs on Ge sub-  
s t ra tes  (26). In  addit ion,  the  c losed- tube  VPE-c rys t a l -  
g rowth  process could be genera l ized  to employ o ther  
ha l ide  t ranspor t  agents  and to grow also mixed  I I I -V  
crys ta l  systems. Thus, c losed- tube  VPE was used (in 
1960) to grow GaAs on Ge heterojunct ions,  GaAs 
on GaAs tunnel  junctions,  and GaP on GaP junctions,  
and to synthesize  and grow (VPE) GaAsl -xP= and 
G a A s l - z P x - G a A s l - ~ P ~  heterojunct ions  (26). 

The demons t ra t ion  of the  work  of Ref. (26) to 
Ruehrwein  (27) (and to F. V. Wil l iams,  fall, 1960, 
Syracuse,  New York)  led to today 's  most wide ly  used 
open - tube  VPE sys tem (Fig. 2) for the  l a rge-sca le  
g rowth  of GaAsl -=P= (x = 0 GaAs, x = 1 GaP)  (28- 
31). In  this process of crysta l  growth,  HC1 is used 
to t r anspor t  the  column 1II const i tuents  (Ga or  In  

Fig. 2. Schematic diagram of reactors used for commercial growth 
of GaAsl-~Px, GaAs (x=0),  and GaP (x- - l )  using the hydride 
VPE process [after P, ef. (31)]. 

meta l ) ,  and AsI-~ and PH3 are  the  source of the  As 
and P for  the VPE crystal .  I t  is an easy m a t t e r  to 
~add NI-~ to the  crys ta l  g rowth  reac tor  in o rde r  to 
in t roduce  N doping, an isoelectronic trap,  in  the  VPE 
layers.  Epi taxia l  l aye r  g rowth  rates  a re  ,.~1 #m/rain.  
The detai ls  of this process for the  g rowth  of GaAs, 
GaP, and GaAs~-xP~ a re  descr ibed e l sewhere  [Ref. 
(28-31)]. I t  is wor th  mentioning,  however ,  tha t  since 
the AsH~-PHa sys tem of VPE crys ta l  g rowth  is the  
highest  volume, most  wide ly  used one in the  LED 
industry,  it  is under  constant  s tudy  in o rder  to effect 
improvements  in crys ta l  quali ty,  f reedom from defects, 
and improved  doping. Also, i t  is wor th  ment ioning 
that  this c rys ta l  g rowth  process, as wel l  as the  VPE 
process of the next  paragraph ,  is capable  of growing 
epi tax ia l  layers  of low doping level  (Nd --  Na < 
1015/cm ~) and high mobi l i ty  (~8800 cm2/Vsec for  
GaAs) .  

At  the  t ime (1963) of the  discovery of t r ans fe r red  
e lect ron oscil lat ions (Gunn effect) (12, 32) the  best  
ava i lab le  GaAs had to ta l  i m p u r i t y  concentrat ions in  
the 1018 cm -3 range.  Al though  mate r i a l  of this  qual i ty  
could be compensated to produce  lower  e lec t ron con- 
centrations,  i t  became appa ren t  tha t  the pu r i ty  of 
GaAs would have to be improved  to obta in  useful  
devices. To overcome some of the problems  associated 
wi th  c losed- tube  VPE, a number  of open - tube  meth -  
ods were  invest igated.  In  1965 the  feas ib i l i ty  of ob-  
ta ining higher  pur i ty  GaAs by  an ep i tax ia l  technique 
was demons t ra ted  by  Knigh t  et al. (33) wi th  the 
AsC13-Ga-H2 open- tube  VPE system. Since tha t  t ime 
this VPE method has been developed to a high state 
of re l i ab i l i ty  by  a number  of workers .  The cont r ibu-  
tions of m a n y  of these workers  and the detai ls  of 
the ch lo r ide - t ranspor t  VPE sys tem are  rev iewed  in 
Ref. (34). Because of the  ease wi th  which high 
puri ty ,  control led doping, precise  thicknesses,  and 
mi r ro r - smooth  surfaces can be obta ined wi th  this 
technique, the  AsCI~-Ga-H2 VPE process is the most  
commonly used method of growing ep i t ax ia l  GaAs 
for a va r ie ty  of applications.  I t  is main ly  due to the 
deve lopment  of this ep i tax ia l  g rowth  process tha t  
GaAs is cur ren t ly  tak ing  over  a subs tant ia l  pa r t  of 
the work, fo rmer ly  pe r fo rmed  by  Si, in h igh  speed 
in tegra ted  circuits.  
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Fig~ 3. Sphalerite crystal structure of I I l -V  compound semicon- 
ductors [after  Ref. (21) ] .  

In I I I -V crystal systems containing Ga (Ga occu- 
pying column l I I  latt t ice sites, Fig. 8), A1 will  sub- 
stitute for Ga with only a small change in the crystal 
lattice constant. Until recently, however, A1 has not 
been an easy or even manageable component to 
handle in a VPE crystal growth reactor because of 
its highly reactive nature. This problem has been 
overcome by Dupuis and co-workers, who have em- 
ployed metallorganic chemical vapor deposition (MO- 
CVD, a form of VPE) to grow a wide range of high 
performance AlxGal-xAs-GaAs heterojunction de- 
vices (35-41). In the MO-CVD crystal growth process 
(35-37), the metal alkyls, t r imethylgal l ium (TMGa) 
and tr imethylaluminum (TMA1), are used as sources 
of the group III  elements Ga and .4.1. The hydride 
AsH~.~ is used as the source of the group V element 
As, and PHs for P. H2Se is used as a source of Se for 
n- type doping and diethylzinc (DEZn) is used as a 
source of Zn for p- type  doping. The various layers 
of a heterostructure are grown sequentially at 750~ 
on {100} GaAs substrates, or on Ge or GaAsP sub- 
strates, using growth rates of .~0.25 ~m/min. 

As an example of the high quality heterostructures 
that have been grown by MO-CVD, foremost are 
AlxGal-xAs-GaAs-Al~Ga~-~ks DH laser diodes that 
operate at current thresholds as low or lower than 
any made by other methods (41). This has led to 
easily realizable room temperature continuous laser op- 
eration (40), which previously has been possible only 
with DH diodes grown by liquid phase epitaxy (LPE) 
and, less successfully, with molecular beam epitaxy 
(MBE). [See Ref. (42) for an extensive discussion 
and complete list of references.] In addition, MO-CVD 
AlxGal-xAs-GaAs-AlxGai-xAs quantum-well  hetero- 
structures (200A GaAs active layers )have been grown 
that  operate as laser diodes at relat ively low thresholds 
(38) and that photopumped exhibit stimulated emis- 
sion on confined-particle transitions well into the 
visible-red (39). 

The nature of these results, taken with the many 
other advantages of VPE processes, make it l ikely 
that the MO-CVD growth of GaAs and AlxGal-xAs, 
and possibly GaAsi -yP ,  and AlxGal -xAs l -~Py  (43), 
and heterostructures based on these crystal systems, 
will gain wide acceptance. The advantages of the 
MO-CVD process for the growth of Al~Gal-xAs and 
GaAs include: (i) capabili ty for large scale opera- 
tions (large substrate areas);  (ii) convenient growth 
rates with excellent control of layer thicknesses 
(from < 50A to over 1 ~m); (iii) highly repro-  

ducible"layer thicknesses and capabil i ty for multiple 
layer growth, including quantum-well  structures; 

(iv) easily controlled doping levels from Nd --  Na 
10*5/cm s to degeneracy; (v) excellent composition 
control; (vi) good lattice match; (vii) superior 
surfaces with no problems with melt wipe-off or 
contact with foreign bodies; and (viii) no problems 
with halide etching or at tack of surfaces. 

In concluding this brief discussion of VPE, we men- 
tion that because of the broad nature of Ref. (27), 
it covers quite generally the open-tube VPE growth 
(via AsHs, PHs, etc.) of a large number of compound 
semiconductors, including Inl-xGaxPl-zASz. This 
quaternary system has recently become important for 
laser and detector diodes in the wavelength range 

~ 1 ~m at which optical fiber transmission is opti- 
mum. Besides LPE, VPE can be used for the growth 
of double heterojunctions employing I n l - ~ a x P i - z A s ,  
(44) ; this is not an extensively developed or practiced 
art yet but potentially could become important. 

Liquid phase epitaxy (LPE) . - -A  significant num- 
ber of I I I -V semiconductor devices that  have been 
successfuly developed in the last 10 years have de- 
pended upon LPE crystal growth, e.g., Al~Ga~-xAs- 
GaAs-AlxGal-xAs double heterojunctions (45, 46), 
red GaP:Zn-O and green GaP:N light emitters (47, 
48), InP-Inl-xGaxPi-zAsz-lnP DH lasers (k = I- 
1.7 #m) (49), and visible-spectrum Inl-x,Gax,P- 
Inl-xGaxPi-zAsz-lnl-x,Gax,P DH lasers (50). The 
prototype for this system of crystal growth, particu- 
larly to form p-n junctions, is the method of Nelson 
(51), which was first used to grow LPE GaAs homo- 
junctions. As initially demonstrated, a Ga melt (or 
solution) is first saturated with GaAs, a substrate 
crystal (GaAs) is moved under the melt (nowadays 
by means of a graphite slider boat), and simulta- 
neously the temperature is lowered to cause super- 
saturation and growth of GaAs from the melt on the 
substrate. If a small amount of A1 is introduced into 
the Ga melt, the epitaxial  layer that  is grown is 
AlxGal-xAs (52), and a heterojunction with GaAs 
results. Until the recent success of the MO-CVD proc- 
ess, this had been the most successful process (LPE) 
for the growth of AlxGal-xAs-GaAs heterojunctions. 
Problems with the difficult oxides of A1 are avoided 
by the simple fact that it is possible to slide a sub- 
strate wafer into contact with the "clean" portion of 
a liquid. An extensive discussion of this technology 
appears in Ref. (42). 

In one way or another most LPE II I -V crystal-  and 
junction-growth processes are similar or related, and 
will not be discussed in detail [see Ref  (42)]. Because 
of the importance of green LED's and the fact that so 
far LPE GaP:N has proved to give the highest (green) 
performance (48), no doubt this system will receive 
further attention. Red GaP: Zn-O, because of the low 
solubilit~r of the isoelectronic complex Zn-O, probably 
will receive limited attention. [Red-orange VPE 
GaAsi-xPx:N is a more viable system (31).] Of the 
systems having reason to be grown by LPE, that re- 
ceiving most attention in the long run will probably 
be Ini-xGa~Pi-zAsz, simply because so far LPE has 
been the most successful method for growing this 
alloy and most l ikely its importance for optical fiber 
communications will increase. 

Compared to VPE, LPE suffers certain disadvantages 
such as lesser control of layer thickness, poorer con- 
trol of crystal composition, and problems with melt 
wipe-off, growth terraces, and meniscus lines. There 
are certain advantages of LPE processes, however, and 
doubtless this method of crystal and hetero~unction 
growth will be developed further. Its low cost makes 
it ideal for laboratory-scale experiments, and it is 
capable of certain results that have not been obtained 
by other methods. As a n  example, the amphoteric 
dopants Ge and Si act as donors in GaAs that is grown 
near stoichiometric conditions; but, in the LPE growth 
process (due to relat ively fewer As atoms and hence 
As vacancies), Ge or Si can occupy column X r lattice 
sites (see Fig. 3) and act as acceptors. This form of 
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doping has been useful  in DH lasers (42). Also, Si-  
doped LPE GaAs homojunct ions  have become a s tan-  
dard  high efficiency LED in optoelectronic  appl ica-  
tions. Dur ing  the LPE growth  cycle the Si dopant  first 
acts as a donor but  la te r  in the growth  cycle tends to 
occupy As sites (Fig. 3) and thus switches its be-  
havior  to an acceptor,  in fact, in t roducing the usual  
shal low and also a deeper  acceptor  (53). Elec t ron-  
hole recombinat ion  involving the deeper  acceptor  re -  
sults in reduced  photon energy  and in recombinat ion  
rad ia t ion  tha t  does not  suffer much absorption,  thus 
making  possible a h igher  efficiency LED. In this  case 
LPE accomplishes a unique result .  

A fu r the r  ma t t e r  concerning I I I -V  semiconductors  
should be ment ioned in concluding this section. I I I -V  
mate r ia l s  a re  by no means  simple;  nevertheless ,  in 
many  cases they  have proven  to be sufficiently m a n -  
ageable  to make  i t  possible to de te rmine  thei r  phase 
behavior  and construct  thei r  phase d iagrams [see 
Casey and Panish, Ref. (42)].  Obviously  it is a ma t -  
ter  of considerable  importance,  for example ,  in de-  
te rmining  how impur i t ies  are  incorporated,  whe ther  
a I I I -V  semiconductor  is grown under  conditions of 
excess column III  or excess column V atoms. This 
appl ies  also to the behavior  of impur i t ies  diffused into 
I I I -V  crystals .  For  example ,  Zn diffusion in GaAs (or 
GaAsP)  behaves  much different ly  -under condit ions of 
excess As as compared  to excess Ga. How this proc-  
ess proceeds is governed to a large  ex ten t  by  the  Ga-  
As -Zn  phase d i ag ram of the sys tem (42). Al though  
the phase  d iagrams  of many  I l I -V ' s  and thei r  more  
common dopant  impur i t ies  a re  known, this a rea  of 
work  is far  f rom complete.  Perhaps  the  most complete  
discussion of this topic appears  in Ref. (42). 

Molecular beam epitaxy (MBE).--One more system 
of I I I -V  crys ta l  and he te ro junc t ion  growth  should be 
ment ioned;  molecular  beam ep i t axy  (MBE).  An  ex-  
tensive descr ip t ion  of this process appears  in Ref. 
(54). Basical ly  MBE consists of growing a c rys ta l  in 
a vacuum by le t t ing  control led "beams" of the requi -  
site a toms s t r ike  a hot subs t ra te  (GaAs, etc.) and  
form the crystal .  The beams of a toms are  provided  
by  small  effusion-cell  ovens tha t  del iver ,  by  evapora -  
tion, s t reams of atoms. The cells are  shut tered,  in a 
t ime sequence pat tern ,  to change ep i tax ia l  l ayer  com- 
positions or to switch from the growth  of one type  
of l ayer  (GaAs)  to another  (AlzGa l -xAs  or AlAs) .  

Various  he teros t ruc tures  have been constructed by  
MBE, perhaps  the most unique being mul t i l aye r s  of 
Al~Gal -xAs  and GaAs that  a re  th in  enough to ex-  
h ibi t  quan tum size effects (QSE) (55) and also a r t i -  
ficial mater ia l s  consist ing of a cer tain number  of 
monolayers  of one crys ta l  (GaAs)  in te r leaved  wi th  
a cer ta in  number  of monolayers  of a second crys ta l  
(AlAs)  (56). This last  form of MBE crys ta l  is a type  
of mate r ia l  not formed na tura l ly .  For  the  example  
stated, i t  is an ordered  form of Al~Gal -xAs  since the 
A1 atoms appea r  on a wel l -def ined set of planes  (s im-  
i l a r ly  the Ga a toms) .  In  the usual  case (VPE, LPE, 
or MBE) the A1 and Ga atoms are  un i fo rmly  d i s t r ib -  
u ted in density, but  in a d isordered  a r rangement .  The 
ordered  form of A lxGa l -xAs  (and possibly o ther  I I I -V  
al loy sys tems) ,  and the many  forms of o rdered  dop-  
ing a r rangements  that  can be imagined may  wel l  be 
the  most  impor tan t  fea ture  of MBE and its capabi l i ty  
for growing ep i tax ia l  layers  monolayer  by  mono-  
layer.  This is also one of its l imitat ions,  its low growth  
ra te  and its inheren t  smal l  mass t ranspor t  and thus 
resul t ing l imi ted  crys ta l -s ize  capabi l i ty .  

Optical Devices 
In the ear ly  phase of t rans is tor  deve lopment  i t  was 

imagined  tha t  I I I -V  compounds, wi th  the i r  high mo-  
bilities, would make  possible h igher  speed transistors.  
This judgment  now has val idi ty ,  but  i t  did not  when 
it  was first made.  There  is l i t t le  doubt  that  i t  was 
the  l ight -emiss ion  capabi l i ty  of the I I I -V ' s  that  f inally 
encouraged thei r  l a rge-sca le  development .  This was 

pa r t i cu l a r ly  t rue  af te r  the repor t  of efficient spon-  
taneous emission from GaAs p - n  junct ions (57), and 
the subsequent  demons t ra t ion  of in f ra red  (15, 16, 18) 
and v i s ib le - red  (17) s t imula ted  emission f rom I I I -V  
p - n  junctions.  This work  made  i t  ev ident  tha t  p r ac -  
t ical  LED's in the range  f rom the in f ra red  to the red  
could be developed.  

Laser diodes.--There is ample  evidence showing 
tha t  the l ight -emiss ion  process in a d i r ec t -gap  crys ta l  
is much s t ronger  than  in an ind i rec t -gap  mater ia l .  
For  example ,  when the pressure  on (d i rec t -gap)  
G a A s l - z P z  (58) or  Inl-zGaxPl-zAsz (59) laser  diodes 
is increased,  the X indi rec t  band min ima and the  r 
d i rec t  m in imum (Fig. 1) shif t  and  approach  one  an-  
other;  as Er  --> Ex, electrons t ransfe r  f rom r to X and 
laser  opera t ion  quenches. In  the  l a t t e r  case b a n d - t o -  
band recombina t ion  (X electrons and r holes)  and the 
l ight  emi t ted  are  weak.  Di rec t -gap  crys ta l  is essent ial  
for laser  diodes and is advantageous  also in LED's. 

Al though homojunct ion  laser  diodes were  the  first 
to be constructed (15-18), nowadays  essent ia l ly  a l l  
s tudy and fu r the r  deve lopment  of these devices is 
concentra ted  on DH diodes. The two systems rece iv-  
ing most a t tent ion  are  A l ~ G a l - ~ A s - G a A s - A l x G a l - x A s  
and InP-Inl-xGaxPi-zAsz-InP. The fo rmer  is ex ten-  
s ively  discussed in Ref. (42). Rela t ive  to fur ther  
progress,  the  most  impor tan t  recent  deve lopment  is 
tha t  these devices (A1GaAs-GaAs)  have been con- 
s t ruc ted  by  MO-CVD and have opera ted  CW (300~ 
(40) and, in addit ion,  have opera ted  at  thresholds  as 
low or lower  (41) than  LPE DH laser  diodes. If these 
diodes prove to exhib i t  high re l iabi l i ty ,  then  MO- 
CVD wil l  be capable  of de l iver ing  large  quant i t ies  of 
AlzGal-xAs-GaAs-Al~Gal-xAs DH laser  diodes at  
ve ry  low cost. (This wi l l  be an in teres t ing  develop-  
ment  to watch  ir~ succeeding years  since MO-CVD has 
impl icat ions  also for a number  of o ther  devices.) 

Severa l  fea tures  make  InP-Inl-xGaxPl-zAsz-lnP DH 
diodes important .  The first is tha t  the  d i r ec t -gap  cen- 
te r  active region can be " tuned"  in composit ion to the 
wavelengths  at  which opt ical  fibers exhib i t  op t imum 
transmiss ion character is t ics  (49). Ano the r  is tha t  the 
hea t  s inking of these devices is accomplished v ia  InP, 
which is a cons iderab ly  be t t e r  hea t  conductor  than  
A1GaAs. In spite of thei r  ea r ly  state of development ,  
qua te rna ry  DH laser  diodes exhibi t  ex t r eme ly  low 
low t empera tu r e  th reshold  current  densi t ies  (60), 
which suggests that  the room t empera tu re  thresholds  
can eventua l ly  be made much lower.  Lower  thresholds,  
if real izable,  could resul t  in s impler ,  cheaper,  and  
more  re l iab le  laser  diodes. 

I t  is in teres t ing  tha t  d i r ec t -gap  In l -xGaxP l - zAsz  
is useful  also for v i s ib le - spec t rum DH laser  diodes 
(50). In  this spect ra l  region, however ,  the  qua te rna ry  

is much more  difficult to grow (61) than  at  smal le r  
energy  gaps (62) (~800 ~ vs. ~650~ For  this reason 
and because of the  possible effect of subs t ra te  
(GaAs l -yPy)  defects, v i s ib le - spec t rum qua t e rna ry  DH 
diodes have not ye t  matched  the per formance  obtained 
at  smal le r  energy gaps (~. > 1 ~m).  

Light-emitting diodes ( direct-gap ) .--Not all  d i rec t -  
gap diodes, or even the larges t  number ,  involve s t im-  
u la ted  emission (for many  optoelectronic  applicat ions,  
e.g., coupled pairs,  spontaneous emission suffices). In 
the  in f ra red  by  far  the  most  w ide ly  used ma te r i a l  
is GaAs. Homojunct ion  diodes p repa red  by  Zn diffu- 
sion into n - type  GaAs subst ra tes  are  wel l  developed 
(63) and wide ly  used. The ex te rna l  quan tum effi- 
ciency of these diodes (uncoated)  is t yp ica l ly  ,-~0.3% 
(50 mA) .  For  h igher  efficiency (~1.5%, 20 m A ) ,  Si-  
doped junct ions grown by LPE are  employed.  For  
st i l l  h igher  efficiencies (as high as 40% (64) but  
at  st i l l  g rea te r  expense)  LPE A l x G a l - ~ A s - G a A s -  
AlxGa~-xAs DH diodes have been developed.  The 
successful ( l a rge -a rea )  construct ion of this type  of 
diode (DH) by  MO-CVD (40), a l a rge -a r ea  growth  
process, raises the in teres t ing  poss ibi l i ty  tha t  high 
per fo rmance  IR LED's  wi l l  become ava i lab le  even-  
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tua l ly  at  ve ry  low cost. Also, MO-CVD makes  very  
prac t ica l  a new form of l ight  emit ter ,  a q u a n t u m - w e l l  
LED (38, 65). Depending upon current ,  these de -  
vices emit  over  a wide spect ra l  range,  including into 
the v i s ib le - red  (38, 39). 

Beyond GaAs there  is no b ina ry  I I I -V  wi th  a h igher  
energy  di rec t  bandgap.  Hence, to achieve h igher  en-  
e rgy  di rec t  gaps it is necessary to resor t  to al loys or  
mixed  I I I -V  systems.  One of these systems, GaAsl-:~Px 
(x  ,., 0.40) (17) for  var ious  reasons has become the  
i ndus t ry -w ide  s tandard  red LED mater ia l .  By  VPE it  
is possible to p repa re  GaAs l - zP~  of reasonable  qua l -  
i ty,  cheaply,  and in la rge  quant i t ies  (28). Then wi th  
the same type  of s imple  Zn-diffusion process used 
for GaAs (63), r ed -emi t t i ng  p - n  junct ions are  p re -  
pa red  in the  alloy. This resul ts  in a cheap, r e l a t ive ly  
high pe r fo rmance  red  LED. Because i t  is a l r eady  
known tha t  AlzGal -~ASl -~P~-GaAsl -zPz  he te ro junc-  
tions can be grown (43), i t  is l i ke ly  tha t  MO-CVD 
(35) can be ex tended  and be used to make  (at  low 
cost) a much h igher  per formance  vis ible  he te ro junc-  
t ion LED based on l ight  emission f rom GaAs~-zPz.  

Light -emi t t ing  diodes (indirect-gap) . - -A l though  
I n l - x G a z P  does not  become indi rec t  unt i l  x ,~ 0.73 
(59) and p re sumab ly  could be used for a d i r ec t -gap  
LED extending  to the ye l low-green ,  this a l loy sys tem 
is not  wel l  developed.  Compared  to GaAs l -zPx ,  
In~-xGazP is not  s imple  to g row nor  to p repa re  into 
good p - n  junct ions  and has been l a rge ly  ignored.  Fo r  
x > 0.4 GaAs l -~Px  (i.e., beyond the d i r ec t - ind i rec t  
t ransi t ion,  x - xe ~ 0.48) the  LED br ightness  de -  
creases (in the  orange,  yel low, and green)  as shown 
by  the dot ted  curve of Fig. 4 (66). The solut ion to 
this p rob lem (solid curve of Fig. 4) is to in t roduce  
N doping in GaAsl -~P~ to main ta in  LE,D br ightness  
f rom the red  to the  ye l low (67), and to the green  
(x  ---- 1, G a P : N )  (68). 

Ni t rogen in GaP and in GaAs l -xP~  is a sho r t - r ange  
isoelectronic t rap  wi th  a shal low binding energy. I f  
car r ie rs  a re  confined spat ia l ly ,  then  in k space they  
are  spread  out (hkAx ,.. 1). When  e]ectrons are  ex-  
cited ( in jected)  into the  X indi rec t  minima,  which is 
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Fig. 4. Brightness as a function of alloy composition for 
GaAsl-zPz diodes with and without nitrogen doping. The bright- 
ness is measured in foot-Lamberts with a drive current of 10 mA or 
10 AJcm 2, corresponding to a device area of 10 -3  cm 2 (after R.ef. 
(31). 

Fig. 5. E-k diagram of GaP:N with GaAS shown dotted for refer- 
ence. The N isoelectronic trap lies ~ 1 0  meV below the X minima, 
and ] ~N(k--0)  12~0. As the crystal composition, x, of the 
GaAsz-xPz alloy is varied and Er approaches Ex, I ~N(k=0)  i 2 
increases and attains a maximum when Er is adjusted to coincide 
with the N trap energy [after Ref. (31)]. 

the lowest  conduct ion band min ima  of Fig. 5, the  N 
t rap  captures  the car r ie rs  and, as shown by  the shaded 

. . )  

region represent ing  ~N(k),  in t roduces  a considerable  

p robab i l i t y  for  the  e lec t ron  to appea r  a t  ~ = [000], 
or  r ,  and thus recombine  wi th  a F hole. As the a l loy  
composit ion is shif ted f rom x --  1 (GAP) toward  x 
= 0 (GaAs)  and the r conduction band min imum 
approaches  EN (the t rap  leve l ) ,  this effect, known as 
band s t ruc ture  enhancement ,  increases the osci l la tor  
s t rength  for  e lec t ron-hole  recombina t ion  at  the  N 
t rap  (69). Thus, a l though the eye sens i t iv i ty  decreases 
toward  the red, the recombinat ion  rad ia t ion  is en-  
hanced and the  br ightness  of G a A s l - z P z : N  LED's is 
r easonab ly  flat (Fig. 4) f rom the red  to the  green, 
i.e., f rom x ~ 0.4 to x = 1. 

The theory  of the  behavior  of N in GaAs l -xPx  con-  
t inues to be improved  (70), but, as usual,  improve -  
ment  in LED brightness  depends more  upon improve -  
ment  in c rys ta l  growth,  doping, and junct ion  qual i ty .  
Progress  in this a rea  is now la rge ly  evolu t ionary  (66). 
I t  is in teres t ing  to speculate,  however ,  tha t  when  MO- 
CVD is ex tended  in this d i rect ion (i.e., t oward  
A1GaAsP, GaAsP,  and  A1GaAsP-GaAsP  he te ro junc-  
tions, N doping inc luded)  ma jo r  fur ther  progress  wi l l  
be real ized in LED development .  

Detectors .mp-n junct ions  and heterojunct ions  in 
I I I -V  mater ia ls ,  in addi t ion to serving as efficient l ight  
emit ters ,  also serve as efficient l ight  detectors.  In  this  
respect  they have severa l  advantages  over  an e le-  
menta l  semiconductor ,  one being thei r  high absorp-  
t ion coefficients (d i rec t -gap  crys ta l )  and another  the  
fact  that  essent ia l ly  a continuous range of energy gaps 
is possible f rom the IR to the  visible by  the ut i l iza t ion 
of alloys. In  addit ion,  they  can be convenient ly  f ab r i -  
cated into heterojunct ions,  which is impor t an t  for 
wide bandwid th  applicat ions.  Other  compound semi-  
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conductors  a re  also ve ry  impor tan t  in detector  appl i -  
cations, pa r t i cu l a r ly  at  wavelengths  longer  than about  
5.5 ~m, the long wave leng th  l imit  of InSb at  77~ and 
the long wave length  l imi t  of prac t ica l  intr insic  de-  
tectors in I I I -V  mater ia ls .  Even at  shor te r  wave -  
lengths, however ,  compound semiconductor  detectors  
such as PbSe  and PbS  are  ve ry  impor tant ,  but  since 
these detectors  a re  typ ica l ly  po lycrys ta l l ine  th in-f i lm 
devices formed by  ei ther  vacuum evapora t ion  or  
chemical  deposi t ion of some type, they  wil l  not  be 
discussed fu r the r  here.  At  the longer  wavelengths ,  
Hgz-xCdxTe and the PbSn  chalcogenides Pbz-=Sn=Te 
and Pb l -xSnxSe  are  h ighly  deve loped  single crys ta l  
compound semiconductor  al loys tha t  a re  very  useful  
for intr insic  photoconductors  and photodiodes.  De- 
tectors in these mate r ia l s  systems have recent ly  been 
rev iewed in some detai l  (71, 72) and wil l  not be dis-  
cussed fur ther  in spite of thei r  considerable  impor -  
tance for detectors  in  the  5-14 #m wavelength  range.  

Most of the impor t an t  detector  appl icat ions  of I I I -  
V compounds occur in the  near  in f ra red  spect ra l  re -  
gion, but  there  a re  two impor t an t  exceptions tha t  a re  
useful  for far  in f ra red  detectors.  The first is the  InSb 
"free e lect ron bolometer ."  The absorpt ion  mechanism 
in this de tec tor  is the free ca r r i e r  absorpt ion  of r ad ia -  
tion, which has a k2 dependence  for "short"  wave -  
lengths  and is constant  a t  long wavelengths .  For  InSb, 
the  ~2 dependence  is app rox ima te ly  t rue  for  ~ < 1 mm. 
In  most semiconductors ,  free car r ie r  absorpt ion  s imply  
contr ibutes  s l ight ly  to increasir~g the t empe ra tu r e  of 
the  sample.  However ,  in InSb at  ve ry  low t empera -  
tures  (T ~ 4.2~ a different  effect occurs. InSb has 
a ve ry  low electron effective mass and high e lect ron 
mobi l i ty  at  low tempera ture ,  and the e lect ron coupling 
to the  la t t ice  is ve ry  weak.  In  addit ion,  the e lect ron 
mobi l i ty  is energy dependent ,  so tha t  absorpt ion  of 
fa r  in f ra red  rad ia t ion  via the free car r ie r  absorpt ion  
mechanism can produce  a significant increase in the  
average  e lect ron energy  and thus a change in the  
average  e lect ron mobil i ty .  The resul t ing  change in 
conduct iv i ty  can be detected in the  same manne r  as 
o rd ina ry  photoconduct ivi ty ,  and  since the effect is 
electronic r a the r  than  thermal ,  this detector  is ca-  
pab le  of fast  response. These detectors  have been de-  
scr ibed in deta i l  by  Pu t l ey  (73), and are  wide ly  used 
in fa r  in f ra red  and submi l l ime te r  research  for wave -  
lengths  > 200 ~m. 

The o ther  I I I -V  compound f a r - i n f r a r ed  detector  is 
the  GaAs extr ins ic  photoconductor  (21). Al l  of the  
shal low donor impur i t i es  in GaAs are  ve ry  nea r ly  
hydrogenic,  wi th  ionizat ion energies of about  5.86 meV 
and Bohr  rad i i  for the g r o u n d  s tate  of about  100A, 
so tha t  ve ry  pure  ma te r i a l  is r equ i red  for the  ob-  
servat ion  of isolated impur i t y  levels. Because of the 
la rge  effort expended  in developing high pur i ty  GaAs,  
ma in ly  for Gunn-effect  applicat ions,  such ma te r i a l  is 
now read i ly  avai lable .  The ionizat ion energy  of 5.86 
meV corresponds to a photoionizat ion threshold  w a v e -  
length  of about  212 #m, but  because the  i m p u r i t y  
levels  a re  so shallow, the dominant  response of these 
detectors  at  4.2~ corresponds to the  wave leng th  or  
photon energy for  exci ta t ion  of a bound e lec t ron f rom 
the ground s tate  to the  first exc i ted  s tate  of a h y d r o -  
genic donor  (21). The photoconduct iv i ty  f rom this 
absorpt ion  resul ts  because of subsequent  the rmal  ion-  
izat ion of the  exci ted  e lec t ron into the  conduct ion 
band. This pho to the rmal  ionizat ion mechanism p ro -  
duces a photoconduct iv i ty  spec t rum wi th  a dominan t  
peak  at  282 ~m, cons iderab ly  beyond the 120 ~m long-  
wave length  threshold  for  Ge extr ins ic  photoconduct ive  
detectors.  Since this  type  of GaAs detector  is fast  and  
its peak  response falls  be tween  the long wave length  
cut-off  of Ge detectors  and the longer  wavelengths  
where  the InSb free e lect ron bolometers  have thei r  
op t imum response, they  are  a ve ry  useful  addi t ion to 
the  smal l  assor tment  of fast  detectors  in the far  in-  
f r a red  spect ra l  region (21). 

The I I I -V  compound semiconductor  detectors  in the  
near  in f ra red  spect ra l  region are  not  in genera l  ve ry  
highly  developed.  One notable  except ion is InSb, 
which has a long wave length  threshold  of about  7 ~m 
at room t empera tu re  and about  5.5 ~m at  l iquid n i t ro-  
gen tempera ture .  Photoconductor  and photoelec t ro-  
magnet ic  lnSb  detectors  have been developed and 
have recent ly  been rev iewed by Kruse  (74). Photo-  
vol taic  InSb devices have also been developed to some 
degree (75). In  addit ion,  InSb avalanche  photodiodes 
have been repor ted  (76), but  these devices have not  
been s tudied extensively.  Photodiodes  ut i l iz ing InAs 
are  avai lab le  commercia l ly ;  these devices have a long 
wave leng th  threshold  of about  3.5 #m when opera ted  
at  room tempera ture .  

Most of the o ther  I I I -V  compounds have l a rge r  
bandgaps,  and because of the  r e a d y  ava i l ab i l i ty  of 
pho tomul t ip l i e r  tubes and Si p - i - n  and avalanche 
photodiodes,  there  has been l i t t le  incent ive  to develop 
I I I -V  photodetectors  for the  same spect ra l  region. The 
absorpt ion  coefficients for  the  more  common b ina ry  
I I I -V  compound semiconductors  a re  shown in Fig. 6, 
a long wi th  the  absorpt ion  coefficients of Ge and Si 
for comparison (77). Except  for GaP,  al l  of the I I I -V  
mate r ia l s  shown have a d i rec t  bandgap  and therefore  
a ve ry  steep absorpt ion  edge. The differences be tween 
the absorpt ion  for d i rec t  and indirect  energy  gaps is 
qui te  dis t inct  when the d i rec t  absorpt ion  edges of 
I I I -V  compounds are  compared  to S i - - t h e  absorpt ion  
coefficient of Si  does not  ex tend  as high as for the  
d i rec t  bandgap  I I I -V  compounds unt i l  the  photon 
energy  is over  twice the  bandgap  energy.  (The rea -  
son for  the  more  rap id  increase  in the  absorpt ion  co- 
efficient for the ind i rec t -gap  mate r i a l s  Ge and GaP 
than  for Si is tha t  h igher  energy  direct  conduct ion 
band min ima  dominate  the  absorpt ion  in these semi-  
conductors  a t  energies only s l ight ly  above the indi rect  
energy gap) .  

Because of the r e l a t ive ly  low absorpt ion  coefficient 
of Si at  wavelengths  longer  than  about  0.8 ~m, there  
is a t rade-off  be tween the quan tum efficiency and f re-  
quency response in these devices tha t  becomes im-  
por tan t  in wide b a n d - w i d t h  appl icat ions;  the deple -  
t ion wid th  of the device mus t  be wide enough to 
absorb  a significant f rac t ion of the  incident  radiat ion,  
but  the wide deple t ion  wid th  can impose a t rans i t -  
t ime l imi t  on the  f requency  response. A t  1.06 ~an, Si 
p - i - n  detectors  capable  of a baseband  response of 10 
MHz a re  l imi ted  to an in te rna l  quan tum efffciency of 
about  85%, whi le  a base bandwid th  of 100 MHz l imi ts  
the in te rna l  quan tum efficiency to about  20% (77). 
Thus, Si is not  sui table  as a ma te r i a l  for high quan tum 
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efficiency, wide-bandwidth detectors at wavelengths 
longer than 1.06 ~m. 

Even for wavelengths shorter than 1.06 ~m, there is 
interest in I II-V materials for wide bandwidth de- 
tectors; for example, uniform high gain, low noise 
GaAs Schot tky-barr ier  avalanche photodiodes have 
been reported (78). High external  quantum effi- 
ciencies ( >~ 50% without antireflection coating) and 
short response times (,-,175 psec) at 1.06 ~m have been 
achieved with InzGa,-xAs Schottky barrier  avalanche 
photodiodes (79). These devices are also capable of 
uniform, high avalanche gains ( _> 250). Even higher 
external quantum efficiencies (~95% with antireflec- 
tion coating) b u t  smaller avalanche gains (,~10) at 
1.06 ~m have been obtained with GaAsz-zSb~ p-n 
junction detectors (80). The low device yield of 
InzGal-xAs detectors with high avalanche gain and 
the difficulty in obtaining uniform high avalanche 
gain devices with GaAsl-xSb= are probably related 
to the lattice mismatch between the GaAs substrate 
and. the alloy active layer, although in both cases grad- 
ing or buffer layers have been employed to reduce 
the number of misfit dislocations. The crystal mis- 
match is even more important  when longer wave- 
length detectors (,~1.27 #m) for the optimum fiber 
optic wavelength are considered, although uniform 
avalanche gains up to 15, pulse rise time of less than 
100 psec, and quantum efficiencies of 60% at 1.06 ~m 
and 45% at 1.27 ~m for mismatched GaA1Sb-GaSb 1.0 
to 1.4 ~m avalanche photodiodes have recently been 
reported (81). It is possible that microplasmas related 
to lattice mismatch l imit  the per formanceof  these de- 
vices. 

For longer wavelengths especially, but also for 
wavelengths close to 1.0 ~m, the quaternary In~-=Gax- 
Pt-zAsz lattice matched to InP substrates is of inter-  
est for the same reasons discussed for lasers and LED's. 
This material  is currently being investigated in many 
laboratories for applications as avalanche photodiodes. 
There have been several prel iminary reports of prom- 
ising results using this alloy (82-85). 

Another "detector" application of I II-V compound 
semiconductors that must be mentioned is that of nega- 
tive electron affinity (NEA) photozathodes. Negative 
electron affinity is obtained in compound semiconduc- 
tors by treating the surface so that an electron at the 
bottom of the conduction band in the "bulk" of the 
semiconductor has an energy greater  than the zero 
energy level of an electron in vacuum. In this situa- 
tion, then, an electron excited into the conduction 
band can be "emitted" into the vacuum if it travels 
(diffuses) to the surface without first "thermalizing" 
or recombining. Negative electron affinity in GaAs 
and other III-V compounds is obtained using a thin 
coating of CsO (,-~8A thick for GaAs) on degenerate 
p- type  [ l l l ] - B  oriented material. Quantum efficiencies 
greater than 20% have been obtained with these GaAs 
devices. 

Equally important  or perhaps even more important  
(than the GaAs NEA photocathodes) is the extension 
of photoemissive devices further into the infrared, be- 
yond the long-wavelength limit of the familiar S-1 
photocathode. The alloys InGaAs, InAsP, and InGaAsP 
and others have been studied for this application; a 
very complete review of this work as well as a general 
review of the GaAs NEA work and of classical photo- 
emissive surfaces has recently been given by Zwicker 
(86). The quantum efficiency curves for several alloy 
NEA photocathodes are given in Fig. 7. The quantum 
efficiency curve for the usual S-1 photocathode is also 
shown for comparison; it can be seen that much higher 
quantum efficiencies can be obtained in the near in- 
frared using NEA photocathodes. These curves show 
also, however, that as the long-wavelength threshold 
is extended towards longer wavelengths, the resulting 
quantum efficiency is decreased over the rest of the 
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spectral range. This ra ther  disappointing result is pre- 
sumably  due to a barr ier  which limits the emission 
probabil i ty of lower energy electrons. 

Further  extension of the long wavelength threshold 
of NEA photocathodes will probably require the de- 
velopment of a coating material  other than CsO, a ma-  
terial which does not have the limiting barrier  that 
causes the decrease in quantum efficiency with in- 
creasing long-wavelength threshold shown in Fig. 7. 
Nevertheless, these NE/k photocathodes incorporated 
in sophisticated photomultiplier structures, including 
the dynamic crossed field photomultiplier structure 
(87), provide the most sensitive infrared detectors, 
and these devices are available commercially. 

Solar cells.--Because of the magnitude of the prob- 
lem of solar energy generation, one form of light or 
radiation detector deserves special mention, the solar 
cell. Silicon is the most generally used material  in 
these applications (88), but it is by no means ideal. Its 
energy gap is too small (relative to the solar spectrum), 
its absorption coefficient also is too small (thus re-  
quiring a rather  thick layer of crystal to absorb fully 
the incident radiation),  and it is not easily or con- 
veniently formed into heterojunctions. In respect to all 
of these, GaAs is a better although more expensive 
material. 

The most important  form of I I I -V solar cell is the 
AlxGal-zAs-GaAs heterojunction (89, 90), which is 
capable of efficiencies >20% (91,92) for air  mass one 
(AM1). The main terrestr ial  application of this type 
of solar cell will be in systems utilizing solar concen- 
tration (91). GaAs solar cells are much better suited 
to this application than Si solar cells because of better 
high temperature performance. In solar concentrators, 
the cost of the cell is not the major  cost of the system; 
thus it is economically feasible to develop the highest 
efficiency cell possible since the major  cost is the con- 
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cen t ra t ing  sys tem i tself  (93). More complicated 
g r aded -bandgap  solar  cells wi th  h igher  concentra tor  
efficiencies are  being developed (94, 95); e.g., calcu-  
lat ions indicate  that  if energy  concentrat ions g rea te r  
than  1000 suns can be used, systems wi th  expensive,  
h igh per formance  solar  cells wi l l  be economical ly  vi-  
ab le  (96). Al though  the single crys ta l  A lxGa l -~As-  
GaAS he tero junc t ion  is the  most impor t an t  I I I -V  solar 
cell  at  present ,  in the fu ture  po lycrys ta l l ine  th in-f i lm 
GaAs devices may  become even more impor tan t  for 
te r res t r ia l  applications.  This poss ib i l i ty  arises because 
of the steep absorpt ion  edge of GaAs, due as discussed 
prev ious ly  to the  direct  bandgap,  and  the r e l axed  re -  
qui rements  on cell  thickness and minor i ty  car r ie r  l i fe-  
t imes and diffusion lengths compared  to indi rec t  crys-  
tals. Because of the  reduced  thickness requ i rements  
(the GaAs films need only be 1-2 ~m th ick  for ..,10% 
efficiency whi le  Si cells r equ i re  layers  10-20 ~m th ick) ,  
the amount  of GaAs mate r i a l  requi red  for these po ly -  
crys ta l l ine  cells could be cons iderably  less than  the 
amount  of Si requi red  for equal  output.  In addition, 
the ac tual  cost per  uni t  weight  for  the  GaAs ma te r i a l  
requi~ed could be less than  ~or the comparable  Si 
needed since the  ma te r i a l  requ i rements  on Si ( longer  
diffusion length  and l i fe t ime)  wil l  p robab ly  be more  
s t r ingent  than  on the GaAs (93). The deve lopment  of 
po lycrys ta l l ine  solar  cells, of e i ther  Si or GaAs,  tha t  
a re  economical  wi l l  of course depend on the deve lop-  
men t  of sui table  po lycrys ta l l ine  films on very  inex-  
pensive substrates .  

Microwave Devices 
In  addi t ion to appl icat ions  in  optical  devices, I I I -V  

compounds are  of in teres t  for use in  three  types  of 
microwave  devices. These are  Gunn effect or  t r ans -  
fe r red  e lect ron devices, impac t - ava l anche - t r a ns i t -  
t ime ( IMFATT)  devices, and field effect t ransis tors  
(FET's) .  There  are  special  bands t ruc ture  proper t ies  of 
compound semiconductors  such as GaAs and InP tha t  
make  Gunn effect devices possible. These resul t  in 
t ranspor t  effects not  present  in St. In  addit ion,  there  
a re  o ther  proper t ies  of I I I -V  crystals  such as GaAs 
and InP tha t  make  possible h igher  per formance  
IMPATT's  and FET's  compared  to s imi lar  Si devices. 
These devices and the pa r t i cu la r  fea tures  of compound 
semiconductors  r e l evan t  to t hem are  discussed in  this  
section. 

Gunn effect devices.--After the discovery of the 
tunnel  diode, there  was considerable  in teres t  in find- 
ing o ther  effects in homogeneous semiconductors  tha t  
could provide  grea te r  ranges of negat ive  resistance 
and even faster  response times. In  1962, two theo-  
re t ical  papers  were  publ i shed  that  p red ic ted  such 
a possibil i ty.  These two papers  were  based on the 
t ransfe r  of electrons froth a high mobil i ty,  low 
effect ive-mass band to a low mobil i ty,  high effective- 
mass band as a function of electr ic field (97, 98). 
In  t h e  second of these papers,  i t  was ac tua l ly  p re -  
dicted tha t  GaAs would  be a sui table  a l though not 
ideal  mater ia l .  About  two years  later ,  J. B. Gunn 
observed mic rowave  cur ren t  oscil lat ions in GaAs 
pulsed to h igh  electr ic  fields (12, 32); Kroemer  (99) 
pointed out  tha t  Gunn 's  observat ions  could be ex-  
p la ined  by the theoret ica l  papers  of Ridley and Wat -  
kins (97) and Hi lsum (98). The cur ren t  pulses ob-  
served by  Gunn, the "Gunn effect," were  due to 
t r ans i t - t ime  oscil lat ions of domains formed because 
of a negat ive  res is tance character is t ic  (100). These 
resul ts  spur red  a large  deve lopment  effort in many  
different  laborator ies ;  much of this effort has been 
devoted  to developing techniques for the  p repara t ion  
of high pur i ty  GaAs (21, 34). Wi th  the ava i lab i l i ty  
of h igher  pur i ty ,  more  un i form mater ia l ,  h igher  power  
and higher  efficiency devices have been obtained.  In  
par t icu lar ,  Copeland observed a new non t rans i t - t ime  
l imi ted  mode of operat ion,  which he t e rmed  the 
LSA ( l imi ted  space charge-accumula t ion)  mode (101). 

This work  and the resul ts  obta ined  have been re- 
viewed by Copeland (102) and by Bulman  et al. (103). 

The ear ly  theore t ica l  work  on GaAs was based 
on the t ransfer  of electrons f rom the direct  conduc-  
tion band min imum at  the  center  of the Br i l louin  
zone to the  six equiva lent  conduct ion band  min ima 
in the [100]-directions of the Br i l louin  zone. These 
min ima were  bel ieved to be closest in energy  to 
the direct  conduct ion band minimum, wi th  the eight  
equivalent  conduction band  min ima  in the  [111] d i rec-  
t ion somewhat  h igher  in energy.  Subsequent  measu re -  
ments  have shown tha t  the  energy  band s t ruc ture  
is tha t  shown in Fig. 1, where  the L conduction band  
minima are  closest in energy to the  r m in imum and 
wi th  the X minima s l ight ly  h igher  in energy (104, 
105). Most of the  ideas in  the ea r ly  theoret ica l  papers  
a re  correct,  a l though the quant i ta t ive  resul ts  p re -  
sented m a y  not  be rel iable.  Even in recent  ca lcula-  
tions of the e lect ron re laxa t ion  process in GaAs, 
only  a t w o - b a n d  model, r - X ,  is considered because 
of the s t ronger  r - X  in t e rva l l ey  sca t ter ing  (106). In  
1970, however,  before these correct ions to the  GaAs 
band s t ruc ture  were  known, Hi lsum and Rees (107) 
proposed tha t  e lect ron t ransfer  should be much more  
complete  in InP than  in GaAs, because the  L con- 
duction band min ima (in InP)  a re  closer to r and 
should have a smal l  r - L  coupling coefficient while  
the X min ima  are  h igher  in energy but  have a large  
F-X coupling coefficient. I t  was also proposed tha t  
these differences in the  e lect ron t ransfe r  involving 
the three  conduction band min ima  should lead to 
h igher  p e a k - t o - v a l l e y  veloci ty  ra t ios  and consequent ly  
h igher  efficiency t r ans fe r red -e lec t ron  mic rowave  de-  
vices, along wi th  h igher  f requency operat ion.  The 
possibi l i ty  of h igher  device per formance  in InP  de-  
vices spur red  nea r ly  as la rge  a deve lopment  effort 
in the p repara t ion  of high pur i ty  InP ma te r i a l  as 
that  for GaAs resul t ing f rom the ini t ia l  d iscovery  of 
the Gunn effect. Af te r  severa l  years  of controversy,  
it  now appears  that  in InP the r - L  deformat ion  po -  
tent ia l  coupling coefficient, ~rL, is much la rger  than  
or ig ina l ly  ant ic ipa ted  from comparison with  Ge; the re -  
fore the behavior  of InP  can be adequa te ly  expla ined  
for most purposes also in te rms of a t w o - b a n d  model  
(108). The large  amount  of deve lopment  effort ex-  

pended  on InP has confirmed, however ,  tha t  there  are 
significant differences be tween the t r ans fe r red  elec-  
t ron  effects in GaAs and InP, and tha t  InP t r ans -  
fe r red  e lect ron osci l la tors  should be capable  of h igher  
efficiency (~40% theoret ical ,  compared  to ,~25% for 
GaAs)  and h igher  f requency opera t ion  > (.~ 60 GHz 
for InP compared  t o ~  > 40 GHz for GaAs)  (109, 110). 
Fu r the r  deve lopment  of the technology of InP  m a -  
te r ia l  wil l  p robab ly  resul t  in appl icat ions  of this 
mate r ia l  in m a n y  different  mic rowave  devices. At  
present  GaAs t rans fe r red  electron osci l lators a re  r ead -  
i ly  avai lab le  commerc ia l ly  and find appl icat ions  in 
doppler  r a d a r  systems, bu rg l a r  a l a rm systems, r a d a r  
a l t imeters ,  and re la ted  systems. Devices are  genera l ly  
ava i lab le  from X band through  Ka band (,~8-40 GHz) 
for CW opera t ion  at  25-500 roW, wi th  much h igher  
pulsed power  outputs  possible. Besides these s t andard  
products,  some companies also provide  custom com- 
ponents ta i lored to pa r t i cu la r  center  frequencies,  t un -  
ing ranges, packages,  etc. 
Impatt devices.--The Gunn effect or  t r ans fe r red  elec-  

t ron  devices descr ibed above depend for the i r  opera -  
t ion on pa r t i cu la r  fea tures  of the  conduct ion band 
tha t  can best  be obta ined in I I I -V  compound semi-  
conductors. Impa c t - a va l a nc he - t r a ns i t - t ime  ( IMPATT)  
devices, on the other  hand, depend on impact  ioniza-  
t ion or ava lanche  b r eakdown  tha t  can occur in a l l  
semiconductors.  However ,  the source of the negat ive  
resistance is not  as c lear  as i t  is in the ca se  of 
t rans fe r red  e lect ron devices. The opera t ion  of IMPATT 
or "Read" diodes was first descr ibed theore t ica l ly  
in 1958 (111), and microwave  IMPATT osci l lat ions 
were  first r epor ted  in  1965 in work  ut i l iz ing sil icon 
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diodes that  had  been fabr ica ted  some 10 years  ear l ie r  
(112). The negat ive  resis tance in this type  of device 
resul ts  f rom a 180 ~ phase  de lay  be tween  the appl ied  
vol tage  and the cur ren t  th rough  the device. 90% 
of the  phase  shif t  occurs because of the  ava lanche  
in jec t ion  mechanism and the o ther  90 ~ occurs be -  
cause of the dr i f t  of the in jec ted  charge  th rough  
a high field region. Most IMPATT devices a re  st i l l  
made  of Si, which has h igher  the rmal  conduct iv i ty  
than  the I I I -V  compounds and which  also provides  
devices tha t  have  good re l iabi l i ty .  HoweVer, Si IMPATT 
devices a re  also ve ry  noisy, as is expected  for any  
ava lanche  device;  on the  o ther  hand, GaAs IMPATT 
devices appea r  to be capable  of lower  noise and 
h igher  efficiency per fo rmance  than  Si IMPATT's .  The 
reasons for  this a re  not  wel l  unders tood,  but  a re  
ce r ta in ly  re la ted  to the  h igher  peak  dr i f t  veloci ty  
for  e lect rons  in GaAs and to the  differences in  the  
impac t  ionizat ion coefficients for  electrons and holes 
for  Si and  GaAs. For  the  opera t ing  fields and t e m p e r a -  
tures  presen t  in IMPATT diodes, i t  is p robab le  tha t  
the  e lec t ron  and hole impac t  ionizat ion coefficients 
in  GaAs are  nea r ly  equal.  This resul ts  in a na r rower  
ava lanche  zone and h igher  efficiency for GaAs  com- 
pa red  to Si. To date, the  h ighest  powers,  h ighest  
efficiencies, and  lowest  noise measured  for IMPATT 
diodes have been ob ta ined  wi th  GaAs (113). The 
deve lopment  of GaAs IMPATT devices continues to 
be an act ive a rea  of device research,  and special  
doping profiles ( low-h igh- low,  double-dr i f t ,  etc.) a re  
ut i l ized to increase  the  efficiency; annu la r  diodes are  
used to reduce the t he rma l  resis tance and compensate  
for  'the lower  the rmal  conduct iv i ty  of GaAs (114). 

Microwave transistors.--Transistors, not  to be for -  
gotten, offer another  poss ib i l i ty  for  the  genera t ion  
and amplif icat ion of mic rowave  signals. I t  was r ea l -  
ized as ea r ly  as 1958 tha t  GaAs could have  significant 
advantages  as a high frequency,  h igh t empe ra tu r e  
t rans is tor  ma te r i a l  because of i ts high mobi l i ty  and 
wide bandgap.  However ,  b ipo la r  GaAs t ransis tors  have  
fa l len  far  shor t  of the pe r fo rmance  expected (115). 
This fa i lure  is due p r i m a r i l y  to the  presence of minor -  
i ty  ca r r i e r  t r app ing  states  in  the  base regions of 
these transistors.  The grea t  improvements  in the 
qua l i ty  of GaAs ma te r i a l  over  the past  few years  
m a y  lead to a fu ture  reconsidera t ion  of GaAs b ipolar  
or  he te ro junc t ion  b ipo la r  t ransistors ,  but  now the 
mos~ impor t an t  GaAs t rans is tor  and p robab ly  the 
mosl~ impor t an t  h igh f requency  t rans is tor  of any  type  
is the  GaAs field effect t rans i s tor  (FET) .  At  present ,  
GaAs FET's  have h igher  gain and lower  noise than  
any  o ther  device in the  f requency  range from 4 to 
20 GHz. At  frequencies h igher  than  about  6 GHz, 
GaAs FET's  a re  also capable  of g rea te r  power  output  
than  Si b ipolar  transistors.  

There  are  three  types  of FET's  in use: (i)  the  
junc t ion -FET ( J F E T ) ;  (ii) the me ta l -ox ide - semicon -  
duc to r -FET (MOSFET) ,  which is also sometimes re -  
fe r red  to as the i n su l a t ed -ga t e -FET  ( IGFET) ;  and 
(iii) the  me ta l - s emiconduc to r -FET  (MESFET)  or  
Scho t tky -ga te -FET.  Of these three  types,  i t  is the 
GaAs MESFET tha t  is most  impor t an t  for  microwave  
applicat ions.  I t  has of ten been pointed out tha t  
S c h o t t k y - b a r r i e r  gates a re  very  useful  in (compound)  
semiconductors  where  (in many  cases) i t  is difficult 
to form p - n  junctions,  and that  the opera t ion  of a 
S c h o t t k y - b a r r i e r  gate FET (MESFET)  is the same 
as the  opera t ion  of a dep le t ion-mode  JFET.  However ,  
there  is an addi t ional  advan tage  in the use of a 
S c h o t t k y - b a r r i e r  gate for mic rowave  applicat ions.  In 
the  S c h o t t k y - b a r r i e r  gate the cur ren t  is car r ied  by 
ma jo r i t y  carr iers ,  and thus the f requency  response 
is not  l imi ted  by  minor i ty  car r ie r  recombina t ion  and 
minor i ty  ca r r i e r  t raps  as it  is in p - n  junct ion devices. 
This is especial ly  impor t an t  for compound semicon-  
ductor  devices. 

A schematic  d i ag ram of a GaAs MESFET s t ruc ture  
is shown in Fig. 8. The act ive GaAs ma te r i a l  consists 

Fig. 8. Schematic cross section of a GaAs MESFET structuru 

of a thin (d ~ 0.3-0.7 #m) ep i tax ia l  l aye r  wi th  a net  
donor concentra t ion in the 4 • I0 Is cm-~-2.5 • 1017 
cm -3 range.  The mobi l i ty  a n d / o r  the sa tu ra ted  dr i f t  
veloci ty  of the  electrons in this ep i tax ia l  l aye r  is 
impor tan t ,  because for shor t  gate  devices, the  cut-off  
f requency is d i rec t ly  p ropor t iona l  to the dr i f t  velocity.  
In  o rder  to grow thin  ep i tax ia l  layers  wi th  the highest  
mobil i ty ,  i t  is necessary to grow high res is t iv i ty  buffer 
layers.  The buffer l aye r  is more  impor tant ,  however ,  
for low noise per formance  than i t  is for high f re -  
quency response. This is p r e sumab ly  due to excess 
noise f rom t raps  in the  semi- insu la t ing  subs t ra te  tha t  
is minimized  when high pu r i t y  buffer layers  wi th  
t rap  concentrat ions much lower  than  in the subs t ra te  
a re  used. These buffer layers ,  as wel l  as the  act ive 
layer ,  are  usua l ly  g rown using the Hs-Ga-AsCls  VPE 
growth  technique descr ibed previously,  but  modified 
(116) to pe rmi t  easy  control  of the  res is t iv i ty  of the  
g rown layers  by  using the AsCla mole  fract ion effect 
for  reducing the res idual  background  doping level  
in the  buffer l aye r  (117). The h igh  res is t iv i ty  buffer 
layers  are  obta ined  in this technique th rough  compen-  
sat ion by  out-diffusion of acceptor  impur i t ies  f rom the 
semi- insu la t ing  subs t ra te  dur ing  growth.  

The o ther  factor  tha t  s t rongly  influences the f re-  
quency response of the  MESFET is the  effective gate 
length. For  low noise microwave  FET's,  the  cur ren t  
s t a t e - o f - t h e - a r t  gate length  is about  0.5 ~m, which  is 
obta ined using 10:1 reduct ion opt ical  pro jec t ion  photo-  
l i thography.  The layout  and a SEM photograph  of the  
gate s t ruc ture  of a low noise GaAs  MESFET fab r i -  
cated at Bell  Labora tor ies  are  shown in Fig. 9 (118). 
The device consists of two 250 ~m wide, 0.6-0.8 ~m 
long A1 S c h o t t k y - b a r r i e r  gates. The source -dra in  
spacing is about  3 #m. The s t ruc ture  of h i g h  power  
MESFET's  is s imilar ,  except  that  the gate lengths 
a re  not  so shor t  ( typ ica l ly  ~,2 ~m) and  the to ta l  
gate width,  which var ies  f rom 1 to about  15 ram, 
is obta ined with  mul t ip le  gates about  250 ;,m wide. 
Other  labora tor ies  or  companies ut i l ize s imi lar  s t ruc-  
tures. Buffer layers  a re  a lmost  a lways  used in low 
noise microwave  devices u t i l iz ing  vapor  phase epi -  
tax ia l  act ive layers,  but  not  necessar i ly  for high 
power  devices. However ,  the  use of buffer  l ayers  
in power  devices e l iminates  the "looping" often ob-  
served in d -c  cu r ren t -vo l t age  characterist ics,  p r e sum-  
ab ly  because of fewer  t raps  in the  act ive l aye r  when 
buffer l ayers  are  used. Very  good low noise resul ts  
have also been obta ined  by  severa l  labora tor ies  (Avan-  
tek, Hughes, and  Rockwel l )  wi th  MESFET's  fabr ica ted  
f rom bu lk  semi- insu la t ing  GaAs in which the con- 
duct ing channels  have been formed by  di rec t  ion 
implana t ion  (sul fur  for example )  into "special ly  qua l -  
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Fig. 9. Layout and high magnl- 
fication SEM photograph of the 
gate structure of a low noise 
GaAs MESFET fabricated at Bell 
Laboratories (provided by J. V. 
DiL.orenzo). 

ified" Cr -doped  wafers.  This would  c lear ly  be a de-  
s i rable  way  of fabr ica t ing  MESFET's,  and much work  
is in progress  to develop re l iab le  Cr -doped  bu lk  
semi- insu la t ing  mater ia l .  MBE is another  obvious 
crys ta l  g rowth  method tha t  is pa r t i cu l a r ly  well  sui ted 
to the p repara t ion  of thin ep i tax ia l  layers  as requi red  
for GaAs MESFET's,  but  noise figure resul ts  so far  
indicate  the  MBE mate r i a l  is infer ior  to both VPE 
and ion - implan ted  mater ia l .  

Since the  shor t  gate  microwave  MESFET's  a re  
r ea l ly  hot  e lec t ron devices, and  since the cut-off f re -  
quency of these devices for a given geomet ry  is 
usual ly  de te rmined  by  the dr i f t  velocity,  there  is 
the possibi l i ty  tha t  InP might  be an even more  sui t -  
able  microwave  FET ma te r i a l  than  GaAs. The peak  
ca r r i e r  veloci ty  for  InP is about  25% grea ter  than  
for GaAs, even at  the doping levels  (n ~ 1017 cm -3) 
used for FET channels.  There  have been some pre -  
l imina ry  resul ts  o n  InP  MESFET's  (119) which in-  
dicated a cut-off f requency  about  1.5 t imes higher  
than  GaAs, but  o ther  proper t ies  (noise figure, gate-  
d ra in  capaci tance)  were  infer ior  to GaAs MESFET's.  
There  is a considerable  effort in many  different l ab-  
orator ies  to develop h i g h e r  qual i ty  InP mate r i a l  
and  low noise microwave  InP FET's.  Other  even less 
wel l  developed mater ia ls ,  such as pa r t i cu la r  composi-  
tions of the qua te rna ry  InGaAsP  (120), may  be even 
more sui table  for high f requency F E T ' s  because of 
the poss ib i l i ty  of s t i l l  h igher  peak  dr i f t  velocities. 
There  is cur ren t ly  considerable  work  on this qua te r -  
na ry  semiconductor  to develop the requ i red  mate r ia l s  
technology. 

New Developments 
The recent  improvemen t  in GaAs, GaA1As, and InP 

mater ia l s  p repa ra t ion  has been both produced by  the 
needs of the laser,  LED, Gunn effect, IMPATT, and 
FET device appl icat ions  discussed and has in tu rn  
been responsible  for the advances in per formance  of 
these devices. Al though it is s t i l l  not  possible to 
p repa re  GaAs ma te r i a l  as .uniform over  large  areas  
or  as cheap as Si, the  rap id  advances ' t ha t  have been  
made in I I I -V  crys ta l  g rowth  make  i t  possible to 
consider new appl icat ions  that  were  prev ious ly  un-  
reasonable.  

One of the most exci t ing and poten t ia l ly  most im-  
por tan t  of these appl icat ions  is in d igi ta l  in tegra ted  
circuits (121) that  employ  the high speed GaAs 
MESFET's  descr ibed above. In  these circuits, the high 
electron mobi l i ty  and ma jo r i ty  car r ie r  opera t ion  have 
made  possible switching speeds of less than  100 psec 
and, equal ly  impor tant ,  these switching speeds have 
been obta ined at  ve ry  low power  levels, as low as 
0.5 mW/ga te .  Equal ly  low power  requ i rements  have 
also been obta ined  using enhancement -mode  GaAs 
JFET ' s  or  MESFET's  (122), a l though the expe r imen ta l  
switching speeds obta ined wi th  this approach have  
not been quite as good. 

For  compat ib i l i ty  wi th  la rge  scale in tegra ted  (LSI)  
d igi ta l  circuits,  i t  is impor t an t  tha t  the MESFET 
threshold  vol tage be very  uniform, and that  different  
active regions can be fabr ica ted  and isolated on the 
same chip as is done in Si LSI  circuits. Both of 
these requ i rements  have been met  using i on - imp lan t a -  
t ion into insula t ing GaAs subst ra tes  (123). In  deve l -  
oping GaAs  digi ta l  in tegra ted  circuits  tha t  a re  com- 
pa t ib le  wi th  LSI, workers  at  Rockwel l  have ut i l ized 
Schot tky  d iode-FET logic, which employs  very  small ,  
low capaci tance Schot tky  diodes for  most  logic func-  
tions. Where invers ion a n d / o r  gain is required,  GaAs 
MESFET's  a re  used. The use of diode logic is de-  
s i rable  for LSI, because diodes are  ve ry  smal l  and 
r eqmre  only a f ract ion of the chip a rea  necessary  
for MESFET's .  The ion- implan ta t ion  fabr ica t ion  proc-  
ess developed by Rockwel l  uti l izes t w o  different  types  
of imp lan t s - -one  opt imized for  the Schot tky  ba r r i e r  
logic diodes, and the other  opt imized for  the GaAs 
MESFET channels.  The ion implan ta t ion  masks  used 
for  these in tegra ted  circuits  a re  a r ranged  so that  the 
source and dra in  contacts of the MESFET's,  and  s im-  
i l a r ly  the cathode contacts of the  logic diodes, receive 
both implants ,  thus y ie ld ing  m a x i m u m  doping in these 
areas. Schot tky  diode MESFET r ing osci l la tors  have 
been bui l t  wi th  p ropaga t ion  delays  as low as 82 psec 
and with  speed-power  products  in the  200-250 fJ  
range. These p r e l im ina ry  resul ts  indicate  the po ten-  
t ia l  of LSt  GaAs technology in high speed processor  
or  computer  appl icat ions  tha t  cannot  be satisfied by  
higher  power  a n d / o r  lower  speed Si digi ta l  circuits.  
There  wil l  undoub ted ly  be many  rap id  advances  in 
this  technology. 

Another  successful Si  "device" tha t  has not  been 
feasible prev ious ly  in GaAs because of ma te r i a l  l imi t a -  
tions, but  now shows promise,  is the charge  coupled 
device or  CCD (124). Sil icon CCD's a re  finding wide 
appl icat ions  in semiconductor  memories  and in imag-  
ing applicat ions.  The m a x i m u m  clocking f requency  
in CCD's mus t  be low enough to accomplish  complete  
charge t ransfe r  be tween  ad jacen t  wel ls  wi th in  one 
clock period. Since the electr ic  field be tween the 
potent ia l  wel ls  is small ,  the car r ie r  t ransfe r  is l imi ted  
by  the low field e lect ron mobi l i ty  r a the r  than  the 
sa tu ra ted  dr i f t  velocity.  Thus the h igher  e lect ron mo-  
b i l i ty  of GaAs and other  I I I -V  compounds should 
make  higher  speed CCD devices possible. Clock f re -  
quencies as high as severa l  hundred  MHz are  used 
for Si CCD's; cooled Si CCD's, wi th  h igher  e lect ron 
mobil i ty,  have been opera ted  at  f requencies  approach-  
ing 1 GHz (125). For  CCD's to be useful, however ,  
high f requency FET amplif iers  on the same subs t ra te  
are  essential.  The h ighly  developed S i - in t eg ra t ed  c i r -  
cuit  technology has cont r ibuted  grea t ly  to the suc-  
cess of CCD's, but  the r e l a t ive ly  low cutoff f requency  
of Si FET's  also l imits  the  upper  f requency of p r a c -  
t ical  Si CCD's to about  100 MHz. The capabi l i ty  
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of fabricating high frequency GaAs MESFET's and 
the high electron mobility of GaAs should make GaAs 
CCD's with multi-GHz clocking frequencies possible. 
In fact, recently a Schottky-barrier gate, buried- 
channel GaAs CCD has been demonstrated (126). It 
is certain there will be further developments in this 
area, and, in general, in the use of GaAs in LSI. 

Tlie rate at which "new developments" in III-V 
materials and devices are occurring is high and gives 
no hint of slowing down. No attempt will be made 
here to predict the wide range of future develop- 
ments that are apt to occur; to some extent these 
have already been suggested in the material pre- 
sented in this review. Just to recall several examples, 
MBE gives promise of making possible new classes 
of materials, and thus devices, that are assembled 
monolayer by monolayer. Within certain limits this 
will make possible not only thin layers but ordered 
rather than disordered crystals, at least in one dimen- 
sion. Similarly, MO-CVD, which can probably be 
extended beyond GaAs and A1GaAs, is capable of 
producing rather amazing layered heterostructures, 
w~Lth individual layers well under 50A thick. Besides 
being a practical way to fabricate LED devices that 
exhibit quantum size effects, as well as high quantum 
efficiencies even at low currents (0.6%, 1 mA) (38), 
MO-CVD has already made possible a Bragg-reflector 
AIGaAs-GaAs laser diode, with 28 reflecting layers 
on one side and 28 on the other side of the GaAs 
active layer, which emits a narrow beam (127). The 
MO-CVD crystal growth process, even in this early 
state of development, gives promise of leading to a 
large family of devices. 

From the few examples cited here and the more 
extensive presentation above it is clear that III-V 
materials are already very important in electronics, 
and give every promise of growing further in use 
and importance. 

There are, of course, other compound materials that 
are important in various applications. As explained 
in the beginning of this article, these materials are 
not considered in this review. The reader is referred 
to the literature, for example, Ref. (128), for examples 
of other compound materials that are of interest 
in research studies. It will be obvious that the style 
and character of much of this work follows what 
is now standard practice with III-V materials. 

Acknowledgments 
We are grateful to a number of our colleagues for 

their help in assembling this material. We wish to 
mention: M. G. Craford, D. L. Keune, J. A. Rossi 
(Monsanto Company), J. J. Coleman, J. V. DiLorenzo 
(Bell Laboratories), R. D. Dupuis, P. D. Dapkus (Rock- 
Well International), and Y. S. Moroz. Also, we thank 
John Bardeen for some early Si history [Ref. (7)]. 
We wish to thank also the following agencies for 
support: National Science Foundation, Advanced Re- 
search Projects Agency (DoD), the Office of Naval 
Research, and Air Force Office of Scientific Research. 

R E F E R E N C E S  
1. J. Bardeen and W. H. Brattain, Phys. Rev., 74, 230 

(1948). 
2. J. Bardeen and W. H. Brattain" ibid., 75, 1208 

(1949). 
3. W. Shockley, Bell Syst. Tech. J., 28, 435 (1949). 
4. G. K. Teal, IEEE Trans. Electron Devices, ed-$3, 

621 (1976). 
5. W. G. Pfann, J. Metals, 4, 861 (1952). 
6. R. D. Deslattes, A. Henins, R. M. Schoonover, C. L. 

Carroll, and H. A. Bowman, Phys. Rev. Lett., 
36, 898 (1976). 

7. J. Bardeen, Private communication; See also 
J. Bardeen and G. L. Pearson, Phys. Rev., 75, 
865 (1949). 

8. J. M. Goldey, M. Tanenbaum, and N. Holonyak, 
Jr., Abstract 64, p. 133, The Electrochemical 
Society Enlarged Abstracts, Electronics Divi- 
sion, Spring Meeting, May 12-16, 1957. 

9. J. L. Moll, M. Tanenbaum, J. M. Goldey, and 
N. Holonyak, Jr., Proc. IRE, 44, 1174 (1956). 

10. C. J. ~ rosch and L. Derick, This Journal, 1{}4, 547 
(1957). 

11. This was not emphasized in Ref. (10) but is part 
of the original internal BTL memorandum (55- 
113-23, June 14, 1955) on which Ref. (10) is 
based. This information was disseminated 
widely in industry by BTL members of tech- 
nical staff who changed employment. 

12. J. B. Gunn, IEEE Trans. Electron Devices, ed-23, 
705 (1976). 

13. As much as is known about Si, there is still o n e  
form of hdmojunction that is still of rather poor 
quality in this system: tunnel junctions. The 
ratio of the peak tunnel current to the valley 
current can exceed 4:1 by a little (not much), 
but has not approached the high values typical 
of Ge or GaAs. See, for example, N. Holonyak, 
Jr. and I. A. Lesk, Proc. IRE, 48, 1405 (19U0). 

14. We adopt the premise that the p-n junction is 
fundamental to semiconductor electronics. 

15. R. N. Hall, G. E. Fenner, J. D. Kingsley, T. J. 
Soltys, and R. O. Carlson, Phys. Rev. Left., 
9, 366 (1962). 

16. M. I. Nathan, W. P. Dumke, G. Burns, F. H. Dill, 
Jr., and G. J. Lasher, Appl. Phys. Lett., 1, 62 
(1962). 

17. N. Holonyak, Jr. and S. F. Bevacqua, ibid., 1, 82 
(1962). 

18. T. M. Quist, R. H. Rediker, R. J. Keyes, W. E. 
Krag, B. Lax, A. L. McWhorter, and H. J. 
Zeiger, ibid., 1, 91 (1962). 

19. H. M. Macksey, T. G. Blocker, and F. H. Doer- 
beck, Electron. Left., 13, 312 (1977). 

20. "Hot Electrons in Semiconductors," Int. Conf., 
July, 1977, Denton, Texas, in Solid-State Elec- 
tron., 21, pp. 1-323 (Jan., 1978). 

21. C. M. Wolfe, G. E. Stillman, and J. O. Dimmock, 
J. Appl. Phys., 41, 504 (1970). See also, G. E. 
Stillman, C. M. Wolfe, and J. O. Dimmock, in 
"Semiconductors and Semimetals," Vol. 12, 
R. K. Willardson and A. C. Beer, Editors, pp, 
169-290, Academic Press, New York (1977). 

22. K. T. Ip, L. F. Eastman, and V. L. Wrick, Electron. 
Lett., 13, 682 (1977). 

23. For example, see Proc. Fifth Int. Conf. Crystal 
Growth, July, 1977, Cambridge, Mass., in 
J. Crystal Growth, 42, pp. 1-662 (Dec., 1977). 

24. J. B. Mullin, R. J. Heritage, C. H. Holliday, and 
B. W. Straughan, ibid., 3, 281 (1968). 

25. J. Marinace, IEEE Solid State Device Research 
Conf., Pittsburgh, IEEE, New York, June, 1960. 

26. N. Holonyak, Jr., D. C. Jillson, and S. F. Bevacqua, 
AIME Conf., Aug., 1961, Los Angeles, in "Met- 
allurgy of Semiconductor Materials," pp. 49-59, 
J. B. Schroeder, Editor, Wiley-Interscience, 
New York (1962). 

27. R. A. Ruehrwein, U.S. Pat. 3,214,205 (1965). 
28. J. W. Burd, Trans. Met. Soc. AIME, 245, 271 

(1969). 
29. M. G. Craford, in "Progress in Solid State Chem- 

istry," Vol. 8, J. O. McCaldin and G. A. Somor- 
jai, Editors, pp. 127-165, Pergamon Press, New 
York (1973). 

30. M. G. Craford and W. O. Groves, Proc. IEEE, 61, 
862 (1973). 

31. M. G. Craford and N. Holonyak, Jr., in "Optical 
Properties of Solids: New Developments," B. O. 
Seraphin, Editor, pp. 187-253, North-Holland, 
Amsterdam (1976). 

32. J. B. Gunn, Solid State Commun., 1, 88 (1963). 
33. J. R. Knight, D. Effer, and P. R. Evans, Solid- 

State Electron., 8, 178 (1965). 
34. C. M. Wolfe and G. E. Stillman, "Proc. 3rd Int. 

Symp. GaAs, pp. 3-17, Inst. Physics, London 
(1971). 

35. R, D. Dupuis and P. D. Dapkus, Appl. Phys. Left., 
31, 466 (1977). 

36. R. D. Dupuis and P. D. Dapkus, ibid., 31, 839 
(1977). 

37. R. D. Dupuis, P. D. Dapkus, and L. A. Moudy, 
IEEE Int. Electron Device Meeting, Dec., 1977, 
Washington, D.C. 

38. R. D. Dupuis, P. D. Dapkus, N. Holonyak, Jr., 
E. A. Rezek, and R. Chin, Appl. Phys. Let~., 
32, 295 (1978). 

39. R. M. Kolbas, N. Holonyak, Jr., R. D. Dupuis, and 
P. D. Dapkus, Pis'ma Zh. Tekh. Fiz., 4, 69 



498C J. Electrochem. Soc.: REVIEWS AND NEWS December 1978 

(1978), Sov. Tech. Phys. Lett., 4, (1978). 
40. R. D. Dupuis and P. D. Dapkus, Appl. Phys. Lett., 

32, 406 (1978). 
41. R. D. Dupuis and P. D. Dapkus, ibid., 32, 473 

(1978). 
42. H. C. Casey, Jr. and M. B. Panish, "Heterostruc- 

ture Lasers," Academic Press, New York 
(1978); See also, H. Kressel and J. K. Butler, 
"Semiconductor Lasers and Heterojunction 
LED's," Academic Press, New York (1978). 

43. R. D. Burnham, N. Holonya'k, Jr., and D. R. 
Scifres, Appl. Phys. Lett., 17, 455 (1970); R. D. 
Burnham, N. Holonyak, Jr., H. W. Korb, H. M. 
Macksey, D. R. Scifres, J. B. Woodhouse, and 
Zh. I. Alf~rov, ibid., 19, 25 (1971). 

44. K. Sugiyama, H. Kojima. H. Enda, and M. Shibata, 
Jpn. J. Appl. Phys., 16, 2197 (1977). 

45. Zh. I. All,roy, V. M. Andreev, D. Z. Garbuzov, 
Yu. V. Zhilyaev, E. P. Morozov, E. L. Portnoi, 
and V. G. Trofim, Fiz. Tekh. Poluprovod., 4, 
1826 (1970), Sony. Phys.-Semicond., 4, 1573 
(1971). 

46. I. Hayashi, M. B. Panish, P. W. Foy, and 
S. Sumski, Appl. Phys. Lett., 17, 109 (1970). 

47. J. S. Jayson, R. Z. Bachrach, P. D. Dapkus, and 
N. E. Schumaker, Phys. Rev., B6, 2357 (1972); 
See also C. Weyrich, G. H. Winstel, K. Mettler, 
and M. Plihal, "Inst. Phys. Conf. Serv. No. 24," 
pp. 145-154, London (1975). 

48. R. A. Logan, H. G. White, and W. Wiegmann, 
So~id-State Electron, 14, 55 (1971). 

49. J. A. Rossi, J. J. Hsieh, and J. P. Donnelly, Conf. 
on GaAs and Related Compounds, Sept., 1976, 
St. Louis, in "Inst. Phys. Conf. Ser. No. 33b," 
L. F. Eastman, Editor, pp. 303-310, London 
(1977). 

50. J. J. Coleman, N. Holonyak, Jr., M. J. Ludowise, 
and P. D. Wright, J. Appl. Phys., 47, 2015 (1976). 

51. H. Nelson, RCA Rev., 24, 603 (1963). 
52. J. M. Woodall, H. Rupprecht, and G. D. Pettit, 

IEEE Solid State Dev. Res. Conf., June, 1967, 
Santa Barbara, Calif.; H. Rupprecht, J. M. 
Woodall, and G. D. Pettit, AppL Phys. Lett., 
11, 81 (1967). 

53. H. Rupprecht, J. M. Woodall, K. Konnerth, and 
G. D. Pettit, ibid., 9, 221 (1966); See also K. H. 
Zschauer, in "Festkjrper Probleme XV," "Ad- 
vances in Solid State Physics," H. V. Queisser 
Editor, pp. 1-20, Pergamon-Vieweg, New York 
(1975). 

54. A. Y. Cho and J. R. Arthur, Jr.. in "Progress in 
Solid State Chemistry," Vol. 10, J. O. McCaldin 
and G. A. Somorjai, Editors, pp. 157-191, Per- 
gamon Press, New York (1975). 

55. R. Dingle, in "Festk6rper Probleme XV," "Ad- 
vances in Solid State Physics," H. V. Queisser, 
Editor, pp. 21-48, Pergamon-Vieweg, New York 
(1975). 

56. A. C. Gossard, P. M. Petroff, W. Wiegmann, 
R. Dingle, and A. Savage, Appl. Phys. Lett., 
29, 323 (1976). 

57. R. J. Keyes and T. M. Quist, Proc. IRE, 50, 1822 
(1962). 

58. T. A. Fulton, D. B. Fitchen, and G. E. Fenner, 
Appl. Phys. Lett., 4, 9 (1964). 

59. R. J. Nelson, N. Holonyak, Jr., W. R. Hitchens, 
D. Lazarus, and M. Altarelli, Solid State Com- 
mun., 18, 321 (1976). 

60. Zh. I. Alf~rov, A. T. Gorelenok, P. S. Kop'ev, 
V.N. Mdivani, and V. K. Tibilov, Pis'ma Zh. 
Te~h. Fiz., 3, 1169 (1977), Sov. Tech. Phys. 
Lett., 3, 481 (1977). 

61. J. J. Coleman, N. Holonyak, Jr., and M. J. Ludo- 
wise, Appl. Phys. Lett., 28, 363 (1976). 

62. P. D. Wright, E. A. Rezek, N. Holonyak, Jr., G. E. 
Stillman, J. A. Rossi, and W. O. Groves, ibid., 
$1, 40 (1977). 

63. A. H. Herzog, D. L. Keune, and M. G. Craford, 
J. Appl. Phys., 43, 600 (1972). 

64. Zh. I. Alf~rov. V. M. Andreev, D. Z. Garbuzov, 
N. Yu. Davidyuk, B. V. Pushnyi, and L. T. 
Chichua, Pis'ma Zh. Tekh. Fiz., 3, 657 (1977), 
Sov. Tech. Phys. Lett., 3, 267 (1977). 

65. E. A. Rezek, H. Shichijo, B. A. Vojak, and 
N. Holonyak, Jr., Appl. Phys. Lett., 31, 534 
(1977). 

66. Note that peak brightnesses are now higher than 
when Fig. 4 was drawn. See M. G. Craford, 

"Conf. Record 1976 Biennial Display Conf.," 
p. 66, Society for Information Display (SID). 

67. W. O. Groves, A. H. Herzog, and M. G. Craford, 
Appt. Phys. Left., 19, 184 (1971). 

68. D. G. Thomas, J. J. Hopfield, and C. J. Frosch, 
Phys. Rev. Lett., 15, 857 (1965). 

69. J. C. Campbell, N. Holonyak, Jr., M. G. Craford, 
and D. L. Keune, J. AppL Phys., 45, 4543 (1974). 

70. G. G. Kleiman and M. F. Decker, Phys. Rev. B, 
17, 924 (1978). 

71. I. Melngailis and T. C. Harmon, in "Semiconduc- 
tors and Semimetals," Vol. 5, R. K. Willard- 
~on and A. C. Beer, Editors, pp. 111-174, Aca- 
demic Press, New York (1970). 

72. D. Long and J. Schmit, in ibid., pp. 175-255. 
73. E. H. Putley, in ibid., Vol. 1, pp. 289-313; and in 

ibid., Vol. 12, pp. 143-168. 
74. P.W. Kruse, in ibid., Vol. 5, pp. 15-83. 
75. F. F. Rieke, L. H. DeVaux, and A. J. Tuzzolini, 

Proc. Int. Radio Eng., 47, 1475 (1959). 
76. R. D. Baertsch, J. Appl. Phys., 38, 4267 (1967). 
77. G. E. Stillman and C. M. Wolfe, in "Semiconduc- 

tors and Semimetals," Vol. 12, R. K. Willardson 
and A. C. Beer, Editors~ pp. 291-393, Aca- 
demic Press, New York (1977). 

78. W. T. Lindley, R. J. Fhelan, Jr., C. M. Wolfe, and 
A. G. Foyt, Appl. Phys. Lett., 14, 197 (1969). 

79. G. E. Stillman, C. M. Wolfe, A. G. Foyt, and W. T. 
Lindley, ibid., 24,8 (1974). 

80. R. C. Eden, Proc. IEEE, 63, 32 (1975). 
81. H. D. Law, L. R. Tomasette, K. Nakano, and J. S. 

Harris, Post-Deadline Paper PD2, Topical 
Meeting on Integrated and Guided Wave Optics, 
Salt Lake City, IEEE, New York (1978). 

82. C. E. Hurwitz and J. J. Hsieh, Paper MC1, Digest 
of Technical Papers, Topical Meeting on In- 
tegrated and Guided Wave Optics, Salt Lake 
City, IEEE, New York (1978); C. E. Hurwitz 
and J. J. Hsieh, Appl. Phys. Lett., 32, 487 (1978). 

83. T. P. Pearsall, Paper MC2, Digest of Technical 
Papers, Topical Meeting on Integrated and 
Guided Wave Optics, Salt Lake City, IEEE, 
New York (1978). 

84. H. H. Wieder, A. R. Clawson, and G. E. McWil- 
liams, Appl. Phys. Lett., 31, 468 (1977); A. tL 
Clawson, W. Y. Lum, G. E. McWilliams, and 
H. H. Wieder, ibid., 32, 549 (1978). 

85. M. Feng, T. Windhorn, M. M. Tashima, and G. E. 
Stillman, ibid., 32, 758 (1978). 

86. H. R. Zwicker, in "Optical and Infrared Detec- 
tors," Vol. 19, R. J. Keyes, Editor, pp. 149-196, 
Springer-Verlag, New York (1977). 

87. O. L. Gaddy and D. F. Holshouser, Proc. IRE, 
50, 207 (1962). 

88. F. M. Smits, IEEE Trans. Electron Devices, ed-23, 
640 (1976), 

89. Zh. I. Alf~rov, V. M. Andreev, M. B. Kagan, I. I. 
Protasov, and V. G. Trofim, Fiz. Tekh. Polu- 
provod., 4, 2378 (1970), Soy. Phys. Semicond., 
4, 2047 (1971). 

90. J. M. Woodall and H. J. Hovel, Appl. Phys. Lett., 
21, 379 (1972). 

91. L.W. James and R. L. Moon, ibid., 26, 467 (1975). 
92. H. J. Hovel, IBM J. Res. Dev., 22, 112 (1978). 
93. C. E. Backus, J. Vac. Sci. Technol., 12, 1032 (1975). 
94. J. A. Hutchby, Appl. Phys. Lett., 26, 457 (1975). 
95. M. Konagai and K. Takahashi, J. Appl. Phys., 46, 

3542 (1975). 
96. H. J. Hovel, in "Semiconductors and Semimet- 

als," Vol. 11, R. K. Willardson and A. C. Beer, 
Editors, Academic Press, New York (1975). 

97. B. K. Ridley and T. B. Watkins, Proc. Phys. Soc. 
(London), 78, 293 (1961). 

98. C. Hilsum, Proc. IRE, 50, 185 (1962). 
99. H. Kroemer, Proc. IEEE, 52, 1736 (1964). 

100. B. K. Ridley, Proc. Phys. Soc. (London), 82, 954 
(1963). 

101. J. A. Copeland, Proc. IEEE, 54, 1479 (1966). 
102. J. A. Copeland and S. Knight, in "Semiconductors 

and Semimetals," Vol. 7A, R. K. Willardson and 
A. C. Beer, Editors, pp. 3-72, Academic Press, 
New York (1971). 

103. P. J. Bulman, G. S. Hobson, and B. C. Taylor," 
Transferred Electron Devices," Academic 
Press, New York (1972). 

104. D. E. Aspnes, C. G. Olson, and D. W. Lynch, Phys. 
Rev. Lett., 37, 766 (1976). 

105. P. J. Vinson, C. Pickering, A. R. Adams, N. Faw- 



VoI. I25, No. 12 COMPOUND SEMICONDUCTORS 499C 

cett, and G. D. Pitt, "Proc. 13th Internatl. Conf. 
on the Physics of Semiconductors," p. 1243, 
Rome (1976). 

106. R. A. Warriner, Solid State Electron Dev. (IEE), 
1, 92 (1977). 

107. C. Hilsum and H. D. Rees, Electron. Lett., 6, 277 
(1970). 

108. L. W. James, J. Appl. Phys., 44, 2746 (1973). 
109. H. D. Rees and K. W. Gray, Solid-State Electron 

Dev., 1, 1 (1976). 
110. L. F. Eastman, in "Microwave Devices," M. J. 

Horoes and D. V. Morgan, Editors, pp. 11-39, 
John Wiley & Sons, New York (1976). 

111. W. T. Read, Bell Syst. Tech. J., 33, 799 (1954). 
112. R. L. Johnson~ B. C. DeLoach, Jr., and B. G. Cohen, 

ibid., 44, 369 (1965); See B. C. Deloach, IEEE 
Trans. Electron. Dev., ed-23, 657 (1976) for an 
historical discussion of the discovery of the 
IMPATT diode. 

113. G. Salmer, J. Pribetich, A. Farrayre, and 
B. Kraver, J. Appl. Phys., 44, 314 (1973). 

114. R. A. Murphy, C. O. Boxler, J. P. Donnelly, R. W. 
Laton, G. A. Linclon, R. W. Sudbury, W. T. 
Lindley, L. F. Lowe, and M. L. Deane, in "Proc. 
Int. Symp. on GaAs and Related Compounds," 
L. F. Eastman, Editor, pp. 210-219, St. Louis, 
1976, Inst. of Phys., London (1977). 

115. G. R. Antell, in "Semiconductors and Semimetals," 
Vol. 7, Part A, R. K. Willardson and A. C. Beer, 
Editors, pp. 273-292, Academic Press, New York, 
(1971); and P. P. L. Hower, W. W. Hooper, 
B. R. Cairns, R. D. Fairman, and D. A. Tremere, 
ibid., Vol. 7, pp. 147-200. 

116. H. M. Cox and J. V. DiLorenzo, in "Proc. Int. 
Symp. on GaAs and Related Compounds," L. F. 
Eastman, Editor, pp. 11-22, St. Louis, 1976, 

Inst. of Phys., London (1977). 
i17. B. Cairns and J. Fairman, This Journal, I17, 197C 

(1968). 
118. B. S. Hewitt, H. M. Co, H. Fukui, J. V. DiLorenzo, 

W. O. Schlosser, and D. E. Iglesais, in "Proc. 
Int. Symp. on GaAs and Related Compounds," 
C. Hilsum, Editor, pp. 246-254, Edinburgh, 1976, 
Inst. of Phys., London (1977). 

i19. J. S. Barrera and R. J. Archer, IEEE Trans. Elec- 
tro~ Devices, ed-22, 1023 (1975). 

120. M. A. Littlejohn, J. R. Hauser, and T. H. Glisson, 
Appl. Phys. Lett., 30, 242 (1977). 

121. R. M. Welch and R. C. Eden, "'i977 IEDM Techni- 
cal Digest," Paper 10.5, p. 205 (1977). 

122. R. Zuleeg, J. K. Notthoff, P. E. Friebertshauser, 
and G. L. Troegar, "1977 IEDM Technical 
Digest," Paper 10.3, p. 198 (1977). 

123. R. C. Eden, B. M. Welch, and R. Zucca, Paper 
WPM 6.5 presented at the International Solid 
State Circuits Conference, San Francisco, IEEE, 
New York, February 1977. 

124. C. H. Sequin and M. F. Tompsett, "Charge Trans- 
fer Devices," Supplement 8 to "Advances in 
Electronics and Electron Physics," L. Marton, 
Editor, Academic Press, New York (1975). 

125. Y. J. Chan, Proceedings of the Conference on 
Charge Coupled Device Technology and Ap- 
plications, p. 89, Washington, D.C., IEEE, New 
York (1976). 

126. I. Deyhimy, J. S. Harris, R. C. Eden, D. D. Edwall, 
S. J. Anderson, and L. O. Bubulac, Appl. Phys. 
Lett., 32, 383 (1978). 

127. R. D. Dupuis and P. D. Dapkus, ibid., 33, 68 (1978). 
128. "Ternary Compounds," G. D. Holah, Editor, Inst. 

Phys. Conf. Series No. 35 London, England 
(1977). 


	1.pdf
	JES000001.pdf
	JES000007.pdf
	JES000014.pdf
	JES000017.pdf
	JES000023.pdf
	JES000030.pdf
	JES000034.pdf
	JES000036.pdf
	JES000044.pdf
	JES000051.pdf
	JES000058.pdf
	JES000068.pdf
	JES000074.pdf
	JES000079.pdf
	JES000084.pdf
	JES000089.pdf
	JES000094.pdf
	JES000097.pdf
	JES000099.pdf
	JES000102.pdf
	JES000106.pdf
	JES000110.pdf
	JES000117.pdf
	JES000123.pdf
	JES000128.pdf
	JES000130.pdf
	JES000136.pdf
	JES000139.pdf
	JES000146.pdf
	JES000152.pdf
	JES000156.pdf
	JES000162.pdf
	JES000166.pdf
	JES000169.pdf
	JES000173.pdf
	JES000175.pdf
	JES000179.pdf
	JES000186.pdf
	JES000190.pdf
	JES000194.pdf
	JES000199.pdf
	JES000204.pdf
	JES000209.pdf
	JES000216.pdf
	JES000223.pdf
	JES000228.pdf
	JES000232.pdf
	JES000241.pdf
	JES000246.pdf
	JES000252.pdf
	JES000257.pdf
	JES000265.pdf
	JES000271.pdf
	JES000279.pdf
	JES000284.pdf
	JES000288.pdf
	JES000294.pdf
	JES000299.pdf
	JES000305.pdf
	JES000315.pdf
	JES000317.pdf
	JES000320.pdf
	JES000323.pdf
	JES000327.pdf
	JES000330.pdf
	JES000335.pdf
	JES000339.pdf
	JES000347.pdf
	JES000348.pdf
	JES000350.pdf
	JES000353.pdf
	JES000358.pdf
	JES000366.pdf
	JES000370.pdf
	JES000372.pdf
	JES000375.pdf
	JES000380.pdf
	JES000384.pdf
	JES000389.pdf
	JES000395.pdf
	JES000400.pdf
	JES000404.pdf
	JES000406.pdf
	JES000409.pdf
	JES000411.pdf
	JES000420.pdf
	JES000424.pdf
	JES000430.pdf
	JES000432.pdf
	JES000434.pdf
	JES000438.pdf
	JES000445.pdf
	JES000448.pdf
	JES000453.pdf
	JES000461.pdf
	JES000467.pdf
	JES000471.pdf
	JES000473.pdf
	JES000475.pdf
	JES000481.pdf
	JES000487.pdf
	JES000492.pdf
	JES000498.pdf
	JES000508.pdf
	JES000511.pdf
	JES000515.pdf
	JES000520.pdf
	JES000522.pdf
	JES000524.pdf
	JES000531.pdf
	JES000534.pdf
	JES000540.pdf
	JES000544.pdf
	JES000547.pdf
	JES000556.pdf
	JES000561.pdf
	JES000566.pdf
	JES000572.pdf
	JES000574.pdf
	JES000576.pdf
	JES000579.pdf
	JES000581.pdf
	JES000583.pdf
	JES000588.pdf
	JES000595.pdf
	JES000598.pdf
	JES000601.pdf
	JES000609.pdf
	JES000613.pdf
	JES000621.pdf
	JES000629.pdf
	JES000633.pdf
	JES000637.pdf
	JES000645.pdf
	JES000650.pdf
	JES000654.pdf
	JES000657.pdf
	JES000661.pdf
	JES000665.pdf
	JES000671.pdf
	JES000674.pdf
	JES000676.pdf
	JES000678.pdf
	JES000680.pdf
	JES00005C.pdf
	JES00022C.pdf
	JES00049C.pdf
	JES00055C.pdf
	JES00058C.pdf
	JES00077C.pdf

	2.pdf
	JES000683.pdf
	JES000687.pdf
	JES000692.pdf
	JES000697.pdf
	JES000705.pdf
	JES000709.pdf
	JES000714.pdf
	JES000717.pdf
	JES000723.pdf
	JES000727.pdf
	JES000731.pdf
	JES000734.pdf
	JES000743.pdf
	JES000746.pdf
	JES000751.pdf
	JES000755.pdf
	JES000758.pdf
	JES000762.pdf
	JES000766.pdf
	JES000771.pdf
	JES000776.pdf
	JES000781.pdf
	JES000787.pdf
	JES000792.pdf
	JES000798.pdf
	JES000803.pdf
	JES000808.pdf
	JES000813.pdf
	JES000819.pdf
	JES000823.pdf
	JES000824.pdf
	JES000827.pdf
	JES000829.pdf
	JES000831.pdf
	JES000833.pdf
	JES000842.pdf
	JES000845.pdf
	JES000853.pdf
	JES000860.pdf
	JES000865.pdf
	JES000869.pdf
	JES000875.pdf
	JES000878.pdf
	JES000882.pdf
	JES000885.pdf
	JES000886.pdf
	JES000888.pdf
	JES000890.pdf
	JES000892.pdf
	JES000898.pdf
	JES000902.pdf
	JES000908.pdf
	JES000915.pdf
	JES000920.pdf
	JES000923.pdf
	JES000927.pdf
	JES000932.pdf
	JES000937.pdf
	JES000950.pdf
	JES000952.pdf
	JES000957.pdf
	JES000963.pdf
	JES000968.pdf
	JES000972.pdf
	JES000977.pdf
	JES000983.pdf
	JES000985.pdf
	JES000989.pdf
	JES000992.pdf
	JES000993.pdf
	JES000995.pdf
	JES000998.pdf
	JES001000.pdf
	JES001001.pdf
	JES001003.pdf
	JES001007.pdf
	JES001011.pdf
	JES001020.pdf
	JES001026.pdf
	JES001032.pdf
	JES001039.pdf
	JES001044.pdf
	JES001049.pdf
	JES001053.pdf
	JES001059.pdf
	JES001069.pdf
	JES001077.pdf
	JES001079.pdf
	JES001086.pdf
	JES001093.pdf
	JES001098.pdf
	JES001103.pdf
	JES001110.pdf
	JES001114.pdf
	JES001116.pdf
	JES001126.pdf
	JES001130.pdf
	JES001133.pdf
	JES001138.pdf
	JES001140.pdf
	JES001146.pdf
	JES001151.pdf
	JES001156.pdf
	JES001161.pdf
	JES001170.pdf
	JES001177.pdf
	JES001180.pdf
	JES001185.pdf
	JES001188.pdf
	JES001191.pdf
	JES001193.pdf
	JES001199.pdf
	JES001204.pdf
	JES001209.pdf
	JES001215.pdf
	JES001218.pdf
	JES001224.pdf
	JES001232.pdf
	JES001236.pdf
	JES001244.pdf
	JES001250.pdf
	JES001257.pdf
	JES001262.pdf
	JES001266.pdf
	JES001277.pdf
	JES001283.pdf
	JES001290.pdf
	JES001293.pdf
	JES001298.pdf
	JES001302.pdf
	JES001307.pdf
	JES001310.pdf
	JES001318.pdf
	JES001321.pdf
	JES001328.pdf
	JES001331.pdf
	JES001339.pdf
	JES001344.pdf
	JES001348.pdf
	JES001355.pdf
	JES001361.pdf
	JES00217C.pdf
	JES00218C.pdf
	JES00241C.pdf
	JES00250C.pdf
	JES00271C.pdf
	JES00283C.pdf
	JES00284C.pdf
	JES00287C.pdf
	JES00311C.pdf

	3.pdf
	JES001365.pdf
	JES001371.pdf
	JES001377.pdf
	JES001382.pdf
	JES001389.pdf
	JES001393.pdf
	JES001397.pdf
	JES001401.pdf
	JES001404.pdf
	JES001410.pdf
	JES001416.pdf
	JES001423.pdf
	JES001430.pdf
	JES001436.pdf
	JES001443.pdf
	JES001450.pdf
	JES001454.pdf
	JES001461.pdf
	JES001471.pdf
	JES001480.pdf
	JES001482.pdf
	JES001487.pdf
	JES001493.pdf
	JES001499.pdf
	JES001505.pdf
	JES001510.pdf
	JES001514.pdf
	JES001518.pdf
	JES001521.pdf
	JES001525.pdf
	JES001530.pdf
	JES001534.pdf
	JES001543.pdf
	JES001549.pdf
	JES001557.pdf
	JES001560.pdf
	JES001563.pdf
	JES001567.pdf
	JES001574.pdf
	JES001578.pdf
	JES001587.pdf
	JES001591.pdf
	JES001594.pdf
	JES001598.pdf
	JES001603.pdf
	JES001605.pdf
	JES001610.pdf
	JES001616.pdf
	JES001619.pdf
	JES001623.pdf
	JES001628.pdf
	JES001632.pdf
	JES001636.pdf
	JES001642.pdf
	JES001648.pdf
	JES001652.pdf
	JES001657.pdf
	JES001660.pdf
	JES001664.pdf
	JES001668.pdf
	JES001672.pdf
	JES001676.pdf
	JES001680.pdf
	JES001684.pdf
	JES001689.pdf
	JES001696.pdf
	JES001703.pdf
	JES001708.pdf
	JES001715.pdf
	JES001717.pdf
	JES001719.pdf
	JES001721.pdf
	JES001723.pdf
	JES001726.pdf
	JES001729.pdf
	JES001735.pdf
	JES001741.pdf
	JES001745.pdf
	JES001750.pdf
	JES001759.pdf
	JES001765.pdf
	JES001768.pdf
	JES001772.pdf
	JES001777.pdf
	JES001784.pdf
	JES001790.pdf
	JES001796.pdf
	JES001799.pdf
	JES001801.pdf
	JES001804.pdf
	JES001807.pdf
	JES001809.pdf
	JES001812.pdf
	JES001817.pdf
	JES001824.pdf
	JES001829.pdf
	JES001832.pdf
	JES001840.pdf
	JES001845.pdf
	JES001848.pdf
	JES001854.pdf
	JES001860.pdf
	JES001867.pdf
	JES001873.pdf
	JES001875.pdf
	JES001877.pdf
	JES001879.pdf
	JES001881.pdf
	JES001883.pdf
	JES001886.pdf
	JES001889.pdf
	JES001892.pdf
	JES001894.pdf
	JES001896.pdf
	JES001896_001.pdf
	JES001899.pdf
	JES001907.pdf
	JES001913.pdf
	JES001918.pdf
	JES001924.pdf
	JES001931.pdf
	JES001934.pdf
	JES001940.pdf
	JES001946.pdf
	JES001950.pdf
	JES001954.pdf
	JES001960.pdf
	JES001968.pdf
	JES001974.pdf
	JES001977.pdf
	JES001981.pdf
	JES001989.pdf
	JES001991.pdf
	JES001992.pdf
	JES001994.pdf
	JES001997.pdf
	JES002002.pdf
	JES002005.pdf
	JES002012.pdf
	JES002015.pdf
	JES002019.pdf
	JES002024.pdf
	JES002028.pdf
	JES002034.pdf
	JES002037.pdf
	JES002042.pdf
	JES002050.pdf
	JES002058.pdf
	JES002062.pdf
	JES002064.pdf
	JES002070.pdf
	JES002076.pdf
	JES002079.pdf
	JES002084.pdf
	JES002085.pdf
	JES00487C.pdf




